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ABSTRACT 

This thesis contains the results of simultaneous 

observations of the changes of optical and electrical properties 

of thin aluminium films deposited in ultra-high vacuum on to 

various substrates at 72K, and subsequently raised to room temper- 

ature and then annealed to about 550°K. 

The optical constants n and k were measured using an 

ellipsometer of simple construction and the defect concentration 

was estimated from electrical resistivity. 

Oxidation of an aluminium surface was found to be 

significant even at a total pressure of 1.5 x 1079 torr but 

observations on several films enabled a correction to be applied. 

Films below 15 nm thickness, deposited at 77°K on glass 

substrates showed an irreversible fall of resistance of up to 40% 

when warmed to room temperature. The techniques used in radiation 

damage recovery were employed and the observations were found to be 

consistent with the migration of 'Dumbell!' <109) interstitials to 

vacancies. 

During the fall of resistance, a simultaneous rise of the 

product nk, which is proportional to optical absorption, was 

Bbeeeres for all films at a wavelength of 0.549 . This was not 

consistent with the Drude-Zener formulae and was attributed to an 

increase of the inter-band absorption peak centred at ae for 

aluminium. 

Optical measurements over an extended wavelength range 

(0.49 to ee ) for films on both glass and single crystal 

potassium Bromide substrates also showed that the anneal from 97°K 

to room temperature always produced development of the inter-band 

absorption peak and a shift of the maximum towards higher energy. 

This occurred over and above the known effect of temperature. 

The movement of the peak is interpreted as an ordering effect 

producing development of the (200) component of the pseudo-
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potential and hence an increase of the inter-band absorption in 

the region of the symmetry point W on the (200) Brage reflection 

plane of the Brillouin zone. 

During annealing to 550°K of totally oxidised films, it was 

found that on glass substrates the free electron value of nk 

increased, while on the crystal substrates the value decreased. 

This was interpreted as a difference in thermal expansion between 

the film and substrate. On the glass substratesthe films were 

compressed beyond the elastic limit and the defect concentration 

was increased, whereas on the crystal substrates the films were 

extended and true annealing occurred. On both substrates the 

inter-band contribution was increased by the anneal.
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CHAPTER 1 

INP RODUCTION 

The variation of the optical properties of metals due to 

annealing, which is the subject of the present work, has been 

associated with several areas of research which have traditionally 

been pursued independently. Material is drawn from these different 

fields in the interpretation and discussion of the new results and 

it therefore seems appropriate to divide the review of the relevant 

subject matter into the following sections: 

1. Optical theory and optical constants of metals. 

2. Thin film conductivity. 

3. Defects and annealing of defects in metals. 

4. Ellipsometry 

to4 Optical properties of metals 

Following the discovery of the electron by J. J. Thomson in 

1897, it was realised almost at once that the remarkable electrizal 

conductivity of metals could be explained by assuming the presence 

in these materials of a "free electron" gas. The link between 

electrical conductivity and the response of a metal to light i.e. a 

high frequency electric field, was first suggested by Drude in 

1902, (1) According to Drude, collisions of the electrons with the 

metal ions resulted in a loss of energy which caused the optical 

electric field to be attenuated exponentially with penetration into 

the metal. Under these conditions it has been found necessary to 

introduce the concept of a complex refractive index, as first proposed 

(2) 
by Cauchy. According to this treatment, the electric field inside 

the metal is represented by 
5 ibe x oe 

F=f, © Cos w (% — t) 
where n is the refractive index and gk is called the extinction 

  

  

he 

coefficient. In the complex form this becomes 

; : x 

pmne  a 2) ° 
* 

where =n - ik and is called the complex refractive index. 

Sometimes in the literature M is written N= n+ i&, in which case 
the exponent is also positive.
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The distance into the metal in which the field intensity is 

! 
attenuated by @, called the penetration depth é ,» is given by 

3 eS c Ame 
ho Qk 

If in the long wavelength region of the infra red the 

Hagen~Rubens relation 

Or nuke > 

is assumed to hold, then it can be shown that 

c 

b= Tire aye 
where @ is tne D. C. conductivity and y is Lie fvequency. 

For most metals é is of the order of 20 n.m. so that it is only 

possible to measure the optical properties of this very thin surface 

layer. Any variation in structure which makes this layer non- 

representative of the bulk metal will lead to serious error in the 

determination of bulk optical constants, 

During the years 1900 to 1920, a number of investigators 

attempted to produce measurements of optical constants and compare 

them with those predicted by the Drude theory, and its extension by 

(4) (5) 
Zener and others. For example, the work of Hagen and Rubens 

(6) 
and Fosterling and Freedericksz in the infra red, met with some 

success especially for the alkali metals which closely follow a 

one-free-electron model, and for the noble metals for which cleaner 

surfaces can be produced. Also, the concept of an 'ideal' metal 

containing a cloud of completely free electrons, explained the results 

of wood'”) who found that the alkali metals became transparent in the 

  

ultra violet. Zener) showed that for the condition 

4rNe* 
mw > i 

where N = free electron density 

™ free electron mass fr 

an ideal metal would be totally reflecting, whereas when 

tw Ne* 
=x < / 

it would be transparent. The values of w predicted for the sudden 

(7) 
change-over were in reasonable agreement with those measured by Wood.
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Even at that time it was realised that these early results 

were probably unreliable owing to the various methods of surface 

polishing, which were thought to result in a hardened surface layer 

of small crystallites, 2) The well-known failure of the classical 

theory to explain the magnitudes of electron specific heats and mean 

(9) free paths between ion collisions led to Sommerfeld's application 

of ‘quantised free electron' theory in which it emerged that only 

those free electrons near the Fermi energy were responsible for 

conduction, The resulting equations were identical in form to those 

of Drude but the interpretation was different. For example, the 

direct current conductivity of was given by 

w= Neta 
os mu 

  

where nN = mean free path AT THE FERMI ENERGY 

Uu = mean velocity AT THE FERMI ENERGY 

However, the actual magnitudes of mean free paths and their variation 

with temperature as predicted by the above equationy disagreed with 

experimental results by as much as two orders of magnitude in some 

cases. Further progress was made possible by the abandonment of 

the ideas of scattering by ion cores and the representation of 

electrons by Bloch‘ 12) wave functions which enabled them to travel 

throughout the metal lattice without attenuation so long as the 

potential due to the ion cores was perfectly periodic. According to 

this theory, scattering of electron waves was produced only by 

departures from perfect periodicity due to lattice vibrations and 

crystal defects. The subsequent development of the band theory of 

2 
Ge (32) ond Wilson!” among others, conduction by Kronig Frolich 

was able to explain the broad features of electrical conduction and 

optical properties of metals. In particular, the band theory 

showed that for most metals absorption in the infra red was mainly 

due to acceleration of free electrons, for which the Drude-Zener 

theory was applicable, while in the visible and ultra-violet regions 

quantum transitions predominate (i.e. inter-band or internal photo-
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electric transitions). Mott and Jones 8) in 1936 derived 

theoretical values of wavelength at which quantum absorption should 

begin. 

For aluminium in the infra-red, the quantised free electron 

model is a good approximation because this metal behaves very nearly as 

if there were three free electrons per atom. Independent evidence for 

this comes from measurements of free carrier density from the Hall 

effect, (14) 

The infra-red optical properties of metals at low temperatures 

conflicted with the Drude-Zener theory, however. The theory 

predicted that at low temperatures the optical absorption would become 

very small whereas experimentally the absorption remained large. 

The conflict was largely resolved and agreement with experiment 

(36) and Ginguure: |) applied the 

(17) 49 

improved in all cases when Dingle 

theory of the anomalous skin effect, discovered by Pippard, 

absorption in the microwave region. In this way, account was taken 

of the fact that at low temperatures the electron mean free path 

increases until it exceeds the penetration depth é of the electro- 

magnetic field. This leads to increased absorption in the surface 

Tayer, 645) 

Although, as we have seen, tle early experimental results are 

open to doubt, Drude and the other early workers were able to con- 

tribute much to the development of highly sophisticated measuring 

techniques involving polarised light which still form the basis of 

present day methods. See Section 2. 

The data available at the end of 1957 was reviewed by Schulz 19) 

who concluded that for some elements, including aluminium in the 

infra-red, the Drude theory agrees reasonably well with experimental 

results, but in other cases there is poor agreement or wide 

discrepancy. Attempts have been made to improve this situation by 

(20) 
allowing the Drude parameters to be frequency dependent. 

Gurzni (21) proposed that the relaxation time, 7 should follow the



form 

+= A + But 

(22) rts(29) 
which was applied to gold by Abelés and Theye. Robe 

Proposed that the Drude eheore, should be modified to include more 

than one class of free electron having different parameters; 

although this has received little support. 

Schulz also concluded that most of the variation in results 

could be traced to sample defects. This situation was improved by 

the development of the techniques of vacuum evaporation of metals 

and of electro-polishing. These methods eliminated the hard 

2. 

polishing layer referred to LEN c ele 

(25) 
In 1960, Mende lowitz examined the validity of the Drude- 

Zener formulae for aluminium over the entire range Eh to 5 

(26) AC) 
wavelength, using the results of Hass, Schulz and Tangherlini 

(28) 
and Beattie and Conn. He concluded that the theory gave a good 

qualitative description, except in the region of cagA , where the 

presence of an inter-band absorption peak was then only suspected. 

The parameters he deduced were 2.4 free electrons per atom and a 

relaxation time,7 of 1.2 x or sec. 

After 1960, when as a result of great advances in vacuum 

technique, metal layers could be produced at pressures below 107° torr, 

so that the effects of occluded gas and surface oxidation were 

reduced, significant differences in measured optical constants were 

found for aluminium, compared with specimens produced at higher 

pressures. It was observed by Bennet! 22) et al., in the visible 

(30) 
and by Madden et al. in the ultra-violet, that the measured 

values of n, k and normal reflectance R were all larger than previous 

measurements, made under poorer vacuum, This was shown in recent 

(31) (32) 
results by ane and Neal and by O'Shea and Fane ,» to be 

consistent with the absence of a surface film of oxide. The normal 

(29) et al. and of Madden oc) 

3 . e ‘ 
analysed in 1963 by Ehnenretch oO} et al. using the Kramers-Kronig 

relations (34 ) (35) (36) 

reflectance data of Bennet et al. was 

to deduce the real and imaginary parts of the



dielectric constant, € , in the range 0 to 22 eV. (See Fig.1) They 

(36) analysed the results, as they had previously done for copper ‘y 

separating € into a free electron term, & » which was assumed to 

follow formulae similar to those of Drude, and a bound electron term 

@ 
. Then, observing that interband transitions did not begin 

until o.7eY the parameters of livers obtained from measurements below 

this value. They obtained a plasma frequency corresponding to 

uw, = 12.7eV and a relaxation time,Z of 5.12 x {01> sec. These 

parameters were then used to calculate the contribution ma in the 

visible and ultra-violet regions which were then subtracted from the 

experimental measurements. The difference then gave the contribution 

@) é) of bound electrons €'”. The absorption due to €” was then shown 

to be a narrow peak centred on 1.5 eV which was compared with band 

structure calculations made by Serall and shown to be in 

reasonable agreement. (See Fig.2A) 

There were differences in the effective optical electron mass 

(4.5 against 1.2 from band theory) and also estimates of the direct 

current conductivity were too low by a factor of 2. 

An extensive analysis of the results available for aluminium 

; (38) (29) 
was made in 1970 by Powell . The reflectance data of Bennet 

(30) 
and of Madden were still considered to be the best available 

although recent evidence suggests that surface oxidation was 

probably present. (32) 

Powell concluded that there was no more satisfactory model for 

€ than the one which used 
p 

e = €f +e 
The analysis was carried out by a method different from that employed 

by Ehrenreich et al., and the inter band absorption peak around 1.5 e/ 

was shown to approach more closely to that predicted by recent band 

i) et al. structure calculations of Hughes 

A greater understanding of the inter band contribution to 

optical properties had come with the development of more advanced 

Solid State theory in the years 1960 to 1965, when greater use was
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(40) 
made of the concept of pseudo-potential developed by Harrison, 

(41) (42), 4 Ziman 49) 
Heine and others. By assuming that the 

valence electrons experience only the weak potential of the screened 

ions one is able to use a pseudo-potential V(r), expanded as a 

Fourier series over all reciprocal lattice vectors 7 

V(r) # = V, en ae 

with the one electron Schrédinger equation. Solving this equation 

enabled Fourier components, Vg, to be calculated and a whole range 

of metal properties to be theoretically investigated. The Fourier 

components of the pseudo-potential determine the band structure of 

the metal and also any other property that depends on the electron 

interaction with the ion lattice; for example, the de-Haas van- 

Alphen effect, cyclotron resonance, phonon spectra and the absorp- 

tion of ultra-sound, and also the temperature of the transition to 

the super-conducting statese”) 

The de Haas van-Alphen effect is observable as a change of 

magnetic susceptibility with applied magnetic field and comes about 

because the Fermi energy oscillates as a function of magnetic field. 

This in turn comes about because of discontinuities in the density 

(44) (45) 
of states. In 1963 Ashcroft proposed a pseudo-potential 

model to fit the de Haas van-Alphen data in aluminium and was able 

to calculate Vg for several important crystal directions. These 

(39) 
components, Vg, were used by Hughes et al. to predict the shape 

of the interband absorption peak in aluminium around 1.5 eV which 

Rave good agreement with experiment. (See Fig.2B) 

Asherort ‘48? has recently refined the theoretical relation 

between inter-band absorption and the Fourier components of the 

pseudo-potential, deriving an expression for optical mass. 

The experimental determination of Vg, along with its temper- 

ature variation, is clearly of great interest. The latter can 

only be done by measuring the optical constants in the inter-band 

(24) 
region at various temperatures. As discussed previously, most
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measurements of n and k are unacceptable for comparison with theory, 

and hence for the determination of fundamental properties of metals, 

because of uncertain structure and cleanliness of the surface layer. 

The value of future work in this field will depend on the extent to 

which egpenimentalisee can produce specimens that match the ; 

assumptions of the theory. Namely, 

i) Ultra-pure single crystal metal films, perhaps 

produced expitaxially, which would have 

ii) negligdble or known defect structure, 

iii) atomically smooth surfaces, and 

iv) total absence of surface contamination or surface 

oxide film. 

So far, no-one claims to have done this. The oxidation 

problem with aluminium may prove insoluble except by the method 

suggested by Madden °°) et al., and used in this denoratory) ia. ° f 

measuring the effects of widation with time and then extrapolating 

back to the original clean surface. 

As Mayer *") fas pointed out thevontical properties ie mmcnin 

metal films, since they depend closely on electrical conductivity, 

must also depend on film thickness. There is as yet no complete 

theoretical treatment of mean free path effects on optical properties, 

although these "size-effects" are well understood for electrical 

conductivity. 

(48) 
Drumheller in 1964 considered a polycrystalline film in 

terms of a film impedance, a resistive part and a reactive part 

which could be related to inter-grain capacity. He found that the 

reflectivity of Bismuth so caculated, agreed well with experimental | 

values. 

1.2 Thin Film Conductivity 

Several authors have followed the original suggestion of 

(49) 
Thomson that the electrical resistivity of a thin film will 

increase when the electron mean free path is restricted by the



(51) surfaces of the film. The work of fuchy oo) and Sondheimer 

resulted in an accepted theory which could predict quantitatively 

the variation of resistivity with thickness. From their studies 

it followed that if the electron scattering at the film boundaries 

is mainly diffuse (a now generally accepted assumption) then the 

conductivity for thickness d is given by 

Ka Bo FE Ley £ 
ur iat 

and by 
£ -/ 

= ofl t Hi-P)2/ 

ar d>d€ 

where o = bulk conductivity 

P = coeff. of specular reflection 

£2 = electron m.f.p. in bulk crystal, ay the same 

temperature. 

It- can be seen that Ef p20) (totally diffuse reflection) the 

ratio a departs from unity, but if p=! then the thickness effect 

disappears. 

The extensive and elaborate work of Mayer (47) in 1958 on 

alkali metal films has shown that when precautions are taken to 

ensure that the assumptions of the theory are valid, then the 

agreement with experiment is extremely close. (See Fig.3). 

Anomalous results are invariably associated with faults in 

film preparation, poor vacuum or impure materials, leading to 

different defect structures of films or to irreversible changes in 

resistivity due to changes in defect concentrations. Much useful 

information can come from a study of the defect structure itself, 

and its influence on film resistivity. A number of workers have 

taken quenched metal foils and compared the resistivity changes with 

observed ‘defect structures seen in electron microscopy. For 

example, Cotterill (52) arranged for very pure aluminium foils 

(7% thick) to be heated electrically to 650°C and quenched in 

distilled water. Resistivity increases produced by the quenching
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were measured at -196°C. After annealing at 70°C for some time 

part of the resistivity increase, attributed to vacancies, annealed 

out. The same specimen, after electrolytic thinning, was examined 

on an electron microscope and found to contain a high concentration 

of dislocation loops, which was measured directly. Hence the 

resistivities introduced by known concentrations of both vacancies 

and dislocations were estimated. Cotterill found that 

Pistix. = (742) * ion". a.om* 

Bp = concentration of dislocations per com? 

and 

~6 ‘ 
vacancy = (I+ 0-3)x 10 Diem per atomic % vacancy 

The measurements of Petite. although larger, were 

probably more reliable than previous measurements done by 

deformation and quenching of foils performed by xoshidas =) + 

A0= 1 7A) even, = aClanaborough ay) 6,3)X 10-1 Aptn coo es vand 
(55) 

Silcox and Whe¢lan 110 X 10%, f.em?; who had not used the same 

specimen for resistivity and dislocation density measurements. 

The measurements of Cracancy ,» Which were produced with 

the aid of the results of Panseri and Fedherigi (°°) were lower than 

(57) sea x 107° 9 om per % vac.) . 

(58) 

those .made- by Simmons and Ballufi 

More recent determinations of astoc. by Rider and Foxon 

in 1966, who used two identically treated specimens, indicate a value 

of (2.9 t 0.4) x 107 9B nom? at liquid nitrogen temperature. 

They claimed that the thinning procedure of Cotterill removed some 

of the dislocations, thereby indicating a high value of [dielee, * 

An extension of the work of WosHida a in 1965 showed that the 

resistivity of voids, i.e. aggregates of vacancies, in aluminium 

could be given by 2.5 x ‘10772 ao on! where d wasn auhiase 

of the void size. This formula, produced for voids larger than 

S n.m. was found to give results comparable withother methods even
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for single vacancies. 

Scattering of electrons by the grain boundaries of 

erystallites in polycrystalline films must also contribute to the 

increased resistivity in thinner films, for which the grain size is 

(60) usually smaller, Komnik and Palatnik in 1964 drew attention 

to some systematic differences in polycrystalline bismuth films 

which had been deposited at 70°C and at 120°C. The variations 

were explained in a consistent way by considering the different mean 

erystallite size of the specimens, Neuman and Wen os 1966, have 

shown the considerable improvement in understanding of the size 

effect in bismuth that can be achieved by plotting conductivity 

against grain size and not against film thickness. (See Figs. 4A 

and 4B.) This agrees well with the theory of Ivanov and Papov on! 

that (in Bismuth) the mean free path is determined solely by the 

crystallite size. A similar work by Mayaaae! oy in 1969, on 

polycrystalline aluminium films concluded that the Fuchs-Sondheimer 

theory alone was not sufficient to explain the thickness dependence 

of resistivity. Assuming a surface scattering coefficient of p= O° 

as is usual 664) , the results indicated an increase of intrinsic mean 

free path with increasing film thickness. (See Fig.5) Measurements 

of grain size by transmission electron microscopy showed that grain 

size increased with film thickness, and was in fact about equal to 

film thickness<°>). (65) This conclusion was also reached by Kooy 

who observed columnar growth of selected crystallite orientations 

as shown in Fig.6. The study concluded that the thickness depend- 

ence of resistivity (over and above that of the Fuchs-Sondheimer 

theory) was a grain boundary effect. 

Electrical noise studies of such films at low frequencies 

have confirmed that grain boundary scattering plays an important 

part in Pesintivity. 0°) 

A theoretical model for the prediction of resistivity increase 

for thinner films, taking into account the reduced grain size, was
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ie 
explored by Nayadaas® ) et al. and was shown to predict similar 

behaviour to the Fuch s-Sondheimer theory. In fact, this 

similarity is to be expected since the constraints are of similar 

mathematical form, whether the size effects are internal (i.e. grain 

boundary) or external (i.e. surface). It seems clear that any work 

involving a correlation of various thin film properties should 

ideally include a measurement of grain size. 

The concentrations and types of defects in the metal 

crystalline structure, then, are of great importance, and produce 

variations in conductivity, in mechanical properties, and in optical 

behaviour. Some of the large amount of experimental information 

available on the annealing of defects in metals will now be 

  

discussed. 

1.3 Defects and defect annealing in metals 

It was first observed by Buckel and Miser ob? that thin 

films of pure metals, deposited on to substrates held at low temper- 

atures, showed an extremely high resistivity on deposition, When 

warmed to room temperature, the resistivity decreased dramatically, 

sometimes by as much as 40% The reduction in resistivity was found 

to be irreversible and was attributed to structural changes in the 

(69) films. Buckel found evidence of phase changes occurring on 

warming films of bismuth, zinc and gallium. More recent work by 

(70) 
Bosnell on films of Yttrium, Scandium and iron and also by 

Bosnell and Voisey 7) on molybdenum found that all these materials 

showed evidence of phase transformations as a result of warming. 

The last example of molybdenum films is particularly striking as 

shown in Fig.7. The structure changed from almost amorphous (grain 

size less than 2 n.m.) through face-centred cubic, to body-centred 

cubic as for normal molybdenum. Many workers have shown that the 

presence of impurities may profoundly modify these phase changes 

and much work on the recovery of resistivity of dilute alloys has 

(72) been reported, for example the work of Mader and Norwick. On
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the other hand, there is a great deal of evidence to show that very 

pure metals, with low Debye temperatures, @, evaporated in ultra- 

high vacuum, do not show phase transformations, These materials, 

of which aluminium is one, condense from the vapour to form a crys- 

talline film even when the substrate is held at liquid helium 

temperature. The grain size, however, is very small, Buckel and 

Hilsch (among others) have clearly shown this to be the case by 

means of electron diffraction patterns for the materials aluminium, 

(73) of the effects of lead and mercury. Chopra, in a recent review 

evaporation conditions on the structure of metal films, and the 

Phase changes that ensue as a result of heat treatment, also agrees 

that very pure films of metals of low % produced in good vacuum 

are crystalline when deposited and do not therefore show phase 

changes on warming. What, then, is the mechanism for resistivity 

reduction in these materials? The deposited films, though 

crystalline, contain large numbers of defects of all kinds, frozen 

into the film as the vapour condenses. On warming, the thermal 

energy available exceeds the activation energy of migration of many 

of the defects, which then become mobile and anneal out. It is of 

interest to compare the fall of resistivity on warming a vapour- 

quenched film with the recovery of a bulk specimen in which crystal 

defects have been introduced at low temperature, and subsequently 

allowed to warm up. Fortunately, there are two well-established 

methods of doing this, both of which provide numerous experimental 

results for comparison purposes. 

i) The first method is to heat the bulk specimen to a 

high temperature, whereupon the equilibrium concentra- 

tion of defects, following an expression of the form 

et ,» where uy is the energy of formation, 

is increased. The hot sample is then 'quenched' at 

4 
rates of temperature fall greater than 10 deg. C./sec. 

so that the defects are 'frozen in.'(74) ‘ 
Calculations
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show that the concentration of defects produced is 

usually low and in the case of vacancies is of the 

order of 107°%, 

ii) The second method is the well-established technique 

of nuclear radiation damage in solids. From 1950 

onwards, the needs of the nuclear power programme made 

essential the study of the effects of «, Pp and ¥ 

radiations on solids. These energetic radiations may 

displace atoms from their lattice positions and hence 

lead to the formation of many types of defect; 

dislocations, vacancies, interstitials, etc. These 

often profoundly affect the strength and elasticity, or 

even the dimensions, of the materials. Typical defect 

concentrations are of the order of 107 (i.e. 1%) 675) 

Neither quenching a bulk sample, or subjecting it to intense 

doses of radiation are likely, then, to produce such large defect 

concentrations as vapour quenching (estimated by several workers to 

be as high as 10 atomic 4). (72) G2) However, the similarities 

between the recoveries do provide worthwhile comparison, and will 

be attempted in this work. 

The recovery of resistivity when a damaged sample is warmed 

occurs in several distinct stages, the broad features of which are 

common to all metals and are shown in Fig.8. Each stage is 

characterised by a different activation energy and occurs between 

fixed temperatures. For Stage I, approximately below 100°K, the 

thermal energy available is very small (0.1 eVor less) and the 

recovery in this stage is unanimously attributed to the migration 

of interstitials or Frenkel-pairs (i.e. interstitials falling into 

nearby Bacancienynoue) Above 100°K the recovery is attributed to 

the migration of vacancy custers, and other interstitials. 

Stage III, generally around 300°K, is characterised by activation 

energies of about 0.6 eV to 0.7 eV and is generally attributed to
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single vacancy migration: (9) 040478) In many cases, recovery 

is complicated by over-lapping of processes and other effects such 

as the annealing of dislocations. Grain growth also affects the 

resistivity. (79) 

‘ ee (80) . . 
An important proposition of Seeger in 1958, which was 

later extended by Meechan et a1. (31) and Bauer et a1. (82) is that 

there are two stable forms of interstitial configuration with 

different activation energies. This has now gained general 

acceptance (see the 1968 review of Midiarac”) ys, One form of inter- 

stitial configuration has a migration energy Um of around 0.1 eV 

and migrates freely in Stage I. The other has Um around 0.6e¥ 

and migrates in Stage III. These configurations are tentatively 

identified as <110> Crowdien and oop dumbell respectively. See 

Figs.9A and 9B. 

It is possible, then, that the Stage III recovery (100°K to 

300°K) which is the subject of much of this work, could be attributed 

to 'dumbell' interstitial migration to vacancies, which are anihilated l 

in the process. Such a process would show second order kinetics. 

(See Section 5.) Vacancies which remain would be expected to 

anneal later in Stage IV. Theoretical calculations of migration 

energies in copper by Johnson and Brown (84) predict Un = 0.05 eV 

for the 'dumbell' and U,= 0.25eV for the 'Crowdien.' Experimental 

work on aluminium subjected to electron bombardment by Sosin and 

Rachal‘®°) in 1963 showed that Stage 11 (arotind 140°K) baa an 

activation energy of 0.22eV¥ and first order kinetics, while Stage III 

(from 140°K to 270°K) had an activation energy of 0.45 eV and second 

order kinetics. Since the latter energy does not correspond to Um 

for vacancies as found from quenching experiments, it does seem 

likely that the postulate of two forms of interstitial configuration 

applies to aluminium as for copper and gold. 

This introduction began with a discussion of the optical 

properties of metals. Some of the experimental techniques used in



  
FIG.9A. THE <iO> CROWDION INTERSTITIAL CONFIGURATION. 
 



  

    
  
    

  

    
FIG.9B. 

THE <100> DUMB-BELL INTERSTITIAL CONFIGURATION.
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measuring them, particularly the method of Ellipsometry as used 

in this work, will now be considered in detail. 

1.4 Ellipsometry 

There are various optical techniques available for the 

measurement of thickness, t and optical constants, n and k of metal 

films. The use of multiple beam interferometry developed by 

To lanski {®°) enables film thickness to be determined with great 

accuracy. See Section 4,2,3. 

- The optical constants may be determined by measuring the 

intensities of the light transmitted and reflected from both sides 

(87) of the film, as proposed by Murmann} although this requires 

a’ separate determination of thickness. ee has shown that the 

film thickness may be obtained from the same experiment if sets of 

curves of reflectance and transmittance against thickness are drawn 

up for a range of values of n and k, It is preferable to measure 

n, k and t simultaneously because thin films are known to vary in 

density so that a separate measurement of geometric thickness may 

not correspond to the thickness t in the optical equations. 

Schopper o> devised a method of doing this which involved 

measuring the reflected and transmitted intensities and also the 

associated phases; a difficult experimental problem. However, 

the laborious preparation of standard curves, as in Male's method, 

was avoided, These and other methods are summarised and discussed 

by Heavens’ oae 

However , the most versatile technique and the one chosen for 

the present work involves the measurement of the change in the state 

of polarisation of a beam of light after reflection and is now known 

a8 'iliipsometry.' 

When plane polarised light falls on a surface the incident 

light can be resolved into components parallel and perpendicular 

to the plane of incidence, for which the reflection coefficients 

are different; and are usually denoted by TD and r respectively s °
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(See Section 2.1) For a single clean surface, these coefficients 

can be derived from basic electro-magnetic theory in terms of 

refractive index and angle of incidence. For a clean dielectric 

surface, the plane of polarisation is merely rotated due to the 

different amplitude ratio in the reflected light, but if the 

dielectric surface is covered with a thin film there will be a 

Phase difference between light coming from the upper and lower 

surfaces. In this case, and also in the case of a single absorbing 

surface, the process of reflection introduces a phase difference A 

between the (p) and (s) components as well as changing the ratio 

of their amplitudes by a factor, conveniently expressed as tan ¥ ° 

This factor is thus a measure of the relative absorption. 

Expressed in its simplest form, the fundamental equation of ellip- 

sometry gives the ratio of the reflection coefficients, f of the 

(p) and (s) components as 

p a are hn ene 

Ys 

where v and A are functions of the optical constants of the 

media bounding the surfaces, the wavelength of the light used and 

the angle of incidence. (See Section 2.1) In general the 

reflected light is elliptically polarised. The ellipticity and 

azimuth are related to y and A and can be measured by introducing 

a phase difference equal and opposite to that produced by the” 

reflection so that plane polarised light is re-established. This 

process is known as 'compensation.' (For details see Section 2.2.) 

Any change in the surface film produces changes in the 

parameters ¥ and A which are in turn related to the optical 

constants n and k, and to the thickness t of the film. The 

calculations are generally extremely laborious, especially for 

absorbing films, so that electronic computation is essential. 

The foundations of ellipsometry were laid at the end of the 

(91) (92) last century by Rayleigh and particularly by Drude who, in
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1891, derived the fundamental equation of ellipsometry from 

Maxwell's equations with suitable boundary conditions. A biblio- 

graphy of the theoretical work of Drude and of other early contrib- 

utors is given by Winterbottom 8°), Drude was unable to solve the 

equation explicitly for n, k and t, but obtained approximate 

solutions for films of thickness small compared to the wavelength 

of light used. The extreme sensitivity of polarimetric methods 

was realised by Rayleigh in 1892 when he found that light reflected 

from water at the Brewster angle had, contrary to the Fresnel 

equations, a small negative ellipticity. He concluded that the 

effect was due to a contaminating film of grease on the water 

surface which he estimated to be less than 1 n.m. in thickness. 

Although the optical properties cf metals were studied by 

means of reflectivity measurements, as already described (3) (6) | few 

Specific references to the use of ellipsometry were made in succeed- 

ing years, probably because of the development of other methods of 

determination of film thickness, such as multiple beam inter- 

ferometry. It was used, however, in the study of metal surfaces by 

(94) (95) Tool in 1910 and by Hauschild 

(96) 

in 1920, A concise exposition 

(97) of the subject by Fry in 1927 lead Ives to make use of the 

technique in the measurement of the thickness of rubidium films 

(98) deposited in vacuo on glass and platinum surfaces. Summers also 

used the method in a brief study of molybdenum surfaces. 

The first detailed experimental work using the Drude 

(99) technique was by Tronstad who investigated the chemical ly-produced 

Passivity of iron and steel mirrors. Tronstad also investigated 

the optical constants of a mercury Burface 100) which he used as a 

standard surface for the calibration and adjustment of the 

ellipsometer, since it was found to give more reproducible results 

than any surface produced by mechanical polishing. Tronstad also 

investigated the corrosive effect of ozone and water on various 

metallic surfaces‘ 101) and showed that the corrosion rate depended
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markedly on the water content of the ozone. 

In order to test certain features of the free electron theory, 

Lowery et al. made several measurements of the optical constants of 

(102) 
copper, for polished surfaces and for surfaces produced by 

(103) 
evaporation of the metal in high vacuum. Extensive measurements 

5 
were also made of copnerenickel io) and eontereeine o>) alloys. 

(106) 
Lebernight and Lustman investigated the oxidation of 

iron and nickel and verified Drude's equations for thinner films 

(i.e. less than 10 n.m.) 

Until about 1940, the instruments used were often normal 

Spectrometers, modified to carry polarising and analysing prisms and 

a quarter wave plate. Detection was by eye using half-shade.devices, 

(107) 
either Nakamura plates or later Tronstad half-shade devices. 

The introduction of photomultiplier detection around 1940 made 

possible great improvements in sensitivity and accuracy, and also 

enabled measurements to be made over a wider range of wavelengths. 

(108) 
For example, McPherson was able to measure the optical constants 

of copper-aluminium alloys over the wavelength range 380 to 1000 n.m. 

A revival of interest came around 1945 with the work of 

(109) 
Rothen » Who was responsible for the term "ellipsometry", and 

later by Rothen and Hanson ‘110) They developed the technique of 

calibration of an ellipsometer using a surface coated with a known 

number of barium stearate monolayers. 

(93) In 1955, in the extensive review by Winterbottom results 

of optical constants for bulk metals (mainly iron, aluminium and 

copper) were presented for the visible region of the spectrum. The 

development of polarising devices for the infra-red, for example the 

selenium plates used by Elliott et ai., (111) made possible the 

development by Beattie (112) of an ellipsometric technique for metals 

extending to 12 microns wavelength. (See Section 2.3) Previously, 

the most generally accepted results at these wavelengths were the 

reflectance measurements of Fosterling and Freedericksz, (6) although
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there were serious theoretical limitations on the accuracy of such 

measurements, as shown by Beattie and Conneess) As already 

discussed, infra-red measurements on metals are extremely important 

in order to assess the validity of the Drude-Zener theory. 

Around this time, it became clear that two different approaches 

to ellipsometry were developing. In the work on metals, the 

variations in surface smoothness, sample structure and also the 

uncertainty in the extent of surface oxidation or contamination meant 

that an instrument of simple construction gave sufficient accuracy, 

whereas in the measurement of the less reactive transparent materials 

such as glass, etc., more sophisticated instruments were thought to 

be required. The first view, initiated by Beattie and Conn was 

(113) adopted by Hayfield and White in a study of corrosion and 

(114) oxidation in metals; by Neal et al. in an investigation of the 

annealing of aluminium films, and by Miller (115) in the investigation 

of the optical properties of liquid metals. It is also the view 

adopted in this work where, for visible wavelengths, the compensator 

method of McCrackin (118) is used and where for infra-red wavelengths 

the method of Beattie (112) is used. In both cases the instrument 

is comparatively simple, inexpensive and demountable in order that 

it may be used in conjunction with an ultra-high vacuum system. 

Work on the general technique of ellipsometry was continued 

(116) 
by MecCrackin et al. who reviewed the procedure for alignment and 

calculation of results; and by Archer ‘1*”? who made extensive studies 

of silicon surfaces using the exact theoretical equations. Double 

beam devices used in transmission polarimetry, in connection with 

the sugar industry, were introduced into ellipsometers by Archard 

etonis (198) “ana in 1963 Ror and PryzbylakiC! ©), using their’ dpoble 

beam instrument, claimed an accuracy for the setting of the polaroids 

of one minute of angle. The basis of this form of instrument is 

that one beam is used as a reference, and the difference in output 

of the two photocell detectors is measured, A great practical
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disadvantage is the need for two identical specimens, one for each 

beam. 

More recent developments have lead to some highly sophisticated 

instruments employing the Faraday effect. This idea was developed 

by Gilham, (120) 

The 'magneto-optic' or 'Faraday' effect is observable as a 

rotation of the plane of polarisation when light passes through a 

dielectric in the presence of a magnetic field. Gilham employed 

lead-zine borate glass in the form of cylindrical rods 10 cm in 

length overwound with a copper coil carrying an alternating current 

of 1 amp at 50 Hz. With this arrangement, the plane of polarisation 

was found to oscillate at 50 Hz through 6 degrees. When this light 

passed through the analyser prism on to the photomultiplier, an 

alternating intensity of light was received, resulting in a convenient 

output signal, 

(121) Further developments by Gilham and King lead to the 

development of a commercial instrument produced by Bendix Electronics. 

Independent development of an equally accurate instrument took place 

: j on (122) 
in the United States by Williamson et al. 

Several instruments have been developed on the basic design 

(114) (124) nich as well as 

(125) 

of King , for example that of Seward 

accurate mechanical parts and Glan-Foucault prism polarisers, 

employed a detection system using two Faraday cells, M and C, as 

shown in Fig. 10. The first cell is fed with a constant alternating 

current signal of frequency f, which causes the plane of polarisation 

to oscillate at the same frequency f. The light then passes through 

the second cell C and an analysing prism A on to a photomultiplier PM. 

The photomultiplier produces an asfymetrical Cos” signal which has 

a basic 2f component with an f eobpsient superimposed. An electronic 

analysis unit detects the f component and feeds into the compensator 

cell C a suitable current to reduce the f component to zero. The 

value of this current is proportional to the angular difference
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between the actual analyser azimuth and the azimuth at which it would 

be "crossed" with respect to the incoming polarised light. In this 

way, the analyser can be set accurately to * 5 seconds of angle.
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CHAPTER 2 

ESSENTIAL THEORY 

2.1 Optical inter-band absorption in aluminium 

The crystal lattice of aluminium is face-centred cubic. 

The reciprocal lattice is therefore body-centred cubic and has 

a centred primitive cell, or Brillouin zone, as down in Fig. 11. 

The symbols on the symmetry points or axes are a conventional 

notation that provide identification of corresponding wave 

functions. Calculations of the mergy bands for the principal 

symmetry axes, made by Ehrenreich et ae! are shown in Fig. 12. 

This shows that the only inter-band transitions below 8 “ev at 

symmetry points are those between the two occupied states we! and 

Ws and the unoccupied state at Wie The calculated transition 

energies are 1.4 and 2.0 eV respectively. Since the experimental 

peak value of optical absorption, which is proportional to €y =2nk, 

occurs in the region of 1.55 eV, it is clear that the region 

around W contributes significantly to this absorption. Ehrenreich 

also pointed out that the inter-band transitions in the vicinity 

of the [i10] axis (i.e. the S axis) also commence at 1.4 eV and 

will make a contribution to the observed absorption about 50% 

larger than that from the W region. This comes about because the 

second and third band states below and above the Fermi energy 

respectively, are parallel, See Fig.12. 

Detailed calculations of the magnitudes and shapes of the 

theoretical optical absorption curves due to transitions at W 

and = were also made by calculating the mergies in a three- ‘ 

dimensional mesh (10° points per zone) making use of the appropriate 

pseudopotential model for aluminium. A histogram of the joint 

densities of states was plotted by counting the points that 

satisfied the proper occupancy conditions. The results have been 

shown already in Fig. 2A, in which the peak (A) represents the



Fig. 11. The Brillouin Zone for Aluminium (f.c.c.) 
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Fig. 12. The calculated energy bands along the 
symmetry axes for aluminium (after Ehrenreich et al.)



sum of the contributions from transitions between the wy! and Ww 

bands and between the =, and the = bands. Curve (B) is 

associated with the transition from the Ws to the Ws bands. For 

comparison, the experimentally determined inter-band absorption 

is also shown, | 

An experimental investigation of the inter-band traner eine 

enables the values of the Fourier components of the pseudo- 

(40a) | the potential to be determined. According to Harrison 

pseudo-potential may be written 

Ye = Nefe a 
where F. is the geometrical structure factor as encountered in 

X-ray diffraction theory, and f, is a factor depending on the 

individual ion potentials. It is clear that the only Vg that 

differ from zero are those for which the structure factor is not 

equal to zero. There is also the additional limitation that 

the oniy important Vg are those for which the corresponding Bragg 

planes intersect the sphere of free electrons. It follows that 

for aluminium the only important pseudo-~potential components are 

V441 and Veen ce) (i.e. those components of the pseudo- 

potential for the (111) and (200) Bragg planes.) 

It is shown by Motuleviten'24), using an approximation 

based on a linear combination of two arene evens and also by : 

Ehrenreich et al. ise) that the difference in band energy along 

the > axis is almost constant for aluminium and has the value 

2.V200. Hence the value of Vogg is given by half the energy of 

the absorbed light quanta at the maximum of the interband peak. 

1.55 
  V200 = De) 0.77 eV 

This value is in good agreement with the estimate made 

from the de Haas - van Alphen effect by Ashcroft, namely 

0.764 ev. (45) 

At tiret Gight, it might be expected that ths main 

electronic characteristics of N*, the effective conduction electron
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density, Sr, the total area of the Fermi surface and Up , the 

average electron velocity on the Fermi surface, would not depend 

on temperature since the energy of the conduction electron E, ’ 

is of the order of 10eV and is much larger than the thermal 

energy, kT. However, the dependence of the electron character— 

istics on temperature is connected not with the thermal motion 

of the electrons, but with the thermal motions of the ions. The 

lattice vibrations disturb the periodicity and cause the geometric 

structure factor to decrease according to the well-known Debye- 

Waller factor in X-ray diffraction theory. Since the value of 

Vg depends directly on the structure factor according to equation 

(a ), it may be seen that the Fourier components of the pseudo- 

potential should decrease at higher temperatures. As a result, 

(24) N*, Sp and y all increase at high>or temperatures and it is 

to be expected that the maximum of the inter-band absorption peak 

will be shifted to lower energy (i.e. longer wavelength). 

During the course of the present work, this was shown to 

be the case by Hodgson’ 1° in 1970 and was confirmed more 

(4254) whose results are shown in recently by Liljenvall et al., 

Fig.12A. The ellipsometric technique of Beattie was employed to 

provide measurements of the optical absorption of opaque aluminium 

films deposited and maintained in ultra-high vacuum. The peak 

value of absorption was seen to occur at lower energies (i.e. 

longer wavelengths) for increased temperatures. This was inter- 

preted as a reduction in the value of the V209 component of the 

pseudo-potential in good agreement with the effects of the Debye- 

Waller factor. Several films on different substrates produced 

identical results. They concluded, therefore, that the 

variations shown in Fig.12\ were true temperature effects and were 

not due to other factors such as contamination, annealing or 

strain,
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The effect of structural changes on the pseudo-potential 

components and hence on the band structures, have so far been 

F Pees) 
neglected although MoTulevitch has pointed out (p.93) that 

different structures in the sample under investigation can lead 

to appreciable changes in the properties of the conduction 

electrons and their interaction with the lattice because of changes 

in the band structure and the additional scattering due to crystal 

defects and crystallite boundaries. The results of the present 

work on the optical and electrical changes produced by annealing 

are discussed in Section 6.2 in the light of these considerations. 

2.2 General Basis of Ellipsometry 

In principle, the amplitude and phase of a beam of light 

reflected or transmitted by a thin film, or combination of films, 

may be determined by solving Maxwell's equations with the 

appropriate boundary conditions. The problem is considerably 

simplified by the use of Fresnel coefficients r and t, where r 

is the ratio of reflected to incident amplitudes, and t is the 

ratio of transmitted to incident amplitudes. For different 

boundaries between media the notation used here is adapted from 

that of Abels, 128) and used by Heavens § 22) A superscript 

+ or - indicates the direction of propagation with respect to the 

normal to the film. The direction of the plane of polarisation 

of any orientation is specified with respect to the plane of 

incidence. The wave vectors are resolved into components parallel 

and perpendicular to the plane of incidence, and are denoted by 

a subscript (p) or (s) respectively. The media are numbered 

and the material identified by this number. As mentioned 

previously, if a medium is absorbing, the refractive index is a 

complex quantity W = n-th ,» in which the imaginary part is 

related to the absorption of energy by, the medium, For non-normal 

incidence, the angles of refraction become complex quantities.
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The physical interpretation of this lies in the fact that the 

planes of equal phase are no longer parallel to the planes of 

(127) 
equal amplitude. It may be shown that the Fresnel 

coefficients are given by: 

Ei _ Not -Khos, v: = = 
panne UT Cm + Me Cos G, 

Eis 2 MN, Gs $, = WM Cos ¢, 

is MN, Goh + NC 6, 
  Tes) = 

for light travelling from medium 1 to medium 2 having an angle of 

incidence ¢ ,» and angle of refraction $. . Similar expressions 

exist for the transmitted (p ) and (s ) components. 

The above equations may be applied to a single film, which 

is assumed to be homogeneous and i-otropic and to have parallel 

plane boundaries as indicated in Fig.13. This represents a 

parallel beam of plane polarised light of unit amplitude and 

wavelength r falling on an absorbing film of thickness d and 

complex refractive index 4G » Supported on an absorbing substrate 

of index N ‘ The complex amplitudes of the successive beams 

reflected and transmitted by the film are shown in Fig.13, in 

which é, represents the amplitude and phase change in traversing 

the film once, 

& = 2d Cog, 

The reflected amplitude from the whole system is thus 

given by the infinite series; 

fo eat 7 2 ~hids 
Tz = Int tta%s ce = Gals iis] e Ege 

which may be summed to give: 

‘ ~ 266, 
Ts= Ta + bath fy © Z 

1 + fat 778" 
; ¢ “ 2 

It follows from the conservation of eerey te that fata = /—[in]
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and substituting this into the previous expressions, the 

reflected amplitude becomes 

ab. iA 
T= hh tRe = e 
ape ae “Tt tale 2% e (say) 

where e is the amplitude ratio and A is the difference in phase 

of the reflected light compared to the incident light. Two 

identical expressions exist for the (p) and (S$) components 

although the numerical values are different, because the Fresnel 

coefficients are themselves different. The ratio of amplitude 

changes for the (p ) and ($ ) components is given by 

éA 
Ta) _ pe y = LY eile) 
To) Ces ets ‘s) 

For convenience, this ratio is usually expressed in the form 

Tes(P) Ta ¢ en 
a 6) 

As we shall now show, the ellipsometer measures Tan - ,» the 

relative amplitude reduction and A , the difference in phase 

change for the (Pp ) and (S$) components. The parameters wv and 

A are thus related, through the Fresnel coefficients, to the 

refractive index and thickness of the film, and the angle of 

incidence. The derivation of n ana & for the film from the 

measured values of y and A is extremely laborious, so that an 

electronic computer is essential. An Algol programme, fully 

described in Appendix 2, is used to predict values of ¥ and A 

for a range of values of n and & for the film, whose thickness is 

measured in a subsidiary experiment. The true values of n and 

Rare then found by inspection by finding consistency between values 

of n, : d, ¢ and A on standard graphs as explained in Appendix 

2. 

The extension of the calculations to several layers is 

possible since a single film, bounded by two surfaces, has an
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effective reflection coefficient and phase change. Such a film 

may be replaced by a single surface having the same properties, 

as indicated in Fig. 14. In this way, it is possible to start 

at the supporting substrate and work upwards through each layer to 

2 , 
eee) or to start at the surface 

and work downwards towards the substrate, as proposed by Vasicek. (129 

the surface, as performed by Rouard, 

For use in the section on oxidation of aluminium films, the author 

has developed a programme to compute the parameters for a system 

of three layers, i.e. the system oxide - metal - substrate, using 

the method of Vasiéek. This program is also included in Appendix 2, 

2.3 Theory of Compensator method of Ellipsometry 

The basis of the compensator method, as used in this work 

is illustrated in Fig.15. Plane jolarised light, produced by 

the polariser P, is incident on the specimen with azimuth y 

i.e. its plane of polarisation inclined at an angle ¥ to the plane 

of incidence. Corventionally, inclinations are considered 

positive if anticlockwise from the plane of incidence, looking 

towards the on-coming light. On reflection from the specimen 

the difference in amplitude reduction and the difference in phase 

change between the (p ) and ($ ) components ensures that the 

reflected light is, in general, elliptically polarised, i.e. the 

tip of the electric vector moves in an ellipse with azimuth of the 

major axis X , and ellipticity (ratio of minor to major axes) ¥. 

This elliptically polarised light then passes through the 

compensator, which consists of a bi-refringent sheet of mica. As 

described more fully in section 4.1.3, the compensator used here 

is of an exact thickness to produce a 90 degree phase difference 

between the ordinary and extraordinary ray (i.e. it is a quarter 

wave plate) for the particular wavelength of light used (549 nm). 

ity then, the fast axis of the compensator is arranged to be
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parallel to the major axis of the reflected ellipse, the 

vibrations along the major and minor axes of the ellipse (for 

which a phase difference of 90 degrees exists) are again brought 

into phase, and plane polarised light results. The azimuth of 

this 'compensated' plane polarised light will be at an angle ed 

to the major axis of the ellipse. See Fig. 16. 

Finally, the light passes through the analysing polaroid A, 

which may be rotated until its transmission axis is perpendicular 

to the plane of polarisation. In this condition and only in 

this condition, the light intensity received by the photo- 

multiplier detector is zero. 

The experimental procedure is considerably simplified if 

the compensator is first locked with its fast axis at exactly 

43 degrees to the plane of incidence. The polariser and analyser 

are then adjusted for minimum light intensity received by the 

photomultiplier. The situation then corresponds to that shown 

in Fig. 16. The azimuth of the reflected ellipse is always 

45 degrees, or in other words, the amplitudes of the reflected 

(p ) and (s ) components are equal, i.e. Ep and E, are equal. 

The azimuth W of the polariser is then equal to the 

parameter ~ mentioned previously for, from Fig. 16; 

  

Ef rae 2) Bg 
(1) t Ep 

But , 
fake a z) =) tee. & le)e. Ge 

Cos) Es ae Ege Es" 

Since from above, Ee =ahO) 

Fe be 

oe 
then Tan = ae = ce 

(#) ” 

Hence, from (1) tan y tan P 

y-¥% 
The ellipticity 4g is related to the phase difference A
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between the (p) and ($) components. In general, it may be 

shown that 

fan 20 
tanh = Sin 2X 

Since, from above X= 45°, Sin2X = 1.0 

and tanA = tan 2¥ 

Ae a 

The ellipticity ¥ and hence the phase difference A 

is determined from the analyser azimuth, as shown in Fig.16. The 

azimuth of the compensated light is 45 +7 » so that the azimuth 

of the analyser in its extinction position will be 45 +% with 

respect to xg , the perpendicular to the plane of incidence. It 

is this quantity, marked x on Fig.16, which is measured 

experinentally. 

Since x= 454+ = 4544 

then A= 2x- 90 

In general, pairs of polariser and analyser azimuths for 

extinction occur which fall into four zones. McCrackin (11°) 

gives a detailed explanation of the effect, although it should be 

neted that in his paper, the names 'polariser' and 'analyser' are 

interchanged with those in this work, because his experimental 

arrangement has the compensator placed before the reflection. 

The total of 32 pairs of polariser and analyser positions 

for extinction can be understood in a methodical fashion by 

representing the state of polarisation of light by means of the 

(130) For the general representation of Poincare” sphere. 

ellipticallypolarised light, three parameters are required: 

a) the ratio of minor to major axes, or ellipticity 

which = B = tan y (say) 

b) the azimuth of the major axis, X 

c) the rotation direction, conventionally positive
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if anti-clockwise looking towards the 

on-coming light. 

On the Poincaré sphere, Fig.17, the longitude represents 

twice the azimuth, and the latitude represents twice the ellipticity. 

The factor 2 arises because rotation of a polaroid through 180° 

(i.e. 360° on the Poincaré’ sphere) results in an optically 

identical situation. The northern hemisphere represents clock- 

wise rotations and the southern hemisphere anti-clockwise rotations. 

The equator, y= zero, represents plane polarised light of 

variable azimuth. The poles, y= 45°, represent circularly 

polarised light. Thus any state of polarisation may be represented 

by a single point on the surface of the Poincare sphere (PS). 

The readings on the polariser and analyser scales where 

the planes of transmission are parallel or perpendicular to the 

plane of incidence are known as the reference azimuths of the 

polaroids, The nomenclature devised by the author serves to name 

each reference azimuth unambiguously as shown in Fig. 18. The 

polariser and analyser scales are represented by T and & respect- 

ively. As is usual (p ) and ($ ) indicate the directions 

parallel and perpendicular to the plane of incidence. The dash 

notation represents the optically equivalent scale reading at 

180°, 

Consider a plan of the Poincaré Sphere, Fig.19. P, 

represents the plane polarised light falling on the specimen, 

having azimuth y (shown as longitude 2y on PS). Since from 

Fig.16, tan y= = » then ™R represents &, and 1 

represents &, , the components perpendicular and parallel to the 

plane of incidence respectively. The relative amplitude reduction 

on reflection alters the ratio of these components me 

The azimuth of RP (i.e. the setting of the polariser) is adjusted 

until the components are equal after reflection and can be 

represented by the point P’ on Fig.19. Pa is therefore the
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polariser setting for extinction between Tp and Ts which are 

90° apart, but shown as 180° on P.S. 

Consider the relative phase retardation A between the 

(Pp) and ($) conpanente: The effect of the reflection from 

the specimen as regards phase is to convert the linear vibration 

P’ to an elliptical vibration Z by rotation about the axis 

Tp Ts by an amount A. See Fig.20. (Clockwise rotation as 

seen from the fast axis, say ™% .) 

The effect of the compensator will now be considered. 

The compensator fast axis is locked at azimuth Q at 45 degrees to 

the plane of incidence as shown in Fig.21. Note that @ coincides 

with Pp’ . The compensator introduces a relative retardation of 

90° (i.e. one quarter wavelength) so that any elliptical vibration 

on the great circle @0P’ is converted into plane polarised light, 

represented by a point on the equator. Therefore, the elliptically 

polarised light Z is converted to plane polarised light p* on 

the equator. Note that the angle A remains constant during this 

rotation. Finally, the plane polarised light De passes to the 

analyser adjusted into the 'crossed' position, Ay (A1 is at 

90° to P” but is shown as 180° on P.S.). 

The relative phase retardation A may be calculated from 

reference to Fig.21. If the analyser azimuth for extinction A, 

is at a measured angle x to o¢ (shown as 2% on P.S.), then 

236 = 90 +A 

A= 2x - 90 

For convenience A has been shown less than 90° but the 

method is still applicable if A is greater than 90°. 

As well as the polariser position for extinction P,, there 

is also a position Py which is symmetrically placed about Tp e 

See Fig.22. There are also two non-significant positions at 

180° to each, Fig.22 also shows the corresponding analyser 

extinction positions A and A, which are seen to be perpendicular
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to each other (180° apart on P.S.). The dotted lines represent 

the southern hemisphere. The scheme that develops, then, is as 

follows: the two polariser positions for extinction, Py and Py 

are symmetrical about Tp (the plane of incidence). The two 

corresponding analyser positions A, and Ay are at right angles to 

each other, and are at an angle x from &,and <p respectively. 

Two more pairs of extinction positions, designated 3 and 4, exist 

at 180° to all the above positions. Further, compensation of 

the reflected light is also possible with the fast axis at an 

azimuth of AS; ise. with the compensator locked at 90° from its 

first position. In this case the compensation is effected by an 

anticlockwise rotation of the point Z about the axis @P’ in Fig.21, 

instead of a clockwise rotation. The polariser extinction 

positions are unaffected but the analyser extinction positions occur 

at the same angle x on the other sides of sand hp. Four more 

pairs of extinction positions are thus produced ,making a total of 

eight pairs, as shown in the table of results in Appendix 3. Any 

single measurement in the table has an equivalent position at 

180° so that 16 pairs of measurements are possible. Finally, 

rotation of the compensator through 180° in both cases doubles the 

possible number of results, making 32 pairs in all. It is not 

necessary to measure all 32 pairs of positions. Clearly, in the 

experiments undertaken here, time would not allow this. However, 

great care must be taken in the choice of measurements to be taken. 

Several workers have reported an obscure effect which tends to 

make some pairs of results consistently larger than average and 

some smaller. The effect is discussed by Mecrackin, 12°) 

Measurements to be undertaken must be chosen in such a way that the 

same number of "high" and "low" pairs are selected. The averaged 

result will then be Rcceptanly. close to the average if all possible 

measurements had been made. As can be seen from the specimen 

results in Appendix 3, suitable pairs were found to be those
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designated 1 and 2, for the compensator azimuths + 45° and -45°, 

This makes four pairs of measurements taken. 

2.4 Theory of Beatties' method for ellipsometry in the 

infra red. 

; (28) 
In 1954, Beattie and Conn showed theoretically that 

the determination of optical constants in the infra-red was most 

accurately performed by measuring the parameters ¢ and A. 

Reflectivity measurements suffered from inherent insensitivity. 

On the basis of the initial theory by Conn and Eaton, 151) 

Beattie (112) devised the following method for the determination 

of the ellipsometric parameters which does not require a com- 

pensator, and is therefore useful when measurements are required 

over a range of wavelengths. 

The method involves the measurement of the absolute 

intensity of light transmitted by the system, polariser-specinen 

surface-analyser, for four different azimuths of the polaroids. 

Consider the system shown in Fig.23. A beam of mono- 

chromatic, plane polarised light of azimuth Y is produced by the 

polariser and falls on the specimen. If the electric amplitude 

is E, then the components of the electric vector (at any time t) 

incident on the specimen are given by: 

Ey = & Cos fp Cort 

Ee) = E Sin Y Coswt 

Tf % and f§ are the Fresnel reflection coefficients from the 

surface in the (p ) and ($) directions then the reflected electric 

vectors will be: 

Ep = Et Cos Yp Cos (ot + &) 
Eg = Er, Sin Cos(w +8) \ 

where b> and é are the phase retardations for the (p ) and (s ) 

components, The instantaneous electric vector transmitted through 

the analyser is given by the sum of the components of each 

vibration parallel to the transmission axis. Let the azimuth of
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the transmission axis be Va y» aS shown in Fig.23. 

Hence, the transmitted electric vector is: 

Ef = En Cosy, Cos yy Cos(we +b) + Ets Sin Y, Sin, Cos (wt +8.) 

The transmitted intensity, Tfat any instant, is given by the 

square of the above expression which, after some trigonometrical 

manipulation gives: 

Te BS E*1p* Cos* ys Cosy, Cos (we 8.) + Er Sinty, . yy Gs*(ot +3) 

FEE gr, Sin 244 Sen 24, ConlQeot +Bp48,)-+4E pr, Sin Sin ay, Gs(B,~8,) 

When the time-averaged intensity (that which is measured 

experimentally) is calculated from the above expression, using 

the standard results; 

2 a 3 
Time averaged Cos. (wt+6,) = 4 

Time averaged Cos (2wt + &, ‘tf és )=0 

the measured intensity, expressed as a function of Ye and Yr ’ 

becomes: 

Iu) = eff BsyGi'y +£ESiniy,Sin'y, + tph, Sin ay, Sindy, Gos A} 

where A= 6-4 

Writings % riting C- £ = Tan} 

then, 

4 ptf ptr 4 ak Aa - % Iyy)= 285 [p's 'y, Gay, + Sint Sindy, +4P Sin 2y, Sen 2 GA 
For metals of high conductivity, Te differs little from 

unity so that it can be incorporated into an intensity ES ,» Such 

that To = PE 

The intensity then measured may be expressed as: 

= enty. Sin? a ae 2, gh ‘ ‘ (2 Llysyy) = TefSinty, Sinty, + p*Gs'y,Gs'y + £0 Sin 2y,Sin2y Cosh} (2) 
Beattie's method involves the measurement of four intensities 

for which the polariser azimuth, %, is set at +45° and the
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° analyser azimuth has the values +90’, 0, +45°, -45. From 

equation (2) above, these are 

L(tt, rf) ads 

L(tt, 2) - 21, ep 
EGE th) = ¢L.(1+p*+2e CsA) 

IE -#) = Ehret ~ 2¢Gs) 
(112) th 

It may be shown at 

J, 
(a= {Pe Ton Y (3) 

1, -I, 
and (GaN i@+e) poet (4) 

Equation (4) provides a measurement of A, largely independent 

of eC » Since the quantity H+) differs very little from 

unity. The method provides a useful check in that 1, + I, should 

be equal to I; + qy- In practice, this is found to be true to 

1 or 2%. Errors due to incorrect reference azimuths are 

minimised by measuring the four corresponding intensities on the 

opposite sides of the reference azimuths and averaging. 

at Ilys) = IC, -%) 
The experiments carried out have thus involved the 

measurement of eight different intensities at each wavelength. 

Some specimen results are given in Appendix 4.
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INTRODUCTION TO THE EXPERIMENTAL WORK   

The purpose of the present investigations was to continue 

and extend the study of the relationship between optical constants 

and structure already initiated in this labératony, 114) (81) 

Changes of optical constants with annealing had been observed and 

although it was thought that the growth of an oxide layer could 

be a contributing factor, no detailed study of this aspect had 

been madess The analysis of annealing effects was limited 

to a narrow range of wavelengths, 546 to 549 nm, and no emphasis 

had been placed on interband transitions. 

By performing simultaneous measurements of the optical 

constants and electrical resistivity during annealing, it was 

hoped that the variations in optical constants could be 

correlated with structural changes brought about by the anneaiing 

of defects in the specimen. For such Bor aict iene to be 

successful, the growth of surface layers of aluminium oxide would 

have to be entirely eliminated or, if this were not possible with 

the apparatus available, some way of applying a correction to the 

experimental results in order to obtain values relating to the 

clean metal surface would have to be found. 

It was decided that two possible methods of eliminating 

the oxidation problem would be attempted. Firstly, the method 

used by Madden et a1, (9) of studying the oxidation rate for a 

number of similar specimens and then making appropriate corrections 

to all experimental measurements; and secondly, the technique 

of allowing the aluminium specimen to become totally oxidised by 

exposure to the atmosphere (i.e. to permit the formation of the 

equilibrium layer of oxide, known to be approximately 3.5 nm in 

thickness) and then to observe the Variations in properties as a 

result of annealing. The latter method would only be useful if
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it could be shown that the oxide layer itself did not increase in 

thickness, or change significantly in its optical constants, as 

a result of annealing. 

It was considered that the correlation of optical and 

electrical changes would be most readily observed on specimens 

which show comparatively large variations. Accordingly, it was 

decided that aluminium films of thickness less than 20 nm would 

be the subject of the experiments because: 

i) the disordering influence of the substrate leads 

to a greater concentration of defects in thinner 

films, and tends to be less important for thicker 

ones. 

ii) the formation of aluminium oxide causes a reduction 

in thickness of the metal and leads to a higher 

resistance; an effect which is proportionately 

greater fon a thinner film. 

“iii) due to the penetration depth of electro-magnetic 

waves in a highly absorbing metal (approx. 10 nm 

in At) the optical measurements give information 

on the entire thickness of the film. 

Measurements of the optical constants of metals, partic- 

ularly over a wide range of wavelengths and at different temper- 

atures, are important for a variety of reasons. In the first 

place, a better understanding of the structural dependence of 

these constants should ultimately lead to a more accurate inter- 

pretation of the real and imaginary parts of the refractive index. 

Apart from the elucidation of the interaction between photons and 

electrons, optical measurements can be of value when considered 

in relation to various phenomena in metal physics. As discussed 

in section 2,1, the determination of the optical constants in the 

region of inter band transitions enables the principle Fourier 

components of the pseudo potential model to be estimated. These
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components determine not only the optical properties of the 

metal but also the de Haas - van Alphen effect, cyclotron 

resonance, the absorption of ultra sound in a magnetic field and 

the temperature of transition to the superconducting state. 

Hence it is possible to use optically determined data in the 

interpretation of other experimental data. The great advantage 

of the optical method of determining the Fourier components of the 

pseudo-potential, Vg, is that this is the only method by which 

the temperature dependence of these components may be determined. 

In general, the values of Vg become smaller for higher temper- 

atures, and it is possible to estimate the resulting changes of 

effective free electron density, Fermi surface area and mean 

electron velocity at the Fermi Level. (22 The optical effective 

mass and the band gaps related to zone structure may also be 

estimated. 

The other methods mentioned above for obtaining detailed 

information about the Fermi surface require comparatively large 

electron mean-free-paths and are therefore limited to applications 

which involve very low temperatures and high purity metals. 

Aluminium is a particularly good subject for fundamental 

investigation since it follows closely the nearly-free electron 

approximation, having three free electrons per atom. The zone 

structure and Fermi surface ar* well understood and band energies 

have been calculated in detail, notably by Ehrenreich et alee? 

thus facilitating the interpretation of variations in optical 

results due to annealing. Furthermore, the very high stacking 

fault energy means that other types of defect may be studied during 

annealing experiments. It is also available in very pure form 

and is readily evaporated to form thin metallic films. 

In addition to the above fundamental] physical considerations, 

aluminium also finds considerable use in the technology of thin 

film devices and is frequently used for contacts and connections
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Difficulties have been encountered as 

ws 

a result of oxidation and also of electrolmiaration (°") 

in integrated circuits. 

so that 

an investigation of the properties of the metal may be of practical 

importance.
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CHAPTER 4 

EXPERIMENTAL DETAILS 

4.1 Apparatus 

4.1.1 The Vacuum System 

The vacuum system was a conventional one as used by Fane 

and Nea1 31) and is shown in Fig.24. The stainless steel 

experimental chamber was pumped by a four-stage diffusion pump 

charged with DC. 705 oil. This pump was backed through a liquid 

nitrogen trap by a 42 lemin™! rotary pump. A water-cooled baffle 

and two liquid nitrogen traps separated the chamber from the pumps, 

the upper one being positioned so that it could be baked with 

the chamber to 400°C. Aluminium wire seals (0.625 mm diam.) were 

used between the chamber and the cold traps and indium wire seals 

between the traps and the diffusion pump where the system is not 

subject to baking. A plan view of the experimental chamber is 

shown in Fig.25, along with the optical arrangement. All flanges 

used copper gasket seals. 

In order to maintain the substrate at any desired temper- 

ature, as required in some of the experiments, the author designed 

the arrangement shown in Fig.26. The substrate, either Corning 

0211 glass or polished single crystal of potassium bromide, was 

supported on a stainless steel block, welded to a stainless steel 

tube which formed the central finger. Inside this finger was a 

second narrower tube with a heater block welded to the end. When 

bolted in position, this heater block made good contact with the 

substrate block as indicated in Fig.26. To ensure good thermal 

contact, a disc of copper foil 0.025 inches thick was softened by 

heating and quenching in water, and placed between the heater and 

substrate blocks. The heater was constructed of 200 turns of 

38 SWG cotton-covered eureka wire, further insulated by brushed-on 

layers of "Eco-coat" 672 compound, (Emerson and Cuming Inc., 

U.S.A.) When operated on mains voltage through a variac trans-
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former, the heater carried a maximum current of 400 mA and gave a 

power of approximately 100 watts. This was sufficient to raise 

the temperature of the substrate block to 280°C, as measured on a 

copper-constantan thermocouple inserted into the block, or, with 

the inner finger filled with liquid nitrogen, to maintain an 

equilibrium temperature of any value between -196°C and room 

temperature. The lead-through connections for the heater and 

thermocouple were raised above the upper flange by means of copper 

tubes 12 cm long in order to avoid condensation of moisture oa the 

connections, See Fig.27. A general view of the apparatus 

assembled is shown in Fig.28 

The experimental chamber also incorporated a 'Mini-Mass' 

mass spectrometer for residual gas analysis and a quartz crystal 

thickness monitor, mounted in a side arm so that the crystal was 

the same distance from the evaporation filament as the specimen 

substrate. This is shown in Fig.29, which also shows the 

magnetically operated shutter made of nickel foil which was used 

to protect the substrate during out-gassing. A bakeable leak 

valve, type MD6 supplied by Vacuum Generators Ltd., allowed the 

total pressure to be varied and accurately controlled during the 

experiments involving oxidation of the specimens. 

Electrical connections to the specimens were meena an 

eight-way ultra high vacuum lead-out and nickel wires insulated 

with ceramic beads and pyrex glass tubes. The final connections 

to the specimens were made with gold wires (0.005" diam.) thermally 

bonded on to special contact areas. See section 4.2.1. The 

size of the specimen film was defined by evaporation masks as 

indicated on Fig.30. This same figure also shows the mask for 

the evaporation of a duplicate film on to the junction of an 

evaporated thin-film thermocouple of copper-nickel. This second 

film was used in some of the experiments to determine the true 

specimen temperature relative to the substrate block. See section 

5.1
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4.1.2 The Ellipsometer 

The ellipsometer itself consisted of two triangular section 

optical benches bolted to fixed plates on the vacuum bench. These 

benches, together with their components on sliding saddles, were 

easily removed during baking of the vacuum system, The light 

source was a 24 volt, 150 watt tungsten filament projector lamp, 

operated from a 13 volt transformer. This lamp provided adequate 

intensity in the visible and near infra-red regions. A condenser 

lens Li, in Fig.25, focuses the light on a pin-hole which is 

arranged to be at the focus of the lens L2. The wavelength of 

the parallel beam of light thus formed is chosen by means of a 

Balzer interference filter F, having a pass-band of about 2 nm, 

The aperture Ap restricted the beam so that the divergence was 

less than 0.005 radian. The beam was arranged to pass through 

the polariser and to enter the vacuum space through optically flat 

Kodial glass windows. These were found to be sufficiently trans- 

parent out to oe wavelength. After falling on the specimen 

film at an angle of approximately 64 degrees, the light was 

reflected out of the chamber, through the compensator and analyser 

polaroids to the photomultiplier detector. The finger which 

supports the specimen film is mounted on a rotatable flange to 

facilitate optical alignment. The saddles that support the 

optical components have lateral adjustment for the same purpose. 

The angle of incidence was measured by the method described in 

section 4.2.6 after every alignment. 

Two different combinations of polarising filters and 

detectors were used for the experiments at the fixed wavelength 

of 549 nm, and for the measurements over a range of wavelengths 

in the visible and near infra-red. These will now be described. 

4.1.3 Form of Ellipsometer used at 549 nm. ~ The Quarter 

Wave Plate 

The method of compensation used is that due to
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(93) 
Winterbottom and is fully described in section 2.3. The 

polariser and analyser consist of HN22 polaroid in graduated 

circular vernier scales. These were supplied by the Precision 

Tool and Instrument Company, and are accurate to within =2 

minutes of angle. The quarter wave plate is part of a Senarmont 

compensator and is made of mica sheet, also mounted in a circular 

scale, Essentially, quarter wave plates can be constructed of 

any birefringent material for which the refractive indices for 

the ordinary and extraordinary rays differ. Representing these 

indices by n, and Ne respectively, the phase difference between 

these two rays after passing through the plate will be given by 

6 = F(m-2)A 

where & is the thickness of the plate. For an exact quarter wave 

plate 6 equals x and is determined solely by A. The actual 

thickness of mica required is only 0.00135 inches so that absolutely 

exact quarter wave plates are difficult to achieve. It is there- 

fore necessary to calibrate them to ensure that the actual phase 

difference falls within the required limits. In the present work, 

calibration was carried out using the method of Jarrard. (192) 

Briefly, this method requires elliptically polarised light to be 

passed through the compensator, C and the analyser A. Extinction 

of the light is achieved for compensator and analyser positions 

represented by C1 and Ay respectively. Compensator and analyser 

are then moved, first together, and then independently to a new 

extinction position represented by Co and Ag respectively. As 

shown by Jarrard, the phase difference introduced by the compen- 

sator is then given by 

Cah eet A) 
Tam (C, - Ca 

The results obtained for various wavelengths are shown in fig.31 

The error imparted to the analyser setting if a non-exact 

quarter wave plate is used is discussed by Seward’ 124) who shows
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that if the quarter wave plate is in error by an amount € 

(ice. @= FTE ), and if it is used to compensate an 

ellipticity y, then the error in analyser setting, de is given 

by 
* Sin? ¥ Cos 2¥ 

For the values of ellipticity that occur in the present experi- 

ments (typically 70°) calculations show that an error of 2 degrees 

in the quarter wave plate would lead to an analyser error of less 

than 1 minute of angle. It may be concluded from Fig.31, there- 

fore, that the quarter wave plate is acceptable over the wavelength 

range 505 nm to 565 nm. Accordingly, a wavelength of 549 nm was 

chosen for the experiments. 

The detector used was a photomultiplier type 6094B, 

supplied by E.M.I. Electronics Ltd., and was used in conjunction 

with a stabilised power supply type 532/D from ‘Isotope 

Developments' Ltd. Since the compensator method depends on the 

measurement of minimum light intensities, the detector does not 

have to be completely screened from the room lights. 

4.1.4 Form of Ellipsometer used for Measurements in the 
  

near Infra-red Region 

The method used is due to Beattie t=) and is fully 

described in section 2.4. The polaroids consisted of HR grade, 

oriented linear polymer material which were useful out to apn 

wavelength, as can be seen from Fig.32. The detector used was a 

photomultiplier by Mullard, type 150CVP which incorporated a special 

cathode of cesium iodide on oxidised silver. The spectral 

response of this cathode is shown in Fig.33, and it may be seen 

that there is mutticient sensitivity over the range of wavelengths 

covering the inter-band absorption peak in aluminium (0.7 to ee ) 

Since the method depends on absolute intensity measurements, the 

detector ‘was housed in a light-tight box with a shutter. The same 

stabilised power supply was used, along with the control circuit
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112 
shown in Pig.34. According to Heatties® 12) the efficiency of 

the polarisers must be high. It was found that the HR polaroid 

used here gave acceptable efficiency ( > 99%) over the spectral 

range Or 654 to oe » although the intensity transmitted by a 

single polaroid became very small at the shorter wavelength. 

4.2 Experimental Procedure 

4.2.1 Substrate Preparation 

All substrates were ground on the reverse side with grade 

200 carborundum, in order to prevent stray reflections from the 

back of the substrate which had not been included in the theory. 

Substrate cleaning is important in this work, as the state of the 

‘ substrate surface is known to affect the initial growth of the 

specimen. For the 0211 glass substrates the process involved 

standing overnight and then beiling for ten minutes in detergent 

solution, five successive rinses in distilled water, followed by 

boiling in iso-propyl alcohol. After five minutes ultrasonic 

cleaning, the glass was finally de-greased by withdrawal from 

boiling iso-propyl alcohol vapour. Contact areas for the gold wire 

connections were then deposited on the glass by means of an evap- 

oration mask. It was found that a thin film of nichrome ( ~ 20 nm) 

followed by a layer of aluminium (~ 100 nm) provided a secure 

contact area which remained adhered to the glass throughout sub- 

sequent temperature cycling. Gold wires (0.005" diameter) were 

then thermally bonded on to these areas with the apparatus shown 

in Fig.35. 

The single crystal substrates were cleaved from slabs of 

potassium ‘bromide with the 100 planes parallel to the surface. 

This was verified using an X-ray diffractometer. The planes were 

visibly "stepped" and required polishing. This was carried out 

in successive stages by grinding first with grade 100 carborundum 

on a glass plate, then with grade H rouge and finally with grade 

O rouge on selvyt cloth. In all cases paraffin was used as a
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133 
Suspension agent, as suggested by Landry and Mitchell.‘ ) 

The crystal was finally washed in warm paraffin, the remaining 

traces of which would be removed during baking of the vacuum 

system. The same diameter gold wires were thermally bonded on 

to aluminium contact areas as before, but using only light 

pressure. It was found that if too great a pressure were used, 

the point of the probe would sink into the soft crystal and 

fracture the contact area. 

4.2.2 Preparation of Specimen Films 

The bake-out of the vacuum system consisted of at least 

12 hours at 400°C, during which time the evaporation filament was 

kept dull red and the ionisation gauge filament on. When cooled, 

and with all the cold traps filled, tne ultimate pressure was 

consistently below 2 x A011 torr. 

The specimen of 99.999% pure aluminium was evaporated from 

a tungsten filament at a rate of approximately 5 nm/min in all 

cases, The maximum pressure during evaporation was held below 

orx 1078 torr. The resistance of the specimen film was measured 

manually ona potentiometer, using the circuit shown in Fig.36. 

Normal precautions were taken in reversing the film current of 

100 A to avoid thermal effects. 

4.2.3. Measurement of Specimen Film Thickness 
  

Since the film thickness is an important parameter in the 

calculation of optical constants, each film thickness was 

estimated by several methods, The principal technique used was 

that of multiple beam interferometry, as described by Seott si 

After removal from the ultra-high vacuum system, the specimen 

films were overlaid with an opaque layer of aluminium and placed 

under the partially silvered flat on the turntable of an inter- 

ference microscope, type N.130, as supplied by Hilger and Watts. 

On illumination of the assembly with white light the reflected 

beam was seen to be deficient in a series of lines within an
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otherwise continuous spectrum. The fringes are now gencrally 

known as "Fringes af equal chromatic order." 

Consider the overlaid specimen film under the half-silvered 

optical flat such that a small parallel air gap exists, as 

indicated in Fig.37. A frequency exists in the incident light 

such that m wavelengths are contained within the path length ay . 

Hence 

2y = md - 8y 
(10) 

where m = order of the fringe (not necessarily integral) 

6 = phase change on reflection. 

A shorter wavelength WN also exists such that (m+ 1) 

wavelengths are contained in the same path length. Hence 

‘ by 
2y, = (maiJA — er (11) 

The phase parameter 8 in (10) will ingeneral be a 

function of wavelength but it has been shown by Koehler 1949) for 

7 (434B) i Re 
silver and by Shultz for aluminium, that the function is 

almost constant at 0.97 in the visible spectrum. If, therefore, 

é is assumed to be independent of wavelength, then an integral 

number of wavelengths within the gap results in destructive inter- 

ference and the production of a fringe. Thus 

A 
(m- &) = Tae (12) 

In the region Yar of slightly different path length to 

Ht , there exists a different wavelength, r, such that a fringe of 

the same order m is produced. Hence 

24. = m),- 2» (13) 

The thickness of the specimen film, t, is then given from 

(13) ana (10) t= yn-y = Z(m-B)(A,- A) 

& = (m-$) 
(14)
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" The field of view in the spectrometer is therefore a 

continuous spectrum with a series of stepped fringes superimposed 

as shown in Fig.38. 

From measurements of the wavelengths x , the order for a 

number of fringes was obtained, which should increase as consecutive 

intergers towards the violet end of the spectrum. Measurements 

of A; were also made which yielded AY and hence the film thick- 

ness. 

The less exact theory in which the phase change on 

reflection is neglected is adequate for thick specimens where 

large orders can be used, but for thinner films where smaller orders 

must be employed, the error introduced becomes greater. For 

example, at m= 8 the error is only 0.5%, whereas at m= 1 the 

error would become 3, ) 1028) C1548) 

In addition to thickness measurement by the above technique, 

several independent estimates of thickness were made both during 

and after deposition by the following methods: 

i) Quartz crystal thickness monitor. 

ii) Photographic densitometer to measure the amount 

of light transmitted by the films according to 

the method of Morr, ¢195) 

iii) Electrical resistivity. 

iv) Changes of ellipsometer parameters Y and A on 

total final oxidation of the films. 

v) Mechanical measurements using a 'talystep' 

instrument. 

Where appropriate, a correction was applied for the 

thickness of the oxide layer present. When all these methods 

Gave consistent results, the film thickness was finalised and 

computations for n and k performed on an ICL 1905 computer. The 

programs used are based on the exact ellipsometer theory and are 

described fully in Appendix 2.
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4.2.4 Determination of reference uths 

  

The readings on the divided circles of the polariser and 

analyser that correspond to the transmission axes of the polaroids 

being parallel and perpendicular to the plane of incidence are known 

as the reference azimuths. In the two methods of ellipsometry 

undertaken, both the compensator method used at 549 nm and the method 

of Beattie used in the near infra-red, the experimental azimuths are 

expressed relative to the plane of incidence. It is therefore 

necessary to determine the reference azimuths very accurately. 

Assuming that the ellipsometer is aligned, approximate values are 

quickly obtained by removing each polaroid in turn from the 

ellipsometer and arranging for light from a lamp to be reflected at 

approximately 56 degrees from a glass plate, placed flat on a bench, 

and to pass through the potaroid. Each polaroid in turn is rotated 

until minimum light is visible through the polaroid. As shown in 

Fig.39, the transmission axis is then approximately vertical. On 

returning the polaroids to the ellipsometer, on which the plane of 

incidence is approximately horizontal, the transmission axes are 

therefore set roughly perpendicular to the plane of incidence. The 

settings need not be accurate, as more precise settings are found 

later. The process so far merely serves to distinguish between 

horizontal and vertical polarisation directions. 

The compensator is next removed from the ellipsometer, and 

with the light being reflected from a metal surface, the following 

procedure is adopted for both N22 and HR polaroids. 

The polariser is rotated through 90 degrees so that the trans- 

mission axis is horizontal (i.e. parallel to the plane of incidence). 

The analyser is allowed to remain with its transmission axis perpen- 

dicular to the plane of incidence. With a small voltage applied to 

the photomultiplier, a slight adjustment of polariser and then 

analyser serves to reduce the signal to a minimum. The process is 

repeated, with the voltage steadily increasing, until with the full
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allowed value of 1500 volts, minimum light is detected. 

The exact polarizer azimuth for extinction is obtained by 

measuring the azimuths at equal intensities on each side of the 

minimum, The extinction position is the average of the two values. 

With the polariser set at its extinction position the analyser 

extinction position is obtained by the same method of measuring the 

analyser azimuths giving equal intensities on either side of the 

minimum, 

It can be shown that the intensity of light received by the 

photomultiplier, as a function of the polariser azimuth, is symmet- 

rical about its extinction position for any analyser setting; and 

also if the polariser is set to its extinction position, the intensity 

as a function of analyser setting is symmetrical about the analyser 

extinction position. These conditions are necessary and sufficient 

to establish the procedure. The direct method of setting the polariser 

and analyser to give minimum transmission is less precise. Rotation 

of 5 to 10 degrees is aera to attain the greatest accuracy. 

Polariser and analyser azimuths now correspond to Tw and %, 

respectively in the author's notation. Both polariser and analyser 

are then rotated through 90° in a positive sense (i.e. anti-clockwise 

looking towards the on-coming light) and the entire procedure 

repeated. These alternative positions correspond to azimuths Ti, and 

Op and would be 90° exactly from the first positions for correctly 

aligned apparatus. 

The theoretical basis of the above method is that only in 

these two select positions, when the light incident on the metal is 

plane polarised in either the (p) or (s) directions, is the reflected 

light plane polarised and capable of being extinguished by the 

analyser. For other polariser positions, the reflected light is 

elliptically polarised and cannot be extinguished by the analyser. 

There are, of course, non-significant positions at 180 degrees to 

each scale reading and these are represented by the dash (/) in the 

author's notation in Fig.18.



  

To obtain a reference position for the compensator (when 

used) the polariser and analyser are set to a pair of related 

reference positions and the compensator returned to the ellipsometer 

in the position shown in Fig.25. By rotation of the compensator, 

a position of minimum transmitted light is obtained. The exact 

compensator reference position is then obtained by measuring 

compensator azimuths giving equal intensities on either side of the 

minimum. This position corresponds to either the fast or slow axis 

of the compensator being parallel to the plane of incidence, because, 

once again, it is only when the light incident on the compensator is 

plane polarised in a direction parallel to either the fast or slow 

axis that plane polarised light emerges through the compensator, 

enabling the analyser to produce extinction. The procedure is 

repeated for the alternative compensator position which is 90 degrees 

from the first position for correctly aligned apparatus. Once 

again, there are non-significant positions at 180 degrees to both the 

above positions, 

4.2.5 Procedure for determination of wv and A fora 

specimen at 549 nm using the Compensator Method 

The essential basis of the method, as explained in section 

2.2, is that the azimuth of the plane polarised light incident on the 

specimen is arranged so that the reflected light has equal components 

in the (p) and (s ) directions. (i.e. The reflected amplitude 

ratio & = 1.0.) Because of the phase difference, A between 
‘3 

these components, the reflected light will always be ellipticaliy 

polarised with its major axis at 45 degrees to the plane of incidence, 

and have an ellipticity that depends on A ° If the compensator is 

set with its axes at 45 degrees to a reference position, this ensures 

that the axes of the compensator coincide with the axes of the 

reflected ellipse. Light of any ellipticity is then compensated 

i.e. converted to plane polarised light having an azimuth that 

depends on the ellipticity, and hence on Aes This is shown in
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Fig. 16. The procedure, then, is as follows: 

The compensator is locked at 45 degrees to a reference 

position. As before, the polariser and analyser are successively 

turned to give minimum light intensity, while gradually increasing 

the photomultiplier voltage. The polariser extinction position, 

say Py, is then found by "bracketing" the minimum position, With 

the polariser then set at its extinction position, the analyser 

extinction position, say Ay, is likewise found by "bracketing". The 

setting procedure is repeated for a polariser azimuth in another 

quadrant, but not 180 degrees away, giving readings Pg and Ag on 

polariser and analyser respectively. Two other polariser positions, 

Pz and P4, together with their corresponding analyser positions 

A3 and Aq, are also measured. It is found that P3 and Pq are at 

approximately 180 degrees to P, and Po respectively. As and Ay are 

also at 180 degrees to A, and Ay respectively. 

The compensator is then turned through 90 degrees so that 

the fast axis azimuth is -45 degrees, with respect to the plane of 

incidence, and four different pairs of polariser and analyser settings 

obtained in the same way. As explained in section 2.2, time did not 

allow for measurements to be made in all four zones during some of 

the experiments. In this case, only those pairs of results 

designated 1 and 2, were recorded for each compensator setting. 

Consider the polariser readings: 

It has been shown in section 2.3 that Py and Py are 

symmetrically placed about Tp * In general, the polariser settings 

are symmetrically placed about the plane of incidence, EG - Tp 

should equal 1 — Po: In general, the average is taken 

eye) a 
As shown in section 2.3, using the Poincare’ sphere, Tan’ 

equals the relative amplitude reduction between the (Pp) and (5) 

components produced by reflection from the specimen.
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Consider the analyser readings: 

As shown in section 2.3, using the Poincare’ sphere, A, and ’ P , 1 

    

Ay are always separated by approximately 90 degrees. aa 

should equal Xp — Ay. In general the average is taken 

&s +& = x 
& 

where the angle 2x - 90 degrees gives the relative phase retardation, 

A between the (p) and (S$) components. 

4.2.6 Procedure for determination of — and A fora 

specimen _in the near infra-red region, using Beattie's 

Method. 

As explained in section 2.4, the absolute intensity of the 

light beam transmitted by the system of polariser - specimen - 

analyser is measured for eight pairs of settings of polariser and 

analyser. These correspond to the i:tensity I for polariser azimuth 

Y% and analyser azimuth % » written as L(¥p5%) » for the 

following values 

fe t(tst) gh Be P(E 8) 
I= 1(+E»*#) : 4, = I(+E>-#) 

Four equivalent values are also measured for which the 

polaroid azimuths are all made negative. In general, 

I(+%,+¥)=I-%-%) and this serves as a check on the setting of 

the azimuths. The circular scale readings for all these azimuths 

are first calculated from the reference azimuths and tabulated. 

Rapid changes from one setting to the next are then possible during 

the experiments so that the eight measurements can normally be made 

in approximately 3 minutes. Since absolute intensity measurements 

areinvolved, the output of the lamp must not vary significantly in 

this time. The lamp is therefore switched on and allowed to reach 

an equilibrium (usually ten minutes) before measurements were 

commenced, 

Pessible errors due to background illumination were avoided
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by covering the ellipsometer pin-hole with a metal foil and setting 

the zero of the photomultiplier detector with its shutter open. 

The foil was then quickly removed and the intensity reading taken. 

After averaging the values of I(+) and I(-), the parameters 

vv and A are then calculated, as explained in section 2.4, from 

the formulae: 

meade = 

‘Ig = cos = Ha +=) 

Once the parameters y and & have been determined, dther by 

the above method or by that described in the previous section, the 

experimental values are compared with theoretical values calculated 

for the approximately known values of optical constants. The 

computer »orograms used for this purpose are described fully in 

Appendix 2. The procedure for the determination of the final values 

of n and k, which the author has found most convenient, is indicated 

in Figs.39A and 39B. Graphs of Y& and A are plotted against n 

for various values of k. The measured values of $ and A for the 

specimen are then drawn as horizontal lines on these graphs. For 

example, the experimental value of y on Fig.39A is 33.65 degrees 

and of A on Fig.39B is 134 degrees. By placing two straight- 

edges on the graphs for the same value of k, e.g. 4.75, the corres- 

ponding values of n, given by the intercept with the horizontal line, 

are seen to differ, being 1.035 on Fig.39A and 0.82 on Fig.39B. 

By reducing the value of k and moving both straight-edges together, 

the values of n at the intercept become closer, until they coincide 

when n becomes 0.90. The k value at this point is 4.65 on both 

- graphs. Thus the optical constants for the specimen in this 

example are n = 0,90 and k = 4.65. 

4.2.7 Determination of Angle of Incidence 

The angle of incidence is determined after each alignment of
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the ellipsometer by removing the detector and replacing it with a 

small telescope. Four saddles, each holding a sharp pointed spike 

were positioned on the ellipsometer benches, as shown in Fig.40. 

The saddles were adjusted so that their points were all in line with 

the illuminated pin hole as seen through the telescope. 

The distances between the points were measured as accurately 

as possible and the angle of incidence, ¢ , calculated by simple 

trigonometry. The possible error in ¢ , thus determined, is 

estimated as =.20 minutes of angle. 

4.2.8 Sources of error 

Errors due to mis-alignment can be largely eliminated by 

careful adjustment of the apparatus before measurement commences. 

Further possible errors due to incorrect reference azimuths or in- 

correct setting of the polaroids may be minimised by taking the mean 

values of measurements in different quadrants. 

The kodial glass windows, through which the light enters and 

leaves the vacuum chamber, are strained by the atmospheric pressure 

on one side of them,and could possibly affect the state of polarisa- 

tion of the transmitted light. Accordingly, at the end of each 

experiment, when the chamber bas been opened for several days anda 

stable oxide film formed on the specimen, two sets of measurements 

were taken. The first set was taken with the undisturbed windows in 

position and a high vacuum inside the chamber; the second set was 

taken at atmospheric pressure with both windows removed, Any 

difference in the observed parameters 5a and A between the two sets 

is attributed to the effects of the windows, and appropriate adjust- 

ments are made to all previous measurements for the same specimen, 

The correction to y is usually less than 1 degree and for A is 

invariably less than 2 degrees. 

Probably the most serious source of error is multiple 

reflections from the components of the optical system. These 

produce a number of beams of decreasing intensity and of different
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states of polarisation which influence the settings of both polariser 

and analyser. frrors introduced by this effect cannot be eliminated 

by any manipulation of the readings. Winterbottom o”) has shown 

that errors of as much as 4 degree in vy and 4 degree in A can arise 

from this source. Uncertainty in the value of film thickness, 

especially for thinner films, and also in smoothness of the surfaces, 

means that the total error in the absolute values of n and k may be 

as high as 10% in some cases. However, the most important sources 

of error are likely to remain constant during an experiment so that 

the changes of n and k, with which the present work is chiefly 

concerned, are probably of greater reliability, estimated at 1-2%.



VII 

CHAPTER 5 

RESULTS AND DISCUSSION FOR 549 nm, 

5.1 Anneal from 77°K. Electrical Measurements 
  

The variation of resistance of a typical film (film 2) with 

temperature is shown in Fig.41. During the initial warm-up from 

the deposition temperature of 77°K to room temperature (Stage III 

anneal) there is a fall of resistance amounting to about 40% of the 

initial value. Thicker films (e.g. film 3) show the same effect 

but the proportional change is less, as can be seen in Fig.42. 

Around room temperature there is a resistance minimum, followed by 

an approximately linear rise with temperature as in normal metallic 

behaviour. Returning the specimen to 77°K shows that irreversible 

changes have taken place. 

At this stage the temperature coefficients of resistivity 

for film 2 and for the thicker film 3 were 0.0015 per °c ana 

0.0012 per °C respectively. The values of resistivity at 0°C were 

12.1 wLL.om and 12.7 QL. om respectively. These may be compared 

with bulk aluminium for which the temperature coefficient of 

resistivity is 0.0045 per °C and the resistivity at 0°C is 2.45, fem. 

A detailed examination of the stage III anneal has been made 

for a number of films. The determination of &R , the resistance 

attributable to the annealing of defects, was obtained by subtracting 

the post-anneal value of resistance at each temperature as is 

illustrated in Fig.43. Semi-logarithmic plots of 6R against ¢ are 

shown in Fig.44 and are compared with the published results of Buckel 

(68) 
and Hilsch for a 20 nm film. The straight lines obtained 

indicate an annealing process with a single activation energy, as 

confiraed by Lidiard. 0° 

Further experiments were performed to carry out a "ratio of 

slopes" analysis to determine this activation energy. As explained 

fully in Appendix 1, it is required to measure the rate of fall of
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resistance with time at two fixed temperatures T, and T, which 
1 

should be close together. The ratio of these slopes just before 

and just after the change-lead to the activation energy QQ , defined 

by the equation: 

  

Fig.45 is typical of several films investigated, the mean 

activation energy of which was found to be 0.20 + 0.05 eV. This 

value is rather lower than expected, and will be discussed later, 

The results obtained above show marked similarity with those 

(136) in which cold working of bulk alumiinium at 97°K of Ceresawa 

produced defects which annealed out between -100°C and 0°C with on 

activation energy of 0.5 eV. These defects he proposed to be single 

vacancies. On the other hand, Nauestauron 2) shows by means of 

electron microscopy that the fall of resistance in menched metal 

films on warming, is caused by grain growth. Audrevs 2°) has 

estimated the specific grain boundary resistivity in pure aluminium as 

2.45 x 10712 _Qem* and on this basis, the magnitudes of resistance 

fall for the films considered is quite consistent with the reduction 

of grain boundary area as the crystal grains grow from a deposition 

value of around 0.4 nm to a size of the order of the film thickness, 

11 nm. 

It is relevant here to consider the actual mechanism of grain 

growth as envisaged by Gleiters 12°) The grain boundaries contain 

large numbers of trapped vacancies and the migration of atoms from a 

shrinking grain to a growing grain could be equally well thought of as 

the migration of vacancies in the opposite direction. Hence the 

migration of single or multiple vacancies, previously trapped on 

erain boundaries, would appear a reasonable explanation for the fall
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of resistance on warming a vapour quenched film. However , hone 

are two objections to this. The first is that the observed value 

of activation energy is too low by a factor of three, compared to 

accepted values for vacancy migration obtained from radiation damage 

and from quenching experiments. For example, de Sorbo ara 

Turaboil 149) and also Frederighi+**?) agree on a value of 0.63.2 

0.05 eV for vacancy migration in aluminium. The second objection 

is that vacancy migration alone would lead to first order reaction 

kinetics (see Appendix 1), whereas, when the recovery of resistivity 

is analysed according to the technique of Meechan and Brinkman’ 142) 

the order of reaction is found to be greater than 2. A simplified 

version of the same technique, due to Sosin and Racha1 143) is 

indicated in Fig.46, for a typical film (film 12). If AR, the 

excess resistance above the post-anneal value at each temperature, 

is taken as a measure of the defect concentration, then for second 

order kinetics, 

(AR) _ _ K (ar)* 
dt 

where K is a constant. 

On integration this gives 

ra = KE +z 

so that a graph of x against time would be a straight line. 

This is almost true for the results shown in Fig.46, and so it may 

be concluded that the order of reaction for the recovery of these 

films is close to second order. 

In view of this evidence, it seems unlikely that vacancy 

migration is the sole cause of resistivity recovery. The 

migration of interstitial atoms into vacancies would lead to second 

order kinetics, and this appears to explain the results most 

satisfactorily. If the existence of two stable forms of inter- 

stitial configuration, as described in section 1.3, is accepted, then 

the interpretation of the recovery is consistent with that of Sosin 

and Racha1 (143) who attributed the stage III recovery to the
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migration of the second form of interstitial. The problem remains, 

however, that the measured activation energy of 0.2 eV is lower 

than that measured by Sosin and Rachal during experiments on the 

recovery of aluminium after electron irradiation. (0.45 eV). 

However, Dawson et al. (144) in 1968, drew attention to the possibility 

that for high defect concentrations, activation energies may be 

reduced by the attraction between defects. It does appear likely 

that the defect concentration in films vapour quenched at 77°K would 

be extremely high; much greater than the 1% typical of radiation 

damage experiments. Indeed, if we take the resistivity of 

vacancies alone as that given by cotteri11!®2) as 1.4 x 107° cm 

per atomic % vacancy, then the defect contribution to resistivity 

would indicate about 6.5 atomic % vacancy. It is interesting to 

note that Mader and Nowiek (2) deduce a similar figure of 7 atomic % 

vacancy in quenched copper and silver films. If the extra 

resistivity were due entirely to interstitial atoms, for which the 

resistivity is some four times greater than for wacanciesss Ga) the 

defect concentration would still be as high as 2%, In practice, 

the extra resistivity is probably due to a combination of inter- 

stitials and vacancies, having a combined concentration between 2 

and 7 per cent. 

These very large defect concentrations are in accord with 

thenpronosa leet Noche 1 cha tWdenelt leaner yapoureqienchedeeiine 

are much less than those of bulk materials. For substances of 

high Debye temperature, such as aluminium (380°K) the reduction may 

be of the order of 10%, Direct measurements of the density of 

aluminium films made by Harewan sony using a quartz crystal 

microbalance are shown in Fig.47. For films of thickness 11 nm to 

13 nm, as used in the experiments reported here, the density may 

clearly be expected to be considerably lower than that of bulk 

aluminium. 

It seems reasonable, then, to ascribe the fall of resistance
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on warming quenched films to the migration of interstitials to 

vacancies trapped at grain boundaries, a process giving rise to 

second order kinetics. The activation energy measured would then 

be smaller than the value of 0.45 eV obtained in radiation damage 

experiments because of the very large concentration of vacancies, 

eursoundie each interstitial. This being so, it may be 

expected that as the annealing proceeded, the annihilation of 

vacancies would result in a rise of activation energy. The 

possibility is examined in Fig.48, in which the measured activation 

energy is plotted against the mean temperature at which the 

measurement took place. The uncertainty is quite large, but it may 

be tentatively concluded that such is the case. 

On commencement of the stage IIT anneal, the resistance of 

the specimens was always found to increase slightly at first, as 

can be seen in Fig.41 (point A). This is explained in a consistent 

way by considering the rise in temperature of the substrate during 

film deposition. To verify this, a thin-film copper-nickel thermo- 

couple was deposited on the substrate where an aluminium film could 

be deposited directly over the junction. The thermocouple was 

annealed and calibrated both before and after formation of the 

specimen film. A temperature rise of 60°C was recorded as a result 

of a thermal radiation from the filament and a further rise of s°c 

occurred as the specimen film was formed from the vapour. 

(68 hati haleaneetie It has previously been pointed out 

warm-up at any temperature @ and cooling again to 77°K results in 

linear metallic behaviour between @ and W7IK, a further fall of 

resistance occurring only when the temperature @ is exceeded. 

The indication is that the true deposition temperature was 

some 65°C above liquid nitrogen temperature. This is then seen to 

correspond to the peak value of resistance during the warm-up. (See 

point A on Fig.41) The magnitude of the above effect is consistent 

with other direct measurements of temperature rise during film
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(146) | who used evaporated thin film deposition made by Namba 

thermocouples of gold and nickel to measure the temperature rise 

during deposition of gold films. 

5.2 Anneal from 77°K. Optical Measurements 

The variation of optical parameters ~ and A for a typical 

film (film 2) after correction for strain in the windows, is shown 

in Fig.49 for the entire duration of an experiment. As for all 

other films, the value of both Da and A were observed to rise during 

the first warm-up (during which time the resistance was falling). 

In terms of the complex refractive index N = n- ik, these changes 

can be interpreted as an increase in the value of R and an increase 

in the value of n, the product nh thus becoming greater. (Compare 

Table 1 and Table 2 below.) 

TABLE 1 Measurements after deposition 

of films at __77°K 

oe thickness ~ A n & nr? nk 

2 11.0 36.13 136.58 0.70 5.45 -29.21 3.82 

3 13.0 : 35.55 139.22 1.08 5.15 25.35 5.55 

7 12.5 33.88 134.77 0.92 4.73 -21.52 4.35 

12 12.5 33.38 133.87 0,92 4.61 -20.40 4.24 

8 12.0 32.53 133.57 0.98 4.55 -19.74 4.48 

TABLE 2 Measurements at room temperature 

after the stage IIT anneal 

oe mickness ~ A n k nek? nk 

2 11.0 36.67 138.88 0.79 5.67 -31.53 4.48 

3 13.0 36.05 140.55 1.12 5.30 -26.84 5.94 

re 12.5 34.20 136.47 1.10 4.88 -22.60 5.37 

12 12.5 33.52 135.84 1.05 4.73 -21.27 4.97 

8 12.0 33.19 134.47 1.12 4.62 -20.09 5.18
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On the whole, the measured values of n, at room temperature, 

are in reasonable agreement with theoretical values for bulk 

aluminium given by Ehrenreich et pee namely n = 0.99 and 

k = 6.6 at a wavelength of 550 nm. Those films which were returned 

to Liquid nitrogen temperature immediately after the stage III anneal 

showed no observable change. in wv and J (see Fig.49). The changes 

produced then, by the stage III anneal, are irreversible and cannot 

be explained as a temperature effect. Measurements at different 

temperatures of the optical absorption in aluminium, made by 

(147) and of the optical constants of aluminium reported by 

(24) 

Hodgson 

Motulevitch, confirm that at the wavelength of these 

experiments (549 nm) any temperature effect would be extremely small. 

The results of section 6,2 also support this view. The changes 

produced by the anneal are summarised in Table 3 below: 

TABLE 3 Changes produced by stage ITI anneal 

Metal 
Film wpickness Increase Increase % fall, % Rise % Rise in 

Number oer of f° of A of n°-k~ of nk Conductivity nm) 

2 11.0 0.54 2.30 7.95 43 37 

3 13.0 0.50 1.33 5.90 vs 10 

@ 12.5 0.32 1.70 5.00 23 26 

12 12.5 0.14 1.97 4.30 18 28 

8 12.0 0.20 0.90 1.80 16 23 

To assess the results of Table 3 in the light of the optical 

theory of metals, the standard Drude-Zener approximations for 

conduction electrons may be recalled; 

  

2 ge 4a N* e* (4) 
€, anak = | aes mw* 

4a" e* (5) 
€. = ank os m wet
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No ere C= (6) 

where the complex dielectric constant € = 3; N*¥ is the 

effective electron density and @ their relaxation time; OC; 71s 

the d.c. conductivity. 

These equations were derived for conduction electrons only 

and do not apply in the region where interband absorption occurs. 

Fig.50 is a sketch of the general shape of the absorption spectrum 

of aluminium and shows that the present measurements, made at 2.5 eV, 

fall in a region of the aluminium absorption spectrum where inter- 

band transitions are still significant. However, equation (4) is 

still valid in this region although equation (5) is not, as shown by 

Sokolov. (148) 

Table 3 shows that the Stage III anneal produces a drop in 

the value of neoke, indicating from equation (4) that the value of 

a has increased. In a qualitative way it would be expected that 

the disappearance of vacancies would lead to anincrease of N*, the 

effective electron density. In fact, Table 3 indicates a correla- 

tion between the fall of nook and the rise of conductivity, some of 

which is caused by the annihilation of vacancies. 

Taking film 2 as an example, Table 3 also shows that the 

increase of x, ~8% is insufficient to: account for the observed 

increase of conductivity, ~37%. Equation (6) shows that to 

account for the observed increase of conductivity it is therefore 

necessary that the relaxation time, 7, should increase at the same 

time, by about 30%. 

The combined effect of an increase of a and an increase 

of T would be expected to produce, from equation (5), a reduction 

of the conduction electron contribution to nk of approximately 23%. 

However, the effect of the annealing is to increase the interband 

contribution to the absorption, (see also section 6.2), so that the
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observed value of nk increases by approximately 40%, Abeles and 

Theyeste. working with gold films, have also observed larger 

values of nk for films of increased perfection in the region of 

interband transitions, The proposed increase of x and the 

- increase in@ as the vacancies are annealed out of the film are also 

in agreement with the results of Abeles and Theye. ‘149) 

5.3 High temperature anneals. Stage IV 

5.3.1 Anneal to 100°C 

The changes of ¥ and A when a typical film (film 2) is 

heated to 100°C are shown in Fig.49. The value of & falls while 

the value of A rises. Table 4 shows that this corresponds to a 

rise of n accompanied by a small reduction in the value of k. 

TABLE 4 Anneal to 100°C for film 2 (41.0 nm) 

~ A a k nak? nk otoaee 

(2) 

Before 100°C 
36.67 138.88 0.79 5.67 -31.53 4.48 20.6 

Anneal 

After 100°C 
Rereas 35.82 139.82 0.98 5.60 -30.40 5.48 20.0 

The anneal produced only a small decrease in resistance 

(Fig.41). The observed changes can be explained by two opposing 

effects; firstly, annealing, which makes A and yy increase and 

the resistance-fall, and secondly oxidation, which makes A and vt 

fall and the resistance rise. 

5.3.2 Anneal to 250°C 

During the heating of film 2 to 250°C, it was observed that 

the resistance increased at higher temperatures at a greater rate 

than would result from lattice vibrations alone. Similar results 

were also observed for subsequent heating cycles (see points D on 

Fig.41). At the same time, (Fig.49), the values of ~ and A both 

show a decrease. The direction of change of these three variables 

are the same as during final oxidation of the film (Figs.41 and 49), 

The extent of changes on final oxidation also indicate that
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some oxidation had already taken place during the life of the film. 

In fact, Fig.41 and Wig.49 show that, after the first few hours, 

there is a steady upward drift in resistance and a downward drift 

of y and A, all indicating oxidation. 

75:4 | Oxiaation Experiments 

Further ecpeninente were undertaken in which films were 

deposited under identical conditions and maintained in ultra-high 

vacuum for varying lifetimes before’ finally exposing then to the 

atmosphere. Table 5, together with Fig.51.-shows a clear Gepecda 

ence of the extent of these final changes on the lifetimes of the 

films. We may conclude that oxidation was occurring throughout the 

life of the films. 

TABLE 5 Effect of film lifetime 

Film Thick: Total Final Final Final 

Niatee 5 Maj Lifetime Fall, Fall) Reduction of 
(hrs) of ¥ of A Conductivity 

(%) 

8 12.0 3 8.56 13.83 162 

7 12.5 74 6.36 11.80 120 

12 12,5 43 5.73 10.40 88 

3 13.0 219 1.65 6.80 24 

Calculations indicate a rate of oxide formation of 0.05 nm 

per hour on a completely fresh surface. For the measured partial 

pressure of oxygen of 2 x 10711 torr during the experiment, this 

oxidation rate is consistent with times of monolayer formation, 

assuming a "sticking coefficient” of unity. Table 5 may also be 

used to extrapolate to a hypothetical 'zero' lifetime and thus to 

make a correction for oxidation effects. This has been done for 

the values in Table 2 so that the changes produced by the stage III 

anneal Eiaan in Table 3 should relate to a clean, unvoxiaised 

surface. 

Further experiments were undertaken to observe the effect
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of an increase of total pressure on the properties of a film 

maintained at a constant temperature (46°C) in ultra-high vacuum, 

Normal air was admitted through the variable leak valve into the 

experimental chamber until the pressure stabilised at the required 

value. Fig.52 shows the corresponding variation of  , A and 

resistance which all proceed in the direction of oxidation, even at 

the total pressure of 1.5 x 1079 torr, again equivalent to a rate 

of 0.05 nm per hour on a clean surface. The rate is seen to 

increase to 0.4 nm per hour at a higher pressure of 1.5 x 1078 torr, 

and to return to the original rate when the pressure is reduced 

again. The linear dependence of oxide layer thickness on log 

(time) agrees with the previous findings of Fane and Nea1. (31) 

The above results are important in view of the large number 

of optical measurements on aluminium published, in which base 

pressures are quoted of the order of 1076 torr or higher. 

Measurements made at ieee pressures are almost certainly performed 

on oxidised surfaces. It is of interest to note that if an oxidised 

surface were interpreted as a clean surface, the calculated values 

of n and k would both be smaller than the true values. This 

reaffirms the conclusions of Fane and nea 31) for thicker films. 

It does mean, however, that the changes of n and k produced during 

annealing of thinner films (Neal et ai. (114)) must be partly 

explained by oxide formation. 

One possible way of avoiding the problem and obtaining 

annealing data for high temperature anneals would be completely to 

oxidise a film by exposing it to the atmosphere for several days 

and, when the equilibrium layer of approximately 3.5 nm of oxide 

was reached, then to anneal the film in vacuo. 

5.5 Annealing of totally oxidised films to 260°C 
  

The results of such experiments are shown in Figs.53 and 54 

for films deposited at 77°K and 296°K respectively. The changes 

produced are similar for both films, namely a rise of resistance,
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a fall of y anda rise of A. Program 3, described in 

Appendix 2, has been applied to the results assuming that the 

refractive index of the oxide was 1.635 as measured by Vasiger, (15°) 

For the thickness of films involved, the interpretation is a rise 

in the value of n and a small reduction in &. The changes produced 

in the high temperature anneal of film 12 (which was deposited at 

77°K) are shown in Table 6, in which all measurements were made at 

room temperature. 

TABLE 6 Effect of Anneal to 260°C 

Film ¢ A a a n2-h nh Resis- Nien ee 2 
tance(Q) 

Metgresaro° 55550 155-845-1505 4175 22d, 274 07 Sa08 Anneal 
12 _ 

After 250 C 
33.12 136.84 1.16 4.72 -20.93 5.48 51.3 Anneal : 

The experiments of Kei (151) confirm that the oxide layer 

in aluminium only grows significantly above the equilibrium value 

of 3.5 nm for temperatures in excess of 350°C and so may be assumed 

to remain of constant thickness during these annealing experiments. 

Calculations using program 3 show that any probable variation in 

refractive index due to annealing in the oxide layer itself is 

negligible. A reduction of 10% in the oxide refractive index leads 

to increases of ¥ and A of 0.02 and 0.15 degrees respectively; 

with the possible error introduced for estimates of n and k of less 

than 1%. 

This being the case, the increase of resistance and also the 

larger value of n are attributed to a higher defect concentration, 

possibly brought about by the differential thermal expansion between 

the glass substrate and the film producing an increase of dislocation 

density, as suggested by Grimes et ai, \152)
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CHAPTER 6 

  

RESULTS OVER AN EXTENDED WAVELENGTH RANGE   

  

Using the Balzer interference filters to provide mono- 

chromatic light, and the ellipsometric method of Beattie, 

previously described, measurements of ye and A were made on 

aluminium films of various thicknesses on substrates of Corning 

0211 glass and later on single crystal potassium hromide,. The 

range of wavelengths used was sufficiently wide for the region of 

interband transitions to be included. 

6.1 Specimens on glass substrates 

6.41.1 Anneal from 77°K to room temperature. Stage IT] 
  

Some results for a film (film 19) of 11 nm thickness, 

deposited at liquid nitrogen temperature on a glass substrate and 

subsequently annealed are presented in ffigs. 55 and 56, which show 

the variations throughout the spectrum of yp and A respectively. 

The curves show that over the wavelength range investigated (0.499% 

to 1.15 4 ) the initial warming from deposition (curve 4) to room 

temperature (curve B) produces an increase of both Y% and A. The 

resulting changes of n and k are tabulated in Table 7. The changes 

in the product nk, which is related to the optical absorption, are 

plotted in Fig.57. It can be seen that the inter-hand absorption 

peak is almost absent on deposition and appears to be moved to lower 

energy (1.24 eV) compared to the accepted value for bulk aluminium 

(4.55 ev). As a result of the Stage IJI anneal, the value of nk 

rises. This indicates increased optical absorption for all wave- 

lengths. At the same time the maximum value ‘of inter-band 

absorption is moved to higher energy, in agreement with the earlier 

results of section 5.2 taken at the single wavelength of Oe 

(2.5 ev). 

The changes due to the initial warming of ne - oy the real 

part of the dielectric constant, are shown in Fig. 58. The shape 

of the curve is in general agreement with accepted values for bulk
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TABLE 7 Stage III anneal for 11 nm film (film 19) 

  

Wavelength Values for * Values at 
bee CY te Deposition at 77 K Room ‘Temperature 

1. 150 r 7:80 820 

1.058 r 7138 7188 

oer aH < 
ose fe 7 
oe 8 ae 
oso oe a 
G59 k 4.00 ala 

0.499 i 3.65 410 
aluminium (Fig.1) except that the inter-band peak at deposition is 

again moved towards lower energy (1.2 eV) compared to bulk aluminium. 

The effect of the Stage III anneal is to move the peak towards 

higher energy (as above) and this makes the value of ne ok" become 

more negative at the shorter wavelengths. Throughout the wavelength 

range investigated, the proportional reduction in n> - ke is 

approximately constant, amounting to about 8%. This is in accord 

with the previous measurements made at 549 nm in section 5.2 and 

can be interpreted (from equation 4) as a rise of Ne of 

approximately 8%, 3 

During the stage III anneal, the resistance of the same film 

(film 19), shown in Fig.59, is seen to fall by some 26% of the 

initial value. A determination of activation energy was made by 

the technique of section 5.1, and the result of 0.12 eV was obtained 

between temperatures of 208°K and 215°K. 

6.1.2 Oxidation of Specimens 

When exposed to the normal atmosphere for 48 hours, the
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effects of oxidation produce the changes in ye and A , from curve B 

to curve C, shown in Figs. 55 and 56 respectively. Throughout the 

spectrum there is a fall in the values of both Yr and 4 which, 

from calculations using program 3 is shown to be consistent with 

the formation of 35°A of aluminium oxide on the film surface. 

6.1.3 High Temperature Anneals 

After annealing film 19 to 260°C in high vacuum for 

approximately three hours, a decrease of v and an increase of A 

were observed for all wavelengths. The changes produced by the 

anneal may be seen by comparing curves C and D on Figs. 55 and 56. 

The directions of change of both ¢ and A are the same as those 

observed in section 5.5 for the single wavelength of 549 nm and 

indicate further annealing of the specimens. The corresponding 

changes of n and k, assuming that the oxide thickness does not 

change and that any annealing in the oxide layer itself produces 

negligible effect, are shown in Table 8. 

The corresponding changes of nk and ne - ee are shown in 

the graphs of Figs. 57 and 58. respectively. The annealing to 

260°C produced a rise of nk in the short wavelength region consistent 

with the results of section 5.5, and a fall of nk in the long wave- 

length region. The effect can again be explained as a shift of the 

inter-band peak towards shorter wavelengths as a result of the 

anneal, Throughout the entire range investigated, the anneal 

produced an increase of ne - k>. This suggests that further 

annealing was taking place. The inter-band peak is again seen to 

develop and to be shifted towards shorter wavelengths as a result 

of the anneal. However, Fig.59 shows that the resistance of the 

film increased as a result of the anneal. This phenomenon was 

expected, since a number of previous observations had shown the 

same effect. As before, the greater resistance was attributed to 

an increase of dislocations produced by differential thermal 

expansion between the film and the glass substrates.
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TABLE 8 High Temperature Anneal for film 19 

Values at 
Wavelength R T at Room Temperature 

=) oe SS (After 260°C anneal) ie before anneal) ros 

n 3.70 4.9 1.15 2 B56 ae 

n 3.53 4.53 1.056 k 7.95 wie5 

n 2.87 2.97 851 zl 6.39 tea 

n 2.26 2.76 

oe k 5.70 5.61 

n 2.60 2.75 
oe k 5.66 5.46 

n 1.38 1.54 -604 : ako a 

n 1.30 1.45 

255 k 4.47 4.41 

n ttt 1.03 
499 k 4.10 OG 

Films deposited at room temperature show similar variations 

when fully oxidised and annealed to 260°C. Figs. 60 and 61 show 

the changer of & and A respectively for the annealing of film 21, 

which had a thickness of 2 75 nm. As can be seen, the effect of 

the anneal increased — and reduced A above 0:8 wavelength, and 

produced the opposite changes below eee e The equivalent changes 

of n and k are set out in Table 9, and the corresponding variations 

in nk and n@ - K? are shown in Pigs. 62 and 63. The inter-band 

absorption peak for film 21 (27.5 nm) is seen to occur at approx- 

imately Oe as expected for bulk aluminium, Once again, the 

effect of the anneal is consistent with a shift of the inter-band 

peak towards shorter wavelengths in both the nk and ne - ic curves. 

6.2 Specimens on substrates of single crystal potassium bromide 
  

With the ultimate aim of producing epitaxially grown single 

erystal aluminium films, having any desired crystallographic axis
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TABLE 9 Film 21 275°A Room Temperature Deposition 

Deposition at Room Temperature 

  

amy Room Temperature After 260°C Anneal 

ws RR 132 
1.058 5185 5183 

oa 2 BMS an 
cam PBS 2 
om 2 BS sas 
0.604 3.79 3.88 

cm Phas 18 
om fk 138 

parallel to the plane of the films, specimens were deposited on to 

single crystal slabs of potassium bromide, as proposed by Landry and . 

Mitcheii. (135) Initially, films of various thicknesses were 

deposited at normal incidence on to the polished (100) face of the 

potassium bromide substrate, which was held at vibe From a 

consideration of the optimum conditions of substrate temperature and 

evaporation rate needed for the production of single crystal 

specimens, as established by Landry and Mitchell, it was expected 

that the specimens would be polycrystalline, and would therefore show 

similar behaviour to the films described in section 5. However, 

the advantage would be in the fact that the specimen films could be 

removed from the substrate and examined by transmission electron 

microscopy. 

6.2.1 Annealing from 77°K (Stage 117) 

The variations of - , A and electrical resistance during 

the stage III anneal to room temperature were all found to be



similar to those relating to films deposited on glass substrates, 

For example, Figs. 64 and 65 show the variations of a and A for 

film 26, which, having a thickness of 12 nm, is comparable to 

film 19, of thickness 11 nm, which was deposited on glass. The 

values of n and k calculated for film 26 are shown in Table 10. 

The stage III anneal produced an increase of n and a reduction of k, 

as before, but the actual individual values of n were lower for 

films deposited on the crystal. This is explained in a consistent 

way by considering the greater roughness of the polished crystal 

surface compared with the glass. 

Table 10 also shows the influence of temperature alone on 

the optical constants. The third column shows the values of n and 

k with the specimen returned to 77°K ater the stage III anneal. 

The corresponding values of nk are shown in Fig.66 and it may be 

observed that the effect of temperature on nk is negligible at 

0.549 nm wavelength as was previously observed in section 6.1. 

TABLE 10 Optical Constants of film 26 (12 nm on KBr) 

  

  

Ww reneeh Deposition Room Temperature Return to 77°K After 
Bye ne at 77K After Stage ITI Stage Ill 

ied 30 1.753 1.68 
1-84 k 8.01 13.60 12.40 

ae n 0.36 0.45 0.41 
2 i a4. 50 8.26 7.76 

ny) 50.49 0.62 0.55 
#020 k 5.50 6.90 6.30 

ni 0239 0.56 0.37 
ones k 5.60 8.06 7.60 

n 35 0.65 0.39 
pe 008 k 5.40 7.90 7.75 

n 0410 0.45 0.43 ' 
ores ke 95220 6.70 6.80 

However, the effect at other wavelengths indicates a 

smaller value of n and k, and hence of nk, for the lower temper- 

ature, This observation is consistent with direct measurements 

of optical absorption, which is proportional to nk,made for aluminium
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2 
by Hodgson <2”) and more recently by ladjenval foo? (See Fig. 124) 

Even if the changes of nk and of n@ - Ss due to temperature are 

taken into account, Figs. 66 and 67 show more clearly than the 

results of film 19 that the effect of the stage III anneal is to 

increase the magnitude of the inter-band absorption and also to 

shift the peak towards shorter wavelengths. They also indicate 

that the inter-band peak occurs at a wavelength of 0.954 on 

deposition, a vale nconparabte to that observed for film 19, which 

was of similar thickness, but considerably longer than the Oro 

expected for bulk aluminium. These observations will be discussed 

later, 

TABLE 11 Effect of annealing to 260°C (film 26) 

  

  

Wavelength Room Temperature Room Temperature 

® Before anneal to After anneal to 

Nis 13.60 14208 

tear ne e164 

see 8180 743 

oer ae 0.31 
oor 0.88 0-30 
0.549 8.70 8.80 

6.2.2 High Temperature Annealing 

The variation of Y% and A as a result of annealing to 

260°C on the totally oxidised film 26 is shown in Figs.68 and 69 

respectively. The corresponding changes of n and k are found to 

be opposite in form to those of film 19 and all the other films 

deposited on glass, namely a reduction in the value of n and an 

increase in the value of k. These changes are shown in Table 11, 

while the corresponding variations in nk and n? - K? may be seen
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in Figs.66 and 67. It is observed that in common with films 

deposited on glass, the 260°C anneal produces a shift of the inter- 

band contribution to nk and n? - kK? towards shorter wavelengths, 

but the essential difference lies in the fact that the free electron 

contribution to both nk and n2 - Kk? becomes less. Exactly the 

opposite effect is observed for all films deposited - glass 

substrates. 

The most probable explanation lies in the different 

coefficients of thermal expansion for the different substrates, 

which has been referred to previously in section 5.5. The mean 

strain induced by a riss in temperature 3T is given by Wilcock 

at a1, (153) as 

€ = (%- %<.) OF 

(7) 

where og, and oO, are the linear thermal coefficients of expansion 

for the filmad substrate respectively. The mean coefficient of 

expansion for aluminium over the temperature range 20 to 300°¢ is 

6 27 x 107° per °C (Handbook of Chemistry and Physics: Chemical 

Rubber Publishing Co.) and the corresponding value for Corning 0211 

glass is 7.2 x 107° per °C (Manufacturers! data). With these 

values, a mean compressive strain of 0.8% is obtained for film 

deposited at 396°C. The known elastic limit for bulk aluninion is 

0.15%, but studies of the mechanical properties of thin films of gold 

(ios) e a yevehoonttha thevelastic and silver by Menter and Pashley 

limit for a thin film is several times larger than the bulk valve. 

It seems reasonable, therefore, to conclude that the elastic limit 

is just exceeded during the high temperature anneal for films 

deposited on glass, and that this leads to some multiplication of 

dislocations and a permanent set in the film. 

On the other hand, the mean coefficient of thermal expansion 

of potassium bromide crystal over the same temperature range is 

40 x 10-8 per °C (American Institute of Physics Handbook). This



  

value is larger than that for aluminium so that the effect of the 

substrate would be expected to differ from the previous case. The 

results of Table 11 show that the value of n decreases while the 

vahe of k becomes greater, indicating further annealing of the film, 

and a removal of defects. 

The electrical resistance of film 26 throughout the experi- 

ment is shown in Pig.70. The initial warm-up from 77°K (the stage 

IJI anneal) produced, as before, a fall of resistance of approximately 

45% of the initial value. The activation energy, estimated at a 

mean temperature of 188°K was found to be 0.12 eV. This activation 

energy is shown compared to that of other films in Fig.48. 

As with all previous films, deposited at 79K. the high 

temperature anneal to 260°C produced an increase of resistance. The 

explanation of this rise is not certain. One possibility is suggested 

by the transmission electron micrograph of film 26 which is shown in 

Fig.80. The micrograph shows a number of cracks in the film which 

may have been caused by the comparatively greater expansion of the 

substrate producing fracture of the film. Calculations using equation 

(¥ ) indicate that the expansive strain is 0.6% so that the elastic 

limit is exceeded. 

6.2.3 Effect of Film Thickness 

Table 12 shows the values of n and k for three films of thick- 

ness 35.0, 12.0 and 6.0 nm immediately after deposition at 77°K on the 

(100) face of a potassium bromide slab. The corresponding values of 

nk, related to the optical absorption, are plotted in Fig.71, and 

indicate that with increasing film thickness the total value of nk 

decreases, and the inter-band component develops. Even so, at a film 

thickness of 35 nm (almost equivalent optically to bulk aluminium) 

the inter-band peak is very broad compared to that of normal bulk metal 

and is centred at a longer wavelength of approximately Noyes 

This effect is also demonstrated in Fig.72 which shows the 

values of mn for the same three films throughout the spectral range 

investigated.



 
 

‘90 
W
H
L
 

FO 
F
I
N
V
L
S
I
S
T
Y
 

FO 
NOLLUIUA 

O
Z
 

X
f
 

D
e
 
e
e
 
e
e
 
e
g
 
D
T
 

(90) 
auntevsd wat 

% 
° 

|
 

99) 
ios 

| 
| 

o
s
-
 

|| 
o0t~ 

Cie 
a
e
 

        

 
 

i 
o 

FINULSISAY 
Lo 

 



    <— Moro EWEREY (Gy) Ors 
=e 

  

04 OFS, ro 15 fay C75 2:0 
WAVELENGTH ()— i fa 

FIG. #I 

EFFECT OF FILM THICKNESS ON DEPOSITION VALUES OF nk.



204 

  

= bo4 

<— PHOTON ENERGY (eV) 

    
    

Fila 26 
(Bn)    

    
  

20 ts Lo 0-75 
A i n \ fi 

os O75 ro 135 18 E 20 
WAVELENGTH i —> \ 

OF 7? EFFECT OF FILM THICKNESS ON DepOsITION VALUES 
 



-80- 

TABLE 12 Effect of film thickness on values of 
n_and k on deposition at 77° 
  

Film 24 Film 25 Wavelength      ie (35.0 nm) nm) 

n 0.63 1.30 2.15 
qa08 k 2.87 8.01 9.8 

Bee n 1.07 0.36 2.35 
: k 3.28 4.50 7.9 

n 1.09 0.41 2.05 
a2008 ie) S532 5.50 7.00 

n 0.77 0.39 1.65 
2884 k 2.96 5.60 5.80 

ree Or98 0.35 1.50 
O-BOe k 2.84 5.40 5.60 

Ree Olas 0.10 0.75 
oS 0-649 k 2.62 5.20 4.55 

6.2.4 Discussion 

In the interpretation of the above results, the effects of 

film thickness and also of annealing have to be considered. Both 

are seen to affect the observations in similar ways and are there- 

fore likely to be associated with the transition from a disordered 

to a more highly ordered state. 

The effect of film thickness on the optical absorption 

Eg = 2nk can be understood in relation to Fig.50, which shows a 

sketch of the free electron absorption on which is superimposed 

the inter-band absorption peak. Comparing Figs. 71 and 50, it can 

be seen that the effect of increasing the film thickness from 6 nm 

to 35 nm is to decrease the free electron contribution to nk while 

the inter-band contribution becomes increasingly more significant. 

Some insight into the changes that occur with film thickness 

may be reached by considerins the published results of Miller 11>) 

on liquid aluminium, shown in Fig.73. Curve A represents the 

measured optical absorption for liquid aluminium while curve B 

shows the accepted absorption for bulk solid aluminium, The liquid 

metal shows no trace of the absorption peak at 1.5 eV and it may 

be concluded that structure in the density of states curve near the
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Fermi energy is almost entirely absent. The band structure 

develops as the metal becomes solid, leading to an overall 

reduction in the absorption due to the free electrons, but a con- 

siderable increase of absorption in the inter-band region. 

This is precisely the effect observed with increasing film 

thickness in section 6.2.3 The indication is, therefore, that very 

  

thin films deposited at 77°K are very disordered, almost liquid-like 

and possess little band structure. As the thickness increases and 

the films become more ordered, possibly an auto-epitaxy effect, 

the band structure takes shape and the inter-band absorption peak 

develops. 

The results of section 5, shown in Table 1, are consistent 

with the above explanation. The measurements taken at a wave- 

length of 549 nm (i.e. an energy of 2,5 eV) occur on the tail of 

the intescband peak where an increased film thickness would be 

expected to lead to a higher measured value of nk. This is seen to 

be the case. The results of Neal et ar, (114) for films deposited 

at 77°K also indicate, as a general trend, that increased film 

thickness leads to larger values of nk. 

Band structure is a consequence of short-range order and the 

preservation of the band structure for a certain degree of disorder 

Ps 
(155) Such preservation is has been shown theoretically by Gubanov. 

inherent in the tight-binding approximation where the interactions 

of only a few neighbours are used to calculate an approximate band 

structure. Nowever, certain results of measurements of the optical 

absorption of germanium and silicon made by Davis and Shaw! 158) 

indicate that the concept of &, k curves and energy surfaces may 

break down in certain directions in a disordered Peteiae while 

remaining valid in others. It is possible, therefore, that the 

Specimen films deposited at 77°K retained sufficient structure in 

the (111] direction to provide recognisable electron diffraction 

patterns (as discussed in section 1.3) but that the band structure 

was suppressed in the region of the symmetry point W and along the
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£110) direction so that the optical absorption peak at 1.55 eV, 

which originates from these regions, is absent. As the order in 

the crystal lattice is improved, either as a result of increased 

film thickness or as a result of annealing, the true band structure 

of aluminium develops and the inter-band absorption peak appears. 

The changes may be considered with reference to Fig. 7A 

which shows the face-centred-cubic lattice of aluminium and Fig. 748 

which shows a detailed portion of the Brillouin zone. It is known 

(157) that from the X-ray diffraction studies of Black and Cundall 

the nearest neighbour order is preserved in liquid aluminium. Tt. 

is the next-nearest neighbour order which is affected. In particular, 

the order in the (111) planes is preserved while the order in the 

(200) planes is destroyed. It should be noticed (Fig.7%A) that the 

(200) planes constitute the next-nearest neighbour positions so that 

if this periodicity is lost, then the (200) Bragg reflection plane, 

which forms the (100) face of the Brillouin zone (Fig.7+B), ceases 

to have meaning. The point W, which contributes to the optical 

absorption, lies on this (200) Bragg reflection plane. It might be 

expected, therefore, that loss of next-nearest neighbour order would 

lead to loss of band structure around W and a large reduction in the 

optical inter-band absorption. As the periodicity of the (200) 

Planes of the Jattice improved, the optical inter-band absorption 

peak would develop. 

Furthermore, it might be expected that the Vo00 component of 

the pseudopotential, which depends on the periodicity of the (200) 

lattice planes, would be reduced if these planes were disordered. 

As the structure improved, the values of i Vogal would be expected 

to increase and the energy of maximum optical absorption, shown to 

be 2x | Vann | » Would also increase so that the absorption peak 

would move to higher energy (i.e. shorter wavelength). 

The changes in the inter-band contribution to optical 

absorption brought about by annealing are shown most clearly in 

Fig.66 for a film deposited at 77°K and in Fig.62 for a film
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deposited at room temperature. In all cases the effect of 

annealing is the same; whether the stage III anneal from 77°K to 

room temperature, or the high temperature anneal to 260°C. The 

inter-band peak in the nk curve for a just-deposited film occurs at 

lower energy than the value of 1.55 eV expected for bulk aluminium, 

and the peak is shifted towards higher energy as a result of the 

anneal. 

It is interesting to compare the above observations with 

the results of Stuke 170? on the variation of the complex part of 

the dielectric constant, €, between amorphous and crystalline 

germanium, which are reproduced in Fig.74¢, It can be seen that in 

the amorphous phase the absorption peak persists, although some 

structural detail is lost, and that the peak is shifted to a lower 

photon energy. Direct measurements of the optical density of 

states from photoemission experiments made by Donovan and Spicer 159) 

show consistent differences between the two phases of germanium. 

An explanation of these differences has been proposed by 

Herman and Van pyke £ 160) who suggested that the amorphous phase 

could be considered, to a first approximation, as a dilated 

germanium crystal. The measured density of amorphous germanium is 

SEG et Ons monte which is almost 30% less than for crystalline 

germanium, and corresponds to a dilated lattice constant of-1.11q,. 

Using the results of band structure calculations as a function of 

lattice constant, they calculated the value of €, for both the 

amorphous and crystalline phases of germanium and obtained results 

in good agreement with the experimental curves of Stuke (Fig.74). 

There are several criticisms made of the dilated crystal 

(156) suggest that the 10% dilation approximation. Davis and Shaw 

of the lattice constant is excessive, and quote evidence from X-ray 

diffraction experiments which indicates that the increase of 

lattice constant is probably less than 3%. However, the work of 

Donovan and Spicer and of Herman and Van Dyke shows that small 

changes in the lattice constant can significantly affect the band
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structure. This is relevant to the results of this work in view 

of the fact that thin aluminium films are known to have a lower 

density than bulk aluminium as shown previously in Wig.47. 

It seems more probable that the shift of the inter-band 

absorption neak towards higher energy as a result of annealing is 

connected with the ordering of the (200) planes of the crystalline 

lattice and the development of the energy surfaces in directions 

in which the band structure was initially almost absent, particularly 

the (200) Bragg reflection plane as shown in Wig.74B, mentioned 

previously in this section. 

This explanation shows greatest consistency for the case of 

the stage III anneal which has been attributed to the migration of 

(4100) 'Dumbell' interstitials and their annihilation at vacancies 

(see section 5.1). The (100) interstitial in the face-centred- 

cubic structure is shown in Fig.9B and it can be observed that the 

resulting distortion does effectively act directly on the (200) 

lattice planes, 

The effect of increased temperature on a stable, post-annealed 

film is known to produce both a decrease in the strength and a broad- 

ening of the inter-band absorption peak, as well as a shift of the 

maximum towards lower energy. (See Fig. 12A) The effect is 

explained by the influence of the Debye-Waller factor on the pseudo- 

potential components, as discussed in section 2.1. In the present 

work, the variation in optical absorption due to temperature alone 

is shown in Fig.66. Curve A applies to a vapour-quenched film that 

has been annealed to room temperature, while curve B shows this same 

film returned to Wak The peak is seen to be broader and to occur 

at lower energy at the higher temperature in agreement with the 

recent results of Liljenyall et al.( 1254) (rig, 124)
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CHAPTER 7 

ASSOCTATED 

  

NIQUES 

Cod Infra-red Spectrophotometer Results 

Direct measurement of optical absorption over an extended 

wavelength range was made on several films on glass substrates 

using a PYE SP700 spectrophotometer. A diagram of the optical 

system of this instrument is shown in Fig.75. One of two lamps 

constitutes the source, a tungsten filament lamp for use in the 

visible and near infra-red and a deuterium are lamp for use in the 

ultra violet. The change-over point is 0.33 mM wavelength. 

Radiation from the lamp is directed on to the entrance slit of the 

monochromater by the mirrors M1 and M2, It is then dispersed by 

a prism (or by a diffraction grating in the oH wavelength region) 

and a narrow band of wavelengths is selected by the exit slit. The 

photometer works on the principle that the radiation passes 

alternately through the sample cell S' and the reference cell R', 

before falling on to a single detector. The output of the 

detector is amplified and switched between two channels S and R by 

an electronic switch which is synchronous with the alternation of 

the beams. Thus each output channel shows the intensity of 

radiation passing through only one of the cells. The recorder can 

be arranged to show either the ratio 5, which is the transmittance 

of the sample cell with respect to the reference cell or the 

function 2 log 5, which is the absorbance of the sample cell with 

respect to the reference cell. The results for selected films, 

deposited at 77°K on glass substrates, are shown in Fig.76. These 

may be directly compared with the ellipsometrically determined 

absorption (nk) shown, for example, in Fig.57, bearing in mind that 

the spectrophotometer results apply to films which are totally 

oxidised and have been previously annealed to 260°C. Fig.76 shows 

that for a thick film the maximum of the interband absorption peak 

occurs at an energy of 1.55 eV as for bulk aluminium, In the 

thinner films, when fully oxidised and annealed, the maximum occurs
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at higher energy. The direct effect of annealing to 260°C is 

indicated on Fig.77. It can be seen that the effect of the anneal 

is similar for both films. The maximum of the absorption peak is 

shifted towards higher energy (from 1.65 eV to around 1.75 eV in 

both cases). This shifting of the peak due to annealing is 

consistent with the ellipsometric results of section 6. 

Teme Blectron Microscopy 

As mentioned in section 1.2, it is desirable that an 

estimate of grain size be made where possible. Therefore, the 

films deposited at 77°K on the potassium bromide crystal substrates 

were 'floated' from the crystal by dissolving it in a suitable 

solvent. Water was found to produce great damage in such tenuous 

metal films, but methyl alcohol was found to be suitable. As an 

example, Fig.78 shows a transmission electron micrograph of film 24 

taken on an £.M.6 microscope. The film, after all annealing 

experiments have been completed, is seen to have a mean grain size 

of approximately 40.0 nm. 

An electron diffraction pattern, taken from the same area 

as that shown in Fig.78, is shown in Fig.79. An analysis of the 

ring pattern is set out in Table 13 below. 

TABLE 13 Analysis of Diffraction Rings (film 24) 

Ring Diam. Radius d 
  

  

= ig 
Number Com) (om) (A) Eisses 

Re (111) 
on (200) 

1 2.02 1.01 1.44 1.43 (220) 

2 2.40 1,20 1.20 1.23, (311) 
= (222) 
= (400) 

3S 3.28 1.64 0.88 0.93 (331) 

=m (420) 
i (422) 

4 3,92 1.96 Of738 0.78 (511) 

The fourth column shows the inter-planar spacing, d 

calculated from the radii of the diffraction rings, r,from the
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formula 

Lh = rd 

where \.L is known as the ‘camera constant!. For the E.M.6 micro- 

scope used, at an anode voltage of 80 KV and a magnificiation of 

55,000. this was measured to be 1.44 Aen . The final column 

shows the accepted d@ spacings for aluminium (A.S.T.M. index) and 

indicates correct identification of the rings. 

The absence of the expected (111) and (200) rings, together 

with the other missing diffraction rings indicated in Table 13, 

produce a standard diffraction pattern which indicates that the 

(111) planes lie parallel to the specimen surface.
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CHAPTER 8 

CONCLUSIONS 

The aim of the experiments described in this work was to 

perform simultaneous measurements of the changes of optical and 

electrical properties of aluminium films brought about by annealing, 

and to correlate the observed variations. 

By vapour quenching a Leinc on on to substrates held at 

Wane polycrystalline films of very small grain size were produced. 

(~2 nm). The grain boundaries in particular were the source of 

large numbers of crystal defects, especially vacancies. When the 

temperature of the specimens was raised to around room temperature, 

the resulting irreversible changes of electrical and optical prop- 

erties were easily detectable with the comparatively simple 

apparatus employed. In all cases, the electrica) resistance of 

the films became less as the temperature was increased, often by as 

much as 40%, The proportional reduction was less for thicker films. 

Application of standard techniques for the analysis of the recovery 

of resistivity after radiation damage in metals enabled the 

mechanism of annealing to be identified as predominantly the migra- 

tion of (100) 'dumbell' interstitials to vacancies, which were 

annihilated in the process. The process was shown to obey 

approximately second order kinetics and was identified as stage IIT 

As a result of the removal of grain boundary vacancies, the 

grain boundary area was reduced and the large non-reversible fall 

of resistivity took place. The measured activation energy of 

~ 0.2 eV was found to be lower than the accepted value for inter- 

stitials in bulk aluminium, namely 0.4 eV and was found to increase 

at higher temperatures. It was concluded that the measured 

activation energy of migration of the interstitials was lowered by 

the attraction from near-by vacancies; an effect which became less 

significant at increased temperature as the annealing proceeded. 

Some specimens were examined by transmission electron
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microscopy. Electron diffraction patterns showed that the films 

were oriented with the (111) planes parallel to the substrate 

surface and that the final mean grain size was of the order of the 

film thickness (~ 30.0 nm). 

Oxidation of a freshly deposited aluminium surface was 

found to be significant even at a total pressure of 1.5 x 107? torr. 

Measurements of resistance and of optical parameters YW and A on 

several films indicated an initial rate of 0.05 nm per hour, which 

over periods of several days was a logarithmic function of time. 

These measurements enabled an oxidation correction to be applied to 

all films. 

The stage ITI anneal produced changes of the optical constants 

nandk, which together form the complex refractive index A n-ik, 

which were found to be similar for all samples observed at a wave- 

length of 0.549 nm. This occurred on substrates of both Corning 

0211 glass and single crystal potassium bromide. In all cases the 

value of both n and k increased so that the product nk, which is 

proportional to optical absorption, also increased. At the same 

time the value of ne - iS became more negative, typically 

~ 8%, which was attributed to a rise in the effective number of free 

electrons, N*. This increase in N* was insufficient to explain the 

large increase in electrical conductivity so that a simultaneous 

increase of approximately 30% in the relaxation time, T , was 

deduced. 

From the Drude-Zener equations for free electrons, the 

combined increases of N* and @ would have led to a lower value of nk. 

However, as stated previously, the measured value of nk showed an 

increase during the stage III anneal. This larger value of nk was 

therefore interpreted as an increase in the inter-band absorption 

peak, centred at 9.8m in aluminium, but still significant at 

O oaa . 

Optical measurements on a number of films, made over an 

extended wavelength range (0.4996 to 1.94 pe ) using the ellipsometric
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technique of Beattie, showed that the anneal from 77°K to room 

temperature resulted in an overall increase of optical absorption, 

but also showed that the inter-band peak which was almost absent 

imme diately after deposition, developed during the anneal and was 

also shifted towards higher energy (shorter wavelength) as a result 

of the anneal. This was observed on substrates of both glass and 

single crystal potassium bromide. 

A similar effect was observed with increasing film thickness. 

Thinner films (~ 6 nm) showed little evidence of the inter-band 

peak immediately after deposition, but as the film thickness was 

increased, the peak became larger and its position was moved towards 

higher energy. 

The conclusion was similar in both cases. The films 

deposited at 97k, particularly the thinner ones, possessed a 

disordered structure similar to that of liquid aluminium in which 

the nearest-neighbour order is preserved but the second-nearest 

neighbour-is greatly disturbed. The specimens therefore retained 

sufficient structure in the (111) planes to give the electron 

diffraction patterns described by several observers, and yet showed 

little trace of the inter-band optical absorption peak which occurs 

in bulk aluminium due to the energy band structure in the region 

of the symmetry point W in the Brillouin zone. This observation is 

attributed to the loss of next-nearest neighbour order and hence a 

loss of periodicity in the (200) planes in the vapour-quenched 

specimens. The loss of the (200) periodicity leads to a breakdown 

in the concept of & - k curves in the (200) direction so that the 

(200) Bragg reflection plane (which contains the symmetry point W) is 

not defined. Hence, inter-band absorption is not possible. 

During the stage IIT anneal, from 77°K to room temperature, 

the periodicity of the (200) planes improved, as a result of the 

migration of (100) 'dumbell' interstitials to vacancies. The band 

structure around W therefore developed and the absorption peak
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appeared. 

The movement of the peak towards higher energy during the 

stage III anneal is explained by a consideration of the Ve00 

component of the pseudopotential, which is small in the disordered 

films and is increased as a result of the improved periodicity in 

the annealed film. Consequently, the energy of maximum absorption, 

which is given by 

is moved to higher energy. 

The interband peak is known to become broader and to be 

shifted to lower energy as a result of increased temperature? an 

effect brought about by the influence of the Debye-Waller factor on 

the components of the pseudopotential. The annealing changes here 

described occur over and above these changes. 

Annealing the aluminium specimens to approximately 550°K in 

vacuo produced an enhanced oxidation.rate and the annealing experi- 

ments were therefore performed after total oxidation. There is 

experimental evidence to support the assumption made here, that the 

oxide layer does not increase in thickness or change appreciably 

in its optical constants as a result of the increased temperature. 

It was found that on glass substrates the free electron contribution 

to nk increased as a result of the anneal, while on the crystal 

substrates, the value decreased. 

It was concluded that the explanation lay in the different 

thermal expansion coefficients of the film ad substrates. The 

coefficient of expansion of the aluminium falls between the values of 

0211 glass and KBr crystal. Thus, on the glass substrate the film 

is compressed beyond the elastic limit during the anneal, while on 

the crystal the film is extended. Both optical and electrical 

measurements are consistent with an increase of defects (i.e. dis- 

locations) in the films on glass but a reduction of the defect con- 

centration for the films on the crystal, On both substrates,
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however, the interband contribution to the absorption increased as 

a result of the anneal and was shifted to higher energy. This 

occurred also for films deposited at room temperature. It is 

concluded that the explanation lies in further ordering of the 

(200) crystal planes as previously described. 

There are a number of aspects of the present work which 

would merit further investigation, For example, the Via component 
1 

of the pseudopotential also produces a small optical absorption 

peak in the region of 0.5 eV. Since this is connected with the 

periodicity of the (111) planes, it would be interesting to observe 

whether this peak remained unaffected during annealing. The 

experimental difficulties would be great, however, since the wave- 

length involved ( aie ) is beyond the reach of the present 

ellipsometer components. 

It would also be of interest to carry out actual radiation 

damage experiments on thin films and to compare the recovery 

characteristics with those of bulk material and also with those of 

vapour-quenched samples. Ideally, further experiments should be 

carried out at pressures below 407 10 torr so that oxidation is 

virtually eliminated, The oxidation corrections used in the present 

work could then be verified. 

Finally, the ellipsometer on which the present measurements 

were performed was intended to be of simple, inexpensive construction. 

There is considerable scope for improvement of the optical compon- 

ents in order to make it comparable in accuracy to the modern 

instruments described in. section 1.4.
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APPENDIX 4 

A. Defect Annealing Theory 

From thermodynamic considerations it may be shown that a 

perfect crystal cannot exist above the absolute zero of temperature. 

For any crystal defect of formation energy uf there exists at an 

absolute temperature T an equilibrium concentration C which is 

fiven by ¢ ur 

Chere 

where & is Boltzmann's constant. 

If the defect concentration in a given sample is greater than 

the equilibrium value, as it may be for example after radiation 

damage or cold working or as a result of vapour quenching of the 

sample, the approach to equilibrium occurs at a rate which depends 

on several factors, namely, the temperature, the energy of migration 

of the defect, and the manner in which the defect is removed. 

When a defect moves from one lattice site to another, the 

free energy of the crystal rises to a maximum at: some intermediate 

configuration and then returns to its original value. Let the 

excess energy at the maximum be Fm, the free energy of activation for 

migration. If this energy is supplied by random fluctuations of 

vibrational energy, assumed to follow a Maxwell-Boltzmann law, then 

the probability of an energy Fm being available during one period of 

oscillation is given by exp {- a} . If the oscillation 

frequency of the defect is Y , then the number of jumps in a time 

dt is given by 

dn ~ vap{- #} dt (4) 

hence d Fe 

g = vep{- i} 
The free enerey Fm may be written 

Fa, = Um — TASn 

where Um is the excess potential energy and ASn the difference 

in entropy. We may then write
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B= v op (Ae2} op {- 8} 

J. = Aeop{- a} 

aj
 

where A is an empirical constant, largely independent of temper- 

ature, often referred to as the 'frequency factor, 14102) 

The rate at which the specimen crystal approaches 

equilibrium depends on the rate of jumping and on the number of 

jumps #, required for the defects to reach a sink. Let C rep- 

resent the excess concentration of a single type of defect; then in 

the interval dt, during which C changes by -dC, each defect makes 

a number of jumps given by (1) and its chance of reaching a sink is 

therefore given by Preel- Bh 

Hence, ls Fn oe 

tc = ~ Poel- FF ie) 
which gives 

c = Cep{-F} (3) 
where a 

£ = vent-ah 
: g 

The above equation (3) is similar to that of a first-order 

chemical reaction. If the defects under consideration were of 

two types which annihilated each other on meeting, then ¥ would be 

proportional to eee so that dC (from equation (2)) would be proport- 

ional to c?. This would be an example of a 'second-order' reaction. 

In gneral, the reactions are too complex for the rate to be 

proportional to a simple power of the concentration C. A more 

general form of equation (2) is then more useful, namely 

a bi —fO ep (-F (4a) 

where 4) is some undetermined function of C which includes the 

frequency factor. 

In metals, an important property of a lattice defect is the 

contribution it makes to electrical resistivity, as a result of
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scattering of conduction electrons. The contributions made by 

individual defects are additive, as expressed by Matthiesson's 

law. Hence, the electrical resistivity over and above the value 

for an annealed specimen the same temperature, may be taken as a 

measure of the concentration of defects. If Ap is the excess 

resistivity, then the anproach to equilibrium at a fixed temperature 

T, may be expressed, from equation (4) as 

Else) = fle) op{- ] 
In the isothermal annealing experiments of section 5.1, the fall 

of Ae with time is observed at two close temperatures, T, and T,. 

At the intersection of the two isothermals, where T, changes to Ty 

the values of ee are the same and therefore the values of qe ) 

are the same. The ratio of the two gradients then becomes 

Soe 
[£M nen = exp {S(t-7)} (5) 

  

from which U, may be determined. 

Since the temperatures are fixed and the lattice vibration 

component of resistivity therefore constant at each temperature T, 

and Tos the actual values of resistance of the specimen may be 

plotted against time, as indicated on Fig.45. 

B. Determination of the order of reaction 

In general it is possible to determine the recovery kinetics 

by an analysis of the isothermal cave) Assuming the validity 

of the general reaction rate equation, 

Un 

Le Ac epl- GF} 
where A is a constant and y is the order of reaction, 

we obtain g = —Kdt 

for a fixed value of temperature. Since Ap is a measure of the 

defect concentration C, we may write d (Ap) Lae) = _ K dé 
(40) zi
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which, provided ¥#/, may be integrated to give 

ao) K(e-)[é +M] 

(ag) 

Hence, taking logarithms of both sides 

(1-¥) key (Ae) = Leg k (#1) + Log fe +m} 

“tale leben) + Aa? 
If the reaction rate equation is valid, therefore, it is 

where 

(6) 

always possible to choose a positive value of M such that the plot 

of Log ( Ae ) against Loe(t+M) yields a straight line. The order 

of reaction, x » may then be determined from the slope of this line. 

See equation (6). The constaut M represents the time required for 

the defect concentration to be reduced, as a result of annealing at 

temperature T, from an infinite value to that value corresponding 

to Ae . Thus M must always be positive. 

If it is suspected that the order of reaction may be exactly 

(85) 2, a simple test first used by Sosin and Rachal may be applied. 

If x = 2, then the general reaction rate equation becomes 

i AC eel ar 
or 

ra = — Qdt 

at constant temperature. Integration gives 

a =—Qeee 

and since Ao is proportional to C 

i 
4e = Qt ey 

Hence, only if ¥ = 2, a plot of ap against t will produce a 

straight line.
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APPENDIX. 2 

DESCRIPTION OF ALGOL COMPUTER PROGRAMS 

a) Ellipsometry Program 2 

The program is derived for the system shown in Fig. 14, 

which represents a parallel beam of monochromatic light incident 

at an angle $, » from vacuum (medium 1) on to the aluminium 

specimen (medium 2). The substrate (medium 3) has a roughened 

back so that reflections from the reverse side can be neglected. 

Since the metal film is absorbing, the refractive index is a complex 

quantity and the calculated angles of refraction are also complex. 

The physical interpretation of this is that the planes of equal 

phase are not parallel to the planes of equal amplitude. See 

(90) | page 47, and pitehburn' 12”), page 553. Heaveis 

The program sets out to calculate the values of ellipsoneter 

parameters ¥ and A for a set of assumed values of n, k and thick- 

ness for the film. These assumed values are then Varied until 

consistency with experimental observation is achieved. The 

calculations involve the manipulation of a large number of complex 

quantities by the process of rationalisation. The detailed algebra 

becomes extremely tedious so that only the mathematical outline is 

given. 

The test of program 2 is attached and is shown divided into 

sections, After the normal preliminaries of declaration and 

reading-in of the values of n and k for the various media and the 

angle of incidence, section 1 commences the calculation of Cos da a 

Section 1 

In general, N, sing =N, Sin §, = WM, Sin ¢,. Gy 

For medium 1, the vacuum, Ny er 

Hence Cos fy = [l= Sin, ee G8)" (ii) 

Cos = any - Sin’, 

Substituting for NW, from Ns = My - ik, 

2 a zi ee & Gg, = zit = ton, ~ Set)
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32 Ularr:203 

  

33 LLasXcCiJ):ek(2er)*ke2+1ie 
J 34 T4:5T; 

46 35 XE4]sesIn(T4); 
36 KA) sex lo)exlare 
37 NEG+I) SNC 2+ 1 Jan oeldy 
38 KC2+1)s=NC44 1] eXCtIXC4)3 

5K 39 VCQ2+T 1 sS2eNC2er)ekretry? 

40 X(4+1) C2+1)eXCo4l); 
44 VCG+T) s=V(2+1 eV (261); 

  

    

   

42 SQRTCXC4+T}ev0441)); 
43 SQRTCCRErI#x C2473) /292 
44 C241) wAL 1? 
465 Seckon I AL74#13 ORTCCRET@XC241))/2); 

  

LO mma. ae ATOFTVsSAL74# 1 J aK oe oAlher)? 

87 Calculatim of ACGHT)SSXCT]#NC44r TE 

   

48 AL2+T 1 :=ALO+1I/AC GSI)? 
49 comalex les Brijsekl2+lJ*arli: 
50 of ae BEA+l 1:2NC241]4Al zeal): 

62 514 E BC2+ ri saCBlrJepl4erd) saleerds 
52. refraction , "TR! Af2+1)]>0 'THEN' 'GOTO' LLB: 

Cos $, = als] + ¢Bf] 

Ges $= AB]+é af] 

  

53 AL2+1} e=2Al24107 
54 BCd+1i+s-Bl2+1)? 
35 CUsitrslei3 
56 ‘Let Y24 'THEN' "GorO" LL4: 

A 57 CrsC0S(7T4); 
‘ 58 C1saNC2I*C? 

59 C2:8Al2]-ct: 

2 ~ 60 E2:2C14al2) ‘Sechon 2 
61 Disskl2y«C; ors! 

1 62 O2:5D14B02)3 ation 
63 F2:=B(2]=04; ee 5 eee 
64 ErsC2eb2; coefficient 
65 EtsaD2eF2: Tag) 
66 G2:sE+E1? 
67 GrsF2eF23 f 
68 GissF2uR2? = #6 
69 G:26461: fag) © fe * “Me 
70 G2:=G2/6;    
7 Fr=CouF 

ihe FlesD2wed; 
73 H2:=(F4=F)/G?



7% HS BNERDMAL2I3 

  

    

    
  

  

    

      

  

   

      

    

  

s 75 H1s=KI3)eB02)3 
2 76 HG:=N(2)*AC3); 

7 HS5:5K(2])*B(3); 
78 C3rSH44HSeHeHiy 
79 H8:=Nt3)#B02); Seckion 3. 

3 80 C3)wal2); 
84 (2) ¥AC3); 
82 (2)*BE3)3 if 
83 DaHB+H7mHS? x, = q4é 
84 Sr=HaHt+HGeHS: Sea 
85 FS;=HB4H7=H9mHA: 

385 86 Ghr=C%wE3; 
87 3wF3; 
88 3wE3; 
89 SuFSeG6; 

4 90 64*65)/G7: 
94 FQs=C3uF3? 
92 H3rE (Dee E Ze F 4) /G7: 
93 Pr=N(2)*Al2); 

= 94 PU:eKI2)+BL2): 
95 P2:=Cepapty 

43 96 f2)*BC2); Section k. 
97 T2)*al2); sae 
98 +PHP 4G 

i 99 baP5; 
5 100 T2:5P5e_P4; ¥ = ¢ 104 Urnp2vg2: i eientingtl 
54> 102 U1s=Q2eT2; 

103 UL+=S2wS2; 
56 104 GaT2uT2e 

105 CusU1)/U5; 
58 106 2wS2; 

107 P2ueT2=U7? 
6 108 V2:=U6/U5S} 

709 Qr=NESI*AT3I 
2S 1.10) Q1s=Kt 3) eR 037; 

144 PS:=P4p1-98Q1; 
112 QG:=Brslen(3); 

Section 5. 

ay QS:=Ki3)wal3); vy, 
114 5eP44Q4n~Q57 L = +e 145 +p1404Q1; 2a @) = Utes 

8 116 T32=P5—P4-Q44Q5} 
117 Vixp3es3; 
118 VirtQdeT33 
419 V4:=834S3; 
120 VSraVAeT3eT3! 
124 U3 VeVi /V52 
122 V6 313; 
123 V7:=03"S3; 
126 V3r8(V6V2)/V5!



40 

  

M4:=Pept? 

    

  

  

us Section 6, Game 
: aMe 

428 Giledaln of @ oO L4 t= (pGeP5) eM 
129 M3:=ExXp(2«#L1)3 
130 = M2s20M4? 
13) ec s ma-él, M2+=M3wCOS(M); 
132 SwSIN(M) 3 
133 GuM2; 
134 Section F LS:SH3eL2; 
135 Sa A411) +2G24LG4LSi 
136 L6:=H3eM2; 
Ase time" 2 A afi] +8] = G3eL2; 

  

  

   

1389 4 Brii):sH2+l6=L73 
139 S4:=U2uUSeM27 
140 Ss V2eV3*M27 
141 See tiem 8 SA:=L2eV3«U2; 
142 S7:=L2eV2"U3; 
143 
144 It lay, he a = Ala +i B[e] 

A(12]:214+S4"S54S864S73 
SB:=V2QwU3eM23 
$ 

    

  

  

145 U2wM24V37 
146 $i U2*US#L2; 
147 SiV:EV2RVEHL23 
148 Bri2):=S8+s9n=si0ecil? 
149 Q6:=G2uGSeMar 
150 - Section 7 
154 = a 

152 QOrHHBal2eG2;7 
153 Ita me A es + clay 
4 

Att3 

  

121406-Q74Q84097 

  

  

  

54 P6:=H2eG3uM2; 
155 H3eG2aM27 
156 L2wG2#G63; 
150 PO:=H2wH3mL2? 
158 B13) +sP64#P7HPR+Po: 
159 TS:sUSwM2; 
160 ton 10 Thr2VBel27 
164 Section AC14) :2U24T5 +76? 
1627, yy * = pf+i ale) T7s=M2eV37 
tesa ae ) 7 TB:=U3HL2; 
164 BI14):=V2+T7=TRE 
165 cle ENV e le Bs 
166 Section Il GAT eRf2leBLi11HR 12); 
167 R(3):sR014)*AC12); 
168 ¢. MIi1:AL11)*BC12)eRr(3); 
169 a a Int o™ Rr4):aali3)#Al14): 
1707, 2° e oie G12:8p (4 @BL1351*B 14); 
1710 da tte RES] taR(13)¥AUI4): 
172 M12:SAT13)eB(16)4e05); 
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In general, the square root of a complex number may be determined 

by writing 

= e - id 

  

and by then squaring, and equating real and imaginary parts, the 

values of c and d may be found. 

Hence Ces 4, = #(c-¢d) (iii) 

  1 
where (ni-R, -Sin*$) + ni he +(n2-8. - Sin.) 

i. 2 

and is calculated as C = A(I) in statement 43. 

wise ee { [(ng-BE = Sag) eunshe — (ns-R, -Sen'f) 
2 

and is calculated as d = A(7) in statement 45. 

  

Division of equation (iii) by JN, and rationalisation gives 

Cos ¢ = AR] + éBR] statements 48 and 51. 

Statements 55 and 56 arrange to calculate the value of Cos $5 as 

A(3] + i BL3) by changing the optical constants of nz and kz. The 

angle of incidence used is still ¢, » and this is valid because of 

the invariance of Nz Sin be "i Thus, 

Cos $, = q1— Sin? 4, 

= {1 -Bsind)* 
=/- (BH Sing,)* 

the form of which is identical to equation (ii). 

Section 2 

This part of the program calculates the Fresnell coefficient 

Tr (p) as a function of N,, NH, and 4 i. It is based on the 

formula . 

M, Cos}, ~ MN, Cos é r, = 

Me? Ton + We Cad, 
where Cos b, is complex as calculated in Section 1, and N, is also 

complex. The result is given in the form 

Tae) = Je +ih, 
Section 3 

This part calculates Ts from therelation
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MN, Cos $5 a 4; Cos $, Vs = 

BE Gals ws Cah: 

All quantities on the right-hand side of the equation are complex. 

The values of Cos d, and Cos , are those calculated in Section 1. 

The result is given as 

Tas (p) = as Sieh, 

Section 4 

Yhis section calculates Na (6) from the relation 

_ Cost ~hlosotr 

0) = Eng, 7H Cafe 
Ya(s) = utecy 

  

Section 5 

This section calculates 1%) from the relation 

he MiGod: 
eG tr + Ny Gs $y 

Ts@ = Us + ev, 

Tes () = 

Having now calculated all the angles of refraction and all 

the possible Fresnel coefficients for the various interfaces, the 

program proceeds on the basis of calculating the Fresnel coefficient 

for two surfaces taken together and treated as a single effective 

boundary. Following the technique of Vasiéek calculations commence 

at the surface and work towards the substrate. See Fig.14. 

In Chapter 2.1, it was shown that the two boundaries could be 

treated as a single interface having Fresnel coefficients TNs given 

by 

Ta + Nes aes 
T+ neo ene (iv) 
  

two forms of which exist, one for the (p) and one for the (s) 

components. 

& is a factor that takes account of the phase difference 

and the amplitude reduction in traversing the film once. As shown
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in Che ai4q = 4u in Chapter 2.1 & = ALM, dz Cos $, 

By = AE(ng—éh,) dy es 
Hence the quantity et in equation (iv) becomes 

- 268, 4 ( 
eo AES exp. {- ha de Ces $a} exp {— Ena da Cos , } 

nenes OF a ee Gere Sin 

where a= 4T hd, Cos. 

and x = Utah, 

Section 6 

This part calculates the value of ac and expresses 

the result as nade z 

é ey, 

where p is called M(2) and 4 is called L(2) in statements 131 and 

132 respectively. , 

Section 7 

This calculates the numerator of equation (iv) for the (p) 

component ade F 

Tryp) F Tas) € = Afi] + 6 af] 

Section 10 

This part performs the same calculation as section 7 but 

for the (s) components. 

Ia) + Yao es = Afa] + 6 BLK] 

Section 9 

This part calculates the denominator of equation (iv) for the 

(p) component. 

It Yaw) Te e = Ale] + € Bf) 

Section 8 

This part performs the same calculation as section 9 but 

for the (s) component. 

It Tae) Tae eth = ap +e Le] 
Section il 

By combining sections 7 and 9, the value of Vis (p) is
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obtained 
Alu] + 680 iAp 

3) = wore cege = (py 
  

and also by combining sections 10 and 8, the value of 36) is 

obtained 

Ala] +e Ble? _ ce 

Tae) = “piayy copay Feo 

The ratio of these reflection coefficients for the (p) and (s) 

components can then be written 

éAy é cA 
Ts) Pye” = Ce = Tate’ 
Ns (3) sy eit 

where, from section 2.1 

A = Ap-As 

and Tut = [Sof 

()) 

Hence éh AG] + € BLT Alay + ¢ BEAT (v) 
Ton F € = Aleit capa] ALAY + ¢ Bite] 

Section 11 of the program calculates first the numerator and then 

the denominator of the above equation (v) and expresses the result 

in the form 2 
cA Gli] + ¢ ML) 

Ton F OT = “Crate Emel 

Section 12 

This part eontintes the calculation and expresses the 

result as a single complex quantity : 

Ten e’*§ = wtezZ 

See statements 177 and 180. 

Section 13 

Since any complex number may be expressed in two forms 
Tan (2) 

wtz = (wre e nl) 

this part of the program makes a calculation of 

iS Tanc'(Z) (radians) 

a i 180 Tay-'(E) (degrees) 

Since the value of A is calculated froma tan7! function, 

values of A between 0 and 90 degrees will be interpreted as a
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positive angle and values of A between 90 and 180 degrees, for 

which the tangent is negative, will be interpreted as a negative 

angle. In this case 180 degrees must be added to the negative 

angle to obtain the correct A . This is arranged by statements 

182 and 183. 

Section 14 

This section calculates the value of VY from 

Tan & = wird? 

i ye sa - fant ow? + Z* (degrees) 

In this way, the final values of and A are determined 

from the known optical constants of the media. The data cards for 

program 2 must contain the following information, in this order. 

+ 1.0 Any positive number will serve to make the computer 

accept the data card. A negative number will cause 

the computer to stop. This facility is added so that 

a number of different calculations may be made 

consecutively. 

The step increase in metal film thickness in Angstrom units. 

ny for the metal film 

Ky for the metal film 

ns for the substrate 

ks for the substrate 

The angle of incidence in radians 

The wavelength of light used in Angstrom units 

The starting film thickness (A.U.) 

The final film thickness (A.U.) 

b) Ellipsometry Program 3 

In order to interpret the experimental observations on 

oxidised aluminium, films, the author developed a program for the 

calculation of ye and A from the assumed optical constants for a 

system of three layers (i.e. oxide, metal, substrate). A copy of 

the program is enclosed and it can be seen that it represents an



28/09/71 COMPILED ny XALE MK, 5C 

"SENDTO' CED/ASTD=DEFAULT(N) ++ PROGRAM) 
"WORK' CEp,WORK FILE (Oy) 

"REGIN' "COMMENT! THREE LAYER SYSTEM? 

‘INTEGER’ 1,143 
FREAL' C,01402,03,0401,02.931D4005,D6,07708209,010,014 012,013 Er E102, 

Et, 
FLFVL F216 31 F 446161169 463,64465166,67,68169 16100614 1G1 20H HI H2rH3, 
HAcH5S HO H7+HB,HO Le Te L2,L3,L4eL Se LO, L7,M1 M2 M3 ,M4,M5,M6,M7 MB, 
MO6M10—0M119M42¢PrMe Pt eP2, P34 P4rP5 Pb, P7ePBsPD 1Q104 102 703,04105 126, 
97108 1Q9 +5181 482183154185 4S6,S71SB1S9 S10 S11 TeTr eT2eT3 rT hr T50 Ty 

THe TRAUL UT N21 U3 UG US NGL UZ Ve V2V3,VGEV5 eV rVE rp WoW pW2,W3 Whe 
2124022023624 0251763 

"REALY "ARRAY! ALO2147,800+14), K00:8), NC013),R00:5) eXC0:5)/YC0:5)3 
LLAIN(2) rsREAD? 
"re! NE2ZI<O'THEN''GOTO'LLS? 
LLS:D4:=READS Sép in thickness of ride (ayer. 

Nt2):=READS 
KE2]:=READ; } Onde 
NC3) 

  

EAD: } Metal ; es 
KI3S):=sREAD; 

} Subsbaee, N(4]:=REAn; 
KU4] :=REAn: 

Argle of inecdence (radcans) 
Wavelength (4..) 

DrsREAD: Starting thickness of oxide Au. 
26:=READ; Final thickness of oxide Au. 

Dies READ? Starting thickness of mel Au. 
LLO:NEWLINE(2)3 

WRITE TEXT ('CINQ=E4) "yy 
PRINT €NC21,1,3)3 
WRITE TEXT Ci Ct Ken!) "93 
PRINT ¢(K[21,1,3)3 
WRITE TEXT C°C'NSa')')3 
PRINT (NC3),1,3)3 
WRITE TEXT (CUCURS eS") Sy 5 
PRINT C(KE31,1,3)3 

WRITE TEXTC'CINGSI) I)? 
PRINTCNL4),1,393 
WRITE TEXTO'C KGSI) I); 
PRINTCKL41,1+3)3 

NEWLINE (2)? 
LLOENEWLINEC2)3 
WRITE TEXTC'C'THICKNESSKORYMETALKEILME!) ')3 
PRINT(Hn12,5-1)3 
WRITE FEXTChCtAUTD DG 
NEWLINE (1); 
WRITE TEXTC'CIOXIDE') "3 
NEWLINE (4); 

WRITE TEXT C'CITHTCKNESS' (ISS) "DELTANCTIOS') IPSIN) yy 
NEWLINE (1)3 

 



ay Ciaet ; 

  

   

  

42 LLASXCr] seKl2+rieKkl2erye 
43 T4:=T? 
44 XC4):=sIncT4); 
45 XOG4) :=xXC4)*#XC413 
46 NES+Y) p=NCQ+)aNC el); 
47 i XCQ+1V:NCS+T)-XCrI-XC4)F 

48 Seton YE2+1 1 ss2an (oer ek leer ye 
49 XCH+1}:5XC24 1] eXC9e1]} 
50 Use ie eect slag a 
54 geen Rr ORTCXCS+1}+v04e1))3 
52 ee d Att) ORTCCRE DI +x (2+11)/2)¢ 
Sse oe ALG+ITEN( 241] wACT VE 
Be OF refraction. AC7+#1):=SQRTCCRliy-Xloe1))/2)3 

55 ALOFT s=AC7H+ LJ eK Coe +al ber)? 
56 G@ Af] + 6 Bf ALG+T]e=XCLV4NC5S 4113 

fie Ait See) ALQ+T}:2ACQ+1I/ACGaT]3 
28 G; 6 = ap] +e BG BCT] :=KC2+1)*all): 

: fs 1+ BB] BLG+1]e=NC2+1 J eAl741); 
60 B2+T)s=CBLI)-alo4r J) /Alos1)? 

  

   

  

   

    

   

64 : "LE! AC2+I1i>0 'THEN' ‘GOTO! LL33 
62 = Ah] + ¢Bie) AL2+1):20Al2+11F 

63 ee Sapa faes Bl2+T]:e-Bl2+1)3 
64 LL3rtrstet? 
65 "Ie Taq "THEN "GoTo! LL 419 
66 "TE'TS2'THENT#GOTOTLE AL? 
o7 CrsCOS(T4)7 
68 ClesnC27*C3 | 
69 C2:=Al2]-cl; 
70 E2:sCi+al2i3 
71 2 D1sak(2)*C3 
73 eee D2+=D14a(2)3 
73 Fo:=Bloi-p1; 
74 Er=C2#F2; 
75 Els2D2eF2; 
16 le ood G2ssE+E13 
77 6 i f GrsE2e2 
78 Glezf2ue23 

ce G+G13 
80 G2:2G2/6; 
84 FreC2*r2: 
82 Flesd2se2; 
83 HOsaC FAR F)/GE 
84 Hr=NC37*AC2)3 
85 H £3)*8(2); 

86 Sechon 3 HG:=Nf2)8A(313 
87 HS {2)*8(3]; 
88 C3:=H4aHS=-H-H13 
89 48 t3)*80277 
90 H9 [3]*AC2]; 
91 thy = g, 40h, HOrEKCQI*AC3I3 
92 g id C2l*s(313 
93 DZpSHOMHB+H7=H6? 
96 ES:SH+HT+HG4HS? 
95 FS:=HRGH7RHOmHS? 
96 G4r=C3HES: 
97 G5 3eFS3 
98 G6r=E3eE3; 
99 G7s=F3eF 34663 

100 G3 G4+G5)/G7! 
104 Fas=C3eF33 
102 HZrECNzeE Zn FA /G73



103 Pr=NC2]#AC2]3 
104 PLs2KP2)*B8L2)3 

   

    
     

  

  

  

  

  

   

  

  

   

    

  

105 " P2reCHpmP1; 
106 P&r=Nfo)*R(2)} 
107 Section Ir. PSt=KL2]¥AL2]¢ 

108 S2:=Cep+Pt; 
109 Q2:=P4nPS; 
110 T2:=P5=P4; 
144 
12 %, = Un+ih 
113 © U4s=S24S2; 
114 USs=U44+T2eT23 
115 U2: = Cu+ut) /U55 
116 Q2*S2? 
he P2eT2"U73 
118 V2sSU4/U53 
119 Qr=NC31*AL3)? 
120 Qt s=Ki3]*R (3) 
124 P3:=P40190-01; 

lee E Qhs=Brsden( 3); 
123 Section 5 Q5:eKI3I¥AC3); 
124 Q3r=PS_P4+04"05; 
r25 S3:=P4ep140+Q13 
126 ty = Ust iy T3r=PSmPbeQaeo57 
V2? os) Viep3+s37 
128 V4 2=Q3*T3; 

= 129 V4r=S34S3; 
=130 “VSs5V44T34T3} 
134 US:=(vev4)/V5; 
132 : V6r=P3HT3; 
133 V7:=Q3%S3; 
134 VR-RCVA=V7)/V5S3 

135 M1:=Pepl? 
136 Section 6 Me=6,28318530ep/L: 
ag Tao? 
138 aa P4nPS) eM} 
139 @ ‘= ma—ile MBr=EXPC2*L1)7 
140 Mr=24M4q3 
144 M2:=M3eCOS(M) 5 
142 2 ZeSIN(M)? 

143 HesNC41*AT3)3 
144 Ha:=Kfalepl3); 
145 ENT SZ]*AL41: 
146 KO<J*A041; 
147 : 4eHSmHaH1? 
1468 Section F HR:=NCA)*al3): 
149 HOL=KI4I#AT3): 
150 6:=K(iZI*A(4): 

  

151 tye g+ih, H72SNC 3] #R04)3 
1524) 

   

  

   

135 ES:=Heul+HGeHss 
154 RaH?mHORHS: 
155 3453; 
156 Ds 3; 
157 G6r=E34E3; 
158 3aF34663 
199 G4:=(G44G5)/67 
180 For=C3aF3: 
161 HAtE (Nex Ete FAV /G7E



62 Qr=NT41*AT AI: 

  

      

  

     

  

  

  

    
      

  

  

  

  

  

    

  

  

163 Qy:=Kealenecad: 
164 PreENC31*AI3I; 
165 P4 Cxr]*e(31: 
166 Sechin 8 P3 +pi=Q-Q1; 
167 Q4:=BCAl*n (4): 

168 Q5 CAl*al4): 
169 P4 Cy]*n (3); 
170 PS Czi"A3); 
I71n =U,rty 23 5m P44Q4=053 
172 26 +p1404Q1: 
105 5a PbeQh4O5; 
174 Bag3t 
175 3473; 
176 3453: 
177 4aT3eT3: 
178 U VeVIdD/V53 
179 Vv 3uT3; 
180 Vv 3483; 
181 v VEVZI/V5: 
1Be MW P+nol? 
VES Section J. M1#6,2R318534D12/L3 
184 M Tal; 
185". L P4-PS) eM; 
186 6% ns—tg M6r=EXD(2aL1) 1 
187 M MTG 
188 M3:=M4eCOS(M)? 
189 L3:=M6uSINCM): 

“190 UG:=GSuM2; 
194 oe. lo. L5:=H3aL2; 
192 AL11] 2 =G24L4+L57 
eats ide aye cae] 

195 Bti1)+sH2+l6-L73 
196 $ U2eU3S*M27 
197 Section I. V2aV3eM2; 
198 L2eV3"U2; 
199 sth S7:=L2eV2*U3; 
£00 It Yat, he vig) e toi] AL12)+=14S4-S54S64S73 
201 a S8:=V2wU3eM2} 
202 SOs 2UPwM2eV3; 
203 S10: 2u2*U3S*L2? 
204 SVTrSV2eV3"L2; 
205 Bri2) ResOnsi0+e11e 
206 Qh 1 SGP eG SaM2e 
207 Q7sSH2eH3*eM23 
208 Sechon /2. QRrEH2eL2%G3} 
209 QOr=H3wL24G27 
210 AL1312=1406=0740849935 
214 P6rH2eG3eM2; 

   
212 Wg MnO ire alse tags] P7:zHSaG2aM2: 
a3 08 PRr=L24G24G33 
214 POSSH2eH3eL 27 
215 BI13]+=P4407-PR+Po:



   
  

   

  

  

  

  

  

  

  

  

    

   

  

  

      

  

  

  

Seley 
BU2Z+TS +76 

20V3; 
Bwl2; 

221 BING) +eV24T7=T83 
eee Re2lraaliti*Atisi; 
223 Gli reRC21+B141) +8013 
224 nl111#A01373 
225 C3]-AC11]"801313 Section Ih 
226 AC13)*AC13)3 -2ib, 
227 ReSdseel4)4+Bl13)*8(13); Ta +h eé 

we 

8 Tre Te net 

= cMu e nae 

228 Giissq1/RO59: 
229 Mitrem1i/ROST3 
230 i Ri2li:=alladeAltel; 
234 GiareRC21+B8114I*B 11203 Section 15 - 
232 Re3Js=nl121*AL1413 
was MV2:=Bl1A)*AT12I@RI31F 

234 ACT21*AL121: tT, = Jat ema 
235 ROS)s=pli2i*Bri2]4Rlals o 
236 Bai2/r(S)3 
237 1 
258 
239 Sechon 16. 
240 AU] 12611 4L44L53 aie, 
244 L6:2H4eM3; Tat Mme > = Afi) +e df] 
242 L7:=G44L3; o 
243 Braids aM144+l6=-177 
e44 EG12*U4eMN3? 
245 MI2*VGeM3! 
246 S6:=L3uV44G612: Secton |7 
247 S7:=L3uM120U4: 
248 Al12) :214S4-S54S64S73 nak 
249 M12 *UGeM3: IFT, CGE 7s Afa]+ + Bf] 
250 Gi P*MseV4s: & 6) 
254 PRGV2HUGHLE 
252 SV1:sMa2evaels: 
253 Bri2) B+s9-si 948113 
254 Qh1=G14*G44M3? 
255 M14 *HGeM 3? 
256 MIT eLSaGG: Section (8 
257 Howl 34611; 
258 AL151+21406-074084997 mye 
259 N14 *GQeM3! [t+ % Ty € z = Ale]+i 3] 
260 H4eG11*M3: 
264 L34G14464; 
262 M14 *HGeL3: 
263 Bi151:-P6sp7=0R+00? 
264 T5:=UhwlM3s 
265 TOrEVGal3: SecGon /7, 
266 AT14) :nG124TS 4763 ‘ 
267 T7rENS4VGr hat ty Go a ala] + eB [4] 
268 TARL=UGsL3: o “ 
269 BI14]:2M1 2477-783



 
 

sand, 
20s 

  

  

 
   

 
 

  
  

 
 

  

 
 

  

 
 

 
 

  
  

#
2
8
7
7
 

bos 

mare om 
ers seo 

of meus 
S
e
a
r
 

by 
c
e
e
 

617 
sOL098 

,NHHL, 
9Z>0 

cdl, 
ae 

= 
tyatege 

262 
7
O
t
t
t
 

962 

e
a
s
 

PCL) 
ANT 

IMSN 

k
t
h
 

2) 
4 

c
i
 

ANL&d 
oe 

#
(
E
4
9
4
e
Z
)
 

L
N
L
d
d
 

ex 
Uow2eG> 

C
o
l
o
!
 

LI) 
ANLad 

262 
i 

£(9% 
4d) 

uaTAng= 
\ 

PCCLINVLONY 
HI) 

/CCZ¥Z49Z) 
LYOSINVLOSY 

H
O
L
E
 

ez. 
n
a
t
e
 

i
 

ihemeigzi21) 
oee 

o
n
l
y
 

2
2
e
U
y
 

p
a
t
s
 

Z 
B
R
?
 

: 
1277 

9 
' 

<EZ,4l 
Yr 

wy272G 
(
w
i
s
n
 

e
e
 

ge 
THN/ 

(eaz~be= 
a 

a5 
t
f
b
W
a
b
b
o
s
i
2
z
 

a
e
 

5 
o
y
 

S
L
L
W
a
e
 

Losi 
LZ 

’ 

h
e
e
 

Z
2
+
M
 

= 
o
e
 

P9O/C2MFEMDEEM 
Pe 

Vv? 
v 

P
O
L
W
H
C
 

LAF 
E
M
=
 
ETM 

ine 
P
2
b
y
a
2
b
o
=
 

LE 
V
O
 
>9S, 

f
Z
b
W
e
b
b
w
e
t
e
m
 

aoe 
: 

i2bowbbostin 
ve 

TES) 
o
+
(
7
b
i
a
*
l
g
b
i
v
=
:
e
b
n
 

oe 

parle 
) 

# Cy biveCeLje=s 
(Sie 

a5 

w
i
t
 

ue 
_ 

b
e
r
s
 

(9 
sty 

kaSelcvly 
st 

7d 
Soe 

cyy 
2? 

i
w
o
+
 

1 
Ter+cedv) 

= 
O
w
 

i 
‘
C
o
b
l
v
e
t
e
b
i
v
e
t
(
y
i
y
 

v22 
Tie 2> 

L
Y
 

uh 
S
C
E
D
s
+
(
C
L
I
G
*
C
L
L
I
V
e
t
 

l
i
n
 

£2? 

*
t
a
b
i
v
e
l
b
p
j
e
s
i
 

c
e
d
e
 

8 
‘ 

j 
. 

Ot 
w
y
C
 

S
C
Z
b
i
g
e
l
L
L
L
e
-
C
2
d
s
e
t
 

Ly 
i
 

: 
S
C
2
b
l
y
e
C
b
b
i
v
e
s
 

Cede 
022 
 



-103- 

extension of program 2, further sections having been added for the 

calculation of Cos , Ty @ and Yu . 

The program calculates an effective % for both (p) and 

(s) components by combining the first two boundaries into an 

effective single interface, as before. It then repeats the method 

using an equation similar to (iv) to combine this interface with 

the remaining boundary and arrive at effective values of Ty for 

the entire system. See sections 16 to 20. 

For an oxide layer of zero thickness, the values of a and 

A computed are, of course,identical to those from program 2. 

For the very thin aluminium films, which are the subject of 

most of ahs experiments reported here, a correction must be applied 

to allow for the fact that as the oxide layer grows, the metal layer 

is reduced. This is done in statement 297 for which it was 

calculated, from the known densities of bulk aluminium and alumii.ium 

oxide that the formation of a layer of oxide of thickness D4, 

requires the annihilation of a layer of aluminium of thickness 

0.78 (D4). This correction is not likely to be exact, but ensures 

that some consideration is given to the effect. The data cards for 

program 3 must contain the following data in this order: 

+ 1.0 Any positive number to ensure data acceptance. Step in 

oxide layer thickness (A.U.) n 
} oxide layer constants 

Ko 

ma 
ie metal film constants 

3 

n 
4 

} substrate constants 

Ms 

Angle of incidence in radians 

Wavelength of light used (A.U.) 

Starting thickness of oxide layer (A.U.) 

Final thickness of oxide layer (A.U.) 

Starting thickness of aluminium film.
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APPENDIX 3 

SPECIMEN RESULTS USING COMPHNSATOR M¥CuOD OF ELLIPSOMEIRY 

With the ellipsometer aligned and set up as described in 

section 4.1.3, the procedure for determination of the reference 

azimuths, described fully in section 4.2.4, leads to results for 

which the table below is typical. For easier pattern development, 

the figures are given to the nearest degree. 

REFURENCE AZIMUTHS. CORRESPONDING "CROSSED" POSTTIONS 

Wp = 172 os 42 

ce 

Mp 352 ocf 222 

TT. «82 ox, 312 

TT; 262 op 132 

Compensator Reference Azimuth 

¢ 
With the polariser and analyser set at TT, and op 

respectively, the minimum light intensity occurs for 342° and 252° 

on he compensator scale. It was shown that 342° represents the 

fast axis parallel to the plane of incidence and therefore the 

compensator reference azimuths are as follows: 

Fast axis at +£ $42°</45) = 1207° 

B27” i Fast axis at = 342 + 45 

A set of results, taken for an aluminium film, is shown 

below. The numbering of the polariser and analyser pairs is 

explained in section 2.3 

Compensator + — s2o7 

Py Py Ea P4 
205 139 25 319 

ie Ay Ay A, 
153 63 333 243



Compensator ~ = , 27° 
p Pp pS Py Po Es P4 139 205 319 25 

=i a2 As M4 291 201 111 21 

The values of - are calculated from the polariser readings 

and the values of % are calculated from the analyser readings by 

performing the operation shown in the table below: 

Compensator , By Po Fs et % 
+E 4 297 Pi - 172 172 - Po PS - 352 352 - Py 

Ay Ay As Ag 
Ay ~ 42 Ay - 312 As - 222 Ay - 132 

Compexsator, Py Py PS P4 == 2 its = : = - ic fy ee 17. Py Py 172 352 Ps Py 352 

a1 Ay As Ag 
a = hs ce: 42 Ay 312 Ay 22: A; 132 Ay 

The procedure leads to an indicated value of 

& = 33° andx = 111°, from which 

° A = 132



APPENDIX 4 

SPECIM"N RESULTS USING BRATTIES METHOD OF ELLIPSOMETRY 

The reference azimuths for the HR polaroids are given in 

the following table. The pairs of related 'crossed' positions are 

indicated. 

T,  339°21' op 245°7! 

Tp 69°21" oc, 155°7' 

The eight pairs of polariser - analyser scale settings 

required to give the azimuths Yo and % as described in section 

2.4 for the required intensity measurements are as follows: 

  

Polariser Analyser 

a T - 45 24°21! OL, 155°7! 

I, 24°24! pe OAS 

I, 24°21! p+ 45 29097" 

a 24°21! %p- 45 200°7! 

7 T + 45 114°21! C55 556778 

I, 114°21! iets 6557" 

ae 114°24! p+ 45 290°7! 

1, 114°21! &,- 45 200°7! 

Some typical results taken on an opaque gold film covered 

with barium stearate for a wavelength of 549 nm are given below: 

. 
1 I, a5 1 1 1,! i) vty 

9.80 9.21 12.42 7.533 10.68 7.59 7.01 12,22 

Mean values : q, I, I; I 

10.24 8.40 12.32 7.17 

From which 

0:7085 = Tan P 

Re = 42? 8" 

and GsA = i(@ + eee} 

Cos A = 0.2695 

ae
} W 

ai
n 0 

  from which
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Abstract. Aluminium films of Il to 13 nm thickness have been prepared in UHV on 
glass substrates held at 77°K. The changes of resistance and complex refractive index on 
subsequent heat treatment were related to a change in the effective electron density 
and relaxation time consistent with the Drude-Zener theory. The optical and electrical 

measurements were corrected for the effects of oxide growth, which was observed to 

take place at all pressures. This correction was deduced from a study of the oxidation 
of films of similar thickness. 

1. Introduction z 
The work described here forms part of a continuing program of investigation of thin 

metal films and the correlation between electrical and optical properties during annealing. 
Previous measurements of n and k, the real and imaginary parts of the complex re- 

fractive index, and their variation on annealing have been reported for aluminium films 
ranging in thickness from 40 to 120 nm (Neal et al. 1970). These were coupled with measure- 
ments of structural defects made by variance analysis of x-ray line profiles. (Grimes 

et al. 1970). 
Recent interest in the annealing of defects in metals has been confined mostly to gold, 

silver, copper and tungsten. Seeger et al. (1960), Chechetenko et al. (1969), Dobson and 

Hopkins (1968). : 
The study of aluminium raises additional experimental problems because of its chemical 

affinity for oxygen. It is for this reason that the technique of ellipsometry is particularly 

useful, The ellipsometer measures two parameters y and A, which, provided that the 

film thickness is known, can be used to compute the optical constants n and k for a surface. 

In the visible region of the spectrum the measured values of n and k are extremely sensitive 

to any formation of an oxide layer: even 0:5 nm average coverage is readily detectable. 

However, additional difficulties of interpretation can arise for films below 15 nm thick- 

ness, when the changes of / and A are in the same direction and even of similar magnitude 

for both oxidation and annealing. 

     

2. Present Work 
In the present series of experiments, the aim was to measure changes of optical con- 

stants and defect structure continuously and simultancously, using electrical resistance 

as a measure of the concentration of defects. The various changes could then be followed 

throughout the annealing process and the nature of the changes deduced. Measurements 

haye been made on thin films. 10 to 20 nm, for several reasons: 

(i) The disordering influence of the substrate leads to a greater concentration of 

defects in thinner films, and tends to be less important for thicker ones. 

925
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(ii) The formation of aluminium oxide causes a reduction in thickness of the metal 
and leads to a higher resistance; an effect which is proportionately greater for a 

thinner film. 
(iii) Due to the penetration depth of electro-magnetic waves in a highly absorbing 

metal, (approx 10 nm in Al) the optical measurements give information on the 

entire thickness of the film. 
As expected, the amount of disorder introduced into the metal film is greater if it is 

deposited on to a substrate held at 77°K. On warming to room temperature, the resulting 
decrease of electrical resistance may be as much as 40%. (Buckel and Hilsch 1954). 

This process has been examined in detail and tentatively attributed to the migration 
of vacancies from grain boundaries. The thermal activation energy for the process has 
been estimated. e 

Since the film thickness is an important parameter in the calculation of optical constants, 
and for most methods such thin films are almost at the limit of measurement for reasonable 
accuracy, each film thickness was estimated by several methods, namely: 

(i) Fringes of equal chromatic order. (Scott 1950). 
(ii) Quartz crystal thickness monitor. 

(iii) Photographic densitometer to measure the percentage of light transmitted by the 
films. 

(iv) Electrical resistivity. 
(v) The changes of electrical resistance and of the parameters y and A on total oxida- 

tion of the films. 
(vi) Mechanical measurements using a ‘talystep’ instrument. 
Where appropriate, a correction was applied for any oxide layer present. Only when all 

these methods gave consistent results was the film thickness finalized, and computations 
of n and k performed on an ICL 1905 computer. 

3. Experimental Details 
The UHV system was of conventional type as previously described by Fane and Neal 

(1968). It incorporated a diffusion pump charged with DC 705 oil and two vapour traps 
between the pump and the stainless steel chamber. The upper trap was baked with the 
experimental chamber to 400°C enabling an ultimate pressure of 2 x 10~*° Torr to be 
consistently obtained. The substrate of Corning 0211 glass was supported on a stainless 
steel block welded to a stainless steel tube. Inside this tube was a second thinner tube 
with a heater block attached to its end, which when bolted in position, made good contact 
with the substrate block. By filling the inside tube with liquid nitrogen and activating the 
heater, the-substrate could be held at any temperature from — 196°C to 500°C. See figure 1. 

  

    
    
  

    

  
      

  

              substrate: C, block thermocouple hole: D, h liquid nitrogen 
container. In use, the central tube is vertical. Pais
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Electrical connections were made to the films by gold wires (0-005 inch diam) thermally 
bonded on to previously. prepared nichrome/aluminiurh contact areas. 

The specimen of aluminium (99-999 %) was evaporated from 4 tungsten filament at a 
tate of approximately 10 nm per minute: the maximum pressure during evaporation 
being ~ 10~*Torr. The experimental chamber also incorporated a ‘Mini-mass’ residual 
gas analyser and a quartz crystal thickness monitor. i 

Resistance measurements were made manually with a potentiometer, using the four 
point probe method, normal precautions being taken in reversing the film current (100A) 

. to eliminate thermal effects. = . ns 
The arrangement of the optical components was similar to that previously. described 

by Fane and Neal (1970). A parallel beam of plane-polarized, monochromatic light of 
wavelength 549 nm fell on the specimen at an angle of incidence of 64° and was reflected 
through the compensator which was chosen to be exactly quarter wave for the light used. 
At the end of each experiment. measurements were performed with the Kodial windows 
removed and a correction applied to all previous measurements. 

To enable more rapid ellipsometer readings to be taken only two of the possible four 
quadrants were used. Consequently the reproducibility of the parameters W and A is 
somewhat lower than normal (+10' instead of +5’), Although the ellipsometer described 
is of comparatively simple construction the changes of n and k with which we are chiefly 
concerned, are of fairly high accuracy (1 or 2 per cent). 

4. Results and Discussion 
The variation of the resistance of a typical film with temperature is showm in figure 2. 

During the initial warm-up from the deposition temperature of 77K to room tempera- 
ture (stage 1 anneal) there is a fall of resistance, amounting to about 40% of the initial 
value for the case illustrated. 
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200-100 0 100 200 
Temperature (°C) 

Figure 2. Variation of resistance with heat treatment (Film 2). 

Thicker films show the same effect but the proportional change is less. Around room 
temperature there is a resistance minimum, followed by an approximately linear rise 
with temperature as in normal metallic behaviour. Returning the specimen to 77K shows 
that irreversible changes have taken place. 

At this stage the temperature coefficient of resistance of the film illustrated was 0-0015 
per °C and the resistivity at 0 C was 12:1 1Q cm. The corresponding values for bulk alu- 
minium are 0:0045 per C and 2-45 .Q cm respectively.
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Figure 3. Resistance fall during stage m anneal (Film 2), 

4.1. Anneal to room temperature (stage 1m): Electrical measurements 

A detailed examination of the stage m anneal has been made for a number of films. 

The determination of dR, the resistance attributable to the annealing of defects, is illus- 

trated in figure 3. Semi-logarithmic plots of dR against 1/T are shown in figure 4 and are 

compared with the results of Buckel and Hilsch (1950). 

The straight lines obtained indicate an annealing process with a single activation energy. 

Lidiard (1968). 
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Figure 4, Stage m anneal, Blot of 5R against 1” for various films A. 85'nm thickness, 
B. film 3. C. film 2. D, 20 nm thickness (after Buckel and Hilsch).
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Further experiments were performed to carry out a ‘ratio of slopes’ analysis to, deter- 

_ mine this activation energy. As explained by Thompson (1969). it is required to measure 

the rate of fall of resistance with time at two fixed temperatures Tj, and T; which should 

be close together. The ratio of these slopes just before and just after the change lead to 

the activation energy U, defined by the equation: 

{A(ARVdt} ar, wT r) 

{aR ee, KAT 

Figure 5 is typical of several films investigated, the mean activation energy of which was 

found to be 0:20 + 0-05 eV. cE 
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Figure 5. Activation energy calculation (Film 12), 

Apart from the smaller activation energy. the results obtained above show marked 

similarity with those of Ceresawa (1969) in which cold working of bulk aluminium at 

71K produced defects which annealed out between — 100°C and 0°C with an activation 

energy of 0:05 eV. These defects were proposed to be single vacancies. On the other hand 

Neugebauer (1964) suggests that the fall of resistance in quenched metal films on warming 

is caused by grain growth, a fact supported by electron microscopy. Andrews has estimated 

the specific grain boundary resistivity in pure aluminium as 2-45 x 107? Q cm?. On this 

basis, the magnitude of resistance fall observed is quite consistent with the reduction of 

grain boundary area as crystal grains grow from a deposition value of ~ 0-4 nm to a size 

of the order of the film thickness, 11 nm. 

. If the major part of the recovery can be ascribed to the disappearance of grain boundary 

area as a result of the migration of trapped multiple vacancies, as envisaged by-Gleiter 

(1969) it is possible that the high defect concentration may partly explain the low value 

obtained for the activation energy. See, for example, Dawson et al. (1968). 

It does appear likely that the defect concentration in films vapour quenched at 77 K would 

be extremely high. Indeed. if we take the resistivity of vacancies in aluminium as that 

given by Cotterill (1963) as 1-4 x 107° Qem per at% vacancy, then the measured defect 

contribution to resistivity would indicate about 65 at®, vacancy. It is interesting to note 

that Mader and Nowick (1967) deduce a similar figure of 7 at °, vacan in quenched 

copper and silver films. 
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On commencement of the stage m anneal the resistance was always found to increase 
slightly at first. (See figure 2.) This is caused by the rise in temperature of the substrate 
during film deposition. A thin-film copper-nickel thermocouple was deposited on the 
substrate where an aluminium film could be deposited directly over the junction. The 
thermocouple was annealed and calibrated both before and after formation of the specimen 
film. A temperature rise of 60°C was recorded as a result of thermal radiation from the 
filament and a further rise of 5°C occurred as the specimen film was formed from the 
vapour. 

Since halting the warm-up at any temperature 6 and cooling again to 77K results in 
linear metallic behaviour between @ and 77K, a further fall of resistance occurring only 
when the temperature @ is exceeded, it may be concluded that the true deposition tem- 
perature was some 65°C above liquid nitrogen temperature. This is then seen to correspond _ 
to the peak value of resistance during the warm up. (See point A on figure 2.) The magni- 
tude of the above effect is consistent with other direct measurements of temperature rise 
during film deposition made by Namba (1968). 

4.2. Anneal to room temperature (stage 111): Optical measurements 
The variation of optical parameters y and A for the same film, corrected for strain in 

the windows, is shown in figure 6. As for all other films, the value of both y and A were 

A 
(de

g) 
“yf

 (
dea

) 

  

Figure 6. Variation of Optical Parameters y and A throughout life of film 2. A, Initial 
warm-up (stage III). B. anneal to 100°C. C, anneal to 260° (Several). D, final oxidation. 

Table 1. Optical constants of aluminium films immediately after deposition at 77K 

Film Metal : 
Number thickness y A n k n? — KP nk 

(nm) 

2 11-0 36:13 13658 0:70 5-45 3-82 

3 13-0 3555" 13902 1-08 S15 555 

ai 12-5 33:88 134:77 0-92 473 435 

12 12:5 _ 3338 13387 0-92 461 4:24 ~ 
8- 120 32-53 133-57 0-98 4:55 4-48 
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observed to rise during the first warm-up (during which time the resistance is falling). In 
terms of the complex refractive index N = n'— ik, these changes can be interpreted as an.” 
increase in the value of k and an increase in thé value of n, the product nk thus becoming 
greater. (See table 2.) - 

  

Table 2. Optical and electrical changes produced by the stage 1 anneal 

  

  Film Metal Increase Increase —_°, fall % Rise  %rise in Atomic %, 
number thickness of y* ofA° of? —k? — of mk ~— Conductivity Vacancy 

(nm) Removed 

2 11-0 054 230 795 43 37 65 
3 130 050 133 590 7 10 29 
1 125 0:32 1-70 5-00 23 26 45 
2 125 0-14 197 430 18 28 44 

8 120 0-20 090 1:80 16 23 41 

On the whole, the measured values of n are in reasonable agreement with theoretical 
values given by Ehrenreich et al. (1963), namely n = 0:99 and k = 6:5. To assess the results 

of table 2 in the light of the optical theory of metals, the standard Drude~Zener approxi- 
mations for conduction electrons may be recalled; 

  

  

4nN*e* a () 
4nN*e? 7 

mot @) 

Q) 

  

where the complex dielectric constant € =€, — ie: N* is the effective electron density 
and t the relaxation time: gy is the de-conductivity. 

These equations were derived for conduction electrons orly and do not apply in the 

region where interband absorption occurs. Figure 7 is a sketch of the general shape of the 

absorption spectrum of aluminium and shows that the present measurements, made at 

2:5 eV, fall in a region of the aluminium absorption spectrum where interband transitions 
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Figure 7. Absorption spectrum of aluminium:
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are significant. However, equation (1) is still valid in this region althougli equation (2) is 
not. as shown by Sokolov (1967). 

Table 2 shows that the stage m anneal produces a drop in the value of n? — k?, indicat- 
ing from equation (1) that the value of N*/m has increased. In a qualitative way it would 
be expected that the disappearance of vacancies would lead to an increase of N*, the 
effective electron density. In fact, table 2 indicates a possible correlation between the fall 

of n* — k? and the estimated vacancy concentration that has annealed out. 
Taking film 2 as an example, table 2 also shows that the increase of N*/m, ~8% is 

insufficient to account for the observed increase of conductivity, ~ 37%. Equation (3). 
shows that to account for the observed increase of conductivity it is therefore necessary 
that the relaxation time, t, should increase at the same time, by about 30%. 

The combined effect of an increase of N*/m and an increase of t would be expected to 
produce, from equation (2), a reduction of the conduction electron contribution to nk of 
approximately 23%. However, the effect of the annealing is to increase the interband 
contribution to the absorption, so that the observed value of nk increases by approximately 
40%. Abeles and Theye (1969), working with gold films, have also observed larger values 
of nk for films of increased perfection in the region of interband transitions. The proposed 
increase of N*/m and the increase in t as the vacancies are annealed out of the film are 
also in agreement with the results of Abeles and Theye (1969). 

4.3. Anneal to 100°C (Stage 1v) 
The changes of y and A when films are heated to 100°C are shown in figure 6. The value 

of y falls while the value of A rises. Table 3 shows that this corresponds to a rise of n accom- 
panied by a small reduction in the value of k. 

Table 3. Optical and electrical changes produced by the anneal to 100°C (stage 1v) 

Film ° vw A n k n? — k? nk Resistance 
Number (Q 

2 Before 100°C 36-67 138-88 0-79 5-67 —31-53) 4-48 206 
Anneal 

2 After 100°C 35:32 139-82 098 5-60 —30-40 5-48 200 

The anneal produced only a small decrease in resistance (figure 2). The observed changes 
are due to two opposing effects: firstly annealing, which makes A and w increase and 
the resistance fall, and secondly oxidation, which makes A and y fall and the resistance rise. 

4.4 Anneal to 250°C 
During the heating of film 2 to 250°C it was observed that the resistance increased at 

higher temperatures at a greater rate than would result from lattice vibrations alone. 
Similar results were also observed for subsequent heating cycles (see points D on figure 2). 
At the same time (figure 6) the values of y and A both show a decrease. The direction of 
change of these three variables are the same as during final oxidation of the film (figures 
2 and 6). The extent of changes on final oxidation also indicate that some oxidation had 
already taken place during the life of the film. In fact, figure 2 and figure 6 show that, 
after the first few hours, there is a steady upward drift in resistance and a downward drift 
of w and A, all indicating oxidation. 

   

4.5. Oxidation experiments 
Further experiments were undertaken in which films were deposited under identical 

conditions and maintained in UHV for varying lifetimes before finally exposing them to
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Figure 8. Changes of resistance, and A on final oxidation A, Percentage rise of resis- 
. tance. B, reduction of A. C, reduction of y. 

the atmosphere. Table 4, together with figure 8 shows a clear dependence of the extent 

of these final changes on the lifetimes of the films. We may conclude that oxidation was 

occurring throughout the life of the films. 
Calculations indicate a rate of oxide formation of 0-05 nm per hour on a completely 

fresh surface. For the measured partial pressure of oxygen of 2 x 107?! Torr during the 

experiment, this oxidation rate is consistent with times of monolayer formation. Table 4 

may also be used to extrapolate to a hypothetical ‘zero’ lifetime and thus make a correction 

for oxidation effects. 
Further experiments were undertaken to observe the properties of a film maintained at 

a constant temperature (46°C) in UHV. Figure 9 shows the corresponding variation of 

y, Aand resistance which all proceed in the direction of oxidation, even at the total pressure 

of 15 x 10~°Torr, again equivalent to a rate of 0:05 nm per hour on a clean surface. 

The rate is seen to increase to 0-4 nm per hour at a higher pressure of 1-5 x 107 ® Torr, and 

to return to the original rate when the pressure is reduced again. The linear dependence of 

oxide layer thickness on Ig (time) agrees with the previous findings of Fane and Neal (1970). 

The above results are important in view of the large number of optical measurements on 

aluminium published, in which base pressures are quoted of the order of 10~°Torr or 

Table 4. Optical and electrical changes produced by exposure of the films to the atmosphere 

Film Thickness Total Fall Fall Reduction of 

Number (nm) lifetime of y° of A° Conductivity 

(hrs) F % 

8 120 3, 8-56 13-85 162 

7 12:5 Tk 636 11-80 120 

12 12-5 43 S73 10-40 88 

3 13-0 219 1-65 680 24
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higher. Measurements made at these pressures are almost certainly performed on oxidized 
surfaces. It is of interest to note that if an oxidized surface were interpreted as a clean 
surface, the calculated values of n and k would both be smaller than the true values. This 
reaffirms the conclusions of Fane and Neal (1970) for thicker films. It does mean, however, 
that the changes of n and k produced during annealing of thinner films (Neal et al. 1970) 
must be partly explained by oxide formation. 

One possible way of avoiding the problem would be to completely oxidize a film, Py 
exposing it to the atmosphere for several days and when the equilibrium layer of 35, 
was achieved to then anneal the films in vacuo. 

4.6. Annealing of totally oxidized films to 250°C 
The results of such experiments are shown in figures 10 and 11 for films deposited at 

77K and at 296K respectively. The changes produced are similar for both films, namely 
a rise of resistance, a fall of y and a rise of A. For the thickness of films involved this indi- 
cates a rise in the value of n, with k remaining almost constant. See table 5. The experi- 

ments of Klei (1969) confirm that the oxide layer only grows significantly above 35 A for 
temperatures above 350°C. and so may be assumed stable in these experiments. 
This being the case, the increase of resistance and also the larger value of n are attributed 

to a higher defect concentration. possibly brought about by the differential thermal 

expansion between the glass substrate and the film producing an increase of dislocation 

density, as suggested by Grimes et al. (1970). 
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Table 5. Effect of annealing on a totally oxidized film 

Film v A n k nk? nk Resistance 
number a 

12 Before 250°C 33-52 135-84 1-05 4-73 21:27 497 38-2 
Anneal 

12 After 250°C 33-12 136°84 116 4-72 -2093 5-48 513 

5. Conclusions 

Aluminium films of the order 11-0 to 13:0 nm thickness deposited at 77 K are in a high 
state of disorder, having a grain size of approximately 0:4 nm and a vacancy concentration 
of 6-7 at %. 

On warming to room temperature the crystal grains grow; largely due to the migration 
of single and multiple vacancies to the surface. The resistance falls by as much 40% as a 
result of the consequent rise in the effective number of free electrons and a large increase 
in relaxation time. 

Even at a total pressure of 10~°Torr oxidation of a fresh aluminium surface proceeds 
at a rate of 0-05 nm per hour. Over extended periods, the oxide layer thickness is a log- 
arithmic function of time. 

Annealing clean aluminium films in UHV to high temperature Jeads to uncertainty as a 
result of enhanced rate of oxide formation. Annealing films which have first been com- 
pletely oxidized indicates that 1 rises as a result of a multiplication of defects. 

Further studies over a wide spectral range are in progress and will be the subject of a 
later communication. 
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Table 5. Effect of annealing on a totally oxidized film 

Film y A n k nk nk Resistance 
number a 

12 Before 250°C 33-52 135-84 1:05 4-73 —21-27 497 38-2 
Anneal 

12 After 250°C 33-12 13684 1:16 472 2093 548 51:3 

5. Conclusions 

Aluminium films of the order 11-0 to 13-0 nm thickness deposited at 77 K are in a high 
state of disorder, having a grain size of approximately 0-4 nm and a vacancy concentration 
of 6-7 at % 

On warming to room temperature the crystal grains grow; largely due to the migration 
of single and multiple vacancies to the surface. The resistance falls by as much 40% as a 
result of the consequent rise in the effective number of free electrons and a large increase 
in relaxation time. 

Even at a total pressure of 10~°Torr oxidation of a fresh aluminium surface proceeds 
at a rate of 0-05 nm per hour. Over extended periods, the oxide layer thickness is a log- 
arithmic function of time. 

Annealing clean aluminium films in UHV to high temperature leads to uncertainty as a 
result of enhanced rate of oxide formation. Annealing films which have first been com- 
pletely oxidized indicates that n rises as a result of a multiplication of defects. 

Further studies over a wide spectral range are in progress and will be the subject of a 
later communication. 
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