INVESTIGATTONS RELATING

" e e g

APPLICATIONS OF FIELD BMISSION

CATHODES
D.J. SWARN, M.A.

Downing College

Cambridge

4L dissertation submitted for
degree of Doctor of Philosophy

University of Cambridge

August 1971

Frontispiece: The Scanning
Electron Optical Column

the

at the




—

:~l.

PREFACE

This dissertation describes the author's research at the
Cambridge University Engineering Laboratories between October 1966
and January 1970, under the supervision of Dr. K.C.A. Smith, to
whom I am indebted not only for suggesiing the subject of this
dissertation, but also for his continued help and encouragement
throughout the whole of the research period.

The work was directed towards the practical application of
field emission cathodes in electron optical instruments, in par-
ticular, the scanning electron microscope. Although it has been
realized for many years that the fie;d enission cathode offers
the possibility of an extremely bright electron emitter, its
exploitation has been prevented both by practical difficulties
of operation, which normally requires an ultra high vacuum envir-
onment, and by electron optical problems arising from the extremely
small size of the source.

A field emission microscope was constructed with ultra high
vacuunm capability, in which the behaviour of field emission
cathodes was investigated over a wide range of operating con-
ditions. The results give better understanding of the physical
processes involved, and provide design data suitable for predict-
ingAemitter lifetimes and emission noise, both of which are
necessary for the future development of electron optical applica-
tions.

To investigate means by which the stringent vacuum rcquire-
ments for field emission might be reduced, a study was made of
the operation of cathodes at elevated temperatures and under pulsed
conditions., In both cases it proved possible to obtain stable
emigsion in considerably worse vacuum levels.

A scanning electron optical column was also designed and
constructed, on the basis of conventional vacuum techniques, with
a differentially pumped field emission gun built to uvltra high
vacuum standards. A single magnetic electron lens was used to
form a probe, and facilities were similar to those found in the i
final stages of the scanning electron microscope. |
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v Using the apparatus, measurements were made of probe dia-
meters, currentsand brightnesses from field emission sources under
particular imaging conditions. Brighitnesses vere obtained which
were significantly greater than may be achieved with conventional
thermionic emitters.

This work formed the basis of papers delivered at three
conferences organized by the Electron Microscopy and Analysis
Group of the Institute of Physics and the Thysical Society, in
1968, 1969 and 1970.

The author gratefully acknowledges the laboratory facilities
and initial funds made available by Professor C.W. Oatley, a
research grant from the Science Research Courcil, also the loan
of an ion pump power supply by GEC-AEI Scientific Apparatus Litd.,
and an electron beam welding machine by the Allen Clark Research
Centre, Plessey (UR) Ltd.

Thanks are due to my present employers, Cambridge
Scientific Instruments Ltd., for their'help and understanding
during the preparation of this dissertstion, also the Science
Research Council for a three year maintensnce grant, sund the
Engineering Laboratories for support during a further three monthse.

The author would like to express his appreciation to the
staff of the Engineering Laboratories and fellow students, for
their advice and for many helpful discussions during the course
of the research.

Also, the suthor is indebted tc¢ the many assistant staff who
helped with the construction of apparatus: Mr., H.C. Asplen and
the laboratory staff of the North Wing, in particular Mr. G. Sayles
and Mr, K, Ketteridge; Mr. A.A. Barker and the staff of the in-
strument workshoyp, especially lr. B, Peck, Mr, J. Sayles and
Mr, S, Laurence; and to Mr, H. Read and Mr. R. Holmes of the main
workshops. A

Pinally, the author would like to thank his wife for her
patience and encouragement, and for her heip in the preparztion
and typing of the manuscript.

The contents of this dissertation are the authof% original
work, except where due reference is given. This dissertation has

not been submitted to any other University.
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CHAPTER 1

1.1 The Need For Brighter Electron Sources

High resolution electron optical instruments have, until
very recently, invariably employed a tungsten thermionic cathode
for their electron source. The reasons for this lie mainly with
the mechanical and electrical robustness of this type of cathode,
and the development of the triode electron gun, which effects an
economy of heating power and beam current, vhilst very nearly the
full theoretical performance of the cathode may be achieved
(Haine and Rinstein (195%2)).

In the electron microgcépe the electron current which may
be used to illuminate a gspecimen, and hence to derive information,
is limited fundamentally by a property of the electron source
called its brightness.

The transmission electron microscove is affected only at the
highest magnifications when direct observation of the image
becomes difficult, requiring considerable dark-adaption of the
eye, or alternatively, the use of an image intensifier.

The scanming electron microscope (SEM) suffers severely
from the brightness limitation. Although the ultimate resolving

power of the SEM is identical with that of the transmission

: a at fast frame rates
ingtrument, direct observation ofyspecimenyis only possible with
a. resolution of 100w, and the resolution of photographic reccrd-

ings is limited to about 5nm (Pease and Nixon (12965)) by mechani-

cal and electrical stabilities required for exposures of many

0

minute

w




There is therefore considerable demand for a brighter elec~

tron source, particularly with the SEM. This is being rapidly
increased by the development of new instruments and techniques,

for example, in the transmission electron microscope the develop-
ment of dark field'and weak beam techniques, and of X-ray analysis,
and in the SEM the development of Auger analysis, X-ray analysis
and the use of the SEM for the fabrication of microelectronics,

The need for a higher brightness source has gained additional
impefus through recent work by Crewe (1970)? who has developed
a high resolution scanning transmission electron microscope based
on a high brightness field emission source. This instrument has
demonstrated resolutions comparable with conventional transmission
electron nicroscopes.

A scanning transmission electron microscope has several
potential advantages, as no optical components follow the speci-
men. Thus loss in resolution due to inelastic collisions
observed in the conventional {transmission instrument does not
take place. Characteristic énergy losses may be used to identify
particular materials, and under certain conditions thicker speci-
mens may be examined for the same beam voltage. Alsq, flexibility
in the means of collecting signal ezperienced with the conven-
tional SEM ig preserved, secondary electrons, transmitted primary
electrong, photong or X-rays may be used to produce a piclture.

As the video gignal is derived as a time variant, it may be
readily processed, if necessary by the inclusion of an on-=line

computer.

1.2  Practical Apvroaches to Hipgher Bripghtness Sources

Considerable interest i1s currently being shown in the posgl-

bilities of electron sources of higher brightness, many published
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works appearing during the latter part of this research., The
approaches to a brighter source may be divided into three dis-
tinct oategofies.

a) Improved thermionic cathodes. Some work has been direcied
towards the develoﬁment of new cathode materials for use in the
electron microscope, e.g. Albert (1967), but most interest has
been shown in lanthanum hexaboride. This material was invegti-
gated by Lafferty (1950), and is attractive because of its low
work function of 2.66eV, and capability of high emission current

" 5 2 . . ) -
densities, up to 2 x 10”7 A/m , thus g theoretical improvement of

an order of magnitude in brightness is possible compared with

tungsten. It has been little used in the past because of its
high chemical resctivity, but recently a succe sful gun has been

developed by Broers (1967) and (1969), which achieves the theoreti-
cal improvement. In this gun tho problem of chemical reactivity
has been overcome by meking an LaB6 cathode in rod form, one end
is mounted in a block of cooled copver, " . while the other 1s
heated by electron bombardment and forms the electron emitter.

As a result of the high reactivity of LaBG at elevated tem-
peratures, it has proved necessary to operate in vacus: belter
than 1 x 10m5torr, in order to prevent poisoning of the cathodes.

b) Pointed thermionic cathodes. A tungsten calhode has
normally been used, with its tip either ground or etched to a
sharp point. Some workers have for saeveral years claimed improve-
ments of brightness by up to a factor of 10 over conventional

ungsten cathodes (c.z. Fcfyundc”«mor~ﬂ (1967) and Hibhi (1964)),
Also & conciderable improvement in beam coherence has been
demonstrated in the transmission electron micrescope., Pointed
filaments are offered with some commercial electron opuical

instruments.




Fig 1.1

Field Emission Pattern from Tungsten
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Improvements are attributed to the presence of a relatively
high electric field at the tip, which may lower the potentiasl
barrier at the surface, or simply prevent the build-up of space

9 3 B ] K -

charge at higher filament temperatures, as described by Haine

and Binstein (1952). The latter seems a more likely explanation

particularly in view of the results obtained with T-I" emission in
| gection 4,%.2, this ig consistent with the short filument lives

usually obtained.

¢) Field emission cathodes. Although an order of magnitude

brightness improvement is possible wiﬁh thermionic cmitters; and

will undoubtedly be soon brought about in commercial instruments,
any really significant improvement must involve the use of field
emitters.

Field emigsion has long offered the posgibility of an

extremely bright source of electrons, brightnesses as much as ngto

106

greater than those obtainable with thermionic emitters being

theoretically possible.

Despite the development of much of the necessary technology
£ d

1

with the Field Bmisgion Microscope, field emission has remained
wexploited for electron optical purposes until very recently.
This has been partly dve to the hitherto adequacy of_thefmionic
sources, but the main obstacle has been the necessity for the
ultra-high vecuum environment which is required to obtain stabie

: “emigsion,

‘ Recently, there has been renewed interest in field emigsion,
and the development of the first practical field emission electron
gun by Crewe (1968)., This gun produces a real focus which may

be used directly as the probe of a scanning microscope, Crewe

(1969). The performance of this instrument matches the conventional

SEM with a resolution of approximately 1Onm, but at a much reduced




exposure time, and has recently become available commerically as
a simvle scanning electron microscope.

When the probe is demagnified with a high quality magnetic
lens the resolution may be further improved with transmission
specimens - (Crewe (1968)), and recent improvementsbto the system

have produced point-to-point resolutions of 0.%nm at 30kV (Crewe

~

(1970))., This is close to the theoretical resolution limit

imposed by the lens aberrations and the electron wavelength.

1.3 Field Flectron Emission

'

The phenomena was observed by Wood as long ago as 1897, and
has since been recognized as one of the principle causes of high
voltage breakdown in vacuum,

a

Whenyhigh electric field is applied to a conductor, the sur-
face potential burrier is thinned. Thus electrons from the solid
have a finite probability of tunnelling through the barrier and
being emitted. This is called Field Electron Emission or more

gimply Field Emission.

A.3.1 The Field FEmigsion Micrc

The invention of the Pointed Projection Field Emission
in
tedyits development as a useful tool for the

Microscope has resul
gstudy of metallurgical and physical phenomena., The emitters
used take the form of wire etched to a fine point, typically less
the

than 1 pm dismeter, so thatjylocal field at the tip 1is considerably
enhanced and emission takes place with a few kilo-volts applied
to the cathode., The anode is a conducting phosphor screen.

Ag the tip is so small, it invariably consists of a single

crystallite of the bulk material. The work function, and hence

the height of the potential bharrier, varies over the different

: ' '
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faces of the crystal, thus the emission pattern on the screen

be vsed to identify crystallographic directions. The manufactur-

ing processes for normal tungsten wire invariably result in the
(110) axial orientation. This face has a high work function

conseqguently gives little emigsion as may be seen in Fig. 1.1,

1.3.2_Field Emission Theory

The development of a satisfactory field emission theory by
Fowler and Nordheim (1928), Nordheim (1928), provided a useful
test of the newly developed theory of wave mechanics The full

expression for emission current dens IL” Jd, was given as:

exp -~ [4l2

vhere B, is the electric field strength at the surface of the

=3

emitters; and ¥ the work function. TFunctions t(y) and f£(y) are
both near unity, and have been tabulated.

Work by Dyke (1956) and recently van Oostrom (1966) smongsl

other has established the accuracy of the above relationship,

o] 1

Field emigsion current/voltage data is often presented in

5 3 ; : s 2
the form of a Fowler-Nordheim plot, which is a plot of log (1/V°)

against (1L/V). An example is shown in Fig. 1.2 for a fieid

einission diode over the limited range of emission currents which

covld be measured in the field cemission microscope. Experimental

conditions will be degcribed later in section 4.1.1.

1 <

icance of the Towler-Nordheim plot is that it is

.)r)
almost linear, and its gradient is oroportional. to & /L, thus

relative values of work function may be measured over the surface
of an emitter. Llso, using wethods devisged by Charbonnier (1962)

and Gomer (1661), an estimate of emitter size and emission current

densities may be made from the I/V data only, with an accuracy
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of approximately + 20%. In the example of Fig., 1.2, we find that
"

at V=5.0kV, J =2 x 10 jx./m?, and the effective emission area

is 9 x lomlﬁmg.

An example of fhe»wav in which the current from a tungsten
emitter varies with voltage is shown in Fig. 1.%., Thisg illustrates
the very rapid rise of emission current with volitage once the
threshold level has been passed, The rapid rise of emission
current coincides with the apvearance of the characteristic

emigssion pattern.

ility of Operation and Lite

A field emitter is subjected to attack by residual gas atoms
(or molecules), and ion bombardment. Both of these mechanismsg
affect the s:abijiﬁy of the field emission current from the region
on the surface of the emitter at which the collision takes place.

a) Residunl gas attack.  An atomically clean field emitter
is not at equilibrium with its vacuum environment. The emitter
may be heated to a temperature wvhich is sufficient to remove any
adsorbed matter, 2000°% for tungsten. Thereafter, residual gas
atoms are readsorbed at a rate determined by their partial pres-
sures in the system. Thus the surface coverage follows an expo-
Nential variation towards equilibrium, which will normally be at
a significant frsction of a monolayer.

When an atom is adsorbed onto the surface of a field ewitler
its effect is two-fold:

i) the local ficld is enhanced,
ii) the local work function may either increase or decrease.

Both of these effects cause changes in the local intensity of

emission, which lead 4o continuoug fluctuations of the total

enisaion current.



b) Ion_bombardment. Collisions between emitted electrons

and residual gas atoms generate pogitive ions which are accelé»
rated towards the emitter. The resulting ion bombardment damages
the surface of the émitter, causing a local change of geometry
and consequently a change in the local electric field. Also the
ion may be adsorbed on the emitter surface. Thus local changes
of emission current occur as before.

The svuttering damage is cumulative, and as surface roughen-
ing and local field enhancement take place preferentially at the
sites of providus ion damage, electron emission, and hence ion
bombardment are enhanced in these reéionsﬁ The result is an

irregular increase of emisgion current, which eventually leads

to a vacuum arc and the destruction of the emitter.

Whereas both the effects described above may in principle
be reduced to any desired level by improving the vacuum in the
system, it is very seldom practicable to do so. The study of
field emission cathodes hag involved the development of sophig-
ticated vacuum techniques producing pressures of the order of
10"15torr, in which stable operation for many thousands of hours

et al.
is possible,’DykeA(196O). However, in a practical, demountable
electron optical system, the best pressure which can be acnieved
in the vicinity of an emitter is about 1 x 10"9torr, At this
pressure the time taken for a clean emitter to reach equilibrium
with the svrrounding vacuum is about %0 minutes, and with an
emission current of 10 pA, about 10 hours operation is possible
before the emitter is destroyed by vacuum arc.

It should be noted that the onset of severe ion bombardment
damage can readily be detected from the resulting increase of .

emission current, and the emission stopped before catastrophic

—




failure occurs. Ion damage may be repaired by heating the emitter,

which incresses the mobility of surface atoms. Under the influ-
ence of surface tension the smooth surface is regenersted. This
operation, known as "flashing", also serves to remove adsorbed

gasesS,

1.3.4 Temverature-and-Field Emission

When a tungsten field emitter is heated to around 1800K, not
only are surface contaminants thermally desorbed, but also the
mobility of the tungsten emitter atoms is increased, so that any

small surface irregularities caused by ion bombardment are
gmoothed over and do not accumulate, Thus the two mechanisms
described above which lead to emitter failure may be countered
by operating at an elevated temperature.

This mode of emission is normally called T-I emigsion after
Dolan and Dyke (1954), who have successfully obtained stable
emission in sealed ultra-high vacuum tubes for several thousands
of hours. Its avplication in vacuum conditions which are much
- worse than those required for stable cold-field emission is an
obvious apovlication which has been suggested by, among others,
Drechsler et al. (1958), though experimentsl work seems lacking.

2 (=
et al.
Hovever, Dyke,(1960) has reported stable T-F operation in a
9 . A
= . oo "6 .
pressure of 10 “{torr of helium,

In the region of 180C0K, the thermionic emission coefficient
of tungaten is very low, and in high electric fields the princi-
ple mechanism of electron emission is by tunnelling through the
potentisl barrier as in field emission. . Fig. 1.4 gives typical
1/V characteristics and the T-T' emission pattern obtained from
a tungsten emitter, which showa wvariations of work function with

crystallogravhic orientation on the tip. At low applied voliages
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the emission current is due to thermionic emission from the
relative bulk of the tip support and heating 1loop, at higher
fieclds the emigsion pattern emerges and the I/V curve shows

.
.

.

teecp rise of current characteristic of electron tunnelling.

C'\

e

At the elevated temperatures required for T-F emission,

highly mobile surface atons experience both surface tension

electrostatic forces, the former tending to blunt the enmitter
and the latter to sharpen it. These mechanisms have been investi-

gated by Dyke et al. (1960), who found that there is a practical

operating range of tip radii and surface Tields at which 2

balance occurs. The effect is, however, to limit the maximum

’ 7

. . - L A8 2
current density available from the cathode at 10" 4o 10°A/n

1.3.5 The Fne:

= R

v Distributions of Emisgsion

An important consequence of operating field ecmitlters at

elevated temperatures, is that it results in a larger cnergy

spread of the emitted electrons. To see how this occurs, we

to the modelg of surface potential distributions shown in Fig.

which are based on those published by Dyke and Dolan (1956).

In cold field emission, there are no electrons in the metsal

with energics greater than the Fermi energy. The surface poten-

tial barrier is thinned by the presence of the high suri face

Clearl cleetrons which have the Fermi energy have the highegt
J ¥ [ &

probability of tunnelling through the barrier, and this proba-=

bility decreases vapidly at lower energies. Thus the spread
energies of the field emitted electrons is very narrow and i
cut off abruptly at the Fermi energy.

‘l

When the emitter is heated there becomes a finite proba

for electrons to have energies greater than the Fermi energy,

and these electrons see a corvrespondingly reduced potential




barrier, so that the probsbility of emission is high. Equally,
emigssion from below the Fermi energy takes place as with cold

field emission, so that the resulting spread of emitted electron

energies is considerably broadened.
Measurements and calculations of emission energy spreads
from cold field emitters have been reported by Young and Miller
(1959), Young (1959), and show that a typical value is 0.2eV,

In T-F conditions, Dyke and Dolan (1956) have calculated energy
distributions of 2 - %eV over a range of operating temperatures

and applied fields.

It is worthwhile examining the effects of adscrbed gases on
the emitter surface. The adsorbate layer is formed close to the
metal surface, so that a very thin potential harrier exists and
electrons may transfer freely from states within the metal to
similar étates in the adsorbate layer. In the example shown in
Fig. 1.5, the adsorbate has permissible energy levels which scc
o much thinner potential barrier than would electrons in the
clean metal, the emission is therefore greatly enhanced. With =
different adsorbate, the forbidden energy band might be higher,
so that there would be no exchange of electrons between the
metal and states above the forbidden band, thus the emission
would be reduced. It is important to note that the energy dis-
tribution of electrons in the presence of adsorbed gas is not
broadened, since emisggion is gseldom obtained frowm an stomically

244

clean emitier surface.

1.4 The Brightness !

1 Emission

l.4.1 The Brighine

e 2 3

Tangmuir (1937) showed that the brightness of an electron

‘..I ' ' i
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beam cannot exceed the brightness of the electron source. This
is related to the enmission current density Qo 7 at the cathede
and total accelerating voltage V. Tor thermionic emission he
derived the relationship

>
e e

B = ()0 eV + 1
T kT

by assuming a Maxwellian distribution of energy in the emitted
electrons, and obey Lambearl's Law.

For field emission, and T-F emission, the energy digtribu=-
tion of the emission is not Mazwellian. To take account of this
we replace the term kT, by eV, where eV, represents the trans-

(€011 Lidth at hal€ maximum),
verse energy spread of emission) Thus, since V'>>‘Vt, ve obtain

B = Co V

e e

T Vg
o S : 10 ¢ >
For ficld emission, Q” may be as large as 101 A/maP with

V, = 0.2 volts. Taking V = 5kV, this gives

B - 8 x 1013ﬁ/n2/“r
FE = - & i f

In T-I" mode, Qe is limited to about 10 Afm? with typically,

L=
i

3 volts, whence
. 10 2
Bpp= 5 x 10 L/n[sr
Tor comparison, normsl tungsten thermionic emission at

% x 104A/m2, gives

(5]
Bpg = 2 % 10%A/u/ s

Clearly, for an imaging system in which the probe current
is 1imited by the brugn\neou of the electron source, both T-F

and field emission sources offer the possibility of greatl

improved performance.
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1.4.2 Practical Limitations to Electron Probes

pe=

The brightness of an electron probe is given by

T 2d ‘*of

where I is the probe current, d its diameter, and « the semi-~
angular aperture of the imaging system. By Langmuir (19%7), this
value of probe brightness may not exceed the brightness of the
source.

At first sight it may appear that an increase in brightness
will give a proportional increase iﬁ,probe current. However,
Cosslett and Haine (1954) have shown that a field emission source
may not in practice be imaged under optimum conditions, and that
the full potential advantages of field emission sources may notg
therefore be approached. There are considerable-gains, neverthe-
less, in the use of field emission sources, compared with therm-
ionic emission for producing probes of small diameter, less than
100nm approximately, whereas for larger probes, more current may
be obtained by thermionic emission.

Recent calculations by Crewe et al. (1968), and Everhart
(1967) for field emission systems have shown that for probes less
than 10nm diameter, typically three orders of magnitude increase
in current may be achieved. Field emission sources are therefore
particularly suited to the high resolution operation of the

scanning electron microscope.

D e

1.5_The Scove of this Research
This investigation has been directed towards the practical
application of field emission cathodes in electron optical

instruments.

. ‘ ;




It has been necessary to develcp the basic techniques for

fabricating and overating field emitters, since 1little or no
experience of this mode of emission existed within the laboratory.

To study the bésic physical processes governing the opera-
tion of field emitters, a field emission microscope has been
built. In this instrument the effects of operastincover a wide
range of emission currents and system pressures down to the ultra
high vacuum r=gion hagve been investigated. Measurements made
inelude, principally, the operating lifetimes of emittersand the
emigsion noise. ,

Particular attention has béen paid to techniques which might
relieve the stringent operating conditions necessary to obtain
stable field emission from tungsten. These include a study of
the T-F mode of emission, and an investigation into the effects
of pulsed operation of field emitfers. An attempt was made to
fabricate field emitters from single crystal lanthanum hexaboride,
since Windsor (1970) has reported that this material is less
sensitive to the vacuum environment than tunegsten, However, this
was largely unsuccessful and is described briefly in Appendix II,
Also,a short investigation of emission from silicon carbide
vhiskers was made, and this is described in Appendix ITI,

A triode fig]d emigssion gun was designed, thch overcame
some of the practical overating vproblems associated with the use
of field enmitters, by providing independent control of accelera-
ting voltage and total emission current. Additionally, the
triode zeometry permitted an investigation of the pulsed emission
mentioned above.

Initially it was intended to study field emission systems
both experimentally and theoretically by the use of the University

computer facilities. However, it soon became clear that both




courses repregented major projects, and the computational work
was discontinued. Some plots of electric field and electron
trajectories for a simple triode gun were obtained and this is
described in Appendix T.

For the experimental study of field emission systems; a
gingle lens scamning electron optical column was built. It had
a differentially pumped electron gun which permitted all but the
gdn components to be operated in much higher pressures than vere
required in the emitter region. The instrument was used to
measure the brightness of electron'probes from a number of column
configurations. Brightnesses were obtained which were consider-
ably greater than may be achieved with conventional thermionic
cathodes.

Towards the end of the research,development of the facilities
in the gcanning electron optical column cnabled it to operate

as an independent, scanning electron microscope, with a field

emigsion electron source.
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CHAPTER 2

THE TARPTU/TTON OV TUPG Tn FTWLD ' TTT“R

=EaTmEE=T

beveral accounts of techniques for producing tungsten field
emitters have been reported in the literature (eg. Crewe (1968),
Dyke (1953), Dyke and Dolan (1956), Earnshaw (1965), Gomer (1961),
Hibi (1964) Nartin (1960), van Oostrem (1966), and Swift (1960)),
} ; though iﬁ general no more than a brief descriptions of the pro-
A cesses have been given.
The basic reguirements are for a suitably orientéd wire
(ez. (111)) to be etched to a fine point which forms the actual
field emitter. This must be rigidly suvported in a manner which |
is compatible with heating the tip. A number of possible geo-
metries have been discussed by Swift (1960). Of these, the most
suitable construction is achieved by welding a short length of

the oriented wire to a supvorting tungsten wire loop. This vas

the method chosen by Swift. An additional important factor in
favour of this construction is that it uses the minimun length

of oriented wire*.

2.1 Difficulties of Emitter Fabrication

When attempting to produce emitters by metheds described
in the litevature, it soon became clear that resulits would depend
very much on the gkill of the operator, snd that even with con-

siderable practice a low success rate would have to be tolerated.

* At present, single crystal tungsten wires, 005" dism., 2% long
are available from Field Emission Corporation, MCMinnerille,
Oregan 97128, USA at £100 each.




The principle areas of difficulty are as follows:

a) The welding of the tungsten tip wire to its tungsten
gupport loop is very difficult to achieve reproducibly.

b) Accurate poéitionimg and orientation of the tip with re-
spect to its support requires careful alignment in a suitable

jig.

¢) The etch process must be made reproducible, and automatic
control is necessary to produce consistently hish quality tips.
It was clearly necessary to develop improved techniques

for emitter fabrication which would be both reliable and repro-

ducible, not only to avoid wastage of the expensive oriented

wire, but alsc to give consistently high quality emitters.

2.2 TFilanent Base and Support Loop

Tungsten wire may conveniently be bent into a smooth, repro-
ducible radius by pressing the wire around a suitable tool in to
a rubber bung. The tool in this cése was parallel sided wi%h an
approximately lmm radius edgey ‘the bend thus produced formed
the apex of the hairping which broved satisfactory. A sharper
bend was found to harden and stress the wire making gsubsequent
tip welding more difficult.

The legs of the hairpins were bent into a similar radius,

and velded to the pins of commercially available AEI electron

microscope filament bases using o smsll, conventional spot welder.
These bases were chosen as they were readily available and coii-
venient te use and mount, moreover the materiasls vsed, sintered
glass and nilo pins, are compatible with ultrahigh vacuum use.
Little difficulty was encountered in this process other

than occassional poor alignment of the hairpin. Due to the low

cost of the emitter at this stage the small rejection rate vas




Fig 21 Emitter Welding Jig
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Fig 2.2 Etching Apparatus

tolerated.

A number of methods were tried for welding the tip wires
to the hairpins, including conventionsl spot welding, discharge
welding, and electron beam welding. Only the first method gave
any significant success, though the other methods were interes-

L4

ting as they offered a possibility of butt welding the tip to

the hairpin.

2.%.1 Emitter Welding Jig

When a tungsten to tungsten weld has been made, the metal
near to the weld becomes very brittle. Thus, mechanical shock
introduced by trying to cut the tip wire after welding with
ordinary wire cutters invarisbly results in a fracture near to
the weld.

Although methods could clearly be devised for cutting the
wire without damaging the weld, e.g. the whole area could be
encased in hard plastic and then cut with a diamond saw, the most
convenient mothod'fcund was to use short, cut lengtlis of oriented
vire.

It i3 clearly necessary to accurately posgition and align

4

the tip wire to the filament, and to be able to carefully con-
trol the welding electrodes so that fracture does not result

after the weld hasgs been made,

The welding jig showm in Fig. 2.1 was conStructcdp with
which 1t was possible to handle lengths of oriented wire of about
2mm satisfactorily. Independént movements for the filament
holder, tip wire holder and electrodes were provided, each being

(5]

moveable in two orthogopal directions. Additional facilities
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to separate the electrodes and wire clamp by fine controls were pro-
vided, also the wire could be rotated about the vertical axis
for alignment.

The jig was set up through binocular viewers, One disad-
vantage was found %0 be that visibility of the wires was severely
limited, and there is no obvious way of improving this.

| Electrical comnections for welding were provided to the
electrodes, also to the filament holder and wire clamp. These
vere used for experiments on discharge welding and could also

be used to test continuity of the weld before removing the clamps.

’ |

2.%.2 Welding Difficulties : »

=

TR

The reliability of spot welding was not good and this could
be traced to a number of causes:

a) Surface contamination on the hairpin. This was removed

by electrolytic cleaning in 0.5N NaCi solution, with 10V a.c.

applied between the hairpin wire and a nickel electrode for 10 ‘
seconés. COﬂummlnat1on did not appear To be present on the

single crystal wire and treatment was not needed.

b) Nature of the tungsten wire. Tungsten wire is not a
universally congtant and pure material, it is fabricated almost
entirely for the lamp and valve industries, and manufacturers

have several techniques for producing the wire. These nearly

always involve some form of additive which can severely affect

the physical nature cof the wire by influencing crystal fTormstion. ‘
Several sources of wire were explored, and the nmost aat-

isfactory wire for welding was found to be soft, straight wire,

which could be readily cut and formed. Suitable wire with

potassium and aluminium silicate doping to promote large crystal

growth, was supplied under the description "eleaned and lightly




gtraightened” by Mullard Ltd¥*. The single crystal tungsten for

the oriented tips is of s similar nature, and was found toc weld

well to this type of wire.

c) Oxidation st weld. This can be prevented by welding in
an inert atmosphere, or under a protective liquid. Carbon

tetrachloride was found to be suitable and has the further advan-
tage that it effectively degreased the wire and»electrodes en-
suring good electrical contact. Also if the weld was for any
reason unsatisfactory, the short length of expensive oriented
wire was cavtured by the surface tension in the remaining liquid
and was not lost.

d) Poor revroducibility of welding conditions. It was found

that satisfactory welds could be produced over only a very

. ). N *
limited range of discharge conditions. A B.T.P.%* capacitance
discharge welder was found most suitable, and when operated with

a capacitance of 1.2 yF discharging 55 volts gave very good,

reproducible welds,

‘e) Sticking to weldine electrodes. By keeping the electrodes

clean and polished, sticking to the wire was largely avoided.
Copper and tungsten electrodes were both used with success, us-
ing a very low welding pressure, bul a better combination was
found to be with one electrode copper, on the hairpin side, and
the other tungsten.

With reasonable care, the technigues described above produced

very consistent, high quality welds almost without failure.

R e - -

*¥ Mullard Ltd., Mullard House, Torrington Place, London WC1,.

*=

Bvembly Technical Producte Litd., Trinity Trading Es
Sittingbourne, Kent.




2.4 Etching of Emitter Tips

The electrolytic forming of tungsten wire into fine tips
is usually described as an etch, but is in fact an electro-

polishing process.

Characteristics of electro-polishing action are described

by Tegart on the basis of the formation of a viscous layer of
resction products over the anode., The effect of the layer is
to inhibit further attack, so that surface protrusions are pre-

ferentially removed and a smooth, polished surface results.

2.4.1 Practical Methods

When polishing is taking place the development of the inert

surface layer may reduce the reaction to an undesirably low

)

rate. Several means have been devised to overcome this diffi-

culty: ‘

m a) Mechanical agitation of the electrolyte. Ancde rotation
is often used in commercial electropolishing gsystem as a means
of stirring the electrolyte. Stirring was tried in these experi-

: ments, however, the turbulence in the electrolyte rendered the

-method useless for the etching of fine tips.

b) Agitation by inert gas. A non-reactive gas may be bubbled

through the solution, and over the anode surface so that it is
purged of inert layers, reaction then proceeds rapidly end a
nevw inert surface layer builds up to produce the polishing action.

This method was uséd to produce some early emitter tivs
vhich had very good surface finishes, however, several difficul-
ties were encountered:

i) Bteh rate and current varied rapidly as each gas bubble

passed through the system, this made the etch process difficult

to monitor and imncasible to control with an autonatic cut-off. ]




N
Ny

ii) Bubbles of electrolyte could rise up the anode wire,
and unlegs the weld was well away from the surface of the
electrolyte it came under severe attack. This effect was reduced
considerably by insefting the wire through a lmm diameter hole
in the cathode, which was then mounted horizontally on the sur-
face of the electrolyte. By this technigue tips could be formed
ag close as +mm from the edge of the weld.

1ii) Bubbles in the solution made visual observation of
the process difficult, and hence determination of the completion
of the etch was uncertain.

¢) A.C. etching. This provides alternately sattack of the

metal and liberation of gas, the latter serves to purge the sur-
face clean of reaction products and thus permits a rapid reaction.
Disadvantages are generally as given above in (b). Tips

produced by the A.C. techunique were generally of a poorver surface

finish than those using D.C. techniques, this is probably

due to the severe attack which takes place at the beginning of
each etch cycle, when the surface is unprotected by an inert
layer, and the applied volitage is not at the value reqguired for
a polishing action.

N

d) The use of strong electrolyte. Under D.C. conditions

the reaction will proceed at a gatisfactory rate if a sufficiently
concentrated solution of electrolyte ie used. A reasonable rate
is obtained with 1N NaOH golution.

This method does not suffer the disadvantages encountered
in (a) (b) and (c) above. As no agitation is necessary the tip
forms without being subjected to mechanical stresses, the etch
current varies smcothly so that a utomatic control of the pro-

cess 1s possible, and visual observation is not impaired.




Some emitters were prepared by this process, though it was

found very difficult to obtain reproducible etching characteris-
tics and emitters. The reacticn was often very difficult to
start, and would only proceed if the tungsten was cleaned by
A.C. etching. This method is believed to be used by Crewe who
reports that considerable care must be taken to isolate the etch
bath from mechanical vibrations, and carries out emitter etching
on a concrete block supported by antivibration mounts. As no
similar precautions wvere téken it is likely that the lack of
reproducibility was due to mechanical vibrations, however, the
method was not pursued as a more satisfactory asrrangement was
developedo

e¢) The use of chemical reagents to remove reaction products.

Work at the Department of Metallurgy, Cambridge University has
gshown that a very high polish is possible if g tungsten wire is
etched in certain photographic developers, e.g. Ilford ID 11.

The use of photogranhic developers as electrolytes is reported
elgewhere in the literature by Fasth (1967). Very highly polished
~surfaces were readily produced by this method, though reaction
would only vroceed under A.C. conditions.

The addition of developer to NaOH solution, however, pro-
vides a very useful electrolyte. Suitable concentrations were
found to be obtained with equal guantities of 2N NaOH solution
and ID 11 stock solution, though guite varied concentrations
could be tolerated and were found to have little effect on the
process.

This mixed electrolyte was found to work very well under
D.C. conditiong and gave very reproducible etch characteristics

-

and enitters, it also had none of the sgtarting problems associatec
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rith NaOH solution alone, nor did it require an environment free

from mechanical vibrations. In addition the very highly polished

surface was obtained as with the developer alone.
Cell characteristics are shown in Fig. 2.3. The polishing
region may be identified from similar curves given in Tegart

(1959), and a voltage of 26V was used satisfactorily.

A1l emitters used for serious experimental work were pro-

A

duced by this technique, which was completely free of the dis-
v - |

advantages found with others discussed above.

3

Typical. current variation during the etch process is shown
in Fig. 2.4. Initially the current is very high, dropping
rapidly as an inert layer of reaction vroducts builds up. The
current steadily decreases as the surface area of anode is
reduced. A neck begins to form in the wire and becomes more

pronounced as the reaction proceeds. Dventually the wire sepa-

rates at the neck causing a sudden drop of current as the surface

4.

aresa is reduced. The remaining wire tip is now at its sharpest
the etch should be stopped to prevent continued attack which
would blunt the tip.

A control circuit had been devised which will detect the
rapid drop in current, and switch off the cell voltage, and is
shown in Fig. 2.5.

Operation of the control circuit is straightforward. The

cell current is sampled by a 1 k-ohm resistor and the voltage
generated compared with a reference using the long tail pair
comparitor, T8 and 9, which is fed from the constant current
source provided by T10. When the current falls below a prede-~

:

termined level the collector voltages in the comparitor swing,
3 J D §
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and this is amplified through T7 and T6. This signal is used to

trigger the bistable T3 and T4, which acts as a memory for the

(S

state of the system. A simple series regulator, Tl, controls

the available voltage which ig supplied to the output via a

geries switch, T5, controlled by the bistable to either the on

or off condition. In the off state the base of fthe serieg switch

transistor is held to a slightly negative line provided by T2, and

reverse current is prevented by the inclusion of a low leakage

geries dicde. The circuit is triggered to the 'on' state by

momentarily closing the reset circuit, which changes the state of

the bistable, cell current then flows and maintains this state.
Order of magnitude calculations show that a significant

1 4

bluntine of the emitter tip would occur if the etch were con-

[y
~

- e

tinued for 10 to 100 ng after the wire separates. Measurements
made on the circuit showed that the switching time was below
100 ns and clearly adequate.

2.5 Conclusions

In all, about one hundred tungsten field emitters were made

w0

by tﬁe auvthor using the processes described above, of which about
one third were of (111) oriented wire. Only three failures to
make emitters from the piecces of oriented wire occured, in all
cases due to loss of the wire and not failure of the method.

Occasionally a weld was not satisfactory, the oriented wire was

then reversed and welded at the other end to a new base.

[

£

About 80% of the oriented emitters were sufficiently well
. '

aligned to be of use in the electron optical column, typical

[ Vol

il e -0 ' e e e s s A L T
variations being + 5°. The emission voltage of new enitters in
the field emicsion microscope was found to be consistently below

3%V, indicating a tip radius less than 300nm.,
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Fig 26 A Typical Completed Emitter
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CHAPTER 3

THE FIELD EMISSION MICROSCOPE

3.1 Introduction

The need for a field emission microscope (FEM) capable of
performing basic emission experiments in a controlled ultra
high vacuum (UHV) environment was realized at the beginning of
the research. Although there had been some work on field emig=
sion at the laboratory by Barnshaw (1965), no direct experience
was.available on either the fabrication of emitters or the con-
trol of field electron emission,

Further, the use of field emitters for electron optical
applications requires that intense emission is directed along
the optical axis. Thus, as the properties of the emitters were
unknovn, the observation of their emission patterns in the FEM
as a routine measure would enable their emission characteristics
and alignment to be checked prior to use in the electron optical
column.

Additioﬁally, one of %the aims of the research was to develop
field emission techniques for practical application by investi-
gating the possibilities of operating in relatively poor vacuum
conditions, uvsing T-F or pulsed field emission modes. The con-
trolled environment of the FEM, and easy observation of the
emission pattern would vprovide an ideal experimental arrangement.

Unfortunately, at the start of the research, funds were
limited, and it was not possible to build a FEM immediately.

The first part. of the research period was occupied largely with
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the fabrication of emitters and the design and consitruction of
the electron optical column.

However, half way through the research period a grant was
made by the Science Research Council which provided, anong
other things, for the consiruction of the FEM., This enabled
almost all of the early field emission experiments to be performed
in the FEM as had first been hoped, and an ability to operate
field emitters satisfactorily was soon generated.

Throughout the remaining period of research many experiments
were performed in the T'EM and these are described later in
Chapter 4.

The remainder of this chapter will be devoted to describing

ts vacuum performance

the design and construction of the FEM, i
and the associated electronics which include, in particular, a
high-voltage pulse generator which was built for experiments

with pulsed field emisgion.

5.2 __Desien and Consiruction of the FEM

It was decided to base the design of the microscope on the
range of commerical UV flanges and equipment which were becoming
readily available. This would enable the system to be produced
rapidly, it would be versatile and could readily be adapted to
other applications in the future.

The basic design of the FEM is shown schematically in Fig.
5.1. The desipgn was based on a standard 'T' section supplied
by Vacuum Generators Ltd.+, which wag modified by the inclusion
of four small ports, two of which are not shown but rise ver-

tically from the plane of the 'T' section.

= e e e

Vacuum Generators Ltd., Charlwoods Road, East Grinstead.
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Two of the egmall ports were in line with the tip of the

enitters. One was provided with a window {to permit observation ;
of the emitters with an optical pyrometer. The other port was
fitted with an ABI¥* Vacuum MS310 mass spectrometer which was used
to obtain an accurate measurement of fhe pressures of residual

gases at the emitter.

Of the remaining small ports, one was used for rough pumping

via a 1" diameter all metal valve, the other was fitted with an

all metal leak valve capable of introducing finely controlled

gas lesks into the system, thus enabling controlled environments

. to be produced for experiments at higher pressures. l

Field emitters were mounted from one arm of the '!'' section
. |

== on a tubular pyrex glass insuvlator. IElectrical leadthrqughs '}
were of 1lmm tungsten vrods sealed into uranium glass, which has '
a graded joint to the pyrex. At the other end the tube was

joined to a stendard UHV gstainless steel flange fitted with a '
nilo tube which has been glassed and graded to pyrex. The lead-

through wag mounted on a small-size flange for economy, and for

= convenience of changing emitters.

Fitted to the other arm of the ‘T' was the viewing screen
which was baced on a standard ARI 44" diameter window coated
with phosphor. Prevaration of the viewing screen will be des-

E cribed in more detail below. f\

Main UHV vumping was provided by an AEi*P6O triode ion pump,
for which a power supply was kindly lcocaned by the manufacturers. '!
The triode vump configuration is reputéd t0 have better starting

characteristics and higher pumping speeds than ecarlier commercial

of this pump.

i
ion pumps, certainly, no difficulties were encountercd in the use *

*  QEC-ABI Scientific Apparatus Division, Harlow, Essex.
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To prevent tip destruction due to discharges from the lon
pump svreading through the system, particularly when starting at
high pressures, an earthed stainless steel mesh was included at
the pump flange, and'no emitters vere lost due to this effect.
Rough pumning was by a liquid nitrogen sorption pump,
through the 1" metal valve. This method of pumping was cheaper
than conventional rotary pump and diffusion pump and'left no

rosgibility of contamination from vacuum oils.

3,2.1 The Viewing Screen

A number of techniques for depositing phosphor screens sult-~
able for UHV applications may be found in the literature, for
example, Gomer (1961) and Dyke and Dolan (1956). A method des~
cribed by Gomer formed the bagis of the technique used.

The'surface of the glass was first rendered conducting by
coating with a thin, transparent film of tin oxide., This is an
established technigue and was carried out by a local glass worker.

'

A binder for the phosphor was provided by treating the
surface with a few drops of orthophoshoric ascid dissolved in
about lce of methanol. This was spread evenly over the surface

by partly covering the screen with small glass balls and agita-

(o

ting vigorously. Excess liquid and the glass balls were tipped
away and the window allowed to dry.

The phosvhor used was blue Pll; chosen for its high light
yield and suitsbility for direct photography. A suspension of
about one gramme of the powdered phosphor was prepared in 100mls
of demineralized water, which was thoroughly agitated in an
ultragonic bath. Heavier particles were allowed to settle before

4

pouring the sugpension into the window.

When the phosphor had settled, excess water wag removed by
I 13




Fig 3.2 The Field Emission Microscope

giphoning until only a thin surface covering remeined, which was

allowed to evaporate slowly by gently warning the window on a

photographic hot plate.

The method described above proved very d

o0
L

ifficult in prac-
tice due to the curvature of the glass at the edges. Several

o |

3 simply

-

attenpts at the process were necessary, the phosphor wa

washed off and the processes of applying binder and phosphor

2

repeated. The screen eventually obtained was not perfect as the

2 3 ]

phosphor was not continuvous at the edges on the curved section
of the glass, however, an even deposit was obtained over the
central region of the window.

The window was fitted directly to the FEM and baked in the
normal wvacuum pumping cycle without suffering any ill eifects.

It subsequently gave satisfactory performance for the remainder

of the reésearch period.

Fig. 3.2 shows two views of the complete FEM, The viewing
screen may be seen in the lower photograph, with the %5mm single
lens reflex camera used to0 record emission patterns. Other
items of interest which may be identified inc
vation window and optical pyrometer, the ion pump, and, mcunted
vertically, the mass spectrometer head and leak valve,

The TEM was supported on a metal frame table. The top vas
iade from sindanyo to give good thermal insulation during bake-
out of the microscope, and was covered with aluminium foil to
contain asbestos dust and to further reduce heat losgses.

3.3 Vac

cuum_Performance

of the FEM

e T A b K o . G - "'('\
The FEM was cyaled from sir to pressures below 1 x 107 7torr
on a routine basig., This involved a bakeout and pumping procedur

wde the small obser-

Py
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lasting several hours, and once the procedure had been established
little or no difficulty was encountered in achieving the desired
pressures.

During the course of the experiments only a very few leaks
were encountered, which illustrates the reliability now possible
with commercial UHV equipment and crushed copper seals. Also no

difficulties were encountered when starting the ion pump.

3,%.,1 Bakeout and Pumpdown Cyvcle

The liquid nitrogen sorption pump rapidly roughed the system
through the metal valve, to achieve a pressure better than
1% 10-3torr in a few minutes. At this stage bakeout was started,
punping all released gases.into the gorption pump.

A simple box oven made from aluninium sheet was placed over
the entire microscope, resting on the table topf The oven
carried 4kW of heéters mounted on its gides. This was a very
convenlent arrangement as hoth oven and heaters were completely
removed from the FEM in normal use.

Temperature was monitored by thermocouples clamped at var-
ious points on the microscope. A simple transistor amplifier wvag
built to give a direct metered output of temperature up to 40000,
this was operated from a battery supply to avoid pfoblems with
earth loops. The temperature could be regulated by varying the
heater power with a domestic oven +type controller.

A normal bakeout cycle consisted of raising the temperature
of the microscope to 300°C in about 2 hours, and by regulating
the heater power this was maintained for a Turther 2 or % hours.
The heaters were then turned off and the temperature would fsll
$o 150°C in about an hour, when the oven was removed.

The ion pump was started with the system still hot to enhance
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degascsing of the electrodes. After the_first release of gas the
ion pumping was rapldly established and the pressure would begin
to drop. At this sﬁagg the roughing valve was closed.

Final cooling of the microscope and pumpdown to below
il x 10"9torr was a lengthy process and took a furﬁher 5 %o 6 hours.
It was convenient to bake out the sorption pump at this stage in

preparation for the next pump-~-down cycle.

' 3,3,2 Pressure Measurement

Af'ter following the above procedure the'pressure in the
microgcope would normally be in the low'lo"lo region, which would
just give a detectable current on the ion pump meter. This gave
a very guick and ugeful check on the state of the syétem.

For accurate menitoring of the pressure both a mass spectro-
meter (ARI MS10) and the conventional Bayard-Alpert ionigation
gauge were used. ‘However, at this pressufe the ionization gauge
was found %o be very ungatisfactory, even lengthy outgassing
procedures Tailed to give consistent measuvurements, due partly to
steady outgassing of the gauge on the one hend, and to its ten-
dency to act as a small ion pump on the other.

The most satisfactory way of measuring the pressure was to
use the mass spectrometer. This again needed thorough degassing

which was achieved by baking out the spectrometer at about,SOOC

hotter than the rest of the microscope, the bakeout heaters
supplied wifh the spectrometer produced this effect during the
normal bakeout cycle. By this procedure oonsistentreadings'were

obtained after it had been running for about an hour. After pump-

O“'J_O

down, tyvical levels of residuval gases would be: H2 = 2dxl tore,

11

N, + €O = 5 x 20" torr, 8,0 = 5 x 107 tory.

2

The mass spectrometer had the additional advantages that it

| i
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permitted an accurate determination of the residual gases in the

o e
U =y L T . ? gystem, and permitted very rapld detection of even small leaks
o

with a helium gas probe.
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UNIT B - The electronics used in conjunction with the FEM is shown

8 o s

| - achematically in Fig. %.3. This provided facilities for monitor-
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ing applied potentials and emission current 1in addition to pPhoto-=
N—— - graphic recording of emigsion patterns and measurement of emitter

temperature discussed above. '
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ANODE - A HIGH VOLTACE
(SCREEN) ‘J PULSE GEN. Provigion was made for a third eclectrode to be used in the

FEM 4o sct a8 a control grid. This is an important feature as

1t enabled indsvendent control of emission current and emitter
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P. M. : potential to be obtained, in both d.c. and pulsed operation.
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Facilities were provided for observation of the emission

GENERATOR ‘ pattern with a photomultiplier, which had wide bandwidth capabili-

ties limited by the response time of the phosphor screen, in this
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Y case to about 50kH, for the P11l phogphor used. This arrangement
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—l 3, ) i >
=2 [T — : ged, and in addition enabled emission from & small area of the

¥

et VOLTAGE -
o b4 ) B b - 5 . . . A & -
EMISSION The recording of operating varvameters centred around the pen

o PRI TSI KR S e, o
] o sor T s

CURRENT

cathode to be studied.
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recorder. Usually. this was either used to wonitor the variations
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of emission current from all or part of the cathode with time,

or to investigate the relationship bebtween emission current and
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applied potential to emitter, or by moving the comnncction of the

'

potential divider network, to the grid.
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3.4.1 The ZHT Generator

1
2

A commercdal BHT generator manufactured by Bfandonburg Lta.”
was used in the experimentuo This had an integral filament
heater supply which was convenient for flashing emitters, and
had a stability nominally of 1O0ppm which was adequate for use
later on the electron optical columne.

An active grid supply for conventional thermionic electron
guns built into the filament wnit was not suitable for use in
this new application; and éo wvas by-passed by connecting the EHT
generstor directly to the filament centre tap.

A more extensive modification was made to the EHT voltage

control, Originally the voltoge was varied by a coarse control

consisting of a fifteen position switch, and a fine control

which did not overlap with the coarse settings at lower opverat-
ing voltages. ©Since field emission current increases very rapidly
with voltage, the original arrangement was clearly unguitable.

The reference circuitry of the unit was therefore changed to

produce overlapping of the coarse switch positions for the full

range of output voltages.

3.4.2 _The Photomultiplier

A photomultinlier chain,developed in the laboratory by

C.D., Bunting to give good linearity in selected ares diffraction

[t

work, wag used with definite advantages over the normal resistor
chain, or resistor chain with capacitors between the last few
dyncdes.

The circuit is shown in Fig. 3.4, and stabilizes the voltage

o

onn the first and lest two stages of amplificstion by using gener
o b o]

P - R R S A P S A e i S < e R e e A e e e e e 0 AN AT

R I SR ) T, A N - D, - o = - b PR OF, o~ & ke
4+ Brandenburg Iitd., London Road, Thornton Heath, Surrey.
3

Model HS0%%0 EBHT Generastor and 30355 filament supply.

'y




diodes. This has the effect of giving very good linearity as
dynode voltages vary very little with anode current. Since
very nearly the whole of the chain current may be drawn in the
anode circuit a smaller anode load resistor may be used, which
permitted experiments to be carried out with the Pl output con-
nected directly to both the pen recorder and the waveform analy- i
ser.

‘ Fig. 3.5 shows the PM output as field emission current,

- the PM tube observing the whole émission pattern. In this exam-
ple the chain current was approximately 70 phA, thus no signifi-
cant departure from linearity was observed with anode currents un
to 60 pA.

The use of a smaller load resistor also enables higher band-

width to be achieved, which is important for applications in con-
junction with the scanning electron optical column described in

Chapter 5. ; ;

3.5 High Voltage Pulge Generator

The addition of a control grid to the simvle field emission
diode opens up the possibility of using pulsed emission in elec-
tron optical apolications. Since the emitter potential may be

kept constant, a pulsed electron beam can be formed which has a

smzll energy spread and may be imaged without introducing severe

chromatic aberration.

The electrode system which has been developed will be des-
cribed in more detail in Chavter 4. The parameters of importance
in the design of the pulse generator were the load presented by
the grid, which was purely capacitive of approximately 50pF, and
the voltage swing required to modulate the emission. Barly experi-

ments had shown that a voltage variaticn on the grid of 500 wolfie
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wag sufficient to change emission from cutoff to 0.lmA; there-
fore the pulese generator was designed to give 1000 volts output,
which was estimated to be sutficient to reduce the surface field
on the emitter to vefy low levels. This output voltage was a
convenlent choice, as suitable power supplies were available 1o
give 1050 voit lines, though the possibiiity of going to higher

voltages was not excluded.

3,5.1 Experimental Requirements

In order to specify the performance of the pulse generator
more closely, it is necegsary to consider in more detail the
experimental use and possible practical aoplication of the unit.

The field emission electron gun is intended for vse in con-
ventional electron optical instruments with demountable vacuun
gystems, where its potentially high brightness would he a con-~
siderablé advantage. Clearly, compatibilitylwith the ultra high
vacuum gystems necessary for continuous field emission is a
serious obstacle preventing this advance.

Under norm2l opersating conditions, emittgr destruction is
broﬁght about by icnsg, formed at the snode under electron bom-
bardment, which are accelerated and focused back onto the cathode,
and eventually destroy the emitter by sputtering. Order of
hagnitude calculations based on a plane, parallel electrode
system have shown that whereas electron transit times are typi-
cally 1Ins, ion transit times are in e%cess of 100ns. Thug, if
a pulse of emission were drawn of shorter durstion than the ion
transit times, then the change of grid potential would also
gerve to defocus the ilons, and so reduce the emitter damage due
to ion bombardment.

Pulses of emission of approximately 100ns duration could be
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used to build up a scanning microscope image using one pulse
per picture element. Clearly, in order to gain maximum advantage
from this mode of emission, the pulse dutly cycle must be as large

as possible.

A second, separate approach to using pu]sed operation would
be to draw emission for sufficient time to build up a complete
mierograph, taking full advantage of the high brightness of the
emitter. This picture could be stored and disgsplayed for a much
longer period before drawing emigsion again. Typically, a pic~
ture could be formed in 10ms, which might be repeated at a rate
of one per second,

A variant of this technique would be to wriﬁe one line of
a picture per emigsion pulse, about 10 ps dﬁration} and to pulse
with a repetition rate of 1¥Hg, go building up a complete pic-
ture every second.

Bither of these techniques would give an artificial enhsnce-
ment of field emitter lifetime by a factor equal to the recipro-

cal of the duty cycle.

Ve must now congider the effects of variations of amplitude
between successive pulses. For SEM operation we may assume
distinguishable contrast levels of 5% after Smith and Oatley

(1955). As changes in surface Tields at the emitter produce pro-

portional chanzes in emission current which are typically an
order of magnitude larger (Martin et al. (1960)), then for opera-
tion with one pulse per plcture element, the successive grid
voltage pulses must not differ by more than 2 parts in 103 if
they are to be indistinguishable on the final picture.

The required specification for the pulse generator is there-

fore to produce pulses of up to 1kV amplitude which sre repeatable
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to 0.2%, with durations from 100ns to lms, and at repetition

rates of 1/ sec to several hundred thousands/sec.

3.5.2 Other Work

Seversl pulse generators have appeared in the literature
which fulfil some of the requirements listed above. . The techni-
ques used fall into two main categorics:

a) Hard=valve, high voltagze amplifiers. Gunn (1961) has

described a high voltage pulse generator which has a class 'A'
output stage. In principle these techniques could be used,
however, vractical limitations prevent seriouvus considevation.
Congider a rise time of 100ng into a capacitive load of 50pF.
This requires a standing current in the output sfage of nearly
one amp at 1000 volts. Thus such a gystem would be very large
and expensive.

b) Series switch/shunt discharge generators. This configu-

ration is more commonly found with thyratrons performing the
gwitching functiong, see, for example Ruben (196%5), Chan and Gunn
(1965) and Paz (1965). Thyratrons have high stand-off voltages,
fast switching charscteristics and pass large peak currents,
however, the permissible repetition rates are low due to the
decéy times of the ions, even with the b'st hydrogen thyratrons
a rate of 5 x 104/sec would represent an sbsolute maximumn,

It is possible to replace the circuit function of the
thyratron with hard valves, Wouk (1957) and de Wijn (1961). This
arrangement is ideally suvited to a purely capacitive load sincé
complicated extra cireultry to maintsin the pulse shape is not
required., Particular advantages of this type of circuit are that,
compared to group (a) above the mean power supply requirements

and power dissipation are greatly vreduced. Moreover, rise and




E.H.T.
GENERATOR

CLOCK PULSE

GENERATOR

|
7

DELAY PULSE
GENERATOR

o]

MONITOR PULSE

TIMING

exs et

|59

EQUENCE :

PULSED OQUTPUT

TO GRID

2

caveona Sromamar

HIGH VOLTAGE

BIAS UNIT

{Li“GH VOLTAGE PULSE

PULSE AMP
(FLOATING O/P)

A4

PULSE AMP
(FIXED O/P)

:x:—.-.{ v

o= @xa  ewm )

b

PULSE

ouTPUT

STAGE

wxs  emo  ©ms  ema = e v cwes

HIGH VOLTAGE PULSER

P ST sosere

m::;t’:-‘-¢_/‘

b v cmar vy sma e ous

D

\\me.m“ﬂ_,

ra

CLOCK PULSE

DELAYED PULSE

MONITOR PULSE

HIGH VOLTAGE OQUTPUT
PULSE

o £ Lg% N D N il s
ram of H.V. Pulse Generator

fall times are not dependent on guiescent levels, but on peak

valve currents, which can be considerably larger. This avproach
b 4 U > L,

=

was used and is described below,

3.5.3 Circuit Functions

A block diagram of the complete pulse generator is shown in

Co s

Valves were only used where high voltages were necessary in
the pulse itself and in the drive amplifiers. To power these

units + 300V, 0.5A lines were provided, and for the high voltage

an additional + 250-450V, 200mA supply was floated above the

+ 300V line, giving the possibility of a 1050 volts swing between

B

lines.

i

For convenience and compatibility with other circuitry, the

timing pulses were generated in separate transistorised modules

working from + 12V, + %0V lines.

Operation of the circuit is controlled by the clock genera-~

tor, producing an output pulse which is amplified and controls

"

the "series switch" section of the pulser. The clock generator

algso trigzers the pulse width unit, vhich gives an output pulse

at the end of the chosen pulse duration, this is again amplified

1

and used to operate the "shunt discharge" section of the pulser.

3.0.4_ Clock Pul

Generator

The circuit, shown in Fig. 3.7, is based on the emitter

coupled multivibrator, T1, T2, fed from current sources T3 and
T4, This configuration has the advantage that its period can

be switched over the very wide range from 1Hz to 1Mz by chang-
ing a gingle capacitvor,

In normal operation this generator fires the Eccles-Jordan

monostable T5, T6, which gives a 100ns prepulse output through
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3:5.5 Pulse
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The circuit is a two stage valve amplifier as before,

however, the input pulse is inverted by transistors T1 snd T2,

go that the output valve V2 is normally bisssed off. Valve V1
amplifies the inverted input pulse and provides drive for V2 from
cutoff into grid current. By using the diocde c¢lamp circuit at
the grid of V2 ﬁroblems of bhias voltage varying with repetition
rate are prevented.

The negative voltege pulse applied across the transformer
primary is inverted and provides a positive drive pulse of 100
volts to the output stage. Diodes are connected across both
primary and secondary windings of the transformer to prevent ring-
ing.

¢) Pulse output stare. The pulse output stage 1s a series

switch/shunt discharge configuration as previously explained.
Both of the switch elements consist of three EL360 valves con-
nected in pérallel, capable of giving combined output currents
up to 12 amps. The high current is necessary to produce the
shorf rise and fall times required at the grid of the field
emission triode with the total capacitive load involved.

Both switches are normally held in cut-off by battery bias
between grid and cathode of =90 volts. The bias unit for the
series switch must float with the output, and was constructed in
a perspex box, which gave a capacitance to ground of approximately
20pF, An incoming pulee takes the grid from =90 volts to +10
volts and into grid current. By using diodes with a large value
registor in parallel, droop on the drive pulsc is minimised.

At the end of the pulse the grids swing below -90 volts and the
diodes become conducting to raplidly restore the d.c. level ready

for the next pulse.
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The batteries used were very small for compact construction
and to minimise stray capacitance, consequently they had a shelf
life of about one month and only a limited total available charge.
To extend the life of'the batteries a circuit was devised in
which the battery is isolated from a buffer capacitor by a low
voltage Zener diode, so that after a number of pulses the capsci-
tor is charged to the sum of hattery and zener voltages, Bias
is provided to the valve from the capacitor, and excess grid
current is then fed back through the batteries which extended
their useful lifetime to approximately nine months.

Serieg switch operation. The operation of the pulse output

stage is initiated by the amplified clock pulse. The grids of
the series switch valves V5, V6 and V7 are driven positive with
respect to their cathodes, bringing the valves hard on. As the
output potential rises, the grids follow as the grid to csthode
voltage in maintained by thé output of the pulse transformer.

The screen grids cannot simply be connected to the anodes

in triode configuration as the valves must be cut off between

k

pulses. However, the screen must rise to the anode voltsge dur
ing the oulse otherwise the valve gain will drop andlthe output
will not reéch the positive ﬁT line. This is achieved by bias-
ing the grids through a high voltage diode. Capacitive coupling
within the vélve takes the screcn voltage up with the cathode
and the diode becomes reverse biassed. As the screen overshoots
the anode voltage, high screen currents are dragwn which reduce
the screen potential to that of the ancde.

The series valves are now turned off at the end of the clock
pulse, with the output at the HT line voliage.

Shunt discharge operation. After the duration set by the
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pulse vwidth vnit, the ampli is applied to the

shunt discharge valves V8, V9 and V10, hege are driven into

grid current and the output voltage falls.

By choosing the screen grid resistors carefully, the anode
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Tall time has to be tvoleratea. Conversely, with the resistor
too small, excesgively high screen currents prevent the anod

voltage dropping and may damage the valyes.
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As the outoput voltage falls the screen grid voltage of valve
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V5, V6 and V7 will fall alsgo until the diode becomes forward
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DI18SSEel. ne series reslisivoy then serves to limit the maximun

diode current and prevent its destruction,

At the end of the delayed pulse, t
s .

are turned off, and the screen voltage is restored through its

;or. The pulser is then ready for recycling.

3.5.7_ Pulse Generator T
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The pulse generator came very close 10 meeting the required

specification 4@ d

jiccussed above.,

Rise and fall timeg of 100ns were obtained though the shori-

est practical pulse duration for full amplitude was about 150ns

measured at half maximum amplitude. Repetition rates were
linmited to 250kHz by excessive power dissipation in the valve
V2 of the clock pulse amplifier, though this rate could be varied

over the continuous rarv down to 1H=,

3
{

Pulese amplitudes of 1kV were achizved between the =300 and
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+450 volt lines available. Larger pulses wvere obtained by runmn-~
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ing the HT line from a C - 2kV, ®mA supply, which placed severe
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are turned off, and the screen voltvage 18 restor ed through ite

series resistor. The pulser is then ready for recycling.
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The pulse generator came Very close to meeting the required

apecification discussed above.
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limitations on the repetition rates due to its limited current

_>capability.

Photographs of typical output pulses taken from a Tekitronix .
type 545 oscilloscope are shown in Fig. 3.10. These illustrate
the good pulse shape obtained, and very short rise and fall times.
Also included is g trace of an output pulse with timing pulses

superimposed to illustrate the timing sequence.

3.5.8. High Voltapge Bias Unit

This unit provides a d.c. grid voltage derived from the main
EHT supply, onto which the high voltage pulses may be superimposed.
The circuit is shown in Fig. 3.11.

Resistor chaing were wired directly onto Vafcr switches
made in the laboratory from perspex, which gave high voltage
isolstion up to 15kV, and had two wipers.

Using the circult of Fig. 3.11, a continuous and uniforn
variation of d.c. bias voltage is possible with coarse medium and
fine controls.

. Incoming pulses are transmitted to the bias voliage through
a d.c., isolating capacitor, and added to the bias voltage. Dur-
ing a pulse, the diode isolates the output from the bias chain,
80 that the pulse generator is not loaded. No deterioration of
the pulse wavelform was detectable when connected through the
biasg unit.

The avplication of the unit as shown in Fig. 3.6 could be
either in conjunction with the pulser, or simply to provide a

d.c. control bias without the pulse input.




CHAPTER 4

. TJT)IH (\ ‘_«7 ) 1N THE F CR( _‘.'7“(\1’1:
4.1 Cold ssion
{ SN " 8 B ke ovibs
(a) (b) ', Barly experiments performed in the FEM were designed to test

‘ the field emitiers, and to gasin practical experience in their
operation. Initially no other clectrodes were introduced to the

th cold field

vacuum system, and experiments were perforn
i 1 > 4 + ~ T o« aviallsr vy oy
emission only. Pressure in the microscope wasg usually better

than 1 x 1Ou9toyro

reliminary Bxperiments

]

When the first emission pattern had been obtained and the

conditions for cleaning the emitter by resistive hee

¥ )

lished, the instrumentation describ

(c) (d)

vas progressively developed.

The characteristic (110) tungsten emission pattern was

clearly recognisable on the phosphor screen and was recorded on
the %5mm camera.

A recorder was set up to monitor emission current. Typical

= LN3YdND

- i
¢

results showing the rapid variation of emission current and

/(C) (dk

vl
NOY¥12373 1V1OL

pattern for the field emission diode are shown in Fig. 4.1, in

0 100 200 300 400 which the patterns (a), (b), (¢) and (d) refer to the points

TIME - seconds
marked on the plot of current variation. This result was obtained

under constent voltage operation immediately after flashi the

emitter. The fall in emigsion current is due to the steady

¢
c

sdsorvtion onto the clean surtace of the emitter of residual

Fig 41 Cold Field Emission - Time Variation

4 v Blvrn v @il diim Ao dedomsasn 2.8 & & i O o o o ) Twp Y et o
‘ atoma, The emissicn pattern is also affected by loss of
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2100 | o ©

brightness and definition.,

Addition of a resistor bleed chain from the EHT unit enabled

the diode voltage to be directly recorded. This enabled resulis

2000+ Emission | O\__,/
Voltage

ghown previously in Figs. 1.2 and 1.3 to be obtained.

=221

It was found that an emission current of a few microamps
1900 10 could be drawn for sbout an hour before it started to increase ‘ ‘

due to surface roughening from ion bombardment. The emission 4l

current became increasingly irregular and suvdden small but sharp

rises in emission current could be correlated with the apnearance

1800 Temperature

of bright svots in the emission pattern.

If the emission were allowed to continue the current built 1

up until discharges occurred, and the emitter wag destroyed.

17001

4.1.2 TMiashine of Enitiers

Providing emission is stopped before the onset of vacuum

arc conditions, it may be reformed by "flashing". This name has

1600

been given to the process whereby the emitter is heated to about

2000K, which is sufficient to evaporate adgorbed gases, and

- ainiesadws] pue uoissiwg yri| 1oy sbeyjop

1500

increage the mobility of the surface tungsten atoms. Irregulari-
ties caused by ion bombardment are smoothed cver by surface ten-

vy

sion effects, and a clean, hemispherical tiv results.
|

1400

n v emitter, passing a current of about 2 amps through its support
Q] - loop. .
2 - ' - ; :
10CX3 : | The process vwas investigated by passing a predetermined

heating current through the support for a fixed period of 5 seconds.

The flashing was accomplished by resistive heating of the ' ‘

Current/voltage chsracteristics were then determined and this

L

30 ! I I L | I
12(){1.7 18 19 20 2. 2.2

Emitter Heating Current - Amps:

was repeated with the flashing current steadily increased. Typl- l

cal variation of the voltage required for 1 pA emission is shown

as a function of flashing current in Fig. 4.2. )

Fig 4.2 Effect on Emission of Flashing Temperature
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When the flashing temperature isg increased, the voltage for
emigsion decreases rapidly as the emitter cleans, At the first
minimum all contaminants have been removed except oxygen, which
has a high binding energy on the (100) faces, and serves to
greatly enhance the emission. The (100) faces therefore show
very strong emission under these conditions, Further flashing

at higher temperatures removes the remaining adsorbed oxygen and

the voltage increases correspondingly as emission from the (100)

regions drons.

The reason for the second minimum is not certain, but the

drop in voltage may correspond to a lowering of work function on

gome other faces as the last traces of adsorbed gas are removed.
Higher temperature flashing permits the emitter to become
more blunt under the action of surface tension forces with very
- high surface mobility. No further clesning resulis, and conse-
quently the emission voltage starts to increase. Clearly the

optimum flashing temperature is that at which the.emitter becomes

atomically clean, but gerious blunting does not occur. For this
emitter 2,154 is avwpropriate, corresponding to ZOQOK. |
The optical pyrometer was used as a measure of temperature |
in s separate exveriment and the results are also shown in Fig, 4.2.
No attempt was made te make an absolutecalibration of tempersture

by correcting for the emissivity of tungsten, nor for the pyrex

glass window throuvgh which the emitter was viewed, as this was

not necessary for experimental purposes. The sitvation ig further
complicated zs there is a temperaturc drop along the shank of the
emitter which cannot readily be determined, though some estimates

of its magnitude have been made, Swift (1960), Martin et al (1960).

Since this effect tends to cancel the first two, the measurcd
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gemperature ig not greatly in error and is probably within the
range + 50K,
The flashing period did not seem to be critical and five

seconds was found to be satisfactory.

4.2 T-F Fmission
The T-F mode of operation revorted by Dyke (195%) offers the
possibility of stable emission by electron tunnelling which does
not require UHV conditions. Drechsler, Cosslett and Nixon (1958)
sugegested that stable T-F emission is possible in vacua as poor
as 10'4torr, with current densities of 108A/m2. Thus an early

investigation of this form of emisgion was considered to be highly

desirable.

4.2.1 T-F Fmission Characteristics

The T-F emission mode may readily be estsblished by reference

only to the emission pattern.

Cold ficld enission from & clean emitter has poorly defined
boundaries between low and high work function faces. When the
emitter is flashed a near hemispherical end form results in which
there are no sharp boundaries. Thus the emission pattern has &
Yeoloud Like" or "cotton wool" appearance.

Ag the emitter temperature is increased a sharp transition
takes place in the pattern and distinct boundaries develop which
are characteristic of the T-F mode of emission, This corresponds
t0 a reformation of the tip under the action of the high electric
field in addition to surface tension effects, when some crystal
faces grow at the expense of others. The faces which grow are
generally those having a closer packed gtructure with high bond-

ing energies and consequently high work functions, The junctions




between these faces usually have lower work functions, also the

gsurface electric field is locally enhanced thus most emission

comes from these regions. This effect may be seen in the emission

pattgrn reproduced in Fig. 1o

In particular, the (111) face enmits strongly under T-F con-
ditions and is very stable due to the relatively close surface
packing., This orientation of emitter wire is therefore very

attractive for electron optical applications of T-F emission,

4.2.2 T-F Emisgion Stability

The dgtability of T-F emission with 'respect to its tolerance
of relatively poor vacua is obtained by operating at a suffici-~
ently high tewperature that a favourable equilibrium is estab-
lished between residual gas‘adsorption and fe«evaporation, also
to the rateof ion bombardment damage to the tip and its repair
by mobile =urface atoms of tungsten.

Unfortunate]yy surface mobility increases very rapidly with

temperature and brings with it problems of stabilizing the

emitter geometry. Two opposing effects are present, namely bluni-

ing of the emitter due to surface ftension, and emitter build-up
due to the electrostatic field. Dyke et al. (1960) have investi-
gated these effects in detail, and under certain conditions they
may be arranged to exactly balance. Thus enabling stable T-F
operation at over 2000K, However, under normal conditions the
presence of an electric field large enough to draw T-I emission
is sufficient for build-up effects to predominate. Thus, the
operating temperature should be as low as possible consistent
with maintaining a clean emitter.

In practice, 2n operating temperature of 1800K (uncorrvected)

has been found satisfactory, and stable operation has been achieved
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Fig 43 T-F Emission - Time Variation
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ral hours with many different emitters. The

emission is illustrated in Fig.4.3, which is
directly comparable with Fig. 4.1 for cold field emission.

The maximum pressure under which T-F emission may be drawn
depends on many factors including the tolerable emission current

variations and the operating temperasture. In practice it has
< R

been found to be very difficult to maintain T-F emission at 1800K

A
\

(643

Sl

e

- . =04 . R S T
at pressures higher than 10 “torr, and at this pressure the

]

emission current under constant voltage conditions suffered ran-

dom variations of typically + 10%. This pressure must therefore

be taken az the worst under which a T-F emitter may be satisfac-

torily opcrated.

4.2.% EBstablishing

1 in

The F¥M provides an ideal environment for performing experi-
nments, aé a large asnount of visuzl information is available from
the emisgion pattern. Thus, as described above, it is relatively
straiehtforward to set up T-F operation by observation of the

pattern. Howvever, in a practical application, it is very un-

likely that it would be possible to observe the emis

[6>]

ion patter:

up the

directly, and alternative means of setting
mode wers develoned.

At £irst it was hopedthat it would be possible {to make
emitters reovroducibly, so that their temperature could be set by
reference to the heater current, as is common practice with ther-
nionic electron microscope hairpin filaments. It was somewhat

2 L 4.1

surprising therefore when emitters operating in the region of

U

N ! T ~ % 3 o4 - ~ 5 e e o o N > “ o7 o, &4 - o+
1800X showed temperature variations of + 10% for the same heater
current. However, the thermal losses &t the tip are largely due

50 that smaller variations of
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temperatures occur . for thermionic emisslonattypically 2,700K.

The temperature of emitters may, however, be set very accu-
rately by observation of the emission current/voliage character-
istics, The plot shown in TFig. 1.4, for a T-F diode, differs
from thesimiliar FE plot by the existence of a small, almost con=
gtant emigsion current st low applied voltages. This plateaun is
due to thermionic emission from the relatively large bulk of the
suoport filament. The emission density is in the region of
lA/m2 and gives s thermiorniic current of a few microamps for the
enitter geometry used. It is a senaitive function of temperature,
thus thig may be set by applying about 500 volts to the diode
and increasing the heater current to give a thermionic current
of tyvpically % ph.

WVhen the applied voltage is further increased the surface
field at the tip becomes sufficient for tunnelling to take place,
and the steep rise in the emission current occurs with the simul-
taneous aopearance of the emission pattern on the screen., These

effects are characteristic of emission by electron tunnelling.

4.2.4 Relative Stabhilities of Crystal Faces in T-F Emigsion

An imvortant feature of the T-F emission mode is the marked
variation in stability of individual crystal faces, as judged
from the emission pattern.

a) The most stable crystal fece vith a large emission current
density 1s (111). This is largely as exzpected due to the high
degree of symmetry of the orientation, relatively close packing
and hence high binding energy of the surface structure.

b) Bome faces, particularly those in the region of the (111)
face, appear and disavpear from the emission pattern in a random

manner,
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¢) Under poor vacuum conditions adsorpition occurs on the

(100) face, this may be limlted as discussed above by raising the

3
emitter tempverature. However, under adverse vacuum conditions

emission from this face may become very intense and erratic, and

+

sanse emitter destruction.
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These observations, which relate 10 macroscople variatlor
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in the emission pattern, will be supplemented 1in secvion 4.5 with

measurements of emission from selected crystal faces. »uch mea
A .

gurements are relevant from the point of view of the noise which

generated by a T-F

would be introduced into an electron be

gource.,
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4,3 Tri

I .

Gun _Configuration

3 “ s 4.2 - 2 s tyier Piall Ad st oy alon
From practical considerations of using I ield emission elec

tron sources in electron optics, the diode configuration 50 Ias

3 . . 4 R S, . «d ~wi LPawam +hae Tndor
congidered has distinet disadvantages. These stem from the intel

devendence of cmitter radius, emission current and the operating
voltare. Tdeally, a field emigsion gun is required which is cap-
cble of overating at any voliage suited to the spplication, and

7

in which the emigsion current may be varied independently.

This hss been achieved, at least partially, by the develop

s : . 3 R . K L S (NIF. [ I, VRSt~ =3 T L

ment of the triode gun configuration showrn in Fig. 4.4, TH
di€fers from tho dicde by the inclusion of an add itional elec-

trode which performs the function of a control grid. Although

as poverned largely by practical mechani-~
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the design of the gr

- . ) 3 e o s . o~ Aatwmtaty 44a Y Y e
cal congiderations, an sttewmpt has been made TO mainvaln iLs Sy
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faee eclose to that of a diode equipotential in order to minimise
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deviation from the diode field struciure,
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directly onto the tungsten leadthroughs OI the glasg insulstor,
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ficient clearances verd allowed to permit alignment ol the
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grid with recspect to the axis of an emitvier tip by manual adjust

ment, when it was clamped into position by its fixing screws.

In practice the height of the filament tip with respect to

o - 4 - N & < T PPt 2
the exit plane of the grid was found to have 1i%v tle effect on
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T ’ . saanrrad T wR vy ek N s Elvas
the performance. Thus the tip was normally adjusted to be the

. . ¢ . s 4.3 = ~ - ~ 3 & = o o F 3
exit plane of the grid, and this position could be easily and

accurately set.

4.3.1 _Field Emission Control Character:

) R SAAAIEE AR
The pgrid control characterigtics were conveni ently produced

¢

¢4 3 S - evat A wral $a o PIT ] e At ant d a
in practice by monitoring the grid voltage using a po tential

B

05

divider. Typical cur: nt/voltage variation is shown in Fig.
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wvith the emission patterns cori esponding to the emitter ovoven

1.%/. Over the range of voltages investigated, emission
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was estzblished with the grid 2-%kV positive with respect To the

¥n 4 s 1 x 3 N ™ ey % ravriatyd an £ Y
emitter, and this varied only slightly wi th variation of the
oversall gun voltage.

The performance may be described in terms of normsl valve
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parameters. As an example, for operation at Va=bkV, TI=10 jiA, these

would he:
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pn = T x 1077 A/Volt
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L 8 = 5 x 10 ohms
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ith an estimated accuracy of + 10%,
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The effects of varying the overall gun voltage on emission
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pattern can algso be seen in Fig. 4.6.
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a) The size of the pattern is reduced as voltage is increased.

Gomer (1961), has reported that in a typical diode confi uration
9 J &

the emission pattern is compressed to approximately 2/ 3 of its ‘

<

theoretical size. This effect ig due entirely to differences in

the actuzl electric fields and the ideal case of epherical sym-
metry about the tip. In the triode operating at higher voltages
the axial component of electric field is enhanced, leading to

-4 kV (b) -5kV ©) -6KkV additional pattern compression. ’

b) Brightness of the pattern increased with voltage due .0

. » higher phosvhor efficiency. ’

¢) The definition in the enmission pattern ie considerably

.
- - - improved and considerable extra detail becomes available at

‘ . higher voltages. This is important as it indicates that the

- " emitter surface is being imaged at higher resolutions, and con-

“‘ . sequently the triode structurve is not introducing severe aberra-

@) -7kv () - 8kV é tions into the systen.

These proverties of the triode structure sugeest applicatione

it 30 ’
Al o & ; e ‘ . in the fields of conventional Field Emission Microscopy where the
it o . _ ‘
I S| @ ® © @
[ f 2) ) 5 & § ¢ - . a P . 3 |
} | £ § 1| Sk SR S B . : imnroved resolution theoretically obtainable with higher voltage
{1 g - .
L . £ : operation would be advantageous. Also, the possibility of in-
: | | (_1' 101
3 Hl \ o proving 1light yield at higher voltages could be very useful in
il | | s 8
111 ‘ 0 : Pield Ion Microscopy. The use of a similar system has been re-~
| ‘ 0 30
’ i | -7 -8 -9 ;
il ‘ GRID POTENTIAL KV ported in the literature by Garber (1959) with the additional
Il | )
;2 |
i '{‘, | facility for the image gas to be introduced inside the grid, 50
|
! increasing ion yields while at the same time maintaining an ad G-
i

F:|g 46 T-F Emission in the Triode SyStem w quately high vacuum in the imaging region.

igssion Control Characteristics

i Behaviour in T-F emission mode is essentially similar to the

‘ o cold field emission. This may be seen from Fig. 4.6, which shows
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Fig47 T-F Triode with Emitter at -8kV
Effect of Varying Grid Potential.

T-F emisgion characteristics for comparison with

Pig. 4.5.
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The characterigtics differ from the field emission case in

- £

a similar manner to the diode, with the addition

low fields which has beén attiributed %o thermion

- : i , s e an
the support and heating filament. This is fTurthe

-~

measurements of grid and ancde currents separate

all of the thermionic current to the grid
to the anode., At higher fields on the V¢

s s sk o o . R B . P TR - N
characteristics almest all of the current flows

little extra to the grid. Indeed, the anode cur
tica would be very similar to those with cold fi

n " G ' 8o 2 O R NE, . N
Bxtremely interesting patterns result from
the two types of emission. This is illustrated
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Schottky enhanced thermionic mode with negatively biassed grids,
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or at temperatures much in excess of 20007K when thermionic

emission would lead to excessive emigsion currents and rapid

emitter blunting.

4.4 Measurecments of the Lifetimes of Field Fmittersg

The lifetime of a field emitter is the time for which emission
may be drawn before the emitter needs to be flashed in order to
repair the effects of ion bombardment damage.

. Previous reported work on measurements of emitter lives by
Dyke and Dolan (1956) has been concerned entirely with extending
the lifetime by improving onerating conditions. Thus pressures

9torr, vhich represents

used were considerably better than 107
aporoximately the best vacuum which could be obtained in a readily
demountable instrument using a field emission gun.

)mlotorr could

Operating pressures down to about 2 x 1(
be obtained in the FEM. For the purposes of experiments these
could be deliberately worsened by lealking gas into the system.

i

Pressures up to 107 "torr have been produced in this controlled

manner for the ezperiments described below.

4.4.1. Lifetime Criterion

When operated under constant voltage conditions, the emission
current of a field emission diode or triode shows considerable
variations as chown schematically in Fig. 4.8(a). -Results of this
kind are not readily given a meaningful interpretation. The
initial current is high and 111 defined, also it provides little
useful guide to the subsequent minimum emission current, making
controlled experiments difficult to set up. Towards the end of

the emitter lifetime, ion bombardment dawmage becomes gevere and
¢ ]
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current increasses rapidly, wvhich if allowed to continue would

result in total destruction of the emitter tip.

It was necessary therefore to define the emitter lifetime
in a way which allowed controlled experiments to be carried out.
An experimental method was developed which proved satisfactory

and gave reproducible results, it is illustrated in Tig. 4.8(h).

Tor example, it is intended to determine the lifetime of an

emitter at emission current I. The current ig initially set at

this level which is maintained by increasing slightly the emitter

0]
~—
0]
©
i
5

voltage (or grid voltage in the case of.triode operation). When,

'\\\(3\\~
|
6

Operating Voltage - kV

however, the emission current gtarts to increase duve to the cumu-

lative effects of ion bombardment no further alteration of the }

!
VA

conditions ig made. The period of useful emission, or lifetime

is thus defined arbitrarily as the time taken for the emission

current to increase to 50% higher then its set minimom level. The

emission is then stopped before the emitter is destroyed.

e <)

/ 4.4.2 Variation of Lifetime with Voltasge

Some early exveriments were performed to determine vhether

L

lifetime would vary significantly in the triode system as the

oversting voltage was increased from the inherent diode operating

veltage.

ERTEEF AR TS s o

The results were obtained for lOOJIA emiogion current and

are shown in Fig., 4.9. In order to reduce lifetimes to practical

A4 -]

o ‘ ' levels vhich permitted a number of experiments to be carried outl,

the pressure was increased to approximately 2 x lO-Btorr using

2000—
1000

L!f@‘t!me . S@ands ! the leak valve., Unfortunately, the mass spectrometer was not

available at this stage and pressure monitoring relied on the pump

control gauge and a Bayard-Alpert gauge which usually differed by

R N I =~ HE N oo & 3 g A . - 3 *antas I o N I o 3 S L T s ~ VO or e 3 LI O
Litetime Variation with Op@ ating \/(_)hage ‘ a factor of three in their readings, thus an average value was
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taken to set the pressure. The nass gpectrometer was later uoed
t0 measure pressure, when it was found that large variations in
the residual gas levels were possible using the setting up tech-
niques described above. Thus there were larger variations in the
operating conditions in this initial experiment than were achieved
in later experiments.

On the basis of the results shown we can therefore conclude
only that there is no appreciable change of lifetime with opera-
ting voltage over the range considered, though there is evidence

of a slight trend towards shorter lives at higher voltiages.

4.4.3 Varistion of Tifetime with Emission Current and Precsurs

Experiments were carried out to measure lifetimes under con-
ditions of varying emisgion current and operating pressure. The
experiments recorded here were conducted st 5.0kV with the tricde
geometry. The total pressure was measurcd during operation using
the nass spectrometer by summing the partial pressures of resi-
dual gases,

Results are plotted in Fig. 4.10, and show that greater life-
times are achieved at lower emission currents, and lower opersting
pressures. In order to be able to operate forseveral hours with-
out flashing emitters, pressures in the region of 1 x 10"9torr
must be obtained, and emission currents must be limited to about
20 Jhe

On the basis of the results the following empirical relation-
ship was derived for the variation of lifetime with both emission
current and total pressure:

b= 03 307 % 3_0‘2/10'22/
where L 1s lifetime in seconds, P is pressure in tdrr, and I the

current in amps.
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4.4.4 Tactors Affecting Lifetime

The empirical relationship derived above doeg not lend itself
to any obvious quantitative theoretical explanation for the vari-
ation of lifetimes. Since emitter damage is caused by ion bomb-
ardment or sputtering, it is a reasonable assumption that the
lifetime is determined by fhe removal of a given fraction of
emitter tip atoms, which would be substantially independent of
the rate of removal.

This sssumption is supported qualitatively by the resulis
given in Fig. 4.10, which show that increased emission curvents
and increased operating pressure, wvhich both increase rates of ion
bombardment, also reduce lifetime. To a lesser éxtent, operation
at higher voltages,vwhich tends to increase sputtering yields, pro-
duces as a slight reduction of lifetimes as shown in Fig. 4.9.
Further experimental evidence comes from the observation.that
lifetine measurements carried out simultaneously, and under very
similar vacuum conditions, showed an approximately reciprocal
relationship between lifetime and emission current.

In order to investigate more fully the mechanisms determin-
ing emitter lifetimes, an attempt was made to take into account
the sputtering rates of the compgnonts of the residusl gaces vhich
were present when the results shown in Fig. 4.10 were obtained.

A large number of experimental measurements of sputtering
rates have been collected together in an article by Maissel (1966),
and where necessary these results have been extrapolated for
operating at 5kV. Additionally, as a sinple check, a classicsl
model of gputiering has been considered based on a calculation of
the energy imparted to stationary tungsten atoms by moving ions

of differing masses. The values obigined by the two methods

=

were in good agreement.

(

e S LU 51 =1
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Unfortunately, there was little or no improveﬁent in the
correlstion between the measured results and operating conditions
with the sputtering corrections included.

The above considérations have not taken into account the
following three important factors:

a) Equilibrium levels of adsorbed residual gas atoms on the
anode surface, which will depend on the nature of the anode and
the constituents of the residual gas.

b) The probability of creating an ion by electron collision

on the anode surface which will again depend on the actual gas
atons,
¢) Trajectories followed by the ions in their bombardment of

the emitter, which will depend again on the msss of ion.

Fach of the above would be very difficult to assess quanti-
tatively, and hence would add little to the value of the results
even if such a complex analysis were possible. The experimenis
1 : revorted were carried out in a wide range of facuum conditions
which are tyvical of those which would be found in a practical
application. The reader is therefore referred to Fig. 4.10 direc-
tly for an estimate of emitter lifetime under particular opera-

ting conditions.

4.5 Meagure

The dynamic eff

e of Fmission Noise and Stability

B e e smar=rmr B

Hy
I’D

ects of gas edsorption and ion bombardment
taking place on the suvrface of a field emitter cause continuvous
variations in the electron emiscion current. Thege variastions .
may be considered as emission noise, and in a practical applica-
tion would result in noise cn the electron beam.

Meagurements of ithis noise have been made in the FEU by
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monitoring the emission current, and by observing the emission
pattern weing a photomultiplier. Direct monitoring of the emig-
gion current has the advantage that it is very simple, but is
limited to the bandwidﬁh of the recorder, d.c. to HO0Hz approxi-
mately. Observation of the emission pattern by means of the
photomultiplier is capable of a high bandwidth, in this case
approximately 50kHz, limited by the screen phosphor resvonse.

Also, it has the advantage that the screen may be masked off so
that only the intensity due to a small srea on the screen is moni~
tored, thus relative perforhanceﬁ of individual crystal faces may

be conpared.

3

of Field Bmission Noisge

St

A.5.)  Spectral Analysis

Using the photomultiplier technique to observe emission, the

“output current was fed directly to a wave analyser. The regults

s P o "
of experiments performed at 5.0kV in a pressure of 1 x 10 )torr

>

are shown in Fig. 4.11 as a plot of spectral noise density, en(if)f
for various emission currents, and normalized to a mean slignal
level of one volt.

It may be sgeen that for frequencies above 10Hz there was

little varistion with emigsion current, and the noise voltage

showed a variation with frequency described approximately by:

en(f) = 1x102 0.8

s
vhere en(f) is in volts/(Hz)?, f in Bz.

We may therefore calculate the rms noilse voltage, E, due to
frequencies higher than 50Hz which would not be included if the

current variation were plotted directly on the recorder.

(+74)
l)
Thus B = / e 2(2) af
5CHz
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whence E = 1.6 x 10'4 volts
This contribution is so small that it would notvbe detectable on
the recorder, which would show typically 5% peak to peak noisc
under these conditions, and therefore would give a true represen-
tation of the emission noise.

An interesting feature of the results shown in Fig. 4.11 is

that only for very low frequencies, ie. less than 10Hz, is there

~

any systemstic increase in noise with increasing emission current.
This is to be expected for noise resulting from ion bombardment
of the emitter.

Adéorpﬁion and desorption of residusl gas nolecules from the
emitter surface will slso contribute to the emission noise,
However, this effect depends only on the levels of residual gases
in the microscope and so will be substantially independent of
emission current.

We arrive, thepefore, at the rather surprising conclusion
that ion bombardment is a very low frequency event under these
operating conditions.

It is ypossible to make an estimate of the maximum rate of
iton bombardment of the emitter tip, by treating the anode as a
source of iong and using the conservation of brightness,

For operation with 100 pA fotal emigsion at BkV, a pressure

-~

. «1.0 __ P : : :
rise of 2 x 10 torr during emission would be typical. The ion

punp on the FEM was rated at 601/scc and this therefore represents

a totasl rate of desorption from the anode under the influence of

electron bombardment of:

60 x 2 .% 10 x 2.7 % 10%° = 4,3 x 1001
760 - molecules/gec

vhere 2.7 x 10" ig the number of molecules of & gas in one litre

at N.T.P,




Redhead (1970) has reported some cxperimental measurements
of lonization and desorption cross-sections for some adsorbed gags
systems in connection with the operation of ionization gavges, in
vhich electrodes are bombarded by electrons with energles of
sprroximately 200eV, The measurcments show that the formation of
one ion for every 50 neutral atoms or molecules desorbed,is typical.
The ion energies range over about 10eV,

Taking the figures given above, we may calculate the bright-
ness of ion source after acceleration to the emitter potential of
5kV. Tor an effective anode radius of 50mm, the briéhtneﬂsp B,

is given by

>

B = (4.3 x10%/50) x5 x 10’

B B e

7 aPsd
T % (5 x 1079) 10
= 1.7 x 10M ions/sec/mg/sr.
The nmaxiwmom flux of ions, n, which can be concentrated into

the area of the emitter tip, A, by an ideal focusing field is

given by the conservation of brightness:

1 B AL

vhere .O.is the solid sngle subtended at the emitter surface equal

to 2w sr. 'Thus for an emitter radius of 100nm

2
n = 1f7Xl&4 % TTCLXIUJ) x 27Tr

whence n = %% ions/sec.

—t

This estimate is in good sgreement with the experimental

results of Fig. 4,10 which suggest rates of about 5 ions/sec.

4.5.2 Bffects of Enitter Agine
ner Aging

An emitter was artificially aged in the FEM by drawing d.c.

3

“field emigsion for one half its cstimated lifetime at 100 pb, at
9
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5kV, in a pressure of 1.0 x 1079

torr. HResults showing emission
noise as a function of emisgion current at the same
pressure are given in Fig. 4.12, both for the ag
for the same emitter immedistely after reflashing.

As may be seen the emiggion noigse hasg increas
of about four

times with the aging procegss. It is surmized thai

as a result of cumulative damage, areas of the surface

AN
—d

rough causing enhanced local fields. This leads not only to en-

hanced local emission but alsc to the increased probability of

ion bombardment in these areas, the combined effects tending to

increase the emigsion noige.

o

typical of noise varietions

4.5.3 Bffects of Heatineg the Emitte:x J
The plots shown in Fig. 4.1% are

|

)

with temperature for emission at 100 pA, S5kV in a total pressure

of 1 x 10 gumrr In the figure both total emission, and emisg

from the (111) face only are considered.

It is not until the temperature approaches that necessary

for T-F emission that significant changes occur. The rapid in-
crease in noige on the total emisgion coincides with increased
brightness of the (100) face due to adsorbed ox yeen. At similsr

temperatures the (111) face exhibits sudden changes in noise level,
which are almost certainly associated with residual gas desorption
and emitter geometry changes
that the noise levels

operating pressure.

Variations with Operating Pressure snd FEm

Measurements of emission noise have been made over a wide

range of operating pressures and emission currents. The results
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are presented in Fig. 4.14 for total emission, and for emigsion
from the (111) and (310) faces.,

As may be expected with this type of experiment there ig con-
giderable variation between measurements taken in spparently simi-
lar conditions. As a resulf it is possible only to give an approx-
imate value for the emission noise to be expected under given
operating conditions.

For lowest noise operation in a microscope operating in £00d
vacuum conditions (10" %%o0rr) the (310) orientation has lower noise
levels than the (111) orientation. However, a peak-to=-peak noise
level of apvroximately 10% (4% rms) must be tolerated.

Generally, the noise increases with increasing operating
pregsure, though it does not appear that at very high pressares
(10‘7torr) the noise reduces. This effect is alwost certainly
anomolous as the frequency of ion bombardment must increase with
pressure, and would thus have been ovtside the bandwidth of the

recorder.

4.6 Pulsed Pmission

The pulse generator used is described in the previous chapter.
Pulses of 1.0kV smplitude were applied to the control grid of the
triode field emission gun.

Operation in the pulsed mode did not differ significantly
from normal d.c. conditions. Pulses vere applied to the grid and
the positive biasg increased uwuntil emission was established.
Wmission natterns were as obtained under d.c. operating conditions.

The outvut voltage swing of the »ulse generator was unfor-
tunately not guite large enought to take emitters from cut-off

into high enission levels. Tor a duty cycle of 0.1, and mean




50pA Emission
10% Duty Cycle

emission current of lOOJIA, there wounld be a d.c. etanding emis-

10 gsion current of approximately S\VAG Thus the 1kV pulse would |

take the emission current firom 5J1A 1o 1lmh.

Illl]l

Peak current levels of an estimated 1OmA have been achieved i
for 150ns duration pulses at 100kHz, giving mean emission levels

of 200 pA, with a standing d.c. current of approximately 50 pA.

4.6.1 Tifetime of Pulged Emitters

J0}oB4 JUSWSOUBYUT SWiapT
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Experiments were normally performed in relatively poor vacua - ’

in order to reduce the lifetime to more practical values, the ‘

pressure being conirolled by lesking air into the system. As

01 1 10 A

exact experimental conditions could not be reproduced from day Lo

f . 05 | Ll ] Lol
Pulse Duration - psec.

day, measurements of lifetime under d.c. operating conditicns were }

made as o basis of comparison for the pulsed ezperiments. }

To investigate the variation of lifetime with pulse width I

the mean emigsion current: and overall accelerating voltage were ‘
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kept constant at 5C pA and 5.0kV respectively. By keeping the

duty cycle constant at 0.1 also, the possibility of effects due
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The most satisfactory explanation for the observed experi-
mental phenomens involves a delicate balance of two factors:
- 1) Ton trangit times from the anode, where they are genera-~

ted, to the emitter are épproximately l‘Psec. Thus, operating
with pulsed emission for 1 psec, and then considerably reducing
the field at the emitter has the effect of defocusing the ions
and go reducing the ion bombardment damage.

2) Ton decay times are approximately 10 psec ~ so that opera-
tion at repetition frequencies higher than 100kHz introduces the
possibility ofvsevere bombardment by ions generated during the
previous pulse. Recovery times of hydrogen thyratrons, for
example, are typlcally in the 10 psec range, and may be reduced
by negatively bizssing a suitable electrode to act as an ion
collector., The grid of the FE triode would perform this function,
and being hichly negative éould be expected to remove the much
slower ions ﬁresent in the system (up to mass 28) in the same
order of time.

Experiments were conduvcted to test these hypotheses:

a) Operation with 1.0 psec pulses at 200kHz gave a lifetime
ratio of 1.56 showing 1little enhancement of lifetime, thus sup=
porting (2) above.

b) Pulses of 3.0 psecc at 100z also gave a ratio of 1.56
which does not differ significantly from experimental results at
30kHz. This supports (1) above indicating that the repetition
frequency has little effect when the vulse duration is greater
that ]Alxsec.

Unfortunately, time was not available to persue this investi-
gation further. However, it is clear that a significant enhance-
ment of emitter lifetime is possible by use of pulsed emissicn.

Further experiments are necessary to cstablish more precisely the
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required overating parameters.

4.6.2 Woige and Stebility of Pulsed Fmission

Noise on pulsed emission shows a marked dependence on pulse
duration. A series of experiments were performed at 5.0kV under

good vacuum conditions of 9 x 10™10

torr. Emission noise was

measured under pulsed operation at 100kHz and varying pulse dura-
tions. Results afe plotted in Fig. 4.16, for mean current levels
of 50 and lOOJlA. {

There is a very significaﬁt change in the noise levels at
pulse durations of about 400ns. TFor slhtorter pulses the noise is
greatly reduced.

Tt was first thousht that this effect might be due to resis-
tive heating of the emitter under the very high peak current con-
ditions. However, no sign of this effect vas observed, either
by directly yiewing the emitter through the pyrometer telescope,
or from changes in the emigsion pattern. If the mechanism for
the noise reduction was due to heating of the emitter, this could
only be brought about by the establishment of T-F operating con-
ditions, when the emission pattern would have shown marked
changes tynical of T-F operation. However, no such changes to
the emission pattern occurred.

It is most brqbable that the noige reduction corresponds o
a reduction in level of ion bombardment of the emitter. This
sunports the explanations of lifetime enhancement for short pulses,
and suggzests that ion bombardment is substentially reduced for

pulse durations of %00ns or less.

4.7. Conclusions

The results obtained from the FEM have demonstrated its use




not only for developing and understanding the basic techniques of
operating field emitters, but also as a versatile test bench for
more fundamental experiments to examine the triode system, el g«
sion noise and emitter lifetime, and the effects of pulsing. The
principle adventages of the instrument were derived from the
ability both to operate in controlled UHV conditions and to see
the emission pattern. All but very few of the experiments would
have been imposcible in the optical column,

Towards electron optical applications, techniques have been

devised both for flashing emitters, and for establishing T-TF

enission directly from the current/voltage characteristics of

emitters, without the need to first observe their emission patterns

in the FiM, Also the triode gun geometry has been developed,
allowing control of emission current and of operating voltage
which are substantially indevpendent.

Measurenents of emitter lifetimes and emission noise have
been made over a wide range of operating conditionsf an@ nay be
used to oredict these parameters in future designs of field emis-~
gion guns. In particular Fig. 4.10 gives the expected lifetimes
and Tig. 4.14 the noise levels.

Trom the results, two modes of operation appear promising
from the point of view of long lifetimes and low levels of ewmig-

noises

(9}
te
2
-

a) Cold field emission in a vacuum of 107 q rye, at up to
about 2OJ1A emission current., There is little relative advantage
from either (111) or (%10) orientations in this mode.

b) T-F emission in a vacuun of 10"7torr or better. Higher
levels of emission current may be tolerated, however, only the

(111) orientation is suitable.




The gecond mode of operation is important from the peint of view
of reducing the requirements of operating pressure necessary for
stable emission.

A more fundamental aspect of the measuremnnts of noigse and
lifetime is their relevance to the understanding of the mechanisms
causing them. In partiqular, there is the rather gurprising con-
clusion that the rate of ion bombardment is normally very low.

Experiments with pulsed emigsion in many ways complement the
other results, with measurements of reduced emission noise and
enhanced lifetimes under certain pulsed conditions. Unfortunately
it was not posaible to conduct a more détailed investigation of
the pulsed emission mode of operation. It is clearly necessary
to study further not only the effects of pulsing on noise and
lifetime, but also to determine more precisely the conditions

under which enhanced lifetimes and reduced noige occur.
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CHAPTER 5
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SCANFING E1

A

5.1 _General Concept
The basic regquirement of this instrument was to provide
the facilities for measuring the currents, diameters and bright--

o~
I

nesges of eleciron probes, formed from fleld emission, and T-F
electron sources.
The experimental method adopted was similar to that of Haine

and Binstein (1952), and is illustrated schematically in Fig. 5.1

A lens system is used to image the electron source, and sfter

Q@

passing through a defining aperture, the electron probe is scanne
seross a well defined edege to measure its diameter. Usually, the
profile is displayed on an ogcilloscope or chart recorder. Frobe
current is measured by collecting all of the beam in s Faraday
cage, and hence the probe brightness may be caleculated.

There are obvious similarities between these experimental
requirensznts and the final stapges of fthe scanning electron micro-
scopae, ot vhich the desien is based. Indeed, the SEM may be used

to mske brighiness measurements, Smith (1956). A particular

®

attraction of this design arises because of the small size of the

field emission electren source, which permits operation of a

single lens system as a high resolution SEM with little further

2

modification.

5.2 _Blectron Optical Considerations

There are important differences in the use of the Haine and

Eingtein method with field emission, as compared with thermionic




cathodes., These arise from the size of electron source, which

may be very small in the case of field emission.

5.2.1 The Conservation of Brichtness

Consider the optical system of Fig. 5.1 to be free of aber-

rations, By simple geometrical optics, the magnification of the

gource M, is given by:

| M & _36_1 = \"1 . ‘
e PLANAR v

il CATHODE
( The brightness of the image, B,, may be expressed as:

I/ (o> o) i

B2 =

Fig 5.2 Planar Cathode

{1 Where I 1s the current passing through the optical everture,

J ‘ ' Similarly, referring to the source:
|
|
I
l
|

il ? By = i// 2 2 l
il | (7T 5% T o) ,‘f
| ' |

| Vhence Bl = By, the brightness is consgerved, and the ]

brighitness of the probe is equal to that of the source,
In the presence of aberrations, however, the radius of the

image Ty is increased, I and 0(2 remgining constant. Thus the

brightness is reduced.

be2.2  Thermionic B

LR APAS R SO -

mission Cathodes

. In the case of thermionic emission, the cathode emits over

a large area and may be regarded essentially as the planar cathode

| (i | - shown in Pig. 5.2, F the anode, at - ial V wi respect
14 Y Fig: 5.2 rom the anode, at a potential V with respect
i SPHERICAL v : r BE A “
| | i CATHODE b to the cathede, the emission diverges with semisngle, o , where:
| ";
|§ : ; '
‘{JH sin of = - o for small angles
1l e : ‘ | |
i i erical Cathode . .
‘ ’. %\ F'Q 53 Sph‘ where th is the transverse energy of the emitted electrons.
T
|




The brishtness of an area of cathode, A, emitting with a current

density, jo’ is therefore:

Boo= e A
ol A

= J V.
v Vt

This places no restrictions on the area A, TFor thermionic
emission from tungsten the enitting area will have radius of {ypi-
cally 50 pm. Buch a large source may readily be imaged with
negligible aberrations and consequently no loss of brightness.

In the Haine and Einstein system, with a thermionic electron
gource, the magnetic lens contributes negligible abberations and

the full theoretical brightness may be achieved.

5.2.3 Tield Fmigsion Cathodes

The field emitter tip may be considered as a hemisphere of
radius, a, as shown in Fig. 5.%.
For a region near to the axis, emission appears to come from

a virtual source within the emitter tip of radius, »,

where o e

This cxoression is derived from an exact solution for electron
trajectories between concentric spheres (Gomer (1961) and Bverhart

(1967)).

=

Emission current I, within a semiangle o , is given by:

I L e a2

—
]
[
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whence Brightness B é

2 |

B =, T ol 2

R 2 et (i /y)

= d, v
TV

A

In this cdase no limit hasg been imposed on ¢, However, it
is clear that ¢ will be limited by aberrations introduced in any ‘
practical imaging system. {

It is illustrative to calculate a typical value for the

virtual source radius, r. Taking a = 100nmn, Vt = 0.2 volis, and

V = 2kV.
then r = 10O 9,2
2000

r = 1nim

Clearly, when imaeging of such a source, aberrstions in the lens

will provide a large contribution to the finagl probe, and the

theoretical brightness will not be approached.

5.2.4 Single Lensg Imasing of F.HB, Sources

Problems associated with g single lens imaging gystem have
been considered in more detail by Cosslett and Haine (1954).
Following their method we assume that the probe diameter is deter-
mined by spherical aberration alone, with the image of the source
making a negligibly small contribution.

Emigsion may be regarded as having an angulsr current den-
sity, ic’ then beam current, I, passing through the aperture is
given by:

: . 2

using the notation of Fig, 5.1.
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This has a maximum value for M = % when
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. ,/ \ From this-equation, it is clear that for maximum curwrent the
(AL \ o~ ‘ : magnification should have a value close to its optimum, and that

C. should be as small as possible. This requires a lens of short
v

focal length. In order to approach optimum imsging conditions
in practice, the emitter must be brovght very close to the centre
\ of the lens,
The design of the scanning electron optical column hss
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therefore been based on the highly asymmetrical BtM objective
NN N\ lens. By vpositioning the emitter within the back bore of the
AN
N : a E ‘ “
™ lens near optimum imaging conditions have been achieved. A sec-
N \\ . i : aVATIA  Aa F';,I‘ 5 A
N

W | tion through the SEOC column is shown in Fig.
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MOVARLE EMITTER SUPPORT TUBE:/ " TELECTRICAL CONNECTORS 5.3 Mechanical Desirm of the SEOC

The idea that a useful practical field emission gun should

Fig b4 The Scanning Electron Optical Column, BB CREGHSIES S0 CRISEEInm.,

been exnressed earlier. It was therefore decided to huild the

demountable vacuum systems has




r/R

SEOC along conventional lines using nickel plated mild steel, and
rubber vacuum seals. At the .same time reasonable care was talen
in the design of the system to avoid unnecessary contamination.

By this construction it was possible to build the SEOC very
) Y

economically. TFurther, the design of many of the components

1y

could be based directly on those used in the standard SLM of
Oatley, Nixon and Pease (196%), and conseq&ently will not be des-
cribed here in great detail. |

The electron gun was kept as a separate section of the column, |
which could be completely removed. As such, it was constructed
to ultra high vacuum standards to permit differential pumping

across the anode aperture. The electron gun is described in gec~

tion 5.4.

.31 _Vacuum System
- Rough pumping was achieved by an 0il rotary pump with an

: activated molecular sieve foreline trav, to prevent contaminstion
r of the system by back-streaning rotary pumn o0il,

re

The high vacuvum pump vsed wvas a 600 1/s mercury daif

fusion
pump to give clean vacuum, free of hydrocarbon contanination.
a §

It was fitted with

]
iy

stainless steel, double liguid nitrogen trap
with an anti-creep cooled svrface which was built in the labora-
tories. This was designed to give a larger conductance than
commercizlly available travps (1200 1/s), and long lasting nitrogen
tanks (10 hours).

The main congtruction was built uv on a large baseplate of

mild steel, which had béen bored out to accommodate the field

| enmission gun and to provide pumping. The magnetic lens and a

‘ pumping tube were mounted to this and a second block of hored

mild steel was mounted above to provide the specimen chamber pumping




Fig 56 Scanning System
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Fig 57 The Specimen Chamber
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which

The es consisted of four short rods, 2mm long and

electrod

1.5mm diameter, set

The rods were bent

insulator. ielded with a coopper cover to pré-

vent charging, and seen in the fipure.

Yor convenience, one each of the X and Y scan electbrodes

=
)]

grounded, the remaining heing driven positive and negative aboub

sarth potential.

3,4 __The Specimen Ste

A general view into the specimen chamber is shown in Fig. 5.7.

The specimen table was supported on three PTFE feet which were

free to slide over the top surface of the magnetic lens. 1%
13 <2
could be moved externally to two 2" micrometer heads, with slid-

5 M.

the micrometer shaft. Yhe

2
O

geals made directly onto

vacuui

shafts vere fitted with hardened the specimen

table was kept in contact with these by two tension springs, one

micrometer being located in a vertical "V glot, and the other

Lty yat 4 ~er Yo 1 - yvf e
thrusting agains flat surface.

23

an ABRI transmission microscepe

An adaptor was made

pecimen holder which is

S The adaptor

also shown in Fig. 5.4.

could be adjusted to give a range of working distances. The

ried smm g

rids as used in normal Transmi.s

specimen holder ca

MLCTOSCODPY .

Three means of signal detecticn were provided, a trans

-~V -

detector which was used in the probe

measuring exveriments, &

TP
122 1Ok

conventional scintillat

-~ 1ishtpipe combination for normal




operation, and a PFaraday cage for measuring beam curvent.

a) PTransmission detector. The most satisfactory arrangement

was found to be a thin ?ll phosphor screen settled onto lead
glass, which was mounted in line with the lens axis on top of the
specimen chamber lid.

By keeping the phosphor thin it was possible to see into the
chamber, and to see the heated emitter for rough alignment. Pre-~
liminary alignment of the column was then achieved by observing
the stationary transmission image on the screen.

In normal operation the photomultiplier was mounted over the
screen, and screen intensity modulation was displayed as signal
level. The arrasngement is shown in Fig. 5.4.

b) Secondary electron detector. This was based on the nor-

hai SEM scintillator-lightpipe combination of Bverhart and Thornle
(1960), "It differed slightly in that a glass scintillator, G31,
was used with a glasslight pipe, so that a mild bakeout of the
vacuum system would have been possible if required. Following
normal practice, the scintillator was housed in a cage which
could be biassed to digcriminate between éecondary and reflected
primary electrons.

Flectrical supply for the gcintillator was provided by a
Brandenburg Model 705 O0-15kV unit. Vacuum leadthroughs were
again of glass and nmetal construction and made for the apparatus
by the laboratory glagsblower,

The detector may be seen in Fig. 5.7, on the left hand side.
The BHT lead was insulated with PTFE slecving.

c) Faraday cage The Faraday csge was mounted on a siuple

4 da W

X - Y movement, so that it could normally be kept out of the way

-

of the transmitied beam and, when reguired, aligned with the axis

1.

to measure the electron current. It was constructed of stainless




r

gteel with PIFE insulation from the movement support arm.

The electrometer used was previously made in the laboratery
to a desipn by Barnshaw (1960). The head amplifier was adapted
to the vacuum system and; having its own vacuum leadthrough, was

connected directly inside the chamber.

Both 4he head amplifier and the Faraday cage can be seen in

Pig. 5.7

5.3.6 Antivibration Mounting

It was appreciated from the outset that vibration problems
in this apvaratus would be more severe tlan in the conventional
SEM, as imaging the source at a magnification of 2X requires that
both emitter and specimen should not move relatively to the lens,
or to each other.

However, with no knowledge of the likely magnitude of the
problem, it was decided to take simple precautions initially,

along the lines currently used in the SEM, which, in this labora-

tory was mounted on commercial, solid rubber mounts. |

Preliminary measurements on a conventional SEM.in the labora-
tory heving two stages of antivibration mounting showed two prin-
ciple sources of vibration.

a) Puilding resonance in the range 10 to 20Hz.

b) 50 and 100Hz vibrations associated with mains powered
movors.
It was found that the first stage of isolation préduced substen-
tial attenuation of both sources, however, after the second stage,
the buildine vibrations was usually worse, while the maing asso-
cisted vibration was 1little affected.

It was concluded therefore, that a second stége of vibration

igolation was undesirable. The apparatus was therefore mounted




on antivibration feet providing a single stage of isolation only.

Mounts were chosen to give the lowest resonant frequency of 5Hz .,

5.4 The Pield Emission Gun

N =

The gun was designed as a separate unit vhich fitted to the
column from benesath the lens. By this construction the vacuumn
system was secparated from that of column providing for differen-
tial pumping. This feature was added towards the end of the
research. Also, the comvlete gun with movements, etc. could be
removed to effect revair or alteration. Additionally, the sepa-
rate construction offered the posgibility of fitting any new gun

design, which might evolve from theoretical or experiment advances

5.4.1 Gun Electrodes

The'field emission gun geometry is illustrated in Fig. 5.4,
which also shows the relative position of the electrodes with
respect to the magnetic lens.

The emitters were mounted in a socket, which was constructed
so that they could simply be plugged in and were then rigidly held
by théir pinso Stainless gteel connectors were mounted in a PITH
insulator, which was able to deform slightly te accommodate small
variztions of pin spacing or missligoment. This arrangement also
gave direct clectrical connections,

Mhe anode was fabricated from OFHC copper, with an internal
spherical surface of radius JCmm. This was the largest convenient
size which could be contained within the lens bore, and so gave
maximun vacuunm pumping of the emitter region. Differcntial
vacuum sealing between the gun and column pressures was effected
by providing a good finish between the base of thé anode and its

mating face. Accurate axial positioning was achieved with a small




w
B N

The size of the anode aperture was a compromise between a
number of factors. It had to be large enough to permit easy
alipnment, and to minimise the effects on the beam of charging
at its edges, also 1o bé readily machined without burrs and clesn-
ed when dirty. On the other hand, it had to be as small as PoSSi-
ble to provide maximum isolation between the gun and column vacvum
levels., A diameter of SOO\pm was chosen, which was much larger
than electron optical apertures required, and would still give
adequate vacuum isolation.

Tor experimentsusing the triode gun, the control grid was
fitted as chown in Fig. 5.4. Its geometry was very similar to
the grid used in the PEM described in section 4.3, however, the
space limitations in the SEOC led to slight modifications. Mech-
anical mounting was provided by clamping the grid to a fixed col-
lar at the top of the support tube using three equispaced, radial
grub screws‘through the base of the grid. This method of fixing
permitted aligmment of the grid with respect to the emitter tip,
and made electrical connection.

Emitter, grid and anode could readily be removed for replace-
ment or cleaning. Also grid snd anode could be readily changed,

so that different electrode geometries could be obtained if re-

guired.

Blectrical leadthroughs into the vacuum system were made of
glass/metsl construction by the laboratoery glassblower, External
high voltage cable connections were made inside PTFE covers which
can be seen in Fig. 5.8. Inside the vacuum, connection to the
electrodes was made In two stages.

a)Flexible, self supporting, stainless steel wire from the

leadthroughs to terminals mouuted in PIFE at the base of the

support tube.




Fig 58 Field Emission Gun Movements

the electrodes

b) Connection made between these

by copper wires fed through the centre of the supporting tube,

[} K3

and insulated with glass sleeving.

The 4

ien of electrical connections to the electrodes was 1imi-

ted by the confined space within the lens bore, and the need for

an unimpaired emitter movement. The systenm developed was
b

canable therefore of very high voltage operation and breakdown

vas found to occur at abo

necessary to provide

the anode aperture and the

The anode alimment was
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a, hiph compression (25%) on the gun

and jacking the whole gun assenbly on four screws from the

plate. Anode alignment was not critical, and the slight movemen

necessary was readily achieved by this method.
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bed a more formidable

Emitter alignment prese

The eventusl solution is shown in Fig. 5.8. The design provides
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of the outer surface relative to the fixed inner could produce
tilt of up to i30 in any direction at the tip. Movement was con-
trolled by two small micrometers mounted orthogonally, with spring
returns.

The inmer spherical surface formed part of a double gimbal
arrangement. TFlexural pivots were used on the gimbal, these are
gspring hinges giving axial rotation which have the obvious advan-
tages of gzero play and backlash, with high loadbearing capacity.
Tilt of the gimbals by two 2" micrometers produced transverse
movements of the tip - X and Y. '

Vertical movement (% direction) was produced by sliding the
simbsl supports on two parallel vertical rods. These were of
hardened steel with hardened steel bushes. Two pairs of bushes
were used to distribute the transverse loads, as the rods 1ad'to
be slightly off centre. A 2" micrometer was used to produce the
vertical movement, acting against the vacuum forces.

Although the movement presented difficult design problens,
its performance was reasonably satisfactory. However, it had £wo
particular faults which should be brought to the attention of

-

anyone contemplating a similar device. ¥Firstly, the gimbals gave

hvd

very smooth ¥ and Y movements but formed a relatively weak part

=3

of the structure, which led to vibration problems. his could be
improved by increasing their bullk, neveriheless, the structure is
relatively wesk. Secondly, the % movement tended to set when

stationary and stick when next adjusted. This was, however, not

AN

too important in this application where a fine 7 control was not

needed,

«
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The gun was constructed mainly from steinless steel to ULV




chamber is 4 x 10

’

gstandards, with crushed copper vacuum seals.

Initially, four ports hetween the gun and the column vacuun

were used to provide pumping to the gun, but later these were
blanked off and a separate pumping system was provided based on
an orbital electrostatic getter ion pump (see, for example,
Maliskal et al. (1964)). A prototype commercial pump was used
vhiech was supvnlied by AeR.E.Lo+, with a rated pumning speed of
80 1/s for air. Thils type of ovump has the advantages of light

veight and freedom from magnetic fields.

In the differential pumping mode the gun was rough pumped

through a 1" metal valve which could be connected into the main
column vacuum system through a short length of 1" diameter plastic
hose, to glve a gun pressure better than 1 x 10"4torr. To start
the orbitron pump it was baked with a 400 watt hgater tape at
about 200°C for 2 hours info the roughing line. The pump was then
ran hot for ebout 10 mins to outgas the anode, and pumping action

vould start as cooling water was supplied to the pump.

A number of difficulties were encounteresd with the operation

of the oump, varticularly in resvect of its starting characteris-
tics, however, the method described above was alwmost always

successful.

With & 500 Jun diameter anode apcrture and a column pressure

=l . g ' X
of 1 x 107 ¢torr the theoretical ultimate pressure in the gun

=10 o
torr. Due to restrictions of pumping to the

)

emitter region the estimated speed is only 13 1/s, which gives a

theoretical vltimate pressure of 2.5 x lOagtorr.

+ Avpplied Resecarch and “ngineering Litd., Parscns Estate,

e 2 - = S Lo s

WVashington,. Co. Durham,
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In practice, the system was not baked, and the best gun

pressure recorded on a nude Bayard-Alpert gauge was 2 x 10—9torr,

after prolonged vumping.

Normal caleulations of equilibrium oressure undsr differen-
tial pumping conditions do not take into account the effects of
molecules streaming directly through the aperture to points in
its vicinity. This is particularly important in the case of a
field emitter where molecular bombardment will affect the emitter
operation. It is possible to mske an estimate of the magnitude
of this effect. '

Referring to the diagram of Fig. 5.9, ges molecules in the
high pressure region, P, above the aperture, will have equal pro-
babilities for motion in sll dirvecctions. Sﬁpposc NTra2 molecules/
gec pass through the aperture, radius a, then the probility dig~
tribution of emerging molecules will exhibit a cogine © variation.
Since the mean free vath is larger than the distances involved,
the probability will fall as /22 for ra.

Thus, the number of molecules passing through unit area nor-

mal to the direction (©,¢) below the aperture will be n{r,0,06).

where n(rﬁb,é) = K NTT&Q cos O / r2
K is a constant such that the totzl number of molecules/sec is

equal to NTTag

ew (e
i.e. j n@mQ@)rMmGd¢mﬁ = Nra“

¢ 0

]

whence K = l/
T

(5}
Na” cos@
rd

i

and n(r,Q,¢)

Tet us assien to each molecule a mean energy such that normal
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impingement would give a contribution to the pressure of AP, #

|
Then above the averture we consider the NTTa2 molecules/sec pasg- %
ing through a hemisphere of radius r, heading towards the aper- h
ture, the contributions to the total pressure must add up to P

21 b :
Thus  _J1 n(r,0,4) r sin® d¢ AP cos@rdQ= P

T oa“Jo e}

Hence P = 2N AP
e

Similarly, if n(r,@,@) molecules/sec/unit area were to impinge

on a surface randomly, then they would be associated with a back-

t
round pressure P where
=7 s 9

P’ = 2 n(r,0,4) P
3

: ]

5 Hence P = P gi cos ©

| 7

BExverimental valuves for the field emission gun are

| P=13x 10“6torr, a = 250 gqm, v = 10mm, and @ = O, giving

|
| 1 | P’ = 6 x 107 0p0rp

% E Thus the emitter tip is subjected to bombardment by molecules
: ,

f passing directly through the aperture, equivalent to an additional
i backeround pressure of 6 x 10mlotorr‘ As the total pressure in

i the differentially pumped gun was typicaily 10"8"\;01*1'9 the effects
é of direct molecular streaming through the aperture may be safely

ignored.

5,5 TRlectronics for the Probe Measuring System

== e

In the first instence, two scan amplifiers were built to
previde suitable drives to the column deflection system, using

| . the ramp outputs from two oscilloscope time bases. The units
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Scan Amplifiers

2 Ak

ilable were a Teleguipment D5% and g Tekiromix 545 with

o
33
=
=
¢]

1A1 vertical amplifier.

N

The system used is shown in the block diagram of Pig., 5.10,
The Tektronix had the vseful facility to add two input wave-
formgv and wag therefore very suitable for use ss the line gen-
erator, with the Teleguipment used as frame-generator on a slover
scan speed,

With the intercornections shown, the frame generator was
get to free run, and the line generator set to trigger from the
fraeme output. Thus the system generated a continuous sequence
of rasters on both displays. By adding the video signal from the
PM tube to the frame scan within the Tekironix, a picture wass
displayed with vertical modulation. This mode of operstion corre-
soonds to Y modulation display of the conventional SBM (Bverhart
(1966), Chsng and Nixon (1968)). Also, by triggering the frams
generator for single shot, a single complete raster of ¥ modu-
lated. picture wasg produced.

By removing the trigger to the frame generator, and setting
the line generator to free run, a continuous repetitive line scan
over the'same gpecimen feature was produced. Under these condi-
tions measvrements of probe dizmetlers by scanning over a shary
edpe were made.,

The photomultiplier circuit, EHT generator, and biss unit
have been discussed in Chapter % in connection with their appli-
cations with the FEM. It remains to discuss the overation of the

scan amplifiers,

5:5.1 The Scan Amplifiers

Both c¢secilloscopes had high inpedence, d.c. coupled positive

going ramp outvuts starting from ground potential. TIn the case
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of the Telequipment D57 this was 0 - 40 volts, snd the Tektronix
545 was O - 90 volts. The scan amplifier was designed to take
thege inputs, and to provide an output about ground potential.

An additional imput waé provided to take a low voltage ramp about
ground potential from transistorized generators.

The cirenit is shown in Fig. 5.11. High voltage scope in-
puts are first attenusted and subsequent drives taken from the
emitter follower buffer stage, 71, which also provides d.c. backe
off to pive the attenuated ramp about earth potential. Either
this inout or an alternative low voltage ramp ig selected and fed
through a sﬁitchable,calibrated attenuator to the operational
amplifier, formed from the long-tailed pair T2, 7% fed from cur-

rent source T4, with output amplifier T5 and emitter followew

pbuffer stage T6. TFor electrical alignment of the electron bean

d.c. offset facilities are provided. The output stage, T6, has
low impedaﬂcé'to permit high scan rates, and is capable of scen
amplitudes up to the x 30 volt lines. No detectable departure
from linearity was observed for vamps of 10!psec or longer dura-
tion under full load, vhich gives a capability in excess of

normgl TV line rates.

7]
N

Blectronics. for SEM Operation

By the addition of scan generators, scan control, and a
video amplifier, the units described above and in Chapter 3 may
be used to form a self contained SIM,with normal intensity or 2
modulation of the picture, snd full compatibility with pulsed
operation. A block diagram of the system is shown in Fig. 512,
which illustrates the interconnection of the uvnits described.
For convenience an oscilloscope was used for the video display.

The line and fram generators were based on a circuit used by
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Tillett (1969), which produced staircase wavelforms by integrating
input pulses. This technigue has obvious advantages, as it gives
direct compatibility with the vulsed emission mode of operation.
The block diagram'shown in Fig. 5.12 is a system which will
ope¥ate on the basis of one emission pulse per picture point.
It may readily be operated with d.c. emission, by simply TEMOving
the pulse amplifiers and hipgh voltage pulser from the circuit.
A remaining possible mode of operation would use one pulse per
line, which may be achieved by exchanging the line generator for
the scope time base as in Fig. 5.10, but retaining the frame gen~
erator. Similarly, operation with one pulse per frame is obtain
by replacing both generators by scope time bases., In all modes
the timing wovld be controlled dirvectly by the clock generator,

and the scan control would provide single frame facilities.

5.6.1. Line and Frame Generators

The circuit develoved by Tillett (1969) works on the basis
of a diode vump into a storage capacitor. The voltage on the

capacitor is followed by an FET to give the staircase outputb.

: 4

This ecircuit is relatively slow, and in order 1o operate st higher

speeds ( 1 nu]seﬁl ec) the storage capacitor must be reduced.
Unfortunately, the decay time of the cavacitor due to circuit
leakage is simiﬂdrly reduced, but this may be countered by sampl-
ing the voltage with an MOST device, snd improving the reset
circuitry.

The final form of the generators is shown in Fig. 5.1%, both
in the form of a block diagram and as each circuit vnit to avoid
unmmecesgsary repetition. The block diagram illustrates the cir-
iples., Input pulses are first shaped aﬁd then fed to

cult prin

Q)

a ring counter, switchable over the range 1 to 212 (1.024), and

~

e
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and the train of pulses is controlled by a simple diode gate,

operated by the output of the bistable through the emitter
follower T4,

Additionally, the unit provides reset pulses to act on the
scan generator counters and ranmp output, ready for the start of

a single frame,

S Vo

Tn the case of operation with one pulse per line degcribed

-

earlier, the clock outputs would be used to trigger the scope
time bhases, and the reset would set the frame generator only.

For one onulse per frame, the clock pulse would trigger the scope

frame generator as in Pig. 5.10, and the reset facility would be

unNNecessaryv.

L)_Gﬁ __Secan_ Rotation

For the particular application of probe diameter measurements,

scan rotation was considered to be highly desirable. It would,

Y f

in addition, provide a useful SEM facility.

Inter-connections with other units have not been included
in Fig. 5.12 to avoid umecessary complications, it is connected
between the scan generators and scan amplifiers to provide rota-
tion of the column scan raster only.

The cirvcult ie shown in Fig. .15. It uses three low priced
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The new scan directions are always orthogonal. However, the
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amplitude of scan, R, from the centre vogition changes, &S

OUTPUT

sl

. ~ 2
B2 = (X% + Y7) (1~ 2+ 200)

which gives a raster size depending on®., For d= 0 and 1 the

amplitude is unchanged, and it has its greatest reduction of

OUTPUTi

L at o= 1/2,

The outputs

from the potentiometers are buffered by double

emitter followers of complinentary ~transistors 71, T2, and T3,

e T4 to maintain the d.c. levels.

T7.8,9&10 - 2N3053.

5.6.4 Video Amvlifier ;

The video smplifier circuit is shown in Fig. %.16. A high

bandwidth commerical overational amplifier (Philbrik PP4ASU) was

i used to vrovide initial amplification of the photomultiplier out-

30V

30V
T586 -2N3702,

put by 100X, This gave a meximum drive voltage swing of 8 volts

pk to pk. with a bandwidth in excess of 1VMHz.

the Telequipnment D53

~

Tn order to modulate the brightness of

o)

SIGNAL
CURRENT
FROM BM

oscilloscope, a larger voltage swing is required, and an additional

e of amplification is used. This is a simple operaticnal

Q

b 1 atas

>

5, T6, feed-

T12,3 &4 - 2N706,

1 anplifiec consisting of the input comparitor stage

(0]

1 ing the ocutput amplifier ™. and output emitter follower T8,

te the gain of the stage to 5X,

Negative feedback limi

EXTERNAL
PULSE
INPUT

The outvut cannot be directly applied to the electron guu

overatine at aporoximately =5kV. This is overcome by using a.c.

TRANSISTORS :-

oupling to the mun control grid, chopping the video signal, and

d.c. restoring the control grid between pulses with a clamping

diode, connected inside the oscilloscope between the grid of the

digplay tube, and the grid biss resistor. Thus a chopped version

12V

of the video waveform ia delivered to the control grid of the

nscilloscone display tube.

Fig 516 Video Amplifien 3




The system ig particularly applicable té the pulsed emission
mode, Here, the monitor pulse output of fhe delay uwnit is used
to gate the video signal. This eliminates noise arising from the
photomultiplier, video'amplifier etc., during periods of no emis-
sion. Tor d.c. operation an internal, free running monogtable
T1, T2 is incorporated into the circuit to .provide gating pulses.

A diode connected between the normal video output and TL1O0,
performs the gating function, In éhe absence of a drive pulse,
T9 is harq on with its collector down at -30V. The diode is
reverse bilassed and hence the pulsed output through emitter
follower T10 is also at =30V, The arrival of a negative pulse
at the base of T9 turns the transistor off, and the collector
rises to the video output level. This is followed by T10, which
takes the pulsed output to the level of the video signal.

Rige and fall~times of -the pulses were bLelow 50ns, permitt-
ing compatib&lity with the shortest emisgsion pulses obtainable.
The output voltage could rise to 50 volts above the base level,

giving maximum slewing rates in excess of 2OOOV413.




CHAPTER 6
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6.1. Introduction

The operation of field emitters in the SEOC was limited to

-

a large extent by the vacuum environment. Barly work in the
FEM (section 4) showed that it was possible to operate in the

. e ; -0
T-F mode of emission in vacuus of 10

tgrr, and this provided a
basis for starting experimental work in the BSEOC,

Initially, the field emission gun was not diffeventially
pumped, but connected to the main vacuum system via the internal

byorr at best,

ports. This gave operating pressures of 1 x 10
measured at the gun. Under these conditions the enitter was ve vy

gensitive to changes in vacuum level, end destruction would be

brought about, for example, by small bursts of gas released during

the opcration of the sliding seals on movements and apertures,
Despite these difficulties it wes possible, by careful operatvion,
to perform many useful experiments.

Bafore drawing emission it was necessary to thoroughly out-
gais tha electrodes, this considerably reduced the gas liberated
by electron bombardment which might otherwise lead to immediate
tip destruction. The operation of the triodewas more critical
in this respect, as not only did it vestrict pumping to the
emitter region, butbt also was bowbarded internally by thermiconic
emission from the hairpin. Degassing was achieved by bringing

the emitter 1o operating temperature,and allowing the electrodes

to heat by radiation. Typically thirty minutes would he zdequatey
3 ) d ) ) i

and the process cculd be followed by monitoring the pressure in

v ]
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the gun region.

During emission, a build-up of adverse operating conditions
would be indicated by either an increase of pressure in the gun,
or increasingly erratic emission., In order %o closely follow
variations in emission current it was continuougly recorded when-
ever possible. Typical fluctuations in good operating conditions
would not be more than + 5%, Us sing the recorder, adverse trends
in emission could be seen at a glance,and appropriate action
taken. This would normally involve stopping the emission,; flesh-
ing the emitter to rapidly vrepair ion bombardment damage, and
allowing the vécuum to improve before restarting.

A very useful indication of the state and temperature of the
emitter was obtained by using bhe recorder to plot current/
voltage characteristics. In the triode mode the grid must firs
be grounded, otherwise thermionic current will not be recorded,
pagsing dire&tly through the grid bias chain to the EHT generator
zexro volt line, and bypassing the recorder. From the characteris-
tic,if is immediately -bvious if the emitter has been destroyed
as no steep, field emission section is evident, also the tempers-
ture nay be checked from the thermionic section of the plot.

One vroblem of the T-F mode ig of stabilizing the tempera=

s quite critical. As other electrodes heat up,

e

ture, which
particularly the grid,; so the emitter will become hotter and could
be destroyed by excessive blunting, The current/voltage charac-
teristics may be used to asce ?t in the emitter tcmpcraturc, even
when degassing electrodes before operation. In these circumstances
only a low voltage would be supplied to record the thermionic

current.
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Preliminary experiments .were carried out with a shortened
form of the field emission gun shown schematically in Fig. 6.1,
In this mode the emitter was completely out of the magnetic lens
field, and there was little or no restriction imposed by the
electrodes on the pumping speed to the emitter, so thal outgasgsing

problems were less severe.
Thigs mode of operation was used to provide valuable first
experience of operating s field emission optical system, although

it was far from an optimum arrengement, and conseguently the beam

currents were very small.

6.2.1  Alignment

One of the advantages of using a lens in a strongly demagni-
fying mode is that small misalignments of the object cause only
a very small angular misalignment at the lens, and may usually be
disregarded. This is the case with the short field emission gun,
in which object and image positions are similar to those in the
final stage of the conventional S5EM, Thus the anode alignment
with respect to the lens was not critibél,vand the alignments
necegsary vere of the emitter and lens aperture only with resmnect
to the axis of the magnetic lens.

Proliminary'alignment wvas achieved by removing the lens
aperture, specimen and Faraday cage,and aligning the emitter with
the anode averture visually, by observing the heated emitter
through the thin phosphor screen at the top of the chamber.

Emission wag drawn and the emitter X and ¥ controls used to
centre illumination of the anode aperture within the pinhole of

e el ~y N
the magnetic lens. T

z o8 e PRp—— . : il Byl v g 2 A
avplying slight shift corrections as required. Emission from the

e emitter was tilted to give maximun current,
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gun was thus aligned to the lens and its intensity optimised.

Preliminary centering of the lens aperture could then be
achieved by focusing the {1lumination onto the phosphor screen,
and adjusting the positi&n of the averture to give minimum move-
meﬁt of the spot, ag the lens excitation wes varied thréngh focus.

In these early experiments there was no independent Faraday
cage movement, and the cage was mounted on the specimen stage
vertically above the specimen. Thus, when the gpecimen, which
vas a fine electron microscope grid, was moved into line with the ‘
beam, the Faraday cage cut fo illumination of the phosphor screen.

Ad justment of lens focus onto the specimen and final lens apere-
ture alignment could be achieved by two means:

a) Slowly scanning the beam in one direction, the electro-
meter was used to monitor the current transmitted through the
gpeciméen and collected in the Faraday cage. Current was plotted
against scsn voltage on an X-Y recorder as the beam was scanned
across the edge of a grid bar. The lens was focused to give maxi-
mun rate of change of current across the edge. Aperture align- f
ment cowld be achieved by adjusting the aperture position to give
minimum positional shift of the edge as the lens excitation wag }
varied. By reveating the experiment and scanning in the ortho- i
gonal direction, the aperture could eventually be sccurately centred. ‘

\

This method is very similar to that used by Barnshaw (1965),
and is extremzsly tedious. Moreover, the low bandwidth of the
electrometer prohibits the observation of effects on the probe
due to stray AC magnetic fields and of vibration, which are inte-
grated and appear as an increace in the measured probe diameter.

b) By ravidly scarming a two éimenSiénai raster over the

gpecimen, and displaying the signal as vertical modulation of the

lines of the raster on an oscilloscope, lens focusing and
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3

gun was thus aligned to the lens and its intensity optimised.
Preliminary centering of the lens aperture could then be
achieved by focusing the illumindtiﬁn onto the vhosphor screen,
and adjustineg the position of the gverture to give minimum move-
meﬁt of the spot, ag the lens excitation was varied 1hrow#h focus
In these early experiments there was no independent Faraday
cage movenent, and the cage was mounted on the syecimen stage

vertically above the specimen. Thus, when the gpecimen, which

vas a fine electron microscope grid, was moved into line with the
9

bean, the Faraday cage cut off illumination of the phosphor screen.

Adjustment of lens focus onto the specimen and final lens aper-
ture alignment could be achieved by two meansi

a) Slowly scanning the beam in one direction, the electro-
meter was used to monitor the current transmitted through the
gpecimen and collpotcd in" the Faraday cage. Current was plotted
against scsn voltage on an X-Y recorder as the beam was scanned
across the edge of a grid bar. The lens was focused to give maxi-
mum rate of change of current across the edge. Aperture align-
ment conld be achieved by adjusting the aperture position to give
minimum wositional shift of the edge as the lens excitation wac
varied. By repeating the experiment and scanning in the ortho-
gonal direction, the aperture could eventually be accurately cents

This method is very similar to that used by Barnshaw (1965),
and 1is extremely tedious. Moreover, the low bandwidth of the
electrometer prohibits the observation of effects on the probe
due to strav AC magnetic fields and of vibration, which are inte
grated and appear as an increase in the measured probe diameter.

L) By ravidly scamming a two dimensidnal raster over the
specimen, and displaying the signal as vertical modulation of the

lines of the raster on an osecilloscope, lens focusing and

i
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aperture centering were made considerably easier.

This was first achieved experimentally by using the normal
SEM secondary electron collector described carlier (section 5.%.5).
In this mode secondary electrons generated on the grid couvld be
coliected and displayed as signal. The method, however, had Gis-
advantares as the close proximity of the collector biassed at
+%00 volts distorted the beam, and with the specimen normal to the
beam the collection efficienc& vag low, moreover, secondaries
generated by the transmitted beam could also reach the collector,
thus the signal to noise ratio was very low, typically 2 or 3,

An improvement of about 2X in signal to noise ratio was
obtained by inverting the light pipe and collecting secondaries
produced by the transmitted beam on the surface of the Faraday
cage. An earthed screen placed between the specimen and c¢ollec-
tor reduéed the number of stray electrons G¢irectly from the
gpecimen,

These methods were suitable for focusing snd aperture align-
ment, however, the very poor signal to noise ratios prevented
the detection of the effects of vibration and stray fields. All

measurements on the probe had to be made using the TFaraday cage

and electroneier.

asurenents of Angular Bmission Current Densities

B3

)]

69:?.‘2 .!lv

P

The experimental arréngement permitted the measurement of
angular emission current density from the electron gun. Fig. 6.2
shows a plot of probe current transmitted by the lens aperture
as a function of total emission current in the gun,

The relationship is not linear as might be supposed from

basic considerations, and shows a marked decrease of efficiency

at higher currents. The most likely explanation for this
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phenomena 1is that under the poor.vacuum conditions, the higher
emission currents cause higher pressures in the gun region.

This led to build-up of adsorbed gases, principally oxygen, onto
the (100) faces, so enhancing the local emission in these regions,
as bbserved in the FE¥M, The higher emission levels from these
regions mcans that for a given total emigsion current, the pro-
portion emitted from the (111) face decreased, and so accounted
for the experimental observat&ons.

Typical operating conditions would be with 20 pA emission.
The lens aperture was 200 Jjm diameter, qubtondinﬁ a solid angle
at the emitter of 1.9 x 10”6 gteradians. This gave a measured
anrular current density of 2.5 x 10”4 A/sr for 20 i emission,
and suggests that under these conditions the T-F operation has
led to a remodelled emitter tip,on which the (111) enission has
been enhanced by a factor of approximately 10X, comvared with
uniform emission into a solid angle of one steradian normally
assumed.

The accuracy of these results was extremely limited as the
measured probe currents would vary typically + 50% between experi-
ments under aposrently similsr conditions. This is again prob-
ably due to differing levels of adsorbed gas contamination in
successive experiments.

Similar results to those presented above were obtained Tor

diod

O]

overation in the region of 2 -~ 3kV, and for triocde opera-

}.J-

tion at up to HkV,.

$:2.3  Prohe Measurements

With the beam focused onto a grid specimen, recorder plots

of scans across the edge of a grid bar were obtained as shown in

Fig., 6.3. In this case the grid has been moved 2 Jua by the
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external specimen movements between svccessive scans to calibrate
the scale.

The results shown were for the triode mode of operation at
5.0kV, diode operation gi&ing gimilar results with slightly
larger probes due to the lower operating voltage. The lens WO
ing distance was 2%5mm measured from the top face of the pinhole
pole piece. Lens averture was QOOJUH diameter as -bhefore.

The measures probe diame%er, defined between 20% ~ 80% points
in the figure is 2.4 pm, and the probe current Todk B lOmloamps°

These give a measured probe brightness of approximately ‘

43

5 % 106A/m2/sre This is low, however, the imaging conditiorns av
for from optimwa.

We mav calculate the theoretical probe dismeler
lens parameters., These have been computed by,ﬂ._Munro at this
lsboratory and results for the Pease lens are shown in Table 6.1,

in which the working distance and position of the principle plane

are messured from the outside face of the final polepicce.
)

Under the experimental operating conditions we have:

62 Omm

Q
|

A4

With the ZOO,ym diameter averture, the semisngule « , subtended
- "‘"f) 1 3 B =

at the evecimen is 3.1 x 10" “radians., Tollowing Bmith (19556),

the theoretical vrobe dismeter is calculated to be 64rm.

This iz considersbly less than the measured probe diamcter,
but this was to be exvected, as in the experiments affects of
vibration snd stray fields could not be eliminated, and would
avpear as incressed probe diameter, also accurate lens focusing

Vo B 3

was difficult to achieve.

The poor signal to noise ratio in the secondary collection
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gystem prevented the effective observation of vibrational and
stray field effects in this system, which was far from the opti-
mum for field emission type sources, and was intended only as a

preliminary experimental arrangement.

6.3 Immersed Emitter Configuration

The SEOC was designed principally to image FE sources at &
high magnification, with the emitter positioned inside the mage-
netic lens back bhore. This electrode configuration was discuesed
in Chapter 5, and it is of interest as it provides the possibility
of imaging the emitter at a magnification greatér than unity and
very close to the optimum.

FExtras difficulties involved in the operation with the emitter
in the lens bore were principally the requirement to align the
anode to the lens, vacuum problems associated with the limited
pumoing speed to the emitter region (vestricted by the lens bore),
and vibration of the emitter on its relatively long supports.

At this time, however, the ezperimental techniques were
improved by the development of the differential pumping system
for the gun which made the emitters relatively immune to small
leaks from sperture and specimen movements, also the movable
Faraday cage was. incorporated which enabled the signal collection |
to be greatly improved by collecting secondaries generated by

transmitted priwvary electrons at the phosphor screen,

6.%.1 _Aipnment

The procedure adopted was similar to that developed in the
earlier exveriments (section 6.2.1). 'The colvmn was first approxi-
mately aligned optically by observing the heated filament.

Emitter position and orientation were then adjusted to centre and




gystem prevented the effective observation of vibrational and

stray field effects in this system, which was far from the opti-
mum for fleld emission type sources, and was intended only as a

preliminary experimental arrangement.

6.3 TImmersed Emitter Configuration
The SEOC was designed principally to image FE sources atl s

high magnification, with the emitter positioned inside the mag-

netic lens back bhore. This electrode configuration vas discussed

in Chapter 5, and it is of interest as it ‘provides the possibility
of imaging the emitter at a magnification greatér than unity and
very cleose to the optimum.

Txtrs difficulties involved in the operation with the emitter
in the lens bore were principally the requirement to align the
anode to the lens, vacuum problems associated with the limited
vuwnoing speed to the emitter region (restricted by the lens bore),
and vibration of the emitter on its relatively long supports.

At this time, however, the exzperimental techniques were
improved by the development of the differential pumping system
for the gun which made the emitters relatively immune to small
leaks from aperture and specimen movements, alco the moveble
Faraday cage vas. incorporated which enabled the signal collection

to be greatly improved by collecting secondaries generated by

transnitted priwvary electrons at the phosphor screen,

6.3.1 __Alipnment
The procedure adopted was similar to that developed in the
earlier exveriments (section 6.2.1). 'The column was first approxi-

mately aligned optically by observing the heated filamenv.

Emitter position and orientation were then adjusted to centre and
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optimise illumination of the anode differential pumping aperture
during emission,
The anode aperture was aligned to the lens axis using the

techniques for lens aperture alignment; namely by focusing onto

the screen with the lens and adjusting the anode averture position

until the focused spot did not move as the -lens excitation was
varied through focus.

Lens apertures were cunt;ed us
ing the lens excitation. In this case, using the improved rapid
scan imaging obtainsd from the transmitted electron signal,
focusing onto the Specjﬁcn could more readily be achieved than
before. The imagé was built up by verfjoal modulation of the

display raster on the oscilloscope screen, and zlignment was

6.3.2 Scan fmplitude and Linesrity
The scan smplitude was calibrated for each experiment by
correllating specimen shift, with movement of the display of a
scan across the edge of a grid bar on the screen. This wag per-
formed at low magnification, and Fig. 6.4 shows a typical plot of
position on the screen as a function of specimen position. Yor
convenience, the scan directions and svecimen grid bars were

arranged to 1ie-in the directions of the specimen movements.

During experiments the scan magnification could be varied

=
\._J -
=
[
&

either by use of the calibrated attenuator in the scan amp

or by the calibrated expanded horizontal scan facilities in the

display oscilloscope. Thus the magnification of the display

could resdily be eslculated.
It may also be seen from Fig. 6.4 that the relationship
3

between scan amplitude at svecimen and display shows little

ng the same technique of vavry-

; when this did not move asg the lens was taken through focusd.
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optimise i1lumination of the anode aifferential pumping aperture
during emission.

The anode aperture was aligned to the lens axis using the
techniques for lens aperture alignment, namely by focusing onto

the screen with the lens and adjusting the anode averture position

until the focused spot dld not move as the -lens excitation was
varied through focus.

-

Lens apertures were centred unsing the same technique of vavy=-

ing the lens excitation. In this case, using the improved rapit
gcan imaging obtained from the transmitted électron signal,
focusing onto the specjﬁeu could more readily be achieved than
before. The image was built up by vertical modulation of the

display raster on the oscilloscope screen, and a)ignment was

correct when this did noxn move as the iens was taken through focud.

6.%.2  Scan Amplitude and Iinesrilby
The scan amplitude was calibrated for each experiment by
correi]atin@ gpecimen shift, with movenent of the display of a
secan across the edge of a grid bar on the screen. This was per-—
formed at low magnification, and Fig. 6.4 shows a typical plot of
position on the screen as a runction of gpecimen position. For
convenience, the scan directions and svecimen grid bars were
arranged to 1ie in the directions of the specimen movements.
During experiments thé scen mapgnification could be aried
either by use of the calibrated attenuator in the sca amplifiers,
or by the calibrated expanded horizontal scan facilities in the

dieplay oscilloscope. Thus the magnification of the display

could resdily be ealceulated.
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optimise illumination of the anode differential pumping aperiure

during emission.

The anode aperture was aligned to the lens axis wsing the

techniques for lens aperture alignment, namely by focusing onto

the screen with the lens and adjusting the anode apertare position

until the focused spot 3d1id not move ag the -lens excitation was

varied through focus.

-~

Lens apertures were centred ue ;
ing the lens excitation. TIn this case, using the improved rapit

secan imaging obtained from the transmitted electron signal,

focusing onto the specimen could wmore readily be achieved than

hefore. ‘he image was built up by vertical modulation of the

display raster on the oacilloscope screen, and zlignment was
e 3 X ¢ b

correct when this did nov move as

6.%.2_ Scan_Amplitude and Li nesrity

The scan smplitude was calibrated for each experiment by

correllating specimen ghift, with movenment of the display of a

scan across the edge of a grid bar on the screen. This was per-

formed at low magnification, and Pig. 6.4 shows a typical plot of

position on the screen as a function of specimen position. For

convenience, the scan directiong and specimen grid bars were

arranszed to 1lie-in the directions of the specimen movements.

During experiments the scan magnification could be varied

either by use of the calibrated attenuator in the scan amp

or by the calibrated expanded horizontal sca

Thus the magnification of the display

dieplay oscilloscope.

could vreadily be esalculated.

It may also be seen from Pig. 6.4 that the relationshilp

between scen amplitude ab gvecimen and display shows little

102 the same technique of vavy-

the lens was taken through focud.
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departure from linearity. The plots were made at the maximum
scan amplitudes and so would be expected to show greater depar-

ture from linearity than scans of lower amplit ndo,

6.3.%_ Vacuum Performance

Althourh the change to a differentially pumped gun greatly
imoroved the bage level of the operating pfcmgure, the restric-
tions on pumping épeed to the. emitter region due to the relatively
small back bore of the magnetic lens created some new vroblems.

Particular attention had to be p,zd to thorough outgassing
of the electrodes, particulsriy the grid of the triode gun, by
bringing the cm1ttor to operating temperature and allowing the

described earlier. When

(623

electrodes to heat up and degas, as va
first drawing emission a large pressure rise was inevitable.
Satis JaoUOyv operation could usually be obtained by operating
initially with only low current (e.g. 1 yA) and stopping emission
to allow the vacuum to clean up as required.

The es tJu)ucﬁ pamping speéd between emitter and gun chamber
was 17 litres/sec. Under typical operating conditions with
20 pA emission, the pressure in the gun chamber would rise by

-0

2 x 107 torr. Thus the emission was creating an outgassing rate
of apvroximately 1 ¥ 10“6torrmiitres/soco, which corresponded to

"8torr.

a pressure rise. in the emitter region of about 6 x 10
An interesting experiment was pevformed in which fthe emission

was fccused in the anode aperture using a very high lens excita-

tion. The gun pressure rapidly fell to the levels achieved

under conditions of no emission, and immediately rose again when

the lens was turned off. This shows conclusively that the

2 a

incrcase in precssure is due to anode outgassing and it would be

a useful Teature of future designe if the anode could be outgassed
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agsociated with vacuum levels in the emitter region. OSome results

gained from experiments for the different aperture gizes are

: plotted, together with the theoretical performance curves in
‘ Pig.: 6.6,
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A : and triode mode over the range 2 to TkV showed little variations

Operation of the column in both the diode mode at 2 to 3kV,

SQ0id

in performance other than a slight general trend tcwards higher

-

. brichtnesses and smaller probe diameters at higher operating
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ﬁ
e

voltages.,

cal Performance

6.3%.5_ Calcvlations of Theored:
. The theoretical performance of the SEOC optical system mey
be calculated by extending the analysis used by Smith (1956) for

the conventional SEM. Principle differences which arise are du

to the relatively high megnification with which the source is

g pue ‘yd- w

-
b
[ 1]
!' imaged, reoulring corrections to the spherical and chromatic

sherration coefficients, and to the way in which the probe current

calculated.
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Contributions to the final probe diameter may be calculated

- A3

4
®
A
o/

5 follows:

- 8 ;1 s a) Spherical Aberration. The spheri cal aberraticn coeffi-
Ptoll ooy Ao ,i , i

S
5

“UAU

cient is wodified by the factor (1 + M)4 foliowing Cosslett and

Hsine (1954), Der-Shvartsz (1967) and Petrie (1962), to take into

CURRENT = [J

account imaging conditions with finite conjugates at magnificaticn
M, Thus the expression Tor the disc of confusion, diameter dg,

‘ LENS APERTURE DIAM.

50y 1O‘O}J 20|0p

1 L pyrd Lot 4107
1073 1072
Angular Aperture -radians

hecomes:

T . o
a = +{14+8)" 0l

b) Chromatic Aberration. By similar reasoning to that

R A S P AP SR 8 S O

given by Petrie (1962) in which he derives the correction factor

Fig 6.6 Performance of the 5.£.0.C




of (1 + M)4 for spherical aberration, the correction factor of

N E ) . . . 3 i
(1 + M)° for chromatic aberration is obtained. Thus the diameter

fhda
-~

of the disc of confusion due to chromatic aberration

ao

d

) (1~»M0200uwg%)

where V is the beam voltage, and AV the axisl energy spread.

”

¢) Diffraction. The diameter of the Aliry diffraction disc

of confusion dd’ defined as the width at held amplitude is un-

affected by the conjugate positions, and is given by

vhere A is the wave length of the electrons, and is given apnrogi-
& i

mately by

where A is in nm, and V in volts.
d) Gengsian Twage of the Sourcc. The radius of the virtual

source, v, formed within the emitter of radius, a, and operating
¥ L $ $

at voltage, V, is given by:

Fo= #lV

vhere th is the transverse encrgy of the emission,

This is imaged at magnification, M, to give a contribution

to final probe diametevra of d _,

wvhere d = 2M

These four contributions to the final probe diameter are

combined in guadrature (Smith (1956)). Thus the effective final




Probe current, I, may be calculated from the ang
of emission, 1.0. Referring the solid angle subtended by the

aperture at the specimen to the source:

' 1 = ool T 11° lc
| From these relationships the brightness B may be calculated,
as:
B = 41
‘ 2 — 2
A Rt
Typical operation of the SEOC would be at a specimen work-
ing distvance of 9mm. The emittier would be positioned 20mm below
the top face of the final pole viece, which reguires a focal
length of 8.Ymm in the magnetic lens, and gives a
M = 1,5X., Referring to Table 6,1, aberration coefficients for
f the lens at the same excitation are:

parallel illuminstion of

C = Be8mm

Q
1
i

5-8mm

For 1-F overation at B5kV with 10 pA enission we take

1 =1 x 107°A/sr, (assuming uniform emission into 1 steradian),

probe current, I, and probe brightness, B, are given in Fig. 6.6,

]

| Y
| Plots for the theoretical wvariations of probe dismeter, d,
\
|
|
|
| Also plotted are gsome experimental results

6.%.6_ _Conclu
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al results, and the theorctical analysis

Both the
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Mloor

Chamber

Vertical

Longtitudinal

6mV

1mV

600 pv

500 pv

Transverse 1.5mnV 7OOJ1V
a) Background Levels

Moor Chamber

Tertical 80mV 750 pv

Longtitudinal

Trangverse

25mV

35mV

1.5mV

< 1mV

b

TABLE 6.2 MEASUREM

) Impact Tegts

ENTS OF VIBRATION TRANSDUCER OUTFUTS

1175

The eystem adopted was both economical, and rapidly fitted,
and involved suspending the column on four large tension springs
from a steel frame. This gave natural resonant frequencies in
all directions of about 1Hz. The celumn is shown in this cor-
figuration in Pig. 6.7. I gratefully acknowledge the assistance
of Mr. J.R. Cleaver for his help in the design and construction

of the

4]

pring supports.
Some measured values for the attenuation of floor vibration
are given in Table 6.2. These measurenents were made using &

Philips PRY260 vibration meter, which, although it could detect

low levels of vibration, could not be used to measure the ampli-
tude directly. The output of the transducer was therefore moni-
tored on an oscilloscope, and measurenents from this are pgiven
in the Table. TFor an approximate estimaste of amplitudes; asn cut-
put of ImV would be equivalent to a vibration level of about 1 Jam
pk. to pk. at H0Hz. Measurements wevre made for both background
lavels of vibration, and the effects of an impact test performed
by dropniug a ball bearing to the floor from a height of one metre,

Aithough the new mounting provided o significant improvement
in the vibrstion levels, they were not a complete solution to the
problen, and the low resonsnt freguency did add somewhat to aiffi-
culties of oparstine the instrument.

Vibration will alwsys be a fundamental problem with field
emission sources, where imaging of the emitter at high magnifica-
tions is desired. The solution to the problem must be both in

the provision of improved antivibration technigues, Tor example

by the use of a seismic block, and the improved design of emitter

2,

moyntings aend movements for maximum rigidity.
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4.4

6.4.2 Marmetic Mat s _in_the Lens Field

A number of slightly magnetic materials were used in fabri-
cations in the emitter region. Such items include the nilo
filament pins, stainless steel screws, stainless steel anode
mounting, the stainless steel filament mounting, and the stain-
less steel grid.

Of these offending items only the nilo filament pins would
normally be classified as magnetic materials. A special filament
base was therefore constructed using fabricated stainless steel
pins supported on a mica disc. Several emitters were mounted in
this base during the course of experiménta. |

As far as possible stainless steel items were removed. The
screvs were detectably magnetised in the presence of a strong
permanent masnet, and so were replaced by brass. The grid was
removed completely for diode operation.

Renmaining items, which could be slightly msgnetic were the
stainless steel fabrications supporting the anode and emitter,
neither of which couldlreadily be replaced. The anode support
was thought unlikely to have little effect, as it had rotational

symmetry and was in any case not very cloce to the lens gap.

|

The stainless steel filament pins and enmitter socket fabrication
were algo thought unlikely to have gignificant effect being well
behind the emitter.

Bven with these precautions there was Lititle or no detectable
reductions in the probe diameters measured., This led to the con-
1at small verturbationg of the lene field due to slightly
magaetic items was not limiting the probe diaﬁeters at those

measured,

6.4,3 Electron Optical Probl:

A number of eleciron optical problems, normally of secondary




importance in usual SEM performance, could have greater signi

0D

4

cance in the particular opersting conditions of the optical

< 4

column.

phenomenan is usually

more signi { under low tage operating condition in the ?

. SEOC the effect could readily be and observed on the
i
i display ss it produced stationary modulation when the scan was

[
2

synchronized with the A.C. mains supply. ome devices, the

electrometer and oscilloscopes in particular, were found to have
‘fected the beam. These were moved

away from the column, and no further trouble was observed, pre-

high stray f

sumably due to the very short electron paths in the column.

b)

* B ~ ,‘ 4. L ~ - 3w N o | > A [=]
possible to scan the beasm in two ort 1 divectiong, and 50

ences weve detected in these experiments and it was thought un-

likely that the angle of lie very close to the l

(&)
direction bLisecting the occuslons , when
several components had been removed, cleszned or replaced.
\ P Py Ko pmh 55 at lower bean
CJ OL Spaec. AZBHiN, a’t LOWeXT DCLI
. T T P S .0 S S S U SR i e - 2 o mande S o ow
voltages, the elfects of contamination charging and distorting

the besm become more important, In the SEOC this could occur et

hree points directly in the path of the beam, the anode aperture ,‘
lens averture and the gpecimen. “
he snode aperture was an integral part of the OFHC copvper

anode. i} ore not be replaced but was carefully

"y & Rl s L O, e o T g R & TR - et} 3 * & -
c¢leaned by opolishing with wet abrasive paper, and washing in an
- . - wad 4.9 sids D e e i 4Ty - N W I
ultrasonic cleaner with detergent, water, and then acetone. The l

nation whoen exs

aperture showed no

2] - ~ + 3 - SO TPy oy LT
under an optical microscope.

—E
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Tens apertures could readily be replaced, and new

were fitted.

A nev svecimen grid was fitted vhich was subsequently

)
Sh

examined in a standard SEM in secondary collection mode, 1

showed no signs of charging,and pres ented no difficulties when
imaging at high resolutions.

Normal standards of cleanliness in the column were high, and
after taking particular care to eclean components no reduction of
measured probe diameter was detectable

d) Aper ations. There was an gperture lens

formed in the anode aperture caused by the electrostatic fields

in the gun region. As most of the gun potential was dropped in

N
!

a region very close to the emitter, field at the anode wag low,

typically in the region of 10°V/m, which gave a focal length ol
sbout 1 metre with the beam voltapges used.

Tn an attenpt to determine whether this aperture lens wvags

contributing to aberrations in the final probe, experiments

performed with the anode removed altogether, so that the inside
of the magnetic lens znd lens averture formed the ancde. There

no detectable improvement in probe diameter in this coni

wa

w

ration, and it was concluded that thig effect was not limiting

the measured probe sizes.

e) Aberrations to the triode Although first
exveriments had shown 1i4tle difference between measured probe

diameters in the diode and triode configurations, the possibility

that the presgence of the geid could couse additional aberrations

in the pun was not excluded, and in 2 number of experiments the

3

gon was operated both wi th and without the grid.

Results ghowed that consistently better regolutions vere

i)

obizined using the higher cpervating voltages possible wi
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grid, and it must be concluded that under the experimental opera-

ting conditions the grid was not causing the limiting aberrations

SPECIMEN e

to the probe.

f) Limitations due to_chromastic aberrvations. The theoretical

////’/////////I/////////,/// ///’////’//// //// ' calculations predict that the principle contribution to the final

s NI e %zx\ probe diameter is due to chromatic aberration for the smaller
/

POLEFWEC§~_>3 TN \\< \\
INSERT >§§E;§?\\ \\::gi:::>\\ é aperture diameters. The EHT and lens current supplies had been
N AN APERTURE 1 | :

STAGE carefuily checked and were found to contribute negligible ripple

compared to the energy spread estimated for T-F emission.
This mode of emission has the unigue property that the heat-

¢ ;
ing may be removed and operation may continue with cold field

ANODE P

emigsion, the duration of such operation depending on the vacuum
conditions. Thus it was possible in the SEOC to operate with
cold FE for sufficient time 1o make some measurements of probe

diameter, with the effects due to chromatic aberration correspond-

ingly reduced.

N

WVhen these experiments were performed there was rio detectable

EMITTER / GRID

ASSEMIBLY : )
drop in the probe diameter measured, which leads to the concliusion

that some other factor waslimiting the performavce, over and
MODIFIED MAGNETIC LENS |
HAS EQUAL BORES above the contribution due to chromatic aberration,

OF 4mm dia. AND
GAP OF 2rmm. A 6.4.4 Inlerac

With the emitter immersed in the lens nmagnetic field, there

vas the poassibility of interaction between the electrostatic

(e e R

p. 2

field of the gun and the magnetic lens field, which might produce
additional aberration effects. This interaction could not readily

-

be considered theoretically, and so the experinmental system wvas

: W jidg . v , v ; 5 TR 3z o
Vlg 68 5 EOC V‘sfﬁih 5\/§§3£}i'!@d L@ﬂs. modified to significantly reduce the magnetlic field within the

gun .,

The modified column is shown in Fig. 6.8, A pole piece
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doubt tlhie discrepancies obgerved are real.

118

£

insert was fitted to the lower bore of the lens, and the gun was f
|

U"

ul

dropped vertically downwards. The highly asymmetric lens wa
therefore converted to a thin symmetrical lens, which not only

removed the possibility’ of magnetic field effects at the emitter, ‘

but slso permitted the more certain caleculation of aberrationg.
Theoretical performance was calculzted using the formulae

given in section 6.%.5. Tor the same specimen working distance \

of 9mm, the emitter had to be placed %0mm below the top of +the

final lens plate to accommodate the lower pole piece insert.

This gave a focal length of 9.lmm, and magnification of 0.70X.

C'l

’

Aberration coefficients were taken to be |

6 = 82mm I

1
(8]

i

¢ Tram | : |
c P

from the data published by Leibmann and Grad (1951).

Plots of probe diameter, and probe brighitness as functions
f oL are shown in Fig. 6.9, for T-F operation at 5%V, 10 pA emis-

o

sion., A number of experimental points are also plotted.

The GXjérimental results show discrepanciles with the thecreti-
cal predictions which are similar to those previously obtained
with the emitfor immersed in the lens field, (section 6.3), and
that these mav not therefore be attributed to an interaction
between magnetic and electric fields in the gun region.
7

The re Fig. 6.9 have a greater significance,

{-‘

ultsg shovm in

as the apovroximate corrections to spherical and chromatic aberra—

tion coefficients used in the calculation of probe diameter

became almost exact when applied to the thin, symmetrical lens

of the medified optical system, A greater reliance may therefore
be placed on these theoreiical results, so that there is little
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4.5 Conclusions
It hzs been posgible to eliminate a number of likely causes

of increased probe diameters. However, it has not been possible

to positively identify the reason for larger probe diameters than

those predicted theoretically, both with the ewmitter immersed in

the lens field, and completely outl
[

-3

with increasing averture diameter in hoth cases guggests that

the limiting sberration is sinilar to chyomabie' azberration in

| o

nature. This conld include field aberrations in the emitter region

due to depsrtures of the emitter geometry from the ideal case of
1 ) K

spherical symmetry. If such effects were due to the geometry of

the emitter tip, then considerable differences would be expected
betveen celd fiecld emission and T-F mode when the tip geometry
is known to change (see section 4.2). MNo changes were chserved
experimentally, however, which sugzgests that the geometry of the
emitter shank may be the dominant factor.

It would have been very interssting to have continued the
exverimentsl investiecation described above. Particuvlarly so,
since the progressive development of the SEOC system had led to
much greater reliability of operation, and improvements in the
measuring technicues. Also, Cull scanning microscope facilities
had been doveloped which would not only have greatly assisted in
the operation of the instrument. making possible for example,
the detection and correction of astigmatism, dbut also have per-

- . IaEnla CLTVRA

mitted & divect comparison of the BEOC with the conventional Ol

&7

Unfortunately, problems with emitter fallures develoved,

Y& 3

snid slthough

A e b Tyes A s iy ke Y sem sy on 4 o 3 o Ao et Ya T aa e g g . T
moneiles, Tew furinei I osults vere ]?L.).i»;;,t.'!,rj.x: o .u\'c;!.bll(;,hjﬂ,? 9 lack cf

time forced exverimental work to be concluded.

many new emitters were tried over a period of gever

e gradient of exverimentally messured probe diameters

2.




Possible causes of the emitter failures sare considered below

in section 6.6,

5 Operation ac cone

e
)

After completing of the additional electronics described in

section 5.6, there was a brief opvortunity to operate the SEOC

as a simple scanning electron microscope, with a fully indepen-

<

dent digital scanmning system,and intensity modulated display on
the D53 oscilloscope screen.

Over this short period of operation the electronic systens
performed very satisfactorily, though operation with pulsed
emission was not tried. The specimen was the grid which had been
used in the previous measurcnents of probe diameter.

Unfortunately, the abruvpt termination of experiments by

emitter failures prevented the observation of other specimen and

photogravhic recording of the images.
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Following the continuing fai:

the SEOC durineg the latter part of the research, it is worthwhile
analysing the performance obtained from all oriented emitters.

This ig particularly so, in view of the succe
oh were generally performed under considerably worse

'

operating conditions.

f Wire Batches

, C(‘!';f?{')'-‘:

The oriented emitters were constructed from two hatc
oriented tungsten wire, and the troubles .scemed to be. assoclated
with use of the second batch, though this was not irwmediately

beRvar] 33 % + N - -1 vy o N POXTO e~ ER e me Yt av e % -
obvious at the time, as wherever possible used emitters wer

)
L

recharnened. so there was no clear trengition from emit

AL PCIITU

o e Sl
ss of earlier experi-




Emitter T?§a1 Emission Total ProT,‘ Cause of Fallure
Time, Seconds | Torr-Coulombs (where known)
Bl B _ Other Use
B2 3 x 10t 1 x 1070 Mechanical ]
E3 2.4 x 10% l.1 x 10'6 Mechanical ‘
B3B8 1,9 % 104 7 % 10“8 Vacuun
4 1 x 10t 2.4 x 1078 Not Known
BS 5 % 102 2.8 X 10”8 BElectrical
£6 3 x 104 1.3 x 10"6 * Mechanical |
P 1.7 % 10% 4.6 x 1077 Breakdown
BB 4 x 107 3,2 X 1079 Breakdown
1 - - Electrical
P1B 7 x 10 7 x 10719 Breakdown
72 3 x 103 3 x 10mlo Not Known
T2B 2.7 x 104 1.7 x 108 Breakdown
3 _ _ Mechanical
4 % x 103 3 x 10”9 Blectrical
F4B 3 x 107 5 x 1070 Blectrical
F5 _ - Not Used
Fé6 _ _ Blectrical
7 4 x 10° 8 x 1070 Blectrical
F8 - - Not Knowm
PSB 4 x 10 2.4 x 1078 Not Known

TABLE 6,3 FIRST WIRE BATCH

—




of the first batch of wire to those of the second.

Results of emission obtained with the first and second
batches of oriented wire are sunmarized in Tables 6.% and 6.4
resvectively, with causeé of eventusl emitter failure where a

reasonable exvlanation existed. As Ffigures of merit, both total

Tt : i . o B . , ) . . 3 ;
“otal Hmiasion Total P.I.T. | Cause of Failure emission times obtained, and the sum of the products of operatli

Time, Seconds Torr-Coulombs (where known)

Tmitter

s

2 ¥ » $

11

pressures, currents and time (Total PIT) are given.

Comparison of the Tables leads immedistely to two conclugions.

- For the first baitch, operating times of greater than
Flo I\-l- a) L0 LIl L LIS i, b ? 2 LUl BRYS RRER R O RS S w o

= — ot Used
E8 Not Used : 10,000 seconds are common, with PIT products in excess of

- e ‘ ' ) "‘6 ) . o ' . " . 1 :

- 10 “torr-coulombs Tn +the second bateh, the best effort, emittex

E9 1 % 10° 2 x 10710 Not Known rEmetuioEe R ’
 i Jofe)s Not Known E 11 B, required particular care in operation and even then
‘ _ : I :

|

}

J' F 5 03 "”9 .

‘ 9 3 x 1 6 x 10 Not Known
|

|

2.

‘(3
o 3 o o 8, G e, A NEAAs AT PRTTR O 1 -
8,500 seconds and 1.4 x 10 “torr-coulombswere all that could be

- 3 "’9
510 2ef X 10 4 x 10 7 Not Known _
(poss, Blectrical) gchieved., Second bateh verformasuce was significantly worse than

E10B : Not Known | , that of the first batch. I

B11 3 x 10° 1.8 z 10"

&

Not Known b) Unsccounted emitter failures in the first batch of emit-

ey

= L -8
£11E 8.5 x 10 1.4 10 Not Knowm ters were only emitters B4, F2, F8 and F8B. All other emitters |

having a reasonably certain, known csuse of destruction, either ‘

i
e
1l in terms of operatiivg error, or equipment breakdovm. In the

1Ml £ . TN N S 2 7, P - S [ S s B T 7
gecond batch only emitter B10 has a failure which may be sssoc

TABLE 6 SRCON 70} . : . i - :
HENT ek GHCOND WARE Balioh ated with an equipment fanlt, all other emitters having no obvious

reason for ceasing to operate.

| .
The analysis of these results shows beyend reasonable doubt

thzt there were inherent problems associated with the second

l
I
F
I ‘ ‘ hatch of wire,

6.6.2

Tailure of the Second ¥Wire Batch

The oriented wire is produced by growing tungsten s:

L

ngle i

L

3 03 i b o—— - |

crystal form normal tungsten wire, which is first seceded, and ‘
\

|

the crystal is then grown along the wire by a moving zone

A >

S = 3 T~ —
fola
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technique. This type of process commonly suffers from batch
variations, usually devendent on the manner in which the residual
impurities present are distributed.
If the "gsingle érystal” oriented wire has small aligned
crystallites of the metal intersveced by layers of impurities,

<

we can conclude that the average size of such crystallites will
vary inversely with the level of impurities.

Consider this model avplied to the tip of an emitter, which
will be formed from one such smzll crystallite. The cohesive
forces holding the tip in place will @epend on the areas in con-
tact across the grain boundary, and these will vary in inverse
proportion to the square of the impurity concentration. Thus,

small changes in the levels of residual impurities in the wire

7

samples could make significant changes to the mechanical stability

of emitters.

In an attemnt to gather evidence which might lend suopport
to this model, two experimental aoproaches were made;

a) A number of emitters and wire samples in new, used, and

chemically etched conditions were examined in the conventional

r;y‘

;...).
1

M. For this work I am iﬁdobted to Mr. L. Peters for his ass
tance. Unfortunately, it did not reveal any grain boundaries,
thouegh this is not conclusive as the specimens were extremely
difficult to observe with surface detail. Indeed, surface rough-
ness ohserved uwnder the optical microscope with side illumination

CHYang

of the specimen could not be detected in the SEM, Poor devth of
£ “ SR, ¥ | e 4. o ovi A PE o pimt 3 L - 2% > . | & S ey Gl - ey
focus asnd Timited magnification in the ovptical microgcope pre-
vented intervretation of surface detail visible,
\ T o . - ' -~ . ) . & & N T - S
h) The remaining length of oriented wire was subjected to

a registivity ratio measurement, in an attempt to estimate the
. i g

levels of impurity present in the wire. For this work I am
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value wss latively high, showing a 1 purity in the
T4 ey oy g aye oy A e C el e 11y o o Sy o o
4T was 1n neyr Tian me Ted Values 10Y BIing Lt
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of tungsten given in the literature by and HHobel {197%8
%
who reported 2.% x 107,
The measured value was . how gufficiently
;
§
Whereas it not
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CONCLUSTO!

This research, has, of necessity, covered a broad

subjects in an attempt to bridge the gap between the
| g ¢

O >

iques of field emission microscopy, and

ultra high vacuum tech
the requirements of electron microscopy. Conclusions have, there-

.

thin the relevapt sections, and this

N ;

fore, been established v
final chapter will be reserved for a consid ervation cf some more
general aspects of the future applications of field emission

{
cathodes, : )
\
|

There apnear, from the results of Chapter 4, to be two modes

‘

of overation worthy of immediate practical cons sideration, namely,

(A B

cold field emigsion in an vlira high vacuum environment, and IL-:

10t reduced vacvum conditions.,

emission under some

At Tirst sight, it might be supposed that the T-F mode 6t
operation suffers from the fundamental disadvantages of low

source briechiness compared with cold field emission, and large

energy spread of the emiss: ;
emigsion and T-I sources 3

may no* be closely approached, (section 5.2.4 so that the
differences ars of little practical significance. Also, the

only <lightly worse than that normally obtal ned ll

emigsion, =2nd is comparable, Tor example, with !

l

the typlcal stability of 50pp or a 30kV THT generator. }

My A~ . 2 - NPT S . B ) 3 S JEVIRES; X
The principle advantags of cold field emiscion is the




reliability which may be achieved with this mode of operation. ;
Gmitters may be operated in a reproducible emission cyele, in |
which the onset of cumulative ion hombardment damage may be

detected. At this stage the emitter may be flashed, and there

is no obvious limit to the number of times this process may be

repeated. Commercially availsble vltra high vacuum puaps

COMPONET offer considerable reliability of operation, .as was \ ‘
‘ demonstrated with the FEM, and the sttainment of ultra high \
¥
! - . |
vacuum operating conditions may be assured.
Ultra high vacuum operation has the important disadvantage
’
very long, =znd T-F operation may well
\
98 a temporary expedient during the |
i punpdown cycle. In the long term, the reduced cost of vacuun
I components, reduced yumpdown times, snd bettex d.c. stabili of
he T-F mode of emispion may well lead to its neral adopticon,.

| ; 7.2 __Slectron Ontic=2l Desiem

The field emission triode gun geometry descri

1 secticn 4.3 permits almost independent control of emission current

, wd ancpratine el Biivs dia  mwd  demd oeis O PR A T
Iﬂ ana oneraving vo. - These are desirable propervies LoX elec-
4
[ 3

b

tron ovtical avvlications, and not possible with the sinp

accelerator design of Crewe (1968), \

)

4_ configuration, nor readily achieved with the combined lens and
I

Probe measvrements in the SEOC (sections 6.%.4 and 6.4.4),

} .
i have shown thst very with the
1 ’
T 3 . P 1, T 3 o = il R o & - 5 s ot EYA , A, VA
] triode gun, and tpere .S no evidence to sugLest that the presence
1
1 of the grid electrede intreduces additional aberrations to the

my - 1 P v & e - T Ty e b $ 23 % rs A 3 e pem— S,
Thic gesign L8 convenient in piacvice g since both grid and ‘

may be mountced from the same high voltage insuiator, in




o

- . 0 ~ [
a manner very similar to that currently used with thermionic tricde |
‘
ouns ., ‘
One possible disadvantage of this configuration, for higher
voltare asoplications, i3 that the emitter is bombarded by ions
which have been accelerated through the full gun potential.

However, there is evidence to sugeest that the lifetimes of

emitters wonld not be adversely affected, not only from the res-

Ve ~ Y YR O
\g curves,

wlts of section 4.4.2, but also from published sputtering

(Maissel (1966)), which show maximum sputtering rates typically

at 5kV, dropping for both lower and higher voltage operation.

P, 1%
=
@

The triode gun.could, therefore, foz""‘z'; the basis of
design for a field emission electron optical system. 1
] A promising column configuration would use two electromag-
netic imaging lenses. The first lens would image the source at

5 o ]

high magnification in an intermediate crossover, wi

sh the second

demagnifying the image to form a probe. By varying the lens I

excitations, the position of the intermediate crossover position

could be adjusted to provide optimum magnification of the source.

to suit the varticular operating conditions.

This eystem would have several additional advantages com-

i vared to the single lens column described in Chapter 5. By

ving the emitter from the lens bore, higher voltage operztion

vould bhe elso improved vacuum pumping of the emitter i

.

‘ region would be possible, and better mechanical desig of emitter

movements.

It is worthwhile consideving a few practical aspects of the l

design of field emission oplical systems.
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punping. The requirement for ultra high ‘

vacuum in the field emission gun means that either the vhole ‘

4.
U

ingtrument must operate under these conditions, or the gun mus

ifferentially puaped. This latter arrangement has the obviov

i bie B2 o g s on
—
~J
0]

i advantages that the ravid change of specimen, and facilities for

¥ le with present electron optical inst-

|

‘ romenits would be preserved. ? |
; Although bakeout of the dif: mmped gun (section |

| B

| 8

of the

I 5.4.%) was prevented by
magsnetic lens, and true ultra high vacuum levels vwere not achieved,

igsolated from the rest

the emitter was nevertheless effec
. —

of the column, Indeed, on oceasions, emitters survived guite

catastrophic changes of chamber pressures.

2. ™. - L e R S man L e i o o s
.  The develonment of the emitter wels

I

? b) Emitte:

ed in section 2.%.2, enabled the orientation of

i enitter tips %0 be accurately controlled. Thus, in the design |
| |
i of future emitter alignment facilities to those described ‘

\ in section 5.4.2, provision for emitter tilting would not be i

he design of such movements is not only difficult, bul als

q

: the extra complexity of the emitter support reduces its rigidity,

B

: S R L o\ B4 PNEY SR STl UM (IR A L e Wi s e ¥ o iy Uen wgm b

| and so increases sugcentibiliby to mechanical vibrations,

j \ Ty .. . i ) a4 - - R . 1. ~

{ o) .  Vibration levels encountered in the 5ECC

1 ’i‘.ﬂ“'\’\(*nl-\f gsavere 1 1T OTS J'} RS T~ £ 4+he inaetr™mament “‘f o

mnosed severe limitations on the use of the instrument, e

. desipn of future instruments must, adequate pro-

: vision for minimising the effects of wvibration, by ensuring ade-

i

:

j ounate rigidity of the critical componen providing adeguate

antivibration isolation. A possible avproach to this latter pro-

blem would bz Lo mount the whole

mounted on antivibration mount mw‘ anag £0
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LOT

[BOTRON TRAJ

LY

VYT T Y
ORIES

An exsct solution to Laplece's equation for the potentizl

nin o three electrode field emission gun was derived b

-
4 ke

Farnshaw (196%), using a transformna tion to the prolate

‘ co-ordinate syestem, This solution was extended to consider ‘the \

9  10kV o § o emi Pl . |
Anode | - o ' |

N SO e PPESNIE: TR DT e
starting computational work,

A

-
]
fage

' 33

T+ was intended to extend the analysis to calculate the pex-

Fig I1 Equipotential Plot for 3-Electrode Gun

formance of fTield emission guus, which could be immersed in a

magnetic lens field, by computing the electron tra jectories. ;
However, it soon became clear that this represented a majox PYO- ‘
ject, and the computati onal work was ceased in favour of practical
WOtk .
Some results were obtained, as an example an equivotential
plot is given in Fig. 1.1, in which the gun geometry is included.
Emitter : Trajectories were calculated using the Runge-Xutta integration
(Hardisty (1963)), which was available as a library routine.
M Some computed trajectories for electrons in the field of Fig. 1.1 ‘
M, S t . = |
o |
o 3 4} s s G 1 3 A 3= i q 2 AL e s o e e o Fe ¥ o
; with zero initial energy, but started at different points on the
|
ral ~ . : . . !
: : surface of the emitter tip are shown in Fig. I.2.

Grid Anode

i FigI.2 Computed Electron Trajectories |
|
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FigIl.2 Oscillating Wire Cutter
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)
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hwroush it using the motor drive at the top of the

apparatus. Since ,‘.,.‘_:5(‘ is highly reactive, the experiments wer

performed in an inert argon atmosphers vhich was contained
within a quartz tube.

The experiments were largely u ysuccessful, and only on one
oceCcas1ion the TaB, completely ted. Many attenpt:

and chanees of concentrator design, and the number of

o . > S b BCO 1O, I ey T “ o 11
copner tube arcund it produced little affect. The most
cause of these failures is t serial was
[
I 4 3 ¢ "3 v O 3 hat Y T ;i"r, ‘
INSuL ClLEeld |A\‘.v QA3 4 SECHIE ¥ 24 'Y g
A kmamea fa onnd resaon Lo exnect tha density rods
anad there 18 #£00a 7rTeasiil Ll Cg pect unat Genlsin, ] LD
N = ] . - ey 4
would preoduce better resulitsS.
e G T 5. PR O s i vvradal material .”\'.Il.n L T l'lf‘"("""‘
In ogrder ©To cuyv Uh Ssingle crysial Mauwe 1Al WLTAOWU AIAWC LIl
severe ( 3 to the crystal structure, an osciliating wire

the wmotor

CNULer was \1"' 31 £Ne0,

driven svecimen holder inset. 'he cutting was achievea usi

o i . c cibiigia A S 8 A - iy e o
L \]11:* 'k,.!_)]'{,;t,) cen wire with a convi

] S PR i RS-, P Y <
sive powder suspended in light O] 1

, to esteblish 2 molten zone; and
1 material preventel emitie

hence

from
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me e ial since it .is exceptional Ly nard 1% receincvly Dbecome
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available in the form of single crystal whiskers, which have peen
{ : {

. e 3= R (PR P | oy e . ey
used directly as field emitters,

—~~

3 s 4- 14 Ao} an N oo am A4 k "y 71 €
ticular advantase that ion etching of the tip does not lead to
;
9 <4 A
blunting.
iti i T : s . \ " ot 5
(a) Initial Pattern. (b) After 10mins. i, TIT.1 s s el o it
. 1 1 L ) s 3 FeY 3 O S 9
with silicon carbhide whigkers, and L would like TO uvnawn
e N . ¥ p— T A R
Mr., F.S. Bsker, of the Txplos h and Develo
l?f ‘i: bl "r.}l‘\k"(‘f:’])‘,s ‘\,‘ 1 ’k'\.», ) A 1y 75 b+ ex, ((’\, S11 107 ‘~’r 171 ¢ 288 1‘;;-‘)7 oo of
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the material.
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1 s . q - Ty =Y. T Y e S
obtained for cold f t about 5kV, 20 3) presau
_‘(>’ % U
ot 1 1O ')irx An atthe b was nade to establis ¢the more
. . - . B I ] - i T B I I
familiar single crystal emission pativerns, the emitier was
. 5 . -\ . 1 e
i and the recsultine nattern is shown in (a) , where there
: ’ \ A Lo et nin
is gone gimilarity with the (110) pattern from tungsten

(c) After 20mins. (d) After Flashing.

| Fig IIT1 Emission Patterns from SiC Whiskers
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