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ABSTRACT

An advanced high resolution hemispherical electron spectrometer has

been used to measure the energy spectra of the pre-breskdown electron
currents emitted fgqa localised sites on broad-area high voltage electrodes
under U.H.V. (v 10 “torr) conditions. Four electrode materials have
been examined which are of interest in the industrial application of

high voltage vacuum insulation. The energy spectra of these electron
currents are shifted to low energies by ~ 100-500meV compared to that
normally obtained from a metallic field emission source. This displace-
ment is characteristic of the electron energy spectra of semiconducting
microtip emitters. A qualitative model for the emission mechanism at
these sites has therefore been proposed which involves electron tunnelling
through a semiconducting/insulating oxide or impurity microstructure
overlaying the metallic electrode surface. This model also accounts

for other important properties of the emission sites such as their
apparently high field enhancement (B) factor as predicted from the
Fowler-Nordheim graphs and their very localised existence. Complementary
electron optical and X-Ray analysis studies have also been carried out
which provide supporting evidence for this interpretation.
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1.0.0 Introduction

1.1.0 Vacuum Breakdown Phenomenon

1.1.1 The phenomenon of vacuum breakdown may be readily demonstrated

using an experimental test gap (fig 1).' This consists of two plane
parallel electrodes which have been polished prior to assembly into an
experimental chamber, which is then evacuated to a high vacuum (<iU_6 torr).
If a steadily increasing voltage is ;pplied between the electrodes it will
be found that a small but definite current flows between them despite the
fact that the vacuum space should provide no electrical conduction. As

the voltage is increased the current is found to consist of two components,
a steady one which increases uniformly with the voltage and a random one
superimposed on this which takes the form of spikes (fig 2) with a peak
value which may be orders of magnitude greater than the steady component.
If, however, the applied voltage is maintained at a constant value for an
extended period of time, with a current limiting resistor included in the
hign voltage line, the frequency of the microdischarges gradually decreases,
eventually disappearing to leave only the steady component. The electrodes
are then saia to be "conditioned" to this voltage and will behave as a
stable insulating gap. The conditioned voltage may be increased by
increasing the voltage in small steps and allowing the spike currents to

be eliminated at each step before going on to the next one. Eventually,

however, a voltage, V,, is reached, at which the gap resistance falls to

b’
zero with the current suddenly increasing to a value determined solely by
the external circuit resistance. This is the phenomenon of electrical
breakdown and is accompanied by a glowing arc between the electrodes.

The value of_yb will be higher if the voltage has been reached in small

increments, as in electrode conditioning, rather than if tne voltage is

suudenly applied.
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1.1.2 1If the electrodes are removed and examined after electrical break-—
down has occurred the surface is found to be in a ruptured state containing
many peaks and troughs and generally covered in a vast amount of micro-
scopic debris (fig 3). If the voltage éap between the electrode pair is
again tested, it is found to have a much reduced breakdown voltage, V;,
even after conditioning. This non-reversible characteristic makes the

prevention of electrical breakdown very important in high voltage technol-

ogy where a failure would be disastrous.

1.1.3 It is generally accepted that the development of the vacuum dis-
charge occurs in a vapour medium, the vapour being composed of either
atouws of one or both of the electroues or desorbed gas. loreover, in the
final stage of the growth of the discharge, i.e. the arc phase, it is
knowvn that the current is sustained by cathode vapour. However, much
controversy still exists concerning the detailed processes responsible for
the initiation of breakdown in vacuum. Consequently, a great deal of
research has bLeen carried out on this phenomenon over many years with a
view to explaining and suppressing it.

1.2.0 A review of the work carried out on high voltage breakdown prior to
the introduction of ultra nigh vacuum techniques.

1.2.1 The first reported work on high voltage breakdown in vacuum was by
.ﬁoag-[l] in 1897. The phenomenon was investigated in more detail by

Earhart [2] in 1901, who determined the voltage required to cause electrical
breakdown between two electrodes at various pressures down to ~ 15 torr.
Further work was carried out by nobbs [3] who noted that breakdown was
dependent on the electrode material and occurred at v 106 V/m. Altuough

the work by Earhart and hobbs was carried out at relatively high pressures,

the electrode gaps were small so tuat the mean free path for electrons and
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gas molecules were comparable to, or greater than, the dimensions of the
gap; thus the conditions were essentially comparable to those of later
experiments which used larger gaps in high vacuum. 1IMillikan and Sawyer [4]

confirmed that the voltage required for breakdown was independent of gas

o]

. -5 & . . .
pressure in the range 10 =~ ~ 10 torr. They also made the observation

of the effect now known as "electrode conditioning" in which the breakdown
voltage performance can be improved by increasing the voltage across the
gap in swall steps, with a stabilising time following each increment

during which spa;king or microdischarges occur. By this process, Millikan
and Sawyer found they could increase the breakdown field from » 3 x 10? V/m

to % 12 % 108 V/m.

1.2.2 1In 1920 Millikan and Shackelford [5] described the results of a
long series of experiments on extracting electrons from metals under the
influence of a high electric field, the process now knowvn as "field

! V/m

emission'". They detected minute currents at fields between 1-5 x 10
at a pressure of v 10_6 torr, and although various heat treatments could

increase the voltage at which a current could first be detected, they

concluded that this aid not occur at a specific field.

1.2.3 liore precise measurements were reported by Millikan ana Eyring in
!9%@_[6] in which the current versus field relationship was measurea for

a tunygsten wire under various conditioning procedures. They found that
the relationship was reversible after an initial conditioniny field had
been applied. ioreover, they observed flourescent spots appearing on the
anode and concluded that these were caused by electrons emitted from
specific spots on the surface of the wire and that these spots must eitier
be isolated points where the work function had been enormously reduced by

surface roughness, or caused by chemical impurities. They also pointed
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out that the ions produced in the electron beam would be attracted back

towards the wire surface and bombard the point of emission.

1.2.4 1In 1926 HMillikan and Lauritsen [7] drawing on previous results
showed that a graph of logi v. i/F (i - emission current, F - applied field)
resulted in a straight line and they also noted the importance that the

condition of the surface would have on the results.

1.2.5 Far riore comprehensive experiments were carried out by Anderson [8]
in 1935 who measured breakdown voltages at various gap spacings and with
six different materials at a pressure of 10-5 torr. Anderson found that
among the materials tested the highest voltage breakdown was achieved with
steel and the lowest with copper, using a gap of 1.0mm. The electrode
surfaces gave best performance when smoothed with emery paper rather than
when polished and the electrode conditioning procedure was to run a dis-
charge between the electrodes of ~ (.25 .Ac:m_'2 for 3 minutes at a hydrogen
pressure of ~ | torr, followed by sparking under vacuum. A further
observation was that the breakdown voltage for a given electrode material
did not increase proportionately with the gap and therefore the electric
field at breakdown was reduced with increasinz gap. Anderson proposed that
this result indicated that the breakdown process could not be one of just
cathode field emission. Since the cathode field at breakdown decreased
with increasing gap it supported the idea that an anodic process must also
be involved. To confirm this, he carried out further experiments using

a copper anode and steel cathode. he found that the breakdown voltage
corresponded to that of copper electrodes rather than steel, and in each
case subsequent spectroscopic examination of the steel cathode showed the
presence of copper. In a further experiment to find the variation in

current with voltage at a number of fixed values of field, Anderson found
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tnat the current was voltage-sensitive as well as field-sensitive ana

concluded that this implied that ion transfer as well as electron emission

contributed to the current anua that therefore positive ions play a role

in vacuum breakdown.

1.3.0 Pre-breakdown studics subsequent to the introduction of ultra nigh
vacuum techniques. .

1.3.1 A landmark in vacuum breakdown studies was reached with the aavent
of the field emission microscope [9] and the introduction of ultra high
vacuum techniques [10], when it becaue possible to carry out experiments
in which contamination from the vacuum system and the effects of residual
gases could be eliminated or controlled and the nature of the cathode
surface specified in detail. The first of such experiments was carried out
by Dyke and otiers f11, 12, 13] and were based upon a point-to—plane
georietry similar to that of a field emission microscope, with a typical
gap of 5mm. The cathode surface could be atomically cleaned and maintained
in this condition turoughout the course of tne experiment. Values for tie
: 9 e e |
electric fielu at breakdowa of ~ 7 x 10~ V/a were obtained, which was
one or two oraers higher than tnat founa on nmore usual electrode geometries.
The authors also concluded that the breakdown nechanism in this point-to-
plane geometry was resistive heating of the cathode tip by field emission
currents. Whilst these results vere far more controlled and definitive
than anything previously published, tliey were quantitatively so different
that it led to the conclusion that the point-to-plane geometry was not

directly comparable to the plane-to-plane electrode geomectry.

1.3.2 With a view to answering this problem, a series of experiments were
carried out by Alpert et al [14] to determine whether the results of the

Dylke group were reproduceable in the case of bLroaa area electrodes under
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similar clean U.H.V. conditions. For their experiments they used

electrodes consisting of 3buui dia discs cut from single crystal tuangsten.
The pressure throughout the measurements was <2 x IU*9 torr, and both the
pre-breakdown voltage/current characteristics of the gap and the break-—
down voltage were recorded for a range of gaps from U.005mm to 4mm which
covered a range of six orders of magnituue in i/Vz. tssentially, they
found that the pre-breakdown voltage/;urrent characteristics closely
followed the equation which Fowler and Nordheim [15] had put forward in
1928 in their theory of field electron emission. They also predicted

from these results local field enhancement at the point of emission of

50 = 200 times. Also, after a number of successive breakdowns on a

pair of electrodes at a given gap, the breakdown voltage and slope of

the grapn of log i/VZ v, 1/V (the Fowler hordheim equation) became
constant. They found that for the stated gap range the breakdown field

as determined by tne plot of log i/v2 V. ]jV was o x lu9 V/m, virtually
identical to the result obtained by both byke and Boyle et al [16]. A
further point of interest arose from their investigations into the effect
of gap spacing on the breakdown voltage. Tiey founa that the non-
linearity between these two factors could be accountea for by the variation
in local field enhancement, g, with gap spacing. They attributed this
variation as being aue to two contributions to B, a microscopic one

caused by microscopic projections on the cathoae and a macroscopic one
from the changes in electric field distribution at larger gaps. They also
noted the multiple anode spots previously obtainea by otner workers and
concluued from this and the repeatability of the voltage/current character-
istics that thg emission must come from multiple sites on the cathoue
surface. They argued that it would be most unlikely that following
breakdown a single emitting site coula be replaced by another projection

having identical characteristics. In a subsequent paper, alpert et al [17]
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showed that such emission sites were indeed attributable to protrusions

on the cathode surface.

1.4.0 Microparticle Breakdown Mechanism

1.4.1 The studies described in the previous section show that the field
emission pre-breakdown current still plays an important role in the break-
down initiation process for electrode separation of 5mm and applied volt-
ages up to v 250kV. However, experiments carried out by Rohrbach [18][19]
with broad area electrodes of stainless steel and titanium showed that for
gap separations > 10mm (corresponding to applied voltage > 300kV) breakdown
occurs for field emission currents ~ 10_9A. Such a low level of current

is incompatible with the cathodic resistive heating model of vacuum break-
down proposed by Dolan [13], or a model based on local heating of the anode
by the pre-breakdown current. Consequently, a different theory has been

evolved to explain the breakdown phenomenon at larger gaps.

1.4.2 The first such theory was put forward by Cranberg in his "clump
hypothesis" in 1952 [20]. In this model the initiation of breakdown was
attributed to the transfer of charged clumps of material which had been
ripped from the surface of one electrode under the influence of the high
electric field, and accelerated to high velocities before impacting on the
opposite electrode. Clearly, if the clump had sufficient energy it would
impact the anode and cause material vaporisation. A connection between
this effect and field emission currents was first noted by Little and
Smith (1964) [21] who showed, using broad area electrodes, that pre-
breakdown currents are associated with thin whisker-like protrusions on
the cathode surfaée. This was further established in 1968 by Latham and
Braun [22][23] who showed, using & hairpin cathode and plane anode, that

protrusions are formed as a result of pre-breakdown currents. Microscopic
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examination of these protrusions revealed them to be the lips of micro-
craters on the cathode surface apparently formed by the bombardment of
the cathode by particles. A further observation was that the anoae
material would influence the degree of ﬁicrocratering of the cathode
despite the fact that no evidence was found of anode material embedded in

the cathode and only slight erosion of the anode material had occurred.

1.4.3 A further relevant factor is that in order for particles ripped
from the cathode surface to have sufficient energy to cause vaporisation
of the anode material it has been calculated that the impact velocity must
exceed v ISOOms—l, which, based on estimates of the probable size and
charge of a typical microparticle, corresponds to a gap voltage of > 50kV;
in practice, however, the cathode nicrocratering described by Latham and
Braun occurred at far lower gap voltages. This fact, together with the
observations on the absence of anode damage led to the hypothesis that
clumps of material removed from the cathode, having a sub—criticai impact
velocity, would be reflected back towards the catuode under predominantly
elastic conditions. by further assuming that the charge on such a clump
could be reversed during the elastic reflection, the possibility would
exist of a further acceleration in the gap giving the clump sufficient
energy to impact the cathode. Such a mechanism woula explain why no anode
_material was detected on the cathoae and tihe absence of significant anode
microcratering. Also, since the charge reversal mechanism would be likely
to depend on the electrical properties of the anode surface tlhis would
account for the dependence of cathode microcratering on anode material.

It was later shown by bBrah and Latham [24] that such a mechanism could
indeed operate; This_was demonstrated experimentally using a specially
designed source of artificially genmerated microparticles in a coutrolled

study of the nonentum and charge reversal of such wmicroparticles in a high
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voltage vacuum gap for impact velocities in the range 5 - ZOOms_l.

1.4.4 Another possible mechanism whereby microparticles could give rise

to high voltage breakdown was put forward by Olendzkaya [25]. 1In this
model, it is suggested that when a charged microparticle closely approaches
the cathode surface the very high electric field set up is sufficient to

cause a trigger spark.

1.4.5 Support for such microparticle mechanisms being responsible for
vacuum breakdown yas'put forward by Martynov [26] in 1972, when he showed
that particles artificially injected into a stressed vacuum gap could
cause breakdown. However, in an experiment carried out by Smalley [27]
using previously arced electrodes covered with loosely bound debris no
particles were detected. More recently, Texier [28] has detected micro-
particles using polished stainless steel electrodes at a pressure of

v IO“5 torr. However, these were observed at a non-reproduceable voltage

which was far below breakdown conditions.

1.4.6 Summarising the present understanding of the relative importance

of the two breakdown mechanisms, it can be said that whilst it is known
that pre-breakdown currents occur for inter-electrode gap spacings of up

to "V 5mm and applied voltages up to ~v 250kV, and that in certain situations
resistive heating of the anode or cathode is sufficient to cause breakdown,
it has yet to be established whether microparticles also have a role to
play in this field range. For larger gap spacings it is thought that the
microparticle mechanism is predominant although the precise way in which
this occurs is still not fully establisiied. In addition, a breakdown event
caused solely by microparticles pulled from the electrode surface (rather

than artificially induced) has yet to be observed.
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1.5.0 Microdischarges

1.5.1 The microdischarges that are observed superimposed on the steady
pre—breakdown field emission current (fig 2) represents an example of a
phenomenon associated with breakdown which can also be explained in terms
of either of the mechanisms discussed in the previous sections. Field
emission explanations could be the véporisation of cathode material in
the emission region, or the desorption of occluded gas in the anode. An
alternative explanation in terms of the microparticle model would be

the transfer of high velocity charged particles between the electrodes;
these could be in the form of either surface contamination or loosely |
bound microfeatures stripped by the electro-mechanical forces of the
applied field. In view of the observed cathode microcratering that takes
place during the flow of pre-breakdown currents [22] [23], it seeus
highly likely that microparticles are responsible for at least some of the

microdischarges which occur.

1.6.0 The origin of pre-breakdown currents

1.6.1 The mechanism for field emission current initiated vacuum breakdown
is well established. If the electrons acquire sufficient energy on
crossing the inter-electrode gap they can give rise to an anode "hot spot"
and the release of anode material; this can subsequently be ionised by

other electrons traversing the gap; this is termed anode initiated break-

down. Alternatively, the heating effects of such currents at the cathode
can cause rupture and release of cathode material into the gap wita

subsequent ionisation; this is known as cathode initiated breakdown.

1.6.2 As a result of the work of Dyke, Alpert and others [11] [12] [13]
[14] [16] already discussed in 1.3.0, the explanation for the steady

pre-breakdown inter—electrode current shown in fig 2 has generally been
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accepted as being due to field emission which occurs at localised sites

on the cathode surface where the gap field is locally enhanced. Support

for this model comes in particular from the nature of the current-voltage
characteristic of such sites which folldw the Fowler-Nordheim equation [15];
this was originally put forward in 1923 to explain the emission of electrons
from the surface of a metal under the influence of a high electric field

at the surface by the process of electron tunnelling. Despite the

apparent success of this explanation, there are certain features of the
steady pre-breakdown currents which remain unexplained on this conventional
metallic field emission model. These anomalies have become apparent in

a number of fairly recent investigations into the nature of the pre-—

breakdown emission currents. These are reviewed in the following sections.

1.6.3 As will be shown more fully in (2.1.0), applying the Fowler-Nordheim
analysis to the pre-breakdown emission sites predicts that they are either
localised enhanced field regions or areas of much lower work function

than normally attributed to the electrode material in question. In 1963,
Little and Whitney [29] carried out some experiments in an attempt to
resolve which of these two possibilities was responsible. They reasoned
that if the pre-breakdown currents came from regions of low work function
then from the Richardson-Schottky theory of thermionic emission there
would be an easily observable temperature dependence of emission. In the
experiments the cathode was made of stainless steel, 0.5 inch in diameter
and the anode was of glass, suitably coated to be both conducting and
fluorescent. With this arrangement the pre-breakdown currents gave rise
to anode spots, the intensity of which could be individually monitored.

It was found that the intensity of light was proportional to the anode
current which permitted accurate voltage/current measurements for each

emitting site. These showed that the pre-breakdown current remained
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fairly constant from 77K to 1000K at which point the current began to

rise exponentially. It was concluded from this that the emission sites

did not originate from very low work function areas and must therefore be

due to localised field enhancement. As additional evidence for this it

was found that illuminating the cathode with visible light had no effect

on the pre-breakdown current. Some further experiments were then carried

out to see if the protrusions giving rise to the field enhancement were
visible on the cathode surface. With the glass anode used in the experiments
it was possible to directly observe the cathode surface in the region of

the emission site using an optical microscope. Some irregularities were

noted but there was insufficient resolution to make any definite conclusions.

1.6.4 By installing the cathode in a shadow electron microscope, it was
possible to observe the region of the emission site after noting its
position from the field emission experiment to an accuracy of about 0.25mm2.
In each case a projection about 2y in height was found. A further refinement
was to carry out the field eumission in the microscope and observe the sur—
face in situ directly afterwards, thus eliminating the necessity of
transfering the specimen from one system to the other. Again, surface
protrusions were always found and their estimated size gave an enhancement
factor which corresponded with that predicted from the Fowler-lordheim plot
—-0f the emission characteristics. In the light of the more recent work to

be discussed, the accuracy of emission site location must be regarded as
rather poor and casts doubts as to whether the observed protrusions were

indeed the origin of the field emitting sites.

1.6.5 In 1972, Cox and Wort [30] reported on an improved method of locating
and mapping field emission sites on broad area electrodes. This method

incorporated a probe hole technique which consisted essentially of a planar
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main anode having a O.5nm dia, central hole behind which was mounted a
secondary probe anode (fig 4). On applying a high voltage between the
specimen and the main anode a pre-breakdown field emission current could be
established; the position of an emission site was determined by moving the
anode assembly relative to the specimen. When the probe hole was over the
site the main anode current would fal{ whilst the probe anode current would
sinultaneously rise. In addition, this technique allowed the measurement
of the voltage/current characteristics of an individual site, and the
mapping of constant current contours. The technique had an estimated
accuracy of v 0.lmm. An interesting experiment was carried out with this
apparatus by artificially inserting a tungsten tip into a planar copper
surface and then measuring any emission from this "site". When this was
done emission was obtained at a position close to, but quite separate from,
this artificial protrusion. This result shows that the feature on the
cathode surface which appears on microscopic examination to be the Most

likely source of emission is not necessarily the one which actually enmits.

1.6.6 Following earlier doubts on the precise nature of the pre-~breakdown
emission mechanism [22] [23], Walters, Fox and Latham 1973 [31] attempted

to identify the surface features at which emission occurred. They carried

out experiments on a point cathode (in the form of an undamaged electron
microscope filament) with a view to establishing the microfeatures responsible
for the electron emission sites. The procedure adopted by WFL was to image
the emission from the cathode using the electron lens system of a conventional
electron microscope and then to subsequently examine the microtopography

of the surface of the cathode using a scanning electron microscope. A
necessary procedure for obtaining the emission image with the available

field range was to raise the temperature of the emitter to 800°C. Using an

undamaged cathode, an emission image was obtained which was then identified
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with a particular ridged area on the magnified emitter surface. The
geouetry of these ridges were such that it was impossible to attribute
local field enhancement as the cause of the level of emission current

obtained if a metallic field emission model was assumed.

1.6.7 TFurther tests were tnerefore carried out to ascertain whether the
elevated temperature of the emitter ﬂad altered the emission mechanism to
that of field assisted thermionic emission. Accordingly, voltage/current
measurements were made over a range of cathode temperatures and these
plotted according to both the field emission (Fowler-Kordheim) egquation

and the thermionic emission (Richardson—Schottky) equation. The results
showed linearity with the thermionic emission equation over the complete
range of temperatures but linear agreement with the field emission equation
only up to about 650°C. It was suggested by the authors that possibly

field emission was operating at room temperature but became masked at higher
teuperatures by the thermionic effect. Lowever, calculations based on the
observations showed that a field emission mechanism would require local
field enhancement of about 200 times which was incompatible with the geometry
of the emitting microfeatures observed in the scanning electron microscope
experiments. Assuming a thermionic emission model throughout, however,

gave the realistic field enhancement value of ~ 6x.

1.6.8 Another explanation discussed was based on the presence of the thin
oxide contaminating layer which would inevitably be covering the cathode

at the experimental pressures usea (v 10_5 torr). With the dielectric

nature of suchh a surface it is possible to consider an alternative mechanisi
known as Malter emission [32] in which the high field developed across the
layer results in field emission from the cathode substrate followed by almost

unimpeded acceleration of the electrons through the dielectric. Such a



22

model would not necessarily require a geometrical protrusion to account

for the enhanced emission current.

1.6.9 Another technique for observing pre-breakdown emission from broad
area electrodes was reported by Young in 1973 [33]. He used the principle
first reported by Millikan and Eyring [6] that electron emission from the
cathode surface produces light spots where the beam strikes the anode
surface. In his technique, Young used an image intensifier to observe and
measure the radiation from individual spots. He showed that the intensity
of each spot was proportional to the beam current so that it was possible
to measure the voltage current characteristic for each individual spot.
Further, by using a simple graphical model to simulate the electron
trajectory path for each spot, Young was able to estimate the positién of
each emission site on the cathode to within 40um le found the voltage-

current plots corresponded to the field emission theory, giving local

field enhancement values between 150 and 250.

1.6.10 In 1975, Cox [34] reported on an improved probe hole technique for
investigating emission from broad area electrodes which had been reported
earlier [30]. The main improvement was in.incorpérating the probe hole
facility into a scanning electron microscope. In this way it was possible
to first locate and measure an individual emission site as before ana then
vith the specimen in situ observe the surface microtopography in the region
of the site using the microscope. By emploving an iwproved electron
trajectory technique it was possible to predict the position of an emission
site to within a 20um square and then take an electron micrograph of this
exact area. The results again showed that whilst the electrical character-
istics 6f many individual emission sites predicted a field enhancement
factor of ~ 100x, no complementary surface features were found which would

give enhancement of this order. Similar results were found on stainless
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steel broad area electrodes by Cox and Williams [35] [36] using the same
equipment. This technique was also employed for some of the experimental
work carried out for this thesis and is described in greater detail in

chapter (5).

1.6.11 Other work on the imaging of pre-breakdown field emission was
carried out by Jiittner et al in 1975 [37] using tip cathodes of copper and
molybdenum. The tip radii were ~ 10um and gap distance > lmm thus were not
strictly broad area in nature. The measurements were carried out using
nano-second pulseé to reduce any undesirable effects on the tip caused by
prolonged field emission such as blunting by ion bombardment. Imaging of
the emission current and the effect of residual gas was further examined
by Jiittner, Wolff and Altrichter [38] but revealed no symmetrical crystal-

lographic pattern.

1.6.12 In 1977, Hurley and Dooley [359] reported on an investigation into
spots of light which appear on the surface of the cathode during pre-
breakdown current emission, a phenomenon earlier noted by Klyarfeld and
Pokrovskayo-Soboleva in 1970 [40]. The technique used broad area copper
electrodes and it was observed that these cathode spots were sometimes
unambiguously associated with subsequent discharge flares and tracks. The
procedure was to observe the cathode spots using an image intensifier and
then to measure their spectral content using optical filters and a plhoto-
multiplier. The authors concluded from the spectrum obtained and the
applied voltage/light intensity relationships of the spots that they were
caused by field induced electroluminescence on semi-conducting inclusions

on the surface.

1.6.13 It is clear from the work discussed in the previous paragraphs that

the nature of the emission sites which give rise to the pre-—breakdown
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currents is still not fully understood. The work described in this thesis
is concerned specifically with the study of such pre-breakdown currents
and in particular with employing an original sophisticated technique in

an attenpt to explain their true origin.

1.7.0 The Industrial Interest

1.7.1 From the industrial point of view a distinction has to be made
between two different types of application in high vacuum technology.

In the first, which may be termed the "passive" situation, clean, polished
electrodes are rigidly held in close proximity under vacuum and it is
essential that - for the range of voltages to be applied - electrical
breakdown should be prevented at all times. Typical examples are in
particle accelerators, electron microscopes and transmission valves. The
otner situation, wiich may be termed tue "active'" model, is in the
specialist application of the high voltage vacuum switch. This is used
extensively in the electricity supply and distribution industry and is
discussed more fully in Chapter 5. The work describea in this thesis
contains studies carried out on the nature of pre—breakdown currents on
materials used in both the active and passive situations. If this
phenomenon coula be properly understood, it might reveal the complete
mechanism of the breakdown event with the possibility of then being able

to suppress it.
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2.0.0 Field Flectron Emission From Metals

2.1.0 Introduction

2.1.1 As has been indicated in the previous chapter, tue traditionally
accepted explanation for pre-breakdown emission sites has been the presence
of whisker—like protrusions on the cathode surface which locally enhance
the applied field. On such a model, the emission characteristics are
assumed to be those corresponding to a metal. In order to put the present
studies on pre-breakdown currents into perspective, therefore, it is
necessary to review the present understanding of field electron emission
from metals and the nature of the results to be expected. In additiou,
this chapter contains details of the ways in which the work function (¢) and
local field enhancement (B) may be determined at the point of emission
together with certain features of the energy distributions (spectra) of
such field emitted electrons which can give further information on the
nature of the emission mechanism operating at a given site. This latter

aspect forms the basis of the experimental work presented in this thesis.

2.2.0 Field emission from metals using free electron theory.

2.2.1 1t wvas established at an early stage that the current flowing
between two electrodes prior to vacuun breakdown is caused by field emission
from the cathode (5) (6), and later experiments have confirmed that the
emission comes from localised sites on the surface, e.g. (6)(10)(25)(33)(30)
(34). Field emission is the emission of electrons from a surface of a
material into a vacuum under the influence of a high electric fielda. The
first satisfactory theory of this phenomenon for electrical conductors

was put forward by Fowler and Nordheim in 1928 [15] using the then—new
quantum theory in which they proposed electron tunnelling through a reduced
surface potential barrier as the explanation of the experimentally

measured current. The important features of this model will now be discussed.
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2.2.2 The Fowler lordheim theory makes four basic assumptions:
2.:2.2(1)  The temperature'of the metal is at OK
2.2.2(2) Inside the metal the free-electron approximation applies
2.2.2(3) The surface is taken to be smooth and plane
2.2.2(4) The potential barrier close to the surface in the vacuum
region consists of an image-force potential and a potential
due to the applied electric field.

A surface is defined as smooth when any irregularities are slight compared

to the width of the potential barrier. Fig(5) shows the one-dimensional
potential energy f(x) of an electron as a function of its distance x from
the surface. At OX the Fermi energy, Z, corresponds to the highest filled
energy level in the metal while ¢, the work function of an infinitely

large extended plane, gives tihe energy needed to remove an electron from
the Fermi level to a point infinitely distant in the vacuum. The electrons
in the metal have a potential Vp which, following the free electron model,
is assumed constant. The image force is the Coulamb attraction towards

the surface of an electron outside, due to its induced positive charge

inside the metal [41].

2.2.3 The general method adopted by Fowler and Nordheim to solve this
problem was to treat the conduction electrons in a metal as a gas of free
particles which obey Fermi-Dirac statistics and then to consider a supply
function, HN(W)dW, which represents the number of these electrons with the

x part of their energy within the range W to W + dW incident on the metal
surface per second per unit area. This is then multipliea by the penetration
probability D(W) to obtain the number of electrons within the range W to

W + dW that emerge from the metal surface per second per unit area, denoted
P(W)dW. The total current density, which is the solution of the Fowler

tiordheim equation, is obtained by integrating P(W)dV over all W.
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Referring to £ig(5)

V(x) =<Wa. Where x<0 (n
= —51_2 -e ¥ Where x>0 : (2)
4x -

where -e is the charge on the electron and F is the electric field.
The x part of the total energy of the electron is given by
2
W=Px" +V (3)
L v (x)
where Px is the electron momentum in the x direction and m is the

electron rest mass.

The current density, J, is given by

J=¢ef" P@I)dW
=Wa
or J=ef  N(W)DW)aW (&)
-Wa

2.2.4 Considering now an electron in momentum space with co-ordinates
PxPyPz (instead of position co-ordinates Xy ¥s z), then the magnitude and
direction of momentum are given by the length, P, and direction of a radius
vector drawn from the origin to the point (fig 6). By the uncertainty
relation, the momentum compment Px, cannot be determined more precisely

than to an amount APx where

APx Ax = h

and Ax is the uncertainty in the position co-ordinate
Similar relations hold for the other two axes; thus:

APx APy APz = 113 = h
AxAyhz V
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where the electron is constrained to be within a volume V. The Pauli
exclusion principle applied to this situation states that there is only
one allowed energy in each elemental volume of momentum space. Since,
however, the electron can have two valués of angular momentum due to its
intrinsic spin, each point in an element of momentum space can accept a
maximum of two electrons. Thus for momenta in the range dPx dPy dPz, the

number of states 1is

dPx dPy dPz _ 2V
e APx APy APz h3 dPx dPy dPz

2.2.5 The number of electrons, dn, within volume V and having momenta in
the range dPx dPy dPz is given by the number of states in that momenta
range multiplied by the probability that such states will be occupied.
The probability that these states will be occupied is given by the Fernmi

Dirac distribution function

oY = ! where L = Electron energ
£45)"= exp E-c}-b 1 =
kT ¢ = Fermi energy
Thus: k = Boltzmann's constant
~ 2¥ dPx dPy dPz .
dn "‘;3 exp (E“C 1 1 = Temperature (Kelvins)
kT /

(5)
2.2.6 The flux of electrons moving in the x direction and with x—momentum

within dPx is found by multiplying the number per unit volume with momenta

within dPx dPy dPz by the x-velocity and integrating over all Py and Pz

(== oo

J e d g EXs2  dPE dBy P2 &
Py= Pz= m h3 exp(h—g + 1
kKT

But from equation (3)

Pxdx = mdW
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by substituting this in equation (6) the integrand becomes the flux of
electrons with X energy within dl! incident on the surface, that is

N(W)dH.

: S R vy e G APy P
Thus MN(W)d¥ = lde {m im Py e vy
p KT
Pzz + P22
But E=W+
Zm
T RO = et T E1 8
B e

o expf W-f + Py2 + P22 +1
kT 2mkT

This can be evaluated by convertingz to polar co-ordinates.

Py = 2 Cos ©
Pz = & Sin &
2 o edsadb
Nay =2, ;7 E >
h® =0 ©=0 exqiw-c 8% N #)
kT ¥ Z2mkt
Lk V=g, (&2 ) A
=-3 | losle® T ¢ e - o
o
i ) 4ok T V-t
(W) = log(l + exp Frj))
03 KT (7)

_2.2.7 The transmission coefficient is found by solving the time—independent
Schrédinger equation for the motion of one of the electrons in the x direction.

This equation is:

2.
é—% + 2% [V -ux)]u =0
5 _"P- : = where u(x) is the wave function.

Solutions to this equation may bLe found by using the Wentzel-Kramer-—
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Brillouin (WKB) approximation [42] which is applicable when W = Vmax (i.e.
when the electron energies are much smaller than the energy corresponding
to the maximum height of the barrier) - a valid approximation in this case.

The transmission coefficient may then be expressed as:

*2
D(W) =exp - [ V 8m

X, &2 [V(x) - Wldx

The evaluation of this expression has been very fully covered by Good and

Miiller [43] and leads to:

D) = exp - Mzmw‘ﬁ v(y) (8)
31 E.F ‘/3~
Ver
o]

and y =

Values for the function v(y) with varying y have also bLeen given by Good
and Miiller [43] (y = 0.956 - 1.062y2). The value for P(W)d¥ jg given
by substituting (8) and (7) in (4).

e 2
Thus P(W)dW = £E§EE exp —%ﬁgglil v(y) logE:exp -(%é—%%)dw (2)

h

Since the field emitted electrons have energies inm the region W = z, it is
permissible to approximate the exponent in the transmission coefficient by

the first two terms in a power series expansion at W = z. This gives:

4V2ml-1'3vy W=

FheF Y IAT Jo s (10)
! 4 21_.1,;53
where C Wy v(y) (11)
dlmiel (12)
2V2mngp t(y)
< L o s ey
and Ly) = v =~ xy -J—~a}. (13)

¢ = - the work function.
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Again, values of t(y) for various y has been given by Good and Miiller [43].

Substituting numerical values gives

9 3/2
_ 6.83 x 10° &
: v(y)
9.76 x 10 'F
d = — o electron volts
$2 t(y) L
where F is in volts metre
¢ 18 in electron volts
For low temperatures
KT log (1 + exp ~ == ) = O when W > ¢ (14)

=7 -W when W = ¢ (15)

Substituting (10)(14) and (15) into (9) gives

P(W) =0 wvhen W >
= ﬁy_nl e - + H:E. ( —-‘.”) - 16
h3 xp © d C N ( )

when W < g
By differentiation of (16) the maximum in P (W) occurs when W = ¢ — d and

has the value

_ 4imd g
Pnax = h3 exg = (e + 1)

Good and Miiller [43], referring to work carried out by Richter, state that

the width of the distribution of electrons at half maximum is 2.44d.

2.2.8 The total electric current is found by integrating equation (16)
over all relevant values of W, i.e. - Ha to @. In practice, since - Wa is
far below the Fermi energy {, the lower limit is taken as - «. Also, since

a metal at OK is being considered, the upper limit is z.
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Thus
4t [ W= Aﬁmedz
J = e,fc iR exp |- ¢ +(L-5- (z=W)dW = ——— exp (-¢)
3 d 3
— h ; h
3p2 i 312 \
AL =
8nhot™ (v)
Inserting numerical values for the cohstants
= 2 9 3/2
; F ~6. : :
g = 1.56 leo S0 [-6.83 x 107 ¢ ¥(9) ] (18)
¢ t7(y) F

amps/m2

This is the Fowler-Nordheim equation for the total emitted current density
of field emitted electrons from a metal at OK. At finite temperatures there
are electrons above the Fermi level incident on the barrier and these are
more likely to penetrate because of the reduced width of the potential
barrier. The effect of temperature can be considered by approximating

the logarithm term in eqn (9) for the case when W > g. This then gives

ML exp [e + (D) G - )] (19)

h

P(W) =

This shows the effect of the experimental tail above the Fermi energy.
The temperature effect splits the emission into three regimes

1) high temperature and low field (Schottky cmission)

___flih” low temperatures and high fields (Fowler liordheim emission)

111) temperature and field (T-F) emission at temperatures and fields

between the two extremes.

2.2.9 Good and Miiller [43] have further shown from a consideration of

eqn (19) that the boundary of the field emission phenomenon is ziven by

: i L
F > 8.83 x 105¢*T volts/m

Tilus at room temperature with ¢ typically 4.5eV
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IS 6 x 108 volts/metre

2.2.10 Curves showing the energy distribution of field emitted electrons
under various conditions of fiela strength and temperature have been given
by Dyke and Dolan [44] and are shown in fig (7). The temperature changes
which take place at the point of emission are determined by two factors,
Joule heating and the Nottingham effe;t. Resistive heating is a well known
effect which for metals increases with temperature; with the high emission
densities encountered in field or T-F emission this would quickly lead

to an inherently unstable situation if there was no other stabilising
factor. This factor is supplied by the energy exchange resulting from the
difference between the average energy of the emitted electrons E} and that
of the replacement electrons supplied by the circuit E;. This mechanism
vas first suggested for thermionic emission by Richardson [45] and later
by Nottingham [46] and is now known as the Nottingham effect. Cathode
cooling occurs when E > £~ and heating when E < L~. There is experimental
evidence to-suggest [47] that at lov temperatures E < E~ but that as the
temperature increases a point is reached (called the inversion temperature)
at which the E > L~ and cooling of the cathode begins to occur. However,

experiments that have been carried out to investigate the effect do not

give results that are completely consistant with the theory when using a

— free—electron approach [48]. FEowever, further theoretical studies which

have incorporated non-free electron theory [49] are still not entirely

satisfactory.

2.2.11 1In a classic paper, R D Young in 1959 [50] pointed out that the
analysis discussed in the previous section applies specifically to electron
energies associated with the component of velocity normal to the emitting

surface, whereas in experiments carried out to measure the distribution in
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energy of field emitted electrons it is the distribution in total electron
energy that is measured. The new parameters defined by Young to obtain

an expression for the total energy distribution were:

N(W,E)aWdE

IH

number of electrons with energy within the range E to

E + dE whose x part of the energy lies in the range W

to W + dW incident upon the surface x = U per area per
time. ,

" P(W,E)dWdE

N(W,E)D (W)dWdE

= number of electrons in the given energy ranges penetrating
the barrier.

P(E)dE = f P(W,E)dWdE
W
= total energy distribution
J = efP(E)dE

= electric current per unit area

= Fowler Nordheim equation

Thus although the number of electrons involved is still the same, that is,
the electrons having an x component of their energy normal to the surface,
the distribution in the energy compment normal to the surface is quite
different from the distribution in total energy of these electrons. Thus,
although the Fowler-Nordheim equation remains the same, the energy

distribution expression alters.

"2.2.12 Using the new parameters, Young showed that

v _ 4mnd -z exp /d) &
P(E)dE = h3 :J -c ) exp {(L._C)/k_rl]_ ) di 20(a)

This is the total energy distribution and should be compared to the normal

energy distribution of eqn (9). Also the current density is given by
oJ (=]

37 [ -4(2 V2 3/2 -
ete =4(2m) o ’) nkT/d . 7
J = e exp B WAV ) T 20(b)
6ﬁn¢2(y) \ 3ker Sin (wkT/d)
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This is the higher temperature approximation of the Fowler-llordheim
curve and is identical to eqn (17) except for the addition of the

wkT/d temperature approximation.
Sin(mkT/d)

2.2.13 The value of E when P(E) is a maximum can be found from differ-—
entiation of the exponential part of eqn (20) with respect to E. The

maximum in P(E) occurs when
E = r ~KEIn(d/kT ~ 1)

When T = OK E isla maxinmum and Emax =z

The half-width of the total energy distribution at zero temperature is
o (0) = 0.693d (21)

Fig 8 shows the normal and total energy distribution curves obtained by

Young according to equations (9) and (20) at three different temperatures.

2.2.14 Young has also given an expression for the total energy distrib-

ution for thermionic electrons:
e 4mrin i Wk R
P(E)dE = —5 exp ak

h3 kT

The F.l.H.M of this distribution is found to be 2.45kT and the maximum

in the distribution occurs at E = kT. It has been shown by Young [50]
and also by Dyke and Dolan [44] that field emission can be clearly
distinguished from T-F or thermionic emission by examination of the electron

energy distribution.

2.2.15 At the same time as the Young paper was published, Young and
diiller [51] gave details of field electron energyy distribution (FEED)

studies using an improved type of retarding potential analyser which gave
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convincing experimental proof of the Young theory.

2.2.16 Christov [52] has put forward a unified theory of field emission
which attempts to encompass electron emission from metals in vacuum,
insulators and semi-conductors in the whole range between the extreme

conditions of field and thermionic emission. The theory uses a free

electron approximation for metallic emission using the equation for

momentumn
P2 (Px2 + Py2 + Pzz) -
o = = E - V(x)
2n 2m
o : o

For electron emission in dielectrics and semi~conductors on the basis of

band theory, there is a non-parabolic relation between momentum and total

energy:
2 2 ST
g B T (E‘ivll-:.cc:) + 2 i (LlV/rzl.(‘.) + E2
m, Eg Eg

where e =E - V(x)

effective electron mass at lower edge of conduction bana

[
=
Il

o
Ll
]

effective electron mass at upper edge of valence bana

Eg = forbidden energy gap.

Two further quantities defined are the '"characteristic temperature", Tk,
defined by the condition that the maximum of the normal energy distribution
Fn(Ex) is just at the top of the barrier V(m) = vmax' It is shown that

e D, 1/4
h (FoD) !/
L oo
i (

3/4

Tk = F

k M where F is the field strength

D is the dielectric constant

The second cliaracteristic temperature is Tc at which the normal energy

distribution has a maximum at Ex = pl = p + 2kT where p is the Fermi



energy of the metal. Adopting a quasi free electron approach for a semi-

conductor
heg?
Te = ——— t(y)
Aﬁk(ZmCXf£

X is the metal - semi-conductor or metal-

vacuum work function.

The energy range of E is divided into three appropriate regions
1
1) OcE=qn
1 1
1) u SF 5B
1

111) E = E

Consequently, the emission current may be represented as the sum of three

contributions

= =3 1 11
J = J] + 32 + 33

The extended thermionic emission region is defined by T > Tk/2 and

g = /2 (Tk/T) 1.
Sin[ (n/2) (Tk/T) ] “&S

where Joo is the current density expressed by
a Richardson-Schottky type eguation.
The extended field emission region is T < Tc and

_ w{T/Tc)
e [(n(T/Tec) ] Ipx

Iru is the current density represented by the

Fowler-Norduneim expressiomn.
The intermediate emission region is Tc < T < Tk/2 and

= Q0 (T/T Q g (Tk .
A GRSl Sl Ui

sl

where J,., is the generalised Murphy-Good formula for current density [53].
MG & pily 3

Q], G, and Q"7 are knowm functions of field and temperature.
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Christov claims experimental agreement with this theory in measurements
of current from particular crystal planes and plotting 103(JIJFN) V. TfTc
or log(J/JES) v. Tk/T. However, a crucial test of the theory (as shown
in section 2.6.2) is in obtaining agreement with the experimental
electron energy distributions, and this has not been done so far.

2.3.0 Determination of work function (¢) and field enhancement (B) using
free electron theory.

2,3.1 1In theory, it is possible to calculate the work function, ¢, of an
emitter from the Fowler-Nordheim equation. It can be seen from equation (135)
that by measuring the current (i) versus field &) characteristics of an
emitter and then plotting lni/}s‘2 V. l/F, that the slope, m, of this graph

will be given by

1 =2
n=d0CTD |y 10%3 25
a( /F)
where S(y) = v(y) - %-ﬁxéil Eal§es for S(y) are given in
43

In practice, however, the field at the emitter surface, F, may be very

@ifficult to measure. A simple approach in a plane parallel electrode

geometry is to assume that

where £ is the electrode separation

r
1]
D
=] <

f is called the field enhancement factor which is a dimensionless quantity
related to the geometrical shape of the emitting tip. It is an estimation
y A : . v

of the local field enhancement at the emitter surface compared to the /[

field which would be obtained between two idealised plane electrodes.

[Note: In the case of a point-to-plane geouwetry, the field enhancenent is
. A o L ) it 0. ! A ~1

given by the equation F = PV in which case B has the diwensions of [L]

and will, of course, be quite different in niagnitude. Since, however, most
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authors concerned specifically with pre-breakdown field emission currents
define B by F = B%, this will be-used throughout this text]. A number of
estimates have been made for B correspoqding to various geometries by

Good and IMiiller [43], Dyke and Dolan [44]), Vibrans [54], Chatterton [55]
and others. Typical results are given in Table 1. In practice, however,
difficulties arise when attempting to determine the tip shape with the
electron microscope since there is always uncertainty in magnification and
the micrographs give profiles which depend on the direction of viewing

and so are often difficult to interpret.

2.3.2 1In the case of broad area electrodes, these formulae have been nost
cormonly used in order to try and establish the surface protrusion giving
rise to the field emission currents. As an example, the field enhancement
due to a hemispherically capped cone of half angle 100, height h and tip
radius r is given by [53]

0.5h ;
bag Sy 22 (22)

The emitting area, S, can be defined as

where

o]

r sina and a is the angle at the ceatre of the hemisphere
between the normal to the surface where the electric field has fallen by

37 from the peak value (this corresponds to the position wherc thie emission
urrent nas fallen to ~ 1% of its maximum value). For the above model

4 . =
this angle is 40 [44].

2.3.3 The emitting area S can be obtained from the intercept of the pre-
exponential terw in the Towler-Nordheim equation. Referring to fig (9)

it can be seen that



TABLE |. FieLD ENHANCEMENT (8) FACTORS OF
VARIOUS SURFACE PROTRUSION GEOMETRIES.

RADIUS OF CURVATURE
o
AT POINT X =B/h

h h
b } BASE
, DIAMETER
ELLiPsolD TRUNCATED HEMISPHER) CALLY
SEMI AXES: byb, h CONE. CAPPED CYLINDER

ECCENTRIQITY,E
B 2\5
- (1-F/)z

DETAIL OF END CAP OF PROTRUSIONS .

EMITTING ARE 4
b A,S

e

PROTRUSION| ENHANCEMENT MAYIMUM
GEOMETRY. FACTOR, R, EMISSION ANGLE,
ELLiPsolnd [I—E‘-E-] ['/ac‘nz:%g-)—l] (99] 197 [54]
CONE O-S%__ +5 (9] 407 [44]
CYLINDER h +2 [54] 60° [54]

% &K CORRESPONDS TO THE POINT AT WHICH THE
FIELD HAS DROPPED BY 59 OF ITS PEAK VALUE.
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Fieq9. FiNpING THE INTERCEPT ON A
FowLER - NorprEIM GRAPH.
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1
Intercept = lo + m g (24)

18]
c
<
(o] hﬁow’

where m is the slope of the graph

it has been shown by Beukema [56] that, approximately in the field range

(3.0~ 5,5) » lOgv/m, the function v(y) can be expressed by the equation

v(y) = 0.956 - 1.062y>

Also, t(y) =1

fdence the Fowler-KNordheim equation becones

‘. I B T e e L R e
Elo 2 %810 . BV

e

-

At the intercept, lfv = 0,

log,, 1.54 x 10792 s .
= + 7

; o £ 4t

e

logyy

o

i

Using the value for loglo 2 obtained from (24), the cmitting area, S, can

A
be calculated from (25). Thus, knowing f and ¢, S can be determined.
Using equations (22) and (23) r and h can also be found. In experinents
vhich measure the pre-breakdown currents from broad area electrodes, a
value for ¢ is usually assumed and the above method is used to aetermine
B, 8, h and r; the cathode surface is then exawined to see if a protrusion
of the calculatea dimensions exists on the surface nicrotopography (e.g.(29)).
In particular, the work of Cox [34] and more recently Cox and Villiaus [36]
using the above analysis has failed to reveal surface protrusions of the
expected geometry. This has, therefore, given rise to speculation as to

whether this method of estimating surface fields is sufficiently accurate,
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or whether other factors, such as incorrect assumption of work functions

are responsible to the anomalous results.

2.3.4 An alternative method of estimating local field strength was

suggested by Charbonnier and lMartin [58]. They proposed that since

2 7
J=5E e B;~— v (y)- (26)
ot (y)

and the slope, m, of thegraph of 10310 1/V2 v. I/V is given by

then by substituting (27) into (26) then the equation becomes

2 T -
J = e 2 exp Eb exp (rn£%§%> (25)
(n/v) oY :
where C and D are constants
1
— L
y =3.79 x 104 E
P
2 : 2
v(y) = 0.956 - 1.062y
t(y) = 1.044
S(y) = 0.956
or o = .C-i(j-))_ exp :.2—.3-13 vhere G(gb) = Q‘JZ exp 2
2 V =k
n/v iy

2.3.5 Calculations show that for ¢ = 4eV the function G(¢) goes thirough
a flat mininum and departs by less than + 7% from a fixed value. Thus the
current density J and therefore tne effective emitting area, S, of the

ield emission source can be derived simply from the measured parameter m/V.

While this may be useful in analysing field emission from specially

fabricated tips wiere the work fuinction mav be known to be > 4eV, it is
“ - -

unsatisfactory in analysing the problem of pre~breakaown currents from broad
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area electrodes where the exact nature of the material at the point of
emission and, corresponuingly, the value of $, way be of considerahble

doubt.

2.3.6 Bormond [57 ] has suggested a metliod for deternining local field

e

strength by using T-F emission and the unifieu theory of Christov [5:].
The metliod relies on the fact that in the T-F region a good approximation

using Christov's theory is

log J/E = A +_BF2 where A and B are constants.

F is the true field at the surface and

dte

Fapp is an approximate measurement of the fiela which can be computed

using one of the usual electrostatic methous and Y is determinea experiment-—

L

ally. This is done by measuring the current, i, for various values of

applied field and then plotting log /F

=2
v. F___, from which a valuc
app anp

for bexp = the experimental slope of tue graph - can be obtainea. The

true theoretical value of B can be calculated for a given value of T aud
L

/—.)1-

dence the true value of F can be found.

2.3.7 1In practice, y is insensitive to the value of work function and
2
because of the dependence on (5)* it is possible to estinate Y to about

%

5% when the error in Ee(pla is ~ 107, The aifficulty with the method when

applieu to broad area electrodes is the estimate of the teriperature 7

which is necessary to find the theoretical value of 5.
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2.3.8 A different approach was suggested by Young and Miiller in 1962 [59].

They reasonea that since tiue slope of the Fowler—wordneiwm curve is given

by
: PR o 5 S
e @iy o =Bod x 107™ @ T . e
= SRR : 5() (29)

and that the half width of the energy distribution of the electrons is
given by (eqn (21))

G = 6,76 % 107 (F/¢%) = 6.76 x 10”7 BV (30)

(F in volts/mﬁl)

(¢ in eV)

the simultaneous solution of (29) ana (30) will give independently values
for § and ¢. The main drawback with this procedure is that whilst both
equations are defined for T = OK, eqn (30) in particular is very sensitive

to an increase in 1. (see, for example, Table 2 - III in (61)).

2.3.9 Unfortunately, there is no useful solution to the value of o at

roon temperature. Young and ifiiller [59] and van Costrum [60], for example,
have overcome this difficulty by wmeasuring the half wiath of the
distribution from an emitting tip at various temperatures and extrapolated
to zero to obtain o, and hence solve (29) and (30). ¥Wnilst such a procedure
is feasible in the case of the fairly well controllea situation of an
emitting tip, it is quite unrealistic for the broad areca electrode situation
where measurement of the temperature of the emitting site would present
enormous difficulties. However, this method does give a way of estimating

a maximum value for the field, assuming a value for ¢, and is quite
independent of the field estimation from the rFowler-Nordheim plot. It tgs
therefore, of interest to compare the value for fiela obtained by these

wo methous, at least to see is they are consistant.
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2.4,0 Field emission from metals using non-free electron theory

2.4.1 It was first established by Swanson and Crouser [61] that equation
(30) is not always valid. 1In particular, they found in experiments on
tungsten tip emitters that the energy distribution from the < 100 > direction
contained a low energy hump 0.35eV below the Fermi energy (now often

known as the "Swanson hump"). This was attributed to the non-free electron
behaviour for this direction caused by band structure effects. Similar
effects were studied by Plummer and Bell [62] and they defined a quantity

called the enhancement factor R(E):

7' () = R(e) 3 (&) (31)

Here, J;(e) is the calculated free electron energy distribution, i.e.

3e) = 2B exp(~ Clexp(e/a) £(e) (32)
h

€ = energy of the electron relative to
the Fermi energy, C.
J1(e) is the measured total energy distribution. In practice, R(e) can
be found by dividing the measured distribution by the calculated free-
electron energy distribution and this can be plotted against e. Such
plots show up structure in the energy distribution in far greater
detail than is possible with the measured spectrum. Typical curves from

four low index planes of tungsten are shown in fig (10).

2.4.2 The fact that in certain cases the R(e) v. € curves reveal structure
in the electron distribution of clean contaminant-free metal surfaces has
demonstrated the fact that a free-electron theory of field emission for

metals is an over simplification in many cases. Indeed, it appears that
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deviation from free electron behaviour is the rule rather than the
exception. Accordingly, a systematic theory of field emission has bLeen

put forward by liicolaou and llodinos [63][64] on the basis of which realistic
ana accurate calculations of FEED distrfbutious from transition metals

has become possible.

2.4.3 The basis of this theory is that the potential as seen by an electron
inside the metal can be represented by a superposition of non-overlapping
spilerical potentials centred on each of the ions of the crystal. GQutside
these spheres (muffin tin spheres) the potential is approximated by a
constant. This approximation to the potential, known as the "uffin

tin approximation", has been extensively used in calculations of the
energy band structure of tramsition netals. A simple model for a semi-
infinite metal is used in which it is assumed that the bulk potential is
terminatéd abruptly at the surface and outside the metal the potential
depends only on the distance from the metal-vacuum interface. Low energy
electron diffraction (LEED) data have shown that this is a reasonable
approximation for transition metals, but for other metals it may not be
valid and for semi-conductors it is certainly incorrect since re-arrange-
ment occurs at the surface. Such a treatment leads to a rather complex
expression for the total euitted curreat J(&) (see, for example, equations
(34)(37) and (38) in ref [65]) but numerical results have been calculated
and have been shown to be in excellent agreeuient with the experimental

results (fig 10).

2.4.4 A sinilar analysis has been applied to the (111) plane of copper
by Kar and Soven [656] and in this case a discontinuity occurs in the K )
peak. This is explained as due to the fact that the density of states of

a two-dirensional bLand uoes not zo smoothly to zero at tie edge of the bLand.
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Results for copper published by Vhittcut and blott [67] give only the total
enission distribution and not the enhancement curve, but even so, these
results and some preliminary ones by Plummer and Weng [66] indicate that
this peak is observed. Finally, result;i by Weng [058] on lolybdenum
incicate that similar theoretical and experiumental agreement exists when

applying a non-free electron theory and measuring the L ) curve.

2.4.5 lton-free electron behaviour in emission from metals has also been
studied by Czyzewski [69] who considered the effects of electron-phenon
interactions and-effects due to s-a transitions and overlapping of s and d
bands and concluded that these effects were observable in the FELED data.

2.5.0 Determination of work function (¢) and field enhancement (8) using
non-free electron theory.

2.5.1 An alternative approach to the determination of § and ¢ was put
forward by Young and Clark in 1966 [70][71]. They pointed out tie
possibility of patch field effects, a factor which had not been taken

into account in previous studies. They reasoned that differences in work
function on adjacent regions of a single crystal enitter would give rise to
substautial electrostatic fields at the surface. These were called surface

patch fields and thus the field at the surface of an emitter becoues:

3
S (33)

vhere ¥ is the patch field strength.

Thus the Towler-liordhieim equation becomes:

e 9.3/
T . Insh x 16 F s (“ﬂb.tﬁ X l:JJ’JJ XAV (3")>
= 7 R + EV/L
¢ () Fo /

and the slope of Luils curve is:
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slog(i/v2) _ /0.87v \_ 2.96 x 10° ¢3/2 -(J)
£7, FE, U

If the field distribution of the emitter in the absence of the patch field
is assumed to be constant (f = constant) then the ratio of the work
function of a plane (a) (with patch field Lo) to plane (b) (no patch

field) predicted from the slopes of the F i plots, neglecting the first

term, is
B F L 21./2/3
E’f}. % E.I_'i'.gﬁt._). “S_f $ (35)
by FN() \ ¥

In a retarding potential energy analyser, as used, for example, by Young
and ltiller [51], the integral of the electron current is measured up to
an energy E. Expressed as-a fraction of tiue total current the current of

an energy E is

i(s) Ig exp(E/d) aE

o Jt exp(E/d) dE

viiere io is the total current.

Lence

= 2(E)

The slope of the energy distribution curve is defined as:

d log(lo =~ 3(E)

B d(&)
: o o 0.434 x 2(2mp)  t(y) ' (30)

E Tiek

Substituting (33) into (36) and dividing Ly (34) gives:

o
rm
~—~
7
s
—
C

T [ e o+ (37)

-
1
{
a2
o
[ 4]
Py
L
g
<
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hen a value has been obtained for ¢ from (37) it can be substituted into
(36) to obtain the field strength at the surface. In tihe final analysis,
an iterative process nust be used in assigning values to Fg» t(y), s(y) and

B.

2.5.2 1f, however, equation (30) for the "slope" of the energy distrib—
ution curve is solved for I, the true field at the surface, and substituted

into the F-N equation the current density is given by

_[3.04 x 10° -1.54 & “E v(y)
J = --gi———-- exp 16))
E .

Since t(y) is extremely slowly varying, it can be considered independent
4 (=1} &

of 5. and it follows that

d(log i 5.2) ~0.6665 S(y) (38)
d(sE) t(y)

By measuring the dependence of tie slope of the energy distribution curve,

S., on total current (by varying the applied fiela), it is poussible to

(e
F
)

obtain accurate values of ¢ regardless of patech fields.

2.5.3 In another paper [71] Youny and Clark describea sore experinents
carried out to check the alove tlicories. Unfortunately, due to failure
of their emitter, it was not possitle to verify equation (36) and they

ade no corrections for patch fields. Lowever, some hizh values for the

-t

vorlk function of the (110) plane of tungsten were found using equation (37)
anu Uy varying the size of the enmitting area using field evaporation
techiniques the importance of patci field corrections vas confirimed.

2.5.4 1In 1975, Vorburger, Penn anc Pluimer [72] took this one stage
further by poiating out that tle Young and Clark approach needea noalfying

to take account of the non-free electron behaviour whicu is applicable in
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mwany cases. As shown by Swanson and Crouser [61] an expression for the

current density per unit total energy, f(e), is given by
o

3 (e) =t f(e) exp(e/d) _
o o d Where Jo is the total current (39)
density.

For the free electron model assumed by Young, f£(e) is the Fermi-birac
distribution and so

J‘ Joaxp(efd)
oM T TS T

(40)

liere, P = kT/d is a dimensionless parameter; equation (40) breaks down
for P > 1 and becomes unreliable when P % 0.7. Young and Clark used

equation (4C) to show that the slope of thne logarithm of J;(a) is

1
J ,
e ainTale) ol -
Pep e ¥ KAL)

Bquation (41) is equivalent to equation (36). Vorburger et al introauced

the enhancement factor to equation (40) by putting

.

1 1 1
J (e) = R{e) Jo(e)
where KR(e) = enhancement factor

Jl(a) = measured total energy distribution
1 NON
Jo(e) = calculated/free-electron
total energy distribution
ALLOWING FoR BAND STRUCTLURE
EFFECTS (SEE REF (62)).

Thus, using equation (42), ;

1
_8tad'(e) _ StnR(e) |, &&n Jo(e)
ED ¢e de Se

w

- S£n R(e) +-§5 (¢ - sﬁ’-Eg;*l

e 2 (43)

Since ~r 312
(equation (34) neglecting patch field effects)

o
=

]
pos]
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Then combining equations (44) and (43)

(45)

Equation (45) is derived for electron energies greater than U.l eV below

the Ferui energy so that £(g) = 1 to a Very good approximation. The

6ln It( : - j);
3~;~iiél term 1s the essential difference between

“E

Presence of tue
equation (45) and equation (37) (neglecting patch fields). Thus, if non-
free electron behaviour applies, equation (45) nust be used and incorrect

results for ¢ will be obtained if equation (37) applied. If the tern

oln K - - : i . :
-ﬂ-j;-ggl 1s nearly fiela independent then the error introduced by the free

G E
electron equation (37) will be less irportant as the field is reduced

1
81ln Jol(e
5E

since the zerm becomes dominant. Vorburger et al also showed that,
in the same way that Young and Clark had obtaimed an expression for ¢
regardless of patch fields (eqn (38)), a sinmilar result could be obtained

for the non—free electron case:

dnfPppnd) 5 4312 S(y)_ , 25ln R(e)/se

S ) = y 5. (8. - 51n & i
d(SLD) s t(y]) bhu(agn 51n Pe)/ce)

2.5.5 Lxperimental results were then reported by Vorburger et al using

the (100), (112), (013) and (111) faces of tungsten. Tor the (112) face
data were taken at 295K and 76K. Of particular interest was the (100)

face which from the worl. of Svansen and Crouser was hnowm to show a large
k(e) factor at € = = .35 eV. The energy analyser used vas a hemispherical
deflecting instrument designed by Kuyatt and Plurmer [73] operatins at

~ 3 x 10 torr. [leasurenents vere carried out to find the variation of
¢H (cquation-(QS)) with electric field at three different values of

ener;y (€). From the zero fizld intercept the value of ¢ could be cal-

culated in cach case, and the slope of each sraph gave 5l Z{e)/ee. The
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results showed that ¢ was approximately constant with varying € for the
(100) and (013) data but systematic deviations were found with tae (111)
and (112) data. The authors concluded and attributed this variation to
the field dependence of R(g). Consequently, a value for ¢ was obtained

in these cases by extrapolating the é&n R(g)/de v. ¢"1 graph to zero

§&n R(e)/de. Using this method the value for ¢ obtained for the (112)
plane showed only a very small difference at 76x and 295K (the aifference
being less than the estimated error of the measurement). Also, a
virtually constant value for ¢ was obtained for the (100) plane at varying
values of e showing that this method is capable of evaluating ¢ even when
the energy distribution exhibits pronounced structure. In general, the
results for ¢ showed good agreemeut with the most reliable values obtained

by other workers.

2.6.0 Summary

2.6.1 The work awescrilbed in Chapter 1 has shoun that recently there has
been difficulty in accounting for the pre-breakuown currents obtaineu from
broad area electrodes on the basis of a theory of metallic field euission
frowm enhancing micro-protrusions on the electrode surface. Walters

et al [31] have suggested emission through a thin dielectric layer as a
possible explanation whilst Cox [34] and hurley and booley [39] have

also suggested that some kind of semi-conducting inclusion in the surface
ray be responsitle. As shown in section 2.4.0, an energy analysis of the
el tted clectrons is capable of aistinguishing between field, T-F anc
thernionic emission; similarly, emission froum a semi-conductor will hLave
certain unique features. Also, measurement of K(e) curves would show
whether emission from sites on broad area electrodes coulu be satisfactorily
explained on a free electron mocel. Cox [34] has.suggusteu that difficulty

in interpretation of the data may ve aue to incorrect assumptions about
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the work function of the material at the point of emission. As shown in
sections 2.5.0 and 2.7.0, electron energy analysis is capable of
determining work function and local field strengzth actually at the point of
emission. It can be seen, therefore, that energy analysis of the
pre—ureakdovn electron currents ewmitted from broad arca electrodes could

prove a very poverful tool in explaining their origin.

2.6.2 Conseguently, the work described in this thesis was carried out
to obtain the energy spectrum of such currents using a high resolution
field enission energ& spectrometer. The work involved adapting an
existing spectrometer [74] to the specialised requirements of broad area

electrodes and carrying out measurements on a nunber of different materials.
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3.0.0 Experimental.

3.1.0 Introduction

3.1.1 The development of the experimental facility described in this
chapter formed part of a research programme primarily concerned with
field emission energy distribution (FEED) measurements using both
retarding potential, and hemispherical deflection, energy spectrométers.
For the experimental work described in this thesis, one of these
spectrometers had to be adapted to the special requirements of FEED
measurements on broad area electrodes and a decision had to be made on

the type of spectrometer to use.

3.2.0 Choice of spectrometer.

3.2.1 To date, much of the work carried out on field emission spectrom—
etry both in this laboratory and elsewhere has used the retarding
potential type of spectrometer, but this suffers from several disad-

vantages compared with the more recently developed deflection instrument.

3.2.2 The layout of a retarding potential analyser is shown schematically
in fig (11). To generate the necessary high electric field required to
produce field emission at the surface of the material (v lO9 V/m) whilst
using a reasonable accelerating potential, it is usual for the emitter to
be in the form of a fine wire, the end of which has been etched to a

sharp tip typically having an end form of ~ 100nm radius. This shape
provides sufficient local field enhancement to produce field emission with
an anode-cathode voltage of 0.5 - 4.0kV. A retarding voltage (¢ the
accelerating voltage) is then applied at the lens (L) to reduce the kinetic
energy of the electrons to a few eV (Fig 11). If a slowly increasing

voltage is now applied at the collector, C, the electrons will gradually
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be collected, the most energetic at the lower voltage. Fig (12a) shows

a typical graph of the collector current as the collector voltage is
increased, and Fig (12b) shows the differential of this curve which
represents the distribution of energies in the electron current. Typically,
for an atomically clean surface, the F.W.H.M. of such a distribution,

which depends on the crystal plane, the temperature and the surface field,
may be v 200meV. An instrument resoiution of v 20meV is therefore
desirable, which means that for an electron beam afriving at the anode

with an average energy of 2keV, the overall resolving power requirement

is ~ 105.

3.2.3 The detection system of a retarding potential spectrometer suffers
from two drawbacks. Firstly, reference to Figure (12) shows that at the
low energy end of the integral curve (higher values of Vc) there is only
a relatively small increase in Ic which results in a poor signal to noise
ratio. In addition,.this shallow slope makes differentiation of the curve
(often carried out manually) subject to greater error. Secondly, current
detection at the collector in a retarding potential spectrometer is
usually by an electrometer which gives rather limited sensitivity. Thus
while this type of spectrometer can give ; resolution 105 near the peak
of a FEED it cannot give comparable resolution at the low energy tail of
the distribution. Since this part of the curve is very important in the
study of surface electronic states where the presence or absence of
relatively small peaks is crucial to the interpretation of the data, this

type of instrument is limited in its application.

3.2.4 In contrast to the retarding potential type of instrument, the
hemispherical spectrometer to be described below has a resolution v 30meV
throughout the energy range, a direct energy distribution output from an

electron multiplier which greatly increases sensitivity, as well as
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comprehensive output facilities in terms of gain, filtering and spectrum
scan speed. For these reasons the hemispherical spectrometer was chosen

for the experimental measurements described here.

3.3.0 The hemispherical deflection spectrometer analyser.

3.3.2 The instrument is based upon the design of Kuyatt and Plummer [73]
although certain changes have been m;de to accommodate the different
experimental conditions. A general section through the spectrometer
assembly is shown in fig (13a) whilst the electron optical layout is
shown in greater detail in fig (13b). An overall view of the instrument
and associated electronics is shown in fig (14). The basic instrument was
already built when the present project work commenced although certain
preliminary investigations with field emitting tips were necessary before
embarking on the modifications described in 3.7.0. Accordingly, the
various components of the spectrometer are briefly describéd in 332 to
3.6.3 in order to illustrate the general design philosophy and resulting
performance of the instrument. Details of the modifications carried out

for this project follow in 3.7.0 to 3.9.10.

3.3.2 The hemispherical deflecting elemeﬁt forms the heart of the
spectrometer and the theory of this type of deflector was first given by
Purcell [76]. Consider two concentric hemispherical elements of inner
radius R!H and outer radius ROH’ with an electron travelling in the plane
of the paper and following the mid-radius RO as shown in fig (15). Let
there be an outward radial field F due to a charge +Q on the inner hem-
isphere and -Q on the outer hemisphere. Under these circumstances, the
electron will be constrained to execute circular motion in the mid-plane

(RO) 1z
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OF A PARALLEL BEAM OF ELECTRONS ENTERING
THE FIRST INPUT LENS.THE INTERFACING
LENS WhicH SOPPLIES THIS REAM IS SHOWN
IN FURTHER DETAIL IN FIGS. 22,23 24 AND 26,
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ELEMENTS 2,5 AND6 CONTAIN DEFLECTION PLATES.
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2
mv . e e e .o
= = (-e)(=F.) assuming non-relativistic velocities
R 0
0 of the electron.
where m = electron Yest mass
v = electron velocity (v<<C)
—e = charge on electron
FO = electric field between hemispheres at Ry in
direction shown.
or: mv2 = R ef

0" 0

If the kinetic energy of the electron is €, then

2 (46)

Applying Gauss' electric flux theorem to a concentric spherical surface

radius r (RIH << RDH) then:

I E@x).nds = 4@y = 2

over 0

sphere
where € . is the permittivity
of free space.

e F(y) = o = ~ 5 (47)
2 or
4n50r

where ¢(r) is the electric
potential at a distance r
in the field F, taking the
usual convention that when
r=m,’4{=0'

Using equation (47) to specify the potential ¢1H at a point just outside

the surface of the inner hemisphere (i.e. in the gap),
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0 OH
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(48)

(49)

where You is the potential at a point just outside the surface of the

outer hemisphere (again in the gap).

Now from eqn (47)

0
F —
(r) 4r Es
» s at Tadiug 'R L. = Q
0 0 4HR25
00

Substituting this into (48) and (49)

2 2
F F
" s 004w o o®o
»
IH B OH b

- 2e R.. +R
But from (46) 5o a aod sinca n m A8 OH
R e 2
0
g R
Yig o Egg + 1
3 IH
Similarly,
\I, =E_a h+]
OH e ROH

(50)

(51

Hence the voltage across the hemispheres required to allow the transmission

of an electron of kinetic energy & around a circular path of radius RO

is:



T0

R R
€3 OH 1H
AV, = V¥, -V = —— il (52)
H IH OH e R R

Equation (52) represents the first of the three main design equations for
the deflection hemispheres, the other two being those for the resolution

and for the maximum deviation of the beam.
3.3.3 The resolution of the hemispheres is given by [77]:

he z L a2

._._=.........+.2.

where € is the analysing energy of the hemispheres; that is,
the kinetic energy that the electrons must have in

order to traverse the mid-path, RO

Ae 1is the maximum amount by which the electrons can
exceed the analysing energy and still pass round the
hemispheres (i.e. the hemisphere band width)

Z is the imput and output slit width (assumed equal)

@ is the angular spread of the imput beam

Hence,

a2 (53)

=
Nf—

de =2 g~ = g 1% +

It is clear that to obtain the best resolution requires the smallest band
width at a given analysing energy. Thus from equation (53) it is necessary
for €,» Z and ¢ to be small and RO to be large. There is a limitation

on the minimum value for €0 since very low energy electrons can be
difficult to control due to the increasing importance of stray magnetic
field effects and the variation in surface potential. Decreasing the

size of the apertures improves resolution but reduces transmission and so
considerations of minimum detectable current puts a lower limit on this

factor. Finally, provided 32 < % the effect of this factor is not too
0

great since increasing o changes the shape of the transmission function
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rather than increasing Ae.

3.3.4 In this instrument, an analysing energy of 2eV was chosen as
being a reasonable compromise of the factors discussed. The designed
resolution was ~ 20meV for electrons eﬁtering the spectrometer (before
retardation) of 2keV i.e. a resolving power of 105. To minimise

broadening of the hemisphere transmission function [77] it is usual to set

2 Z
AR (54)

Thus from (53)

2 2 Ae
o - £ 26 (55)
a
Substituting (55) into (53)
Ae Z
0.8 — = —— (56)
€, 2R0

3.3.5 The law of Helmholtz and Lagrange [78] can now be applied to the
imput electron beam of the spectrometer. Referring to fig (16)

-

S.aV- = 5. a.V

1
- A
1% 2%V (57)

For this spectrometer it was known that the tip would be positioned
approximately 50mm from the front anode (dimension d in fig 13a) so that
with an anode aperture of 0.5mm diameter, the effective half angle of
the diverging beam from the tip (i.e. the part of the beam that passes
into the analyser) is

1

R il e R -3
U-l —‘—'::,'—-;:—-To—-— = 3 x 10 rad,

Using this and equations (55), (56) in equation (57) and taking V1 as the

front anode potential and V2 as the mid-potential of the hemispheres leads
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to
8% e dchin 16
eaz R02

If Ae = 25meV, £2 2eV then
RO = 55.4mm

In fact, a value of RO = 50mm has been used which slightly alters the
value of Ae to 27meV. From equation (56) a value for Z may now be

derived:

2's LE2ER = )08
E. 0
a
In practice, the input aperture is circular (1.0mm dia) and the output
aperture is rectangular (l.lmm width); this gives improved transmission

without markedly affecting the resolution [79].

3.3.6 A final property of the spherical deflector which is of interest
is the maximum deviation Zm of the beam in the deflector from the central
path of radius RD' This constitutes the third analyser design equation
and is given by [77]:

Z 1
0 €a 0 €a
From equation (55)
2 usdhe
% 3 €
a
e o Z, = OSmm.
In the final design of the spectrometer, ROH = 60mm and RlH =  40mm
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giving a gap of 20mm. Using these values with equation (52) gives the

voltage across the hemispheres as:

)
’wﬁ'zﬁ 60
QVH = 1,67 volts.

The path of the electrons around the hemispheres, and hence the analysing
energy, will also be affected by the presence of stray magnetic fields,
the most significant of these being the horizontal component of the

~ earth's field. An electron of charge -e travelling with velocity v at

an angle 6 to a field of magnetic induction B will experience a force F

given by

F = -ev X 'E

The value of 6 depends on the orientation of the analyser and for the
"worst case" where the horizontal component of the earth's magnetic field

is normal to the plane of motion of the electrons between the hemispheres

(i.e. 8 = w/2), equation (46) becomes:
mv2
—— = e@F. - evB
R, 0

The new analysing energy a; becomes

eR
1 165, Sae
E:a F EE_ 0:0 vE)
so that,

RO2 251

"’Vlﬁ=i—" A

n .1%%

R 2 251

OH 0
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R R GRS e
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L ’Vm"-%ﬂ .

-

(58)

The part of the spectrometer containing electrons of low energy is
surrounded by a mu-metal shield which has a permeability of about
0.05w A_l M—l and thus B v 8.5 x lOH? tesla. For electrons which pass

through the mid-radius of the hemispheres,

2 evi » Where eVi(= e;) is the analysing energy in the

7
presence of magnetic field B.

Substituting for v, and putting values for the other parameters in (58)

leads to

v; w E.AB5 vellta

i.e. a change in analysing energy of n 15meV. The actual value of 6,
variation in the local field and the presence of other fields in the
laboratory will all affect this result. One method of reducing this

field even further is by the use of three pairs of mutually perpendicular
Helmholtz coils mounted around the spectrometer. Experiments on the
effect of reducing the field around the spectrometer using such coils

were carried out by Pearson [60]. He found no detectable change in the
energy spectrum from the instrument when the field was reduced to < 10-8 tesla.
This gives supporting evidence to the theoretical analysis which indicates
that the largest shift likely to be observed is 15meV; since shifts of

X 10meV cannot be reliably detected it suggests that magnetic field
effects are even less than assumed in the calculation. Consequently, the

Helmholtz coils were felt to be unnecessary for the present investigations.
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3.3.7 So far, a value has been calculated for AVH for which electrons
of a given kinetic energy, € s will move along the mid-radius, RO. In
order to obtain the energy distribution of the electrons arriving at
the hemispheres, the mid-potential, wot must be set to a pre-determined
value. The reason for this is discussed in the section on scanning
(3.5.0) and an expression for wo is obtained as follows. Referring to

equation (47), the mid-potential WO is given by:

Q - AAENTE
Yo = 4R e FoRo e (59)

It is important to note that this is an electrostatic potential which,
using the common convention, is measured with reference to the potential
at infinity. In a practical case this potential must be referred to that
of another electrode so that ¢0 can be established in terms of applied
voltages. This is done by referring wﬂ to le and ¢0H. Thus using equa-

tions (50), (51) and (59)

o, St N e TR ko R N
1H 1H 0 e R e e R

= V ':9-- l] = 1.0 volts
al 2

Similarly,

Ea 1H
= i = e -] — + = "
VOH \|!: ‘FOH = 2 ] 1 0.67 volts

OH

Since le and wOH have been defined as the potentials just outside the
hemisphere surfaces fig (15), the potential on the hemisphere elements
themselves will differ from this value by an amount . which is approx-—
imately equal to the work function of the elements. (Strictly, the work

function is the work done in slowly removing an electron from the Fermi

level in the bulk of the metal to a point infinitely far away, rather than



6
to a point just outside the surface).

3.3.8 The conditions evaluated for the hemispheres may now be established

in practical terms by means of the resistors Rl and R2 as shown in

fig (17). The voltage across the hemispheres, ﬁVH, is set equal to

(v - VOH) by adjusting the resistors R] and R2 to give a voltage

1H

drop of Vou and le respectively. By setting the voltage between these

resistors to a value of (y, + fg) with reference to - earth in fig

Q
e
(17), it can be seen that this will then give the required potentials just
outside the hemisphere surfaces. Further, if the point between the res-
istors is connected to the electrode L4 ~positimed in front of the

hemisphere entrance slit - then the potential for the electrons arriving

inside L, will also be wo.

3.4.0 The ipput and output lenses.

3.4.1 The input lens system of the analyser has to fulfill two main

criteria:

i) to decelerate the electrons from an energy of n~ 2keV at the anode
to © 2eV at L, i.e. a ratio of about 103, and

ii) to provide an image magnification of 2x, since the input aperture
of the lens is 0.5mm diameter whilst that of the hemispheres is
1.0mm,

The actual deceleration ratio will vary somewhat according to the

operating conditions but it is necessary for the focal properties to

remain constant throughout the range of values (typically 1 - 4kV) that

may be used. These criteria necessitate the use of a lens of at least

three elements whereby the centre element can be adjusted to give the

correct focus for any desired overall voltage ratio. Consequently, a

three element lens designed in accordance with the method described by
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Heddle [79] was adopted, followed by a fixed ratio lens. The component
lenses have different diameters so that the lens elements are a reason-
able length, varying between 9 and 20mm, the total length being 70mm.
The operational mode is shown by the electron trajectories of fig (13b)
where the focusing characteristics are adjusted by varying the potential
(VZ) of element 2. This element also contains a set of x - y deflector

plates for fine beam steering.

3.4.2 The function of the output lens system is to re—accelerate the
electron beam leaving the hemispheres and at the same time to collimate
it to the electron multiplier. Lens L5/L6 accelerates the electrons
onto a rectangular aperture where the image magnification is 0.5. A

set of deflector plates in LS is used for steering the beam through this
aperture. The emergent beam is then accelerated to approximately 200ev
by lens L6/L7 so as to impinge diffusely onto the first dynode of the
electron multiplier, thus reducing the effect of spatial variation iy
sensitivity on the multiplier surface. The multiplier used is a 14
dynode Twentieth Century type ED525. The gain is quoted as 2.5 x 105
at 4kV and the maximum output current is 10pA. The dynode surfaces are
beryllium copper and must be kept free of contamination particularly
pump o0il; lengthy exposure to damp air must also be avoided. As the
electrons leaving the hemispheres are at a low positive voltage the last
dynode of the electron multiplier is at a high voltage and the output

signal is floating.

3.4.3 The lens elements of the electron optical system were constructed
from non-magnetic stainless steel and accurately positioned by the use of
sapphire spheres. A Mumetal can surrounds the low energy region of the
system thus reducing the effect of external magnetic fields on the electron

path.
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3.4.4 The electronic system for the analyser comprises a voltage supply
for the lenses and electron multiplier, a ramp generator for scanning,
and amplifiers to handle the output from the multiplier. Display is
us;ally via a storage oscilloscope but ‘there is provisipn for an x - y

recorder. The layout of the various units is shown in fig (18).

3.4.5 The lens voltages are applied.using two Brandenburg alpha series
0 = 5kV power units, one of these providing the voltage for lenses

L! - Lg by means of a resistor chain, individual adjustment being
available through a wide range for each lens. This arrangement has the
advantage that the lens voltage ratios are independent of the magnitude
of the anode voltage V], so that the focusing properties of the lenses
are largely unaffected by changes in VI over the operating range of the
instrument (1 - 4kV). The second power unit supplies the 4kV for the
electron multiplier and the required voltage for V7, this again being
adjustable. In-line jack sockets are also provided on the resistor
chain for individual lens voltage and current measurements using D.V.M.
and electrometer. The hemisphere voltages are provided by a floating
supply driven by batteries which gives a low drift, low noise value of
&VH during variation of VI. In fact, QVH can be varied to give a range
of analysing energies from to 2 to 18eV. The former is required for high
resolution operation whereas the latter offers a greater output signal
at low resolution for the initial beam alignment procedure. Separate
adjustments are also provided for setting each hemisphere voltage

relative to the hemisphere mid-potential.

3.4.6 The signal amplifier is in two parts and consists of a head unit
mounted directly onto the vacuum flange which contains the electrical
leadthroughs, and a second rack-mounted unit. The head unit contains

switched collector resistors (1 K2 - 10 M) and an isolation amplifier
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AD273K. This amplifier can withstand 5kV in both common and differential
modes. It has a gain of 1.00 and a linearity of 0.2% up to 2V. The
second rack mounted amplifier haé been purpose-built and amplifies the
signal into the oscilloscope or recorder. It has a continuously

variable gain between 5 and 5000 and incorporates a low ﬁass filter

(40dB per decade roll off, time constant variable between 10pus and 300ms).
This filter is normally used on élow scanning to reduce mains hum or
spurious noise. The output is fed to a panel meter, and an oscilloscope

or X = y recorder. The output on the panel meter is scaled 0 - 10V and

the electron multiplier output current for full scale is given by

1072

legd ™ (R_x gain) 2"PS
where Rc = collector resistor in M.

Thus the minimum current for fsd, assuming a multiplier gain of 105

n 107 '2A. The noise current is given by

3 158

VZ(eIcAf)

noise
where Ic is the imput current

Af is the bandwidth of the noise (kDC)HZ)

1.8 x 10~15A or 24 of the input current. Thus,
=12
or

g’ that' L
noise

: : : : =13
satisfactory operation is possible down to 10 10 "A. Pulse count-

inging would be required for lower current levels.

3.4.7 The ramp generator provides a switched energy scan of i S
or l0V; this voltage can be precisely set using preset potentiometers
inside the unit. The actual voltage of starting the scan can also be
adjusted so that V4 may be scanned through any of the pre-set ranges

between O and 20V. The scan period is continuously adjustable between
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10ms and 100s and continuous or single-shot operation is also provided.
In addition there is a manual scan facility and the provision for holding

the scan at any position.

3.5.0 Energy scanning

3.5.1 The method of obtaining an energy distribution will now be described.
Suppose that the emitter is earthed ﬁhd has a Fermi level ¢ and work
function ¢g (fig 19). Electrons that are field emitted will be accelerated
towards the anode, after which they will be decelerated to the element

L

If L, is also earthed (fig 20) then the Fermi level of L, will be

4° 4 4
equal to that of the emitter. If now a positive voltage V4 (= ¢c/e) is
applied to L4 (fig 21), then the potential in the free space inside L4
will be équal to the emitter Fermi level. In such a situation, an electron
field emitted at the Fermi level would experience no net change in

kinetic energy in moving to L, = or to the mid-path of the hemispheres,

since by the resistor arrangement these are at the same potential.

3.5.2 Suppose now that A is increased by an amount ¢° so that

VQ = Afﬁ + #0 ; the kinetic energy gained by a field emitted electron
in moving from the emitter to L, will, at some value of ¥ just be equal
to eVa (the kinetic energy required to traverse the mid-path of the
hemispheres). Consequently, if V4 is slowly increased from zero, then in
thé idealised case where a metallic emitter is maintained at a temperature
of absolute zero, the first electrons to gain energy eVa due to the
potential at LA will be those from the Fermi level. Therfore, for Fermi
level electrons,

5 (at the Fermi level) = ¢
e

7 a
or Vo e
e
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Since e_ is known (from AV, and the dimensions of the hemispheres, eqn

H
(52)) and VQ can be measured, ¢, can be determined. In practice, Youny
[50] has described a method whereby Fermi level electrons may be ident-
ified on a distribution even though the emitter is above absolute zero.
This method is explainea later in 3.6.1. If v, is now further increased,
then vo will correspondingly pass thrPugh a further range of values; thus
for each electron energy below the Fermi level a value of ¢0 will be
reached such that the electron acquires kinetic energy eVa on reaching

L4 and will consequently be transmitted by the hemispheres along the mid-
path. Since no'eﬁergy is lost or gained by an electron in the barrier
tunnelling process, the number of electrons passing through the hemispheres

plotted against v, will correspond to the distribution in total energy

of the electrons at the surface of the emitter.

3.5.3 It should be noted that since AVH is strapped to V4 through the
resistors Rl and R2, the resolution and pass kinetic energy, €, of the
hemispheres remains constant throughout the scan of V4. Reference to

fig (18) shows how V4 is varied in practice by inserting a ramp generator
between the bottom of the lens resistor chqin and earth. 'This means that
slight lens defocusing occurs during scanning since the voltage ratios
change. However, this effect is found to be insignificant as a detailed

distribution is usually <= 5V base width.
3.6.0 Calibration

3.6.1 1In order to calibrate the analyser it is necessary to identify the
position of the Fermi level on a particular energy distribution. This is
done using an atomically clean metallic emitter at a temperature of 300K.
According to Young [50] the Fermi level on such a distribution occurs

73% up the high-energy slope. The value of Vs corresponding to this
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position is measured and this value always corresponds to the Fermi level

of any emitter used in the instrument.

3.6.2 There are, however, some important conditions that must be fulfilled
to ensure an unambiguous interpretation.. Firstly, Braun et al [74] have
suggested that there are problems in obtaining a 'calibration' standard
tungsten tip which may be assumed reproducible from one laboratory to
another. However, as will be shown in chapter 6, the Fermi level position
on an energy distribution does not seem to be dependent on tip cleanliness
and so even a tiplwhich is not atomically clean may be used for calibration
purposes (the determination of analyser resolution is, however, critically
dependent on tip cleanliness). Secondly, the emitter and L, must be
earthed at the same point to avoid any possibility of a voltage arising
between the emitter and L4 when V4 = 0. Similarly, if there is any
voltage drop down the emitter between the earthing point and the emitting
point during the emission process (e.g. an "iR" drop) then this will
result in a shift in the value of v, at which the Fermi level occurs.
Finally, it cannot always be assumed that the Fermi level at the surface

of the emitter is identical to that in the bulk. If it is not, then it is
still only possible to identify the positi;n of the Fermi level in the

bulk of the emitter.

3.6.3 A calibration has been carried out on the analyser described here
on two separate occasions using different tungsten emitters. It has

resulted in a value of

Vé = 6.23 + 0.03 volts

for the position of the Fermi level.
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3.7.0 DModifications to spectrometer

3.7.1 1In order to use the spectrometer described in the previous sections
for field emission studies on broad area electrodes, certain modifications
were necessary to accommodate the different experimental conditions.
Principally, these were

(1) An addition to the imput lens system to allow for the higher anode

potentials frequently required with broad area electrodes.

(ii) A manipulator stage of far greater flexibility to permit the nec~
essary alignment and movement forthe broad area specimen when

initially locating an emission site on the surface.

3.8.0 The interfacing input lens

3.8.1 When the field emission spectrometer is used for measurements on
fabricated tip specimens, anode voltages are typically | - 3kV and the tip
is usually mounted several centimeters from a fluorescent screen anode.
Electrons from the tip impinge normally on the screen and so an approximate-
ly paraxial electron beam passes through the anode probe hole into the
Spectrometer. In contrast, to obtain emission from broad area specimens,
typical anode voltages are in the range 5 - 10kV when using a specimen-
anode gap of ~ 0.5mm. In addition, there are electron optical problems
with this geometry since the high gap field penetrates through the anode
aperture distorting the electron beam. Consequently, an interfacing lens
had to be designed in order to use the spectrometer with broad area
specimens. The main design criteria were:
(1) To reduce the energy of the electrons from ~ 8keV when in the gap to
the v 2keV requirements of the spectrometer,
and

(ii) To re-focus the beam after passing through the anode aperture to give
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a paraxial imput to the spectrometer.

Figure 13(a) shows a general section through the spectrometer; the
dimension, d, is the normal distance when using the instrument with a
fabricated tip emitter. Hhowever, the anode must be ~ 0.5mm from a broad

area specimen and so this determined the overall length of the lens.

3.8.2 In the past, electron gun design has been based upon a thermionic
tip as emission source, or, exceptionally, a field emitting source such as
a tungsten tip [81]. The electron optics of focusing these sources cannot
be applied in the present case, however, since the geometry, and hence

the electric field characteristics, are quite different. Accordingly, it
was decided to investigate the electric fiela properties of the inter-
electrode gap using electrically conducting paper. This gives a first
order approximation of the field and electron trajectory paths can sub-

sequently be plotted.

3.8.3 Fig 22(a) shows the equipotential plot of the field between an
anode and cathode using a typical gap size and anode aperture diameter

(40 x natural size). Figure 22(b) shows the electron trajectories plotted
from the equipotentials using the graphical Snell's law technique [82].
This shows that even electrons close to the centre of the aperture are
deviated considerably and would result in an undetectably small current
péssing into the spectrometer. The broad area electrode requirement of a
test gap size of v 0.5mm automatically determined the position of the anode,
which formed the first element of the lens. Also, the voltage on this
element would typically be 5 - 8kV, and the voltage on the second lens

was governed by the entrance requirements to the analyser (i.e. 1 = 2kV).

Therefore, the only variable parameters in the lens design were the gap

between the elements the position of the gap and the diameter of the

elements themselves.
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Consequently, a number of two element aperture and cylinder lenses were
investigated using the graphical technique. The equipotential plot of
the final design is shown in fig 23. Fig 24 shows the associated
trajectory plot indicating that with this design electrons close to the
axis will be undeviated presenting an approximately pafallel imput beam
to the spectrometer. In addition, some adjustment of the focusing of
the lens can be carried out by varying the voltage on L - this is
directly connected to the first lens element of the spectrometer and so

may be set within the range ~ 1 - 2kV.

3.8.4 Fig 25 sﬁows a section through the final design of the lens which
bolts on to the first ipput lens of the spectrometer in place of the
fluorescent screen anode. Also shown in fig 25 are the details of the
main elements of the lens. The metal components were constructed of
stainless steel and, where possible polished to obtain a smooth profile.
The gap between the anode, A, and the second element, L, is maintained
by a machined ceramic insulator. The lens is illustrated in fig 26 and
fig 27 shows the lens fitted onto the spectrometer. In early tests, the
aperture at the rear of the lens was ~ |0mm to provide maximum current
input into the analyser. Subsequently, (for all the results reported
here) this was reduced to Imm to closely simulate the conditions when
operating the spectrometer with the fluorescent screen anode. After
assembling the components of the lens, and prior to fitting onto the
spectrometer, alignment of front and rear apertures was checked using a

laser beam.

3.8.5 Tests carried out with the lens showed that the focusing condition
did not always correspond to the design voltage ratio; it is thought that
the explanation for this effect lies in the presence of a more divergent

input beam than that predicted from the equipotential plot due to micro-



SHLNO LVHL 40 7o+ WiinaLlod

#,%

"AQONY

VY 1¥ @13H S ~] LNaIW3T3
32IS WANIYN X Ob : TIv0S

1 LNIW373 SNa1 . S o e ot

S os

ANICH
AVHL 1y WIINT10d
2JONY 40 39HVLINTIN34
BLYIIAN| S¥3gwnN

TSNA1 9NIDVAEI LNI

SOONY ———=-

09

40 10d “WILNI L0dIN®T ‘€7 9]

N3IW123dS

wwg.o0

of ot




§ T 3ZIS vanivN

X ov IS ‘SN DNIRYFYELNI FHL 40 1074 A¥oLOoaMvdLl NOYLO31y "H7 514
— : _ wwg-o
/
CIN R




4, FZIS 1IN IDIML
TANIWZT3 SN2

WWNI SNOISNIWIG o,

g

\
B S dperi u‘ﬂ \
E

i T i 2 F s d | \\

A

"FTIVIS 1Ind

d IO 3|oxd
/ U 1 |

‘SNET INIDWAWALNL 3H) §7 9ig

SLININOJWO) SN3T1 3IWOS 3Q S1v.3g

BOLYINSN vV ‘300NY
—nd o

S-0 = l

L\

R

R\\\Hﬁ\\\‘@
—-+ ™ pe—

T

"SN3T ONIDVARILN] HONOYHL NOI1D3S

HOLVIOSNI I LN3IWEI SNRT

1

HILINWOYLO3dS
S0 SN3T 1sS¥l3

1

\4 ,‘uooz«/ : % *‘\ | e

Jv /
: ! SNy aNILY20
SQoY 1¥oddnS mmﬁw\ el



Fig 26
A close-up view of the interfacing lens showing
the front anode, insulator and the rest of the
assembly. The lens element, L, can be seen

projecting from the assembly.

9L






Fig 27
The interfacing lens attached to the spectrometer.
The mu-metal shield surrounding the hemisphere
elements has been removed for this photograph, to

show the various components in greater detail.
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scopic field distortions in the region of the emitting site. However,
focusing was always found to be critical, a variation of v + 55 in tie

voltage at (L) being sufficient to completely de—focus the lens.

3.8.6 No separate experiments were carried out to determine the aberra-
tions of the lens, but since it was successfully focusing the beam into
the lmm central rear aperture any suth effects were apparently not
serious. This is supported by measurements which showed that an electron
current of onlym3x10-1og,passed into the analyser for an imput current

of n 10—7A, confirming that only paraxial electrons were collected for

which aberration effects would be minimal.

3.9.0 The Manipulator Assembly

3.9.1 When using field emitting tips with the spectrometer, an emission
pattern is normally obtained on the fluorescent screen anode and the

part of the pattern to be analysed is centred over the probe hole.
Usually, slight rotation or tilt of the specimen and re-centering of

the area of intérest over the probe hole is sufficient to ensure that the
electrons enter the spectrometer in a paraxial beam. Alternatively,

beam positioning may be carried out using deflector plates in front of

the emitting tip. Such a technique is not feasible when using broad area
electrodes where there is a very small inter-electrode gap. Consequently,
a more versatile manipulator had to be designed for the spectrometer which
would systematically scan the surface of a specimen in front of the

anode probe hole.

3.9.2 One of the main criteria in the design of the manipulator was the
size of specimen to be used. One important series of specimens to be
examined were the switch contacts used in the Central Electricity

Generating Board vacuum circuit breakers (discussed in chapter 5). These
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contacts are v l4mm in diameter and 4mm thick; they also have a 4mm

diameter central hole. It was felt, therefore, that the manipulator

assembly should be designed to accommodate this size of specimen and

that other specimen materials could be machined to these dimensions.

Therefore, the design criteria were

(i) Horizontal and vertical movement of at least l4mm in each direction

(i1) Manipulation to allow alignment of the specimen surface parallel
to the anode

(iii) Manipulation to ensure a constant inter—electrode gap during
scanning \

(iv) Manipulation to vary the inter—electrode gap

It was felt that the most logical arrangement was to have the coumplete

manipulator assembly mounted outside the spectrometer vacuum chamber with

a single central rod passing through a U.H.V. bellows with a suitable

specimen holder assembly mounted at the lower end.

3.9.3 The general layout of the manipulator and bellows unit when mounted
on the spectrometer vacuum chamber is shown in fig 13(a). The xyz
manipulator consists of "Micro-controle" type IR translation stages,
modified as described in the following sections, having 25mm of travel in
each direction. The bellows is a Vacuum Generators UMDI unit which can
accommodate the required amount of translational motion. The control rod
fitted to the manipulator is a Vacuum Generators RDI unit which can be
rotated through 360°. The rod passes through the bellows unit and the
specimen holder is attached to its lower end. The alignment of the

specimen is carried out by adjusting three variables of the manipulator

system,
(1) the rotation of the RDI rod
(ii) the angle between the (xy) and z manipulators using the adjustable

bracket (fig 13a)



(iii) the angle of scan, by rotating the whole of the manipulator

assembly (fig 23).

3.9.4 Correct alignment involves obtaining a parallel interelectrode
gap, measuring the gap and ensuring that this remains cbnstant during
scanning. The alignment of the gap is measured using an auto—collimating
telescope. Initially this is adjusted to obtain normal incidence/
reflection from the highly polished anode face of the interfacing lens
(fig 29). The rear of the specimen holder is also highly polished and
forms the second reference face for the alignmnent. When a specimen is
mounted in the holder it is known that the front face of the specimen
is accurately parallel to the rear of the holder. The alignment is
carried out as shown in fig 29. The specimen holder assembly is moved
into the beam of the telescope and the assembly is then adjusted in the
vertical and horizontal planes until normal reflection is obtained from
the rear face of the holder. Vertical adjustment (see fig 29(b)) is
achieved using the variable angle bracket on the manipulator assembly
(illustrated in fig 30). Horizontal adjustment is by rotation of the

FDI rod.

3.9.5 The interelectrode gap is determined by measuring the capacitance
between the anode and specimen using an E.C.D. 100 digital capacitance
meter. This instrument measures the time constant for charging up the
unknown capacitor when in parallel with a known resistor and gives a
reading directly in capacitance to a limit of O.1pF with an accuracy of

. As this is a d.c. method of measurement it eliminates problems of
stray reactance encountered when using an a.c. bridge technique. Figure
(31) shows a graph of capacitance versus the Z co-ordinate which

establishes the position of zero gap. This nethod has the advantage

that no contact is made between anode and cathode, eliminating the

100
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possibility of surface micro-damage.

3.5.6 The third alignment procedure is to ensure a constant zap during
scanning. This is achieved automatically in the vertical plane wien
aligning the specimen, as shown in fig 29(b). The correct setting for
the horizontal plane is achievea by rotating the whole manipulator

assewbly about the RDI rod, as shown in fig 2§.

A flange on the bellows unit (which can be seen on the illustration of
fig 32) supports the bellows assembly while the manipulator is being
rotated. This is also used to support the bellows when the manipulator

assembly is removed during system bakeout.

3.9.7 To check the scan alignment, a voltage is applied between anode
and cathode until a steady pre-breakdown current of W lo—ﬁA is obtained.
If the scan alignment is correct this current will remain steady through-
out the x scan. Once this position has been found and marked, it can
usually be readily re—located whenever the manipulator unit is removed
and replaced, and rarely needs re—adjustment. If some adjustment is
required, however, then subsequent re-adjustment of specimen alignment

and gap spacing may also be necessary.

3.9.8 A diagram of the specimen holder attached to the end of the RDI
rod is shown in fig 33. The holder is insulated from the rod and a
clamp ring holds the specimen. The holder also supports an outgassing
filament made from 100um diameter tungsten wire. This has the dual
purpose of outgassing both the speciren ana the anode. Ly siting the
filament behind the specimen, outgassing can be carried out without
bombarding the surface, thus avoiding possible surface niicrodamace.
During outgassing, the specimen surface is normally turned through 160°

to face avay from the anode to minimise cross contamination between
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specimen and anode. Electrical connections are introduced through

two separate electrical leadthrough ports usingz Vacuum Generators

EFTIA components which are insulated for voltages up to 15kV. Special
contacts are necessary at the top of the holder to allow rotation of

the specimen (for example, during outgassing) without undue strain on
the connecting wires. This is achieved by a coiled spring underneath

a spade terminal which allows the términal to rotate whilst still main-
taining good electrical contact. Special insulators isolate the terminals
from the supporting assembly. A central hole in the holder backing
plate provides three functions; it minimises the mass of the assemnbly
allowing higher outgassing temperatures to be reached, it allows more
direct heating of the specimen, and finally it enables site co-ordinates
to be specified when using the various electrodes as described in 3.10.1.
As mentioned earlier, the rear face of the backing plate is highly
polished in order to carry out the specimen aligament procedure. An

illustration of the holder containing a copper specimen is shown in

fig 34.

3.9.9 The scanning technique adopted was to use a raster pattern with
horizontal scans and O.5mn vertical steps. With the l.0nm diameter
anode probe hole it was felt that this would adequately cover the whole
of the specimen surface area and enable any sites present to be detected.
To facilitate scanning, the x motion of the manipulator was motorised.
The main criterion when designing this system was to ensure that the
scanning speed was sufficiently slow so that any emission site passing
the probe hole would be detected. Llectron emission from a site can be
detected as shown in fig 35, by defocusing the imput lens and measuring
the current arriving at the second lens element, L, with a picoammeter.

The response time for the Keitihley 610 BR is v U.5 second for a current



Fig 34
The lower part of the bellows assembly showing
the end of the RDI rod to which is attached the

specimen holder and a copper specimen.
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of IO_IOA reducing to 0.003 second for a current of IOFGA. With a scan
of 16mm and a probe hole diameter of 1.0mm, a scan time of about &
seconds would be required to detect thlOA. In practice, it is desirable
to provide for scanning at considerably slower speeds to allow for
centralisation of a site with respect to the probe hole prior to final
manual adjustwment. Consequently, a variable speed d.c. motor was chosen,
a Parvalux SDI SS with 3168 : 1 geafﬁox and thyristor d.c. controller.
This gave a maximum rotational speed of 1 rev/min. which could be
reduced with the coptroller to v 1/25 rev/min., The available torque was

adequate at 351b ins.

3.9.10 A converter was designed to translate the rotational motion of
the motor to the required translational motion of the x manipulator.

The principles of the final design are shown in fig 36 and the unit is
illustrated in fig 37. It consists of two gimbal bearings, one mounted
inside the other. The pivots of the outside gimbal are vertical and those
of the inside are horizontal. The inside gimbal ring is a roller bearing
and the centre of this bearing is rigidly fixed to a central spindle at
an angle of 30°, As the spindle rotates, the transverse
motion of the inner bearing is transmitte& to the outer bearing which
carries out a reciprocating motion in the horizontal plane. The x
manipulator is coupled to the outer bearing with a connecting rod and
rotation of the spindle in the bearing unit results in a forward anad
bacikward motion of the x manipulator. This system has the advantage of
providing direct drive in both directions and does not depend on return
springs. The return springs of the X manipulator were tlierefore removed
ana in normal scanning the micrometer screw of this manipulator is backed
right off. It can, however, be used for providing an x—co-ordinate of

the site and also for micro-manipulation in the x direction for precise
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Fig 37
A close-up of the gimble bearing unit for converting
the rotary motion of the motor drive to reciprocating
motion for the x-scan. The cover has been removed

for this photograph to show the detail.
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site location. The motor unit was fitted onto a trolley shelf whicii
was rigidly affixed to the framework of the spectrometer equipment.

The motor uses a solid coupling to the converter unit and this is
illustrated in fig 36. Microswitches are fittea to the x manipulator
to switch off the motor drive at the end of each scan, fig 39. A
nicroswitch is also incorporated to prevent actuation of the scanning
motor when the x manipulator micrometer screw is not in the fully backed

off position, fig 3Y.

3.10.0 Obtaining the energy aistribution of an emission site

3.10.1 Two classes of specimen were used in these investigations. The
"planar" electrodes, which had a freshly machined or diamond polished
surface finish with a smoothly profiled edge, typically representing the
type of electrode encountered in "passive" applications. The other
electrodes were switch contacts which had a heavily arced irregularly
shaped surface. The latter type are discussed fully in chapter 5. The
planar electrodes are prepared for examination by Spirit cleaning in an
ultrasonic bath. After assembly in the spectrometer, the system is
evacuated and baked for 18 hours at n 230°¢. Subsequent cooling auw
filling of the liquid nitrogen cola trap gave a chaunber pressure of
e 10—10 torr. Prior to taking measurements, the specimen and anoue
are outgassed (using the filament on the specimen holder) with lkeV
electrons at 50mA current. The duration of this treatment 1s usually

2 - 3 minutes which is sufficient to briné tie specimen to dull red heat -
a temperature of ~ 700°C - and to raise the pressure to % & X IOFS torr.
By bombarding the rear of the specimen with electrons, there is no
direct surface damage whilst the teumperatures reachea were sufficient to
cause considerable thermal activation of the surface atoms. after the

specimen and anode have been outgassed and then correctly aligned,
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reference co-ordinates can be established for the specimen in order to
be able to define the position of any emission sites that are found.

To do this, a cathetometer is set up so that by observation through the
view port, the anode probe hole is in the centre of thg field of view.
The specimen is then moved into position so that its centre (easily
identifiable from the machining marks) then corresponds to the centre
of view of the cathetometern Referenc; co-ordinates corresponding to the
specimen centre can then be read off the x ana y manipulators. In the
case of the chromium-copper specimens it is necessary to determine the
centre of the hole by measuring the co-ordinates of the hole edges. In
either case this centre can be re-located if the specimen is subsequently
examined in an electron microscope. The main source of error in this

procedure is in re-setting the orientation of the specimen but it is

estimated that the accuracy of re-location is + 20pm.

3.10.2 The circuit for detecting an emission éite is shown in fig 35.
It is convenient to use a log-scale picoarmeter on the anode to readily
observe order of magnitude changes without frequent range changing. The
picoammeter connected to L is a more precise instrument for accurate
current measurement. Au increasing negative voltage is then applied to
the specimen to determine whether there is a site present that will emit
within the available field range; this is limited by a maximum gap
voltage of = 10kV that, typically,can only be sustained across gaps

z 0.5mm if flash-over is to be avoided. Normally, if a site is preseat,
a voltage is set which corresponas to an anode current of ~ IpA. The
specimen is then scanned in a raster pattern in front of the anoue probe
hole until an emission current is registered at L. 1f this is caused by
a genuine site then the inecrease in curreut at L will correspond to a
decrease in current at the anocve. !ficroadjustments can then be maue to

hoth the horizontal and vertical positions of the specinen to obtain tue
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maxinmum current at L. Uhen the site is correctly centralised, virtually

a.

all the current is picked up at L, and typically < 1% is lost to the
anode. Thus the relative proportions of the two currents will indicate
whether the site obtained is the only one on the specimen or if there

; . - . g = .
are likely to be others. In practice, a current of ~ IU “A is required
at L in order to readily detect the energy spectrum of the electrons

through the spectrometer. This is because the input aperture to the

analyser sclects only a small part of the total current (v 1/300).

3.10.3 During scanning the meter at L can be observed for the appearance
of a signal but an automatic facility was incorporated to allow greater
operational freedom. To obtain a signal proportional to the x position

of the manipulator, the resistance change of a slide wire was usea. The
slide wire is fixed and the slider is attached to the x manipulator as
shovn in fig 3Y. The slider and one end of the wire are connected to a
Kelvin bridge circuit as shown in fig 40. As the x manipulator moves,

the change in resistance gives a proportional change in the out-of-
balance voltage from the bridge. This is then fed to a d.c. amplifier
with a gain of 100x; the output of this awmplifier is then commected to the

x plates of a storage oscilloscope or plotter.

3.10.4 The meter connected to L has an output of O - 3V corresponding to
O - f£.s.d. on the front meter reading. Tiis output is therefore
connected to the Y plates of the oscilloscope or recorder to give a dis—
placement corresponding to a current at L. Thus it is only necessary

to observe the storage oscilloscope at the end of each scan to see if a
signal corregponding to an emission site has been registered during that

s5can.,
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3.10.5 To measure the energy distribution (spectrum) of the site, the
interelectrode voltage is reduced to zero and the specimen is connected
to earth. A positive voltage is then applied to the anoue which
previously corresponded to a site current of ~ 10_7ﬁ. With suitable
voltages on the various analyser lenses (table 2) an increasing voltage
is applied to L until a distribution is obtained at the output of the
spectrometer, which corresponds to correct focusing of the interfacing
lens. Occasionally, the focusing voltage at L may correspond to a value
outside the normal operating voltage of the spectrometer (e.g. < 1kV).

In such a case,hit may be necessary to alter the interelectrode gap

(thus changing the voltage required on the anode) to restore the

focussed value of L into the normal operating region. Generally a number
of adjustments are required to the spectrometer input lens voltages,

and the position of the specimen, to obtain an optimum signal. Variation
of the interelectrode gap also provides a method of observing any
changes in the energy spectrum with field, without affecting any of the

focusing of the spectrometer.

3.10.6 Tinally, when the position of tne specimen has been optimised and
the reaquired spectra taken, a Fowler-Nordheim graph can be plotted from
the measured i/V characteristic of the site, reverting to the electrical

connections of fig 35(a).
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Table 2

Typical conditions for the operation of the spectrometer when obtaining

the distributions was as follows:

v, (L) 2KV

V2 158V

Vs 14V

V4 2, 5, or 10V scan. For 5V scan typically 5 - 10V
V5 as V&

V6 17

V? 200V

v 200V,
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4.0.0 Lxperimental Lesults

4.1.0 Iatroduction

4.1.1 As mentioned in the introductory chapter, weasurenents have Leen
made on electrode waterials which are of interest in both the "passive"
and "active" uLigh voltage applications. 1a this chapter, results are
given for the electrode materials in ;he first of these two categorics
where the measurements nave been confined to the electron spectrometry
techinique already described. For tue electrode material usea in the
Mactive" application of nigh voltage vacuua switching, two additional
facilities have been used to gain further information on the nature of
the emission sites; these are electron microscopy and elemental X-Ray
analysis of the emitting area. Consequently, a description of these
techniques and the results obtainea from this special electrode material

are given separately in Chapter 5.

4.2.0 Spectrometer Perfornance

4.2.1 The performance of the spectroueter vien used in the "normal”

mode to measure energy spectra frow specially fabricated ficla emitting
tips has already been discussed in detail by bBraun et al [74]. Lsseatially
the authors found that acsolute calibration of the instrument was

difficult Lecause of the ratuer umnsatisfactory nature of a tungsten tip

as reference source. Lowever, weasurenients indicatea an instrument resolution
R 30meV and an identification of tie euitter Fermi level was also

carried out (see 3.6.3). 4 primary requirement of tue present invest-
ization was to establisi. that the audition of the interfacing lens had

aot influenced the perforuance of tne analyser, particularly in

respect of the resolution. accordingly, the next section deals with

assessing the perforuance of this wodified analyser and glves the



results from measurements carried out on the instrument used in this

work.

4.2.0 The Performance of the liodified Spectrometer

4.2.1 This may be assessed under three different headings:
(i) Resolution
(ii) Sensitivity and signal to noise ratio

(iii) Dependence on position of emission source

The determination of the resolution of field emission energy spectrometers
has been discussed in detail by Young and Xuyatt [83]. They assume

that an energy analyser has a Caussian transnission function given by:

0.939435 - 2.772588 2
G(E) = -é%f%-_- exp T SR (60)
“ (a2, )

where A%, 1is the full wiath at nalf maximum of the transmission
-

function.

The effect of the analyser is calculated by folding the assumed Gaussian
transmission function inte the field emission energy distribution F(L),

as given by eqn, 20(a).

e — neGaCELd)
PE) = C ol = /D] + | g

where C 1s a constant

Thus

FE) = ;e ~ ByE (62)

Thae function Z(k) is normalised so that at T = OK its peak value is 1.

This requires that

€ = exp(~-g/fd)

130
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and
P(E) = exp[(t-z)/d] / ‘exp[(E-g)/kT] + 1

Calculations were carried out at various temperatures between OK and

300K and for each temperature the functions P and G were.calculatea at
intervals of 0.00leV or 1% of AL , whichever was smaller. &zguation (62)
was evaluated at intervals of 0.00leV using numerical integration by
Simpson's rule. Fig (41) shows the curves obtained by Young and

Kuyatt at 77X (note that energy is increasing from left to right). Since
the high energy edge is particularly sensitive to variation in the half
width of the spectrometer transmission function, the authiors chose as

a pertinant parameter in defining the resolution of the spectrometer

the difference in energy between the 10Z and 90Z points on the high
energy edge (AJ(k)). TFig (42) shows the variation in AJ(L) with FWRH

of the spectroueter at various tenperatures whilst fig (43) shows how the
energy distribution width (F.W.li.M.) varies with spectrometer F.W.E.I at
these temperatures. It can be seen from tuese figures that this method
of determining analyser resolution is far more meaningful at low

temperatures.

4.2.2 Fig (57) shows an energy aistribution obtained from a broad area
stainless steel electrode using the modified spectrometer described in
Chapter 3. In this and all other experimental curves measured on this
equipment, energy is decreasing from left to right. It will be seen that
the energy width AJ(k) is v 0.120eV (this represents the sharpest high
enerzy slope obtained from the various specimens studied). Using the
results of Young and Kuyatt, this corresponds to a maximum bandwidth of

n 80meV. Whilst this is a higher value than the best result obtained

by Braun et al (v 50meV) [74] on this instrument using a field emitting
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tungsten tip, there is a difference in the experimental conditions in

the two cases. It is possible to attain a far greater level of surface
cleanliness with a specially fabricated emitter than has so far been
possible with the present experimental arrangement using broad area
electrodes. The earlier results of [74] show that the high energy

slope width is critically dependent upon the level of surface contamination.
There must inevitably be an impurity.layer on the surface of the electrode
being studied (discussed further in 6.5.5) and it therefore seems

probable that the iqcreased width of the high energy slope is due to

these surface conditions rather than any deterioration in the performance
of the spectrometer in its modifiea form with the interfacing lens.
Horcover, even this somewhat higher neasured value of banawidth aoes not

affect the conclusions which may be drawn from the spectra presented in

chapters 4 and 5.

4.2,3 lleasurements were next carried out to uetermine tne minimum usable
current for the spectroneter. %o do this tne voltage between specimen

and anode vas steadily decreased and the gain of the spectrometer amplifiers
prog;essively increased until reaching the maxinmum acceptable noise level
compatilble with proper analysis of the signal. At this setting the
voltages were removed from input lenses (L2 > LQ) and the inner and outer
hemispheres. The elements were then connected via a small e.m.f. to a
picoarmeter (fig 44). With the voltages on the anoic and element L
remnaining unchanged, the curreut into the spectroueter remained constant
and its value could be read on the picoammeter. The mininum acceptadbie
input level corresponsed to an input current of ~ 10 LA, at which the

signal to noise ratio was "~ 35ao.

4.2.4 Another iluwportant effect sometimes notea when varying the input
current, was shifting of the spectrum — a phenvmenon not usually eacount-

ered with metallic ewmitters, althougn comswion in scui-conauctors vlere
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the resistivity of the material can lead to an appreciable voltage drop
down the emitter shank. Consequently, a series of measurements were
carried out to determine the extent of this shift with varying imput
currents to the spectrometer. In fig 45(a) the position of the commence-
ment of the high energy eage is plotted against input cﬁrrent for one
particular copper specimen. It will be seen that for an input current

of < lo_gﬁ, there is no significant shift in the distribution. Accord-
ingly, all the distributions given here were measured at current levels
in this regime and in each case it was specifically checked that variations
in ipput current of 10x did not shift the position of the distribution.
In many cases, however, no shift in spectrum was detectable over the
whole pre-breakdown current range investigated (i.e. up to ~ lUpA).

Fig 45(b) shows the variation in the distribution F.W.H.l. with

macroscopic field across the interelectrode gap.

4.2.5 Tests were also carried out to examine the effect on the distrib-
ution of horizontal and vertical movement of the specimen. In every

case it was found that shifting the specimen in this way only changed the
magnitude of the distribution peak and did not distort the shape or
position of the peak in any way. Heasureménts were also made to
determine the variation in current passing through the probe hole with
shifting of the specimen. This current was detected, as described in

Chapter 3, by removing the voltages on lenses L — L, and then measuring

4
the current at L with a picoammeter.(fig 35(a)). Figs (406) and (47) show the
variation in this current for shifts of tne specimen in x and y

directions. The change in x or y to completely lose a spectrum was

dependent upon the current distribution of the site but typically was

within + 50un.
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SPECTROM F.W.H.M. (meV),

4504
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4.3.0 Description of measurements taken on each sample

4,3.1 As indicated in Chapter 2, there are certain features which are

important for the interpretation of FEED data. Specifically these are:

4.3.1.(1)
be3-1.(2)
4.3.1,(3)

The position of the emitter Fermi level. This gives inform—
ation on the electron supply function by revealing whether
electrons are emitted from above as well as below this level.
The relevant tables accompanying the distributions give the
difference in energy between the position of the Fermi level
on a metéllic emitter - 737 up the high energy slope at 300K
(50) - and the 73% position obtained on the actual distribution.
The shape and half-width, aEi , of the distribution. This
gives an indication of the state of the surface at the point
of emission. A narrow distribution with a steep high energy
edge with the Fermi level in the 73Z position indicates emission
from a clean metal surface; under these circumstances the
distribution can be used to give a value for the work function
of the surface (see Chapter 2). A broader distribution can

be attributed to either surface contamination and a lowered
work function or a nigh electric field at the surface (see
eqn. 29 and Fig 45(b)). Contaminants may also give rise to

a more complicated potential barrier and possibly a modified
electron supply function if any field penetration is present
at the surface. This latter point is discussed in greater
detail in Chapter 6. Changes in the potential barrier can
give rise to extra peaks or structure in a distribution on the

' originally proposed by Duke

model of '"resonance tunnelling'
and Alferieff [b4] and later developed by others [85], [86].
The slope of the high energy euge of the distribution, 4JE ).

A steep slope indicates a rapid rise from empty to full
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electronic levels typical of a metal at relatively low
temperature with the electrons obeying Fermi-birac statistics.
A shallower high energy slope is characteristic of a more
gradual change from empty to full levels, possibly due to the
presence of "hot" electrons. This may be cauéea by contamination,
such as observed by braun et al [74] and discussed further in
Chapter 6. :

4.3.1.(4) Finally, the measurement of the voltage current characteristics
associated with an energy distribution. Plotting this
according to the Fowler-iordheim equation (viz: log i/V2 V. 1/V)
may provide information on whether the emission obeys this

law, and if so, in assisting in the evaluation of B or ¢ (as

indicated in Chapter 2).

4.4.0 The Distributions obtained from the Test Specimens

4.4.1 llcasurements were carried out on three different electrode materials
which are of particular interest in "bassive" high voltage applications.
These are copper, stainless steel andatitanium alloy. Copper is of
interest because it is well known to have a particularly poor high
voltage performance. 1t was therefore ideal as an initial test specimen
since it will readily produce emission from one or more sites on the
electrode surface. In contrast, both stainless steel ana the titanium
alloy are used extensively in high voltage technology because the occur-
rence of field emission sites seems to be inhibited. Indeed, under test
conditions it is sometimes found that no steady pre-breakdown current can
be obtained, in which case the electrode riaterial suddenly breaks down

with the occurence of a microdischarge thought to be of microparticle

“origin.
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4.4.2 The results obtained from the first copper specimen (No. 1) are

shown in fig (48). On this and subsequent spectra, the position of the
emitter Fermi level, z, - determined as described in 3.6.0 - is marked

by a vertical white line. Tests on this specimen were carried out

primarily to determine the effect of outgassing on the electron distribution.
The details of each treatment are given in table (3). The distribution

was measured v 10 minutes after each outgassing treatment when the

pressure had returned to the base value of v 2 x Io_lotorr.

4.4.3 Fig (49) shows the results on the second copper specimen (No. 2).
Again, the effects of outgassing were investigated together with a more
prolonged exposure to U.H.V. (l5hrs.). In addition an i-v characteristic
was taken of this site shortly after the outgassing and the resulting
F-N plot is shown in fig (50). Table (4) gives the relevant details of
the distribution together with the value of P obtained from the F-i plot.
The distributions obtained from a third copper specimen are shown in

fig 51(a) and (b). This specimen exhibited the feature of a second,
lower energy, peak on some of the distributions, the presence of this
peak apparently dependent on the precise surface conuitions at the tiue
of making the measurement. Where relevant, tne separation between the
peaks is included with the other data in Table (5). After making
several measurements on this specimen a microdischarge occurred in tne
chamber, but afterwards there was still emission from the site. The
fourth copper specimen differed from the others in that three separate
sites were found, each of which was separately analysed. Fig 52(a) ana
(L) shows the spectra and Table (6) gives the relevant details. Unlike
all the other sites reported on in this chapter, sites | and 2 of this
specimen exhibited a marked distribution shift with variation in emission

current. In the case of site 1 the shift was not apparent until the
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field had been increased by v 10x from that at which the spectra were
measured. Site 2 was quite different, however, in that even at low

fields the spectrum was shifted to lower emergies by several volts, ind-
icating a considerable "iR" drop. In view of this unusual behaviour it

is clear that some rather exceptional phenomenon was being observed in
this instance, perhaps a gross dust particle, similar to that observed

by Cox and Williams [36]. However, the F-N plot showed no unusual
characteristics (fig 50). Finally, fig (53) shows the energy distribution
from site 3 on this copper specimen compared with that obtained from a
reference tungsten emitter. The shift in the copper spectrum is clearly

evident.

4.4.4 Following the work on copper, a titanium alloy specimen was
examined in the spectrometer. This alloy is manufactured by T.I.LTD.

The resulting spectra from one site are shown in figz 55(a) and (b) and
their associated details are given in Table (7). It will be seen that
although initially a single peaked spectrum was obtained, after some time

under U.H.V. conditions this split into two peaks. Due to filament

failure it was not possible to investigate the effect of outgassing.

4.4.5 The final specimen cxauined was of stainless steel. Initially
there were problems obtaining a stable pre-breakdown current from this
material. It was found that a steadily increasing interelectrode voltage
would produce no emission current, until at some critical value a micro-
discnarge would occur in the chamber. however, on one particular sample,
a stable site was found and the energy distribution is shown in fig (57).
The corresponding spectra details are given in Table (8) and the F-N

plot in fig (56).
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4.4.6 The most striking feature which is common to all but one of the
emission sites is the displacement of the spectrum to lower energies
compared to that normally expected from a metallic emitter, with the
result that all electrons are emitted from below the Fermi level.
Examining these shifts in more detail, site 2 on copper specimen 4 can

be singled out as a special case since there was such a large and critical
dependence of the shift on the applied field. Of the remaining copper
spectra, the average shift is 450meV with a standard deviation of % 300meV.
However, the shifts on specimen 2 were much higher than average whilst
some of those from specimen 3 were particularly low, which results in

the high standard deviation. Considering, therefore, the single site on
specimen 1 and sites 1 and 3 on specimen 4 gives an average shift of

370mV with a standard deviation of 64. The more limited results of
titanium and stainless steel give average shifts of 300mV and 100mV

respectively.
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5.0.0 Studies on high voltage vacuum switch contacts

5.1.0 Introduction

5.1.1 This chapter presents the resulfs of investigations into a
material used in an "active" high voltage situation - that of high
voltage switching. This particular investigation was carried out as a
collaborative venture in which the electron spectrometry technique at
Aston was combined with the electron microscopy facility of the vacuum

switchgear group at C.E.C.B., Marchwood.

5.1.2 The objective of this special investigation was to identify
emission sites on an electrode surface, examine them microscopically
at Marchwood and then to transfer the electrodes to Aston in order to
recover and examine the sites in the electron spectroneter. In this
way it was possible to considerably increase the scope of the examin-
ation into the origin of the sites. However, before describing the
microscope facility, additional investigations and results in detail,

the nature of the vacuum switch problem will be briefly discussed.

5.2.0 High voltage vacuum switches

5.2.1 A discussion of the problems in high voltage switchgear has been
given by Cardner et al [67]. The contacts of a mechanical switch have
a basically similar function whatever the levels of voltage or current
that must be interrupted. Ideally, they should act as a good conauctor
witen closed and provide a good insulating gap when open. When closed,
they should be able to open promptly and interrupt their design current
without generating excessive over—voltages. When open, they shoula be
able to close promptly, perhaps to pass a very high, short-circuit

current, without risk of welding together or suffering other serious
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degradation. The flexibility and reliability of the C.E.C.L. trans-—
mission system depends on the efficient performance of the large numbers
of such mechanical breakers that are used for circuit selection and

protection.

5.2.2 For most of their life, these devices are primarily required to
switch or carry normal load currents, but they must also be able to
interrupt fault currents more than twenty times normal without damage

to either themselves or the supply circuit. Currents approaching 60kA

at 400kV must be reliably interrupted within 40 milliseconds - barely

two cycles of the supply frequency — by equipment using fairly massive
moving contacts and it is this occasional, exceptional duty which largely

governs their design.

5.2.3 At first sight, the breaking of a circuit carrying curreat seems
a simple matter and, at ordinary domestic power levels, so it is. As
soon as the switch contacts begin to separate, a small arc is drawn
between them and current continues to flow until the next zero of the
supply frequency when the arc is extinguished. The current thus falls
smoothly to zero. Were it not for the aré, the rapid interruption of an
appreciable current could give rise to dangerously high inductive
voltages, since from Faraday's law of electromagnetic induction,
_Lg_i'

dt where L is the inductance of the circuit and

d

YV =

i - 1
/dt is the rate of change of current.

Should the arc become unstable and collapse while a finite current is
flowing, inductive voltages still appear. This behaviour is known as
current chopping and its avoidance is an important consideration in high
power switch design, especially where the current in inductive loads is

to be interrupted.
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5.2.4 At voltages beyond the domestic level, the useful properties

of the switching arc become a disadvantage under atmospheric conditions.
Instead of remaining extinguished the arc may re-ignite if voltage

builds up again too rapidly before the dielectric strength of this gap
has recovered. Ke-ignition can be inhibiteu by causing the arc to
extinguish sooner in advance of current zero by using several gaps in
series or by drawing the contacts further apart until the available
voltage can no longer sustain the discharge. However, at kilowatt levels
arc lengths becpme‘too great for this to be practical and extinction must
be achieved by other means. In practice, therefore, the presence of

an arc on opening the switch is accepted; the main design task is to
ensure controlled collapse of the arc ~ primarily by being able to cool
it well enough for it to extinguish near current zero - and then to

build up sufficient dielectric strength in the gap to prevent re-ignition.

5.2.5 At present the most successful high voltage switch is the gas-—
blast type using SF6 gas. In this design a sheath of high pressure
insulating gas is directed along the current path of the arc to extract
heat by forced convection; the aim is to remove the arc energy and to
achieve minimum residual ionisation at current-zero. Post-zero dielectric
strength then depends on the insulating properties of the high pressure
gas. Although such switches are meeting the present demand for circuit
interrupters at the highest voltage levels - up to 400kV - they are,

however, still complex in design and expensive to produce.

5.2.6 In theory, a far more elegant and much less expensive solution

to the problem would be to use a vacuum switch. A vacuum switch consists
of two contacts sealed into an evacuated, insulating envelope. One
contact is mounted on a bellows so that it can be withdrawn to breal the

circuit. Deposition of evaporated electrode material on the insulator
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is prevented by a shield. A schematic diagram of such a switch is

shown in fig (58). Contact motion is relatively small - typically 10 -
20mm - and the arc plasma forms from.vaporised electrode material. At
the instant of contact separation, all the current fiows through a few
final points of contact, which are heated and partially vaporised.
Subsequently, the supply of vapour is replenished from the "arc spots" -
the intensely hot localised areas at which the arc joins the cathode.
The gap normally recovers the dielectric properties of vacuum in ~ 10
microseconds. Tﬁe rapidity of the recovery processes means that vacuum
switches are generally capable of sustaining much more rapid rates of

rise of recovery voltage than other types of switchgear.

5.2.7 The average vacuum switch, with a contact separation of 10 - 20mm
has a reliable voltage rating of only ~ 20kV(rms) while a 10mm gap
between polished plane electrodes will typically hold off 300kV,

Since the breakdown voltage for plane electrodes increases as the square
root of the gap, it might at first appear that switch ratings could be
improved by increasing the contact clearances. Apart from making the
switclies rather cumbersome, such an increase could lead to poor dielectric
recovery performance as a result of the increased distances that vapour
nolecules would have to travel before clearing the arc space. The

object of the present investigations, therefore, is to try to iaentify
the fundamental performance limitations of the vacuum switch to see if
they can be overcome with improved design or materials. Of greatest
interest are the limitations of the vacuum switch in the ability to
interrupt fault currents and also the ability to withstand the re-
imposition of voltage across the gap once the switching arc has collapsed.
Accordingly, a considerable research effort has been devoted to

determining the cause of breakdown in a vacuum switch wiien the opened
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contacts are subjected to an increasingly high voltage. In common with
the "passive electrode" situatibn, it is believed that the cause of

such breakdown may be identified with the existence of pre-breakdown
currents from localised sites on the cathode surface. As shown in the
inset of fig (58), a modern vacuum switch does not have a single planar
surface for each electrode, but a series of circular "buttons" arranged
in an annular ring. The reason for the arrangement is to facilitate the
movement of the arc prior to its collapse, this helps to prevent
excessive heating and damage to a particular area of the electrode
surface which would otherwise occur if the arc was allowed to "root"
only on one spot. Commercial elzctrode materials are usually a comprom-
ise of the various requirements and are commonly based on copper with
certain additions to prevent their welding together. The present studies
are concerned with a chromium-copper alloy currently used in vacuum

swi tches.

5.2.8 The electron microscope facility at Marchwood laboratories was
designed to identify and measure electron emission sites on individual
contact "buttons" and subsequently to observg the surface topography in
the region of the emission site. This facility was developed by Cox [34]

and was used by the present author for the studies reported here.

5.2.9 Fig (59) highlights the complementary nature of the experimental
facilities at Aston and llarchwood and the similarity of the scanning

technique and position co-ordinates.

5.3.0 Description of the microscope facility

5.3.1 The microscope used in this facility was a Vacuum Generators

L% . . = N . R e
l{iniscan scanning electron microscope (S.E.M.) with a resolution % 100nm

3

z =38 7. 9 . . A - .
operating at v 10 torr. A low magnification micrograph of a switch-
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contact specimen inside the microscope, showing the outline of probe

and main anodes is shown in fig (60). The facility is basically

similar to the earlier probe method of Cox and Wort [30] but in this case
the specimen is scanned with respect to the stationary anode. The
stainless steel anode has two sizes of probe hole; one is 500um in
diameter for rapid and coarse location of the emission sites and the other
is v 5um in diameter for precise locatimof the site and detailed mapping
of its emission pattern. The probe anode, which is a flat plate inside

a Faraday cup, is also moveable to allow it to be positioned either over
the probe anode gole to detect any current passing through, or to be
pulled clear of the hole for electron microscopy. Fig (61) is a close

up of the exterior of the complete instrument showing the probe anode

manipulator which allows 3 degrees of translational motion.

5.3.2 The specimen is moved by means of the microscope manipulator
assembly which allows rotation + 90° tilt and three degrees of trans-
lational motion, reproduceable to better that !Oum. An electric motor
drives one of the translational movements and a potentiometer connected
to the common drive shaft provides an electrical analogue of the specimen
position for feeding a mechanical x - y plotter. An insulator on the
specimen stage allows the specimen potential to be raised to 20kV with
respect to earth. As with the spectrometer system described in Chapter 3,
the specimen is moved in a raster pattern beneath the main anode so that
all parts of the surface pass beneath the probe hole. A similar alignment
procedure is therefore required to make the specimen surface parallel to
the polished face of the main anode, and to maintain a constant gap
between them ;hrOughout the scan. Alignment to achieve a constant gap

is carried out using a cone shaped copper specimen. This specimen is



Fig 60
Low magnification micrograph of a switch contact
"button" inside the scanning electron microscope.
The outline of the main anode can be seen in the
lower half of the picture whilst the outline of
the probe anode shield is in the top left hand part

of the picture.
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moved to the four extreme positions of the scan and at each position

in turn the main anode is lowered down until electrical contact is just
made. The height of the main anode is noted in each case and adjustments
to the anode can be carried out until ail four readings are identical;
the scan plane is then parallel to the anode surface. The cone specimen
is then removed and the real specimen to be examined 1s substituted in
its place. The alignment of the scan plane automatically makes the x—
plane of the specimen parallel to the anode; the y-plane is aligned using
the tilt adjustmgnt'on the specimen manipulator. The specimen is tilted
in each direction until electrical contact is made with the anode; the
degree of tilt in each direction is noted. The centre position between
these two angles is then set and the anode lowered closer to the specimen.
The specimen is then again tilted in either direction and then set in

the mid-position. DBy repeating this procedure down to very small anode-
specimen gaps the final position will be aceurétely parallel to the anode
surface. A disadvantage of this system of alignment when compared to
that used in the spectrometer is that since interelectrode contact takes
place, local surface damage may occur altering the surface topography

that is to be examined.

5.3.3 The probe, main anode and specimen can be separately outgassed by
electron bombardment from a filament mounted on, but electrically
insulated from, the probe manipulator. Electron energies of likeV are
normally used and temperatures in the range 700 to 900°C attained. The
specimen chamber is baked to ~ 120°C and all of the electrodes are
outgassed prior to making any field emission measurements. The equipment
- an overall view of which is shown in fig (62) — is housed within

a "clean room" where special air filtering and circulation procedures

have bLeen followed in order to minimise dust contamination on the
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surfaces of specimens prior to their insertion in the S.E.M. Thus,
althougih not as low as normally used for such measurements, tie pressure
and also the cleanliness of the electrode surfaces are very couparable

to those in a vacuum switch.

7.

5.4.0 Experimental procedure

5.4.1 The experimental procedure is to spirit clean the specimen in an
ultrasonic bath before inserting it into the S.E.M.; in transferring tne
specimen from the bath to the microscope the surface is kept covered

to protect it froﬁ atmospheric dust. The surface of the specimen is
then examined in the microscope for the presence of any obvious dust
particles; these are frequently found despite all the precautions taken
and fig (63) shows a typical example of such a particle. Very often
they are found to be strong fiela emitters (sce, for example, Cox ana
Williams [36]) and are characterised by having high P factors. Whilst
obviously of interest in themselves this type of emitter tends to be
rather transitory in nature and can easily be destroyea on removal from
the S.E.!M. Since the object of this investigation was to examine
sequentially a site in both the S.E.M. and the electron spectrometer it
was clearly desirable to have a site which was sufficiently permanent
and stable to withstand removal and transit from one experimental facility
to tﬁe othier. Therefore, if any wust particles were observable on the
specimen surface when in the S.E.!M., the specimen was removed and re-
cleaned in the ultrasonic bath - several times if necessary — until all

dust particles had been eliminated.

5.4.2 Vhlen a dust free surface had been obtained the main and probe
anode were moved into position and the microscope beam was then switched

off. The specimen was then aligned with the main anode in the maaner



Fig 63
An electron micrograph of the type of "dust
particle" which is frequently found on the
electrode surface. As frequently happens

with such particles, this one was found

to be a strong field emitter.

178



179

already discussed. Field emission measurements were then carried out

by applying a suitable negative voltage to the speciuen to give a pre-
breakdown field emission current of a few microamperes at the "earthy"
main anode. With the large probe hole oﬁ the optical axis of the
electron nicroscope and the probe anode immediately above this, the
specimen was then scanned in a raster, pattern in a similar way to that
used on the electron spectrometer. If an emitting region passed beneath
the hole, electrons passed through it, were collected by the probe and
fed a signal to the y axis of the mechanical plotter. When the site

was positioned centrally beneatn the hole - i.e. the position of maximum
current collection — a current-voltage characteristic of the site was
measured so that a Fowler-iNordheim analysis of the ewmitter could be
carried out. A possible criticism of this technique is that no allowance
is made for the lens effect of tie main anode probe hole which is exactly
analagous to that of the spectrometer system and illustrated in figs 22(a)
anda (b). Consequently, not all the euission current may be collected at
the probe anode which would have the effect of reducing the predicted

value of B.

5.4.3 The next step was to accurately position the site to ensure that
tiie microscope examined the correct area of the specimen. To do this,
the microscope filament was again switched on and the probe temporarily
pulled away from the beam. The small hole on the main anode was then
placed centrally in the beam, this being verified by varying the magnif-
ication of the microscope from miniuum to maximum and ensuring that the
hole remained central in the microscope image. This adjustment was very
critical since it was essential to ensure that the microscope was imaging
the precise area directly beneath the anode hole at all magnifications.

It was found necessary to have the microscope beam on for a warm-up
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period of 15 - 30 minutes before making this adjustuent, after which
the setting remained stable. The probe anode was then returned to its
position above the main anode hole and the microscope filament was

switched off.

5.4.4 Because of the roughness of the arced surfaces, the electric field
can be considerably distorted in the région of an emitting site giving
rise to some lateral displacement in the trajectory of emitted electrons.
A trajectory plotting technique was therefore used for precisely locating
the position of emitters under these conditions. Using the small hole

in the main anode the specimen was positioned such that the current
collected by the probe was a maximum. This procedure was then repeated
at gradually reducing separations, and the position of the specimen at
maxirmum current plotted as a function of separation. This effectively
gave the trajectory of the centre of the electron beam and extrapolation
to zero gap gave the co-ordinates of the emitter. The specimen was then
set to these co-ordinates and the microscope filament was again switched
on. After warm-up the probe anode was withdravn and a final check nade
that the small hole in the main anode was central in the microscope image
at all magnifications. This anode was then pulled clear and the microscope

used to examine the predicted area at the appropriate magnification.

5.4.5 One further measurement that coula be made was to replace the main
ana probe anodes and, using the small hole, determine the co-ordinates

of the positions of constant current. In this way a current contour map
of the emission site could be constructed, reflecting the shape of the

site itself.



181

5.5.0 Results

5.5.1 A number of specimens were examined in the S.E.M. with a view to
finding sites which could be later examined in the electron spectrometer.
In spite of the large number of surface microfeatures wﬁich were present
on the electrodes only one or two emission sites were found on each
specimen examined. Although these were highly stable an¢ remained un-
changed when under vacuum, removal and exposure to atmospheric pressure
could sometimes result in the loss of a site. Therefore, an endeavour
was made to select a site which would be reproduceable in both the

S.E.M. and the electron spectrometer.

5.5.2 Fig (64) shows a series of electron micrographs taken in the S.E.M.
of the electrode surface area containing such an emission site whose
characteristics were examined in both instruments. Fig (65) curve (1)
shiows the corresponding F-N plot taken from the i/V measurement of the

site ana fig (66) shows tne trajectory plots for the x and y co-orainates.

5.5.3 Tollowing the measurements the specimen was then transposed to Lthe
spectrometer system in a dust free capsule and mountea at the same orient-
ation as in the S.z.il. The specimen was then aligned in the spectromecter
and using the position co-ordinates obtained from the microscope ana
transferring these to tine spectrometer as described in Chapter 3, the

enission was again detected.

5.5.4 The first spectrum obtained from the site when initially mounted

in the spectrometer is shown in fig 67(a) and the corresponding I'—i graph

taken from the measured i/V characteristic is shown in fig (65), curve 2.

Further spectra measured at regular intervals revealed a graaual reauction
in the low energy peak until, after 24 hours, only the higi energy peak

remained (curves (B) and (C)). The F-& plot of the measured 1=y



Fig 64
A series of micrographs taken in the V.G. scanning
electron microscope showing the predicted area of
the field emission site (20u square). The arrow
indicates the surface crack where the anomalous
X-Ray spectrum was found when the specimen was
later examined in the Cambridge microscope (see

also fig 68).

182



183




184

Fig65. FowLER- NORDHEIM PLOTS OF (OPPER-—
CHROMIUM ALLOY SPECIMENS.

- NOTE : F IS THE MACROSCOPIC
L- AMPS  F-YVm™
4 ® EIELD ACROSS THE
ELECTRODES .

. ELECTRON MICROSCOPE MEASUREMENT

2. SPECTRUM A Fig 67 (@)
3. " C "

4 . " F Fla 67 (b)
. " X Figa 67 (©).

_II._:_ .(/,pl \l m“':) E—

ooy 0-06 007 0-08 0-09 o-lo Ol




185

\% 0.4,“
5 ©
}.
é o3t
&
1]
v)
w o027
3
o
&
N0y
L
O'O t t | '
~o.l o o X COORDINATE (Mm)
E o4l
g
g P
3 s
<
o
w
ui 9
w 02+
0
8 cp
]._
GJJ Ol 1 ‘0]
=
= @
oo L . ]
ia 69 70 Y COORDINATE (mm),

F1a66. TRAJECTORY PLOTS OF THE ELECTRON
EMISSION SITE ON THE (HROMIUM- COPPER SPECIMEN.



o5 eY/DV 0-s eV/DIV

-ttt
=

(A) NO TREATMENT (B) 6 HOURS UNDER U.H.y

—_—
DECREASING ENERGY

O-2eV/DVY | o0.2eV/DIV
ot
- €

(C) A FURTHER I8 HOURS (D) A FURTHER 18 HOURS
UNDER UH.V. UNDER U.HV

f__q L7_1 E NERGY DISTRIBUTIONS OFE ¢ HROMIUM — COPPER
ALLOY SPECIMEN. THE POSITION OF THE EMITTER FerRM|
LENEL s SHOWN [N EACH CASE.ELECTRON ENE RGY 15 ¢
AXIS (QOING FROM HIGH ENERGY T¢ LOW ENERGY LEFT TO RIGHT)

E- LECTRON CURRENT PER | INIT ENERGY 15 ¢ l AXIS



187

characteristic of (C) is shown in fig (65) curve 3. lo further changes
occurred when the spectrum was left untreated for a further 36 hours

(fig 67(a)(D( and fig 67(b)(E)). The specimen was then outgassed using
lkeV electron bombardment at a dissipation of 50W for 2.5 mins., the
temperature rising to v 700°C. An energy spectrum obtained about 10 mins.
after this treatment is shown in fig 67(b)(F) and it is seen to have
returned to the earlier double peak of curve (A). The corresponding

F-li plot, taken from the i~V characteristics at this stage, is shown in
fig (65) curve (4). After a further outgassing for 2.5 mins. there was
no substantial change in the spectrum (fig 67(b)(G)) but after being left
under vacuum for a further 30 mins. the distribution again returned to the
single peak shown in fig 67(b)(h). Finally, the spectrum obtained after
the specimen was left under vacuum for a further 18 hours is shown in

fig 67(c)(I); the corresponding F-U plot is shown in fig (65) curve (5).

Full details of the parameters of each of the spectra is given in Table (9).

5.5.5 To provide further information about the nature of the emission
site, the specimen was removed from the spectrometer and inserted in a
conventional scanning electron microscope — a Cambridge S.E.M. 2. This
instrument also had a Kevex X-Ray analysis attachment for determining the
elemental composition of the specimen area being viewed. The area of

‘the specimen containing the emission site was examined and electron
micrographs of this region are shown in fig (68). These show that the
specimen had suffered no evident changes from the earlier micrograpnh shown
in fig (64). Having confirmed this, the instrument was switched to a
manual scan of_the 20kV, 10nA and 25nn diameter electron probe so that

the X-Ray facility could be used to study selected points within the
predicted emission area. It was found that whilst the region was generally
characterised by the spectrum of fig 69(a) with the anticipated strong

copper and chromium peaks reflecting the alloy composition of the bulk



O-2eV/DIY

| 0-2eY /DI
-t
(E) A FURTHER 18 HOURS (F) AFTER 2/2MINUTE OUT&AS

UNDER O-HV.

AT SOW,

DECREASING ENERGY.

O-S *V/DWY - o
i—f—i——\?——i-—l—!—l—}—}—«l LL s TSR & e

.SV /DIV

(@) AFTER A FURTHER

H) 330 MINS AFTER(G)
OULTGAS FOR 2'52 MINUTES
AT SOW.

Fia 6/0) ENERaY DISTRIBUTIONS OF CHROMIUM - COPPER
ALLOY SPECIMEN. [HE PosrTioN OF THE EMITTER FERM|
LEVEL 1S SHOWN (N EAcH CASE.ELECTRON ENERGY 1S

W AXIS (GOING FROM HIGH ENERGY TOLOW ENERGY LEFT

TO RIGHT) ELECTRON CORRENT PER UNIT ENERGY |SVAXNS



—_—eeeeeeeee .
PECREASIN ENERGY

1 1
I i

2
—+
p -
——
-

S
(X) A FURTHER 18 HOURS
UNDER U.HV. AFTER (H),

FIGSKENERGY DISTRIBUTION OF CHROMIUM - COPPER
ALLOY SPECIMEN. [HE POSITION OF THE EMITTER

FERMI LEVEL 1S snowN. ELECTRON ENERGY IS 2 AXIS
k GQOING FROM HIGH ENERGY TO LOW ENERGY LEFT ToO
Rt@HT_\_ ELECTRON CURRENT PER UNIT ENERGQY IS Y AXIS,



190

\ L

. .o |(Q)L9 BTF ut D) uTW 2 IO
049 oSl 002 - 9°0 s°8 Furssesno nmspnﬂwqhwv.ﬁw
} : ((a)L9 3TF ut Jg) uTwW 12
Omm OO_F OON - ;_.. O O @ .HO'H .30m 1B m.wwu.ﬁo
: Y ((a)L9 313 ur @) *A‘H'N
- 0%e 061 (0]43 ¢*o gL JSpuUn SIY g| JoYRIng
: : ®)L9 313 uT @) 'A'H'N
- 0se 0sl 0sE §'0 8L i .mec.: say wwuhwspn.?m
. k J ((®)L9 813 uT 2) *A'H'N
- 002 051 00€E 9°0 €8 I3puUn Sy Q| I9Y3ang
: : ((®)L9 213 ut g)
059 0S€ 052 0SE 10 g L *A*H*M ISpUn sy 9
0$9 0ol 051 - 7°0 2°8 ((®)L9 313 ur v) suoy

( Aom) (A2wW) 3JTUS (Asw) (T) LY (A=u) ( ) (A1)

uy3pTA 2doTs

uotgeasdas yeag uoT3INQITIISTA £3asus ydty Au.mﬂ N'H'M*d den .n> quamWFBSL],

*BJI}09dg ArIauy (®)

¥OOE JO 2JanjBJIadma] JUSTqUE 98 USWTJads AOTTE J9ddod-umTWwoIyY)

6 91qB[



191

((°)L9 813 ut I)

- 002 002 00€ 9°0 el *ATH'N I3pUun
say gl J9Yyzang B JI933V
- ; Q)L9 313 uT H
- 002 002 00€ 9'0 | 9L e
(A2m) (asm) JFEas (ASwW) (T) LV (Asuw) (uan) (A1)
yjptm adoTs %
uotyeaedas xwag uoTINq TIFSTA £3asus y3ty ( gV) W'H'M"J den A QUSWYBII],

PFUOD (B8)6 STq®L



192

*A9G*H = ¢ Butunssy )

¢'h 008 0Lt 0oL 2 oL 08€ ((2)L9 81d) I umayoadg
L2°0 €l 6€ gL*0 700 029 ((a)L9 Bra) 4 wnxyoads
oL ; 006 | oLS 006 2 89 0ge ((®)L9 8t4) D umuazdadg

(013 006 2 oot 1 00L L oLS 002 ((®)L9 F1d) v wna3oadg

092 000 62 000 €1 000 LL 0€s 002 Apnas TBOT3dQ UOIOITH

(wa) (ura) (ur ) () (_ure) (%) .ﬁmhﬂmwus SBM B1BD
*BIQ 9S%®d quydtay |. *BIQ 9S®BH L ERE): 2 S : ydea8 wIaypION—-ISTMO]
BaJIy JuTqyTU il B uaym aousnbas T®

T3pol IapurTL) TOPON Suo) -quawtaadxa ay3 ut 28e3g

sydead WTSYPJION-ISTMOJ 9U3 WOLJ PajzdTpagd

S8 UawWToads Joddo) umTWoIy) ay3 JI0J Axjamwoad UOTSNIFO0Id 33TS UOTSSTUY (q) 6 3TqBL




Fig 68
A series of micrographs taken in the Cambridge
SEM 2 scanning electron microscope after the
energy spectra of the emission site had been
measured in the electron spectrometer. The
anomalous X-Ray spectrum of fig 69(b) was
obtained from the crack arrowed in the final

micrograph.
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electrode, there was one sub-microscopic region situated within the
crack/grain boundary (arrowed in fig 64(d)) which displayed the
anomalous spectrum of fig 69(b) with the strong Al and Fe impurity peaks.
It is thought that the aluminium impurity at least was probably present
as the oxide, owing to the alumino-thermic reduction process used in the
manufacture of chromium. lowever, tpis could not be confirmed because

the Kevex system is incapable of detecting oxygen.

5.5.6 Whilst this finding was clearly of potential significance, alone it
did not provide a direct identification of the emitting site. However,
during the course of a subsequent detailed study of this site, which
necessarily involved its extended bombardment by the electron probe at

a power density of the order of AOOGWsz, the impurity inclusion
disappeared, presumably as a result of some form of thermal activation.
On returning the specimen to the electron spectrometer, it was found that
the emission site had also disappeared. Although these observations are
not absolutely conclusive, taken together, they indicate strongly a
correlation between electron emission sites and sub-microscopic impurity
inclusions apparently situated along surface defects such as cracks or

grain boundaries.
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6.0.0 Discussion of results

6.1.0 The energy spectra

6.1.1 1In order to attempt an explanation of the various spectra
obtained from the different materials in chapters 4 and 5, it is use-
ful to make comparisons with the theoretical and experimental results
of FEED aata that have been obtained elsewhere. Of the four electrode
materials reported on here, none have been previously investigated in
broad area form, and only one as a single tip emitter. This previous
study was by Whitcutt and Blott [67] who investigated the field emission
spectrum from copper using a retarding potential analyser. The emitter
was not in bulk form but produced by vacuum deposition of copper onto
the (110) plane of tungsten. Emission was obtained from the resultant
(111) region of the copper and found to have the expected peak at the
Fermi energy. LHowever, when a crystal was grown having a particularly
o
large (111) region (v 1000A ), it was found that the spectrum at the
edge of the region occupied the expected energy range but that the
spectrum from the centre was displaced to lower energies by about

400meV. The authors explained this in terms of the hybridization of the

3d and 4s electron wave functions in tue [111] direction.

6.1.2 The band structure of copper has been evaluated by Burdick [68]
and is shown in fig (70) together with the Brillouin zone for the f.c.c.
lattice. Some idea of the allocation of electrons in the bands can be
obtained by looking in the I'X direction. The first, ﬁl’ band will

take 2 electrons; az will also take 2. It turns out from some detailed
theory that Cs is d;ubly degenerate and takes 4 electrons. The last

’ : : ; ; I
electron goes into the second AI which is thus half full, (the 45 can

take 2 electrons) and the band is divided by the Fermi energy so that
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Flg70 (@) THE BAND STRUCTURE OF COPPER ACCORDING TO
BuRpick @), THE FULL HORIZONTAL LINE IS THE FERMI ENERGY.
(b) (110) SECTION OF THE FERMI SURFACE..
(¢) THE BRILLOUIN ZONE FOR THE f.C.C. LATTICE.



this band is empty near X. Since the d bands are well below the

Fermi level the whole problem is not very different from the case where
there is one electron in a single free electron band. Consequently,
ewission of electrons from this uirection would reflect an almost free-
electron like band structure with the maximum energy occurring at the
Fermi level. Considering now emiss%on along the direction I'L which
corresponds to [111]; here, the Fermi surface intersects the Brillouin
zone in the well-known neck shape and the second A] band is always
below the Fermi level. Thus emission from this direction would show a
maximum in elecgron energy below the Fermi level. Kar and Soven [66 ]
have pointed out that this effect would be difficult to observe experinm-
entally, due to the finite resolution of any measuring instrument and
intrinsic broadening caused by any departure from the semi-infinite
geometry. The authors calculated that a plane size having a diameter
of 50 - 60 lattice spacings would be necessary to detect the anomalous
emission. This coincides with the evidence of Whitcutt ana Blott that

the effect was dependent on the size of the emission plane.

6.1.3 Although this effect is a superficially attractive explanation
for the shift in the present broad area results, there are several
compelling physical reasons for rejecting it. Firstly, whilst the
typical shift obtained in the two cases is similar (v 400meV) this
value was found to Le insensitive to specimen position in the case of
the broad area electrodes. lMoreover, it seems highly unlikely that in
the majority of cases the emission sites were oriented in the [111]
direction. Another important factor is that the broad area electrodes

examined in the present study would inevitably have a surface oxide

layer present as the in-situ outgassing treatment would not be severe

4 il d oxygen atonis. Lowever studies
enough to remove the strongly boun Vi ,

200
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llave been carried out on the electronic structure of oxygen covered
copper using photoemission and have shown that the presence of such a
layver radically changes the spectrum, producing a peak v 1.3eV below

the Fermi level [89] with a very shallow high energy slope.

6.1.4 To check, therefore, that the shift obtained with the broad area
electrodes was not simply due to a contaminated metal surface, an
uncleaned tungsten tip was fitted into the spectrometer, the interfacing
lens having first been removed and replaced with a phosphor coated
screen. Fig (71) shows the spectrum obtained from this sample, which,
although heavily contaminated (as shown by the unsymmetrical emission
pattern on the phosphor screen and the broad distribution F.W.H.M.)

and taking due account of the accuracy limits of the spectrometer, still
had the Fermi level appearing in the correct position on the high

energy edge of the distribution.

6.1.5 Thus the shifts and shape of the field emission spectra obtained
from broad area copper electrodes - even assuming an oxide coating -

do not seem to agree with field emission spectroscopy results from
specially fabricated atomically clean copper tips or with pliotoemission

studies of extended area single crystal copper surfaces.

6.1.6 In most cases the spectra from the emission sites on broad area
electrodes have a greater F.W.h.M. and show a more symmetrical shape
than those obtained from a clean tungsten emitter, this being partly
due to the shallower slope of the high energy edge. It is therefore
appropriate to deal with the half-width and high energy slope together.
It has been shown in work already referred to [74] that the gradient
of the distribution high energy slope is very sensitive to the state of

cleanliness of the surface; this is probably a temperature effect and
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may be quantified using existing equations. An expression for the

- - ’ - -
current density per unit total energy J(e) relative to the Fermi level
has been derived by Stratton [90] for a degenerate metal of arbitrary

band structure and electron distribution f£(e) in momentum space:

1 st b PLERGE
lniﬁfo exp (hm/a)d¢;1

Jts) = Jof(e) expe/d [ (63)

d

Where Jo denotes the total current density already derivea by Young

(ean. 20(b)) ana the term in brackets gives the band structure effects
(B is the maximum value of the transverse energy component, and tan¢p =
Ky/KzS, this can be neglected when Em/d >> |. Under usual field emission
conditions d ~ 0.15 — 0.25eV and for most degenerate metals exhibiting
large Fermi energies E is sufficiently large that tﬂe band structure
term is negligible (For transition metals with partially filled narrow

d bands, the value of E_may te sufficiently small to peturb J?e) through
the band structure term. For example, this may account for the anomalous
behaviour of the emission from tungsten along the (100) direction [46]).
If the band structure term is neglected and the Fermi-Dirac distribution
of f(e) is assumed then

Joexp e/d

Je) = (64)

daQ + exp €)
pd

A

KT s : g
vhere p = —3 and 1s a dimensionless parameter.

The mathenatical derivation of eqn (64) breaks down for p = 1 ana
becornes unreliable when p exceeds about 0.7. A graphical representation
of J{e) versus e/d yields a set of curves whose shape depends only on
the dimensionless parameter, p, as shown in fig (72). These curves

have also Leen verified experimentally by Swanson and Crouser [48]. As
can be seen, the broadening in the F.W.li.!. of the distribution occurs

because of a change in the slope of the high energy edge about the Fermi



20k

Theorehical Curves]
p .
Q8-

ee
o

048

its)
T

J{«) (orbitrary uni

06

04|

Slejelcicle)

rd

02

Fig 72. THEORETICAL TOTAL ENERGY DISTRIBUTION PLOTS
SBASED ON THE FREE ELECTRON MODEL AT VARIOLS

VALUES OF p As GweN BY  SwanNsoN AND CROUSER (1) .

€ \S THE ELECTRON ENERGY RELATIVE TO THE FERM!
LEveL. d= heF/a(@ame)2t(y , p=kT/d.

Er

i
I

e 4
dj : !
\ _d? |!

o

mﬁ*%

HH

(b}

Fig/3(@) TDEAL MODEL OF POTENTIAL AND TOTAL ENERGY
DISTRIRLUTION FOR FIELD EMISSION FROM A FREE ELECTRON

METAL.

(b) As (@ BUT WITH RESONANCE TUNNELING FIELD
EMISSIoN  FROM A NARROW BAND ABSOREGATE . (AFTER
GADZ UK ©9) ).



205

eneryy, [, due to the increased temperature of the electrons. Similarly,
the decrease in the slope of the high energy edge in the spectra from

the broad area electrode sites — although not occurring about the Fermi
level because of the shift in the spectrum - could be attributed to

the existance of "hot" electrons at the surface, a possibility that is

further discussed in 6.5.0.

6.1.7 The outgassing procedure has already been described in previous
chapters. There are several possible surface changes that can take

place as a result of this treatment; principally these are

(i) the desorption of occluded gas molecules

(ii) . the evaporation of more tightly bound species

(iii) migration of chemi or physi-sorbed atoms over the surface

(iv) annealing of the surface structure, particularly if it has been
previously exposed to the very large physical stresses imposed
by a high external electric field

(v) local softening and subsequent change in the surface profile and,

(vi) possible chemical reaction between the surface and neighbouring

atoms as a result of the elevated temperature.

6.1.8 Experimentally, the results of outgassing the various specimens
seem on first inspection to be rather inconclusive. The first copper
specimen (fig 48) was affected by the initial outgassing, there being
some decrease in the high energy slope width, and hence in F.W.H.M., with
a shift in the spectrum towards the Fermi level. This possibly indicates
some reduction in the level of surface contamination but further out-
gassing seems to have had little effect. Similarly, there scems to be
some reduction in slope width and F.W.h.M. following outgassing on

copper specimen number 2 (fig 49), but it had the opposite effect on the



position of the distribution relative to the Fermi level, i.e. it was

shifted to lower energies.

6.1.9 The effect of outgassing on the third copper specimen (fig 51(b))
and on the copper chromium sample (fig-67) was quite different. In
both cases the distribution split up into two peaks with a separation of
300meV for the copper and 650meV for the copper-chromium. Also both
spectra moved higher in energy towards the Fermi level. The titanium
alloy sample also gave a double peaked spectrum, in this case being
formed after prolonged exposure to U.H.V. rather than outgassing. The
peak separation was 500meV with some shift of the spectrum towards the
Fermi level. It secems evident, therefore, that some special atomic
surface re~arrangement has taken place in these cases. Possible

explanations for this behaviour are discussed in 6.5.7 - 6.5.12.

6.1.10 The general features of the distributions may be summarised as

follows:

(1) There is a broad similarity between the spectra obtained from all
of the emission sites studied on the various materials. lost
notably, they all show a shift tow;rds.lower energies which is
difficult to explain in terms of metallic emission but is
characteristic of the behaviour of semiconductor emission.

(ii) Most of the spectra show a rather broad F.W.h.i. due partly to
the relatively shallow slope of the high energy edge. This is
characteristic of emission from contaminated surfaces or those
where there are "hot" electrons.

(iii) Under certain conditions, a change in emission becomes possible
as evidenced by the appearance of a second lower energy peak

occurring at between 300meV and 65CmeV below the main one, the

206
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actual peak separation apparently depending on the electrode

material.

6.2.0 The Fowler-Nordheim Graphs

6.2.1 1In every case where an i-V characteristic of an emission site
was measured, it was found to follow the Fowler—Nordheim equation.

Fig (56) shows the error bars for this measurement which is typical of
all the F-N plots. It corresponds to a possible overall error in slope
of ~ 47 and hence in this particular value of B of » 20. Because all
the F-N plots héva such steep gradients, this error in the slope has a
rather greater effect on the prediction of emitter size. On the stainless
steel specimen, for example, if it is assumed that a henmispherically
capped conical feature is responsible for the emission, the error of
47 on the slope gives an error of * 30% in the tip radius, cone height
and base diameter when calculatea as given in 2.3.2 - 2.3.3. However,
for the case of the chromium-copper specimen where the surface was
microscopically examined, the base of the cone at least should have

been resolved even allowing for tiis margin of error.

6.2.2 One possible reason why the method of 2.3.2 - 2.3.3. leads to an
apparently incorrect result can be considered by comparison with the
emission from the (100) plane of tungsten. The spectrum from that
particular crystallographic direction cannot be satisfactorily explained
by the free electron wodel but the emission will still give a linear

plot of the F-N characteristic [61][62]. This rather surprising result
can be explained by the fact that it is the pre-exponential term of the
Fowler—Nordheim equation which is modified in the non-free electron model
(by the influence of the band structure term (eqn 63)). In a similar

way, the emission from the sites on broad area electrodes may appear to
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correspond to a Fowler-Nordheim graph because the exponential term is
essentially correct, but the pre-exponential ternm is not free electron-
like so that predictions of emitting area from this graph are quite

misleading.

6.2.3 The values of B predicted from the F-N plots vary from 200 to

900 and thus all fall within what is generally called the "high B" type

of emission site. It might be expected, particularly in the experimental
sequence on the chromium-copper specimen where F-N plots were taken at

a number of stages'in the experiment, that there would be some correlation
between the slopes of these graphs and the type of energy spectrum obtained.
For example, plots are shown both during and after the two appearances

of the double peak in the spectrum (fig 65), but there seems to be no .
systematic change in slope on appearance or disappearance of this feature.
Shown in fig (74) are graphs of current versus field for the cases of
single and double peak spectra to find out if there is any change in
emission current for a given field with the two states. As can be seen
there appears to be no systematic variation here either. On going from
the initial double peak to the single peak (A + C) there is a large
increase in current for a given macroscopic field. khowever, the current
again increases substantially on re-appearance of the double peak (i.e.
after outgassing, C = F) although it should be noted that this was
measured Vv 10 mins after outgassing and so there may be a temperature
effect involved. Finally, it will be noted that when the spectrum re-
turned to a single peak again, there is a reduction in current (F - I),
the opposite of wnat had happened ecarlier in the observations when a
similar sequence of events occurred. The nossible sifnificance of this

series of results is discussed in §5.5.11.
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6.3.0 Proposed model of the surface structure at an emission site on
a broad area electrode

6.3.1 1In seeking a plausible physical model for explaining the
apparently "non-metallic" nature of the emission spectra obtained from
all the metallic specimens investigated, a number of basic requirements
have to be borne in mind. Firstly, the model must account for the shift
of the spectra to lower energies an& show how this can vary under
different circumstances. Secondly, it must explain the occurrence of
emission at fields between two and three orders of magnitude lower than
that normally required for field emission from either metals or semi-
conductors, since this and other studies have shown that there is no
electron optical evidence of surface protrusions having the geometry

to give the required level of field enhancement. Thirdly, the model
should also suggest possible interpretations of the low energy peak

that is sometimes present on the spectra; finally, the model should
indicate why the emission sites_are so localised. It must, however,

be recognised that unlike specially fabricated emitters, where atomically
clean surfaces of known cyrstallographic orientation can be prepared,

the surfaces studied here are likely to be far more complex. The base
material may be either a metallic element or a nultispecies alloy and

the surface itself will be covered in an oxide layer and may also contain
impurity inclusions; consequently, it would be unrealistic to attempt

more than a generalised qualitative explanation of the data in this

present study.

6.3.2 Accordingly, a reasonable starting point for the model would be
to assume that any microscopic region of an electrode surface may be
characterised as consisting of a metal substrate with an overlaying

contaminant film - most probably the metal oxide ~ whose thickness and
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electrical properties are likely to show variations over the surface;

in addition this aescription would include the situation where other
isolated impurities are present on the electrode surface. This mocel
must be further complicatea by reco;uising that there are also likely

to be various species of adsorbea zas atous on the surface contaminaunt
fili. Since it is well known tnat surface oxide coatings are usually
electrically semiconducting, it is necessary to consider in some detail
the electron energy band structure of semi-conductors in general in order
to account for the effect of applying a strong electric field to the

mouel of the surface just suggested.

6.4.0 Electronic structure of semi-conductors

6.4.1 TFrom the point of view of electronic structure, semi-conductors
differ primarily from metals in that there is a band gap between the
valence and conduction bands, and, for an intrinsic semi-conductor at
absolute zero, tne valence band is full and the conduction band eupty.
At room temperature, for intrimsic semi-conductors such as germanium and
silicon, thermal energy allows excitation of a small proportion of the
electrons from the valence band into the conauction band. At these
temperatures, therefore, the materials exhibit electrical conductivity,
this arising both from the conduction band electrons and the holes in the
Qalence band. 1In a semiconducting material like diamond, however, the
band gap is sufficiently wide to prevent any appreciable thermal excit-—
ation at room temperature, and it therefore remains an insulator.

6.4.2 1In netals, the Fermi energy, f, is aefined as the energy éf the
highest occu;ied state at OK. More generally, however, 7, is defined as
the energy of a state for which the probability of occupation is 1/2 and

since for a pure (intrinsic) semi-conductor at 0K the valence banu is full
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and the conduction band empty, % occurs in tie miadle of the band gap
(fig 75(a)). The addition of certain impurities to a semi-conductor
(vhich is then said to be extrinsic) can lead to permitted energy levels
within the band gap which can give rise'to either electron (n—type) or
hole (p-~tvpe) conduction. This in turn alters tne position of the Fermi
level as shown in fig 75(b). When a semi-conauctor is brought into
contact with a metal, there will be a flow of electrons between the two
materials to achieve an equilibrium state and the Fermi levels will
become equal. In the case, for example, of contact being maae between

an n-type semi-conductor and a metal having a Fermi level lying within
the semi-conductor band gap there will be a flow of electrons from the
conduction band of the semi-conductor to the lower energy states in the
metal. Ecuilibrium will be achieved when the resulting charge distribution
sets up a field which prevents further electron flow across the Loundary.
). conscquence of this internal field is to perturl the energy levels of
tite semi—conﬁuctor near the junction, tinls beiny represented by a bending

of tue bands as shown in fig 70(a).

6.4.3 A further difference in the electron energy band structure of
metals and semi-conductors becoimes apparent on applying a strong electric
field to the surface. This difference results from the more limited
conauctivity of the semi-conducting material. When an electric field

is applied to the surface of a metal or a semi-~conductor, a surface
charge is induced. The inducea charge has little effect in the case of

a metal because the number of aduitional charges involved is small com—
pared to the number of available conauction electrons. For a semi-con~
ductor, however, the position is aifferent because the number of

electrons in the conduction band is relatively small under most conditions.

Consecuently, the electric field way penetrate soue distance into the
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semi—-conductor surface and there will be a gradual change in electrical
potential throughout that distance. The effect on the band structure is
shown in fig 76(b); where the field penetrates the surface, the electron
potential is reauced and this is represented by the downward bending of

the energy bands. If the band bending is sufficiently severe for the
conduction band to fall below the Fermi level, the semi-conductor is

said to be degenerate. The amount of band bending, avb, depends on the
strength of the applied field and the number of available free charges "

near the surface.

6.4.4 There is another effect which may arise at the surface of a
material and may be of greater significance in a semi-conductor because

of its nore limited conductivity compared with a metal. At the surface

of a semi-conductor the atomic arrangement is different because tiiere are
no atoms on the one side with which to form bonds. Thus the surface
electrons have different discrete energy 1evels.fr6m those of the bulk.
Those surface levels which lie below the Fermi level of the semi-conductor
will be filled by electrons from the conduction band, giving a negative
charge on the surface. This creates a depletion region just inside the
surface layer and results in upward bending of the energy bands as shown

in fig 76(c).

6.4.5 Finally, there is one further effect which may be present in semi-
conductors which have a large resistivity; when a field emission current
is flowing a voltage drop, aVP, will develop down the shank of the emitter

with a resulting variation in the Fermi level (fig 7¢(d)).

b.4.56 A theory of field emission from semi-conductors was put forwaru
by Stratton [90] in 1962, and again with some modifications in 1964 [91] ,

in which he derived equations for tue field emission current density from
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both the conduction and valence bands of a semi—-conductor. The field

emitted current density from a non-degenerate conduction band was given as:

c

2
M kT E p
S 4 ce( ) s o + Vs 2 .8_“3/2 ‘}27 E__ 5
e _"h:j‘""‘ 2 -—__1-..'1 exp D.00OY F v v (65)

and the corresponding total energy distribution is given by:
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v and t are tabulated functions of their argument and for most practical
cases t = | and v £ 0.7. V¥ is the electron affinity in eV in tne bulk of
the semi-semi-conductor and wi is the depression of the barrier height due
to the image force. F is the applied field (volts/cm) and all energies

c

are measured in eV. EF is the Fermi level measured from the bottom of

: . : . ; ; o e
the conduction band in the bulk of the semi~conauctor (fig 76(b)). E  1is

the energy of the emitted electrons measured from the bottom of the
conuuction band at the surface. L= EIc/m where HC denotes an average
effective mass for the conduction electrons and m is the electronic mass.
vs is the shift in the electrostatic potential at the surface due to the
induced charge. € is the dielectric constant of the semi-conductor.

$imilar equations apply for emission from the valence baud. These
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equations may be directly compared with equations 20(a) ana 20(b) of
Chapter 2 and serve to illustrate the greatly increased complexity of

the semiconducting case.

6.4.7 Ulore recently the specific case éf germanium has ‘been considered

by tiodinos [92] which used as a basis the model for a semi-conductor
surface put forward by Handler [93] in which it is assumed that a band

of surface states exists which range in energy from the top of the valence
band to the lower part of the conduction band. Equations are then derived
for the field elgctfon emission current from the surface states, this
being the sum of the current from the conduction band to the surface
states and from the valence band to the surface states. According to this
theory, at low emission current densities the emitted electrons come
nostly from ﬁhe surface states and from the valence band. At higher
currents, emission from the conduction band is significant, but still a
suall proportion of the total emission current. The distributions obtained
from these equations show reasonable agreement with the experimental

results from germanium obtained by Shepherd and Peria [94].

6.5.0 Model of field emission from broad area electrodes

6.5.1 The concepts discussed in 6.4.1 to 6.4.7 may now be applied to the
proposed model of a broad area electrode surface put forward in 6.3.Z2.
The eleetronic band structure of such a surface is shown in fig (77). It
consists of a metallic substrate and a semiconducting contaminant layer
of thickness, t; for the proposea emission mechanism this layer must be
an n-type semi-conductor. The diagram also shows a further electronic
eneryy band just outside the semi-conductor caused by the preseunce of a
surface adaton, for example, a particular type of adsorbed gas. For

simplicity, the possibility of surface states is not considered at this
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stage. When an external electric field appropriate to field emission is
applied to the semi-conductor surface described, the band structure will
be altered to that shown in fig (78). This model of the band bending
follows that given by Baskin et al [95] and assumes degeneracy of the

electrons at the surface of the semi-conductor.

6.5.2 With the surface configuration just described, it is possible to
envisage at least four mechanisms whereby electrons could undergo an
intermediate tunnelling process from the metallic substrate to states in
the semiconducting iayer and subsequently be emitted below the reference
Fermi level of the metal substrate (the level identified on the energy

spectra results). Referring to fig (7b) these are:

(1) from the Fermi level of the substrate metal into states at the
bottom of the conduction band in the semiconducting layer

(ii) between the valence and conduction bands of the semi-conductor

(iii) from the Fermi level of the metal to the conauction band of the
semi~-conductor via an impurity level in its band gap

(iv) from the valence band of the semi-conductor via an impurity level

into its conduction band.

It follows from fig (78) that, with the voltage drop ﬁVR, there is a
possibility of an enhancement of the tunnelling probability, whereby

those electrons that have tunnelled into the bottom of the conduction band
of the film by one of the above mechanisms can be subsequently accelerated
by the penetrating surface fiela to higher states and give a flux of "hot"
electrons incident on a narrower part of the surface barrier. In strong
support for the occurrence of such a mechanisu are the broad higii energy

edges obtainea on the emission spectra.
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6.5.3 An indication of the magnitudes of the various parameters involved
in this model can be calculated as follows. In order for electron

: o
tunnelling to occur, the path length of the electron must be % 50A . ‘he
reduced potential barrier necessary at the surface in order to give the
observed levels of field enhancement (say p = 400) can be estimated from
ean (16); this gives ¢ X 0.leV; i.e. the electrons would have to be
emitted close to or above the top of "the potential barrier. A more
accurate result could be obtained by using equation (65) and plotting
log I, Vv l/F and finding the reduced value for the electron affinity,
assuriing no field eﬁhancement. However, the gain in kinetic energy of the
electrons assuming unimpeded acceleration in the conduction band is likely

to be in the range 2 - 5eV. The range of energy of these electrons and

the level of the most energetic electrons can be found from the relevant

spectra.

6.5.4 The potential drop in the layer due to its resistivity is EVR. It
is clear from the energy diagram of fig (76) that electrons from the

bottom of the conduction band will be transmitted by the spectrometer
vhen:

' ¢l Fa

+ AV, + - E = =

V4 A R GS =
where 85 represents the voltage difference
between the bottom of the conduction band

and the Fermi level, at the surface.

It can be scen from this model that as the emwlssion current increases SO

too will AV., assuming that the semi-conductor resistivity remains constant.

R’
Thus as the field increases there shoula be a shift in the spectrum, and

this kind of behaviour is illustrated in fig(h5(a) Lowever, this result

wvas not typical of all the spectra - in some cases no change in shift was



22k

3 5 o =7
observed up to the maximum emission currents used — v 10 A.

6.5.5 A similar mechanism was considered by Shcherbakov and Sokol'skaya
for cadmium sulphide emitters in 1963 [96]; they measured both the
variation in electrical conductivity and F.W.H.M. of the energy distrib-
ution as a function of the position of the energy spectrum. They found
that the electrical conductivity remained constant up to a certain value
of spectrum shift (several volts) whereupon it began to increase in a
logarithmic way. The authors interpreted this as the onset of carrier
multiplication by iﬁpact ionisation. Typically, this occurred at field
emission currents of 10“8 - 10“7 amps. Comparing these results with the
present data, ther=: appears to be no departure from the linearity of the
F-N characteristic up to the highest measured value of " 10"7A. Also,

the spectral shifts obtained were far lower than obtained by Shcherbakov
Sokol'skaya on cadmium sulphide; whilst some differences would be expected
due to the likely variation in band gap and conductivity between different
types of semiconducting material, the fact that in many cases the broad
area electrode spectra showed no change in shift with field is difficult
to explain. One possibility is that as th? field increases the shift in
the spectrum is exactly compensated by the increase in the enexrgy of the
"hot" electrons. In such a case, an increasing field should correspond

to an increase in the width of the high energy edge of the spectrui but

no rigorous tests have so far been carried out to investigate this effect.

6.5.6 1In support of the model of "hot" electrons causing the apparent
enhancement of emission current is the evidence of the "cathode spot"
electroluminescent effects observed by hurley anu Dooley (39 ] which have
been invariably found to accompany field emission from a broad area
electrode surface. Such an effect requires the presence of electrons with

sufficient energy to cause ionisation of atous in the surface layer.
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6.5.7 A number of possible explanations may be considered for the
appearance of the second low-energy spectral peak that appears in some

+

of the spectra at between 300 and 650meV below the main peak. These are:

(1) Valence band emission

(2) Impurity banda emission

(3) Adatom resonance tunnelling

(4) Resonance tunnelling through a continuous double layer of

foreign atoms.
Each of these mechanisms will now be discussed.

6.5.8 If the main peak obtained in the spectra comes from the conduction
band then it seems unlikely that the low energy peak is valence band
enission, since the separation between the two peaks is much smaller than
the probable band gap of any oxicde layer. Imn CuZO, for example, which is
essentially a p-type ionic semi-concuctor, the room temperature bana gap
is ~ 2eV. If, howvever, the bana structure of the emission site is more
complicated than so far considered ana the main peak arises from a band
of surface states, then tne lower energy pgah could be from the valence

band in a similar way to the results obtained on germanium by Shepherd

and Peria [94].

6.5.9 Although impurity band emission appears to be a likely possibility
because of the relatively narrow separation of the spectrum peaks, it
night be expected that if this were the case the peak would be obtained
consistantly with all spectra or at least with ome enission site. From
the results obtained, however, it appears that the lower emergy peak is
sensitive to the prevailing surface conditions indicating a surface rather

than a bulk effect.
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6.5.10 The phenomenon of resonance tunnelling has usually been studied
for the case of individual atoms or fractions of a surface monolayer
adsorbed onto a metallic emitter (84)(85). According to this model, if a
particular adsorbed atom species has an energy level within the energy
range of the emitted electrons from the substrate metal, then this can
give rise to a subsidiary peax on the associated energy spectrum (fig 75(b)).
The presence of the peak is critically dependent on the separation of the
adatom from tihe substrate surface, the width of the potential well and the
position of the energy level within it. This seems to concur with the
observed transieﬁt nature of the low energy peak in the present studies.
lowever, one feature that might have been expected with this model is a
systematic change in emission current on appearance or removal of the
resonance tunnelling effect. It has been shown by Duke and Alferieff [64]
for example, that the adsorption of a foreign species of metallic adatom
onto a metallic emitter should give rise to an increased eriission current,
whereas a neutral adatom should decrease the emission current. ko such
behaviour is evident in the present results, as shown in fig (74). 1It
should be noted, however, that the case of a metallic or non-metallic

adatom onto a semi-conductor enitter has not so far been studled.

6.5.11 Nicolaou and Modinos [97] have also studied the phenomenon of
resonance tunnelling for the case of single and double continuous layers

of germanium on tungsten; this was an attempt to explain the experimental
results of this situation obtained carlier by !Mileshkina and Sokol'skaya [s8].
In fact, Nicolaou and Modinos found that tae experimental results could

be well represented by the resonance tunnelling theory; by choosing

suitable values for the position, width and depth of the potential well

and also for the dielectric constant of the material, it was possible to

reproduce the experimentally observeu energy distributions. A further
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interesting result was a comparison of the energy spectra and total
emission current for the case of clean tungsten, incoumplete monolayer

(of germanium) coverage and Eull-mcnolayer coverage. At incomplete
monolayer coverage the spectrum had a single peak similar in position
half-width to that of clean tungsten (fig 79). however; the full monolayer
coverage gave a two—peaked spectrum, the main peak appearing at the clean
tungsten position and the secondary peak appearing at lower energy and
displaced by ~ 1.0eV (fig 79). The total current, which was a maxinwum

for clean tungsten, decreased steadily until approxzimately one monolayer

coverage and then steadily increased again with increasing thickness (fig 80).
Finally, the authors calculated the energy distribution assuming a
double layer coverage of germanium on tungsten; although the main peak

bacomes shifted the peak separation is not greatly affected (fig 61).

6.5.12 Although the above results apply to resonance tunnelling from a
metal substrate, rather than a semi-conductor, the mechanism 1s likely to
be similar in both cases. The total current results of fig (80), in
particular, suggest an interesting possibility for the explanation of the
experimental results from the chromiun-copper specimen given in fig (74).
The arrows superimposed on fig (80) show how the experimental sequence

could give rise to the observea results.

6.6.0 lieasurement of work function

6.6.1 One of the original objectives of the present work was to measure
the work function of the electrode material actually at the point of
emission and, as discussed in the theory of Chapter 2, electron spectrom—
etry is uniquely qualified to do this. Such a measurement would eliminate
any ambiguity in the calculations to find f from the F-ii plots, and hence

also in the predictions of the dimensions of the emitter itself. lLowever,
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Fig 81, ENERGY SPECTRA FROM TUNGSTEN COVERED WITH

A DOUBLE LAYER OF GERMANIUM ACCORDING To NICOLAOU
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AN INCOMPLETE SECOND LAYER, THE FULL LINE WITH
A COMPLETE OR DENSELY POPULATED SECOND
LAYER.



230

this objective was based upon the assumption that the field emission

from these sites could be adequately described on a wmetallic free-electron
model. As has already been shown in Chapter 2, the electron spectrometry
technique is capable of being extended to measure the work functions even
in the case of non-free electron behaviour in a metal. however, the
energy spectra obtained from the broad area electrodes indicates that the

emission is more typical of a semiconducting material.

6.6.2 The equations for the total energy distribution and the field
emission current_deﬁsity have been given in 6.4.6 and serveto illustrate
the greatly increased complexity of the semi-conductor case. Stratton [91]
has also derived an equation for the F.W.h.M. of the total energy distrib—
ution from the conduction band and the valence band of a semi~conductor.

At temperatures near OK the equation for tune conduction band is:

8~ Lo [2/(C, + exp - ¢,0)] 67)

h C"IOZS(—C)L"-!E?I:L 58)
where 1— . ‘If 7 \Ir_c (08

A is the F.W.H.M. of the total energy distribution.

6.6.3 Stratton has carried out numerical solutions giving the variation
in A with temperature for various values of Fermi energy and for various
ratios of electron mass/effective mass. These results are difficult to
interpret for the present case of the broad area electrodes since F, ¥ and

G

2

are unknown. It can be seen from eqn (65) that a plot of log Ic v l/F
should give a straight line whose slope is proportional to the electron
affinity, ¥. 1In principle, a value for the electron affinity and the
field could be obtained independently by the combination of equations

(65) and (g7) in a similar way to the methoa outlined for metals in 2.3.8.

Lhowever, in the present case this is not possible since ¢ is also unknowi.
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Stratton obtained half-widths of between 2kT and 7kT for emission from

the conduction béud; similar equations apply for emission from the valence
band and give half-widths in the range 3kT to 12kT. Assuming emission
takes place at room temperature, this gives considerably narrower nalf-
widths than those obtainea from the broad area electrodes, but these
values are also considerably narrower than those obtained from atomically
clean fabricated tip emitters. A possible explanation again is that "hot"

electron emission means that it is incorrect to assume that T ~ 300K.

6.7.0 Results of the X-Ray analysis

6.7.1 Finally, further support for the existance of a semiconducting
mechanism operating at emission sites on broad area electrodes comes from
the evidence of the copper—chromium specimen detailed in Chapter 5.
Firstly, within the limits of experimental error, there was no evidence
of microprotrusions on the surface of the emitter which could give rise
to the measured level of field enhancement when the specimen was first
examined in the miniscan S.E.M. (fig 64) or subsequently when examined in
the Cambridge microscope (fig 68). Secondly, the shift in the field
emission spectra from this site (fig 67) can only be interpreted in terms
of a semiconducting model. Thirdly, this very strong evidence must bte
combined with the results of the X-Ray analysis study (fig 69) which
revealed the presence of certain foreign atoms within a very localised
region in the estimated area of emission. TFurther, this impurity was
located in a crack or grain boundary, a surface feature which has prev-
iously appeared in the microregion of field emission sites on broad area
electrodes (34). It may also be significant that ome particular impurity
(Fe) found in the inclusion on the chromium-copper sample has been nroposed

as a possible cause of the electroluminescence found at emission sites
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on copper by Hurley and Dooley [39]. Although it is impossible to be
certain that the impurities detected by the X-Ray analysis were responsible
for the observed electron emission (since the dimensions of the crack

were far smaller than the accuracy of site location), the possibility is

given further status by the additional evidence that removal of the

impurities coincided with the disappearance of the emission site.
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7.0 Conclusion

7.1 This thesis describes how a high resolution hemispherical type
electron spectrometer, originally desigped for measuring the energy
spectra of electrons field emitted from fabricated micro-tip specimens,
has been modified both electron optically and mechanically to obtain
the spectra of the pre-breakdown electron currents emitted from

localised sites on broad-area high voltage electrodes in U.H.V.

7.2 Four electrode materials have been examined, three of which (copper,
stainless steel and titanium) are of interest in "passive" applications
of high voltage vacuum insulation and one (chromium-copper alloy) which
is used in the "active" application of high voltage vacuum switch con-
tacts, where high current arcing continually alters the surface micro-
topography and may also result in phase changes in the alloy at the
locally heated regions. Almost invariably, the energy spectra of the
pre-breakdown electron currents show that the most energetic electrons
are emitted from a level that is below the Fermi energy of the bulk
metal electrode., Typically the spectra are shifted to low energies by

; 100 - 500meV compared to that normally obtained from a metallic field
emission source. Generally, this shift is independent of the total site
emission current for values ™ 1O_TA. Occasionally, however, sites on
the copper specimens have a current dependent shift which is present
even at the lowest measurable levels (< 10~8A). Since the presence of

a spectral shift is a property that is characteristic of micropoint
semiconducting emitters, this behaviour suggests that a non-metallic
emission mechanism is operating at the broad area electrode sites. In
further support for this conténtion is the contradiction between the
prediction of field enhancing "metallic" microprotrusions from the Fowler-

Nordheim graphs and the electron optical studies of the microgeometry of
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the cathode surface which shows no evidence of features capable of

giving this predicted level of field enhancement.

7.3 A qualitative model has therefore been proposed that attempts to
account for the observed results in ter@s of a semiconducting/insulating
oxide or impurity microstructure overlaying the metallic electrode surface.
The possibility that such an impurity microstructure is associated with

an emission site is given additional support by the evidence obtained

from a detailed X-Ray microprobe analysis on one of the sites studied.
Another important feature of the spectra from some sites is the appear—
ance of a second low-energy peak whose intensity is apparently dependent
on the presence of adsorbed gas. Accordingly, this has been tentatively
interpreted as being due to resonance tunnelling effects caused by

adatoms on the semiconducting/insulating impurity microstructure.

7.4 In order to improve the understanding of this type of emission
mechanism and to test the viability of the proposed model, further
detailed investigations are necessary. Experimentally, these would

include:

(1) extending the range of measurements to a wider variety of
materials in order to confirm whether or not the spectral shifts
are characteristic of a particular material and hence of a part-
icular impurity in that material.

(II) the development of a more refined surface treatment technique which
would allow a greater degree of control in the investigation of
the effect of surface conditions on the emission spectra.

(III) the development of an improved electron optical facility to gain
more accurate location of emission sites and consequent high

resolution imaging and elemental identification of the relevant
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surface microstructure.

(IV) further studies on the variation of the spectral shift with
emission current to determine whether this is characteristic of
a particular type of site.

(v) correlation of the present work with the optical studies on
electroluminescence at the emission sites to confirm whether or

not they are consistent with the proposed model.

7.5 Theoretically, the most immediate requirement is to quantify the
proposed model in order to substantiate its physical viability. This
would involve calculations of the tunnelling probabilities between the
metal /semiconductor and semiconductor/vacuum barriers to determine whether
this agrees with the observed level of emission current. In conjunction
with this it would be necessary to calculate the extent of electron
heating in the conduction band and consequently the energy level at which
the electrons tunnel through the semiconductor/vacuum potential barrier.
If these calculations gave favourable support to the model it should then
be possible to use these predictions for artificially constructing an
experimental regime to simulate the known characteristics of the naturally
occurring emission sites. If this was achieved, the final stage of the
investigation would be to apply the knowledge to improve the insulation
performance of high voltage electrodes in vacuum. This might involve,

for example, the elimination of certain species of micro-impurities
present in the electrode surfaces. The treatment necessary to do this
would depend on whether the impurity was present as a micro-constituent

of the electrode matgrial or had become embedded in the surface during
machining or ﬁﬁlishing of the electrode surface. In the latter case an
in-situ treatment under vacuum conditions might eliminate the impurity.

Alternatively it might be found that some special metallurgical treatment
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of the electrode material is necessary to rid the surface of a certain

microstructure.

Brief mention should also be made of a further possible application of
the findings of such simulation studies: this is the fabrication of a
high current density "cold" electron source which would be of considerable

interest in a number of industrial applications.
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A COMPARISON OF THE ELECTRON ENERGY SPECTRA OBTAINED FROM HIGH-8

EMISSION SITES ON BROAD-AREA HIGH-VOLTAGE ELECTRODES OF
COPPER, TITANIUM AND STAINLESS STEEL
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ABSTRACT

A high resolution electron spectrometry facility has been used to
easure the energy spectra of stable emission sites found on extended-area
lectrodes of copper, titanium and stainless steel. In all cases, the
pectra indicate a non-metallic type of emission process similar to that
bserved with laboratory fabricated semiconductor emitters. Accordingly,
qualitative interpretation has been given in terms of composite tunnell-
1g processes from a metallic substrate through the semiconducting ambient

xide films found on commercially prepared electrode surfaces.

'TRODUCTION

The most widely favoured physical interpretation of the prebreakdown
rrents that flow across a high voltage vacuum gap assumes the presence of

eld-emitting metallic microprotrusions on the cathode surface, where the

croscopic gap field is geometrically enhanced by a factor B to a micro-
9

opic value . 10° V m-l which is the threshold for 'metallic' field

ission to occur. It follows from this model that the value of B can be
und indirectly from the slope of the Fowler-Nordheim (F-N) plot of the

ebreakdown current /voltage characteristic, where typically 10 < B < 1000;

addition, the area of the emitting site can be found from the intercept

the F-N plot.



i
This model would appear to provide a satisfactory explanation of the
8 ($ 100) emission sites found on electrodes that have suffered surface
mage in the form of microcoating following microdischarges or arcing,
ere independent electron optical evidence of surface profiles show micro-
otrusiemsof appropriate geometry. However, for stable undamaged electrode
irs, there is no complementary electron-optical evidence of surface
icrofeatures having geometries that would give B-values much greater than
~ 100. Accordingly, it has been previously suggested by Latham and Braun
1] and Walters et al[ 2] that there is probably an alternative emission-
echanism that gives rise to 'high—B' prebreakdown currents. More
ecently, Cox (3 I has developed an in situ electron-optical technique for
xamining electron emission sites on broad-area electrodes and has in fact
onfirmed that those having high-8 characteristics are not necessarily

issociated with protruding microstructure.

In order to obtain more information about the electron emission
echanism that gives rise to these high-8 sites, a high-precision, electron
spectrometry technique has been developed for obtaining the energy spectra
f electrons field emitted from these high-f sites. Such spectra are
sxtremely valuable since their shape, half-width and the position of the
1igh-energy edge of the distribution relative to the Fermi level of the
smitter give quantitative information about the emission mechanism. The
First measurements to be made with this new facility compared the energy
spectra of a reference tungsten field emitting tip with that obtained
from the sites found on broad-area copper eiectrodes. The most important
conclusion from this initial study, as reported in a recent publication,i#]

sas that these broad-area sites had a non-metallic character, suggesting

BR2.2



t they originated from semiconducting inclusioms in the electrode surface.
present paper reports on the extension of this new type of measurement
other electrode materials with the aim of determining whether high-g

es are always associated with non-metallic processes, irrespective of
electrode material.

ERIMENTAL

p The experimental facility consists of a high-voltage test gap inter-

ed with a 180° electrostatic deflection electron energy analyser and is

wn schematically in Figure 1; the whole system being mounted in a UHV

mber with an operating pressure of . 10_10 torr. For these experiments,

 test cathodes (C) are in the form of 14mm diameter discs of thickness

um with rounded edges and form part of a plane-parallel electrode

metry. The anode (A) is of highly polished stainless steel with an axial

mm diameter probe hole (P). A bellows-linked external mechanical scan

ility allows the specimen to be moved parallel to the two electrodes.

re is also a 50W electron bombardment facility to provide in situ out-

sing of either cathode or amode by the appropriate positioning of the low

tage filament F. The specimens used in thié investigation had freshly

hined "test" surfaces and were spirit cleaned in an ultrasonic bath prior

mounting in a specimen holder that is insulated for applying voltages

to . 15 kV.

The spectrometer, with a resolution of ~ 25 meV, is based upon a 180°
ispherical deflecting element, H, with associated input and output lenses
id O respectively. The function of the input lens assembly is to de-
rate the electrons to the analysing energy of 2 eV and focus them on to
entrance aperture (D) of the deflecting element. Those electrons which

: the correct energy to be transmitted by the deflecting element are
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en reaccelerated by the output lenses and focused on to an electron
ltiplier. Full details of the construction, operation and performance

" this instrument can be found elsewhere (5]

An electrostatic lens has been designed to interface the electrons
erging from the high-voltage "test" gap with the input requirements of
e analyser. This is a two-element lens formed from the anode (A) and a
wcond component (L) and has two main functions: (i) to focus the diverg-
ig beam of electrons leaving the probe hole (P) into a parallel beam at
and (ii) to decelerate the electrons from a typical energy of ~5 keV
- (P) to ~2 keV at E. Further information about the lens design and
-her experimental details of the technique are to be published in a

yrthcoming paper now in preparation.
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A standard experimental procedure is followed for all new specimens.
he first step is to apply an increasing voltage between C and A to
etermine whether there is a site present on the cathode that will emit
7ithin the available field range; this is limited by a maximum gap voltage
f 2 10 kV that, typically, can only be sustained across gaps i 0.5 mm if
lash-over is to be avoided. To position a site opposite the probe hole (P
he specimen is scanned in a raster pattern in front of P until the emissio
urrent is registered at L. Micro—adjustments are then made to maximise
his current and centralise the site with respect to the probe hole: wunder
hese circumstances, the total emission current from the site passes
hrough P and is recorded at L. The current-voltage characteristics of
he site is now measured, which may then be interpreted in the form of an
=N plot to provide complimentary information about such sites. "By apply-
ng a suitable positive voitage toLthe electron beam can be focused to pass
nto the analyser input lens (I). Adjustments to the focusing of the

nalyser can then be made to obtain the energy distribution of the electron

eam.

ESULTS

The principle of this new type of measurement is illustrated in
igure 2(a). This compares (i) a typical energy distribution previously
btained from a reference tungsten emitter (415 Jwitn (ii) that form a site

n a broad-area copper electrode at an identical temperature and pressure.

Similar measurements have now been made on the sites found on titanium
nd stainless steel electrodes. These materials are of particular interest
ince they are commonly used in high voltage vacuum technology as providing

table electrode pairs. The energy spectra obtained from typical stable
B3-5
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i tanium broad area electrodes compared with that obtained from a
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ase is shown by the vertical broken line. Electron energy in eV,
.2 eV/div - x axis (going from high energy to low energy left to right).

lectron current per unit energy -y axis-[&][ 5].

Figure 2.

B3-6



ites found on these materials are reproduced in Figure 2(b), where the
ermi level of the emitter has again been marked. It will be noted that
he spectrum from the titanium electrode has a double-peak structure
xtending further into the low-energy range where the separation of the
eaks is ~~ 500 meV. The complimentary F-N plots for these sites are
shown in Figure 3, which also includes the characterisatiec for the

earlier copper result.[4] .

For the purposes of the subsequent discussion, it is convenient to
correlate this experimental data in terms of four parameters: (i) the
displacement 6E of the 737 point up the high-energy slope from the Fermi
level (see Discussion section), (ii) the half-width of the distribution
in (ﬂE)i’ (iii) the high-energy slope width and (iv) the E-values of the
sites,measured from the F-N plots.Thevalues of these parameters found for

the emitters on the three electrode materials are presented in Table 1.

Table 1
Material 1 width Energy Shift g value
(bE)£ Slope Width SE
(mV) (eV) (mV)
Copper 350 0.16 300 700
Stainless Steel 250 0.14 100 400
Ti 250 0.14 250 500



ISCUSSION

Four main conclusions can be drawm from Figures 2(a) and 2(b)

(i) compared with the spectrum from the reference tungsten emitter,
the spectra from the sites on broad area electrodes are shifted in the low
energy direction so that no electrons are emitted from above the Fermi
level (FL). The extent of this shift (8E) is shown in Table 1, where 6E
is the difference in the energy between a point 73% up the high-energy
slope of the spectrum obtained from the tungsten emitter — which theoret-
ically defines the position of the Fermi level [6] - and the same point
on the spectra obtained from emitters on the broad area electrodes.

(ii) all spectra hawve comparably steep high energy slopes, and,
with the exception of copper, have comparable half-widths for the main
peak.

(iii) the double-peaks of the Ti spectrum, with their separation of
~ 500 meV, suggests that there is an additional emission mechanism operat-—
ing with this material.

(iv) the g-factors of all sites, as determined indirectly from the F-N
plot of the current voltage characteristics (Figure 3), are generally high
(400-700) and would therefore require somewhat unrealistic geometries for
the metallic emitter model.

The most notable of these features is the low—energy shift in the
broad area spectra since this indicates a non-metallic type of emission
mechanism. In fact, reference to the 1iterature[7 ]strongly suggests that
their character is more closely related to the spectra obtained from
semiconducting emitters. On this basis, the shift could, in principle,

be interpreted in terms of (a) a resistive drop along the emitter due to



he current flowing in it, (b) electron emission only occuring from states
yelow the Fermi level and (c) a combination of (a) and (b). Alternative

'a) is normally only observed with long thin artificially fabricated emit-

: : =4 :
ers drawing currents in excess of 10 ~ amp. In the present experiments,

mitters could only be sub-microscopic in dimension, where the total

mission current drawn from a site whilst recording its spectrum is only

=10 W .
v 10 1 amps; moreover, the shift is insensitive to an order of magnitude

hange of the emission current. For these reasons, mechanism (a) is not

hought to provide a viable physical explanation for the shift.
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In considering mechanism (b), it has to be appreciated that despite
U.H.V. conditions and outgassing of electrodes, it is still not possible
to precisely define the state of the surface in atomic terms as is the
case with field emitting tips. Thus, the present broad-area electrode
surfaces wil'i have a complicated and variable atomic composition due to
the likely presence of a multi-species oxide covering of variable thick-
ness: 1in addition, the situation may be further complicated by the
presence of adsorbed gas atoms and contaminant inclusions. Consequently,
it would be unrealistic to attempt mere than a generalised qualitative
model at this stage, since even the theory for atomically clean semi-
conducting tips is still not complete. It would seem reasonable to
suppose however, that any region on the cathode is likely to be character-
ised by a metal substrate overlayed with a semi-conducting oxide film.
Consequently, a simple energy band representation of such a surface,
together with the associated potential barrier might appear as shown in
Fig. 4(a). When a high positive electric field is applied to the surface
the energy band structure would be modified to the form shown in Fig. 4(b)
On the basis of this model, it is possible to envisage at least four
distinct two—stage electron tunnelling mechanisms: A - from the Fermi
level (FL) of the metal into the conduction band of the semiconducting
layer, followed by a further tunnelling through the surface potential
Larrier into the vacuum; B - between the valence and conduction bands of
the semiconducting layers, followed again by vacuum tunnelling; C -
from the FL of the metal to an impurity level in the band gap of the semi-
conducting layer and hence through the surface potential barrier and
D - from the valence band of the semiconducting layer into an impurity

lavel, followed again by vacuum tunnelling. It is of particular
B3-10



Fig. 4.
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) One dimensional energy diagram of composite metal /semiconducting over-

layer. C.B. is the conduction band of the film and V.B. the valence
band. A represents an energy band in the adatom layer. ¢ is the work
function“of the metal and E_ the Fermi level. Xaf is the electron
affinity level in the film "and E._ the energy gag getween the con-
duction band and a possible impurity level. The broken line indicates
the position of the Fermi level, F.L. which is identical in the metal
and the bulk of the semiconducting film.
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) The effect on the energy diagram of (a) on application of a high positiv
electric field to the surface resulting in field penetration (see, for
example, Baskin et al. ( 8)). F.L. is the Fermi level in the bulk of
the metal which is the reference identified on the energy distributions.
The proposed emission mechanisms are (), (8, (¢) and (D).

Tn addition there is the possibility of enhanced emission at an energy
€ below the main peak if there is an appropriate adatom energy level
present.

ignificance that in the case of mechanisms A and B it is possible for the

Llectrons to be accelerated within the conduction ban as a result of field
enetration and thereby give rise to a flux of hot electroms arriving at
‘he potential barrier. In terms of the energy band diagram, this means
rhat they would be occupying higher energy states and therefore "see" a
rhinner barrier through which to tunnel. Accordingly, they would have a
greater probability of tunnelling into the vacuum levels which would result
in an enhanced electron current as is infered by the high B-factors cal-
culated from the F-N plots of Figure 4. A further point in favour of this
process is that it could give rise to excitation of surface atoms that

could lead to the "cathode-spot" electroluminescent effects recently

reported by Harley & Dooley[91.

In considering the double-peak Ti spectrum, it can be resonably
concluded that the high energy peak originates from one of the tunnelling
processes discussed above. However, an additional explanation is required
for the second peak which occurs at an energy of . 500 meV below the first.
One possible explanation is by a resonance tunnelling process caused by
the presence of a particular adatom species on the surface which has an
energy level opposite the conduction band of the semiconducting layer

(see Figure 4(b)).
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It should be finally noted that with the widely varying atomic surface

osition already discussed, it is likely that there will only be isolated
nts on an electrode surface at which the band structure etc. has a con-
uration that is potentially favourable for one of the emission mechanisms
occur. This conclusion would seem to be in agreement with the experi-
atal fact that this type of emission process is highly localised with only

e or two such sites generally being found on a given specimen.
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LETTER TO THE EDITOR

The energy spectra of high-p electron emission sites on
broad-area copper electrodes '

NK Allen and RV Latham
Department of Physics, University of Aston, Gosta Green, Birmingham B4 7ET

Received 5 January 1978

Abstract. An original high-resolution electron spectrometry technique has been developed
to obtain the energy spectra of electrons field emitted from localised sites on high-voltage
electrodes. From a comparison of these spectra with those obtained from a reference
tungsten emitter, it appears that the sites are non-metallic.

It is now generally accepted that the prebreakdown currents flowing between clean
broad-area high-voltage electrodes in ultra-high vacuum originate from highly localised
field electron emission sites. There remains however, considerable doubt as to the
precise mechanism operating at these sites. The most widely favoured model assumes the
presence of field-emitting metallic microprotrusions on the cathode surface, where the
macroscopic gap field is geometrically enhanced by a factor f to a microscopic value
=109V m~! which is the threshold for ‘metallic’ field electron emission to occur. In
this case, the value of B can be found indirectly from the slope of the Fowler-Nordheim
(F-N) plot of the prebreakdown current/voltage characteristic, where typically 10< <
1000.

However, there is no complementary electron-optical evidence of surface micro-
features having geometries that would give fS-values much greater than ~ 100. Accord-
ingly, it has been previously suggested (Latham and Braun 1968, Walters e a/ 1974) that
there is probably an alternative emission mechanism that gives rise to ‘high-f’ prebreak-
down currents. More recently, Cox (1975) has developed an in situ electron-optical
technique for examining electron emission sites on broad-area electrodes and has in fact
confirmed that those having high-f characteristics are not necessarily associated with
protruding microstructure.

This letter describes a new, high-precision, electron-spectrometry technique for
obtaining original measurements of the energy spectra of electrons field emitted from these
high-B sites. Such spectra are extremely valuable since their shape, half-width and the
position of the high-energy edge of the distribution relative to the Fermi level of the
emitter give quantitative information about the electron emission mechanism.

The experimental facility, which is mounted in a UHV chamber with an operating
pressure of ~ 1019 Torr, is shown schematically in figure 1. It consists of a high-voltage
test gap interfaced with an electrostatic deflection electron energy analyser. The ‘test’
high-voltage gap has a plane parallel geometry consisting of the specimen cathode (C)
and a highly polished stainless steel anode (A) with an axial 1:0 mm diameter probe
hole (P). A mechanical scan facility allows the specimen to be moved parallel to the

0022-3727/78/0004-9055 $01.00 © 1978 The Institute of Physics L55
33



L56 Letter to the Editor

To manipulator T

A
| A | s {
‘ Input lerises .‘\._Iﬂ_ |
‘ | T

Interfacing lens

Qutput lenses Electron

——» Qutput
0 multiplier i

Figure 1. A schematic diagram showing the lay-out of the spectrometer, ancillary
electron lens systems and the *test” high-voltage gap.

anode in the y-z plane, whilst maintaining a known constant gap between the two
electrodes. The specimens used in this work are copper discs 14 mm in diameter and
4 mm thick having a suitably rounded edge profile. They have a freshly machined °test’
surface and are spirit cleaned in an ultrasonic bath prior to mounting in a specimen
holder that is insulated for applying voltages of up to ~15kV. A 50 W electron bom-
bardment facility provided by a low-voltage heated filament (F) is used for either out-
gassing the specimen or the front anode.

The spectrometer, with a resolution of ~25 meV, is based upon a 180 ° hemispherical
deflecting element, H, with associated input and output lenses I and O respectively. The
function of the input lens assembly is to decelerate the electrons to the analysing energy
of 2 eV and focus them on to the entrance aperture (D) of the deflecting element. Those
electrons which have the correct energy to be transmitted by the deflecting element are
then reaccelerated by the output lenses and focused on to an electron multiplier. Full
details of the construction, operation and performance of this instrument can be found
elsewhere (Braun et al 1978).

The probe hole (P) and electrode (L) form an electrostatic lens which has been
specially designed as an interfacing element between the test gap and the analyser. It has
the twofold action of (i) focusing the diverging beam of electrons leaving the probe hole
(P) into a parallel beam, and (ii) decelerating the electrons from a typical energy of ~5
keV at P to the ~2 keV requirements at the entrance aperture (E) of the analyser.

The first stage in the experiment is to increase the voltage between C and A until a
specimen current is recorded at A indicating the presence of emitting sites. To position a
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Figure 2. Electron energy spectrum obtained from (i) a reference tungsten emitter and
(ii) a site on a broad-area copper cathode. The position of the Fermi level (FL) of each
emitter is also shown. Electron energy in eV, 0-2 eV/div, is x axis (going from high
energy to low energy left to right). Electron current per unit energy is y axis.
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site opposite the probe hole (P), the specimen is scanned in a raster pattern in front of P
until a current is registered at L. Micro-adjustments are then made to maximise this
current and centralise the site with respect to the probe hole. At this stage, a voltage—
current characteristic, and hence Fowler-Nordheim plot of the site, can be measured. By
applying a suitable positive voltage to L, the electron beam can be focused to pass into the
analyser input lens (I). Adjustments to the focusing of the analyser can then be made to
obtain the energy distribution of the electron beam.

Figure 2 (plate) compares (i) a typical energy distribution previously obtained from a
reference tungsten emitter at room temperature and a pressure of ~ 10~10 Torr using this
instrument (Braun et a/ 1978) with (ii) that obtained under identical temperature and
pressure conditions from a site situated near the centre of one of the copper samples used
in the present investigation. In both cases, the spectra are stable with time and are
reproducible from specimen to specimen. It should be noted that the electron energy is
decreasing from left to right. From a previous calibration of the instrument (Braun ez al
1978) it is also possible to identify the Fermi level (FL) of the emitter. The corresponding
Fowler-Nordheim plot for the copper site predicts a p-value of ~750 if a work-function
of 4:5 eV is assumed for the emitter.

From a comparison of the two spectra of figure 2, three important differences in the
emission characteristics can be immediately identified: (i) unlike the reference tungsten
emitter all electrons from the site on the copper electrode are emitted from states well
below the Fermi level, (ii) the half-width of the copper distribution (~360 mV) is
broader than that of the tungsten emitter (~240 mV), (iii) the shape of the copper
spectrum is more symmetrical, i.e. lacking the characteristic sharp high energy slope found
for tungsten. In addition to these observations, the B-value of ~750 obtained from the
F-N plot is unrealistically high for the metallic whisker model.

It can be concluded that the general character of the electron energy spectra obtained
from broad-area emission sites differs markedly from that to be expected from metallic
emitters. Whilst the wide half-widths and symmetrical shape of the distributions could
possibly be explained in terms of tip contamination (Braun et al 1978), the shift of ~0-35
eV in the position of spectrum relative to the Fermi level cannot be explained in terms of
the Fowler-Nordheim free-electron model. In fact, the type of spectral shift obtained in
the present investigation more closely resembles the behaviour of semiconducting
emitters (Shepherd and Peria 1973). These findings would therefore appear to support
the contention that broad-area electrodes can support a more complicated field electron
emission mechanism (Walters et al 1974, Cox 1975), possibly involving semiconducting
inclusions. No specific model is proposed at this stage of the investigation, since more
comprehensive experimental data is required from a wider range of electrode materials
and surface conditions.
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