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SUN{MARY

The work involved in this thesis is an account of the

nanner in which the optical reflectance and transmittance of thin

films of Ge , and the reflectance of opaque films and polished

specinens of netals such as Au, Ni, Co and Mo relate to their

optical constants and hence their band structures.

chapter 1 presents introductoïy theory on band gaps and

electronic transitions in netals and semiconductors and a short

revier+ of various rnethods of deternining their optical constants.

chapter 2 gives a brief description of the experinental

¡nethods used.

. The changes in the optical constants n and k of thin

fílns of Ge as they aIe converted frorn the anorphous to the

crystalline state have been deternined for the spectral region between

0.62 :uo2.2 eY by the normal incidence reflectance and transmittance

nethod and are dj-scussed in Chapter 3. For the anorphous state of

Ge an interpretation is nade according to the Mott and Davis (1971)

model of energy bands. A detailed study has been nade of the effects

on the optical colìstants of annealing anorphous filrns from 200 to

700'C and of preparing films a.t higher substrate tenperatures (300 to

600'C) . The energy gaps of both amorphous and polycrystalline films

of Ge , and of amorphous filns converted to the polycrystalline state

by annealing, have been calculated fron the relation ¡nrK¡tt = c(E - Eg)

In Chapter 4 a nethod is given for evaluating the optical

constants of Ge within the region 1.8 to 15 eV by using Kraners-

Kronig dispersion relations. For reflectances at high energies (above



10 or 15 eV), three sinilar extrapolation fornulae have been

investigated in attempts to inprove extlapolation procedures by

using additional parameters which are deternj.ned fron the directly

measured values of the optical constants within the region 1.8 to

4.0 eV

chapter 5 gives an introduction to the single and double

layer forrnulae derived by Tomlin (1972, 1978) for deternining the

optical constants of metals. The effects of errors in the

measurement of reflectances are considered.

Measurernents of the optical constants of oPaqtle Au filns

in tlre region L.7 to4.2 eY are plesented in Chapter 6. The results

are discussed and tJre features of the spectra due to interband

transitions are identified.

The optical properties and interband transitions in the

region 0.62to4.0 ev of the transition metals Ni, co, and Mo

are discussed in Chapter 7 and some tentative identifications of

optical features are made. Polished specimens of Co and Ní have

alnost identical band structures and polished specimens of Mo, and

opaque Mo filns have some sirnilarities with Ni and Co

Appendices contain a brief account of some preliminary

observations of the optical properties of stearic acid films, and

contain details of Kramers-Kronig calculations.
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CIIAPTER I

INTRODUCTION

1.1. Aim of the Pro.'íecÈ

A great, deal of work has been done on the optical properties

of crystallíne Ge. In recent years experimental and theoretical

investígations have been extended to liquid and non-crysÈalline

materials. Many recenÈ studíes have been made on the structural and

electroníc properti-es of crystalJ-ine and amorphous forms of the same

material in attempts to understand the effects of disorder. But Èhe

opÈical absorptÍon edge remains a largely unresolved problem in

amorphous Ge and Si. To quote from a recent paper by Moss and

Alder (L973).

" However, instead of settlÍng the issues' many

of the new results have been contradictory and

have left observers r,¡ith a feelíng either that
most of the experimental data reported are due

to artifact.s or that a wide variety of different
forms of amorphous silicon and germanir:m exists" '

The band gap of amorphous Ge ranges beÈween

0.5 eV and 1.1 eV; for Si, it is 0.8 eV, 1'6 eV,

or 1.8 eV. The aj¡sorption edge is gradual,
indicative of disorder-induced band tailing' is
sharp even in as-deposited films, whích ís put
forwãrd in evidence agaínst sÍgnificant band Lails 'or is gradual in as-deposited filrns but sharp
after annealing 'r

clearly the problem of determining t-he optical constants of

Èhese materials ( Ge and si ) ís not straightforward. In our laboratory

a careful sÈudy of si has been carried out by Thutupal-li (1976).

In the presenË investigaÈÍon a systefiratic sÈudy of the opËical

properties of Ge in both amorphous and polycrystalline form has

been undertaken. In the following, we shall examj-ne some of the
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questions which are stil1 open concerning the electronic band

structure of Ge , for examPle :

(1) What is the value of the energy gap (or nobility

gap) ?

(2) Does the gap persist in the disordered material

as in ordered crystalline naterial ?

(5) If the gaps do persist in the presence of

disorder,how do the gaps cliffer from those of the

ordered naterial ?

(4) Does the energy gap change with annealing or with

deposition temperature of the substtate ?

(5) To what extent can the crystalline band structure

be used to descïibe the properties of anorphous

material ?

An account will be given of the determination of the

optical constants of Ge by neans of the normal incidence reflectance-

transnittance method, and the changes observed in them as amorphous

naterial is converted to crystalline Ge by annealing, or as a

result of deposition at higher temperatures. An attempt to interpret

these results in terïns of the Mott-Davis (1971) theory of amorphous

naterials will be given.

Another question has been raised by measurements on Ge

extending into the absorbing region by neans of the method of measuritlg

reflectances fron the specimen surface and the surface coated with a

thin layer (Tonlin Ig72). The question is to what extent such

neasulements night be used in conjunction with measurenents of
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reflectivity over a ver.y wide range of tvavetengths to inprove the

Kraners-Kronig method by increasing the reliability of the extra-

polation procedures needed i.n that method. With this object in mind

and the possible applicatiorì of this nethod to metals a study has been

made of sone possible irnprovements in extrapolatj.on formulae.

The third part of the work is concerned rvith an investigation

of the above-mentioned method involving the measutement of trvo

reflectances as applied to the determination of the optical constants

of metals. This is a preliminary study of the applicabilil-y of the

method when reflectances are high and is concerned nrainly with the

accuracy that night be achieved.

In conparison with seniconductors, less work has been done on

metals though people started to use netallic films for various purposes

long before semiconductors. Kohn (1966) conrnents 'r the field of the

optical properties of netals has, during the last five years, become a

quite inpressive quantitative science. The experinents and analyses of

the optical properties of Cu and Ag (Ehrenreich and Philipp, 1962) '

and A1(Ehrenreich et aL,1963) are good exarnples of this progress....

To my knowledge, these results are sti11 rather mysterious and suggest

that, at least in sone metals, important nodifications of our current

ideas concerning their electronic stluctuTe rr,ay be required. rr

It is interesting to note that six years later Abefls (1971)

also nakes sj.milar conments , ê.g. 'rThe experinental results are still

very often obtainecl wi-th netallic filns having an unknoln or poorly

knov¡n structure, and they are more subject to revision and moclification

in the near future.rr
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From these connents it can be concluded that the confusion

surrounding the optical properties of metals has arisen from variations

in preparation conditions and nethods. Moreovel, one of the gÎeatest

difficulties with netals is the preparation of good surfaces and the

effects of oxidation.

0f all metals, gold is probably the easiest to work with

because it does not react with gases in the atmosphere. 0n the

contrary transition metals which have partially fi1led d or f shells

are rnuch more difficult to work with than norrnal netals. I chose

both gold (Au) and transition netals (Ni, Co and lçfo) for the present

work on the optical constants of rnetals using Tomlinrs nethod (L972).

The purposes of the present investigations are :

(1) To supplernent the work already carried out on amorphous

and polycrystalline Ge in our laboratory'

(2) To atteïrpt to improve the evaluation of optical constants

by using Kraners-Kronig analysis of reflectance data.

(3) To extend the work to polished bulk netals and opaque

. netal filns.

(4) To further exanine the suitability of Tomlinrs nethod of

determining the optical constants of metals '

(5) To evaluate the optical constants of metal filns by

reflection measuïernents at norrnal incidence frorn both

sides of the substrates on rvhich they are deposited.

T,2 Optical AbsorPtion

The optical properties of optically isotropic solids r^Iith

which we shall be concerned are the behaviour of the refractive and
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absorption indices as functions of wavelength or photon energy. The

interaction between the solid an<l electronagnetic radiation may cause

absorption of radiation thlough excitations of electrons between, or

in case of metals within, energy bands. Measurement of the optical

properties has proved to be a powerful tool for studying the energy

spectrrnn of these excitations and therefore of the electronic band

structures.

From Maxwellrs equations, which are a set of partial

differential equations which describe the space and time behaviour of

electromagnetic field vectots, the wave equations for linear isotropic

non-conducting medía are

tt2 - 1-a'-l{E=o 1.2.1(V" - € -ãt,/ t s

where È and å are electric ancl magnetic field vectors. For infj-nite

plane lvaves E and q are peTpendicular to one another and to the

direction of propagation, and the velocity of the wave within the nediun

is " = fr where N is the refractive index of the nedium and c is

tJre velocity of líght in free space. Equation (1.2.1) are vector rdave

equations i.e. they are valid for each rectangulaT component of Ë

and B Therefore the scalar wave equation

o2-r. 1 ð'úv v - ;, ã-T, - o l'2'2

is satisfiecl for Ú = Ex, Ey, Ez, Bx, By, Bz ' Now r^te are int'erested

in the ptane wave solutions to the wave equation (I.2.2). The one-

dimensional wave equation for propagation alolrg the positive x-direction

is

ð'E_ 1 31U= o t.z.sãF- IT ãT-
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The solution of the equation (1.1.3) is of the form

Nx

rf Ae
t iw( c r)

L.I .4

where $I = angular frequency = 2TN, V = frequency of vibration.

If the ntedium is absorbing, it has a cornplex refractive index

N = n + ik where the real part n is the refractive index and k the

absorption index. Here we shall use N = n - ik except in the

section on the Krarners-Kronig rel.ations where it is noI.e usual to use

N=n +ik. Puttingthevalue of N ( =n - ik) in equation (1.1.4)

we get
kwx iw(t - nx)

v Ae
c 1.1.5

The energy flow is given by tlie Poynting vector which is proportional

to the product of the amplitude of the electric and nagnetic vectors.

kwx the attenuation is 2wkx andAs both terms contain cc ee

the absorption coefficient 2wk

c
e

K
4nk-T- 1.1.6

c

where À = wavelength in free space. The penetr:ation depth of light is

1À
K - AITF'

we can measure n, k experimentally for a wide range of

wavelengths and K rvhich is needed in discussion of the optical

absorption formulae can be deternined from k

It is also convenient to express the optical constants of

naterials in terms of a complex dielectric constant e , which can be

defined as

e = êr + iez = ht = (n - ik)2 I.I.7

where gl = n2 - k: is the real part and ez = 2nk is the inagi¡ary

part of the dielectric constant.
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r.3 Band Structure of Solids

The energies of electrons in crystal lattices are arranged

in energy bands, separa.ted by regions in energy for whiclì no wave

functions exist. The Bragg reflections at k = ! nn/a of electron

waves is the origin of energy gaps in a sinple linear solid of lattice

constant 'a' where n is an integer and L is the nagnitude of the

hrave vector related to the wavelength À by k = 2tr./\ . The low energy

portions of the band structure are shown qualitatively in Figure (1.la)

for entirely free electrons and in Figure (1.lb) for electrons that are

nearly free. In this latter case there is an energy gap at k = t n.fa

and other energy gaps occur for successive values of the integer n .

The reflection at k = t rfa occurs because in the linear lattice, the

wave reflected from one atom interferes constructively with the wave

reflected from a nealest-neighbour atom. The region between - r/a and

T/a is the first Brillouin Zone of this lattice in wave vector space.

The energy gap at the zone boundary for the Kronig-Penney potential is

shown in Figure (1.1c) for P = 3tr/2

Such energy gaps are called band gaps or forbiddert bands and

rnay be defined as the distance between the highest maximun of the

valence band and lowest nininun of the conduction band in wave vector

space. The magnitude of this energy gap and the occupation of the

available energy levels by the electrons deternine whether the solid is

a metal, semicottductor or insulator.

The crystal will be an insulator when the valence band is

full, the conduction bancl above it is empty and the forbidden band is

wide enough. The crystal will behave as a metal if the valence band is

partly filled, and as a semiconductor if the valence band is full or
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almost full and the forbidden gap is smal1. The ntetal is a good

conductoï whose conductivity decreases tvith increasing tenperature.

In contrast to this the conductivities of semiconductors increase

with increasing temperature. Conductivity not only depends on

temperature but also on the size of. the forbidden gap.

The best values of the band gaps are obtained by optical

absorption measurements .

I .3. 1 Optical interband transitions in semiconductors

One of the nost. irnportant feature of the semiconductor is

the transition of electrons from one electron band to another. The

process is called interband transition.

Interband electronic transitions can be considered as direct

or indirect according to whether or not the conduction or valence band

extrema lie at the sane point or different points in wave vector space'

(a) Direct transitions

In this process photons are absorbed by the crystal with

the transition of an electron from the valence band to the conduction

band without any change in the electron vector. This is shown in

Figures I.2(a) and 1.5(a) where only the vertical transitions between

the two states which have the same value of the wave vector ale allowed'

The absorption coefficient K(E) for a given photon enelgy E , is

proportional to the transition probability Pir for the transition

from the initial state to the final state, and to the density of

electrons in the initial state llt , and also to the density of

avail.able empty final states Nf , sunmed over all possible transitions

between states with an enelgy difference equal to E (Snith 1961,
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pankove 1971). With the assunçtion that the band edges are

parabolic one finds

K( E) cc

cc
A

ln

1.3.1

L.3 .2

,2

ffi I c¡-Eg)if
,2

or

or

EnK c (E_Eg)

(EnK) c (E - Ee)

where A is a constant, Eg is the band gap and n is the refractive

index of the soli-d.

(b) Indirect transitions

Both photon and phonon are involved in indirect transitions.

Direct and indirect gaps of crystals are shor,rn in Figures 1.2(a), 1'3(a),

f.2(b) and 1.3(b). The transition probability is calculated first by

considering that the electron makes a vertical transition to a state

where the energy is not conserr¡ed, but momentum is conserved. Electron

phonon scattering then takes place so that both energy and momentrxn are

finally conserved. The threshold energy i.s slightly greater or less

than the true band gap for the indirect transition pr.ocess. This pr'ocess

may occur in tv\to ways either by the absorption or emission of a phonon'

For an indirect transition, (Smith 1961, Pankove 1971), again

assuming parabolic band edges

2

hv,rnK(E) c (E-Eg'thCI) I.3.3

where Egt is the indirect band gap and CI is the frequency of

vibration of the phonon, since h f¿ is very small, then to a good

approximation
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hwnK(E) c( (E - Eg' 12

or (EnK)% c (E-Eg') I.3.4

fron equation (1 .3.2) and(1 .3.4) the absorption in a crystal nay be

represented by

(E - Eg) c (hK)cr 1. 3. 5

where d, = 2 for direct transition, o. = L, for indirect transitions.

Thus it is possible to determine which kind of transition

occurs and also the band gap energy from values of n and k by

rr.plotting (EnK)* as a function of photon enelgy E for various c[..

6ptical measulements offer the only possibility of distinguishing the

types of transitions. The photon energy at which the optical absorption

begins is called the absorption edge of the seniconductor. The energy

band of rnost serniconductors consists of Several sub-bands which nay be

separated by spin orbit interaction. The conduction and valence ba:rds

of germaniurn are shown in Figure (1.4) based on a combination of

theoretical and experimental results. ltrithin the range of our measurement

we are primarily interested in the nature and density of electron states

just near rnaxima and ninima of the bands '

1.3.2 Amorl2hous seniconductors

So far we have considered only ideal crystals but nol it is

useful to discuss how the concepts approprì-ate to crystalline solids

can be applied to dj.sordered materials i.e. to amorphous materials.

Solicl phases of both amorphous and polycrystalline forms of Ge are

serniconductors. Amorphous solids )'ield X-ray diffraction patterns

sirnilar to those of a nicrocrystalline powder. In anorphous solids it

is believed that as a lesu1t of disorder the bands are modified by

the formation of tails of states extending the bands into the gaps.
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Here we shall use the model suggested by Mott and Davis (f971) as a

general account of amorphous seniconductors which are considered to

be homogeneous uniforn materials. In amorphous semiconductors the

energy gap Eg , as shown in Figure (1.1d) , is the nobility gap between

the bands of extended states i.e. a gap between nobility edges.

The relations between the energy gaps in arnorphous and

polycrystalline forrns of a given nìaterial and the changes as one form

is converted to the other are of fundamental interest. Agaín according

to Davis (1973) " A general rule appears to be that, if the local

atomic order is not appreciably altered in the anorphous phase, then

the gaps of the two states are not appreciably different- rt

This statement can also be verified fron our experimental

results for Ge (see Ge chapter). The "Tailing l{odelii fot electron

structuïe of amorphous Ge and Sí near the band edges is shown in

Figure (I.ld) .

r .3.3 tical int::aband and interband transitions
t- r't rei-electron meta s

At energies well belorv the energy gap or fundamental gap,

electronic absorption can occur through intraband transitions which are

the transitions characteristic of a free -electron metal and therefore

take place only in netals. Intraband transitions involve the excj-tation

of electrons from below the Fermi surface to another state above it

within the same band. No threshold energy is needed for such transitions.

Nearly free-electron band structures for monovalent and multivalent

metals are sholn in Figures (1.5a) and (1.5b). According to Nilsson

(Lg74) il The theory for intraband transitions is not yet satisfactory.

The band structure is usually assumed to be sinply free-el ectron-like

with an effective mass. Thus the influence of distortions of the bands,

such as band gaps, is not included A1so, the accuracy of the

experimental results is in many cases not clear. Because of the high
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reflectance in the infrared region, where Drude absorption dominates,

there has been difficulty in obtaining good results.rr

In principle rnetals are similar to semiconcluctors and nay

be considered as a liniting case of a highly degenerate seniconductor.

Interband transitions set in at a núninum photon.energy which is also

one of the important characteristic of the electronic structure of the

metals. The position of tlús ninimum frequency is in the visible

region for copper and gold. The lorv energy band structure of nickel

observed at 0.25, 0.40 and 1.3 eV by Hanus et aL (1968) using

temperature modulated reflectance is shown in Figure (1.6). Here

nickel filns are assigned interband transitions with a band scheme in

which the conduction band is lowered with respect to the d bands so

that Lz, is below Ltz in both the majority and rninority spin bands.

The broad structure at 1.3 eV was also observed by others, but the

interpretation of the reversal of the two lol-lying peaks was given by

Zornber:g (1970). The structure observed in the reflectance at lol

temperature at 0.4 ev disappears at room temperature. An optical

feature around 1.25 eV is also observed in the present investigation

of bulk, polished nickel and opaque netallic filns of Ni (details in

Chapter 7).

The nain difference between a metal and a semiconductor is

that no absorption takes place in a semiconductor until the absorption

edge is passed whereas in netals the conduction or free electrons

contlibute a stlong absorption in the infrared region, the nagnitude of

which decreases .smoothly rvith increasing photon energy and is much less

in the visible region.
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L.4 Advanta ges of the Optical niethods for the study of

bancl structure

Besides optical neasurements, there are several experimental

techniques e.g. cyclotron resonance, de Haas-van Alphen effect,

galvano netric and magneto - acoustic resonance which provide

infor:¡nation about band structure. Although the accuracies of these

experinents aïe very high the energy levels rnay be studied only within

a fel kT of the Ferni surface where k is Boltznannrs constant and

T is absolute telnperature. Ion neutralization spectroscopy and soft

X-ray enission also provide infornation over. a wide range, but they have

not proved to be as useful as optícal methods.

1.5 Thin films and bulk sPecimens

. The investigation of the optical properties can be carried

out either with bulk sanrples or with thin films. But the study of the

bulk samples is restricted to reflection measurements which are often

greatly dependent on the surface condition of the samples. One great

advantage of using thin filns is that one can measure reflection

coefficients as well as transmission coefficients which are less

dependent on the surface conditions.

optical constants of thin films of netals show a narked

dependence on thickness. According to AbelLs Qg72), I' and their

surface is as smooth as that of the substrate if they are not too

thicl<. For instance, even tvhen using opaque specimens, one prepales

them a few thousand ängströns thick on1y. The principal defects rvhich

are found in the thinner filns are grain boundaries, whereas the

thicker ones contain mainly clislocations and stacking faults.rr

Since the transmittance of metallic films a few thousand

änström thick is of the older of olle percent or less, the normal
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incidence reflectance-transmittance method i.s suitable for determining

the optical constants only of very thin films. But such filrns have

optical properties different from those of bulk naterial. So for the

comparison of the observed values of the optical constants with that

of the bulk polished netal, thick opaque films must be used and then

the only measulenents that can be made are of reflectances.

Apart fron the desire to measure the optical properties

of thin and thick fihns as nìeans of studying electronic band stlucture,

the stucly of these properties is relevant to many practical applications

such as i.n electronics, engineering, optics, bio-medical, nuclear and

space science.

Among non-crystalline naterials are liquid metals, semi--

conductors, sirnple and conplex glasses and amorphous evaporated films.

In recent years the optical properties of amorphous solids have become

of considerable interest since simple and complex glasses of various

kinds are essential materials for naking different optical devices.

Ge can be prepared in the amorphous state in thin layers. In important

applicati-ons thin films of seniconductors are used in solar cell.s, photo-

detectors and in optical devíces where they are used in anti-reflection

coatings ancl as .nultilayer interference filters. Multilayers of seni-

conductors and opaque metallic films are used together in solar cells

to enhance the absorption in the optical region concerned aud are

conunonly called rtdark nirror coatingsrr .

The optical properties of thin fitrns of semiconductors and

opaque netallic films are of importance both in fundarnental and applied

solicl state research for advances in knowledge of their band structures

and for numerous practical applications.
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The following sections discuss briefly the various nethods

of deternining the optical constants of solids as well as the method

used in the present investigation for the deternination of the optical

properties of amorphous and crystalline Ge , of opaque filns and bulk

sarnples of Au, Co, Ni and lr{o , and of nultilayel ol'ganíc films of

stearic acid (CHs (Cnz) 1 5COOH) .

1.6 Various methods of d.eterrnining the optical collstants

of thin films

There exist several nethods for deternining the optical

constants of thin filns either absorbing or. transparent, supported on

transparent or absorbing substrates.

(a) Transparent films

' If a trausparent filn ( k = 0) is deposited on a

tlanspalentsubstrate(kr=0),therefractiveindexandthickness

can be deternined either independently or as a product l,/ithout any

difficulty by using any of the experirnental techniques developed by

Vasicek (1947), Fochs (1950), Hattman (1954), Schulz (195a) and

Abelþs (1958) . The sirnplest method is due to Abelès. It gained wide

popularity because of its sensitivity, acculacy and sinplicity both

experinentally and theoretically.

1.6.1 Abelbs Method

For filns whose optical thickness lies in the neighbourhooci

of odd nultiples of a quarter of a wavelength, Abelbs described a sirnple

nethod for measuring the refractive index of the filn or the substrate

on which it is to be deposited. Generally this method requires only a

spectro meter with a scale rvhich may be read to one ninute of arc.

Experimentally one coats a part of the substrate with the film rvhose

refractive index is desired and then dete¡mines the angle of incidence
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Qo , for which reflectances fron both parts of the surface are equal.

According to hin nr , the filn index and n2 , that of the medium

frorn which the light is incident (generally air) is related to the

angle of incidence Qo by the fornula 0o = arc tar| nrfnz . so any

pa::ticulàr filn of suitable thickness satisfies this condition only for

one angle of incidence provided the difference between substrate and

filn is not too large. (Abelbs suggestt ltt - n2l f 0'5 , an accuracy

of t .002 in refractive index is attainable). The result is

independent of film thickness and also completely independent of the

refractive index of the substrate.

Forisotropichonogeneoustransparentfilmstheconclusion

one tnay draw from a review of the literature is that if the refractive

index alone is requirecl Abelbs r Brewster angle measurement is convenient

whereas if the refractive index as well as the thickness of the filn is

required then Fochsr (1950) interferometer rnethod is to be preferred when

the film thickness is sufficiently great'

(b) Absorbing films

Soneofthenostcorunonlyemployedt-echniquesusedto

deternine the optical constants and thickness of thin absorbing filns

deposited either on a transpalent or an absorbing substrate are brriefly

described below

I.6.2 Polarimetric Method El lipsometer)(

This nethod requires the measurement of the ratio of the

amplitudes of the two components of plane polarised light after

reflection from a fílm whelr the light is incident at an angle $ , ttnd

also the relative þhase difference A between these components' The



77

experinental apparatus used to ¡neasure a and 0 is called an

ellipsometer. The ellipticity of the reflected beam can be analysed

by any of the standard nethods. In nost cases the direction of

vibration of the plan polarised light is inclined at 45" to the plane

of incidence. It enables the sinultaneous determination of n, k and

d (thickness). Since all the neasurenents are taken at non-normal

incidence, the effects of optical anisotropy on the optical constants are

of great concern. The phase difference À in particular is very

sensitive to surface filns. For exa.nple 30,Â. to 40Á. thick oxide films

which generally forn on netal surfaces cause 
^ 

to change by several

degrees as sholn by Burge ancl Bennet (1964). This method can give

excellent results provided the correctors for any surface film are

properly nade, and it may be applied to both transparent and absorbing

films.. The optical constarìts of absorbing filrns which are thick enough

to be opaque can also be deternined by making ellipsometric measurements

on a single sample.

L.6.3 Schoppe r's Method Combined method)

In principle schopperrs method (1951 ' 1952) is a conbination

of polarinetric and normal incidence spectlophotonetric methods' It

i.nvolves the sinultaneous measurement of the ampli-tude and phase change

of light reflecred from eacli side of the filn ß'k ** Or, 0z) and
I

transmitred by the film f# q¡. 0f the six quantities to be measured

three intensities (Rr, Rz, T) can be neasur:ed accurately, but the

determination of three phase shift parameters (0r, þ2, Qe) is more

difficult. Moreovel the phase change 0s on tlansmi-ssion is generaJ'ly

very smal1, ancl therefore difficult to measure' for film thicknesses less

than 1000Â. Ir{ost of the other methods require only a maximum of four

neasurements whereas this method requi-res six. The calculations involved
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in this method are tedious and very titne consurning.

r.6.4 Spectrophotometrv at oblique jncidence

Generally the optical properties of a filn can be derived

from a pair of reflectance neasurements using either linearly polarised

radiation or unpolarised radiation at two different angles of incidencg.

A large variety of intensity methods with oblique incidence exist. T\'r¡o

reflectance measulements may be selected in a number of ways. T'he

sensitivities of all these methods have been exalnined by Humphreys-0wen

(1961) who concluded that even in the 1ow absorbing region all these

nethods suffer frorn an apparent decrease in sensitivity as the absorption

in the filrn decreases. No method is exceptionally better than the othel.

only a few percent acculacy is obtained in most of these cases.

I.6.5 Spectropho tometry at nor:mal incidence

Murmann (19SS, 1936) first usecl the well known technique which

requires the measuTements of reflectances (Rr and Rz) from each side of

the film on a transparent substrate. In this method the thickness of the

film is to be deter¡nined i-ndependently. In addition to the reflectances

on both sides of tl're filrn, the transmittance (T) through the film is also

measured by Male (1950). This nethod does not require an i.ndepenclent

determination of the film thicl<ness but yields optical constants and

film thickness in terms of the measured reflectances and transmittances,

Apart fi:om'ireavy''computing and extensive graphical procedures the method

has disadvantages in the loru absorbing regiotr when the values of

reflectances from each side of the film are nearly equa1. This results in

an iI1 defined point of intersection of two curves in the calculation of

the opti.cal constants.
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There are several nethods which derive the optical constants

fron the measured reflectance (R) and transmittance (T) at normal

incidence.

A method using the exact relations with modified expressions

(Tomlin,196B) for and

by Denton (1972), Khawaja (1975) and Thutupalli (L976) in their studíes of

the optical properties of Ge, CdS, ZnS, CdSe and Si.

Except for the fact that it rec¡uires measulements over a wide

spectral range and cannot be used for very thin filns (< 500'Â) without

an accurage knoivledge of the filn thickness, it has the following

advantages :

1. Exact rnathematical forrnulae used in this method are

. fairly sirnple and less time consuming for computing when

compared with the other nethods.

2. The dispersion curve obtained is such that the problen

of distinguishing the correct solutions fron the others

nay be solved easilY.

3, Surface conditions nay be alloled for by treating the

surface of the film as an additional layer-

4. Since the nethod yields the values of refractive

indices, absorption indices and the film thickness

sinultaneously, it has advantages over the other norrnal

incidence methods rvhich require independent deternination

of filnr thickness.

5. Because it is a normal incidence nethod the results

are least affected by any possible anisotropy of the film-

1-R
T ) has been used successfullY
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6. A single filn with snooth surfaces has only

one value for the filn thickness (d) for an

acceptable continuous dispersion curve (Denton L972).

A continuous dispersion curve is not obtained if there are

irregularities on the surface of the filn such as an oxide layer or

granular structure. In this case considering the surface inhornogenity

equivalent to a separate layer one nay use reflectance and transmittance

formulae for a double layer to obtain an acceptable continuous dispersion

curve.

All phase change measurements which nay be made by several

methods are experimentally difficult. The results obtained by the

polarirnetric nethod and by spectrophotornetTy at oblique incidence are

prone to inaccuracies due to surface conditions and anisotropy of the

filrns. Spectrophotometty at norrnal incidence is probably the most conTnon

method for optical measurement on thin films of semiconductors and rnetals.

This rnethod is used in the present investigation for determining the

optical constants of anorphous and polycrystalline Ge

L.7 Principal Nlethods for determining the optical constants

of bulk materials

For transparent material (for which the value of the extinction

coefficient becomes zero) the refractive index can be deternined without

any clifficulty by sinply measuring either the transrnittance or the

reflectance at normal incidence on a suitably polished uniform slab of

the material. If the material can be obtained in the forn of a prism,

the refractive index n, can also be deternined by rneasuring A , the

angle of the prisn and Dn, the angle of ninimum deviation. The

refractive index is given bY

n sln ( 

=-!g 
)/ sin 

^/2



2T

This is one of the nost acculate techniques for deternining the

refractive index of a transparent material. But absorbing materials

are characterised by a complex refractive index (N) , in which there

are thlo optical constants (n, k) which must be evaluated from two

independent measurements. As Heavens (1955) connents rrThe study of

absorbing naterials, and especially those in which the absorption is

large (e.g. metals in the visible and infrared) presents a nuch more

difficult problem'r This will be discussed in detail in Chapter 5.

Sone possible nethods which can be used to determine the

optica.l constants of an absorbing bulk rnaterial are described below:-

L.7.I Reflectivity measurements at normal or

oblique incidence

A common nethod of deternining the optical constants of an

absorbing bulk material involves rneasurement of its reflectivity at

different angles of incidence. Bulk materials nust be optically polished

ver.y carefully for getting acculate results. Evaporated netal films

a fe¡ thousand angstroms thick nay be regarded as optically equivalent to

bulk samples. So for deternrining the optical constants of opaque solids

deposited on a transpalent substrate, the only method open to the

investigator entails the examination of the light reflected from both

sides of the specinen at normal or oblique incidence. All these

neasuïenents depend on surface conditions.

L .7 .2 The Kraners - Kroni g Re lation

A nethod based on the Kramers-Kronig theory has been very

useful for evaluating the optical constants of btllk absorbing materials

from norrnal incidence reflectance measurements taken over a wide spectral

range. It is particularly convenient for híghly reflecting naterials.
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The reflectivity at normal incidence (R) can be

expressed in terns of r ' the amplitude reflectivity by

where u)

reflectivity

(n + ik) by

where R = g2 i.e. p

Kraners - Kronig relation

0(t¡o) =

T.7.7

,4
and 0 is the phase angle. Then the

(1-R) /(L * R - zJR cos 0)

for example, Stern 1965) may be written as

f- [n R(ur) - Î,n R(c¡o) u.u r.7.s
), ûJo, -r,t,

R(t'l) = r (1¡) r* (t¡)

is the frequency. For normal incidence the amplitude

r(r¡) is given in terms of the complex index of refraction

r (t.¡) = Pe
i0 (r¡) n+ik-1 L.7.2n+1 k+l

=[

(see

û)s

IT

Because the experimental data are always available for a limited range,

it is necessary to extlapolate the reflectance curve throughout the

whole region of the spectrum in order to evaluate 0(r¡o) The optical

constants can be evaluated fron Q(t¡o) and R by the relations

n= 1.7.4

k 2 sin 0 VR / (L *R - 2\Æcos 0) I-7.5

If the amplitude reflectivity r(t¡) is given in terms of the conplex

index of refraction (n - ik), instead of (n + ik), then the sign of

0(r,ro) in equation (1 ,7.3) will be changed. The evaluation of the

integrand in equation (1.7.3) is carried out nurnerically. A special case

arises when o = o0 . Then the value of the integrand is the average

value at the grid point just precedi.ng and just following. Details

will be given in Chapter 4 It will be conveni.ent to express 0
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in terms of energy as follows

æ

0 (Eo) =
Eo Î,n R(E) .0n R( Eo)
î dE r.7 .6

0 Eo' E2

Within the range of experimental neasurement the phase shift contribution

of the equation (L,7.6) can be calculated numericalty by applying any

of the standard formulae, such as Simpsonrs rule, or the Newton-Coates

method. Extrapolation of reflectance outside the range of experimental

measurement must be done rvith great care. At ihe low energy region, the

reflectivities of netals approach unity whereas for non-metals the

reflectance can be extrapolated with sufficient accuracy from the

experirnental data. In the high energy region the extrapolation is muc.h

rnore difficult for both metals and non-metals and nay cause large errors

in phase calculations.

1.7 .3 The Vincent-Geisse method

Vincent-Geisse (f964) developed a nethod for evaluating the

optical constants of an absorbing solid by neans of a thin transparent

layer of constant refractive index deposited on that so1id. This method

involves the measuïenìents of reflectances at normal incidence before

and after the deposition of the filns. It has been applied only to

measurements in the infrared region where the conditions of deposition

of suitable thin filns could be met easily. This nethod fails in the

visible and U-V regions because it is difficult to find a suitable

dielectric of constant refractive index in these tlo regions. To

overcome this difficulty, Vincent-Geisse et aL (1967) proposed another

nethod for determiníng the optical constants of absorbing solids within

the region of strong absorption. This nodified technique requires

three neasurenents whiclì are as follows:-
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(i) Reflectance (n) from the bare specimen-

(ii) Reflectance (Rr) fron the specinen coated with

a thin transparent layer.

(iii) Reflectance (Rz) from the specinen coated

with a layer of the same materíaL, but of exactly

twice the thickness of the first layer.

Theoretically this method satisfies all requirements for

the determination of optical constants and has the advantage of normal

incidence measurements. But practically it is very difficult to deposit

a second transparent layer of exactly trvice the thickness of that of

the first layer.

L.7.4 Tonlinrs nethod

To overcome the practical difficul-ties associated with the

method discussed above without sacrifi.cing the advantage of normal

incidence reflectance measurements, Tonlin (1972) developed a nethod of

finding the optical constants of highly absorbing solid naterials. His

method requires the rneasurement of reflectances frorn the surface of the

specimgn itself and fron an area of the specimen coated with a thin

transparent layer of known optical constants. This nethod has been used

successfully by Khawaja(1975a) and Thutupall:- (1rg76). In ^the present

investigation the possibility of applying this nethod to netals has

been studied and is discussed in detail in Section (5,2) of Chapter 5.
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CHAPTER 2

EXPERIMENTAL METHODS

2.L The Spectrophotometer

In the present investigation the measurement of reflectances

(R) and (Rr) and transnittance (T) h'ith light incident nornally

on either the air or the substrate side of the filns were performed by

using the spectrQphotornetel shor4rn in Figure (2.L). Since the

construction and operational features of the syste¡n were described by

Denton (1972), only a brief outline will be given here.

Figure (2.2) shows the optical path fron the monochromator,

through the mechanical chopper on to the specinen and then to the

detector. An illustration of the method of neasuring the reflectance

(R) and transmittance (T) from the specinen is given in Figure (2.3).

It should be pointed out here that the errors in R and T due to

the angle of incidence of about 5o are negligible.

2.2 Lish t Source and Monochromator

A 100-watt quartz iodide larnp powered by a L2Y D.C. regulated

supply was used in the spectral ïange 2000 to 500 nm, and a Philips

deuterium lamp, type L26I3B, operating on D.C. according to the circuit

supplied by the maker, was used in the spectral Tange 500 to 250 nn.

A Carl-Leiss double prisn monochro¡nator with interchangeable

prisms was used as the incident radiation selector. Flint glass and fused

qualtz prisms were used for dispersing the light in the spectral ranges

2000 to 500 nm and 500 to 250 nn respectively. The quartz prisn alone
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could be used in the entire spectral range from 2000 to 250 nn, but

for achieving a better acculacy in the wavelength selection, the

flint glass prisn was used because ít has higher dispersive power in

the infrared and visible regionsthan quartz. Standard sources such as

the Philips low pressure Hg, high pressure Hg, He, Na and Cd lamps

whose enission spectra are accurately known hlere used to calibrate the

nonochromator.

2.3 Detectors

Three different types of detectols weI.e needed. A lead

sulphicle cel1, a silicon-photodiode and a Philips IP2B photomultiplier

were used to covel the spectral ra:rges 2000 to 900 nrn, 1000 to 450 nn

and 500 to 250 nn respectively. For some spectral ranges, measurements

were taken rvith each of two different detectors. These measurements have

two advantages. Firstly, the accuracy of the values obtained by

individual detectors could be determined and, secondly, the unifornrity of

the filns could be checked. For instance, at a particular wavelength two

detectors had different sensitivities necessitating input signals of

different intensities which were controlled by adjusting the width of the

slits of the monochromator. This altered the cross-sectional area of the

beam falling on the specimen. If there existed any variations in fj-lm

thickness across the area of the filn under investigation this resulted

in variations in the measured reflectance and transmit.tance values

obtained. In the case of r.rniform films i-t was observed that the

measurements taken by each detector in the region of overlap were in

good agreernent.

2.4 Amplifier

The output fron the detector was fed into a high input
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inpedance amplifier. The circuit diagram is shown in Figure (2.4).

To achieve high input impedance at unity gain tire input stage

incorporates a dual gate MOSFET. The input stage was built in a

separate shielded box and was followed by a stable double stage A.C.

amplifier with three amplifícation langes, X10, X100 and X1000. A

filter resonant at the chopper ft"qrr"rrcy was followed by a rectifier

giving a smoothed D.C. voltage which was displayed on a digital volt-

neter. The amplifier gain wa.s linear and the calibration accurate to

0.L%.

2.5 Substrate materials ancl PreParations

Thin film specinens were prepared by deposition on optically

flat quartz wedges. These wedges measured 6.5 x 4.0 cn and were cut

in half to forn thick and thin wedges. The evaporated film was

deposited on the thicker half whereas the thinner one v/as used as a

reference when measuring transnittances. The wedge angle of 3" was

selected so that the internal reflection fron the rear surface of the

substrate which would result in nultiple reflections, would be deviated

and not enter the detector. This angle was sufficiently small that

the transnittance across the face of the substrate was given sufficiently

accurately by the transmittance formula for normal incidence.

Careful cleaning of the substrate prior to deposition of the

filn is essential for obtaining satisfactory fi1ms. For this purpose

there exists a variety of procedu¡es, of which the following was found

to be satisfactoly ancl straightforward. The substrates were first

cleaned with Analar acetone and then held in warm chromic acid till the

acid forned an even layer over the substrate. The acid tvas then
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removed by washing the substrate in a continuous flow of doùble

distilled water and inrnediately dried under a stream of clean dry air.

Finally t're substrates were placed in a vacuum chanber and ion

bonbarded for about five rninutes. All polished specimens of metals

were cleaned by washing in isopropyl a1coho1.

2.6 Film deposition technology

The thin films of stearic acid were deposited on quartz

wedges by evaporation in a vacuum of the order of 10-6'Torr using an

alumina crucible which was heated by a r.rriformly wound turgsten coi1.

The thin films of Ge, and opaque Ni filns, were deposited

by using an electron bean evaporation source. A photograph of the

vacuum systen incorporating the electron beam evaporation source is

shown in Figure (2.5). The vacuum system employed a diffusion ptunp

with a speed of 400 litres/sec with a cryotrap to mininrize backstreaming

of oil vapour. The rate of evaporation vras precisely controlled and

nonitored by a quartz crystal filn thickness nonitor and evaporation

control unit. The distance between the source and the substrate was

about 250 mn. The ultinate vacuum attainable by the vacuum system was

5 x 10-6 Torr and the pressure during the evaporation was approximately

10-5'Torr.

Thin filns of Taz0s and opaque films of Ni, Mo and Au

were prepared by D.R.C. Laboratories, Salisbury, South Australia, by

the method of sputtering and the apparatus used was an MRC Type 8620

sputtering nodule.
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2.7 Substrate heating sYSten

The substrate ternPerature rvhich governs nany properties of

the deposited layer is very significant because,rvith increasing

substrate ternperature,a marked increase in crystallite size was noted"

For deposition and annealing of Ge films ranging from arnorphous to

highly polycrystalline, it was essential to maintain the substrate

temperatures in the range from room temperature to 700" C cluring the

evaporation or anneal.ing.

The substrate was suspended by a ctadle, nade of Mo wire,

inside a furnace. The furnace consisted of a spiral heater ¡nade of

Ta strip enclosed in a water cooled jacket to prevent thermal

radiation heating the be11 jar. To measure the substlate temperature

a chronel-alumel therntocouple was attached to the substrate surface by

a Mo clip. Before the deposition of the filns the substTates l^reÎe

soaked at the required temperature for 2 hours in order to ensure a

uniform tenperature across the substrate.

2,8 E1 ectron-micros copy and X-ray diffraction techniques

In the present investi.gation the crystalline nature of the

filns was deternined by the standard X-ray powder diffraction technique.

Exanination of the surface topoglaphy of all the filns either

thin or opaque was carried out by using a Sienens auto-scanning electron

rnicroscope, and with either a Philips Elvl 300 electron núcroscope or

J.E.O.L. JElflOOCX transmission electron microscope using a replica technique

(Bradely 1965) as follols.

First the surface of the specimen tlras coated rvith a solution

to form a plastic replica. This was then removed fron the specinen



30

and the replica coated with an evapolated carbon film. The plastic

was then dissolved away to leave a carbon replica rvhich was shadotved

with palladium.
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CHAPTER 3

OPTICAL PROPERTIES OF AT,ORPHOUS AND

CRYSTALLINE GERMANIUM

3.1 Introduction

The electronic and optical properties of anorphous and

crystalline Ge films depencl on the fihn structures which again depend

on deposition parameters. Many recent experiments (Brust L964, Ghosh

1966, Potter 1966, Clark L967, Tauc 1969, Da'"ris and Shaw 1970, Brodsky

et aL Lg7O, Spicer and Donovan 1970, Fischer I97I, Polk 1971, Theye

Ig7\, Bauer and Galeenet 1972, Spi.cer et aL 1972, Connell and Paul 1972,

Fisclrer and Donovan 1972, Blum and Feldman 1976, Flalder et aL 1977) have

been concerned with the structure and ternperature dependence of the

optical and electro:ric properties of amorphous and crystalline Ge and

on the amorphous to crystalline transition.

The band gap values of amorphous and crystalline Ge

determined from the optical absorption data differ notoriously according

,to the method of preparation and subsequent treatment. There is still

disagreement about the existence of distinct localized and extended

electronic states in anorphous Ge. Thus while most writers (Clark 1967,

Tauc 1969, Brodsky and Title 1969, Theye 1971) agree that the optical

properties are affected by annealing, Físcher and Donovan (1972) oppose

the idea of the existence of localized states in the band and Spicer and

Donovan (1970) concluded from their photoemission experiments that rrrve

find no evidence for either bandttailingr or extremely large numbers of

states in the forbidden regionrr. Discussions of the optical absorption in

amorphous Ge have been given by Nfott and Davis (1971) and Tauc and

Menthe (1972); although different assumptions were made, both
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investigations 1ed to the same expression for the optical absorption.

This has been used as a basis for the latter analysis of experinental

data.

Experinents done by Tomlin et aL (1976) and in the present

study of anorphous and crystalline Ge showed clearly the changes in

optical properties due to annealing when the absorption data aTe

analysed in terms of the lvlott and Davis (1971) model. At higher

substrate temperatures of 350 to 500'C, or on annealing at temperatures

of 450 to 700'C Ge films become progressively more crystalline. The

band gaps of polycrystalline filns also change as the degree of

crystallinity increases .

3.2 Experimental

' Thin filns of Ge t\rere prepared in a vacuum of l0-sTorr by

evaporation from a conical tl¡ngsten basket on to carefully cleaned quatt-z

substrates (Section 2.5) rnaintained at tenperatures in the range fron

20 to S00'C. Above the source a nagnetically operated shutter was used

to shield the substrate during outgassing of the Ge prior to deposition

at the rate of 20 to 40 nm per minute. Films of thickness from 60 to

200 nm were used for analysis of the absorption data in the photon energy

range of 0.62 to 2.2 eY. A pair of such filns was made each tine.

After the completion of evaporation the specinens were allotved to cool to

roon temperature and then dry nitrogen was let into the systen.

For studying the effects of annealing on optical properties,

the annealing (from 300 to 700'C) was carried out in the vacuum system

used for preparing the films (section 2.6). After naking the optical

measurcments on a pair of filns deposited at rooln temperature, both of

them were annealed simultaneously at successively l'righer temperatures
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from 300 to 700'C, each time for three hours, and optical measurements

vJere repeated at roon temperature after each heat treatnent. The same

pÌocess h¡as repeated for a number of pairs of filns.

The structure of the films used in the present investigation

lvas exarninecl with a Sienenrs auto-scanning electron rnicroscope

(Sn4) and by standard X-ray diffraction techniques. For the later

technique, the materials used were deposited on quartz sttbstrates,

scraped off and put into thin walled polythene capillary tubes. The

surface topography of films was exaniined by electron microscopy using a

carbon replica techniclue (Section 2.8).

It is not possible to examine the sante filn at each of the

annealing temperatures by X-ray diffraction or transmission electron

microscopy,because the film is destroyed during surface replication or

scraping off for X-ray diffraction. The filn is exanined only after the

completion of the whole annealing cycle. At least three or four thick

filns were needed to obtain sufficient naterials to fill the desired

length of thin walled polythene capillary tube for X-ray diffraction

technique, because the quantity of naterial in each film was very smal1'

Direct examination of the film can only be nade by the

scanni¡g electron rnicroscope (SEIvl) ruhich gives only the surface structìtre

of the filn within the linit of resolution 7.0 to 7.5 nrn, depending

upon the contrast.

3.3 Mathematical forrnulae used in dcternining the optical

constants of Ge films

The optical constants of all Ge films either amorphous or

polycrystalline were <lerived front the neasured normal incidence

reflectance (R) and transnittance (Tn) using the following single
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transparent substrate z
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[ (no' a Dl2 + kr2) { (nr' + rtz2 + kr2)I
o+Iìz llt +a I

cosh 2o1 + 2n1n2sinh 2qrÌ + .2
tno

{ (ttt' -nz

2no

+

* kr') cos 2y1 - 2nz k1 sin 2y1 ] ] 3.3.r

- nt2 - kr') x

(no + nz)' (nr' + kr2) I nr {¡nr' + nzz + kr2 )sinh 2cx,1

+ 2nrnzcosh 2crrÌ kr {(nr' - nz2 * kr')sin 2y1

+ 2nz kt cos 2y1 i ] 3.3.2

where (nr - ikr) is the complex refractive index of the film of

thickness <Ir deposited on a transparent substrate of refractive index

n2. À is the wavelength, De is the refractive index of air,
2n kr dr and Yr =

2n n1 d1
Àr0l=

Àr

The procedures applied in solving the above equations for n

and k were basically the sane as those used by Denton et aL (L972).

An approximate idea of the value of fj-lm thickness is essential at the

beginning, but this could be easily derived fron either a transmittance

or reflectance curve (Figure 3.1) using the relation d = 4;i*a;I

where Àl and ),2 are the wavelengths at the consecutive turning points

in the no¡-absorbing region and nl is the long wavelength refractive

index. This calculated (approxinate) value of the filrn thickness was

then acljusted until a closed and continuous dispersion curve (Figures

3.2 anð, 3,3) could be obtainecl. lø fh<se and svbsucyenf lryures lhe- e"r>t1

þa. s sþown an. lþose {or e-xfre-me sysferrtal-,, €rrors onrl o"¿ oliscusseÅ

in f he hlÅ¿^År, , þop tl3 4,
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Earlier studies (Khawaja 1975a) at room temperature

indicated that a surface layer of the order of 0.5 to 1.0 nm formed

on the surface of Ge exposed to the atmosphere. In the range of

our measurement 0.62 to 2.2 eV such layers if forned would reduce

the measured reflectivity by about 0.001 which is less than the

accuracy of our reflectance and transnittance measurements. So the

presence of such an oxide layer may be ignored. This was verified

by computations for a double layer i.e. a single absorbing layer and

an oxide layer. Proper closure of dispersion curves using the single

layer formulae was achieved rvhich supports this conclusion, for this

would not have been possible if the postulated oxide layer had an

appreciable effect on reflectances or trarsmittances.

3.4 Density and thiclcless of Ge filns

The densities of Ge filns were deternined from masses

rneasured with a Mettler lr{ microbalance, md thicknes-ses obtained fron

the optical rneasurements. It was observed that the density of the Ge

filn deposited at roorn ternperature ü/as trniformly 10 to 15% less tha¡r

that of the crystalline value. For films deposited above 450"C or.

annealecl above 550'C , the derlsity was within 4 to 7eo of the bulk

crystalline value. Thicknesses obtained from the optical neasurements

after eac| annealing were plotted against annealing terrperature (Figure

3.10). It is observed that the thickness does not change much when

annealed up to 200"C but after that, the thickness of tlle annealed

film decreases approxinately by 2SA , i.e. a decrease of 3%, after

each annealing up to 700"C and altogether a 12% decrease in

thickness was observed during the transition frorn the amorphous to the
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fully crystalline state. Density measurements showed corresponding

increases in density of about 10 to LS% indicating that the change in

thickness hras not due to loss of naterial but to structural changes.

In our laboratory Thutupalli (1976) rneasured the density of Si films

using a Mettler M microbalance. He observed a 20 to 259" increase in

density during the amorphous to crystalline transition.

5.5 Surface microstructure of Ge fi lms

Ge filrns deposited at room terpeÏ'ature and annealed up to

400'C are anorphous and have srnooth surfaces. This was revealed by

the study of electron diffraction patterns and electlon transmission

micrographs (Denton 1972, Khawaj a I975a, Tonlin et aL L976). From

Figures 3"4 and,5.54 it is clear that the optical constants of pure

anorphous films (curves 1 and 2 of Figures 3.4 and 5.54) are different

fron those of nixed amorphous and crystalline conposition (curves 3 artd 4

of Figure 3.4 anð, curve 3 of Figure 3.54), and from fully crystalline

films (curve 5 of Figure 3.4). l\ihen the curves of optical constants

shou,n in Figures(3.4 and (3.54) are compared with those of Figure (3.58)

for. single crystal Ge (Potter 1966) it is observed that filns annealed

at 500 to 700"C, or deposited at 300 to 500'C, show a close resemblance

to the curves (a) and (b) in Figure (3.58).

Ge filns deposited at 300 to 400o C and annealed at 300 to

700o C did not show any stluctuïe when examined with the scanning

electron nicroscope which means that if there were any roughness it

was less than 7.0 nm which is the resolving power of the instrument

under ideal conditions.
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When examineci with the transrnission electron microscope

using the carbon replica technique it was found that Gê films deposited

at S00'C, or arlnealed at 700"C had crystalline parti-cles of

dimension 1.5 to 2.0 nn (Figure 3"a) and 4.0 to 4.5 nm (Figure 3.d)

respectiv"fyT An electron micrograph of a Ge filn annealed at 700'C

obtained with the scanning electron microscope is shown in Figure (3"c)

The practical linrits of resolurion of the J.E.O.L. JEI{100CX and Philips

8M300 transmission electron microscopes aÏe 0.4 and 0.5 nn

respectively.

Films deposited at 500'C when exarnined with the scanning

electron nicroscope showed surface roughness of 7.0 to 7,5 nm (Figure

3.b) and X-ray diffraction analysis showed that they are crystalline'

Filrn deposited at 600'c showed a colour different fron the other filns

of Ge This might have been due to contamination and for this leason

no optical neasurements were maCæ with this filn and no further films

were made at depo5ition tempeïature above 500'C'

From the above discussion it is seen that Ge

deposited at room tenperature and annealed up to 400'C

and those deposited at 5O0oC were highly crystalline.

filns

hrere amoaphous,

3.5.1

Deposition at tenperatures belo' 500'.C or annealing at

tenperatures above 400"C produced partially crystalline filns' The

absorption of such a film nay be expected to be a linear combination of

the absorption of the amorphous and cr1'stallille components and be given

by

xKa Kc(+
K (E) x+I

* Th"r" frynus r)ere obfqined by "ort^f,n1 
fhe'wnher of parf;tles in ser'eral

oreas oí lhu ,,rerolraþ)rs ( J(t'refl and Watà t11L)



Fi 9.3 a
100 nm

Fig3b nm



Fig. 3.c 100 nm

Fig3d 00nm



5B

where K(E), Ka(E) ancl Kc(E) are the absorption coefficients of

partially clystalline, anorphous and crystalline Ge films respectively

at any particular energy E, and x and y are the proportions of the

anorphous and crystalline material in the film. Frorn experimentally

determined values of K(E), Ka(E) and Kc(E), the proportions x and

y may be found by using a Least SQuares curve fitting procedure (Table

g.1). The cross marks shown in the continuous absorptj-on index curve

of Figure Q3,7) are the theoretical points calculated with the optimum

values of x and y for a Ge film deposited at 400'C.

TABLE 3.1

Deposition
temperature

300'c

4000 c

Annealed at
500'c

Crystal line
phase yeo

L2

60

50

The results presented in Table 3.1 show that Ge films annealed at

500'C or deposited at 300 to 400"C wele partially crystalline.

Those annealecl at 600 and 700'C were fully crystalline. Blun and

Feldman (1976) in their study of crystallization of anorphous Ge filns

observed that the absorption coefficients for the amorphous phase were

about double those of the crystalline phase. They rneasured the optical

transmission near 0.65 ¡rm where the absorption constant is most

50

40

BB

Arnorphous
phase x%
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sensitive to phase tranfornation. From the writer's data the ratio

was found to be 1.83 to 2.35 for filns deposited at 500'c, I.75 to

2.27 and 1.79 to 2.28 for films annealed at 600'C and 700"C

respectively, the absorption measurements being nade in the range

0.63 to 1.0 Pn.

For crystalline naterials the following well known relations

hold for direct and indirect transitions respectively,

(EnK) Cr (E - Eg¿)
7-

2

3,5.2

(EnK) 5.5.J

where Egd and ggi are the direct and indirect energy gap values,

n is the refractive index' o = + is the absorption coefficient'

cr and ,cz are constants, and phonon enelgy is neglected for indirect

transitions. These equations nay be used to determine the band gaps

(spicer et aL Ig72, Denton and Tomlin 1972, I0rawaja and Tomlin 1975,

Thutupalli and Tomlin 1976). In the case of amorphous films or mixed

amorphous and crystalline films, there is no strong theoretical

justification for using such formulae but experinentally they are fotr¡rd

to apply, and the characteristic energies Eg which nray, or may not,

be true energy gaPS, can be found.

In this way energy gaps of Ge filns annealed at 600'c, oT

deposited at 500"C, were found to be 0.69 and 0.65 eV respectively

(Tables 3.5 and 3.4 of sections 3.7 and 3.8 respectively). The values of

these energy gaps are very close to that of crystallj.ne Ge , 0'67 eY

(Kittel 1976). The fundamental enelg.y gap of crystalline Ge filns

formed by annealing at 700"C was found to be 0'57 eV'

Theye (1971) also showecl that partially crystalline films

would give values of refractive index intermediate between those of the

Cz (E - Egi)



limiting amorphous and fully crystalline states depending on the

proportions of anorphous and crystalline phases. From Figures 3.4,

3.54, 3.6 and 3.7., it is observed that the refractive index of all

partially polycrystalline films lies between the refractive index curve

for amorphous films annealed at the temperature of 400'C and that

of the crystalline Ge filns. lr4rreover from the energy gap data

(Tables 3.3 anð.3.4 of Sections 3.7 and 5.8 respectively) it will be

observed that the values of the first energy gap Egr of a1l partially

crystalline Ge filns lay between the first energ)z gap of fully

crystalline Ge and of anorphous Ge films annealed at 400'C.

From the above discussion a classification of the nature of

Ge films in accordance with the deposition and annealing tempetatures

and surface microstructures rnay be presented as follows:

TABLE 3,2

40

Nature
of film

funorphous

Type of
filn

1

S

2

J

Partially
stal line

Ful ly
Deposited at 500" C

Annealed at 600 to 700'C

OT 7.0 to 7 .5
nm

3.5 to 4.5
nm

Deposited at 3oo'C

Deposited at 4oo'c OT

Annealed at 500'C

1.5 to 2.0

5.0 to 5.5
nm

2.5 to 3.0
nm

nm

Deposited at room ternPerature to

200'C oï
Annealed up to 400"C

<1.0 nm

Temperature of substrate Surface
microstructurt
of the film

rys tal line
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These findings aglee with those of Tauc (1969) who found

sone layers when annealed at 250"C renained anorphous, but had

different optical properties, and that annealing at 450'C converted

the layers into the polycrystalline state whose optical properties

were essentially those of the crystal. The present results also agree

v¡ith PilI er et aL (1969) who observed the transj-tion of Ge films

fron polycrystalline to amorphous in the range 100 to 500"C. They

reported that no crystal symnetry could be detected below 225 to 250"C

but was well defined above 30OoC substrate tenperature. Our results

are also similar to those of Spicer and Donovan (1970) who observed

structural details of Ge films associated hlith the amorphous to

crystalline transformation by photoenrission technique. Recently Bauer

and Galeener (1972) suggested that changes with increasing substrate

tenperature were due to gradual elimination of highly anisotropic voids

for Ts ( 160"C, and to gradual film clystallization for Ts Þ 200'C

where Ts is the substrate temperature, The present observations on

filn structuïe show that Ge films start to crystallize for

S00'C ) Ts ) 200'C which agrees qui.te rvell with Fischer (1971) ,

(FigUre 3. 58J ruho observed the electro-reflectatlce spectra of Ge

filns prepared with Ts = 150, 175 and 200'C were those of anorphous

material. AII the structural observations interpreted by Rudee (1972)

showed that anorphous Ge and Si consist of particles of about 15Ä'

in dianeter which is close to our measurements of surface roughness of

less than 1.0 nm for amorphous Ge filns.

Theye(1971)studiedtheinfluenceofannealingonthe

optical, electrical and structural properties of thin anorphous Ge

filns. She fourrcl that they remained amorphous until To = 400'C
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and after annealing at 500"C for 15 minutes, the filns were

entirely recrystal ized. This agrees with the present l4¡ork except that

we find amrealing at 600'C necessary to 
'roduce 

a completely

polycrystalline filrn. According to Tauc (1969) one moclel of amorphous

Ge pictures is composed of srnall particles with linear dimensions of

the order of 10Ä and another nodel is considered as hornogeneous '

Recentl¡, Halder et aL (Lg77) reported t]nat a study of'x-ray photoelectron

spectra of Ge filns deposited at 1loon temperature and a pressure of

10-6Torr showed them to be a mixture of amorphous and polycrystalline

materials. They concluded that Ge filrns prepared in this hray are

thermodynarnically metastable during preparatiou but that a snall amount

of phase transition could give sone polycryst.allinity which at times is

hard to detect. Thei.r statement is not very definite and does not

refute the general conclusions that Ge films made at room tempeTature

nay be regarded as completely amorphous. In general it nay be concluded

that the present observations on the structure of Ge films are in

good agreement with other ¿*eports '

0ptical constants of Ge fi lrns in the region 0,62 to 2.2 eV
3.6

The results of determinations of n and k, the refractive

and absorption indices are shotol in Figures 3.2 to 5.54, 3.6 and 3'7

for films ranging from the amorphous through the partially crystalline

to the almost compl-etely crystallized state'

Eachcurverepresentstheaveragedresultsforanumberof

specimensof cach particular kind of fj.ln and covers an energy range of

about 0.62 to 2.2 eY. The uppen limit to the measurements by the

reflectance-transnúttance method is deternined by absorption in the

specimen but the ïange is qui-te aclequate for discussing the absorption

and deriving the values of energy gaPS, which is the innediate object'
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Measurementson amorphous and crystalline Ge to higher energies

have been nade by other rnethods such as Tomlinrs nethod (1968)'

K-K dispersion relations (see Chapter 4) '

The values of refractive and absorption'indices are

independent of thickness. The observed variations in optical constants

fron filn to film at any particular substrate tenperature and photon

energy are within 1.0 to 1.5% of the individual- values.

Like polycrystalline filns of II-IV conpounds, polycrystalline

films of Ge have rough surfaces with a surface roughness dinension

of the orcler of 3.5 to 7.5 nrn.. Since the dimensi.on of the roughness

is less than 10.0 nrn propeÏ. closure of dispersion curves can be

achieved using the single layer fornulae of section 3.3, especially

as the measurements are limited to the relatively long wavelength

region from 0,62 to 2.2 eV. Small e1.rols dUe to roughness lie well

within the average erlor of the optical constants. For Si filns

Thutupalli (1976) considered a double layer when the order of

roughness was 15 to 25 nn.

Curve (3) of Figure (3.84) shows the plot of ez = 2nk

against energy for a Ge filn deposited at 500oC. There is a sharp

peak at 2.L2 eV and an indication of another peak at about 2'2 eY

in agreement with the Ez curve for single crystal Ge (Tornlin et AL

Lg76, Figure 5.BB) rvhich shows tlo well-resolved peaks at 2.I and

2.3 eV. The e2 curve for Ge filns prepared and neasured at roorn

tenperature and after annealing at 300'C, Curve (1) of Figure (3.84.)

shows only a flat maxinum, characteristic of arnorphous films. The e2

curves for Ge films annealed at 600o and 700"C, Figure (5'9)

do not suggest the occurrence of the 2,L,2.3 eV doublet of the

singlecrystalGebutonlytliesinglepeakofpol)'crystalline
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natelial at about 2.L eY, Figure (3.88). The ez cuTve for Potterfs

(1966), Figure, (3.58), obtained for electro-polished intrj-nsic Ge also

does not show any sharp well-resolved peaks like single crystal Ge

(Tonlin et aL Lg76). It seems that films cleposited at 500'c or

annealed at 600 or 700'C have ez curves characteristic of

crystalline material. Filns deposited at 500'C or annealed at 600'C

have fundanental energy gaps of 0.69 and 0.65 eV lespectively in

agreement with other measuïements on polycrystalline films as nìentioned

before in section 3.5. The energy gap for the Ge film annealed at

700oC is found to be 0.57 eV which is close to the value of 0'60 eV'

the theoretical prediction made by Brust (1964) due to the transition

Tzt to fzs t .

3.7 . Amorphous Ge filns

3.7 .I Absorption processes in anorphous Ge films

our nain interest is the study of the fundamental absorption

near the band edges. Here we shall use the Mott and Davis (1971) rnodel

of anorphous serniconductors which states that there is an isotropic

density of states distribution which has localized tr'ave function for the

states at the top and bottorn of a valence and conduction band whereas

the remaining states have extended wave functions ' These authors also

assumed that the valence and conduction bands in amorphous materials

have tails of l0calized states due to defects in structule or

inperfections in the films. This nodel is shown in Figure (3.114)'

Above the energy Ec and below Ev the wave functions aI'e extended as

in ideal crystals, but in the ranges En to EC and ES to EV the

wave f'nctions ar:e localized"' The quantity Ec-Ev defines a mobility gap'

The dotted portion indicates additional localized states in un-annealed

naterial which tail off gradually depending upon the conditions of
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preparation of the fi1ns. Brodsky and Title's (f969) electron spin

Tesonance experirnents with Ge thin films and Taucts (1969) and Theyers

(1971) experinents on the effects of annealing on thin Ge filns

suggested the existence of tailing of the enelgy levels at the band

edges.

It should be mentioned here that the band tailing is shown in

Figure (5.114J as an appendage of the valence band only, but the

existence of such a taíL to the conduction band is not excluded.

It is assumed that optical transitions can occur between two

extended states and between localized and extended states but with less

probability. Transitions between localized states are too inprobable

to contribute appreciably to optical absorption and transitions between

valence and conduction band tails are forbidden (Sak 1972).

The absorption near the absorption edge has been found

ernpirically to follow the relation (3.5.2) as explained in Section (3"5)

and a number of experimental results for a variety of amorphous rnaterials

lead to plausible values of Eg (Mott and Davis 1971). There is little

theoretical justification for applying this formula to arÞrphous materials,

though it has been derived by Mott and Davis, who assumed that the

density of states function near the band edges varies linearly with the

energy. Tauc and Menthe (L972) rnade the dj-fferent assunption that the

density of states at the band edges are linear functions of the square

root of energy and that the transitions between localized states should

be included and obtained a sinilar result.

3,7 ,2 Determina tion of band saps and discussion

The plot of (EnK)
7,'2 against energy E is given in Figure
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(S.f1B) rvhich is derived from the absorption data averaged for four

Ge filns deposited at room temperature. The linear portion of the

curve at lotv energies.indicates a gap of 0.72 eY which is sirnilar to

that observed by Denton and Tonlin (L972). Belotv this energy there

exists some absorption but it is very lol'¡ and does not satisfy the

equation (3.5.2) and according to Donovan et aL (1970) cuts off sharply

at 0.6 eV . This low energy absorption is attributed to transitions

fron the tails of the valence band to the extended conduction band

states as shorr'n in Figure (3.19). This ninimun energy gap nay be

expected to depend upon preparation conditions so that different t\¡orkers

get different values. This energy gap of 0.72 eY is identified rvith

the intervals EC-E' and En-Eï of Figure (3.19) and the absorption

above this energy with transitions 9' + e (i.e. from localized to

extended states and vice versa) rvhich a¡e assuned to satisfy the

relation (3.5.2). For determining other energy gaps the analysis of
t-

the (EnK)ã curves of Figure (3.118) was carried further using the

procedure described by Kharvaja and Tomlin (1975) and successfully used

by Thutupalli and Tonlin (1976) in their study of crystalline films of

CdTe, ZnTe, ZnSe, Si and Ge and amorphous Si and Ge This

analysis illustrated in Figure (3.118) gives four energy gaps which

are at 0,72, L.02, 1.34 and 1.64 eV lvith corresponcl-ing values of

the corrstant c of 8.77, 13,27 , 17 .32 anð. Lg.62 x 1O 3 .V-1" 
^-Þ"

respectively. In the figure the inset shotr's the extensions of the plot

beyond 1.6 eV.

The nobility gap of 1.02 ev i.e. the gap bettveen the

extended states is |n good ag::eement rvith tlie observed activation elìergy

for electrical conductivity of 0.55 eV (Ifott and Davis 1971)' It is

also close to the Figure of 1.06 ev deterniined by Fischer (1971) from
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electroreflectance spectla of amorphous Ge filns prepared at

substrate tenperatuLes of 150, 175 and 200"C (Figure 3.5B) and also

near to the values in the range 0.9 to 1.1 eV determined by Pi11er

et aL (1969) for electroreflectance spectra of disordered Ge filns-

The third energy gap of 1.54 eV is very close to the peak at 1.35 eV

given in Figure (3.58) ancl also sinilar to the value 1.34 eV obtained by

Tonlin et aL (1976). We attribute this energy gap to a spin orbit

splitting of the valence band amounting to 0.32 eV. Tonlin et aL (1976)

also fotuld a fourth gap of 1.60 eV and the writer finds a gap of

1.64 eV This rnay possibly arise from the spin orbit splitting of

extended conductance bancl states but it is doubtful if the analysis can

be properly pushed to such high energies.

A similar analysis of the data of Figure (3.I2) for Ge films

annealed at 300'C gives five energy gaps which occur at 0.84, 1.01,

L.32, I.62 and 1.92 eV tvith corresponding constants C of 7.I4'

14 .44 , 17 ,SO, 20.10 and 21.05 x 103 "V-L' 
m-Þt respectively. In this

úígure the inset shows the extension of the plot beyond 1.62 eV.

The appearance of the gaps at I.62 and 1.92 eV does not

seen to accord with the Mott-Davis theory. If there are real gaps at

these energies it rnay be that the theory is an oversimplication, but it

may be that the kind of analysis used here is ¡njustified at these

energies. l4oreover it may be noted that crystalline films show a gap of

I,B2 to 1.92.eV (Tab1e 3.4, Section 5.8) attributable probably to the

transition L1 -+ lr'r + aso If this analysis is justified (Figure

3.19) it indjcates a narrowing of the bands of localized states from

0.30 to 0.17 eV as a result of annealing, but the nobility gap l.0I eV
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remains unaltered. The gap of 0.31 eV agTees quite well with the

spin orbit splitting, and should be a more reliable figure than that

of 0.43 eV for¡nd by Tornlin et aL (1976) from fewer observations.

Anorphous Ge filns annealed at 400'C also give five

energy gaps which occur at 0.84, 1.11, 1.31, L.62 and less certainly

at l.9B eV with corresponding values of c, 8.69, 13.76, 18.04, 20.50

arÅ 23.56 x 103 .V-Þt m-% respectively. The first gap and the nobility gap

are increased due to further annealj-ng but the tl'rirC and fourth gaps remain

unaltered. The comparatively large change in the first gap frorn 0'72

to 0.84 as a result of annealing at 400'C is attributed to the

elinination of Iaye't imperfections, which give rise to band tailing,

and the approach to an ideal amorphous state which may not be reached

before crystalli zation begins. The values of energy gaps for all

anorphous Ge films, and for Ge filns deposited at 500'C , are given

in Table 5.3.

TABLE 3.3

E:rergy

gap

in eV

Egr

Egs

Eg,*

.>

+

->

->

EE,

Filn deposited
at 300"C.
Mostly arnorPhous
(88eo amorphous and
12% crystalline)

Egs ->

0.83

0. 98

r.32

r.62

1.91L.92 1 .98

r.64 1.62 L.62

L.34 L.32 1.31

r.02 1.01 1.11

0.840.72 0.84

300" c 400'c

fiLn deposited
at room tentp.

Film deposited at room temP.
and subsequently alrnealed at

Arnorphous Fi.lms

Ege -> 2.L2
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3.8 Polycrystalline Ge films

3.8.1 Absorption processes in polvcrystalline Ge filns

As explained in chapter I, section (1.3.1), if the electronic

energy levels are assumed to be parabolic, the absorption coefficient

for crystalline material follorvs the relations (3.5.2) and (3.5.3)

for direct and indirect transitions respectively.

The energy gaps of all Ge films (un-annealed, annealed

filns and films deposited at higher substrate temperatures) have been

determined by using the equation (3.5.2).

This is a colnmon p::ocedure for analyzing the optical

absorption data though not universally accepted. Eg defines a gap

which may be a true gap in the density of states of crystalline naterials,

but which nay be only a parameter in an enpirical relationship in the

case of amorphous materials.

3.8 .2 Deternination of band gaps and discussion

Figure (g.ls) shows the plot of ¡enr¡t" against energy E

for Ge filns deposited at 300'C (Table 3"3). This plot gives five

energy gaps of 0.83, 0.98, I.32,1.62 and 1.91 eV with corresponding

values for C of 6,92, g.I7, L2,75, !4.77 and 27.47 x 1'03 
"V-Þ' ^-L'

respectively and the possibility of another peak at 2.I2 eY. In this

figure the inset shows the extension of the plot beyond 1.BB eV.

These energy gaps are close to those of the annealed (at 300"c)

amorphous Ge fi1ns, slæporting the conclusion that Ge films deposited

at 300'C are alnost entirely arnorphous (see Tables 3.2,3.3 and 3'4

and Figures 3.118 and 3.I2). The energy gaps of 0.83, L'3I, 1'60,

1.91 and 2.I2 eY for parti.aLly crystalline Ge filns deposited at

400"C are associated with the transitions lz' + lz5t, lzt -+ fzst +

ASo, Lr + L¡r r L¡ + ¡,t + ASo and Âr * 1ts respectively wherc Ato

represents the spin orbit splitting. The corrcspondíng values of C are
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8.85, 10.91 , 14.28, 30,78 and 37.32 x 1d .V-L' ^-4 . The first gap

is in good agreement with the value of 0.80 for crystalline Ge

according to Braunstein et aL (1958), Zwerdling and Lax (1956), Potter

(1966), Cardona (1961). The third, fourth and fifth gap also agTee

with Potter, Figure (3.58) whose values are I.74 (500'K),

l.84 (120'K) for rhe Lr + Lsr transition, I.g4 (300'K), 2.04 (120'K)

for Lr + Lst + ASo transition, and 2.I3 e,V (300'K), 2,22 eV (120"K)

for the Al + Âs transitj.on (Tables 3.4 and 3.5) where aSo = 0.29 eV

(seraphin and Hes s 1965 ) . Sínilar analysis for partially crystalline

Ge filrn deposited at roon ternperature and annealed at 500" C (Figure

3.I4) gives five energy gaps 0.78, L.29, 1.60, 1'88 and 1'99 eV

which are associated with the sane tlansitions suggested for Ge filns

deposited at 400'C The corresponding values of C are 8.63, 10.58,

1s.s0, sg.Bs and s7,32 x 103 .v-Þ' 
^-L? 

. The plot of (¡nK)% against

energy E (Figure 3.16) gives four energy gaps 0.69, 1'30, 1'57 and

1.92 eV for crystalline Ge films deposited at 500'C which are

associated with the transitions, lzt + l2st , lzt + Izsr + ASo ' Ll + L¡r

and Lr + Lst + ASo respectively. The corresponding values of C ate

6,62, g.s3, r6.s2 and 29.04 x 103 
"v-4 ^-%. 

rn this figure the inset

shows the extension of the plot beyond 1.9 eV. Another energy gap at

2.10 eV is observed in the Ez curve for Ge fitrns deposited at

500'C which is probably due to transition Ar * A¡ - The value of the

first energy gap is in good agTeement with the value of 0.67 eV (300"K)

and 0.6367 to 0.6913 eV (291'K) according to Kittel (1976) and

McFarlane et aL (1957) respectively. The first enelgy gap (0.6367 to

0.6913ev)is due to the transition Lr + lzsr according to lr{cFarlane ei aL

but accordíng to Brust (1964) who calculated the theoretical band

structures of Ge , the gap due to the transition
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Izt + fzst is 0.60 eV , and according to Bassani (1957), the value

is 0.80 eV due to the same transition. see Table (3.5). Thus thele

seems to be sone evidence in favour of the transition Tz'+ fzsr being

responsible for the findamental band gap.

Sinilar analysis for crystalline Ge filns annealed at 600"C

gives six energy gaps of 0.65, 1.31, 1.55, 1.86, 2'0I and 2'I2 eY

which are associated with the transitions fzt + fzst , lzr + Izsr +

ÂSo, Lr+Lsr, Lr*Ls.r+ASo, Lt*Lgt"lÀSs and Ar+^s

respectively. The corresponding values of C are 6.87, 8.69, L3.76' '

29.04, 37.32 and 46,s2 x 103 .v-% ^-L',. 
The energy gaps

(Figure 3.15) of 0.57, 1.18, L.52, I.82,1.93 and 2"06 eV for crystalline

Ge filns annealed at 700o C are also associated with the sarne transitions.

The corresponding values of C, 6.49, 8.39, 14'83, 34'87, 43'3I, and

45.65. x 103 
"v-% ^-Þ^. In this fígure the inset shottrs extension of the

plot beyond 1.85 eV.

Frorn the above discussion it appears that all partially

crystalline and r'ulIy crystalline Ge filns have energy gaps in the

ranges (Table 3.4) Er = 0'57 to 0'83 eV , Ez = 1'18 to 1''31 eV'

Es = 1.52 to 1.60 eV, E+ = 1.82 to I.92 eV, Es = 1.93 to 2.I2 eV

and Eo = 2.06 to 2.I3 eV. They are probably due to transitions

Izt+Izst, Tzr+fzsr+ASo, Lr+Lgt, Lt +Lst+ASo,

Lr + Lg, + 2ASo and Ar * 
^s 

. However there is still sone controversy

as to whether the fundanental enelgy gap corresponds to Lt + lzst or

lzt + Izst

Depending on the degree of crystallinity the e2 curves of

predoninantly crystalline Ge show peaks around 2.I eY and give an

indication of another beyond 2.15 eV see Section (3.6). Two pronrinent
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TABLE 3.4

Partially and fully crystalline Ge filnsEnergy

Gap

in
eV

Egr *

Egz *

Egs *

Eg'* *

Egs *

Ego *

Film deposited at room temperature
and subsequentlY annealed at

700" c
(ful ly
cryst. )

0.5 7

I .18

r.s2

L.B2

I .93

2.062.r3 2.r2

2.L2 2.L0 I .99 2.0L

1.91 L.92 1.88 1.86

1 .60 L.57 I .60 1.55

1 .31 1 .30 L.29 I .31

0. B5 0. 69 0. 78 0. 65

5000 c
(partial 1y

cryst. )

600'c
(fully
crys t. )

400'c
(parti a1 1y

cryst. )

500'c
(fulIy
cryst. )

Film deposited at



TABLE 3.5

Transition assignment for crcystalline Ge in eV
AUTHOR

Bassani 1957
(Theoretical)

Brust 1964
(Theoretical)

Dasl-r and Newma¡t

1955
(single crystal)

Zwerdling a¡rd Lax
1956
(single crystal)

NícFarlane ei aL
r957
(single crystal)

Brarnstein et aL
195I
(single crystal)

Âr +A¡
+AS

o

(¡!
or

Lr + fzst

0.62
(300" K)

0.72
(77"K)

0 . 6367 -0.691 3
(291'K)

0.7063-0.76L4
( 77"K)

0.7686-0.7485
(4.2" K)

+ fzstr 2

0.80

0 .60

0.81
(3oo'K)

0.88
( 77'r )

0. B0

0.80

+ fzsf+ÀSr 2
I

o
Lt + Lsr

2.0

1.8

o
L1 + l3t+[$ Â¡ *Ae

Continued. . . .



TABLE 3.5 (continued)

Transition assignnent for crystal line Ge in eV.Author

Potter 1966
(single crystal)

Ghosh.1966
(single crystal)

Batz 1966
(single crystal)

Âr*Âs
+AS

o

2.32t0.02
(300" K)

2.4L!0.02
(1 20' K)

Er+Ar
2.42

2.36

(¡
Þ

Lr + fzst

0. 8010. 02
(500'K)

0.88r0. 02
(120'K)

+ fzstf 2

1 . 0910.02
(300" K)

L .20!0.,02
(120'K)

fzt * fzst+AS
o

L.97

91
2.rs

L .74!0.02
(500" K)

1_ . 8410. 02
(120'K)

Lr + Lgt

er+Ar
2.35

I.94!0.02
(300" K)

2.04!0.02
(120" K)

L1 + l,3 r+[$
o

2.L8

Er
2.22

2.L3!0.02
(300" K)

2.22!0.02
(120" K)

Ar +Âs
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energy gaps at 2.I artd 2.3 eV have been observed in all normal

incidence reflectance measurements (see Chapter 4) since they were

first seen by Tauc (1962). Initially they wele attributed to direct

transitions fron the L point at the edge of the Brillouin zone

with a valence band splitting of between 0.1-B to 0.20 eV. But detailed

band structure calculations by Brust et aL (1962) and Brust (f964)

indicated that the transitions at this energy occur in the 
^ 

direction

and not at the edge of the zone. These tlo peaks in the form of a

doublet are due to transitions Âr + /\e , Âr + Â3 + ASo The first

peak which varies from 2.06 to 2.L3 eV due to transition 
^r 

+Âs is

observed in all fully or partially crystalline Ge films but the

position of the second peak is beyond the range of the present nethod of

measulement. All the results for partially crystalline and fully

crystalline filns are given in Table (3.4),

3.9 Dependence of ener qy gaps on deposition and annealing

tempera.tures

Figures (3.L7 and (3.18) show how the energy gaps Egr , Egz '

Egg and Eg+ measured at room tenperatuÎe vary rvith the substrate

temperature at which the film was deposited, and as a result of successive

annealings of initially anorphous filns deposited at r.oon temperature'

As the tenperature increases the gap widths increase to a maximum and

then decrease to values corïesponding to those of purely c1.ystalline

films.

Following Brodsky and Title (1969), Tireye (1971), Tornlin et' aL

(1976), the form of these curves is interpreted as follows. on

annealing an anorpltous filn formed at room temperature it is supposed

that structural irnperfectj-ons which produce a tail of energy states
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extending into the forbidden band (see Figure 3.19) are removed, and

that an ideal, or. nearly ideal anorphous film is formed which begins

to crystallize on annealing at about 450"C. Further annealing at

higher temperatures results in filrns with increasing crystalline content

t¡ntil at 600"C almost wholly crystallíne filns result. The film

thicknesses obtained frorn the optical measurements shown as a firnction

of annealing tenperature in Figure (3.10) reflect the change fron the

amorphous to the crystalline state.

3.10 Conclusions

(1) Ge films annealed at 300oC are amorphous' Any

crystallites plesent are of dinensions less than 1.0 nm . Energy gaps

or characteristic energies occur at 0.84, 1.01, I.32, L.62 altd 1.92 eV

(Figure 3.12). Ge filns deposited at 300" c are largely amorphous

but contain crystallites of dinensio¡s 1.5 to 2.0 nn Erergy gaps

occur at 0.85, 0.98, L.32, L.62, 1.91 and 2.I2 eY. (Figure 5.13). The

sinilarity of these two sets of energy gaps suggests the degree of

crystallinity is not appreciably different.

(2) The energy gaps are approxinately the same as those

occurring in the corresponding crystalline phase. Ge films annealed at

400"c lrave sorne energ-y gaps at 1.31, r.62 and. 1.98 ev (anorphous) and on

annealing at 500'C rvhich produces a Large proportion of crystalline

naterial, some of the energy gaps are at L.29,1.60 and tr.99 eV. This

conclusion is almost identical with tha"t of Davis and Sharv (1970) who

found that the electrical and tirerlnal energy gaps of amorphous naterials are

approximately the same as those occurring in the corresponding

crystalline phase (where this exists). Generally,amorphous specinens

shotv a broaclening of features in their optical absorption spectra as

compared to crystatline material (Figures 3.84, 3.8ß and 5.9). The ez
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curves of ful1y crystalline Ge films annealed at 600' and 700'C

(3.5 to 4.5 nm) do not shorr'sharp peaks (Figure 3.6) like those of

single crystal Ge (Figure 3.BB) suggesting that crystallization of

such fitns may not be complete. on the other hand the e2 curve of

fully crystalline Ge films (7.0 to 7.5 nm) deposited at 500'C

shows these peaks (Figure 3.84) '

(5) Generally, amorphous films are homogeneous and have

smooth surfaces ( < 1.0 nm ) whereas polycrystalline filns

(4.0 to 7.5 nn) have nuch rougher surfaces'

(4)Thedensityofamorplrousfilmsislessthanthatof

the corresponding crystalline filns. In the case of annealed filns it

is observed that (Figure 5.10) the thickness of the annealed film

decreases by I2eo during the amorphous to fully crystalline transition'

(5)Therefractiveindicesandbandgapvaluesofall

partially crystalline filns lie between the refractive indices and band

gap rralues of the lirniting anorphous and fuIly crystalline filns as

described in Section (3.6).

(6)Thecharrgeinopticalpropertiesoffilnsdepositedat

successively higher temperatures, or annealed at successively higher

teïnperatuTes call be understood in terrns of a model which assurnes that

a filn prepared at room tenperature is amorphous but contains

inperfections such as voids. By annealing at 300'c , or deposition

at 250'C the film becomes a more nearly ideal anorphous filn, but at

higher tenperatuïes crystallization begins, so that filns vary fron

amorphous, through nixed amorphous and crystalline composition, to the

wholly polycrystalline state. It is only for such polycrystalline films
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that the band gaps deduced have precise meanings. For amorphous filns

and fil,ms of nixed composition, the energy gaPS, or characteristic

energies, cannot be related with the same assurance to electron band

structures, although for amorphous filns the energy gaps find a plausible

interpretation in the Mott-Davis theory.
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CHAPTER 4

DETERMI NATION OF THE OPTICAL CONSTANTS OF

GE IN THE REGION 1.8 T0 15 eV USING THE

KRAMERS -KRONIG DISPERSION RELATIONS

A nethod is given for evaluating the optical constants of

Ge by using the Kramers-Kronig dispersion relations. For reflectances

at high energies (above 10 or 15 eV) three similar extrapolation

fornulae have been investigated in attenpts to improve the extrapolation

procedure by using additional paraneters in the extrapolation formulae'

TLe additional parameters used have been fixed by using directly

measured values of the optical constants hrithin the region 1'B to 4'0 eV'

The reflection data of lhilipp* and Ehrenreich (1963) for

crystalline Ge have been used. Present results are compared rvith those

of philipp and Ehrenreích which were obtained by a different extrapolation

nethod.

Anor.phous Ge filns deposited at room ternperature have also

been investigated bY this method.

4. I Introduction

Great attention has recently been paid to the reflection spectra

of the naterials as a means of studying the band structure in the region

where extremely high absorption rnakes optical transrnission methods

impossible. The method which has been receiving increased attention uses

the Krarners-Kronig dispersion relations (1963) which pernit the

evaluation of optical constants, and hence a number of associated

The reflectance data used in this extr:apolation
!¡ere kindly provided by Dr H. R. Phif ipp, General
Electric Research Laboratory, Schenectady, New York'

,r
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dielectric paraneters, from the normal incidence reflectance data'

This procedure was first used by Robinson (1952) in the infrared region

and by Jahoda (1957) and Philipp and Taft (1959), in the ultraviolet'

Roessler (1965) used this nethod to evaluate the optical constants from

nornal incidence reflectance data and also fron reflectance data

measured at an angle of 45o. Recently Wooten (1972) described in

detail extrapolation procedures for the calculation of reflectances
(l)^

beyond 40 eV using extrapolation fonnula R(trl) = R"f ( f ts where

oef is the frequency of the last measurecl reflectance value Ref and

s is a parameter.

4.2 Krarners-Kronig dispersion relations

FrornSection(1,7,2)ofChapterl,thephaseshiftdispersion

relation which applies to the reflectivity of solids at nornal incidence

ís

o(Eo) = lu f,
LnR -9,nR 0

clE
Eo' - E2

4.2.r

where R(E) and R(Eo) are the reflectances of the rnaterial at energies

E and Eo. Measurements rnade ove1. a finite range say E¡ to Ez need

extrapolation fron Et + 0 and fron Ez + -

The extrapolation from 0 + Er is over a relatively srnall

range beyond the range of the reflectivity neasurements. For semiconductors

the absorption index k is nearly equal to zero in this range and the

refractive index n can be extrapolated graphically and from this

extrapolation R can then be calculated. For metals the reflectance R

approaches unity at zero frequency.

Then for the range Ez + * , we must assume some extrapolation

fornulae which nust give a curve continuous with the rneasured reflectance
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curve, i.e. at the join the functions R(E) and R'(E) nust be

continuous. This condition will fix trllo parameters of the assuned

extrapolation forlnula. Since it is possible to measure n and k

over the optical range (1.8 to 4.0 eV) directly, it is proposed to

try to improve the extrapolation procedure by putting additional

parameters into the extrapolation formula and fixing them by using n

and k values obtained by direct measuïements. 0. (Eo) which we have to

calculate is given by

where

0(Eo) = 0r (Eo) + 0z (Eo) * 0g (Eo)

0r(Eo) is the contribution of the integral from

0z (Eo) is the contribution of the integral from

0s(Eo) is the contribution of the integral from

4.2.2

0toEr,

Er to Ez,

Eztoco.

Eo
Ez rn R(E) - .Q,n R(Eo) dE 4.2.3oz (Eo)

fi Eo' - E2Er

which is calculated from the experinental values of R(E) and R(Eo)

using numerical integration.

0r(Eo) makes a small contribution to 0(Eo) and can be

dealt with as already explained. 0s(Eo) makes a Latge 
"orrttibrrtiort

and the extrapolation needs to be as accurate as possible. If we

assume for the reflectance an extrapolation fornula containing adjustable

parameters hle ma)¡ proceed as follows.

From directly measured n and k at values of Eo find

values of 0 (Eo) in a suitable energy range. Then since
exp

0s (Eo) 0
exp

(Eo) -0r(Eo) -02(Eo) 4.2.4
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We have a neans of finding values of the parameters occurring in

0s (Eo)

4.s Extrapolation fornulae with additional parameters

Three sinilar fornulae have been investigated.

Extrapolation fornula I

A convenient extrapolation formula in the range

Ez ( E ( - is of the form i.e.

2

ßnR/Rz = [a0+â1 (1-Er/r)*az (1-Ez/E) + ]r'nBz/E

4.3.r

where the ars are parameters. This gives

R=Rz at E=Ez 4 .3.2

and continuity if the e4perimental Rr at E = Ez equals the slope of

the extrapolation curve at that point, i.e.

4.3.3d ,^ R.
df [rn 6J ¡=r R'(exP)=-#

Thus 4o is found directly fron the continuity requirement.

At large E, (4.3.f) reduces to

.Cn R/Rz = (ao + â.t + ãz ----) I'n Ez/E

2

(ao*ãL+ã.2----) 4.3.4
or R/Rz = (nz/n)

which gives the form of the reflectance curve at high energy.

From equation (4.2.1) we know that

0s(Eo)
l,n R(E) - l,n RtGg)_ ¿u

Eo' - E2

.æEol
?T )u"

For simplicity tve write
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0e (Eo)

os(Eo)

r'n =

and Ann =

¿6Eol¿¡
n t-.Þ2

,Q,N E E)a -E
E2 (1 - (EolE)'?)

X _ ao lo _,ì1 Ie

F-q-
'tt

Î,n R/Rz - 0n Ro/Rz dE

Ez Eo' -2E

@

.æ
Eot= l)n,

Eq
fi

¿ó
EofT )u,

.Cn Ro/Rz ¿, - to [*-T_ Er, 
sL Tr )f,,

* .on Ro/Rz * 5;#i

4 .3.5

4 .3.6

Now using the extrapolation formula we get

n'
dE

or 0s (Eo)

where X
1

ñ ln Rs/R2

nn

( I - Ez/E\n Ln Er/E

E' (1 - Eo' /E')

rç\ Arnn (E¡/Ez) 2m+L

n=o

dE

I
'tï

n n 1
+

I
n+ m+

+
2m

- -n+ -------(-J

Now putting this value of 0a(Eo) in equation (4'2'4),

I

(Eo/E*n * r

- { gr(Eo) + oz(Eo) + x - aolo }

Io _l >fin=

0r(Eo) + 0z(Eo) + X - aolo - rrl,

aI -0nn e

a nn

n= 1

e
exp

or xp

4.3.7
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Fron lhe equation (4"3.7) we can find directly the

additional paraneters other than a0 since 0l(Eo), 0z(Eo) and

e"*p(eo) can be evaluated from er-perimental results for suitably

chosen values of Eo.

After fixing the values of additional parameters and putting

these values back in equation (4.3.7) we get the required values of

0 , viz"

O"ul = Or(Eo) + Oz(Eo) + X - aolo - ,r?l "rrl., 4.3.8

TO deternine the parametefs one nay either evaluate O"*n(Eo) at a

sufficient number of points and solve the resulting set of simultaneous

equations for the âts, ot fix thern by neans of a 'Least Squares

nethod in which the afs are fixed by the requirement that

(0
exp - 0".1), should be a minimun. Applying this latter procedure

we then minimise

s
p

p "pexp f (Eon) + ar Ir (Eon) + 4z Ir(Eon) j

4.3.9

where 01+02+X-aolo r

p is the nunber of reference points and Uon is the pth reference

point . Now after perfornr-ing partial differentiation on (4.3.9) with

respect to the ars we get

> {op pexp f (Eon) + arrr(Eon) + azrr(Eon) + --- Ì rr(Eon) =Q

4.3.70

2+ ----
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and

Ë {uÞ"* - f (Eon) + ârIr(Eon) + azrz(Eop

-------etc., resPectivelY. 4.3.LL

there is one such equation for each rar 
' but any

nurnber of reference points can be chosen. After solving equations

(4.3.10) and (4.3.11) ------etc., we get the values of the â's,

putting these calculated values of the ars back in equation (4;3'B)

we get the different values of O.al corlesponainj to different Eots '

From e . and R the corresponding values of n and k can be
car

calculated fron the equations

1-R 4,3.r2n= +R-2VRcosO
cal

2 sinO"at J R 4. 5. 15

1+R-2VTcos0 cal

Extrapolation fornula II

R/Rz
- [ ar(l - nz/E)+ az(L - EzlE )' + ---- ]

and consequentlY

.CnR/Rz=-ar(l -Ez/E ) -az(I -Ez/E)"

- ag(1 - Ez/E)3

The equation (4.3.14) gives R = Rz at

R'(exp) = - #

) + --- ) tz(Eo )p

4.3,r4

4.3.15

E = Ez and for continuitY

4.3.L6

k

=e

The value of ar in equation (4.5.15) is exactly the same as that of

ào in extrapolation formula I.
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- (ar + ãz + a3 + ----)At large E, R/Rz

0s
'IT

where I
n

4.3.L7

4. 3. 1B

4. 3. 19

4.3.2r

I*u,

r6Eol
Ir )n,

x*F-qf- dEr )r,,

/6Eolt )n,

Eo dE

Î,nR/ Rz + 0n Rz/Ro dE

Ê -Eo'

uu -+'li,F++; dE

X+ >-n=l nn

t_
TT

s
m=1

r - EzlE)n dE
(E, - EO )

In l2n-2
(eo/r,r)2^-L

aala(Eon) I x Iz(Eon) -0

and 0..1 = 0t + 0e + X + allt *,r?2 trlr, 4'3'20

where X is same as that of extrapolation formula I. Using the sane

Least Squares method as with formula I, we get

" t {%"* - f (Eon) } - azrr(Eon)

i [ {u**n -f (Eon) } - azrz(Eon)

- asl3(Eon) I x Ig(Eor;) = Q

.-- -etc., resPectivelY.

and

4.3.22
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üIhere ( 0r * 02 + X+ alfr) =f and equations (4'3'2L)

(4.3.22) etc., give the values of the ars' n and

then be found as before.

Extrapo lation formula III

R/Rz (Ez/E)a
- [ ar (1 - Ez/E) * az(L - Ez/E)'

and

k may

e

+ ------- l

dE

4 .3.23

4.3.24

4 .3.25

4.3.26

4.3.27

4 .3.28

and consequently .0n R/Rz = 4 I'n Ez/E - ,rlf a',(l - Ez/E)î

Equation (4.3.24) gives R = Rz at E = Ez'

For continuity, Rt(exp)

At large E, (4.3.23) reduces to

R/Rz
- (ar + e,2 + â,3 + -----)çgrtn|o

This may be regarded as more acceptable behaviour than that of the

other fornulae.

0g = [ -

+

and Io

Ln Ez/E
Tñ-Eo2

Eo f- Î.n R/Rz ,ìF
1T )urE--o'

x-4Eo l-ïï )e,

go [- )an (1 - Ez-lE)nds
1T )r," E2 - ,Eo2

X - 4Io *rr!l a Inn

where X

and the In

formula II

are as for the extrapolation fornula I

û=1, 2 ---- etc., are as for the extrapolationrs for
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i.e Io -1 s
=-2 T m=o

1s
=-L fi m=l

(Eo/Ez)2m+l

ln lzn-z 2m-l
(Eo/Eù

4 .3.29
and I

n +n-1

a.-X-4Is+a¡I1+ >v3 - ^ - r¿0' ølrl' n=2 
*n-n

e--. - 01 + 02 + X - 4Io + âIIt * r,ì2 "rrl'caI

- f + Ð- a I 4'3'3L' î=Z nn

where f = 0¡+02+X-4Is+¿1ft

Deternination of the ars and finally of n and k proceeds as

before.

4.4 Discussion of the extrapo lation formulae

The values of 0 shovrn in Figure (4,4) v¡ere calculated by

using the extrapolation formula III for two and three arbitrary palanetels

by using the Least Squares nethod as well as the direct nethod of

fitting the theoretical curve to thro or three points of the experimental

curve covering the range 1.8 to 4.0 eV'

For extrapolation formulae II and III the equations for curve

fitting at thro reference points are, as explained in Section (4'5) of

the forn

az Izt + as lgr ft 4.4.L

Az lzz + as Isz fz 4.4.2

l-n lzn - z 2m-I
pwhere I !t

fi m=l

^?r 
A,tt {*n) 

2t-1

np

I
fi

(Ê,s/Ez)

4.4.3
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andx= p

reference point.

of ãz and ã3

3Z
I

ïzt I sz Izz Ist

fzlzt f t Izz
Izt Isz Igr Tzz

CEo/Ez)p = Eon/Ez where Uon is the pth

Fron the equations (4.4,L) and (4.4.2) the values

are of the form

I

and ÍLg

From equation (4.4.3)

4.4.4

4 .4.s

4 .4.6

?
11

II1 3+ 5Tzt T2:l xl 583 xl s.6.7+

Clt Xt * Or*rt + q,3Xts +

1

ffi, 4,2 3.4.5
(l3

t x l

where 01

Isr

1z
TT

3

Iz
fi

?
1T

!.
1I

s.6.7

1

-v.

3.4 .5.6 ^' +

) q.q.t

xr+ + )

3( N a1x1 + L/6 azxts + L/B ogxts +

Sinilarly the values of I¡z and fzz can be deter¡nined fron the

equation (4.4.3). Now putting the values of Tzt , Izz, Iar , Igz

in equations (4.4.4) and (4.4.5) and neglecting the higher powers of

xl3 , xz3 , xrs , x2s (being very small), the approxinate values of

dz and âa are of the forn

4Z
3/4 (f rxz - f zxy) 4.4 .8
xrxz (xrt x22 )14 A,2

and 3¡ (f rxz f zxt) 4.4.9
xrx2 (xrt xzz )\ az

which are of the order of x-3 and the ratio of

as/ az - 4/3 L.333 4 .4.r0
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In a similar way it can be proved that if the extrapolation

fornula I is used the values of the corïesponding parameters al and a2

are also of the order of x-3.

Sinilarly solving the three simultaneous equat,ions for three

arbitrary paraneters viz.

az lzr + as lar + â+ I4r = f r 4.4.LL

az lzz + as I3z + ã+ I+z = f z 4'4'L2

azTZ3 + a¡ faa + â+ Ir+3 = f s 4'4'Ls

it can be proved that the values of all the ars are of the order of

x-5 i.e. (EolEz)-t

Thus for the two arbitrary parameters, the ars arê of the

order of (Eo/Ez)-t and, for three parameters, the ars are of the

order of (Es/Ez)-s , and so on for four, five or nor'e paraneters. If

Ez is nuch larger inclusion of more parameters makes them numerically

very large.

A similar situation arises if the Least Squares method is

used either for extrapolation fornula I, II oI III (see Appendix B).

In the present investigation the 1.efeÏence points of 1.8,

2.25,2.4,2.8 and 3.6 eV were chosen after exarnination of the e2

Versus energy curve deternined fron direct measurements.

The direct nethod with Ez = 10 eV and curve fitting at the

single point Eo = 3.6 eV gave ar= - 2.0048 and az = - 0'7140

with two reference points at Eo = 1'B and 3'6 eV, the result was

ãL= -2.0048, ã2 = - 509.6 and a¡ = 681.6
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The values of afs depend of course upon the choice of

reference points. The Least Squares nethod employing four reference

points (1.8, 2.25, 2.4 and 3.6 eV) fer Ez=15 eV with two parameters gave

âr = - 0.948t ãz = - Q.2L69, and with three parameters gave

ar = - 0.948 , d2 - - 1143.4 and at = L526-5. Figures (4.3) and

(4.4) show the resulting 0 , Eo curves for these various

extrapolations.

The extrapolation formulae are such that in principle one

can use as nany ars aS one likes, but the values of the Rrs are

colrect at best to three significant figures and this linits the

accuracy with which the ars nay be calculated. When rnore higher

orcler terms are used the ars become larger and the exponent in the

extrapolation fornulae involves the difference of very large numbers

which can be found only with very linited accuracy. It is therefore

inpossible to include more than tlo or three terns in the approximation

unless Eo can be chosen near to Ez This applies rvhether the

curve fítting nethod or the ireast Squares method is used.

In case of the direct method of curve fitting at one or two

points, the resulting values of the ars depend very much upon the

choice of reference points, but with the Least Squares method, the

choice of reference points appears to be much less critical and for

this reason this method is to be preferred.

The difficulty hrith the proposed method is that so far the

direct measurement of n and k is possible to about 4 eV whereas

the experimental measurement of reflectivíty can be carried out to 10 eV
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or even higher energies and the extrapolation is needed beyond this

range i.e. beyond Ez = 10 eV . But as has been shown, the values

of the ars increase rapidly with higher powers of (Ez/Eo) as the

number of constants is increased. Since very large values of the ars

which can be relied on to only three significant figures lead to large

errors in the extrapolation formulag good results ca:r be expected

only if Ez is not too much greater than Ee This is nade clear

by the results computed for Ez = 10 and 15 eV (Figure 4.8) which

show that the extrapolated values of optical constants for

Ez = 10 eV(ar= -2.0048 and az = - 0.2597) are closer to the

extrapolated values of Philipp than for Ez = 15 eV (ar = - 0.9480 and

az = - 0.2169), see Appendix B and Figure (4.9).

It should be emphasized that, in this consideration of the

extrapolation procedures, direct experimental neasurements of n and k

were nade on different specimens fr.om those used for reflectance

measurements of Philipp. Clearly all measurements should be nade on

the same specimens but I have not been able to do this. If this could

be done satisfactorily, it would be expected that the use of the

proposed extrapolation procedures should be an improvenent on the rather

crude methods that have been comrnonly used, the nore so if a

substantial irnprovement in the accuracy of measuring reflectances and

transnúttances could be effected.

4.s Results and conclusions

- The results of various computations are given in detail in

Appendix B The values of the parameters of the extrapolation forrnulae,

calculated for crystalline Ge using the experimental results of
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Tonlin et aL (1976) in the Iange 1.8 to 4.0 eV together with the

experimental data of Philipp and Ehrenreich (1963),may be tabulated

in Table (4.1) as follows.

TABLE 4.7

Extrapolation
Formula III

aI=

az=

- 2.0048

- 0.2597

al=

a2=

- 0.9480

- 0.2L69

aL=

az=

ÍJ.g=

- 0.9480

- 1143.4

7_526.5

al=

az=

- 2.0048

- 0.7140

al=

a2=

a3=

- 2.0048

- 509.6

681 .6

Using these results the extrapolated reflectance curves of

Figure (4,2) were obtained and are plotted together wi.th the reflectances

of Philipp and Ehrenreich (1963, Figure 4.1).

The optical constants obtained by the K-K nethod using one of

those exrrapolations are shown in Figures (4.5), (4.6), (4.8) and (4.9)
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together hlith the results of Philipp and Ehrenreich (1963). Figure

(4.7) shours the corresponding curves for e1 and €2 , the real and

irnaginary parts of the complex dielectric constant , and includes the

results of direct measurements in the range 1.8 to 4.0 eV . These

latter results give an ez curve with a doublet structure having

components at 2.LS and 2.35 etl with a ninor peak at 3.65 eV, but

do not extend as far as the conspicuous maximum of the K-K curves at

6.0 eV.

Instead of the doublet nature of the Âr + ,f\s transition

(For details see chapter 3), a single peak appears at 2.35 eV due

to the transition Âr + Ae + ASo , both in the extrapolated as well as

Philipp and Ehrenreichrs (1963) cur.ves, but the peak corresponding to

the transition Àr + As appears in the real part of the dielectric

constant E¡ where ASo replesents the effect of spin orbit interaction.

Using the new extrapolation procedures, the resulting curves show

evidence of rnore detailed structures. The peaks at 5.55, 3.95 and

4.2 eV may be attributed to the transitions fts + fzst , Xt + X+ '

Ð1 + !4 (Abeles Ig72). Philipp and Ehrenreich's results from K-K

analysis do not show all of these features but only a single peak at

4.27 eY.

Unfortunately a very firn conclusion about the value of the new

nethod cannot be reached because we have no results for reflectivity

measurements over a wide range of energies for the sarne specirners as

were used for the direct measulfements of n and k Therefore it has

not yet been possible to make a thorough assessnent of the new

extrapolations but it may be claimed that they show at least sone slight

advantages and are worthy of further study.
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CHAPTER 5

DETERMINA TION OF THE OPTICAL CONSTANTS

OF OPAOUE SOLIDS IOR FILMS l0R ABSORBING MATERIALS

5.1 Introduction

In the previous chapter direct measurements of the optical

constants of Ge in the absorbing region which had been rnade by

Tonlinrs nethod (Lg72) were used as a basis for irnproving the

extrapolation procedures required in the application of the Kraners-

Kronig relations. The remainder of this thesis will be concerned with

aprelirninarystudyoftheapplicationofthisnethodofdirect

neasurement to netals over the photon energy range of 0.62 to 4'0 eV

(for Au I.7 to 4,2 eY). A normal incidence method for this energy

range alone would be valuable but has the added interest that night be

helpfut in applying the Kramers-Kronig nethod over a rnuch rvidel lange'

Here some further cliscussion of the nethod will be given rvith an

extension to the case where light is incident from the substrate side

and passes through a thin transpalent layer before falling on the

opaque specimen. This requires consideration of the general case of

tight incident from air on to three layers each with optical constants

of the forn n - ik . From this general case the forrnulae applicable

when light is incident through a substrate can be obtained, and also the

case if the absorption in the applied transparent layer nay be considered

The corresponding formrlae for a specimen which nay be treated as a

single layer are also obtained by putting the appropriate filn thickness

equal to zero. (see APPendix C).
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s.2 Eq uations for single. layer absorbing films

The reflectance of a bulk specinen or opaque film which

does not transnit is given by

(nz-no)2+kz2
(nz*no)'*kz'

R

where Ds is the refractive index of air and nz-ikz is the contplex

refractive index of the bulk specimen or opaque filn. If a transparent

Layer of thickness dr and refractive index nt is deposited on this

specirnen the resulting reflectance R1 rnay be derived from the single

layer formulae of Tornlin (1963). From these expressions one finds

5.2.L

5.2.2

5.2.3

R)

I
4no nr2 n2

+ nt2 ) (nr',[ (no' 1 Tt22 * kz')

+ (n o' (nr' - trz2 - kz" ) cos 2y¡

+ 2nt kz sin 2yt ji

where yr 2T nldt/À and À is the wavelength.

The equation (5.2.L) can be written as

- trt') {

{ nz - ,,0 {f;{t r' * kz,

which is a circle in the îLztkz plane with centre nq(1 + R)/(1

o and radius z,lq-{E
(1 -R)

t

Equations (5.2.2) and (5.2.3) give

2 2 2no 1nt +n0
2nt tanYr + - n0 ñ-T'1ìr

(n r' cos' y 1 sin2 yr)2

(1

a Iì0

+ Rr) ]

ke=

¡(1+R)'Tr-s¡
n12 (1 - nr) Írz

x

5.2.4
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this equation (5,2.4) is a straight line in the n2,kz plane.

Now equation (5.2.3) can be written as

5.2.5

OT kz=t{2nz (nz' + 1) ] ,2 5.2.6

Equation (5.2.6) shows that for a given value of rtz and R, kz has

two values which are equal in rnagnitude but differ in sign on1y. The

positive values of kz are acceptable but the negative values of kz

must be considered in order to obtain the complete solutions of the

sinultaneous equations. Kharvaja (1975a) solved the equations for rLz

and kz by calcula.ting the values of the right-hand side of the equation

(5.2.2) for given values of nz and the colresponding values of kz

obtained from equation (5.2,4) and conparing with the known values of

ii+ftÌ rhis irerative method (for details see Khawaja Le75a) of

corrputing solutions is unnecessary and has been replaced by the following

sirnpler method.

By substituting the values of kz given by equation (5.2.4)

in equation (5.2.3) one obtains a quadratic equation in 1z

Although this has cornplicated coefficients it is easily solved

nunerically to give îz and consequently the values of kz This

method of solving the quadratic equation for n2 and kz is very direct

and straightforward a:rd less tine consuning than the iterative nethod.

In orcler to carry out the solutions for n2 and kz the

fíln thickness must be knorrrn. A good estinate of the thíckness dl is

obtainerl from the equation (5.2.?.) utilizing the following conditions.

kz" = 2nz {i-l*} - (nz' + 1)

(1 +R)
(1 -R)
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yr = pn - tan-r l' n-'k' - ,(nr' -Ítzz -Yr')l

Condition I

R = Rl: when

where p is an integer.

Condition II

if Yr=Pn,then R=Rr

Condition III

Rl has a rnaxinum, lvhen

Yr=Pt- !t^n-' I

2 ntkz
(. r' - nz2 kz2 )

Condition II gives a straightforward way of deternining the approximate

value of dr, because it involves only the knorsn optical constant of

the overlying Iayer.

We next consider the case where the transparent film is first

deposited on a transpalent substrate and the metal is evaporated on to

the fi1n. The light is then incident through the substrate. See Figure

5.1. (on following page). The reflectance R from the opaque specimen,

when there is no transpaïent fi1n, and when the light is incident fron

the substrate side, whose refractive index is tì3 , is given by

(nz - ns)2 + kz'
(nz *nr)' *kz'

5.2.7
R

where n2 and kz refer to the netal. The reflectance Rr from a

similar netal film when it is deposited on a transpalent layer of

refractive index nt and illuminated through the substrate is given by

an obvious modification of equation (5.2.2) r-
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aque fitm
Transparent Iayer.
Ouartz su bst rate

FIG. 5.1

[ (ns' a nl2 ) (nr' + nz2 * kz')
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R1

1s6B) .

1+Rr
1 - -R-i

1

4n3 n12 n2

+ (ns' - nt') { (nr' - n22 kr') cos 2y1

+ 2ntkz sin 2yr ] l s.2.8

Again from equations (5.2.7) and (5.2.8) a quadratic equation for az

nay be obtained and solved directly to give numerical values for n2 and

kz

5.3 Equations for a double Layer on an opaque spec]-men

consider first a film with optical constants I:Lz,kz on a

substrate with constants Dg,kg The norrnal incidence reflectance

and the transmittance Tr into the substrate are given by (Tonlin

1+Rr 1
Qr s.3.1

Tr 4nong (nz' + k22)

1 þz 5.3.2
2ns (nz' + kz2)

no is the refractive index of the non-absorbing medi-un (here aír) frorn

which the tight is incident and
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0r (no' + nz2 * kz')

+ 2(nznt + kzkg) sin h2oz

+ (no' nz2 kz') (nz'

+ 2(nzkg - nskz) sin 2Y2 j

and

+ n32 + kz' * ka') cos h2az

Ilg + kr' ks') cos 2y2

ks') sin 2yz

nskz) cos 2Y2 I

and dz
2r kzdz--T---

{ (nr'

{
2

Qz

where

rìz [ (nz' +

+ kz l, (nz'

+n3' kz' ks') sin h2oz + 2(nzns + kzkg) cos h2oz ]+

5.3.3

5.3.4.

s.5.6

5.3.7

5.3.8

\z

n3' + kz2

- 2(nzkg

_ 2n nzdz-T

and 4z is the filn thickness.

Now from the equations (5.3.1) and (5.3.2) we get

Qr - 2no
1+R 0z=0 5.3.5

(1 -Rr

If another transparent layer of refractive index rì1 (kr=O) and thickness

dr is deposited on the top of the layer defined by fiz,kz and dz,

then Rz, the reflectance for the double layer on the substrate is given

by the equation (Tomllir 1972).

(no2 + nr2) Fr + (no2 - nr2) F2

n1 Gt

where G1 4nr 0z

þz nzC + kzD

2
0r (n o' * nr'* kz')A+(no' n2 kzz ) B 5.3.9
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åt'

I F2= ftz2)

- 2nt (nzD - kzC) sin 2Y1

(n e' + kg') cos ln2a2 + 2 (n¿ng + kzks) sin h 2az

+ (nz' kz2) cos h 2crz+

(nz" a kzz) cos 2y2

) sin h2a2 + 2 (nznz + kzka) cos h 2az

(nz' + kz2 ) sin h 2az

(nr' ¡ Í122 + kz2 ) A * (nr' rt22 kz') B 5.3.10

kz') A + (nr2 + nZ + kz')Blcos2y12

[ (nr'

B -(ns' + ks2 ) cos 2y2 2 (kznt nzk ¡) sín 2y2

A

c

D

5. 5. 11

5.3.L2

5.3.13

s.3.74

s. 5. 15

t

5.3.L7

0 5.3.18

+

2

(ne + kg

+

(ns' + ks) sin2y2+2 (kzng nzka) cos 2Y2

+ (nz' + kz') sjin 2y2

Equation (5.3.6) nay be written

nt') Fz 8 nsn12 ++Q2=os.s.16

o1 +

(n s' kg')+
2Sz-n;+ ks+

t t') 2
0(n+(no 2 + Fr

Equation (5.3.5) becomes, on substituting for 0r and þz

(ns' + k32) P1

2'Ot+ 
Ën3 

+

+ 2nsQr + 2Srkg + U¡=Q

Sr
Pr kg +

Pr(n s' ks')

+

2 0
Ur

and sinilarly equation (5.3.16) becornes

ft.*,* V=



vrhere

Pr

Q¡

2no

t( +nn02 ," + kz')

(1 + R¡)

cosh 2cz (n o' n2 2 kz') cos Zyz

(nz sinh 2ctz k2 sLn 2Y2) l

rl.2 + kr') nz sinh 2cl2 no2 nz2 kr') k, sin 2y2

n2 kz') nz sin 2Y2
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2 kz') x

(r - Rr)

= {(no'+

(1

2

-Rr
1+R

(1 + R1)
(1 - Rr)

(

2no

Sr [ (no' ¡ rL22 + kz2 ) kz sinh 2u2 +

(nz cosh 2cl2 kz cos 2y2) ]+

2(n o'

Ur (nz' + tz'){ ( no' ¡ rrz2 + kz2) cosh 2a2 + (no'

- 2no

' 2no

(nzkz cosh 2o2 n2k2 cos 2y2) I

cos 2Y2

(nz sinh 2d,2 + kz sin 2Y2) Ì

2Yz

(n r' n2 kz') + ¡2
tno

112

Pz P cosh 2az - Q cos 2y2 + S sinh 2a2 + U sin 2y2

Qz P nz sinh 2oz a kz sin 2y2 + S nz cosh 2clz U kz cos 2Yz

Sz P kz sinh 2a2 + Q nz sín ZYz + S kz cosh 2a2 + U n2 cos 2Y2

Uz (TL2 kz') (P cosh 2u2 + Q cos 2Yz + S sinh 2o¿z - U sin 2Y2)+

where

P (n o' + (nr' * nr' + kz') 2
0 x+ (n

(n r' n22 kz') cos

2

nt') n12 )

a
nr2 ) nt')2

a (no +

(nr' + rt22 + kz2) cos 2Y¡

x
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$ = 2 ntkz (not - nr2 ) sin 2Y¡ 4 nonfnz

U 2 ntnz (no' n t' ) sin 2y1 4 non12 kz+
(1 + R2)
(r - Rz)

Sr, Ur, Pz, Qz, Sz

ks.

Note that these quantities P, Q, S, U, Pr, Q¡,

and lJ.z do not involve the constants rl3 and

,

Now fron equations(s.3.L7) and (5.3.18) we find

2 2 2Qr
Pr

25r Ur
Pr

ks + =QPr

,(+ Sz ''
ñ) ( Ur

tr; Pzkg +

5 .5. 19

Uz ) = 0 5.3.20

5.3.2L

s .3.22

5.3.23

(ne + k¡ +)

Qar
Pz t,( 3i n3 +

I

n3 +

)

and

The first of these equations is quadratic in ng and kg and the

second is a linear equation. Again l^re have a graphical solution

represented by a straight line and a circle as for the single layer

equations.

From equation (5.3.20) we get

Pz t/P t Uz/P
kg

S Sr Pr
n3

2 Pr
1;¿+I

2

P

i.e kg Zn3+P

P Pz
hrhere Z

2 Sr Pr

afid p=

Substituting the values of kain the equation (5'3'19) gives

P2

t
U

2

I
2

U

S

I
2

2

+ zF + qr/Pr) ns

23t
Pr+ (

Ít z2 (I+22)*2 c*'
Ui
P1

+ F + F2) = 0 5 .3.24
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The coefficients in this simple quadratic equation can be

easily computed fron the formulae given above and the equations rnay

then be solved for rì3 and kg It is necessaly to have a value for

the thickness di of the applied filn. This can be obtained from the

condition that R1 - Rz when Yr = PTt

The equations for the double layer reduce to those for a

single layer when dz = 0 , âs shown in Appendix C'

5.4 Solutions for hypothetical opaque specLmens

Tiro hypothetical specimens approximately representing I\b

and Ni are considered here to illustrate the nature of the solutions

of equations (5.2.1) and (5.2.2.) for netals.

5.4 .1 Nfolybclenun

The opticaL data of lValdron and Juenker (1964) for clean - Mo

in the wavelength region 248 to 570 nn were used to find approxinate

expressions for n and k. A Least -squares procedure was used to fit

the data with equations of the for

kz = a + bÀ* cÀ' 5.4.1

rL2 = al + bl À + ct À' 5.4.2

where â, b, c, ât, bt and cl are 5.124, - 6.676 x 10-o,

6.829 x 10- " ,- 3,43L, 2.743 x 10-3 and - 2.588 x 10-?

respectively.

and kz are the refractive and absorption indices at wavelength

(in angstron unit ). From these values of complex refractive index

- ikz of this hypothetical specimen (Figure 5.2) reflectances R

Rr were calculated (Figure 5.3) using Tornlinrs (1972) single layer

n2

À

n2

and



l\¡

C\¡

.Yfi.
ç
9
¡\)

C

5'0

l-.0

3.0

2.0

I

900 800 700 600 500
WAVELENGT H lN nm

300400 200



0.6

1'0

0.8

0't-

0-2

l1
P
(tt
(^J

q
E.

900 800 700 600 s00
WAVELENIGTH lN nm

400 300 200

Rr



B5

fornulae for a thin transparent layer of Taz0s of thickness 150 nm

whose conplex refractive index nr - ik1 wâs known. Now using these

calculated values of R and R¡ the equations for the optical constants

nz and kz of the hypothetical specimens were solved (Figure 5.4) in

order to find the nature of the turo possible solutions. It is clear

from Figure (5.4) that the correct dispersion curve is reproduced and

the unwanted solutions give a quite different curve with a number of

naxina ancl minina. Maxima in the false dispersion curve appear at the

positions cotTesponding to the ninina in the Rr curve. If the

reflectances are calculated at an interval of 50'Ä' as in Figure (5'4)

it is found that at certain intersections of R and Rr where Y is a

rnultiple of îï, sorne solutions nay be missing because of rounding-off

of errors in the computer. This is also the case at the first minimun

of R¡ The behaviour of the solutions for metals is very similar to

that for semiconductors in the absorbing region (see Tonlin et aL 1976).

5.4.2 Nickel

Sinilar calculations were carried out for a specinen with

nz = 5.0 and kz = 5.6 x l0-2 * \lî which roughly represents the

behaviour of Ni in the region 2000 to 500 nn. The calculated values

of R and Rr for this nodel (clr = 125 nrn) are shown in Figure (5'5)

and the nature of the solution is shown in Figure (5.6). The results

are veTy similar to those for the hypothetical Mo example.

5.5 Iiffects of errors in the thickness of the semitransparent

overlying layer

If the thickness of the filn is underestimated there is a

strong effect on the solutions for fiz and kz , which was sholvn as
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fol lows .

using the calculated reflectances R and R1 for the Mo

¡nodel which are shor¡¡n in Figure (5.3) ¡ îIz and kz were calculated

when the filrn thickness was changed fron the correct value of 150 nn

to 149 (Figure 5.7) and 151 nn (Figure 5.8). In both cases the

true dispersion curve breaks up into sections which join up with the

y¡1.ong solutions. The resulting patterns are dístinctly different for

under and over estination of thickness. lhus, when solutions for n2

are obtained from experinental data it is quite clear whether the val-ue

assumed for the film thickness is too great or too small. The thickness

rnay then be adjusted until a continuous dispersion curve results.

Further calculations were carried out wíth sinilar results

for the Ni rnoclel. The effects of underestinating the filn thickness

by 5.0 nn are shown in Figure (5.9) and of overestimating it by

3.0 nm are shown in Figure (5.10). In both exanples the rnaxirna in the

curves appear at the wavelengths which corresponds to the minima of Rr

and the intersections of the R and Rr culves.

Frorn Figures(5.4) ancl(5.6 to 5.10) it nay be concluded that

the acceptable continuous dispersion curve could not be obtained unless

the errors in film thickness was less than 0.7eo,

5.6 Effects of errors in R and Rr on optical constants

The effects of systematic eï1.ors in the reflectances can be

studied in the same way as systeïnatic errors in the thickness of the

Taz0 s filn.

For the hypothetical Ni specimen solutions for nz Ï¡ere

calculated using the correct thickness (dr = 125 nrn) but with
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Type I :

the correct value of R and Rr increased or decreased

by 2%, and

Type II :

the correct value of Rr and R increased or decreased

by 2eo

The results are shown in Figures(5.11 to 5.14). These systenatic errors

in R and R1 , produce similar effects to those due to errors in

thickness, breaking up the true dispersion curve into characteristic

patterns. Clear1y it is necessary to avoid systenatic errors i'n R

and R1 if the correct value of filrn thickness is to be found by

adjusting it until a continuous dispersion curve is obtained.

In practice the errors in R and Rr are randorn errors of

about t 0.005 or considerably less than I% except near the ninina

of R1 , and the values of nz calculated from experimental data Lie

close to snooth curves whicl'r with a first rough estimate of filn

thickness, usuaLIy resemble those of Figures(5.9 and 5.10). The failure

to obtain a continuous dispersion curve can then be attlibuted to

errors in filn thickness.

The random errors in R and R¡ will generaLly result in a

few solutions being nissing where the coefficients in the quaclratic

equation for n2 happen to yield imaginary solutions only. This happens

at wavelengths near the intersection of the R and Rl cuTves and at

the positions of ninina of the Rr curves. These regions can be shifted

by repeating the measurenents with a filn of different thickness, so
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that the doubtful part of the first dispersion curve can be covered

by a reliable part of the second.

In the infrared region the reflectances tend towards

unity and the quanritiet ì++ and Ì+ , become increasingly

inaccurate. The method is therefore limited at the infrared end of

the spectrum.
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CFIAPTER 6

DETERMI].IATION OF OPTICAL

CONSTANTS 0F Au

6.1 Introduction

The prirna.îy object of the work on the optical properties of

metals which ís to be described in the following chapters is to

investigate the application of the nethod (Tornlin 1968), which involves

the measurenent of reflectances fron the metal with and without a thin

layer of Ta205 applied to its surface. This has been applied

successfully to opaque filns of Ge but in the case of netals the

nethod must become increasingly inaccurate as R + 1.0, because of the

occurrence of the factor +++ in the formulae frorn which n and k

nust be calculated. Measurements have been made on Ni, Co and

Mo in the photon energy range from 0,62to 4.0eV and for Au fron

L.7 to 4.2 eY, The results will be found to be in good agreement with

other neasurenents and show the occurrence of features in dispersion,

absorption and conplex dielectric constant curves which may be related

to the electron enelg'y barrd structures of the different netals'

During the last decade theoretical band structures of Au have

been derived. For exanple, Christensen and Seraphin (1971, Figure 6'10a)

obtained the joint density of states in good agaeement with Fermi surface

and optical absorption data, although at higlì energies discrepancies occuÏ'

In noble metals the d bands are submerged by about 2 to 4 eY

below the Fermi surface whereas in transition netals the d bands

intersect the Fermi 1evel as shown in Figure (6.1a) for co, Ni

(transition metals) and Cu (noble netal) only. The difference in colour

between Ag, Au and Cu arises from the position and properties of



t
t

¡

Nickel

g
trJ

0

l0

Ef

75

50

25

x,t,r xr xr
(1, 0, 0)' These
s band crossing
(dashed) in the

ng them a com-
. tr¡. t-omer,l97l)

elbl16rr' in (ev)z

I
I
I
I

2 325 3.5 (eV)

(b) 
"rtttçh,a)z 

versus photon energy for gold showing the parabolic behavior of
the joint dcnsity of states in the vicinity of tlre absorption edge, located at 2.45 eV. The

iull curve below this energy has an exponential shape and its. origin is not clcar
(after TiÈvr tle70l). (From Abel'es, 1972)

Fig61

Copper



90

these d bands. For Au they give rise to an absorption edge at

2.45 eY and for Cu at 2.08 eV corïesponding to the yetlow and red

colours of the netals respectively. But for Ag the absorption begins

in the U.V. (around 3.87 eV), md for this reason it is possible to

separate the intra and interband contribution to the dielectric constant

in Ag which is not possible for Cu, Au and the transition metals.

(see Chapter 7).

6,2 Sample preparation and structure of the filns

Opaque films of Au wele prepared in the D.R.C. laboratories

by RF sputtering in the plesence of dry argon. The evaporation rate

and the pressure during sputtering were 0.625 nm/sec and 1.5m Torr

respectively. Three different thicknesses of Taz0s of 7L.5, I2L,5

and 166.0 nrn brer.e sputtered on to the Au filns which were prepared

sinultaneously.

Opaque filns of Au did not shoru any surface structures when

exanined with the scanning electron microscope, but when the surface

replicasof these filns prepared according to the nethod described

in Chapter 2, Section 2.8, were examined with the transmission electron

microscope, it was observed that they had a roughness of the order of

3.0 to 3.5 nn (Figure 6.a).

6.3 Determinatiolr of the optical constants of Au

The optical constants of opaque Au films have been neasured

in the region I.7 to 4.2 eV. The details of the method are given in

Chapter 5, Section 5.2. The upper linút to the wavelength region is

determined by the reflectivity tending to unity when the error in +-++
becomes too large

The values of R and Rr for three different thicknesses of
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Taz0s ( 71.5, 121.5 and 166.0 nm ) are shown in Figure (6.2).

The solution for refractive indices derived from measurements

using a TazOs film of 71.5 nm thickness are shown by curves (1) and

(2) of Figure (6.3) . It is not obvious from these two curves alone

which curve represents the correct solutions, but fron the l<nown incorrect

solutions for a Taz0s film of thickness IzL.5 nm , indicated by

curve (5), it is inmediately clear that the curve (1) shows the correct

solutions for thickness 71.5 nrn; although the correct solutions for the

other two thickness (I2I.5 and 166.0 nm) are more or less the same

with small variations (see Figure 6.5). The position of the ¡naxima of

the wrong solutions may be varied by altering the thickness of the

TazQs film. It is possible to cover the whole wavelength region where

one set of data leads to the large error bar by appropriate choice of

film thicknesses and so obtain a dispersion curve with all points

accurately determined. For this reason it was useful to coat the opaque

gold filrns with at least three different thicknesses of TazOs films.

The correct solutions for these different layers are in good agreemellt

as shown in Figures (6.3) to (6.6), because at any particular energy

one set of s'olutions has large error bars and the others have not; the

overall erïoï varies from 1.5 to 3.5e¡ except perhaps at the lowest plìoton

ênergies where the'error in Ì++ becones ,ttr", as R -+ 1.0.

No ageing effects on reflectivity of the opaque Au filns are

observed when the neasurements are taken within 10-15 days of the filn

preparation.

6.4 Results and discussi.on.

Figures (6.7) and (6.S) show a comparison of the author's

results with other deterninations by Heavens (1955), Johnson and Christy

(Ig72), Joensen et aL (1973), Venning (1975) and IVIcMath et aL (L977),
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Johnson and Christy made reflection and transmission measurenents on

thin filrns of Au of thickness 18.5 to 50.0 nm. Joensen et aL (L973)

also determined the optical constants of Au films rvith thicknesses in

the range 17.0 to 180.0 nm using laser beams of wavelength 488.0,

514.5 and 632.8 nn. Venning (1975) deternined the optical constants

of two samples A and B of opaque Au film by an ellipsoneter at an

angle of incidence 67.8 and 70.0o respectively. The neasurenent

on sanple B was repeated 18 nonths later and a considerable change in

optical constants v/as observed, specially below 450.0 nrn In Figures

(6.7) and (6.8) the optical constants of the sample B are given for

comparison with the present results. McMath et aL (1977) determined the

optical constants by neasuring the transnittance and phase shift for a

number of filns of varying thickness 40 to 200 nn and gave the results

for the thick film linit.

The present nethod leads to results in agreement with those

other writers except perhaps those of Johnson and Christy (1972) whose

results for rather thin films may be expected to differ fron those for

the thick opaque films used in this work.

In Figure (6.9) the real and imaginary parts of the complex

dielectric constant calculated fr:om the authorrs results are shown.

The absorption curve and the ez = 2 nk curve show the onset of

absorption at about 2.5 eV. The extrapolation of the €z curve as

shown in Figure (6.9) makes the onset at 2.43 eY (2.45 eV, Theye 1970'

Figure 6.1(b)). The sharp rise in ez near 2.43 eY indicates that the

transitions are probably fron a very flat lower band to the Fermi

surface. The first peak in ez at 3.2 eY results from the transition

fro¡n Lzz to Lz' i.e. fron the uppelìnost part of the d band to the

botton of the conduction band. The second peak in e2 at 4.0 eV
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represents the contribution to the absorption from the conduction bands

at L as for Cu . In rnost earlier work an onset of interband

absorption hras found around 2.5 eV follorved by two peaks in E2 ,

one at 3,2 eV and the other at 4.0 eV. Present results also are in

good agreement with Flodgson (1968) and with Pe1ls and Shiga (1969) who

perforned polarinetric rneasurement in ultra-high vacuurn on mechanically

polished sanples of Au . These two peaks are also clearly observed in

the ez curves of Irani et aL (1971) who performed K-K analysis on

evaporated annealed samples of Au and are very close to the theoretical

prediction of Christensen and Seraphin (1971) as shown in Figure (6.10 ).

These features corïespond to the reflectances (FigUre 6.2) at about

2.5 eY, 3.2 and 4.0 eV which indicate the presences of interband

transitions at these regions.

The nethod of neasuring the optical constants of Au which

has been used in the range from I.7 to 4.2 eY leads to results in

satisfactory agreement with those of other workers, although it is clear

that improvement in the accuïacy of the reflectance measurement is

needed to get nore reliable results when the reflectances approach unity.



94

CFIAPTER 7

DETERMINATION OF OPTICAL CONSTANTS OF

TRANSITION N,IETALS Ni Co AND Mo

Though a great deal of work has been done on the optical

properties of the transition netals, the deternination of their band

structures presents more serious theoretical and experimental problens

than for normal metals because of the partially filled d and f

shells. In the transition netals the Ferni level intersects the d

bands (as shown in Figure (6.1a) of Chapter 6) and consequently there

are most probably low lying interband transitions from the d bands

above the Ferrni level to relatively narrow low lying d bands below it.

For this reason it is not always possible to achieve a separation of the

intra and interband contributions to the dielectric constants of the

transition netals.

Lenhan and Treharne (1966) in deterrnining the real and

inaginary parts of the dielectric constants of transition metals in the

region 0.S5 to 12.0U , found several absorption peaks in the infrared

region frorn 0.1 to 2,4 eV. They also commented "It is possible to

nake a few tentative identifications of sone' but by no means all, of

the absorption features which are observed'r. Calculations of the joint

density of states for netals also show a great number of fine structures

but usually they are not all observed. It has been suggested that in

practice some a1e washed out due to broadening nechanisms, such as

electron-electron interactions. By using Tomlinrs ¡nethod (1972) a gteat

nunber of absorption peaks a,Xe 'observe<l in the infraréd re$ion for

transition metals. These will be discussed in detail in later sections

of this chapter.
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Anong the transition netals Ni is the simplest prototy¡re

transition netal which has been studied extensively and for this reason

the optical properties of Ni are discussed first and then Co and

Mo
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7.r Nickel

7 .I.L Introduction

The electronic band structure of Ni, which is ferronagnetic

below 670'K has been of great interest during recent years. The band

structure of Ni calculated by Hodges et aL (L966) was later ìnodified

by Hanus et aL (1968) in order to take into account the 1ow energy

structures at 0.25, 0.40 and 1.50 eV foqnd in the tenperature

nodulated reflectance of Ni (Figure 1.6, Chapter I ). Like other

transition metals the Ferni level intersects the d bands and interband

transitions set in at about 0.5 eV This causes the reflectance to

drop alnost irnmediately from the liniting reflectance value of unity as

E approaches zelo, whereas in the case of Cu a broad shoulder up to

2.0 eV is bbserved. This is clear from conparison of the low energy

reflectance curve of Ehrenreich and Philipp (1962) and Ehrenreich et aL

(1963) for Cu and Ni lespectively as shown in Figure (7.10b). In

the present investigalion it was observed that the reflectivity of Ni

(Figures 7.II, 7,L2, 7.I4^ arLd 7.148) fell off steadily, whereas the

reflectivity of Au remained almost constant up to 2.0 e\l and then

fell gradually to 2.4 eV and after that sharply, owing to the

absorption edge at 2.5 eV (see Figure 6.2 of Chapter 6) . The optical

properties of bulk po11'crystalline Ni have been studied by Sasovskaya

and Noskov (197i, 1972, Figures 7"19(a) and 7:1,9(b)). They found as nany

as fourteen peaks in the energy range 0.1 to 2.6 eV, Figure (7.19b) by using

Beattiers (1g55) polarirnetric netho¿. Alnost all these structures have been

observed independently in other experiments by Afanasryeva et aL (1966),

Bolotj.n et aL (1967), Krinchik et aL (1963) and Krinchik and Gushchin

(1969) and Stol.t (1970). In the present investigation of Ni , ahnost

all these peaks have been observed, but one feature r^/hich tvas observed

in opaque sputtered Ni films was missing in the curves for opaque
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evaporated Ni filns and for polished bulk specimens of Ni . These

are shown in Figures (7.f BA) anci (7.188) and rvill be discussed in

detail in sectíon 7,I4 of this chapter. According to Ehrenreich (1966)

low energy interband tra:rsitions in Ni are largely obscured by free

carrier transitions, but they can be detected by using the Ferro-

rnagnetic Kerr effect (FKE) techniques. on the other hand stoll (1970)

who observed three structures around 2.25 eY, concluded that they

appeared as a result of errors of measurement '

7 .L,2 Sanrple Preparati on and Structure of the filns

Opaque Ni filns were pïepared by RF sputtering in the

presence of dry argon at the rate of 0.35 nm/sec at a pressure of

1.5rn Torr. Thin films of TazOs were also prepared by RF sputtering

in the presence of go% extra dry argon and Io% 0z (medical grade ) '

The rate of evaporation was 0.L25 to 0.167 nm/sec and the pressure

was 1.5m Torr. The polycrystalline specinens of Ni (20 x 12 x 2 rnn)

were bought fron Koch-Light Laboratories Limited, and were of 99'998%

purity. All the polycrystalline specinens of transition netals e'g'

Ni, co, and Mo were polished to a mirror finish in D.R.C. Laboratories

by nechanical pol.irshing.

Polished specimens of Ni and opaque Ni filns were first

examined directly with the scanning electron microscope. No surface

structure was detected suggesting that any such structure nust be less

than 7. 0 to 7. 5 nm The scanning electron micrograph of a poly-

crystalline specinen of Ni is shown in Figure (7 'la) ' Replicas of

the opaque Ni films lvhen examined nith the transmission electron

microscope showed a roughness of about 2.0 nn '



Fig 7'1a
t-l

100 nm

Fig 7 1b
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7.I,3 Determination of the Optical Constants of Ni

(a) Ni filn preparecl by sputtering

The values of the optical constants fotutd by using a Taz0s

film of thickness 83.0 nn are shown in ,Figures (7.13) and (7.L6) rvith

error bars. To take into account the surface roughness of the orde::

of 2.0 nm, a double layer programne was used as mentioned in Chapter

S,Section (5.5) . This showed that such a thin surface layer had little

effect on the optical constants and proper continuity of the dispersion

curve could be obtained by neglecting the surface roughness. Moreover

the effect on the values of the optical constants due to this roughness

was well within the variation betrveen specimens.

The variation in reflectivity of Ni filns with tine, and tvhen

heated in the presence of oxygen to a temperature of about 1000'C are

shown in Table 7.7I. The reflectivity of the Ni filns was reduced

considerably in the visible and ultraviolet when heated in o4¡gen as

rLight be expected, but the ageingeffect on the reflectivity was nuch

smaller and almost within the err"or linits of the experimental

measurenents, if the measurenents were taken rvithin three days. The

values of reflectivities need to be rneasured as accurately as possible

at wavelength or energy intervals as smal1 as possible especially in

the infrared region. In the present investigation the reflectivities R

and Rl were measured at least trvice throughout the whole wavelengtl't

::egion. To avoid âgeingeffect the measurement of reflectivies were

always done within three days of specimen preparation. Even so, the

dispersion curve is not as smooth in the infrared as in the visible and

ultraviolet. To ninimise the erlrors in the optical constants, three

different thicknesses of TazOs filrns were deposited on the opaque Ni

filns. The observed values of the optical constants for th.ree diffcrent



TABLE 7.IL

Ni FIIM WAS REI\4CVED FROM THE VACUUM CHAMBER 3 HOURS AFTER THE PREPARATIONTHE OPAQUE

Wavelength
in nm.

2000

1500

1600

1400

L200

1000

950

900

850

800

750

700

Just after the
opening of the
vacuum chamber

0.832

0.818

0.800

0.776

0.743

0.7I2

0.702

0.694

0.687

0.674

0 .660

0.646

After
3 hours

0.7r2

0.703

0.693

0.685

0.672

0.659

0 .645

After
6 hours

0 .71 1.

0.702

0 .695

0.684

0.67I

0: 658

0.643

After
1 day

0.832

O. B1B

0.80 0

0.775

0.744

0. 710

0.702

0.692

0 .685

0.672

0.660

0.645

After
3 days

0.850

0.817

0.798

0.773

0.743

0.710

0.702

0.692

0.684

0 .671

0.658

0.644

After
7 days

0.832

0.818

0.800

0.776

0.744

0. 708

0.702

0.691

0.679

0.667

0.651

0 .638

After
14 days

Then heated
in oxygen*

0.831

0.816

0.80 0

0.775

0.744

0.705

0.694

0.681

0.67li

0.660

0.648

0.634

0. 829

0.813

0. 798

0.772

0.742

0.702

0.690

0.678

0.666

0.657

0.644

0.630

rc)
(o

/continued...



TABLE 7.11 Continued...

ülavelength
in nm.

650

600

550

500

450

400

350

300

260

250

Just after the
opening of the
vacuum charnber

0.630

0.611

0.585

0.5s3

0.510

After
3 hours

0.629

0.610

0.584

0.553

0.510

After
6 hours

0.629

0.610

0.583

0.552

0.509

After
3 days

0.628

0.608

0.582

0.550

0.507

After
,7 days

0.624

0.602

0.578

0.54s

0.506

After
L4 days

Then heated
in oxygen*

After
1 day

0,627

0 .608

0. s80

0.550

0.508

0 .619

0.598

0.573

0.540

0.499

0.440

0.381

0.351

0.366

0.370

0 .611

0.587

0.558

0.52L

0.475

0.4L4

0.342

0.308

0.320

o.32L

* For 15 to 18 minutes approxinately at tenperature
1000oC and pressure 0.1 Torr.

H
O
O
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thicknesses of Taz0s fil¡ns varied fron 2.0 to 4.5% throughou

whole energy range.

(b) Polished specinen of Ni

The reflectivity curve of this specimen together with that of

an opaque sputtered Ni filn is shown in Figure (7.11). The

reflectivity of the opaque Ni filn is much higher than that of the

polished specimen and the values of the optical constants of the former

were found to be higher than those of the latter. A sirnilar situation

arises in the case of Mo (see section 7.3 of this chapter) .

The values of optical constants of this specimen are compared

rvith those of other workers in Figures (7.174) and (7.178);

(c) ue Ni film with li t incident
TO e uartz su strate

To nininise the ageing effects as well as the effect due to the

formation of oxide layers, which usually affect netals filns, they may

be deposited onto a thin film of TazOs prepared on the substrate and

the measulements taken from the substrate side. For optical measurenents

the specimen IVas rnoulted in the specimen holder face downward on another

cleaned qwa'rtz rvedge separated by two thin strips of paper to prevent

contact, as shown in Figure 7.10(a). To ensure the correct orientation

of the filn the substrate holder was rotated approximately 4': about

the vertical so that the film plane remains in the same orientation,

with respect to the beam, as it does when taking front surface measulements'

The values of reflectances (R) and (Rr) through the

substrate side for an opaque Ni fílm prepared by electron beam

evaporation and with a Ta205 film by 124.0 nm are shown in Figure

(7.148). The values of the optical constants are shotrn in Figures

(7.ls) and (7.16) .
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The reflectivity of this opaque specimen was also rneasured

fron the other side, i.e. with the light incident in air, and was

found to be almost identical with that of the polished specinen referred

to in Section (7.L .5b). Consequently, the two kinds of specinen were in

very close agreetnent (Figures 7.11,7.LS and 7.16). The real and

imaginary parts of the dielectric constant of either specimen are as

shown in Figure (7.188).

7.1,4 Results and Discussion

The ez curve for Ni films prepared by sputtering and by

evaporation are shown in Figures(7.184) and (7.188). They show a

number of naxina which, like those of the corresponding curves of Ge,

can be attributed to interband transitions. The structures at 0.670

and 0.650 eV appear in E1 curves but are not shown in Figures (7.184

and 7.1Sts). The structure at 0.80 eV which is missing in €z curves

of bulk polycrystalline specinen of Ni and evaporated Ni filns

appearsin the respective reflectance curves.

In Table (7.I2) the energies at which peaks appear are set out.

The first three entries refer to the authorrs olrn result and are very

sinilar to those of Sasov'skaya and Noskov (1971, 1972), obtained by

the procedure of Beattie (1955). Other authors find only a few peaks,

but they are anìong those found in the present work. Thus Llanus et aL

(196S) using the nethod of thernn-nodulated reflectances for Ni films

find peaks at 0.25,0.40 a¡d 1.3 eV; Ehrenreich et aL (1965) find peaks

at 0.3 and 1.4 ev for- electrically etched Ni by the K-K method;

stoll (1970), by the polarimetric method, fincls structures at 2.25,

2.34, 2.I7 and 2.45 eV for polycrystalline Ni

Although there are some differences in our results for films

pr:epared by sputtering and by electron beam evaporation, the latter were
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TABLE 7 .L2

Nunber of optical features in eV observed in Ni

4 5 7 B 96

Tlpe of
Ni

Opaque Ni
filins
prepared by

+ D.R.C.S.

Opaque Ni
filns
prepared by
eva

Bulk
po 1i shed
poly-
crystal line
specimens
of Ni

Poly-
crystal line
specimens
of Ni
(Sasovs'-
ka-ya and
No skorr 197
and 1972)

I 2 3

0.67 0.71 0.85 1.03 L.27

0 .65 0.75 0. B0 I . 03 L .22

1 .50 2.32 2 .53 2.80 3.2L
*

(WK)

2.33 2.60

2.33 2.60

10

(wK) (wK)

3.05

11

3. 80

(l\IK)

3.75
(l1IK)

3.7s
(WK)

a
P
FI-
a
C)

P
c)
t,
o
$r

+

L.40
(WK)

1.40
(WK)

0.65 0.75 0"80 1.03 L.22

0.60 a .71 0 .82 I .05 1 . s5 2.3 2.6

and other features at 0.075, 0.095, 0.135, 0.18, 0.20,0.41, 0.45 and 0'52 eV'

5.05
(WK)

F

(N

/Continued....



TABLE 7.12 Continued. . . .

Type of
Ni

Nurnber of optical features in eV observed in Ni

4 5 6 7 8L23 9 10 11

Ni films
(Hanus et
aL 1967 and
1e6B)

Electrically
etched Ni
(Ehrenreich
et aL 196

A disc of
polycrystalli
Ni (srol1

L970

1.3

other features at 0.25, 0.4 eV

I.4
and others at 0.3 eV

others at 2.L7 , 2.25 and 2.45 e\l

*
(WK) + weak

2.34

H

5
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very close to the lesults for polished bulk material, and include

nost of the features found by SasovS'kaya and Noskov (1971, 1972) in

the range of measurements 0.62 to 4.0 eV. The higher enelgy peak at

2.80 eV, has not been found by other workers, but a peak in this energy

Tange has been fotnd for Co by the writer.

our main conceln at present has been with the applicability

of the method of measurernent that has been used. The consistency of

the results for opaque films and bulk material and the agreement with

the results of Sasovs tkaya and Noskov (1971 , L972) shows that the rnethod

is sor.¡nd in principle.
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7.2 Cobalt

7.2.I Introduction

According to theoretical predictions the densities of states

for all 3d ferronagnetic materials (Fe, Co and Ni) are quite sinilar

within about 3.5 eV of the Ferni surface (Spicer 1966, Figure 7 ,28)'

The energy spectrun of ferromagnetic netals is a conbination of trr¡o band

systems for electrons having spins oriented with and against the

direction of spontaneous magnetization and hence behaves in a conplicated

way. The electronic structure of the ferronagnetic naterials is not

clearly understood yet despite a large number of excellent studies

(Herring 1966, Afanasryeva and Kirillova 1967, Yu and Spicer 1968,

Yu et aL 1968, lomer Lg7L, Bolotin et aL lg7Ð,because of the lack of

experinental infornation about the electronic structure away fron the

Fermi surface. A nunber of investigators (Kírillova and Charikov L964,

Lenham and Treherne 1966, Afanastyeva and Kirillova 1967),have shown that

interband transitions occur in Co beginning fron quanturn energies

0.25 eV and that it has several optical features in the infrarerl regíon.

Yu et aL (1968) observed a series of structures at 3.2, 5.0 and 6.0 eV

in the absorption coefficient while - Irn(e) is snooth and free of

strong structure. Again photoemission investigations of Yu and Spicer

(1963) showed three peaks in the density of states of cobalt at 0,3,

2.4 and 5.2 eV below the Fermi level. Afanas'yeva and Kirillova (L967,

Figure 7.27) observed structures at 0.7 , 0.85, 1.1 and 1.4 eV in the

conductivity curve of polycrystalline specimens of cobalt. In the

present work several absorption peaks were observed in polished specimens

of Co which are almost identical with those of Ni All these are

discussed in detail in Section (7.2.4).
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7 .2.2 Sanple preparat ion and structure of the filns

Polycrystalline specinens of Co (25 x 24 x 2 nn) were

bought from Koch-Light Laboratories Limited and were of 99.998eo

purity. All these specimens were mechanically polished and coated

with Taz0s filn bY sputtering.

No surface roughness v/as observed when these specimens hrere

exanined with a scalning electron microscope (7.1b) which means that if

there l,\¡as any roughness it nust be less than 7.0 to 7.5 nm'

7 .2,3 Det ermination of the optical constants of Co

The reflectances R and Rr for a polycrystalline specinen

of Co before and after coating with a layer of TazOs of thickness

129 nm are sho¡n in Figure (7.2 1). The corresponding optical constants

are shown in Figures (J.ZZ and 7.23). The same precautions as nentioned in

case of Ni were adopted for the measurement of R and Rr. Figures

(7.2 4) and (7.2 5) show a comparison with the result of Afanasryeva and

Kirillova (1967) and Bolotin et aL (L973) who used Beattiers (1955) me.thod

for polycrystalline specinens of Co and of Johnson and Christy (L974)

who used reflection and transrnission measurements with thin films.

7.2.4 Results and discussion

The inaginary part of the dielectric constants (Figure 7.26)

shows structures at 0.75,0.85., I.2, 1.35,2,22and 3.2 eY like those

of the corresponding curves of Ni Some of these features may be

attributed to the sane transitions as those of Ni The first four

absorption.features found by the author are very close to those of

Afanastyeva and Kirillova (1967), rvho fotmd stluctures at 0.7, 0.85,

1.1 and 1.4 eV which are shown in Figure (7.27). The fi.fth absorption
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feature is close to the spectral feature at 2.4 eY found by Yu

and Spicer (1968) who determined the optical density of states(Figure 7.28

(b)J frorn photoemission and opticaL data. The sixth coincides with

the peak at 3.2 eY found by Yu et aL (1968) who detern-ined the

optical constants by using K-K relations.

The optical features of polished specinens of Ni are

compared with those of polished specimens of Co in Tab1e 7 .2L.

TABLE 7.2L

Bulk polished Optical features of the ez curve in eV
polycrystal 1

specinen

Ni 0.6s 0.75 0.80 1.03 L.22 1.4c 2.33 3.05

0.75 0. 85 L .20 1 .55 2 .22 3.20Co

Apparently all the optical structures tuhich are observed

in polished specimens of Ni occur also in polished specinens of Co

up to an energy 3.5 eV , suggesting that Ni and Co have very

sirnilar band structures within about 3.5 eV of the Fermi surface

(Spicer 1966, Yu and Spicer 1968).

0.97
(er)
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7.3 Molybdenurn

7.3.I Introduction

As far as the author is aware no theoretical band structure

of Mo is yet available, although theoretical calculations on band

structure of Cu, Ni and other metals of the Cr-group such as W

and cr have been nade. The optical conductivity curves of

Nomerovannaya et aL (1971) for Cr, lr{o and W are shown in Figure

7.31(c). However the studies of Brandt and Rayners (1963) of the de

I-laas-van Alphen effect in the Cr-group of transition elenents indicate

that the l¡mer nodel (L962, 1964) gives an adequate description of the

Ferni surface of Mo and l{, apart fron possible effects due to spin

orbit splitting. The nodel is less satisfactory for Cr but this

nay be due to the occurlence of antiferloma.gnetic ordering at low

tenperatures. Kapitsa et aL (1969) measured the optical properties of

single crystal Mo using the K-K relations in the range 2 to 10 eV

and conpared their results with Ni as they had no calculations of

theoretical model for band structure of Mo. They remarked that the

ez(hv )2 curve for Mo decreases sharply in the energy range

5 ( hv ( g ev but did not connent on interband transitions; although

their ez(hv )2 and reflecti.vity culves show structures around 4.5

and 2.5 and 4.5 eV respectively. Kirillova et aL (1971) nade

measuïenents on single crystal Mo using Beattiets (1955) polarinetric

nethod and observed structures at 0.75, 0.98, 1.8 a:rd 2.4 eY and sorne

weak structures in the region 0.25 to 0.5 eV, Figures 7,3I(a) and 7.51(b)'

Kress and Lapeyfe (1970) and Kirillova et aL (1967) however nis-sed the
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important structules at 1.8 eV but KirilLova et aL (1967) observed

two peaks at 2.3 and 4.0 eV, and a tlough at 3.0 eV in the curves

of optical conductivity and of e¡ , the real part of the permittivity.

Recent studies by Weaver (L973) also revealed structures at 1.8, 2.35,

and 4.1 eV in the €2 curves of electropolished single-cry-stal Mo

Udoyev et aL (1971) gave an analysis of the optical spectra of the

chromiurn subgroup and mentioned that the sharpest stluctural

characteristics in the optical spectra are caused by direct transitions

at critical points. The results of Mattheiss (1965) for W and Asano

and Yanashita (1967) for Cr also demonstlate that there are many t)'?es

of such transitions, a conbination of which can give rise to observed

spectra. All the absorption features mentioned above except one at

4,2 eY have been observed in the present studies of Mo together with

sone additional features in the infrared region.

7,3,2 Sample plepara tion and structure of the films

opaque Mo filns were pTepared by sputtering and the pieces

of Mo, A (27 dia. x 2 rnm) a.nd B(27 día. x lmn) were polished to a

rnirror finish mechanically. TazOs filns were sputtered on to these

netal specinens.

No surface structure hras revealed when the polished specinens

and opaque filns of Mo were examined with the scanning electron

nicroscope (Figure 7.3a, for polished specínen), i.e. surface roughness

¡nust be less than 7.0 to 7.5 run The replicas of the opaque Mo

filns examined rvith the transmission electron microscope showed a

roughness of the order of 2.5 to 3.0 nn (Figure 7 -3b).
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7.3.3. Determination of the optical constants of I'lc

Tûo pieces of Mo (specirnens A and B) polished in the

sane way had different values of reflectance (Figure 7.3 2) but the

shapes of the reflectivity curves hrere almost identical and the

reflectance and absorption index curves proved to be very similar. The

optical constants of polycrystalline specimens A and B of Mo,

with error bars, are shown in Figures (7.34, for Specirnen A) and

(7.364,for Specinen B) corresponding to the reflectances shown in

Figures Q,33L and 7.33B)respectively. The values of the optical constants

of these two specimens of Mo are shown in Figure (7.368).

The correct and incorrect solutions for the optical constants

corresponding to the reflectances R and R1 for Specimen A are

shown in Figure (7.35) . The incorrect solutions for the absorption

index vary from positive to negative with sharp repeated maxima and

minima whereas the correct solutions are ever¡uhere positive and form a

smoother curve. The behaviour of the r^¡rong solutions for the refractive

index curve are sinilar to the absorption index curve except that they

never have negative values.

The values of the optical constants of the opaque sputtered

Mo films, together with the reflectance curves, are shown in Figure 0.Si).

The authorrs values of the optical constants of Mo (Specimen

B) are conpared with those of other workers in Figures (7.584) and

(7.388). Generally the absorption index curves are in good agreement,

but the refractive index curve of Kirillova et aL (L97I) for single

crystal Mo shows some features in the infrared region which do not

occur in the writerrs cuxve for polycrystalline material.
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7.3.4 Results and discussion

The inaginary part of the dielectric consta.nt, e2 of polished

specinens of molybdenum shols structures (Figure 7,39I.) at 0.75, 0.85,

1.0, L.2, I.4, 1.55, 1.85, 2.15 eV and perhaps one arormd 3.6 eV.

There is a wide trough around 5.0 eV as nentioned by Kirillova et aL

(1967). The structures at 0.75, 0.85, 1.85 and 2.15 eV are close to

those of Kirillova et aL (I97T, Figure 7.3I) for single-crystal Mo.

Some of these spectral features are also close to those of Weaver (L973,

Section 7.3.L) and the one at 2.15 eV is very close to the 2.2 eY

structure of Kress and Lapeyre (1970) who rneasured reflectances and used

the K-K relations. Opaque lr{o films prepared by sputteríng showed

si¡nilar structures with sma11 variations (Figures 7.39Aand 7.3.()B),

although there are differences which are due to the degree of crystalline

perfection (see Section 7.3.Ð. The structures of polished specimens

of Mo have sorne similarities with Ni (see Section 7.1), but it is

not possible to provide any interpretation of all these spectral features

since there are no theoretical band structures for Mo available.
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7.4 Conclusions

From the results of measurements on polished specimens of

Ni, Co and Mo and opaque filrns of Ni and Mo it appears that

the nethod of deternining optical constants by applying a thin filn of

Taz0s to the specimens is a satisfactory procedure for photon energies

up to 4.0 eV. To extend this range to higher energies, the K-K nethod

could be used together rvith direct measurements in the low energy range

a¡rd the proposed inprovenents in the extrapolation procedures which has

been discussed. The results of nìeasurements of optical properties depend

a good deal upon the nature of the specimens and methods of preparation,

and there is room for further stucly of factors affecting the optical

constants. Nevertheless the principal spectral features as shown,

for example, in the e2 curves are closely sinilar for the different

specimens used.

Because the nethod of measurement used involves the quantities
I + R 1 + Rr
ffi and ffi , it becomes inaccurate at low photon energies where

the reflectivities of the netals tend to unity. This will linit the

longer wavelength range but considerable inprovement in the accuracy of

the apparatus is possíb1e and the spectrophotometer will be rebuilt as a

nore reliable mechanical and optical system. The present manual

operation of the equipment is very tirne consurning and automation of the

spectrophotometer is contenplated. This would have the advantages of

greatly reducing the tine taken for any one set of neasurements over the

entire wavelength range and therefore nake possible the study of many

more specimens in a reasonable tirne.
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ADDENDUM

Errors of measurement

The error bars shown in the figures of this thesis lepTesent

extreme systematic errors calculated as described by Denton et aL (L972).

In the case of a single layer on a substrate the extrene eÏror was found

to be given bY

anr ðnl

a(
1+Rr

Tr

+
ðnr
âdr

Adr +

^(+P)
¡cÏPr I+

)

1ffr", I lþnt, I

ð,nr 
^ 

1

ã1- ^^+ +

with a similar exPression for Äkr.

ForatlanspalentsubstratetheterminAkzdoesnotoccurand

the one in AÀ is negligible since the wavelength nny be set more accuT'ately

than any of the other quantities may be, measured'

where the error calculated in this way becomes large this first

order eïroï formula is inadequate and overestimates the error (Denton et aL),

a conclusion supported by sone direct nurnerical calculations of changes in n '

due to changes in the other parameters.

These error bars show clearly the energy regions where large

systenatic erro1.s could occuI,. By using films of different thicknesses these

regions rnay be displaced so that accuTate values colresponding to the smaller

eïroÎ bars rnay be obtained over the whole range. Then, bearing in nind that

the errors in R and T are randon errors rather than systematic, direct

calculation of errors for possible conbinations of signs of R and T suggest

an overall accuracy of about 2% in n and k. The detailed points plotted

in the graphs of VE[- against E (Figs. 5.11 to 3.16) are consistent with

such an estinate and lead to reliable estimates of energy gap paraneters'
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In the case of the measurements on metals sinilar considerations

apply to the estination of errors, except that as explained in the text

the errors became large as R -> 1. In consequence one cannot have much

confidence in attaching significance to apparent features of the curves

for n, k, E1 and Ez at the longer wavelengths. For shorter wavelengths

when R and Rt are less than 0.6 or so, the errors are sinilar to those

for the Ge films, and valid deductions rnay be drawn from features of

the experinental curves.

It is again erphasised that the apparatus needs to be rebuilt to

improve accuracy and to increase the ease of making large numbers of

measurements to allow proper statistical treatment of errors.
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APPENDIX A

OPTICAL PROPERTIES OF STEARIC ACID (CHg(CHz)I6 C00H)

A-1 Introduction

For both practical and scientific reasons research workers

(Jacobs et aL 1954, Francis and Ellison 1959, Tweet 1963, Sperling and

Ke 1966, Tomar and Srivastava L972, I973, Strickland L973, Hong 1973,

Natho L973, Clint L973, Agarrval and Ichijo L977) have been studying

insoluble nonolayers for many years. Langnuir and Blodgett (1937)

filns are of potential importance in the current developrnent of thin

filn tecþnique. Because of thej.r known and controllable thickness they

can be used for rnaking dielectric devices and interference filters.

Monolayers are very useful for controlling evaporation and also an

irnportant factor for the synthesis of molecular aggregates of planned

order.

It was thought worthrvhile to apply the nethods used for the

study of the optical properties of thin films of semiconductors to films

consisting of rmrltilayers prepared by the Langmuir-Blodgett technique

since these ordered structures night possibly show semiconducting

properties. As this lrork has not procedded very far only a brief

account is given in this aPPendix.

A-2 Preparation of Mono and Mu1 ti-lavers of stearic acid bY

the Langmui r and Blodgctt tecl'rnique

To prepare a monol ayer a trough was filled to the brin rùith

distillecl water. A waxed silk thread (T) was attached by cleaned ntetal

clips (P) to the edges of the trough as shown in Figure (4.1). 4tr1- the

experimental- work r:elating to monolayers was done in a clean airconditioned
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roon to ninirnise airborne contamj.nation. Just before spreading the

filn, the surface of the water was cleaned two or three times by

sweeping a strip of glass (not shown in Figure 4.1) over the surface

to renove any floating material. Next , a known weight of stearic acid

(0.094 gns) was dissolved in 10 nl of the volatile non-polar solvent

benzene and 0.1 nl of this solution was delivered fron a micropipette

on to cleaned water surface near A in the trough. After allowing

ti¡ne for spreading the waxed thread was fastened to the eclges of the

trough by srnall clips (a). Now a small drop of castor oil which exerts

a pressure of 17 dynes/cm was placed near C

In order to collect the films on only one side of the quartz

wedges which were used as substrates, two of the wedges were placed

back to back and the edges bound with tape. In this way two substrates

r,Iith films could be prepared in one operation. A good estinate of

thickness was made by considering the thickness of a rnonolayer of 2 -3 nm

following Blodgett (1935). To collect nultilayers the quartz substrate

was dipped into the water and withdrawn the required number of times

near A During the p::ocess of deposition of each nonolayer the thread

noves forward through an area equal to the total area of both the

surfaces of the wedges. A nechanical device was made for lowering the

substrate into the h¡ater and withdrawing it. The layers were deposited

at a rate of 16 to 30 layers per ninute. Depending on the age of the

solution of stearic acid X or Y type films were formed which can be

readily observed fron the movement of the waxed thread. After collecting

the nultilayers of the desirecl thickness the substrate lvas dried and

the wedges \{ere sepa.rated.
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A-3 Preparation of stearic acid filns by evaporation

The deposition of thin films of stearic acid was carried out

by evaporation in a vacuum follorving the method of Baker (1971). The

appalatus used was essentially that described in Chapter 2, but as

the nelting point of stearic acid is 74" C evaporation occurred at

quite lot^r tenperatules. The evaporation rate was 0.02I nn/sec and

the pressure during evaporation rvas 4 x 10-s Torr.

A.-4 The optical proìrerties of stearic acid

Stearic acid filns of thickness 100 to 400 run were

deposited on quartz by the Langrnuir and Blodgett technique (1937)

and the optical constants were deternined by normal incidence reflectance

and transnittance measurenents. These films show no colours, and this

is due to the very small difference in the refractive indices of the

filn and the substrate. The reflectance is very snall and correspondingly

the transnúttance is high, since the films are transparent in the region

400 to 2000 nn. (Figures 4.3 to 4.6). At shorter wavelengths sone

absorption could be detected.

For non-absorbing films it nay be shown by using the folmulae

for R+I
T

and Li3 thar if nz ) nr ) no

R
max

RÍl1n

2

A-1

^-2

where îz is the refractive index of the substrate

nl is the refractive index of the filn

ne is the refractive index of the air.



1.0

02.

C

x
t¡Joz
t¡J

t-(J

oa
lJ.
LtJ
æ.

rl
LO

Þ
N.)

2000 1500 1000 700
WAVELENGTH

600
lN nm

500 ¿00 300 200

L

2.

l. Ta205 f Itm.

2. 7rO2 f itm t Khawaja, 1975a)

3. Ftint substrate.

4. Ouartz



I 0.05

0.02

5
IJJ
c)z
l-
(J
t¡J
J
l!
UJÉ

0.03

'9

.8

0

0

?
=trJ
(J
z.
l-
F

=(/')z
É.
F

fr.
ç
Þ
(^)

0€
2000 1500 1000 500 ¿00 300700 600

WAVELENGTH lN nm

StearicAci¿ titm deposited by Langmuir and Btodgett technique

dl = 
'l 14 layers.



2

fi.
LO

¡-

55
><
ttJ
O
z.

t!

t-(J

É.
u-
IJÉ

0

0'5

0

l<

x
t¡J
O

=z
9
t-
o-
É.o
Ø
(D

0.0¿

2

700 600
WAVELENGTH lN nm

Stearic Acid f itm deposited by Langmuir and Btodgett technique.

d1 : ll4 tayers.

n

k

2000 I 500 r000 500 ¿00 300



Stearic Acid evaporated fitm. dl :95nm

Tm

R

6

0.02

1.0

0.8

0'7
2000

€
UJ(Jz
É 0's
t-

=U'
z.
É.
F

fi.
q3

Þ
(tl

g
IJ
L)z
F
O
lrjJ
lJ.
IJ
É.

1500 t000 500 ¿00 300700 600
WAVELENGTH lN nm



9 
V

'6
IJ

o ()

R
E

F
R

A
C

T
IV

E
 I

N
D

E
X

 (
n)

(¡
f\)

cl
flJ o o c) r¡ o o o o o

Íë -Þ
o

m f- m z. G
.r -l - -O

l
zo to 3

(, o o r- o o (À
, o o

o o N
'

A
B

S
O

R
P

T
IO

N
 I

N
D

E
X

 (
K

)

o



717

For the accurate measurement of R it is desirable to

have rr2: the refractive index of the substrate as large as possible.

For this reason substrates of flint glass, Ðd of evaporated layers

of Ta205 or Zt}z on quaTtz were used. The dispersion curves of

these rnaterials are shown in Figure (^.2). Absorption in these

naterials in the u.v. limits the lorv wavelength lirÉt of measurement.

A-5 Results

' 
Measurements on rnultilayer films and evaporated films

deposited on various substrates showed no detectable absorption in the

range from 2000 to 400 nrn Typical dispersion curves are shown in

Figures (4,4) and (4"6) corresponding to the reflectance and transnittance

curves as shown in Figures (4,3) and (4.5) respectively. Beyond 400 nn

absorption could be detected but was very small and it appears that

any significant absorption in stearic acid occurs beyond the range of

our apparatus. There is no significant difference in the optical

properties of nultilayer films and evaporated filns'
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APPENDIX B

SOME DETAILS OF KRAMERS-KRONIG CALCULATIONS

B-1 solutions of equations for curve fitting by Least squares

method for two arbitrary pararneters using extrapolation formula III.

It is necessary to consider the equations of the forn

.ti rpr +azf;r I-ppr B-1

and 2

=2fpp2IàZIpt t

rptr
p

3 rorrpz 
B 

forpr
2>r-

DDI>f r ^ppÞ¿
and

-I ^ = ) fpLp¿ p

u'Ë

âl =

ã2=

p2

>II

+ sr
p

>I I
1 2

r I
a

B-2

B-3

B-4

B-5

B-6

prp2

which give

where Ipn

where

I

p1 p2

2

r

z
p I (2 Ip

2

p2)

i tnr' ì tpr"

2m-I

2m

p) rpt trz)'

3

2

(

1æ¡s
T m=l

o* *p

As explained in ChaPter 4.

Now 'Íto x denoninator of equations (B-3) and (B-4)

= B 
(rä, nr, *n"-tr' Ë Çä, Ar, *n2'-1)'

B rä1 At' *n"-t,nì, A,n' *n2t-1)'

(*?1 Anr xn

22

-t)' = (Art *n * 6zr xp * 43r xp

Arr *p + 2 A.tt Art xp + (Az t + 2 Arr A¡r) *p

5 2

+ --- )

4 6

+

B-7
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2m-I12= (Arz xn + Ãzz

22

3

4

5 2

and (Ë Anz xp
*p *43zxp + )

m= I

Arz *p + 2 Atz 422 xp

2 6

+ (Ãzz + 2 A.tz Atz) *p +

+ )

B-8

B-9

+

B -10

and

^1, 
orl *n"-t ,nE, 

o*, *n"-t

(Arr xn + Azr xn * ¡ar xp
3

3

5

5

x(Arz xn + Azz xn * ¡az xp + )

A¡ 1 Alz xn (Arr Azz + A¡2 A2¡) *p
4

+

6

+ (Arz Asr + Az t Lzz + Asz Ar r) .p +

Now putting the values of equations (B-7, B-B and B-9) in equation
4

(g-0),we get fi x denorninator

4

4

2

2

622

i (Art *p + ZA'tr Azr xp (Azr + 2A.¡r Agr) *p+ )

)
22

x f; (Arz *p + 2Ar z Ãzz x, + (Ãzz + 2{'tz Agz)
6

x+
p

24
[ä (Art Arz xp + Ar¡ Ãzz + Arz Azr) .p

6

(412 431 + At r Asz + A'zt Ãzz) *p
a

+

6

- Xo --- etc.

5

x = Fs --- etc.
p

)+

Now let us suppose

42

p p
x -Xz >x

p
Ex =X+pp

prsl
p,x

pp

?

rand p
Fg
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E

-Xs s
p

10
x XroÐxppNow neglecting the

p
s
p

4

t etc.
p

7 9

and Í x
p

Fz

Then î x denoninator after sinplification

, ? f -X-- = Fs ---- etc, being very small.'p pp

2 2

(Ar r Azz - Ar z Ãzt) (XzXe X,* )

3

and T x numerator of equation (B-4)

Arr (Azz Art - Azr Alz) (FsXz - FrX+)

- fi Arr (F3Xz - FrX+)
B-1 1

B-I2

B-1 3

B-14

it is seen that the ratio of the

Therefore ã2 =

and âI=

A2

âl

(Azr Arz - Azz Arr) (XzXo - X+2)

n Ar.z (F sXz - F r X¡+)

(Azr Arz - Azz Ar¡)(XzXe - X+')

Now from the equations (B-11) and (B-12) it was observed that the

values of âr and ã2 are of the orcler of ;t (same as that of

direct nethod as explained in Section (4.3.4) and the ratio of

Atr
Arz - 1.5

Similarly it can be proved that in the extrapolation formula f,
I e 2m+1where tpr, = - ñ,nlo o* *n

The values of Ét1 and àz are of the order of ;t and the ratio of

Az
al

Aor
Aoz - 1.5

Fron equations (B-15) and (B-14)

two consecutive arbitraty pararneters,

Least Squares nethod is used for all

II and III.

Some details of

extrapolation formulae I,

l-.e t is the sane if

three extrapolation formulae I,

Rrs and 0rs calculated by using

II and III for different sets of arbitraiy

a2
a3
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parameters including the values of 0rs of Tornlin et aL (1976) and

Philipp and Ehrenreich (1965), are given as follows in tabular form'

TABLE B-1

Extrapolated Reflectances for Ez = 10 eV

E

in eV

RrIRr RIII Rnniripp

11

L2

13

L4

15

16

L7

1B

19

20

25

30

40

50

100

1000

0.27L0

a..2250

0. 1836

0.1524

o.L273

0.1071

0. 0 907

0,0772

0.0662

0.0571

0.0294

0. 0168

0. 0068

0.0033

0.38 x
0.25 x

0.2632

0,2024

0. 15 39

0.rL73

0.0901

0.0701

0. 0ss2

0.044L

0.03s7

0.0292

0. 0128

0.0069

0.0030

0.0017

0.54 x

0.17 x

0.2716

0.2244

0.1865

0. 1s61

0.L3r2

0.1110

0.0945

0.0809

0. 06 96

0.0601

0.0310

0.0L74

0. 0067

0.0031

0.25 x
0.31 x

0.285 I
0.2394

0.2013

0.1665

0.L327

0.L023

0.0713

0.0446

0.02 56

0.0169

0.0123

0 . 0100

0.0216

0.0r73
0.43 x
0.17 x

10-3

10- 6

10- 3

10- 3

1 0-3

10- 7

10- 2

10- 6

Ez=15eV

16

L7

1B

19

20

25

30

40

50

100

1 000

0.1087

0. 0B 99

0.0745

0.0628

0.0531

0. 0250

0.0133

0.0048

0.0022

0.17 x
0.40 x

0 .L07 3

0. 0860

0.0687

0. 0550

0.0442

0.0166

0. 0075

0.0024

0. 001 I
0.2L x
0.36 x

0. 108 9

o.0976

0. 0754

0.0635

0.0539

0.0260

0.0141

0. 0052

0.0023

0.18 x
0.2L x

-a10 "

10- i'

0,1023

0.0713

0.0446

0. 0256

0.0169

0.0L23

0.0105

0.0216

0.0173

0.43 x
C.17 x

lo-3

10- 7

10- 3

1 0-4

10- 2

l0- 6
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TABLE B-2

ANGLE IN RADIANS

BY LEAST SQUARES N{ETI-IOD FOR Ez = 10 eV

E.

in ev
0r

âo= 1 .9952
âr= 1 .079L

orr
âr= 1.9952
ãz= 5.7151

otrr
ar=-.2.0048
àz= - 0.2597

exp
oRhi-tipp0

1.8

2.0

2.r
2.2

2.25

2.4

2.6

2,8

5.0

3.2

3.4

3.6

5.8

3.9

4.0

4.L

4.2

4.4

4.6
4.8

5.0

0.92e2

0.0530

0.0835

0 .1209

0.1560

0 .1790

0.2070

0 .2180

0 .2083

0.2148

0.2332

o .2500

0.2653

0.2738

0 .2934

0.2828

0.2956

0 .3661

0.4672

0.52s1

0 .s7 32

0.0355

0.0600

o .0906

0.L282

0.1456

0.1871

0.2168

0 .2274

0.2183

0 .2257

0.2447

0.2627

0 .2881

0 .2870

0.3025

0.2966

0 .3097

0 .3810

0.4826

0.5438

0.5894

0.0601

0.0984

0. 1 356

0.1586

0.1 760

0.7943

0.206I
0.2103

0.2L96

0.2224

0.2283

0.244s

0 .27 33

0.3302

0. 5295

0. 01 30

0.0328

0. 0609

0.1032

0.0550

0.0600

0 .0903

0 . 1281

0.1432

0 .1867

0.2L56

0.2284

0.2L83

0.2256

0.2449

0.2626

0 .2787

0 .2875

0 .276L

0.2976

0.3107

0.3822

0.4844

0.5433

0.5923

0.ls57
0.1832

0 . 1911

0.1834

0. 1879

0.2040

0. 2190

0.233L

0.2404

0.245r
0.2486

0.2609

0.3674

0.4262

0.4867

0.5308
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TABLE B-3

ANGLE IN RADIANS

BY LEAST SQUARES I'{ETHOD FOR Ez = 15 eV

.E

in eV
e
I

ão= 3.052L
âr= 0 .5334

0
II

ãr= 3.0521
ãz= 5.3690

e
III

aL = -0.9480
ãz = -0.2169

e
exp Phi I ippe

1.8

2.0

2.r

2.2

2.25

2.4

2.6

2.8

3.0

3.2

3,4

3.6

5.8

3.9

4.0

4.r

4,2

4.4

4.6

4.8

5.0

0.04L2

0.0678

0.0992

0.1369

0.I473

0 .L97 6

0.2260

0.2357

0.230L

0.247r

0.2636

0.2722

0.2930

0.3020

0. 3081

0.3120

0.s260

0.3979

0.5006

0.s627

0.6 094

0.0560

0.062L

0.0931

0.1306

0.1408

0.1853

0. 2186

0.2277

0.2369

0.2290

0.2443

0. 2596

0.2824

0.2922

0.302r

0.30L2

0.3143

0. 385 7

0.4879

0.5489

0.5956

0.0412

0.0679

0.0994

0. 1370

0.L473

0. I 915

0.2260

0.2358

0.2222

0. 2380

0.2479

0.2723

0.2932

0.302L

0.3082

0.3L28

0.3260

0.3990

0.5050

0.5638

0 .6095

0.0601

0.0984

0.1356

0. 1586

0. 1 760

0 .1 943

0.206I

0.2L03

0.2196

0.2224

0.2283

0.2445

0.27 3s

0.0130

0.0328

0.0609

0.1032

o.3302

0.3295

0.1557

O,LB32

0. 1911

0. 1834

0. 1879

0.2040

0. 2190

0.233r

0.2404

0.245r

0.2486

0. 2609

0.s674

0.4262

0.4867

0.5 308
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TABLE 8.4

ANGLE IN RADIANS

E

in eV
exp

0,

Direct method for ¡, = l0 eV

e0
III III

(ar = - 2.0048 (ar = -2.0048
a2=-0.7140)a2=-509.6

ag = 681.6)

Least Squares Method
for Ez = 15 eV

0. III
(ar = - 0.9480
a2 = - LI43.4
ag = 1526.5)

1.8

2.0

2.L

2.2s

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

4.0

0. 0601

0. 0984

0. 1356

0.1 760

0.1945

0.206L

0.2L03

0.2t96

0.2224

0.2283

0.2445

0.2733

0.3302

0.0266

0.0485

0. 0783

0.1327

0.L775

0,2032

0.2L39

0.2038

0.2I0L

0.228r

0.2445

0. 2695

0.3828

0. 0601

0.0974

0.1 148

0. 1669

0.2088

0.2344

0.2418

0.2332

0.2272

o.2377

0.2445

0. 338 9

0.4559

0.0557

0.0802

0.7243

0.1s49

0.1961

0.2320

0 .2 385

0.2230

0.2380

0.24L0

0.2s79

0.2698

0.2688
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The corrections of the conplicated double layer equations

rnay be checked by showing that they reduce to the single layer equations

when dz = 0 The double layer equations are

or - 2no Ì+fti oz=o c-l

and

(no' + nr2) Fr + (no2 - nr2) Fz - 8nen12i+++ì ôz = 0 c-2

as explained in Section 5"3 of Chapter 5.

On putting dz = 0

0l = (n02 ¡ rrz2 ¡ kz') (nz" ¡ û32 * kz'* k¡')

+ (no2 - Ít22 - kz) (nz'- n32 + kz'- kst)

2no2(1122 ¡ kz'¡ + 2(nz2 + kz2) (ns' + ka2)

= 2(nz2 + kz2) (no'* n32 + ks') C-5

APPENI]IX C

CONVERSION OF DOUBLE I,AYER EQUATIONS

TO SINGLE LAYER EQUATIONS WHEN dZ = O

þz 2nz (nzn s + kzk g) 2kz (nzka - nskz)

2ns (nz' +

4 (nz" kz') kgt )

c-4

c-5

kz2 )

+ +

4 (nz' + kz') { (ttt' n 2
3 ks') cos 2Yt + 2n1k3sin2y1 ]

c-6

F1
2

3n+(n r'

and

Fz

Putting the values of 0r

we get

, 0z F1 and Fz in equations (C-L and C-2),
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(1 + Rr)
(1 - Rr)

or R¡

no2 a D32 + ks
2nano

and 4nonr2", ffiÌ

c-7

(nr' .¡ û32 * kg')(no' + nr2)

+ (no '- ttt') { (n r' n3 k32)cos2y1

+ 2n1k3 sin2yl ]

(1 + R2) I [ (no' + (n r' +n + k¡')OT (1 - Rz) 4nsn¡zn3

+ (no2 - nt2) { (nr' - ng2 - ka')cos2Y1

+2n1k3sin2y1 ]l C-8

The equations (C-7) and (C-B) which are free of rLz and kz are

equivalent to the single layet equations.

nr2 )
2

3
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