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ABSTRACT 

An advanced high resolution hemispherical electron spectrometer has 
been used to measure the energy spectra of the pre-breakdown electron 
currents emitted frog localised sites on broad-area high voltage electrodes 
under U.H.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 v 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 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 (<10° torr). 

If a steadily increasing voltage is poriied 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 wnich 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 tie 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 

high 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 V, will be higher if the voltage has been reached in small 
b 

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

suudenly applied.
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1.1.2 If 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 gap between the electrode pair is 

again tested, it is found to have a much reduced breakdown voltage, Vp» 

even after conditioning. ‘his 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 

atoms of one or both of the electroues or desorbed gas. Moreover, in the 

final stage of the growth of the discharge, i.e. the arc phase, it is 

known 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 been 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 

Woot: {1] 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 v 15 torr. 

Further work was carried out by nobbs [3] who noted that breakdown was 

dependent on the electrode material and occurred at v 10° V/m. Altnough 

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

the electrode gaps were small so that 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. ifillikan and Sawyer [4] 

confirmed that the voltage required fee txeakdown was independent of gas 

? 25 8 ‘i . E pressure in the range 10 ~ ~ 10 torr. They also made the observation 

"in which the breakdown of the effect now known as "electrode conditioning’ 

voltage performance can be improved by increasing the voltage across the 

gap in swall steps, with a stabilising time following each increment 

  

llikan 

7 

during which sparking or microdischarges occur. By this process, 

and Sawyer found they could increase the breakdown field from v 3 x 10° V/m 

to UV 162 x 10° V/m. 

1.2.2 In 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 known as "field 

if V/m emission". They detected minute currents at fields between I-5 x 10 

at a pressure of % 10° torr, and although various heat treatments coula 

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

concluded that this did not occur at a specific field. 

1.2.3 More precise measurements were reported by Millikan and Eyring in 

1926 {6] in which the current versus field relationship was measurea for 

a tungsten 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 eitner 

be isolated points where the work function hag 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 In 1928 Millikan 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 more 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> 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 v 0.25 Aen? for 3 minutes at a hydrogen 

pressure of \ 1 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 increasing 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, ie 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 tie 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 taat ion transfer as well as electron emission 

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

in vacuum breakdown. 

1.3.0 Pre-breakdown studics subsequent to the introduction of ultra high 
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 became 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 byke and otiers £11, 12, 13] and were based upon a point-to-plane 

geonetry 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 tiroughout tie course of tne experiment. Values for the 

electric fielu at breakdowa of % 7 x toe V/m were obtainea, which was 

one or two oruers higher than that found on-more usual electrode geometries. 

‘the authors also concluded that the breakdown mechanism in this point-to- 

plane geometry was resistive heating of the cathode tip by field emission 

currents. Whilst these results were far more controlled and definitive 

than anything previously publisied, they were quantitatively so different 

that it led to the conclusion that the point-to-plane geometry was not 

directly comparable to tne plane-to-plane electrode geometry. 

1.3.2 With a view to answering this problem, a series of experiments were 

carried out by Alpert et al [14] to determine wnether the results of the 

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

electrodes consisting of 35um dia discs cut from single crystal tungsten. 

The pressure throughout the measurements was <2 x lo? 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.005nm to 4mm which 

covered a range of six orders of magnituue in KE bssentially, they 

found that the pre-breakdown voltsve/curcane characteristics closely 

followed the equation which Fowler and Nordheim [15] had put forward in 

1926 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 graph of log iyy? ve Viy (the Fowler Nordheim equation) became 

constant. They found that for the stated gap range the breakdown field 

as determined by tne plot of log iy? v. Vy was 6 x 1? V/m, virtually 

identical to the result obtained by both Dyke and Boyle et al [16]. A 

further point of interest arose from their investigations into the effect 

of gap spacing on the breakdown voltage. ‘hey found that the non- 

linearity between these two factors could be accounted for by the variation 

in local field enhancement, 8, with gap spacing. They attributed this 

variation as being aue to two contributions to p, a microscopic one 

causéd 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 

concluded from this and the repeatability of the voltage/current character- 

istics that the 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 v 10 2A. 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 surface. This was further established in 1968 by Latham and 

Braun [22][23] who showed, using a 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 microcratering 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 % 1500ms!, which, based on estimates of the probable size and 

charge of a typicai microparticle, corresponds to a gap voltage of > 50kV; 

in practice, however, the cathode microcratering 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-critical impact 

velocity, would be reflected back towards the catiode under predominantly 

elastic conditions. by further assuming that the charge on such a clump 

could be reversed during the elastic refiection, 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 cathode and the absence of significant anode 

microcratering. Also, since the charge reversal mechanism would be likely 

to depend on the electrical properties of the anode surface this would 

account for the dependence of cathode microcratering on anode material. 

It was later shown by brah and Latham [24] that such a mechanism could 

indeed operate. This was demonstrated experimentally using a specially 

designed source of artificially generated microparticles in a coutrolled 

  

study of the momentum and charge reversal of such microparticles in a hi
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voltage vacuum gap for impact velocities in the range 5 - 200ms! , 

1.4.4 Another possible mechanism whereby microparticles could give rise 

to high voltage breakdown was put forwatd by Olendzkaya [25]. In 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 was 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 

~u 10 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 ~% Sum 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 establisited. 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 vaporisation 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 seems 

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 follow the Fowler-Nordheim equation [15]; 

this was originally put forward in 1928 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-Nordhein 

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. hey 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 0.25tmn. 

In each case a projection about 2u in height was found. A further refinement 

was to carry out the field euission 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-Nordheim plot 

of 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 locati 

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 0.5mm 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 fall whilst the probe anode current would 

simultaneously 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 O.Imm. 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 emits. 

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 8v0°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 Further tests were tnerefore carried out to ascertain whether the 

elevated temperature of the emitter had 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-Nordheim) equation 

and the thermionic emission (Richardson-Schottky) equation. ‘he 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 

temperatures by the thermionic effect. however, 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 used (~ 10> torr). With the dielectric 

nature of such a surface it is possible to consider an alternative mechanism 

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
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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]. iie 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 position of 

each emission site on the cathode to within 40ym He 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 Gacorporating 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 and then 

with the specimen in situ observe the surface microtopography in the region 

of the site using the wicroscope. By employing an improved electron 

trajectory technique it was possible to predict the position of an emission 

site to within a 20ym square and then take an electron micrograph of this 

exact area. The results again showed that whilst the electrical character- 

istics of 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 v I1Oym and gap distance = Imm thus were not 

strictly broad area in nature. The measurements were carried out using 

nano~second pulses 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 [39] 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 ploto- 

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 attempt 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. 

">assive" situation, clean, polished In the first, which may be termed the 

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 wicroscopes 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 could 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 Electron Emission From Metals 

2.1.0 Introduction 

2.1.1 As has been indicated in the previous chapter, tie 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 addition, 

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 It was established at an early stage that the current flowing 

between two electrodes prior to vacuum 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) (29) (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 field. 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 Nordheim 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 V(x) of an electron as a function of its distance x from 

the surface. At OK the Fermi energy, t, corresponds to the highest filled 

energy level in the metal while 9, the work function of an infinitely 

large extended plane, gives the 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 _ 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, N(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 multiplied by tie 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 tiie Fowler 

Nordheim equation, is obtained by integrating P(w)dW over all W.
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Referring to fig(5) 

V(x) 

  

Where x<0 (1) 

= en on Where x>0 : (2) 

where ~e is the charge on the electron and F is the electric fiéld. 

The x part of the total energy of the electron is given by 

W= Px? + (3) ia ga) 

where P is the electron momentum in the x direction and m is the 

electron rest mass. 

The current density, J, is given by 

J=ef” Paw 
-Wa 

or J=ef” NW)DW)aw (4) 
-Wa 

2.2.4 Considering now an electron in momentum space with co-ordinates 

PxPyPz (instead of position co-ordinates X Ys 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 4x is the uncertainty in the position co-ordinate 

Similar relations hold for the other two axes; thus: 

APx APy APz = b> sh 
AxdyAz Vv
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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 values 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 is 

dPx dPy dPz _ W 
2 Px Aby MP2 eg 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 Fermi 

Dirac distribution function 

= 1 where & = Electron energ 
£(@) = on Eegy+ 1 oo 

kr t = Fermi energy 

Thus? k = Boltzmann's constant 

dn = 2E dPx dPy dPz 
a io exp es 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 

I, 0, x 2 abx dpy aPz 66) 
Py= Pz= mn we exp, 

  

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 dW incident on the surface, that is 

NW) dW. 

ap 
Thus N(W)dil fee yokes     

Z 
But E = W + -2-5=2 

te N@aWw = Zea fy? Sy te 
h re onl ee te Pyet ze) +1 

kT akT 

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

& Cos 0 ty a 1 

Pz = 2% Sin 6 

  

2 0 gap a Woy = 2, pen 5 
ho £50 6-0 exp/ Wo. k +1 

kT * Qmkv, 

AnkT Wee (€ 
aes loglexp “Gr * exp - (Sagy 

° 

4 as 
n¢w) = EET tog + exp ay i ke 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: 

so + a (W - u(x)Ju = 0 

ee Ze = where u(x) is the wave function. 

Solutions to this equation may be found by using the Wentzel-Kramer-
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Brillouin (WK3) approximation [42] which is applicable when Ws Vie (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: 

22 —<—$_—___ 
BD pees rae 82 [y(x) - Wlax 

x 2 . 1 t 

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

Miller [43] and leads to: 

DW) = a a wf 
me. F 

  

(8) 

  

Values for the function v(y) with varying y have also been given by Good 

and Miiller [43] (y = 0.956 - 1.062y7). The value for P(W)d™ is given 

by substituting (8) and (7) in (4). 

Yom tape 

Thus P(W)dW = aeet exp elt v(y) tafe {ied} (8) h Kc 

Since the field emitted electrons have energies in the region W = zc, it is 

permissible to approximate the exponent in the transmission coefficient by 

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

avanliil” yyy @ + Hat 
e ‘Shek a os 

i & Osa? where oc = 3p=5>  v(y) (11) 

gic sher (12) 
2V2mp t(y) 

A let = 2 oa) 
and CO) SVG ais Jed (13) 

¢ = -g 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° ¢ 7G) 

F 

  

é F 
a= 2.76 x 10 F electron volts 

ee 
g# tly) -1 

where F is in volts metre 
@ is in electron volts 

For low temperatures 

KT log (1 + exp ~ EE) = 0 when W>f (14) 

=Uu-W when WS ¢ (15) 

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

P(W) = 0 when W > 

= - exp (-< + ss) (t-¥) (16) 

when W< % 

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

has the value 

  

P = ftmd 
ee re expe) 

Good and Niiller [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. - ve to #. In practice, since - Ww, 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 

4 i W armed Tm ef ee exp lie 1s (c-wydw = SURES exp (-c) 
3 d S oo h = h 

3p2 ram 432 \ 
= — eo Ae vi) a7) 

8rhgt” (y) 

Inserting numerical values for the cohstants 

652 oy 5/2 
1. ¥ 6. ‘ gz = 1:54 x 10 a [=6.83 x 107 ¢ GD (is) 

$ t7y) 2 2 
amps /m’ 

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 >. This then gives 

poi) = SET exp [-e + Git) (b - fp] as) 
h 

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 emission) 

= 1) low temperatures and high fields (Fowler Nordheim emission) 

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

between the two extremes. 

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

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

F > $83 x 10°1  volts/m 

Tius at room temperature with ¢ typically 4.5eV
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Fl6x 10° volts/metre 

2.2.10 Curves showing the energy distribution of field emitted electrons 

under various conditions of field 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 erreces 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 Ze This mechanisn 

was 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 > E” and heating when E < E*. There is experimental 

evidence to suggest [47] that at low temperatures E < E” but that as the 

temperature increases a point is reached (called the inversion temperature) 

at which the E > E” 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]. However, further theoretical studies which 

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

satisfactory. 

2.2.11 Ina 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 distributionin total electron 

energy that is measured. The new parameters defined by Young to obtain 

an expression for the total energy distribution were: 

Wt N(W,E)dWdE = number of electrons with energy within the range E to 
H + 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. r 

P(W,E)dNdE N(W,E)D (Ww) daz 

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

P(E)dE = f P(W,E)dWdE 
h 

; = 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 

E 

peepee « ME exe (of) x SD ero a 20)   

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 

      
5 Ve. 3/2 

7 -4(2m) bs tkt/d : oe 

oe exe ( Sher vo) Sin (Wt/d) 2)
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This is the higher temperature approximation of the Fowler—Nordheim 

curve and is identical to eqn (17) except for the addition of the 

wht /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 = ¢ - kTln(d/kT - 1) 

When T = OK E is a maximum and Eas =C 

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: 

P(eyas = MS exp SHE os : G 

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

in the distribution occurs at Bae = 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 

iiller [51] gave details of field electron energy 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 Tange between the extreme 

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

electron approximation for metallic emission using the equation for 

momentum 

pe (ext py? + 2%) | vin wees 
2m 2n 

0 ; 0 

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: 

v eee ae = £2 ee Gaw/tis) ee 
nh Eg Eg 

where ¢ = E.- V(x) 

effective electron mass at lower edge of conduction bana 

es w effective electron mass at upper edge of valence band 

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(Xm) = Aue It is shown that 

e DI/4 
Tk = Bo ° ) gol’ 

1k M where F is the field strength 

D is the dielectric constant 

The second characteristic temperature is Tc at which the normal energy 

distribution has a maximum at Ex = pl = p + 2kT where uw is the Fermi
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energy of the metal. Adopting a quasi free electron approach for a semi- 

conductor 

heF 
AI ee ay G9) 

nrc (2m xJ* 

X is the metal ~- semi-conductor or metal- 

vacuum work function. 

The energy range of E is divided into three appropriate regions 
1 

1) Gers p 

: 1 
11) Ue eae 

111) ES E! 

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

contributions 

1 - 1 1 d= 5, +3, * 5, 

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

= 1/2 (Tk/T) 
J = sinl(n/2) R/T) Jxs 

where Jog is the current density expressed by 

a Richardson-Schottky type equation. 

The extended field emission region is T < qT, and 

_ W(t/Te) 
I= stn [n@i/tey] Urn 

Say is the current density represented by the 

Fowler-Nordneim expression. 

The intermediate emission region is 2 < T < Tk/2 and 

    J=Q° (f/tc) Jey + % Jug q (TK/T) Ip 

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

Q5 and Q°° are know 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 log (J/J,..) We. Pf Te: 

or log (J/Jp<) v. Tk/T. However, a crucial test of the theory (as show 

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 (8) using 
free electron theory. 

2.3.1 In theory, it is possible to calculate the work function, $, of an 

emitter from the Fowler-Nordheim equation. it can be seen from equation (18) 

that by measuring the current (i) versus field (@) characteristics of an 

emitter and then plotting int /e* We ‘ip, that the slope, m, of this graph 

will be given by 

i pp: 
m= GC) 2 -6.83 x 10°67/sy) 

ac /¥) 

where S(y) = v(y) - yo eee for S(y) are given in 
43 

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

aifficult to measure. A simple approach in a plane parallel electrode 

geometry is to assume that 

Fe a where 4 is the electrode separation 

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 

of the local field enhancement at the emitter surface compared to the Vie 

field which would be obtained between two idealised plane electrodes. 

[Note: In the case of a point-to-plane geometry, the field enhancement is 

given by the equation F = BV in which case B has the dimensions of fe 

and will, of course, be quite different in magnitude. Since, however, most
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authors concerned specifically with pre-breakdown field emission currents 

define 6 by F = oy this will be used throughout this text]. A number of 

estimates have been made for B corresponding to various geometries by 

Good and Miller [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 In the case of broad area electrodes, these formulae nave been most 

‘commonly 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 10°) height h and tip 

radius r is given by [55] 

  

Bes > (22) 

The emitting area, S, can be defined as 

eeanee (23) 

where 

5 ry sina anda is the angle at the centre of the henisphere 

between the normal to the surface where the electric field has fallen by 

5% from the peal. value (this corresponds to the position where the emission 

urrent has fallen to ~ 1% of its maximum value). ¥For the above model 

this angle is 40° [44]. 

2.3.3 The emitting area S can be obtained from the intercept of the pre- 

exponential term in the Fowler-Nordheim equation. Referring to fig (9) 

  

it can be seen that
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Intercept = log Ce (24) 

  

where m is the slope of the graph 

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

GiG 5,5); x 10°v/m, the function v(y) can be expressed by the equation 

Z v(y) = 0.956 - 1.062y 

Also, t(y) #1 

Hence the Fowler-Nordheim equation becomes 

i pear peal os xelOM aS eh oO ota aig! e 
=) ® 816 wae BV 

At the intercept, Vy = 0, 

Logi 1-54 x 10°52 5 
1 

10815 2a ol ae ; 436 (25) 
ek $t 

Using the value for lof ig 2 obtained from (24), the emitting area, S, can 

i 

v 

be calculated from (25). Thus, knowing B and ¢, S can be determined. 

Using equations (22) and (23) r and h can also be found. In experiments 

which measure the pre-breakdown currents from broad area electrodes, a 

value for % is usually assumed and the above method is used to aetermine 

f, S, h and r; the cathode surface is then exawined to see if a protrusion 

of the calculated dimensions exists on the surface microtopography (e.g. (29)). 

In particular, the work of Cox [34] and more recently Cox and Willians [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 Martin [58]. They proposed that since 

2 bc eahe 
J = SE vs ( He vor) (26) ot’ (y) E 

  

and the slope, m, of thegraph of log aye ve Vy is given by 

eS/2 
ne eB St) SG) (27) 

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

  

  

Z 5 

sre oe, 2 exp 2, exp (4) (28) 
(a/v) Cy 

where C and D are constants 
2 

y= 3.79 x 10° 2 ¢ 

' 2 
v(y) = 0.956 - 1.062y 

ty) = 1.044 

S(y) = 0.956 

or Je= SSG) exp Gs) where G(¢) = ee exp 2 
m/v GY 

2.3.5 Calculations show that for $2 4eV the function G(¢) goes through 

a flat minimun and departs by less than + 7); from a fixed value. ‘thus the 

current density J and therefore tne effective emitting area, S$, of the 

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

While this may be useful in analysing field emission from specially 

  

   fabricated ti where the work function z y be known to be > 4eV, it is 

unsatisfactory in analysing the problem of pre~breakdown currents fron 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 considerable 

doubt. 

2.3.6 Sormond [57] has suggested a method for determining local field 

strength by using T-F emission and the unifieu theory of Christov [52]. 

The method relies on the fact that im the T-F region a good approximation 

using Christov's theory is 

3 2 i ‘ 
log “/E = A + BF where A and B are constants. 

F is the true field at the surface and 

i VFapp 

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

using one of the usual electrostatic methoas and y is determined experiment- 

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

2 
applied fiela and then plotting log * ig F » from which a valuc Vane 

app arp 
for Pero - the experimental slope of tne graph - can be obtainea. Tne 

true theoretical value of 3 can be calculated for a given value of T and 

y = (.,/8)* exp 

dence the true value of F can be found. 

2.3.7 In practice, y is insensitive to the value of work function and 
1 

because of the dependence on (b)* it is possible to estimate y to about 

  

5% when the error in ae is~ 1UZ. The difficulty with the method 

appliea to broad area electrodes is the estimate of the temperature T 

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 Hiiller in 1962 [59]. 

They reasoned that since tie slope of tne Fowler-Nordueim curve is given 

by 

; ge ae 9 3/25 
sp = Gln(i/V") _ -6.83 x 10°6' & ere 5 = aie: ane a S(y) (29) 

and that the half width of the energy distribution of the electrons is 

given by (eqn (21)) 

o, = 6.76 x 10° (p/é+) = 6.76 x 10°” BY. (30) ° 
Lg 

(F in volts/m ') 

(¢ in eV) 

the simultaneous solution of (29) ana (30) will give independently values 

for 8 and $. ‘the main drawback with this procedure is that whilst both 

equations are defined for Y = OK, eqn (30) in particular is very sensitive 

  

to an increase in (see, for example, Table 2 - III in (60)). 

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

roon temperature. Young aud ifliller [59] and van Gostrum [60], for example, 

have overcome this difficulty by nieasuring the half wiath of the 

distribution from an emitting tip at various temperatures and extrapolated 

  

to zero to obtain % and hence solve (29) and (30). ist suck a procedure 

is feasible in the case of the fairly well controllea situation of an 

emitting tip, it is quite unrealistic for the broad area electrode situation 

where measurement of the temperature of the eriitting site would present 

enormous difficulties. however, this method does give a way of estimating 

  

a maximum value for the field, ass ng a value for $, and is quite 

independent of the field estimation from tne fowler-Nordneim plot. It is, 

therefore, of interest to compare the value for fiela ovtained 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. In 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): 

J} (e) = R(e) of Ce) (31) 

Here, rile) is the calculated free electron energy distribution, i.e. 

Iie) = HBL exp(- c)exple/a) #(e) (32) 
h 

€ = energy of the electron relative to 
the Fermi energy, ¢. 

a (es) 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(c) 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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geviation from free electron behaviour is the rule rather than the 

exception. Accordingly, a systematic theory of field emission has been 

put forward by Nicolaou and Nodinos [63][64] on the basis of which realistic 

and accurate calculations of FEED distributions 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 

spherical potentials centred on each of the ions of the crystal. Gutside 

these spheres (muffin tin spheres) the potential is approximated by a 

constant. This approximation to the potential, know as the "Muffin 

tin approximation", has been extensively used in calculations of the 

energy band structure of transition metals. A simple model for a semi- 

infinite metal is used in which it is assumed that the bulk potential is 

terminated abruptly at the surface and outside the metal the potential 

depends only on the distance from the metal-vacuum interface. Low energ: 

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 treatuent leads to a rather complex 

expression for the total ewitted current 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 agreement with the experimental 

results (fig 10). 

2.4.4 & similar analysis has been applied to the (111) plane of copper 

by Kar and Soven [66]-and in this case a discontinuity occurs in the RE) 

peak. This is explained as due to the fact that the density of states of 

a tyo-dimensional band uoes not go smoothly to zero at the edge of the band. 
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Results for copper published by Vhittcut and blott [67] give only the total 

emission 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, results by Weng [68] on Molybdenum 

inaicate that similar theoretical and experimental agreement exists when 

applying a non-free electron theory and measuri the K€) curve. 

  

2.4.5 Won-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-d transitions and overlapping of s and d 

bands and concluded that these effects were observable in the FEED 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 6 and $ was put 

forward by Young and Clark in 1966 [70][71]. They pointed out tie 

possibility of patch field effects, a factor which iad not been taken 

into account in previous studies. They reasoned that differences in work 

function on adjacent regions of a single crystal emitter would give rise to 

substantial electrostatic fielas at the surface. These were called surface 

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

(33) 

where Fis the patch field strength. 

Thus the Fowler-Nordieim equation becomes: 

gio °F" 
J«= 

6 eC) 

  

and the slope of this curve is:
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5. « Slogti/v) _ /o.s7v \_ 2.96 x 107 37/2 sqy) hs 
EY OC") 1 oY Bor gev + 1)7 

LF, £276 

If the fiela distribution of the emitter in the absence of the patch field 

is assumed to be constant (8 = constant) then the ratio of the work 

function of a plane (a) (with patch field Be) to plane (b) (no patch 

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

term, is 

So Pk 2| 2/3 be | EONS: cS 
7 "EN(b) \ FP 

In a retarding potential energy analyser, as used, for example, by Young 

and lftiller [51], the integral of the electron current is measured up to 

an energy E. Expressed as-a fraction of the total current the current of 

an energy E is 

ie exp(E/d) aE 

S% exp(E/a) dE 

  

where i is the total current. 

hence 

The slope of the energy distribution curve is defined as: 

- os d Tora = FE) 

b d(&) 

‘s « _ 0.434 x 2(2ms) ty) (36) ans ee oe Seen ee 

  

(34) gives: 

(37) 
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When a value has been obtained for ¢ from (37) it can be substituted into 

(36) to obtain the field strength at the surface. In the final analysis, 

an iterative process must be used in assigning values to Fy? t(y), s(y) and 

B. 

2.5.2 If, however, equation (30) for the "slope" of the energy distrib- 

ution curve is solved for fF, the true field at the surface, and substituted 

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

[3204 x 107 =1.54 6 “E vy) se memereaa pf aisee eG) S. me 

Since t(y) is extremely slowly varying, it can be considered independent 

of S,. and it follows that 

SUS GED ee bobs SG) Cs 
TG) eq) 

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

S., on total current (by varying tie applied fiela), it is possible to 

obtain accurate values of % regardless of patch fields. 

2.5.3 In another paper [71] Young and Clark describea sone experinents 

carried out to check the above theories. Unfortunately, due to failure 

of their emitter, it was not possible to verify equation (38) and they 

made no corrections for patch fields. however, some high values for the 

worl function of the (110) plane of tungsten were found using equation (37) 

ana by varying the size of the eritting area using field evaporation 

techniques the importance of patcn field corrections vas confirmea. 

  

2.5.4 In 1975, Vorburger, Penn ana Plumer [72] took this one stage 

  

further by pointing out that the Young and Clark approach needea moaif ing 

  

to take account of the non-free electron be iour which is applicable 
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many cases. As shown by Swanson and Crouser [61] an expression for the 

current density per unit total energy, vee is given by 
° 

tice) = gy Efe) _exp(e/d) 
° ° d Where J_ is the total current (39) 50) 

density. 

For the free electron model assumed by Young, f(e) is the Fermi-Dirac 

distrivution and so 

Jyexp (e/d) 
a! 
ot em Cexsteyalaaiya G0) 

Here, P = kI/d is a dimensionless parameter; equation (40) breaks down 

for P = 1 and becomes unreliable when P % 0.7. Young and Clark used 

equation (40) to show that the slope of the logaritbm of tie) is 

1 
J 3 

= gif ‘ofe) 1 & 

ED 6b sad G1) 

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

the enhancement factor to equation (40) by putting 

1 
a) = R(e) Joe) 

where K(e) = enhancement factor 

ate) = measured total energy distribution 

1 NON 
J,(e) = calculated/free-electron 

total energy distribution 
ALLOWING FoR BAND STRUCTURE. 
EFFECTS (SEE REF (62))_ 

Thus, using equation (42), ‘ 

1 
~ dla SM(e) _ dln Re), Sén Ja(e) 

€ ED ée ée 
  wo 

oO 

1 
6én R(e) Bee we oy) 

ee it x (¢ e) ¥ 1 

(43) 

: Pee 
eee 69 Foc (44) 

TN B (equation (34) neglecting patch field effects)
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Then combining equations (44) and (43) 

(45) 

  

Equation (45) is derived for electron energies greater than U.1 eV below 

the Fermi energy so that f(c) = 1 toa very good approximation. The 

Sin k ; Ze ae term is the essential difference between Ce 
presence of the 

equation (45) and equation (37) (neglecting patch fields). Thus, if non- 

free electron behaviour applies, equation (45) must be used and incorrect 

results for $ will be obtained if equation (37) applied. If the tern 
Sin & . a 7 * 5 = Bk). is nearly fiela independent then the error introduced by the free 

electron equation (37) will be less important as the field is reduced 

since the becomes dominant. Vorburger et al also showed that, 

1 
S1n Jo(e) 3 
se term 

in the satse vay tat Young and Clark had obtained an expression for ¢ 

regardless of patch fields (eqn (38)), a similar result could be obtained 

for the non-free electron case: 

A(Ings, 2 2 gol? 
Sy) 2 ln R(e)/5e 

a = Sin Rte) /ae) 
  

aS, 5) SG = ro Supp 

2.5.5 ixperimental results vere tiaen reported by Vorburger et al using 

the (100), (112), (013) and (111) faces of tungsten. Vor the (112) face 

Gata were taken at 295K and 78K. Of particular interest was the (100) 

face which from the worl. of Swanson and Crouser was know to show a large 

sherical    K(e) Eactor at € = - 0.35 eV. The energy analyser used was a hemisy 

deflecting instrument designed Kuyatt and Plummer [73] operating at 

  

mos ee LO torr. Neasuretients vere carried out to find the variation of 

® (cauation (45)) with electric field at three different values of 

enersy (€). From the zero field intercept the value of $ could be cal- 

  

culated in each case, and the slope of each graph gave
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results showed that $ was approximately constant with varying e€ 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(e). Consequently, a value for ¢ was obtained 

in these cases by extrapolating the 6fn R(e)/de v. g:! graph to zero 

én R(e)/de. Using this method the value for ¢ obtained for the (112) 

plane showed only a very small difference at 78 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 ¢ 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 aescribea in Chapter 1 has shown 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 emission 

frou enhancing mwicro-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 

may be responsible. As shown in section 2.4.0, an energy analysis of the 

euitted electrons is capable of aistinguishing between field, T-F ane 

thermionic enission; similarly, emission froin a semi-conductor will have 

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 suggesteu that difficulty 

in interpretation of the data may be 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 strength actually at the point of 

emission. It can be seen, therefore, that energy analysis of the 

pre-vreakdorm electron currents emitted from broad area electrodes could 

  

prove a very powerful tool in explaining their origin. 

2.6.2 Consequently, the work described in this thesis was carried out 

to obtain the energy spectrum of such currents using a high resolution 

field emission energy spectrometer. The work involved adapting an 

existing spectrometer [74] to the specialised requirements of broad area 

electrodes and carrying out measurements on a number 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 gpectcometers: 

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 (~ 10? 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 ~ 200meV. An instrument reteiution of ~ 20meV is therefore 

desirable, which means that for an electron beam arriving at the anode 

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

is 10°. 

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 ve) there is only 

a relatively small increase in q 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 4 resolution \ 10° 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 mad 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 described in 3.3.2 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 element 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 Rin and outer radius Row? with an electron travelling in the plane 

of the paper and following the mid-radius Ry 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) ths
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IN FURTHER DETAIL IN FIGS. 22,2324 AND26, 

  

whe 3G Zee 

—_————Vq 

ELECTRON 

MULTIPLIER 

    

    

  

      
        Fig I3(b) Essential FEATURES OF THE ELECTRON OPTICAL 

SYSTEM OF THE SPECTROMETER. 

THE FIGURES GIVE THE LENS DIMENSIONS IN Mm, 
ELEMENTS 2,5 AND6 CONTAIN DEFLECTION PLATES.
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Fie 15. AN ELECTRON PASSING BETWEEN 

A CONCENTRIC PAIR OF HEMISPHERES 

ALONG THE MID-RADIVS ,Ro. 

Pale 

yD 
nN 

Fig 16’ THe HELMHOLZ- LAGRANGE THEOREM, 
THE REGION BETWEEN THE DOTTEDLINES REPRESENTS AN 

OPTICAL SYSTEM SYMMETRICAL AROUT PQ .RAYSFROM 
AN OBJECT HEIGHT S, AT P PASS THROUGH THE SYSTEM AND 
ARE. BROUGHT TOA FOCUS TO FORM AN IMAGE HEIGHT 
S2 AT Q. FOR SMALL ANGLES @ PARAXIAL RAYS 

N, 3,4, =f, Side 
WHERE f\, AND (1, ARE THE REFRACTIVE. INDICES OF 
OBJECT AND IMAGE SPACES RESPECTIVELY. 

FORTHE CASE OF ELECTRON OPTICS, flo \V, WHERE 
V IS THE VOLTAGE ON THE ELEMENT APPROPRIATE TO 
THAT REGION . THEREFORE: 

SAW = SOI.
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2 
a me (-e)(-F.) assuming non-relativistic velocities R Oo 

0 of the electron. 

where m= electron Test mass 

v = electron velocity (v<<C) 

-e = charge on electron 

F\ = electric field between hemispheres at Ro in 
direction shown. 

If the kinetic energy of the electron is Gr then 

2 i Roeky 

2 
me 

2 
  

€ 
a (46) 

Applying Gauss' electric flux theorem to a concentric spherical surface 

radius r Qiy Swe Row then: 

ay F(r). nds = anxF(r) = Z 
over oO 
sphere 

where as is the permittivity 

of free space. 

ns EG) eat ee ON): (47) 2 6r 4ne or 

where Very is the electric 

potential at a distance r 
in the field F, taking the 
usual convention that when 

=o, y= 

Using equation (47) to specify the potential Von at a point just outside 

the surface of the inner hemisphere (i.e. in the gap),
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-Q led 
ari —, dr 

atten a oe 

Q 
" (48) 4ire Ry 

Q Be (49) 4n Ron 

where is the potential at a point just outside the surface of the OH ce 
outer hemisphere (again in the gap). 

Now from eqn (47) 

Tr 
(x) 

.'. at radius Ro» 

Substituting this 

nee 

But from (46) F 

vite 9 

Similarly, 

You 

Hence the voltage 

of an electron of 

is: 

  

  

    

2 Z FE F 

ool vo o%o 
3 

Ry OH Rou 

2e Re & 
= a . 1H ‘OH 

re and since Ry 7 
0 

€ R 

fm oo 
1H 

c Re 

3 {+ ] (51) 
‘OH 

across the hemispheres required to allow the transmission 

kinetic energy 7 around a circular path of radius Ry
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R R. 
€a OH 1H AV,. = v - v, zs —_—_—_— - (52) 

H 1H OH e Ria Rou 

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]: 

fs - 2-4 5 a)? 
Ea ‘0 

where e, is the analysing energy of the hemispheres; that ia, 
the kinetic energy that the electrons must have in 
order to traverse the mid-path, Ry 

Ae is 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) 

a is the angular spread of the imput beam 

Hence, 

Aer = 36 6 me oe (53) 

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 e,> 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 ae < é the effect of this factor is not too 
0 

great since increasing a changes the shape of the transmission function
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Tather than increasing Ac. 

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 entering the spectrometer (before 

retardation) of 2keV i.e, a resolving power of 10°. To minimise 

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

2 Z ese (54) 4B, 

Thus from (53) 

eZ 2 de a = 2 te (55) 5 ea 

Substituting (55) into (53) 

Ae Zz 0.8— = = (56) &, 2B 

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) 

= 
ee z S$. a-V; S5a5V5 (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 

=F a 2.5 x 10 2S oO, =—S S09 2ex, 10P rad. 

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

front anode potential and vo as the mid-potential of the hemispheres leads



T2 

to 

eget re 
e,. Ry 

If Ac = 25mev, ois 2eV then 

Ry = 55-4mm 

In fact, a value of Ry = 50mm has been used which slightly alters the 

value of Ac to 27meV. From equation (56) a value for Z may now be 

derived: 

Z = 1.6222 = 1.08mm 
(ay 
a 

In practice, the input aperture is circular (1.0mm dia) and the output 

aperture is rectangular (1.1mm 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 Zz of the beam in the deflector from the central 

path of radius Ro: This constitutes the third analyser design equation 

and is given by [77]: 

Zz 2 

eee eft (Qe 
0 Ls 0 a 

oie ag Smm. 

In the final design of the spectrometer, R, = 60mm and Rig = 40mn 
‘OH
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giving a gap of 20mm. Using these values with equation (52) gives the 

voltage across the hemispheres as: 

Fe SO AO) 
NaS |g 60 

VE = 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 @ to a field of magnetic induction B will experience a force F 

given by 

FE o= -evy x B 

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. 0 = 1/2), equation (46) becomes: 

nv? 
eer. Kev 

Ry ‘0 

The new analysing energy e becomes 

eR, 1 Oe he, 
fa ve 2" €9 ie 

so that, 

Be be! 

Wer gle 1h] 0 

2 1 
Ry en 

Wor - 8 a Be ‘OH 0
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and 

€ R R 
1 

2 OH 1H 2 1 1 AV. ie V = VY ce Sa | LL ee eee) H 1H OH e Rin Roy 0 Ria Rou 

(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) w! and thus B v 8.5 x 107 tesla. For electrons which pass 

through the mid-radius of the hemispheres, 

a ev) » Where evi (= aD is the analysing energy in the = 
presence of magnetic field B. 

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

leads to 

vi = 1.985 volts 

i.e. a change in analysing energy of ~ 15meV. The actual value of 8, 

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 [80]. He found no detectable change in the 

energy spectrum from the instrument when the field was reduced to < ior? tesla. 

This gives supporting evidence to the theoretical analysis which indicates 

that the largest shift likely to be observed is I5meV; since shifts of 

® lomev 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 Wy for which electrons 

of a given kinetic energy, E> will move along the mid-radius, Ro: In 

order to obtain the energy distribution of the electrons arriving at 

the hemispheres, the mid-potential, Vor. 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 Vo is obtained as follows. Referring to 

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

2 ee oo 
oO 

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 Vo can be established in terms of applied 

voltages. This is done by referring Yo to Vin and Vou" Thus using equa- 

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

Va" Yun Y te ae slap ese Sou, 
1H iB 

a ¥[3- = 1.0 volts 

Similarly, 

You * Yo~ You * 2 2a + = 0.67 volts 

Since Vin and Voy 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 oy 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
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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 Ry and R, as shown in 

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

Wy + Von) by adjusting the resistors R, and Ry to give a voltage 
1 

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

resistors to a value of Mo + %c) with reference to. earth in fig 

(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 Ly, ~positimed in front of the 

hemisphere entrance slit - then the potential for the electrons arriving 

inside L, will also be Vo: 

3.4.0 The input and output lenses. 

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

criteria: 

1) to decelerate the electrons from an energy of \ 2keV at the anode 

to ~ 2eV at L, i.e. a ratio of about ide and 

ai) 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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WHEN WORKING AT OPTIMUM 

RAMP RESOLUTION 

VOLTAGE AVa = |:67 VOLTS 

Von = 1-00 VoLTS 

Myo = O-67 VoL"Ts. 

Fie 17, THE CIRCUIT USED TO OBTAIN THE REQUIRED 
MID-POTENTIAL OF THE HEMISPHERES, Yo. 

SINCE THE POTENTIAL INSIDE Y% IS ALSO %, 

APPLYING ARAMP VOLTAGE AT "A" ALLOWS ELECTRONS 

OF VARYING ENERGIES TO TRAVERSE THE MID-PATH 

AND SO BE TRANSMITTED BY THE HEMISPHERES. 

SINCE SVy REMAINS CONSTANT, THE RESOLUTION SS 

UNALTERED THROUGHOUT THE SCAN.
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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 

WV) 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/L¢ accelerates the electrons 

onto a rectangular aperture where the image magnification is 0.5. A 

set of deflector plates in Ly is used for steering the beam through this 

aperture. The emergent beam is then accelerated to approximately 200ev 

by lens L/L, so as to impinge diffusely onto the first dynode of the 

electron multiplier, thus reducing the effect of spatial variation in 

sensitivity on the multiplier surface. The multiplier used is a 14 

dynode Twentieth Century type ED525. The gain is quoted as 2.5 x 10° 

at 4kV and the maximum output current is 10yA. The dynode surfaces are 

beryllium copper and must be kept free of contamination particularly 

pump oil; 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 

asuatly via a storage oscilloscope but there is provision for an x - y 

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

3.4.5 The lens voltages are applied.using two Brandenburg alpha series 

O - 5kV power units, one of these providing the voltage for lenses 

Ly os Le 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 Vv)» so that the focusing properties of the lenses 

are largely unaffected by changes in vy 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 Vas 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 

Way during variation of vy: In fact, AVE 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 KQ - 10 M@) and an isolation amplifier



\ SOLATION 

  

Se EE ea ee ogee eh ampuirien 5° 

(7 se, etek 

ces 

ro a 
5 aoe, Vg 

ce —     

i
 

  

  

      

1-4 : if + FILTE 

      
  

  

      
  

  

ELECTRON 
MULTIPLIER V (L) 

“ COLLECTOR i ! 

: : t—- Vy 

V,-Vq 
oan ae 

Be « 4 

eee a Y 
: STORAGE 

ERs eee 

: OSCILLOSCOPE 
Gq 

      

  

      

        

  

  

        
  

  
Fieg |8. VotrAce SUPPLY ARRANGEMENTS OF THE 

SPECTROMETER. SUPPLIES FOR THE DEFLECTION 

PLATES (NOT SHOWN)ARE TAKEN FROMA 

SEPARATE RESISTOR CHAIN. 

AMPLIFIE



81 

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 has 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 pass filter 

(4048 per decade roll off, time constant variable between 10ys and 300ms). 

This filter is normally used on slow 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 + IOV and 

the electron multiplier output current for full scale is given by 

I = 10° amps 
fsd cm xX gain) P 

where R, = collector resistor inMQ. 

Thus the minimum current for fsd, assuming a multiplier gain of 10°, is 

mln Ay The noise current is given by 

V2(el AE) 
noise 

where I, is the imput current 

Af is the bandwidth of the noise (looHz) 

15 so that L 1.8 x 10, A or 2% of the input current. Thus, 

satisfactory operation is possible down to ee or on oe Pulse count- 

noise 

inging would be required for lower current levels. 

3.4.7 The ramp generator provides a switched energy scan of 1, 2, 5, 

or 10V; 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 vy 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 and has a Fermi level ¢ and work 

function op (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 vy, (Co Pore? is 

applied to Ly (fig 21), then the potential in the free space inside L, 

will be equal 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 vy is increased by an amount va so that 

vy = Pc + Yo 3 the kinetic energy gained by a field emitted electron 

in moving from the emitter to Ly will, at some value of v. just be equal 

to eVa (the kinetic energy required to traverse the mid-path of the 

hemispheres). Consequently, if v, is slowly increased from zero, then in 

the 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 L, will be those from the Fermi level. Therfore, for Fermi 

level electrons, 

y i - Yo (at the Fermi level) € 

€ 

fu € 
: Cm ee 

oF Nais ee a ae.
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Since ef, is known (from vie and the dimensions of the hemispheres, eqn 

(52)) and v, can be measured, % can be determined. In practice, Young 

[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 explained later in 3.6.1. If Vv, is now further increased, 

then Ve will correspondingly pass through a further range of values; thus 

for each electron energy below the Fermi level a value of ve will be 

reached such that the electron acquires kinetic energy eVa on reaching 

L, and will consequently be transmitted by the hemispheres along the mid- 

path. Since no energy is lost or gained by an electron in the barrier 

tunnelling process, the number of electrons passing through the hemispheres 

plotted against vy 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 cn is strapped to vy through the 

resistors RX and Ro> the resolution and pass kinetic energy, e.> of the 

hemispheres remains constant throughout the scan of Vy: Reference to 

fig (18) shows how Vy is varied in practice by inserting a ramp generator 

between the bottom of the lens resistor chain 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 In 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 vy 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 lene saasetedon. 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 tip which 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 i 

earthed at the same point to avoid any possibility of a voltage arising 

between the emitter and L, when Vy = 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 Vv, 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 position 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 

vy = 6.23 + 0.03 volts 

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

3.7.1 In 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 

(i) 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 v 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: 

(i) To reduce the energy of the electrons from \ 8keV when in the gap to 

the ~ 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. However, 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 

atungsten 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 field 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 

passing into the spectrometer. The broad area electrode requirement of a 

test gap size of \ 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.



89 

w
e
s
 

 
 

“
S
Z
I
S
 
W
Y
N
L
W
N
.
X
 

O
F
 

:
3
7
V
9
S
 

~
_
 

es   
“
P
S
L
A
W
O
Y
N
L
I
3
d
5
 
B
H
L
 

3
9
 
S
N
3
1
 

1
S
4
l
4
a
 
S
H
L
 
H
O
V
E
U
 

T
U
M
 

W
y
a
d
 

a
H
L
 
d
O
 

B
A
O
N
Y
 

N
a
W
l
D
a
d
S
 

A
G
O
N
Y
 

N
a
w
t
o
3
d
S
 

“LNIOd 
% 

AVHL 
L¥ 

T
V
I
L
N
S
L
O
d
 

3
d
O
N
Y
 

40 
oF 

B
V
L
N
S
I
U
S
d
 

ALYDIGNI 
S
Y
a
E
W
A
N
 

  
“
S
A
N
M
 

Q
1
3
i
l
4
 
4
0
 

d
u
v
d
 
L
N
V
I
S
I
N
D
I
S
 

ON 
L
Y
H
L
 
S
N
V
Y
A
W
 
S
2
N
a
5
U
S
a
N
a
 

SH 
N
O
I
L
V
U
L
3
N
a
¢
 
Y
N
I
M
O
H
S
 

B
C
O
N
Y
 

G
N
Y
 

N
A
W
I
o
a
d
S
 

“(Q)Wews 
d
a
w
n
s
 

SaWOLISrvAL 
NOY¥LI37" 

@) 
 
 

N
a
a
M
1
3
@
 

101d 
I
v
i
L
N
s
L
o
s
i
n
o
g
 

(0) 
‘
7
7
8
1
4



90 

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 parallel 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 v 1 - 2kV. 

3.8.4 Fig 25 shows a section through the final design of the lens which 

bolts on to the first input 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 \ 10mm 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-
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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. 
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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 + 5% in tre 

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 Imm central rear aperture any suth effects were apparently not 

serious. This is supported by measurements which showed that an electron 

current of only 3x10 14 passed into the analyser for an imput current 

of v 10/A, 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 interest over the probe ‘tote 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 ~ 14mm 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 1!4mm in each direction 

(ii) 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 complete 

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 MR 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, 

(i) the rotation of the RDI rod 

(ii) the angle between the (xy) and z manipulators using the adjustable 

bracket (fig 13a)
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(iii) the angle of scan, by rotating the whole of the manipulator 

assembly (fig 238). 

3.9.4 Correct alignment involves obtaining a parallel interelectrode 

gap, measuring the gap and ensuring that this remains constant during 

scanning. The alignment of the gap is measured using an auto~-coliimating 

telescope. Initially this is adjusted to obtain normal incidence/ 

reflection from the highly polished anode face of the interfacing lens 

(Zig 29). The rear of the specimen holder is also highly polished and 

forms the second reference face for the alignment. When a eaainen is 

mounted in the holder it is known that the front face of the specimen 

js 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 

RDI 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 tle 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 0.lpF with an accuracy of 

1%. As this is a d.c. method of measurement it eliminates problems of 

stray reactance encountered when using an a.c. bridge technique. Vigure 

(31) shows a graph of capacitance versus the Z co-ordinate which 

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

that no contact is made between anode and cathode, eliminating the
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possibility of surface micro-damage. 

3.9.6 The third alignment procedure is to ensure a constant gap 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 

assembly about the RDI rod, as shown in fig 28. 

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 v 10s 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. 

3.9.6 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. ‘he holder also supports an outgassing 

filament made from 100pm diameter tungsten wire. This has the dual 

purpose of outgassing both the specimen and the anode. by siting the 

filament beliind the specimen, outgassing can be carried out without 

bombarding the surface, thus avoiding possible surface microdamage. 

During outgassing, the specimen surface is normally turned through 10° 

to face away 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 using 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 terminal 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 assenibly 

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 alignment 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 0.5ma vertical steps. With the 1.0mm 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. 

Yo 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. Electron 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 picoanmeter. 

The response time for the Keitnley 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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10 ey 
A reducing to 0.003 second for a current of 10 oe With a scan oF 101 

of 16mm and a probe hole diameter of 1.0mm, a scan time of about 8 

seconds would be required to detect 107 PA, 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 adjustment. Consequently, a variable speed d.c. motor was chosen, 

a Parvalux SDI SS with 3168 : 1 gearbox and thyristor d.c. controller. 

This gave a maximum rotational speed of 1 rev/min. which could be 

reduced with the controller 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 v 30°. As the spindle rotates, the transverse 

motion of the inner bearing is transaitted 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 and 

backward 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 therefore removed 

and 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-manipulationu 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.



 



119 

site location. The motor unit was fitted onto a trolley shelf whici 

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 

microswitch 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 39. 

3.10.0 Obtaining the energy distribution 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 polisied 

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 v 230°C. Subsequent cooling ane 

filling of the liquid nitrogen cola trap gave a chamber pressure of 

~ 2% ton” torr. Prior to taking measurements, the specimen and anode 

are outgassed (using the filament on the specimen holder) with IkeV 

electrons at 50mA current. ‘he duration of this treatment is usually 

2 - 3 minutes which is sufficient to bene the specimen to dull red heat - 

a temperature of v 700°C - and to raise the pressure to v 8 x 1a” torr. 

By bombarding the rear of the specimen with electrons, there is no 

direct surface damage whilst the temperatures reached 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 the 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 cathetometer Recerence 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 site is shown in fig 35. 

It is convenient to use a log-scale picoammeter 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 present, 

a voltage is set which corresponds to an anode current of v IpA. The 

specimen is then scanned in a raster pattern in front of tie anode probe 

hole until an emission current is registered at L. lf this is caused by 

a genuine site then the increase in curreut at L will correspond to a 

in current at the anoge. ‘licroadjustments can then be maue to     

  

both the horizontal and vertical positions of the specitien to obtain
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maximum current at L. When the site is correctly centralised, virtually 

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 ie : _ De * 
are likely to be others. In practice, a current of ~ 10 “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 selects only a small part of the total current (~ 1/30U). 

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 

shown in fig 39. ‘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 amplifier is then connected to the 

x plates of a storage oscilloscope or plotter. 

3.10.4 The meter connected to L has an output of 0 - 3V corresponding to 

O - £.s.d. on the front meter reading. This 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 corresponding to an emission site has been registered during that 

scan,
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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 » iol ae 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. < IkV). 

In such a case, it 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 Finally, when the position of the specimen has been optimised and 

the required 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,@) 2kV 

55 Vo 158V 

V3 14vV 

v, 2, 5, or 10V scan. For 5V scan typically 5 - 10V 

V5 as v, 

Ve 17 

Va 200V 

Vv, 200V.
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ntal Kesults 

4.1.0 Introduction 

4.1.1 As mentioned in the in 

  

Yoductory chapter, iteasurenents have been 

  

made on electrode materials which are of interest in both tne "passive" 

  

and "active" iiigh voltage applications. 1a this chapter, results are 

given for the electrode materials in tie first of these two categorics 

where the measurements have been confined to the electron spectrometry 

teciinique already described. For tne electrode material used in tne 

   “active” application of nigh voltage vacuum switching, two additional 

facilities have been used to gain further information on the nature of 

the emission sites; these are electron microscopy and elemental }~Ray 

analysis of the emitting area. Consequently, a description of these 

techniques and the results obtained from this special electrode material 

are given separately in Chapter 5. 

4.2.0 Spectrometer Performance 

4.2.1 The performance of the spectroueter when used in the "normal" 

mode to measure energy spectra fro specially fabricated field emitting 

tips has already been discussed in detail by braun et al {74]. ussentially 

the authors found that absolute calibration of the instrument was 

difficult Lecause of the ratuer unsatisfactory nature of a tungsten tip 

as reference source. however, measurements indicatea an instrument resolution 

% 30meV and an identification of tie ewitter Fermi level was also 

carried out (see 3.6.3). a primary requirement of tie present invest- 

igation was to estadlisi, that the audition of the interfacing lens iad 

not influenced the perforsance of tne analyser, particularly in 

    respect of the resolution, Accordingly, the next section deals wi 

assessing the performance of this modified analyser and gives the
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results from measurements carried out on the instrument used in this 

work. 

4.2.0 The Performance of the Modified 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 Kuyatt [83]. ‘They assume 

that an energy analyser has a Gaussian transmission function given by: 

= 0.939438 exp | = 2.772588 5, 2 (8) ~ Bey (ab, 

where 4% is the full wiath at falf maximum of the transmission 
+t 

function. 

The effect of the analyser is calculated by folding the assumed Gaussian 

transmission function into the field emission energy distribution F(z), 

as given by eqn, 20(a). 

Nery ae CREEL): 

PG) SG TalG with + 1 (er) 

where C is a constant 

    

ge) = pc@!yce! - x) (62) 

The function ¥(£) is normalised so that at '! = Ok its peak value is 1. 

This requires that 

C = exp(-¢/d)
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and 

P(E) = exp[(b-c)/d] / ‘exp[(-¢)/eT] + 1 

Calculations were carried out at various temperatures between OK and 

300K and for each temperature the functions P and G were calculated at 

intervals of 0.00leV or 1% of AZ , whichever was smaller. iquation (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 77K (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 authors chose as 

a pertinant parameter in defining the resolution of the spectrometer 

the difference in energy between the 10% and 90% points on the high 

energy edge (AU(K)). Fig (42) shows the variation in AJ(E) with FWHH 

of the spectrometer at various temperatures whilst fig (43) shows how the 

  

energy distribution width (F.W.I.M.) varies with spectrometer F.W. at 

these temperatures. It can be seen from tnese figures that this metinod 

of determining analyser resolution is far more meaningful at low 

temperatures. 

4.2.2 ¥ig (57) shows an energy distribution 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(b) is ¥ 6.120eV (this represents the sharpest high 

energy slope obtained from the various specimens studied). Using tie 

results of Young and Kuyatt, this corresponds to a maximum bandwidth of 

  

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

by braun et al (~ 50meV) [74] on this instrument using a field emitting
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tungsten tip, there is a difference in the experimental conditioas 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 tie level of surface contamination. 

‘Yhere must inevitably be an impurity ever on the surface of the electrode 

being studied (discussed further in 6.5.5) and it therefore seens 

probable that the increased 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. 

Noreover, even this somewhat higher measured value of banawidth aoes not 

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

chapters 4 and 5. 

4.2.3 Measurements were next carried out to wetermine tne wininum usable 

  

current for the spectrorieter. o do this tne voltage between specimen 

and anode was steadily decreased and the gain of the spectrometer aaplifiers 

progressively increased until reaching the naaimum acceptable noise level 

compatible with proper analysis of the signal. At this setting the 

voltages 

  

vere removed from input lenses (L, > Ly) and the inner and outer 

hemispheres. The elements were then connected via a small e.m.£. to a 

picoameter (fig 44). With the voltages on the anode and element L 

ex remained constant 

  

remaining unchanged, the curreit into tie spectron 

  

and its value could be read on the picoanmeter. The minimu: 

= * = =H) + input level corresponued to an input current of v 10 "A, at which the 

signal to noise ratio was v 35ao. 

  

4.2.4 Another inportant effect sometines noted wien varying the input 

current, was shifting of the spectrum - a phenomenon not usually encouat— 

  

common in seui~conauctors where 

  

ered with metallic emitters, althoug:
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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 current for one 

particular copper specimen. It will be seen that for an input current 

of < 10 2a, 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 input 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 ~ 1UpA). 

Fig 45(b) shows the variation in the distribution F.W.H.M. 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. Neasurements 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 - Ly and then measuring 

the current at L with a picoanmeter.(fig 35(a)). Figs (40) and (47) show tne 

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

4504 

400+ 

  

350+   + 
5-0 SS 6oO 

MACROSCOPIC FIELD ACROSS 

INTERELECTRODE GAP (MV im’). 

Fig 45(b) VARIATION IN SPECTRUM F.W.H.M. WITH 
MACROSCOPIC FIELD ACROSS THE INTERELECTRODE GAP
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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) 

4.3.1. (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 metallic emitter - 73% up the high energy slope at 300K 

(50) - and the 73% position obtained on the actual distribution. 

The shape and half-width, Ey » 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 73% 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 high electric fielu at the surface (see 

eqn. 28 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 

model of " resonance tunnelling" originally proposed by Duke 

and Alferieff [&4] and later developed by others [85], [#6]. 

The slope of the high energy eage of the distribution, MJ@).- 

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-Dirac statistics. 

A shallower nigh 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 caused by contamination, 

such as observed by Braun et al [74] and discussed further in 

Chapter 6. i 

4.3.1.(4) Finally, the measurement of the voltage current characteristics 

associated with an energy distribution. Plotting this 

according to the Fowler-Nordleim equation (viz: log ijy? ve Ly) 

may provide information on whether the emission obeys this 

law, and if so, in assisting in the evaluation of 8 or ¢ (as 

indicated in Chapter 2). 

4.4.0 Whe Distributions obtained from the Test Specimens 

4.4.1 Measurements were carried out on three different electrode materials 

which are of particular interest in "passive" 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. It 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 material 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, ¢, - 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 ~ 10 minutes after each outgassing treatment when the 

pressure had returned to the base value of v 2 x 10 °rorr. 

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. (I5hrs.). 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 B obtained from the F-N plot. 

fhe 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 tine 

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 the 

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 

(b) shows the spectra and Table (0) gives the relevant details. Unlike 

all the other sites reported on in this chapter, sites 1 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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Fig 50. FowLeER-NORDHEIM PLOTS OF COPPER SPECIMENS. 
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field nad been increased by \ 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 energies by several volts, ind- 

icating a considerable "ik" 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 nore. 

The resulting spectra from one site are shown in fig 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 examined 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- 

discharge would occur in the chamber. iowever, 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 (6) 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 results 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 vacuua 

switchgear group at C.E.G.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 spectrometer. 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 Gardner et al [87]. 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 conductor 

wien 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.b. 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 current 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 arc, the rapid interruption of an 

appreciable current could give rise to dangerously high inductive 

voltages, since from Faraday's law of electromagnetic induction, 

- Ldi 
Vy dt where L is the inductance of the circuit and 

di e 
/dt is the rate of change of current. 

Should the are 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 inhibitea by causing the are 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 become 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 SEy 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 are 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 break 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 flows 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 v 10 

microseconds. | The 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 - 20m 

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 

switches rather cumbersome, such an increase could lead to poor dielectric 

recovery performance as a result of the increased distances that vapour 

molecules would have to travel before clearing the arc space. The 

object of the present investigations, therefore, is to try to identify 

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 when the opened
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contacts are subjected to an increasingly high voltage. In common with 

the "passive electrode" situation, 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 are 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. Conmercial electrode 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 

switches. 

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 observe 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 iarchwood 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 

    Miniscan scanning electron microscope (S..M.) with a resolution % 100na 

5. ae : < i 2 
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 ~ Sym 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 hole 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 !0ym. 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 cerotenece 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 

"putton" 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 ig then parallel to the anode surface. The cone specimen 

is then removed and the real specimen to be examined is 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 adjustment 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. by repeating this procedure down to very small anode- 

specimen gaps the final position will be accurately 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 IkeV are 

normally used and temperatures in the range 700 to 900°C attained. ‘The 

specimen chamber is baked to v 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 been 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,   

although not as low as normally used for such measurements, the pressure 

and also the cleanliness of the electrode surfaces are very comparable 

to those in a vacuum switch. 

5.4.0 Experimental procedure 

5.4.1 he experimental procedure is to spirit clean the specimen in an 

ultrasonic bath before inserting it into the S.E.M.3 in transferring tne 

specimen from the bath to the microscope the surface is kept covered 

to protect it from 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 (see, for example, Cox ana 

Willians [36]) and are characterised by inaving high B 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.} 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 tue other. Therefore, if any «aust 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 When 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
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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. 
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already discussed. Field emission measurements were then carried out 

by applying a suitable negative voltage to the specimen to give a pre- 

breakdown field emission current of a few microamperes at the " earthy" 

main anode. With the large probe hole on the optical axis of the 

electron microscope 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 beneath tie hole - i.e. the position of maximum 

current collection - a current-voltage characteristic of the site was 

measured so that a Fowler-Nordneim analysis of the emitter could be 

carried out. A possible criticism of this technique is that no allowance 

is made for the lens effect of the main anode probe hole which is exactly 

analagous to that of the spectrometer system and illustrated in figs 22(a) 

and (b). Consequently, not all the emission current may be collected at 

the probe anode which would have the effect of reducing the predicted 

value of 6. 

5.4.3 The next step was to accurately position the site to ensure that 

the 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 nole on the main anode was then 

placed centrally in the beam, this being verified by varying the magnif- 

ication of the microscope from mininum 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 ave the microscope beam on for a warm-up 
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period of 15 - 30 minutes before making this adjustwent, after which 

the setting remained stable. The probe anode was then returned to its 

position above the wain 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 region 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 i 

collected by the probe was a maximum. This procedure was then repeated 

at gradually reducing separations, and the position of the specimen at 

maximum 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 

get to these co-ordinates and the microscope filament was again switched 

on. After warm-up the probe anode was withdrawn and a final check made 

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, aetermine 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 snape of the 

site itself.
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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 which were present 

on the electrodes only one or two emission sites were found on each 

specimen examined. Although these were highly stable and 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 tae electrode surface area containing such an emission site whose 

characteristics were examined in both instruments. Fig (65) curve (1) 

shows the corresponding F-N plot taken from the i/V measurement of the 

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

5.5.3 Following the measurenents the specimen was then transposed to tie 

spectroneter system in a dust free capsule and mountea at the same orient- 

ation as in the S.c.ii. The specimen was then aligned in the spectrometer 

and using the position co-ordinates obtained from the microscope ana 

transferring these to the spectrometer as described in Chapter 3, the 

emission 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 ¥-N graph 

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

Further spectra measured at regular intervals revealed a gradual reduction 

in the low energy peak until, after 24 hours, only the higit energy peak 

retiained (curves (5) and (C)). ‘he F-s plot of the measurea i-V



Fig 64 

A series of micrographs taken in the V.G. scanning 

electron microscope showing the predicted area of 

the field emission site (201 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 

   



T ee 

  

184 

Fig65. FowLer-Norpueim Plots OF CoPPER— 
CHROMIUM ALLOY SPECIMENS. 
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characteristic of (C) is shown in fig (65) curve 3. No further changes 

occurred when the spectrum was left untreated for a further 36 hours 

(fig 67(a)(D( and fig 67(b)(Z)). The specimen was then outgassed using 

lkeV electron bombardment at a dvgeteation of SOW for 2.5 mins., the 

temperature rising to Vv 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-N 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-N plot is show in fig (65) curve (5). 

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

5.5.5 Yo 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 micrograph shown 

in fig (64). Having confirmed this, the instrument was switched to a 

manual scan of the 20kV, 10nA and 25nm 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
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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 

erack/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. However, this 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 400Cti/m?, 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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6.6.0 Discussion of results 

6.1.0 The energy spectra 

6.1.1 In 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 data 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. However, when a crystal was grown having a particularly 
° 

large (111) region (~ 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 tie Cit] direction. 

6.1.2 The band structure of copper has been evaluated by Burdick [88] 

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 fX direction. The first, Ay band will 

take 2 electrons; 4, will also take 2. It turns out from some detailed 

theory that 45 is doubly degenerate and takes 4 electrons. The last 

; 4 i 4 s 1 
electron goes into the second 4 which is thus half full, (the 4s can 

take 2 electrons) and the band is divided by the Fermi energy so that
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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 airection would reflect an almost free- 

electron like band structure with the maximum energy occurring at tie 

Fermi level. Considering now emission along the direction [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 Bineteon energy below the Fermi level. Kar and Soven [66 ] 

have pointed out that this effect would be difficult to observe experim- 

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 and 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 (~ 4U00meV) this 

value was found to be insensitive to specimen position in the case of 

the broad area electrodes. Moreover, 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 

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

; rH d oxygen atoms. however, studies 
enough to remove the strongly boun ye -
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have been carried out on the electronic structure of oxygen covered 

copper using photoemission and have shown that the presence of such a 

layer 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 Yo 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 photoemission 

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 . 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 Se) relative to the Fermi level 

has been derived by Stratton [90] for a degenerate metal of arbitrary 

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

If FMexp - (6, /a)é9 
2m 0 

ate) = JjFle) expe/d [ (63) 
d 

Where J, denotes the total current density already derived by Young 

(eqn. 20(b)) ana the term in brackets gives the band structure effects 

G@, is the maximum value of the transverse energy component, and Ne = 

x2), this can be neglected when EL /a >> 1. Under usual field emission 

conditions d % 0.15 - 0.25eV and for most degenerate metals exhibiting 

large Fermi energies EL is sufficiently large that te band structure 

term is negligible (For transition metals with partially filled narrow 

d bands, the value of En may be sufficiently small to peturb ste) through 

the band structure term. For example, this may account for the anomalous 

Yehaviour of the emission from tungsten along the (100) direction [46]). 

If the band structure term is neglected and the Fermi-Dirac distribution 

of £(¢) is assumed then 

J_exp e/d 
se) = (64) 

aq + exp_€) 
pd 

kr ae P a 
where p = —> and is a dimensionless parameter. 

d 

The matheratical derivation of eqn (64) breaks down for p = 1 ana 

becones unreliable when p exceeds about 0.7. A graphical representation 

of J{c) versus ¢/d yields a set of curves whose shape depends only on 

the dimensionless parameter, p, as shown in fig (72). These curves. 

have also been verified experimentally by Swaason and Crouser [48]. As 

can be seen, the broadening in the F i. of the distribution occurs 

  

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



204 

  

10) r HS Theoretical Curves} 

8 

e0
80

 ° 

    
as; 

it's
) 

6 

©
8
0
0
6
0
8
 

04 

fe
) 

(o
rb
it
ro
ry
 

uni
 

a2 

Fig 72. ThtoreticAL TOTAL ENERGY DISTRIBUTION PLOTS 
BASED ON THE FREE ELECTRON MODEL AT VARIOUS 

VALUES OF Pp AS GIVEN BY SWANSON AND CROUSER GI). 
€ \S THE ELECTRON ENERGY RELATIVE TO THE FERMI 
LEVEL. d= heF/a(amg)? tly), pe KT/d. 

al
s 

  

Fig/73\a) [DEAL MODEL OF POTENTIAL AND “TOTAL ENERGY 
DISTRIBUTION FOR FIELD EMISSION FROM A FREE ELECTRON 

METAL. 
(b) As (@) BUT WITH RESONANCE TUNNELING FIELD 

EMISSION FROM A NARROW BAND ABSORGATE. (AFTER 

GapzUK 8) ).



205 

energy, ¢, 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 

(vy) 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 seems to be 

following outgassing on 

  

some reduction in slope width and F.W.H. 

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

poth 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 seems 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 — 6.512. 

6.1.10 The general features of the distributions may be summarised as 

follows: 

(i) There is a broad similarity between the spectra obtained from all 

of the emission sites studied on the various materials. Most 

notably, they all show a shift towards 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.M. 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 650meV below the main one, the
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actual peak separation apparently depending on the electrode 

material. 

6.2.0 The Fowler-Nordheim Graphs 

6.2.1 In 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 ~ 4% and hence in this particular value of B of v 20. Because all 

the F-N plots fave 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 henispherically 

capped conical feature is responsible for the emission, the error of 

4% on the slope gives an error of + 30% in the tip radius, cone height 

and base diameter when calculated 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 this 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 model 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 term is not free electron- 

like so that predictions of emitting area from this graph are quite 

misleading. 

6.2.3 The values of 8 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. however, 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 1 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 earlier in the observations when a 

similar sequence of events occurred. ‘the possible sifnificance of this 

series of results is discussed in 6.5.11.
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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 In 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 and 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 multispecies 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 wouid 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 woulda include the situation where other 

isolated impurities are present on the electrode surface. ‘This model 

must be further complicatea by recognising that there are also likely 

to be various species of adsorbea gas atous on the surface contaminant 

film, Since it is well known taat 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 From 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 empty. 

At room temperature, for intrinsic semi-conductors such as germanium and 

silicon, thermal energy allows excitation of a small proportion of the 

electrons from the valence band into the conduction band. At these 

temperatures, therefore, the materials exhibit electrical conductivity, 

this arising both from the conduction band electrons and the holes in the 

valence band. In a semiconducting material like diamond, however, the 

pand gap is sufficiently wide to prevent any appreciable thermal excit- 

ation at room temperature, and it therefore remains an insulator. 

6.4.2 In metals, the Fermi energy, %, is aefined as the energy of the 

highest occupied state at OK. More generally, however, 0, 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 OX the valence banu is full
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and the conduction band empty, ¢ occurs in tie middle of the band gap 

(fig 75(a)). The addition of certain impurities to a semi-conductor 

(which is then said to be extrinsic) can leaa to permitted energy levels 

within the band gap which can give eel to either electron (n-type) or 

nole (p-type) conduction. This in turn alters the 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 made 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. Equilibrium will be achieved when the resulting charge distribution 

sets up a field wuich prevents further electron flow across the boundary. 

A consequence of this internal field is to perturL the energy levels of 

the semi-conuuctor near the junction, tais being represented by a bending 

of tue bands as shown in fig 706(a). 

6.4.3 A further difference in the electron energy band structure of 

metals and semi-conductors becomes apparent on applying a strong electric 

field to the surface. ‘his difference results from the more Limitea 

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 induced charge has little effect in the case of 

a metal because the number of aauitional charges involved is small com 

  

pared to the number of available conauction electrons. For a sem 

ductor, however, the position is different because the number of 

electrons in the conduction band is relatively small under most conditions. 

Consequently, the electric field way penetrate some 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 reduced 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, avy» depends on the 

strength of the applied field and the number of available free charges "i 

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 more limited conductivity compared with a metal. At the surface 

of a semi-conductor the atomic arrangement is different because there are 

no atoms on the one side with which to form bonds. Thus the surface 

electrons have different discrete energy levels from those of the bulk. 

Those surface levels which lie below the Fermi level of the semi-conductor 

will be fillea 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, AVE will develop down the shank of the emitter 

with a resulting variation in the Fermi level (fig 70(d)). 

6.4.6 A theory of field emission from semi-conductors was put forward 

by Stratton [90] in 1962, and again with some modifications in 1964 [91] , 

in which he derived equations for tie 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: 

2) (es 
M k E ie cee | ee ole Ue ey eel i a Ei B Lr exp 0. OS E v ¥ (65) 

and the corresponding total energy distribution is given by: 

EC; ATME = Cx ih ean ean c ILE) = On £(E rema(c, :) [1 exp (- Corb | (66) 

° 
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v and t are tabulated functions of their argument and for most practical 

cases t ¥ 1 and v #0.7. yw is the electron affinity in eV in tne bulk of 

the semi~semi-conductor and vs 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. Ey is the Fermi level measured from the bottom of 

the conduction band in the bulk of the semi-conauctor (fig 70(b)). ee is 

the energy of the emitted electrons measured from the bottom of the 

conduction band at the surface. rem Hey where x, denotes an average 

effective mass for the conduction electrons and m is the electronic mass. 

a is the shift in the electrostatic potential at the surface due to the 

induced charge. e is the dielectric constant of the semi-conductor. 

Similar equations apply for emission from the valence band. These



219 

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 More recently the specific case of germanium has ‘been considered 

by Nodinos [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 electron 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 cone 

mostly from the surface states and from the valence band. At higher 

currents, emission from the conduction band is significant, but still a 

swall proportion of the total emission current. ‘he 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 6.3.2. 

The wiectrenie 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. ‘he diagram also shows a further electronic 

energy band just outside the semi-conductor caused by the presence of a 

surface adatom, 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 layer and subsequently be emitted below the reference 

Fermi level of the metal substrate (the level identified on the energy 

spectra results). Referring to fig (76) these are: 

Gi) 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 conduction 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 AVE.» 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 niechanism are the broad high energy 

edges obtained 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 

tunnelling to occur, the path length of the electron must be © 50A . ‘the 

reduced potential barrier necessary at the surface in order to give the 

observed levels of field enhancement (say 6 = 400) can be estimated from 

eqn (18); this gives ¢ % 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, v ‘yp and finding the reduced value for the electron affinity, 

assuming no field ehtenceuen However, the gain in kinetic energy of the 

electrons assuming unimpeded acceleration in the conduction baad 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 ivy 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 

whens 

c _ ea 
vy + BV, + 0, Se en 

where 5, 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 emission current increases so 

too will AVp> assuming that the semi-conductor resistivity remains constant. 

Thus as the field increases there shoula be a shift in the spectrum, ana 

this kind of behaviour is illustrated in fig(45(a} however, this result 

was not typical of all the spectra - in some cases no change in shift was



22h 

observed up to the maximum emission currents used - v i0 (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 

1 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 impact ionisation. Typically, this occurred at field 

emission currents of 108 = 107 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 v io a. 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 the field increases the shift in 

the spectrum is exactly compensated by the increase in the energy 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 spectrum but 

no rigorous tests have so far been carried out to investigate this effect. 

6.5.6 In 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 lurley 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 atons 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 30U and 650meV below the main peak. ‘These are: 

(1) Valence band emission 

(2) Impurity band 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 I£ the main peak obtained in the spectra comes from the conduction 

band then it seems unlikely that the low energy peak is valence band 

emission, since the separation between the two peaks is much smaller than 

the probable band gap of any oxide layer. In Cu,0, for example, waich is 

essentially a p-type ionic semi-conauctor, the room temperature bana gap 

is v 2eV. If, however, 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 the lower energy peak 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 one emission site. From 

tne results obtained, however, it appears that the lower energy 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, ifa 

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 peak on the associated energy spectrum (fig 75(b))-. 

The presence of the peak is critically dependent on the separation of the 

adatom from the substrate surface, the width of the potential well and the 

position of the energy level within it. This seems to concur with the 

observed acetone nature of the low energy peak in the present studies. 

However, 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. No sucht 

behaviour is evident in the present results, as shown in fig (74). Tt 

should be noted, however, that the case of a metallic or non-metallic 

adatom onto a semi-conductor emitter has not so far been studied. 

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 earlier by Mileshkina and Sokol'skaya (98). 

In fact, Nicolaou and Modinos found that the experimental results could 

pe 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 observea 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, incomplete monolayer 

(of germanium) coverage and full monolayer 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 Vv 1.0eV (fig 79). The total current, which was a maximum 

for clean tungsten, decreased steadily until approximately one monolayer 

coverage and then eta 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 

becomes shifted the peak separation is not greatly affected (fig 51). 

6.5.12 Although the above results apply to resonance tunnelling from a 

metal substrate, rather than a semi-conductor, the mechanism is 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 chromium-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 Measurement 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 @ from the F-N plots, and hence 

  

also in the predictions of the dimensions of the emitter itself. lWowever,



228 

    olsen 
“6 “55 
  

Energy (eV) | 

Fig 79. ENERGY SPECTRA FOR GERMANIUM ON TUNGSTEN 

AS CALCULATED BY NICOLAOU £ MopiINos [97] .FULL 

LINE: CLEAN TUNGSTEN. DOTTED LINE ? INCOMPLETE 

MONOLAYER COVERAGE.BROKEN LINE ! FULL MONOLAYER 

COVERAGE. 

  

Fig BO. RATIOOF THE TOTAL CURRENT ON A SORPTION 

OF GERMANIUM (J) TO THAT OF CLEAN TUNGSTEN (3.) AS 

A FUNCTION OF ADSORB*XTE THICKNESS. O=| CORRESPONDS 
TO ONE COMPLETE MONOLAYERL97]. THE ARROWS 

SUPERIMPOSED ON THIS DIAGRAM(A-9C; CF, FO) INDICATE 
A POSSIBLE SEQUENCE. OF EVENTS WHICH COULD EXPLAIN 

THE RESULTS oF FIG 7/4.
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Fig SL ENERGY SPECTRA FROM TUNGSTEN COVERED WITH 

A DOUBLE LAYER OF GERMANIUM ACCORDING To NICOLAOU 

£ MODINOS[97]. THE BROKEN LINE IS ASSOCIATED WITH 

AN |NCOMPLETE SECOND LAYER, THE FOLL LINE WITH 

A COMPLETE OR DENSELY POPULATED SECOND 

LAYER.
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this objective was based upon the assumption that the field emission 

from these sites could be adequately described on a metallic 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 density 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 OX the equation for tne conduction band is: 

Ch > fn [2/(C, + exp ~ c\0)] 67) 

  

hh ookae oe 6 where C, = 10.25(¥ —5)| & y-t 68) 

Ais 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 

% are unknown. It can be seen from eqn (65) that a plot of log qT, v lig 

should give a straight line whose slope is proportional to the electron 

affinity, Y¥. In principle, a value for the electron affinity and the 

field could be obtained independently by the combination of equations 

(65) and 67) ina similar way to the method outlined for metals in 2.3.8. 

however, in the present case this is not possible since ¢ is also unknowa.
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Stratton obtained half-widths of between 2kT and 7kT for emission from 

the conduction band; similar equations apply for ei ission 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 aalf- 

widths than those obtained 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 v 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 63). 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 be 

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. Further, 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 one particular impurity 

(Fe) found in the inclusion on the chromium-copper sample has been proposed 

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 designed 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 © 10 fa. Occasionally, however, sites on 

the copper specimens have a current dependent shift which is present 

even at the lowest measurable levels (< 1078a). 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 contention 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 Ria 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: 

(I) 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 material or had become embedded in the surface during 

machining or polishing 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-g 
EMISSION SITES ON BROAD-AREA HIGH-VOLTAGE ELECTRODES OF 

COPPER, TITANIUM AND STAINLESS STEEL 

N.K. Allen and R.V. Latham 

Dept. of Physics, University of Aston, Birmingham BA7ET, U.K. 

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 

cide films found on commercially prepared electrode surfaces. 

'TRODUCTION 

The most widely favoured physical interpretation of the prebreakdown 

irrents 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 8 to a micro- 

opie value > 10° Vm‘ which is the threshold for ‘metallic’ field 
ission to occur. It follows from this model that the value of 8 can be 

und indirectly from the slope of the Fowler-Nordheim (F-N) plot of the 

ebreakdown current /voltage characteristic, where typically 10 < g < 1000; 

addition, the area of the emitting site can be found from the intercept 

the F-N plot.



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- 

otrusionsof 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 E 2] that there is probably an alternative emission- 

echanism that gives rise to ‘high-8' prebreakdown currents. More 

ecently, Cox [3 ]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 

mechanism that gives rise to these high-8 sites, a high-precision, electron 

spectrometry technique has been developed for obtaining the energy spectra 

»£ electrons field emitted from these high-8 sites. Such spectra are 

sxtremely valuable since their shape, half-width and the position of the 

righ-energy edge of the distribution relative to the Fermi level of the 

emitter 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 electrodes. The most important 

sonclusion from this initial study, as reported in a recent publication, 4] 

yas that these broad-area sites had a non-metallic character, suggesting 
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t they originated from semiconducting inclusions 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 

» 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 2° torr. For these experiments, 

/ test cathodes (C) are in the form of 14mm diameter discs of thickness 

mm 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 anode by the appropriate positioning of the low 

tage filament F. The specimens used in this 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 

analyser. This is a two~-element lens formed from the anode (A) and a 

ycond component (L) and has two main functions: (i) to focus the diverg- 

g 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 

»rthcoming paper now in preparation. 
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A standard experimental procedure is followed for all new specimens. 

the first step is to apply an increasing voltage between C and A to 

letermine whether there is a site present on the cathode that will emit 

rithin the available field range; this is limited by a maximum gap voltage 

f 2 10 kV that, typically, can only be sustained across gaps ~ 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: under 

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 [4][5 ]with (ii) that forma 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



Ca, 

     
2 (a) 2 (b) 

1e electron energy spectra obtained from Copper, Stainless Steel and 

itanium broad area electrodes compared with that obtained from a 

ference Tungsten emitter. The position of the Fermi level in each 

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.14][ 5 is 

Figure 2. 
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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 characterisatic 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 732% point up the high-energy slope from the Fermi 

level (see Discussion section), (ii) the half-width of the distribution 

in (AE) 5 (iii) the high-energy slope width and (iv) the f-values of the 

sites,measured from the F-N plots.Theyalues of these parameters found for 

the emitters on the three electrode materials are presented in Table 1. 

Table 1 

Material 4 Width Energy Shift 8 value 
(AE) Slope Width 8E 

(mV) (ev) (mV) 

Copper 350 0.16 300 700 

Stainless Steel 250 0.14 100 400 

Ti 250 0.14 250 500



JISCUSSION 

Four main conclusions can be drawn 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 (SE) 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 have 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 8-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 literaturel7 ] 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



she current flowing in it, (b) electron emission only occuring from states 

elow the Fermi level and-(c) a combination of (a) and (b). Alternative 

‘a) is normally only observed with long thin artificially fabricated emit- 

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 

¥10/7° aupssil moreover, the’shift ie insensitive to en 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 wili have a complicated and variable atomic composition due to 

the likely presence of a multi-species oxide covering of variable thick- 

mess: in addition, the situation may be further complicated by the 

presence of adsorbed gas atoms and contaminant inclusions. Consequently, 

it would be unrealistic to attempt more 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 

level, followed again by vacuum tunnelling. It is of particular 
B3- 10



Fig. 4. 

  

  
ie Meran } Me ADATOM 

SEMIcONDUCTING 
Fim.     

“
\
F
e
a
m
 

L
e
v
e
r
 

ID
EN
TI
FI
ED
 

on
 

Sf
ec
tR
UM
 

   
IN
CR
EA
SI
NG
 

E
N
E
R
G
Y
.
 

  
) 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. Xa is the electron affinity level in the film "and E, the energy gaS‘hetween 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 (a), (B), (c) and @)- 

In 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 

lectrons to be accelerated within the conduction ban as a result of field 

,enetration and thereby give rise to a flux of hot electrons arriving at 

‘he potential barrier. In terms of the energy band diagram, this means 

that they would be occupying higher energy states and therefore "see" a 

thinner 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 §-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(9|. 

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)).



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- 

ntal fact that this type of emission process is highly localised with only 

2 or two such sites generally being found on a given specimen. 
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The energy spectra of high-B 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 8 to a microscopic value 
210° V m~ which is the threshold for ‘metallic’ field electron emission to occur. In 
this case, the value of 8 can be found indirectly from the slope of the Fowler-Nordheim 

(F-N) plot of the prebreakdown current/voltage characteristic, where typically 10<B< 
1000. 

However, there is no complementary electron-optical evidence of surface micro- 

features having geometries that would give B-values much greater than ~ 100. Accord- 
ingly, it has been previously suggested (Latham and Braun 1968, Walters et a/ 1974) that 

there is probably an alternative emission mechanism that gives rise to ‘high-B’ 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-B 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-f 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 ~ 10-19 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 
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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 14mm in diameter and 
4mm 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 ~15 kV. 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 ef al 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 et 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 B-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 ef 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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