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The early stages of film growth on magnesium and Magnox alloy have been

investigated in situ using an automatic nulling ellipsometer coupled

with potential control of the specimens. SIMS and scanning Auger

spectroscopy in conjunction with ion beam milling have been used where
possible to confirm the ellipsometric results.

Initial results obtained in 0.01 mo]/dm3 NaOH indicated that substrate
dissolution was leading to a roughening of the film/substrate interface.
This was attributed to carbon dioxide absorption in the air-saturated
solutions causing a reduction in pH to values below 11.5 with a conse-
quent breakdown in passivity. This led to further experiments under
various conditions of solution composition and pH. The proposal of a
rough surface was investigated initially by computer simulations whereby
the rough surface was treated as an effective film containing both the
substrate and the overlying film. Confirmation of these theoretical
models was sought by the use of ellipsometry at a different angle of

incidence and by scanning electron microscopy.

Maintaining the pH near. 12 prevented the breakdown of passivity in
Magnox. This enabled a more detailed study of the corrosion processes
to be made. The behaviour of Mg under these conditions was still
anomalous and was attributed to the more porous film present on Mg

compared to Magnox. This could cause a channelling of the corrosion

attack leading to a roughened substrate.

The results obtained for Magnox in neutral and strongly alkaline soluNons
('l'moli/dm3 NaOH) could not ' be explained either by a single layer or
rough layer model. The results could, however, be explained if it
was assumed that the optical constants of the substrate were changing.

This could occur if there was segregation of the alloy components near
the metal surface.
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1.1 A brief history of Magnox Al80

Magnox A180 is a high magnesium alloy, containing typically 0.8%
wt Al and 0.005%Z2 wt Beryllium, which is widely used as a cladding
material for gas—cooled nuclear reactors using natural uranium as fuel.
The reason for this is due primarily to the very low cross-section for
absorption of thermal neutrons by Mg and its aHo.ys,.‘I necessary for
economical operation using non-enriched uranium. Magnox also has
excellent compatibility with uranium unlike otherwise suitable materials
such as aluminium and beryﬂ'ium.1 Although this type of reactor has
been superseded by the advanced gas-cooled reactor (A.G.R.) and the
pressurized water reactor (P.W.R.) over half the world's nuclear power
had been generated by Mg alloy clad uranium fuels up to 19722 and it is
expected that reprocessing of Magnox will be necessary in the U.K.

until the early years of the next century.

The development of Magnox as a canning material for uranium and
its subsequent use together with various metallurgical properties has

been discussed by several authors. 11 &+ 49+ 0

Originally, pure Mg was
the preferred material but was found to be not resistant to oxidation
at high temperatures in wet 002, and it was decided4 that an oxidation
resistant alloy should be used. This resulted in the development of
the Magnox (MAGnesium No OXidation) alloys which contained small
quantities of beryllium, to increase oxidation resistance, and alumin-
jum to facilitate Be introduction and to increase strength at operating

temperatures.

On removal from the reactor the fuel elements are stored in station
ponds for a period of about one hundred days which allows time for the
short-lived radioactive products, principally radioactive iodine, to
decay and for the decay heat output to fall to a suitable level for
transport off site for reprocessing.5 During this period corrosion
control of the Magnox is essential to ensure the integrity of the fuel
elements during storage as penetration would result in the release of
uranium fission products, having high activity, into the ponds.
Penetration will mainly occur as a result of localized corrosion but
there is also a requirement for the general corrosion to be as low as
possible. This is because impurities in the Magnox cladding such as
zinc become activated in the core and lead to problems with effluent

disposal.
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1.2 The aqueous corrosion of magnesium and Magnox
1.2.1 The anomalous electrochemistry of magnesium

Relatively few studies have considered the aqueous corrosion of
magnesium and its alloys in alkaline environments over the last few
decades, particularly in the absence of aggressive anions such as

halides and thiocyanates. Several papers have been published however

referring .to battery app1ications.7_14 sacrificial anodes.15_19 and to
the anomalous electrochemical behaviour of Mg.zo“38 The latter is
characterized by the negative difference effect.20_36 the delay

effect, 819112:13

open circuit or corrosion potential, E

and by the experimentally measured behaviour of the
12"'141 341 371 38
corr’

The negative difference effect is an increase in the magnitude of
. the hydrogen evolution current from its value at open circuit as the
potential is taken more positive.26 This has a practical significance
insomuch as it results in a loss of anodic current efficiency, defined
as the ratio of the actual Coulombs passed to the theoretical Coulombs

obtainable from an anode - ‘for a given . weight loss.2?  Several

theories have been proposed to explain this phenomenon, e.g. formation

anodic disintegration or the 'chunk'
31,39

of monovalent magnesium ions,

effect24'28 and formation of magnesium hydride.

Another characteristic of the electrochemistry of Mg is the large

difference between the theoretical reversible potential for the Mg/Mg2+

couple and EC The standard potentials in acid and alkaline

orr’
environments are:

Mgt + 2e = Mg % = 2.36 V nhe ... (1.1)

[l

Mg(OH), + 2e = Mg + 20H E® = -2.69 V nhe  ..... (1.2)

Experimentally determined values for Ecorr however are in general 1V

more nob]e.34'39

The most active potentials (~ -2.0 V nhe) are recorded in acid

23,39

solutions and it has been suggested that in this region there is

a mixed potential between Mg dissolution and hydrogen evolution.

It is also suggested39 that there is cathodic control, the controlling

41

reaction being proton diffusion to the metal surface. In alkaline

and neutral media there is a shift to more noble potentials of several
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hundred mV.39

mechanisms in this region but it is generally recognized that film
16,22,23,33,39,472

There is less agreement as to the probable corrosion

formation is probably important. The third anomalous
characteristic, the delay effect, is a sudden sharp rise in the anode
potential when there is an increase in the anodic current drawn from
the cell which is followed by a return to more active potentials after
a few seconds, (fig. 1.1). This phenomenon s observed in neutral and
alkaline environments and results in a temporary power loss in battery
applications. It has been explained as being due to hydride forma-

31,39 or resulting from a breakdown of passivation due to

12

tion,

hydrolysis within pits.

1.2.2 The structure of the corrosion film formed on Mg and Magnox
in alkaline environments

According to the Pourbaix diagram, fig. 1.2.43 Mg is in the passive
state above a pH of about 11.3 due to the formation of Mg(OH)Z. The
fall in the corrosion rate has been experimentally verified for both

16,44
Mg ™’

from ~0.07 g m

and Magnox6 with a reduction in the corrosion rate of Magnox

~C day_‘I to 0.005 g m”2 day_‘| between pH 10.5 and 11.5.

]61 23| 391 43_53

It has also been widely accepted that the bulk corrosion

film formed on Mg in alkaline media is Mg(OH)2 and this has been
unequivocally determined to be the case for Magnox corroding in de-

49

50
gassed sodium hydroxide solution. It has been suggested™  however

that there may be a thin film or barrier layer between the Mg(OH)2
film and the underlying substrate (fig. 1.3), with mass transport

processes through this thin film controlling the corrosion rate.

50

Friskney et al.”™ have put forward the proposal, based on the

position of thermodynamic equilibria at 50°C, that this barrier layer
may be an oxide, MgO. Vermi]yea48 also suggests the idea of a layer
of MgQ underneath the Mg(OH)2 film due to the similarity of the rate
of dissolution of Mg0 and Mg in inhibitor-free solutions. Friskney

50

et al.” also consider the possibility of a three-layered corrosion

film with an MgH2 layer between the Mg substrate and the Mg0 layer
with a film of Mg(OH)2 as the topmost layer, (fig. 1.4). This would
be expected to occur if the hydrogen chemical potential at the metal
film interface was sufficiently high, which is possihle as it is known

that the corrosion film grows at the metal film interface.49
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Perrault has also suggested the presence of an MgH2

layer based upon his modified Pourbaix dijagram (fig. 1.5). This was
obtained from an analysis of the relevant thermodynamic equilibria for
Mg. However it was stated52 that the oxides of Mg were not considered
in the calculations, instead of which the hydroxides were used.
According to his results a layer of MgH2 forms on Mg in neutral and
alkaline environments providing that the overpotential for the hydrogen

evolution reaction is of the order of, or greater than about 1 V:
Mg + 2H" +2¢7 =+ MgH, ..., (1.3)
The hydride 1is then oxidized to the hydroxide:

MgH, + 20H™ >  Mg(OH), + H, + 2" ... (1.4)

2
The presence of either an Mg0 or an MgH, layer on Magnox corroding
in neutral and alkaline environments was not detected by ion beam

49

studies = with a resolution depth of 100 nm. The presence of MgH2

has been detected however 1in corrosion tests carried out in water
50 . . . .
vapour. As mentioned above magnesium hydride formation has however

been used to account for the negative difference effect., the delay
39
rr

effect and the value of ECO
also explain the phenomenon of breakaway corrosion whereby the corro-

The existence of an MgH2 layer may
sion rate of Magnox in alkaline solution increases steeply after a
period of several hundred days, (fig. 1.6).50 The time to breakaway
depends upon the surface pre-treatment, temperature and solution

composition and it is thought that it may be due to stress causing

the rupture of the proposed barrier layer.

1.2.3 The effect of oxygen on the corrosion of Mg and Magnox

The very electronegative potential for the oxidation of Mg implies
that it may corrode in aqueous electrolytes even in the absence of

>4 and Schneider12 found that dissolved oxygen

oxygen. Blanchet et al.
had very little effect on the corrosion of Magnox and Mg. Perrault
however found no corrosion for Mg immersed in alkaline solution with
a pH near 10 to 12 at very low partial pressures of oxygen.39
Fabjaniggﬂgl.Sﬁ also report the presence of an oxygen reduction

reaction in 1 molar KOH containing KCI.
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1.2.4 Inhibition of the corrosion of Mg and Magnox

Both phosphate and chromate are reported as inhibiting the corro-

9,48 Perrault attri-

sion rate of Mg over a wide range of pH values.
butes their action as being due to the formation of an insoluble
compact-oxide film on the metal surface.39 Vermi]yea47'48 has studied
the jnhibition of Mg() and Mg(OH)2 dissolution and found that periodate,
germanate, tellurate, vanadate and tellurite ions retarded the dis-
solution of Mg0 and commercial Mg(OH)2 in atkaline solutions. He
suggested that this was due to incorporation of these ions into the
Mg(OH)2 structure and the formation of strong hydrogen bonds with the
surface layers. The same jons also inhibit Mg0 dissolution, as this
first reacts with water to form Mg(OH)2 with the overall dissolution
rate being controlled by Mg(OH)2 dissolution. He also found that
sodium dodecyl sulphate was an inhibitor for Mg0 and Mg(OH)2 in acid
solutions which he proposed was due to the high positive charge of the
Mg:(OH)2 particles at low pH values and the repulsion between water and
the aliphatic hydrocarbon portion of the inhibitor.

44 and

Fluoride is reported as inhibiting both the corrosion of Mg
MagnoxSO and also increasing the resistance of Magnox to localized
attack by chloride ions. The presence of fluoride ions is effective
at very low levels and it has been suggested50 that it reduces the
corrosion rate by modifying the mechanical properties of the proposed

barrier layer and mass transport through this layer.

1.2.5 Breakdown of passivation of Mg and Magnox by certain anions -

Chlorides, bromides, iodides, sulphates, persulphates, chlorates,
hypochlorites and salts of heavy metals displaced by Mg all have a -

deleterious effect on the corrosion of Mg in aqueous environments.

The effect of chloride in particular has been well characterized in

the past‘lﬁ"20"22"3‘0”4‘11”50'5‘I with high concentrations of C1 causing

pitting initially, leading to exfoliation and spalling. The exact
mechanism of breakdown is not known, but the breakdown potential

(pitting potential) becomes more negative with increasing chloride

34,57

content and it is possible that the initiation of pitting corres-

ponds to a critical potential where the adsorption of chloride ions 1s

preferred to the adsorption of oxygen atoms or water molecules, as has

59

been suggested for a]um‘inium.58 Richardson and Wood”” have suggested
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that in the case of aluminium the aggressive anions only propagate
small pores already present in the surface layer. Once the bare metal
is exposed cathodic evolution of hydrogen takes place within the pits
and an activated pit may be formed with a lower pH than that in the
bulk solution. A similar mechanism is stated to occur during the

corrosion of Mg in alkaline solutions containing perchlorate ions.

Beck and Chan60 have postulated the formation of a magnesium
chloride salt film on magnesium in high concentrations of magnesium

chloride at high anodic potentials (> 2 V sce). This film acts as a

diffusion barrier for water and prevents repassivation by an oxide
i lm.

The deleterious effect of silicate on the corrosion rate of Magnox
61 :
The effect is

temperature dependent with a negligible increase 1in corrosion rate at

in alkaline solutions above 60°C has been reported.

60°C on exposure to 100 ppm silicate compared to a four-fold increase
in rate at 121°C for similar silicate concentrations. The silicate
was ohserved in the corrosion film particularly at grain boundaries
even at 60°C probably in the form of hydrated magnesium aluminium

silicate.

1.3 Ellipsometry in corrosion testing: the work in this thesis

Although control of Magnox corrosion can be effectively achieved.SO
as attested by many years experience in the C.E.G.B., by storage iin

sodium hydroxide solution (pH > 11.5) with strict control of aggressive
anions, there remain several outstanding scientific questions concerning
the corrosion in aqueous environments. Many workers support the 1idea
of a thin barrier-type layer controlling the corrosion but there has
been little direct evidence for this film. As well as doubt as to

its function in controlling corrosion there is also uncertainty as to

Q
its nature and 1:h'ickness..4"'"50

The early stages of corrosion of materials which exhibit passivity,
such as Magnox in alkaline solution, are crucial, as it is during these
stages that the character of this film is established. The properties
of this film will have a marked effect on both its long-term stability
due to such factors as internal stresses and on its resistance to break-
down due to external factors such as penetration of the film by depass-

ivating ions, e.g. chloride.



— 13 -

Previous published studies relating to the corrosion of Magnox

have consisted of either in vacuo surface studies using techniques
such as Rutherford backscattering, E.S.C.A., S.I.M.S. and Auger

Spectroscopy49 or weight gain and hydrogen pressure measurements.

6,49, 50

These techniques are not ideally suited to study the early stages of
film growth on Mg and Magnox, either because of their lack of sensi-

ti?ity. or of the need to examine in vacuo - which may alter the film.

* ETlipsometry however provides a highly sensitive, non-destructive tech=iv~

nique which can be used to investigate the 1initial corrosjon processes
62,63
u.

in sit

———

optical constants and thickness of single and multi-layered films

It is cépab]e in principle of accurately measuring the

provided that the optical constants of the film-free surface are known
or can be measured. It is also ideally suited to coupling with electro-
chemical corrosion techniques such as d.c. polarization and cyclic

voltammetry enabling a thorough study of the dynamic characteristics

of the corrosion processes.

The major use of ellipsometry has traditionally been in the study

64-70

of passivation for which thin films and smooth substrates are

generally present. It has also however been widely used in the study
of general corrosion phenomena’ ' '~ and recent advances have been made
in the use of spectroscopic ellipsometry in conjunction with regression
ana]ysis.76 This enables much more accurate and rapid data aquisition
and analysis. Interest has also been shown in the last fifteen years
in the use of ellipsometry to study localized corrosion processes such

17,18 The development .of

as pitting and stress corrosion cracking.
more sophisticated and effective methods for characterizing rough
surfaces and inhomogeneous films will probably increase the scope for

ellipsometry in this field.

General reviews of the use of ellipsometry in corrosion are given
. +,63,74
by Hayfield

ellipsometry in the investigation of localized corrosion processes up

and Kruger.73 Petit and Dabosi77 review the use of

to 1980. For more general information concerning the use and appli-
cation of ellipsometry the proceedings of five international confer-

_ .
ences79 83 are available together with several reviews.g' 86

The aims of this research were to obtain a deeper insight into
the corrosion mechanisms of Mg and Magnox in neutral and alkaline media
from an investigation of the early stages of film growth and to relate

changes observed in different environments during these early stages to
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the long term behaviour. It was hoped that this may suggest ways of

reducing the long term corrosion rate and enable Magnox fuel elements

to be stored for longer periods.

Most of the work was undertaken using an automatic nulling ellip-
someter coupled with potential control of the corroding metal. Initial
results obtained in a regime similar to that used by the C.E.G.B. for
the storage of Magnox fuel elements (0.0 mo1/dm3 sodium hydroxide in
the absence of chloride ions) indicated that substrate roughening was
occurring. This resulted in a marked deviation in the ellipsometric
results from theoretical predictions based on a smooth substrate model.
A deeper understanding of this was sought - initially through theoret-
ical methods of handling the roughness using computer simulations.
Confirmation of this proposal of surface roughening was sought by the

use of additional techniques — scanning electron microscopy and

secondary ion mass spectrometry, the latter in conjunction with ion
beam milling.

The initial results were partly attributed to a reduction in pH
which caused the breakdown of the passive film formed on Magnox.
This led to other ellipsometric studies under different solution
conditions, by the presence of other ions and changes in pH.
Maintaining the pH above 11.5 and below 14 prevented the breakdown
of the passive film formed on Magnox and permitted easier analysis
of the results using less complicated theories. Confirmation of
these results was again sought by the use of secondary ion mass
spectrometry and also scanning Auger spectroscopy, both in conjunction
with ion beam milling. The results for Mg under similar conditions
were anomalous however. This was originally postulated as being due

to epitaxial film growth but similar results obtained using a single

crystal of Mg made this unlikely.
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2.1 Polarized light

2.1.1 Linear, circular and elliptical polarization

A Tight beam can be represented by two transverse waves, electric
and magnetic, which are orthogonal to each other and to the propagation
direction, fig. 2.1. In dealing with nonmagnetic media it is the
usual practice to consider only the electric vector and to ignore the
magnetic vector due to the weak interaction of matter with the magnetic
field of the light wave.85 This allows a monochromatic light beam to
be completely described by its frequency, propagation direction, phase,

amplitude and orientation of the electric vector.

In ellipsometry the electric wave is decomposed into two ortho-
gonal components which are defined with respect to a plane of incidence.
This plane refers to reflection of 1light from a plane surface and con-
tains the incident, reflected and refracted waves, fig. 2.2. The

component of the electric vector parallel to the plane of incidence

is referred to as the p vector and the perpendicular component as the

s vector.

These two vectors representing a transverse wave can be described

mathematically by:

E =|E| cos(wt+6) ... (2.1)
p p

E = IESI cos(wt +6) ... (2.2)

where E_ and ES are the instantaneous values of the p and s vectors,
IEpl and IEsl are the electric field amplitudes in each direction and

GpammiGS are the respective time-independent phase of each component.

Depending on the phase difference between the p and s components
and their relative amplitudes various polarization states are produced,
(fig. 2.3). It can be seen that linear polarization is produced for
the condition that Gp—GS = nT where n = +1, *2, %3, .... and circular
polarization results from the case where the phase change is #m/2.

The direction of circularly polarized light is defined in optics as

being right-handed if on looking into the beam the direction of rotation

of the electric vector appears clockwise and left-handed if the rotation

appears anti-clockwise.
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A
- -

propagation
direction

Fig. 2.1 Vector representation of a light beam



Fig. 2.2 Reflection of polarized light. The s and p

components have electric vectors normal and

parallel to the plane of incidence respectively.
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Fig. 2.3 Polarization states produced by phase difference

between p and s compounds

p S_ "'1T/4 p S=1T/2
. .
ﬂ /. ' /.

SP_SS = 3n/4 6p-68 = T GD-GS = 5m/4

= 371/2 = In/4

'P 5 P S p s
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There are a number of conventions used to describe the ellipse,
which is the general form of polarized light. The ellipse can, for
instance, be defined by two angles, one being the azimuth of the
ellipse with respect to the positive x axis and the other being the
tangent of the length ratio of minor axis to major axis. The most
useful of these with regard to ellipsometry is to define the physical

parameters A and Y:

|E_|
tan Y =-T-ET ..... (2.3)
Es
a=6 -6 (2.4)
where:
0 sY¥Y 5 9Q°

0 £ A £ 360°

These parameters are illustrated in fig. 2.4. Tan Y is a measure
of the ratio of the amplitudes of the p and s components and 4 is the
phase difference between them. The above definitions for A and Y are
those decided upon by participants at the International Conference on
Eilipsometry in 1968 and are convenient when using a nulling ellipso-
meter which measures A and ¥ directly. Other ellipsometers such as

intensity measuring types do not directly measure A and Y and use
different conventions.

2.1.2 Phasor notation

Nowadays phasor notation is used td.describe monochromatic light

as it enables easy mathematical manipulation of 1light phenomena to be

undertaken without recourse to lengthy trigonometric calculations.

This involves the use of complex exponential notation whereby equations
(2.1) and (2.2) become:
i0
E, = |Ex] e %

16
E =|E]le > ... (2.6)
Y N



Fig. 2.4 Elliptical polarization resulting from
the superposition of two orthogonal

linear polarized states.
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where x and y represent the two orthogonal vectors describing the
light wave. This notation arises from the use of the Gauss equation:
Tx
e " = cos x +isin x  ieiees (2.7)
with the real part of the expansion representing the oscillation of
the light wéve. This is a convention to remove the time dependent

wt term as it —is~assumed for monochromatic ‘light that w is known and

invariant.

2.1.3 Jdones and Stokes vectors

The above equations, (2.5) and (2.6), can be conveniently
expressed by means of Jones vectors which have the form of a 1 x 2
matrix. The upper element indicates the amplitude and phase of the

x component and the lower the same parameters for the y component:

The vectors are usually simplified by normalizing so the sum of
the squares of the elements equals unity. They enable pure states of
polarized light to be specified in a simple and compact form, some

examples of which are shown in table 2.1.89

Jones vectors have the advantages that they are compact and can
be used in the addition of coherent beams, i.e. beams which when super-
imposed produce an interference pattern. They cannot however be used
with unpolarized or partially polarized 1ight for which a different
representation is used, the Stokes vectors. These again are column

vectors but contain 4 rather than 2 elements:
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Table 2.1

Standard Normalized Jones Vectors for

Various Forms of Polarized L'ight89

Polarization state | Standard normalized

Jones vector

Linear horizontally ‘1|
polarized 0
Linear polarization V2 | 1
at —-45° e ~1
Right circularly V2 |-
polarized 2 1
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I is the intensity of the beam, usually unity for the incident beam.
M is the horizontal preference, C the preference for +45° 1inclination
and S is the preference for right circular polarization. e.g. a

horizontally polarized beam of unit intensity would have the following
Stokes vector, (1,1,0,0). Other examples of Stokes vectors are given
in table 2.2. Jones and Stokes vectors have the great advantage of
simplicity in calculating the effect of various optical devices on a
light_beam. These calculations are performed by the Mueller calculus
for Stokes vectors and the Jones calculus for Jones vectors, the former
calculus being necessary if there are scattering devices present or
partially polarized or unpolarized light. Table 2.3 gives examples

of both Mueller and Jones vectors for various optical devices.

2.1.4 Jones and Mueller calculus

Both methods use matrix algebra whereby the normal rules of matrix
multiplication are used to determine the effect of an optical device in
the light wave. This can be illustrated by considering the effect of
an ideal linear polarizer [M] with a transmission axis at -45° (see
table 2.3) on an incident beam [Vi] which is partially and left ellip-
tically polarized (see table 2.2). The vector of the emerging beam

[Ve] is then calculated using the Mueller calculus:

v1=IMev.y (2.9)
.50 0 -5 0 2
0 0 0 0 0

[Ve] = _:5 0 _.5 Q 2 = 72 ----- (2-10)
0 0 0 O] |- 0

[Ve] can be seen to be 1007 Tinearly polarized at -45°.

A series or train of optical devices can be represented by a

series of matrix multiplications, e.g. for an incident beam, [Vi]

passing through devices [Mj], [Mz], and [M.] the emergent beam [V _]
is given by:

V] = MOV (2.11)
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Table 2.2

Stokes Vectors for Various Forms of

Polarized Light89

Polarization state Normalized Stokes Vector
[I'IM'IC‘IS]
Horizontally polarized [1,1,0,0]

unit intensity

Vertically polarized [1,-1,0,0]
unit intensity

Left circularly polarized 11,0,0,-1]
unit intensity
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Table 2.3

Mueller Matrices of Basic Optical Devi’ces85

Device Mueller Matrix

Linear retarder 1 0 0 0
(retardation 6) 0 T —~ —~

0 0 CoSO sing

$, 0 -sing cosd
Rotator 1 0 0 0
(angle of rotation o) 0 cosZ2®  sin2a 0

0 -sin2a  cos2o 0

0 0 0 1
Ideal polarizer = 1 cos28 sinZb
(orientation 6) cosZ0 003226 sin2BcosZ6

Sih28 sin20cos20 sinZ26
0 0 0

o O O O
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The train of optical devices can be represented by a single
overall 4 x 4 matrix, [Mt]' or Mueller matrix which is obtained by
multiplying the matrices of all the optical devices. In the previous

case [Mt] is given by:

(M ] = IMIIMRIIMAY (2.12)

A similar procedure is followed in the dJones calculus which is more

compact but which cannot be used for depolarizing systems.

An alternative method of describing polarized light is to use
the Poincare sphere which can be considered asa 3-dimensional Stokes
vector whereby each polarization state is represented by its position
on the sphere. The poles of the sphere represent circularly polarized
1ight with points on the equator representing linear polarization.
Other points on the sphere indicate elliptical polarization. Its main
use has been in describing the effect of a retarder on a polarized beam
in which the retarder 1is represented by an arc whose length is dependent

on the retardance. The incident beam is at one end of the arc and

then the other end represents the polarization of the emerging beam.

2.2 Reflection from bare surfaces

2.2.1 Reflection from a bare non-absorbing surface

The fact that the polarization of 1ight changes on reflection was
discovered in 1808 by E.L. Malus and in 1823 Fresnel developed equations
to describe the reflection of light incident on the boundary between
two isotropic dielectric media, fig.2.5. Although his theory of light
was incorrect the equations have been proved correct experimentally and

can he theoretically derived using Maxwell's equations.90

The Fresnel amplitude coefficients, rp and res describing the
ratio of amplitudes of incident and reflected waves for the p and s

components are:

EI
= =2 (2.13)
r === .
Pq,2 Ep
s ( )
r = == e 2.14
S1,2 Es
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s

Fig. 2.5 Reflection and refraction at a dielectric interface

Symbols ¢1 and ¢2 are the angles of incidence and refraction
respectively.

n, and n, are the refractive indices of mediums 1 and Z.

p and s are the components of the electric field vector
(parallel (arrows) and perpendicular (circles)).
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where a single prime refers to the reflected wave and unprimed to the
incident wave.

Using his elastic theory of light Fresnel related these reflection
coefficients to the angles of incidence and refraction and to the

refractive indices of the media:

nzcos¢1 - n1cos¢2*

r e (2.15)
p1.2 n?cos¢] +- n1cos¢?
n.cos¢, — n,coso

. 1 e < (2.16)

S1.2 n.lcosdn1 + n2coscb2

n, = refractive index of incident medium
N, = refractive index of second medium
¢] = angle of 1incidence

¢2 = angle of refraction

Equations (2.15) and (2.16) can be rewritten using Snell's law:

n151n¢1 — n251n¢2 """ (2'17)
to give:
tan(¢, - ¢,)
. - 1 2 veene(2.18)

P1,2 tan(dJ1 + ¢2)

_Sin(¢1 = ¢2)
S .
1,2 s1n(¢1 + ¢2)

2.2.2 Propagation of light in non-absorbing media
The optical constant n defined in equations (2.15)-(2.17) is a

fundamental constant of the materia].91 It depends upon the interaction
of the material with anelectromagnetic wave oscillating at optical

frequencies which for a non-absorbing medium can be shown by the time
dependent solution of Maxwell's equations to be:
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E = E, exp[i(wt - 2mn s.r.)] ... (2.20)
A

-Eo is the wave amplitude, E the instantaneous value of the electric
field vector, r a position vector in an arbitrary co-ordinate system,

s a unit vector in the propagation direction, A the vacuum wavelength
and w the frequency of radiation.

The index of refraction, n, of the medium is defined. by:

-

It

< |0
Il

M

) o
N
N
N
—
S

where ¢ is the velocity of light in vacuo, v is the phase velocity
of the wave in the medium, € is the dielectric constant or permittivity

of the med1ium, €, the permittivity of free space, U and M the permea-

bility of the medium and free space respectively. For most non-

magnetic materials the ratio U/U0 is approximately unity so that
equation (2.21) can be simplified to:

The above equation is known as Maxwell's relation.

2.2.3 Propagation of 1light in absorbing media

For a wave travelling in an absorbing medium equation (2.20)
becomes: ‘

E = E [i(wt =27n s.r.)] exp[=27k s.r.] = .....
o ) )

The additional terms represent the attenuation of the wave due

to the damping effect of the conduction electrons as the wave passes

through the medium. This gives rise to a complex refractive index,

n, where:

n = n-4k ... (2.24)
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n is the real part of the refractive index and k the extinction

coefficient.

The reduction in intensity of the wave as it propagates into the

medium is given by the reduction in the square of the amplitude:

I = I exp @t (2.25)

where Z is increasing distance normal to the surface and o is the

linear absorption coefficient, given by:

oy = ﬂ;ik ..... (2.26)

The value of Z at which the intensity of the wave decreases by a factor

e is known as the penetration depth and is dependent on k and A:

= A
L = 741 - i (2.27)

For a material to be transparent the penetration depth must be large
compared to its thickness. For most metals however the penetration

depth is very small, e.g. for Cu it js about 0.6 nm in the ultra-

vio]et.gz

The need for a complex refractive index also results in the

dielectric constant being complex:

= = et (2.28)
0O

' represents the real part of the dielectric constant and €" the

imaginary part.

Using equations (2.22), (2.24) and (2.28), €' and €" can be

related to n and k:

e’ = 2nk .. (2.30)
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2.2.4 Reflection from a film—free metallic surface

The need to use a complex refractive index means that Snell's law,

equation (2.17), will require that the angle of refraction and the
Fresnel reflection coefficients are complex.

A

The Fresnel reflection coefficients, ' and ?S, are usually

expressed in phasor notation:

Bl ilg! - z,) ’
A PP,
3 'TFET . (2.31)
E! (C! -
P = {ES{ (8 ). (2.32)

Cp and ¢_ are the absolute phase of the p and s components of the
incident beam and C; and C; are the absolute phases of the p and s
components for the reflected beanm. |E | and ‘ES‘ are the amplitudes

of the incident beam components and IEEI and |E;| the amplitudes for
the reflected beam.

Equations (2.31) and (2.32) can be rewritten as:

3>
Il

r | J% L. (2.33)

Irsl e-i(SS ..... (2.34)

3>
Il

where ]rpl and ]rsl are the ratio of amplitude of the reflected and
incident components and 6p and O_ are the phase change of the p and s

components on reflection.

In ellipsometry the most useful parameter is P, the ratio of the

complex Fresnel reflection coefficients:

.%fgl - (2.35)
r

“S‘.>I_D'$>
N

s |
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From equations (2.3) and (2.4):

0 = tan Y e1A

ceeee(2.36)
This is known as the fundamental equation of ellipsometry.
Ditchburn93 has developed trigonometric equations for A and ¥ avoiding

the use of complex notation:

2 2

cos2¥ - sinZZTSin

2 2 .2 t A
— k — = T T T T T T T s e e 2-37
" Sin"o (1 + sin2¥cosA) ( )
t231n4?sinﬁ
2nk = S e (2.38)
(1 + sin2¥cosA)
t = sindtand 0 adeess (2.39)

¢ is the angle of incidence.

Alternative trigonometric equations have been developed by

Koem‘g.94

2.3 Characterization of bare surfaces using ellipsometry

2.3.1 Factors affecting the values of A and ¥ measured for a
bare surface

Determining the optical constants of a bare surface has both
theoretical and pract1c§] importance and can in principle be easily
performed using ellipsometry. The parameters A and Y measured for
a bare surface have been defined previously, equations (2.3), (2.4)

and (2.36). These values depend upon a number of factors:

1. The optical constants of the incident medium, usually air,

vacuum or a transparent solution in which case n 1is not complex.

¥

2. The optical constants of the substrate, usually canplex,

)

j.e. n = n - ik.
3. The angle of 1incidence.

4. The wavelength of light used.
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In nulling ellipsometry the normal procedure is to fix the angle of
incidence and wavelength of light. As n for the medium is known or
can be easily obtained, e.g. by an Abbe refractometer, then n and k
for the substrate can be obtained. There are several equations
whereby this calculation can be performed, one of which is:

]
| 2
o= tand [T =P sinfel L (2.40)
(140)

N, and n; are the refractive indices of the substrate and incident
medium respectively. ¢ is the angle of incidence and P has been
defined in equation (2.36). The use of complex notation can be

avoided by the use of either Ditchburn's equations93 (equations
(2.37)-(2.39)) or by those of Koen'ig.94

If the angle of incidence, wavelength of Tight and incident
medium remain constant then there is a one-to-one relationship
between n and k of the substrate and A and ¥ for the bare surface.
This can clearly be seen in the n,k nomogram in fig. 2.6.  The areas
into which metals, semiconductors and insulators fall are found in
distinct regions as illustrated by fig. 2.7. Insulators are found

either along the A = 0 or A = 180° axis which is a result of the
differences in phase shifts, rp and re being either 0 or .  The
angle of incidence at which the change occurs from 0 to T radians is
known as the Brewster angle and is dependent upon the refractive index

of the dielectric and the incident medium. This is considered 1in

more detail in section 2.3.3.

Semiconductors have frequency-dependent optical constants usually
with very low k values providing that the frequency of incident radia-

tion is not at a band transition frequency. The low k values arise

from the dependence of n and k on the conductivity:

Znk =

£ 1Q

where ¢ = conductivity and w = frequency.
At the wavelength of light used in figs. 2.6 and 2.7 (632.8 nm) semi-

conductors have a very low conductivity and as n typically lies in the

range 2.5 to 4.5 k 1is very small.
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Fig. 2.6  n,k nomogram showing one to one relationship between
A and Y and the optical constants
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Fig. 2.7 A simplified nomogram illustrating the position of some
metals, semi-conductors and insulators
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Metals have much higher conductivities and widely varying n and k
values. Their optical behaviour can be described using a theory

proposed by Drude. This 1is described in the next section.

2.3.2 Frequency dependence of the optical constants

The frequency dependence of the dielectric constant arises from
the effect of the oscillating electromagnetic field on the distortion

of the electron distribution and molecular geometry of the material.
The latter effect is known as polarization and is related to the

dielectric constant by:

e =1
P = o E  eeasa (2.42)
E = electric field
P = electronic polarization |

At optical frequencies the only contribution to the polarization is
from the effect of the electron cloud. At these high frequencies the
molecules cannot orientate themselves sufficiently rapidly for the
polarization of permanent dipoles to contribute, and the atomic nuclei
are too sluggish to follow the oscillations for the polarization of

bonds in polar molecules to be important.

Classically the effect of frequency at these wavelengths on the

polarization of insulators was treated by Lorentz. His model 1is of
an electron bound to an infinitely heavy nucleus by an elastic force
‘analogous to a small mass bound to a much heavier mass by springs.
Drude95 considered the case of dispersion for metals using a free

electron model, by equating the restoring force in Lorentz's mode]

to zero. He arrived at an equation relating €' and €" to frequency

(w):

2
e o= 1T diNe 5 1 e (2.43)
m TV »
?
il
e = TINe . (2.44)

n o w(w® + %)
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e and m are the electronic charge and mass respectively, N the total
number of atoms per unit volume. I is the damping constant in the
Lorentz model which is related to the mean free time between collisions.
The natural frequency with which the free electrons and positive ions,
or plasma, within a metal vibrate is known as the plasma frequency, wb.
At frequencies below this critical value the metal behaves as if it were
a strongly absorbing material with a reflectivity near unity and a
complex refractive index. This results -in -the intensity of the pene-
trating wave falling off exponentially as it propagates into the metal.
At frequencies higher than W, the material behaves as if it were trans-

parent with a real n and a rapidly decreasing reflectivity as the

frequency increases.

The Drude model can successfully explain the optical behaviour of
some metals such as M996 and A197 hoth of which exhibit a marked

reduction in reflectance at the plasma frequ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>