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_Abstract

Thin evaporated films have been used to study the etfects on reflection
and transmission of visible ané near visible light through solids ty
modulatiné the temperature of the specimen and the electric field in which
it is situated. The principal aims of the studies were; |

(a) to obtain reliable data for comparison with electronic band

structure calculations

(b) to investigate a possible device application.

Thermally modulated reflectance ﬁeasurements have been performed on
tﬁick absorbing films of golé and copper and on the heavy rare earth metals,
gadolinium,'tefbium, dysprosium and erbium. ' The modulated reflectance
results have been transformed to Ae,, the change in the imaginary part of
the dielectric constant, by the Kramers-Kronig method of analysis. The
Ae, spectra have been correlated with electronic band structure calculations.
Shifts in the principal absorption edges ot gold and copper with temperature
(shifts of - 2.3 x 10 ¥ eV/k and - 1.2 x 10™* eV/K respectively), not

- previously observed in thermal modulation experiments although theoretically
predicted by expanded lattice band structure calculations, have been detected,
The technique has been found to be capable of locating weak structure in the

Ae dispersion curve.

2

New thermal modulation experiments on the heavy rare earth metals
have enabled changes in thé ARP/RP spectra to be observed as the
temperature ot the sample is Cecreased. These changes occur at the magnetic
.ordefing temperatﬁrés and have not previously been observed using
conventional static reflectance.

By using electro-modulation, an integrated thin film optical modulator.

has been produced. The device has been constructed from thermally evaporated
thin films of aluminium, silicon monoxide and cadmium sulphide, the latter

being the active medium. Modulation degrees of between 10 and 15% have

been observed for very low modulating voltages v 15 volts. However the

P



device is limited by the very. large inscrtion loss at the centre of the
cadmium suiphide absorption edge.

Some_studies have been made on the electro-modulation of metals using
a "dry-package' configuration. No electro-modulation response of the
metal was observed.  This null result is incontradiction to electrolytic
measurements. Computational analysis has been performed to demonstrate
that the electroreflectance spectra obser&ed using the electrolytic
technique may hot be an electro-modulation of the optical constants
.of the metal but an absorption indﬁced by the modulating electric field

in the CGouy region of the electraolyte.
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CHAPTER I

Modulation Spectroscopy

(1.1) Introduction

~

In this thesis we are concerned primarily with the use ¢Z modulation
spectroscopy as a solid state diagnostic. In recent years cptical modulation
spectroscopy has emerged as a poweéful technique for examinirngz optical
transitions in solids. Modulation, or differential,techniques as they are
sometimes known, are techniques whereby the material under investigation

%s perturbed by some periodic external parameter. The perturbation modulates
the band structure and thereby the dielectric éonstant of the naterial.

Thus, the observables in a modulation experiment are the changes in the
optical properties i.e. the changes in reflectance, transmittance,

absorpfion or phase, with respect to the modulating parameter. In this
chapter we discuss the role of optical measurements -in solid state physics
and also discuss the advantages of modulation measurements over conventional
"static" optical measufements where the urmodulatedreflectance, transmittance
or absorption of a material are measured. Each of the modula:ion

techniques is described in detail and its merits discussed. In the present
work we have chosen one of the modulation techniques as a solid state
diagnostic and the reasons governing this choice are given.

In all branches of physics there is a dichotomy as to whether a
particular technique should be used as a pure diagnostic or should be
exploited to produce a practical device. In view of this we discuss the
use of modulafion techniques in various fields including solid state
physics and show how in the present work one of the modulation techniques

has been used to produce an integrated optical modulator.
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(1.2) The role of optical measurcments in solid state physics

The study of the 6ptical proberties of solids has proved to be
a powerful tool }n the understanding of the atomic and electronic
structure Sf matefials. Optical techniques have provided much information
about the position of energy.bands and the symmetry of tbeir associated
wave functions in a large number of materials. We see in (2.2)‘that one
of the most important quantities derived from optical measurements is the

optical conductivity a(v) which is related to the optical constants

n and k of a material by
o(v) = nkv = g,v/2 ) (1.1)

where n 1is the real part of the refractive index
k is the extinction coefficient
€, 1is the imaginary part of the dielectric constant

v is the frequency of the incident radiation

The optical conductivity is a measure of absorption in the system and

the variation of o(v) with photon energy gives information about the
optically induced electron transitions. Clearly, from equation (1.1)

we see that to calculate o(v) the optical constants of the material must
" be found. Optical constants may be deduced from various sets of

experimental observables some of which are summarized below:-

(i) The measurement of the reflectance R at near normal incidence

(Bennet 1967, Lavin 1971)

The principal reason for making measurements near 6 = Oo, is that

for small angles the following relationship holds

R =R - (1.2)



where the subscripts p and s refer to the parallel and perpendicular
components of polarization, and the total reflectance may be written as

(RS + RP)/2 = R, = Rp R (1.3)

Thus, unpolarized light may be used and only one measurement is made for
each determination at each photon energy. However, with only a knowledge
of the réflectance at each photon energy insufficient information is
available to be able to solve the Fresnel reflection equations for h

and k. An extra relationship is required, an example of which is provided
.by the Kramers-Kronig dispersion equation (Cardona 1969) from which yiw),
the phasé change of the incident light on reflection, may be calculated.

The equations relating n and k to R and ¢ at near normal inéidence

are:-

3
"

(1 - R)/(1 + R - 2R%cos ¥ ) (1)

and

N

=
n

(-2Rsin ¥)/(1 + R - 2R%cos V) (1.5)

Clearly, from equations (1l.4) and (1.5) once R and ¢ are known then

n and k may be evaluated. However, the use of the Kramers-Kronig
relationships requires a knowledge of the reflectaﬁcevover all frequencies
and numerical extrapolation techniques have to be—used to extend the
reflectance values.. The use of reflectance values over limited frequency
ranges has been shown to lead to misleading results (Bowlden 1963) and a
recent analysis of the errérs due to extrapolatipﬁ procedures has been

performed by Nilsson and Munkby (1969).

(ii)  The measurement of R, and RP at the same angle of incidence 6,

or the measurement of either Rs or Rp at two angles of incidence

6, and 6, (Avery 1952)

Similar measurements may » be made in transmission if the sample is

sufficiently thin to transmit light i.e. thin film specimens.

A



The advantage of using oblique incidence measurements is that the optical
constants may be determined from the knowledge of two expérimental
observables at the same photon-energy by using the Fresnel formulae. -
It should be noted that in this type of measurement the angle of incidence

of 45° is to be avoided since
R (6 = 45°) = R:ie = 45°) (1:6)
and thus the measurements of Rp and RS are not independent.

“(idii) The measurement of reflectance (RP/RS) ratios

This method was initially used by Avery (1952) but his analysis

could oﬁly be directly applied to reflection at a single interface and
so the method is only useful for bulk specimens or films which are sufficiently
thick for internal multiple reflections to be neglected., However, thé
" method has been extended by Miller et al. (1974) who have used optimized

" peflection ratio measurements at oblique incidencé to determine the
optical constants of the rare garth metals, gadolinium and terbium in
thin film form.” Julien and Miller (1974) pointed éut that a joint
" determination of réflectance and transmittance ratiés proves satisfactory
. for the measurement of low n values (n < 0.5)- and k values in the
range 1.2 to 3.0. This technique has beeﬁ used to determine the optical

constants of thin films of copper (Inwood, private communication).

(iv) Ellipsometric measurements

If linearly polarized light is reflected from a solid at oblique
incidence the reflected light will in general be el}iptically polarized.
It is possible to determine the optical constants at a given photon
energy by measuring the state of polarization of the reflected light

(Archer 1968).



In methods (i) and (ii) above, in order to determine the reflection
coefficient, a measurement of the incident light intensity at each photon -
energy must.be made. This can be done by comparing the reflectance of the
sample with that of a'standard mirror, but the chemical instability and
optical inhomogeneity'of the mirrors makes the method inaccurate -
especially in the ultra violet. The most commonly employed method involves
the measurement: of the incident light intensity. Thus, when measuring
absolute reflection coefficients some, rearrangement of the experimental
system is necessary in'order to measure the incident beam under near
idehtical conditions to those fér which the reflected intensity is
measured. Such rearrangement is likely to introduce érrors into the
- determination through small differences in the opticalpath for the two
measurements., In addition, accurate rearrangement of the system is likely
to take a bng time. If the reflectance (or transmittance) ratio is measured,
no beam normalization is required provided that the incident intensity
components I __ and Iop are equal, However, even if this experimental
configuration is to be used, the source and detector must remain stable
and there must be no long term drift during the course of the experiment.

In ellipsometry, Krizek (1973 Ph.D. thesis) has shown that measurements
of the reflécted intensity for at least three different azimuths of

P,S SsP PsS

A - AS) and to exclude terms depencent on

- polarization are required to obtain p and A (ﬁhere T =p exp 1 A

and p = pp/ps and A
the intensity of the incident radiation. Once again, as in the reflectance
rafio measurements, the source and detector must remain stable during the
course of the experiment. Thus, we see tﬁat the measurement of the
incident light intensity is one of the main disadvantages of these so-called
"static" optical measurements and it should be noted that optical censtants
determined by different observers are not generally in good agreement.
Figure (1.1) indicates the optical conductivity dispersion curves of

gadolinium obtained by different workers.
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In (2.4) we see that the optical conductivity may be correlated
with one of the band structure parameters, the joint density of states
function. From this relationship we expecéjgﬁgrp structure in the spectral
profile of o(v)'.will be observed at photon energies for which there
exists a high joint deﬁsity of states. However sharp’structure in the
o(v) dispersion curve is rarely observed and this is probably due to
the fact thaf other effects exist which are not taken into ccnsideration
in band structure calculations. For instance, the influence of non-vertical
transitions, which are possible by phopoﬁ,cre%tion, are not included in
the band structure calculation, nor are the effects of impurity centres
and lattice féults. Also transitions may occur in regions of the
Brillouin zone for which calculations have not been performed. Thus, the
o(v) dispersion curve reflects the energy contour of a summation over extended,
rather.than localized, regions in the Brillouin zone. C(Clearly, the
definite assignment of transitions is difficult when interpreting the weak
structure in a o(v) dispersion curve. However, déspite the experimental
difficulties encountered in determining the optical constants and the
interpretation of the o(v) dispersion curve it should be emphasized
thaf optical méasurements have yieldéd much data for many materials.

In 1965, work by Seraphin indicated that modulation spectroscopy
was a particularly useful tool for lifting out structure due to critical
point transitions from a structureless background. It became clear that
sharp structure in the o(v) curve could be obtained by measuring the
derivative of the reflectance with respect to some external parameterl
instead of the reflectance R (or the transmittance). (In Seraphin's
work thewchange in reflectance with respecf to an applied electric field of
germanium was measured). This work opened a wide field of possibilities

for studying optical structure and in recent years modulation techniques

" have been increasingly employed, yielding greater resolution and sensitivity.



The main advantages of modulation measurements over "static" optical

measurements are, in summary:

(i) In a modulation experiment the observables are either the derivative
(or pseudo-derivative) of the reflectance (or transmittance). Thus,
any small structure in the reflectance dispersion curve is likely to

be enhanced. . -

(ii) No measurement of the incident light intensity is required in a
modulation experiment (Experimental details of a modulation technique

are giveh in (3.3)). -,

(iii) There is an improved signal to noise ratio over "static" optical

measurements.

The technique Hoes however have disadvantages: we see in (2.3) that
in order to correlate the modulated optical data with electronic band
structure calculations it is necessary to calculate Asz, the change in
the imaginary part of the dielectric constant. To palculate Ae2 a
knowledge of the optical constants of the material is still required. Also,
the theory behind the various modulation techniques is complex as it involves
not only the theory of the optical constants of the material but also the
effect of the perturbing parameter on the optical constants.

At present, four modulation techniques are extensively used:-

(i) Modulation by an applied electric field, termed electroreflectance
when taking measurements in reflection and electroabsorption when

measuring the change in the transmitted light intensity.

-

(ii)  Modulation by an applied stress: termed piezoreflectance and

piezoabsorption

(iii)  Modulation by an induced temperature change: thermoreflectance and

thermoabsorption

T



&iv) Wavelength modulation.

Techniques (i) to (iii) above are generally kncwn &s internal h
modulation techniques, since the modulating parameter actually perturbs
the energy bands of the solid. The theory of an int;rnal modulation
experiment thus involves not only the theory of the optical constants
~ but also that of the effect of the berturbing parameter on the optical
consténts. Wavelength modulation is termed an external technique since
only the derivative of the "static" reflectance or transmittance spectra
is forméd, the material under study being unaffected by the modulation.
Thus, the theory of a wavelength modulation spéctrum invelves only the
theory of the optical constants. The four modulatioﬂ-techniques will

now be discussed in detail,

(1.3) Wavelength modulation

To obtain a wavelength derivative spectrum a wavelength modulated
monochromatic light beam is required and several methods for obtaining
such a beam have been reported. One method involves the mechanical
vibration of an entrance or exit slit on the monochromator (Balslev 1966a)
or the vibration of‘a mirror inside the monochromator (Balslev-1966b). The
wavelength modulation technique has not however seen wide application
since structure in I , the incident light intensity, arising from the
spectral distribution of the source can be a serious problem. Although
'the problem may be ovércome by using a double beam system (Welkowsky and
Braunstein 1971), small errors in the balance of the two beams, path
differences and different mirror reflectivities will still leave some residual
spurious signal if Ié has strong structure. Despite the experimental
difficulties, evaporated polycrystalline films of copper, gold and silver
have been studied in reflection in the energy range 2.0 to 5.0 eV as a
function of temperature, using wavelength modulation (Welkowsky and

Braunstein 1971). In copper and gold features were observed in Ens whose

X1
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location in the Brillouin zone supported recent band theories.,

(1.4) Modulation by an appliéd stress

We have seen in (1.2) that much informétiqn about interband transitions
has been obtained from static optical measurements. The response of the
reflectance to a gtatic uniaxial stress hds long been recognized as a
powerful technique for studying band structure (Phillip et al. 1962, -
Gerhardt 1964). TheSPeCtPalposition.of structure in a reflectance curve
(may be analysed to determine transition energies and the application of
a stress‘adds two more sources of information: (a) Symmetry relations between
the strain components and the polarization direction of the incident radiation
may be evaluatéd in terms of thelocation of a fransition and (b) the
déformation‘potential, defined as the rate of.change of the energy gap of
the transition with respect to the applied stress, may be determined by
observing the spectral shift of structure qualitatively as a function of
the stress magnitude. However, this information caﬁ only by gained
after considerable experimental difficulties have been overcome., Stress-
induced changes.are small and few materials withstand the strain required
to observe them in é static reflectance measurement,

The initial piezomodulation measurements were made independently by
Engeler et al. (1965) and Gobeli and Kane (1965) and it was found that
‘the sensitivity of the measurement was nearly two orders of magnitude
better than in a static strain experimenf. Several methods have been
used to apply amodulated stress to a sample. The original piezoreflectﬁnce
measurements used an electromechanical transducer built with a
piezoelectric material (quartz or lead zirconate). - If measurements are
performed on evaporated thin films, the films can be evaporated directly
onﬁé-the polished surface of the transducer (Garfinkel et al. 1966). Thin
single crystals prepared from the bulk can be cemented to the transducer

(Engéler et al. 1965).
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The .theory underlying piezomodulation is very much more complicated
than wavelength modulation. A knowledge of the complex dielectric constant
¢ 1is sufficient to describe the optical properties of a solid and it is
. possible to complstely describe the piezo-optic interaction'in terms of the
changes induced in € by the stress. ‘Seraphin (1972) shows that the

state of strazin of a solid under stress is described by a second rank tensor

e and the charge in the dielectric tensor Ae,, is related to e by

k& ij k&
Aeij = w'jkz . ekz (1.7)

In cubic crystals Wijkz bas oyly three components wll’ W22 and qu

-

which completely describe the pieZo-optic acti&ﬁ. Chen and Segall (1976)
have obtained expressions for the components of the piezo-optical response
tensor corresponding to trgnsitions between the conduction bands around the
L symmetry point in the Brillouin zone of the noble metals, and fhese |
theoretically calculated results accurately reproduee the experimentally

determined W, response obtained from piezoreflectance measurements =

m
of single crystals of éopper, silver and gold.

Piezomodulation has seen wide application, semiconductors,
insulators 'and metals being studied by the technique. Gerhardt et al.
(1967) have‘measured the piezoreflectance of single crystal copper and the
piez.oreflectance spectra of potassium bromide and iodide have also been
studied (Gerhardt and Mohler 1966). In all experiments extreme care has to
be taken to avoié spurious signals due to changes in thepath of the light
beam produced by the vibration‘of the sample. In order to reduce the signals
to a minimum,'a very smooth and flat reflecting surface is needed. In

spite of these precautions some spurious background signal is always

present.
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(1.5) Modulation by an applied electric field

When an electric field i% applied to a solid the translational .
symmetry of the material is changed along the dirgcticn of the applied field.
Essentially the effect of this applied electric field is to add to the
Hamiltonian of the system‘a potential eﬁérgy of the form - eE.r -
(assuming a uniform electric field) which is not translationally invariant.
In 1958, Franz and Keldysh independently predicted the effect of an
electric field on the optical properties of a material. They predicted
‘that in the presence of strong electric fields the absorption edges of
- insulators and semiconductors would be moved to longer wavelengths ard
the shift (for an exponential type absorption edge) would be proportional
to the square of the electric field strengthf - (A more complete discussion
of the theory underlying electromodulation wiil be given in Chapter VII).
' The effect was subsequently found in many materials (Moss 1962, Williams
- 13860) and was expiained as being due to a photon-assisted tunneling
between valence and conduction bands at photon energies smaller than the
energy gap. Until 1965, all the electromodulafion,experiments were
restricted to tﬁe study of the electric field-induced variations of the
transmitted light iﬁtensity at the fundamental absorption edge. However,
Seraphin (1965) studied the electroreflectance response of germanium and
found a response far beyond the photon energy of the fundamental energy gép.
This work led to the development of a more generalized theory of electro-
modulation (Aspnes, 1966, 1967), taking into account the effect of an
electric field on both direct and indirect transitions.

The techniques for observing electroreflectance and electroabsorption

fall into two categories:

.(1) Electrolytic techniques

(ii) "Dry package" techniques.
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(a) Electrolytic techniques

The pqssibility of a space-charge layer modulation at a semiconductor-
electrolyte interface has been recognised for many years (Garret 12€2), In‘
particular, it has been showﬁ that a sizeable change in the conductivity
of a thin semiconductor electrode can be obtained by changing the vcltage
applied to an electrolytic cell in which the semiconductor is one of the
electrodes. When a semiconductor is immersed in an electrolyte electrons
flow from one material to another until the electro-~chemical potentials are
equal and the space-charge layer at the surface is established. A surface
charge layer is also present at theelectrolyte side of the interface and is
known as the Gouy layer. The ions in the electrolyte cannot get any cldser
to the surface of t£e semiconductor than their radius, this layer being
called the Helzoltz layer. In high conductivity electrolytesthe Gouy layer
is typically 52 thick and the potential drop across’it may be disregardeds
non agueous electrolytes usually have lower ion deﬁsities and_the Gouy :layer
may broduce a drop in the modulating voltage. The Helmoltz layer is
typically 1R thick and therefore simulates a field electrode of extreme
proximity to the semiconductor and has a Qery high breakdown strength.

Large electric field strengths and large reflectance changes caused by small
modulation voltages are therefore a characteristic advantage of the electrolytic
technique. Cardona (1965) has investigated the electroreflectance: spectra
of a wide variety of semiconductors using this method, However,.the
technique does suffer from several limitations: the use of the electrolytic
method at low temperatures is limited since aquéousedectrolytes freeze near
278K aithough non-aqueous electrolytes e.g. methyl alcohol, permit operation
to approximately 150 K. However, we have mentioned above that organic
electrdlytes usually have low ion densities and the influence of the

Gouy layer on the modulating voltage cannot be generally disregarded., Aspnes
and Cardona (1968) have found that slow adjustment processes across this
layer can lead to a drift of the point of operation. The choice of

electrolyte is also influenced by the spectral range of interest.
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“

Although water transmits into ‘the ultra-violet, its transmission region in
the infra red is limited to 0.6 eV. Electrolytes must also be chosen
that do not react with the material under investigation. -
Perhaps the most surprising result from the use of an electrolytic
technique came in 1966 when Feinleib reported the electric field modulation
of ‘the reflectance from metal-electrolyte interfaces. Iﬁ the case of metals,
screening of an electric field occurs within atomic dimensions of the surface
leaving the bulk of the metal as a'fieldffree.region. The actual
modulation mechanism in metals is not ‘clear and the final explanation will
probably‘require a better pnderstanding.of electroreflectance at an

electrolyte interface (this topic is discussed further in Chapter VII).

(b) "Dry package" techniques

In the case of dry package techniques uniform electric fields may
be appliéd to. materials with a high resistivity using a capacitor configuration,
and electroagsorption measurements may be made with the material under
investigation as the dielectric and thin metal films as the electrodes.
For electroreflectance measurements two techniques have been developed:
transverse electroreflectance (TER) and surface . barrier electroreflectance
(SBER) and the sample configurations for these technqiues are shown in
Figureﬁl.2a) and (1.2b) respectively. Both of these techniques have been
extenéively used (Ludeke and Paul 1967, Groves et al. 1966, Pidgeon et al.
1967, Gahwiller 1966, 1967). Transverse electroreflectance is perhaps the
more versatile technique, since in this configuration the polarization
vector of the incident light can.be oriented parallel or perpendicular to
the modulating field. In surface barrier electroreflectance the
modulating field is necessarily oriented normal to the reflecting surface.
Also the TER technique does not require a front electrode, which often
limits the spec£ral range of inves£igation. However, Rehn (1968) has
shown that materials having a resistivity greater than 108 Qcm must be used

to limit heating effects.
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(1.6) Thermal modulation

A temperature modulation usﬁally produces two effects or. an
absorption edge: a change in the energy gap arising éirectly from dilation )
of the lattiée, and a change in the broadening parameter which is associated
with the change in the number of permitted indirect transitiors. However,
the oétical modulation caused by the shift of the energy gap Is usually
larger than the modulation caused by broadening.

The scal;r character of temperature modulation gives it a special
position among the other modulation_téchniques. Both electrc-and
piezomodulation accomplish modulation by the pgriodic change of a
vectorial quantity. Depending on the orientation of this vector with
respect to the material under investigation, or the pgiarization vector of
the incident light, anisotropies may be observed that lead to the
identification of a particular transition. However, thermal modulation
lacks this potential, but the simplicity of the basic.mechanism seems to
combensate for this. -

Batz (1966) and Berglund (1966) independently introducec temperature
as a modulation parameter. Both workers used current pulses to produce a
periodic temperature rise in the sample. The current was either sent
through the sample directly or through a heater pperating through a thermally
conducting but elecfrically insulating medium. . The sample was glued to
a heat sink to dissipate the. heat generated., Batz investigated the |
thermoreflectance of a 150 um platelet of germanium whilst Berglund's
(1966) studies were restricted to the thermoabsorption of thin platelets
of silicon, cadmium sulphide and gallium arsenide. As Qith the othef
modulation techniques, thermal modulation improves on the resolution and
sensitivity of "static" optical measurements. In a thermoreflectance
study of graphite (Balzarotti and Grandolfo (1968))the broad peak at 5.0'éV‘_‘

previously observed in static reflectance measurements was resolved into

two separate peaks.



17.

Thermal modulation has perhaps seen the widest application on metal
samples and the initial experiment on a metallic element was performed
by Scouler (1967) who studied the thermoreflectance responge of polycrystalline
thin films of‘gold. The measurements were made at 120K and covered an
extensive spectral range. - Additional structure to that previously observed
was found at high photon energies but no analysis of the thermoreflectance
data. was undertaken by Scouler. How;ver, in 1963 Cardona analyzed the
data in terms of Aa2, the change in the imaginary part of the dielectric
constant, and correlated this with existing band structure calculations.
He was then able to compile f&r the structure a list of tentative
assignments in terms of interband transitions. ~Much of the early
thermoreflectanﬁe studies were restricted to gold, copper and silver
(Rosei and Lynch 1972, Baldinf and Nobile 1970 'and Cheyssac and Penavaire 19%4).
However, the technique has recently been extended to the transition eleﬁents.
Weaver et al, (1976) have studied the thermoreflectance response of |
polycrystalline thin films of vanadium, molybdenum; niobium ana
paramagnetic chromium. These workers found that the thermoreflectance
response of these transition metals did not possess fhe sharp and distinctive
features observed when dealing with semiconductors. The latter authors
state thét the cause of this was that critical point transitions are minimized
in the transition metals and the broad structure arose from large volumes of
k space. Perhaps the most remarkable data obtained-by thermal modulation
studies was tﬁat found by Hanus et al. (1967) who feported thermoreflectance
measurements for niékel. A rather featureless response was observed in
the visible part of the spectrum but extremely sharp structure was observed
at low photon energies at 0.25, 0.4 and 1.3 eV, Ip’order to‘interpret
the observed thermoreflectance spectrum, the authors proposed a new band
structure of nickel near the Fermi surface, based on the majority spin-minority -
spin ﬁand model proposed by Bhrenreich et al. (1963).‘ It was found that

the structure at 0.25 and 1.3 eV could then be understood as due to an
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increase in the Fermi energy with respect to the initial states for the

spin up band. However, the structure at 0.4 eV could not be described

by this mechanism. ] R
Thermal modulation experiments have now been extended to photon

energies as high as 30 eV. Olson et al. (1974) using synchrotron radiztion

as the éource have meésured the thermoreflectance of gold up to 30 eV.

From the foregoing we see that thermal modulation is perhaps the mcdulazion

techniéue with the widest range of applicéfion. It is not restricted

to certain groups of materials énd issuperior to many forms of electromcdulation

because a spectrally limiting electrode is not required. Although

tgermoreflectance shares this a&vantage with piézomodulation the latter has

been found by marny workers to be hampered by the presence of paresitic

vibrational signals. In view of this, thermal modulation has been chosen

as the solid state diagnostic in the present work.

(1.7) Application of modulation techniques in other fields

In the preceding sections we have seen that modulation spectroscory
is a powerful tool in solid state physics.  However, modulation technicues
are gaining increasing importance in other fields: modulation spectrosccpy
- has found a use in biological applications. Tada et al. (1974) report the
use of thermcreflecténce to study the optical préperties of organo-metallic
complekes. The work was undertaken because of the difficulty in obtaining
sharp discrete spectra from solutions of the biologically significant
compounds spermine and spermidine. These compounds have been postulated
to have an important role in the control of cellular growth. The authers
found that the thermoreflectance studies provided much needed infofmaticn
for studying orgaro-metallic complexes and proposed that the method should

accelerate the development of cancer tests.
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Electroreflectance has been used by Masawa et al. (1976) to determine
the surface properties of thermally oxidised silicon in MOS (metal-oxide-
semiconductor) capacitors. The authors show that from a plot of the

'electroreflecténce signal against the gate voltage of the device, the flat
of the device may be obtained. The V value derived

FB

in this manner was found to agree with that derived by conventional

band voltage . VFB N
conductance measurements.

With the advancement of the use of integrated components in the
electronics industry, interesthas also centred on producing components for
integrated optical circuits. Eden and Coleman (1964) proposed a system
whereby the microwave modulation of light could be accomplished by employing
the shift of an absorption edge with aﬁ applied electric field (the Franz-
Keldysh effect). The authors theoretically examined the case of cadmium
selenide and showed that for a crystal with an electrode separation of
1.5mm a 1kV d.c. bias and 275 volts of a.c. signal would be required to
pféduce an 85% transmitted light intensity modulation at 77K at the
fuﬁdamental frequency. It was found that modulatioh at room temperature
because of the reduced steepneés of the absorption edge would require about
eight times the field strength. A modification of this theoretical proposal
was experimentally under%aken by Frova and Handler (1964). They showed that
the influence of an electric field on the direct interband optical absorption
edge in a“germanium p-n Jjunction may be used to produce modulation of a
monochromatic beam of light. The sample was an arsenic diffused p-n
junction on a 7Qcm, 100um thick p type base. The greatest effect was ;
observed at a photon energy of 0.795 eV with 150V reverse bias applied. Clearly
then, one of the limitations of.bulk specimens is that high voltages are |
requiréd to generate the high fiéld strenéths to produce the modulation.
Although Eden and.Coleman (1964) and Frova and Handler (1964) showed both T

|
theoretically and experimentally that optical modulators could be designed based

i

on the Franz-Keldysh effect the designs were very far from integrated.
‘ !
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In 1972, Honda et al. reported light intensity modulation in a cadmium
sulphide film. An investigation was made of the influence of an electric
field on the transmission of light through a multilayer structure consisting-
of cadmium sulphide and glass films. Between 10% and 36% modulations of
the transmitted light intensity were found for applied voltages of between
10 and 50 voits. However, although only low voltages were required to °
operate the modulator the system was not completely integrated, essentially
comprising two separate structures having an air gap between them. In
the present work a totally integrated thin film optical modulator has
been designed based .on the Franz-Keldysh effect, and in Chapter IV we present
the configuration of such a modulator together with its advantages over
conventional electro-opic modulators: Although overcoming these disadvantages,
this results in a reduced performance in terms of modulation efficiency
and in Chapter VII we see how this may be partially overcome by suitable

filter design.
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CHAPTER II

The analysis and interpretation of the thermoreflectance data

2.1 introduction

In this chapter we deal with the effects of a modulating parameter on
the fundamental optical properties of a material. The discussion is centred
on the effects of modulating the temperature of the sample, effects of
modulating an applied electric field being considered in more detail
.in Chapter VII. For completeness, definitions of the fundamental optical
properties are given togethe£ with a general discussion of the interpretation
of both static and modulated optical data in terms of electronic band
structure calculations. To correlate the modulated optical data with band
structufe calculations, it is necessary to calculate Ae2 - the change in
the imaginary part of the dielectric constant. The method by which this
has been performed is described and computational details given. The effects

of experimental errors on the Ae2 dispersion curve are also discussed.

2.2 The fundamental optical properties of a medium

The linear resﬁonse of a non magnetic (permeability p = 1) medium
to transverse electromagnetic radiation is completely described by the
frequency-dependent dielectric temsor e or by the conductivity tensor
o= (- iw/““i(e - 1) where w is the angular frequency of the electromragnetic
radiation. For isotropic materials, e and o " reduce to scalars and
throﬁghout the following analysis are treated as such, since the structures
of all the specimens used in the experimental work were either cubic and
polycrystalline, or hexagonal close packed and polycrystalline, with no
strong fibre axes or evidence of strains, and could thefefore be assumed
homégéneous and isotropic. The quantities: € and o are therefore

assumed constant for a given material. From Maxwell's theory we have the
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felationship
7
n=e? (2.1)

vhere n is known as the refractive index of the material ané is defined
as the ratio of the velocity of light in the yacoumto the velocity of
light in\%&xvnddxnﬂq;ation (2.1) provides arelationship Letween the
behaviour of light in a medium and a property of that medium.

Application of Maxwell's equations to conducting media shows thét, in
general, h is a complex quanfity. A plane polarized wave incident on a

vacuum-metal interface may be represented by

E = E exp iw(t - x/c) o (2.2)
where Eo = the amplitude of the electric vector of the incident wave
‘e = the velocity of light.

The transmitted wave can Le completely described by
wXn )
E=E  exp i (wt- —E—) (2.3)

n, known as the complex refractive index, may be written as:-

n = (n - ik) (2.4)

n, the real part of the refractive index, determines the wave velocity in
the medium and k, the extinction coefficient, determines the rate at
which the amplitude of the wave decays. n and k &re known collectively
as the optical constants of the medium. From equaticn (2.1), n and k

are related to € by

n? - k2 = €y . '. (2.5)
v2nk =€ ' (2.6)
where €, = the real part of the dielectric constant
€, = the imaginary part of the dielectric constant.

From electromagnetic theory it can be shown (Mott and Jones 1936) that the

ratio



13

rate of loss of energy/unit volume

1 -
square of the electric vector ey (2.7)
By enalogy with the flow of direct electric current

nkv = o(v) (28)

-

where o(v) is known as the optical conductivity. The absorption

céefficient K of the medium can be shown to Le:-
K = 2nk/A . (28&)

The optical conductivity is thus directly proportional to the absorpticz
éoefficient, both quantities giving a measure of the capacity of a metzl

to absort energy at a frequency v. -

2.3 The effect of a modulating parameter on the optical properties

Clearly the effect of a modulating parameter on the optical properties
| of a material must appear as a change in the real and imaginary pafts of
the dielectric constant. In a typical modulation experiment the measurskble
quantities are either AR/R or AT/T (see Chapter III),

where R, T

the reflectance and transmittance of the material respectively,

and AR, AT

the amplitude of the modulation in the reflectance and

transmittance.

The relationship of the reflectance and transmittance of a material to the
angle of incidence 60 and the dielectric constant: is given by the

Fresnel equations (Born and Wolf 1965) which are listed below

W \ 1
(e )2cosB, - (e,)2%cosh
(so) gosel + (el) coseO 3
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: (e))?
(e )2cosb - (e,)=cosd
o 1
r = o T —T (2.11)
(eo)‘cosoo + (e,) cost,;

= -

-

v 1
2(e _)Zcosh
t - T o 10 - (2012)
P (e )%cos6, + (e;)%cose
€,)?cosb, + (e )%cosd

, . .
2(e)*cosd _
t\s = % L l (2.13)
2
(eo) coseg + (el) cosel

- Wwhere 1 s and t .o are known as the Fresnel amplitude reflection and
f L H] -
transmission coefficients respectively and the subscripts p and s

refer to the parallel and perpendicular components of polarization

€ is the complex dielectric constant of the medium in which the light

is incident

€ is the complex dielectric constant of the medium in which the light
is transmitted
eo is the angle of incidence and

0, is the angle of refraction.

The reflectance R and the transmittance T are related to the Fresnel
amplitude reflection and transmission coefficients by
|2 [2

s T _ = |t (2.14)

r_. i
SsD S,P S,P

The total differentials of the reflectance equations may Le written as

ARP < (GRp S/Bel)Ael + (BRp’s/aez)Ae2 (2.15)

L H]

and give a phenomenological description of the reflectance modulation.
The analysis will be centred on reflectance modulation since, for reasons
discussed in Chapter III, all the thermal modulation experiments in the

present work were performed on thick (>100 n.m) absorbing films. For such
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films the effects of multiple reflections may ke ignored in the analysis.

The follo%ing assumptions are made in taking the derivatives of the

Fresnel équations:—

(i) the amplitude of the optical perturktation is small,

(ii) the changes induced iﬁ the optical constants by the modulating
parameter are spatially iﬁvariant. Although this is a legitimate
assumption for piezo and thermal modulation it is not necessarily so
for modulation by an electric field. Aspnes and Frova (1969) have
pointed out that it is necessary to use a W.K.B. approximation to
deal with the resulting spatial dependence of the optical constants
in the Fresnel equations |

From equation (2.15) we see that the differentials may- ke expressed in the

form:=-
ARp,s/Rp,s = apss(el,e2,6°)Ael + Bp,s(elie2’ed)Ae2 (2.16)
where ‘
-1
ap,s Rp,s (5R ,S/ael)
1
B = oR de.)
PsS Rp,s ( P,S/ 2
The coefficients ap s and Bp s are common to all modulated reflectance
- H)

experiments irrespective of the modulating parameter used. However the
shapes of the Ae; and Ae, dispersion curves vary with the modulation
parameter. This point is illustrated by comparing the work of Cardana (1969),
based on the results obtained by Scouler (1967), with Garfinkel (19665 and
Garrigos (1¢71) who studied the thermally 5odulated reflectance, piezo-
reflectance and electro-reflectance responses respectively of thin films

of gold. In the thermal and piezo-modulation experiments a sharp peak in

tﬁe Ae, dispersion curve is observed near to 2.4 eV vhile weaker structure

is seen in the be, spectra derived from the electroreflectance data.
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Tﬁe structure at 2.4 eV has been attributed (Christensen 1971) to an
optical transition from the d band to the Fermi surface. The similarity
between the thermally and piezo-modulated responses is due to dilation
since the sample is constrained to the substrate in the thermal modulation
experiment. The electroreflectance mechanism in gold is not clearly
understood but Prostak and Hansen (1967) attribute the effect to modulation
of the free‘carrier concentration which will change the Fermi level and
hence all interband transitions 1nvolv1ng the Fermi level.

We see that the analy81s of the shapes of the Ae and Asz dispersion

curves is complex, however Batz (1967) has comptted the Ae; and Ae,

1l

dispersion curves for the effect of thermal modulation on Mo’ M

10 Y Mg

type critical points. The theory has been found to ke in good agreement
with experiment. A similar calculation has been made by Rosei et al. (1973)
for transitioﬁé from d lands to the Fermi surface.

The general form for the coefficiénts a o and B has been given

L] 1]

by Fischer and Seraphin (1967) who find

o = 2us (u2-3v2~s2) (2.17)
8 (u2+v2) [(u-s)2+v2}[f(u+s)2+v2~]
2 2 2
Bs = ;2v§ §3u2—v =) 2.2 (2.18)
(W) [ (u-s) v J [ku+s) +v :]
2 .2
2ut (u -3v -t°)
o = o_ + (2.19)
p S () [(u—t) +v2][(u+t)2+v2J
2 2.2 '
6 =g 2vt (3u”-v"-t") (2.20)°

P s w'v?) Dut)20? | [ure)®ev? ]

where s = nocoseo
t = n081ne°taneo
2 2
u -v = El - no2sin290

[
<
]
]
M
N
~
N
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The medium in which the light is incident has a refractive index n
and is considered to be non-absorbing. The mediumunder study is described
by e =€) - ie2. In solving explicitly for u and v, the signs of the

square roots are:determined by requiring e, 20 and %;’ RP < 1.

This gives u >0 and v < Q.
The modulation will also produce a change AY in the phase shift .
¢ of the incident radiation on reflection. The reflectance R of the

material is related to ¢ by

r = |r exp iy 2
DS | IP,S xp vy, o (221)

The effect of the modulation on ¥ 1is given by

AIPP’S = Yp,s(sl:€2seo)A€l + GP,S(El,E2,e°)A€2 (2.22)

where the coefficients YP s and GP é are given below: (the derivation
] °

is given in Appendix 1)

v, .ab._2 -c_g_ ' (2.23)
a‘+c
_ ae-cf '
GP - '2' - '2" (2-2’4‘)
a+c
Yo * 2‘&% (2.25)
g tk
s = &kn (2.26)
s 2 2 )
g +k
where - :
_ 2 2 2 2 2 2
a = n_"(e,"4q") - 2cos 8 (e, e, ) (2.27)‘
‘ Jﬁnocoseo 3/2 2 1/2
b = = (@7 "(3g;-r) - €,°q ) (2.28)
S 172, 2
c = 2¢§noq (cos8 (e q-¢, )) (2.29)
a4 = 2 /r(c0326 (e.24¢ 2 2
q 01 *€x"~2e1r)-n 4q) (2.30)
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v2n cos6
- o %o 1/2,, 3 -1/2
e = —0 (62q (4r 361) + €, q ) - (2.31)
o2 2 22 2 2.2,
f = 2/r(nO qe,=€,C0S eo(el €, )+ le,cos eo(el n “sin”6 T)
+ 2e.n 2 (2.32)
2e,n .32
_ 2 2, _ _ 2 : : R .
g = q(2n_“cos™® _-q) - e, (2.33)
—3¢§nocoseoq3/2
h = _ (2.34)
r . )
- 3/2 -
k = 2/2n cosb q (2.35)
o o
< _ ) 2 2 -
L = 2q_/r(q—no cos 60) . (2.36)
2¢écoseoql/Qeé .
m = : ' (2.37)
r
n = 2¢,/r(n 200528 -q-r) t2 38)
2 (¢} e} '
with .
- 2.2 2 2.1
- r = ((el n_“sin eo) t e, ) (2.39)
q = (r- (e,-n_2sin®6 )) (2.40)
1l o o ‘
The coefficients ap,s’ BPaS’ Yp,sl and GPsS are functions of El and 62

and are therefore dispersive. In the analysis of a modulated reflectance
spectrum the coefficients ap,s and BP:S must be considered since from
"equation (2i16) we see that structwe in the AR/R responses may be due to
structuré in the coefficients as well as structure in Ael and AeQ. An
illustration of this point is.given in Figures (2.1 a,b) where the spectral
dependences of & and B (at normal incidence) are plotted. TFor both |
metals the coefficient o is always negative but not monotonically so.

~ For copper B 1is always negative, but for gold it goes through zero near to
2.6 eV and then remains positive up to 5 eV, although again not monotonicallyf

Interpretation of structure in AR/R at a particular photon energy directly

in terms of transitions between electronic states with the corresponding
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energy difference may thus lead to misleading results. Fcr tlLis reason
the experimentally measured values of AR/R are reduced to the more meaningful

quantities Ael and Ae the latter being correlated with Lznd structure

03
calculétions.

Miller et al. (1971, 1572) have determined the optimum ranges of angles
of incidence for the determination of optical constants of a rmaterial from
static reflectance measurements. The application of a similar technique
was considered for modulated reflectance measurements to cetermine whether
AR/R was highly sensitive to angle of‘incidence BO. From equation (216)
we see that the coefficients o ‘and BS are functicns of eo

L] H

(Ael and Ae, do not depend on 6,3 Ae2 follows changes in the joint

2
density of states function). Fischer and Seraphin (1967) have Zound thatlfor

a variety of seﬁiconducto:s "(Ge, Si, GaAS) that if as,p and Bs,p are
plotted against .60, the ﬁarallel coefficilents ap and BP consiceratbly
amplify (in some cases by two orders of magnitude) fhe reflectance modulation

in comparison with the normal”incidénce values. f;éliminary eiectrp—reflectance
experiments (Schmidt and knausenberger 1969) on germanium confirmed this
response. Observation at oblique incidence may thus be arpliceble to the

study of weak modulation signals. aS’P and Bs, have teen plotted against

6, for both gold and copper in figures (2.2a,b) and (2.3z,k) for two photon
energies. The coefficients a, and B for both metals decrease

monotonically with incpeasing 60, indicating that (ARS/RS) also

decreases. The coefficients ap and BP exhibit extrema in & small

angular range 65° to 75° about the pseudo-Brewster angle. The arplificaticn
factor of aP‘ and Bp varies in the different spectral regions but at its
maximum does not exceed a value of two. Thus a preliminary investigation
indicated that the modulated reflectance response for the metals gold

and copper is not strongly dependent on the angle of incidence in the

visible and near wisible.
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2.4 The correlation of the experimental data with band structure calculations

The fundamentals of electronic baﬁd structure calculations have
been extensively reviewed (Callaway 1964, Loucks 1967, Altmann 1970).
A general expression given by Kubo (1957) and Greenwood (1958) relates the
optical conductivity, c(v),. to the electron states in the Brillouin
zone. However, in general, all the states are not known; moreover,
experimental reéults depend étrongly on the properties of the surface and
these are not accounted for in the Kubo-Greenwood equation. The correlation
Letween .52 and band structure parameters is established by assuming that
the absorp{ion is the sum of transitions between electron states of the
same wave vector k andvseparated by an energy difference Ef—Ei = AE = hw.

then

ey(w) f 2/(211)3 |e.Mi [2 8 (AE-hw)dk (2.41)

B.Z £
where B.Z refers to the Brillouin zone.
if it is assumed that the optical matrix element Mif is fhe same for
all paifs of states located vertically above each other regardless of

their location in the Brillouin zone, then the joint density of states

function J(AE) may be defined as

J(AE) = J 2d%k/(21)° §(AE-hw) T (2.42)
Jp.z

J(AE) ;epresents the simple counting of states in the Brillouin zone.

The spectral profile of an experimentally determined ez(w) curve is
~expected to feflect features of this summation,'and pronounced structure
is.expected to occur at energies for which there exists a high joint
density of states between bands. A transformation of the volume integral\
in equation (2.42) into a surface integral.over the surface. AE = constant

gives

ds

(2.43)
v, (E£()-E; (k)

J(AE) = 2/(2m)° J
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Equation (2.43) predicts striking features in €, (and hence in o(w)

the optical conductivity) when

-

" Y (E (k) - E;(R)) = 0 (2. un)

i.e. the denominator in equation (2.43) is equal to zero and the integrand
has a singulari%y. Such points are known as Van Hove critical points
(Callaway 1964). The critical points correspond to the direct optical
interband transitions at those points in the Brilléuin‘zone given by

the wave vector k for which the bands i and f are parallel i.e.
symmetry inferband points. However attempts by Pells and Shiga (1969)

to intefpret their static reflectance measurements of gold in terms of.
critical point transitions were unsuccessful. A relativistic

augmented plane wave (R.A.P.W) band calculation for gold by Christensen
and Seraphin (1971) indicated thaf some of Pells' and Shiga's assignments-
were erroneous. They concluded that in static reflectance measurements
critical points are masked by the large background of transitions from
extended regions in the Brillouin zone. The general view that has been
adopted for interpreting the structure in the optical conductivity curve is
to assume that the general shape of the curve is determined by non k
conserving processes (i.e phénon<creation). Any structure superimposed .
on this background is likely to be due to transitionsat symmetry interband

points.

“Seraphin (1972) indicates that modulation spectroscopy is a
particularly useful tool in lifting out structure due to critical point
transitions from a structureless background. He shows that modulation of

the spectral position Eg of a critical point affects €, through the

2

joint density of states function J(AE) "and gives the relationship

. : '
.Aez/AEg = C/w AJ/AEg ' » (2.435)

where C contains the optical matrix element and effective mass parameters.

For all four types of critical point (MO, My My, M3) the joint density
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of states function varies as the square root of the spectral distance from
Eg. Hence the derivative of . J(AE) with respect to Eg has a singularity
of the type (Eg—hw)—%. at the critical point. Thus the response of the
modulated reflectance disappears as the spectral distance from Eg increases
and non cfitical areas with a smooth J(AE) contribute very little to the
modulation spectrum. However in the case of metals, particularly gold,
much of the structure in ez(w) and J(AE) is probably due to transitions
involving the Fermi surface (Winsemius 1973). Equally sharp structure in
Aeé(w) may thus be observed for transitions.other than critical point

transitions, this is the view adopted in the present work for the

interpretation of ‘the experimental results.

2.5 The method of reducing AR/R’ to ey and Ae,

As already discussed in section (2.3), since the experimental read-out
AR/R from a thermally modulated reflectance experiment does not directly

yield the changes in Ael and Aez, the measurements must te interpreted

- before they yield information about band structures. If equations (2.16)
and (2.22) are solved simultaneously then Ae, and Ae, may be found,

the latter being correlated with band structure calculations. To solve

the equations for Ae and Ae the change in the phase shift, Ay

1 2°
of the light on reflection must be known. The phase shift wp S(w) is
. ]

pss’

related to the reflectance R(w) by the Kramers Kronig dispersion

relationship (Cardona 1969)

W logR(w') ~
W) = ?°r ogR(u’) = 1ogR() gy (245 )
. 1
o w't - w
where p designates the Cauchy brincipal part of the integral and‘ W

is the angular frequency.

The change in y(w) brought about by the effect of the modulating

parameter is given by (Cardona 1969)

AR(w') _ AR(w)
[
pyey =¥ [ RO RGO
- W)

(2.47)
o) (w!



oL

.

where AR(W)/R(w) is the modulation measured. The evaluation of Be,

"and Ae, wvas carried out using a C.D.C. 6600 computer, the program Leing

2
written in Fortran IV language. A schematic diagram of the program is
shown in Figure (2.4) and a complete listing is given in Appendix 2.
Optical constants derived by'bther workers were read in%o the program
and a linear interpolation scheme;was used to aésociaté optical constants
with the photon energy of each AR/R data point from the thermoreflectance
experiment. To perform the integral in equation (2.47) a library
subroutine Q.S.F. was called. This routine performs the integration of
an equidiétantly tabulated function using.Simpson's Rule and Newton's 3/8th
rule. Clearly, difficulties arise iﬁ eyaluating equation (2.47) since the
iﬁtegral'extends over all frequencies and because we only have an incomplete
knowledge of'the modulated reflectance spectrum, AR/R has to be
extrapolated. However, Cardona (1969) has pointed out that due to the
sharpness of the AR/R 1lines found in modﬁiated reflectance spectra,
contributions of the extrapoléted region to Ay are non-singular. To evaluate
~ equation (2.47) a constant egtrapolation.was used beyond the end points of
the expefimental data. The program then calculated the coefficients
a,B,y' and 6 in equations (é.ls) and (2.22) and finally Ae;, and Ae,.

1

As &iscussed gtove, -to extract Ael and 4Ae, from AR/R a knowledge

of the optical constants of the material is fequired. At this point it

/

should ke mentioned that optical constants determined Lty different workers
are not generally in good agreement. Figure (2.5a) ‘gives an indication
of the effects of different optical constants on- Ae,.  The experimental

data were those for the thermallyhrduléted reflectance spectra of a gold

film at 107K, the measurements being taken at an angle of incidence 60'5 45°
with light polarized parallel to the plane of incidence. The optical

constants used were those of Pells and Shiga'(lgsg)-and Johnson.and Christy |
(1872). We see that the positions of structure in the Ae2 spectra are . |

uncﬁanged, the only difference being that the use of Pells and Shiga's |
optical constants result in slightly larger. Ae, values than those using
Johnson and Christy's constants. Similarly, 10% errors in ARP/Rp and Bo

(see Figure 2.5b) do not affect the spectral positions of structure in AE2.
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An attempt was made to analyse the thermally modulated reflectance data
other than by the Kramers-Kronig method. Measurements were taken at two

o

angles of incidence 6, =0 and .45° -and ARP/Rp measured at both angles.

Equation (2.16) was then solved for Ae; and e, This method has the
advantage.that no extrapolation procedures are required as in the Kramers-
Kronig method. However the resulting- e, analysis indicated that the
two equatioqs viere probably ill conditioned at these two angles. A
computer simulation of errors in (ARP/RP) showed that only a 1% error

in ‘the magnitude of (ARP/RP) would result in a 30% error in Aez. This

is to be compared with a 1% error in 'Ae, using the Kramers-Kronig method

2

of, analysis. For this reason all the thermally modulated reflectance

analysis was undertaken using the Kramers-Kronig method.



4o.

CHAPTER TII

The experimental system for the study of the thermally modulated reflectance

of thick absorbing films

(3.1) Introduction

The principles and advantages of thermal modulation spectroscopy
have been described in detail in Chapter I. Thermal modulation is usually
achieved by-passing a modulating electric current along a relatively thin
sample which is mounted on a heat Sink‘(Batz 1966, Scouler 13967). A
pefiodic fluctuation in temperature is induced in the sample and the
reéultanf éhanées in the reflectance AR (thermoreflectance) or the
transmittance AT (thermoabsorption) are measured. AIn the present work
thermoreflectance was chosen as the basis of'sfudy in preference to

thermoabsorption for two reasons:-

(1) Thermoabsorption measurements require a semi-transparent film. This
has the disadvantage of introducing an additional error of measurement,
that of the film thickness, into the calculation of Asl and A52;
The effect of pultiple reflections needs to be.takén into account in

the analysis, Moreover, thinner films (~v 400 %) are required whose

properties are more likely to deviate from those of the bulk material.

(ii) One group of materials to be studied using this system was the heavy
rare earth metals @adolinium terbium, dysprosium, holmium and erbium).
Rahman-Khan (private communication) has indicated that in both ordinary
high vacuum (O.H.V.'\ilO_6 torr) and ultra high vacuum (U.H.V.'\»J.O—lO torr)
environments, thin evaporated films of these me%als nucleate initially

as the dihydride. It is not until a film reaches a thickness of

. > 1000 R that its composition is predominantly that of the metal.
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(3.2) Modulation efficiency

Cardona (1969) has indicated tﬁat ; greater thermal modulation efficiency
may be obtained i? a square wave current is pulsed to the sample rather than
a sine wave. ASSu$ing that the temperature of the sample i1s uniform and
that the increase in the average temperature of the sample <T> above
'that of the heat sink T is much larger than the amplitude AT of the
temperature modulation, the modulation efficiency vy may bé defined as

the ratio
AT/(<T2 - T) =¥ (3.1)
then it may be shown (Cardona 1969 p.123)

. _ - 2 _
Y(Q)square wave - 4Qt/w°C = 0.405Qt/C (3.2)

1
= 2 =
Y(Q)sine wave Qt/2%mC = 0.22Qt/C (3.3)
Y(QQ)sine wave - 0.08Qt/C | (3.4)
where C = the heat capacity of the sample
Q = the heat loss from sample to the sink per unit time and unit
temperature difference (T—To) between sample and sink
T = the periodicity of the current, and Q = 27/t

From equations (3.2) and (3.3) we see that the efficiency of the

modulation is almost a factor of two higher for équare waves than for

siﬁe waves. Moreover fhe modulation efficiency is higher when working

at the fundamental frequency rather than the 2nd harmonic. The efficiency
also decreases as the frequency of the moduiétion increases. For large

Y the heat capacity C of the sample must be kept small and the heat

leak Q large. However Cardona (1969) has shown that the maximum permissible

value of Q in equation (3.3) is given by:
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Uax = K/d (3.5)

where K the thermal conductivity of the sample

d

the thickness of the sample.

Clearly, to obtain as large an efficiency as possible a thin sample is
required. This is therefore one of the techriques for which a thin film
specimen configuration is highly suitable (we take films of thickness

< 1 um as a working definition of "thin film" in this case).

(3.3) Detection System )

Although in any modulation experiment the modulating parameter induces
changes in the optical constants of the specimen which in principle may be
detected in a variety of ways e.g. changes in.absorption or transmittance,
the most commonly measured experimental quantities are the change in
transmittance AT (if the sample is transparent) or the reflectance AR.
Modulated ellipsometric experiments have been undertaken (Buckman and
Bashara 1968) where Ay and Ax are measured (¥ apd X ©relate the
state of polarization of an obliquely reflected light beam to that of the
incident beam). One of the mainadvantages of statig,ellipsometric experiments
over static reflectance experiments is that € and €55 the real and
imaginary parts of the dielectric constant respective}y, may be derived
frém measurements of ¥ and x at one angle of incidence at one photon
energy. Modulated ellipsométriu measurements share this advantage with
static measurements. AHowever it has been shoﬁn (Roberts 1963) that static
ellipsometric measurements are éxtremely sensitive to variations in the
surface condition of the sample. It is to be expected that modulated
ellipsometry measurements will hardly be less sensitive to surface conditions.
Great. accuracy and sensitivity may be achieved if AR (or AT) are measured
by méans of phase sensitive detection (thg modulation must be synchronous with

its cause). High sensitivity is desirable since an accurate measurement
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of the derivative requires a modulation amplitude as small as possible

(Cardona 1969). Cardona also shows that the amplitude of the reflectance
modulation at the fundamental frequency equals (dR/dw) only for small ] ;
modulation amp;itudes, a correction proportional to the third derivative

of R appearing for higher amplitudes.

A schematic diagram of the detection system used in the present
experiment is shown in Figure (3.1). An E.M.I. 9659 QB (extended S20 photo-
cathode) photomultiplier was used to detect the reflected light intensity.
The specified quantum efficiency of this tube is 19% at 4000 X, falliné
to 1% at 9000 R. The dynode chain was designed to give a linear high
gain in accordance with recommendations in the E.M.I. handbook. The tube
was electrically and magnetically shielded by two coaxial mu-metal shields.
The output of the tube was split into two channels: a d.c.. channel with
a signalrproportional to ;OR (the reflected light intensity) and an a.c.
channel proportional to IOAR (the change in the reflected light intensity
induced by the modulating parameter). These two channels were separated:
the d.c. channel was monitored by a Dymar voltmeter and the a.c. channél
was sent té a lock-in amplifier (Ortec Brookdeal 9501). The d.c. output
of the lock-in amplifier was monitored by a chart recorder (Type Panax Servoscribe

|
SPEC-2p). If the d.c. output of the lock-in amplifier is divided by the

d.c. channel of the photomultiplier tube we have
IOAR/IQ'R = AR/R ‘ (3.6)

and thus the incident light intensity, ﬁne of the main sources of error

in conventional static reflectance experiments, is eliminated from the
measurement and problems of light source instability are largely avoided.

The ratio AR/R may be obtained in several ways: oné method is to run the
photomultiplier at constant gain and obtain the ratio AR/R electronically. -
Howe&ér; this mode of oberatibn requires that the spectral response of the

detector be linear over the range of experimental interest - which was not
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possible in this case. The actual method used was to keep the d.c. éomponent
of the photomultiplier signal (which corresponds to ;OR) constant at 1 volt
over the spectral range scanned, (1.5 to 3.2 eV), by controlling the gain of
the ﬁhotomultiplier, This was achieved by means of a servo-mechanism which
varied the voltage on the photomultiplier e.h.t. supply. As the d.c.
component is constrained to be constant then the a.c. component is directly
proportional‘to AR/R. A safety trip was bﬁilt into tﬁe servo-mechanism

unif so that if the lamp failed or the specimén:was broken, deflecting the
reflected beam away from the photomultiplier, during the course of the
éxperiment, the servo would not increase the e.h.t. voltageabove the
Nphotomultipliep‘hbe's specified maximum operating voltage. An upper limit
of 750 volts was fixed for the e.h.t. supply well within the photomultiplier
tube's specificatiéns. Voltages greater than_7§O volts increased the noise

in the detection system to such an extent that repeatable results could

not be obtained. A schematic diagram of the various components of the
se¥vo-mechanism is shown in Figure (3.2) and the circuits for the servo-
aﬁplifier and the e.h.t. monitor (trip mechanism) are given in Figure
(3.3). The servp—amplifier comprised : ° a buffer stage which matched the
high output impedance of the photomultiplier %ith the low input impedance

of the voltage amplifier. The.voltage amplifier Increased the 1 volt output
of the photomultiplier to 83 volts, the line voltage of the e.h.t. supply.
The e.h.t. monitor ufilized a Schmidt trigéer which operated a relay

inside the e.h.t. supply such that when 750 volts was reached the e.h.t.

supply was cut off.:

(3.4) Source Optics

The light source was a 100 watt quartz halogen lamp, housed in a water
cooled holder and was powered by a stabilized d.c. supply (Farnell type
B30/20). The intensity drift of the lamp was found to be less than 1% per

hour. The light was condensed and then passed through a grating monochromator
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(Spex minimate) which, with slit widths of 0.5 mm gave a mean resolution
of 0.004 eV over the spectral range 1.5 to 3.2 eV. The energent
monochromatic light was then collimated by means of an achromatic doublet
of focal length 17 cm. For-conVenience of experimental layout, the light
was reflected from the sample at an angle of incidence*of 45°, A preliminary
investigation had indicated that the sensitivity of the system was not
strongly dependent on angle of incidence (see (2.3)). For measuremenfs taken
at oblique incidence the light was plane polarized using a Glan Thompson
prism fitted with a small circular aperture of diameter 5mm. For reasons
discussed in (2.3), measurements at oblique incidence were taken with light
éolarized parallel to the plane'of incidence. ‘Some initial measurements
were faken with.polaroid sheet as the polarizer, but the sbsorption edge
for this material, starting at %100 X’ caused the signal to noise ratio
of the system to deterigrate rapidly, and repeatableresults could not be
achieved below this wavelength. All measﬁrements were therefore taken with
the Glan Thompson polarizer which allowed ﬁeasuremeﬁ£s to be taken down to
A = 3500 R. The lower limit of detection was determined by the quartz halogen
lamp which has a cut off at n 3500 & and the upper limit of the detection
was determined by the response of thé photomultiplier. Some measurements
were taken at near normal incidence: to achieve this, two plane aluminium
mirrors Weré ﬁounted in the vacuum system in the configuration shown in
*Figure (3.4).

The monochromator wévelength scan was driven by a bi-directional
electric motor, the speed of.which was fixed at 1 rev/6 mins. The time
taken for a typicai experiment to be performed, scanning from 8500 tb
‘3500 R was 21 hours. All the optical compénents were mounted on an optical
bench which was itself bolted to a wooden bench supported by two concrete
pillars. The position of the optical bench could be adjustéd in any direction. _
A light-tight tube enclosed all the optical components, one end being
bolted to the input port of the stainless steel bell jar on the vacuum

system, the other being fixed at the_eiit of the monochronator.
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(3.5) The Vacuum system

Most of the thermoreflectance.experiments were performed iIn an ordinary
high vacuum environment (v 1077 torr).. Initial experimerts were conducted
in an optical cell arrangement previously used for static reflectance
measurements and described in detail by Hasan (Ph.D thesis 197¢). The
system consisted of a lO‘cm high 11 cm diameter cylinder cf Spectrosil A
of wall thickness 2mm éoaxially positioned on a 15 cm diarmeter dural plate.
The plate was iﬁset with an 11 cm diémeter "O" ring seal. A 12 cm diameter
dural plate inset with an "O" ring seai rested on the top of the quartz
cylinder. The unit was fixed to the centre of a spectrometer table and could
be rotated through 360 degrees. The séectrometer telescope was removed and
replaced by a photomultiplier (9653 QB). The system thus allowed modulated
reflectance measurements to be made at oblique incidence. The sample
was positioned on a cryostat, of similar design to that shown in Plate (3.2)
and was fixed to the top dural plate. A U-way low-current feedthrough was
inserted into the top dural piate so that power could be fed tb the.éample
and its temperature monitored. The whole unit could be evacuated to a
pressure of ~ 0.005 torr by a rotary pump. However, it was found that
low temperature measurements (& 77K) could not be made using this arrangement
beeause, on lowering the temperatﬁre of the sample, the residual water
_vapour present in the system condensed onto the éurface of the sample.

This caused rapid deterioriation in the detected signal, and eventual loss
of electrical contact to.the film, resulting in total loss of signal.
Drying agents such as‘phosphorus pentoxide and silica gel failed to trap
the excess water vapour satisfactorily at low temperatures. Preliminary
measurements were however, made on gold films in this éystem at roém
temperature wherethe condensation of water vapour was not a problem. Ve
were able to experimentally confifm the theoretical prediction (see (2.3))

that the modulation response was not strongly dependent on angle of incidence,

and also that the thermally modulated reflectance data (ARP/RP) obtained
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using lighﬁ polarized parallel to the plane of incidence Lecame larger than
the data (ARS/RS) obtained with light polarized perpendicilar to the plane
of incidence as the angle of incidence was increased. This belaviour is
shown in Figure (3.%).
The high vacuum system employed an anards EO4 600- litres/sec. diffusion
pump with Edwards Sanfo—vac 5 (polyphenyl ether) in place of a conventional
silicone oil. This oil has less‘tendency to creep and hence ﬁydrocarbon
contamination in the main chamber is reduced. The diffusion puap was backed
by an Edwards ED200 rotary pump. The ultimate vacuum achieved by this
pump alone was 0.001 torr, measured by a Pirani gauge (Edwards Yodel ).
Tﬁe diffusion pump backed by thé rotary pump reduced the pressure in the
chamber to lO—B'torr as measured by a Penning ionization gauge. A |
stainless steel cold trap situatéd above the diffusion pump and below the
flap value to the main éervice chamber further reduced the pressure to an
ultimate of 4 x lO_7 torr.

'.The chamber consisted cf a 12" stainless stééi.bell jaf sealed.to the
base plate by an L shaped Vitoﬁ gasket. Although the chamber had 5 viewing
ports only two of these were used, the rest being blanked off. Windows
made of Spectrosil B were sealed to fhe two operdtional ports with "0"
ring seals. One of the windows acted as the entrance port for the light
beam andthe ofher the exit port,'the photomultiplier teing mounted on the
‘latter. The vacuum system together with the source cptics are shown in

Plate (3.1).

(3.6) The Cryostat

~ A cryastat was constructed to allow low temperature (v 77K) ‘measurements,
and also to act as a heat sink for the sample. The cryostat, with a saméle
in place,-is shown in Plate (3.2); The unit was manufactured entirely from
stainless steel and consisted of a cylindrical tube 17 cm long and 2cm in

diameter, welded to a cylindrical reservoir 5 cm long and 4.5 cm in diameter.
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The front face of the reservoir was inset by 2mm to allow a glass microczcope
slide to rest on it. The slide was held in place by two nylon screws which
were set into a copper ring fixed to the front face of the reservoir. To
ensure good thermal contact between specimen and cryostat, the front face

of the unit was highly ﬁolished. Thermal contact was further improved by

an intervening layer of vacuum grease between sample'and cryostat. The

whole unit was positioned onto a 20 cm diameter x 0.8 cm thick stainless steel
plate with a gold wire seal. A high current feedthrough and a 4-way low
current feedthrough were inserted into.the top of the plate so that power
Eould be fed to the sample and the specimen temperature could be monitored.
The plate plus cryostat could then be positioned on top of the stainless
steel chamber where it was sealed with an "O" ring. For measurements at room
temperature, cold water was pumped through the cryostat to dissipate the

heat generated by the passage of current through the sample.

(3.7) Specimen geometry and electrical connections

Initially, experiments were ﬁndertaken with films deposited on glass
cover slips of thickness 0.02.cm. Glass substrates were chosen because of
their surface smoothness and becausé films deposi?ed thereon are specularly
reflective. To compensate for the effects of the low thermal conductivity
of glass, thin substrates,K were required. However.it was found to be
extremely difficult to hold the cover slips on the cryostat. If the nylon
screws were screwed too tig£tly the sample cracked as soon as the current
was pulsed through tﬁe film. Releasing the screw pressure reduced the

“thermal contact between sample and heat sink, but nevertheless a thermal
modulation response was detected. However, on the méjority of specimens the
response was masked by a constant signal which was wavelength independent
and was above 3 times the magnitude of (AR/R). Close inspection of the
Sysfem revealed that the spurious signgl was caused by the substrate

flexing when the current was pulsed through the film. Although the thermal

modulation signal could be recovered by using the zero offset of the lock-in



56

-

-

amplifier, it was better to avoid these difficulties by using films grown
on thiqker substrates i.e. float glass microscope slides 0.2 em thick. The
films were rectangular, 7.5 cm X 0.5 cm, and were typically Letween 1000
and 2000 & thick.' Crowth conditions are fully described in Chapter IV.
Electrical power was passed into thé sample in the form of a square
wave at 15 HzT This signal was used also as a reference for the lock-in’
amplifier which detected variations, AR, in the reflectance, at the
reference frequency. The resulting thermally modulated reflectance was
detected at the fundamental frequency by adding a d.é. bias to the square
wave. Currents of 1 to 6 amps were passgd into the sample from a power
amplifier driven by an audio frequency sigmal generator (Advance type HiB).
Two such power amplifiers were used in the course of the experiment, one having
an output impedgnce of ~ 20, for use with films of the noble metals,
and the other having an impedance of ~ 1002, for use with films of the
heavy rare earth metals. Whenever possible,Aeléctrical leads were indium
soldered to the films. However, with the rare earth films the solder would
not fake and it was thought probablé that an oxide coating was formed due
to the heat of the soldering iron. Contact was made to these films by
' applying a layer of high conductivity silver paint (Acheson Dag 1950) to

the ends of the film and then clipping a piece of copper shim to the substrate.

(3.8) Modification of the detection system for the study of the characteristics

of the integrated thin film cptical modulator

The detection system described atove for the measurement of the thermally
modulated reflectance spectra of thick absorbing films was used, with a
few minor modifications, to study the characteristics of the integrated
thin film optical modulator. The collimator was removed and replaced by
a + 25D lens which focussed the monochroﬁatic light onto the sample. The
device was held iﬁ a jig designed ta allow good electrical contact to be

made to the specimen and also to allow light to be transmitted through the



5T
system. The saméle configuration is fully described in Chapter IV. All
devices were deposited on float glass substrates 2.5 x 2.5 ¥ 0.3 cm. The
sample holder shown in Plate (3.3) consisted of a 7.5 cm diameter and 1.5 cm
thick perspex dis¢. Inset iﬁto the sﬁrface of the disc were four brass
studs (A,B,C,D) to which eLectrical coﬁtact was made by means of screws
passing through the disc to the studs. The sample rested electrode side’
onto the studs. A dural disc of the same diameter as the perspex disc was
located onto the perspex base by four brags pil;ars. Foﬁr wing nuts held
the dural down, pressing the specimen against the brass studs and an "O"
ring seal inset into the face of the dufgl cushioned the sample. Electrical
contact couldkbe made to the specimen by points E,F,G,H. A 2mm diameter
aperture was drilled through the dural and perspex discs, -allowing
light to be transmitted through the specimen.v
The photomultiplier was located directly behind the specimen holder.

All measurments were made in transmission at normal incidence and in air at
room temperature. The current pulser used in the thermoreflectance experiments
was removed and the signal genefator (Advance type H1B) produced the electric
field.across the specimen. In some of the work the lock-in amplifier was

bypassed and the modulated signal .(Af/T) was monitored directly across
the anode load resistor of the photomultiplier and displayed on a Tetronix

454 oscilloscope.
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CHAPTER IV

Sample preparation in ordinary high vacuum and ultra high vacuum

4,1 Introduction

In the present work metal; dielectric and semiconducting films have been
grown. Opaque metal films were required for the thermoreflectance measﬁrements
and a combinatioﬁ of dielectfic, semiconducting and semi-transparent metal
films were neeaed in the integrated thin .film optical modulator. Extensive
reviews 5f the methods of deposition of thin solid films have been given
by‘Holland'(1966), Chopra (1969) and Campbell (1976). All the films used
in the present work were prepared by thermal evaporation in either ordinary
high vacuum (0.H.V. n lO~6’+ 10-7 tbrrj or ultra high vacuum (U.H.V. ~ lO—lO
torr). Any study of the optical properties of a material requires.the
preparation of a surface free from contamination, and in particular, the
high reactivity of some of the materials studied in this work made the
mefhéa of thermal evaporation in a U.H.V. environment the most suitable.

The structure and properties exhibited by materials in thin film form
depends on an array of factors. .Heayens (1970) has discussed the more

important factors for films deposited by thermal evaporation and these

are summarized below:

(i) . Pressure and nature bf the residual gas in the deposition chamber.
(ii) Temperature of the evaporation source.
(1ii) Rate.of deposition of the condensing atoms.
(iv) Teﬁperature of the substrate.

“(v)  Nature of the substrate.
(vi) - Contamination of evaporated materials by the supporting material

of the source.
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In the present work particular attention was paid to the following:

(a) Evaporation of reactive materials such as the heavy rare earths was
carried out in ultra higﬁ vacuum in which the residual gas composition
was monitored with a mass spéctroﬁeter.

(b) In the deposition of the semiconducting and dielectric films careful
control was kept.on the tempergture of the evaporation source, the
temperature of the substrate and the rate of deposition of the condensing
atoms. All these factors were found to have a profound effect on the
structure aﬁd stoichiometry of the films.

(cj Rigorous éleaning procedures were adopted for the float glass substrates
used. It was found particularly important, when depositing films of

the rare earths, that the substrate was perfectly clean; otherwise a

specularly reflective film was not pfoddced.

4,2  The ultra high vacuum system

Films for tle thermoreflectance study were prepared in both ordiﬁary
high vacuum and ultra high vacuum environments. A description-of U.H.V.
system together with details of its operation are now given. A schematic
diagram of the pumping groﬁp is shown in Figure (4.1). The system comprised
a 12" diameter stainless steel chamber which could be rough pumped by
either an Edward; alumina-trapped rétary pump or by two sorption pumps.
The latter did not uiitize.silicone 0ils and if hydrocarbon contamination
in the chamber was' to be further minimized they were used. A Varian 140
litres/sec diode ion pump further reduced the pressure in the main chamber.
A 4,000 litres/sec four element titanium sublimation_puﬁp situated below
the stainlesé steal baffle further reduced the preséure in the system.
Pumping action was achieved by sublimating titanium from the heated filaments
onto the chamber walls and the 1liquid nitrogen-cooled reservoir base thus
providing a film of titanium metal which was then available to, getter gas

molecules. The liquid nitrogen reservoir provided an appreciable extra
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(eryogenic) pumping capacity for vapours which condense at liquid nitrégen
temperature. The entire system could be bakedvat 250°C. Low pressure
measurements in the system were,made with a Bayard—Alpert gauge and residual
gas analysis was made with’a Spectramass 80 mass spectrometer.

The main ser&ice chamber had various optical ports used by other workeré.
Either copper cpn-flat gaskets or gold wire seals were used on all the
ports. All flanges in contact with the gold wire seals were cleaned with
fine grade emery cloth wetted with isopropyl alchol and distilled water.
All tools used in the assembly of experiments to go in the chamber were
ﬁltraéonically‘cleaned with a-degreasing agent (Deccn 90) diluted with
- distilled water and then rinsed in distilled water. The materials used for
structures in the chamber were made from stainless steel. All stainless steel
components were first degreased by ultrasonic agitation in the degreasing
agent and then a smooth surface produced by electropolishing in orthophosphoric
acid. The components were then washed in distilied water.

Ultra high vacuum was achieved in the following manner: initially,
the backing line, with the bakeable valve closed, was rough pumped by {he
rotary pump. The sorption pumps were.then started, the rotary pump being
isolated from them, and the bakeable valve to the main service chamber
opened. The chamber was pumped by the sorption pumps until a pressure
of 10-3 torr had been reéched: at this stage the ion pump was started. A
pressure of lOT6 Eorr waé'quickly attained with the main chamber isolated
from the sorption pumps by the bakeable valve. The sorption pumps were
then isolated from -the backing‘line, whicﬁ was pumped throughout the pumping
cycle by the rotary pump. Once a pressure of lO-G_torr (indicated by the
~ion pump current) had been reached in the chambér the Bayard-Alpert gauge
was outgassed by electron bombardment. The titanium sublimaion pump
filaments were also outgassed at this stage. The system was then baked at
QSO?C'until a pressure of 5 x .'LO“8 torr was attained. Thé time needed to

achieve the pressure depended critically on the cleanliness of the system and
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how long the system had been up to atmospheric pressure Lzfore restarting.
The system was always let up to atmospheric pressure with dry nitorgen end
pumping was usually restarted within 2 hours. A 12- to 1l&- hour bake was

‘usually required, but if the system was left at atmospheric pressure for i
longer than 3 hours it was fﬁund necessary to bake for Jlonger periods v 36

to 48 hours. After baking, the system was allowed to cool and the Eayard-

Alpert gauge was again outgassed. The pressure after cooling was v 5 x lOng torr.
The titanium sublimation pump was then used for 12 hcours In conjunction with

the ion pump to reduce the pressure to lO"lO torr. At this stege liquid

nitrogen was fed to the stainless steel baffle. Condensation c¢f gases onto

this baffle further reduced the'pressgfe to 6 X~lO-ll torr. Lcw preséure

-10 . . ;
measurements (< 10 torr) were made using the modulatior. facllity on the

Bayard-Alpert gauge.

4,3 The ordinary high vacuum systems

- Thin films were produced in two 0.H.V. systems, a Birvac'fulso'andranA
Edwards 12EA/424, The 5asic features of these systerms were sirmilar to those
of the'system described in (3.5). r The pumping.chambers ccnsisted of 12"
diameter pyrex bell jars sealed to the stainless steal base plates of the
systems by L shaped neoprene gaskets. The main service chambers could be
initially evacuated by a rotary pump to a pressure of < C.005 torr. A
‘water cooled diffusion pump backed by the rotary pump evacuateé the Birvac
T4150 plant to a pressure of lC‘)'-6 torr and the Edwards 12EA/42L to 2 x 10_5 torr.
Both the systems had stainless steel cold traps situafed below the f;ap
valve of the méin sérvice chamber and above_the diffusion pumps. - With the
cold traps in operation the ulfimate pressure achieved by the Birvac
sysfem was v 3 X 10—7 torr and by the Edwards system ~ 7 X lOﬁG’torr.
A Birvac Pirani and Penning gauge measured the pressure in the Birvac system. -
.Pressures in the Edwards planf was measured by a philani gauge which combined

a Pirani type gauge and a Philips type cold cathode ionization gauge.
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Electrical feedthroughs passing through the base plates of the system
provided electrical access to the apparatus. The filament holders were
designed so that evaporations could take place using either boats or tungsten
helical coil filaments. The evaporation filaments could be shielded from
the substrate by means of a shutter activated from outside the chamber by
a rotary shaft mechanism.. All componengs in the main service chambers
were manufactured from stainless steel. Three 1l5cm long stainless steel
pillars screwed to the base plates of the system supported a circular gantry.
Two adjust;ble rods were placed across a diameter of tﬁe gantry and the
'substrate could be positioned on these rods so as to be directly above the
source. |

Some of the dielectric films were deposited by electron bombardment,
which used a Eirvac RG2 ring gun. Material was evaporated using either
carbon or cermet crucibles. The cafbon cruciSle is particularly useful

for evaporation of insulators because of its high thermal conductivity,

which allows a uniform crucible temperature to be attained.

4,4 Filament preparation

The rare earth metals were evaporated from a tungsten filament.or,
most often in the U.H.V. chamber, from a tantaluﬁ boat. The tantalum
boat together with the filament holders is shown in Plate (4.1). It was found
that a more eésily contr;lled rate of evaporatioﬁ, and better outgassing,
could be aécomplished with such a boat rather than a tungsten filament.
The tungsten filaméﬁfs were used for fast evaporations (v 60 R sec-l) of
the rare earths in O.H.V. The tungsten filament had an internal diameter
of ~ 2 mm and a lengthof 2.25 cm. The filament, without any charge matérial
in place, was first éutgassed at a pressufe of better than lO-5 torr. The
filament was held at red heat for approximately 10 minutesv(the same procedure -

was édopted for outgassing the tantalum boat). A rod of material to be

evaporated was inserted into the filament which was heated to high
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témperatures by Joule heating until the rod melted. The system was then let
up to atmospheric pressure and more rods were inserted into the filament

until globules of the evaporan#.prevented further packing.. This operation

was repeated (usually three times) until the filament was fully loaded.

The charge was then held in the molten state for approximately 30 seconds.

For the rare earth metals.it was necessary, for reasons discussed in (3.1),

to grow films > 1000 R thick. However it was sometimes found that although
globules of material prevented further packing, there was not enough material
on the filament to be able to further Putgas the filament in the U.H.V. chamber
énq still produce a film of > 1000 8 in thickness. For this reason and

also to rédﬁce the lengthy outgassing pfocedures, a tantalum boat was used.
Since the stream of evaporant in the U.H.V. chamber wés required to be
horizontal, the type of boat geometry used was.that described by Tolansky
(1970) for evaporating silver horizontally. Télansky stated that |
contamination from boat material is less likely with this geometry than
.conventional vertical evaporation.from a boat since in the horizontal position
the substrate is "seeing" a large area of charge material and only a very

thin edge of the boat material., After initially outgassing the tantalum

boat, 8 rods, N.l cm long, of the material to be evaporated were placed

in the trough of thé’boat. " In the order of 60 amps a.c. were passed through
the boat until the charge melted. The vacuum system was allowed to achieve its
base pressure and the boat again heated until the charge melted, the material
being held iﬁ this molten state for one minute to complete the outgassing.
Throughout the outgassing a:nicros:cpeslide was fixed near the source so

that any excessive loss of evaporant during the outgassing could be 6bserved
and prevented. The boats and filaments were kept under 0.H.V. until they.
could be mounted in the U.H.V. system. In the case 5f evaporations taking
place in the 0.H.V. environment, after the molten stage had been reached

and outgassing completed, the shutter was opened and the charge material

" was allowed to condense onto the substrate. petails of individual evaporation

parameters are given in Chapter V, VI and VII.

-~



4.5 Substrate Preparation

All the films whether for the thermoreflectance study or +he production

of the integrated thin film optical modulator were deposited onto float glass .
substrates. TFor use in the thermoreflectance measurements two microscope
slides (75 x 25 x 1 mms) were selected fér their gene;éi degree of
cleanliness and freedom from scratches, and were initially clezned with a
lens tissue. The subsfrates were then clamped vertically in a beaker of
o degreasing agené (Decon 80), care being taken to ensure that the slides

" did not touch the sides of the beaker or each other. The slides were
ultrasonically cleaned for 45 minutes after which the degreasirg agent was
displaced with distilled water and the slides rinsed for zbout 5 minutes.
The substrates were then ultrasonically cleaned for a éurther 15 minutes
in distilled water. The slides were removéd from the distilleé water and
wére allowed to dry in air, covered loosely by a lens tissue: cdry nitrogen
was blown across the slide surface to complete the drying.

" For the thermoreflectance measurements, films were deposited héving
dimensions 75 x 5 mm2. The substrate hoiders in both the 0.H.V. and U.H.V.
eﬁvironments were made of stainless steel and could accommodate two substrates.
Samples were prepared on two slides during each evapcraticn:one was used to
investigate the film structure "as grown", by high energy reflection
eiectron diffraction and the other was used as the optical specimen and
then examined by electron diffraction after thermomodulation. The substrate
holder in the U.H.V. chamber was fixed to the rotary drive and the mounting
was constructed so thét the front face of the substrate passed through the
axkis of rotation of fhe drive. The source-substrate distance was fixed at

18 cm. In the O.H.V. chamber the substrates and masks were positioned

8 cm directly above the filament.
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4.6  The preparation of an integrated thin film optical modulator

As discussed in Chépter 1, the possiblity exists of applying one of

the modulation techniques to pfbduce a totally integrated thin film optical
modulator. The use of integrated optics has 1been'discussed by Miller (1969)
andithe fundamental elemeﬁts‘used to build optical integréted circuits, for
example, planar thin film waveguides'and detectors have been extensively
studied (Dakss 1970, Ulrich 1971, Taylor 1974)., Electro-optic crystals
(i.e. LiNbOé) have been used as wide band optical modulators for communication
‘purposes. The,electro~bptic effect ma§ be defined generally as the dependence
of.the index of refraction of~a material on the applied electric field.
Typrically the refractive index of an optically active material changes by
1% én the application of electric fields ~ iOB‘Volts/metre. In most forms
of electro-optic modulators the incident iight‘beam is coupled to a material
in thin film form acting as a waveguide and multiple reflections near the
critical angle serve to enhance the modulation. There are however some
important constraints on the capabilities of electro-optic modulators and
these are summarized below:-

(i) The incidentlight has to be coupled to the waveguide and this requires

additional optical coupling components i.e. coupling prisms.

(ii) The electro-optic modulator is necessarily cumbersome because of

the long path length required to amplify the effect.

iii) The device is limited tc small apertures. Wemple and Didomenico (1872)
have shown that the required voltage Vn sufficient to turn the

light on is given by

| vy =(}\/n3rq)(b/2) (4.1)
where: A 1is the wavelength of the incident light
n 1is the refractive index of the active medium
r is the electro-optic coefficient of the active material
is the electrode spacing

2 is the device length.
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Clearly, to reduce Vn the electrode spacing b wust X

and the crystal length &£ -increased.

(iv) Wemple and Didomenico (1972) have also shown that %he power needed )
to drive the modulator increases rapidly with iqcreasing wavelength
and is in fact-a function of the cube of the wavelength.
In view of these disadvantages, an alternative cdesigrn for an optical
modulator is presented. As with electro-optic modulators the ceuice
utlizes modulation by %n applied electfic field but in this case we term
the type of modu:lation as "absorption driven". Franz (1258) and Keldysh (1958)
theoretically predicted that the absorﬁtion edge of a §emicond:ctor or iﬁéulator
should be moved to longer wavelengths on application of high electric fields
'\‘.107 to 108 Volts/metre. A detailed account of the thecry of electro-
modulation is given in Chapter VII. We have seen in Chapier I that there
are various ways of applying the modulating électrid field to the sample
under study. Figures (4.2a) and (4.2b) indicates the "dry package"
configurations: in one case the electric field is applied using a capacitor
configuration with the active medium as the dielectric and in the other a coplar:zr
electrode system is utilized. The capacitor configuration was chosen in the
present work since the coplénar electrode system restricts the apertﬁre of
_the device] electrode spacings "~ 100 um are réquired. ilso we see from
Figure (4.2b) that the electric field is not uniform over the zctive medium
in the coplanar configuration.
The important requirements for an optical modulator with a capacitor
cpnfiguration are )
(i) The medium froducing the modulation should have a high resistivity

and low photoconduétivity so that power dissipation in the material

is minimized.

(ii) The absorption edge of the material should be as steep as possible.
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In the present désign we have used a totally integrated system, in which the

device consists of a multilayer stack of thin films with no air gaps between

the layers., The advantages of such a device over a system using discrete

components separated by air gaps or optical cement are summarized below:-

(1)

(ii)

(iv)

The integrated device is very compact.

Low operating voltages are required to produce the desired electric

field strengths of ~ lO7 Volts/metre to induce a shift in the

absorption edge. In a multilayer stack of thin films having a total

-thickness of 10,000 ] only 30 Volts need to be applied across the

device to produce an electric field strength of 3 x 107 Volts/metre.
This is to be compared with the optical modulator utilizing discrete
components described by French (1969). The device comprised a 12 um

platelet of gallium arsenide (the active medium) bonded to a tin oxide

coated glass substrate with a 6 um mylar spacer separating the

gallium arsenide from another tin oxide electrode. It was found that
750 volts had to be applied across the device (total thickness 18 um)

to produce an electric field strength of 4 xle7 Volts/metre.

Spurious signals have bheen observed by workers using non-integrated
devices, i.e. systems of separate components not in totally intimate
contact are liable to prodice misleading effects. For example,
Cl;ussin (1961) observed a 35% modulation in the reflectance of a

germanium platelet. The germanium was insulated from a cadmium . oxide

electrode deposited on a glass plate, by means of a mylar spacer.

Close inspection of the system revealed that the modulation was not

due to the electromodulation of the germanium but caused by mechanical

vibration of the mylar spacer.

With an integrated thin film modulator, the response may be enhanced by
suitable optical design, i.e. a filter may be designed whereby the

transmission of the device is peaked at a specific wavelength.
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Cadmium sulphide which has a steep absorption edge centred upon 5200 2
was chosen as the.active medium. The specimen configuration is shown in.
Figures (4.3a) and (4.3b). The capacitor-like structure has the advantage of
providing substantial field strengths across the device without the joule |
heating which‘arises when the,field is applied directly across the cadmium
sulphide film between metallic electrodes. The choice of dielectric material

is discussed in (4.8).

4,7 The preparation of the cadmium sulphide films

- The cadmium sulphide films were grown by thermal evaporation in the
Edwards 12EA vacuum system. bThe vacuum deposition of II-VI compounts is
complicated by the fact that they sublime, , and eventually completely
dissociate when heated (Goldfinger 1958). At a temperature of 800°¢C
cadmium sulphide is 20% dissociated and at 1100°%c it is 90% dissociated
(Shalimova 1963). Thus during evaporation of cadmium sulphide there are
béthnﬁoiecuigé of cadmium sulphide and free particles of at;mic cadmium and
diatomic sulphur in the vapour stream over the solid sulphide (Sen Gurta 1934).
In the present work, pfeliminaryAevaporations of cadmium sulphide onto
unheated float glass substrates did in fact reveal that there was a great
deal of sublimation present and the well of the flap value of the vacuum
.system was quickly covered with a thick yellow deposit. A system for the
vapour déposition of cadmium sulphide was designed based on the method that
De Klerk and Kelly (1965) had successfully employed for the growth of high
resistivity films for transducers. The cadmium ;ulphide, in the form of
granules (B;D.H. Vactran grade 4-40 mesh), was evaporatéd from a molybdenum
boat. Granules were used in prefepence-té the powder form of cadmium sulphide
since the latter, even with careful and slo& heating of the boat, spattered
violently around the vacuum éhamber. The substrate and source were enclosed
by a fused silica oven 15 cm.long and 11 cm in .diameter. Small quartz nodules

v 0.5 cm long were fused on to the outer surface of the silica tube, to
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Plan section of optical modulator
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sﬁpport a nichrome heating coil round the cylinder. The cylir‘er cculd thus

be heated to 250°C which prevented the condensation of dissociated sulphur onto
the walls.” A stainless steel circular cap rested on the top of the oven and
four pillarslwere fixed into the cap so as to support two staiﬁless steel

bars. The substrate could be clamped to the bars and thus held directly

above the source. The source-substrate distance could be varied from 5 em to
13 cm. The majority of %hecadmiumsulphide evaporations vere czrrie: out

‘at a séurce-subStrate distance of 8 cm. The walls of the silica oven were

maintained at a temperature of lSOOC, and a wire wound mica strip or a tin
oxide coated microscope slide acted as the local substrate heater. The stainless

steel cap had three feedthroughé inserted into the top in order that electrical
connections cou;d be made to the substrate heater, and-also a chrome—aluﬁel
thermocouple could be attached to the substrate to monitor the temperature

of the sample. Plate (ﬂ.2) shows thé silica oven in the vacuum system.

| Initially, cadmium sulphide films were deposited on unheated float

glass substrates: these films were highly conductiﬁé, thé majority having a
resistivity ~ 0.1 Qcm. Resistivity measurements were made by a four point
probe technique, the electrode configuration being shown in Figure (4.4).
Thermally evaporated gold films ~ 2000 & thick served as the electrodes,

gold being used in preference to other materials as it has been shown that
cadmium sulﬁhﬁde films make an ohmic contact when deposited onto this element.
‘ Cadmium sulphide films > 1000 R thick tended to be dark brown in colour.
‘Both transmission and reflection high energy electron diffraction analyseé
were undertaken on the films, &hich could easily bé stripped from the glass
substrates. The film was scored into 3mrn2 squares, and the whole slide

was then held, partially immersed at an obiique angle in a dish of distilled
water. After about five minutes, the squares of film floated free from the
slide and could be picked up-on copper specimen grids for e.m. analysis in
‘transmission. The electron microscope used was an A.E.I. EM6 having a
maximum accelerating voltage of 100KV and a maximum usable maganification of

60K. A transmission diffraction pattern and an electron micrograph of a
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500 & film of cadmium sulphide grown on an unheated float glasc substrate

are shown.in Plates (4.3) and (4.4). The diffractior pattern Indicates a
randomly oriented film having a hexagonal close packed structure. From

the pattern, interplanar spacings were calculated using eéuation (4.2), which

relates the camera constant 2AL of the microscope to the diameter D of

the diffracted rings
dp = 2AL (4.2)

where d is the interplanar spacing
A is the wavelength of the electrons
L is the distance from the speéimen to the viewing scfeen in the
electron microscope. X

The experimentally calculated d spacings were then compared with theoretical

ones calculated from the equation

1l _4 (h2+hk+}<2)+ 1;_2. ) (4.3)
273 2 2 : ST
d a“ c .

where h k 2 are the Miller indices

a and c¢ are the lattice constants of the material.

" The two sets of d spacings are listed in Table (4.1) and we see that

the diffractien pattern is indicative of a remarkably good stoichiometric film.
‘The electron micrograph indicated that the cadmium sulphide had a crystallite
size of 200 B. To produce an evenly condensed film on the glass substrate

a very slow rate of deposition. ~v 100 R min'—1 was.used and the source
temperature (determined by optical pyrometry) was ~ 850°C. The‘film had

a yellow appearance, unlike thicker films which were dark brown. The good
stoichiometrf of this film was attributed to the low source temperature since
Shalimova et al. (1963).have indicated that at temperatures of 800°C cadmium
suléhide is only 20% dissociated. In the present work thicker films (>2000 R)
grown at higher deposition rates ( 500 )y min-l) and high source temperatures

(lOOOOC) resulted in non stoichiometric films. The dark brown colourand the



18

PLATE (4.3) Transmission electron diffraction patternof a 500%
film of cadmium sulphide grown on a float glass substrate
at room temperature (Accelerating voltage 100KV) .



PLATE (4.4) Electron micrograph of a 500% cadmium sulphide film grown
on a float glass substrate at room temperature.

Magnification: 1O00KX
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TABLE 4.1
hk % ' calculated d Measured d spacings
spacings (§) (8) from Plate (4.4)
00.1 6.691 | -
01.0 3.577 3.63
00.2 | 3.346 " 3.un
o1 - s.ss 3,11
01.2 2,443 2,46
00.3 2.230 o .
11.0 - 2.065 2.07
1.1 1.973 -
01.3 1.893 1.90
02.0 T 1,788 -
11.2 1.757 1,77

Lattice parameters of cadmium sulphide (Wyckoft 1965)

4,130 %

o
1

6.691 A

o
"
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high conductivity of cadmium sulphide films deposited on cold substateé

has been attributed to the occurrence of excess cadmium (Foster 1965).
Reflection electron diffraction, analysis of the films grown in the preéent
work gave no evidence of a discrete cadmium phase.. Shallcross (1966), in én
x-raydiffraétion study of‘films of cadmipm sulphide, also found no evidence
of the cadmium phase.

Films deposited onté substrates "held at temperatures between 180 and
200°C were found to give stoichiometric and highly resistive (v 10" 2 cm)
films. The sticking coefficient of the cadmium sulphide was found to decrease
APastically as the substrate temperature increased and if was found to be
extremely.difficult to deposit a film on substrates held above 200°c.

High en;rgy reflection electron diffraction analysis indicated that for a
film 1200 R thick, grown on a substrate held at 18500, a randomly oriented
hexagonal close packed structure was formed. An example of such a film is
shown in Plate (4.5). Films ranging in thickness from 2000 to 8000 2
deposited on substrates held at 180°%¢ grew in a well ordered orientation see
Plate (4.6). Plate (4.7) shows the same film, described above, seen iﬁ
transmission on a Vickers Projection microscope, the crystallite size being
n~ 1 um. Shallcross (1966) has also found that as the substrate temperature
and film thickness increase, criented growth is observed and the crystallite

size increases. All the cadmium sulphide films forming part of the optical

modulator were deposited onsubstrates held at 185°C.

4,8 Choice and preparation of the dielectric layer

In the present work several materials have been evaporated for use as
dielectrics. - For use in the optical modulator the dielectric needed to
have a breakdown strength between lO7 and lO8 Volts metre“l. The electricalb
characteristics of the dielectric films were iﬁvestigated by fabricating
thin film capacitors. Aluminium was chosen as the electrode materialj;

large-grained films such as are formed by lead and tin are unsuitable since
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PLATE (4.5) High energy reflection electron diffraction pattern of a

1200% cadmium sulphide film. Substrate temperature 185°C
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PLATE (4.5) High energy reflection electron diffraction pattemof a
5000% cadmium sulphide film grown on a float glass

substrate at 180°C.

PLATE (4.7) Optical micrograph of the cadmium sulphide film showiQ in
Plate (4 .6)5 seen in transmission on a vickers projection
microscope.

Magnification: 000X
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éhey have a high surface roughness. Capacitors with electrodes of high boiling
point metals break down more readily than otherwise, probably because

the dielectric is penetrated during electrode deposition by thehigh‘energy
condensate (Hass and Thun 1968) So as to reduce the possibility of metallic
or other céntamination of the dielectric films, a vacuum system was kept
exclusively for the deposition of the latter, and thealuminiumelectrodes
were grown in a separate system.

Aluminium oxide, niobium oxide, soda glass, borosilicate, quartz,
magnesium fluoride and silicon monoxide were investigated as dielectric
'materials. Because of their .relatively high melting points, 2045°¢ énd
1520°¢ réspécﬁively, aluminium oxide and niobium oxide were evaporated by
electran bombardment from carbon or cermet crucibles. The films produced from
the alumina evaporation did not give systgmatiéally good dielectric behaviour.
Many of the films were light brown in colour, this colouration being attributed
to a reaction of the charge material with the crucible. Those alumina films
.that werenon-conducting had a very low.breakdown strength. Breakdown . paths
always appeéred at a weak point in the dielectric at the sharp step of the
bottom aluminium electrode (Figure (4.5a)). To eliminate this weak point,
aluminium films having a diffuse edge rather than a sharp step were produced
by moving the stainiess steel eledtrode mask 2 or 3 mm away from the glass
substrate. The resulting capacitor configuration is shown in Figure (4.5b).
Although this improved tHe breakdown strength of .some of the alumina films,
many of the films grown were‘light brown and highly conducting, even though
a cermet crucible was used. |

Niobium oxide was evaporated from either the ring gun or from a
molybdenimxAboat. Films produced from both sources were highly conducting and
it was thougﬁbthat tﬁe material dissociated upon heating causing free niobium
to be present in the film. After evaporation, the charge material, being
initially in the form of white granules, had turned to a blue-black deposit.
Reliable capacitors could not be produced with any of the glasse;. Films which
were more than 200 R thick grown on cold soda glass substrates always showed

signs of strain after removal from the vacuum chamber. Neither heating the



85

Figure (4.5a) Capacitor
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Figure (4.5b) Capacitor configuration with diffuse bottom electrode
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sﬁbstratg.nor deposition onto borosilicate substrates improved the £ilm
quality.

Films of silicon monoxide and magnesium fluoride weré fourd to give the
best dielectric characteristics. Silicon monoxide has been ex<ensively
studied by Hass (1950) and Siddall (1959) who found thdt the optical constants
and the physical struéture of a film varied considersbly with the rate of
evaporation and the'residual gas pressure. Films deposited at pressures
> 10-5 torr were found to have a pordus structure, In the present work silicon
monoxide (B.D.H. Vactran grade'8-120 mesh) was evaporated from a
~ tantalum baffled source (Nordiko S.iO){to prevent the charge materia% from
éfattering the substrate. The éource is shown in Plate (t¢.8). The rate of
deposition was 11 g sec_l and the base pressure during eveporation was
8 x 10-7 torr. A marked get%ering action was observed as the rmaterial
began to evaporate, showing rapid absorption of the residual geses in the
chamber. All the films evaporated under these conditions were slightly yellow
in colour. Absorption edges (monitored by a Perkin Elmer spectrophotometer
Model 137 UV) of films evaporated at different rates are shown in Figure (4.6).
The absorption at 4000 R of the film deposited at the fastest rate
(20 R sec“l) is much greater than the film deposited at 11 8 sec-l. Capacitors
made from films grown at the higher rate (20 R sec—l) had a high conductivity.
Hass (1950) ﬁas indicated that for fast evaporation rates the resultant film
‘contains free silicon. All the filmé used in the optical modulator were

deposited at rates of 11 R secml

. Plate (4.9) shows a traznsmission electron
diffraction pattern;of a film érown at a rate of 11 & sec»l onto a freshly
cleaved (100) surface of rocksalt. The pattern indicates an amorphoué
structure, and the average interplanar spaéing catculated from the halo was
~ 3,50 R, The interplanar spacing of stoichiometric films is ~ 3.6C R (Hass
1950). The diffraction pattern showed no ring of silicon or of silica
(SiOz). Although these films were not strictly stoichiometric the capacitors
7

- . 8
constructed from them had a very high breakdown strength ~ 10" té 1C

Volts metre-l.’ Typical capacitances. measured using a Marconi Universal
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PLATE (4.9) Transmission electron diffraction pattern of a silicon
monoxide film grovai on the (100) face of a rocksalt crystal,

Deposition rate: 11% sec
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Bridge were of t%e order lO-lO«Farads. Direct current measurements showed
that the capacitors would withstand voltages of 30 volts (or more) with-
associated currents of the order of J.O-g to lO-ll amps, leakage current ..
characteristics were measured with a Pitman 437 electrometer. All the capacifors
investigated had dielectric thicknesses in the range 2000 to 3000 . Films
deposited at low rates (< 6 R sec_l), although transparent in the waveiéngth-
range 3500 to 7500 R, always showed signs of strain whethér removed from the
- vacuum chamber immediately or a few hours latey.~

Magpesium fluoride was evaporated.from a molybdenum boat onto heated
substrates (films >.1000 2 thick showed signs of strain on cold substrates).
Capacitors with magnesium fluoride as the dielectric ﬁad typical capacitances
of ~v lO-9 Farads. With 30 volts applied to the capacitor, leakage currents

7 to lO-8 amps. Since the leakage currentsof the capacitors

were typically 10
using silicon monoxide as the dielectric were smaller than those‘using

magnesiim fluoride, the former was used as the dielectric material for the

integrated thin film optical modulator. -
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CHAPTER V

The thermally modulated optical properties of opaque films of gold and copper

o

(5.1) Introduction

In this chapter the thermally modulated optical properties of opaque
films (= 20008 thick) of gold and copper are examined. The modulated
reflectance response has been expressed in terms of the more significant
quaptitieé Ael and Ae,, the changes in the real and imaginary parts of
the dielectric conétant respectively; by the methods described in (2.5),
AEQ; in particular, is then correlated with the existing band structure
calculations which are available for gold and copper.

Gold was the first metallic element to bé studied by the thermoreflectance
method kScouler 1967). Scouler thermaily evaporated gold films ~ 2000 2
thick onto glass, mylar and silicon substrates. The thermoreflectance
measuremenfs were performed at 120K at a pressure of lO-6 torr and films
deposited on the different subé%gétesrga;é the same results, The measurements
were made over an extensive spectral fange 2 to 10 eV,and was the first
time modulation measurements had extended to the vacuum ultraviolet.

The experiment was later repeated by Rosei and Lynch (1972) at two
temperatures: 120K and 340K, but the photon energy range was less extensive
than in Scculer's work. Both workers found that the thermoreflectance
response of gold had dominant structure near 2.5 eV and also smaller
-subsidiary structure loca%ed at 2.9 eV and 3.2 eV. Essentially the purpose
of the present work was to use gold as a reference material, to determine
the spectral position of the dominant structure and to ascertain whetheg
the detection system had sufficient sensitiﬁity to_iocate the two subsidi;ry
peaks.

The thermally modulated optical properties of polycrystalline opaque
films of copper were also examined. Mueller and.Phillips (1967) and Janak

et al. (1975) have calculated the imaginary part of the dielectric constant,
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L€ The results represent the only calculations made of this type and

2'
thus provide an opportunity for comparisons to be made Letwezn experiment

and a comprehensive theoretical calculation.

(5.2) The preparation of the gold films

-

The gold films were prepared in an ordinary high vacuum environment

(Birvac T4150), and the growth conditions for a typical film zre given belcw:-

(1) The film was grown from a 99.3% pure sémple of gold wire supplied
by Johnson and Matthey. ‘
-(ii) The filﬁ was deposited in the configuration described in (4.5), onto
glass substrates at room temp;rature, from a moly>denun boat.
(iii) The ordinary high vacuum system was evacuated to lO'-6 torr and the
boat and evaporant outgassed by passing a current of 6C amps for
3 minutes. |
(iv)  After the outgassing procedure the systém'was allowed to attain its
| base pressure of v L4 x lO-7 torr. The boat was heated uptil the
-evaporant melted. The current was then raised to 90 amps and the
shutter shielding the sqbstrate was opened, allowing the film to
condense onto the float glass slide. ‘
(v) ‘The source-substrate distance was 8cm and the rate of deposition was
n 20 R sec-l. The film was deposited in one evaporation and during
the céurse of the evaporation the pressure in the system rose to
2 x lO"6 torr.
(vi) Three float glass substrates were incorporated in the system in
an& one evaporation. One sample was used to measure the~film
" thickness, a glass cover slip being attached to the substrate to
give the required step.Of the other two samples, one was mounted

for analysis by high energy reflection electron diffraction and

the remaining sample was transferred to the experimental chamber,
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Directly after removal from the vacuum chamber the sample slide was
mounted on the cryostat; this entailed exposing the film to “the atmosphere.
The sample was mounted in the experimental chamber within 10 minutes of
removal from the growth system and was generally under a pressure of ‘

n lO_6 torr within 30 minutes . of starting the pump down. Copper electrical
leads were indium - soldéred to the endé of the film. A chrome-alumel
thermocouple was also indium-soldered to the surface of the film, so that

it did not interfere with the incident light beam. Of the two remaining
samples, oge was mounted on a stud for analysis by high energy reflection
'e;ectron diffraction in a JEM 6A electron microscope. The sample vas
mounted Bn\the stud with Acheéon Dag l§50, a 3 to 4 hour period being
necesséry for drying, du%ing which time the specimen was stored at 10_6 torr.
The other sample was silvered and its thicknesé measured using multiple

beam Fizeau fringes (Tolansky 1963). | |

Plate (5.1) is a hiéh energy reflection electron diffraction pattefn
of a typical gold film. We note that the ring grouping is typical of a
face centred cubic structure. The diffraction pattern indicates that the

film was randomly polycrystalline with a crystallite size in the order

of 1000 K.

(5.3) The thermally modulated reflectance measurements

The sPeéimen was subjected to thermal modulation after the vacuum
system reached 8 x lO‘-7 torr. For con?enience of experimental layout initial
measurements were made at oblique incidence at 45° with the light plane
polarized parallel to the plane of incidence. Measurements were made at
107K and 323K. In the former case the specimen was cooled by the introdﬁction

of liquid nitrogen into the cryostat and for the high temperature measurements

the cryostat was water-cooled., Measurements were always taken in a low-high- -

low or high-low-high temperature cycle in order to ascertain whether any

changes observed in the modulated reflectance response were repeatable and

whether any hysteresis effects were present.



PLATE (5.1) High energy reflection electron diffraction pattern of a

gold film (accelerating voltage ICOKV).

foc%ﬂ;
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Figure (5.1) indicates the thermally modulated reflectance response-
of a typical gola film at 320K for two different values of power dissipation
in the sample. We see that a larger (ARp/Rp) response is observed on
increasing the power dissipation. The thermocouple registered a 40K ﬂ
mean rise in the temperature of the sample on application of the modulating
current. We note that the modulated reflectance response consists of -two
main peaks situated at 2.425 eV and 2.625 eV. Additional structure can
also be seen at 3.0 eV and Figure (5.2) indicates this response. The
diagramvreprésents a trace of the actpai signél (ARp/Rp) displayed on the
pen recorder and we see that as lower waveleﬁgths are approached the noise
iABthe detection system increases. The experiment was performed scanning
from 1.8 eV to 3.2 eV, The.spéctra;pésitions of structure in the thermally
modulated reflectanée responsewere found at the same photon energy regardless
of whether the.spectral range was scanned from 1.8 to 3.2 eV or from 3.2 to
1.8 eV. This indicafed that the wavelength scan speed matched the time
constant éf-the lock~-in amplifier., Mea§urements could only be taken down
to 3.2 eV since in order to maintain a constant 1 volt d.c. signal on the
photomultiplier it was necéssary‘to run the photomultiplier high voltage
supﬁly at 700 volts at this photon energy. This resulted in a drastically
decreasing signal to noise ratio and repeatable readiﬁgs could no longer
be obtained.

‘Figurg (5.3)‘indicates the thermoreflectance response when the specimen
was cooled to 107K, 0.75 watts being dissipated in the sample. It was
found that considerab@y less power had to be dissipated in the samples
"maintained at low temperatures (v~ 107K) than those at higher-temperatures
(v 320K) otherwise the specimen cracked. The low temperature trace is
superimposed on the high temperature response and we note that at 107K
the same structure is apparent as at 323K but it is considerably sharpened.

Also we note that there is an energy shift of 0.063 * 0.004 eV towards

higher energies in the large negative peak near 2.4 eV, However there is
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no change in the position of the positive peak. An energy shift is élso
noted in the subsidiary strgcture around 3.0 eV: the shift of 0.010 * 0.004 eV
is towards lower energies on lowering the temperature.

As a check on these results and to confirm that the spectral positions
of struéture changéd on lowering the temperature of the sample the experiment
was repeated at near normal incidence using the mirror configuration shown ‘
in Figure (3.4). Near-normal incidence geometry was chosen primarily for

two reasons, namely:-

. (1) Roseil and Lynch (1972) and Scouler (1967) obtained their data at near
normal incidence. .

(ii) Werk by Fischer and Seraphin (1967) and Schmidt and Knausenberger (1969)
on the electroreflectance response of germanium indicates that the
position of structure in modulated refléétance can depend on the angle

of incidence.

The thermal modulation experiment at near normal incidence was performed
on the same sample used in the oblique incidence measurements, Howevér the
experimental chamber had to be let up to atmospheric pressure in order to
align the mirrors,‘thus exposing the sample to the atmosphere. The film was
exposed.for approximately 20 minutes before pump-down recommenced. Figure
(5.4) indicates the thermally modulated reflectance responses for measurements
taken at near gormal incidence at 323K and 107K.' The spectral positions of
structures do not change with angle of incidence :and on lowering the temperature
there is again an -energy shift of 0.063 eV in the negative peak.

In order to ascertain whether the observed peak position shift with
temperature was associated with strain in the fiLns.caused by differential
thermal expaﬁsion of the substrate and film, the substrate was changed to
Spectrosil B, The tﬁermal expansion coefficiénts of Spectrosil B, soda .

glass and gold are (Kaye and Laby 1955).
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We see that Sgectrosil_B has a thermal expansién coefficient zn order of
magnitude less tran that of glass. The gold film was grown on the cuartz
substrate under the same conditions as for the float glass su:strate -
however a slight difference in film éhickness was noted. The film grown
‘on the fleat élass substrate was 1430 & thick and that o= the quartz
substrate 1350 £ thick. Ca repeating the optical measurements no
difference in fhe peak positions or magnitude of the main peak shift with
temperature was observed. This behaviour is shown in Figure (5.5).

At this point it is worth considering the fofegoing results on this
structure at 2.4 eV in the light of those obtained Ey Cheyssac (1273)! who
measured the thermally modulated reflectance, piezoreflectance and
electroreflectance response on the same polycrystalline gold film., Cheyssac's
results are shown in Figure (5.6) and we see that the pezk in the
thermoreflectance response near 2.4 eV isconsiderably sharper than the peak

- due to the piezoreflectance and electroreflectgnce response. Cardona
(1969) has indicated that this behaviour suggests transitions to the Fermi
surface as a possible cause of this structure. If this is so then the
thermally mcdulated reflectance response at this energy would be due in
large part to the "smearing" of the Fermi distribution as the temperature
is raised.. However, part of the structure will be due to stra&n, because -
the sample is constrained to the substrate and thermal expansion will
cause shear stress. We see from Figure (5.6) that the electroreflectance

- response is not so sharp as the thermallymodulated reflectance response.
Prostak and Hansen (1967 ) attribute the occurrence of electrcmodulation

in metals to a modulation of the free carrier concentration. The electron
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Figure (5.6) Comparative modulation spectra of a polycrystalline

gold film (Cheyssac 1973).
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concentration, n, is related to the Fermi energy by

2/3

E. = h°/2m (31°n) (5.1)

where | '

E | is the Fermi energy:

T is the reduced Planck's constant
m is the~électron mass |

n, 1is the electron density

Clearly, a change in n will produce.a change in the Fermi level.

°

(5.4) The thermally modulated Ae

1 and A52 results

The changes in the real and imaginary parts of the dielectric constant

1 2

thermal modulation data was taken from the pen recorder readout in 0.025 eV

Ae. and Ae, were computed by the method described in (2{5); The

‘steps and inserted in the computer program. In order to compute Ae, and
Ae2 it is still necessary to have some knowledge pf the optical constants
of the material. In the transformation of the thermally modulated
feflectance data we have used the optical constants taken from Johnson and
Christy (1972) and Pells and Shiga (1969). Although other workers have
determined optical consténts of gold films-(Schuitz and Tangherlini 1954,
Theye 1970 and Irani et al, 1971), they do not cover such an extensive
photon energy range. Although both Johnson and Christy, and Pells and
Shiga measured n and k as a function of teﬁperature for both gold and
c0ppér, measurements were not performed near 80K for gold. ‘In computing

1

therefore had to use values of n and k derived from measurements made

Ae and A€2 from thermal modulation measurements taken at 107K we have

at 295K,

.

Figure (5.7) indicates the temperature modulated phase change

“Awp(w) computed from equation (2.47) for the low and high temperature
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Figure (5.7) The variation of Ayp, the temperature modulated

phase change with photon energy.
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measurcments. We note that the response has a rrincipal peak at 2.50 eV
for 323K; and at 2.55 eV for 107K, and the low temperature curve is again
much sharper then the high tempefature response. We also note that the
subsidiary structure near to 3.0 eV seen in the modulated reflectance -
spectra-appears again in the _Awp(w) curves and ther? is a shift to lower
photon energies on lowering the temperature.

Figures (5.8) and (5.9) show the thermally modulated Ae, and 2e
spectra, the former is given for completeness, tut the discussion will
mainly be concerned with the A52 spectra since this parameter may be
correlated with band structure calcuiations. The data shown here were
-computed using n and k values taken from Johnson and Christy (1972).

The effect of using n and k from fells and Shigas(19€3) measurements

has already been discussed in (2.5) where it was shcwn that the spectral
positions of the structures in the A€2 curve were unchanged. The

sharpening of the modulated reflectance response at low temperatures is
repeated in the transformed results and a shift of '0.05 eV in the energy

of the main peak is observed. A shift in the subsidiary peak té iower

energy is also seen on lowering the temperature: at 323K it occurs at 2.950 eV,
and at 107K it is at 2.875 eV.

We note that the observed peak positions in the thermal modulatioé
462 spectra are in good general agreement with previous thermal
mocdulation results (Scouler 1967, Cardona 1969'and Rosei and Lynch 1972).

We havé not‘been able to detect the subsidiary peak at 3.2 eV observed
by Scouler, probably because of the increasing noise in the detection
" system due to the reduced output of the quartz-iodine lamp in this region.

(5.5) The correlation of Ae,, with band structure calculations

The thermally mcdulated Aé2 spectra have been correlated with a -
relativistic augmented plane wave (R.A.P.W) band calculation for gold

performed by Christersen and Seraphin (1971). The authors show that for
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Figure (5.8) The thermally modulated Ael spectra of gold at
107K and 323K.
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gold which has-atomic number 2 = 79, relativistic effects are important
and cause signifieant differences whep compared with non—relativistic
A.P.W. calculations (Jacobs 1968). Spin-orbit splitting of eﬁergy levels
sometimes reaches values of the order of magnitude of the energy‘gaps:
Although other R.A.P.W. calgulations for gold have been performed (Sommers and
Amar 1969, Kupratakuln 1970 and Ramchandani 1970) Christensen's calculation
is the only.one which gives eigen vélues of energy bands for both expanded
(T = 920K) and normal volume lattices (T = OK). 'This is particularly
important, since temperature coefficients of some transitions may be
interpolated from the results, which may then been compared with fhe
e;perimentaliy determined coefficients £rom the thermal modulation
measurements.

The results of Christensen and Seraphins! R.A.P.W. calculation are
shown in Figure (5.10) and Figﬁre (5.11) indicates the appropriately
labelled first Brillouin zone of the face-centred ‘cubic crystal lattice.
The two peaks denoted by A and B in Figure (5.9) have been

tentatively assigned by Christensen and Seraphin (1971) as

5 6
(Q3 + Q,+) > Ef(QS + Qu) Peak A
and
2 3
Ag or 7 > Ef(AG) . Peak B

.At.yhis point we note that the shift of the structures A and B
with temperature has not previously been observed in thermal modulation
experiments on gold. However, although Scouler (1967) only made
measurements at 120K he does comment that the position of the large negative
peak in the thermally modulated reflectance response is shifted to higher
energies relative to that observed in a room temperature piezoreflectance
experimenit on polycrystalline gold films (Garfinkel 1966). Scouler does not
however, give the magnitude of the energy shift. Although Rosei and Lynch
(1972) performea thermal modulation experiments at lQOk and 340K on
polycrystalline gold films they do not report any observed shift of peak

position. This lack of observable shift with temperature in their
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Labelled first Brillouin zone for the f.c.c. lattice.
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erperiments is‘difficult to ezplain but might be due to a rather lower
energy resolution (estimated from their data as being ~ 0.03 eV) in their
optical measurements, than in the present work. Ve note also that measurements
were performed on much thinner films - in the order 300 to 400 & thick,
the proﬁerties,of which may differ ffom those of thick films,

Shifts in the principal absorption edge of gold have been cbserved
by other wofkers using other modulation techniques.. Welkowsky and Braunstein
(1971) and Stokes et al. (1972) have observed a shift of - 2.3 x 10 7 eV/K
and - 1.7 x 10—” eV/K respectively in wévelength modulation experiments.
It should be noted that these results indicate shifts in the 1/R(dR/dE)
response witﬁ temperature., Although Wélkowsky and ﬁraunstein compute €55
values at 80K only are given and thus it is not possible to estimate
the magnitude of the temperature shift of the main absorption edge. Grobman
and Eastman (i972) performed a temperature modulated photoemission experiment
and report a shift of the edge of the d band upwérd at a.rate of 2 to

6 x‘lO_q eV/K with respect to the Fermi energy E However, these conclusions

f'
contradict those of Pells and Shiga (1969) who polarimetrically determined
the optical constants of gold, and found that the principal absorption
edge at 2.5 eV broadened while the central position remained constant,

from 295K to 770K. On further numerical analysis of their data Winsemius

(1973) does find a shift of the edge with temperature. By plotting:-

.

(52(u7ox) - 52(295K))/(47O-295)
and

(e2(57ox) - e2(u7ox))/(57o—u7o)

agaiﬁst photon energy, which he calls the thermovariation spectrum, a
resPOﬁée qualitatively similar to the thermally modulated Ae, response:
is seen. From this analysis Winsemius found a shift of the principal
absorption edge of - 0.02 x lO-u.eV/K. However it should be noted that
"such a shift is only seen after the experimental data had been reduced and

is not a direct result of the experiment, unlike the measurements obtained
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from the modulation experiments. From the expanded lattice R.A.P.W. band
calculation for gold, Christensen (1971) calculated a shift of - 0.5 z 10

eV/K assuming a completely linear temperature dependence of the lattice

)

expansion. In the present experiment the observed peak shift is
- 2.3 % 10" eV/K. It can be seen that all the éxperimental results for
the temperature shift, with the exception of the‘thermOQariation results
of Winsemius, are roughly an order of magnitude larger than the theoretically
estimated shift, (Winsemius results are an order of magnitude less than
the theorétical value). This discrepancy may be due to the method by
" which Christensen and Seraphin estim;ted the order of magnitude of the
>shifts in the conduction states due to-thermal vibrations. The authors
themsélves admit the model is rather crude and in the calculation of scme
of the parameters involved,the elastic constants of gold are needed. The
authors use elastic constants deri;ed from the experiments of Neighbors
- and Alers (1958) at very low temperature and always apﬁly. the same elastic .
constants, althoﬁgh in reality they vary with temperature.

Scouler (;967), Rosei and Lynch (1972) and Cheyssac (1973) have-

observed subsidiary structure in Ae, between 2.7 and 3.0 eV in thermal

2
modulation expériments. In the present thermal modulation experiment,
subsidiary structure has been observed at 2.95 eV at 323K, and 2.875 eV

at 107K.  Structure at this photon energy is also seen in the low
temperature thermovariation spectra calculated by Winsemius. As already
discussed, Christensen assigns fhis structure as being due to transitions
to the Fermi level. Grobma (1972) in a photoemission experiment has
confirmed that the structure originates from initial states in the d
bands. The thermovariation spectra calculated by Winsemius indicates

that the structure moves to highef photon energies-és the temperature

of the sample increases. This positive shift with temperature is also
noted in the present thermal modulation work, the magnitude of the shift
béing + 3.4 x 10" eV/K. According to Christensen's expanded lattice band

.

calculations, such a relatively large positive temperature induced shift
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is expected by transitions near the X symmetry point. From Figure (5.10)

we see that the transition X73+‘+ Xs_ (wvhere 3 indicates the third 7%
band from the abscissa) is located ét 3;01 eV at OK. This tranéition is
located at 3.11 eV at 920Ki.ea shift of + 1.1 x lO—q eV/K. Fron |
Christensen's results it is not possible to calculate the temperature
coefficient of the transition A: op 7 ;-Ef(Ag). However we note from
Christensen's work that on increasing the temperature the Fermi energy

moves to lower energies and the d band is considerably broadened. This
implies tﬁat the energies of transitions from d bands to the Fermi surface

- will decrease as the temperature is increased. This assignment to transitions
thaf do'not involve the Fermi surface is further supported by the comparative
moduldtion stﬁdies made by Cheyssac (1973), the responses being shown in
Figure (5.6). The structure centred at 3.0 eV in the thermoreflectance
response is at least the same order of magnifude as that in the piezoreflectance
response. This behaviour indicates that lattice expa;sion is the dominant -
influence. In tﬁeir expanded lattice band calculation for gold Christensen
and Seraphin (}971) find that the states at the regions near the X and

L symmetry points are the most sensitive to strain. These are just the regions
where the Fermi surface exhiﬁits the largeshdeviaﬁions from spherical

shape (Schbenberg and Roaf 1962), indicating that electrons on the Fermi
surface sénse the crystal potential particularly strongly. In the present
thermal modulation work we see from Figure (5.9) that the structure in

Ae, around 2.90 eV is not sharpened to the same degree as the principal

peak is on loﬁering»the temperature. Our results seem to indicate that

the transition is of the X type since we have observed a positive shift

in energy with increasing temperature of the structure near 2.90 eV, also

a scan of the band diagram in Figure (5.10) does not reveal another transition

having this energy. To come to more definite conclusions would require

further work on the origin of the structure.
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(5.6) The preparation of the copper films

Like the gold films, all the copper films were prepared in an ordinary
high vacuum environment and the growth parametersof a typical film are

summarized below:-

(i) The films were érown from a 99.9% pure sample of éopper wire obtéined
froﬁ Johnson and Matthey, the film being deposited on float glass
substrates at room temperature from a mqubdenum boat at a source-
substrate distance of 8 cm.

(ii) Outgass;ng procedures were the same as those employed in the growth
of the gold films, the vacuum chamber being allowed to attain its base
pressure after the outgassing'proéedure had been completed.

£iii) The film was deposited in one evaporation at the rate of deposition

of 20 R sec:-l for a boat current of 70 amps.

Plate. (5.2) is a high energy reflection electron diffraction pattern
- of a typicai copper film. The film has a face-centred cubic structure.
The pattern has been indexed and we note the existence of additional rings
designated by A and B in Plate (5.2) between the bright central spot
and the (111) reflecticr, ard between the (200) and (220) reflections.
- Pashley and Stowell (1963) have observed such extra rings in electron
diffraction patterns obtained from polycryétalline thin films of gold
and have'attributed these rings to the occurrence of double diffraction
at microtwin bounderies or to the existence of a hexagonal close packed
- phase. In the present work it has hot been possible to determine whether-
the extra rings are due to double diffraction or the occurrence of the
héxagonal close packed phase since the visibility of the patterns obtained

was. poor and prevented accurate measurements being made.
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PLATE (5.2) High energy reflection eiectron diffraction pattern of a

copper- film (accelerating voltage 1lOOKV)..
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(5.7)  The thermally modulated reflectance response of copper films

The measurements were made in the same manner as for the gold films.
It was found that in some case; electrical leads couldnot be indium soldered
to the film and the arrangement of copper pads described in (3.7) was used
to make electrical contact to the film. The sample was‘again exposed to
the atmosphere on removal from the growth system. Some preliminary thermal
modulation experiments were performed in air at near normal incidence
using the optical cell arrangement described in (3.5). All measurements
-were performed at room temperature. All the films showed signs of
ovérheating (a discolouratioé was observed) after being subjected to thermal .
modulation. ﬁowever, a thermal modulation response was measured and is
shown in Figure (5.12a). We note that the response consists of two main
peaks at 2.125 eV and 2,275 eV togefher with subsidiary structure at
2.025 eV. Of the rive films whose thermally modulated reflectance respdnse_
were measured in this manner all spectra displayed structure near to 2.0 eV,
but in some cases it was more markea than in others. Figure (5.12b)
indicates the tﬁermally modulated Ae2 response computed using optical
constants reported by Johnson and Christy (1872). The response consists of -
a main peak centred at 2.4%5 eV and a subsidiary peak at 2.025 eV.
Subsidiary structure hasbbeen observed by Garfinkel et al. (1966) at
2.0 eV in a piezoreflectance experiment performed in air on polycrystalline
copper films. They attribute this structufe to the existence of cuprous
oxide (CuZO). Nikitine et.al. (1968) have experimentally observed that
cuprous oxide has aﬁ absorption edge starting at 2.0~eV. In the present
work high energy reflection electron diffraction analysis was attempted
after the film had béen subjected to thermal modulafion, to ascertain if Fhe
copper had been oxidized. However, no ciear diffraction patterns were
observed, indicating that the surface of the specimen was amorphous or had

a ?ery small crystallite size.
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A1l further measurements_on the copper films were made in the O.H.V.
environment at a 45° angle of incidence. rigure (5.13) shows typical thermally
modulated reflectance responses of polycrystalline copper films at 523K
and 107K, powers of 6.3 watts and 1.3 watts being respectively dissipated
in the‘sample. The response. consists of two peaks located at 2.125 eV and -
2.275 eV at aéSK, and 2.175 eV and.2.275 eV at 107K, Subsidiary structure
is seen at é.55 eV and 2.575 eV at 323K and 107K respectively. As in the
case of gold, the dominant structures in the curves are considerably
sharpened on lowering the temperature_of the ;ample. The position of the
large.negative peak is shifted by - 0.05 eV, the position of the positive
peak remaininé at the same energy. It.is interestiné to compare the
modulated reflectance at 323K in Figure (5.13a) with that obtained in
air in Figure (b.12a). We see that apart trom the disappearance of the
structure neaé 2.0 ev the main peak positions are located at the same
photon energy. However at higher photon energies the sLtgaAof the
(AR/R) reépopse measured in air is considerably greater than that of the
(ARp/Rp) response measured in vacuum., The structure near 2.55 eV is
absent in the air measurements. It would appear that the effect of a possible
oxiae layer on the frilm surface still aliows the main absorption peak of thé
pure metal to dominate the spectrum although there is considerable difference
in the results in the ultra-violet end of the spectrum,

(5.8) The thermally. modulated Ae., and A€2 spectra

1

-

 The changes in the real and imaginary parts of the dielectric constant
Ael and Aa2 were computed as before. Optical constant data was taken
from Pells and Shiga (1969) and Johnson &nd Christy (1975)., Figure (5.14)
indicates the temperature modulated phgse éhange A¢I§w) computed using
Johnson and Christy's n and k values. We note that the response has
a principal peak ceptred at 2.20 eV at 323K, and at 2.25 eV at 107K.

Subsidiary structure is seen at 2.525 eV and 2.5000 eV at 323K and 107K
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fespectiyely. Figures (5.15a) and (5.1b%b) show the effest of the
differing sets of optical constants on the A52 spectra, We see that
the principal peak at 323K is located at 2.125 eV using .n and k from
Pells and Shiga and at 2.175 eV using data from Johnson ana Christy.
At lO7K’the peaks are located at 2.175 eV and 2.200 eV.. The spectral )
positiénS'of the sub;idiary structure seen near 2.55 eV is qnaffected by
the different sets of optical constants. ‘The discrepancy in location of
peak positions’is not surprising sihce Pells andShiga's values of €,
are as much as 50% larger thaﬁ those .of Johnson and Christy's. It is however' .
perhaps surprising that tne spectrél position of the subsidiary structure
hear to 2.55 eV is unaffected ﬁy the differenf’sets of optical constants.
Close inspection of Pells and Shiga's optical constants and Johnscn and
Christy'sloptical constants reveals that there is a 4% difference in k
values and only a 3% difference in n values at 2.55 eV. At 2.2 eV, the
photon energy of the principal peak, the spectral position of which is
affected by‘thé different sets or optical constanté, there is‘a 22%
.differendain n values and a 12% difference in k values. It is suggested

that the large difference in €, values derived by Pells anc Shiga and

2
Johnson'and Christy may pe due to the methods or surface preparation of
the sample. Johnson and Christy made reflection and transmission
measuremenfs on thin copper films ~ 300 tc 500 % thick, in aa ordinary
high vacuum system ~ 10-6 torr.. Pells and Shiga made polarimetric
measurements on samples which were mechanically polished and then annealed

8 to 10_9 torr. Their polarimetric method

under ultra-high vacuum 10~
of determining n and k has been shown to be highiy dependent_on good
surface preparation (Roberts 19v0). For these reasons more credance is

placed on tne Asl and Ae, results obtained using Johnson and Christy's

2
n and k data. For completeness, the Ae, spectra are shown in Figure
(5.16). We note tnat the sharpening of the modulated reflectance response

at Low temperature is repeated in the transformed Aez results and a shift

of - 0,025 + 0,004 eV in the enengy.ox the main peak is observed

»
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(- 0.050 + 0.00% eV. for Pells and Shiga's n and k). A shift, and
considerable shafpening,vof the subsidiary peak is also seen on lowering
the temperature. At 323K it is centred at 2.538 eV and at 107K at
2,563 eV. We note that the observed main peak positions in the thermél
modulation Ae, spectra are in good agreement with previous thefmal
modulation resﬁlts (Rosei ana Lynch 1972). However, Rosei and Lynch -
make no speéiflc reference to structure near 2.55 eV, although in their

A52 curves at 120K and 350K a shoulder appears near this photon energy.

(5.9) The correlation of Ae2 with band structure calculations

©

Tne thermaliy modulated A€2 spectra of copper have been correlated
with a non-relativistic augmented piané wave (A.P.W.) band calculation
performea by Burdick (1963) (Relativistic effects ére considered to be
unimportant in the case of copper since Z, the atgmic numbef = 29). This
_band structure calculation is in excellent qualitative agreement with
de Haas-vag Alphen effect Fermi surface measurements (Shoenberg 1962).

The results of Burdick's calculation are shown in Figure (5.17). The

two.?eaks denoted by A and B in Figures (5.1%a) and (5.15b) have been

tentatively assigned as
) 1]
L3(Q+) > Eg(L,,) _ Peak A
L3(Q~) +  Eg(L) Peak B

At this point we note that the shift or the structures A and B with
température has not previously been observed in any modulation experiment;
Roseixand Lynch's thermal modulation experiment detected no shift in the
pfincipél absorption peak on léwerlng the temperature of the sample,

this result has aiready been discussed in (5.5). Similarly Welkowsky

and Braunstein (1971), in their wavelength modulation experiment, found no
shift of the principal absorption edge of copper with temperature. The

absence of a shift is difficult to explain since they quote the energy
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resolution of their system as 0.003 eV, which is only marginally les§ than
the resolution in the present thermal modulation experiment. Pells and
Shiga (1969), using a polarimetric method, found no shift in the absorption
edge\with temperature, although Johnson and Christy (1975) found that the
onset éf interbaad trans@tions occurs at lower photon energies as the
temperature of the sample is decreased.

txpanded lattice band structure calculations for copper have been
perrormed by several workers. Snow (1973), using a seif-consistent
augnented plane wave method, finds tnat as the temperature increases the
-+ L_ (that

£ 3

signifying the principal absorption edge) moves to lower energies.

Fermi energy moves to lower energy and the transition E
Uavis‘(1968) using a Korringa-Kohn-RostokKer (KKR) method conciudes that
the transition moves to lower energies as the temperature increases.
Since both workers merely give results for various percentage volume
\expansions it is difricult to estimate the temperature coefficients of
the shifts. Neither workeﬁ gives any indication of the temperature

dependence of the L3(Q_) - ﬁf(Lg) transition.

(5.10) Summary of the gold and copper data

Tge thermally modulated optical properties ;f polycrystalline thin
films of gold-and copper have been studied. The observed structures in the
therm;lly modulated Ae2 spectra of both metals are in good general
agreement with previously'published results. Ho&ever, a shift in the
principal absorptioﬁ edge with temperature for both elements has been
observed. This shift, although predicted theoretically in expanded lattice
band structure calculations has not previously Déen'observed in thermal

modulation experiments.
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CHAPTER VI

The thermally mocdulated optical properties of opaque films of gadoliniunm,

terbium, dysprosium ard erbium

6.1 Introduction

In this chapter the thermally modulated optical properties of opaqﬁe
(v 20008) films of gadoiinium, terbium, dysprosium and ertium zre discussed.
The eiectronic and optical properties ofbthe rare earth metals have been
principally studied by the foliowing experimental techniques: reflection
spectroscopy (Krizek 1975, Meyeps lé76, Miller 1954), magreto-optical
measurements (Erskine and Stern 1973) and phof&-emission experiments
(Blodgett et al. 1966). The main objectives of these measurements have been
to investigate the pre@ictiogs‘of electronic band model calculations and
to obtain data which may be used to further improve these models. However,
modulation specfrosco;y has not previously been used to experimentallyv
investigate the rare earth metals. We preface the results of the thermal
modulation experiments‘by a synopsis of some of the properties of the
rare earth metals:

The elements having atomic numbers Z = 57 to 71 inclusive, appearing
in group IITa of the periodic table, are known collectively as the rare
earths or the lanthanides. The series is further subdivided into the "light"
" rare eafths and the "heavy" rare éarth metals. The latter include the
elements gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium
(Er) and thulium (Tm). The lanthanides have similar chemical properties
because the outer electron configuration remains essentially unchanéed
throughout the series. A genefal representation of the electron structure

may be written as:-

(1)

Xe(ls - ud)us® ss? 5p° 5a't) gs?

where n increases from 0 to 1% from La (2 = 57), to Lu (Z = 71) and
Xe denotes the Xenon core. The parentheses for the 5d state are used to

-
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indicate that in many of the elements, once the u4f shell contains
electrons, the ©5d electron is transferred to the 4f shell. The outer

sq(1)

electrons and 6s are readily removed to become conduction electrons,

leaving a trivalent ion core (with the exception of'europium and yttefgium
which are divalent).

All the héavy rare earth metals héve a h.c.p. crystal structure,",
transitions fo a-b.c.c. phase occurring at temperatures ~ 1550K for Gd,
Tb, Dy and Ho (Taylor ahd Darby 1972). Some workers have indicated that
when grown in thin film form the heavy rare e&rths transform to a f.c.c.
phase (Curzon and thebek 1973, Bist et al. 1972). However, this latter
phase has now been shown (Gasgnier et ai. 1974) to be the metal dihydride,
which has a lattice parameter very close to that estimated for a f.c.c.
phaée of the metal. |

Most of tﬁe lanthanides exhibit some form of ordered spin structure in
the temperature range 4K to 300K. On cooling below room teﬁperature, the
eiements Gd,.Tb, Dy, Ho, Er and Tm become ferromagnetic at temperatures
characteristic of thé individual metals. All except gadolinium transform into
this magnetic state from a higher temperature antiferromagnetic phase which
forﬁs directly from therparamagnetic'phase. The observed magnetic structures
of the heavy rare earths in zero applied magnetic rield are shown in Figure (6.1)
(Taylor 1970). It is the uf electron whigh gives rise to their magnetic
properties but the Uuf levels are buried deep in the atom and the coupling
méchanism between atoms, which is necessary for magnetic order to exist,
cannot occur by direct overlap of the electrons. in the incomplete
shell (as it does for Ni, Co and Fe) and some other exchange mechanism is’
essential. The origin of the exchange interaction cbserved in the
laﬁthanides is ascribed to a second mechanism formulated by Ruderman and Kittel
(1954), Kasu&a (1956) and Yoéida (1957). They indicate that the exchange
interaction responsible for this cgupling between Uu4f orbitals is an

indirect one which involves the polarization of the conduction electrons.

The conduction electrons moving through thelattice serve as a medium whereby
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Figure (6.1) The magnetic structures of the heavy rare earth metals.
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tﬁe orientation of the moment on one ion can influence the neighbouriﬁg

ions. The metals may thus be regarded as consisting of ions with well
localized moments due to Hf shells in a sea of conduction electrons

which contribute little to the magnetic properties directly but provide

the medium for exéhange interaction. The interaction isvoécillatory in nature
and has a long range and is thus capable of giving rise to a variety of
periodic spin structures such as those observed.

Ihe bgnd structures of many of the heavy rare earths have been
calculated by Loucks (1967) who has developed a systematic procedure based
.on,Hartree—Foék-Sléter catculations for free-atoms. All these calculations
have usea the.relativistic augmented plane wave (R.A.P.W.) apﬁroach and
at pre;ent R.A.P.W. calculations of Gd, Dy and Er have been performed
(Keeton and Loucks 1966, 1968) and on Tb by .uackson (1969). A
relativistic calculation has not been performed for holmium although a
nonrelativistic A.P.W. calculation has been reported by Williams et al. (1966).
As in all band structure calculations there is some uncertainty as to which
atomic configurations are ﬁost appropriate and also it should be noted
that all the calculations have been made for the metals in the paramagnetic
state. )

The optical properties of a few rare earth metals have been previously
studied (Hodgson and Cleyet 1969, Pétrakian 1972, Miller et al. 1974, Meyers
1976). The ag;eement béfween the existing optical data is poor and in
many cases fﬁe results do not agree even qualitatively. The present thermal
modulation expeirments were performed with a view to resolving some of these
discrepancies. Miller et al. (1974) using an optimized reflection rétio
technique (measurement of (Rp/Rs) at two selected angles of incidence)
tound that tﬁe optical conductivity, o(w), dispersion curves of gadolinium
and terbium had fine structure superimposed on them. Hasan (Ph.D. thesis
1975) found similar structure in the = o(w) disperéion curves, measurements
being made in air on thin films of gadolinium, terbium, dysprosium and holmium

grown in both ordinary and ultra high vacua. Both workers explain the presence
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of the fine strﬁcture as being due to allowed optical transitions between
certain symmetry points in the first Brilloiun zone of the hexagonal
close packed lattice. To date these are the only experiments in which fine
structure has been observed.in the o(w) curves.

In the thermél modulation measurements made on thick.absorbing
films of gold énd copper (see (S.u)vand (5.8)) we have seen that the
technique is.capable of locating very fine structure e.g. the transition
located at 3.0 eV for gold (Figure 5.9) and that at 2.55 eV for copper (Figure
5.15a). - It was thought that the techniqﬁe woﬁld be a good diagnostic tool
touinvestigate the existence of the fine structure in the o(w) curves
of the heavy fare earth metals reported.by Miller (l§74) and Hasan (1975).
In the present work the modulatedreflectance measurements were made in an

ordinary high vacuum environment on films grown under both 0.H.V. and U.H.V.

conditions. Experimental details are given below.

6.2 - The growth of the gadolinium films - :

Gadolinium was chosen as the first metal to be studied since it has
been most extensively studied by other experimental techniques and its bapd
structure has been calculated. Also, from Figure (6.1) we see that it has
thehighestferromagnetic(Curie temperature Tc = 293 K and exhibits bnly a
- ferromagnetic ordered phasé, unlike the other heavy rare earths, most of which
exhibit a variety of magnetic orderings.

Gadolinium films were grown in both U.H.V. and 0.H.V. environments.,
The conditions necessary for the production of gn opaque continuous film
in the U.,H.V. chamber were determined by performing several trial runs in
an 0.H.V. system. The tantalum boat, prepared as described in (4.4) was
placed in the U.H.V. chamber and the syste% evacuated to its base pressure.
Further outgassing of the béat was then found to be necessary. A current
of 50 amps was péssgd throughvthe boat with the shutter shielding the

substrate from the evaporant. During this time the pressure in the system

rose to 10_6 torr and the boat was allowed to outgas for 5 minutes.

.



During the outgassing the mass spectrometer indicated that H

132

2O, N2- and

H, were evolved. After the outgassing procedure had been completed

2

the substrate holder was rotated (using the rotary drive) so as to be

perpendicular to the evaporation source. Adjustment of the height of the

substrate holder was also necessary in order to ensure complete coverage

or both microscope slides during the evaporation. Of the two specimens

produced, one was used as the sample for the thermal modulation experimenfs

and the other was cut in half, one half being used for a thickness measurement

and the other for structure analysis by high energy reflection electron

diffraction. The growth conditions of a typical . gadolinium film grown

in the U.H.V. enviromment are given below:-

(1)

(d)

(iii)

(iv)

(v)

,0s N, and CO,. The

total integrated pressure measured on the Bayard-Alpert ionization

The residual gases in the system were H

gauge was 3.x lOmlo torr.
The film was grown from a 99.9% pure sample of gadolinium in wire

form (1lmm diameter) obtained from Goodfellows Metals.

Wherever possible the film was grown in one evaporation. As the

- evaporationproceeded a pressure rise in the system was usually

observed, probably caused by the effects of firther outgassing

of the boat and charge material or by the outgassing of the chamber

walls due to the heating from the boat. Ir the pressure approached

10—8 torr the current was switched off and the system allowed to
return to its base pressure. This process was repeated until an
opaque film had been grown; usually the maximum number of
evaporations necessary to produce such a film was two.

For the film described here a cu?rent of 60 amps was passed for
4 minutes, this time representing the total time taken for two
evaporations.

The measured film thickness was 20008 (a deposition rate of 5008/min).
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(vi) The film was grown on a float glass substrate at room temperature.

The growth conditions of a typical gadolinium film grown in the 0.H.V.

system (v lO-7 torr) are summarized rLbelow. To give a fast evaporation
rate the film was grown from a tungsten helical filament.

(i) The loading of the .tungsten filament with the charge material has
been’previously described in (4.4%4). The filament and evaporant
wefe outgassed to a pfessure of 10—6 torr for 5 minutes by passing
a current of 50 amps through the tilament.

(ii) After the outgassing procedgre'was éompleted the system was
allowed to achieve a pressure ot 8 x 10_7 torr.

(iii) The-material was evaporated b& passing 60 émps through the filament
for 30 seconds which resulted in the formation of an opaque
film. We note that as the evaporation began there as a marked
gettéring action, the pressure in the system falling to 4 x 10,7 torr.
Towards the end of the evaporation period the preésure had risen
to 2 x lO-6 torr.

(iv) The film was deposited in one evaporation cnto a glass substrate
at room temperature and the source-substrate distance was 8cm.

(v) The measured film thickness was 22008 (a deposition rate of 738 /sec).

On removal from the U.H.V. and O0.H.V. growth chambers the films were
- exposed to the atmosphere. High energy reflection electron diffraction patterns
of the films are shown in Plates (6.1) and (6.2). We see that the film

grown in the U.H.V. environment exhibits a high degree of preferred orientation,
and the pattern is indicative ofa‘hexagonal cl;se packed structure.

Considerable difficulty was found in obtaining a diffraction pattern from the
gadolinium films grown in the 0.H.V. chamber. Immediately the specimen was
placed in the electron microécope a ring p;ttern was clearly defined but |
before the image could be recorded tﬁe pattern disappeared. This result )

probably indicates that the high energy electron beam (75 ~ 100KV) caused

chapges in the specimen surface. Owing to the poor visibility of the
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PLATE (6.1) High energy reflection electron diffraction pattern of a

U.H.V. grown gadolinium film.

PLATE (6.2) High energy reflection electron diffraction pattern of

an O.H.V. grown gadolinium £film.
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diffraction pattern in Plafe (6.2) the interplanar spacings could rot be
calculated. It would appear from the diffraction pattern that the film had a
very small crystallite size or was amorphous. The gadolinium films grovn

in the diftereﬁt vacuum enviroments also appeared visibly different. The
0.H.V. grown film.appeared very dark and absorbing-compared with the highly
reflecting nature of éhe U.H.V. grown film. A resistance éeasurement revealed
that O.H.V. grown films of similar thickness to ﬁ.H.V. films had a higher
resistance. These differences are not surprising when we consider the nature
of the growth environment. A nécessary condition for an evaporatéd-film

to be free fromcontamination by the residual gas in the .chamber is that the
atoms of the evapcrant have a lang meaﬁ free path compared with the source-
substrate distange. An estimate shows that this condition is satisfied

even at 10—4 torr so that the contamination produced by collisions with the
residual gas molecules éuring evaporétion may be ignored. However, if we
consider the rate at which gas molecules strike the surface then the pressure

limitations become much stricter. From kinetic theory the number of

molecules, N, striking unit area in unit time is given by

N = pNA/(QwMRT)% ’ (6.1)

where T 1is the absolute temperature of the gas
P 1is the pressure of the gas
R is the gas cénstant
NA is Avogadro's number
M is the mass of the molecule.
From equation (6.1) we see that low mass numbers are the most important.

Typically the partial pressure of water vapour in the U.H.V. system was

5 x_lOnll torr. Using this in equation (6.1) we get

N=2.4x% 1010 molecules/sec.

2
If we take the area covered by a water vapour molecule to be 1.5(%) s the

time taken tor the formation of a monolayer of water vapour is 77 hours
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assuming unit sticking proﬁability. The partial pressures of the residual-
gaées in the O.H.V. chamber were not measured, so a@n estirate c¢f the

partial pressure of water vapour must be made. The partial pressure of
water vapour was taken to be v b5 x 10_6 torr. Using this figure in equation
(6.1) we get ' ; -

N = 2.4 x 1015 molecules/sec

Again assuming ever molecule sticks to the surface we see that a monolayer
is fofmed n 3 séconds. Contamination of the £ilm by residual gases is
thus occurring during the course of the evaporation in the 0.H.V. system.
The absorbing nature and higher resistivity of the 0.H.V.-growr gadolinium

film arethus explicable in terms of contamination by resicual gases as the

film is being grown.

6.3 The thermally modulated reflectance spectra of gadolinium films

The measurements were tayen in the same manner as those for gold and copper
excépt that a different current pulser with a higher output impedance was
necessary in this case. Electrical leads could not be indium-soldered directl&
to the surface of the film and the copper pad arrangement described in (3.7)
was again used. The chrome alumel thermocouple was indium-solcered to éhe
g}ags substrate at a point near to the gadoliniﬁm film. After their removal
. from the growth chamber the films were usually under a vacuum cf J.O_6 torr.
within 30 minutes of transfer tence to the experimental chamber.

The thermally modulated reflectance spectra measured at ar angle of inciderce
0, = 45° with light polarized parallel to the plane of incidence, of U.H.V.
grown gadolinium films are shown ih Figure (6.2). The measuremeﬁ%s were taken
at 97K and 315K with powers of 5.0 watts and 7.8 watts respectively
dissipated inthe sample. The high temperature trace thus corresponds to the
paramagnefic phase and the low temperature trace to the ferromagnetic phase
of gadolinium. During the course of the measurements the pressure in the

experimental chamber was 3 x 10—7 torr. From Figure (6.2) we see that the

‘high temperature (ARp/Rp) response is rather featureless but the low

—-



*MGTE PUB M.6 IB WTTIF unturToped umoad °*A°H'A ®© J0 eajoads (Rg/d9v) =yl (2*9) @andtl’

A3 AD¥INI NOIOHd
Q€ ’Z - 8¢ 7L aré 02 8-l Sl

137

D [ ] | N | .
_ - 1% —0G1-
—szl~

—00 -




- 38
temperature trace has structure located at 1.6 eV, 2.0 eV and 2.4 eV. The
structure near to 2.0 eV although weak appeared in all five films measured
and Figure (6.3) gives some indication of the reproducibility of the low
temperature ARp/Rp spectra for 4 gadélinium films. We see that the 3
pieces~of structufe are located at the same photon energies for all the
films. Figure (6.3a) shows a pen recorder trace of the thermoreflectance
response of a.gadolinium film at 97K. Measurements were always taken in a
high-low-high-low temperature cycle, the results indicating that structure
in the low temperature spectfa was due.t6 the éffect of lowering the
temperature of the sample rather:than oxidation or annealing of the film as
a current was ﬁulsed through the sample;

The thermally modulated reflectance spectrum of an 0.H.V. - grown
gadolinium film at 315K with a power of 5.2 watts dissipated in the sample
is shown in Figﬁre (6.4). We see thatét'low photon energies the trace is
very similar to the high temperature results obtained from tﬁe U.H.V. grown
film. However, at higher photon energies around 2.4 eV there is a rapid
increase in the (ARp/Rp) response. Similar behaviour of the thermally
modulated reflectance spectra at high photon energiés has been observed for
coppér films measured in air, see (5.7). Julien (1973 Ph.D. thesis) has
indicated that U.H.V. grown gadolinium films showing evidence of comtamination
yielded optical conductivity curves which rose sharply at the ultra-violet
.end of the spectrum. Systematic results could not be obtained from the
0.H.V. - grown films and on removal from the growth chamber many of the
specimens appeared brown at the edges. As discussed in (6.2) the high
energy retlection electron diffraction patterns obtained from the O.H.V.
grown films were very poor and uﬂfortunatelj they could not be analysed
satisfactory. However, to give.an indication of the high reactivity of
the 0.H.V. - grown gadoliniuﬁ films, during the course of one evaporation
the tungsten filament with the charge snapped leaving a partially grown
film which appeared semitransparent and was n 5008 thick. The specimen was

left exposed to the atmosphere for 24 hours and after this period the metallic
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néture of the film had completely disappeared leaving a transparent fiim

on the glass substrate. All of the thermal modulation measurements on the
0.H.V. - grown gadolinium films were disregarded and it was inferred that the
high (ARp/Rp) values in the near ultra-violet part of the spectrum were due

to specimen contamination.

6.4 The growth of the terbium films

Following the thermally modulated reflectance studies on gadolinium
it was decided to investigate terbium, this being the next element in the
rare earth series. The terbiﬁm films were grown under conditions similar
to those described in (6.2). The growth conditions tor typical terbium
films grown in the U.H.V. and O.H.V. systems are summarized below.

(a) U.H.V. characteristics

(i) The film was prepared from a 99.9% pure sample of terbium wire

suppliéa by Goodtellows metals. |

(ii)} Thé film was grown by condensatiég of a horizontal vapour stream
from a tantalum boat and the measured base pressure of the
system was 3 x lo_lo torr. |

(iii) The films were grown in two evaporations,'by passing a current
of 65 amps. The total time of evaporation was 4 minutes.

(iv) The measured film thickness was 26558 (a deposition rate of

5148 /min).

(b) 0.H.V. characteristics

(i) The terbiuﬁ was evaporated from a tungsten helical filament.
(ii) The usual outgassing procedures were followed, a current of 60 amps
being passed through the filament for 5 ﬁiputeé.
(iii) The source—éubstrate distance was 8 cm.
(iv) The base pressure of the system prior to evaporation was 7 x 10“7 torr.
| A current of 70 amﬁs was passed through the fiiament f?r 45 secs.
A slight gettering action wa; observed as the evaporation proceeded,

the pressure falling to 5 x 10—7 torr. We note that the gettering
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action was not so marked as during the growth of the gadolinium
films. At the end of the evaporation the pressure in the system
had risen to 2 x 10"? torr.

(v) The film was deposited in one evaporatiqn and the measured thickness

was leOR, a deposition rate of 24008 /min.

Plates (6.3) and (6.5) show the hig£ energy reflection electron
diffraction patterns obtained from the terbium films grown in the U.H.V. and
0.H.V. environments respectively. Once again we see that the U.H.V,
grown film‘exhibits an oriented growt@ and the pattern is indicative of a
.he3agonal close packed crystal structure. The 0.H.V. grown film appears to
have eitﬁer'a very small crystallite size or to be amorphous. As the
pattern was not clearly defined interplanar spacings could not be calculated. -
The reflection electron diffraction analysis wés also performed on samples
that had been subjected to thermal mo&ulation.. We see from Plates (6.4)

‘and (6.6) that thé patterns remain essentially unchanged, although the

patterns are perhaps not so clearly defined as those obtained prior to the

thermal modulation measurements.

6.5 The thermally modulated reflectance spectra of terbium films

A total of 8 terbium films were grown, 4 under ultra-high vacuum
conditions and the remainder in O0.H.V. The thermal modulation measurements
were made in the usual m;nner. The pressure in the experimental chamber
was always < U4 x lO_7 torr when measurements weré made. Figure (6.5) shows
the thermally modulated reflectance response of a typical U.H.V. grown terbium
film at 97K and 315K, powers Qf 8.1 watts and 5.5 watts being dissipated
" respectively in the sample. As in the case of gad5l?nium the high
temperature (ARp/Rp) fesponse is rather featureless. On lowering the
temperature of -the sample to 97K a minimum in (ARp/Rp) appears at 1.675 eV and ~

fine structure is seen in the vicinity of 2.65 eV. These features were

apparent on all four of the U.H.V. grown films measured. Further (ARp/Rp)
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PLATE (5.3) High energy reflection electron diffraction patternof a

U.H.V. grown terbium film before thermal modulation.

PLATE (6.4) High energy reflection electron difff-'action pattern of

a U.1-1.V. grown terbium film after thermal modulation.
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PLATE (5.5) High energy reflection electron diffraction pattern of an

O.H.V. grovm terbium film before thermal modulation.

PLATE (5.5) High energy reflection electron diffraction pattern of an

O.H.V. grown terbium film after thermal modulation.
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data for terbium at 97K is presented in Figure (6.5a). £s in “he case of
the gadolinium measurements (see Figure 6.3a) we see that there is some
variation in the magnitude of the (ARp/Rp) values obtainsd from each
film. It is thought that tpis variation is probably due to slightly
different levels §f power dissipation in the sample and to "phasing errors"
on the lock-in amplifier when initially setting the syste% up ror each
(ARp/Rp) dispersion response to be measured. We note that the high
tempefature (ARp/Rp) response corresponds to measurenents made on

terbium in the paramagnetic state and the low temperature response to the
ferromagnetic phase. The high and low temperature (ARp/Rp) responses

of a typical 0.H.V. - grown tergium film with powers of 9.5 watts and

6.5 watts beingvdisgipated respectively in the sample are shown in
Figure (6.6). Comparing Figﬁres (6.5) and (6.6) we see that there are
slight differences in éhe (ARp/Rp) response for the U.H.V. and O.H.V.
terbium films at 315K at low photon energies. The (ARp/Rp) response for
the 0.H.V, film appears to have & plateau region ﬁear to 1.5 eV which is not
apparent in the response of the U.H.V. specimen. Also the minimum in the
(ARp/Rp)'response at 97K is located ét 1.65 eV for 0.H.V. films compared
with 1.675 eV for U.H.V. films. Somé differences in optical Ltehaviour .
are to be expected since the terbium films grown at higher pressures
m«10'7 torr.éppeared to be very dark and absorbing ccmpared with films

* grown at pressures of lOmlo torr.

6.6 The growth of the dysprosium and erbium films

Following the thermally modulated reflectance measuremenfs oﬁ‘gadolinium
and terbium further studies were maée on thiék absorbing films of
dysprosium and erbium. However,Athese metals were not studied so extensively
as gadolinium and terbium. Only 4 dysprosium films were grown:2 in O.H.V.
conditions and 2 in U.H.V. conditions. The 2 erbium films studied were

grown in an 0.H.V. environment. .
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The growth parameters of these. metals were slightly different from those for
gadolinium and terbium, since dysprosium sublimes at 750°C at 10—6 torr and

o . -8 . s o -6 o -8
625°C at 10 ~ torr, and erbium sublimes at 775°C at 10 ~ and 650°C at 10 = torr
(Balzers chart fér the vacuum evaporation of metals). It was thus extremely
dmportant to have a well loaded filament or boat in order to produce an

opaque film since much of the evaporant was lost by sublimation during the

outgassing procedure. The growth conditions of both elements are given below:-

(a). The growth characteristics of dysprosium and erbium films in O.H.V.
(i) A tungsten helical filement .was used as the source, dysprosium and
erbium in wire form, 99.9% pure were supplied from Goodfellow Metals.
(i1) The-source—substrate distance was 7 cm. |
(iii) The filament and charge material were outgassed by passing a
current of 30 amps for 5 minutes. -Avmicréscope slide positioned
above the filament revealed that some of the charge material
was lost by sublimation during the outgésging.
(iv) After the outgassiné procedures had been completed the system
was allowed.to reach its base pressure of <.4 X lO“7 torr.
(v) An evaporation current of 40 amps was passed through the filament.
At the start of the evaporétion a pressure .burst was observed,
the pressure rising to 3 x lO-6 torr. To ensure that the pressure
did not exceed this value during the remainder of the evaporation
"period the current was pulsed thfough the filament for 45 seconds.
(vi) The measured film thickness of the dysprosium and erbium films
were 21408 and 16808 respectively, giving deposition rates of

< SOR/sec for both metals.

(b) The growth‘characteristicsof’a typical dysprosium film grown in U.H.V.
(i) The film was grown from a tantalum boat and the base pressure

of the U.H.V. chamber prior to evaporation was < 5 X lO_lO torr.
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r(ii) _The film was grown in one evaporation Ly passirz a curren* of 70 amps
tor 1.5 minutes, the pressure in the system rising tc 8 x lO-g torr
during the course of the evaporation.

(iii) The measured film thickness was 19808, a deposition rate of
22X/sec. N - ‘

Plates (6.7) to (6.9) inclusive show the reflection electron diffraction

patterns obtained from the dysprosium and erbium films.

6.7 The thermally modulated reflectance spectra of dysprosiumn and erbium tilms

The thermally modulated reflectance spectra of a typical dysprosium
£ilm grown in an O0.H.V. enviroment is ;hown in Figure (6.7). £As in the
éase of both the gadolinium and terbium films the (ARp/Rp) spectrum
obtained at 315K is rather featureless. On lowering the temperature of the
sample to 97K a sharp minimum is observed near to 2.1 eV and fine |
structure is seen at 2.70 eV. . The thermally modulated reflectance responses
at 97K and 315K of the 2 U.H.V. grdwn dysprosium films are éhown ig Figures
(6.8) and (6.8a). We see that the (ARp/Rp) responses obtained from the
U.H.V. grown sample are in good overall agreement with the (ARp/Rp) spectra
obtained from the 0.H.V. grown films. Both O0.H.V. and U.H.V. grown saﬁples
exhibit (ARp/Rp) responses with sharp minima near to 2.15 eV and fine
_ structure located near to 2.7 eV at'97K. Howevér, although the high
temperature (ARp/Rp) responses are rather featureless for both O.H.V. apd
U.H.V. gfown films the (ARp/Rp) response of the U.H.V. grown film has a
" much steeper slope than that of the 0.H.V. grown film.

The thermally modulated reflectance responses of the two O.H.V. grown
efbium'films at 815K and 97K with powers of 4.0 watts and 5.0 watfs |
dissipated respectively in the samples are shown in rigures (6.9) and (6.9a).
As appearé to be the general»treﬁd in the series, the response at 315K is
rather featureless but on>lowering the temperature of the sample an overall

sharpening of the spectra is observed, with structure appearing at 2.0 eV



PLATE (6.7) High energy reflection electron diffraction pattern of an

U.H.V. grown dysprosium film.

PLATE (6.8) High energy reflection electron diffraction patternof an

O.H.V. grown dysprosium film.
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PLATE (6.9) High energy reflection electron diffraction pattern of

an O.H.V. gro;-m erbium film.
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and 2.7 eV. From Figure (6.1) we see that both the high znd leow terperature
traces correspond to measurements. taken when erbium was in the paramagnetic

state.

6.8 The thermally modulated reflectance spectra-of gadclinium terbium and

dysprosium &s a function of temperature.

In the preceding sections we have seen that on lowering the temperature
of films of thé heavy rareearth metéls to 87K the thermally mocdulated
reflectance dispersion curves are cgnéiderably sharpened and new structure
appears. With the exception of erbium, all the elements studied are
known to exhibit magnetic ordering in'the temperature range 80K to 295K.

The first theoretical prediction of changes in the optical properties of

the rare earth retals caused by magnetic ordering were reported by

Miwa (1963) who used the free electron model to evaluate energy gaps ét
superzone boundaries resulting from the antiferromagnetic helical spin
configuration. It was‘later concluded (Cooper and Reddington i§655

that observed optical changes were connected with the onset of magnetic ordering,
rather than changss in the periodicity of the ordering. In view of these
facts it was decided to study more closely the behaviour or the (ARp/Rﬁ)
response as a function of témperature so as to ascertain what effect, if
aﬁy; magnetic ordering had on the observed specfra.

The experiments were performed in the following manner: after the
(ARp/Rp) dispersion curves at high and low temperature had been recorded,
the current pulser wés switched off, the cryostat was filled with liquid
nitrogen and the system allowgd to stablize at low temperature. The
mopochromator was sét at a fixed wavelength and current was pulsed through
the sample. The output of fhe lock-in amplifier (recording (ARp/Rp)) and
the outpﬁt of the thermocouple wére fed‘to two pen recorders (Panax
Servoécribe SREC 2p). Both the thermally modulated retflectance response and

the temperature cf the sample could thus be monitored as a function of time
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auring the course of’the experiment. As the current was pulse? through
the f£ilm, the temperature ot the eryostat and sample slowly irzreased.
" The experiment was terminated when the sample temperature was some
20K abowve room temperature. This temberature was chosen because
- gadolinium has the highest magnetic ordering température (ﬂiz 293K) of
all the elements stu&ied.

Figures (6.10) and (6.11) show the (ARp/Rp) response as a function
of saﬁple temperature of U.H.V. - grown gadolinium and terbium films
respectively. The ﬁeasurements were made at 1.6 eV fof gadolinium and
at 1.675 eV for terbium. These enefgies were chosen since we see from
figures (6,2) and (6.5) that the (ARp/Rp) disﬁérsion curves at low temperature
show a maximum divergence from the curves obtained at higher temperztures
at these photon energies. figures (6.12) and (6.13) show tyﬁical thermally
modulated reflectance responses, as a function of temperature, for a range
of photon energies for‘an O0.H.V. -grown dysprosium film. Of particular
interest in Figures (6.10) to (6.13) inclusive is the occurrence of a marked
éhange in slope at the points denoted by A. Table (6.1) gives the
temperature at which this change occurs together with the magnetic
transition temperatures of the 3 elements, gadolinium, terbium and dysprosium.
We see that the anomalous behaviour of the thermally modulated reflectance
response occurs very near to the magnetic ordering temperatures. However,
before we infer that these changes in slope indicate charges in the bptical
properties of the rare earth metals at the magnetic transition temperatures,
the behaviour of other factors affecting the thermal modulaticn response

must be considered. From (3.2) the modulation efficiency y is given by:

Yy = 0.405Qt/C (6.1)

where Q theheat leak per unit time and unit temperature difference between
sample and sink.
T the periodicity of the current.
C the heat capacity of the.sémple

.4
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TABLE 6.1

ELEMENT . TEMPERATURE AT WHICH CHANGE CURIE POINT
IN SLOPE OF . (ARp/Rp) OCCURS :

GADOLINIUM - 290K (% 5k) _ 293K
-(1.60 eV)

TERBIUM 230K (+ 5k) : . 201K
: (1.675 eV)

DYSPROSIUM . 185K (* Sk) . 85K
(2.16 eV)

177K (+ 5k)
(2.34 eVv)

180K (+ 5k)
(1.91 eV)

182K (+ 5k)
(1.77 eV)

177K (£ 5k)
(1.71 eV)

/
NEEL POINT

229K

179K

Table 6.1

indicates the temperatures at which the change in slope of

the (ARp/Rp) against temperature curve occurs for the elements Gd, Tb and

Dy,

together with the magnetic transition temperatures of these elements.
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and Qmax = K/d: where K 1is thg thermal conductivity of the sample .
and d the thickness.

The magnitude of the thermally modulated reflectance response also
depends on the electrical power dissipated in the sample, which in turn is
directly related to the resistivity of the specimen. The electrical
resistivity, p, and the thermal conductivity, K, of polycrystalliné‘
bulk samples of the heavy rare earth metals have been measured as a function
of temperature between 90K and 300K by Chuah and Rétnalingham (1973).
Figure (6.14) indicates their results .for dysprosium, and we see that
anomalous behaviour of both p and X was observed at the magnetic
ordering temperatures. Similar results were obtained.for gadolinium,
terbium and holnium. Griffel et al. (1957) have measured the specific heat
ot dysprosium as a function of temperature. From their results, shown in
Figure (6.15), we again see anomalous behaviour at the magnetic ordering
temperatures; similar results were obtained from tﬁé other rare earth
metals. The effects of the anomalous behaviour of p, K and C with
temperature on the thermally modulated reflectance response of a dysprosium
film are summarized below. It should be noted that the analysis may be
applied to gadolinium and terbium. |

On‘raising the temperature of dysprosium through the Néel point:~

(i) X increases more rapidly with increasing temperature T causing

y' and hence (ARp/Rp) to incréase more papidly with increasing T.
(ii) p 1increases less rapidly with increasing tempeature and hence
the power dissipated in the sample will decrease less rapidly
causing (ARp/Rp) to decrease less rapidly with increasing T..
| (iii) The specific heat drasfically decfeases with increasing T
causing vy and hence‘ (ARp/Rp) to increase.

In Figures (6.11) to (6.13) we see that for gadolinium, terbium and

dysprosium the modulus of the (ARp/Rp) response decreases with increasing

temperature and clearly (i) and (iii) above seem to have negligible effect
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on the response since these two factors would cause an increase in the
(ARp/Rp) response on increasing the temperature. However, the anomalous-
behaviour of the resistivity of the sample causes the (ARp/Rp) response
: to decrease less rapidly with increasing temperature, which is the effect
observed in the~present experiments. Although the anomaious behaviour of
the thermally médulated reflectance response at the magnetic ordering
temperatures Qr gadolinium and terbium films could be purely electrical

in origin, this is not the case with dysprosium.. In Figures (6.12) and (6.13)
we see that the (ARp/Rp) against temperéture‘reéponse is not independent
of photon energy, anomalous behaviour occurring in the near infra-red part
of the spectruﬁ. It may thus be conclud;d that the aﬁomalies in the
thermally modulated reflectance response of dysprosium films observed at
the magnetic ordering temperatures are genuinely optical in origin and not
caused by varié%ions in other factors which might affect the modulated
reflectance response. However, we cannot come to sdch conclﬁsions for the
gadolinium and terbium samples since owing.to experimental constraints

the (ARp/Rp) response as a function of temperature for an extensive
range of photon energies could not be measured. The maximum (ARp/Rp)
resPAnse observed for gadolinium and terbium at 97K was 1.6 eV and 1.675 eV
respectively and the limit of the spectral range in the present experiment
(determined by tﬁe response of the photomultiplier) was 1.5 eV.

Changes in the optical properties of the rare earth metals above and
below the mégnetic transition temperatures have been previously observed
using static optical techniques (Schuler 1966, Hodgson and Cleyet 1969,
Erskine et al. 1974 and Krizek 1975) Schuler, Hodgson and Cleyet and
Krizek'obserQe changes at very much lower pﬁoton energies (v 0.5 eV)
than those reported in the‘presént work. Only Erskine et al. and Hodgson
and Cleyet report changes in the visible and near infra red parts of the
spectrum. Hodgson and Cleyet tind that the optical conductivity, o(w),
dispersion curve of gadolinium is sharpened on lowering the temperature of

the sample, the main peak moving from 1.6 eV at 293K to 1.8 eV at 105K.
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>Although Erskin ;t al. report a similar shift in the peak of o(w) for
gadolinium they find that the main peak-is broadened on cooling the specimen.
Erskine et al. extended their studies to terbium and dysprosium where
similar behaviogr:is observed, the main peak in o(w) terbium moving from
1.8 eV at 293K to 1.6 eV at 80K, No changes in the o(w) values of
dysprosium are observed until photon energies of 2.5 eV are reached,‘thé
o(w) values being lower at 80K than 300K.

In the present work it is difficult to firml& identify a single
mechanism to explain the occurrence of.the thermally modulated reflectance
anomalies at the Neel Point ofvdysprosiu@, without further experimental
and theoretical studies being undertaken. There are 3 mechanisms which
may cause changes in the optical properties of the rare earth metals and
these'afe summarized below:-

(i) Exchange splitting of the conduction electron bands due to

rerromagnetic ordering. .

“(ii) The effect or magnetic superzone boundaries in the antiferromagnetic
phase. Miwa (1963) has suggested that optical transitions can
occur across energy gaps at superzone boundaries induced by a
periodic spin strmcture. fhe theory predicts changes in the
optical conductivity dispersion curve at the transition between
the antiferromagnetic and terromagnetic phases.

(iii) " Magnetostriction: Magnetostricfion is characterised by suddén
changes in the lattice constants of a material at the magnetic
transition temperatures. These changes produce changes in the
band structure which in turn influence the optical constants éf
the material. Large ﬁagnetostriétive strains have been found in
the heavy rare earth'metals and'suddeﬁ changes in the lattice
constanis of dysprosium in zero applied magnetic field have
been observed at the magnetic transition temperatures (Clark 1965).
fhe large changes at the Curie point have'been shown to arise because
of an orthorhombic distortion of the hexagonal close-packed crystal

lattice (D amell and Moore 1963).
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In o?der to find whiéh mechanism is reéponsible for the czcurrence
of the aﬁomalies in the thermally modulated reflectance response at the
magnetic transition temperatures it is felt that further reasurements need
to be made over a more extensive spectral range down to at least 0.5 eV.
(This is the phofon energy at which Schuler (1966), Hodgson and Cleyet (1969) and
Krizek (1975) observe'large changes in the optical‘properties cf the rare ‘
earth metals). In the presentvwork the lowest témperature which could be
attained was 90K, which meant that out of all the heavy rzre ezrths
studied, terbium and gadolinium were the only metals with Curie témperatures
in this range. Cooling with liquid helium would allow measurerents to be
taken down to at least 20K, whiéh would allow the thermall§ moculated
reflectance response at the Curie point of dysprosium and the Curie and
Néel points of erbium to be studied. At present no band structure
éalculatiéns have been ?erformed for variations in the lattice constants
ot the heavy rare earth metals. Such calculations &ould show whether
new optical transitions occurred at particular pho;oﬁ energies when .the
lattice constants of the material are perturbed, as they are in the case
ot magnetostriction.

Asi-a final comment on the studies ot the thermally modulated
reflectance responses of the heavy rare earth metals as a function of
~temperature‘it sﬁould.be‘noted that we have been able to locate anomalies,
either optical or electrical in nature, at the magnetic transition temperatures
of the eleﬁents themselves. This is a good indication that the composition
of our thin film samples was predominantly that of the pure element
rather than of the dihydride or an oxide since both dihydrides and oxides
of ‘the rare earth metals have magnetic transition temperatures at much

lower temperatures than the elements themselves (Wallace 1972, Henry 1955).
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6.9 A summary of the results of the thermally modulated reflectance

dispersion curves of the heavy rare earth metals

In (6.3) to (6.7) inclusi;e we have seen that the thermally modulated
reflectance spectra at 315K of gadolinium, terbium; dysprosium and
erbium in the spectral range 1.5 eV to 3.0 eV is rather featureless.
The fine structure observed in the optical conductivity 6ispersion curves
of gadolinium and terbium by Miller et al. (1974) has not 5een observed
in the presént thermal modulation experiments. In (2.3) we have seen
that it is unwise to correlate the thefmally modulated reflectance response
difectly with band structure calculations since the coefficients ap,s
and gp:s in équation (2.16? are themselves dispersive. Structure seen
in the (ARp/Rp) response may thus be due to structure in the ceefficients
themselves. Figure (6.10 shows the coefficients up,s and BP,S for
gadolinium as a function of photon energy.. The coefficients have been
computed for an angle of incidence of 45° since all the thermal modulation
measurements were undertaken at this angle. The optical constants used
in the calculation or the coefficients were taken from Krizek (1975)
since his data covered the spectral range of the preseanexperiments.
A calculation of «

and BP s using optical constants taken from

3 s

Miller et al. (1974) gave similar results in the range 1.8 eV to 3.0 eV
(their data only extenas‘to 1.8 eV). We see from Figure (6.16) that in the
spectral range of the present thermal modulation studies ‘ap‘ is always
greater than \BA, .and simiiar results were obtained for the other rare
earth metals. Although we have no knowledge of the theoretical shapes

of the Ael and Ae2 dispersion éurves, (the changes in the real and
‘imaginary parts of the dielectric constant respectivély), the behaviour

of the coetficients o and BP would imply that the (AR#/RP) response

is dominated by Ae Figure (6.17) shows a comparison between the

l.
(ARﬁ/Rp) response of a gadolinium film obtained in the present work with

the change in the real part of the dielectric constant
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interpolated from the results of Hodgson and Cleyet (1963) on gadoliniuﬁ.
We see fhat there 'is quite good agreement between the two curves, a
minimum occurring near to 1.50. eV in Hodgson and Cleyet's results,
compared with a‘minimum of 1.60 eV from the present work. Structure is -
also seen.neaf 2.55 eV in Hodgson*é work compared with structure at 2.4 eV
in the thermal modulation measurements. It would seem from Figure (6.17)
that the - (ARp/Rp) response is dominated sy chagges in the real part of
the.dielectric constant. At this point we note that fine structure in the
€1 dispersion ;urves obtained by Miller'et al. (1974).was not so predominant
as that in the o(w) dispersion curves.

Attempts were made to analyse the (ARp/Rp) data obtained from the
rare earths by éhe Kramers-Kronig method of analysis. Unfortunately,
the form of the response tor these elements is such that thié method of
analysis is inappropriate without an extended range of data.» Unlike the
analysis of the gold and copper results a constant extrapolation is not
appropriate at the low energytlimit of the data. Cléarly, further
meésﬁrements need to be made over a much wider épectral range in order
that the thermally modulated reflectance data may Ee analysed and correlated

with electronic band structure calculations.
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CHAPTER VII

THE ELECTRO-OPTICAL CHARACTERISTICS OF A TOTALLY INTEGRATED THIN FILM OPTICAL
MODULATOR o '

7.1 Introduction

In this chapter we briefly discuss the thedry underlying the effect
of a uniform electric-field on the optical properties of insulators and
semiconduct;rs. The preparation and elsctro-optical characteristics of a
fotglly integrated thin film optical modulator based on the Fra z-Keldysh
effect with é cadmium sulphide film as the active medium, are then described
(the configuration and optimum growth conditions of the films comprising
the modulator have been described in Chépter IV). Although the modulator
designed in the present work overcomes some of.the disédvantageS'of conventional
electro-optic modulators (see (4.6)) this results in a reduced performance

-in terms of the modulation efficiency, n, where n is defined as:
n = (T-Te)/I = AT/T, (7.1)

where T is thehtransmitted light intensity‘in zero, applied electric field
Te is the transmitted light intensity with an applied electric field.
and I, is the incident light intensity.
However, we see in (7.5);that by suitable filter design this limitation may
be partially.overcome. In order to accomplish the filter design a computer
program has been developed to calculate the optical properties of a multilayer
stack of thin films having an arbitrary number of layers with generally
complex refractive indices. The program uses the matrix method proposed
by Abeles (1948) and both the program and method are’ fully described in (7.5).
We have seenlin Chapter 1 that one of the most surprising results from
the use of an electrolytic electro—modulation technique was observed by
Feinleib (1966), who reported'electric,field‘modulation of the reflectance

from metal-electrolyte interfaces. In view of this work, a "dry package"
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technique was used in the present work to study the electromodulation of
metals. In (4.8) we have seen that the electrical characteristics of the.
dielectric films to be used in the optical modulator were investigated by
fabricating thin filmlcapacitors and investigating the electro-optical
properties of the thin film metdlic electrodes. The results ot this
investigation afe described in (7.8) together with a computer simulation.
of a model fo; the electromodulation mechanism at a metal-electrolyte
interface. The computer studies showed that the électroreflectance effect
could be reproduced if one assumed the_fofmatiSn of a thin absorbing layer
in fhe electrolyte during the application of the electric field. From
this work, and-the results of the "dry péckage" experiments, we tentatively
conclud_e that electromodulation effects in metals are not primarily due to
changes in the optical properties of the metal, but to changes in the

optical properties of the electrolyte.

7.2 The theory of electroabsorption in insulators and semiconductors

The tunnelling of carrieré in semiconductors under the influence of
strong electric fields was initiaily predicted by Zener and Wills (1934) and
later more accurately by Houston (1940). However, it was not until 1958
that Franz and Keldysh independently studied thé effect of high electric

6 Volts/cm) on the optical properties of insulators and

fields (v 10° to 10
semiconduéfags, by using the wavefunctions calculated by Houston. The
Franz-Keldysh efféct as it later became known is déscribed in terms of the
tunnelling of electrons in valence and conduction bands into the states

of the_fofbidden band, the effect of the electric field causing a shift of
the absorption edge of the material to longer wavelengths. Basically, the
application of an electric field to a cryséal breaks %he symmetry of the

~

Hamiltonian of the system in the direction of the field by adding a potential

energy term - eF.é. (for a uniform electric field). The term - eF.r

shifts the origin of the energy with r as indicated in Figure (7.1).
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The one electron.Hamiltonian of the system is now no longer invariant-to
lat£ice translations in the direction of the electric field and transitions
between the valence and the conduction bands are now possible for energy
smaller than thelﬁand gap, Eg. Franz (1958) and Keldysh (1958) showed

that for an "Urbach type" absorption edge, where the absorption coefficient

has an exponential form as given below:
o = 'aoexp (bhv/kT) : (7.2)

where o  is the absorption coefficient

h is Planck's constant

v is the frequency

b is the logarithmic slope of the absorption edge

T is the absolute temperature |

k is Boltzmann's constant

the change in the absorption coefficient, Aa, due.to the effect of an

applied electric field is given by

(a/a) = n2e®%F%/ou(km)%m" (7.3)

.

«w

where m is the reduced effective méss
| e is the electronic charge

h is the reduced Planck's constant

F  is the electric field strength
and b,k, and T have the same meaning as in equation (7.2). However, we
note that the theory developed by Franz and Keldysh was restricted to
perfect crystals, direct optical transitions and to photon energies beloﬁ
the abéorption edge. Callaway (1963, 19645 and Tharmalingham (1963)
obtained’more general results f;r direct transitions which were valid at '
photon energies bofh above and below the absorption edge. Tharmalingham
has shown that for an M, type absorption edge an explicit expression for
the absorption coefficient a, as a fusction of electric field strength, F

is given by:
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a(w,F) = Re}ﬁ/w IdAi(B)/dBIQ- 8|ai(p) |2 (7.4)
where ‘

o, = e2r2/2un)1/8 (7.5)

g = (wi - m)/eF ] _(7.6)

R = '2e2c02/hmcnm2(2u/h)3/2 (7.7)

where C_  1is a matrix element between periodic parts of the Bloch states at
band'energies
n , is the refractive index of the material
m_ is the electron mass
¥ is the reduced mass
e 1is the electronic charge

hw, is the energy of the band gap

1
and the Airy Function Ai(B) is given by:-

i

Ai(B) = 7
,n.z

f“ cos(u3/3 + uB)du (7.8)
0

where Ai(B) is the solution of the differential equation
W' - Bw = 0 ' (7.9)

(see Abramowitz and Stegun 196u4).

Tharmaliﬁgham was in fact the first to predict that there would be
electric field induced oscillations in the electroabsorption spectra at
photon energies above the fundamental absorption edge. Aspnes (1966, 1967)
extended Tharmalingham's results to include all four types4of critical
point (MO,'Ml; My M3)a Aspnes et al. (1968) unified the theory of electroe
absorption by shoﬁing that both Callaway's and Tharmalingham's approaches led
to the same result. Yacbby (1965) discussed the change in absorption for
. both direct and indirect transitions and obta;ned expressions for Aa which

were valid below and above the fundamental absorption edge. Yacoby found
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that agreement between theory and experiment was satisfactory for silicén
in the vicinity of the fundamental absorption edge but at photon energies
higher than this, the experimental results could not be explained by the
exisiting theories. These disérepancies were explained as a result of an
oversimplified approximatiqn of -the energies of electrons and holes in the
conduction band.

The first experimental confirmation of Franz and Keldysh's theoretical
predictions was observed by Williams (1960) who studied the electroabsorption
re3ponse.of single crystal bulk cadmium sulphide using an electrolytic
fechnique described in Chapter-I. However, the first electrooptical

observations were ,probably made by Harrick (1956, 1960) who used an electric
field to modulate the number of carriers in the space charge region of
semiconductor surfaces. At photon energies close to the band edge large

modulation effects were observed which could not be explained by free

carrier absorption.

7.3 The preparation of the thin film optical modulator

The specimen geometry of the integrated thin fil& optical modulator
designed in the present work has been discussed in (4.6). Devices were
initiall& fabricated with thermally evaporated semi transparent (v 2008 thick)
fiims of aluminium as bot@ top and bottom electrodes. Aluminium was chosen -
as thé electrode material since it has a relatively flat transmission
response over the visible paft ¢f the spectrum. ﬁowever, it was found
that when using aluﬁiﬂium films as the electrodgs the transmitted light
intensity of the entire device was so low that accurate electroabsorption
measurements could not be made.  Although the use of_fhinner aluminium
films < 2008 increased the light transmission such films oxidised very
quickly and did not retain their electrical conductivity. In view of this,
attemp£s were made to grow films of stannous oxide (SnOQ) by thermal

evaporation in ordinary high vacuum. Stannous oxide was chosen as the
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electrode material‘since it combines the properties of good electrical.
conductivity together with optical transparency over the visible part of
the spectrum. The material (B.D.H. powder form) was evaporated from a
molybdenum boatlohto float glass substrates at room temperature. Slow
heating of thé boat was required to prevent aecrépitation of the charge
‘material and eventually a "crust" was formed over the tin oxide. The
deposited film was slightly yellow in colour and was highly insulating, and althoug!
heating in air at 250°C for # hours gave a transparént film, it was still
insulating. Tin films v 5008 thick were deposited onto float glass

subsfrates by evaporation using an electrongun. These films were also heated

in air at 250°C.for 6 hours in an attempt to oxidise thé tin.  Although

a transparent film was produced, it was insulating. In view of the difficulties
encountered in depositing a transparent and eiectricélly conducting thin

film of stannous oxide a commerical grade of "conducting glass" (Baltracon

grade) was used as the bottom electrode of the devicé and a 2602 thin £ilm

of aiuminium as the top electrecde. The “conducting glass" consisted of a

30008 film of stannous oxide deposited by chemical vapour deposition and

doped with antimony, deposited on float glass substrétes. In the present

work "conducting glass" Qith a sheet résistance of 150 § per square was

Qsed. The conducting glass sheet was cut into 2.5cm squares and the bottom
electrode of the light modulator defined by painting a 2.5 cm X 0.3cm strip

of molten paraffin wax oﬁto the glass substrate. The wax was allowed to

solidify and the tin oxide was etéhed in a 10% solution of orthophosphoric

acid dispersed with zinc powder, at room temperature. (This is a standard

etchant for metallic oxidesj. Typical etch times for the removal of‘the'

stannoué oxide was v 5 minutesathé etchant béing agitated throughout this

period. ' The sample was then taken out of the etch solution and rinsed in

distilled water and then placed in acetone which dissolved the paraffin wax.

The substrates were then placed in a degreasing agent (Decon 90) and the cleaning b
procedures described in (4.5) adopted.

The glass substrates were then placed in the Edwards 12EA O.H.V. system
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and a thin film of cadmium sulphide deposited. The growth conditions

of a typical film are given below:-

(1)

(ii)

(iii)

(iv)

(v)

The film was grown from cadmium sulphide granules (B.D.H. Vactran
grade 4-40 mesh).
The film was deposited in the configuration described in (4.6) onto

a "conducting glass" substrate held at 185°C.

A molybdenum . boat was used as the source, the source-substrate

distance being 8cm.

The b.H.V. system was evacuated té 5 x lO-6 torr and the boat and
evaporént-outgéssed by passing a current of 40 amps for 5 minutes.

After the outgassing procedure the system was allowed to attain its base
pressure and a current 6f 60 amés was thén passed through the boat

and charge-material for 10 minutes. The tilm was deposited in one
evaporation. During all the cadmium sulphide evaporations a second

float glass substrate was incorporated into the system so that the =

absorptidh edge of the film could be monitored and also the film

thickness measured. After the deposition of the cadmium sulphide film,

the substrate was transferred to.a second 0.H.V. chamber used

exclusively for the evaporation of dielectrics. A film of silicon

monoxide was then deposited onto the cadmium sulphide film, the

growth parameters being: -

(1) Silicon monoxide (B.D.H. Vactran grade 4-40 mesh) was evaporated
' from a tantalum baffled source (see Plate 4.8) onto the substrate

held at room temperature.
(ii) The rate of deposition was 11 R sec™ and the base pressure

during the evaporation was v 8 x 1077 torr.

A marked gettering action was observed as the material began to evaporate,

showing rapid absorption of the residual gases in the chamber. All the

films produced in this manner were slightly yellow in colour.

After deposition of the dielectric film, the substrate was transferred

to another 0.H.V. system and the top aluminium electrode deposited.
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The aluminium was thermally evaporated from a tungsten "V" shaped filament
onto the substrate at room temperature. . The final film deposition consisted
of an opaque aluminium £ilm ~ 20008 thick deposited onto the extremities ot .

the electrodes (se¢e rigure 4.3b) in order that good electrical contact could

be made to the modulator without damaging the thin top aluminium electrode.

7.4 The electroabsorption characteristics cf the integrated thin film modulator

~

'After the modulator had been faBricated it~ﬁas placed with the electrode
side resting on the brass studs of the éample holder shown in Plate (3.3).
The‘aetectién'system'of Figure (3.1) was -used with the modifications described
in (3.8) to investigate the electroabsorption response of the cadmium
sulphide film. A sinusoidal'voltage %as applied to the device, and the
electroabsorption response (AT/T) was detected by‘lock~in amplifier and
displayed on the pen recorder. At this point we define the modulation
degree § by |

§ = (T-—Te)/T = AT/T (7.10)

where T and T, have the same meaning as in equation (7.1).

Figure (7.2) shows the absorptioﬁ edges, monitored by a Perkin Elmer
Model 137 spectrophotcmeter of two cadmium sulphide films having different
thicknesses, 20008 and lQOOg respectively and we note that the thicker tilm
;xhibits a much steeper absorption edge. The importance, from the device
viewpoint, of having a steep absorption edge is indicated in Figures (7.3)
and (7.4) which show the electroabsorption spectra of two cadmium sulphide
films, obtained with a sinusoidal signal applied to the device at a frequéncy
of 38Hz (This frequency wés chosen initially‘as it is not a multiple of
"mains" frequency). We see that a much larger elecéroabsorption response-
is obtained from the device with the 2000% cadmium sulphide film and Gmax
(at tge fundamental frequency) is N 8% compared with 6max n1.5% for the
device having a 12008 cadmium sulphide film, We also note that for both

devices the electroabsorption response was observed at the fundamental
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frequency and the second harmonic, the former being greater “than the létter.
However, from equation (7.3) we see that for a sinusoidally applied electric
field the electroabsorption response is proportional to the square of the
electric field strength and thus we would expect only a response at the
second harmonic. ‘Plates (7.1a) to (7.lj)_show the electroabsorption responses
for a range of wavelengths, monitored directly across the anode load resistor
of the photomultiplier and displayed on a Tetronix 454 oscilloscope. We

see that thg electroabsorption response has a rectified nature and Figure
(7.5) shows the d.c. electrical characterists of a typical device (measured
ﬁsipg a Pitman 437 electrometer). Clearly, as the alternating voltage

is applieé aéfoss the modulator, current will chiefly tlow in one direction
and during one half cycle the electric field strength across the device will
be higher than in the other half of the cycle resulting in the electréabsorption
waveform shown schematically in Figure (7.6). The electroabsorption responses
observed at f and 2f have thus been explained in terms of the rectifying
nature of the modulator.

Electromodulation. studies of bulk single crystal axd thin tilm:pplycrystalline
samples of cadmium sulphide have been undertaken by many workers.
Elecfroabsorption in the long wavelength tail of cadmium sulphide absorption
has been- observed by Williams (1960), Britsyn (1965), Kireev (1965) and
Gutsche and‘Ladge (1966). These authors interpreted their results in terms of
the photon assisted tunnelling model of eleétroabsorption proposed by Franz
(1958) and Keldysh (1958). Snavely (1967) studied-the electroabsorption
of thin polyscrystalline films of cadmium sulphide at photoﬁ energies both
above and below the absorption edge in the temperature range 4K to 300K and
te electroabsorption response of thin platelets of cadmium sulphide was
studied by’ Hése and Onuki (1969). Perov et al. (1967) extended the
measurements to eéitaxial thin films of cadmium sulphide grown by thermal
evaporation on mica substrates. Two sample configurations were used,

. which allowed the electric field to be -applied either parallel or

perpendicular to the film, but, no significant differences were found in

-



PLATES (7.1la > j): Time Scale lOinsec/division
Voltage Scale SOmV/division

PLATE (7.1a) X = 49508

PLATE (7.1L) X = 5000%

PIATE (7.1c) X = 5050#



PLATE (7.Id)

PIATE (7.le)

PLATE (7.If)

X

X

X

5075%

5200%

5150%



PLATE (7.1g) X = 5100%

PIATE (7.1h) X = 5250%

PIATE (7.Ji) X = 53004



PLATE (7.1]) X = 5400%

PLATE (7.2) X = 4950% 15V applied f = IkHz.

Voltage scale SOniV/division.
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the electroabsorption response for either configuration. The positions
of the negative and positive peaks of the electroabsorption response
obtained in the present work are compared with the results of Snavely (1967)

Hase and Onuki (1969) and Perov et al. (1967) in Table (7.1) below:-

TABLE (7.1)
Peak Position Snavely Hase.and Onuki  °"Perov  Present work
-ve peak - 50398 49638 50008 49758 (£)
: : | . 49508 (2f)
+ve peak 51228 50288 51008 51258 (f)
' : 51508 (2f)

We see that in the present work the peak to peak separation of the

“electroabsorptioﬁ response observed at the fundamental frequency is 1508

compared with separations of 832,‘652 and 1008 observed by Snavely, Hase

and Onuki and Perov respectively. The variation in peak to peak separation

observed by various workers is perhaps related to the different growth conditioﬁs

of the samples used. Snavely thermally evaporated cadmium sulphide onto glass

substrates annealing the films in hydrogen sulphide at 400°C for 1 hour

after deposition. The .thin crystals of cadmium sulphide used in the

measurements of Hase and Onuki were grovn by sublimation from the gaseais phase.
In all, 16 dgv}ces were fabricated in the configuration described in

(4.1) and for a field strength of ~ 5 x 105 Volts/cm a modulation degree of

10% was typically observed. In some cases,for slightly increased electric field

étrengtﬁssa modulation degree of 15% was observed, bﬁt, such devices usually

could not sustain the applied voltage for more than ~n 5 minutes.

In all the 16 devices fabricated no electroluminescence or photoconductivity

effects were exhibited by the cadmium sulphide films. If photoconductivity

were present the resistance of the cadmium sulphide film and hence the
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eiectroabsorptién response would decrease if the incident light intensity
ﬁas increased. However, it was found that there was no detectable charge
in the magnitude of the electroabsorption responses as the incident light
intensity (over several orders of magnitude was increased. It was also
found that if the light source was removed no modulated signal was observed
indicating that no eléctroluminescence was present; The applied electric
field did not have any influence on the polarization of the incident light.
A polafizer, (polariod type) was positioned between the monochrcmator and
the lens in the detection system. The. polarizer was then rotated and the
electroabsorption response monitored. It was found that for all: positions
of the' polarizer the modulated éignal remained constant inéicating that
there was no polarization modulation by the applied electric field.
However, one major limitation of the optical modulator designed in the
present work was that the tramsmittance of the devige was typically less
than 10%.  In order to improve on the transmitted light intensity of the
device, filter designs .based on the Fabry-Perot interference filter -with-

cadmium sulphide as the spacer layer are presented.

7.5 Filter calculation .

- A cémputer program has been developed to calculate the optical
éarameters: reflectance; transmittance and phase-change of a multilayer
stack of thin films having an arbitrary number of layers with generally
complex refractive indices for light incident at any angle cf incidence.
The program uses thé matrix method proposed by Absles (1948) to calculate
the reflectance and transmittaqce of N films. The design thickness of
the spacer layer in the Fabry Perot interference filter was computéd using
the concept of the "split filter" approach described by Macdonald (1971)
and shown échematically in Figure‘(7.7) where the filter is considered

to be split at a non absorbing film. Macdonald (1971) shows that for a

particular design wavelength the transmitted light intensity of a Fabry-Perot
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may be maximized when:

2g - (pl + p2) = 2mm (7.11)

tor m = 0,1,2...%, and where g, the phase thickness of the spacer layer

is given by ' - -
g = (21/)) ndcosé ' (7.12) ‘
where X is the design wavelength
‘ n is the refractive index of the spacer layer
d is the metrical thickness of the sPaéer
6 B is the angle of inci&ence in the spacer,
and wri = Irl[expipl is the amplitude refiéctance of the first subcoat

looking from the spacer with the incident medium of the complete filter
as the emergent medium, and r, = ]rzlexpip2 is the amplitude reflectance
of the second subcoat looking from the spacer and with the substrate

as the emergent medium with

Imaginary part (r;)

- -1
and
Imaginary part (r,)
= tan t 2. (7.14)
P2 keal part (r,) Y

In the filter calculations undertaken in the present work the following

éssumptions have been made:-

(1) The thin films comprising the filter are considered to be homogeneous
and optically isotropic.

(ii) The supportiﬂg dielectric substrate has negligible absorption and a

| thickness much greater than the films and has been considered to have
a refractive index of 1,52 throughout the calculations.

(iii) ﬁo account has been taken of scattering losses that will inevitably
arise through the granular‘strucutre of thermally evaporated thin films. ~
_The filter calculations were carried out on the University of London

C.D.C. 6600 computer. The flow diagram of the computer program used in this

investigation is shown in rigure (7.8). This program uses several subroutines.
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The subroutine called COSES uses Snell's law to calculate the complex
angles of refraction in each of the films and subroutines PAMPCO and TANPCO
calculate the amplitude reflectance and transmittance regpectivgly of
each interface using the Fresnel equations. Subroutine PROD then calculates
the product of the (2 x 2) matrix used ip'the Abei%sAmethod. " Subroutine
TOTALTR callsithese sﬁbroutines successively for tﬁe number of films
comprising the filter and ealculates the totalréflectance and transmittence.
The pfogram allows the phase changes: p; and p, in equation (7.11)
to be computed and hence the metrical thickness of the spacer la&er to be
calculated. In the present investigation the metrical thickness of the spacer
layer was calculated for m = O; 1, 2; 3, 4, 5. 1In Figurék(7.9) and (7.10)
we show the results obfained frow the filter calculations..Figure (7.9)
shows the transmission characteristics of a device designed for maximum

transmittance at X = SHOOX. The structure or the filter is:

Ag - Zns - MgF2 - ZnS - MgF2 - CdS - MgF2 - ZnS - MgF2 - Ag - glass

whefe the silver electrodes are 3008 thick and the zinc sulphide and
magnesium fluoride rilms are one quarter wave layers. The design thickness
of the cadmium sulphide spacer layer is 24978 and we see that the peak
transmitted light intensity at A = 54008 is 72%. We see, however, tha£
the filter does not have a small half width and a side band is located

at 52008. This side band may be slightly suppressed by using a higher order
of spacer thickness, t = 45908, The half width of the filter may be considerably
reduced by using thicker silver electrodes but at the expense of the
magnitude ot the peak transmission. This behaviour is shown in Figure (7.10)
where the filter comprised: Ag - ZnS - MgF2 - Cds - MgP2 - ZnS - Ag - glass
layersand where the silver electrodes were 5208 thick and the spacer
thickness = 19742 and exhibited a peak transmission, at A = SNOOR, of 32%.
We note tﬁat in both these calculations the transmission of the device is

'very much greater than the "untuned" optical modulator described in (7.4).
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-The effect of introducing absorption into the spacer layer as would occur
when an electric field is épplied.to the device (considering the filter in
Figure (7.9))is shown in rigure (7.11) and we see that for k = 0.03 the
transmission of the device @as fallen to 42%, a modulation degree of ~ u40%.
Thus it appears at least possible to pro@uce modulation degrees of ~ 40%
and maintain a high tfansmission coefficient.

The above filter calculationsare based on éhe Franz Keldysh modulation
mechanism. However, large electromodulation: responses ha%e been observed
in ferroelectric materials, in which the large changes in opticai properties
induced by the applied electric field are not generally thought to be related
to shifts in absorption edges. .Many éf the materials exhiﬁit large electro
modulation responses in transparent regions: e.g. BaTiO3 (Frova and Boddy 1966)
andrutile, TiO2 (Frova and Boddy 1967). The authors explained the effect
in terms of lattice changes induced by the applied field. Typically, one can
expect changes n 1% in the real part of the refracéive index on application
of an electric field of qu"Volts/cm. In view ofjkhese results-attemptss
wére made to grow capacitors with titanium dioxide (rutile phase) és the
dielectric in order to study the electroabsorption response of the material.

In the present work titanium was evaborated, using an electron gun, onto
pyrex substrates. Holland (1966) has indicated that by heating titanium films
in air the film is oxidised to rutile, but in the present studies, after
heating in air for 6 hours at HOOOC, a ;ransparent film was produced which
was electrically conducting. However, Weitzel and Kempter (1878) have
indicated that high dielectric strength rutile thin films (< lym in
-thickness) may be obtained by chemical vapour deposition. The authors show
that the resulting film had a breakdown strength of 5 x lO5 Volts/cm. From
this work it appears that -high dielectric strength rutile films may be
grown and in view of this fact a design for an all-dielectric Fabry-Perct

optical modulator with rutile as the spacer layer is presented'in Figure

(7.12). The filter comprises
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Figure (7.11) The effect of introducing absorption in the spacer

layer.
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Figure (7.13) The effect of a change in the refractive index of the -
spacer layer on the transmission characteristics of the

* filter in Figure (7.12)
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ZnS - MgF, - SnO, - MgF, - Tig

5 5 - MgfPf, - SnO2 - MgF2 =~ ZnS - films

2 2

‘deposited on a glass substrate. The rutile spacer thickness is 2688R and the

zinc sulphide, magnesium fluoride and stafnous oxide films are quarter wave

layers. The modulating voltage is applied across the conducting stinnous oxide
electrodes and for a design wavelength of 54008 a peak transmitted light
intensity or 96% is calculated. Figure (7.13) shows the peak transmittance

of the device for varying refractive index and we see that for refractive

index variation of v 2% we may expect modulation degrees of v 30%.

7.6 Summafy-of data

A totally integrated thin film optical modulator has been designed
which overcomés some of the disadvantages of conventional electro-optic
modulators howéver, this results in a reduced performance in terms of
modulation efficiency. We see in (7.5) that this iimitatioﬁ may be partially
overcome by suitable filter design and it has been found possible to
design filters that would exhibit‘peak transmittance of ~ 70% and modulation
degrees of ~ 40%. It is felt that the results are‘sufficiently good to

justify attempts to fabricate the devices (particularly a modulator with

titanium dioxide asthe active medium) in future work.

7.7 A comment on the electromodulation effect in metals

We have seen in Chapter 1 that electromodulation is a powerful tool
for investigating the optical transitions in insulators and semiconductor.
Its application to metals is however, subject to difficulties of interpretation.
?einleib(lgeﬁ) reported electroreflectance measurements of gold and silver
using an electrolytic technique. These résults were rather surprising since
it is well known that the penetration of an electric field into a good )

conductor is limited by the‘scfeening of free carriers. The Thomas-Fermi

screéning length for a static charge in an electron gas is given by
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| 1
App = (Ep/6mme?)? < (7.15)

where n is the free carrier denéity

EF is the Fermi energy. |

In lightly doped semiconductors the screening length for the electric field
can be of the order or the wavelength of visible light.t However, in gocd °
‘conductors the screening occurs within atomic dimensions from the surface,
leaving a field free region in the bulk of the metal. In copper, for
example, the sc;eening length, ATF,.is ~ 0.58. Despite these considerztions
Feinleib reported the electromodulatioh of metals, the change in the
observed reflectance of gold in. some parts of the spectrum being as high

as 0.5% which is comparable with the mégnitude of the effect seen in
semiconductors using the electrolytic method (Cardona 1969). Unlike the
Franz-Keldysh effect the electroreflectance effect in metals was observed

ét the fundamental frequency of the applied field. In view ot these aspects
Feinleib (1966) interpreted his results as a modulation of the real part of
the rerractive index of the‘eiectrolyte (occuring in the Gou& layer). |

A model calculation of this effect by Hansen and Prostak (1867) indicated
that it was not possible to interpret the electroreflectance spectrum in this
manner anda peak of the correct shape was obtained for gold if the opticai
constants of a very thin layer n~ 18 of .the metal were modulated. This
éemi—empirical model predicted an electroveflecfance dispersion curve which
resembled the derivative of the reflectance spectrum. However, the model has
been found to be only applicable to gold, aﬁd anomalies exist for coppér

and silver. Discus;ion still continues as to whether electromodulation of
metals occurs at all. It shou&d also be noted at this point that almost

all studies of the electromodulation of metals have been carried out using
the electrolytic technique (Buckman and Bashara 1968, Garrigos et al. 1874,
Hanssn et al. 1975). The only‘dfy package study has been reported by I§hibashi'
and Stadler (1969) who invesfigated the electroreflectance of evaporated

polycrystalline thin films of gold caused by the reversal of the ferroelectric

polarization of the Larium titanate substrates.

-
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Although a similar responée was observed to that seen in "wet package"
configuration it was not clear whether the response seen was totally due

to electro reflectance effects or partially due to a piezoreflectance ccmporent.
In view or these studies a "dry package" configuration has been used in

the present work to investigate the electromodulation of metals.

7.8  "Dry package" studies of the electromodulation of metals

In the coufse of the work done in producing the integrated thin f£ilm
optical modulator it was necessary to determine the electrical characteristics
of dielectric films, by fabricating thin film capacitors. .These capacitors
were then subsequently used to investiéatethe electroabsorption response of
the thin film (» 3008) metallic electrodes. The sample configuration is
shown in Figure (7.14%) and the electroabsorption studies were performed
af nopﬁal incidence using the detection system described in (3.8). Figures
t7.15) and (7.16) show the electroabsorption response obtained from test
capacitors having the following composition: Au - SiXOy - SnO, and

2
A% - SixOy - Sn0,. The gold and aluminium electrodes were 2008 and 300%

2
thick respectively and the silicon monoxide thickness was 3COOR in each
device. We see in both cases that eléctroabsorption responses were observed
at the tundamental frequency and atithe second harmonic. This behaviour is
éxplained, as with the optical modulator, in terms of the rectifying
characteristics of the capacitor. The d.c. current-voltage characteristics
of the AR - SiXOy = Sno0, capacitor are shown in rigure (7.17a, 7.17b)
From Figure (7.15) Qe see that the maximum electroabsorption resPénse is
observed near to 41008 tor both the signal at the fundamental frequency
and the second harmonic. For the Af - SiXOy - Sno0, capacitor a maximum
response is again seen near to 4000R. At this point we refer to Figure (4.6)
which shows the absorption edges of silicon monoxide films deposited at

various rates. We see that the films deposited at 118 sec“l and 208 sec-l

exhibit absorption edges starting near to 4000R. The electroabsorption
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Pigure (7.17a) The d.c. electrical characteristics of an

Al-Si Oy-Sn0, capacitor
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responses seen could thus be the effect of the electric field on the
absorption edge of the silicon monoxide film. In view of this, test capzcitors
were tabricated with magnesium fluoride as the dielectric. This material

was chosen since is is known to have no absorption edge in the visilble

part of the spectrum. In all devices, A% - MgF Sn02, Au - MgF, - SnO

2 2

N

2:
no electroabsorption response was observed at either the fundamental
frequency of the applied electric field or the second harmonic even though
field strengths of v 5 x lO5 Volts/cm were applied.

We note that the electromodulation»responses of metals observed by
other workers using "wet package" techniques were not observed in the present
"dry packagz" investigations. In viewlof this null result a computer
simulation of the electromodulatioﬁ response cbserved using an electroly{ic
technique was‘unaertaken. The computer progfam was based on the matrix

method -developed by Abelds (1948) for determining the reflectance and
transmittance of a systeﬁ of N films. Although Hénsen and Prostak (1967)
found thaf the modulation of the real part of the.féfractive index of . .-
the electrolyte in the Guoy layer did not produce the correct shaped spectra
to explain the electromodulation observed at a copper-electrolyte or gold
electrolyte interface, we haveAfound in the present computer investigation
that if a thin :absorbing layer is assumed to form in the Gouy iayer during
the application of an applied electric field thep‘a response similar
to that observed in the electroreflectance studies of.gold, copper and silver
is found. The following assumptions have been made in the computaticral
studies
(1) The Gouy layer is considered to be a homogeneous thin film.
(ii) No account is taken or spatially dependent optical constants within

the Gouy layer.

(iii) The induced absorption in the electrolyte is assumed to be non dispersive.

-
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Essentially, the ccmputer program calculates the reflectance or a
metal-electrolyte interrace at an-angle of incidence of 10° (all the
electroreftlectance studies reported in the literature have been undertaken
at near normal incidence) and thenrecalculates the reflectance of the
system assuming the formation or a thin absorbing layer in the electrolyte_
The computational analysis has been undertaken for gold, copper and silver-
electrolyte interfaces and the optical constant data taken from Johrson and
Chrisfy (1972)." Figures (7.18), (7.19), (7.20) and (7.21) show the |
simulated electroreflectance responses of copper, gold and silver electrolyte
interfaces respectively. We see thét there is quite good agreement between
the computed response and the‘experimentaliy 6Bserved electroreflectance
‘responses interpolated from Grrigos et al. (1971) for copper and Budsman
and Bashara (1968) and Feinléib (1966) for silver. However, we see that
the agreement between theory and experiment (Feinleib 1866) is not so encouraging
for the gold-electrolyte interface. It is felt that this is probably due
to the simple model used in the present simulation. The computational "
analysis could be refined by
(i) introducing a dispersion into the induced absorption
(ii) considering the effect of spatially dependent optical constantsvwithin

*

the Gouy region.
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FIGURLE (71‘(}) The computed and interpolated clectroreflectunce

response of copper
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CHAPTER VIII

Conclusions and suggestions for further work.

The work described in this thesis has been primarily concerned with
the use of an optical modulation technique as a solid state diagnostic. °
An experimental system has been set up to study the thermoreflectance
response of opaque thin films (~ QOOOX thick) at oblique incidence, over
a spectral range 1.5 to 3.2 eV and in the temperature range 90K to 24CK,
(and at a pressure of v lO' torr). " The initial thermoreflectance
measurements were performed 6n opaque, polycrystalline thin films ot gold
and copper. The purpose of this work was to use gold as a reference raterial,
to determine the spectral position of-the dominant structure and to
ascertain whether the detection system had sufficient sensitivity to
locate subsidiary structure previously observed by Scouler (13967).
Although the thermoreflectance response of gold and copper fllms Fas been
previously reported (Scouler 1967, Rosei and Lynch 1972, Cheyssac 1973)
the present study has yielded new information. The observed structures
in the thermally modulated A52 spectra of both metals were found to be
in good general agreement with previously published results. However, -
a shift in the principal absorption edge with temperature for both elements
has been observed. This shift, although predicted theoretically in
expanded lattice electronic band structure calculations by Christensen
and Seraphin (1971) for gold and Snow (1973) for copper, hes not previously
been observgd in thermal modulation experiments. The lack ot observable
shift of the principal absorption edge with temperature in previous thermal
modulation studies is explicable by the rather lower energy resolution
compared with that in the presenf work.

It would thus seem that a.thermal modulation study is an excellent
technique for experimentally determining the temperature coefficients of

optical transitions. However, in (2,.3) we have seen that in order to



28

" compute Fhe thermally moéulated Ae, spectra, we must have a knowledge

of the optical constants .n and k of the material. We have seen in

(5.8) that in using different sets of n and k data for copper, taken
from Johnson and Christy (1975 and Pells and Shigz (1369, structure in

the resulting Ae2 dispersion curve appears at different spectral positions
and the temperature'coefficients of the transitions also differ. Thus tge
determination or temperature coefficients of ébtical transitions depends

not only on the experimental observables but also on data derived by

other workers. It is proposed that this limitation of the thefmal
modulation technique could be overcome by effectively determining the
optical constants of the film‘under étudy during the coufse of the thermal
modulation experiment. This may be achieved by considering the relationship
between the thermally modulated reflectance response, AR/R, and the
and Ae

-thermally modulated changes in the dielectric constant, Ae , Viz:

1 2

(AR/R) = ahe; + Bhe, - (8.1)

Clearly, if four such measurements were made for two different polarizations

at two angles of incidence 61 and 62 i.e.

ARp = o Ae, + P Ae | (8.2)

( Rp)al Py 1. Py 2

ARs ' - :

(__R.S:)gl = aslAel + SSlAez (8.3)

ARp = o .Ae; + B Ae (8.4)

(RP)GQ . Py L P, 2

8Rs = 8.5

('§5)92 aséqel * SS2A82 (8.5)
and from (2.3) a = al(n,k,6)

B = B(n,k,8)

then we have four equations and four unknowns and n and k could thus
be found. However, it should be noted that such a method would require

considerable experimentation and there must be no ageing of the film
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“during the coﬁrse of the extensive measurements. Also a considerable
amount of cemputation would be required to find Ae;, A,y noand k.

We have seen in (2.3) that at oblique incidence the coefficients o and
B are complex functions of the angle of incidence 6, and n and k
and it is felt that in order to derive values of*n and k from the
experimental observébles, numerical analytical téchniques (such as
described by Julien (1873) for fhe determination of n and k from
(Rp/Rs) measurements )may have to 5e employed. It would also seem
appropriate to extend the spectral range of the thermal modulation
studies of gold and copper to highér photon énergies, Since Scouler (1967)
has shown that the thermal modulatlon response at these photon energles
is rich in structure. Temperature coefficients of optical transitions
at higher energies could thus be determined. In (5.5) the structure

at 3.0 eV in thg thermally modulated Ae, dispergion curve of gold has
been tentatively assigned as a transition of the ¥ +type since we have
observed a positive shift in energy with increasing temperature: - Other
workers (Christensen and Seraphin 1971) have indicated that it is a
transition from the L- symmetry point to the Fermi level. To come to
more definite canclusions on the origin of this structure further work .
would be required.yrlt is sdggested that comparative modulation studies

- i.e. a thermoreflectance and a piezorefiectanée measurement on the same
sample would provide the necessary information to come to a more definite
assignment of this transition (as well as other transitions).

Modulation spectroscopy has not previously been used to experimentally
investigate the rare earth metals. In the present work, the thermoreflectance
response of opaque (& 20008 ;hick) polycrystalline films §f the heavy
rare earth metals, gadolinium, terbium, dysprosium and erbium grown in
both ordlnary and ultra high vacuum environments have been studied.

The (ARp/Rp) response of these elements, at 315K, has been found to be
rather featureless in the spectral range 1.5 to 3.0 eV. These results are

in contrast with those obtained by,Miiler et al. (1974) who, (in a "static"

i
!
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optical study), found fine structure in the optical conductivity curves

of gadolinium and terbium films in the photon energy range 1.8 to 3.0 eV.
The lack of structure in the.present work has been explained in terms >
of the behaviour of the coefficients ap and Bp relating the
thermoreflectance response ARp/Rp to changeé in the real and imaginary
parts of the dielectric constant (see equation 8.1). We have seen that

in the spectral range of interest 1.5 to 3.0 eV, iap\>>\8b\ which: implies
that the, thermoreflectance response will be dominated by the change in

the real part of the dielectric constant, beq. Indeed, there is quite

good agregmént between the "thermally modulated reflectance response

at 97K of a .gadolinium film and the change in ¢

-

1 with temperature
interpolated from Hodgson and Cleyeté (1969) results. We also noted

that fine structure in the ¢

1 dispersion curves obtained by Miller et al.

(1974) was not so predominant as that in the o(w) dispersion curves.

On lowering the temperature of the films of the heavy rare earth
" metals to 97K the thermally modulated réflectance dispersion curves were
considerably sharpened and new structure appeared. This led to the study
ot the thérmally modulated reflectance spectra of gadolinium, terbium and
dysprosium as a function of temperature. It was.found that for these
three elements the thermoreflectance‘response exhibited anomalous behaviour
at the magnetic ordering temperatures. Although this anomalous behaviour
of the (ARp/Rp) resﬁonse at the magnetic ordering temperatures of
gadolinium and terbium films could be purely electrical in origin this
was not the case with dysprosium. If was concluded that the anomalies
in the (ARp/Rp) response of dysprosium films observed at the magnetic
ordering temperature were genuinely optical in crigin and not caused by
variatibns in other factors which might affect thé modulated reflectance
response. However, in the present work it was difficult to firmly identify .
aginglenwchanism toéxplainthe occurrence of the thermally modulated

/ . - s X
reflectance anomalies at the Neel point of dysprosium. without further
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' experimental and theoretical studies being undertaken. To find which
mechanism is responsible for the occurrence of these anomalies it is

felt that further measurements need to be made over a more extensive
spectral range, down to at least 0.5 eV. This would also enable the
ARp/Rp response to be analyzed by the‘Kramérs-KPonig technique, as

data would then be évailable over a wider frequeﬁcy range . Also in the\
present work the lowest temperature which couid be attained was 90K,

which meant that out of all the heavy rare earths studied terbium and
gadolinium were the only metals with Curie temperatures in thié range.
Cooling with liquid helium would allow measurements to be taken down to at
least 20K, which would allow {he thermally modulated refiectance response‘
at the Curie point of dysprosium and the Curie and Neel points of erbiﬁm
to be studied. It is also suggested that if further thermal modulation
-studies of thin films of the rare earth metals are to be undertaken then
they should be performed "in situ" in an ultra hiéh vacuum environment
owing to the reactive nature of the elements.

Throughout the present studies the only surface analytical technique
at our disposal was high energy reflection electron diffraction. We have
seen that thé resulting patterns were often of poor visibility and it was
often difficult to analyse them satisfactorily. In recent years several
new techniques for surface study have been developed, the relevant new
techniques being summarized below: low eﬁergy electron diffraction (L.E.E.D.)
which allows the first few layérs or a surface to be studied. However,
although the interpretation or the positions of the diffractea spots in
L.E.E.D. patterns is fairly straight forward, the interpretation of the
intensities of the spots is far more difficult, on a quantitative basis.
This is essentially beéause the detailed theory of the interaction of
electrons or low energy with solid surfaces has not peen established.
Auger electron spectroscopy is a technique which can be used for the

non~destructive chemical analysis of surfaces. The technique depends

on an energy analysis ot electrons emitted from atoms by a radiationless

-
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:process resulting from the rearrangement of orbital electrons after an
_electron has been removed from an inner shell. With appropriately
sensitive detection arrangements it isvpossible to identify ~ 0.1 of a
monolayer on a surface. To d;te, there appears to have been no attempt
to perform "static" or'hodulgted" optical experiﬁents at the same time
as a detailed surface aﬂalysis of the surface is being undertaken.

In the present work one of the modulation techniques - electroabsorption
has been used in the production of a totally integrated thin film optical
modulator: Although the modulator overcame some of the disadvantages of
conventional. electro-optic modulator; and modulation degrees of 10% were
£eadily attainable for applied modulating voltages of 15V the device was
found-* to havé a low transmission, typically less than 10%. This limitation
was partially overcome by suitable filter design based on a Fabry-Perot
type interference filter. The filter étudieé were purely theoretical
and in the present work no attempts were made to construct the devices.
However, it is felt that the results are sufficiently godd to justify
attempts to fabricate devices, although'the path ahead is strewn with
experimental difficulties (almost exclusively concerned with the deposition
of the prescribed thickness of the electro-optically active materials).

A "dry package" technique has been used in the present work to study
the electromodulation of metals. However, it became clear that the
electromodulation effe¢ts, as reported from electrolytic experiments,were
not present in our experiments. Computer simulation studies of the metal
electrolyte system then sgowed that the electroreflectance responses of
gold, coppef and silver electrolyte interfaces could be reproduced if
one éssumed thé formation of a thin absorbing layér in the Gouy region of
the electrolyte during the application of a high eléctric field. Although
excellent agreement was obtained between the simulated and experimental
electroreflectance spectra of copper and silver electrolyte interfaces,
the agreement was not so good for gold. This was thought to be due to the

.

simplicity of the model used in the present work and it is proposed that
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the computational analysis be refined by considering thc spakiod ceperdence
of the optical constants in the Gouy region of the electrolyte and

introducing a dispersion,into the induced absorption.
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APPENDIX 1

The derivation of the coefficients ¥y and GP s
. 3 3

©

In this appendix the coefficients YP s and»'ﬁp < in equation (2.16)
2 ] '
Chapter II are derived. The sﬁbscripts ‘p and s vrefer to the parallel
and perpendicular components of polarization respectively. A modulation

parameter will not only produce a change in the reflectance and transmittance

of the active medium but also a change, Awp s in the phase shift,
. 2

wp o of the incident light on reflection. The modulated phase change

> .

Awp's is related to Ael and Asz, the changes in the real and imaginary
. ,

parts of the dielectric constant, by

'
v

4 A¢P < T (Bwp,s/ael)Ael + (adJP’S/Bsz)Ae2 | ' (A.1)

3

equation (A.l) may be written in the form

Awp’s = YP’SAel + SP’SA€2 (A.2)
where
Yo,s ° (oY ,3/381)
and
ap’s = (3¢P,s/aa2)
V] is related to the éresnel amplitude reflection coefficients ' by

D»S PssS

Imaginary bart (r_ )
' 225 (A.3)

1pp,s = tan © ( real part (r_ )
b,s

The Fresnel amplitude reflection coefficients r

Dss are given below (Born
3 -

and Wolf 1965)

ncosel - nlcoseo

r_ = © (A.4)
P ncosel + nlcoseo

and
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ncosf - n_cos0
o 1

r = - (A.5)
s ncooOO + nlcoaol

where n = (nO - ik) is the complex refractive index of the medium in

which the light is incident, assumed in this case to be non—absofbing

i.e. k=0

n = (n' - ik) 1is the complex refractive index of the medium in which the
light is transmitted.

60 o is the angle of incidence

el is the angle of refraction.

If the medium in which the light is transmitted is absorbing then the angle

of refraction 8, will be complex. el is related to 6, by Snell's law,

given below

sinel = n081n60/(n'~ik) , . (A.6)
clearly .
Qn bln 6 -
cost, i ‘h (A7)
(n'—lk)

Substituting for cos8,y in terms of e in equations (A.4) and (A.5)

we have

-

~ 1
n {(n‘-ik)2 -n 2sin26 }2 - (n —ik)2cose
o o o o
rp = : 5 5 5 T 5 (A.8)
'_l - - 2 '—.
no{(n ik) n “sin 60} + (n'-ik) coseo

which may be written as

i L2 .20 33 s
) no(el ie,-n “sin 60) (el 182)00890
I’ - N ~ T (Aog)
P 1 (e,~ie,-n 2'sin26‘)'2--+ (e,-ie_ )cosb
o 1l 772 o .0 1 2 o

Similarly for r

-

2 .2
n cosd - (g.-ie.~n “sin" 6 )
p =-=>_2 L 2 o S » (A.10)

. 2 .2
nocoseo + (el ie,-n “sin eo)

l-4
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From equation (A.3) we see that in order to calculate wp s it is necessary
3

to separate rp s into real and imaginary parts. Then let
3

©

. _ 2 .2 .

(t + iv) = €, = n, sin 60 1;2 (A.11)
where

t = el - n_ sin 60
and

v = - €,

and let

v+ ix)2 = (¢ 4 iv) (A.12)
and

y = rslcosso,,.~ zZ = 8200890.

Substituting the above relationships into equations (A.9) and (A.10) we have

u(now—y) + i(an+Z)

> “(awty) * iz -7) (A.13)
@) ' fo)
and
(n_cosb -w) -'ix
o 0O

Ts = (n_cos6 _+w) + ix (A.14)
o) o

Rationalizing equations (A.13) and (A.14) gives

(n02w2-y2) + (x2n02—Z2) + 2in§(xy+Zw)

r_ = 5 5 (A.15)
(nOW+y) + (xno—Z)

-

and

012cos?e —w2~x2) -2ixn cos® .
(o] fo) (o] [e]
r = : (A.16)
s (n_cos6 +w)2 + 32
o o

~ From equations (A.3) and (A.15)

-1 2no(xy+Zw) :
wp = tan 75 55\ - (A7)
. (now -y7) + (x n -77)

and from equations (A.3) and (A.16)

1 -2xnocoseO

b = tan 5 (A.18)

2 2
n cos 6 -w -x
o o
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from equation (A.12) we see. , by equating real and imaginary parts,

w = v/2x. Substituting for w in equations (A.17) and (A.18) we have

-1 l&xnc;'( 2x2y+Zv)
Y_ = tan (A.19)
P no2 ( v +4xu)-4x2 (y2+Z2 )
and 7
. ~8x3n cosb
¥ = tan t °o_ 0 (A.20)
s ux2n02coszeo~b2-4xLL

To find x in terms of e, and e, from equation (A.12)

t = w2 - x2 »and v = 2wx

i.e. ng + 4x2t - V2 =0 (A.21)

Solving for =x

2_~t * (‘tz + vz)%
x - _ 2 (A.22)

since x must be a real number

' 2 241
x2=*.-'t+(‘t + v7) . (A.23)

2

Since we have the constraint that the reflectances Ry b 21 then it
L]

can be shown that

_ 2 2.3(?2
x = - i.t'+ (tz t V) .2 4 (A.24)
and so : S 13
-(g.-n 2sin26 )1—Ee -n 2sin26 )2+e %}2
- 1l o o 1l o o 2
% = - > (A.25)

For ease of manipulation let

2
o)

Nj-+

(A.26)

B
i

’ 2 .2 2
((el - n_“sin 60) + €
and

q = (r - (el - nozsin2eo)) | (A.27)
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Then from equations (A.19) and.(A.20) we have

1 )
- . 2 - AN
2/2nocoseoq (e,9-¢,%)

y_ = tan (A.28)
p 2.2 2, 2 22
(nO (62 +q~ ) ~ 2qcos Bo(sl te,"))
and '
-1 2/§nocoseoq3/2
y, = tan T (A.29)
s (g(2n 200326 -q)-¢ 2) ’
4 “o o 2

In equation (A.2é) let the numerator = ¢ and the denominator = a
_, aley,e,)
v = tan l( 0 1 2)) (A.30)
cle; e,
a(€1’€2) . '
= = Z .
tan IPP W (A.31)
. _ 2. 2
92/8y = 1 + tan"y = 1+ 2 (A.32)
and
ale. ,e.)
- - 2 9 1°72
i awp/ael = 3¢p/32132/3€1 = 1/1+47Z e i ole. o)
1 1°72
oy_/9e, = 1 3 i a(sl,ez)
p L a2(el,62)+c2(el,32) 9ey 6(81’82)
Then it can be shown that
2y /de, = el -y (A.35)
P (a"+c”) P
and _
ae-cf
3P /e, = =g (A.36)
P2 (a2+02) P
- where
b =g (c), d=(a) (A.37)
€1 €
and
ess=(c), . =5 (a) (A.38)

then

(A.33)

(A.34)
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Similarly for w;, in equation (A.29) let the numerator

denominator =

where

and

Performing the

and so the coefficients vy and &

© 299

g, then it can be shown that

oY /ac :.M =y
57771 2 .2 s
- (g"+k™)
oy _/oe =-ﬂ———-—-kn = 8§
s 2 2 .2 s
(g"+x7)
3 3 :
h = — (k), L= — (g)
Bel ael
' 3 | 3
m = — (k), n = — (g)
382 832

k and the .

_(A.39)

(A.40)

(A.41)

(A.42)

differentiation in equation (A.37) to (A.42) then

Y2n cos®
(o}

_ o 3/2 oy .23
b = — (q (3el r) €, Q ).

) 2 2 2. 2
d = 2q/r (cos™0 (e, +e, ~2¢ ) n,"q)

N

T
L 3_
- 2 (e
e = /énocoseo/r (e2q (4r 351)+52 q ?)

) 2 2 2 2 2 2 .2
£ —A2/r (no q€,-€,C08 Go(sl ~€, )+452cos 60(;l n_ “sin”o r)+2e

-3/2n_cos® q3/2
o o

r

_ 2 2
2 = 2q/r (q n_“cos eo)

. ]
2
2/2coseoq €,

r

- 2 2, _
n = 252/r (no cos™ 0 _-q r)

may be found.
P)S PSS

(A.43)

(A.u4)

(A.u5)

(A.46)

(A.47)

(A.u8)

(A.49)

(A.50)

2

2
n
o
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APPENOVX 2

PROGCIAM KKACINPLTAQLTFUT) ‘

DIMEMNSION RE(100)4RIC1I00) «+DELRIIN0O) sEN(I00)¢RRI(1I00Q)
sefI1XI(100)

DIMENSION DEPCR(IOO)vCFPSI(IOO)9Y(100)aZ(lOO)o

s TITLE(2) s SOURCE (D)

C-=-=THIS FHCGKAN USES THE KRAMERS~-KRONIG METHOD

Cw==0F ANELLYSIS TO CALCULATE CTHLTAs THE TEMPERATURE
C---MODULLATED PHASE CHANGE

C~=~ThE CCEFFLCIENTS ALFPHAPs BETAP,ALPHANRs BETANRS
C--~ALPFAFRy BETAPR AKE CLLCULATED AND THE CHANCTS I THE
C~~~REAL ANC IMAGINARY PARTS OF THE DIFLECTRIC CONSTANT
'C~-~CLLCULATED

c-~~uep15 IS THE NO. OF DATA CARDS READ 1IN

C~==NOPTS IS THE NO. OF OFTICAL CONSTANTS READ IN
Ce==RE(I)s RI(I) ARE THE OPTICAL CONSTANTS OF THE MATERIAL
C==~EN(I) IS THE FHOTON ERERGY IN E.V

-C===DELR{I) IS THE EXPERIMENTAL DATA DR/R FROM THE ThEHML
C-=-MCDLLATION,

C-~=TFETA IS THE ANGLE OF INCIDENCE 1IN RADIANS
C-=--EFS1(K) IS THE REAL PART CF THE DIELECTRIC CONSTAMNT
C==-EFSZ(K) IS THE IMAGINARY FART OF THE DIELECTRIC
C~==-CCNSTANT ’

C--=~DEPSR(K) IS THE TEMPERATURE INDUCED CHANGE IN THE
C~-~REAL ‘FART OF THE CIELECTRIC CONSTANT )
C~==DEPSI(K) IS TRE TEMPERATURE INDUEED CHANGE IN THE
C--=INAGINERY PART OF THE DIELECTRIC CONSTANT

C-=-=-START IN THE INFRA RED
C~=-NCORV IS SET TO 1 WHEN WAVELENGTHS ARE 70 BE READ IN

REAL S5S5Se (TITLE(1)s I=162)
585  FOEMAT(ASeA4)
WRITE SS6.(TITLE(I)s I=162)
555 FORMAT(¥1%¢5XsA5s5X9A4 95X e*0BLICUE INCIDENCE ¢
9% 4% [CEGREESH*/5Xg¥mmman HgGXsitmmmnm #)
1 FORVAT (212)
REAC 1sNOFTSsKCONV

C--~REAC AND PRINT NAFME OF  SOURCE OF OPTICAL CONSTANTS

2 FORMAT (S5A4) .
: REAL 24 (SOUKCE(I) sI=1,45)
3  FCRMAT(1O0X+#SQURCE CF OPTICAL CONCTANTS *95AL)

PRIAT 35 (SOURCE (1) ¢I=15S)

" C=-=-REAC CPTICAL CONSTANTS ANC ASSO”IATED ENERGIES
C-==-0k WAVELENGTHS



LB\

[$g]

FORMAT (10X OPTICAL CONSTANTS #4,10Xs# ENERGY *#)
PRINT S .
DO 100 I=14NOPTS
4 FCRMAT(3(F6a34+2X))
REAC 49 EN(I)sRR(I)IRI(I)
IF (NCONVLNES0Q) EN(T) = 1. E*b/(EN(I)“B 068)
6 FORMAT(10Xe2F8e3910X9F10.2)
. PRINT 69RR(I)9RI(I)9ER(I)
100 CCNTINUE
23 FORMAT (I13)
. REAC 23sNEPTS .
31 FORMAT (20X e #NEFTS =%#417)
PREINT 31¢NEPTS

C--~READ ENERGIES BhthEN HFICH DATA HAS BEEN TAKEN (E.Vs)

7  FORMAT(2FS.3)
- " REAL T4EBOT+ETOP 4
'8 . FORMAT (10X, #ENEKGY RAhGE OF DATA #4F3.19% "TO #,
sF2.1) ) o ' '

PRINT 8sEEOTSETOP
C-<-READ ENERGY SPACING OF MEASUREMENTS

9 FORVMAT(FS.3) |
" READ SeBIT - a
10 FORMAT(10Xs# ENERGY RESOLUTION #,F8,3+% ELECTRON®
~ s# VOLTSH) S

FRINT 109BIT
C-~-REAC IN DATA FOR POINTS ECUI-SPACED IN ENERGY

| DO 200 I=l¢NEPTS
1 FORMAT (F€.1)

REAC 11sDELR(I)
200 DELR(I) = DELR(I)#1,0E=-6

C~”?PRIAT DATA

12 . FORMAT(1O0X,#ENERGY #4F4424% THERMAL MODULATION - #,
' sE10.3) - g

DO 201 I= I'NEPTS

CIMIxI-l '

E=EEOT¢BIT*FLOAT(IM1)
201  PRINT 129 E9 DELR(I)

C-=-USE LINEAR iNTERPOLATION TO ASSOCIATE OPTICAL
C~~=CONSTANTS wITH EACH EXPERIMENTAL POINT

IL=]l"

Iv1=xI-1 } .

DO 200 I=1,NEPTS
E=EEQOT+FLOAT (IM1)#RIT

DO .201 J=IL+1000
TEST=EN(J) =€ ,
IF(TESTWEG.0.) GO TO 2004
IF(TEST.GT.0.) GO TO 2001
GO T0 3002



GO T0 303 : b
3004 K o= .
3002 CORTIRUE
GO T 305
JFOLCT-1C0) GO TO 204
501 CORTINUE i
13 FORFAT(LOX % ENERGY QUTSIDE RANGE OF OPTICAL™
o% CCNSTANTS#®)
304 PRIKT 13
305 IL = K=1 .
STOF
RRI(I)=ER(K)
RIT(I)=RI(K)
GC T0 300
203 VY o= K=}
IL=kmMl]

Cm=~LINEAR INTEKPOLATION OF OFTICAL CONSTANTS
C-=-REFRACTIVE INDEX
s (RE (KM1)=RR (K) )/ (EN (KM1) =EN(K) )
= (EN(KM1) %RR (K) =EN (K) #RR (KM1) ) 7 (EN (KM1) =EN(K) )
FRI(I)=ENM¥E+C -
C-==EXTINCTION COEFFICIENT
EV=(RI(KM1)=RI (K) )/ (EN (KM1)=ENTK))
C= (EN(KM1) #RT (K) =EN (K) #RT (KM1) Y/ (EN(KM1) =EN(K))

RII(I)=EM*E+C
300  CONTIMWUE

14 FORVAT(///7910X 0% ENERCGY #510Xe# INTEFOLATED®
v OFTICAL CONSTANTSX)
- "PRIKNT 14
18 FCRMAT 115X 4F4.2920X92F 7 3)
DO 400 I=).NEPTS
ivli=1~1

E=EEOT+RIT#FLOAT (IM1)
400  EN(I) = E

PERINT 159 (EN(I) ¢RRI(I)GRII(I)s1=1NEPTS)
C---KREAC FANGE FOR KRAMERS-KRONIG ANALYSIS
C==~ MUST COINCIDE wITH EXPERIMENTAL POINTS
16  FORMAT(ZF4.2)

REAC 16sELCU

C-=-READ leTH CF SINGULARITY

21 FORNMAT (10X e RANGE POR K=K ANALYSIS *9FL 2¢# 10 g
sF€4Z) )
REAC 179WTH

17 FCRMAT(F10.8)
PEINT 219ELoEU

22 FCRMAT (10X ¢% WIDTH CF bINGULARTTY *9510 4)
PFLNT 229ETH

C*“fREAC ANC PRINT CONSTANTS LSED IN EXTRAPOLATION



e moar

FEAC 2456 XL 2t XH 233

% FORMATLZ2049% FATRAFOLATLION CONST AN

PRINT 2%t XL o[ Ak
EXL = EAL#1.0E~6
EXAH = EXARY) .0k -6

15 #eZFB.1)

Co==TABLLATE FUNCTION AND INTEGRATE NUMERICALLY

C~~=LOCATE ENERCY AND OPTICAL CONSTANTS

DO €07 I=1,NEPTS
TEST=EN(1) ~EL
IF (TEST-GT.0.) €O TO 503

G0 T0 502
503 K = 1-1
' PRINT 18
GO T0 504
502 ° CONTINUE
505 CONTINUE

IF (EN(K) .GT.EU) GO TO S00
504 KMl = K-1 - :

A=ER (K)

B=CELR (K)

C-=-TABLLATE FUNRCTION UP TO SINGULARITY

NEIV=0 A
DC €00 1I=1s¢ikmMl
NCIM=NDIM+1] '
€00 Y{I)=(DELK(I)~ B)/(EN(I)“EN(I) ﬁ*ﬂ)

C---PERFORM INTEGRATION

CALL GSF(EBITsYsZsNDIM)
SLMI=Z (NDIM)

,C=~=INTEGRATE AEOVE SINGULARITY

NCIv=0

KFl=K+}1 .

DO 700 I=KPlseNEFTS
NOIV=NDIM+1

NL=I-K

700 YINL)=(DELR(I)=B) Z (EN(I)*EN(I)+A*A)

CALL CSF(EITeYsZsNDIM)
SLUME=Z (NDIM)

C---INTEGRATE STEPS EITHER SICE OF STKGULARIQY

C-~-LINEAR INTERPOLATION L.H. S.

E@=(DELR(KM1)-DELR(K))/(EN(KMIY'EN(K))
C=CCELR(K)*EN(KWI)—DELR(KMl)*EN(K))/(EN(KMI)*EN(K))

EBIT=EN(K)=WTH

NETEPS=101
STS2=(EBIT-EN(KM1))/100.
DO €00 I=1oNSTEPS

Il=1-1

Xl= EN(KM1)+STCZ*FLOAT(II)
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DELEN=EMSXY «C :

800 - Y(I) = (DELRN=B)Z(X1#X1=A%A)
NCIV=KSTEFS
CALL GSF(STSZaYeZsNDIV)
SLMZE=Z (NDIM)

C-=-LINEAR INTERPOLATION R.H.S.

KFl=K+1
EV=(DELR(K)=DELR(KP1) )/ (EN(K)~ EN(KPI))
C=(CELR(KFI)*EN(K)“DELR(K)?EN(hPl))

1/ (BR (K) =EN (KP1))
EEIT=EN(K) +uTH
ST1SZ=(EN(KP1)~ERIT) /100,
DO €01 1=1,NSTEPRS
Il=1-1
X1EEBIT¢STSZ¥FLOAT(I1)

. DELEN=EM®X]+C.
801 Y.(I)=(DELRN-B)/ (X1#X1~A%A)
CALL GSF(STSZsYsZsNDIN)
- SLM4=Z (NDIM) |

C---EXTRAFOLATION FROM ZERO TO INFINITY

A1=EXL=DELR (K)
AY=A1/(2.%EN(K))
Ac=(CA(K)-EBOT)/(EN(K)+EBOT)
AZ=ALOG (AZ) ‘
AZ=h2%AY
B1=EXF=DELR (K)
BI=B1/(2.%EN(K)) ‘
BZ= (ETOP=EN(K)Y)/Z (ETOP«EN(K))

BZ=ALCG(BZ) '

Bz=E2%R1

SUME=p2=B2

SULME=0,0

FACT=EN(K)/3.141%9

DTHETA= FACT*(SUVl+Sch+QUH3+SUM4+SUMS+SLM6)

-

PI = 4.%ATAN(1.)
ANGLE = 45,
TFETA = ANGLE®PI/180. ‘
EPS] = RRI(K)*RRI(K)—RII(K)*RIT(K)
CEPSZ = Z2.%RRI(K)*RII(K)
= COS(TFETA)
SIN(TFETA)
EPS1-S¢S
-EPS2
SCRT(A#A+EPS2¢EFSZ) A
SGRT (AA+EPS2#ERS2)
QG = SQRT(Q*Q*Q)
R2 = SQRT(24)*R

TDOoTP>UVO

B U a4 uu

B
»

FCIFF1 = ¢, ”EPSI“C*CO/Rc*(Z *EPQz“EPSZ*C*SOPTIO)/RZ)
)= (4.*C*QQ/SQART (24)) .

GDIFF1 = c.“O*C*C/R“(EPSI*EPSI ¢« EPS2®EPS2) -
o (G REPSIHCHCHQ) ~ (2,%C#Q¥R)
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FCIFF2 = u;vtpszhruco T(O/2.) + (2 #EPSPHEPSRUEPSRHC
£ R299CRTIC)) ) = (Lo ¥EPSTHCREPS2#SQRT (Q) /R2)

COIEF2 = 2. 4EPS2+ (2. 0CHEPS2/R) = (2, ¥EPSL#EPST#CHCH
EERSZ/R) 4 (4, HEFS2¥CeCHA) = (4o ¥EPSR2uCHCHR) = (EPS2HEPS2#
MEPSZHCHC/R) 42,

F12 = (EPSPUEPSZ¥CE4RHSCRT (0/2%) )~ (4e #*EPS14#C*QG/
/SCRT(24))

Gl2 = (EPS24EPSZ+QeC) - 2¢“C*C*Q“(FPSI EPS1+EPS2%ERS2)

C“**ALPFAFo BETAP ARE THE COEFFICIENIS OF DCPSR(K)9
L~~~DEPSI(K) FOk DTHETA

C--=CALCULATE ALPHAP

ALPFAF = (Gl2#FDIFF1-F12#GDIFF1)/(Gl2#Gl2+F12%F12)

| C-=-CALCULATE BETAP - o o

'BETAP = (C12%FDIFF2- F129GDIFF21/ (612¥G12¢F12%F 12)
V = =SQRT(0/2.)
U = B/7(2e4V)

- C===ALPFAFR BETAPRs ALPHANRs EETANR ARE THE COEFFICIENTS
- C=~=0F CEFSR(K),y DEPSI(K) FOR DELR(K) (PARALLEL AND ’
C~=~PERFENDICULAR COMPONERTS RESPECTIVELY)

~C"~~CALCULATE ALPHANR

GNLM = 2.,#UsC#* (U*U=- 3 *V*V C*CI
PAl = (U=C)#(U-C)
CPAZ2 = (U+C)®(U+C)
DNOM = (U“U*V*V}*(PAI+V*V)*(PA2+V*V)
ALRFANR = GNUV/UNOM

. C--~CALCULATE BETANR

GNLM = =2,#V#CH (3, #U%U=V#V=CHC)
. BETANR = GNUM/DNOM

- C===CALCULATE ALPHAPR

T = SIN(THETA)#TAN(TFETA)
. GNLM = 2,%UST® (UsU=3,#Vey=TaT)
PAL = (U=T)#(U=T) ,
PAZ = (U+T)#(U+T) "
CNCM = (LEUVHV) % (PAL+VEV) % (PAZ+V#V)
ALRFAFR = ALPHANR+ (GNUM/DNOM)

C---CALCULATE BETAPR

GNUV

= 2.8VSTH(3,8UsU-yEY- =T#T)
BETAPR =

EETANR=-GNUNM/CNOM

C~==CALCULATE DEPSI(K)==~=THE CHANGE IN THE IMAGINARY
C~==PART CF THE DIELECTRIC CONSTANT



DORSI(K) = KALPHA?H“DTHETA“ALPHAP*UELR(K))/
AL AP R EETAP-LETAPRYALPHAP)

C===CALCULATE DFISR(K) THE CHANGE IN THE KUAL PART OF
C-=-TFE LILLECTIC CONSTANT -

18

16

SQ0
20

CEFSK(K) = (DTFETA-BETEP#DEPST(K) ) /ZALFPHAP

FORFPAT(E (/) 913X e¥RESULTS OF KRAMERS~-KRONIG#
/% TRAENSFQRM#%)

FORMAT(EX 9t ENERGY % gsFE.29% REAL %4FE16.8)

s%  IMAGINARY #3E16e89¢% DELTHETA #3E16.8s% SUMS =i,
sE16.8) . -

PEINT 19y EN{K) +DEPSR(K) s DEPSI(K) yDTHETA ¢ SUMS

K=KF1
GO TO 50&
PRINT 20

FCRVAT(//7/777777950Xe®  ALL DATA FINISKED %)
PRINT 26 ‘ .

FCRMAT (SBX 9% END #)

STOF - ' ‘ -

END
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