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ABSTRACT.

This work is concerned with the changes which occur in the electrical
resistance and effcctive work function of thin metallic films as a result of
surface effects. The surface effects considered are a result of the vacuum
" deposition of overlayers and gas adsorption at the film surfaces. Conductivity

and work functiqn'changes which can occur are considered separately, and then
an attempt is made to predict how conductivity and work function changes are
related for the metals employed;  viz, gold, silver and aluminium.

A suitable method of monitoring the changes in effeétiﬁe work function
of thin metallic films is developed which can be operated during vacuum
depositibn of the films in wltia-high vacuum ccnditions. Apparatus incorporatihg
this means of monitoring effective work function, and 2180 the measurement of
sheet resistance, W&S designed and built for use in conjunction with an electron-
beam evaporator unit.

A simple theoretical model is presented for the growth of overlayers on
metallic tilms which can be used to predict electrical resistance changes in
reasonable agreement with the experimental results for gold deposited onto
annealed gold films. The model depends upon an exponentiel relationship
between surface coverage and mean overlayer thickness. The relationship is
found to be applicable for gold, vacuum deposited onto polycrystalline silver
films, and vice versa, on glass substrates.

Changes which take place in the electrical resistance pf thin polycrystalline
gold and silver films when aluminium overlayers are vacuum deposited onte thenm
are explained on the basis of surface alloying and the reaction of aluminium
with oxygen. Cdntact potential measurements made are compl@mentary to the
explanation of the resistance changes. Composite film structures with oxidised

layers of aluminium were found to have very non-linear slope resistance characteristics.
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CHAPTER 1.

INTRODUCTION

Introduction,

The work described in this thesis is concerned with the
preparation and properties of thin metal films., The metals used
are gold, silver and aluminium, .The films are prepared by vacuum
deposition and the properties of principal interest are electrical
conductivity and work function., In this first chapter an outline
of thin film development will be given together with the progress
made in the measurement and understanding of some of their
properties, From this, the reasons for this work will be given

and its aims explained,

1.1, Definition of Surface Effects,

In electronic engineering it is very important that the
physicai properties of the materials used are well known. In
modern circuit and device design work the electrical conductivity
appears in the necessary calculations more often than any other,
Tables of accepted values for stated conditions of temperature and
crystallographic orientation are well documented for most
materials, However, the technology of circuit manufacture has
changed so rapidly in the last twenty years that sﬁch tables of
conductivity must be used with caution. These values are perfectly
valid providing '""bulk™ conditions are being considered i.e. that

all the dimensions are very much larger than the mean free path of

)
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the charge carriers in the material. Typically, the mean free
path in a good conductor is a few hundred angstroms. Thus, for
"metal f£ilms having a thickness less than a few thousand angstroms
the bulk conductivity can be significantly modified by the state
of the surface of the material, These modifications are said to
be the result of size and/or surface effects. In this work they

will be referred to as surface effects,

l.2, Thin Metal Films,

102.1. Early Work. Thin metal films formed at low pressures were

first reported over a century ago by workers in the glow discharge
field; These films were inadvertently sputtered on to the glass
envelope containing the glow diécharges. When developing the
filament lamp in the latter half of the nineteenth century
experimenuers'reported metal films appearing on the inside‘of the
léﬁp envéloée. During this purlod no serious attempts were made
to 1nvest1gate the propertles of such films, Thls is not a
refltctlon on the ablllty of experlmenters of the time, but sths
the 1nadequacy of their 1nstrumentatlon and apparatus for a
systenatlc 1nvest1gat10n of the prcparatlon and propertles of
these deposits. Not until the turn of the century did the

experimental and theoretical work on thln films make real progress,

(1)

Drude in 1900:proposed his electron gas theory on
electrical conduction in metals. He postulated that a metal

contained mobile negatively charged particles analogous to a volume
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of gas molecules. The charged particles were to be in random
thermal motion like gas molecules and would undergo collisions
with each other which would result in a itmean free path for these
particles, From this theory Thomson (2) deduced that if a metal
conductor was of such a size that the thickness (t) was of the
same order as the bulk mean free path (/A\,) of the charge carriers,
then the charge carriers, (electrons), would undergo further
collisions at the conductor surfaces. This resulted in an

expression for a reduced mean free path, (i), given by

/\‘ = t (3/4.. -&*yz \OC')",-"\EQ> . (1.2.1)

This relationship resolved the apparently anomalous results
obtained by workeré at about the same time for the resistivity of
thin films. For thick conductors the relationship between

resistivity ({>) and thickness (t) is
e« Ve (1.2.2)

It had been found for thin metal films that the resistivity
(§>) increased much faster than the normal relationship of

equation (1.2,2) would predict,

Since, from equation (1.2.1),ﬁ\ will decrease with dzcreasing

t the resistivity trend for decreasing film thickness was in

(3)

qualitative agreement with the experimeptal results, Swann in
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1914 could not theoretically account for the measured resistivity
and temperature coefficient of his thin metal films, The
teﬁperature coefficient was éf the wrong polarity and the
resistivity value too high to be accounted for by the Thomson (2)
theory, This led him to deduce that thin film structures were in
fact aggregated,and were not thin smooth plates as had been
2ssumed. His reasoning for the cause of aggregation has becn
shown to be wrong; but the basic idea of island structure during
initial film growth has been verified (h), Swann (3) further added
that since there was an open structure with gaps between clusters
of condensed atoms, only electrons with sufficient velocity could
travel from cluster to eluster. As the film grew the clusters
became closer &nd thus it beceme easier for the electrons to move
under the influence of an arplied electric field, As Swanson‘(5)
has pointzd out "Effectively Swann suggested that conduction in an
ageregated film is activated and that the activatipn energy
decreased as the film thickness inecreased.” ;Thus,mSWann'(B) was.

able to account for the positive temperature coefficient and for

the high resistivity values.,

1.2.2, Modern Ideas of Conductivity, Even with Swann's (3)

substantially correct picture for the stages of metal film growth,
it was several decades before the theory &f conduction in

discontinuous structures yielded results in agreement with

(6) (7)

experiments, Thermionic emission , field emission » quantum

(8) (9)

mechanical tunneling s Substrate conduction and semi-
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conductor - like band conduction (10)

have all been employed in
building up the modern theory for conduction in aggregated

metallic structures.

For continuous films several equations similar in form to

(11} (12)  pup 211 of

equation (L.2.1) appeared in the literature
them suffered from the inability to always agree with experimental
results., Fuchs (13); in 1938 solved the Boltzmann trahsport

equation with the appropriate boundary conditions for the case of

inelastic scattering at the surface of a film, Sondheimer (14)

(13)

(1952) derived an equation based on Fuchs' analysis for the
change in conductivity which results if only a fraction of the
electrons were inelastically scattered at the surface; Thus, a
fraction (¥ ) of the electrons are scattered specularly, and a
fraction (1-¥) diffusely. It was further assumed that this

fraction (P ) was not a function of the angle of incidence of the

electrons. The equation can be written as

AT

== )( LR ar (1.2.3)

&  is the thin film conductivity
Go is the equivalent bulk conductivity
t is the film thickness

N is the electron mean free path

and k= t//\

Thus, the change in conductivity is a function of the
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fraction P, film thickness and bulk mean free path., The only
other variable present in equation (1l.2.3) which was not present
in much earlier equations is ¥. A simplification which can be

made to equation (l.2.3) with, as before

is to rewrite it in the form given by

Juretschke (15) as

= - #(k, ©) (1.2.5)

i
where~¢ is a tabulated function. This theory has been used to

explain the observation that gold films deposited on freshly
prepared bismuth oxide underlayers have an initial P value of
close to zero which increases to approximately 0.9 when the films

are annealed in air at 350°C. (16) (17).

(18) (19)

An extension of the above theory was made by Lucas
to allow for different fractions of electrons being scattered
specularly at the upper and lower surfaces of a thin film, If %

and @, are the fractions scattered specularly at the surfaces then

the change in conductivity can be expressed as

' e —(k,‘"f)j
— s (G-
(..):’__ =] -—4———\2) - -—_:_-(-:‘2'--/:;)"‘ {.lozoé)
o ' f —RPL e
. &
..(\<./T)
X[Z-?-Q+§P+Q~2\’Q§e ]O\T
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or, using the Juretschke functional form

o 0=P0-a) L e

& T (- a7 (e, %)
+§ (-e) Q- 21 (1.2.7)
)T G- (Pm’*)\?g(

If the electron reflection coefficient at the film surface is
dependent on the angle of incidence of the conduction electrons,
then the mathematical analysis for the derivation of the above

(20)

relationships must be considered, Parrot assumed that for
all angles (8 ) to the surface normal up to some angle,(B,), all
the incident electrons would be diffusely scattered and that they
weuld be specularly scattered for all larger angles, Based on

this assumption the conductivity equation obtained,as shown by

Juretschke (21), can be written as
~5e<_9
-XT
« 3 (+:- _\)(
G, 2% g N (1.2.8)

|
As for equation (1l.2.3), equation (1.2.8) can be written in

the form

g—: = <}g(¢%99) (1.2.9)

An extension of this theory is to make allowance for the cut-
off angles being different at the upper and lower surfaces. If 9
and 6, are the cut off angles for the upper and lower surfaces)

then equation (1.2.9) is modified to



= (1r0,0) = plo0) rplkie) - ER0) g
Parrot's theory (20) and that of Fuchs-Sondheimer-Lucas (18?

both prédict approximately the same variations from bulk for
conductivity values of thin £ilms at temperatures cloae to ambient,
However, the theories predict different behaviour at low
temperatures when the mean free paths of the charge carriers
become extended, The experimental evidence available:(zz)
saggests that neither of the theories satisfactoriiy preaiuts low

temperature behaviour. This is perhaps the result of insuf~icient

consideration being given to the structure of real thin films.

1.2.3, Conductivity with Overlayer Structures,  Realising that an'

annealed gold film on bismuth oxide could have a scattering
coefficient (P ) of approximately 0,9, Lucas (23) (18) argued that
depositing a}further layer of gold could make P decrease again
to zero. This was provided that the gold ovérlay.was-left
unannealed, and that the annealed gold to unnanealed gold boundary
was completely transparent ﬁo the passage of electrons. By this
method hg hoped to increase the resistivity of a thin annealed
gold film by the addition of further gold until the shunting
effect.of the added gold caused the resistivity to decrease.

Experimental work carried out demonstrated that this was possible,
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and the results of some of this wofk-are shown in figure 1.2,1.
Lucas (18) applied the analysis developed by Puchs and Sondheimer
to solve the Boltzmann transport equation for electrons in a two
layer structure, In the analysis it was assumed that the layers
were formed of thin platelets and that the boundary of the.two
layers did not interfere with the passage of conduction electrons,
"he resulting equation for the ratio of the composite film
conductivity, (6:), to the bulk conductivity of the first layer,
(O wax ), is expressed as a function of the ratios of thickness
to corresponding bulk mean free path for the layers (%,.,k.), the
fraction of specular scaﬁtering at the top and bottom faces of the
composite structure (©,Q) and the actual thickness (a ,o) of the
layers

is.ee
g = ¥ (‘4‘)\‘27(3;(;27"“:;\3) (1.2.11)

(R

The shunting effect of the overlayer can be eliminated by
using an insulator instead of a good conducting overlayer material,
Several workers have demonstrated that if a dielectric overlayer
is deposited on an annealed gold film, then the resistance of thig

(23) (2u) (25)

composite structure increases to a constant value

(26). Figure l.,2.2. shows this effect,

1,2.4. Field Effects. On theoretical grounds it appears possible

to modulate the conductivity in a thick metallic film by the
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(21) (27)

application of a transverse electric field. Juretschke

derived the theoretical relations defining this effect for the

(18) (20)

Puchs~-Sondheimer-Lucas and the Parrot theories of

conduction in thin films, Recently experiments have been carried

(28)

out which suggest that the effect, if present, is not so
pronounced as. the theory of Juretschke predicts. This is
particularly true at low temperatures, wheré an enhancement of the

effect should take place,

<«

1.2:5+ Oxidation and Adsorption. Oxidation and gas adsorption

can cause the resistivity of thin metal films to change
appreciably. For a given metal these effects are very much
dependent on the ability of the metal to form oxides and the
reaction‘kinetics at the film surface with the particular gases
involved. Two types of adsorption may take place at the solid~gas
interface, namely physical and chemical adsorption. If the
temperature and preséure are favourable then physical adsorption
will take place irrgspective of the type of solid presenting the
surface for adsorption. Chemisorption has the naturé of a chemical
reaction between the surface atoms and the adsorbed gas molecules.
The latter type of adsorption is very much dependent on the
particular combination of gas molecule and surface atom system

.
being considered, Table 1.2.1, shows the fraction of a sirface
-8
covered for pressures of 760 torr and ‘¥ torr for equilibrium
physical adsorption at room temperature, From the tablie it is

seen that physical adsorption does not take place to any great
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extent at low pressures for the commonly occuring gases. However,
oxygen; hydrogen, nitrogen and carbon monoxide can be slowly
chemisorbed on metallic surfaces and can be rapidly adsorbed to
monolayer coverage'even at low pressures, This rapid uptake of
gas molecules on a metallic surface can be demonstrated with
oxygen and aluminium., A monolayer of oxygen forms on a fresh
aluminium surface in a few minutes at a pressure of ‘C;étorr (29).
There is a corresponding increase in the resistivity of a thin
aluminium film during oxygen adsorption, which is considered to
be the result of the electrons in the metal becoming part of the
electron shells of oxygen atoms (30). On further exposure to
oxygern the resistance bf an aluminium film increases further as a
result of oxide growth at the surface. This is a chemical
reéction which slowly turns the cbnducting aluminium into the
insuiating aluminium oxide to a depth of many monolayers. The
aluminium valence electrons are then prevented from taking part

in a conduction process, thus increasing the resistance of the

film,

1.2.6, Nucleation and Growth, Wood (31) in 1915 showed that the

probability of an imbinging vapour atom or molecule condensing on
a substrate was not unity, but depended on the substrate
temperature, He showed that for cadmium on glass it was n2cessary
to lower the temperature to approximately -90°C, before

condensation or sticking of the cadmium atoms occurred, This was
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the start of the idea of a critical substrate temperature for

(32) 4t forward in 1916

condensation to take place, Laﬁgmuir
his theory of condensation and re-evaporation. Unlike Wood, who
had thought that the impinging atoms were either reflected or
condensed, Langmuir postulated that all atoms were condensed, but
only remained on the surface for a time determined by

a) Intensity of substrate binding forces

b) Substrate temperature,

If an atom remained on the surface long enough for another
atom to collide with it then a pair might be formed, either atom
of which would require more encergy than before for re~evaporation.
Thus, the rate of arrival 6f atoms at a constant substrate
temperéture would be'030sely related to the rate of mrcleation,

Frankel (33)

in 1924 exbended Langmuir'!s theory of nucleation by
suggesting that there existed a critical nucleus size at which thé
nucleus free energy reached a maximum, Below this critical size,
growth is not probable because the free energy of the nucleus
would increase with the addition of a further atom,and this is not
favoured thermodynamically., Above the critical size growth is
probable because the free energy will decrease with the addition
of a further atom, From his theory Frankel reasoned that the
probability of nucleation would depend on substrate témpe:atures

and incidence rates, which would themselves be mutually dependent.

-This theory is still considered basically valid, but more modern
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ideas of nucleation theory will be considered in chapter Z.

1.2.7. Film Surfaccs, The properties of the surface of a thin

metallic film may depend on
a) The type and purity of the metal used.
b) The preparation, layout and environmental conditions

during film formation.

c) The history of the surface after film formation.

For surfaces prepared by gondensation from the vapour phése
of the metal, an example can be given for each of these possible
dependencies., Since the work function value of a metal tends to
be peculiar to that metal (can be from 2 to 6 eV), the type and
purity of a metal can greatly influence the electron emission
properties of a surface. One atomic percent of titanium in
rhenium gives a surface work function approximately 2 eV lower
than that of pure rhenium (34). As shown in section 1.2.6., the
type and state of the surface onto which the condensation takes
place, together with the metal vapour density; largely determines
the crystallographic structure of thin films, and hence the
crystal orientation. at tﬁe surface, It has been amply shown for
tungsten that the work function is dependent on surface crystal
struéture. The work function éan be over 5 eV if the surface is
‘predominantly of the (110) plane (353 but is approximately 4,55 eV

. if polverystalline (36). It was shown in section l.2.5. that gas

adsorption by metal films can rapidly take place even at low
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pressures which can ﬁodify the electron clouds éf surface atomse.
ThisQﬁodiﬁicatiom results in-a surface potenﬁiai.wﬁich‘can

increase or decrease the effective work function of the surface
depending on how the adsorbed atoms or molecules are integrated

with the film surface (30), Huber and Kirk (29)

have shown that
for water vapour on aluminium, the sufface work function is reduced
by approximately 1 eV, This reduction with water vapour is a
relatively fast process, but much slower processes frequently take
place. At atmospheric conditions of pressure and temperature an
oxide on aluminium takes approximately one week to grow to a

(37)

thickness of 20 angstroms During this period the surface

potential changes by approximately 350 mV, causing an increase in

(37)

the effective surface work function by this amount

The crystalline structure and composition of metal surfaces
have been investigated by employing various experimental techniques.
These techniques can be classified as follows

(i) The monitoring of surface work function and the
study of gas adsorption. This leads to deductions
concerning chemical bénding (38) at the surface,aqd
gas molecule interactions.with film surface atons.
Eley and Wilkinson (39) and Huber and Kirk (29)
have used this technique in the study df aluminium
surfaces,

(ii) Optical microscope. The best resolution possible
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‘¢ . of the optical microscope is approximately 5C00
angstroms which is inadequate for studies on an
atomic scale, However, optical microscopy can
show up surface blemishes such as scratches, smears

and dust particles.

(ii4) Electron diffraction,
(iv) Electron microscope.
(v) X-pray diffraction.
(vi) Field emission and field ion microscope.
The last four techniques have been discussed by Pashley (u)and

othors (ho)(llz)and allow surfaces to be examined on an atomic
scale., The resolution possible with electron microscopes varies
from ~ 100 angstroms with the scanning electron microscope (hlh
to less than the spacing of neighbouring atoms (~ 3 angstroms) with
the field ion microscope (42). Using clectron diffraction it has
been possible to determine crystallographic surface structure, and
to detect and examine foreign atoms incorporated into metal
surfaces, Many workers have been able to examine the growth and
adsorption behaviour of metal films using microscopy and

diffraction. This has led to an understanding of nucleation,

growth and surface phenomena of thin films,

1.3. Application of Thin Films,

Thin films prepared by vacuum deposition have been used for

several decades in the optical industry. It is however more recent
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that their magnetic and electrical propertiess have been
commercially exploited. The electronics industry in its quest for
smaller, cheaper and more reliable electrical circuits has found
many uses for thin films. Thin films prepared by vacuum deposition
may be active or passive circuit elements, or interconnecting
patterns for circuit elements, The function of these films depends
on the materials deposited, the sequence of depositions, and the

geometrics of the deposits.

Thin film resistors and capacitors having useful values of
resistance and capacitance with quite predictable characteristics
can easily be manufactured, unlike inductors which can only be
made with very small values of inductancce. Several review articles
(43) (hb) have considered such passive elements in detail, with
particular referenée to chromium alloy resistors and capacitors
with silicon oxide as the dielectric material, Active devices
directly prepared by vacuum deposition have not yet proved
themselves to be serious competitors to the conventional type of
device. Great effort has been expended by many workers towards
this end. Providing the momentum is maintained, it seems likely
that a reliable thin film transistor will eventually be developed.
At present the most probable type to become successful appears to
be the field effect transistor (45)._ However, as vacuum .echniques

become more sophisticated it may become possible to make the

necessary thin dielectric layers and single crystal structures
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necessary for good hot electron and bipolar types of
device respectively. Making thin-film interconnection twiring't
patﬁerns is relatively straightforward using pure metal films
having a thickness of typically a few thousand angstroms. The
desired pattern is either vacuum deposited directly, or
alternatively, it is etched from a suitable low resistance layer

over the entire circuit area,

1.4h. Object of this Investigation,

Entire electrical circuits made'by vacuum evaporation and
deposition provide a very éttractive method for circuit
manufacture. The only reason for this not being completely
realised successfully is the lack of a reliable active device,
Thus, it is very important that all of the possible ideas which
may lead to its development be examined. In order to Le in a
position to do this it is essential that the properties of
materials which may be used for making devices are well understood.,
Since vacuum deposition almost certainly results in thin films,
(say less than a few thousand angstroms) it is the properties of
thin films and not of bulk materials which muét be considered.
This is an important point because the properties of bulk material
are not necessanly the same as these when the material is in a
thin film form. A good example of this is the electrical

conductivity of metals as discussed in section 1.2,

The state of the surface of a thin film is very closely
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related to its electrical properties7and hence it seems only
reasonable that any apparatus ﬁsed for an investigation of
electrical conductivity of thin films should have incorpora@ed

into it some means of surface examination. Not all of the methods
outlined in section 1l.2.7. for examining surfaces were available
for this work. Only two of these methods were initially available.
These were firstly work function monitoring and the study of gas
adsorption, and secondly the scanning electron microscope. Optical
microscopy was not considered to be a useful possibility because of

its resolution limitation,

The materials considered for evaporation were gold, silver and
aluminium. Gold and aluminium are frequently used in thin film
electronics, and silver aot only hag several propérties similar to
gold, but also, like aluminium, is known to form an oxide. Since
freshly prepared metal surfaces even under high vacuum can be very
quickly covered with oxides, water vapour layers etc., it is
essential that a good vacuum be maintained during the investigation
period, This appears to make the scanning electron microscope
helpful only if either the films are prepared in the microscope
itself, or if no significant change occurs to the film surfaces
during the transfer period of the film.from the vacuum chamber
where it is prepared to the microscope chamber. Preparatisn in the
microscope is not considered a possibility for two reasons:

firstly the space limitation in the microscope chamber and secondly
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the relatively poor vacuum conditions present. Transfer to the
microscope for examination is certainly uscful because~any surface
contamination on the film does not usually show up unless it has
led to clectrostatic charging of the surface, Unfortunately, this
use of the microscope would only allow examination of the surface
of the film some time after its formation, and not during or
immediately after formation while it is still in a high vacuum
chamber. Hence the method of monitoring the work function and
studying gas adsorption would appear to be best suited for this
investigation. Accordingly, much effort has been directed
towards developing a suitable method for monitoring the surface
work function of thin films. The work function measurements can
then yield information on the state of the surface of the metal
films;which'can be used to explain changes in conductivity of thin

metal films during and after their formation by vacuum deposition.

It is hoped that this investigation will contribute towards a -

better understanding of thin metallic films which may someday

~

provide the active devices necessary for a totally vacuum

desposited circuit’ tcechnology.



0.

CHAPTER 2,

THEQRETZICAL WORK ON THIN PIIMS,

Introduction,

It is proposed to monitor the surface work.function of thin
mefallic films to explain electrical conductivity changes which
can occur as a result of surface effects. Both the work function
and the conductivity of a thin film are very much dependent on its
structure and composition. Consequently, this chapter is devoted
to outlining theoretical work which can relate work function and
conductivity to the structure and composition of_thin metallic
films, This work is used to establish relationships,suitable for
this study, between surface work function values of thin metallic
films and their corresponding values of electrical conductivity
or rcsistance, Thus, there are three sections in this chapter.
There is firstly the electrical conductivity of thin films with
various different types of surface effect present, secondly, work
function of different thin film structurces, and thirdly the
expected variations ol conductivity or electrical resistance with

surface work function for these films.

2el. Conductivity,

2.1.1. Bulk Metals, The analysis of electron conduction in

metals is made more complex than for bulk conditions if surface
effects have to be considered, Thus before examining thin films
with these complications it is useful to consider the conduction

of electrons in bulk material, It can then be shown how ideas
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of conduction for bulk conditions can be suitably medified to take

eccount of, at least qualitatively, thebspecial case of thin films,

Ekﬁbgynwéves can propagate through structures having periodic
Apotential fields with no loss of energy provided the structures
are exaétly regular., Bloch (hs)éhowed that as a result of the
wave structure'of an electrbn, it can pass through the periodic
potential of a perfect crystal lattice with no loss of energy. If
an electric field is applied_across a conductor having suchva
structuré,then conduction electrons will constantly increase their
energy by an energy exchange process with the dpplied field until their .
associated wavelength is such that they interfere with the lattice
‘structure. This will result in the electrons being elastically
scattered, However in real crystal lattice structures, sc%ttering
caused by deviations from the periodicity of the potential field |

will result in the electrons losing theirﬁggggg;ﬁgy inelastie

collisions much more probable, éharebisuifoping—otanbio—eotdiisionsy
Hence these lattice deviations will largely determine the

conductivity of metals,

In 1928 Sommerfeld (ugxiéodified the electron gas theory of
metals of Drude (1) and Lérén£z (50) by replacing the Maxwellian-
Boltzmann distribution Ehén used with Fermi Dirac statistics., This
led to the following éxpressions for the carrier density and

conductivity of a pure metal

- ‘5""..\/1‘-}!&—-} (2.1.1)



and
2
_ ne. N
C == T (20102)
nn.\l‘:
where G~ = Conductivity
n = Number of electrons per unit volume
-e = Electronic charge
N = Mean free path of charge carriers

m = Masgs of electron
VEf = Fermi velocity

h = Planck's constant

In the above equations the velocity used is the Fermi
vel&city, (V£), which is the electron vélocity corresponding to
" the Fermi energy. The mean free path (A) is the average distance
an electron travels between collisions, and is related to the

Fermi velocity through a relaxation time constant (().

i.c. | A=Ne. T (2.1.3)

This relaxation time is classically described as the time an
electron would take to come to equilibrium by collisions alone if
an applied electric field was suddenly removed, More simply it
can be regarded as the mean time between collisions at lattice
points where deviations from periodicity exist. The probability
of collisions taking place at different types of deviations are

statistically mutually exclusive and hence additive, Furthefmoré{
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these probabilities are inversely proportional to the relaxation
times associated with each type of deviation, and hence the overall
relaxation time C can be expressed in terms of a sum involving

the individual times of each type of lattice imperfection.

i.e, ‘:Z‘ T LT, (Rel.l)

v=\

Where (i is the relaxation time of the kth type of a total of

J distinct types of deviation. From equations (R.1.3) and (2.,1.1)
the total resistivity, (Q;), of a metal is proportional to the
inverse of the relaxation time, and hence using equation (2.1l.4) the

followingz result is obtained

[ l\/"\ e

veT
This is Matheissen'!s Rule (51) and can be stated as:- the
total resistivity of a metal is equal to the sum of individual
resistivity values all of which can be accounted for by ascribing
to each one a different type of lattice potential imperfection.
Matheissen's Rule isvvalid provided the number of free electrons is
not changed by the scattering mechanisms present, and that the
vibrational spectrum of the lattice is undisturbed, Sondheimer
(52) has shown that provided the free electron theory is applicable,
then the error involved in using this rule is usually less than 1%.

In practical terms, provided the number of lattice imperfections is

less than, say, 10% of the total number of atoms, then Matheissen's
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Rule can be used,

The various types of imperfection which occur can be

con;}ently classified for bulk metals into:~
(i) Lattice vibrations
(idi) Lattice defects
(iid) Lattice impurities

Lattice vibrations are caused by thermal cnergy in the lattice
and are characterised for each metal by a Debye tempefature, (99)-
The temperature corresponds to the maximum frequency,xi,, (the
Debye frequency) in the frequency spectrum of lattice vibrations,

and related to'f} by

\'\.’\79 = k»ep (2.1.6)

where 1 Planck's constant

k = Boltzmann's constant

The contribution to the total resistivity (?%) as a result of
lattice vibrations is temperature, (T), dependent but provided that

T >> 2.6, , then the relationship is
g‘).r =< T (20107) '

which is normally applichhile, since ©p for most metals is a few

hundred degrecs Kelvin.,

Lattice defects can occur as point defects, dislocation or

grain boundaries. The contribution to the total resistivity as a
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result of structural defects,(?&), is virtually dndependént of
tempgrature for reasonably small temperature excursions of say less
than lOOOC., and, also provided that the lattice vibration spectrum

is not altered,

Fettiee lmpurity scattering occurs when foreign atoms are
present in a metal. Their effect on resistivity can be very
pronounced, One atomic per cent impurity may double the total
resistivity. The contribution to the tétal resistivity as a result
of impurities,(?;), is virtually independent of temperature for

most materials and impurities,

Hence by Matheissen's Rule the total resistivity of a bulk

metal is given by

?O = ?4 -+ Q—r -+~ \35 ' (2.1.8)

When very thin samples of a metal are considered then two
other terms must be added to the right hand side of the equation
(2.1.8). They are firstly, a term to allow for the influence of
the boundary on the resistivity,(?b), and secondly a term
representing the contribution to ﬁhevtotal resistivity caused by
the method of preparation,(?P) ‘25). Thus the complete resistivity

expression for thin metal films, provided Matheissen's Rule can beg

applied, is

Q'o. = g3_r A 93 »-!-?; +§Db e gJF (2.1.9)



2.1.2. Surface Effects on Continuous Films. Thin continuous

metallic films prepared by evaporation and deposition of the metal
in vacuum can have their resistivities changed by one or more of
the following processes:-

a) Heat trcatment

b) Overlayers formed by vacuum evaporation and deposition .

of the overlayer material,
c) Gas adsorption and oxide growth
d) Alloy formation on the surface, and foreign atoms

diffused into the film,

Other processes exist which could cause changes in

resistivity, but only the above are considered in this study.

(53) (19)

a) Heat Treatment has been shown by Meyer , Lucas

and others (5k) to have an effect on the conductivity of thin gold
films grown on an amorphous substrate with a nucleating layer of
bismuth oxide. The change in conductivity as a result of the heat
treatment can be explained in terms of the scattering parameter,

(13) (1y)

(P), in the Pucﬂs-Sondheimer theory changing from a
value of close to zero to approximately 0.8, Structurally the
gold film grain size increases on anncealing, thus tending to go
from polycrystalline to single crystal, although the latter is
(53)

never-actually achieved in practice., Meyer made a catailed
study of this annealing process and concluded that oxygen, and
possibly other gases, interact with a hexagonal surface phase on

the gold film which acts as a wetting agent in the reduction of
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surface tension forces. By using bismuth oxide as the nucleating
layer, films which have conductivity values of close to bulk can
be obtained even at thicknesses of only 60 angstroms (19). It is
probable that a reaction with the oxygen in the nﬁcleating layer is
responsible fér these thin gold films being continuous. The
conductivity values of a series of thicker films prepared by
Chopra, Bobb and Francombe (55) by sputtering gold oq/to mica
substrates confirm that the scattering parameter, (P), is close to
unity for single crystal films, For polycrystalline gold films
deposited on cold substrates the conductivity values measured by
these authors suggested a low value of scattering parameteq and

many structural defects which also contributed to the high

resistivity

For more crystalline deposits on hot substrates the film
structure is still considered to be largely responsible for the
resistivity~thickness variation. Hence these authors do not
attribute all of the change in resistivity to only one cause when
thin gold films are annealed., It is reasonable to assume that the
resistivity attributable to lattice defects, especially grain
boundaries, in a thin polycrystalline metallic film will also
change when the grain size is substantially increased. No
experiments have been reported which attempt to different.ate
between the effects of surface scattering changes and those of |

" grain boundary changes when thin gold films are annealed in air.

(5¢)

Feldman, however, reported that the effective mean free path
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should be essentially that of the grain size when the grain size
is small in all dimensions. This is largely confirmed for bismuth,
which has a very longmean free path at room temperature, where an
approximately-linear(relationship between crystallite size and

conductivity was obtained,

b) Overlayers deposited on thin films may be of conducting or

dielectric material, and may be continuous or discontinuous. For
a continuous overlayer on a continuous metallic film the theory of

(19)

Lucas for the conductivity of a two layer structure can be
employed by making the following assumptions:=-
i) Electron-phonon collisions are diffuse.
ii) Parameters (P) and (Q) give the fractions of conduction
electrons srecularly scattered at the film surface.
iii) No scattering of conduction electrons occurs at the
interface of the two layers.

iv) The composite films are infinite in the x and y

directions, and of uniform thickness in the z direction,

A complete derivation of the equation for conducuvivity changes

with continuous metallic overlayers in a film structure as shown

(23)

in figure 2,1.1l, has been given by Lucas

——

;~'— = % <Y'>TiaA~>’\z;‘*:\°> P“»O\> (2,1.10) (
Q J

The significance of the symbols in equation (2,1.10) is explained
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in fig\lre 2.1.10

If the overlayer is of a dielectric material, then the
thickness, (b), is effectively equal to zero for all x and y, and

equation (2.1.,18) reduces to

..g;o = § (A, ® Q) (2.1.11)

Thus provided the overlayer is continuous, the above theory
can yield calculated valués of conductivity which agree with
experimental results, However, if the overlayer is discontinuous
then the assumption that the layer thicknesses are uniform for all
values of x and y may not be reasonable, Nucleation and growth of
an overlayer of gold on a continuous film of annealed gold has been

(58)

shown to go through stages'of nucleaticn, island formation,
island coalescence, and afser a mean overlayer thickness of about
100 angstroms, an cverlayer structurs is obtained which is almost
continuous, A very good demonstration of thé fact that a quite
separate goid layer grows on an annealed gold film surface is that
the gold overlayer can be stripped off with Scotch Tape (58). Thus
for overlayers of low mean thickness, say less than 100 angstroms,
care must be taken in applying equations (2.,1.10) and (2.1,11)
since the overlayer thickness, (b); may vary from zero to over 100
angstroms over the surface, For dielectric overlayers it will be

more important how much of the underlayer surface is covered with

dielectric, rather than the mean thickness of the overlayer.,



Lurve from 'Calmpbell'_'-'zref. 24 L
00

Covered

f 50 .

Area

25 |

Percentage

o s w0 B0 . 200 .

Average  Thickness  in " Angstroms

| ——Figure 2.7'.2'——?"1_ TN

Deduced _ Variation _of _ Thickness _ with .'L‘avefavgg



«30.

Referring to figure 1l.2.2. the shape of the curves will be
dependent on the growth process of the dielectric on the surface
of an annealed gold film; On a qualitative basis, it is reasonable
that for conducting overlayers the actual growth process will
largely determine the change in conductivity of a composite
structure, at least up to the point where the overlayer approaches
continuity. Present theory however, because of its formulation,
usually results in conductivity or resistance changes being shown
graphically as a function of the mean overlayer thickness,
Ascribing a scattering parameter (P) to a film surface and
postulating that it changes with the addition of an overlayer, at
least for the case of thin annealed gold filﬁs on bismuth oxide,
as a function of the mean overlayer thickness, may be better
"described as follows. The original annealed gold film is almost a
single ciystal with a surface scattering parameter (P) of

. approaching unﬁy,which results in the conductivity value being
close to that of bulk, When an overlayer is grown on the surface
it will cover an increasing area of it as the mean thickness
increases. Figure 2,1.2. gives an indication of how this might

take place (24)

« 1If the overlayer is polycrystalline, conducting
and discontinuous? then diffuse scattering will occcur in the
overlaycr islandsy; but specular scattering will stillk occur at the
areas of the surface wherc no overlayer has yet grown. The result
is an average scattering parameter having-a value starting'at'

- approximtely umayand decreasing as the overlayer grows, but is

the result of the two disbinct values for different arcas of the

film structure., Depending on how polycrystalline the overlavyer is.
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the average scattering parameter may be any value between 9n‘t¥, and
zero as the mean thickness increases. for a dielectric overlayer
the almost single crystal (gold) film will be disrupted at the

. arcas on the surface where deposition and overlayer growth has
taken place., This will result in the scattering paramcter being
something less than unﬂyfbr these areas. A consequence of this is
that the average scattering paramcter will be reduced, and hence
the resistivity of the (gold) film will indérease. Experimental
results for silicon monoxide overlayers on annealed gold films can
be explained by assuming thaf the sdattefing paranmeter is uﬂayfor
the original film, but is approximately 0.8 at areas covered with
dielectric, Figure 1l.2.2. shows experimental curves for
resistivity changes with dielectric overlayers on gold films, The
resistivity.in each case, as expected, reaches a constant value

correspor ling to complete coverage of dielectric.

The mean overlayer thickness at which the resistivity first
becomes conétant varies for these films from 20 to 50 angstroms,
This is the order of thickness at which it is expected that a
vacuum evaporated material such as silicon oxide would form a
practically continuous layer on a crystalline substrate,
Experimental results for gold overlayers on annealed gold films
are complicated by the fact that the overlayer has a shunt{ng
effect on the film resistance since conduction electrons are
considered free to cross the interface without hindrance and enter

the conduction band of the overlayer material, and vice versa,
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However; the results can still be explained by having two distinct
scattering parameter values for different areas of the films. The
explanation is consistent with the expected thickness of an
overlayer before continuity is obtained. Figure 1.2.1, shows that
at an overlayer thickness of approximately 20 angstroms, on aﬁ 80
angstrom thick annealed gold film, the rate of change of resistance
as a result of changes in the electron scattering is equal to that
as a result of the shunting effect of the overlayer, Meyer (58)
found that for such structures the overlayer only became continuous
for a mean overlayer thickness greater than 120 angstroms. The
derivation of a mathematical relationship between the growth
process of a conducting overlayer on a metallic film and the
resulting change in conductivity involves a great many assumptions,
These assumptions concern the following points:-

i, The size, shape and density of the overlayer islands,
and how they change up to the formation of a continuous
overlaycr,

ii) Conductions in islands which may have dimensions all
less than the bulk mean free path of conduction
electrons in the bulk material,

iii) Contact potentials at the layer interface, and the

possibility oif islands being charged,

In principal it is possible to derive a conductivity equation
to take account of the overlayer growth process, In order to show

that such an equation can yield conductivity changes in agreement
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with experimental results, an equation for a particular assumed

type of overlayer growth is now derived,

Consider a section of a thin metallic film as shown in figure
2.1.3, with a discontinuous overlayer (shaded areas) having a unit
structufe as shown in figure 2.1.4. The elecﬁrical resistance in
the x direction is made up of two terms, one for the parts of area
Al, AZ’ Ah and A5 with no overlayer, and another for the part of
area A3 with an overlayer of thickness T. ;n the parts with no
overlayer the electron mean free path is Aq, and the scattering

parameter at the upper and lower faces is Ql, and P respectively.

The resistivity of these parts, ({, ), is given by
’ \u 2

?u = .'El (tl‘l,) P) F.) /\\) . (2el.12)

Whe.e (fl) is a function which can be easily derived from

equation (1.2.7)

For the parts with an overlayer of thickness T the electron
mean free path in the overlayer is Az; Qz.is the scattering
parameter at the upper face, and the overlayer/underlayer interface
is considered completely transparent to the passage of electrons.
The resistivity for thesec parts; (§@~), assuming completely
spectral electron scattering on the vertical sides of the square

islands, is given by

§% = '%2 (F}, IERATTRATRS Ql} (2.1.13)
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Where (fz) is a function which can be easily derived from

equation (1,2,11).

Combining equations (2.1.12) and (2.1.13) the resistance (Rg)
of one unit, as shown in figure 2.1.3.. of the section considered

is

Rz_Rs Ra- + RS

R, = R, +
P RaR RGRGARR, (2.1.1)

is the resistance of area Al in x dfrection.

is the resistance of area A2 in x direction,

is the resistance of area A3 in x direction,

PR G

is the resistance of area.Au in x direction,
R5 is the resistance of area‘AS in x direction.

Substituting for Rl to R5 in equation (2,1.14) yields

o.F 28 . Qu.e_ (2.1.15)
-]

Thus, the ratio of the resistance with an overlayer thickness
(T), to the resistance with no overlayer, (Ro), is after

simplification

——

. C
= = (-3 + )‘Z% \)_,_gu Fa

\./

5 (2,1.16)

But recognising from figure 2.1l.4. that the fractional area

(&) of the underXlayer covered by the overlayer is
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S 5‘-— ' 2;1.1
€ = (2.1.17)

and

.’

\/z\
<\ -97) = (‘ - %, (2.1.18)

equation (2.1,16) can be written as

2
(_wf-)’/Z)-'ré'?_\(};(f*"i)S (2.1,19)

¥

__..._QY. = (\ - {:,‘:I;‘> 4
Ro

r~..0 \f\

In order to relate the actual overlayer thickness (T) to the
mean overlayer thickness (t); it is necessary to express the
fractional area; (©), in terms of the thickness (T)., A reasonable
approximation to the shape of the growth curve shown in figure 2.1.2
is

“r

o= (- 7)) (2.1.20)

Where “C is a constant dependent on the materials and growth
conditions considered, Several published works show that equation

(59)

(2.1,20) can be in good agreement with experimental results

(60) (58)

Using equation (2,1,20) the thicknesses (T) and (t) are

related by

- \ -— e-(t/cz:‘) (2‘1121)
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Substituting for () and (T) from equations (2,1,20) and

(2.1.21) respectively in equation (2,1.19) yields

y -
S

4 - )

Y

J(-E7)-teg Tt {é‘(x—é%}*tjg (2.1.22)
The plan view of an area of a film made up of a great number

of the sections shown in figure 2,1.4. is sketched in figure 2.1.3.

The fractional change in resistance with overlayer growth of such

a composite film is described by equation £2.l.22); just as for an

individual sectioh; provided the film area considered is made up

of many individual sections,

Assuming 7T,F7fhy/\1797iK‘and<Q2to be constants it follows
from equation (2,1.22) that the fractional change in resistance is
a function of only the mean overlayer thickness; (t); In order to
compare values calculated from equation (2.1.22) with experimental
results, the particular case of a gold overlayer on an annealed
gold film is considered with the. following values ascribed to the

required parameters used in figure 2.1l.4.

F = 6o°/~\'
A, = 300 A
N, = 250 A
P =0.9
Q, = 0.9
Q,= 0.0

~ /
Figure 2.1.,5. shows how the ratio R'.‘;/.vaaries as the mean



1-20 —

e — Experimental

115 = fal
| N\ (lucas—ref 29 )

1-10

- 7.05

R /Ry

1.00 ¢

Ratio

pgs—

Resistance

0.99

Figure 215 ——

—— £ffect of T on  PResistance Changes



125

‘”\‘/ﬁo. ‘ |

Ratio

. Resistance

10—

120
175

710

. ‘---_/anmena‘a[
- [lucas-ref 23 )

Overlayer Thickness .in Angstroms - .

 —Figwe 216—

Fffect

of T  op Pasistance fhe',vges;—%-—,




Re/Rs

Ratio

" Pesistance

- 1-00{

1.12 —

1-10 —

1-08—

1.06 —

1.041— |

1-02

- =—=——Fxperimental

P=0.90
T =.25'4? ,‘-

. (lucas—ret 23 )

il I

0-96—

Effect

AR

Overlayer Thickness ln Angstrams

— Figure 2.1.7 ——

of Q& (P=09) an Resistance L‘hange_é

\a




Ratio Ry /0,

Resistance

1.12 —

0-96
110 |—
1.08—
1-06 — ‘
T=254
1-04 — \
o \
——~— Experimental \
(lucas — ref. 27 ) \
1.02| ‘ \
/ \
j . \
f \
1.00 ' ' ' | \
10 20 30 4}\\ \50
098 — Overlayer Thickness in Angstroms

———Ffigure 2.1 ——

Effect of P (=8] on Resistance Lhanges



037 -

overlayer thickness increases from zero to 50 angstroms for three
different values of / ., - Experimental points obtained from

(23)

reference are also drawn on this graph. The best-fit lines
through these points lie close to the theoretical curves, which
make the assumption of the form of equation (2,1.,20) for the

overlayer growth appear reasonable,

Agreement betweén the predicted resistance changes for a
thicker film; (852), and experimental results,is not quite so good
as £hé agreement for 60; films, the results for which are shown in
figure 2.1.5. TFigure 2.1.6. shows the resistance ratio
drawn as a function of overlayer thickness; (t), for four values

(23) (61)

of 7€', The experimentally found‘éurve approximately

follows the shape of the theofetical curve for C = 25;H but is noét

very close to it,and hence figure 2,1,7. was drawn up for various

values of (P) with T = 252\° It can be seen that a value of P’

= 0;96 gives a better fit_po_phe experimentally_found curve than

for P = 0,9 on figure 2.1.6. For figures 2.1.5., Rel.6. and 2,1.7.
e ) ' (23) (58) (16)

it was assume@ thath‘= 0.9 in agreement with others
(17). If however; @%); is made equal,to'(P);.then for T'= 25A
figure 2.1.8. shows that the curve generated fér a value of P =

= 0,94 is a reasonable fit to the experimental curve. Hence the
simple overlayer model based on equation (2.1.20) can be made to

fit experimental results by selecting suitable values for the

scattéring parameters (P) and (§,) with Q,= O,
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c) Gas Adsorption can have a marked'effect on the

conductivity of thin metallic films, Cf the commonly occurring
gases, oxygen is perhaps the most important since it is known to
chemisorb readily on many metal surfaces and can cause substantial
resistance changes (29) (39), With sufficient time exposure to
oxygen, or gases containing oxygen, some metals oxidise to a depth
of many monolayers in a surface layer, with a resulting increase
of electrical resistance., When gas molecules are chemisorbed on a
‘ metallic surface then the conduction clectrons of surface metal
atoms are influenced by the: presence of chemiscrption bounds. This
influence_can be quantified by defining an electron requirement for
the metal, It is defined as the number of conductioﬁ electrons
removed from the metal per chemisorption bond.(BO). An equation
for the number of molecules or atoms adsorbed can be derived as
follows. For gas molecules having an. average velocity (Va)

and a density of n per unit volume, then the number of collisions,

(N), that the gas particles have with a planar surface within the

volume is
N = %;-nva collisions/unit area/unit time (2.1.23)
As given by classical kinetic theory.

If the collisions occur at a surface which is not planer on an

atomic scale, then equation (2,1,23) is modified to
Nl=rP%°nVa collisions/unit arca/unit time (2.1.24)

Where V' is the roughness factor, which is defined as™’
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ratio of actual surface area to apparent surface area,

After a time (t) a fractiom (&) of the surface is covered
with adsorbate,and in a further time (At) the surface density of

adsorbed gas particles, (d), increases by an amount (& d) given by

Ad = At N 5@‘) (2,1.25)

Where S(8) is the sticking coefficient which is defined as,
the probability of an impinging gas particle being adsorbed when
the fractional surface coverage is ©, Taking Nt to the limit,

equation (2.1.25) becomes

-0
d = {N'. S(8) 4t . (241.26)
o - , _

For most cases the sticking coefficient, S(8), decreases as
the fractional coverage;eﬁ; increases; until it becomes equal to
approximately zero at O= 1, According to equation (2,1.25) this
represents a stable arrangement of the adsorbate and adsorbant gas
particles since no further adsorption will take place. At
équilibrium, providing the adsorbing particles do not diffuse
into the bulk;f%e number of molecules or atoms adsorbed is dependent

on the number adsorbed per active site, and the number of

adsorption sites available,

* The electron requirement (Br)’ has been shown to be a

(29)

function of fractional coverage, (53) . Thus the increase in

electrical resistance,R, which occurs when a surface with, (d),
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adsorbed gas particles constituting a fractional coverage (e)

adsorbes a further Ad, is given by

ARt Dn. B (2.1.27)

Using equation (2,1.25) and assuming that the collision
frequency Nl is a constant (this is true for a constant temperature,
pressure and volume of gas) the expression for the change in

resistance becomes

AR = £(8). B . AT (2.1.28)

Assuming that the adsorption is taking place on a thin
metallic film having a resistance R.0 before adsorption started,
then on taking Ot to the limit the equatiom for the total
resistanc> R of the film after a time t is

T

R = R, +dl S@).E.. AT (2.1.29)

J

Where C is a proportionality constant, Equation (2,1.29) is

(34

applicable for all 8< !, i,e, up to monolayer coverage., When the
quantity of gas adsorbed corresponds to more than one monolayer
then one of two different processes is ﬁaking place. The adsorbing
particles may be forming an overlayer on the adsorbing surface, or
the adsorbed particles are being incorporated into the bulk of the
adsorbate, An example of the first process is the adsorption of

water vapour onto an aluminium surface already pre-exposed to
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oxygen to monolayer coverage (29)9 For the second process a good
example is the oxidation of a metal sucrface, where an oxide may
form to the thickness of many monolayers with sufficient oxygen.
exposure. The electron requirement is proportional to the number
of oxygen molecules or atoms adsorbed during an oxidation process,
when each will remove the same number of conduction electrons,
Hence the increase in electrical resistance of a thin metallic

£ilm as a result of oxidationm: is proportional to the number of

oxygen atoms incorporated into the oxide layer.

d) Alloy Formation and Foreign Atom Diffusion occur when metal

atoms are deposited on metal substrates. A metal atom can do one
of the following when it condenses on a metal substrate:-
i) Poxm, with cther condensing atoms, an overlayer on the
substrate.
ii) Re=~evaporate from the surface,
iii) Form an intermetallic compound with the surface atoms
of the substrate,

iv) Diffuse into the bulk of the substrate,

Case (i) has already been considered in this section, and case
(ii) is negligble for metal vapour condensing on cold substrates.
The effects of cases (iii) and (iv) on the electrical conductivity

of thin metallic substrates are now examined,

Pashley (%) has described the results of experiments which

show that alloying can take place even when the substrate
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temperature is such that bulk diffusion of the metals is
negligible, For very low mutual solubality of the two metals then
the condensing metal atomsfbrm.necleiﬂ’on the substrate surface,

An example of this is gold on silver surfaces., However, if the two

metals are reasonably soluble then alloying occurs., Experimental

(62) (63)

evidence obtained by Newman and Pashley , and others , for
the deposition of metai layers on metal substrates suggests that
condensing metal atoms can penetrate a substrate metal surface
slightly, resulting in a region of mixed components being formed a2t

(63)

the interface., Shirai et alia have shown that, for example/y
aluminium deposited on silver, the surface region is in the form
of intermetallic compounds of the substrate and condensing atoms,
Thus with the metals used in this work it is expected that
appreciable alloying will take place when aluminium is deposited
on silve. film surfaces, but not for gold on silver or vice versa.
The effect of surface alloying on the electrical resistivity of a
thin film can be attributed to two processes, One of these is the
reduction of the meén free path of the electrons as a result of
impurity. scattering in the surface region where alloying has

(18) theory, the

taken place. Assuming the Fuchs~Sondheimer~Lucas
other is a change in the scattering parameter, (P), at the film
surface, Provided (P) is not zero; (completely diffuse surface
scattering), before alloying takes place, it is expected that (P)
will be decreased. Both processes cause an increase in resistivity

for thin films, which may be appreciable if either the change in

(P) is large or the depth of alloying represents a significant
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proportion of the film thickness,

The diffusion of deposited metal atoms into a metallic
substrate is dependent on the particular combination of metals
used, and the bemperature of the substrate, Deposited atoms, when
diffused into the crystal lattice of a metal; cause an increase in
the electrical resistivity as already discussed in section 2.l.l.
In this work. changes in resistivity of metallic films which are
attributable to the diffusion of deposited atoms into the bulk of
metallic substrates are not desired, Hence, in order to minimise
this effect, it is preferable to have substrates at as low a

temperature as possible and to use only very pure metals,

2.1 Discontinuous Films, Conduction in an aggregated film
structure has been shown to be a thermally activated process (6).

However, the values of activation energy found by experiment were
too small to be explained on the basis of the work function of the
metal constituting the islands. Neugebauer and Wébb(6u) in 196z

explained the activation energy as that energy required to charge
an island by making available one electron for conduction, It was
proposed that direct quantum wmeschanical tunneling of the electron
then took place to an adjacent island, This theory was modified

(5)

by Swanson who made allowance for possible tunneling between
all four combinations of charged and neutral islands, Both theories
give approximately the same results for conductivity values, but

- differ significantly in the prelationships between aggregate

(8)

dimensions and temperature coefficient of resistance, Hartman
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in'l963 aceounted for the activation energy in a different way,

He postulated that because of their dimensions, there existed in
the isl@nde quantised electronic states with significant level
spacing; Since tunneling can only take place between equal energy
levels, the electrons would firstly be raised to the energy level
corresponding to an adjacent island, and then tunneling: would take
place between the neutral particles, Also in 1963 Wei (10)
compared conduction in an aggregated structure to that in 2 semi-
conductor, He suggested that the metallic microparticles act as
donor impurities and the substrate contributes acceptor impurities,
The density of theée impurities then determines the activation

(65)

energy. Following on from this work Hill and Herman and

Rhodin (66)

investigated the possibility of the substrate playing
‘a significant part in the conduction process, Both conclude that
conduction takes place through the substrate, and not, as had been

earlier thought, through the free space between the particles,

Although all the above theorie s have different explanations
for the conduction process, they result in a common expression for

the conductivity ¢~ whicl: zan be written =s

_ €
o= = P e AT (2.1.30)

Where K is a constant
P is the eleqtron;tu“nehna &wobabdﬁy
E is an activation energy .

° . . :
L.

2 r
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k is Boltzmann!s constant

T is the absolute temperature

Hill has recently developed a theory to account for

(9) (67)
the conductivity of aggregated metal films using quantum
electronic tunneling and thermionic emission theories. He
considers all combinations of islands and gap sizes, and the
results can be summarized as:- -
i) Small particles and sma%} gaps. The activation energy
is high and a tunneling process is dominant because of
a short tunneling path length.

ii) Small particles and large gaps. Activation energy is
high and thermionic emission takes place into the
conduction hand of the substrate. If the gap is
larger than the mean free path of charge carriers in
the substrate then the conduction is limited by bulk
conduction in the substraté.

iii) Large particles and large gaps., Activation energy ié
required Tor eithér thermionic emission or bulk
conductiow: 7. the =svbstrate., Conductivity is limited
by the gap independence,

iv) Large particles and smell gaps. Activation energy is

small and the conductivity is approaching that of the

bulk material,

In order to see how the conductivity of an aggregated

structure varies with temperature gquﬁtion (2.1.30) is
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differentiated with respect to temperature T, Assuring that K, P

and E are independent of temperature tne result is

Ao B w B
.\.‘;_{f__“._-- = 4 FKPG’_X\P\ \(\_#‘)

(R.1.31)
i.eo, the temperature coefficient of resistance is negative for an
aggregated structure, unlike a bulk metal which has a positive
coefficient., Thus a structure of type (iv) above can have a
temperature coefficient of resistance which may be positive,

negative or even zero,

2224 Work Function.

Ro2el. Definition of Work Funcpidnu The term work function first

appezred in sciehtific literature approximately fifty years ago
(68), alchough the cbncept was implied in many earlier works. Work
function has been defined in a variety of ways and has several
physical interpretations, However, these definitions and
interpretations are, with only a few exceptions, complementary to
each other, The true work functionw%,of a vniform surface of an

(69)

electronic conductoir is detined by Herrings and Nichols as the

difference between the electrochemical potential,gl,of the electron
: /

just inside the conductor and the electrostatic potential energy,

-eéo,of an electron in the wvacuum just outside it.

i.e. ?ﬁ =-4,- (/j(e2 (2.2.1)
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The quantity }1 is dependent. not only on volume properties of
a body, but also on the surface and external conditions. A chemical
potentiale,can be defined however, which is independent of surface

and external conditions by

},.1 = F + Qiéc - (2-202)
! !

where ¢ is the electrostatic potential inside the conductor,

-

O

‘Substituting for fl from equation (2.2.,2) in equation (2.2,1)

"yields

4+ -

7’ = (f‘{: "';'a> - {’ﬁ/e:} (2.2.3)

<Gy

Thus the work function can be expressed as the sum of two
terms, one of which is dependent upon surface state and volume
properties, the other dependent on the structure of the interior
only, Alternatively work function can be defined as an

ionisation energy (lO). For example Gyftopoulos and Levine

(71)
define the true work function of a metallic surface as the minimum
quantity of energy required to remove an electron from the surface
of the metal at OOK. This definition will apply at temperatures
greater than 0°K provided the electron removed has an energy
corresponding to the Fermi energy level of the metal, The latter
definition is very similar to that used by several others (72) (73i

especially if it is understood that the emitted electron is removed

beyond the potential image barrier created by its own removal i,e.
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an infinite distance so that the potential energy of the electron

(74)

is reduced to zero, Dobretsov and Malskevich have given a

rather compelling argument for work function being a predominantly
surface rather than bulk property in contradiction to Samsonov et
al (75); who believe work function to be definable in terms of |
bﬁlk properties, Considering the physical interpretation of work

function, it becomes apparent that it is the surface state and

composition which is all important,

Although work function has been explicitly defined by
equation (2.2.3) it does not readily permit of theoretical
calculation., The chemical potential can be calculated by making a

(69) but

few reasonable assumptions ’ the first term in equation
(2o.2.3) is dependent in an extremely complex way on surface
structure, state and composition such that calculations of it can
not be reliably made except in a few hypothetical cases, Thus at
present the work function of a surface is better defined in
physical terms rather then in mathematical terms i,e. by accurately
stating the structure, state and composition,or exact method of
preparation of a surface, its work function is then known, nat oy
calculation but by virtue of previous reliable measurements of
work function having been made on an identical surface, In the
past, work function measurements have been reported without this
detailed information which has rendered them much less useful than
more recent reviews of work function values which have included
(69) (76) (77)  ppo most

-many relevant details recent and

certainly the most comprehensive of these reviews is by Riviere
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(76)

which contains approximately 500 well documented experimental

values of work function for 150 diffei:ent materials,

2.2.2¢ Physical Interpretatiom of Work Function, Work function

from the definitions above can then be thought of as an escape
energy for electrons located at or near the surface of a conductor,
The electrons can be emitted from the surface as a result of
thermal, high electric field or photoelectric effects. Itskovich
(78) has considered the work function of different types of
electron emission, He concludes that for the same single crystal

face of a metallic conductor

J" (5 ~ (J:' (2.2.4)
L d el ‘

and (D~ Z (f - . ,>/ ;i\ (202'5)
S LA C

where % . is the photoelectric work function reduced to zero
¥ field
?t’ is the thermionic work function reduced to zero
temperature
#xe is the field emission work function reduced to zero
field
and (ﬁ is the true work function as defined in the previous

section,

Thermionic, high field and photoelectric work functions are
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normally referred to as effective work functions since they
determine the level of the particular type of electron emission
from a surface, unlike the true work function which is a
theoretical quantity, The true work function may vary significantly

-

from these individual values, the difference being attributed to
the tangential momentum which the emitted electrons may have (78).
Thus the term 'work function! must not be used-indiscrimindﬁély,
but instead it must always be made clear what quantity is being
referred to when the term is used, Even different crystallographic
planes of the same single crystal have different magnitudes of
dipolie layers of charge at the surface; resulting in different '
values of effective work function for each plang present. Thus,
when polyecrystalline surfaces are considered the problem of
interpretation is further complicated., The effective work
functio.. of a clean polycrystalline conductor surface is
principally dependent upon which crystal planes are present, in
what proportion, how large these areas are, the conductor
temperature, the effcct of any electric fields present at the
surface and the method of measuring the work function, Also,
.Lewis(79) has shown that the effect of irregularities 'on ‘the surface
can considerably influence the effective work function value, The
degree of dependence is a consequence of which material is under
consideration since any two samples of different materials, even
with the same crystal strucﬁure and environmental conditions}will
in general have different values of effective wobk function., If

the conductor surface is not 'clean! but has adsorbed on it atoms
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or molecules of some foreign species, themr changes will almost
inevitably take place in the electron energies at the surface,

The result is a dipole layer formed at the surface which may
increase or decrease its effective work function depending on just
how the foreign atoms or molecules are bonded to the surface,

This change in work function from that of the uncontaminated
surface is called the surface potential and is the quantity
frequently monitored during investigations uan work function

changes.

For a further physical interpretation of work function which
does not involve the actual emission of electrons into space,
consider two metals in intimate contact at the same temperature,
By free energy considerations, if the metals are connected
electrically externally, with no voltage source present, the
electrochemical potentials must be the same value in both metals,
From equation (2,2,1) it is seen that this means that electrons
will flow from ont metal to the other until a difference in the
electrostatic potentials just outside each metal equals the
difference in the work function values of the two metals., As will

be seen later this potential, usually called 'contact potential -

difference!, does exist and can be used to good effect for

investigating work function changes,

which are to have their work functions investigated are:-

i) Single crystal and polycrystalline metal surfaces
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with no overlayers or surface contamination.
ii) Metal surfaces with gas adsorption taking place at the
surface,
iii) Single crystal and poilycrystalline surfaces with
overlayer structures,
iv) Metal surfaces where oxygen incorporation or oxidation
is taking place to a depth of perhaps many monolayers,

Each of the above structures will now be considered in turn,

2.2els Bare Metal Surfaces. If an electrically neutral 'body®

consisting of only one atom is considered, then the energy required
to remove one electron from the "body" is dependent on the
electronic configuration of the atom, Elements which are good
conductors have loosely bound vélence electrons which are
removed much more easily than say the electrons of the inert gases
which have very stable electronic configurations. Thus there is a
large spread of energies required to remove electrons from atoms
of different elements, If not one atom;but‘a large group of atoms
(or molecules) is considered which together make up some form of
crystal structure, then obviously to remove one electron will still
vary depending on the elementf{s) bresent. However, one must now
consider how these atoms or molecules arrange themselves at the
boundary of the ''lbody" and what effect they have on the<ﬂemﬁgon
clouds associated with each other at the crystal lattice

terminations. The crystal structures of good conducting elements

are mostly either body centered cubic (b.c.c.), face centered cubic



253,

(fecosc.) or hexagonal close packed (h.c.p.). The metals
considered in this work, namely gold, silver and aluminium, are of
the f.c.c. type; and the three simplest surface arrangements that
are possible for f.c.c. crystals are the (111}, (100) and <110>
faces, Other faces are of course possible, The wvalues of work
function for these planes of tungsten crystals (normally a b.c.c.
structure) have been reported to be different by as much as 0,89

eV (80). By the same measurement technique others have reported

(81)

somewhat less variation s especially between the values for
the (lOO) and {110} planes (82). The actual values reported by
the latter are <#0¢Q = L4,65 * 0,01 eV and %(“D; = 5,14 + 0.,0leV,
Although these results are not in very close agreement, they still
demonstrate that different crystal planes can have work function
values which differ considerably.‘ Insufficient data is available
to make 2 similar comparison for gold, silver, or aluminium faces
since most of the work in individual planes has been done on.the
refractory metals tungsten and molybdenum. In practice,
imperfections always exist in metal crystals which tend to reduce

(83)

the work function of any face.

When metal crystals are prepared by vacuum evaporation and
deposition onto a 'cold! glass substrate the resulting thin film
does not have a single crystal structure, Insteéd it is .omposed
of many small crystallites with grain boundaries existing between
them, The surface is now polycrystalline which means that it is
most probable that all possible crystal planes are present at the

metai surface in proportions which are dependent upon the
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experimental condibions. Tre true work functicn ofLe surface is a
rather meaningless quantity, and its effective work function is
dependent on the method of measurement used, A useful quantity
for a polycrystalline surface is the average work functiongﬁ,which

(69)

: i .
is defined as follows "Iflﬁ-is the true work function of the
i% patch hav1ng a fractional area %; then the average work
function is ¢)~ '-% <¢ '« Patch in the definition means an area

at the metal surface all of the same crystallite,

The work function of polycrystalline surfaces of gold, silver
aluminium hasa been reported using a variety of measurement
techniques, For gold films deposited on glass, values of 5. hS eV

(8y) (85) and 5,30 eV (86) have been recently found

s 5e22 eV
experimentally. The mean value of these results is approximately
535 eV, This is considerably higher than the generally accepted
value of ~/ 4,70 eV: which was used until 1966. The difference
between the old value of ~ 4,70 eV and the more recent: value of
approximately 5.35 eV has been accounted for by Huber (8 5) He
discovered that the difference was the result of»é‘strongly
adsorbed layer of mercury on films prepared in mercury diffusion
pump systems as used for the vacuum systems employed to prepare
these earlier films, For silver films few recent measurements are
available, however in 1964 a value of L4.30 eV was reported for a

(77)
’

silver film prepared by vacuum depositiononto a glass substrate
(29)

Huber and Kirk during a study of chemisorption on aluminium

concluded that the work function of a freshly prepared
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polycrystalline thin film of aluminium was approximately 4,30 eV,
(36)

in agreement with earlier measurements « These values of

work function are shown on table 2.2.1.

The work function of a gold film surface prepared at room
temperature by evaporation in high vacuum is lower than that of a
clean polycrystallipe bulk gold surface (87). Similar results
were previously reported for silver, where a decrease in the work
function of 0,18 eV took place when a bulk silver surface was
coated with a thin film of silver (88). The difference is
presumed to be the result of the bulk metal samples having been
formed for a considerable time; hence a slow self-annealing process
could have taken place which would cause larger crystalliteg with
fewer faults to be formed which have higher work function values.,

(83) by heating

This is substantiated for gold (87) and silver
newly prepared film samples so that the annealing process is
accelerated,with‘a corrgsponding increase in work function values
to that of bulk samples, Similar results have been obtained for.
iron (89). That the work function increases are¢ dependent upon
the amount of overlayer deposited,or residual gas pressure during
dépositionshas been discounted for the experiments of Clark and

(83)

Farnsworth « Such a self-annealing process was invoked by

(23)

Lucas to explain decreases which took place in the electrical

resistivity of thin gold films prepared by vacuum deposition,

How the value of work function for a polycrystalline surface

varies with the measmrement technique employed will be considered
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in chapter 3.

2.2.5. Adsorption on Metal Surfaces, Adsorbed atoms or molecules
can have one of threé poésible'methods of bonding to a metal

surface. - | |
i) Covalent bonding

ii) Ionic bonding

1ii) Attraction by Van der Waals forces

The first two are known as chemisorption processes and the
latter as physical adsorption. Chemisorption processes are
characterised by an electron transfer between the substraté and
thg adsorbate, unlike a pure physical adsorption process where
polari%ation takes place but no electron transfer occurs. A
comprehensive review of bonding processes has-been written by

(90)'.

Dowden

Consider in figure 2.2,1., a metal surface 'XX' with the
potential energy DEF of an atom drawn as a function of the distance
from the surface, Since both the atom and the metal are
polariéable, Van der Waals forces will attract and hold the atom
onto the surface. These forces vary as the inverse of the sixth
(and higher) power of the distance from the surface, and hence are
short range forces., If, however; thé atom has an electrcn
transferred to the metal surface,thenAthe potential energy curve
ABC is obtained which varies as the inverse of the distance from

the metal since the aﬁtrabtion potential is now a Coulomb attraction.
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From the observation that B is lower than E on the potential
diagram it follows that &dsorption of an ion, and not an atom, will
take place, YThis ionic bonding is vtypical for many adsorbates,
especially some commonly occuring gases. lIonic bonding will cause
an increase, or decrease, in the work function of the surface
depending on whether the resulting double layer of charge at_the
surface has a negative, or positive’charge outwards. . If the
electronegativity of the adsorbed species is less than the work
function of the substrate surface, then a net positively charged
layer is present cu the surface, Conversely if the
electronegativity is larger, then a net negatively charged layer
exists. This increase or decrease in wo¥k function caused by the
double layer is the result of a change in the difference between
the rotential energy just outside and just inside the metal surface,
and henec. in the sirface potential, Whereas ionic bonding depends
upon electrostatic forces, covalent bonding depends on an electron
exchange for reaching an equilibrium state, However, such bonds
still result in a dipole layer at the metal surface with the
attendant change in the surface potential, Physical adsorption
usually only has a small dipole associated with it, and thus only

a relatively small change in surface potential would be expected.

Hence any form of adsorption on a surface can cause changes
in the surface potential and thus in the work function of the
surface. However, surface potential values cannot generally be

interpreted in terms of a simple model for the adsorption bond.
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Culver and Tompkins (38) i their review of adsorption processes
on metals gave an extensivre list of the more reliable measurements
of changes in surface potential for many substrate-adsorbate
combinations. The most important observation from these
measurements regarding this work is that oxygen in all the
reported cases caused a substantial negative surface potential,
indicating that the bonding is largely ionic with negative oxygen
ions uppermost on the surface, It is interesting to note that for
all physical adsorption measurements cited the surface potential |

is always positive,

For the metals used in this work (viz gold, silver and
aluminium) the adsorbates to be considered are oxygen and water
vapour. The effect of these adsorbates on the work function of

the metals will now be considered,

i} Gold, From recent work function measurcments made at room

temperature in vacuum, gold does not chemisorb a significant amount

(86) (91) (92)

of oxygen . However, at elevated temperaturés
appreciable chemisorption has been found to take place. An

increase of 0.70 €V in the work function was reported for a

(93)

temperature of SOOOC. « Part of this increase may of course

be the result of annealing effects which are known to increase

(87) (o)

work function values « Clark et al attempted to "oxidise'

gold then examine the surface by electron diffraction, electron

microscopy, X-ray emission, spectroscopy and eleztrochemistry, In

(95)

agreement with others ,

none of their experiments provided any
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evidence for the presence « an oxide of gold; and they suggested
that migration of impurities to the su.face on heating could
explain some of the results obtained, but no actual work function
measurements were made, In contrast to these results; Meyer (58)
has reported a surface phase of gold which has oxygen adsorbed into
hexagonal cells ,which he suggests will act to modify the observed
work function in different gaseous enwvironments. No work function
measurement s were made by him to verify this point. The only
report of the work function of gold changing considerably in
vacugﬁ.with oxygen adsorption is given by Dillon and Farnsworth
(?é). Up to 0,40 ¢V increases were observed, wihich Riviere (97)
has dismissed as being the regult of an unclean 24 ct. gold plated
electrode., No report has ever been made of water vapour adsorbing
on gcld in vacuum. Thus it is concluded that vacuum deposited
gold, especiallly in vacuum at approximately room temperature,ydoés
not have its work function significantly changed by adsorption of

oxygen or water vapour,

ii) Silver. It is well known that silver reacts chemically

(98)

with oxygen., Ogawa et al found that a surface potential

of 0.60 eV developed when oxygen was allowed to adsorb on a silver
surface, This magnitude and polarity of surface poténtial
indicated that the adsorption is most likely ionic with negative
oxygen ions uppermost on the surface, Under soft vacuum conditions,
for temperatures close to room temperature, the adsorption of oxygen
has been reported to be nearly independent of pressure and

(99)

temperature . Howevar, under high vacuum conditions silver
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does not appear to readily adsorb either oxygen or water vapour
at room temperature, If the work function was effected by low

pressure adsorption,then it is thought that Hopkins and Riviere

(77)

would have observed and reported it during work function
measurements of thin films of silver prepared on a variety of

substrates. The pressure was not reported with the work function

(100) it is expected that the

-9
vacuum chamber used would be at approximately 10 torr,

results, but from the apparatus used
Scanning electron diffraction work done by Grigson and Dove (101)
confirms that face centeréd cubic metals, especially gold and
_silver, show little tendency for oxide growth. At pressures
greater than 50 rmn Hg water vapour is adsorbed ontc a bare silver
surface at 6LlOO°C. but is adsorbed much more stréngly‘if the
surfasze has been pre-cxposed to oxygen so that the surface is
occupied by adsorbed oxygen (99). It is concluded that for silver,

only under vacuum conditions close to ambient is oxygen or water

vapour significantly adsorbed,

iii) AlJuminium. Even under high vacuum conditions aluminium
is a wvery reactive metal with oxygen. This can be easily
demonstrated by observing the pressure decrease by gettering which
often accompanieg the evaporation and deposition of aluminium in
high vacuum, From section 2.2.5., it appears that the change in the
surface potential with oxygen adsorption should be negative i.e, an
increase in work function, The finding of several investigators

was that the work function in fact decreased (102, (103).

(103) (104)

Klemperer and others attributed this to oxygen being
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bonded just under the metal surface, resulting in ;°§ositive
surface potential, However Huber and Kirk (29) (105);fin'a series
of well conducted experiments, and later by applyiné the ultra-
high vacuum low energy electron diffractiomr work of Jona (106);
demonstrated that oxygen adsorption causes only a sm2ll decrease
in the work function up to monolayer coverage - approximately
0.05 eV, Expoéure beyond the monolayer region results in an

(107), Eley and Wilkinson ‘39)

increase in the work function
considered oxygen to be the only gas significantly adsorbed on
aluminium. in a'high vacuum chamber, This idea was radically

6 (29)

changed when it was shown in 196 that water vapour has a
very pronounced effect on the work function of a freshly prepared
aluminium surface., The effect is accelerated if the surface is
firstly pre-exposed, as for silver, to oxygen to monolayer
coverag~ before water adsorption commences. The water vapour
causes a decrease in work function of approximately 1,10 eV which
is sufficient to explain the earlier decrease in work function
which hadvbeen accounted for by oxygen adsorption. The decrease
in work function with water vapour adsorption: is consistent with

(108) obtained during 2 study 6f the

the results of Ramsey
emission of electrons from aluminium abraded in air, oxygen,
nitrogen and water vapour. It is concluded then, that even in high

vacuum, the work function of aluminium surfaces can be significantly

modified by the adsorption of oxygen and water vapour.

Parebo Metallic Overlaxers, The values of work functibn of two
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different metals can wvary by 2z much as 4 to 5 eV if extreme cases
are considered, Most commonly occurrirg metals in polycrystalline
form tend to have values inAthe region of L.10 oV to 5.,30eV.

Thus; if a clean metal surface is completely covered by a thick
layer of a2 second metal then a change in work function of the
surface is expected, From section 2.,2.2. a charge double layer
exists at the metal/overlayer junction which results in a contact
potential between the two materials equal in magnitude to the
difference in the work function values, This implies that the
final work function of the composits structure surface is that of
the overlayer material, If the overlayer is vacuum deposited

onto the surface, then exactly how the work function changes as a
function of the amount of material deposited depends on the
overlayer growth mechan.sm for the particular combination of
substrat=/condensate materials under the prevailing experimentai

conditions,

For vacuum deposition of metals it is often the case that an
overlayer growth takes place by a process of adsorption, surface
'migration and the subsequent spontaneous appearance of atom
clusters which have the critical nucleus size as discussed earlier,

(109) (111) (122} (110)

Well established theories exist for describing

such a growth process, However, recent theories of metallic
overlayer growth on metal substrates involving changes in work

(71) (113)

function at the surface are for a different type of

growth than that described by the above theories. No nucleation
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is considercd to occur and the overlayer is assumed to grow as a
monolaycr structure with the adsorbate appearing as a regular
array of atoms located at fixed poiqts with respect to the -
substrate surface lattice structure, The idea contained in these
different theoretical works come together in work reported by

(11y) (115) (116)

Sande jas and Hudson » and others where it:is
suggested that a layer of adsorbate atoms is formed perhaps several
monolayers thick, followed by the nucleation and growth of
crystallites of adsorbate material on the adlayer., Since this type
of growth may occur for many combinations of adsorbate/substrate
metals which have large binding energies (116) the form of the work
function changes which may occur are now considered, The analysis
is conveniently broken down to the two overlayer depositibn
processes of, firstly the adlayer formation; and secondly that of
nucleation with island growth, Levine and Gyftopoulos (71)
developed a theory for the change in work function Dﬂ# as a
function of adsorbate surface coverage B, which had some success in
explaining experimental results for alkali and rare earth alkali
metals deposited on to a refractory substrate (117) (118) (119).

The principal equation that they derived is

-

I 0“1@5 \0 C—'_ 8. s B :

] go(u /’ 3/_)\;
(B G

N
.- b

= B
where é’ substrate metal work function value,

RO

.1

<ﬁ adsorbate metal work function value,

i
Ci@ﬁ is a function of coverage
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(i; = density of adsorbate on surface at the completion
of one monolayer,

CO%/Sis the cosine of the angle between the surface
normal and the line joining an adsorbatecand a
substrate atom,

=X = polarizability of adsorbate atoms,

£- has its usual significance,

R = summation of adsorbate and substrate covalent

radii n and )

Making the -same assumptions concerning the adlayer as Levine

(71) |

Gyftopoulns in the derivation of equation (2,2.€), similar
equations were derived for the growth of siliver on the {111y, (llO)
and.(lOO) planes of a completely regular gold surface, Gold

crystal structure is f.c.c. with a cube side length 'a'! of 4.0786 A
(120)

Because of the small difference between the covalent radii

o and F% for gold and silver respectively (120), it was assumed

that

A
AZ (2.2.7)

. R

N

Thus for the (100) plane present at the surfacel-

20

50 \O a:}fomS//}n?. (Re2,8)

{
|
o N

“£



205

p .
and COSF = / 2. (.20209)

For the (111) plane; -

. = __3__ 5 - 180 _:ﬂ'oms /M;L
C T Az S
(2.2.10)
2 /
and COSp = AR (2.2,11)
For the (110) plane :=-
N2 20 . .
SL = TaC dlowms/ (2.2.12)
\
and COS/5= /z : (2.2.13)

Furthermore, if Mfm is the dipole moment per bond-~link of the

complex adsorbaté/substr&te molecule, then because a unit cell now
consists of three substrate atoms the dipole moment M.o of a single

adatom on the (111) face is modified to

Mo = 5 Mgm- “’5/?’ (2o2.14)

-0
which makes the multiplying factor (0.75 x 0,765 x 10 ) instead

=10,

of (0.765 % 10 ) 1a equation (242,61
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Figure 2.,2.2., shows the fractional change in work function
plotted against overlayer coverage for these three planes., The
coverage axis goes only to 1,0 i.e., one complete monolayer, since
it is explicit in the assumptions of Levine and Gyftopoulos (71)
that at 8 = 1 the rate of change of work function with coverage is
.zero. This implies that for all wvalues of @ larger than 1,0 i.e.
more than one monolayer coverage, the work function is that of the

(113)

adsorbate. Macecdonald and Barlow have expressed doubts on the
validity of the latter assumption, and have put forward a theory
‘which relaxes this constraint, However the form of their derived
equation for the surface potential,AV, induced with a neutral
adsorbate contains factors (effective dielectric constant and the
electric field at the metal surface leading to induced polarization)
which are difficult to evaluate. Thus; as these authors point out,
it is be~t if these unknown factors can be evaluated by carrying
out experiments to determine the dependence of LV on coverage and
charge on the substrate surface. Also they express understandable
-concern over the lack of attempts to appreciate: the quantum

features of such an overlayer, As the theory of adlayers progresss

no doubt such considerations will eventually be made,

In order to explain experimental results for the change in

surface potentialvﬁwg during metallic overlayer formation,
Mignolet (121) put forward the empirical relationship of

/ RV '
A\/ = C\‘Z”; (Q -— 3513, o .} (2n201~5)
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)

Where<P is the substrate work function and X‘1 is the

electronegativity of the adsorbate.

Equation (2.2,15) was successfully used by Jones (115) to
explain quantitively the surface potential existing on a tungsten
surface covered by an adlayer of Cu atoms, For a silver adlayer
on a gold substrate the surface potential can similarly be found
as follows. A value of the electronegativity X, of silver can be
found using the empirical relationship of G§rdy and Thomas (122),

ve.

Xg = O a4k z:!,‘)s-— .5 (2,2,16)
H

: t
Where ?5 is the work function of silver,

Substituting L.30 eV for the work function of silver yields.

X, = V4 eV (Ro2.17)

If this value for X is substituted for X in equatlon
(2 2.10) with a2 value of 5, 30 eV for the work function,

representing a gold substrate, then the value obtained for the

resultant surface potential is

BV = — D055 Velrs (2.2.18)

Now work function changes expected with adsorbate nucleation
and island growth are considered. From the experimental work of
Ying and Farnsworth (59) and Mikama and Yasuda (60) and the

?

results of Campbell (2h) deduced from the work of Pashley and
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Stowell (%) (123), a reasonable relationship, as already put
forward in section 2.l., between mean overlayer thickness, t, and
surface coverage © is

..,r/;_.r \

=(-e ") (2.2.19)

where T is a comstant, dependent on the materials and the
experimental conditions employed, Equation (2.2.19) represents an

island growth process where the mean thickness of the islands,T, is

Y= gt (2,2.20)

,and as shown in section 2.1, the critical nucleus size T¢

is given approximately by

Te @ °C (2.2.21)

If, as shown in figure 2,2.2, the work function D is

1
1

assumed to be a linear function of coverage, then

E:-.:.. "' _+_ed’>__mr~) ‘ '
P= %2 ( o ?b‘ (2.2.22)
where O, \l{)l and #.‘ are as dafined previously, and

&

substituting for & in equation (2.2.22) from equation (2,2.19) yields

/ .
7) -+ /\ t /(d), - ‘?‘l) (2.2.23)
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Alternatively, a fractional change in work function can be

expressed as a function of mean.thickness7t)as

Ad ~Yfor
—_—t = (V= i
‘#v - ‘f’n. ( / (.2.24)

Where Ai‘l) = (f), -—(}>2_ is the surface potential as the result of

the adatoms,.

On figure 2,2.3. is shown for comparisoh purposes the
different forms that the work function versus mean overlayer
thickness might take fér the different growth processes considered)
using as the example the growth of silver on a gold substrate,

- Curve 1 is for the (lll) plane using the theory of Gyftopoulos and
Levine (7;) assuming that the mean thickness of a monolayer is
approximately 2,38%. Curve 2 is for equation (R.2.24) with T =
2.50K. Curve 3 is obtained by using equation (2.,2.15) to predict
the surface potential at moﬂolayer coverage, after which the work
function decreases to that of silver as the adlayer is formed to a
thickness of several monolayers; and finally nucleation of silver
crystallites is assumed to occur, The slight increase inlthe work
function before dropping to a constant value is attributed; after
Jones (115); to the onset Qf the nucleation process. As already

discussed in section 2.2.4. the more crystalline a deposit isg, the

higher its work function value tends to be,

The characteristics of each of these curves are:-

For curve 1, A rapid change in wbnk,function with a noticeable
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overshoot before reaching a constant value at
monolayer coverage,

For curve Re A monotonic exponential rise,

For curve 3. A slight decrease before increasing to overshoot the
final constant value of work function change at a

thickness of several monolayers.,

Thus from an experimentally found relationship between work
function change and overlayer thickness it should be possible to

identify the type of growth process involved,

2.2e7. Oxide Growth, Of the three metals gold, silver and aluminium,
gold, as discussed in section 2.2.5,, does not form an oxide,
whereas in contrast aluminium readily oxidises to a depth of many
monolaycrs with sufficient exposure, Silver does form an oxide,

but the growth of the oxide of aluminium has been studied in more

detail, and hence will be considered first., .

Two theoretical models exist for the oxidation of aluminium,

The first is due to Cabrera and Mott(leuz and secondly there is the

theory of Lanyon and Trapnell (125). The theory of Cabrera and

" .
Mott (124) predicts a pressure independent, inverse logarithmic time

law for oxide growth, which has bsen found to hold for experiments

at atmospheric pressure (108) (le). That of Lanyon and Trapnell
(125) predicts a pressure dependent and direct logarithmic time

-3 (107)

law, and has been found to hold for pressures of 1 to 10 torr
(39)

- A direct logarithmic work function versus log (time) and log
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(oxygen pressure) dependence has also been found for oxide growth
beyond the completion of the first 2dsorbed oxygen monolayer (107).
This incorporation of the oxygen into the bulk of the metal results
in a Volta potential, which changes as the oxide thickness increases
(37). The magnitude of this potential can be as great as 0.5 to

(126)

0.6 volts which is of the same order as the value of 0,6

volts reported for the incorporation of oxygen into a nickel
surface (128). If both oxygen and water vapour are present then
the expected sequence of events occurring at an aluminium surface
are, firstly, the rapid adsorption of oxygen to monolayer formation
followed by the adsorption of polar groups'fromLHzOfmolecules, and
finally the slow incorporation of oxygen into the aluminium to form

(29)

an oxide .- The scquence is consistent with the electron

emissioh measurements of Ramsey (108)

made in various gaseous
environments., The work function during the sequence firstly
increases by approximately 0,05 eV, then decreases by over 1 eV

as the polar groups adsorb and finally increases as the oxide layer

grows in thickness,

Silver does react with oxygen to form an oxide, but
insufficient experimental evidence is available to predict

actual work function changes during oxidation.

2.2.8. Work Function Complications, The following are further

complications which can exist when measuring the work fun~tion,or
surface potential, of metals,

i) Impurities -~ If impurities are present in the metal sample
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then the surface will not be %lean' since the impurities
will exist at the surface as well as in the bulk?f
especially if the sample is subjected to elevated
temperatures, A 2% surface concentration of rhenium on. a
tungsten surface caused 2 measured change of 0.04 eV in
the surface work function (129). This change is more than
2% of the difference between the work function values of
rhenium and tungsten, Impurities exist preferentially at
faults on crystal faces and hence clusters of impurities

forming projections at the surface are liable to appear,

ii), Temperature Effects. - Thin films formed by vacuum

deposition can be as much as 4063— SOOOK higher than the
substrate: temperature (130), This large increase is
attributed to exothermic heat of condensation and
radiation heating from the evaporation source., Thus it
is possible that deposited‘atoms are frequently in a )
more mobile sfate on the substrate surface than the
nominal éubstrateztemperature would suggest, resulting in
larger agglomerates of condensate forming, A numerical

(130)

example given by Belous and Wayman is that for a
source 1l9cm from a mica substrate nominally at BOOOK, a
deposition rate. of lOg/sec_of gold results in a film
temperature of about 600°K, The work function of a
surface is somewhat temperature dependent, described by

(73) (131) (132) (133)

several authors in the form
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’ .
4’ = Qo+ xT (e2s )

Where 4» is the work function at 0°K

iii).,

!
< ic a Yinear temperature coefficient

T is the absolute temperature in °x

Although =< is usually small, obviously with potentially
large temperature changes possible care must be taken
to_ndnimise temperature variations. Some metals change
structure at elevated temperatures with an attendant
change in work function. Such a case is uranium which
can be orthorombic (below 938°K), tetragonal (938°K to
1043°K) and b.c.c. (1043°K) with work functions of 3.47,
3.25 and 3,39 eV respectively (134) (135), No such
structural changes are expected for gold, silver and
aluminium in the experiments carried out during this
work,

Non-Uniformity of Surface - For overlayer growth the size

of islands formed during the growth process may

(136) (79) (116).,

influence the effective work function

(137)

Vliadimirov has calculated the size that patches of
different work function can be before present emission
theory is inadequate, The effect of patches of

different work functionlwill be discussed again in the

next chapter when different techniques for measuring
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work function are considered,

iv)., Surface States - These only occur in semiconductors.

However, silver oxide has been described as a p-~type

(138)

semi.conauctor and froo the resulbz obtained
during this work aluminium oxide, perhaps in an excess
oxygen state, also acts as~a semiconductor, Surface
states can pin the Fermi level at a semiconductor
surface, and hence mask work function variations which
would otherwise have taken place (139)0
v). Alloying - Of the materials used,the combination of a
silver substrate with aluminium as adsorbate will
result in the alloy AgaAﬁ being formed to a depth of
several monolayers (63). Pashley () presented
evidence to suggest that a phenomenon similar to
alloying occurs when metél atoms are deposited onto
a metal substrate. It is that they can penetrate
the substrate surface, forming a layer consisting

of a mixture of condensate and substrate atoms

several monolayers deep.

2.3. Electrical Conductivity and Work Function Interdependence.

2.3.1. Value of relating Work Function to Conductivity, Few

attempts have been: repobtdd of experimetal work carried out in
order to relate electrical conductivity (dr resistancel tc

effectiye work function (or surface potential) for thin metal

(140)

films, Bryla and Feldman in 1962 recorded the change in

~
*
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surface potential as a function of resistance during the growth
of thin films of gold and silver prepared by vacuum deposition
on fused silica substrates nominally at roém temperature, No
significant variation in contac£ poteatial with respect to &
platinum reference electrode occured over the sheet resistance
range qu to 1042 /sq. " These results imply that for a single
uncontaminated metal deposited onto an insulating substrate,
no relationship exists between electrical resistance and
effective work function which helps elucidate the conduction
process in the metal, However, as will now be shown, when gas
adsorption, oxidation or metallic overlayers are present at a
metallic film surface, then monitoring the effective work
function of the surflace can yield valuable information
concerning the electrical conduction in the thin film, This

of course will only apply under conditions where the film is

sufficiently thin for surface effects to be significant,

2e3.2 Adsorption and Oxidation. Of the metals studied in this

work only aluminium and silver are considered to have any reaction
with oxygen and water vapour. The relationship for oxygen and
water adsorptiom on freshly prepared aluminium thin films can be

conveniently considered for five separate cases, They are;

i). Low oxygen exposure up to monolayer coverage. The

electrical resistance R is given by

S - (B.9)
Ro= ;\(1-—9 ) (2,3.1)
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where A, B are constants

and © is the fractional coverage.

Equation (2.3.,1) follows from the work of Huber and Kirk (29)
with the assumption that the mass of gas adsorbed,M,is directly
proportional to & , Also from the work of these authors the

change in work function,b{%is related to by

Ao~ ™ (2.3.2)

and hence

Nl’ “ 8 (203.3)

Thus to a first approximation suhstituting for © using
equation (2.3.3), equation (2.3.1) yields
i

N ( - DBy

Ro=

| —€ | "‘:‘ (2030)4')

where D is a constant,

ii). Oxyvgen exposure beyond monolayer coverage. The mean
thickness of oxide,t,is related to the mass of
oxygen incorporated by,

L= ™M (2.3.5)
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Hence the change in resistance’KBRﬁwith an oxide of
thickness t, provided the thickness,%t, is small
compared to the initial film thickness, is related to

M by

AN
(2.3.6)
but ™ = log (time) x log (pressure)
andﬂqsa;log (time) at constant pressure
Aﬁ)dulog (pressure)} at constant time
so that it follows that
b e AR
! (R.3.7)

iii) Water vapour exnosure up bo monolayer coverage on 2

clean surface, The resistance change is the same order
of magnitude as for oxygen adsorption, and the
corresponding work function change is very small as for

case (i) i.e.

D¢ @ 0roGeV, (2.3.8)

iv) An aluminium surface exposed to water vapour which has

been pre-exposed to oxygen up to monolayer coverage,

The:resistance is virtually insensitive to the water

vapour adsorptifn i.e. R = 0, and the work function
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decreases by approximately 1 eV during the formation

of a polar sheet on the surface of t he oxygen covered
metal between lO--7 and 10—6 torr:min of water vapour
exposure, JThis same drop in potential occurs for water

vapour on a fresh aluminium surface in case (idi)

beyond monolayer exposurc,

v). Oxveen and water vapour both present in significant

guantities, It is expected that firstly there is oxygen
adsorption as for case (i), secondly water vapour
adsorpﬁion as for case (iv) and finally oxidation or
incorporation of oxygen into the bglk of the aluminium

takes place according to case (ii).

With the exception of the combined oxygen and water vapour
classification (v), the above are shown in tabular form in
figure 2.3.,1l., It is assumed inthis sectién that adsorption and
oxidation have no effect on the electron scattering mechanisms
or the degree of specular or diffuse ecattering which tekes place
at the film surface, Thisis reasonable since the films in this
work were not to be specifically annealed, and several authers,
as discussed in section R.2.2., have at least gone some way.
towards demonstrating that unannealed thin metallic films can be
thought of as having completely diffuse electron scattering at
their surfaces, The formation of oxide at the surface would not
help !'smooth! the surface as required for less diffuse scattering.

However, if any spechha& scattering is present before gas
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adsorption takes place, then it is possible that increases in
resistance are the result of changes in the electron boundary

scattering.

For silvef, only general statements can be made relating
work function and.electrical conductivity measurements, As for
aluminium, Benton and Elgin (99) have reported that oxygen
promotes the adsorption of water vapour on silver surfaces, but
no work function or resistance measurements were made, It
appears that this is the only observation reported in the
literature of the dependence of water vapour adsorption on
pre—-exposure to oxygen for silver surfaces, It is expected that
the reaction with oxygen which is known to occur with silver
can be described by the first two lines of table 2.3.1, for
aluminium, However, the absolute values for the consténts in these

various relationships will in all probability be significantly

differer* from those for aluminium,

2.3.3. Overlaver on Low Conductivity Thin Film Metallic Substrates.

A metallic film of sheet resistance say 10 to loﬁﬁ./sq. may have
a positive temperature coefficient of resistance, but there are
still many discontinuities in it. These discontinuities largely
determine the resistance, where there is an activated electron
transfer process between separated or isolated crystallites
constituting the film in the direction of an applied elec*ric
field, When a metallic overlayer is deposited onto such a film,

then provided the growth process of the composite £film is similar
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to that of the underlayer, a resistance versus mean thickness
plot will have approximately the same form before and after the
overlayer deposition. This is because it is predominantly the
reduction of the size of the discontinuity gups..md not the
value of the bulk conductivity of either the underlayer or
overlayer material which determines the overall sheet resistance,
The work function will vary with surface coverage, or mean
overlayer thickness, in one of the three ways already discussed
in section 2.2.6., Monitoring the work functioh of high
resistivity films can thus assist in the identification of the
overlayer growth process, which helps in the qualitgtive;lif'not

guantitative, explanation of the conduction processe.

2.3.4. Overlayvers on High Conductivity Thin Metallic Films. For

thin films having conductivity values approaching that of the
bulk material.then more expiicit forms of work function and
conductirity relationships can be derived than for the films

considered in scection Re3.3.

Consider a thin metallic film which is of uniform thickness
and consists of large crystallites so that grain boundary
scattering in the bulk of the film is insignificant. compared to
surface effects, If a metallic overlayer is deposited onto such
a film; then assuming the same growth process as described in

section 2,1.2., the resistance change from equation (.1.10) is

© AN 4 ";/Z )
T ; ~z * =
e - I I N (2.3.9)
= /*/...(.3":)_..\ z‘.‘:’,}"fﬂr‘
t
(s f\\)_T 4 =3 )



1.4 —

"0
F =854

R/R,

Rat/'b |

_ Resistance

|- Fractional " Work ’Functian""‘\chénye”‘f]‘2196'/‘#:% __
06 — B R

—F, iglure 2.3. 2———

—Predicted _Variations of Work Function with /?esisthénc,e—’v'



81,

where the symbols are as defined previously in scction 2,1.2
Note that in equation (2,3.9) R/RO is a function of the surface
coverage t,. (Chis® is not to be confused with the surface coverage
which is occasionally assumed to be the number of monolayers of
overlayer o the surface equivaient to the mean thickness,t,of
the deposit, The latter interpretation of surface coverage is not
used in this work). Work function has been shown in section 2,2
to be a function of coverage @, and hence a functional
relationship exists between the fractional change of work function
Aﬁzﬁvéz?'where<§zand +,are the work function values of overlayer
and substrate respectively, and the resistance ratio R/Ro during

the formation of a metallic overlayer, Assuming the following

values in the evaluation of the ratio R/R.O

F =854
P = 0,90
Q1= 0.90
eo= 0,10

for a thin film of gold; with a work function %2; having an
overlayer of a metal with the same bulk conduc£ivity; but with

a work function ®,;the variations of R/RO withEV%;é] for three
different values oijis‘showntgraphed in figure 2,3,2. Obviously
similar graphs could be obtained for any reasonable values of

F, Ql; Q. and T for different overlayer materials. In the
evaluation of equation (2,3,9) it is assumed that the work function
change is directly prqpqrtional to the surface area coveréd by the

overlayar material, i,e.
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(2,3.10)

which is a reasonable approximation for an overlayer
growth process involving nucleation and crystallite formation
at the substrate surface.’ However, if considered necessary,
a work function and coverage interdependence different from

equation (2,3.10) can be employed, e.g, that of Levine and

Gyf¥opoulos (71) described in section 2.2.6.

Thus for metallic overlayers it is shown that, just as for
the case of adsorption and oxidation of thin metal fibns; work
function values can be employed to explain resistance changes
which oc;ur as a résﬁlt of surface effects., Care must however
be taken to ensure that the work function complications in
section 2.2.8., are given due consideration before measured

work function values are used to. explain conductivity changes.
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CHAPTER 3.

—

WORK FUNCEION MEASUREMENT

Introduction.

Several comprehensive reviews of the techniqués for measuring
work function have been written (76) (141) (38) (luz). These
reviews make it unnecessary to give in this work a complete
discriptiom of all the techniques currently available., However, a
list of techniques is given explaining the basic principles of
each one, and citing relevant references for more detailed
theoretical and experimental works, From all of these different
methods of measurement the one most suited for this work is
selected and its theory developed, The instrumentation necessary
for the realisation of the technique to be developed is then

considered, and the chapter is concluded with an ewaluatiom of

the measuring systems a:tually constructed,

3.1, Methods of Mecasuring Work Function,

Not all the methods considered yield absolute values of
work function, but instead some only monitor changes which take
place with respect to a reference electrode which may or may
not have a known work function, Such techniques are still
applicable since it is changes in work function, and not absolute
values, which are more irportant in the experiments to be carried
out, With very few eiceptions all the various methods of
monitoring work function can be thought of as belonging to one-

of the-following,
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i) Contact potential,

ii) Thermionic emission,
iii) Field emission,

iv) Photoelectric emission,

v) JTIon emission,

Each of these five types will now be considered in turn.

3,1.1. Contagt potential. It was explained in section 2,2.2,

that when metals are in contact, or are connected by an external
circuit, then a contact potential exists between themn, This
potential,%y,is equal in magnitude to the difference in the

i f
effective work function values(bz.and<§‘ of the metals, i.e.
z {

! !
NV, = ’,~Pz* T’, (3.1.1)

¢
If the two metal todies are separated, and have a

capacitance C, then the charge<% which flows round the external

circuit in order that the bodies reach equilibrium is given by

q =GN (3.1.2)

or from equatiom (3.1.1)

q = C(‘#;*¢.> (3.1.3)

From equation (3.%.3) if the capacitance C is caused to

change by N C, then there is a corresponding change Do in the
’ \
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chargeii, i.eo

N o=

-t \ wd e\

e

2 ﬁx;(¢2»-¥x> (3.1.4)

By making C a periodic function of time’fc(t), and
applying a D.C. voltage, Va’ across the bodies making up the

capacitor in the opposite sense to the contact potential, then the
charge ¢ is a function of time given by

~ / \( /] L 4 '
C\ = \i‘( \t) “LKJ’J; - #’t ) - \J'-".! }: (3 oll5)

Equation (3.1.5) when differentiated with respect to

time represents the current.i in the external circuit, i.e.
\. Y ’ : \ ! / ’
5 S (3.1.6)

Assuming ngzww

e

?,}~—\A is a constant,
: <y

The current » is reduced to zero when

/ . / . " \ .
q(" S j)‘) = \’{ (3.107)

Thus when the condition of equation (3.%1,7) is satisfied

the difference in the effective work functionsis found by measuring
the applied D.C. potential Va.

Equation (3.21,6) is the basis for the celebrated Kelvin (143)
(1hh)
b4

capacitor method for measuring contact potential, Zismar

—~



| .-—_[ ypical

Technique* Accuracy | Reépanse
Vibrating  capacitor - e 1% (195 \og votesssec. |
Static caﬁacitaf' | 3”7% /749/ ; 0.5 sec a
Rotating c‘ap‘acitar' | +  1 my {748/. -
Datley mégnetran + 20my /75?/'
,Satu}at'éd ‘4 dia.de . 70 (132)
Breakdown field . e 30 v /750/
"t'vlectran beam method e 30my /757/
Space-charge _il-imited diode s 10my {752/ SR
| fﬁermionic _emission « 40mV '/72’9}',', Dl |
~ Field  emission . 0l /84}
Photo-electric ~ emission LTmy (83)
~ Ion 'emiss'iéh - Sy /.733}.
* Note t})at a/l af 'gt’b‘é f/rst groupl come Aunde,
the ‘géperal head/ng af | cantact patent/al metlwds ”
— Table 321 —
Accuracy -.'for _eabh- '4/%4ea“s‘ure/'7‘;ent | I’eébniéﬁ :
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in 1932,at the suggestion of Professor Max Noble, made the
technique more sensitive by making the.capacitahce vary at

audio frequency, and deteecting the current so genefated:by a

(145)
?

valve amplifier, By employing negative feedback Simon
and later Petit-Clerc and Carette (146) and the auther.et al
(147); made the Kelvin method more versatile by allowing a
continuous recording of contact potential, Other methods which

depend for their operatlon on the ex1stance of contact potentlal

(148) (ll+9‘

are, the rotating dynamic capacitor , static capacitor

(150) (151)

dielectric breakdown field , saturated diode -~ ', space

(152) (153)

charge limited diode s, Oatley magnetron and the electron

beam method (154), Of these methods several have been suitably
modified so that a map of contact potential variations over a

(155) (146) (156)  pap1e 3.1.1.

surface can be obtained shows
for ease of comparison typical~accuracies reported for'the
different methods of measurement; and also the reported time
response of the systems with feedback, For reference laﬁer
typlcel accuracies reported u81ng technlques not based on contact
potentlal measurement are included in the table., Us1ng contact
(77)

potential methods the effective work function values of silver

gold (84), and aluminium (29) have all recently been derived,
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3.4:2. Photo=-electric, Elecctrons can be emitted from a metal

surface by the irradiation of light as a result of the aBsorption
of photon energy. As the frequency v of the light decreases,

a value of V] is eventually reached when electrons are only just
emitted from the surface, This limiting frequency?@ is then

related to the work function of the metal surface by

) pm

where - and @ have their usual significance.

Any real surface however, because it is at a non-zero
temperature and the work function is unlikely to be constant
over the entire surface, cannot have equation (3.1L.8) applied
dlrectly to it for accurate work function determlnatlons. For
a unlform surface at a non-zero temperature, T, Fowler (15’)

der;ved the following relatlonshlp between photo-current4ir and

irradiation frequency 7

Vog A = K+ (R

4:.
Rk

(3.1.9)

where b and % have their usual significance,

W is a constant,

N v \ ‘
and %‘ JL: 127 is a complicated function of

Wken using photo-electric emission as a means of measuring
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work function care must be taken to allow for the electric fields

which may exist, intentionally or unintentionally, at the surface

(158) (76)

. Riviere has given suitable forms of equation (3.1.9)
for the extreme cases where the electric field at the surface is
much greater and much less than the patch fields on a non-uniform
surface, An apparently rarely used method of work function
measurement by photo-electric means is based on Planck!s
radiation law, from'which it is possible to derive a useful
equation very gﬁmilar to the Richardson equation for thermionic

(159)

emission e Using Fowler's theory recent work function

(160) (su).

measurements have been made for silver and gold

3.}.3. Field Emission. On the application of a high electric
~ _
field of 10 Volts/cm,or larger, at a metal surface the

probability of an electron being emitted increases considerably,

(161) (162)

The Fowler-Nordheim theory of field emission related

the current density, J, to the applied electric field strength E

and work functionﬁiéby 3,
(<% tse. 631

I - ”f,_-__EZ \3 eL- & -

Pre / - (3.1.10)

where Q(x) is the Nordheim elliptic function with:-

v — &;E_l{z
T (3.1.11)
Ye

and Kl’ K2 and K3 are known consténts.
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Difficulty in relating the voltage applied between the
metal and a counter electrode to the field strength at the metal
surface makes the practical application of edquation (3.1.;1)
difficult., As has been pointed out in proof of this difficulty
(76) "It is no coincidence that all published measurements of
the work function by field emission have referred to individual
crystal planes." More recent theoretical treatments of field

(163) (16))

emission appear to -lead to more reliable ways of

deriving work function values from field emission measurements.,

3.3.4. Thermionic Emission, The Richardson-Dushman equation is

the basis for evaluating work function using thermionic emission.

The equation relates the current density;J,frpm a heated emitter
- .

at temperature T to the work function value,?&, by

()

—-— 2 ‘
T o=A(-RITe (3.1.12)

where A is a constant.
e,k, have their usual significance,

fg is the electron reflection coefficient.

Complications arise in the application:of equation (3,1.12)

as a result of work function temperature dependence, patch field

effects and electric fields at the emitting surface (69) (76) (141)

(73? Hensley'(73)

has given a good discussion on thermionic emission
with particular emphasis on what quantities are actually measured

by this method, Because of the temperatures required for a
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reasonable emission current density this method is best suited
for metals with high melting points, such as the refractory metals

tungsten and molybdenum,

3.1.5. Ion Emission. This method is based on the Saha-Langmuir

equation which in:modified form (142) relates the ratio, ot , of

the number of ions to the number of atoms desorbed from a surface

at temperature T to the work function,?;, by

R e (07 - ‘>(

where r;is reflection coefficient for ion.

(3.1.13)

rois reflection coefficient for atom,
g;is statistical weight of ionic states.
gois statistical weight of atomic states,
e and K have their usual significance,
and ¢;(T) is the work function as a function of

temperature,

- Just -as-for the other work function measurement techniques
described, this one has similar complications for the effect of

applied electric fields and patch fields at the surface (1429 (76).

3.2, Selection of Contact Potential Method,.

It is requfired in this work to investigate the work function
of thin metal films under various experimental conditions, It

was discussed in section 2.2.8, that temperature effects can have
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a considerable influence on the work function of thin.mgyal
films. Also, it is well known that applied electric fields at
the surface of high conductivity films during their formation

can have a marked effect on the film structure., Thus it is
umdesirable to employ high temperatures or high electric fields
for the work function measurements, which are a necessity for

the application of the thermionic and high field emission
techniques respectively., Hence, tﬁese twoAtechniques are
unsuitable, The following experiments require that the work
function can be monitored during vacuum deposition, which for
most practical cases means a process Qf evaporation then
meas&fement being repeated many times, This being so; any work
funcgion monitoring techniques which critically depend on very
accurate geometric alignment will not be suitable since the
substrate (or counter electrode) would have to be moved many
times during the experiments, The only measurememts not requiring
applied electric fields or high temperatures at the surface, and
satisfy the alignemnt,considerations,are several of the contact
potential type. Of the methods discounted for the above reasons,
the photo-electric is perhaps the best suited for this work, but
just as the ion emission method gives an indication of the highest
work function value present (142); so the photo-electric method
gives an indication of ﬁhe lowest work function value present for
crystallites in a polycrystalline surface, The static and cynamic
capacitor methods at the point of measurement have no net electric

field applied at the surface, and do not require temperatures above
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ambient, Furthermore, no magnetic fields are reqguived as for sbme
of the methods based on contact potential (153) (151). Two
contact potential techniques remain to be considered. They are
the breakdown field method and Anderson's électron beam method,
The first of these is not applicable when it is the work function
of an exposed surface which is to be monitored, and the second
is undesirable since an electron beam can ﬁodify the structure
of a very thin metallic film, especially When it has high
resistivity and is grown on an insulaﬁihg substrate., Gas
adsorption is important in this work, ahd hence a technique

that is capable of monitoring surface wéfk function changes up
to atmospheric pressure is preferred. This is satisfied only by
the static and dynamic capacitor methodé, However, although the
static capacitor is eminently suitable }or studies in rapic gas
adsorption, it will become clear from the next section that a
variation of the Zisman dynamic capacitor system is preferable
in this case ., especially since long term work function changes,
and changes duripg vacuum deposition are to Ee investigated,

In section 2.,2.4. the average work function,%,of a surface was

n
defined, It is this average value,?jthat is measured by contact

(77) (78)

potential methods . This is an advantage since work

function measurements made'by.mdﬁy of:the alternative methods
depend on complicated weiéhting functions of thé Erystallite type
(76)

and size present at the strface , and are hence difficulit to
interpret except in simple cases when single crystal planes only

are present, Also from téble 3.1l.1, it is evident that the
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accuracy to be expected frok the dynamic capacitor technique

compares very favourably with the others,

3.3, Proposed System for Measuring Corntact Potential,

This section is diwvided into three parts, The first
concerns the theoretical analysis of the action of dynamic
capacitors, with particular emphasis on the rotating variation
(lh8). The second part considers what instrumentation is
required for the realization of a rotating system, and finally

the third part examines the performance of the actual system

constructed to monitor contact potential,

3.3.1. Theory of Operation. Consider a convenrtional pavallel plate:

capacitor with plates of area A spaced a distance Lo apart,
Assume that one plate is caused to vibrate sinusoidally in a
direction perpendicular to the plane of the plates through an
amplitude Ll at angular frequencyaﬂo, and let Ik denote the
contact potential difference between the plates. Then the

magnitude of the charge¢hon.the plates is given at time t by

—

(‘,\ Cm V(‘ Eo‘&r A i .
‘V‘!Lo + L cos bt | (3.3.1)
oV

Assuming that during any period of measurement that :gz-can

be considered zero, then the current,A,generated by the dynamic
capacitor is

4+ Footnote - Subject of UK Provisional Patent number 7323/70.,
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<‘ At \ s+ L. ws &Oot (3-3-2)
or carrying out the differentiation.
v s Eafe A G ()
b '
i ‘.\LO+ L, oo (%t)y (3.3.3)

If an internal D.C. voltage, Va, is applied to the

plates with the correct polarity, then

(‘— + (0 (JJ t))

L, oy Eo € o A ginlon®) )
= (v _ /\) oo ,
( b \ } (3.3.4)

and if the value of V_ is adjusted until the curren:,i,
is zero, then from equation (3.8.4) Va is equal in magnitude and
opposite in sign to the contact potential difference, ch,
between ithe plates,

For a fixed frequency &, , equilibrium electrode spacing
LO and contact potential ch’the fundamental~component of current,
,@ generated is dependent only on the ratio E?ﬁo, Figure 3.3.1.
shows how the fundamental component of the current signal
varies with Fji', and figure 3,3.2. shows the capacitance variation

Q
for one complete cycle of vibration for various values of ‘ib( .
hae
It is apparent that the Q value of the vibrating system increases
rapidly with Ei fér-%}}>0.5., Atlas Autocode computer programs
o o

were employed in the drawing of figures 3,3.1l. and 3.3.2.
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Consider now a capacitor which has a spacing of Lo between the
plates, but one plate is swept across the othgr as shown in
figure 3.3.5. For a series of n such electrode3~mounted on a
wheel,_as shown in the photograph in figure 3.3.3. and in figure
3.3.5.; and rotated at N revolutions per second, the output
current signal is at angular frequency

Go. = 2.7 .. N r-ac\..g/s’ec_'

+]

{3¢3.5)

The harmonic content of the A&, current generated by this
rotating dynamic capacitdr is dependent on the shape of the
electrodes. It can be shown (see Appendix 1.) that a series of
rectangular plates rotating over a circular electrode geneiate a
current with a high proportion of. fundamental component, Trese
shapes are also suitable for the practical reasons that glass
substrates are readily available in rectangular form, and that
a circu-ar electrode gives the minimum periphery-to-surfaée
ratio which is desirable from edge effect considerations., Other
parameters being equal, the fundamental component of the output
of the rotating capacitor is approximately the same as for a
corresponding vibrating capacitor with \?”L4)= 0.,5. For
comparisom a line is drawn on figure 3.3.1. at the appropriate
output level of a rotating system with the plate dimensions and
equilibrium spacing, Lo, similar to those for the vibrating
system, Tbe two lines on figure 3.,3.1l. can be seen to intersect

L,

at /(oQi 0.5, The rotating capacitor which was constructed had
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the following leading dimensions:-‘
radius of reference electrode Rl = 0,95 cm,
difference between centre of electrodes and point of
rotation R, = 5.1 cm,

2
and from figure 3.8.3. it is seen that the number of rotating

<

electrodes n = 8,

One complete_revolution of actual capacitance variaticnas is
shown in figure 3.3.4. The method of capacitance measurement .
used for figure 3.3.4. resulted in the angle scale not being
completely linear, however it is apparent that this approximates
much more closely to a pure sinusoid of frquency'ow,than does the
carzacitance variations shown in figure 3.3.,2. for a vibrating
system, This is important since it is the amplitude of the
fundamental component and not the whole current signalri,which is
detected by the instrurentation employed., This is a consequence
of a very narrow effective bandwidth which is necessary because
of the small values expected for the-cﬁrrent A . Typically the
current A is ldﬂl to ldq‘ amps r.mn.s, for realistic values of
capacitance , ;nd for contact potential values of 10 to 100
millivolts, A useful quality parameter of a dynamic capacitor

is the 'conversion efficiency! defined as

~ r.m,s, volts of fundamental of input into instrumentation

Ve =

D.C. voltage existing across capacitor plates

) -3
Typically "V, is of the order of 1 to 10 -
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3¢..32. Instrumentaiion Required, Block diagrams of the

instrumentation required for use with the vibrating type of
dynamic capacitor, using negative feedback, have been reported
by several authors (145) (146). However for the rotating system
no similar closed loop system has been reported, Figure 3.3.5,
shows the block diagram of a rotating system which is not
substantially different from that given by Belcher and Ehrlich
(165) - (145)

when describing Simon's instrumentation,. The most
important difference is that no frequency divider is required
with the rotating system, and that the circuit in figure 3.3.5.
makes provision for applying a ramp voltage to the capacitor
electrodes. In figure 3.3.5. A is one of eight earthed substrates
rotated so as to pass over a reference electrode G and through

an evaporation stream D, B is a baffle between the evaporab;bn
source C and the substrates. A lamp E is connected to a D.C,
power supply H. The light from the lamp is reflected by the
substrates and picked up by the photo-~diode E in order to provide
a synchronous input to the instrumentation. The output from the
reference electrode is A.C. coupled to the instrumentation input,
and can be D.C. courled through a high voltage resistor to the
instrumentation output in a closed loop configuration with
negative feedback, With switch S3 in the 't!' position, Sl'closed
and S2 open, the recorder trace follows changes in the contact
potential difference between the reference electrode and the
substrate surfaces, In this way work function changes during

vacuum Jeposition can be continuously monitored, which would be
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difficult to arrange with a conventional vibrating capaciﬁor,
Furthermore, the half revolution that the wheel has to travel to
carry the substrates from the point of deposition to the point

of measurement of contact potential allows a finite time lapse,
during which ions deposited onto the substrate have sufficient
time to be neutralised, If this was not done such charge effects
could easily swamp the quantities which are required to be
measured., After proving the technique by constricting an
instrument according to a circuit designed previously (166);
which was used in conjunction with a vibrating system to carry

(167)

out a series of measurements on CdS thin films a lock=-in
amplifier unit was aquired, It was an HR8 Princeton Applied
Research Corporation (U.S.A.) unit, which performed the function

of all the amplifiers, phase shifters and mixer on figure 3.3.5.

with the exception of the preamplifier for the photo-diode,

3.3.3., [arformance of system. For the closed locp system shown
in figure 3.3.5. with S1 closed, SZ open and S3 in position 't?,
the output voltage,Vo,is related to ch by the steady-state open

loop gain,(k),thus

(303.6)

A common approximation is to make k sufficiently’high to be
able to regard Vb as approximately équal to ch. It is well-known,

however, that the transient stability of a closed loop system is
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highly dependent on the open loop-gain., Figure 3.3.H5, shows
how the output of this particular system varies with k for a
time constant of approximately five seconds. It is evident that
the gain for critical damping should be approximately 15. This
value is not high enough for VO = ch to be a valid approximation,
but allowance can be made for this since k is a known constant.
In any parctical system there is a tolerance on k which will
cause an error in the measured value of Vo' Figure 3,3.6., chows
the open loop output of the rotating system when a sweep voltage
is applied across the capacitor plates. (Figure 3.3.5. witi. S1
open, S2 closed and S3 in position t1£t1,) Figure 3,3.6. is for
three different values of contact potential and gain k
(corresponding to those of figure 3.3,7.,). K is calculated from
figure 3.3.6. by dividing the intercept on the x axis by thic

on the y axis

i€ -

~pen loop output for no applied voltage

eontact potential

By fitting the best straight line to each of the traces on
figure 3.3.6. it can be shown that variations in k are not
greater then 10%, In the rotating system; however, the average
value of k remains constant and can.be accurately set since itis
a direct function of LO. Allowance can therefore beg made for the
fact that ki%>l since the value of k is known, Hence, if a
quantity Vb/k-is added to the output voltage, the result is

exactly equal to ch, allowing for no random fluctuations in k,
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If the output voltage is VO from a contact potential
difference ch with k set to a value k_ which fluctuates thirough
* . i 4 (((k + / §, i

l}ks, and ch is taken as ({(k l)/leo, the error,f, in ch

can be shown to be

=\ .- - 'ﬁ;s -
f P Ay

(3.3.7)

If’Ak.S/kss has a maximum value E, the, as a percentage,

?: 100 - ,_‘ & N |
kg(;/ks+— P E) (3.3.81 .

Pigure 34 3,8, shows this function plotted for E = 0,05,
0,10 and 0,20 for a'wide range of ks. The shaded region is
bounded by E = 0,05, E = 0,20, k = 8 and k = 20, This is tae
region of operation of the system for reasonable transient
respcnse compatible with a steady-state measurement error of
better than 2% and normally less than 1%. To this must be added
the zero drift error which in the present system is * 5 mV, but

this could be reduced by better screening of the electrodes,

Furthermore, if it is required to change Lo,this is much
more readily done on the rotating system with much less risk of
the plates touching. One problem that is eliminated by employing
a rotating rather than a vibrating dymamic capacitor is that the
latter in practice usually depends on a mechanical resonan~e for a
reasonable value of conversion efficiency, whiéh may make the

(168)

interpretation of results difficult if, as has been 1eported
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the contact potential difference is frequency dependent, Unlike
the vibrating system, the operation of the rotating capacitor is
not dependent on the medium between the plates and requires no
adjustment for changes in pressure, This allows the facility of
operation to be exploited to the full as the surface potential of
films can be measured not only during high vacuun deposition,
but also with equal accuracy under any subsequent changes of the
gaseous environment, #Also, within the experimental error of the
technique, the deduced values of contact potential were found to
be independent of the elecﬁrode spacing, Lo’ within operating

limitse.
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CHAPTER 4,

DESIGN AND CONSTRUCTION OF APPARATUS.

Introduction,

This chapter in the first section presents a justification
for a U,H,V. work chamber, followed by a specification of the
requirements of such a system, A description of the actual
vacuum system employed, with the expected pumping performance
is then presented, In the second section details are given of
the design and construction of the apparatus to be installed in
the vacuum chamber, Finally, in the third section, the
instfumentation employed to monitor and measure the various
required parameters during the experiments is described anc

illustrated,

Lol, Vacuum Chamber,

L.l.l. Vacuum Chamber Regquired. It is required that thin metal
films are prepared by vacuum deposition. Furthermore, it is well

known that residual gases present during deposition, especially

water vapour, can significantly influence crystal growth(lég) (170)

(29). However, even if the total gas pressure is sufficiently
low that growth is not noticably effected by residual gases,

surface effects as a result of adsorption can become evidert in

-3
a few minutes at pressures as low as 10 torr, e,g. that of

(29)

oxygen on aluminium . In the extreme case of unity sticking
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coefficient a metal surface in a gas pressure of 10 torr
becomes covered with a monolayer of adsorbed gas moleéﬁies in
a few minutes. Thus it is apparent that a vacuum system having
a base pressure of lO—? torr, or better, is required for this
work, With a pressure of this order the residual gas composition
can be better.controlled since gases can bé bled into the vacuum
system without resulting in a pressure which is too high to allow
investigations in the onset of surface effects of these gases.
Hence, provision is to be made for mounting a leak valve on the
chamber., Other feedthroughs required in the chamber walls arej;=-

i) A high speed rotary feedthrough for rotating the
'‘wheel! with e¢isht substrates mounted on it,.

ii) High power feedthrough for taking power to the
evaporation sources,
iii) Slow speed rotary or linear motion feedthrough for
chansing evaporation sources.,
iv) Multi-way instrumentation feedthrough for low
power electfical connections to within the vacuum
chamber,

v) Precise linear motion feedthrough for positioning the
reference electrode with respect to the wheel mounted
substrates,

vi) Viewing ports for making various visual checks,
vii) Suitable mounting pointzfor a mass spectrometer in
order to analyse residual gases in the chamber, . ...

All of these feedthroughs are readily obtainable
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for fitting to a stainless steel vacuum chamber using

Conflat flanges.,

Also, a stainless steel chamber is suitable since stainless
steel has a slow surface degassing rate, especially after being '

baked at high temperatures under vacuum,which is necessary for

?
obtaining U.H.V. conditions; and that very robustg large stainless
steel vacuum.chambers can easily be obtained which are readily
accessible, The all-dry pumping systems normally used with steel
work chambers do not suffer fron the surface contamination effects

(85)

that diffusion pumps are known to have. o In fact,triode ion
pumps of the Vac-Ion type help clean surfaces in the chamber
sirce a glow discharge occurs until the pressure is reduced to
below%v!63torr, aqd it is well known that such discharging s=rves
to clean surfaces. Electrical screening is made easier with an
all metal chamber than Jor a glass one, since it is usually
necessaryy to paint the outer surfaée of the latter with a
conducting layer which is then connected to earth. The bnly
seriousldisadvantage of present day vacuum systems constructed
from stainless steel is one of éxpense,'which was not a problem

for this work since an all-stainless steel system was made

available,

Lel.2s Vacuum System Employed. The system is a modified V1~-220
Varian vacuum system, and is shown in figure 4,l.,1. It is pumped
by two Varian 941-5610 sorption pumps, a 50 litre per second Vac-

Ion pump and a three element titanium sublimation pump (TeS.P.),

- . -0 . : T e s
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A bakeable valve isolates the roughing pumps from the chamber,
and two non-bakeable valves allow the sorption roughing pumps to
be operated alternately, By working in this way a roughing
pressure suitable for starting the ion pump is reached in a
relatively short time (171). The base pressure expected with

the combination of the pumps described above is of the order

of ldJO torr provided the system is given a bake at, say, ZOOOC.
for several hours, and that the chamber contents are made of good
vacuum materials., A good vacuum material is one that has a very
low vapour pressure, does not have foreign substances on its
surface which'outgas significantly, and can withstand the bake-out
temperature without changing its characteristics. The time taken
to reach the base pressure will be largely determined by the
duration of the bake and the considerable period that the u3jstem
and contents will take to return to approximately room temperature,
Henca, the time from starting to chill the roughing pumps to
reaching the base pressure will be of the order of 15 hours, The
chamber is 12" diameter and is in two parts, the top being held to
the base part by a Wheeler flange, As seen in figure L4,1.1., the
top part has fitted to it the high speed rotary feedthrough and
the mass spectrometer head, The lower part has ten 134" I.,D. ports
fitted at regular intervals round the circumference of the chamber,
as well as the two pumping parts and the T.S.P. element cartridge.
All of the flanges used are of the Conflat type. During th-

bake-out period the roughing pump system is removed at the

bakeabie valve joint., Also various parts of the feedthroughs are removed
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Key To Figure L.2.1 (on Previous Page).

1. Varian high speed rotary feedthrough.

2. Conflat flanges (bolts are not shown).

3. .Adaptor piece from rotary-feedthrough shaft to wheel shaft.

L. Top plate of wheel assembly.

5. Shaft for wheel.

6. Milled teeth to give dynamic capacitor:synchroncus pick-up signal (not_used).
T Wheel holding 8 substrates.

8. End race set for shaft.

- 9. Eléctrical output from reference electroded

10. Bottom plate of wheel ass-mbly.

11, Rotolin bearing and housing to allow vertical movement of reference
electrode.

12, Legs (4) of wheel frame assembly.

13, Push-rod connected to reference electrode.

1h. Stainless-steel vacuum chamber wall.

15. Baffle for evaporation source.

16.  Wheeler flange n~lamp éssembly (1 of 25).

17. Wheeler flange with only one bolt assembly shown.

18. Base plate for wheel assembly. |

19. Rotolin bearing for guiaing connecting rod.

20. Blectron beam evaporator head containing filament and electron optics.
21. Inclined plane to conver: from horizontal to vertical motion.
22. Source crucible.

23. Stainless steel block/



23.
2k.
25.

26.
27.
28.

29.

Stainless steel block housing Rotolin bearing for horizontal push rod.
Electrical input for electron beanm evéporator.

. u
One of 10 ports with 22

i diameter Conflat flanges positioned round
the chamber.

Rotolin bearings of assembly for changing sources.
Kotary motion drive shaft for changing sources.

Geneva mechanism for changing sources.

Castor running on an inclined plane on a wheel to give vertical
positioning of the crucibles.

Titanium sublimation pump guard.
Roughing port.

Titanium sublimation pump eleﬁents (3).
Ton pump port.

Port for titanium sublimation pump power feedthrough.
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including the mass spectrometer magnet, the high speed rotary
feedthrough magnet and motor, the plastic pieces of the precise
linear and slow motion rotary feedthroughs and all external
electrical comnectors except the H.T. lead to the ion pump, The
whole vacuum system is mounted on an insulating base of
Sindanyo board, which is an asbestos filled cement made by
Turners Asbestos €ement Co.,, on 1" thick asbestos., In order to
.reduce dust from thé gsbestos it was treated with several coats
of potassium silicate, An oven made of 1" thick asbestos
covered with alumin;um sheeting completely enveloped the vacuum
systemn, The oven was in sections, one of which was shown in
figure 4.l.1., and had on its inside heating elements with a
total heating power of 6 kilowatts, Instrumentation was such
ﬁhat the power to the oven could be switched on or off depeading
on the pressure in the chamber, the duration of bake required,
and the temperature as measured at set points by chromel-alumel
thermocouples., Figure 4,1.2. shows the front panels of the
bake-out control instrumentation together with the other
electronics concerned with the creation, control and measurement

of the low pressure in the vacuum chamber,

L.2. Design of Vacuum Chamber Contents.

k.zlgg,bvnamic Capacitor, The starting point for the design of
the wheel dimensions is that 2 em by 3 cm, 7059 Corning glass
substrates are to be used, From section 33|the instrumentation

gain is proportional to the frequency of the A.C. current generated
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by the dynamic capacitor, i.e. to the number of substrates
mounted on the wheel, and the gaps between successive substrates
should be approximately equal totthe substrate width for high
fundamental component of the current generated, From these
considerations, & substrates, as shown in figure 3.8.3., is a
convenient number consistent with ‘a wheel size which is not too
large to result in appreciable wobble during rotation, The
wheel is made of Fluorosint, manufactured by G.H. Blocre & Co.,
which is a glass filled P.T.F.E. with a low vapour pressure and
an almost linear temperature coefficient of expansion>unlike
most plastic based materials. It is a very gocd insulator and
is easily machined, although it is relatively expensive (£40 per
square foct for 3" thick sheet). Recesses are machined in the
wheel in order to locabe thesubstrates, which are held in piace
by beryllium ccpper spring clips as shown in figure 3.8.3. The
whee’ is mounted on a non-maonetlc stalnless steel shaft whlch
is located at two points by ball bearlng sets, see flgure u 2.1,
Referrlng to figure L. 2 1., the shaft (5) mates with a drlve
shaft (3) rotated by the magnetlcally coupled high speed rotary
feedthrough (1), By having a magnetically coupled drlve ‘no
actual shaft has to penetrate the vacuun chamber wall, The ball
bearing sets are mounted on the top plate () and on the baffle
plate (10). Four legs (12) are securely fixed to these plates and
screwed to a,f" thick base plate (18). The base plate is bolted
to three small fixing platfonms which are welded to the chamber

wall, see flgure:4.2.2. The plates and legs are of stainless steel
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with all of the blind screw holes having relief holes drilled

intc them so that no pockets of gas in these blind holes could
limit the pressure byvoutgassing.over a prolonged period, Still
referring to figure L.2.l., the reference electrode is mounted

on the top end of the push rod (13). The rod is located in the
horizontal plane with Rotolin bearings (11 and 19) housed in the
baffle plate (10) and base plate (18) respectively, and in the
vertical plane by the bearing (21) running in an inclined siot,
The reference electrode can then be raised and lowered by
horizontal movement of the plunger moving in the bearing housing
(23), causing the bearing (21) to run up and down the inclined
slot. The plunger is ﬁixgd to the precise linear feedthrough via
the push bar see figure L.2,2. By the use of this mechanism the
reference electrode can be set in the vertical plane to wit.in
approximately * .0l mm., and a measure of its position is obtained
directly from a dial on the linear feedthrough, However,
considerable backlash in the mechanism has to be allowed for,
Reference electrodes which are spherical (156); cap shaped (29)
and planar have all been used in contact potential studies, In
this work a round reference electrode of stainless steel, was used
having an optical finish, and ccated witherSOOR of gold deposited
in a vacuum system with an oil diffusion pump, The electrode is
separated from. the push rod by a disc of Fluorosint; and electrical
connection is made by having a thin fo%l<ﬁ'beryllium copper
protruding from the electrode/fluorosint junction which was made

with a layer of Silastoseal vacuum leak sealant. Capacitance
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variations between the reference electrode and the wheel mounted
substrates, as shown earlier in figure 3e8.4, for a typical
measurement, could be repeated very easily using the mechanism
described above for controlling the electrode-to-~substrate gap.
For the capacitance variations on figure 3.8.4., assuming the
arbitrary scale represents picofarads, then the extremes of
amplitude variation are approximately 3 and 5 pf. Thus the

. 4

variation in gap width, assuming an electrode area of 2.8&.16

sq. m, and no fringing effects, is

' 0.85 mm to 0,51 mm,

i.e, a difference of 0,34 mm,

This represents the combined effects of uneven substrate
mounting, substrate thicknesses which may vary a few thousandths
of an inch, and the wobble of the wheel as it rotates. .The
wobble however would be somewhat exaggerated at the very_low speed

of wrotation used for making the capacitance measurements,

A reasonable approximation to the capacitance C variations on

figure 3.8.4. is

~ 12 A ’
C = (o + 2 cos(wt). 10" Farads (h.2.1)
where Co is the background.capacitance
wWo is the frequency of the capacitance
variations in radians per second

and t is the time in seconds
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If W, is say 607U radians per second; then differentiatiné;

_equation (L4.2.1) with respect to time yields

- 2

A = 3 0 6o . o (b ) : (LoRoly)

ey
v G _
Substituting for I in the equation for the A.C. current’l\,

generated by a dymanic capacitor

o VIR 1S
LaCoe - C%'C!_'T (L"OZOB)

i 2
-t

A o= —2.0, eo.‘“‘.\/c\,.s‘m@oot\; (Lo2.h)

or as an r,m.S. value

. -a
A 2 07.2.00.60.T, \/;‘: amps r.m.s. (4eRa5)

eeng _

5
If the input impedance of the pre-amplifier isl0sr: then the

input voltage,\",as an r.m,s. value is

' - -12
\,;M%', 16.02. 2. \O0 ., 60, \I‘\f’ volts r.m,Ss. (4.2.6)

Hence the conversion efficiency, as defined previocusly in

section 3.4.1., is given by

o~ /\'r(*wx S .
~_:_-:_ e e - 0'002_5
\fe VC“ ()-'o207)

j.e. for I millivolt of contact potential there is an input
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to the instrumentation of 2.5. micro-volts r.m.s. at the

fundamental frequencg.

Capacitance variations of the rotating dynamic capacitor
are very much independent of shock and vibration in the vicinity
of the apparatus, When a 160 1lb weight was gropped from a height
of two feet, a few feet from the chamber, onto the suspended
concrete floor supporting the apparatus no change was observed in
capaciténce measurements., For vibrating capacitors located on the
same floor and subjected to the same treatment, very noticeable

changes in capacitance took place;

The synchronous sigral input is obtéined, as explained | o}
previously, from a photo-diode which receives the chopped light
beam reflected from a quartz lamp, On figure L.2.5. the
photo-diode and lamp can be seen separated by a baffle, The
light received by the photo-diode is reflected by the substrates
from the lamp, and heﬁce is at the same frequency as the current
signal at the reference electrode. The diode is a LSL00 (Texas

Instr. Co.)ly .and the lamp is a2 _Wotan type H.4E6R5 WHD quartz source.

L.2.2. Evaporator. A multi-source electron beam evaporator unit

suitable for U.,H.V. was designed and construct;d for use with the
Birvac type RGLl Ring Gun console, Figures L4.2.2., and 4.2,3. show
the various parts of the unit. An electronvbeam evaporator was
chosen in preference to other types because only two high power
feedthroughs are required to operate, in this case, up tc six

different sources, each one of which is located in *he same
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position when being evaporated, Furthermore, the evaporation
stream: passes up through the electfon beam, and hence will have

a relatively high ion density. These iocns will help to clean
the substrate, and alsc the charge of the ions will result in the
deposited films being continuous at a lower mean thickness than

(172)

for a thermall source An indication of the minimum possible
ion density cam be got from the report by Chopra (173) that a
silver source at about 1200°C when being deposited at a rate of
50% per minute has one out of every 2000 silver atoms with a net
positive charge. The evaporator filament is of tantalum and
emits electrons in the temperature limited mode, Operating in
this mode means that once the gun has reached an equilibrium |
state, with a fixed current passing through the filament, then
the emission current is relatively insensitive to changes i:i the
H.T. voltage between the filament and evaporation source which
can bence be used as a fine control over the evaporataon rate,

If instead, the filament current is used as the fine control,
then a long time lag occurs before equilibrium conditions are
reached, which will usually result in an overshoot of the desired
evaporation rate, Sach variations in the evaporation process
are not desirable since the film growth is dependent, at least

tg same extent, upon the evaporation rate, Referripg to figures
Le2e2. and 4.2.3. a brief description of the. source changing
mechanism, which is thought to have some unique features, is now
given. The turntable holding the (crucibles is secured to the

shaft carrying the driven star wheel of a Geneva mechanism,
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The Geneva driver is on a shaft which is botated through a crowm
and bevel gear by the slow speed rotary feedthrough, Four
revolutions of the feedthrough shaft represents one complete
revolution of the driver shaft,and one crucible shift of the
turntable., In order that the crucibles are positioned well into.
the neck of the evaporator head a circular inclined plane is
serewed onto the bottom of the driver shaft. A casator arrangement
at the foot of the driven shaft runs on the inclined plane and
causes the crucibles to be raised and lowered at the appropriate
times, The two shafts are located by four Rotolin bearings
housed in the upper and lower plates of the assembly, Three legs
supporting the plates reach to the chaumber floor, and in order'
to prevent the whole assembly from moving in the chamber;three
locating rods are bolted to the base plate; see figure L.2.%L.

The evaporation stream from the crucibles reaches the rotating
subssrates through holes in the base and baffle plates. To
confine the evaporation stream, baffles are fitted round the
evaporator and between the baffle and base plates, as shown in
figures L.,2.2. and L.2.4. respectively. A shutter,which caa be
moved with a magnet from outside the vacuum chambery as shown in figure
h.2.5.,, allows the evaporation stream to be prevented from
reaching the substrates. The power leads to the evaporator head
are self-supporting copper strips which are slotted into the high
power feedthrough and bolted to the evaporator unit, Insulating
parts required were machined from a ceramic material (Alsil), and

with the exception: of the bearings, filament, and copper leads
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all parts were of non-magnetic stainlesé steel, All blind screw
holes had relief holes drilled, and the bearings and Geneva
mechanism were dry lubricated with molybdenum disulphate powder,
This was found to be an excellent way of lubricating all of the
bearing used in thé apparatus for use at the U.H.V. provided that
all excess powder was removed, and that the bearings were run-in
for several minutes before use. The crucibles used were shaped
from double layer molybdenum sheet, except for use with aluninium
when carbon crucibles retained by steel clips were employed., The
latter was done because aluminium is known to react with

molybdenum’at'high temperature,

4.2.3, Film Thickness., A quartz crystal rescnating at a ncminal

frequency of 6 MHz is used with an Edwards type F.T.M.1l filr
thickness monitor. The rate of evapcration and the thickness of
deposit can be obtained by suitable calibration of the frequency
change for a known thickness of film, The crystal is located in
an earthed casing.as shéwn in figure L4.,2.5., with a £" diameter
hole located uuder the centre of the crystal in the crystal casing
and the baffle plate, The crystal is thus exposed to the
evaporation stream continuously and can hence be used for setting
up outgassing. and evapo?ation conditions without evaporant
reaching the substrates, Also the crystal, because of its
location, receivess approximately'sixteen.times the area density
of source material than the substrates do. This makes the crystal

more sensitive to very thin deposit measuremehts provided complete



T-»V VoZts "

. 1ka o : R :
450 khz  Crystal | [—/\/\/\f‘— : \I\ T
T e b Lo o =V yolts
: ST . CA300023( . -0 -
H © e . o
© o 27pF : S
! 100 ka SR
. . 4 , .
S 1k == O1pF :
2N 3980

| Aenal L —AANA <T ."
o . 4700 % E
o nlf——»-OF/Imo—\/\/\/\, —}-

4.7k A L

— Figure 6.2;6

e Circuit Diagram _of . Oscillator and Madulatdrﬁ —

Ohms
%

in
>

" Film  Resistance
S
'

1 L R
' 2 3 &

6w w o nt
~+ frequency f/ertz I

) "%—ﬂgure . 2 7-—

Calibration  of  Resistance  versus Frequeh-cy_—f



SLIP RINGS RUBBING CONTACTS

THIN FILM CIRCUIT 450 KHZ CRYSTAL

RECEIVE AERIAL TRANSMIT AERIAL

e figucl  4.2.8 ~———

——Thin _Film Circuit mounted on Wheel

e $IQUP Rk LB —

—Thin  Film Circuit




o115,

condensation of the evaporant can be assumed to také place on
both the crystal and the rotating substrates, Considering the
distance of these faces from the source, thé-shielding from
radiation that they have, and that the substrates are nominally
at room temperature, this is a reasonable-assumption. However,
allowance will have to be made for the frequency shift of the
crystal as a result of heating by the scurce for all measurements

taken,

Le.2.4. Electrical Resistance of Films. It is required that the

electrical resistance of metal films be monitored during the
formation of various condensed and adsorbed layers. The obvious:
way to do this, since the substrates are rotating, is to mcunt

the measuring circuitry on the wheel and allow it to rotate with

" the substrates, This way no rubbing electrical contacts are
required., The power necessary can be sﬁpplied from a wheel
mounted battery., The circuit shown in fiéure Lo,2.,6, allows

the resistance to be measured as a calibrated function of the
frequency of tie signal obtained by a radio receiver on
demodulating the L50 khz 4.M. modulated signal transmitted zcross
the aerial system, A calibratién of film resistance versus
frequency is shown in figure L4.,2.7. Unfortunately no battery
power source could be obtained which would withstand the planned
bake-out temperature of approximately 200°C. Thus rubbing contacts
had to be employed for supplying the necessary power to the circuit,

As shown in figure 4.2.,8. the contacts, made of beryllium copper ..
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strip, made contact to the wheel at slip rings constructed from
used U.H.V, copper gaskets. Although perhaps not essential, a
rﬁbbing earth contact was made, together with the necessary
positive and negative supply lines. The circuit on figure L4.2.6.
was constructed on a 3m.x 2cm, glass substrate in thin film form
with discreet capacitors and active components, Figure L.2.9.

is a photograph of this actual circuit. The substrate was
coated with michrome and gold, and the resistors and connection
pattern were fomed in the usual manner by photographic and etch
techniques, A high tempebature solder was used to secure the
components added, and gold wire one thousandth of an inch
diametér was used to wire the circuit to the slip rings, crystal,
fhin film and aerial system., The circuit components all had a
storage temperature rating of 200°C or higher, and it was
considered, and later cbnfirmed; that the components would
operate at U.H.V. without being significantly detrimental to

the pressure, Figure 4.,2.8, shows the aerial system, which was
constructed from four and six inches diameter U.H.V. copper
gaskets, and the microcircuit and crystal mounted on the wheel,
Unfortunately, although it is considered worthwhile to report
this technique for resistance measurement,its sensitivity was

not good enough, and an alternative method of measuring the film
resistance was adopted., Why it was not successful can be seen in
figure L.2.7., which shows that for a film resistance of less than
say 1 k€:, a*1% accuracy in frequency measurement is required for

a*£10% accuracy in resistance. With the rubbing contacts employed
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frequency measurements did'not consistently agree to better than
+10% s The alternative is to have a substrate mounted directly
above thé wheel in the path of the evaporation sﬁream, as shown
in fighre L4.2.4.. One of the recéssed gaps between successive
substrates on the wheel was removed in order to allow the same
quéntity of evaporant to reach this substrate as the other eight,
This substrate is subjected to exactly the same cleaning and
coating procedures as the wheel mounted substrates, which should
ensure that it behaves electrically in a similar manner, Electrical
contact is made to it by spring terminals onto evaporated m~val
lands at each end, 2nd a thermocouple is mounted on it at one.

end to give an indication of temperature changes taking place,
However a current must be passed throﬁgh the film on the éubstrate
in order to measure its electrical resistance and hence cars

must be taken that this‘current does not influence or changs the
structure of the film, Using this technique resitance changes

can be accurately followed even when the absolubte value is small,
a3 Instrumensation.

4.3.1. Contact Potertial Recording, Figure L4.3.1. shows the rack

‘of electronics used for measuring and recording the contact

potential, The digital voltmeter gives a direct reading of the

output voltage VO which is related to the contact potential,vcp,

by

% (43,10
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where k is the open loop gain,

Vb can be recorded cn the y axis of the xy plotter as a
JTunction of time with the x axis driven by a Hewlett Packard type
17108-A time base, The time base is alsoc used as a ramp generator
since it is battery operated and can give very slowly varying ramp
voltage signals, All of the electrical connections from the contact
potential instrumentation to the wvacuum chamber are made by a
twenty-way Canon connector, shown on figure L.3.l., which fits

directly onto the multi-way electrical feedthrough,

The following is the procedure adepted for making the
instrumentation ready for measurements to be taken, Pirstly'a
static capacitor ﬁeasurement as described in section 3.3 .1,
is carried out, using a Wayne Kerr type 2B Ol universal bridge,
and the capacito» gap is éet to give a capacitance variation of
approximately 5 pF fror peak to peak. For the time constants
used an open loop gain of ~15 is rejuired, as shown in
section 3 3.3, The type HR8 lock-in amplifier gives an output
of *10 volts D.C,, with the requisite synchronous input signal
having zero phase difference from the input signal, for full
scale input over all of the vo}tage ranges., Hence, since the
conversion efficiency,ﬁ%,can be calculated knowing the peak to
peak capacitance variation and the frequency that the wheel is
to be operated at, the input voltage setting should be

10,

5 Ve volts rem.s.
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if Ve is; say, about 0,002 as calculated previously,s
then a suitable setting for the lock-in amplifier is 1 millivolt
r,m,s, A fine control over the gain K is provided by the
precise linear feedthrough controlling the capacitor gap.
Having decided upon the input vcltage setting on the lock-in
amplifier, the lamp for the synchronous signal is éwitched on
and the wheel is rotated by energlsing the motor driving the
high speed rotary feedthrough., The wheel speed is increased
slowly until it is rotating at about 4 revolutions/second.
The speed of the wheel is monitored by rotating the frequency
tune of the lock=-in amplifier until a maximum reading is
obtained on its meter when monitoring_bhe r.m,s, voltage from
the photo-diode. Once the synchronous signal maximum is steady
at ~t30 hz its amplitude is set according to the HR8 manuel
using an amplifier in the loop control box and the attenuator
in the lock-in amplifier. The minimum lamp intensity consistent
with sufficient signal level is used in order to minimise the
chance of the lamp burning itself out in the vacuum chamber,
A further reason for the low intensity is to minimise the
temperature rise of the wheel-mounted substrates as a result
of being heated by the radiatioa from the lamp. Having set the
synchronous signal input level and decided ﬁpon the amplifier
settings, the next step is to use the phase-shifter of the HR8
to make the synchronous input and the signal input enter the
mixer stage with the correct phase relationship. This is done

by monitoring the D.C. output of the lock-in amplifigr for
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phase shift settings of 0° to 360O in convenient steps, and
determining where the maximum output is with the correct polarity.
The correct polarity is determined by considering the polarity
of the voltage across the dynamic capacitor. The angular
setting for this maximum output represents the required
condition of no phase difference between the two signals,

The open loop gain k is then measured accurately by applying

a sweep voltage across the dynamic capacitor as explained in
section 3.3.3. All of the lock-in amplifier settings are noted,
and‘the feedback loop closed by a switch on the loop controi
box., The digital voltmeter now gives a reading of VO , and the
XY plotter, with a suitable time base, records Vo as a function

of time.

L .3.2. Other Quantities Recorded. The other quantities recorded

during the experiments were:-

i) Evaporator Settings. The H.T. current to the crucibles,

H.T. voltage between filament and crucibles, the
current through the filament, and which crucible is
employed are all noted_for each evaporation in order
to allow repeatability,

ii) Electrical Resistance, The electrical resistance of

the stationary substrate located above the wheel is
measured and iioted at regular intervals of time using
a Keithley type 610 B electrometer, For some ecrly
experiments a constant current source was employed

e . : . R



0121.

which allowed the resistance to be recorded directly
on a chart recorder; however this method was
discontinued in favour of the electrometer since,

as will be seen later, high current density effects
became trouplesoﬁe.

iii) Temperature, Several thermocouples had their e.,m.f,

variations rormitcred cn a2 Honeywell-Brown potentiometie
recorder, These thermocouples, with one excepticn,
were positioned at various points inside the oven,
but cutside the vacuum chamber, during the bake-cut
period, Only one thermocouple was positioned inside
the vacuum chamber, and was used not only during the
bake-out period, but also during evaporations.

iv) Film Thickness and Deposition Rate, The D.Ci ou.put

voltage from the Edwards type F.T.M.l crystal
~monitor control, which is»proportional to the frequency

of the quartz crystal; was recorded on the Brown

recorder, Thus a record of mean film thickness was

kept, Also as a check the rate of frequency change

was noted directly from the front panel meter on the

Edwards Qontrol box.

v) Pressurec. The D.C. voltage from the !'pressure record!
output of the control box for' the Varian Vac-Iam
pump was connected to an input of the Brown recor:ier,,
Although the D.C. output is not a linear function of

pressure,the manufacturers do supply a calibration
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chart which allows it to be converted to a pressure

reading.
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CHAPTER 5.

EXPERIMENTAL PROCEDURES AND RESULTS.,

EIntroduction,

The first section in this chapter is concerned with cleaning,
assembling and testing the apparatus installed in the vacuunm
chamber. This is followed by a brief description of the
procedures used to obtain the required low pressure in the vacuum
chamber. In sections 3, 4 and 5 the experimental results
obtained are reported and shown in graphical forﬁ. The chapter
ends in section 6 with the results of examinations of the thin
metallic films carried out by various techniques after venting
' the vacuum chamber tO'gtmospheric pressure and then removinj the

films from the chamber,

5.1l. Preparing Apparatuse.

5.1,1, Cleaning Procedures. In order to cobtain ultra-high vacuum

conditions it is necessary to thoroughly clean, and then maintain
clean, all parts of the vacuum apparatus. Parts made of different
materials are usually cleaned in differing ways, but the
principally used methods are

Immersion in various solvents.

Mechanical polishing.

Ultrasonic cleaners and vaﬁour degreasing baths,

Once all of the apparatus has gone through the cleaning
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process it is important that no organic stains, sucﬁ as
fingerprints, subsequently appear on it, and %hat dust in the
vicinity of the chamber is kept to a minimum when it is open to
the atmosphere, These_pctential limitations on the pressure
are minimised by taking the precautions of wearing nylon gloves
when handling pieces of apparatus, and of working in clean-room
conditions respectively. After being cleaned, any parts of“the
apparatus which are not installed immediately in ége chamber
are stored in a clean air cabinet., The chamber itself is
cleaned when empty, firstly with a vacuum cleaner and then
wiped with a tissue (Kimwipe) soaked in isopropyl alcohol.
After a blast of nitrogen with a high pressure cylinder to
remove any foreign particles, which might result in bad
seating of the copper gaskets, all gasket seats are given a
similar wipe. All of the stainless steel parts are subhjected
to the folloWing cleaning and polishing steps:-
1) Mechanicalily polished usiag carborundum stone, fine
carborundum grinding powder, emery cloth and Brasso,
ii) Tmmerced in a warm solution of Decon 2 for sevefal
hours.,

iii) Immersed in a shollow vessel of concentrated detergent
solution for several hours with a constant supply of
water entering the vessel uﬁtil no trace of the
detergent could be observed,

iv) If too large to fit into the ultrasonic cleaner

container (3" diameter by 3" deep) the part is
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suspended in a vapour degreasing bath (constructed
from a tea urn with watef Booling coils installed at
the top) for several hours, |

v) If the part is small endﬁgh, it is ultrasonically
cleaned for several hours in isopropyl alcohol.

vi) Each part is taken from the ultrasonic cleaner, or
the urn, to the clean air cabinet ready to be

assembled with the other parts.

All of the smaller parts which did not require mechanical
polishing such as the bearings, substrate clips, electrical
stand-offs, nuts, bolts, etc., etc,, were immersed in isopropyl
alcohol iﬁ the ultrasonic cieaner for several hours, The large
piece of Fluorosint making up the wheel was mounted on its shaft
and secured to the top plate by the ball bearing set and housing
which had a lightlinter‘erence fit onto ths shaft and top
plate recess. This sub-assembly was placed in the vapour »
degreasing bath for several hours before the eight substrates
were mounted or. it. The 7059 Corning glass substrates
ﬁhemselves were cleaned in the following way:-.

1) Immersed for several minutes in a solution of R.B.S.
25 (Chemical Concentrates Ltd.) in the ultrasonic
cleaner.

ii) Washed in distilled water,.
iii) Immersed for several minutesiin isopropyl alcohol in
the ultrasonic bath, .

iv) Placed for several hours in a vapour stream of a
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ecycling condenser contaihing{&nalar isopropyl alcohol.

Before being installed in the chamber the two principal
assemblies of the electron beam evaporator and the apparatur
motnted on the base plate, as shown in figures 4,2.3. and
L 2.4, respectively, wefé placed in tﬁe ﬁépour degreasing urn
for several hours. They were then transferred directly from

the urn to the chamber,

5e.l.2. Assembling and Tegting, A list of procedures fo be

followed were drawn up for assembling the apparatus in the
vacuum chamber. This was done torminimise the time required and
the risk of evacuating the chamber only to find that some part |
‘of the apparatus was not functioning properly as a result of
incorrect assembly or faulty electrical wiring. The list hec
approximately fifty items in it, ccmmencing with ckeaning the
chamber, and finishing at evaporating from the sources. Great
care was taken during this period not to damage the copper
gasket seats on the flanges, especially on the Wheeler flange
which is in a very vulnerable position., New copper gaskets were
used each time a flange was loosened off, except for the Wheelér
flange where the cost of gaskets (£5 for three) made it
worthwhile to risk using omne gasket for several evacuations of
the chamber, A test that was always made before closing the
chamber was to ensure that the electrical contacts onto the
gold-land areas deposited onto the substrates were of low

resistar.ce, This test is essential because even one substrate
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with a bad contact can be very troublesome since charge may
build up on the substrate surface resulting in spurious, if not
completely useless, contact potential measurements., Between
successive experimennts it is important that the reference

ele ctrode is not scratched or otherwise changed'because it is
required that it has a constant effective work function
throughout the experiments, Figures 3.3.3¢, LeRe3e; LeReRo,
Le2e5¢ey, L4eRol4ey 4.2,1., and L4.1.1., show the apparatus in

succégsive stages of assembly.

5,?{_Ev&¢gating Chamber.,

5:2.1. Pumping, Between successive evacuations of the chamber

the sorption roughing pumps were baked using specially fitted
heating elements in order to regenerate their sieve material’,
After the check list of procedures is complete, baking of the
sorptioﬁ pumps is stopped and they are then chilled with liquid
nitrogen to their operating temperature, At this stage both of
the Viton seat wvalves in the bakeable valve roughing line, and

the bakeable valve itself, are closed., Figure 5.2.1l. shows the
valve and pump arrangement on the vacuum chamber, When the pumps
are considered to be at approximately iiquid nitrogen temperature
the two Viton seat valves are opened alternately and the préssure
for each pump measure@ using the-thermoppuple gauge, corresponding
to region A on figurelS;z;z., On feaching;a pressure of 1 micron
or better the bakeable valve is opened fully with one of the Viton

seat valves closed, The chamber then takes thirty to forty minutes
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to reach a pressure of about 10 microns, after which the Viton
seat valve which is opén is clééed; and vice versa, Within thirty
minutes the pressure.falls to less than 5 microns. Roughing with
the sorption pumps corresponds to regions B and C on figure 5, 2.2.
Before starting the ion pump, the leads from the quartz crystal of
the thickness monltor are made open c1rcu1t, and those of the
photo~diode are shortc1réﬁlted to earth., These precautions
prevent destroying the input transistor on the thickness monitor
instrumentation and ﬁhe photo-diode respectively. No such
precautions were taken the first time that these devices were .
used, and as a consequence both had to be replaced, The whcle
vacuum chamber and the ior pump itself become very hot, and
remain so, from the time that the ion pump is switched on until
.the pressure is reduced to less than:u.>\C~’torr, whlch
corresponds to a pump power dissipation of approximately 20 watts.
The reak power dissipation, of over 300 watts, 6ccurs at 1.8 to
2.0)(\é?axxr,‘While the bakeable ﬁalue is still open to the
roughing pﬁmps the T.S.P., elements are outgassed, and the T.S.P.
timer is set to give a shoirt duty .cycle to help the ion pump to
pass quickly to d low pressure, The bakeablevvalve is closed"
with a torgue wrench to a torque of 45 lbs/ft. when the pressure
reaches 1.5 to 2,0 microns. During the period when the chamber

is hot, electric fans are employed to aid cooling, but usually ewen
they cannot prevent the chamber from reaching temperatures tnat

cause the pressuré to increase. When this happens the ion pump

and T.S.P. are switched off for several minutes, and if the pressure
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rises to more than 2.10 torr the bakeable valve is reopened in
order to allow the roughing pumps to contain the pressure rise,
Typical times arc, three quarters of an hour from starting the
ion pump to closing the bakeable valve for the last time, and a
further three quarters of an hour before the chHamber reaches a
-3

pressure of 5,10 torr. These times correspond to regions D

and E on figure 5.,2.2. Once the chamber pressure is below
[ g

10 ~ torr there is né further risk of a discharging occurring,
and the various electrical circuits within the chamber are

tested for malfuncticn. Assuming the circuits are all found to
be in order, then the chamber is prepared for a bake, or as it

is usually called , a2 'bake-out.,!

522.2.§Bdke-out; The chamber is prepared for the bake-out as

described in section L.l.2. The thermocouple for controlling

the oven power switch #s positioned inside the top of the oven,
- but outside the chamber, and 200°C is set on the bake-out control -

panel as the switching‘level. The pressure level for controlling

the oven power switch is set at 10 torr, i,e. for a pressure of
-5 -
10 torr the oven power is switched off but is automatically
e B
- resumed when the pressure goes below about 10 torr, The timer

‘that determines the duration of the bake-éut is set to two hours,
after which the power is switch=d on and the bake can commence,
At the end of the two hoir period, corresponding to region F on
figure 5.2.2., the oven is opened up in order to outgas the

‘evaporation sourees, and to further outgas the T.S.P. elements,

}
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The crucibles are considered to beasuffiéientlyAoutgassed when
ten minutes at red heat with the crucible contents on the point
of evaporation (as observed with the quatrz crystal monitor)
does not appreciably raise the pressure in the chamber., The three
T.S.P., elements are outgassed once again so that when they are
used at U.H.V, they reduce}and not increase the pressure, because
if the latter occured all of the benefits gaincd from the bake-
out could be lost, Before further baking commences all of the
sets of ball bearings are rotated as a precaution against
pockets of air being trapped,which could be detrimental to vne
pressure in the chamber‘when they are used after the bake-out .
is complete, Region G con figure 5.2.Z2. corresponds to the
outgassing stage of the evacuation procedures, The chamber is
then baked for at least a further three hours at 200°C,
correspoﬁding tc region H on figure 5.,2.2. Regiqp I on figure
5.2.2. represents the final stage which is the cooling down of
the chamber to room temperature after the completion of the
bake-out when the base pressure of the chamber is reached&within
a period of four to five hours. The base pressure is normally
expected to be <\C;9torr, and a higher pressure would suggest an
air leak at one of the flanges., At the base pressure the T.S.P.
timers are set to give a duty cycle of thirty minutes OFF and

one and a half minutes ON,

Figure 5,2.5. shows mass spectrometer measurements talien

before, during and after the bake-out, On the top diagram it is



.131,

seen that before the baking commences the amplitude corresponding
to mass number 18 is ve;y much larger than any osher; After even
a slight bake of one hour at 200°C the middle diagram shows that
the amplitudes corresponding tomass numbersl? and 18 are very
much reduced, indicating that the proportion of water vapour in
the chamber has been decreased, When baked for seven hours at
EOOOC, as seen in the bottom diagram, the proportion of water
vapour is further decreased, but it still remains the single
most prevalent residual gas present in the vacuum chamber. The
other predominantt peaks on the diagrams are at mass numbers J.L,
28? 20? 16 snd 15, and 14 corresponding to the gases C02, N2 and

CO, Ne, CH and N, and CH, respectively.

L’ R L

563 Growth of Geold Films,

The first layer deposited in the Varian vacuum:chamber for
each of the films made was of 99.,999% purity gold, The films
were prepared on 3 cm X 2.cm 7059 Corning glass substrates which,
before deposition took place, had a measured resistance of*wSﬁidkl
,équare. The substrates were nominally at room temperature, and
the area of substrate used for resistance measurement was
approximately 2 cm x 2 cm, The thermocouple mounted on the front
’of the substrate used for monitoring the electrical resistance
indicated that no appreciable rise in temperature occcurred, which
may not be a true representation of the actual thin film

temperature rise since the thermocouple wires would act as heat

sinks resulting in only a small temperature rise at the thermocouple
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junction., During the deposition of these gold layers no contact
potential measurements were taken until the eight substrates
mounted‘on the wheel had @ resistance of less than ldﬁCL/'square
because the instrumentation cannot operate correctly until the
resistance falls to about this value. The pressure during
depositions remained at or below ldfg torr, and-the:rate 5f
deposition was approximately ASZJminute. All Talysurf thickness
measurements were found to agree, within the stated experimental
error, with film thickness values deduced‘from the frequency

shift of the quartz crystal monitor using the following

relationship for gold.

32 khz = 1004 + 20%

In order to allow the measurement of ccntact potential
from the start of depositions,the wheel mounted substrates for
experiments 8, 9 and 10 were coated with approximately 10002\
of goldhinian Edwards 19 E coating unit from a 99,9% purity»

R - 6 . . N [a)
source at a pressure of about 1O torr and a rate of lOOPy/

minute_; _W\e,—tah\c vo\p\_\os‘:\'e A«ows a\\ ._,(06\:\\/(\38.-.&\0\1\@ ‘M '\\'Q

.EAvoacc)\s \9E- cog\:\m \xv{\'\’\
Figure 5.3.l. shows the resistance changes during the

o o
deposition of 60A to 70A of gold for experiments 9 and 10, For

filmLRQ/I? the resistance changes can be gpproximated by

log R = 11,5 = 0,1y<F (5.3010)

% Footnote., All of the films beginning with the identification Rg/
are for experiment 8, R9/ for experiment 9 and RLL/ for experiment 10,



o133, .

where R is the film resistance in (! /square,

and F is the film thickness in Angstroms,

On differentiating equation (5.3.1l) the relationship is

obtained

IP. \
= - . \d
P\ © \4A (503.2)/

or using the approximation that LR JR and &F x> aF , it
follows that the fractional change in resistance for a further

small increase in thickness,t,is given by

R (543.3)

The ‘resistance changes for film R10/1 do not follow a
straight line so closely as for R9/l, however the changes have an
-'apbfoximate gradient of <4 decades of resistance/SO.Angstroms
which yields a relationship similar to equation (5,3,3),with

the form

(5e3ek)

Points A and B for film R9/I are where the evaporation was
stopped for several minutes, AL point A the resistance increased
on cessation indicating a negative temperature coefficient, but at
point B a positive temperature coefficient is evident, The points

joined by the dotted line are from the work published by Reale g?#%
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and will be discussed in the next chapter,

The contact potential between the rceference electrode and
the gold films of éxperiemnt 7, which were about 1702 thick
and were deposited entirely im the Varian vacuum chamber, was
- 165 millivolts + 5 millivelts. This indicates that the
effective woxk functhnlé%’of the gold films was

?3’ = <?’>r + ()-KQS) EV

(56345)

] _
where<Pr is the effective work function of the reference

electrode in electron volts,

The gold films prepared in the Edwards vacuum chamber,
which~wéré subsequently mounted on the wheel in the Varian
Amsystemg'however,had measured contact potentials of + 235 *+ &
millivolts (R9/1) and+240 % 5 millivolts (R8/1) before any
further ceposition took place, This indicates an effecfive werk

function ¢ o of

b = (d —o240)e |

e .

'3 ‘ (5.3.6)
Thus the effective work function values for the gold films

prepared in the Edwards (pumped with oill diffusion and rotary

pumps) and the Varian (pumped with all dry pumps) vacuum systems

differ by approximately 400 millivolts,
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ices o G, 0.400 0,01 électron volts  (5.3.7)
¢

Repeated evaporations of gold in the Varian system onto
the gold films prepared in the Edwards system reduced the
contact potential with recpect to the reference electrode, but
not by the whole 0.4 volts. Film R9/1L showed the largest
change of three different sets of films, with the contact
potential decreasing from + 235 millivolts to + 50 millivol's
when a 6012\ overlayer was deposited at 10.8 torr and a rate of
SOK/’minute. Furthermore, although the reference electrode
surface was prepared by depositing a layer of gold (NlOOCz thick)
onto a stainless steel disc in the Edwards system,its effec..ve

work function is about 240 millivolts higher than the value for

gold films prepared on glass substrates in the same manner.,

Salie Silver.and Gold Overlavers,

Sel.l. Silver Overlayers, Figure 5.4,1. shows three curves of
contact potential versus quartz-crystal.frequency'shift for
99.999%-pugipy-silver deposited onto thin gold.films on glass
substrateé. The three films R8/2, R9/2: and R10/2 wefe deposited
at a préssurg of befter thgn léretorr with a rate'of appfoximately
_1003/ minute, All three have a ma%imum contact potential value of
'Cn5jl~t00§2$2volts, and films R8/2 and R10/2 show aldecreasg in

contacﬁ pdtential as the thickness increases, Using thelfollowing
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calibration of the quartz monitor for silver

1745 khz = 100A + 20%
and by assuming that the fractional change in contact
potentlal 4;/ b is proporFlonal to the surface coverage,@ s
as discussed in section 2,2., then figure 5.4.2. was plotted
showing the variations of mean silmer film thickness versus
percentage coverage for films R9/2 and R10/2, & good
'approximation to the mean- of the two curves on figureS5.4.2. is

~{t/2)

& =\ — @2 '
- (502+.l)

‘where t is the mean silver overlayer thickness in

“Angstroms,

The fractlonal recistance changes as a functlon of coverage
for £ilrs RlO/2 and R9/2 are shown plotted on flgure 54 4 3., The
fractional resistance is expressed as the ratio of the resistance
change AR to the resistance RO before commencing deposit"'.il.é')n of

the silver, The dotted line on figure 5.4.3. has the form

{ - (A\ /Ro)
— 3 _ e Q229 .
© s ) (5e4e2)

which is seen to be a reasonable approximation to the

experimental points,

When equations (5.4.1) and (B.4.2) are equated,the result



CFilm—Resy

&

[ Film—pge3

" Lontact Potential Change ip}[(ébtro'n-»"l/qlts‘

| Frequency Shift in /f-/'l.obé"fzfz'

o Figure. 5.4 fe——

Contact Potential 'Chah‘ge’t&/"@h Gold ﬂi/éfla‘.j?érm

R N R S R



x Film — pé/3 4 ...
0 - } . o |

Angstroms

in
D

|
~

>

Thickness

Mean Gold v'»ﬂv'é,rla)/ér B
N

¢z © - l 1 |

o5 w5 m

Percentage Loverage of Ea[d"'"t.

Variation __of _Mean Thickness - with Loverage




0137,

is obtained

%‘3- = O-125t
) (5.4.3)
and since it is assumed that e:%; then equation (5.4.2)
vields .
B A.g— - (1 - o l“\u:ié&f)
¢, - ¢, (5.4.4)

Selio2, Gold Overlavers, Figure 5.4.4. shows the variations :tn

contact potential with quartz crystal frequency shift for two
gold films, (R9/3 and RS/B); deposited onto silver films

prepared as described in the .previous section., The gold was
deposited at a pressure of 10’ torr, or better; at a rate oy
about 292/1minute. Just as for the films deposited previously,

the glass substrates were nominally at room temperatgre, Using the
quartz crystal frequency calibration for gold, and agqin assuming

that 9??77jj;’, then the points on figure 5.4.5. were plotted

2.
showing the mean gold overlayer thickness versus percentage
coverage, A reasonable approximation to the experimental points

on figure 5.4.5. is the line drawn dotted which is represented

mathematically by the eguation

- (Y.5)

o=(-¢ ) (5.0405)

The resistance changes taking place in the film on the
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resistance &mmﬁkasubstrate are shown plotted in figure 5.4.6, as a
function of coverage. It is obvious that there is a large
discrepancy between the twc sets of points plotted, which can be
explained on the basis of the d%fferent techniques used to measure
the resistance of films R8/3 and R9/3, as discussed later in
section 6.2.2. The points of film R9/3 can be approximated by

the line shown dotted which is represented by the equation

The resistance of film R8/3 changes only very slightly over

_(’:"R/"\"o
e = ('x —e '®

(5.4.6)

the complete coverage range measured, The resistance at first
increases slightly, then decreases by approximately 5% from the
mgximun to the final value at just over 75% coverage., The cctted
line drawn through the points of film R8/3 represents the
combination of a resistance increase as a result of a temperafure
rise of he film,and the shunting effect of an overlayer assuming
the theory of section R.2.2. to be relevant. The érincipal-

equation needed from the theory is

(1- %) + e"*(g-:)’F__;T‘) (54447)

8]
with the symbols having the same significance as before,
As a simplification ?u is made equal to(?c, and the required

relation between B and T is obtained from figure 5.4.5. For film
R8/3 the film thickness F is equal to lBOZAi.ZD% as deduced from
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the frequency shift of the quartz crystal monitor, In order that
ecuation (544.7) can yield a curve to fit the experimental
resistance changes for film R8/3 on figure 5.4.6 the required
fraqtional change in resistance with the temperature rise is

+ 0,04, which can be considered to represent a temperature
coefficient of O.OOZ/OC. and a temperature rise of ZOOC. Any
reasonable temperature rise to give the producthqf temperature
rise and temperature coefficient a value of + 0,04 is of course
poésible, with the constraint that the coefficient cannot be

greatef than - the btk value,

From equations (5.4.5) and (5.4.,6) above it follows that
the relationship between fractional resistance change and

overlayer film thickness, t, in Angstroms is

AR o5t |
R, . (5uk48)

I

which obviously can only apply up to

t = ﬁ;ﬁlﬁp‘

5.5. Aluminium Overlayers.

Figure 5.5.l, shows contact potential changes measured
duting the growth of aluminium overlayers onto a polycrystalline
silver thin film surface, Film R10/3 was grown oﬁ a surface
with greater than 99% coverage of silver; and R8/4 on a film with

approximately 50% of silver and 50% of gold present at the surface,
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The latter film was prepared by depositing a film of gold with a
mean thickness of about 123 onto a relatively thick 0“100&) film
of silver. By preparing the film in this way the areas of silver
still exposed to the aluminium evaporation stream are thicker th;ﬁ
the depth of alloyiné which is expected to take place between the
silver and aluminium, From figure 554.2. in section 5,4,1, it is
seen that depositing silver on gold to a coverage of say 50%,
would result in a very thin silver film having a mean'thickness
off less than one atqmic layer, The zero on the contact potential
scale in‘figure 5¢5¢1s was made equal to the effective work
function of gold films prepared in the vacuum chamber during the
evacuations corresponding to the deposition of films R8/L4 and
R10/3 respectively., By doing this the contact potential scale
zero for both films is the same, thus eliminating any change in
the effective'work function of the reference electrode which may
have_occurredt The possible range of error in each point plotted
on figure 5,5,1, is then approximately twicé the normel range,

'The frequency scale on figures 5.5,1. and 545424 correspond to

4,5 khz = 100A 1 20%

Figure 5,5.2. shows the resistance changes which took place
during the formation of the aluninium overlayers, The general
shape of the variations for both films can be seen to be quite
similar, Both films have two resistance maxima, at about BA

C
and 12A mean overlayer thickness, and the maximum increasz in
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resistance is in the range of 5% to{?%, The resistance curve
 for film R8/4 is continuous, and fo; film R10/3 a point by point
plot was made because different'techniquss wefe used to measure
the resistance of the two films, The substrates were nominally
at room temperature, and phe rate of deposition of the aluminium
was about ZOK/ minute, ﬁofihg the depositions the pressure in
the chamber was approximately 10 torr. The time between
successive evaporations for film R10/3 was short (approximately
two minutes) up to an ovérlayer'thickness corresponding to

043 khz, but after 0.3khz sufficient time lapsed to allow tle
monitoring of the contact potential variations on figure 5.5.3.
" The lower sets of points oun curves (a) (b) and (c) are for
mean thlcknesses of approximately 8A 12A and 17A respectively,
The tdp set of points on curve (d) are for an overlayer thi :kness
of approximately 303. The two curves drawn aotted on figure
5¢5+2a.are from the results of Huber and Kirk (29) with the
contact potential axis shifted by 0,90 volts; i,e, Huber and Kirk
have a contact potential value of about l.l_volts and not 0,2
volts at an exposure of 10-7 torr x minutes, A typical recorder
trace from which the upper set of'points on figure 5.,5.3. was
obtained is shown in figure 5.5.4. During the evaporation the
contact potential value is about 0.8 volts, but decreases
immediately the evaporation is stopped to a value of 0.1 volts,
and then slowly rises again to a value in excess of 1.1 volts

—w1th sufficient exposure, It 1s the minimum value of contact

-potential which is reached immediately after cessation of the
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evaporation ﬁhat is plotted on figure 5.5.1l.. The pressure
after stopping the evaporation is increased by bleeding oxygen
into the vacuum chamber through the leak valve from a gas line
whiuh-Was flushed with oxygen to a pressure of 0,05 torr several
times before it was opened to the chamber, Eigure 5¢2¢1l. shows

the vacuum system used for flushing the line,

50, Examination of the Films after Venting the Vacuum Chamber to

Atmospheric Pressure.

526.1s Contact Potential Changes on Venting Chamber, Figure 5.6.1.

shows the contact potential changes as a function of time for.films
R8/L4, R9/3 and RLO/L4 on opening the chamber to.the atmosphere.
The zero of the contact potential scale for each film is taken to
be the effective work function of gold films deposited durilig
the corrggpgading evacuation of the chamber. Film R8/L has an
overlayer of about lZOZ of aluminium deposited in steps of 82,*
92, 113, and 90& * 20% onto a gold and silver film on a glassxr
substrate. The substrate was nomlnally at room temperature, the
pressure during deposition was about ioﬁatxnwy and the rate of
deposition was approximately 202/ minute. On opening the chamber
the contact potential decreases by 0,20 velts in lOQ seconds
followed by an equnential decrease to a value of 0,66 volts
within ten minutes., The time constant fof the decrease is
approximately three minutes. Film R9/3 has an overlayer of gold

to approximately 50% coverage with a mean thickness of'V6A as

shown on figure 5.4.5.. The gold was deposited onto a silver film
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on a glass substrate nomlnally at room tenperature in a vacuum
-

of 10 torr, or better, at arate of about ZOA/ minute, The
contact potential initially has a value of 0.32 volts and drops
exponentially by 0.27 volts on opening the chamber with a time
constant 6f 1l5 seconds, Film R10/4 has an overlayer‘of about
BSX of silver deposited onto a 553 thick aluminium film on a
glass substrate nominally at room tempcrature in a vacuum of

ld. torr at a rate of approx1mately 200%/ minute, The contact
potential is initially at 0.05 volts, and on venting the chamber
it decreases exponentially to -~ 031 voits with a time consvant

of approximately 4O seconds. Thus the net change in contact

potential is a decreasc of 360 millivclits,.

EebaRe Optical Microscopes, With only one exception, all of %“he 36

f£ilms.made during the series of experiments carried out had no
features of interest which could be seen with the optical
microsccpe, A few smears, seratches and large lumps on the
surface; which were presumed to be contamination after removal
from the'vacuum chamber? were present on all of the films
examined, Figure 5,5,2. shows photographs taken at either end
of the film used to monitor resistance changes for experiment 8,
The scale shown demonstrates that the photographs were taken at
the resolution limit for an optical microscope . By defocussing
the micfoscopeeslightly the pattern on the upper photograph was
identified as Hollows in the film, and similarly the almostu

spherical spots on the lower photograph were identified as lumps
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of material., When the film has a resistance R greater than
1 M:: the current passing through it is given approximately by
12/R amps, For experiments 9.and 10 an electrometer was used for

measuring resistance and no hollows and clusters, as shown in

figure 5.6.,2, were seen,

4

5.,6.3. Scanning Electron Microscope. Representative areas of

the films for each experiment were mounted on the microscope
ﬁounting stubs by breaking.off a part of the substrate
approximately 0.5 cm. square, and fixing it to the stub with
Areldite,. A conductive path was then made to the film on the
uppermost surface of the substrate by painting the edges of it
with colloidal graphite, Patterns similar to those in figwe
5¢6.2. were ohserved for experiment 8,  For experimenﬁs 9 and 10
the scanning electron microscope did not have quite enough
resolution to be really useful, It was just possible to discern

a graiﬁ structure at the best possible magnification, when a
resolution ofthOOK was obtained, However, there was not
sufficient coﬁtrast with these structures to make photographs
worthwhile, In experiment 7 an overlayer of about lhO; of
aluminium was: deposited on to a 1702 polycrystalline gold filim

on a glass sgbétrate.' The aluminium was deposited at a pressure
of 16_6 to 3.16.5 torr at a rate of approximately 1002/ mindte;
and the evaporation strean was baffled to allow deposition on only
about three quarters of the resistance monitor substrate positioned

just above the wheel. Figure 5,6.3. shows in the upper picture
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‘a photograph taken of the film in the scanning electron microscope
at a part of the resistaﬁce monitor substrate where only gold had
been deposited, and the lower picture is of an area where the gold
and aluminium had been deposited. It is apparent that the lower
picture has é more granular structure, with a typical ﬂumpf

s} (6]
diameter of 1200A to 3500A,

5e0.4. Transmission Eiectron Microscope, Samples of the films

depositea were stripped from the substrates with Sellotape and
then floated off the tape. in a dish -of chloroform. Small pieces

of the films were tﬂenAmountéd on copper grids and e#amined in an
A.E.I. EM53 electron microscope, Many of the films made were

too thick to be e#amined in the microsgope,hawever~figurefiédpshmm
photographs taken of two of the thinner films, .The upper
photoaraph is for one of the whezl mounted fllms of experimen: 7,
and is approx1mately l”OA of gold with a lhOA overlayer of
alumlnlum° It is seen that it has 2 dlstlnct grain structure;g

. (4
with the grain size 80A to 350A, having many 60° corners. 17;

i R o an T T TN T - /" T, LT T o aey  e TA
S QR Ve v : UL S NSO Y NS R e~ BAYL L TEa
= —VL"(\ U S N e

N - g7 e i/ . . . e &4 3
e T e @ - . - — e . —_- = T T

LoDl s T The lower photograph is for the resistance
monitor substrate of experimenb 10, and ié a layer structure of
gold, silver and aluminium having a total thickness of approximately
280;. A distinct graiﬁAstructure'exists, with a typical grain

size of 100A to 200;, having many 60° corners. The fissures

present also exhibit the 60° corners. An electron diffraction

picture taken of the same area of film as the lower rhotograph
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is shown in figure 5.6.5.

5.6.5, Other Examinations. All of the multi-layer films had
their thicknesses; as deduced from the frequency shift of tne
quartz crystal m&nitor, checked with the Talysurf on their
removal from the vacuum chamber. Repeated measurements on the
same area of film agreed to within 125X of the arithmetic mean,
and all of the measurements agreed té within# 20% of the vaiues

deduced from the frequency shift of the quartz crystal monitor.:

After the films were removed from the chamber, gold pLéLed
probes were used.to check their final resistance values in order
to show up any bad electrical contacts in the measuring system,
When one.of the wheel mounted substrates of experiment 10 was
probed 1t was dlscovered that a rectifying effect was obtalned
Plgure 5 6 6 shows a sketch of a typical current-voltage trace
obta*ned on a Tektronlx curve tracer, type 575, w1th a current
drain seétting of. 0,001 milliamps for' the base.connectlonﬂ
made. to-the (~v1000A) underlayer film. The structure of theifhin
£ilm is shown in figure 5.6.7. Thus the thick gold film was made
the base ’ §ﬁd the two surface probes, separated by about 0,5 cm,
the emitfér and collector of a three-terminal device.,. The reverse
direction impedance is » 100 ks and the forward impedance,before
the abrupt change in slcpe resistance is reached,is approximately
3 kxy. The slope resistance as a function of collector to enitter
voltage, V ., is shown on figure 5.6.8. It is seen in figure

5.6.8. that the curve drawn has a discontinuity at chﬁf60 volts)

>
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when the slope resistance changes abruptly from 3 kil to 60 kit
Theﬂstructure and characteristics of these films are similar to
those. "described by Szupillo ‘175) in a U.S. Patent application,
After remaining in the laboratory for several months the

characteristics shown on.figure 5.6.6, could no longer be obtained

for any of the eight wheel-mounted susbtrates of experiment 10,
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CHAPTER 6. -

DISCUSSION AND. CONCLUSIONS

Introductiona

The first four sections in this chapter are devoted to
discussing the results reported in chapter 5. Conclusions
reached as a result of this work are then listed, followed by
several suggestions where future work on the conductivity on
thin films; particularly employing the measurement of contacv
potential, may prove useful and which could follow on naturally

from this work,

6.1, Thin Gold Films.

6.1.1. Film Conductivity During Initial Growth Period. Metallic

films with a bulk conductivity Gy have a resistance / square

of

’
R = g F G
(6.%,1)
For gold € = 4.96 U/ cm, and if the film thickness, [ is
o _
taken to be equal to 60A, then equation (6.1.1), which assumes
completely specular electron scattering at the film surfaces

(i,e., P and Q = 1), yields upon substitution for F and G,

R = L4.03 ). / square
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If however, the electron scattering at the film surfaces
is assumed to be completely diffuse (i.e. P and Q = 0), and a
value of 0.2 is taken as the ratio c¢.f film thickness to mean

free path, then the value of resistance. is

R = 12.5 £1 / square

The actual measured resistance of film R9/l,which is zbout
602 thick,is two to three orders of magnitude larger than these
above values, indicating that thin films such as Ré/l are not
continuous sheets of metal., Assuming that the logarithmic
relationship deduced in section 5.3. between electrical resistance
ahd”ﬁéanrthickness continues to be valid until the film SRR
conductivity is near to the bulk value, then this shoulcd occur

o

at a thickness FA , which for film R9/1 is the solution to the

equations
logyy R = 11.5 - O0.1uF Y (6,1.2)
2h .2
and R = T' (60103)

. o
The solution to equations (6.,1.2) and (6.,1.3) is at F= 90A,
and by solving a similar pair of equations for film R10/T the
<]
solution is at P=Z 150A, Thus bulk conductivity is not exnected

to be approximated for gold films deposited on to cold glass
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substrates at a thickness of much less than lOOK, and probably
gnly at Qonsiderably greater thickpess. The points plotted on
figure 5.3.,l. joined by the dotted line are for silver deposited
onto a glass substrate nominallly at room tempepature (l7h); and
corr-es'pon;dl very well to the curve for film R9/1. The points are
plotted to the same mean thickness scale as that for film R9/1
assuming that for gold 32 khz = lOOZ. The silver film only
became completely continuous at a thickness ofWBZEOﬁ, and hence
a value of the same order would be expected for the gold film
R9/1., The electrical resistance over the range plotted on
figure 5.3.1l. is principally the result of the activated conduction
process discussed earlier, The tenperature coefficient of
resistance changes from negative to positive at a resistance of
about ldsll / square, This is in agreement with Witzencamp and

(176)

Bdéhara who found a positive temperature coefficienb for
a gold film with a conductivity value six'orders‘of magnitude
less'than that of the bulk, It is not, however, conclusive that
the sharp changes in the lower curve on figure 5.3.l. at points
A and B are consequences of the temperature coefficient variations,
It is possible that the effect of self-annealing of the film

(19)

could change the resistance in +the same way. Lucas reported
sudden changes in the resistance of gold films when evaporation
was stopped, which was attributed to self-annealing, The rate of
deposition of gold films R9/1 and R10/1 was approximately 5¢h/

minute, and each of the wheel-mounted substrates was in the

evaporation stream for one sixteenth of a revolution of the wheel,
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Hence the temperature increase of the films preparcd in this

work is unlikely to be very large since the rate of deposition

is a factor of twelve lower than that used by Belous and

Wayman (1301 whose work was referred to earlier in section 2.2,8.,
and in view of the fact that the substrate is only exposed to the
source for one sixteenth of the total evaporation time. The .
results of Namba (177), in which temperature increases of up to
ZOOC, are reported, are probably more of the order experienced

by the films prepared in the Varian vacuum system. Since only

a small temperature increase appears to take place however, che

quartz lamp used as a light source for the photo-~diode may cause

a small, but significant, increase in the temperature.,

6.1&2; Effective Work Function of Gold. The contact potential

measurements macde with recpect to the reference electrode

showed that there is a difference of 0,400 volts * 10 mv,

between the effective work functioun values of thin polycrystalliﬁe
gold films prepared in a vacuum system with oil difﬂusion and.'
rotary pumps, and the Varian system which has all-dry pumps., It
was dlscussed in section 2.2.4. that it is only recently that

the accepted work function value of gold was changed from about
4.8 eV to about 5.2 eV, The contact potential measurements

made here are thué complementa.y to these of Huber (85% who
showed that in a vacuum system with mercury diffusion pumps the
effective work function value for gold is about 4,7 eV, If the

effective work function value for gold is taken to be 5,22 eV

then this implies a value of A.SZ volts * 10 mv, for the effective
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work function value of a gold film prepared in a vacuﬁm system
with o0il diffusion and rotary pumps. & contributary cause to the
value of about 5.2 eV only recently beipg genqrally accepted as
the value for an uncontaminated gold sample was probably that thel
value obtained in such vacuum systems is approximately L .82 eV,
Undoubtably some foreign species was present in or on the gold
films prepared in the vécuum system with the diffusion bump
which caused a Volta potential to exist in the films., This is
indicated since the deposition of further layers ofvgold in the
Varian system failed to increase the effective work function by
more. than 150 millivolts, & similar effect which occurredwwith

’ aluminium fi;ms when silver was deposited onto them is discussed

in section 6.3.

6.2. Conductivity Changes with Gold and Silver Overlavyers. .

QL§L1! Silver Overlavers on Gold. Before considering the
conductovity (or resistance} changGS'With silver overlayers,it is
preferéble that the contact potential measurements are firstly
examined in_order to establish in.what manner the silver overlayers
were formed; The experimental points for the variations of mean
overlayer thickness with coverage, deduced from contact potential
measurements, are shown :in figure 6.2.1l,. It is assumed in_figure

[_\é
6.2.1. that the fractional change 1n contact potentlal, ? ¢ s
2 [

is equal to the fractional coverage of deposit,© . A curve
having the equation

-(t/z))

100.8 = (‘\ - € (6.2,1)
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is drawn through the experimental points for silwver on
figure 6,2,1l., It is evident that equation (6,2,1) is a good fit
to the mean of the experimental points piétted. Equation (6.2.1)
has the form of one of the three types éf variation of contact
potential with coverage put forward in section 2.2. Referring
to figure 2.2.3,,the theory of Levine and Gyftopoulos (71)
requires that the contact potential should have changed.more
répidly with mean overlayer thickness than was the case, Also
the latter theory is for a regular crystal surface and the
transmission microscope pictures in figures 5.6.4. and 5¢645
show that the films deposited were very polycrystalline., Hence
these films do not satisfy the surface requirgnents for the
applicaﬁion of the theory. Furthermore, the general form of the

(115)

variations required to fit the theory of Jones was not
" obtained. The third curve on figure 2,23, however, for the

case where it is assumed that

5 - ¢ | (6.242)

agrees with the experimental results on figure GeRoley
and thus makes the relationships in equations (6.2.1) and (6.2.21

reasonable approximationse.

The slight increase in effective work function whieh occurs,
see figure 5.,4.1,, as the mean thickness of the overlayer increases

is consistent with a. decrease in the proportion of the less
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stable crystal faces at the film surface as a resuit of-self-
annealing., It is well established that the less polycrystalline
a surface becomes, the greater is its value of effective work
function. For silver deposited onto annealed polycrystalline
silver Clarke and Farnsworth (83) found that, provided the
substrate temperature was less than 650C°, the photoelectric
work function was decreased,. but could be increased to the
original value by annealing the film fof a short time at a
temperature'of only 80° - BOOOC. At a:temperature within,

say, 20°¢c, §f room temperature the annealing process will b2
slower and the resulting increase in work function will bé of
the order shovm in figure 5.4,1., It was.shown previously that
as the mean thickness of the overlayer tends to zero, then the
actual thickness of deposit tends to the exponential 'time
constant! in equation 6.2.1), i.e. The critical nucleus size is
of the order of Bj. If the nuclei éan be considered to be
hemi;pherical, then it follows that the critical nucleus radius is
Aqgg, Even if it is felt that the nuclei cannot be considered to
be hemispherical, but only that the width is of the same order as
the depth, it still follows that the critical nucleus has
dimensions of a few angstroms, Hence it is deduced that the silver
condenses onto the polycrystalline gold surface and nucleates,on
average,either as individual atoms or in clusters consisting of
only a few atoms, This demonstrates that thermodynamically, fdr
the maberihls and environmental conditions.employed in the-

experiments carried out, the silver prefers an extremely small
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critical nucleus, Silver having large surface coverage for a
thickness of only ome atomic layer is in agreement with the

(178)

L.E.E.D. measurements of Farnsworth o

The resistance changes during the growth of the overlayers
are now considered., Assuming that the fractional change in the

effective work function is equal to the coverage,then the

NR

relationship obtained between fractional resistance change, 73
. . . o
and coverage,© , is
(25
T\NTg 25 1N
6 = (\ - ¢ 7 )
(6.2.3)
where R_ is about 10005t/ square
Equatihg equations (6,2.1) and (6.,2.,8) yields
£3 ;
e .t
0-25 2
AR = 25
or /\RO pd O \l‘s,t (6.2.014-)

- o
which is valid for t £ (2/0.125)A

In equation (6.2.4) the constant of proportionality between

%gf and t has a value between the values of 0,14 and 0,08 which
C N

were obtained for the proportionality constant in relationships

similar to equation (6.2.&) applicable during the initial growth

period of gold films R10/1 and R9/1 respectively. Thus, even at
ohms V

a resistance of a few hundred abems- per square the fractional

changes in resistance for small increases in thickness are similar
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to the changes for very high resistivity discontinuous films,
Furthermore, it follows from the resistance measurements that
the growth of the silver overlayers on the polycrystalline gold
surfaces is similar to that of gold deposited onto these surfaces,
which agrees with the silver mucleation and growth discussed above,
The contact potential difference between a gold film prepared
cntirely in the Varian vacuum chamber and a silver film SCX thick
deposited onto a gold underlayer on a glass substrate is 0,900
volts * 25 mv. Assuming as before a value of 5.22 2V for the
effective work function of gold, then the deduced effective work
function of a thin polycrystalline silver film at room temperature
is L4o32 volts £ 25 mv. in agreement with other authors (77).
The contact potential diffefence between the reference electrode
and'polycrystalline silver films decreased by 0,365 volts =% 8 mv,
on exposing the films to atmospheric pressure; indicating that the
silver rad adsorbed gas molecules, The gas is most probably
chemisorbed oxygen which is expected to cause an increase in the

effective work function of a metal surface, and agrees with the

fact that silver is known to react with oxygen.

The resistanée of the resistance moniter film for experiment
9 increased by approximately L% within 60 seconds of opening
the chamber, which is further evidence that oxygen has been adsorbed
on the surface., The oxygen would prevent many electrons at or near.'
the silver surface from taking part in electrical conduction, and

hence result in an increase in the electrical resistance, What is
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unexpected however, is that when these silver films are reinstalled
in the vacuum chamber, after being exposcd to the atmosphere for
approximately one day, and the chamber evacuated to (ld_ s, the,
contact potential returns to its previous value. This suggests
thatthe adsorbed gas is pumped off the silver surface when a low
pressure is reached, Oxygen incorporation into the bulk to form
an oxide is expected to cauée a change in the surface potential
of the film as a result of a Volta potential across the oxide.
Hence, in view of the contact potential returning to exactly its
original value, within the experimental error, it is unlikely
thap the change can be explained by an adsorbed layer of oxygen
being incorpofated into the bulk to form a thin layer of oxide,
Only if the silver oxide was very thin and a perfect dielectric
with no foreign atoms or molecules bqnded on its surface whtich
would give a surface potential, would it explain the contact
potential change, Evidence that silvef only adéorbs oxygen for
a high exposure is that several minutes at pressures as high as
lO_Svtorr produced no change in the contact potential with respect
t o the reference electrode, This agrees with Clarke and Parnswéﬂﬂl
(83) who found that thc photoelectric work function was independent
of the;pressure-dgring the deposition of silver cver the range

-8 -6 .
i0 to 1.0 torr,

6.2.2. Gold Overlayers ca Silver, The upper curve drawn on

figure 6.,2,1, has the equation

- - (t/o.5) \ '
w0o0.6 = (- € / ' (6.2.5)
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It is evident that equation (6.2,5) is a geod fit to the
experimental points plotted for gold on figure 6,2.1, Just as
for the case of the silver overlayers in the previous section,
the form of the variation of coverage)@,with mean overlayer

thickness,t, follows from the model for overlayer growth presented

A

in section R.l.

i.e. 6 = 1= € (6.246)

Assuming that coverage being equal'to the fractional
change in cuntact potential is a reasonable approximation, then
equations (6,2.5) and (6.2.6) can be compared to yleld.'( = 95A.
This value for ( is much larger than the value obtained for
silver on gold, which indicates that gold films have a greater
mean thickness than the silver films for fhe same coverage.
Furthermore, if a hemiaphericaily shaped critical nucleus is
asswned; then a value of about 1hg\is calculated as its radius.
Hence, it is deduced that the gold critical nuclei each consist of
on average a few tens.of atoms, For simplification, in order to
make the mathematies: involved more managable, a square island
model was presented in section 2,1, for overlayer growth., Using
this model and the coverage to thickness relationship of
equation (6.2.6), values were culculated, employing Atlas Autocode
computer programmes)for the véfiations of resistance with overlayer
thickness fof gold deposited onto thin annealed gold films.

Although no measurements were made in the experiments carried out
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whieh could be compared dlrectly w1th these calculatlons, the
computer results obtained were shown in section 2.1l. to be in

good agreement with the experimental results of other research
workers. The theory does not require that the scattering parameter
at the uppermost film surface is a complicated empirically derived
functioh of the overlayer thickness, Instead it is assumed that

an overlayer island growth structure is present which has a
highly spectral surface scattering mechanism at the areas off the
surface where no islands are present, and a highly diffusé
scattering mechanism at the areas covered with islands. In order

to fit the experimental results of Lucas (19), and others (53)

(61) , C wvalues of 2Q to BRA are required for the growth of gold
on thin annealed gold films which have been deposited onto a
nucleating layer of bismuth oxide on glass substrates, whica are
nominally at room temperature durihg depositions, The process

of nucleatibn and growth of relatively large islands is reasonable

in view of the structural differences between annealad gold films

on bismuth oxide and polycrystalline unannealed gold films,

The fractional resistance changes with mean overlayer
thickness which took place in film R9/3 are very similar to bhe
changes for the silver films discussed in the previous section,
The final resistance of film RG/3 was about 2051/ square,and the
equation relating fraétianal resistance change to mean overlayer

thickness was found to be
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Re (642.7)

which is nearly identical to the relationship for a
small increase in thickness for the gold film in experiment 9
prepared on a bare glass substrate, and which had a resistance of
)>lO§fL/ square, For film R8/3 however, the form of the fractional
resistance changes with increase of overlayer thickness follows
from the bulk conductivity considerations of section 5.2.4, film
R&/3 had a resistance of about 200s5%/ sQuare,which is twe orders
of magnitude greater than the resistance of a similar film with
bulk conductivity. Thus, although the resistance is still high,
it appears that the overlayer is forming only on areas already
completely covered with metal, and is not serving to reduce the
clectrical resistance by filling in holes or fissures in the film,
The reason why this happened in this film and not witk any of the
others deposited under similar conditions is thought to lie in
the method of resistance measurement employed. The contact
potential measurements were very similar to those for other gold
films, as shown in figure 5.4.4., and did not suggest that the
films deposited onto the wheel-mounted substrates were in any
way different, It must be remembered however; that the film used
for resistance monitoring was not mounted on the wheel; and cid
not have its qontact potential changes monitored. Had it been

possible to do so then more evidence may have been obtained
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for suggesting that the method of resistance monitoring using a
'constant cgrrent source! was causing considerable changes in the
film growth, These changes would be most pronounced not when the
resistance was low, but during the early stages of.growth of the
first gold.lAy;r, about SOK thick, when it was possible that a
very high ourrent density was passed through the film because of
its discontinuous.structure. That this did happen is shown by
the optical microsoope photographs indicating that mass-transport
of film materiallhad occured, If a curréent 'density which was
sufficiently large to do thisvwas passing throggh the film, then
it is reasonable to assume ﬁﬁét the structure of the film would
be significantly different from the films on t%e wheel~-mounted
.substrates. Also an electric field of 6 volts/ cm. was across
the film during the deposition as a result of the resistance
measurement technique, It has been established that electric
fields of this order applied during early growth can considerably

(179) (173).

influence the growth of thin metallic films Fer
all experiments after 8 an electrometer was used to measure the
resistance which obviated the problem since no further similar

abnormalities were observed,
6.3, Conductivity Changes with Aluminium Overlayers,

The variations of electrical resistance with aluminium
overlayer thickness shown earlier in section 5.5, on figure
5.5.,2, will now be discussed. Referring to figure 5.5.2. the

initial increase in resistance is attributed to alloying of the
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aluminium with silver at the film surface, This alloy zéne, or
alternatively surface layer with aluminium atoms Which have
penetréted the surface (h), causes an increasezin the electron
scattering meer the film surface resulting in an increase in the
e¢ectr1cal resistance, As the deposition and alloyinc4proceeds
however, the resistance begins to decrease as a result of the
increase in film thickness, The resistance maxima, corresponding
to the point where the rate of resistance increase is equal to

the rate of decrease,occurs at about 3.5;, which represents an
alloy zone ofﬁbetween-one andvtwo atomic layers, At an over;ayer
mean thickness of about 8g'th§;fesistance once again increases,
The total time elapsed from étarting the deposition to reaching
the resistance minima was l6<?inﬁtéé and three minutes)at a
pressure of 1618 torr and ldﬁl‘toff for films R10/3 and R8/L
respectlvely° For film R10/3 s1x ‘steps of evaporation were
carried out, and for film R8/4 only one, ‘for this first 8A.of
overlayer, This second increase is explalned on the basis that
when aluminium atoms can no longer alloy with silver, since all of
the top few atomic layers of silver have already done so, then
further aluminium atoms will react with oxygen together with any
weakly alloyed aluminium atoms. It has been demonstrated (101)
that aluminium.deposited on & foreign substrate can rapidly
adsorb.oxygen until an oxide several atomic layers thick is formed
which then acts as a suitaﬁle surface onto which the bulk growth

of aluminium can take place., The aluminium during the subsequent

growth does not adsorb oxygen so rapidly. The position of the
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second maximz indicates that t he fast oxygen reaction takes
place for only a very few atomic layers in agreement with

(101)° The subsequent fall in resistance of '

Grigson and Dove
the films on figure 5,5.2. is considered to be the onset of the
growth of the bulk aluminium on the oxide layer., The slight
increase in resistance is the effect of t he oxygen-aluminium
reaction., Depositing the aluminium beyond the 1 kHz mark on
figure 5.5.2., (which corresponds to a mean thickness of about
223), did not appreciably decrease further the electrical
resistance, This is a consequence of allowing the thicker
aluminium overlayers to be exposed for a considerable time to the
residual gases in the vacuum chamber, and by intentionally

introducing an oxygen leak into the system in order to monitor

the effect of increasing the gas exposure of the films,

The contact potential measurements made during the growth of
the alumiﬁium overlayers for films R8/l4 and R10/3 will now be
discussed in order to show how they are complementary to the
explanation of the resistance changes presented above, There is
an increase in contact potential during the initial alloying
period, indicating a decrease in the effective work functior.

The effective work function thén iﬁcreases steadily (decrease in
contact potentlal) as the alum‘nlum overlayer increases in mean
thickness, with the exception: of a range of about BA in film RIO/B,
see figure 5.5.l1., whep the contact potential remained

approximately constant. The latter can be attributed to the rapid
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formétion of the extremely thin oxide layer; which provided it
was a perfect dielectric with no net surface charge, could
result in the contact potential not changing as the thickness
increased. The value on figure 5.5.1l. at which the contact
potential levelled out at with increasing thickness indicates
that a Volta potential of about O.u7‘volts existed in the
aluminium films. Further proof of this is, that when a silver
film approxiﬁately 902 thick was deposited onto the aluminium
film RlO/B’the contact potential with respect to the reference
electrode indicated that a series. potential of about 0,47 wvolts
existed in the composite film, This is the difference between
the deduced effective work function of the resulting surface and

polycrystalline silver,

When aluminium films were subjected to sufficient residual
gas exposure and to an industrial grade oxygen leak,results

(29)

similar to those of Huber and Kirk were obtained, The
results for contact potential changes during the.exposure; reported
in section 5.5., indicate that, for very thin aluminium films;
oxygen is rapidly adsorbed followed by the adsorption of water
vapour. For thicker films howeﬁer,‘oxygen is not firstly ads@rbed
and water vapour is slowly adsorbed, The residual gas in the
vacuum chamber before opening the leak valve was predowinantly
water vapour, and even arter the valve was‘opened'to raise thé
total pressure'from about 10-8 torr to ld.b torr the mass

spectrometer readings indicated that water vapour was still
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the principal residual. gas constituent. This is the resuitxof the
industrial grade oxygen used having a high water vapour content,
(0.1 to 1.,0% parts/ volume), and that the aluminium being deposited
arto the vaesuum chamber baffles etc., and the ion pump)would both
act to remove oxygen preferentially from the gas mixture being
admitted through the leak valve. In order to make the results
correspond to those of Huber and Kirk their contact potential

axis was shifted by 0,90 velts. The shift was necessary because
of; firstly the difference in the effective work function of

the gold reference electrode used by Huber and Kirk and the gold
films prepared during this work, and secondly the Volta potential
in the aluminium films., The first accounts for 0,400 volts, and
the second for 0,470 volts, making a total of 0,870 volts * 20 mv,
which is in reasonable agreement with the required 0,90 volts shift
of the potential axis. The remaining discrepancy of 0,03 volts can
be credited to the difference in the effective work function value
of the polycrystalline gold films; 130 to ZOOR\thick, prepared in
the Varian vacuum system and'the, presumably, much thicker gold
films of Huber and Kirk on a stainless steel substrate. The
effective work function of the reference electrode used in this
work, which was also made by depositing gold onto a stainless steel
substrate, was not the same as for a similar thickness of gold

deposited onto a glass substrate under the same conditions.

When an aluminium film is suddenly exposed to atmospheric

pressure there is an increase in the effective work function, in
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accordance with the results of Boggio and Plumb (37). The
resistance also increases, which follows from a formation of a
thicker oxide layer., Evidence that a very thin aluminium oxide
layer can act as a good insulator is that the 'device! made
?CCidently shows that a paptly oxidised aluminimelayeraabbut.50;,,
"thick, ~withstands’ z-voltage'cf > 50 volts with a- leakage”current
of £ 0,001 nmilliamps.

The upper electron migroscope picture on figure 5.6.4. shows
that the crystallite size for an aluminium film approximatelv 1uo§
/fthlck depos1ted onto a 17OA polycrystalllne gold film on a glass
substbate is, on average, about 2OOA. The upper picture of flggre
5¢6.4.,and figure 5.6.,3., are both for the films of experiment 7.

- The top picture in figure 5.6.3. is an area of the resistance
honitor substrate which was hidden from the main aluminium
evaporatlon stream by a baffle. The lower picture is for an area
which was exposed to the stream, It can be see that 'lumps' with
a mean diameter of approximatelyﬂlSOOA.are very prevalent on the
lower, but not the upper picturé. These pictures were taken on a
scanning electron microscope, and hence the brightness of the lumps
indicates that they are accumulating charge. This is consistant
with the explanation that these lumps are areas covered with
oxidised aluminium, The upper iransmission electron microscope
picture in 5.6.4. has several darkened areas approximately lSOOEu

in diameter. These areas are hence the same size as the lumps

already described, Being darker indicates that it is more
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difficult for electrons to penetrate these areas, which makes it
reasonable to deduce that oxidation, and hence an increase in the
thickness of these areas has taken place., Thus,; although the
average crystallite size in the film is about 200&, it appears
that lumps of oxidised aluminium are present which are

0
approximately 1500/ in diameter,

6a4e Conclusions.

In this section the specific conclusions reached as a result
of this work on thin films of gold, silver and aluminium prepared
by vacuum deposition are listed, They are presented under the
four separate headings of Initial Growth, Silver Overlayers,

Gold Overlayers and Aluminium Overlayers.

Initial Growth,

a) The electrical resistance, R, of a gold (or silver)
film grown on a 7059 Corning glass substrate, nominally
at room temperature, varies with the thickness of the

film, F, according to

log R = A - K.F (6.4.1)

where A and K are constants,

H

L]
b) The effective work function,® , of a thick (about 1000A)
gold film prepared by vacuum deposition onto a giass
substrate at room temperature in a vacuum system with

oil diffusion pumps is 4.815 eV % 10 meV, assuming a
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value of 5.22 eV for a gold film approximately 1502\
thick grown in an all-dry pumped vacuum system,

A gold film grown on a glass substrate at room
temperature at a pressure of:éld‘ torr is very
polybrystdlline with a typical crystallite size of
1OOK to 300:\.

Silver Overlayers.

a)

b)

Silver overlayers deposited onto polycrystalline gold

filmsnon glass substrates grow according to

(1 e“(i‘/l)>
& = (6.1432)
and hence a high percentage c¢overage at one or two
atomic layers of overlayer thickness.

The resistance changes for very thin silver overlayers

on gold follow the relationship

AR /Ro)

- (1-eloms
(6ols23)

for films having resistance values as low as several

hundred )./ square,

c) Measuring contact potential can yield information which

d)

helps determine the overlayer growth mechanism of I o)
silver vacuum deposited onto gold on glass substrates,

The effective work function of a polycrystalline film
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of silver at room temperature, assuming a value of
5.22 eV for gold, is L4,.R95 eV *+ 15 meV,

Beyond approximately lOZ\mean overlayer thickness of
silver on gold the effective work function increases
by 20 meV in going toathickness of about SOZ.

On exposing a thin polycrystalline silver film to
atmospheric pressure there is a decrease of 365 meV in
its effective work function and an increase in its

electrlcal resistance, but the work function change is

reversed when the film is returned to a low prese.re.

Gold Overlavers,

a)

b)

c)

Gold overlayers deposited onﬁo silver films on glass

substrates grow according to

(e (7

(6011'024-)

which means a greater thickness for the same coﬁerage
é:ifor silver deposited onto gold.

Using a square island model and the growth law ir (@)
the resistance changes for gold deposited onto annealed
gold films, which were grown on bismuth oxide on glass
substrates, can be explained quantitatively.

For gold films grown on polycrystalline silver films on
glass substrates at room temperature the resistance

changes for small increases in overlayer thickness can
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be described by
/ (6.k445)

when the registance is as low as several hundred

S)_/ square,

A high current density through metal films on glass
substrates onto which an overlayer of gold is
subsequently deposited can result in an overlayer
growth mechanism which causes the resistance to ~.ange
according to bulk considerations, even when the film
has a condudtivity value 2 orders of magnitude lower

than bulk miaterial,

Aluminium Overlayers,

a)

b)

d)

Aluminium alloys with silver and causes an increase in
the resistance of thirm polycrystalline silver films,

A Volta potential of 0.47 volts can exist in thin
aluminium oxide films.

Aluminium rapidly adsorbs oxygen for very thin layers of
aluminium deposited on a foreign metal film,

Water vapour is readily adsorbed onto the surface of a
thin aluminium film causing a large (about 1.2 eV)
decrease in the effective work function, but no .
noticeable change in the electrical resistance of the

£ilm.
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e) The effective work function of an aluminium f£ilm
deposited in high vacuunm increases substantially upon
exposing the film to the atmosphere, with a corresponding
increase in its electrical resistance.

f) A«Soiithick aluminium film oxidised in layers can be a
good insulator, |

g) Rectifying device characteristics can be obtained
usi;g only the metals gold, silver and aluminium. A
switch with an ON impedance of about Dkfiand an OFF

impeddnce of about 0.,5%M which has a discontinucus

slope resistance can be made,

6.5+ Further Work.

In order to deposit thin metal films which havé véiﬁes of
conductivity close to that of the bulk material it is usual¢y
-nece;sary to make the films thicker than most of the fllms made
durlng this study. If thln metallic films deposited on 51ass
substrates are annealed, then bulk conductivity 1$ approached .
at a thickness of a few hundred angstroms. This is of course
assuming that no nucleating layer such as bismuth oxide is used,
when very thin high conductiviry films can beocbtained upon being
annealed., It would have been difficult in this work  to have made
films with a thickness of, say,)>2002\since each substrate was
only in the evaporation stream for one sixteenth of.the total

evaporation time. Also, in order to obtain a uniform film over

the entire substrate surfaces the source-to-substrate distance



was-approximately 12"; One way in which the ‘apparatus covuld be
médified-torallow thicker filmsito be prepared, orifilme of the
same thickness ih a'shorter time; is to intercharnge the roles of
the reference electrode and the wheél-mounted substrates, -By
makihg thickigold-films on the wheel<mountedvsubstrates the =
réference’surfaces, then the surface under investigdtion becomes
what is now the reférence electrode, . Suitable electrical
connectionsiwould be made to a glass substrate positioned on the
top oiitheﬁdynamie capacitor. gap push rod, This substrate could
then be heated. if required in ordcﬁf%O'annealtthe film on it, and

né prohlems,: as’ experienced in this’ work,-would b&i.encountered in.

measuring the'film‘resistanceﬁsinée‘it7W% 44 be stationary with

permanent electrlcal connectlons. With the same geometry of the

wheel fllms elght tlmes as thlck could be prepared 1f requlned

.. Various useful experimental investigations could:then be
carried out, The most interestingrof-tﬁeéerwould.probably be to
finvéstigatefthe changes in the effeetive work function and .
conductivity of a’ thin.metallic film:during annealing, 'with
particular emphasis on the case of .thin polycrystalline gold .films,
THe work: function and conductivity could be monitored througnout
the process of ‘depositingian overlayer onto the .annealed film.: By
doing thisj somé more insight should be.gatned in the role -that
contact potential. plays in :the.changes in conductivity which take
place:when thin overlayers are deposited. onto thin metallic films

having conductivity Vvaliies closeito.the bulk materidl. .
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On the theor»tlcal aspects off effective work functicn and
onductivity changes, there is still much to bp ddnp in thce field
of ‘multilayer metallic films. The theory of square islands
developed in thls work is obviously a gross sxmpllflcatlon of
the true picture, but gave results which agree with expérlmental
work well enough to suggest that these ideas are worth pursuing

telat

fﬁ?ther.

The instrument designed and built for.this study has many
applications in the fields of catalysis, charge accumulation,
adsorption kinetics, etc., etc., and most important of all;
in the field of thin film fabrication using vacuum deposition.
Further work is to be carried out in order to develope thé

technique into a commercially viable instrument.
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APPENDIX 1

Figure A.1 shows a circle with centre 'B' and radius R, and a rectangle

DEFG with GF = 2.R These shapes represent two of the electrodes of a

1°
rotating dynamic capacitor.

The rectangle has its centre line on a radius of a circle with centre
'0', and is rotating about '0' at a rate of w radians/second. The centre 'B'
of the circular electrode is at a distance R2 from '0', The circle and
rectangle meet at points 'A' and 'C', and let Ao‘Abe the area of overlap, as
shovm shaded in figure A.1.
| L0 is the spacing between the electrodes, and @ is the angle between
the line OB and the radius CH bisectirg GF. The angle @ is related to line
t, in seconds, by

%::¢o*u%t : (a.1).

where ﬁo is the value of # at t = 0.

By way of construction produce EACF to meet OB at J.

Then from figure A.1 it can be seen that

R,/ : ‘
oF = ‘¢ (A.2).
Sin N
R,
;.83 = R, - /S;M# (a.3).
and hence
R,
Q‘/ ~ (\?‘1“ sim
cnd sin LBCT (A,

or rearranging equation (A.L)

1 \? 1)
e /BCT = (g‘s‘“c}é -) (4.5).
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Also L .
[ABC =2 [B&3 =TT (A.6).

and hence substiﬁuting for BCJ from equation (A. 5) in equation
(A.5) in equation (A.6) yields

/ABC 2{ w R snQ — ‘>-l "T( (A.7).

The area of overlap, Ao , 1is given Dby

! f { \
0 ; R“"‘ S\V\ ASC - R

substituting for ABC from egquation (4.7) in equation (A.8) yields

(L.8).

WAL I ~2
A _ 2&»5\“(\ ‘ __1 S\V‘¢ -_ ‘ ~\§: —‘— Sy (2 S\V\ |'2' 5
© (4.9).
Simplifying equation (A.9) gives
A = R, {cos 2 -2 (\ 2 ﬂ (4.10).
where Va2 |
z = (7 “f) - )
The rate of change of cepacitance, c, with respect to time, t, assuming
no fringe effects is
ot Lo ot 1.

whére & and & _are the absolute and relative permittivity

respectively of the medinm between the electrodes.
Substituting for A  from equation (2. 10) in equation (4.11) yields

Jde _ €er d (R'Eos 2 -2,)0- Z)D z. d;_% (4.12)

T e —

—J-‘\’— - Yo a2

Carrying out the differentiation and expressing the result as &

function of @ gives

3’% go & (OQT R >i‘—<k 2")3\ 5""‘ - aw -}.ostf) (8.13).
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The capacitance C is related to the current, i, generated by a dynamic
capacitor through the relationship

. A .
1 =V

at : (4.14).
vhere V is the time-independent voltage across the electrodes.
Substituting for :TC»E from equation (4.13) in equation (4.14) yields the

following expression for the current as a function of g

DRETEL -] op oo,

A =

. [ -\ R
. . o N =) _ \ 2 1)
which is valid for U S 43 & =,
and similarly for \ R‘
S\- (8 ({J £ O
R;_ i
(1&.16)0
AL = A
¢~ e ¢)
for P -V Ry
0O £ ¢ L = Sw =
o (A.17).
A= TA(p-TO
R
for V=V R oo 2R,
— S 'r'z"; < < Siw RZ

' . (4.18).
/l({, = —Afzr- c}g)
However for a vibrating capacitor system with equilbrium spacing of LO
between the plates and the same geometry as described above then the

instantaneous value of current generated is, from equation (Zula-.})

Lo EE e s st
= . ot U)bz p an P
b= EE e e et o

where L1is the amplitude of vibration.
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Thus the quantities to be compared for the rotating end vibrating

systems are, from equations (A.15) and (i.19) respectiv’ely
2. 2R,
( ) g — S\V\#) — S\n 7‘3'5 <o§uo~t (&,20).

and ,
/L-O . S\\h \A)-t
(V+ W /\_ccosw’t)

, 174
With Elz = 0,95/5.1, figure 3.4.1 compares the fundamental components

(A.21).

of the sinusoidal variations of equation (i.20) to that of (4.21), with an
: : ./
arbitrary amplitude scale, for various values of \/\_ . An Atlas Autocode
, ()
computer program was written to calculate the fundamental component

amplitudese.
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