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Use has been made of an automatic nulling ellipsometer, capable of
monitoring changes in the polarisation state of reflected Tlight with
high sensitivity and speed, to study several aspects of fonic and
organic adsorption at the mercury and platinum-aqueous electrolyte
interfaces.

The ellipsometer was used to monitor, continuously, the changes of
the optical parameters, A and ¥, as a function of electrode potential
in studies of ionic adsorption and the adsorption of organic materials
onto mercury. The method of computerised data acquisition employed
enabled the optical studies of adsorption to be extended by using a
wide range of wavelengths in the visible to near ultra-viclet spectral
region. This additional wavelength information has clearly shown the
inadequacy of macroscopic models used to describe ionic adsorption.

For dilute solutions of isoquinoline, the potential dependent
changes in ¥ were complicated by effects other than simple changes in
inner layer refractive index. For more concentrated solutions the
changes in both A and ¥ were satisfactorily accounted for by an
adsorbed layer exhibiting uniaxial anisotropy. Analysis of the data
collected for different wavelengths gave similar results, after
allowing for normal dispersion of the inner layer refractive index,
which are in agreement with the recently proposed model for this
systen.

The optical properties of rhodamine B adsorbed on mercury have been
determined by in situ spectroscopic ellipsometry. After correcting the
experimental A,¥ dispersion curves for the effects of an absorbing
medium the optical constants of the adsorbed layer were found for all
wavelengths in the range 300 nm to 650 nm. The extinction coefficient
of the adsorbed dye showed a red shift of about 60 nm together with a
weakening of the extinction compared to that of the bulk solid dye.

Analysis of the data obtained for the adsorption of rhodamine B onto
platinum failed to yield reasonable film optical properties. The strong
similarity between the A dispersion curves for the two substrates
suggests that the properties of the adsorbed layer on platinum are
similarly shifted.
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1.1 General and historical introduction

Ellipsometry, 1in its broadest sense, is concerned with the
analysis of polarised light, the most general state of which is termed
elliptical, with no restrictions placed on the cause of the
polarisation state. Any polarisation state can be produced by the
superposition of two monochromatic electromagnetic waves whose electric
vectors are orthogonal. The resultant vectorial sum may be completely
characterised by two quantities describing the phase difference,
6 - Oy, and the relative electric field amplitudes, |Ex|/IEyl of the
orthogonal components. The term ellipsometry is now generally reserved
to describe the measurement of changes in polarisation state produced
when a beam of light of well defined and known polarisation state is
specularly reflected from a plane surface. Since changes in ratio of
vector amplitudes and phase differences are measured rather than
absolute values, the technique 1is capable of high resolution and is
insensitive to fluctuations of the light source intensity. Another
reason for the high sensitivity of the method is that the measured
quantities are usually azimuth angles and changes of 0.001° can be
resolved on modern research instruments,

The development of modern ellipsometry can be traced back to the
discovery, by Malus (1775-1812), that Tight could be polarised by
reflection. The effect was quantified sometime later by Fresnel
(1788-1827) who presented formulae relating reflection coefficients to
angles of incidence and refraction and to refractive index, on the
basis of experimental results obtained from transparent media. However,
Jamin found that for iacident angles near the B3rew ster angle the
reflection of Tight from many solids and tiquids deviated from
Fresnel's law, in that appreciable ellipticity in the reflected beam
was observed. The failure of these laws was explained by Rayleigh
(1842-1919) who, after studying the reflection of light from water and
water covered by a ‘'greasy’' contaminant, concluded that surface films
were responsible for ellipticity in the reflected beam. The production
of elliptically polarised light by a filmed surface was quantified by
Drude who, by applying appropriate boundary conditions to Maxwell's
equations, obtained a general expression valid for films of any
thickness on any substrate. The so called Drude equation forms the
basic equation of ellipsometry and relates the two parameters,
tany = rp/rS and A = & - & to the optical constants of substrate,
film and medium. Historical reviews of ellipsometry have been given by
Rothenl and Hal12.

One of the main advantages of the ellipsometric and related
























Figure 2.1,

A plane wave moving in the k direction.




Figure 2.2.

Etliptical polarisation resulting from the
superposition of two orthogonal Tinear
polarised states.
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incidence (Fig. 2.3). The electric vectors for the two orthogonal
components may be described mathematically as

i

Ep IEp}cos(wt +8p) (2.5)

H

Es = [Es|cos(ut + s) (2.6)

where § represents the phase of the wave. The physical parameters
describing the ellipse are the ratio of the electric field amplitudes
[El of p and s components, and the difference, 4, of the
time-independent phase of the two components

|Epl/|Es] = tan ¥ (2.7)
6p - (SS = A (2-8)

The electric and magnetic vectors of all  electromagnetic
oscillations are known to vary sinusoidally with time. The amplitude
and phase of the oscillation of each component is the only information
that is required to describe monochromatic light since the time
dependence is understood and invariant. The amplitude and phase
information about a sinusoidally varying quantity can be combined to
form a complex number which is referred to as the phasor representation
of that quantity. By using the phasor representation, the addition of
two oscillations of different phase may be simply performed as an
addition of the two vectors in the complex plane without reference to
Tengthy trigonometric quantities. The vector describing the x
component of the electric field oscillation varies with time as
|Ex|cos(wt + &4), which can be expressed in phasor form as

Exc = [Ex| exp(isy) (2.9)

where the subscript ¢ is used to denote that the phasor representation
of the quantity is used. To restore the time dependence, the following
operation is performed

Ex = Re[ Exc exp(iwt)] (2.10)

where Re signifies that the real part of the complex quantity is taken.
Expanding Eq. (2.10) gives

Ex = Re{|Ex| exp[i(ut + 6¢)1} (2.11)

which is equivalent to the starting vector equation since the Gauss
equation gives

exp[i(wt + 6)] = cos{uwt + §) + isin(ut + ) (2.12)
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The time dependent term has been chosen as exp(iwt), the
alternative being exp(-iwt). This is the convention adopted by the
participants of the 1968 International Conference on Ellipsometry25.
The conventions agreed upon at that meeting will be used here.

2.2. Reflection from a dielectric surface
The reflection of 1light from a plane boundary between two

isotropic dielectric materials can be quantitatively described by the
Fresnel amplitude reflection coefficients (r). These coefficients give
the ratio of reflected to the incident electric field amplitudes. The
reflection coefficients for p and s components are

p1,2 = Ep/Ep (2.13)

rs1,2 = Eq/Eq (2.14)

and were related to the angles of incidence and refraction and the
refractive indices by Fresnel in 1823 on the basis of his elastic
theory of light (see Fig. 2.4)

_ McosPy - npcosPy  tan(Py - P2)
r‘pl’z o= n b3 (2;15}
1cosPp + npcosPy  tan(@y + B)
nicosP; - npcos@Py sin(f1 - 92)
re1.2 = - (2.16)

nicos@] + npcosPs sin(@1 + P2)

Although his theory is no longer accepted, the equations were
verified experimentally and the same equations may be deduced from the
electromagnetic theory of 1light. The angles of refraction may be
calculated using Snell's law.

nisin@] = npsingy (2.17)

When nz > ny it follows from Snell's law that @7 > @2 so that from

Eq. (2.16) rg is negative for all values of @] while rp is positive
at P = 0° and decreases until it is zero when §; + Po = 90°

since tann/2 is infinite. The angle of incidence at which this occurs
is called the polarising or Brewster angle (@p). As @1 increases
beyond Ep, 'p becomes more negative. The negative sign associated
with the reflection coefficients are indicative of a phase shift of =
radians. Thus, rq is always out of phase by = radians, whereas, ™o is
only out of phase with respect to the incident beam if g1 > Qp.
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2.2.1. Reflection from a metal surface

Metals are characterised by the presence of free electons which
are free in the sense that they are not localised and are able to move
under the influence of an applied electric field. An electromagnetic
wave incident on the metal surface can send the free electrons into
oscillations which are damped by collisions with the thermally agitated
lattice or by lattice imperfections. The reflected electric vector
will therefore be attenuated and phase shifts in both p and s
components introduced. The Fresnel equations can be adapted to
describe reflection from a metal surface by introducing a complex
refractive index

n=n - ik (2.18)

where n is the real part of the refractive index and has its usual
meaning, i = -1 and k the extinction coefficient is related to the
absorption coefficient, a, in the Lambert law. The complex refractive
index and wave propagation through such a medium will be discussed more
fully in section 2.6.2. Application of Snell's law (Eq. 2.17) to
complex refractive indices results in complex angles of refraction
which are related to the fact that for obliquely 1incident polarised
Tight the planes of equal amplitude and planes of equal phase are not
coincident for light propagating through an absorbing medium26, The
Fresnel coefficients are also complex and may be written in exponential
form

. E!

p = ’—-Q-Iexp[i(éf) - 8p)] (2.19)
|Epl

A E'

re = Li!em[i(éé - 65)] (2.20)
|Eg]

where ¢ is the phase of the oscillation related to a reference. If | rl
represents the modulus of the amplitude attenuation and a the change 1in
phase due to reflection, the Fresnel equations become

i

rp = | rplexpiap (2.21)

~

rs

i

| rs] expiag (2.22)

An ellipsometer is used to determine the ratio, p, of the complex
reflection for p and s components

p = rp/rs (2.23)
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of the overall complex amplitude reflection coefficients for the p and
s components 1s determined. Substitution of £q. (2.19) and Eq. (2.20)
into Eq. (2.28) and rearranging gives

_LEpl/IEs] |
T el Eg P - 5] - (8p 6g)] (2.29)

which by comparison with Egs. (2.7) and (2.8) gives

Lany,.
expli{a, - a3 (2.30)
fany; pli(ap i)l /

where the subscripts r and i refer to reflected and incident waves
respectively. Equation (2.30) is often given in a simplified form

p = tany exp(ia) (2.31)

Substituting for ép and &S from Eqs. (2.24) to (2.26) into Eq. (2.28)
gives the Drude equation

_ Lrp1,2 + rpp,3exp(-2i8) 01 + rs. 12rsp.3exp(-2ip)]
[rs1,2 + rs2,3exp(-218)1[1 + rp 12rp2, 3exp(~2ig)]

P (2.32)

Equation (2.32) relates the ellipsometrically determined angles 4 and
to the optical properties of a three-phase system.

2.3 Calculation of A and v from ellipsometer readings

The angles 4 and v, determined ellipsometrically, are related to
the experimentally observable azimuths of the optical components
comprising the ellipsometer. The exact form of the expression relating
4 and v to the measured azimuths will depend on the order in which the
optical components are placed in the Tight path. The essential
components of a nulling ellipsometer have been described previously and
the mathematical treatment which follows applies to the sequence:
polariser (P), linear retarder (Q), sample, analyser (A). The null
condition may be attained by adjusting the azimuths of any two of the
polarising or retarding prisms. The azimuth settings of P, A and @
producing the null condition can then be used to evaluate A and v,
Equations relating P, A and Q to A and ¥ can be derived by predicting
the general state of polarisation as tight passes through each of the
components or 1is reflected from the sample surface. This type of
analysis is considerably simplified by treating the polarisation state
of light as a single vector quantity and each of the optical devices as
a matrix.
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2.3,1 Mathematical treatment of polarised light
Jones vectors and matrices

A concise representation of polarised light is that of a two
element column vector introduced by Clark-Jones?? in 1941. The vector
cannot, however, describe partially polarised waveforms or
polychromatic light.

The electric vector of a single monochromatic wave of arbitrary
polarisation propagating in the z direction of a Cartesian co-ordinate
system may be expressed, in phasor form, as

E(z) = [Ex] exp(isx) + [Eylexp(isy) (2.33)

This expression for the complex amplitude may be represented as a 2

element column vector known as the Jones vector.

[Ex| exp(isy)

2.34)
Ey| exp(isy) |

E(z) =
The Jones vector is a complex vector and as such is not a vector in
real space but in mathematical space and serves only as a
representation of the wave. Any completely polarised wave may be
represented by a Jones vector, and any change of polarisation would be
represented by a change in the Jones vector. Such a change can be
accomplished mathematically by a 2 x 2 matrix which acts as an operator
changing one 2 x 1 column vector into another Tinearly related column
vector. Any optical device which changes the polarisation state of a
light beam passing through it may, therefore, be represented as a 2 x 2
matrix.

The polarisation state of light emerging from an optical device is
simply obtained by multiplying the 2 x 2 matrix describing the element
by the Jones vector describing the incident wave.

E% _|ab §x _jaEx + b%y (2.35)

y ¢ dj|Ey CEx + dEy

The Jones vectors have been simplified for convenience by using the
identity

E = |E|exp(is)

The matrix for a linear polariser with transmission axis parallel to
the x axis can be found by separating Eq. {2.35) into two terms









































































































































































































































































































































































































































































































































































































