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Use has been made of an automatic nulling ellipsometer, capable of 
monitoring changes in the polarisation state of reflected light with 
high sensitivity and speed, to study several aspects of ionic 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 Y , as a function of electrode potential 
in studies of ionic adsorption and the adsorption of organic materiaTs 
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-violet 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 Y were complicated by effects other than simple changes in 
inner layer refractive index. For more concentrated solutions the 
changes in both A and Y 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 
system.

The optical properties of rhodamine B adsorbed on mercury have been 
determined by j^ situ spectroscopic ellipsometry. After correcting the 
experimental A, Y 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, in 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, 
6x - 6y, and the relative electric field amplitudes, |Ex|/|Ey| 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 is 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 light 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 incident angles near the Brew ster angle the 
reflection of light from many solids and liquids 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/rg and A = (^ - 6g to the optical constants of substrate, 
film and medium. Historical reviews of ellipsometry have been given by 
Rothenl and Hall 2.

One of the main advantages of the ellipsometric and related 
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reflectance techniques in studies of the electrode-electrolyte 
interface is that it provides a method for the jji situ investigation of 
superficial processes and often yields information specific to surface 
phenomena not directly accessible by any other technique. Other methods 
which give information about surface properties (electron spectroscopy 
and diffraction for example) require the removal of the electrode from 
the controlled environment of an electrochemical cell and exposure to 
conditions (vacuum and electron impact) which undoubtedly change the 
surface region of the sample. The ellipsometric technique has been 
applied to studies of adsorption, anodic film formation, corrosion and 
electrodeposition. A number of reviews on applications of 
el 1ipsometry3,4 and the proceedings of four international 
conferences5-8 are available.

Recent advances in instrumentation and the availability of 
dedicated micro-computers hayeled to a new generation of automatic 
ellipsometers which have considerably shortened the time required to 
collect data. Modern ellipsometers can be divided into two instrumental 
categories: self-compensating and non-compensating. Seif-compensating 
ellipsometers, for the most part, simulate manual operation at greater 
speed either by mechanical or electronic means. The characterisation of 
elliptically polarised light by compensating or null ellipsometers, as 
they are often called, is based on the restoration of linear 
polarisation by introducing a phase difference between the two 
orthogonal components of the elliptic state. The phase difference is 
produced by a compensator (a wave retardation device) and the restored 
linear polarisation is recognised by the extinction of light when 
viewed through a linear analyser whose transmission axis is normal to 
the electric vector of the restored state. The automation of the 
nulling technique by mechanical means has been described by 0rd9 and 
electronic automation employing magneto-optical devices (Faraday cell) 
by LayerlO. The automatic ellipsometer used in this investigation 
employs a combination of both mechanical and electronic methods to 
achieve the null condition and responds to changes in null angles 
typically within 0.1 s.

Non-compensating ellipsometers in which the elliptic state is 
determined from the intensity of light reflected from a surface as a 
function of analyser azimuth have been reportedll,12. The availability 
of intensity data from such instruments has been used to advantage by 
Cahan and Chenl3 to extract a third parameter, the relative 
reflectivity, which enabled them to determine the optical properties (n 
and k) and film thickness of the passive film on iron without 
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auxil iary Information normally required in normal (two parameter) 
el 11psometry.

In addition to the speed of operation of modern ellipsometers, 
considerable improvements in sensitivity have been achieved by more 
critical design and fabrication of mechanical components and more 
sensitive electronic methods of angular encoding. With decreased data 
acquisition times and Increased sensitivity, i_n situ spectroscopic 
ellipsometry and reflectance techniques offer a potential source of 
more detailed information on a molecular level. For example, Bewick and 
Kun1matsul4 have obtained absorption spectra of water adsorbed on 
platinum and gold electrodes in the wavelength range corresponding to 
0-H vibrational energies and have tentatively suggested that changes in 
the structure of water at the Interface are observed.

To gain information on the optical properties of adsorbed species 
or surface layers one has to assume a suitable model for the 
interphasal region. In many cases a three layer model Is assumed In 
which the film, of unknown optical constants and thickness, is bounded 
by the substrate and by electrolyte of known optical properties. The 
three layer model can only be considered an approximation of the true 
structure of an electrode-electrolyte Interface because it is well 
established that the strong electric field across the Interface 
perturbs not only the electrolyte adjacent to a superficial film (the 
diffuse layer) but also the optical properties of a surface layer of 
the electrode. Under certain circumstances however, the three layer 
model provides a reasonable basis for the analysis of ellipsometric 
data and has been succesfully employed, for example, in following the 
grov/th of anodic filmsl5 or in studies of organic adsorption!®, where 
the changes in a and T are generally much larger than diffuse layer and 
electroreflectance contributions.

In studies of anion adsorption however, the changes in 
ellipsometric parameters are small and the contribution to the overall 
optical effect from the diffuse layer and changes in the surface 
properties of the electrode cannot be Ignored. Although several 
theoretical treatments of the electroreflectance effect have been 
presented and applied to experimental results, there does not exist a 
generally accepted nor universally applicable model for the effect. 
Indeed, recent theoretical treatments have re-examined the hypothetical 
vacuum-perfect-metal (often called jellium) Interface from a 
microscopic point of view, and concluded that the surface region of a 
metal cannot be characterised by its bulk optical properties nor can 
the surface be accurately described in terms of anisotropic or 



Inhomogeneous properties. Nevertheless, ellipsometry has been used as a 
powerful tool In observing Interfaclal phenomena and has provided 
confirmation of, or helped In the formulation of alternatives to, 
models developed from the more conventional electrochemical approaches.

1.2 Ionic adsorption studies
Many ellipsometric studies of the electrode-elecrolyte Interface 

have been performed using light of one wavelength, usually 546.1 nm 
(the mercury green line). To some extent this has been due to the time 
consuming manual adjustment of prism azimuths required to achieve the 
null condition in earlier ellipsometers. The measurement of 
ellipsometric parameters for a large number of wavelengths would be 
exceedingly time consuming and would pose serious problems In the 
analysis of data collected over extended time scales because of the 
accumulation of adventitious Impurities, invariably present in 
electrolytes to some degree, at the interface. In addition to temporal 
considerations, many manual ellipsometers did not have sufficient 
angular resolution to observe, with any accuracy, the small deviations 
in the parameter f (typically an order of magnitude smaller than the 
corresponding changes in a). In previous ellipsometric studies of anion 
adsorption at metal electrodesl7,18 only changes in a, at one 
wavelength, were reported and the analyses presented were necessarily 
restricted to changes in surface excesses of materials with assumed 
bulk optical properties and of assumed film thickness.

Although "off null" techniques were developed to monitor changes 
in the optical properties of the Interface continuously, the principle 
advantage of the null technique was lost since changes in the intensity 
of light incident on the interface became important. The "off null" 
techniques were restricted to following effects such as phase 
formation, where large changes in a and f were to be expected. The much 
smaller changes observed in ionic adsorption studies were measured for 
a series of discrete electrode potentials, taking a skilled operator 
several minutes to determine the nulling angles at each electrode 
potential employed. Apart from the more recent studies of double 
layer phenomena by modulated reflectance spectroscopic techniques, the 
electroreflectance effect has been ignored or assumed negligibly small. 
In analysing reflectance data (Hgl9, Pb2O, and Au21 In fluoride 
electrolytes) it was assumed that the linear variation in relative 
reflectivity with charge on the electrode, over a large range of 
charges and for a particular wavelength and angle of incidence, was due 
to the electroreflectance effect. It was further assumed that the small 
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deviations from linearity, observed at extreme cathodic and anodic 
charges, were due to an increase in the amount of water in the inner 
1 ayer.

The automatic nulling ellipsometer used in the present study 
enabled the ellipsometric parameters to be monitored continuously as 
the electrode potential was swept continuously. The significant 
reduction in the time required to collect data enabled the changes in a 
and ’f to be monitored for a wide range of wavelengths of incident 
light, in a time scale comparable to that required by the earlier 
manual ellipsometers to record the changes in △ and Y at one wavelength 
and at a few discrete electrode potentials. Ellipsometric data were 
recorded for fluoride and sulphate electrolytes (reported in sections 
5.1 and 5.1.2 respectively) in the hope that, in addition to Improved 
sensitivity available on the instrument used here, the wavelength 
dependence would lead to a better understanding of the 
electroreflectance effect at the mercury-aqueous electrolyte Interface.

The studies of chloride adsorption (see section 5.1.1) represent 
an extension of the previously reported ellipsometric Investigations of 
specific adsorption, in that the effect of wavelength on the potential 
dependence of a and v was studied. This investigation was undertaken to 
test the validity of the recently proposed models.

1.3 Organic adsorption studies
The changes in a and Y observed when an organic molecule Is 

adsorbed on a metal substrate are expected to be much larger than the 
changes observed for ionic adsorption In view of the higher refractive 
index of most organic compounds compared to the ionic refractivities of 
simple Ions. Even though the adsorption of organic molecules should be 
easier to observe by ellipsometric techniques, very little has been 
published on the subject. Again, the previous studies of organic 
adsorption from electrolyte solutions were normally restricted to a 
single wavelength of Incident light and the ellipsometric parameters 
extracted by a manual nulling technique for a few discrete electrode 
potentials. The optical properties of several adsorbed aromatic 
compounds were found to be uniaxially anisotrop1cl6,22. if the 
properties of adsorbed organic molecules do not differ significantly 
from the free species in solution then. In principle, the optical 
constants determined from ellipsometric data at one wavelength should 
be related to the optical constants at other wavelengths by a 
dispersion relationship similar to that of the bulk material. One of 
the aims of this investigation was to extend the work of previous 



7

ellipsometric investigations of isoquinoline adsorption onto mercury by 
a study of the effect of wavelength on the potential dependence of a 
and Y to test the suggestions made in the previous work.

1.4 Spectroscopic ellipsometry
— situ spectroscopic methods have been used to obtain information 

related to the electronic spectra of molecules, exhibiting strongly 
allowed electronic transitions in the visible spectral region, adsorbed 
on metal surfaces23,24. The problems associated with large and 
anomolous refractive index changes of the incident medium around the 
wavelength of maximum absorbance (which causes changes in the measured 
values of a and t in addition to changes due to the properties of an 
adsorbed layer on the electrode surface) was overcome in Ref. 24 by 
removing the electrode from the cell in which the adsorbed layer was 
formed and placing it into a cell containing only base electrolyte.

In a study of the properties of rhodamine B adsorbed on platinum 
and silver electrodes by modulated reflectance spectroscopy, Plieth23 
has obtained results indicating that the absorbance maximum of the 
adsorbed dye was significantly shifted. The refractive index of the dye 
containing electrolyte was taken into account, by Plieth, by 
empirically shifting the spectrum (aR/R ys. a) vertically until the 
regions of the spectrum, remote from the absorbance maximum, coincided 
with the spectrum recorded under similar conditions but without the dye 
present in solution. To obtain optical constants of a material from 
reflectance measurements, which determin s the modulus of the complex 
reflectivity, a knowledge of the phase changes due to reflection is 
required. The phase information can be calculated from the reflectivity 
data, if measured over a sufficiently wide range of frequencies, by 
using the Kramers-Kronig dispersion relations. Experimental 
measurements of reflectivity, particularly for electrochemical systems, 
can only be made over a limited frequency range so some method of 
extrapolating the measured reflectivities to spectral regions either 
side of the range of interest has to be employed. 
To assess the feasibility if in situ spectroscopic methods for studying 
the properties of adsorbed dye molecules, while in contact with an 
absorbing medium, ellipsometric studies of the adsorption of rhodamine 
B onto mercury and platinum electrodes were undertaken and are 
presented in sections 5.3 and 5.3.1
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2.1 Polarised Light
Monochromatic light may be completely described in terms of its 

frequency, phase, progagation direction, amplitude and direction of the 
electric and magnetic vectors. The simplest electromagnetic field is 
that of a plane wave where the direction of the electric vector is 
constant and is said to be plane or linearly polarised. The electric 
vector of a wave of this type varies with position r and time t 
according to

E(r,t) = [|E| cos(wt - k.r)]Uo (2.1)

where Uq represents a unit vector in the direction of the linear 
polarisation, perpendicular to the direction of propagation which is 
given by the wave vector k (see Fig. 2.1). Equation (2.1) represents a 
uniform transverse electric travelling plane wave for which the locus 
of points in space where the electric field oscillates in phase is a 
plane. The field at all points over the plane (wave front) are 
identical in phase, amplitude and polarisation. The distance that 
separates two such constant phase planes of phase difference 2tt defines 
the wavelength, x, which is related to k by

|k| = 2tt/x (2.2)

The phase velocity of the wave is defined as the speed by which a plane 
advances in the direction of propagation, so that the magnitude of the 
field in the plane remains constant. The phase velocity is given by

V = u)X/2Tr (2.3)

and hence

k = a)/v (2.4)

The superposition of two such plane waves of the same frequency 
but different phase and amplitude will in general result in 
elliptically polarised light. The tip of the electric vector describes 
a helix in space, or at a given plane in space traces an ellipse as a 
function of time (see Fig. 2.2). To describe the polarisation state of 
light, it is generally sufficient to resolve the electric vector into 
two orthogonal linear components perpendicular to the propagation 
direction. In the analysis of light reflected or refracted at a plane 
boundary between two media it is convenient to describe these 
orthogonal components with respect to the plane containing the 
incident, reflected and refracted rays. The two vectors are taken to 
be parallel (p) and perpendicular (s) to the plane of
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Figure 2.1. A plane wave moving in the k direction.



n

Figure 2.2. Elliptical polarisation resulting from the 
superposition of two orthogonal linear 
polarised states.
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incidence (Fig. 2.3). The electric vectors for the two orthogonal 
components may be described mathematically as

Ep = |Ep|cos(wt f 6p) (2.5)

Eg = lEgJcosCwt f 6g) (2.6)

^^^^^ represents the phase of the wave. The physical parameters 
describing the ellipse are the ratio of the electric field amplitudes 
I P ^"d s components, and the difference, A, of the 
time-independent phase of the two components

l^p|/|Esl = tan Y (2.7)

^P "" ^s = 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 
lengthy trigonometric quantities. The vector describing the x 
component of the electric field oscillation varies with time as 
|Ex|cos(wt f 6x), which can be expressed in phasor form as

Exc = lExI exp(i6x) (2.9)

where the subscript c 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(wt + 6x)]} (2.11)

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

exp[i(wt + 6)] = cos(wt + 8) + isin(ut f 6) (2.12)
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Figure 2.3. Reflection of polarised light. The s and n 
components have electric vectors normal and 
parallel to the plane of incidence respective!v.
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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 light 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

^Pl,2 = Ep/Ep (2.13)

^^1,2 = Eg/Eg (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)

nicos02 - n2cos0i tan(0i - 02)
nicos02 + n2cos0i tan(0i + 02)

nicos0i - n2cos02 sin(0i - 02)
nicos0i + n2cos02 sin(0i + 02) (2.16)

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

nisin0i = n2Sin02 (2.17)

l^ien n2 > ni it follows from Snell's law that 01 > 02 so that from 
Eq. (2.16) rg is negative for all values of 0% while rp is positive 
at 0% = o« and decreases until it is zero when 0% + 02 = 90" 
since tanx/2 is infinite. The angle of incidence at which this occurs 
is called the polarising or Brewster angle (0p). As 01 increases 
beyond 0p, rp becomes more negative. The negative sign associated 
with the reflection coefficients are indicative of a phase shift of 
radians. Thus, r^ is always out of phase by n radians, whereas, rp is 
only out of phase with respect to the incident beam if 0% > 0p.
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Figure 2.4. Reflection and refraction at a dielectric surface. 
The vectors ^ are normal to the plane of incidence 
and are denoted by the symbol©; 4,^, angle of 
incidence; (^^, angle of refraction; n^, refractive 
Index of incident medium; n^, refractive index of 
substrate.

Figure 2.5. Reflection from an idealised film covered surface.
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2'^'1« Reflectj^n_from_a_metaJ_surfa^
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 incident polarised 
light 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

''P |2|exp[T(6p - 6p)] (2.19)

= i^|exp[T(6s - 6s)] (2.20)

where 6 is the phase of the oscillation related to a reference. If |r| 
represents the modulus of the amplitude attenuation and A the change in 
phase due to reflection, the Fresnel equations become

rp = IrplexpiAp (2.21)

rg = |rs|expiAs (2.22)

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

P = rp/rg (2.23)



17

The complex reflection coefficients can be related to angles and 
refractive indices, as before, by using Eqs. (2.15) and (2.16) but 
remembering that n2 and 02 fo*^ metals will be complex.

2.2.2. Reflections from a film covered surface
The quantitative treatment of light reflected from a film covered 

surface was formulated by Drude in 1889. The Drude equation, relating 
the complex amplitude of the reflected and transmitted waves to the 
amplitude of plane polarised light incident on the Interphase, was 
derived by summing the Fresnel reflection and transmission coefficients 
associated with multiple reflection (see Fig. 2.5). If the film is 
assumed to be parallel sided, isotropic and semi-infinite in extent 
with thickness d and refractive index n2 on an isotropic substrate of 
index ng, then the multiply reflected and transmitted waves can be 
summed to infinity, leading to the expression

R = ""^^ + ri2exp(-21e)
1 + ri2r23exp(-2l6)

where R is the overall complex refelction coefficient, r^2 is the 
reflection coefficient at the ambient-film interface, r23 for the 
film-substrate interface and g = 2irdcos02/A is the phase change 
produced by a single traversal of the wave In the film. Two such 
equations exist for the p and s components of the wave. The complex 
Fresnel reflection coefficients can be related to angles of incidence 
and refraction and the optical constants describing each of the phases 
by

nmcos0j - nicos0m
nmcos0j + njcos0m

njcos0j - nmcos0m
njcos0j + nmcos0m (2.26)

for j - 1,2 and m - j + 1. The three angles are Interrelated by 
Snel Vs law (Eq. 2.17)

nisin0i = n2s1n02 =n3s1n03 (2.27)

From measurements of incident and reflected polarisation states, the 
ratio

P = Rp/Rs (2.28)
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of the overall complex amplitude reflection coefficients for the p and 
s components is determined. Substitution of Eq. (2.19) and Eq. (2.20) 
into Eq. (2.28) and rearranging gives

- ^s) - (^p -^s)] (2.29)

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

tanYp
r^^^:^^P['(^^ - Ai)] (2.30)

^^^^^ the subscripts r and i refer to reflected and incident waves 
respectively. Equation (2,30) is often given in a simplified form

p = tan^ exp(iA) (2.31)

Substituting for Rp and Rg from Eqs. (2.24) to (2.26) into Eq. (2.28) 
gives the Drude equation

p = ^^2.3exp(-2ig)][l + r^, 12^52, 3exp(-2i6)]
^^sl,2 + rs2,3Gxp(-2ig)][l f rp^i2rp2,3exp(-21g)] 

^^^^tTon (2.32) relates the ellipsometrically determined angles A and 
to the optical properties of a three-phase system.

^"^ Calculation of A and Y from ellipsometer readings
The angles A and Y, determined ellipsometrically, are related to 

the experimentally observable azimuths of the optical components 
comprising the ellipsometer. The exact form of the expression relating 
A and Y to the measured azimuths will depend on the order in which the 
optical components are placed in the light 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 Q 
producing the null condition can then be used to evaluate A and ^p. 
Equations relating P, A and Q to A and Y can be derived by predicting 
the general state of polarisation as light passes through each of the 
components or is 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
Jone2^ectors andjnat^

A concise representation of polarised light is that of a two 
element column vector introduced by Clark-Jones27 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) = [Exl exp(i6x) + |Ey|exp(i6y) (2.33)

This expression for the complex amplitude may be represented as a 2 
element column vector known as the Jones vector.

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 linearly 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.

(2.35)

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

E = |E|exp(i6)

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
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aEx + bEy - Ex

c^x ^" dEy = Ey = 0

Ey is zero because the emerging beam contains only oscillations in 
the X direction and b must also be zero since none of the y component 
is transmitted, hence

a = Ex/Ex

This ratio represents the transmission of the polariser which will be 
unity for an ideal device. The Jones matrix describing this device is

"1 o"
0 0_

Using conventional matrix algebra, the matrix EP^^] of a polariser 
at some non-principal azimuth is obtained from the matrix [Pg] of a 
polariser at its principal azimuth. The procedure involves the rotator 
and counter-rotator matrices denoted by ES(a)] and ES(-a)] 
respectively. EP„] is then given by

EPJ = ES(-a)]EPo]ES(a)]

COSa Sina

-Sina COSa,

1 0COSa

Sina

-si na
EPa]

cos a J Lo 0,

Multiplying this expression using the standard rules of matrix algebra, 
1^., working from right to left, gives the Jones matrix for a 
homogeneous linear polariser at some general azimuth a to the x axis.

P cos2a cosasina

-SinaCOSa Sin^a

Procedures similar to those outlined can be followed to obtain the 
Jones matrix for other optical devices. For a linear retarder the full 
Jones vectors (Eq. 2.34) describing the incident and transmitted light 
must be used because phase information is required. Considering 
orthogonal components of polarised light in the fast (f) slow (s) plane 
of the retarder
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|Ef lexp(l6f) 
^E5|exp(i6s2 
light emerging 
from the retarder matrix of 

the retarde

a b
c d

X
lEf|exp(i5f)
2Eslexp(i6s)

light of orbitary ppiarisation 
state incident on the retarder

Expansion of the above expression gives

|Ef|exp(i6f) = a,Ef|exp(i5f) + b |Es ,exp(i65)

|Es|exp(i53) = c|Ef|exp(i6f) + d lEglexp(i63)

By inspection b = c = 0 and

a = |Ef|exp(i6f)/|Ef|exp(i5f) (2.36)

d = |Es|exp(i5s)/|Es|exp(i5s) (2.37)

A retarder is characterised by the transmittance, T, along the fast and 
slow axes and by the phase retardation, a, along each axis.

Tf = |Ef|/|EfI, Af = 5f - 6f

^s = |Es|/|Es|, As = 63 - 5s

The ratio Ts/Tf represents the relative amplitude attenuation of light 
passing through the retarder and may be expressed as the tangent of an 
angle Yq- The retarder may then be characterised by a single complex 
transmission ratio, p^

Pc = (Ts/Tf)exp(-iAs+iAf) = tanYcexp(-iAq) (2.39)

Substituting Eq. (2.38) into Eq. (2.36) and Eq. (2.37) enables the 
Jones matrix to be constructed

["^ret] -
Tfexp(-iAf)

0
0

Tsexp(-iAs)

and by using Eq. (2.39) the matrix for a linear retarder may be
written

Tfexp(-iAf)
1 0
0 Pc (2.40)

The premultiplier may be dropped if transmission and retardation 
relative to the fast axis are considered. An ideal retarder would have 
equal transmittance along both axes.

The surface is characterised by the ratio of the complex


































































































































































































































































































































































































