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‘ABSTRACT

In an attempt to clarify the behaviour of semi-conductor field
emitters the properties of a narrow hand gap material were investigated.
A retarding potential analyser was built and tested usinéia tungsten
emitter., The energy distribution of electrons emitted from single
crystals of lead telluride (band gap 0.3 €V) and gallium phosphide
(band gap 2,26 €V) were measured. The halfwidths of the distributions

are discussed with respect to the relevant parameters for the materials.

Methods of tip preparation had to be developed.

The halfwidth of the energy distribution of electrons field emitted
from carbon fibres was measured to be 0,21 + 0.0l eV, A mechanism

explaining the long lifetime of the emitters in poor vacuua is proposed.
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CHAPTER 1

INTRODUCTION

1.1 PROLOGUE

Field emission is the process of emission of electrons fram a
conductor, through the potential barrier at the surface of the
conductor, under the action of an electric field. The effect is
an example of quantum mechanical tunnelling as the electrons on
leaving the cathode pass through the classically forbidden barrier
with no loss of energy. For the field emission current to be
significant the barrier width has to be of the order of 10 2
corresponding to a field strength of about 107 volts cm—l._ These
high field values can be achieved in two ways : either the specimen is
in the form of a flat plate on which is deposited a very thin layer of
insulating material, then another electrode and a voltage applied across
the insulator (thin film tunnelling), or the specimen is etched to a
very sharp point, typically 1000 2 radius, and using the fact that the
field at the surface of a sphere is equal to the applied voltage divided
by the radius, suitable fields can be achieved by the application of a

few kilovolts (the field emission cathode). This discussion will be

concerned only with the latter case.

The field emission cathode is of interest in several ways.
Technologically as an electron source, it is a high brightness coherent
point source capable of delivering current densities as high as 106 anps
cﬁ—z (1). Experimentally as a means of investigating clean metal and

semiconductor surfaces to determine band structure effects, work functions,

thermal effects and surface states (2). The theory of field emission

(1)



from metals is reasonably well understood in so much as experimental
current-voltage characterisitics and energy distributions hardly
'differ from those predicted by theory and relatively sophisticated
techniques have to be employed to bring out the differences. In

the case of semiconductors, however, the situation is very different.
Only recently has any qualitative agreement, between theory and
experiment, been found and then only in the specific case of germanium.
In general, the agreement between theory and experiment is poor, to

say the least.

1.2 FIELD BEMISSION FROM METALS

The first theory of field emission was proposed in 1928 by
Fowler and Nordheim (3) who used the then new quantum mechanics
to estimate the emitted current density as a function of applied
field. They assumed a triangular barrier and by solving the
Schrdinger equation found the escape probability of an electron with
a given energy. Using the Somerfeld theory of metals they deduced
the number of electrons arriving at the barrier within a given energy
" range. Integration of these quantities over all energies produced an

expression for the total emitted current density of the form

= 4dud ¢ FZ@‘P. -3 /an g*
e Shg dhe

where /M and ¢ are the emitter Fermi energy and work-function

respectively, M is the electron mass and h plark's constant.
Nordheim (4) modified the expression to include the effect of the

image force. Fig. (1.1) The Fowler-Nordheim equation, as the

(2)



Fige 1.l

(a) Basic potential barrier

ﬁl

(b) Application of f{ield

(c) With image force correction




expression has become known, shows that the emission originates from
the region of the Fermi level, further a plot of log j/F2 vs 1/F,
the Fowler-Nordheim plot, should have a gradient proportional to

the work-function of the emitter:

Experimentally field emission became a very useful technique by
the invention of the field emission microscope (5). Muller realised
that if he produced a hemispherical, smooth,clean emitter he could
project a greatly enlarged image of the emission distribution onto
a fluorescent screen. The image produced is almost a stereographic
projection of the emitter, the darker regions corresponding to areas
of low emission, due to high work-function or low field, and the
brighter regions to areas of low work-function or high field. This
technique allows the direct cbservation of adsorbate or contaminant
on the emitter surface and changes in the surface structure under

changing fields and temperatures.

The next major step came in 1959 wﬁen Young and Muller (6) used
a retarding potential analyser to measure the total energy distribution
of electrons field emitted from tungsten and Young (7) derived a
theoretical expression for the toal energy distribution. Although
earlier workers had been trying to measure energy distributions
(8) (9) they thought they were measuring the normal energy distribution
and their instruments did not have sufficient resolution to show
otherwise. In the Fowler-Nordheim equation the parameter which
determines the tunnelling prcbability is the "normal component" of
energy, that which ié directed towards the surface, hence one would

expect that in field emission the energy distribution would be the

(3)



normal distribution. This is true for the plane parallel case but
in the spherical geometry of the more usual field emission cathode
situation the "transverse component" of the energy, which is
conserved in the tunnelling process, is rapidly transferred to

the direction of motion once the electron has left the tip, hence

the total energy of the electron is measured and not the normal energy.

Recently with the development of a new generation of energy
analysers (10) the electrostatic deflection analysers, having a
much higher resolution than the retarding potential type it has
become possible to investigate the effect of surface states in the
emission from metals. These developments have been reviewed by
Gadzuk and Plummer (2) and will not be considered further as the present

work is primarily concerned with field emission from semiconductors.

1.3 FIELD EMISSION FROM SEMICONDUCTORS

Field emission studies on semiconducting materials are a logical
develcpment fram work on metals but it was not until the 1950's that
much work was done. This was praobably a result of the difficulty
in producing the materials and making suitable emitters. Apker
and Taft (11) drew field emission currents from single crystals of
cadmium sulphide "sharpened" by electron bombardment. They suggested
that fheir sharpening process occurred by preferential evaporation
but found that they were unable to produce smooth tips. Their work
showed that the emission current was sensitive to illumination but
only when the emitting area was illuminated, also they realised that
the high resistance of the specimen could produce a loss of field at

the tip.

4)



The subject received an.incentive when in 1955 Stratton (12)
published his first paper on the theory of field emission from
semiconductors. He used a Fowler-Nordheim type barrier and modified
the transmission probability to include the effect of the dielectric
constant of the material. He applied this barrier to different
models of a semiconductor surface,with and without field penetration
and with and without surface states. He showed that at low fields
the presence of surface states should give low currents until the
field is high enough to reduce the internal barrier and allow field
penetration. This should lower the conduction band edge eventually
causing'degeneracy and metal like emission. The plot of log i vs
1/F for such an emitter should consist of two straight line sections

of equal gradient comnected by a curve of greater gradient.

The experimental work following Stratton's paper was directed
towards investigations of the Fowler-Nordheim characteristics to
find departures from linearity. Perry (13) and Elison and Vasiliev
(14) found non-linear plots for germanium but field emission patterns
taken at the time suggest the surfaces were contaminated, Perry (15),
so the results cannot be reliably attributed to germanium. Allen (16)
was able to produce clean reproducible emission patterns from silicon
tips. He found that, over the range investigated, plots of log i vs
1/V were linear and the emission was independent of temperature
(up to 1200°K) and illumination. Herooncluded that the surface must
be degenerate n-type or surface states present in densities exceeding
lO13 cm.—2 eV Perry (15) also working on silicon, but over a wider

range of currents,'found two types of plot, one linear and the other

two- linear sections of equal gradient joined by a third of less

(5)



gradient (not in agreement with Stratton's predictions). He hoped
to interpret the linear plots as due to p-type material and the
other to n-type but found the reverse, with the n-type specimens
having strongly p-type surfaces which he attributed to boron contam—

ination fram the vacuum system deposited during bakeout.

Klimin (17) et al investigating germanium emitters prepared
by cleavage, electron bambardment and heat treatment found
current-voltage characteristics over a range of temperatures. They
used Stratton's model of a semiconductor with no surface states to
interpret their results and found good agreement. These results,
however, are extremely unlikely to be representative of a clean
surface as symmetrical images were not obtained and the experiment

7

conducted in vacuum of the order of 10 'torr.

In 1962 Stratton (18) published another paper on the theory of
field emission from semiconductors which overcame some of the short-
canings of his previous work. Using a Fowler-Nordheim barrier, as
in the earlier work, he produced expressions for the emitted current
density from both the valence band and conduction band containing
effective mass corrections allowing for variations in band shapes.

He also considered the effect of surface states in more detail but
did not allow for the possibility of emission fram such states.
Applying his expressions to germanium for different surface state
models he found there should be a change in slope of the Fowler-

" Nordheim plot at flat band conduction, and that valence band emission
predominates unless there is field penetration. Stratton compared his

predictions with the experimental work of Allen (19) and concluded the

(6)



emission characteristics were consistent with emission from the

conduction band, indicating that field penetration had occurred.

Savage (20) successfully produced emission from gallium arsenide
but was unable to produce a clean symmetrical image. Current voltage
measurements revealed two distinct regions in the Fowler-Nordheim
plots, a flat portion at low fields (attributed to leakage currents

between electrodes) and a straight line section at higher fields.

A quantitative approach to the prablem was made possible by the
work of Arthur (21) by the ingenious use of field ion and field
emission techniques. Previous workers had experienced difficulty
in estimating the field at the emitter surface and used voltage
rather than field in their Fowler-Nordheim plots. Arthur's method
of finding an absolute value of the field voltage ratio was to
assume that the ionization field for hydrogen was the same over
tungsten and germanium, thus, knowing the value of the "best image"
field for tungsten, the voltage producing the "best image" for
germanium should correspond to that value of field. Unfortunately
calculations using this method produced work function values that
were 30% too large. His Fowler-Nordheim plots, however, were linear
but with different slopes for field evaporated and annealed surfaces

which indicates build up of ridges during the annealing process.

In a later work Arthur (22) found linear Fowler-Nordheim plots
for n—type germanium specimens but with p-type specimens the plots
exhibited a linear region at low fields followed by a saturation
region then a region where the emission increased very rapidly with

field. The position of the saturation region was found to move to

(7)



higher current values with increase in femperature and also to be
dependent on illumination. Ernst (23) used Arthur's (21) method for
estimating the field at the tip in comparing his results for n-type
germanium with Stratton's theory. His results, although linear,
gave work-functions considerably greater than the accepted value and
the emitted current density for a given field was less than expected
from Stratton's theory. He did point out the over-simplification

in Stratton's theory, that the energy bands centred on k = O, and
that if the band is centred elsewhere the field emission work-—

function exceeds its true value by an amount

it
A
A
!
where %ﬁ is Plank's constant, M the electronic mass and k%

the component, normal to the emission direction, of the vector

joining the band centre to k = O in the Brillouin zone.

Marien et al (25), in a study of the emission characteristics

- of undoped zinc oxide, found two types of Fowler—-Nordheim plot. For
the (OO0 O E} orientation the plots were linear over the range
investigated whilst the (O O O 1) orientation produced a plateau
region, between two linear sections, with increasing voltage over the
same range, moreover a.plot with decreasing voltage, from above the
plateau region, was linear. They showed that over the range of
their plots field penetration did occur but the surface did not
becare degenerate. They suggested that a set of surface states,

initially empty, trapped charge thus producing the plateau region

and that, as the work was carried out at nitrogen temperature, once

(8)



filled the states would stay filled as not enough thermal energy was
available to empty them. This implied that subsequent plots with
increasing voltage should be linear, which fact they observed,
moreover, heating the tip to room temperature for a few seconds
reproduced the plateau structure. In a later work (26) they
conclude that the conduction band does become degenerate and that
the plateau structure is not only due to trapping of charge in

surface states but also to a change in electron affinity.

Marien and Loosveldt (26) also used Arthur's (21) method in
their work on cadmium sulphide and found reasocnable agreement between
their estimated value of electron affinity and the accepted value.

In determining this value they used their low field Fowler-Nordheim
plots which were linear, however at high fields their plots showed

a change of slope and in some cases a hysteresis effect,

The work reviewed above shows, to some extent, the inadequacy
of the Stratton theory in explaining expérimental results. The
earlier works, however, should be treated with caution as experimental
techniques, e.g. tip preparation and cleaning, vacuum conditions,
were not sufficiently developed to produce results attributable
. to clean, well characterised surfaces. The recent work, on the other
hand, utilising u.h.v. techniques and refined methods of sample
cleaning is more reliable and indicates a need for a more sophistic—

ated explanation of current-voltage characteristics for semiconductors.

This need was fulfilled in 1971 by Baskin, Lvov and Fursey (27).
They did not confine their argument to a constant Fermi level
situation, as did Stratton, but developed a theory without the use

of a zero current approximation. By this means they were able to

(9)



show that for p-type specimens a depletion layer is formed just
behind the surface which will exert a limiting effect on the rate

of arrival of carriers at the surface, thus giving a saturation
region in the emission characteristic. In n-type specimens, however,
this depletion layer is not formed but a similar saturation region
may be observed if the specimen is unable to generate enough
carriers, in the bulk, to constitute the emission current.

- Numerical calculations based on their- expressions showed qualitative
agreement with cbserved effects although the saturation‘currents

were smaller than experimental values which they attributed to the

one-dimensional nature of their model.

1.4 ENERGY DISTRIBUTIONS OF ELECTRONS FIFLD EMITTED FROM SEMICONDUCTORS

Russel (28) realised that more information about the electronic
structure of semiconductor field emitters could be obtained by
retarding potential measurements than the more usual, at that time,
current voltage characteristics. He was able to show, by critical bias
measurements, that the emission from a silicon tip originated less than
half the band gap below the Fermi level. Later (29), using an energy
-analyser, similar to that of Young and Muller (6), he reported metal
like energy distributions fram silicon, attributed to emission from

a p—type surface layer.

Then, following a fortuitous fracture of his specimen, he
.observed two peaks separated by an amount equal to the band gap, the
obvious interpretation is conduction and valence band emission., His
results, however, should be treated with scepticism as his measurement
of tﬁe half width of the tungsten distribution was three times the
accepted value.

(10)



Scherbakov and Skol'skaya (30), in their work on cadmium
sulphide, used a similar type of analyser first calibrating it with
tungsten. Although the shape of the distribution differed from
that of Young and Muller (6) the half-width was of a comparable
value. They obtained half-widths for the cadmium sulphide
distribution ranging from 0.6 eV to almost 2eV. However, due to
the finite resistance of their specimens, they were unable to
locate their distributions with respect to the Fermi level. It
should be pointed out that their specimens contained several
| microneedles which could lead to confusion in interpretation of

their results.

A measurement of 0.1 eV to 0.2 eV for the half-width of the
energy distribution from germanium was reported by Kagan et al(31).
They report the shape of the distribution to be characteristic
of semiconductors but quote no references, also, as they made no
attempt to clean their specimens, their results should be treated with

caution.

Stratton (32) produced theoreticaliexpressions for the energy
distributions of electrons emitted from the conduction band and valence
band of a semiconductor. A previous attempt had been made by Fischer
(33) (34) but hié expression for the valence band emission was based
upon an earlier derivation by Stratton (18) which was incorrect.
Stratton was able to show that his expression for the conduction band
" emission reduced to the same form as Fischer's. MNumerical analysis
of his results predicted conduction band half-widths between 2kT and
7kT and valence band half-widths between 3kT and 12kT for all

degeneracies over a typical range of fields. Unfortunately, these

(11)



values are narrower than experimental results.

The first reliable measurement of the energy distribution of
electrons emitted from germanium was due to Arthur (35) who investi-
gated a range of germanium crystals in a Young and Muller (6) type
analyser. He found distributions of approximate gaussian shape
immediately below the Fermi level with a width about twice that
obtained for tungsten, with the distribution narrowing as the surface
'was anmnealed. Occasiocnally a second peak 0.15 eV below the main one
was observed that was sensitive to tip positioning and could be
removed by field evaporation. No difference was observed between
specimens of different conductivities of either n- or p~ type materials.
Arthur interprets his results as emission from a degenerate conduction
band with a very iow density of surface states but questions his decision
as the distribution from the field evaporated surface narrows with anneal-
ing. Interpretation of the subsidiary peak as surface state emissién must,
he concludes, be dismissed as the density consistent with a degenerate

conduction band could not supply sufficient current.

Hughes and White (36) working on gallium arsenide produced results
similar to Arthur but with the subsidiary peak appearing on the high
energy side of the distribution. Critical bias measurements suggested
to them that their main peak was valence band emission and the subsidiary
peak, which was sensitive to tip positioning and surface condition,
surface state emission as it was found immediately below the Fermi level.

"Using Stratton's (32) theory they calculated the theoretical half width
to be 0.3 eV whilst their measured values were of the order of 0.7 eV.
Salmon and Braun (37) using a similar analyser have measured half widths

between 0.6 eV and 1.6 eV for cadmium sulphide and have observed a second

(12)



peak on the low energy side of the distribution which could be removed
by field evaporation. This extra peak was attributed to emission from
surface states due to contamination. The distributions with the larger
half widths were thought to be artefacts resulting from anomalous
broadening of the energy distribution at the relatively high currents
used or due to poor resolution as a result of a slight misalignment.

A comparison with Stratton's prediction for emission from a degenerate
- conduction band again showed the experimental half width to be several

times greater than the theoretical one.

Shepherd and Peria (38) used an electrostatic deflection analyser
to investigate emission from (100) oriented germanium. This type of
analyser has a better resolution and signal to noise ratio than a
reta'rding potential analyser, and, they claim, can discriminate against

electrons with high transverse marenta in the specimen.

Their analyser can discriminate against electrons arriving at
the collector with high transverse momenta but these do not necessarily
correspond to electrons with high transverse mamenta in the bulk. As
will be shown in a subsequent chapter the transverse momentum component
of an electron within the crystal is rapidly transferred to the direction
of motion of the electron once it has left the tip in the spherical
geometry of the field emission system.- In using the transverse momentum
component of a conduction band electron within the crystal to show that
such an electron cannot be collected by their analyser Shepherd and
*Peria have overlooked the fundamental difference between normal and

total energy distributions.

"Their results showed two peaks, a dominant higher energy peak

0.6 eV to 0.7 eV below the Fermi level (half width about 0.2 &V) and

(13)



a lesser peak of lower energy. The positions of the peaks moved to lower
energies with increasing fields. In interpreting their results they
attribute the high energy peak to surface states and the lower energy

one to the valence band. Although the Fermi level was found to lie

in the conduction band they did not abserve conduction band emissian

due to the peculiar transmission progerties of their analyser and the
reduced tunnelling probability of conduction band electrons in the

(100) direction.

In an attempt to quantify their results they followed a method
- similar to Stratton (32) in deriving an expression for the theoretical
valence band distribution. This was then multiplied by an arbitrary
- factor with until agreement was obtained with the cbserved valence
band peak. By this method the field voltage ratio was obtained and
used to compare theoretical valence band Fowler-Nordheim plots with
total current and prcbe hole measurements. Each plot though linear,
showed a different slope. In obtaining the density of surface states
from their results the peak and onset voltages were plotted against
field, as these showed a rapid movement to lower energies at high fields
they were corrected, by an unspecified method, for a resistive drop to
produce a straight line. The density of surface states cbtained by

12

this method was 6,3 10 cm.-2 which is at least an order of magnitude

lower than other estimates.

The inability of Stratton's (32) theory to adequately explain

‘the experimental results is cbvious and the need for a theory including
emission from surface states apparent. Modinos (39) has recently
proposed such a theory. Concisely Modinos took Stratton's (32)

expression for conduction and valence band emission and included the

(14)



effect of surface state emission, by deriving an expression for tun-
nelling frem surface states and equating this with the replenishment

of the surface states by carriers from the valence and conduction bands.
Numerical analysis of his results for germanium are very similar to the
results of Shepherd and Peria. There is a dominant high energy surface
state peak (half width 0.1 eV to 0.2 eV) with a lesser low energy
valence band peak which shift to lower energy with increase in field.
The major difference between experiment and theory is that Modinos
predicts the surface state peak to be immediately below the Fermi
level, except at high fields, whilst Shepherd and Peria do not find
this to be so, however this difference could be attributed to
-experimental error as Shepherd and Peria only investigated one emitter

(40).

The work reviewed above shows the need for further work on semi-
conductors, although Modinos has produced a theory almost consistent
with experimental results for germanium, other materials should be
investigated. ILead telluride was chosen for this investigation as it
has a small band gap and the bands aré centred on the origin of the
Brillouin zone. For a comparison some preliminary results were

obtained from a large band gap material, gallium phosphide.

(15)



CHAPTER 2

" 'THEORY OF FIEID FMISSION

PART A : METALS

2,1 THE FOWLER-NORDHEIM EQUATTON

The first formulation of a theory of field emission in terms of
quantum mechanics was due to Fowler and Nordheim (3), and Nordheim (4),
who derived an expression relating the emitted current density to the
applied field, the Fowler-Nordheim equation. They investigated the
possibility of an electron escaping from a metal through the surface
potential barrier, when deformed by an applied electric field and the
image force Fig. (2.1), by considering a free electron incident upon
the barrier, In order to find the transmission probability of an
electron with an energy "component" Ex normal to the barrier a

Schroedinger equation of the form

e 'S

¥ (:M Fo v & &+ €B€.>‘f’:0

9 x* fi* 4 2t

must be solved, where {R is Plank's constant, m the electronic mass,
¢ the electronic charge and F the applied field. This has.been

done rigorously by Nordheim (4) and using the W.K.B. approximation by

Good and Muller (41). The transmission probability D(EX) is

WE,) = e - 4w P,
dhe F

where v(y) is a slowly varying function tabulated in (41)

(16)



Fig. 2.1
Potentiasl barrier with applied fleld

and image force.

. - 2
Potential energy = -eFx il
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The next factor-governing the emission of electrons is the
supply of electrons to the surface barrier. The number of electrons

moving towards the surface barrier with normal momenta between P, and

px'+ de per second per unit area is given by :

ey, :
d.n;(_ = 'E;“ '“L';'s" C{,P‘% dpﬁ G’VP% FU:>

95 =00 [y, =0
where F (E) is the Fermi distribution function.

- '

F(e)- e&:is(%(—:;) + |

where'g is the Fermi. energy, k is Boltzman's constant and T the
absolute temperature. From the above expression the number of
electrons incident on the barrier with normal "component" of energy
in the range EX to EX + dEX per unit area per unit time can be

N(Ex>(iE‘z = ‘4‘TMkTL§ | « exp - ( . f)
| T

The number of electrons penetrating the barrier per unit area per unit

PCEL) A Ey = N(ELD(E:) dE

and integration of this quantity over EX gives the total emitted current

density

L f V (Ex) D(Ex) o Ey

~Ea (17)



Thus

P(EQULEﬁJmﬁ_\g @P{ 4 [ulef, éFﬂ %[‘*Q‘P"(‘k,’%‘*@

Ihef | Exl

For electrons near the Fermi level the exponent of the transmission
probability can be approximated by the first two terms of a power

series :

_4J2mjﬁxﬁ VQJEE)=='*3*‘EX‘§

3{7‘\@‘: lExl

where ¢ = 4ﬁzgxg—gé V(__A[_(’;;—j_g)

3fhef

= hefF
22w ¢ (Y5F)
v{y)
= %t Cjis-t:l/e(v\?ork functlond_gg.

pte e, = T oo B i g (557,
hT[oB[l-&- ?{N Ex>'§
and ’-E‘Exﬁﬂ‘ Ex<f

Substituting into the above expression

P(Ex)({gx =0 . g;r&x»f
- im0 57 [8) e

As there are no electrons above § the upper limit of the integral can

E:x?] :

be changed from o0 to ? and as no electrons are emitted from well

(18)



below €  the lower limit can be changed from -f4 to — oo .

The total emitted current density can now be written

T = 4mme 5 Cxp! -C +_E.""_;_:_§ (?"—Eﬁ{>d&££};
K i d
200

or performing the integration

=] 3
3~ /12 59 & 3
I=¢F [gﬁ h §v(: (;“Ef) @‘P - 'E’Tﬁ.@ v(a[@.f)
@ e fF ¢
the Fowler-Nordheim equation. From a plot of log I/F2 against i/F, the
Fowler-Nordheim plot, the work-function,gg , of the emitter can be

obtained fram the gradient of the straight line.

2,2 THE ENERGY DISTRTBUTION

2,2 a THE NORMAL ENERGY DISTRTBUTION

The normal enerqy distribution P (Ex) is the nunber of electrons
leaving the emitter with a given "component" of energy normal to the
barrier. This is the quantity determined in the previous section as the
Fowler-Nordheim equation depends on the "conponent" of energy normal to
the barrier.

Ple) = 4makT o |- + 575 by |1+ aap- (BT

o d RT

2,2 b THE TOTAL ENERGY DISTRIBUTION

The total energy distribution P(E) is the number of electrons leaving
.the emitter with a given total energy. The derivation of the total enerqgy
distribution is discussed by Gadzuk and Plummer (2) with consideration
given to the different approximations used, a general result only will

be given.

(19)
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2.2 ¢ THE NORVAL AND TOTAL ENERGY DISTRIBUTIONS

The normal energy distribution cannot be measured in a
conventional field emission system as once the electrons leave the
emitter they are acted upon by the eclectric field and their enerqgy
"components" redistributed. Consider a field emitted electron in the
spherically symmetric emission geometry shown in Fig. 2.2. The particle
moves in a central force field in which angular momentum is conserved
(2). If the particle has an initial transverse velocity V, (ro) and

T
enerqgy ET(ro) it can be shown that

Vi ()= i) fe
-

ET (‘r’o)'( E?.)L

-

and

E. ()

It is easy to see, from these equations, that any transverse energy of
the electron is rapidly converted to radial energy; hence a field emission

system measures total energy and not normal energy.

2.3 THE MEASURED DISTRIBUTION

Gadzuk and Plumer (2) define two total enerqgy distributions, the
~one that is normally calculated and the one that, in fact, is measured.
They define a function P(ﬁo, ﬁl’ E) as the number of electrons entering
the probe hole with energy E originating from unit area at the

intersection of A, with the emitter surface, see Fig. (2.2) The collected

1
total energy distribution, per unit solid angle of the prabe hole in the

(20)
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ﬁo direction, (the measured quantity) is found by integrating the

function over the emitter surface :

PR [ 0C, 6 £ s s 4

Y]
The emitted total energy distribution from unit area denoted by ﬁl

(the calculated quantity) is found by integrating over all directions

of the probe hole ﬁo : 2
AP, %
6)( A\a E )':J( Jf f)(.ﬁb) ft) E')Asdﬁgg d,& d}j
¢ 0

If P(ﬁo, ﬁl’ E) is a function only of é; and not dependent on the
direction of ﬁl or ﬁo the two expressions are equivalent. For free

electron-like metals and spherical geometry they are identical.

PART B : SEMICONDUCIORS

2,4 THE TOTAL FEMITTED CURRENT DENSITY

In this section the theories describing the total emitted current
density will only be discussed qualitatiyely as the quantative
treatment can be obtained from the energy distribution which will be
discussed more fully in a later section. The emitted current density,

j, is related to the energy distribution, P(E); by :
‘ )
gt pede
Eo

An attempt to‘formulate a theory of field emission from semiconductors

was made by Stratton (12) in 1955 who calculated the emission current

from the conduction band for a surface in several idealised situations.

He developed this theory later (18) to include an effective mass correction
and the effect of valence band emission. Generally, his results showed

that a plot of log. j vs 1/F should be camposed of two parallel linear

(21)



sections of negative slope at high and low currents joined by a section
of greater negative slope. He found his results to be in agreenént
with experimental evidence existing at that time (19), however, later
work has shown markedly different results (22), (24),(25). This led
Baskin, Lvov and Fursel (27) to consider the problem in more detail

and explain the saturation region observed in the mid-current range
where Stratton had predicted a pronounced increase in cuxrent. By
considering a situation where the Fermi level was not constant throughout
the specimen., They showed that for a p-type specimen a depletion layer
is formed just behind the surface which limits the rate of arrival of
carriers to the surface. In n-type specimens the carrier concentration
in the bulk limits the current. Beyond this saturation region they

attribute the increase in current to avalanche breakdown.

2.5 THE ENERGY DISTRIBUTION

The major work on the energy distribution of electrons field
emitted from semiconductors was again due to Stratton (32). He derived
expressions for the total and normal energy distributions of electrons
emitted from the conduction and valence bands. This work has recently
been extended by Modinos (39) who has used Stratton's results and
included the effect of surface state emission for the specific case of
germanium. The argument, however, is sufficiently general to be
applicable to most narrow band gap semiconductors, provided that the
surface is non-degenerate and that the current is below the saturation
level as defined in (27)., The model of a semiconductor surface, without

surface states, used in this discussion is shown in Fig. 2.3.

(22)
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2.5 a Basic Equations, Conduction Band Emission

The -energy distribution of the emitted electrons is found by
considering the product of several terms :
i) the Fermi distribution function f(BE) which determines the

occupancy of the states within the material

ii) a probability function D(Ex) the probability that a particle

incident upon the barrier will be transmitted,
iii) a velocity VX, the velocity of a particle towards the barrier

iv) a volure element.
Formally, the total energy distribution P (E) can be written

PLE)dE = % ?CE)]D(E—Eva clpxd;zy dps

where e is the charge on an electron

and h is Plank's constant

D(Ex> = D) (E "E.L)

A
E.L = _P-_L_ = sz P%A
AM M
The electron velocity Vk can be written as
ok
Ve = 25
X E)ﬂt
- e e 3E |
PEe = =% £©) £ 2e-5)3, iy

Pee) in g(e)jb(e-s,l.) dpy dp

Transferring to polar coordinates

(23)
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P
where Em(E,¢) is the maximum value of El = l/2m for a particular @.
This can be re-written in the form
o EEx
Pe) = Hem 0(E) (e, d E, - - f 4 [ deede,
W A Vi
¢ 0
or E 2% E-Ep

P(E) = K g—CE) f.D(E.QCkE:x - L[dﬁ/b(ﬂx) dEx

AT

©
where

2.5 b The Transmission Probability.

By using the W.K.B. approximation it has been shown (42) that the

transmission probability has the form :

D(E) = exp (- B(E)

BLE,) =2 [L;ﬁ_m&] f " (9t -Ee) " da

? (x) is the barrier potential measured with respect to the conduction

" band edge.

To facilitate calculations B(EX) is expanded in a Taylor series

about a convenient value of energy &

(24)



Thus

BCE) = b(E) - (Ex-€)c(E)+ (Ex-€)ale)
where ey o ((¢)

cle) = -R'(¢)

a(e) = B8'(£)/2

The coefficients have been derived (43) including an image for a

ed

correction and are :
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where é; z YV - €

Y is the electron affinity and s> , t are tabulated functions (44)

0
) () w

of the order of unity
%6 is the depression of the barrier due to the image force

’l It
% = [ (%)/ (k“)z(k”)

k is the dielectric constant.

- l/,_

2.5 ¢ The Total Energy Distribution.

The total energy distribution of electrons emitted from the
conduction band is obtained by inserting the expression for the
tunnelling probability, D(Ex)' into the equation for the energy

distribution, P(E) :

(25)
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Pey=KEE & | df | exlele-glde,
&%
Y E-Em

ignoring quadratic and higher terms in the expansion.

As the major part of the integral is due to values of Ex near

to E, € can be made equal to E, then after integration we have

' "b(, v
P(E) :K‘FCE) e ) [, o be-C(E)EM d¢]
¢ (E) i A

When the conduction band is degenerate, the Fermi energy is positive,

it is more convenient to make the expansion about the Fermi energy

E..
Thus JbCE) #e(BES] cLe9E - c(EE
oCE) = KECE) ¢ . s [l~&rec(s
¢ (Eg)
where ™M
e = -;;;

Mc is the effective mass of an electron in the conduction band.
Similarly for a non-degenerate band, negativeAFermi enerqgy, the

expansion is madé about the bottom of the conduction band.

KECE)  _bto) c(o)E - c(OE 1
PCB) = v & e [l-e ]

2.5 d Valence Band Emission.

'By a derivation similar to that for conduction band emission the

total energy distribution of electrons emitted fram the valence band is

(26)



-Cbv+ev§ T-cvby.  meuf, -
Ple) =k L(e)e e [i-e |
cy,

for a degenerate band

and for a non-degenerate band

i< ~bv,
PEEN = o fv(B) e
by, = by (0) , by = b, (5,)

the coefficients are as defined for the conduction band but with @

redefined as &V = ‘71/1"'53 4’6\/
and ({/L < %+E3

~CVolv ~ Y Cve Ev
,_ | —e

(X

2.5 e Band Structure Effects.

In evaluating the integral :
PLe) = 22 ee) [ (e -6,) dpy dps

the integrations are performed over valges of dpy, dpz which lie in the
shadow of the energy surface, E, on the plane normal to the x-direction,
or, in polar co-ordinates over values of P, and @ defining the shadow
Fig. 2.4. If the energy surface is spherical and centred on p =(0,0,0),
the centre of the Brillouin zone, the limits on the integrals will run
fram O to 2 and O to p max (this is the case considered in the
previous section). If, however, the energy surface is centred off

p = (0,0,0) the limits will run from ¢1 to Q§2 and from P, min to p, max.
In this case the expression for the tunnelling prabability D(EX) =
~D(E—-El) will never regch its maximum value, D(E), as it would for a band
centred on p = (0,0,0), but only D(E—Elmj,n). The tunnelling probability,
therefore, for a band centred off p = (0,0,0) is reduced compared with a

band centred on p = (0,0,0).

(27)



Fig., 2.4

(a) Band centred on p = (0,0,0)

Pz
I

By

%\,
\P
‘} » l)
Rad 5,
. shadow of constant
energy surflace

(p) Band not centred oan p = {0,0,0)

v
kel

Shadow of constant

energy surface



The arqument presented above is, to same extent, an over-
simplification of the true situation; it indicates, however, the
inadecquacy of considering the field emission process in terms of

idealised conditions.

2.6 SURFACE STATE MODEL

The surface state model used in this section is shown
schematically in Fig. 2.5. This model was originally proposed.by
Handler (45) for Ge. There are two bands of states, one of donor
levels Sy neutral when occupied, and one of acceptor levels S2
negative when occupied. The Sl band lies well below the top of the
valence band and its contribution to the emission process can be
neglected. The 82 band is assumed to be two dimensional and circular
with a density of states per cmzév given by

No =471 "
h&

where m* is an effectixe mass.

The bottom edge of the band is at EO below the top of the valence
band edge at the surface and the total width of the band f1 is larger

than the band gap Eg and is taken to be

r‘ = Eis + | Ecd

but this is not important as the band is only partly occupied.

Under the application of an electric field to a semiconductor surface
the energy bands will bend down as the field lines terminate on surface
charges or on excess electrons in the space charge region. The amount

of bending can be calculated exactly for a given model of surface states

(28)
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and donor (or acceptor) concentration for a given field. When no
field is applied the energy bands will be bent upwards due to the
presence of acceptor surface states. It will be assumed that neither
the conduction band nor the valence band is degenerate either in the
bulk or in the space charge region. Also the Fermi level will be
assumed constant throughout the material, i.e. the resistive drop can

be ignored.

The concentrations of electrons and holes in the bulk of the semi-
conductor are given by (39)

ﬂ:ntex{)(%> —Qﬂ))

p = M exp(—r

e 9

where fl) is the intrinsic concentration and (/{b z kT is a

)

parameter determining the position of the Fermi level relative to its

intrinsic value.

The shift VS of the electrostatic potential at the surface relative

to its bulk value is found by solving Poissons equation (46)

o« ) ",
.. e:f : ,Si 0 (uk_us)gm-mawsms] (1)

F is the applied field and U is related to V, by

Vo = RT (U-Uy)
e

E% is the permitivity of free space, € is the dielectric constant

| l
o Lb 2 [_____._E 8" hT *
| 20,

(29)



NS is the number of electrons in the surface states and is given by

M:MhTLeﬁ | + QXP(F(;"%:T-:—@,\/SJ

is an effective Fexrmi level for the surface states and is

ie
A ez;e Ft

diffe;cerﬁ: from thé Fermi level in the bulk and is measured from the
top of the bulk value of the'valence band. If the left hand side of
equation (1) is positive then US < Ub
the sign of the square root is taken accordingly.

and if negative US > Ub’

2.7 REPLENISHMENT OF SURFACE STATES

If significant field emission currents are to be drawn from the
surface states the states must be capable of being refilled with
electrons which fnust come from the valence and conduction bands. Under
steady state conditions the current density emitted from the states must

be equal to the totalcurrent density supplied to the states.

I, =1

v e -~ S

IV;C’“’“ = Iv;oss + Ic—oss

IV > ss is the current density flowing into the surface states from the

valence band and T, the current density from the conduction band.

~$SS

Consider first the electrons flowing into the surface states fram
the valence band, or equivalently the flow of holes fram the surface

states to the valence band. The flow of holes from the valence band

(30)



to the surface states in the energy interval E to E + dE is given by :
Vo S ps No £C6) dE

where NO is the density of states and f(E) 1is the probability

of the state being occupied-

f(e)

~1

[l + &P(%)}

where FT is the effective fermi level as defined in the previous

[

section. This assumes that the electrons in the surface states
are in thermal equilibrium with themselves though not with the bulk
electrons. This is justified if the relaxation time is less than

the lifetime of an electron in a state.

P is the hole concentration at the surface of the valence band and

for a non-degenerate surface is related to the bulk concentration

by
Ps = f & (%&) = 0 @P(“ub-%/r;)

Vp is a velocity which when multiplied by P glves the flux of holes

crossing unit area from one direction
y kT \ 2
P = (lﬂMv

Mv is the hole effective mass

finally S denotes an average recambination cross section

There will also be a flow of holes in the reverse direction and this is

given by

(31)



9(: \/P S N@ f'CE) dE

where

free) = 1-£ee) = fee)exp (52

I is determined by the fact that in thermal equilibrium

Fe = B

and the net current is zero

gt = pe exp (S2F)

The net flow of holes from the valence band to the surface states is

hence

given by the algebraic sum of these two expressions, hence the net

current density is given by

I, %S ep(-l - QVS)MW(@[” (Ft;%\aﬂ
[0 (555)-

Similarly the net current density from the conduction band is given by

Te e =eVo St exp(ly *e—"‘){"{"m@[”m(@ EMVS/H

RT
«[1-(525)]
dhose Vﬂz(fl ).:/a
Tt M

.Mc is the effective mass for conduction band electrons.

2.8 TUNNELLING FROM THE SURFACE STATES

‘The current tunnelling from a surface state can be expressed as a

product of an attempt frequency y and the penetration prcbability T

(32)



Jgg =¥ T

v is strongly dependent on the localisation of the surface state
wave function and will be large for a localised wave function and smaller
for a less localised wave function. The localisation can be characterised
by a parameter t which is the distance of the centre of gravity of the

surface state charge from the surface

Then W is given by .

where C} = ﬂ

and Wk\ is a characteristic velocity of the order of 1 8 ~1

q acquires its maximm value near the middle of the energy gap and goes

to zero at the edges, it can be parametrized as 3 !
2 27 % 2
NI CNCEVONME-)

the energy E is measured from the top of the valence band g acquires its

maximm value at the centre of the band which corresponds to the centre

of the energy gap

Gmox © ! (%Xk

This has been estimated for Si to be = 0.158 -1 corresponding to a

localisation of 8 X The case for Ge is assumed similar and hence

The tunnelling probability is given by

T=hep |-64) (%*Eﬁ el ”Fj/k (l_g) \J(ﬁviﬂ -eVs -k >

(33)



which is similar to the expression for the conduction and valence bands

except that E is measured from the top of the valence band.

The pre exponential term A is generally assumed to be of the order

of unity and is most likely to be in the range O'f < A < |

The total energy distribution emitted from the surface states is
then given by
2

(8 = Bele /2 Eop [ L ‘. reV - )
s )=0¢ (-r;) l+exp<_%“'_b} Hrﬂ (E-Eo reVs Ji(")J

X xp [“' é@?s{(f’ +-£'-3 - eV ..E.,_;M_f(ﬁ ‘f'e.vf';"EO)}Z/l(gJ

M
X v (qf'ii% -\ ~E )]

with § given by B 5 AA Rethus combining the three unknowns to give

effectively one parameter.

The corresponding emitted current density is given by
Eo-eVs+M

ISS = \J‘sg (E) dE
Eo -eVs
The current density emitted from the surface states can now be written

explicitly as
Fﬁ "Eo ""e,Vg )]

eV
S0, exp (-l - )G KT by [ 1+ e (5

e Vs

x [@*P(EE&)"J Fevon ep(l + G ) Q)
e {roteirlaf o (Bl 1 -en (825

(34)
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2.9 APPLICATIONS

In order to calculate the emitted current density from the valence,
conduction and surface bands it is first necessary to determine Vs and
Ft for given values of applied field F. This is achieved by solving
equations 1 and 2 simultaneously to give self-consistent solutions for
Vs and Ft. Modinos (39) has calculated the energy distributions of
electrons field emitted from germanium with values of Uy, = ~4,0, +4
corresponding to p—type, intrinsic and n-type specimens. Fig. 2.6 shows
his result for Ub = 0, the curves for U =+ 4 are identical except fér
a displacement along the energy axis corresponding to different values
of EF‘ The result resembles the experimental observations of Shepherd
and Peria (38) except that experimentally the energy distribution is
always well below the Fermi level. It has been shown (47), however, that

a slight change of the parameter S in the theoretical expression repro—

duces the experimental results.

Modinos has also calculated the energy distribution for cadmium
sulphide (47) by including the parameters pertainant to cadmium sulphide

in the above expressions, see Table 2.1.
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Table 2.1

Parameters for Cadmium Sulphide

Bulk

Mc .20 m
MV 5 miland .7 ml
n. 6 X 10_3 an“3
i

2 9.3
E 2.4 eV

g

\f 4,8 ev

(48)
(48)
(48)
(48)
(48)

(49)

N
¢}

E
o)

S

Surface

1.6 x 100° v 1

+ 1.5+ 1.5 ev

1x 1616

-2
cm

(49)
(49)

(50)

The result is shown in Fig. 2.7 a, unfortunately the distribution

is much narrower than those measured experimentally (51), but when the

applied field is about 0.4 V A T

and the theory as proposed is unsuitable.

the conduction band becarmes degenerate

Modinos is of the opinion,

however, that when the theory is improved to incorporate degeneracy

the .result will be as shown in Fig. 2.7 b and if the condition of

thermal equilibrium is relaxed the result will resemble Fig. 2.7c

tending to a limit Fig. 2.7 d which is more representative of the

experimental result.

An electron supplied to the surface state band from

the conduction band must loose same energy before it reaches equilibrium,

the maximum energy it can loose per event is of the order of kT so in a

wide band gap material the electron has to undergo many events before

reaching equilibrium. If the time taken for emission is less than the

time required to reach equilibrium the electron has a high probability

of being emitted fram a non-equilibrium state, thus broadening the

distribution.

(36)
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CHAPTER 3

‘THE CARBON FIBRE FIELD EMITTER

3.1 INTRODUCTION

Field emission electron sources, for use in electron optical
devices, are superior to conventional sources utilising hot filaments
as they are physically smaller and have a much higher brightness (52).
Refractory metals are usually used in field emission electron guns as
they can withstand the high stresses imposed by the field, however, they
are very susceptible to contamination and consequently require ultra-
high vacuum conditions for successful operation. Electron optical
instruments are normally unbaked systems reaching base pressures in
the 10_6 to 10—7 torr range and are therefore incampatible with the
requirements of a field emission system. This has led to the develop~
ment of sophisticated differentially pumped systems (53) (54), to overcaonme
this,limitétion% 2An alternative approach to the prcblem is to find a
material théh‘will'emit a stable current in poor vacuum conditions but
will not be destroyed by the high field. There is some evidence that
carbon fibres shoﬁld be able to meet the high stress requirenent, and, as
the contamination inzuhbaked systems is often of an organic nature,

contamination éffects should not be as great as with metallic emitters.

3.2 MANUFACTURE, STRUCTURE AND ELECTRICAL PROPERTIES

Carbon fibréshafe produced by heating a synthetic fibre yarm,
the precursor, to temperatures between 1000°C and 3000°C in various
atmospheres (55). Otani et al. (56) report producing carbon fibres by

heat treatment of filaments spun from P.V.C., coal tar pitch and

(37)



petroleum asphelt at 1000°C for twenty minutes in a nitrogen
atmosphere. More usual precursors are polyacrylonitrile (P.A.N.)
and rayon (57). Moreton, Watt and Johnson (58) have shown that
heating the precursor to about 2500°C produces a fibre with a high
modulus of elasticity, if, however, a high tensile strength and
breaking strain only are required it is only necessary to heat to

1500°C.

Johnson and Watt (59) have used transmission electron microscopy
to investigate the structure of high modulus carbon fibres produced
from polyacrylonitrile by heat treatment at 3000° C. They cut thin
sections from the fibres and found the internal structure to be composed
of long narrow units, about 100 £ across but of undetermined length,
lying parallel to the fibre axis. Some of their specimens ruptured
to form a network of fibrils 800 & to 1000 & across and apparently
running the whole length of the specimen. Badami et al (60) have
used x-ray diffraction techniques and have shown P.A.N. based fibres
are composed of graphite crystallites about 60 % in size with their
basal planes highly oriented along the fibre axis. They also used
transmission electron microscopy of sections, replicas and cut ends
to substantiate their x-ray measurements. The cut ends of the fibres
chowed them to be carposed of fibrils 250 & to 1000 & in diameter, and
the replicas showed fibrils lying parallel to the fibre axis. Dark field
images of the sections confirmed the x-ray measurements of crystallite
size throughout the specimen, the crystallites becoming aligned towards

the edges of the specimen and joining together to form chains along the

fibre axis.

(38)



Later work by Johnson and Tyson (61) has suggested that the
fibrillar nature of the fibres indicated by earlier workers had been
overstressed. They used x-ray techniques and electron microscopy to
show that the fibres are composed of turbstratic graphite crystals
about 65 & long, (the carbon atoms form two dimensicnally ordered
basal layers randomly stacked along the c-axis). They also found three
dimensionally ordered flakes of graphite distributed throughout the
fibres. This structure is quite different from that of any of the
precursor fibres. Wicks (62) has studied flame polished fibres in the
electron microscope and also found them to be composed of turbostratic
graphite. The preferred orientation of the basal planes was found to
be parallel to the fibre axis and the degree of orientation increased
progressively with the teamperature of graphitization. He also found
the crystallites formed into parallel ribbons enclésing a network of pores,
the ribbons getting longer as the temperature of graphitization
increased. The platelets of graphite found by Johnson and Tyson (61)

were also observed.

Bacon and Silvaggi (57) investigating the structure of rayon based
fibres found a structure similar to that reported by Johnson and Watt
(58) and Badami et.al. (60). Electron microscopy of sections cut
fraom fibres showed a honeycamb struct;Jre of peres oriented along the
fibre axis, the pores being about 60 )1 apart separated by ribbons of
turbostratic graphite, On a larger scale they found the fibres to be

camposed of bundles of fibrils about 500 R in diameter.

Raman spectroscopy has been used by Tunistra and Koenig (63) in an
investigation of the surface of carbon and graphite fibres. They found

that in most graphite fibres in the surface layer the crystallites were
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oriented with the graphite planes parallel to the surface and that the

crystallite size is greater near the surface than in the interior.

Owston (64) has studied the electrical properties, under stress,
of batches of carbon fibres from several sources and considers conduction
mechanisms which could explain his results. Resistance measurements
of the different fibres showed them to have resistivities in the range
150 kfm © to 700 kam_l, this is ten to one hundred times larger than
would be expected for basal plane conduction in pure graphite of the
same dimensions. He also found that the spread of resistances in a
batch of fibres was greater than the spread in cross sectional areas.
Analysis of the noise generated in the fibres showed it to be of the
form that is found in carbon composition resistors (due to variations
in contact resistance between granules) rather than of thermal origin.
The fractional change in resistance was measured as a function of strain,
results differed markedly fram fibre to fibre, generally showing an
increase, becoming linear at high strains but in some cases he reports
observing a decrease. The characteristics of most of the fibres
examined were time independent but some showed a variation of resistance
over a period of minutes whilst subjected to a constant load. These
properties are discussed in relation to the structures proposed by
Johnson and watt (59) and Johnson and Tyson (61) and found them to be
compatible with either, as, in both models, the fibres are camposed of
conducting particles bonded at some points and conducting but not
‘bonded at others. The time dependent phenomena can be attributed to
either local heating effects at contact points between particles or a

movement of long fibrils within the fibre structure.
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3.3 PREVIOUS WORK

Early work was done by Montet et.al. (65) on field emission fram
graphite knife edges. Williams (66) has produced field ion images fram
cleaved graphite plates but found that the streaks in the image were at
right angles to the basal planes due to distorted magnification
resulting from the two dimensional nature of the specimen. He also
observed that, under vacuum conditions which produced stable images
with metals, the graphite image was unstable due to impurity gases
attacking the surface. As the previous work suggests that graphite
planes cannot be suitably observed if the (000l) planes are parallel
to the viewing direction, Hughes and Montague-Pollock (67) deposited’
carbon fi]ms on platinum emitters by the pyrclysis of acetylene. They
obtained field emission and field ion images and found the carbon to be

partly graphitic and partly amorphous.

This early work was primarily concerned with imaging carbon and
so was carried out under ultra high vacuum conditions. The importance
of carbon fibres as stable field emittérs in poor vacuum was first
demonstrated by Baker et. al. (68) and in this laboratory by Smith (69).
Baker et.al. (68) were specifically looking fdr field emitters for use
in poor vacuum ahd after unsuccessful work on silicon whiskers turned
+o carbon fibres. They prepared their emitters by controlled corona
discharge in air and mounted them with 'Aquadag’. In the pressure range
10-7 torr to 10—8 torr their fibres were found to emit well with lifetimes
in excess of 2400 hours at naminal emission currents of 10 /MA although
an emission current of 100 A reduced the lifetime to 500 hours. They

report the emission to be confined within a cone of angle 60° although
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this could be reduced to 10° by modifying the field in the region of the
tip (this illustrates the dependence of the electron beam on eiectrode
geometry in field emission systems). A scanning electron microscope
with a resolution of 0.2 microns using a carbon fibre source is also

reported.

English, ILea and Lilburn (70) have reported the use of a carbon
fibre field emission electron gun. They coated their fibres with
tungsten so that lengths of the coated fibre could be spot welded to
a filament. The coating is then stripped off and the protruding fibre
A.C, electropolished in sodium hydroxide with a current of SO/MA. Once
under vacuum small asperitives on the tip were removed by heating to
2500°C in vacuum of lO-—9 torr and larger ones by heating in oxygen a
pressure of lO_Storr. Tips produced in this way are reported to give
single spot emission patterns but were not used at emission currents
greater than 5MA. Before heat treatment, however, emission revealed
a pattern of many small emission centres corresponding to asperitives

on the tip surface as small as 50 R in diameter.

Iea (71) reporting on the field emission characteristics of carbon
fibre tips prepared as above has measured Fowler-Nordheim character-
istics of the single spot emitters found a marked insensitivity of
the work-function and emitting area to the vacuum conditions, the same
results being obtained for emission in poor vacuum as after prolonged
. heating in ultra high vacuum. The angular distribution of the beam
was measured to be approximately gaussian. Lea discusses the
importance of the virtual size of the electron source in field emission

gun systems and shows that his single spot emitters to be far superior

to those reported by Baker.
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3.4 PREPARATION OF EMITTERS

The carbon fibres used were supplied by Courtaulds Ltd. and were
approximately eight microns in diameter. Despite their high strength
individual carbon fibres can be easily damaged, so, to make them easier
to handle, the fibres were first electroplated with copper. This was
done by picking up a fibre about six inches long on a piece of sellotape
and sticking it to a copper plate so the fibre could be hung from
the plate with a small weight attached to the other end to steady it
(the fibres were easily disturbed by slight draughts otherwise). The
fibre was suspended in the centre of a eylindrical copper electrode and
the vessel surrounding it filled with slightly acidic saturated copper
sulphate solution, Fig. 3.1. A current of a few tens of milliamps
flowing for a few hours was found to produce a suitable covering of
copper. The plated fibre was cut into suitable lengths and the oopper
stripped off the last 5 mm. of the fibre with concentrated nitric acid.
The fibres were d.c. electropolished in normal sodium hydroxide with a
current of about 50 /u,A, when the current fell to zero the fibre was
removed and washed. Examination under the scanning electron microscope

showed the tips to have a radius of about 1000 R Fig. 3.2.

Tips produced in this way are more robustthan those of Baker (68)
and more simply produced than those reported by Lea (71). Unfortunately,
the copper plating, although allowing the fibre to be spot welded to a
filament, prohibits any attempt at heat treatment of the tip after the
method of Iea (71), as at low temperatures the copper could contaminate
the emitter and at temperatures sufficiently high to restructure the

end-form the copper would evaporate.
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3.5 RESULTS

Tips used in this work produced emission patterns composed of
many randam spots with no obvious symmetry. It has been shown that (72)
the stability of the emission current, in poor vacuum, is comparable with
that reported by other workers (68), (71). amith (69) has shown that, in
a vacuum of 10—7 torr, for a nominal emission current of 10 MA the
current remained within + 3% over many hours and that the life-times
of the emitters under such conditions are in excess of several hundred

hours.

Fowler-Nordheim characteristics of several carbon fibre tips were
measured using a simple field emission microscope, Fig. 3.3. Plots were
found to be linear, Fig. 3.4, provided that the current was not allowed
to exceed a few microamps as this presumably produced a change in end-form

in the poor vacuum used.

Enerqgy distributions were measured using the retarding pbtential
analyser described by Salmon (57). The vacuum system was baked before
making any measurements. but the vapour trap on the diffusion pump was
not filled, as a result the pressure in the analyser was in the 10—8 torr
to 10-9 torr range. As the fibres were only 8 microns in diameter it was
not possible to see them once they were mounted in the analyser, so it
was not possible to set the tip to the position of optimm resolution.
~ To get the tip to the optimum position a spot 1n the emission pattern
was positioned ovef the probe hole and the applied voltage reduced until
the maximum collected current was between 1 and 5 x 10 1% A. The tip

was then moved progressively towards, or away from, the screen, the

collected current being maximised at each step and the energy distribution
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Fige 3.3

The simple field emission microscope,
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measured.  If the half width of the distribution showed no distinct
minimum another spot was selected and the procedure repeated until a
well defined minimum could be obtained. The tip was then assumed to
be at the optimum distance fraom the screen and on the axis. A

typical run in which the emitter passes through the position of optimum
resolution is shown in Fig. 3.5. The process was repeated with several
tips to show the mlnlmuun value of the half-width was reproducible

Fig. 3.6 . -

With some tips it was observed that as the applied field was
increased the sbots in the emission pattern would elongate until they
became a series of parallel lines. This could be attributed to a
magnification effect due to the structure of the fibre, similar to the
effect described by Williams (66) in graphite. Alternatively, the
cause could be that as the field is increased the stressed fibre
cames into resonance with the slight vibrations in the apparatus
caused by the rotary pump. The latter explanation is more credible
as this effect was only observed when the fibre extending beyond the

copper coating was long, about 1 cm.

In some cases when measuring the energy distributions it was
noticed that after increasing the applied voltage slightly the
oollectea current increased slowly over a period of minutes whilst
everything else remained constant. This could be similar to the time
dependent resistance observed by Owston (64). If the emission in any
particular spot can be assumed to originate from a particular component
fibril, the change in collected current could be due to an effect

peculiar to a fibril rather than to the whole fibre. The increase in
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Fig. 3.5(b)
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applied voltage will produce an increase in strain on the tip, this
could cause movement of the fibrils pulling one out slightly into a
region of higher field, hence causing an increase in local current.
This is only a small change in a fraction of the total current and

hence the effect is insignificant when emission from the whole fibre

is oconsidered.

3.6 DISCUSSION

The emission patterns of randomly placed spots resemble those
reported by other workers (68), (71) for untreated tips and the
patterns produced by Okuyama (73) in an attempt to image potassium
chloride by field emission microscopy. The spots presumably correspond
to emission from the ends of fibrils protruding from the emitter surface.
Unfortunately, the history of the fibres used in this work is unknown

and so the exact nature of the fibre structure is not known.

The energy distributions shown in the previous section are
derived by differentiation of the collected current vs. retarding
potential curves and no correction has been made for reflection effects
(\6) , however Salmon (51) has showﬂ that this does not affect the half-
width of the distribution. The measured value of O. 21 eV + O. 01 eV
for the halfwidth compares very well with metallic emitters for use in
electroﬁ quns. These distributions have been measured from part of a
multi-spot emission pattern and not from the single spot type of
emission reported by Iea (71), however, there is no reason to suppose
that these would have a different halfwidth although the temperature

to which the tips have been heated would be sufficient to produce a

structural change in the fibre.
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The reasons why carbon fibres emit so well in poQr vacuum are
probably two-fold. At low fields, low emission currents, the sputtering
rate is probably low, contamination effects nowhere near as great as
for metals as shown by Lea (71), and the strain produced by the field
is not sufficient to produce movement of the fibrils within the fibre,
As the field is increased the energy of the sputtering ions increases
causing more damage and possibly penetrating the fibre down the voids
between fibrils. The increased field could induce moveément of the
fibrils. This mechanism could continue to produce a supply of fibrils
to the surface (each fibril is sufficiently small to produce field
emission without being polished) whilst other fibrils are sputtered off
thus maintaining the mean level of the emission current. This is
consistent with the random spotty emission pattern where the main spots

change in position over periods of hours.

The mechanism producing stable field emission in poor vacuua for
carbon fibres is somewhat analagous to that reported by Utsumi and
Dalman (74) who have produced a regenerative field emission cathode
from a flat germanium surface by vacuum breakdown. The breakdown
initially produces micron-sized emitting sites on the flat surface and
they are maintained during operation by a regenerative process. Emiss-—
ion currents of up to 0.5 mA in vacuua of 1077 torr are reparted to be

stable over periods of several days.
3.7 CONCLUSIONS

Carbon fibre field emitters are potentially superior to metallic
emitters as electron sources in all situations, and are ideally suited

to applications where power requirements make thermal sources undesirable
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and vacuun conditions prohibit the use of conventional field emitters.
The effect of different ambient atmospheres on the emission character-
istics of carbon fibres justifies further examination, as do the changes
in endform during emission to resolve whether the changes are produced

by the effect of the field, local heating between fibrils, or sputtering.
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" 'CHAPTER 4

- 'EXPERIMENTAL TECHNIQUES

4.1 RETARDING POTENTIAL MEASUREMENTS

Until the recent development of electrostatic deflection analysers,
the major technique for measuring enerqy distributions of field emitted '
electrons has been the retarding potential analyser. The principle of
operation of this system is shown schematically in Fig. 4.1 for a
metallic emitter. If the emitter and collector are electrically
connected, in equilibrium, they will have a common Fermi level.
Electrons leaving the emitter from the Fermi level will be accelerated
to the transparent anode and then decelerated towards the collector but
will not quite reach it and return to the anode. By applying a
positive voltage V to the collector, with respect to the emitter, the
barrier at the collector, as seen by the electrons, will be reduced
until, when V = ¢, , the electrons, fram the Fermi level in the emitter
will be collected. If the retarding potential, V, is swept over a range
in the region of d& the collected current will be the integral of the
energy distribution of the emitted electrons. By differentiation of the

collected current the energy distribution can be obtained Fig. 4.lc.

4,2 CRITIQUE OF SALMON'S ANALYSER

The work presented in Ch. 3 on carbon fibres and some preliminary
investigations on lead telluride were carried out in a retarding
potential analyser, similar to that of Young and Muller (6), designed
and built by Salmon (51) but with slight modification to the measuring
circuit Fig. 4.2. The instrument, although intrinsically of high

resolution, needed considerable alignment with each specimen to
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Fig. 4,1

The principle of retarding analysers.
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Fig, 4.2

The measuring circuit used with
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producé accurate results and it was all too easy to get energy
distributions that were anomolously wide. For the resolution to be

at its best the emitter had to be positioned at a point within a
millimeter or so of the emitter axis and 33+ 1 mm. fram the fluorescent
screen. To align the emitter with such accuracy was tedious and

relied upon a part of the emission pattern covering the prcbe hole.

The analyser was equipped with a tip wheel mechanism which allowed
Observation of up to six emitters without letting the system up to
air. Although this ingenious mechanism proved useful it did introduce
problems. Because six emitters were present at once the five unwanted
emitters had to be screened from the field, this was achieved by
allowing the emitter under cbservation to protrude through a plate at
the same potential as the emitters. This method successfully screened
the other tips but also reduced the field at the emitter so unnecessarily
high voltages had to be applied. The tip wheel mechanism was made
entirely of metal and consequently was electrically connected to the
vacuum system and punps, so, to apply the retarding potential the whole
vacuum system had to be floated to emitter potential. As all the
emitters were mounted on the tip wheel it was not possible to heat the

specimens.

The vacuum vessel was mainly a five 1itre glass flask which was
joined to the specimen manipulator stage by a large glass-to-metal seal.
. This seal had outlived its guaranteed shelf life before this work was
started. The presence of this seal meant that during bakeout the
system had to be heated slowly and not above 200°¢ , usually the bakeout

cycle tock several days.
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The vacuum system was capable of producing pressures in the low
lO—lo torr range but with the vacuum vessel and pipework used its
capability was severely limited, the pressure in the chamber hardly
bettering 1 x lO“9 torr. This was due in part to the high surface to
volume ratio of the analyser and partly to the reduced pumping speed
resulting from the tortuous pipework conmnecting the chamber to the pumps.
The phosphor screen was a source of gas and had to be outgassed for some

hours by electron bombardment before no pressure rise was generated by

the emission.

In the course of the preliminary work on lead telluride electrical
breakdown occurred many times within the vacuum system between the high
voltage feedthrough and the collector and sometimes the tip wheel
assembly. The collector structure had to be screened from electrical
noise by enclosing the entire analyser in an earthed cage. For these
reasons and those outlined above it was decided to abandon Salmon's
analyser and replace it with a Van Oostrum type analyser (75) whilst

maintaining the original pumping system.

4.3 THE ANALYSER

The analyser, based upon the design of Van Oostrum (75) modified
slightly to make it compatible with a metal vacuum system is shown in
Fig. 4.3 and schematically in Fig. 4.4. The drawings for the analyser
were very kindly supplied by Mr. B. Singh of Salford University. The
‘ electrode structure consists of a phosphored anode, a lens electrode
and a Faraday cage, the latter consisting of a shielding electrode
containing a hemispherical collector. Electrons passing through the

aperture in the anode are focused somewhere in the region of the centre

(51)



Fig, 4,3 The Analyser.
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of the hemispherical collector. Electrons passing through this point
will arrive perpendicularly at the collector surface. The focal length
of the lens can be adjusted by varying the potential on the lens

electrode.

The electrodes and support structure of the analyser were machined
fram high grade non-magnetic stainless steel and the insulators from
Prior to assembly all the metallic parts were cleaned by
washing in hot detergent solution followed by a rinse in deionized S

water and then ultrasonic cleaning in iso-propyle alchchol for fifteen L,

e R e e+ o T

minutes and dried over the vapour. A thin phosphor screen was
deposited on the anode plate fram a suspension of blue fluorescent
material in deionized water using potassium silicate as a binder.
Electrical comnections to the anode and lens were made by nickle wires
spot welded to the electrodes. TheCeramtec insulators were fired.to
1000°C at a rate not exceeding 100°¢c per hour and allowed to cool at the
same rate. On removal fram the furnace the insulators were put into
the analyser assembly without further cleaning. The analyser assembly
was ﬁounted on a Vacuum Generators FC100 flange fitted with four
electrical feedthroughs. The anular insulators between the anode,

lens and collector used in the original design were replaced by washers
of the same.thicknesé to increase the pumping speed in the interior of
the analyser, otherwise the pumping would have been through the lens

_ apertures.

4.4 THE SPECIMEN MANIPULATOR

' Originally it was intended to use the specimen manipulator outlined

in Fig. 4.5. This consisted of a V.G. FC100 flange fitted with a bellows
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Fig. 4.5

The originzl specimen stage
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and pyrex adaptor with a re~entrant glass tube terminating in three
tungsten leadthroughs pointing along the axis of the analyser system.
Manipulation of the specimen was achieved by a yoke clamped around the
metal above the bellows fitted with three threaded studs which acted
against the face of the flange. This specimen stage was used for same
of the initial work on tungsten but proved unsatisfactory for several
reasons. Specimens had to be prepared on a jig and transferred to the
holder after etching, this was a somewhat delicate task and could
easily result in damage to the tip. The movement of the specimen was
restricted by the diameter of the re-entrant tube passing through the
1%" diameter hole in the flange. Excessive movement of the tip could
have fractured the glass with disasterous results. The movements
produced by the three adjusting screws interacted and it was not
possible to shift the tip in the plane normal to the analyser axis
without introducing movement along the analyser axis (causing a change
of field). The only advantage of this manipulator over the one which
was to replace it was that the specimen could be cooled to some extent

by filling the re—entrant tube with liquid nitrogen.

The majority of this work was carried out using the specimen
manipulation system shown in Fig. 4.6 and Fig. 4.7. The manipulator
consisted of eight electrical leadthrdughs mounted around a central
bellows assembly on an FC 100 flange, the bellows terminating in an
FC 38 flange. Vertical movement was achieved by a large brass nut,

‘ which was screwed around a threaded yoke clamped to the pipewark above
the bellows, acting on a table supported on two pivots above the top of
the leadthroughs. A micrometer screw was fixed between an arm extending

from the table and the flange face to provide horizontal movement of the
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Fig., 4.6 The Specimen Stage,
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tip. Three threaded studs were mounted in the table to hold the
manipulator in position when the large brass nut was removed for
baking. A rotary motion drive was attached to the FC 38 flange at the
top of the bellows assembly. A cranked assembly, Fig. 4.7 b, was
attached to the bottom of the rotary drive, terminating in an O.F.H.C.
copper block Fig. 4.7 c which was demountable. In fact two such blocks
were made so that one could be in use in the system whilst a tip was
mounted on the other one, thus considerably reducing the turn around
time of the vacuum system. By careful adjustment of the manipulator,
when mounting the tip, the specimen could be set with its tip on the
axis of rotation of the rotary drive and on the axis of the analyser
before insertion into the vacuum system. This arrangement allowed for
heating the tip but not temperature measurement or cooling. Tungsten
results were cobtained at reasonable voltages, less than five kilovolts,
fram this configuration but for the semiconductor work a ring anode was
includea about 1 cm. in front of the tip in order to produce sufficient

field at the same voltages.

4.5 THE VACUUM SYSTEM

The pumping system en*@loyed was that built by Salmon (51) which
consisted of an Edwa.rds EDS0 rotary pump, a nitrogen cooled foreline
trap and an Edwards EOl backing an Edwards EO2 diffusion pump with a
cherron baffle and nitrogen trap, this was followed by a 2%" bakeable
valve from which point Salmon's analyser was removed. The vacuum
chamber which replaced it was a 6" long elbow in 4"pipe terminating
in FC100 flanges. Fitted to the elbow were an FC38 flange for an ion

gauge and two FC64 flanges, one for a window and one for the pumping
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line. The system is shown in Fig. 4.8. The port on which the ion
gauge was fitted also contained a window to allow observation oAf the
tip. A base pressure of 2 x lO--lo torr was readily attainable, after
an overnight bake at 2500C, within twenty-four hours of letting the

system up to air.

4.6 THE MEASURING CIRCUIT

The measuring circuit is shown schematically in Fig. 4.9, The high
voltage was supplied by a Brandenburg alpha series 5kV supply via a
resistor chain with a tapping for the lens element, except in the
field evaporation mode when sometimes the voltage was applied directly
to the ring anode from a Brandenburg 800 30kV supply. The collected
current was measured by a Keithley 610 BR electrometer used in the
fast mode. The three volt analogue output of the electrameter was
used to drive the Y deflection of a Bryans 2100 X Y recorder whilst the
X deflection was provided by a ramp generator which produced the retarding
potential. The total current could be measured by a V.G. log. picosmeter
which floated on top of the retarding potential, however due to the
vulnerable position of the piccameter, in event of electrical breakdown
and the calibration of the instrument when supplied, it spent more time

out of the circuit than in,

4.6 a The Potential Divider

Originally it was intended to use electrostatic deflector plates to
- sweep the emission pattern acress the screen. This idea was not followed
up as use of the rotary motion drive accamplished the same result (in

one direction), however a resistor chain had been built which could
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Fig. 4.8 General View O0f The Analyser.
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have supplied deflector plate voltages as well as the lens voltages.

The resistor chain is shown in Fig. 4.10. Van Oostram has shown (75)
that for this type of analyser the resolution is at its highest when

the ratio of the lens voltage to the anode voltage is 0.003 and that

no reflection of electrons occurs for values below 0.01, consequently
the resistorchain was designed to deliver a lens voltage of between

0.0l of the anode voltage and 0.0 volts. Another tapping was made to
the low end of the resistor chain to supply a voltage to drive the

inverter circuit which will be discussed later.

4.6 b The Ramp Generator

Two ramp generators were built, one a slow one-shot device and
the other a fast repeating ramp, it was hoped to use the latter in
conjunction with a differentiating circuit to provide an output on an
oscilloscope. Unfortunately, the time constant of the electrameter was
too great to be used with the fast ramp, also, as the response of the
differentiating circuit was frequency dependent it worked much better
at differentiating the noise than it did the relatively slowly varying
collected current. The slow ramp generator shown in Fig. 4.11 was
used for supplying the retarding potential and differentiation carried

out manually.

The information contained in the retarding potential measurement
occurs within a small voltage range of the collector work-function. If
the retarding potential was applied to the pen recorder with respect to
earth, most of the scan would be taken up overcoming the collector
work-function, consequently the ramp generator was designed to run

from one voltage Vi, below the onset, to another Vé above saturation,
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Fig, 4.1l

The ramp generator,
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the difference in the voltages used to drive the pen recorder., This

allowed a typical sensitivity of 100 mV/cm for the pen recorder.,

The ramp generator uses two operational amplifiers and a voltage
comparator. When the ramp generator is switched on the first op. anp.
operates as a unity gain inverting amplifier, this is fed with a
voltage =V, set by the variable resistor VR2. This voltage is used
as a reference for the pen recorder and is the initial value of the
ramp. The output from the first op.amp. is %Vl and this is inverted
again by the second op.amp. to give an output of 4Vl. The voltage
camparator remains switched off. On pressing the ramp button S1
the first op.amp. is switched to integration mode and the voltage

camparator is turned on. The integrator is fed with a constant voltage

from VR1l, which determines the rate of the ramp, as the output of the

integrator is | T
Vo =~ éﬂi_l: Vdb

this produces a positive going ramp which is inverted by the second
op.amp. to produce a negative ramp. The voltage camparator campares
the ramp voltage with a reference, set by VR3, until it reaches a
voltage —V2 at which point its output switches to +5 volts turning off
the reed relay and the circuit reverts to its initial state. The

circuit could be run from batteries but was normally driven by a

regulated d.c. power supply.

4,6 ¢ The Inverter Circuit

In order to facilitate the recording of volt-ampere characteristics
for the semiconductor specimens the inverting circuit shown in Fig., 4.12

was built which produces an output inversely proportional to the applied
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voltage. If this device is used to drive the X deflection of the pen
recorder whilst the output from the log. picoameter is fed to the Y
deflection total current Fowler-Nordheim plots can be recorded simply

by turning up the applied voltage. The circuit consists of a four
quadrant multiplier in the feedback loop of an operational amplifier,
this type of circuit produces an output which is equal to one input
voltage divided by another, thus by fixing the first input voltage and
making the second proportional to the applied high voléage (from a
tapping on the resistor chain) the output will be proportional to the
inverse of the field emission voltage. The accuracy of the circuit

is about 2% at high input voltages and decreases with reduction in

input voltage, however this was not important as the method could not

be used at low voltages because the induced current, caused by the incre-
ment in applied field was greater than the steady current. Consequently,

the circuit was only used for total currents greater than lO—9 anps.

4.7 SAMPIE PREPARATTION

Preparation of the tungsten emitters followed a procedure which was
well established in this laboratory from commercially available wire
which contains a (110) preferred orientation. The semiconductor
specimens were supplied as cut from a-single crystal boule . Tt was
decided to ﬁse chemical methods to reduce the square section crystals
to cylinders rather than mechanical methods, as it is well known that
considerable damage can be produced in semiconductor crystals by

grinding and that this damage can penetrate several micraons.

4.7 a Tungsten Fmitters

The tungsten specimens were electrolytically etched in a IN
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solution of sodium hydroxide using the sensing circuit described by
Salmon (51) to switch off the current at the appropriate time. The 0.1
mm. wire used for the specimens was spot welded to a 0.2 mm. tungsten
filament, which itself was spot welded across the tungsten rods of the

specimen holder, prior to etching.

4,7 b Iead Telluride Emitters.

The lead telluride specimens were prepared from (ill) oriented
single crystals 1 mm. by 1 mm. by 15 mm. supplied by the Royal Radar
Establishment. The emitters were made by electrolytic etching following
the method due to Norr (76). An electrolyte of 20 gns. of potassium
hydroxide dissolved in 45 ccs. of deionized water, 20 ccs. of glycerine
and 20 cc. of methanol was used with a gold wire cathode at a current
density of 0.2 Anp cm,_2 at the crystal. The crystals were rotated in
the electrolyte until a cylinder of about 0.5 mm. diameter was produced,
the applied voltage being reduced as the diameter of the crystal reduced.
The rotation was then stopped and the crystal diameter allowed to reduce
to 0.1 mm. The crystals were then transferred to the specimen holder
by attaching them to a loop in a 0.2 mm. tungsten filament with a drop
of silver dag as this was known to produce an ohmic contact to lead
telluride (77). Once the dag was set the final etch was performed
in a drop of electrolyte suspended from a loop of gold wire. The etching
process was acbserved through a travelling microscope. Initially, the
" crystal was allowed to pass through the drop of electrolyte wtil a neck
was formed, the crystal was then raised until the neck was coincident
with the upper meniscus. The etching was then monitored by dbservation
of the etching current and when the current fell to zero the crystal

was withdrawn and washed. It was found that a better tip was produced by
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monitoring the cell current during the final etch rather than watching
the end of the tip drop off. Tips produced in this way, although
resolvable at 400 x magnification, produced emission at about 1 kv

by use of the ring anode.

4.7 ¢ Gallium Phosphide Emitters.

A (111) oriented gallium phosphide single crystal, supplied by
the Royal Radar Establishment, was polished to a suitable emitter,
unresolvable at 100 x magnification, in a mixture of 2 parts deionized
water, 2 parts hydrochloric acid, 1 part nitric acid and 1 part sulphuric
acid. The rate of removal of material in this mixture is extremely
slow so the crystal, which was of similar dimensions to the lead
telluride crystals, was left spimning in the etch for about twenty—-four
hours. When the diameter of the needle, thus produced, reached 250 microns
the crystal was mounted on a tungsten filament in the same way as the lead
telluride emitters. The crystal was then returned to the etch and
allowed to etch through whilst observing the process with the aid of a
travelling microscope. The crystal was then removed and washed in

deionized water.
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CHAPTER 5

- PRESENTATION OF RESULTS

5.1 TUNGSTEN

Tungsten was chosen as a material with which to test the performance
of the analyser as it is a simple task to produce reliabile emitters and
the emission characteristics are well known. From the tungsten results
it should be possible to estimate the resolution of the analyser, if only
by compearison with other work, and the work function of the collector, hence

the position of the Fermi level in the emitter,

When the tip was mounted on the specimen holder it was set with its
tip on the axis of rotation of the rotary motion drive and pointing along
the axis of the analyser. After field evaporation a clean tungsten pattern
was obtained almost in the centre of the screen with the emission from the
(111) faces lying on the horizontal axis of the screen, consequently it
was only necessary to rotate the emitter by a few degrees to get the
emission over the probe hole. With the anode voltage fixed and the
retarding potential set to its maximum value the collected current was
measured as a function of the lens voltage. This function was only
investigated over the range VL = 0.01 VA to VL = 0.00 volts as it was
expected that.the highest resolution would occur within this range. As
can be seen from Fig., 5.1 the change in collected current is not as great
as that reported by Van Oostrum but it does go through a minimum value
which should correspond to optimum resolution. The lens voltage, therefore,
was set to the value corresponding to the minimum and left at that for the

remainder of the experiment. This value was not regarded as critical,

however, as Van Oostrwm (75) only reports a 10% change of resolution over
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the entire range of VL allowed by the potential divider used.

The measured retarding potential vs collected current plots are
shown in Fig. 5.2 together with the corresponding energy distributions.
The energy distributions were obtained by finding the gradient of the
experimental curves vsing the approximate relationship.

é}f ] I‘C— Cven) - ]:c Cv~-h)
CJ‘VE‘ Ve rv Al

The choice of the interval, h, is important as too large a value leads to

a loss of resolution and too small a value leads to a large scatter in

the values of Olfﬁ/aﬁé » in the limit producing results similar to those
produced by the electronic differentiator mentioned in scction 4.6 b. The
total collected currents investigated were of the order of 10_12 anps. as
the majority of the total emitted current came from the (100) faces and
only a small fraction fram the (111), and only a fraction of this céuld
pass through the probe hole. Fig. 5.2a shows a comparison of the measured
distribution with that of Young and Muller (6). From the measured
distributions shown the width at half height of the energy distribution is
O.220‘i 0.010 eV. In addition, as the Fermi level should be 0.050 eV
above the peak of the distribution (38), the work-function of the collector

is 3.98 + 0.05 ev.

The excellent agreement between the measured distribution and that of
Young and Muller (6) shows that the resolution of the analyser is as good
as theirs if not better. Van Oostram (75) has estimated, fran measurements
at cryogenic temperatuies, the resolution of his analyser to be of the
order, of 0.010 eV, thus the resolution of the present analyser is

prabably not much worse than 0.01 eV,
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No attampt was made to screen the analyser from magnetic fields,
other than avoiding magnetic materials in constructing the system. The
reason for this was two-fold : a) Van Oostram (75) used magnetic deflection
to scan the emission pattern across the probe hole, with no detrimomtal
effect to the resolution and b) the magnetic effects discussed by Saluon
(51) would be reduced by a factor of ten simply by geonetric considerations.
The decision to ignore magnetic screening is justified by the good

agreement between the measured distributions and those of other workers.

5.2 LEAD TELLURIDE

5.2 a THE MAIN RESULTS

The energy distributions shown in Fig. 5.3 were obtained from
emitter 7 after thorough field evaporation at 10 k.v., the corresponding
emission pattern was composed of three stable spots positioned at the
points of an equilateral triangle which is of the correct symmetry
for a (111) orientation. The most convenient spot was chosen for
analysis as each spot should possess identical characteristics. Initially,
with %his emitter, application of the high voltage produced a flash at
1 kV followed by an emission pattem, at 4 kV, which consisted of a
stable large triangular spot from which the distributions shown in
Fig. 5.4 were recorded. The emission pattern must be associated with a
clean surface as heating or field evaporation (up to 10 kV) produced no.
change. The distributions shown in Fig. 5.4 b and Fig. 5.4 ¢ were
taken cansecutively with only a few minutes elapsing between the two
with no change in the applied conditions, the change in the number of
low énergy electrons illustrated in this case was often doserved after

a change in applied voltage. Similar results were abtained with emitter
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6, Fig. 5.5; initial application of the high voltage produced a flash
at 2 kV followed by a stable pattern of three spots at the points of
an equilateral triangle at 4 kV. Field evaporation or heating of the
specimen produced no change in the pattem indicating the presence of

a clean surface.

Imitter 5 behaved somewhat differently as no initial flash was
cbserved and the pattern, at first turbulent, became stable and
symmetrical after a few minutes of emission. The energy distributions,

- however, were found to lie up to several volts below the Fermi level

and were considerably wider than the distributions from other emitters

Fig. 5.6. Investigation showed that no charge in the distributions could
be produced by shifting the tip by large amounts and so it was concluded
that the odd behaviour of this emitter was not due to poor resolution
arising from tip misalignment. The variation of the position and width

of the distribution with total current is shown in Table 5.1. An attempt
to clean the emittef was made by passing a current through the support
filament whilst cbserving the emission pattem. Heating gently produced
turbulence in the emission pattern and then a change. Energy distributions
recorded at this stage, Fig. 5.7, resemble those in Fig. 5.6 in that the
onset changes with total current. Further heating produced a very
turbulent pattern which became suddenly bright and flashed leaving a single
spot visible only when the applied voltage was increased to its maximam,
energy distributions recorded from this spot are shown in Fig. 5.8. The
behaviour of this emitter must be attributed to a poor contact or a

grossly contaminated surface as the same crystal was used later, with a
new endform etched on it and with more silver dag applied to the contact,

as emitter 7.
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Fig. No. IC MaX(Amps.) It(Amps.) Onset (eV.) Half-width (ev.)
- 2 x 10713 8 x 10 -+ 4.7 .400
5.6 8 x 1013 5 x 10 1° 4.6 400
- 3 x 107 7 x 1070 5.1 .450
5.6b 6 x 10+ 1x 108 5.4 .480
5.6¢ 3 x 107 5 x 1070 6.1 .500
5.6d 5 x 10T 1x 107/ 6.4 860

Fig. 5.9 shows a series of scans from emitter 4 at different applied
voltages before any attempt had been made to clean the emitter. The
emission pattern resembled that for emitter 5 before cleaning in that
there was no initial flash and the turbulent pattern soon stabilized
to a non-triangular form. The enexrgy distributions show a slight shift
with applied voltage but not as great as that found for emitter 5. TField
evaporation, however, produced a distribution near the Fermi level at a
current level which had previously shifted the distribution well below it

Fig. 5.10.

The first lead telluride emitters mounted in the analyser failed to
produce emission at voltages up to 5 kV and it was not until the ring
anode was included that significant currents could be drawn. The first
tip used with the ring anode, emitter 3, anly gave maximum collected
currents of less than 1 x lO“ll amps. as the anode was too far from the
tip. Distributions recorded fraom this tip will not be presented except

to note that a peak of about 0.4 eV. total width was cbserved after field

evaporation.
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Fige 5.4(a)
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Fig, -5@6(81)
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Fig. 5.6(b)
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Fig, 5,7(a)
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Many more scans were taken than those presented above, generally
with several scans taken at any one set of conditions. The distributions
presented are representative of the salient features of the distributions

cbserved for each of the specimens.

5.2 b SOME PRELIMINARY RESULTS

Before the main work on lead telluride was undertaken it had been
necessary to show that suitable tips could be made from the matcrial and
that it was a viable ficld emitter. The majority of this preliminary work
was carried out in the analyser built by Salmon (51) but during the coursec
of the work the electrical properties of the instrument, particularly the
insulation of the glassware between the collector and anode leadthrough,
deteriorated preventing further investigation without recourse to another
instrument. It was for this reason that an énalyser, after the design of
Van Oostrcem (75), was built with which most of the measurements were made.
The results from the preliminary work will be presented briefly. The
enerqgy distributions shown in this section are not corrected for secondary
electron effects (6) but this does not affect the halfwidth of the
distributions in this particular instrument (51), these secondary effects

do not occur with the Van Oostrom (75) design.

A lead telluride emitter prepared by the method described in section
4.7 b was placed in the sipple field emission microscope used for the
carbon fibre work and currents up to 1 x 10-5 amps. drawn from it, thus
demonstrating that lead telluride was a suitéble material for field emission
studies. The current'voltage characteristics measured at this stage will
not be presented. Having established that lead telluride could be used
as a successful field emitter two tips were mounted in Salmon's (51)

analyser together with two tungsten tips. The results from the tungsten
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tips will not be presented as a reliable energy distribulion could not

be obtained. This was attributed to the fact that the tips were not on

the axis of the analyser when the emission pattern was over the probe hole,
It was noticed, however, that not only did the halfwidth of the distribution
change with tip position but the onsot voltage also changed. This should

be borne in mind when interpreting the lead telluride distributions

measured with this instruwent.

The lead telluride emitters were set as closely as possible to the
optimum resolution position by use of a cathetometer. Initial application
of the high voltage to the emitters produced a turbulent pattem which soon
stabilized. The tip was then field evaporated at steadily increasing
voltages until a change was produced in the pattern, at about twice the
voltage necessary to see a ficld emission image, revealing a stable central
spot. Fig. 5.11 shows sare encrgy distributions taken at this stage at
different values of emission current. These results were taken with the
roan lights on but a scan taken in total darkness Fig. 5.1l.c shows no
differences. Further field evaporaticn at successively hidher voltages,
following shifts in the tip position to keep the pattern over the probe
hole, produced a pattern of three spots at the points of an equilateral
triangle which developed into an equilateral triangle with a central
dark "Y" shaped zone. During the field evaporation electrical breakdown,
from the anode lead to the specimen stage, resulted in a tenporary
incapacity of the ramp generator, consequently the distributions had to be
taken manually using the method of Salmon (51). These distributions are
shown in Fig. 5.12. By this stage the collected current had becare very
noisy, due in part to the deterioration of the electrical properties of the

glassware in the analyser. The distributions shcwmn in Fig. 5.12 only
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Fig. 11(c)
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Fig b.12(a)
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Fig, 5.12(b)
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Fig. H.12(c)

PbTe Emitter 1

c
Retarding Potential V, (Volts)
Half Width
20
dIC 0,50 Valts
av,
10 7
{

4.0 4.2 4,4 = 4.6 4,8 5,0
V, (Volts)



represent the general trend of the IC/VC curves as the excessive noise

makes interpretation difficult.

Field evaporation of the second emitter produced a triangular emission
pattern similar to that seen with the first tip. The curves produced,
however, were so noisy they could be interpreted as giving encrgy
distributions with halfwidths varying from 0270 eV to 0.450 &V with no

change of conditions. These results, therefore, will not be presented.

5.3 GALLIUM PHOSPHIDE

A preliminary investigation of gallium phosphide was undertaken using
the Van Oostram type analyser following the work on lead telluride. As
gallium phosphide is a high resistance material considerable difficulty
was experienced in cbtaining sensible scans from the specimen. After field
evaporation of a specimen a peripheral region between the clean emitting
tip and the grossly contaminated shank is formed from which emission can
occur, the enission from this region fluctuates, thus the voltage drop
along the shank of a high resistance specimen fluctuates whilst the emis~
sion from the clean tip remains.stable. This mechanism tends to shift the
energy distribution along the retarding potential axis as the resistive
drop changes. With the gallium phosphide specimen this difficulty was
complicated by the fact that the pressure in the system was not much better
than 1 x 10—9 torr causing contamination to occur more rapidly than with
the lead telluride specimens. The distribution shown in Fig. 5.13 was
taken immediately after field desorption whilst the emission current

remained sufficiently stable to give a reasonable scan.
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5.4 'FOWLER-NORDHETM PLOTS

Fowler-Nordheim plots were not taken as often as would have been
desired as the V.G. picoameter used for measurement of the total current
was not always in working order. Fig. 5.14 shows a plot taken for tip 5
and Fig. 5.15 a plot using the analogue device, discussed in Chapter 4,
over the same range. It was not possible to measure Fowler—Nordheim
characteristics for the gallium phosphide emitter due to the extremely

unstable nature of the emission current,
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CHAPTER 6

DISCUSSION OF RESULTS

6.1 THE RESULTS FROM SAIMON'S ANALYSER

The preliminary results from Salmon's analyser showed initially

that emission from a field evaporated surface of lead telluride could
give reasonably narrcs energy distributions. The double humped
distributions, however, must be artefacts of the analyser, as they bear
no apparent resemblance to the electronic structure of the emitter either
in the width or separation of the peaks. They were obtained from a clean

surface, as indicated by the presence of a stable symmetrical emission
pattern, but the emitter had been shifted from the position in which narrow
distributions were obtained. The double humped structure is possibly duc to
inhomogeneity in the collector. In fabricating the collector the tin
oxide coating did not campletely cover the glass sphere and so a layer
of agquadag had been applied to the non-conducting area. This would result
in the collector having two regions of different workfunction and
consequently electrons of equal energy falling across the boundary would
be collected at different values of retarding potential producing a
double humped distribution. The patch of agquadag was located 20° to 30°
away from the axis of the system (within the limit of angular confinement
of the electrons imposed by the ccallimating tube and apertures used in
the anode) so, although paraxial electrons, originating fram a tip at

the position of optimum resolution, could not fall upon it, electrons from
a tip off the axis could. This is consistent with the fact that double
humped distributions were only found with wide peaks and Salmon's
chservation that double humps were associated wiﬁh emission from the edge

of the pattern, leading him to conclude that he was seeing emission from
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from contamination states. Salmon's interpretation should not be dismissed,
however, as the double humped distributions observed in the present work
were narrower than those observed by Salmon and were never observed with

the tungsten emitters.

The nature of the collector could also account for the dbserved
broadening of the energy distributions with collected current, observed
for tungsten as well as the other materials. The thin film of tin
oxide forming the collector has a finite resistance and this could
introduce a voltage drop between the point at which the electrons were
collected and the collector leadthrough thus apparently broadening the
energy distribution with increasing currents. This hypothesis is
consistent with the observation from the present work that the onset
voltage (from the tungsten results) shifted with the tip position; as
the tip was manipulated the collected electrons would reach differenf
parts of the collector and so experience a different voltage drop
depending on the resistance of the collector between the point of collection

and the feedthrough.

The broadening with current density could equally well be attributed
to the interactions discussed by Salmon (51) as this design of instrument
seems particplarly sensitive to such anowolous effects. No such effects,
however, were observed with the Van Oostrbm analyser over the range of

emitted currents investigated.

Despite the inability, in the present work, to produce sensible
results from tungsten specimens and the subsequent deterioration of the
analyser it had been capable of giving reasonable measurements when
correctly used. This is illustrated by the work on carbon fibres presented
in Chapter 3 and the work of Salmon (51) is in no way disputed.

£\



6.2 THE MAIN RESULTS FROM LEAD TELIURIDE

The emission pattern of three spots at the points of an eqguiiateral
triangle was taken to be indicative of a cleon surface as it was of the
correct symmetry and usually found after field desorption. In sawe
cases, however, such a pattemm was found siwply by increasing the applied
voltage, but in such instances the pattern was always preceded by a flash
at a lower voltage. This sequence is similar to effects observed as the
field is increased in a field-ion microscope, before any pattern is
visible a flash is seen as the surface contamination desorbs followed by
a clean patterm at higher fields. Ilead telluride is a highly ionic
material so, although the polarity of the voltage is reversed with
respect to the field-ion situation, the negative ions in the structure will
experience a force similar to that experienced by the ions in the ficld-
ion specimen and could be stripped off by the field. This mechanism wouid
create a clean surface simply by twrning up the emission voltage and would
explain why patterns produced after a flash were insensitive to heating

and field desorption.

Fig. 6.1 shows a typical experimental distribution from a clean lead
telluride emitter compared with the theoretical prediction of Modinos
(39) for a germanium emitter (with the parameter taken to be five
times larger than that for the distributions which resemble the
experimental work of Shepherd and Peria (38)). In this case the emission
from the surface states is much greater than the valence band emission.
The similarity between the experimental results of the present work and
the .theory is striking. Table 6.1 shows the parameters for germanium,
used by Modinos to analyse his results, with thé corresponding parameters

for lead telluride as far as they are knowmn.
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TABLE, 6.1
" PARAMETER _C}ERMZ\N_II_JD_I LEAD TELIURIDE

M, 0.55 m 0.034 m (78)
M 0.3 m 0.032 m (78)
N, 1.5 x lOlBCm"3 1.5 x 1016cm—3 (78)
£ 16 380 (78)
Eg 0.67 ev 0.31 ev (78)
¥ 4 ev 4.6 + .3 eV (79)
No 1014 eV_lcmm2 2 x 1013 e\/ﬂlcmm2 (80)
Eo -0.05 eV + 0.05 eV (80)
S 10_17 cm2 -

e 0.0l &1 -

As can be seen the greatest differcnces are the effective masses,
dielectric constant and intrinsic concentration of carriers. If the
parameters for the surface states are of roughly the same order as those
for germanium the surface state emission from lead telluride will be of
similar magnitude to that from germanium but will dominate the energy
distribution as the valence and ccnduction band emission will be relatively
suppressed by virtue of the very small effective masses. In the expression

for the total energy distribution emitted from the valence band :
oce,) = .’?i.;.%&v.% £e(E) axp (- b - 6 B[ 1 - ap(-teEL)
where Mv is the effeiiive mass of the valence band hole and Ty = ?&g
M is the free electron mass, the majority of the terms will differ only
slightly between lead telluride and germanium. The pre-exponential will,

however, be reduced by a factor of about ten by the lower effective mass,

which is about a factor of ten less than that for germanium, and the last

term in the expression :
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| - QP( = Cvo Ty Ev)

will be reduced also as it too contains the effective mass, thus
attenuating the valence band aemission from lead telluride relative to
valence band emission from germanium. By a similar argument conduction
band eunission from lead telluride is suppressed whilst the surface state

emission remains of similar magnitude.

The greater intrinsic conceantration in lead telluride means that,
despite the greater dielectric constant, the space charge region will not
penetrate as deeply into the bulk as in germanium, the energy bands, if
bent, will be bent more sharply. The existence of such a high intrinsic
concentration of carriers, however, implies that, as the field lines nust
terminate on charges (and assuming a similar density of surface charge)
band bending will be considerably less than in germanium under similar

conditions.

The enerqgy distributions obtained, narrow metalike distributions with
a maximm just below the Fermi level, occasionally with a low energy shoulder,
could be interpreted as emission from a degenerate conduction band with
intermittent surface state emission due to some contamination. This
interpretation would be consistent with the dbservation that the distribu-
tion does nqt widen or shift with increasing field, as would be expected
if the conduction band was always degenerate. It is more likely, however,
that most of the emission comes from the surface states due to the reasons
outlined above and that the low energy shoulder is valence band emission.
The band gap of lead telluride is so small that conduction band emission

as well as valence band and surface state emission must be present but the
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resolution and sensitivity of the analyser are not sufficient to

adequately isolate the separate companents of the distribution,

The time dependence of sans of the results indicates that after a
slight change of field the surface state and valence band emission can
be resolved but after a few minutes at constant field the surface state
band has broadened slightly and completely obscured the valence band
emission. This slow relaxation nust be associated with_the surface
states coming to equilibrium after a change of field but is not thought
to be related to the more common slow surface states often observed on
contaminated semiconductor surfaces. The slow states are formed by
exposing a specimen to a humid atmosphere, at air pressure, for several
days; time dependent effects lasting up to several hours can then be
observed. The states, once formed, are known to remain in moderate
vacuua but can be lost by heating to 200°C in a vacuaum of about 10—9
torr (8l). It seems unlikely, therefore, that the time dependent effects
observed are due to conventional slow states as these would have been
destroyed by the bakeout cycle and the subsequent attainment of ultra-
high vacuum conditions, moreover, the presence of a stable synmetrical

field emission pattern indicates that the surface is clean.

Time dependent effects have been ohserved by Fursei et. al. (82) in
pulsed field emission currents drawn from p-type silicon. These effects
occur within a fraction of a second and are attributed to the rate of
carrier generation in the bulk; similar cffects were not cbserved with
n-type material. The time dependant effects chserved in the present work
justify further investigation as their tiwe scale falls midway between

that for slow states and that for the fast cffects reported by Fursei.
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The lack of movement of the peak with changing field whilst not
confirming the argument in favour of surface state emission does not
destroy it. As explained above, band bending in lead telluride is not
as greal: as in gemmanium, consequently, for the limited range of fields
used in the present work, significant band bending would probably not
occur and so no shift in the position of the peak would be expected. The
large shift and broadening observed with one specimen nmst be interpreted
as a non-ohmic contact or emission from a grossly conl;a}?nmated suriace
in poor electrical contact with the bulk as harsh field evaporation
produced a narrow distribution, moreover the same specimen, with a new
endform etched on the crystal and more silver dag applied to the contact
between the crystal and the support filament, produced consistent narrow
distributions. A non-ohmic contact between the emitting surface and the
support structure could account for the large shift in onset, a plot of
total current against onset voltage was more logarithmic than linear, and
could explain the broadening as the effective retarding potential would
be less than that applied. The broadening of the distribution could be
dug, in part, to the "hot electron" effect. Electrons could be injected
into the specimzn at a point in the energy bands well above that at which
they would reside were they in thermal equilibrium or had they couwe through
an ohmic c;ontact. If the lifetime of the electrans in these states is
longer than the time taken for the electrons to reach the surface they
would be emitted with energies well above those normally observed. Although
the number of such electrons is probably small they could constitute a
significant emission current as their tunnelling probability would be
larger than for electrons near the Fermi level at the surface. This
explanation would account for the high energy téil cbserved with this

specimen.
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6.3 GALLIUM PHOSPHIDE

The energy distribution abtained fram the one specimen used is
only a preliminary result and so will not be considered in great detall.
Gallium phosphide is a large band gap material and consequently has a
high resistance, this makes positioning of the distribution with respzct
to the Fermi level impossible. The voltage drop along the specimen was
of approximately the same order as that found by Salmen (51) for
cadmium sulphide; the band gaps of gallium phosphide and cadnium sulphida
are cf similar proportion. The energy distributions for high resistance
materials are difficult to measure as small fluctuations in total current
can shift the distribution up or dovm the retarding potential axis as
described by Salmon (5l) and previously in the present work. The energy
distribution shown, however, is thought to be representative of the
distribution for gallium phosphide despite the danger in making judgements
from one specimen. The large halfwidth of the distribution could possibly
be explained in terms of a poor contact to the crystal but, even so, it is
difficult to see the halfwidth reducing to a value comparable to that
obtained for lead telluride. The result closely resenbles the single

peaked distributions of Salmon for cadmium sulphide.

6.4 THE ROLE OF SURFACE STATES IN THE EMISSION PROCESS

The experimental results of the present work, outlined above,
together with those of Salmon for cadmium sulphide (51) , Hughes and
White (36) for gallium arsenide, Arthur (35) for germaniun, and
Shepherd and Peria (38) again for germanium, show a slight correlation
between the energy gap of the material used and the halfwidth of the

experimental distribution, Table 6.2.
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TABLE 6.2 .

MATERTAL ENERGY GAP (eV) DISTRIBUTION
HALFWIDL (eV)
Pb Te 0.30 0.24 Present Work
Ce 0.67 0.4 (35)
n 114 O . 2 +
valence band (38)
shoulder :
Gals 1.37 0.6 (36)
Gap 2.26 1.2 Present Woxlk
Cds 2.40 0.6 to 0.7 (51)

It is only in the work of Shepherd and Peria, and the theoretical
work of Modinos (39), that surface state emission has been seriously
considered. Other workers have associated surface states with contamin-
ation rather than considering their role in the emission process as a
major contributor. Surface states have to some extent been treated as
artefacts and not as an intrinsic property of a semiconductor surface that
can significantly participate in the endssion. It is difficult to sea how
valence, or conduction, band emission could be expected to produce energy
distributions greatly different in halfwidth from those of metallic
distributions, when in thermal equilibrium, as fhe barrier will bz of
roughly the.same shape and hence the tumelling probabilities will reduce
exponentially with decreasing energy. With surface states, however, the
situation is slightly more complex as the localisation of the state can
affect the emission current as well as the density of states and barrier
thickness. It is conceivable that wide distributions could be obtained
from surface states of uniform density with a trianqular barrier, if the

localisationof the states increases with decreasing energy, conversely
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wide distributions could be produced from uniformly localised states

if their density increased at lower energies; any intermediate situation
would also produce broad distributions. It is quite possible that for
large band gap materials the swrface state density, although potentially
uniform, will only be partly filled at higher energies with the majority
of the electrons residing towards the bottom of the band gap, thus

producing wide energy distributions.

In the works cited above where critical bias measurem=nts have becen
possible the emission has always bzen found below the Fermi level, this
led Arthur (35) to conclude he was seeing emission fram a degenerate
conduction band, but as identical results were obtained for (111) and
(100) oriented crystals, ﬁhis is extremely unlikely as in the (100)
orientation conduction band emission is greatly reduced by virtue of
the high transverse momenta of the conduction band electrons. Hughes
and White (36) found emission from well below the Fermi level and concluded
valence band emission, however, their result is not incompatible with
surface state emission although they do not report any shift of the

distribution with applied field, and detected no broadening with field.

6.5 SUGGESTIONS FOR FUTURE WORK

6.5 a EXPERIMENTAL TECHNIQUES

The operation of the Van Oostrum type analyser used for the majority
of this work could be improved by the use of a modulated xramp with
synchronous detection of the a.c. camponent of the collected current
after the method of Russel (83). This technique would greatly inprove
the gignal to noise ratio of the analyser and would facilitate the direct

plotting of the energy distribution by detecting the signal at the second
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harmonic frequency of the modulation. This system, whilst not improving
the ultimate resolution of the analyser would make the instrument easier
to use as the direct presentation of the energy distribution makes
interpretation mach simpler and information is not lost by manual
differentiation. The method was not used in the present work as it

had never been used in this laboratory, as physical constraints of the
previous analysers made its use impossible, and time did not allow the

development of such a system.

The inclusion of a gas line to the wacuum system to allow the
controlled introduction of knovm gases to the chamber would be desirable.
This would make cleaning of the tips possible by hydrogen prawoted field
evaporation after the neﬁhod of Arthur (35) or by borbardment with
inert gas ions. The emission characteristics could then be studied for
field evaporated, sputtered and annealed surfaces to investigate £he
effect of order and disorder of the last few atamic layers of a clean

emitter,

The use of an electrostatic deflection analyser, similar to that
used by Plummer (10), would reveal even more structure in the energy
distribution than the improvements to the present analyser described
above. This type of analyser measures the energy distribution directly
without recourse to differentiation; it has a resolution far superior to
retarding potential analysers with much improved signal to noise
characteristics as its mode of operation enables the use of an electron
multiplier. With this type of instrument it should be possible to see
conduction band emission even if it is orders of magnitude less than the

surface state emission and to resolve surface state and valence band
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emission. The use of a superior punping system, with such an  analyser,
. . . ~-11 s

with an ultimate pressure in the 10 torr range or better would be

desirable as this would allow a reasonable timz to porform experiments

on clean surfaces and possibly to note the effccts of the slow contamin-

ation of the specimen. Tacilities for gas handling should certainly be

included in such a systam.
6.5 b MATERIALS i

The tentative suggestion put forward earlier in this chapter that
surface state effects dominate the field emission process from
semiconductors and that it is the surface states that produce the wide
energy distributions can be tested by a systematic investigation of a
range of materials of different band gaps. Investigation of a range of
conductivities and types of each material would be worthwhile if only
to show similar results as Modinos (39) predicts. Care should be taken
with the high resistivity materials as it is difficult to locate the
distribution with respect to the Fermi level if too high an emissicn

current is drawn.

The prediction by Modinos (39) that the enerqgy distribution should
shift to lower energies with increase of applied field is a difficult
effect to investigate experimentally as the field required to cbserve any
shift could be sufficient to destroy the emitter by drawing too high an
emission current. Higher fields could be applied safely if the specimens
were cooled first but this may be counter-productive as it could limit the
rate of generation of carriers in the bands and the supply to the surface

states. Arthur (35) reports energy distributicns measured at 20° K so this
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problem is dbviously not serious for germanium. Experiments at low
temperatures would be worthwhile as higher fields can be applied
without destruction of the tip and the electronic structure of the

specimen should be sharpened.
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