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ABSTRACT

It was decided to investigate field emission from cadmium sulphide
because many workers have found that fhe agreenent between theory

and experiment for this material, and other semiconductors, is poor.
An.electron energy analyser, similar to those ;sed in most of the
previously reported experiments, was, therefore, built. The performance
of the analyser was thoroughly investigated both theoretically and
practically and the results of these 1nveétigations were used in
conjunction with a tungsten emitter. Excellent agrecment was obtained
between the usually accepted total energy distribution for tungsten and
the corresponding distribution measured with the present analyser.

A method of obtaining reliable cadmium sulphide emitter was developed.
These emitters were then used in the aralyser and it was found that the
agreement between theory and expveriment was poor.

Previous explanations of the lack of agreement are considered and are
found to be doubtful.

. The theory of field emission from semiconductors is reviewed and possible
- reasons for the discrepancy between theory and experiment are propqsed.
Finally, further experiments are described which should prove or disprove

T

the conclusions arrived at in this work.
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1.1 Introduction

"Field emission" is the name given to the emission of electrons
from the surface of a metal or a semiconductor caused by the action
of a high (typically 107 volt cmnl) electric field. In addition to
the importance of the field emission effect in other areas, for

example in the study of electrical breakdown in vacuum, the field

emission cathode is itself of great interest since in its usual form
it can act as a point source capable of delivering a current density
as high as 106 amp cm™2. The topic has, therefore, attracted a great
deal of experimental and theoretical research and, although it is only
recently that a field emission cathode has been used successfully (1),
the theory of field emission from metals has been well understood for
many years. The same, however, cannot be said of the theory of field
emission from semiconductors which, in spite of a great deal of work
and interest, has not yet been proved satisfactorily.

1.2 Historical Background

1.2.1 Field Emission From Metals

Field emission undoubtedly occurred in many early investigations

(2)

where high voltages were used, but the first experimental study of the
effect was not carried out until 1922, In that year Lilienfeld (3)
was able to show that a field emission cathode could be activated by
caesium but he was not able to achieve a stable emission current. His
work did, however, lead to the first attempt at a theory of field.
emission, which was made by Schottky (4) in 1923.

Schottky assumed that the potential barrier at the surface of the
metal was reduced by the applied field, thus allowing electrons to

escape as shown in Fig. 1.1 . He showed that the lowering of the

barrier, &¢ , is given by the expression:

Ap=cfer 1.1
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Fig. 1.1

(a) BASIT POTENTIAJ, BARRIER

(b) POTENTTAL BARRIER
WITH IMAGE FORCE
CORRECTION

(¢) REDUCTION OF BARRIER
HEIGHT BY APPLIED FIELD




where e is the electronic charge and F is the field strength. The
theory predicts a linear relationship between logiand V , i being
the emission current density and V the applied voltage. further, for
tungsten, the surface barrier should be lowered considerably at a

field of 1.4 x 10° volt et

when an appreciable temperature effect
should exist.
tiatenteld 3) hea alvcady atiown that Tazge cirpents could e drawm
from tungsten at a field as low as 10! volt cm L. This Schottky
explained by assuming that the emission originated from "sub micro-
scopic protruberances" which enhanced the local field by a factor of
ten to a hundred.
In the years that followed, many investigators attempted to verify
Schottky's tieory. Thus, Gossling (5), by using the high field
produced at an etched point, found no linear dependence of log i on V
and no appreciable temperature effect from 300 degrees Kelvin (°x) to
1000°K. Millikan and Eyring (6) using cylindrical wires of small
diameter also found no temperature dependence up to 1000°K and
Piersol (7) found that the emitted current did not change vhen a
field emission tube was immersed in liquid air.
An important discovery was made by Millikan and Lauritsen(a) who
found that log i was linearly dependent on 1/F. They, therefore,
suggested that the law governing field emission was of the form:

log i = A exp (-B/F) 3.2
wvhere A and B are constants. They further suggested, in company with
Gossling, that the discrepancies between theory and experiment could
perhaps be explained on the grounds that the theory had been formulated
in terms of classical mechanics rather than quantum mechanics.
Fowler and Nordheim (9) produced the first theory of field emission
based on quantum mechanics in 1923. They assumed that an electron could

escape from a metal by tunnelling through the potential barrier rather

than by going over it, as shown in Fig. 1.2, and by solving the

- 2=



Fig. 1.2

(a) ESCAPE OVER THE POTWNTIAL BARRIER
BY TIIFRMIONIC EMISSION

b L 4

FERMI LEVEL - __]
(b) ESCAPE THROUGH THF POTENTIAL BARRIER
BY TUTKELING
N
FERME JEVEL c-wo emw- S
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Schrédinger equation for a friangular barrier, they were able to find
the possibility of escane of an electron with any given enersy. From
the Sommerfeld theory of metals they deduced the number of electrons
within a given cner:zy range arriving at the barrier. Integration of
the product of these two quantities over all possible electron energies

led to an expression for the field emitted current density of the form:

)= lu.rmp_ei F?exp (-QWE;\ th) 1:3
u+d Suhd 3he F

vhere m is the mass of the eléctrOn,,h is Planck's constant and u aﬁd
(ﬁ are the Fermi energy and work function of the metal respectively.
The theory was further refined by Nordheim (20) to include the
deformation of the potential barrier bty the image force.

The Fowler Nordheim formula predicts apnreciable field emitted currents
at field strengths which are approximutely five times lower than these
needed by the Schottky theory and, except for the experimentally
difficult to determine F2 term, has tha2 same form as the equation
suggested by Millikan and Lauritsen. The theory also shows that field
emitted electrons originate from levels at or near the Fermi level,
which explains why no temperature dependence had been observed.
Although many investigators attempted to verify the Fowler Nordheim
equation during the thirties, very little progress was made because it
proved impossible to produce a well defined cathode. ‘It should also
be remembered that the field emitted current density depends on the
work function of the emitter which, in tuin, is a function of the
cleanliness of the emitting surface. Ultra high vacuum conditions are
therefore needed for successful field emission work and in the thirties
this branch of physics was still in its infancy.

Beams (11), Quarles (12) and Moore (13) used the smooth surface of

liquid mercury as an emitter but found that the field necessary to

produce an arc discharge was well below that predicted by the Fowler

LB



Nordheim equation, even after repeated distillation and the use of
micro-second pulses to prevént'surfacé distortion.

Other workers attempted to verify the relationship between work function
and field emitted current. Ahearn (14). for example, used a thoriated
tungsten cathode and measured its work function by thermionic means as
he varied its activation. When he used the same cathode as a field
emitter he found no dependence of the current on the work function and
came to the conclusion that the current originated from the small
protrusions which did not experience the same change in activation as
that of the bulk material. A similar experiment was performed by
Miller (15), who varied the work function of his etched tungsten emitter
by bombarding it with electropositive substances. He found that the
current was dependent on the third power of the work function instead
of the expected 3/2 power and came to the same conclusion as Ahearn in
explaining his results.

The existence of small protusionson t:e cathode was convincingly
demonstrated by Vehnelt and Schilling *6) who showed, by means of an
electron microscope, that the emitted current came from small, randomly
appearing and disapoearing spots along the edge of their emitter.

The first well defined field emitter was obtained by Miller (7), vho
used his field emission microscope to show that, at high temperatures,
surface migration of atoms transformed an etched tungsten point into

a hemispherical emitter which was smooth down to atomic dimensions.

He further showed, by measuring the radii of the emitters with an oil
immersion microscope, that the fields so obtained were in good agreement
with those predicted by the Fowler Nordheim equation. This work was
extended by Haefer (18) who used an electron microscope to find the
emitter geometries and hence to calculate the electric fields more
accurately. He was able to prove the validity of the Fowler Nordheim
equation to an accuracy of 15% and by coating a tungsten emitter with

barium, caesium and potassium in a field emission microscope he

-4 -



demonstrated the dependence of the field emitted current density on the

3/2 power of the work function.

1.2.2 The Energy Distribution Of Electrons Field Fmitted From Metals

A further experimental proof of the Fowler Nordheim theory was attempted
by Henderson and his co-workers (19)(20) who tried to measure the

energy distribution of field emitted electrons. In accordance with

the theory they found that the electrons came from the Fermi level but
the narrow distribution of energies above and below this level was
beyond the resolution of their analyser.

It should be mentioned at this point that Henderson et. al. were

trying to measure the normal energy distribution. The probability of
escape of an electron depends only on the energy associated with its
component of mementum normal to the potential barrier. It is these

energy valves that make up the normal energy distribution. Richter (21)
pointed out that enerzy could be transferred from the direction normal

to the barrier to other directions by protrusions on the emitter and
also by aberrations in the lenses,used in the arnalyser, thus leading

to ercors in the measured distribution. Miller (22) 41164 to overcoms
these problems by using a very smooth emitter in conjunction with a
carefully designed analyser in which electron lens aberrations were
reduced to a minimum. In this way he obtained good agreement between
the normal energy distribution and his experimental results.

It was not until many years later that Miller's results were challenged
vhen Young and Muller (23)(24), using a similar analyser, found energy
distributions ﬁhich were & third as wide as the normal energy
distributions. To explain this anomaly, they suggested that their
analyser vas, in fact, measuring the total energy of the field emitted
electrons instead of jﬁst the normal "component" of the energy. Young(es)
reformulated the Fowler—Nordheim'equation in order to include the energy

associated with directions other than the direction normal to the

potential barrier and obtained an expression.for the total energy

-5-



distribution which was in good agreement with their experimental
results. .

1.2.3 Field Emission From Semiconductors

The study of field emission from semiconductors was a natural extension
of the work on metals because the carrier statistics of a semiconductor,
being Maxwellian, are a limiting case of the Fermi Dirac statistics
found in a metal and also because the potential barriers at the surfaces
of both materials are similar. There are, however, special effects
associated with a semiconductor caused, in the first place, by the ’
state of its surface and, secondly, to the fact that an aprlied electric
field can have an appreciable penetration into its interior.

Until the mid fifties, very little experimental work on semiconductors
had been reported, probably because of the difficulties experienced in
obtaining materials and in preparing samples. Apker and Taft (25), for
example, were able to produce emitters from needle-like crystals of
cadmium sulphide by electron bombardment which, although very sharp,
were too irregular in shape to yield useful field emission micrographs.
They did, however, note the dependence of the field emitted current on
illumination and that an appreciable fraction of the applied voltage
could be lost along the emitter caused, they suggested, by its large
ohmic resistance.

A new era of productivity started in 1955 when Stratton (26) published
the first extensive paper on the theory of field emission from semi-
conductors. He assumed a Fowler Nordheim type of barrier at the surface
to which the image force correction had been added and modified the
expression for the transmission probability in order to include the
dielectric constant of the material. This barrier was then used in
conjunction with two models of a semiconductor, one in which there were
no surface states and another in which surface sta@es were present.
From the case with no surface states, Stratton showed that field
penetration causes the conduction band to become degenerate at the

-6 -



surface and derived an exprescion for the value of electric field at
which degeneracy occurs. This model w;s then extended in order to
produce equations which gave the field emitted current density as a
function of applied field with and without field penetration.

The second model was used to derive an expression for the field

emitted current density in the presence of surface states and showed

that the presence of these states causes an internal potential drop

at the semiconductor surface. At low fields, therefore, there is

little emitted current because of the low electron population in this
region. As the field is increased the internal potential barrier
decreases until at some critical field the conduction band becomes

flat, a situation similar to the case of no surface states and no field
penetration. On further increasing the electric field pgnetration

occurs and the conduction band becomes more and more degenerate nntil

at high enough fields the electron concentration at the surface of the
semiconductor is similar to that of a vetal.

A plot of log i vs 1/F is not a straight liné for a semiconductor with
surface states, but rather consists of two straight lines connected by

a curve. The Fowler Nordheim plot of such a material is, therefore, very
useful since not only does it show the presence of surface states, but
also it can be used to give an estimate of their density.

A great deal of experimental work followed from Stratton's investigation
into the theory of field emission from semiconductors. Most of the early
experiments were directed towards obtaining Fowler Nordheim plots which
deviated from the straight line behaviour of metals due to the presence
of surface states. Perry (27), and later Elison and Vasiliev (28),
produced Fowler Nordheim plots from germanium which showed departures
from linearity, but this characteristic could not be attributed

exclusively to the germanium because field emission patterns taken at

the same time suggested that their emitters were contaminated.



Perry (29) was able to obtain emission from clean silicon samples by

. = = 0
using cleaning techniques similar to those employed by Allen (30) and

D'Asaro (31). These samples gave two kinds of results, one in which
the Fowler Nordheim plot was linear and another in which the Fowler
Nordheim plot consisted of two straight lines with approximately the
same slope connected by a third straight line of slope different to

the first two. Perry initially assumed that the different types of
results were due to n type and p type material but this hypothesis was
disproved when he found that both kinds of Fowler Nordheim plot could
be obtained from n type and p type silicon.

Allen (30) found that very strong p type layers were present on the
surface of silicon field emitters that had just been removed from a
field emission microscope, This fact led Perry to suggest that linear
Fowler Yordheim plots were due to these layers whereas the non linear
Fowler Mordheim plots were due to surfaces which, although still p type,
vwere not degenerate enough to exhibit metal-like behaviour. Further
support was given to this argument vhen Perry found that linear plots
could be obtained from samples which had been cleaned by heating, the
strong p type condition then being due-to diffusion of boron into the
surface, and that non linear plots were obtained from emitters which
had been cleared by D.C. field desorption which caused a sudden removal
of silicon atoms, thereby exposing a relatively uncontaminated surface.
He was not, however, able to produce quantitative proof of Stratton's
theory because he used the voltage applied to the emitter instead of
the electric field as one of the parameters of his Fowler Nordheim plots.
It should also be noted that the general shape of Perry's graphs did not
agree with the theoretical shape predicted by Stratton.

(32)

A less qualitative proof of Stratton's theory was provided by Klimin

vho investigated the temperature dependence of the field emission effect

in germanium. He found that a plot of log i versus the reciprocal of



temperature consisted of tw§ straight line segments with different

slopes, the slope of the high temperafure part being greater than the
slope of the low temperature part. Further, the slope of the high
temperature part was strongly dependent on the anode voltage and

decreased as the latter increased.

In explaining these results Klimin used Stratton's (26) model of a
semiconductor with no surface states. He supposed that at low
temperatures, when impurity conduction prevailed, the Fermi level was
near the bottom of the conduction band. The electron distribution at

the surface, therefore, became degeﬂeraté even at low anode voltages,
leading to an emission current which was virtually independent of
temperature. At high temperatures it was supposed that intrinsic
conduction caused the Fermi level to fall to approximately mid way
between the conduction band and the valence band. Under these conditions
the surface was far from degenerate and the emission current was, there-
fore, temperature dependent. This kird of emission became independent

of temperature only at very high anode voltages when field penetration
caused surface degeneracy again.

Klimin was also able to obtain numerical values of the band bending and
of the corresponding electron densities by using Stratton's (zs)equations.
The experiments described above showed that Stratton's 1955 theory is

at least complete enough to provide a qualitative picture of the processes
that occur when electrons are field emitted from a semiconductor. It

is, however, rather general and does not consider the more fundamental
properties of a semiconductor, for example, its band structure variation.
Stratton overcame some these limitations in a paper published in 1962(53)'
He again used a fowler Nordheim type of barrier and was able to produce
expressions that not only gave the emitted current density from both

the conduction and the valence band but also contained correction terms

vhich could be applied to different band. shapes.

The equations are rather difficult to solve analytically because they

|
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involve intesrals which contain the expression for the transmission
probability. This difficult& was remo*ed by expanding the transmission
probability about the Fermi level, for positive values of the Fermi
energy, and ahout the bottom of the conduction band for negative

values of the Fermi energy. Both expansions lead to the same result

for small Fermi energy values.

The first problem considered was that of emission from a conduction

band containing free electrons. It was found that the shape of the
Fowler Nordheim plot depends only on the value of the Fermi energy at
the surface of the emitter. The equations were then modified to include
the electron effective mass corresponding to a parabolic conduction band
and by similar reasoning an expression for emission from a parabolic
valence band containing holes was obtained.

Stratton also considered the effect of surface states in more detail.

He showecd that the value of the Fermi energy at the surface depends on
the field due to the surface states which, in turn, is a function of
both the applied field and the surface states density. The exact
relationship between the Fermi level at the surface and the field due
to the surface states had already been obtained by Siewatz and Green
for germanium (34).

Two surface state configurations were then considered, one consisted of
a set of acceptor levels of equal energy and the other of a set of
acceptor levels with a continuous spread of energies. Previous work (35)
had shown that these configurations could exist on a clean germanium
gurface. Stratton then proceeded to compute theoretical Fowler Nordheim
plots for conduction and valence band emission from germanium and found
that there was a change in slope at a field corresponding to the flat
band condition. This change was more abrupt in the case of single

acceptor energy levels then in the case of acceptor levels with a spread

of energies. The results also showed that field emission from the
valence band predominates over that from the conduction band in

- 10 =~



germanium except when the dénsity of surface states is sufficiently

low (or the applied field is sufficiently high) to allow ficld
penetration. The possibility of field emission of electrons from the
actual surface state levels was not considered.

Stratton used Allen's (36) experimental results in an attempt 4o justify
his theory because they were taken from an emitter which field emission
microscopy had shown to be clean. Allen's Fowler Nordheim plots were

in the form of log I vs 1/V, where I is the total current and V is the
applied voltage. It was found that the experimental curve and the
theoretical curve could be expressed.in the same form, further, by
making reasonable assumptions concerning the emitter geometry, Stratton
was able to show that emission from a conduction band with a continuous
set of acceptor energy levels was slightly more pleusible than valerice
band emission, indicating that field penetration must. have occurred.
Allen's results were definitely inconsistent with emission from a
conduction band containing a set of acceptor states at the same energy
level.

A similar comparison with Klimin's experimental results again showed
that emission from the conduction band was more plausible than emission
from the valence band. Further proof of this argument was supplied by
the fact that the total current increased with temperatufe. Unfortunately
the values of the parameters used in the comparison proved to be smaller
that those predicted by theory, but Stratton showed that this could be
due to the presence of an oxide layer which would reduce the tunnelling
probability. Application of the above arguments to the work of Elison
and Vasiliev (28) led to the same conclusions and it was found that the
comparison parameters had similar values to those in Klimin's work. 1In
both cases the experimental conditions and the state of the emitter were
similar.

The results described in the predeeding paragraphs again only provide

a qualitative proof of Stratton's theory. A more rigorous proof

=1 -



necessitates a knowledge of.tha field at the emitter and the current
density. An investigation of the theory on these lines was carried

out by Ernst (37) who used field evaporated germanium samples to ensure
surface cleanliness.

Ernst proceeded in the following way: before taking results from any
particular emitter he determined the voltage necessary for evaporation
of the germanium, then, if the field necessary for evaporation was known,
the constant relating the two could be determined. This constant was
then used to convert subsequent voltage readings into field values.-

The field necessary for evaporation ﬁad already been determined by
Arthur (38) who assumed that the field necessary for an optimum hydrogen
ion image of germanium was the same as that required for an optimum
hydrogen ion image of tungsten. Since the latter was already known,

by measuring the voltage necessary for the optimum germanium hydrogen
ion image, he was able to determine the constant relating field and
voltage. This constant was then used to determine the field necessary
for evaporation from the corresponding voltage. The current density

was obtained from the total current by using the area from which the
emission occurred. This area was determined from field emission micro-
graphs of the emitting samples.

Ernst compared his results with a theoretical Fﬁwler Nordheim plot

which he had obtained from Stratton's work by assuming that the emission
came from a degenerate conduction band. A single surface acceptor level
was also included since at that time it was thought to be the most
probable surface state configuration.

He found that the measured current density for a given applied field
was much smaller than the corresponding calculated value and that the
work function, which had been determined from the slope of the experi
mental curves, was larger than the usually accepted value for germanium.
Ernst suggested that these discrepancies were caused either by limitations

in Stratton's theory or by anisotropy in the emission,but he was not able
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to differentiate between these two possible reasons.

The validity of Stratton's theory, tha;refore, seems to be somewhat
doubtful. It especially fails to predict the emission characteristics

of semiconductors which have relatively few electrons in their conduction

band, a condition which occurs in p type material and high resistivity

n type material of large band gap. These emitters can give rise to
extremely non linear emission characteristics and usually exhibit a
saturation region where the emitted current no longer increases with
the applied voltage (39)(40). Various attempts (41)(42) have been
made to explain this phenomenon but ;t was not until fairly recently
that a successful theory was produced by Baskin (43) et. al. They,
unlike Stratton (33), did not restrici their theory to a Fermi level
which was constant up to the surface of the emitter and were thus able
to show that a depletion layer can form on a p-type eemiconductor which
limits the rate of carrier arrival at the surface, therefore leading to
a saturation region in the emission characteristic. A similar effect
can occur in the high resistivity n type materials when the btulk of
the emitter is not able to supply a sufficient number of carriers to
the surface region. Numerical analysie of their equations showed that
the theory at least partly explained the phenomenon and they were able
to obtain estimates of the width of the depletion layer for various
semiconductors.

1.2.4 The Energy Distribution Of Electrons Field Emitted From Semiconductors

The probability that an electron will escape from the emitter depends
only on the value of the "component" of energy in the direction normal
to the emitter surface. Each of these components has a tangential
component associated with it and together they form the total energy of
the electron. It therefore follows that for any given value of this
energy there must be a range of escape probabilities. In deriving his

expression for the emitted current density, Stratton (55) used a double

integral, the first integral was performed over the range of normal



components corresponding to.a given energy and the second was performed
over all possible values of ‘the electron energy. By considering the
first integral only, Stratton (44) was able to obtain an expression for
the number of electrons escapning with one particular value of total
energy i.e. the total energy distribution. He also included a correction
term because, in a semiconductor, the values of the normal components
depend on the shape of the energy bands.

The integration was carried out by expanding the tunnelling probability
about an arbitrary energy following the work of Good and Murphy (45).
Since the tunnelling probability is é very sensitive function of energy,
the total electron energy was used in the final expression because most
of the emission comes from electrons with normal components near this
value. The final equation, however, still contains the correction term.
Fischer (46)(47) also obtained an expression for the total energy
distribution from a degenerate and a non-degenerate conduction band by
expanding the tunnelling probability zbout the Fermi level and the bottom
of the conduction band. Stratton showed that his equations reduced to
the same form as Fischer's, but he used Fischer's in the remainder of
his paper because they were more convenient. He was able to find an
analytical expression for the energy at which the peak of the distribution
occurs but was only able to find an expression for the half width
corresponding to low temperatures. It proved impossible to obtain an
expression fgr the half width in the case of non-degenerate emission.
The problem of emission from the valence band was then considered.
Fischer (46)(47) had also derived an expression for this case, but it
vas in error since it had been based on an incorrect equation originally
published by Stratton (53). By proceeding in a way analogous to that

of conduction band emission, Stratton was able to obtain expressions for
emission from a valence band with degenerate and non-degenerate hole
distributions. An equation for the energy corresponding to the peak of

the distribution was also found.
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Rumerical analysis of the above equations predicted conduction band

half widths of 2 KT to 7 KT and the vélence band half widths of 3 KT

to 12 KT for all degeneracies and for the typical range of fields used
in practice, where K is Boltzmann's constant and T is the ambient
temperature of the emitter in degrees Absolute. It will be seen that
experimental results from a range of semiconductors have so far produced
half widths in excess of these values.

Russell (43) used an analyser based on the design of Young and Mﬁller(24)
to investigate the total enersy distribution of electrons field emitted
from silicon. He first calibrated the analyser by using a tungsten
emitter and was then able to show that the highest energy electrons
originated from energy levels which were less than half the band gap
below the Fermi level of his sample. This result was consistent with
earlier work (49) which showed that silicon emitters acquire a p type.
surface when used in pyrex vacuum systems due to boron contamination.
The valence band, therefore, bends upvards and its "distance" from the
Fermi level at the surface is less than in the bulk material.

As the anode voltage was increased further, a larger value of retarding
potential was needed before collection of the high energy electrons
occurred. Russell suggested that this effect was due to the ohmic
potential drop along the emitter.

It was found that the energy distributions were similar to those of a
metal except. that the onset of collected current occurred at a larger
value of retarding potential. At very high applied voltages the sample
fractured and the energy distribution then contained two peaks. Russell(so)
assumed that this was due to emission from the valence band and the
conduction band since the energy separation of the peaks had a value
similar to that of the band gap of silicon. Although this hypothesis
was based on an n type surface whereas the results of the previous paper
were based on a p type surface the two are not incompatible since the
breaking of the emitter could have led to the removal of the boron

contamination. Russell's interpretation of his results does, however,
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seem doubtful when the resoiution of the analyser is considered. The
calibration experiment with tungsten éﬁve a half width of 0.6 eV whereas
the "correct" value (24) is approximately 0.23 eV, It therefore seems
improbable that Russell's analyser could resolve the band gap with such
precision. The half widths of both peaks were far greater than the
values predicted by Stratton's theory (44).

Shcherbakov and Sokol'skaya (51) used a similar kind of analyser in

their work on cadmium sulphide. The calibration was again performed

with a tungsten emitter and, although the shapes of the distributions
were somewhat different, the half wi&th of the distribution they obtained
agreed fairly well with that reported for tungsten by Young and Mﬁller(24).
The total energy distribution of electrons field emitted from cadmium
sulphide was found to have a half width of approximately 0.6 eV, which
is again much larger than the value predicted by Stratton (44). The
half width was also found to increase with the anode voltage. This
phenomenon was explained in terms of the ohmic potential drop along

the emitter. Previous work (40)(52) had suggested that electrons could
gain energy and, therefore, become hot under the action of the electric
field caused by this potential drop, leading to emission from a wider
range of energy levels and a consequent broadening of the energy
distribution.

The existence of hot electrons was inferred from Fowler Nordheim plots
in which evidence of carrier generation had been observed. This
conclusion must, however, be treated with caution since the electron
emission occurred from several "micro tips" instead of one well-defined
emitter. Although this conditionlmay not have affected the energy
distribution, which was taken from one "micro tip", it may have affected
the Fowler Nordheim plots in which current from the whole emitter, and
presumably several "micro tips", was measured.

The total energy distribution was also found to broaden with temperature.

Although the emitter was heated by the passage of emission current,
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Shcherbakov and Sokol'skaya claimed that this effect was not the cause
of the increase in half width with anode voltage because the total

7

current never exceeded 10 ~' Amp., and previous work had shown that
with currents of this magnitude appreciable emitter heating did not
occur,

The first direct comparison between theory and experiment was performed
by Arthur (53) shortly after the publication of Stratton's paper. He
used the results of that work in order to produce theoretical total
energy distributions for germanium corresponding to degenerate and '
non-degenerate conduction and valence band emission. The equations
showed that the current densities from the conduction and valence banuds
were of comparable magnitude only when the surface was practically non-
degenerate and that when the surface became degenerate, only one peak
could be expected because emission from the conduction band then
predominated. Since previous work (54) had shown that field penetration
could occur even in p type germanium emitters, the distribution
corresponding to a degenerate conduction band was used for comparison
with the experimental results.

The total energy distributions were again megsured with a Young and

(24) which was calibrated with a tungsten emitter and

Miller analyser
thereby shown to have good resolution. The distributions from field
evaporated samples of all dopings proved to be approximately Gaussian
in shape with half width values approximately twice that of tungsten
and in all cases became narrower after the emitters were annealed.

The higher resistivity p type samples gave rise to an extra peak which
disappeared with annealing. Although the half widths of the measured
distributions were again wider than those predicted by theory, being
approximately 0.4 eV instead of 0.2 eV, Arthur concluded that emission
from a degenerate conduction band had, in fact, taken place since the

emission had originated from energy levels just below the Fermi level

and no temperature dependence had been observed. He noted, however,
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that thi: conclusion may not be strictly true since there was evidence
of electron emission from eﬂer@y levels well below the rermi level and,
even for the case of no surface states when field penetration should

(44)

be at its maximum, Stratton's theory showed that the conduction

band should not dip more than approximately 0.3 eV below this level

with the values of electric field used in the experiment.

The half widths of the distributions and the presence of the second

peak were very dependent on the state of the surface. It would there-
fore seem that the second peak and the emission from levels well below
the Fermi level could be due to surface states associated with surfuce
imperfections. Although this hypothesis is very attractive, Arthur
points out that it is not tenable because in the first place, the
existence of degeneracy places a limit on the number of possible surface
states which is too low to support sufficient state emission and secondly,
the adsorption of approximately one layer of oxygen, which would
presumably have affected the surface rtate distribution, had very little
effect on the energy distributions.

Similar effects were observed by Hughes and White (55) in their work on
gallium arsenide emitters which had been cleaned by d.c. field desorption
in the presence of hydrogen. (56) In order to obtain good agreement
between the theoretical total energy distribution for tungsten and the
distribution measured by their Young and Muller (24) analyser, Hughes

and White used the latter's "empirical correction formula" because their
uncorrected distributions were far narrower than expected, a result

which indicates the presence of appreciable secondary electron (24)
effects in their analyser.

Critical bias measurements showed that the emission originated from
energy levels below the Fermi level and therefore 1led Hughes and VWhite
to believe that they were observing valence band emission. They also

found that, although the total energy distributions usually consisted

of one peak, a second peak would sometimes appear when the emitter was
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carefully positioned.

In explaining‘their results, Hughes and White used Stratton's (44)

theory containing the relevant gallium arsenide parameters to produce

a theoretical total energy distribution corresponding to valence band
emission. They found that the half widths of the measured distributions
were again larger than the theoretical value, being 0.7 eV and 0.3 eV
respectively, and suggested that this discrepancy could be caused in

part by the oversimplified band structure configuration used in Stratton's

theory (44).

The appearance of the second peak was assumed to be caused
by emission from surface states with energy levels within the forbidden
gap. It was thought that the surface state density in gallium arsenide
was large enough for this to occur since there had been no evidence of
degeneracy.

The work reviewed above shows that, although the theory of field emission
from semiconductors has been quite successful in providing a qualitative
explanation of the experimental results obtained so far, a quantitive
explanation is still outstanding. Three main reasons have been

suggested to account for this, namely, limitations in the theory itself,
hot electron effects and emission from surface states. There is also

the further possibility of experimental errors. Most investigations

(24)

have used equipment based on the design of Young and Muller and

nearly all the early work was performed with apparatus which was of

low resolution. In fact, it is only fairly recently that good agreement
has been obtained with their results for tungsten in an analyser which
was subsequently used to investigate field eﬁission from a semiconductor.
In view of this it was decided not only to design and build a Young and
Miller analyser, but also to carry out a fairly extensive investigation
of its characteristics. Cadmium sulphide was chosen for the energy
distribution experiments because it exhibits at least ono of the

reasons suggested for the broadened energy distributions, namely that

of hot electron emission,and also because experience in the use of this
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material for field emission had previously been gained (57).
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CHAPTER 2

The Energy Analyser

2.1 The Collection Mechanism

Electron energies will be measured with respect to the "vacuum level"
which is the energy level of an electron at rest just outéide the
emitter. (58) Consider the case of field emission from a metal.
Fig.2.,1 shows the equilibrium condition when the emitter and the
collector have a common Fermi level. An eiectron leaving the emitter
with an energy of E eV below the vacuum level will not be collected
because its energy is insufficient to surmount the potential barrier at
the collector.

Suppose the collector is made V volts positive with respect to the
emitter as shown in Fig. 2.2 . The electron can now be collected

provided:

\El = (¢2*V'¢c1e 2.1

where @ is the work function of the collector and Qe is the work
function of the emitter. By varying tﬂe value of V, therefore, electrons
with different energies may be collected and in particular, when V = (bc )
the collector will register electrons from the Fermi level of the emitter.
Let N(EYJE be the number of electrons leaving the emitter per unit area
per unit time with total energies in the range E to E + dE. Then the

collected current, \¢ , is given by:

=]

Ic = e N CE) OE 2.2

et
where e is the electronic charge. The total energy distribution, N(E),
is therefore equal to 5%;, and if the collector is V volts positive
with respect to the emitter, it follows that:
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NCE) = d\e 2.3
d(¢e+U“¢a

Thus, provided the work function of the collector and of the cmitier

remain constant:

Nv(E) = d\ 2.4
dVc

and the slope of the collector current vs collector-emitter potential

difference curve is a measure of the total energy distribution.

Any practical electron energy analyser, in fact, measures the momentum
associated with the particle and from this value of momentum the energy
is inferred. It is therefore importsznt that the electrons should
arrive at the collector normally, otherwise a smaller component of their
momentum is available to overcome the potential barrier which exists
there. If normal incidence does not occur, an electron will be collected
at a different value of emitter-collector potential difference than that
corresponding to its total energy and it follows from equation 2.4

that the measured total energy &istribution will then be in error. The
resolution of any electron analyser is therefore very dependent on

the trajectories followed by the electrons whose energies it is attempting
to measure.

2.3 The Desien Of The Analyser

Fig. é.} shows a schematic diagram of the analyser. T is the field
emitter, C the collector, A the anode and X1, X2 are apertures through
which the field emitted current reaches the collector,

Electrons leaving T are accelerated up to A and then are de-accelerated
between A and C., The enerzy they gain due to acceleration in the
emission field is therefore lost in the retarding field so that they

arrive at the collector with the same spread of energies with which
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they left the emitter. This distrihﬁtinn of energies is then measured
as explained breviously. It is usual to keep tﬁe collector at earth
potential and to make the emitter negative with respect to it. 1In this
way the static fields and equipotentials in the retarding region remain
constant,

The electrons must travel along field lines to impinge on the collector
normally and must therefore come, or appear to come, from the centre
of‘the spherical collector. In general they do not follow field lines
in the retarding region but instead have elliptical paths. (59) The
field emitter can, however, be imaged at the centre of the collector
if use ir made of the lens effect associated with aperture X2.

It can. be shown (60) that an aperture of diameter d in an electrode

held at a potential VO has a focal length { given by:

E) - Ez

where E,, E, are the electric field strengths on either side of the

aperture and VC, the potential at the centre of the aperture is given
by (61)3

VC = No - _(_;__ (E‘-Ez‘ 2.6
2w

These formulae are strictly applicable to plane parallel electrodes
only and further, VO/d must be greater than E, and E,.

The value of E2 can be set equal to zero since it is the field strength
to the left of XEE in Fig. 2.3 and this region is virtually surrounded
by the equipotential surface of the anode. E, can be estimated from

simple electrostatic theory by using the relationship:

EdY= MV  ob 2.7
¥ b

where E(r) is the field strength at a radius r between two concentric

spheres of radii a and b (b greater than a) with a potential difference
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of V between them.

A 5-1litre glass flask was cgosén for the collector because of its
accurate sphericity and because its volume was compatible with the
requirements of the vacuum system. This leads to a value of 10.6 cm
for b. A convenient size for a proved to be 4 cm and by taking d equal
to 1 cm the condition that VO/d should be greater than El and 82 was
fulfilled. By using these values in equations 2.5, 2.6 and 2.7, the
focal length of aperture X2 was found to be 9.3 cm.

In order that the emitter be imaged at the centre of the collector it

is necessary to place it a distance u from the aperture XQ, where u is

given by:
= ‘

+ L
v * 2.8

=5
w

The image distance, v, and the focal length, f, are both negative
because of the divergent nature of the lens. By using the results of
the previous paragraph, u was found {0 equal 7 ~m, therefore, the
emitter was placed 3 cm to the left of aperture xl.

2.3.1 Lens Effect Of Aperture xl

The field strength to the right of aperture x1 can be set equal to zero
for reasons previously mentioned and the field strength to the left of
the aperture can be estimated in the following manner:

Imagine the emitter to be a small sphere of radius ': placed a distance
a from the p}ane electrode in which aperture Xl is situated. It can be
shown by the method of electrostatic images (62) that the capacitance

of this sphere is given by:

C = kﬁ&b(l+m+ﬂﬁ+n9+ ..... ) 2.9

where Eo is a constant and m = b/2a. For a field emitter, b is typically

1000 Angstroms or less, therefore, m approximately equals 2 x 10-6. and:

C £= Lo, 2% IGHG Farad. 2.10

361 x 107

C also equals Q/V, where Q is the charge on the sphere and V is the
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potential difference applied between it and the electrode.
The field strength F(r), a distance r from the centre of the sphere is
given by the expression:

Fiy= _@a° 2.11

Lhwe, r?

By substituting the values relevant to the problem into equations 2.9,
2.10 and 2,11, a value of 10—14 volt cﬁ“is obtained for the field
strength to the left of aperture Xl. It follows, therefore, from
equation 2.5 that this aperture haa.negligible lens effect and acts
purely as a stop. '
The above results were used in building the analyser. A method of
varying the distance from the emitter to the first aperture was included
to allow for errors in the calculated value of this distance caused by
the approximate nature of the equations used.

2.4 Factors Affecting The Resolution Of The Analyser

There are four main causes of poor resolution, namely, patcp effect on
the collector, work function variation over the surface of the emitter,
stray electric and magnetic fields and aberrations in the electrostatic
lens. At this point the lens aberration effect alone will be mentioned
since the other effects have either already been dealt with or are
external to the analyser.

The two main aberrations which 1limit the resolution of the analyser
are spherical aberration and chromatic aberration. They are inherrent
to the system whereas others may be eliminated by careful positioning
of the emitter and accurate fabrication of the analyser components.

2.4.1 Spherical Aberration

This form of aberration can theoretically be reduced to zero by making
aperture Kl as small as possible. Unfortunately, the total current
available for measurement also falls as the diameter of the aperture

is reduced so that a compromise must be reached.
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2.4.2 Chromtic Aberration

Consider Fig. 2.4 which agaiﬁ shows tge case of emiscion from a metal.
In order to clarify matters the contact potential difference between

the emitter and the collector is shown equal to zero i.e.(e = d}c.
FElectron B, whose energy corresponds to that of the vacuum level, will
fall through a potential of VA volts after leaving the emitter thus
acquiring a speed at the anode corresponding to this voltage. Electron
A, which is energetically lower than electron B, will fall through a
potential of VA-VE volts, where eVE = E. This electron will therefore
arrive at the anode with a differentlSPeed to electron B and, becauce

of the chromatic aberration in the lens, will follow a different
trajectory to that of electron B in the region between the anode and

the collector.

Vhen a potential difference is applied between the collector and the
emitter in order to collect electrons A they are, in effect, being "pre-
energised" so that they will have sufiicient energy to overcome the
potential barrier at the collector when they arrive there. The number
of electrons corresponding to energy E is measured by the differential
increase in current when the potential. difference is applied. The
original collected current was due to electrons B at the vacuum level.
The energy of these electrons is also increased by the applied potential
difference so that, by the arguments of the previous paragraph, although
they may have been arriving normally at the collector when at their
original energy, they may not be doing so now. It follows that although
they may now possess more than enough energy for collection, their
trajectories may be so modified that this does not in fact happen. The
increase in current due to electrons A may, therefore, be offset by a
decrease in current due to non collection of the higher energy electrons
leading to errors in the measured value of N(E). This mechanism may

explain the decrease in collected current at high values of collector-
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emitter potential differencé reported by Muller (24) vhich he attributes
to the production of secondary electrons.

Suppose that a contact potential difference now existg between the
collector and the emitter. It follows that all electrons must be

brought to an energy of\d&-—¢c\ units below the vacuum level in order

to be collected whereas, in the case of zero contact potential difference,
it was necessary. to bring them to the vacuum level. If the analyser is
adjusted so that, for example, the trajectory of minimum aberration
corresponds to the zero contact potential case, it is not necessarily
correctly adjusted for the finite coﬁtact potential difference case.

The optimum collection condition must, therefore, be different for
emitters of different work functions.

Because the resolution of the analyser is very dependent on the electron
trajectories it was decided to determine them as accurately as possible.
This necessitated the solving of Laplacds equation for the system.

The solution was obtained numerically since an analytical solution,

based for example on the method of Spherical Harmonics (63). would have
contained truncated infinite series and, therefore, would have been

no more accurate.

2.5 The Numerical Solution of laplace's Equation

The numerical equations used in obtaining the solution are a slightly
modified version of those published by Gallaway et. al.(64) Their

main advantage is that they permit the use of unequally spaced mesh
points thus allowing curved boundaries to be accurately specified.

The conversion from the mesh notations used by Gallaway et. al. to that
used in the present work is shown in Fig. 2.5 and the parameter
describing a variation in permittivity can be ignored because the system

to be solved is under vacuum. For each mesh point there is an equation

of the form:

O A+, A +d3 A3 4 By —dofo = O 2.12
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where &, ..... are the values of potential at different points in the

mesh and Al ..... are constaﬁtn. which are given by the ecquations:
A= t [R(-R(n-N) [ | — [R(-R(n-0]
L5(m) -5 (-] 2 R(x)
+ [R(m-ﬂ—-p.(n,\] | + LR(n+)-R(W] 2.3(a)
2 R(n)
92 = | L SCmae) =5 (Im-l\] l + ER('\"- “1" R(l\ﬂ 2.430%)
LRCaaN-RE) 2 R(x)
A3 = \ - C R =-R(n-N][ 1= L R(n)- R(n-1))
[SCmﬂ\ = 5w} 2 R(x)
+ CRMN-RGW)[ | + C R(ns) = R(n)] 2:13(c)
2 R(n)
Ry = | L 5Cman- Sffn-t\] |- L R()= R(n-1)) 243 (a)
[R(n\-— 'R(n-uﬂ 2 R(n)
Ao = | 1= LR =R-N] || CR(n) - R(n-1)] l +
2 R(n) L[S(m\— SCm=1)]

-
| + E50mi)-5Cm-M] | 4|1+ [RC)-REn)
[S(m-u‘)—SCmﬂ [ RCn)- R(n-ﬂ]J 7R

(R(n+1)- R(n)) I + | 3
[sCm)- S(m-l)] [sCm+) - SCm\]




[_ S(ma1) = S (m-1)] ‘ ' 2.130)
[ R(n+)- R(n)]

The set of equations which resresents the points of the mesh can only
be solved if the boundary of the mesh is comnletely specified. It
therefore follows that in an axially symmetric system, the values of
potential along the axis of symmetry must be known. Since these aré the
values needed in order to calculate the electron trajectories and are,
therefore, unknown, another set of equations is needed which will relate
the axis of symlﬁetry values to those cof the mesh.

2.5.1 Equations For Points Along The Axis Of Symmetry

Consider Fig. 2.6. V(z = k), V(z) and V(z + h) are points along the

axis of symmetry. d_) (r, z) is a mesh point and therefore has an

equation which contains V(z).

By Tayler's theorem (65):
VGt = VYA WVGY 4 B VG 4. 2.14
2 ;
and V(z-K\ = V(=) = kU (=) + k? V() + 2.15
2 _
i i
vhere V(z) = oV@/[dz  and 1}(z) - 6\3(2\!822 ete.
Since the values of potential at the mesh points must also satisfy
Laplace's equation it can be shown (66) that:
HCr,2) = VR -2 V@) 2,16

i

Ignoring all derivatives of order higher than two leads to the result:

{‘I(z\'—'-' 2 K\(\J(z-\'\\\-t-\\\)(*z—lk\— Chek W@ ) +Ein 2,17
WK (k)
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where:
Bw=_ 2 (( khi hi?) V(z) + (khu-rhk‘r‘\‘;(z\i-, _ 2.18
hk (k) A 24

It follows that:
W L]
v (2\ accurate = V(2) numencol = Ein 2.19

and that:

w

(11
V(z\ accurare = G l6z2) + 2 V(@) accusate +0* VD acrates 2,20
b . 6L

Therefore:

V(‘&\nccmaha = V(TJ z) +_t"(kV(z+\1\*\\v(z—k\ (s k\Ufz\) - *EBinceees 2,21
. W (k) b

The remaining terms in the expansion of V(r, z) may be written:

wn wan

E2n = —r% V@) + b V )+ 2,22
64 64..36..

By using the above equations the following expression for V(z) is

obtained:
A B

I _] ]
V(2\ace = 2hk V(t2) +2hk (kr‘v(u\mwu(z-k\ + 2%% [Ean-T’Ein) 2.23
(@hk4r?)  Qwkard) 2 Wk Cha k) (ankr?) L

Where expression A is the value of V(z) obtained vhen derivatives of

order higher than two are ignored and expression B is the error involved
in doing this.

2.5.2 The Error Terms

-1

(1) 2hkre? vhich can be re-written as [ ! -i'__"_‘_2
(2hk+?) - e 2hk

This term diminiches for a constant value of 2hk as r is made smaller

and, for a constant value of r, as 2hk is made smaller.

0
(2) ..:_3 E.n Vvhich can be written as -r2 2 ;2 (\,\“".‘. (-l\n\(n-')
I (TR f\‘.
h=3 C\'\"' k\
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Although small values of h and k make the denominator small, the effect
is offset because the first teém of the expansion has the numerator

(h2 - k2). It follows that small h and k values make this error term
diminish and it completely disappears when h = k for odd values of n.
(3) Ean The terms of this expansion decrease rapidly if r is less
than unity. For accurate numerical values, therefore, the mesh should
be drawn so that:

(1) h, k and r are as small as poscible, preferably less than unity.
(i1) h and k should be as nearly equal as possible.

(iii) The error is strongly dependent on r so that, if a choice is to
be made, r should be small even at the expense of h and k.

Another set of equations has therefore been found for the points along

the axis of symmetry. They are of the form:

ﬂd@(r_‘z\ + BVCZ-\-\\\ + C V(Z-k\-\l(z\z O 2.24
vhere:
A=_2hk | B=_kr? and C= he?
(20K +r?) (k) (2hkerd) - (e k\(2hkr?)

2.5.3 The Solution Of The Equations

The linear simultaneous equations were solved by using the standard
algorithm: ' BANDSOLVE '(67). In order to use this algorithm, the sets

of coefficiepts corresponding to each mesh point must be written in the
form of a band matrix. This was achieved by numbering the mesh points

as shown in Fig. 2.7 and then by inserting the sets of coefficients into
the matrix diagonally. There is a further advantage in this method because
it reduces the amount of storage space needed in the computer, only the
matrix elements in the band are stored.

The coefficients were calculated by means of Programme One which nroduced
them in the order in which they were needed for the matrix to an accuracy

of six decimal places. The verscion of Programme One in the Appendix
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refers to the mesh which was used for the analyser. All programmes
were written in I.C.L. 1900 Algol.

2.6.0 Apnlication Of The INumerical Equations To The Analyser

2.6.1 Test Of Accuracy

Most of the loss of accuracy in numerical calculations of the kind used

in this work occurs at sharp edges and re-entrant corners because of the
large number of points needed to represent them accurately. The electrode
system first solved by Loh (68) was used to test the accuracy of the
numerical methods because it has sim}lar boundary conditions and re-

entrant corners to those found in the analyser.

Unforturately, Loh's equations are expressed in terms of toroidal
co-ordinates which makes direct comparison with the mesh used in the
mumerical methods rather difficult. They were therefore converted to
cylindrical polar co-ordinates. An example similar to that quoted by
Loh was then divided into a mesh using the conditions for accuracy
previously derived and numerical values of potential at certain points
in the mesh were obtained. Comparison between these values and the
analytical values derived from Loh's converted equations then gave a
measure of the accuracy of the numerical equations.

2,6.2 Conversion Of Toroidal Co=ordinates To Cylindrical Polar Co-ordinates

Let u, v be the toroidal co-ordinates of a point in the mesh and pz be the

corresponding cylindrical co-ordinates.

68

It can be shown that:( )

Jo = 0. Swhu and 2 =_Q. Swnv where a 1is a scale factor.
Coshu = Cosv Coshu - Cosv

Thus: L2 = Sinhu and  Swhu= PR SV 2.25
2 Swnv b

also: _P°+ 22 = a ( Suh\-\l U+ G\n”d) ' 2.26

( Coshu - ('os'ﬂ:t

and since Sinh'u = Cosh u-) and  Sun?y = V- Cos?y
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_Pﬁ* > = a? ( Coshu + Cos V) 2.27

( Coshu = Cosv)

Re-arrange this equation and:

2 Coshu = paz24a? 2.28
2 Cos vV P?4+2%-q?
and finally: Coshu = ( p?*4 224+a%\ CosV 2.29
PP+2?-a?

Square and subtract equations 2.25 and 2.29 and re-arrange which

leads to the expression:

P -\
Cos?v = (e’n:‘ (p’+z’+o’ + _p? 2.30
z® Pplaz-c? z*

Thus v can be determined and consequently Cos v, Cosh v, Sin v and

Sinh v. In a similar manner Cosh u etc. can be found.

The co-ordinate system is shown in Fig. 2.8. The values of u and v also
depend on which part of the mesh the point is to be found. Programme
Two was used to calculate the values of potential.

Fig. 2.9 shows the mesh used to represent the example and the following

table compares the analytical and rmumerical results.

Analytical Value Numerical Value
997 997
999 998.7
998 998.2
996 996
989 991.1

971 976.5
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Analytical Value Numerical Value

950 ' 945.8
943 950.2
935 946.2
918 925
872 : 878
791 795
714 718.2
651 654.4
594 596.58
568 566.1
549 550.3
532 532.4
513 512.55
502 501.5
497 497

It can be seen that the agreement is very good, the maximum percentage
error being approximately 0.7%.

2.6.3 Application Of The Method To The Analyser

The mesh chosen for the analyser is shown in Fig. 2.10. The maximum
error conditions were again adhered to and the number of mesh points per
unit area was made approximately the same as in the test problem. ‘It
therefﬁre follows that the percentage error should be no worse than that
obtained above. Programme Three was used to calculate the values of

potential and the results for points along the axis of symmetry are

given below:

Distance Alonz Axis Of Symmetry (EE;) Potential
10.5 1000.00
10.275 : 999.92

“ 3w
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Distance Along Axis Of Symmetrv (cm.) Potential

10.025 999.80
9.61 999.62
9.11 999.29
8.35 998.39
7.75 | 996.39
T.325 992.15
7.02 983.94
6.80 970.44
6.65 953 .91
6.55 938.40
6.45 919.14
6.30 884.14
6.10 830.84
5.80 748.12
5.42 650.68
4.825 520.73
4.025 382,37
3.23 274.13
2,55 . 198.23
1.85 . 132.53
1.35 - 9L.65
1.025 67.36
0.83 53.5T
0.725 46.37
0.565 35.68
0.400 24.99
0.275 o 17.07
0.175 10.82
0.10 6.18
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Distance Along Axis Of Symmetry (cm.) Potential

0.05 3.09
0 0

The distance along the axis of symmetry is measured with respect to the
coilector. In order to obtain equally spaced values of potential along
the axis of symmetry, the above results were plotted on graph paper and
readings were taken every half millimetre. Although the values could

be read accurately, there was some sca*ter due to the estimation of
decimal places and because such a large scale was used that the grapa
covered several sheets of graph paper. To obtain a smooth set of values,
therefére, the results were processed by using the standard algorithm

' SMOOTH , (69) until they converged to their final values.

2.6.4 The Calculation Of The Flectron Trajecctories

The values of the radial separation of an electron from the axis of
symmetry as it passes through the system were obtained by using the

following equations:

The electron trajectory equation is of the formz(Tl)

(1]

N ST I Y S Py 2.31
241 or dz

vhere¢=¢ (r,2) and ¢ = dr/dz etc.
(65)

From Taylor's Theorem:

t (z+h) = c(2) & \m_!-(z\ +E\2('ﬂ +_\3_3 :"-‘(?.\-l—

2 6

vecesenss 2,32

and: ;
N A R N O N N (5 W 2.33
&

From equation 2,31 it follows that:
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e L 30 4+ 3d -~ 34 - 3% ad o 2.34
26 3¢ 249 Oc 26 3z 24 o2

Also :r“ =_‘3_1"1 therefore:

dz
S i(m)ums\_(_l_)+ 20¢ 30 ¥ d a_q)
20 dz \ or 2 or d2 \ @ 2 or 2¢ dz\ or
+22 90 d (_L)-_r‘i 3 -2 d (_ag)-_é 3¢ 4 (q
2 ordz\ @/ 2¢ 02 20 dz2\dz) 2 o0zdz \ @
-3¢ 3¢ -3 4 (.idl -+3 30 d (J_) 2.35
2¢ o0z 20 dz \ oz 2 0z d2\¢
Further
_gl_(_b_tb_)-_—. 22d + % = . 2.36
dz \ or 3z or or?
and
_i(gh_): %4 + 3% v 2.37
dz \ oz 322 dr?

Substitution of equations 2.36 and 2.37 into equation 2.35 leads

to the »esult:

.w=¢(m+£_¢a)+n_.§.(¢)+z"-¢'m
24 \ dzar &¢? 2 dc d2\ 0 2¢ or

ui’( 24+ 2% »'-)+.£‘ MA(L)-_I‘-' 2
20 \ ozdc dr? 2 ordz\d] 20 22z

._t( 3¢ + ¢ a.) SEPY .sL(.L -3¢0 20

20 0z? or? 2 oz dz\ & 24 2z
- ( 3% + b d-) -r32 30 4 (_L) 2.38
24 322 dr? 2 3z 42\ 0
Hence
e 1 2% +r 3¢ +. 24 s’_(_L) +2¢r 20

24 ozdc 24 or? 2 or dz @ 2¢ or

o BT =



Ad? 32 4 43 R 4 2 ¥ gl_(_L) Y
oz

2¢ 029r 24 Or? 3- or 9z \ 9/ 29
S - MR - 3 d (_L)-?,Nﬁg
20 dz* 29 &> 2 oz dz \ ¢ 20 0oz

-3 Ry - &% b ~13 3d 2.39

2 322 24 or? 2 2z dz

ln..
P
el
e

Rearrange and collect like terms:

Ve 2 (Sadlat o)y g (”(@ +4230 < 2 - & Qé)
2¢ o¢? 2d2\d/\or or 02 0z

=1 &0 (F+ed) 4t 2 (1) 4 (Z&éﬁ—éﬁ-iﬁi&é 2.40
24 o2* 2 dzar 20\ or oz oz

The coeff{icient of acl‘;_ (—;F) can be written as:

A G2 [ 24 - ¢ 2
2 ar az

which from equation 2.31 equals r ¢ therefore:

Vet 0 (feddle™) s p d ( 1\__,;(“#)@39;

20 or? dz\ ¢ 29 oz?
+ 1 0% (1+¢7) + (:&ag-ad:-aﬁa& 2.41
2¢ ozac 2¢ or oz oz
Also:

HORO RO

oz &* oz
9 ()= -1 b
6"(¢) * ar
thus




ACREIC R

Substitution of equation 2.42 into equation 2.41 leads to the

result:

w1 N (Rt iR M- [0+ é_) * (1443) 2%
20 or? o? \ oz 20 02?2

+ (14v?) 9% + (&L&b-@-&z@_‘h 2.43
2¢ dzor 20 or oz oz
vhich on rearranging becomes:
a1 20 (R M- Ge?) 3% + (1 t?) 9%
24 o2 2¢ az? 2¢ 9d29r
+_£(a;¢@— -3823 - 24 2 - 284 2.44
20 r oz oz 3r oz
Finally, collect like terms and:
Fe L 0% (et e o (4r?) 92 4 (1) 3%
20 or? 20 22 2¢ oz2dr
- 38 (wi?) 30 2.45
20 o2
It can be shown that=(6o)
G2V b= G@ = $ () +x* §(2) =xb ¢ () ..... 2.46
b 64 230
therefore:
(2= 99 = -¢ ¢)(z\ + 3 (_‘p (z\-_r* “c‘i; G\+ ...... 2.47
or or A 16 33,
and:
in
¢ (r,z\= 80 = (=) -r? cb(z\ +x* ¢ RV+ ....... 2.48
dz oz Y Aqn
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It follows that the values of r(z+h) and r(z+h), and hence the
electron trajectory, can be found from equations 2.34, 2.45, 2.46
and 2.47 provided the values of the axial derivatives can be

determined.

2.66 The Calculstion Of The Axial Derivatives

The methods of forward, backward and central differences were used
in calculating the axial derivatives at points corresponding to the
beginning, end and middle of the axis of symmetry resnectively.

For forward differences it can be shown that: (70)

4".5'!'(&%“"‘ &" én +_'_A3¢n+......-) 2.49

h 2 3

and:

d;:\=l(a=¢n-ﬂg¢n s 7l LIS &ud)r\'i'“."“ - 2,50
K 12

where h is the separation of the poinis along the axis of symmetry

at which the values of potential,dn, are known and the & terms are

given by:
GQR = (bn.-u - A4n
&'0n = Bne2 = 2dner +dn

; o @n = Bn43 ~3¢ne2 + 3dn+l - dn
oY dn bnat ~4dne3 +6dn+z ~Wdne) + dn

&% @n = Qs =Sdnay +10dn+3 ~10dn+2 +Sdnti - dn
A%dn = @nil ~6dn+s +1SEney-20dn+3 +1Sdnea —bdnst + dn

2.51

For central differences:

b= ((¢—¢ V-1(6¢-8¢ Y+ 1 (8% 5" \+) 2.52

vy & 5 30

and:

1]

B=t [¥da-L 6% da+ 1 Chuturnnnn... . 2,53
2
h 12 a0

where the d terms are of the form:
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*'dn = davi = 2dn + Pn-t ‘
3%dn = dnea ~Ldn+t +60n —‘hcﬁn-l 4 dn-2
5 dn = dn43 ~6dn+2 + 1SP 41— 2040 +1Sdn-1 - 6Gn-2 + Pn-3
8 dn- 60-n= dni2-Abn+l +2dn-1 - dn-2. 2.54
% dn-6"d-n= Qna3z ~Udn12 + S Prri=SPn-) +un-2-Dn-3
dedn-decb-n_ = Qnak = 6dn43 +1dn+2 = Vi Dt +1 kdn-1 =14 dn-2
+ 6dn-3 - dn-y

and finally, for backward differences:

¢‘n= \ ( Vén+ 1t Vdn+ 1 Podn +1 Va4t Podnten 255
h 2 3 Iy 6 '

and:

y 2 a2 | W s 6
dus ! (v Qn + PPda+ W TV dn +5 VSd, 4137 Vodnt...) 2.56
W \2 6 180

where the V terms are given by:

Vd«’n'—"— Qr\"an-i

Vadh‘-" Qn- 2dn-1 + dn-2

V‘san: On- 3&n-\ +3dn-3 - dn-3

V*dn= An=- Wdn-t +6dn-2 ~4dn-3 + dn-u

V¥&n= dn- Sdn-1 +10dn-2 -10dn-3 +Sdn-u - dn-5

Véhn= dn~6dn-1 +1Sdhn-3-20dn-3 +i1Sdn-4 -b6dn-5 +Pn-6

2.57

The accuracy of these equations and of the electron trajectory is
governed by conditions similar to those considered previously. Since
the values of potential are equally spaced by the comparatively small
amount of 0.5 mm, the error involved in using the first two derivatives
only‘was considered to be acceptable.

Programme Four was used to calculate the electron trajectories and the
results are presented in the following pages.

2.7 The Electron Trajectories

The programme was firect used to obtain the emitter position corresponding
to optimum resolution and then to determine the effect of spherical and

chromatic aberration.
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2.7.1 The Optimum Resolution Trajectory

The trajectory of an electroﬁ étartiné from the vacuum level was
considered and the contact potentisl difference between the emitter and
the collector was assumed to be zero.

A value of 0.5 mm. was chosen for the critical separation of the electron
from the axis of symmetry because it was thought that by starting at
this small radial distance it would pass through the anode aperture
paraxially. The trajectory of optimum resolution is a straight line
because the electron is then moving radially through the retarding .
region instead of following an elliptical path. At this point it should
be mentioned that the initial valucs for the electron trajectories are
those corresponding to aperture Xl s therefore the paths in the field
emission region to the left of XI are not considered in the present
calculations. Further, except for those results in which the electrons
follow a markedly elliptical path, initial slopes of 0, 15, and 30,

the trajectories are plotted for the retarding region only because in
this way they can be represented with greater accuracy. Fig. 2.1) shows
the results of varying the initial slope from 0° to 2°, Tt can be seen
that the optimum resolution occurs at a value of slope equal to 54'
vwhich corresponds to an emitter position of 7.2 cm. to the left of the
anode aperture. The good agreement between this value and that obtained
by means of the approximate equations suggests that the value chosen
for the initial separation did, in fact, correspond to a paraxial
trajectory.

2.7.2 Spherical Aberration

It has been stated previously that spherical aberration can be reduced
to a minimum by making aperture X1 as small as possible. In order to
investigate this effect, the initial slope corresponding to optimum
resolution was used in conjunction with a range of values of the initial
separation. Fig. 2.12 shows the results of these calculations, again

the trajectories are plotted in the retarding region only. It can be

w42 =



Fig. 2.11(a)
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Fig. 2.11(c)
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Fig. 2.11(f)
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Fig. 2.11(¢g)
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Fig. 2.12(a)

INITIAL SEPARATION = 0.25 mm
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Fig. 2.12(b)

INITTIAL SEPAZATION = 0.5 mm
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Fig. 2.12(a)
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Fig. 2.12(e)
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Fig. 2.12(f)
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seen that there is no measurable effect over the range of initial
separations considered, therefore ape}tura xl wag given a radius of 1 mm.
because this size also provided ample collected current.

?2.7.3 Chromatic Aberration

The equation which describes the motion of an clectron in an electro-

static £1e1d is of the form (1),

Lo Ciagd) ( PY) —fgd;) 2.58
2¢ dr dz

where d) is the value of potential a% some point (r, z) and * and r
are the first and second derivatives of t with respect to z.

In general, the values of potential used are the solutions of Laplace's
equation for the particular system under consideration. It should be
noted, however, that the value of ¢ used in equation 2,58 is strictly
a measure of the total energy of the electron when it reaches ( r , z)
since, in deriving the equation, use is made of the identity:

,__!_“'\‘1.)2 5 995 2-59
2

where e and m are the charge and mass of the electron and v is its
velocity at ( r , z). Vhen the solutions of Laplace's equation are
substituted into equation 2.58 it follows that the motion of an electron
vhich has entered the system with zero energy is described. If the

electron enters the system with some other enersy £3¢J , the velocity

at ( r, z) is given by:

Amv = e (d+a9) 2,60

and in order to describe the trajectory correctly, equation 2.58 must
take the form:

r= Gae?d) [ 3¢ - &30
2(¢+a¢) \ or 0z

2.61
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The gradicnts of potential do not change because the extra erergy is

a scalzr additive constant. ‘ '

Electrons leave the emitter and enter the analyser with a range of
energies. Programme Four was therefore modified to investigate the
effect of chromatic aberration by usirg the values of initial slope
and separation corresponding to optimum resolution and by varying the
value of £5¢ . Fig. 2.13 shows the result of these calculations. It
can be seen that there is a definite effeet because if the change of
slope had been caused simply by the ;ncremental increases in é3¢)'the
graph would have been linear. The effect is, however, quite small
because a change in AP of 0 to 10 volts produces a corresponding
change in the final slope of only one degree.

2.8 Additional Factors Vhich Limit The Resolution Gf The Analyser

2.8.1 Toas Of Collector Current

Fig. 2.14 shows the ideal retarding potential vs collector current plot
for a perfect analyser in which a satvration region occurs at high
values of collector-emitter potential difference when the energy
distribution of the metal emitter no longer contributes extra electrons
to the collected current. 1In practice, a plot similar to that shown in
Fig. 2.15 is obtained.

Young and Miller (24) have suggested that the discrepancy may be caused
by the production of secondary electrons at the collector which leads

to a loss of. collector current. If this suggestion is correct then a
reflection coefficient R can be defined which is a function of the
incident electron energy. A reflection coefficient is used instead of
the usual secondary electron yield because it has been shown (72) that
when electrons with energies of less than approximately 5 eV are

incident on a target the secondary electrons produced are mainly elastically

scattered primaries.

Consider Fig. 2.16. There are two electrons at energies El and E2 eV .

below the top of the potential barrier in the emitter. When the collector

- 44 -
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Fig. 2.16
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and emitter are in equilibrium their Fermi levels coincide and Fig. 2.16
shows that the electrons considered tﬁen have insufficient energy to
surmount the potential barrier at the collector and are, therefore, not
collected.

Suppose a potential difference of Y2 volts is applied between the
emitter and the collector. It follows that the electron of energy E2
can now just be collected and that its energy with respect to the top
of the collector potential barrier, point A, will be zero. Similarly,
when the collector-emitter potential difference is V volts the electron
of energy El eV is just collected and ite energy with respect to A
is also zero. The first electron will now, however, have more than
enough energy for collection and will arrive at the collector with an
energy of e(vi - v2) eV  with respect to A. In the experiment the
collector is maintained at earth while the emitter is made negative.
It follows that when the collector-emitter potential difference is Vi
volts the reflection coefficient for the electron that was originally at
E, eV  below the potential barrier in the emitter is R(evl - evb)
whereas the reflection coefficient for the other electron is R(0). The
measured collector current, Im (v,), at a collector-emitter potential

difference of vy volts is, therefore, given by:

Vonset
Tmly) = _d_.'_C_(CP](I-R(eVr-GCPno\d) 2,62
. dv

where I((p ) is the true collector current when the emitter-collector
potential difference is @ volts. V onset is the value of emitter-

collector potential difference which corresponds to the onset of collector

current, therefore, vV, 2 vonset. It follows from equation 2.62 that:

dImw) = d TCv) = R0) dTCw) 2.63
dv v .dV

and that the measured slope is related to the true slope by R(0) which
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is a constant for a given collector material.

Equation 2.63 shows that dTm(W) |dv | is negative when R(0) is
greater than unity which could only occur if true secondary electrons
are formed. This seems unlikely because not only are the energies of
the primaries too small (72) but also the production of true secondary
electrons is independent of the angle of incidence of the primary
electrons at low energies (73) and experiment shows that the current
loss can be removed by careful emitter positioning. It therefore

seems improbable that energy dependent reflection of electrons at tre cellector
or the production of secondary electrons are the cause of the loss of

collected current shown in Fig. 2.15.

The form of the experimental results suggests a reflection coefficient
vhich increases as the collector emitter potential difference increases
and which reaches a maximum value where the measured characteristics
show a constant collector current. Such a reflection coefficient would
be a function of the collector-emitter potential difference only so that
all electrons vhich form a given collector current would have the same

value of R. The measured collector current would then be given by:

Im(v) = T(v) (\—Q(v\\ 2.64

and it follows that:

dImW) = d T(W) - 4 (T RCU“ 2,65
dv av av

Equation 2.65 shows that as I(v) approaches its saturation value Is(v),

a value of ATV |4V  osceurs such that dIm(V) [dV 15 zero when
the number of electrons gained by the collector is just balanced by the
number being reflected. As dIC(VW) [dV tecomes smaller, dIm(V)[dV
becomes rogative and reaches its maximum negative value when dI(U\/dV
equals zero. The collector-emitter potential difference which corresponds

to the saturation of I(v) can therefore be determined from the slope

- 45 =



of the measured characteristics. For subsequent values of v:

dT o)) = -Ts(Vv) d RCv) 2.66
dv dv

and equations 2.64 and 2.66 can be used to obtain Is(v) if the form of
R(v) is krown.

Although Miller (24) suggested that the loss of current in his
experimental results was caused by secondary electrons he used a

correction term which was similar to that described by equation 2.64.

It was of the form:
TOW) = A+ Bexp(-kav) 2.67

where k is a constant and A and B are shown in Fig, 2.16.

OV = V= Voenset 2.68

i T = TV /TW) 2.69

Equation 2.69 has since been used by many investigators but, unfortunately,
if the experimental results are fairly close to the theoretizal values,
the correction makes A very small with respect to B so that the
experimental result then becomes only a small fraction of the corrected
result, This is obviously unsatisfactory and since virtually any form
for R(v) can be used provided it is compatible with equations 2.64 and
2.66, it is more realistic to use the experimental results which come
directly from the analyser and by following the arguments of the previous
paragraph to decide whether the correlation between theory and experiment
is good or otherwise. This procedure will be adopted in the following
chapters.

It should be noted that the conclusions of the previous paragraph are
independent of the form of R(v), therefore the total width of the

energy distributions measured by the analyser can be obtained without

the use of a correction factor.
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2.8.2 Anomalous Broadening With Current Density

(74)

Many investigators have reported the cxistence of energy broadening
in electron beams of various current densities and recently Zimmermann(TB)
has reviewed the problem in great detail. He has shown that the
broadeniﬁg is caused by coulombvinteractions between the electrons and
tha£, although these interactions are usually weak, they can lead to
drastic changes in the distribution of electron energy amongst the
various degrees of freedeom in the beam.

The idealised analyser shown in Fig. 2.17 was used for the calculations
and it was found that, for a divergent beam at some point in the field

free region A - A, the energy spread A & could be related to the energy

spread A Eo at anode (1) by the relation:

(ar)= (ae;ﬂz + C)RL e (k)™ 2.70

vhere R is the radius of the anode aperture, J is the current density,
{EY is the average value of the energy components in the direction of
the beam and C is a function of the bean parameters.

In obtaining values of A E, Zimmermann assumed that the electrons were
accelerated up to anode (1) by a plane homogeneous field and that
interactions did not occur during this process. The energy spread at
anode (1) was therefore caused only by the thermal energies which the
electrons attained at the cathode. It was further assumed that the
current density in the beam was approximately constant during acceleration.
The initial energy distribution used was that corresponding to thermionically
emitted electrons and it was found that for a cathode temperature of
1500°K and a current density of 1 x 10'4 Amp. cm"g. AE vas approximately
equal to 0.1 at a distance of 10 cm from anode (1) in the field free
region. The relationship between A E and the half width is somewhat
difficult to determine because it depends on the shape of the measured

distribution. In all the exemples quoted by Zimmermann, however,
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is approximately .twice A E.

Although the energy broadenihg of a thérmionic rather than a field
emission source was considered it seems probable that the effect ic also
significant in the latter case for the following reasons:

(1) A Bo was calculated by assuming a constant current density and

by ignorinrg interactions in the acceleration field. In the present
analyser the acceleration field is not constant and the initial current
density can be as high as 106 Amp. om =2, Although the effect diminishes
with beam diameter %he current density at the anode is still npproxinately
10—7 Amp, cm.-2 so that, although the subsequent effect in the field free
space is smaller, it seems probable that AFo would be larger than the
values calculated by Zimmermann.

(2) The temperature of the field emitters used in tne present work was
approximztely five times smaller than that of the thermionic emitter
considered by Zimmermann. The broadening is, however, caused by
interactions in the beam and not by tha initial energy spread, therefore
this effect would not seem too important.

Because the theory of anomalous broadening has not been applied {o field
emitters it was decided to investigate ‘the effect experimentally. The

results of these investigations will be presented in Chapter 5.

ooQ0oo
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CHAPTER

The Theory Of Field Fmisaion

3,) Tntroduction

During the development of the theory of field emission, the two main
aspects of the pheﬁomenon which were considered were first, the total
emitted current and second, the energies of the field emitted electrons.
This has been true of ¥he theories corresponding to both metals and
semiconductors and reflects the chronological order in which experimentis

on these materials were performed. Tre same order will be adhered to

in the rest of this chapter.

3,2 The 'Meory Of Field Fmission From Metals ’

3.3 Tne Fowler Nordheim Fquation

IAlthoﬁgh Fowler and Nordheim (9) (10) were the first to formulate the
field emission effect in terms of quantum mechanics, a deériviation
gimilar to that of Good and Miller (76) will be given in the following
pages because the work on energy distributions, which will be described
lgter, depends on the same definitions of the zero energy. This
definition is different from that used.by Fowler and Nordheim.

It is supposed that the potential barrier at the surface of the metal
is deformed by the electric field, thus leading to a much narrower
barrier and the possibility of electron tunnelling (9). The shape of
the barrier also derends on the image force which the electron
experiences as it escapes from the metal. Fig. 3.1 shows the effect

of these forces and the houndary conditions of the problem, where F is
the applied field, e is the charge on the electron, ¢ is the work
function, € the Fermi level and Ea the bottom of the conduction band

of the emitter. All energies are measured with respect to the same zero

as the effective potential energy\(x).
The Schroedinger equation, which must be solved in order to find the

transmission probability of an electron with an energy "component" Ex
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in the direction normal to the barrier, ig of the form:

ﬂl-l»(}m)(Ex-;-_gf +QF:x)cp=O 3.1
ox? R? Lo

where ¥ is Planck's modified constant and m is the mass of the electron.
This equation has been solved rigorously by Nordheim (10) and approximately
vy Good and Matler T6) it used the WK B approximation which is

valid only for electrons whose energies are much smaller than the energy
corresponding to the maximum height of the barrier. Since this corresponds
to the energies of field emitted elections, the use of the approximation

is permissible. The details of the solution of equation 3,1 will not

be considered here since it is already well documented (10)(76)(77).

The transmission probability of the electron with energy "component"

Ex is found to be of the form:

D(Ex) = exp (=~ y/2mlExl? v(y) 3.2
3teF
where v(y) is a slowly varying function (76).
After finding the transmission probability, the next problem is to
determine how many electrons with kinetic energy "components" Ex arrive

normally at the barrier per unit area, per unit time, from the interior

of the metal.

Fowler and Yordheim (9) (IO)' like Sommerfeld, assumed that the
conduction electrons in a metal behave like a gas of free particles
which obey Fermi-Dirac statistics. It follows, therefore, that the

probability of an electron state of energy E being filled is given

by the expression:

F(e) = e-xp((be\)ﬂ = 3.3
kT

where k is Boltzmann's constant, T is the absolute temperature and €

is the Fermi enersgy. The actual number of available states can be
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found from the fact that each volume, h3, of phase space contains two
states for particles of spin 4, therefore, the number of available

gtates in the momentum range dPxdPydPz ig given by:

dS = 2V dPx tlpg d Pz 3.4
h%
where V is the volume of the metal. It follows that the number of

electrons with momenta in the same range contained in volume V is:

dn = 2v dfx dPy d Pz \ 3.5
3 T
“ o (G
where 2nE = Px’ + Py’ + P2 3.6

In order to find the number of electrons moving in the x direction
with momenta within dfx , the number per unit volume with momenta in
the range dPx dPydfz must be multiplied by the velocity in the x
direction and the result integrated over all possible values of Py
and Pz. This leads to the expression:

w m

dn-,;: ._P& A APxAPﬂsz | 3T

3
m h E-€
Pa=wcd A : GIP( K'I'\+l
3= Pa2-cD
where vx, the velocity in the x direction, equals Px/m.

Since the x direction is the direction normal to the emitter surface,

it follows that:

Ex "—'__"4__'?\'\\):::l 3,8
2 . L

and mdEx= PxdPx . 3.9

Substitution of equations 3.6, 3.8 and 3.9 into equation 3.7 leads to
an equation for Ii(Ex)chbt, the number of electrons incident on the
barrier per unit energy, per unit time, with normal "components" of
kinetic energy in the range Ex to Ex +dEx. The equation is of the

form:
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N(Ex)dEx = _2 g dPy d P2 dEx 3.10
h? Ex-¢ 4 Py?4P2?
-0 exf ( s s )'1' \

Evaluation of the double integral by means of polar co-ordinates (76)

leads to the result:

N(Ex)dEx = WrmKT log (Hexp-— (Ex—e) 3.11
h3 KT

It follows that P(Ex)d Fx, the number of electrons that emerge from the

metal per unit area, per unit time, within d Ex, is of the form:

P(Ex) dEx = N(Ex) D(Ex) dEx 3,12

and that the total current density, I, can be found by integrating

equation 3.12 over all possible energies i.e.
[+

T = S PC(Ex) dEx 3,13

- Ea
Substitution of the expressions for N(Ex) and D(Ex) into equation 3.12

leads to the result:

P(ExXVAEx = hnmkT exp (—ll-szlExla v (@ ‘os l+cxp-(Ex-g) dEx 3.k

W 3he F 1Ex) kT

For electrons with energies in the neighbourhood of £ , the exponent of
the transmission coefficient can be approximated by the first two terms

of a power series expansion about Ex = £ . It follows that:

C = V2wl Ex®v[Ve2F | = ~c + Ex-g

3.15
3#\?.‘: IEx‘ d
where:
¢ = W2m > v [Jo3F 3,26

3IFeF o)
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and -1
‘d=  ter (szma; b (J«?'F) 3.17
@)

t (y) is a slowly varying function (76). Equation 3.14, therofore,

reduces to:

P(Ex)dEx = Lrm e::p(-c+ Ea.:—g)_ k'r\oa l+exP—(Ex-§) dEx 3.18
W d ®T

3.3.1 Low Temrerature Emission

For small values of T:

!ﬁ\o%(l-i-exp— E:-E\) = O when Ex Y€
T

and kT \dg(uexp-(ﬁ_x;&ﬂ = €-Ex when Ex < ¢
W

Substitution of these identities into equation 3.18 leads to the result:

P(ex) = 0O when Ex?%YE€

and P(Ex)=Lam exp (—c+ Ex-f (E-Ex\ when Ex<E€
h3 d

It follows, because there are no electrons above the Fermi level and

because -Ea is usually far below the Fermi level, that the limits of

integration in equation 3.13 can be changed to € and -, Therefore,

€
I= Lnowm j e p (—C+ Ex-g)(E—Ex\ dEx 3.19
W3 d
-0

and after integration:

-1
I= egF(thdvt’(E) exp [-ulama ™ v [Je3F 3.20
()
e F ¢

3.3.2 Emission At Higher Temperatures

Strietly speaking, equation 3,20 can only be applied when the emitter
is at absolute zero. It is still approximately true for small
temperatures but at higher temperatures the majority of the emitted

electrons originate from energy levels well above the Fermi level and
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the approximation used for the logarithmic term in equation 3.20 then
becomes invalid. As the temperature is increaaéd even more, electrons
gain enough energy to escape from the metal by passing over the top of
the potential barrier and Thermionic emission occurs. The approximation
used in the transmission probability now also bacomes invalid since ix
may be equal to or even greater than the maximum height of the barrier,
U(x) max.

There are therefore three different types of emission: field emission,
ét high fields and low temperatures, thermionic emission, at high
temperatures and low fields and an intermediate Thermionic-Field or

T-F range.

Provided electrons do not come from energy levels which are far above
the Fermi level, equation 3,15 can still be used for the transmission
probability. For such electrons, with Ex >¢ , the first approximation

to the log term is of the form:

l03 l+exP-(E?¢-E) == exp~ [ Ex-£ 3,21
KT G

thus the expression for P(Ex) becomes:

P(Ex) = LnmUT exp (-c-\- (Ex-e\(_l—_l__\ 3,22
h3 A «T

The exponential tail of the distribution above the Fermi level is
shown quite clearly in this equation. Equation 3.22 can also be used
in order to estimate the range of fields and temperatures for which
the apfroximate value of D(Ex) can be used. For this range, the
exponential term must be such that P(Ex) becomes appreciably smaller

as the energy of the electrons approaches U(x) max. This occurs when:

(Uft\max—ﬂ(__l_— __l_) < |

o2
d KT 9:23

Since U(x) max = -J Jr (4) and @ = = € , inequality 3.23 reduces to:
A B A 4 \ : 5.24
KT d d- Vo2 g



For conditions experienced in practice, the right hand side of irequality
3,24 is much smaller than 1/d and can therefore be neglected.
Substituting the expression for 4 and mumerical values of the constants

into inequality 3.24 leads to the result:

F> 883x100¢2 T 3,25

which, for tungsten at room temperature, means that F must be greator
than approximately 5 x 106 volt omL. This is usually the case in
practice. Thus, assuming inequality 3.25 is fulfilled, the total emitted

current density can be found by integrating equation 3.18 over all

possible energies i.e.

o
o0
r
1(t)=e ] PEx)dEx = |lLwmkT exp[-c+Ex-€ loﬁ ltexp~[Ex-£ | |dEx3.26
e 32 d kT

and: s

- Ladl
TCr) = bnme kit e ) Xd ‘oa 141 | dX
W X

o
where X = exp [ Ex-E
kT .

3.27

The integral can be integrated by parts (76) and the final result is:

() = T (wkT)/d 3,28
Smn((wkT\lé\

where I(o) is the total emitted current density at zero temperature of

equation 3.20.

The case vhen inequality 3.25 is not fulfilled has also been considered
in some detail. Dolan and Dyke(79), for example, investigated field
emission under this condition by performing a numerical integration of
their D(Ex) curves and Cutler and Good (80) were able to find analytical
expression for the higher order terms of the expansions used in obtaining

equation 3.18. These correction terms will not be considered becauge
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the need for them does not arise under most experimental conditions.

3.4 The Fnerqy Distributions Of Field Tmitted Mlectrons

3,4.1 The Normal Energy Distribution

The normal energy distribution, P(Ex), is a measure of the number of
electrons which have a given component of energy with the direction
normal to the potential barrier (and, therefore, to the emitter surface).
This distribution has already been derived in the previous section since
the Fowler Nordheim eéhation measures the number of electrons leaving

the emitter and this, in turn, depends on the normal components of their

energy. The result is repeated below for convenience:

P(Ex)= humkT e:rp(-(-i_E_x_-_g los(H-c'xp- (E:r-i) 3,29
W d kT

3.4.2 The Total Energy Distribution

The total energy distribution, T(E), is a measure of the number of
electrons leaving the emitter with a given total energy. In deriving
the expression for the total energy distribution it will again be
assumed that the electrons obey Fermi-Dirac statistics and that the
transmission probability depends only on the normal component of

electron energy.

The total energy, E, of an electron is composed of three components

of kinetic energy such that:

E.--x= E-~ Py? -~ P27 3,30

2m 2m
wvhere Ex is the component in the x direction. This direction will
again be defined as normal to the potential barrier. For any given
total electron energy, therefore, there is a range of values of Ex

given by equation 3,30. There must, therefore, be a range of

transmission probabilities also.
Suppose that N(Ex,E)dEx dE is the number of electrons with total energies
in the range E to E + d E whose x part of energy lies in.the range

Ex to BEx + clEx,‘incident upon the barrier per unit area. Then if
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D(Ex) is the transmission probability, the number of electrons escaping

with energies in this range is given by:

T(es, ) dEx dE = NCEx,B) DCEx) dExdE 3.31

If all possible values of Ex consistent with a range of total energy
from E to E + dE are taken into account, then the number of electrons
wii;h total energies in the range E to E + dE actually escaping through
the barrier can be determined. This is the total energy distribution

7(E), where:

T(e) = j T(Ex,e)dEx dE 3,32

EXx
The expression for the transmission probability D(Ex) is already known,

therefore, cnly l(Ex,E) dEx dE remains to be found.

If O is the angle between the electron velocity vector and the normal
to the surface and @ is the azimuthal angle, then the number of
electrons with energies in the range E to E + dE incident between &

and © + d6 and between d and @ + A on unit area of the surface at

x = 0, per unit time, is given by the product of the mumber of electrons

arriving at O per unit solid angle and the differential solid angle.
This product is of the form: (23)

N(RE)dRAE = a (EVAE W (05O Sin O dodd 3,33
e

where n(E) is the number of electrons per unit volume with energies in
the range E to E + d Eand |Vl , vhich equals 2E/m, is the magnitude
of the electron velocity.

It is clear from equation 3.30 that:

Ex = \.mv? (5?0 3.34
s
hence - dEx = \Wl Sin® CosO A0 3.35
mivl

Substitution of equation 3.35 into equation 3.33 leads to the result:
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N(R, E)dRde = ~n(e)dEdEx d 3.36
Wn JQmE

and integration over all ¢ gives:

N(Ex,E) dEx dE = -n(E) dExJE O 3.37

2J2mE

n(E)d E is the product of the number of available states per unit

volume with energies in the range E to E + A E and the probability of

these states being filled. The expression for the number of available

states is of the form: (81)

3, 1
NsCEVdE = w22 g2 4p 3,38
. mh3
and the probzbility of a state being filled is given by the Fermi
function:

-
F(e) = (exP(E"E)-\-t) 3.39
wT

hence:
3fa v
wCEYdE = bw (2m) | E ¥ de 3,40
W exp (—"'?‘f—\-»\
and finally:
N(Ex,E\dE'xdE= - hnm dEx dE 3.41

3
W exp ()l
For a given value of E, Ex can vary from E to -Ea, therefore:

Ex=--Ea

TCe\dE = S N(Ex, &) D (Ex) dEx dE 3.42

Ex=¢t
Vhen BEx equals -Ea the integrand is essentially zero so that =¥a can

be replaced by - . After performing the integration the result is:

E
TCeYdE = \»En;d exe (—c—_g_) exp (.—d_) dE 3.43
h

exp (Ek-'ﬂ +1
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where ¢ and d have already been defiﬁed by equations 3.16 and 3.17.
This equation; 3.43, is the total energy distribution of electrons field
emitted from a metal.

3.5 Comparison Between The Normal And Total Fnerey Distributions

The total energy distribution represents the distribution in total

energy of field emitted electrons brought to a single potential outside
the emitter whereas the normal energy distribution is the distribution
of the "components" of electron energy normal to the emitter surface.

The total energy distribution can therefore be expected to provide
information concerning the origins of the field emitted electrons while
the norm»l energy distribution should provide details of the trancsmission
probabilities. Exoept for thin film tunmelling (52), yhere plane
parallel electrodes are used, it has not proved possible to measure the
normal energy distribution because immediately the electrons leave the
emitter and are acted upon by electric fields,energy is transferred from
the normal direction to other directions. The validity of the expression
for the transmission probability has not, therefore, been proved
experimentally but it has been accepted because the total energy

distribution also contains the expression and experiment has shown this

distribution to be correct.

3,6 The Theory Of Field Fmission From Semiconductors

3,7 Theory Concerning The Total Fmitted Current

In this section electron energies will be measured as shown in Fig.3.2
because this method is more convenient than the method used previously |
for metals. The effect of field penetration and the image force
correction have been omitted for the sake of clarity. It can be seen
that the Fermi encrgy, € , is positive when the Formi level is above

the conduction band and negative when the Fermi level is below the
conduction band. The work function,]( y is defined as the energy needed
to remove an electron from the Fermi level and place it outside the semi-
conductor and the energy of an electron at the bottom of the conduction

band is given by:
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G = X +E€ 3.44

It is assumed that L, the band gap energy, is much larger than \el
so that holes in the valence band need not be congidered.

3,7.1 The Transmission Probability

The expression for the transmission probability derived by Nordheim (10)
will be used in this chapter. Fig. 3.3 shows the potential barrier in
terms of the energy definitions mentioned above. Ex is the "component"

of electron energy normal to the barrier and F is the applied field.

Rordheim (10) found that for a metal:
D(Ex) = exp (—M (y-ex\2 ¢ ( e JF “ 3,45
3F (p-Ex)
where: K = 8 mu? 'f2 ' 3.46
\‘2 i

and ¢ (y) is a tabulated function (10),
For a semiconductor, which behaves like a dielectric if its dielectric
relaxation time is sufficiently large, the image force correction must

be multiplied by the factor (z - 1)/(z + 1), where z is the dielectric

constant. This leads to the result (26):

\l
D(Ex) = exp (-—_\_\-_E‘_ (\p—Ex\ah ¢ ((_3_-_—_\) ) elF 3.47

3F 2+ (p-Ex)

3,7.2 The Effect Of Field Penetration

Vhen an electric field is applied to the surface of a metal or a semi-
conductor a surface charge is induced. This induced charge has little

effect in the case of a metal because the number of additional charges

involved is small compared to the mumber of available conduction electrons.

For a semiconductor, however, the position is somewhat different bocause

the number of electrons in the conduction band is relatively small under

most conditions. 1In order to supply the surface charge, therefore,

additional conduction electrons must be created by ionisation in the
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surface region when the semiconducto¥ curface is made negative with
respect to thé other electrode in the system. It follows that the
conduction band must dip down towards the Fermi level as the surface
region is approached from the interior and, if the applied ficld, and
hence the surface charge, is large, then the Fermi energy at the surface
may even become positive. This degenerate case is shown in Fig. 3.4
where - E is the Fermi energy of the bulk material and QR is the
maximum change in the Fermi energy.

Let U(x) be the decrease in potential caused by field penetration at a

distance x from the surface then:

U(o)= o Rr U(x)~0 as x>
' 3.48

(é_y..) = i d__u_ 59 0% X ~»0

dx x=p £ dx
The density of electrons in the bulk conduction band is given by (83)3
@
3 \.

ne = _bw QQm? N | - 3,49

E
o ) exe(5E)
since the Fermi energy is negative and energy is measured with respect
to the bottom of the conduction band. In the surface region there is
a decrease in potential of magnitude U(x) at a distance x from the
surface. It follows that the denaify of electrons in the conduction

band at x is:

0
3 "
NeCx) = luw ()2 g dE 3,50
: W £ - (utx)+e \)
(o) exp ( T +|
The number of ionised donors in the surface region is given by:
NG = N exp u(x\) 3.51
wT
Poisson's equation for the surface region is, therefore, of the form:
' @
2 2 3/ 12
d2U(x) = =harne?[escp [ W)\ = b (2m) E dE 3.52
ax* oz kT | 6> e (B 1‘:‘*0)
5




and by using the substitutions x = E/kt, y = (U(x)- € )/kT, the oquation

can be reduced to the more convenient expression:

dTUG) = ~hwne? oy p [ U -4 . No Fy, ( qu\—e) 3.53
dx? z KT | VT n KT
vhere: No = ( 2wwm k"i‘\w;2 3.54
(-]
l,z
and Fua (@) = X = dx 3.55
|+ exp(x-y)
o

Integration of equation 3.53 subject to the boundary conditions in 3.48

leads to the result (26)= . £+oR
. KT
R 2(———2 ‘“’) ~1+exe- -é‘f)+ _?:_a) 2 | Fualydy 3.5¢
Xo KT Xo /i
y €fkT
where Xo = (zk"l" ) = Xo 2 No 4 3.57
8wne? w

Equation 3.56 can be used to describe degencrate and non degenerate
surfaces in the following way:

Degenerate Surface

In this case the conduction band dips below the Fermi level aand for

extreme degeneracy it is evident from Fig. 3.4 that:

E+ ORI KT 3,58

and that AR ME 3.59

The integral F1/2(y) (cf. equation 3.55) is very small except for
values near the surface when y approaches ( € + AR)/KT. This fact can

be used to obtain an aprroximate value for the integral

E+OR
wr
Fia (4)dy 3.60
€/t
which occurs in equation 3,56 because, near the surface:
[a+]
Flaly) 0 S x'? dx 3.61
o



Also, since (¢ +O R)/KT is much greater than € /T, the limits of
integral 3.60 are essentially the same as those of integral 3.061,

therefore integral 3.60 is approximately:
E+oR

KT 3/2 s
2x dx = M .5_'19_9) A 3.62
A 3 \5 KT

By substituting equation 3.62 into equation 3.56 and ignoring the small

ionic terms, the result:
Ehag 2= o ps 3,63

is obtained where:

'Is
» = 1 [225 W 3.64
‘ 22/5 'ﬂl".?" miel

Thus, by combinirg equations 3.63 and 3.58, it is evident that strong

degeneracy ceccurs whent

F % ( 16\ zkr 3,65
I5fw/ Yo
At room temperatures, this equation reduces to:

/2 -
F 2z 1e2 % 106 \!m:r.cm.1l

which, for cadmium sulphide, means that F must be greater than

4 x 10° volt emL.

Non Degenerate Surface

For a strongly non degenérate surface the condition:

- (AaR+EY I KT 3,66

prevails. This can again be seen by reference to Fig. 3.4. Under

condition 3,66 it can be shown that (26) equation 3.56 reduces to:

Sinh (AB\ = Fxo 3,67
- 2kT 22%T

Therefore, by ucing equations 3.66 and 3.67, it is seen that the

surface region is far from degenerate when:

F4< (2x1/ Xo _ 3.68
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which reduces to:
' £ .
F << 2 fa 1°5 X 106 voLT. cm’” 3.69

at room temperature.

The conditions derived above for the fields necessary to cause degeneracy
and non degeneracy in a semiconductor apply to an ideally perfect semi-
conductor surface only. 1In a real semiconductor, surface states can

also play an important part in determining the magnitude of the emitted
current density.

3.7.3 The Effect Of Surface States

Consider the following experiment. A parallel plate capacitor is made
by separating a thin layer of n type germanium from a metal plate by
means of an insulator. When a potential difference is applied to the
capacitor, the conductivity of the germanium will change if the charge
induced in it is free to move. Shockley and Pearson (84) performed
this experiment and found that only atcut one tenth of the induced
chaége caused a change in conductivity., This result was explained by
Bardeen (85) who supposed that the immobile fraction of charge resides
in electronic states which are peculiar to the surface of the semi=-
conductor. These states, which can even exist in the normally forbidden
gap, may be caused by adsorbed atoms or as a consequence of the sudden
departure of the crystal potential from periodicity at the surface.
Electrons from the conduction band of a neutral semiconductor crystal
will tend to fill the surface states until a potential drop is built
up in the surface region such that the highest filled state is at an
energy level corresponding to the Fermi level of the bulk material.
This then leads to a region of depleted conductivity under the surface,
as shown in Pig. 3.5,

Fig. 3.6 devicts the more @eneral case of field emission from a semi-
conductor with both donor and acceptor states. The donor states are

assumed to be at an energy level Ed and the acceptor states at an energy
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level ®a below the conduction band respectively. Let there be lid donors

and Na acceptors per unit area of semiconductor surface. The donor

states are neutral when occupied by electrons and the acceptor states

are neutral when occupied by holes. The following definitions will

also be used:

(1) For no applied Field ndo = the number of electrons on donor states.
pao = the number of holes on acceptor states.

Eo/z = The electric field at the top of the

barrier caused by the surface states.
(2) Wnen Field applied nd = the number of electrons on donor states
pa = the number of holes on acceptor states

E/z = the electric field at the top of the

barrier caused by surface states.

From Gauss' theorem:

F+E = -(Nd-nd)+ (Na-gpa) 3.70
brze

and when F = 0O:

Eo = - (Nd-ndo) + (Na-pao) 3.71
bnze?
If exp (Eg/2xT) is much greater than exp (( ®- € )/kT) then it is
obvious from Fig. 3.6 that the acceptor states will be occupied by
electrons. In this case, pao = pa = 0 and equations 3.70 and 3.7l can

be combined to form the expression:

F+E = (nd/nd)+ B 3.72
Eo o + B
where o = ndo/ Nd _ 3.73
and A = (Na-nd)/Nd 3,74

The value of nd can be determined by considering the dynamic equilibrium

of the donor states. If exchange of electrons with the conduction band

is considered, an expression of the form:

‘2
en[ kT | exp —__QQ_) exp __\L p(Nd-r\tn';' f—...“i‘ 2.75
2mm | Wt kKT *

i 85 =



can be obtained (26), where p is the average trapping cross section of

the donor states and ¥ is the Iifetimé of the electrons in them. When

F = 0:
V2
n (_15_1'_\ exp (“_d)_g\ P (Nd-ndo) = e ndo
2 kT v 3.76
Division of equation 3.75 by equation 3.76 leads to the result:
exp (_\L\ = nd (I—e) 3.77
kT ndo |- ((ernd)|ndo)

. | o
hence: Hil = o fise )e,xp ( V) 3.78
Nd o KT

and finally:

(;-.:;;__‘g_\cpu\% (1 * (_\_-__)exP( “ VAR

o

There is also a relationship between E and V which depends on the
model used for the barrier.

3.8 The Emission Current Density

3.8.1 Fmission With Yo Surface States And No Field Penetration

Although this is a rather idealised case, it is useful in that it
provides a reference current density against which the current densities
corresponding to emission from a semiconductor with surface states, or
with field penetration, can be compared.

The electrons in the conduction band obey Maxwell Boltzmann Statistics
provided the bottom of the conduction band is sufficiently above the
Fermi level. In this case, by following arguments similar to those of
section 3.3, it can be shown that the number of electrons with "components"
of energy normal to the barrier in the range Ex to Ex Ex incident on

the barrier per unit area, per unit time, is given by:

Ny (Ex) = ( exp (— Ex)
kT ) kT 24F0

vhere n is the number of electrons per u'nit volume in the conduction

band. The total emitted current density is, therefore:



TIT= e Nnx (Ex) DCExYdEx 3,81

o
By substituting equations 3.80 and 3.74 into equation 3.81, the final

result is:

Zz+)

s 'z
( \ e:zp( WKy @ (z-—-l e JE 3,82
W

3.8.2 Enizsion With Field Penetration

If penetration of the apnlied field does not lower the conduction band
sufficiently to invalidate Maxwell Boltzmann Statistics, then equation
3.82 can still be used to obtain the emitted current density provided

n is multiplied by exp (AR/kT), where AR is given by equation 3.67.
When the conduction band is lowered so that the surface of the semi-
conductor becomes degenerate, nx(Ex) takes the value corresponding to

a metal because the electrons now obey Fermi Dirac Statistics. Under
these ccnditions, Fig. 3.7 shows that the expression for the emitted
current density can be obtained by using methods similar to those
employed by Fowler and Nordheim(9)(lo) and by replacing the work fvnction
by Y =(OR +€ ), which equals\y - 2 F*5, and the Fermi energy by AR+E , .
which equals 2FYs (c.f. equation 3.-63).

The equation for the emitted current density is of the f.‘orm(zs) :

I= ¢ Fz ex P -k (“’_vFuls)a/z) ¢(u\ X
guh (W-vE"S) 3F

F F

, U} i
( ) (‘+ 2xV FIS (- vEts) 2)expékwmw_w:%)h))
3.83

L/
vhere = (z-l 'l2 e.JE "-!) and FAL_QECW—'JJF S)d}
z+ | (W=-DF 3

3.8.3 Imission With Surface States

Flectron emission from a semiconductor with surface states can be treated
in a way analogous to that of emission with field penetration when the

lowering of the conduction band is too small to invalidate Maxwell
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Boltzmann Statistics. The qua.ntity((bo-\ﬁ is a measure of the bending
of the conduction band and is, 'therefc;:ce, a measure of the mumber of
electrons per unit volume in the surface region. Equation 3.8l can
still be used to obtain the total emitted current density but nx(Ex)

now takes the form:

'z
nx (Ex) = 0 exe (V"Cbo)( _“_‘_I\ ex P ('—E‘) 3.84
KT T 2T m KT

where n is the number of electrons per unit volume in the surface region

when the conduction band is flat. It follows that:
3 ‘Iz
KT 3F 2+ w '

'z
where: To = en exp (‘ d’O)( kT) 3.86
KT

2rm

3.8.4 Mumerical Results

Stratton(gs) has computed numericai vzlues of the total field emitted
current density for silicon carbide under the conditions described by
equations 3.82, 3.83 and 3.85. His results are shown in Fig. 3.8.

For a high density of surface states, there is a large internal potential
drop which causes the conduction band .to bend upwards in the surface
region. The current at low fields is, therefore, small because the
quantity (Vv - o) in equation 3.85 is large and negative.

When the applied field is increased, the conduction band starts to fall
as V becomes'larger. The current, therefore, increases rapidly until
V equals d)o when the conduction band in the surface region is flat.
The emission is then governed by equation 3.82 and the applied field
Just balances the field, Fo, caused by the surfgce states.

At even higher fields penetration occurs and the conduction band starts
to bend downwards. For small bending, the emitted current density is
given by equation 3.82 multiplied by exp‘(AR/kT), where AR is given

by equation 3.67 but with the reduced field F - Fo replacing F. When
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F - Fo is large, equation 3.83 must be used in which F - Fo again replaces
F except in the expression ébrfeSponding to the transmission probability.
The above theory is not strictly true because the expressions for the

band bending caused by field penetration were derived by assuming that

the Fermi level remains constant throughout the emitter and this is

only true under conditions where zero or negligible conduction current
flows. When the conduction current is appnreciable, the energy level
diagram is modified as shown in Fig. 3.9. The definitions are essentially
the same as those in the previous work except that U(x) is the distance
from the top of the barrier to the bottom of the conduction band and

d)(x) is the distance from the top of the barrier to the Fermi level,

€ (x) is again the distance from the fottom of the conduction band to

the Permi level and € s is the value of this function at the surface

vhile € is the value in the bulk of the material. There are also

donor and acceptor levels at energies €d and €a below the conduction

band respectively.

The emitted current density from the conduction band is again given by:

J=e exp( Q o -1+ deJ'hEs exp(de?‘hes))\ 3.87
8uh ¢ F F

when €470 and by:

_—— ( ) e,xp(h-k w2 ca) exP(_E_s}_ 3,68
i 3F KT

when £€¢ <O . As in previous work:

(z“\ eVF ond P=WY-E€Eg

but now the degeneration parameter, £g , has a value appropriate to
the passage of conduction current instead of € + & R, which was the
value derived from equations 3.63 and 3.67 for the constant Fermi level
case.

Poisson's equation for the emitter is of the form:

v (69 =
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AU = —bme? (n-p + N= N 3.89
dx? z

where n, p, N and N are the concentrations of electrons, holes and
charged impurity centres,The conduction current density is given by

by:

)= "-(Junn"l'j-lp ) AQCIJ 3.90
dx

where Mn and MP are the mobilites of the electrons and holes
respectively.
It is clear, by considering the energy levels in Fig. 3.9 in conjunction

with the arguments presented in reference 77, that:

n = R F, (_g_\ 3.91
KT
and P = o8 Fi (;E+_53_) 3,92
kT

where Eg is the energy gap, & equals (mp/mn)S/g, A= 4w (2 m kT/hz)B/z,
mn and mp are the effective masses of the electrons and holes and F¥
is the integral defined by equation 3.55. The concentrations of ionised

donors and acceptors are given by:

-l
v = Nd (\+ 2exp (E-Ed“ 3.93
KT :
and NT = Na (\ + Zexp (Ea-w‘-))" 3.94
KT

where Nd and Na are the concentrations of donor and acceptor sites.
In the bulk material, the gradient of the bottom of the conduction band
with respect to distance, dU/dx, is the same as the gradient of the

Fermi level with respect to distance, therefore:

dau = delx) = J 3.95
dx lxs-eo dx (x5~ Mn neo + Jp PO

where n and p are the bulk concentrations of electrons and holes.

& T =



Near the surface, however, the gradient of the bottem of the conduction
band is affected by field penetration and is not, therefore, the same
as that of the Fermi level. If the internal field in this region is

B(x), it follows that:

_au = P-E('ﬂx—'a.o = -¢efF 3,96

dx x50 2z

Let y(x) = € (x)/kT then,because expressions 3.91, 3.92, 3.93 and 3.94

are functions of € (x)/kT, they can be rewritten in the form:

QCy) = e(n=-p+ N nt) 3.97

and b(y) = n+ Mo p _ 3.98
Mn

Equations 3.89 and 3.90 can then be expressed in terms of y(x) instead
of x. If boundary condition 3.95 is used and the field strength in the

gample is designated E(y), it can be shown that (86);

*E(y) - 1* = 8BrekT ( H(g)'i' G(‘J)) 3,99
My 5 (yoo) z

and, by using boundary condition 3.96, expression 3.99 can be rewritten:

o*E? - 23 \ = 8wekT ( H(ys) + G-(gsn 3,100
z? M’ b7 (yeo) z

. where: ; Ys = Es/kT = y(x) \x5 0 3,101
Yo = *gC:O\:!c-:von 3.102

Y
H(y) = ®Cy) dy 3,103

Yoo

GO = 4 €
and P = j Qly) dy 3.104

Jo e_uin b(y) ECy)-J

The dependence of the space co-ordinate x on y(x) follows from equation

3,90 and is of the form:
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e unbly) dy 3.105

x= kT S
Y Qﬂn\)(g\E‘ﬁ)“J

3.8.5 The Zero Conduction Current Anpvroximation

It should be noted that the zero conduction current approximation is
used when the Fermi level is constant throughout the material and that
its use does not imply that the emitted current density is zero. When

the Fermi level is constant, equations 3.99 and 3.100 reduce to:

* E'(y) = Buwe kT Hy) 3,106
2

and e F* = 8we kT H(y) 3,107
22 Zz

and H(y) takes the form:

Hiy)=en (_21_ Fifz (y) + &2 Fa/, ("3 - wy) +
3 3

Na \n (H L exp (y- wa\) + Nd \n (H-l- exp (“’d'ﬂ‘))
A 2 A 2 3,108

Where wg = Eg/kT, 0a =€ a/kT and @4 = Ed/kT. It can be shown (86)
that for not very strongly doped semiconductors, the first part of
equation 3,108 is much larger than the others, therefore, from

equations 3.107 and 3.108:

ad-
F = gwzAkT _g_ F3/, (ys) 3.109

Degeneration starts to oécur when the conduction band touches the Fermi
level i.e. when € (x), and hence y(x), equals zero. At the surface,

y(x) = ys, therefore, if the temperature is expressed in degrees absolute
and the value ys = 0 is substituted into equation 3,109, an expression

for the applied field corresponding to the onset of degeneracy can be

obtained. It is of the form:




Fd = ‘w4 X\0" 2 Mn - voLT. Cm. 3.110
m 300

It is interesting to note that the values of Fd calculated in reference

(86) are considerably smaller than the fields necessary for appreciable

field emitted current density which suggests that degeneracy occurs in

most field emitting semiconductors.

3.8.6 Fmission From A P Type Semiconductor

When a p type semiconductor is subjected to the action of a high electro
static field a depletion layer is formed just before the inversion layer
at the surface (see Fig. 3.9 (a)). 1In this layer, the concentration

of mobile carriers, and hence the conductivity, is much smaller than

in the rest of the emitter so that the conduction and emission currents
are both limited.

Fig. 3.9 (a) shows that the Fermi level is approximately half way
between the conduction and valence bands in the depletion layer, there-

fore, € (x) = Eg/2. This value of € (x) occurs at a value of y given
86
o ),

Ym = = g + \niq
2 :

( e )( ngh' :
= 3.112
Jn mn

The corresponding effective mobile carrier density, b(ym), can be

3.111

D
n

where

found by substituting equation 3.111 into equation 3.98, whereupon:

bm’: b( = -
Y A Jna exp twq 3,113
2
It follows from equation 3.104 that there must be a limiting value

of the current density at all points in the emitter given by the

condition:

J £ 2un bly)EQ) 3,114

- T3 =



otherwise the integral in equation 3.104 would become infinite. In the

depletion region, therefore:

) & en b (ym) E(‘am\ 3,115
and, because E(y) < Flz

1 & Q/unbfgm\_zﬁ = e fin Alira exp (—.‘!ﬂ.)_ff 3.116
2

z

The emitted current density will consequently rise until it reaches the
value given by equation 3.116 and should then saturate.

3.8.7 The Effect Of The Internal Field

So far the effect of the internal field on the carrier mobility has not
been considered. In general, this can be represented by the relation:

&
MCEY = Mo (_g_g_) 3.117
E

where the exact value of & depends on the machanism which actually
restricts the mobility, E 1is the field :;a.bove which the relevant

mechanism occurs and Mo is the value of the mobility corresponding to

Eo.

For most semiconductors with internal fields in the range 10 to 100v©1t.c;ﬂ
the mobility is restricted by the generation of optical phonons and ¢ =1
whereas, for weaker fields, scattering by acoustic phonons occurs and

6 = %. Since calculation shows that the internal fields in a p type
gemiconductor may exceed 105 volt. cm':l at the transition to the saturation
region, it may be assumed that d = 1.

Equation 3.116 then becomes:
Js e A Jra (_}.\OEo\ ex (— &1‘3) 3.118
; 2 -

and the limiting value of J does not depend on the field strength. Under
these conditions the transition should be abrupt and the saturation
‘current density should approximately equal the limiting current density.

WVhen the relationship between d and E is weaker than that given by

- 74 =




equation 3,117, the trangition is more gradual because the limiting
current density moy then be field dependent.

%,8.8 Emission From An N Type Semiconductor

In an n-type semiconductor the concentration of mobile carriers decreases
smoothly from a maxirmm value at the surface to a minimum value, neo

in the bulk material (see Fig. 3.9(b) ). In general, the equation for

the limiting current density is of the form:

where b(y), the effective mobile carrier density, is given by equation
3.98. Since the majority carriers in an n type semiconductor are

electrons, it follows from equation 3,98 that b(y) can be replaced by

no in equation 3,119, thus:

Jim = 2 un neo F 5.120
2

If‘AA(E) is not taken into account, the emitted current will saturate
and the value of the saturation current density will be proportional

to the bulk carrier concentration. This, in turn, is given by the

equation (86)=
e
nw = (gﬂmk'r Nd exp [ - €4 for T < To 3.121
W KT
no = Nd for T »To 3.122
: %3 '
To = TS0 ((m \( N4 Seded
mn ‘OI&‘

when T £ To, therefore, the saturation current density depends on
temperature and when T > To it is independent of temperature.

Baskin et.al.(%) have performed a mmerical analysis of the equations
used in this section. Their results show that for a p tyve semiconductor
the transition to the saturation region is very dependent on mt (E) and
for an n type semiconductor the magnitude of the saturation current is

strongly dependent on the bulk carrier concentration. They were also
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able to obtain, as a function of the avplied field, values of the width
of the depletion layer in a p type semiconductor and of the electron
concentration in the surface of an n type semiconductor.

3.9 The Total Energy Distribution Of The Field Fmitted Electrons

It will again be assumed that the x direction is the direction
perpendicular to the potentiél barrier and that the probability of
escape depends only on the "component" of electron energy in this
direction. Then if:

Ea= _ | ( 9\3‘&& P'zq 3.124
D

it follecws that the escape probability is D(E = EL ). The component

of electron velocity in the x direction is given by:

Vx = oE 3.125
oPx

and if F(E) is the electron energy distribution function, it will be

obvious irom arguments similar to those presented in section 3.3 that:

.E+dE
Ar(E)dE = 2 F(e) | DCe-E1) 3E dPxdfydP; 3,126
W dPx
€

vhere PT (E) is the total energy distribution. Equation 3.126 can be

rewritten in the form:

PrCe) = 2 FCE) &S DCE-EL) dPydfz 3.127
W A

The integral must be performed over all the possible values of Py and
Pz which, together with Px, form the total momentum PT . In the case
of free electrons, PT is the momentum which corresponds to the total
energy value E since the electron energy is at all times proportional
to the square of the electron momentum. The solution of equation 3.127
can be obtained by changing to the polar co-ordinates & and P+ in a plane
perpendicular to the x direction. Fig, 3.10 shows that for free electrons
and any value of & , PL varies from O to PT as EX varies from 0 to E.

The value of momentum, PT, may not correspord to the same value of
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electron energy, E, in the case of electrons in the conduction band of
a semiconductor because the.sqﬂare of.electron momentum is then not
necessarily proportional to the electron energy. It follows that as

PL varies from O to PT, El varies from O to some energy value Fm(&,0)
which is a function of @ also because the energy-momentum relationship
may be different in different directions in the material. The effective
mass, mn, of electrons in the conduction band is a measure of the
relationship between energy and momentum and from the definition of

effective mass (81), 1t 1s obvious that:

Em(E,©) = P° 3,128
2“’“\

whereas for free electrons:
E= ©/2m 3,129

therefore: Em (E,0) = (__ft_\_) E 3,130
Mn

After changing to polar co-ordinates equation 3.127 becomes

2w Pr

PT(E) = ._zg F(E) |do | pCe-ex). PLdPL 3,131
h
o o

and it can be seen from equation 3,124 that mdE = PL gPL therefore:

P+ CE) = g__.% F(e) | do | pCE-E) dEL 3,132
h

o o

Equation 3.132 can be rewritten in the form:

g E~Em( E)aj
n

Pr(e) = 2m F(E) dO | D(E-ELJEL - |46 | O(E-ENdeL 3,133
W3
o o

=7 =




so that: 2 "aw E- EmCE,0)

Pr(e)= KE(E) DCExVdEx- |\ |40 |DCEx)dEx
2

o o

3.134

o]

vhere K= Luwwm ‘and 0CEx) z D(E-EJ) 3.135
W

3.9.1 The Transmission Probability D(Ex)

The expression for the transmission probability can be obtained by

means of theW.K.B. approximation (88). It is of the form:

DCEx) = exp (~ BCEx)) 3,136
v ’ [
where B(Ex) = 2 [ (2m)" (d(x) - Ex) hdac 3.137
R

and ¢ (x) is the barrier potential energy measured with respect to the
bottom of the conduction band. Equation 3.137 is not generally used
in conjunction with other equations because the mathematics involved
becomes prohibitive. Instead, it is usual to expand it about some
convenient energy, say E' s by means of a Taylor Series, and to use
this expansion in place of the full expression. After this process

B(Ex) becomes:

B-(E::') = bCe')-(ex-€Ye (&) +(Ex-€'Va e+, ... 3,138

vhere BCE) = B(e), c (e~ B(e) and ale)= BCN/Z  3.139

and the quantities a, b and ¢, corresponding to a barrier which includes

the image force correction, are given by (45):

a= 256 (07 (/e )= Cwa/t.t))"'“-‘vCWEI@) 3,140

b= 683 67 (\6'/F) v ( wi/e) 3.141

v 78 =



N2, | :
and c = 10250 (10/F) ¢k (wi/ o) 3,142

where 6= w-¢ 3,143

P is the electron affinity of the emitter and v and t are tabulated

functions (89). The depression of the barrier height, W( , can be

calculated from the expression:
"2 Va =13
wi= 12 (F/10")" (z=1)"7 (24 3.144
Substitution of equation 3.138 into equation 3.134 leads to the result.

2w E

_ ~-b c(ex-¢')
PrCEY= KF(E)e \do |e dEx 3,145
2w
° E-Em(E,8)

provided the quadratic and higher order terms in equation 3.138 can
be ignor:d. The major part of the integral must come from Ex values
near to E, therefore, it is permissible to choose E'equal to E. It

then folilows, after integration of equation 3.145, that:

PrCE) = KF(E) ¢ (- 1 e de 3,146

— —_—

2w
~bCE) S -ctE\Em(E?G\

c CE 2

In the case of degenerate emission when the Fermi energy is positive

and the Fermi level is above the bottom of the conduction band it is

eviden't that most of the electrons come from energy levels near to the Fermi
level. It follows that E, and hence E', can be set equal to the surface

Fern! energy € . Equation 3.146 then takes the form\%6)(47)

= (ble +¢ (€Y Eg) c(€5)E -r cCes)E

PrCe) = K FCE) ¢ e (\-e ) 3,147
C(Es\ ‘
where e = wm/mn 3,148

Similarly, for non degenerate emission when the Fermi energy is negative,
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the expansion should be made about the bottom of the conduction band
because most of the emitted éleétrons will come from near this level.

In this case, equation 3.146 becomes:

- =b(o) c(o)E « f¢ c(O)E
Prece) = K F(R) e e (1-e

o
Sy 3.349

32.10 Application Of The Theory To Cadmium Sulphide

Section 3.7.2 shows that the bottom of the conduction band bends below
the Fermi level in the surface of a degenerate semiconductor by an

amount €5, which equals € + AR, and that:

€E+oR = pF /S 3.150
b \'ls
where 2=\ (225 _h 3,101
/s ““'2“ m‘Bell-

Equation 3.150 is valid provided:

€g > kT 34152

and Fw 2"2 2 X 10" voLT. Cm._‘ 34153
For cadmium sulphide this infers that F must be greater than 4 x 106volt cn™
The expression for the value of applied field, FD, at which the onset

of degeneracy occurs was derived in section 3.8.5 and is of the form:

s/
FD = tub %108% 2 [ ma i T v o
—2 X mn T VOLT.Cm. 3,154
m 300

Equation 3.154 gives a value of § x 105 volt cm-l for FD in the case

of cadmium sulphide.

The fields used in the experiments were estimated from the radius of

the emitter, the applied potentials and the usual correction factor (22 ).
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Fig. 3.11
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Fig. 3.11
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They were found to be of the order of 5 x 107volt em™2. It follows

that the surface of the cad.miu:ri sulphide wag degenerate and that cquation

3.152, with the free electron mass replaced by the cadmium culphide
effective electron mass, can be used to cbtain £ s as a function of F.
Equation 3.147 was then used to derive the theoretical energy
distribution. The expansion about the Fermi level described in section
3.9.1 is not valid above fields of the order of 2 x 10° volt em > so
that this limitation, in conjunction with inequality 3.153, restricted
the theoretical results to applied values in the range 1 x 107 volt cm-l
to 1 x 108 volt cm_l. The relevant parameters for cadmium sulphide
wvere inserted in equations 3.150 and 3.147 and the results of the
calculations are presented in Fig. 3.11.

It should be noted that only "pure" field emission has been considered
i.e. the effect of surface states has been ignored, and that the
equations used are strictly true only for the "zero" current

approximation case.

oco0Ooo
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CHAPTER .

Experimental Techniques

4.1 Sample Preparation

4.1.1 Tungsten Emitters

Tungsten wire of diameter 0,005" was electrolytically etched in an
aqueous 1.N solution of sodium hydroxide. It was found that the wire
etched preferentially at the liquid-air interface thus forming a long
thin "neck”. When this neck became thin enough the wefght of the wire
below the surface of the electrolyte cansed it to break and leave a

very sharp tip. Unfortunately, the electrolyte continued to etch and
the tip was, therefore, blunted.

Initiaily the current in the solution was monitored by means of an
ammeter and when it fell quickly, which was caused by the breaking of
the "neck", it was switched off by hand. Although this method gave
fairly reproducible tips of good shape, their diameter was approximately
five timeg larger than could be used for field emission experiments.

It was, thercfore, decided to use electronic instead of manual switching.
Fig. 4.1(a) shows the sensing circuit and Fig. 4.1(b) the sensing and
controlling circuits. RT is the resistance of the tungsten wire.

When the tip is being etched the current in the circuit is given by:

i .
R+ Rt

4.1

where V is the applied voltage. The potential drop across the resister

is, therefore:

VR

"

V. R
R + RT

4.2

When the wire breaks, the value of RT increases by a factor of at least
a hundred so that VR falls to a very small value. The consequent

voltage pulse is fed to the controlling circuit via the capacitor C.
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Fig. 4.1(a)
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The sensing and controlling circuits are a.c. rather than d.c. coupled

in order to suppress small tfaﬁsient vgltages caused by variations in

the etching current which occur, for example, because of bubble formation.
Under normal conditions the steady etching in the sensing circult is
approximately 4 mA. so that the potential at A is -8.8 volts. When the
"neck" breaks, the current falls to 50m A. leading to a potential at

A of -0.1volts. The positive pulse of height 8.7 volts is then fed, via C,
to the base of the first transistor in the Schmitt trigger which is
designed to trigger when the base of_thia transistor is more poeiti?e
than ~1.15volrs, The base is set at -2volts by potentiometer S so that the
8.Tvolt pulse from C switches the Schmitt trigger and a pulse is fed

to B, the base of the transistor which controls the relay. The relay
then opens and the etching current is switched off. The delay between
the breaking of the "neck" and the etching current being switched off

is less than a millisecond.lIn order to reset the circuit for the next
sample a small negative pulse is fed to the base of the first transistor
in the Schmitt trigger by closing switch D.

Fig. 4.2 shows scanning electron micrographs of tungsten emitters that

were obtained with this device. The tips are very reproducible and the

success rate is approximately 70%.

4.1.2 Cadmium Sulphide Emitters

The cadmium sulphide emitters were prepared from single crystal 0001
oriented samples which were 1 mm by 1 mm by 1 cm long. Emitters are
usually made from this material by etching with hydrochloric acid which
is then followed by polishing with hot phosphoric acid because the
hydrochloric acid tends to etch preferentially and thus leaves a surface
on which there may be several microtips instead of one(51), Although
phosphoric acid etching is much slower than that of hydrochloric acid
it was decided tnat most of the etching should be performed with

phosphoric acid in order to ensure the pioduction of a smooth, well-

defined emitter.
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The cadmium sulvphide samples were mounted as shown in Fig. 4.3 becouse
this type of holder could no£ oﬁly be ;ﬂed during the etching and
cleaning processes but could also be used in the analyser. Sodium
silicate was employed as a glue because it was found to be virtually
inert to hot prhosphoric acid fumes.

After the sodium silicate had dried, the sample was mounted vertically
with the tungsten rod of the sample holder connected to a small electric
motor. It was known that rotation inhibits preferential etching, there-
fore the tip end was rotated in a beaker of concentrated hydrochloric
acid until the diameter of the crystal was reduced to about 250 microns
over approximately half its length. When this diameter was attained,
the sample was removed from the hydrochloric acid, washed in distilled
water and thoroughly dried.

The final etching was performed with hot phosphoric acid. Initially
the acid was heated by placing a small drop of it on a loop of
resistance wire through which a current was being passed. -Thia method
was not successful, however, because the hot acid attacked the wire.

The problem'was overcome by threading the resistance wire througn.a

fine glass capillary tube before formihg it into a loop. The glass
then served as protection for the wire and a loop was made which was
small enough to support the drop of acid by surface tension. The sample
was attached to a vernier microscope support so that it could be moved
up and down by small amounts through the hot acid. In this way the
diameter of the shank was reduced from 250 microns to approximately

10 microns.

Finally, the sample was placed in such a position that part of it
protruded through the bottom of the drop of acid. Preferential etching
then occurred at the acid-air interface and by carefully watching the
tip through a X12 microscope while controlling the etching rate by
means of the current flowing through the resistance wire, it was

possible to remove the sample when the protruding part just fell off.
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The resulting field emitter was then carefully washed in distilled
water and thoroughly dried. Good electrical contact between the
cadmium sulphide and the holder was ensured with a small drop of
Aquadag colloidal graphite suspension and the sample was stored in
an evacuated dessicator until needed.
Although this method of tip making is time consuming and requires a
certain "knack", it can be seen from the scanning electron micrographs
in Fig. 4.4 that it produces fairly esmooth, well defined emitters. The
success rate is fairly good also because from twelve samples made in

this way, seven proved‘to be good field emitters.

4.2 The Vacuum System

4.2.1 General Considerations

(9) (20)

The Fowler l'ordheim equation . shows that the emitted current

density is vensitive to the work function of the emitter which, in turn,
is dependent on the presence of absorbed gas on the emitter surface.

It follows that in order to obtain stable emission from an initially
clean sample, the experiments must be performed at high or ultra high
vacuum when the time to form a monolayer of gas is large compared to
the time needed to perform an experiment.

A constant work function is especially important in the measurcment of
the total energy distribution because the experimental determination

of this quantity is correct only if the contact potential difference
between the emitter and the collector remains constant (cf. equation 2.3).
In the. case of a semiconductor the attainment of stable emission is
even more important because, not only can absorbed gas give rise to
surface states, but also, in the case of the high resistance semi-
conductors like cadmium sulphide, a large voltage drop may appear along
the shank of the emittér caused by the passage of the emission current.
If this current fluctuates, the potential difference between the end of
the emitter and the collector will also fluctuate which, according to

equation 2.4, will cause error in the measured total energy distribution.
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Classical gas kinetic theory shows that the number of gas molecules
per second which strike unit area of the enclosure containing them is

given by:

-1
z2=Pp (.QTTH\K'T\ 2 4.3

where m is the mass of a molecule, p is the gas pressure, k is
Bo tzmann's constant and T is the temperature. For nitrogen gas at a
pressure of 1 x 10"'9 torr and room temperature, equation 4.3 yields a

i 911 1 =2

value for z of 4 x 10 em “. If a sticking probability

impacts sec”
of unity is assumed and a monolayer is taken to be equal to 2.5 x 1014
molecules cm'z, then it takes 6.3 x 10° seconds for a monolayer to
form.

In addition to the number of impacts given by equation 4.3, it has been
shown that there are extra gas molecular impacts caused by polarisation
of the gas molecules in the presence of the emission field (90). The

equation for the number of impacts per unit area, per unit time now

becomes:

ZF =z [ +-o F?
2KT )

4.4

where is the polarisability of the molecule under consideration, F

is the electric field strength and Z is given by equation 4.3. For a
field of 1 x 10B volt cm and nitrogen gas, there is a 2.7 fold increase
in the number of impacts per unit tiﬁe per unit area so that the mono-
layer formation time becomes approximately 2.5 x 102 seconds. It would
seem that even at 1 x 10”7 torr there is little time in wvhich to perform
experiments. It must be remembered, however, that the highest possible
value of the sticking probability has been assumed and that the electric
field tefm depends on the square of the electric field. The value of
electric field chosen to illustrate equation 4.4 is somewhat higher than
that normally usced in field emission work, therefore, in practice, the

polarisation term would be smaller than 2.7.
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4.2.2 The Vacuum Kauipment

The vacuum equipment is shown in Fig. 4.5. A conventional Edwards

type 02 water cooled o0il diffusion pump was used which was backed

first by an Edwards type EO1 water dooled oil diffusion pump and

secondly by an Edwards type ED50_two stage rotary pump. The second
diffusion pump served two purposes, it slightly increased the pumping
speed and also reduced backstreaming of oil from the main diffusion

pump to the analyser chamber (91). Backstreaming was further reduced

by the use of a liquid nitrogen cooled trap and a water cooled baffle

on the main diffusion pump. 0il from the rotary pump was trapped in

a liquid nitrogen cooled backing line trap which was made of copper and
filled with aluminium shavings and sintered glass discs (92). In order
to obtain the highest vacuum possible, Edwards type 705 silicon oil was
used in the diffusion pumps and the rotary pump was filled with Edwards
number 16 oil.

The vacuum system was protected against mains failure by means of a
magnetic isolation/air admittance valve which was placed in the backing
line. This valve was designed to close immediately the electrical supply
to the system was interrupted, thus maintaining the vacuum in the
diffusion pumps and preventing the hot oil from "cracking" by exposure

to air at atmospheric pressure. At the same time, the air admittance
valve on the rotary pump side of the backing line opened so that a
pressure differential could not develop across the pump. This prevented
rotary. pump oil being drawn into the backing line. The system was
further protected by a metal bellows which was placed in series with

the cooling water supply to the diffusion pumps. The bellows was
connected to a micro-switch so that when the cooling water flow rate
fell below some predefermined level, the electrical supply to the heaters
on the diffucion pumps was switched off, thereby preventing over heating.
In order to obtain the highest possible vacuum the system was baked in

an oven. Heat loss from the oven was minimised by making its sides
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from 1" thick fibre glass sheet sand;iched between inner and outer

walle of 16 é.w.g. Duralumin. The system was usually heated to 200°¢
over a weekend and then left to cool slowly for two days before exreriments
were performed. A higher temperature and a faster heating and cooling
rate were available but they were not used because the glass-metal seals
in the analyser were very susceptible to thermal shock. All seals on

the bakeable side of the vacuum system were made with aluminium rings

or copper gaskets between Vacuum Generators flanges while those on the
non-bakeable side were made with indium wire. Conventional Edwards O
ring seals were used in the backing line. The pressures in the vacuum
gystem wore measured with a irani gauge at low vacuum and with a Mullard

I0G12 ionisation gauge at high vacuum. The table below describes a

typical run of the vacuum system:

Time Backing Pressure Analyser Prossure

0 Atmospheric Atmospheric
Switch on rotary pump
5 min, 10 microns 10 microns

Put liquid nitrogen in backing line trap

10 min. 23 microns 2% microns
Switch on main diffusion pump
20 min. 23 microns . 6 x 10" Ttorr
Switch on small diffusion pump '
50 min. 2% microns 3 x 10~ Ttorr
Bake system for two days at 200°¢C
Lift oven at time = 0 again
0 2% microns 5 x 1077 torr
dutgass gaugb for 20 min.
20 min. 2% microns ' 8 x 10 torr

Fill high vacuum trap with liquid nitrogen

When the analyser was first used after being pumped down, the pressure
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usually rose to approximately 3 x 10;9 torr because the field emitted
electrons heated the phosphor screen on the anode, thua liberating
trapped gas. To remove this problem, the screen was continuously
bombarded with electrons field emitted from a tungsten tip for 130
minutes, after which the pressure in the analyser could usually be

maintained at 1 x ILO-9 torr or less while experiments were being

performed.

4.3 The Analyser And Measuring Circuits

A general view of the analyser and measuring circuits is shown in
Fig. 4.6

4.3.1 The Fabrication Of The Analyser

The analyser is shown schematically in Fig. 4.7. The collector, which
also forms the outer vacuum wall, was made by depositing a tin oxide

(93)

coating on the inside of a 5 litra pyrex glass flask. The anode

was spun on a lathe from a piece of 1/16" thick oxygen free high
conductivity copper and the first aperture, which was in the top of the
anode, was made 3 mm long to ensure that off axis electrons could not
enter the collector region. In order to eliminate the high order
electron lens aberrations the second aperture was given radiused edgea(gh).
A1l electrical connections to the inside of the analyser were made from
nickel wire because this metal makeé excellent spot welds to the tungsten
wire used for the lead throughs.- The tip moving screws which, in
conjunction with the bellows,allow lateral movement of the emitters, were
made of mild steel and had ball bearing contacts which were lubricated
with powdered molybderum disulphide. In this way the possibility of
giezure during breakout was avoided.

The phosphor screen was made from Levy West type ZDB/F3 phosphor by allowing
the phosphor powder tolsettle on the anode from a solution of phosphor
and acetone. A few drops of sodium silicate were also added to the
solution to act as a binder. The screen was made as thin as possible

in order to reduce the amount of trapped gas and before it was deposited,

the anode was chemically cleaned and electropolished in order to remove
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small protusiong which coul& lead to field emission and, in severe
cases, to electrical breakdown.

Before the analyser was used all insulation resistances were measured.
The glass between the high voltage lead through and the collector was
thoroughly cleaned of tin oxide with a solution of powdered zinec in
hydrochloric acid until the ideal value of the surface leakage resistance
for clean glass was obtained. The outside of the collector was also
thoroughly cleaned before use to eliminate the possibility of leakage
from the high voltage lead through to the collector current lead through
and a small drop of Aquadag colloidai graphite suspension was placed on
the inside of the collector to ensure good electrical contact between
the collector current lead through and the tin oxide coating.

4.%3.,2 The Tip Wheel Mechanism

Cadmium sulphide emitters are very fragile because the material is so
brittle. It was, therefore, decided to design a mechanism which would
make it possible to place six emitters in the analyser at one time, then,
if one failed to work, the equipment would not have to be dismantled and
rebaked before another could be tried.

The device in its final form is shown in Fig. 4.8 while Fig 4.9 shows

an exploded view of the components used in its construction. All moving
parts were made of silver or molybderum because, not only do these
materials possess good thermal and electrical conductivities, but also
there is little friction between them under ultra high vacuum conditions.
Fig 4.8 shows that the mechanism consists mainly of three wheels. The
wheel on the left has location grooves which locate on a spring loaded
lug, the wheel in the middle holds the emitters and the wheel on the
right is a star wheel.

Initially the metal block in which the wheels are located is at the
bottom of its movement and an emitter protrudes through the lole in the
baseplate. VWhen the next emitter is needed, the metal block is lifted

so that the first emitter is withdrawn until it is clear of the baseplate.
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As the 1lifting motion is continued, the star wheel engages on the
ratchet and all three wheels rotate because they are on the same spindle.
Finally, the spring loaded lug clicks home on the location wheel and
the next emitter points downwards.

The metal block is then moved back towards the baseplate. When the
star wheel reaches the ratchet it pushes it aside, any tendency to
rotation being prevented by the gpring loaded lug. The ratchet falls
back to its original position under the influence of gravity after the
star wheel has passed and the metal block again comes to rest on the
baseplate. It follows that the new emitter now protrudes through the
hole and that it is vertical in at least one plane because of the
location of the spring loaded lug on the left hand wheel, While the
analyser is being operated the baseplate is given the same potential

as the emitters which are not being used. In this way they are screened
from the field produced by the anode and field emission occurs from the
protruding tip only.

Linear motion is conveyed from the outside to the inside of the vacuum
system via an edge welded stainless steel bellows. The vacuum joints
in the tip wheel mechanism were vacuum brazed by Vacuum Generators and
the component parts were thoroughly degreased and baked to 400°C under
vacuum before being used in the analyser.

4.3.3 The Measuring Circuit

The measuring circuit is shown in Fig. 4.10. A Brandenburg type 800
pover supply was used for the high voltage and the collector current
was measured by means of a Keithly type 610 BR electrometer. The
retarding potential was supplied from a battery via the 10 turn helical
potentiometer B and the linear potgntiometera Al and Az. Retarding
potential vs collector current curves were monitored on a Bryans

type 2000 X~Y recorder, the Y plates being driven by the 3 volt analogue
output of the electrometer, while measurements of the total emitted

current were made with a mirror galvanometer which had a gensitivity
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of approximately 6.7 x 10"10 Amp mm"l. The mains supply to the high

voltage suppl& and the electrometer was obtained from a stabilising
transformer in order to improve the regulation of these instruments.
When a tungsten emitter was used in the analyser it was found that no
collector current could be recorded until a retarding potential of
approximately -4 volts had been applied to the emitter and that most

of the information concerning the energy distribution occurred between
retarding potential values of -4 and =5.5 volts. It proved impossible,
therefora, to monitor the collector current vs retarding potential
curves at high sensitivity because the initial -4 volts then used up

all the ¥ movement on the recorder. This effect was especially noticeable
in the case of cadmium sulphide where, in some cases, a voltage drop
across one emitter of tens of volts had to be overcome before collection
took place. Potentiometers Al and A2 vere, therefore, included so that
the voltage scan corresponding to the energy distribution could be put
across B, and hence across the recorder, while the initial voltage

1 for

could be dropped across Al and measured by the valve voltmeter V. In

this way it proved possible to obtain a sensitivity of 60 my cm
the 1.5 volt scan.

The high voltage was measured by means of a model 8 AVO with a 10 K.V.

series multiplier. The multiplier was placed as shown in Fig. 4.10 in

order to avoid the formation of a potential divider with the 108f2

resistor R which was included in the circuit to protect the high voltage

supply in the event of large instantaneous breakdown currents.

Capacitor C was used to prevent pickup on the emitter and its value

was chosen so that it did not appreciably increase the time constant

of the retarding potential circuit. In order to ensure that this was

the case, two collector current vs retarding potential curves were taken.

The first was obtained by increaﬁing the retarding potential until the :

end of the scan had been reached and the second by starting at the end |

of the scan and decreasing the retarding potential. No appreciable
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hysteresis effect was obser;ed between the two curves.

The magnetic fields in the ficinity of the analyser were measured with
a Bell type 120 gauss meter and it was found that a vertical field of

2 gauss and transverse fields of 0.7 and 0.5 gauss were present. A
careful investigation of these fields- showed that the transverse components
vere caused by the welds in the feet of the analyser support. The feet
were, therefore, placed on a sheet of mu metal in order to trap the
magnetic flux and, although the vertical field was hardly affected, the
transverse fields were reduced in value to 0.02 and 0.3 gauss.

An electron with momentum p which is'moving normally to a magnetic field
oF atranghh B£ellovs & ourved math anlll 1t can be: dhown 99) ghak s

radius of curvature, oo , of the path is given by:

c= eB 4.5
P

Where e is the charge on the electron. Values of the product Bo for
various electron energies are listed Lelow (96):
Electron Energy (K.ev.) B. _(Gauss cm.)

1 _ 110

2 160 7

3 190

4 215

< 238

10 350

The maximum transverse field of 0.3 gauss therefore leads to a path

with a radius of curvature in excess of 300 cm for 1 K.ev. electrons.
It follows that the transverse magnetic fields have negligible effect
in the accelerating region above the anode because the distance from
the anode to the emitter is only 3 cm and also because the electrons

(97)

reach their terminal velocity within a few tip radii after leaving

‘the emitter. The same cannot be said of the retarding region where the
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electrons are brought almost to resf'before collection.

The investigation of the vertical field was pefformed with an external
coil. The coil was used to obtain a retarding potential collector
current curve for tungsten with the vertical field reduced to zero and
another retarding potential vs collector current tungsten curve with
the vertical field doubled. - There was no measurable difference betweep
the two curves, therefore, the vertical magnetic field was ignored. A
similar experiment with a bar magnet showed that a transverse field in
the retarding region of only 6 gauss seriously affected the results.

It was decided, therefore, to remove the transverse magnetic fields

with mu metal shielding.
A cylinder of inner radius a and outer radius b, made from a material

with permeatility m , can be shown (98) to possess a shielding ratio g

which is given by:
2
3 = _V_ (}4+|\2—3_'f (}1-1\ 4.6
b b?

wvhere g 1s the ratio of the magnetic field before shielding to the
magnetic field after shielding. For large values of/4 , equation 4.6
reduces to:

q == A (b-q) 4.7

o

Mu metal has a maximum permeability of 100,000 and at 20 gauss this

value falls to approximately 20,000 (99). The value of permeability
must, therefore, be nearer 100,000 since the fields to be shielded are
not greater than 0.3 gauss.

The shield was made from 0.5 mm thick mu metal sheet. Thin sheet was
chosen because it was easy to form into a cylinder and because of the
limited space available. The outside diameter was 12 cm . Substitution
of these values into equation 4.7 leads to a shielding ration of
approximately 200. It was not possible to measure the transverse fields

at the collection with the shield in place because the gauss meter probe
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was physically too large but it was decided that the shielding wasg
ample because the field values quoted were maximum values and the
transverse fields were found to decrease towards the collector. This
decision was supported by a repeat of the experiment with the magnet
when it was found that the 6 gauss transverso field had very little

effect on the retarding potential vs collector current curves when the

shield was in place.

The collected current was usually in the range 1 x 10-11Amp to 1l x 10-9Amp
therefore care had to be taken to ensure than any spurious currents did
not exceced 1 x lO’llAmp . The main cause of extraneous current was
leakage across the glass between the high voltage lead-through and the
collector. This could have been eliminated by the use of a guard ring(24),
but the extra work involved in making the collector did not seem worth-
while. The largest leakage current experienced so far has not exceeded
= IOfljﬂmp and this can be eliminated by careful adjustment of the
electrometer zero settings, therefore, the decision to ignore the guard
ring seems to have been correct. The leakage resistance of the screened
cables was measured before use and found to be greater than 5 x 10]%f1
therefore, there could be no loss of collector current through them.

They did, however, give rise to a capacity effect which was minimised

by using cables which were as short as possible. The anode and collector
also acted as a capacitor and when the high voltage supply to the anode
was switcﬁed_on there was a large surge of current through the electro-
meter as this capacitance charged up, The electrometer was protected
from the surge by switching to a high current range which also reduced
the time constant of the circuit, thereby making the effect less
noticeable.

A more serious problem was that of the capacity between the collector

and the metalware of the system. The retarding potential could not be
isolated from the metalware because of the way in which the tip wheel

mechanism had been designed so that it induced a current in the collector
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ag it vas varied. The magnitude of this current wan minimised by
earthing the magnetic shield and the maximum current then recorded wag
1.x 10-12Amp for a fast 0 - 10 volt change of retarding potential.
The maximum current was a function of the rise time of the retarding
potential and this was small because of reasons mentioned earlier,

therefore, it was possible to eliminate the problem.

4.4 Sample Cleaning

The method of d.c. field desorption was used to clean the samples
because the usual method of heating was experimentally difficult.
Although the method of a.c. field deéorption enables the emission to

be viewed as the sample is being cleaned, it was not used because it

has been shown to cause premature fracture in some semiconductors (38).
The usual procedure was to look at the initial emission pattern, which
usually consisted of a few random spots of light, and then to reverse
the polarity and leave the sample for a féw moments. This process was
then repeated at increasing values of the reverse field until symmeiry
started to appear in the image.

When a sample was cleaned in this way it was usual to obtain stable
emission for perhaps 5 minutes, after which time the pattern became less
clear and the emission less stable. The time of stable emission usually
increased with the number of experiments performed on a sample, caused
probably by it's becoming cleaner and also by the improvement in the
vacuum as the phosphor screen became outgassed.

4.5 The Method Of Tin Posgitioning

The elecirons in the retarding region have their highest probability of
being collected when they arrive at the collector normally because all
their energy is then available to overcome the potential barrier at the
collector. It has already been shown that the analyser has its maximum
resolution when normal incidence occurs, therefore it is correctly

adjusted when, for any given value of retarding potential, the collected

current is a maximum.

it 68



There is also a geometrical factor to be taken into account becauvce

more current can pass througﬁ the anod? aperture as the emitter moves
nearer to it. The samples were, therefore, placed in the theoretically
ideal position, the current was maximised by watching the electrometer and
adjusting the positioning screws,and an cnergy spectrum was taken. This

procedure was repeated above and below the ideal position and the half

widths of the distributions obtained were compared. The position
corresponding to the minimum half width was then assumed to be the

position of optimum resolution.

co0oo
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CHAPTER

PRESENTATIOKN OF RESULTS

5.1 Introduction

The performance of the analyser was investigated before it was used

to measure the energy distribution of electrons field emitted from
cadmium sulphide so that the poséible sources of error mentioned in
Chapter 2 could be isolated. Tungsten emitters were used for this
purpose because they were easy to make and gave stable emission ror'
long periods. In addition, the energy distribution of electrons field
emitted from tungsten is well documented and could, therefore, be used
as a measure of the resolution of the analyser.

5.2 The Results From Tungsten

5.2.1 The Dependence Of The Half Width Of The Distribution On Eritter
Position

This experiment was performed in order to ensure that the theoretical
optimum emitter position calculated in Chapter 2 was correct. During
the experiment the emission current density was kept constant and the

energy distribution was measured with the emitter at different axial

distances from the fluorescent screen.

It was found that the shape of the collector-emitter potential difference
vs collector current curve depended to some extent on the collector-
emitter potential difference at which the collector current was maximised.
An example of this effect is shown in Fig. 5.1. Such an offect is to be
expected if, as was suggested in Chapter 2, the reflection coefficient

is a function of the collector-emitter potential difference instead of
being a function of electron energy. The experiment was, therefore,
repeated and the collector current corresponding to different emitter-
screen distances was maximised at the same position on the collector-

emitter potential difference vs collector current curve. The position

chosen was that corresponding to the collector current saturation (X in
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Fig. 5.1
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Fig. 5.1) because this was fhe eagiest position to determine for
successive runs.

The results of the second experiment are shown in Fig. 5.2. At each
emitter screen distance at least four distributions were measured and
the distribution with the smallest half width was used. For the sake
of clarity, the emitter-collector potential difference relative to the,
value corresvonding to the onset of collector current is quoted.

The derivatives of the experimental curves were obtained numerically

by means of the approximate relationship:

5l
d V¢ 2\

Great care was used in chosing h, the separation of the points on the

(dI .;) = Tc(vah) - Tc(v-h)
Ve=v

curve, because too small a value leads to a large emount of scatter in
the valnes of dIc/dVe and too large a value leads to a loss of accuracy.
The optimum value was chosen by a process of trial and error.

Fig. 5.2 shows that the smallest half width, and hence the greatest
resolution, occurred at an emitter-aperture distance of 7.3 cm Y1 m.
This distance was determined by adding the constant aperture-screen
distance to the variable screen-emitter distance, which was measured

by means of a Vernier telescope. The accuracy of the emitter-screen

distance was limited to ¥ 1 mm because the etched shank of the emitter,

which was aporoximately 1 mm long, could not be resolved by the telescope.

Section 2.7.1 showed that the theoretical optimum resolution position

is 7.2 cm. The agreement between theory and experiment is, therefore,
very good which suggests that the equations used in Chapter 2 aécurately
describe the electron trajectories in the analyser.

5.2.2 The Dependence Of The Half Width Of The Distribution On Emission
Current Density

In Chapter 2 it was suggested that the half width of the measured energy

distribution could depend on the emission current density. An experiment

was therefore performed to investigate this effect.
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Fig. 5.2(a)
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Fig. 5.2(b)
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Fig. 5.2(c)
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Fig. 5.2(e)
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The collector current was m;ximised at the same point on the collector
current vs collector—emitter'pdtentiai difference curve that Young and
Miller (24) used and the emission current density was then increased

by increasing the voltage between the emitter and the anode. Fig. 5.3
shows the results of the experiment. It can be seen that the half width
of the measured energy distribution depends markedly on the emission
current density and that the effect is not caused by the loss of collected
current at saturation because this is similar for all results.

5.2.3 Conclusions From The Tungsten Results

The preceeding paragraphs show that accurate results cannot be obtained
with this type of analyser unless a great deal of care is taken over
positioning the emitter and the emission current density is made as
small as possible. The positioning consists of twc processes which will
be termed coarse and fine,-the coarse positioning has already been
described in section 5.2.1.

Fig. 5.1 shows the dependence of the distribution on fine positioning
and, with the arguments of section 2.8.1, suggests that the true energy
distribution cannot be measured unless fine positioning is performed

at every value of collector current. To prove this point, and to
determine the resolution of the analyser, the energy distribution from
tungsten was measured with the collector current maximised just beyond
the onset and the emission current density as small as possible. The
result of this experiment is shown in Fig. 5.4 and it can be seen that
the agreement with Young and Miller's (24) corrected result is very
good except at high values of collector-emitter potential difference.
Fig. 5.1, which was obtained with the emitter in the same coarse position
as that of Fig. 5.4, and at low emission current density, shows that
when the collector current is maximised at its saturation value the
agreement at high collector-emitter potential differcnces improves
whereas the agreement near the onset deteriorates.

The half width of the measured distribution in Fig. 5.4 is almost in
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Fig. 5.4
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exact agreement with Young and Miller's (24) result and the full width

of the distribution which, from the arguments of section 2.8.1 occurs

when dIm(v)/dve takes its maximum negative value, is also in good

agreement with the value obtained by Young and Miller (24). The small
separation between the peaks of the distribution would dissapear if the
Young and Mﬂller (24) correction were applied to the results. The

resolution of the analyser must, therefore, be at leasrt as good as that

of Young and Miller's (24) analyser which, they claim, is of the order
of 0.03 eV,

5.3 The Results From Cadmium Sulphide

The cadmium sulphide results were much more difficult to obtain than
those from tungsten for the following reasons:

(1) Non-Stable Fmission Current

When the apode voltage was applied to a cadmium sulphide emitter for
the first time the emission pattern usually consisted of a few random
spots of light which were very unstable and which were caused by large
fluctuations in the emission current density. These fluctuations wore
removed in the following way:

After the initial field emission voltage had been applied the anode
polarity was reversed and a negative voltage of the same magnitude was |
used for a short time. The polarity was then reversed again so that
field emission occurred and it was usually found that more random spots ' |
of light had appeared and that the onset of emission occurred at a

slightly lower anode voltage. The anode voltage was then increased in %
steps of approximately 500 volts and the above process was carried out !
after each step until a voltage of approximately one and a half times

the initial voltage had been reached, when the field desorbing voltage

alone was increased. In this way, as the voltage increased, more spots

began to appear until the pattern started to quiver i.e. changed rapidly
between two stable configurations. At higher anode voltages the

quivering ceased and the random spots of one of the stable configurations
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coalesced into one large Spbt which subsequently started to show structure.
Finally, a pattern, which was recogniceable between different samples,

was obtained and the emission current stabilised.

This procedure was repeated several times on some emitters before

stable emission was achieved and thus occupied a great deal of experimental
time. Even when the stable pattern was obtained it could csometimes

be lost if too high an anode voltage was used or» if the sample was
subjected to intense illumination, but it usually returned when the
voltage and/or the illumination were reduced. This phenomenon made-

it especially difficult to obtain reéults at high current density

because in some cases thé entire procedure had to be carried out many
times in order to obtain the stable pattern over the range of anode
voltages used.

(2) Potential Drop Along The Emitter

Although the emission currents drawn from the_cadmium sulphide sampies
were gnall, typically in the range 1 x 107! Amp to 5 x 10720 Amp , tho
high resistance of the emitters led to a potential drop along their
length which in some cases amounted to tens of volts.

Fig. 5.5 shows the emitter-collector circuit in schematic form, the
anode has been omitted for the sake of clarity. Re is the emitter
resistance and Ig is the emission current. It is obvious that point B
is Ie Re volts positive with respect to point A and that the collector
is higher in_energy that the emitter tip. Point A of the emitter has,
therefore, to be increased in energy before collection is possible and
this is achieved by means of potentiometer D. When a negative potential
of Ie Re volts is appnlied at A the energy difference between the emitter
tip and the collector is zero and any further negative potential placed

on A enables electrons to be collected and the energy distribution to

be measured.

Although the potential drop effect described above could easily be

removed, it unfortunately caused another more difficult problem. The

- 102 =




Fig. 5.5

A
Re
B
\/
SCIFMATIC OF

EMITTER - COLLECTOR
CIRCUIT




energy distribution from cadmium culphide is approximately 3 voltu
wide so that the collector current ri;ea from zero to its saturation
value when the potential at A is changed by 3 volts. If the current
through the emitter is not stable the potential drop along the emitter
also changes, therefore, the potential difference between the emitter
tip and the collector may not change in the same way as the potential
at A. In the lower resistance samples this effect was not too severe
but in the high resistance samples, where the potential drop could be
as high as 70 volts, even a 1% variation in the emission current covld
lead to a change in potential difference of several volts between the
collector and the emitter tip. It will, therefore, be appreciated that
a great deal of difficulty was experienced in obtaining meaningful
results from the high resistance samples and that {he lower resistance

-pamples also caused the same problem when they were used under conditioas

of zero illumination.

(3) Sample Positioning

The fluctuations in the potential drop along the emitter made it
impossible in most cases to maximise the collector current at a
collector-emitter potential difference half way between the onset value
and the value corresponding to saturation. Most of the results were,
therefore, taken with the collector current maximised at the saturation
point where the effect was not so severe and there was thus a loss in
resolution at the onset, as described in section 5.2.1. The initial
high resistance results also suffered a further loss of resolution
because they were obf%ined before the broadening caused by high current
density had been discovered. Thisloss of resolution occurred bocause
when the experiment described in section 5.2.1 was first performed the
emission current was increased as the emitter was moved away from the
screen so that the maximum collector current always had the same value.

This proved more convenient for taking measurements. The change in

resolution caused by different emitter positions plus the change caused
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by the varying current density, therefore, led to an incorrect emitter
position being used. .

As experience was gained in the use of the analyser it proved possible

to obtain results in spite of the problems described above and in the
final set of experiments very stable emission currents could be achieved
for fairly long periods. In order to ensure that the energy distributions
were accurate each was measured at least four times and the distributions
presented in the following pages are the best of thosc obtained.

5.3.1 The High Resistance Cadmium Sulphide Resnlts

Figs. 5.6.1 to 5.6.5 show the energy distributions obtained from the
high resistance (107 ohm. cm) samples. Results 5.6.1 to 5.6.4 were
taken at low resolution, as described in the previous section, whereas
result 5.6.5 vas obtained during the final set of experiments and was,
therefore, taken at high resolution. A collimated beam of white light
from a tungsten filament lamp was used to illuminate the samples.

It can be seen that two peaks were present in all but the result from
sample five and that the second peak could be depressed by illumination
in the case of sample one and removed by a combination of illumination
and field desorption in samples two and three. After the same treatmont
sample four still showed evidence of the second peak. The result from
sample five was obtained after the process described in section 5.3

had been performed on it, and at high illumination which reduced its
resistance and hence reduced the voltage drop along its length.

The half widths and overall widths of the energy distributions from
samples one to four are not meaningful because of reasons already
mentioned but it is believed that the existence of the second peak is
real because it occurred in three different emitters and also because

no mechanism can be proposed which relates the phenomenon to the

resolution of the analyser.

5.3.2 The lower Resistance Cadmium Sulphide Results

Figs. 5.7.1 to 5,7.4 show the results obtained from the lower resistanco
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Fig. 5.6.1(a)
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Fig. 5.6.1(b)
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Fig. 5.6.3(a)

100
qo -
8o
70 4
cd.S. FMITTFR 3
COLLECTOR ¢,
CURRWIT
Ic
ARBITRARY %0 1
UNITS
W A
3 -
OYMSAT VOLTAGE = 60 VOLTS
% | ROOM LIGHT
10 4
t 2 3 &% s 6 7 & 8§ 1w w a
COLLECTOR EMITTER POTE!TIAL DIFFERENCE Ve (VOLT.)
[
90 -
8o -
P
dlc . Y HALF WIDTH OF FIRST PRAK = 1.3 VOLTS
davVe
ARBITRARY
UNITS % 1
Lo -
2o 4
20 4
10 9
) 2.

* COLLRCTOR EMT TTHR POTEITIAL DIFFRRRICE Ve (VOLT:)



COLLECTOR
CUSRENT
Ic
ARBITRARY
UNITS

dIc
dve
ARBITRARY
UNITS

Fig. 5.6.3(b)

36

%q
80 o
’Q +
‘O -
S5 +
Cd.S. EMITTER 3
llo-
2 4
a 10
MAXTMUM COLLECTOR CURRENT = 1x10™~ Amp
‘o | ONSET VOLTAGE = 58 VOITS
MAXTIUM LIGHT
63 06 64 13 s 189 21 2u 29 3o 33
COLLECTQR EMITTER POTENTIAL DIFFERENCE Ve (VOL’I'S)
90 -
80 .
AALF VIDTH = 1.3 VOLTS
"o . TOTAL WIDTH = 3,6 VOLTS
So
ko J
35 -
26 o
1o
o3 o0¢ ©9 12 s 18 21 2u 29 3o 33 3€

COLLECTOR EMITDMR POTENTIAL DIFFERENCE Ve (VOLTS)




Figo 5- 604(3)
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(106 ohm cm) cadmium sulphide emitters.

A range of anode voltages un& 1ight in&ensities were applied to the
emitters and the corresponding onset voltages and maximum collector
currents were noted. Each result was taken at the same cmitter-screen
distance as that of the best tungsten result and in many instances it
proved possible to maximise the collector current at a collector-emitter
potential difference half way between the onset value and the value
corresponding to saturation. The total widths of the energy distributions
were obtained by the method described in section 2.8.1 and stable eﬁisaion
vas achieved by following the procedure éf section 5.3.(1).

A second peak was not observed in any of the distributions. The results
shown in Figs. 5.7.1 to 5,7.4 were obtained after stable emission had

been achieved and table 5.1 presents the experimantal data in a more
convenient form. The maximum collector current is in amperes and the

half width, total width and onset voltage are quoted in electron volts.
TABLE 5.1 Enitter §

Light Maximum Collector Current Onset Voltace Half Width Total Width
11

Max. 1.1 210 10.5 0.57 1.80
Max. 2 x107H 11.0 0.65 2.00
Max. 1.7 x 10710 14.5 0.70 2,23
Max. 8.5 x 10710 17.0 1.56 4.20
Min. 1 xaoH 16.0 0.65 2.20
Min. 1.5 x 10710 22.0 1.10 3,25
Min. 2.8 x 10710 32,0 1.50 4.00
Emitter 7
Light Maximum Collector Current Onset Voltage Half Vidth Total Width
Max. 3.2 x 10711 9.0 0.58 1.88
Max. 2.8 x 10710 18.0 0.82 3,10
Max. 6.5 x 10710 27.0 1.60 3.90
Min. 1 x107H 32.0 0.67 1.80
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A careful study of TABLE S.i leads to the following conclusions:

(1) For a given light intensity the half width and total width increase
as the current and potential drop increase.

(2) For a given current the half width, total width and potential drop
are smaller with maximum light than with minimum light.

(3) For a given potential drop there is a smaller current with minimum
light than there is with maximum light and the half width and total
width are also smaller.

It should be noted that the onset voltage is not strictly equal to the
potential drop because it contains sﬁall contributions from the contact
potential difference betﬁeen the emitter and the collector and also from
surface effects (44).

These results, in conjunction with those of section 5.2.2 suggest that
the half width and total width are independent of the potential drop
along the sample and depend only on the magnitude of the emission

current. If this is so, it also follows that the half width and tolal

width are smaller with illumination than without.

5.3.3 The Fowler Nordheim Plots

An attempt was made to obtain Fowler Nordheim plots from all the
emitters but, because of the unstable nature of the emission current,
this proved possible for the lower resistance samples only. The results
are shown in Figs. 5.8 and 5.9. An attempt to measure the onset voltage
as a function of anode potential was also made and, although results
were obtained, the fluctuations in the potential drop along the sample
made it impossible to obtain accuraté values for the onset voltage.

These results will, therefore, not be presented.

ocoo0oo
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CHAPTFR 6

Discussion Of Results

6.1 Comparison Between Theoretical And Zxperimental Results

Fig 6.1 shows the theoretical energy distribution for an applied field
of 5 x 107 volt — compared with the experimental distribution from
one of the well cleaned emitters which had been placed in the optimum
resolution position. It can be seen that the agreement between thegry
and experiment is poor. DNot only are the half widths and total widths
different but also the sharp onset of current at the Fermi level does
not exist in the experimental result. The only similarity is at the
low enerzy side of the distribution where N(E) approaches zero.

The poor agreement at the onset of collection camnot have been caused
by lack of resolution because the tungsten results showed that tne
analyser is capable of maasuriqg the cgharp onset of current at the
Fermi level of a tungsten emitter. Further, the experimental result
in Fig., 6.1 was obtained from an emitter vhich had been positioned by
maximiging the collector current at a value of collector-emitter potential
difference half way between the values'correaponding to onset and
saturation. The results of section 5.2.3 show that this position gives
good resolution at the onset of collector current.

It also seems doubtful that the large experimental values of half width
and total width could have been caused by lack of resolution because
the distributions obtained from tungsten and the theoretical work on
the analyser both suggest that the cadmium sulphide emitter was placed
in the optimum resolution position. The theoretical work also shows
that the effects of chromatic and spherical aberration are too small

to have caused such a large discrepancy. 4t is improbable that the
poor agreement between theory and experiment was caused by energy
broadening with current density because %he maximum collected current
used for the result in Fig. 6.1 was of the same order of magnitude as

. =107 -
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that used in the accurate tﬁngsten results.

Another possible source of ekperimentai error is the potential drop
along the sample which fluctuates as the emission current fluctuates
and leads to the problems described in secticen 5.3. This could cause
serious errors in the measured energy distribution. The result in
Fig. 6.1 was obtained after stable emission had been achieved, there-
fore, it is thought that the effect was not serious in this emitter.
The arguments of the previous paragraphs show that the poor agreement
between theory and experiment is not caused by the analyser and is, -
therefore, a property of the emitter:

6.2 The Hot Electron Effect

The broad energy distributions obtained from cadmium aulpﬁ;de have baen
attributed by Shcherbakov and Sokol'skaya (40) to the emission of hot
electrons. It will be shown that this explanation is doubtful, especially
when it is considered in conjunction with the results of section 5.2.2.
The above authors found that for cadmium sulphide, the log Ia vs. 1/V
characteristics (where Ia is the emission current and V is the voltage
applied to the emitter) were non linear and that the form of the non
linearity could not be explained in terms of the theory (26) which was
in existence at that time. It was also found that a large voltage drop
could appear along the emitter, btut that this voltage was too small a
fraction of V to enable the error in measuring V to be the cause of the
non linearity. Elison (1) had already suggested that additional charge
carriers could be created by the application of an electric field to a
high resistance aemiconductdr, therefore, Shcherbakov and Sokol'skaya
assumed that the field generated by the potential drop along the emitter
gave the electrons extra energy which was sufficient to cause ionisation
and to create further conduction electrons. The subsequent increase in
the electron concentration then enhanced the emission current and caused
the bending of the log Iavs )V curves.-

In a later paper (52) the same authors considered the effect in more
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detail. They used a low resolution retarding potential analyser with
which they measured the colléct'or—emit.ter potential difference
corresponding to the onset of collector current as a function of the
emission current. This potential difference equals Avk, the resistive
potential drop along the emitter, provided & vk is much greater than

the contact potential difference between the emitter support and the
emitter plus the voltage drop in the space charge region caused by field
penetration (44). From these values they determined R, the mean
resgistance of the emitter, as a func‘_bion of Avk. It was found that

the value of R remained constant until some definite value of Avk when
it decreased rapidly.

They then assumed that the decrease in R was caused by the production

of additional conduction electrons. This effect was measured by defining
Ro and lio as the resistance and electron concentration in the region of
constant resistance. The ratio N/Xo, whe;e N is the increased electron
concentration, was then determined from the ratio R/Ro. Since N/Xo was
known as a function of & vk and Ia was also known as a function of A4 vk,
it then proved possible to obtain the relationship between Ia and }/No.
The emission current should depend on the electron concentration and
should increase as the latter increases. From the relationship

N/No = f£(Ta), it was found that this did, in fact, occur.

Although the results of the above experiment seem to confirm the
hypothesis of carrier generation by hot electrons, there are several
factors which make this conclusion doubiful. 1In the first place,
Sheherbakov and Sokol'skaya did not use a well defined emitter but
instead usgd an emitter which consisted of several microtips. The
v_alues of A vk, therefore, refer to one microtip whereas the wvalues of
Ia are composed of contributions from many microtips. It should also

be noted that the value of Ia depends on the electron concentration in
the surface region whereas the ratio N/No refers to the bulk concentration

because it is determined from the mean resistance of the sample.
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Shcherbakov and Sokol'skaya conceded these points but claimed that
independent measurements, of which no.details were given, showed that
the emission current increased with the carrier concentration and that
the carrier concentration increased exponentially with the voltage drop
along the emitter. They do not mention at which point along the emitter
the carrier concentration was measured but, if it was measured in the
surface region, where it should have been measured in order to validate
their hypothesis, the results can be interpreted in a different manner.
The current through the emitter, and hence the voltage drop along i%,
increase with the applied field. At the same time, the electron
concentration in the surface region increases because of field penetration
and will increase rapidly since the Fermi function is exponential in
form. Therefore, if the concentration was measured in the surface
region it would be expected to vary with the potential drop. Although
these arguments do not giSprove the hypothesis that electron heating
was the cause of the effects noted by Shcherbakov and Sokol'skaya, they
do cast doubts upon its validity. |

Shcherbakov and Sokol'skaya next(sl) used an electron energy analyser
in order to measure the energy distribution of electrons field emitted
from cadmium sulphide. Their design was similar to that of the present
analyser and their results from tungsten showed that their equipment
possessed fairly good resolution. It was found that the half widths of
the measured.cadmium sulphide distributions increased with A vk and this
was attributed to hot electrons. Again the hot electron hypothesis is
attractive because such electrons would possess a high escape probability
and would leave the emitter at energy levels well above the Fermi level,
thus broadening the distributions. The hypothesis can be criticised on
the grounds that the energy distribution would be expected to broaden
with applied field, as shown in section 3.10, and at the same time the
corresponding increase in current would ¢ause the potential drop to
increase. The half width could, therefore, be measured as a function

of & vk but this fact is not in itself proof of the existence of hot



electrons.

It vas shown in section 5.2.2 that the half width and total width of
the energy distribution obtained from a tungsten emitier also increases
with increased emission ‘current and the reasons for this were outlined
in section 2.8.2. Section 5.3.2 showed that the half widths of the
distributions obtained from the cleaned cadmium sulphide emitters was
not a function of A vk but was, instead, a function of the emission
current. It follows that the increase in half width with applied field,
emission current or potential drop cannot be determined uniquely and
that, once again, the existence of hot electron emission cannot be
proved by the results of Shcherbakov and Sokol'skaya.

6.3 Possible Causes Of The Broadened Enerey Digtributions

Fig. 6.1 suggests that the lack of agreement at the low energy end of the
distribution may be caused by electrons which originate from enevrgy
levels below the bottom of the conduction band while at the high energy
end the discrepancy may be the result »f electron emission from energy
levels far above the Fermi level. Possible reasons for the existence

of these extra low and high energy electrons are discussed below.

6.3.,1 The Extra low Energy Electrons

Many investigators have reported the existence of double peaks in the
energy distribtutions obtained from various semiconductors. Authur (53),
for example, noted the effect in germanium field emitters. He found
that the existence of the second peak depended on the position of the
emission pattern relative to the anode aperture of his Young and Miller
type analyser and that the second peak dissapeared when the emitter was
subjected to field evapofation. Previous work(sa) had shown this to be
an efficient method of cleaning germanium field emitters. After
evaporation the half width of the measured distribution was still
approximately twice as large as the theoretical value but it became
smaller when the tip was partially annealed. Authur interpreted his

results in terms of emission from a degenerate conduction band and
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supposed that the second peak was caﬁsed by electrons from energy levels
below the botfom of this band. He could not, however, attribute the
effect to emission from surface states because the surface state
distribution was too small and the adsorption of approximately one
monolayer of oxygen had little effect on the measured distribution.
Hughes and White (55) found similar effects in their work on field
emission from gallium arsenide. The emitters, which were cleaned by
d.c. field desorption in the presence of hydrogen (56), gave energy
distributions which consisted of a stable peak and an unstable peak.
They were ﬁble to show that the stable peak was consistent with valence
band emirsion and that the unstable peak was caused by electrons which
came from energy levels above the top of this band. The existence of
the second peak was again found to depend on the emitter position and
they suggested that it was caused by emission from surface states because
it was known that the density of these states can be very high on gallium
arsenide. This argument is also supported by the surface disorder wiich
can arise when a semiconductor is subjected to d.c. field desorption(Be).
The measurements in both of the above experiments were perfofmed on low
resistance samples so that there were no large potential drops along

the emitters. Hot electron emission could not, therefore, be the cause
of the poor agreement that was found to exist between theory and
experiment.

The present results are similar in many ways to the examples given above.
A second peak was found which could be removed by d.c. field desorption
and in some of the early results the existence of this second peak was
found to depend on tip positioning. It should be noted that the tip
positioning referred to in this section is accomplished by lateral
rather than axial movement, therefore, it seems possible that the second
peak is caused by emission from surface states associated with
contamination because the second peak would be present in results

obtained from a contaminated part of the emitter whereas it would
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disappear if the results were taken from a clean part of the emitter
surface. When the emitter ié cémpletely clean, lateral movement should
not produce a second peak and this was found to be true in the case of
the clean cadmium sulphide samples. In addition to the above results

it was found that the relative heights of the peaks from one of the
cadmium sulphide emitters could be changed by illumination and that in
the case of the cleaned emitters the half widths were smaller with
illumination than without for similar values of emission current.

Haas and his co-workers (101) have investigated the interaction of
oxygen with the surface of cadmium sulphide crystals. They explained
their results in terms of the potential difference which exists acrous
the double layer at the surface. This double layer consists of a
negatively charged outer layer, which is caused by chemisorbed oxygen,
and a positively charged inner layer caused by ionised donors. Tt was
supposed that incident light creates an electron-hole pair and that the
hole then migrates towards the surface under the action of the field
generated by the double layer. The hole then combines with a chemisorbed
oxygen atom and liberates it, thus reducing the potential difference
across the surface region. They found, by measuring the potential drop,
that an oxygen free surface could not be obtained until a bake out
temperature of at least 400°C had been used. In explaining their results
they also used the fact that ultra high vacuum bake out produces bulk

and eurface defects in cadmium sulphide which can trap holes (102),

The investigations of Haas and his co-workers suggest that the appearance
of excess low energy electrons in the cadmium sulphide results can be
explained in the following way:

When a cadmium sulphide emitter has been made and placed in the vacuum
system it is probably covered with a layer of contamination which is

left behind after the etching process. It is possible that oxygen is
also present because the work of Haas et. al. showed that when chemically
cleaned cadmium sulphide was outgassed oxygen, and compounds of oxygen,
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were among the evolved products. The vacuum system, including the
emitter, is then baked and.thé obvioﬁs contamination, such as water
vapour, is removed. Chemisorbed oxygen will not be removed because the
system was usually baked to 200°C only, for reasons given in section 4.2.2.
The method of d.c. field desorption is then used to clean the emitter.
When the desorbing field is applied the energy levels in the surface

of the emitter are as shown in Fig. 6.2.

Before the field is applied, surface states capture electrons from the
conduction band and become filled up_to the Fermi level. This causes

a lack of electrons in the surface region and the conduction band bends
upwards. When the field is applied, more positive charges are needel

to sustain it and these are supplied initially by ionisation of the
neutral, gross surface contamination. As the apnlied field becomes
higher, however, the particles of ionised surface contamination are
attracted by the anode and stripped from the emitter. Finally, the

field penetrates the surface region which then becomes positively charged.
The conduction band bends upwards even further when this condition is
reached.

VWhen high enough fields have been applied to the sample all the gross
contamination will have become ionised and will, therefore, have been
removed. The oxygen atoms, which cause the surface states, will, however,
still be present because they must lose two electrons before they can

be stripped from the sample. The first electron can be removed by
shining light on the sample when an electron-hole pair is created. The
hole will move towards the surface under the action of the field in the
surface region and will then neutralise a chemisorbed oxygen atom. This
atom can then be removed by the same process that removed the gross
contamination.

The results with double peaks weré obtained before the cleaning procedure

had been perfected, therefore, it seems possible that they were
characteristic of a grossly contaminated surface. This hypothesis is
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Fig. 6.2
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ATOMS
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supported by the work of Nicolaou an& Modinos (203) who have shown that
a second peak.can be expected under conditions where a surface layer of
foreign atoms gives rise to a double potential barrier. They have also
shown that the second peak diminishes as the thickness of the surface
layer is decreased which suggests that the results from the supposedly
clean cadmium sulphide results may still contain electrons from the
second peak because, although this peak can no longer be resolved, it
can still cause the low energy side of the measured energy distribution
to be brcadened. This mechanism would also explain the disappearance
of the second peak in the results from emitters 2 and 3 and the partial
disappearance of the peak in the result from emitter 4 after additional
field desorption.

When the emission field is applied the energy levels in the emitter

are as shown irn Fig. 6.3. Before the field is applied there is a lack
of electrons behind the surface for reasons already explained and when
the field is applied negative charges are needed to sustain it. These
are initially supplied by the surface states but, as the field is
increased, field penetration occurs and the induced negative charges
cause the conduction band to bend downwards. Electron-hole pairs can
still be created by illumination but the holes will only migrate towards
the surface provided the conduction band is not depressed below the

flat band condition.

If the applied field is small enough and if the illumination is high
enough, chemisorbed oxygen atoms can still be neutralised by holes.
Although the neutralised atoms are then not bound to the surface they
may not escape because some of them may be polarised in the high emission
field and thus remain in the vicinity of the emitter. This may explain
vhy the emission pattern sometimes became very unstable when the emitter
was illuminated and why the pattérn then consisted of small dots of light

which appeared to be in random motion.

The presence of chemisorbed oxygen on the emitter surface may also
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Fig. 6.3
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explain the effect of illumination oﬁ the energy distributions. Thus,
the release of oxygen by illumination in the case of emitter 1 would
cause the second peak to be depressed because the emitter surface would
be less contaminated and the same process in the nearly clean samples
would simply cause the distribution to become narrower which, in facﬁ,
occurs. This explanation must be treated with caution, however, since
it is almost certain that the results from emitters 1, 6 and 7 were
taken when the surface was degenerate, therefore, it is difficult to
understaird the mechanism whereby the holes still migrate towards the
surface.

6.3%.2 The Extra High Energy Electrons

The non linearity of the Fowler Nordheim plots obtained from high
resistance n type semiconductors has recently been explained by Baskin
et. al. (43) without recourse to the mechanism of hot electron emission.
They showed that the effect is caused by the inability of these materials
to generate sufficient mobile carriers during field emission which
leads to a saturation of the emission current. The results of section
5.3.3 suggest that such an effect occurred in samples 6 and 7. It is
interesting to note that there are more extra high energy electrons
present in the distribution obtaine@ from emitter 5 than there are in
the results obtained from the lower resistance samples.

The theoretical energy distribution in Fig. 6.1 was calculated from the
work of Stratton which ignores the effect of the current flowing through
the emitter. The main difference between Stratton's work and the work
of Baskin et., al. is that Stratton calculates the electron concentration
in the surface region from the field penetration alone whereas Basgkin
et. al. consider the surface electron concentration to be the result

of two mechanisms, the field penetration and the ability of the emitter
material to generate mobile carriers.

VWhen an electric field is applied to the surface of a semiconductor the

surface charge density needed to sustain the field is supplied by
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ionisation in the surface region. Aé the field is increacsed, electrons . ‘
in the surface region leave the emitter by tunnelling through the

potential barrier and are replaced by electrons from the interior. In
Stratton's theory, the electron concentration available for emission

is assumed to be the concentration which has been induced by field ‘
penetration, replenishment of the surface region is not considered. ‘
Fig., 6.4 shows that this leads to a set of electrons with energies which |
are distributed about the Fermi level in the surface region in a manner ‘
similar to that of a metal.

In a real semiconductor, however, electrons wh;ch leave the surface

region must be replaced by electrons from the bulk. It is obvious fronm

Fig. 6.5 that electrons from the interior of the emitter will have higher ‘
energies than electrons at the Fermi level in the surface region. Although
there must exist some mechanism whereby a number of these electrons ‘
can lose energy and occupy the vacant lower energy levels, it seems

possible that there could be an increase in the mumber of electrons with
energies above the surface Fermi level over the number predicted by

Stratton's theory. This mechanism could, therefore, explain the extra

high energy electrons which are observed in experimental results but

are not predicted by theory. A4 detailed explanation would require a

complete reformulation of Stratton's work.

6.4. Susgestions For Future Work

The tentat?ve theories given in the preceeding section cannot strictly
be treated separately because in a real semiconductor there is probably
some interaction between the effects they attempt to describe. One of
the effects must, therefore, be removed so that the other one can be
investigated alone. It is obvious that the phenomena attributed to
contamination should be removed first, by obtaining a truly clean
emitter. If, in addition, the i&eas used in the double peak theory

are employed as a guide to obtaining a clean emitter, and such an

emitter results, evidence will have been obtained in support of thisg
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Fig. 6.4
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Fig. 6.5
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theory. When emission from a clean emitter has been achieved the . |
second theory can be investigated. |

6.4.1 The Production Of A Clean Emitter

The cleaning of field emitters is usually accomplished by heating or

by field desorption, sometimes both processes are used together. In

the case of a semiconductor heating sometimes leads to a change in the
doping, therefore, it is not an adviseable method to use. Recently

Marien and Loosveldt (104) have suggested that cadmium sulphide can be
cleaned by hydrogen assisted field eyaporation but it has not been
possible to attempt this method in the present work because of the |
extra experimental equipment needed.

The theory of section 6.3.1 suggests that the removal of the most |
tenacious contaminan£, chemisorbed oxygen, can be achieved by field
desorption if a large mmber of holes is present in the surface region.
Although electron-hole pairé can be created in the emitter, the holes

may become trapped in defects and, therefore, may not move towards the
surface. In order to obtain a clean emitter by this method, therefore,

an experimental method must be employed which inhibits the production

of defects.

It is well known that rough mechanical handling can create defects in ]
cadmium sulphide, therefore, no mechanical shaping should be used

during the fabrication of the emitters. Heat also leads to the formation
of defects. Unless another etchant is found, heating during the
preparation of the emitters is unavoidable and heating during the

vacuum system bake-out is also, unfortunately, a problem which cannot

be removed. Good vacua can, however, be obtained with modern ultra

high vacuum systems with moderate baking, in some cases temperates

as low as 150°C can be used.

It was sugcested in section 6.3.1 that light can assist in the removal

of oxygen from cadmium sulphide. It is, therefore, obvious that the

emitter should be subjected to intense light during field desorption
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and that the frequency of the light should be variable so that the
maximum rate of electron-holé pair creétion can be obtained. Once the
surface contamination has been removed in this way it should not be
allowed to return. This could be partially achieved by the use of a
modern ultra high vacuum system employing electrostatic ion pumps which
would remove all the sources of contamination inherrent in oil or
mercury diffusion pump systems.

6.4.2 Exneriments With A Clean Emitter

If a clean emitter can be obtained by the methods mentioned above ié
will be possible to investigate the origin of the extra high energy
electrons by means of the folloﬁing experiments.

An energy distribution must be obtained from each of a set of emitters
with different resistivities and in order to make the results comparable
the same value of total emitted current should be used every time. In
addition,the value of collector-emitter potential difference corresponding
to the zero in the low energy tail of the energy distribution and the
potential drop at various points along the emitter must be noted. These
potential drops can be measured by means of ohmic gallium contact (205)
and a digital voltmeter. The results of the above exveriments will give
the slope at onset, which can be characterised by the difference in the
value of collector-emitter potential difference corresponding to the
onset and the maximum of the energy distribution, as a function of the
emitter resistivity and the potential drop in the surface region caused
by field penetration. It should also prove possible from these results
to obtain a measure of the excess energy of electrons from the bulk

over the energy of electrons in the surface region. If, in addition,
Fowler Nordheim plots are taken for each sample, evidence for or against
the ideas presented in section 6.3.2 can be obtained.

It may be difficult to perform the above experiments with the present
analyser because good stability is needed in order to measure the values

of collector-emitter potential difference which correspond to the onsget
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of collector current, and hence to find the onset of the energy
distribution, and also becauée high reéolution, which is necessary

to measure any change in the slope at onset, is available only at small
values of total emission current. Unfortunately, at these values of
current the signal to noise ratio of the analyser starts to become

a problem. If the instability is caused by contamination then a good
vacuum system and a clean emitter should remove it but the sigral to
noise ratio will not be improved because its value is determined by
the measuring circuits used. The pr?blem of resolution could probaﬁly

(206)

be removed by using a Pigmmer type analyser. KXot only does this
analyser possess extremely good resolution and a high value of signal
to noise ratic.' but also energy distributions from virtually any part
of the emitter surface can be measured with the same high precision
whereas in the present analyser the maximum resolution is available
along the axis of symmetry only. The Plummer analyser also yields the
energy distribution directly so that graphic differentiation is not
necessary and it does not suffer from a loss of collector current at
saturation. The problem of fine positioning mentioned in section 5.2.3,
therefore, no longer exists.

A plummer type analyser and a clean emitter would also make a detailed
investigation of the contamination problem possible. Even a partially
cleaned emitter could be used because the resolution does not vary with
lateral movement of the tip, therefore, a realistic comparison between
clean and contaminated areas is possible. Although with the present
analyser the second peak was found to appear and disappear with lateral
movement, this is a coarse effect caused by relatively clean and heavily
contaminated areas. A more refined experiment {o compare the energy
distributions from clean and slightly contaminated areas is not possible

because of the variable resolution of the analyser.

If, in addition to the Plummer analyser, a mass spectrometer head is

used it should be possible to investigate the relationship between the
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low energy side of the energy distribution and the presence of oxygen
and other gases in the vacuum system. It may even be possible to

determine the energy levels at vhich the contamination resides and,
therefore, to identify it.

oo0o0o0
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APPENDIX

Al PROGRAMM< ONE

' BEGIN'

'"REAL' R1,H,K,41,A2,A3,A4,704

'RIFAL' 'ARRAY' R(0:34),5(0:51) ,VI1:868,1:5);
'INTHRGER! M, N, X,Y,P,Q,T,TT,U,2K,2Z,T0;

'BRGIN'

SELZCT INPUT(3);

R1:=REﬂD;

TFOR' N:=0 'STEP' 1 'UNTIL® 34 'DO' R(N] :=RFAD;
'FOR' M:=0 'STEP' 1 'UNTIL' 51 'DO* S{IM]:=READ;
'FOR' M:=1 'STEP' 1 'UNTIL' 31 'IO'

'BEGIN'

Teall;

H:=S[M+1) -s(M] 3

K:=S(Ml-s(M-1 ;

VIT, 10 :=(1*(R1*R1) )/ ( (84K )* (R1*R1+(2*H ¢K)) )5

v(T,2) tm-1;

VT, 3] :=(K*(R1*R1) )/ ( (H+K)* (R1*R1+(2¥H¥*K) ) )3

V[T,4l:=E2*H*K)/((2*H*K)+R1*R1);

VI(T,5):=03

NEWLINE(lS;

PRINT T,},O);SPACBM;;

PRINT M,e,og;spacm(z ;

PRINT(N,2,0

1ENI}I';

Ni=lj

Y:::l;

ZZ::O;

ZK:=13

X:=31;

Q:=1;

TT:=9;

Tee=3l;

P:=20;

U:=bls

HERE:'FOR' M:=Y 'STEP' 1 'UNTIL' X 'DO'

'BEGIN®

Al:=(1/(sM)~s0=1) )) *((R{MI-R(N=1D )*(1=((R(N)=R [N=1) )/ (2*R[N])) )+
(RO41) =RIND)*(1+((RIF+V =R (W) ) /(2*r (] ))) )3

A2:=El/§R[N+1]-R[N]))*(ES[M+1]-S[Npll)*(1+((RfN+11-RCKJ)/(2*RfNJ3)));

A3:=(1/(StM+13 =S (M) ) )*((RN)=RIN=11 )*(1=((R(N)=R(U=21)/(2*R(K1)))+
(RN =R )* (1+((ROF+21=R (X)) /(2*RIND ) )) )3

A4:=§1/(R[ﬂ]-ﬂfn—13)*((SIM&JJ-[M—ID*(I-((H(N]-R(N-l]){(Z*H(N]))));

AO:= ERCN]-R(N;I])*((1/(S(N]-SfM-Il))+§1/(d(ﬁ+ll—S(M1)))+

51/(3 ﬂj-i[ﬂ-l)))*(SCM&&I-S[M—I??)*(I— (R[N]-R(E-l]3/52*H(K])))+
(RON+1Y =R O3 )*((1/(s(M)=5(1i=13 ) )+(1/(S(M+1) =S (1) ) ) )+(1/(RIE+1) =RCN)
) )*(80M+1) =5 0M=13 ) )*(1+((RC¥+1I=RCNI)/(2*%RCN])) )3

VOT421,17 :=A4; :

VIT+M,2):=A13

VIT+M,3):==A0;

VET4M, 4] :=A3;

VCT+M,5):=A2;

NEWLINE(1);

PRINT§T+M,3

0)3;SPACE(4);
M,2,0;;SPACE(2);
N,2,0

PRINT
PRINT

.
’




'END';
Mi=X;

Ts=T4M;

'IF' Te448 '"THEN' Ni=N-1l;
N:=l+1;

'IF' N 'LE' 5 "THEN' 'GOTO' HERE;
'IF' N=16 'THEN' 'GOTO' HOME;
'IF' N 'GE' 28 'THEN' 'GOTO' PLACE;
'LF' N>16 'THET' 'GOTO' ANYWHEREj;
'IF' T=186 'THEN!

'BEGIN®

X:=203

'GOTO' HERE;

'END';

'IF! T=206 '"THEN'

'BEGIN!

Y:=22;

X:=31;

Ni=N-l;

T:=Tw=2l;

'GOTO' HERE;

'END';

'IF' T=216 'THEN®

'BEGIN'

Yi=lg

N:=T7;

X:=203

'GOTO' IERE;

'END';

'IF' T=Z36 'THEN'

'BEGIN?

Yi=22;

X:=31;

T:=T-21;

Ni=N=-1;

'GOTO* HERE;

'END';

'IF' ZZ=1 'THEN' 'GOTO' THERE;
Q:=Q+1;

P:=P4];

Y:=Q;

X:=P;

T:=T-(Q-1);

2Z:=13

'GOTO* HERE;

. THERE:Y:=Q+21;

X:=31;

Ni=N-1;

'IF' T=448 'THEN' Ne=N+1;
T:=T-(Y-1);

2Z:=0;

'GOTO' HERE;

HOME:Y:=9;

T:=T=8;

X:=29;

'GOTO' HERE;

AMYWHERE:'IF! N 'LE' 25 'THEN®
'BEGIN'



TT:=TT+13
Us=U=13
T:=T-(T7-1);
Y:=TT;
Xe=Us
'GOTO' HERE;
YEND' g
'IP! N=26 'THEN!
'BEGIN!
Y:=20;
Pi=T=(Y=1);
Xe=413
'COTO ' HERE;
*END';
'IF! Ne27 'THEN
'BEGIN'
Y:=23;
T:=T=(Y-1);
X:=403
TT:=243
U:=40;
'GOTO' HERE;
YEND';
PLACE:'IF' N 'LE' 33 'THEN'
'BEGIN*
TT:=TT+)3
U:=U=-1;
Y:=TT;
Y:=T=(Y-1);
Y:=TT}
t=Tw=(Y=1);
X:=Us
'GOTO' HERE;
'END'
AGAIN:TO:=READ;
NEWLINE(1);
PRINTEV[TO,11,5
PRINT(V(TO,2],
PRINT(V[TO,3),
PRINTgch0,4J,
PRINT(V(TO,51,5
ZK:=ZK+1}3 .

,5) 3 SPACE(3
s5 3SPACEE3
»5)3$SPACE(3
,5 ;S?ACEES
5

s SPACE(3

$ TELIME(L
sNEWLINE(1

$ VEWLINE(1
$ NEWLINE(1
s NEWLINE(1

'IF' ZK 'LE' 868 'THEN' 'GOTO' AGAIN;

'END';
YIND!;
XXX



A2 . PROGRAMME_TWO

'BEGIN®
*INTAGER' X,Y,K,Q,JM,IR,I,FIV,R,J,M,N;
'RFAL' T;
'REAL' 'ARRAY' V[1:307),C[1:307,1:29);
'BEGIN!
M:=R2
N:=READ;
Yi=lg
HERE:'FOR' X:=1 'STEP' 1 'UNTIL' Y+14 'DO’
clY, X=Y+(MM+1)'/'2) :=READ;
'IF' Y 'LE' 14 'THEN'
*BEGIN'
Yi=Y4l;
'GOTO' HER®;
'END';
Y:=16;
Q=23
THERE: 'FOR' X:=Q 'STFP' 1 'UNTIL' 2¥Y-Q 'DO'
c(Y,X=-Y+(11+1)"/'2) : =READ;
'IF' Y 'LE' 292 'THEN!
'BEGIN'
Yi=Y+13
Q:=Q+1;
'GOTO* HERE;
'END';
Y:=294;
Q:=2803
ANYWHERE: 'FOR' X:=Q 'STEP' 1 'UNTIL' 307 'DO'
clY,X=Y+(M+1)'/"2) :=READ;
'IF' ¥ 'LE' 306 'THEN'
' BEGIN'
Ye=Y+1;
Q:=Q+13
'COTO! ANYWHERE;
YEND';
'FOR' K:=1 'STEP' 1 'UNTIL' 307 'DO'
'BEGINR'
V(K):=READ;
'END*;
i=(M41)' /1 2;
*FOR'R:=1 'STEP' 1 'UNTIL' ILR-1 'DIO°*
'FOR'I:=1 'STEP' 1 'GNTIL' LR-R 'DO!
'BEGIN'
'FOR' J:=2 'STEP' 1 'UNTIL' M 'DO!
C(R,J=1) :=C(R,J];
C(R,M) :=C(¥+1-R,M+1-1]):20;
'END's
'FOR' I:=l 'STEP' 1 'UNTIL' N=-1 'DO°*
*BEGIN®
PIV:-I;
'FOR! R:=I+1 '3TEP' 1 'UNTIL' LR 'DO"
'IF? ABq(c[R 1 )?ABS(C(PIV,1)) 'THEN' PIV:eRj
*IF' PIV 'NE' 1 "THEN'
YBEGIN'
T:=V{Il;




V1) :=V(PIV];

VCPIV) :=T;

'FOR' J:=L 'STEP' 1 'UNTIL' M ‘IO’
'BEGIN!

T:=C{I,J];

c(1,1:=Clr1v,J];

CCPIV,J :=T;

lE’NDl;

lEN:D';

VD :=V(D /C(I,D

*FOR' J:=2 'STEP' 1 'UNTIL' H 'DO'
c(1,J):=CC1,J3/CCT,1);

'FOR' R:=I+1 'STEP' 1 'UNTIL' IR 'DO°
'BEGIN'! .
T:=C(R,1);

VIR) :=V(R)-T*V(I]; :

'FOR' J:=2 '5TEP' 1 'UNTPIL' M 'DO!
C[R,J=1) :=C[R,J)~T*C(I,J3;

C(R,M :=0;

tE’NDI;

*IF' IR 'NE' N 'THEN' LR:=LR+l;
lEIqD!:

VIN) :=V[N)/clv, 10 g

JM:=2;

‘FOR' R:=N-1 'STEP' -1 'UNTIL' 1 ‘DO’
*BEGIN'

'FOR' J:=2 'STEP' 1 'UNTIL' JM 'DO’
VLR) ¢:=V(R)=C(R,J}*V(R-1+J7 3

'IFt JM 'NE' M 'THEN' JM:=JM+l;
YEND';

'FOR' K:=1 'STEP' 1 'UNTIL' 307 'DO*
' BEGIN'

NEWLINE(1);

PRINT(V(K],4,2);

YEND*;

’EN:D';

GENDI;

%%



A3 _ PROGRAMME THRFE

'BEGIN'

'INTEGER' X,Y,K,Q,JM,IR,I,PIV,R,J,M,N;
'REAL' T;

'REAL' 'ARRAY' V{1:868),C[1:868,1:41);
'BEGIN'

M:=READ;

N:=READ;

Yi=ls

HERE:'FOR' X:=1 'STEP' 1'UNTIL' Y420 ‘DO’
C{Y,X=Y+(M+1)'/*2] :=READ;

'IF' Y 'LE' 20 'THEN'

'BEGIN'

Yi=Y41;

'GOTO' HERE;

tE’_,ml;

Y:=223

Q:=2;

THERE: '¥)R' X:=Q 'STEP' 1 UNTIL' 2%Y-Q 'DO'
ClY, X=Y+(M+1)'/'2) :=READ;

'IF' Y 'LE' 847 'THEN'

*BEGIN'

Yi=Y+l;

Q:=Q+1;

'GOTO' VZRE;

'END';

Y:=849;

Q:=829:

ANYWHERE: 'FOR' X:=Q 'STEP' 1 'UNTIL' 868 'DO*
c(Y,X=Y+(M+1)'/'2) :=READ;

tJF! Y 'LE' 867 'THEN'

*BEGIN'

Yi=Y41;

Q:=Q+13

'GOTO' ANYWHFRE;

'END'

'FOR' K:=1 'STEP' 1 'UNTIL' 868 'DO’
'BEGIN'

V(X) :=RFAD;

'END'; ,

LR:=(M+1)'/12;

'FOR' R:=l 'STEP' 1 'UNTIL' IR-1 'IO'
'FOR' I:=1 'STEP' 1 'UNTIL' ILR-R 'DO’
'BEGIN®

'FOR' J:=2 'STEP' 1 'UNTIL' M 'DO!
c(R,J-1) :=C(R,J}
ClR,M):=C(11+1-R,M+1~1) :=0;

lm']'_)l;

'FOR' I:=1 'STEP' 1 'UNTIL' N-1 'IO'

' BEGIN®

PIV:=I;

'FOR' R:=I+l 'STEP' 1 'UNTIL' LR '10'
'IF' ABS(CIR,1} )>aBs(c(pPIV,1)) 'THEN' PIV:=R;
'IF' PIV 'NE' I 'THEN! g



'BEGIN!

T:=V(I);

V(1) :=V(PIV);

VIPIV):=T;

"FOR' J:=1l 'STEP' 1 'UNTIL' M 'DO°
' BEGIN'

T:=C(I1,J);

C(I,J):=CCPIV,J);

clp1v,J) :=T7;

lEN’Dl;

'END';

V(I :=v(D /C(I,13;

'FOR' J:=2 'STHP' 1 'UNTIL' M 'DO'
cl1,J):=c(1,7)/CcCI, 1 :
'FOR' R:=I+1 'STEP' 1 'UNTIL' IR 'DO!
'BEGIN' :
T:=C(R,1I;

V(R) :=V(RI=T*V(I);

'FOR' J:=2 'STEP' 1 'UNTIL' M 'DO'
C®,J=13 :=C(R,J)-T*C(I,J7;
C(R,M]::O;

'END';

'IF' IR 'NE' N 'THEN' IR:=LR+l;
'END';

v :=v(¥vl)/clr,13;

JM:=23

'FOR' R:=N=-1 'STEP' -1 'UNTIL' 1 'DO'
'BEGIN'

'FOR' J:=2 'STEP' 1 'UNTIL' JM 'DO*
VCR) :=V(RI =C(R,JI*V[R=1+J)}

'IF' JM 'WE' M 'THEN' JM:=JM+1;
'END';

'FOR' K:=1 'STEP' 1 'UNTIL' 868 'DO'
*BEGIN'

NEWLINE(1);

PRINT(V(X),4,2);

|E‘NDI;

'END';

'END';
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A4 PROGRAMME FOUR

1BEGIN?

'REAL' H,R,RD,RDD,RDDD,NV,VR,VRR,VZ,VZZ,K1,K2,K3,K4,K5,K63
"INTEGER' T;

'REAL' 'ARRAY' V([-1:210],D1(0:209],D2(0:209] ;

'BEGIN' :

H:=0.05;V(~1) :=1000; 'FOR' I:=0 'STEP' 1'UNTIL' 210 'DO' V(I):=READ;
'FOR' I:=0 'STEP' 1 'UNTIL® 3 'DO’

'BEGIN'

Kl:=v{I+1) -v(I];

K2:=V[I+2) =2*V([I+1] ;

K3:=V{I+3) =3%V (T42) +3*V [1+1) -V (1) ;

K4 2=V (T+4) =4*V (1431 +6%V (1+2) =4*V (I+1) 4V (D ;

K5 :=V [T+5) 5%V [I+4) +10*V [I+3) =10%V (T+2) +5%VII+D -V (1) 3

K6 :=V [I+6) 6%V (I+5) +15%V (I+4) =20%V [T+3) +15*V [T+21=6%V (T+11 +V (1) 4
D1CI) :=§1 /H)*(Kl—il/?.‘ )*x24(1/3 g*K3—(1/4;*K4+51/5)*K5- (1/6)*K6);
D%]I:[)';Izu 1/(H12) )*(K2-K3+(11/12 )*K4=(5/6 ) *K5+(137/180)*K6) ;

1
3

'FOR' I:=4 'STEP' 1 'UNTIL' 206 'DO'

*BEGIN'

R:=V(I+1) -2¥V(T) 4V (I-1 3

K2:=V(I42) =4%V (I4+1) 46%¥V (1) =4*V (I-1) 4+V[I-2];

K3:=V (142) 6%V [T42) +15%V (141 =20%V(I) +15%V (I-D =6%V (I-2) +V(I-3] ;

K4 :=VII4+2) «2%V(T413 42%V (1= =V [I=2] 3

K5:=VT+3) =4*¥V (T423 +5%V (1413 =5%V (I=13 44*%V[I=2) =V [I-3] ;

K6 1=V (1441 =6¥VET+3) +14%V (T42) =14%V [T41) +14%V [I=1] ~14*V (I=2) 4+6*
VII-31-V(I-4);

D1LI) ==$ 1/§2*H) g*Sv (1+1 -V (I-1 —(1/6;*K4+(1/30)*K5-(1/140)*K6);

D2 (1) :=(1/{p12) )*(K1-(1/12)*K2+(1/90)*K3);
SEND';

'FOR' I:=207 'STEF' 1 *UNTIL' 210 'IO°
*BEGIN' :

Kl:=V(D-V(I-13;

K2:=V (D -2%V(I-13 +V(I-2];

K3:=V (D =3*V(I-13 +3*V Q-2 -V[I~-3]; .

K4 :=V (D =4*V (T=12 +6%V (T=23 =A%V (I~33 4V (I-43 ;

K5 :=V (13=5%7 (T=13 +10%V (I-23 =10%V [1=3] +5%V (I~4] ~V{(-5]) ;

K6 :=V (13 ~6*V (T-13 +15%V (T=2) =20%V [I-31 +15%V [T-4) =6*7 [I-5) 1 7(1~6);
D1(1) :=51/H)*(K1+E1/2)*K2+(1/33*K3+§1/4;*K4+El/5)*I(5+(1/6)*}\'6);
132 (1) :=(1/(m12) )*(K2+K3+(11/12 ) *K4+(5/6 ) *K5+(137/130 ) *K6 ) 3

END';

K1:=0;.

'FOR' RD:=0.01512,0.01541,0.01570,0.01599,0.01623,0.03492'10"

'BEGIN'

R:=0.05;

'FOR' I:=0 'STEP' 1 'UNTIL' 209 'IO*

'BEGIN!

KV:=V(D -(((812)/4)*D2(1))+K1;

VR:=(-R/2)*D2(1);

thle(I};

VRR:=(~1/2)*D2[1);

VE.‘Z:=D2{I'J;

RDD:=( (148D12)/(2*17) )*(VR-(1D¥V2) )

RDDD:s=( E\nm/( %17V ) )*(RD-RDT24RDA3-RD14) )~ ((D*VZZ*(147D12) ) /(2%17) )
(3*RDD¥VZ*(14RD 2))/(2%V));

PRINT(R,4,4); .




SPACE(3);

PRIHT%RD,4,5);
SPACE(3);

K3 :=I%H;

'IFY I=0 '"THREN' K3:=1l;
K2:=R/K3;
PRI‘.*ITEK?,A”S);
SPACE(3);

K2 :=K2~RD;
PRINT(K2,4:5)3
SPACE(3);
PRINT(NV,4,3);
SPACE(3);
PRINT(VLI),4,3);
SPACE(3);

PRINT(D1(11,5,3);

SPACE(3);

PRINT D%£§].5,3);
FEWLINE(1)
Rs<R+H*AD+( (111 2%RDD)/2 )+( (H13*RDDD)/6 )3
RD:=iD+H*RDD+( (H12*RDDD)/2) 3
'END';

TEND';

lEND!;

!E:\mt;
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