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Electron field emission from large-area cathodes: evidence for the projection model 
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Abscrqct ; Field emU.ion. from two .pecial 1U1Ii:U 0( ,naiJUrs h4I been. studi«J. in detail : 
intentio1l4lly introdue«l partick. 0( controlled geo1Mtry, and ,ita produud by inUntwnal 
~ d4mage to 1M ca.thotk BUrfau. We found tAat 1M ,ia 0( porliclu ..1M to play 
no role in their tArahold. field. but their .h.apu ore CI tkt.enninont factor .i.ncc ,pheriaJl 
particlu do not emU {or fWd, up to 120 MVI m. The method 0( cN!Otion ofdamtJ6e ,Uu, ond 
the .mi.l4rity of their 'mission on Nb ond Au .ubstratu ,uggut tM possibility IMt emi.aswn 
contU from geometricol protrusioM. 

A 1'IIIJCl,el of superposed geometrical protrusioM is proposed to e:xplain the enho.nced fWd, 
emission. behaviour oftAu parlkul4r type ofsurfau de/'ecu. 

1. Introduction 

It is wen k.nown [1,2] that the application of an electric field to cathodes of macroscopic 

size (e.g., 1 cm2) brinp about measurable emission of electrons from spatially localised sites 

at fielda of the order of tens of MV/m, rouehly 100 times len than the fields necessary for the 

e1auic field emission originally deacribed by Fowler and Nordheim [3]. For many year., this 

anomaloUl emisaion was universally explained by invoi:.inr a «projection model-. nus model 

assume. the presence on the cathode surface of one or more microscopic projection., sharp 

enouch to cause a geometric: enhancement of the loea1 field at the projection tip to a value 

lOme 100 times greater than the nominally applied field. 

More recently, however. thia model hal pneraDy fallen from lavour, heine IUpeneded by 

otben that. aaaume the involvement of inaulatilll' materiala at the emiaaion site [4). AUlonc 

the re&IODI for ita downfaD are (1) the failure to observe. with modem acanninc electron 

microscopes ofincreasingly high resolution, any projections of aufticient sharpness to account 

Cor the anomalously low threshold fields for eminion, (2) the frequent SEM observation of 

what appear to be inauJatinc particles or inclusions in conjunction with emiaaion aites, and 

(3) the observation oC features in the energy spectrum of both electrons [5] and light [6] 

emitted b, such lites that are not predicted by the projection model but are plau.ibly in 

accord with the involvement of insulators or aemieonductora. 
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Our recent study o( el~tron emission from cathodes contaminated with intentionally 

introduced particles o(known composition [7], however, resulted in three kind. o( surprising 

observations that suggest anew the applicability o( a simple projertion model. The fint o( 

these is the low threshold field (or emission from particles o( gold placed on a clean gold 

substrate; here the interface between particle and substrate is expeet.ed to be metallic, with 

no involvement of insulators. The seeond eoncerlll instances where evidence o( melting was 

found at the interface between iron particles and the Nb subetn.te on which the, bad been 

placed, after these particles had been observed to emit strongly. It. would seem unlikely that 

8uch a molteo interface could retain any insulating character. 'ftae third ia the observation 

that Fe particles, placed on a Nb substrate covered with • thick (240 run) and initially 

insulating oride layer, lost their ability to retain electric charge onee they had been observed 

to emit-that is, once again. the particle/substrate interlace appears to be conducting. 

In this paper we report more recent measurementa we have carried out, designed to test 

the applicability of the projection model in two new ways. Tbe first concerns emiaaion from 

intentionally introduced particles o( controlled geometry. 'l1le MCOnd concerns emillion from 

sites produced by intentional mechanical damage to the eathode sunace. In both cases we 

find. once again. that the emisaion behaviour is consistent. with the projection model and 

difficult to explain by invoking the presence of insulators. We also present. • limple 

theoretical idea and the results of lOme numerical calculationa that suggelt a way in which a 

projection much lell sharp than those invoked in the past can produce the observed emillion 

characteristica. 

J. Apparatu. and procedure8 

Our apparatUl, consisting ot • commercial SEll lDOdified (or field emiaaion 

meuurementa by the addition of. tunpten acanniOC anode, it ideotical with that. delCribed. 

in our previous paper (7], .. are our basic measuremeot. t.ecbaiqua. Our cathodes are Nb 

(elecb'opolished) and Au (mechanically poliahed). Cont.amiJwJt particlea, introduced u 

potential emillioo sitea. are initially anchored to the IUbstnte with the aid of • layer of 

moisture. To measure the emission from a aite, • nat anode (eDd radius 40 pm) is brought 

lightly into contact with the substrate a few tens ,. microns •••y from the aite, raised a 

known distance d (typically 50 pm), and then centred above the site. 'l1le applied field it 

determined, to • Foci approximation. by E =V/d. where V u &be potential applied to the 

anode. The threshold emillion field ia taken to be the field th.at producea the minimum 

detectable emission current above the background noise (t.ypieallJlevera1 pAl. 
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3. Results 

3.1. Spherical and irregular particles 

The first measurements we report concern the emission from Ni particles of varying 

geometry placed on substrates ofNb and Au. Nickel, like the iron we studied earlier, oxidises 

in air with the formation of a semiconducting oxide layer [8] with thickness -lnm. [91[10]. We 

studied Ni particles with two kinds of geometry: spherical and irregular (both obtained 

commercially). The size of the spherical particles is in the range of 10 to 20 Jlm; that of the 

irregular particles: 5 to 10 Jlm. Figure 1 (a) and (b) shows a representative particle of each 

type. The emission observed from the irregular particles is shown in Figure 2(a), and is 

similar to that observed earlier [7] with irregular particles of Fe: a wide spread of thresholds, 

with many falling in the range «50 MV/m) that we associate with Mgood" emitters, and all 

emitting at fields less than the lower limits found previously [7] for two kinds of insulaton 

(Al203 and Si02). The spherical particles, however, were completely different (Figure 2(b»: 

with three exceptions out of 30 particles measured, no emission was seen up to l20 MV/m. No 

significant differences were seen between Nb and Au substrates. The experiment was 

repeated with iron particles (both spherical and irregular) with similar results (Figure 3(a) 

and 3(b». 

The studies of emission from irregular particles of various sizes (2 to 30 Jlm) did not show 

any relation between the particle size and ita threshold field. 

(a) (b) 

Figure 1. Nickel particles used as potential emission sites. (a) spherical. (b) 

irregular. 
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FifUJ."'e I. Emission testa for Ni particles on a Nb substrate. Dark ban show 

threshold fields for measured emission; light bars show muimum field attained 

when no emiasion was seen. (a) spherical particles, (b) irregular particles. 
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Pip,re 3. Emiaaion teat. for F. particles on a Nb subltrate. Dark bars abow 

thnshold fields for measured emiaion; liPt ban show lIlUimum field attained 

when no emiaion waa seen. (a) spherical particles, (b) irreplar particl... 

r-.... 

..... 

We have often observed that a aeratch or indentation of. cathode surface (e.,., from 

accidental contact with an anode tip) will produce an emiaaion lite.. It is euy to imagine how 

emission from such a site micht result from a projection, and difficult to see bow it could 

involve an insulator mechani.... Henee we thoUCht a awiy of the emiaion from this kind of 

site might be fruitful in distil'l8Uishinc between these alternative kinds of mechanism. 

To produce mechanical damage on a cathode aurf'ace with the least chance of 

contamination, we used a diamond tool (a commercial phonograph stylus), A diamond stylus 

on ita metal support was mounted in place of one of the three anodes that our apparatus can 

accommodate (see Figure 4). Under SEM observation, the stylUl ..s brought in contact with 

4. 



the substrate, and the anode arm was further lowered by several micronL This procedure 

results in a flexing of the stylus support and a slight lateral u well as vertical movement; 

when the anode arm is raised, a characteristic "footprint" of the type shown in Figure 5 

(designated a ·point" defect) is evident. Alternatively, the substrate can be moved laterally 

(manually, in an irregular fashion> before the anode arm is raised, resulting in the kind of 

-scratch" defect shown in Figure 6. 

Figure 4. Mounting ofdiamond stylus used to create mechanicat damage sites. 

Figure 5. -Point" mechanical damage site. 
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Figure 6. ·Scratch- mechanical damage site. (a) upper view, (b) lateral view. 

Point defects were observed to be good emitters; Figure 7 shows the statistics for such 

defects. each produced nominally in the same fashion. '11le results obtained on a Nb substrate 

(Figure 7(a» are similar to those obtained on a Au substrate (Figure 7(b». Scratch defects, 

when scanned with an anode, invariably show emission sites at those points along the scratch 

where substrate material, ·plowed" aside by the diamond stylus, is left in piles by the 

irregular lateral stylus movement. In general, these mechanical defects give rise to emission 

that is more stable than that from superficial particles. Figure 8 shows an example of a 

Fowler-Nordheim plot of the emission from a point defect, showing relatively good 

reproducibility on increasing and decreasing the applied field. While one should not take the 

parameters resulting from this curve too seriously (the presence of a ·dirty" surface in our 

relatively poor vacuum (10--6 torr) would necessitate corrections), we note that the beta and 

emitting area obtained from it are typical of those found in previous studies of naturally 

occurring emission sites [2]. 

One might argue that emission from a scratch could be due to some chemical 

contamination from the stylus. This hypothesis can probably be rejected. because scratch 

emitters can be produced by very different styli (e.g. diamond OT tungsten). provided they are 

hard enough to produce some mechanical damage on the cathode surface. Moreover, EDX 

analysis of the scrauhed surface never revealed the presence offoreign elements. 

6. 
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Contacta were also made with • pludc stylua. Due to the dill'erence of hardnes. between 

plutic aDd metal, no pomebical defects were produced on the Nb surface. Further, no 

emission was observed from these contaets despite a considerable contamination of the Nb 

8ubstrate by plastic particle .. 

4. Electrodatic theory aDd Dumerical aimulatioD.l 

One or the main reason. Cor previous hesitation. about the applicability of the projeetion 

model baa been the implausibilitJ of projection. oC sufficient marpneaa. 'I1leoretical 

ealculation. Cor simpl. projection lIlape. (hemiapheroid. [11) and eyUnden capped with 

hemisphere. [12]) show that, roughlJ, the enhancement 'actor' i'liven bJ the ratio h/r. 
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where h is the projection height and r is the radius of its tip. Thus the hemispherical1y 

capped cylinder (BCC) required to explain a ~ in the range of 100·200, typical of those 

observed. would have to be some hundred times taller than its radius. No such projection is 

seen on either our irregular particles or on our mechanical damage sites. and the presence of 

such an acutely sharp feature on a scale too small to be resolved would seem quite 

implausible. 

It seems not to have been noted in the literature, however, that there is a simple way to 

achieve a high ~ out of structures that are less sharp. Consider an HCC with sharpness 

sufficient to produce a field enhancement factor ~1' In a region sufficiently close to its tip. the 

projection surface will appear locally flat, with a uniform local field E1 that is ~1 times 

greater than the field EO applied globally. A second. much smaller HCC with enhancement 

factor ~2 placed on this surface will itself experience a tip field E2 enhanced over E1 by a 

factor of ~21 or an overall enhancement ~ = E21EO = ~1~2 (in the limit where the ratio of the 

sizes of the two HCCs goes to infinity). 

To test this idea for finite values of h1/h21 we have carried out numerical calculations 

with the program POISSON [131. This program solves Laplace's equation in two dimensions 

for specifiable geometry and boundary conditions using a relaxation method and a specifiable 

mesh; if cylindrical symmetry is assumed, the calculation is effectively three-dimensional. 

Figure--9 shows equipotential lines calculated for two HCCs. each with hi1r i =8 and thus [12] 

~i = 10. for the case h11h2 =5. While calculation considerations limit the mini mum usable 

mesh size. and thereby the size of the smallest geometrical feature that can be modelled. we 

have been able to carry out calculations, valid to about ::10%, as far as h1/h2 =10; the 

results are given in Table 1. 

n III 
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Figure 9. Calculated equipotentials for two superposed hemispherically capped 

cylindrical projections. 
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Projection h1Jh2 ~ 
single . 10 

sU~.l}I'Jsed 5 32 
su~ .. vused 10 50 
SU~I.~sed infinite 100 

Table 1. Overall field enhancement (actor IJ eakuJated (or a single 

hemispherically capped projection, and (or a IUperpoaitioD • two luch projectiona 

with height ratio hl/hJ, each with the same individual enhancement (actor ~i = 
10. 

I. Di&eU88ioD 

1.1. Particle ,eometry. 

In previous work [7]. we have shown that the eomposition or a particle play. a role in ita 

ability to emit. Here, we diKU88 two other parameter. neceuary to complete a global 

characterisation of a particle-. emission. These two parameter. are the rol1owinc: 

• 	 gartiel, abap'O No emiaaion wal leen from spherical particle. or Ni or Fe (or field. up to 

120 MV/m. 'Ibis lack of emiaaion can be esplained. by a very IID8ll ~ of a sphere. In ract, a 

spherical particle give. a IS of only of, too small to produce measurable emiuiojl. 'nlat 

irreauJar particles emit is not surprisinc since we can euily expect the.. irregular 

particles to rive larger and varying ptl, in accord with the wide range or threshold value I 

meuwed. 

- iptcd.e. bet.." vartid' and .Mltra...· .lcl emiui~ was obeerved from particle. on an 

Au. IUbetrate with charact;.an.tica; (tlll:flabold field, ." valuea> quite similar to tho.. 

meuured for particles on natural or evea ~aect1lb eubJtntes. 'Ibis aeelU to indicate 

that th. interface between particle and su.betrate doe. Dot pia, an important role (at leut 

i.a the ranp or iielda and currenta we are concerned with). 

1.2. D.....e .tea. 
Once .,ain, the method ol'ereation oFthe.. lites, and: their similarity on Nb and Au 

substrates, suaeata only the pouihioly of projectionL While"Oar SEM doe. not allow us to 

resolve the fine details of the 8tnactu.rea, it appean entirel7 plausible that a projection-on·a

projection model is consistent with both the observed. pometry and the meuured beta and S. 

In fact., a IS values of the order of 100 can readily be achieved with two superposed HCC 

stnactu.rea ofrealistic dimensions. (or eumple bl=lOpm, rl=lpm, h2=100nm, rplOnm. Such 

geometrical protrusions are within the ran,e or observation fA high resolutioD acanning 

9. 



electron microscopes. and have indeed been observed on some geometrical defects produced 

by the above mentioned method. A typical example is shown in Figure 10. 

Z8UW. . 	 :'. 

Figure 10. Geometrical defect with two superposed projection (Threshold field15MV/m). 

5.3. Projection model 

Many experimental findings seem to favour a "geometrical" type of emission mechanism: 

1) In a previous paper [7], we found that insulating particles emitted much less than 

conducting ones. 

2) 	It was shown above that spherical Ni and Fe particles do not emit, even for fields as large 

as 120 MY/mt whereas ilTegularly shaped particles of these metals strongly emit, giving a 

wide range of ~ and S values. The field enhancement factor for a perfect sphere is only 4, 

whereas the ~ expected from irregularly shaped particles is much higher. Morphological 

studies of the particle apex with the SEM did reveal very small radii of curvature at some 

places. In many instances, the observed radii were of the same order as the SEM 

resolution. It can not be excluded that substructures exist on a still smaller scale, thus 

giving even larger ~ values. 

3) 	The influence of an insulating layer separating a particle from the substrate seems to be 

small: the same emission behaviour was observed for similar particles on Nb and Au 

substrates. 

4) 	After emission, it was oft.en observed that conducting particles were in electrical contact 

with the substrate, even welded to it. Apparently the underlying oxide does not play an 

important role in the emission, sinee these welded particles continued to emit. 

10. 



All these features find a natural explanation if one admjta that the particle behaves 

merely aa a geometrical protrusion with a field enhancement at ita apeL There eData, 

however, one result apparently at variance with the pometrical hypothesis: etrective areas S 

extracted from our Fowler-Nordheim plota range from 10-10 to lO-22m,. Oxide layer. or 

adsorbed species may influence sensitively the value extracted for S. 

1.4. CoDclwdoD. 

We have found arong evidence in favour of the projed:ion model .. an explanation {or at 

least two kinds or emiuioD ~ite. (superficial metal particle. aDd regions of mechanical 

damage), and we have weakened one of the traditional objectiona to this model. In fact, the 

hypothesi. of superposed ~metrical prob'usions may well lerYe to quantitatively explain 

the enhanced field emission behaviour of the several types of site. we have Itudied. 

We do not wish, howev ..... · top"" far .. to claim that all anomalous electron emisaion 

come. from projections. 'Ibe measurementa of electron and lumineaeent spectra referred to in 

the introduction continue ta, indicate that the naturall, oeeurrinc lites examined in that 

researeh need a more complex model for their explanation. NatuJ'aD, occurring sites studied 

by others [14] may indeed be ofthi. type. We do claim, however, that both superficial metallic 

particle. (.uch .. Fe or A,,> and mechanical damage lites are potentially stronc lOurceS of 

eled:ron emiuion that are much to be .voided in practical applicatioRl, and that the 

behaviour of this emi..ioD can be explained by the projection model 
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