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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
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and light reflected from the surface

LVA = [JsurfllV]
_ [pLeostcos(P-0)-pcsingsin(p-q)]
[Vp] = [;ichos(P~Q)+pccostin(P-Q) :] (2.43)

For this light to be extinguished by the analyser it must be linearly
polarised and is therefore capable of being described by a Jones vector
of the form

cos(e)
sin(e)
Equating this vector with [Va] gives

sinQcos(P-Q) + pecosQsin(P-Q)
elcosQcos(P-Q) - pesingsin(P-Q)]

tan(e) = (2.44)

The analyser must be set to 90° from e to give the null condition so
tanA = - 1/tan(e)

therefore, inverting, negating and dividing Eq. (2.44) by cosQcos(P-Q)
eloctanQtan(P-Q)-1]
tanQ + octan(P-Q)

tanA =

or
) tanAltanQ + pctan(P-Q)]
° pctanQtan(P-Q) - 1

(2.45)

2.4 Four zones

The null condition for given values of A and ¥ resulting from
reflection can be achieved by four different, distinct, combinations of
polariser, analyser and retarder azimuth settings. This can be
demonstrated by using Eq. (2.45) assuming that the retarder acts as an
ideal quarter-wave retarder with fast axis azimuth set at #n/4. In
nulling ellipsometry, it is conventional to take measurements with the
retarder at a fixed azimuth and adjust the polariser and analyser
azimuths to achieve the null condition. The choice of *n/4 for the
retarder fast axis azimuth has been arrived at by considering the
effect of azimuth setting on errors introduced by polariser, analyser
and retarder imperfections28,29, The effect of imperfections and
azimuth errors of the polariser and analyser are minimised, while the
analyser imperfections and azimuth errors (which are not as important
as those of the pof?iser or retarder) are not minimised.
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For an ideal quarter-wave retarder, A. = -n/2 and T. = 1,
tEq. (2.39) becomes

Pc = Tcexp(”iAc) = i (2345)

where T = Tg/T¢.
By using Eq. (2.46) and Q = =/4, where Q is the retarder fast axis
azimuth, and using the identity
(1 - itanB)/(1 + itanB) = exp(-i20)
Eq. (2.45) becomes
p = ~tanfexp[-i2(P-u/4)] (2.47)

If the angles P and A represent one set of nulling angles, an
associated pair P' and A' of distinct nulling angles can be related to
the original pair by

P' =P+ q/2 and A =1 - A (2.48)

which can be verified by substitution of these values into Eq. (2.47)

~tanA'exp[~i2(P' -n/4]

i

-tan(n-A)exp[-12(P+n/2-n/4)]

H

~-tanAexp[~12(P-w/4)]

If the azimuth of the retarder is now set at -n/4 Eq. (2.47) becomes

p = tanAexp[i2(P+n/4)] (2.49)

Again, if P and A represent one set of nulling angles another distinct
pair P’ and A" can be found which are related to P and A by Eq. (2.48).

These sets of values which produce the null condition fall into
four groups or zones which are identified with the quadrants on the
equator of the Poincare sphere®, A definition of the zone numbering is
given in Table 2.130,

When the nulling angles have been determined, rotation by = of any
of the azimuths will not affect the result so there are 32 possible

*The Poincare sphere gives a pictorial representation of polarised
light where each point on the sphere represents a different
polarisation form31,
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sets of readings on the ellipsometer. This multiplicity of nulls is
avoided if all angles are reduced to lie between 0° and 180°,

Table 2.1
Definition of Zone Numbering

Azimuth of Polariser Azimuth of Retarder
Zone Transmission Axis Fast Axis
1 0° - 45° 135°
2 45° - 9Q° 45°
3 90° - 135° 135°
4 135° - 180° 45°

2.5 Component Imperfections

For a perfectly aligned ellipsometer with ideal optical
components, the values of A and v for a given surface, measured in each
of the four zones would be identical. In practice, however, the
results are different because of component imperfections, azimuth angle
errors, beam deviation, surface irregularities and finite band width of
the beam. By averaging the values of A and v obtained in four zones
the effects due to many of the component imperfections cancel out. By
a detailed analysis on the effect of component imperfections on the
measured values of A and vy it has been shown that the remaining error
in A is due to cell window birefringence and 1in v is due to
depolarisation of the polariser Tight output32, It 1is possible
however, to obtain a corrected value of A and v from ellipsometric
measurements in one zone if imperfection parameters describing the
devices are known or measured.

2.5.1 Effects due to an imperfect retarder

An error in the measured values of A and y is likely to be
introduced by the retarder. It is common practice in nulling
ellipsometry to use a quarter wave retarder whose ideal characteristics
would be equal transmittance along the fast and slow axes and relative
phase retardation of exactly w/2. While mica wave plates are available
which give very close to ideal Characteristics at one particular
wavelength, achromatic devices such as the 3-reflection prism retaﬁer
employed in this investigation will have a complex transmittance ratio,

Pc, which will vary with wavelength.
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It is possible to determine the value of pc at a particular
wavelength by measuring A and v in two zones. If the retarder fast axis
s set at Q° and Py, Ay and Py, Ay are the nulling angles in two zones,
then by Eq. (2.45)

_ tamAiftanQ + pctan(P1-Q)]

= 2.50
g pctanQtan(Pi-Q) - 1 ( )

and

_ tanAp[tanQ + pctan(P2-Q)]
o = {2.51)
pctanQtan(Pp-Q) - 1

Subtracting Eq. (2.51) from Eq. (2.50) and rearranging gives

tanQtan(P-Q) - tan(P;-Q)/tanQ)
tanA; - tanAy

tanA
pé[tan(Pl-Q)tan(Pz~Q)] + pc['an 1

tanAz(tanQtan(P1-Q) - tan(Pp-Q)/tanQ)] _ 0 (2.52)
tanA; + tanAp .
Solving for p. gives
B £ i[-B2 - tan(P1-Q)tan(Ps-Q)]1/2
oc = 1-0)tan(Py (2.53)

-tan(P1-Q)tan(Py-Q)

where
B = tanAj[tan(P2-Q)tanQ - tan(P1-Q)/tanQl/2(tanA1-tanA)
-tanAz[tan(P1-Q)tanqQ - tan(P2-Q)/tanQl/2(tanA1-tanA2)  (2.54)

Equation (2.39) can be expressed as

pc = Tecosac - iTcsinac (2.55)

where T. = T¢/T¢.  Comparing Eqs. (2.55) and (2.53) enables Te and A
to be found

2

Te = 1/[-tan(P1-Q)tan(Pp-q) 1%/ (2.56)

Since T. is real and positive, tan(P1-Q)tan(P2-Q) must be negative, the
positive square root of Eq. (2.56) is used and

tansc = +[-B2 - tan(Py-Q)tan(P,-q)]1'/%/B (2.57)

Ac 1s defined by the phase difference Af - Ag (Eq. 2.38) so that
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and if V is the degree of polarisation

Vo= (] +shesh )R

/1 (2.64)

The Stokes parameters can be regarded as the components of a
column matrix or 4-vector33 and, as with the Jones vector, a square
natrix can be constructed which may represent an optical device, and
can be used as an operator changing one state of polarisation into
another related state. The 4 x 4 matrix operator is called the Mueller
matrix and when used in conjunction with Stokes vectors enables the
effect of component imperfections on the measured values of A and y to
be analysed without placing any restriction on the nature of the
imperfection. Effects such as depolarisation introduced by optical
components have been discussed and imperfection matrices derived for
all of the optical components encountered in conventional ellipsometric
arrangements34,

Mueller matrices describing optical devices were originally
formulated by guessing what the elements of the 4 x 4 matrix might be
and then testing whether the matrix led to results that are known to be
correct for light of different polarisation states. A transformation
matrix has been derived which gives a Mueller matrix in terms of the
elements of a Jones matrix describing completely polarised 1ight34,

2.5.3 Cell Window Imperfections

Ellipsometric studies on surfaces often require that the sample be
enclosed in a controlled environment e.9., in high vacuum or in an
electrolyte solution. In such cases, polarised light passes through
cell windows placed before and after the sample surface. Strain is
often introduced into the cell windows when they are sealed into the
cell or by the action of the external pressure when a vacuum cell is
evacuated. The main error caused by introducing cell windows into an
ellipsometric arrangement is, therefore, expected to arise from strain
birefringence; the cell window then behaves as a retarder of unknown
complex transmittance and fast axis azimuth.

As an example of the use of Mueller matrices and Stokes vectors,
the effect of cell windows on the ellipsometric parameters will be
analysed.

In the following treatment, it is assumed that a cell window may
be characterised by a fast axis azimuth, 08, and relative
retardation, g.. The general Mueller matrix for a linear retarder at
any azimuth and with any value s, is given by3l
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- 1
1 0 0 0
' ) 0 D2-£2+4G2 2pE ~2EG (2.65)
[ "et] ) 0 2DE  -D2+£2+G2 2pG ’
0 2EG -2DG 2{324J

where
D = S1sinsp/2

E

H

Sosindp/2

G

H

c0S8,/2

and 51 and Sy are the second and third Stokes parameters of the
normalised fast eigenvector of the retarder. Polarised Tight of any
ellipticity incident on the cell window may he expressed by the Stokes

vector
( 1, cos28, sin26coss, cos?8sing ) (2.66)

the vector often being written horizontally to conserve space.
Combining Eqs. (2.66) and (2.67) leads to the Mueller matrix for a cell
window with imperfections due to strain birefringence assuming that the
retardance is small (i.e. § = sing) is

1 0 0 o0
0 1 0 -aj
M = 2.67
[] 0 0 1 g (2.67)
0 -aj -3j 1

where aj = §i51n28, Bi = éicos28 and 1 =1 or 2, identifying the
windows before and after the cell and only first order terms in &; have
been retained. The matrix for the linear quarter wave retarder with
fast axis azimuth at 45° can be found by using Eq. (2.65), or by using
its Jones matrix (Eq. 2.40) and the transformation matrix. The matrix
for such a retarder is

1 0 0 o]

y o0 04

[ retj "o o0 1 0 (2.68)
01 0 of

The matrix for the sample surface can be found by multiplying the
Mueller matrix of a linear retarder of retardance 4 and that of a
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2P = -A +80° + ap/tan2y - By - B2 (2.88)

If the error in the analyser azimuth angle is e then

Ao = A+ e =Y + ¢ (2.89)

Substituting both Egs. (2.86) and (2.89) into Eq. (2.76) and neglecting
the higher powers of ¢ and terms containing ae, af, etc. gives

A=y - ajcos2Psin2y/2 (2.90)

The cos2P term may be expressed in terms of A by substitution from Eq.
(2.88) if the error products a1, ap and By, Bp can be ignored.

A=y + apsinasin2y (2.91)

Solutions for zone 4 can be found by repeating the above procedure
starting with Eqs. (2.84) and (2.85). The solutions for zones 1 and 3
are obtained by replacing the matrix given in Eq. (2.69) with the
matrix of a quarter wave retarder with fast axis azimuth at -45°. The
four sets of solutions are summarised in Table 2.2.

Table 2.2
First order corrections to ellipsometer readings

for cell window birefringence

Q P A

zone 1 135° (+A~90°*az/tan2w+5l+82)/2 ¥ - a1Sinasin2y/2
zone 2 45° (-8+90°%+ap/tan2y-g1-pp)/2 ¥ + aysinasin2y/2
zone 3 135° (+8+90°-ap/tan2 we1+82)/2  -¥ + ajsinasin2v/2

zone 4 45° (-2-90°+ap/tan2wp1+82)/2 -y - aysinasin2y/2

The values of ap, B1 and g2 can be found by first determining the
azimuth angles Py and Ay and hence, a and v for a surface with the cell
windows removed (aj s calculated from Eq. (2.91)). Ellipsometric
readings for P and A for the same surface with the cell windows in
place are then recorded in 3 zones. The values of A and ¥ must be the
same as the values determined previously (A and y are defined by the
surface only) but the 3 sets of azimuth angles will be given by the
equations in the above table. The correction terms for the cell can
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For a medium containing molecules with more than one resonance
frequency, Eq. (2.139) can be extended by summing the effect of all
oscillators

PO Ne? fj
R=n2=14+ j{ : (2.140)
€gMm 3 wjz - w2 +iTw

where f; is the number of electrons corresponding to the resonance
frequency wj. In this classical model, the terms fj are expected to be
integers, however, in order to agree with experimental results, they
are found frequently to be less than unity and often by a significant
factor.

The fundamental dispersion (Eq. 2.140) derived from classical
arguments is formally identical to the corresponding quantum mechanical
formulation36, however, the meanings of the terms fj and wj are quite
different. wj now represents the transition frequency of an electron
between two energy levels separated by an energy huﬁ and the parameter
fj s called the oscillator strength and is a measure of the
probability of a quantum mechanical transition.

For regions of the spectrum which contain no resonance
frequencies, ij - & is large compared toTw , the dispersion formula
(Eq. 2.139), may be written

A2
K = §E-ll—~l- (2.141)
A2 - AJ
Nelf ;
where A = -——-i- and AJ =~EEE
eodnlc?m wj

Equation (2.141) is known as Sellmeir's dispersion formula. If there
is only one resonance frequency, then for wavelength considerably
longer than that associated with the resonance, A2 is much larger than
2j2 and Eq. (2.141) reduces to

Al -1 B C

2 p=d P J et e— L4 e @
n 1+A1 Vi =1+ A+ 2 + 4 + (2.142)

where B = Ax;2 and C = AA34. Equation (2.142) is of the same form as
Cauchy's dispersion formula;

= A+ B/A2 + ¢/x4 (2.143)

in which the constants were determined empirically by Cauchy by
measuring n at three wavelengths. The formula gives good agreement
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Figure 2.6. Complex dielectric function spectrum. Curves calculated

from the Lorentzian oscillator model for a single oscillator.



45

the metal becomes reflecting. When NeZ/eqmw? = 1 the metal will be
Just transparent, which corresponds to a frequency given by

Ne2
wp = [—— (2.146)
eglm

called the plasma or cut-off frequency since it is the frequency above
which Tlight will not propagate into the metal. At the plasma
frequency, n = 0, which implies an infinite phase velocity (3 = c/ﬁ)
and hence, infinite wavelength. A1T  electrons are therefore
oscillating in phase at the plasma frequency. A plasma oscillation is
a collective oscillation of the electrons which means that many
electrons are moving in phase over an extended region. The condition
for plasma oscillation is K = K' - iK" = 0 and occurs therefore at
frequencies where K' = 0 and Ko << 1.

To illustrate these points and the validity of the Drude model, a
plot of the dielectric function, calculated from Eq. (2.145) and
experimental valuesbl for mercury are shown in Fig. 2.7

The reflectivity, calculated from the Drude model, is predicted to
fall rapidly to values approaching zero at frequencies higher than the
plasma frequency. For 4 < wp the reflectivity if predicted to be close
to 100% and no structure in the spectral dependence of the reflectivity
is predicted on either side of the plasma frequency. However, for
solid metals, some structure is always observed. In aluminium3%, for
example, a small dip in the reflectivity is observed at 1.4eV some ldeV
before the plasma resonance. Silver shows a large reflectivity at
frequencies higher than the plasma frequencies40; and copper does not
exhibit a plasma resonance but the reflectance spectrum does show
several absorption bands.4l The above observation, not predicted by
the Drude model, can only be accounted for by consideration of the band
structure of solids.

2.7.3 Optical properties of liquid metals

With few exceptions, the optical properties of Tiquid metals agree
well with the Drude free electron theory
N*e?

K=1- (2.147)
eom(wz + iw/t)

after some slight adjustment of N*, the density of conduction electrons
and 1, the relaxation time. It has been shown experimentally for a
wide range of liquid metals that ¢ is close to the value predicted from
measured d.c. conductivities, o, where o is given by
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Nelt
T m

(2.148)

g

and N*/N, where N* is the effective density of electrons, is often
close to unity.

The optical properties of many solid metals for wavelengths in the
near infra-red can be explained reasonably well by the free electron
model. However, 1in the visible to near ultra-violet range, the
reflectivity drops off rapidly and the optical constants show structure
not consistant with the simple model. In copper, for example, a
reflectance of nearly 100% is observed at wavelengths greater than
600nm but falls off rapidly at shorter wavelengths4l, The drop in
reflectivity near 600nm is caused by the onset of an interband
transition. In copper, the d bands lie 2eV below the Fermi energy and
the strong absorption observed at 600nm («2eV) is due to the excitation
of electrons lying in the d band up to the Fermi level. The optical
properties of liquid copper®2 however, shows no evidence of interband
transitions over a wide range of wavelengths ( 200 to 800nm). Similar
observations have been made for a number of Tiquid metals although in
some cases the ellipsometrically determined dielectric function does
not agree too well with the Drude predictions#3. Nevertheless, the
structure observed in the reflectivity and dielectric function of solid
metals associated with interband transitions, is not apparent in the
liquid state of the metal, except in the far ultra-violet where
excitation of core electrons becomes possible. Notable exceptions are
mercury and the alkali metals.

2.7.4 The optical properties of mercury
There has been considerable controversy concerning the optical

properties of liquid mercury with respect to the applicability of the
Drude free electron model. The optical constants have been determined
by a number of researchers44-46 from reflectivity measurements at
normal incidence over a wide range of wavelengths and according to
these authors, the properties agree well with the Drude formulae. The
optical properties determined ellipsometrically46-48 at larger angles
of incidence, however, differ considerably from the Drude result for
wavelength greater than 300nm.

Several attempts have been made to reconcile the apparent
discrepancy between the observations cited above. Smith49 proposed a
semi-empirical model in which the scattering of an electron following a
collision becomes so strong in the presence of an electromagnetic field
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that the direction of the electron tends to reverse itself. Bloch and
Rice50 nave proposed a model in which the surface of the mercury
comprises a diffuse transition zone over which the properties of the
system change continuously from those of the bulk metal to those of the
contact medium. In this transition zone, where the density of mercury
decreases from its bulk value to zero, they assume that a density
exists where the electron states become localised. The properties of
the localised states may then be characterised by the Lorentzian
oscillator model. Using this model, Bloch and Riced50 were able to
account for the differences between the normal incidence reflectivity
and ellipsometric data. Crozier and Murphy48, again using an
inhomogeneous surface transition Tayer model in which the dielectric
function was assumed to change continuously in a direction normal to
the surface, were able to arrive at essentially the same result by
replacing the transition zone with a multilayer model.

Arakawadl, on the other hand, has carefully analysed much of the
experimental data published and concluded that if reasonable errors are
included into the data then there is essentially no difference between
the normal incidence reflectivity and ellipsometric data.

The reflectivity data by Crozier and Murphy48 for both p and s
polarised light for an angle of incidence of 70° is noteworthy since
the experimental values of Rg were, within experimental error, equal to
the predicted Drude value. They reported however, a significantly
lower value for Rp compared to the Drude result. The dielectric
function calculated from the measured values of Rp and Rg were in
reasonable agreement with ellipsometric results which would seem to
indicate that the differences between normal incidence reflectance and
ellipsometric data is not due solely to experimental error. There
would appear to be a fundamental difference in the nature of the
interaction of p and s vector fields with a free electron gas. While
inhomogeneous optical properties have been introduced to describe the
surface of mercury it would seem more realistic to describe the surfce
layer interms of an anisotropic dielectric function. However, these
models have been shown to be only low order approximations when the
surface region of metals and their interaction with electromagnetic
fields are analysed from a microscopic point of view. The microscopic
or non-local approach to the optical properties of metals is described
in section 2.9,

2.8. Optical models for the electrified interface

Phenomenologically, the simplest model that can be used to account
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for the changes that are observed in reflectance or polarimetric
techniques when a metal-electrolyte interface is perturbed by an
external field is that of a four-layer model shown in Fig. 2.8.

In ellipsometric studies of the electrical double Tayer only the
combined optical effect of the system as a whole 1is observed
experimentally*,

However, if individual tayers in the simple model are assumed to
be homogeneous isotropic with sharp boundaries and that there are no
specific interactions between adjacent layers, then the optical effects
can be divided into two categories and modeled independently. The
optical effect of modulating the electrode potential has been assumed
to arise from

1. Changes in the concentration of species on the solution side
of the interface; which may include contributions from ionic
concentration changes in the diffuse and inner layers and density and
orientation changes of the solvent in the inner layerl6,22,45

2. Changes of the electron density in the selvedge caused by the
excess surface charge on the metal55-61,

2.8.1. Optical models for the solution side of the double layer
If a change is injected into a metal, then in the simple case

where only electrostatic interactions are considered, ions in the
solution of opposite charge will be attracted towards the metal surface
and ions of similar charge will be repelled. Experimental evidence
suggests that there is a layer of solvent, about one molecule thick,
in intimate contact with the surface so that the distance of closest
approach of an ion is determined by the solvent Tayer thickness and an
additional distance imposed by the solvation sheath associated with the
ion. The electrostatic forces are unable to hold all of the ions
required to balance the charge on the metal at the distance of closest
approach because thermal motion will disperse the ions away from the

*McIntyre and Aspnes52,53 have shown that if the refractive index
changes in the surface region are small and real, then at an angle of
incidence of 45° (AR/R)p = 0 and (8R/R)s is small. If there are
changes in a stronglyaksorbing Tayer (i.e., the metal selvedge) then
(AR/R)p= 2(AR/R)s.
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Bulk electrolyte n

Film (diffuse and compact layers) n

Metal selvedge n, + sn, = n, + ny - ik, + 8k

Bulk metal

Figure 2.8.  Simple four layer model for the metal-aqueous electrolyte
interface. The selvedge is a region extending inward
from the metal surface where the optical properties of
the metal deviate from bulk values due to the surface
charge on the metal.
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electrode to form a space charge region called the diffuse layer. The
excess concentration of ions in the diffuse layer is predicted by the
Gouy-Chapman theory62 to decrease exponentially from a maximum value
close to the electrode surface. The thickness of the diffuse layer is
characterised by a distance 1/k, where « is the Debye-Huckel reciprocal
Tength, and is the distance to a plane parallel to the electrode
surface which accomodates the total charge giving the same electrical
effect as the diffuse charge. Figure 2.9 gives a schematic
representation of the structure of the electrical double layer.

The concentration profiles 1in the diffuse layer which vary
continuously in a direction normal to the electrode surface constitute
a film of inhomogeneous refractive index. McCrackin and Colson63 have
shown that the optical properties of an inhomogeneous film can be
accurately represented by a series of homogeneous films. The
ellipsometric parameters are directly related to the integral jhndt,
where dt is the thickness of a Tayer and An is the difference between
the refractive index of a film element and that of the ambient phase.
Further, it has been shown by Stedman54 that the effect of ions in the
diffuse layer 1is determined by their surface concentrations and is
essentially independent of the nature of the concentration profile.
The method adopted by Stedman for computing the variation in optical
behaviour of the diffuse layer (for a z:z electrolyte) with charge is
outlined below. '

In the absence of specific adsorption the diffuse layer charge
must be equal and opposite to the charge on the metal which can be
obtained from experimental capacitance-potential data by integration:

£
am =Jr CdE  and qq = -qp uC cm=2
Eqm=0
From Stern's modification of the Gouy-Chapman theory
(2RTecy)1/2

Fad = “"“‘;F"“‘“*EEXP(ZF¢2/2RT)~ 1]

(2RTecp)1/2
T4+,d = -~—§EE-~ Cexp(-2zFpp/2RT)- 1]
where F-,d> and '+ 4 are the surface excesses of anions and cations in
the diffuse layer respectively (mol cm-2), ¢y is the bulk electrolyte
concentration, ¢ the dielectric permittivity and $2 is the potential

drop across the diffuse layer. For dilute aqueous electrolytes at 25°,
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Figure 2.9.  Schematic representation of the electrical double
layer.
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the constants can be evaluated to give
Fa,d = 6.081 x 10-1lcpl/2[exp(z 19.47¢5) - 1]

The 42 potential can evaluated from

zFd vl
Im = (8RTech)l/Zsinn =272 amCoem
2RT
or
92 = sinh=1 (-qq/11.74cp1/2)

19.47

The surface excess of anions and cations is converted into a volume
concentration by assuming that the ions are uniformly distributed in an
element of thickness 2/x and the total concentration of ions in the
equivalent layer is then

Ct = cp + (Ty g+ qp,/Fx1010)103/2  mol dei ™
(2.149)

@]
H
{

= cp *+ (Ta,q - 9-,§/Fx1010)103¢/2

where « = (81F2/eRT)zcl/2 = 3,29 x 107¢c1/2 (for z=1) and the terms gy j
are the contributions from specifically adsorbed ions which must be
taken from data presented in the literature in this treatment. Stedman
then used the Lorenz-Lorentz equation (Eq. 2.130) to calculate the
refractive index of the equivalent layer calculating the density of the
layer required in Eq. (2.130) from,

p = po + (My - poV4)c4/1000 + (M. - poV_)c./1000 SC“;3

where oy is the density of water, Vi are the apparent metal volumes of
ions and My the ion molecular weights. The refractive index of the
equivalent layer is then from Eq. (2.130)

n = LR+ 200/ - p)12

where the mean molar refractivity and the mean molecular weight are
calculated from A = £XjA; and M = IXiMj with Xj the mole fraction of
species i. In assessing the optical effect of specifically adsorbed
ions Stedmanb54 simply added the concentration of ions in the inner
layer to those of the diffuse layer (Eq. 2.149) to form a single layer
for optical calculations. The results computed for aqueous potassium
chloride is given in Fig. 5.7 (section 5.1.1.) using capacitance data
from Payneb4,
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Chiu and Genshawb% have adopted a slightly different approach in
calculating the refractive index of the inner layer. Starting with the
Lorenz-Lorentz equation, they first calculated the ‘refractive index'
of an ion from molar volumes and refractivities. They then calculated
the refractive index of an adsorbed layer by assuming it to be a linear
combination of the refractive index of the ion and water

Nfilm = Ny 0 (1 - 8)njond

2
where 8 is the fraction of surface covered by the ion. Value of ngiyp
were calculated as a function of 8 and used to produce calibration
curves of A and ¥ . However, only the experimentally determined values
of A (at one wavelength) were applied to the calibration curve to
obtain the surface coverage of thiocyanate and bromide ions as a
function of potential. The agreement between the ellipsometrical
determined surface coverage and that obtained by electrocapillary
measurements was good for bromide, particularly at the more cathodic
potentials but rather poor for thiocyanate where the agreement can only
be considered qualitative except for potentials cathodic of the pzc.

Stedman also calculated the optical effects due to volume changes
of water in the inner layer based on the surface excess volumes
reported by Hills and Payne66. Using bulk compression-refractive index
data, Stedman demonstrated that inner layer contributions could account
for a large fraction of the overall optical effects.

In the above treatments the models for the solution side of the
double Tlayer have assumed that the refractive indices of the inner and
diffuse layers are real and can be estimated from bulk properties. The
refractive index of these layers has been assumed isotropic, which in
the case of water adsorbed in the inner layer, is contrary to the
accepted model of solvent dipole orientation.

The possibility of interactions between the adsorbed layer and the
metal surface, neglected in the above treatments, has been included in
the work of Lazorenko m¥§g£91,57 in the form of a relaxation time
modulation of the free electrons close to the metal surface. In their
model they suggest that adsorbed jons distort the equipotential surface
of the metal and these distortions act as scattering centres for free
electrons incident on the surface from within the metal. The agreement
they obtained between experiment and theory which included free
electron electroreflectance effects and inner layer concentration
changes was however, only qualitative.

Compared to the optical studies of ionic adsorption there has been
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relatively 1little published regarding the adsorption of organic
molecules from electrolyte solutions. Barrett-Gultepelb has studied
the adsorption of benzene onto platinum from sulphuric acid and
reported that no reasonable isotropic refractive index could be found
to account for the results obtained. Solutions were found however, for
uniaxially anisotropic films with np (refractive index parallel to the
plane of incidence) > ng (perpendicular to the incidence plane). These
findings were in agreement with the interpretation based on double
layer capacitance measurements that the benzene molecules are adsorbed
with the plane of the ring parallel to the surface.

The adsorption of two isomeric quinolines at the mercury aqueous
sodium hydroxide interface has been studied by Humphreys and Parsons22
using a manual ellipsometer. Their results clearly show that
re-orientation of mono-molecular layers can be observed and provide an
analysis of the data in terms of a film with anisotropic optical
constants which is in accord with the interpretation of double layer
capacitance studies made by Buess-Herman et al.68

The Fresnel reflection coefficients for an anisotropic film on an
isotropic substrate have been derived by Dignam, et al.b9 for a
uniaxial optical medium with the optic axis oriented normal to the
surface.

Polarised light incident on an uniaxial medium gives rise to two
refracted waves since the refractive index of the medium is a tensor
quantity whose principal components are n, and ne for components
parallel and normal to the optic axis. The two refracted waves are
called the ordinary and extraordinary rays where the ordinary wave is
Tinearly polarised in the s direction and the extraordinary wave, so
called because the vector normal to the plane of constant phase and
that normal to the planes of constant amplitude do not coincide, is
linearly polarised in the p direction. Associated with the two
refracted waves are the angles of refraction Po and Pe (see Fig.
2.10)

The relevant equations, given by Dignam et.al.b9, are:-

rsy,p = (nlcosﬂl - nocos{bo)/(nlcosﬂ1 + npcosfPy)

H

(npcosfq nycosPe)/(nocosPe + n,cosPe)

rp]_ 22

H

Psy,3 = (nocosPy - nacosfs)/(ngcosPy + n3cgsg3)

¥

"bp,3 = (n3cosﬂe nocos¢3)/(n3cosﬂe + nocosfs)
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Figure 2.10. Reflection and refraction from a film exhibiting

uniaxial anisotropy on an isotropic substrate.
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Ry = [Y'vl,z + "‘vz,3eXp("ti)]/[1 + rvl,z‘”vz,geXP("iﬁv)]

where By = (4nd/A)ngcosPy, v = r,s and the terms ngs Ne Pg and
@e can be expressed in the p,s coordinate frame by

Ns = ng, @5 = Py
and

MpcosPy = necosfe
With the aid of Snell's law,

nlsinﬂl = Ngsindgy = nesinge = nysind,
the term cosfe can be written

1/2
cosPe = (nf - nfsinzﬂl) /ns

The above equations apply also to absorbing anisotropic films in

which case ny, and ng become complex.

2.8.2. The electroreflectance effect
When a semiconductor 1is exposed to a modulated electric field
sharp structure in the relative reflectivity spectrum is often

observed’0, This effect, known as electroreflectance, is due primarily
to a distortion of the band structure in the space charge region caused
by the applied field (the Franz-Keldysh effect). The space charge
region in a semiconductor and the penetration depth of light (in the
visible region) are often both about 1 um, whereas the field
penetration depth in metals, given by the Thomas-Fermi screening
Tength, is approximatly 0.1 nm for most metals owing to the much higher
carrier density. Since the penetration depth of visible light in metals
is about 10 nm, the field modulation effects on the band structure of
metals are expected to be very much smaller than the corresponding
effects in semiconducors. Nevertheless, the electroreflectance effect
for metals in contact with electrolyte solutions has been observed to
be at least as large as the contribution from the diffuse layer on the
solution side of the interface. |

The first observation of an electroreflectance spectum of a metal
was made by Feinleibd5, by applying a 2 V peak-to-peak signal at 35 Hz
to a gold electrode in aqueous KC! (under non-potentiostatic
conditions), although because of the small field penetration depth he
assumed that the effect was due to changes in the optical properties of
the electrolyte. In subsequent papers, Hansen and Prostak56,57 showed
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constants can be evaluated accurately. The accessible spectral range is
usually limited to 200 nm - 3000 nm by the transmission of polarisers
and retarders, and data is wusually collected at a few isolated
wavelengths. Reflectance spectrometers, on the other hand, are usually
less sophisticated, require less critical alignment and calibrations,
and measurements can be made while the wavelength is scanned
continuously. In the determination of the optical constants by
reflection measurements one has the choice of measuring the
reflectivity for p or s polarised light incident on the sample, or of
making measurements at normal incidence (polarisation vector always
parallel to the surface). Two parameters are required to determine n or
K, the options being to measure Rp or Rg at two angles of incidence, Rp
and Rs at one angle or, if the normal incidence reflectivity is
measured over a sufficiently wide range of frequencies, the optical
constants may be evaluated by use of the Kramers-Kronig relationships®,

A1l of the above methods should, of course, Tead to the same value
of n(w or K({w). However, inconsistency between the dielectric
functions obtained from measurements with p and with s polarised
Tight’2, and those obtained at different angles of incidence’3 have
been observed. Attempts to reconcile these differences have been made
by assuming surface anisotropy or inhomogeneity. These models account
for the observed differences, but only by the introduction of fitting
parameters which lack direct physical significance.

Prompted by an unexpected strong absorption in the imaginary part
of the complex dielectric function, determined by non-normal
reflectivity measurements, of the alkali metals’5 between the Drude
absorption region and the absorption due to interband transitions,
Kliewer and Fuchs/® re-examined the theory of reflectance from a
jellium solid. The assumptions made in using the jellium model is that
the positive charged from the ion core is spread out into a uniform
background charge and the conduction electrons are allowed to move more
or less freely. Kliewer and Fuchs assumed also that any electron
impinging on the surface of the metal from within would be specularly

*The Kramers-Kronig dispersion relations form a set of

integro-differential equations that link the real and imaginary parts
of a complex function, provided that the complex quantity is a linear
response function which is causal and finite’4,
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reflected. The validity of this assumption is difficult to establish,
but the specular scattering model provides a more understandable
picture of the fundamental physics than do the more rigorous
treatments. The principal features obtained with the specular
scattering model do however, appear in rigorous approaches.

In the classical treatment of the interaction of light with a
metal, it was seen that the divergence of the electric field at the
metal surface is zero (Eq. 2.92), i.e. V.E = 0. Simply restated, there
are no charge fluctuations in the metal, and in the case of normal
incidence or s polarised 1ight incident on the surface one would expect
a zero divergence since the electric vector is always parallel to the
surface. However, for p polarised light there is a component of the
electric vector that is perpendicular to the surface, and if non-zero
values for the divergence of the electric field are permitted, then
there can exist charge fluctuations within the metal. The interaction
of free electrons with the charge would give rise to an additional
absorption mechanism. It has been shown that if V.E # 0 for p
polarised light then the electric field component inside the metal has
a rapidly varying component in a direction normal to the surface
plane/l,77, Since both the direction of propagation of the field and
the electric vector are co-linear, the response of the system to the
field must be considered as a longitudinal response function.

The dielectric function was introduced phenomenologically to
relate the displacement D within a medium with the electric field, E,
causing the displacement. Assuming that D and E are linearly related
and causal, the «classical relationship connecting them is simply
D = eE. The actual field in the metal will be a combination of the
externally applied field and any fields induced within the medium. The
induced fields result from all field effected perturbations that alter
the ground state of the system, such as induced polarisations an charge
densities.

To determine the displacement, D, at any space-time point, P,t
inside a jellium when an electromagnetic field is incident on the
surface requires a knowledge of the field in the region of the point P.
Fig. (2.12) shows, in a very simple way, that free electrons travelling
towards the point P and arriving at a time t will contain energy
contributions transfered to them by the field through which they moved
in getting to P. The field, and hence the system's response near P at
time t will be affected by the field at earlier times in the spatial
region around P. Therefore, there are both spatial and temporal regions
about P,t which must be considered in determining the field and



Figure 2.12.
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Fermi surface, v is the magnitude of the Fermi velocity, and q = lql.

The validity of the McIntyre-Aspnes model53, in which a metal is
covered by a thin selvedge layer of uniform thickness with a Tlocal
dielectric function (Fig. 2.11), has been analysed from a microscopic
point of view by Feibelman/7, The treatment involved a quantum
mechanical evaluation of the electron dynamics in the selvege region of
a flat surfaced jellium solid. The main conclusions from this work
appear to be that for s-polarised light, where the electric field is
parallel to the surface and varies slowly as the field penetrates the
selvedge, the McIntyre-Aspnes result turns out to be essentially
correct. For p-polarised light, the electric field component is normal
to the surface and changes rapidly across the surface layer. However,
the displacement vector cannot respond infinitely quickly, and the
system is therefore best described in terms of a Tongitudinal response
function. The surface thus responds in a fundamentally different manner
to electric fields that are normal than those that are parallel to it,
and it is desirable therefore to describe 1its response by an
anisotropic dielectric tensor.

There have been several methods used in calculating the electric
field near a metal surface’6-79 and in calculating how these fields
contribute to the reflectivity. Although different approaches have been
employed, they all arrive at essentially the same conclusions as those
outlined by Feibelman.

The application of microscopic treatments to the metal-electrolyte
interface does not appear to have gained much attention. Brodskii and
Urbakh78 have included a non-local dielectric function in the
transition region between bulk metal and bulk electrolyte which is
perturbed by the potential drop across the Gouy-Chapman Tayer. However,
they did not include any contributions arising from the metal side of
the double layer, and offered no experimental comparisons. The work of
Kof man et al1.80 appears to be the only case in which a free electron
electroreflectance effect has been included into a microscopic scheme,
but demonstrated only a qualitative agreement between theory and the
experimentaly measured modulated relative reflectance spectrum
(Au(111), normal incidence).

There is substantial evidence, both theoretical and experimental,
which suggests that p-polarised light incident on a metal surface
produces a selvedge electric field that is more complex than the
classical descriptions allow. The presence of an electrolyte, oriented
dipoles and specifically adsorbed ions all need to be considered in a
determination of the actual field and non-lTocal effects are expected to
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supports for the optical components are mounted. Two counter-balance
arms, also welded steel and on separate bearing assemblies, are
connected to the main arms to reduce the load on the main arm bearings.
The centre of gravity of the main and counter-balance arm assemblies
coincide with the axis of rotation.

The arms are elevated to the required angle by rotation of a
stepper motor (Superior type S$S50) meshing with teeth on a disc coaxial
with the axis of rotation. Two angular measuring tapes (Heidenhain)
fixed to either side of the disc enable the angle of incidence to be
set to within 0.003° with a maximum error of 0.01°.

The sample stage is mounted on a heavy steel base by means of
three cylindrical support pillars which allow vertical adjustment of
the sample stage. The stage is micro-positioning and capable of X and
Y translation, rotation about the 7 axis by 360° and can be tilted
about the X and Y axes by #1.5°. The height of the sample stage is
adjusted by means of a hydraulic jack. Mechanical isolation of the
sample stage, essential when studying free liquid surfaces, has been
achieved by placing six sorbo rubber balls between the granite block
and the steel base of the sample stage. This effectively damps out
vibrations transmitted through the floor on which the ellipsometer
stands, vibrations produced by the circulation of cooling water and by
manipulation of the optical components.

3.3 Optical components.

The optical layout of the ellipsometer is shown in Fig. 3.1. The
Tight source is a 75 watt high pressure xenon arc (osram) mounted in a
steel housing (Oriel type C-32) fitted with an adjustable condensing
Tens assembly (Fig. 3.2). The arc is powered by a stabilised dc supply
(Oriel C-72-20-1). Light from a He/Ne laser (R.C.A. ImW), A = 632.8
nm, mounted on the polariser arm, can be selected by interrupting the
Tight from the xenon source by a sliding assembly containing two
totally internally reflecting (TIR) quartz prisms.

Light from the xenon arc is focused onto a quartz prism
monochromator (Schoeffel Instruments QPM 30S). A micrometer screw is
used to adjust the wavelength which can be driven by a stepper motor
(Superior type S525)  for automatic wavelength scanning. The
monochromator has a calibrated wavelength range from 190 nm to 1500 nm
and an adjustable slit width of 0.1 mm to 2.0 mm. The half intensity
bandwidth ranges from 5 nm at 280 nm to 40 nm at 680 nm for a 0.4 mm
slit.

The polarising prisms are quartz Rochon polarisers (1.C., Optical
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The detector is a photomultiplier (EMI type 9659 Q.A.M.) with an
extended S-20 photocathode (Centronix 94283 SA) and quartz window.

A detailed analysis of the theoretical 1limits of precision
determined by the mechanical properties and by the defect properties of
the optical components for this instrument has been reported by Lowe82,

3.4 Ellipsometer electronics.

The main function of the ellipsometer electronics is to automate
the nulling process, data acquisition and wavelength changes. The
electronics system is housed in a 6 foot by 19 inch rack (F.T. Davies
type EPP6-19), which contains power supplies for the Tlaser,
photomultiplier, arm elevation reader lamps, internal Togic, servo loop
requirements, stepper and servo-motors. The xenon arc Tamp power
supply is separate from the rack in order to minimise noise pick up by
the other components. A diagram of the electronics system housing 1is
shown in Fig 3.3.

The electronics systems provides the following functions:

1. Servo Toops for polariser and analyser control.

2. Digital readout of the prism settings.

3. Null testing and data transfer control.

4. Interface for passing data to the M6800 microprocessor.

5. Stepper motor control for setting the monochromator position
either from front panel switches or under computer control.

6. Stepper motor control for manually setting the elevation of
the polariser and analyser arms.

7. Variable speed drives for the quarter wave retarder and
analyser setting under manual control.

8. Oscilloscope for continuous monitoring purposes.

3.4.1 Servo loops.
The nulling method employed relies on the Faraday or magneto-~optic

effect. The plane of polarised light incident on a material medium is
rotated when a strong magnetic field 1is applied in the propagation
direction. The angle of roatation is proportional to the magnetic flux
density and the length of medium traversed. The constant of
proportionality, called the Verdet constant, is a characteristic of the
medium and varies with the wavelength of incident light.

The rotation is given by 8 = VBl where V = Verdet constant, B =
magnetic flux density and 1 = length of medium traversed.

Two Faraday modulators on each arm provide modulation and offset
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The photo-multiplier output consists of a superposed signal of
frequencies  and 24, the relative amounts of each being related to the
null error. The amplitude of any fundamental frequency present gives a
measure of the angular offset from null and the phase of the signal
relative to that of the ac Faraday modulation will give the direction
of offset. The ac Faraday modulation frequency is therefore, used as
the reference signal for the phase sensitive detector. The PSD output
will indicate the magnitude and direction of any null error. If the
error is less than about 1° at 650 nm or less than 4° at 300 nm the dc
Faraday compensator current will be adjusted by the amplified PSD
signal to maintain the null condition. The waveforms given in Fig. 3.5
show the effect of null errors in polariser and analyser azimuths
separately and the combined signal produced at the photo-multiplier

output.

3.4.3 Angular read-out.

When the system is nulled the information on the polarisation
angles producing the null condition is contained in two parts. One of
these 1is obtained from the Moire fringe counters and is in digital
form. The other is the rotation caused by the dc Faraday compensator
current and is in analogue form initially. The Faraday modulation
component and its subsequent conversion into digital form is discussed
in the control unit description (section 3.4.7). A block diagram of
the data control system is shown in Fig. 3.6 and explained in the
following sections.

3.4.4 Angular encoder read-out.

This unit (Newall Electronics Ltd.) provides storage and display
of the polariser and analyser azimuths and the quarter wave retarder
fast axis. The information received by this unit from the Moire fringe
encoders (explained in section 3.3) is used to update a buffer store.
On receipt of a data request signal, initiated by the microprocessor,
the buffer is isolated from updating and after a settling time of 1 us
this data is available on the data bus. The data is at TTL Tevel and
consists of seven 4-bit bytes in binary coded decimal form for each of
the polarising and retarding prisms. This data 1is then transferred
sequentially to the microprocessor's 8-bit data input ports via a
digital multiplexor 1in the funnel circuitry. For details of the
microprocessor and data format see section 3.4.10.
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3.4.5 Control unit.
This unit provides a wide range of functions to control the flow

of digital and analogue data. The unit accepts signals from the
microprocessor for controlling the analogue data flow, provides
switches to initiate and control data transfer and contains indicator
tamps to show the status of the data handling process. Analogue
signals from amplifiers monitoring the Faraday compensation current
(see next section) together with externally generated analogue signals
(e.9., from the electrochemical cell) are stored in sample/hold
amplifiers for subsequent conversion into digital form. The null
testing circuits and pulse generators for automatic control of the
polarising prism motors are included in the unit. The unit also
contains the power supplies for the arm angle reader lamps, the quarter
wWwave retarder drive motor (manué1 control) and the analyser motor {when
not under automatic control).

3.4.6 Control unit nulling circuitry.

Current flowing through the dc Faraday compensators is monitored
as a voltage drop across 0.5 resistors connected in series with the
compensator coils. These voltages are amplified by a factor of 2.5 by
means of conventional differential amplifiers, and fed via low pDass
filters (33 ms time constant) to the sample/hold amplifiers. The
filtered outputs of the differential amplifiers are also available at
the front panel for driving a chart recorder.

One of the necessary conditions that has to be satisfied before
data can be transferred to the microprocessor is that the system 1is
nulled. If the current flowing through each of the dc Faraday
modulators is less than the maximum available from the driving power
amplifiers, then the system is nulled and the PSD outputs are zero.
When the compensation current nears one extremity of the compensation
range, a pulse is generated by a dc coupled monostable (Fig. 3.7) which
is fed to the prism motor drive amplifiers. This turns the motor
through a fixed angle, further pulses being produced if the current
flowing 1is not reduced to lie within pre-defined limits. The null
sensing and motor drive circuit is shown in Fig. 3.7. The circuit
contains facilities for adjusting the pulse width and threshold Tevel
beyond which the pulses are produced.

The pulse width is determined by the minimum compensation range
which is about +0.45° at 650 nm. The pulse width is set to step the
polarising prism through Tess than 0.5° to ensure that the drive motors
are not sent through and beyond the null point. The threshold Tevel is
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The ellipsometer was n?t supplied with a computer, so a suitable

microprocessor based contwoagr had to be designed and built.

3.4.10 HMicroprocessor and interfacing details.

Full automation of the ellipsometer is achieved through the use of
a controlling microprocessor. The microprocessor issues the commands
required by the funnel and control togic to read and temporarily store
data which may be subsequently transferred to the microprocessor for
storage and further processing. The microprocessor can also be used to
issue the commands necessary to change the wavelength of Tight incident
on the sample,

The microprocessor system was built by the Department of
Electronics, Southampton University, and is based on a Motorola M680O0
central processor unit (CPU) operating a IMHz. The CPU board is housed
in a card rack (Eurocard International size card (114 x 203 mm)) along
with several other component cards to be described below. The card
rack provides direct connection between the component cards and the CPU
address, data and control lines.

The system contains an RT/68 monitor program (Microware Systems
Lorp., Towa) supplied as a 1024 byte program stored in read only memory
{(ROM} and is required for communication between the terminal (visual
display unit - Hazeltine 2000}, and the CPU. The monitor program is
required for initial machine code program development, saving these
programs, Basic language programs and data onto magnetic tape and for
loading previously saved programs back into memory. The system also
contains a Basic interpretor (Computerware Software Services,
California), supplied as an 8K program stored in ROM.

The Basic language master program, the machine Tanguage
subroutines and data generated by the ellipsometer, are stored in the
32K bytes of available read/write memory (commonly called random access
memory - RAM).

The machine language program (listed in Appendix Al.3), required
Lo access the data originating from the ellipsometer or to transmit the
required (logic Tevel) control signals to the ellipsometer, was written
in the Chemistry Departiment, Southampton Univesity. To make the
automatic operation of the ellipsometer flexible, i.e., to enable the
user to select initial and final wavelength limits in a wavelength
scanning experiment or to select I, 2 or 4 zone data collection,
required a high Tlevel (BASIC) program in which parameters such as
wavelength or the number of zones over which the data was to be

collected could be varied from experiment to experiment. Several
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programs were written during the course of this investigation, for both
calibration and data collection purposes. These programs used portions
of the machine code program and hence before they could be written, a
knowlege of machine code programing was required. The most general of
the Basic programs written 1is given as Appendix Al.4 and the
interaction between programs and between the microprocessor and the
ellipsometer is described below.

A hard copy of stored data or programs can be obtained on a dot
matrix line printer (Dolphin BD80) or may be saved on punched paper
tape (Facit 4070). Inte rfacing of these peripheral devices and of the
ellipsometer 1is achieved through two distinct types of interface
circuits. The system contains four interfaces known as peripheral
interface adaptors (PIA's), two of which are used for controlling the
printer and paper type punch and a third by the RT/68 monitor. A
circuit diagram of one of these interfaces is given in Appendix Al.5

The microprocessor has been configured with four input and four
output memory mapped latched ports, each port comprising an 8-bit word.
Two of the output ports are used for sending instructions and
addressing information to the funnel circuitry. A block diagram of
these ports and what information'they convey is given in Fig. 3.8. Two
of the input ports are used for receiving the 16-bit data word from the
digital multiplexor. Another of the input ports along with the two
output ports described above form what is called a 'hand shake' between
the microprocessor and the ellipsometer.

3.4.11 Data acquisition.

The digital multiplexor in the funnel unit receives 21 x 4 bit
data words from the angular display unit and the 12-bit output from the
analogu e to digital convertor housed in the control unit. The 16-bit
output from the digital multiplexor forms the data word which is
ultimately received by the microprocessor. Individual data words are
selected by sending a 4-bit address to the digital multiplexor. The
three least significant bits are also sent to the analogue multiplexor
to select one of the eight analogue signals for conversion into digital
form. The most significant bit is used to select either the originally
analogue data when the funnel address bit 4 is '1' or the originally
digital data when bit 4 is "0'. Figure 3.9 shows the funnel address
codes associated with each of the data words and the format of that
data.

The process of data acquisition and subsequent transfer to the

microprocessor 1s controlled via machine and Basic language routines
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Funnel J | Memory
address Computer input port input port sllocation
binary at §7007 at $7006 Hex
Data in binary coded decimal
0001 - Q° hundreds | Q° tens Q% units A3FD, A3FC
0019 @° tens 8° uvnits Q7 tens Q°° units A3FB, A3FA
0011 Status P® hundreds PO tens P® wnits A3F9, A3F8
0100 P’ tens P’ units P’ tens P'* wunits A3F7, A3F6
0101 - A® hundreds A° tens A® units A3F5,A3F4
0110 A’ tens A’ units A’ teams A"’ units A3F3, A3F2
0111 - - - - A3F1, A3F0
Data in lz‘bit 2's complement
1000 - P Far;day c&mpeﬂsgtor A3EF, A3EE
1001 - A Far;day compensator A3ED, A3EC
1010 - Extet;al channel 1 A3EB, AZRA
1011 - External channel 2 A3E9, A3ES
1100 - Exter;ai channel 3 A3ET, AZES
1101 - Exter;&I channel 4 ASES, A3E4
1110 - Exter;al channel § A3E3, A3E2
1110 - Extar;al channel g’ A3E1, A3EO
£ 4

Figure 3.9,

Funnel address and data structure.



which are Tlisted and explained in Appendices Al.3 and Al.4
respectively. The function of the logic circuitry in the control and
funnel wunits and the computer to funnel transactions are described
below. The Appendix numbers on the right hand side of the page refer
to the relevant logic circuit diagram and the (hexadecimal) numbers
refer to the memory address of the relevant section of the machine
lanquage routine (aa%aring as the leftmost column in Appendix Al.3).
Jud

1) Computer to funnel: ‘start of transfer' Appendix Al.1
+ 'lambda steady’ A111 and A113

2)  Wait for ‘hold' = 1 (funnel to computer) All6 to Al1B
‘start' {push button, control front panel)
gives the signal 'commence’ Appendix Al
'commence' and 'start' are gated in the funnel

unit to produce 'go'. Once 'go' has been set Appendix Al.1
no further 'start' signals are required,

unless 'go' is reset by 'reset' Appendix Al
(push button, control front panel) or

'sequence end’ (computer to funnel) Appendix Al.1
Before 'hold' is set a 'start data block'

signal must be generated in the control logic. Appendix Al
This signal is produced by either the

'start data' push button or from an external

pulse generator (using the ‘external start data

tnput). 'go' and 'start data block' then gives a

"hold" signal which is used to hold analogue Appendix Al.?
data in the sample/hold amplifiers located in the

control unit. After a de lay of 5 us

(data acquisition time for S/H amps.) ‘hold dig',

‘hold ADC' and 'holdtim’ signals are sent to the Appendix Al.?
Newall display unit to prevent further changes,

to the analogue sub-system and to the computer

respectively

3) A funnel address is issued by the computer ALOF to A120
followed by a 'data request’ signal. Al4l, A143
[T the most significant bit of the address is ‘0!
then originally digital data is selected and the
data selected by the funnel address can be



6)

8)

transfered to the computer as soon as the computer
recieves the 'data ready' signal.

If the most significant bit of the funnel address

Is '17 then the signal 'hold'+'FADD3'+'data request’
when gated together produce a 'convert' pulse

to the ADC. When the ADC recieves ‘convert' it

sets the 'status' to '1' and resets it to '0' when
the converted data is available.

‘data ready® is then set and the computer can read
the originally analoque data.

Data word passed from funnel to computer

Computer drops 'data req.' which resets
analog. data rdy.' and therefore 'data rdy.’
and 'hold'

Next funnel address selected by the computer

Test to see if all 16 channels of data have been
read. If more data required then goto step 3.

Computer issues ‘'end of block' to funnel which
resets ‘hold'. The ellipsometer is then free to
acquire a new data set, for example, at a
different electrode potential or wavelength

of incident light.
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Appendix Al.?

Appendix Al.2

Al4D to Al55

Al57, A159

Appendix Al.2

A128

A128B

ALZD, Al2F
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4.1 Ellipsometer alignment

Extensive alignment procedures performed by the manufacturers
(I.B.M.), have been reported by LoweBl, Precession of the polariser and
analyser arm rotation axis (ideally defined by RR' in Fig. 3.1) has
been measured by means of an auto collimator (by I1.B.M.) and stated to
be less than 0.05°. The optic axis of the polariser arm is defined by
the axis of rotation of the polariser and retarder encoders (E1 and )
in Fig 3.1) and since the retarding rhomb, Q, has an axis of symmetry
about which it must be rotated to prevent beam deviation, the rotation
axes of Eq and E2 have been adjusted, by the manufacturers, to
intersect normally with RR'. It has been found necessary to perform
only minor adjustments of the totally internally reflecting (TIR)
prisms mounted at the extremity of the polariser arm (labeled Ty and T3
in Fig. 3.1) to bring the incident beam down on the optic axis. The
prisms, mounted on 'spiders' are held in place by springs attached to
the polariser arm. The three pivot pins, forming the prism mount are
threaded to provide adjustment of the prism attitude.

With the arms set at 70° and a wavelength in theigreen selected,
the beam reflected from a front surfaced aluminum mirror (on
Chance-Pilkington Float glass parallel to +0.0003°) was observed on a
disk with a central pin hole mounted into the analyser arm. The sample
stage was leveled and the height of the stage adjusted to minimise the
distance between the central pin hole and the centre of the reflected
beam. With the motor drive to the quarter wave encoder engaged, the
precession of the reflected beam was minimised by adjustments to Ty and
T3. The height of the sample stage was adjusted and if necessary Tp
and T3 were readjusted until the reflected beam rotated centrally on
the pin hole with minimum precession. The position of Ty and T3 were
secured (locking nuts) and the alignment checked.

To ensure maximum light intensity output from the xenon arc Tamp,
the lamp house unit was removed from its mount on the ellipsometer and
the image of the arc focused on a suitable distant surface. The lamp
position and concave reflector were adjusted until the arc and its
image reflected from the concave mirror coincided. The unit was
returned to its mount on the ellipsometer and the position of the unit,
with respect to the rotation axis, RR', adjusted until the signal
observed on the oscilloscope monitoring the photomultiplier output of a
nulled system (reflection from aluminium) was maximised. The position
of the monochromator assembly was similarly adjusted with respect to
the rotation axis, again until the monitored signal of the
photomultiplier output was maximised
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To facilitate the alignment of an electrode in an electrochemical
cell an attachment has been added to the analyser arm which can
interrupt the reflected beam and direct it through a TIR prism to a
roughened pespex screen. After the above alignment procedure was
completed, the position of the beam on the screen was marked and served
as a reference position for sample surface alignment. The alignment

device is shown in Fig. 4.1.

4.1.1. Prism azimuth alignment.

Azimuthal angles of polarising and retarding prisms are
conventionally measured with respect to the plane of incidence and are
zero when the plane of transmission of the polarising prisms or fast
axis of the retarding prism is parallel to the place of incidence.
Alignment procedures, described by McCrackin et. al.84, have been used
for setting the angular read-out displays to measure absolute azimuth
angles conforming with the above convention. The method relies on the
fact that pure s or p polarisations incident on a metal remains
linearly polarised on reflection and linearly polarised Tight parallel
to the slow or fast axis of a linear retarder remains linear upon
transmission through 1it.

With the quarter wave retarder removed, the ellipsometer was set
for observing the reflection from pure water at the principal angle of
incidence (Brewster angle). One of the ac Faraday modulators was
switched on and the polariser prism rotated until the null signal was
observed on the monitoring oscilloscope. The transmission axis of the
polariser was then parallel to the plane of incidence. The water
reflecting surface was replaced by a front surfaced a]umidym mirror and
the angle of incidence set to 70°. Again with only one of the ac
Faraday modulators on, the analyser was adjusted to give a near null
signal (analyser transmission axis approximately in the s direction)
and then both polariser and analyser azimuths finely adjusted until a
null condition was obtained. The polariser angle display was then
adjusted to zero using the offset facilities incorporated into the
display unit. Reflection from the metal surface enabled the polariser
angle to be set with greater precision because the photomultiplier
signal, produced by ac Faraday modulation about extinction, was much
Targer than for dielectric reflection. The ellipsometer arms were then
set in the straight through position, the polariser azimuth set
accurately to 0° (the plane of incidence), the analyser adjusted to
give null, and the analyser angle displayed was then set to 90°.

The quarter wave retarder used in the present study was a three
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determined by rotating the device to give the null condition with the
polariser and analyser azimuths set in the p and s planes respectively
and the ellipsometer arms in the straight through position. A total of
four null positions are possible since extinction of the Tight will
occur when the fast or slow axis of the retarder is in the plane of
incidence. Any ambiguity can be resolved by determining the two null
values of P and A for reflection from a metal surface with the retarder
set at +45° and -45° from the angle determined in the ‘straight
through' experiment., The actual quarter wave fast axis azimuth (45° or
1357 with respect to the plane of incidence) can be determined by
comparing the value of P at each null with the range of values given in
Table 2.1 (section 2.4) simply from a knowlege of the prism's attitude
inside its mounting.

4.2 Automatic wavelength selection - Micrometer position to wavelength
conversions.

The wavelength of 1light emerging from the quartz prism
monochromator 1is selected by rotation of the prism which moves the
spectrum across a fixed slit. The prism is rotated by a cam coupled to
a precision micrometer screw, calibrated in mm, and since the
dispersion of light is strongly wavelength dependent, so is the curve
relating wavelength to monochromator screw position. The monochromator
position vs. wavelength dispersion curve is similar in form to the
dispersion of refractive index of the prism material, i.e., the
refractive index of the prism changes rapidly at shorter wavelengths.

The monochromator has been supplied with a calibration table
relating the monochromator micrometer screw position (mm) to the
wavelength of light transmitted. A stepper motor which is directly
coupled to the micrometer can be controlled by commands issued by the
computer to the stepper motor control unit or manually by front panel
switches on the control unit. Each drive pulse sent from the
controlling unit moves the micrometer position by 0.0025 mm. and up to
400 pulses/second can be issued. For automatic control of the
wavelength, the number of 0.0025 mm. steps required to drive the
micrometer from one wavelength position to another must be known or
calcultated. The calibration data could be stored in memory and the
distance through which the micrometer must be moved to  change
wavelengths easily calculated and converted into the required number of
motor drive pulses. However, if the optical properties of a sample
were to be studied over a large range of closely spaced wavelengths,
then an equally large range of calibration data would be required which
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would restrict the memory space available for ellipsometric data
storage. An alternative method, which has been implemented, is to find
an empirical relationship between wavelength and micrometer position
and to use this relationship to calculate the position required for a
new wavelength and hence, the number of drive pulses required to derive
the micrometer to the new position. Two simple relationships have been
found to cover the near ultra-violet and visible regions. For
wavelengths less than 300nm the expression

i 1328.3526

Micrometer position(mm) = —— " +* 1.46714 (4.1)
Ao~ 121.4

has been found to give excellent agreement with the supplied
calibration. For wavelength > 300 nm the expression

‘ 965.6028
Micrometer position/mm = ——— =7 2.5969 (4.2)

A - 147.2

is used. Two simple equations, rather than a single more complex
equation were used because Egs. (4.1) and (4.2) could be
inverted enabling the wavelength to be found from the monochromator
position. From the form of the calibration curve it is probable that
the Selmeyer or Cauchy dispersion equations (Egs. (2.141) or (2.143))
could be used but since these equations use terms in 32 and possibly A%
they would take longer to evaluate than Eqs. (4.1) and (4.2)

The calculated calibration curve along with selected points taken
from the supplied calibration is shown in Fig. 4.4. The error in the
calculated micrometer position is very small and negligible by
comparison with the half intensity band width.

4.3 Dc Faraday compensator calibration.

The rotation of the plane of polarised light passing through a
Faraday cell depends on the magnetic flux density along the cell core
and on the Verdet constant associated with the core material (see
section 3.4.1). The amount of current flowing through the coils
producing the magnetic field is monitored as a voltage drop across 3
measuring resistor. This analogue voltage is converted into a 12 bit,
2's complement number so that data received by the computer will be in
integer format within the range *2047 (211 = 2048, the 12th bit conveys
the sign information). These numbers must then be converted into an
equivalent angle and then applied to the measured prism azimuth angles,
p and A, to give the true polarisation angles describing the null
condition.
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In principle, the Verdet constants could be evaluated at each
wavelength employed, the binary number representing the current flowing
converted into an actual current value, the magnetic flux density
calculated and hence, the rotation calculated (using the equation in
section 3.4.1). However, the equations for calculating the Verdet
constant as a function of wavelength3 are cumbersome and contain
empirical constants which would need prior evaluation at each
wavelength.

4.3.1 Calibration procedure.

The ellipsometer arms were each set to 90° ("straight through"
position) and the quarter wave retarder removed. To calibrate the
polariser dc Faraday compensator, for example, the analyser was set to
an arbitrary angle and the polariser set to an angle different by
approximately 90°. Power was applied to the polariser Faraday cells
(both ac and dc) and the current flowing through the dc coil monitored
for & different polariser prism azimuth angles, ranging from near
maximum positive compensation to near maximum negative compensation. A
BASIC program, written to automate the calibration procedure as much as
possible, was used to read and store the azimuth angles and the binary
data representing the current flow. Making use of the automatic
wavelength scanning facility, a wavelength was selected under computer
control and after a suitable delay (necessary for manually setting the
prism angle), the dc current equivalent was logged by the computer.
The polariser angle was manually changed and the data acquisition
repeated. For each prism setting the analogue data was averaged over
40 samples. When a complete set of data had been obtained at one
wavelength, a Tinear regression analysis of the data was performed and
the slope, giving the Faraday cell specific rotation in degrees/unit of
digital data, and intercept, corresponding to the polarisation angle
yielding the null condition, were recorded. The computer then issued
the commands required to change the wavelength of incident light and
the process repeated. The Faraday cell specific rotation was
determined at 20 nm intervals from 300 to 680 nm for the polariser arm
Faraday cell and at 40 nm intervals from 300 to 660 nm for the analyser
cell with a monochromator slit width of 0.4 nm and using the
photomuitiplier auto gain facility.

For reasons mentioned earlier, empirical equations relating the
specific rotation to wavelength rather than storing the calibration
data in memory, were sought. Both the Faraday effect and dispersion
have similar wavelength dependence and since the computer selects
micrometer position (and is accurately known), rather than absolute
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wavelengths, it was decided to find equations relating the specific
rotation to micrometer position. Expressions of forms similar to Egs.
(4.1) and (4.2) were found to predict satisfactorily the Faraday cell
specific rotation units of degrees/unit of digital data in terms of the
monochromator micrometer position. Again, two equations were required
to cover usable wavelength range and are given below:

For ax < 380 nm

0.2276
Specific rotation = — : + 0.00905 (4.3)
/deg./digit micrometer position/mm - 28.45
and for A > 3380 nm
o i 2.1903
Specific rotation = - — -+ 0.0306 (4.3)
/deg./digit micrometer position/mm - 75.00

The analyser Faraday cell was found to be consistently less sensitive
than the polariser cell by a mean factor of 0.9796 (standard deviation
0.0028).

The experimentally determined specific rotations, the values
calculated from Egs. (4.3) and (4.4) and the maximum expected errors
are shown in Table 4.1. The maximum error has been calculated from the
expression:

Error = (experimental rotation - calculated) x 1400

The value of 1400 (corresponding to 3.5V drop across the current
monitoring resistor) was taken because currents above this digitally
equivalent value will cause the relevant prism motor to be activated
(see section 3.4.6) to reduce the Faraday component. The sensitivity of
the Faraday cell specific rotation in “/digit is 0.00248 at 300 nm and
0.00042 at 660 nm, giving a maximum compensation range of £3.5° at 300
nm and +£0,6° at 600 nm

4.1, Mercury electrodes for optical studies,

The difficulty 1in producing a vibration free mercury pool is
exemplified by the work of Smith87. preliminary studies of the
reflection from a mercury pool indicated that the granite block {(some 2
tons), on which the ellipsometer stands, was not sufficient to damp out
the vibrations transmitted through the structure of the building.
Attempts were therefore made to produce a mercury thin film electrode
on a platinum substrate. Such an electrode was succesfully used by
RobinsonB88 in modulated reflectance studies of the mercury aqueous
electrolyte interface.

The platinum used as a substrate for the mercury thin film
electrode was 5 mm in diameter and was initially sealed into Kel-F rod
by a method described in section 4.5. Attempts to produce an electrode
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sealed 1into soda glass were frustrated by repeated cracking of the
glass adjacent to platinum. The mercury thin film electrode was
prepared by a method described by Hartley et.al89. Mercury was
deposited onto the platinum substrate under galvanostatic condition and
following a rinse in distilled water the electrode was polarised
cathodically in nitric acid (0.1 M) causing the mercury to spread out
forming a flat surface. However, on transfering the electrode to the
optical cell, the film invariably broke resulting in an uneven surface
and some of the platinum substrate exposed. No pre-treatment of the
platinum substrate prior to mercury deposition or post-treatment
(varying degrees of hydrogen evolution) remedied the situation. The
problem was ultimately traced to a thin tayer of material, adsorbed
around the edge of the platinum, between the platinum and the Kel-F.
Several other methods of sealing the platinum into a suitable support
(platinum sealed in glass with various Lypes of epoxy resin) were also
unsuccessful,

Attention was therefore redirected to finding a suitable method of
producing a vibration free mercury pool. Many methods were tried,
placing synthetic rubbers and foams of various types between the cell
and sample table, placing the same materials between the sample table
and ellipsometer base, but success was ultimately found by placing six
sorbo rubber balls between the sample stage and the base of the
ellipsometer. Using this method, all vibrations were largely damped and
the monitored photomultiplier signal was only slightly influenced by
residual vibrations.

4.4.1 The mercury optical-electrochemical cell,

Most of the ellipsometric measurements were conducted using a free
mercury pool contained in a pyrex cell giving an electrode area of
about 9.5 cm?. The cell was equipped with two side arms angled at
approximately 200 to the base into which fitted the cell window tubes,
The tubes holding the cell windows (2 mm thick fused quartz) had open
flanges at one end which fitted snugly into shallow barrels machined
into the polariser and analyser arms and were held in place by means of
threaded collars. A diagram of the cell, cell window assembly and
auxiliary glassware is shown in Fig. 4.5. The counter electrode used
was a palladium rod saturated with hydrogen prior to inclusion into the
cell by cathodic evolution. This formed a non-contaminating electrode
provided that the hydrogen dissolved in the palladium was not
completely depleted by electrochemical oxidation. As a further
precaution against contamination, the counter electrode was housed in a

compartment separated from the main compartment by a sintered glass
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disc. Electrical contact to the mercury pool was made via a platinum
wire, sealed in glass, placed in a 'U' tube which connects to the base
of the cell. The 'U' tube was also used for introducing mercury into
the cell. The reference electrode, used throughout, was a commercial
saturated calomel electrode and was housed in a compartment separated
from the main cell body by a bridge which formed a Luggin capillary.

4.5 The optical-electrochemical cell for solid electrodes.

An open trough cell made of PTFF , has been constructed for use
with specially mounted solid electrodes and is shown in Fig. 4.6, The
electrodes used in this cell were prepared by first spot welding a
connecting wire to the back surface of the metal and then sealing the
electrode into Kel-F rod. The rod was first cut to the required length
and a hole drilled centrally through the rod to house the connecting
wire. The Kel-F rod and positioned electrode were placed into the base
of a barrel and piston assembly and the base entrance closed with a
close-fitting, flat surfaced plug. The whole assembly was placed in an
oven at 200°C for 30 minutes then transfered to a hydraulic press where
moderate pressure was applied to the piston and the assembly allowed to
cool to room temperature. A hole was drilled into the back of the
Kel-F rod to expose the connecting wire, a fine insulated extension
wire was soldered to the exposed wire and finally, the metal/solder
contact was covered with epoxy resin. The electrodes were then
polished to a mirror finish with either diamond impregnated polishing
wheels or alumina sturries following standard procedures.

In an attempt to maintain an oxygen free atmosphere above the
electrolyte, a cell enclosure was constructed out of perspex sheet,
The counter electrode used was either a Pd/Hy rod or a platinum ring
sealed 1into glass. The method by which the counter and reference
electrodes were supported in the cell is illustrated in Fig. 4.6 along
with diagrams of the cell and cell enclosure. The cell enclosure was
secured to the sample table by means of clamps which fit into slideways
machined into the surface of the table.

4.6 Electrochemical equipment.

Electrode potentials were controlled by a battery powered
potentiostat of conventional summing type design and mounted directly
above the cell to minimise the length of leads connecting to the cell.
This arrangement was found necessary because the much larger commercial
potentiostats had to be set up several feet away from the cell and
noise pick-up (presumably by the reference electrode and connecting
wire) when amplified by the potentiostat, caused mechanical
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oscitlations of the mercury pool which were observed 1in the
photomultiplier output. Bias potentials and potential sweeps were
obtained from a Wenking waveform generator (VSG 72).

4.7 Reagents.

A1l electrolytes were prepared from analytical grade reagents
without further purification. The water was four times distilled.
Distilled water from a large throughput still was transfered to the
first reservoir of a three stage, all-pyrex still. The first two
reservoirs contained dilute solutions of potassium permanagate and
orthophosphoric acid, respectively. The mercury was rigo: rously
purified before each experiment by a chemical cleaning procedure
(prolonged agitation with sodium hydroxide solution, nitric acid (both
4M) and water) followed by double distillation under partial vacuum.

4.8 Experimental procedures.

Two types of experiments have been carried out:

1. A study of the potential dependence on the adsorption of F-,
Ci-, 5042“ and isoquinoline at the mercury/electrolyte interface at
several wavelengths of incident light.

2. To study the spectral properties of rhodamine B adsorbed at
the mercury-electrolyte and platinum-electrolyte interfaces by
monitoring the ellipsometric parameters as a function of wavelength at
fixed electrode potential.

The procedures common to both types of experiment will be
discussed in  this section; data collection and more specific
experimeﬁtal details will be described in the following sub~sections.k

Ellipsometric measurements were conducted in a temperature
controlled room (21°C +1°C). It was necessary to cover the cell with a
dark cloth to exclude stray light entering the analyser arm by
reflection from the sample surface. The angle of incidence was set at
70.00° for all experiments.

The nitrogen used (B.0.C. "white spot") for removing dissolved
oxygen from the electrolytes was purified to remove traces of oxygen by
bubbling it through a solution containing a vanadium (I1) complex
(ammonium meta-vanadate (2g), dissalved in hydrochloric acid (25 cm?,
conc.) and diluted to 200 cm3 with water), standing over zinc amalgam.
The nitrogen was passed through a second flask containing distilled
water before being used to purge the electrolytes. The electrolytes
were purged for about 30 minutes before being introduced into the cell.

The ellipsometer electronics, and in particular the Xe arc tamp,
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The procedure adopted was to apply a linear ramp potential profile
to the working electrode and monitor the dc Faraday compensator
currents (amplified voltage drop across the measuring resistor - see
section 3.4,6) directly on an x-y recorder. Additional filtering of
the monitored signals was provided by a low pass filter (0.1 s time
constant) connected at the recorder input. A comparison of the data
collected by the two methods outlined above for pentan-1-0l
adsorption-desorption on mercury is shown in Fig. 4.7,

After selecting the vrequired wavelength of incident Tlight
manually, adjusting the monochromator slit width and removing the
nitrogen feed to the cell, the ellipsometer was wmanually nulled (dc
Faraday compensators off, ac modultators on) by adjusting the P and A
azimuths until the PSD outputs were zero. Power to the dc¢ Faraday
compensators was applied and the zero current reference position marked
on the x-y recorder trace along with the angles indicated on the
angular read-out display unit. This served as the reference angle from
which the record of the dc Faraday compensator current could be
converted into absolute angles. The potential sweep was initiated and
the current flowing through the polariser Faraday compensator was
recorded as a function of the programmed potential. On completion of
the potential sweep the record was calibrated by manually rotating the
polariser azimuth through small angles and noting both the new angles
and the corresponding change in the Faraday compensation current. The
procedure was repeated to record the analyser Faraday compensator
contribution and finally a conventional cyclic voltammogram was
recorded to monitor the condition of the electrochemical system. The
data recorded for a potassium chloride (0.0IM) electrolyte for
wavelengths of incident Tight at 300 and 637.8 nm, giving the worst and
best cases in terms of noise and sensitivity are shown in Fig. 4.8 and
4.9, respectively.

The ellipsometric parameters were determined for wavelengths in
the range 300 to 600 nm in steps of 50 nm and at the He/Ne laser
wavelength, 632.8 nm. The process of data acquisition and calibration
took about 90 minutes to complete which included approximately 10 mins.
nitrogen purge between every second wavelength change.

4.8.4 Data acquisition: Automatic wavelength scanning.

Single zone ellipsometric data has been obtained for rhodamine B
adsorbed on mercury and platinum under potentiostatic conditions over
the wavelength range 300 to 650 nm 1in 5 nm intervals. For these

ézperimenﬁsﬁ the ellipsometer was used in its fully automatic mode


















115

4.8.5 Measurement of solution refractive indices.

The refractive indices of the non-absorbing solutions (F-, Cl-,
S042- and isoquinoline) were measured with an Abbe-60 refractometer
(Bellingham and Stanley) using a sodium vapor lamp source and were
converted to values at other wavelengths assuming the dispersion
correction to be the same as that for pure water.

The refractive index of the rhodamine B solution was determined by
ellipsometry for wavelengths at 20nm intervals in the range 300nm to
660nm and at 5nm intervals from 500nm to 595nm. Since absolute values
of A and ¥ were required to calculate the refractive index, four zone
averaged values of A and ¥ were recorded for reflection from the air
solution interface with the solution contained in the mercury cell
without cell windows.

4.9 Computations.

Most of the computations performed were simulations producing
theoretical values of A and v , or changes in these values for a given
range of input variables such as wavelength, optical constants of the
substrate and film and film thickness. A number of programs have been
written in Fortran IV for the ICL 2970 and Honeywell (6080) and in
Basic for the PDP 1145 computers at Southampton University. Many of
the programs were formally identical to sections of the general
ellipsometric data analysis program written by McCrackin®0 and were
checked against this program.
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5.1. lonic adsorption studies.

5.1.1. Mercury - sodium fluoride

The ellipsometric parameters, 4 and ¥, have been determined for
two concentrations of sodium fluoride (0.01 and 0.1 M) as a function of
electrode potential and for wavelengths in the range 300 to 600 nm in
50 nm intervals. The electrode potential was cycled between -100 and
~1000 mV using a triangular ramp of 20 mVs-l., OQutside of these limits
the changes in A and ¥ became large and irreversible while within the
Pimits the changes were reversible with no hysteresis between cathodic
and anodic half cycles. The cyclic voltammoyrams recorded for these
solutions showed a slowly rising cathodic current starting at about
-600 mV and an overall cathodic charge imbalance, both effects being
caused presumably, by residual dissolved oxygen in the etectroiyte.
The excess cathodic charge for the first few swWweeps was about 16 chm”Z
and was observed to increase as the experiment progressed but could be
reduced to values close to those observed for the initial sweeps by
purging the electrolyte with nitrogen.

At each wavelength employed, three potential sweeps were performed
in order to obtain sequentially, the changes in P, A and cell current
as a function of electrode potential. This procedure of data
acquisition and of angular calibration (see section 4.8.3) regquired at
Teast 21 cycles of the electrode potential and took about 2 hours to
complete. The values of A and ¥ were obtained by & single zone
measurement of the nulling angles P and A and will be in error due to
component imperfections mentioned earlier (section 2.6). However, for
small changes in A and vy these errors are expected to be constant and
since the data has been presented in terms of the changes in A and ¥ to
facilitate comparisons of data obtained at different wavelengths and
with existing theories, these errors become untmportant. The data
obtained for 0.01 and 0.1 M sodium fluoride are shown in Figs. 5.1 and
5.2 respectively. The data is presented in terms of A and &Y as a
function of gy, the charge on the metal, where

A = & - By and &Y = ¥V - ¥ (5.1)

Ao and yo are the values of A and V¥ at the pzc. Electrode potentials
were converted to charges by integration of the capacitance data given
by Hsieh91,

In view of the faradaic processes that were observed in the
voltammetry of these electrolytes, a series of experiments was
performed at a fixed wavelength of incident light, 450 nm, where the
changes in P and A were iwnitored for several potential sweeps. The
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electrolyte was periodically purged with nitrogen. At this potential,
the reduction of dissolved oxygen can occur resulting in the formation
of hydrogen peroxide and hydroxyl ions via vreaction (5.2). The
refractive index of Hy0p at 450 nm has been estimated to be 1.42 on the
basis of the reported value of 1.41 determined at 589.3 nm%% by
assuming the dispersion correction to be the same as that for pure
water. This 1is considerably higher than either the bulk electrolyte
refractive index of 1.339 or the refractive index of the diffuse layer
of 1.343 if assumed to result from the excess of ions in the diffuse
layer required to balance the electrode charge (see section 5.2 for
details of diffuse layer refractive index calculations). Ignoring for
the moment the variation of A and vy with electrode potential, the
overall temporal effect is that values of a progressively decrease and
the corresponding values of v increase. The magnitude of the changes
in A are roughly an order of magnitude greater than the changes in v,
It will be shown in the following section that these effects are
consistent with an increasing refractive index of a transparent film on
a metal substrate. Simple calculations using the Drude equation (Eq.
2.32 in section 2.4), with mercury optical constants calculated from
data given by Arakawa®l and an assumed film refractive index of 1.42,
have been performed to predict the changes in A and y, with respect to
film free mercury, for different film thicknesses. The decrease in A
by -0.26° and the increase in y by 0.03°, obtained from a comparison of
curves 2 and 7 for A and curves 3 and 8 for given in Fig. 5.3, can be
accounted for by an 0.8 nm film. The actual values computed were
-0.268° and +0.032° for Sa and 8¥ respectively. Similar changes are
predicted for a lower film refractive index and a larger film
thickness, e.q., for a 2 nm film of refractive index 1.37 the changes
in éa and &Y were -0.264° and +0.032°brespective1y.

The finer detail contained in the variation of A and v with
potential cannot be accounted for by such a simple model. Thus, if the
changes in A of nearly -0.1° recorded for the initial sweeps (curves 1
and 4 in Fig. 5.3) were the result of an increase in the film
refractive index, then V¥ would be expected to increase by about 0.01°.

The reduction of hydrogen peroxide to water or hydroxyl ions
becomes apparent at about -0.6V (from polarographic data), but since
the cathodic Timit of the potentials used in thse studies was ~-0.9V,
the reaction never becomes diffusion limited (E1/2 = -0.9V) and hence,
the production of Hy0p is expected to be the major contribution to
changes in the diffusion layer refractive index. As the experiment

progressed however, for the more cathodic potentials A was observed to
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5.1.3. Mercury-sodium sulphate.

The ellipsometric data obtained for sodium sulphate (0.5 M) 1in the
wavelength range 300 to 632.8 were recorded in the same way as
described for the fluoride and chloride electrolytes. A small cathodic
charge imbalance of about 6 uCcm~2 was observed in the c¢yclic
voltammogram recorded immediately before optical data collection and
again the level of current flowing 1in the cathodic half cycle was
observed to increase with time but iuch more slowly than in the case of
the other electrolytes. The data is presented in Fig. 5.16 as a
function of charge using the capacitance data given by Grahame93,
There is a close similarity for both ellipsometric parameters between
the sulphate and chloride data (particularly for 0.01 ™ KC1). The
observations made in the discussion of the chloride data concerning the
simple three layer models for electroreflectance and solution  side
effects are equally applicable here.

5.1.4. General discussion on the ionic adsorption data.

some  of the results obtained for the different electrolytes
studied have been plotted on the same graphs using the rational
potential scale, E - Epzc, (Figs. 5.17 to 5.20) rather than a charge
abscissa because of the much larger charge range accessible in the
sulphate electrolyte. An almost linear decrease in A with increasing
charge or potential has been observed for the sulphate and chloride
electrolytes. The magnitude of the slopes are relatively insensitive
Lo wavelength changes and for both chloride concentrations the slope is
approximtely 0.0060 uC-1 whereas for the sulphate electrolyte, the
stope is about 0.00150 ,c-1, Qualitatively, the data on the anodic
side of the pzc for the chloride and sulphate solutions reflects the
amount of specifically adsorbed ions since for a particular charge on
the mercury the observed changes in a increase in the order CI- (0.25
M) > C1= (0.01 M) >> 5042~ (0.5 M).

The computations based on the three tayer model presented 1in
section 5.1.2 show clearly that the wavelength dependence of the
chloride data cannot be explained in terms of a transparent or stightly
absorbing layer on the mercury surface. This is true also of the
sulphate data since a similar wavelength dispersion has been observed.
The inclusion of a fourth layer whose optical properties are defined by
the free electron electroreflectance effect and the McIntyre-Aspnes
model for this transition layer, doesnot improve matters except for

qualitative similarities in A observed on the anodic side of the pzc.
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with sodium fluoride.

Since specifically adsorbed ions will destroy the homogeneity of
the metal surface assumed in the free electron model, it would seem
pertinent to study electrolytes containing anions which are not
strongly adsorbed onto mercury. Electrolytes containing anions such as
F~ and (104~ are obvious candidates but other anions could be used
provided that the study 1is restricted to cathodic potentials where
specific adsorption is less likely to occur. Contributions from the
inner and diffuse layers to the overall optical effect must also be
considered. lee and Bagchil02 have suggested that for overlayers that
do not interact strongly with the substrate, the adsorbed layer may bhe
regarded as completely decoupled from the substrate but such layers
must be treated as optically anisotropic if they are to be incorporated
in to the microscopic description.

If it can be assumed that the Stedman approach gives a good
approximation to the optical effects of the diffuse layer, then with
sufficient data collected for many wavelengths and possibly using angle
of incidence variation as an auxillary variable, it would in principle
be possible to assess the validity of the non-local description of the
selvedge and the incorporated free electron electroreflectance effect.
Only after the electroreflectance effect is clearly accounted for could
any quantitative data relating to specific adsorption be extracted from .
optical studies,

5.1.5. Conclusion.

The optical properties of a material is characterisad by a complex
refractive index or complex dielectric function, the real and imaginary
parts of which are interrelated and not independently variable. Thus
the absorption of 1light by a material over a particular wavelength
range must invariably be linked to anomolous dispersion of refractive
index. By observing the changes in a and ¥ as a function of electrode
potential for a number of systems and over a wide range of wavelengths
it was hoped that the dispersion behavior could be identified (either
normal or anomolous) and therefore help in a quantitative analysis of
the properties of adsorbed materials.

Although no quantitative conclusions were obtained from the ionic
adsorption studies, several interesting qualitative observations can be
made. The decrease in A with increasing anodic charge observed for the
chloride and sulphate electrolytes is to be expected in view of the
increasing surface excess of anions in the inner and diffuse layers.

The changes in a predicted, on the basis of double layer capacitance



151

studies and ionic refractivities (Stedman approach 94) are in
reasonably good agreement with the experimental values for wavelengths
of incident 1light greater than 450 nm, but neither the wavelength
dependance nor the magnitude of observed effects is satisfactorily
accounted for at shorter wavelengths. There is little correspondence
between the observed and predicted changes inv¥. The theoretical
changes in A and v caused by changes in the free electron concentration
in the transition layer model of McIntyre and Adpnes52,53
(electroreflectance) appears inappropriate for the mercury aqueopus
electrolyte interface. An almost wavelength independent Tinear
variation of A with charge on the metal is predicted which if viewed in
conjunction whith the solution side predictions would yield a good
agreement with the data recorded on the anodic side of the pzc but only
for short wavelengths. Essentially no change in v is predicted by the
free electron model so that the changes in v are not in any way
explained by these two models. The complex behavior observed,
progresively larger changes in A and smaller changes in ¥ with
decreasing wavelength on the anodic side of the pzc, and larger changes
in a with increasing wavelength and essentially no wavelength variation
in ¥ on the cathodic side has proved imposible to account for by any
change in film refractive index. Approximate solutions were found to
account for the data obtained on the anodic side of the pzc but a quite
different set of solutions was required to predict the changes observed
at cathodic potentials. No smoothly varying isotropic optical
properties appear to exist, either transparent or absorbing, that would
account for the results obtained.

Specifically adsorbed anions and the water in the inner Tayer
would probably be better described in terms of anisotropic optical
properties. There are several redsons why no attempt was made to
explore the possibility of anisotropic solutions. The apparent failure
of the free electron electroreflectance effect, the uncertainty of a
suitable starting point (i.e. film constants) insufficient data and
time all conspired against such an analysis.

The fluoride data obtained in this investigation was shown to
include effects attributed to a charge transfer process and significant
reduction currents were observed in all other electrolytes employed.
Clearly a re-designed cell 1is required, preferably with some easy
method of renewing the mercury surface and electrolyte, before an in
depth study of ionic adsorption is attempted. By using fons which are
not specifically adsorbed to any extent and by an extensive study of
not only the wavelength dependence on changes in A and y but also the


















presentation but will be discussed later.

The changes in A and ¥ as a function of the mercury electrode
potential for isoquinoline (10 mM) 1in the same supporting electrolyte
are shown 1in Figs. 5.24 and 5.25. In the absence of a suitable film
free reference state an arbitrary reference, corresponding to the data
obtained at the anodic limit of -400 mVY, has been used. Again, some
hyseresis, about 60 mV, was observed in the region of rapid changes of
A and ¥ with potential (-750 to -850 mV) between data collected in
cathodic and anodic sweep directions. The potential range was
restricted at the negative end by Faradaic processes involving the
isoquinoline. 1In view of the significant differences between the
behavior observed for the two adsorbate concentrations studied each
will be discussed separately.

Apart from the hysteresis mentioned above, the data collected for
both isoginoline concentrations was reversible with potential. The
hysteresis was probably the result of several contributing factors.
Slow mass transfer, reported by Buess-Herman gg_giﬁ03 to interfere with
the reliability of electrocapillary measurements made for isoquinoline
concentrations below 1.5 mM, was probably compounded by the much larger
electrode surface area used in the present investigation. Accurate
potential control over the whole of the electrode surface was not
possible because of the compromise in cell design required to enable
both optical and electrochemical studies to be performed. The current
distribution was certainly not uniform and the equipotential surface,
therefore, would not be parallel to the electrode surface, particularly
at the edges of the mercury pool. Changes in surface excess in a region
of well defined electrode potential, following a potential excursion,
may well have been offset by surface diffusion to or from regions of
less well defined potential.

The adsorption of isoquinoline has been examined in sodium
hydroxide by Silval04 and in sodium sulphate by Buess-Herman et al.l03
using capacity measurements at the dropping mercury electrode.
Adsorption from sodium hydroxide solution has also been studied by
Humphreys and Parsons2? using ellipsometric measurements at a mercury
pool electrode and light of 546.1 nm wavelength. The conclusion drawn
from the above investigations is that isoquinoline adsorbs in three
orientations depending on electrode potential and concentration of the
adsorbate in solution. In dilute solutions, Tless than 1.5 mM, the
molecules are adsorbed with the plane of the rings parallel to the
electrode surface. For more concentrated solutions and as the potential

1s made more cathodic the molecule takes up an upright position and at
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Table 5.1

Some physical properties and orientations of isoquinoline.

Reference
Dipotle moment/D 2.7 103
Solubility in MNapSOgq (0.5 M)/M 3.1 x 1072 103
Bulk refractive index, 434.1 nm 1.6648 1056
436.72 nm 1.6443 105
539.3 nm 1.6223 105
656.3 nm 1.6141 105

Dipole moment/D
Orientation Carbons on Thickness/nm  Perpendicular Parallel

surface to surface to surface
AT 0.3 - -
4,5 0.7 0.83 2.44
5,6 0,73 1.99 1.67

7,8 8.7 2.44 0.88
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Table 5.2

Film thickness calculations assuming bulk refractive index of
isoquinoline. Computed values of film thickness giving rise to the
observed changes in A for the 0.3 mM isoquinoline solution

S - L 5 PO

350 1.708 ~0.291 0.001 0.26 -0.034

400 1.677 ~-0.252 .014 0.23 ~-0.015

500 1.641 ~0.215 0.012 0.21 ~0.011

600 1.621 -0.192 0.017 0.21 ~.002

632.8 1.616 -0.209 0.002 0.23 -0.018
Table 5.3

Film thickness calculations assuming bulk refractive index of
isoquinoline. Computed values of film thickness giving rise to the
observed changes in A for the 10 mM isoquinoline solution

A ggggTEd > fobs O¥ obs g%%?kness/nm E;gg;-]$ci1
350 1.708 -0.108 0.019 0.1 0.005
400 1.667 -0.088 0.035 0.08 0.025
450 1.656 ~0.086 0.020 0.08 0.010
500 1.641 -0.102 0.019 0.1 0.008
550 1.629 -0.118 0.018 0.12 0.006
600 1.621 -0.100 0.014 0.11 0.004

632.8 1.616 -0.104 0.018 0.12 0.008
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packed wmono-molecular layers of isoquinoline from an orientation with
carbon atoms 4 and 5 in contact with the mercury surface to an
orientation with carbons 6 and 7 adjacent to the mercury. From the
molecular dimensions given in Table 5.1 such a re-orientation would be
accompanied by an increase in film thickness of 0.17 nm. The abrupt
changes in A and at potentials centred on -850 mV shown in Figs. 5.24
and 5.25 are typical of the changes expected for an increase in film
thickness and/or increase in refractive index of a transparent film. By
assuming that the observed changes in this transition region result,
simply, from an increase in film thickness, and further assuming that
the adsorbed Tlayer has bulk optical properties then the change in film
thickness required to give rise to the changes in 64 are easily
calculated. The program used simply calculated A and V¥ as a function
of film thickness from the optical constants describing the substrate,
film and electrolyte using the Drude equation. Table 5.3 reports the
outcome of these calculations for film thicknesses that gave rise to
the observed change 1in a and the difference between observed and
calculated changes in V¥. Although the film thickness required to give
rise to the observed changes in i are close to the value expected for
re-orientation they are consistently smaller. Also, the predicted
changes in &% are consistently larger than those observed
experimentally which suggests, 1in agreement with Humphreys and
Parsons2Z, that a model assuming isotropic adsorbate properties is not
completely satisfactory. A more appropriate model, suggested by the
above authors, was to treat the adsorbed layer in terms of anisotropic
optical properties, and in analysing their data on this basis they
obtained optical properties of the adsorbed layer which were consistent
with the proposed orientation changes.

In the most general case of anisotropy there a three refractive
indices, ny, ny, and nz associated with the three directions in the
Cartesian frame. In a bulk liquid the molecules are randomly oriented
so that

np o= (ny + ny +nz)/3

For an adsorbed molecule the situation may be simplified if free
rotation about the axis normal to the electrode surface is allowed, in
which case

np = (np + 2ng)/3

where np = nz and ng = ny = ny
A program was written that generates tables of sa and sy for a
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range of values of ng and np describing a final state from given values
of ng, np and film thickness of an initial state. From the dipole
orientation of isoguinoline in the [4,5] orientation (Table 5.1) it
could be expected that ng would be larger than np and for the [6,7]
orientation the reverse might be expected (np > ng). The initial values
chosen to describe the adsorbed layer at potentials anodic of the

transition were such that

np(x) = (np + 2ng)/3

where np(ix) was taken as the bulk isoquinoline refractive index and
that ns should be greater than np, a film thickness of 0.7 nm was
assumed. The final film thickness was assumed to be 0.87 nm and tables
of 6a and Sv covering a wide range of np and ng were generated for each
wavelength studied. The parameters found describing the initial and
final properties of the adsorbed layer that gave rise to the changes in
A and y observed experimentally (to within £ 0.0059) are given in
Table 5.4. Although the values of ng and np computed for a wavelength
of 550 nm differ from the values obtained by Humphreys and Parsons (at
546.1 nm) the form of the solutions are identical i.e the values of (np
- ng) for the [4,5] orientation were smaller than the values for the
[6,7] orientation and both were negative. In the absence of absolute
values of A and Vit has not been possible to assign unique values of
Ng and np to the adsorbed film. Further computations have indicated
that a range of values of ng and np give rise to very similar changes
in A and v provided that the values of (np - ng) for both orientations
remain the same as those mentioned above. The  solutions found show an
overal] increase in np with decreasing wavelength, i.e. normal
dispersion behavior, although almost constant values of ng were found.
Apart from the quite different behavior observed at 350 nm,
changes in sp and 6¥ at potentials anodic of the transition region are
both negative and decrease almost linearly with increasing cathodic
potential. Qualitatively the effect observed at wavelengths greater
than 350 nm could be accounted for by an isotropic film with increasing
extinction coefficient as the potential is made more cathodic (see Fig.
5.13 1in section 5.2). The solution for the data obtained at 350 nm
would however, be quite different, requiring a significant decrease in
refractive index and almost constant extinction coefficient (see Fig.
5.11). However, by assuming an anisotropic model with adsorbate
properties at a potential immediately anodic of the transition ([4,5]
orientation) defined by the values used in the previous computations a

set of solutions has been found that accounts for the changes observed



Table 5.4

Anisotropic film calculations for oriented monolayers of
isoquinoline. Computed values of Ny and ng for the transition region
(=750 to -850 mV) for the 10 mM isoquinoline solution

A/nm Assumed properties Computed properties bEquivalent bulk
rior to transition after transition refractive index
%h1ckness 0.7 nm Thickness 0.87 nm nb~(np+2ns)/3
n n n n
n S D $
350 1.5 1.8 1.59 1.70-1.75 1.68
400 1.55 1.75 1.52 1.50-1.52 1.51
450 1.53 1.73 1.51 1.58-1.60 1.56
500 1.51 1.71 1.50 1.59-1.69 1.59
550 1.50 1.70 1.49 1.56 1.54
600 1.49 1.69 1.48 1.57-1.58 1.54
632.8 1.48 1.68 1.47 1.54-1.55 1.52

Table 5.5

Anisotropic film calculations for oriented monolayers of
isoquinoline. Computed values of Ny and ng for potentials anodic of the
transition region for the 10 mM isoquinoline solution

A/ nm Assumed properties Computed properties Equivalent bulk
%rwcr to trans1tlon at anodic limmit refractive index
hickness 0.7 nm Thickness 0.7 nm np={np+2ng)/3
n n n n
p 5 p S
350 1.6 1.8 1.60 1.80 1.74
400 1.55 1.75 1.52 1.53 1.53
450 1.53 1.73 1.49-1.50 1.52-1.63 1.51-1.59
500 1.51 1.71 1.44-1.45 1.43-1.50 1.43-1.48
550 1.50 1.70 1.45 1.46 1.46
600 1.49 1.69 1.42 1.41-1.42 1.42

632.8 1.48 1.68 1.40 1.36-1.38 1.37
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for potentials anodic of the transition. A constant film thickness of
0.7 nm was assumed. The computed values of ng and np, summarised in
Table 5.5 are the values found to give the same change in A andV as
the changes observed experimentally between potentials of -400 and -750
mV. The computed values for wavelengths greater than 350 nm of Np and
ng at each wavelength are very similar and show normal dispersion
behavior. These computations suggest that the adsorbed Tlayer at
potentials close to -400 mV is isotropic (np ~ ng) and that with
increasing cathodic potentials more material is adsorbed and the
adsorbate undergoes a slow orientation resulting in a small increase in
np and a larger increase in ng. A mixture of flat and uprignt
orientations would account for the isotropic properties of the film
found from the above computations.

5.2.3. Conclusions.

Under conditions where close packed, oriented mono-molecular
layers are formed, the changes in A and Y appear to be dominated by the
optical properties or the inner layer. Under conditions where the
isoquinoline adsorbs with the rings parallel to the mercury surface
(0.3 mM solution) it appears that saturation coverages are observed
only over a narrow range of potential. The changes in ¥ with electrode
potential are, for the dilute solutions, strongly influenced by effects
other than the refractive index of the inner layer. The changes in A
however, appear to be dominated by the changes in refractive index
accompanying adsorption. The data was analysed, assuming that the film
was characterised by bulk, isotropic refractive indices, and yielded a
film thickness for the adsorbed isoquinoline close to that expected for
the proposed co-planar orientation.

Except for the data obtained at 350 nm (where the isoquinoline
became optically absorbing) all of the data obtained for the adsorption
of isoquinoline (10 mM) were successfully analysed and gave properties
of the layer that were uniaxially anisotropic, transparent and with a
normal dispersion behavior connecting the solutions obtained at the
various wavelengths of incident light employed. At the cathodic Timit
of the potential range employed, the inner layer optical properties
were found to be isotropic, indicating a disordered layer which became
progressively more oriented with increasing cathodic potential. Inner
layer optical properties consistent with a rapid reorientation of the

adsorbed isoquinoline were found at higher cathodic potentials.









171

adsorbed layer. The method adopted for adjusting the values of A and v
measured for the mercury in base electrolyte to those that would be
obtained for changes in the refractive index of the medium on addition
of the dye solution is as follows:

The mercury substrate optical constants were calculated from the
values of A and v recorded in the presence of the base electrolyte. The
refractive index of the electrolyte needed in these calculations was
taken from a value measured at 589.3 mmn and corrected for use at other
wavelengths by assuming the dispersion correction to be the same as
that for pure water. From these calculated values of n and k for the
mercury substrate and the measured refractive index of the rhodamine B
solution used (see below) new, hypothetical values of A and Y were
calculated for the mercury in contact with the dye solution. The values
of A and v corrected for the dye solution refractive index were then
subtracted from the experimental values obtained with the dye actually
present. The difference spectra obtained by this method are shown 1in
Figs. 5.28 and 5.29.

The values for n and k obtained for the mercury substrate from the
single zone determination of A and v will be in error due to optical
component imperfections, contributions from the solution side of the
double layer, and electroreflectance effects, but since difference
quantities are presented, the errors in sa and &y are anticipated to be
small by comparison with the large effects observed in the spectral
region covering the major absorption band of the dye.

The optical constants of the rhodamine B solution used were
determined by measuring A and ¥ at the air solution interface, in four
zones, at 20 nm intervals in the range 300 to 660 nm and then at 5 nm
intervals in the range 500 to 600 nm to cover the main absorption bands
of the dye. The refractive index dispersion curve for the rhodamine B
solution is given in Fig. 5.30 along with the dispersion curve for
sodium sulphate (0.5 M), also determined by a four zone ellipsometric
analysis, for comparison. The values of refractive index calculated for
the sodium sulphate solution are, incidentally, in very good agreement
with calculated indices based on a literature value determined at 589.3
nmd and assuming the dispersion correction to be the same as that for
pure water. The extinction coefficients, k, determined for the
rhodamine B solution were subject to some scatter, due, presumably, to
the Tow intensity of the reflected beam. The values of k obtained in
the wavelength region corresponding to the absorption maximum in the
uv-visible absorption spectrum (Fig. 5.31) were about 0.009 which is
considerably larger than value calculated using Eqs.(2.122) and (2.123)












175

considerably larger than value calculated using Eqs.(2.122) and (2.123)
of 3 x 10-6, The discrepancy is almost certainly due to a surface
excess of the dye at the air solution interface since the ellipsometric
data was averaged over four zones and should be free of most errors due
to component imperfections.

The effect that an absorbing medium on a film free mercury
substrate has on the values of A and ¥ has been calculated because of
the discrepancy between the measured and calculated extinction
coefficient. The refractive indices of the medium used in these
simulations were those determined experimentally and the extinction
coefficient profiles were calculated from the uv-visible absorbance
spectrum of the dye solution using Eqs. (2.122) and (2.123) and were
multiplied by factors to obtain maximum k values, at the wavelength
corresponding to the absorbance maximum of the dye in solution, ranging
from O to 0.27. The spectra given in Fig. 5.32 represent the difference
between the values calculated using the optical constants of the
mercury previously calculated, the measured refractive index of the dye
solution used and the extinction coefficients calculated from the
absorbance spectrum and the experimentally observed parameters for
mercury in the sulphate electrolyte. The effect that k has on A is very
small, compared to the overall effects caused by changes in n of the
medium, until k is = 0.03, the effect on v however, becomes apparent
when k 1is greater than = 0.003. A solution with an extinction
coefficient of 0.003 would have an absorbance (logiglg/I) of = 4000 for
a 1 cm path Tength and clearly light would not propagate through such a
medium. It can be shown that for k as small as 3.5 x 10-0 the
transmittance (1001,/1,) would be = 20% per cm and hence insufficient
1ight would prop8gate through the 2 cm path between entrance and exit
windows of the cell arrangement used in this study to enable a
meaningful analysis of the reflected beam. The value of k for the
solution was therefore assumed to be zero over the entire wavelength
range studied for the correction of the base electrolyte values of &
and Y.

The optical constants of a solid rhodamine B film deposited on
glass have also been determined by ellipsometric measurements in four
zones. The film was produced by dropping a saturated solution of the
dye in acetone onto a glass slide and allowing the solvent to evaporate
at room temperature. By a process of repeated additions of the dye
solution onto previously dried films a highly reflecting smooth surface
was obtained. The film was opaque to visible light and assumed to be
thick enough to enable a determination of the optical constants without
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at photon energies greater than 2.5 eV (450 nmj.

From Eq. (5.9) and the values listed above the maximum value of
the product Njfj for the corresponding oscillators were found to be
9.6 x 1020 and 4.9 x 1020 cm~3 for oscillators 1 and 2 respectively. If
only one oscillator was assumed responsible for the absorption process
then a value of 1.9 x 1021 cm~3 was obtained for the product Nf i.e
close to the sum of the individual values. The above procedures were
repeated for the values of n and k found to describe the experimental
observations, however, it was not possible to assign a value tor with
any certainty because the long wavelength side of the absorption peak
had been shifted outside of the experimental range (see Fig 5.39). A
value of nI' = 0.1 eV was sufficient to describe the high energy side of
the K'(w) peak which results in a value of 8.8 x 1019 cm~3 for Nf.
Since the surface excess (and hence N) of the dye was not known, it has
not been possible to make any predictions concerning the oscillator
strength. The solutions found for the optical properties of the
adsorbed dye Tlayer vresulted from single zone measurements of
ellipsometric parameters and are therefore Tikely to be in error. While
these errors may posibly account in part for the low value calculated
for the transition probability they would not affect the wavelength
position of any observed effects.

Red shifts in absorption maxima are frequently observed in the
solution phase absorbance spectra of molecules exhibiting = - w
transitions when the solvent is made more polar. Most transitions
result in an excited state which is more polar than that of the ground
state and dipole-dipole intractions between the solvent and solute can
lower the energy level of the excited state. A similar effect could
account for the red shifts observed for some dyes adsorbed on metal
surfaces but in these cases image dipoles in the metal would be
responsible for the lower energy of the adsorbate's excited state.

5.3.2 Spectroscopic ellipsometry of rhodamine B adsorbed on platinum.

The ellipsometric parameters for rhodamine B adsorbed on platinum
have been determined in the same manner as described in the prece ding
section. The difference spectra, s§a and &y, were obtained for electrode
potentials ranging from +300 to -1000 mV, using the data recorded at
~200 mV for platinum in supporting electrolyte as reference, and are
shown in Figs. 5.39 and 5.40. Unlike mercury, no reduction currents
associated with the rhodamine B were observed in cyclic voltammograms.

Only one peak has been observed in the A spectra at all
potentials stud ied, but its position and width are very similar to the
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major peak observed for the mercury substrate . The sy spectra however,
differ considerably from the corresponding mercury-dye data. A trough
is observed at about 540 nm (575 nm on mercury) followed by a peak
centred on 580 nm. The magnitude of the changes observed are
approximately the same for all potentials in the hydrogen adsorption
and double layer regions. The data obtained at 1000 mV (well into the
oxide region) differs by having a much smaller trough followed by a
larger peak.

The theoretical changes in A and v caused by a 0.5 nm film of
rhodamine B of bulk optical properties on platinum were calculated and
gave very similar results to those calculated for the same film on
mercury. Again, as for mercury, a shift in the absorption maximum of
the bulk dye to longer wavelengths by about 100 nm would simulate,
qualitatively, the observed effect in A but such a shift would not at
all account for the structure observed in the V¥ spectrum.

Attempts to find solutions for the optical properties or the
adsorbed Tlayer on platinum were largely unsuccesful. Solutions were
found only over a narrow wavelength range (500 - 550 nm), solutions at
all other wavelengths gave negative values for k or very large positive
values for n and k.

Plieth23 has studied the adsorption of rhodamine B on platinum and
concluded, from a Kramers-Kronig analysis of reflectivity data, that
the wavelength of maximum adsorption of the dye adsorbed on ptatinum
was blue shifted by about 55 nm (Agayx = 494 nm). Although no solutions
to the three layer model could be found to account for the data
obtained in this investigation, the SA and &V spectra obtained do not
support the findings of Plieth, i.e. there is very little structure in
the region of 500 nm. It has been suggested that rhodamine B is much
more strongly adsorbed on platinum than on silver (in which a red shift
was observed by Plieth) and if this is the case then the platinum
selvedge properties may be altered. The simple 3 layer model would,
under these circumstances, need extending to include effects due to
modification of the surface region of the platinum. The possibility of
anisotropy in the adsorbed dye layer may also be responsible for the
tack of solutions found for the 3 layer model. Such an analysis is
beyond the scope of the experimental data obtained in this
investigation because 5 or 6 constants would have to be found, by
numerical techniques, from only two experimentally observed parameters
at each wavelength.
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5.3.3. Conclusions.
It has been demonstrated that the optical properties of strongly

absorbing dyes adsorbed on metals can be determined by in situ
spectroscopic ellipsometry. Solutions to the values of n and k for
rhodamine B adsorbed on mercury, for an assumed film thickness, were
found for all wavelengths in the range 300 to 650 nm, and clearly
indicate a red shift in the absorption maximum of the dye of about 60
nm.

These properties were obtained from an analysis of the data
collected while the mercury was in contact with the dye solution. By
measuring the refractive index of the ambient phase, over a wide range
of wavelengths, it has been possible to effect an analysis without the
need to replace the dye solution with a transparent medium. The
solutions found however, rely heavily on the accuracy with which the
complex refractive index of the ambient phase can be measured. The
values reported in this investigation are likely to be in error due to
a surface excess of dye at the air solution interface.
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CHAPTER 6:  CONCLUSIONS
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