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Some Optical Properties of Thin Films of Silver and

other Metals
Abstract

In the last fifteen years there has been a considerable
increase in the knowledge of the optical properties of metal
layers less than 1000 A thick, and the use of layers produced
by evaporation or cathodic sputtering has become increasingly

common for the determination of the optical constants of metals.

In this work the interferometric method, originally
due to Tolansky, for the determination of the relative phase
changes occurring on reflexion at the surface of a metal layer
has been further developed, and, coupled with a simple photo-
electric device for the measurement of intensity changes, has

been applied to the study of reflexion at a number of surfaces.

The method requires slightly transparent layers of
the metal to form a transmission interferometer, and it is
therefore of particular importance to determine within what
thickness limits the optical properties of these layers can be
taken as characteristic of the metal in bulk form. To this
end, a study of the variation with thickness of the characteristics
of non-normal reflexion at thin silver layers has been made for

thicknesses between 100 and 1000 A.

Measurements have also been made using the technique
of the optical constants of copper, tin, speculum, and a new tin-

nickel alloy. Some interesting anomalies in the optical



properties of evaporated layers of tin have been observed.

The thesis commences with a treatment of the theory
of reflexion at metal surfaces and layers, and the previous
work in this field is reviewed, with particular reference to
measurements on evaporated layers, and the variation of their
properties with thickness. The evaporation equipment and
procedure used are described, and the measurement of layer
thicknesses critically discussed. The optical techniques are
then described, the interferometric technique being analysed
in detail. Finally the results of the experiments are

mentioned and discussed.
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PART I

THIOHSTICAL AND HISTORICAL RB7ISW



REFLEXION AT THE SURFACE OF AN ABSORBING MEDIUM

Chapter 1.

If a beam of light, plane polarised at 45" to the
plane ofincidence, is reflected atthe surface of an absorb-
ing medium, the reflected light is in general elliptically
polarised. Both the amplitudes and the phases of the com-
ponents of the incident light polarised parallel and per-
pendicularly to the plane of incidence are changed by
reflexion, the amount of the change in each quantity vary-
ing with theangle of incidence.

In order to explain these phenomena, the classical
electromagnetic theory must be extended from the simpler
case of wave propagation in isotropic transparent media,
and reflexion at the boundaries of such media, to the more
general case of propagation in and reflexion at the boundaries
of isotropic absorbing media. Tbe change necessary in
Maxwell»s equations for an electromagnetic field is that in
addition to the “displacement current" term in the equations
for the electric vector existing in a dielectric, account
must also be taken of a "conduction current" varying with
the applied field, in the case of conducting (i.e. absorbing)
media.

1, 2, 3)

It can be shown that lAhen the equations

for wave propagation in an absorbing medium are developed.



reflexion and refraxion at the boundary between an absorbing
and a transparent medium can be completely determined by
the usual equations for reflexion and refraxion between
two transparent media provided that a refractive index
having real and imaginary parts is assigned to the absorb-
ing medium.
The equation for the propagation of an electro-
magnetic wave in the direction ofan axis, y , in an absorb-

ing medium is of the form

where ” is the wavelength in vacuo.
A

ifi y.
The term p ’\ﬁy

represents the amplitude of the
vibration, vhich, after the wave has travelled a distance

A in the medium is reduced by a factor . The
constant k£ is termed the Absorption Qoefficient of the
medium.

If we call the ratio ofthe velocity of propa-
gation in vacuo to the velocity of propagation in the
medium, the Refractive index n, then the medium is com-
pletely characterised by the Complex Refractive index
given by

JIf- '"Xf/- hfy

The quantity JsT is related, in dispersion theory,
to the dielectric constant, Z , and the conductivity, <T ,

by the equations



t m
and ¢'* R
where 3)) is the frequency of the incident
radiation. The quantities and k& are the Optical Constants
of the medium.

Consider the reflexion of a beam of light,
polarised either parallel or perpendicularly to the plane
of incidence, at the boundary between a transparent medium
of refractive index f#/ , and an absorbing medium of
refractive index * (figure 1). Let the incident wave
front be plane, of ar”litude unity and phase zero immediate-
ly before reflexion, and let the angle of incidence be *

The angle of refracion into the absorbing medium,

A, is given, by Snell's Law, in the equation
TIydUP * A 7*2/

But since we have seen that is a complex
quantity for an absorbing medium, it follows also that the
angle of refraxion, y , must also be complex. The physical
significance of this oowplex angle of refraxion has been

discussed by Fry(4) .

ihen an electromagnetic disturbance
is travelling in a non-absorbing medium, the wavefronts,
i.e. the planes of equal phase, are also planes of a&qual
aDi)litude. Then the wave is travelling in an absorbing

medium, however, the planes of equal phase remain perpen-

dicular to the direction of propagation of the wave, but
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the planes of equal amplitude are not necessarily coincident
with them. A vector representing the direction of maximum
dancing of the vibration is not necessarily parallel to the
vector representing the direction of propagation of the
vibration in an absorbing medium.

In the case of refraxion into an absorbing medium
as in Figure 1, the planes of equal phase remain perpen-
dicular to the direction of propagation, this direction
varying of course with the angle of incidence, but the
planes of equal amplitude lie parallel to the surface of
the medium, whatever the angle of incidence. Hence they
are only coincident with the planes of equal phase when
the light is incident normally on the surface of the absorb-
ing medium.

It is possible to define the optical constants
in such a way that the angle is real, with a numerical
value of some significance as is obviously not the case
with a complex angle of refraxion, fihe constants defined
in this manner vary with the angle of incidence, as mentioned
by Wood(* \ but are not the fundamental constants related
to the dispersion theory. The constants are also treated
in this way by Schuster and Nicholson***, #10 define constants

and , where @ is the angle of incidence. The
treatment given here necessitates the introduction of a

complex angle of refraxion in every application of Snell »s



Law, but seems more satisfactory in that the optical constants

on this definition are characteristic of the medium alone,
and do not vary with the angle of incidence.

"The reflected beam in Figure 1 can be described
by the complex quantity * , related to the angles of
incidence and refraxion by Fresnel's equations. If / s
expressed as , then the amplitude factor
on reflexion is , and the phase change * . If the
incident light has equal components parallel and perpen-
dicular to the plane of incidence, these can each be taken

as unity and the reflected beam has two components given by

Parallel Component A

Perpendicular Component 5 05-% e — %
Aep™yy
The optical constants, n» and k , can be found
from measurements on the reflected beam. For a given angle
of incidence, equations 1-1, 1*2, 1*3 can be combined and
n and K found from measurements of * >
and ~ . In practice, however, the elliptically polarised
reflected beam is usually analysed by some form of optical
compensator, and the constants n and k£ determined from

measurements of the ratio , i.e. from measurements

2/



A

of the ellipticity of the reflected beam, s

and onthe relative phase difference between the components

> A
From the equations for the reflexion of an

electromagnetic wave, we can write

Ap/‘f$ A
Then, if A and we put Z -

Fry has shown (with a correction by Smberson”) that

In order to calculate » and Ic from given values
of <9, ~ and ,equation 1*5 must be split into real
and imaginary parts. The computation involved is quite
lengthy and most workers make some substitutions.

The one most commonly used is due to Drude”*?),

who gave the equations

If 'A#.
S «
Then /e =
where A A r9)
and b

Starting from an equation equivalent to 1*5,

Price(”) has recently developed the equations



/9A A

U4 2~ Y09 o w0>9~ 2J7) N A

N X"
In most textbooks on Optics, approximate equations
are given. For most metals can be regarded
as much greater than 9 A lies between
8 and 3q(*) J and if 4 "9 is neglected in a term of the
foim { A/ A , then the approximate equations can

be given as

V4 M/ (
|

AS an alternative to measurements of ~ and Zb
for a given value of 9 , measurements are often madeof
the angle of Principal Incidence, defined as thatangle of
incidence at which the relative phase change
and of the corresponding value of ” > the angle of
Principal Azimuth,

If these angles are denoted by 9 and * , then
a rigorous treatment by Ketteler (presented by EonigC*"))

gives the equations for 7?7 and k

r . b /.

Ve = * of - Ayt



The set of equations chosen to determine *
and A in any particular experiment depends on the quantities
measured in the experiment and the personal choice of the
observer as to ease of computation. For example the
equations developed by Price (1*7) are stated to be
especially suitable for computations made at a fixed angle
of incidence for different wavelengths.

In addition to the quantities and A , the
normal incidence Reflexion Coefficient is often measured
for absorbing media. This Coefficient is the ratio of the
intensity reflected at normal incidence from the surface
of the medium, to the incident intensity. It can readily
be shown that it is related to the optical constants *

and k& by the equation

o - /Iy
h - A
The experimental methods used to determine -7l
and Kk , and the results found by previous workers will
be discussed in Chapter III. In the next chapter (Chap. II)
the theory discussed above will be extended to the treatment

of thin layers of metals, transparent to visible light.



REFLEXION AT A THIN METALLIC ILAYER

Chapter I1.

The equations given in the first chapter enable
the optical constants of any metallic, or other absorbing
medium to be determined from measurements on the state of
polarisation of light reflected from the surface of the
medium. In the treatment given it was tacitly assumed that
the media on either side of the boundary were infinite in
extension in all directions.

If, however, the metal is in the form of a thin
layer - in this treatment the term 'thin* will be used to
describe layers not more than half a wavelength of light
thick - then the equations of chapter I no longer serve to
define a beam reflected from such a layer, in extending
the treatment to the case of a thin layer, account must be
taken not only of rays reflected at the upper surface of
the layer, i.e. the first surface which the incident beam
strikes, but also of rays suffering multiple reflexions
within the film, and of the interference relationships
between these rays.

The problem has been treated in the general case
of any incidence angle by several early workers, notably
Machaurin(®*) and Forsterling(9). A treatment roughly follow -

ing that of Machaurin will be briefly discussed here.
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It is assumed that the metallic layer is isotropic
and bounded by two parallel surfaces, and that it is infinite
in extension parallel to these surfaces. Let us consider
a layer of thickness d and refractive index iV* (complex,
given by I'l), bounded on one side by a vacuum, and on the
other side by a transparent medium of refractive indexyiAd
(see Figure E).

Let the reflexion factor for the interface between
the vacuum and the film, Mien the incident beam is in the
vacuum, be , this interface m il be termed the interface

/ JJ . Let the coefficient for the interface jV"
be , These quantities are of course complex,
and are given by equations of the form of 1*3

Consider abundle ofparallel rays incident on
the interface at an angle B . Let the complex
angle of refraxionof the rays into the film be * , and
into the transparent medium (real).

The intensity and phase of a ray reflected at any
point such as (Figure E) is determined by the summation
of the various rays (1, 2, 3, etc.) which have undergone
several reflexions in the film.

In the case of a non-absorbing film, these rays
can be treated by the well-known Airy summation**”), and
it is possible in that treatment, to distinguish between

anplitude factors, caused by reflexion, and phase factors,



FIGURE
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associated with passage through the film, 1in this case,
however, since the film is absorbing, this is not possible,
since both reflexion and passage through the film will
modify both the amplitude and the phase of a ray.

Taking the amplitude of the first ray tray 1,
Figure 2) to be unity, and its phase zero at a point just
before reflexion at £" , then after reflexion the contri-
bution to the total reflected along the path , due
to the first ray is described in amplitude and phase by
the factor 't

The next ray, (ray 2), after refraxion into the
film, passage through it, reflexion at , and final

emergence along irx , gives a contribution given by the

factor
where g . A
The third ray, after two reflexions at ,
and one at /' ,emerges along "“oc a4

The fourth ray gives
of A/-ft). A and so on.
The reflected ray at ~ , is then given in

amplitude and phase by the complex quantity where
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which reduces to

| ¥z z#". €' * ¢

This e]gression has been developed without regard
to the plane of polarisation of the incident beam. Obvious-
ly there must be two quantities and As , for the
components polarised parallel and perpendicularly to the
plane of incidence, given by the equation 2-2 where ‘A
and , have the appropriate suffixes and are given by
the appropriate equations of 1*3

If, following Chapter I, the reflexion factors

3/

are expressed in the form > and if

(which has real and imaginary parts since is

complex (2'1) ) is expressed as then is given
/-t en* - (

Equation 2*3 gives the amplitude and phase of
the light reflected from a thin layer in terms of the
amplitude factors Y , tk and the phase angles *

A ft . These factors themselves are functions of the
filmis thickness, the angle of incidence, the plane of

polarisation of the incident light, and of the optical



13.

constants of the material of which the film is composed.
The factor can he determined experimentally, or, as
in the case of experiments on reflexion at bulk metal
surfaces, the quantity (I$ can be determined, for
given values of the variables quoted. Then from these
measurements the optical constants of the layer can be
calculated.

Unfortunately, however, the form of equation
2*3 is such that in the general case of non-normal incidence,
it is not possible to develop straightforward equations
relating 71 and k to the observables Ap , A™ or
This means that in order to determine /L and k£ for any
particular layer, the quantities Ap , As etc. must be
calculated for various values of n and k , and these
results compared with experiment. The procedure is long
and laborious, and it is perhaps for this reason that most
experimental work on the optical properties of thihr films
has been restricted to normal incidence where matters are
much sim plified since Ap”* Ay,

In the work of Murmann® \ Ornstein®**")"'
Krautkramer ( \ and many otheiS*raphs relating the
Reflexion Coefficient at normal incidence to the thickness

cL of the layer were computed for various values of 7L
and &k , and the experimentally determined curves compared

with these graphs. The intersections of the theoretical
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and experimental curves give the values of ft and k& for
any particular thickness. However, recent work hy Perrot®***)
on the determination of the amplitude factor on normal
reflexion at thin layers of chromium, and later by Perrot

and Cotton {s)

on the phase change at normal reflexion,
has greatly sim plified the treatment of the results of
experiments carried out at normal incidence. These workers
have developed a graphical treatment whereby the values
of ft and k for a given layer can be determined direct-
ly from the experimentally observed values for the ampli-
tude and phase changes on normal reflexion.

No such sim plification appears possible, however,
in the case of non-normal incidence, and determinations
of ft and k& from measurements of the ellip ticity *
and relative phase change , involve the computation
from equations such as 2%3 of values of *~ and A» for
various thicknesses for various values of 7t and £k ,
and comparison of the results of these computations with
experiment. Calculations alongthese lines have been made
by Essers-Eheindorf ) on the basis of the v/ork of
Forsterling'/Q}.

More recently an example of this form of cal-
culation has been made by Winterbottom'(17), whose work

was actually concerned with the study of transparent or

slightly absorbing films deposited on to a highly



15.

reflecting base, e.g. film of oxide on metals. It can be
seen that a theoretical discussion would be similar in
some respects to the one vie have discussed, except that
the third medium, which v/e have considered to be trans-
parent, would in this case have a complex refractive index.
A large number of investigators have studied this type of
thin layer e.g. Tronstad and Feachem{ls), who studied films
of fatty acids spread on mercury, Lucyf19), who studied
surface layers on metals, and Leberknight and Lustman”**"*.
The last-named v/orkers introduced an approximate treatment,
in which only two beams were considered to interfere within
the film. This approximation leads to some sim plification
of the calculations, but it is only applicable in cases
where either the absorption is very high, or the reflexion
coefficient of at least one surface of the film is very low
(e.g. the case of an oxide film on a metal). In general
the approximation is not applicable to the study of thin
layers of metal which have an appreciable light transmission,
since the reflexion coefficients of both surfaces of these
films are usually high.

The experimental methods used to determine the
optical characteristics of metallic surfaces and layers,
w ill be discussed in the next two chapters, together with
the result of such measurements and the applicability of

the ideal theoretical equations developed in this chapter

and the previous one.



THE OPTICAL CQNSTAI'TS OF IASTALLIQ SUEFACES

Chapter III.

Among the earliest experimental determinations
of the refractive indices and absorption coefficients of
the metals were those of Kundt**** and Drude*"”. The w/ork
of Kundt is unique in that it is the only recorded attempt
to measure the refractive index of a metal directly by the
use of a prism. Very thin transparent prisms of metal were
prepared by cathodic sputtering or chemical deposition, the
wedge angle being of the order of a few minutes of arc only,
and the deviation of a beam of light passing through the
prism was measured directly.

The v/ork of Drude remains the classic example of
the % atoptric® methods for the determination of optical
constants, i.e. the methods dependent on the analysis of
the state of polarisation of the light reflected from a
surface in relation to the state of the incident light.

He allowed light which was plane polarised at 45® to the
plane of incidence to fall on to the surface of the metal
under investigation. The relative phase difference, * R
between the two components of the elliptically polarised
reflected light was then determined using a Soleil-Babinet
compensator, and the azimuth ( ) of the

resulting plane polarised light (the azimuth of restored
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polarisation) was determined by the use of an analyser.
This method has formed the basis of nearly all the deter-
minations of optical constants carried out since, a typical
optical arrangement for the method is shown in Figure 3.

Drude observed that the values found for the
optical constants depended critically upon the manner in
which the reflecting surface was prepared, and also upon
the existence of thin layers of impurity on the surface.
He showed that the effect of a thin layer of grease, oxide
or other impurity had the effect of lowering the observed
value of the phase difference, , very considerably,
and that the value of the azimuth, * , was slightly raised
He developed a set of equations lAhich have been extensively
used since (e.g. by Tronstad and Feachem (loc. cit.) ) by
means of which the optical character!stics of the impurity
layers could be determined by measuring the changes in /§
and Y observed when a clean surface was covered with such
a layer. |If the nature of the layer was knovm then
alternatively the equations could be used to correct the
values of 7% and k <calculated from measurements on an
impure surface.

Drude also pointed out that the accuracy of the
values of and k& found from experiments of this nature
was greatest when the experiments were made at angles of

incidence such that was of the order of % . This led
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to the adoption of the measurement of the angle of Principal
Incidence and the Principal Azimuth, these measurements
giving more accurate values for fr and k£ than measure-
ments of * and for any other incidence angle.

.Since the work of Drude there have been many
detenninations made of the optical constants of most of
the metals. The results on the vhole are very discordent
and it appears that most of the differences must be con-
sidered to arise from differing methods of preparation of
the reflecting surfaces. A complete review of this work
will not be attempted here, but a few investigations of
special note will be described, to illustrate some of the
methods of surface preparation, with particular reference
to the metals which have been studied in the present work,
and to describe noteworthy experimental methods other than
the usual method of Drude.

Typical of the measurements on bulk material,
the measurements by Tool' 'in 1910 are of interest.
Using a variation of the Drude polarisation method, he
measured the change in optical constants with wavelength
over the visible region. The reflecting surfaces were
prepared by first filing the surface, then grinding it
with fine emery, and finally polishing it with rouge. The
conditions of the optical measurement were such that a

value of » of 0-02 could be measured to an accuracy of
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1%, However the variations arising from surface conditions
were such that the maximum sensitivity of the instrument
was not employed, and the statement is made that the
optical constants cannot be measured to an accuracy of
greater than 2 or 3 per cent.

In an effort to avoid the difficulties associated
with the scratches caused by mechanical polishing, Kentf23)
in 1919 used the surfaces of molten metals as the reflect-
ing surfaces. Measurements were made on bismuth, cadmium,
tin, lead, and their alloys.

A systematic investigation of the effect of method
of surface preparation on the value obtained for the optical
constants of copper and copper-nickel alloys was carried

(24, 25, 26], between 1932

out by Lowery and his co-workers
and 1936. Three methods of preparation were used, mechanical
polishing, electrolytic polishing, and thermal evaporation

in vacuo. #ien a mechanically polished surface was removed
by the electrolytic polishing process, the value of the
refractive index was found to decrease, and the absorption
coefficient to increase. These changes in the optical
constants continued after the Beilby Layer caused by
mechanical polishing had been removed (thickness 30-40 ),
and a layer of up to *003 cm,, had to be removed before no

further change in the constants was observed. If the

mechanical polishing process affects surfaces to this extent
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it is obvious that the comparison of the results obtained
by various workers using this process would be extremely

difficult, and Lowery, Wilkinson and smare*"”* * state that
even a single observer cannot reproduce surface conditions
by mechanical polishing to any degree of accuracy.

This appears to be the first investigation in
which the production of surfaces characteristic of the
bulk metal was attempted by the vacuum evaporation process.
The results for the evaporated surfaces agree more closely
with those for the mechanically prepared surfaces in
Lowery’s investigation, than with those produced by
electrolytic polishing. This is attributed to the probable
micro-crystalline structure of the evaporated layers, which
is said to approximate to the structure of the Beilby layer
formed by mechanical polishing.

in the same year as Lowery’s work was concluded,

(27)

1936, an account was published by O’Bryan of a deter-
mination of the optical constants of a number of metals

by a method based on one originally due to Brewster. The
reflecting surfaces were prepared by evaporation in vacuo,
and the method represented a considerable advance on previous
work in that the surfaces of the evaporated layers were
examined in vacuo, and then the formation of surface

in“urities was avoided. O’Bryan’s method is quite different

from that of Drude, and worthy of a brief mention.



21.

When plane polarised light is reflected at a
metal surface at the angle of principal incidence, it is
converted into circularly polarised light ( AA ).
If the beam is then again reflected at the same surface
at the same angle of incidence, it is converted into plane
polarised light again but of opposite azimuth to the incident
beam, if, therefore, this beam is passed through the
polariser (acting as analyser to the returning reflected
beam) it will be extinguished. In O’Bryan’s apparatus this
was effected by the optical arrangement shown in Figure 4.
The evaporated layer was deposited on to a glass slide mounted on
a central turntable. The incident light passed through a
polariser, was reflected at the "“ecimen and then returned
over its own path by normal reflexion at a plane mirror
mounted on arm geared to the turntable by a two-to-one
motion. The polariser, turntable, and plane mirror were
all included inside the vacuum chamber, and the adjustment
consisted of rotating the specimen and polariser until the
returning beam was of minimum intensity. The angle of
incidence was then the angle of principal incidence, and
the two positions of the polariser found to give minimum
intensity were separated by an angle equal to the angle
of principal azimuth.

Besides avoiding atmospheric contamination, this

method has the additional advantages that no expensive
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polarimetric compensators are required, and the method is
suitable for extension into the infra-red if the positions
of minimum intensity are observed with the aid of an infra-
red detector. O’Bryan states that the angles of principal
incidence and azimuth could be measured to an accuracy of

i O'l", this gives values of and /c subject to an
error due to experimental causes of #" 1 or 27,

Values of the optical constants were again

obtained from measurements on evaporated layers whilst they
were still in a high vacuum by Hass(zs). The measurements
in this case were made by the standard method of Drude,
the specimen alone being situated in the vacuum chamber.
The observations were made at a fixed angle of incidence

(70"), the light entering and leaving the chamber through
glass ports. The danger in experiments of this kind is
that on fastening the ports to the chamber, they are made

subject to some stress, and hence acquire biréfringent r
properties which affect the state of polarization of light
passing through them. In this case, the ports were ’wrung’
on to ground surfaces, the seal being made with grease
only, to avoid heating them, and any errors associated with
strain in the glass were less than the overall errors, else-
where in the experiment.

The accuracy with 1Eiioh the angle of principal

incidence can. be measured can be improved by the application
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of electronic techniques to the problem. We have seen that
ifliien plane polarised light is reflected at the angle of
principal incidence, it is transformed into circularly-
polarised 1li* t. Kent and Lawson” allowed the reflected
beam to pass through an analyser which was continually rotat-
ing at constant speed, and then to fall on to a photo-electric
cell. The output from the cell was amplified, and the angle
of incidence at which the alternating component of this out-
put was zero could be very accurately detected. An improve-
ment on this method, together with a comprehensive survey
of the various methods for determining optical constants,
is described in a recent work by Archard*""Il

In conclusion it seems that two main factors enter
into any accurate measurement of the optical constants of a
metal :

1. The state of the surface (i.e. state of preparation,
cleanliness etc.) must be clearly defined, and reproducible,
and

2. The accuracy required of the optical measurements
is governed by the reproducibility of the surfaces, since
the latter is the limiting factor.

In this latter connection it appears that the
methods of O’Bryan and Kent and Lawson represent an advance
over the older polarimetric methods, since the experiments

can be carried out more rapidly, less expensive apparatus
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is needed with no loss of accuracy, and they are more
susceptible to refinement by modern techniques.

Production of the surfaces by evaporation appears
at first sight to be superior to other methods in that
polish marks, Beilby layers, etc. are avoided, and also
the process lends itself to direct optical measurements
on the surfaces in vacuo. It is essential, however, to
bear in mind that the structure of an evaporated layer may
not be the same as that of a metal in bulk. The technique
of evaporation does not make it easy to deposit layers of
thickness greater than, say, 2000/?, without added compli-
cations such as multiple evaporating sources, etc., and
it must be decided for each case whether layers of the
order of thickness used can be regarded as typical of the
material as a whole. The minimum thickness required, from
the optical point of view, is that the beams reflected at
the back surface of the layer shall not have sufficient
intensity to affect the intensity and phase of the beam
directly reflected at the front surface to an extent which
would be detectable by the experimental method used.

The question of the structure of the evaporated
layers will be considered in more detail in the next chapter,
when the optical behaviour of metallic layers in relation

to their thickness will be discussed.



TTO OPTICAL BBHAVIOUR OF METALLIC LAYERS

Chapter 1V.

Using Drude*s values for the optical constants
of silver and gold, Mactaurin/Q\ calculated the variation
of the ellipticity and the relative phase retardation or
reflexion at thin layers of these metals to be expected
as their thickness varied from one tenth to one hundredth
of the wavelength of the incident light. The mathematical
expressions used were of a similar form to those developed
in Chapter II. In addition, Mactaurin tabulated values
of the normal incidence reflexion coefficients of thin
layers.

These theoretical values were experimentally
tested by Hagen and Ru})ens", who measured the reflexion
coefficients of gold layers for incident light of various
wavelengths. The thinnest layer actually measured was of
the order of 300/Jin thickness, but the experimental
curves were extrapolated to zero reflexion coefficient
for zero thickness, and these curves agreed very well
with the theoretical predictions of Mactaurin. This work
led to the assumption of a linear, or near-linear, relation
between reflexion coefficient and thickness from the

thinnest layers up to a limiting value for the reflexion

coefficient equal to that of the bulk metal. The optical
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constants of the material of which the layer was composed
were considered to be those of the bulk metal, and the
phenomena associated with the variation of thickness of
metallic layers appeared completely explained.

This view was held for a number of years. In

1927, Fabry (32)

gave a formula relating the optical density,
i.e. the logarithm of the reciprocal of the transmission
coefficient, of a thin metallic layer to the thickness,
which was assumed to hold down to layers of zero thickness.
An investigation of the optical characteristics of thin
films of iron, prepared either by cathodic sputtering or
by thermal evaporation in vacuo, was described by Cau*"*
in 1929, in which the phenomena observed could be com-
pletely explained using the values of the optical constants
for iron in bulk. Again, in this investigation, the
thinnest layers considered were of the order of 300/? in
thickness.

However, between 1932 and 1937 three separate
investigations v/ere made by Rouard**** not reported till
1937 , Goos**'") and Murmann****, of the variation of the
optical characteristics of sputtered layers of silver with
their thickness. In each case measurements were made of
the reflexion and transmission coefficients of the layers

for thicknesses down to about 20fl , and it was found that

the properties of layers less than about Zoofl thick could
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not be explained in terms of the optical constants of the
bulk metal. The reflexion coefficient of the layer, seen
from the air as distinct from through the support, was
found to decrease more rapidly than predicted by the
classical theory, below 200/9, and the reflexion coefficient
on the support, or substrate side showed *a completely un-
expected minimum value at a thickness of about 30 to 40/9 .
The form of the curves relating the reflexion coefficient
to the thickness as found by these investigators is shown
in Figure 5.

In this figure (due to Rouard) the dotted lines
represents the values of the reflexion coefficients (air-side
and glass-side) to be expected from the classical theory,
using the massive metal constants. It is seen from the
figure that the anomalous behaviour of the layers begins
when the thickness of the layer falls below 150/? , and
below this value of the thickness, the layer must be assumed
to have optical constants differing from those of the
massive metal in order to explain the experimental results;
the values of the constants chosen must also be assumed to
vary with the thickness of the layer in this region.

The work of Rouard has formed the basis for a
large number of investigations, carried out in France, with

the object of determining the variation of the optical
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constants of metallic layers with their thickness. The
experimental methods, used, and much of the earlier and
wartime work has been summarised by Arons***”. The
procedure in the earlier work was to measure the reflexion
coefficients with results as described above, and from them
to calculate the optical constants by the graphical method

1)

due to Murmann which has already been mentioned

(Chap. II). These values of and & were then used to
calculate the phase changes occurring on normal reflexion,
and the results of the calculations compared with direct
experimental measurements of the phase changes.

The improvement in ease of computation made by
the introduction of the direct graphical method for
determining nft and k£ from the measurements on reflexion
coefficients and phase changes made by Perrot*""** and
Perrot and Cotton'(151 has already been discussed (Chap. H )
A further advance has since been made by Perrot and
Rouard(36’ 37) who have developed a still more direct method
by which % and k can be deteimined from the position
of the minimum in the curve for the reflexion coefficient
on the support side of the layer, and the variation in
position, with respect to thickness, of this minimum with
wavelength. The most recent summary of this work was by
Rouard in 1949.

A study of the work of the French School in this

subject tends to lead to the opinion that the problems
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associated with very thin metallic layers have now been
settled, and that the results quoted are reproducible
without difficulty. However, this view was dispelled
when a very exhaustive treatment by Strong and Dibble”?
in 1940 is considered.

These workers measured the reflexion (air-side
only) and transmission coefficients of 142 silver layers,
of varying thicknesses, produced by thermal evaporation
in vacuo. Their results indicate that, under the conditions
of their experiment, two distinct types of silver layer
could be formed. In Figure 6 (a) and (b), curves showing
Strong and Dibble values for reflexion coefficient related
to transmission coefficient and to thickness are given.

The thicker films ( d>/00ff) measured by Strong
and Dibble, their d*'type films, show a variation of
reflexion coefficient, * , and transmission coefficient,

7" , with thickness, similar in form to the variations
observed by Rouard and his co-workers, though they differ
markedly from the films produced by the latter in that
their light absoiption, P , given by R /[ —
is considerably greater. The thinner films, the y”-type
films, are also characterised by a very large absorption,
much greater than that observed by Rouard for a corres-
ponding thickness. There is a certain thickness region

in which films may occur in either of these two types.
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The existence of these two types of la“cer has
nowhere been observed in the work of the French school,
or in other measurements of the reflexion and transmission
coefficients carried out elsewhere, strong and Dibble
suggest that this may be due to the small number of films
usually measured, and they state that if only a score or
so of films are investigated the results may easily
indicate a continuous variation of reflexion coefficient
with thickness from which erroneous conclusions may be
drawn.

In discussing these results it must be realised
that it is very difficult to make a satisfactory critical
comparison of the results obtained by various workers in
this field for two reasons.

The first reason is that the methods used for
the measurement of the thickness of the layers is different
in the various cases. A more detailed discussion of the
measurement of thin film thicknesses will be given in
Part II, Chap. II, of this thesis, but it may be said here
that the two most commonly used methods are estimation of
the layer thickness by direct weighing, and the measure-
ment of the thickness of the film by an interferometric
method. Each of these methods is subject to large experi-
mental errors, of as much as lo” or more, in the region

where the optical behaviour of the layers is anomalous.
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The thickness of the layers used by strong and Dibble was
esimated from considerations of the rate of evaporation

of the silver and the geometry of the evaporation system.
This method was checked in a few cases by direct weighing
and the thicknesses as found by the latter method were
found to be larger than the others by a factor of 1*35.

The values by direct weighing were divided by this factor
to obtain consistent results. However, comparison of their
values for the rt'-type films with that of Rouard (Figure 5)
shows that the reflexion coefficient for a given thickness
in strong and Dibble*s case is considerably greater than
that quoted by Rouard. If the direct weighings made by
Strong and Dibble are taken as correct, and the thicknesses
obtained by the other method multiplied by the factor 1%35,
the agreement between the two sets of curves is much
improved. That this latter procedure is perhaps more
justifiable than that used by Strong and Dibble will appear
later, #ien certain results obtained in this investigation
are discussed.

In this way the "-type films may be said to
have similar properties to those of Rouard, as far as the
variation with thickness is concerned. However, as we
have seen, the absorption in the former films is much

higher than in films produced by the French workers. The
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explanation for this is probably to be found in the second
reason why a comparative study is difficult. As in the
case of measurements of N and k£ for bulk materials,
the method of preparation of the films and their history
after preparation is of extreme importance in determining
their optical characteristics. The effect of exposure to
the atmolnhere after preparation is particularly important
when the films are of metals v/hich oxidise rapidly on
exposure to air, as is shown by the recent work of Cabrera
and Terrien " on aluminium films. Silver films are known
to oxidise comparatively slowly in air and in this case

an explanation for differences in properties lies more
probably in differences in the method of preparation. Of
the v/ork we have discussed, the films of Goos and Rouard
were prepared by cathodic sputtering, the latter using an
atmosphere of anthracene. Murmann prepared his films by
thermal evaporation, as have all the workers in the French
school since Rouard»s original experiments. To these may

(13)

be added Erautkramer , who examined the properties of
evaporated layers of silver and gold in 1938, and Strong
and Dibble.

The characteristic of films which is most

susceptible to differing methods of formation is their

light absorption. This absorption is best seen from the
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experimental measurements of R and 7 if they are
plotted one against the other, as Strong, and Cabrera
and Terrien have done, rather than if they are both
plotted against an independent axis of thickness measure-
ments vvhich may themselves be subject to considerable
errors. This is done for the results of Coos, for
sputtered layers, and Krautkramer and Strong and Dibble
for evaporated layers in Figure 7. It is seen at once
from this figure that Krautkramer*s films, which are
similar to those prepared by the French workers, have
less absorption for a given transmission or reflexion
coefficient, than the films of either strong or Coos.

It is not unexpected that films made by cathodic
sputtering should show a greater absorption than films
produced by evaporation (Krautkramer), since the sputter-
ing process may produce layers containing relatively large
quantities of occluded gases. However the absorptions
of the layers of reflexion coefficients greater than 70"
or less than 35* made by strong by evaporation are of the
same order as those of Coos made by sputtering. The
explanation for this seems to be that Krautkramer, in
common with Murmann and other more recent workers, produced
the high vacua necessary by the use of mercury diffusion

pumps and liquid-air, and this high vacuum must be regarded
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as altogether purer than the vacua (of the same order of
total pressure) produced hy untrapped oil diffusion pur”s
by Strong. This point will be borne out by some obser-
vations on the operation of an evaporation plant using an
oil diffusion pump, quoted in part II, Chapter I.

It is also obvious that the cleanliness of the
substrates on to lAhich the films are deposited will
critically affect the purity and hence the light absorp-
tion of the films. In this respect, however, the techniques
used by all workers appear materially the same.

whilst this impurity hypothesis may explain the
high absorption of strong»s A-type films, it is difficult
to appreciate how it can account for the existence of two
distinct types of film as recorded by strong and Dibble.

In the absence of further evidence, it seems that the con-
tention of these workers, that a continuous variation of
reflexion coefficient with thickness may appear from a
comparatively small number of measurements must be accepted,
though it is extremely difficult to reconcile this with the
excellent reproducibility of the results of other workers,
quoted in recent s u m m aries 40"

Whilst it is apparent from the foregoing dis-
cussion that the optical behaviour of thin metallic layers
is not yet ccanpletely explained, it can be said with some

certainty that the optical constants of the material
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comprising a layer, differ from those of the hulk material
in layers of thickness 1 5 0 or less. The cause of this
variation is immediately apparent Wien the existing
knowledge of the structure of thin layers is considered.
It has been shown by a large number of workers using the
techniques of the ultra-microscope'(48’ 49), electron
diffraction” "’ and of the electron m i ¢ r o s ¢ o p e )
that films of metals of this order thickness are granular
in structure, the granules being in the case of silver,
¢c ry s tallimn e ” ) and more or less oriented
in certain directions according to the nature and temperature
of the substrate on to Wiich they were deposited. These
granules have a dimension parallel to the surface of the
substrate of the order of 200-1000~ , and it is immediately
obvious that a film composed of such granules does not
satisfy the fundamental assur”tions of the classical theory
discussed in Chapter Il in relation to isotropic layers,
bounded by parallel surfaces, and infinite in extension
parallel to these surfaces.

Only one of the workers in the optical field,
Krautkramer(13), has attempted to explain these variations

of the optical constants in terms of a granular structure.

This figure was given by Prof. G 1. Finch in a private
communication.
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He based his attempt on earlier theoretical work by

Maxwell G arnett, who calculated the optical properties
of a layer supposed to consist of inheres of metal (each
having the optical constants of the bulk metal), vdiose
diameter was small with respect to the wavelength of the
incident 1i®” t. He considered the variation of the optical
properties with a ’packing factor», defined as the ratio of
the volume of the layer occupied by the “heres, to the
volume of the whole layer. The treatment does not necessitate
that the spheres are all of the same size, but rather that
random distribution about a mean diameter exists. In making
a comparison between Maxwell Garnetty»s calculations and his
own experimental results, Krautkramer took the view that

for a certain packing factor of * A, the thickness of
the layer, as measured by an interferometric method, was
times too great, since the film was only times as dense.
Using this correction to his thickness measurements,
Krautkramer obtained a qualitative agreement between his

own results and those of Maxwell Gamett. It would, however,
be very difficult to make any quantitative comparison using
this theory, since the granules observed in thin films are
not spherical, and since it is very difficult to make any
accurate estimation of their mean size. The difficulties
inherent in any such comparison have been recently treated

\ (40)

by Cabrera and Terrien
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In the preceding chapter, the use of the surfaces
of evaporated metallic layers for the deteimination of the
optical constants of a metal was discussed, and the importance
of ensuring that these layers had a similar structure to
that of the hulk metal was stressed. From the optical
measurements on thin films quoted in this chapter we can
say that the optical characteristics of layers greater than,
say, 2 5 0 at the most, can be explained by the bulk metal
constants, as far as the variation of reflexion coefficient
with thickness is concerned, but that the absorption of the
layers is critically dependent on the conditions of
preparation. However, for the measurement of the optical
constants by any of the methods suitable for bulk metals
i.e. dependent on reflexion at a single surface, the beams
reflected at the film-substrate interface must make a
negligible contribution only to the intensity and phase of
the beam reflected at the first surface, and so for film
of the order of thickness required for this condition to
be satisfied, the absoiption is of no importance. Further-
more, the work of Picard and Duffendack'(41), Scott and
Hass**”*\ and Levinstein””, using the electron microscope,
has shown that for layers of high melting point metals,
(e.g. Ag, Au, Al, Or, Cu) their surface structure is
equivalent to that of a bulk metal only when a thickness

of 400-500is reached. Measurements of reflexion and
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transmission coefficients indicate that for films of this
order of thickness, the optical properties in reflexion
are practically equivalent to reflexion at a single surface,
and so the figure of 450" may be taken as a suitable
minimum thickness required before a metallic layer can be
taken as optically characteristic of a bulk material, for
these metals.

In the case of low melting point metals (e.g.
A ,2a ), Picard and Duffendack and Levinstein have shown
that evaporated layers of these metals are very difficult
to form at room temperatures, and cannot reasonably be
used as reflecting surfaces characteristic of the bulk

material.



THE BXPERIMENTS TO BE DESCRIBED DJ THIS IHSSIS

Chapter V.

In the preceding chapters, the use of evaporated
metal layers to provide reflecting surfaces characteristic
of t he metal in bulk has been described, together with the
variation of the optical characteristics of the layers with
their thickness, at thicknesses below the minimum required
for bulk metal characteristics.

We have seen that the measurements on thin
metallic layers, in relation to their thickness, have been
almost entirely of the reflexion and transmission coefficients
at normal incidence, and that the absorption of the layers
measured seems to vary considerably with the method of
preparation. In this laboratory, layers of silver are used

1)

a great deal in connection with spectroscopy( and

multiple beam interferometry (52), and a few measurements
have been made of the noimal incidence coefficients of
silver and aluminium layers to assist with this work.
layers were produced by evaporation under the normal con-
ditions prevailing with the laboratory equipment.

The main part of the work is concerned with the

application of a new technique, for the measurement of the

relative phase retardation on reflexion, to the study of
the optical characteristics of metallic layers, m invest-

igation into the non-nom al incidence reflexion properties
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of layers of silver will be described. Measurements have
been made of the properties of layers thick enough to
represent bulk silver, and of the variation with layer
thickness of the ellipticity and relative phase retar-
dation on reflexion at thin layers, in addition to the
work on silver, the new technique has been applied to the
study of reflexion at thick layers of tin, copper, speculum,
and a new tin-nickel alloy, and the optical constants of
these metals and alloys have been determined. Ihe results
obtained will be compared with the previous investigations
already described.

The new optical technique will be discussed in
Part III of this Thesis,-Part ii which follows will consist
of a description of the evaporation equipment and procedure
used, together with a discussion and some experimental
results on the measurement of thin layer thicknesses. The

experimental results form the subject of part 17.
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THU PRODUCTION OF THE FILMS AND THE MEA'SUREIVEMI' OF THEIR THICSKNBSS



PART 11

THE EVAPORATION TECHNIQUE

Chapter 1.

The deposition of thin layers by means of thermal
evaporation is now a standard technique, used a great deal
not only for the production of metallic layers for inter-
ferometry, spectroscopy etc., but also for the production
of anti-reflexion coatings of dielectrics, of interference
colour filter s, and layers of dielectrics such as silicon
monoxideto protect front surface mirrors from atmospheric
corrosion. The technique has been adequately described in
a number of books, e.g. by Tolansky***' Strongand
Lewis (55), and for this reason the treatment here will be
restricted to a relatively brief description of the plant
and technique used in this investigation.

The Equipment Used.

The metallic films used were produced in either
of two evaporation plants. The first measurements were made
on films deposited in a commercial Coating Unit Type £"3
manufactured by w. Edwards & Go. Later, to relieve the
congestion in the laboratory caused by continual use of
this plant, a second evaporating plant was constructed,

embodying certain improvements over the commercial unit.
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M essrs. Edward’s plant is of the vertical type.
The vacuum chamber is a large Pyrex bell-jar, 60 cms. high,
resting on a massive steel baseplate, a vacuum seal being
made by an ungreased rubber gasket on the lower edge of
the bell-jar. A large diameter flap-valve set into the
baseplate connects the chamber to a three stage oil diffusion
pump, using silicone oil. A number of vacuum-tight insulated
electrodes are fastened into the baseplate, between Tmhioh
the evaporation filaments and electrodes for high tension
discharge are connected. The substrates to be coated are
placed face downwards on a table, some 30 cms. above the
filament. This distance is large enough for the variation
in density of the deposit, from a point source, across a
circle on the table of diameter 10 cms. to be less than 1%.

The vdltage available for passing a high tension
discharge between two lings situated between the filament
and the specimen table is 3,300. The maximum filament heat-
ing current available is 150 amps.

The capacity of the bell-jar and speed of the
pump are such that a complete evaporation process takes
only half an hour, ihe pressure in the chamber is measured
by a Philips-type ionisation gauge, a cold-cathode gauge.
The evaporation is usually carried out vhen the pressure

is below 10 of , but the gauge does not peimit
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of any accurate estimation of pressures of this order.
Figure 8 is a photograph showing the arrangement of the
components on the baseplate.

This evaporation unit has been found to be
admirable for the general work of the laboratory. It has
been used for the production of at least three or four
hundred silver layers for interferometric purposes over
the past two years. However, from the point of view of
the production of layers for the study of their own optical
characteristics it suffers from two serious disadvantages.
The first concerns the lower limit of pressure Miich may
be measured, already mentioned as 10 . of . If the
mean free path of a particle evaporated from the source
is taken to be the same as that of a molecule of residual
gas at this pressure, it is loo cms., only three times the
filament-substrate distance. To produce pure, reproducible
films it is advantageous to reduce the pressure much further,
so that the mean free path is at least ten times this
distance. The second disadvantage is that the light trans-
mission of the film can only be roughly estimated during
production in the commercial unit by looking through it
at the heated filament. This is not a serious drawback
when it is desired to produce films of only three or four
per cent transmission, as is general practice for inter-
ferometry, but it makes the estimation of thinner layers

very difficult indeed.



FIGURE 8
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Accordingly, when it was decided to construct
a second evaporation plant specially for this investigation,
its design incorporated features overcoming these two main
disadvantages. The design adopted was that of a horizontal

(56)
unit, similar to that used by Bitschi . A schem atic
diagram of this plant is shown in Figure 9, and some photo-
graphs in Figure 10.

The substrates are fastened to two end plates
which bolt on to a cylindrical metal vacuum chamber 35 cms.
long. The filament electrodes are fastened to a plate vdiich
bolts on to a flange in the centre of this chamber, directly
over the pipe leading to the Apiezon oil diffusion pumps.
Two rings of aluminium wire near each end form the electrodes
for the high tension discharge, the voltage being applied
through two glass-metal seals in the wall of the chamber.
The chamber is lined on each side of the filament with glass
cylinders, vhich can easily be removed for cleaning. The
pressure in the chamber can be adjusted by a needle valve,
which is connected to a supply of dry nitrogen, so that
no oxygen need be present during an evaporation.

The dimensions of the apparatus are such that a
deposit, uniform in density to Ifo, is obtained on a region
2 cms. in diameter at each end of the plant. This area is
quite sufficient for the work to be described. The use

of the horizontal system makes the estimation of film
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density during production much easier than in the vertical
type. A constant light source can be viewed through the
two film s, and the density estimated very readily. If
need be, a photo electric-device could be employed to
further improve the lim its within lAich a film of given
density can be prepared, but this was not found to be
necessary.

The pressure in the chamber is measured in this
plant by a hot filament ionisation gauge. Ah electronic
control unit supplies the various potentials and anclifies
the ion current, so that pressures down to 5 x 10-h
of can be easily measured, and rough estimations of
pressures below this made. The gauge is attached to the
system by a short tube, and this results in the pressure
readings being incorrect to a certain extent due to the
consunc¢)tion of oil vapour, vfliich is always present in vary-
ing amounts in the chamber, by decomposition at the hot
filam ent(57’( Because of this the readings of pressure
must be taken as self consistent to a greater accuracy
than as measurements of the actual pressure existing in
the chamber. It was found from experience that in order
to increase the speed of response of the gauge, the
electrodes had to be outgassed by electron bombardment
after each exposure to the atmosphere, and the electronic

control unit for the gauge was suitably modified to allow °’
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an electron current of 50 milliamps to bombard either the
accelerator or the collector of the gauge.

The pump used was a two-stage oil diffusion pump,
using Apiezon oil, having a speed of 30 litres/sec. at
pressures below 10 of /", it is fitted with a baffle
above the top jet, and in addition a second baffle plate
was introduced into the short pipe leading from the pump
to the chamber. The presence of these baffles is essential,
since in the experience of the writer, the amount of oil-
vapour streaming back from those pumps is quite large. It
is estimated that the resultant pumping speed in the chamber
is about 10 litres/sec.

With the system as described, before the out-
gassing procedure was adopted with the ion gauge, it was
necessary to pump for six or seven hours before the gauge
recorded pressures of the order of lo were reached,
débité the fact that the leakage rate in the chamber was
very sm all. When the outgassing procedure wasadopted, the
gauge recorded those pressures after three or four hours
punning. However, viien the pumping was carried on for this
length of time, despite the presence of the baffles in the
pumping line, it was found that oil vapour was contaminating
the substrates before deposition took place. Traces of oil
were found in the chamber on completion of an evaporation.

To combat this, a glass tube was attached to the side of
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the chamber, and its closed end was dipped into a freezing
mixture of solid carbon dioxide and alcohol. This served
as a pump for the oil-vapour, and it was found that the
required pressures could then be reached in less than two
hours, and all visible traces of contamination of the
substrates disappeared.

The Evaporation Procedure.

The light absorption exhibited by m etallic film s
is very dependent upon the cleanliness of the substrate
prior to deposition. A number of different cleaning
techniques have been proposed, for example the use of
Controlled contamination»by lanoline proposed by strong(
In order to obtain reproducible results in any one investi-
gation the particular cleaning method chosen is less important
than ensuring that the method used for each deposition is
the same.

In this investigation all the layers considered
have been deposited on to one of three or four glass discs,
these discs being used repeatedly. The procedure adopted
for cleaning the discs prior to a fresh deposition was as
follows:

1. The old film was removed with concentrated acid
(nitric acid for Ag, Gu, sn, and the alloys, hydrochloric

acid for Al).
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2. The disc was dried with clean cotton wool and
rubbed with pieces of cotton wool until the ’breath figures’,
formed by breathing gently on the surface, were uniformly
grey in colour and disappeared in about one second or less.

3. The discs were then placed in the evaporation
chamber of the plant being used, and the pressure reduced
to about *0l mms. by the mechanical rotary pxnr¢). A high
tension discharge was then passed in the chamber to clean
the specimen further by ionic bombardment. In the commercial
unit, the discharge was passed for one minute in each case,
about 250 milliamps passing in the discharge, at 150Q volts.
In the laboratory built plant, the discharge electrodes are
less than one inch from the substrate surface, and the
cleaning may be expected to be more efficient than in the
commercial unit. A discharge carrying lo milliamps at
1500-2000 volts was passed for three separate periods of
one minute in this plant.

A fter cleaning, the pressure in the chamber was
reduced by the diffusion pump, evaporation being carried
out in the commercial unit at a pressure (unknown) below
10_ and in the laboratory plant at a pressure below
2 X lo""##"

The type of filament usually used for the

evaporation differed in the two plants, in the commercial
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unit, the filament usually consisted of a strip of
molybdenum, E” x §¢ x *008”, in the centre of which a
small depression, -J” in diameter was punched to take the
change of material. Evaporations from this type of fila -
ment were carried out at a heating current of IEO amps.
In the laboratory plant the filament was a strip of
molybdenum wide by -004" thick, bent into the shape
reoommended by Tolansky(SI), and shown in Figure 9. ihen
the material fused, it foimed a drop completely filling
the ’tJ° section of the filament, and foimed an evaporation
source of about to 3/15" in diameter. The advantage
of this form of filament is that the heat radiation in the
direction the ”“ecimen is cut down, in comparison with the
form used in the vertical plant, since the filament is
viewed 'sideways’ from the filament. The heating current
used for this filament varied with the particular metal
used.

A list follows of the various metals evaporated
during the investigation, together with details of the type
of filament used in either or both of the evaporation plants,
if different from the standard molybdenum ones described.
The heating current usually employed will be stated in each
case, together with relevant details concerning the ease
with which the metal evaporated. A very complete survey

of the evaporations of metals has been made by Caldwell),
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and the writers eaperiences agree with the observations
of Caldwell in the main, though one or two differences
are noted below.

Silver. The metal was available in the form of 3 mm.
diameter wire, spectroscopically pure, and was evaporated
in both plants from the standard molybdenum filaments as
described. The heating currents used were 120 amps, in
the vertical plant and 40 amps, in the horizontal plant;
with these currents an opaque layer could be foimed easily
in 30-45 seconds. The silver wetted the molybdenum when
fused and, as is general experience, evaporated very readily,
Aluminium. Aluminium fo il was evaporated, in the
vertical plant only, from conical baskets of 1 mm. diameter
tungsten wire, formed by winding the wire when red-hot on
to an ordinary wood screw, about =’ in length, as a mandrel.
The spiral MOS heated by the passage of a current of some
90 amps. As has been reported by Strongthe aluminium
readily foimed an alloy with the tungsten, and for this
reason it was not usually possible to obtain an opaque layer
before the filament itself fused. To overcome this two
baskets were used, one after the other, an opaque layer
being formed after two or three minutes. It is probable
that the films produced by this process actually consist

of an aluminium tungsten alloy.
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Copper. The evaporation of copper was carried out in
both plants, the conditions being the same as those for
silver. No alloying took place between the metal and the
filament. Since Copper has a lower absorption coefficient
than silver, opaque layers took some two minutes to form,
v/ith the same heating currents as for silver.

Tin. 99*%*992”* pure tin, in the form of small chips, was
very kindly supplied by Dr. Hedges of the Tin Research

A ssociation. It was found to evaporate readily from
molybdenum filaments, and was found to wet them, contrary
to Caldwell's observations, provided that the tin was not
fused until a low pressure (lo : <M«».) had been reached.
At pressures above this, an oxide scum foimed on melting,
which prevented the metal from wetting the filament.

Dr. Hedges has suggested, in a private communication, that
an alloy may be foimed between tin and molybdenum, if this
is so, it must be an alloy of a very low percentage of
molybdenum, since one filament, *004" thick, served to
produce fourteen layers, without itself fusing. It was
found that if the filament were heated beyond red-heat,

the films produced had a maiked 'bloom' on the surface, and
their optical reflectivity was very low ( < 207). Because
of this, the heating currents employed were lower than for

silver, not exceeding 90 amps, in the vertical plant, and
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25-30 amps, in the horizontal plant. The horizontal plant
was found to he superior for the evaporation of tin, due

to the reduced heating effect of the filament, as has been
mentioned.

Chromium. The metal was available in the form of small
chips which were evaporated, in the vertical plant only,

from tungsten baskets similar to those used for the
evaporation of aluminium. It was found necessary to heat
these baskets to white heat (130 amps, or more heating
current) in order to fuse the metal, and then the evaporation
took place only slowly, a thick layer taking at least three
minutes to form. The metal was found to alloy with the
filament, though not so readily as aluminium.

Zinc. Zinc was found to ev”orate readily from molybdenum
filaments, under similar conditions to those for silver.

As is usual when zinc is evaporated on to substrates at

room te|% eratures, the layers formed were non-uniform in
density, and no optical measurements were made (cf. e.g./N"AN> AAAY,
Speculum and Tin-Nickel Alloys. These alloys were again
supplied through the courtesy of Dr. Hedges of Tin Research
A ssociation. They were in the form of a fine powder and
hence could only be evaporated from the molybdenum filam ents
in the vertical plant. They were found to evaporate readily

under identical conditions to those for silver. There was
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no alloying between speculum and molybdenum, but it is
possible that the tin-nickel alloy forms an alloy with

the filament to a certain extent.



TES MEASUHEMINT OF THIN FILM THICKNSS*S

Chapter 11.

In the theoretical discussion of the optical
properties of thin layers given in Part I, Chap. II, the
layer was assumed to he homogeneous, and bounded by parallel
surfaces separated by a distance A . However, as we have
seen in Part I, Chap. 17, modem work on the structure of
thin layers has shown that this assumption is incorrect,
and that layers of less than 200-300 * in thickness are
more accurately regarded as granular. In the light of this,
it is very difficult to define the ’thickness’ of a layer,
and it will be appreciated when the various methods used
to determine the quantity (L are considered, that the
definition of the thickness depends to a large extent on
the method of measurement adopted.

A method frequently used to deteimine c¢f (e.g. by
Goos**"), Perrot****, Strong and Dibble”), consists of
measuring the mass of metal deposited upon a known area of
substrate, by direct weighing with a microbalance. This
method has the advantage that the microbalance can be
introduced into the vacuum chamber without much difficulty
and the measurements made as the film is produced. As an

alternative to the use of a microbalance, colorimetric



5S.

methods can he used to deteimine the mass of metal deposited
A colorimetric method for the estimation of silver has been
described by Schoonover””. The value for the thickness

d , is obtained by dividing the mass of metal deposited
per unit area of substrate by the density of the metal. It
is seen at once that if the film is granular in structure,
this will not yield correct results, since the density of
the material of the film (mass per unit volume of film) is
not the same as that of the metal in bulk. The error
introduced by the assumption of bulk density for the film
w ill be negligible for films of the order of So00/?, and
greater, in thickness, but will become very large, possibly
10055 or more, for very thin layers less than 100A thick.
A typical experimental measurement using a microbalance
gives values for the thickness accurate to 10 or 20% (14)

A second method for the deteimination of fé ,

used by Rouard( , and Krautkramer**** for silver films,
relies on the cdiemical transformation of the m etallic layer
into a transparent layer of iodate or sulphate. The thick-
ness of this layer can then be detenained by the use of a
Jamin interferometer, or similar method. Ihile the results
of Rouard and Krautkramer are as self-consistent as those
obtained by workers using other methods, this method is

open to several obvious objections. The main disadvantage
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is that there is no means of telling ether the iodate
layer is of the same thickness as the original metallic
layer. If the latter has a discontinuous structure, it
is almost certain to be modified during a chemical trans-
formation, and even if it is continuous, the layer of the
salt is not necessarily of the same thickness. Also the
refractive index of the iodate or sulphate must be known.

The third method is the interferometric method
developed by Wiener**"*”, and until recently neglected,
except by Cau**"L The method is the one that has been
used in the present investigation, and it will be described
and critically discussed in detail.

A fter the film has been deposited, a thin strip
is carefully removed, leaving a clear strip of glass across
the substrate, bounded on each side by steps of height
equal to the thickness of the film. Over the vdiole an
opaque layer of the same metal as the film is deposited,
and the upper surface of this layer, following the contours
underneath, has two steps in it. This arrangement of films
is shown in Figure 11 (a). An optical flat is then placed
with its surface very close to this opaque layer and in the
air-film, between the flat and the layer, interference
fringes of equal thickness are observed viien the inter-

ferometer is illuminated with monochromatic light. The
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optical arrangement einployed is shown in Figure 11 (b).
The relative positions of the surfaces are adjusted so
that the fringes rum in straight lines perpendicular to
the steps in the opaque layer, and from the displacement
of the fringes as they pass over the step, the height of
the step, and hence the thickness of the thin film can be
measured.

It is of importance to appreciate fully the
function of the opaque layer deposited over the thin film
with its clear strip. If no opaque layer were present,
the phase changes occurring when light is reflected at the
thin film and the clear glass would be different, and the
di*lacement of the fringes as they pass over the step
would be due not only to the difference in gap of the
interferometer caused by the removal of the thin film, but
also to the difference in the phase changes on reflexion
in the two cases. By depositing an opaque layer over the
whole, the phase changes are made uniform throughout, and
the displacement of the fringes is due solely to the steps
in the opaque layer.

A very considerable advance upon the accuracy
and usefulness of the technique as originally developed by
liener has been made by applying the techniques of multiple

beam interferometry developed by Tolansky and his co-workers™*,
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Khamsevl and Donaldson®”**), by coating the surface of the
optical flat with a highly reflecting, slightly transparent
silver layer, have used the greatly enhanced shairiness of
multiple-beam fringes in conjunction with Wiener’s method.
The reflectivity of the layer on the interferometer front
surface should be in the region of 805J, the exact values

to give the best interference fringes have been discussed

in a treatment of the reflexion interferometer by Eolden”**).
The optical arrangement en”loyed is the same as that given
in Figure 11 (b), but the conditions necessary for the best
visibility and sharpness of the fringes are more stringent.
The conditions for the optimum observation of multiple-beam
interference fringes will be discussed in detail in Part III,
Chap. I1l1 of this thesis, but briefly it may be said that
the collimation of the incident parallel beam should be such
as to give an angular spread in the beam of less than one

or two degrees, and the numerical aperture of the lens used
to project the fringes into an eyepiece or on to a photographic
plate should be adequate. The effect of these factors on
the sharpness and visibility of the fringes is greatly
reduced if the separation of the interferometer surfaces

is made as small as possible. The air gap in the inter-

ferometer should preferably be less than «01 mm
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In Figure 1£ a typical set of interference
fringes taken to measure the thickness of a thin film
using multiple beam methods is shown. The fringes are
over a step in a silver film, the step being 176 f 15 1)
in height.

In the work quoted, Khamsavi and Donaldson also
used white light fringes of equal chromatic order to measure
the step height, in addition to monochromatic Fizean fringes
of equal thickness. This procedure involves focussing a
very small section of the interferometer on to the slit
of a spectroscope , and thus has the disadvantage that
local variations in the film’s thickness may cause
erroneous results. The use of monochromatic fringes of
equal thickness involves taking measurements over at least
one centimetre of the film step, so a desirable averaging
effect is achieved. The average experimental error
obtainable with a good interferometric technique is about

I 15f1 for films of the order of ZOQR in thickness and
greater, and i lofl for films of the order of 100" thick.

It would seem at first sight that the inter-
ferometric method is superior to the other two methods
discussed, in that the value obtained for d.  would be a
measure of the ’mean maximum’ thickness of a layer having

a granular structure, and that for continuous films d
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is given directly, no knowledge of the density being
required. Khamsavi and Donaldson used the colorimetric
method of Schoonover to determine the mass per unit area
in a number of silver films, the thickness of #iich had
been measured by the interferometric method. They then
calculated the density of the film and found that it
appeared to be constant and equal to the value for bulk
silver, 1G-6, dovni to quite small thicknesses (182").

In the light of the electron microscope and
electron diffraction experiments previously mentioned,
this result is strange, since films of this order of
thickness have been shown to be granular, and hence could
be expected to have a density differing from that of the
bulk metal. Khamsavi and Donaldson themselves suggest,
however, that this might be/necessary result of the method.
They suggest that the result may be due to the fact that
when the opaque layer is deposited over the thin one, the
particles of the opaque layer first fill up the interstices
between the particles of the thin film before building up
on top of it. The effect of the particles packing together
in this way would be that the step on the surface of the
opaque layer would correspond to th&t mwhich would be
produced by a film having the same mass per unit area as
the one actually present, but having the density of the

opaque layer, i.e. of the bulk metal. If this is so, it
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seems that for films with a definite granular structure,
the interferometric method can only safely be used for the
determination of the mass per unit area in a film, rather
than its metrical thickness.e

If the hypothesis of Khamsavi and Donaldson is
correct, then the interferometrie method is only superior
to the other methods in that it gives a direct value for
the thickness of thin layers, but for thinner ones, it can
only be used to determine the mass per unit area, as with
a microbalance.

An experiment has been carried out, and will now
be described, which tends to confirm this view. It was
considered that if this ’packing-in effect* occurred, it
would be to a different extent in the case vhere the
superposed layer and the thin film were of different metals,
from the usual case mwhere they are of the same metal.

Accordingly a number of thin films of silver were
prepared, most on glass substrates, but some on substrates
of silver (previously prepared by evaporation to a thick-
ness of IQOQ ft or more). A strip was removed across the
film in the usual way, and two opaque layers deposited,
side by side, over this strip, one of the layers was of
silver, and the other of a different metal. Two other
metals were used, chromium, and speculum alloy, in all

cases it was found that the apparent thickness of the film
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with an unlike superposed layer was greater than the
apparent thickness with a silver layer superposed.

The actual results with chromium and speculum
are given below in the table. §, y is the apparent thick-
ness with a silver overlayer, and /27 the apparent thick-

ness with an unlike overlayer

Substrate A A X loo

Silver 247 312 Cr 65 26
Silver 470 569 Cr 99 21
Glass 202 279 Cr 77 38
Glass 377 504 Cr 127 34
Glass 198 239 Spec. 41 21
Glass 288 317 Spec. 29 10

Owing to the fairly low reflectivity of chromium
(50%), the accuracy of the measurements on the fringes with
a chromium overlayer was fairly poor, £ 25P , but with
the speculum overlayer (reflexion coefficient m 64%), the
experimental error was £ 15fl. Figure 13 shows the fringes
used in one of the experiments with a speculum overlayer.

The magnitude of the effect observed is not
sufficiently greater than the experimental error for any
quantitative conclusions to be drawn, but it is significant
that in all cases the apparent thickness with unlike over-

layers was greater than with an overlayer of the same metal.



FIGURE ,3 SILVER

FIGURE 4,



63.

This is in general agreement with the paoking-in hypothesis,
since the packing could be expected to be most complete
when the same metals were used.

It is not suggested that this experiment represents
a complete investigation into the problem. No account has
been taken of the possibility of extensive lateral migration
of atoms after deposition which, quoting Picard and
Duffendack(41), is not greater than 500” in the case of
the higher melting point metals, but in the case of low
melting point metals and alloys may be quite considerable.
In interesting phenomenon was observed during some preliminary
experiments on this question vhich is an indication of the
aspects of the process of forming layers over one another,
which remain unresolved, one of the metals first tried for
the second overlayer was zinc. When it was deposited over the
edge of a silver film, in several cases it was observed that
the zinc deposit was quite uniform where it lay on top of
the thin silver film, vihere it lay on the glass it was patchy
in appearance, but exactly along the edge of the thin silver
film there was no zinc at all. Figure 14 is a photograph'"'
made by singly exposing a piece of photographic paper through
the combination of films, and the line of uncovered glass
at the edge of the silver film can be clearly seen. A

sim ilar phenomenon has been observed by Heavens when

«
0. 3* Heavens, Univ. of Reading, private Communication.
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chromium was deposited over the edge of a silver film, hut
the writer never observed this.

In addition to this phenomenon, the results of
the experiment quoted show that the percentage difference
between the two apparent thicknesses is of the order of
30" for layers SooA thick. This is very difficult to
explain purely on a packing theory, since these layers are
generally assumed to be continuous.

To conclude, the interferom etric method for

su(ftrrLy
determining the thickness of metallic layers isjisuperior
in accuracy to other methods, and may safely be used to
give direct measurements of the thickness of layers which
can be assumed to have a continuous structure, in the
case of measurements on thin films, however, the work of
Khamsavi and Donaldson and the results quoted here combine
to suggest that the method can only be used without reserve
for the determination of mass per unit area, rather than
thickness, and in this respect is no advance over the
direct weighing method. It is a debatable question however,
in the light of the knowledge of the structure of these
thin layers, whether the term ’thickness» can be applied
to them at all, since they probably consist of a collection
of small crystallites of varying sizes. It seems that
the mass per unit area contained in such a film is a
quantity having much more physical meaning than a ’thickness’
defined in a rather arbitrary manner, such as the ’mean

maximum’ thickness of the granules.
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PART I11

MEASURSMMT OF INTENSITY COSFFICIMTS AND SLLIPTICITY

Chapter I.

In the work discussed on the measurement of
the normal incidence reflexion and transmission coefficients
of metallic layers, the methods used for the measurement
of these coefficients can be grouped roughly into three
classes. The intensity reflected or transmitted by the
layer can be compared with some standard intensity (such
as reflexion from a glass surface) by the use of a suitably
calibrated photographic plate, as was done by Rouard**""L
In a second method, the intensity to be measured can be
compared with a standard intensity in a form of half-shade
device, as in the absorbing wedge photometer used by Cau*"**
or the method of Fabry and Buisson, used also by Rouard.
Finally, following Perrot®**), .strong and Dibble***" and
Krautkramer(13), the reflected or transmitted intensity can
be directly compared with the incident intensity using a
photoelectric cell.

in deciding upon a method to be used in the
present work, in addition to considerations of accuracy,
it was important to choose a method which was capable of

easy extension to the measurement of the coefficients at
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all angles of incidence. This ruled out the method of
Fabry and Buisson, and an absorbing wedge photometer to
work at any angle of incidence would involve very compli-
cated optical paths. The choice then lay between the use
of a photographic plate as a recorder of intensities, and
the use of a photoelectric cell. Of the two the latter
is greatly to be preferred, since the use of a photographic
plate involves the careful provision of density marks,
etc., for each plate, and the subsequent use of a micro-
photometer, whereas the photoelectric method enables an
intensity coefficient to be obtained directly from the
ratio of two galvanometer readings. The photoelectric
method was therefore adopted.

The experimental arrangement is quite simple.
The glass substrates on to which the layers are deposited
are permanently attached to brass rings. Hth the aid of
these rings, the substrate can be mounted in a vertical
plane on a turntable which enables it to receive light at
any angle of incidence, the angle being measured by a
graduated circle on the turntable reading to one tenth of
a degree. Mounted to pivot about the same axis as the
film is an arm carrying a photoelectric cell in a housing,
which can be turned to receive either the light reflected

from or the light transmitted through the film. A diagram
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of this instrument, together with its associated optical
system is shown in Figure 15.

As source a IS volt. 48 watt tungsten filament
lanc) is used, mounted so that the filament is vertical.
The light from this is condensed on to a pinhole and a
magnified image of this pinhole is focussed on to a shutter
placed in the front of the photoelectric cell housing.

The mounting for the substrate is such that the axis of
rotation of the arm carrying the photocell is contained

in the plane of the front of the substrate, and so the
image of the pinhole on the shutter is in focus both for
direct light, and when the beam is reflected at any angle
of incidence. The magnification employed is such that the
cone of light forming the image has a semi-angle of less
than half a degree, so that any effect that non-parallelism
of the beam may have on the correct measurement of the
incidence angle can be neglected to this approximation.

The use of a focussed image, instead of a parallel
beam is necessary since, when a parallel beam is used its
cross-sectional area will vary with incidence angle after
reflexion, and this means that the light in concentrated
on to less of the available photosensitive cathode area,
which may lead to incorrect results. With an image of the

pinhole focussed at or near the cathode, the light passing
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through the pinhole forms an image of the same size,
irrespective of incidence angle. The image is not actually
focussed on the cathode, hut, as stated, on to a shutter
some 3 cms. in front of it. This means that the cathode

is illuminated with a diffuse image, and a larger area of
the cathode used than would otherwise be the case.

The photoelectric cell used is an 931+
electron multiplier phototube, having a blue sensitive
cathode with maximum sensitivity at a wavelength of
approximately 4000 B «

The particular wavelength desired is selected
by the use of 'Wratten' filters. The filters used are
Nos. 47, 62, and 27, giving mean wavelengths of 4,500,
5,400, and 6,100/7 respectively, and a combination of
Nos. 22 and 58, giving a mean wavelength of 5,700 /?. The
wavebands transmitted by these filters extend to approximately
150/7 on either side of the mean, and since the variation
of the sensitivity of the photocathode with wavelength is
not accurately known, it is possible that values of the
coefficients obtained using these filters, correspond to
wavelengths slightly shorter than the mean values quoted
abovee

The errors in values for the reflexion and

transmission coefficients of the films measured with this

system can be discussed under two headings.
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The first class of errors arise from any lack
of stabilisation of the incident light intensity, and of
the potentials supplied to the electron multiplier. The
tungsten filament lanc¢) is supplied by a transformer, the
primary of which is fed from the output of a constant
voltage transformer, giving a voltage constant to one per
cent. The potentials on the various electrodes of the
electron multiplier are supplied by an electronic control
unit comprising a rectifier and stabilising unit. This
circuit is shown in Figure 16 and follows standard design
for high voltage power units, except that, as is standard
practice with electron multiplier tubes, the positive side
of the system is at earth potential. The potentials are
taken from points along a 'bleeder* chain, taking lo milliamps
with 1200 volts across it, and the final photocurrent is
measured on a microammeter, provided with some necessary
shunt resisters. The system was normally arranged so that
the incident beam provided a current from the final
collector of about 0*8 milliamps (maximum penaissible 1%0
milliamps). When the source and the stabiliser circuit
had reached thermal equilibrium, which took about 45 minutes,
it was found that the reading of the microammeter was steady
to much less thanm * over periods of several minutes,
and only varied by £ 17 in periods of twenty minutes or

more.
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The second source of errors lies in the variation
of photosensitivity over the surface of the photocell
cathode. This means that if the beam does not fall on
exactly the same area of the cathode each time, an apparent
variation of intensity is recorded. When the instrument
had been in use for some time, it was found that the
substrates did not always set exactly in a vertical plane
on being placed in the holder, on the turntable, and it was
feared that this might be the cause of considerable errors.
An analysis of the variation of photosensitivity with
position on the cathode surface of a 931/? tube has been
made by Kessler and Wolfe (65), who found that the variation
of sensitivity with movement of the beam in a vertical
direction was quite large. To overcome the errors intro-
duced from this source, an adjustable stop was fitted on
to the photocell housing immediately behind the shutter.
This stop was adjusted so that viien the incident beam fell
directly on to the photocell, it just passed through the
stop. Any deviation of the beam from the horizontal plane
after reflexion at the film on the turntable could then
immediately be detected by the appearance of part of the
image at the edge of this stop.

However, even with this precaution taken, it

is likely that most of the experimental error in the

results comes from the second cause. As a rule, three
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measurements of incident and reflected or transmitted
intensity, in turn, were made for the determination of any
coefficient. The results of a large number of such
determinations show that'the values of the coefficients
measured in this way, are accurate to .01, i.e. to one
per cent of the value of the incident intensity (1%00).
The coefficients are thus accurate to one per cent of
their own value for values greater than 0*, the accuracy
decreasing to five per cent for values of about 0*2.

The coefficients thus measured are not the true
reflexion or transmission coefficients for the layer, but
are the coefficients of the reflecting system formed by
the layer and substrate combined. A correction must be
made for the beam, “ich after transmission through the
layer is reflected at the rear surface of the substrate,
some measurements on reflexion and transmission by un-
coated substrates showed that to the accuracy of this
experiment these factors could safely be calculated assum-
ing the value for reflexion at the glass-air interface
given by the simple Fresnel relationships. The correction
factors vary with the angle of incidence and are, of course,
different for the two planes of polarisation.

If the reflexion coefficient of the rear surface
of the substrate is , the observed transmission of the

layer, 'T™, is related to the true transmission, T , by
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The true reflexion coefficient, R , can be
obtained from the observed coefficient, , by the
relation

R~ R'-

From these relations it can be seen that whilst
the correction must always be applied to measurements of
the transmission coefficient, the correction to the
observed reflexion coefficient only becomes of the order
of the experimental error when the value of
approaches or exceeds O'01.

The ellip ticity of the light reflected from a
film at any angle of incidence is defined by the ratio
of the amplitudes of the components of the vibration in
the two planes of polarisation. This ratio is clearly
equal to the square root of the ratio of the reflexion
coefficients for the two planes of polarisation at that
angle of incidence. To deteimine the ellipticity with
this system, the incident beam is polarised, using a piece
of 'Polaroid', and the reflexion coefficients deteimined,
for each angle of incidence, for the cases when the incident
beam is polarised parallel and peipendicularly to the plane
of incidence. The accuracy with which the ellipticity can
be determined is equal to half the sum of the errors in
the measurements of the two reflexion coefficients

and , i.e. to £ 0%01.
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Values of the ellipticity with experimental errors
of this order are obviously inferior to values obtained with
the usual polarimetric technique, described in Part I,

(ES) .

Chap. 111, where Tool is quoted as claiming to measure
an ellipticity of 0*02 to one per cent. But as was pointed
out in that chapter, this order of accuracy is not required
for the determination of optical constants, since there are
other factors introducing far greater eerrors, and values of
ellipticity accurate to *t *01 are probably adequate for

the deteimination of the constants in all but investigations
where the highest accuracy is essential. The method has

the advantage that it is quite sinple and requires little
expensive equipment and, in addition, values of the reflexion

coefficients themselves are obtained, which is not the case

with the polarimetric method.



THE INTERFSROMETRIC METHOD FOR DETERMINING RELATIVE PHASE CHMaSS

THEORY

Chapter 11.

In a paper published in 1944, Tolansky("*)
described the appearance of the multiple beam interference
fringes foimed between a highly silvered lens and a plate,
when the angle of incidence of monochromatic light on to
the interferometer varied from zero to 80”. At normal
incidence the fringes were rings, similar to Newton's rings,
but of course very much finer since they were foimed in an
interferometer with highly silvered surfaces. As the angle
of incidence increased, the fringes became double, the
separation of the doublet increasing continuously as the
incidence angle increased. The components of the doublets
were shown to be polarised in mutually perpendicular
directions, and the origin of the doubling was shown to be
the effective difference in gap of the interferometer for
the two components, due to the difference between the phase
changes suffered on reflexion by the components polarised
parallel and perpendicularly to the plane of incidence.

It was immediately apparent that this was possibly a
powerful method for the measurement of the relative phase

change on reflexion, the quantity A of part J of this
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thesis, and some measurements were made by Tolansky of
the relative phase changes on reflexion at the silver
films of the interferometer.

No further use was made at that time of this
phenomenon for the measurement of the relative phase
change . In the present investigation the method has
been studied in greater detail, to a small extent sim plified,
and used to measure the values of /S for the metals studied.
The original work by Tolansky was part of a series of
investigations developing the technique of multiple beam
interferometry, and since the work in this field has
recently been summarised'(sz) it is not intended to give
any detailed treatment of the theoretical basis of multiple
beam interferometry, such as a treatment of the properties
of the Airy summation, etc. The account which follows
w ill be restricted to a description and critical discussion
of the application of the established techniques of multiple
beam interferometry to the relative phase changes on
reflexion at metallic films.

In Tolansky's original experiments, the Newton's
rings were fringes of equal thickness, foimed with mono-
chromatic light, and at normal incidence were localised
in or very near to the air gap of the interferometer. At

non-normal incidence, however, the fringes were no longer
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localised in the gap, but on a curved surface in space
near the interferometer. This surface was not perpen-
dicular to the optical axis of the system, and in con-
sequence only a very small section of the fringe system
could be projected on to a photographic plate or into an
eyepiece. This represented an immediate serious dis-
advantage when it was desired to measure the separation
between the components of the doubled fringes, and in
order to overcome this difficulty, the lens and plate
combination was discarded in favour of a simple wedge
interferometer. It can be shown""*")y that if the apex
of an interferometer of two plane surfaces fonaing a wedge
is parallel to the axis of rotation of the interferometer,
and if both.are perpendicular to the direction of the
incident light, then the fringes foimed in the system are
always localised in a plane perpendicular to the direction
of the incident light. At normal incidence this plane

is contained in the air gap of the interferometer, and as
the incidence angle increases, the plane moves away from
the interferometer. With this arrangement, the whole
field of the interferometer can be brought into focus at
one time. The question of the precise position of the
plane of localisation will be dealt with in greater detail

later.
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Considering the case of a wedge interferometer

as described, it is necessary to develop equations relat-

ing the

separation of the components of the doubled fringes

to the relative phase change on reflexion, , in order

to use the doubling to measure that quantity.

Consider the general equation to the locus of

points foming an interference fringe in any interferometer.((

They are points such that

A = Y-

Here X 7ytA , and B have their usual

significance, n is an integer, and represents the

azimuth of the plane of polarisation of the incident light.

reflecting

The interferometer is assumed to have identical

surfaces, and the phase change on reflexion at

'either of these surfaces is represented by the function

A
9

for

A

a function of B , X , and a? We shall write

when A , and A when A . I®.

Let us first consider the fringes of eual thick-

ness formed in a wedge interferometer with an air-gap

{ =1),

wavelength of the incident monochromatic light is

and at an angle of incidence A, when the

A

I am greatly indebted to Mr. N. Barakat, of this department
of Royal Holloway College, for much helpful discussion and

advice

in

connection with the theory of interference fringes.
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Since the fringes are formed at different points in the
wedge, the value of ¢ will be different from one fringe

to another.

For two adjacent doublets we can write the

equations

o/~ #2A X) A 27/
'KX = J
Xfrp.c™r9+
From the two equations of 2%2 we get immediately

But the left hand side of this equation is the

relative phase change, , and we have
NOfONX) — f 20n

From the parallel components of each doublet,

the first members of 2%*2 and 2*3 we have
and so 2«4 becomes
| X' /\
NY
If now the fringes occur at distances ,

, Xp , etc., along the wedge, these distances can
be measured, and the quantity Ai can be measured from the

equation

A a”-3fr A
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An equation from vEiioh may be found can also
be derived in the case of fringes of equal chromatic order.
These fringes are foimed when the interferometer is
illuminated with white light, and a small section of the
interferometer is focussed on to the slit of a spectro-
graph. The section is small enough for the value of *
to be assumed constant over the section, if the wedge apex
is parallel to the spectrograph slit. In the focal plane
of the spectrograph fringes appear which are the locus of
points having the same value of , in the present case they
are straight lines perpendicular to the wavelength axis.

Let the wavelengths of the components of two
adjacent doublets be » Xj , X* , Xy ¢ Then we can
write the equation for the doublets as

2-6/
5.'Xj - 26" & (9, [
Cwu) *p ~ i } 27/

N Xj = ZJb (9, X") 7/

"L(x'pfXj)

It is seen that these equations are only valid

where

when the separation of the doublet is small, and we are
assuming that the variation of A with X is small.

This assumption is generally justified.
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Then from the two components of 2*6 we can get
A X )“ A le\
We can find A from measurements on Xp and
X5 , if ~ is known. Now from the parallel components
of each doublet, from 2%6 and 2*7 , We can write
'AXp _ Xp = A ’9/
In this case, since we are dealing with two
fringes, and not two coniponents of the same fringe, we
cannot assume X = X~ , and we see that )| , and hence
, cannot be deteimined from measurements on fringes
of equal chromatic order unless the foim of the function
A is known. No measurements have been reported of the
variation of the quantity with incidence angle and so
fringes of equal chromatic order cannot be directly used
for the deteimination of ZX .

It is possible however to make an assumption

about the form of ” and, by this, make use of fringes

of equal chromatic order in this connection. Let us assume
that <L 9" XO m ,and 24 (9, "X') «

Then as we have already assumed AR XJ A

we have from 2*9

Now A~ , the order of the fringe, is integral,

and so if the quantity A for each fringe is
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deteimined from measurements on the wavelengths X and
X > in the general case is not integral, suppose

for exan”le that for a number of fringes 7i-y® had the

values 5*3, 6*2, 7%4, 8%4, 9-3.... in the absence of any
knowledge of the form of the function * , and hence of
the sign of ~ , we cannot tell whether " is negative,
and 71 has values 5, 6, 7, 8, 9... or whether * s

A has values 6, 7, 8, 9, lo , assuming

positive, and
is less than one.

However from measurements on Fizean fringes of
equal thickness we can find for a particular wavelength
by the formula 2*5 . If then we choose for a fringe
of that wavelength to give a value of A equal to that
given by the Fizean fringes, we can assign the correct
values of 71 to the other fringes, and hence make use of
fringes of equal chromatic order to measure the variation
of with wavelength.

The combination of Fizean fringes and fringes
of equal chromatic order in this way could also be used
to determine the nature of * . If it is found that he
A

get the correct value of A from the measurements,

must be negative, then the original equation can be written
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A

This sign for corresponds to a phase advance
on reflexion. If on the other hand it is found that

must be positive, then

AHCK " , corresponding to a
phase retardation on reflexion. Little more than the sign
of could be determined in this way since the error in
measuring the quantity is very large, since it

involves the errors in measuring the fairly small wave-
length shift A -V . For fringes of order fifteen,
this shift is only one or two hundred Angstrom Units, and
with the average wavelength scale measurements can rarely
be made to better than tlo A

In the treatment of fringes of equal chromatic
order we assumed that the difference A was small
enough for them each to be put equal to their mean. The
error introduced by this assumption is obviously least
when is least, i.e. when the wavelength separation
of the fringes is small, and the order number * , large.
In this case also, if is of the order of 30 or 40, the

error introduced by neglecting *

altogether and taking

A equal to the nearest integer to the value found for
TV- ~ , is only one part in 60 or 80. However, as will
become apparent vdien the ez3)erimental technique is discussed
in the next chapter, an upper limit on the value of tx. is

placed by the necessity for having sharp fringes of good

visibility.
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From the equations developed in this chapter,
the relative phase change /| ( O ) is expressed in
terms of either the positions in the plane of localisation
of the fringes of equal thickness, or the wavelengths of
fringes of equal chromatic order. The experimental technique
used to observe these fringes, and to make the necessary
measurements to obtain A , together with a critical
discussion of the technique, will form the subject of the

next chapter.



THS INTERFEROMBTRIC METHOD FOR BETBItMINIHa HSLATIVS maSE CHMOES

PRACTICE

Chapter ill.

In the previous chapter equations were developed
relating the doubling of an interference fringe, as the
, angle of incidence on the interferometer increased, to the
relative phase change occurring between the two perpen-
dicularly polarised components on reflexion at the surfaces
of the interferometer. A simple wedge interferometer was
considered, and the relations developed between the relative
phase change and the linear separation of the doublet in
Fizean fringes of equal thickness, and the wavelength
separation of the doublet in white light fringes of equal
chromatic order. In this chapter the experimental arrange-
ment will be described, and the experimental conditions
necessary for the best use of the interferometric technique
discussed. The sources of errors arising in the measure-
ment of relative phase changes by this method will be
mentioned, and the limitations of the method considered.
The doubling of the interference fringes is
nearly always observed by viewing the interferometer in
transmission. The experimental arrangement for the Fizean

fringe system is very simple, and the system for fringes
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of equal chromatic order scarcely less so. For Fizean
fringes a high pressure mercury arc source is used
(Figure 17 (a)), and the monochromatic radiation required
selected by the appropriate ’Wratten» filters. Almost all
the measurements have been made using the green line of
wavelength 5461 . The light from this source is condensed
on to a pinhole, and a collimating lens of 15 cms. focal
length forms a parallel beam. This beam falls on to the
interferometer, and the interference fringes, Wiich are
localised at or near the interferometer, are projected by
a 5 cm. focal length lens on to a photographic plate. The
lens and the plate-holder are incorporated in a simple
camera vhich enables several exposures to be taken on one
plate.

For observing fringes of equal chromatic order
(Figure 17 (b)) the mercury arc source must be replaced
by a white light source, here a 150 candle-power TPoint-o-
Lite" lamp was used. The parallel beam is formed in the
same manner as for Fizean fringes, the only difference
being that in this case it is essential that the lenses
employed are achromatic for the wavelength range used.
The interference fringes localised in the same position
as the Fizean fringes are projected on to the slit of a
spectrograph by a high quality achromatic lens. The image

of the fringes then appears in the focal plane of the
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speotrograph.. in these experiments two spectrographs
were used, a Hilger medium-quartz instrument, in vdiioh
the wavelengths of the fringes were determined using the
wavelength scale provided, and a Hilger constant deviation
instrument, fitted with a calibrated wavelength drum.

The interferometer itself was formed between two
of the glass discs which had previously been coated with
the film under examination. Figure 17 (c) shows the
detail of the arrangement whereby they could be brought
close to one another, so that their distance apart and
the wedge angle between them could be varied at will. The
interferometer unit as a whole could be mounted on the
same turntable as was used for the intensity measurements
(Chap. I of this part), and so the angle of incidence could
be measured.

The visibility and the sharpness of multiple
beam fringes are dependent upon a number of factors,
primarily of course upon the reflexion coefficients of
the two surfaces of the interferometer, but also upon the
separation of the interferometer surfaces, the wedge angle
between them, the parallelism of the incident beam, and,
in the case of Fizean fringes, the monochromatism of the
source. .Since in this investigation we are concerned with
the properties of the films forming the interferometer

surfaces, their reflexion coefficients cannot be varied
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to give the best possible fringes, and so the other
conditions must be fulfilled stringently to get the best
results and they will be discussed in some detail.

The ideal intensity distribution in a fringe
formed by an infinite number of beams can be obtained by

o\ SDA in this

the use of the Airy summation (e.g.
summation it is assumed that the number of beams combin-
ing to form a fringe is infinite, and the fringe distri-

bution observed in practice differs from the ideal by an

amount depending on the actual number of beams vdiich combine

to foim a given fringe. If the surfaces of the inter-

ferometer were perfectly plane and parallel to one another,

the fringe intensity distribution would be the ideal one
given by the Airy summation, the path difference between
each pair of beams being if the mediumbetween
the surfaces is air. If, however, the interferometer is
a wedge, the phase difference between each pair of beams
is slightly different from the ideal, and it can be shown
that for normal incidence to a rough approximation, the
path difference between the 1st beam and the 'ﬁftis
ZKr —* A , Where is the separation of the
surfaces at the position of the 1st beam, and ¢ is the
wedge angle of the interferometer. Thus the beams of

higher order tend to oppose the Airy summation, until, if

{52

)
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jg N~ N % , this beam is directly opposed in phase
to the 1st beam. The effect of this departure from the
ideal condition is to broaden the fringes, and it is obvious
that the sharpest fringes will be obtained when #* and £
are as small as possible. The value of , if the
interference fringes are lmm. apart, a customary value,
should be of the order of -Ql mm or less. An exact
treatment of the deviation of the practical wedge inter-
ferometer from the ideal case is given by Brossel*"®*.
Another assumption in the theoretical treatment
of an interferometer is that the incident beam is perfectly
parallel. In practice of course this is never the case.
The broadening of the fringes caused by lack of perfect
collimation has been described by Fabry), and it can
easily be shown that the broadening caused by a given
variation in the incidence angle is least when the inter-
ferometer separation is small. #ien * 1is of the order
of *01 mm., a tolerance of i 1° in the collimation of
the incident beam will not increase the fringe width by
more than A of the separation between one fringe
and the next. Similarly the theoretical treatment assumes
the incident light to be perfectly monochromatic. The
finite line width of the source used in practice will
cause a broadening of the interference fringes by an

amount whiich again is directly properticual to the
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separation of the interferometer surfaces, and which is
therefore small when # is small.

If at normal incidence, the interferometer gap
is *01 mm., when the wedge angle is such that there is one
fringe per millimetre along the interferometer surface, the
fringe width vd.ll not exceed the theoretical width by more
than YZzjoo” of the order separation of the fringes, all
the effects vdiich cause fringe broadening being reduced
for small values of A . At non-normal incidence however,
another effect arises which cannot be removed. The beams
which combine to form a fringe at normal incidence come
from a very small region of an interferometer, for the
values of ”~ and C given, the sixtieth beam comes from
a point only *025 mms. away from the first beam. However
when the incidence angle is increased, obviously the linear
displacement of the interfering beams is greatly increased,
at 60° the sixtieth beam comes from a point 2 mm. away from
the first beam. This means that where at normal incidence,
a very sharp fringe will follow the smallest contours of
the surface, e.g. polish marks on an optical flat, at non-
normal incidence local structure is masked, and the fringes
are broadened since the phases of the interfering beams no
longer obey the strict theoretical law.

In Figure 18 some photographs of the fringe

doubling using fringes of equal thickness and fringes of



40*

50 R-0090
60'
65%
@)
60
(fm O SO

[l

40
0 90

65'

FIGURE 18.



90.

equal chromatic order are shown, the normal incidence
reflexion coefficients of the interferometer surfaces
being shown in each case. The increased doubling of the
fringes as the angle of incidence increases from zero to
the maximum obtainable with the turntable used, 70°, is
clearly shown. In the Fizean fringes taken with a reflexion
coefficient of 0%90, the loss of the surface detail apparent
at normal incidence with consequent increase of fringe width
as the incidence angle changes from 0° to 45° can be seen.
Two striking features of these fringes are
immediately “parent. First the great difference in fringe
width for the two components, at high angles of incidence,
and second the reduction in the maximum intensity of the
shaiper fringes as the incidence ange increases. Figure 19
is a microphotometer trace of the fringes shown in Figure 18,
for a reflexion coefficient at normal incidence of 0%50,
in which the relative sharpness of the two components is
clearly shown. It should be noted that the vertical axis
in this trace is one of plate blackening, not of intensity,
and so the relative intensities of the fringes cannot be
compared by the trace. The difference in sharpness of
the fringes is the result of the variation of the reflexion
coefficient of the metallic layers with incidence angle
for the two components. The reflexion coefficient for the

component polarised parallel to the plane of incidence
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falls to a minimum value somewhere in the region of 55%

to 75°, the minimum value and the angle at which it occurs
varying with the metal, and with the thickness of the layer.
The reflexion coefficient for the peip)endicularly polarised
component rises steadily with increasing angle of incidence.
Thus the fringes for the parallel component are broader at
high angles of incidence, whilst those for the perpendicular
component are finer, than at normal incidence.

The reason for the difference in the maximum
intensity of the two fringes is less obvious. It was
suggested by Tolansky**"** that the metallic layers of silver
used in his experiment exhibited a differential absorption,
absorbing the pei“endicularly polarised component more
strongly than the parallel component. However measurements
made with the photometer, described in Chapter I of this
Part, on the transmission and reflexion properties of fairly
thick silver layers show that this is not the case, and
also enable the difference in intensities to be explained.
Figure 20 shows the variation of the reflexion coefficient

, and the transmission coefficient, ~ , wnth the
angle of incidence, as measured for the two components.
The absoiptions, /9 " are also plotted. Now the
maximum intensity of an interference fringe is given by

and it is seen from Figure 20 that as the incidence

increases, the absorptions for the two components remain
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roughly constant, hut the transmission of the parallel
component increases whilst that of the perpendicular
component decreases. Thus it follows immediately that
for the parallel component the ratio decreases, and
hence the maximum intensity increases, but for the perpen-
dicular component, this ratio increases and the maximum
intensity falls. It should also be noted that at high
angles of inciddnce glass transmits the parallel component
much more readily than the perpendicular one, and so the
glass supports for the films account for some of the
intensity difference.

In addition to the measurements on transmitted
fringes in the manner described, it is also possible to
observe the doubling in the reflected system of fringes.
The experimental arrangement is obviously more awkward
since either the collimating system or the camera system
has to move round as the incidence angle changes. There
is also a serious disadvantage inherent in the nature of
reflected fringes. These fringes, for films of reflexion
coefficient greater than 0*50, are fine dark lines on a
bright background, and consequently the visibility of a
system of doubled fringes is poor since the bright back-
ground for one component tends to obscure the dark fringe

for the other. This difficulty can be partly overcome by
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the use of a device composed of two sheets of *Polaroid'
placed side by side with the line between them bisecting
the incident beam. The axes of the sheets are arranged

so that one half of the field is polarised in a direction
perpendicular to the direction of polarisation in the
other half. Each set of fringes is seen unobscured in one
half of the field and measurements of the doubling can be
made along the line of intersection of the two halves.
Since, however, the polaroids cannot be placed in the same
plane as the fringes, this line of intersection is out of
focus and there is some loss of visibility in the centre
of the field. A photograph of some reflected fringes
using this system is shown in Figure 21. The use of the
reflected system is necessary in the case where measurements
are carried out on an opaque metal surface, and this
technique has been used in the present investigation, with
results to be described later.

Before proceeding to a discussion of the sources
of the errors of measurement in this technique, the question
of the evaluation of the doubling from the actual measure-
ments on the fringes of equal thickness must be mentioned.
In the equation of the last chapter, 2*S , the value of
ZS was shown to be equal to 4 * , Where ,

were the distances of the fringes from some

arbitrary origin. This case was however derived for a
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theoretical wedge interferometer, the separation between
successive pairs of fringes being assumed to be constant.
In practice, with the average optical flat, the pressure
necessary to obtain the required small interferometer gap
is generally sufficient to causea slight buckling of the
flats, with a consequent variation along the interferometer
of the order separation, i.e. the quantity % . It is
therefore necessary to take the value of the order separation
which holds at the doublet being measured, and to do this
the average of the order separations for the two components
is measured. If the doublet being measured is
the series of fringes , Nip A35, , then
the average order separation at the central doublet is
- *35), and the value for * s

AxN)/ i This method of
approximation is the same as that due to McNair for the
Lummer plate interferometer, quoted by Tolansky """, It
is important to note that it is only correct vhen the
order separation between the various sets of fringes is
either nearly constant, or varying slowly in a uniform
manner, and if measurements are made under any other
conditions serious errors are likely to result. It should
be noted that this difficulty does not arise in the case

of measurements with fringes of equal chromatic order,

since in that case the section of the interferometer
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imaged at the speotroeoope slit is of oonstant thickness,
and hence the wavelength dispersion of the fringes is
perfectly constant.

Measurements or fringes of equal thickness are
made by setting the cross-wire in the eyepiece of an
accurate comparator on to the centre of each fringe in turn.
The accuracy with which this can be done obviously increases
as the sharpness of the fringes increases, and so is greatest
for fringes produced in interferometers with high reflexion
coefficients. In the case of the measurement of relative
phase change, this means that the accuracy of measurement
on the fringes given by the parallel component is always
the lim iting factor, since these fringes are the broader
of the two sets. In addition to the increased broadness
of the fringes at low reflexion coefficients there is
another source of increased errors in this case. When the
reflexion coefficient of the parallel component is very
low, it is so broad that it tends to impair the visibility
of the sharp perpendicular component. It is seen in the
microphotometer trace of Figure 19 that for a normal
incidence value of R of 0*50, this is already happening
to a certain extent. If the normal incidence reflexion
coefficient is only 0*30, the reflexion coefficient at an

angle of 60° may only be 0*10, and this effect then very
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seriously affects the accuracy of measurement. Figure 22
shows the doubling of fringes in an interferometer between
two very thin silver layers, whose normal incidence
reflexion coefficient was only 0%*20. It can be seen that
accurate measurement of this doubling is very difficult
indeed.

Another source of error lies in the correct
focussing of the image of the fringes on to the photographic
plate. It has already been mentioned (Chapter 11 of this
part) that for an ideal wedge interferometer the fringes
are localised in a plane perpendicular to the axis of the
system, and so all the fringes should be in focus at any
one time on a photographic plate. In practice, however,
the plates are generally very slightly curved, and the
surface of localisation of the fringes is no longer a plane.
This produces an apparent change in the doubling of the
fringes in an image on a photographic plate as the plane
of correct focus moves through the image of the fringes.
This effect was totally unexpected and was found through
a closer investigation of some apparent anomalies in the
behaviour of thin layers. No attempt has been made to
explain it theoretically but some experimental measurements
of the magnitude of the effect were made.

The projecting lens, of 5 ecm. focal length, was

moved in 1 mm steps through the position which appeared
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visually to give an image in correct focus, at a magnifi-
cation of about four. A total movement of 6 mm was made,
and the doubling measured for each position for three
different values of the wedge angle and interferometer gap.
When the gap and wedge angle were such that there were
twelve doublets per cm., the apparent change in doubling
caused by the 6 mm movement of the projecting lens was
°043 of the order separation. When there were seven doublets
per cm., the movement of the lens produced an apparent
change of *031 of an order, and wdien there were four doublets
per cm., a change of %026 of an order. This effect is
therefore least “en the interferometer gap and wedge angle
are at a minimum, and all measurements were subsequently
made with a dispersion such that there were no more than
four doublets per cm. of field.

When the reflexion coefficient of the surfaces
was high, it was found that the position of correct focus
could be estimated repeatedly to well within one mm. in the
position of the projecting lens, and so the error intro-
duced by this cause was less than *004 of an order separation,
When however the reflexion coefficient was veiy low, say
less than 0%30, the position of correct focus of the fringes
could not be estimated to any better than t 2 mm. and so

an error of -0l of an order is introduced from this cause.
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Both these sources of error have been shown to
increase with decreasing reflexion coefficient of the
surfaces of the interfercmeter. Using generally Fizean
fringes of equal thickness, and occasionally fringes of
equal chromatic order, at least forty determinations of
the relative phase change have been made, for surfaces of
reflexion coefficient varying between 0*20 and 0*94. Taking
all these results into consideration, the experimental error
in the detenaination of the relative change of phase by this
method, expressed as a fraction of the wavelength of the
incident light, varies from + %002 X for the optimum case
of fL> 0*80, to = .005 " for A< 0*%30. If the
relative phase change is expressed as an angle, this
corresponds to = 0*7" for the optimum case, and =+ 2° for
the worst case. This corpares unfavourably with the error
in estimation of the angle of principal incidence by,o'Bryan
of i 0*”, and the errors in determining the relative
change of phase by Drude's method of <+ .QOl *

As a method for the determination of relative
change of phase the interferometric technique has one main
advantage over polarimetric methods in that the apparatus
used is simple to construct, and inexpensive. It also has
the additional advantage that the doublings can be recorded
photogr”hically and the measurements made at leisure, as

opposed io the laborious visual observation necessary with
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most of the polarimetric methods. This is particularly
the case vdien the variation of Z\ with wavelength is
required, since the lAhole visible range can be covered
in one photograph of fringes of equal chromatic order,
w hilst the polarimetric method would require a dozen or
more separate estimations with a half shade eyepiece or
similar device.

As against these advantages, the technique has
a number of serious limitations. Ihe accuracy obtainable
does not approach that obtainable by Drude's method, though
from the point of view of the detenuination of optical
constants this is not quite so serious a drawback as it
seems, since we have seen that there is little need for
very great accuracy in this connection. Perhaps the most
severe limitation is the falling-off of accuracy with
decreasing reflexion coefficient. The technique is little
more than half as accurate for deteimining the relative
changes of phase occurring on reflexion at metals such as
Chromium or Copper, as it is for metals like Silver and
Aluminium.

Another disadvantage in certain cases is that
the technique requires two layers, one for each surface
of the interferometer. Now it is not difficult to produce

two layers of practically identical optical characteristics.
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if they are so thick as to have only a few per cent trans-
mission. The optical properties of films of this Kkind,

such as those used for general interferometric work, vary
but slowly with thickness. However if it is desired to
measure the variation of the relative change of phase with
the thickness, it is found that the variation with thickness
becomes appreciable at thicknesses below 3 5 0 and it is not
an easy matter to produce two identical films. Even with
the horizontal evaporation plant described in Part il.

Chap. I, a small amount of oxide or other 'scum' on one

side of the filament can cause a marked difference in the
thickness and the properties of two very thin films produced
at the same time in the plant.

One method of overcoming this difficulty is to
match the thin film with a freshly prepared thick one whose
properties, it will be shown, can be relied upon to be the
same as others measured of the same order of thickness.

The doubling is then due, not to twice the relative phase
change at either of two identical films, but to the sum of
the relative phase changes due to the thin film and the

thick one. This process might at first sight appear to

lead to an increased accuracy, since the fringes in the
'mixed' interferometer will be shaiper than with one composed
of two films of low reflection coefficients. However if the

doubling in the former case can be measured to — %004 X ,
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and thick films relative phase change is known to ,
the value for the relative phase change at the thin film
is only accurate to i*006 X

A further disadvantage of the interferometric
method is that it is not possible to carry out the measure-
ments without removing the films from the vacuum in vAiich
it was deposited. This means that the films may be con-
taminated during the adjustment of the interferometer, etc.,
and false results ensue. It is generally possible to make
the ccmplete experiment for the measurement of relative
phase change, including measurement of the variation with
wavelength using fringes of equal chromatic order, within
one hour, and so only metals which are rapidly contaminated
in air will undergo any serious change during measurement.
It may be possible completely to overcome this difficulty
by covering the film with cedarwood or other oil of known
refractive index immediately upon removal from the vacuum
chamber, and forming the interferometer with this oil between
the plates. It would of course be necessary to modify the
interpretation of any results obtained to account for the
refractive index of the oil.

From the point of view of the deteimination of
the optical constants of the metals, it is seen immediately

that this method is best suited to those metals of high
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reflexion coefficient. Since the measurements are most
conveniently made in transmission, it follows that the

metals must be in the form of layers having at least one

or two per cent, transmission. It must be decided for

each metal layer used whether or not the layers can be
considered characteristic of the metal in bulk. The questions
affecting this decision have been discussed in detail in

Part I of this thesis.
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THE RESULTS OF TBE EXPERIMENTS
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Introduction

The experiments that have been carried out using
the optical techniques described, can be grouped under three
headings, measurement of the normal incidence properties of
silver and aluminium, a study of the non-normal incidence
reflexion characteristics of silver layere, and the deter-
mination of the optical constants of layers of copper, tin,
speculum and a tin-nickel alloy. Each of these sections
w ill form the subject of a separate chapter, but since the
overall experimental procedure was similar in each case, it
can be described here.

All the layers used were d”*osited on to glass
substrates in either of two evaporation plants described.
The particular plant used will be described in the discussion
of the results. After deposition, the coated substrates
were removed from the vacuum chamber and the optical measure-
ments carried out immediately. First each layer in turn
was placed in the photometer and the intensity coefficients
measured, both atanoimal incidence and at non-normal incidence
for the detemination of the ellipticity of the light
reflected at these angles. The layers were then combined
with each other (or with a freshly prepared thick layer of
silver as described in Part ill. Chapter HI) to form an

interferometer for the measurement of relative phase change.
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In all cases the optical measurements were completed within
two hours of the time of deposition. When these measure-
ments were done, in those cases Wiere the thickness of the
layer was measured, a thin strip of the film was removed
and an opaque layer deposited in the vertical evaporation
plant in as diort a time as possible.

Since these measurements were made in the minimum
time in each case, no systematic investigation of the variation
of the observed quantities withL time has been made. The
possible effect of any 'ageing' of the film during the
measurements will be discussed in each particular case.

The measurements of the normal incidence reflexion
coefficients will be discussed first, since they are not
closely related to the application of the techniques
described to the measurement of ellipticity and relative

phase changes, vhich is the main purpose of the work.
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NORMAL. INCIDENCE PROPERTIES OF FILMS OF SILVER MB ALI3MINIIM

Chapter 1I.

The reflexion and transmission coefficients at
normal incidence of a number of films of silver and
aluminium have been measured. .Silver films were produced
in both the evaporation plants, aluminium films in the
vertical plant only. The angle of incidence at #iich the
coefficients were measured was in practice 5° but the
variation of the coefficients with incidence for unpolarised
light is such that in all cases the coefficients at this
angle can be taken as the normal incidence coefficients
within the accuracy of these measurements.

The intensity coefficients of the films of silver
for incident light of mean wavelength 5400 A are shown in
Figure 33. The reflexion coefficients are plotted as
ordinates, the transmission coefficients as abscissae.

The advantage of this method of representation over the
more usual plot of the coefficients against a thickness
axis has already been mentioned in Part I, Chapter IV of
this thesis. The uncertainties in the thickness measure-
ments are avoided, and the absorption of any particular
layer can be quickly detemined from the graph, since it

is represented for any particular transmission coefficient,
by the vertical distance from the point to the line of

slope 45" which represents zero absorption.
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In Figure 23, the points represent the films
measured, the thick line is the mean of the observations
of Strong and Dibble, showing the variation of reflexion
with transmission coefficient for their and * -type
films. It is clear at once from Figure 23 that the films
measured here correspond quite closely to the films of
Strong and Dibble.

It is also obvious from this figure that the
scatter of the experimental points about a mean curve is
very much greater than the experimental error associated
with the measurements for each point, which is not greater
than 2: O'oi.in the value of either coefficient. The
causes of these deviations were discussed when the results
of previous workers were being compared. The scatter of
the exp Bimental points of strong and Dibble is shown by
the vertical dotted lines in Figure 23, and since they
measured a very large number of films this order of deviation
must be regarded as usual when films are produced in this
manner. It must be noted, however, that despite the improve-
ment in the pressure characteristics of the laboratory
evaporation plant when the cold trap was added (see part II,
Chapter 1), and the absence of any visible contamination,
the scatter of points representing films produced in this
plant is no less than for those produced in the vertical

plant without any cold trap.
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Hie fairly good agreement shoiwn on this represen-
tation between the measured values and the values recorded
by Strong, vanishes when the reflexion coefficients measured
are plotted against a thickness measurement for the films,
obtained in the manner described. This is done in Figure
24, the abscissae being values of the mass per unit area
present in the film. Values of the thickness of the film,
defined in the manner discussed in Part II, Chapter 11,
are also included. The continuous line represents the
mean of the experimental points. The mean of the results
of Rouard ( c¢”. Figure 4) and Strong are also shov/n, together
with a curve calculated from the values of the optical
constants for opaque evaporated layers of silver, given
by Hass (28). This latter curve was confuted from the
formulae given in Part I, Chapter II.

The agreement between the results of these
experiments and the theory is poor, as is also the agree-
ment between Strong's results and the theory. Here the
values of the mass per unit area obtained by strong by
weighing are taken as correct . No doubt some of the
discrepancy is due to the differing methods of thickness
measurement employed, but a question which remains un-
resolved is the reason for the large differences between

the work of strong and the writer, and the work of Rouard,
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the latter'8 work agreeing fairly well with the theory
for values of thickness greater than 150/7. No further
investigation of this phenomenon was made, since it lay
outside the scope of this WDrk

The normal incidence measurements were primarily
undertaken to be of assistance to workers in this laboratory
using the techniques of multiple beam interferometry, and
in this connection only values of reflexion coefficient
greater than 0%*50 are of interest. The representation of
the results by plotting R against T is again the best
from this point of view since the important factor, the
absorption for a given transmission, can be directly
observed, and no measurements of thickness are required
to plot the curve.

Since, in all the interferometric done in this
laboratory, the layers are deposited in the vertical
evaporation plant, only films produced in that plant will
be discussed from this point of view. Figure 25 shows the
results for the reflexion and transmission coefficients
for a number of silver and aluminium films produced in
the vertical plant, for three different wavelengths, 4,500,
5,400 and 6,100 A.

Now, the maximum intensity of an interference
fringe fomed in a transmission interferometer with reflectors

of transmission I and absorption A is {1t '
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In order to obtain the maximum intensity, the ration
must be as small as possible.
From the curves of Figure £5 it is seen at once

that silver films are greatly superior to aluminium films

at the wavelengths studied, the values of for silver
films being roughly half those for aluminium films. The
values of found for these silver films are in very

close agreement with some measurements made using different
optical techniques on films produced by evaporation by
Bright, Jackson, and Kuhn"*AMA,

Inspection of Figure 25 reveals however that
these values of the ratio taken from the mean curves
are not reproducible to any great degree. The scatter of
the experimental points is such that when successive films
are evaporated in the plant under apparently identical
conditions, variations in ratio of up to 50" must
be expected for silver films. It was at first thought
that a large part of this variation was due to the fact
that the actual pressure at which evaporation takes place
in the vertical plant is not known, since the pressure
gauge is insensitive below !0 of Eg. However we
have seen from Figure 25 that films produced in the
laboratory plant, in which the pressures can be measured

comparatively accurately, show variations of the same order.
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The variations in the value of for aluminium
films are greater - of the order of 100" in some cases. A
recent study of the optical effects of the oxidation of
aluminium layers on exposure to the atmosphere, by cabrera
and Terrien/*0O), has shown that the variations are almost
entirely due to this cause. The oxidation processes are
only complete after several days, and the changes produced
by them in the first two hours after production are very
large.

The existence of these variations in the absorption
means that in general use, this evaporation procedure cannot
be relied upon to give strictly reproducible films for
interferometric purposes. In the general applications of
this technique in transmission, sources of high intensity
are used, and an occasional highly absorbing film is not
a serious handicap. However when an interferometer is used
in reflexion the visibility of the interference fringes
depends critically upon the absorption of the front surface
of the interferometer( ), and it is occasionally found
that a film is produced which is very poor for this purpose.
Also because of these variations, it seems of little use
to calculate values for functions relating the intensity
efficiency of an interferometer to the reflexion coefficient
of its surfaces, as Bright, Jackson, and Kuhn have done,

since the values obtained are only reproducible between

successive evaporations to — 50%.
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Another point of interest which arises from
these results concerns the rate of evaporation, strong
and Dibble in their work calculated the thicknesses of
their deposits from measurements on the time taken to
deposit the layer and the geometry of the system. They
then assumed these to be correct and 'corrected' values
obtained by weighing to agree with these values, in the
experiments described here, the time of deposition was
measured in each case. A table is given below showing the

time taken to deposit a layer and its reflexion coefficient.

Time (secs). 27 20 15 15 12 12 10 iQ
0%*90 0*90 0-86 0.07 0*87 0*77 0*68 Q.62

This table ~“diows that measurements of the time
taken to deposit the layer are only a very rough guide to
the reflexion coefficients obtained. The reason for this,
in the commercial plant, is that the silver wets the
molybdenum and spreads out to a different area for each
evaporation, and so the area of the source is different
in each case. Strong and Dibble used a tungsten spiral
coated with silver, and it might be expected that the
source area in this case is more constant than with a
molybdenum boat, but even so large variations in the

reflexion coefficient of layers #iich take the same time
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to deposit might be expected. It was for this reason that
the values given by Strong and Dibble were changed to a

basis which assumed their weighings to be correct.



NQN-NORMAL THGIDENCE PROPERTIES OF FILMS OF SILYSR

Chapter 1II.

The ellip ticity and relative phase change occurr-
ing on reflexion at layers of silver of various thicknesses
between 100 and 600 have been measured for angles of
incidence of up to 70°. This study had two main objects.
First, the variation of the quantities ~ and /I with
the thickness of a thin layer has not been previously
examined. Secondly, it was desired to find whether the
properties of layers of 'interferometric* thicknesses, that
is only slightly transparent, were identical with those of
the surface of a material in bulk, and also from the thick-
ness variation to determine the lim its of transmission and
thickness, below which the properties of the layer diverged
from those of the metal in bulk.

In Figure 26 the ellip ticity of the light reflected
from a silver layer (45othick, reflexion coefficient
0%90, transmission 0*04) is shown for various angles of
incidence, the mean wavelength of the light being 5400
The experimental errors of = 0%¥01 in any value of the
ellip ticity ~ are shown in the Figure. The values to be
expected for reflexion at the surface of a bulk metal have
been calculated from the formulae of Part i. Chapter I,

1*3 , using the values for the optical constants of
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silver given by Hass*""*A, r\ = 0*%177, H « 18%60, ( = 5461A).
These values are also plotted in Figure 26 and it is seen
that for this film the variation of the measured ellip ticity
from the theoretical value for bulk solver only exceeds the
experimental error of +1% for angles of incidence above
68°.
The variation of the relative phase retardation

A, expressed as a fraction of the incident wavelength
(5461ft), with the angle of incidence is shown in Figure 27.
The experimental values shown were those obtained using
Fizean interference fringes in a number of interferometers,
the common characteristic of -which was that the transmission
coefficient of the layers foiming them never exceeded 0*07.
No systematic variation of the relative phase retardation
within these limits was observed, m Figure 27 the continuous
line is not the mean curve through the points, but is the theor-
etical curve, computed for the case of reflexion at bulk
silver, using the values of the optical constants quoted.
The variation of a curve through the experimental points
from the theoretical curve would not exceed the experimental
error of = *002 ~ for angles of incidence less than 60°
and only by very little more than this for the higher angles
of incidence less than 60° and only by very little more than
this for the higher angles of incidence. The angle of

(27) .

principal incidence found by O’Bryan is also plotted,
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and an extrapolation of a curve through the experimental
points would pass very near to this point.
It should be noted that values of ”~ shown in

Figure 27 and in succeeding figures are expressed as a fraction
of the incident wavelength, and are directly calculated from
the fractional order separation of the doubled interference
fringes. These curves indicate a value of »~ = O , for

A . However, it can readily be shown from the
theory given in Part I, Chaps. I and II * Drude®”),
Winterbottom****, Born**”")) that for 9 = 0 ~ , * = ft ,
and that if the values of given here are transformed
into angular measurement, then the angle corresponding to a
given fringe shift is equal to ( ) radioms. This
is of importance vhen these measurements are used to cal-
culate values for the optical constants, since the angular
measure of ~ is required for substitution in the formulae
of Part I. 1In passing it may also be mentioned that the
shift of the dark bands in a Babinet compensator, used in
Drude*s method for determining , when transformed into
an angle is also equal to ( 9k — ), the interferometric
and polarimetric methods being alike in that one cannot

distinguish between a relative phase shift of zero and one

of ~ (V 2).
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Also stiown dotted in Figure 27 is the curve
obtained by Tolansky in the original work using the inter-
ferometric technique(G”). This curve follows the present
values very closely for incidence angles of up to 60° and
then suddenly diverges from the theoretical curve. The
reality of this divergence was carefully checked by Tolansky,
but a thoroughly satisfactory explanation for it has not
been found. One possible ezplanation is that it is an
fageing* effect. The films used by Tolansky in the original
experiment were several months old, and it was suggested
that the effect may have been caused by the presence of a
fairly thick layer of oxide on the surface. Some films
used in the present investigation were left in the open
laboratory for periods of up to three weeks and re-measured,
but no change was ever observed of the order of magnitude
of this effect.

The variation of * with wavelength for films
of this order of thickness was measured very early in the
investigation, using fringes of equal chromatic order. The
results are shown in Figure 28. %hen * is expressed as
a fraction of a wavelength, it decreases steadily towards
the red for all angles of incidence, but it is expressed
as an angle, it remains nearly constant. The calculation
of ~ from the measured wavelength was made assuming the

term ”~ in the equation 2-10 of Part ill to be zero, and



FIGURE 28. SILVER

025

020

olo

0 05

4500

/\AM.

5000 5500

6000

6500



117.

the fairly close agreement between the values taken from
the fringes of egual chromatic order (Fig. 28) for

/\' m 5461/? , and the values from the Fizean fringes
(Fig, 27) show that in fact the term yg for silver must
be veiy small. The experimental errors in these early
measurements in Figure 28 are too large for any further
conclusions as to the magnitude or sign of the quantity

to be drawn.

The variations of ~ and with the thickness
of the layer, at a fixed angle of incidence for a wavelength
of 5400/?, are i“own in Figures 29 and 30. The incidence
angle was 65*. This angle was chosen as a compromise
between the desire for as high an incidence angle as possible
to decrease the percentage errors in the measurement of * .
and the decrease in effective size of the interferometer
for the measurement of * with increasing incidence angle.

Consider first the measurements of the ellip ticity,

A, Figure 29. The errors cf measurement both of ~ and
of the thickness, cL , are shown in the figure, together
with a theoretical curve calculated using equation 2*3 of
Part I. A comparison of the theoretical and ezperimental
curves *.Lows that for values of "~ between 300 and 200 " ,
the experimental values are higher than the theoretical by
a slight, butsignificant, amount, and for values of less

than 1507, the experiemental values are considerably below
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the theoretical ones. It appears likely that the marked
divergence of the values of p from the theoretical curve
for very thin layers is due to a change in the optical
constants of the layer similar to that observed by Rouard,
Krautkramer, etc., for the normal incidence reflexion
coefficients.

*Bie variation of p with (i in Figure 29 shows
that for a layer to give ellipticities identical to within

+ with those given by reflexion at a bulk metal

surface it must be at least 450/9 thick. Using the data
of the previous chapter (Figures 23 and 24) this means
that the layer must have a reflexion coefficient greater
than 0*90 and a transmission less than 0%04 (~. Fig. 26).

Figure 30 shows the variation of the relative
phase ,change, * , with the thickness, cL . It is seen
that within the lim its of accuracy of the experiment there
is no significant difference between the experimental points
and the theoretical curve down to the smallest thicknesses
measured, 125/9 . It should be noted that the experimental
error increases with decreasing thickness for the reasons
discussed in Part III, Chapter III. Some of these points
were obtained using an interferometer composed of two layers

of nearly identical thickness, the mean thickness being
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given in the graph, and others using one layer of the thick-
ness shown, and one layer greater than 400" thick, for
which a value of taken from Figure 27 was used, jt can -
be seen from the graph that the value of * for reflexion

at a layer of thickness not less than 350A is the same as
the value of A for reflexion at the surface of bulk silver
to within l€.

In considering the use of the techniques described
in this work for the determination of the optical constants
of bulk materials, using evaporated layers as characteristic
surfaces, the conclusion to be drawn from these measure-
ments is that whilst the layers used in the interferometer
can have transmissions of up to 0*07 and still yield values
of A equal to the bulk metal values, the values of *
obtained decrease fairly rapidly from the bulk metal value
as the value of the transmission increases beyond 0*04.
When the technique is used with metals, such as silver,
which shows a con”aratively low absorption in transparent
layers, measurements on YO and A can both be made on the
same layers, of transmission say 0'02. However, if highly
absorbing metals are to be investigated, a transmission of
only 0*%02 yields a very low value for the maximum intensity
of the interference fringes used in the measurement of A
(dependent upon j/(/f 4") ). For metals of this kind a

more satisfactory procedure would be to prepare a number
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of opaque or very nearly opaque layers for the measurement
of the ellip ticity, and to prepare layers of transmission
about 0*05, for the measurement of the relative phase change.
Finally, it can be mentioned that the optical
measurements given here, suggesting a minimum thickness of
450 A for layers of silver to be characteristic of the bulk
metal, is in agreement with the observations of workers

using other techniques, quoted in part I, Chap. TV.



Ck
THE OPTICAL PROPERTIES OF~TIN, SfECUliM AND A TIN-NICKSL ALLOY

Chapter HI.

The techniques described have been used to
investigate the optical properties of copper, tin, speculum,
and a new alloy believed to be e The measurements
were made on thick evaporated layers of these metals and
alloys, and the optical constants calculated from the
measurements. In order that the optical properties observed
could be taken as those of the bulk material, the layers
were deposited to the orders of thickness (as indicated
by the transmission) suggested by the results described
in the previous chapter on the variation of the properties
of silver layers with their thicknesses.

The different metals and alloys will be discussed
separately.

Copper.

Measurements were made on eight thick layers of
copper, produced by evaporation in the horizontal evaporation
plant. Four of these layers were opaque, or very nearly
so ( I'< 0'0l), and four had a transmission of about 0%05.
The opaque layers were used for the measurement of the

ellip ticity, #~ , and the slightly transparent ones for

the measurement of the relative phase change, *
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The variation of the reflexion coefficients for
the parallel and perpendicular components with the angle
of incidence for one of the opaque layers is shown in
Figure 31. A comparison of this figure with the variation
of reflexion coefficient with incidence for silver layers
as shown in Figure 20, shows at once that the difference
in the reflexion coefficients at a given angle of incidence
is much greater for reflexion at a copper surface than at
a silver one.

Correspondingly, the values of the ellip ticity,

A, at a given angle are much less for copper than for
silver. The values of ~ obtained for the four opaque
layers of copper are plotted against the angle incidence
in Figure 32. The values of * obtained by matching the
four slightly transparent layers for two interferometric
determinations are shown in Figure 33.

From the values of yO and wA thus obtained,
the optical constants of these layers were determined. The
formulae due to Drude, quoted in Part i, Chap. I, 16 ,
were used, the calculations being made for four angles of
incidence 50°, 55°, 60°, and 65°. The various stages in
the calculation are shown in the table below. Also in this
table is included a column showing the magnitude of the

errors arising in the various quantities involved in the



1.00

0.00

0-60

040

0-20

1-00

0-80

0-60

040

020

A'5400A

FIGURE 3l.
COPPER

20 40’ 80’

FIGURE 32.
COPPER

20 40 60’ 80’



123.

calculation, and in the final values for T and /< ,
arising from errors of £ O'Ol in the value for #* , and
+ -003 ~ in the value for ]S .
9 So” 5~n 6N
u> 33® <ff- /t.0 * Or- 5/® ' A—<(™® = /®

78"-zo' 75'%-30' T2.® lo'  70'-44-' + 3o’

67-4-7" + 4.0

F 712®- /<? 6»® 38' " ®3)/ 53r® 4-9' + 4-0'

S ! 7z er6 2-97 2 GI7 + 0 08

liau A —57-47 + 0-4-
k - 2-22% 0'!

™v - h!o —0'07 i
1

The values found, «Iv =1*0, /r = 2.3, for the
optical constants of copper for A =5400 0, can be checked
roughly by calculating from them a value for the normal
incidence reflexion coefficient, * , by the formula 1¥lo
of Part I, Chapter I, and comparing this with experiment.
From calculations, the value for is 0*59 0*04 and,
from Figure 31, experiment gives K - 0-57 =+ *01, and
so within the accuracy of the calculations there is agreement.

The error of £ -003 * quoted for the measure-

ment of is greater than the + «002 A quoted for
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the measurements on thick films of silver. This is because
of the much lower reflexion coefficient of the parallel
component in this case, and consequent loss of accuracy

in the measurement of doublet separation. This point is
better illustrated by a comparison of Figure 35, irthich
shows some interference fringes used for measuring for
these copper films, with Figure 18 (a), the corresponding
fringes with highly reflecting silver films.

In the curve of Zi against angle of incidence,
© , shown in Figure 33 two values obtained by Lowery,
Wilkinson, and Smare( ) are also plotted. It is seen that
there is excellent agreement between these values and the
values obtained here. However, from their results, Lowery

and his co-workers calculate the optical constants for
copper to be * = 0%¥90, A" « 2*1. The reason for the
difference appears to be in the fact that these workers
have not taken into account the fact that the shift of
interference fringes or bands in a polarimetric compensator
caused by the relative phase change is equal to an angle
of 97" A , not A , as was mentioned in the previous
chapter. Lowery, Wilkinson and Smare only made measure-
ments at one angle of incidence, 70° and this angle is
near to the angle of principal incidence, i.e. is near

to % , and so the error introduced is comparatively small.



FIGURE 33.

COPPER
030
A= 5461A
025 ,
0.20
015
0.10
005
20 40 60
FIGURE 34.
COPPER
100
3-60
4500A SCXX3A S500A
020 —
o
als
4) .

80



125.

The variation of the quantities * and A with
wavelength has also been measured for two angles of incidence,
55 and 65°. These variations are shown in Figure 34. The
values for ~ are subject to considerable error owing to
the uncertainty of the mean wavelengths given by the filters
in the system used. The values for A were obtained by
the use of fringes of equal chromatic order, each wavelength
being accurate to darS™.

The values obtained for the optical constants
of these evaporated layers of copper are in good agreement
with the values given for the bulk metal, for | = 5400 A,
in the International Critical Tables, v - 1%07, /e = 2%*285.
However Lowery and his co-workers**"' ) have demon-
strated the extreme sensitivity of measurements on copper
surfaces to differing methods of surface preparation, and
so in a sense the degree of agreement obtained must be
regarded as fortuitous. However values have been obtained
for electrolytically deposited copper of = 1-58,

A « 1*78 ( » = 5400A ), and for cathodically sputtered
layers(?5) A «0*90, km 2»70, and so it seems that
layers produced by evaporation resemble the structure of
the massive metal more closely than layers made by electrolytic

deposition or by oathodie sputtering.
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Tin

A similar procedure to that employed for the
determination of the optical constants of the evaporated
layers “was followed for measurements on eight evaporated
layers of tin. The only difference between the two
experiments was that in this case the values of and
A were only determined for one angle of incidence, 65°.

The variation of the reflexion coefficients with
incidence angle was measured for one of the films and is
shown in Figure 36. one of the sets of fringes used for
the determination of ” for these layers is shown in
Figure 37, and from this it can be seen that the order of
accuracy of these measurements is the same as that for the
measurements on the copper films.

The mean values for the ellipticity and relative
phase retardation on reflexion at an angle of 65° at these
layers were ~ = 0*73 + *01, and = "o6 X — *003 X.
Using the same foimulae as for the determination of the
constants for copper, it was found that for these tin layers

= 2%4 A~ 0*2, A. 1*9 f: 0*1 for \ = 5400A.
The accuracy of the copper values cannot be claimed for
these, since they were made at a single angle of incidence
only. The value of the normal incidence reflexion coefficient
calculated from these values is 0%70, which agrees with

experiment.
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Now the values of the optical constants for bulk
tin are(?%) I'0o, 5400R ), and even allowing
for considerable variations in the values for the bulk
metal (tin is an extremely soft metal, and so its surface
would be very susceptible to conditions of polish etc.)
there exists a great difference between the optical constants
of the layers and of the bulk.

The constants for the bulk metal yield theoretical
values for ~ and A of 0-82 and *130 A . These values
were checked experimentally. Some plane surfaces of tin
were prepared by allowing drops of the molten metal to fall
on to a hot glass plate, and to cool there slowly. #ien
separated from the glass, if done carefully, the tin surfaces
had the finish of the "ass plate, and also were presumably
free from any distortion due to cold-working. The ellip -
ticity of the light reflected from these surfaces was
measured using the photometer in the usual way, and the
relative phase change was determined using the interferometric
technique in reflexion, as described in Part HI, Chapter ill.

A photograph of the interference fringes obtained
by reflexion in an interferometer formed between a freshly
prepared silver surface ( f( *0*87, T =0-07) and the
cast tin surface ( = 0*80), is shown in Figure 38.
Obviously the accuracy of measurement on these fringes does

not approach the accuracy obtainable by measurements on the
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fringes obtained in transmission in the usual way, but it
is sufficient for this case.

The results of this experiment, together with the
experimental values for the layers, and the theoretical

values for bulk tin are included in the table below.

A R -n k
o-fff ~ V33 A~ /O 4.7
AouH f'O/ </3t-o0/.0-tro™
£-XP- d-73f-0/ */0it F0o$ 0*70 | /'f

The only conclusion that can be dravm from these
results is that the surface structure of the evaporated
layers of tin is quite different from that of the metal in
bulk. Three possible explanations present themselves.

The first possibility is that the °’bloom» which
was occasionally observed on evaporated films of tin was
actually present in all cases in a sufficient amount to
affect the optical characteristics of the surface. Against
this must be placed the fact that if the effect is there
it is remarkably constant, considering that the amount of
heat radiated from the filament to the layer during produc-
tion may vary considerably from one case to the next, since
the quantity of tin on the filament and hence the effective

source area may vary by at least ten per cent.
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The second possibility is that an alloying action
between the tin and the molybdenum filament did in fact
take place (as suggested by Dr. Hedges, of Part II, Chapter
IT). It has already, however, been mentioned that the
percentage content of molybdenum in any alloy must have
been very small, since fourteen films in all were produced
from the same filament.

The third, and perhaps the most probable, source
of the difference is that tin, being a low melting point
metal, must be classed with cadmium'and zinc in that the* -
structures of layers deposited at room temperatures, even
when they are opaque, do not resemble the structure of the
metal in bulk. Some slight evidence of an irregular surface
structure was observed when freshly prepared layers were
microscopically examined at high magnifications ( x 1000)
with dark ground illumination. With freshly prepared silver
layers, the field of viev/ of the microscope appeared of
uniform intensity but with the tin layers a very slight
>speckled’ effect was observed. The effect was very small,
and could not be photographed, and so cannot be taken as
definite evidence.

Speculum and Tin-Nickel

Measurements, have been made on a few evaporated

layers of “eculum and tin-nickel. These alloys were

evaporated only in the vertical plant, and only three or

four films of each alloy were made.
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The “eculum alloy was composed of 58* Gr ,
42~ SK. The value found for the normal incidence reflexion
coefficients of the layers for incident light of wavelength
5400A was 0*65. This is close to the value of 0%*64 quoted
in the international Critical Tables for the reflectivity
of bulk speculum of composition 68* 32~ Sk. It is,
however, nearly ten per cent less than the values found
by Tolansky and Donaldsonfor evaporated layers of an
alloy composed of 55* , 45" SX .

The ellip ticity and the relative phase change
on reflexion at these layers were measured for an incidence
angle of 65k. Since only four films were measured in all,
a rigorous calculation of the optical constants from these
figures was not justified. A calculation was made using
the approximate formulae given in Part j, , and
the constants were found to be = 2*0, &k -2*3. These
figures are not accurate to better than ten per cent.

One interesting feature of these evaporated
layers was that their structure and composition, after
evaporation, was the sam¢ as that of the alloy before
evaporation. This was found from an X-ray investigation
carried out by the Tin Research Association, and is rather
remarkable since the component metals of the alloy have
widely differing melting points (Copper 1000° and Tin

230° ).
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Measurements were also made of the reflexion
coefficients, ellipticity, and relative phase changes for
three evaporated layers of a new Tin-Nickel alloy, supplied
in December 1949, by the Tin Research Association. This
alloy was believed to be the intermetallic compound

The layers were produced in the vertical evapo-
ration unit, and the average normal incidence reflexion
coefficient for = 5400/) , for the three films was 0-53.
None of the layers was opaque, their transmission coefficients
being about 0.05. This comparatively high value of the
transmission coefficient means that the values of the
ellip ticity for reflexion at a completely opaque layer
would be greater than that measured by two or three per
cent.

The ellip ticities and relative phase changes
were measured for reflexion at three angles of incidence
55°, 60°, and 65°, and from the measurements values for
the optical constants were obtained using the approximate
formulae as for the i“eculum constants. The measured
quantities and the values found are included in the table

below.
60" (>$
A 9t~ 47

0 73 e 67 0*

Ay ornr A4-
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These values for the constants are only accurate
to ten per cent, and can only be taken as applying to the
present case since, as has been mentioned in Part II,
Chapter I, it was believed that some alloying action took
place between the molybdenum filament and the tin-nickel.

The interference fringes used for the measurement
of A in this case are shown in Figure 18 (b).

No worthwhile conclusions can be drawn from the
rough measurements made on these alloys, but they are
included as an indication of possible useful extensions
of the technique, since these alloys are often only available
in a powder fona and optical measurements can only be made

on layers produced either by evaporation or electrodeposition.
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