Aston University

Some pages of this thesis may have been removed for copyright restrictions.

If you have discovered material in Aston Research Explorer which is unlawful e.g. breaches
copyright, (either yours or that of a third party) or any other law, including but not limited to
those relating to patent, trademark, confidentiality, data protection, obscenity, defamation,
libel, then please read our Takedown policy and contact the service immediately

(openaccess@aston.ac.uk)



THE FEASIBILITY OF USING A CARBON FIBRE
FIELD EMITTER AS AN ELECTRON SOURCE IN

CATHODE RAY TUBES.

David Archie WILSON

A thesis submitted for the degree of Doctor of

Philosophy at The University of Aston in Birmingham.

February 1981




The University of Aston in Birmingham

Summary of a thesis submitted by David Archie Wilson for
the degree of Doctor of Philosophy in 1981.

"The Feasibility of using a Carbon Tibre Tield Emittler as
an Electron source in Cathode Ray Tubes."

An ultra high vacuum elcctron optical bench has boen
designed to develop a demountable prototype tube using a
computer designed two-anode electrostatic lens to Tocus
the beam. This system has demonstrated that a carbon
ribre fTield emitter has a satisfactory electron optical
performance in a CRT and an adequate lifetime. However,
there is a residual problem of emitter instabilities which
lead to the visual display flickering.

The energy spectra ol the emitted electrons have been
measured using an UHV high resolution spectrometer. The
half-width and spectral shift were both found to increase
with increasing field. Electroluminescence has also been
found to accompany the electron emission. Since fluctuations
in the final image are almost certalinly related to instabil-
ities in the emission current, various stabilisation tech-
nigues have been investigated. The noise characteristics
of the emission current have been analysed and related to
the instability of the emission image as recorded cinemato-
graphically, which showed the pattern to consist of indivi-
dual spots which "switch-on" and "switch-off". Scanning
electron microscopy has revealed that the onset of emission
is accompanied by an explosion of the emitter endlorm.

To explain the experimental observations a model has
been proposed for the emission mechanism based on a composite

emission regime involving an insulating amorphous pocket
overlaying a metallic-like substrate.
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CHAPTER 1

INTRODUCT LTON

Tield electron emission is the mechanism whereby
clectrons may be cmitted from a solid into vacuum due
to the presence of a high electric field at the solid-
vacuum interface. In the case of metals at room
temperature, this field has to exceed a value of

N3 X 109volt5 per metre for the mechanism to occur.
Such high electric fields cannot be realised over
extended area plane-parallel electrodes without break-
down occurring: they can howcver be achieved over a
localised area by using a point-plane cathode-anode
geometry where 211 the field lines concentlrate on the
point. Thus, they are usually obtained 1in the lab-
oratory by using a filamentary cathode that is etched
to a micropoint having a radius ol curvature of ~100nm.
With such a geometry, the required fields can be obtain-
ed by applying a few kilovolts between the cathode and

anode.

The use of a field emission cathode as a pract-
ical electron source has been considered by numerous
workers over the past 9-3 decades Tor a variety of
technological applications. These include microwave

amplificrs, switch (ubes, transducers, flash x-Tay



dovices and olectron mi (’1‘():&('()})(‘>i( 1,2) The work pre-
sonted here considers the leasibility ol using a ficld
cemittoer celeetron source in a cathode ray Ltube as an
Alternat ive to the conventional thermionic cathode.
Such a source would offer the potential advantage of
high resolution applications resulting from its small
optical source size (about 3nm) and large current den-
sily (about ,l,Ol'OAm_2 is obtainable under continuous
opurutjon)ﬁ3> In addition, a licld emission cathode
is a "cold'" source of electrons which enables instant-
ancous operation and climinates heater power consump-
tion. Since thesce features make such a device of
grcal industrial interest, financial support was given
jointly by G.k.C.'s M=O Valve Company and S.R.C. Lo
develop a source for an instrument tube. In order for
a field emitter Lo be viable tor commercial use in
cathode ray tubes, it would have Lo satisfy certain
basic performance criteria such as a reasonable current
stability in a well focussed beam of a few microamps,
and have a long life compatible with use in sealed-off
tubes. A further important practical requirement 1is
{hat such a source should be readily incorporated into
current manufacturing techniques, which demands that
(he emitter functions according to the above specifi-
cations in relatively poor vacuum conditions of about

—

107 torr.




9

Thoere arce various properlics desirvable in an ideal
Cictld emitlor in order to achicve both current sltability
and o reasonable liletime, The material should be a
cood clectrical conductor and microscopically strong
cnouph to withstand the mechanical stresses imposed by
the high clectrice field acting at its Lip. In order
Lo reduce the influence of residual gases, the emitter
material should firstly have a work function which does
not change significantly as a result of gas adsorption.
Scecondly, a material with a low work function is gener-
ally to be preferred since, for a fixed geometry of
cathode and anode, and for a given emission current, the
lower the work function the lower the applicd voltage:
in addition, at these relatively high pressures, sputter-
ing processes become important and the lower the 1on

energy, the smaller the damage LO the cathode.

The majority of field emission work has used tung-
sten as the cathode, since it is a material that is read-
ilv available and satislies some ol the previous require-
ments. Although the high work function (4.5 ¢V ) and
the sensitivity to gas adsorption are drawbacks, it 1is
still widely used as a field cemitter. However, the sat-
isfactory operation ol such a source in an clectron opt-

ical device requires an ultra high vacuum of the order




\ —1¢ 3 . L _
ol 10 Lo l,k)l‘l‘,( ) in addition to the provision of

complicated cleaning techniques for the in situ pro-

cossing of the tip (scce, For oxample, the work of Swan-
. (D) : Sl e

son and Crouscor. ) In this respect, the tungsten

ficld emitter is at a creat disadvantage Lo the therm-

ionic cathode which may be stably operated in the vac-

5

uum region 1077 to 10—7 torr. The tungsten emitter
also suffers Trom the disadvantage ol being readily
destroyed by a discharge, such as would follow from
oxcessive localised emission. Iven under high vacuum
conditions a tungsten cathode is locally melted and
cvaporated by a vacuum arc discharge, resulting in a
globular tip. For the prescnt application, an alter-

nalive to Lungsten as the emitter material is therclore

required that wil 1 operate under poorer vacuum conditions.

The work of Baker, et a],.(G) and other groups (see Ch.
3.2) has shown Lhat carhbon fibre offers considerable

promisce of being such a material. lHlowever, although
il is known that carbon fibre will operate in the des-

-

ired pressure region, i.c. 107" torr, and have a long
emission lifetime, there remains the major problem of
both short and long term beam current stability. The
main objective of this work has, therefore, been to

investigate whether these undesirable features can be
accommodated in order LO provide a gatislactory elect-

Fon source for usc in cathode ray tubes.




(&3]

11 was decidod that the invest ication would have
Lwo main lines ot approach. The first involved study-
ing the perlormance ol a carbon (ibre field emitter in
a standard production cathode ray Ltube. However, since
Such tubes arce designed specilically Tor use with o therm-
ionic cathode it was necessary Lo develop a ficld emis-
sion electron gun with optimised boam current efficiency
and focussing that was also compatible Tor interfacing
witlh Lhe deflecting and accelerating stages of a con-
ventional tube. To develop such an electron gun in
systematic stages a demountable vacuum system, complete
with a specimen manipulator, was designed and construct-
cd specially for this purposc. A prototype cathode ray
tube could then be developed cnabling its performance,
in terms of focussing, stability and the influence of

residual gases, Lo be systematically cvaluated.

The sccond approach was concerned with a fundamen-
tal study of the physical paramelers thal determine the
cmission process. This was necessary because the rea-
sonsg for both the carbon fibre cmitter operating in the

, ] . Y - 14 foo
pressure region ol 10 torr wilth @ long emission lll¢
time, and the instabilities of the short and long term
beam current are directly attributable to the emission

mechanism operating at the field emitting tip. Such




anslytical techniques as fiold cmission microscopy,
clectron energy spectrometry and scanning electron
microscopy were employed to provide further informat-
ion on this mechanism. The coxperimental details and
results obtained using thesc analytical techni_gues
arc presented in Chapter 7. From these Tindings it
was deduced that the emission process was more complex
{han had previously been assumed and the data obtained
could not be interpreted using the theory for field
cemission from metallic surlaces. In order to provide

a4 gatisfactory explanation of thesc experimental obser-

vations, a theorctical model is proposed which considers

cmission from a composite surface consisting of a semi-

conducting pocket and a metal lic substratoe.
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CHADTRR 2

T THEORY OF FIELD EMISSTON FROM METALS AND
SEMICONDUCTORS

Introduction
Although a "classical'” approach leads Lo a salis-
factory theory of thermionic electron emission (Rich-
ardson-Dushman eqn.) and field-assisted thermionic
emission (Richardson-Schottky eqn.), it is unable O
explain the phenomenon of field or "cold" electron
emission that is associated wilth the presence of very
high clectric ficlds at an olectrode  surface. Ttigure
2.1(a) shows the Sommerfel d Iree clectron model of a
moetal at O K and with zero surface lield. The upper
1imit to the cnergy of the clectrons in the metal
corresponds to the TFermi level, so that the electrons
arce confined within the metal by a potential barrier
of height ¢ , the work function, above the Fermi level.
When a high electric field is applicd to the surface,
the potential barrier might be thought to assume the
triangular shape of Fig. 2.1(b) but, because ol the
image force potential of the electron, it is rounded off
as shown in Fig. 2.1(c). The classical potential barr-
ier is thus lowered in the presence of an clectric field
with a consequent small reduction in the work function.
This phenomenon, known as the Schottiky effect, has been

oxperimentally verificed for thermionic cemission at re-




(n) Bagic potential barrier

{b) Application o’ ficld

ferce correction

Rip, 2.1 Frec electron moedel of a2 metal and

i-h cleetric filold.




NN T (1)
latively low ficlds (= 107 V.om ), but failed

in ihe case of field emission to predict the obscerved
relationship between applied ficlds and emitted current

density.

Fortunately, il is possible to theoretically explain
the experimental evidence ol field emission by using
quantum mechanics. If the electric ficld applied to
the surface is very high, the potential barrier then
drops so sharply that the encrgy ol an electron al a
short distance AX from the surtace is cqual Lo the

energy of an clectron within the metal at the Fermi level

(figure 2.2). 1t A x , the barrier width, is sufl-
_G
iciently small ( < 1O ) m ) the electrons can then

"tunnel' through the potential barrier to a position out-
side which has the same encergy; i.e. provided the barrier
width is comparable to the de Broglie wavelengtlh of the
electrons near the Fermi level, the electron wave function
will not have decaved before entering the vacuum where the
potential drops below the Fermi level, which results in a
finite probability of an electron being ecither side of

the barrier. It also follows from this recasoning that

no cnergy is exchanged when an clectron is emitted by

this tunnelling mechanism so thal clectrons do not require
the provision of externatl energy LO surmount the potential

barrier.

To date, workers have interpreted field emission
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11.

data from a carbon libre emitier by assuming the theory

fopr metallic surfaces to be valid, This is understand-
able given the limited amount of rescarch previously
undertaken and the added complexitices of the semiconductor
field cmission theory. During ithe course of the present
work on carbon fibre, however, it has become increasingly
ovident thal the cmission process involved has similarities
with that from scmiconducting surfaces and consequently

emission from both types of surface will now be reviewed.

Derivation of the Towler-Nordheim Equation for
I'ield Emission from Mctals

In 1928, Fowler and Nordhcjm7‘ proposed a quantlum
mechanical cexplanation for the phenomenon and derived an
equation for the total ficld emittoed current density [rom
cold metals. The model considered one-dimensional tun-
nelling from a Sommerfeld frce-clectron metal at O K.

The theory assumes the surlace ol the metal to be smooth
and plane, and the potential barrier close to the surface
in tLhe vacuum region Lo consist ol the classical image-
force potential and a potential duce Lo the applied electric
Field. Figure 2.3 shows the resulting one-dimensional
potential energy, V (x) , of an electron as a function

of the distance, x , from the surface.

With no applied clectric field the potential energy

of an c¢lectron far from the metal surface is chosen to




V (eV)
—_— X (A)
0 5 10 15 20
Vacuum
feve] r//,/[’————il -—;2;1
T 4x
$
Fermi| & |
level —eFx
..5___‘ \
V
P V(x)
Band {__“]O_
edge

Fig.2.3 Potential energy Vv (x) of an electron

as a function of its distance x to the metal

surface.
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he Loro. The potential cncergy ol an clectron inside
the metal Vpois assumed Lo be constant, so that the

potential energy will be pgiven by

T Vix) = =Vp for x <O (2.1)
el

and V(ix) = - ———— - elx for x>0 (2.2)
4x

where © is the charge on the electron and ' is the

electric field strength. The Fowler-Nordheim model

assumes that only the N —-part of the encrgy of an clectron

determines its probability of penetrating the potential

barrier shown in figurc 2.3. Thus, il the total energy
ol an clectron is denoted by U , the X —partl of this
cnergy W is defincd by
2
P V(%)
) X + X .
TR S () (2.3)
2m
where P is the momentum in the x —direction and m
X

is the mass ol the electron.

The usual dorivation of the Fowler-Nordheim cguation

uses the following delinitions:

T N & The dorwalion invsbring aopaabions 2..1-2.21 follews
Hre rodibional Wm'le' u‘gf),n'\;?bﬁu\‘j cvored wadz.
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The =upply lunciion = N(WHYAdW = (the nunber of electrons
with the X—component of
their encergy within the
range W to W + dW incident
on the suriface per unit area
and Lime.

The transmission cocilicient

= D(W) = probability that an electron
ol energy W will penctrate
the potential barrier and

appear outside the metal.

The number of clectrons in the range W to W + dW
tunnelling from the metal into the vacuum region, usually
known us the normal cnergy distribution, is the product

ol the supply function and the transmission coefliclent,

P(W)dW = N(W)D(W)dW | (2.4)

The Towler-Nordheim cequation, relating the current density
J, the clectric field strength I* and the work function ¢ ,
is then found by integrating (2.4) over all values of W

and multiplying by the electron charge, i.e.

o

(@)
~—

J = e ) P(W)YaWw . (2.

v
D
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Using Fermi-Dirac statistics, the supply function is
given by

o oo nk In b+ exp | =W - 0 ‘ _
N(W)dw = SR g | Yt % aw, (2.6)

where kK is Boltzmann's constant, T the absolute temp-

erature and h Planck's constant .

The transmission coefficient D(W) is found by solving

the Schrodinger cquation,

'Zw + 2 m [ W - V(,\')) y = O (2.7)

by inserting the assumed potential energy as given in

(2.2). This cquation has becen solved rigorously by
. 3. . . ) 9. .

Nordheim and approximately by Good and Muller who used

_ e . .10, . p . R

Lthe WKB approximation : this technique is, however,

valid only when the encrgies of the electrons are apprec-

iably less than the energy corresponding to the

maximum height of the barrier, which is the case for field

emitted eleclrons. Following this approach, the trans-

mission coefficient is,

D(W) = oxp -4 J2m | W }‘; r (y)) (2.8)
3 h e¢F /




slowly

where I (yv) is a function

9.

varving

Good and Multler. Since
encergies in the neighbourhood of the Fermi
exponent of (2.8) can be approximated by the
terms in a power serics expansion at W =0,

results in

D(W) =

C =4 (2 m
30 o1

where

and

field emitted eclectrons

fevel

tabulated by

, the

first two

which

(2

(2.

(2.

(2.

(2.
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have

.9)

10)

11)

12)

13)



Substituting (2.6) and (2.9) in (2.4) gives

P(W) dW = 47N m (¢ -~ W) oxp[!' S S - I)J dw (2.14)
3 T d o

h-

Integrating over all values oW and multiplying by the

charge on (he electron yicelds

. 3.2 . b 3
Jo= 67» F ) OoND | - ’_1 ( f?l]lﬁ)? Q&'  (y) (2.15)
3 h e I _

which is the Fowler-Nordheim cquation.

Finally, substituting the numerical values lor the
constants and expressing Lhe current density in A/m™,

the electric field strength Foin V/m and the work function

in oV leads to
) -G 2 . 9 3 \
Jo= 1.064 x 10 7 1 exp | -6.8% x 10 ) I (y)l(2.16)
2 F
O t7(y)

For experimental work on [icld emission, it is more
useful (o have an cquation rclating the total emitted current

I in amperes to the potential difference V in volts between
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the cathode and anode.

These quantitics are related o the current density
J and the celectrice fieold strength I by the following re-

lationships:

1 = J da (2.17)

O

1l

and I

/))V (2.18)

where A is the emitting surface arca in square metres and
- . . . -1 . L .
/Q is a geometltrical factor in m . Substituting

(2.17) and (2.18) in (2.16) resulls in,

6 a0 ) 0 _
1= 154 x 107047 v% 4 exp| 6.8 x 107 0 1 (y)| (2.19)

p L%(y) PV

. . 2 4
The curve obtained by plotting log (I/V7) vs 10°/V, as
shown in Tig. 2.4, is rceferrved Lo as the Fowler-Nordheim
plot and is the generally accepted method of comparing

experimental observations of field emission from metals.

The slope m at any point of this curve is given by

3

3
m =-2.,97 x 10 Q=2 s (y) (2.20)

™
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whoere s o(y) v (YD) dovo(y) (2.21)

is an clliptic function, tabled in roeference (Ll); it

changes slowly and lics practi cally always between 0.90
and 0.95. Therelore the slope is nearly constant and
the Towler-Nordheim plot is a straight line suitable to

determine the work function of the emitting area.

Background to Ticld bmission from Semiconductors

As was previously mentioned, during the course of the
presenl work on carbon fibre the emission mechanism was
found to have similarities to that from a semiconducting
surface. In fact in a later chapter (Ch. 8) a model is
proposed and discussed whi ch is based on emission arising
from composite emission sites comprising a semiconducting
pocket and a metallic-like substrate. It is therefore
necessary to review the theory of ficld cemission lIrom semi-

conductors in addition to that (rom metals.

The distribution ol the cleclronic states of metals,
semiconductors and insulators have been determined by
using the band theory of solids. Represented in Fig. 2.5,
are the band schemes of an insulator, a metal and a semi-
conductor. In order to transmit a current through a
solid, electrons must be accelerated in a particular dir-

ection, which means that they must be raised to a higher
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energy state. This is ecasily vossible in the case of

a monovalent metal where the conduction band is only
partially (illed. This is not the situation for an
insulator which has a wide encrgy gap separating an
empty conduction band and a fillced valence band. Under
these circumstances electrons cannol be raised to a per-
mitted level in the conduction band because they cannot
obtain sufficient encrgy (e.g. from thermal excitation)
to jump the forbidden cnergy gap. However, materials
such as pure silicon and germanium, which are intrinsic
semiconductors, have a small conergy gap of ~0.75 ¢V

and ~1.1 ¢V respectively. For intrinsic semiconduct-
ors at room temperature a few clcectrons can be exeited
from the top ol the valence band Lo the bolttom of the
conduction band. This cenables electirical conduction

to take place arising [rom both clcctrons in the con-
duction band and holes in Lhe valence band. It follows
that the number of c¢lectrons excited into the conduction
band, and hence the electrical conductivity, increases

with temperaturec.

The electrical properties of semiconductors are mod-
ified by the presence of small amounts ol certain impur-
ities and are then known as extrinsic semiconductors. The
addition of impurities, referred to as doping, result in
impurity levels within the energy gap. Depending on the
electronic properties of the dopant, these impurity levels

consist of donor levels close (o the conduction band and
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acceptor levels close to the valencee band which promote
clectron (n—=tyvpe) and hole (p—-tyvpe) conducltion respectl-
ively, as shown schematically in FPig. 2.6. The position
ol the Fermi cncergy lor extrinsic scemiconduclors is
quite dif{ferent from that for the intrinsic material, as
is illustratead in Fig. 2.7. The Fermi energy & is

detfined as the encergy ol a state for which the probability

to—

of occupation is At room temperature the Fermi
energy lor an extrinsic material is close to the impurity

level.

The study of field emission from scemiconductors is
a natural development from the work on metals; however,
until (he mid fifties there was very little work reported.
This was almost certainly due Lo difficulties in obtain-
ing suitable materials and then producing c¢lean micropoint
rathodes with clean emitting surfaces. Theorctically, the
emission process for semiconductors is more complex than
for metals. This is due to important cffects caused by
the penetration of an external ficld into the semiconductor
surlace layer, clectronic surface states, and the ficld
emission current through the emitter. The eflects caused

by these factors will now be considered.

When an electric field is applied to the surface of
a metal or semiconductor a surface charge is induced. The
effect of this charge is negligible in the case of a metal

because Lhe number of additional charges is small compared
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to the number of available conduction clectrons. For

a semiconductor, however, Lhe posilion is different
hecause the number ol electrons in the conduction band

is relatively small under most condifions. Due to the
polarity of the applicd ficld used in liceld emission
experiments, the indoced surface charge results in a
decrcase in electric potential as the surface is approached
from the interior. This decrease in potential is repre-
sented in Fig. 2.8(a) in which the bands bend down at the
somiconductor surface. In the case of very high elccetric
ficlds the band bending can be sufficient for the boltom

ol the conduction band to fall below the Fermi level, at

which point the Fermi cnergy is positive and the surlace

clectrons are degenoerate. This case is shown 1in Tig.
2.8(b), where - £ is the Termi energy of the bulk material
and AS is the maximum change in the Fermi energy.

The flow of large ficeld emission currents through a
semiconductor cemitter can result in a voltage drop AAVR
down the shank of the emitter with a conscequent variation
in the TFermi level. This effect is particularly pertinent
to semiconductors which have a high value of resistivity.
The voltage drop is mainly concentrated at the apex of an
emitter, and the temperature ol this localised region may
be raised by Joule heating. The elceccetron potential energy
diagram for a semiconductor having an internal potential
drop due to lield penetration and the resistivity of the

cmittor is shown in Pig. 2.9.
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In addition to the impurity ltevels in semiconductors,
there may be localiscd clectronic states associated with
the surface wilth encrgies distributed in the band gap
between the conduction and valence hands. Such states
may arisce partly in conseauence ol the discontinuity in
periodic potential at the surlace, as suggested by Tamm‘J

. 13. : . . . .
and Shockley, or in part from impurity atoms, oxide
layers and structural imperfections at the surface. If
charge (cither eleclrons or holes) is situated in these
surface states it will result in clectrostatic fields
penctrating into Lhe solid, and thus a varying electro-
static potential on passing from the surface to the in-
terior. This varying potential distorts the band struct-
urce of the bulk solid and an cxample of band bending due
to the prescnce ol surtace stales is illustrated in TIig.
2.10. The particular case illust rated in this figure
is for an n-type scmiconductor having a substantial number
of acceptor-type surlace states (which arc charged when
occupied and neutral when empty). At absolute zero
electrons from the conduction band or from the donor level
will fill up the surface states LO the Fermi level creating
a layer of negative charge at the surface which repels
electirons within the conduction band of the semiconductor
from the surface and which, therctore, leaves & positive
surface space charge layer arising from uncompensated

donor ions. The result will be a strong electric field
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directed towards the surface so as to oppose the f[low
of more eleclrons into the surface states so that the
energy ol the surtace is raised with respect to the

bulk material as shown in Fig. 2.10.

Current Density and Lnergy Distribution of Electrons
Tield Lmittced from Semiconductors

In 19506 StraLLon]4' published Llhe [irst extensive
paper on the theory of field emission [rom semicon-
ductors. He assumed a Fowler-Nordheim type of barrier
at the surface and modified the transmission probability
to include the dielectric constant of the material. The
barrier was then applied to different models of a semi-
conductor surface: with and without field penetration,
and with and withoul surface states. Stratton showed
that the presence ol an appreciable number of surface
states should give very low current densities until fields
high enough to overcome the screening by charge in Lhese
states are applied. When this occurs, or if there are
no surface states, the field will penetrate into the semi-
conductor and lead to a lowering of the conduction band
cdge. As the field increases, the increased clectron
population in the conduction band gives rise Lo a greatly
enhanced emission not unlike that of a metal. This would
result in curvature in a plot of the logarithm of current
density versus the reciprocal of the external electric

field (Fowler-Nordheim plot).




Tn 1962 Slrntlwnl" published another paper on
the theory of ficld emission from semiconductors which
extended his previous work. He again used a Towler-
Nordhceim barricr and produced expressions for the
emi tted current density from both the valence band and
the conduction band which included effective clectron
mass corrections allowing for variation in band shapes.
He also considerced the effect of surface states in more
detail but did not allow for thc possibility of emission
from such states. In genceral, the theory predicts that
al low lields the emission will occur predominantly from
the valence band and at high lields from the conduction
band, both situations producing cssentially lincar Fower-
Nordheim plots. In the transition region between these
extremes, the current will incrcasce more rapidly with

Tfield as the conduction bhand population increases.

Theoretical total encrgy distributions of e¢lectrons
emitted from a semiconductor conduction or valence band

16.

were plotted by Arthur, using cxpressions previously

derivoed by Stratton,lk' in an attlempt to explain the
experimental distributions he had obtained from germanium.
Two separate cases were considered corresponding Lo a
semiconductor with and without surface states. In the
absence of surface states, penelration of the external

field may cause the conduction band to bend until the edge

is below the Fermi level, when it is known as being degenerate.




C

Arthur calceulated thar o ficld of 1.0 X l(f) V/m at
a germanium surtace will bend the conduction band edge
below the Fermi level by an amount I ~ ().3V. He

\
therefore plotted the encergy distribution lor cmission
from the conduction band {or the degenerate cases ol
the conduction band cdge lying at various values below
the Fermi leovel. These distribultions are reproduced
in Fig. 2.11(a) where the normalisced electron current
per unit cnergy is plotted against clectron energy.
As can be scen from this figurce, in the case of extreme
band bending the distribution approaches the result
Tound for mehuls,ls' Distributions were also plotted
by Arthur for the case where the external Tleld is
screened by charge residing in surface states so that
the conduction band is nondegenerate.  The encrgy dis-
tribution for cmission {rom the conduction band and the
valence band is reproduced in Fig 2.11(b) for the spce-
ific case of the conduction band cedge lying 0.05V above
when the currcent densitices [rom both

the Fermi level
?

bands arce of comparablc magnitude. In general, when
the conduction band edge is al another position, only
onc peak in the distribution is expected Lo be observ-

able since the emission from one band will completely

dominate.

. 19. + i<y
More recently, Modinos has proposed a theory
which includes emission Irom surlace states. Modinos

was primarily concerned with low current density emission
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from germanium and adopted a wodel for (he surlace
states ol a semiconductor originally proposced hy

20. . , .
Handler. 'he model assumes Lhat o band of sur-

face states eoxists in the region of the energy gap
2V

and overlaps wilh the valence and conduction bands.

. 5.
Stratton's expressions

Tor nondegenerate conduct.-
ion and valence band cemission ave modiliced by including
the effect of surface state emission. Modinos cal-
culated the total cnergy distributions corrcsponding to

a p-type, intrinsic and an n-type semiconductor and

these are shown in Tig. 2.12 for three different values

of the applied cexternal ficld. Thoe calculations werce
based on paramcters for germanium at 300K. The x—axis

of the distributions correspond to the electron cenergy
measured from the top of the valence band in the bulk
of the specimen. I'rom Fig. 2.12 it can be scen that
the energy spcctra for the p-type, the intrinsic and
the n-type specimen are practically identical except
for a displacement in the energy axis corresponding to
the different position of the Fermi level. The theo-
retical prediction of Modinos's theory is that at low
current densities ( < 102 A Cm—z) most of the emitted
electrons come from surface states and to a lesser de-
gree from the valence band. At higher current densities
3

-2 . ) . ) . .
(~ 10 A cm 7) emission from the conduction band 1s sign-

ificant but still a small proportion of Lhe total emission
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current . At cven higher current densitiecs (> 104 A cm“2)
the conduction band becomes degenerate and the theory

in its present state is no longer applicable. Referring
to the shape of the total energy distributions in Fig.
2.12, the high energy pcak corresponds o emission from
surface states whilst a low energy peak (or a shoulder)
arises from valcnce band cmission. As the applicd clec-
tric field increases the valence band contribution widens,
to a lesser degree the high energy peak broadens, and the
ratio of the high peak amplitude to the low peak amplitude
decreases. One further feature that is of considerable
interest is the shift of the total energy distribution
towards lower energies for larger current densities (cor-
responding to higher applied ficlds). This displacement

. L 21,
of the spectrum has been observed experimentally but

attributed to an internal resistive potential drop.

It will be appreciated that due to the added complex-
ities of scmiconductor band structures the theoretical
explanations of the experimental observations of the
emission process are not complete. There are, however,
certain features characteristic of a semiconducting
emission process which are significant to the present ex-
perimental observations and these will bhe resumed. As
the magnitude of the applied external field is increased

there are expected to be observable variations in the
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energy specetra. There is a shift in the spectrum towards
lower cncorgies, a broadening ol the di stribution, the
emergence of an additional peuk, and a change in the

relative predominance of the neaks.
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CHAPTER 3

CARBON FIBRIS

3.1 Physical Properties of High Modulus Carbon Fibres

3.1.1 History

Interest in carbon fibres and filaments extends back
to before 1880 when EdisonZZ' made carbon for an incan-
descent lamp. However, after the introduction of tung-
sten filament lamps in the early 1900s, research in fila-
mentary carbons declined. In the 1950s the search for
new materials for structural composites created a renewed
interest in carbon fibres. Commercial carbon fibres were
made first from rayon precursors in the late 1950s and
later from polyacrylonitrile, lignin, and pitch fibres. A
significant breakthrough in carbon fibres technology occurred
in the 1960s when it was discovered that highly oriented,
high modulus carbon fTibres could be obtained by subjecting
the precursor fibre to a continuous tensilec stress during

- =
the high temperature treatment.23 29

3.1.2 Atomic Structure of a Graphite Crystal

There are two naturally occurring forms of crystalline
carbon; diamond and graphite. Diamond is a very hard,
transparent, electrical insulator, which has a character-
istic cubic structure. Graphite in single crystal form
has a metallic appearance and can be easily cleaved; it
is an electrical conductor and is very much more aniso-

tropic than diamond. The structure of graphite was orig-
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inally determined by Bornnlzs'lo be a closely packed
hexagonal laver structure baving a sceparation of 141.5pm.
The atoms in the layers arc covalently bonded, but the
bonds between the lavers are of the weak van der Waals
type. The interlaver spacing is, therefore, very large
having a minimum separation of 335.4pm. The layers

are stacked in a hexagonal ABA sequence, as shown in

Fig. 3.1. The hexagonal unit cell has a height of
670.8pm and an edge dimension of 246pm. The layer

structure of graphite explains many of the peculiar

features of the material, and in particular why orient-
ation in polycrystalline graphite is so important. The
crystal is extremely anisotropic: Young's modulus mea-

sured parallel to the layer nlanes is 1O2OGN/m2 while

measured perpendicularly, it is 36.3GN/m2 27 An

2

ideal carbon fibre would, therefore, have the individual
crystallites oriented within their layer planes parallel

to the fibre axis.

Many carbons have an imperfect form of graphite
structure which is essentially two dimensional, lacking
a regular stacking sequence ol the layer planes. This
type of graphite is known as turbostratic graphite.Z&
It has a fixed interlayer spacing and the atomic packing

within the layers is identical to the single crystal.

The lack of three dimensional order is due to the layers
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having a random stacking scquence, with neighbouring lay-
ers rotated out of register with cach other about the
crystal c-axis. This rotational disorder increases the

spacing of the layers from 335.4pm (for a perfect crystal)

O a mininmu alue £ 344pm.
t m value of 344y

Carbons are generally classified according to their
ability to form a three dimensional graphite lattice with
an interlayer spacing ol 335.4pm. If they do this, they
are termed graphitising, or alternatively, soft carbons.
Carbons which do not form three dimensional order for nor-
mal graphitising heat treatments are termed non-graphitising,

or alternatively, hard carbons.

3.1.3 Chemistry and Production Process

Carbon fibres are manufactured from a precursor of
organic fibre, such as rayon, polyacrylonilrile or pitch.
The most commonly used precursor today is polyacrylonitrile.
Polyacrylonitrile fibres for conversion to carbon fibres
are produced as tows containing approximately ten thousand
individual fibres. Conversion of the precursor to car-
bon fibre is completed in two main stages, oxidation and
carbonisation. The oxidation stage provides cross-linking
of the polymer chains in ordcer to prevent the fibres melt-

ing during carbonisation.

Tows of polyacrylonitrile fibres are wound onto frames
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to restrain shrinkage and arce heated to 220°C in an air
oven, when they turn black. The molecular structure is

changed from a linear polymer 1o an oxidised ladder poly-
mer . This latter structure is approximately parallel

to the fibre axis and may be regarded as the template for
the formation of the oriented carbon fibre. After removing
the fibres from the frames they are carbonised to 1000°C

in an incrt atmosphere and heated to temperatures between
1500 and 3000°C. During the carbonisation process inter-
molecular reactions occur resulting in crosslinking and
elimination of hydrogen, oxygen and nitrogen. The final
heat-treatment temperature depends on the required Young's

modulus of the fibres.

3.1.4 The Structure of Carbon libres

A great deal of work has centred on determining the
microstructure and texture of carbon fibres by using the
analytical techniques of x-ray diffraction, electron diff-
raction, electron microscopy and optical microscopy. Var-
ious models for the structure of carbon fibre have been
proposed, the most notable being due to Johnson and Tyson,
and Ruland?Q Analysis of x-ray diffraction data is most
easily achieved using the model of Johnson and Tyson, which
is based upon discrete crystalline building blocks. Very
high resolution transmission electron microscopy, however,

has shown that high modulus carbon fibre has a continuous




ribbon-like structure. The Tollowing description of
the structural features of carbon fibre is, therefore,
bascd on the model which was originally proposed by

30. . ) . . o .
Ruland and is depicted in Fig. 3.2.

The carbon atoms form two-dimensional hexagonal
layers in the fTorm of long winding ribbons having a
width of about 6nm and a length greater than ZOOnm.31
The ribbons are stacked above each other forming struct-
ural units, which are termed microfibrils. The micro-
fibrils are preferentially oriented parallel to the fibre
axis so that the parallel stacking of the layers is pre-
ferentially perpendicular to the fibre axis. The orient-
ation of the carbon layers improves with increasing heat
treatment temperature and stretching, so that for high
modulus fibres (as used in the present work) the layers
are relatively straight in the longitudinal direction
(as shown schematically in Fig 3.3.) The orientation
of the two-dimensional hexagonal structure of the layers
with respect to the layer normals is random, and the sep-
aration of layers is 344pm, i.e. the layers are turbost-
ratic. The bending and twisting of the microfibrils
results in voids which are determined by the shape and
orientation of the microfibrils. The voids constitute

a system of micropores which are long (greater than 300nm)
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and narrow (average cross-scclion about l.5um).d2’ The
pores possess the same preferred orientation as the
microlibrils becausc they are bounded by the larger

planes of the microlibrils.

The cross-sectional structure of carbon fibre, as
shown in Fig 3.4, consists of a concentric three-zone,
skin-sheath-core structure™ originating in the oxida-
tion of the precursor fibre before high temperature

o, 34, . _ o , i
treatment. In high modulus Iibres, the sheath has
a thickness of approximately 1 pm and separates a core

Q

approximately 3 um in diameter from an outer skin approx-
. ) - ) . . 33 " . o . .
imately 1.5 nm in thickness. The microfibrils in

the skin are more highly aligned than in the remainder

ol the fibre. The proposed orientation of fthe graphitic
layers about the fibre axis is concentric in the skin,

. 35 .
radial in the sheath and random in the core. The skin
has a continuously undulating crystalline structure, with
the graphitic layers running parallel to both the fibre
axis and the circumference. There is an interweaving
of the microfibrils in thes<kin with pores and surface
flaws also present. The sheath consists of radial cry-
stalline webs, with the graphitic layers generally run-
ning parallel to both the fibre axis and the fibre radil.

This radially oriented structure extends down the length
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of the fibre and is honeycomboed with numerous pockets
of amorphous carbon, voids and cavities. The pockets
of amorphous carbon vary randomly in size and shape
but are aligned and elongated along the fibre axis.

The pockets are surrounded by the crystalline radial
webs. The amorphous areas, not including large Tlaws,
constitute an average of 12% of the total fibre cross-

. . - 1o 36,
sectional area with a spread of from 9 to 17%.

3.1.5 Surface Studies

The presence of small quantitics of chemical im-
purities in the surface of carbon fibre has been studied

by high energy photoelectron spectroscopysz’dB'and by

39 . _
Auger clectron spectroscopy. The presence of oxygen,
sulphur, chlorine and nitrogen was indicated. The con-

centration of oxygen is much larger at the surface than

within the fibre; at a depth of 50nm no oxygen could be
0

deteoted.JJ Silicon was also detected but only on the

outermost layer of the surface and was thought to ori-

ginate from surface trcatment of the carbon fibres.,

Previous Work on Field Emission from Carbon Fibres

The first recognition that carbon fibres could pro-
vide stable field emission in poor vacuum was due to

Baker, et al.a in 1972. These workers were investigating




materials that would be suitable as field emitters in

6 NS
’ to 10 torr and after only

the pressure region 10
limited success with silicon carbide whiskers turned

to carbon fibres. The carbon fibres used were approx-
imately seven micrometres in diameter and werce mounted
onto nickel tape with colloidal graphite (Aquadag).

The fibres were then shaped into suitable emitter tips
by controlled corona discharge in air and were subseq-
uently found to emit in a vacuum of 10_3 torr, although
at this pressure the emission was very noisy and the

7 to 10—8

lifetime short. In the pressure range 10
torr, however, the lifetime of the emitters was found
to exceed 2,400 hours for 10 pA emission current, which
reduced to 500 hours at an emission current of 100 pA.
Analysing the emission noise, they found it to be pre-
dominantly low freauency noise which diminished with
increasing frequency and was negligible above 1000Hs.
Baker, et al. also reported constructing a simple scan-
ning electron microscope using a carbon fibre as the
electron source. The microscope was operated with a

pressure between 10—7 and 10_8 torr and had an initial

resolution of beltter than 0.2 micrometres.

Following Baker's discovery of the potential ad-

ol.
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vantages of using carbon fibre as a field emitter, Lea

. . 41, , .
and later English, Lea and Liliburne made a prelimin-




ary assessment of the suitability of these fibres as an
electron source. They uscd the high strength type of
carbon fibre (Courtaulds IT - U), which was coated with
tungsten (by the TFulmer Research Institute) and then
electrolytically etched in a solution of IN potassium
hydroxide. The tungsten coated carbon fibres were
easier to handle and could be spot welded onto tungsten
filaments, which enabled in situ heating of the tip. The
emission pattern from such a fibre contained many small
emission centres which were attributed to microspikes

on the tip surface. The emission pattern, however,
could be altered and by a combination of alternate heat-
- - -5 : -9

ing 1n oxygen at 10 torr and in vacuum at 10 torr, a
single emitting region was achieved. Emitters process-
ed in this manner were reported to be fragile and con-
sequently the emission current was limited to 5 pA which
corresponded to an applied voltage of 2500 volts. The
Fowler-Nordheim characteristics were investigated for the
fibres and both the work function and the emitting area
were found to be insensitive Lo the vacuum conditions.
The fluctuations in emission current from a carbon fibre
were compared with a tungsten emitter for a total current
of about 3% JA. It was found that for an acceptably low
level of noise from a tungsten emitter a vacuum of about
10

10° torr was required, whercas a carbon fibre emitter
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possessed a similar noise level at 10 torr.
42 .
In 1974, Baker, et al. ™ reported further work on
field emission from carbon f{ibres. They estimated that
N

the conic half-angle of emission from their tips was bet-
ween 30 and 45° which may be compared with the value of
20° for processed tips reported by Lea, ct a1.41 Baker,
et al. made the interesting observation that applying a
voltage to a freshly prepared tip often resulted in a
runaway phenomenon. Instead of the expected smooth
increase in current with applied voltage, no current was
obtained until a critical voltage was reached, at which
point the current increased rapidly and uncontrollably,
often resulting in the destruction of the tip. This
difficulty was overcome by using a current limiting re-
sistor of 100Mf1 in series with the emitter and condit-
ioning the tip by increasing the voltage until the emis-
sion current was in excess ol the working current. They
reported that the emission was noisy in the higher pres-
sure region (above 5 x 10‘7 torr) but could be slightly
improved by heating the emitter or dramatically improved
by the addition of a 1OOMQ resistor in series with the
emitter. Tinally, they reported that carbon fibres had
been mounted in three electron guns of conventional design

which were then sealed into cathode ray tubes by a com-
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mercial firm. All three tubes were reported to function,
resulting in a spot diameter of 200 um compared with
500 um usually obtainced from o couventional thermionic

emitter. The displays, however, showed signs of flicker.

Further progress was made in 1975 by Braun, et a1.43

who measured the energy distribution of the clectrons

field emitted from a carbon fibre. The emitters were
prepared by first electroplating one half of a short len-
gth of carbon fibre with copper and then electrolytically
etching the other half in a solution of IN sodium hydroxide
solution. The total emission current from these fibres

was found to be reasonably stable for many days in a vac-

uum of 10_7 torr and short term fluctuations were of the
order of £3% of the current. The energy distribution

of the emitted eleclrons was measured using a van Oostrom
retarding potential analyser and the half width was found
to be 210 % 10 meV. In 1977, the energy distribution

of electrons field emitted from carbon fibre was again re-

.44' Four energy spectra of

ported by Heinrich, et al
the emitted electrons after post-acceleration up to 30keV,
in a vacuum of about 10—6 torr, were presented. In the

94) the half-

case of very small emission currents (5 x 10
width of the energy distribution was found to be 215meV.

As the current was increased, however, the distributions




broadened and two or more maxima in the efjergy spectra
were frequently observed in Lhe current region between
10 and 100 nA. The prescence of morve than one peak was
assumed to be caused by further cmission sites being
activated, by the increasing field strength, whose en-
ergy distributions are displaced against cach other
because of different surface potentials due to varied
contamination. A further increase in the emission
current to 10 pA resulted in half widths up to 1 eV.
The broadening of the distribution was attributed to
ion bombardment causing instabilities in the surface
structure and to more than one emission centre contri-

buting to the electron current.

Sangster,qB'reportjng on a field emission micro-
wave amplifier, has briefly considered the possibility
of using carbon fibre as the [ield emission catchode.
This application requires a beam current of about 2mA
which is not obtainable f{rom the 7 um diameter carbon

fibres tested by Baker.42' Accordingly, Sangster

4(:). . . . P
et al. have investigated larger diameter fibres and

multifibre arrays. It was found possible to extract a

maximum emission current of ImA from a single 11 pm

diameter fibre and a maximum of 4.5mA from a 22 pm dia-—

meter fibre.
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" 47, _ , :
Faubel, ot al. have reported an electron bombard-

ment ion source which uses carbon Tibres as field emit-
ters. Fibre bundles, approeximatelv cne millimetre in
diameter, containing several thousand carbon fibres were
used rather than a single fibre. The fibre bundles
yielded currents of 1 - 5mA at an extraction voltage of
) , =6 .
2 - 5 kV. At pressures below 10 torr the emission
was stable within 1 - 3% and were found to be entirely
insensitive (o ion bombardment or spark discharges. It
was also reported that a fibre bundle cathode had been
. . -8 -12 .

in a vacuum region between 10 and 10 torr for more

than 1000 hours without degradation.

56 .



57.

CHAPTER 4

ELECTRON OPTICAL CONSIDERATIONS FOR THE APPLICATION

OF A FIELD EMITTER TO A CATHODE RAY TUBE

4.1 Fundamental Limitations on Cathode Current Density

When high electron current densities are drawn from
field emitters, various effects such as space charge,
resistive heating and electron-electron interaction need
to be considered. At high current densities, greater
than about 6 x 1OlOAm~2, 48. the charge on the emitted
electrons opposes the electric field and tends to reduce
it. This space charge effect results in the current
density increasing less rapidly than expected with applied
voltage and can also increase ihe divergence of the
electron beam. However, from the work of Swanson and
Crousers' it seems that hundreds of micfoamperes may be

drawn under constant current conditions before space charge

effects become serious.

An upper limit on the current density which may be
drawn from a given cathode is set by cathode resistive
heating. Dyke and Trolan49' found for tungsten emitters
that at current densities higher than 1012 Am_z the emitter
temperature increases to a point at which surface material

evaporates, is ionised rapidly in the electron beam and
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becomes a plasma. This {ends to neutralisc the space
charge and thereby to increase Lhe electric field, the
current density and the heating of the emitter. The

end result of this cycle is a sudden surgce of current
(within 1 Ms) which leads to a violent, low impedance
vacuum arc which consumes emitter material and deforms

the cathode. When extremely high current densities are
required to be drawn from a field emitter, pulse techniques
are used., Pulsing the emission current for times much less
than the thermal time constant of the cathode tip permits

. . , . . 48,
a substantial increase in peak current.

The effect of resistive heating can, however, be
counteracted, under certain conditions, by the Nottingham
effect.5o‘ A stabilising cooling effect is provided by
the energy exchange resulting from the difference between
the average energy of the emitted electrons and that of
the replacement electrons supplied from approximately the
Fermi level of the bulk material. The average energy of
the electrons emitted from the cathode apex is less than
the Fermi energy if the cathode is cold, and greater than
the Fermi energy at elevated cathode temperatures. The
cathode temperature, therefore, tends to stabilise since
the Nottingham effect is such that the cathode apex is
heated if it is at a low temperature, and cooled if it is

above an inversion temperature.
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>oersch was ¢ T1rst o observe that in therm-
ionic guns the Maxwellian cenergy distribution is broadened
as the beum current is increased. This energy spread is
generated by the Coulemb interacltion between individual
electrons in the e¢lectron beam, and has bceen analytically
. ) . o2

investigated by Loetfler.”7 This investigation showed
that high brightness electron guns will only have a low
cnergy spread if their effective crossover is small.
Fortunately, this is the case in a field emission gun and,

therefore, an advantage of such a gun is the small energy

spread of the beam.

It should further be noted that in electron optical
instruments using continuous emission and having demount-
able ultra high vacuum systems, the cemission is usually
limited to about 109 Am—2 to ensure a reasonable cathode
lifetime and stability under ion bombardment. Therefore,
space charge effects and resistive hcating are relatively
unimportant during the majority of the cathode's lifetime.
However, during operation of the cathode, the surface is
roughened by sputtering and a vacuum arc may develop lead-

ing to the destruction of the emitter.

Conventional Design of a Cathode Ray Tube

The general form of a conventional cathode ray tube

is illustrated in Fig. 4.1: but since, however, the design
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and construction ave well documvntodSB“oa‘only a brief
outline of the constituent parts will be presented here.
The source of the electron beam is an indirectly heated
oxide coated cathode, which consists of a nickel cap
coated with barium and strontium oxides. Surrounding

the cathode is another cylindrical electrode, concentric
with 1it, and this is known as the grid. In front of the
grid there is a series of three anodes. The grid is
operated at a more negative potential than the cathode,
while the first anode is operated several thousand volts
more positive than the cathode. The electron ftrajectories
cross at a section of the beam called the crossover which
occurs between the grid and first anode. The final
focussed spot on the tube screen is an image ol the cross-
over formed by the lens system of the second and third
anode. Beyond the gun, the clectron beam passes between
two pairs of deflector plates arranged to deflect 1t
independently along the vertical or horizontal axces of the
face of the tube. In order to further accelerate the
electron beam such that a brighter spot is produced on the
phosphor screen, post-deflection acceleration is often used.
This enables higher electron beam energies to be realised
without drastically reducing the deflection sensitivity.

In practice nost-deflection accleration is usually achieved

by coating the bulb with a graphite conducting band between
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the plates and screcen. This band is sometimes termed
the post-deflection acceleration (P.D.A)Y electrode or
fourth anode.
Electron Optical Tube Distortions

Cathode ray tubes, in common with all other types
of electron optical device, suffer from a number of
aberrations. Chromatic aberration is present due to the

differing energies of electrons emitted from the cathode.
However, this type of aberration should be reduced when

a field emitter is used as the cathode since the energy
spread ol the emitted electrons is relatively small

(about 0.2 eVv). A more important defect is due to spher-
ical uberration of the focussing system, in which electrons
at difflfering radial distances from the centre of the
electron beam are brought to focus at different axial dis-
tances from the gun. A lack of symmetry in the focussing
field through which the beam passes causes a distortion of
of the spot known as astigmatism. Astigmatism can arise
when the beam enters the field between the final anode and
the deflector plates. The cathode ray tube should, there-
fore, be designed such that when the beam is undeflected
all the deflector plates are at the same pctential as the
final anode. The interactions between the fields of the
vertical and horizontal deflecting systems also gives rise

to various distortions of the trace on the screen.




In cathode ray tubes there is an additional type
of aberration, not found in light optics, which may ocecur
e , g e 56. e
through secondary electron emission. T'his is due to
the effect of secondary eclectrons being knocked out of
the edges of apertures within the electron lens electrode

The effect shows itself in a halo around an otherwise

sharp image of the spot.

Review of Electron Guns Suitable for a Field'Emi§§}9E
Cathode

The application of field emission cathodes as an
electron source has centred on the electron microscope,
and, in particular, on the scanning electron miscroscope.
Although the requirements of such a device are not com-
patible with those of a cathode ray tube it is none the
less instructive to examine the various designs of field
emission electron gun that have previously becn employed.
The most significant example of this type of instrumental
application of a field emission electron source has been
2,57,58.

developed by Crewe et al A simple scanning

=

electron microscope was built N which used a field
emission gun alone, without the aid of auxiliary lenses,
and produced a focussed spot 10nm in diameter. A high
resolution scanning transmission electron microscope was

58 which used the same field emission gun in

also built,
conjunction with a single demagnifying magnetic lens, and

was capable of resolving 0.5 nm detail.

63.

5.
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The lield emission gun uscd by Crewe consisted of
a (310) oriented tungsten cathode Tol lowed by a two
electrode electrostatic lens. The Tirst anode extracted
the electrens from the tungsten tip while the second anode
accelerated the electrons to the required beam energy;
the position of the focus of the electron beam being de-
termined by the voltage ratio on the two anodes. The
shape of the anodes was chosen in order to minimise the
spherical aberration of the electron gun and was based
upon the computations of But}er.Sg‘ The lens used by
Crewe is shown in Fig. 4.2 and consists of electrodes with
complicated profiles which require a computer-controlled
lathe for manufacture. This prompted Munro6o' to perform
a computer analysis of alternatlive electrode shapes, which
led to a lens design (Fig. 4.3) with simpler clectrodes
than those of Crewe and, at the same time, improved optical

properties.

The main disadvantage in the Crewe type of electron
gun is the lack of flexibility inherent in the use of only
two ancdes. In electron microscopy it is desirable to
maximise the electron current for any specified combination
of electron beam voltage and probe diameter. In consequence
the system magnificatien must be variable and the electron

probe should have sufficient degrees of freedom to enable
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the cathode surface ficld, the olectron bemn current and
the focus to be controlled independentily. The Crewe
type of gun can have an additional degrec of freedom if
the cathode tip dimensions arc modilicd by surface diffus-

. . 6 . .
ion at an elevated lemperature, but this is undesirable

since it Is unnecessarily complicated and increases the
likelihood of damage to the cathode surface. Alternative

types of electron gun have, therefore, been designed and

tested.

Kuroda et a1.62' designed a three clectrode electro-

static lens for use with a field emission scanning electron

-
<.

microscope. They found, as had Read6 earlier, that the
focal length, and hence magnification, could be varied
over a wide range without changing the distance between
the tip and the first anode. They also found that low

energy clectron beams can be converged, whereas in the

Crewe system they would be divergent.

Cleaver64' computed the properties of two types of
field emission gun: the triode gun and the tetrode gun.
The triode gun designed by SwannGS' is shown in Fig. 4.4,
and was used in conjunction with two magnetic lenses to
form an electron beam which was suitable for use in a
scanning electron microscope. A disadvantage of the
triode gun is that because the acceleration of the electrons
effectively cccurs in one stage, electrons impinging on

the anode surface liberate residual gas molecules, partially
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as ions, which leads tc the undesirvable effects prev-
iously mentioned. In consequence Cleaver designed

the tetrode gun, shown in Fig. 4.5, in which the ac-
celeration of the electron beam occurs in two stages.,

It will be scen later, in Chapter 6, that the electron
gun chosen for a [ficld emission CRT was of this tetrode
type. However, since there is no known previous work
which considers the electron optics of using a field
emitter in a CRT, as opposed to the different application
of an electron microscope, it was decided to develop the
tube in systematic stages and cxperimentally assess the
performance at each stage. Therefore, before consider-
ing the design of such a tube in more detail, it is first
necessary (in Chapter 5) to describe the experimental
vacuum system which forms an electron optical testing

facility.
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CHAPTER 5

DESIGN AND OPERATION OF AN ULIRA HIGH VACUUM

SYSTEM AND SPECIMEN MANIPULATOR IOR THE

DEVELOPMENT OFF A PROTOTYPE CATHODI RAY TUBRE

9.1 Introduction

A demountable ultra high vacuum system was designed
and built that was suitable for the development and

testing of a prototype cathode ray tube with a field

emitter as the cathode. A general view of the experi-
mental arrangement is shown in TFig. 5.1. The basic

philosophy behind the design of the vacuum system was

that it should be as simple as possible in order to

arrive at a system which was veliable and ecasy to

operate. The vacuum system was designed to be capable

of achieving ultra high vacuum conditions (i.ec. ﬁlO_gtorr),
so that the pressure dependence of the known instabil-
ities in emission from carbon fibres could be investigated,
and also to provide sufficient fTlexibility for the
potential investigation of other field emitter materials

in the prototype cathode ray tube.

&)1
[\V]

Vacuum Chamber

A photograph of the vacuum chamber and specimen
manipulator is presented in Fig. 5.2. The vacuum

system was designed to allow experimental investigations










at two soparate stuages in Lhe development of the proto-
type cathode ray tubo. The Tirst stage was Lo examine
the behaviour of a carbon {ibre tip in o simple diode
arrangement consisting of a Tield cemitter and an ex-
tracting clectrode. The configuration of vacuum com-—
ponents used at this stage is illustrated in Tig. 5.3(a)
and comprised a four way manifold, a viewport and a
specimen manipulator stage. The second stage in the
development of the experimental instrument required an
increase in the separation between the field emitter
and phosphor screen, 1o allow the insertion of a com-
plete electron gun and beam deflecting system, and was
achieved by the addition of an extension tube to the

existing vacuum components; as shown in IFig. 5.3(Db).

The vacuum system is demountable with a vacuum
seal being achieved by the use of copper gaskets. The
Tfour way manifold is constructed from stainless steel
and its dimensions, which were determined by the factors
listed below, are shown in Fig. 5.4 The 150mm outside
diameter flanges were necessary for compatibility with
the required dimensions of the viewport and specimen
manipulator flange, the design of which will be consid-
ered later. The 114mm outside diameter rotatable
flange was required to allow maximum conductance between

the manifold and the diffusion pump. The 70mm outside
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diameter Tlange was chosen as boing the most suitable
for adapting the experimental instrument (o include
additional components such as an ionisation gauge,; a
leak valve or a mass spectrometer hoad. The separa-
tion of the 150mm f{langes was rcoguired Lo be as small
as possible for the first stage of the experimental
work and a distance of 100mm between flanges was chosen
in order to retain easy access [or a spanner to tighten

the securing nuts and bolts.

The extension tube is a stainless steel tube wilh
a fixed 150 mm outside diameter flange at one end and
a rotatable 150mm flange at the other. The overall
length of the extension tube is 260mm which was chosen
such that when the complete clectron gun (the develop-
ment of which is described in the following chapter) is
in position inside the vacuum chamber, there is a dis-
tance of 300mm from the second anode of the electrostat-
ic lens to the phosphor screen: i.e. for compatibility

with a conventional cathode ray tube.

Viewport and phosphor screen

An electrical connection to the phosphor screen was
necessary in order to monitor the screen current, to dis-
and to apply a screen voltage. One

sipate the charge,

method of achieving this electrical connection would be




3
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to coat the face of a vicwport wiih tin oxide and to
insert an elcectrode through the glass. However, due
to difficulties in ensuring a good electrical contact
and because of the vulnerability of a glass viewport
with a protruding pin, an alternative method was used.
Referring to Fig. 5.5, this consisted of using a kod-
ial viewport and mounting the screen internally. The
screen comprised a pyrex disc, 80mm in diameter and

3mm thick, with an even coating of tin oxide to ensure
good electrical conductivity and a rolatively thin lay-
er of type P31 phosphor. The scrcecen was mounted in a
specially shaped+Ceramtec holder and clamped in position
by a small stainless steel plate, as shown in Fig. 5.5.
The phosphor screen was, therclore, insulated Irom the
earthed vacuum chamber by the Ceramtec seating allowing
electrical connection to the screen via the stainless
Steel plate. The screen assembly was held in position
inside the flange of the viewport by a sprung sheet of

stainless steel.

Specimen Manipulator

A means of providing translation of a carbon fibre
inside the vacuum system was required in order to allow
accurate positioning of the fibre relative to the aper-

ture in the extracting eclectrode of the electron gun.

Tmachinable ceramic
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The method chosen for achieving ihis manipulation, which
had to [ullil the requircments of ultra high vacuum,

was to ulilise the llexibility of meial belliows. By
restraining the movement of the bellows outside the vac—
uum to the three orthogonal dircctions, it was possible
to transfer this motion to a fibre spcecceimen holder in-
side the vacuum system. A photograph of the specimen
manipulator is shown in Fig. 5.6. Precise translation
of the metal bellows, and hence the carbon fibre, was
provided by three micrometers which accurately position-
ed three carriages sliding within U-shaped frames mount-
ed orthogonally to one another. The micrometer assembly
was supported by a brass bridge which was connected to

a 150mm flange.

The basis of the specimen manipulator stage is a
two-Tlange bellows assembly, manufacltured by Vacuum Gen-
erators to the author's specifications, which is shown
in IMig. 5.7. The assembly uses a 150mm and 70mm out-
side diameter stainless steecl [lange interconnected
with a stainless steel flexible metal bellows. The
metal bellows has forty edge welded convolutions in
order to provide sufficient manoeuvrability. The larg-
er Tlange also contains eight electrical feedthoughs
for connection with the various gun electrodes, deflect-

or plates and phosphor screen. The electrical feed-
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throughs are non-magnetic being constructed from pyrex
with a molybdenum conductor and arce rated as suitable

up Lo a maximum ol 15kV and HA.

For a high temperature bake-out of the vacuum
system, 1t is necessary Lo remove the micromelters (which
arce lubricated with o0il) and the brass bridge (which has
a different coellicicnt of thermal expansion to stainless
steel) from the vacuum system. To facilitate this a V-
shaped groove is provided in the smaller, 70mm, flange
so that a tripod arrangement (Fig. 5.8) is able to clamp
the two flanges together, thereby securing the bellows.
The micrometer assembly and bridge may Lhen be removed
in unison, allowing the complete vacuum system to be

X ) oen0
baked to a high tempcrature (about 250°C).

Specimen Holder

The specimen holder and the electrode assembly hold-
er were both designed to be telescopic. The reasons for
this were associated with the different experiments to be
performed with the same holders. In the first few ex-
periments a swall tip-to-screen separation was required
but in subsequent experiments, as more clectrodes were
added, the requirement was for a large separation. The

specimen holder, shown in Fig. 5.9, consists of a small
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copper block for holding the carbon Tibre, and tele-
scopic stainless steel stide tuboes, The slide tubes
are fixed onto a spigot which is screwed into a blind
hole in a 70mm diameter stainless steel blank. The
blank is bolted onto the small, 70mm diameter, flange
of the two-flange bellows assembly, thus completing the
vacuum seal. A carbon fibre mounted on the copper block,

which is clamped at the other end of the telescopic tubes,
may thus be translated inside the vacuum chamber by ad-

Jjustment of the micrometer driven bellows.

The copper block, shown in Fig. 5.10, was designed
to allow it to be interchangeable with a transmission
elecltron microscope holder and the telescopic fubes used
in the prototype cathode ray tube vacuum system. The
copper block has a fine central slit into which a carbon
fibre could be lowered. The fibre was securely mounted
and a good electrical contact made by using a few drops
of high conductivity silver paint. A small threaded
hole was provided in the copper block so that a threaded
rod could be inserted when handling of the fibre mount
was necessary. The carbon fTibre could thus be trans-
ferred between the various stages of electrolytic etch-
ing, electron microscopy of the tip profile and position-
ing in the vacuum chamber, without too high a risk of

damage occurring to the fibre endform.
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10 Coepper block.
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5.6 Electrode Module

Before discussing the clccirode assembly holder the
method of mounting the eleclrodes will first be consider-

ed. The electrodes, which were made of_an alloy of
copper and nickel, were held at their required separa-
tion by four glass rods. The mounting of the electrodes
into the glass rods was achieved by using the jigs and
production techniques of the M-0O Valve Company. When
assembling the unit of electrodes, an additional dummy
clectrode was also provided. The dummy electrode, which
was placed at the cathode end of the electrode assembly,
contained a large aperture into which a hollow cylinder
was spot-welded. The hollow cylinder provided a means
of securing the electrode assembly inside the vacuum

chamber.

The electrode assembly holder, shown in Fig. 5.11,
whilst telescopic, is of relatively simple design. The
holder consists of two concentric cylinders, with the
outer cylinder welded to a small f(lange which may then
be bolted to the large, 150mm diameter, flange of the
two-flange bellows assembly. The hollow cylinder of
the electrode assembly is then inserted into the holder
enabling the electrodes to be secured inside the vacuum

system and concentric with the chamber. The photograph



89

MMAMLZWLJ%;7777’///
/ // //

/,,./j/,// /

%@LZA_LQH

@D

T
e
o ) o
° U
\\\\\‘\\ 10mn

———

‘lectrode acssembly holder.



ol Fig. 5.12 shows the specimen holder and the clectrode

agsembly holder in use.

.7 Pumping System

A schematic representation of the main pumping
system is given in Fig. 5.13. The vacuum system is
pumped by an ILdwards water cooled, oil diffusion pump,
type BEOZ. The oil used in the diffusion pump is San-
tovac 5 which has a critical backing pressure of ~ 0.3
torr which is provided by an Edwards two stage rotary
pump, type EDSO. A liguid nitrogen cooled trap and
a water cooled baffle are situated between the diffusion
pump and the vacuum chamber to reduce the backstreaming
ol 0il vapour to negligible proportions. The water
cooled baffle acts as a primary baffle, eliminating gros
backstreaming of oil, so that there is no "line of sight
from the pump orifice to the main liquid nitrogen cooled
baffle. The liquid nitrogen cooled trap also cryogen-
ically pumps water vapour which ig the main outgassing
load from an unbaked system. The time taken for the
two litre charge of liquid nitrogen to hoil away Ifrom
this trap is about sixteen hours. A sorption foreline
trap is situated in the backing line toO eliminate back-

. . : . : ; ar
streaming of water vapour and 0il vapour from the rotary

. . : + -4 * sorben
pump. Provision is made for the regeneration of s

material by baking in situ.
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The vacuum system includes various salety featurces
to protect it from failures in electricity or water,
and also from operator error. A Tailsafe valve is
used in conjunction with the rotary pump and combincs
isolation of the system with automatic air admission
to the pump when switched off. The vacuum system is
thus protected against oil suck-back when the rotary
pump is switched off either deliberately or as the
result of electricity failure. A built-in device de-
lays air admittance to the pump until after the isola-
tion has been completed, thus avoiding air entering the
system. A vacuum switch, in the form of a capsule
operated microswitch connected directly to the backing
line of the vacuum system, provides control of elececlri-
cal circuits at a pre-set pressure. The switch 1is
connected such that the rotary pump will switch off
above a pressure of about 25 torr thus protecting the
rotary pump from a gross leak. The vacuum switch may
be manually overriden in order to start evacuation of
the system when at atmospheric pressure. The diffusion
pump can only be switched on when both the rotary pump
and the vacuum switch are operating. The diffusion
nump is also protected against water failure by a switch
ing device which monitors the water flow. If the
diffusion pump is switched off for any reason it will

remain off until manually restarted. The pressure in
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the backing line is measurved with a pirani gauge head
and control unit, whilst the high vacuum in the chamber

is measured with an ionisation gauge head and control

unit.

An additional pumping system was used in the latter
stages of experimental work to enable the analysis of
the effect of residual gases on field emission from a
carbon Tibre. Gas from a cylinder was slowly and con-
trollably leaked into the vacuum chamber via an all
metal leak valve. The pipeline from the gas cylinder
to the leak valve being first evacuated by a sorption

pump, as shown in Fig. 5.14.

Performance of the Vacuum System

The vacuum system may be baked by enclosing the
chamber in an aluminium oven. Two 850W heaters are
automatically switched by a bake-out control unit en-
abling a predetermined bakeout temperature to be main-
tained; the temperature being monitored with a thermo-
couple. Alternatively, if a lower temperature bake
is adequate the vacuum chamber may be heated by simply
winding heater tapes around the flanges. After the
system has been baked, the liquid nitrogen trap filled

and the system allowed to cool, a vacuum pressure of

9 b . A
~ 10 torr was routinely achieved.
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CHAPTIR 6

DEVELOPMENT AND PLRFORMANCE OFF A PROTOTYPIE

CATHODE RAY TUBE USING A CARBON FIBRE FIELD

EMITTING CATHODE

6.1 Introduction

The systematic design, development and construction
of a prototype cathode ray tube with a "cold" field
emission electron source will be presented in this chapter.
Such a tube offers the potential advantages of a small
source size for high resolution applications, an instant-
ancous switch-on capability and eliminates heater power
consumption, Individual carbon fibres manufactured and
supplied by Courtaulds were used as the electron source.
These fibres, whose fundamental field emitting properties
were also investigated in this work (see Chapter 7), had
a nominal diameter of 7 um and were of the high modulus

"HM-U' type.

6.2 Mounting Techniques'

The first stage in investigating the suitability of
carbon fibre as a field emitting electron source was to
find a reliable method for mounting the fibres and sub-
sequently etching them to a sharp conical point of a few
hundred of nm radius. The requirements for a satisfactory

mount are good electrical conductivity between the f[ibre



98.

and the fibre holder, high mechanical strength of the
Joint sufficient to withstand stresses imposcd by the
high electric field and also that the technique should
be relatively quick and simple to perform. In this
context, it must first be stated that the standard
mounting techniques used for metal field emitters such
as tungsten where the emitter is spot-welded to a heat-

ing loop is not possible with the present fibrous emitters.

The first method of mounting the carbon fibres that
was examined was to electroplate them with copper in order
to make the handling of the seven micron diameter fibres
easier and also to provide a heat sink. This method had

(43) and consisted

previously been used by Braun et al.
of attaching a fibre to a strip of copper with sellotape
and lowering the suspended fibre into a bath of acidic
copper sulphate solution where it was clectrochemically
plated. Unfortunately, it was found that during the
plating process, the fibre tended to curl and kink which
subsequently present serious alignment difficulties. In
an attempt to prevent this distortion of the fibre, a
small weight in the form of a strip of nickel tape was
attached to the fibre. Although giving some improvement,
this technique frequently caused the [fibre to fracture
when being moved into, or out of, the plating solution.
This method of mounting a fibre was, therefore, discarded

since it led to more rather than less handling problems,
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and furthermore the welghting process itself involved
first mounting the fibre onto nickel tape with silver

paint as the adhesive.

An alternative approach to mounting the carbon
fibres was to atlach them to a strip of nickel tape which
could then be spot-welded onto a suitable support. The
fibres were fixed onto the tape with either a colloidal
suspension ol graphite in water (Aquadag) or silver paint.
Although Aguadag was found to be a suitable adhesive it

(42)

is also known to be a copious field emitter and was,
therefore, abandoned in favour of silver paint. This

approach was found to bhe satisfactory and was used in

the experimental work to be described in Chapter 7. Through-

out the development of the prototype tube, however, the
carbon fibre was inserted into a fine slot in a copper
block (as described in 5.5) and secured with silver paint
since the improved alignment of the emitter inherent in
the use of this slotted holder was considered to be a more
suitable mounting technique for this electron optical work.
Once mounted, the fibre could be easily traunsferred between
the etching process, microscopes for the examination of

the tip profile, and the vacuum system.

Ltching Procedure

After the fibre has been mounted in a suitable support
it is desirable to shape the fibre into a conical endform.

The apex of the shaped fibre should have as small a radius
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of curvature as possiblce in order to minimise the
applied voltage necessary to provide the high electric
field required for the tunnelling of the electrons, and
also to reduce the sputtering energy of positive ions
formed by electron impacl processes bombarding the tip.
The method used to achieve a suitable emitting profile
was to electrolytically etch the carbon fibres in a
solution of sodium hydroxide. As will be discussed be-
low, the effects of varying the strength of the electo-
lyte and the initial etching current were examined.
Conditions which consistently formed smocoth, sharp, well-
shaped tips used a O.1N solution of sodium hydroxide and

an initial etching current of 50uA.

Considering the etching procedure in more detail, a
carbon fibre mounted on the copper block is lowered into
a bath of sodium hydroxide until two or three millimetres
are immersed in the solution. Referring to the experi-
mental arrangement shown in Fig. 6.1(i), the bath contain-
ing the electrolyte consists of two pyrex beakers inter-
connected at their base by a pyrex tube and is shaped in
this manner to prevent gas bubbles formed at the cathode
disturbing the surface of the electrolyte in the region

of the anodic fibre. A potential difference, derived

from a stabilised power supply 1is applied between the fibre

and a carbon rod cathode. The voltage is increased until
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(1)

MNMacnified view of
necking of the
fibre at the liquid
surface

_Electrolyte—1.

/

Carbon rod cathode

Fig. 6.1(1i) Etching procedure.




LO2 .

" Tum

Fig., 6.1(i1) Electron micrograph of an etched
carbon fibre tip.
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the etching current is about 50pA, at which point the
voltage is generally about two volts. As Lhe process
proceeds preferential etching occurs at the liquid-air
interface which results in a gradual nccking of the
fibre. This necking continues until, as the etching
current falls to zero, the bottom part of the fibre
immersed in the liquid falls away leaving a conically
shaped tip at the meniscus. The period of time for
this process to take place is about two to three min-
utes. For a well formed field emitter the initial
decrease in current with time is quite slow, but the
rate of fall of current increases with time such that
the reduction from about 10uA to zero occurs in a few
seconds. If the fibre is etched in this manner a well
shaped end-form is consistently and reproducibly
achieved. The process is, however, dependent on the
above conditions and in particular that the electro-
lyte should be freshly prepared and that the initial
etching current should be carefully set. If the
initial current or the concentration of the electro-
lyte is too high then the fibre is rapidly etched away
resulting in a blunt and ragged ecnd. Conversely, if
the initial current or concentration of the electrolyte
is too low then the fibre etches too slowly and a con-

ical tip is not formed.



104,

After the carbon fibre has becen electrolytically
etched, the resulting profile of the field emitter is
examined micrcoscopically before mounting and aligament
of the fibre in the CRT module and subsequent evac-
uation in the experimental chamber. Initially, the
tip profile was viewed with the aid of a transmission
electron microscope and a typical micrograph is pre-
sented in Fig 6.104). Tield emitter tips were also view-
ed under an optical microscope and, although the apex
of the emitter could not be resolved, with experience
this method of examination was found adequate for

determining the suitability of a given carbon fibre tip.

6.4 Background to the Design of a Prototype Tube

Conventional cathode ray tubes have been designed
specifically for use with a thermionic cathode. In
order to discover the difficulties involved in using a
field emitter as the electron source in a cathode ray
tube, an attempt was made at using the electron optical
system of a conventional gun by simply replacing the
thermionic cathode with a carbon fibre field emitter in
a commercial tube manufactured by the M-O Valve Company.
This was achieved by removing the heater and cathode
coating, and then compressing the cathode cylinder into

a flat stub to form a suitable mount for a carbon fibre.



A fibre was then fixed onto the cathode stub using

silver paint as an adhesive and after etching, was

inserted into a conventional grid cup and positioned

about one millimetre behind the grid aperture by the

use of spacers. The grid cup and field emitter were

then mounted in a conventional electron gun and a

cathode ray tube was produced using standard product- lﬁ
ion processes at the M-0 Valve Company . Iﬁ

o

The tube was tested using a standard industrial
test bench and an additional high voltage power supply
to enable the grid to be operated at a positive volt-
age. Although the carbon fibre emitted electrons
copiously, allowing a current of thirty microamperes
to be drawn, the proportion of the emission current
reaching the screen was extremely small and erratic.
The visual image of a spot formed on the phosphor screen
suffered from aberrations and flickered severely. This
distorted spot was only visible for a short time, which
varied from a few seconds to a few minutes, before dis-
appearing. Sometimes the spot would reappear of its
own accord and it was often possible to coax the image
back onto the screen by adjusting the voltages on the
various anodes. However, even when a visual image
was present the screen current was less than one micro-
ampere and the fluctuations in screen current were much

greater than the fluctuations in total emission current.
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The recasons for the unsalislactory visual imagoe
obtained on the phosphor screen are attributable firstly
to the nature of the new type of electron source and the
unsuitability of the e¢lectron optics of a conventional
cathode ray tube to image such a source. In addition,
the aperture in a conventional grid cup is relatively
small, about one millimetre in diameter, and since there
18 no provision for satisfactory prealignment of the
fibre, nor any in situ adjustment of the tip, a high
proporticn of the total emission current is trimmed by
the grid cup with only a small sample reaching the screen.
The nature of the emission mechanism from carbon fibres
is also of importance and will be discussed in Chapter 8.
However, it can be stated briefly at this stage that the
electrons are emitted from discrete and irregular regions
on the surface of the emitter and these emission sites
change with time. Therefore, if only a small sample of
the electron emission is used to form the probe, the
current in the probe will fluctuate with time; at times,
there may, in fact, be no screen current present, thereby

giving rise to the erratic visual display.

Following this preliminary investigation, it was
concluded that the alignment of the carbon fibre and the
aperture size in the grid cup were critical parameters.

In addition, the electrostatic lens used in the conven-



i

tional tube had been desiguned to image a crossover

formed between the grid and first anode, instead ol the
virtual source of a field emitter. It was, therefore,
decided to develop an electron optical system specific-

ally designed for usc with a field emitter, rather than

attempt to modify an existing celectron gun. To tacili-

tate the systematic testing of the electron gun during
the various stages of this development, the demountable ‘”
vacuum system described in the previous chapler was R
designed and constructed. The prototype cathode ray

tube, which will be described in the following sections,

although designed primarily for use with a carbon fibre

field emitter, also provides an electron optical test

facility for the future assessment of other field emit-

ting materials.

Angular Confinement of Bilectrons Emitted from a Carbon
Fibre

The first experiment performed in the demountable
vacuum system was to examine the confinement of an
electron beam emitted from a carbon fibre. For this,
an etched tip was mounted in the vacuum chamber and
positioned ~#40mm away from the phosphor screen. The
screen was earthed via a picoammeter and a negative
voltage of ~1kV was applied to the carbon fibre such

that a current of ~10uA was emitted from the tip.
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Figure 6.2 is a typical photograph of the fiecld cemission
pattern obtained on the phosphor screen; as can be scen,
this is dirregular in shape and consists of scveral bright
discrete regions. Although the pattern flickeved with
existing bright regions disappearing and new regions

forming, the shape of the total pattern approximated to

a circle and indicated a conic half-angle of n30° . i%

This angle of emission was observed to be virtually

independent of emission current above a value of one e

microampere which was the lowest current readily visible.

This experiment highlighted a very important point

(64.)

which had previously been reported by Cleaver work-
ing on tungsten field emitters for use in scanning elect-
ron microscopes; viz, that the inherent electron optical
brightness (current density per solid angle) which makes
field emitters so attractive in microscope applications
is due to their small source size and is in spite of a
relatively low angular current density. Therefore, when
applying a field emitter to a device such as a cathode
ray tube, which requires the beam to be focussed into a
probe containing several microamperes of current in a
spot several hundred microns in diameter, it is necessary
to utilise fairly wide angles of emission if the total
current drawn from the emitter is to be restricted to a
reasonable level; i.e. that would ensure a long lifetime

and stability.






The aim of the ensuing experiments was thus Lo
maximise the current cfficiency of an electron gun

which was capable of focussing an electron beam into

a probe with a spot size on the phosphor scrceen of
about O.5mm in diameter. All electron optical

imaging devices introduce aberrations into the focuss-
ed spot but this problem is especially severe in clect-
ron microscopy where very small probe sizes are required,

and therefore only narrow angle guns are used. In the

application of this type of source to cathode ray tubes
A2 \

the situation is somewhat different. Thus, since the
virtual source size of a field emitter is extremely small
14

{ v3nm), compared with the required probe size (N O.lmm),
it is possible to tolerate relatively large aberrations
caused by the imaging system. This property allows the
acceptance of wide angles of emission and thereby increasecs
the efficiency of the electron gun. There is, however,

a limit to this procedure of increasing the acceptance
angle since it is necessary to avoid excessive deflect-

ion defocussing and consequently the beam size must be

restricted in the deflecting region.

Initial Diode Regime of the Prototype Electron Gun

The electron gun was chosen to be of the tetrode type,
consisting of the micropoint field emitting source, an
electrode for producing a high field for the emission ot
electrons, and a two-element electrostatic lens. The

voltage on the extraction electrode controis the emitted



current but only has a limited effect on the focal pro-

g

perties of the lens; this property offers a potential

e

approach for the stabilisation of the electron beam

current by feedback techniques

(66.)

such as those used by

b

Cleaver in a scanning electron microscope. As
was previously seen (Chapter 4.4) in the design of
field emission guns for electron microscopes, complex

1

clectrode shapes arc often used so as to minimise aber- ;!

57, 59. N , , i
(57, ) In designing the electron gun for the !

rations.
prototype cathode ray tube, however, it was decided to

use flat electrodes with circular apertures in order to
simplify their manufacture and to maintain a similarity
between the electrodes used commercially in the guns of
"production'" CRT's. The parameters which, therefore,

have to be chosen are the aperture sizes and the separ-

ation of the electrodes in order to arrive at an elect-

ron gun with a high current efficiency.

As a first step, an experiment was devised to in-
vestigate the properties of a simple diode regime con-
sisting of the emitter and an apertured extraction elect-

rode. This involved examining the proportion of the =
total emission current passing through the aperture in
the extraction electrode and the subsequent angular

spread of the electron beam. Three different aperture

sizes were investigated for a range of field emitter
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tip Lo extraction electrode separations of up to 1Cum.
The cexperimental arrangement for investigating diffor-
ent aperture sizes is illustrated in Fig 6.3 and utilizes
an electrode with a 10.5mm aperture which was alignod
with the central axis of the vacuum chamber by using

the glass rod electrode holder previously described in
0.6. Near the periphery of this electrode four small
clearance holes had been accurately drilled which allow-  ﬁ
ed other apertured electrodes to be bolted into position
axially concentric with the former. To allow for a
large divergence of the beam after passing through the
apertured electrode, the distance between this electrode
and the phosphor screcen was set at twenty millimetres.
Using an optical travelling microscope and the precise
specimen manipulator, a carbon fibre field emitter was
prealigned, outside the vacuum chamber with the centre
of the aperture and the tip was then positioned in the
plane of the elestrode and the micrometer reading noted.
After assembling the specimen stage and evacuating the
vacuum chamber to a pressure of 10_9 torr, the field
emitter tip to extraction electrode separation was ad-
Jjusted between zero and ten millimetres in discrete
steps and readings of the proportion of the total emis-

sion current reaching the screen were taken at each

stage. The total emission current from the fibre was
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maintained at ten microamperes by adjusting the negal ivoe

voltage applied to the tip for each emitter to extraction
electrode separation. The extraction electrode and the

phosphor screen were earthed via picoammeters which mon-
itored the current trimmed by the former electrode and
the current passing through the aperture and arriving

at the screen. For each separation, finer lateral ad-
Justments were made to the tip position which maintained
the emission paltern central on the screen and thus
ensured that the tip remained on the optical axis of

the extraction elecirode and screen.

The initial results from this experiment were appar-—

ently illogical, in so much as from ten microamperes

emission from the carbon fibre tip only a small proportion

was recorded on the anode and the remainder was undetected.

The suggested explanation of this phenomenon is that
electrons which bombard the screen produce secondary
electrons with a yield of one and these secondaries then
flow to earth via the vacuum chamber and the anode. To
test this hypothesis, a stainless steel cylindrical cage
was constructed which was held inside the vacuum chamber
and insulated from it by glass rods. The experiment was

repeated and the current hitting the cage was monitored

with a picoammeter. The cage current was found to account

for the formerly undetectable current and by applying a

'y



positive voltage of about 300 volts to lthe scroen i
was lfound that Che cage curreni dropped to woro aod
the currents on the screen and anode row added up to
the ten microamperes emitted from the tip. With Lhis
modified arrangemeni the experiments were porformoed

and the electrons passing through the aperture of the

extraction clectrode formed a circular image on the

rhosphor screen which was photographed using a 'DPolaroid’

camera. These photographs included the whole of the
screen which is known to be eighty millimetres in dia-
meter, allowing the image size to be measured and hence

the divergence of the electron beam to be calculated.

The experiment was performed for three different
aperture sgsizes of LO.u 5.0 and 1.0 millimetres and the
corresponding results are tabulated in Figs 6.4, 6.5
and 6.6: included are calculated values ftor the conic
angle of the current pagsing through the aperture in
the extraction electrode and reaching the screen. This
conic angle was calculated as shown in Fig 6.7 and in
every case was found to be slightly less than the angle
that would be formed by a simple projection PP’ of the
aperture onto the screen. The results show that as the
tip to extraction electrode separaticu is reduced, the
larger the screen current becomes as more electrons are

allowed to pass through the given aperture. Although
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