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ABSTRACT
	 2.

A survey of electrodeposited, chemically deposited, thermally

grown, anodic, vapour phase, sputtered and evaporated thin films

shows that internal stress is a common problem, particularly in

industrial applications of such films. Severe stress may cause

the films to buckle or crack.

Evaporated films in the initial stages of growth have been

studied. The eleven models current for the stress in

evaporated films have been reviewed in detail. A table

aununariaing the assumptions and predictions of the models has

been drawn up.

An apparatus of bakeable construction, based on the bending

beam method, has been developed for the stress measurement.

This apparatus is more sensitive than any apparatus described in

the literature. The relationship between the stress in a film

and the resulting beam deflection has been re-derived, and the

conditions for its validity considered.

The total internal stress has been measured in polycrystRil (ne

silver and gold films, extending published work to better vacua

and to lower film thickness regions. The thermal stress has

been calculated and substracted from the total stress to give

the intrinsic stress. This has been correlated with the film

structure.

The results from silver and gold films are similar.

Intrinsic stress, tensile in nature, has been observed in
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island structure films. The magnitude of the intrinsic force

per unit width increased with film thickness in discontinuous

films, and was constant after the last hole in the film

structure had been filled.

om the results obtained it was concluded that an

imperfection-type model, based on the actual structure of silver

films as observed by ecaiming electron diffraction, was the

most probable of the models considered.

The stress in oriented and pplycrystafline lead telluride

films has also been measured, but the origin of the intrinsic

stress could not be determined unambiguously.



4.

ACKNOWLEDGEMENTS

I am deeply grateful to Professor J.C.Anderson for his

interest and advice during the course of the work. I would

also like to thank Mr. D.S.Campbell for his guidance,

help and encouragement throughout the work and for

introducing me to the problems of stress in thin films.

I am obliged to Professor Anderson for providing

laboratory facilities in the Science of Materials Section

at Imperial College. Thanks are also due to the members of

this section for their co-operation and advice. I would

like to acknowledge too the help I have received from

discusajons with members of the Plessey Co. Ltd., particult1y

Mr. R.Carpenter.

Financial support was provided by a Research Studentship

from the Science Research Council, and a Bursary from the

Worshipful Company of Clothworkers.

Finally I would like to thank Miss Susan Young, who has

typed the bulk of this thesis, and. the many people who have

co-operated in its production.



5.

CONTENTS
Page

ABSTR&CT	 2.

ACKNOWLEDGEMENTS
	

tin

CHAPTER I	 INTRODUCTION

1 • 1.	 INTRODUCTION
	

12.

I • 2. DEFINITION OF INTRINSIC STRESS
	 13.

13. STRESS MEASURING TECHNIQUES 	 15.

1. k. ELIECTRODEPOSITED FILMS
	

16.

1.k.1. Industrial Applications	 16.

1.Li..2.	 Measurements of the Stress
	 17.

1,1,..3. Paameters Found to Affect the Stress 	 18.

1.k.k. Theories for the Origin of the Stress 	 20.

1.Li,5, Stress and Preferred Orientation
	

21.

I • 5. CH4ICALLY DEPOSITED FILMS	 21.

1 • 6. THERMAL OXIDE FILMS
	

22.

1.6.1. Introduction	 22.

1.6.2. Measurements of the Stress 	 23.

1.7. ANODIC OXIDE FILMS	 2k.

1.8. VAPOUR PHASE FILMS
	

25.

1.9. SPUTTERED FILMS	 26.

1.10. EVAPORATED FILMS
	

27.

I • 11 • PRESENT WORK
	

29.

1.11.1. Introduction 	 29.

1.11.2. Choice of Apparatus 	 3o

1.11.3. Choice of Materials 	 32.

1.11.k. Outline of Project 	 3k



6.

Pegs

CHAPT II	 MODEIS FOR THE ORIGIN OF INTRINSIC STRESS

2.1 INTRODUCTION	 36.

2.1.1 lbde1s for stress in films other then
evaporated	 36.

2.1.2 Requirements for a model 	 37.

2.1.3 Contents of this chapter	 38.

2 • 2 THNAL ?.VDI

2.2.1 The thermal model	 39.

2.2.2 Objections to the thermal model 	 1+1.

2.2.3 The thermal model applied to continuous
films	 l+3•

2.2.1+ The thermal model applied to island
structure films	 1i4.

2.3 IMPERFECTION ?DL

2.3.1 The imperfection model	 1+1+.

2.3.2 Evidence for imperfections in evaporated
films	 1+5.

2.3.3 Objections to the imperfection model	 1+7.

2.3.1+ The imperfection model applied to island
structure films 	 1i8.

2.1+ DENSIT! MDL

2.k.1 Introduction	 1+9.

2.1+.2 Applicability to stress in thin films 	 50.

2.I+.3 Objections to the density model	 52.

2.k.k The density model applied to island
structure films	 53.



Page

5k.

5k.

56.

57.

58.

60.

6o.

61.

63.

63.

63.

65.

70.

73.

73.

7k.

8.

88.

92.

7.

2.5 GRAIN BOUNDARY

2.5. 1 Introduction

2.5.2 Genera]. grain boundary model

2.5.3 Discussion

2.5. k Grain gap model

2.6 1TROSTATIC 4JDEL

2.6.1 Introduction

2.6.2 Calculation

2.7 SURFACE STRESS )DEL

2.7. 1 Introduction

2.7.2 Surface stress and surface tension

2.7.3 Experimental observations on surface
stress

2.7.k Surface stress as a cause of stress in
thin films

2.8 IFTFACIAL PHENOMENA

2.8.1 Introduction

2.8.2 Atomistic model

2.8.3 Van der Merwe 's analysis

2.8. 11 Applicability to stress in thin films

2.9 SUMMARY



9.

CHAPTER III MECHANICAL MiHODS FOR MEASURING
STRESS IN THIN FILMS

31	 IXTRODUCJION
	

96.

3.2 BEAM AND DISC
	

9?.

3.3 Ri1ATIONSHIP BIWEEN STRESS AND BEAN END
DEFLECT ION
	

99.

3.3.1 Introduction	 99.

3.3.2 Derivation of the relationship between
stress in a fi]n and beam
end deflection
	

99.

3.4 INTERPRATION OF STRESS MEASUREMENTS IN THIN
FILMS
	

¶09.

3.5 APPARATUS FOR THE MEASUREMENT OP STRESS IN
THIN FILMS
	

110.

3.6 PRESENT APPARATUS 	 113.

3.6.1 Introduction	 113.

3.6.2 The jig	 114.

3.6.3 Measurement of small changes in
electrical capacity 	 119.

3.6.4 Derivation of the relationship between
beam end deflection and the
capacity change	 122.

3.6.5 Precautions and l (mi-tations in the use
of a capacitance method
	

125.

3.6.6 Conclusions	 126.

CHAPTER IV APPARATUS

4.1 INTRODUCTION
	

128.

4.2 APPARATUS OUTSIDE THE BELL JAR
	

128.

4.3 APPARATUS INSIDE THE BELL JAR
	

128.

4.1- RATE AND THICKNESS MEASURING APPARATUS
	

133.

4.5 SUBSTRATE HEATER
	

137.



9.

Page

CHAPT2 V	 XPE2IMWI!AL PROCEDURE

5 • 1 SUBSTRATE PREPARATION
	

1110.

5.1.1 Glass substrates
	

1110.

5.1.2 Mica substrates
	

I k2.

5.1.3 The evaporante	 llflf•

5.2	 PERIMTAL PROCEDURE
	

1114.

5.2.1 Thermal cycling

5.2.2 Evaporation procedure
	

I k5.

5.2.3 'Pulsed' experiments	 1116,

5.2. L Film thickness measurement
	 1119.

5.2.5 Structure examination 	 150.

5.3 INTPRATION OF A TYPICAL CHART	 152,

5.3.1 Description of a representative chart 152.

5.3.2 Interpretation of the drift
	 153.

5, l YOUNG'S MODULUS D.MINATION
	

158,

5.11.1 Introduction	 158.

5.11.2 The vibrating reed method 	 160.

5.11,3 Conclusions	 166.

5.5 THNAL STRESS CORRTION	 168.

5.5.1 Derivation of formulae 	 168.

5.5.2 Computation of values 	 172.



10.

APTER VI RJSULTS

6.1 STRESS IN SILVER FILMS DEPOSITED ON TO
GLASS SUBSTRATES
	

176.

6.1.1	 Introduction
	 176.

6.1.2 'Pulsed' experiments, stress results
	 176.

6.1.3 'Pulsed' experiments, conclusions
	 179.

6.1.4 Continuous deposition results, stress
results
	 179.

6.1.5 Structure results
	 I 8.

6.1.6 Conclusions
	 192.

6.2 STRESS IN SILVER FILMS DEPOSITED ON TO
MICA SUBSTRATES
	

192.

6.2.1	 Introduction
	 193.

6.2.2 Resulta	 193.

6.2.3 Conclusions	 196.

6.3 STRESS IN GOLD FILMS DEPOSITED ON TO
(ILASS SUBSTRATES
	 197.

6.3.1 Introduction	 197.

6.3.2 Stress results	 197.

6.3.3 Structure results	 203.

6.3.4 Conclusions	 208.

6.li LEAD TELLURIDE FILMS
	

209.
6.4.1 Introduction
	

209.

6.4.2 Stress results	 210.

6.4.3 Structure results	 215.

6.4.4 Conclusions	 224.



11.

Page

CHAPTER VII DISCUSSION OF RESULTS AND CONCLUSIONS

7.1 INTRODUCTION
	

226.

7.2 LEAD TILURIDE FILMS
	 226.

7.3 SILVER AND GOLD FILMS
	

227.

7.3.1 Introduction	 227.

7.3.2 Structural considerations 	 231.

7.11	 DLS )R STRESS IN THE INITIAL STAGES OF
GROWTH
	

233.

711.1 Introduction	 233.

7.11 .2 General discussion of models
	

235.

7.11.3 The graixi gap model
	

237.

7.11.11 The imperfection (grain boundary in
islands) model
	

238.

75 MOD	 IDR STRESS IN CONTINUOUS FILMS
	

2111.

7.5.1 General discussion of models
	

2111.

7.5.2 The grain boundary model
	

2114.

7.6 CONCLUSIONS
	

2115.

ADDDUM
	

2118.

APP2DDC 2
	 21i9.

APPDIX 5
	

258.

APP1DIX 6
	

259.

BIBLIOGRAPHY
	

2611.



12.

CHAPTZR I

INTRODUCTION

1,1 • INTRODUCTION

This year, 1967, is the ninetieth anniversary of the first

quantitative measurement of stress in a thin film. During the

interven-irtg years many stress determinations have been made in

thin films produced by various means, but as yet no single

quantitative theory has been offered which exple-( nR all the

results obtained.

The research on the magnitude of the stress in thin films

was intensified with the industrial applications of electroplated

films. More recently industrial applications of evaporated films

have caused interest in the stress in such films. At the same

time a certain amount of more fundamental research on the origins

of the stress has been continuing. Four reviews of this work

have recently appeared(1213lf). The present work is concerned

with the origins of stress in evaporated films.

In this chapter the intrinsic stress in a film will be

defined, Then a brief introduction to the common methods of

measuring the stress in thin films will be given. 	 nally the

effects of stress on some industrial applications of thin films,

the measurements of the stress in such films and the theories that

have been proposed for its origin will be considered.

-	 .eotrodeposited, chemically deposited, thermally grown o,d.de,

axiodicaily grown oxide, vapour phase, sputtered and evaporated
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fi].ms will be considered. Evaporated films are treated in

more detail than the other types of film because they are the

subject of investigation in the present work. The choice of

techniques and materials for the study of stress in evaporated

films is discussed in the final section.

12. DEFINITION OF INTRINSIC STRESS

A system of forces applied to a body produces a oh8nge

in its dimensions. This change in dimensions is called the

strain in the body. The force per unit area required to

produce the strain is called the stress. Stresses in real

materials may be external or internal. When a metal bar is

extended by a force the applied stress is external. When the

same metal. bar is cold worked it becomes stressed internally.

Nearly all thin films, by whatever means they are

produced, are found to be in a state of internal, stress. In

some cases the stress may be very high, as high as the elastic

limit of the material. In other cases, the type of stress may

depend on the preparation conditions, so that films of zero

stress may be prepared by slightly altering these conditions.

Two technologically important types of film in which the stress

may be adjusted are electroplated nickel, and vacuum evaporated

silicon monod.de.

When the coefficients of thermal expansion of a film and

its substrate are not the same then heating or cooling will
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produce a stress, which will tend to deform the film substrate

combination. For example, if a film is deposited at an

elevated temperature on to a substrate of smaller expansion

coefficient, a stress will be produced in the film on cooling

to room temperature, and the direction of this stress is said

to be tensile (contractile). If the film substrate combination

is thin enough it will be bent into the surface of a sphere.

A tensile stress will bend it 00 that the film surfac. is

concave, and a compressive (expansive) stress will bend it 0

that the film surface is convex.

The stress arising from the different thermal coefficients

of expansion of film and substrate is called the thermal stress.

Even after accounting for this stress many films are, however,

found to have a high residual internal stress, and this residual

stress has been named the intrinsic stress in the film.

Thus the total stress in a deposited	 otal

equal to the sum of the externally applied stress, 8external

and the internal stress, 8internal and this latter is

composed of the thermal stress, S	 and the intrinsicthermal

stress,	 . Thus one can write:-io

otal =	 + 5internal. 3externa]. + 8thermal + Sjfljj

In technological applications the total stress must be
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kept ama].1. However the intrinsic stress is the predominant

component in many systems, so the intrinsic stress in deposits

of many materials has been the subject of much scientific

enquiry over the past ninety years. The subject of

investigation in the present work is the intrinsic stress

in vacuum evaporated metal films.

1.3. STRESS ?IE&SIJRING TECHNIQUES

In section 1.2 it was mentioned that depositing a film

on to a substrate caused a deformation of the substrate. The

moat coimnon methods "mechanical methods" for measuring the

stress in a thin film are based on this principle. The

deformation of the substrate due to the stress is measured

by using a thin cantilevered beam as a substrate, and

calculating the radius of curvature of the beam from the

deflection of the free end. This method, which ia called the

bending beam method, was devised by toney	 (see section 1.11.2)

and the formula connecting the stress and the beam deflection

is often called the Stoney formula.

The stress may also be measured by X-ray or electron

diffraction methods. The position of the diffracted line

gives the interplanar spacing of the set of lattice planea

corresponding to the line, and the strain in the crystallites

forming the film may be deduced from this. Alternatively

the stress may be deduced from the shape of the diffracted
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beam, by analysing the line broadening into components from

particle size broadening and strain broadening.

These methods for measuring the stress in thin films are

the ones generally used. However other methods, which have

been applied particularly to the measurement of stress in

evaporated thin films will be discussed in section 1.11.1.

I • 1*. ELECTRODEPOSITED FILMS

I.Li.1. Industrial Aplicatioris

The first observations of the effects of stress in thin

films were made in the early days of electrodeposition when it

was observed that thick electrodeposita tended to crack or to

peel from the cathode. (Gore, 1858, quoted by Stoney).

With the extensive development of the electroplating industry

the effects of internal stresses in the coating assumed great

importance.

Three examples of the effects of stress will be considered.

Perhaps the most important is the effect of stress on the

fatigue range (resistance to repeated vibrational stresses,

which may be either compressive or tensile) of coated metal

parts. When a mets]. part is built up by plating the fatigue

range is much reduced 6 ' ' 8 . Although the externally applied

stress may be within the safe range, the total stress in the

coating, being the sum of the external, stress and the internal
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stress from the deposition process, can exceed the safe limit.

This leads to cracking in the coating and these cracks become

propagated through the metal part, which then fails.

Another example is that the stress in nickel films can

be such that there is appreciable contraction in the film when

it is removed from the cathode. This can beco.iie very important

in electroforming, particularly in colour printing where nickel

electrotypes are used.

Finrilly, with the advent of plated wire computer

memory systems, the stress in the deposited alloy assumes

importance because of its possible effects on the magnetic

anisotropy of the films(1). However, later work(h1) has

suggested that the stress anisotropy is not the sole cause

of magnetic anisotropy, as changing the sign of the stress

in plated nickel films from tensile to compressive by the use

of organic additives did not, within the experiments], error,

change the magnetic anisotropy.

1.11 .2 Measurements of the Stress

(12) made the first quantitative measurement of

stress in a thin film in 1877. He coated the bulb of a

mercury in glass thermometer with silver by a chemical

technique, and used it as a cathode in an electroplating

bath. He found that deposited nickel films caused the bulb
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of the thermometer to contract, thus forcing the mercury higher

up the tu'be than it would have been due to temperature alone.

The stress he found in nickel was thus tensile. He also

found tensile stress in iron, copper and silver but compressive

stress in cadmium and zinc films. He calibrated the

thermometer by noting the effect of a hydrostatic pressure,

and thus found 1. e magnitude of the stress. Using the same

method, Bouty13) confirmed Milld work. Thirty years later,

in 1909, toney	 used as a cathode a long thin rectangular

steel rule, which was clamped at one end. Using this

apparatus, the first use of the bending beam method to be

reported, he found that the stress in nickel film deposited

at a plating bath temperature of 10-15°C was of the order of

3x109 dyne cm:2

1.4.3. Parameters Found to Affect the Stress.

Much work has been carried out on the stress in

electrodeposited films since the time of Stoney, and the work

has been reviewed by Soderburg and araiam 	 and more

thoroughly by Mwbach(14). More recent reviews have been given

by vans15) and popereia(16). Although there have been

many stress measurements, most of these are inadequate as the

many variables which alter the stress have not been recorded.

Some of these variables are listed below in order of discovery.

stoney	 referred to the fact that increasing the
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bath temperature reduced the stress in the film, and this fact

(6, 17-21)has been reconfirmed more recently	 . The StreS8

varies with the pH of the plating	 the current

density, and small amounts of inorganic additivea(22) . stager(23)

discovered that superimposing an alternating current on the

direct plating current reduced the stress. Thie effect was

later confirmed(2 1 25)	 vuiueumier(26) discovered that the

smaller the crystallite size in the deposit the larger the

stress recorded. Kohlschutter et ai(27) also noted this effect1

but explained it as a fault of their apparatus. )IacNaughton

and Hothersll(17) however discovered just the opposite effect,

but they were plating from different solutions.

Marie and	 found that the stress in copper films

could be compressive or tensile depending on whether the

cathode was made of bright or dull platinum. jaquet(29i)

found that organic additives had strong and varied effects

on the stress. Phillips and C].ifton(19) found that the

stress also depended on the concentration of the plating

solution.

Notwithstanding all these variables, Kohiechutter and

Jacober	 drew up a list of metals in descending order of

stress, starting with chromium in tensile stress, through

palladium, nickel, cobalt, iron, silver (which could be tensile

or compressive, depending on the deposition conditions) to

lead and zinc, which are always compressive.
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1.k. li. Theories for the Origin of the Stress

A theory for the origin of the stress was proposed by

wyiie(31). The stress was considered as due to co-deposited

hydrogen diffusing out of the film immediately after ita

deposition, thus allowing it to contract and producing a

tensile stress. This was in accord both with the large

amounts of hydrogen released at the cathode during chromium

deposition, and with the effects of a superimposed alternating

current, which od.dised the hydrogen at the cathode and thus

reduced the stress. It was also in accord with annell-ng

experimente32) in which gas was evolved from the deposit, and

the tensile stress increased at the same time. However the

formation of compressive stress and the fact that the ratio

of metal deposited to hydrogen released at the cathode does

not in any case accord with the stress measured were much

harder to explain on this theory.

The most recent theory 6 for the origin of stress in

electrodeposited films, due to Popereka, considers the fins].

stress to be the sum of a tensile component, arising from

effects within the crystallites, and a compressive component

arising from effects at grain boundaries. According to this

theory, as the crystallites grow any dislocations which ma.y

be formed due to the growth process will, have like signs,

and will, thus repel each other and be attracted to the
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crystallite boundary. Thus a contraction in volume of

the crystallite will take place, and a tensile stress will.

result. The compressive component arises from adsorption

(16)of impurity particles at grain boundaries. Popereka

showed that sufficient energy was available from this model

to give the stresses recorded in typical electrodeposita.

1.k.5. Stress and Preferred Orientation

The relationship between stress and preferred orientation

has also been considered, both practically and theoretically.

Bozorth	 mc'r the preferred orientations in deposits

using X-ray diffraction methods, and he decided that

these were due to plastic deformation of the metals where

the local stresses exceeded the plastic linrit. wyiue(31)

cited the work of Hume-Rothery and	 in support

of this theory. The whole problem was thoroughly investigated

(36)by Yang	 , who measured the stresses and orientations in

e].ectrodeposits of a wide range of metals. Yang showed

that the Bozorth-Wyllie theory did not hold for electrodeposite.

Later the Bozorth-Wyllie theory was shown to be inapplicable

to vacuum evaporated films by Murbadi

1.5. CHEMICALLY DEPOSIT FILMS

Stress in films produced by chemical. reduction from
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solution has not yet been ermined in the detail devoted to

stress in electrodeposited films. However the subject has

recently become important in connection with the properties

of magnetic films grown by this technique. Hexiy, Richards

and simpson	 have found that Ni-Co-P alloys deposited on

to glass substrates tended to crack or peel from the substrate

if they were a].].owed to reach thicknesses in excess of

3,0001. A value of 1.lfXlO9 dyne cm"2 measured by the

bending beam method in a Co-P deposit 8 is of the same

order as the stress found in electrodeposited nickel by

Stoney. The stress mar be m1n4mised by choosing suitable

preparation

1.6. THERMAL OXIDE FILMS

1.6.1. Introduction

It has long been known that oxide films on metals are

in a state of stress. Pilling and Bedworth	 in 1923

divided metals into two groups, those in which the oxide film

protected the metal from further oxidation, and those in which

it assisted the oxidation process. They defined a ratio,

the Pilling-Bedworth ratio, which is the ratio of the volume

of the oxide to the volume of the metal from which it was

formed. This ratio is greater than unity for metals such

as silicon (2.04) and aluminium (1.28) in which the oxide is

protecting, and it is less than unity for metals such as
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calcium (0.78) in which the oxide is not protecting. Thus

it appears that the oxide film on the former metals is in

compressive stress, and on the latter is in tensile stress.

It is now agreed that the ratio will not apply if the metal

ions diffuse through the lattice, and new oxide is formed

at the oxide-atmosphere interface,

Mechanisms for oxidation have been reviewed by

ermiiea 1 ), ,ans(Lf2) and

1.6.2. Measurements of the Stress

Jaccodine and Schlegel 	 have recently drawn attention

to the possible detrimental effects of stress in thermally

grown oxide films on silicon on the processing of silicon

integrated circuits. These authors used a bending beam

method to measure the stress in films of silicon dioxide

produced by the thermal oxidation of chemically and mechanically

polished silicon slices at temperatures from 900-1, 200°C, and

they found a fair agreement between the stresses they measured

and the stresses to be expected from the difference in

expansion coefficient of silicon and silica on cooling from

the deposition temperature. The stresses were of the

order of 3x109 dyne cm 2 Thus, although the type of stress

is that predicted by the Pilling-Bedworth ratio, the origin

of the stress is thermal. Stresses in such silica films have

also been obeerved by X-ray extinction topography.



In order to reduce the thermal stress in silicon oxide films

the temperature at which the films are grown must be reduced.

Techniques such as plasma oxidation ' , which reduces the

substrate temperature from 1,100 to 30000, and anodisation,

which reduces the substrate temperature to room temperature,

have been applied to the oxidation of silicon.

However, not all stress in oxide films is thermal in

origin. Bone at ai'	 have used X-ray line broadening

techniques to measure the stress .n single crystal films of

copper oxide grown at 250°C. Their conclusion i that the

stress is due to the lattice mismatch at the copper-copper

oxide interface.

1.7. ANODIC 0XID FUaMS

The stress in anodic films assumes importance in the

field of electronic engineering with the application of such

films, grown on materials such as tantalum and aluminium, as

dielectrics.

Stress in anodic films of aluminium has been measured by

BradAhw and Clarke	 and more recently by Bradhurat and

Leach. Anodising from ammonium borate solution the

latter authors found that the stress was not constant with film

thickness, but passed through a maximum at 200k film

thickness. The stress was of the order of 5x10 8 dyne cm2

and was tensile in direction, thus not agreeing with the

Pilling-Bedworth ratio. This raises once again the problem

of whether it is the metal ions or the oxygen ions which

move during anodisation. The problem has been mentioned by
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Hollend(51) and	 (52), who point1 out that, in principle,

the direction of the stress in the films could be used to

determine this. If the metal ions moved the film would be

in tensile stress, and vice versa. However any stress from

this cause is masked by the ocourence of stress "due to misfit

between the oxide and metal ],attice".

Holland(51) offered no explanation for the effects

commonly observed in anodic films, such as the rupture of the

film at the electrolyte surface, which may be due to stresa.

Croft	 has ascribed the discontinuitieB in the anod.ising

current to the relief of mechanics.], stresses in the film by

cracking. young(52) suggests that the anomalous behaviour

of the anodising voltage when a rough surface is anodieed

at constant current:55,	 arises from the stresses set up in

the film due to roughness. Asperities in the substrate are

flattened out, and, where the asperity has been, the surface

of the oxide occupies a smaller area, and the film becomes

in a state of very high compressive stress.

1.8. VAPOUR PHASE 1ILMS

A common practice in the production of silicon integrated

circuits is to grow an epitaxial film of high resistivity

silicon on to a substrate of low resistivity silicon.

Because of the different doping levels in the film and the

substrate, and the difference in atomic radii of the silicon

and the dopant, the average distance between silicon atoms

may differ by as much as LiO ppm. If this difference is taken
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up as strain the substrate may be deformed into the surface

of a sphere, as in the usual bending beam experiment. If

the epitaxia]. film is 10 microns thick and the silicon

substrate is 200 microns thick, the radius of curvature from

a 140 ppm Btrain will be 16 metres, and the stress will be

about 1x108 dyne cm 2. The stress may even be high enough to

produce misfit (interfacial) dislocations (see section 2.8),

which are often observed after diffusion of dopante into high

resistivity	 and which have a considerable

influence on the characteristics of any semiconductor device

formed subsequently6.

The stress in vapour phase grown films of silicon on to

sapphire substrates has been strong enough to crack the sapphire

substrate 6 . The stress in such films has been measured(65166)

by the bending beam method. The stress found, 9x109 dyne cm2,

could be entirely attributed to thermal stress on cooling from

the deposition temperature, 1,1500C.

I • 9. SPUTTMED FILMS

No detailed reports of stress measurements in sputtered

films have been found in the literature to date. However, it

would be expected that such stresses are of importance in the

production of sputtered magnetic and dielectric films.

Jackson et	 have found that films of zirconia wrinkled

when the bond between the film and substrate was relieved
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by etching, suggesting that these films are in compressive stress.

Stress baa also been observed in the preparation of single

crystal films by sputtering 68 . In the case of GaAs films

sputtered on to NaC1 substrates at a substrate temperature of

300°C, the thermal stress on cooling to room temperature has

been high enough to crack the fi].ms6.

I • 10. EVAPORATED FILMS

The internal, stress in evaporated thin films raises

problems in almost every industrial application. The earliest

stress determinations were in optical coatings, where too thick

a coating tended to crack, cloud or even pee]. from the substrate.

By measuring the stress in films of various materials, and by

using alternately layers with compressive and tensile stress,

Turner ' was able to increase the total thickness of coating

shich could be deposited, from 6 to 1,0 microns. Stresses in

a range of optical coatings have recently been meaaureã(7172).

(72) has pointed out that, although in principle the stress

in the film is large enough to distort the optical component

being coated, in practice this might be important for only the

highest precision optics.

Other measurements of stress in dielectric films have

been made because of their application in thin film circuits

as capacitor dielectrics. A small compressive stress is
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preferred in a dielectric, and the direction of stress in a

wide range of materials has been studied. The stress in

evaporated organic dielectrics has also been measured.

Stress in evaporated metal films has been studied

principally with regard to the applications of the films to

computer memory systems, both magnetic and cryogenic. One

of the possible origins of the uniad.a.1. anisotropy parallel.

to the plane of the substrate in evaporated magnetic ii(b0)

is an anisotropy in the stress, although in the case of single

crystal films an isotropic stress combined with anisotropic

inagnetostriction would give anisotropy of magnetic properties(76).

The stress anisotropy in permal].oy films is Less than 10%

of the isotropic stress (io dyne cm 2). 'Nevertheless a

stress anisotropy of this magnitude (,8 dyne cm 2) could

account for a large part of the magnetic anisotropy observed

in nickel and iron films. Permalloy is chosen for a magnetic

material. partly because its composition is near that for zero

magnetostriction (81:19 Ni:Fe).

Stress in cryogenic films is known to affect the critical

temperature for auperconduction in indium', tin'8,

and lead	 films. However the intrinsic stress

from the film deposition is relatively unimportant in this case

as cooling to the low temperatures needed for cryogenic

operation leads to thermal. stress in excess of the elastic
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limit, and plastic flow in the film takea piace(81). Some of

these stress measurements have been reproduced by Hoffman(23).

Because of the emphasis on the industrial applications

of evaporated fi].ms, relatively few measurements have been made

solely with a view to finding the origin of the stress, although

a large body of results has accumulated on the industrially

important materials, nicke], iron, permal].oy and silicon monod.de.

(In nickel and iron films see references 76 and 82-93; in

permalloy references 9 1+-98; and in silicon monoxide references

7k and 99-108).

1.11. PRESENT WORK

1.11.1. Introduction

At the present time there are current eight models for the

origin of stress in evaporated metal. films. These are discussed

and considered in chapter two. Some of these models are similar

to those already mentioned in connection with other types of

film. However it will be shown that none of them is universally

applicable to all types of film of all materials. Nor do all

the models predict quantitative values for stress.

In order to single out the best model for the origin of

stress in evaporated films, measurements must be made on the

simplest possible system (see also section 2.1.2 "Requirements

for a Model"). A polycrysta l line film with its grain boundaries
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and other defects is more complex in structure than an

epitaxia]. film. However, although the need for measurements

of intrinsic stress in epitaxia]. films has long been

recognisea(109) this had not yet been achieved because of

experimental difficulties.

The primary object of this work, then, was to measure the

stress in the simplest posaible system, with a view to finding

the origin of the stress. At the same time an attempt was

made on the measurement of stress in an epitaxia]. film.

1.11.2. Choice of Apparatus

The first simplification was to choose to study the stress

in island structure fi].ns, where interaction of the crystallitee

at grain boundaries is at a minimum. The only study of stress

in island structure films has been made by Campbell(h10hhhhh12)

who has studied the stress in island structure alkali halide films.

The reason for the lack of study of the stress in island

structure films is the great sensitivity of the apparatus needed,

for the sensitivity of the apparatus required to measure a given

stress is inversely proportional to film thickness. Blackburn

and Campbell had devised an extremely sensitive apparatus based

on the bending beam method (see section 3.11).

Unfortunately this apparatus is rather expensive, can

only be used with one substrate at a time, and, due to the

materials used in its construction is limited to vacua of the
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of the order of 1O torr. Therefore, in the present work

before stress measurements could be started, an apparatus had

to be devised to measure stress to the required sensitivity.

The stress in a film may be deduced from its effects on

the properties of the film. For instance an order of

magnitude value of the stress may be deduced from the optical

band gap13? or from the critical temperature for superconductivity

for a cryogenic film, or from Hall effect measurements8

(ilk 115,116)or ferromagnetic resonance	 '	 in a ferromagnetic film.

However a direct measurement is preferable for a fundamental

study. X-ray diffraction on SOld(: h1 7_121 ) , copper(1),

nickel76g89123) and siiver12 films; electron diffraction

and the bending beam method have been used for measuring

stress in evaporated thin films. X-ray diffraction is limited

in application to thicker films, or to well oriented films

due to broadening effecta 8 associated with the very small

crystallite sizes in films. These broadening effects hinder

the interpretation of the exact position of the line, and hence

the exact lattice spacing of the film. Electron diffraction

measurements are suitable for much smaller crystallite sizes.

It was interesting to discover that one of the first

deter'nin'4tiona of stress in an evaporated metal film was made

by na1ysing the line broadening of electron diffraction

patter 25), There are, however, difficulties in interpreting
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the electron diffraction patterns in terms of stress; some of

these problems are discussed in sections 2.3 and 2.7.3.3.

The most suitable method for the highest sensitivity

measurements of stress is the bending beam method. This

method and the development of the apparatus used in subsequent

stress determinations is described in Chapter 3. During the

development of the apparatus, difficulties were experienced with

thermal problems, and the problems of stress relief. Sections

are devoted to these problems, and to the interpretation of the

raw data to give the stress in the film.

1.11.3. Choice of Materials

Campbell's measurements of stress in island structure films

were on the dielectric, LiP. Metal films were therefore chosen

for these measurements on island structures. In metal films

stoichiometry problems do not arise. Also electron microscopic

observation of the film structure is much easier in metal than

in dielectric films. The first stress determinations were

made on silver films deposited on to glass substrates. This

system was chosen because previous stress measurements using

the same substrates but in thicker silver films were available

to check the results obtained. At the same time the structure

and properties of thin pclycryst1 1 i'e silver films have been

studied. M extension of the stress results to lower
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film thicknesses was also worthwhile, as exwnl n 'tion of all

previous stress results on silver films will show. These

results are plotted in Figure 1.1. BC signifies the results

of Blackburn and Campbell ' : MW those of Murbach and Wilman(82):

KNH those of Kato, NagRh{ma and Easunuma(126): KKS those of

Kinosita, Kondo and awannra(17) and Kinosita, KOfldO(128a,128t.

Kato's results indicate that the stress in films th1nner than

2OO is very small, while Kinosita's results indicate that it is

infinite. While Kato was evaporating on to copper substrates,

Kinosita was using mica. 	 When the stress was measured in silver

it was found to be nelther zero nor infinite, but to follow

more closely to the results of Kinosita than to those of Kato.

1.11.4. Outline of Project

One interesting observation was that the stress passed

through a maximum value at a film thickness of the order of

15O. A part of the project, then, was set aside to see if

this maximum occurred in systems other than silver on to

glass. The stress in silver films on mica substrates, and

that in gold films on glass substrates was investigated.

As an attempt on the measurement of stress in epitaxia].

films, mica was chosen as the substrate, and lead tel].uride

as the evaporant. This is because oriented films of lead
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telluride may be obtained on room temperature mica eubatratea.

The rea5onG for the choice of lead tefluride are diacuzed in

sectinn 6.4.1.
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CHAPTER II

MODEL,S FOR THE ORIGIN OF INTRINSIC STRESS

2.1 • INTRODUCTION

2.1.1, Models for Stress in Films Other Than Evaporated

We have already considered, in chapter one, some models

which have been proposed for the origin of stress in films other

than evaporated films. These models will be auiiimiaed in this

section and their applicability to evaporated films examined.

Stress in electrodeposited films has been considered as due

to co-deposited hydrogen diffusing out of the lattice, thus

allowing it to contract and producing a tensile stress. This

model is not applicable to evaporated films as the hydrogen is

not present. However this model bears similarities to the

"imperfection" model as considered by Story and Hoffman

(section 2.3) where the stress is considered to arise from

"co-deposited" vacancies diffusing out of the lattice.

Another theory for the stress in electrodeposited films

is the thermal model, proposed by Wilrnan(129) to predict the

stress in both evaporated and e].ectrodeposited films. This

model is considered in section 2.2.

Finally, the most recent model for stress in

eleotrodeposited films(16) explains the stress in terms

of two components, a tensile component arising from the mutual
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repulsion of dislocations formed during the growth of the film,

and a compressive component arising from the adsorption of

impurities at grain boundaries. Impurities are not as

significant in evaporated as in eleotrodeposited films, but

dislocations may indeed be present. The ed.stence of

dislocations in evaporated films i considered in section 2.3

on the 'irnper1ection" model.

In ocLde films an important contribution to the total

stress comes from the thermal stress on cooling from the high

formation temperatures. However the results cited in section

1.6.2 show that a contribution from the difference in lattice

parameters of odde and metal is present. This contribution

may be treated by the methods of Van der I4erwe, as described

in section 2.8 on

Thus there are basic similarities between models which

have been proposed for stress in evaporated films, and those

which have been proposed for the stress in other types of

film.

2.1.2. Requirements for a Model

Any model must predict the stress in terms of the film

structure, which in turn is determined by such factors as the

substrate material, the substrate temperature, the evaporant

and the rate of deposition. The structure of polycrystalli-ne
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films ia more complicated than that of epitaxial films, so

mO8t structural studies have been on the latter. However,

most of the reported measurements of stress have been carried

out on polycrystllIne films because of the difficulties of

measuring the stress in epitaxia]. films (see section 6.Li),

and because the stress in po].ycryatalline films affects their

properties in industrial applications. In addition, it is

often found that measurements of stress on identical materials

by different workers give entirely different results, and the

results that are obtained are often very complex. The complexity

of the results indicates that more than one mechanism may be

operative, while the differences between various workers'

results shows the difficulties of framing a general model.

2.1.3. Contents of this Chapter

Eight models have been considered in this chapter.

They are 1. the thermal model; 2. the imperfection model;

3. the density model; Li. the grain boundary model; 5. the

grain gap model; 6. the electrostatic model; 7. the surface

stress model; 8. the interfacial phenomena model. The last

three of these models have been treated in slightly greater

detail than the others. Values have been computed for the

stress predicted by the electrostatic and surface stress models.

An atomistic treatment of the prob1.em of a crystalline interface
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has been introduced in order to demonstrate the concepts involved

in this model, as applied to stress in thin films, while

avoiding the complex mathematics usually involved in a discussion

of this model.

2.2. THMAL MODFL

The stress predicted by the thermal model must not be

confused with the therina]. stress. Throughout the present work

"thermal	 means the thermal stress as defined in section

1.2.

2.2.1. The Thermal Model

The thermal model was proposed by Murbach and iiman(h1l82)

to explain the results of their stress measurements on a variety

of evaporated metal films. This model was later criticised

by Hoffman et	 whose experimental approach was to measure

the stress in one metal, nickel, in greater detail, and who

had proposed the imperfection model (to be discussed in the next

section) for the origin of the stress. The publication of

these papers led to a comparative discussion of these models in

the iiterature(1291t 131)

Murbach evaporated a range of eleven metals on to copper

substrates, and compared the electron diffraction patterns

from the deposits with the stress and the deposition temperature.
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Metals with higher melting points, Ni,Fe,Pd,Cu,Au,Ag,Al, had

smaller crystallite sizes and higher stresses, whilst lower

melting point metals, Sb, Mg, Bi, and Zn had larger crystallite

sizes and small or negligible stress. Thus it was concluded

that the larger the mobility of the metal atoms on the growing

surface the smaller the stress. This conclusion was substantiated

when measurements were made at substrate temperatures higher

than room temperature, when the magnitude of the stress in the

films was found to be lower.

Wilmazi considered that, due to heat, both latent and

radiant, arriving at the growing surface, the upper layers of

the film are at a temperature which may be several hundred degrees

above room temperature. Thus in the upper layers recrystallization

processes (i.e. e1ini{ntion of grain boundaries) may take place,

but, as these layers reach the average substrate temperature

they will pass through a temperature, T0 below which no

recrystRuizatlon will be able to occur. At this temperature

the crystal lattice will be in an expanded state, and thus on

cooling to the average substrate temperature a tensile stress

will be developed, given by2)

S = La.(T - T )	 (2.1)
C	 m

where Tm is the average substrate temperature? As the

substrate temperature increased during the evaporation, Tm

was taken to be the substrate temperature at the end of the

The critical, temperature, T was assumed to

o.is the thermal coefficient of expansion of the evaporant and
E its Young's modulus.
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be related to the recrystallization temperature of bulk material

grown from the melt. By measuring the stress in a nickel

film grown on to a substrate at 125°C, and plotting stress

against substrate temperature the critical temperature for

nickel was found from Equation 2.1 to be of the order of

F 0oOO C in agreement with the theory.

Hence metals with a higher melting point will have higher

recrystallization temperatures and higher stresses. Assuming

that such a high temperature can exist on the surface of the

substrate this model predicts the magnitude, direction, sign,

variation with mctJ. ad vcrlation with substrate temperature of

the stresses found in most metal evaporated films.

2.2.2. Objpctions to the Thermal Model

Three grounds for objection to this model will be

considered. Hofftian 8 was the first to consider the

temperature rise which would be expected at the surface of the

film, given values for the latent heat contribution, the

radiant heat contribution and the thermal conductivity. He

concluded that a 'temperature' pulse of roughly 700°C would

-12disappear with a relaxation time of the order of 10 seconds.

Blackburn and Campbell(hhl) have also considered the

temperature rise in the film surface, and Gafner(133

calculated the substrate and island temperatures and concluded

that the temperature drops to less than 100°C above the

-6	 osubstrate temperature after 10 seconds, and to only 9 C
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after I second. Although these thermal calculations are order

of magnitude only they err on the side of too low a temperature.

Hence, the temperature rise at the film surface is much smaller

than the value (600°C for Ni and 1 0O°C for Fe) required to

explain the observed stresses on the thermal model. On the

other band it must be remembered that the thermal model requires

a surface temperature only 30°C higher than the average substrate

temperature to explain the atreases observed in Al arid Mg films.

A second very valid objection raised by Hoffian 8 is

that annealing nickel films at a temperature below the

recrystallization temperature causes a decrease in stress,

whereas on the thermal model the stress should not start

anne14ng out until the recrystallization temperature is

(130,131)
reached. Stress is also reduced by annealing copper

and films. However it is interesting to note that

on annepl ing an iron film the stress passes through a minimum

value at about IK)O°C, the recrystallization temperature given

by Vi1ntn, although for nickel films the minimum is at 250°C,

rather lower than Wilman' recrystallization temperature for

nickel.

A third objection to the existence of the high surface

(135,136)
temperature layer arises from the work of Buckel

Films of materials such as Bi, Ga and Sb have been evaporated

on to substrates held at liquid helium temperatures. At these
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temperatures the films condense in a highly disordered amorphous

state, which can be annealed ot by a temperature rise of 100

or 15°C. As these amorphous films have been observed, it was

concluded that any temperature rise in the film during the

evaporation was less than 100C, and so that a high temperature

surface layer did not exist.

It must also be noted that this model predicts tensile

stress only, decreasing to zero as the substrate temperature

approaches the recryst11 i zation temperature of the evaporant.

However, compressive stresses have been observed in films of

and	 at substrate temperatures

above approximately 100°C. The compressive component of the stress

has been attributed to surface tension effecta 6 , but the

reason for the subsequent return to tensile stresses at even

higher substrate temperatures is not clear. Unpublished work(1)

however suggests that the stress iu permalloy films does not

become compressive at all at higher substrate temperature, but

decreases to zero. As there is a large measure of disagreement

between these measurements of stress in permailoy films, no

definite conclusion can be drawn from these observations as to

the validity of the thermal model.

2.2.3. The Thermal Model Applied to Continuous Films

In conclusion the weight of evidence cited above shows
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that the thermal model is not generally applicable to the

growth of continuoua metal films.

2.2.. The Thermal Model Applied to Island Films

Blackburn and Caznpbell(hhl) have found the cross sectional

area of the islands in an island structure lithium fluoride film

(139)by applying a growth model	 to give the cross section in

terms of the island area as observed by tre nemission electron

microscopy.	 om this data they found the stress in a

crystallite as a function of crystallite size. They found that

the stress in a cryRtRliite was not independant of the crystallite

size, as would be predicted by thia model. Thus t model is

inapplicable to island structure lithium fluoride films.

2.3.	 IMFE2FECTION

2.3.1. The Imperfection Model

As a result of annealing experiments on nickel films(83,8,1),

Hoffman 8 proposed that the observed stress in the films was

due to "imperfections" formed during the growth of the film,

and the reduction of the stress during annealing was due to the

"imperfections" being annealed out. At the time of these

experiments the particular "imperfection 1" could not be identified

'with certainty'. The stress is formed immediately after

deposition of a layer as the "imperfections" migrate to the free
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surface of the fi].in, with a consequent reduction in volume and

the production of a tensile stress.

2.3.2. Evidence for Imperfections in Evaporated Films

Direct evidence for the existence of imperfections in

epitaxial films may be obtained from transmission electron
(iL1)

microscopy	 . Electron diffraction studies have also given

direct evidence on the defect content of po].ycrysta l-Hne metal

films. High precision electron diffraction patterns from

evaporated metal films show that the diffraction rings do not

have the exact diameters expected; some are shifted towards the

centre of the pattern, and some away. Thus the cryatal].itee in

the film are in anisotropic strain. An isotropic strain would

cause a proportional shift to all the diffraction rings, &iich

could only be detected by an absolute measurement, or by

comparison with a reference diffraction pattern. The reason

for these anomalous ring ratios varies from material to material.

Where it has been attributed to defects in the film, it has

usually been attributed to dislocations(12) or stacking

faults(125h131. In particular it has been attributed

to the presence of stacking faults in evaporated silver films(1k5)

where the fault probability was found to be 0.19. (that is 19

stacking faults in every 100 atomic planes).

Other independent evidence for the existence of high
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defect concentrations in evaporated metal films is the

reduction in electrical resistance with time of thick

This has been attributed to both vacancy anneaiing(150) an to

(1L18)recl7stallizatlon phenomena

Later work on the annealing of copper filtns(131) (see also

reference 130 by Story and Hoffman) showed that an earlier

suggestion that vacancies were the particular imperfection

causing the stress was probably correct. Copper films were

deposited at substrate temperatures of -50 to -150°C, and on

annealing the stress and the electrical resistivity of the films

decreased together. The agreement between the electrical and

the mechanical measurements was particularly good at annealing

temperatures between -25°C and +500C. Story and Hoffman

found that the annealing behaviour in this range corresponded

to that found in cold work experiments, suggesting a vacancy

mechanism. The resistivity and the stress variations were

attributed to vacancies migrating to the free surface of the

film. In this temperature range, they suggested that 3

micro-ohm cm of resistivity (2% of vacancies) and 2.10

dyne cin 2 of stress (al% of vacancies) had annealed out,

suggesting that the stress was due to between one and two atomic

per cent vacancies.

However, as later pointed out, the stress observed

would increase, not decrease, during anne'ling if the vacancies

migrated to a grain boundary rather than to the film surface.
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2.3.3. Objectiomto the Imperfection Model

The idea of the stress being due to vacancies has been

criticised	 on the grounds that the vacancy concentration

implied in these experiments is very much larger than the

vacancy concentration expected in bulk copper in thermodynamic

equilibrium at the temperature of 75°C, a temperature rather

higher than the deposition temperature. In order to decide

the question of vacancy concentration in evaporated films

measured the electrical resistivity and thickness of

evaporated gold films, during annealing, and concluded that the

vacancy concentration was 5%, a figure in order of magnitude

agreement with Story's work.

Vacancy concentrations of the magnitude of I or 2% are

very much lu.gher than the thermodynamically possible values.

However void content of this order is expected because of the

em1 1 crystallite size found in evaporated films. For instance

a film which consists of square islands, 1OO along the side,

separated by tilt boundaries so that the average island

separation. is 1.55, has a void content of 3%. If this

situation obtained, anIiel (rig such a film would cause

recrystallization, due to aintering of the islands, and thue

the electrical resistivity of the film would decrease, as found

in practice. The stress would also decrease if it were

inversely dependent on the crystallite size. BOffnanC2)
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recently indicated that it is not unlikely that Story and

Hoffman's results can be attributed to recrystallization

phenomena.

Thus although earlier work suggested that the stress in

evaporated f11m could be due to vacancies, more recently it

has been shown that vacancies are not the sole cause of the

observed stresses.

2.3. Ii. Imperfection Model in Island Structure Films

Recent scnn(ng electron diffraction (section 2.7.3.5)

studies of island structure silver films evaporated on to

carbon subatrates(152) showed that imperfections of the type

which could cause stress on the imperfection model exist in

such films.

Comparison of the diffraction pattern from the specimen

with that calculated from diffraction theory showed that the

film growth proceeded through three stages. The transition

from one stage to the next was a gradual process. An initial

amorphous structure transformed in to a crystelline structure

at a film thickness corresponding to about two thirds of a

monolayer coverage. This crystalline structure had an average

lattice parameter slightly smaller than bulk silver, and

transformed in to a cryst1line structure with bulk lattice

parameter. However, although the island diameter, as observed

by trRnsntiesion electron microscopy, was, e.g. 1OO, the
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3cIlnn{vg electron diffraction pattern corresponded most closely

to a theoretically calculated pattern from groups of only 250 atoms.

Thus the structure of a 1OO island of silver is polycrystalline.

The amorphous-crystalline transition might cause a 8tre85 On

the density model (see section 2.li.k). The change in lattice

parameter in the transition from the second to the third stage could

cause stress by the surface stress mechRni6m (see section 2.7).

Finally, a tensile stress contribution could arise on the

imperfection model after the third stage had been reached. A

contraction in volume of an island would occur as the grain

boundaries between the 250 atom groa annealed out, and the size

of the groups approached the size of the islands, as observed by

electron microscopy.

A calculation of the stress predicted by this model i.

given in Chapter 7. The model has been named the imperfection

(grain boundary in islands) model to distinguish it from the

imperfection (vacancy) model.

2.k. D7fSITY M0DI

2.1+. 1 • Introduction

0swald' ruie(153) predicts that when a system changes

from one phase to another of more stable configuration it will

pass through all the intermediate phases. This implies that

in the growth of a thin film the evaporant will pass through



50.

a liquid phase and any high temperature solid phases in between

the vapour phase and the equilibrium aolid phase.

2.k.2. Apiplicability to Stress in Thin Films

BuCkel(13515 has considered the applicability of this

rule to evaporated thin films. Continuous films of materials with

metallic bonding (i.e. the usual metals) give ring diffraction

patterns even when condensed on to substrates at temperatures as

low as liquid helium temperatures, whareas films of elements with

pure covalent bonding (e.g. Ge) grown in an amorphous state when

deposited on to room temperature substrates. Intermediate

elements, such as bismuth, gallium and antimony, with a large

amount of covalent bonding, can be grown in a crystalline state

or an amorphous state, depending on the substrate temperature

used. These amorphous phases may be considered as intermediate

liquid phases as required by Oswald's rule, and can be

transformed in to a norma]. crystalline phase by an increase of

temperature.

Covalent elements crystallize from the melt with a decrease

in density, whereas metallic elements crysteilize with an increase

in density, due to the nature of the interatomic bonding(15515.

Hence, if, during film growth, the film structure at the surface

of the film passes through a liquid phase, and if the intrinsic

stress in the film is due to the change in density of the film

during the transition from the liquid to the crystalline phase,
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then the stress in metal films will be tensile, and that in

covalent films compressive. The stress in metal films is

normally tensile, as predicted by this reasoning. Buckel a.nd

iy' i)Gunther d	
" measured the stress in gallium films which

should be compressive on the basis of the above model.

Although they were unable to exp1'in all their results

they were able to draw conclusions concern ing the .applicability

of Oswald 1s rule. Gallium films below 2,5OO in thickness,

aeposited at a substrate temperature of 80°K developed compressive

stress (note, above this thickness the stress was tensile),

suggesting that the growth was by a V-L-C>C mechanism, and that

the stress wag due to a density change during the L-C

transition.	 'i].ms deposited at a base substrate temperature of

o•k K exhibited tensile stress, which was annealed out on heating

the film to 80°K. Earlier	 had shown that films of

gallium deposited at this temperature had a metastable amorphous

structure, so it ws suggested that there was an increase in

density on going from the liquid phase to the metastable phase,

and a decrease in the transition from the metastable phase to

the cryst1l I ne phase • A theoretical value of stress was

calculated from the strain L expected during the volume
L

change

1 v_v-	 L	 c	 = 9 x 1O for gallium
L	 v	 v

L
(2.2)
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2. Li.3. Objections to the Density Model

Horikoebi(159), however, has measured the stress in

antimony films evaporated on to copper substrates at room and

higher temperatures. The transition from an amorphous

structure into a crystalline atructure16)) takes place when

the film reaches a certain critical thickness, usually about

i,000L Below this thickness the stress is very small, and

during the transition it increases very rapidly in magnitude,

being tensile in direction. The stress was attributed to the

reduction in volume in going from the amorphous state to the

nrutt1 ne state. wiiman(82) also measured the stress in

2, 2CO thick(1 antimony films evaporated on to copper

substrates, end found that the stress was tensile in direction.

He also observed the structure of the films by electron

diffraction, and found that the crystallite size was large, ic,

it was not in the amorphous state.

Thus there is a disagreement between these results on

antimony and the direction of the stress predicted by the density

model. However, antimony differs from bisxnutb(135) in tkiat a

large amount of covalent bonding is present even when the film

structure is amorphous. Thie ia because antimony evaporates

as a molecule, Sbk whereas bismuth and gallium evaporate

161),

When the density model, as stated by Buckel and GUnther,
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is applied to films grown on to substrates at room temperature

and above, it is similar to the imperfection model. The

mechanism for the origin of the stress in the transition

amorphous phase -> crystalline phase is another description of

the imperfection model, as originAlly proposed by Hoffman, since

a cryst11ine structure with a high enough imperfection content

may be considered as essentially amorphous. Thus the

argumenta 88 leading to the rejection of the concept of such a

disturbed layer at the growing surface, and thereby the

imperfection model, may be applied also to the rejection of this

model.

2.k.k. Density Model Applied to Island Structure Films

Aa mentioned in section 2.3.11 an amorphous layer may be

formed in the initial stages of growth of an fcc metal on to

a carbon substrate. This amorphous layer crystallizes in to

ama].]. nuclei, (which then grow in the norma]. manner) at a

thickness corresponding to two thirds of a monolayer

coverage. Once the layer had recrystallized no stress could

arise from this recrystl1(zation mechanism. However it

might be argued that a stress could arise on the density model

from such an amorphous-crysti1 ii ne transition. A tensile stress

would result, but no 8trees would be added to a film thicker

than, say, 5 or 6.IL
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2.5. GRAIN BOt1NDPRY 3DEE.5

2.5.1.1 • Introduction

Two models in which the stress in evaporated thin films is

considered to arise from interactions between the crystallitee

forming the film have been proposed. (See also section i.k.k).

Tuner(70) based his proposals on the results of his stress

measurements in dielectric films, whereas a later model, due to

Finegan and Hoffman 88 was based on stress measurements in

iron films. After examining these models in turn, the

predictions of a general grain boundary model, in which no

assumptions are made concerning the nature of the interactions

at the boundary, will be considered.

2.5.1.2. Dielectric Films

One of the first models for the origin of stress in

evaporated films, and the first model to explain the stress in

terms of the interaction between cryatallites at their boundaries,

was proposed by rurner° to explain his comparative measurements

of stress on a range of eleven dielectric materials. In

materials such as zinc sulphide, the anion is very much larger

than the cation, so that a crystallite surface will present a

net negatively charged layer. Hence an electrostatic repulsion

will exist between adjacent cryatallites, end a compressive

etress will be observed in a bending beam experiment. On the

other hand, materials of low polarisability will present a surface
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with no net charge, so that the stress from this cause wil]. be

zero. When the electrostatic contribution is smaller than th

interatomic forces of attraction between atomø in adjacent

grain8, the net stress may be tensile.

2.5.1.3. Metal Fi]ins

.negan and	 found that the stress in iron

films was tensile, and that the streea-fi].rn thickness product

increased linearly with film thickness and made a niz11 positive

intercept with the film thickness ad.s. They proposed a mode].

based on the relaxation of the atoms at the edges of the grain

boundary into the voids at the boundary to explain the linear

part of the curve, and the grain gap model (next section) to

explain the intercept.

In order to calculate the stress in the film from the

grain boundary relaxation, Finegan and Roffnan considered the

ideal case of a one dimensional low angle, symmetrical, pure

tilt boundary, which was represented by a gap between the

adjacent crystallites varying in thickness between 0 and a

where a is the diameter of an atom. Due to the forces of

attraction between opposite atoms in the two crystallites a net

relaxation into the gap takes place, and a tensile stress is

observed in the film. The strain in a crystallite is taken

The stress film thickness product (or force per unit width) is

defined in section 3.4.
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to be 5/L where S is the average distance over which

an atom relaxes into the boundary, and L is the average crystallite

diameter. S was found by deriving a force-distance relationship

between iron atoms, and L was found from published electron

microscopy studies of iron films. After correcting 5 for surface

tension effects, the model gave very good agreement with the

experimental results.

2.5.2. General Grain Boundary Model

Predictions about the relationship between stress and film

thickness may be made on thc basis of a grain boundary model,

assuming only that there is a given force per unit area of the

grain boundary acting on a crystallite. Thia force will arise

from interatomic attraction between atoms in the surface of

adjacent crystalli tee.

In any grain boundary model the strain in a crystallite will

be inversly proportions]. to the crystallite size. Thie is

because the strain energy in a crystallite is proportional to

3 .• c.A.h where	 is an elastic modulus, € is the strain,

and Ah is the volume of the crystallite. When the strain in

the crystallite is evaluated by associating a certain energy

E per unit area of grain boundary and mlLnlinising the total

energy of the system,	 becomes inversely proportional to the

cryatsi1ite thickness, h. This assumes that s is so email

that quadratic and higher terms in e can be neglected in E.
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The increznenta]. stress will be constant with increasing film

thickness if the cryatallites in the film grow- in col umn form.

If recrystallization oCCurs, the incremental stress will decrease

with increasing film thickness.

The magnitude of the stress will depend on the nature of

the adjacent cryata].lographic faces at the boundary. Thus it

will depend on the orientation of the exposed faces, and the

nature of bonding in the material.

The forces between cryatallitee at boundaries have been

calculated by Van der Merwe for particular cases. These

calculations are considered in the next section with application

to the stresses associated with the boundary between a film and

a substrate, but they are equally applicable to the boundary

between two cryst11ites. The general problem of a grain boundary

has not yet been solved: however order of magnitude figures can

be deduced from Van der Merwe 'e calculations.

2.5.3. Discussion

£ grain boundary model sets out to predict the stress in

metal and dielectric films, the relationship between stream

and film thickness and the relationship between stress and

substrate temperature. However in the absence of extremely

detailed knowledge of the structure of the grain boundaries

in polycryatalline films, and in the absence of a generalised

theory of the stress from a grain bounday no precise

calculations can be made on this theory.
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2.5.11. Grain Gap Model

Aa a film becomes continuous email voids may be left at the

substrate between the crystal].ites if the contact angle is

greater than 90°. These voids have recently been demonstrated

by Waterbeemd(162) who grew tin films on to formva.r substrates.

Re observed just-continuous films in the electron miscroecope

and found that the crystallitee could be separated by stretching

the formvar substrate. In between the crystell{tee, smU

isolated nuclei were observed, showing that voids od.ated at

the grain boundaries near the substrate.

Pinegan and Hoffman 88 made an estimate of the force

per unit width due to such voids, and it agreed reasonably well

with the intercept found experimentally.

Latei work, however, has shown that the ed.stence of the

intercept in the stress results is in doubt. Nevertheless

we may consider the shape the force per unit width versus

film thickness curve would take for such a model. (Figure 2.1).

In a film much thicker than the thickness forccontinuity,

no stress will be added to the film, and the graph will

have zero slope. Below 
f 

the slope of the graph will increase

as the number of grain boundaries increases.
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Force per unit width

Eim thcne5s

Figure 2.1 . Force per unit width versus film thickness

• curve predicted. by the grain gap model.

0adS

Figure 2.2 Potential energy of an atom on a substrate

surface with lattice spacing b.
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2.6.	 Th0STATIC MoDEr

2.6.1. Introduction

Dove(163) has considered the possibility that the liquid-

like behaviour observed during film growth in the electron

microscope is due to electrostatic forces of attraction between

islands overcom(rg the forces of adhesion of an island to the

substrate. A force of attraction can be produced even when the

islands have the same sign charge, providing they are relatively

close to each other. A force of attraction alwajs occurs

between a charged island and an uncharged island. Such forces

are more likely in a film grown under observation in an

electron microscope (where about IC7 electrons per second may

pass through a 2O diameter island) than in a normal film growth.

However, the observations of	 (i6k) on the effect of an

electric field perpendicular to the plane of the substrate, and

the observations of ciopra(165) on the effects of an electric

field in the plane of a film show that the growth of a film can

be altered by an electric field. Thie shows that charge is

present in a film.	 .ectron bombardment of the substrate

affects the epitañal growth of gold films on to rock salt

aubgtrates 66 . Even sma3ler concentrations of electrons,

produced by the operation of an ionisation gauge during

evaporation, have been shown to affect the growth of tindl67)

and other(16 films.
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2.6.2. Calculation

It was therefore decided to calculate the stress that would

be observed in an island structure film if the islands were

charged. Calculations, based on the derivation of the

electrostatic forces between two spheres given by jeane(169)

(see appendix) gave the stress to be expected for various film

thicknesses, island diameters and number of electrons on each

island.	 58(169) has reproduced a table of the coefficients

required to give the inter-island forces, but this table only

contains values for spheres of equal radius. This table was

extended to cover more values of island separation and to cover

spheres of different radius using the computer programme

reproduced in the appendix. The computation was carried out

on the Imperial College IBM 7090 computer.

Some of the values of force per unit width, in unite of

dyne cm as a function of the radii of the islands, the island

separation, and the number of electron charges on the islands

are given in Table 2.1.	 It ia seen that the magnitude of

the effect decreases rapidly with increasing film thickness,

expecially above a thickness of 10g. However the force per

unit width which would be produced by the charge distributions

given is very much larger than that observed experimentally when

the film thickness is below II. Thus the presence of charge

might be expected to affect the nucleation stages of film

growth considerably.
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2.7. SURFACE STRESS I4DDEL

2.7. 1 . Introduction

Intuitively one can imagine that the equilibrium spaCing

between an isolated pair of atoms is not, in general, going to

equal the spacing between the same pair of atoms in the bulk

material. This effect, if it existed, ould be more

important for ionic and co-va].ent materials than for metals,

due to the shorter range of the interatomic forces in the

metallic lattice. Thermodynamically the effect may be

considered as due to the action of surface stresses

associated with the crystal surface. Whether such an effect

lead.e to a contraction or an expansion, or even whether it

exists at a].]. has been a problem of considerable interest for

both the theoretician and the experimentaiist(1u17h 172)

If it does exist it might cause stress in a thin film through

the mechanism discussed in section 2.7.4.

Let us first consider the thermodyrimtcal definition of

surface stress and its relation to surface energy, and then

the experiments], evidence for the existence of surface stress.

4n11y, on the basis of the experimental evidence, we can

predict the order of magnitude of the stress expected in the

island etages of the growth of silver films.

2.7.2. Surface Stress and Surface Tension

The surface tension of a solid, usually denoted by the
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quantity y is the measure of the work required to create

(173, 174., 175)unit area of new surface	 • The name 'surface

tension' was chosen by Herr (17I in place of the longer

title 'surface free energy per unit area' as Y and the

Helmholtz free energy of the surface are not, in general,

equal. Some authors (Shuttleworth, Benson) rer to y

as the 'surface energy'.

A secozziparameter, the 'surface 	 is used in

conjunction with solid surfaces. Gibbe(176) has pointed out

the distinction between surface tension and surface stress.

Whereas the surface tension is the work required to create a

surface, the surface stress is a measure of the work to deform

a surface. In a liquid the surface stress and the surface

tension are numerically identical. In solids, however, a

deformation of the surface will alter the distribution of the

atoms on the surface, and hence the surface tension. Thus

the surface tension and the surface stress are not necessarily

identical in a solid.

The nature of the surface tension and the surface stress

also differs. The surface tension is a scaler which is

constant for a given crystallographic face, but which varies

from face to face. The surface stress is vectorial in

character, and varies with direction over a given face.

The relationship between the surface tension and the

surface stress, 0- has been derived in a scaler form by
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Shuttleworth( 1 77)

0 = y + A -	
(2.3)

and in a more genera]. tensor form by Herring(17175) (see

also reerence(178). A recent clear exposition of the

derivation of this re].ationship has been given by N,114n5(173).

lbr liquids	
=	 and 0 is equal to 1.

For aolid the quantities Y and Ay are of the same

-

order of magnitude; but whereas y is always a positive

quantity, Aày may be positive or negative. Thus the

theoretical calculation of O may involve the subtraction

of two large terms, neither of which can be precisely

evaluated. This baa led considerable difficulties in

deriving theoretical values of	 • Benson and

have recently calculated the surface stresses in the (100)
faces of the alkali h1 ides, and they have compared their positive

values with the negative values found by Shuttleworth(177)

and the positive values calculated by Nicoison(1 and

Lennard-Jonea and Dent(181).

2.7.3. Experimental Observations on Surface Stress

2.7.3.1. Introduction

No clear indication as to the sign and the magnitude

of the surface stress is obtained from experimental observations.
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The spontaneous bonding of a (iii) aluminium nitride platelet (182)

indicates that there is a difference in surface stress between

the (iii) and the (fiT) surface of 3.6x103 dyne cm1.

Absolute measurements usually depend on searching for a

change in the interplanar spacing at the surface of a material,

or a deviation from bulk lattice spacing in small crystals.

Techniques used have been X-ray diffraction, high energy electron,

low energy electron diffraction and acaiin{n electron diffraction.

The most significant results of these techniques will be discussed

in the following paragraphs.

2.7.3.2. X-ray Piffraction

Nicolson 
I8 

calculated the surface stress of the alkali

halides, and also made measurements of the contraction of the

lattice parameter in MgO and NaC1 by X-ray diffraction

techniques. The contraction he measured agreed with the

calculated values, although the effect was very small in

crystallites large enough to give siarp diffraction rings.

Morita and inoue(183) found that the lattice spacing of nickel

decreased with decreasing crystallite size, but it is not

certain whether this effect is due solely to surface stress,

or whether other factors such as oxidation affected the result.

Suhrman et a! 18k) have also found a contraction of the lattice

of nickel films, and have found a similar contraction in

copper films. Piuz and ez(185) have found a lattice

contraction in silver crystallites.
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2.7.3.3. High Energy ectron Diffraction

Small crystailites exhibit a larger percentage change of

lattice parameter than large crystallites. Because the

particle size broadening is lees in electron diffraction than

in X-ray diffraction sni1ler crystallites may be used, and the

measurements of surface stress effects become more precise.

The usual technique, which is to measure the lattice spacing

of the cryst11{te from the position of the strongest diffraction

ring	 (or the average of a number of rings,

reference 188), hae been criticised by Rymer(189) in his

review of electron diffraction measurements of surface stress.

In order to obtain a large percentage shift in ring diameter

very small crystaflites must be used. On the other hand, the

sm11er the crysta]..lites the broader the diffraction ring,

and the harder it becomes to define its position. Furthermore,

(i8")	 (i8)as Berry 0 and later Rymer	 have pointed out, the

ordinary diffraction theory breaks down for very small

crystallites, and the theory of scattering from the individual

cells must be used (1 h 1 9h h 1 92 ) . Rymer(189) concluded that

the only reliable electron diffraction surface stress value

for an alkali halide was that of Ra].liday, Rymer and Wright(193)

because the value was deduced from the deviations of the rings

from their normal position rather than from an absolute

measurement of ring diameter. After eliminating other

interpretations of the deviations of the ring diameters, such
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as those discussed in section 2.3, it was concluded that the

surface stress of Li? was -750 dyne cm1.

2.7.3.k. Icw Eriery Electron Diffraction

Although, with the small penetrating power of the electron

beam, low energy electron diffraction might be considered the

idea]. way of measuring deviations of lattice spacing at the

surface from bulk values, the evidence so far is very

contradictory. For instance, while Gertuer and McRae(19

found a 5% distortion norma]. to the surface in nickel, Park

and Jrnaorth(195h196) concluded that any distortion was less

than 2%. McBae and Ca].dwell(197) found that the atoms in a

(100) LiP surface relax to the positions predicted by Benson,

Freeman and Dempaey, but that the average interplanar

spacing normal to the surface increases from k.02 to LI.IOL

at the surface. This implies that Li? exhibits a negative

surface stress, which is contrary to the positive value

predicted by Benson and y(179). Agreement between

experimental observations and the theory of Benson, Freeman

and Dempsey(198) was also found in the case of (100) faces of

NaCI by Markland and nder8eon(1). However the surface

stress was again found to be negative, as	 the interplanar

spacing at the surface was expanded by 2.5% normal to the

surface.
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2.7.3.5. Scanning Electron Diffraction

Scamiing electron diffraction(2) 1as several important

advantages over the techniques just menticned. It enables

the position of the diffracted rings to be accurately defined,

by eliminating inelastically scattered electrons from the

diffraction pattern. The diffraction pattern can also be

measured more accurately. As mentioned in section 2.3.11

measurements on silver films grown in the diffraction camera

showed that the radius of the (iii) ring decreased as the

crystallite size increased, implying a contraction of the

lattice with decreasing crystallite size. This shift in ring

diameter cannot be accounted for by the use of the correct

diffraction theory which predicts a variation of ring diameter

with crystallite size opposite in direction to that observed in

silver films. Hence, if this shift is due to surface stress

effects, silver has a positive surface stress.

2.7.3.6. Discussion of these Results

Because ThU iday, Rymer and wrigiit(193) have eliminated

causes of the observed ring shift other than. surface stress, it

is concluded that their measurement on LiP is the most

reliable measurement of surface stress in , alkali halide.

The application of the correct theory of diffraction

shows that the lattice contraction in silver films found by

Berry(186), de Planta, Ghez and pi(1B7) and arigson01)



70.

is not due to incorrect theory, but is due to other effects.

Hence it is very likely that the surface stress in silver is

positive in sign.

2.7.4. SuRFACE STRESS AS A CAUSE OF STRESS IN FILMS

2.7.4.1. Introductjon

Wales and	 202) have shown that the strain

energy in a typical film is less than the surface energy which

would be released if two neighbouring spherical islands

coalesced. However they do not suggest a specific mechn1em

for the production of stress from this available energy.

A specific model will therefore be considered in the

following section, based on the hydrostatic pressure in a

crystallite due to an isotropic surface stress.

2.7.4.2. A Surface Stress Model

As we have seen the weight of evidence suggests that

silver baa a positive surface stress. The planes of atoms

near a free surface are closer together than the planes in a

bulk crystal. This means that the interior of the crystal

is subject to a compressive stress, and that the average

lattice parameter of a email enough island is less than that of

bulk material. If this island were tightly bound to a

substrate, adding a layer of new atoms would cause the lattice
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spacing to attempt to expand towards that of bulk silver. Due

to the interaction of the island with the substrate this cannot

happen, and instead a stress is transmitted to the substrate.

The stress will be compressive when the surface stress is

positive.

The relationship between the strain in a hemispherical

island radius r, and the surface stress o is:(179187185)

where	 is the compressibility of the island material. Hence

the linear contraction (or expansion) in an island is

If there are N islands per square cm. of substrate, the

mean distance between islands will be	 N4 cm.	 Hence

the strain, c , in the substrate surface is

= 2Lr	 =	 _____	
(2.6)

3

A stress S in a film with Young's modulus E would produce

a strain	 in the substrate surface given by

C	 = S/E	 (2.7)
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Hence, fromquationa (2.6) and (2.7) the stress film thickness

product (force per unit width) in a bending beam experiment would

be

S f	 =	 (Li. crX E	 f) / 3	 (2.8)

where f is the film tbicknes.

2.7.i.3. A Surface Tension Model

In the previous section we have assumed that the isl-nd

was solid, and that the stress arose from the surface stress.

If the island were liquid-like, the tendancy for the surface

area to decrease, to 1(mhvish the total free energy of the

island substrate system, would be opposed by a force parallel

to the substrate surface. This would alwsys produce a tensile

stress in a bending beam experiment. The derivation of the

magnitude of the effect is the same as that gien in the

previous section, only "surface tension" must be used in place

of	 stress", where "surface 	 is the quantity

defined in section 2.7.2.

27. Li.. 1• Calcu]atiort of Values of Stress

The surface stress in silver is positive (section 2.7.3.6).

The value found by de Planta, Ghez, Muz(187) was

6,000 drne cm 1 . The 2.7% contraction in lattice parameter
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found by Berry 8 in a 301 diameter island corresponds to a

surface stress of 6,600 dyne cm". Thus on the surface stress

model the force per unit width in silver films is

3.1x103 N3f dyne cm 2 and is compressive in direction.

The surface tension of siiver(203) is 11 1i0 dyne cm1.

Thus if the islands are liquid, the force per unit width is

5.3x102 Nf dyne cm '2 and is tensile in direction.

In order to find a typical value of the force per unit

width we must know Nf. It will be shown that N 3Z = 0.2

for a silver film 201 thick. Thus the force per unit

width in a 201 film of silver is 600 dyne cm 1 compressive,

if the surface stress model applies, and 100 dyne cm '1 tensile

if the surface tension model applies.

2.8. INTERFACIAL PHEM0MA

2.8.1. Introduction

Van der Merwe	 has considered the energies and stresses

associated with various types of interface between infinitely

thick crystal having similar elastic properties. The cases

treated are (i) a boundary due to a difference in atomic

spacing between the cryatallitee; (ii) a twist boundary and

(iii) a syninietrica]. tilt boundary. In a later paper(205)

he extended the method to cover the case of an infinitely long

one dimensional interface in which the crystals could take

different elastic properties, and in which one crystal could
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take any thickness from a monolayer to an infinite thickness.

This latter treatment is of direct relevance to the subject

of the overgrowth of an epitaxia]. film on a single crystal

substrate, where it predicts various internal stresses due to

the interface. It may also be applicable to the stress in

films evaporated on to a substrate such as glass, which,

although not single crystal, has a periodicity of surface

structure(h12).

The mathematics involved in these calculations i.e rather

complex, but the essential conclusions may be reached by

considering a simple model in which the size of the overgrowth

cryst'll(te is built up atom by atom. The assumptions made

in the simple model about the elastic properties of the

overgrowth film are only justified in the light of Van der

Merwe s calcuationsI2C which show that the misfit between

an overgrowth crystallite and the base crystallite is taken up

by localised regions called interfacia]. dislocations, and in

between these regions there is relatively good fit between the

atomic planes in the crystal].itea. The existence of these

interfacial dislocations is not self evident.

2.8.2. Atomistic Model

Let the one dimensional substrate lattice be infinitely

hard. Let the potential energy of a single adatom on the

substrate surface have a sinusoidal form, periodio in the
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lattice spacing of the substrate surface. A sinusoidal foru

is chosen as being the first term of a more genera]. fourier

representation of the potential. This potential is

represented in Figure 2.2.

The amplitude of the potential is of the order of

surf diff./2 where Q	 is the activation energy

for surface diffusion of an adatori. For a close packed

structure, using the nearest neighbour approxirat ion,

%d	 ads where as is the adsorption energy of a

(207,208)single atom on the surface 	 • The adsorption energy of

a material on to itself is the latent heat of condensation

per bond.

A single adatom adsorbed on to the surface of such a

substrate lattice will choose a position of ru1-n1iiuin potential

energy, at A in the diagram. It must be noted that the lowest

energy state for atoDs on the surface corresponds to the

strongest binding to the substrate.

TaId.ng the zero of energy as marked on the diagram, the

energy of a single atom at distance x from the origin is

given(206) by

E =	 (1 + cos(kx) )
	

(2.9)
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here k is related to the distance between the potential

madxna on the substrate, b, by k = 21/b. b is the lattice

parameter of the substrate lattice. For simplicity in later

computation we may write E in the units of Qd/2 and we can

write

E = 1 + 5 (eC)
	

(2.10)

If we now add another atom to the surface, and let its separation

from the first atom be a the total energy of the two atoms is

K (1	
ikx	 (1 ik(x + a))]	 (2.11)=	 +e

Similarly, the total potential energy of a rigid chain of

n atoms is given by

E = k n + e1(1	
ika	 ik(n-1)a))	

(2.12)+e	 +....e

If this chain is allowed to move to its equilibrium

position, it will choose a value of x to minimise E.

Equating dE to zero we find that the equilibrium potential.
dx
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energy of a chs.(n of n atoms, E0(n), is given by

I - cos(2itnô)
= -- fl)2	

i - cos(2 it 6)
(2.13)

and the equilibrium position of the first atom of the chAin is

given by

x	 Inn	
-	 (2.1k)

a	 1+6	 2

where 6 is the mianatch between the atamic lattices given by

a = b(1+6) = 2it(1+6)/k
	

(2.15)

and	 is an integer. Hence

=	 -	 i - co	 ,t n a) )coe(2n6)	 )

tt{ng the negative ei2n to m{n(miae the energy. This

function baa been computed on the Imperial College IBM 7090

computer. It is reproduced in ligure 2.3. The programme

is given in Appendix 2.2.

(2.16)
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Figure 2.3 Minimum potential energy, E 5(n), of a chain

of n atoms as a function of n for three

values of the mismatch, 5.
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Considez now, for example, a chain of 110 atoms of a film

with a 2% mismatch, i.e. & = 0.02. The potential energy of this

chdi , marked E8 ( Z40) on the graph, is 30 units. &t the

potential energy of two chains each of 20 atoms (marked E8(20) )

ie only 2 x units. Hence such a 110 atom cIai n is in unstable

equilibrium, and can reduce its potential energy by splitting

in to two smaller chains. Elastic energy is stored at the gap

between the new chains, which then becomes an interfacia3.

dislocation.

The production of such an interfacial dislocation will be

favourable it the potential enet'gy available is greater than

the strain energy stored at the gap. Let us consider these

energies separately.

The potential energy avAilsible when a chain splits

is given by

E	 E (n)	 - 2E (11/2)	 (2.17)5	 5

for even values of n, and by

E	 = E (n) - E ((n + 1)/2) - E((n-1)/2) (2.18)
Av	 a	 a

for odd values of n. The expression E5(n) is given in

Equation (2.16). Values of EAV have been computed on the

Imperial College 1211 7090 computer, and these values
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are plotted in Figure (2.k). The progranine is given in Appendix

2.2. • The available energy will increase with the increasing Q

and hence with increasing aäs• It is also seen that there is

a maximum amount of energy available for a given mismatch,

and this maximum is reached as the number of atoms in the chain

approaches i/o.

The strain which occurs at the gap may be found from

Equation (2.111). Consider even values of n. The distance,

d, between the first atom of a chain of length n and the

first atom of a chain of length ri/2 is (x -x,2).

From Equation (2. 1 k) this is

	

in ,	 Ud = a	 [+	 --j

where in' is an integer, chosen so that -b/2 < d <+b/2

There will in general be only one such value of in' • The

strain at the gap, c , may then be found from

e -	 [2m'	 -	 A
- a	 - [1+0	 2

where in' is now chosen so that 1 << + 1. 	 If this

derivation is carried out for odd values of n it is found

(2.19)

(2.20)
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Figure 2.4 Potential ener&,", EAV, available when a chain

of n atoms splits into two smaller chains

as a function of n for three values of the

mismat&i,	 .
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to give the amne result. The Imperial College ThM 7090

computer baa been used to choose in' and to give the

values of strain. The strain has been plotted as a function

of n for three values of mismatch in Figure 2.5. The strain

has been considered positive when the chains of atoms move apart

to minimise their potential energy, and negative when they

move together. The lines are the loci of the discrete points

corresponding to whole number values of n, the number of

atoms in the chain before it splits. Some of the discrete

points have been marked in Figure 2.5.

The strain energy at the gap is equal to 	 i m	
2

where	 is the shear modulus for the island, and in is the

number of atomic layers of thickness. Thus the strain energy

i small for 'soft' (i.e. z small) platelet (i.e. in small)

islands, and for n approaching 1/6 (strain mfl).

This model predicts that interfacial dislocations will be

formed when the adsorption energy is high, when the misfit is

sm11, and when the overgrowth film is 'soft' and thin.

Interfacia]. dislocations have indeed been observed under such

conditions.

The strain we have considered is inhoinogeneous, being

localised in the region of the interfacial dislocation. Van

der Merwe has pointed out that the total energy of the system

may be reduced by the presence of a homogeneous strain, in such

a direction as to minimise the mismatch between film and

substrate.



83.
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Figure 2.5 When a chain of. n atoms breaks into two smaller

chains to reduce its potential energy, there will

be a certain strain at the gap. This strain,

considered positive when the chains of atoms move

apart and negative when they move together, is

plotted as a function of n for three values

of the mismatch 5.
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If the homogeneous strain is E then the strain energy

per ch-in per unit width is given by

2 E h (n i) a
	

(2.21)

where Ii is the thickness of the island.

The new potential energy, E8, of the chain is found

from Equation (2.16), with the new value of o,(6), given by

a = b0 C1 + 6)
	

(2.22)

where b0 is the lattice parameter of the substrate, and a is

the new value of the lattice parameter of the film, given by

a = a0 (1+e)
	

(2.23)

Total elimination of dislocations

If no interfacial dislocations are formed the total energy

of the chain will be the sum of the potential energy and the

homogeneous strain energy. The relationship between strain

and thickness can then be found from the stain to minimise the

total energy. The resulting expression is

n tan(2icn 6 )	 tan(2,6 )
E h (n-i) a = t(1 + 6)

- (1 - coa(2i

(2.2k)

where 6 and 6 are as already defined.
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Partial. elimination of dislocations

It may also be posaible to find the number of interfacial

dislocations and the strain in the film by mini-niiaing the total.

energy, being the sum of the potential energy, the izihomogeneous

strain energy and the homogeneous strain energy. In order to

do this assumptions must be made about the magnitude of the

strain and the mismatch. Van der I4erwe has treated this

problem, and the result will be discussed in section 2.8.3.

It is not advisable to extend this model beyond this

point because of the invalid assumptions made about the elastic

properties of film and substrate. Van der l4erwe has considered

the model from a more rigorous mathematical point of view, and

his results will be presented in the next section.

2.8.3. Van der	 Ana)yeis

Van der Mrwe	 has given a more rigorous analysis to a

similar model. He allowed the overgrowth lattice and the

substrate lattice to have different elastic properties, and he

epaluated the sum of the potential energy of the lattices, and the

elastic strain energy stored due to the interfacial dislocations.

He assumed that the potential energy was periodic in c where

c is a reference lattice defined by p Pa = (P+1)b (P+3)c

where P is an integer. He found that the equilibrium bonding

energy was given by
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= [

1	
[	 1 -	 - (1 + p2)3

	

k n2j	

ln(2p(l +
	 - 22)]

where	 = 2iz(c/p) (X 1/ i)

= (1 -c)/i	 + (1 -%) /lJb+	 a	 a

(2.25)

(2.26)

(2.27)

The binding energy E i measued in units of	 42
where	 is a shear tnodu].ua associated with the interface,

and	 is a parameter proportional to the lattice mismatch.

The bonding energy which is the total specific energy to split

the interface is related to the interfacia]. energy by

aEb =	 +	 E
ab (2.28)

where Ea and Eb are the specific surface energies of

crystals A and B. Thus the lower the interfacia]. energy, the

stronger the bonding, and the higher the activation energy for

surface diffusion. Hence the lower the interfacia]. energy the

lower the mobility of an adsorbed atom on the surface.

The first term in expression (2.25) is the potential

energy term, and the second term is the strain energy term.

As the misfit increases the strain energy term decreases.



1I• itf

in	 +
(1 -,) (1 +Pb/L)

2n(1cT)2 (1/) h f
C

(i-2&) a
=0

(2.29)
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This is because fewer interfacia]. dislocations are formed, and the

mismatch between the lattices is taken up by a uniform relative

displacement of the atoms.

flie inhomogeneous strain energy term would cause a stress

to be observed in thin films in a bending beam experiment 4 but

this stress would be important only for small misfits between

film and substrate. Of more importance is the possibility of a

homogeneous strain, as discussed earlier. Van der Merwe finds

that below a certain critical misfit the mismatch will be taken

up entirely by homogeneous strain. In anlogy to our

Equation (2.2k) he finds that the critical misfit

related to the film thickness by

and, by m4niiniaing the total energy, including inhoinogeneous

strain he find that the homogeneous strain in a film

contaiMn interfacia]. dislocations is given by

(1-2o) (2-f) (1+f) u a	
1n(2(1+2)3 - 22)•0

8 
2	

(2+f)	 h

f	 (b-a0)/a0

= 8 1a f/ (l -c) (1+L/3L.1,) (2+f)20

(2.3o)



88.

2.8.1+. Applicability to Stress in Thin Films

There are three ways in which interactions between crystal

interfaces, as treated by Van der Merwe could cause the observed

stresses in evaporated films. The stresses could be due to:

1. the equilibrium irthomogeneous strain due to the

presence of interfacia]. dislocations between film

and substrate;

2. the equilibrium homogeneous strain which reduces the

mismatch between film and substrates;

3. non-equilibrium conditions giving rise to more strain

than predicted by the theory.

2.8.k.1. Inhomogeneous Strain

The tangential stresses in the film due to the interfacial

dislocations may be deduced from the stress function given by

Van der Merwe 205)	 It is found that the stresses decrease

exponentially with distance from the interface. The stress

at a distance z from the interface is proportional to

m2Bz exp(-nmz) where B is a constant and in = 2 (a-b)/ab.

We may find the form of the force per unit width versus film

thickness curve by integrating this with respect to z. This

gives the form of curve shown in igure 2.6 which is of the

type found in experimental work on stress in thin films, and

is similar to the form for silver and gold found in the present

work.	 has considered this curve. On the basis
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Figure 2.6 Force per unit width versus film thickness curve
predicted by the interfacial (inhomogeneous
strain) model.

Force per unit width (dyne cm 1 )

Figure 2.7 Force per unit width versus film thickness curve
predicted by the interfacial (non equilibrium
strain) model.
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of his experimental, work he divides metals into two classes, those

in which P/m and those in which F > 1/m and he explains

his results on this model.

However, unless m is very srna.0 the curve flattens off at

a very low film thickness. For instance this model predicts

that the curve flattens off at 15 film thickness when the

mismatch is only 1%. But published results on stress in nickel

and iron films, at least, show no sign of flattening off at this

film thickness, even though the mismatch is larger. Clearly this

model does not explain the shape of the experimental curves

obtained. Furthermore, as the type of stress on this model

depends on the mismatch, it does not account for the fact that

the stress in most metal films is tensile.

2.8. k. 2. Homogeneous Strain

Homogeneous strains in a film to minimise the misfit

between film and substrate have been observed between p_p(210)

and between Au-Pd and Pt_Au(2h1). For instance in the case of

the system PbS-PbSe the spacing between the interfacial dislocations,

as observed by transmission electron microscopy, was about k

larger than that expected from the known difference in lattice

parameters of the layers. This implied a strain of 0.O63

in each lattice in the direction to reduce the mismatch.

The strain agrees with that calculated from Equation 2.30.

However, in the case of the experiments on the noble metals it
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was found that the percentage of the misfit accommodated by

strain was larger than predicted by the theory. For instance

the experimental value for the system Au-Pd was 13 while

•uation 2.30 predicts only i.k% to be accommodated by strain.

This, it was suggested, was probably due to non equilibrium

conditions obtaining during the growth of the film.

2.8.k.3. Non Equilibrium Strain

Cabrera(2122132	 has suggested a mechanism which might
____	 ( 210,211)

explain the observations of Matthews 	 and which

he has proposed as the origin of the observed stresses in thin

films.

According to Cabrera, as an island becomes thicker the

amount or misfit accommodated by elastic strain decreases.

This follows from Equation 2.30. As the amount accommodated

by strain decreases the amount accommodated by interfacial

dislocations must increase. This implies that the number of

dislocations per unit area of island must 3ncreaae as the island

grows. Cabrera suggests that these dislocations are nucleated

at the edges of the islands, and move towards the centre.

However, once a film has become continuous no new interfacia].

dislocations can be nucleated. Hence more strain energy will

be stored in the film than predicted by Van der Merwes model.

Cabrera(213g 214) has derived a formula for the contribution

to the observed stress in a film from this cause. Assuming
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that the uiefit is rather less than 10%, and that the lattice

parai:ieter of the filii is greater than that of the substrate,

a compressive stress given by

S -	 (I-Ho)
- H	 (	 )0

is produced. X is an elastic modulus C as defined in

Equation 2.27);	 is of the order of the lattice paraneter,

H0 is the film thickness for continuity and H is the actual

film thickness. Substitutin' 	 = 2.8$; X = 3.1011

H0 100 we find the coipresaive stress iii a silver film to

be as plotted in Figure 2.7.

2.9. SUMMARY

Table 2.2 shows the magnitude and the type of stress

predicted by these models for three common metals, copper,

silver and iron. Column one shows the model; column two

the parameters required to predict stress values; colunn three

the film thickness to which the calculated value of stress

relates; column four the type of stress, compressive or tensile,

predicted by the model; and column five the values of stress

in units of 1o9 dyne czn 2• Where the properties of the

substrate are required to predict the stress it has been assumed

that the substrate is made of the same glass as that used in

the present experiments. Thus the thermal stress, for instance,

which is tensile for copper silver and iron films deposited
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on to glass substrates would be compressive if rock salt

substrates were used.

The models are discussed in the light of the present

experimental evidence in chapter seven.
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Table 2.2
	

Summary of Stress Predicted by Various Models.

Model

Therina].
stress

Thermal
model

Imperfection
(vacancy)

Imperfection
(grain
boundary)

Density

Data needed to
	

film
predict stress
	

thick-
ness

Tensile strength
of wire

Thermal expansion any
coefficient film;
thermal expansion
coeff. substrate;
Young's mod, film;
Temperature rise.

Thermal expansion any
.'&ent film;

Young's mod, film;
recrystallization
temperature film.

Atomic % vacancies any
in film;
(say 3%); stress
per vacancy

Island radius; 	 200
film thickness;
number of
crystallites
per island;
Young's mod.
film.

Density change	 any
on solidification;
Young's mod. film.

type	 Stress
of	 in units of

stress 10 dyne cm2

Cu Ag Fe

z,0 0.9 b.o

T
	

0.21f 0.16 0.07

T
	

1.0 1.2 2.8

T
	

1.2 ------

T
	

--- 0.k5 ---

P
	

19.	 8.7



T 5.0

T
	

2.0	 2.0 2.0

T
	

0.05 0.05 0.05

C ---- 3.0

T	 ---- 0.5 ---
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Model	 Data needed to
	

film
	

type	 Stress
predict stress	 thick
	

of	 in units of
ness	 stress io dyne cm2

Cu	 Ag Fe

T
	

9.0Grain	 Atomic radius;	 any
boundary	 surface tension;

surface stress;
crystallite size;
Young's mod, film.

Grain	 same as grain	 200
gap	 boundary

Electrostatic Island radius; 	 5
film thickness;
available	 20
charge (say 7
electrons per
island).

Surface	 Island radius;	 20
stress	 film thickness;

surface stress;
elastic constants
film.

Surface	 same as surface	 20
tension	 stress, but with

surface tension

Interfacial Mismatch; elastic
constants film and
substrate;
thickness of film
and substrate.

Inhomogeneous Mismatch; atomic 1000
radius; shear
mod, film; thick- 200
ness for continuity
film thickness.

Ag-Au .,......1,6
Ag-Pd ........52.

-	 ---- 5k.	 ---

-	 ---- 30.	 ---
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CHAPTER III

CHANICAL METHODS t)R MEASTJRING STRESS IN THIN FILMS

3.1 • INTRODUCTION

The bending beam method (see section 1.3) was choseLfor

the measurement of stress in evaporated films for the reasons

discussed in section 1.11.2.

In this chapter the differences between a disc method and

a beam method are diacuøsed. Then the relationAhip between

beam end deflection and stress in a film are derived. The

derivation is extended to give the stress which would be in

a film if (a) it were deposited on to an infinitely hard

substrate, (b) the Young's modulus of the film and the substrate

differed, and, (c) if the film thickness was not negligible in

comparison with the substrate thickness. The derivation leads

to comments on the interpretation of results from a bending

beam experiment.

Apparatus for the measurement of stress by the bending

beam method i then considered, and reasons for the choice of

the capacitance system given. Finaily, the apparatus used for

stress measurement in the present work is described.

The design of the jig, methods for measuring email changes

in capacity, the relationship between the beam end deflection

and the observed capacity change, and the precautions and

liititations of a capacitance system are treated.
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3.2. BEAM AND DISC

Mechanical methods for measuring stress in thin films may

be divided into two classes, the diac method and the beam method,

depending on the shape of the substrate. In the disc method

(used in eferencea 85-88, 91, 92, 9k, 95, 97, 1 7-119 and 218)

a circular substrate is used. The curvature due to the stress

in the film is norm& ly observed by a Newton's rings

interferometric technique. In the beam method the substrate is

usually between 2.5 and 50 times longer than it is broad. The

beam curvature is found by measuring the deflection of one end

of the beam when the other end is clamped. The beam and dJ.ac

methods are compared in Table 3.1.

The disc method is ideal for measuring stress anieotropy.

However, the advantage of the beam method i that the sensitivity

of the apparatus may be increased at will by increasing the

length of the substrate. In the disc method the only way to

increase sensitivity is by reducing the substrate thickness,

and the thickness reduction is limited both by the problems

of electrostatic attraction(86) and the inapplicability of the

usual relationships between stress and beam deflection for

very thin substrates (see section 3.3.2). Thus for highest

sensitivity the beam method must be used, and it was, therefore,

the method developed in this project. Before entering into

discussion of the beam method as such it is necessary to

consider the relationship between the stress in a film and

the beam end deflection.
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DisC Method
	

Beam Method

No clamping involved.

Measurements may be made
a long way from the free
edge of the substrate.

Clamping introduces possible
errors in the relationship
between stress and end deflection.

Ae the substrate is long
and narrow the edge is
always involved.

The substrate must be 	 The substrate may be in any plane
liorizont.al and the	 for continuous observation.
evaporation downwards
for continuous observation
of stress during film
growth.

Electrostatic problems
arise if the substrate
is made thin for increased
sensitivity. Thickness
reduction is also 1(mited
by invalidation of the
assumptions in the
derivation of the Stoney
formula.

Youngs modulus of substrate
extremely hard to measure.

Sensitivity_j1a about
100 dyne cm.

Substrate may be made as long
as desired, to increase
sensitivity.

Young's modulus measurement
is relatively easy.

Sensitivity mabe as low
as 1.5 dyne cm.

Table 3.1. A comparison of the disc and beam methods for

measuring stress in thin films assuming that

the substrate deformation is measured by a

Newton's rings technique in the disc method

and a capacitance technique in the beam method.
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3.3. RELATIONSHIP BWN STRESS AND BEAM END DEFLECTION

3.3.1. Introduction

Until recently the formula used by all, thin film workers

to relate an isotropic film stress to the resulting

substrate curvature was that orign11y derived by stoney':-

E h2
S =

	

	 (3.1)
6r I

which is applicable providing that the film thickness I

is very much smaller than the substrate thickness Ii. E is

the substrate Youngs modulus and r is the radius of

curvature of the substrate. However in electrodeposition

work the film thicknesses were often comparable to the substrate

thicknesces: under these conditions any difference in Youngs

modulus of film and substrate must be taken into account, as

must the particular experimental techniques used. For instance

Soderburg clamped the cathode into position during the

deposition because the movement of the free end of the beam -

which was a significant fraction of the separation of the

electrodes - caused uneven film growth.

Also the meaning of "deflection of the substrate" was

ambiguous. It had been defined as both the end deflection

when the substrate was cantilevered, and as the camber of the

substrate.

Eventually Brenner and Senderoff(219) reviewed the

derivations and derived definitive formulae to cover all the
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common experimental techniques.

However, as has recently been pointed t(1,0), all these

derivations neglect the effect of stress in the plane of the

substrate and at right angles to the beam length on the beam

curvature. The correct formula i

E
s =	 (for f '( h)	 (3.2)

6(1-iJ) r f

where E, h, r and I are as defined previously, and ii

is the	 ratio for the substrate. Hence moat of the

published values of stress are about 25% too low.

Confusion still exists, however, as to the conditions under

which this formula i valid.(22h13) The formula has therefore

been derived in the following section, and the assumptions

are stated as they are made.

3.3.2. Derivation of the Relationship Between Stress in a

film and Beam End Deflection

The first derivation gives the stress in the film as it is

after the substrate has bent (ATSHB). A more absolute figure

would be the stress in the film were it deposited on to an

infinitely bard substrate (IHS). The derivation has been

extended to cover this case.
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Four cases will now be considered:-

1. = Ebtt	 f< h	 ATS}ffi

2. Efilm = Esubstrate	 f$z.h	 ATSIW

3. = Ebtt	 f	 h	 IHS

1+. E.	 E	 f1^:h	 IHSfilm	 substrate
The fourth case has been considered by Davidenkov20), who

derived sri expression which Could only be integrated numerically.

The same expression has been derived by a different method, and

has been evaluated iilytically by making the assumption that

( f/h )h1<< •

3.3.2.1. Case I

Assume that E	 = E	 and that f <<Ii.film	 substrate

Assume that the neutral axis lies in the middle of the beam.

(This assumption is justified in the derivation of case 1+,

section 3.3.2. 1+). Assume that when the beam is deformed the

radius of curvature of the upper surface of the beam is the

same as that of the lower surface. (i.e. r >> h).

Consider a section through the beam thickness b and area dx

by dy (Figure 3.2). The x and y co-ordinates are taken as

in Figure 3.1.

Consider the element of thickness dz at a distance z

from the neutral axis. The elongations c , Cy in the x
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K
I

Figure 3.1 The definition of the x and y co-ordinates

I½
h

f
k

Figure 3.2 &n element of cross section of the beam,

thickness h and area dx by dy.
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and y directions are given by

= z/r	 (3.3)x	 x

z/r	 (3.4)
y	y

where r , r are the radii of curvature of the beam in the
x y

x and y directions.

Rooke's law gives

= (c - cr)/E	 (3.5)x	 x	 y

(c - C)/E	 (3.6)t:•y

where	 are the stress components in the lamina.
y

Solving Equations 3.3, 3.4, 3.5 and 3.6 for	 we

obtain: -

+ -	 (3.7)[!z lf V	 11
X	 2'Ir	 ri

1-V .4 . y	 xJ

Taking moments about the neutral axis:-

Ii
2	 /2

•	 S
h	 dy. dz = -h,'
	

z dy. dzxh	 x

h
/2

fEz2 •
	 +	 dy. dz

(,	 ir	 r-	 -	 LY	 XJ

from Equation 3.7.

Hence	 -	 ?/ 
Ez2	 Ix_____- 

h	
2	 + -	 dzz	 (Ii))	 ir	 ri-	 -	 LX	 yj

= E	 + 2)1 2 (h)3

(1V2) 
Ir	 r

-	 Lx	 2



Sr =
	 Eh2d

3( -.Mi2
(3.10)

(3.11)S. z. dz
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Hence

6(-z)	 x	 y
S f -
	 E h2	 [L. +	 (3.8)

Y - 6(1 j2) Ir	 rL	 Xj

If there is stress anisotropy S p S and these equations are

86-88
the same as those given by Pinegan and Hoffman.	 If the

stress is isotropic S 	 S and r = r • The equations
x y	 x y

become

Sf =
	 E h2
	

(3.9)
6(1 -iJ).r.

If 9 is the angle subtended by the length of the substrate

at its centre of curvature, then tan = d/]. and sin(9/2) = ]J2r.

If 9/2 is so small that tan(9/2) = sin(9/2) = 9/2, then

d/l = l/2r and we can express the relationship in terms of the

end deflection d of a beam of length 1.

3.3.2.2 Case 2

Assume that E1	 = Esubstrate and that f4( h.

The neutral axis will now be at a distance (f + h)/2

from the bottom of the substrate. Considering isotropic stress,

and taking moments as in Case 1:-

h+f	 h+f

zdz =

rh-f
'2'	 '2
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Using	 = Ez/( -2))r

and integrating Equation 3.11 we finally obtain

Sf =
	 E (h+r)3
	

(3.12)
6 r li (1 -v)

219
This equation is identical to Brenner and Senderoff's

Equation (9), but differs from Davidenkov's 220Equation (2),

which is

Sf =	 (h+f)2

6r

Equation 3.12 reduces to Equation 3.9 when f <<h.

3.3.2.3 Case3

Assume that E	 = E	 and that	 h.
film	 substrate

In order to allow for the fact that the stress in the first

layers deposited is relieved by the substrate curvature due to

the deposition of further layers, we must find the change in

substrate curvature due to a small increment in film thickness.

This may be done by putting d( l /r) for (1/r) in Equation 3.11

h+f
('2

	

d(1)	 j	 - . z. dz	 S,z.dz	 (3.13)	r 	 h+f	 i-zi

We may put d(/r) outside the integration in Equation 3.13

because we have assumed that r is constant for all values of z.



Integrating Equation 3.1k we obtain:-

- Eh(h+f)Sf -	 6r(1 -i))
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Integrating Equation 3.13 we obtain:-

;= 

jf
6.(1 -7)), S. df

E (h+r)2
(3.1k)

(3,15)

This equation is identical (apart from the ( -2)) term)

to Brenner and Senderoff a 	 Equation (27) and to Davidenkov a

Equation (L1), It reduces to Equation 3.9 when f.c h.

3.3.2.k Case 1

Assume that E	 ^ E	 and that	 h.film	 substrate

The method is essentially the same as that used for Case 3.
However, the position of the neutral axis must be found by

resolving forces. Let the neutral axis be a distance x from the

bottom of the substrate. Then resolving forces

x	 h-x	 h-x+f

J zdz - $	 zdz - hL E2 zdzO (3.16)

where	 E = E	 (1 / (1 -2) ) )1	 substrate	 ,	 6

E2 = Efjlm Ci / (i - z4) )

and V1 are the substrate and film Poisson's ratios.
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Eventually: -

x = •	 [1+cx:aw2]
	

(3.17)

where E2 = czE1 and I = hw

The assumption about the position of the neutral axis made for

Case 1 and Case 2 may now be verified by putting & = I in

Equation 3.17.

Taking moments as before

x	 h-x	 h-x+f

E	 dz + 5 E z2 dz +	 E	 dz = S(f) (h-x+f)1	 1	 j	 2	 d(/r)o	 o	 h-x

(3.18)

After integrating the left hand side of this equation, and

substituting the value of x from Equation 3.17 we may integrate

the whole equation, obtaining:-

f
Eh3	 Sh(1+2w+w2)df

r	 c' 2(a2w+1Iaw3+6aw2+4aw+1)
(3 • 19)

This is identical to Daviderikov's 220Equation (12). Although it

may not be integrated as it stands, if fourth power terms in w

are neglected in comparison with unity, it may be integrated

by expanding the denominator binomially. The result of this

integration is:-

Eli2
= S.f.6r (1 + (1 -2c()w +	 . (16a-13)w2

- (16cL3- i92 + '4a,)w3 ) (3.20)
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This foxinula reduces to Equation 3.9 when f <<h. It alsO

reduces to Equation 3.15 when w1 and E1 = E2.

In the present work Efj does not differ greatly from

Ebtt and f<< h. Typical values for Young' s modulus

are given in Table 5.2. Equation 3.9 has therefore been used

in evaluating the stress in the film from the beam end

deflection.
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3.k. INTPRATI0N OF STRESS MEAStJPJJMENTS IN THIN FILMS

There are two points which should be considered when

interpreting the results of stress measurements in thin films.

1. The stress is the force per unit cross section of the

film. Thus if the film is not in the form of a flat slab, but

has an island structure, either the stress must be defined by the

Stoney equation or the cross sectional area of the ialand must be

found, to give the stress in an island.

2. The stress does not necessarily tend to zero as the film

thickness tends to zero, because the film thickness, f, appears

in the denominator of the Stoney equation. However the end

deflection of the beam does tend to zero as the film thickness

tends to zero, so it is often more convenient to plot end deflection

versus film thickness. As different substrates have slightly

different dimensions, the same stress would cause different end

deflection. Hence it is preferable to plot the force per unit

width, which is proportional to the end deflection, and which

equals the stress film thickness product. It is measured in

units of dyne cm 1 . This quantity is in some respects more

fundamental than the average stress as it is proportional. to the

force exerted by the film at the film substrate interface.

The average atress is the gradient of a line from the origin

to any point on the curve of force per unit width versus film

thickness, and the incremental, stress ia the gradient of the

curve at any point. As an illustration of the misinterpretation
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which may arises consider the graph of force per unit width

versus film thickness (Figure 3.3). This graph indicates

that the stress in the film tends to zero as the film thickness

tends to zero, and, that after thickness f0 no further stress

is added to the film. However the average stress versus film

thickness curve (Figure 3.3) deduced from this seems to

indicate that the stress passes through a ma,d.mum, and that

stress relief is taking place in thicker films. In fact

no stress relief is taking place at all. This illustrates the

type of misinterpretation possible if the average stress rather

than the force per uiiit width is plotted against film thickness.

3.5. APPARATUS FOR THE MEASUREMENT OF THE STRESS IN THIN FILMS

Blackburn and Campbell(hhl) have given a review of the

sensitivities of various apparatus used to measure stress in

evaporated films, and this table has been extended by Hoffman.

However all the figures given in Hoffman's table appear to be

a factor of ten too small. As mentioned in section 3.2, the

sensitivity of a bending beam apparatus may be increased by

choosing longer substrates, so that the sensitivities reported

in the literature for a particular apparatus may be lower than

the ultimate obtM-nble.

The simplest method for measuring the change in substrate

end deflection has been to observe it directly through a



1].1.

film thickness

stress

f0	film thickness

Figure 3.3 Equivalent graphs of force per unit width (r.p.u.w.)

versus film thickness and average stress versus

film thickness. The average stress is the gradient

of the line joining the origin to any point on the

F.P.U.W. versus film thickness graph.
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icroocope21).	 (References 70,82-8k,96,lol,127,157,158).

Since the experiments of Murbach and iiinant82) the sensitivity

of the apparatus has been increased by eight times, so that

ijovicet10hu102) could detect a minimum force per unit width

-1
change of 500 dyne cm . However, the minimum end deflection

chinge was 10 microns in each case; only the substrate material

and di.znensions have been changed.

Three methods have been developed in which the beam is

restored to its undeflected position by applying a force

to the end of the beam(2). In genera]. these devices have

insufficient sensitivity nd are unsuitable for elevated

substrate temperatures due to the materials used in their

construction.

Interferometry has also been used to measure the end

deflection in a convenMona]. bending beam method, although one

disadvantage of this method is the broadening of the fringes

by substrate vibrations(72). The substrate may be mounted on

knife edges at both ends to reduce vibration, and, if the area

illuminated by the interferometer is in the middle of the beam

it rem&ins flat and parallel to its position before the

evaporation whatever the beam curvature • A Michelson' a

in.terferonieter i sometimes sed(7211226), The sensitivity

of the Michelson's interferometer apparatus used by uios(72)

-1was 57 dyne cm

Methods,in which the change in electrical capacitance
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between the back of a conducting substrate and a fixed

reference electrode are measured, have also been aed(22'.

The mlMmum detectable beam deflectione obtained by such

apparatus lie between 12.5 and 0.5 microns.

Ri.uauy the most sensitive method is that due to Blackburn

and Campbell(h10) in which they used the probe from the

"Ta].ysurf", a surface profile measuring instrument, to measure the

end deflection. A change in deflection of only 25 can be

detected, although, for practical purposes,noise and other effects

limit the working sensitivity to a minimum end deflection change

of 500k.

3.6. PRESENT APPARATUS

3.6.1. Introduction

Of the methods mentioned the capacitance system was chosen

as the best for three reasons. It could be used with a recorder

to chart the changes in deflection of the substrate as they

occurred during the evaporation: it could be constructed of

suitable materials for high vacuum: and it was a system

potentially suitable for development to high sensitivity. The

apparatus which was finally developed was 1,000 times more

sensitive than the capacitance apparatus used by Blackburn and

Campbell. For instance the full width of the graph of results

presented in .gure 6.15 is six times smaller than the minimum
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detectable stress difference obtainable by the capacitance

method of Blackburn and Campbell. The smallest force per

unit width detectable above noise and drift was 1.5 dyne cm1

which is smaller than that of any apparatus described in the

literature.

After considering the jig which carries the substrates arid

which is within the vacuum system, devices for measuring small

changes in electrical capacity will be considered. Pinaily

the relationship between capacitance change and beam deflection

will be derived, and a li8t of experimental precautions

and limitations of the device as a stress measuring apparatus

will be given.

3.6.2. The Jig

In capacitance transducers for applications such as this

the moving surface may be made part of the electrical circuit,

or it may be isolated. Although the latter technique has been

used in a stress measuring apparatus for thin tii(167), the

former method has been used more extensively(228), as the total.

electrical, capacity to be measured is four times greater, and

thus the effect of a given stray capacitance is four times

smaller. The former method has been used in the present work.

.gure 3.Z illustrates the principle of operation of the

jig, Model T.	 The glass or mica substrate, S, which has a

conducting film evaporated on to its reverse is clamped in the
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Figure 3.4 The model I jig illustrating the principle of
operation. S is the substrate and R the
reference electrode. The substrate is clamped
to electrode E by means of magnet M. The
electrodes are separated by insulating glass
rods, I. The whole jig is supported on
base B.

Figure 3.5 The clamp and levelling screw arrangement for
the model iii jig. The clamp arm A is
pivoted about point P and. clamps the substrate
between ground surfaces Z. The clamp pressure,
provided by spring T may be varied by screw D.
The levelling screw arrangement for the
reference electrode R consistS of three
screws L. The tension is provided by spring W.
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vertical plane with its short side horizontal.. It is clamped

to one metal electrode, Z, at the upper end, and the lower third

of the substrate overlaps the reference electrode, R, and is

separated from it by a gap of 3-13 mm. In a later model,

Model , (Plates 3.1,3.2) the lower electrode was mounted on

level-11-ng screws, so that it could be set accurately parallel

to the substrate. Care was taken to prevent the evaporant

landing on the glass insulators, I, by placing a shield between

the source and the substrate. The whole jig could be removed

from the evaporator to facilitate the mounting of the substrate.

The substrate was normally clamped to the top electrode, E,

which was of mild steel, by a bar magnet, M, " by ' by 13

(Mu].lard type M2727). This ensured evenly distributed and

reproducible clamping pressure. Substrates of any shape were

suitable.

The photographs of the Model jig (Plates 3.1 and 3.2)

show the electron microscope grid holder, G, which held three

grids.

The Model	 jig, which was designed for making

measurements on three substrates at a time, is shown in Plates

3.3 and 3.k. This jig was restricted to substrates 7/16 inch

(11mm) wide. The levelling screws, L, for the reference

electrode, R, the crystal film thickness monitor, X, and holders,

G, for electron microscope grids on either side of the crystal

can be seen.
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Plate 3.1
	

Plate 3.2

r	 LflIUL11 ;.IL TLiflLLiiL11fT I'.

Front and side view of the model ii jig. The substrate

is	 ' wide, and the insulator separation ii 3* inches.

S is the substrate; R the reference electrode • The

substrate is clamped to electrode 	 by magnet I. The

electrodes are separated by insulating glass rods, I.

G is the grid holder, and L is a levelling screw.
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Plate 3.3 Plate 3.4

Front and side view of the model T1 jig. Th. substrates

are 7/16 mob wide. The insulator separation is 3-} inches.

S is a substrate; F is a substrate olsap; R is the

reference electrode; L is a levelling screw; C is a grid

holder; and X is the crystal film thickness monitor.
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The substrate clamps ensured that the clamping pressure

remained uniform over the width of each substrate, and constant

from evaporation to evaporation. Figure 3.5 shows a side view

of the claznp the substrate, S, and the reference electrode, R,

are also shown. The clamp arm A is pivoted about a single point

1', and Clamps the substrate between ground surfaces Z. The

clamping pressure is provided by spring T and can be varied by

increasing the tension in T by means of screw D. If screw D

is left unaltered, the clamping pressure remains unaltered from

substrate to substrate. When a substrate i to be inserted the

pressure is released by applying a anall force, F with the thumb.

The reference electrode is set on three levelling screws as shown

in the Figure 3.5. The substrate overhangs the edges of the

electrode by about 3mm on each side in order to eliminate non

linearity due to distortion of the edges of the substrate, which

always occurred on the mica substrates(2).

3.6.3. Measurement of Small Changes in Electrical Capacity

Small changes in electrical capacity may be measured by

techniques such as a feedback circit(2); an off-resonance

osciiiator; beat frequency methods; phase detector(1;

non linear twin_tee(231); or bridge circuits. The method chosen

for the present work was the transformer ratio arm ridge(232).

A Wayne Kerr universal bridge type B 21 was used in

conjunction with an autobalance adaptor type .AA221 • Measurements
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were made using a three terni{ru l method; the stray capacity

was 2pf (O.5pf), and the total capacity was 8pf (5pf).

The autobalsnce adaptor produced a signil proportional to the

chringe in capacity, and this signal was fed to an AEI 10 inch

potentiometric recorder, type lOS via an attenuating and

smoothing circuit. A block diagram of the electrical

apparatus is in Figure 3.6.

The bridge reads capacity to four figures, with a nOflh{n5l

accuracy of 0.1%. The discrfm1nstion is better than I part

in	 The first two significant figures of the capacitance

value are set up on switches on the bridge, and the last two

figures are read on the meters, or in this case the recorder.

In a typical experiment the zero deflection on the chart

corresponded to a total capacity of 7.900 pf (5.l400pf) and the

full, scale deflection on the chart corresponded to a capacity

of 8.CCOpf (5.500p1). The chart may be read easily to 1/200 fed,

or change in capacity of 0.0005pf. Thus it is possible to

detect fractional changes of capacity to I part in 20,000.

S
The first figure refers to the Model	 jig, and the figure

in brackets to the Model TIT jig.
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electrode is

Klodx

JLvvt(y+do)
b

(3. 2i)
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3.6. L ReLtionship b3t"een be.r.i end deflection nd the

cxxcity cb'nge

Let the 3u3ctrate length be 1, the yen p with the

reference plate (l-b', the initi..1 zep .rcticn d 0 , the

substr'te width 3. , .nd. th2 deflecti n due to the stress d.0

These, together with the x and y co-ordinates are illustrated

in Figures 3.7 nd 3.8 for the earlier nd the later models of

the jig.

The initial captcity, C, in esu, is given by:-

K (1-b1
-	 0
-	 (3.21)

where K is the dielectric constant cf the medium.

The curvature of the substrate may be re1resented by a

parabola. (Equntion 3.10). Thus the curvature is represented

by

22
x /1 = y/d	 (3.22)

Consider an element of substrate, width dx nd length l.

The capacity between this element and the reference electrode

is

K]. dx
C, =
	

(3.23)

Hence the total capacity between the substrate and the reference
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R
b -____________________

çdo

Il
I-.	 -1	 'I

Fiure 3.7 . Definition of symbols and
co-ordinates for the theory in
section 3.6.4. The initial
separation between the substrate
S and the reference electrode R
is d • The deflection due to the
stress is d.

I	
B

S

14	 1—	 .ii

Figure 3.8 When
the
the
were

• the substrate was longer than
jig, as for the model TT and
model T]T jigs, 1 and d
taken as in this diagram.
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If we assume that y <<d 0 we can integrate this by expanding

the denominator binomiafly and using Equation 3.22 obtaining:-

	

Ki	 2	 2k-	 0	 d	 x	 dx
TOTAL - kitd	 'I - T	 + 2 k

	

0	 0 1	 dl
0

b

Ki
0	 _______	 _____________	 d (i3 b3)	 d2 (15-b5)= kitd	 (i-b) - 3d i2	-	 +0

0	 0

Ki-	 0 ___
- c -	

•	 d 2 (13-b3 ) + higher term.
0	 3d1

0

(3.25)
from Equation 3.21.

The error in neglecting the higher terms is only 1% for d/d0 .02

and is .05% in the usual case, when d/d 0 = . 005.

capacity due to the beam deflection is therefore

K d 1 (i-b)(].2+b].-'-b2)
=	 0

12 i2 d2 it0

The change in

(3.26)

We may eliminate d from this equation by substituting from

Equation 3.2.1

3 1 K (1-b)(12)

d = k,tC2 (12+bl+b2)
	 (3.27)

If 10, 1 and b are measured in cm, if the capacitance C is in

pf; and if k = 3. then the chart full scale deflection (C = 0.].pf)

in microns is given by

263 10(1-b)12
f.e.d. =

(12+bl+b2)c2
(3.28)
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which is the formula used in computation of the results.

A list of the assumptions made in deriving the

relationship between the change in electrical capacity and

the stress is now given.

1. r>> h>> f	 from the relationship between radius

of curvature of the beam and stress.

2. r>> 1>> d	 from the relationship between radius

of curvature and end deflection.

3. d,>>d	 from the relationship between end

(i.e. C>> Ac)	 deflection and capacity.

Representative values of these quantities are:-

4
r = 10 cm.

h = l.5xlO2ctn.

f = 5xlO6cm.

1 = 3or4cm.

d = 5xl0cm.

=	 to 1 x l0 cm.

Thus these assumptions are valid for the substrate

geometries used in the present work.

3.6.5 Precautions and limitations in the use of a capacitance

method

The following precautions concerning the measurement of

email capacity changes were found to be necessary:-
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1. The jig and connecting leads were electrostatically

screened by earthing a conducting coating which had been

evaporated over the inside of the bell jar.

2. Precautions were taken to prevent any stray capacity from

being altered by conducting evaporant landing on an insulating

surface.

3. The shutter was placed as far away as possible from the

jig, as, in earlier experiments, opening it caused a significant

change in capacity (0.005 p1). In the final system the change

in capacity on opening the shutter was less than 0.0002 p1.

4. The chromium coating on the reverse of the substrate had

to be electrically continuous or the deposition of a conducting

film caused a sudden increase in capacity, and hence an

apparently compressive stress.

5. The time response of the system was limited by the inertia

of the pen movement of the recorder. However this very

conveniently filtered out part of the noise caused by vibrations

of the substrate.

6. Thermionic emission from the substrate heater affected the

electrical stability of the bridge readings, but this was

eliminated by a suitable biasing arrangement (Section 4.4).

3.6.6 Conclusions

1. A potentially bakeable, ultrahigh vacuum, very sensitive

stress measuring apparatus has been designed and built. The
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maximum stress resolution obtained was 1.5 dyne cm 1 above

noise and drift, which is higher than that of any apparatus

described in the literature. The normal resolution was

-15-15 dyne cm.

2. This system has three very attractive features, in that

a) it can be used for making measurements on more than one

substrate at a time at no extra cost; b) it is ideal for

measuring the substrate Young's modulus (see Section 5. 4)

c) the substrate may be in any plane.

3. The principle limitations on the sensitivity are due to

factors such as the poor elastic properties of the substrates,

and drift of the deflection with time after the evaporation.

These factors, and those affecting the reproducibility of

results are considered in the chapter five.
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CEAPT	 IV

APPARATUS

4.1. INTRODUCTION

In this chapter apparatus other than the stress measuring

apparatus ie deacribed. Special attention is given to the

substrate heater, and the crystal film thickness monitor.

Plate 4.1 is an overall view of the apparatus.

APPARATUS OUTSIDE THE BL JAR

The evaporations were performed in a NGN semi-automatic

pumping unit type CUIOO fitted with a mild steel baseplate and

a twelve inch bell jar. The three inch diffusion pump was

charged with silicon fluid type DC704. Greased seals were used

throughout. With liquid nitrogren in the cold trap, the

pressure which could be attained without baking after an

overnight pump was I -2x1O torr. The pressure was measured

on an ion.teation gauge type 1G3.E.

4.3. APPARATUS INSIDE THE BEIJ JAR

The apparatus inside the bell jar, as set up for horizontal

evaporation is shown in Plates 4.2 and 4.3. The evaporation

sources are drawn in I.gure 4.1. Open, dimpled, 2 mil,

molybdenum boats were used for silver and gold evaporation. A
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Plate 4.1

An overall view of the apparatus. In the upper third of the

picture, from left to right, can be seen the autobalance

adaptor, A; the bridge, B; and the bell jar, C. In the

lower third of the picture, from left to right, is the recorder,

D, and above it the switch, E, for the bias voltage; the pumping

unit, F; the pirani gauge, G; and the transformers, H, for the

high current supplies. The local oscillator, I, for the film

thickness monitor is mounted just below and to the left of the bell

jar. On the right of the picture are the digital counter, J, for

the film thickness monitor; the ratemeter, Y; and the lonisation

gauge control unit, L.



Plate 4.2

Plate 4.2 illustrates the apparatus inside the bell jar

with the heat shield removed. A is the model III jig;

B the substrate heater; C the crystal rate monitor; D

the shutter; and B the sources.



Plate 4.3

Plate 4.3 illustrate. the apparatus inside the bell jar.

A is the model TIT jig; B the substrate heater; C the

heat shield. The jig is aounted on stand D which ii

rigidly attached to the bs.se plate.
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A
	 B r__

Figure 4.1 Evaporation sources, drawn life sized.
A is a side view of the source used for the
evaporation of silver or gold.
B is the source used for silicon monoxide
evaporation.
C is the quartz tube source used for evaporating
PbTe and SnTe. The spiral heater wire is a close
fit around the quartz tube.

Jt'.j	 I	 Iy	 ±L

5K JOp47K 11 	2K

250 40T	 121
	

iOn

' '10C17l iOn

I
to counter

12K	 6BK3.9K	 iOn3.9K1 4 	-

Figure 4.2 Circuit diagram of the quartz crystal film
thickness monitoi.
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lip was added to the boats used for silicon monoxide evaporation

to hold the powder and to prevent any line of sight path between

the charge in the boat and the substrate. The evaporant is

re-evaporated from the back of the source. The technique of

re-evaporating from a hot strip was originally deviaed(233)

to reduce the incidence of pinholes in silicon monoxide films.

PbTe and SnTe were evaporated from a quartz tube

0.2" in diameter by 1" long. It was enclosed in a tightly

wound tantalum spiral heater wire. The source-substrate

distance was 15 cm. The evaporation characteristics of

the quartz tube source when used for lead telluride evaporations

are illustrated in Figure k.3. The source temperature and the

evaporation rate, in units of i/sec at the substrate, are given

as a function of the heater current. The source did not give

very uniform films. The variation in film thickness across the

short edge of a 2" by 1" substrate was 7% and across the

long edge +15%. For silver and gold films the thickness variation

was 5% across the short edge and +io% across the long edge.

The shutter was hinged, and rotated about a vertical axis.

The sources were completely enclosed in an aluminium box when

the shutter was closed (see Plate .3) to prevent unwanted

radiation during the aett$zg up of the evaporation rate.

k. k. RATE AN]) THICKNESS ME1SURING APPARATUS

In the work reported on silver films deposited on to glass
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substrates the rate of evaporation was indicated by a cylinder

ratemeter(325). This was constructed from an a]. nrniniurn alloy

35 nun film can, etched to a weight of 2 gin and suspended from

9 inches of mil tungsten wire. The sensitivity of this

apparatus was of the order of 10-20° rotation per s/sec at

the substrate.	 I.

.' Table Ii.i is a comparison of the advantages and

disadvantages of cylinder and crystal ratemeters. (Note.

After the wesent work on silver films had been completed,

Beavitt(236) described a disc ratemeter, which retained the

advantages of a cylinder ratemeter, while eliminating many of the

disadvantages.)

In later work the evaporation rate was measured on an

Edwards Crystal Film Thickness Monitor. The crystal, which

was placed on the source side of the shutter, is visible in

Plate .2.

The film thickness was measured on another crystal

mounted on the jig adjacent to the substrate, and visible in

Plates 3.3 and 3.1.. The crystals for monitoring film thickness

were AT out government surplus types, unsoldered from their

cans. The frequencies were from 5.5 to 6.5 14Hz. The local

oscillator circuit, which was a modification of an RCA circuit

with an emitter follower added, because of the long lead to the

counter, is given in Figure 11.2. The frequency was measured

on a Hewlett Packard counter type 5214C. The crystal was nude,
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TABLE kel

A Comparison of Cyl{nAer and Crysta). Ratemetera.

The cylinder rate meter has the advantage that it is

1. Simple in design.
2. Cheap.
3. Bakeable.
11.	 No inlet electrodes required.
5.	 Measures rate of incidence of atoms.

It has the disadvantage that it has

1. Long time constant.
2. A starting inertia.
3. Does not return to starting deflection after

an evaporation: 10% offset.
Ii.	 thee of material landing on cylinder upsets

bJ.p'ice, especially when cylinder is very
light weight.

5. Assumes constant sources geometry, i.e. that
it is so close to the source that a small
change in position of the evaporant causes a
large chrnige in rate.

6. Rotation depends on source temperature.
7. Must use a light source to see position of

cylinder, i.e. a table lamp.
8. Needs a large amount of chamber space, almost

12" by 3" by 3".

In comparison a crystal ratemeter has

1. Practically instant response.
2. 3% accuracy (manufacturers figure).
3. Easy to change crystal.
k.	 More sensitive than cylinder rateineter, so can

be further from source, and less depen.nt
on source geometry.

5. Enables same rate to be set up in succeseive
evaporations.

6. No table lamp, and less chamber space, so that
evaporation source may be completely boxed
in, thus reducing thermal problems.

y.	 Very easy to read rate from meters, rather than
from peering into bell jar.
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but the frequency was stable to .4Hz in 5.9 ?z over

half an hour. This stability is similar to that obtained by

Hailer and White(2371 who used a special water cooled enclosure

to keep the crystal temperature constant.

4.5. SUBSTRATE HEATER

The substrate heater consisted of two pairs of vertical

10 mi]. tantalum or tungsten wires mounted in a nickel heat

reflector, so as to heat the substrate by radiation from the

front. A mask was arranged so as to shield the wires from the

evaporant, while allowing the evaporant to land on the substrate

(Plate 4.3). The maid.mum substrate temperature reached was about

250°C for a heater current of the order of 0.8 amp. When the

substrate heater was first brought into operation it was found

to affect the stability of the readings on the capacitance bridge.

Thia trouble was finally traced to thermionic emission from the

heater wires (Reference 238 pp 221-225)	 it was cured by

biasing the whole bridge-recorder system 120 volta negatively with

respect to earth. Biasing the heater positively was found to

have little effect.

The radiant heat caused a deflection of the substrate for

the reasons discussed in section 5.2.1. The substrate heater

did not have a constant heat output, and the substrate deflection

drifted considerably. A typical drift after a four hour

etabilisation period was one full scale deflection of the recorder
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pen in 20 minutes. The mrtnuzn tolerable drift during a

measurement was of the order of 1/20 full scale deflection per

minute.

Attempts were therefore made to control the substrate

temperature, with the dual objective of m1n{niising drift when

the substrate heater was used, and of keeping the temperature

constant during an evaporation (see section 5.3.3.4.). A

hO swg chromel-alumel thermocouple was attached to the back of a

substrate with a dab of colloidal graphite, and the output from

this was used to control the heater current by means of

I • an Ether type 991 0-300°C on-off controller, and

2. an Ether type 992 proportional. controller, 0-1,600°C

with a pilot amplifier type 570, and a 3 Kw saturable reactor

with a 12:1 step up transformer. Typical charts are shown in

Figure i.k.

Under optimum conditions the proportional controller almost

gave a small enough drift for high sensitivity stress experiment B.

However these optimum conditions were hard to achieve. It was

not possible to control the temperature quickly enough to

compensate for the radiant heat and latent heat pulse during an

evaporation.

Reasonable control could possibly be achieved if the time

response of the system was fast enough. Replacing the saturable

reactor by a silicon control rectifier set, and decreasing the

heating time of the substrate heater would both reduce the

response time.
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Figure ii. ii Typical charts obtained during the experiments
on substrate temperature control.

A no control.
B on - off control.
C on - half off control.
D proportional control, typical setting.
E proportional control, best setting obtained.
P effect of exposing substrate to radiant heat

from an empty boat when using proportional control.
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CHAPTER V

CPIMENTAL PROCEDURE

5.1. SUBSTRATE PREPARATION

5.1.1. Glass Substrates

The glass substrates were microscope cover slips, size

2" by 1" by 0.005" (13" by	 by O.0035) made

from Chance CMI) soda-lime-silica glass. The manufacturer ,8

na].yaia of this glass is given in Appendix 5.1 • As supplied

the thickness was uniform to +15%. They were selected for

thickness uniformity to ±2% by thickness measurements, and by

examination of the interference fringes formed between the front

and back surfaces. Typical interferograms for 	 by I"

substrates are reproduced in Plate 5.1.

After ultrasonic cleaning in a dilute detergent solution,

batches of six substrates were thoroughly rinsed in running

distilled water, and then refluxed for 2k hours in a Soxhlet

extractor charged with isopropyl alcohol. Immediately

after cleaning the substrates passed the "water break testt239)

That is, the glass surface dried uniformly after being held in

running distilled water. This test is sensitive to about a

monolayer of organic contamination. However the substrates were

contaminated after two or three minutes exposure to the

The first figures refer to the )'k,del j jig, and the figures

in brackets to the Model 1!!' jig.
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Flate 5.1 Interferograms formed in sodium light between the

surfaces of 2" by ' glass substrates, showing

contours of constant thickness. Substrate A is

uniform in thickness; substrate	 is not.

x 1 magnification.

Plate 5.2 Flatinum carbon replica of the surface of a glass

substrate.	 x 45,0CC magnification.



142.

laboratory atmosphere. A platinum-carbon replica of a

substrate surface is shown in Plate 5.2. The fine structure

in the background is due to the replication process. The

small particles are probably dust. 	 The glass substrates,

therefore, have a relatively smooth surface.

After clernlng the substrates were coated with the chromium

conducting coating, which was evaporated as a powder from a

tungsten strip in a vacuum of	 2 x 10 torr, at a substrate

temperature of about 130°C until the film became opsque to

light (about 600). The substrates were then returned to the

ectractor until use.

5.1.2. Mica Substrates

Mica substrates were scratch free, best quality, die cut,

ruby, muscovite mica, size 2" by 1" by 0.005" (*' by

by 0.007" ) from Mica and Micanite Ltd. They were coated with

chromium in batches of ten, and were then cut to size and

cleaved (to 0.005") with a Sharps No. 10 needle just before use.

The crystallographic b-axis was found by viewing the mica

between crossed polaroids, to find two angles for extinction.

The mica was then pricked with a sharp needle to give the

direction of the three fold symmetrical arrangement of atoms

(Plate 5.3). The direction of cleavage which is parallel to one

of the extinction axes is the b-axis.



Plate .3 The effect of pricking a mica sample. 	 The

cleavages run parallel to the rows of potassium

atoms in the mica surface. x 20 ragnification.
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5.1 • 3. The Evaporants

The silver used for evaporation was Johnson Matthey

Uspec_pure l si].ver. It was spectroscopically analysed by

the Imperial College Analytical Services Laboratory where it

was found to contain of the order of 5 ppm of Mg and Si and less

than about I ppm of Cu and Fe.

The gold was also supplied by Johnson Matthey. Spectroscopic

analysis by the above laboratory showed that it contained of the

order of 5 ppm of Mg, Si and Fe and less than about I ppm of

Cu.

5.2.	 PIIIqTAL PROCURE

5.2.1. Thermal cycling

Before mktng the stress determin&tion the effect of thermal

cycling was found for each substrate. The substrates were

exposed to radiant heat from an empty boat which had previously

been outgaased. They were then allowed to cool to room

temperature. The effect of this was to cause a deflection of

the substrate. The substrate deflection was monitored on the

recorder, and the direction of deflection on heating, the

magnitude of the deflection and the difference between the position

of the end of the substrate before and after cycling was noted.

This difference was significant in comparison with the deflection

expected in a stress measuring experiment. The deflection due

to heating and cooling is illustrated in Figure 5.2.
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The deflection was due niMn].y to the difference in thermal

expansion coefficient of the conducting film and the substrate

although a contribution to the deflection could also arise from

any temperature gradient across the substrate, and from any

inhomogeneity in the composition of the glass. Chromium, with

an expansion coefficient (6.8 x io), near to that of the glass

substrates (7.3 x 10.6), was chosen for the coating so as to

reduce the total excursion of the substrate during heating.

The problem was overcome by clamping the substrate with a

magnet, by hanging it vertically and by using chromium as the

conducting coating.	 A small number of carefully annealed

substrates, kindly lent by 1k'. Carpenter, of the Plessey Co. Ltd.,

were coated with chromium in the usual way. They showed no

significant improvement in reliability over unannealed slides.

The glass substrates used in these stress determinations were,

therefore, not annealed.

5.2.2. Evapgration Procedure

The maximum residual gas pressure during an evaporation was

about 2.1O_6 torr for silver; 3.1O_6 tort' for gold and 3.1O

torr for lead telluride.

AU substrates were at room temperature at the start of the

evaporations.

The chart speed was set to one inch per minute before and

after an evaporation, but was increased to three inches per
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minute during the evaporation.

The evaporation rate was set up on the rate monitor, and when

it had become stable at the required value the shutter was

opened and the substrate deflection was recorded continuously.

When the Model	 jig was used only one substrate at a time

was connected to the bridge. The leads from the other two

substrates were earthed. The initial capacity from each substrate

was recorded in turn. Then the deflection during evaporation

was followed in the middle substrate of the three. After the

deflection had reached a stable value the other substrates were

connected, and their capacity measured in turn.

A typical chart of deflection versus time during an

evaporation is shown in .gure 5.1, and is discussed in section 5.3.

After closing the shutter the deflection took between three and ten

minutes to reach a stable value.

5.2.3.	 'Pulsed' Experiments

In earlier ('pulsed') experiments only 2O-2OO thickness of

fi]in were deposited. After the substrate deflection had come

to equilibrium the deflection on the chart was noted, end the

process was repeated with another evaporation. Thus half a

dozen to one dozen points of the force per unit width versus film

thickness curve were obtained for each substrate. Because the

points were from measurements on the same substrate they all lay

on a relatively smooth curve. However this technique was
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deposition. Curves C and D obtained during deposition
correspond respectively to curves A and B obtained
during thermal cycling. The arrows mark the
commencement of deposition.
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rejected because of ixtherent inaccuracies.

The results obtained by this method are open to errors in

both film thickness and stress values. The film thickness

values, being determined by tin*g the duration of the pulse of

evaporation, and by assuming constant rate over the series of

experiments, is very dependant on small errors in rate during

the evaporation. The values of rate were not reproducible from

one pulse to the next because of 1{m-Etations of the cylinder

ratemeter, so that errors in the film thickness accumulated.

The stress values would not correspond to the values in a

continuously evaporated film if stress relief occurred during

the period the system took to come to equilibrium. However

stress relief almost certainly occurred after the end of

deposition (section 5.3.2). Contamination problems could also

occur. If the deflection takes ten minutes to come to

equilibrium, and if there are ten increments of thickness, then

the film surface will have been exposed for almost two hours,

in which time the surface would probably be contaminated.

5.2. Lf	 lm Thickness Measurement

The frequency of the crystal thickness crystal took between

three and ten minutes to become constant, and the value of

frequency shift was taken as the difference between the initial

value and the fins], constant value. The frequency shifts on

the rate and thickness monitors were converted in to rate and
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thickness measurements by independant calibration. A thick

(2, 5001) film was evaporated and its thickness measured on the

Talysurf(222) in the usual way, after coating the step edge

with a hard 1&yer of silicon monoxide. Typical crystal '

calibrations were 1 Hz per I for Ag; 9 Hz per I for Au;
k Hz per I for PbTe: and 1 Hz per I for 210. Al]. thickness
values were taken from the frequency shift of the thickness

crystal, which was measured to the nearest Hz. As a check,

some thicker experimental films were also measured on the Talyaurf,

and the values given by the crystal lay within the scatter on

the Talysurf measurements.

At the time of the experiments on silver films the crystal

thickness monitor had not been installed. After the stress

measurement had been completed the lower half of the substrate

was covered by a sliding shutter, and silver was condensed on

the uncovered half at the same rate as that used during the

evaporation, in order to give a sufficient thickness (>2501)

for the film to be measured on the Talysurf. Then the covered

half of the substrate was exposed, and the rest covered, and a

thin support film of silicon monoxide was evaporated for the

e2.ectron microscopy specimenta (section 5.2.5, (i) ).

5.2.5. Structural Examination

The structure of the films was e yi nn4red by transmission

electron microscopy and selected area electron diffraction
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on a JE electron microscope. Various techniques were examined

for preparing specimens. No technique was entirely satisfactory.

(i) Some specimens for examination were prepared by

stripping the film which had been used for the stress determination

from its substrate. After cutting up the glass substrate into

conveniently sized pieces, a piece was exposed to HF fumes for

fi minute. The silver films, together with the support film
was then floated off the glass substrate in dietilled water, and

picked up on an electron microscope grid in the usual way. It

was examined in the electron microscope with as short as delay as

possible, to minimise oxidation. However, structural damage

(see section 6.1.5) was visible in these films.

(ii) Other specimens were prepared by using a film, already

mounted on a grid, as a substrate, so that no damage to the film

structure due to the stripping process would occur. Soda-glass

was blown from a tube, and found to be almost electron

transparent. After etchig(2k3) in a polishing etch, it became

electron transpazent, but was not thin enough for high resolution

electron microscopy.

(iii) Silicon monoxide coated carbon was also tried.

Carbon films, prepared by evaporating carbon on to mica

substrates, were mounted on microscope grids. The grids were then

mounted in a coating unit so that they could be shuttered off from

the vapour stream in turn. Silicon monoxide was then evaporated

on to the set of grids. The silver was evaporated without
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breaking the vacuum, and the grids were shuttered off from the

vapour stream one by one during the evaporation. Examination

of these speciznens shoved some signs of structural dunage.

(iv) Techniques (1), (ii) and. (iii) ma be criticised on

the grounds that silver fume become oxidised very rapidly

when exposed to air. This oxidation affects the aieaion(2k)

and the optical propertiea(214 of silver films, and could

affect the structure.

Therefore sets of films were grown in which a further layer

of silicon monoxide was evaporated on top of the silver film

to form a carbon-SiO-Ag-SiO sandwich. The resolution of the

micrographe of such a sandwich was not as good as it might

have been due to the thickness of the film. Little structural

damage was observed.

When interpreting the micrographs produced by method (iv)

it must be remembered that the structure of films grown on to

silicon monoxide is not necessarily the same as the structure

of such films grown on to glass substrates.

The micrographe to be presented in Chapter 6 were obtained

by techniques (1) or (iv).

5.3. INTERPRATION OF A TYPICAL CHART

5.3.1. Description of a Representative Chart

Figure 5.1 shows a typical chart plotted on a constant time

scale. At point A before evaporation has begun, the
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deflection on the chart ia constant. During the setting up of

the rate a deflection due to stray radiant heat was observed (B).

This deflection was only large in earlier experiments such as

thie one when the cylinder ratemeter was being used, because then

the source was not entirely shielded from the substrate. The

shutter is opened at point C and the deflection passes through

a number of turning points (e.g. D) until the shutter is

closed at point E. The deflection at point E is on the

compressive side of the origin, as discussed in the section

5.3.3.1. As the substrate cools to equilibrium the deflection

becomes tensile (F), and it has become constant five minutes

after closing the shutter. It waà found, however, that if the

recorder was left running the deflection started to drift towards

minimising stress (at G) and that this drift was constant with

time, with no sign of decreasing in rate even after half an hour.

Tbi drift was always found to be towards minimising stress except

in one or two island structure films. The value of the end

deflection used in the calculation of the stress was found b

extrapolating the part of the chart U to give the end

deflection that would have been present at the end of the

evaporation.

5.3.2. Interi,retation of the Drift

The drift is opposite in direction to the deflection during

cooling, and it has an extremely long time constant. It is
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therefore unlikely to be a cooling effect. Further evidence

that it is not a cooling effect comes from specimens such as

523 which had a drift rate of 3k dyne cm	 per minute,

which had not altered appreciably after fifty minutes. For

this specimen a change of temperature of 1°C would have caused

a change in stress of 7 dyne cm 1 . Thus if the drift had been

due to temperature, the temperature had fallen by 250°C without

showing signs of coming to equilibrium.

Another possibility is that the drift i due to electrical

or other drifts in the measuring apparatus. However the

substrate deflection had been recorded for periods longer than

2k hours on more than one occasion, and the maximum drift rate

found was 1.6 dyne cm 	 per minute.

A third possibility is that the drift is due to stress

relief. It is known from electrical measurements that the

structure of gold and silver films changes with time immediately

after deposition. For instance, the electrical resistance of

silver films has been found to decrease2_251) or increaae252260)

after deposition. Films of other metals (see for instance

Ref. 261) also show similar effects.

The increase of resistance with time is usually found in

discontinuous films, and is interpreted as aggloinoration, whereas

the decrease in resistance occurs in thicker films, and is

interpreted as self aimealing of defects (see section 2.3).

Any change in film structure, such as these changes which affect
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the electrical resistivity of the fi].ms, may be expected tq

cause, or to be caused by, a change in stress ip the fi]jn.

Thus it is not unlikely that stress relief is occuring in our

films, and that the part of the chart marked G can be interpreted

as showing stress relief.

In evaluating the chart it was assumed that the drift was

due to stress relief. In order to obtain the stress that was

in the film at the end of the evaporation, the part of the graph

G, was extrapolated to give the substrate deflection at the

instant the shutter was closed. It was not possible to

ascerta:Ln if the drift was linear during the cooling period, F.

Thus the masking of any stress change, during the first five

minutes after an evaporation, by the larger cooling effect is a

possible source of random error in stress measuring experiments.

5.3.3.1. Interpretation of Turning Points

Although the subsequent results on the stress in thin

films do not depend on the interpretation of the turning points,

such as D, in a typical chart, the thesis would be incomplete

without some comment on their origin.

No two charts produced in these experiments were identical.

However, when the deflection was tensile during thermal cycling

tests (Figure 5.2 A) the substrate deflection at the start of

the evaporation was also tensile, and charts such as Figure 5.2 C

were produced. When the deflection was compressive during

thermal cycling (Figure 5.2. B) charts such as D were produced
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during the evaporation. Thus a significant contribution to the

substrate deflection during evaporation arises from thermal

effects.

A compressive stress was always indicated after a long

enough evaporation. The compressive deflection arises from the

difference in expansion coefficients of the evaporant and the

substrate as the substrate heats up. The contribution from this

cause will be discussed in section 5.5.

The last common feature of the charts was a m1-nlmum followed

by a maximum (Figure 5.2 C,D). In the following sectiomit

will be shown that the most likely origin of the maximum is the

temperature gradient across the substrate, and the most likely

origin for the minimum is the sum of the contributions from the

stress in the film and the difference in expansion coefficient of

the substrate and the chromium coating.

5.3.3.2. The Origin of the Maximum

A simple calcu].ation(92) shows that, for the particular

substrate geometry used in these experiments, a force per unit

width of 9x103 dyne cm 1 would be recorded per degree centigrade

temperature gradient across the substrate. Thus even a

temperature gradient as ama].]. as 0.1 0C would cause a deflection

comparable to that due to the ma,d.mum stress observed.

The major contribution to the heat input raising the

substrate temperature during an evaporation comes from radiation,
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for the temperature rise of a substrate with a reflecting coating

on the front is smaller than that of a fresh substrate, when

deposition at a given rate is carried out.

Now, during a thermal cycling test a turning point was often

observed in the deflection on heating, with a corresponding

turning point on cooling, (Figures 5.2 A). This implies that

the contribution to the deflection cornea from two sources, which

act in opposite directions. If the contribution with the longer

time constant arises from the difference in thermal. expansion

coefficient of glass and chromium it agrees in sign with the

direction of deflection exnected from the published expansion

coefficient values. If the shorter time constant contribution

arises from a temperature gradient across the substrate, it

implies that the back of the substrate is hotter than the front.

This is likely as the chromium film absorbs, and the glass

substrate tranRmits, the radiant heat.

At the end of an evaporation, when a continuous film has

been deposited, any heat absorption will occur at the front of

the substrate, so that the front will be at a higher temperature

than the back.

Thus the temperature gradient across the substrate may

reverse during an evaporation. If it does, the deflection

produced is of the correct sign to explain the mad.inum found in

typical charts.
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5.3.3.3. Origin of the Minimum

The contribution to the substrate deflection from the

intrinsic stress, and the contribution to the substrate

deflection from the difference in thermal expansion coefficient

of the chromium coating and the substrate tend to deflect the

substrate in the opposite direction. Taken together, their

magnitudes could explain the minimum always observed in the

chart recordings.

5.3.3. 1F.	 Summary

The explanations put forward for the turning points are

the most satisfactory found so far. In order to eliminate the

contributions to the deflection from thermal sources, the

substrate temperature must be kept constant dul'ing an evaporation.

The only w&y to do this is to use refined temperature control

methods, such as those described in section k.5.

51	 YOUNG'S ?DDULUS DE'TMINATION

. i. 1 •	 Introduction

In a bending beam experiment a knowledge of the elastic

constants of the substrate is necessary to relate the stress in

the film to the deflection of the beam. For a beam of material

with isotropic elastic properties it is necessary to know both

the Poisson's ratio and the Young's modulus of the beam material.

Poisson's ratio has been neglected in stress experiments
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until recently, but where the	 ratio correction has

been applied a value for ii of 0.2 or 0.25 has usually

been taken. As it appears in a (i-z)) or a (1_z) 2) form,

the error due to a 25% difference in z) ia less than 10%.

In the present work z) has been taken to be 0.25 for both

glass and mica. This figure is reasonable for the high soda

content glass used for substrates, as	 ratio increases

with soda content and is 0.19 for siiica(262). The same

figure is also reasonable for mica substrates, where its

measured vaiue 8 was 0.23 ± 0.02.

The Young's modulus of the beams was determined either

by applying a known force to the end of the beam and noting

the resultant end deflection, or by measuring the natural

resonant frequency of flexura]. vibrations of the substrate.

In the former method the force was one of electrostatic

attraction, and was obtained by applying a potential difference

of the order of 100 volts across the jig. For the normal

substrate geometry this caused a force of about 5 mg on the

end of the beam, which for a 150 micron thick substrate

yielded a 7 micron end deflection. This was easily detectable

on the capacitance bridge. The circuit was such that the

applied potential difference did not affect the bridge

reading. A typical graph of change in capacity due to the

electrostatic field versus the square of the charge on the

plates showed the straight line relatior'Rhip expected.
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However, this result was obtained on the 2" by

substrates; on the 2" by 1" substrates the results obtained

were not reproducible, so, even though this method had several

advantages over the vibrating reed method, the latter was

developed and used for Youngs modulus determination.

5.k.2. The Vibratirg Reed Method

5.11.2.1. Apparatus

The block diagram of the apparatus designed and built to

make the measurements appears in gure 5.3. The substrate

was excited Into v5h'ati by an alternating electrostatic

field, applied as above across the jig. The exciting potential

was produced by a low frequency sine wave oscillator capable

of delivering 150 volts. The amplitude of the vibrations of

the substrate was measured by an off-resonance oscillator

technique. The circuit is drawn in .gure 5.11-. The output

of the oscillator consisted of a high frequency (lf.5 }fl)

signal amplitude modulated by a signal of depth and frequency

corresponding to the amplitude and frequency of vibration of

the substrate. After rectification the amplitude of the

modulation signal was read on a valve voltmeter. The choice

of frequency (Lf.5 1!1z) was determined by the only radio crystal

available at the time. The high and low frequency signals

were separated by a filter network. Plate 5.11 is a general

photograph of the apparatus.
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Figure 5.3 Block diagram of the apparatus used to measure the
substrate Young'. modulus.

I -	 ____________________________________

Figure 54 C.rouit diagram of the apparatus used to measure

the substrate Young's modulus.
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Plate 5.4

Apparatus for the measurement of the substrate Young's

modulus by the vibrating reed method. A is the low frequency

oscillator; B is the valve voltmeter; C is the crystal

oscillator and detector circuit; and D is the model

!1! jig.
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5.k.2.2. Experimental

The low frequency oscillator was calibrated against its

internal crystal frequency standard at 3313 ziG and 50 Hz.

The usual frequency range was L0_60 Hz. The tank circuit

was tuned off resonance until the r.f. output, as indicated

on the meter, was about 60% of its maximum value. The

exciting signal was then increased, and the resonance found at

the point where the reading on the valve voltmeter, V, passed

through the maximum. The exciting amplitude was adjusted so

that V was of the order of 10 mV. A plot of V against

the exciting frequency showed a sharp maximum at a frequency

where 2w8 is the natural vibrational frequency of the

substrate. The factor of 2 is necessary because the substrate

is attracted towards the reference electrode in both the positive

and the negative half cycles of the signal.

5.1+.2.3. Theory

The derivation of the relationship between natural

vibrational frequency and Young's modulus of a beam has

been given by Larflb263) and by Wood(2E. By considering the

forces acting on an element of the beam the equation of motion,

=	 0	 (.i)

dt2	12fdx	 12 dt2dx2
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is found. The co-ordinates are defined in Figure 3.7;

Ii and E are defined in Section 3.3.1; p is the density

of the substrate; and t is time. It can be shown that

the third term may be neglected for small amplitude vibrations.

After separating the variables the equation may be solved

graphically. WOOd(26' has pointed out that a more accurate

solution than that found from the graph is

f = (1.19372)2. L:_ .	 h

8	 i2Ji j	
(5.2)

If f now refers to the frequency as measured on the oscillator,

and if h is in microns, then

E = 1.533 . 10 .
h	 (5.3)

5.k.2.k. Results

The plot of V versus w5 for specimen number 359

is reproduced in Figure 5.5. Although the frequency could

usually be measured to 0.1 Hz the maximum was not always as

sharp as the one shown, particularly at frequencies below about

30 Hz, where accurate measurements were impossible. It

was not easy to deduce the amplitude of the vibrations of the

substrate during the measurements. However, dropping a 20 rig

weight on the end of the beam suggested that it was about
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Exciting frequency in Hz

Figure 5.5 Resonance curve for specimen 359
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10 microns, which is well within the amplitude for the theory to

apply.

The effect of the amplitude of the exciting signal on

is illustrated in ELgure 5.6. Increasing the amplitude of the

signal decreases w5. However, the effect is small, and it

is clear from these curves that the frequency should be

accurate to within 0.5 Hz in 50 Hz, or 1%.

An attempt was made to find the effect of the substrate

clamping pressure on the Youg modulus of mica substrates,

but no significant effect was found.

5.lj.3. Conclusions

The value of Young modulus obtained for glass and mica

substrates are given in the Table 5.1. A value of 5.0 x id

was used in the computation of the results of stress measurements

11	 -2on glass substrates, and a value of 12.3 x 10 dyne cm

for stress measurements on mica substrates.

Deny
	

Number of
	

E_dyne cm2
	

Standard Deviation
Substrates

Glass 2Zi8(265)
	

12
	

5.19 x 1011
	

0.17 x 1011

Mica	 2.75(266)	 70	 12.31 x 1011	 1.11 X 10

Table 5.1	 Experimental values of Young's modulus for

glass and mica substrates.
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Resonant frequency

20	 40	 60	 80	 100	 120	 140 volts
Exciting signa'

Resonant frequency

0	 20	 40	 60	 bO	 100	 120 140 volts

Exciting signal

Figure 5.6 The effect of the amplitude of the exciiing signal
on the resonant frequency.	

I
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5.5. THNAL STRESS CORRECTION

The substrate temperature increase during an evaporation

was due to radiant and latent heat inputs. This caused a thermal

stress to be present in the film, in addition to the intrinsic

stress. As mentioned in section 1,2 thia thermal stress mUst be

calculated and subtracted from the total stress to give the

intrinsic stress.

Assume that at any instant during an evaporation the

substrate and the film are at the same temperature. This

temperature will increase during evaporation, so that the

temperature of a given layer of film will increase with time

as further layers are deposited on top of it. If, as in the

present case, the thermal coefficient of expansion of the film

material, is greater than that of the substrate, the temperature

rise will, cause a compressive deflection. This compressive

deflection was observed in all the experiments performed.

Consider, then, the deflection versus time curve for a

film with no intrinsic stress (Figure 5.7). There will be

a compressiye deflection Send at the end of the evaporation,

and a final thermal stress, Sth which is the quantity to be

calculated.

Let the ambient temperature be T0 and the substrate

temperature at the end of the evaporation Tf. Let the

substrate temperature at time t be T. Let the final film

thickness be f and let the film thickness at time t be z.
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Tensile

-r
S

thermal
Time

I	 JC: - -
'end of evaporation

Compressive

Figure 5.7 End defleotion versus time curve for a substrate

during the evaporation of a film with no intrinsic

stress. The only contribution to the substrate

deflection arises from thermal stress.
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Let the Young's modulus of the film be E, and the difference in

thernia]. expansion coefficients of the film and the substrate

be L 'c and the rate of evaporation, (constant) R.

Case I
	

Assume that the temperature rises linearly with

time. Then: -

T-T	 T -T
_______	 00_	 f

z	 f (5.1k)

The force per unit width in a lAmina of film thickness

dz on cooling from T to -;
	

(132

E1o<.(T - T0) dz
	

('.5)

The total force per unit width in a film thickness

! is given by:

8th = $ET_T0)dz
	

(5.6)

=	 ELio(T - T0)
	

(5.7)
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Caee 2	 Assume that the temperature rises exponentially with

time, as found in practice.

Then.: -

T - T = T (1 - exp(-t/) i)	 (5.8)0

T - T = T (1 - exp(-t'/') ) 	 (5.9)f 0	 00

where t' is the time of evaporation, and 't' is the time

constant.

Pom Equation 5.6:-

Sth =	 Eo(T - T) dz	 (5.10)

=	 EAT (i - exp(-z/t) ) dz	 (5.11)

= EEcxTf (1 +'(exp(-t'/2J) - 1) / t' )

(5.12)

By a similar method it may be shown that:-

8end = ELT(t(1 - exp(-t'/r) 4- exp(.t'/i)) r

(5.13)

where S	 is the contribution to the deflection during theend

evaporation (section 5.3.3.1).



Young's
Modulus

Silver
	

7.9 x 1011

Gold
	

8.0 x 1011

PbTe
	

6.75 x 1011

Glass
	 5.19 x 1011

Mica
	

12.3 x 1011

Chromium
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5.5.2.	 Conipiitation

Values of temperature rises observed for silver and gold

and lead telluride films are given in Table 5.3. Using these

values, and those in Table 5.2 the thermal stress correction

for silver and gold films evaporated on to glass substrates

has been plotted in .gure .8 and the thermal stress correction

for lead telluride films evaporated on to mica substrates has

been plotted in Pigure 5.9

Ref.	 Coefficient
of expansion

267	 18.1 x io6

267	 13,9 x io_6

268	 17 x

269
	

7.3 x io_6

269
	

8.5 x io6

6.8

Ref.

270

270

271

265

272

267

Table 5.2: Data required for the thermal stress calculation.
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Material	 Rate	 T

Ag	 3/eeo	 28°C	 26.5 eeoonde

Ag	 6k/sec	 23°C	 16 seconda

Ag	 30/eec	 170C	 10 seconds

Au	 5/sec	 38°C	 10.5 seconds

PbTe	 51/sec	 7 or 8°C	 29 or 30 seconds

PbTe	 i5Vsec	 7 or 8°C	 29 or 30 seconds

Table 5.3:	 Oberved temperature rise in films evaporated on to

glass (Au,Ag) and mica (PbTe) substrates.



U)
I')

V
C

U
0
0
	 4-

cI U)
U)
I)

U
	 U)

U)
4- 	I-

V
>

0I
0

•1

V

V
V
L
0
U.

In

E
S.

I..
V
>
U)

C.

0

C
0
0
U

V

C-

C-
0
V

U)

U)

V

4-
Id)

(5

E
C-

V

I.-

0
V
C-

0)
U.

( 1...W3 uecp Oi (0 s;IUfl UI) 4W IM 1 IUfl Jd	 .aoj

0
0

0
0
w

0
0

0
0
c'J

174.



175.
0
C
0

U,
V
C

U

4-.

E
U-

0
0

0

-'.4
'p40o

U-'

S-s

-Fl
fri

00o	 0	 0	 0	 0
o	 0	 0	 0	 0
2



176.

CHAPT2 VI

RESULTS

6.1. STRESS IN SILV FILMS DEPOSIT) ON TO GLASS SUBSTRATES

6.1 • 1 •	 Introduction

The object of the work on stress in polycrystafline silver

films was to confirm previous results on stress in silver

films, and then to extend these results by measuring the stress

in discontinuous and island structure films. Seventy five

glass substrates were used in conjunction with the Model i

jig.

Section 6.1 is divided into two parts. The first deals

with 'pulsed' experiments. The second deals with the results

of the continuous deposition experiments.

6.1.2.	 Experiments

The overall results of the pu1sed experiments are

reproduced in Figure 6.1. Although there is a fair measure

of agreement in the film thickness range below about 1OO

above this film thickness the results diverge. This is

illustrated in Figure 6.2 in which two results under similar

preparation conditions are compared. The only difference

between the results was the pulse length, which was in 5O

increments for Specimen 193 and in 15O increments for

Specimen 19k. The stress in the film with the shorter pulse
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Force per unit width	 (in units of l0 2 dynecm 1 )	
177.

0	 100	 200	 300	 400	 500	 600 A
Fi'm thicknegS

Figure 6.]. Results of all the pulsed evaporations. Force per unit

width versus film thickness for silver films evaporated

on to glass substrates.
4
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LI)
	 194

3 A/sec

V
C
>
0

.

193

3.2 A/sec

0	 800
	

1000 A
film thickness

Figure 6.2 The effect of different tbickness increments on the

force per unit width versus film thiàkness curve for

silver evaporated on to glass substrates. The

thickness increments were 50 A for specimen 193 and

150 A for specimen 194.

L
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length was lower, indicating that contamination or stress relief

during the cooling period (section 5.2.3) at the end of the

evaporation reduces the stress.

The results from Specimen 18 1i. are reproduced in 1gure 6.3.

Both the stress and the force per unit width have been plotted,

and these curves are exactly equivalent.

Taken together these resuits(286) indicate that the force

per unit width passes through a maximum value at a film thickness

of 100-250L

6.1.3.	 'Pulsed'xj,erjments, Conclusions.

1. Pulsed experiments will not give accurate quantitative

information on the shape of the force per unit width versus film

thickness curve, because of stress relief and contamination

effect between pulses.

2. The results indicate qualitatively that the

force per unit width passes through a maximum value at a film

thickness between 100 and 250 , and that the stress tends to

zero as the film thickness tends to zero.

6.1.4. Continuous Deposition Results, Stress Results

The results obtained over the whole film thickness range

are plotted in Figure 6.4. The rates of evaporation lie

between 3 and 8 i/sec. The numbers adjacent to the points

on the graphs refer to the specimen numbers. The specimen

numbers are listed in Appendix 6.1 where the results are tabulated.
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Figure 6.3 Comparison of the average stress versus film thickness

curve and the force per unit width versus film

thickness curve plotted from the same data. Silver

evaporated on to a glass substrate.
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The measurements of force per unit width in the low

thickness range are plotted in Figure 6.5. The thermal stress

correction has not been applied to these results. The jig

was biased 120 voltB negatively with respect to the evaporation

soUrce in all these experiments (Section 4 • 1) • It may therefore

be assumed that no thermionic electrons from the evaporation

sources are reaching the substrate. In order to see whether

the bias affected the stress results, the measurements in the

initial stages of growth were repeated with the substrate at

earth potential. These results (Figure 6.6) are very e('nilar

to those with the bias in operation (Figure 6.5), but show a

slightly greater scatter. The same curve has been drawn through

both sets of results.

The force per unit width rises with increasing film thickness

to a constant value of about 1,200 dyne cm t at a film thickness

of about 12O. It starts to rise again at a film thickness of

about i,iooL but at this point the thermal stress (Figure 3.8)

is comparable to the total stress. The thermal stress has been

plotted on the same scales as Figure 6.k for easy comparison.

The shape of the curve in Figure 6.14 is the same as that in

Figure 3.3. That is the stress in silver films passes through

a maximum value.

Because the total force per unit width is constant between

150 and 1,0O0 film thickness, and because the thermal stress

contribution is increasing in this thickness range it is
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Figu'e 6.5 Force per unit width ver s film thickne s in t' e in	 S
of growth of silver films cv
The jig bias was on. (Coaie .-o	 6.o)..



184.

Figure 6.6 Force per unit width versus film thickness in the initial stages
of growth of silver films evaporated on to g1aa substrates.
The jig bias was off. (Compare to Figure 6.5).
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likely that the intrinsic force per unit width also passes

through a maximum value. This imp]4es that stress relief is

taking place in films thicker than ioL

6.1.5. Structure Results

Two sequences of micrographe are shown (Plates 6.1 - 6.6).

The micrograplis in sequence A are from films deposited on to

silicon monoxide support films already mounted on electron

microscope grids while those in sequence B are from films

stripped from the glass substrates used for stress determinations.

The rates of evaporation in the micrographs of sequence B

varied from specimen to specimen, and were from 3 to 8k/sec.

The micrographe of sequence A were deposited at about 5Vaec.

Structural damage may be observed in the micrographs of set

B. This takes the form of rounding or coalescence of the

islands. This could have been due to

1. the attack of the hycTrofluoric acid fumes used in

stripping on (a) the glass substrate or

(b) the silicon monoxide support film;

2. mechanical forces exerted on the film during the

stripping of the films from the substrates;

3. chemical attack of the film by exposure to air or

to the distilled water.

Because of the distortion of the film structure the

micrographa in sequence B were not used to give quantitative

structural data.
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12A: 6A/sec: specimen 231 	 20A: 5A/sec: specimen 252

Growth of silver films.	 Set A were evaporated on to

silicon monoxide substrates, and set B on to glass substrates.

The mark in plate 6.1 A represents 1,000k.	 x 200,000 magnification.
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However, as the inicrographa of sequence A are of films

deposited on to silicon monoxide substrates the structure

does not necessarily represent the structure of the films

used for stress experiments, which were deposited on to glass

substrates.

Bearing in mind the reservations made above about

quantitative conclusions from the electron microscopy, the

number of islands per unit area of substrate (N of section

2.7.11.2) has been plotted versus film thickness in Figure 6.16.

The graph shows that N decreases with increasing film thickness,

indicating that island coalescence has taken place, even in the

thinnest films examined. From this graph N1 versus f

has been plotted in Figure 6.17. Figure 6.17 shows that

the quantity NZ decreases with increasing film thickness.
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Figure 6.16. The number of islands per unit area of substrate,

N, as a function of the film thickness, f.
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Figure 6.17. The quantitr	 plotted as a function of f
from the same data.
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The qua.litative results of the electron microscopy are

presented in Table 6.1.

Structure	 Film Thickness (1)

Single islands, irreg. shapes

Starting to coalesce

Chains, discontinuous

Continuous, channels

Continuous, holes

Complete

. . . . . . .30

25... . .. . 50

k5. ... . . .70

65.....115

1 10. .. .. .125

120...

Table 6.1	 Quanlitative Results of Electron microscopy

on Silver Films.

The micrographs indicated that the films became electrically

continuous at a thickness of about 70 g. This has been confirmed

(165)
by some recent electrical measurements on silver films

The crystallite size was observed to increase with

increasing film thickness after the film has become continous.

This confirms work on crystallite sizes in silver films by

Moss et
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6.1.6. Conclusions

1om our measurements on the stress and the structure of

silver films we draw the following conclusions.

1. The stress in silver films, deposited under the

conditions specified on to glass substrates is

tensile.

2. Stress edsts in island structure films.

3. The stress in island structure fi].zns is tensile.

f. The stress in films below 14OO in thickness is

mainly intrinsic.

5. The stress (defined by the Stoney formula) tends to

zero or becomes constant as the film thickness tends

to zero. The stress does not tend to infinity.

6. No intrinsic stress is added to a film after it

reaches a thickness of about 12O. The point in the

film structure at which the last hole becomes filled

occurs at a thickness of about 120j,

7. The total stress and the intrinsic stress pass through

a maxLznum value at a film thickness of about 12O.

8. The intrinsic force per unit width passes through a

inad.mum value at a film thickness of about 12O.

9. Stress relief occurs with time immediately after

film deposition.
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6.2. STRESS IN SILVER FILMS DEPOSITED ON TO MICA SUBSTRATES.

6.2.1.	 Introduction,

The primary object was to compare the stress and the

structure of silver films deposited on to freshly cleaved mica

substrates with the stress and structure of silver films

deposited on to glass substrates. The secondary object was to

discover whether the scatter on the stress results was due to

variations of Young's modulus between substrates.

Thirty three mica substrates were used in conjunction with

the Model fT jig. The 120 volt bias was on throughout. The

substrate clamp pressure on the central substrate was decreased

slightly for Specimens 382-iO0 inclusively. Otherwise the

clamp pressures were unaltered. The specimens to be used for

electron microscopy were coated with a support film of silicon

monoxide without breaking the vacuum after deposition.

6.2.2. Results

In these and subsequent results the sets of three points

on the graphs correspond to the results from the three substrates

used in a particular evaporation.

The results are tabulated in Appendix 6.2 and plotted in
Figures 6.7 and 6.8. The rates of evaporation lie between

3.5 and 5 i/sec. Figure 6.7 shows the results assuming a

value of 12.3 x 1011 dyne cm for the Young's modulus of mica,

and Figure 6.8 shows the results with the values of Young's
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Figure 6.7 Force per unit width versus film thickness for silver
films evaporated on to mica substrates. An average
value was taken for Toung' s modulus. (Compare to
Iigwre6.B).
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Figure 6.8 Force per unit width versus film thickness for silver
films evaporated on to mica substrates. Young's modulus
values were taken from measurements on indiv.dual
substrates. (Compare to Figure 6.7).
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modulus taken from measurements on the individual substrates.

There is no significant reduction in scatter when the Young's

modulus measurements are taken on individual substrates.

It is seen from these graphs that the stress tends to zero

as the film thickness tends to zero, and that the force per unit

width reaches a madinum value between 200 and LiOO film

thickness and decreases at higher film thicknesses. The stress

is of the same order of magl-tude as the stress in silver films

deposited on to glass substrates.

ectron microscopy showed island structure films at a

thickness of 23k, continuous films with channel or hole structure at

100k film thickness, and continuous and complete films at 200k

and above • Some crystallitee in Specimen 379 were 700-8O0

across. A very slight degree of (iii) orientation was observed

in Specimen 391, but not in any other film.

6.2.3. Conclusions
1. The stress in silver films deposited on to mica

substrates is tensile, and is of the same order of

magnitude as that in silver films deposited on to

glass substrates.

2. The scatter on the results in stress measuring

experiments on mica substrates is not due solely to

variations in Young's modulus between substrates.
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3. The force per unit width versus film thickness curve

passes through a maximum value at a film thickness

of 200 - Li00t. The last channel in the film

structure becomes filled at a film thickness of about

200g.

6.3. STRESS IN 0011) FUMS DEPOSITED ON 10 GTASS SUBSTRATES

63.1. Introduction

The object of this work was to verify the existence of a

maximum in the graph of force per unit width versus film

thickness. This maxl.mum had. been found in the work on silver

films at the thickness at which the last holes in the film

structure were being filled.

One hundred and sixteen glass substrates 1 by 7/16" by

0.0035" were used in the Model TT jig. The substrates and

the experimental procedure have already been described.

The 120 volt bias was on during these experiments. The

substrate clamping pressures were unaltered.

6.3,2. Stress Results

Unfortunately the gold wetted the material of the

evaporation source and ran to the corners of the boat which were

cooler than the central part. When this happened the

calibration of the ratemeter and the thickness uniformity of

the films across the three substrates were considerably affected.
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For this reason the stress value given by the outer of the

three substrates was sometimes different from that given by the

other two. In these cases it has not been plotted on the graphs

of results. It has atili, however, been tabulated together

with the other results in Appendix 6.3.

Compressive stresses were indicated in a tenth of the

measurements made • The chart was used to foflow the behaviour

of the deflection of the middle substrate of the three during an

evaporation arid it can be seen from the tabulated results that

the middle substrate stress, which was therefore the most

accurate, was never compressive. Also in any evaporation the

stress in two of the three films was tensile. Hence the type of

stress in gold films deposited on to glass substrates was

taken to be tensile.

The rates of evaporation are marked adjacent to the

points in the graphs of results.

The results for films evaporated at a rate of 3 i/sec,

Figure 6.9, show a linear rise of force per unit width versus

film thickness. A macLmum is not indicated. The stress is

considerably higher in magnitude in these films than in films

evaporated at higher rates. The stress in these films tends

to zero as the film thickness tends to zero.

The results for films evaporated at rates between and

6 1 eec, Figure 6.io, show the same initial rise of force per

unit width with film thickness, but after a film thickness of



0	 0	 0	 0	 0
IA	 I')	 I-

u(p	 o s;iun Uf)	 ;pm !Ufl .d

199.

0

C)

1.-I

.1r\
44.)

U



200.

SI
0

0)
4.) I

SI
too

4.)

.0
0

4.)
0)

rIO

to

0)

4) tO

r14)

-p4)

H
0o
s-I
00

rz4+)

0	 ifl	 0	 0I-	 U-

( 1 W	 UIP OI 40 SIUfl Uj)	 4PLM jUfl

r



201.

C,)	 &
( _W3 uip oL O tUfl UI ) 4.P!M in .id 3JO4

to
to

I-I
to

0

0

to
•1•

a

to

to

'9
"-4

'-4

to
to
to

.Q

It
43

c1s

p4

to 43



0

.:t
4,

0

4-I

4.)

4,
•T-4

.

.4'

I .4.)

•rI
cI4bO

0
4.)

0

4.)

4)

4)

pi
4,
or

r4

('J

C)

ri

202.

0	 4(4	 0

( 1 _W3 QUICp OI 10 $,iUfl UI) 14P1M fwfl Jd 3JO4



203.

125 the curve tends to flatten, or even decrease. This curve

is very similar to that obtained for silver films, although the

magnitude of the force per unit width is very slightly higher.

The force per unit width in fi].ma evaporated at rates over

9 Vsec, .gure 6.11, shows a definite decrease as the film

thickness exceeds 500g.. The subsequent increase after i,000I

may be due to thermal stress. The thermal stress correction is

plotted in Figure 5.8.

The results in the initial stages of film growth have been

plotted in Figure 6.12. These results show that the stress

tends to zero as the film thickness tends to zero, and that the

stress in the initial stages of film growth is tensile, in

agreement with the work on silver films.

6.3.3. Structure Results

Plates 6.7 - 6.1k are micrographa of films which had been

used for stress determinations. At 5L/sec the thickness for

continuity was 1i0, and the last hole became filled at a

thickness of about 130L The crystallite size in continuous

films increased with increasing film thickness. The small

channels in the micrographs of Specimens 553, 550, 559 and 556

are probably not due to damage of the film on stripping, but

are part of the normal growth sequence. The difference in

structure of films of the same thickness deposited at

different rates i very small. The films deposited at
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higher rates have smaller crystallite sizes.

The structure of these gold films is similar to that

found by Pashley et	 in po].ycrystafline gold films grown

on carbon substrates.

6.3k. Conclusions

I • The stress in gold films, deposited under the conditions

specified on to glass substrates is tensile.

2. Stress ed.sts in island structure films.

3. The stress in island structure films is tensile.

k. The stress in films below ZiO0 in thickness is

mdnly intrinsic.

5. The stress (defined by the Stoney formula) tends to zero

as the film thickness tends to zero.

6. The total stress passes through a rnad.rnum value at some

film thickness between 100 and 2OdL

7. The point in the film structure at which the last hole

becomes filled occurs at a thickness of about 130k

8. The intrinsic force per unit width passes through a

maximum value.

9. The magnitude of the force per unit width is not

strongly rate dependent.

10. Stress relief occurs with time immediately after film

deposition.
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6. Li. LEAD TLLTJRE RESULTS

6. li. I •	 Introduction

The thermal problems (sections Li.k. and 5.2) encountered in

the preliminary experiments with the stress measuring apparatus

necessitated the choice of a material with the lowest possible

epitaxia]. temperature for the study of stress in epitaxia].

thin films. One such material was lead tefluride, which was

observed to form oriented films on room temperature substrates.

An additional advantage of this material was the low evaporation

temperature which reduced the thermal. contribution to the

substrate deflection.

Another possible material was tin telluride, but although

a large degree of orientation ecisted in sample films, no

films gave a perfect spot diffraction pattern. Plate 6.23F

is a typical tin tel].uride diffraction pattern.

Lead telluride was therefore used for these experiments.

Stoichiometry problems arise with any evaporation of a

compound. However mass spectroscopic studies have shown that

lead tefluride evaporates as a moiecule ' , and good

stoichiometry of PbTe films has been reported 6 . Zemel

found bulk properties in thick PbTe films evaporated from

silica crucib].es, although Mountvala(278) found a deficiency of

tellurium using electron bombardment evaporation.

No bending beam stress measurements on lead telluride

films have been reported, although the effects of thermal stress
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on the optical properties of similar films have been observed(279).

The therma].. stress in epitacial PbS films grown on to rock 8alt

at a temperature of 300°C and cooled to room temperature was

5 x 19 dyne cm 1 , in agreement with stress calculated from

optical band gap measurements.

The intrinsic stresses measured in the present experiments

were two orders of magnitude lower, being in the range

x io'' to 5 x 1o8 dyne cm1.

6.4.2. Stress Results

The chart records produced did not show the turning points

always associated with the evaporations of silver and gold, but

they did show the compressive deflection due to the heating

up of the substrates as the films were deposited.

'Pulsed' evaporations were tried initially. Figure 6.13

shows some of the results obtained. It can be seen that the

slope of the force per unit width versus film thickness graphs

is the same whether the thickness increments are 50 or 50O.

Therefore, pulsedl experiments were used throughout the work

on lead telluride.

Figure 6.14 shows the effect of the rate of deposition on

the stress. It is observed that the stress increases with

increasing rate. On this graph Specimen 324 was evaporated

with the bias off. The absence of the bias produced no

significant difference in the stress behaviour.
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Most of the results were the straight line graphs shown here.

However when these straight lines were extrapolated about 60%

of the results obtained would cross the force per unit width

aids below the origin in the compressive region. The results

in Figure 6.13 are examples of those which cross in the

compressive region, while those of Figure 6.14 pass through the

origin.

In order to find out whether the stress was compressive at

any point during an evaporation measurements were made of the

stress in the initial stages of growth. There was a large

scatter on the results so that Figure 6.15 shows some

representative values for evaporation rates of 1, 3 and 4k/sec.

This graph has been drawn on a five times enlarged scale, so

that a given slope corresponds to the same stress as it would

in Figures 6.13 and 6.14. The indication is that the stress

is always tensile. The compressive trend implied by the results

in Figure 6.13 could have arisen from incomplete coating on the

substrate reverse (section 3.6.5, item 4).

The thermal stress correction has been plotted in Figure

5.9. The magnitude of the thermal stress is very much less

than that of the total stress. Even if possible errors in the

measurement of the substrate temperature are taken into account

the thermal stress remains much smaller than the total stress.

Thus intrinsic stress exists in lead telluride films.

The results of all the stress measurements on lead

teiluride films are tabulated in Appendix 6.4 and are
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aiimm,irjaed in Table 6.2. Included in this table are the results

of a number of measurements of stress in films deposited on to

glass substrates. In order to compare the stress in films

deposited on to glass and mica substrates the results have been

isolated in Table 6.3. from this table it is apparent that the

stress in lead telluride films deposited on to glass substrates

is less dependent on the evaporation rate than the stress in such

films deposited on to mica substrates.

6,11.3. Structure Results

Thermoelectric probe measurements indicated that none of the

films were seniiconducting. The sheet resistivity was of the

order of 50 K / I in the final films which were 1,000k

thick.

The film structure was observed by transmission electron

microscopy and selected area electron diffraction. Specimens

were grown specifically for structure examination, and at the

same time some of the films which had bad their stress measured

were examined. Great difficulty was experienced in stripping

the carbon backed lead tel].uride films from the mica substrates.

or instance out of eight sets of specimens grown specially

for structure examination only one set stripped enough to

enable a complete growth sequence to be observed, and of seven

attempts to strip films from the substrates used for stress

determ{tion only two were successful. The specimens which
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1	 2	 3	 k	 5	 6

2	 S	 off	 10	 medium	 8.0

3	 S	 on	 10	 medium	 Z.2

I	 C	 off	 1Q	 medium	 3.9

8	 C	 on	 io	 low

9	 C	 oi	 IO	 medium	 lf.0

8	 C	 on	 10	 high	 11.2

6	 glass	 on	 10	 medium	 7.2

6	 glass	 on	 10	 high	 7.11

Table 62. Summary of results on lead tel].uride films. Column

1 is the number of different substrates used;

Column 2 is whether cleaved mica (C), mica as supplied

(5) or glass substrates; Column 3 is whether the

bias was on or off; Column 1+ is the residual gas

pressure during evaporation in torr; Column 5 is

the rate of evaporation - low = 1k/sec., medium =

3 - 7k/sec., and high = 10 - 20R/sec.; Column 6

is the average stress at a film thickness of 500

in units of 1( dyne cm2.
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did strip required long exposures to hydrofluoric acid fumes,

and showed evidence of structural damage. Exposure to

concentrated hydrofluoric acid Uquid, and to hyrofluoric acid

fumes for more than twelve hours did not enable the films to

be stripped. Hence the structures which were observed did

not necessarily represent the structures which were present in

the stress films. It is also clear that very tight bonding

exists between PbTe and mica. AU these experiments were with

room temperature mica substrates.

Plates 6.15 - 6.20 show the growth sequence. The film

thickness are approximate. The evaporation rate was about

10/sec. The films were deposited on to uncleaved mica

substrates at room temperature. The film became continoua at a

very early stage of growth. The (ill) spot diffraction

patterns indicated epitaxia]. growth, although the micrographs

showed that the crystallite size was only of the order of 200L

No difficulty was experienced in stripping PbTe films from

glass substrates. Two micrographs, Plates 6.21 and 6.22

corresponding to 5 and 10 i/sec evaporation rates showed very

similar structure, and the characteristic simple cubic diffraction

ring pattern.

Diffraction patterns from specimen films (Plates 6.23)

showed a ring pattern or a spot pattern, and one film showed

a partially oriented film.

Of a].]. the specimens examined only one small area contained
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a thick enough layer of PbTe on a thin enough layer of mica

to enable a superimposed diffraction pattern to be obtained.

This diffraction pattern (Plate 6.23E) indicated that the

orientation relationship was (111) PbTe 1/ (iii) mica,

[321) PbTe 1/ [633] mica: that is an angle of 12° between the

(100) direction of film and substrate. This result, which was

(p6)not confirmed in any other experiment was contrary to Makino s

work. Makino found that the orientation relationship was

(iii) PbTe /1 (001) mica, [iio] PbTe /1 [100] mica.

An attempt was made to find a dependence of stress on

the orientation of the substrate. No dependence was found.

However an orientation dependence might have been masked by

the scatter (130 %) in the experimental results,



Plate 6.3

A,E,C and D are four diffraction patterns from lead

teliuride evaporated on to mica substrates.	 A is specimen

316; B is specimen 318; C is specimen 324; D is

specimen 525.

E is the only diffraction pattern obtained illustrating

the orientation relationship between a lead telluride film

and its mica substrate.

F IS a typical diffraction pattern from a tin telluride film.
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Evaporation	 Glass	 Mica
Bate	 Substrates	 Substrates

5.5/sec	 7.1

ii/sec	 11.2

Table 6.3. A comparison of the effect of evaporation rate

on the stress in lead telluride films deposited on

to glass and mica substrates. The stress is in

units of io8 (.yfl	 -2e cm

6 • L1	 Conclusions

1. The total stress in lead telluride films deposited on

to mica or glass substrates is tensile.

2. The total stress in the earliest stages of film growth

(10-3o) is tensile.

3. The force per unit width in lead telluride films

deposited on to mica substrates rises linearly with

increasing film thickness. That is the stress is

constant.

i. The stress in lead telluride films deposited on to

mica substrates is mainly intrinsic.

5. It is probably that the structure of lead teiluricle

films deposited on to room temperature freshly cleaved

mica substrates consists of we].]. oriented films with

crystallite size about 200L
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6. Iad tefluride films depo6ited On to glass substrates

have randomly oriented crystallites with a crystallite

size of the order of

7. The stress is less rate dependent in films deposited

on to glass than in films deposited on to mica

substrates.
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CHAPTER VII

7.1. INTRODUCTION

In this chapter the models discussed in chapter two will

be considered in the light of the experimental results presented

in chapter six. The discussion will be divided into two

parts, on silver aiid gold films and on lead telluride films.

The discussion of the lead tellurid.e results is necessarily

incomplete as the structure of the films could not be precisely

determined.

Lead telluride films will be considered in section 7.2 in

the light of the available evidence on stress and film structure.

The remainder of the chapter will be devoted to the silver and

gold films, where there is sufficient data to enable a satisfactory

conclusion to be drawn.

7.2. lEAD TELLURIDE FILMS

The results showed that the intrinsic stress in lead

telluride films deposited on to mica substrates was independent

of film thickness. 1.ve of the models (thermal, imperfection

(vacancy), density, grain boundary and interfacial) introduced

in chapter two predicted such a type of stress.

The stress in the films was also dependent on the

deposition rate. However the stresses predicted by the

therma]. model and the density model depend only on the physical

properties of the evaporant, such as its recrystallization

temperature. Hence these models predict a stress independent
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of the deposition rate. Thus the stress found in lead telluride

films was probably due to the imperfection (vacancy) model, the

grain boundary mode]. or the interfacial phenomena models.

Unfortunately the lack of data on the structure of the lead

telluride films arid the lack of data on the physical properties

of bulk lead tefluride prevent any firmer conclusions being

drawn.

7.3. SILVER AND GOLD Y.ELMS

7.3.1. Introduction

The discussion in the ret-1-nder of the chapter will be

confined to silver and gold films deposited on to amorphous

substrates.

The results in chapter six fall into two categories,

stress and structure results. On the basis of the structure

results it is convenient to divide the discussion into two

parts, island structure films, to be discussed in section 7.4,

and continuous films, to be discussed in section 7.5.
The results on gold and silver films in the present work

are very similar to each other. This similarity has not been

previously observed. Published results on silver and gold

films have been reproduced in Figures 7.]. and 7.2. The

relevant evaporation conditions have been given in Table 7.1.

The salient points of the results of chapter six which

will be utilised in this chapter are: -
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Substrate

material

silver films

copper

copper

mica

mica

soda glass

8Oda glass*

soda glass

rate Pressure	 Authors Ref.

2/sec tori'	 initials

3o-6o i0_10	 MV	 82

5.10'	 KNU	 126

20_h O 2.10	 IUS
	

127

20 hi0 :i1O	 KNT
	

280

15	 1O-1O	 BC
	

7k

5_15* 1O	 K
	

281

3-10 2.10	 V

Authors

names

Murbach, Wilinan

Kato, NagRRh{ma,

Rasuuma

Kinoaita, Rondo,

Sawasnura

Kinosita el al.

Blackburn, Campbell

Klokholm

Wilcock

MW

RH

K

V

gold films

copper

quartz

soda glaas

soda glass

30-60

15-20

5-15	 1O

1-20 3.106

82	 Murbach,Wilmui

119	 Kinbara,Haraki

281	 K3.okholm

Wilcock

Table 7.1.	 Evaporation conditions and key for 1gurea 7.1

and 7.2. The values marked tbuaare not stated explicitly,

but are wefl informed guesses based on similar work by the same

authors.
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1. The stress is tensile throughout the whole film

thickness range studied.

2. During the island and coalescence stages the intrinsic

force per unit width increases with increasing film thickness.

3. After the film baa become continuous in structure the

intrinsic force per unit width decreases with increasing film

thickness.

These statements are true for silver and gold films deposited

on to glass substrates, end for silver films deposited on to

ttLca substrates.

Statements 2 and 3 state that, after the coalescence stages,

once the last hole in the film structure is filled, no further

intrinsic stress is generated. This result is important in

the discussion of the models.

Other information about the structure of silver films

not obtainable by conventional electron microscopy or diffraction

was cited in chapter two. This was the scanning electron

diffraction (SCED) evidence. A discussion of the validity

of the structural evidence obtained in the present experiments

has been given in section 6.15. A discussion of the validity

of the SCED evidence will now be given

7.3.2. Structural considerations

In the earliest stages of film growth the number of islands

per unit area of substrate increases as the islands are
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nucleated(2B2 At some later time coalescence takes place

and the number of islands per unit area of the substrate

decreases. Thus the number of islands per unit area of substrate

passes through a maximum value. Different nucleation conditions

cause this maximum to occur at different film thicknesses,

and thus lead to a different film structure at a given thickness.

A comparison of the micrographa obtained in the SCD studies

with those from the present studies showed that the present

fi].a were much less agg].corated. This difference in

structure was attributed to a difference iii nucleation

conditions. The nucleation theory of Lewis and Campbell 282

showed that under conditions similar to those used in the

present work, for a given film-substrate combination, the

film thickness, max' at which the number of islands per

unit area of substrate passed through a maximum was inversely

proportional to the evaporation rate. As the rates of

evaporation in the SCED work were about two orders of magnitude

smaller than those in the present experiments f 	 would have

occurred at a muph greater film thickness.

The film thickness,	 depends very critically on the

choice of values of adsorption and surface diffusion energies.

If the surface diffusion energy is assumed to be one tenth

of the adsorption energy the two different published values

for the adsorption energy of silver on to glass (5.2 Kca]J

mole 283 3.1+ Kca]Jmole 
284) 

gives values of 1.5 seconds

or 3 x	 seconds for the time taken to reach	 when the
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evaporation rate is iOR/sec. These times become longer

if the surface diffusion energy is assumed to be one third of the

adsorption energy.

The times to reach	 in the SUED work i then

3 x 
1Ot seconds or 6 x lO seconds depending on the choice

of adsorption energy values.

The fact that	 occurs at a low film thickness in the

present work is confirmed by the graph of island dezsity versus

film thickness, Figure 6.16.

Thus the film structure found at a given film thickness

in the SCED work is not comparable with that at the same

thickness in the present work. The experimental conditions

during deposition also differed in certain other respects.

The SCED depositions were carried out on to carbon substrates,

not on to glass. Furthermore the residual gas pressure in the

SCED work was the same as that used in the present work, so

that the ratio of residual gas atoms to evaporarit atoms landing

on the substrate was two orders of magnitude higher.

7.k. MODELS FOR STSS IN T INITIAL STAGES OF GROWTH

7 l4.3 Introduction

Models for stress in films thinner than about 100R

will be considered in this section. The models to be discussed

have been listed in Table 7.2, and they have been numbered

for ease of reference.
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4)0

1

2

3

Therma].

Imperfection (vacancy)

Imperfection (grain boundary

in i8laxlda)

ii.
	 Density

5 Grain Boundary

6 Grain Gap

7
	

Electrostatic

8
	

Surface stress

9
	

Surface tension

10 Interfacial

11 Inhomogeneous strain modification

of interfacia].

T	 No

T	 No

T	 Possibly

T	 No

P	 No

P	 Possibly Yes

TorC No	 No

C	 No

T	 No

C or P

C or P No

Table 7.2 Models for intrinsic stress in silver and gold

films deposited on to glass substrates.
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The thermal model, the imperfection (vacancy) model, the

density model, the grain boundary model and the interfacial

models (models l,2,k,5,lO and U of Table 7.2) were originally

proposed in connection with contirous films. The discussion

of these models will therefore be deferred until section 7.5.

It will be shown that these models are not applicable to

the present continuous films. Hence it is probable that they

are not applicable to island structure films either.

Of the remaining models the grain gap and the imperfection

(grain boundary in islands) model are singled out for further

discussion in sections 7.1. . 3. and 7.11..Li..

7.ZI .2. General discussion of models

7. 11.2.1. The electrostatic model (model 7 of Table 7.2)

The calculations made in chapter two on the electrostatic

model apply to any system of conducting islands on an

insulating substrate. The silver and gold. films used in the

present investigation form such a system. The calculations

showed that the force per unit width fell very rapidly

with increasing film thickness. The predicted values of

stress were of the me order of magnitude as observed stresses

only in films thinner that 10

In thicker films they were negligible. Thus this mechanism

is not the sole cause of stress in the present films. In added

proof, the model predicts no stress in an electrically
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continuous film, whereas stress in such a film was certainly

observed.

In Table 7.2. it has been noted that this model does not

apply quantitatively to either thick or island structure films.

7.k.22 The surface stress model (model 8 of Table 7.2)

On the basis of the electron diffraction data presented

in section 2.7.3 it was concluded that the lattice spacing

of small crystallites of silver was smaller than that of bulk

silver. This implies that silver has a positive surface

stress. It was shown that a positive surface stress would

lead to a compressive stress being observed in a bending beam

experiment. Taken in conjunction with the structural evidence

presented in section 6.1.5 the theoretical derivation given in

section 2.7.li. shows that, on the surface stress model 1 the force

per unit width decreases with increasing film thickness in

island structure films. However the experimental stress

results show an increasing force per unit width in this thickness

range. Thus in the light of available evidence the surface

stress model does not seem applicable to the present films.

In Table 7.2 it has been noted that this model predicts

compressive stress, and that it predicts an incorrect film

thickness dependence of stress.

7.Li .2.3 The surface tension model (model 9 of Table 7.2)

The surface tension model requires the islands in an island
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structure film to exhibit liquid-like properties. Liquid-like

behaviour of islands in growing films has been observed by

transmission electron microscopy: however electron diffraction

patterns from films of silver and gold growing on to substrates

at temperatures well below their melting points show crystatl4ne

structures. But even if the islands in the film behaved as

perfect liquids, the quantitative calculation (section 2.7.1i.)

shows that the model predicts the same film thickness dependence

of force per unit width as the surface stress model, and thus,

by the arguments in section 7.11.2.2, does not account for the

experimental results.

In Table 7.2. it has been noted that this model predicts an

incorrect film thickness dependence of stress.

7.11.3	 The 'ain gap model (model 6 of Table 7.2)

As mentioned in section 2.5.14 the quantitative calculation

of the stress due to gaps between islands at the substrate

is an extremely difficult mathematical problem. Finegan

and Hoffman (88) have attempted a crude calculation. They

showed that the contribution expected in. an iron film was

8 x lO dyne cm1.

The model predicts a stress contribution as the island

coalesce, but no further stress once the last holes in the film

structures are filled. This is the type of stress behaviour

found in the present experiments.
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As in the general grain boundary model, this model predicts

that the stress in a film will be higher as the crystallite

size lB smaller.

The origin of the stress, on this model 1 is the interatomic

forces of attraction between adjacent crystallites. These

same forces would lead to a stress contribution on the

grain boundary model if they were significant. But we will

show that the grain boundary model does not apply to the

present ±i.lms. Therefore it is likely that the interatomic

forces of attraction are not significant in the present films.

Thus the grain gap model is probably inapplicable.

The imperfection (grain boundary in islands) model. (model

3 of Table 7.2)

The quantitative evidence for the edstence of, and the

subsequent annealing of, grain boundaries in the islancb of

island structure silver films comes from SCEJ) experiments

as described in sections 2.3.Zi. and 7.3.2.

An island, as o.aerved by transmission electron microscopy,

consists of a large number of randomly oriented crystallites

or grains. Each crystallite or grain consists of a number

of atoms. The crystallites or grains are separated by grain

boundaries, with the average gap between grains being half the

diameter of an atom.

Let the number of atoms in a crystallite be in. Then the

volume, V, of a crystallite is given by:-.
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V=mc1d3	 (7.1)

where either c1 = 1 and d is the cube edge, for cubic atoms

or c1 = - 2 and d is the diameter of an atom, where

the atoms are close packed spheres.

The surface area of a crystallite, S, is given by: -

S = V3c

= (m c1 d3)3c2	
(7.2)

where either c2 = 6 if the crystallites are cubic in shape

or	 c2 = k (3/1+Tr)^if the crystallites are spherical.

Rhoinbohedra]. crystallites were assumed by Grigson (285) in the

theoretical difLraction pa;tern calculations.

Let the radius of an island be r. Then the volume of

an island will be C3 r3 	(7.3)

where either c3 f-rr for hemispherical islands

or	 c3 = k/31T for spherical islands.

The number of crysta].lites per island is equal to the volume

of an island divided by the volume of a crystallite. Hence

the number of crystallites per island is

c..,r3 / mc d3 	(7.4)1

The void content (in cc) per island, due to the grain boundaries,

is equal to the total area of grain boundaries in an island

multiplied by the average gap between grains. That is

(mc1d3) c2xc3r3/mc1d3xxkd(7.5)

The void content per unit volume of island is hence.-

02 / (4 m c)	 (7.6)
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If the grain boundaries are eliminated as the film grows the

void content will decrease and the islands will shrink in volume.

Let us consider the strain that would be produced if the void

content decreased	 zero. If the void content decreases to

zero the volume str.in %Iill be given by —

C2 /	 c)	 (7.7)

Hence the linear contraction per island will be:-

r C2 / ( 6 m3c3*)	 (7.8)

If N is the number of islands per unit area of the substrate

the distance between adjacent islands will be N cm.

If the Yoin' ' r'r'r'i1i, ni' +rc film is E, and the film thickness

f the force per unit width from this linear contraction per

island is:--	
4.

(r c2 i in , c.	 ' L f) / 6

Remembering that f = N c3 r3 we can eliminate either r or N.

Assuming that the crystallites are cubic, the atoms

spherical, the islands h c mispherical and the material silver we

obtain:-

f.p.u.w = r	
/2 m

' (7O x iO3) dyne cm

where r and f a'o n 	 This, it must be remembered, is not

the actual force per unit width in a film at thickness f, but it

is the change in force per unit width that would occur if all the

grain boundaries were eliminated.

Heritage has analysed his S(D data on silver films deposited

on to carbon substrates to give values of f, N, and m.
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This data is reproduced in Table 7.3. The force per unit width

that would be present in a film if afl. the grain boundaries

were eliminated has been calculated from this data. The

data is sufficient for three points to be plotted on a force

per unit width versus film thickness curve. These points indicate

that the force per unit width is tensile and decreasing in

magnitude below a film thickness of 30-kQ, increasing

in magnitude with increasing film thickness in thicker films.

These results cannot be compared directly with the

present results for the reasons discussed in section 7.3.2.

However it is possible that SCED structural data taken under

suitable evaporation conditions, and used in conjunction with

Equation 7.9 may provide a possible origin for the stress.

It is interesting to observe that the difference between

the last two SCED results suggests that the stress is becoming

more tensile as the film thickness increases.

7.5	 MOLS VR STRESS IN CONTINUOUS FILMS

7.5.1	 General discussion of models

7.5.1.1 Constant stress models (models 1, 2 and 13. of Table 7.2)

The thermal model (model 1 of Table 7.2) predicts constant

stress, independent of film thickness, in continuous films.

A constant stress in such films is also predicted by the

density model (model k of Table 7.2) and by the imperfection
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I	 N

3.0	 7.8	 26

	

7.4	 36

29	 4.9	 k8

	

1.9	 86

m	 f.pu.w.

4	 11x103

5or6	 1k.5or17.5x3.03

6 or 7	 21.5 or 25 x 1O

10	 21x103

Table 7.3 Data for the stress calculation on the imperfectiozin.

(grain boundary in islands) model. The film thickness I is in
0	 .	 11	 -
; N is in units of 10 islands per eq. cm.; r is in

and the force per unit width is in dyne
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(vacancy) model (model 2 of Table 7.2) insofar as the

imperfection (vacancy) model predicts any quantitative variation

of stress with film thickness. The results obtained in the

present experiments show that no stress is built in to the growing

film once it has become complete in structure. These three

models, therefore, cannot be applied to explain the present

stress results in continuous films.

7.5.1.2 The interfacial phenomena models (models 10 and 11 of

Table 7,2)

It is not certain that models 10 or 11, based on the

theory of crystal interfaces, may be applied to the stress

in random polycrystalline films grown on amorphous substrates.

However (section 7.8.1) they have been successfully applied

to alkali halide films grown on to glass substrates. In order

to find the type of stress predicted by these models the lattice

mismatch must be estimated.

The lattice constants of silver and gold are Lf.086R and

I.•078g respectively. Thus the mearest neighbour distance is

about 2.89R in both cases.

The average separation of adjacent oxygen atoms in the glass

substrates used in the present experiments was calculated from

the data in Appendix 5.1. It was 2.86R. A similar calculation

for the oxygen atoms in a silica structure gave 2.65R. The

average distances between sodium, calcium and maiesium atoms

was also calculated. They were 5.50R, 7.75k and 9.].5R respectively.
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Thus, depending on which atoms in the substrate surface

the silver or gold atoms have an affinity for, the mismatch may

be such as to produce a tensile or a compressive stress.

If the film structure is such that a close packed plane lies

adjacent to the substrate, and if the film atoms interact

more strongly with the oxygen atoms in the substrate surface

than with, say the sodium atoms, then the atomic spacing

in the film will be greater than that of the substrate,

and a compressive stress would result on this model. Similarly

if the film forms with a (100) surface parallel to the substrate

and if it interacts with the silicon atoms in the substrate

surface, a tensile stress would be produced.

Thus either tensile or compressive stresses may be predicted

by this model depending on the choice of interacting atoms.

The experimental results showed similar stresses in films

evaporated on to mica or glass substrates. Thus it appears that

the structure of the substrate surface has little effect on the

stress. As the prediction of this model depends strongly on the film-

substrate interface this result appears to invalidate the model.

The inhomogeneous strain modification (model 11 of Table 7.2)

predicts no stress in island etructure films, and a stress

in continuous films • This is the opposite situation to that

found in the present experiments, and thus model 11 is inapplicable.

7.5.2 The 'ain boundary model (model 5 of Table 7.2)

In the grain boundary model the stress arises from the
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interatomic force of attraction between adjacent atoms in

neighboring crystallites. Thus the stress depends on the

same forces of attraction that might lead to stress on the

grain gap model. As discussed in section 2.5.2 the model

predicts constant stress with increasing film thickness when

the crystallite dimensions on the plane of the substrate remain

constant. If the crystallite size increases as the film grows

then the incremental stress decreases. Any crystallite

boundaries would lead to some stress contribution on this

mechanism. But the results summary shows that no incremental

stress occurs in films thicker than about iSCR. Therefore

either film growth in films thicker than this is in the form of

single crystal growth, or no stress contribution occurs on this

model. Structural evidence shows that thick films are

polycrystalline in nature and do not grow as single crystals.

Hence there is no stress contribution on the grain boundary

models in the present films.

7.6	 CONCLUSIONS

The internal stress was measured in thin films of silver and

gold deposited on to glass and mica substrates and also

in lead tefluride films.

A full discussion could not be given to the lead tel].uride

results, but three of the models introduced in chapter two

were considered more likely than the rem{n1 ng models.
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The results obtained on silver and gold films were similar

to each other. The thermal stress contribution was calculated

from the substrate temperature rise during the evaporation, and

was subtracted from the total stress to give the intrinsic

stress. The stress in films thicker than kOOk was predominantly

thermal. Below this thickness the majority of the stress was

intrinsic. The intrinsic stress was found to pass through

a rnad.mum value at the film thickness at which the last bole

in the film structure became filled (lOO2OO). The intrinsic

force per unit width also passed through a mad.mum at this

film thickness.

In the region where the intrinsic force per unit width

was increasing with increasing film thickness the imperfection

(grain boundary in islands) model was considered to be the

most likely of the models discussed. A quantitative theory

was derived for this model. Unfortunately the SCED data

needed to apply this theory to the present system was

insufficient for the reasons discussed in section 7.3.2.

However the evidence from the thickest films examined by SD

showed some agreement with the present experiments.

The surface stress model cannot be categorically

rejected as the two experimental results on which the

discussion was based may 1 in the light of future experiments,

both prove to be in error. The results were (i) positive

surface stress and (ii) N3f decreases with increasing f. As
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it is unlikely that both these experimental results will prove

to be false the surface stress model was not considered as

likely as the grain gap or imperfection (grain boundary in islands)

model.

It is concluded that the most likely model for the stress

in island structure films of silver and gold is the imperfection

(grain boundary in islands) model.

No intrinsic stress was observed in continuous films.

However many of the models we have considered have, naturally,

aet out to predict stress in such films. Therefore we can

reject such models in connection with our films.

The models we have considered for island structure films

are both valid for continuous films, and neither predicts stress.

Furthermore mechanisms for stress relief can be found for both

these models, to account for the decreases in force per unit

width after the stress maximum.

Table 7.2 summarises the discussion. After eliminating

those models which predict compressive stress, and those

which predict an incorrect film thickness dependence of stress

we are left with the grain gap or the imperfection (grain

boundary in islands) models. Of these the imperfection

(grain boundary in islands) model was favoured.
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ADDDUM

A paper (Ref. 128b) on stress in evaporated silver and

gold films has recently (January 1967) been published. The

publication occurred after the present experimental work had

been completed and after the bulk of the thesis had been written.

Silver was deposited on to mica, collodion and silica

substrates in a vacuum of 1-2 x 10 torr. B using thin (12)

mica substrates the nrtrifmum end deflection detectable (6)

corresponded to a sensitivity of 30 dyne cni 1 . The end

deflection due to a typical stress was much larger (250x) than

the substrate thickness.

The stress found in silver films deposited on to silica

substrates was similar in form to the total stress in the

present experiments. The results on mica and collodion

substrates were also similar in form to the present results but

were higher in magnitude.

The deflection versus time curve during evaporation (Figure

9 of this paper) corresponded well to the type of curve discussed

in section 5,3.	 However no discussion of the shape of the

curve was given.

It was not stated whether the thermal stress contribution

had been substracted from the results, but a comparison of

)'igure 9 of this paper with the force per unit width versus

film thickness curve suggested that it had not.

Thus the results presented in this paper confirmed many

of the present results.



249.

APPENDDC 2.1

CALCULATION OF THE ELECTROSTATIC FORCE HLTHEM O SPHES

The theory for the electrostatic forces between two spheres

which follows is taken from jeans(169).

The energy of a system of two conductors may be written in

ternis of the coefficients of potential, p 11 , p22, p12 and the

charges E1 , E on the bodies thus:-

w = 3 p11 E + p12 E1 E2 +	 p22

The force between the bodies is obtained by differentiatin,g with

respect to the separation of the bodies, c.

11 E2 -
E E	 22F - = 4

óC 1
	 12

If U2, V2, W2 are positive quantities the force may be

rewritten: -

F = - U2 E + V2 E E2 - V2

If the charges on the bodies are of opposite signs then F will

be negative and there will always be attraction. If the charges

are the same sign there will be a repulsion at large separations,

because the middle term predominates. However, as the bodies

are brought together the szn of the other terms increases more

rapidly than the middle term, and eventually there will be



250.

attraction between the bodies. The larger the ratio of the

charges the greater the separation at which attraction sets in.

If one body is uncharged there will always be attraction.

lord Keivin(215) quotes experimental work on the force

between two charged spheres, which was carried out by Rarria(216).

His results were sunintrjsed thus:

1. If the distance between the bodies is large, the force

is proportional to the charge and the inverse square of the

distance.

2. If the distance is small and the bodies are equally

charged the force is less than if it followed the inverse square

law.

3. If the charges are unequal, repulsion ceases at a

certain distance and at a n1 1 er distance there is attraction

between the bodies.

jeaj169) has reproduced a table, origtnlly given by

Lord Kelvin, of values ap11	 p12

for the case of two spheres of equal radius. This table was

confirmed, and extended to the case of islands with different

radii, by the following calculation.

Following j(169) the coefficients of capacity and

inductance are found by putting a charge E on one sphere, and

finding the resultant image charge on the other sphere. The

{mige charge of the iinige charge is then found. Eventually
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(for example) the charge on sphere A due to unit potential

on island A, which is the coefficient of capacity q 11 , is found

as a series. The other coefficients of capacity are found by

similar means. The series may be put in a more convergent form

by suitable manipulation. The form used in the computation was

that due to RuaaeU(217). Hia series are:

$q11 =	 (1	 2)	

2	 +	
( cz2P

ts=o I - a	 O	 - a 2p+l

q12 =	 (i _2)	1	 a5	 +	 ( n+I)2P

C	 s=O I - a22	 p=O I - a 2p+I

- a2_b2_/(02_a2_b2)_ka2b2
where &X=

2ab

and___

and a is the radius of sphere A

b is the radius of sphere B

c is the distance between the centres of the spheres.

The coefficients of potential may be found from the usual
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formu].a:

q22	 q11	 1 2
p11	

2
	 p22 =	 _•	 p12

q11q - q12	 q11 q12 - q12	 q11q12 -

In the computer program the coefficients were calculated in

a subroutine called COEFS. Other computer variables corresponded

to variables in the equations as follows:

aSA	 q11 = SUM(1)

bB
	

q12 = SUM (2)

cC
	

q22 = SUM (3)

tX ALPRâ
	

p11 = SUM(k)

-sc.uic	 12 =	 M )

DELTAC =	 C	 p	 = SUM (6)

= a small
increment in C

= DPDC (1)

	

q11	 DPDC (2)

	

q22	 DPDC (3)

	

pll	 = DPDC (If)

	

12	
= DPDC (5)

= DPDC (6)

ANGSTR = film thickness (in )

PORCE = force between islands (in dyne)

TENUW = force per unit width (in dyne cm1)

STRESS = stress in the film (dyne cm2)
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In	 series n was taken as 2 and p was taken

as 6. The differentiation was carried out by an iterative

procedure, and checks for convergence were made after each

iteration. The flow diagram for this procedure .s reproduced

in Figure 2.8 and the whole programme on Pare 255.

The values for the force between the island was found by

putting the charges, E1 , E2 in terms of the charge of an

-o	 0electron, zi.8.io esu, and by putting b and c in A.

The force per unit width was found by dividing the force

between the islands by the island separation, and the stress

was the fo'e per irnit width divided by the film thickness.

The force between the islands is:-

2
+ ____	 21

r	 L	
A	 èc "A '1B +
	 .	 flBj

where C is charge on the electron and A' B is the

number of electrons on island A and island B. rA is the

radius of island A.
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Read new set of
values of A.B.0

(C>A.>fl2

\,Yes

CALL COEFFS

SUMZ:SIJM

M:1

_____________

C:C/1OO

V I

C:C.0

CALL COEFFSI

"-
6- SU.MZ- SUM

(Write "series does
\not converge" 

A

"I

I DPDC:G(M) I

Write the
results

C: C/1.3

•	 \1/

4C:tC/1.2

G('4)

-- M>40

M>3

no	
M>lO

C: llCfli5

Figure 2.8 Flow diagran for the part of the programme whicn

differentiated the coefficients of potential.
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06/2*
CECKI	 - EFN	 SUW'CL ST&TE1P4T - IFPII%I

C	 COLFFICIENTS OF POTEP.TEAL Al) CAPACITy
C	 FOR ISLANDS CF UNEQUAL DIAM1TE

SLERCi.TINE COEFFS	 I l,J.k.Lb
CCFC,ELk	 A131, BUS), Dull, SUMIoI

C	 EVALUAtE CUEFFICIENTS AA
11 8ACt • CIR1.'Z -All)..? -BIJI..Z

• IBRACK - IBRACK..2 -I2,O.AlI).8lJII..Z)..O.5 I I
1	 12.0 'AlI).DIJ))
SCIaIG • 1*411 •CIJI •ALPHA1 / 0(K)
SLMAA • 0.0
CC IC P4.1,2

100Sl.MAA • SUNIA • l.0F12.C . Il.0-SQuIGS.2P) • ALPHA.. N I
I	 U.G	 ISQUIG'ALPHA..N)..2 P	 IA

• 0.0
CC ZC P4.1,6

20GSU8 • SUMAB • 1.QIIo,C.lL.0-ALPHAII • IISQUIG.AIPHA..31.. 12.NI
1	 i/I 1.0 - ALPHA S .42.N • lIP	 25

SI PIl) . All) • 1.0 - SQUIG. .2 I • (SLjMAA.SUMAB.ALPIIA..3)
C	 EVALUATE COEFFICIENT 088

SCUIG • I eli) • All).ALPHA I I I)IKI
SL.PAA • 0.0
CC 30 P4.1.2

300SUW*A • SUPAA • t.3/l2.O.II.0-SCuIG..2)) • ALPHA.. N I
1	 (1.0 - ISQUIG.A4PHA..P4)..2 I

• 0.0
CC AC Pl•l,6

AOGSUI'*a • SUP'Ab • 1.0/(6.0.(1.QALPHAIP • I(SQUIC.ALPHA..3).. 2.NI
1	 I/I 1.0 - ALPHA..4Z.P4 • 1))
SUMI3I. eji • 11.0 - SQUIG"2 I • ISUMAA.SUMAB.ALPHA..31

C	 EVALUATE COEFFICIENT QA8
SCUIG • ALPIA
Sl.MAA • 0.0
CC 50 P4-1.2

0GSLM*a • SUMAA • I.0142.0 . l1.O-SQUIG' .ZlI • ALPHA.. N I
I	 41.0 - ISQUIG.ALPHA..NI..2 I	 53

• C.O
CC	 P4.1,6

• SUM* • 1.0/I6.0s41.0-ALPHAII • (ISOUIG.ALPHA..3I.. 42.P41
I	 I/l 1.0 - *LPHA..(2.1 • lIP
S4.lfl.	 AllI.BIJI.I1.0 - ALPI4A..I).4SUMAA • IUP'ASIALPHA..3 o

1	 / CIK)
• SUNUP • SUNI)) -

SL.(4) • SUI'(31 ,' DE'40M
SI.NIEI • SUPI21 I DENON
SL.'lbI • SuNlit F PENOM

£PC

Fortran IV program for the compulatlon of the stress irom electrostatic

forces between islands.	 The sub'outine is on this page. the maIn

program is overlea?.
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C(CiiN	 - UN SoU*Ci STATEMENT - tPNIS) - 	 256.

cc.MCNFSLii I *63). 165). DuSt, SUMIoI
OIPSINSICN SUNZ 6) • 0(100.6) , OPOC 63,5,16.6) • ChoP
.tac (5.107) 6*61), 1 .1.1)	 $
ICiC 15,1071 lIlt), 1.1.5)
PIAC 15.131) IClt, l . 1.e)	 IS
u*c 13.107) ICIII, I-g ist	 22

107 FC**T u
I•1
CC 222 J•I.5
wPITE Ia.2C0)	 32

200 VCMM*T I 401 VALUES OF DIFFE*()ITI*L CCEFFICIENTS 	 I
uNITE lo.ZCI)	 13

ZG10FCl*T I 72)3 6	 S	 C	 N	 L	 P 0* 0
lOP/CC 01 DCIOC	 I
DC 222 K.i,ls
WRITE lA.2P

202 FC1*T I 3)	 P
DC 222 Li.l
IF I Cliii - all) -SIJI I 223,223,11

11 Cliii • Cliii
CALL COUPS	 I t.J.k,L)
SLMIILI • S%.N IL)
P.'
CILTAC • cIl I 100.

41 Clii) • Clii) • DILTAc
CALL CC(FFS I I.J,ii,L)	 54
GlN,Li • I SUPILI - SUMZIL) P I OELTAC
IF IN-il 32,32,31

31 IF I GIN.Ll / GIM-i.LI ) 33.33,34
3) WRITE 16,2031 *IIi,RIJ),Chii), N , L , SUNZILP,GIM-2,Ll,GIM-L,Ll,

I	 GIP,LP	 64
203 PUMA? I 31F5.1,2*I , 2(16.20) • 4015.5 , 2611 $11111 DOES NOT C0

IVI U GE	 )
OPOC II,J.k.LP • 0.
CC TO 54

34 II I ASS lC(M,L)-GlU-t,L))- ASS IGIN-1,L)I1000.0 1152,32,31
32 M.M.

IF IN- 40 P 53,52,52
5) IF IN- 3 ) 35.36,36
56 IF II- 10 I 57,51,51
55 CILTAC • CELTAC / 1.3
57 CELTAC • CELTAC F 1.?
SI CELTAC • CELTAC F 1.15

CC TO 41
52 CPCCII.J.k,LI • CIN.LI

WRITE 66.20*) AIIP,SIJP.CIKP, N , L , SUMILI • 	 DPOCII.J.k,LI	 I)
204 FCUM*T I )IFS.1,201,2I16,2*), U15.5 I

CC TO 54
223 WRITE le.91C31 A(I),IIJI,ChK)	 100

0103 PUPAl 131F5.1,20) , 	 3711 NEJECTED BECAUSE C IS LESS 711*11 *S
CPCC hI.J,*.LP • 0.

54 CCNTII.UE
222 CCNTIIIUE

END OF PANT TWO AND STAN? OP PART TH*EE
CIPINSICN (All). £667)

aEAC	 IS.1COSP 10*11) • 1 .1.7 I	 Ii.
NEAC	 IS.ROU) 1(5111 , 1 .1.7 I	 II?

1001 FC*PAT 17F5.1 p
I.'
DC ZOC1 J.1.2
CC ZCI ii•1,16
IF I Clii) - All) -SIJI I 2301,2001.1004

10C4 PP I CPCC I I,J. ii .6 Ii 4001,Z001.4001
4001 WRITE I*,IOCS)	 II?

1005 PCI.AI 1107)1 £	 S	 C	 0*	 0*	 FORCE

1	 FILM TPICRNESS	 TENSION UW	 STRESS

W U ITE (6.13C91	 III

1060 FC*NaT l&0?P a.i AME ISLAPIn RADII 	 C*,QS ARE CHARGES	 omt

1	 *P.GSTROM	 OYNC/CM	 OYNEICI".J

CC 1301 ".1.7
CC IOGL N.i,7
uRITE IS.IOC6P	 142

106* ICIWAT I 2'	 I
*1651* • 2.3

1003 I • l3.C.ANCST I 'Ch 1 l2'	 I4.0•3.14161
GPCICE • 0.00i)36 • I IAISIC*IN)P)..2.OPDCII,J.ii,4)

1	 • AIPP.EIINI.OPOCII.J.R.5)

2	 .IABSILSIN)il..2SOPDCII,J,k.6I I/i
TENUW • FORCI.PLO*TI10"SI I IChiiP•I)	 15)

STIESS • FLC*TUO.. II S T(NUN F ANOSTI	 IS

IF I AISIIENUWI - 2570. P 10004101.1131
10c0 IF I AISITEMIW) -	 5. I iI01.1002.IOO2
1002 uNITE Ie.10071 Al,I.SIJ).CIN).E*IMi,tSIN),PCIC1,*NT?EI

1	 STRESS	
0

1007 ICIPAT I SIF3.I.3lI • 4(17.4 I
1101 ANOSTI • ANESTI • 2.5

IP IA1GSTN • 102.5 I	 1003.1001.1001

1001 CCNTINU(
2SH CC"? DUE

STOP
110



2c;8 06	 XENEO71	 C

CECKNM	 - EFN	 SOLRCF STATEMENT - IFN(5) -

C	 STRESS CALCLLATION - ADSORPTION ENERGY
CI?ENSICN r1:LTAMtI) , ES(100)
EA	 (5,1CC) (CtLTACI) ,1-1,10)

100 FCAT (10F5.3)
cc	 1c1	 1=1,10

ItE (6,12)
1C2CFCR't..T	 C 651-il	 DELTA	 N	 ES	 AVEVEN

I	 AVCCC	 I
CC	 1:1	 t\I,1CO

A = 3.1L16 a 2.0 • CELTA(I)
= A * FLOAT (N)

CS(.)	 FLOAT(N)	 C ABS((l.-COSCB))/(1.-COS(A))))e. 0.5

J = N/2
L = (+1)/2
K = (N-1)/2
AVEVEN - ES() - 2.0* ES(J)
AVCLC	 ES(N) - ES(L) - ES(K)

1C1	 RITE (6,106) CELTA(I), N, ES(N),AVEVEN,AV000

106 FCRAT	 C	 5X, F5.3, SX, 1 14,3E16.6	 )

STCP
EC	 -

263 7	 XENE371
D[CKNM	 - EFN	 SOURCE STATEMENT - IFN(S) -

C STRAIt. EL-R(,V TO SPLIT CHAINS
Di?NSI04 0&LT4( 10) , ES( 100)
READ (5,1'O) (DELTA(I) , 1=1,10

100 F0RM/.1 (10F.3)
UO 111	 1=1,10
J a 1. / DELTA(I)
tC	 111	 :=1,J
CU	 112	 t=1,3O
STR\IN = - FLOAT(N)/2. + 2.0*FLOAT(M-1) I (1.3 + DELTA(I1)
i1- (3S(STRtIN)-1.) 111,112,112

112 COTIuc
111	 rIT	 (o,113)	 DELTA(I), N, M, STRAIN
113 FCR:-'.AT	 5x, 15.3, 2(SX,I L ) , E16.6

STOP
Et.L)

Fortran IV prograa for the ooiputation of 	 (n) a. defined

by equ&tion 2.16	 Eay aa defined by .qu&tlons 2.17 and 2.181

and g aa defined by equation 2.20.
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APPDIX 5.1

Chance CMD soda-lime glass (from manufacturer's data

sheet (33, Issue 1, 1963).

Composition: -

Si02

Na20

CaO

MgO

203

Ti02

5b203

71.5%

12.5%

8.1%

3.5%

1.3%

1.8%

1. 0

Specific gravity 2.I8 at 20°C.

Thermal expansion coefficient. 7.3 x 10 per °C.

From the above data it can be shown that the average

separation of two oxygen atoms in the glass is 2.86k, the

average separation of two silicon atoms is 3.8k and that of

sodium, calcium and magnesium atoms is 	 7.751 and

9.151 respectively.



1
212
213
211+
215
216
217
218
219
225
227
228
230
231
232
233
231i
235
239
21+0
21+1
21+2
2114
21+5
21+6
21+8
21+9

2
8.
7.9
6.7
1+ .5
6.
3.Ii
3.8
9.7
7.1
2.7
2.9
1.0

5.9
1+ .0

28.0
6.7
3.2
3.0
2.0

5.0
15 • 2
3.5
6.5
3.1

259.

3
135

29
51
53

236
320

61
6i
50

252
281
50

370
30
19
15

120
156
120
78

155
1120

985
111 50
1500
1300

1

175
177
178
179
180
i8i
182
181+
186
187
188
189
190
191
192
193
191+

\ 195
\197
198
202
201+
206
208
210
211

2
13

1+17
5.1
5.2

11.5
16
6.].
6.0
5.2
L,5
2.8
'4.5
3.8
6.5
3.8
3.0
3.2
5.6
5.1k

7.5
If.'
3.2
5.5

21 • 6
7.6
6.9

'4

8.6
3. • 75
2.9
2.0

11.5
u.8
30

5.1
11.1+
13.0
10 • 7
12.7
2.1
1 •1

1.0

12.5
16.5
17 • 7
3.6

10 • 2
3--6
10 • 8
15 • 7
18.0
10.8

3
11+00

91+0
800
1+50
590

9

118
135
131+

75
75
30
19
12
16
U
1+3

220
15

115
135

60
775

78
87

120

11.

16 • 9
12.1
1219
12 • 9
11.9
12.3
9.6

1515
10 • 7
6.2

10 • 9
6.8
0.6
1.3
2.6
2.6
1.0

13.2
0.3

126
8,15
2.9
7.1
1.7
2.2

11+ • 3

Appendix 6.1 Silver films deposited on to glass substrates: tabulated
results.

Column 1 is the substrate index number; column 2 the evaporation
rate in a/sec; column 3 thefilm thickness in ; column Li the force

2	 -1per unit width in units of 10 dyne cm .



6

6.9
4.8
6.7
6.9
6.1

.71+
2.6

1.1

2

3.5
3.2
4.9
4.2
4.5
3.5
4.9
4.2
4.1+
4.2
4.8

3

1+60
1+58
590
268
129

23
98

202
68

399
788

5

9.1+
6.2

12.7
7.4

.86
3.6

10.5

.57
7.1+
1.1

1+

10.8
1.9
6.0
5.9
8.1

.1+3
5.0

11,3
2.2
6.3
1.7

1

369-371

372-371+
375- 377
378-380
381-383
38k-386
387-389
390-392

393-395
396-398

399_Ziol

62

5.7
6.1
8.6

10.2
2.0
5.5
1.7

9.6

5.9
12.6
7.1

9.6

6.5
3. .05

15.5
11.7

.217

12,2

11.1
11.4
10,8
12.2

5.0
6.9
6.7

.12

1.05

12-8

12.5

12.0

11,1

io.6
1111

11.7

12.6
11.8
12.2
11.8

11.2

10 • 9
11.7

7
	

8
	

9
	

10
	

U
	 12

Appendix 6.2 Silver films deposited on to mic substrates: tabulated
results.

Column 1 is the substrate index number; column 2 is the evaporation
rate in a/sec; column 3 is the film thickness in 	 columns 1, 5 and
6 give the force per unit width in units of io2 dyne cm 1 assuming a

1].	 -2value of 12.3 x 10 dyne cm for Young's modulus; columns 7, o and 9
give the measured values of Young's modulus in units of io	 rne cm2;

and columns 10, 11 and 12 give the force per unit width using th se

measured values.



2
3.1
2.8

1.Zi.
3.7
1.9
3.5
3.0
4.0

3.1
3.0
7.5
3.1
3.0
9.8

10 • 1
15 • 7
5.9
6.0

16.1
3.7

19.6
14.6
5.3
3.9
4.6
4.0
9.2
4.0
5.5
4.5
If.,
5.6
3.9

21.5
22.6

3
14.60
366
450
148
280
150
255
169
301+
320
508
389
650
386
700

1070
870
598
299
180
322

88
716
1+50

88
1+8

121
26

132
123

30
16
64

126
121
11+2
126

261.
1

432-431+
1435_Lf37
1f38_LfIfO
1+41-1+43
kkk-kL 6

1+50-452
1+53-455
'+56-4 58
459-461
462-461+
Lf65...Lf67
Lf68_If 70
1+71-1+73

If 77_If 79
480-1+82
1f86_488
1+89-491
k92_491+
495-1+97
Ii98-500
501-503
504 -506
510-512
513-515
516-518
519-521
522-524
525-527
528-530
531-533
534-536
549-551
552-551+
555-557
558-560

1

31.
10.6
0.0
6,15
9.1+
6.5
5.3
8.0
7.14

31.1
1.3
1.6

10.4
LA • 2
27.0

3.14.

5.2
12,3
11.2
6.o
0.1+
4.9
8.o
4.0
1.2
9.9
1.1

12.0
10.6
2.2
3.1
0.1+

14 • 9
9.3

13.5
12,1

5
19 • 3
1.2

9,1k
8.1
6.9
5.0
8.2
7.0
6.'+

38.2
0.0
1.7
7.2

30.3
21 • 8
0.8

13.7
10.7
11,6
1.3
2.6

10.4
3.33
1.95

12.0
0.6

11 • 9
13,2
1.8
3.6
1.8

15.5
11.1+
16.1
16.0

6

16.7
1.9
2.0
9.0

10.0
8.i
6.0
'.9
6.7
0.4

i8 • 3

2.1+
7.7

32 • 3
9.8

1.2
7.8

13.2
8.8
1.3
5.1

11.1
1.75

7.5
0.3
7.6
5.0
0.2

13.0
7.1

Appendix 6.3 Gold film deposited on to glass substrates:
tabulated results.

Column 1 is the substrate index number; column 2 the evaporation

rate (i/sec); column 3 the film thickness (i); columns 14 5 and 6
2	 -1the force per unit width (in units of 10 dyne cm ).



311
312
313
316
317
315
318
319
320
321
322
323
321+
325

31+8
31+9
350
351
352
353
357
358
359
351+
355
356
360
361
362
31+5
31+6
31+7
333
331+
335
330
331
332
339
31+0
31+1
336
337
338

11 • 1
4.9
4.43
4,18	 ring diffn. pattern
3,94
2.46
4.43

ring difmn. pattern

1.13
1.08
3.91+	 spot pattern

11 • 1	 spot pattern

7.88
7.111.

• 16
4.8
6.4
3,41k

Initial steges
Initial stages
Initial stages
Initial stages
Initial stages
Initial stages
Initial stages
Initial stages
Initial stages

6.15

2.95
2.46
2 • 70
11.8
5.9
4.18

13,8
11.5
9.35

12,0
10.6

262.

1	 2	 3
	 1.	 5

58 90
3k 90
17 90
6o 90
63

130
'+5
28

155
9

25
115
105
62

0
0

90
90
0

90
90
0

90
0
0
0
0
0
0

90
90
90
0
0

90
90
0
0
90
90
0
0
0
0

6.3
4.5
4.8
4.1
4.1+
5.1+
6.5
1.27
1 • 07
1.05
1 • 25
1,10

15 • 0

.98
1.0

.96
1.0
1.0
1.0
3. • 05
1.05
1.05
3.0
3.0
3.0
3.7
3.7
3.7
5.2
5.3
5.1
5.4
5.5
5.0
7.3
7.5
6.9

10.1
10.3
9.9

12.5
12,7
12 • 2



42 5

90
90
90

0
0
0

1

342
34 3
344

363
364
65

537
538

539
51+3

541+
54 5
51+6
517
548
51+0
51+1
51+2

3

16.5
16,8
16 • 2

4.1
4.1

5.3
5.3
5.3
5.5
5.5
5.5

10.8
10.8
10,8
11,1
11 • 1
11,1

263.

11.3
12 • 8

8.1+

4.92
7.63
4.18

6.15

8.03

7.46

7.35

average

average

average

average

Appendix 6.1+ Lead telluride films: tabulated stress results.
All substrates were freshly cleaved mica, except for substrates

numbers 311-317 inclusive, which were air exposed, and 537-542 which
were glass substrates. The 120 volt bias was applied in every case,
except 311, 312 and 321+.

Column 1 is the substrate number; column 2 the angle between

the mica b-axis and the long aide of the substrate; column 3 the
evaporation rate in /sec; column 1+ the stress in units of 10 dyne

cm 2; and some comments on particular evaporations are given in
column 5.
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