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Correlations are explored between the observed breakdown voltages in metal-vacuum- 
sandwiches and the properties of the metallic electrodes which are believed to be covered 
by oxide layers. A linear relationship is indicated between the work function of the 
electrode and the breakdown voltage. This relationship may prove useful in obtaining 
more accurate estimates for the breakdown voltage of the vacuum dielectric itself, when 
it is sandwiched between a wide variety of electrode materials. 

1. Introduction 
Allan and Salim [1] have issued recent data con- 
cerning the relation between pre-breakdown 
currents and the breakdown voltage for various 
metal-vacuum-metal  sandwiches. The depen- 
dence of breakdown voltage on interelectrode 
separation and the temperature (4.2, 77.3 and 
300 K) was explored. 

Their results were presented in terms of Fowler-  
Nordheim (F-N)  plots [1 ,2] .  It was found that 
the F - N  emission theory [2,3] governed the 
current flow in the gap up to breakdown, but that 
deviations occurred upon breakdown. Variations 
in breakdown voltage were attributed to changes 
in the field intensification factor and the effect of 
contamination layers. Under the experimental con- 
ditions, the electrode materials used by Allan and 
Salim [1] were invariably covered by oxides (A1, 
Cu, Nb, stainless steel) with the possible exception 
of Au. However, no attempt was made by them to 
relate the effects of the presence of oxides on 
metals with observed breakdown voltages in a 
quantitative way. 

The influence of oxide layers, contanlinating 
films and gases desorbed from electrode and/or 
discharge vessel surfaces upon current-voltage 
characteristics of the vacuum arc under pre- 

150 

breakdown and breakdown conditions have been 
subjects of concern in many studies. In an attempt 
to reconcile observed surface conditions for a 
tungsten cathode with the requirements of  local 
field enhancement, Walters e t  al. [4] have 
included in their calculations an electrode oxide 
film > 100A thick, as well as an additional over- 
layer >/70 )~ in depth of carbon-based contamin- 
ation. Latham [5] and Fane e t  al. [6] have 
measured the growth of equilibrium thicknesses of 
oxide film at standard temperature and pressure 
on copper (~  20 A) and stainless steel (30 to 50 A). 
They also demonstrate that a temperature in 
excess of 1300K is required to remove such a 
deposit of stainless steel oxide at 10-STorr. Thus 
adequate preconditioning of the electrodes in 
vacuum (< 10-STorr) is essential to ensure com- 
plete removal of electrode surface contamination 
and the possibility of oxide film formation. 

In addition, Beukema [7] has demonstrated 
that ions, released from adsorbed gas layers on the 
anode by field emission electrons, can change the 
emitting properties of a well-conditioned cathode. 
Further evidence of the role played by anode 
material properties on the breakdown characteris- 
tics of the gap, and by inference their effect on the 
emitting characteristics of the cathode, has been 
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shown by Rosanova and Granovskii [8]. 
Adams and Germer [9] explore the change in 

work function of an electrode surface with the 
adsorption of CO at room temperatuIe. Moreover, 
Derthotm [10] demonstrates the possible effect 
that pump vapour, a prime source of CO and 
carbon-based contamination, can have on the 
breakdown voltage of a vacuum gap. 

In all cases, attempts are made to stabilize pre- 
breakdown currents or breakdown voltages either 
by repetitive sparking [11-13] or by a d.c. current 
applied in vacuum [1] and/or in a hydrogen 
environment [10, 14]. Such preconditioning pro- 
cedures do not necessarily preclude the formation 
of metallic oxide f'llm on those parts of the 
cathode surface which control the pre-breakdown 
or breakdown phenomenon under study. 

Traces of oxygen are always present in the 
vacuum gap, as well as adsorbed on the electrode 
material. Oxygen can also be liberated by the 
decomposition of carbon-based contaminant at 
high temperatures during the preconditioning pro- 
cess or upon breakdown. The presence of metallic 
vapour ions or excited atoms emanating from the 
anode under electron bombardment would there- 
fore favour the formation of oxides near the 
relatively cold cathode surface. Direct transfer of 
metallic oxide from anode to cathode can also 
occur under discharge conditions. The effective 
electrode area which controls the discharge is quite 
small [15] so that the presence of only minute 
traces of oxide in vapour form can lead to the 
buildup of oxide layers sufficiently thick to domi- 
nate the emission characteristics of the cathode 
surface. 

Although the presence of contaminants and 
oxides has been mentioned by the authors quoted 
above, the effects of these materials on the break- 
down voltage in metal-vacuum-metal sandwiches 
have been dealt with only in a qualitative manner. 
An attempt at a quantitative analysis is undertaken 
in this article, based on the recent work of Trasatti 
[16] and Johnson [17] in connection with the 
surface work functions of metals alad their change 
due to the presence of oxygen. For simplicity, and 
because of the tendency towards oxide formation 
by metallic electrodes as discussed above, only the 
oxide surface characteristics of the relevant metals 
will be investigated. 

Moreover, since the primary experimental evi- 
dence [i]  upon which this article is based deals 
mainly with gap separations 6 ~< 1 mm, the appel- 

lation "sandwich" is meant to designate submiUi- 
metre gaps. 

Parenthetically, it should be noted that al- 
though the formation of an oxide on Au is 
unlikely on thermodynamic grounds, such a pro- 
cess is quite possible due to kinetic considerations 
under the experimental conditions used by Allan 
and Salim [1]. An example of the latter possibility 
occurs during the heating of Au in air, or when 
anodic electric fields are present at either metal-  
gas or metal-electrolyte interfaces [18]. One 
must therefore assume the presence of an oxide 
layer, howsoever thin, even on Au. This assump- 
tion is further reinforced by the fact that the para- 
meters upon which the F - N  theory depends (such 
as local electric field strengths, intensification 
factors, work functions, etc.) are influenced 
strongly by the state, preparation and conditioning 
of the surface. 

An important influence on the magnitude of 
the breakdown voltage, at a given temperature and 
metal-(vacuum)-metal spacing, is the relevant 
property or properties of the electrode material. 
Hence the actual condition of the electrode sur- 
face, namely the oxide coating, must be taken into 
account in the analysis of data concerning voltage 
breakdown. The purpose of this article is to 
delineate some properties of oxide-coated elec- 
trodes that show a direct relation to the magnitude 
of voltage breakdown Vb at a given temperature 
and electrode separation, 8. 

At all temperatures below 300 K, Vb versus 
plots exhibit the same general trends ([1] Figs. 4 
and 5). It should therefore be sufficient to illus- 
trate the oxide effect with data pertaining to one 
temperature only, namely 300 K. 

2. Correlation between oxide band gap and 
the breakdown voltage 

The possible influence of semiconductivity effects, 
characteristic of the oxide covering the electrode, 
upon the breakdown voltage Fb is best illustrated 
by plotting Vb values for various electrode 
materials against the band gap, Eg, of their corres- 
ponding oxides. 

Since an Eg value for the oxide of Au is not 
available, the matter may be explored by using the 
heat of formation per equivalent, AHe, values of 
the oxides under study. This can be done since, for 
a large number of  inorganic compound semi- 
conductor [19], 

E~ ~ 2(-A/-/o). (1) 
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Figure I Breakdown voltage, Vb, for metal-vacuum- 
metal sandwiches composed of indicated metals versus 
heat of formation per equivalent, --AHe, (or half band 
gap) of the corresponding metallic oxide. (Data from 
Table I.) 

Fig. 1 demonstrates that  Vb increases with 

increasing - A H e ( -  �89 for the pure metal  oxides 
o f  Au, Cu, Nb, AI. Stainless steel (designated by  
Fe in Fig. 1) departs from the general trend since 
Equation 1 only applies to oxides formed by pure 
metals. Table I summarizes the data underlying 
Fig. 1, together with the appropriate reference 
sources. 

The linear trend in Fig. 1 suggests that the 
observed Vb must contain a component  corres- 
ponding to a potential  drop across the semi- 
conducting oxide. In the case of  highly insulating 
oxides, such as those of  Nb and AI, there is an 
appreciable potential  drop across the oxide layer. 
Hence the measured Vb value consists o f  a com- 
ponent  pertaining to the breakdown of  the 
vacuum dielectric and another component  arising 
from the potential  drop across the semiconducting 
oxide layer covering the electrode. Conversely, the 
oxides of  Au and Cu are' highly conducting (in 
comparison to those o f  Nb and At), so that  lower 
potent ia l  drops occur across the oxide layer and 
thereby lower overall Vb values. 

In the case of  stainless steel it  is possible that  
the surface oxide is predominant ly  chromium 
rather than that  of  iron [6, 20] .  However, the heat 
o f  formation per equivalent, AHe,  o f  iron oxide 
used in this analysis (Table I, Fig. 1) lies within the 
range of  this proper ty  for the chromium oxides 

[21 ,22]  : 

AHe(Cr203) 

From Equation 1 

= - -45 < AHe(Fe2Oa) 

= --36.5 < AHe(CrOa) 

= --23.1 kcal (2) 

it  can be seen that  the semi- 

TABLE I Breakdown voltages for metal-vacuum-metal sandwiches and appropriate quantities of the corresponding 
electrode material. 

(a) (b) (c) (d) (e) (f) (g) 

Metal q~M Vb --AHe Aq~o ~bMO TMO TM 
(eV) (kV) (kcal) (eV) (eV) (~ C) (~ C) 

A1 4.19 24.5 65 2.0 6.19 2027 660 
Cu 4.70 16.0 20 0.68 5.38 1336 1083 
Nb 4.20 27.0 46 1.90 6.1 1512 3000 
Au 4.78 12.0 --3.5 0.90 5.68 <500 1063 
Fe* 4.65* 36.5 32* 1.84" 6.49* 1597" 1530" 
o r  

Stainless steel 

(a) The tabulated metals are those used in metal-vacuum-metal sandwiches studied by Allan and Salim [ 1 ]. 
(b) The most reliable and recent values for the work function of pure, bare metals, r as given by Trasatti [16]. 
(c) Observed values of the breakdown voltage~ Vb, at 300 K and 0.4 mm electrode spacing as reported in [ 1 ] : Figs. 4 

and 5. 
(d) Heat of formation per equivalent, AHe, values for the oxides of the corresponding metal from Sanderson [21] ; the 

band gap Eg ~ 2(--AHe) as discussed in [19]. 
(e) Aq~0 refers to the increase in the work function of the metal, observed experimentally (except for A1 and Fe), due 

to the formation of a layer of chemisorbed oxygen on the metal; after Johnson [ 17 ]. The value for A1 is estimated 
from comparison with the closely related cases for Ta, Nb and Ti; the value of Aq~ o for Fe is the calculated one 
[171. 

(f) The work function of the oxide-covered metal q~MO = q~M + Ar 
(g) TMO, melting point of the oxide [27] ; T M, melting point of pure metal [51]. 

* Quantities for pure iron, since r --AHe and 'xq~ o values for stainless steel are not available. 
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conductivity of the oxides for Fe and Cr are com- 
parable. Hence the correlation point for stainless 
steel (Fe) in Fig. 1 remains distinctly apart from 
the main trend exhibited by the other materials 
under study. 

The position of Au in Fig. 1 can be taken as the 
limiting case in which the potential drop across the 
oxide is negligible, since one would expect gold 
oxide to be highly conducting. The observed Vb 
value for the Au-vacuum-Au sandwich may 
therefore be regarded as representative of break- 
down of the dielectric (in the metal-vacuum- 
metal sandwich) itself for a given temperature and 
electrode spacing. 

3. Correlations between work functions of 
oxide-covered metals and the 
breakdown voltage 

3.1. The Fowler-Nordheim relation 
The Fowler-Nordheim (F-N)  equation for field 
emission from an electrode into vacuum may be 
written as [23] : 

j = I /A = K1F2r162 (3) 

where j is the current density, I the total current in 
amps, A the effective emitting area of the elec- 
trode (cathode) in m 2, F the enhanced electric 
field at the cathode in Vm -z and ~ is the work 
function of the emitting surface in eV. The deriv- 
ation of Equation 3 is available in [2a, 24, 25], 
while the temperature dependent version is given 
in [3]. 

The coefficients of Equation 2 are: 

K1 = 1.54 x 10 -6, K2 = 6.83 x 109v(y) 

(4a) 
where 

y = 3.79 x lO-SFln/r  (4b) 

as shown in [14, 15, 26] with tabulated values of 
the slowly varying function v(y) presented in [25, 
271. 

The enhanced electric field at the emitting 
surface is: 

F = /3E = /3lVI/d (5) 

where E is the average field arising from an 
external voltage of V volts which is applied across 
a gap separation of d meters (to be regarded as 
distinct from the millimeter notation 6 = 10-3d). 
The geometric significance of the field intensifi- 
cation factor /3 is outlined in [15, 26, 28]. Refer- 
ences [14, 25] demonstrate the method of 

measuring/3 from F - N  plots, where the slope 3' is 
defined by: 

6.83 x 109r 3/2 
S(y) (6) 

~ =  /3 

and S(y )  is another slowly varying function which 
is'also tabulated in [25, 27]. 

Provided the current-voltage characteristics of 
the gap are controlled primarily by emission pro- 
cesses up until breakdown (lb, Ib, Vb), then from 
Equations 3, 4a, b and 5), the relation: 

ln(r ) = K3(dp3n/Vb) (7) 

with K3 a constant, should hold for the various 
materials under study at the same gap separation 6 
and cathode temperature [1]. 

The validity of Equation 7 implies that the field 
intensification factors /3 at breakdown of the 
various electrode surfaces remain similar in magni- 
tude. Of equal importance is the requirement that 
breakdown current densities ]b for the different 
metal-vacuum-metal sandwiches vary no more 
than an order or two in magnitude. 

In keeping with the discussion of the previous 
sections, it is to be understood that the work 
function of the emitting surface is not that of the 
bare metal @M, but of the oxide-covered metal 
@lvio. Fig. 2 verifies that the linear relationship in 
Equation 7 between ln(@Mo/V~) and (q~) /Vb)  
does exist for oxide-covered electrodes. As 
suggested in the previous section, the contribution 
of oxides in the Au case can be regarded as 
negligible. 
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Figure 2 Fowler-Nordheim plot including the depen- 
dence on work function for oxide-covered metallic 
electrodes. (Data from Table I.) 
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TAB L E I I Surface and breakdown parameters of pure and oxide covered metallic electrodes 

(a) (h) (c) (d) (e) (f) (g) 
Surface ~ /3 Vb Fb Fs lb 

(eV) (kV) (109Vm -1 ) (109Vm -1 ) (10-4 A) 

(h) 
A 
(10-1sin 2) 

(i) 
/b 
(A m- ~) 

=O.lmm 
Fe 4.65 92 
Fe203 6.49 153 
A1 4.19 169 
AI203 6.19 309 
Au 4.78 386 
Au203 5.68 505 

6 = l m m  
A1 4.19 390 
A1203 6.19 712 
Au 4.78 584 
Au203 5.68 762 

10.5 

7.8 

4.5 

9.67 8;02 t 
16.i 13.2 ~ 9.3 

13.2 6.9 1 
24.1 12.3 1.43 

17.4 8.4 / 1.95 
22.7 10.8 

[ 

54.5 / 21.2 6.9 
38.8 12.3 

~ 15.2 8.4 
26 ~ 19.8 10.8 

10.2 

5.1 

6.52 
6.04 
2.17 
1.68 
0.98 
0.90 

1.34 
1.16 
4.93 
4.60 

1.48 X 1012 

7.49 X 1013 

2.12 • 10 TM 

8.18 X 1014 

1.07 X 1014 

(a) Metals for which detailed Fowler-Nordheim plots are given at 6 = 0.1, I mm by Allan and Salim [ 1 ]. 
(b) Work function of the bare metal eM and corresponding oxide ~MO from Table I. 
(c) Field enhancement factor/3 as evaluated from iterative calculations on Equation 6 for a given eM or OMO, in con- 

junction with pre-breakdown F-N plots in [ 1]. 
(d) Observed breakdown voltage V b at 6 = 0.1, I mm [1] ; 
(e) Enhanced electric field at breakdown F b from Equation 5 with values from columns (c) and (d). 
(f) Field strength above which space charge effects are important, obtained from Equation 8. 
(g) Breakdown current I b extrapolated from the pre-breakdown F-N plots used for columns (c) and (h) correspond- 

ing to the V b values of column (d). 
(h) Effective cathode emitting area A evaluated from Equations 3,4a and b with values from columns (b), (c) and the 

same F -N  pre-breakdown plots from [1] which are used for column Co). 
(i) Ratio of the value in column (g) to the root mean square of pure and oxide calculations for the same metal in 

column (h). 

No direct, consistent data concerning ]b is avail- 
able in [1] : i.e. measurements of  current densities 
for the same electrode spacing and cathode 
temperature at the instant of  voltage breakdown 
Vb for all electrode materials under study. How- 
ever, F - N  plots under prebreakdown conditions 
are provided for stainless steel, Au and AI at 6 = 
0.1 mm, as well as for Au and A1 at 6 = 1 mm ( [ I ]  : 
Figs. 2 and 3). In Table II the breakdown currents 
lb of  column (g) are obtained by extrapolating the 
diagrams mentioned above to the experimentally 
observed breakdown voltages, Vb of  column (d). 

Chatterton [26] has shown that space-charge 
effects play an important role for field strengths 
above the critical value: 

F s = 8 X 108t~3/2Vm -1. (8) 

Furthermore, Wheeler [29] has demonstrated that 
finite emission velocities tend to yield lower 
current densities than those predicted by Equation 
3 for field strengths significantly below Fs. With 
this in mind the values Ofjb in Table II, dependent 
as they are on F - N  extrapolations for lb and F - N  
calculations involving Equatiop 3 for effective 
emission areas A, can be regarded at best as upper 

limits to their true values at breakdown. However, 
for Au and A1 at 300 K and gap separations 6 ~< 
1 mm, calculations show that the maximum devi- 
ation in ln/b is: 

max(A In ]b)/ln Jb = 7% (9) 

with In ]b representing the root mean square value 
for the last four values o f ]  b in column (i), Table II. 
It is therefore evident that a straight line through 
Au203 and A1203 in Fig. 2 provides a reasonably 
close approximation to the dominant trend at 
breakdown. 

The effective emitting areas A for A1 and Au, 
calculated under pre-breakdown conditions from 
the F - N  Equation 3, yield diameters in the range 
of  11 to 25 A (Table II, column, h). This dimension 
is of  the order of  at most several lattice spacings 
for a purely monocrystal metal and would seem to 
be at variance with recent electron microscope 
studies [30, 31] .  However, it is significant that the 
relative F - N  dependence at breakdown of  stain- 
less steel (Fe), Nb and Cu oxides fall within +8% 
of  the straight line in Fig. 2. This implies that the 
relative values of  ln jb, upon which Equation 7 
depends, also differ by at most +8%. 
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Although the absolute values of ]b calculated 
in Table II may not be realistic, Fig. 2 provides 
independent albeit indirect evidence that at least 
their relative values are preserved at breakdown. 
For current densities of the order 1014Am -2, the 
condition that ln]b varies by at most +-8% gives a 
range jb(maximum)/jb(minimum)~, 170. Fig. 2 
confirms the validity of Equation 7, which in turn 
depends not only upon minor variations in In Jb, 
but also upon the requirement that the/3 for the 
various materials under study be similar in values 
at the time of breakdown. The calculated values 
for/3 in Table II are derived from pre-breakdown 
emission conditions. 

Evidence exists that pre-breakdown electron 
emission is controlled by multiple protrusions 
possessing the highest 13 value and that the instabil- 
ity leading to breakdown can be triggered by a 
single high /3 site [1, 14, 15 ,23 ,26 ,28 ,32 ,33 ] .  
Such cathode irregularities have a relatively low 
probability of occurrence per unit area of elec- 
trode surface [15, 30, 31]. Once breakdown has 
commenced, the effective/3 of the active emitting 
area can be lowered by the contribution from 
other, more numerous nearby protrusions with 
local enhanced field F < Fb, the field required for 
breakdown initiation [34, 35]. 

The breakdown field strengths F b of Table II 
have been calculated using Equation 5, where pre- 
breakdown values of/3 are employed in conjunction 
with experimentally observed breakdown voltages 
V b.  Partial melting of dominant emission sites, due 
to ohmic heating and ion bombardment during the 
transition from pre-breakdown to breakdown con- 
ditions, will also tend to reduce the final enhance- 
ment factor ~ [13,34].  The actual breakdown 
field strengths would then correspond to values 
much closer to Fs (column f, Table II) than the Fb 
estimated from pre-breakdown /3 values. Hence 
space charge effects may be minimized when com- 
paring relative values of In ]b, as is done implicitly 
in the derivation of Fig. 2. 

It is quite possible that a modified F - N  plot 
involving work functions of the bare metals, 
instead of those used here for oxide-covered 
metals, may give a relationship similar to thai of 
Fig. 2. The results in [1] imply that such a linear 
dependence can occur. Indeed, the estimated Fb 
for bare stainless steel (Fe at 6 = 0.1 mm, Table II) 
compares favourably with the value (7.8 4-- 1.3) x 
109Vm -a derived in [14] for an assumed 4, = 4.4 
eV, as well as with other references mentioned 

therein. However, the experimental conditions in 
[1], as well as the considerations presented in the 
previous sections of this article, support the 
presence of oxides on the electrodes, so that the 
work functions q~mo of oxide-covered metals must 
be used. 

3.2. A simplified relation 
Equation 3 can be rewritten as: 

--ln(4,/V~) = C14,3/~/Vb + 6"2 (10) 

where C1 is the slope of the straight line in Fig. 2. 
For the same gap separation 6 and electrode 
temperature it is therefore essentially a constant. 
Variations in C2 are dominated by differences in 
lnfb for the various materials under study. These 
variations are of the order +--8%, as shown in the 
previous section, so that C2 may also be regarded 
as constant for purposes of further analysis. 

The upper limit of the left-hand side in Equa- 
tion 10 is [36] : 

ln(4,/V~) ~< 4,/V~-- 1; 4,/Vb >0, (11) 

so that 

(1 - G )  
4,/Vb ~> ( 1  + ) ,  (12) 

C1 C ~  4'1/2 

where, in keeping with Equation 5, it is under- 
stood that Vb = I Vbl. 

For polycrystalline metals of common usage 
[16], the work function of the bare metal is in the 
range 

4.1 ~< ~M ~<5-3 (eV), 

whereas the increase in the metal work function, 
due to the presence of chemisorbed oxygen [17], 
varies as: 

0.4 ~< A4, o ~< 2 (eV). 

Hence the limits of the oxide-covered work 
function are: 

4.1 ~< 4,MO ~< 7.3 (eV) 

so that for typical electrode metals 

(4,toO) 1/2 ~-- 2.36 -+ 14%. (13) 

In addition, from Table I and Fig. 2: (C1Vb)-a ~ 
1, which means that Equation 12 can be rewritten 
as: 

4,Mo/Vb ~> constant + 14%. (14) 
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Provided eMo/Vt]>2 ,  4:0, the inequality in 
Equation 11 can be relaxed to: 

ln(r = ( r  1 ) f  ( l l a )  

where f i s  a function of erao/V~ [36]. It is there- 
fore of interest to explore the possibility of relax- 
ing the inequality in Equation 14 as well, i.e. 

4~Mo/Vb ~ constant (eVkV-1). (15) 

Such a possibility is examined in Fig. 3 where 
the linear Equation 15 is seen to be roughly 
followed, for a gap length of 0.4 mm at 300 K. 

40 1 I ' I 

> 3(2 
-~ N b 2 0 5 /  

C u O o /  t~ 

Au / Aua 03 

10 
I i I t I 
5 6 7 

~MO~ eV 

Figure 3 Breakdown voltage, Vb, for metal-vacuum- 
metal sandwiches composed of indicated metals versus 
the corresponding work function for the oxide-coated 
electrode at 6 --- 0.4 mm. (Data from Table I.) 

the range: 

6 =0 .1mm,  9 2 < / 3 < 5 0 5 :  

3 x 106</'b < 9  X 107Am -2 } 6 = l m m ,  3 9 0 < / 3 < 7 6 2 :  

5.4 x lOS </b<<2.1 x 106Am -2. 

(19b) 

The numerical relations 18a, b and 19a, b per- 
tain only to the experimental results of Allan and 
Salim [1]. The estimates (19b) appear in conflict 
with ]b values in Table I!, where the calculations 
are based on a strict adherence to the F - N  Equa- 
tion 3 and the evaluation procedures outlined in 
[251. 

A plausible mechanism behind this apparent 
inconsistency has been touched upon in the 
previous section. Whereas the instability triggering 
breakdown may occur at a single high/3 protrusion, 
the affected area at breakdown may increase at 
breakdown with other nearby protrusions partici- 
pating in the phenomenon. By regarding the lb of  
Table II as the maximum total discharge current 
supportable by the metal-vacuum-metal sand- 
wich, the experimentally inferred Jb values of 
(19b) can be used to estimate the cathode area Ab 
over which the breakdown phenomenon spreads, 
in order that such high current passage can be 
accommodated by the vacuum gap. In effect: 

Ab <<-Ib/]b (19c) 

From Equations 14 and 15 there is an implied 
constraint 

Vb ~< Ca~bMO (16) 

where, by Equations I2, 13 and 16i 

C3 ~ 2 .36C1/ (1-  C~). (17) 

From Figs. 2 and 3 respectively, 

C1 ~ 1.29, Ca ~ 17.9 (18a) 

so that by Equation 17: 

C~ ~ 0.83. (18b) 

Using Equations 3, 4a, b, 5 and 10 the results in 
Equation 18a and b translate to:  

]b ~ e~ • lO-6f12/d 2 

= 3.5 X I0-6/32/d 2 (Am-Z). (19a) 

For the scale of 13 values in Table II, Equation 19a 
predicts breakdown current density values,/b, in 

where the range of lb for a given gap separation 
comes from relations 19b and the corresponding 
scale of lb is taken from Table II. The equivalent 
diameter DA, of breakdown area Ab is: 

5 = 0.1 mm :DA <~ 3.6 • lO-6m t (19d) 

= l m m  "D A ~<2.5 x 10-Sm. ) 
It would appear more than coincidental that 

the D A in (19d) are of the same magnitude as 
electrode microcrater formation observed by elec- 
tron microscopy [4, 10, 33, 40, 45]. The 
calculated values of Ib in Table II cannot be re- 
garded as being seriously overestimated, since 
Allan and Salim [1] use d.c. 10~A currents for 
conditioning the electrodes without incurring 
breakdown for spacings 0.1mm~<6 ~< lmm.  
Although present evidence in the literature is 
insufficient to pursue this aspect in greater detail, 
the role of electron field emission cannot be 
discounted as an important contributing factor 
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during the breakdown phenomenon itself. 
As can be seen in Figs. 2 and 3, the position of 

oxidized stainless steel follows the trend of F - N  
field emission prior to breakdown, in contradiction 
to the semiconductivity exhibited by pure iron 
oxide in Fig. 1. This suggests that although the 
semiconducting properties related to the band gap 
(or heat of formation per equivalent value) may 
differ quite markedly for oxide-coated stainless 
steel, as compared with oxide-coated pure iron, 
the work functions of the two types of surfaces 
may be quite similar. 

In addition, chromium oxide formation on the 
stainless steel surface [5, 6] is not expected to 
alter the results derived for F%O3 in Fig. 3. No 
observed or calculated values are available for an 
estimate of the work function ~MO pertaining to 
chromium oxide. However, Equation 2 and the 
close correspondence of the pure Cr work function 
(r =4.40eV;  [16]) to that of pure Fe would 
imply similar values for oxide work functions. 

3.3. Applicability of the simplified relation 
Figs. 4 and 5 compare the experimental results of 
Allan and Salim [1] with breakdown voltages 
observed by others at two common, representative 
gap separations. Work functions for materials not 
found in Table I are presented in Table III. Only 
those published results have been considered for 
which 6 ~< 1 mm and where more than two types 
of electrode material have been used. The latter 
condition is necessary to demonstrate the linearity 
of Vb versus CMO in Equation 15. 

Although much research has been done on other 
interesting electrode materials (such as titanium 
[37]), either the criteria mentioned above were 
not met, or the cathode material differed from 
that of the anode [8, 37 -39 ] .  Such a difference 
can result in the deposition upon the cathode sur- 
face of anode material possessing a significantly 
different CMo [40]. This would markedly change 
the emission properties of the cathode and render 
impossible the verification of Equation 15. 

In both Figs. 4 and 5 it is apparent that the 
experimental results with least scatter are those of 
Dertholm [10] and Maitland [11]. It is interesting 
to note that although Maitland's results [ 11] coin- 
cide with those of Allan and Salim [1] for ~i = 
0.2 mm in Fig. 4, their slopes become markedly 
different for 6 = 0.5 mm in Fig. 5, where Maitland's 
[11] experimental points now tend to coincide 
with those of Denholm [10]. The reason for this 
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- -  J z~ Mait land [ 1 t ]  
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Figure 4 Test of the linear relation between breakdown 
voltage, Vb, and the work function of oxide-covered 
electrodes at ~ = 0.2ram. Experimental points with 
common abscissa correspond to the same, unbracketed 
oxide material unless otherwise indicated. (Data from 
Tables I, III and references cited in the diagram.) 
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Figure 5 Test of the linear relation between breakdown 
voltage, Vb, and the work function of oxide-covered 
electrodes at 6 = 0.5ram. Experimental points with 
common abscissa correspond to the same, unbracketed 
oxide material unless otherwise indicated. (Data from 
Tables I, III and references cited in Diagram.) 

is to be found in the preparatory conditioning of 
the electrodes. 

Maitland [11] prepares his electrodes by 2000 
to 3000 breakdown pulses at each setting before 
proceeding to a final determination of the break- 
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TABLE Ili  Work functions and melting temperatures of 
electrode materials appearing in Figs. 4 and 5. Symbols 
and references are as defined in Table I 

Metal q~M Aq~0 ~bMO TMO TM 
(eV) (eV) (eV) (~ (~ 

Mo 4.30 1.6 5.9 795 2620 
W 4.55 1.6 6.2 1472 3370 
Ni 4.73 1.4 6.1 1957 1455 
Ti 4.1 - - 1855 1800 
Cr 4.40 - - 2437 1890 

down voltage Vb. This procedure tends to blunt, 
partially destroy or melt dominant surface pro- 
trusions to the extent that a lower cathodic/3 value 
is achieved than for an otherwise untreated surface. 
As can be seen in Equation 5, lower /3 values 
necessitate higher applied voltages Vb to reach the 
critical field strength Fb required for breakdown 
initiation. Denholm [10] obtains much the same 
results with a preparatory d.c. discharge of 3 min 
duration, in 10 Torr hydrogen, at currents between 
1 A for stainless steel to 0.25 A for aluminium. 

As seen in Fig. 4, the passage o fa  30min long, 
pre-breakdown current of 10~A d.c. at a nominal 
10 -7 Torr by Allan and Salim [1] gives a trend 
similar to that of Maitland [11], and possibly 
Denholm [10] as well, for 6 = 0.2ram [13]. How- 
ever, these three different conditioning procedures 
may not all be as equally effective at larger 6 
0 .5mm, possibly due to beam spreading [37]. 
This disparity would account for the different 
slopes apparent in Fig. 5. 

Further evidence of non-uniform results attrib- 
utable to a chosen conditioning process for 
different materials is provided by Hackam and 
Altcheh [13]. Since the aim of this particular 
experiment is to compare the effect of air pressure 
on Vb with those at UHV (10-gTorr), heating of 
the electrodes during the conditioning process is 
deliberately avoided. Since Ni and Nb possess the 
same ~MO as well as similar oxide melting tempera- 
tures (Tables I and III), the reason for the wide 
divergence in their breakdown voltages in Fig. 5 
must be sought elsewhere. A highly probable 
explanation can be found in the vastly different 
melting points of  protrusions in the pure Ni or Nb 
substrate ;upon which a relatively thin oxide film 
may form. The highly refractory Nb would be 
much more resistant to changes in its surface 
structure during the conditioning process than 
would Ni. More high /3 emission sites tend to 
remain on the Nb surface and hence the trend 
towards lower breakdown voltage Vb [131. The 
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same interpretation can be advanced for the case 
of tungsten electrodes in Figs. 4 and 5. 

On the other hand, the proclivity of aluminium 
electrodes towards relatively low Vb values in Figs. 
4 and 5 can be attributed to the high melting point 
of  aluminium oxide. As has been demonstrated in 
Sections 1 and 3.2, it is not necessary that the 
entire electrode surface be wholly covered by 
oxide film. The existence of a small, localized area 
of  oxide on the aluminium electrode surface 
would favour the formation of isolated cathodic 
irregularities, even in circumstances of  severe con- 
ditioning or breakdown: either by erosion and/or 
gradual melting of the surrounding pure metallic 
surface, or by explosive Joule heating of the oxide 
[34]. 

This general deviation of aluminium electrodes 
from the major trends of Figs. 4 and 5 is accentu- 
ated with the overall higher Vb values observed by 
Donaldson and Rabinowtiz [12]. Whereas the Vb 
in all other references were observed under 
essentially stable d.c. conditions at pressures less 
than 10-STorr, the applied voltage in [12] rose at 
a rate of 3kVsec -1 at a nominal base pressure 
10-STorr. Higher Vb values are to be expected 
with this combination of a dynamic, as opposed to 
d.c. charging procedure [10, 13] and a transition 
pressure regime ~> 10 -s Torr [13]. Nevertheless, a 
characteristic line through experimental points 
[12] can be drawn with slope similar to that of 
other experiments at 6 = 0.2 mm (Fig. 4). 

The coincidence of Vb for pure Au rather than 
Au2Oa in Fig. 4 supports the hypothesis, in 
Section 2, that the contribution of gold oxide to 
gap potentials can be neglected at small spacings 
(6 ~< 0.2 mm). Higher Vb values than expected for 
Au electrodes in Figs. 3 and 5 are possibly due to 
more energetic pre-breakdown conditions across 
larger gaps (6 > 0.2mm). Higher mean fields E and 
pre-breakdown currents could effectively reduce 
the/3 value of the emitting surface. 

Figs. 3 to 5 lend general credence to Equation 
15, which is based on a comparison of relative 
breakdown characteristics for several materials. In 
this relative sense, F - N  emission conditions can be 
valid even at or very near breakdown, despite the 
possibility that the absolute behaviour of an 
individual meta l -vacuum-meta l  sandwich may 
exhibit significant deviation due to space charge or 
other effects [26, 29]. Since F - N  emission con- 
ditions are valid up to 450 K [4], a possible appli- 
cation of Equation 15 might be the estimate of 



breakdown voltage, 175, for a wide variety of 
oxide-coated polycrystalline metals of common 
usage and known r values [16, 17]. The 
linear relation in Figs. 3 to 5 implies that such 
a method involves the precise knowledge of Vb 
versus ~bMO for only two metals possessing signifi- 
cantly different metal-oxide work functions at a 
given temperature, in the range 4.2 to 450 K, and 
fixed gap conditions/3, ~ < I ram. 

Deviations from the general linear trend of 
Equation 15 can be explained to a great extent in 
terms of differing field intensification factors/3. In 
this context Equation 15, together with some 
knowledge of the heat properties of the metals and 
their oxides (e.g. melting point, heat capacity, etc.), 
may also be used to sort out the effects of intrinsic 
emission properties from those due to surface 
structure [23]. An example of this type of problem 
is the discussion in this section on observations by 
Hackam and Altcheh [13] of breakdown in Nb 
and Ni gaps. In effect, then, Equation 15 can serve 
as a means to evaluate the efficacity of the con- 
ditioning process on different types of metal-  
vacuum-metal sandwiches, where the involvement 
of oxides is suspected. 

4. Estimate of the oxide layer thickness 
The functional dependence of the d.c. breakdown 
voltage Vb(M), (in kV, for a particular electrode 
material M), on the gap separation 6 (in mm) is 
observed to be: 

Vb(M) = kl(M)5 ~(M) + kz(M). (20) 

For short 6 (generally < 1 mm), kl(M) is a constant 
particular to the electrode surface material and 
experimental conditions, ~ (M)~  1 [41-43] and 
k2(M) is determined by the minimum value of 5 
for which Equation 20 is observed to hold true 
[13]. The right-hand side of Equation 20 is given 

in Table IV for various materials, as observed by 
Allan and Salim [1]. In general, for 5 > 1 mm, 
kl(M) and k2(M) assume different constant values 
and a(M) < 1 [1 ,44 -46 ] .  

The properties of Au electrodes for 8 < 0.2 mm 
can be used in conjunction with equations 5 and 
20 to estimate an effective oxide layer thickness 
that is consistent with the correlations of Sections 
2 and 3. The method is to equate the Vb depen- 
dence in Equation 20 for Au with that of the 
metal(M)-vacuum-metal(M) sandwich under con- 
sideration and to solve for the common electrode 
distance 5o at which the same breakdown voltage 
Vb occurs. Each such case represents the minimum 
gap separation 5o > 0 for wl~ch Equation 20 holds 
true experimentally. The condition 5 ~ 6o can also 
be regarded as representative of the transition 
regime in which the coefficients of Equation 20 
must undergo change for gap separations 0 <~ 5 < 
5o: a range not easily amenable to present methods 
of measurement. It is in this transition regime that 
a re-interpretation of the Vb versus 5 dependence 
in Equation 20 can be postulated, which must of 
necessity include a correspondence between the 
breakdown voltage for gap separations 0 ~< 5 < 50 
and those observed for 6 ~ 0.1 ram. 

The first step in the estimation procedure is to 
solve 

Vb(AU, 50) = Vb(M, 50) (21) 

for 5o by iteration, using Equation 20: 

kl(Au)5~ (Au) + k2(Au) = kl(M)~(M) q_ k2(M) 

(22) 

with values for ~, kl,  k2 as listed in Table IV. 
Since the oxide of Au can be regarded as either 

non-existent (Fig. 3) or highly conducting (Section 
2), one would expect the contact voltage to be 
much less than k2(Au) = 1.36 x 103V as listed in 

TABLE IV Parameters used in calculations of the effective oxide layer thickness. 

(a) (b) (c) (d) (e) 
Metal (M) Vb(M, 6) ~ o XMO tOMO 

(kV) (mm) (V m- i) (A) 

Au 23.83 60.88 + 1.36 - - - 
Fe (Stainless steel) 81.4 60.83_ 1.54 2.5 X 10 -2 2 X 10" 144 
Nb 52.5 60.77 + 1.089 1.47 X 10 -~ 4.65 X 108 88 
A1 51.87 6 ~  2.5 X 10 -2 7.9 X 108 37 

(a) Gold and metals  for which  the  oxide field strength XMO is known.  
(b) Funct ional  dependence,  Equat ion  20, o f  b reakdown voltage V b on gap separat ion for 5 < 1 m m  as observed in [1] .  
(c) Gap separat ion satisfying Equat ion  22. 
(d) Max imum field s t rength sustainable across a smoo t h  film of  the  corresponding oxide [48, 49 ] .  
(e) Effective oxide layer thickness  calculated f rom Equat ions 26 and 28 and co lumn (d). 
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Table IV [15]. This would lead to an expectation 
that a different dependence of Fb on 5 exists, for 
Au at least, in the range 0 ~< 5 ~ 0.1 mm. Such a 
change would be analogous with transitions on 
the scale 0.1 mm ~< ~ ~< 1 mm as observed in [ 13, 
47]. The requirement for such a transition in the 
regime 6 ~ 0 is apparent in the relative values of  
ks(M) in Table IV. In the notation of Equation 20, 
the functional relation must become for Au 

gb(AU, 5) : kl(Au)~ a(Au), ~ < 5 o  (23) 

where kl(Au), o~(Au) would have values different 
for those of Au in Table IV. The transition for Au 
from the Equations 20 to 23 in the vicinity 50 leads 
to a re-interpretation of Equations 21 and 22, 
which can be formulated as: 

kl(AU)~ ~(au) + VMO = Vb(M), 6 ~<6o 

(24) 

i.e. the Au-vacuum-Au sandwich equivalent in 
Vb and 50 to the M-vacuum-M sandwich under 
investigation, can be regarded as a calibrating gap 
with electrodes covered by an effective layer of 
oxide for the corresponding electrode material M. 
Consequently: 

~(Au)  = V~o = ~ * X ~ o ~ o .  (25) 

Here, XMo is the maximum field strength sustain- 
able by a smooth oxide film (Table IV), WMo 
is the film thicloless and /3* is the effective field 
intensification factor for the oxide corresponding 
to the electrode material M. The oxide layer 
characterized by Equation 25 is to be regarded as a 
film deposited on the gold substrate of the A u -  
vacuum-Au gap. 

The constant k2(Au) = 1.36 • 103V now 
assumes the role of the oxide contribution to the 
Au gap potential. Field strengths Xrao for oxide 
films on Al and Nb [48] and on Fe [49] are 
obtainable from the literature dealing with anodic 
(electrolytic) oxide growth on metals. Unfortu- 
nately, similar data are not available for the oxides 
of  Au and Cu. 

Equation 25 may be rewritten, so that in terms 
of  the experimental observations o f  Allan and 
Salim [1 ] ,  the effective oxide film thickness COMo 
can be estimated as: 

COMO = ]~2(Au)[/3*XMo] -1 

= 1.36 x 103[fl*XMo] -1. (26) 

The field enhancement factor /3", which corres- 
ponds to the gap separation 5o of Equation 22, 
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remains to be determined. As noted in Sections 1 
and 3.1, the critical area for oxide deposition 
involves only those microprotrusions that domi- 
nate the pre-breakdown history of the gap, so that 
the oxide layer need not be deposited over the 
entire electrode surface. The calculation has been 
reduced to a consideration of the effects induced 
by an oxide coating on a gold substrate. The 
enhancement factor/3" would therefore be quite 
high, in keeping with sudden breaks of the oxide 
layer which is spotted over the surface of the 
"equivalent" gold electrode. However, the surface 
condition of the underlying gold substrate will 
determine to a large extent the magnitude of~*. If 
it is assumed that the thickness of the effective 
oxide coating in the equivalent Au-vacuum-Au 
gap is much less than the height of micropro- 
trusions on the gold surface, then: 

/~* --~ fl(Au,/50). (27) 

The right hand side of Equation 27 may be evalu- 
ated by using Equation 5 and the experimentally 
verifiable fact that the enhanced critical break- 
down field Fb remains constant for the same 
electrode material in gaps where /5 ~< 1 mm [13-  
15]. Table II shows this to hold true for gold, 
albeit the calculated Fb is much higher than the 
value (7.8 -+ 1.3) • 109Vm -1 accepted for other 
materials [14]. The great difference in F b for AI, 
Al203 for the gap separations /5 = 0.1, 1 mm in 
Table II can be attributed to a rapid change of co- 
efficients in Equation 20 over 0.1 ~</5 ~< 1 mm as 
opposed to a more gradual transition for Au [1]. 
This constancy in F b for Au lends further support 
to the use of Equation 24, i.e. an "equivalent" 
oxide coated Au-vacuum-Au sandwich, for esti- 
mates of the oxide layer thickness. 

The required enhancement factor t*  is extra- 
polated from experimentaUy determined para- 
meters at 8 = 0.1 mm for Au electrodes. Using 
Equation 5 in conjunction with Equations 23 to 
25 and 27, 

t*  = /3(Au, ~o) = [Fb(Au, 8 = 0.1 mm) x do] 

[Vb(M, ~o) -- k1(Au)] -I 

= 17.4 x 109d0 
[Vb(M,/50)- 1.36 x 103] -1. 

(2s) 

Here do = 5o x 10-3m, Fb(AU,/5 = 0.1 mm) comes 
from Table III. whereas the value of k2(Au) 



defined in Equation 22 is found in Table IV. 
Vb(M,/io) is the common voltage which determines 
the gap separation 6o common to both the M -  
vacuum-M gap and the corresponding gold sand- 
wich, as expressed in Equation 22. Vb(M, 60) can 
be calculated from the data supplied in Table IV. 

Equations 26 and 28 yield an estimate of the 
oxide layer thickness COMO for a given metal-- 
vacuum--metal gap (column e, Table IV), which is 
consistent with the correlations in Sections 2, 3 
and with the functional Equation 20. Although 
these calculations are based on the model of an 
equivalent, oxide-covered gold sandwich, the result 
agrees well with observations of naturally occurring 
oxide film on aluminium (20 to 40 A at standard 
pressure and 300K [50]). In the case of iron 
oxide on a stainless steel surface (Fe of Table IV), 
~oFe~O3 is 3 to 5 times greater than the equilibrium 
oxide layer observed at atmospheric pressure and 
room temperature by ellipsometric studies 
(COMo ~ 50A [31], ~ 30A [6, 50]). Fane e t  al. 

[6] point out that the formation of chromium 
oxides in lieu of those pertaining to iron on a 
stainless steel surface would result in only a 10% 
observable difference. 

Since independent measurements for the equi- 
librium thickness of oxide film on Nb are not 
readily available, a further comparison of the esti- 
mated ~OMO can be pursued with confidence only 
in the case of stainless steel and aluminium 
vacuum gaps. Additional ~upport for such a com- 
parison comes from the common go, and therefore 
the same "transitional" breakdown voltage Vb(M, 
6o) of Equation 21, for the latter two types of 
sandwich. 

It must be remembered that the CoMO of Equa- 
tion 26 are only rough estimates. However the 
conformity of the calculated O~A~O3 with the 
independent measurements cited above leads 
naturally to the possibility that a thicker oxide 
film can be formed on a stainless steel surface than 
that on Al for similar applied voltages. Confirm- 
ation of such a tendency can be seen in the differ- 
ent melting temperatures for the oxides of Fe and 
Al (Table I). 

During preconditioning and/or breakdown, the 
temperature near the emitting area of the electrode 
may be sufficiently high to allow Fe oxide form- 
ation and deposition at faster rates than for the 
oxides of A1, which require relatively higher 
temperatures of formation. Moreover, due to high 
local temperatures within the gap during the 

emission process, the dynamic balance between 
the generation of electrode vapour and the eventual 
deposition of oxide on the cathode surface can 
proceed at rates greater than that characteristic of 
equilibrium film formation at atmospheric pressure 
and 300 K. The observations of Allan and Salim [ 1 ] 
favour such a model, since cooling of the cathode 
(4.2, 77.3 K as opposed to an anode temperature 
maintained at 300 K) would increase the surface- 
to-vapour temperature difference and hence the 
rate of condensation of metallic and oxide vapour 
on the electron emitting surface. Thicker oxide 
f'rims at these lower temperatures lead to the uni- 
formly higher Vb values observed for the same 6. 

Allan and Salim [1] s ta te tha t  oxide film is 
present on all electrode materials tested except 
gold. However, no reference is made to an indepen- 
dent identification procedure of these contamin- 
ation layers. Observed reductions in pre-breakdown 
current are attributed in part to the certain 
presence of residual and adsorbed gases and their 
possible condensation on the cold cathode surface. 
Hackam and Raju [47] have explored the influence 
of various types of residual gases on the breakdown 
voltage in Equation 20 at 7 • 10 -7 Torr. In particu- 
lar, the occurrence of oxide film on aluminium 
reduces the reflectivity of the electrode surface to 
an increased extent in the visible region of the 
radiation spectrum [50]. Should the oxide film 
possess light absorbing properties as well, the 
pre~ence of localized areas of oxide layers on the 
electrode surface may be detectable by eye. 
Denholm [10] has noted higher insulation 
strengths for "dull" aluminium electrodes as 
opposed to those with a "bright" finish. 

5. Conclusion 
It is apparent that the presence of oxides can have 
a marked effect on the magnitude of breakdown 
voltage during dielectric breakdown of metal-  
vacuum-metal sandwiches. Correlation tests 
should be employed to determine whether oxide 
layer formation plays a significant role in the 
experimental results. It is highly probable that the 
work function of the electrode surface will require 
the contribution from a corresponding oxide layer, 
if a valid analysis of the data is to be made. 

A source of contaminating oxide has been 
associated with desorption from the walls of the 
confining vessel as well as from the electrodes [7]. 
This, coupled with the presence of even minute 
traces of oxygen in the gap during the conditioning 
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procedure can lead to elevated oxide deposition 
rates on dominant emission sites. Experimental 
evidence [1], in conjunction with theoretical con- 
siderations [26, 44],  shows that the pre-b'reakdown 
current can be explained by a cold-cathode field 
emission process. The breakdown mechanism itself 
can be considered as arising from an instability at 
either the anode or cathode, which is triggered by 
the field emission of electrons from the cathode 
sites. The damage to cathode microprotrusions 
upon breakdown [13], together with a compari- 
son of melting susceptibilities for oxides in Section 
4, favours the occurrence of this critical instability 
at the cathode surface. 

A detailed description of the critical breakdown 
phenomena is beyond the scope of this article. 
Ridley [34] explores the oxide role in such a 
theory, albeit in the specialized case for SiO2 films. 
Nevertheless, the oxide influence upon Fowler- 
Nordheim injection from a cathode protruberance, 
the oxide effect on Joule heating and explosion of 
the protruding filament, and the contribution of 
oxides to mobile positive ions which enhance the 
injecting field (either from within the solid 
electrode or the gap itself) will manifest them- 
selves, of necessity, in correlation effects similar to 
those discussed in this article. 
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