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I ABSTRACT

Since the inception of miorocelectronics only
a few years ago, a number of techniques have been devised
to solve soms of the problems associated with the new
concepts. The use of electron and ion-beam machines have
led to some of the more important developments and the
present trend indicates that these machines will shortly
be standard equipment in the fabrication and study of
microelectrgnic circuitse.

This dissertation describes a microelectronic
research facility, which integrates many of the processes
required in the fabrication of microelectronic circuits and
will, thereby, alleviate some of the basiec difficulties

arising from the small size of the circuit elements. The

- machine has been called the "Multipurpose Microelectronic

Processor", which was abbreviated to MMP., The design of
the MMP and the theory on which it is based have been fully
discussed.

The MMP was designed primarily for basic research
in microelectronics involving thin films but it will also
permit the fabrication of microelectronic circuits and will

facllitate research in related flelds.




When ocompleted, the MMP will permit controlled
deposition of thin films from an ion beam, electron-bean
micromachining, topological inspection using a scanning
electron microscope, and chemical analysis using a micro-
analyser. These processes will be achleved without the
need of moving the substrate from one work station to
another with the associated problems of rereglstration and
maintaining clean surfaces.

The vacuum system for the MMP has been completed
and the scanning electron microscope 1s in operation. Some
modifications to the main electron gun will be necessary to
increase the resolution of the scanning electron microscope
and to increase the beam power for the machining mode of the
MMP . |

The conditions from which the ideas for the design
of the MMP arose are discussed in the Introduction.

In Chagpter 1, the technology required in the fabri-
cation of thin-film circuits is covered. Special attention is
given to those processes, which are closely assocliated with
the MIMP,

A brief overall description of the MMP is given in
Chapter 2.

In Chapter 3, two new mechanisms for the bending of
i6n beams are analysed and a practical deslign is presented for
the ion beam deposition system in the MMP.

Chapters L, 5 and 6 are devoted to the details and

performance of the sub-gystems in the MMP.
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A concluding discussion 1s presented in Chapter 7.
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IITI LIST OF SYMBOLS

° "10
Angstroms, 1 A =1 x 10 metres.

Magnetiec flux density in webers per square metre.

Electric field strength in volts per mstre,

E=-4.
Base of natural logarithms.
Force 1n newtons.
[-1 .
Boltzmann's constant, k = 1.38 x 10-23 Joules per degree.
Mass of a particle in kilograms.
Charge of a particle in coulombs.
Absolute temperature.
Time in seconds.
Potentlal in volts.
Veloclty in metres per second.
%% s 8imilarly for 5,'5 and ;.
a2

X , 8imilarly for y, © and r.

at? -12
Dielectric const., for free space, £ = 8.855 x 10
farad/metre.

-19
Electronic charge, 6 = -1.602 x 10 coulombs.

. Charge to mass ratlo in coulombs per kilogram.

-6
Microns, 1y =1 x 10 metres.

Permeabllity of free space, H,= 1.257 x 10 henry/metre.

Phase angle In radlans.
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Magnetic flux in webers.

Angular frequency in radians per second.

Angular oyclotron frequency in radians per

%—% ? simllarly for r .

2
i—g— » similarly for r .
dz

second.
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INTRODUCT ION

It will be shown in Chapter 1 that during the
fabrication of a single thin-film circuit, a number of
independent operations must be performed. Each operation
lasts for only a short period, but the preparation for the
operation may extend over a longer period, especlally if the
circuit 1s Iintroduced Into a vacuum system, which must then
be pumped down from agtmospheric pressure. To reduce the
lost time between operations, some research workers (see
reference 1) have interconnected as many as five vacuum
chambers to form a sort of mechanized "in-line" processore.
However, thls does not solve all the problems associated
with moving the substrate.

Each time the substrate upon which the circult is
being bullt 1Is moved from one vacuum station to another, the
problem of reregistration is introduced. Kenneth R. Shoulders
(2) has calculated the feasibility of a computer, one inch
cubed, containing lOll components. Using a processor, which
has more than one vacuum station (as is the case with
Shoulders' system) to produce'such a computer, would certainly

involve considerable regilstration time.

The Multipurpose Microelectronic Processor (MIP)
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1s an experimental facility designed for research in micro-
electronics and for the fabricatlon of thin-film integrated
circuité. Since flexibility was a keynote Iin the design of
the MMP, the facillty may also be used for research in many
flelds related to microelectronics. The MMP will permit the
controlled deposition of thin films, electron-beam micro-
machining, topological inspection using a scanning electron
microscope and chemical analysis using an electron-probe
microanalyser. A complete work cycle consisting of any
number of the agbove processes may be performed without
interruption and with the original positioning of the substrate.

In Chapter 1, it will also be seen that some of the
processes are performed under vacuum conditions, while others
are performed in the laboratory atmosphere. Tnis; of course,
means that the film surfaces are subjJected to contamination.
In the MMP, such exposure is eliminated altogether.

Although the MMP will have some gpplications to
the fleld of semlconductor integrated circuits, it is primarily
concerned with thin-film circuitry. As a result, Chapter 1 is
devoted to the technology of thin-film circultry. This will
form a basls for evaluating the approach tgken to achleve the

various processes in the MMP.

.
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CHAPTER 1

THE TECHNQOLOGY OF THIN~FILM CIRCUITRY

Thin-film integrated circuits are formed by one
or more lagyers of thin films of conductors, semiconductors,
dlelectrics and ferromagnetic materials on a passive substratee.
The substrate serves as a mechanlicgl support for the rest of
the circult, therefore, it must be mechanically stable and
chemicglly inert. It must have a low coefficient of expansion
and the surface must be capable of a fine finlsh especially
when very thin films are to be ussd. Most types'of glass have
been found sultable for use as substrates except those with a
high soda content, where sodium lon migration causes deterior-
ation of the circult characteristics. Sapphire and glazed
ceramics have also been used.

The metals commonly used in thin-film integrated
circults are tantalum, titanium, chromium, nickel and gold.
Several other metals are used but to a lesser extent. Common
dieletrics are tantalum pentoxide, aluminium oxide, titanium
dioxide, sllicon monoxide, and.sllicon dioxide. It is often
advantageous to use metals such as tantalum and titanium since
their oxides are good dielectrics.

Resistors are made by machining (see section 1.2.3)

or etching around narrow strips of thin films. Resistors
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are avallable from 10 to 500,000 ohms with a tolerance of
about 2% and a resistance temperature coefficlent of + 0.03%
per c®.

Capacltors are made by sandwiching a layer of
dielectric between two layers of conductors. Capacitance
values are avallable up to 10,000 picofarads with 10%
stability and tolerancs.

Large inductances cannot be built into smagll spaces,
since large volumes are required for the storage of the energy
assocliated with the large inductances. Inductors of about one
microhenry have been made by spiralling a strip of thin
conducting film, but inductances of this size are not very
useful except at very high frequencies; and they occupy too
large an area on the substrate. Inductors are réplaced by
active circults wherever possible. |

The outstanding drawback in the field of thin-film
circuitry 1s the lack of a truly operative thin-film active
device. However, research is being pursued in two areas:
in thin-film transistors and in "hot-electron" devices.

Numerous ways of fabricating thin-film circuits
have been used, but they all consist of g number of basic
processes: 1) the controlled deposition of thin films,

ii) a method of pattern generation and iii) means for

topological, chemical and electrical inspection.
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l.1 Deposition of Thin Films

The usual methods of producing thin films in
microelectronics are vacuum evaporation and cathodic sput-
tering. Ion-beam deposition, and "nucleatlion and development"
are special methods which wlll elimingte much of the efforts
currently spent on pattern generation (section 1.2). There
are g number of other methods used to a lesser extent in

microelectronics. These are described by L. Holland (3).

l.1.1 Vacuum Evaporgtion

In vacuum evaporation, the substrate is placed
directly over a crucible containing the film material. The
material is heated by any of several methods: Joulian heating,
induction heating or electron bombardment, and the evaporated
material 1s deposited on the substrate. To reduce the loss
of materlal through atomic or molecular collisions, the
distance from the source to the substrate i1s made less than
the atomic or molecular mean free path at the operating
pressure. For most systems, a pressure of 10- torr (mm. of
mercury pressure at 0°C) would satisfy this criterion! and
the older vacuum evaporators operated with such pressures.
The more modern systems now go as low as 10-9 torr in an
effort to obtain high-purity filns.

When joulian or induction heating 1s used, the films

are contaminated with traces of the crucible material. By




using electron bombardment, the crucible may be dispensed
with altogether. The electron beam is made to impinge on
the top surface of the material specimen to maintaln a
molten pool, from which evaporation takes place. Electron
bombsrdment also provides a higher intensity source and 1s

more easily controlled than the other forms of heating.

1.1.2 Cathodic Sputtering

Recently, cathodle sputtering has become a very
popular form of thin-rilm deposition. In cathodic sputtering,
an arc discharge is passed between two sheet electrodes. In
the discharge, cathode material is removed by inert-gas ion
bombardment and is deposited on the substrate, which 1is
positioned on the anode.

The mechanisms whereby cathodic sputtering takes
place ere reviewed by S.P. Wolksy (l) and technlques for the
preparation of thin films for industrial use are covered by
N. Schwartz (5). Schwartz treats reactive sputtering, whereby
the properties of the sputtered films are varied by varying

the reactive gas content of the sputterlng atmosphere.

1.1.3 Ion-Beam Deposition

The deposition of thin films from an ion beam 1s
still in the experimental stages. When perfected, this method

of deposition will offer a number of advantages:
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1) The possibllity of selective deposition (see section

1.2.1). At present, selective deposition can only

be achieved with falrly large dimensions through

; . the use of masking techniques. Ion-beam deposition

will allow the selective deposition of micron-sized

components and will considerably reduce machining

time.

'? 11) Features of complete gutomation. Since all the

‘ controls are electrical, complete automation is
feasible with the associated reduction in
production time and coste.

iii) Purification of the film material. The focusing
apparatus of the lon beam may act as a mass selector
with the result that the deposited films may be
purer than the bulk materigl.

iv) Maintenance of a cleaner vacuum system. In vgcuum
evaporation, stray atoms or molecules are deposited
anywhere 1n the vacuum system, while with an ion
beam, strays are deposited on selected areas.

The requirements for an ion-beam deposition system
are an ion source, a focusing system, a deflection systen and
control equipment. If selective deposition is not required

(and this could always be added as the system is refined) the

% deflection system 1s omitted.
§ K. Norsworthy (6) of Boeing Corporation has recently
reported the deposition of chromium resistors from an ion

beam. The films showed a microcrystaline structure on




e

deposition, but recrystalization was possible using electron-

beam heating.

1.1.Lh ‘Nucleation and Development

During nucleation, the surface energy of a specially
prepared substrate 1s manipulated to form nucleastion sites so
that upon development, material 1s selectively deposited to
form required patterns. Photography is a familiar example of
this: after exposure, each grain of silver hallde contains
a few nuclei of silver, but on development, the entire grain
of silver hglide 1s converted to silver.

Nucleation may be achieved by the use of optical
methods as.in photography, electron bombardment 6r ion bombard-
ment. Development may be done using molecular beams or vacuum
evgporation.

Because the number of atoms or molecules present
after development 1s considerably greater than the number
before, Alfred F. and Erika E. Kaspaul (7) have termed the

whole field "Molecular Amplification".

l.2 Pattern Generagtion

Once a thin fllm of material is deposited on the
substrate, components, parts of components and interconnesctions
must literally be carved from the film before another layer of

different materlal 1s deposited. This layer may be carved and
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another layer deposited until g circuit is built upe. The
carving process 1s referred to as pattern generation, which
represents the most difficult step in the production of thin-
filnm integrated circuits.

Pattern generation may be achieved by 1) selective

deposition, 11i) photoetching, 1ii) electron-bean machining,

iv) activated electron- or ion-beam mgehining.

l.2.1 Selective Deposition

In selective deposition, the material 1s deposited
to form the required pattern thereby eliminating the need to
generate the pattern at a later stage. It was already
suggested that this may be accomplisghed through the use of
lon-beam deposition or nuclestion and development. These two
methods are in the experimental stages. However, with suitable
masking techniques and any of the standard depositlon systems,
thin films may be selectively deposited.

The preparation of a mask for deposition 1s
laborious and unwieldly. The pattern is first drawn seversl
times the required size so that accuracy may be obtagined.

From this drawing, a positive transparency 1s prepared by
ordinary photographic means. A sheet of stalnless steel,
about O.lmm. thick, 1s then coated with a photoresist emulsion
and the emulslon i1s exposed by proJecting a reduced imags of
the positive on it. After development, a negative of the

pattern 1s obtained on the steel plate. The exposed parts
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of the steel plate are etched away iIn a ferric chloride
solution, the resist is dissolved in a solvent and the mask
is ready for use.

_ Deposition through such masks produces lines
accurate to gbout 2.5K which is limited malinly by the etching
process. The selective depositlion of micron-sized elements,
therefore, depends on the perfectlon of lon-beam deposition,
and nucleation and development, which will have the required

resolution.

l.2.2 Photoetching

I, during deposition, an entire surface of the
substrate is covered with a thin film of material, photo-
etching may be used to remove the unwanted parts of the
film. The processes used here are almost exactly the same
as those used in the production of masks.

The required pattern is drawn several times the
desgired size and a negative transparency 1s made. The thin
film on the substrate 1s covered with a photoresist emulsion
and a demagnified image of the negative 1iIs projJected to
expose the ermulslon. After development, the bare portions of

the film are removed by a sultable etchant.

1.2.3 Electron-Beam Machining

Within the past few years, electron beams have been




used as high powered sources in welding, smelting, melting,
drilling and Junction formation (alloying). An electron
beam nay be focused to a small spot concentrating powers up
to 10 . watts/cm2 (8) which is sufficient to evaporate any

known substance. Because of this, electron bombardment

i
!

3

:

may be capable of the fine machining required to generate micron{

sized components from thin films (see Chapter l).

In electron-beam machining, it is desirable to
provide a very intense source of heat to evaporate material
without melting the surrounding region, since the area of the
molten region 1s a determining factor in machining accuracy.
For this reason, the electron beam is pulsed to allow the
surrounding region to cool between pulses. K.H. Steigerwald
(8) has calculated the pulsing technique to be valid and in
his experimental work, has reported machined lines in
'silicon 3p wide and O.5p deep.

Ge Mollenstedt and R. Speidel (9) used a diaphragm
to reduce their electron beasm from 10p to 100 A and with the
resulting beam irradiated a collodion foll to produce line
widths of 140 A. This is not machining but it is indilcative

of the possibllitles for electron-beam micromachining.

1.2.y Activated Electron-or Ion-Beam Machining

In the last section, the electron beam was used as
a thermal source to evaporate unwanted material. In activated

machining, the electron or ion beam is used mainly to bring

about g chemical reaction.

{
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Instead of using light to eXpose the photoresist

emulsion in the production of resist layers, electrons with

thelr shorter wavelengths and hence finenp resolution, may

be used. Resists produced in this manner glve a resolution

of 100 A or less. A gaseous etchant is used with these resgist
layers, since g liquid etchant undercuts to a greater degree

and destroys the resolution galned through the use of the
electron bean.

Ion beams may also be used to 8Xpose photoresist
emulsions but a more important use is as an etching bean.

Ion beams of elements such as the halogens may be used to

selectively etch thin films.

1.3 Circuit Inspection

One of the basic arguments for microelectronics 1is
Improved religbility and this has actually been proven with

The present generation of circuits (10, 11). Microelectronic

circults are so reliable that once they have reached the
production stage, the testing of individual circuits is

hardly necessary.

It is in the research and development stages that

close inspection isg required. For relatively large circuits,

a high powered microscope and a few electrical Jigs are gll

that is requlred. For research into the physical properties

of very thin films gnd Investligation of unknown molecular

Phenomena, howsver, elaborate equipment must be provided for

inspection.
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l.3.1 Surface Inspection

For the surface 1inspection of micron-sized thnin-
film components, somes form of electron microscope is
desirable, because of its high resolution. The transmission
electron microscope, which has a resolution of a few Angstroms,
1s not very useful because the substrate upon which the thin
films are deposited is generally too thick for the trans-
nission of electrons. Obtalning a replica of the surface
for viewing on the transmission instrument 1s cumbersome and
time-consuming. Therefore, other types of electron micros-
copes are better suited for this purpose.

In the reflectlion electron microscope, primary
electrons are directed to the surface to be examined and the
back-scattered electrons are focused by lenses to form an
image of the surface. The resolution of these instruments
1s about a few hundred Angstroms.

An instrument which 1s very useful in surface
ingnpection 1s the scanning electron microscope. This instrument
is sometimes included in the class of electron emission micros-
copes, although 1t does not actually belong there. In the
electron emlssion microscope, the specimen is made to emlt
electrons either by heating, photoemission or electron
bombardment and the electrons are accelerated and focused to
form an Ilmagee.

In the scanning electron microscope, the final
image 1s not due to the focusing of the emitted electrons.

A finely focused electron beam or probe 1Is scanned over the
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specimen in a television-like fashion and the emitted
secondary electrons are collected and used to intensgity

modulate a CRT scanning in synchronism with the electron

probe. A magnified lmage of the scanned object thersfore

appears on the face of the CRT. The resolution of thils
Instrument is approximately equal to the probe diagmster,

which may be less than 100 A. Although secondary electrons

were specifically mentioned, reflected (backscattered)

electrons may be used in a similar fashion.

1.3.2 Chemical Analysis

When experimenting with thin-film elements with
surface dimensions of the order of a micron, it is often
necessary to know the purity of the film material and the
type of impurities present. During deposition, g mass
spectrometer may be ugsed to analyse samples of the materigl
being deposited, but for non-destructive analysis of small
areas of thin films, the electron~probe microanalyser is a
desirable instrument.

The microanalyser uses an electron probe gimilar
to that used in the scanning electron microscope. The more
exact method of using the microanalyser is to focus the probe
on the chosen spot on the specimen and analyse the emitted
X-rays using a sultable spectrometer. From measurements of

the wavelength and intensity of the X-rays, the elements and

thelr mass concentration may be determined. Another method
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is to use the reflected electrons to form an Image as is
done in the scanning electron microscope. S. Kimoto and

H. Hashimoto (12) have shown that either the image due to
varigtions in chemical composition or the image due ©0O
surface topography may be obtained. This is done by elther
adding or subtracting the outputs from a pair of matched

electron collectors placed opposite each other.

APPYPSPNERVY
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CHAPTER 2

THE MULTIPURPOSE MICROELECTRONIC PROCESSOR

A photograph of the MMP without the control and
display units is shown in Figure l. In Figure 2, the bell-
jar has been removed to expose the part of the electron
ootical column which extends above the baseplate. The
lower part of this column can be seen in both Figures 1 and 2.

A diagram of the internal structure of the MMP is
shown in Figure 3. At the top of the electron optical
column is the stage, 2, 3 and L4, with the substrate carrier,
1.

At the lower end of the optical column i1s the maln
electron gun 12, 13 and lj. The electron beam produced by
this gun will be used for machining and under reduced power,
it will be used to form the probe for the scanning electron
nicroscope 'and the microanalyser.

Since machining, scanning electron microscopy and
microanalysis require a high resolution, the axis normal to
the substrate is reserved for the electron beam used in
these processes. Thin-film deposition is accomplished through
an ion beam, which 1s bent to meet the axls normal to the
substrate. The ion source is, therefore, placed off the main

axis of the instrument as shown in Figure 3.
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FIGURE
The Multipurpose Microelectronic Processor
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FIGURE 2

The Multipurpose Microelectronic Processor

with the belljar removed
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In the MMP, two stages of vacuum are used. The
upper electron optical colummn which contains the substrate
1s evacuated to an ultrahigh vacuum of 1 x lO-9 torr.
Because of the numerous seals in the stage which agllows the
substrate to be tilted, rotated, and translated in the x
and y directions, a high vacuum region of 2 x 10-7 torr

surrounds the ultrahigh vacuum region.

Chapters 3, L4, 5 and 6 treat in more details the
corponent parts of the MMP.




CHAPTER 3

THE DEPOSITION SYSTEM

An ion-beagam devosition system was chosen for
the MMP in the hope that selective deposition will be
achieved at some later date. Initially, the entire
surface of the substrate wlll be covered by the deposited
material and elsctron-beam micromachining will be used to
generate the coﬁponents and interconnsctions. Ion-begm
deposition was also chosen because it will allow the source
materiagl, together with the assoclated equipmsnt; to be
pPlaced away from the main axis of the equipment.

Figure L shows a diagram of the deposition system.
Ions produced at the source are focused by the extraction
electrodes into the magnetic chamber. Here the ion bean
changss direction (see section 3.3) and leaves through the
hemispherical electrode. The electrostatic lon lens focuses
the lons to a spot at the substrate. The annular neutral-
ization electrode is at ground potential and emits electrons,
which willl reduce charge build-up on the substrate.
Neutralization of charge build-up on the substrate is
deslrable to reduce the divergence of the ion beam before

it meets the substrate.
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Dielectrics such as tantalum pentoxide, titanium
dioxide, and aluminag will be deposited from an lon beam of

the corresponding metal in a partial pressure of oxygen (13).

3.1 The Ion Source

The original design of the ion source is shown in
Figure L. The materials to be deposited are stored on platens
around the periphery of the turntable so that selected
materials may be rotated into position at the focus of the
ionizing gun. The ionizing gun is a Pierce gun in pulsed
operation, since a pulsed beam rather than a continuous one
results in g better efficiency for processes such as evapor-
ation and ionization (14).

The proposed ion source has not as yet been built
but the MMP provides sufficient flexibility so that any type
of lon source may be coupled to the system.

At Cornell Aeronautlcal Laboratory, 1 amp of ions
and 100 amps of electrons were obtained from a 0.020 inch
dlameter wire radiated with 6 watts of focused light from g
laser (15). Such a system may prove to be g better ionization
source for the MMP. GaAs p-n Junction injection lassrs are

avallable with a power rating of 10 watts in pulsed operation
(16).

[, V-
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3.2 The Bending of the Ion Beam

A system used in many instruments for bending
beams of charged particles is a uniform magnetic fileld
perpendicular to the beam. This system gives a line focus
and is, therefore, unsuitgble for the lon beam 1f selectlve.
deposition is to be achieved. For selectlve deposgition, a
spot focus is required at the substrate.

Two other systems for bending the ion beam are
analysed theoretically and for the system chosen, a practical
design is presented. Section 3.3 treats the chosen system,
which consists of a uniform magnetic fleld and a crossed
rotating electric field. The alternate method consists of a
nmagnetic hump in space and is treated in section 3.4.
Actually the rotating electric field system was developed to
alleviate some difficulties encountered in the magnetic hump

methode.

3.3 The Bending Mechanism

Figure 5 shows the magnetic chamber in which the
ion beam is bent, Figure 6 shows the system of flelds
existing within the chamber and Figure 7 shOws a cross-
section. Four vertical plates are used to produce the
electric field rotating in the x-y plane and two aiding
water-cooled solenolds produce a uniform magnetic fileld
pointing in the z-direction. The electric fleld accelerating

the ions in the z-direction will be discussed 1In section 3.3.3.
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Ions are injected into the system of fields
pverpendicular to the z-axis, at a distance r, from the
origin. Under certain conditions, which will be dlscussed,
the lons gyrate around the z-axis with decreasing radii.
Eventually, their radii begin to increase again, but the
lons are accelerated axially out of the rotating electric
field before this happens. The shape of the field accel-
erating the lons 1In the z-direction is such that focusing

takes place and the ions leave the magnetic chamber with a

spot focus.

3.3.1 Motion in the X-Y Plane

Ions are injected into the system of fields, in

whilch the angular frequency, w, of the rotating electric

field is equal‘to the angular cyclotron frequency, w, = M B,
LT

where N 1s the charge to mass ratio in coulombs per kilogram
and B 1s the magnetlc flux density in webers per square metre.

The forces acting on an ion are the Lorentz force

and the electric force, therefore,

F, = Mx qyB + qE_

F =My = - qxB + oF
. v qxB + qB,

Replacing 3 by M, M Bbyw, E by -E Sin 0t and Eg by

-E Cos wt, equations (1) and (2) may be rewritten

Iaa—s»v-—_ Sie e e e
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X = w§ - NE Sin wt (3)
y = -ux - nE Cos ut (L)

If at t = 0, the ion were inJected into the system

of fields at x = -T, end y = 0, with an initial velocity

y = or,, the lon will attain an initial velocity x = TE due
W

to the drift caused by the crossed electric and magnetic
fields. Under these initial conditions, the solution to

equations (3) and (L) is

x = (~r_ + NE t) Cos ut (5)
@
y = (r, - NE t) Sin uwt (6)
]

combined to give

r = lro - 08 tl (7)
or r = B
B

‘| | (8)

The electric field E is at all times pervendiculer
to r and it is the drift caused by the crossed electric ang
magnetilc fields, that gives the radial velocity indicated by
the last term in equation (8).

Equation (8) shows that the ion spirals towards
the centre of the chamber, achleves zero radlus and then
spiragls out. If the ion is accelerated in the z-direction
80 that it leaves the rotating electric field when the rsdius

1s about zero, the trajJectory of the ion would have been bent

through 90°.
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The motion of the ions in the x-y plane brings
to mind the reversed trajectory of a charged particle in
a cyclotron. However, both the mechanism and the results

are sufficiently different so as not to warrant a detailed

comparison.

3.3.2 The Effect of Pulse Width

Equation (8) was derived for the case where the
X
2
a pulsed beam, thls angle will vary for each ion and will

T o, + 0
1 2
lie somewhere between 5 - ¢1 and 5 + ¢2, where 5w

the ratio of the pulse width to the period of the pulse.

radius vector r led the field E by exactly = radians. 1In

kad is

For any ion in the pulse, equations (3) and (L)

mgy be rewritten as

X =wy -mE Sin( 0t + §) (9)

<
H

—ox -nECos( wt + $) (10)

Where O S;l¢| & the larger of‘¢1|orl¢2P So far, no restric-
tion has been placed on §, since in the limit ¢l = ¢2 = T and
a continuous beam results. At t = O, the time when the ion

enters the system, x = - r_ , ¥ = o, ; = J%E Cos ¢ and & = Wr

o
+ Q%E Sin ¢; and the solution to (9) and (10) is

x = - r  Cos wt +-%y§§ Cos(wt + d)

y = r, Sin wt - ;%gi Sin(wt-+ ¢)
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Combined to give

2
. 2nEr t Cos ¢
2 = r2 +(T]£3t) . *]w o (11)

This shows that for O gf@l<§%; r decreases and
for'% §:|¢| KT, r increases. Also from equation (11), a

minimum radius will be found to occur at a time, tm, given by

t, . - 'o Cos ¢ (12)
= w5

which when substituted back into (11) gives the minimum radius

It

r

n = T, Sin o (13)

Therefore, ¢ gshould be restricted to small angles.
In addition, from section 3.1,¢1 M ¢2 should be small, of
the order of 1 x 10-2 (17), for inhigh efficiency ion source.
Using such a ratio, for example, and assuming ¢l = ¢2, the
minimum radius achievable for the ions at the edges of the
pulse will be 0.03 rye As the position of the lons tends
towards the centre of the pulse, r tends to zero.

The effect of ions iInjected into the system at

r=xr, % Ar will be discussed in section 3.3.3.

3.3.3 Motion in the Z-Direction

So far, it was assumed that any motion in the x-y
plane was independent of the electric fleld accelerating the
jons in the z-direction. As shown in Figure 5, this fileld

is produced by a hemispherical electrode at ground potential
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and a flat accelerator electrode at a high positlve potential.
If the potential on the accelerator electrode is taken as
zero reference, then the potential along the z-axis may be

represented by

- _2a
Vz) =" 52 (14)

where L is the distance from the gcceleragtor electrode to
the centre of the hemisphericsl electrode. A 1s a constant
which 1is determined by specifying that the potential of the

surface of the hemispherical selectrode of radius "g" is V

10
Therefore,
a(2L-a)Vy
From equation (1l) and Laplace’s equation, the
axially symmetrical field V(z,r) i1s found to be
1 1 (16)

V(z,r) = A

[(L+z)%+ & ) j(L-z)2 + po
a plot of which is shown in Figure 8,

Equation (16) describes exactly the potential
field due to two isolated point charges, + A and - A,
separated by a distance 2L, z being measursd from the mid-polnt
of the line joining the two charges in the direction of the
negative charge. In the magnetic chamber, equation (16) will
be a good representation of the field close to the z-axis.
Further away, the magnet coll will affect the field. Another
source of discrepancy will be the aperture In the hemispherical

electrode. However, this may be corrected by the addition of
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other electrodes, the shapes and potentials of which are
best determined experimentally.

The equipotential surfaces close to the accelerator
electrode are almost flat. If this flatness 1ls assumed to
extend the length of the rotating-electric-field electrodes,
then motion in the x-y plane as treated In sectiocns 3.3.1 and
3.3.2 1s independent of the electric fleld which accelerates
the ions in the z-directioc...

The space extending in the z-dlrection will be
divided into three regions: Reglon I which 1s witkin the
rotating:glectric-field electrodes, Region II which is abovse
the ro{ating—eiectric—field electrodes but within the magnetic
chamber and Reglon III which iIs outside the magnetic chamber.

For convenience, a ray equation for Région IT will
be derived first. In thls region, the ions are in a uniform
magnetic field and the electric potential field V(z,r). The

rgdial force on an ion 1s, therefore,

F, = My - r 62) (17)
from which
v - pe? =080z.2) _ yi5p (18)
From Busch's theorem (18)
_ 22 ,
s a¥ = a(r?) (19)

where Yf is given by

r

qf = 23/r BZ r dr (20)

o

e s

I_‘-,...s“ iy e ree e
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For g uniform magnetic field and an initial angular

velocity, € = 7B, at z = z, and r = ry, equation (19)
vields

. T]B I‘lz
'e":—‘é— (1'*'——2—) (21)
r
and, therefore,
. 2.2 I’Z 2
2 -08B 1
© r A+ ) (22)

An expression for V(z,r) in terms of V(z) and
its derivatives with respect to z may be obtalned by
expanding V(z,r) in a power series; neglecting terms with
0dd powers of r, since the axlally symmetrical potential
does net depend on the sign of r, performing the operations
required by the two terms of Laplace’s equation for an

axially symmetrical field; and equating the coefficients for

.all powers of r to zero (19). Neglecting higher order terms,

Viz,r) = V - 11: v p? (23)

where V represents V(z) and v” is the second derivative of
V(z) with respect to z. Similarly;v/, which will shortly be
used, is the first derivative of V(z) with respect to z.
These notations will be used throughout the rest of this

sectlon and the next. From equation (23),

oV(z,r) _ _ 1V’ (2L)
or 2

Equation (24) was derived from Laplace's equation

et tTm S
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and, therefore, 1if space charge is to be taken into
consideration, the radial electric field due to space
charge must be added to equation (24).

Assuming that the pulses of ions are cylinders

of uniform charge distribution, Gauss's law may be used to

find the radial electric field. Neglecting the end surfaces

of the pulse, this glves

= br = _ S
Er 2¢

where p is the space charge density and 1Is given by

I I
p = =

Kraé ﬂrleHIVl

I is the current in amps enclosed by an ion path at r.

Substituting in equation (2L)

I
GVézzr) = - L s )

The derivatives of r wlth respect to t will now

be expressed in terms of derivatives with respect to z.

r = r gz
r = p” 2% + r'z
2% = 2 W‘VI

_'T‘IV/

N
it

Therefore,

r= 27|Vr/ - v r/

Substituting equations (21), (22), (27) and (32)

(25)

(26)

(27)

(28)
(29)
(30)

(31)

(32)
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Zi v/ hBa I 1
ym€ (2 |v] )2y

Equation (33) glves the trajectories of ions close
to the axis and enclosing a current I.

In Reglon I, there 1s no trus axis of symmetry
although the z-gxlis of the rectangular coordinate system used
in sectlons 3.3.1 and 3.3.2 was made to coincide with the axis
of symmetry of Reglon IL. For lons inJected into the system
at » =r_ + Ar, equations (9) and (10) are still applicable by
shifting the origin of the rectangular coordinate system by
*+ Ar. This effect combined with the acceleration due to the
Tield in the z~direction will, thereforse, give an ion image of
radius r, ¥t Ar at z = z,, the boundary between Regions I and
IT.

The effect of space charge on the image size at
z = z, may be calculated by finding the beam spread about
the trajectory of an ion from the centre of the pulse. Ths
interaction between the electric field due to space charge
and other fields is assumed to be of second order and the
velocity of the ions is the vector sum of the velocities in
the x-y plane and the z-direction, which 1s nowhere equal to
2eroc.

However, a virtual image of radius r.t Ar exists

lh‘wnr.a.r: T
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at z = 0 and, therefore, equation (33) may be extended to
Region I. In this case, the virtual path of the lons 1is
shorter than the actual path but the veloclty of the ions
does start at zero.
B was specified to be constant in Reglons I and
II. It will now be assumed that the transition regilon
where B drops to zero is short in comparison to the length
L and that this transition takes place at the boundary of
Regions II and-III. Region III ig, therefore, fleld-Iree
space and equation (33) reduces to
I
e (2m)E PR

7 .
—_ = )
T = 0 (34)
where the beam voltage is now the constant value, -V,.
The ray equabtlons derived in this sectlon will be
further discussed in section 3.3.)i, and a numerilcal analysis

will be presented for the design values.

3.3.4 The Desgign of the Cheawmber

Among the materials to be deposited, tantalun
presents the most difficulty because of its large atomic
mass. For example, the velocity with which the ions are

injected into the system 1s glven by

vy, = TNBrg (35)

Since Y| for tantalum is low, B must be high to allow for
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practical values of Vin® It is easler to control the beam

characteristics at the entrance to the system if v_ is not

Jol
too close to zero.

"For a glven beam voltage, the spece charge effect

will be most significant for tantalum, agalin because of its

.low T\o

~The system will, therefore, be designed for
tantalum and will be shown to be practical for titanium,
which has a smagller atomic mass.
Choosing the frequency of the rotating electric
field and hence the cyclotron frequency as 50 kc., the

magnetlc flux density will be given by

B = %3
For tantalum M = 5.29 x 10 coul./kg., therefore,
1
B = 2X301L!2 X 5 x 10
B 5
5.29 x 10

2
= 0.59 websrs/metre .

The electron optical column was designed to allow sufficient
space for the colls, which will produce such a flux density.
The design of the colls will be presented later in this

section.

For r, = 0.0l metres, the inJection velocity is,

from equation (35)

V. w
h s

3
3.1l x 10 metres/second
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obtainable from a beam voltage, V of 9.33 volts.

h’
From equations (1) and (30), the time taken
for the lons to be axially accelerated out of the rotating
electric field 1s glven by
0.0125
N 2_ 2 1/2
LD R ——— ( ———7;3-) dz (36)
e J
where 0.0125 is the heisht of the rotating-slectric-field
electrodes In metres. The field strength, E, 1s determined

r B
by equating t, to —%— Cos ¢ from equation (12). Therefore,

0.0125 1/2
rOB 1 LZ—ZZ
L& z
0

Gos ¢ = dz (37)
FPor L = 0.065 metres, a = 0.010 metres and

B

vV, = -20 kv., "A" from equation (15) is 218. Since z is
always less than L, the integrand may be expanded and
integrated term by term. However, z 1s small in comparison
to L and the first two terms are sufficient. For 0 small,

equation (37) gives

E = 8.83 kv./mstre
This is obtalnable from a peak voltage of 220 volts on the
rotating-electric-rield electrodes 2.5 cm. apart.
In Table 1, the design values for titanium are

presented with those for tantalum for easy comparison.

Y ST e e
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TABLE 1

Tantalum Titanium
7 in coul./kg. 5.29 x 10S 2.0 x 106
B in webers/metre® O.S9lL 0.59
Vv, in volts 9.33 35.3
fc in kc. 50.0 189
E in kv./metre . 8.83 17.1

Returning now to the ray equations and substituting

4

for V, V/, V7, B and 7 for tantalum, equation (33) becomes

7+ ‘-L2+22 )i\rv/ + §L2‘:‘ZZ — + 53,5 (LZ'ZZ) r

LZZ(L‘a-z2 2(Le-z2)2 7
o 2_ 2, 3/2 2_.2
—9.6x1041(;—z—z—\} % ~ 53.5 r} LZZ E—B=o (38)
and equation (3L) becomes
r”/ - 3,09 x 10-'6 % = 0 (39)

where I in both equations is expressed in microarmeres.
Equation (38) applies for O < z 0,055 m., which is within
the magnetic chamber and (39) applies for z>0.055m., which
is outside the magnetic chamber in fleld-free space.

The ray eguations are second-order, non-linsar,
differentlal equations and, therefore, they were solved

numerically on an IBM 1620 (see Appendix 1).
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-]
For an ion begm of radius 3.0 x 10 = m. entering the magnetic
chamber 8r = 3.0 x lO—u m. For g pulse widtnh to period
ratio of 1.0 x 10-2, r. = 3 x lO-u m., therefore, r,, at bz

is given by

rl rm + Ar

6.0 x lO—u m.

Similarly, for a pulse width to period ratio of
2.2 x 1072 and the same entrance beam radlus, ry = 1.0x 1073

The computations were started at z = 4z to pernit
the evaluation of terms containing %. At z = 0, the radilus
of curvature, r”, becomes infinite because of the assumption
made in equation (26). This does not exist physically
because the ions are nowhere moving with zero veiocity.

The results obtained by solving equations (33)
and (39) for ths two values of ry and for three values of
peak current; 1lpA., 10uA. and 100ph., are shown in Table 2.
The Runge-Kutta method of solutlon was employed with the
initial conditions that at z = 8z, r = ry and r/ = 0.
rq = 1.0 x 1073 m. and
I = 10pA. 1s suitable for use in the systeme This cass will,

The condition that

therefore, be examined in further detall.

For this case, equation (38) was solved with
Az = 2.5 x 10-3m. and the solution indicgates that the outer
jons in the beam leave the magnetlic chamber with a radius of
1.5 x 10"2m. and a slope of -L.48 x 1072, This shows that a

walist will be formed outside the chamber. A cross-over
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point is not possible because from equation (39), it can be
seen that the radius of curvature becomes infinlte as r tends
to zero.

Equation (39) was solved with 4z = 2.5 x 10"3m. in

the reglon 5.5 x 1072m. < z 8.5 x 1072m., Az = 2.5 x 10™*a.

- - - 'J 3
in the region 8.5 x 10 2. <z £8.9 x 10 24. and Az = 1.0 x 10 °n.
L 2% ;

ror 8.875 x lO-Zm.<;z 9.2 x 10"2n. The solution indicates a

weist of radius 3.22 x 10” 'm. formed at z = 8.9 x 10™2m. This is

3. cm. outside the magnetic chamber. The ion lens of focal

length 7.5 cm. will focus this waist on the substrate.

In section 3.3.3, it was stated that equation (9) and

(10) held for ions injected into the system at r,  * &r, 1f the
origin of the rectangular coordinate system was shifted by

+ &r. Therefore, é- is with reference to the shifted axis
rather than the axis being used. It will now be shown that
the angular velocity plays a small part in the trajJectory of
the ions.

From equation (21), & for the outer ions at the exit

of the magnetic chamber is given by

2
Ol
3152 \

and tne velocity, Voo at the same point is

O

|

* _ 1B 0.
&= ( o

o

Sr = 1.08 x 1073 7B

When the ions enter Regilon III, this velocity will cause the

beam to diverge with a slope given by

| VR
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or
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which represents 2.59% of the slope with which the beam 1z

1.16 x 107

convergeht.

A peak current of 1l0pA. with a pulse width to perilod
ratio of 0.022 has an average value of 0.22pA. This current
will deposit tantalum at the rate of 15.2A/min. over O.l cm.2
area of substrate.

The design of the coils producing the magnetic field
will now be presented.

For the dimensions shown in Figure 7, the reluctance

of the magnetic circuit is given by

0,073

0.108 . 1
0.008%xp 0.00635m

b2y,
[
i

0.0079L

0,208
<+

T o (0.0762% = 0.071L5%

wnere the first term on the right 1s the reluctance of trhe

2ir gap, the second term is the reluctance of the tTop and
bottom of the chamber and the last term is the reluctance of
the chamber wall. All the numbers are expressed in mstres,

po is the permegbility of free space and P, is the permeability
of the magnetic material from which the chamber is builte.

Therefore,
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o = 1690 . 352 . 1sh |

_ 1630 , 506
W Ty

For Armco iron, "1 will vary from 1200 - L0OO e
v
along the magnetic return pa%h, therefore, the reluctance of ;

the return path is negligible in corparison to that of the ;

air path.
The magnetomotive force is given by

mmfi. = %E %
/ ¢
where I = 0,108 m. and Ho = 1.257 x 107° henry/metre. Thereforeﬁ
§
;
_ 0,59 x 0,108 '
mf . 1.257 x 10-© i
= 51,030 ampere-turns g

Assuming that about 20% of this value is lost in flux leskage,

then 61,200 ampere-turns will have to be provided. ‘

) " . . N o ?

Using ¥ outer diameter copper tublng with wall thicx-

ness 0.032" and 0.0016" enamel insulation, each coil will accom=-
modate 262 turns. The current required will be 116.8 zuperes.

The resistance of ezchr coil will be 0,186 onm

the power dissipated per coil will be 2.54 kw. For coolin

7
m
13
o)

tap water will be circulated througah and around tiie copper

tubing at 0.2 gal./min. This is for a temperature rise in the

. o - v m s . e s A .
wzter of L0 'C. Deteiled calculations for the design of coils

are presented in Appendix 2.




- L6 -

3. 4An Alternate Bending Mechanism

For a charged particle in a uniform magnetic field,

v
- . oL
©, =B = —— =

el

whers Vg 1s the velocity in the © direction and is equal to a
constant k, since the charged particle camnot gain ensrgy from

a static magnetic field. Therefore,

<

r = L
7

~~

Iet ug consider an lon moving along a line of constant

magnetic field strength on an axially symmetrical magnetic hump,
which increases towards the sxls of symmetry. If the ion 1s
perturbed so that r decreases, the ion encounters a stronger
magnetic field and r further decreases. It follows that undcer
the proper conditions, zn ion mzy gyrate around a mggnetic hump
witnh decreasing radiuse.

The last paragraph iIs a rather simple extension of
equation (40) and is not strictly correct. If the Ion gains
any radial velocity, then ve_is no longer constant and (L.0)
does not remaln valid.

In the r - © plane, the only force acting on the ion

ig the Lorentz force, therefore,
Co

r

from which

> réz - T]réBz (L2)

1O

- - - Y, - .2 1]
F_ = q VB, M(r - r6°) (L1

)

)
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From Busch's theorermn,

r

T 2 .
é—= ll B rdr + = 5
2 z 2 o

r r

To

where TS and-eb are the radius and angular veloclty at t

Equation (42) may, therefore, be written in the form

oe

r = f{(r)

since both BZ and € are functions of »r.

The simplest form of the solution of eguatlion (Lh)

gives t as a function of r. That solution may be obtained in

the following manner:

Let dr _
a 7
Then ¥ = z(r)
%% . %% = I(r)

I
N
H
g
o)
H

therefore, y.qy bt

2
or %— =;//f(r) dr

therefore,

(43)

(LL)

L T N
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In the present problem ro = 0, therefore, equation

(L5) reduces to

T
dr
> /2/ (r)
r
o

Equation (46) indicates a return of the ion as in

dr

the cass of the rotating electric field system, hence, the

ion rmust be accelergted axlially into field free space when

the radius ls gbout zero.

To obtain f(r), the functional dependence of B,

upon r must be specified. Assuning

2
_ -br
BZ = Bo 8
and substituting in (L3)
r
R B 2
& = 1] o) e-br
r2
o
wl
- _ By b7 s 1
20 r2 P
“ B
_ .2 _}-no
Let A = org % 20
§_2
. LR o~ Pr
then < = - = +
2p r

I‘g ©
rdr + — eb
r
e L2
> "By gTPTg
2\ o Yo T )
2b
) 2
~br
A
r2

(L6)

(L7)

(50)




2.2

2

: o BT -2br 2 AB -br
e 2 = Ao 08 L a L Do o (51)
: Lb r ot b r

Substituting (50) and (51) into (42) gives
. 2
; 242 2 102 2,2 _=2br
; w 1B gmert a2 NaB, obrS  7°Bj e
7 4b2 > r> b o 2br
| 2
| - anB, &=°F (52)

r
therelorse,
1282 [ _-pbr? _-2br? -bré _-br2) 2
£(r) = — -WBOA( T v By
2b 2hr r br r r
r

2 f(r)dr =-

1 1 (5]
L .= )
2 2
r ro)

Substituting (5L) into (L6)

r
dr
t =
e-2br2 -2bp2 ~bre ~br / Al 1/2(55)
r B e o + C < - € -— D 1 l \‘
° r? 2 r< e {;2 T 0
o) o 0

BRiinassatr. i An  eaes e =
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15,
Where B = =~ >
Iib
c = 'qBOA
b
D = - A°

The magnetic

field as described resembles a "plasna

bottle" (a longitudinal field with magnetic mirrors at both

ends), which is almost always associagted with trapped particlese.

However, the ion 1s not trapved within the "bottle",

but

achieves a minimum radius, which then grows until the ion is

out of the magnetic field.

Py

originating particle within a "plasma bottle", something viclent

For the trapping of an externally

must nhappen to the particle or the magnetic field, neither of

which occurs in the vpresent caseo.

The digital compuber study of eguation (55) shows

that the ion does go to a minimum radius.

of the ion in the r - € plzne
case of the rotating electric
the system, the trajectory of

to the z-axis.

in aschieving a magnetic huwp of the

was abandoned.

Becaguse of this and

However, the energy
constant, unlike the

field system. At the exi?d
the ion is, therefore,

the anticipated difficuliy

correct shape,

this approsch

[P

B

S

[ W
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CHAPTER L

THE MAIN ELECTRON BEAM AND MICROMACHINING

The main electrcn beam will be uged for electron-
beam micromachining, and as the electron probe for the
scanning electron microscope and the mlcroanalyser. Among

the three modes of operation, the requlrements for tae

machining mode are the most difficult to realize. Conseqguently,

once the requirements for the machining mode are fulfilled,

operation in the other modes will be easily achieved.

L.l Reqguirements for Electron-Beam Micromachlning

e

The accuracy to which narrcow strips of the thin
£ilm may be generated through slectron-besm micromachining
is a very important consideration in the design and manufac-
ture of thin-film integrated circuits. For a given size
component, the accuracy of machining sets a low limit on

the accuracy Of the component value and hence a low limit

on powsr requirements. For a given accuracy in component
value, the accuracy of machining sets a low limlt on

component size.

For accurate electron-bean machining, it

[ad
]
.

necessary to pulse the beam, sO that the spot on the

]

L R bt e S5 EUE 7 T,
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substrate where the beam impinges i1s brought to a very

high temperaéure, which lasts for only a short time. This
allows evaporation of the material without malintaining a
molten pool, the size of which will 1limit machining accuracy.

For the micromachining of thin-f1lm elements, power

densities of the order of 107 watts/cm® must be achieved in a

sharply defined spot a few hundred Angstiroms In diazmeter.
At nigzh voltages (about 150 kv.), this requirement 1s easily
achleved, but the range of the electrons at such voltages 1is
quite long in most naterials to be machined. As & result, a
large portion of the beam ensrgy will be dissipated below tne
surface and cause the material there to be explosively
expelled, which will zgain lead to poor machinlng accuracy.
In a multilayered thin-£iln structuré, it may be
necessary to strip away materiegl from one layer without
affecting the underlying laysrs. For such an application,
2 low voltage beam must be used. W.C. Nizxon et al. (20) have
succeeded in using a 5 kv. beam to machine gluminium films
to a depth of L0O0 - 400 Ao
Table 3 gives the approximate range of electrons
with varying energies in aluxinium and tantslum. The valuss
for gluminium were obtalned from A. Berthelot (21) and thoseo
for tantalum were calculszitsd on the assumption that the
range expressed in mass per unit area 1s the same for both

metaerialse.
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TABLE 3
Energy of the Range En Rangg in Range in
electron in kev. maz/ e sluminium Tantalum
10 : 0.17 0.63u 0.10u
20 0.6 220 0,36
1.0 2.3 8.5u Loy
60 6.0 224 3.6p
380 1.0 371 6.0}
100 13 18 784
120 ' 51 190k 31
1L0 110 110w 67
160 200 70w 121un

The theory develoved to date in electron-beam
v
machlning 1s inadequate to guantitatively explain the

experimental results obtsined. X.H, Steigerwald (8) has

plotted the energy balance of the different processes waich

occur during electron-beam hestinz of steel. Soms of the
g 3

data were experimentally obtained wnile others were caleulated.

)

L.G. Pittaway (22) has done some theoretical studies of the

temperature distribution in thin foils bombarded by an

electron beam. Hers again rather specific gssumptions were

made.

-

e e




.2 The Electron Optical Column

Figure 9 shows & diagram of the electron optical
column. The lower portlon extending below the baseplate 1is
a modified version of the column from the Mikros EM-20
electron microscope. The column igs 4" square and carries a
cylindrical lens tube, which houses the anode of the electron
gun, a variable gperture dlaphragm and the first electrostatic
condenser lens. The gun assembly which carries the filament
and the Wehnelt electrode for the gun forms a vacuum seal at
the lower end of the column.

The upper column extending within the belljJar is a
6" diemeter tube, wnich, as Tar as the main beam is concerned,

houses the final electrostatic condenser lens, the deflectlo

3

plates and the stage with the substrate carrier. In addlt

e
3

o}

i

>

the upper column encloses tne magnetlc chamber and othe Darcs

<l

of the 1on optical system, parts of the electron-probe micro-
analyser and the electron-collection system for the scanning

electron microscope.

he3 The Lens Agsembly

The lens column containsg two Eingel unipotential
electron lenses, the outside electirodes of whlch are af ground
potential. The centre slectrode of the first lens is comnnected

£t0 the negative high voltaze supply (cathode potential) and the

centre electrode of the second lens is connectsd to the negative

b i n bbbt 8T T ES TR ATATE




- 55 -
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FIGURE 7

The electron optical column
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high voltage supply through a voltage divider for varying
the power of the second lens and hence the working distance
(the distance between the final lens and the substrate).

The first lens is a strong one; focal length
0.6 cm. and coefficient of spherical sberration L.5 cm. It
is positioned 30 cm. from the cathode. The second lens has
a focal length of 5.57 cm. and a coefficient of spherical
aberration 20.3 cm. It is positioned 5 cme. from the first
lens.

With a working distance of 5 cm., the total dema-
gnification obtainable with these two lenses is 357. If

the working distance is reduced to 3 em., the demagnification

increases to 500.

L.t The Electron Gun

The Langmulr relation (23) for the maximum obtain-

able current density in a demagnified imgge of a cathode 1s

I = Io(%+l) Sin2ec (56)

where I ls the maximum current density obtalnable in the spot,
I is the emission current density at the cathode, V is the
beam voltage at the spot, k 1s Boltzmann's constant, T is the
Absclute temperature of the cathode and « 1is the half angle

subtended by the cone of electrons which converge on the

focused spot.




- 57 -

For eV >>kT and small angles, equation (56) reduces
to

I = I eV x2 (57)

kT
The hairpin filament, made from 0.005" tantalum
wire nmay be operated at 2800°K, at which temperature, the
saturation emission current density is 16 gmps/cm.®. At a
working distance of 3 cm., the mechanical gperture of the
final lens is 0.023 radians. Therefore, at 60 kv., the
maxinum obtainable current density is

I = 16 x 6 x 104 x 2.32 x 1074
8.6 x 1072 x 2800

2120 @mps/cm. = : (58)

which gives a power density of 1.27 x 108 watts/cm.2.
The electron gun and lens assembly were designed
to operate at IO kv. but may be operated at voltages up to
60 kv. However, at this voltage, the range of the electron
is quite long as shown in Table 2. The use of a fleld emission
cathode wlll reduce T and increass Io in equation (57) leading
to g much higher current density gt the focused spot. This
will allow the use of lower beam voltages for machining.
Experiments using a fleld emisgsion cathode will be performed
at a later date.
The filament is welded to s hermetlc seal centered
in the Wehnelt cap, which fits into the gun asccmbly. Ths

gun assembly 1s mechanically aligned to the bottom end of the

lens tube. AdJustment screws are provided for centering




T

the anode, which 1s located in the lens tube.

Proposed modifications to the electron gun are

discussed in section L.9.

4.5 The Deflection System

For post deflection, the lateral deflection of the

beam, d, is given by

d=(§2+{.§)$§ (59)
where L 1is the length of the deflection plates, D 1s the
distance from the substrate to the nearest point of the
deflection plates, Ep is the electric field strength between
the cdeflection plates and Vk is the potentlal of the electron
beam (cathode potential).

In the lens column, D is 0.02 metres, and L 1s

0.015 metres. Therefore, equation (59) reduces to

-l v
d = 2.06 x 10 31\9,— (60)
k

where Vp is the voltage applied to the deflection plates and
s Is the distance between opposite plates. For Vp = 670 volts
(section 5.1), Pigure 10 shows the variation of the lateral
deflection, d, with plate spacing, s, for different valuss
of beam potential Vk'

For deflections of less than 0.5 mm. the aberrations
causged by the deflection system 1is negligible since the angle

of deflection from the axis 1s less than 1.5 degrees.

e
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Filgure 11 1s a photograph of the second-electron-
lens carrler, the second electron lens and the deflection
electrodes assembly. Figure 12 shows the unlt disassembled.
The carrier, 1, with its levelling screws, 2, rests on a
platform in the upper electron optical column. The locking
screws, 3, attach the lens carrier to this plgtform. The
electron lens, L, fits snugly into the carrier and the boron
nitride structure, 5, in turn, forms a tight fit over the
electron lens. The boron nitride cap, 6,locks the eignt
brass deflection electrodes in position.

The use of eight electrodes will allow versatility
in pattern generation. For scanning, four electrodes may be
removed or adJacent electrodes may be electrically connected
to form four electrodes, which gives a better electrical

field configuration than the four individual electrodes.

.6 The Substrate Carrier and Stace

Figure 13 is a photograph of the substrate carrier
and stage mounted in position at the top of the electron
optical column. Figure 1l is a photograph of the unilt
disassembled and Figure 15 is an illustration.

The base of the stage, 3, 1s aligned with the axisg
of the electron optical column and forms a vacuum seal with
the flange at the top of the column. On the base, sits the
carriage, L4, for x-axis translation which i1s achleved by a

micrometer drive, 11, against a spring loaded plunger similar

R L K 12 e A 12 i, ek + £R
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FIGURE 13

The substrate carrier and stage dassembly
in position
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The substrate carrier and stage

l. Spring-loaded plunger holder, 2. Restralning-spring runner,
3. Base of the stage, Lte Carriage for x-axls translatlon,
5. Spring-loaded plunger, 6. Carriage for g-axis translation,
7. Retaining plate for tilt-adjust system, O.

9. Substrate carrier, 10. Restraining spring, 11. Micrometer
drive, 12. Hemispherical holder for substrate carrier,

13. Substrate, 1llj. Substrate retainer, 15. Constraining rall.

Tilt-ad just screws,
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to 5. During translation, the carriage is constrained by
a spring similar to 10 and the rail, 15.

The carriage for y-axis translation, 6, rests on
the carriage for x-axils translation and is driven by a micro-
meter screw similar to 1l, agalnst the spring loaded plunger,
5. Thls carriage is constrained by the spring, 10, and a
rail similar to 15.

The hemispherical holder, 12, for the substrate
carrier, 9, fits into the y-axis carriasge and provides tilt
ad Justments by means of the screws, 8. The substrate 1s held
in place by the retainer, 15.

The stage provides + 1.0 cm. translatlion in the
x- and y- directions and 5° tilt adjustments for the substrate.
With maximum tilt, translation is reduced to + 0.5 cm.

When the MMP 1s operated without the belljar, as
for example, during the alignment of the components in the
electron optical column, "O" rings are inserted in the grooves

in the various components of the stage.

lL.7 Power Supplies

The power supplies for the main electron besm are
shdwn schematically in Figure 16.

Tl is a specially built transformer with 60 kv.
insulation between the primary and secondary windings. It
is capable of supplying up to 100 watts for heating the

hairpin fllament. This transformer is fed from a variac,

-
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which In turn ls fed from a Sorensen A.C. Regulator, model
1001.

The negative high-voltage supply is the Mikros
HV-66 model, which gives 1 mA. at 15 = 60.kv. with a 0.05%
load regulation from no load to half load and 0.01% line
regulation for a 10% line variation. The negative high
voltage is connected to the cathode through a blas resistor
(CTS high voltage variable resistor, 0 - 25 Ma ) and two
balanced 1002 resistors. The balanced resistors malntain
the tip of the filament gt the same potential as the point
between the resistors, and, therefore, avoid distortion of
the field between the anode and the filament.

The negative high voltage 1s connected to ths
Wehnelt electrode through the secondary windingé of the pulse
transformer, T2, which also has 60 kv. insulation between the
primary and secondary windings. The pulse transformer together
with a pulse generator 1s used for pulsing the electron beam
at rates varying from 1 kec. to 20 kc. The pulse generator and

the pulse monitor are discussed in section 5e3e

IL.8 Alignment of the Beam

Figure 17 shows the test-target carrler, whilch is
provided for beam alignment. The test-target carrier 1is
mounted in the base of the stage, which also carries a
microécope for viewlng spot formation. The test-target

carrier may be used with a transparent glass target, a
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FIGURE

The test tdrget carrier and mjeroscope
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phosphorescent target or a Faraday cup.

For beam allgnment, a transparent glass target is
prlaced in the test-target carrier and with the filament of
the electron gun glowing, the anode, the electron lenses and
the digphragm are aligned so that the filament 1s clearly

seen 1n the centre of all the apertures. Thls aligns the

mechanical axis of the instrument and forms a good starting poilnt

for the alignment of the electron optical axis. The transparent

glass target 1s then replaced with one coated with a phosphor
(zinc sulphide was found satisfactory) and the beam is turned
on. Fine adjustments are then made until a circular spot is
seen on the phosphor. The final step 1s the adjustment of

the focal length of the second electron lens for minimum spot

size.

lL.9 Performance of the Machining Beam

The beam was aligned as described in section L.8
and a Faradsy cup was placed in the test-target carrier. The
beam current measured 0.05uA. in a spot size about one micron.
The beam voltage at this time was 20 kv., therefore, the
power density In the spot was about 1.27 x 105 watts/cm.z.

This power density was sufficient for the scanning
electron microscope, the results of which are given in section
5.L. However, the power density must be increased by three or
four orders of magnitude for the machining mode of the bean.

In the electron gun, the distance between the Wehnelt

electrode and the cathode 1s fixed and at this distance, the




- 71 -

optimum blas 1s zero. The Wehnelt electrode is being rede-

signed to allow a variagble distance so that a negative bias
may be applled to the Wehnelt electrode. This will reduce
the spot slze and hence increase the power density at tne
spot.

Voltages higher than 20 kv. could not be used due
to some defects in the Mikros HV-66 power supply. These
defects will be corrected so that higher voltages may be

used, agéin leading to a higher power density.
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CHAPTER &

THE SCANNING ELECTRON MICROSCOPE AND

MICROANALY SER

A brief description of the scanning electron
microscope was given in section 1l.3.1. In this chapter,
the scanning electron microscope in the MMP will be
discussed in detaill.

Figure 18 is a block diagram of the display
system and Figure 19 is a photograph of the dlsplay rack.

The electron besm of the C.R.T. scans a television-like

raster in synchronism with the main beam scanning a selected

portion of the specimen. Either secondary or reflected (back-

scattered) electron may be collected and used to intensity
modulate the C.R.T.

When the main beam 1s used as the electron probe
in the scanning electron microscope, the beam voltage 1s
reduced below 20 kv. to avold radiation and thermal damage
to the specimen surface. The pulse generator is turned off
and the beam is continuous rather than pulsed. Apart from
these two factors, the operation of the beam 1s exactly as
described in Chapter L.

The Analab model 1220 is a storage oscilloscope

with a grey scale and intensity-integrating capabilitles.

[ S
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Because of these properties, this C.R.0. is used to gradu-

ally build up an image of the specimen when the signal to nolse

ratio of the modulating signal is low. A small signal to nolse

ratio is expected when the collected current is comparable to
the dark current of the photomultiplier.

Recording speeds varying from ons frame in 7.5
minutes to one frame in 2.5 seconds are possible on the
Analab oscilloscope. The lower speed is limited by the
slowest avallable sawtooth waveform for controlling the
frame rate. The upper speed, however, is limited by the
oscilloscope .1tself,

The C.R.T. in the Analab oscilloscope is pulged so
that the beam current during the duty period is sufficient
for recording yet the average power dissipated at the screen
i1s low enough to avoid permanent damage to the screen. The
information stored on the Analab oscilloscope.ls, therefore,
in g sampled form.

With the minimum spot size and at writing speeds
below one cm. per millisecond, the samples merge into each
other and a single trace on the C.R.T. appears continuous.
The beam is pulsed at a fixed rate of 16 ke. and for no "dark
lines", a scan rate of 25 lines per cm. or greater is required.
A single frame, 6 cm. x 10 cm., traced out in 2.5 seconds,
therefore, contalns 40,000 samples. Any faster frame rate
results in dark spacese. |

On the Analab oscilloscope, the maximum magnification

obtainable will be 8,000 when the main beam spot size of

| SV,
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500 A. 1is finally achieved.

For viewing the specimen at frame rates comparable
to television reception, a C.R.T. with a continuous beam will

be coupled as a slave to the C.R.T. in the Analab oscilloscope.

5.1 The Scanning System

The x and y post amplifiers in the Anslab oscillg-
scope are 1ldentlical and for a full scale (10 cm.) deflection,
the output from the amplifiers is 670 volts. The deflection
system for the maln beam 1s driven directly from these
amplifiers. Therefore, there 1s a one to one correspondence
between the position of the main beam on the specimen and
the position of the beam on the C.R.T. either during a scanning
perlod or when the beams are stationarye.

The x~axls drive originates in the sawtootn generator
of the Analab 700 plug-in unit. This sawtooth is amplified by
the x-post gmplifler and then used to control the frame rate.
The slowest rate available from the plug-in is one frame in
50 seconds. However, with external capacitors, the rate may
be decreased to one frame in 7.5 minutes.

The y-axls sawtooth originates in a type 2B67
Tektronix time base generator powered by a type 129 Tektronix
plug-in unit power supply. Thils sawtooth is amplified by the
Analab type 700 plug-in preamplifier and the Anslad y-exis
post amplifier and then used to control the scan rate. The

sawtooth available from the 2B67 varles from one scan in
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50 seconds to one scan in 1Op seconds.

The combined system is capable of scanning at

rates varying from one frame in 7.5 minutes to L00 frames

per ssecond.

5.2 The Electron Collector

The use of secondary electrong for Intensity
modulating the C.R.0. glves finer detalls than reflected
electrons (24). Thils is because with a smgll positive
potential on the collector, almost all of the secondary
electrons may Be collected regardless of the direction in
which they were emitted. On the other hand, reflectsd
electrons travel in glmost straight paths with their trajec-
tories 1little affected by the potentlial on the collector.

Only those electrons initially travelling towards the collector,
reach the collector. Therefore, the information carried by all
the other electrons 1s lost.

In the MHP, reflected electrons are used for routine
ingpection and control of pattern generation. When finer
detalls are required, the system will be modified to collect
secondary electrons.

The electron collector was designed after the system
described by T.E. Everhardt and R.F.M. Thornley (25).

T.R. Bverhardt et al. (2ly) have shown that an electron
collector consisting of a scintillator connected to a photo-

multiplier by light pipe gives better performance than the

CYRRCES
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direct Application of an electron multiplier. One of the
main reasons for this 1s the small s0lid angle subtended
by the first dynode of the electron multiplier at the
target point on the specimen. In the case of the scintillator-
photomultiplier combination, the scintillator may be placed
qulte close to the specimen to subtend a considerably larger
sollid angle.

The collector system in the MMP uses a block of
NE 102 scintillation materiagl mounted c¢lose to the specimen
and connected to the photomultiplier by polyvinyltoluene
light pipe. The scintillation block 1is cemented to the
polyvinyltoluene rod with Carl Biggs’ resin No. R-823" which
has a hlgh bonding strength and a refractive index of 1l.56.
The refractive index éf NE 102 is 1.58.

5.2.1 The Photomultivlier, Cathode Follower and

Pregmplifier Assembly

A cathode follower 1s used to isolate the photo-
multiplier circult from the preamplifier, the three circuits
being housed in the same shielded case. Figure 20 1is the
circult diagram of the photomultiplier, cathode followsr and

preamplifier assembly.

# The use of R-823 for bonding the scintillator to the
light pipe was suggested by Mr. M.J.C. Ewer of Nuclear
Enterprlses, Winnipeg, Canada, the manufacturer of
both NE 102 scintlillagtion material and polyvinyltoluens
light pipese.
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Tho photomultiplier tube is a Philips 150-4VP,
which has its maximum sensitivity at the same wavelength,
1,300 A, as that for the maximum emissivity of NE 102
scintillation materlal. The tube has 10 stages and is
operated at 120 volts per stage except the first stage,
which 1s operated at 180 volts. The photomultiplier tube
is shielded with a mu-metal case.

The cathode follower has a galn of 0.93 and an

output Iimpedance of 600 ohms. The gain of the preamplifier
is 20.

5.2.2 The Z-Axis Amplifier

The z-axis amplifier is a Tektronix type 2463
Plug-in unit powered by the type 129 power supply.

5.3 Intensity Modulation of the C.R.O.

Either a positive or a negative image of the
specimen may be obtained on the C.R.Te. by choosing s signal
Wwith the proper phase. The phase selector has two outputs;
one for lntensity modulating the Analab oscilloscope and the
other for the slave C.R.T. Either C.R.T. may be modulasted
with a positive or g negative image independently of the
other.

A de. voltagge is provided so that the C.R.T. may

be blased in the centre of the linear portion of the grey
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scale.

A type 360 Tektronix indicator i1s used for

monitoring the modulating signal and the bias voltage.

The type 360 indicator is powered by a Tektronix type

160A power supply and the sawtooth and gate to the indicator
are supplied from the type 2B67 time base plug-in unit which
drives the y-axls of the Analgb oscilloscope.

The type 360 indlcator is also used for monitoring
the pulse duration of the main beam during machining. During
thils mode of operation, the sawtooth and gate to the indicator
are supplied by a Tektronix type 162 waveform generator, which
also supplles the trigger to a Tektronix type 161 pulse
generator. The output from the type 161 is applied through
the 1lsolating pulse transformer to the Wehnelt‘electrode of

the maln electron gun for pulsing the beam.

S.l Performance of the Scanning Electron Microscope

Figure 21 shows an image of the zinc sulphide
phosphor used to align the electron optical axis. The
picture was taken at 100 magnification with the specimen in
the test-target carrier.

A copper grid on which specimens are mounted for a
transmission electron microscope was then placed in the
substrate carrier and a plcture was taken at 100 magnification.

This is shown In Flgure 22. Figure 23 shows the sams specimen
at 200 magnification

P




FIGURE 2|

The zinc sulphide phosphor used
to align the scanning electron
microscope

FIGURE 22

Copper grid taken at one hundred
magnification

FIGURE 23

Copper grid taken at two hundred
magnification
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The resolution of the instrument as estimated on
the dlsplay scope 1s about one micron corresponding to the
size of the electron probe. It 1s expected that this

resolution will be improved by the new deslgn of the Wehnelt

electrode as explalned in section L.9.

5.5 Provision for the Microanalvyser

For determining the purity of films and for
inspection of multilayered thin-film structures, the main
beam will be used as the electron probe for the microanalyser.
The original design of the MMP specified the installation of
erystal detectors for x-ray analysls. However, another
electron collector matched to the one currently in use in
the scanning electron microscope will be installed for

microanalysis (see section l.3.2).
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CHAPTER 6

THE VACUUM SYSTEM

The degree of vacuum in which thin films are
prepared 1s one of the important factors in determining
the properties of the films. P.A. Rednead et al. (26)
have calculated that at a pressure of one torr, 1t takes
l.3 microseconds for a clean surface to be covered with
a monomolecular layer of air (calculations made for nitrogen)
assuming that every molecule which arrives at the surface
sticks to 1t. At 1 x 10°° torr, it takes 1.3 seconds and
at 1 x 107+t torr, it takes 36 hours. Thess figures give
an Indication of the ease with which the residual gas in
a vacuum system may affect the composition of thin films
during deposition.

Reactlve sputtering makes use of this gettering
action during the deposition of films. However, even when
a gas 1s introduced into the system for varying film properties,
the composition of the residual atmosphere must be carefully
controlled. J.G. Needham (27) has reported good reproduci-
bility in a sputtering chamber which is evacuated to 1 x 10”7
torr.

In the MMP, the reglon around the substrate will

be evacuated to-a pressure of 1 x 10™? torr in an effort to




maintaln the surface of the deposited films clean.

surrounding this region is a vacuum of 2 x 10~/ torr.

6.1 The High-Vacuum Assembly

Figure 2l shows the component parts of the vacuum
system. Both the belljar and the baseplate are made from
stainless steel. The belljar is 2l inches in diameter and
2l inches high and has strip heaters with a total capacity
of 7.5 kilowatts strapped to the outside surface. The
bellJar has two 7 inch ports: one is for visugl observation
and the other connects to a vacuum lock, through which raw
material will be transported into the system.

The seal between the belljJar and the baseplate is
a single water-cooled butyl rubber "O" ring. It has been
estimagted that water-cooled butyl rubber has a lower out-
gassing rate than Viten A. To minimize vibration of the

system, the baseplate 1s mounted to the frame through vibra-

tilon insulatorse.

6.l.1 Vacuum Pumps

A Ll inch diffusion pump (NRC model HSL-750) rated
at 750 litres per second is used to evacuate the high-vacuum
region. This pump is operated with Dow Corning DC-704 fluid
and is fitted with a water-cooled cold cgp and a molecular

sorbent baffle (sodlium zeolite trap) both for minimizing the




FIGURE 24

Component parts of the vacuum system

l. Belljar, 2. Siteport, 3. Baseplate, L. Vibration mount,

5. Spectrometer tube, 6, L" Gate valve, 7. 2" Gate valve,

8. Molecular sorbent baffle, 9, Diffusion pump, 10, Rt. angle
valve, 11, Bellows, 12, Ballast tank, 13, Cold baffle,

1l4. Discharge tube, 15, Mechanical pump, 16, Vacuum lock,

17. 6" Gate valve, 18, Upper lens column, 19, Ultrahigh vacuum
ion pump, 20, Lower lens column, 21, Thermocouple gauge,
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backstreaming of pump fluid.

The diffusion pump exhausts into a 60 litre
ballast tank, which 1s pumped by a mechanical pump
(Welch model 1398M) rated at 1400 litres per minute.
The ballast tank was designed so that during operations
requiring a high resolution, the mechanical pump may be
turned off. When the mechanlcal pump 1s off, the system
should be sble to operate for a calculated period of 180
hours before the pressure In the ballast tank rises from
1 x 2073 torr, the "blank off" pressure in the ballast tank,
to 0.45 torr, the maximum forepressure for the diffusion
pump. Actually, L hours of operation was achieved wlth no
detectable change in the pressure in the ballast tanke.

This 1is sufficlent for most processes in the MMP.

6.1.2 Vacuum Gauges

The system 1s equipped with an NRC type 710B
gauge control, which operates two type 501 thermocouple
gauges and one type 507 ionization gauge. Thermocouple
gauge No. 1 reads the foreline pressure in the ballast tank
and thermocouple gauge No. 2 reads the pressure on the high-
vacuum side of the diffusion pump. The thermocouple gauges
are used to indicate when it 1s safe to turn on the diffusion
pump and the ionization gauge.

The thermocouple gauges have a range from one torr

to 1 x 107> torr and the ionization gauge is usable betwsen

- USSR
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5 x 1073 torr and 1 x 1077 torr in five ranges.

An Alphatron type 530 gauge also measures the
foreline pressure in the ballast tank. Thls gauge uses a
small charge of radium 226 as a source of alpha particles
for ionization. Therefore, the use of the Alphatron gauge
1s not limited to low pressures as in the case of lonizatlion

gauges with heated cathodes. The Alphatron gauge msasures

pressures from 1 x 103 torrs to 1 x IO-LL torr in seven ranges

and, therefore, covers a region of the pressure scale not

covered by the other gaugese.

6.2 The Ultrahigh Vacuunm

The upper lens column 1s made from nickel-plated
mild steel and is pumped by a Boostivac High Vacuum Ion Pump
model 10-40l1. This 1is an "evavor-ion" pump, which enhances
the actioh of an ion pump by providing the added gettering
action of a freshly deposited metsl fllm. In the Boostilvac
pump, the rate of evaporation of a titanium film is variable
whereby pumping speeds ranging from 4O litres per second to
145 litres per second are available.

An ion pump is essentially an lonization gauge
and, therefore, does not require any additional gaugings.
The current in the cold cathode discharge of the Boostivac
pump is used to indicate the pressure in the ultrahigh

vacuum region. The pump measures pressures from 1 x 10-4

torr to 1 x Il.O-9 torr.
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6.3 Residual-Gas Analysis

In the analysis of film characteristics, it is
important to know the composition of the atmosphere in which
the fllm was prepared. For the analysis of the residual gas
in the vacuum system, an Aero Vac Vacuum Analyzer model AVA 1
Is used. The Instrument is a mass spectrometer which also
has facility for measuring total pressures. The use of this
ingtrument for leak detection is dlscussed under section 6.l.

Two mass ranges, 2 to 11 and 12 to 70, are avalleble
on the Vacuum Anaglyzer by manually Interchanging deflecting
magnets. The sensitivity of the instrument for partial

pressure measurement is 10720 torr for nitrogen.

6. Leak Detection

Compensating a leaky vacuum system with large
capaclty pumps does achisve the requlred degree of vacuun,
but, it does not permit any control of the atmosphere in the
vacuun systeme. It 1s, therefore, necessary to locate and
repalr leaks In the system. For leak detection, the Vacuum
Analyzer i1s used with helium as the probe gas. The instru-
ment 1s tuned to the partiasl pressure of nitrogen and the
system is probed with the helium gas. A decrease in the
partial pressure of nitrogen indicates a leak. The sensitivity
of the Instrument in this mode of operation is 1 x 10-9 torr

as compared to 1 x 10-8 torr if the instrument is tuned to

T
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the partilal pressure of helium and the increase in partial

pressure is observed.

The spectrometer tube of the Vacuum Analyzer may
be commected to the high-vacuum side of the diffusion pump
or to the ultrghigh-vacuum region in the lens column.

For large leaks which maintain the foreline
pressure at a sufficlently high velue to support a glow
discharge, a Tesla coil in conjunction with a glow discharge

tube 1s mounted to the neck of the mechanical pump and the

system is probed with acetone. If the probe vapour enters

the system through a leak, the reddish purple colour of the
discharge, which is characteristic of air, takes on a whitish

appearance due to the presence of the acetone.

A Rustrak strip chart recorder (amplifier model 98
and recorder model 88) is used to measure the rates of slow
leaks in the system. The recorder monitors the pressure as

indicated by either the Alphatron gauge or the type 507

lonization gauge. Thils recorder also forms part of the

protective clrcultry discussed in the next section.

6.5 Protective Circuiltry

If for any reason, the pressure on the high-vacuum
side of the diffusion pump exceeds l.5 x 107k torr, the

power to the main electron gun and to the diffusion pump is

turned off. Under the high-pressure condition, the pump rluid

breaks down and the filament of the electron gun may burn out.
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Figure 25 shows the protective circuit for the electron gun

and the diffusion pump.

A-A 1s the normal operating position of the switch
S3. The position B-B is provlided for starting and other
condltions which require bypassing protection from pressure
rise in the system. 115 v.ac. is supplied to the contacts
A~A of the switch 83 whenever power 1s being supplied to the
filament of the lonization gauge. If power is being supplied

to 83, and Sh is closed, the normslly opened switch S, closes

2
and supplies power to the electron gun and the diffusion pump.

If the pressure in the high vacuum region rises
above l.5 x 10"Llr torr, the power to the filament of the
lonizatlon gauge 1s turned off and so is the voltage to the
contacts A-A. The switch 82 opens and the electron gun and
the diffusion pump are turned off.

The normally closed switch Sh is a thermgl relay
which protects the system if the water to the cooling coils of
the diffusion pump and the co0ld cgp 1s turned ofrf. S)-!- is
Installed in the exhaust line of the cooling system togsther
with a heater coll. If the water 1s turned off, the tempersture
rises gnd at a preset temperature, Su opens and turns off the
systen.

During bake-out of the vacuum system, a thermo-
couple 1is imbedded near the butyl rubber "O" ring between
the belljJar and the baseplate. The temperature is monitored

on a Rustrak temperature recorder model 1L7.

Both the temperature recorder and the pressure
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recorder are equipped with relays for controlling the
functlons between preset limits. The temperature recorder is
set so that the heaters are turned off if the temperature
rises above 100°C and are turned on agaln when the temperature
drops below 100°C. The pressure recorder 1s set so thgt the
heaters are turned off if the pressure exceeds 1 x 1o'u torr
and are turned on again when the pressure drops below this
value. The bgke-out operation is automatically terminated
when the pressure drops below 5 x 10~7 torr in the belljar.
The protectlve circuitry operative during bake-out 1s shown
in Figure 26.

During regenseration of the sgsodium zeolite in the
molecular sorbent baffle, the protective circuitry used during
bake-out is also used. A thermocouple is imbeddea betveen
the baffle heaters and the baffle and the tempersature is
controlled below 35000. The regeneration process is automa-
tically terminated when the pressure in the foreline of the
diffusion pump drops below 5 x 1073 torr.

Figure 27 shows the control and monitor racks for

the vacuum system.

6.6 Performance of the Vacuum System

After the vacuum system has been briefly exposed
to the laboratory atmosphers, the mechanicgl pump takes the
system down to 5 x 10”2 torr in two minutes. The diffuslon

pump 1is turned on. at that pressure and it takes half an hour
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Protective circultry operative during bake-
out of the belljar and during regeneration

of the sodium zeolite in the molecular
sorbent baffle
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to pump the system down to 3 x 10™% torr. The blank-off
pressure of the high-vacuum system after the bell Jar and
the molecular sorbent baffle have been baked out, is
2 x 10”7 torp.
When the vacuum is broken with dry nitrogen, as
is done 1f access to the chamber is not requlred, the pump-
down time 1is reduced to 10 minutes from atmospheric pressure
to 1 x 107 torr and 3 minutes from 1 x 1072 to 1 x 10”° torr.
The system was designed so that the four inch
diffusion pump may be replaced by a six inch pump for faster
pump-down times without the necessity of remachining the
baseplate.
Figures 28 and 29 show the analysis of the residual

gas in the high vacuum chamber when the total pressure in the

system was 1 x 10~° torr.




o)
o
1]
o
e} .
- O
o ~ 91 NOIUY 4V
E L (+d) NOHgY D —
o 1
oed
w (4N}
; s
o 5 (44D) 1YOT IVY -\
il oL o _
S © ot
E| B =g
— [ 3]
ad o £
30 (L4CK IV ) NEIDOGHIIN =
w3 0 o+ & 4 widrads L it
- O
w3 E
57 (.%i0) TvsIavy L
< o 5 + VST i
joleRe]
< 43 o
{ ar\ RANATS o £
\++ N/ u-\‘". + P -
(,#) IVDIavy =
Sy us an A by
(+O H) MLV e-e=—— - o
S o
(+°N, N oL TN Py




HIANON ESTA
c

- 98 -

= *{11 = 2, ©Jusd S§BU MO]
e *19q984S wMnoBA 813
g ul sed TBunised ey Jo sIisdTBUY

62 Hiild




- 99 =

CHAPTER 7

DISCUSSION

The basic 1ldeas for the MMP were originated
early in 1962 and were to some extent motivated by a
paper written by Kenneth R. Shoulders (28). Shoulders
outlined a program in which the end point was the production
of a computer which would economically perform many of the
functions of an intelligent technicilan.

The computer Shoulders

envisaged contains 10ll components approaching the complexity

of the human brain and occupies g volume one inch cubed for

easy portability.

The MMP, however, was deslgned for investigating
pPhenomena and processes which would be useful to the field
of thin-film circuitry.

To achleve hls goal, Shoulders proposed the use of
processors with more than one vacuum station and processes
performed in the laboratory atmosphere. Both of these were
carefully avoided in the design of the MMP.

The original proposal for the MMP (29) was drawn
up in October 1962 and specified that the MMP will permit the
controlled deposition of thin films, electron-beam micromachining,
topological inspection using a scamning electron microscope and

chemlcal analysls using an electron probe microanalyser. These

o s
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processes were to be performed without the need of moving

the substrate.

7.1 The Present State of the MMP

The vacuum system which encloses a major part of

the MMP has been completed and performed satisfactorily as
described in section 6.6.

The maln electron beam was operated in the scanning
electron microscope mode with a resolution of about one micron.
The resolution is gt present limited by the performance of the
electron gun, which must eventually be replaced both for

improved resolution in the scanning microscope and for increased

beam power for machining.

For microanalysis, another electron collector similar
to the one in use in the scanning microscope will be instglled

for the type of work as described in gection l.3.2.

A deslgn for the lon beam deposition system has been

worked out with special attention pald to the mechanism ror

bending the ion bean. Bending of the ion beam allows the ion

source to be located off the main axis of the MMP.

7.2 Experimental-Research ProJtects

So far, not much has been sald concerning the

propcsed use of the MVP. Since the MMP was designed to support

experimental research, any proposal must of necessity be to
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some degree speculative. However, some indication of the

type of work planned will be glven.

7«2.1 The Preparation of Thin Films

At present, thin films used for integrated circuits
are primarily produced by sputtering. To gain reproducible
characteristics 1n the production of these films, variations
in the film properties were overridden by fairly heavy "doping".
Later, electrical characteristics of the films were controlled
by doping, Sut the use of pure films in thin-film integrated
circuits was given up primarily because of the lack of repro-
ducibility.

The first experiments with ths depositién system of
the IMP will be the preparation of high-purity films and the
analysis of thelr characteristics using the microanalyser znd
the scanning electron microscope.

Techniques for directly depositing dielectric films
have not as yet been developed. Most dielectric films used in
thin-film circuits are still produced by chemical or electrolytic
anodization.

The quality of dielectric films produced with a partial

pressure of oxygen in the deposition system will be investigated.

7.2.2 The Resolution of Micromachining

The importance of the resolution of machining was
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discussed in section L.l. Experiments in machining will be

closely assoclated with the deslgn of a new gun for the MMP.

T«2+.3 The Fabrication of Thin-Film Circuits

After the objJectives listed in sections 7.2.1 and
7.2.2 have been realized, efforts will be concentrated on

the majJor goal of the MMP project; the fabrication of thin-

film circuits using the techniques described.
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APPENDIX 1

The FORTRAN Program for the Solution

of the Ray Egugtilonsg

Equation (38) may be rewuritten as

- 3/2
o/ = 23-5 o [12-52 1, 9.6=x10 g (LZ—ZZ 1
C Z r3 C3/2 A r
2, .2 2_.2 2, 2
_ |3L° + = 53.5 (L -z ) - L+ /
eI A e T e I

The voltage V, was taken as-20 kv. C is a multiplying
coefficient of 20 kve I is the beam current in microamperes.
A listing of the FORTRAN program used in the

solution of equation (38a) followg:

T - LI T e !




PRy ]

P

- 104 -

PROGRAM FOR FULL RAY EQUATION.
SI=,004225
PSL=SL+SL
1% PRINT 18
FORMAT (1H ,LH SET)
READ 1,D%,C,I,%,R,RD,ZFI
1 FORMAT (7F10.0)
BC=53.50/C
PR=Cx1 . S
AC=(.00096%I)/PR
PR=R*R
PR=PR*PR
RC=BC:*PR
PRINT 16,I,C,DZ,Z,R
16 FORMAT (1H ,3H I=,F10.3,3H C=,F10.1,4H DzZ=,F8.5,3H Z=,
F10.5,3H R=,1F8.L)
PRINT 17
17 FORMAT (1H ,5X,2H Z,12X,2H R,1LX,3H RD,11X,LH RDD)
15 ZN=2Z
RN=R
RDN=RD
N=1
10 SZ=ZN:ZN
SUM=SL+SZ
DI=SL+SZ
Q=SUM/DI
Q=0/ZN
T=DI/ZN
V=T%%1l.5
Y=,5%( (TSL+SUM)/(DIxDI) ) +BCxT
12 RB=RN“RN*RN
11 RDD=(RC::T/RB)+ ( AC™V/RN)=Y*RN=,5%Q*RDN
G0 70 (L,5,6,7),N
It PRINT 9,%Z,R,RD,RDD
9 FORMAT (1H ,F10.6,3E1l5.7)
IF (Z-z#1) 13,14,1hL
13 CX1=DZ:xRDD
ZN=Z+ .5%DZ
RN=R+.5:<DZ:xRD+.125%DZ:CK1
RDN=RD+.,5%CKL
N=2
GO TO 10
5 CX2=DZ:<RDD
RDW=RD+.5%CK2
N=3
GO0 TO 11
6 CX3=DZ:RDD
ZW=Z+DZ
RN=R+DZ* RD+ . 5% DZ::CK3
RDN=RD+CK3
M=l
GO T0 10
7 CKL=DZxRDD
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s DR=DZ:(RD+.1666667%(CKL+CK2+Ck3 ) )

' DRD=.1666667(CK1+2.%(CK2+CK3 )+CKl} )
Z=7+DZ

R=R+DR

RD=RD+DRD

GO TO 15

END

[P VR T
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The program for the solution of equation (39)
1s effectively the same as the previous program with the
approprigte statements removed and statement 11 changed

to include only the space charge term. A llsting follows.

|



]

1
1

16 FORMAT (lH ,3H I= ,F10.3,3H C¢=,F10.1,4H DZ=,F3.5,3H 2Z=,

17
15

10

11

NoZ =y

13
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SPACE CHARGE TERM ONLY
SL=,00l.225

l% PRINT 18

FORMAT (1H ,LH SET)

READ 1,D%,C,I1,Z,R,RD,ZFI
FORMAT (7F10.0)
PR=C:1.5
AC={.00096::I)/PR

PRINT 16,I,C,DZ,Z,R

F10.5,3H R=,1F8. h)
PRINT 17

FORMAT (1K ,5X,2H 2,12X,2H R,14X,3H RD,11X,4H RDD)

ZN=7

RN=R

RDN=RD

N=1

SZ=ZN:xZN

DI=S1~SZ

T=DI/ZN

V=Tanl, 5

RDD=ACV/RN

GO TO <u 5 6,7),N
PRINT 9,7 RD RDD
FORMAT (lH FlO 6,3815.7)
IF (Z-ZFI) 1,,1@,14
CK1=DZ:RDD
ZN=Z+ . 5DZ
RN=R+,5:DZ::RD+.125:DZ::CK1
RDN=RD+.5%CK1

N=2

GO TO 10

CK2=DZ::RDD
RDN=RD+,5:%CK2

N=3

GO TO 11

CX3=DZ%RDD

ZN=Z+DZ

RN=R+DZ:RD+« 5::DZ%CK3
RDN=RD+CK3

N=ly

GO TO 10

C¥L=DZ*RDD

DR=DZ::(RD+.1666667::( CK1+CK2+CK3 ) )
DRD=.1666667::(CK1+2 .5 (CK2+CK3 }+CKl)

7=7+DZ
R=R+DR
RD=RD+DRD
GO TO 15
END

S
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APPENDIX 2

: Design of the Maesmet Coils

The total mmf. required for the magnetic flux
density is 61,200 ampere-turns or 30,600 ampere-turns per
coil.

The cross ssctional area provided for the turns
in each coil is 2 %E" x 1 %éﬁ.

Using %“ outer dlameter copper tubing with 0.032"
wall thickness and 0.0016" insulation, each coil will
accomnodate 17 layers of 1l turns and 2 layers ofAlz turns

because oI the notch in the colls. This gives a total of

262 turns. The turns are not staggered so as to provide

extra space for cooling.

The current required is, therefore,
_ 0600
To=
= 116.8 amps.

The average diameter of the coils is

ave. 2

3 .12511

e eI AT P T
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therefore, the total length of tubing required per coil
is

L = 262 x 351[{.2 X 30125
12

21l L feet.
The area of cross-section of the copper tubing
is
A = ﬁ (0.1252 - 0.0612)
9.

3l x 1072 sq. inch

The resistance of each coll 1s

6

R = 272 x 107" x 21ih.h x 12

9.3L x 1073 x 2.5L

= 0.186 2

l.72 x 10-6 £ -~ cm is the resistivity of copper.

The power disslpated per coil 1is

P 116.82 x 0.186

2.5 kw.

Assuming a temperature rise T of 44O ¢® in the
cooling water, the flow required is given by

2540 x 60
Jdx T

G =

= 912 cc/min.
= 0.2 gal./nin.

waere J = L.18 joules/calorie.
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