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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 ?7°K, 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 10~° 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 Qith the migration of 'Dumbell!' (10q> interstitials to
vacancies.

During the fall of resistance, a simultaneous rise of the
product nk, which is proportional to optical absorption, was
observ;d for all films at a wavelength of 0.542/& . This was not
coﬁaistent with £he Drude-Zener formulae and was attributed to an
ihcrease of the inter-band absorption peak cantred at 0.%/4 for
aluminium, | i

Optical measurements over an extended wavelength range
(0.4%/4 to 1.93/4 ) for films on both glass and single crystal
potassium bromide substrates also showed that the anneal from 77°K
to room temperature always produced development of the inter-band
absorption peak and a shift of the maximum_towqrds 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 film&, 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

INTRODUCT ION

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 dfawn from these different
fieldg 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

5 P | 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 electri-zal
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 propcsed
(2)

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

the metal is represented by y
= —_—Te W X nx
B T e Cosw("c"“"“)

where . is the refractive index and~£ is called the extinction

coefficient. In the complex form this becomes
,Juaéﬁﬁii._t
EAEL o
®

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

Sometimes in the literature N is written N = n + ik, 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 6 y is given by

g = < — >\mc

Ao 7wk
If in the long wavelength region of the infra red the
Hagen-Rubens relutionts)
oy

n=~R = 3
is assumed to hold, then it can be shown that
c
3 = 'rz;gsjfjﬁ.
where ¢ is tne D. C. conductivity and ¥ is Lue frequency.

For most metals 3 is ot 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)

and others. For example, the work of Hagen and Rubens

(6)

and Fosterling and Freedericksz in the infra red, met with some

Zener

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 Nood(7) who found that the alkali metals became transparent in the
ultra violet. Zener(4) showed that for the condition
i
wE > 1
where N = free electron density
m = free electron mass

an ideal metal would be totally reflecting, whereas when

LNNE“< [

m w?

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.(a) The well-known failure of the classical
theory to explain the magnitudes of electron specific heats and mean
free paths between ion collisions led to Sommerfeld's(g) application
of 'quantised free electron' theory in which it emerged that only
those free electrons ncar 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

- Ne*A

0y = muv
where A = mean free path AT THE FERMI ENERGY
U = 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

(10) wave functions which enabled them to travel

electrons by Bloch
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
conduction by Kronig(11), Frolich(Iz) and Wilson(ja) among others,
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(g) 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

(15) and Ginsburg(iﬁ) applied the

(17) 5

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 & of the electro-
magnetic field. This leads to increased absorption in the surface
layer.(ie)

Although, as we have seen, fie 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(ig)
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.

Gurzhi(zl) proposed that the relaxation time, ¥ should follow the



form

£ = A + Bw?

(22) (23)

which was applied to gold by Abelés and Theye. Roberts

proposed that the Drude tﬂeory 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

l)
polishing layer referred to previously.(”4)

(25)

In 1960, Mendelowitz examined the validity of the Drude-

Zener formulae for aluminium over the entire range 0.2?/4 to ?/L

(26) (27)

wavelength, using the results of Hass,
(28)

Schulz and Tangherlini
and Beattie and Conn. He concluded that the theory gave a 7ood
qualitative description, except in the region of 0.%/; , 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,Z of 1.2 x 147" ‘gne.,

After 1960, when as a result of great advances in vacuum
technique, metal layers could be produced at pressures below 10_8torr’
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

(29)

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

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

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

measurements, made under poorer vacuum, This was shown in recent
: (31) : . (32)
results by rane and Neal and by 0'Shea and Fane y to be
consistent with the absence of a surface film of oxide. The normal
(29) (30)

et al, and of Maaden et al, was

33
analysed in 1963 by Ehrenrcich( )

relations(Sd)(Ss)(35)

reflectance data of Bennet
et al, using the Kramers-Kronig

to deduce the real and imaginary parts of the
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dielectric constant, € , in the range O to 22 &Y. (See Fig.1) They

analysed the results, as they had previously done-for copper(36) by

)

separating € into a free electron term, EG y which was assumed to

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

e(g)

. Then, observing that interband transitions did not begin

until o0.7¢V the parameters of quwere obtained from measurements below
this value. They obtained a plasma frequency corresponding to

fu.} = 12.7e¢V and a relaxation time,Z of 5.12 x 1071% gec. ' These
parameters were then used to calculate the contribution E(f) in the
visible and ultra-violet regions which were then subtracted from the
experimental measurements. The difference then gave the contribution

) )

of bound electrons €'/, The absorption due to eﬁ was then shown

to be a narrow peak centred on 1.5 e/ which was compared with band
structure calculations made by Sega11(37} and shown to be in
reasonable agreement. (See Iig.24)

There were differences in the effective optical electron mass
(1.5 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.(sz)

Powell concluded that there was no more satisfactory model for

€ than the one which used

p
G €2 aEta”

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

. (39)
structure calculations of Hughes et al,

A greater understanding of the inter band contribution to

optical proberties 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-potcntiai developed by Harrison,

Hei (41)(42) (43)
eilne

and Ziman 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 3:

Véﬂ) L :és b9‘<?2wi}r
with the one electron Schrddinger equation. Solving this equation
enabled Fourier components, Vg, to be calculated and a whole range
of metal properties to be theoretically investigated. The F[ourier
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-llaas 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 state.(24)

The de Haas van-Alphen effect is observable as a change of
magnetic susceptibility with applied magnetic field and comes about
because the IFermi energy oscillates as a function of magnetic field.
This in turn comes about because of discontinuities in the density

(44) (4

of states. In 1963 Ashcroft 5) proposed a pseudo-potential

model to fit the de llaas van-Alphen data in aluminium and was able
to calculate Vg for several important crystal directions. These
components, Vg, were used by Hughes(sg) 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)

Ashcroft(qﬁ) 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 he done by measuring the optical constants in the inter-band

(24
. I . . .
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 expcriﬁentalists can produée specimens ﬁhat match the |
assumptions of the theory. Namely,
i) Ultra-pure single crystal metal films, perhaps
produced expitaxially, which would have
ii) neglig?hle 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 inscluble except by the method

3
suggested by Madden(ao) et al., and used in this laboratory,( = o

f
measuring the effects of «idation with time and then extrapolating
back to the original clean surface.

As Mayer(47) has pointed out, the optical properties of thin
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.

Drumheller(48)

in 1964 considered a pblycrystalliqe 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 calkulated, 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



o - g : (50) = : (51)
surfaces of the film. l'he work of Fuchs 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 malnly diffuse (a now generally accepted assumption) then the

conduct1v1ty for thickness d is given by

% = i‘“’g‘(ﬁ%ﬂ"&ﬁ

Br od <€
and by
oo = ofl + %("’P)ﬁ]_
1t d>7
where o’ = bulk conductivity

P
&

coeff. of specular reflection

electron m.f.p. in bulk crystal, at the same
temperature.

It- can be seen that if f:O (totally diffuse reflection) the

ratio ;ii departs from unity, but if P:l then the thickness effect
disappears.
(47)

The extensive and elaborate work of Mayer 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

2)

example, Cotterill(s arranged for very pure aluminium foils
(2/& th}ck) to be heated electrically to 650°C and quenched in

distilled water. Resistivily increases produced by the quenching
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were measured at -196°C. After anncaling at 70°C for some time
part of the resistivity increase, attributed to vacancies, annealed
out, The same specimen, after electrolytic thiﬁning, 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 concenirations of both vacaneies

and dislocations were estimated. Cotterill found that

Clsie. = (F£2) %1078 awm’

F = concentration of dislocations per em?

and

-b )
e\racancy L= (“f-:o‘:’l)x 10 N.emper atomic % vacancy

T'he measurements of Ehﬁtw. although larger, wers

probably more reliable than previous measurements done by

deformation and quenching of foils performed by Yoshida(ss),

- 3 -
10 19 . Jdem Cl_areborough(54), 3.3 x 10 19 . acm® ; and

(55)

Silcox and Wheglan 3 x 10.;913‘ n om®; who had not used the same

specimen for resistivity and dislocation density measurements.

The measurements of f%“m“iy s which were produced with
the aid of the results of Panseri and Fedherigi(ss) were lower than
those made by Simmons and Ballufi(57) Sas X IO-G_G_ cm per % vac.,) .

More recent determinationsof IQLdac by Rider and Foxon(ss)

in 1966, who used two identically treated specimens, indicate a value
- -19 3 S 1)

of (2.9 - 0.4) x 10 ;l Hoom at liquid nitrogen temperature.
They claimed that the thinning procedure of Cotterill removed some
of the dislocations, thereby indicating a high value of raiwioc .
An extension of the work of Yoshida(sg) in 1965 showed that the
resistivity of voids, i.e. aggéegates of vacancies, in aluminium

: o . . i
could be given by 2.5 x 107 1% d2, 0. om”  where o was a measure

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

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

Scattering of electrons by the grain boundaries of
crystallites in polycrystalline films must also éontribute to the
increased resistivity in thinner films, for which the grain size is

(60) 1964 drew attention

usually smaller, Komnik and Palatnik
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
crystallite size of the specimens. Neuman and Hen(ﬁl), 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(sz)
that (in Bismuth) the mean free path is determined solely by the
crystallite size. A similar work by Mayadas(ss), 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 ))= (0]

as is usual(64)

s the results indicated an increase of intrinsic mean
free path with increasing film thickness. (See Fig.5) Meaauréments
of graih size by transmission electron microscopy showed that grain
Size increased with film thickness, and was in fact about equal to
film thickness(es). This conclusion was also reached by Kooy(65)
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
(66)

part in resistivity.

A theoretical model for the prediction of resistivity increase

for thinner films, taking into account the reduced grain size, was
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67
explored by bhyadas( ) 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
bebaviour. 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 vas first obssrved by Buckeltand Hllsch o) that thin

films of pure metals, deposited on to substrates held at low temper-
atures, showed an extremely high reéistivity 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

(71)

Bosnell and Voisey 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

been reported, for example the work of Mader and Norchk.(72) 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,é% 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 fery small, Buckel and
Hilsch (among others) have clearly shown this to be the case by
means of electron diffraction patterns for the materials aluminium,
lead and mercury. Chopra, in a recent review(73) of the effects of
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 6% 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
érystalline, 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
fesults 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

e—& , where u.f 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 10-3%.

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 o, /B 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 10™> (i.e. 1%).(75)

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 (estim#ted by several workers to

be as high as 10 atomic %)_(72)(33)

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 IOOOK, the
thermal energy available is very small (0.1 eYor less) and the
recovery in this stage is unanimously attributed to the migration
of interstitials or Frenkel-pairs (i.e, interstitials falling into

(76) Above 1000K the recovery is attributed to

nearby vacancies),
the migration of vacancy custers, and other interstitials.
Stage 11T, generally around SOOOK, 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.(?o)(?()(?ﬂ)

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)

An important proposition of Seeger(BO) in 1958, which was

later extended by Meechan et al.(si) (82)

and Bauer et al. is that
there are two stable forms of interstitial configuration with
different activation energies. This bhas now gained general

acceptance (see the 1968 review of Lidiard(83)).

One form of inter-
stitial configuration has a migration energy W, of around 0.1 eV

and migrates freely in Stage I. The other has UW,, around 0,6¢eY
and migrates in Stage III. These configurations are tentatively
identified as <1 10> Crowdien and (100> dumbell respectively. See
Figs.9A4 and 9B.

It is possible, then, that the Stage III recovery (100°K to
300°K) which is the subj?ct of much of this work, could be attributed
to 'dumbell' interstitial migration to vacancies, which are éhihilated /
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 1IV. Theoretical calculations of migration
energies in copper by Johnson and Brown(84) predict Um = 0.05 &V
for the 'dumbell' and !gn= 0.25e/ for the 'Crowdien.' Experimental
work on aluminium subjected to electron bombardment by Sosin and

(85) in 1963 showed that Stage II (around 140°K) had an

Rachal
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 ¢V and second
order kinetics. Since the latter energy does not correspond to U,
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 <110 CROWDION INTERSTITIAL CONFIGURATION.




F1G.9B.

THE <10 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

(86) enables film thickness to be determined with great

To lanski
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

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

(88) has shown that the

a’' separate determination of thickness. Male
film thickness may be obtained from the same experiment if sets of
curves of reflectance and transﬁittance against thickness are drawn
up for a range of values of n and k. It is preferable to measure
n, k and t simultaneousl& 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(gg) 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.(go)

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
as '@Wliigsometry.'

When plane polarised light falls on a surface the incident
light can be resolved into compencnis parallel and perpendicular

to the plane of incidence, for which the reflection coefficients

are different; and are usually denoted by rp and r, respectively,
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(Sqe 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 Ef .
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, fO of the
(p) and (s) components as
f{) = %? 4 ﬂmn,ﬁ?k e?tZS

where ?’ 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'?F 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 EF 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) (82)

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(gs). 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 of 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) in 1920. A concise exposition

(97)

in 1927 lead Ives to make use of the

Tool in 1910 and by Hauschild

of the subject by Pry(gﬁ)

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 mo lybdenum surfaces.

The first detailed experimental work using the Drude
technique was by Tronstad(gg) who investigated the chemically-produced

passivity of iron and steel mirrors. Tronstad also investigated

the optical constants of a mercury surface(TOO)

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

i 0
metallic surfaces(1 1) and showed that the corrosion rate depended
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markedly on the water contenit 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) Extensive measurements

[ 4
were also made of copper-nicke1(104) and copper-zinc(100) alloys.

(106)

evaporation of the metal in hich vacuum.

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,

either Nakamura plates or later Tronstad(107) 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 y 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 al.,‘111)

(112)

made possible the
development by Beattie 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 Frecdericksz,(ﬁ) although



-20-

there were serious theoretical limitations on the accurécy of such
measurements, as shown by Beattie and Conn.(za) 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 éhe 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 reqﬁired. 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‘lis) 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 MchmkintTts) is used and where for infra-red wavelengths
the method of Bgattie(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 generél technique of ellipsometry was con£inued

(116)

by Me¢Crackin et al. who reviewed the procedure for alignment and

calculation of results; and by Archer(117) 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

1.118) .4 in 1963 Bor ana Pryzbylski(119)| using their double

et a
beam instrument, claimed an accuracy for the setting of the polaroids
of one minute of arngle,. 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' effeét is observable as-a
rotation of the plane of polarisation when light paéses through a
dielectric in the presence of a magnetic field. Gilham employed
lead-zinc borate glass in the form of c¢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.

(123} 5 ad to the

Further developments by Gilham and King
development of a commercial instrument produced by Bendix Electronics.
Independent development of an equally accurate instrument took place
: 7 e (122)
in the United States by Williamson et al.

Several instruments have been developed on the basic design

of King(114), for example that of Seward(124) which as well as

accurate mechanical parts and Glan-Foucault prism polarisers,(125)
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 as%ym;trical 0052 signal which has

a basic 2f component with an f compo;ent 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 I 5 seconds of angle.
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CHAPTER 2

ESSENTIAL THEORY

=5 4 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 shown 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 emergy bands for the principal
symmetry axes, made by Ehrenreich et al.(as) are shown in Fig,12.
This shows that the only inter-band transitions below 8 ‘cV at
symmetry points are those between the two qccupied states W 4 and

2

WS and the unoccupied state at W The calculated transition

1
energies are 1.4 and 2.0 eV respectively. Since the experimental
peak value of optical absorption, which is prﬁportional to 62 =2n£,
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 ﬁlOJ 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 [ig.12,

Detailed calculations of the magnitudes and shapes of the
theoretical optical absorption curves due to transitions at W
and :g were also made by calculating the mergies in a three- i
dimensional mesh (106 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



kg
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Fige. 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 Fhrenreich et al.)
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sum of the contributions from transitions between the w2 and w1

bands and between the ‘§E3and the és,bands. Curve (B) is

associated with the transition from the w3 to the w1 bands. FFor

comparison, the experimentally determined inter-band absorption
is also shown.
An experimental investigation of the inter-band transitions

enables the values of the Fourier components of the pseudo-

(404)

potential to be determined. According to Harrison the

pseudo-potential may be written

Nt k)

Vo= R.f
g g B
where Fé is the geometrical structure factor as encountered in

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

individual ion potentials. It is clear that the only V, that

g
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
Vi11 and V200°(24) (i.e. those components of the pseudo-
potential for the (111) and (200) Bragg planes.)

It is shown by Motulevitch(24), using an approximation
based on a linear combination of two plane wa;es, and alsd‘sy
Ehfenreich et al.,(sﬁ) that the difference in band energy along
the .EE axis is almost constant for aluminium and has the value
2.V200. Hence the value of Voo is given by half the energy of
the absorbed light guanta at the maximum of the_interband peak.

V200 = 1%?2 = 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 ey, (45)

At first sight, it might be expecfed that the main

electronic characteristics of N*, the effective conduction electron
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density, S, the total area of the Fermi surface and Vg , 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 characterj
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 accerding to equation
(A ), it may be seen that the Fourier components of the pseudo-
potential should decrease at higher temperatures. As a result,
N*, Sp and 4 all increase at high-r temperatures(24) 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(147) in 1970 and was confirmed more

recently by Liljenvall et a1.1(125A) whose results are shown in
Fig.12A. The ellipsometric technique of Beattie was emplayed 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 Vopp 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

(24) ' -
has pointed out (p.93) that

neglected although MoTulevitch
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 becéuse 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 Abelés,(iaﬁ) and used by Heavens.(go) 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 perpendicula} to the plane of incidence, and are denoted by
a subscript (p) or (s) respectively. The media are numbered
and the material idenéified by this number. As mentioned
previously, if a medium is absorbing, the refractive index is a
complex qu;mtitny: n.-liﬁ y 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) 5

equal amplitude. It may be shown that the Fresnel

coefficients are given by:

®» & N Cng + H:Cosgh

yhao = £i? = Wl — N Casqg

s N Cs g + Ny Cos gy

for light travelling from medium 1 to medium 2 having an angle of
incidence ﬁ , and angle of refraction fl . 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 X falling on an absorbing film of thickness d and
complex refractive index .A{ y supported on an absorbing substrate
of index yﬂg . The complex amplitudes of the successive beams
reflected and transmitted by the film are shown in Fig.13, in
which 5; represents the amplitude and phase change in traversing

the film once,

51 e g}_\EMdcos?sz

The reflected amplitude from the whole system is thus

given by the infinite series;

~2¢8, 2 ~kidy
hehhbbn€ = Lbnlle T+

which may be summed to give:

‘ 288,
na = 711 i t‘a tﬂ Is €

| + rars e

~2i8,

o / 1
It follows from the conservation of energy(gg) that ¢1ﬂ1==ﬁ—£ﬁ%7
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and substituting this into the previous expressions, the
reflected amplitude becomes

~20b.
e Al -

4 Yo"

where F) is the amplitude ratio and A is the difference in phase

X ‘oeiA

(say)

of the reflected light compared to the incident light. Two
identical expressions exist for the (p ) and ($ ) components
although the numerical values are different, because the Fresnel
coefficients are themselves different. The ratio of amplitude

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

cA
o) € sl Py ei(ﬂp“As)

Yo fo ™ Qe

For convenience, this ratio is usually expressed in the form

T (P) &% cA
Y3 () 3 Iaﬂl'ii} =

As we shall now show, the ellipsometer measures Tan EP' y the
relativé amplitude reduction and A y the difference in phase
change for the (P ) and (s ) components. The parameters ? 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_and-ﬁ.for the film from the
measured values of ? 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 m and
4{4are then found by inspection by finding consistency between values
of m, -ﬂ., 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, bhas 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

L2 ] .
(128) or to start at the surface

. W 2-
and work downwards towards the substrate, as proposed by Vaslcek.(1 ]

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 Vasidek. 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 polarised light, produced by
the polariser P, is incident on the specimen with azimuth %f
i,e, its plane of polarisation inclined at an angle q& 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 (s ) 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).

i E g 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 aqgle ¥
to the major axis of the ellipse. See [ig. 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
45 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 £ are equal.
The azimuth ¢ of the polariser is then equal to the

parameter E? mentioned previously for, from Fig.16;

E*
tan = e— (1)
SU fpf
But , =
E;) [y )
Tm? = -B‘L’ = ....F_f_._ = Es
e et )
Esf Es*
Since from above, fi = 0

+

then Tan? = -—-l—,— = 5_5__
£p Er

(Es') P

Hence, from (1) tan ?f

?/

The ellipticity ¢ is related to the phase difference A

L
=
sy
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between the (p ) and (S ) components. In general, it may be

shown that
ton 2Y
tand = Gl gk
48%, Sia 2" = 1.0
tan 23’
A .28

Since, from above x

and tanA

The ellipticity ¥ and hence the phase difference A
is determined from the analyser azimuth, as shown in FKig.16. The
azimuth of the compensated light is 45 +¥ , so that the azimuth
of the analyser in its extinction position will be 45 +¥ with
respect to O(;, the perpendicular to the plane of incidence. It
is this quantity, marked x on Fig.16, which is measured
experimentally.

Since x = 45 +¥ = 45 +

(1)

then A 2x - 90

In general, pairs of polariser and analyser azimuths for
extinction occur which fall into four zones. McCrackin(116)
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

Poincaré'sphere.
ellipticallypolarised light, three parameters are required:

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

which = 2 = tan U’(say)
b) the azimuth of the major axis, X

¢) the rotation direction, conventionally positive
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if anti-clockwise looking towards the
on-coming light.

On the Poincare 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 Poincare sphere) results in an optically
identical situation. The northerﬁ 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, ¥= 450, 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 M and o respect-
ively. As is usual (P ) and (s ) 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. ;%
represents the plane polarised light falling on the specimen,
having azimuth ¥ (shown as longitude 2¢ on PS). Since from
Fig.16, tan ¢ = EEPE y then Tp 8 represents £5 and ngp,
represents E} y» the components perpendicular and parallel to the
plane of incidence respectively. The relative amplitude reduction
on reflection alters the ratio of these components %E?f .

The azimuth of 7‘? (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. P1 is therefore the
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7? Polariser reference position that transmitts parallel
to the plane of incidence.

]& Position at 180 degrees to the above,
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polariser setting for extinction between '"b and Wg which are
90° apart, but shown as 180° on P.S.

Consider the relative phase retardation & between the
(p) and (s) componeAts. 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
T T by an amount A . See Fig.20. (Clockwise rotation as
seen from the fast axis, say Mg .)

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 P/ . The compensator introduces a relative retardation of
90° (i.e. one quarter wavelength) so that any elliptical vibration
on the great circle QbPr 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 1’ﬂpasses 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 Ay
is at a measured angle x to ofg (shown as 2x on P.S.), then

22 90 + A

A - 2% = 90
For convenience A has been shown less than 90° but the
method is still applicable if A is greater than 900.
As well as the polariser position for extinction P4, there
is also a position P, which is symmetrically placed about ﬂP s
See Fig.22. There are also two non-significant positions at
180° to each. Fig.22 also shows the corresponding analyser

extinction positions Ai 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, P1 and P2
are symmetrical about Wp (the plane of incidence). The two
corresponding analyser positions A, and Az are at right angles to
each other, and are at an angle x from o and aCP respectively.

Two more paira of extinction posiﬁions, 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 -45°, i.e. 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 QP’ in Fig.21,
instead ot a clockwise rotation. The polariser extinction
positions are unaffected but the analyser extinction positions occur
at the same angle a2 on the other sides of &g and Xp . Four more
pairs of extinction positions are thus produced,making a tqtal of
eight péirs, as shown in the table of results in Appendix 3. Any
single measurement in the table has an equivalent position at

180o 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 McCrackin.(lle)
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 accéptably close to the averame.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 -450.
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,(lsl)

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 ?? 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:

EW =‘E'Cb5¥? CEHHt
Ed,=*£'5égfﬁ Coswt
If Y and fs are the Fresnel reflection coefficients from the

surface in the (p ) and (S8 ) directions then the reflected electric

vectors will be:

Ey = En Cos Yy Cos(wt + &)

ES = E1 Sinty Cos(wé +8,)
where BP and Z’s 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



e o
COHL13IW S311lv3g 40 SiIsvd

dy3Siyviod \
VISATUNY \

dh

L

L

N3IWID3d ¢S




=30

the transmission axis be Yh , as shown in Fig.23,

Hence, the transmitted electric vector is:

E€ = En oy Gy Gs(we +8) + Er Sin Siny, (o3 (wt +5;)
The transmitted intensity, Ieat any instant, is given by the

square of the above expression which, after some trigonometrical

manipulation gives:
If = E'n Gt G’y Cos'lot +8,) + E'rt Son' gy Sim'yy Cos'(ot +8)

+EE 1, Sin 24} Suie 20 Gos(2t +8,4B)+EE 1, Sin 2 Sin 24 G (,-3,)

When the time-averaged intensity (that which is measured
experimentally) is calculated from the above expression, using
the standard results;

. 2 2

Time averaged Cos” (w€ + 6 ) = %

Time averaged Cos (2wt-+3,+—5,) =0
the measured intensity, expressed as a function of ¢ and Ya o

becomes:

It,4) = EY20'Gey Gy + 40" Sin'y Sin'y; + #73%; Sim 24 Sin 29 Cos A}

where A = 5{)"‘ 35
Writing s e e
then,

PRS 7 = Y B R | 1 R e 4L - .
I(%%) QEQ{PCOS%COS ¥% t Sin ¥ Sy, f;FSMQ%SmZ%&sA
For metals of high conductivity, Ez differs little from
unity so that it can be incorporated into an intensity 1; , such
that Io = %Ezr;z.
The intensity then measured may be expressed as:
e LA G2 A, 2 3 AC, : (2
I,%) IO{SLan%Sm% + PG5y Gy + 20 Sin2y,5im2y, CosA} )
Beattie's method involves the measurement of four intensities

for which the polariser azimuth,qﬁ is set at +45° and the



)

: o o o i
analyser azimuth has the values +90 , 0, 445 , =45, From

equation (2) above, these are

I,('rf,-r%) A 7

Lk, o et e

LEL+E) = sL(1+p*+20CsA)
Im-ﬁ ,~—%) = tL(i+p" - 2pGmn)

It may be shown(112)

p 1/;1,:=Twn‘? (3)

and e 2((3 +p) Is+I-.} (4)

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

of P , since the quantity %(é +(3) differs very little from

unity. The method provides a useful check in that I_ -4 1, should

1 2
be equal to I3 + 14. 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.
i.e, = 45 -~
Ib,y) = I(-%:-%)
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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CHAPTER 3

INTRODUCTION TO THE EXPERIMENTAL WORK

The purpose of the present investigations was to continue
and extenq the study of the relationship between optical constants
and structure already initiated in this 1ab0ratory.(114)(31)
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 facior, no detailed study of this aspect bhad
been made.(31) The analysis of anncaling 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 annealing
oflﬂefects in the specimen. For such correlakions 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. Pirstly, the method
used by Madden et al.(so) 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
quilibrium layer of oxide, known to be approximately 3.5 pm 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 comparatiﬁely large variationg. Accordingly, it ;as
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 1eads.
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 for a thinner film.

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

waves in a highly absorbing metal (approx. 10 nm
in A¢) the optical measurements give information
on the entire thickness of the film.

Measurements oé 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_jnter band transitions enables the principlé 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.(24) 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. Th; zone
structure and Fermi surface ar=® well understood and band energies
have been calculated in detail, notably by Ehrenreich et al.(33)
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

(162)

a result of oxidation and also of electro-migration

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 c hamber was pumped by a four-stage diffusion pump
charged with D C. 705 oil. This pump was backed through a liquid
nitrogen trap by a 42 l.rnin_1 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 scals
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 ﬁxidation of the specimens,

Electrical connections to the specimens were made‘via 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 twé 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 L1, 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 A5 restricted the beam so that the divergence Qas
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 ocut to %/L 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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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 N respectively, the phase difference between
these two rays after passing through the plate will be given by

‘6 = gf‘-("-a" n.)‘ﬁ.
where £ is the thickness of the plate. For an exact quarter wave
plate 3 equals ¥ and is determined solely by . 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.(jsz)
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 Cqy and A4 respectively. Compensator and analyser
are then moved, first together, and then independently to a new
extinction position represented by Co and As respectively. As
shown by Jarrard, the phase difference introduced by the compen-

sator is then given by

Tan (H,—H,.)
Cos8 = Tm(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 Sewar‘d(124) who shows
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that if the quarter wave plate is in error by an amount €
(i.e. 8=%%€ ), and if it is used to compensate an
ellipticity y, then the error in analyser setting, da is given

by
€ Sin*yY Cs2?
2 — €*5in* 2Y

Tan2d o =

For the values of ellipticity that occur in the present egperi—
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 Lype 6094B,
supplied by E,M.T, 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 lichts.

4.1.4 Torm of Ellipsometer used for Measurements in the

near Infra-red Region

The method need is due to Beattie'11?) and is fully

described in section 2.4. The polaroids consisted of HR grade,
oriented linear polymer material which were useful out to %ﬁt
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 pathode is shown in Fig.33, and it may be seen

that there is sufficien£ sensitivity over the range of wavelengths
covering the inter-band absorption peak in aluminium (0.7 to I.Q/L )
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 Fig.34. According to Heattie,( 15 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 O.S?/L to 2'2/“ y 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 overnigcht 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
hoilineg 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 thchell.( )

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 10—10 torr.

The specimen of 99.999% puire 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
2 x 10_8 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/#\ to avoid thermal effects.

4.2.3. Measurement of Specimen FFilm 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 Scott.(134)
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.ISO, 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 of 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 2% .

llence
2;, =m>\—-é—\

(10)

where m order of the fringe (not necessarily integral)

% = phase change on reflection.
A shorter wavelength )\' also exists such that (m + 1)
wavelengths are contained in the same path length. Hence
I 6 {
2y, = (m+1)X — X (11)
The phase ﬁarameter -% in (10) will in general be a
: : (1341)
function of wavelength but it has been shown by Koehler for
§ (134B) = ) .
silver and by Shultz for aluminium, that the function is

r

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

( --?—) e (12)

In the region 3&, of slightly different path length to
‘yr , there exists a different wavelength, h‘ such that a fringe of

the same order m is produced. Hence

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

(13) and (10) ¢ =yz._yl & i’.(m_g_)(h'_/\)
¢ - (m-8)8

(14)



A

L HALE [ SILVERED FraT |
% ek
4 i + } d2

Fil.m - L L L L /.

e aa~SUBSTRATE

BLUE

NN
NV

S
\_______.//h3
M2

FRINGES OF EQUAL CHROMATIC ORDER

FI1G. 38.




=950~

" The field of view in the spectrometer is therefore a
continuous spectrum with a series of stepped fringes superimposed
as shown in Fig.38.

FFrom measurements of the wavelengths )f y the order for a
number of fringes was obtained, which should increase as consecutive
intergers towards the violet end of the spectrum. Measurements
of \, were also made which yielded AN 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, 2t m = 8 the error is only 0.5%, whereas at m= 1 the
error would become 3%.‘134&)(1348)

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 Murr.(lss)

iii) Electrical resistivity.

iv) Changes of ellipsometer parameters ¥ 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 azimuths

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 paus thfough the polaroid. 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 roushly 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 toc 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 extinection 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 msthod of measuring the
analyser azimuths giving equal intensities on ecither 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 éufficient to attain the greatest accuracy.

Pélariser and analyser azimuths now correspond to T% and ofg
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 T, and
% 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 polarisesd and cannot be extinguished by the analyser,
There are, of course, nnn—éignificant positions at 180 degrees to

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

author's notation in Kig. 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 compenéator,

a position of minimum transmitted light is obtained. The exact
compensator reference positicn 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 arain, 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,
enablineg the analyser to produce extinction. The procedure is
repeated for the alternative compensator position which is 90 decrees
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 t_ﬁ and A for a

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
; Ee Lo
ratio £= = 1.0.) Because of the phase difference, A between
-]

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 ]l - 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 A . 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 anotiher
quadrant , but not 1@0 degrees away, giving readings Py and Ao on
polariser and analyser respectively. Two other polariser positions,
P3 and P4, together with their corresponding aﬁalyser positions
A3 and A4, are also measured. It is found that P3 and P4 are at
approximately 180 degrees to Py and Py respectively. A3 and A4 are
also at 180 degrees to A1 and A2 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 bas been shown in section 2.3 that P. and P, are

1
symmetrically placed about I}. In general, the polariser settings
are symmetrically placed about the plane of incidence. P1 s Wp
should equal ﬂ;—-Pz. In general, the average is taken

(’?‘";@)‘f‘("ﬁ'a) = %
2
As shown in section 2.3, using the Poincare’sphere, Tan¥

equals the relative amplitude reduction between the (p) 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
Az are always separated by approximately 90 degrees. 0(5-—Al

should equal a?~— Aye In general the average is taken

Cci=A)+0~8) L x
-

where the angle 2x - 90 degrees gives the relative phase retardation,

A between the (p) and (5) components.

4,.2.6 Procedure for determination of ? and A for a

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 intensity I for polariser azimuth
% and analyser azimuth % , written as I(ffp,%) , for the
following values

L= I(t§:+%) ; I = I(+§:0°)
I3=I(+Esf%) : I, = I(+‘;r-;—%)

Ffour 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 equilibriuvm (usually ten.minutcs) before measurements were

commenced,

Pessible errors due to background illumination were avoided
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by coverine the ellipsometer pin-hole with a metal foil and settling

the zero of the photomultiplier detector with its shutter open.

The foil was then quickly removed and the intensity reading taken,
After averacing the values of I(+) and I(-), the parameters

'g; and A are then calculated, as explained in section 2.4, from

the formulae:

Tantg=ﬁ;=(o

Ty =
cos 4 = #(3 *F) r:+I{*)

Once the parameters ¥ and A have been determined, d@ther 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 ﬂroqréms 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 ¥ and A are plotted against n
for various values of k. The measured values of Ef' and A for the
speéimen are then drawn as horizontal lines on these graphs. For
example, the experimental value of EP’ 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, bheing 1.035 on Fig.39A and 0.82 on Fig.398B.

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,l¢ , 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 wmean
values of measurements in different q.adrants.

The kodial glass windows, through which the light enters and
leaves the vacuumn 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 has been opened for several days and a
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 'f 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 nﬁmber of beams of decreasing intensity and of different
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states of polarisation which influence the settings of both polariser
and analyser. Brrors introduced by this effect cannot be eliminated
by any manipulation of the readings. winterbottom(ga) has shown

that errors of as much as & degree in &? and % 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 totél error in the absolute values of n and k may be

as high as 10% in some cases. liowever, 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%.
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CHAPTER 5

RESULTS AND DISCUSSION FOR 549 nm.

S.1 Anneal from ?70K. Flectrical 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 0C and
0.0012 per_OC respectively. The values of resistivity at 0°C were
12.1/uIlmm. and 12.?/dl.un 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 4 flem.

A detailed examination of the stage III anneal has been made
for a number of films. The determination of Sﬁ., 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 SR against rfr 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
confirmed by Lidiard.(ﬂs)
Further experiments were performed to carry out a 'ratio of

slopes'" analysis to determine this activation energy. As explained

fully in ,\pr_.lendix 1, it is required to measure the rate of fall of
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resistance with time at two fixed temperatures TI and T, which
should be close together. The ratio of these slopes just before
and just after the change-lead to the activation energy (L , defined

by the equation:

[ s

dt |

[_@l

A
= T exp, x(?; 7;)
At

Fig.45 is typical of several films investigated, the mean
activation energy of which was found to be 0.20 I 0.05 eV. This
value is rather lower than expected, and will be discussed 1ater.

The results obtained above show marked similarity with those

L G T : y o o
of Ceresawa in which cold working of bulk aluminium at 77 K
produced defects which annealed out between -100°C and 0°C with ~n
activation energy of 0.5 eV. These defects he proposed to be single
; € (137)
vacancies, On the other hand, Neugebaur shows by means of
electron microscopy that the fall of resistance‘h1?mnched metal
: : : : (138)

films on warming, is caused by grain growth. Andrews has
estimated the specific grain boundary resistivity in pure aluminium as
2.45 x 10712 (L em* 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 Gleiter.(isg) 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

grain boundaries, would appear a reasonable explanation for the fall
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of resistance on warming a vapour quenched film. However, there
are two objections to this. The first is that the observed valu{
of activation energy is too low hy a factor of three, compared to
accepted values for vacancy migration obtained from radiation damage
and from quenching experiments. For example, de Sorbo and
Turnbu11(140) and also Frederighi(141) agree on a value of 0,63 <
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(lqz)
the order of reaction is found to be greater than 2. A simplified
version of the same technique, due to Sosin and Hacha1(143)
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,

o (4R) a2 _K(AR)“L
ac

where K is a constant.
On integration this gives ,
A—%:Kt‘f‘z
so that a graph of ﬁ% 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 wvacancy
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
saﬁisfacturily. 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 hieh 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 hiech; much greater than the 1% typical of radiation
damage experiments, Indeed, if we take the resistivity of

vacancies alone as that given by Cotterill(sz) as 1.4 x 10"6.n.uw

per atomic % vacancy, then the defect contribution to resistivity
would indicate about 6.5 atomic % vacancy. It is interesting to

note that Mader and Nowick(72)

deduce a similar figure of 7 atomic %
vacancy in quenched copper and silver films. If the extra
resistivity were due enfirely to interstitial atoms, for which the
resistivity is some four times greater than for vacancies,(72) 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
the proposal of Monch(l45) that densities of vapour quenched films

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

e : (1454) :
aluminium films made by Hartman 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,
'SUrroundiﬁg each interstitial.. This béiﬁg so, it may be

expected that as the annealing proceeded, the annihilation of
vacancies would result in a rise of activation energy. I 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 tﬁermncouplc 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 5°C.
occurred as the specimen film was formed from the vapour.

Jt has previously been pointed out(sa) that bhalting éhe
warm-up at any temperature € and cooling again to 77°K results in
linear metallic behaviour between € and ?70K, a further fall of
resistance occurring only when the temperature 6 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.

2 Anneal from 77°K. Optical Measurements

o

The variation of optical parameters Y" and A for a typical
film (film 2) after correction for strain fn the windows, is shown
in Fig.49 for the entire duration of an experiment. As for all
other films, the value of both 4’ and A were observed to rise during
the first warm-up (during which time the resistance was falling).

In terms of the complex refractive indexlﬂ‘:'n ~ iﬂ, these changes
can be interpreted as an increase in the value of & and an increase
in the value of n, the product nfk thus becoming greater. (Compare
Table 1 and Table 2 below.)

TABLE 1 Measurements after deposition

of films at 77°K

il Th};i(znltmi}iss A n 4 aTke ok
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 111 anneal

Lol Thqgsggss F A n K Rk -pk
2 11.0 36.67 138.88 0.79 5.67 -31.53 4.48
3 13.0 36.05 140.55 112 5.30 -26.84 5.94
7 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 al. , namely n

k = 6.6 at a wavelength of 550 nm.

(36)

= 0.99 and

Those films which were returned

to liquid nitrogen temperature immediately after the stage III anneal

showed no observable change in ¥ and A (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

Hodgson(147)

Motulevitch,(24)

confirm that at the wavelength of these

and of the optical constants of aluminium reported by

experiments (549 nm) any temperature effect would be extremely small.

The results of section 6.2 also support this view,

produced by the anneal are summarised in Table 3 below:

TABIE 3

Film etay
Thickness

Number ;

(nm)

2 11.0

2] 13.0

7 12.5

12 12.5

8 12.0

Changes produced by stage ITI anneal

Increase

cvt‘f'D

Incregse % fall,
of A of n“-k

% Rise
of nk

43

i
23
18

16

The changes

% Rise in
Conductivity

37
10
26
28

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;

€ un=-Rk* =

LTN*e*
, -

mw?

(4)

(5)



N*¥e*z o)
g, = -
where the complex dielectric constant € = e,r-éei : N* is the
effective electron density and T their relaxation time; o, ia

the d.c. conductivity.

These equations were derived for conduction electrons only
and do not apply in Lhe'reqion'where interband absorption_ occurs,
Fig.50 is a sketch of the general shape of the absorption spectrum
of aluminium and showslthat 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 111 anneal produces a drop in

the value of n2-k2, indicating from equation (4) that the value of
%; 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 nz-k2 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
* dincrease of %}, ~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, 7T , should increase at the same
time, by about 30%.

The combined effect of an increase of %} and an increase
of‘t would be expected to produce, from equation (5), a reduction
of the conduction electron contribution to nk of apprnximately‘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
- (149) ; 2 : :

Fheye , working with gold films, have also observed larger
values of nk for films of increased perfection in the region of

. N*

interband transitions, The proposed increase of o and the

- increase in 7T as the vacancies are -annealed out of the film are also

in agreement with the results of Abeles and Theye.(lqg)

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 EF 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 IAnneal to 100°C for film 2 (11.0 nm)

Resis-
q? A in k n2-k2 nk tance
()

Before 100°C

36.67 138.88 0.79 5.67 =-31.53 4.48 20.6
Annesl

After 10000

35.82 139.82 0.98 5.60 -30.40 5.48 20.0
Anneal

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 ‘P' increase and
the resistance.fall, and secondly oxidation, which makes A and ﬂ?
fall and the resistance rise.

5.3.2 Anneal to 250°C

During the beating of film 2 to 2500C, it was observed that
the resistance increased at higher temperatures at a greater rate
than would result froﬁ 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 decrcase; 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



some oxidation had already taken place during the life of the film,
In fact, Fig.41 and Fig.49 show that, after the first few hours,
there is a steady upward drift in resistance and a downward drift
of 'i’ and A , all indicating oxidation.

. 5.4 ° i Oxidation Expériﬁents

Further experiﬁenta were undertaken in which films were
deposited under identical conditions and maintained in ultra-high
vécuum for varyin# iifetimes beforeffinaily exposing tﬂem to the
atmosphere. Table 5, together with [ig.51. shows a clear depend-.
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 Ef fect of film lifetime

Film R Sckness Total Final Final Final
Nimbar Y (i) Lifetime Fall0 Fall0 Reduction of
(hrs) of ¥ of A Conductivity
(%)
8 12.0 3 8.56 13.83 162
7 13.5 75 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

u torr durihg the experiment, this

pressure of oxygen of 2 x 10~
oxidation rate is consistent with £imes 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 ITI
anneal sho#n in Table 3 should relate to a clean, ﬁn—oxidised

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 5_5‘ s A and
resistance which all proceed in the direction of oxidation, even at
the total pressure of 1.5 x 10-9 tofr, 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 10-8 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 Neal.(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 10-6 torr or higher.
Measurements made at th?se 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

(31) for thicker films.

reaffirms the conclusions of Fane and Neal
It does mean, however, that the changes of n and k produced during
annealing of thinner films (Neal et al.(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 ¥ and a rise of A . Program 3, described in

Appendix 2, has been applied to the results assuming that the

¥ : o . L x et 150)
refractive index of the oxide was 1.635 as measured by Vasicek.
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 2600C

Film 2 a2 Resis-
Number E} A n '} n“-& nf

o tance(f)
Before &850 C a4 w8 i35 84 1.08  4.76 <o1,37 ci.07 38.%
Anneal

12 =
After 250 C

I33.12 136.84 1.18 4.72 -20.93 5.48 5
Anneal .

The experiments of Klei(lsi) 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
neglirible, A reduction of 10% in the oxide refractive index leads
to increases of f 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 al.(152)
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CHAPTER 6

RESULTS OVER AN EXTENDED WAVELENGTI RANGE

Using the Balzer interference filters to provide mono-
chromatic light, and the ellipsometric method of Beattie,
previously described, measurements of 'i' and A were made on
aluminium [ilms 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 suhstrates

6.1.1 Anneal from 7701\' to room temperature. Stace 1711

Some results for a film (film 19) of 11 nm thickness,
deposited at liquid nitrogen temperature on a glass substrate and
subsenuently annealed are presented in ['igs. 55 and 56, which show
the variations throughout the spectrum of EE’ and A respectively.
The curves show that over the wavelength range investigated (0.4D%u
to 1.1§/u.) the initial warming from deposition (curve 1) to room
temperature (curve B) produces an increase of both ¥ and A . The
resulting changes of n and k are tabulated in Table 7. The chances
in the product nk, which is related to the optical absorption, are
plotted in Fig.57. It can be seen that the inter-band 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
(1.55 eV). \s a result of the Stage 111 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 0.54%/&
(2.5 eV).

; 2 <
The changes due to the initial warming of n~ - k™, 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 ITI anneal for 11 nm film (film 19)

Wavelencth Values for % Values at
/&_ Deposition at 77 K Room Temperature
s e &
AFass. s 5 g 735 el
0.851 § 5,75 .50
Osz04 K .55 .51
om B 2k i
0.604 k 1.20 4790
0.549 § 1,00 hett
0.499 ; 3,65 he

aluminium (Fig.1) except that the inter-band peak at deposition is
agzain moved towards lower energy (1.2 eV) compared to bulk aluminium.
The effect of the Stage I1I anneal is to move the peak towards
higher energy (as above) and this makes the vaiue of e wik® become
more negative at the shorter wavelengths. Throughout the wavelength
range investigated, the proportional reduction in n2 - k2 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 N* of
approximately 8%. ¢

During the stage TII 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



effects of oxidation produce the changes in EF 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 ¥ and A 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 }P 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 36.
The directions of change of both ‘P 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 n2 - k2 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. Throuzhout the entire range investigated, the anneal
produced an increase of n2 - k2. 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, [ig.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 S oy Room Temperature
e (After 260 C anneal)
/éi (before anneal)
n 3,70 4.9
1015 Kk 8. 20 o
n 3.53 4,53
1.056 Kk 7.95 5 58
n 2.87 2.97
o851 K 6 35 c ok
n 2.26 2,76
sEUS k 5.70 5.61
n 2.60 2,75
n 1.38 1.54
.604 % £.60 g
n 1.30 1.45
<543 k 4.47 4.41
n 1. 11 1.03
.499 Kk 4.10 % n%

Films deposited at room temperature show similar variations
when fully oxidised and annealed to 260°C. Figs. 60 unq 61 show
the.changeg 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 §9 and reduced A above O.Q/L wvavelength, and
produced the opposite changes below 0.§/L - The equivalent changes
of n and k are set out in Table 9, and the corresponding variations
in nk and n2 - k2 are shown in [Figs, 62 and 63, The inter-band
absorption peak for film 21 (27.5 nm) is seen to occur at approx-
imately 0.?}( as expected for bulk aluminium, Once again, the
effect Qf the anneal is consistent with a shift of the inter-band
peak towards shorter wavelengths in both the nk and n2 - k2 curves.,

6.2 Specimens 6n substrates of single crystal potassium bromide

With the ultimate aim of producing epitaxially grown single

crystal aluminium films, having any desired crystallographic axis
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TABLE 9 Film 21 275°A Room Temperature Deposition

Wavelength Deposition at Room Temperature

jéﬁ 5 Room Temperature After 260 C Anneal
g e o
1.056 - ;:gg ;:gg
0.851 5 3133 g:ig
0.804 % g:gg g:;g
0.753 L ;:gg :.zg
0.604 . ;:gg §:g;
0.549 - ;:gg ;:gg
0.499 . ;:éﬁ ;.;g

parallel to the plane of the films, specimens were deposited on to
single crystal slabs of potassium bromide, as proposed by Landry and

Mitche11, (133)

Initially, films of various thicknesses were
deposited at normal incidence on to the polished (100) face of the
potassium bromide substréte, which was held at 77°K. 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 7?7°K (Stace I17)

The variations of ? - A and electrical resistance during

the stage 111 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 i} and A for
film 26, which, having a .thickness of 12 nm, is-comparablc to

€ilm 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 1II anneal produced an increase of n and a reduction of k,
as before, but the actual individual vélues 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 arter the stage III anneal.
The corresponding values of nk are shown in Fig.66 and it w2y 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)

W Lensth Deposition Room Temperature Return to 77°K After
B0 LeNe at 77°K After Stage 111 Stage 111

e n 1.30 1.75 - 1.68
# Kk 8.01 13.60 12.40
o n 0.36 0.45 0.41
: Kk 4,50 8.26 7.76
n 0.41 0.62 0.55
1.0430 Kk 5.50 6.90 6.30
n 0.39 0.56 0.37
G851 k 5.60 8.06 7.60
n .35 0.65 0.39
0.804 K 5.46 7.90 7.75

n 0.10 0.45 0.43 =
05 549 Kk 5.20 6.70 6.80

lHowever, 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 abhsorption, which is proportional to nk,made for aluminium
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(147) (1254)

by Hodgson and more recently by Liljenval, (See Fig.124)

Even if the changes of nk and of n2 - k2 due to temperature are
taken into account, Figs. 66 and 67 show more cleafly 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 é wavelength of 0.9?/; on
deposition, a value.comparable to that observed for film 19, which
was of similar thickness, but considerably longer than the 0.§}L
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

Léé) Before anneal to After anneal to
260°C 260°C
B 15160 11,05
eI pl a0 o 64
.05 6.0 213
oast ¥ geg?
o041 g8 0.3
0.500 6,70 6.80

6.2.2 High Temperature Annealing

The variation of ¥ and A4 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,

. . i . 2
while the corresponding variations in nk and n“ - kz 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 nL - k2 towards shorter wavelengths,

but the essential difference lies in the fact that the free electron
contribution to both nk and n2 - k2 becomes less. Exactly the
opposite effect is observed for all films deposited on glass
substrates.

The most probable explanation lies in the different
coefficients of thermal expansion for the different substrates,
which bas been referred to previously in section 5.5. The mean
strain induced by a riss in temperature 3T is given by Wilcock

et al.(1°3) as

e = (“F- x') aT
(%)
where o, and ac, are the linear thermal coefficients of expansinn
for the film md substrate respectively. The mean coefficient of

expansion for aluminium over the temperature range 20 to 300?0 is

6

27 x 10™° per °C (Handbook of Chemistry and Physics: Chemical

Rubber Publishing Co.) and the corresponding value for Corning 0211
glass is 7.2 x 10’6 per °C (Manufacturers' data). With these
values, a mean compressive strain of 0.8% is obtained for film
deposited at -196°cC. The known elastic limit for bulk alu;inium is
0.15%, but studies of the mechanical properties of thin films of gold

(154) have shown that the elastic

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 10-6 per °C (American Institute of Physics Handbook). This



value is larger than that for aluminium so that the effect of the
substrate wnuld.be expected to differ from the previous case, The
results of Table 11 show that the value of n decreases while the
valie of k becomes greater, indicating further annealine of the film,
and a removal of defects. -

The electrical resistance of film 26 throughout the experi-
ment is shown in Fig.70. The initjal warm-up from 77°K (the stage
11T anneal) produced, as before, a fall of resistance of approximately
45% of the initial value. The activation energy, estimated at a
mean temperature of TBSOK 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, deposilted at 7701{1 the high
temperature anneal to 260°C produced an increase of resistance. The
explanation of this rise is not certain. One possibility is sucgested
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 sﬁows 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 potassimn.bromide slab. The corresponding values of
nk, related to the optical absorption, are plotted in iig.71, and
indicate that with increasing film thickness the total value of nk
decreases, und 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 tolthat of normal bulk metal
and is centred at a longer wavelensgth of approximately 1.Q)L .

This effect is also demonstrated in FPig.72 which shows the

values of n for the same three films throuchout the spectral range

investigated.
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TABLE 12 Bffect of film thickness on values of
n and kK on deposition at 779Kk

Waveleneth Film 24 Film 26 Milm 25
i 35.( 12, : .
_T/TT_ (35.0 nm) (12.0 nm) (6.0 nm)
n 0.63 1.30 2,15
L Kk 2,87 8.01 9.8
yATF n 1.07 0.36 2.35
; k 3.28 4,50 7.9
= n 1.09 0.41 2.05
1,056 Kk 3.32 5.50 7.00
n 0.77 0.39 1.65
Qi) Kk 2.96 5. 60 5.80
n .93 0.35 1.50
0.804 k  2.84 5.40 5.60
n 0.33 0.10 0.75
5
0.548 Kk 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 associat=d with the transition from a disordered
to a more hichly ordered state.

The effect of film thickness on the optical absorption
62 = 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 [ree el=sctron 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 considerinz the published results of Miller(lis)
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 eflect 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 intexnbaﬁ& peak where an increased film thickness would be
expected to lead to a higher measured value of nk. This is s=en to
be the case. The results of Neal et al.(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
has been shown theoretically by Gubanov.(iss) Such preservation is
inherent in the tight-binding approximation where the interactions
of only a few neighbours are used to calculate an approximate band
structure. However, certain results of measurements of the optical
absorption of germanium and silicon made by Davis and Shaw(156)
indicate that the concept of E, k curves and energy surfaces may
break down in certain directions in a disordered ﬁaterial, while
reﬁaining valid in others. It is possible, therefore, that the
specimen films dcppsitcd at 77°K retained sufficient structure in

the [111] direction to provide recognisable electvon 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 cryvstal 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,7% A
which shows the face-centred-cubic lattice of aluminium and Fig.78
which shows a detailed pnrtion 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. It

is the next-nesarest neighbour order which is affected. In particular,
the order iﬁ the (111) planes is preserved while the order in the

(200) planes is destroyed. It should be noticed (Fig.7A) that the
(200) planes constitute the next-nearest neighbour positions so that
if this periodicity is lost, then tha (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 arocund 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 V component of

200
the pseudopotential, which depends on the periodicity of the (200)

lattice planes, would be reduced if these planes were disordered.

would be expected

As the structure improved, the values of I V“OOI

to increase and the energy of maximum optical absorption, shown to

be 2 x / VBOO/ , 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

abhsorption 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 IIT anneal from 77°K to
room temperature, or the high temperature anneal to ZGOOC. 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.

Tt is interesting to compare the above observations with

the results of Stuke(158)

on the variation of the complex part of
the dielectric constant, €, between amorphous and crystalline
germanium, which are reproduced in Fig.74€C. 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 flrom photoemission experiments made by Donovan and Spicer(isg)
show consistent differences between the two phases of germanium.

An explanation of these differences has been proposed by

Herman and Van Uyke(160)

who suggestsd that the amorphous phase
could be considered, to a first approximation, as a dilated
germanium crystal. The measured density of amorphous germanium is
8:0 T 0.4 mcm_3 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
apmroximation. Davis and Shaw (156) suggest that the 10% dilation
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 Fig.47.

It seems more probahle that the shift of the inter-band
absorption neak towards higher energy as a result of annealing is
connected with the orderine 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 Fig.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
(100) '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 ahsﬁrption peak, as well as a shift of the
maximum towards lower energy. (See Fig.124) The effect is
explained by the influence of the Dehye-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.G6. Curve A applies to a vapour-quenched film that
has been annealed to room temperature, while curve B shows this same
film returned to 77°K. 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.(1sz) (Fig.124)



CHAPTER 7

ASSOCIATED TECHNIQUES

Zal 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 arc lamp for use in the
ultra violet. The change-over point is O.SS/u wavelength.
Radiation from the lamp is directed on to the entrance slit of the
monochromagéf by the mirrors M1 and M2, It is then dispersed by
a prism (or by a diffraction grating in the %/L 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 %, which is the transmittance
of the sample cell with respect to the reference cell or the
function 2 log %, which is the absorbance of the sample cell with
respect to the reference cell. The results for selected films,
deposited at 77°K on zlass 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 8.

T2 [Flectron Microscopv

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 suiiable
solvent. Water was found to produce great damage in such tenuous
metal films, but methyl alcolio]l was found to be suitable. As an
example, Fig.78 shows a transmission electron micrograph of film 24
taken on an E.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.

FABLE 13  Analysis of Diffraction Rings (film 24)

Ring Diam. Radius d A.S.T .M.

a , Pl
Number (em) (EE) (é) for o —=nes
. (111)
- (200)
7 § 2,02 1.01 1.44 1.43 (220)
2 2.40 1.20 1.20 1.22 (311)
= (222)
s, (400)
3 3.28 1.64 0.88 0.93 (331)
= (420)
i (422)
4 3,92 1.96 0.735 0.78 (511)

The fourth column shows the inter-planar spacing, tf

calculated from the radii of the diffraction rings, r,from the
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87 =

formula
A = rd

where ?\L is known as the 'camera constant', FFor 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 /.44 ﬁ'.om : 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 8B

CONCLUS IONS

The aim of the experiments described in this work was to
perform simultaneous measurements of the changes of opticai and
electrical properties of aluminium films brought about by annealing,
and to correlate the observed variations.

By vapour quenching aluminium on to substrates held at
77°K, polycrystalline films of very small grain size were produced.
(~2 nm), The grain boundaries in particular were the source of
large numhers 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 electrical 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,
Applicatién 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 secend order kineties and was identified as'stage B b

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 bhecame less
signﬁicant‘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 10_9 torr.
Measurements of resistance and of optical parameters ¥ 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 1TI anneal produced changes of the optical constants
n and k, which together form the complex refractive index.Ap: 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 n2 - kz 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 T 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 OTQ/L in aluminium, but still significant at

0.549/4. -

Optical measurements on a number of films, made over an

extended wavelength range (0.49%}» to 1.9{/L ) using the ellipsometric
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technique of Deattie, 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 7?°K, particularly the thinner ones, possessed a
disordered structure similar to that of liquid aluminium in which
the near«st-neighbour order is prescrved but the second-nearest
neighbour-is greatly disturbed. The specimens therefore retained
sufficient structure in the (111) planes to give the electron
diffraction patterns describhed 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 E - k curves in the (200) direction so that the
(200) Bragg reflection plane (which contains the symmetry point VW) is
not defined. Hence, inter—bund absorption is not possible.

During the stage 111 anneal, from 77°k to room temperature,
the periodicity of the (200) planes improved, as a result of the
micration 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 Vzoo
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

iviis ,Vzool
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 temperatured 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.

inneaiing the aluminium specimens to approximately 550°K in
vacuo produced an enhanced oxidation.rate and the annealing expari-
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 appreciahly
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 axd 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 explanétion lies in further ordering of ﬁhe
(200) crystal planes as previously described.
There are a number of aspects of the present work which

would merit further investigation. For example, the V component

111
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 ﬁhe wave-
length involved ( ~3m ) 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
qharacteristics with those of bulk material and also with those of
vapour-quenched samples, Ideally, further experiments should be
carried out at pressures below 10_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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APPENDTX 1

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
given by (_ 6(.")

I A
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 celd 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 eqz{— %%}' . If the oscillation
frequency of the defect is ) , then the number of jumps in a time

dt is given by

> Vexp.{—z}':%f' dt (1)

hence F
n
% = y GIP{— ﬁ

The free energy Fm may be written

where Um is the excess potential energy and AS,,l the difference

in entropy. We may then write
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& = v ep {57 enf- 7}
.2 = Aepf-73)

where A is an empirical constant, largely independent of temper-
ature, often referred to as the 'frequency factor.'(161)
The rate at which the specimen crystal approaches

equilibrium depends on the rate of jumping and on the number of

jumps F, 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 }Lvﬁf{"'%—}

Hence , £
dC=—§£°‘}°"ﬁ” o (2)

which gives

C-= C.,‘?"P-[";’} (3)

where
L o vep{-z2
&
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 F would be
proportional to C"1 so that dC (from equation (2)) would be proport-
ional to 02; This would be an example of a 'second-order' reaction.
In grneral, 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

;‘z{zg g _%(C)ﬁﬁ'[—%‘& (1)

where f(C) 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 electrous. 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 ;t the same temperature, may be taken as a
measure of the concentration of defects. If Af) is the excess
resistivity, then the anproach to equilibrium at a fixed témperature
T1 may bhe expressed, from equation (4) as

Z(p) = foe) ep(- 57}
In the isothermal annealing experiments of section 5.1, the fall
of Af) with time is observed at two close temperatures, T, and T2.

1

At the intersection of the two isothermals, where T, 6 changes to T2

1
the values of AF are the same and therefore the values of f(ﬂe )

are the same, The ratio of the two gradients then becomes

d (o
/[i'(i;;])]ncr = exp. {%(‘1!"; . -"!F)}
ot AET,

from which U, may be determined,

(5)

Since the temperatures are fixed and the lattice vibration
component of resistivity therefore constant at each temperature T1

and T the actual values of resistance of the specimen may be

2’

plotted against time, as indicated on Wig.45.

B. Determination of the order of reaction

In general it is possible to determine the recovery kinetics

by an analysis of the isothermal curve.(75) Assuming the validity

of the general reaction rate equation,
g Um
‘%f = AC “P-{‘,er

where A is a constant and ¥ is the order of reaction,

s [@
we obtain ‘é.7 = — Kdt
for a fixed value of temperature, Since AF is a measure of the

defect concentration C, we may write d(a ) - il
(ﬁf’))s
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which, provided 2?# [, may be integrated to give

o) = K-t +M]
@)™
R =

Hence, taking logarithms of both sides

(1-3) ks (8p) = Leyk(¥-1) + La{t+m}
;. keg(ap) =(7-;'7)L07(t+m) .,.E;I%'_’J

If the reaction rate equation is valid, therefore, it is

I

where

(6)

always possible to choose a positive value of M such that the plot
of Log( AP ) against Loe(f+#M) yields a straight line. The order
of reaction, ¥ y 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 cdrresponding
to Aﬂ . 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 a’ = 2, then the general reaction rate equation becomes

g£C o = _ Um
% = -ACe(-7F
or
Eél,f = — Qdt
at constant temperature. Integration gives
E% =:(Qf +Z

and since AP is proportional to C

= = ol 5
AP - Q, )
Hence, only if ¥ = 2, a plot of é? against t will produce a

straight line.
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APPENDIX. 2

DESCRTIPTION 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 ﬁ y 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

Heavens(QO) (127),

, page 47, and Ditchburn page 553.

The program sets out to calculate the values of ellipsometer
parameters f and A for a set of assumed values of n, k and thick-
ness for the film. These assumed values are then vafied 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 ¢_,._ .

Section 1

In general, sz Sin‘}s1 =.N'1 Sin ¢, =Jf,. Siﬂ%c (i)
For medium 1, the vacuum, 'N‘l g

- 3.. oith
Hence Cos é& = /;_Sm%ﬁ = “—(5“‘-}') (ii)

]

Cos ﬂ 3{-;,/(},)" — Sin'g, ¢

Substituting for N, from _H,_, =n, - i*z

Cos ¢, "j;rf(n;a_ A - 2inh, - 56“_%)&’
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32 LLa:l:20:

33 LLe:X(1):aK[2+1)%*K[2+11;

34 Tde=T;

35 X[4):mQINCTAL);

36 X[A)emx(4)wX (4}

37 NF&A+T):=N[2+1)«NT241];

38 X{2+1)e=N(4+1)aXl1Y1=XT4]):

39 YI2+411:22%N[2+1)%Kr2+11;

40 Xr4+1)e=X[2+1)eX(p41];

41 YO4+T1 3 e5Y[2+]0wY(2e1]:

42 Ri1):=SAQRT(X[4+10ev[b4+1));

43 ACY):=SQRTC(RITI+x(2+11)/2);
(TA AfL+T1:=NI2+1)%AT 1Y

45 Sectiom | AL7+17:=SORT((RIT1=X[2411)/2);
L6 ATO+1V =A[7+11wKiDallaalber1]:
67 Calewlation of AT4+11e=X[1T#NT4+1;

L8 AL2+11+=A[9+11/A04+]]):

49 mF(ﬂ les Br1l:=K[2+1)®A[1]:

50 ‘j“"‘j Bl4+1T+=N[2+1T%AT741]):

51 : Br2+1J:=(BLI]=pllar])/AlbLeT1)}
52

mﬁudﬁm. "IF' Af2+11>0 '"THeN' 'GOTO' LL3:

Cos ¢,= #f] + i8]
(os ¢,= A :]+i3£‘1]

53 A(2+1)==Al2+1);

54 Blo+]) ==B[24+1):

558 LL3:l:=1+1:

56 'IFt I=9 'THEN' 'GpTO' LL1:

57 C:=C0S(T4);

58 Cl:=N[21%C;

59 C2:=Al2]=C1:

60 E2:=C14A2): Secbon 2

61 D1:=sK[2Y%C; T s T
62 P2.=D14+m[2): afion

63 F2:=B[2)=p1; Caleul o Fresne
64 E:=C2+E2; o .

65 E1:2D2wF2: ] T )
66 G2:=E+F1:

67 G:=F2*F2; é
68 G1:=F2«F2; = + ¢
69 G:=G+G1: ’;ur) Zz 2
70 G2:=2G2/6G:

71 F:aC2%F2:

72 F1:2D02wg2:

H2:=(F1=F)/G:




62:

H:=N[2I%A[2]);

75 H1+=Kr3lwpl2];
76 Hb&s=NI21%A[3];
77 H5:=K[2)*B[3]);
78 C31=5HL+HS=H=H1 s
79 H8:=N[3)#Bl2]); Secbon. 3,
80 HO:=K{3)waAl2];
81 Hé:=Kl2)I%A[3);
82 H7:=N[2]#B[3]; _ 4
83 D3+=HO«HB4+H7=HA? ) - + L
84 ES:=HaHT1+H4sHS n@) = f*t%
85 F31=HB4H7=HO=HK!
86 GLe=C24EX;
87 G5:=D3wF3;
88 Gh:=FIwE3;
89 G7:=F%wF3+G6;
90 G3:=(G4+G5)/G7:
91 F4:=C3wF3;
92 H3:=(D2*EZ=F4L) /GT7;
93 Pi=N[2]%Al2];
94 P1:=Kkr2)+B[2):
95 P2:=Cmp=P*;
96 P4:=NT2)%B[2]; Section & .
97 PS:=Ki2]wAl2); SR ST
98 S?:=C+P+P‘1:
99 QI‘:-‘%P&-.PS:
100 T2:=P5=P4; Y = ¢
101 Usnp2es2: a@) = atih
102 U1:=Q2%T2;
103 Uk =S72wS2;
104 US:=U4sT2%T2:
105 U2:=CUsU1)/US;
106 U7:2Q2%82;
107 Ub:=p2«T2=U7!
108 V2:=Ul/7US:
109 Q:=N[31*%A[3];
110 Q1:=Kf3]w»p(3];
111 P3:zpapi=n=0Q1:
112 Q4L:=Br3]en[3];
Seclion 5.
”3 QS5:=KI3I1#Al3]; o
4 Q3:=P5«pb+Qb4t=Q5; 7. = + ¢
115 §3:2p+p14Q+Q1; S R
116 T3:=P5«Pb=Q4+Q5]
117 V:=p3«g3:
118 V1:203473;
119 V4:=§3w83;
120 VS:=V/aT3#T3:
121 UZs=(yaV1)/Vy5;
122 Vé:=p5wT3;
123 V7:=03%83;
124 V3:5(ye=V7)/VS:




725 M1:=Pwpi;

126 Section 6. M:z6,28318530%n/L:
127 ““————‘qug M1:=MTaM;

128 Calewtlabion f € LY :=(ps=P5)*M}

129 M3:=Exp(2«L1):

130 1 Me=2wMq}

131 €77 s my=il, M2+=M34COS (M)}

132 L2:=M3%SINCM) ;

153 L4r=G3wM2;

134 Secbion. 7 L5:=H3wl2;}

135 ArT11)e=G2eLb+L5;

136 Lé6:=H3wM2;

137, +G1€ —djchY L7:=263wL2;

1384) @ Br11).=H2+Lé=L7

139 S4:=U2«U3w%M2;

140 © 8§:=V2eV3isM2:

141 Secbon 8 Sk:=L2«V3wU2;

142 o My S§7:=L2eV2w%U3;

143 4 Af12):21+54=55486487
144 H‘ra. -ﬁ[a]uB[:] SB:=V2wlU3xM2:

145 $Q=U2uM2%V3;

146 $10:=u2*UswL2;

147 S11:=V2%V3w|2;

148 ~ Br12):2584+489~8104+811:;
149 Qht=G2wG3IxM2;

150 - Secbon ¢ Q7:=HZ2wH3wM2}

151 T Q8:=H2wL2%G3;

152 Q0 :=HZal246G2;
153 [+ M€ =a[3]+a;£:] AT131:21+06=Q7+Q8409;
154 ®¢) P6s=H2wG3%M2;

155 P7:1=HIwG2wM2;

156 PR:=1L2wG2%G3;

157 PO s=H2wH3IwL2:

158 Br13).=Pb+P7=pPR+P0:
159 TS5:=U3wM2;

160 gg 0 Tér=V3el2}

161 Ekt& : AL14)+2U24T5+476:

1621, +1 = A)+iB] T7:=M2:V3;
16&3f}?e k] T8:1=UTwl2s

164 Br141:=V2+T7=TR:

165 R[?i'nA[11]*:[12] e
166 Secéion_Il G11:=R12)=BL111%8712];
167 ~ecbon 1 RI3):=R(11)%A[12);
168 7 : M11:=Ar11)#B[12)+r(3];
169¢P S Gt oy Rr&4):=Al13)%A[14]:
170 7, N G12:2p4)=B[131%B114);
1?1(» Ja *iMa RISTt=R(13)%A[14):

172 M12:=A113)%B[14)+0(5]);
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In general, the square root of a complex number may be determined
by writing

# a - ib = c - id
and by then squaring, and equating real and imaginary parts, the

values of ¢ and d may be found.

flence CDS‘P-; =j;(€-'f:d) (iii)

where e )\/ ,/(lel'é: =St ¢!)z+ 49?14}'@:. 'f'(ﬂf-_ﬁz“ = S"nt¢l)l
"y 2

and is calculated as C = A(I) in statement 43.

Ao il = OB -5 g ) +hnshe | — (na'-R —5n"¢)
2

and is calculated as d = A(7) in statement 45.
Division of equation (iii) by,Né and rationalisation gives
Cos ¢, = A[2] + B[] statements 48 and 51.
Statements 55 and 56 arrange to caiculate the value of Cos ¢3 s
A(3] + i B3] by changing the optical constants of n; and ky. The
angle of incidence used is still CP' y and this is valid because of
the invariance of J{;Smsﬁ,‘ N Thus,
Cos by = 4 1= Siu* 4,

= I ~(Fsin)*

- I= G g smr)

=)/l ~ &ty

the form of which is identical to equation (ii).

Section 2
This part of the program calculates the Fresnell coefficient’
Th(ﬂ as a function of N, ,JTl and ¢, . It is based on the

formula )
-Mcc’ﬁ% -J/;Cﬁé: i
N Cosg, + Nz Cos g,

Tagp) =

where Cos ?32 is complex as calculated in Section 1, and ,N'z is also
complex, The result is given in the form

Ta@p) = ?z"”“{z
Section 3

This part calculates T“(P) from thexrelation
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Jﬁi§s¢3 - JK:Cb5¢i
.Ag(b5¢5'f-”;(35¢&

Ta) =

A1l quantities on the right-hand side of the equation are complex.
The values of Cos 4)1 and Cos 4)3 are those calculated in Section 1.
The result is given as

afp) =g
Section 4

This section calculates ﬂgg) from the relation

L HCnb - Kk,
O T K Cong + M Cos

Ta(s) = U, +c

Section 5
This section calculates fuﬁg from the relation
.AG(EBf%'".ﬁCC&Sﬁ,

Sl s + S, Gosg,
Ta@ = Us + 0,

) =

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 Vasilek 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 Ts given
by

-2k
Tz + Yaa € cb

L s eﬁuéz

(iv)

two forms of which exist, one for the (p) and one for the (s)
components.
Zz' 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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1 hapt i £ an
in Chapter 2.1 '52 = T..)V,:, d:CO5¢;

b, = %E(nl_‘:é‘) d, Cos ¢,

2:3
o equation (iv) hecomes

e.-:z‘:Z-IL b ap‘{“%&adz%@} e,r;o_[—-‘t:rr‘:nzdz(:crs‘f’z}

Hence the quantity €

..21:5 o 5 - 2
Hence e = @ “’Casa; =260 € =~ Sin ¥,
hr

where .ﬂ'2 = -x—-ﬂldz&sﬁ_
and = i’—rrnzdzc"s?sz
Section 6

. ~2i3,

This part calculates the value of € and expresses

the result as ik .
S R
where p is called M(2) and 9 is called L(2) in statements 131 and
132 respectively. |
Section 7
This calculateé the numerator of equation (iv) for the (p)
component- ‘1é31 :
Yagp) T Tas () € = Af] + ¢ B[]
Section 10 |
This part performs the same calculation as section 7 but
fﬁr the (s) components.
Ta@) + T é'“&‘ = An] + L3N]
Section 9
This part calculates the denominator of equation (iv) for the
(p) component.
I+ Yagp) Yosgp) eﬂzégg = A[E] + £B[F]
Section 8
This part performs the same calculation as section 9 but
for the (s) component.
14 Tag) T €% =[] + 8]
Section 11 .

By combining sections 7 and 9, the value of ﬂgﬁ? is
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obtained

ALi] + 8011

i Ap
) = Move i ﬂr)

and also by combining sections 10 and 8, the value of 7Ts45) is

obtained

_ Al] + B[ _
To® = ‘ppgy cora f%

The ratio of these reflection coefficients for the (p) and (s)

components can then be written

) i A
By - Ln€ ' = e = Tm¥ €
Vs (5) ) "

where, from section 2.1

A = ISP'--As

and 7’ HP /f%ﬂ/

)
Hence ia Al] + ¢ B[] Al + L Bl2] (v)
Ten ¥ € = A@3] + (B3] Al4] + ¢ B[1Y]

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

é Gl + ¢ MY
Taon ¥ €7 = Gui+ cmid

Section 12
This part confinues the calculation and expresses the
result as a single complex quantity |
Tm§e£A = W +(Z
See statements 177 and 180.
Section 13
Since any complex number may be exprec<=ed in two forms

‘r
W+ (F /W"-f*ZI & M(W)

this part of the program makes a calculation of

Al TM!(WZ_) (radians)
a Z%QTM-I(%) (degrees)

Since the value of A is calculated from a tan~ ! 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, lor

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 EP' from

Tan ¥ =/ w*+Z*
ok ? = !?%g M"sz'f'zz (degrees)

In this way, the final values of W 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.

n, for the metal film
k2 -for the metal film
n- 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 ¥ 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 RY XALE MK. 5C

'SENDTO' (ED,ASTO=DEFAULT(NY».PROGRAM)

"WORK' (Fp,WORK FILF (0y)

"BEGIN' 'COMMENT' THREE LAYER QYSTEM:

"INTEGER"' 1,11

'ReAL' C,Cc1,C2,C3,n,01,D02.03,D4.D5,D06,D7,P8.,09,D10,D0149,D012,013,E,E1:E2,
FE=2.
F.F1lF2!F3!F6JG!G1lG’063164r65l66|G?,GBIG°IG10PG11fG12!H;H1!H2!H3!
HL!HS-HéfH?fHa:HO.LcI1JLZ:LS:LQ-LSlLégL?;M1rM?!H3,M4;M5;H6;M7,M8:
MO M10,M71,M12,P,M,P1,P2,P3,P4,P5,P6,P7,PB,P9,Q,01,Q2,03,04,05,Q6,
0?2,Q08,Q09,9:,51,82,53/864:55,56,87:88:59.,810,811:.T+71,72.73,74,75:T6,

T?'TaIU!U1!“2!U3f“4p”50”6lu?,V'V1l“?.VS;V‘fVSIVé;V?;”I“1]”2,”3'”“[

2,21V122:¢23126425426

"REAL' 'ARRAY' AL0:16),B[0e14],K[0:8),N[0:13),R(0:5),X[0:5),Y[0:5);
LL2:N(2]y=READ}
18" NL2)<ON'THEN''GOTO'LLR:
LLS:D4s=RFAD? Stp in thickmess oxide e,
N[2):=READ; o : ¥ (aj
Kr2):=READ; } Oxcde

N[{3):=READ: ;
K[{3):=READ; } Metal SoEET S

Nrd):=pEAD;
K[4l:=pEApn: } e,
Ti=READ: Pugle of inciddence  (radians)
L:=READ; Wavelangth (1.u.)
D:=READ: 5&.,.-&..«3 tHhickmess g’ oxile Au,
26:=READ; Rial ‘thichmess of oxide  A.u.
D12:=READ; 5ﬁﬂﬁ3 thickness of moll AW,

LLOINEWLINE(2)
WRITE TEXT ('"('N2=1)"')y:
PRINY (NE2),1,3)3
WRITE TEXT ('('K2=')"'y3;
PRYNT (KL2):1 »%)i¢
WRITE TEXT ('('N3=')"'):
PRINT (N(3),1,3);
WRITE TEXT ('"('K3=')"):
PRINT (K[31,1,3):
WRITE TEXT('('N4=')"1);
PRINT(nL4y,1,3);
WRITE TEXTC('('kgb=')1);
PRINT(x(&1,1,3)y;
NEWLINE(2):
LLO:NFyLINE(R)Y
WRITE TEXT('('THICKNESSAXOFRZMETALXEILM=1)");
PRINT(n12,5,1):
WRITE vEXT('('AU'Y"):
NEWLIMNECT)
WRITE TYEXTC('('OXIDE')')}
NEWLINE (1)
WRITE TEXT ('('THYCKNESS'('3S")y'DELTAY ('10S')1pSIt)yT)y;
NEWLINF(1)?




[ Ltz eln=0;

42 LLAsXET)e=p(2+1)%K[2%1):

43 Té4:=T;

44 X(6):=sINCTS);

45 X[4)1=x{&)«X[4:

b NES*#T71=Nl2+11%N[DP+1];

47 J X[2+111=N[S+1)=X011=X14)?

48  Sectiom 1 YI2+11:=2%N[2+41)%K[2+17}

49 X[4+1Ys=X[2+11X[241]);

50 Y[&+l1:=¥t2+li*¥[?+{1: =

51 taiiw R{T):=SORT(X[4+1Vavlbdaet]):?

52 Guhz‘ é{ ATT):=SORT((RITI*+x[2+11)/2);
¥ S f mﬂ AT4+17:=N[2+1 1Al

54 g refraction. Al7+11:1=SQRT((rL11=X[2+11)/2):
55 Ar9+171:=AL7+1)xK[P+1)+A0441);

56 &né; QQ+-£BE] ATL+1)e=XTTII#NIS5+1;

T AL2+171:=AL9+117A04+11;
58 = Af3] +¢ B[3 BCIl:=k[2+1)wA[1]:

‘59 Casﬂ [] [] Bré4+11a=N[2+1)%A[7+1];
60 Br2+131:=(RLI1)=Rl4+T11)/AL4+1];
61 - YIFY Ar2+4115%0 'THEN' '60TO' LL3Z:
62 = + iB/% AT2+11s==A[2+117

63 Gsﬁ' ﬁ[t] [‘? Bl2+11:==B[2+1);

64 LL3:T:=1+1"

65 "1p" I=2q "THEN' 'GoTO' LL1:
66 "1F'I=2'"THEN'tGOTO'LLY:

o/ C:=COS(T4):

68 Cl:=N[21*C; |

69 C2:=Al21=C1:

70 E2:2C1+A02)!

£ 3 D1+s2K[271*C:

72 Section 2 D2.=2D1+aL2)}

73 F2:=B[21=P1;

74 E:t=C2¥%F2:

5 E1:=D2xF2;

76 % ko uik G2.=E+E1;

7 @ dz s Gi=E2%E2]

78 : G1+=F2+F2}

79 Gi=6G+G1:

80 G2:=G2/6G;

81 Fe=C2*F2:

82 ' Fl:=D2%E2;

83 HP2«=(Fa=FY/G:

84 He=N[371%A[2]]

85 Hi:=Kr3]%B(2];

86  Sechom 3 His=NT2IwA(3]:

87 H5:=K[2)%B[3]};

88 CZ3s=HL4WHS=H=H1:

89 : HR:=Nr3l=R[2];

90 HO +=K[3]1*A[2];

9% 7y = JH‘,€3 H6s=Kl21%AL3]:

92 () J H71=N[21%*8(3]);

93 DZ:s=HOHB+H7=HA !

94 EZ3:=H+«HT1+H4+HS;

25 FZ3:=HRLH7=HO=HA?

96 GLr=CT+EZ;

97 G5:=D3wF3;

983 G6:+=FETwE3;

g9 G7:=F34F34+G6;
100 G3:=(G4+G5) /67!
101 Fae=C3eF3;

102 H3:=(N2+«E3-FALY/GT7?




103 P:=N[2]%A[2]);

104 Pli=Kr2)*8(2);
105 © P2:=C~p~P1;
106 PLr=NT21%R(2];
107 Seclion ¥ PSs=K[21%Al2);
108 S2:=C+p+P1:
109 Q2:=P4L=P5;

110 T2:=PS5=P4;

111 Us=p2xg2;

192 1, = Uy +¢H) UT:1=Q2wT2;.
113 () ' UL1=82w52;

114 USs=U4L+T22T2}
15 Ua:=Cp+U1dX/15;
116 U7:=Q2%52;

37 Ub:=p2wT2~UT7;
118 V2«e2UUh /U5

119 Qe=N[31%A[3):
120 Q1:=K(31%R[3];
121 PI:=P4pl==];

Jee i QLe=Br3)I«N(3]);
123 Section 5 Q5:=Kr3)%A(3]);
124 Q3+=P5aPbs04=05]
125 STe=papl+0+0?
126 1y = Us+ iV T3:2p5Sapl=04+05]
127 ¢s) Ve=p3s+s3;

128 Vi:=Q3+T3;
=149 V41=83%83;

130 VS:=VL4TI*T3]
131 UZs=(veV1)/V5;
1352 : Vé1=P3aT3:

133 V7:=03+83;

134 VZ.=(vA=Y7) /5"
55 Ml e=Pe+p:

136 Section 6 Mi=6,2831R530%p/L:
137 M1 s=MTaM;

138 e L1:=(pPL=P5)*M;
139 € ‘= mz—ila M3:=EXP(2%L1);
140 Me=2%Mq}
141 M2:=MZ&«COS (M)
142 L2 :=MZaSTIN(M);
143 He=n(61%A[3);

144 Hy =Kl Jl®p[3]:

145 HG:=NT3I*A[4]:

146 . H5:=Kizi*pl4]:

147 Ct:=HLLHSmH=HT

148 Sechion 7 HB:=N[4]J*R([3]:

149 HO 1=Kl £)1*A[3]:

150 4 He:1=Kiz31*xA[4];

ISV = 9 .4i H7 +=Nl2]1%r[4];

1524y A D3s=HOHB4H7=HA;

-153 Ed:=H+ul+HL+HS
154 FEi=HR H7aHO=HA;

155 G4:1=C3,E3;

156 G5:=D2uF3:

157 Ga:1=E3.E3;

158 G7:=F34F346G6;
159 GL1=(GL+GS) /6T
160 FL:=C3,F3:

161 : HLe=(N2xET=FLY/GT7




162

Qe=NT41*AT4]):

163 Q1e=Kralwprd):
164 PieN[31*A[3]:
165 Pi:=K[(z2]1*B(3);
166 Seclion 8 P3:=P+pl=0=-Q1:
167 Q4:=Blalwn[b]):
168 Q5:=K[4l*al4]);
169 P4e=N{ZI*R(3);
170 P5:=K(3]wA[3]);
171% __ut*&v Q3:=P5.P4+04L=05}
172@ SZ:=P+pl+0+Q1:
s T3:=P5.P4=QL+05;
174 Vi=P3#g3:
175 V1:=Q34T73;
176 Vi41=83+53;
177 VE:1=V4LTIwT3:
178 Uge=(VaV1)/VS:
179 V6:1=P3.T3;
180 V?7:=Q3453;
181 V4= (Ve=V7)/V5:
187 M1 :=P+pl;
183 Gortiomn §. M:=6,2831853%p12/L;
184 My =M1 4M;
T8 - L1:=(pL=P5)*M:
186 6% uy-its M&:=EXp(2%L1)}
187 Mi=2%*Mq;
188 M3:=MaCOR (M) ;
189 L3:=MAeSIN(M);
=190 Lée=G3wtM2;
191 Eﬁcﬁb@ /0. L5:=H3w«L2;
192 AT11):2G2+L4+15]
193¢ + ,:M]+LM] Lot=H2eM2;
194 " q) L7:=63wl2;
195 Br11)ezHZ2+LA=17;
196 SGr=U2«U3eM2;
19? s -“ " ’/ SS::VE*V3*M2:
198 SA:=LPwVIeU2;
199 S7:=12eV2%U3;

dOO{fr, ‘.Mg+ouq Ar12)+=21+4#54=55+564+37}
201 @ J SB:=V2wlU3 %M}
202 SQ:1=U2«M2%V3;
203 S10:=u2»U3*12;
204 S11:3v2 V3w 2;
205 Br12).=SR+20=810+c11};
¢06 QA 1=6G2«G352M2
207 Q7:=H2wH3*M2;
208 Section 12 . QR1=H2wL2%6G73;
c09 QO :=H3wL2*G32}
210 AT13):=21+06=Q7+Q840n9;
231 i Par=HP2 #G3%M2;
212 I+ 7, = nfsjuaﬁi{ D?::H‘HGZ*ME:
¢13 @ » PR:=L2%#G2%G3}
214 PQe=HZ2%#H3x|. 2}

1S

3713)«=PA+D7=DR+PO*




€16 TSe=U3eM?;

217 Sec(z'm I3, Tés=VIwl2;
218 Ar14)1=U2+T5+764:
219 4 415 € _n[s,]ﬂa[n] T7:=M24V3;
22nw® © TR:=U3wlL2;
221 Br441.=V2+T7=T8;
2e2 Rf2l:=al111xAr13):
223 G11:=R[21+B[11)#R(131}
224 RE3):=p(111%A[13);
225 M11:=RI31-AC111+8(13): Secbon I
226 Rr&):=al131%Ar43); A
CL7 RfS)i=nl4)+Bl131%*R[13); Ta + h €
Th = 2 d]
@- [rate ™
® @
- ¢ Mu
:3’ b
228 611:=2411/R[5):
229 M11:=n11/R[51:
230 ] Ri21:=al141%AT12];
231 G12:=RI21+B[141%B[127; Section 15 -
232 Rr3):=nl(121%A01417:
233 M12:=B[14]1%AT12)=R(31¢
234 Rrel:i=al121%A012]: s = ?Q+£M!z
235 RIS5):=p[121%Br121+R[4]; ©)
234 G12:=012/R([S5):
237 Mq2:=H12/0[5):
¢38 Lis=GLaM3B
239 LS:=H&wL3; Seclion /6.
240 Al111:=G11+L4+15; 128,
241 L6:=HEwM3 Tat B € = Af]+iB[i]
242 L7:=G4aL3; ® %)
243 Br11): :=M11+16=17:
PIYA S41=G1oxUawM3;
245 SS51=M12*ViLwM3:
246 S6:=L3uVh4wG12; Secton 7
247 S7:1=L3M12%Ub;
248 Af12):=1+484=S5456+57; 24,
249 S3:=M1a%ULeM3; /1-33345 eﬁﬂ+naﬁq
250 | SO:=G1o*M3#V4: @ )
251 : S10:=G12*114%L3;
252 S11:5M12%y4* 3
253 Br12):-58+89=910+811
254 Qhe=G1a*xGL*M3:
255§ Q7+ =M11*HL*M3;
256 QR: =M1 A% L3wGb: Seclon 18
257 QO +=HL+L34G11;
258 Af151+21406=Q7+08+00; —a
259 Pbt=M11*G4wM3 ! [+ 7y 7}:,6 %, = Afa]+i B[]
260 P7:1=H4wG11#M3: ®
261 PR:=L3+G11+G4;
62 POs=M11*H4w L3
263 Bi15):+-Ph+P7=pR+PO!}
264 TS:=UdeM3;
265 T6:=V44L3: Seclion. /9.
266 AT14):=2G12+TS+T6 :
267 T7:=M3,Vhs Ty + 7 € ;2ids = 8] +iB[W]
268 TR: =4+ L3: [6) (3)

269 BI141:=M124T7=1R
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extension of program 2, further sections baving been added for the
calculation of Cos tf’,'_ » Tagp and Vi) .

The program calculates an effective 7,3 for both (p) and
(s) components by combining the first two boundaries into an
effective single interface, as before. Jt then repeats the method
using an equation similar to (iv) to combine this interface with
the remaininec boundary and arrive at effective values of 7@_ for
the entire system, See sections 16 to 20.

For an oxide layer of zero thickness, the values of EP‘ 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 tﬁe 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 (P4). 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
2 .
}- oxide layer constants
k2
13
* metal film constants
3
n

4
} substrate constants
k4
Apngle of incidence in radians
Wavelength of light used (A.U.)
Starting thickness of oxide laver (A.U.,)

Final thickness of oxide layer (A.U.)

Starting thickness of aluminium film.
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APPENDIX 3

SPECIMEN RESULTS USING COMPENSATOR MMTHOD OF ELLIPSOMETRY

With the ellipsometer aligned and set up as described in
section 4.1.3, the nrocedure 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.

REFERENCE AZIMUTHS. CORRESPONDING "CROSSED" POSITIONS

Tp 172 ocs 42
L v Bk
W 352 oc; 222
N 82 o, 312
W 262 o 132

Compensator Reference Azimuth

/
With the polariser and analyser set at 1T and aﬁf

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 + [ 49 A% - w2097
Fast axis at -Z 342 4 45 = 27°

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 +1f T
3 Pa . P4
205 139 25 319
:\1 1\2 A3 "\4



Compensator - -E- g 27
3 b 3
P1 I 5 13 I 4
139 205 319 25
1 2 a3 Ay
291 201 111 21

The values of ? are calculated from the polariser readings
and the values of 2 are calculated from the analyser readings by

performing the operation shown in the table below:

Compensatnro Py Py Ps e
n o . 90 - 352 ek
+L 207 P, - 172 172 - P, P, =35 352 - P,

Ay A, A Ay
A'l - 42 A:J - 312 A3 - 222 ;‘\4 - 132
Compensatoro P‘l l32 P3 p4
- E eyl 2 172 - P‘! P2 - 172 352 - P‘3 P4 - 352
A'l Az A3 A4
- . = §ha -
42 Al 312 412 22 AS 132 44

The procedure leads to an indicated value of

- 4
A

33° and x = 111°,frnm which

0

132

n
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APPENDIX 4

SPECIMSN RESULTS USING BEATTIES 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" ocp 245°71
T 69%21 oc, 155°7°

The eight pairs of polariser - analyser scale settings
required to give the azimuths % and % as described in section

2.4 for the required intensity measurements are as follows:

Polariser Analyser

¢ T, - 45 24%21" &cy . 155 ¥
24%211 o, 245%71

L = o
I 24°21 oc, + 45 290°7"
o 24%21" op - 45 200°7
T W, + 45 114°21" oy’ assy
I, 114°%21" By - 687

o 0
= 114°%21" o6, + 45 290°7°
1 ' 114%21" o, - 45 200°7!
4 r

Some typical results taken on an opaque gold film covered
with barium stearate for a wavelength of 549 nm are given below:

I I I I Y 1 e I I

1 2 3 4 1 2 3 4
9.80 9.21 12.42 7.33 10.68 7.59 7.01 12.22
Mean values - I1 12 I3 14

10.24 8.40 12,32 ey

From which

0.9055 = Ton ¥
P = 42°8
.z((3 *(’){ii:i:}

Cos 4 = 0.2695

o
I
balls

I

and CUS A

fl

from which A = 105°38!
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Variation of optical and electrical properties due to
“annealing of thin, vapour quenched aluminium films

K. R. O'SHEA and R. W. FANE

Department of Physics. The University of Aston in Birmingham
Gosta Green, Birmingham 4, UK

MS received 20th April 1971

Abstract. Aluminium films of 11 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 -

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 ¢t 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 defocts 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 raisss additional experimental probleins 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 i 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

have 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 1o 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 409%,. (Buckel and Hilsch 1954).

This process has been examined in detail and lcntalwely attributed to the migration
of vacancies from grain boundaries. The thermal activation energy for the process has
been estimated.

Since the film thickness is an important parameter in the calculanon 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:

(1) Fringes of equal chromatic order. (Scott 1950).

(11) 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 i 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 incorpora.ed 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 107'° 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.

| TSN
=
I//_r
i

4

&
N
N
L.

Figure 1. Arrangement for support of specimen film. A. Evaporation mask: B, glass .
substrate: C, block lhumonouph. hoie: D. heater wound over block: E, hqmd mlrobcn
container. In use, the central tube is vertical.
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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 /aluminiur contact areas.

* The specimen of aluminium (99-999 %) was evaporated from a tungsten filament at a
rate of approximately 10 nm per minute: the maximum pressure during evaporation
being ~ 107 *Torr. The experimental chamber also incorporated a ‘Mini-mass’ residual
gas analyser and a quartz crystal thickness monitor. 2

Resistance measurements were made manually with a potentiometer, using the four
point probe method, normal precautions being taken in reversing the film current (100pA)

. to eliminate thermal effects. : : i

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 ¥ 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 shown in figure 2.
During the initial warm-up from the deposition temperature of 77K to room tempera-
ture (stage m anneal) there is a fall of resistance, amounting to about 40% of the initial
value for the case illustrated.

A | |
L}
s, : =t
- % \ e - jf
o a
. e A
5 - /');‘_ -
¥ o il
g 20 _;_fﬁ?.—/‘“;-;
M
10
=200 =100 4] 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 77 K 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 pQ em. The corresponding values for bulk alu-
minium are 00045 per C and 2-45 uQ cm respectively.
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Figure 3. Resistance fall during stage m anneal (Film 2),

4.1. Anneal to room temperature (stage m): Electrical measurements

A detailed examination of the stage m anneal has been made for a number of films.
The determination of 6R. the resistance attributable to the annealing of defects, is illus-
trated in figure 3. Semi-logarithmic plots of R 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.
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Figure 4. Stage 1 anncal. Plot of R il!;uin:sl 1'T 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:

' /
{d(ARY/dt} A, T, o u/l l)

(dARYALY a1, T T
Figure 5 is typical of several films investigated. the mean activation energy of which was
found to be 020 + 0-05 eV. e
25
g 24 |
=
LA e N
& (187 K0 :
23 | _\\\. :
oo 194K
e
@~ 0 20 30 0 50 %
~ Time (min)

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
77K 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- 1072 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 ~ 04 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 10~% Q cm 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 7, vacancy in quenched
copper and silver films.
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On commencement of the stage m anncal 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 anncaled 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 6 and 77 K, a further fall of resistance occurring only
when the temperature 6 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 ¢ 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 ¢ and A were

139

138

4 (deg)

137

136

¥ (deg)

35

BN

a3

Figure 6. Variation of Optical Parameters i and A throughout life of film 2. A, Initial
warm-up (stage 111). B. anneal to 100°C. C, anncal to 260" (Several). D. final oxidation.

Table 1. Optical constants of aluminium films immediately after deposition at 77K

Film Metal =
Number thickness W A n k n? — Kk nk
(nm)
2 110 3613 13658 0-70 545 —29-21 3-82
3 13:0 3555 . 139:22 108 515 —-25-35 5-55
7 12-5 3388 134:77 0:92 473 - 21-52 4-35
12 12:5 - 3338 133-87 092 461 —20-40 424 -
8- 12:0 32:53 133:57 098 4-55 —19-74 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.) o

Table 2. Optical and electrical changes produced by the stage i anneal

Film Metal Increase Increase %, fall °; Rise 9% rise in  Atomic %,
number thickness  of §° of A° ofn* —k*  ofnk  Conductivity Vacancy
(nm) Removed

2 110 0-54 230 795 43 37 65

3 13-0 0-50 1:33 590 7 10 29

7 12:5 0-32 1:70 500 23 26 45

12 12:5 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 = 099 and k = 65. 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?

€1=ﬂ2—k2=1—w (1)

. 4nN*e?

L il
€2 v ma*t 2)

N‘ |
Oy = —— )
m

where the complex dielectric constant € =€, —i€,: N* is the effective electron density
and 1 the relaxation time: g, 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

§

=

[y

8

i

< i g Interband

= Conduction "+, ; _
electron o E absorption
absorption [

10 20

Photon energy (eV)

Figure 7. Absorption spectrum of aluminiume
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are significant. However, equation (1) is still valid in this region although 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* — k2, 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, 7. 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
409, 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 s 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 chang.es produced by the anneal to 100°C (stage 1v)

Film . ¥ A n k =K nk  Resistance
Number ; ; ! (©
2 Before 100°C 3667 138-88 079 567 -31-53 4-48 206
Anneal

2 After 100°C 3532 139-82 098 5:60 —3040 ‘5'48 200

The anneal produced only a small decrease in resistance (figure 2). The observed changes
are due to two opposing effects: firstly anncaling, which makes A and  increase and
the resistance fall, and secondly oxidation, which makes A and i/ 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 i 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 0). 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  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, y and A on final oxidation A, Percentage rise of resis-
tance. B, reduction of A. C, reduction of .

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 005 nm per hour on a completely
fresh surface. For the measured partial pressure of oxygen of 2 x 10~ "' 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
¥, A and resistance which all proceed in the direction of oxidation, even at the total pressure
of 1:5 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 10~ ®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) 4 7

8 120 3 8:56 13-85 162
7 S 2 T 636 11-80 120
12 12:5 43 573 1040 88
3 130 219 1-65 680 24
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Figure 9. Simultaneous variation of resistance, ¥ and A due to oxidation. Region A,
1'5 x 10™°Torr. Region B, 1'5 x 10~ %Torr. Region C, 15 x 10~ °Torr. Temperature
throughout 46°C.
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Figure 10. Variation of resistance,  and A during anneal of fully oxidized film 12,
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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, b
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 296 K respectively. The changes produced are similar for both films, namely
a rise of resistance, a fall of ¥ 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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Figure 11. Variation of resistance, ¥ and A during anneal of fully oxidized, room-
temperature deposited. film 4.
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Table 5. Effect of annealing on a totally oxidized film

Film 17 A n k n? — kK nk  Resistance
number Q
12 Before 250°C 33-52 135-84 1-05 473 =2127 4-97 382
Anneal '

12 Aflter 250°C 3312 136-84 1-16 472 -2093 548 513

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 eflective 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.

Annezling 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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Table 5. Effect of annealing on a totally oxidized film

Film 1 A n k n? -k nk  Resistance
number Q
12 Before 250°C  33-52 135:84 1-05 473 —21-27 497 382
Anneal

12 After 250°C 3312 136-84 116 472 -2093 548 513

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 04 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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