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SUMMARY 

An experimental study has been made of the field emission of 
electrons from various composite microemitters. The majority of 
the work has been carried out using electrolytically etched tungsten 
micropoints, coated with 0.04 - 0.2m thick layers of various 

insulating materials ( e.g. epoxylite resin, hydrocarbon, lacomit ie 
The aim of the investigation was two-fold: firstly, to identify 

a hot-electron emission mechanism resulting from field penetration 
in the insulating film. Secondly, to evaluate the performance of 
such devices as practical electron sources. 

The radius of the substrate micropoint and the thickness of the 
insulating overlayers were measured in a transmission electron micro- 
scope; the current-voltage characteristics and emission images were 
studied with a field emission microscope, whilst an advanced Van 
Oostrom retarding potential analyser was used to measure the energy 
spectra of the composite emitters. In general, virgin emitters 

initially switched-on at fields of 3 x 10°- 3x 107 Vm , depend- 
ing on the insulating film thickness, to give smooth reversible 
current-voltage characteristics, obeying the Fowler-Nordheim equation 
at low fields and saturating at high fields. The emission images 
generally consisted of a small single-spot, i.e. corresponding to a 
high source brightness, while the electron energy spectra were shifted 
by os 0.2 eV from the cathode Fermi level and had half-widths of 

=> 0.2 eV, with both parameters increasing with applied field. 
These findings have been explained in terms of a hot-electron emission 
mechanism involving the creation of a conducting channel in the 

insulating layer. 

Key words: Field Electron Emission. Electron Spectroscopy. 

Hot-Electron Emission. Metal-Insulator 

Electron Microsource.
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CHAPTER 1 

INTRODUCTION 

The investigation described in this thesis is concerned with the 

field emission of electrons from metal-insulator-vacuum (M.I.V.) 

systems, where field penetration in the insulating medium can give 

rise to hot electrons with sufficient energy to be emitted over the 

surface potential barrier. Thus, the emission mechanism can be thought 

of as a quasi thermionic process as described by the Richardson-Schottky 

model. The motivation for the project stems from recent studies of the 

microscopically localised field-induced electron emission processes that 

are responsible for the pre-breakdown currents that flow between vacuum- 

insulated high voltage electrodes (4,2 sy it has become evident that 

electrons can be "cold emitted" from dielectric-like micro-inclusions 

that are in intimate contact with the substrate metallic cathode or 

perhaps even partially embedded, at applied electric fields that are 

often two orders of magnitude lower than the threshold value of ~3 x 

10 9 v/m which is required for the well-known Fowler-Nordheim "metallic" 

field electron emission (F.E.E.) tunnelling mechanism (1 is Recently 

Latham (3) gave an explanation of this abnormal field emission in 

terms of a field-induced hot-electron emission (F.I.H.E.E.) mechanism 

involving a composite metal-insulator-vacuum emission regime. According 

to this model, the applied field penetrates the sub-micron thick dielec- 

tric region to the metal substrate producing bending in the band struc- 

ture. Therefore, for any given micro-inclusion, there will be a critical 

field at which it will be possible for a stream of electrons to tunnel 

from the metal substrate into the conduction band of the inclusion. At 

fields in the range of 10 - 20 MV/m, it will initiate a "switching pro- 
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cess, where a conducting channel, or filament, is formed in the dielec- 

tric by a similar mechanism to that proposed by Dearnaley et al Cue) 

and Adler et al (>) to explain the behaviour of metal-insulator-metal 

(M.I.M.) switching devices. However, the absence of the "top" metal 

electrode in the M.I.V. regime excludes the possibility of hole injec- 

tion, and hence results in the existence of an ambient population of 

hot-electrons at the insulator vacuum interface, some of which will be 

able to be "thermionically" emitted over the surface potential barrier 

(65) 

Whilst this model has been shown to provide a satisfactory explan- 

ation of typical experimental data (3 ue like the current-voltage 

characteristic and the field and temperature-dependence of the electron 

spectral half-width, it had not been subjected to any direct verification 

of its validity. Therefore, the present simulation study was undertaken 

in which it was hoped to replicate, under controlled conditions, the 

emission regime supposed to exist locally on the surface of high voltage 

broad area electrodes. Thus, techniques were developed for fabricating 

and testing composite microemitters, these consist of a metal substrate 

(mainly tungsten) of known microscopic profile, coated by a sub-micron 

thick layer of a suitable insulating material (e.g. epoxylite resin, 

hydrocarbon, lacomit). As will be described, the emission characteris- 

tics of these controlled emitters showed several striking similarities 

to those obtained from the naturally occuring emission processes: how- 

ever, they also showed some significant and physically interesting 

differences. 

A parallel, but equally important, objective of this study was to 

determine whether such composite emitters had any technological poten- 

tial as a "cold" electron source for possible use in such commercial 

(8-10) 
devices as cathode ray tubes (7? ys electron microscopes etc. 

15.



Thus, their performance has been characterised in terms of such prac- 

tical parameters as: electron beam brightness, energy spread, short and 

long-term current stability and emitter life time. From this data, it 

has also been possible to make a quantitative comparison of the emission 

characteristics of these composite emitters with other types of "cold 

emission" electron sources that are currently under development; e.g. 

earbon fibre (% 11 - 13) and other micropoint emitter systems (14 De 

M.1I.M. hot-electron sources (15 -17 y and negative affinity devices 

( 18 

An experimental technique which formed an important part of the 

present study, was the measurement of the field electron energy distrib- 

ution (F.E.E.D.) of the electrons emitted from the composite emitters, 

since this type of data provides valuable information about the basic 

emission mechanism. For this aspect of the work, it was necessary to 

develop a fully automated Van Oostrom retarding potential electron 

spectrometer. Several other techniques have also been developed for 

this investigation, either for use in conjunction with the spectrometer, 

or for subsidiary experiments. These include an ancillary field emission 

microscope facility, an ion beam etching technique to control the insu- 

lator coating thickness, and a special specimen holder for a Philips 

EM 200 transmission electron microscope for mounting the composite 

emitters and measuring the coating thickness and the radius of curvature 

of the substrate cathode. In addition a scanning electron microscope, 

together with its Kevex X - ray spectrometer facility, was extensively 

used for characterising emitters. 

16.



CHAPTER 2 

THERMIONIC AND FIELD ELECTRON EMISSION 

2.1 Introduction 

As the main part of the work described in this thesis is concerned 

with the process of field electron emission, it was considered essential 

to include a review of the published literature regarding the theoretical 

and experimental aspects of field emission from metals, semiconductors 

and composite metal-semiconductor/insulator materials. However, as the 

work also includes a study of field-assisted thermionic emission, it was 

therefore thought appropriate to introduce this review with a brief 

account of the thermionic emission process. Furthermore, it will be seen 

later that the fundamental physical concepts associated with the ther- 

mionic emission mechanism, also play an important role in the hot-elec- 

tron model that has been proposed to explain the field emission of elec- 

trons from composite em/tters. 

2.2 ELECTRON EMISSION FROM METALS 
  

2.2.1 THERMIONIC EMISSION 

The electric and magnetic properties of solids are mainly deter- 

mined by the properties of the electrons in them ( 19 De Each electron 

has a definite energy and momentum, where the arrangement of the permitt- 

ed energy levels of the electrons holds the key to the properties of 

solids. According to the free-electron model, which was introduced by 

(20) 
Sommerfield in 1928 it is assumed that the "free" electrons, 

17.



i.e. the valence electrons of the free atoms (19) which become de- 

tached in the condensed phase to create the conduction electrons ( 21 Us 

find themselves in a potential which is constant everywhere inside the 

metal. Since no significant electron emission is observed from metals 

at room temperature ( 22 » it seems evident that the potential energy 

of an electron at rest inside the metal must be lower than that of an 

electron at rest outside the metal. This is confirmed by relatively 

simple theoretical arguments ( 23 di; Now a physical model where the 

interior of the metal is represented by a potential energy box of depth 

E, , is shown in Fig. 2.1. The Fermi energy, Ey » is the energy of the 

highest filled level in the ground state (i.e. at T =0 K) ( at y while 

the energy difference between E, and Ee is known as the work function, 

¢@ , of the metal. The energy of an electron at rest outside the metal 

is used as a reference, and referred to as the vacuum level ( 22 y 

Zero potential Vacuum level 

g 
Electron FL 
energy 

  

Fig. 2.1 The energy model for a metal at 0 K with energy levels 

filled up to the Fermi level FL. 
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When an electron inside a metal moves towards the boundary of 

the metal with sufficient energy ( >E,) to overcome the potential 

barrier, represented by the work function, the electron will be emitt- 

ed over the barrier into the vacuum ( 24 ), As the temperature of the 

metal increases the kinetic energy of the electron gas is increased 

( 21 ), producing some occupied energy levels which were vacant at 

absolute zero. Because the probability that the electron will have 

sufficient energy to escape is strongly dependent on temperature, such 

(2h) electron emission is known as thermionic emission » and may be 

explained using the Fermi-Dirac statistics ( 25 J The emission curr- 

ent density is given by 

oo 

see f ww an C20) 
Bo=E +P 

where N(W) is the supply function, and is equal to the number of elec- 

trons with the x component of their energy within the range W to W+d W, 

incident on the surface per unit area and time (26 ye On substituting 

a suitable expression for N(W) and integrating, one obtains the 

(ae a) Richardson equation 

J=AT em (-g ) (2) C22) 
KD 

If account is taken of the possibility of reflection of the elec- 

tron at the boundary (i.e. the potential barrier), equation ( 2.2 ) is 

modified to give the Richardson-Dushman equation, 

J=A(1-1r) Tem (-f ) C28) 
EP 

where r represents a suitable average of the reflection coefficient 

(28, 29 ye and A is a constant defined by, 

2 
hee Sere eo a 

ne 
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where e, m, h and k have their usual significance, so that the ideal 

value of A appropriate to a perfect metal-vacuum interface is 1.2 x 10° 

n= ae . Equation ( 2.3 ) gives the electron current that would A 

start to flow if the sample is heated to a temperature T; it would 

however be limited by the negative space charge which will exist in 

the vicinity of the emitter, so that it is necessary for the anode 

potential to be sufficiently positive to prevent the build-up of space 

charge ( 22 a 

22.2 FIELD ASSISTED THERMIONIC EMISSION 

The model described in the previous section can be further refined 

by including the effects of (a) the image force and (b) the electric 

field. Thus, when a metal is approached by an electron it will induce 

an image charge in its surface so that an attractive force will be 

exerted on the electron given by the well-known image force 

ee 1 

4 TTEo (2x iF 

where e is the electronic charge and x is the normal distance of the 

electron from the metal surface. This leads to a potential energy of 

the electron equal to 

ee 

Yinage “16 TEx 

which will only have a significant effect on the potential barrier at 

very close distances from the surface. If now the effects of both an 

external electric field and the image force are taken into account, 

the potentials will be added, leading to the modified potential barrier 

shown in Fig. 2.2 , where there is an apparent reduction 4g in the 

20.



  

  

    

  

    
g 

Modified potential E>0 
baccies ar one 

Fermi 
level x 

Energy 

iY 
“7 Distance 

MILE,   
Fig. 2.2 The surface potential barrier and Schottky effect.



work function, which is a phenomenon known as the Schottky effect 

( 30 ) Equation 2.2 now becomes, 

= AT exp - (4248) 

at em (- 2) em (2%) ( 246 ) 

oy
 fl 

which, after substituting an expression for 4G obtained from the 

image potential and external field, can be expressed as 

B/e ale 
y= aT? exp (- go) op -S ee — 6H) (25) 

Experimental studies confirming the validity of this model have 

been made for example, by Sommerfield and Bethe ( 32 ), Guth and 

Mullin (33 » Dolan and Dyke or ), Dyke et al ( 35 ) 

Good (25 Ms 

, and Murphy and 

2.2.3 FIELD ELECTRON EMISSION 

It was shown in the previous section that, for an emitter at a high 

temperature, the presence of relatively low electric fields (Cs: 10? 

Vv a ) will cause more electrons to escape over the reduced potential 

barrier and so enhance the total emission current ( 36 Me If the 

external electric field is increased to the very much higher value of 

> 10? Vv nm , the potential barrier width x becomes so thin 

( 6107? m ) opposite the metal Fermi level that unexited electrons 

can tunnel through it, at constant energy, into the vacuum. In quantum 

mechanical terms, this corresponds to the situation where the barrier 

width is comparable to the de Broglie wavelength of the electrons near 

the Fermi level, so that the electron wave function w will still be 

finite on entering the vacuum; i.e. where there is a finite probability 

of an electron being at either side of the barrier. This condition 
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can be derived in terms of the Heisenberg uncertainty principal (37) 

which states that a knowledge of the momentum of an electron with an 

uncertainty ap, necessarily implies an uncertainty in position ax 

given by 

ap axet C26 ) 

where h = h/27 , h being Planck's constant, Thus, for electrons near 

the Fermi level, the uncertainty in their momentum corresponds to the 

barrier height, J, ies ap=(2m9 2, and from equation 2.6 the 

uncertainty in position will be 

Ax + = pene C27) 

(2mg )? 

It follows therefore that if Ax is of the order of the barrier width, 

there will be a good chance of finding an electron on the outside of the 

barrier. Neglecting the Schottky effect, and assuming the potential 

due to the field is equal to the work function at the Fermi level (see 

Fig. 2.2), the barrier width can be approximated by ( 37 ) 

eek (2.8 ) 
ek 

substituting for % from equation ( 2.7 ) the required condition is 

h x -K —— ( 249°) 
(2m9 )? 

or in terms of the field, 

Pega ee ig ( 2.10 ) 

The first quantum mechanical treatment of field electron emission 

from metals was presented in 1928, by Fowler and Nordheim (226 3 and 

this will be described in detail in the next section. A review of 

field emission work up to 1956 and a full account of the Fowler- 

Nordheim theory was published by Good and Muller ( 38 ae



2.2.3.1 THE FOWLER-NORDHEIM THEORY 

In this theory the field-dependent emission current density J is 

derived on the basis of the Sommerfield free-electron theory for the 

case of an ideal planar metal-vacuum interface. As previously discussed, 

the potential barrier close to the surface in the vacuum region consists 

of the classical image-force potential and a potential due to the high 

external applied electric field, and results in the modified potential 

barrier as shown in Fig. 2.3. In the Fowler-Nordheim model, electrons 

from the bulk which are incident on the metal surface and obey Fermi- 

Dirac statistics, penetrate the potential barrier with a probability 

which is predicted by a solution of the Schrédinger equation. The 

derivation of an expression for J progresses in three distinct stages. 

(1) The derivation of the electron supply function N(W) d W which gives 

the flux of electrons with the x-component of\ their energy within the 

range W+ d W incident on the barrier from within the metal surface 

per second per unit area. 

(2) The derivation of the electron transmission coefficient D(W) which 

gives the probability that an electron of energy W will be transmitted 

through the barrier. Thus, the number of electrons with energies in 

the range between W and W + d W tunnelling from the metal into the 

vacuum region, usually known as the normal energy distribution P(W) d W, 

is the product of the previous two functions, viz. 

P(W) a W= N(W) D(W) dW 

(3) The evaluation of the field electron emission current density 

J(A nm? ) which is the total number of electrons emitted per second 

per unit area in the energy range W to W+ dW, integrated over all 

energies, and then multiplied by the electronic charge (e), ise. 
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s=e fol) aw (22540) 

all energies 

For detailed evaluation of N(W), D(W) and the final integral, which 

is an extended and largely mathematical exercise (4 ), there are 

comprehensive modern treatments ( 38» 39 yy 

At low temperature ( T< 300 K ) where few electron states above 

the Fermi level are occupied, as shown in Fig. 2.3, equation ( 2.11 ) 

leads to the standard Fowler-Nordheim equation 

y= te5h x 10°6 2? be ( =-5s83 x 107 g #19 v(y) (2.12) 
6? (y) - 

where E is the surface electric field ( V nt ), g is the work function 

of metal (e V ), while t(y) and v(y) are tabulated dimensionless elliptic 

( 38 - 40 ) functions of the parameter y given by 

5 ye y = 3.79 x 10 “EB (2533 

In practice, t(y) is a slowly varying function of y and for stable 

field emission range 

2x10?<E<6x107 vm! 

t(y) 21 ( 2.14 ) 

and v(y) = 0.956 - 1.062 y* ( 2.15 ) 

Thus by substituting the values from equations (2313 )5-( 2.14) end 

( 2.15 ) into equation ( 2.12 ) and taking logarithms, one has 

A 

Tot, = tees 1076 : igre ) - 2:84 xso? fi? 

B ( 2.16 ) 

If the field acts over an emitting area A, , then the emission current 

from this region will be IT=J Aa ’ the Fowler-Nordheim equation 

can be written as, 

TSAR emp (- Be) ( 2.17 ) 
Cg B 
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where A and B are constants. 

In 1940 Haefer ( AA ) was the first to test the F-N theory for 

a point cathode and plane anode geometry. For this case the graph 

obtained by plotting Log ( t/v? ) versus ( MAG ), a typical example 

is shown in Fig. 2.4, is referred to as the Fowler-Nordheim plot, and 

is the generally accepted method of interpreting experimental observa- 

tions of field emission from metals. The slope m at any point of the 

curve is given by 

m= 2.84 x 107 gt? (2.18 ) 

and an intercept 

i 

c= Log ( 1.54 x 1076 a, 1052 F* (-2049:) 
= == 

More recently, in 1953 Dyke et al (e538) used micro-point emitters 

with accurately measured geometry so that the microscopic cathode field 

could be well determined. The results they obtained were in good agree- 

ment with the F-N theory over several orders of magnitude of current 

density; departures from theory did however occur at high current den- 

sities, but these could be explained satisfactorily by taking into 

account the effects of space charge. 

202.322 TOTAL ENERGY DISTRIBUTION OF FIELD EMITTED ELECTRONS 

The earliest measurements of total energy distribution used re- 

tarding-potential analysers, where the different types will be dis- 

Core and later cussed in detail in section 3.3.1.1 . Muller 

Muller and Bahadur ( N6 Dy using a tungsten tip emitter with a spher- 

ical retarding-potential analyser, obtained good experimental agree- 

ment with the theoretical expression of Fowler-Nordheim for the normal 

(47) energy distribution. Subsequently, Young and Muller » employing 
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Fig. 2.4 Typical Fowler-Nordheim plot for a metallic emitter. 
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an improved high-resolution retarding analyser, obtained a much 

narrower energy distribution than that predicted by the F-N theory. 

To explain their findings, they had to make the following re-appraisal 

of the theoretical model used by Fowler and Nordheim: 

It was stated earlier that the F-N equation ( 2.12 ) was obtained 

by integrating the normal energy distribution N(W) D(W) d W over all W. 

This is true for a plane parallel analysing geometry but, for the widely 

used spherical geometry, the transverse component of energy 4s conserved 

in the tunnelling process, but rapidly transferred to the direction 

of motion once the electron has left the emitter surface, which results 

in the emitted electrons being incident perpendicular on the collector 

surface. Therefore, the total rather than the normal energy of the 

electron is measured. Accordingly, Young (48 ) used the following 

reasoning to develop a theoretical expression for the total energy 

distribution that could be compared with experiment: 

(1) The electron supply function N(W , E) d Wad@E is now equal to 

the number of electrons with total energy within the range E to E +d 8, 

whose x-part lies in the range W to W +d W incident upon the surface 

per second per unit area. 

(2) The electron transmission coefficient D(W) will be the same as 

that in the derivation of the normal energy distribution, so the 

product of N(W , E) D(W) gives the number of electrons in the given 

energy ranges penetrating the barrier, i.e. 

P(W,E)dWdadE=N(W,E) DW) aWaek 

Hence, the total energy distribution is given by 

= “Wy 

o(e) an = [r(v, B)awas 

WHE 
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where “Wy is the potential energy within metal. The limit for 

P(E) aE at-Wy can be extended to - co , since the integrand is zero 

below “Wy » so that after integrating with respect to W one obtains 

4 oma Be oxP Ge P(t) aE= — Om CS isa. X aan nites a, dE 
h sat 

=e ee a 

(e20208) 

where 

4 (2m £ ye 
= v(y) 

3herF 

. her z 

2( 2m)? ty) 

¢ =e- Ee = work function, and F is the electric field acting on the 

emitting surface while the other parameters are as defined in the 

previous section 2.2.3.1. 

(3) The field emission current density, J ( A nm” ) is found by 

integrating over all E and multiplying by the electronic charge, so 

that 

oo 

ree fe(e)as 

to 

which is the Fowler-Nordheim equation. 

To illustrate the significance of the above discussion, Fig. 2.5 

shows the total and normal energy distribution curves for two different 

(47) « The steeply temperatures, as obtained by Young and Muller 

rising edge of the zero-temperature curve gives the position of the 

Fermi level, while the exponential drop at lower energies is due to 
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Fig. 2.5 Theoretical and experimental total-energy distributions of 

field-emitted electrons at room temperature. The theoretical normal- 
energy distribution is shown for comparison. All three curves are 
arbitrarily normalized. [4 3] 
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the decrease of barrier penetration probability. The maximum value 

of the total energy distribution Bax decreases rapidly with tem- 

perature, whereas the maximum value of the normal energy distribution 

remains constant over a wide temperature range. The value of E when 

P(E) is a maximum can be found by differentiating the exponential part 

of equation ( 2.20 ) with respect to E, which gives 

MAX Ep -KTiIn qp- 1 ) 

which reduces to Ewax = Ee when T = OK 

The full width at half maximum ( F.W.H.M. ) of the total energy 

distribution at zero temperature is found to be, 

8(0) = 0.6934 (2) 

2.3 FIELD ELECTRON EMISSION FROM SEMICONDUCTORS 

Whilst the free-electron theory can satisfactorily explain most 

properties of metals, it cannot be applied to insulators and semi- 

condudtors. Accordingly, the nearly-free electron theory ( or the 

band theory of solids as it is better known ) is used, which is based 

on the concept that an electron moves in a periodic potential within 

a crystal. By solving the appropriate Shrédinger equation, the permitt- 

ed energy states are obtained, but in this case they come out in "bands" 

of permitted states separated by "forbidden bands". The concept of 

energy bands is the basis for explaining the properties of semiconduct- 

ors. It is therefore necessary to give a brief account about 

conductors, insulators and semiconductors before reviewing the theory 

of field emission from semiconductors. The schematic band diagrams 
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of an insulator, a metal and a semiconductor are represented in 

Fig. 2.6. Each band consists of a very large number of energy levels 

( one pair of levels for each atom in the crystal); but these overlap 

to form, in effect, a continuous band of available energies. At 

sufficiently low temperatures all the electrons will exist in the 

states of lowest possible energy, and will therefore fill, or partially 

fill, the lowest available energy band i.e. the valence band. In 

order to conduct an electric current, some of the valence electrons 

must be in an energy band which is only partly filled, as in the case 

of a metal, or alternatively, some electrons must be given sufficient 

energy to be excited from the valence band into the next lowest energy 

band, i.e. the conduction band. In the case of an insulator, there is 

a wide energy gap >4 eV separating a filled valence band and an empty 

conduction band, so intrinsic conduction at room temperatures cannot 

occur. However, the most commonly used semiconductors at present are 

geranium and silicon ( 49 ) which are intrinsic semiconductors, with a 

small energy gap of 0.72 eV and 1.12 eV respectively. At room tem- 

perature therefore, a few electrons can be excited from the top of the 

valence band to the bottom of the conduction band, and thereby leaving 

a hole in the valence band. Thus, electrical conduction can take 

place by both electrons and holes. A rise in temperature increases 

the rate of production of electron-hole pairs and so increases the 

number of current carriers; so the conductivity of the semiconductor 

will increase. In an intrinsic semiconductor at 0 K all the states 

in the valence band are filled and all the states in the conduction 

band are empty, with the Fermi level lying midway between the valence 

band and the conduction band. However, when the temperature increases, 

the position of the Fermi level changesas shown in Fig. 2.7 (a). 

In the case of extrinsic semiconductors, say n-type, the corresponding 
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position of the Fermi level is shown in Fig. 2.7 (b). 

Not surprisingly, the theory of the field electron emission from 

semiconductors is more complicated than for metals. In particular, 

there will be an ill-defined distribution of surface states that will 

have a major influence on the field penetration depending on their 

level of occupancy. These states may themselves also give rise to 

emission, and so account must be taken of the fact that these surface 

states need not necessarily be in thermal equilibrium ( i.e. Fermi 

level may not be constant ) with the bulk. Further difficulties 

influence the experimental work in this field; for instance, it is 

hard to obtain clean semiconductor surfaces, and since semiconductors 

have a much higher resistance than metals, the voltage drop across the 

emitter must be taken into account. Thus, when an electric field is 

applied to a surface of a metal or semiconductor a surface charge is 

induced. This will be of negligible effect in the case of a metal, 

since the number of additional charges is small compared to the number 

of conduction electrons. However, this is not the case for a semi- 

conductor, where the number of electrons in the conduction band is 

relatively small, so the induced surface charge results in a decrease 

in electric potential as the surface is approached from the interior, 

and hence, a down-bending of the bands, as illustrated in Fig. 2.8 (a). 

This band-bending can be sufficient, with high enough electric fields, 

for the bottom of the conduction band to fall below the Fermi level, 

as shown in Fig. 2.8 (b). 

The first theoretical study of field electron emission from 

semiconductors was due to Stratton ( 20 is According to his model, 

the large field emission currents flowing through a semiconducting 

emitter can result in a voltage drop AV, down the shank of the emitter 

with a consequent variation in the Fermi level ( an effect particularly 
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associated with semiconductors which have a high resistivity). The 

voltage drop is concentrated mainly at the apex of an emitter and, 

as a result, the temperature of this localised region may be raised 

by Joule heating. Fig. 2.8 (c) ( 50) presents the electron potential 

energy diagram of a semiconductor having an internal potential drop 

due to field penetration and the resistivity of the emitter. Stratton 

assumed a Fowler-Nordheim type of barrier at the surface and modified 

the transmission probability to include the dielectric constant of the 

material. He applied the barrier to different models of a semiconductor 

surface each with and without field penetration and surface states. 

In a further publication in 1962, Stratton ( at ) extended his work, 

to produce expressions for the emitted current density from both the 

valence band and the conduction band. This later study used the same 

type of surface barrier but took account of the variations in the band 

shapes. He also considered in more detail the effects of surface 

states, although he did not allow for the probability of emission from 

these states. The theory broadly predicts, ( 50, 51 ) that at low 

fields, emission will occur predominantly from the valence band (see 

Fig. 2.8 (a).), and from the conduction band at high fields (see Fig. 

2.8 (b) Ve with linear F-N plots being produced in both situations. 

In the transition region, the current will increase more rapidly with 

field as the conduction band population increases. However, most 

experimental measurements of the current-voltage characteristics did 

not match with Stratton's theory, in particular a saturation region 

is observed in the mid-current range where Stratton predicted a 

pronounced increase in the current. To explain this anomaly Baskin 

et al ( 52) considered the electron flow within the semiconductor 

and showed that there could be a restriction on the emission current 

caused by the inability of sufficient carriers to arrive at the surface. 
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Such an effect could either be due to a weakly conducting depletion 

region, just within the surface for p-type semiconductors, or to the 

inability of an n-type specimen to generate enough carriers in the 

bulk. The effects of electron injection at the metal-semiconductor 

junction were not discussed. Qualitative agreement was shown by 

numerical calculations based on their expressions. 

In 1966 Stratton ( 53 ) presented a further study of field elec- 

tron energy distributions from semiconductors, which can be understood 

by considering the semiconductor surface and the effect of increasing 

the applied field, as illustrated by the dotted lines and energy dis- 

tributions in Fig. 2.8 . This stated that the application of an 

electric field will induce charge into unoccupied surface states, where 

if the density of these states is sufficient to accommodate the charge 

without significantly altering the position of the Fermi level, the 

external field will be shielded. If any electron emission is obtained 

it would be expected to come from either the Boltzmann tail of elec- 

trons in the conduction band, or from the valence band, depending on 

factors such as the position of Fermi level, the forbidden energy gap 

width, and the density of states in the valence band, with the result 

that two peaks may be observed with an energy separation equal to the 

gap of the semiconductorjieas illustrated in Fig. 2.8 (a). When the 

field penetration is sufficient for the edge of the conduction band 

to dip below the Fermi level, the conduction band will become degener- 

ate ( i.e. the electrons inside it will obey Fermi-Dirac statistics 

as opposed to Boltzmann statistics ). Accordingly a peak will be 

observed at the Fermi level and another small one ( possibly unob- 

served ) at just below the valence band edge. The first peak would 

be metal-like and does not shift with increasing the applied field, 

while the small one may move slightly to lower energies, as shown in 
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Fig. 2.8 (b). As explained before, when a field emission current 

flows through a semiconductor emitter a voltage drop AVR will occur 

within it, with a consequent variation in Fermi level. This effect 

is ohmic and so OVp is directly proportiional to the bulk resist- 

ance of the semiconductor. The additional band-bending at the metal- 

semiconductor contact ( see Fig. 2.8 (c) ) is defined by surface 

states in the semiconductor and work function differences between 

the two interfaces. Therefore, the distributions obtained would be 

expected to have an additional shift from the measurable Fermi level 

of the metal substrate. 

In fact, when the field electron energy distribution ( F.E.E.D. ) 

from semiconductors were subsequently studied by researchers such as 

Cay (55%) on gallium arsenide, 

57>) 

Arthur on germanium, Hughes and White 

Salmon and Braun ( 56 ) on cadmium sulphide, and Lewis and Fischer 

on silicon, they found that the observed distributions were generally 

wider and different in shape than the predictions from Stratton's 

theory. For example, the F.E.E.D. obtained by Arthur CH ) in the 

case of extreme band-bending, was found to approach the result found 

for metals (28 yi 

In 1974 Modinos Ce proposed the most promising theory of 

field electron emission from semiconductors, which takes account of 

emission from surface states. His theory deals particularly with 

germanium at low current densities, but it should be possible to 

extend the principles to understand emission from semiconductors in 

general. Modinos adopted a model for the surface states of germaniun, 

originally suggested by Handler (59 aie 1960, which is schematically 

shown in Fig. 2.9. The Sy band is a band of "donor" levels ( i.e. 

it is electrically neutral when occupied ), assumed to lie consid- 

erably below the top of the valence band; so that it's contribution 
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to the emission current may be entirely neglected. The 85 band is 

a band of "acceptor" states ( i.e. it is negatively charged when 

occupied ). It is assumed that the band is two-dimensional and 

circular, with its bottom edge overlapping the valence band. Under 

zero field conditions, the bands of the semiconductor will bend up- 

wards due to space charge arising from the surface states (Fig. 2.10 (a))- 

However, if a strong external electric field is applied to the semi- 

conductor surface, the field lines will either terminate on charges 

in the surface states, or penetrate into the semiconductor and term- 

inate on excess electrons in the space charge region; i.e. the bands 

may bend downwards, as shown in Fig. 2.10 (b). Modinos calculated the 

F.E.E.D. corresponding to a p-type, intrinsic and an n-type semicon- 

ductor, and these are shown in Fig. 2.11 for three different values 

of the applied external field. It is obvious that the energy spectra 

for the three types are practically identical except for a displace- 

ment in the energy axis, with respect to the Fermi level. The Modinos 

6 A n- ), most theory predicts that at low current densities (<10 

of the emitted electrons come from surface states and, to a lesser 

degree, from the valence band. At higher current densities ( ~10" 

Ane ) the emission from the conduction band is a significant, though 

still small, proportion of the total emission current. At even higher 

Bin < ) the conduction band becomes degener- current densities ( >10 

ate and the theory is no longer applicable in its present state. As 

a consequence of field variation, the energy distributions shift away 

from the Fermi level towards lower energies as the field is increased, 

while the relative amplitude of emission from the valence band in- 

creasesSs 

A major difference between emission from metals and semiconduct- 

ors can be seen in the F-N plots. At low fields (i.e. low current 

42.



p-type 
j(E

V/T
tot

at 
—(
eV
)"
 

Ww 
w
 

T 
T 

\ 
  

  

Se “ininiisic 

j(
E)
/T
ro
ta
r 
(e
V)
! 

a 

  

5 n-type 

j(
E)

/T
to

ta
t 

(e
V)

 

cf     
  

Fig. 2.11 Theoretical energy spectra according to Modinos. [58]. 

for Ge. 

43.



densities ) the semiconductor plots are linear, but as the field is 

increased, a saturation region is obtained where the current does not 

increase with increasing field. Modinos's theory deals only with the 

linear region before saturation occurs. The F.E.E.D. from germanium 

obtained by Shepherd and Peria fee0)) confirmed the main theoretical 

prediction of the Modinos model, namely that most of the emitted 

electrons come from the surface states and to a lesser degree from the 

valence band. The shape of the energy distribution is also confirmed 

by their results ( see Fig. 2.12 ). More recently, his theory has 

been used successfully to explain the F.E.E.D. from lead telluride 

by Sykes and Braun ( 6 ) and zinc oxide by Rihon ( 62 y although 

they did not measure a significant increases in the shift of the 

distribution from Fermi level with applied field, possibly because 

they did not reach sufficiently high electric fields. 
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2.4 FIELD EMISSION FROM COMPOSITE METAL-SEMICONDUCTOR /INSULATOR 

MICRO-REGIMES 

It is generally accepted that the electrical pre-breakdown 

currents flowing between clean broad area high-voltage electrodes in 

vacuum arise from localised field electron emission sites (4 yy This 

is supported by the fact that the current-voltage characteristics of 

these sites give linear Fowler-Nordheim plots. However, the electric 

field associated with the emission is often two or three orders in 

magnitude below the threshold value of the field predicted by F-N 

theory ( viz. > 107 vat ). Accordingly, if the emission is to be 

explained in terms of the F-N model it is necessary to assume the 

presence of metallic micro-protrusions, which locally geometrically 

enhance the field by a factor B to a value greater than the threshold. 

Although this interpretation was accepted for many decades recent 

experimental evidence suggests it is incorrect. Thus, in 1975 Cox 

( 63) examined the microtopography of emission sites, and found that 

the B-values measured indirectly from F-N plots of site currents 

( typically B > 200 ) were very much higher than the geometrical en- 

hancement that could be provided by the surface features directly 

observed in a S.E.M. ( typically B< 10). Further to this, in 1977 

Hurley and Dooly (er) observed electroluminescence from discrete 

spots on the cathode, and, in 1978, the first measurements of the 

non-metallic F.E.E.D. from localised sites on broad area copper elec- 

Cee ye This led both groups, trodes were obtained by Allen and Latham 

independently, to postulate that the electron emission arose from semi- 

conductor/insulator inclusions in the surface of the cathode, but they 

proposed different models to explain the phenomena. Those models will 

be discussed in the following sections. 
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2.4.1 HOT-ELECTRON MODEL 

This model which was proposed in 1978 by Allen and Latham ( 66 y 

was based upon the electron spectrometry studies referred to above. 

The crucial finding is illustrated in Fig. 2.13 (a), which compares 

the spectra obtained from a metallic emitter and a typical broad- 

area site. This shows that the latter process gives a spectrumthat 

is displaced from the Fermi level to low energies by 0.2-0.5eV, 

has a larger half-width ( > 0.3 e V ) and has a more symmetrical 

shape than a metallic emitter. Frequently, as illustrated in 

Fig. 2.13 (b), spectra can be multi-peaked. It has also been shown 

that the shift from the Fermi level, and half-width of broad-area 

single-peak spectra, show a strong dependence on the applied field 

(67), 

In seeking a model to explain the "non-metallic" type of electron 

emission spectra shown in Fig. 2.13, Allen and Latham made reference 

to the spectra obtained from the semiconducting microemitter studies 

of Shepherd and Peria ( 60 Me Lewis and Fisher ( a IP and concluded, 

from certain of their similarities, that the emission mechanism 

responsible for the pre-breakdown currents was probably based upon 

some form of semiconductor/insulator regime. However, the possibility 

that the emission arose from an ambient film of insulating or semi- 

conducting oxide overlaying the surface was discounted because this 

does not account for the highly localised nature of the emission 

site. Instead, it was suggested that the sites were associated with 

the randomly distributed semiconductor or insulator-like micro- 

impurities that almost inevitably exist in the surface of an electrode 

following its various preparation procedures. 

Accordingly, it was suggested that the energy band representation 
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Fig. 2.13 (a) Electron energy spectra obtained from (i) a reference 

tungsten micropoint emitter, and (ii) an emission site on a broad- 

area copper electrode: in both cases, the spectra are referred to 

the Fermi level FL of the substrate cathode. [65] 
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Fig. 2.13 (b) Electron energy spectra from a site on a broad-area 

copper-chromium specimen at 293 K ( ) showing single-or double- 

peak characteristics; for comparison, ---- shows the distribution 

from a clean tungsten emitter. FL represents the position of the 

Fermi level in the bulk of the electrode.[é ] 
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of such a composite surface, together with its associated potential 

barrier, might appear as shown in Fig. 2.14 (a): In this figure, 

account has also been taken of the possible presence of surface ad- 

atoms, represented in the diagram by a subsidiary potential well 

associated resonance tunnelling (energy) states ale of the adsorbed 

species ( 68, 69 oe When a high field is applied to this composite 

surface, it is assumed that there is some field penetration so that 

the band structure is modified to that shown in Fig. 2.14 (b). The 

three-stages of the electron emission mechanism, which explains how 

electrons can tunnel from below the Fermi level of the metal substrate, 

and how an enhanced tunnelling probability is achieved without 

geometrical field enhancement, are as follows: (i) an initial 

tunnelling of electrons from the metal substrate to the bottom of 

the conduction band of the semiconducting layer; (ii) the subsequent 

"heating' of these electrons by 2 - 3 e V as a result of their 

acceleration in the penetrating fields and (iii) a final enhanced 

tunnelling of the heated electrons into the vacuum from non-equil- 

ibrium states (shown dotted in Fig. 2.14(b) ) that extend to near the 

top of the surface potential barrier. On the basis of this model, 

three possible explanations were proposed for the appearance of the 

low energy peak. Thus, referring to Fig. 2.14 (b), they would arise 

from: (i) valence band emission as discussed by Stratton in 1964 

( 53 ), (44) emission from inter-band surface states; and (iii) ad- 

atom resonance tunnelling as described by Duke and Alferieff ( 68 y 

Valence band emission is unlikely since the energy difference between 

the two peaks is much smaller than the band gap of any likely 

impurity; it would also seem unlikely that the barrier is sufficiently 

deformed for this type of emission. However, the transient nature 

of the peak suggests an unstable surface effect, and accordingly the 
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Fig. 2.14 (a) A one-dimensional diagram of a composite surface 
consisting of a metal substrate and an overlaying semiconducting 

microstructure. 
Fermi level of the metal substrate. 
of the Fermi level, which is continuous between the metal and semi- 
conductor. (b) The same one-dimensional energy diagram showing the 
effect of a field penetration into the semiconducting layer and the 

proposed tunnelling mechanisms. [4 ] 
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favoured explanation is that of ad-atom resonance tunnelling. 

Such interpretations of the experimental data were necessarily 

speculative, however it seems fair to conclude that the field- 

enhancing microprotrusion model is inapplicable and that the results 

cannot be interpreted in terms of ordinary metallic emission. 

2.4.2 CONDUCTING FILAMENT MODEL. 

This model, which was proposed by Hurley (70) in 1979, is 

based on studies of the electroluminescence associated with this 

type of electron emission. The experimental arrangements have been 

fully described by Hurley and Dooley (7 ) , and consist in essence, 

of a pair of high voltage electrodes (under U.H.V. conditions) were 

viewed by an image intensifier whilst a pre-breakdown current was 

flowing between them. He not only observed the well known “anode 

spots" but also an associated optical emission from the cathode 

surface, which he called K-radiation. Hurley investigated the 

spectral distribution of the emitted light from a range of materials, 

where, as examples, the spectra obtained from 0 FH © and high purity 

copper are reproduced in Fig. 2.15. The nature of the spectra of 

this light shows that it does not arise from black body radiation, 

and hence cannot be explained in terms of asperity-heating arising 

from an ohmic conduction processes, as had been traditionally thought. 

Instead, it was believed to be the direct result of electron energy 

transitions with associated photon emission. Hurley also found that 

the intensity of light varied with the applied voltage, which is a 

further evidence that the emitted current and the electroluminescence 

are aspects of the same physical phenomena. Discharges were 

occasionally seen to occur from the light spots and were observed 
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Fig. 2.15 Spectra of radiation from typical K-spots.[ 40]



to precipitate breakdown of the gap. Open shutter photographs 

revealed that the discharged material was not charged because there 

was no apparent curvature of its track/the presence of the electric 

field. The shape of these tracks suggested that particles were being 

emitted, rather than being a jet of gas. Occasionally, alternating 

dark and light tracks were observed, such as could be produced by a 

revolving particle heated on one side only. 

The model proposed by Hurley to explain these results was based 

upon a filament forming mechanism of the type observed to occur in 

the "memory switching" of amorphous semiconductors ( 22 D With 

these systems it had been found that the application of electric 

fields in the range of 10° to 10° Vv ee to thin films of amorphous 

semiconductors, with thickness typically between 10 to 2000 n m can 

result in the formation of thin conducting channels through the films. 

The "formed channels" haveaconductivity which can be 10° times greater 

than the previous unformed-materials. Using these ideas, Hurley 

believed that a conducting filament is formed through the semiconduct- 

ing ambient oxide on the surface of an electrode and that as a 

result, the field is locally enhanced by the geometry of the filament 

( see Fig. 2.16 (a) ) toavalue 2 10? vm for the "metallic" 

field emission of electrons. Some of the high energy electrons are 

assumed to be scattered into the dielectric to produce lattice 

excitations, with the recombination processes giving rise to the 

emission of photons, as shown in Fig. 2.16 (b). An explanation for 

the discharge events was also given, though Hurley does not seem to 

be correct in believing the explosion of the filament to be caused by 

switching. However, the idea that the resistive heating of the 

filament would cause instability and rupture of the conducting channel, 

seems more reasonable. In any event, the explosion leads to the 
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Fig. 2.16 Production of electroluminescence, vacuum breakdown and 

electron emission from electroformed conducting filaments 

in oxide impurities. (a) Electron emission.(b) Blectro- 

luminescence. (c) Vacuum preakdown.|[ 10] 
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expulsion of solid and gaseous material into the vacuum, as shown in 

Fig. 2.16 (c). Finally, it is important to note that Hurley believed 

that the initial emission of electrons was assumed to be controlled 

by the metal-semiconductor rather than the semiconductor-vacuum 

interface. 

2.4.3 REVISED HOT-ELECTRON MODEL. 

The two models described in the previous two sections, were 

proposed to explain the emission of electrons from a physical regime 

consisting of an insulating microimpurity which is in intimate contact 

with the substrate metallic cathode. Both models were based on 

restricted experimental data, and may consequently be considered as 

rudimentary and hence open to some criticism. For instance, the 

"hot-electron model" does not explain how a significant number of 

hot electrons will be able to cross the micron-sized impurity without 

losing most, or all, their energy through phonon scattering processes, 

Also, the field at the metal-semiconductor interface is not obviously 

high enough to support tunnelling through the potential barrier at 

this interface. Equally, the "conducting filament model", which 

proposes that geometrical field enhancement gives rise to field 

emission from the top of the filament, does not seem to adequately 

explain the required field enhancement of = 200 , since the typical 

radius of filaments in chalcognide glasses was measured, by Adler 

et al (5 M to be >2,um. Thus in micron-dimension impurity 

particles, the geometrical field enhancement from a filament with 

such dimensions would not be able to give rise to fields high enough 

for field emission. This model is also vague on (i) how the elec- 

trons enter the filament from the metal substrate; (ii) the chemical 
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nature of the conducting filament; (iii) the optical photon 

production mechanism; and (iv) the origin of the shifted electron 

spectra. 

In order to overcome these arguments, Athwal and Latham (s0re) 

revised the earlier hot-electron model to incorporate some of the 

fundamental concepts of the dielectric switching model developed by 

Dearnaly et al C4.) and Adler et al ey) to explain the behaviour 

of M.I.M. switching devices. This approach was suggested by many 

resemblances in the properties of such devices and the field emission 

processes on broad-area electrodes. According to this revised model, 

the energy band configuration of a metal-insulator-vacuum system 

before a field is applied is typically as shown in Fig. 2.17 (a), 

where the work function is assumed to be 4.5 e V and the band gap 

=>3eV. The small band-bending at the two interfaces is determined 

by the surface energy barriers, which in turn are due to differences 

in work function and the presence of surface states. As the field 

is increased, to a value just below the onset of emission, the bands 

will bend in the way shown in Fig. 2.17 (b) due to the field pene- 

tration into the insulator. It is now envisaged that, at the onset 

of electron emission from the metal, an avalanche occurs in the 

insulator and causes it to "switch" to a high conductivity state, as 

is observed to occur in materials such as amorphous oxides and 

chalcogenide glasses, at fields of this order C4, 23 ys It is 

assumed that on switching there will be a very rapid re-arrangement 

of the energy band configuration shown in Fig. 2.17 (b) to that shown 

in Fig. 2.17 (c) which is similar to that postulated by Adler et al 

OS, mm This regime is characterised by two very narrow high-field 

regions, at the metal-insulator and insulator-vacuum interfaces, 

separated by an extended low field region. It is also assumed that 
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Fig. 2.17 Energy band and surface barrier configurations of the 
metal-insulator micro-emitting regime under varying field conditions: 

(a) zero field; (6) high field prior to switching and electron 
emission; (cc ) high field stable electron emission regime.[47 ] 
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this switching mechanism is assisted by the simultaneous production 

of positive and negative charge carriers, le eau pairs 

resulting from impact ionisation events by hot electrons, in local- 

ised states at the two interfaces. 

Thus, in this revised model, Athwal and Latham postulate that 

the band configuration is maintained by the following three processes: 

(i) the trapping of charge carriers in localised sites; (ii) the 

build up of a "dynamic" space charge in region 1 due to the differing 

mobilities of electrons and holes there (74 I and (iii) the build 

up of space charge in regions 1 and 3 due to a solid-state electro- 

lysis process involving the migration of positive ions towards region 

1, and negative ions to region 3. It is believed that the process 

(ii) will dominate near the metal-insulator interface, (i) will be 

most important near the vacuum interface with (iii) leading to 

irreversible electroforming. 

The process of electron emission, with a band structure as 

represented in Fig. 2.17 (c), is assumed to take place as follows. 

Firstly, the electrons tunnel from the metal into the insulator 

through the potential barrier at the metal-insulator interface and 

are then rapidly thermalised, in order to cross the extended low 

field region in the bottom of the conduction band, where their life 

6 second s y The electrons now enter the second time can be ~10° 

narrow high field region of ~10 n m thickness at the vacuum inter- 

face, where they are heated through the 2 - 3 e V necessary to escape 

over the top of the depressed barrier. Some of them however undergoe 

scattering processes to excite the electron transitions required for 

producing the optical spectra, as illustrated in Fig. 2.18. 

On the basis of this model, the experimentally measured shift 

in the energy spectra with applied field ( 67 ) illustrated in Fig. 
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Fig. 2.18 Energy band configuration of the 'on' state of an electron 

emitting regime providing multi-peaked spectra. [6 | 
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2.19 , will be the sum of three components: (i) the energy lost in 

thermalising into the conduction band minimum in region 1; (ii) an 

ohmic energy loss in the low field region 2; and (iii) the energy 

loss due to phonon scattering in region 3. Each of these losses 

may be expected to increase with increasing field and current, though 

the ohmic losses should only be significant at current levels of > 

107° A. The increase of the full-width at half maximum ( F.W.H.M. ) 

of the F.E.E.D. is supposed to be due mostly to phonon scattering of 

hot-electrons prior to escaping over the potential barrier, since 

electrons thermalising in a parabolic conduction band would have a 

half-width of only 1.5 K T ( 0.04 e V at room temperature ) before 

entering region 3. More precisely, this increase in half-width with 

current may be due to: (i) an increase in the length of the high 

field region 3; (ii) an increase in phonon scattering cross-section 

with the energy of the electrons; and (iii) an introduction of 

carrier-carrier scattering. 

Finally, mention should be made of some other implications of 

this model. Firstly, the instabilities that are frequently observed 

in the emission spectra may reflect the inherent instabilities of 

the space charges in region 1 and 3. Secondly, the double and multi- 

peaked spectra, which are frequently observed experimentally, are 

believed to be due either to the presence of more than one conducting 

channel through a particular impurity, or that they may arise from a 

more complicated band structure in the insulator, with electrons 

being able to travel in other conduction band minima or in the con- 

tinuum of interband states. Lastly, it is generally believed that 

the typical Fowler-Nordheim characterisitcs which are obtained from 

these sites may, in all cases, be attributed to electrons tunnelling 

in region 1. Further details of this and the previous models are 
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Fig. 2.19 Variation of the spectral shift and half-width ( F.W.H.M. ) 

with site current. a represents the shift of the maximum 

of the energy distribution from the substrate Fermi level. 

o represents the half-width ( F.W.H.M. ) of the energy 

distribution. [67] 
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(eD given in chapter 8 (1 ae However, more recently Latham using 

a model in which hot-electrons escape over the potential barrier was 

able to give a new quantitative significance to the linear Fowler- 

Nordheim current-voltage characteristic that is typical of a high 

voltage gap. Also, Athwal and Latham ( 6 ) have given a detailed 

discussion about the switch-on of the emitting state and its subse- 

quent evolution. 
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CHAPTER 

EXPERIMENTAL STUDIES OF FIELD ELECTRON EMISSION FROM 

COMPOSITE MICROPOINT EMITTERS. 

3.1 Introduction 

This chapter is concerned firstly with the preparation of the 

composite microregimes discussed in section 2.4 i.e. the emission 

regime that is thought to promote the hot electron mechanism, and 

secondly with a description of the instrumental techniques required 

to evaluate its’ characteristics. Details will be given concerning 

the fabrication procedures for several types of composite micropoint 

field emitters. These include the coating of metallic tungsten micro- 

points by a range of insulating materials, including alumina, glass, 

wax, zinc oxide, plastic, araldite resin, lacomit, hydrocarbon and 

epoxylite resin. In many instances,(e.g. resin) a number of tips 

were prepared having coatings with thicknesses varying from ~ -04 to 

50 um, so that their respective emission characteristics could sub- 

sequently be compared. As an alternative and novel approach for 

producing the required emission regime, advantage was taken of a 

well known technique for thermaly extruding glass capillary tubes 

into fine points, where for the present application, the internal 

walls had to be made conducting. The characteristics of these 

various types of emitter were evaluated using a combination of a 

field emission microscope, to obtain current-voltage (I-V) character- 

istics and for recording their emission images, and a high resolution 

retarding potential electron spectrometer to measure their field 

emission energy distributions (F.E.E.D.). Details of the instrumental 

facilities will be given in the following sections, whilst the 

properties of the various emitters will be presented in chapter 4,



362 EMITTER FABRICATION TECHNIQUES 

3.2.1 COATED TUNGSTEN MICROPOINT EMITTERS 

This section is concerned with the development of techniques 

for obtaining composite micropoint field emitters, consisting of 

a conducting substrate coated with a layer of insulating material 

of a controlled thickness. 

Several approaches were investigated (see later), but the 

one that proved most successful was based upon the type of tungsten 

micropoint emitters that are conventionally used in field emission 

microscopy. Such emitters typically have a tip radius of < 100nn, 

and are produced by the electrolytic etching technique illustrated 

in Fig 3.1. Here, approximately 4mm of 0.1 mm diameter tungsten 

wire is immersed below the surface of a 2M. solution of sodium 

hydroxide (75) and the control circuit adjusted to give an initial 

etch current of ~4mA. However, as the etching process proceeds 

this rapidly falls to ~2mA, and then slowly to less than 1mA to 

give the etched shapes illustrated in Fig 3.2 a to d, at which 

point the control circuit interupts the current to give the final 

(39) 
tip shape shown in e The rate of decrease in the etch 

current speeds up considerably just before the tip is "necked off", 

and this is sensed by the automatic “Schmitt Trigger" circuit (76) A 

to immediately switch off the voltage source. If this precaution 

were not taken, the etching action would continue and blunt the tip. 

Finally these tips are washed in distilled water, or better still, 

washed ultrasonically in readiness for any of the coating pro- 

cedures as described below in section 3.2.1.Fig. 3.3 shows a scanning 

electron micrograph of such a tungsten tip. 
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Fig. 3.1 The experimental apparatus used for electrolytically 

etching of tungsten micropoint emitters. 

(a) (b) (c) (d) (e) 

Fig. 3.2 Stages in the etching process of a tungsten field emitter. 

64.



  

Fig. 3.3 A scanning electron micrograph of an etched tungsten 

micropoint emitter. 

3.2.1.1 ALUMINIUM OXIDE COATING 

The first coating material investigated was aluminium oxide 

A1,0., (Alumina), since this was known to have good insulating 

properties. The experimental approach involved, firstly, evapor- 

ating a thick coating of a few micrometers of metallic Al onto the 

tungsten tip, where the thickness of this coating could be deter~ 

mined from the "before" and "after" scanning electron micrographs. 

In the examples of Fig. 3.4, it will be seen that the diameter of 

the tungsten tip has been coated by a layer of aluminium of ~ 4 

microns thickness. Since exposing the emitter to air will only 

grow a thin ambient oxide layer of ~3.5 nm thickness, two methods 

may be considered to completely oxidize the aluminium coatings. 

The first is to heat the tip in an oven to a high temperature 
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(b) 

Fig. 3.4 Scanning electron micrographs of tungsten tip (a) before 

and (b) after coating with ~4 microns of Alumina. 
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Fig. 3.5 The anodizing process in an electrolytic cell. 

( ~ 600°C), whilst the second is to use an anodizing process: how- 

ever, for this small-area application this latter method proved to 

be the most successful (77) Referring to Fig. 3.5, the coated tip 

is made the anode 7 on an electrolytic cell using either chromic, 

sulphric (ee) hydrofluoroboric acid (HBF, ) C7) 4 to 5 ml of 

HBF), (48%) and 200 ml of water form the solution, and the tip 

immersed for 40 to 80 seconds into the electrolyte using 20 Volt 

bias potential. Relatively thick oxide deposits can be produced by 

this technique, since even though these coatings are electrically 

insulating (79) the reaction can continue because the electrolyte is 

able to reach the metal surface through the small pores which are 

present in the growing oxide. After anodizing, the pores were 
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hydration and a resulting volume expansion of the oxide. 

Here, it will be recalled from the introduction (chapter 1), 

that the main aim of manufacturing such composite microemitters 

was to simlate the hot electron mechanism which best describes 

the emission from broad area electrodes. However, with this type 

of composite emitter it was found that the required behaviour for 

broad area emission, particularly switching was not obtained. 

Therefore no further work has been done on this material. 

3.2.1.2 MISCELLANEOUS COATINGS 

Several other commercial insulating materials were tried for 

coating tungsten tips for example, candle wax, zinc oxide ( as used 

in anti-rust primer paint), plastic (as used to produce a tough 

transparent flexible surface films) and araldite resin. However 

in all cases these coatings formed large balls of material over 

the tips, which offered no possibility of obtaining controlled sub- 

micron insulating coatings. As an example Fig. 3.6 is an optical 

micrograph for one of these tips which was coated with zinc oxide, 

where, because of its opacity, it is not possible to estimate the 

film thickness. 

3.2.1.3 LACOMIT COATING 

Lacomit is a petrolium product having good insulating proper- 

ties. If the tungsten tip is rapidly dipped into and removed from 

this solution, a ball is formed as shown in the optical micrograph 

of Fig. 3.7 (a); at this stage the embedded tip is clearly visible 

~300 pm below the surface of the coating. If the coated tip is 

now baked in air to a temperature ~200°C, the coating will shrink 
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Fig. 3.6 Optical micrograph of tungsten tip coated with a ball 

of zinc oxide. 

as shown in the micrograph of Figo 3+7 (db), where the estimated 

layer thickness is a few microns. On the other hand if the tungsten 

tip is dipped into and removed slowly from this solution, a film 

is formed the thickness of which could not be estimated due to its 

opacity. 

3.2.1.4 EPOXYLITE RESIN COATING 

Epoxylite resin has been shown to provide a very satisfactory 

insulating coating for microelectrodes in other technological con- 

texts (80) » mainly because it is chemically resistant to the most 

common laboratory solvents and dilute electrolyte solutions. As 

for the lacomit coating the tungsten microelectrode was dipped into 

the resin one or more times in order to have a layer of insulator 
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(a) Magnification = 66 X. 

  

(b) 

Fig. 3-7 Micrographs of (a) tungsten tip covered with a ball of 

lacomit before baking (b) after baking to ~ 200°C. 
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built on it. Subsequently the coated electrode was heat treated, 

with the tip pointing vertically upwards, using a curing cycle of 

30 minutes at 100°C to drive off the solvents, followed by 30 

minutes cure at 175 - 190°C. Since the thickness of the insulat- 

ing layer is controlled principally by the number of dips into the 

resin before baking, the actual rate of build up had to be deter- 

mined by trial and error. In order to investigate this process, 

a special specimen holder was developed for use with an optical 

microscope. In the first approach to developing a suitable coating 

process, a ball of resin initially was built up on the tip. This 

was acheived by alternately dipping the tip into the resin and 

pulling it out quickly and then curing it as described above, until 

a structure such as shown in the optical micrograph Fig. 3.8 (a) 

was obtained, where the estimated film thickness over the tip appex 

was ~50 microns. Unfortunately, owing to the image distortion 

produced by the highly cured resin surface, it was not possible to 

use the technique for the controlled production of thinner layers 

(| < 1mm thick) which were required for this study. 

As an alternative approach, an attempt was made to remove a 

certain thickness of the insulating layer over the tip appex in 

Fig. 3.8 (a) by using the ion beam etching technique illustrated 

(81,82) sch ee 
in Fig. 3.9. This used a spherical ion source 

vided a finely diverging beam of typically 5KV Ar * ions, so that 

by rotating the tip in front of the beam it was possible to achieve 

uniform etching of the surface, and hence to control the rate of 

removal of material. Figures 3.8 (a) and (b) are respectively 

"before" and "after" optical micrographs of a resin coated tip that 

had been subjected to this treatment. Whilst this technique pro- 

vided a useful facility for reducing the thickness of the insulation 
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(a) 

  
1¢)) 
Fig. 3.8 (a) Optical micrograph of tungsten tip coated with a 

ball of resin (b) Optical micrograph of a coated tip 

in (a) after ion beam etching. A: 24X. 
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Fig. 3.10 A diagram showing the T.E.M. electron beam falling on 

the tungsten tip coated with resin.



coating, its value was limited since it was not possible to estimate 

the final thickness of the layer. 

The next approach was to investigate the successive effect of 

slowly and uniformly dipping a tungsten tip into and out-of the resin, 

with a view to building up a controlled and uniform sub-micron thick 

layer. Initially, optical micrographs were taken of the tip before 

and after each coating of resin, but the resolution of these proved 

to be too low for accurately measuring the thickness Of the film. To 

solve this problem, an 80 KV transmission electron microscope T.E.M. 

(Phillips EM 200) was used to obtain a profile image of a tip, where- 

by the film thickness measurement relied on the differing transmiss- 

ivities of tungsten and resin. This is illustrated in Fig. 3.10, 

where region 1 indicates the dark shadow of the tungsten core and 

region 2 the faint shadow of the insulating coating of the resin. In 

order to make these measurements, the standard specimen holder of the 

T.E.M.had to be modified as shown in Fig. 3.11 in order to hold these 

tips. Examples of electron micrographs taken with this facility are 

shown in Fig. 3.12, where a and b are a pair of images taken "before" 

Modified section Standard specimen holder 
  

  

  

  

              
Tip       

Fig. 3.11 The modified specimen holder of the T.E.M.



(a) 

  

() 

Fig. 3.12 Transmission electron micrographs of tungsten tip (a) 

before coating (b) after coating with a 0.06 ym layer 

of resin. (Magnification = 30240X). 
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(a) Ad = 0.112 pm. (b) Ad = 0.095 pm. 

   
(c) Ad = 0.061 um. (ad) Ad = 0.042 pm. 

Fig. 3.13 Electron micrographs of tungsten tips coated with various 

thicknesses ( Ad) of resin. 

(Magnification = 82080X). 
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and "after" coating with epoxylite resin, while in Fig. 3.13 a, b, 

c, d are micrographs of tips that have been coated with different 

thicknesses ie insulating resin,i.e. ranging from ~0.04 pm 

to ~0.i1 um (N.B. Further details of the properties of the resin 

can be found in literature (83) , 

3.2.1.5 HYDROCARBON COATING 

While viewing an uncoated tungsten tip on one occasion in the 

T.E.M., it was noticed that on focusing the electron beam onto the 

tip a contaminant layer steadily grew on its surface which was pre- 

sumed to be formed by polymerised hydrocarbon molecules or silicon 

base material from the pumping system i.e. the same type of insu- 

lating deposits that are well known to "soot up" lens apertures in 

electron microscopes etc. This effect can be seen in Fig. 3.14, 

which shows micrographs of the tip before and after contamination, 

whilst in Fig. 3.15 the sequence (a) to (c) shows the growth of the 

contaminant film at ~15 second intervals. The most likely origin 

of this contamination is from the back-streaming organic molecules 

i.e. either hydrocarbon or silicon arrising respectively from the 

rotary or diffusion pumps. To verify this, the emitter was subse- 

quently mounted in the S.E.M. and analysed using the X-ray energy 

dispersive analysis technique. Fig. 3.16 (a) is the spectrum ob- 

tained from the shank, well away from the contaminated region of 

the tip, and shows tungsten peaks; whereas Fig. 3.16 (b) is the 

spectrum obtained from the tip. Although both spectra were obtained 

using the same sensitivity, the count rate for the peak at 1.775 Kev 

is considerably lower in (b), this suggests that some contamination 

is present on the tip. However, as there are no new peaks present 

the contamination must consist of elements with an atomic number 
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(a) 

  

>) 
Fig. 3.14 Electron micrographs of (a) tungsten tip free from contam- 

ination (b) after been contaminated with hydrocarbon . 

(Magnification = 30240X). 
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(a) (») 

  
(c) 

Fig. (3.15) A sequence of micrographs showing the building of a 

hydrocarbon contaminate layer on a tungsten tip. 

(Magnification = 82080X) 
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Fig. 3.16 The X-ray energy spectra obtained from 

(a) the shank of the tungsten emitter. 

(b) the contaminated tip.



less than 9, as this represents the lower threshhold of the analysis 

technique. By eliminating elements such as nitrogen and oxygen, the 

contamination can be said to consist predominantly of carbon, in the 

form of hydrocarbon. 

The occurance of such severe contamination was almost certainly 

due to the poor vacuum conditions in the T.E.M. specimen chamber; in 

fact this has been independently measured for this instrument and 

found to be 7407 -mbax (84) + Since this contamination provides the 

possibility of accurately controlled coating thickness, the process 

was potentially very interesting to the present investigation. 

It should be noted that in more sophisticated T.E.M.s, using a 

liquid nitrogen cold finger trap, better pressures are obtainable; 

So no such contaminant layer forms. 

3.2.2. METAL-GLASS EMITTERS 

The good insulating properties of glass make it a particularly 

attractive material for producing composite emitters, Accordingly, 

a considerable effort was expended to develop a suitable technique 

for producing a thin layer of glass on a metallic micropoint cathode. 

Two approaches were investigated, which will be briefly described 

below. 

3.2.2.1 TUNGSTEN MICROPOINT EMITTERS COATED WITH GLASS 

For this approach, a tungsten tip was mounted in the specially 

designed chamber shown in Fig. 3.17 (a) in which the molten glass 

bead could be electrostatically pulled over the etched sharp tungsten 

tip, as described below. 

A small bead of glass was first deposited as shown at the junction
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Fig. 3.17 (a) Schematic diagram of the specially designed system 

the 
which provided/means of extracting molten glass to 

cover the tungsten tip. 

1     
Magnification = 66 X. 

Fig. 3.17 (b) A micrograph of tungsten tip coated with glass. 
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of the tungsten tip and the tungsten bridge, and then a current of 

#2 A was passed through the bridge in order to melt the glass 

bead at a temperature of ~1400 K. Since it was found that the 

glowing glass did not move down the emitter shank under gravity to 

cover the tip, a high voltage was applied to the stainless steel 

disc which was located perpendicularly to the tip. This caused the 

whole bead of molten glass to be pulled towards the sharp end of 

the tip, as shown in the optical micrograph of Fig. 3.17 (b) which 

is a typical result. It will be seen that this produced a very 

thick layer of insulator, and although many efforts were made to 

improve the control of the technique it was not possible to obtain 

a uniformly thin glass coating of <5 um by this method. Subsequent 

investigations led to another approach which was much more accurate 

and will be described below. 

32.2.2 EXTRUSION OF INTERNALLY-CONDUCTING GLASS CAPILLARY TUBES 

This approach was based upon a well known capillary tube pulling 

technique for producing extracted microelectrodes. The basic facility 

is illustrated in Fig. 3.18 (a) and consists mainly of two bearings, 

which are located accurately on plates supported by three stainless 

steel rods fixed rigidly to the frame of the control unit, which 

serves as a stable base for the instrument. Inside these bearings 

the lower chuck spindle slides freely and precisely to pull the glass 

tube (pyrex) down under the action of gravity. The upper chuck can 

be raised for loading, and the glass tube then located in the furnace 

loop, the lower chuck is then raised and tightened. If the central 

8 
( 5) » and a vertical pull applied, section is then heated to ~1400 K 

the tube will "neck" as illustrated in Fig. 3.18 (b). 

For the present application, where the aim is to produce a metal- 
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Fig. 3.18 (a) A schematic diagram of capillary glass tube pulling 

technique 

(b) the glass tube before being fixed into the puller 

(c) coated glass tips after the pulling process. 
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insulator structure, it is necessary for the inner wall of the glass 

tube to have a conducting coating. In order to obtain glass micro- 

electrodes with a conducting central core this core should have a 

melting point (M.p.) that is less than that of the glass. Several 

conducting materials were tried, including indium wires (M.p. = 429.8 

K), tin wires (M.p. = 505.1 K), tin oxide, gallium (M.p. = 302.9 K) 

and electrodag 915 (high conductivity silver paint). In the cases of 

indium and tin it was found that the glass was not wetted by the 

metal to the extremity of the tip; presumably due to surface tension 

effects (see Fig. 3.19 (a). To overcome this problem, a subsidiary 

hydrofluoric acid (HF) etching technique, shown in Fig. 3.19 (b) and 

(c), was used to remove the surplus glass. It was found experiment- 

ally that the tip should be immersed in the acid for the shortest 

possible time, sufficient to etch the glass protrusion, and then to 

wash it in water immediately. 

Subsequently, this latter procedure was dispensed with by using 

gallium which was found to be very much more effective in wetting the 

inner wall of the glass right up to the end of the tip. The only 

practical problem with using this material was that its very low 

melting point prevented such tips from being used in bakeable systems. 

However, an even more satisfactory conducting material than gallium 

was electrodag 915, this was initially inserted in the glass tube by 

using a wire plunger, such that after drawning the glass tubes with 

the puller, sharp tips were obtained which were coated with a film of 

electrodag, effectively reaching to within few microns of the extrem- 

ity of the glass tip. An example of such an emitter is shown in the 

optical micrograph in Fig. 3.20. 
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(a) (b) (c) 

  

| __Hydrofluoric 

acid       

Fig. 3.19 Glass tip before and after etching in hydrofluoric acid. 

  
Magnification = 400X 

Fig. 3.20 Optical micrograph of a glass tip with an internal film 

of electrodag. 
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3-3 DEVELOPMENT OF A HIGH RESOLUTION ELECTRON SPECTROMETER. 

The experimental facility described in this section was developed 

for measuring the field emission energy distributions ( F.E.E.D. ) of 

the various types of field electron emission sources whose fabrication 

techniques were described in the previous section. 

3.3.1 INSTRUMENTAL DESIGN. 

3.3.1.1 ELECTRON SPECTROMETER SYSTEMS. 

The systems used for obtaining the total energy distributions 

from primary electron sources may be broadly classified according to 

whether they are the deflecting or retarding potential types. 

Deflection analysers generally use electrostatic fields to produce 

energy dispersion, where the energy is determined from a relation 

between the electron deflection and the applied field strength. 

Retarding potential analysers however, operate on the principle of 

an increasing retarding field, such that electrons of increasing 

energy are progressively repelled before reaching the collector: 

unlike deflection analysers, these instruments give an integral out- 

put which has to be subsequently differentiated to obtain the electron 

energy spectrum. Several versions of both types of instrument have 

been described in the literature. The first high-resolution deflector 

spectrometer was reported by Kuyatt and Plummer ( 86 ES employed 

a 135° spherical deflecting element to obtain a resolution ~20 me V: 

This system was subsequently adopted by Braun et al ( 87 ) to use 

180° deflection system. Single and double cylindrical deflectors 

( 88 ) were used respectively by Young and Gomer and Kempin et al 

( 89 . givingawider range of analysed energies: However, operational 
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problems were encountered, resulting from scattered electrons and 

stray magnetic fields. Dionne and Rhodin GX) proposed a slightly 

different type which had the virtue of compact cylindrical symmetry 

making its assembly and fabrication easier. Isacoon and Gomer ( a ) 

described a spectrometer employing electron acceleration to 10 ke V 

prior to energy analysis: this system minimised the effects of space 

charge and scattered electrons, whilst maintaining a high resolution 

( ~10mevVv). 

Inspite of the fact that the electrostatic deflection analyser 

is basically a more advanced instrument, having a better performance, 

a retarding potential analyser was chosen for this investigation 

because of its simplicity, low cost, ready availability and adequate 

performance for the project. However, a deflection analyser was 

also available in the laboratory, should it be necessary to make any 

high resolution measurements. 

An early example of a low resolution retarding potential type 

of analyser was due to Henderson and co-workers ( 92, 93 ) who used 

a cylindrical geometry to show that field emitted electrons originate 

from or below the Fermi level. A spherical-geometry retarding- 

potential device was pioneered by Muller ( 44, 45 ), later developed 

by Muller and Bahadur (46 ) and finally used by Young and Muller 

(47) in an improved form with a resolution of < 30 me V to 

measure the total energy distribution of electrons field emitted 

from a metallic tungsten micropoint emitter. More recently Barnes 

and Singer ee) used a retarding-potential device for the absolute 

measurement of the work function of a metallic field emission source. 

In 1966, the design by Van Oostrom (33) appeared. This 

design, which soon became popular, avoided some of the problems 

connected with the Young and Muller design, e.g. the elimination of 
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reflected electrons so that it was possible to obtain an improved 

resolution of ~10 meV. However, several other workers examined 

this analyser but they could not obtainaresolution as high as that 

reported by Van Oostrom, such as Swanson and Crouser ee) where 

they reported a resolution of ~40 meV. In a later version 

Workowski and Czyzewski Gey) replaced the electron collector used 

by Van Oostrom by a hemispherical retarding grid operating in con- 

junction with an electron multiplier, to achieve a resolution of 

about 50 meV; later this was improved by Workowski ( 9 ) to 

25meV. Ina computer simulation study, the electron trajectories 

of the analyser proposed by Van Oostrom were simulated with a digital 

computer by Hiroshi Adashi et al ( 98 who showed that it is 

theoretically possible to obtain much higher resolution than the 

experimentally obtained value of 10 meV and that in fact the 

collector electrode geometry is not very critical and does not need 

to be hemispherical. Other retarding potential spectrometers have 

been described by Whitcutt and Blott 7 Me Plummer and Young ( 100 ) 

( tot ), However, except for the design of and Lea and Gomer 

Plummer and Young, which used a retarding arrangement of a flat 

condenser symmetry, the others used spherical symmetry arrangements, 

where typically, the resolution obtained was 10 - 50meV. 

From the above brief survey, it can be concluded that, whilst 

the Van Oostrom retarding potential analyser chosen for this study 

could be expected to have a comparable resolution to that achieved 

by deflection analysers ( viz < 30 meV ), it has the disadvantage 

in its simple form of giving an integral spectral output. Accordingly, 

considerable effort was expended in developing a sophisticated elec- 

tronic differentiating system to give the facility a comparable 

capability to deflection instruments. 
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It is arguable that it is a disadvantage to use on electrometer 

as a detector since the electron multiplier is more sensitive, and 

gives adirect energy distribution output ( 102, 103, 104 x, But 

recently ( 1980 ) it was reported that the mltiplier is a main 

source of the signal noise (97 ) this relates to the statistical 

character of the secondary emission in the multiplier which depends 

strongly upon the dynode voltage; therefore the multiplier has to be 

operated at low gain ( < 10° Nee 

3.3.1.2 SPECTROMETER DESIGN. 

The basic electron optical design of a Van Oostrom retarding 

potential analyser is shown schematically in Fig. 3.21 and is seen 

to consist of a phosphor coated anode A, a lens electrode L and a 

Faraday cage consisting of a shielding electrode S and a hemispherical 

collector C. The apertures of the spherical electrodes increase 

towards the collector and are respectively 1, 2 and 4 mm in diameter, 

with the radius of the collector being 15 mm. During normal operation 

an accelerating voltage Va is applied to the anode A that is 

sufficient to extract electrons from whatever source is being studied 

(e.g. a tungsten filament for field assisted thermionic emission 

or sharp tungsten tip for field emission ), whilst a voltage vy, is 

applied to the lens electrode L such that V/V, = 0.003 . With 

this condition satisfied Van Oostrom showed that the electron 

trajectories will converge to focus near the centre of curvature! of 

the hemispherical collector, so that the electrons will be incident 

normally on the collector surface, thus the total energy of the 

electrons will be analysed. In Fig. 3.22 the electrodes of the 

analyser with the associated equipotentials and the electron 

trajectories are illustrated. For the electrons to be collected, 

1.



  
  

        

| 

Fig. 3.21 The electrode configuration of a Van Oostrom retarding 

potential analyser where A is the anode with a phosphored 

screen P , L is the lens electrode, S is the earthed 

shield, C is the collector and O is the electron source.



  

  

       

   

  

+ 
of E.H.T. 

Field lines 

Cathode 

    

  

        Equipotential 
lines. + 

    
Fig. 3.22 Diagram showing the electron beam ( e ) trajectories 

due to field enhancement from the sharp point of the 

cathode and the equipotential lines ( dotted ) between 

cathode and anode. 
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they must have sufficient energy to overcome the work function 

barrier of the collector, which is effectively at earth potential. 

Accordingly the cathode has to have a constant negative off-setting 

bias which is greater than the work function of the emitter ( 9 ), 

i.e. ~4.5 volts in practice. To measure the spectrum of an 

electron source, a slowly increasing positive voltage We is applied 

at the cathode so that the lower energy electrons will be progress- 

ively repelled from the collector as N. is increased, with only the 

most energetic electrons being collected at the highest value of Noe 

A typical integral plot showing the variation of the collector 

current I, as the cathode voltage Ve is increased is shown schema- 

tically in Fig. 3.23 (a), while, for comparison, the differential of 

this plot, which represents the free electron energy distribution is 

shown in Fig. 3.23 (b). ( The various electronic systems developed 

for obtaining such plots will be described in section 3.3.1.4 ). 

A sectional view of the complete spectrometer facility is given 

in Fig. 3.24.. This shows the stainless steel UHV chamber, the 

analyser, the specimen holder and manipulating facility, the viewing 

port for observing emission images, and the electrical feed-throughs 

for the analyser and other electrode systems. To give a further 

perspective of the facility, Fig. 3.25 gives an overall external view 

of the apparatus, whilst Fig. 3.26 shows a close-up view of the 

analyser itself and Fig. 3.27 the experimental chamber. The various 

sub-systems will now be discussed in further detail. 

THE VACUUM SYSTEM: 

This was designed to be capable of achieving ultra high vacuum 

conditions ( i.e. < 107? mbar ) thus providing the necessary 

environment to study the emitting properties of clean surfaces. The 
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Mg. 3.23 (a) A typical schematic integral plot showing the 

variation of the collector current I, as a function of 

the cathode voltage *. , and (b) its corresponding 

differential plot. 
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_ Fig. O27. A photograph showing a close-up view of the experimental 

esi chamber. 
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chamber was evacuated by a combination of rotary and diffusion 

pumps, such that by baking the chamber overnight to a temperature 

of about 200 ¢, and then filling the liquid nitrogen trap situated 

between the diffusion pump and the experimental chamber, a pressure 

Pe mbar was achieved. The vacuum system also included Of 5.20 10) 

various safety devices to protect it from electrical power cuts, 

water failure or any possible operational error. 

3.3.1.3 SPECIMEN HOLDER AND MANIPULATOR. 

In order to successfully conduct experiments using microemitters, 

it is essential to have both a versatile specimen mounting system 

and an adequate manipulator to allow accurate positioning of the 

microemitter relative to the anode aperture. The specimen holder 

used for early experiments, particularly those for thermionic emittery, 

is fully illustrated in Fig. 3.28 (a). With this system, the 

specimen manipulation restricted the available movements to the x, 

y and z axes, thus limiting the view of the emission image on the 

phosphored anode, due to the large size of the specimen holder. 

Referring to Fig. 3.24, in order to provide spatial adjustments of 

the specimen, the screws ( 13 ), the brass threaded carriage ( 14 ) 

and the "turn buckle" ( 10 ) were used repspectively to provide x, 

y and z axes movements. 

Subsequently, this specimen holder was abandoned as it was 

found that rotational motion of the specimen holder about a vertical 

axis was necessary. Accordingly, a smaller version, shown in Fig. 

3.29, provided 360° rotation of the specimen holder about a vertical 

axis, which thus gave complete flexibility when locating any part of 

an emission image over the anode probe hole. In addition, it allowed 

° 
a tip to be rotated through 135 and positioned opposite an ancillary 
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Fig. 3.28 (a) The original specimen holder, (c) 

(b) a standard electron microscope tungsten thermionic 

emitter with the required insulation and fittings 

for carrying the heating current, and 

(c) a 0.1 mm diameter tungsten microemitter, spot 

welded to a 0.2 mm diameter bridge wire.
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anode either for subsequent observation of any optical effects 

associated with the emission of electrons, or for studying the long 

term ( Tens of hours ) stability of the emission currents. This 

ancillary anode was used in order to prevent accelerated degeneration 

of the phosphor screen due to various electron impact phenomena. 

Finally Fig. 3.30 is a photograph of the final version of specimen 

stage, showing the manipulator and the ancillary anode, i.e. as 

shown schematically in Fig. 3.24 . 

3.3.1.4 ELECTRONIC SYSTEMS. 

As already intimated, the electronic control systems of the 

analyser provide automatic facilities for measuring either, the 

"integral" or "differential" form of the energy distributions, of 

electrons emitted from thermionic or field emission sources. 

(a) INTEGRAL PLOTS. 

The circuit used for obtaining these plots is shown in Fig. 

3.31, for both a field emitting source ( full line ), and a thermionic 

electron source in the form of a directly heated hairpin tungsten 

filament ( chain-dotted lines ), as was used for the initial calibra- 

tion of the instrument. It will be seen from Fig. 3.31 that for 

thermionic measurements the filament was heated by a "floating" 

2 volt battery, and also that it was bridged by two resistors of 

equal value so that their mid-potential corresponded to that of the 

tip of the emitter. Hence, for both types of source, the cathode- 

anode E.H.T. voltage ( typically ~500 - 1000 Volts ) and the 

retarding ramp voltage ( details given below ) used for scanning 

through the range of the electron energies as previously described,
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are effectively applied to the emitting point. This arrangement 

also has the further important advantage of providing a constant 

accelerating voltage ( and hence constant emission current ) during 

scanning. The collector current I, ( see section 3.3.1.2 ) was 

detected by a purpose-built electrometer as described below in 

conjunction with a D.VMen . The E.H.T. was obtained from a 

0-5 kv Brandenburg Type 507 R alpha series unit, whilst the lens 

electrode was fed from a 0 - 30 volts low-voltage supply. An X-Y 

recorder was initially used to record the spectrum, but this was 

later replaced by a storage oscilloscope fitted with a poloroid 

camera to obtain photographs. 

ELECTROMETER. 

The electrometer input incorporated a Field Effect Transistor 

ene input resistance ( F.E.T. ) operational amplifier having a 10 

( Type R.S. 307-250 ) as shown in the circuit diagram of Fig. 3.32. 

Since this device also operates as a virtual earth amplifier, the 

output impendance will be low, and hence it can be assumed that all 

the input current ( Lie ) flows through the feedback resistor ( Re ). 

Therefore if the switch is in position C, it follows that 

Vout= 7 Tan Be G31) 

which is the equation of a current-to-voltage converter. However, 

the potential divider connected across the output, allows a fraction 

(N ) of Vout t© be developed across Rp, where N could be chosen to 

have values 0.01, 0.1 and 1 according to whether the switch was in 

position A, B, or C. 

Equation ( 3.1 ) can now be written 
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a art R (3525) 

or Ve peep AN) 

so that, with ae = 10 Volts, Re = 100 Mn and for the switch 

positions A, B and C, the current for F.S.D. ( full scale deflection ) 

2 1077 a respectively. The 1 » f capacitor C was will be 107%, 107 

incorporated to provide operational noise rejection, which was 

particularly prevalent for the thermionic emission case, however, 

its value was reduced to 0.22» f for field emission use, since a 

greater bandwidth was required to handle the mich faster scan. 

RAMP GENERATOR. 

As shown in the circuit diagram of Fig. 3.33 the ramp generator 

consists of two stages. The first stage "A" consists of a 7H1 

operational amplifier connected as an intggrator, which is used as 

follows to generate a controlled ramp voltage ( 105 ), Thus if the 

capacitor current is Ip » one has 

= dg 
Te = Wat 

av 
a 2 = Cae (33) 

since C is constant 

Also, the input impedence of the operational amplifier is high 

enough to be neglected, and its input voltage V, will be very low 

in comparison to its output voltage, so that port No 2 is virtually 

at earth potential. Therefore, 
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in Serer Meee 
£ Ro 

Cav V. 
25. in or ae R Coa) 

Integrating equation ( 3.4 ) gives 

t t 

d V5 1 
Cc ea dt = - Rok Wey at 

2 

0 0 

t 

or Ve geen yeentaee 
2 CR in 

2 

0 

which, with Nas held constant and Vo = 0 at t = 0O gives 

On eee 
Ue bec nora aus 

((N.B. Further details of this type of circuit can be found in 

references ( 106, 107, 108 ) ee 

The output of I.C. A is thus a negative going ramp as illustrated 

in Fig. 3.34, having a gradient of V,_ rh R, ©, with V,, control- 

ling the ramp rate via the control potentiometer VeRey + The second 

stage "B" consists of a summing inverting amplifier which takes a 

  

fraction of the ramp voltage output of stage "A", as determined by 

ViReg » and adds it to a fraction of the d.c. supply voltage, 

determined by V.Reg ,» together with a low amplitude sine-wave from 

the signal generator. The output of stage "B" thus consists of a 

variable positive going ramp voltage, having a pre-set starting 
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0 Time (seconds) 

V2 (volts) 

Fig. 3.34 A negative going ramp at the output of Integrated Circuit A. 

point, in series with a sinusoidal signal. The X drive for an 

oscilloscope is provided by tapping off a suitable fraction of the 

ramp generator output at point X. 

(b) DIFFERENTIAL PLOTS. 

These were obtained by electronically differentiating the 

integral signal recorded by the electrometer in the circuit of Fig. 

3.31 . The standard procedure which was\adopted for differentiation 

( 109 ) consisted of sinusoidally modulating the emitted current at 

a given reference frequency w and then to use a lock-in amplifier 

to detect the component of the collected current that had this 

frequency w : the amplitude of the a.c current will then be 

proportional to the gradient of the integral plot "dsc" signal. To 

further clarify this principle, Fig. 3.35 illustrates schematically 

how the integral signal is differentiated. The actual circuit used 
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Figure 3.35 A schematic plot representing the relationship 
between the integral and differential plots.



for recording the differential form of the spectrum is shown in 

Fig. 3.36 , as applied to a field emitting tip. From this it will 

be seen that the sine-wave generator is used not only to modulate 

the ramp voltage ( see Fig. 3.33 ), and hence the collected current 

qT, » but also to provide the reference signal to the lock-in 

amplifier, whose operational principle is outlined below. 

THE LOCK-IN AMPLIFIER. 

The lock-in amplifier output, which gives the differentiated 

signal, is fed to the Y-input of the X-Y recorder ( or oscilloscope ). 

The output of this system, which uses phase sensitive synchronous 

detection or modulation, is the first derivative of the signal being 

detected if the amplitude of modulation is made small ( 110 ), The 

instrument used for this study was an Ortec Brookdeal 9501 E broad- 

band lock-in amplifier which incorporates a variable gain a.c 

amplifier, a reference section with phase-shifting facilities, a 

precision demodulator and output d.c amplification and filtering. 

A simplified diagram of the system is shown in Fig. 3.37. Briefly, 

the a.c amplifier provides gain or attenuation of the signal of 

interest ( the electrometer output in this case ), to give a signal 

input of the correct level to the phase demodulator, and to provide 

a high impedence interface at the signal input. The reference 

channel then generates a symmetrical square-wave to drive the 

reference input of the demodulator; this wave form may be either of 

the same frequency, or twice the frequency, of the modulated collected 

current. The demodulator may then be thought of as a linear gating 

circuit which is controlled by the reference input waveform. A 

particularly important feature of this circuit is its ability to 

handle noise signals several million times greater than any error 
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Fig. 3.37 A simplified block diagram of the lock-in amplifier. 

signals which may be generated by the internal gating action, or by 

the subsequent d.c amplification circuits. This is achieved by 

switching the demodulator output into a low-pass filter section 

which provides the primary noise attenuation, the effect being 

altered by the time constant control. The output is then taken to 

the output expand amplifier which provides a gain of x1 or x10, 

as selected. 

3.3.2 INSTRUMENTAL PERFORMANCE. 

Before the spectrometer facility could be used for making 

quantitative measurements of the energy spectra of composite micro- 

emitters, two commissioning procedures had to be followed. Firstly, 

its resolution had to be optimised in terms of the known emission 

characteristics of a thermionic source, and secondly its energy scan 
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had to be calibrated with reference to the Fermi level of the 

substrate cathode by using a field emitting source. 

3.32.1 OPTIMISING THE RESOLUTION. 

In his original measurements, Van Oostrom measured the total- 

energy distribution of a tungsten field emitting source at 4.2 K, 

where the spectrum is well defined and the resolution can be measured 

with a high accuracy. He found that the minimum value of the spectral 

half width occured when the ratio of the lens voltage to the anode 

voltage Vy, fi Wi = 0.003 , and that under these conditions the slope 

of the high-energy side of a spectrum indicated that the resolution 

39"); of the analyser was better than 10 meV This was also 

confirmed by computer simulation work by Adachi et al (98 ), in fact 

they even showed that it is theoretically possible to obtain a much 

higher resolution than the experimentally obtained value of 10 meV. 

In contrast to deflection analysers, retarding potential analysers 

suffer from non uniformity of resolution, where the 10 me V is 

only attainable at the peak of the distribution; whereas at the low 

energy end of the integral plot ( i.e. Lower Xe values ), there is 

only a relatively small change in the slope of I, » Which results in 

a poor signal to noise ratio, which in turn produces a greater 

pousi bility Gf evrer wien obtaining the ditrerential plot} 102" 102! 

11) 

Since a liquid He specimen holder was not available, an alter- 

native approach was adopted for optimising the resolution of the 

present instrument; this was based on the use of a thermionic source. 

Thus, a standard electron microscope hairpin tungsten filament 

assembly was mounted on the specimen holder as shown in Fig. 3.28 (b). 
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0-3eV/Div 
bt tt 

Electron energy ——— 

(b) 

Bis 

  

0-3eV/Div 
Wt tt tt 

Electron energy ——= 

Fig. 3.38 (a) The integral plot obtained with a thermionic source and 

(b) The corresponding differential plot.



This was then fitted into the specimen chamber shown in Fig. 3.24 

which was then evacuated to w~5 x sono mbar as described previously 

in section 3.3.1.2 . However, to maintain this level of vacuum 

during operation, it was also necessary to outgas the filament by 

running it at ~700 K for several hours. 

The resolution was optimised by running the filament at a known 

temperature T K, as measured with an optical pyrometer, and then, 

for a given cathode-to-anode accelerating voltage Ve , adjusting the 

value of the lens voltage Vy until the measured spectral half-width 

approached as closely as possible to the theoretical value given by 

(48 ) Young as 

GAB), = 245K 7 
2 

This procedure in fact showed that the optimum value of the ratio 

Vy, / Vy was 0.05 which is somewhat higher than the value recommended 

0320) by Van Oostrom 

  
Fig. 3.39 A series of spectra taken at a range of temperatures 

from a thermionic emitter. 
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To illustrate the two operational modes of the spectrometer, 

Fig. 3.38 (a) compares the integral plot obtained with a thermionic 

source using the circuit of Fig. 3.31 , and (b) the corresponding 

differential plot obtained with the circuit of Fig. 3.36 . From 

these traces, it is evident that the integral signal has been 

faithfully differentiated. The performance of the instrument at 

optimum resolution is further illustrated in Fig. 3.39 , which shows 

a series of spectra taken at a range of temperatures ( i.e. corre- 

sponding to different heating currents ), which clearly illustrate 

the variation of half-width with temperature, i.e. increas» linearly 

with temperature as predicted ( 48 Je 

3.3.2.2. ENERGY CALIBRATION. 

For this important measurement, a tungsten micropoint emitter 

was mounted in the system as shown in Fig. 3.24 , at a pressure of 

~5 x 107° mbar. After cleaning the je by field desorbtien , at 

a gradually increasing voltage up to % KV, and then at 9 k V for 

30 minutes, the spectra shown in Fig. 3.40 was recorded, where, for 

comparison the spectrum of a thermionic source at a temperature of 

~2410 K is also shown in the same figure. Applying the Young 

criteria (48 ) i.e. the Fermi level of the tungsten emitter occurs 

at a point 73% up the high energy slope of its total energy distrib- 

ution, it is seen that the Fermi level of the cathode occurs at a 

scan voltage of 4.33 volt. Since this is a constant parameter of 

the instrument, it is thus possible when composite emitters are 

used, to relate their spectra to the Fermi level of the substrate 

cathode. The physical significance of this property will be further 

discussed in chapter 5. 

Referring again to Fig. 3.40 , it has to be noted that the 
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accuracy of this calibration will depend on the quality of the 

tungsten field emission spectrum. In fact, even after thorough 

tip cleaning, the spectrum shown here has a rather large half width, 

4x6. (SE ds = 270 + 1meV, compared with the value for a 

perfectly clean tip of 230 + imeV (95 ih This therefore 

means that the calibration can only be assumed to have an accuracy 

of ~5%. Finally, if the same type of tungsten is used for the 

thermionic and field emission sources, the seperation of the spectra 

on the energy axis indicates the work function of the material to be 

~4.33e V. 

A comparison of electron spectra from a tungsten emitter 

before and after coating with a 0.2 m thick layer of resin at 

identical emission currents of 2 A is shown in Fig. 3.41. 

3.4 ANCILLARY FIELD EMISSION MICROSCOPE FACILITY. 

The field emission microscope is the conventional technique 

used for studying the field electron emission properties of a micro- 

point emitter. This consists essentially of a point - to - plane 

diode device, where the high electric field ( ~107 V ov ) 

necessary for "cold" electron emission is created at the tip of the 

emitter by a geometrical field enhancement effect. The axial tip - 

screen seperation is standarised at ~10 mm. The spatial distrib- 

ution of the emitted current density is then visually displayed on 

a phosphor screen which forms the anode. Such a facility has been 

used in the present project and is illustrated schematically in 

Fig. 3.42 . This simple system provides a very convenient and quick 

method of studying many of the emitting properties of the various 

composite microtips which were described in section 3.2 , in partic- 
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Fig. 3.441 A comparison of the electron energy spectra obtained 

from a tungsten emitter (a) before and (b) after coating 

with a 0.2 um thick layer of resin at identical emission 

currents of 2pA ( FL = Fermi level of the substrate 

cathode ). 
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ular the stability and form of their emission images and their 

current-voltage characteristics. It should be noted that, after 

baking, this system could be operated under U.H.V. conditions. 
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CHAPTER 4 

EXPERIMENTAL RESULTS 

4,1 Introduction 

This chapter describes the results of experiments on the emission 

characteristics of the various composite micropoint emitters whose 

preparation techniques were described in the previous chapter. These 

results include the current-voltage characteristics, emission images 

and electron spectra, which were obtained using the experimental com- 

bination of a field emission microscope and a high resolution retarding 

potential electron spectrometer (see sections3.3 and 3.4). In addition, 

-electron microscopy was used to investigate the details of emitter 

profile, and the effects of ion beam etching. A full discussion of 

the physical implication of these findings will be given in chapter 5. 

4.2 CURRENT-VOLTAGE CHARACTERISTICS 

Two general approaches have been used to present the experimental 

data. The first is a direct I-V plot, showing how the total measured 

emission current I depends on the voltage V applied externally between 

the emitter and anode; such plots are very useful for identifying the 

important features of the emission behaviour. The second approach 

follows the conventional practice used in field emission studies where 

the current-voltage data is given in the form of a Fowler - Nordheim 

plot, viz. Log jv? versus AYN Such plots have the advantage, as 

explained in chapter 2, of providing quantitative information about 

the microscopic properties of the emitting regime. 
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4.2.1 TYPICAL BEHAVIOUR OF COMPOSITE EMITTERS 

Before embarking on an account of the detailed behaviour of the 

various emitting structures which were studied, it would be helpful 

to identify certain general features of their characteristics which 

are common to this type of emission regime. In particular, this 

approach provides an ideal framework within which to present the 

extensive experimental data obtained from this investigation. 

Thus, Fig. 4.1 is a schematic representation of the typical 

current-voltage characteristic of a metal - insulator micropoint 

emitter. This is seen to be initiated by a switch-on process, where- 

by there is a threshold switching voltage Vow at which the emission 

current changes abruptly from an effective zero - value to a saturated 

) then extends over a value I, The saturation current ( I, 
AT * SAT 

voltage range Av, (region 3 in the figure) which lies between the 

voltages V, ee. 3550 Volts, to Vax » ise. < 5 KV as limited sat + + 
by the maximum voltage which can be applied to the tip before it 

explodes. Such a tip explosion is believed to depend on the dimensions 

of the emitter tip metal core, the coating thickness and the emitter 

treatment as explained below. On progressively lowering the voltage 

through region 3, one first passes into the transition region 2, which 

starts at the bounded voltage V, and extends over a voltage range 
SAT 

AV= Vg - Vy, » and then lastly into region 1 which is bounded by the 
’ AT 

voltage Vi, and the threshold voltage Ving , i.e. the minimum voltage 

required for detecting a finite emission current. In region 1 the 

I-V characteristic gives an approximately linear Log /v> versus 1/V 

Fowler - Nordheim (F - N) plot (see section 2.2.3.1). If such an 

emitter is subsequently cycled through the same voltage range the 

current generally follows the "dashed" curves, i.e. showing a smooth 
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dependence of current on voltage but with a significant built-in 

hysterisis between the increasing and decreasing values. 

As will be seen in the following sections, the relative values 

of the basic perameters defined previously, viz. Igap » V, ’ Vy, ’ 

Vv av, #V. - SV, = V, - V, and AV, = V, sat’ “sw? 4% * Vy ~ Va + 4V2 = Von 3~ “max ~ “sar ' 
were found to be strongly dependent on the particular emitting regime. 

It was also found that in some cases the behaviour of the I-V 

characteristic deviated significantly from the general form of Fig. 4.1, 

however these effects are thought to provide important additional inform- 

ation about the emission process, so they have been collected together 

to form a seperate section (4.2.4). 

4.2.2 RESIN-COATED TUNGSTEN EMITTERS 

As indicated in chapter 3, this type of composite emitter proved 

to be the most successful from two points of view. Firstly, it was 

possible to achieve a good control over the manufacturing procedure, 

and secondly, such emitters gave reproducible I-V characteristics 

between batches. Accordingly, experimental data from this system has 

been chosen to illustrate the typical emission behaviour of metal - 

insulator microemitters. 

In Fig. 4.2, curves (A) and (B) compare respectively the I-V 

characteristics of the tungsten micropoint emitter shown in Fig. 3.12, 

"before" and "after" it was coated with a 0.2 pm thick layer of epoxy- 

lite resin, Fig. 4.2 (A) is typical of the steeply-rising reversible 

non-ohmic characteristics found for metallic field emitters following 

a field desorption cleaning procedure. Whilst Fig. 4.2 (B), which is 

for resin-coated tungsten emitter, has the same general shape as Fig. 

4.1, but with the parameters Vow = 700 Volts, Vgar = 550 Volts, Vy, = 
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280 Volts, Ving = 50 Volts and Vurax = 1100 Volts with Tap = 

4.5 A; this is considerably different to the characteristics of 

the metallic emitter. The corresponding Fowler-Nordheim plots for 

the uncoated and coated tips are shown respectively as ( A ) and 

( B ) in Fig. 4.3, this shows that the effect of the resin insulating 

coating is to reduce the slope of these plots from a value of my = 

9870 for clean tungsten to a value of My RS 2424 for the resin 

coated tungsten. The physical significance of the difference between 

these two plots will be discussed in chapter 5. 

Another important observation from Fig. 4.2 , is that whereas 

~1100 Volts is required to obtain an emission current of ip A 

from the uncoated tip, a maximum of 550 Volts i = Vgar ) was 

required to obtain a "switched-on" saturated emission current of 

4.5 A from the coated tip. In addition, Vow for the coated tip 

was only 50 Volts compared with 400 Volts for the uncoated tip. A 

further practical consideration, from the point of view of electron 

sources, is that the coated emitter was not only more stable, but 

also gave a very much brighter electron optical source ( see section 

4.3.1 ). Subsequent cycling of the voltage resulted in the smooth 

and reversible hysterisis characteristics ( shown in Fig. 4.2 by the 

double-arrowed dashed curves ). This highlights the important 

property that the switch-on phenomenon was usually only seen with the 

first application of the voltage across virgin emitters. 

For this type of emitter, the thickness of the insulating layer 

is clearly a very important parameter. Accordingly, a series of 

experiments were undertaken using emitters having resin coatings of 

varying thicknesses. Early experiments used very thick coatings, 

obtained by forming balls of resin on the tips, see Fig. 3.8 (a) 

where the estimated film thicknesses was 25 - 50» m. However, when 
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Fig 4.3 Fowler-Nordheim plots of the uncoated ( curve A ) and 

resin-coated ( curve B ) emitters whose I-V character- 

istics are presented in Fig. 4.2.



mounted in the field emission microscope ( F.E.M. ), no field 

electron emission was obtained with this type of emitter for applied 

voltages up to 12k V. Although attempts were made to achieve 

controlled reduction in the thickness of such coatings using ion beam 

etching ( see section 4.5 ), this approach was considered to be 

basically unsatisfactory since large image distortions in the optical 

microscope ( see section 3.2.1.4 ), prevented an accurate measurement 

of the effective insulating layer over the metallic tip. Subsequent 

experiments therefore concentrated on the sub-micron coating 

technique used to prepare emitters with characteristics as given in 

Figures 4,2 and 4.3 . Thus Table 4.1 presents the collated emission 

data which was recorded under identical experimental conditions from 

a series of "as - prepared" tips having resin coatings of thicknesses 

(| Ad ) varying between 0.04 and 0.2m. It will be noted however 

that this table only presents information about the parameters Voy : 

Toer 4) \ganets Maxon et ye ye pe eeten tip 
radius r, Eo, (a Voy / vx) and Eoap (a Var Pre otis iis 

V, V, V, 

because the "transition" part of the characteristic frequently 

exhibited deviations from the "typical" behaviour of Fig. 4.1 ( see 

the later section 4.2.4 ), which no longer allowed it to be described 

by all the originally defined parameters. 

The relations between Ad and the more reproducible parameters 

used to characterise the emission data are presented graphically in 

Figures 4.4, 4.5 and 4.6. From Fig. 4.4 it is seen that even 

though there is considerable scatter in the measurements of the 

switching field ( defined as Voip / XK re ) due to the difficulty of 

accurately measuring the tip radius and the probable variability of 

the dielectric constant € form specimen to specimen, the experimental 

points lie on a hyperbolic curve. It should be noted that the actual 
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Fig. 4.4 The relation between the film coating thickness ad and 

the tip switching field factor Eoy (a@ Vow f 2 ye 
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Fig. 4.5 The relation between the film coating thickness Ad and 

the tip saturation field factor Eo, ( @ Voap {2 ye
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Fig 4.6 The relation between the film coatings of thickneses Ad 

and the saturated current Toap . 
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field at the metal surface has been taken as Egy ve K€ , where K is 

a factor determined by the geometry of the emitter, and the thickness 

of the insulating layer. Since these parameters are difficult to 

determine, it follows that a large uncertainty would be introduced 

into the estimation of tip field. Hence to avoid these complications 

Es, & Yow / rv was plotted against film thickness. The hyperbolic 

form of the experimental relationship between Boy and 4d will be 

shown later to have a theoretical basis. Likewise, the saturation 

field can be defined as Vaan /K re. It can be seen, in Fig. 4.5, 

that the Egan curve had considerable scatter which makes a deter- 

mination of its functional relationship to Ad difficult, but,a 

slight hyperbolic form is just discernable. Finally, from Fig. 4.6, 

it is seen that TI, increased almost linearly with Ad, and then 
SAT 

passed through a maximum at Ad approximately 0.09» m, but fell 

off at a steep rate as Ad approached approximately 0.2 m. 

THE EFFECTS OF IN-SITU, U.H.V. BAKING. 

The investigation was at a relatively advanced stage when it was 

discovered that the effects of an initial in-situ thermal processing 

of a coated microemitter could have a very significant influence on 

its subsequent emitting properties. Accordingly, only a small 

proportion of the total number of emitters studied, were investigated 

from this point of view. However, sufficient data was accumulated to 

identify the following general trends: 

(a) "Tip explosions" were significantly reduced. This was an effect 

which occured widely with unbaked emitters, being observed as a 

visual "flash" that resulted in the destruction of a tip, as illus- 

trated in the micrographs of Figures 4.17 and 4.18 or in a less 

drastic form "tip explosion" could result in either the electrons 
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being emitted at wide angles from sites on the side of the cone, or 

causing "tip deformation" as illustrated in Fig. 4.13 . 

(b) The saturation current Tgqp ¥as found to be more stable. This 

occured even at pressures ~ 107? mbar, a property that greatly 

facilitated the recording of noise-free electron energy spectra 

(see section 4.4 ). 

(c) Electron emission tended to be concentrated in a narrow paraxial 

beam. As a result of this the electron source had a brightness that 

was typically six times higher than that obtained from an uncoated 

emitter with the same total emission current ( see section 4.3.1 Dis 

As a quantitative illustration of the advantages to be derived 

from this baking procedure, three tungsten micropoint emitters were 

coated with a similar thickness ( ~ 0.2 microns ) of resin and were 

then baked at three different temperatures for the same length of 

time (12 hours ). ‘he resulting switch-on voltages Vg, and 

saturated emission currents Igap for these three emitters are 

summarised in Table 2. It will be seen that there is a marked 

decrease in Vow with increasing baking temperature, while at the 

  

  

Paes ae 
100 1200 1.7 

140 850 3.5 

200 700 4.5         
  

TABLE 4.2 The collated experimental data obtained from three tungsten 

microemitters coated with similar thickness of resin 

(0.2 um ) and baked at different temperatures. 
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same time there is an increase in Igap ; similar general trends 

were observed for at least two of the other composite emitting regimes 

which are described in the following section 4.2.3 ( e.g. tungsten 

coated with either hydrocarbon or lacomit ). 

4.2.3 COLLATED DATA FROM A SELECTION OF COMPOSITE EMITTING STRUCTURES. 

In this section, a survey will be given of the emission 

characteristics of the other metal-insulator micro-structures which 

were fabricated using the techniques described in chapter 3. Thus, 

Table 4.3 presents the data in broadly the same format as that used 

previously in Table 4.1 for the resin-coated tungsten emitters. 

However, for several of these coatings it was not possible to make 

accurate measurements of the film thickness; accordingly, the terms 

"thin", "medium" and "thick" will now correspond to estimated layer 

thicknesses ( 4d) of ¢ O45pm , O15 CAd <O0.5pm 

and 0.5 <Ad <3pm respectively. An exception to this was 

the case of the hydro-carbon coating which will be highlighted below. 

As has been shown in Table 4.1 , all of the emitters exhibited a 

"switch-on" effect and gave a saturated current Isap which then 

remained constant over an anode voltage range ele » Equally, most 

of these emitters exhibited behaviour as typified in Fig. 4.1; 

however there were exceptions, as in the case of some resin-coated 

tungsten emitters, and these deviations will be briefly described in 

the following section. It was also found that whenever the baking 

procedure was applied to these types of composite emitters it resulted 

in very similar improvements in the emission characteristics to those 

found for resin-coated tungsten. ( see section 4.2.2 ). 
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Type of Insulator Voy Ty AT Vg AT. vy Very 

insulator thickness | Volt |p A Volt | Volt Volt 

pm Approx 

Hydrocarbon 0.0231 3000 | 3.2 | 2600 | 1600 800 

" B | 0.0280 2600 | 1.2 | 2500 | 1900 1200 

Fi 0.0305 2500 | 8.2 | 2300 | 1400 300 

* 0.0595 650 1 600 | 400 100 

Z 0.158 5000 | 12 - - - 

1.2 | 3800 | 2900 1900 

Lacomit E thin 1000 3 - 600 100 

(baked at 240°C) 

Lacomit thin 1200 | 1.5 -//1100 | 750. 300 
° 

(baked at 200 C) 

Lacomit thin 2100 a 2000 | 1600 1000 

(baked at 140 ¢) 

Lacomit medium 2400 9 1900 | 1200 ye) 

Glass tip thick 18000 0.08] 14000 | 11500 | 9000 

(Electrodag film) 

Glass tip thick 14500 0.04] 11500] 8500 | 2000 

(Tin) 

Glass tip thick 10000 | 0.5 | 9250] 8000 | 4000 

(Gallium film) 

Glass tip A | thick 18000 | 10 6000} 5000 | 3000 

(Electrodag film) 

Glass tip D | thick 6300 | 5 5750| 5400 | 4000 

(Electrodag film)             
  

TABLE 4.3 Collated emission data obtained from a range of composite 

emitter regimes. 
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HYDROCARBON COATING. 

Because of the ease with which controlled layers of this material 

could be deposited in-situ ina T.E.M. ( see section 3.2.1.5 ), it 

was possible to make an additional investigation of the influence of 

the coating thickness on the emission characteristics. However, 

unlike the previous study on resin-coated emitters ( see figures 4.4 , 

4.5 and 4.6 ) this used emitters which had been baked up to a 

temperature of 140 c, with the consequent improvement in stability 

and reproducibility of the emission current. The increased brightness 

of this type of source following baking was particularly marked; in 

fact the phosphor screen became "burnt", presumably due to ion 

bombardment resulting from the evaporation of hydrocarbon from the 

emitter due to the high emission current densities. However, whilst 

baking to 200°C was found to give a somewhat improved stability, a 

bake out at ~ 350 C was found to have destroyed the switching 

characteristics of the emitter. In the particular case of these 

hydrocarbon emitters, the baking procedure also led to an increase 

in emission current which was observed before switch-on occured. 

Initially, this pre-switch on current had measured values as low as 

Ss rot A prior to baking at temperatures >140'C, but after baking 

currents as high as 107? A were easily detected. 

INTERNALLY-CONDUCTING GLASS TIPS. 

As will be recalled from chapter 3 ( section 3.2.2 ), these 

emitters had a structure that differed markedly from the rest of the 

"coated" systems. Accordingly, it is appropriate to give a brief 

account of their properties, i.e. supplementary to the data contained 

in Table 4.3. 
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Firstly, they exhibited the normal switch-on phenomenon although 

the switching voltage Voy was generally high and showed a wide 

variation ( 5000 - 18000 Volts ) between the various glass emitters: 

This finding is believed to reflect the unpredictable form of the 

metal-glass micro-structure at the tip of such emitters. In partic- 

ular, it was found that the type of internal coating used ( gallium, 

electrodag ... etc ) had a major influence on the values of the 

parameters Vow Fe Tyan +e. etc and the stability of the emission. 

This is thought to reflect on how effectively the coating produced a 

good conducting substrate directly beneath the emitting surface; in 

this respect, the best results were obtained from emitters using the 

electrodag metallising technique. For a "good" emitter, where the 

metal coating penetrated to within ~2pm of the glass tip, it was 

possible to obtain a switching voltage as low as 500 Volts, with 

Es ~2.5 A which was stable over a period of hours, anda 
SAT 

voltage range AV, ~4500 Volts. Furthermore, these sources 

exhibited even higher electron beam brightnesses than that found for 

the resin-coated baked emitters. Unlike the metal-coated sources, 

these |g@asshinternally coated ‘emitters also exhibited an associated 

optical effect in the form of a pin-point of light at the emitting 

tip. This was thought to be electroluminescent in origin, although 

no confirmatory Alfrey-Taylor plots of the intensity variation with 

applied voltage were made ( 64 De Finally, it should be mentioned 

that attempts to vary the thickness of the glass overlayer by using 

a hydrofluoric acid etching technique were unsuccessful, in the 

sense that such a treatment invariably suppressed any further 

emission. This was probably due to the observation that the etched 

end of the glass tip was invariably roughened to such an extent, that 

the field distribution arround the tip was then altered and its field 
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intensifying properties lost. 

4.2.4 ATYPICAL EMISSION CHARACTERISTICS. 

As already mentioned, most of the emitter types studied 

occasionally exhibited atypical characteristics, particularly in 

region (1) and (2) of Figure 4.1 . Therefore, to conclude this 

account of the I-V characteristics of composite emitters, it is 

appropriate to present a brief survey of the range of effects that 

can be observed. These are summarised in Figures 4.7 to 4.11 in 

such a way that the sequences of current-voltage cycles are mostly 

self-evident. However, to clarify and highlight certain features of 

these characteristics, a brief description is given below of the 

five types of deviant behaviour which were observed. The physical 

significance of these findings will then be discussed in the 

following chapter. 

Referring to Figure 4.7 , Type A behaviour will be characterised 

by an apparently "first order" discontinuity between the "on" and 

“off" states. The phenomenon was repeatable between successive 

cycles of voltage, although there was the normal hysterisis between 

the "upward" and "downward" characteristic. Emitters exhibiting this 

  

type of behaviour are indicated by a suffix "in Tables 4.1 and 4.3. 

The second deviation viz. Type B behaviour is shown in Figure 4.8 . 

This was characterised by a series of up to five current plateaux 

or steps as the voltage was slowly cycled. Subsequent recycling of 

the voltage led to exhibiting the typical characteristic having a well 

defined V, Emitters which exhibited this type of behaviour are TH 

indicated by a suffix "B" in Table 4.3. 

Type C atypical behaviour was mainly associated with these 

emitting regimes that were formed by immersing metallic tips in 
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Fig. 4.10 I-V plot of 'type D' atypical behaviour. 
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Fig. 4.14 

  

I-V plot of 'type E' atypical behaviour 

154.



insulating "balls" of material ( see 3.2.1 ); i.e. where it was 

reasonable to assume that a "thick" insulating layer ( > 200 y m ) 

was involved. For these systems, a high conventional initial switch- 

on voltage Vow is required, but on lowering the voltage, the saturation 

current Igan of region 3 extended from say 7000 Valts to very low 

voltages ( < 100 Volts ). However, as shown in Fig. 4.9 on re- 

cycling the voltage, switch-on effects were again observed, although 

at progressively lower voltages Voy 2 and Vow 3° Eventually 

though, after three to four cycles, the emitter characteristic 

approached a "typical" form with a smooth reversible shape and a well 

defined JV, The data obtained from this type of emitter is THY 

collated in Table 4.4 ( see page 176 ). 

Referring to Fig. 4.10 , the fourth type of atypical behaviour 

( Type D ) was somewhat similar to type C, but was characterised by a 

progressively lowering value of Ving and a corresponding extension 

of the Tgaq region as the voltage was re-cycled; i.e. the value of 

V, remained approximately constant. As with type C, the emitter 
SW 

eventually approached the "typical" behaviour after three or four 

voltage cycles. Emitters of this type are indicated by a suffix "D" 

in Table 4.3. The final type of atypical behaviour ( Type E ) is 

shown in Fig. 4.11 . In common with other composite emitters, this 

is characterised by an initial switch-on effect; however, in this 

ease there was no extended saturation region, rather the emission 

current showed a smooth decrease with applied voltage. After one or 

two successive voltage cycles the emitter also approached the "typical" 

behaviour. This type of emitter is indicated by a suffix "E" in 

Table 4.3. A possible explanation for this, and also of types 

A to D will be discussed in the following chapter. 

It was occasionally noted that, during the traditional I-V cycling, 

a negative resistance behaviour occured at high emission currents(>10uA). 
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4.3 EMISSION IMAGES OF COMPOSITE EMITTERS. 

The conventional field emission microscope described in section 

3.4 has been extensively used in this investigation, firstly, to 

obtain information about the physical processes involved with these 

types of emitters, and secondly, to provide a means of measuring 

such practical electron source parameters as beam brightness, current 

stability and life time. Experimental data is therefore presented 

in this section in order to compare the general character of the 

emission images obtained under identical conditions from the various 

composite emitting regimes studied, and also how such factors as the 

insulating layer thickness and thermal treatment influence the 

properties of a given type of emitters ( e.g. the resin-coated tungsten 

species ). As with the case of the I-V data of section 4.2, a 

physical explanation of the image behaviour will be given in the 

following discussion chapter. 

4.3.1  AXIALLY-SYMMETRICAL SINGLE-SPOT IMAGES. 

Following the format used in section 4.2 when presenting the 

I-V data, a comparison will first be made between axially symmetric 

emission images obtained from a clean metallic ( i.e. tungsten ) tip 

and as-prepared switched-on composite emitters under similar 

experimental conditions; i.e. corresponding to the I-V characteristics 

of Fig. 4.2 . These are shown respectively in the typical example 

of Fig. 4.12 (a) and (b), from which it will immediately be seen 

that the emission from the composite emitter ( in this case a tungsten 

tip coated with a 0.2 m layer of resin ) is very much more 

concentrated with no apparent structure within the image. Thus, for 

a given total emission current, the composite emitter image appeared 
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10mm 
(a) 

  

10mm 
(b) —————— 

Fig. 4.12 Projection images obtained from (a) a clean tungsten 

emitter and (b) after coating with a 0.2 m layer of 

resin. Both images were recorded with the same tip-to- 

screen separation and the same emission current of 4.5 A. 
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very much brighter. In quantitative terms, the electron optical 

brightness of the two sources of Fig. 4.12 are respectivelyin &e ratio of 

one to six. At the operating pressure of m107° mbar, both images 

exhibited random fluctuations in intensity : for the metallic emitter, 

the brightness of individual spots changed abruptly, whilst for the 

composite emitter the whole image changed in intensity, with sometimes, 

an accompanying change in the spot-size. However, it was generally 

found that the stability of most composite emitter images could be 

greatly improved by in-situ baking to ~1ho C or still better to 

~ 200 C, for several hours. Any instability which may remain after 

baking could usually be eliminated by a conditioning procedure; this 

was carried out by either running the emitter at constant current, 

for a period of approximately 30 minutes (occasionally a few hours 

were required) or by leaving it to go through a relaxation process 

i.e. by turning off the anode voltage and leaving the emitter under 

vacuum for approximately 24 hours. Baking also greatly reduced the 

risk of an unstable emitter being destroyed by spontaneously "explod- 

ing"; this would be observed as an intense flash of emission, after 

which there was usually no further current unless higher voltages 

were applied to the tip. If such exploded emitters were subsequently 

examined in the T.E.M. , the profile of the tip was usually found 

to have been deformed as shown in Fig. 4.13. 

To further highlight the effects of baking on the emission image 

from a 0.2 um resin-coated tungsten emitter, the five image sequence 

shown in Fig. 4.14 illustrates the increased stability of the emission 

following baking and voltage cycling. This also illustrates that the 

image spot-size was found to show a strong dependence on the current, 

when the emission followed the I-V characteristic of Fig. 4.1,i.¢. asthe 

voltage applied to the composite emitter was lowered. This finding 
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Fig. 4.13 A T.E.M. micrograph of deformed tungsten microelectrode 

coated with resin after tip "explosion". 

(Magnification = 64800X). 
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Fig. 4.14 A sequence of projection images showing how the spot size 

changed with emission current.



has important physical implications which will be discussed in 

chapter 5. In fact, the emission image at the highest current 

( switching current Igy ) in Fig. 4.14 remained unchanged over a 

period of more than 100 hours running at a current of 4.5 A, includ- 

ing several "off" periods. These were general findings for the 

emitters tried; such properties are potentially interesting for 

commercial electron sources. 

However, in order to routinely produce stable single-spot emitters 

it was found that three more precautions were necessary. Firstly, it 

was found that the optimum thickness of the insulating layer to 

obtain this type of emission image was ~0.15 - 0.2m. Thinner 

layers, for example, tended to give the type of multiple-spot images 

described in the following section. Secondly, care needed to be 

taken with the axial alignment of the emitter to ensure that it was 

at least 10 mm from the phosphor screen anode ( see also 4.2.2 ). 

Thirdly, great care had to be taken when initially applying the 

electric field in order to avoid any rapid current surges ( even with 

a 10° .n series resistor, such surges were still possible ). If all 

the above precautions were effectively taken, most of the composite 

emitter types which were studied could be made to give a single-spot 

image similar to that of Fig. 4.12 (b). 

4.3.2 MULTIPLE-SPOT IMAGES. 

In about 10% of the emitters tested it happened that the initial 

image of a switched-on composite emitter was more complex than that 

of Fig. 4.12 (bd) in that the emission appeared to come from two or 

more well-defined sub-emission centres. Four examples of this 

phenomena are shown in the "before" sequence of images of Fig. 4.15, 

i.e. before the emitter was subjected to any treatment, where in each 

161.



"Before" "After" 

(a) Resin Coating 

Hydrocarbon Coating 

© 
(c) Lacomit Coating 

Glass Coating 

   

  

   
e
c
c
e
 

   
Fig. 4.15 A sequence of images showing emission originating from 

more than one sub-emission centre "before" and "after" 

various tip "conditioning" treatments. 
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case, the individual spots exhibited independent and random 

fluctuations of intensity. It will also be seen that in (a) and 

(b), the emission was directed off-axis, suggesting that it originated 

from sub-centres that were located away from the geometrical apex of 

the emitter. The incidents of this latter phenomenon could however 

be controlled by minimising the axial divergence of the electric 

field in the vicinity of the tip by increasing the axial distance 

between the tip and screen. In practise it was found that this 

parameter needed to exceed 10 mn. 

Multiple-spot images were mostly a feature of emitters that had 

thin insulating layers of less than 0.15u m thickness. This is 

illustrated by Fig. 4.16 which is a sequence of eight cine-film 

frames taken at a speed of twenty four frames per second. Clearly, 

the image is very complex with its detailed structure changing 

rapidly with time. This latter property could be clearly observed, 

for example, by noting the switching “on" and "off" of the sub-centre 

located at twelve o'clock. Also, the sub-centre located at three 

o'clock had the sequence of switching: "on" (c), "off" (d) and "on" 

again (f) in less than quarter of a second. This behaviour will 

make the process of obtaining stable distributions from such emitters 

very difficult. In fact, these images bear a strong resemblance to 

the characteristic image of a "dirty" tungsten emitter; this therefore 

suggests that for very thin layers, the electrons "hop" and / or 

tunnel through it so that the resulting emission image is largely 

characteristic of the emissivity of the underlying substrate rather 

than a property of the layer itself. 

In cases where muliple-spot images were obtained with thick 

layers ( i.e. > 0.15pm), it was often possible to subsequently 

obtain a single-spot image by processing the emitter using a combin- 
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(a) t = 0.04 sec (b) t = 0.05 sec 

  

(c) t = 0.96 sec (ad) t = 1 sec 

am 

bs 

  

(e) t = 1.08 sec (£) t+ = 1.2 sec 

  

(g) t = 1.5 sec (h) t = 1.9 sec 

Fig. 4.16 A sequence of cine-film frames showing the change with 

time (+) in the muliple-spot images of thin insulating 

layers. 164,



ation of low-temperature external baking and voltage cycling. Thus 

the "after" image of Fig. 4.15 (a) was obtained by simply lowering 

the voltage until the smaller emission centre "switched-off", with an 

accompanying step-like fall in the emission current ( see Fig. 4.8 yes 

Subsequent baking at tho c for approximately 12 hours both stabilised 

the emission from the larger centre and reduced its emitting area, 

thus effectively increasing the source brightness. The coalesced 

"after" image of Fig. 4.15 (b) and (c) were obtained by external 

baking ( for a period > 20 hours at tho c ), apparently involving 

some form of annealing process, whilst the final "after" image of 

Fig. 4.15 (d) was obtained by running the emitter at constant voltage 

over an extended period of time ( ~30 minutes ). The brightness 

of this latter glass source represented one of the highest values 

encountered in this investigation i.e. its electron optical brightness 

is ten times higher than that of clean tungsten. Unfortunately, 

from a practical point of view this type of emitter had a very 

limited life time, in that they frequently "exploded" after a period 

which could range from only a few minutes up to a few days at the 

maximum of emission at approximately 1 A. To illustrate the 

physical consequences of such an event, Fig. 4.17 presents optical 

micrographs of a tip "before" and "after" explosion, while in Fig. 

4,18 two micrographs of exploded tips are shown. The effect of the 

“relaxation process" in eliminating the multi-spot emission and 

producing a single-spot emission is illustrated in Fig. 4.19 (a) and 

(b). In addition, this process also produced perfect stability to 

both the emission image and current of the 0.2 m resin-coated 

tungsten emitter. 
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Fig. 4.17 Micrographs of/internally conducting glass tip el 

(a) before exploding and (b) after exploding. 
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Fig. 4.18 Micrographs showing glass tips ( 2 and 3 ) after exploding. 
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(a) 

  
(») 

Fig. 4.19 (a) Multi-spot emission image obtained from tungsten 

microemitter coated with 0.2 u m resin coating. 

(b) The same image after 24 hours relaxation process. 
NB The images are superimposed over the spectrometer 

probe hole. 
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4,4 ELECTRON ENERGY SPECTRA OF COMPOSITE EMITTERS. 

As indicated already in this thesis, the vital importance of 

these measurements lies in the information they contain about the 

physical nature of the mechanism operating with these composite 

emitters. The instrumental facility developed for these measurements 

has already been described in detail in section 3.3. It will be 

recalled that this was basically a Van Oostrom retarding potential 

analyser with the electronic systems modified to give a differential 

output. This output thus gives the electron energy spectrum from 

which it is possible to obtain the spectral half-width, i.e. defined 

as the full width at half maximum ( F.W.H.M. ), and the peak shift 

from the substrate Fermi level. By calibrating the energy scan of 

the spectrometer in terms of the known energy distribution of a 

reference electron source ( in this case a clean tungsten field 

emitting tip ), it is subsequently possible to identify the Fermi 

level of the cathode substrate on the spectrum of any other electron 

source. Since however, a spectrum typically required approximately 

ten seconds to be recorded it has in fact only been possible to 

record the spectra of the composite emitters that gave stable 

emission currents over periods in excess of ten seconds. 

4.4.1 SPECTRA OF SINGLE-SPOT SOURCES. 

The spectra of clean tungsten and resin-coated emitters were 

compared in Fig. 3.41 , while their current-voltage characteristics 

and emission images were shown respectively in Figures 4,2 and 4.12. 

From this data, it was clear that the spectrum obtained from the 

composite emitter was distinguished by several features when compared 

to a clean tungsten spectrum: (a) it was displaced towards lower energies 
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by 0.7 e V with respect to the Fermi level of a metallic cathode; 

(b) it had a larger F.W.H.M., and (c) it was more symmetrical than 

the tungsten spectrum. A sequence of spectra from Q@ resin-coated 

tungsten emitter is illustrated in Fig. 4.20 which shows the effect 

of increasing the emission current from ~1 wu A to the saturation 

current of such emitter, i.e. Tsar ~4.5 A, corresponding to an 

increase of tip - to- anode voltage from 390 to 550 Volts. Fig. 4.21 

then shows the resulting spectral shifts and the half-widths ( F.W.H.M. ) 

as functions of the emission current . The spectral shift was 

clearly increased considerably by increasing the emission current 

up to I while the F.W.H.M. initially had values less than that 
SAT ’ 

for a clean tungsten emitter i.e. ~0.23 e V,which slowly increased 

with current up to 0.29 e V as the saturation current of 4.5 A was 

approached. However, when the current was restricted to the 

saturation region, neither the spectral shift nor the F.W.H.M. were 

found to vary with the applied external electric field. 

4.4.2 SPECTRA OF MULTI-SPOT SOURCES. 

In the case of the multi-spot images, such as shown in Figures 

4.15 or 4.19 (a), each spot could be positioned over the sampling 

anode probe hole, to show that they produced independent single- 

peaked spectra which were uniquely positioned with respect to the 

cathode Fermi level at any given applied voltage. A typical result 

is shown in Fig. 4.22 , where the spectra of the three dominant 

spots have been superimposed on the same photographic plate. It was 

also found that the shift from the Fermi level of each peak varied 

independently with the applied anode voltage, so that the relative 

separations of the peaks did not generally remain constant when the 

voltage was cycled. 
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Fig. 4.20 A sequence of spectra obtained from tungsten microemitter 

coated with 0.2 y m resin, illustrating how the shift and 

half-width ( F.W.H.M. ) vary with the emission current 

6 ( increasing from 1.1 x 107° A to 4.5 x 107° Be) 
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Fig. 4.21 Plot shows the variation of the spectral shift and the 

half-width ( F.W.H.M. ), with respect to the tungsten 

substrate Fermi level, with emission current. 
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Fig. 4.22 The superimposed energy spectra recorded at constant 

applied voltage from the individual spots of the emission 

image shown in Fig. 4.15. 
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4.5 EFFECT OF ION BEAM ETCHING. 

Although attempts were made to use the facility described in 

section 3.2.1.4 for controlling the thickness of insulating layers, 

the technique did not prove to be very satisfactory, mainly because 

the procedure tended to introduce a high level of instability into 

the emitted current. However, two examples of the effects of this 

treatment will be briefly described. 

In the first case "extensive" etching was applied to the tungsten 

emitter coated with a thick ball of resin, shown in Fig. 3.8 (a), 

which initially gave no emission for the applied voltage up to 12 k V. 

However, after etching, this tip switched-on at 7 k V during the 

first voltage cycle and at ~6 k V on subsequent cycles, after 

which the I-V characteristic closely resembled that of Fig. 4.8. 

For the second example, "light" ion etch was applied to a tungsten 

emitter coated with a layer of araldite resin a few microns thick. 

This initially switched-on at 1900 Volts with Tgp wip A, but 

after etching, the switch-on voltage was significantly lowered to 

~1700 Volts; in addition, the magnitude of the saturated emission 

current was three times higher than that obtained before etching 

producing a similar I-V characteristic to that shown in Fig. 4.2. 

From this limited experience, it was concluded that ion beam etching 

could only be a useful support tool for emitter fabrication, provided 

a complementary procedure could be developed for "annealing out" the 

surface changes responsible for the increased current instability. 
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Type of Insulator Vout Toa Vgaq Voyo Voy3 Vay 

insulator thickness | Volt pA Volt | Volt | Volt | Volt 

Wax ball thick 10000 8 1300 | 3300 | 3300 | 400 

Lacomit ball thick 8000 5 1300 | 4500 | 1500 | 200 

(without baking) | (~300 um) 

Zinc oxide ball thick 7000 | 10 3000 | 7000 | 3000 50 

Plastic ball medium 2750 2a 2 300 | 2600 - 50 

Araldite resin thin 1900 1 300 | 1100 - 75 

ball 

Glass tip thin 2750 | 2.5 1300 | 1600 500 | 350 

( Electrodag ) 

filn               
  

TABLE 4.4 Collated experimental data from emitters exhibiting 

Ur lyRe” Ons 
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CHAPTER 

DISCUSSION 

5.1 Introduction 

To provide a focus for the discussion of the experimental data, 

the most important of the findings presented in the previous chapter 

will first be briefly summarised. 

(1) Composite microemitters exhibit a switch-on process whereby, as 

an electric field is slowly applied to a virgin emitter, no emission 

is observed until a certain threshold field ( B3x 108 Vv nie ) 46 

reached; experimentally this is recorded as the threshold switching 

voltage, At switch-on, the emission current suddenly jumps Vow . 

from an effective zero-value to the saturated current, Igap . 

typically ranging between 1 and 10 y A. If the field is then progress- 

ively lowered, the current at first remains constant at I but 
SAT ’ 

then starts to decrease as the field is further lowered below Vgar . 

However, a continuous emission was obtained for fields down to 

perhaps one or two orders of magnitude lower than the switch-on field: 

i.e. the initial cycling of the field gave a large hysterisis in the 

emitted current. A subsequent cycling of the field gave a smooth I-V 

characteristic with a small, but significant, "secondary" hysterisis 

between the increasing and decreasing curves. 

(2) The Fowler-Nordheim plots of the current-voltage characteristics 

are found to be approximately linear for emission currents < 107" A, 

although there is a marked deviation at higher currents. The slopes 

of the plots are typically four to six times lower than those obtained 

for the uncoated metal tips; i.e. corresponding to a lowering of the 

substrate metal work function from ~4.5eV to wi.BeV. 
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(3) The emission images obtained from composite microemitters with 

relatively thick insulator coatings ( 20.15 um) generally con- 

sist of a stable concentrated bright spot with no apparent sub- 

structure. However, if the insulator coating was relatively thin 

(< 0.15um), the image breaks up into several discrete spots, 

each of which tend to intermittently switch on and off. As the 

emission current increases the image size also tends to increase, but 

more will be said about this later. 

(4) Secondary switching processes, involving step-like changes in the 

emission current, are occasionally observed during the initial voltage 

cycling; i.e. after the initial switch-on effect. Each of these step- 

like changes are accompanied by the appearance of new spot on the 

screen; i.e. the switching on of another emission centre. 

(5) The low-temperature ( < 200°C ) baking of microemitters is found 

to improve their performance: i.e. the field required to extract a 

given current is typically lowered by a factor of 3 to 4, whilst the 

emission images become more stable and bright with a corresponding 

stabilisation of the emitted current. Other tip "conditioning" treat- 

ments, such as running them at constant current for approximately 

30 minutes, or the relaxation process described in section 4.3.1 has 

similar effects. In fact, the relaxation process can sometimes 

cause multi-spot images to become single-spot. 

(6) The electron energy spectra obtained from composite microemitters 

depart markedly from those to be expected for metallic emitters; i.e. 

they are always displaced towards lower energies with respect to the 

Fermi level of a metallic cathode. In addition, both this shift and 

the F.W.H.M. of the distributions display a non linear increase with 

current and field, with the spectral shape becoming progressively 

8 1 
more symmetrical. At field levels 5 5x10 Vm the F.W.H.M. 
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eventually exceeds the value obtained from a metallic emitter. 

(7) Single-peaked electron spectra are obtained from each of the spots 

composing in a multi-spot emission image, where the spectral shifts 

from the Fermi level of each peak vary independently with the applied 

field. 

(8) There is an optimum thickness of the insulator resin coating on 

the W-microemitters of ~ 0.09 u m for producing the highest Tyap 

values. 

The experimental findings which were summarised above, and the 

additional results reported in chapter 4 , have important 

implications to both the technological applications of field emission 

electron sources, and the fundamental physical understanding of the 

emission mechanism operating with this type of composite micro emission 

regime. Accordingly, it will be convenient to present separate 

discussions of these two aspects. 

5.2 TECHNOLOGICAL IMPLICATIONS . 

The manufacture and testing of various types of composite field- 

emitting micropoint electron sources has been described in chapter 

3.2 . These consisted of two main types: firstly, tungsten micropoint 

emitters that were coated with a variety of insulating materials, such 

as the epoxylite resin and hydrocarbon, and secondly, the internally- 

conducting glass microemitters. Sufficient data was obtained to 

make the following critical appraisal of, pe erommance of these sources 

compared with the more conventional metallic ( generally tungsten ) 

field emitting micropoint electron sources. This appraisal considers 

important practical factors such as source brightness, electron energy 

spread, emitter life-time and current stability. A brief account will 

also be given of the possible uses and recent advances in the technol- 
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ogical applications of field emission electron sources. 

5.2.1 THE FIELD EMISSION ELECTRON SOURCE. 

5.2.1.1 BACKGROUND AND DEVELOPMENT. 

Due to the requirement of producing a high electric field E 

( i.e. 2 10? Vv no ) at the surface of a metallic field emission 

cathode ( F.E.C. ) with a reasonably low extraction voltage, ( say 

<1KV) it is necessary to use a micropoint cathode in sseronely, 

small tip radius, typically between 10 and 100 nm. With such an 

arrangement a current density "J" of about 10° A ent” can easily be 

obtained, whose field dependence is governed by the Fowler-Nordheim 

equation 2.17. Since this value is about 10? times higher than the 

upper limit obtainable from a thermionic source, much research effort 

has been made to develop the field emission cathode as a practical 

source of electrons for a variety of technological applications. 

Originally, their application was investigated by the Dyke group in 

the 1950s, and in the early 1960s, at the Linfield Research Institute 

( 36, 112, 113 i In summary, the interest in field emission sources 

stems from their following well known properties ( 114 yy (1) they are 

"cold" electron sources, theoretically capable of operating at 

temperatures as low as T= 0 K; (2) they can deliver a large current 

density J “1x 10° a cm} (3) they have a small optical source 

size ( 20 to 30 A) of high brightness ( > 107 A om sr ); 

(4) they have a highly nonlinear I-V characteristics; and (5) they 

have a relatively narrow energy distribution ( ~ 250meV). 

Any application of a F.E.C. requires ultra high vacuum conditions, 

-10 
i.e. pressure of <= 107? - 10 mbar, in order to obtain current 

stability and long emitter life-times. These stringent vacuum 
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requirements deterred the extensive applications of the F.E.C. until, 

on the one hand, the recent advance in vacuum technology, and on the 

other, the development of alternative types of cathode which are less 

sensitive to environmental conditions (115) + Much research has 

taken place ( 116 - 120 ) to identify the exact effect of pressure on 

emission current stability, and on the emitter itself. From the 

oui eto bthd ned (up varOostromucit-O9) ter may vendéduesd’ that the 

operational life-time of a W-field emitter would be practically with- 

out limit at a vacuum of the order of a 1071* mbar. At this pressure 

the stability of the emission current would also be more than 

sufficient to satisfy the requirements demanded of a source for 

most practical electron optical instruments. However, for technical 

and economic reasons, it is more usual to find such instruments 

operating with a vacuum in the emitter region lying in the range 100° 

eM mbar. Under these conditions, the emitter will: (1) adsorb to 10 

residual gas atoms at the tip surface; (2) be bombarded by positive 

jions formed as a result of electron-gas atom interactions; and 

(3) be subject to face migration of admolecules and adatoms. These 

processes may occur at rates sufficient to significantly affect 

operation. Thus it becomes necessary to periodically "flash" the 

emitter at an elevated temperature in order to remove the layer of 

adsorbed gas which accumulates, and to smooth out the surface irregu- 

larities which may build up as a result of ion bombardment ( 119 ye 

Crewe et al Con) and later Swann and Smith (119 ) illustrated 

how the mean emission current varies, at constant applied voltage, 

during a typical operating cycle of a W-emitter. Thus referring to 

Fig. 5.1 , the flat stable region is where the emitter may success- 

fully be used as a source. This region lasts for a time which is 

dependent on vacuum conditions, after which, the current starts to 
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Fig. 5.1 Illustrating I, variations and cyclical life-time criterion, 

of constant applied potential. 

rise and becomes increasingly unstable until operation is no longer 

possible. The emitter then has to be reflashed, whereafter the cycle 

can be repeated. During the operating period of the cycle, the 

emission current exhibits random fluctuations, which appear as noise 

on the beam entering the electron optical system e.g. a S.E.M. 

5.2.1.2 EMITTER TYPES AND RECENT ADVANCES. 

The use of a heated tungsten point cathode as an electron source 

of smaller size and higher brightness than the conventional thermionic 

cathode, was first proposed by Hibi ( 121 ) in 1955. The sizes of 

the emitter radii, and the applied field strength, suggests emission 

enhancement due to Schottky effect was the primary mechanism in Hibi's 

(114). ( 122 ) Cosslett and Haine compared the tungsten early work 

hairpin thermionic and field emitting cathode, and concluded that the 

F.E.E. cathode was superior for image spot diameters less than 

~1000 x . Later Drechsler et al ( 123 ) refined these considerations, 

and compared the behaviour of pointed cathodes under conditions of cold 
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field emission, T F ( temperature-assisted field emission ) and 

Schottky emission and concluded that aberrations in the lens systems 

used to image the source were the primary limit on image spot size 

in each case. Everhart (124 ) performed a rigorous analysis of 

the optical properties of a "cold" field emitter and Schottky 

tungsten point source emitter, by combining the point source model 

with a simple analytical model for the lens action. Lauer ( 125 ) 

also made similar calculations for thermionic emission guns. A more 

realistic analysis of the source optics of a pointed cathode was 

oe Me using a model of a field later carried out by Wiesner 

emitter consisting of a sphere-on-an orthagonal-cone (S00e.)© 

In past decades, many analytical models for determining the 

magnitude of the electrostatic field at the tip of a micropoint 

cathode and a normal planar anode have been developed. Muller (127 ) 

and Haefer ( 128 ) assumed a cathode of hyperbolic shape in front of 

a plane anode, while Drechsler and Henkel ( 129 ) improved this model 

by superimposing the field due to an appropriately located point 

charge system in order to get a better approximation to the real 

cathode shape. Dyke and co-workers (42 Ms Wiesner ( 126 ) » Wiesner 

and Everhart (130 ) and Kern (131 ) used the SOC model, to 

calculate the field; for the details of the model see Kasper ( 132 ). 

Very briefly,field emission electron sources take the form of 

either diode or triode gun systems. Diode guns are formed by the 

micropoint cathode and a concentric anode aperture, known as the 

extractor electrode, and is similar to the geometry used by Muller 

(75) in the field emission microscope, or later in the field ion 

microscope ( 133 as This type of device produces a highly magnified 

image, where the image formation process has been fully investigated 

by Muller and Tsong ( 134 ), In a triode F.E.E. gun, the point- 

183.



cathode is followed by two co-axial anode apertures which have a 

lens action for focusing of the emitted beam ( 132 ys This type of 

system has been subject of numerous investigations, including those 

of Butler ( 135 h Crewe et al (9 » Munro (136, 137 ), Tonomura 

(138 y Riddle (139 ) and Orloff and Swanson ( 140 Me 

The stability required of the field emission current is an 

important factor in choosing the type of gun system to be used. 

However, this choice is not easy, ‘the stability [since] depends on 

mechanical, thermal, electrical and chemical considerations, all of 

which are interdependent. Investigations of this complex question, 

which is impossible to treat exactly, are so numerous that they cannot 

all be cited. However, a review of many of the earlier studies has 

been given by Swanson and Bell ( 114 ye whilst the investigation of 

Rane et al ( 141 ) is representative of more recent work on the 

stability of W-microemitters. 

The high applied electric field E exerts a mechanical stress 

on the tip which must be balanced by elastic stresses in the material. 

For this reason only materials of high mechanical strength, such as 

tungsten and glassy carbon, may be used for cathodes. In addition to 

this, other requirements, such as high melting point, low vapour 

pressure and relatively high electrical and thermal conductivity, 

resulted in tungsten being used for the emitters in most high field 

emission work. The characteristics of such a source are now well 

known, having been successfully applied in high resolution scanning 

transmission electron microscopy S.T.E.M. by Crewe and co-workers 

(8, 142 ) and later by Swann and Smith (119 , and will be compared 

in section 5.2.2 with those of the sources developed in this work. 

Attempts have been made to improve the performance of the W-emitter 

by means of an oxygen-enhanced thermal-field shaping method, which 
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( 143, 144 ye ° 
requires the processed tip to be operated at 900 C The 

deposition of various materials on the tungsten to improve its 

stability have also been extensively investigated, e.g. thin mono- 

layer films of geranium ( 145 Ns carbon (146, 147, 148 ) Zirconium 

(115, 149, 152 i In addition to tungsten, Snolybdenun [fine] tips 

were coated with thin films ( 0.5 - 2.0 monolayers ) of transition 

metals’ (Re, Gr; TH, Sol th, ¥:)iby Davydova et all 22° ), “wnexe. they 

improved the emitter current decay between 10% and 85%. In contrast, 

the work by Bolin and Trump (153 ) suggested that the coating of 

tungsten with epoxy resulted in large reduction in emission current 

( approximately 5 orders of magnitude ). Apart from depositing a 

monolayer of carbon on tungsten, a variety of other carbon materials 

have been used as field electron sources. These generally have work 

functions of 4.5 e V, a low ion etching rate, low rate of gas adsorption, 

and hence the emission characteristics of the tip will be less affected 

by physisorption of gases ( 154, 155 i 

By using carbon fibre as a field emission cathode, it was possible 

to obtain a current stability comparable to that of tungsten, but at 

8 per (7 tty 156 - 161.) 

(154, 162 - 164 ) 

a pressure of only ~10 Glassy carbon 

F.E.E. sources were also manufactured and excellent 

characteristics were reported ( 154 y This material seems promising 

and therefore the possibilities of developing its use in the future 

will be discussed in the Conclusion. Lanthanum hexaboride ( La Be Vs 

which was first investigated by Lafferty ( 165 i has been used as a 

field emitter because of its favourable physical properties, i.e. it 

is a refractory metal and consequently hard and resistant to ion 

6 =" 168 Ms it also has a low work function ( ~2.7eV). bombardment ( 16 

Windserset e100 ©?) snatmone recently, Mulvey’ - © / aeacrivea ita 

emission properties in detail. Several other types of material have 
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been used as field electron sources; e.g. TiC needles by Adachi et al 

( 171 e GaAs and GaP sharp emitters by Ohno et al ( 172 ) and SiC 

whisiiers haveiteen anvestigated by Nishida ("© pummena?! ) 

and Baker et al ( 156, 175 x In some cases (172 ) their I-V 

behaviour, including the hysterisis effect, is strikingly similar to 

that reported in section 4.2 for composite emitters. Finally, ZrC, 

wc, TaC and Lab, emitters were investigated by Elinson and his co- 

workers ( 176, 177 ), who were also interested in the effect of 

different electrode geometries on the ionic bombardment of the emitter 

(178). 

Arrays of emitters, have been developed by Spindt using semi- 

conductor technology (15, 179 ), and their emission capabilities 

( 16 ), Similar arrays of emitters have been 

(180 ) 

evaluated by Forman 

studied by Stewart and Wilson A thin field emitter of 

tantalum carbide with a sharp knife-edge, has also been described 

by Shirokov ( 181 ), In an alternative approach, a thin silicon 

oxynitride film metal-insulator-metal system, which relies on a hot- 

SESE ron Machen Ten Woe boone ror teddby Tankelavitcialee  ommatly, 

considerable effort has been expended on developing negative electron 

affinity cold cathode devices (18, 182, 183 Ms 

In contrast, very little work has been reported on glass-based 

field emission sources. Roynet and Mignolet ( 184 ) investigated 

field emission from metal tips coated with glass, but found to give 

very low emission currents. Hibbert and Robertson eo) used a 

broken glass tip in contact with a murcury pool, but no measurable 

emission current was obtained. Later they tried to obtain emission 

from borosilicate glass in the presence of residual gases ( 186 0 A 

comparison of the characteristics of these types of emitter, with 

those of the systems described in chapters} and 4, will be presented 
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in section 5.2.2. 

5.2.1.3 USES AND APPLICATIONS. 

A field emission source, because of its special properties 

outlined in the previous section, offers major advantages in electron 

beam equipment requiring high brightness and coherence. The most 

successful exploitation of such sources has been in the manufacture 

of compact, very-high-powered X-ray tubes ( Fexitrons ) by Dyke ( 36) . 

Such tubes are pulsed with voltages ranging from 70 k V to 2 M V and 

widths from 107? ee 1078 Ss, and give peak powers varying from 

147 to 10000 M W, with spot sizes of 2 to 5 mm diameter ( 187 a AS 

a result, the Fexitron is extremely useful in high-speed X-ray 

photography ( 36, 187 - 189 D's As mentioned already, field emission 

sources have been successfully incorporated in a high resolution 

( 8, 9 142, 190 om In addition to S.T.E.M. by Crewe and co-workers 

S.T.E.M., the F.B. source has been applied to a range of other electron 

beam instruments, such as the electron-probe microanalysers, electron 

beam fabrication systems, Auger analysis system, transducers, flash 

X-ray devices ( 113 de X-ray microprobe analysers, switch tubes, 

cathode ray tubes ( % 157 ys The future should see further important 

applications in electron diffraction, holography, microrecording and 

other electron-probe instrumentation. 

Various workers, e.g. Fontana and Shaw ( 191 Dyke ( 36 ye 

Proone net 2c) guyee and echertornien) ett) ructmevebtend: vaneas 

Ziel ( 193 y have investigated the use of field emitters in micro- 

wave devices. Dyke and co-workers developed highly compact, fixed- 

frequency, microwave generators-which they named 'Femitrons'. These 

devices have been used in the 3 - 8 cm region as amplifiers, mixers, 

and multipliers operating at high powers with efficiencies of 40 - 80% 

187.



( thermionic tubes have efficiencies of around 30% ). The operating 

7 ~ 407! mbar ( see reference pressure within these valves was 10° 

157). Field emitting cathodes can also be used in computers and 

microminiature valves ( 194 y Developments along these lines have 

been made by Hansen ( 195 ) ( 196 ), who and Koyama and Kawai 

constructed a miniature triode. Both Spindt (197 ) and Cline ( 198 ) 

have investigated the possibility of making miniature multi-array 

electron beam devices. Mention should also be made of the magnetic 

field emission gun ( 199 ds which can be easily adapted %@ any kind 

of electron microscope, and is available in a commercial form: this 

gun was originally developed by Tryon and Laberrigue ( 200 a 

52.2 A COMPARISON OF THE PERFORMANCE OF COMPOSITE MICROEMITTERS 

WITH THAT OF CONVENTIONAL METALLIC MICROPOINT EMITTERS. 

For the reasons outlined in the previous section, there is much 

technological interest in the development of F.E. sources. Thus it 

is important to assess the practical potential of the composite 

microemitters developed in the course of the present study. In the 

following sections, the performance of this new type of sources will 

be critically compared with the more conventional metallic micropoint 

emitter. 

5.2.2.1 SOURCE BRIGHTNESS. 

According to Borries and Ruska ( 201 ) , the average brightness 

B of an electron beam is defined as the emission current ATI per 

elemental area AA normal to the beam and per unit solid angle 

An, ives B= AI/(AA.An ). The beam brightness increases 

linearly with the emitted current density J from the cathode 
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(ise. J = 41 /4MA ) and with the accelerating voltage, but 

inversely with the lateral kinetic energy of the electrons. For 

tungsten micropoint emitters, a value for J of 10° A en* was 

( 202 ) 
obtained by Dyke and Trolan » and is now an accepted average 

value ( tht, 15% a Swanson (115 ) achieved, with his zirconiated 

10 2 (158 ) W-emitter, a B of w~10 A cm a, while Lea reported 

7 2 sr! for carbon fibre emitters. This leads to a value of 

ter om ext although various 

10° A cn 

B which is usually taken as ~10 

other values have been given by different researchers working under 

somewhat different experimental conditions. Thus, the value of B 

(142 ) as 7 x ‘Nojaney eer iene any Rane 

( 203) 4. 
has been given by Crewe et al 

et al ( 141 ) as = 107 A en” srt and by Van der Mast 

: srt (at 100 KV ). No higher value for B has been 107 A cm 

reported for any of the various types of sources reported in 5.2.1.2. 

In contrast, the composite emitters developed during this work 

invariably achieved a higher B than that of clean tungsten for a 

given total emission current. Thus, the resin-coated tungsten micro- 

point emitter gave a value of B that was ~ six times higher, the 

internally-conducting glass microemitters gave a value of ~ ten times 

higher beam brightness ( see sections 4.2.2 and 4.2.3 ), whilst the 

W-microemitters coated with hydrocarbon gave approximately the same 

brightness. 

5.2.2.2 EMISSION IMAGES. 

The emission image provides valuable information about different 

practical parameters such as brightness ( see previous section ), 

current stability and life time ( see section 4.3 ). The only aspects 

which will be compared here are the image structure and stability. 

A well known characteristic of the tungsten image is its fragmented 
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appearance ( see Fig. 4.12 (a) ), where stability depends on many 

factors. The flickering of the individual spots is a problem which 

many researchers have tried to solve by different means; these 

include treating the tip by periodic field desorption and flashing 

( 119, 160 - However, this image instability was reported 

(143), 
( 163 ) 

processes 

to persist even after oxygen-enhanced thermal processing 

These problems were also encountered with glassy carbon tips 

and carbon fibre (2% 156 My The emission images of all the 

conventional emitters are reported to consist of multi-spots images 

which mostly flicker and change in intensity with time (7, 163, 171 vy 

In contrast, the typical emission image of the composite emitters 

reported in this thesis, generally consists of a single-spot image 

of uniform intensity ( see Figures 4.12 (b), 4.14 and 4.19 (b) )3 

i.e. it has no apparent sub-structure within the image. Also, it 

is highly stable with time, after the initial switch-on process. 

5.2.2.3 EMISSION CURRENT. 

For conventional emitters, the emission current increases with 

applied voltage in the manner shown in curve 'A' of Fig. 4.2 for 

clean tungsten. In contrast, the typical behaviour of a composite 

microemitter ( see Fig. 4.1 ) involves an initial switch-on of the 

emission current from an effectively zero-value to a saturated value 

ranging between 1 and 10» A. This current is typically very stable, 

which is reflected by the stable emission image mentioned above. 

With all the major types of the new composite microemitters, i.e. W- 

microemitters coated with resin, hydrocarbon, lacomit and internally- 

conducting glass tips, it was possible to obtain a given value of 

emission current at a field that was typically < 0.5 that required 

to draw the same current from the various types of conventional 
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emitters discussed in earlier sections. As an example, a clean W- 

emitter in a given electrode geometry required ~ 1100 Volts to draw 

a current of 1p A, while a resin coated tip, only required < 500 

Volts to give the same current. The only microemitter known to give 

a comparable performance to this, is the carbon fibre which can give 

a 1 A emission current at less than 1 kK V, however, the emission 

image is unstable i.e. it flickers (7, 156 VF It should be noted 

that the F-N plots of the composite emitters were generally linear 

for emission currents < 107? A, which is in reasonable agreement with 

Ju 15), nape (169 ) 
published results for materials such as Zr 

and carbon fibre Cre ), 

5.2.2.4 STABILITY. 

The problem of stability, discussed in 5.2.1.2, has been a 

major handicap for all previous field emission sources, and despite 

many efforts, is still to be overcome. However, the composite sources 

reported here are believed to be a major advance towards solving the 

stability problem, especially the resin-coated tungsten with its 

extremely stable emission current and image; with no significant 

noise recorded during an emission period ~ 100 hours. 

5.2.2.5 ENERGY SPREAD OF EMITTED ELECTRONS. 

It is well known from studies on conventional emitters that 

the spectral half-width is very sensitive to the presence of 

contaminant ad-atoms on the surface of the emitting tip. In fact, 

it is only by taking the maximum precautions to obtain an atomically 

clean tip that it is possible to approach the value of ~ 230 meV. 

In contrast the electron energy distribution measurements reported in 
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section 4.4 , indicate that composite emitters typically have a 

spectral half-width of < 300 me V for emission currents < 5 Aj 

i.e. as a matter of routine without any special precaution. In this 

respect therefore, composite emitters have a significant advantage 

over conventional emitters. 

It should also be remembered that the spectral characteristics 

of composite emitters also differ from say W-tips € e.g. Young ( 48 )y 

by exhibiting a field dependent shift towards lower energies with 

respect to the F.L. of a metallic cathode. In addition, the F.W.H.M. 

also increased with field, eventually exceeding the value for a 

metallic emitter. These results agree with those obtained from 

carbon fibre (11) and Zr / W ( 115 Oe In the majority of studies 

with conventional emitters, no such field-dependent shift has been 

G35) 
noted, although Veneklasen and Siegel reported an increase in 

the F.W.H.M. for 0 / W tips compared with those of clean tungsten. 

5.2.2.6 LIFE-TIME. 

The life-time of an electron source accompanied by a constant 

stability of emission current and image, is a vital consideration in 

determining whether such a source has potential technological 

applications. Thus, a life-time test of more than 100 hours was 

carried out on a resin-coated W-emitter and revealed perfect 

stability in both emission current and image, with negligible recorded 

noise. In contrast, published work on the behaviour of W-emitters 

under U.H.V. conditions indicate that current fluctuations and 

flicker noise appear after only few hours operation, so that they 

(119, 160 x 
require intermittent treatment such as flashing As 

already mentioned, Van Oostrom calculated that, at a pressure of 

10714 mbar, a clean W-emitter could possess unlimited life ( 120 on 
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However, for pressures of less than 107" mbar, a life time of 1000 

hours is possible. Such life-times have been reported for Zr-coated 

(115 ) and oxygen-processed tungsten ( 143 oe and also for LaBg 

( 169 ), However, all these showed current changes and instabilities 

during the test. Similar current fluctuations were also reported 

to be associated with emission from from glassy carbon tips ( 154, 

163 Me Carbon fibre tips have a life-time of 2400 hours at 10 p A 

emission current ana 500 hours for 100 p a ‘1% ) atthough a high 

level of noise was still a feature of this type as well. 

As with the resin-coated W-emitter referred to above, it was also 

found that the internally-conducting glass tips had a life-time of 

several days, which wee) chowmous improvement over previously reported 

results ( 185 ), where a life-time of only 30 seconds was found for a 

W-tip coated with glass. On the basis of these findings it is 

believed that composite emitters offer very considerable practical 

advantages. 

5.2.2.7 EMITTER PROFILE. 

Not surprisingly, it was also found that the profile of composite 

emitters remained constant during operation, even after running for 

periods exceeding 100 hours. In contrast, the onset of instabilities 

with W-and carbon fibre tips ( 204 ) has been associated with a 

degradation of the emitter profile. Similar changes have also been 

reported by Futamoto et al ( 164 ) glassy carbon fibre tips. The 

most probable explanation for the stability of composite emitters is 

that the emission is controlled by the "protected" metal-insulator 

interface existing between the tungsten and resin ( see section 5.3 ), 

rather than by the dynamic distribution of surface states as in the 

case of conventional emitters. 
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5.2.2.8 EASE OF FABRICATION. 

The fabrication of the composite emitters has been shown to be 

simple and cheap. In this respect, they are certainly comparable 

with conventional W-emitters, but have many advantages over the often 

more costly fabrication processes of other emitters such as glassy 

carbon ( 154 ) or GaAs and GaP (172 ) or LaBg (169 ds 

5.3 THEORETICAL IMPLICATIONS. 

Before considering possible theoretical interpretations of the 

emission characteristics of composite microemitters, it could be 

helpful to list their main characteristics. 

(1) They exhibit a switch-on effect, typically at fields %3x 10° 

Mele 

(2) Their F-N plots are usually linear for currents <¢ 107" A. 

(3) Their emission current typically saturates following the switch-on. 

(4) Their I-V characteristics show a hysterisis effect, between the 

increasing and decreasing curves, for secondary voltage cycling. 

(5) Secondary switching processes, are sometimes observed involving 

step-like changes in the emission current. 

(6) I-V characteristics corresponding to a negative resistance 

behaviour are occasionally observed at high emission currents 

Gs 1076 Aye 

(7) They give stable and concentrated single-spot images for thick 

coatings, and milti-spot images for thin coatings that tend to flicker 

intermittently with time; i.e. switch on and off. 

(8) Their electron spectra shift with increasing field towards lower 

energies; typically, the minimum spectral shift from the substrate 

Fermi level is B 0.2 e V. 
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(9) Their F.W.H.M. increases non linearly with applied field from 

Pym ton v0.50 vat (adorn . ~0.2eVat ~6x10 Vm 

(10) Their spectra are more symmetrical than that of a clean W- 

emitter. 

As a first possible explanation of the observed emission behaviour, 

the model illustrated in Fig. 5.2 will be considered. It will be 

recalled from Hurley's conducting filament model (70 ) ( see section 

2.4.2) that a filament may be electroformed through an insulating 

layer which will then behave as a metal-like whisker and give rise to 

a local field enhancement at the vacuum interface that could be 

sufficient to promote field electron emission. By analogy, one could 

imagine that a similar filamentary structure is "formed" in the 

insulating layer and similarly gives rise to a local enhancement of 

the field. Such an effect would explain the observation of Fig. 4.2 

that emission occurs at lower fields than is found with uncoated 

emitters. This model would also explain the linearity in the F-N 

plots for low fields. However, whilst attractive, it does not 

apparently provide an adequate explanation of the observed behaviour 

since the emitted electron energy distributions were not of a metallic 

type. In particular, the spectra exhibit a field ( and current ) 

dependent shift away from the F.L. towards lower energies, but with 

the shift not varying linearly with emitted current; thus suggesting 

evidence that the filament is not behaving metallically i.e. ohmically. 

This filamentary model can hoteer hoes for estimating the channel 

dimensions, which from Fig. 5.2 has a height hh #0.2u m, equivalent 

to the thickness of the insulator. An estimate of the channel 

diameter 2r can be made from the observation that the work function 

g of the emitter has been effectively reduced by the insulator layer 
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Fig. 

  
5s2 

  

      

A schematic illustration of how electron emission 

results from the formation of a conducting channel 

in the insulating layer. The associated electron 

field distribution is also shown.



fron ~4.5eVto ~1.8eV (see Fig. 4.3). Thus, from equation 

2.17 this reduction in g could be interpreted as the result of a 

local field enhancement 8 by the emitter, where here B would have a 

value of ~2.5. Hence, using the general relation ( 205 ) 

e h B a 2 

one has 

4S ee 

1.8 fae 

or 
roe O4uMm 

so that the channel diameter 2r ~ 0.8 m. This value is in good 

agreement with those gueted for the channels formed in metal-insulator- 

(206°)" Soa Decrmmaley-et alc), metal switching devices, such as Cook 

Of the emission models which were analysed in section 2.4, the 

only one which appears to explain most of the observed characteristics 

of composite microemitters is the hot-electron mechanism proposed by 

Athwal and Latham ( 67 oe This is similarly based upon the formation 

of a conducting channel in the dielectric layer and so can also be 

explained with reference to Fig. 5.2 . According to this model, when aa 

external electric field of > 108 - 10? Vv ma is applied to a 

composite microemitter,the field will penetrate through the insulator 

down to the metal surface and create the possibility of electrons 

tunnelling from the metal into the insulator. If this occurs, the 

electron will be heated by the penetrating field and give rise to an 

avalanche process that results in the insulating medium locally 

switchinto a conducting state, i.e. such as was originally identified 

by Ovchinsky for M I M devices (22 ie The switching process is 

very fast, generally ~ nanoseconds, although sometimes can be as 

long as microseconds at lower fields: also, the process is generally 

associated with the electro-forming of a filament or channel in the 
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insulating medium as illustrated in Fig. 5.2. According to the later 

ideas of Adler et al (5) this forming process involves some form of 

local crystalisation with a consequent reduction in the interband 

trapping states. As will be discussed below, the cross-sectional 

dimensions of the "formed" channel depend on the insulating material 

and the current carried by the channel. 

In contrast to the earlier model where the channel was treated 

as a simple metallic filament, the Athwal and Latham emission model 

( 67 ) envisages the channel to have a very much more complicated 

electronic structure ( see section 2.4.3 ). Thus following many of 

the concepts developed by Adler et al (5 a it was assumed that 

electrons were emitted over the surface potential barrier of the 

insulator as a result of having been heated by the penetrating field 

in a narrow surface region. The strong field-dependence of the 

spectral shift and half-width can then be broadly explained in terms 

of increased electron-phonon scattering. Another important feature 

of this model is the concept that channels are "dynamic" structures, 

in that their cross-sectional dimension are determined firstly by the 

density of trapping centres and subsequently by the magnitude of the 

emission current. This property will be referred to again later 

when discussing the characteristics of emission images. In fact, 

as will be outlined in the following paragraphs, most of the properties 

of composite microemitters described in chapter 4 can be at least 

qualitatively explained in terms of this model. 

The linearity of the F-N plots at low currents (< 107" A ) is 

thought to be attributable to the tunnelling process occuring in 

region 1 of Fig. 2.17 . This low-current region also has a small 

hysterisis effect associated with it ( see Fig. 4.1 ), which is 

thought to result from relaxation effects associated with the changing 
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cross-section of the conducting channel. The non linear F-N plots 

which were observed at higher currents ( % 107? a ) were initially 

assumed to be due to a space charge limiting effect existing within 

the filament, similar to that found with thermionic emitters. 

However, more recently ( 207 ) the effect has been attributed to a 

change in the conduction characteristics of the insulator, as the 

current is increased. The step-like discontinuities in the I-V 

characteristics and deviations from the "typical" form can be attrib- 

uted either to the thermal rupture and possible reforming of the 

filaments that are contributing to the total emission; or to the 

forming of new filaments when the field is progressively raised. 

This same process would result in the appearance of new emission spots 

on the screen. In particular, such images tend to be produced if the 

emitter is placed too close to the anode aperture (<5 mm ), or if 

the tip is surrounded by an anode as shown in Fig. 5.3. A similar 

effect could arrise from the non-uniform surface field resulting 

from irregularities existing on the microemitter as illustrated in 

Fig. 5.4. 

The current stability of composite emitters is most probably 

due to the fact that the emission is controlled by the "protected" 

metal-insulator interface existing between the tungsten and resin, 

rather than by the dynamic distribution of surface states as in the 

case of conventional emitters. Also, it is known that the current 

density required in the threshold switching model is so high that it 

can cause disintegration of the solid; i.e. unless the material has a 

particularly stable character, as is the case for chalcogenide glasses 

where the valence electrons do not take any part in the bonding. 

Thus for the case of the composite emitter, which had an unchangeable 

profile before and after switching, it can be deduced that resin has 
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Fig. 5.3 A schematic illustration of how the divergent field 

associated with close proximity anode can lead to multi- 

spot images. 

Channel_ 

Tungsten Resin 

Fig. 5.4 Schematic illustration of how the irregularities of the 

substrate tungsten emitter could lead to a non-uniform 

surface film and formation of more than one channel. 
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stable properties similar to that of chalcogenide glasses. This is 

further supported by the stability of the single-spot emission image 

of the composite emitters. 

The emission image size dependence, which was found to increase 

with both current and field, could be due to two possibilities. 

Firstly, it could be "physical" in origin and attributed to the 

suggestion of Ovchinsky (72) that in the ON-state the current 

density in the conducting channel might be constant, with the cross- 

section increasing with increasing current. Experimental evidence 

of that was provided by Henisch and Pryor ( 208, 209 de as well 

as by Peterson and Adler ( 210 e Mott ( 211 ) has shown that the 

dynamic space charge regime at the metal hi insulator junction requires 

a constant current density. Therefore he postulated that for the 

current to increase the cross-sectional area will increase. 

Secondly, it could have a "subjective" explanation being associated 

with the variation over the image spot. The intensity of the image 

tends to decrease towards the edges making it difficult to define its 

exact size. This effect becomes more important at low currents and 

could have resulted in a fictitiously rapid fall-off of image size 

with emission current. This effect has been demonstrated by using 

long time exposures, where the image size can appear to increase by as 

much as ~ 20%. 

From the discussion of section 2.4.3, it will be recalled that 

the shift of the F.W.H.M. of the electron energy distribution from 

the Fermi level is seen to be the sum of three components of lost 

energy. Since each of these losses may be expected to increses with 

increasing current, total spectral shift should be strongly dependent 

on the applied field. Thus, if it is assumed that the hot-electrons 

escape over the work function barrier, the F.W.H.M. of the emitted 
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distribution will be predominantly due to phonon scattering of those 

electrons in region 3 of Fig. 2.17. The fact that the initial value 

of the beak is not surprising, when it is appreciated that the 

electrons are emitted by two entirely different mechanisms. Thus for 

a clean tungsten emitter, the electrons leave the emitter surface at 

wide angles, whereas with coated emitters, the emission of electrons 

occurs through a small channel so that the energy spread of the 

electrons is likely to be less than that of clean W-emitters. 

It is also evident that the composition of the insulator plays 

ate lecie net onlyiin the: coming procces! 1) aapatealanein’the 

electronic processes. For example, the dielectric constant € , which 

controls the field penetration is here assumed to have a value of 

~ 4 for resin, but could vary by a factor of 2 from sample to 

sample. Another important parameter is the band gap: thus Simmons 

( 212 Mpted that for insulators having energy gaps a 3 oN; 

the main concern is with the electron rather than the hole carriers, wa 

gave two main reasons for this. Firstly, the hole mobility is 

usually much lower than the electron mobility and thus the hole 

contribution to the conductivity can usually, but not always, be 

neglected. Secondly, in practical insulating films, where the 

trapping density is high, the tendency is for free holes to be trapped 

quickly and thus become immobilised. However, Adler et al C3) pointed 

out that there are circumstances when the injection of holes plays 

an important role in the hot-electron emission process. It should be 

noted that both the initial formation and subsequent properties of a 

channel are strongly influenced by the density of donar or trapping 

states. For example, it is probably this parameter that is responsible 

for the differing threshold switching field observed Rous. 

resin films and the chalcogenide glass films studied in M I M devices. 

Lastly, the hyperbolic form of the curve of the switching field 
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versus the insulator thickness ( presented in Fig. 4.4 ) has been 

explained as follows ( 207 y the emission from an electrode surface 

through an insulating layer cannot begin to occur until the field at 

the metal-insulator junction reaches a value at least high enough for 

electron tunnelling to take place. Thus the potential at the vacuum- 

insulator interface, due to the penetrating field plus the contact 

potential, must be sufficient to depress the conduction band edge 

below the metal F.L.. The contact voltage necessary to do this is 

V, 3G, -X + where ee is the work function and X is the electron 

affinity of the insulator. In this case Nes will be equal to the 

electrostatic potential difference across the insulator due to the 

penetrating field, which is then given by & g i 

i ana S i.e. Me 2m = 

Males. vhence, gz = 3 g -X 

therefore, 

Vv KE 
ae 

  

which is of hyperbolic form . 
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CHAPTER 6 

CONGLUSTON 

This final short chapter has two objectives: firstly, to present 

a brief statement outlining the principal conclusion of the investi- 

gation, and secondly, to indicate the direction that any future study 

should follow. 

6.1 PRINCIPAL EXPERIMENTAL CONCLUSIONS. 

The original concept of the project was to simulate, under 

controlled conditions, the metal-insulator microregime that is respon- 

sible for the field-induced electron emission currents that flow 

between broad-area high voltage electrodes at gap fields >5 MV mt 

For this purpose, a range of composite emitter structures were 

fabricated, all based on a micropoint geometry consisting of a 

conducting substrate overlayed by a sub-micron thick insulating 

medium. Of these, the most successful of these structures consisted 

of an electrolitically etched tungsten micropoint, such as is conven- 

tionally used in the field emission microscope ( F.E.M. ), which was 

then overlayed by a 0.04 - 0.2 up m thick layer of epoxy resin. The 

emission characteristics of these composite microemitters were 

evaluated using a specially designed instrumental facility incorpo- 

rating a F.E.M. and an electron spectrometer. 

From an extensive series of measurements, it was concluded that 

there were, striking similarities and marked differences between 

characteristics of the purpose-fabricated emitters and the naturally 

occuring emission sites. Thus both processes exhibit an initial 

current switch-on phenomenon, and thereafter have a reversible low-field 
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current-voltage characteristic that gives a linear Fowler-Nordheim 

plot. Also, both emission processes have electron spectra that have 

a strong field-dependent shift towards low energies. However, in 

contrast to the natural process , the current delivered by the 

simulated emitters rapidly saturates with increasing field: a differ- 

ence that is thought to indicate that the electronic properties of 

resin ( e.g. the density of donor or trapping states ) must be signif- 

icantly different to those of the dielectric materials present on the 

surface of high voltage electrodes. A further difference between the 

two processes was that the emission image of the simulated emitters 

at current levels of ~1wu A generally consisted of a stable and 

bright single-spot, whereas the image of the natural process is multi- 

spot in character and unstable at comparable current levels. Here 

again though, the difference can be explained in terms of the electronic 

properties of the insulating material. By making a more appropriate 

choice of materials in a second generation of emitters, it could 

reasonably be hoped to eliminate many of these differences. 

On the basis of the above experimental evidence, it was concluded 

that electrons are emitted from the simulated emitters by the same 

hot-electron emission mechanism that is thought to operate at naturally 

occuring sites. This model is based on the formation of a conducting 

channel in the insulating medium, i.e. similar to that occuring in 

MIM switching devices, where, from the experimental evidence, the 

typical cross-sectional dimensions of the channels in these simulated 

emitters is ~0.8um. This value is in good agreement with those 

quoted for the channels formed in metal-insulator-metal switching 

devices, which further supports the belief that the present simulated 

emitters are operating by{hot-electron mechanism. 

Since it was also recognised that this new type of composite 
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emitter could be of technological importance, their performance has 

been evaluated in terms of the practical parameters conventionally 

used to characterise electron sources. Thus, whilst the source size 

is comparable with that of a normal uncoated tungsten micropoint field 

emitter, the source brightness can be over five times higher; i.e. a 

consequence of the electrons being emitted in a single cone of very 

small divergence. Equally important, the emission from these composite 

sources is extremely stable, even at pressures of wi07? mbar; 

correspondingly they also have long life-times, without the need of 

intermittant reforming "flashing" procedures. However, to achieve 

this type of performance, it has been necessary to evolve procedures 

for accurately controlling the thickness of the insulating film, and 

to develop a range of "conditioning" pre-treatments, including low- 

temperature baking, voltage cycling, thermal relaxation and running 

the emitter at a constant current for an extended period. 

6.2 FUTURE WORK. 

It is suggested that a follow-up study should concentrate its 

attention in two parallel directions. Firstly, a broader investigation 

of the possible new materials, fabrication techniques and pre-treatments 

that could profitably be applied to composite emitters,and secondly, 

the development of more sophisticated analytical techniques for 

obtaining more detailed quantitative information about their physical 

properties. To illustrate these themes, some specific outline suggest- 

ions will now be given. 
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ALTERNATIVE COATINGS FOR W-MICROPOINTS. 

The first type of material to be considered would be the 

chalcogenide glasses which are well known to exhibit stable and 

reproducible switching behaviour in M I M devices ( 5, 213 ye It is 

anticipated that the ability to achieve a controlled thickness of 

chalcogenide glass on a tungsten tip would lead to the production of 

a high performance microemitter, in particular, one requiring a lower 

switching field. The second set of promising materials are the glassy 

carbons, since it has already been demonstrated that W-micropoints 

coated with a layer of amorphous carbon, up to 0.15 u m thickness 

gives composite emitters with good emission characteristics. In this 

context Hitachi (15) and Futamoto et al (164 ) and Yamamoto et al 

( 162 ) discuss the use of glassy carbons as field emission tips, and 

also the use of monolayer coatings of high molecular mass hydrocarbons 

on tungsten ( 147, 148 ) and Ti ( 171 Ms Another interesting material 

is zirconium oxide, since, as a conventional micropoint emitter, this 

material is known to give a source of high brightness and emission 

current; furthermore, there is at the moment much world wide interest 

in its development (115, 214 ), For similar reasons, it may also 

be profitable to consider the possibility of using a LaBg for coating. 

INTERNALLY-CONDUCTING GLASS MICROEMITTERS . 

This type of emitter has been ben hated promising 

characteristics: e.g. a very high brightness ( ten times that of clean 

W-microemitter ), a high saturated emission current ( up to 10 A), 

and a favourably low switching-on voltage ( < 500 Volts ). At 

present however, it does have a short life-time, but this may be 

increased by improving the quality of the inner conducting coating. 
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This might be done by depositing a conducting film on the inner wall 

of the glass tube and then "pulling" the coated tubes to form glass 

microelectrodes with a conducting filament extending to the extremity 

of the tip. Such a film could be deposited, for example, by heating 

a gold wire that passes through the tube, or depositing Ag from a 

suitable electrolytic solution. 

Factors such as saturation current, the relaxation process, image 

stability and structure, and the effect of baking may be studied for 

all these combinations of materials. 

INFLUENCE OF EMITTER PRE-TREATMENT. 

The processing of emitters, such as baking, running the emitter 

at constant current for a period of time, voltage cycling and the 

relaxation process, have been shown to have very important effects on 

the emission characteristics, particularly the stability. This there- 

fore leads one to the belief that a further investigation of the 

influence of these processes, could well provide valuable information 

that would assist in the goal of manufacturing better electron sources. 

INSTRUMENTAL AND ANALYTICAL IMPROVEMENTS . 

To facilitate the practical evaluation of emitters, and to gain 

more insight into the fundamental microscopic processes associated 

with composite field emission sources, the following instrumental and 

analytical improvements are recommended for any future investigation. 

(1) The establishment of a demountable electron optical bench for more 

readily investigating the performance of microemitters in practical 

imaging systems such as a cathode ray tube ( 215 ye 

(2) The development of a technique for the in-situ study of emitters 
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in a T.E.M.. Here, one of the principal aims would be to investigate 

the possibility of seeing the formation of channels between the metal 

surface and the insulator vacuum interface. 

(3) The application of various analytical techniques, such as an X-ray 

analysis, to help study properties of the insulator coating before and 

after switching. 

(4) To accurately assess by means of a computer program, the effect 

of the insulator film coating on the field distribution in the vicinity 

of the tip. 

(5) To improve the sensitivity of the spectrometer facilityjyits 

electrometer detection system should be replaced by an electron-multi- 

plier single electron counting system. 
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APPENDIX 

A SUBSIDIARY PROJECT 

A similar retarding potential analyser to that described 

in chapter 3.3 was also employed for making the first accurate 

measurements of the energy distribution of the positive ions 

emitted by a liquid gallium ion source. Full details of this 

study are given in the appendix paper. ‘These results further 

demonstrate the potentiallities of this type of analyser. 
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‘Abstract, Measurements are reported on the energy distribution of the ion beam produced 

by Ga liquid metal ion sources, for a range of emission currents, i ~ 1-50 A. The full width 

at half-maximum (FWHM). A Ey2, of the energy distribution curves varies from ~4.5-5 eV at 
~1 A to ~35 eV at 50 A. Three regions can be detected in the A Ey versus i curve. In the 

first region, between ~0.6 and 2 “A, AE» varies very slowly with current. In the second 

region, above ~2 wA and extending up to ~25 A, the curve rises steeply with current, in 
fairly good agreement with the predicted AEy2& i relation. For i= 25 uA the curve 
deviates markedly from this relation, and tends to flatten. Although a tentative explanation 
for the deviation from theory at high currents may be given in terms of gross instabilities of 
the anode, the deviation at very low currents (where A Ej is almost constant with i) is not 

understood. 

Energy deficits of ~4.5 eV have been observed on average, and this value is consistent 
with mechanisms of surface field ionisation (e.g. field evaporation). Finally, no significant 
difference in energy spread was found for ion sources of markedly different i-V character- 

istics, suggesting that impedance to flow has no important effect on the value of the energy 

spread. 

The measurement of the energy distribution of Ga* ions emitted from a Ga liquid metal 

ion source (LMIs) is not new, although not many systematic studies have been published 

to date (Swanson et al 1980). Nevertheless, in view of the importance of the value of the 

energy spread of the ion beam, with regard to vacuum technology (for example, ion 

beam lithography), further investigations are of value, especially if these investigations 

add to existing knowledge. The present work also aims at comparing the results with the 

theoretical predictions of Knauer (1981) who attributes the energy spread in LMIS to 

collisionless coulomb interactions in the beam. Finally, the results have been obtained 

with an analyser hitherto unused for ions (see below). 

Two of the three ‘needle’ type (Clampitt and Jefferies 1978)+ ion sources used in the 

present study were of very similar construction, and hence displayed very similar -V 

characteristics and onset voltages; the third ion source, having a high flow impedance, 

produced relatively flat i-V curves. A wide range of measurements was taken over a 

period of about two months, with a view to testing the reproducibility of the results. 

In the ‘needle’ configuration, the ion-emitting anode consists of a W needle 

+ The ion sources were supplied by Culham Laboratory (UKAEA). 
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Figure 1. Schematic diagram of the system used for the energy analysis of the ion beam 
emitted from liquid Ga field-ion sources. Vp: extraction voltage; A: liquid Ga anode; X: 
extractor electrode; R: ramp generator; M: wA-meter; C: collector; E: electrometer; D: 
differentiator; Ch: chart recorder. 

sharpened to a point (apex radius of order 1-10 jam) and covered by a liquid metal film. 
The lower half of the needle is immersed in a capillary reservoir filled with liquid metal, 
and thus liquid metal is continuously fed to the tip. On application of a high electric field 
between the tip and an apertured extraction electrode, the liquid film at the tip deforms 
into a cone (Taylor 1964) and emission commences (see e.g. Mair 1980). 

The analyser used was of the van Oostroom type (van Oostrom 1966). This analyser 
has been extensively used for electrons, but here we have, for the first time, used it to 
obtain the energy distribution of an ion beam. Before introducing the ion source into 
the system, the analyser was tested using electron beams produced both thermionically 
and by field emission (the experimental resolution of the analyser is <30meV for 
electrons). Details of the analyser can be found in the literature and, hence, here we 
shall only outline some of its fundamental features. 

The van Oostrom analyser (figure 1) is a retarding field analyser, where the beam is 
analysed at the surface of a hemispherical collector kept at earth potential. The extractor 

(pA) 
1 

  

Retarding voltage (V) <— 

Figure 2. The energy distribution of the Ga* ion beam for different emission currents, 
(uA).
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is kept at a high negative potential (25.5 kV) with respect to the anode which is in turn 

scanned with a negative-going ramp-voltage for recording the energy spectra. The 

retardation curves obtained were differentiated electronically to yield the energy dis- 

tribution of the Ga ion beam, which, as established by many authors, consists essentially 

of Ga* ions (see e.g. Mair and von Engel 1979). 
Figure 2 shows some typical energy distribution curves obtained with the system 

described above. At the lowest obtainable currents of ~1-2 uA, an energy deficit, AE, 

of ~4.6 eV was observed on average, with a few extreme values of ~4 eV and ~SeV. 

These values are in good agreement with theoretical predictions (Swanson et al 1980) 

consistent with surface field ionisation (probably field evaporation) at the liquid anode; 

VIZ: 

AE=At+1~ Qe. (1) 

In equation (1), A is the heat of evaporation of Ga, / its ionisation potential, and g the 

work-function of the retarder. Taking, therefore, A = 2.808 eV and/ = 6.0 eV, for Ga, 

and with g~ 4.5eV+ for stainless steel (or Cr) (Kaye and Laby 1973), one has 

AE~4,3eV. 
Also seen in figure 2 is a tendency for the peak of the distribution to move toward 

higher energy (i.e. smaller energy deficit) values with increasing current (there is no 

substantial shift in the peak position between ~1-2 A). In the case of collision domi- 

nated coulomb interactions in the beam, this shift has been shown by Zimmerman (1970) 

to be aconsequence of the broadening of the energy distribution curve. Itisnot unnatural 

to imagine that a similar effect would take place in our case, where it is believed that the 

broadening is due to collisionless coulomb interactions (Knauer 1981). 
Figure 3 shows a graph of the full width at half-maximum (FWHM), Aj, of the 
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Figure 3. Graph of the full width at half-maximum, A Ey, versus emission current, i, for the 
three Ga ion sources used (each symbol signifies a different ion source). Inset: Current~ 
voltage characteristics of the three sources. 

+ Since Ga has a work-function of 4.45 eV (Kaye and Laby 1973) gradual coverage of the collector’s surface 

with Ga will not affect this calculation significantly.
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Figure 4, The results of figure 3 plotted on a log-log scale. 

energy distribution, plotted as a function of the emission current, if. It can be seen that 

the curve rises steeply at first—following in fact fairly closely the predicted AE, « - 
relation (Knauer 1981)—before it changes its slope, rather abruptly, at high currents. 
The change in slope occurs at ~25 yA, or so, and this may be significant, since it roughly 
corresponds to the emission level at which the current develops fast fluctuations 
(~30 uA) (Mair and von Engel 1979, Mair 1980). These fluctuations are thought to be 
due to gross ablation—and probably oscillation—of the field-elongated apex of the 
anode (Aitken 1976, Gaubi et al 1982). It is highly unlikely that a theory which assumes 
no path-crossing for the ions—as Knauer’s theory does—should apply to an emission 
regime where the ion-emitting apex of the liquid anode is in mechanical turmoil. 

The inset in figure 3 shows i-V curves of the three ion sources, obtained at the same 

time as the energy measurements. It can be seen that two of the sources display very 
similar electric characteristics, indicating that they have very similar impedances to flow. 

Atfirst sight only two distinct regions are detectable in the graph of figure 3. However, 
close inspection shows another region of interest around ~1-2 pA. This region is more 
clearly seen if the results are plotted on a logarithmic scale (figure 4). It is quite obvious 
that below 2 uA the energy spread follows different relationship with current, namely 
it tends to approach an approximately constant value (as does the energy deficit; see 
above). The reason for this behaviour is not clearly understood, but it is unlikely that a 
minimum spread of ~5 eV is associated with the ion creation mechanism; in the absence 
of other effects, field-ion emission mechanisms usually entail energy spreads ofa fraction 

of leV. 

The slope of the linear part of the curve in figure 4 is ~0.72, as determined by a 
least-squares fit; this number is within <10% agreement with the predicted § power 
dependence of the energy spread on current (Knauer 1981). 

Our measurements agree roughly with those of Swanson et al (1980), who report 
energy spreads of ~5-30 eV for emission currents of ~1-30 yA, although the values 
measured by these authors appear to be consistently somewhat lower than ours. 

+ In view of the fact that the extractor is charged to a high negative potential (=5.5 kV), no secondary 

electrons can return to the anode from the ion-collecting surfaces and contribute to the emission current. 
Excluding, therefore, the small number of secondaries released by the extractor, which receives a small 

current (~1~2 yA) at the higher emission levels, the measured current, i, consists entirely of ions.
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Finally, note that the ion source with the flat i-V characteristics in the inset of figure 

3 displays the same energy spread as the other two sources with steep i-V curves. This 

suggests that, contrary to currently circulating ideas (Mair 1982, Wagner 1982), flow has 

no significant effect on the value of the energy spread—at least not up to ~20 HA. 
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