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CHAPTER I

GENERAL INTRODUCTION

A. IHIN FILMS

It has been recognised for many years that vacuum
deposition can play an important part in the manufacture
of electronic components. Vacuum metallised paper and plastic
foils have been used for several years in the production of.
rolled foil capacitors and evaporated selenium films are
commonly used in the manufacture of selenium rectifiers.
Vacuum deposition has also been used extensively for making
ultra-clean metallic coatings to a wide range of components,
including cathode ray tube screens, quartz crystal oscillators;
transistors and diodes., High quality thin film dielectrics
are also required by the electronic industry for use in
capacitors and in field effect devices. Electrical,
mechanical, optical, ferromagnetie, superconducting and
other properties of solids achieved new dimensions as a
result of their investigations in thin film forms. Intensive
regsearches in these fieldshave been rewarded in the form
of useful inventions such as a variety of active and passive

microminiaturised components and devices, solar cells,



magnetic ﬁemory devices, bolometers, interference
filters, reflection and antireflection coatings and
many others, ‘

An ideal thin film is generally regarded as
bounded by two parallel planes extended infinitely in
two directions, but restricted along the third direction
(1.e. thickness) which is perpendicular to the other two,
The thickness may vary from one atomic layer to several
thousand angstroms. A multitude of techniques have been
developed to prepare polycrystalline and nearly single-
crystalline films of all types of materials., The various
deposition techniques are primarily (i) thermal evaporation
by resistive, electron bombardment and laser heating,
(ii) sputtering by means of glow discharge, r.f. and ion
beams and (iil) vapor deposition by a variety of chemical
reactions, It is desirable to control the growth and
thickness of thin films by directly monitoring the
properties for which they are being deposited. The different
techniques of monitoring are microbalance techniques, quartz
crystal monitors, optical and electrical methods and

ionigzation monitors.

The growth of a vapor-deposited film consists of
a statistical process of nucleation of the vapor atoms,

adsorption and sticking of nuclei to the substrate,



surface migration, surface diffusion, controlled growth

of the three dimensional nuclei and the formation of a

network structure and its subsequent filling. The most
characteristic stage is the liquid~like coslescence of the
nuclei to form the network structure. The growth of thin
films are influenced by the deposition parameters such as,
rate of deposition and substrate temperature, According to
Pashley et al. (1964), the growth of a thin film may be
visualised by the following stages: (i) nucleation and

island structure, (i1ii) coalescence of the islands, (iii) growth
of the islands to form a continuous network structure in which
the deposited material is separated by long, irregular and
narrow channels and (iv) a continuous film formed by the

bridging of these channels.

Several micro-analyticual techniques have been used
to determine the composition and microstructure of thin
films, Electron diffraction and electron microscopy are
now responsible for much of the understanding of the structure
of thin films. Pashley (1959), idathews (1959), Philips (1960)
and many other workers have already shown the presence of
many defects viz., dislocations, stacking faults, voids, '
impurities, etc. in the deposited films. These defects play
a dominant role in the electrical (iayer, 1959), dielectric
(Weaver, 1962; Harrop and Wanklyn, 1965), optical (Heavens,1955)

and other properties of thin films. Besides, the physical
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properties of thin films are sensitive to their structure
and deposition parameters. Eventhough extensive works have
been carried out on the above properties for the bulk
materials (Shockley, 1950; Smyth, 1955; Frohlich, 1958;
Moss, 1959; Kittel, 1966) it is only recently that special
interests have been taken for the study of thin films
properties. (Heavens, 1955; Holland, 1958; Axelrod, 1968;
Chopra, 1969; Vratny, 1959; Maissel and Glang, 1970). Our
interest in the present investigations would be mostly on
dielectric, electrical and opticzl properties of vacuum
deposited films., In the following sections, the general

theories for these have briefly been accounted.

B, DIELECTRIC PROPERTIES

Interest in the study of dielectric materials arbse
from the practical need of insulators aad with the advent of
microelectronics in recent years. The properties of these
materials have been studied more closely for their increasing
practical demands in both active and passive circuits.
Dielectric properties, such as storage of electrical and
magnetic energy are observed for solids as well as for liquids
and gases. However, in the present investigations we shall
restriet the work mainly to solids having resistivity ranging

from 104 - 1013 ohm cm or greater, particularly in the form

of thin films,
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(1) General theory of dielectriecs

A capacitor is a device capable of storing electric
charge and consists of two conducting electrodes separated
by a dielectric., If two parallel plates of area A, separated
by a distance 4 apart in vacuuo are charged by a surface
density g, one plate being positive and other negative,
then the homogeneous electric field between the plates E
is equal to

E =4Tq =D esu eee (I-1)

where D is the electric displacement or flux density.
The potential difference between the plates is given by
V = E. 4 ceo (I-2)

From the well known Maxwell's equation,
D = €E veo (I-3)

where € is the permittivity of the medium. Then

€ = D/E = Q/A = Cd/A farads/metre
V7d

where Q is the total charge and C 1s the capacitance.
The magnitude of C is given by

¢ = €€54/4 farads ees (I=4)

where € is the relative permittivity or dielectric
-12
coustant of the medium and €, (8.85 x 10 farads/metre)

is the permittivity of vacuunm,



When a dielectric is subjected to an alternating
field E = E, Coswt, the polarisation P and also the
displacement D varies periodically with time, but D lags
behind in phase relative to E so that the eqn. (I-3) becomes,

D = D, Cos (wt-8) = D1 Cos wt + Do Sin wt

where &6 is the phase angle. Then,
Dy = D, Cos & and Dy = D, Sin & eos  (I-5)
For most dielectiries D, is proportional to E,, but

the ratio D,/E, is generally frequency dependent. Hence,

we introduce two frequency dependent dielectric constants viz.,

?
€ (0) =Dy/D, = (D,/E,) Cos & .o. (I-6a)
" ot
e" (®) = Dy/B, = (D,/E,) Sin & oo (I-6D)
These two can be conveniently expressed by a single complex
dielectric constant €" where

e” =¢ - j€ cee  (I=7)

From I-6a and I-6b,

tan & = €'/¢" eo. (1-8)
where tan & is the loss tangent or dissipation factor.
If I is the loss current due to the resistance R of the

medium and I, is the charging current of the capacitor,

then tan & is also given by

tan & = I1/1, vee (1-9)



(ii) Polarisation

A dielectric material increases the storage capacity
of a capacitor by neutralising some of the free charges at
the electrodes which would otherwise contribute to the
external field. This phenomenon is known as dielectric

polarisation. Polarisation can be written in vector form as

D =€, E + P (for vacuum)

where P is the dipole moment per unit volume of the

material, For a material of relative dielectric constant €,

P = €, (e-1) E ees (I-10)

Also P = N g vee (I-11)

where [ is the average displacement of the elementary

particles, which is assumed to be proportional to the
local electric field strength E' that acts on the

particle, Then,

o= <& , cee (I-12)
where « ig the polarisability of the dipole, Thus the

relation

P = €, (6~1) E = N«E' ve.  (I-13)

known as the Clausius equation, links the macroscopiecally
measured permittivity to three molecular parameters, viz.,

'
N, « and E .



The total polarisability « of a dielectric material
is the sum of four polarisabilities viz., electronic («g),
atomic (X,), orientational or dipolar («z) and space charge

or interfacial (xs). Thus,
« = £, + xa + g+ xs
The polarisability « is defined in terms of dipole moment

and its magnitude is a measure of the extend to which electric

dipoles are formed by the atoms or molecules.

The electronic polarisation arises from the displacement

of the negative electron clouds with respect to the positive
atomic nuclei. At optical frequencies, the high frequency
dielectric constant is equal to the square of the refractive
index (n2). When atoms of different types form molecules,

a palr of atoms form a dipole and if a field is applied, the
atoms are displaced with respect to each other, thus giving

rise to atomic polarigation. In ionic crystals, displacement

of ions take place giving rise to ionic polarisation. In

general, solids containing more than one type of atoms, but
having no permanent dipoles exhibit ionic polarisation. The
atoms form a dipole and the asymmetric charge distribution
between the opposite atoms give rise to permanent dipole
moments which exist also in the absence of the applied field.
such dipoles experlence a torque (rotation of the pair about

an axis through the line joining them) in the applied field



that tends to orient them in the field direction, thus

giving rise to orientational polarisation. In real crystals

and more so in thin films (Sutton, 1964; Argall and

Jonscher, 1968) there exists a large number of defects. Under
the influence of an applied field the charges (ions or electroné
migrate through the material and get trapped or accumulated

at such defects or at the electrode-dielectric interface.

This localised accumulation of charges induces an image

charge on the electrode and give rise to a dipole moment,

This mechanism is known as interfacial polgrisation.

(iii) Frequency behaviour of tan & in thin films

The dependence of tan & with frequency is much
significant, DPeaks in tan &6 have been observed at various
frequency regions depending on the polariszstion present,
Several models have been put forward to explain these behaviour;
Initially it was assumed that such a loss in dielectric arises
due to pinholes in the deposited films., But this assumption
has been rejected by Harrop and Campbell (1968) on the ground
that tan & shows some correlation with forbidden energy gap
of the dielectric. Young (1961) suggested that the losses
are due to an exponential variation of conductivity through
the thickness of the film. Simmons and co-workers (1970)
have been able to explain the ac behaviour of vacuum deposited

highly doped MoOz films. In their model they assumed the
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\
presence of an additioﬁ;capacitance due to Schottky
barriers at the electrode - dielectric interfaces which

is in series with the interior capacitance,

Recent invegstigations on ac properties of thin
film capacitors of oxides (Siddal, 1959-60; Gaffee, 1962;
Maddocks and Thun, 1962; Hirosa and Wada, 1964; icLean, 1961;
Harrop and Wanklyn, 1964) halides (Weaver, 1962; iMacFarlane
and Weaver, 1966) , sulphides (Chopra, 1965) etc. showed
pronounced loss peaks or loss minima in the frequency
dependent loss factor curves. Goswami and Goswamni (1973)
suggested a model for the general ac behaviour of vacuum
deposited thin film capacitors which accounts for the tan §
minima in the frequency spectra. In the above model, a
capacitor system has been sssumed to comprise (i) an inherent
capacity element C unaffected by frequency f and temperature,
(ii) a discrete resistance element R due to the dielectric
film in parallel with C and (iii) a series resistance r
due to the leads, The variation of R with temperature
is given by

R = R, exp (AE/xT) veo (I-14)

where AE is the activation energy. The series capacitance
and tan &6 are given by

0. = 1+02R2%0%/ o RZC ... (I~15)

8

tan & = 1/ wRC + r/wR°C + wrC ... (I~16)



A loss minimum will be observed at frequency given by

| 1/2
Opip = (1/rRC7) / ees (I-17)

The increase of tan & at higher frequencles is
due to the lead resistance. It is seen from eqn. (I~17)
that when temperature is lowered, R will increase and wyj,
will also be lowered at lower temperatures. Thus Ppin will
shift to lower frequencies at lower temperatures and vice versa

It is also possible to calculate the activation energy
from capacitance and resistance measurements. Accordiny to
Simmons et al., (1970), capacitance vs log ® curves at different

temperatures have exactly the same functional form. Hence,

-

C function of (wR)

S

]

function of (wRy, exp AE/kT)
Also for any constant capacitance,

wR = A vee (I"' 18)

where A is a constant whose magnitude depends on the
particular value of capacitance., From eqns. (I-14) and

(I-18) we have,

o exp (- AE/KT) ees (I-19)

w=AR

Thus plotting log w or log f (w = 2T £f) vs 1/T

for any constant capacitance, results in a linear plot
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of slope - AE/k., Hence from this plot AE can be evaluated,
The same can also be estimated from the slope of the graph
log R vs 1/T (eqn. I-14).

(iv) Breakdown voltage and dielectric field strength

The application of a capacitor in a circuit mainly
depends on its breakdown voltage (Vy) and breakdown field
strength (Fb). In dielectric breakdown, a capacitor discharges
initially with a strong current pulse of short duration,
emisgion of light and localized destruction of the dielectric.
Extensive works have been reported on dielectric breakdown
in thin films (Frohlich, 193¥; Von Hippel, 1949; Callen, 1949;
Seitz, 1949; O'Dwyer, 1967; Klein 1966; 1967). Some of the
mechanisms which may cause such a breakdown are (i) electron
avalanching by impact ionisation of the lattice, (ii) collectiv
breakdown by electron - electron interaction, (iii) breakdown
from ionic transport (iv) Joule heating breakdown etec.
Theoretical predictions are more easily compared with
experiments by the breakdown mechanism suggested by Forlani
and Minnaja (1964), They used an avalanche approach along
with the explicit assumption of tunnel emission at the
cathode., This model leads to a thickness dependence of

breakdown field for thin film dielectrics as Fp « d_l/z.
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C. ELECTRICAL CONDUCTION IN INSULATING FILMS

According to the band structure of solids, an insulator
i8 characterised by a full valance band separated from an
empty conduction band by a forbidden energy gap, known as the
band gap. Conduction cannot take place in either the filled
or empty band unless additional carriers are introduced,
Carriers may be generated or modulated inside the insulator
(bulk - limited process), or injected from the metal electrode
(injection-limited process). The metal-insulator contact
is of much importance in the conduction process. There can
be three types of contacts, viz., ohmic, neutral and

blocking (Shottky) contacts,

There are several conduction mechanisms observed in
thin films., If the barrier is very thin, according to
quantum mechanics, the electron has a finite penetration
probability, which cannot be explained classically. This
is observed generally in very thin films of thicknesses less
than 50 AO and the process is known as tunneling. Just like
thermionic emission in vacuum tubes, electrons can be emitted
in to the conduction band of a dielectric frdm the contact
metal electrode by thermal activation over the interface
barrier and under an applied electric field, which is called

Schottky emission (Simmons, 1964; Gundlach, 1964 and Mann, 196¢
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Conduction through sandwich layer of an insulator
under high field can be quite complex because of the
possibility of several mechanisms involved and it is often
difficult to distinguish them., These mechanisms are generally
governed by a number of factors inter alia work function of
the electrodes and the sandwich layer, applied field,
structural defects of the film guch as stacking faults,
impurities, dislocation etc, which act as potential trapping
centers for current carriers. Under the application of high
field, the conduction can be either electrode limited or bulk
limited, depending on the field strength, the former prevails
at lower fields and the latter at higher fields. The abrupt
changes in potential at the metal-insulator interface imply
infinite electric field. But in practice the potential step
changes smoothly as a result of image force. (Shottky, 1914).
The bulk analog of the Schottky effect at an interfacial
barrier is the Poole-Frenkel effect (field assisted thermal
ionisation) which is due to the lowering of a coulombic
potential barrier when it interacts with an electric field.
In electrode limited process the I-V characteristies can be

represented by

J < exp (B Vl/z)

such that a plot of log J or log I vs VY2 will show



&

a steep slope depending on B, which is a constant,

D, SPACE-CHARGE LIMITED CONDUCTION

If the insulator is sufficiently thick, tunneling
will not normally be the conduction process. However, if
an ohmic contact is made to the insulator, at low fields
if the injected carrier density is lower than the thermally
generated free carrier density, Ohms law is obeyed. But when
the injected carrier density is greater than the free carrier
density, a space charge is built up at the electrodes and the
current is known as space charge limited current (SCLC). For
the simple case of one carrier trap free SCLC, the wellknown
Mott-Gurney relation (1948) is given by

2
J =9ue€y
8 q°

ees  (I-20)

where J is the current density and u is the drift mobility

of charge carriers. The above relation is independent of
temperature. However, in actual cases J is little lower

than the theoretical value and also temperature sensitive.
These deviations are due to the presence of traps in the
ijnsulator. If the insulator contains traps, a large fraction
of the injection space charge will condense therein, thus

the free carrier density will be much lower in a perfect
jnsulator. Furthermore, the occupancy of traps is a function

of temperature, The SCL current for an insulator with

shallow traps is given by (Rose, 1955; Lampert, 1956; 1964).



J = -Q—L-Q—Q- v ‘ L (1-21)
where © = N./N. exp (-AE/kT) R

Nt is the number of traps positioned at an energy AE below

the conduction band and N, is the density of states approxi-
mately equal %o 1019 cmng at room temperature. When the
injected carrier density n; exceeds the free carrier density
ny, SCL conduction predominates. Lampert calculated the
voltage Vy at which the transition from ohmic to SCL conduction

occurs to be
V. = en d2/ o€ (1-22)
X = o) . ce e o

If charges are further injected into the insulator, the
traps will become filled (trap filled limited TFL). Beyond
TFL, the I~V characteristics will be governed by eqn. (I-20)
for trap free insulator, The voltage Vgppq at which TFL

occurs is given by

For a trap distribution whose density decreases exponentially
as the energy from the band edge increases (exponential trap
distribution), the current density is given by

J vitl i cee (I-24)

where 1 is é parameter characteristic of the distribution

of traps. A relation J « v? is also observed for uniform
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trap distribution., After the traps are filled, J will follow

the square law with voltage.

E, OPTICAL PROPERTIES

Because of the extensive applications of thin solid
films in various optical and electro-optical devices,
considerable interest has arised in the optical properties
of these films, Since the optical behaviour of a material
is generally determined from its optical constants, viz.,
refractive index (n) and absorption index (k), it is of much
importance to determine them accurately. There are several
methods available for the determination of n and k, viz.,
Abeles method (1958), Polarimetric and Ellipsometric methods

(Heavens, 1955) and spectrophotometric method.

The spectrophotometric method is one of the simplest
methods for determining n and k., The reflectance (R) and
transmittance (T) of films at normmal angle of incidence are
measured using an unpolarised light., Hadley (1965) greatly
simplified this process by preparing a set of curves by
calculating R and T as a function of d/A for a range of
values of n, producing one set of curves for each of a range
of values of k and a given substrate index, The refractive
index of a fairly transparent film on a transparent substrate
can be calculated much easily from the transmittance data

and by assuming k = o using the relation (Heavens, 1955) .
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2
T = 8nyny n, - eeo (I-25)

( (n02+n12) (n12+n22)+ 4 n0n12n2

+ (ng%n,% (n,%n,? cos 2 5 ]

where nyy N4y ng are the refraétiva indices of glass,
film and air respectively and & = (2TT/A)n1d Gos?@ is the
phase thickneass of the films, { ( =90°) is the angle of |
incidence and A is the wavelength of light used.

If the transmittance curve in the visible region has
interference fringes associated with maxime and minima,
refractive index n of the film can be calculated from the

following relations,
For maxima, n = mA/2d o kew  (I-26a)
For minima, n = (m+1/2)2/24 ee. (I-26D)

where m is the order of the fringe maxima or minima as the
case may be and A is the wavelength assoeiated with the mth
order. The order of the fringe may be calculated from the

relation
m = Xp/ng-d, or m = Ui/—gé__ai_ ces  (I=27)

where X, and A, are the wavelengths and ); and )/ are the

th
wave aumbers agsociated with.mth and (m+1) fringe.
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The absorption coefficient « can be calculated at
any wavelength from the slope of the log T vs 4 curves

assuming the relation,

From «<, the absorption index k also can be estimated at

different wavelengths from the relation

o =4Trk/)\ cee (1“29)

P, PRESENT WORK

It is seen from the above survey that the studies on
dielectric, electrical and optical properties give an ingight
into the structure of matter viz,, the nature of charges and
species constituting the matter, the state of polarisation,
type of conduction and band structure, band gap etc. Besides
the increasing applications of thin films in electronic
components like capacitors and resistors and also in micro-
electronic circuits, as well as in optical devices, deta iled
studies on the basic properties of thin films are much
essential, ZEventhough extensive investigations have been made
for the dielectric and other properties of bulk materislas,
very few studles have so far been carried out on thin films,
and also systematic studies of the dielectric, electrical and
optical behaviour of thin films are much less. It is wellknown
that many of the physical properties of thin films are dependent
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on their structure and methods of preparation as well as
on thickness, A correlation of the dielectric, electrical
and optical features is essential for the understanding of
the basic phenomena in dielectric films. Hence detalled
investigation on the above properties supported by electron

diffraction studies was undertaken in the present work,



I

CHAPTER-II

EXPERIMENTAL TECHNIQUES
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CHAPTER II

EXPERIMENTAL TECHNIQUES

For studying the dielectric properties, d.c. electrical
conduction and optical properties of thin fi lme, several
experimental techniques were adopted and these are described
in detail in the subsequent paragraphs., It ié well known
that the properties of thin films are affected by so many
factors and for any useful meaning of the measurements and
consequent results, the deposition parameters have to be
kept as non-variant as possible., To achieve this, necessary
precautions were taken for their prepafation, especially as
far as possible under the same experimental conditions.
Special care was taken so that these films were homogeneous,
uniform in thickness etc. The reproducibility of the
measurenients for different physical paremeters was found
to be very much facilitated by maintaining the above conditions,
All the measurements were carried out when the films were

completely stabilised.

A. DIELECTRIC PROPERTIES
(1) Preparation of films

The various films were generally prepared by the
thermal evaporation of the bulk material in vacuo (better

-5
than 10 ~ Torr). A conventional coating unit, which



&

.
-~

consisted of an 01l diffusion pump backed by a rotary

pump was used. The deposition was carried out by the
evaporation of the bulk material directly from tungsten

or molybdenum boats or from a silica boat heated externally
by a tungsten filament. All the boats were flashed in vacuo
prior to the deposition to remove the surface impurities.
Aluminium electrodes were deposited from preflashed tungsten
spiral boats, High purity aluminium wires were used. The
boat was heated slowly till aluminium melted and then flashed

immediately.

(ii) Substrates and substrate heating

Microscopic glass slides (Blue Star deluxe) were

generally used as substrates. These substrates were cleaned
with chromic acid and then washed thoroughly in distilled

water followed by a washing in isopropyl alcohol, They were
then dried in an oven, Sometimes these substrates were heated
in vacuo for degassing and then cooled down to room temperature.
The substrates were heated by resistance heating filaments
called the substrate heater which was in contact with the
substrates and the temperature was monitored by a é}omel—p—

alumal thermocouple.

(1ii) Fabrication of capacitors

The shape of a typical capacitor fabricated is shown
in fig. II-1. Generally aluminium deposits (2000 A°) were

used both as the base and counter electrodes. Aluminium



R RN T

\ COUNTER
GLASS \ ELECTRODE
SUBSTRATE ~ | \
| EDGE-A

21 DIELECTRIC
LAYER

/]

/ 4

BASE
ELECTRODE
S
begm ) ; fo
wnliiter 7| N ringes as
i e u-e seen through
! Microscope
|
¥
. S
- L
& A
A 3




23

(99.9% purity) in the form of g wire,‘was deposited from

a multistrand tungsten boat on glass substrates., Different
metal masks were used %o get the required shape of the
capacitor, The Al/dielectrig/Al system was fabricated by
successive deposition after breaking the vacuum, The
capacitors had an effective geometrical area of about 0.16 sg.om
For uniform deposition and algo to avoid spitting, the
dielectric material was initially degassed by slow heating in
vacuo prior to thelr deposition at temperatures much lower
than their melting points for about 30 minutes. The rate of
deposition was controlled by adjusting the current passing
through the boats and the time of deposition. Arrangements
were such that six capacitory of varying thickness couldbe
simultaneously prepared. The thickness of the dielectric

film was measured at the edge A (fig, II-1) of the capacitor
by multiple beam interferomeiry method.

(iv) Ageing
All the capacitors were aged in air by keeping them in

a desiccator, They were further stabilised by heating and
cooling cycles in vacuo at temperatures depending on the

nature of the material.

(v) Measurement of film thickness

Since many physical properties of thin films are
thickness dependent, a precise knowledge of its thickness

is essential for computing many dielectric andoptical



parameters. One of the simplest method is gravimetric
method. In this method, the mass (m) of the film was
determined by weighing the substrates on a micro-balance
(Mettler) before and after deposition. Assuming that the
density (g) of the film is same as that of the bulk material,

thickness may be calculated using the relation

d = m/ gA cm

where A is the surface area of the film., This method,
though approximate, was useful for thicker films. A better
and more precise one is the Tolansky's multiple beam

interferometry method (Tolansky, 1948).

A substrate AB (fig. II-2) supports a film ACDE whose
thickness 1is to be measured., Over this an opaque layer
of aluminium is evaporated, thus forming a step DE. An
optically flat glass slide coated with a semi-transparent
layer of aluminium is placed in contact with this so that
the two plates form a small wedge. A monochromatic light
(sodium, 5893 A”) is reflected by a beam splitting glass
slide on to the plates and the back reflected rays are
observed by a low power microscope. Straight line fringes
called Fizeau fringes of equal thickness are observed. At
the edge, these fringes are shifted showing a step as in
fig. II-2. fThis fringe shift and the fringe width can be

measured by the travelling microscope and the film
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~thickness (d) is calculated by the relation

d = A fringe shift
2 fringe width

where A is the wavelength of the monoéhromatic light
used (5893 4°).

(vi) Cryostat

All dielectric measurements were carried out in a
cryostat (fig., II-3) where the temperature could be varied
from 87 to 400o K. It consists of a pyrex tube closed at
one end and stoppered with a rubber bung at the other end,
through which the leads for the capacitor, thermocouple ete.
were taken out, The system was continuously evacuated by a
rotary vacuum pump. Short leugth r.f. cables were used as
leads for capacitance bridge. The thermocouple was connected
to a potentiometer or a microvoltmeter (Philips PP 9004).
The cryostat was kept inside a Dewar flask containing ligquid
air for low temperaturc measurements, whereas an external

heater was used for measurements above room temperature,

(vii) Measurements of C and tan &

The important parameters viz., capacitance (C) and loss
factor (tan &) were directly measured by a lMarconi TF2700
Universal Bridge. The basic capacitance bridge net work 1is
shown in fig, II-4. This is a modified form of a Wheatstone
bridge circuit where the two resistive arms of the bridge are

replaced by the unknown capacitance Cyx and a standard
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capacitance Cg¢y (0.1 uF), R, and R, are two standard
reslstances. The bridge is excited by an internal oscillator
of 170 mV and 1 KH,, and the balancing point (null point)

is read on a sensitive micro-ammeter. To increase the
sensitivity of the null point, the out put of the signal is
amplified by a three stage transisterised amplifier and is
fed to the meter after rectifying so that the needle of the
meter always deflects to one side of the zero for all ac

measurements, When the bridge is balanced,

Cx / Cgyq = Ro/Ry

In this instrument, when Rl and R2 are properly adjusted,
the unknown capacitance can be read directly from the dial
readings.

The bridée has a small variable resistance (0 to 175 ohms)
known as the loss balance resistor connected in series with
Cgtq (Fle. II-4) which helps to measure the loss factor tan &
directly. It has two positions D and Q for measuring loss
factor. In the D position, the series capacitance (Cg) and
tan & are measured whereas in Q position C ., becomes parallel
to a larger variable resistance and hence the parallel

capacitance (Cp) and quality factor Q are measured.

Cg / Cp = 1+ Q® where Q = 1/tan 6.

In all the experimental results, the capacitance has been

expressed in terms of Cg only.
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The above bridge has a provision for measuring C and
tan & at variable frequencies (1 H, to 105 H,) by using an
external oscillator (Philips PM 5100) which is connected to

the bridge through an isolating transformer (Marconi T 7120).
The loss factor is then given by

tan 6 = tan éf £/1000

where tan b. is the loss factor measured at any frequency f.
The bridge sensitivity at 100 pf range is 0.5 pf and can

measure tan & down upto 0.001,

(viii) Dielectric constant

The capacitance C of a parallel plate condenser with
a dielectric thickness d (metre) and effective electrode
area A (sq.metre) is given by

12

C = 8.8 x 10 eA/d farads

where € is8 the permittivity of the aielectric, which has
the dimensions of farads/metre and 8.85 X 10"12 is the
permittivity of free space in farads/metre. For all
practical purposes, a dimensionless quantity viz., the
relative permittivity or dielectric constant is used in the
present work, which is the ratio of permittivity of a

medium to that of free space,



B, I-V CHARACTERISTICS

The dc conduction in the dielectric films was studied
in vacuo at different temperatures by keeping the sample in
the cryostat used for dielectric measurements. The experimental
arrangements were similar to that of Fisher and Giaever (1961).
The voltage (V) across the sample was measured by a VIVM
(Heathkit Model V-7A) and the current (I) by a FET nano-ammeter
(Aplab. TFM,13) which was in series with the sample.

In some cases, the resigtance of the samples (not in
sandwiched samples) were measured directly by a million

megohm meter (Elico., RM.70).

C. BREAKDOWH VOLTAGE (Vp) AND DIELECTRIC FIELD STRENGTH (Fy)

There are numerous methods available for measuring the
breakdown voltage accurately (Budenstein et al. 1967;
Klein et al. 1966; 1967). A simple circuit was adopted to
measure Vy in which a variable dc (0-100 V) was applied
across the capacitor., A FET nano-ammeter (Aplab. TEM 13) in
series with the test capacitor and a VIVM parallel to it
were used to measure the current and voltage. At the breakdown
region, a steep rise in curreut was observed and sparking
took place many times at the capacitor junction of the top

electrode. The dielectric field strength Fp is given by

Fp, = Vy/ 4 volts / cm

where d is the thickness of the dielectric layer (in cm).
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It may be pointed out that both the electrodes were
aluminium and no change in I-V characteristics were observed

when the polarity of the electrodes were reversed.

D. OPTICAL PROPERTI:S

(i) Film preparation

Microscopic glass slides (3.5 am x 1 cm) of refractive
index 1.52 were used as substrates for studying optical
properties in the visible spectrum. ‘hese substrates were
also cleaned properly as described in Section A (ii)., 1In
some cases quartz plates of the same dimensions were also
used as substrates for studying the optical properties in the
UV region, Films were prepared by vacuum evaporation and
different film thicknesses could be obtained by keeping the
gsubstrates spaced apart so that the distances between each
substrate and the source were different. The thickness of
these films were estimated by interferometric method by
depositing aluminium films on its edges after all optical

measurements,

(ii) Optical measurements

Optical properties of these films in the visible region
were studied by transmission and reflection measurements by
normal angle of incidence method and the optical congtants
such as refractive index (ng), absorption index (kg) end
absorption coefficient (%) were estimated. The optical

band gap (Eg) was also calculated in many cases.
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(111) Spectrophotometer

A double beam Beckmann DK2 spectrophotometer with
automatic recording was used to measure the transmittance of
these films in the UV and visible region. (The maximum error
of the instrument was + 5 4° in the wavelength calibration

and + 1% for the recorded transmittance measurements).

Since the above instrument had no provision for
transmittance and reflectance measurements, a special
spectrophotometer was designed and fabricated in this
laboratory (fig.II-5) in which the reflectance could be

measured between 5 to 1OO of incidence. It consists of:
mainly a light source 1, a condensing lens 2, a filter 3, a
collimator 4, a prism 5, fixed on a rotating table moving

on a graduated scale 6, a telescope 7, a focussing lens 8,

a sample holder 9, a photocell 10, and a graduated disc 11.

A tungsten lamp with straight filament and with a stabilised
power supply was used as the source. The graduated scale 6 wes
calibrated for different wavelength using different filters

by adjusting the scale for maximum intensity in the photocell.
The sample holder 9 placed at the focus of the lens 8 could

be rotated freely on the graduated base 6 and the angle of
rotation could be identified. The photocell (Philips 90 CV
or 92 AV) placed very near to the sample holder also could

be rotated around the seme axis of the sample holder. The
photocell current was measured by measuring the voltage across

a 470 K ohm resistance by a de microvoltmeter (Philips PP 9004)
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The whole instrument was kept in a light-proof case.

E, STRUCTURAL ANALYSIS

The structure of the bulk powder was analysed by x-ray
powder diffraction (Cu Ky radiation) whereas the vacuum -
deposited films were studied by both transmission and
reflection electron diffraction techniques. The samples were
deposited on polycrystalline NaCl tablets as well as on (100)
face of NaCl crystals at room temperature and at higher
substrate temperatures under the same experimental conditions
in which the capacitor samples were fabricated. The reflection
studies were also carried out with the deposited films on
glass substrates and on well cleaved mica sheets, In some
cases the structure was studied also by selected area

diffraction method in an electron microscope.
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CHAPTER III

STUDIES ON DYSPROSIWM OXIDE FILMS

A. INTRODUCTION

Rare earth oxides have extensively been used as important
constituents in dielectric materials to control their dielectric
properties. Templeton et al, (1954) studied the structure of
Dysprosium oxide (Dy203) for the first time and reported that
it has a cubic structure with lattice parameter a = 10.667 A°.
Staritzky (1956) also reported the same structure for Dng;5
and the lattice parameter was in agreement with the above result.
A new high temperature stable crystalline variety of Dysprosium

sesquioxide namely, Dyo0f wae examined by Foex et al. (1965)

and the lattice parameters were given as a = 3,82 A° and

c = 6,11 Ao. The structural properties of intermediate phases
of systems formed from Cal and Dyzo.,5 were reviewed by
Queyroux (1965) and found that Dyg0., presents two allotropic
varieties, cubic and monoclinic reversible at 200000.
Rudenko et al. (1974) also reported the stoichiometry and
phase transformation of Dyy0,. Hare (1963) used neutron
diffraction for studying the crystal structure. Powder
pattern measurements of Dy203 were made with neutrons of
wavelength 1,197 Ao. The structure parameters were thus
obtained and the variation of metal-oxygen distance in the

series was discussed., The melting point of Dy205 was found



to be 2625° X (Mordovin et al., 1967) which was determined
by heating the oxide in an atmosphere of argon or hydrogen
and observing the temperature by an optical pyrometer.
Bondarenko et al, (1964) studied the thermionic emission

using Dy203 as cathode.

New dielectric bodies, particulariy those with low
ICC over a wide range of temperature are being sought for
electronic equipments designed for operating at a high
ambient temperature. Marzullo et al. (1958) studied the
dielectric properties of titania and tin oxide containing
varying proportions of rare earth oxldes in the range
-40 to + 200°C. A ceramic dielectric with high € (1-3 x 104)
was prepared by firing BaTiOgz, Dy50z and SiOp system at
1250-1400C. (Shigeru Waku et al. 1968). Tare et al. (1963)
measured the emf, of Dy203 to yleld the electronic portion
of the conductivity in the temperature range 660-900°C and
with different oxygen pressures. Depending on the temperature
and oxygen pressure, the oxides showed either ionic or
electron-hole conductivity. The electrical conductivity of
powdered rare earth oxides compressed at 2500 Kg/sq.cm was
determined by Bogoroditski et al. (1966) from room temperature
to 900°C snd of specimens sintered at 1300°C from 240-1300 C.
The study showed that dielectric constant of Dyzo3 was a

funetion of temperature,

Staritzky (1956) studied the refractive indlices of

rare earth oxides using Na 5893 Ao light and Dy,0z had a



bulk refractive index equal to 1.97. Baun et al, (1963)
reported that the oxldes of rare earths gave individualistic
IR absorption spectra in the region 800-240 cm-l. The diffuse
refluctance spectra of the oxides were reported by White (1967)
and the electronic spectra of Dyg0z single crystals in the
region 0.26 -40 u was studied by Henderson et al, (1967).
Batsanov et al. (1962) investigated the optical properties of

powdered lanthanide oxides at 800°C and the refractive index

of Dyo,0z was reported to be 1,92,

Winkler (1969) prepared thin films of rare earth oxides
for specific activity messurements by sedimentation method
on thin liylar backing and the films were particularly suited
for activation measurements on K-~radiation emitters.
Hacskaylo (1968) studied the properties of capacitoras of the
system Dy20380320310510210 evaporated below 1900°C from
tungsten or tantalum boats. The films were amorphous with
n =154, tan 6 = 0,0025 and Fyy = 4 - 1.7 x 106 V/cm. Further,
the dielectric properties of thin films of rare earth oxides
were studied as a function of frequency angd temperature by
Kadzhoyan et al. (1968). Mirowski et al. (1970) reported the
results on thin film transistors using CdSe semiconductor and
a single insulating layer of Si0, or a double layer of 8102
and Dyg0,. Chernobrovkin et al. (1971) vaporised rare earth
oxides by an electron beam to get dielectric films whereas
Tsutsumi et al. (197@) deposited Dyy0, films by high frequency
bombardment technigque.



From the above survey it is seen that only very little
work has been carried out on the dielectric and optlcal
properties of Dyo0z, especially in thin films, The conduction
in Dyzoz thin films has not yet been studied. It is well
known that various properties of thin films are influenced
very much by the film thickneés, deposition conditions,
snnealing, substrate temperature etc, In view of the above,
an extensive study has been carried out on the ac behaviour,
the dc conduction mechanism and the optical properties of

vacuun deposited Dy,05 films.

B. EXPERIMENTAL

Bulk dysprosium oxide powder (©9,9% purity, supplied
by M/s. Koch-Light Laboratories Ltd.) white in colour was
vacuum deposited (10"5 mm,Hg) at room temperature from
tungsten boats on thoroughly cleaned glass substrates. The
substrates were heated at 10000 prior to the deposition
of the dielectric and cooled down to room temperature. The
powder was heated slowly and no appreciable degassing was
observed. Then the temperature of the boat was increased till
deposition started on the glass substrates, which were kept
about 12 cms away from the source. Aluminium deposits were
used both as the base and counter electrodes. The rate of
deposition on substrates just above the source was about
50 Ao/min. The detailed methods for electrode deposition,

fabrication of AI/DyEOS/Al system etc. are given in Chaptler Ii.
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The effective area of capacitor: was 0.16 cmz.

These capacitors were then aged in a desiccator for
a few days and then further stabilised by annealing in vacuo
at about 10000 by repeated heating and cooling cycles. The
capacitance (C) and loss factor (tan &) were measured at
different frequencies (102 - 104 Hy) and temperatures
(78 - 375OK) in a cryostat as described in Chapter II.
The dielectric constant (€) was evaluated from the relation

(1-4) given in Chapter I,

For I-V characteristics studies of these capacitors,
a dc voltage was applied in sBteps of 0.5 V and corresponding
current was measured. This was repeated by changing the
polarity of electrodes., The measurements were taken at differen
temperatures and for different film thicknesses also, The
variation of current at a fixed voltage was also measured at
different temperatures. All the above measurements were
carried out in vacuo (1d—2 mm Hg). The dc breakdown voltage
of these capacitors were tested in air after all measurements
and the film thickness was measured by multiple beam

interferometry method,

Films were deposited on glass substrates for optical
measurements and they were annealed in vacuo at about 10000
prior to measurements. Optical constants n and k of these
films in the visible region (4000~7000 A% were evaluated

from the transmittance data obtained by normal incidence






measurements from a Beckmann IK2 spectrophotometer using

the formula (I-25) given in Chapter I,

The nature:of the deposited films were studied by
electron diffraction and electron microscopy methods. For
these studies, films were deposited on smooth surfaces of
polycrystalline NaCl tablets under the same experimental
conditions described above and these were transferred to
grids with collodion by dipping the tablets in distilled
water, The structure of the bulk powder was analysed by

X-ray powder method.

C. RESULTS
i) Structure |

X-ray studies of the bulk oxide showed that the
material was crystalline having a bee structure (a = 10,66 Ao)
conforming to Dy205 structure, The X~-ray powder pattern is
shown in fig, III-1 and the measured 4 values are given in
table III-1. But vacuum deposited films,on the other hand,
did not yield any sharp pattern (fig. III-2) at all when
analysed by electron diffraction, thus suggesting that they
were either fine~grained or amorphous in nature. Electron |
micrographs also showed that these were featurless (fig.I1I-3).
These films even after repeated heating and cooling in vacuo
as carried out in annealing process did not show any significm
grain growth or crystallinity when observed by transmission

electron microscopy or selected area electron diffraction



TABLE III-1

1/Io d a° hkl
8 3. 070 222
ms 2,685 400
£ 2,520 411
£ 2,270 3225'
£ 2,107 422
s 1.880 440
4 1.84 530
433
f 1.71 532
v 1.67 620
] 1,61 622
1.57 631
4 1,64 444
z 1.61 550
ve 1.41 642

q B W

strong
faint
medium
very

10.66 A°
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methods. These observations clearly indicated that films
used for electrical and optical studies were mostly amorphous

in nature.

ii) Dielectric properties

a) Ageinp and annealing effect

It has been found that both ageing and annealing have
considerable effect on capacitance and tan 6, Pig, III-4
shows typical variations of C and tan & for a film thickness
d = 1850 A°. It is seen that C and tan & showed a continuous -
decrease with increase of time and eventually became more or
less constant. It was however noticed that even after long
ageing or self-annealing process, these capacitors did not
attain gtability unless they were annealed in vacuo., Fig.III-5
shows the variations C and tan & with frequency for different
annealing cycles of an aged cspacitor., It was found that
these capacitors attained stability generally after the
second annealing cycle at abmut 10000. Capacitance and tan ¢
of these stabllised samples did not vary much when measured
even after a few months. It was also noticed that when a
Si0 protective layer was deposited on the top of these
capacitors, both C and tan 6 remained practically same even
after six months,

b) Thickness effect on €, C and tan &

Unlike bulk materials, film thickness also affect
both € and tan &, C decreased continuously with increasing

film thickness. This variation showed some important feature
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when C and € were plotted against 1/4 instead of 4 (fig.III~-6).
.It is seen that though C decreased continuously for thicknesses
between 600-2000 AO, the fall was gradual at initial stage,

but at higher thickness (d > 1000 A°) C decreased linearly

with 1/4, thus suggesting that C « 1/4 in the higher thickness
region, € increased gradually for film thicknesses less than
1000 4°, but became constant for thicker films (d > 1000 A%).
It thus suggests that C « 1/d and € is constant are valid

only for thicker films (d > 1000 A% . It is also interesting
to note that tan & remained constant (0.007) for all film

thicknesses.

¢) PFrequency and temperature effects on C and tan &

Fig. (I1I-7) shows the typical variations of C with
frequency (102-104 Hz) at different temperatures for a film
thickness 4 = 1287 Ao. It 18 seen that C decreased with
increase in frequency and decrease in temperature. The change
of C with frequency was less sensitive as the temperature
decreased and eventually C became invariant with frequency
at low temperatures generally below the room temperature.
Similar results were ailse obtained for other film thicknesses

also (Fig. 111I-8).

However when C was plotted against temperature at
different frequencies, some interesting features were observed
(fig., I1I-9). At higher temperature, separate curves were
formed charascteristic of the frequencies. But on lowering the

temperature, these curves became closer and finally merged to
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a single one at about 240° K, below which C varied very
slowly with temperature. On extrapolating C to OOK, the
dielectric constant at 0°K could be evaluated and {t was
found to be about 6.3, This appears to be the static
dielectric constant which is a slow funetion of temperature

at least in the low temperature region.

The variationsof tan & with frequency at differenf
temperatures are shown in fig. III-10 for d = 1550 A°.
These curves show several features. Tan & decreased with
frequency, attained a minimum and then increased for higher
frequencies, Thus a tan 6min was observed which however
shifted to higher frequencies for higher temperatures. Such
variations were first reported by Gogwami and Goswami
(1973, 1974) and later by Goswami and Varma (1974)., However,
tan & increased with increasing temperature. Similar

behaviour was also observed for other film thicknesses also.

d) Temperature coefficient of capacitance (TCC) and

percentage variation of capacitance (AC/C).

The TCC of the capacitors were measured and found to
be very small. It varied from 200-800 ppm/°8 in the
temperature range 100 - 370° K (fig. III-11). This parameter
wag generally independent of film thickness (d > 1000 A%)
and increased with temperature. However for film thicknesses

< 1000 A°, TCC was found to be slightly lower,



0oi

vy P

000!

Fi vOLT/cm

134078

6¥: 0~

ST b

>0

Vp VOLTS
. 5 3 g
T 7 T
o
[« 3N
o
ol
3
v
a2k
o
/,
: \
8l
iy
(=
(i
=
1
=

.
Q!

FA

SLICA

[

f

N
33
<

o
o
o
¥

e T e

-10002

SRR




41

Another parameter of importance is the percentage
variation of capacitance with frequency. This is defined as
the percentage change of C at any frequency (Cf) from the
value of C at any arbitrary frequency; say at 1 kH, (ClkHz)'

This can be expressed as

AC / C % (Cg - ClkHz) x 100

Clk.Hz'
Fig, (III~-12) shows AC/C % for three capacitors of different
film thicknesses. It is seen that this variation is less

than + 1% for the frequency range studied.

e) Breakdown voltage and dielectric field strength

The breakdown voltage (Vi) was measured in air at
room temperature by applying a dc voltage across the capacitor
and measuring the current, The voltage was increased in
steps till the current shot up thus causing a destruction of
the capacitor. Fig. III-13 shows the variation of current
with applied voltage for three film thicknesses. The current
increased rapidly at higher voltages and the straight lines
extrapolated to the voltage axis gave Vy. YV, increased
with increasing film thickness (fig. II1I-14). However, it
is interesting to note that the breakdown field (Fy = Vy/d)
decreased with increasing film thickness. In fig, III-15,
Fy is plotted against d in log-log scale. The graph is a
straight line with a negative slope = 0.49, thus following
the Forlani-Miunnaje relation Fy X dfl/z. F, was high and
of the order of 106 V/cm., .
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i11i) I-V Characteristics

The dc conduction in Dyo0, films was also investigated
for the same capacitor systems used for studying dielectric
properties. Current was measured with increasing applied
voltage. The experiment was repeated by changing the polarity
of the electrodes. But no appreciable difference was observec
and the I-V curves were symmetrical irrespective of the
polarity of the electrodes. Fig, III-16 shows the I-V
characteristics of four film thicknesses plotted in log-log
scale, It is seen that the slopes of all these graphs are
the same (2.18) and do not change eVeﬁ when the voltage is
increased to about 16 V for the thickest film, thus suggesting

2
that current varied approximately with voltage as I X V ,

Fig, I1I-17 ghows the variation of current density
with voltage at different temperatures in log-log scale for
a film thickness of 1075 A°. The positive slope of the
graph is about 2.2 and remained the same for all temperatures
showing that current is increasing with voltage approximately
following the square law J or I « V2 which is found to be
true for all the ranges of temperature studied (297 - 4).0o X).

Since J or I is dependent on film thickness, it is
plotted against d (fig. III-18) in log~log scale. All the
above readings were however from the room temperature
measurements. The straight line graph shows a negative slope

3
of 3,13, thereby indicating that J £ 1/d . From the above
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regults it can be concluded that the variation of current
follows the relation J « Vg/dz and the conduction process

is space charge limited.

iv) Activation energy iggb_

It is also possible to estimate AE from the variation
of current density J with temperature at a fixed applied

voltage, assuming the relation

J = A exp (- AE/kT) er (I1I-2)
where A is a constant (Dekker, 1957). PFig. III-19 shows
the variation of J at a constant applied voltage (4 V) for two
film thicknesses (1287 and 2000 Ao). The slopes are the same
for the two thicknesses. AL calculated from the slopes of

thege curves was found fto be about 0,76 eV,

It has recently been suggested by Simmons et al, (1970)
that AE can be calculated from capacitance measurements
(egn., I-19 of Chapter I)., PFig, III-20 shows the variation
of w with 1/T (semi log sczle) for two film thicknesses at
different capacitances, AE (0.75 eV) thus estimated was
found to be in good agreement with that obtained by using
the relation (III-1).

v) Optical properties

The Dy,0; films deposited on glass substrates (n = 1.52)
o)
were annealed in vacuo at about 100 C for about three hours

and cooled to room temperature. The transmittance of these
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films in the visible region (4000-7000 A°) wes measured by
normal angle of incidence method in a Beckmann DK2 spectro-
photometer, The transmittance was high (T > 90%) and this was
true for all film thicknesses studied (800-3000 Ao). Absorptic
index (k) evaluated from the transmittance data for different
film thicknesses was found to be negligibly small. Refractive
index (n) was estimated from the‘transmittance data using the
relation (I-25) of Chapter I, assuming k = 0. n thus evaluated
was found to be 1.85 which was practically independent of
wavelength (4000-7000 A°) as well as film thickness

(800 - 3000 A°) studied.

D. DISCUSSICN

Even though the bulk Dyzo3 had a bece structure, the
vacuum deposited films were amorphous in nature as shown by
electron diffraction., It is generally an observed fact that
many of the vacuum deposited oxide films formed at room
temperature are amorphous or have fine-grained structure as

in the case of praseodymium oxide films (Goswami et al. 1974).

The general features of thickness effect on dielectric
parameters, variation of tan & with frequency giving a tan 6m1:
and other results could not be explained by the general
theories on dielectrics. But recently Goswami et al. (1971, 1
proposed a theory assuming a simple model for their similar
results observed in the case of vacuum deposited Z2nS films.

Such behaviour was also observed by Maddocks et al. (1962)
for ZnS films and Sealy et al., (1972) for MgFg films.



The general features of thickness effect on dielectric
parameters for films of thicknesses greater than 1000 A° are
as expected. C varied linearly with 1/d where € and tan &
were independent of film thickness. But the dependence of €
on thickness for thinner films (4 < 1000 A°) was similar to
those observed for Zns, praseodymium oxide films (Goswami
1973; 1974) etc. This is mainly because of defects such as
voids and dislocations present in vacuurn deposited films,

In such cases total capacitance can be considered as consisting
of two types of dielectric media, viz., (i) Dyg0, films and
(1ii) air or vacuo (€ = 1) in voids and discontinuity region.

The effective capacitance can be written as

c effective = Cvoids + CDyzo3

When the thickness increases, the void concentration decreases
and the films tend to become continuous. When the films thus
become continuous, € becomes characteristic of the material

and hence independent of film thickness.

Ageing and annealing of capacitors invariably showed
that C and tan & decreased with time and ennealing. Freshly
deposited films always have many defects and imperfections
such as voids, grain boundaries, dislocations, stress,
inhomogenity etc. But with ageing, a self-annealing process
takes place whereby many of the above defects, especlally

stress, will be reduced or removed from the films. Annealing



in vacuo results in the removal of other defects which are

not removed early by self-annealing process. Such a reduction
of defects will however lower the concentration of charge
carriers, thereby increasing the resistance of the dielectric
films, The decrease of capacitance with ageing and annealing
can now be explained from the equation for C_ (I-16) of
Chapter I. Cg decreases with increase in R, In the same way
the lowering of tan & can also be explained by the increase

of R in equation (I-16) of Chapter I, Similarly, the increase

of R in equation (I~17) reduces the value of @

min? hence by

ageing and annealing, tan 6m1n shifts towards lower frequency
region.

The most important feature is the observation of tan 6min
and its shifting towards higher frequencies at higher
temperatures. The relations I-16 and I-17 explain the
behaviour of tan & with frequency and temperature., As the
resistance of the dielectric decreases with temperature, it is
clear from the relation R = Ry exp (AE/kT), that tan &
increases with temperature and @, shifts towards higher
frequency at higher temperatures (eqn. I-17). The increase of
tan & at higher frequencies is due to the lead resistance.

Similarly as @ increases (eqn. I-15), Cg decreases with
frequency and at higher frequencies 1/w2R20 of eqn. I-15 is
much less than 1, as a result Cg becomes invariant with

frequency at higher frequency region. As the temperature



decreases, the dielectric resistance R increases, thus increasi
the denominator of eqn. I-15, resulting once again Cg = C
(constant) at low temperstures, even at low frequencies. Hence
fCS is independent of frequency and temperature at lower
temperatures. Since R decreases at higher temperatures, Cs is
much pronounced at higher temperaturés. As Cg increases with
temperature, TCC is positive and its magnitude (200-800 ppm)

is comparable with that of any of the other dielectric films
Buccessfully used as capacitor elements., At low temperatures,
capacitance is independent of frequency, and the extrapolation
ol the capacitance temperature curve to OO K will no doubt
give a measure of the static dielectric constant., The
temperature has an influence on the crystal expansion, electron
and ionic polarisability and crystal defects., At room temperat
the dielectric constant is practically independent of frequency

2 = 3.42 which

(e = 6.7). The optical dielectric constant is n
is the electronic contribution and the rest is that of atomic

contribution to the dielectric constant,

The principal theories of electronic breakdown in
golids have concentrated mainly on the inception of breakdown,
leaving the actual destructive phase relatively unexplored.
But a new experimental spproach is possible in thin film
capacitors. 1In dielectric breakdown, a capacitor discharges
internally with a strong current pulse of short duration with
meny times emission of light and localised destruction of

dielectric. Frohlich (1937) in his originel theory for



electronic breakdown in ionic crystals assumed that at a
sufficiently high field, there occurs a rise in electron
current due to impact ionization from the valence to the

conduction band. The breakdown studies on Dy20 films give

3

the variation of breakdown field with thickness Fy &R
which i1s in close agreement with Forlani-iiinnaja relation
(1964) in which an avelanche mechanism is assumed to be
initiated by the injection of electrons from the electrodes

by a tunneling process. Here the film thickness is much lower

than the recombination length of the electrons, hence,

following the above relation.

The activation energy measured from the capacitance
measurements with frequency at different temperatures and
that from the dc current measurements with temperature at
fixed voltage agreed well (AE = 0,75 eV). But this is much
lower than the expected band gap of Dyg0; films. This may be
because of the presence of traps in the insulator which owe
their existence to the structural imperfections of the films.
Moreover, the presence of traps are established during the
I~V characteristics studies. However it shows that this
measured activation energy may be the trap depths from the

conduction band.

The dc I-V characteristics studies have given a much
clear insight to the Dyy0g insulator system. Experimental

results for electrical conduction in amorphous films show



common trends which have been categorized by various

authors (Harrop et al. 1968; Jonscher, 1968; Jonscher et al.
1969). The band theory of conduction was first developed to
describe the behaviour of metals and semiconductors and it is
not necessarily applicable to insulators, particularly those
which are amorphous (Heikes et al. 1957; Ioffe et al. 1960;
Regel, 1960). If the insulator is sufficiently thick,
tunneling will not normally conduct significant current.
However, if an ommic contact is made to the insulator, the
space charge injected into the conduction band of the insulator
is capable of carrying current and this process is termed

as space charge limited (SCL) conduction, The aluminium
electrodes were found to give good ohmic contact with Dyo04
films since the I-V characteristics were symmetrical

irrespective of the polarity of electrodes.

According to Mott and Gurney (1948), when a conduction
mechanism is limited by space charge, current density J is
given by

J Vz/d3
But the above relation holds only for a trap~free insulator,
in which J 18 independent of temperature, It is observed in

the case of Dyo0, films that the current density J follows

3
the above relation, but J increases with temperature (fig., III-
This is due to the presence of traps, which 1s generally

observed in vacuum deposited films, If there are shallow
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traps, the above relation for trap-free insulator holds good,
except the fact that J is also dependent on temperature

(Rose, 1955) and hence J « O Vz/d3 where O 1s a funetion
of temperature, which is given by

H = Yo exp (-AE/kD)
Ny

where Ny is the number of traps positioned at an energy AE
below the conduction band and N, is the density of states.
This 1s exactly what 1s observed in the case of DygUz films
and hence the conducticn process in Dyolx films is space
charge limited modified by shallow traps. There was no
change in the square law even when the voltage was further

increased and finally dielectric breskdown was observed at

very high fields,

The optical transmittance of Dys0; films in the
visible regions is greater than 90% which shows that these
films are practically nonabsorbing, i.e. k is negligible,
It is generally observed for rare earth oxide films whoae
band gaps are high (Eg > 3 eV) and hence the absorption
will be in the UV region. The refractive index (n = 1.85)
was practically independent of wavelength (4000 - 7000 Ao).
But n is slightly less than that observed in bulk powder,
which was 1.92 (Batsanov et al, 1962), This difference is

not unusual since vacuum deposited films generally have



lesser denslty than their bulk materials. Also film thickness
(800 - 3000 A°) did not have much effect on n. The high
transmittance and wavelength independent refractive index

of Dyy0, films will have much advantages in using it in

optical coatings for many practical purposes.
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CHAPTER IV

STUDIES ON LANTHANUM OXIDE FILMS

A, INTRODUCTION

High quality thin film dielectrics are required by the
electronic industry for use in capacitors as well as in field
effect devices. Because of the presence of intergrain boundari
in polyecrystalline solids which give rise to leakage and
ac losses, it is generally agreed that the best dielectric
would be a single crystal having low concentration of defects
and impurities., With the increasing use of multilayer coatings
in antireflection and interference filters, high index
dielectrics suitable for producing durable nonabsorbing films
are gaining in practical importance. Because of the excellent
mechanical and chemical stability, rare earth oxides are A
promising materials for the above purposes., In the following
a brief survey on the dielectric, electrical, optical and

structural studies of lanthanum oxide is given.

The X-ray crystal structure of LagOz was firgt reported
by Zachariasen (1926) and the lattice parameters were
a= 3,98 A° and ¢ = 6,12 Ao. But Pauling (1929) modified
the above structure with the same lattice dimensions, but
using a different arrangement of O atoms. Swanson et al. (1953

also studied lanthanum oxide (Lagoz) by X-ray p5wder pattern



method and reported it to be hexagonal with lattice parameters
a = 5,937 A°, ¢ = 6.12 A°. Bondarenko et al. (1959) investi-
gated the thermionic properties of Lago3 on a tungsten ribbon
over a wide range of temperature. During the determination
of the dissociation energy of the lanthanum molecule by

Smoes et al. (1965), the oxide impurities in the sample led
td the observation of the gaseous oxide and sub-oxide,
Buschbaum et al, (1965) studied the high temperature form
(2200°C) of Lay0, (type A) by X-ray diffraction and showed
that it could be considered to belong to the space group

P6 3/mmm- Dé;. A structural change was observed near the

fusion temperature for Lag0g.

Janker et al, (1958) prepared resistors having a
specific resistance in the range of 0.2 - 5750 ohm-cm and
a TCR between 0.5 and -4.3% /°C from a mixture of oxides
containing LagOz;. Trombe and Foex (1951) studied the nature
of increased electrical conduction of mixtures of 2ZrO; and
LagOB. Lag0, was mainly used as an additive to ceramic
dielectrics to increase the dielectric strength., Day and
Calis (1954) prepared a ceramic dielectric from a mixture
containing equimolecular amounts of TiO, and BaCOz, 0.5% of
CeOy and 0.1 - 2% of Lag0, by firing at 1200 - 1400°C. This
dielectric had a loss angle below 50 x 10‘-4 and a specific
inductive capacity of about 6000 that varied < + 15% between

-15 and +60°C. The effects of adding LagO, to BaTiO, on



the dielectric properties of the latter were studied by
Lapluye et al, (1960C). liacChesney et al. (1963) found that
small amounts of La203 in BaTiOz markedly increased the
life~time of the material subjected to high dc fields even

at ZOOOC. Yoshioka et al. (1970) succeeded in making high

€ (188), high Q (7000) and low TCC ceramic dielectric suitable
for temperature compensating capacitors by an appropriate
mixture of CaliOz, Pb0.Ti0, and Lag0,.Ti05. Rudolph (1959)
and Rao et al. (1970) reported the mechanism of conduction

in rare earth oxides.

Chernobrovkin (1971) used a mixture of La and Pr oxides
for thin layer capacitors of high dielectric strength.
Chernobrovikin et al, (1971) reported that thermally evaporated
Lazo5 film capacitors with Al electrodes had € = 18,24 and
tan & varied from 0,006 to 0,02 and the breakdown field was
about 2-5 x 106 V/em, which was dependent on film thickness.
Thun and #iaddocks (1966) described a procegs for making
capacitors of high dielectric constant using Las0z. Hass
et al. (1959) studied the optical properties of various
vacuum deposited rare earth oxides in the spectral region
0.22 - 2 micron., The optical constants were dependent on
deposition rate, substrate temperature, film thickness etc.
and in the visible region the absorption index was zero.
Socha (1960) used LagOz for multilayer low reflectance

coatings for optical elements. Batsanov et al..(1962) reporte<
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that La,0, had n = 1.88 at 800°C. The IR spectrum of Lag0,

3
was studlied by Goldsmith and Ross (1967) and Rao and Rao (1970)
From the above survey, it is clear that even though
much work has been done in bulk Lag0s, very little work has
been reported in Lago3 films. oreover, no systematic study

has been carried out on the dielectric properties and
conduction mechanism, In view of the above, an elaborate
study has been carried out to gain a better outline on the

ac behaviour, dc conduction and other pioperties of La20 films

3

B. EXPERIMENTATL

Lanthanum oxide (Lazog) powder (AR grade supplied by
Bhabha Atomic Research Centre, Bombay, India) was vacuum
deposited from initially flashed tungsten boats, The bulk
powder was heated to about 40000 in vacuo for one hour prior
to deposition for degassing and alsc to avoid spurtting of
the powder. The deposition was carried out for 30 minutes
at a rate of about 50 Ao/min. The glass substrates were
cleaned as described previously and the films were deposited
at room temperzture as well as at 200°C. Aluminium deposits
(3000 Ao) were used both as base and counter electrodes and
the fabrication of capacitors was carried out in the manner
as described in Chapter II. The capacitors were aged in air
after deposition, All the samples were stabilised by

annealing in vacuo by heating (15000) and cooling cycles.
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The dielectric and I-V measurements were carried out in
vacuo unless otherwise stated. La203 was also deposited on
glass and quartz substrates and optical transmittance in UV
and visible regions were measured in a Beckmann DK2
spectrophotometer. For structural studies by electron

diffraction, films were deposited on polished NaCl polyecrystal:

tablets.
C. RESULIS

i) Structure

X-ray study of bulk La,0z powder confirmed the
hexagonal structure with a = 3,94 A° and ¢ = 6,13 A°. The
X-ray powder pattern is shown in fig., IV-1, On the other
hand, vacuum deposited films zppeared to be amorphous or
had fine gralned structure as shown by electron diffraction
(fig. IV-2), The electron micrograph (fig., IV-3) shows that
the films had fine grained structure. No crystallinity was

o
obgserved even when the deposition was carried out at 200 C.

ii) Dielectric properties

a) Agein, and annealing effect

in
Both C and tan & decreased continuously by ageingAair

and finally became more or less constant after 10 days.

C and ten & further decreased on annealing in vacuo by
heating and cooling cycles (125°C). The effect of annealing
is shown in fig, IV~4, After three cycles of annealing,
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C and tan & bec:me steady indicating that the capacitors
were gtabilised in the same way.

b) kffect of film thickness

The variations of C, € and tan & with 1/4 for samples
deposited at room temperature dre shown in fig. IV-6. It is
seen that C varied linearly with 1/d, whereas both € (11.0)
and tan & (0.007) were independent of the film thickness
(960-2150 AO) used in the present experiments.

¢) Frequency and temperature effect on C and tan & etc.

Capacitance decreased continuously with increase in
frequency and became constant at higher frequencies (fig.IV-6),
C was practically invariant with frequency for all temperatures
below the room temperature (297°K) and the variations of C
were larger at higher temperatures and lower frequencies.

This variation was similar to that of Dyzo3 films. PFig. IV=-7
and IV-8 show the variations of C and € respectively with
temperature at different frequencies. It is interesting to
note that both C and € tend to become constant at low

temperature for all frequencies.

The capacltance at OOK was obtained by extrapolating
the curve to 0°K (fig. IV-7) and € was then evaluated and
was found to be 10.31 at C°K. This is, no doubt, the
static dielectric constant of LagOsz film. The dielectric

behaviours of capacitors deposited at 20000 were similar to
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the room temperature deposits.

Fig. IV-9 shows the typical variations of tan & with
frequency at different temperatures. It is seen that tan &
continuously falls with frequency, but there was no tan 6m1n
in the frequency region studied, unlike in the case of Dygo3
filmg. Tan & however increased with temperature as was

observed for Dy,0, films (fig. IV-9).

a) Tcc

The TCC of the capacitors varied from 300 ppm to
3000 ppm for a temperature range of 100° to 380°K. The
variation was small upto BOOOK, but increased rapidly by
further increase of temperature. This parameter was practicall;

independent of film thickness (fig. IV-10),

e) Breakdown voltage and breakdown field

The breakdown voltage was measured by increasing the
dc voltage across the capacitor step by step and measuring
the current, At the breakdown voltage region a number of
sparks were observed on the top electrode with a simul taneous
sharp rise in current., This was taken as the onset of
breakdown voltage. The breakdown voltage was found to increase
with film thickness. However the breakdown field ¥, (of the
order of 106 V/cm) of Lag0, films decreased with increasing
thickness. Fig. IV-11 shows the variation of F, with d
(log~log scale) which is a straight line with a fegatj.Ve
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slope = 0.54, thus following approximately the relation
Fb q d-l/zs

ii1) I-V Characteristics

The same capacitor system:used for studying dielectric
properties were also used to investigate the dc conduction
mechanism., Fig, IV-12 shows the I-V characteristics
(log-log scale) of samples measured at room temperature., It
was also found that these curves were symmetrical irrespective
of the polarity of the top and bottom electrodes. These I-V
curves showed a positive slope of about 4.2 for the three

4
film thicknesses, thus following the relation I « V ,

Fig., IV-13 ghows the I-V characteristics measured at
five different temperatures (303—4220K) for a film thickness
of 1090 A°. The positive slope (4.2) of these lines remained
the same for all the temperatures. The effect of film
thickness on current at a fixed voltage (5 V) is shown in
fig. IV-14 (log-log scale). 1t is seen that the graph is a
straight line with a negative slope equal to 6.8. Thus the
variation of current with £ilm thickness approximately
follows the relation I « 1/d7.

iv) Activation energy (AE)

The activation energy was evaluated from the variations
of current with temperature at a fixed applied voltage

(refer Chapter I)., In fig. IV-15, I is plotted against 1/T
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(semi-log scale) for three film thicknesses at different
applied voltages. The variation of I is a straight line
and the slopes of the three lines remained practically
unchanged for the three film thicknesses. Activation
energy (AE) calculated from the above slope was found to be
0.8 eV (using kT in the exponential factor).

AE was also calculated from the variations of C
with frequency at a constant capacitance for a film
thickness d = 1090 A°. A plot of log ® vs 1/T is shown in
fig. IV-16., The activation energy (AE = 0.8 eV) obtained
from the above plot agreed quite well with that obtained by
the method described previously,

v) Optical properties

La203 deposited on quartz plates were used for
transmittance measurements by a Beckmann DK2 spectrophotometer
in the UV as well as in the visible region. The transmittance
curves for two film thicknesses formed on quartz plates are
shown in fig, IV-17, It is seen that in the vigible spectrum
the filmsg are practically non-absorbing. Absorption
coefficient < was calculated from the slope of the plot of

log T vs 4 assuming the relation « = log T, - log Ty
dp = dy
From £ the absorption index k was estimated at different

wavelengths using the relation « = 477 k/A. k was found to
be negligible in the visible region but increased considerably
by decrease of A in the UV region (table IV-1), In arder to

find out optical band gap, «° was plotted agains§ photon



TABLE IV-1

Transmittance (%) for Wavelength Absorption Absorption
film thicknesses d (4°) » (49 coefficignt index
() x 10 k
1630 1473 1178
29 32 38 2300 5.83 0.10
36 39 44 2400 4,07 0.09
46 48 54 2500 4.0 0.076
56 b9 64 2600 2.76 0,055
72 76 82 2800 2.57 0.056b
82 85 90 3000 1.93 0.048
88 90 93 3200 0.74 0,028
91 93 96 4000 0.71 0.028
91 93 956 5000 .71 0.028
90 2 94 7000 0.71 0.028
TABLE 1IV-2

Wavelength X (A%

7000
6000
5000
4000

Refractive index (n)

1.80
1.82
1.84
1.89
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energy (fig. IV-18). It is seen that 42 was negligible
at lower photon energy and then increased rapidly and the
stralight line extrapclated to « = O gave the optical band
gap (Eg) of the LagO, films which was found to be 4.6 eV.
It is in good agreement with the reflectance spectra

measurements on polycrystalline La205 (Derbeneva et al., 1967).

L8203 films in the visible rezion were highly
transparent (T » 90%) and the absorption index k was
negligibly small. (k < 0.03). The refractive index (n)
was calculated from the transmittance using the relation
I-25 of Chapter I. n varied from 1.89 to 1.8 in the region
4000 to 7000 Ao, which is in agreement with that observed by
Hass et al., (1959). The variation of n with A for a typical
film thickness of 1423 A® is given in table IV-2, However,
n was found to be indepenient of film thicknegs for the
thickness region studied (990 to 1800 AS. ‘

G. DISCUSSION

Electron diffraction and microscopy studies of La203
films formed at room temperature and at 200°C showed that
they had a fine-grained structure. The dielectric behaviour
of these films showed similar behaviour, The capacitance of
all these films were inversely proportional to film thickness
and € was independent of film thickness and it was equal to

11.0 at 1kH, measured at room temperature. The above thickness



independent € is at variance with the results of Chernobrvkin
et al. (1971) who observed a variation of € from 18 - 24,
This variation appears to be due to nonstabilisation of
samples, which will indeed show variation of €., This is
confirmed from the results of the effects of ageing and
annealing, where C is found to decrease with time and hence

also €,

The variations of C and tan & with frequency and
temperature are similar to that observed in the case of
Dy205 films, except that tan & did not attain a minima in
the frequency region studied. It is likely that at higher
frequencies, tan & may increase, thus showing the general

behaviour.

It is well-known that the dielectric behaviour arises
primarily from the contributions viz., electronic, atomic,
dipolar and interfacial polarisations, Since no tan & maxima
was observed at lower frequency region, especially at low
temperatures, the contributions from the last two can be
negligible, The contribution from the electronic polarisation
is about 3.84 ( =n%). Hence, the major contribution ( =7.16)
to the dielectric constant is from atomic polarisation,

From the extrapolation of C to OOK, the static dielectric
constant is obtained (10.3) and its variation with temperature

is very slow, TCC of the La O3 film capacitors (300 -3000 ppm/

2
is comparable with that generally observed for fare earth oxide



The present study also gives some idea regarding the
breakdown of Lag0z films. A number of breakdown mechanisms
have been suggested by various workers (Frohlich, 1937;
Kleni et al, 1966; 1967; Forlani and Minnaja, 1964). The
variation of breakdown field with thickness agrees well
with the Forlani-iinnaja relation viz., Fy « d-l/z, in which
an avalanche approach with tunnel emission at the cathode
is assumed. The breakdown field was high (106 V/om) and
agreed with the results of the study of Chernobrovkin
et al. (1971).

The I-V characteristics studies yield better information
regarding the type of conduction in Lag0z filmg. When the
injection of carriers into the conduction band, or tunneling
is not the rate-limiting process for conduction in an
insulator, a space-charge build up of the electrons in the
conduction band or at trapping centers may occur which will
oppose the applied voltage and impede the electron flow.,

In the previous study of conduction in Dy,0z films (Goswami
and Varma, 1974), a space-charge limited current was observed,
following the relation I « Vz/ds, but depending on temperature
suggesting thereby that the conduction is SCL modified by
shallow traps. For an exponential trap distribution, the
current-voltage relationship is governed by the relation

I « v it

d21+1



where 1 is a parameter characteristic of the distribution

of traps (Lampert, 1964). However, it is to be noted that

a relation I « Vl/d? was also observed by Chopra (1965) for
niobium oxide films. Hickmott (1966) reported that the
conduction in Nb/szos/Au systems followed the relation
IV /d as previously observed by Chopra (1965) for
niobium oxide films. Hickmott (1966) reported the conduction
in Np/Np 05/Au systems also followed the relation I « V4

for film thickness between 3000 - 3600 A .

The mechanisms of conduction are generally governed
by a number of factors inter alia workfunctions of electrodes
and the sandwiched layer, applied field, structural defects
of the deposited films such as stacking faults, impurities,
dislocations, grain boundaries, ete, which act as potential
trapping centers for current carriers. The conduction process
can be either electrode or bulk-limited depending on the
field strength, the former however prevailing at lower fields
and the latter at higher fields. I-V characteristics in the

former case can be represented in the form

' 1/2
J<exp (PV / )

' 1/2
such that a plot of log J or log I vs V / will show a

steep slope depending on p which is a constant, Any deviation
from the straight line slope generally observed at higher
fields or with increasing film thickness will indicate the



100 -

< )
F O 960 A
L 5 10104
= x 1090
e 1730
[
L
L
1
ol 4-0




£5

onset of the bulk-limited proecess. Simmons (1970) and
Stuart (1967) and others already observed these features
and also reported that the curves for bulk-limited cases

had a tendency to saturate at higher fields.

Taking the above into consideration, the I-V
characteristics at 303 K of four different film thicknesses

1
/2 (fig. IV-19). The

have been replotted as log I vs V
curves clearly delineate electrode and bulk effects, the
trangition stage occurring at about 3.6 volts. At higher
fields the current tends to show a saturation, thinner films
having higher slopes. This is more distinct in the.case of
thicker films (d = 1720 A") in which the saturation is more
pronounced, whereas for the thinner films the curves get close:
However, at about 3.6 volts, all the curves merge together to
form approximately a single line with considerably higher
slope, which is characteristic of the electrode-limited process
Hence, at fields < 3.6 volts, the conduction process was mainlj

electrode limited whereas at flelds > 3.6 volts, the conduction

was primarily bulk-limited,

In the present study of dc conduction in Laylz films,
the variation of current obeyed approximately the relation
I V4/d7, thus agreeing with the relation I « Vl"-l/d?'l+1
where 1 = 3, Further, the current was temperature dependent
unlike trap-free insulators. It can be thus coneluded that

the conduction process in LagO, films is space-charge limited
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with an exponential trap distribution,

The activation energy evaluated from the current-
temperature as well as capacitance measurements agreed well
giving a value of 0.8 eV, The above value of AE appears to be
an indication of trap depth, '

The optical transmittance studies of LaygOz films showed
that the absorption was in the UV region., The optical
bandgap (Eg = 4,6 eV) estimated from the plot of xg vs photon
energy was in good agreement with the reported bandgap by
reflectance measurements (Derbeneva and Batsanov, 1967) which
was about 4.4 - 5.6 eV, Lazo3 films in the vigible region
showed high transmittance and absorption index k was negligible,
However refractive index was dependent on wavelength of light
and it decreased from 1.89 to 1.8 for A varying from 4000 - 7000 4
This is in agreement with the studies of Hass et al. (1959).
The high transmittance of Lagoz films suggests that it can be

used for multilayer coatings, interference filters etc.
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CHAPTER V

STUDIES ON LANTHANWM FLUORIDE FIIAS

A, INTRODUCTION

The design of multilayer film combinations such as
antireflection coatings or interference filters depends to
a large degree on the variety and the qualities of the
materials available. Unfortunately the number of sultable
film materials are still quite restricted. Rare earth
fluorides, just like their oxides, give promising results
because of thelr excellent mechanical and chemical durability
as thin films., These fluorides have an advantage over the
oxldes because of their comparatively low melting point.
The dissoclation probability is also very less. The following

is a survey on the dielectric, optical and other properties

of lanthanum fluoride,

By X-ray diffraction, Oftedal (1929) showed that
lanthanum fluoride (LaFz) had a hexagonal structure with
lattice parameters a = 7,177 AO and ¢ = 7,344 Ao.

Swanson et al, (1957) and Staritzky (1957) also reported the
same structure for LaF,. On the other hand, Mansmann (1964)
suggested that LaFz belonged to the trigonal system with
a="7.19 A% ¢ =7.367 A° and z = 6. Zalkin et al. (1966)



recently studied the structure of LaFs in more detail and
confirmed that its structure is trigonal rather than hexagonal.
Oftedal (1929) suggested the hexagonal structure with the
assunption that the space group was P 63/mcm, but the atomic
coordinates corresponded almost to the symmetry P63/mcm

with a smaller unit cell. The evidence for large cell was

the presence of weak reflections which might have easily
escaped detection in power diagrams. Zalkin et al, (1966)
concluded that Oftedal's cell was correct and that his
coordinates for La were quite accurate, but that the crystals

were trigonal,

Solomen et al. (1964; 1966) reported the low frequency
dielectric behaviour of LaFB. It exhibited an unusually
large dc polarisation and low frequency capacity. The effect
in LaFz and other rare earth fluorides were at least two .
orders of magnitude larger than that in any other crystal,
The capacitance at 100 cps was typically about 104 times
larger than the geometrical capacitance. Their measurements
on single crystals of LaF5 distinguished at least two
components of polarisation, The component with a time constan
of the order of milliseconds was linear in the applied
voltage, but the long term polarisation was proportional
to 1ts square, These phenomena were associated with the

surface effects., The thermal variation of dielectriec constant
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had been studied for LaF. at 1 kHz by Claveric et al, (1974)
and the high value of € and dielectric losses were attributed
to the mobility of the F ion,

Gosh and Gosh (1938) determined the specific conduction
of La and some other rare earth fluorides at temperatures
between 260 and 310° and the data were used to calculate the
splitting of the 4f bands in the crystals, which was approximat«
0.6 eV in agreement with the theoretical value. Sher et al.
(1966) reported the measurements of lattice and bulk thermal
expansion, fluorine Nilk and electrical conductivity of
single crystals of LaFz in the temperature range 300—100000.

In the lower temperature range, the activation energy for

the formation of Schottky defects was 0.07 eV and for F ion
diffusion was 0.45 eV, Fielder (1969) studied the ionic
conductivity of LaF; at temperatures 25-74000 and stated that
the conduction was due to thermal formation of La and F ion
vacancies by Schottky mechanism with AE = 192 kj/mole and
migration of F with energy = 32 kj/mole. Collins et al. (1971)
observed electroforming process even at low voltage in air

at room temperature.

Bourg et al. (1964, 1966) studied the X-ray diffraction
of thin layers of Laf, (2000 A°) prepared by thermal
evaporation in vacuum on an amorphous silica substrate.

The results showed that the layers were crystalline and the
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structure depended on the substrate temperature, Their
results on the electron diffraction showed that depending

on the substrate temperature as well as film thickness,
three separate zones of deposits were observed viz,,

(1) amorphous zone for film thickness < 1000 A® at substrate
temperatures 100, 200 and &OOOC, (ii) disordered crystalline
zone for thickness between 1000-5000 A° at 200°C and 300 G
and (iii) ordered crystalline zone for thickness > 10,000 A°
at 100°C. Films deposited at low temperature were

microcrystalline and formed in random directions,

Thun et al. (1962) reported typical vacuum deposited
capacitors c¢f high dielectric constant from fluorides or
oxides of Ce and La with Al as electrodes. While studying

the dielectric properties of various thin films of rare

earth fluorides evaporated from tantalum and alumina crucibles

Maddocks and Thun (1962) found that the deposits from tantalum

boat yielded a thickness dependent dielectric constant whereas

those from alumina crucibles had thickness independent

dielectric constant. Decomposition of the deposit leading

to the formation of metallic grains embedded in the dielectric

could yield a high dielectric constant.

La Roy et al. (1973) studied the electrical properties
of solid state electrochemical cells using thin films of
LaFz electrolyte. The conductivity of the cell was found

to be a function of the concentration of reducible gases
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like 05, COp, 80, ete. Lilly et al, (197%) studied the
transport properties of LaF; thin films from the pulsed
I-V measurements and the data fitted a relationship of
the form I = Io Sin b(V. The ionic conduction in LaF.
films was studied by Tiller et al. (197%) and found that
the activation energy for F Aiffusion through the film
was about 0.4 + 0,08 eV at < 500°K except in the vicinity
of Debye temperature (ZGOQK). Above SOOOK, AE increased
to 0.8 + 0,1 eV,

Hass et al. (1959) investigated the optical properties
of vacuum deposited films of rare earth oxides and fluorides.
LaF, deposited at 30000 was practicelly absorption-free
down to 0,22 f. The refractive index was found to be 1.6,
in agreement with bulk value (Batsanava, 1962), Bourg
et al. (1965) showed that the films of thickness < 7000 A~
deposited on silica at 3000 were homogeneous. Kagaku (1965)
evgporated a mixture of Ce, La and Nd fluorides from
W or flo boats for antireflection coatings, interference
filters etc., The refractive index of the mixture was
n > 1. The extreme UV reflectance spectra (7-40 eV)
measurements of LaFy films by Stephan et al. (1972)

showed a complex permittivity and loss function.

From the above survey it is clear that a detailed
study of dielectric and optical properties of LaFz films
is still lacking. In view of the above an effort had been
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made to study the ac behaviour, optical properties etc.
of vacuum deposited thin films of LaFz and the results
were compared with other results observed previously.

B, LEXPERIENTAL

Jlueride
LanthanumApgwder (supplied by V.O. Sojuzehimexport,

Moscow, USSR) was vacuum deposited from tungsten boat and
from alumina crucible, In the former case, a flat tungsten
boat which was flashed previously in vacuo was used. In

the latter case, recrystallised alumina crucible which

was heated externally by a tungsten spiral was used.

In both cases the bulk powder was heated slowly and degassed
for about 30 minutes in vacuo and then the temperature

was lncreased to the melting point of LaF; to get a slow

and steady deposition at a rate of about 100 A°/ minute.

The glass substrates were kept at about 12 cm above the
gource and were at room temperature ( 30°C ). The deposited
films were trangparent and often showed interference
colours. For structural studies by electron diffraction
films were deposited on polycrystalline NaCl tablets,

glass plates, freshly cleaved mica etc. and examined in

the usual way. The capacitor Al/LaF;/Al systems were
fabricated and the dielectric measurements were carried

out as described in Chapter II.

LaFz films were deposited on glass substrates and
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the resistances of the samples were measured by a

million meg~ohm meter. Platinum foils were used for

contacts and necessary leads were taken, Before measurements,
the samples were annealed in vacuo at about 15000. Registance
measurements were carried out at different temperatures

in vacuo for different film thicknesses. Films were

deposited on glass as well as on quartz plates for optical

meagsurements,
C. RESULTS

i) Structure

The X-ray diffraction gtudies of the bulk lanthanum
fluoride powder showed that LaF; has a trigonal structure.
But the powder pattern contained some other lines which
were due to some oxide impurities in the bulk powder.
The vacuum deposited films of LaF; on substrates at room
temperature were poly-crystalline and they had structures
exactly similar to that of the bulk powder, The electron
diffraction pattern is shown in fig. V-1,

1i) Dielectric properties

The dielectric behaviour:of LaFz capacitors with the
dielectric deposited from W boats (here-after called
type A) and alumina crucibles (hereafter called type B)

were almost similar in nature.
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a) Ageing and annealing effect

All the capaclitors when aged in air for a few days
showed a decrease in C and tan & and became more or less

steady. However, on stabilising them in vacuo by heating

end cooling cycles (15000), both C and tan & further
decreased. C and tan & (at 1kH;) became steady after

four annealing cycles as shown in fig, V-2,

b) Effect of film thickness

Fig, V-3 shows the variations of C and € with 1/d

for the two types of capacitors A and B. It is seen that

C varied linearly with 1/d and € (4.7) was independent of
film thickness. Results were the same for both type A and
type B capacitors. Tan & was also low (0.01) and independent
of film thickness (table V-1),

¢) Effect of frequency and temperature on C and tan &

The variations of C with frequency at different
temperatures are given for type A (d = 2160 AO) in fig, V-4
and type B (d = 1620 Ao) in fig. V-5 respectively. It is
seen that C decreases continuously with frequency for both
types and become more or less constant at higher frequencies.
But below room temperature, (297°K) C is independent of
frequency for the regions studied. The variations of C
is much pronounced at higher temperatures and lower
frequencies. This is similar to that observed for Dyo04
and LagOz films. Fig. V-6 shows the variations of C with



TABLE V-1

LaF; deposited from alumina boat

FPilm thicknegs 1/d x 10405I Cc (pF) € at tan &
a (4% at 1 kHz 1 kHg
2880 3.47 2280 4.64 0.011
2650 ' 3.77 25620 4,7 0.006
2455 ' 4,07 2860 4.9 0.011
2120 4.71 3140 4,7 0.01
2062 4.85 3380 4.9 0.017
1620 6.17 4110 4.7 0.011
1370 3.3 4820 4,67 0.019
910 11.0 7120 4,62 0.013

LaFP; deposited from tungsten boat

3985 2,651 1671 4,70 0.030
3800 2,63 1757 4,70 0.010
3240 3.09 ’ 2104 4.80 0.010
2423 4.13 2730 4,67 0. 030
2160 4,63 3090 4,71 0.013

1124 8.93 5800 4.71 0.015
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temperature (90-400°K) at different frequencies for
type A (d = 2160 A°). It is seen that the frequency
branches of the curve merged together to a single one
(around 28000) and C tend to attain a constant minimum

value at lower temperature region.

Figs, V-7 and V-8 ghow the typical variations of
tan & with frequency at different temperatures for type
A and type B, Tan & decreased continuously with frequency,
but increased with temperature at a fixed frequency. It is
to be specified here that unlike in the case of Dyy,0z films,
no tan 6min was observed, and the behaviour was more or
less similar to La205 films. It appears that tan &4,
is likely to appear at higher frequencies.

d) Percentage variation of C and TCC

Fig. V-9 shows the percentage varlation of C
normalized at 1 ki, measured at room temperature (297°K)
for different film thicknesses. AC/C varied about 4%
in the frequency region 60 - 1O4 Hz, which was practically
independent of film thickness. 1In fig. V-10 TCC is plotted
with temperature for type A and B for different film
thicknesses. TCC varied from 100 to 6G00 ppm/°k for a
temperature range 100—4000K. TCC variation was much low

0
(100 - 1000 ppm/°K) in the temperature range 100-300 K,

which was independent of film thickness and the variation
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was more or less linear. But above SOOOK, TCC increased

rapidly.

e) Activation energy

AE was calculated from the variations of C with
frequency at different temperatures as in previous studles.
In fig., V-11 log f is plotted against 1/T at constant C.

AE calculated from the glopes of the lines assuming kT
in the exponential was the same (0.93 eV) for both the
types.

The resistance (R) of the films were measured at
different temperatures, In fig. V-12 log R is plotted
against 1/T for four different film thicknesses. The slopes
of all the lines were the same and AE calculated was about

0.95 eV, in good agreement with the previous measurements.

iii) I-V Characteristics

The I-V characteristics showed much typical behaviour
unlil e that observed in the previous studies, When the
voltage was applied across Al/Lan/Al capacitor, the
initial current observed was very high. But the current
decreased continuously with time to a much smaller value
which was about 1/100 of the initial value. Practically
no stabilisation was observed. It was also noticed that
if the applied voltage was cut off, a discharge current
flowing in the opposite direction was also observed. This,

however, also decayed with time.
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LaFs 1s an ionic conductor even at room temperature,
Tﬁe peculiar behaviour observed above suggests the presence
of high ionic polarisation., This study also indicates a
space-charge region near the electrodes, which plays a
large role in the transport properties. This was in
conformation with the studies of Solomon et al. (1966)
and Lilly et al. (1973).

Because of the above disadvantages in dc measurements,
the I~V characteristics and the dc breakdown of LaFz films
could not be studied properly. However, the breakdown

field was found to be approximately 105 V/cm.

iv) Optical properties

Transmittance of LaFz films formed on quartz
substrates at room temperature was studied for the UV
and visible region (2200-7000 A®). The transmittance in
the UV region do not show any special feature except that
absorption slowly increased with decrease of A. No
significant absorption was observed upto 2300 Ao suggesting
the absorption in far UV, Interference peaks were observed
in the visible region. A typical transmittance curve is
shown in fig. V-13 for two film thicknesses (4825 and |
5700 Ao). Transmittance was high (T > 94%) and the

refractive index was calculated from the Ami and Ama

n x
using the relations (eqns. I-26a and 26b) of Chapter I.

o
The refractive index in the visible region (4000 - 7000 A°)
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thus evaluated was about 1.6, which was practically
independent of wavelength and thickness of the dielectric
filmstable V-2).

D. DISCUSSION

The properties, especlally the electrical properties
of LaFz films which were ionic in nature were somewhat
different from those observed previously in the case of
insulating films such as Dy205 or La203. The structural
studies of the bulk powder by X-ray diffraction showed that
it contained traces of other impurities presumably lanthanum
oxide. The electron diffraction studles showed that the
deposits contained primarily LaFy. The presence of faint
rings appears to be due to traces of the oxide impurities.
The ageing and annealing effect on LaFy4 films showed a
decrease of C and tan & suggesting that after annealing,
the defects present in the deposits were much reduced and
the films became more or less homogeneous and the dielectric
constant was independent of film thickness for both type
A and B, Maddocks et al. (1962) reported that when LaF,
films were deposited from alumina boat, € was thickness
independent (8.2 at 1 kH,), but when deposited from
tantalum boats, a thickness dependent high value of € was
observed. The increase in thickness dependent €, secems
to be due to partial dissociation of LaFz leading to the

formation of mixed specles of metallic and dissoclated



products. This will give rise to thickness dependent €,
as observed in the case of niobium and indium oxide films
(Goswami et al. 1974; 1975). Since in the present study
deposition from alumina or tungsten boat did not cause
any change in €, which is thickness independent, it may
be concluded that the deposited films consisted mainly

C decreased with increasing frequency and lncreased
with increase of temperature as in the previous studies.
But unlike Dygo3 films, no tan bpin was observed in the
variation of tan 6 with frequency. The percentage v
variation of capacitance AC/C was about 4% in the frequency
region 50"104 Hy which is slightly higher than that for
the oxide films studied, TCC varied from 100-6000 ppm/°k
in the temperature region 100-400°K. It is interesting
to note that TCC variation was small (100-1000 ppm/°k)
upto SOOOK. At higher temperatures it increased rapidly
because of the increase of charge carriers by the increase
of thermal energy resulting in a reduction of resistance
R and & rise in C,

Current-voltage characteristics of LaF; films were
quite different from the nomal dielectric films and the
studles indicated the presence of high polarisation as
observed previously by solomon et al, (1966), Lilly
et al, (1973) and others, The presence of pol?risation
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in ionic crystals has been widely discussed for a number

of years., Still the phenomenon is not understood fully.

The reason for this appears to be the variety of effects
which have been invoked as responsible for the phenomenon
in different materials and the difficulty of determining

the dominant one, The electrical conductivity and N/R
measurements showed that the electrical conductivity is

due to ionic motion (F ) with a little electronic
contribution. Solomon et al. (1966) suggested the existence
of a permanent double layer at the surface of Lan crystals

and potential probe measurements confirmed this.

There are two broad categories of effects which have
been proposed: center polarigation and space charge
polarigation, In the former category Sutter and Nowie
(1962) proposed that in pure alkali halides, dielectric
relaxation of defect clusters causes low frequency
polarisation, A standard theory for space charge polari-
sation was proposed by Jaffe (1952). The pulsed I~V
measurements of Lilly et al., (1973) clearly indicated a
space charge region near the electrodes which play a large
role in the transport properties. Further, the high current
observed by the application of a dc voltage, the decay of it
with time and also the depolarigation current in the opposite
direction by the removal of the applied voltage clearly
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indicate the presence of large polarisation in LaFg
whose magnitude is unusual compared to other ionic

erystals,

The activation energy measured by current measurements
as well as by capacltance measurements agreed well
(AE = 0,93 eV). But Tillar et al. (1973) reported an
activation energy of F ion diffusion to be about 0.4 eV
for < 360°K and 0.8 + 1 eV for > 360K. This difference
may be due to structural and morphological defects and
also the method of preparation of LaFz films which may

cause differences in impurities.

It is interesting to mention that LaFz films showed
high transmittance suggesting that they are practically
transparent in the visible region. Also the films showed
interference associated with maxima and minima in the
visible region and the refractive index (n = 1.6) calculated
from the maxima and minime is in good agreement with the
value previously reported by Hass et al. (1959). The
high transmiftance of LaFz films in visible region shows
that these films can be used in optical coatings. The
optical transmittance in the UV region definitely shows
that the absorption and hence the optical bandgap lie

in the far UV region,
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CHAPTER VI

STUDIES ON CALCIW FLUORIDE AND STRONTIUMY
FLUORIDE FILMS

A, INTRODUCTICN

Structural aspects and many of the physical properties
of calcium fluoride and strontium fluoride which are ionic
in nature have been studied by various workers. Crystal
structure of CaFy was first analysed by Bragg (1914) by
X-ray method and found tc have a cubic structure
(a = 5.48 A°). Arkel (1924) found that SrF, had also a
cubic structure (a = 5.86 A°). Swanson et al. (1951,19556)
from X-ray diffraction analysis leater reported that CaF,
and 5rFgy had lattice parameters a = §5.4626 A% and 5.8 A°
respectively, both belonging to the space group
o®H - Fu3M with 2 = 4,

The colour centres produced by X-rays in CaF,
and BaF, crystals were reported for the first time by
Smgkula (1950) and four absorption bands were observed
at wavelengths 5800, 3380, 2200 and 400 A°. Jacobs (1957)
studied the dielectric relaxation in two batches ot CaFo
crystals. The loss curves observed with frequency of the
first type were straight lines caused by the ionic

conductivity by the free carriers whereas for the second



type it was due to the dipolar relaxation in the

frequency region 102 - 105 Hz, These crystals in

presence of calcium vapour, however, became coloured

and showed dipolar relaxation in the same frequency range,
Rao et al, (1966) studied the dielectric properties of
various alkali earth fluoride crystals at the temperature
range 195 - 500°K at frequencies 10%-10° Hz. Dielectric
constants of CaF, and SrF, at 20 C were 6.78 and 6.48
respectively at 1 kHz and were independent of frequency

but increased with temperature., However, € was independent
of temperature below 25°C. Activation energy calculated
for CaF, and SrFp was 1.4 eV and 1.5 eV respectively,
Johnson et al., (1966) observed that an addition of NaF

to CaFy caused a loss peak at higher frequencies due to

the dielectric relaxation, Chen et al. (1969) studied

the dielectric relaxation at different temperatures in

CaFy and SrFg crystals doped with Nal and YF3; and determined

the activation and association energies for the dipolar

complexes.

A temperature and pressure dependence of low
frequency dielectric response of CaFp and SrFy crystals
was reported by Lowndes (1969). The temperature dependence
of dielectric response was found to be principally due to
intrinsic volume changes in the crystals rather than to

intrinsic temperature changes in the anharmonic contribution.



The static dielectric constant for SrF, at 300°K was

about 6.5. Andeen et al, (1971) also measured the
dielectric constants of alkall earth fluorides at 300°K

by the method of subsgtitution, Dielectric constant, tan &
and conductivity of Mn and Na doped CaFy crystals were
studied by Agrawal (1974) in the region 102-~1O7 Hz and

at temperatures in the range 30 - 450°C, Both the samples
exhibited dipolar relaxation at room temperature., Ure (19:7)
studied the transference number measurements on pure and
doped CaF2 crystals and showed that the predominant defect
was anti-Frenkel disorder type involving equal concentrations
of negative ion vacancies and negative ion interstitials
and from the electrical conductivity measurements, the
mobilities of the F vacancy and F interstitial have

been determined,

Lewowskl et al. (1966) studied the I-V characteristics
of CaFy, and found to be applicable for the construction
of diodes having a negative resistance region. Further
studies on the ionic conductivities of Ca and Sr fluorides
were made by Barsis et al. (1966) and Fielder (1967).
The Hall mobility measurements in CaFy, and SrFgp by
Seager (1971) showed that in all cases the sign of the
Hall effect was that of electrons. Seetharaman et al.
(1973) studied the defect structure of the fluorides of

Ca and Sr and discussed their application as solid



electrolytes. Podgorsak (1973) correlated the space

charge electret state in CaFy with its bulk ionic conduction,
The high field conduction (10—104 V/cm) in CaFg crystals

was reported by Manfredi et al. (1974) at temperatures

80 - 300°K and the I-V characteristics showed an initial
linear behaviour followed by a non-linear trend, where

the temperature of the sample increased considerably.

While studying the siructure of CaF, and SrFp,
Swanson et al, (1951 and 1955) found that the bulk
refractive indices of both were the same. The effect of
temperature on vacuum UV transmittance of CaFo was measured
by Laufer et al. (1965)., With the aid of a long wavelength
IR spectrometer, Berman et al. (1965) studied the transmission
of CaF, in the region 1700-6000 A° at room temperature and
1500-7500 A° at -90°C. Reflectance data in the far UV
region (8-14 eV) showed three absorption bands for StF,
(Robin~-Kandare et al. 1966), Caffyn et al. (1967) reported
the dielectric and optical absorption measurements on doped
CaFy.  Also the optical, dielectric and lattice properties
of Ca and Sr fluorides were studied by Denlam et al., (1970).

The structure of CaFyp thin films were studied by
Bujor and Vook (1967) and the dependence on substrate
temperature and film thickness of the deposits on (100)

face of NaCl was reported. The complex epitiaxial growth
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of vacuum deposited CaF, films had been studied by several
workers (Vook et al, 1970; Koch et al, 1973 and Reichelt

et al. 1973). Thick films were polycrystalline especially
when formed at room temperature. The first study of the
dielectric properties of CaFy films wes reported by

Laurila (1950) in which case € measured just after the
deposition was about 150 - 6000 which decreased considerably
to about 7-10 after a few days of ageing. A detailed work
on Al/CaFo/Al capacitor system was reported by Weaver (1962).
He observed an increase in C by ageing, whereas tan &
decreased continuously. He found that the optical thickness
of Can films increased with ageing, which was due to the
increase in refractive index. By absorption of moisture C
increased and also tan & showed a maxima with frequenoy

in the audio frequency region. The dielectric constant

was found to be about 3.2,

The prebreakdown and breakdown electrical properties
of CaFy, films using aluminium electrodes were studied by
Budenstein et al. (1969). The light emitted during
breakdown contained the arc spectra of the dielectrie and
the electrodes. The breakdown field (10° V/em) variea
with film thickness as d 2. Smith et al. (1969) studied
the breakdown conduction and breakdown phenomena in CaF,
films (700-30000 A®°) in more detail. The dielectric

relaxation and dc curreni-temperature measurements in Caf,
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films were reported by Smith (1969) who observed an €
maxima at about 215%K and also a step in the variation of

€ with temperature.

The above survey shows that even though considerable
amount of work has been carried out on bulk CaFo, very
little investigation has been carried out on vacuum deposited
CaF, films especially its ac behaviour and opticeal properties.
For SrF2 films still less work has been done even though
its properties are much similar to those of CalFy,, Consequently
an effort has been made to study the ac behaviour, optical
properties, moisture effect and other properties of vacuum

deposited films of Cafy and SrF, and compare these results.

B. EXPERIMENTAL

Bulk CaF2 supplied by M/s Koch Light Laboratories Ltd.
(99.93% purity) was used for preparing films, Pure SrFy
was prepared from gstrontium nitrate., Strontium nitrate
(21 g, O.1 ) was dissolved in distilled water (100 ml)
gnd added to a solution of sodium fluoride (8.4 g, 0.2
in 100 ml) and the contents were boiled for one hour,
cooled to room temperature and filtered. The precipitate
was washed several times with distilled water till free
from soluble impurities, dried at 110°C in oven and finally
at 110° in vacuum (yield 11.3 g, 90% of theory).



Both the powders were then deposited from tungsten
boats on glass substrates kept at room temperature. The
deposition was carried out for about 20 minutes and the
rate of evaporation was about 200 A° per minute, The
deposited films were highly transparent. Al/CaF, or
SrFo/Al capacitors were fabricated in the manner described
previously. To study.the substrate temperature effect,

SrFy, was also deposited at 125°¢,

For optical studies in UV and visible regions, films
were deposited on quartz substrates. For structural
investigations, films were deposited at room temperature
and also at 200°C on polyerystalline NaCl tablets,

NaCl (100) face, glass and mica.

Effect of moisture on C and tan & of CaFé films
capacitors was studied at room temperature by keeping the
samples in different relative humidity conditions which
were obtained by different concentrations of sulphuric
acld in water in a closed system, The electrode effect on
CaFy films were also studied and the Al/CaFo/Cu and
Al/CaFg/Au samples were fabricated in the same manner as

described previously.

C. RESULIS
i) Structure

The structure of the bulk CaF, and SrF, powder was
analysed by X-ray powder method and found to be.cubic



TABLS VI=l

I/1o d A hkl
) 2188 111
[ ] 1.92C 220
ns 1. 660 311
4 1.2 400
4 1.267 331
ne 1,111 422
4 1,080 511
£ 0,969 440
4 U, 922 531
4 U. 888 620

8 - strong
f = fuint
B - mediun

a=b.46 i°



TABLE VI-2

1/Io d A° hkl
8 3.367 111
£ 2,970 200
8 2.053 220
ns 1.749 311
b ¢ 1.453 400
b 4 1,335 311
ms 1,183 422
b 4 0.974 531
£ 0.965 600
8 strong
b 4 faint
m medium
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(a = 5.46 Ao and 5.8 Ao for CaF2 and Ser respectively) .
The deposits formed on glass or NaCl at room temperature
yielded polycrystalliine patterns when studied by electron
diffraction corresponding tc normal CaF2 and SrFo structure,
The electron diffraction patterns for deposits at room
temperature are given in flg, VI-1 and VI-2 for CaFp

and SrFg respectively. The measured d values are given
in table VI-1 and 2, When the substrate temperature was
nigh (200°C), these deposits developed epitaxial
orientations on the (100) face of NaCl, but remained
polycrystalline on glass or polycrystalline substrates.
Thicker deposits however developed 1-d 111 orientations.
The reflection studies of the SrF, films grown on the
NaCl (100) face are shown in figs, VI-3 and VI-4, These
show typical expitaxial growth of SrFy films developing
2-a {100} orientations.

ii) Dielectric properties

&) Ageing and annealing effects

Ageing and annealing effects on capacitance of Can
and Sr¥Fy films showed some peculiarities, different from
those of the other films discussed before. Fig. VI-5 shows
the variations of C and tan 6 with time for the two above
films, 1t is seen that while C of SrF, films decreased
with ageing, for CaFy, films, on the other hand, it continuously
increased suggesting that some changes are occd@ing in

CaFy, films possibly due to their exposure to atmosphere.
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But in botﬁ cases, tan & decreased continuously. The
behaviour of these capacitors with annealing is shown

in fig. VI-6., 1t is interesting to note that unlike all
previous studies, C of CaFy and SrF, films gradually
increased, ultimately attaining constant values after a
few cycles. However, tan & decreased by annealing., This
behaviour was similar to those observed by Weaver (1962)
for CaF2 films during ageing,

b) Effect of film thickness on C, € and tan &

Fig. VI-7 shows the variations C, € and tan 6 with
1/4 for CaF, films. It is seen that C decreased linearly
with increasing film thickness, whereas € (3,66) and tan &
(0.004) were independent of film thickness (2500 - 7500 A°).
Fig, VI-8 shows the similer variations of C, € and tan &
for SrFo films deposited at room temperature as well as
at 12500. At higher substrate temperature, however,
€ slightly increased from 4.45 to 4.55. But tan & (0.004)
. remained more or less the same.

¢) Effect of frequency and temperature on C and tan &

The typical variations of C with frequency at
different temperatures are shown in fig VI-9 and VI-10
for CaF2 and SrFo, films., In both cases C became independent
of frequency around room temperature and below. However,
the variations are much pronounced for lower frequencies

at higher temperatures.
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Figs. VI-11 and VI-12 show the variations of C with
temperature at different frequencies for CaFp and Srfg
films respectively. It is interesting to see that C at
lower temperatures is independent of frequency. However
C increases with temperature, but later on it remains
more or less constant for a certain temperature range,
forming a sort of step in the graph and with further
increase in temperature, C increases following the path
which is dependent on frequency. The temperature range
for constant C was 264-316°K for SrF, films and 250-315°K
for Cal'y films. This temperature independent behaviour

of C suggests a relaxation phenomena to be discussed later.

Figs. VI-13 and VI-14 show the variations of tan 6
with frequency at different temperatures for CaFys and
SrF, films respectively (d = 5620 A° and 2010 &%), For
both cases tan & slowly decreases with frequency and
invariably become congtant at higher frequencies. TFurther,
tan & also decreases with decrease of temperature and
becomes constant at much lower frequencies in the lower
temperature region., These variations are somewhat similar

to the previous observations of tan Onip shifting to higher

n
frequency region at higher temperatures for Dyo0z films,

However, instead of a sharp minima, it shows a flat one.

The effects of temperature on € and €" (tan & = €"/€)

at 1 kHz are shown in fig., VI-16 and VI-16 for CaFo
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(@ = 397 A°) and SrF, (4 = 2946 A°) films respectively.
It is seen that € slowly increases and attain a steady
value and later on again rise with further increase of
temperature which is similar to the behaviour of C with
temperature, The formation of a step for € is between
250 - 316°K for CaF, films and 264-320 K for SrFp films,
e", on the other hand, increases, attain a sharp maxima
at about 254°K, falls and again starts increasing for
CaFo films. These 6" maxima and saturation of € clearly
indicate a relaxation process for CaF, films. But in the
case of SrF, films, even though there was a flat feature
of € curve, e" maxima was not sharp.

d) Temperature coefficient of capacitance

Since C was practically constant for a particular
range of temperature, the variation of TCC (at 1 kHz) was
gsomewhat unusual (fig. VI-17). TCC at first increased
from about 200 to 900 ppm/°x for CaFy films in the
temperature region 100-2600K and then dropped suddenly
to practically zero, It is seen that TCC is practically
zero in the temperature range 260—5OOOK and then it
increases upto 1000 ppm/°K for a temperature about 360%K.
This behaviour is observed also for SrF, films. TCC
increased from 150-1G00 ppm/OK for temperature 100-270 K
which dropped to about zero in the region 270-300°K and

then again increased.
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e) Humidity effect

The effect of moisture on CaFy films has also been
studied because of the observed increase in C with ageing
and annealing. The variations of C and tan & of CaFg
film capacitors were studied at 20°C by exposing them to
different humidity conditions. Different humidity was
attained by using sulphuric acid solutions of different
concentration in water, The acid of suitable concentration
was kept in an enclosed container for a few hours to ensure
the equilibrium. Capacitors were then quickly transferred
from vacuuo to the container and the system was again c¢losed.
Both C and tan & were then measured at 1 kHz at different
intervals. Appropriate leads were taken out from the

container for measurements.

Fig. VI-18 shows the variations of C with time for
a film thickness d = 3200 A°. It is seen that C and tan &
increase immediately after the transfer and remained
practically the same even after a long time of exposure,
thus suggesting that equilibrium was attained within a
short period. Tan & also increased with humidity. This
was true for different humidity conditions also. This
behaviour was similar to the adsorption studies of CaFy,
films by Weaver (1962).

Fig., VI-19 shows the variations of C and tan &
0
with relative humidity for a film thickness d = 3200 A .
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It is interesting to note that C increases with the
increase of relative humidity., It may be mentioned here
that both C and tan & almost regalned the original values
in a short time when these capacitors were kept back in
vacuuo.

The above results suggest that CaFo capacitors can
be used as indicators or sensing elements for humidity,

for which many applications can be envisaged.

f) Dissimilar electrode effect

The studies of CaF, capacitors with dissimilar
electrode systems such as Al/CaFg/Cu or Al/CaFy/Au, showed
some interesting results. It was found that these capacitors
when kept in vacuuo and connected directly to a microvolt~
meter, no emf was observed. However, when the capacitors
were exposed to air a voltage of the order of 150-300 mV
was immediately developed across the capacitor with copper
or gold as positive, When the capacitor was put back in
vacuuo, the voltage measured across the electrodes decreased
and ultimately became zero. VWhen the capacitors were
placed in higher moisture conditions, the voltage measured
was also increased, Further no emf developed when the
capacitors were kept in dry air., It is to be mentioned
that the voltage developed across the electrodes were
independent of the CaFy film thickness. Similar effects

were observed irrespective of Cu or Au being top or bottom
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electrodes, However no such emf was developed for

similar electrode systems such as Al/CaFg/Al,

These resulis, namely, the development of an emf
across two dissimilar electrodes with CaF2 film as medium
when exposed to humid atmosphere suggest the formation of

a galvanic cell in the capacitor gystem,

g) Breakdown voltage

The dc breakdown voltage of CaF2 and SrF, film
capacitors were measured in air by increasing the applied
voltage across the capacitors and measuring the current.
At or near the breakdown point, sparks were observed over
the junction of the top electrode which was accompanied by
a sudden increase in current., This was taken as the onset
of breakdown. Breakdown voltage was higher for higher
film thicknesses. In fig, VI-20, breakdown field is
plotted against film thickneas for CaFy and SrFy film
capacitors. Breakdown field (F,) was high (1O6 V/cm) and
it decreased with increasing film thickness with a negative
slope = 0.5, thus obeying the relation Fy « a2, nig
is also in agreement with the results of Budenstein

et al. (1969) for CaF, films,

h) Activation energy

The activation energies were calculated from the de

current variations with temperature at a fixed applied
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voltage as in the earlier studies, Fig, VI-21 and VI-22
show the variation of current with 1/T for different film
thicknesses at different applied voltages for Caly, and SrFy
films respectively., AE estimated from the slopes of these
graphs were 0.92 eV and 1.1 eV respectively for CaFy and
SrFq, assuming kT in the exponential factor.

AE was also calculated from the variations of C
with frequeney at different temperatures. Figs. VI-23
and VI-24 show a plot of log w vs 1/T at constant capacitance
for different film thicknesses, AE estimated from the
slopes of the above graph were 0,91 eV and 0.95 eV
respectively for CaFy and SrF2 filmg,

ii11) Optical properties

The optical properties of CaF, and SrF, films were
studied in the visible and UV regions by the transmittance
measurements at normal angle of incidence in a Beckmann IK2
spectrophotometer, The films were deposited at room
temperature on quartz., Thege films were highly transparent
in the visible region (T=99%), but absorption was however
observed in the UV region. Absorption coefficient « was
calculated as in the case of LagOz films (refer chapter IV)
from the transmittance for different film thicknesses.

From «, the absorption index (k) was estimated which was
negligibly small (< 0.01) in the visible region. 1In
fig., VI-26 « is plotted against photon energy. .It 1s seen
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that « increases sharply for photon energy greater
than 4 eV, thus suggesting the onset of the absorption
band, The straight line parts of the graphs extrapolated
to « = 0 yilelded the optical band gap (Eg) which was found
to be 4.67 eV and 4.2 eV respectively for CaF, and SrF,
films,

The refractive indices of these films were also
calculated from the transmittance data neglegting k
(refer chapter I). n was found to be 1.26 and 1.2
respectively for CaFy and SrFp films in the visible
region (4000 - 7000 A°) which were practically independent
of wavelength and film thickness in the regions
(@ = 2000 - 7000 A®) studied. |

D. DiSCUSSIUN

The dielectric properties of CaFp and SrFp film
capacitors were found to be slmost similar. Vacuum
deposited films of both the compounds were polycrystalline
in nature having the cubic structure as those of the bulk
materials, However at higher substrate temperature
(200°C), these grew epitaxially on (100) faces of NaCl
and a 2=d 100 orientation was observed for SrFy films.

The ageing and annealing effects on these films
were unlike those of the other films studied in previous

chapters. In the present case, there is a conasiderable
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rise in capacitance whereas for others there was a

decreagse which i5: generally due to the annealing of

defect concentrations as the specimens tend to attain
thermodynamic equilibrium., Similar increase in capacitance
while ageing was also observed by Weaver (1962) for

CaF, film capacitors. The capacitance was found Yo increase
by annealing also., The case is not yet clear and does

not appear to be due to adsorption of moisture, since

the annealing was carried out in vacuo. As annealing not
only removes defects, it may also induce some recrystalli-
sation, grain growth etc. which may account for the increase

in capacitance by ageing and annealing.

The variations of C, € and tan ¢ with film thickness
for CaFg and SrF, films were as observed in the oase of
L3203 films. The dielectric constant (€ = 3,656) measured
at 1 kHz for CaFy, films was independent of film thickness
and is comparable with the reported value (€ = 3.,2) by
Weaver (1962). The studies on SrF, films showed that
there was no effect of substrate temperature on the
dieiectric properties. The varlations of C and tan &
with frequency were similar to the previous studies.

C was independent of frequency at room temperature and

below, The variation of tan & with frequency showed a

flat minima similar to that observed by Rao and Smakula
(1966) for CaF, and SrF, single crystals. But it is
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interesting to see that the point at which flat tan &,
starts is shifting towards higher frequency region at

higher temperatures.

The variation of C with temperature showed a
peculiar feature viz., a step for a particular temperature
region in the C vs T curves. This suggests that C was
independent of temperature for some temperature range.
Simul taneously a peak in tan & in tan & vs temperature
curve was also observed, The corresponding variations
of € and €" shown in fig, VI-16 also showed a step in €
and a peak in €", the latter is no doubt assocliated with
relaxation effeect due to dipole orientation., Similar
relaxation has also been reported by Smith (1969) for
CaFy films and also for other vacuum deposited Niobium
and Indium oxide films (Goswami et al. 1974). In the
case of SrFp films, similar step in C and € and a peak
in " can also be attributed to a single relaxation

effect due to dipole orientation.

Several workers measured the activation energy
for dbulk as well as films of CaF, and there has been
some inconsistencies in the results of these workers,
Ure (1952) observed 0.52 eV whereas Rao and Smakula
(1966) reported a value of 1.4 eV. Smith observed

AE = 0,37 eV for Can films. The measurements of AE in
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the present study for CaFy films by two methods led to
the same value of about 0.92 eV, The discrepancy between
various results reported cannot be easily explained. For

SrF2 films AE was found to be about 1,02 eV,

As a result of the step of C with temperature, TCC
for Can and SrFy, films does not show the general behaviour
as observed in previous studies. A TCC minimum which was
independent of temperature for a region of temperature
was observed for CaF, (260—5000K) and SrF, (270-200K)
film capacitors. This is an important feature which give
practically zero TCC for the two capacitors systems which
may have good applications in that operating temperature

regions.

During the studies of humidity effect on C and tan &
for CaF, films it was found that both of them increased
with humidity. The variations depend on the percentage
humidity present in the atmosphere. Due to adsorption of
moisture the conductivity increases thus giving a high
value of C and tan 6. The above observations were similar
40 the studies of Weaver (1962). The studies of dissimilar
electrodes on CaF, films are interestiing. The observation
of an emf across the dissimilar electrodes (Cu and Al or
Au and Al) in presence of moisture are almost similar to
galvanic effects in electrolytes. This can arise by

adsorption of moisture which is likely to ionise CaF2 to
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Ca* and ¥~ ilons. Even though the solubility of CaF, in
water is very low, such ionisation is not unlikely, and
it may give rise to the fomation of a galvanic cell with

two dissimilar electrodes as in the case of any electrolytes.

The breakdown fleld strength for CaF2 and Sr]i‘2 films
was high of the order of 106 V/em and decreased with
increasing film thickness obeying closely the Forlani-
Minnaja relation (1964) viz., Fy « dfl/z. The above results
of breakdown are in good agreement with the breakdown studies
of Budenstein et al, (1969) and Smith and Budenstein (1969)

in the case of geveral alkaline earth fluorides.

The optieal studies show that hoth Cal¥y and SrFy,
films are highly transparent in the visible region. The
optical band gaps are 4,67 eV (CaFy) and 4.2 eV (SrFy) and
the refractive indices evaluated in the vigible region are
1.25 and 1.2 respectively for CaF, and SrF, films, These
refractive indices are lower than the bulk values. Gisin
(1969) also observed a lower value of refractive index
(n = 1,2%) for SrF, films. This may be because generally
vacuum deposited films have lower densities than the bulk

materials and hence lower refractive indices.

The high transmittance of these films are of much
interest since they have applications in antireflection

coatings. Single and multi-layer antireflection coatings
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have various optical applications. At the wavelength
for which the optical thickness of the film is one
quarter wavelength, the beam reflected from the upper
and lower surfaces of the film differ in phase by T
(Heavens, 1955), The reflectance of a quarter-wave
coating is equal to zero if n? = n ng where nq, ny andA
n, are the refractive indices of the film, air and the
substrate respectively. If np, = 1 and n, = 1.52 (glass),
then for antireflection, ny should be approximately equal
to 1,23, The refractive indices of CaF, and SrF, films
are approximately satisfying the above requirement for
antireflection coatings. Because of this, these films
showed very high tranemittance (about 100%) in the
visible region.
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CHAPTER VIJ

STUDIES ON NICKEL SULPHIDE FILiS

A, INTRUDUCTION

Nickel sulphide (Ni5) occurs in two erystalline
forms, vig., rhombohedral (millerite) and hexagonal
(Nins structure) forms. The latter has, however, been
known for some time to be antiferromagnetic at low
temperatures., It has obtained considerable importance
since sparks et al, (1967) reported that a large conductivity
change occurred at the magnetic ordering temperature,
Hexagonal Ni5 belongs to a small but interesting class of
materials showing an abrupt conductivity transition and

hence hus become the object of considerable investigations.

Alsen (1926) studied the erystal structure of
pyrrhotite, breithauptite, pentlandite, millerite and
related compbunds. Artificial FeSe, N1S, Nise, CoS and
their mixed orystals have the pyrrhotite structure., The
other three compounds belong to the space groups D46h, 05h
and 053v respectively., Later on, with the help of Alsen's
data, willems (1927) confirmed that millerite belongs to
the space group C55' Ott (1926) reported the lattice

parameters of NiS to be a = 9,61 A°, ¢ = 3,15 A” and ¢/a = 0,32,



whereas Jong et al, (1927) reported different values

(a = 3.42 A%, ¢ = 5.3 A°). Nis has three phases viz.,

<, p and Y (Levi et al. 1935). Accordingly £ - NiS was
identified as millerite (a = 9,61 AO, c = 3.16 Ao),

p~NiS corresponded to synthetic NiS (a = 3,42 Ao, c=5,3 Ao)

and Y-NiS was amorphous.

Electrical conductivity of NiS at various pressures
of sulphur vapour was measured by Hauffe et al. (1952).
It was found that in NiS phase below 150 mm Hg, the
conductivity was independent of sulphur pressure whereas
above it, the transition to the NiSp phase took place and
the conductivity dropped scon. ileasurements of thermoelectric
power showed that NiS was an n-type semiconductor while
NiSy was of p-type. Shimonura (1952) measured the specific
regsistance and TCR of NiS at various temperatures and
showed that the specific resistance increased almost
linearly with temperature. Delimarskii et al. (1958)
measured the electrical conductivity of NiS at temperatures
from 550°C to 1000°C. 1In the fused state, the conductivity
wag mainly electronic. Sparks et al. (1967, 1968) measured

the electrical resistivity of NiS on a compressed powder

from 77°K to room temperature and a metal to semiconductor
$ransition was observed at 264 + 1°K. But previous neutron
diffraction study showed that a first order antiferromagnetic

transition occurred at 263 + 2°K., Two activation energy
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values were obtalned, viz,, AE = 0,12 eV between 264-2420K
and AE = 0.01 eV between 170-77°K.

A crystallographic change in the symmetry of the
hexagonal NiS was observed during the metal-semiconductor
transition (Trahan et al. 1970). Ohtani et al. (1970)
meagsured the Hall coefficient and electrical resistivity
of Ni,__S (x = C.006 - 0.015) at 100-200 K and concluded

that the material was a p—type semiconductor.

Rustemov et al, (1971) had grown single crystals
of nickel chalcogenides (NiS, NiTe und NiSe) and investigated
the various properties such ag electrical conductivity,
thermo e.m.f, and Hall effect of these single crystals
at 100-700°K. Measurements showed that all the nickel
chalcogenides had n-type conductivity. Near 280°K, a sharp
variation of the above parameters was observed due to
a reversible phage {transition. A metal-insulator transition
in NiS, was observed by Wilson et al. (1971) . Mossbaur
effect of 57Fe also confirmed the metal to nommetal
transition in NiS (Coey, 1973). Transport coefficient of
NiS in the phase transgition region obtained by thermal and
electrical conductivity, thermoc electric power and Hall
coefficient measurements (80—400°K) was reported by

Andreev (1972).

The optical absorption measurements on semiconducting

NiSy were analysed by Kautz et al. (1972) to determine the
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energy gap and temperature dependence., Electrical
conductivity measurements showed three regions of
conduction with three activation energies viz., 0.32 eV
above 380°K, 0.068 eV between 380—140°K and 0.045 eV
below 140 K. Bither et al. (1968) calculated the n and k
of transparent NiSo single crystals from reflectance and

transmittance data,

The structure of vacuum deposited thin films of
NiS at different substrate temperatures on NaCl single
crystala, glass and mica was studied by Talele (1974).
Films formed at temperatures less than 10000 did not
yield any coherent diffraction patterns suggesting the
deposits were either amorphous or had a fine-grained
structure. A new phase of NiS having ZnS structure
(a = 5.41 A°) was also observed at substrate temperatures
between 150—25000, which was not reported previously. The
Hall effect studies on thin films of NiS was reported
recently by Goswami et al. (1974).

From the above survey of literature it is clear
that considerable amount of work has been carried out on
the electrical magnetic and structural properties of bulk
NisS. But very little attention has been paid to the
properties of thin films of NiS, From the bulk studies it
is known that the properties of NiS differ depending on the
structure., Since the physical properties of thin films
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depend mainly on the structure and the methods of
preparation a detalled study has been carried out on the
dielectric, electrical and optical properties of vacuum

deposited films of NiS,

B, EXPERIMENTAL

The sample used was reagent grade supplied by
M/s. BDH Ltd., England. It was found that when NiS was
deposited from tungsten or molybdenum boats, in many cases
1t reacted with the boats perhaps forming an alloy. So
NiS was deposited from silica boat which was heated
externally by a tungsten filament. The glass substrates
were at room temperature and were placed about 10-12 cms.
away from the source. The bulk powder was pressed into
small pellets to avold spitting while deposition. These
were heated slowly in vacuum for about an hour for degassing
prior to the deposition. The deposition rate was about
100-150 A°/min. The capacitors were fabricated using
aluminium electrodes in the usual way. Films were deposited
on glass substrates for optical measurements., The tranamittance
in the visible region was measured in a Beckmann IK-2
spectrophotometer and the refluctance in the spectrophotometer
designed in our laboratory, the details of which are given
in Chapter II, The resistances of the films deposited on

glass substrates were measured at different temperatures



4n Vacuo by a million meg-ohm meter. The breskdown
voltage of these capacitors were measured in alr by
applying a dc voltage across the capacitor and measuring

the current.

The structure of the deposited film was analysed
by conventional electron diffraction and that of bulk

powder by X-ray powder pattern method.

C. RESULIS
i) Structure

The bulk NiS was analysed by X-ray diffraction and
found that it had a rhombohedral (millerite) strueture in
agreement with the reported values of Ott (1926) with
lattice parameters a = 9,61 AO, c = 3,15 A° and ¢/a = 0.33.

On the other hand, vacuum deposited films were amorphous.

1i) Dieleciric properties

a) Ageing and annealing effect

The ageing effect was not similar for all capacitors.,
For thicker films C decreased by ageing whereas for some
of the thinner films C increased by ageing. This may be
due to the absorption of moisture as in the case of CaFy
capacltors, However, tan & in all cases decreased by
ageing and became more or less constant (fig. VII-1). But
finally by ennealing in vacuo at about 10000, both C and tan b

decreased further and after three or four annealing cycles,
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the capacitors were stabilised.

b) Effect of film thickness on C angd ©

Fig, VII-2 shows the variations of C and € with
1/4 at 298 and 90°K. It is seen that at room temperature
whilst C remained practically independent for all film
thicknesses (500~-25600 Ao), € increased considerably from
about 10 to 39 thus showing its thickness dependence.

The variations of C and € at about 90°K showed
entirely different features. Here C vs 1/d graph showed
a positive slope thus showing a thickness independent €
(11.2) for all thicknesses > 1000 A%, But € is dependent
on film thickness for thinner films (d < 1000 Ao), as
Observed in the case of Dy203 films. The temperature
dependent features of thege films appear to be assoclated
with dipolar behaviour which will be discussed later.

¢) Freguency and temperature effect on C and tan &

Fig, VII-3 shows the variation of C with frequency
at different temperatures for a film thickness 4 = 1032 A°.
It is seen that C is independent of frequency at low
temperatures whereas it decreases continuously with frequency
at higher temperatures. However, at higher frequencies,
C becomes practically independent of frequency. The varlation
of C with temperature at different frequencies is shown

in fig. VII-4., 1t is seen that C increases with increasing
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temperature and at higher temperature the frequency
curves are more separated and C increases rapidly. But
at lower temperature region, the different frequency

curves merge together to give a single one.

Fig. VII-56 shows the variation of tan & with
frequency at different temperatures. Tan & decreased with
frequency and again increased thus giving a tan & 4,. This
is clearly observed in the lower temperature region, The
tan 6m1n shifted towards higher frequency region at higher
temperatures and this is similar to that observed in the
case of Dyp,0z films, However the tan &, at higher
temperature regions could not be observed since they were
expected to lie at frequencies greater than 104 Hz, It is

also seen that tan & also increases with temperature.

Fig., VIF6 shows the variation of tan & with
temperature for a film thickness 4 = 1760 2°. Tan b
increases with temperature and a tan &;,, 18 observed as
in the case of CaF, capacitors. This shows the relaxation
phenomena of NiS capacitors. Further it is interesting
to see that these tan 6max shifts to higher temperature
region at higher frequencies. It is also possible to
calculate an average value of the dipole orientation
energy Q using the relation f = fo exp (-Q/kT)

(Nadkarni and Simmons, 1970; Simmons et al. 1970) by
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plotting the frequency where maximum occurs., Thus, Q
evaluated for a film thickness of 1760 A° was about
0.28 eV,

d) [ICC and percentage variation of capacitance

TCC of the capacitcrs were high and varied from
2000-20000 ppm/°K in the temperature range 100-360°K.
The percentage variation of capacitance (AC/C) varied
from +60 to -40 in the frequency range 102—104 Hz
(fig. VII-7). However, this is much high compared to
those observed in the previous studies. The high TCC and
AC/C show that NiS films were nonstoichiometric.

e) Breakdown voltage (Vy)

The breakdown voltage was measured by applying a
dec voltege across the capacitors and measuring the current.
Then I was plotted against V and the straight line parts
of the curves were extrapolated to voltage axis, which was
takeni%he onset of breakdown voltage. In fig, VII-8, Vy
is plotted against film thickness. It is seen that Vy
increases with d. But in the lower thickness region an
increase in breakdown voltage is observed, This is similar
to that observed by Chopra (19656) in the case of ZnS
capacitors., However, the breakdown field was low of the

order of lO5 V/em,
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f) Activation energy

The activation energy of Nis film was estimated
from the variation of resistance with temperature., The
resistance of the NiS films deposited on glass substrates
was measured by a million meg ohm meter. Fig. VII-Q
shows the typical variation of resistance with 1/T for
a film thickness d = 3000 A°., ‘he activation energy was
calculated from the slopes of the graph. It is interesting
to see that the graph shows three slopes, suggesting three

activation energies, viz.,

(1) AE = 0.0264 eV below 140°K,
(2) AE = 0.1 eV between 140 and 270°K and
(3) AE = 0.23 eV above 270°K.

Further, it was found that the activation energy
depends on the thickness of the films as shown in table VII-1,
However, the temperature where the glope changes remained
the same for all the film thicknesses studied. The above
results show that the activation energy increases with
the increase of temperature., Further, it was found that
the films of lower thickness had higher activation energies

throughout the temperature regions.

iii) Optical properties

The optical constants of NiS films were calculated

in the visible region from the reflectance and transmittance



TABLE VII-1

Film thickness Activation energy (AE)
a (4% Below 140°K Between 140  Above 270°K
and 270°K
3600 0.021 eV 0.072 eV 0.15 eV
3000 0.026 &V 0.1 eV 0.23 eV
2700 0.029 eV 0.13 eV 0.24 eV

2600 0.038 eV 0.16 eV 0.26 eV




meagurements and the film thicknesses using Hadly curves
(Heavens, 1955). The refractive index was about 2.5 and
the absorption index was high (k = 0.2) compared with
that of the previous studies. The above values are
approximately in agreement with that reported by Bither

et al, (1968) for transparent NiS single crystals.

The studies on vacuum deposited NiS films showed
that they are non-stoichiometric having many associated
defects including lattice vacancies, interstitials etc.
Studies on the bulk NiS showed that they behave generally
as semiconductors. The electron diffraction studies of
vacuun deposited films of NiS showed that they were either
amorphous or had a fine-grained structure, Compared to
the bulk resistivity of Nis3, the vacuum deposited films
showed a higher resistivity. This may be because while
depositing on substrates at room temperature, the sulphur
contents in the film would be increased resulting in a
composition with excess of sulphur, However, the electrical
and dieleetric properties of NiS films showed that they
behave more or less like doped insulators, unlike the
semicenduceting bulk Nis,

The thickness dependence of C and € of NiS films
at room temperature and at 90°k is similar to those of

MoOz (Nadkarni and Simmons, 1970) and InpgOz (Goswami and
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Goswami, 1978) films. Because of high impurity
concentration, the dielectric layers would show considerasble
conductivity even at room temperature and these would

act as shunt resistance or impedence in the ac field.

Hence the capacitance measured would no longer be the

real one and € thus evaluated would not be the characteristic
of the material, However, when cooled to QOOK, the mobile
charge carriers introduced by the impurity would bé frozen
and the deposits would have the high resistivity leading

to a constant € as in the previous studies. It is
interesting to see that even at low temperature, € is
independent of film thickness only for g > 1000 A°.

For thinner films, € is dependent on film thickness. This
thickness dependence caused by voids and discontinuities

can be explained as in the case of Dy,0z films,

It is interesting to mention that similar conclusions
can also be arrived at from the phenomological considerations
of the dielectric behaviour. At extremely low temperatures,
the dipoles cannot contribute much to the dielectric
constant because of the hinderance oi their rotation and
hence the contribution would predominantly be due to atomic
and electronic polarigation leading to a constant €, However,
with the increase of temperature and the film thickness,
the contributions for the dipolar orientation would increase

congsiderably and hence € will also increase.



Despite the amorphous or fine-grained nature of
the deposits, the observed constant value of €
(for a@ > 1000 A°) at low temperature, however, gives
some indication regarding the nature of the deposits.
At higher temperatures, the effect of doping impurities
becomes more predominant. Hence at room temperature

region € becomes thickness dependent,

The variation of C with frequency and temperature
is as expected. Further, tan 6 shows a minima with

frequency and the tan bmi shifts towards higher frequency

n
region at higher temperatures. This is gimilar to that
observed in the case of Dyo0z films and can be explained ¢s
due to the effect of the electirode resistance in series
with the inherent capacitance, The variation of tan &
with temperature is more significant, It shows a tan &
maxime and this maxima shifts towards higher temperature
region at higher frequencies, The defects present in

the non-gtoichiometric films generally give rise to

dipoles which will polarise under a suitable ac field.

The number of dipoles will also be dependent upon the
defect concentration., These dipoles will then show a
relaxation effect, i.e., tan & peak at a suitable ac
frequency causing the dipolar orientations. In the present
case, however, 1t appears to be solely due to the dipole

orientation and not due to the interfacial polarisation



as the latter generally occurs at an extremely low
frequency range say 0.01 to 1 Hz (Weaver, 1962; Macfarlane
and Weaver, 1966 and Harrop and Campbell, 1970). The
relaxation frequency is also temperature sensitive.
However, it can be concluded that the dipoles which could
rotate at higher temperatures were frozen at low
temperature and became immobile, thus suppressing the
orientational effects. The TCC and percentage variation
of capacitance are high because of the nonstoichiometric

nature of the films.

The breakdown voltage shows a linear thickness
dependence for film thicknesses greater than 1000 A°.
Below 1000 Ao, an increase in breakdown voltage was
observed. Such dependence was also observed by Chopra
(1965) and Pakswer et al, (1963). The increased breakdown
voltage at lower thickness is perhaps not significant due
to the large uncertainty in the thickness data in this

region as a result of the island nature of the deposit.

Resistance measurements at different temperatures
show distinct slopes increasing from low temperature
regions to high temperature, The three slopes observed
are (1) below 140°K, (2) between 140-270 K and (3) above
270°K. Consequently three activation energles are obtained,
This is similar to the results of Kautz et al. (1972) for



bulk NiS, except the fact that he observed an intermediate
activation energy between 140-380°K. floreover, it is
interesting to see that AE varies with film thickness

in the three regions, having higher values for lower

film thicknesses. Thinner films generally have a higher
resistivity, mostly due to island structure of the films,
Another factor that contributes to the resistivity of
films is quantum size effect. VWhen the thickness of

film is reduced, the mean free path is also reduced due

to closeness of the boundaries, The resistivity is
increased because of the energy lost at each collision
(Mayer, 1959). Hence the thinner films will have a higher
activation energy. The dipole orientation energy

(Q = 0.28 eV) calculated was in agreement with that
measured by resistance measurements, thus giving a
correlation between the ac and dc measurements., These
activation energies are also comparable with that reported

by Bither et al. (1968) for semiconducting Nis (0.25 eV),.
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CHAPTER VIII

SUMMARY AND CONCLUSIONS

In the above chapters detailed studies have been
made on the dielectric, electrical, optical and structural
properties of different vacuum deposited films with a view
to understand their behaviour so that these could be made
use of in different electronic and optical devices. The
studies of these properties by independent techniques have
also thrown some light on the basic mechanisms involved
and an overall picture of the interaction of electromagnetic
field with matter. The materials studied were oxides
(Dyg0z and LagOz) , fluorides (LaFg, CaF, and SrFy) and
also a sulphide (NiS). The influence of factors such as
ageing, annealing, film thickness, substrate temperature,
effects 0f frequency and temperature on C, € and tan &
and also breakdown field have been studied independently.
The dc electrical conduction studies have thrown light
on the nature of conduction process in oxide dielectrics.
The optical studies showed that all these films with the
exception of NiS were highly transparent in the visible
region, Further, the transmittance studies in the UV
region have given an idea of the optical bandgap of some
of these dielectriecs.



Dielectric films as deposited are unstable and hence
require ageing and annealing., ¥This ie generally accompanied
by a reduction of C and tan 6. It was also observed that
the presence of defects such as volds, discontinuities,
impurities etc. considerably affected the dielectric and
electrical properties of these films, By ageing and
annealing mogt of the defects could be reduced, It was
also found that whilst the oxide films were practically

unaffected by moisture, the fluoride films were much

sensitive to it,

From the general behaviours studied, the oxide
dielectrics (Dy203 and Lay0z) can be categorised together,
The fluoride materials show similar behaviour in most casea
whereas NiS falls in a different class, In the following,

their properties are discussed accordingly.

The rare earth oxides of Dy and lLa have similar
properties., Both the films were amorphous when studied
by electron diffraction and electron microscopy techniques,
Al80 these films had defects which could be removed by
ageing and annealing, thus showing a considerable decrease
in C and tan bt during the above studies., These films had
a thickness independent dielectric constant (for 4 > 1000 A°)
showing that they were stoichiometric in nature. Both C
and tan ¢ decreased with frequency., But for Dy203 films

tan & showed a sharp minima whereas tan ¢ for LagOsz films
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had a flat one. But in both cases C and tan ¢ increased
with temperature. The TCC of these films were comparable
with the accepted values in all practical purposes. The
percentage variations of capacitance (AC/C) were much
smaller (< + 1%) for these films, Also they had high
dielectric field strength (Fy = 10% V/em) and it decreased
with increasing film thickness following the Forlani-

Minnaja relation (1964) namely Fp « d-i/z.

The dc electrical conduction in Dy203 and La203 films
was not reported previously. These studies proved some
important features on the conduction mechanism in these
two films, Generally space-charge limited conduction is
not expected in amorphous films., But from the present
investigations on I-V characteristics, it is observed that
the conduction in these films are space-charge limited.
Conduction in Dypo0z films followed the relation I « v2/a®
modified by shallow traps whereas in LayO; films it obeyed
I« Vl+1/d2l+1 (where 1 = 3) showing an exponential trap
distribution., The activation energy measured would give
an idea of the trap depth. An important result is the
agreement of activation energies evaluated from the
dielectric and electrical measurements, which in fact links

the dielectric and electrical measurements.

The capacitors with fluoride materials (LaF, CaFgy

and SrFp) as dieleectiriec ghowed similar behaviour, It is
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interesting to note that all the three materials had
crystalline structure corresponding to their bulk materials
even when deposited on substrates at room temperature.

CaF'y film capacitors showed an increase in capacitance
during ageing. Both CaF2 and SrF, capacitors showed an
increase in C while annealing and stabilised after a few
annealing cycles. However, in all cases tan & decreased
during ageing and annealing. Further, C decreased with
frequency and increased with temperature. CaFp and SrFy
showed a peculiar behaviour in the variation of C with
temperature, viz., a step in the C vs T graph. Due to

this the TCC became practically zero for a particular region
of temperature, Tan & decreased with frequency showing a
flat minima, CaFp and SrFy, films showed tan &y, with
temperature due to dipolar relaxation. The percentage
variation of capacitance (AC/C) was very small for CaFg
and SrFgy films whereas it was about 4% for LaF, films,

The breekdown field of LaF, films was low (105 V/ cm)
compared to that of CaPy and SrFp films (10% V/em) and the
variation of breakdown field with film thickness followed

the Forlani-Minnaja relation,

The I-V characteristics studies showed that LaFy
films exhibit an unusual polarisation, much greater than
that present in normal ionic crystals, The activation

temperature
energies obtained from the capacitance and current- P



measurements agreed well in all cases. An interesting
feature is that when two dissimilar electrodes were used
for CaFp film capacitors, an emf was observed suggesting

the formation of a galvanic type cell. Further, C and tan &
of CaFy, films were sensitive to moisture, which may be used

to measure the percentage humidity.

The optical transmittance measurements showed that
the absorption for LaFz is in the far UV region, However,
CaF, and SrFo had absorption in the UV region and the
bandgaps estimated are 4,67 eV and 4.2 eV respectively for
CaFy and SrFy films. LaF 5 showed interference in the
visible region., The refractive indices evaluated are
1.6, 1.26 and 1.2 respectively for Lan, CaFy and SrFg films,
The low refractive indices and high transmittance of CaF,
and SrFy films show their application in multilayer
antireflection coatings. Further in all the above cases

the absorption index was negligibly small.

The behaviour of NiS films were different from the
oxide and fluoride films, NiS films were amorphous in
nature, Effect of film thickness on C and € showed that
these films were nonstoichiometric. At room temperature,
C was independent of frequency, whereas € was thickness
dependent. But when cooled to low temperature (90°K),

C varied linearly with temperature (for 4 > 1000 4% ana

€ was independent of film thickness. These behaviours were
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similar to the nonstoichiometric films like doped MoOg
(Simmons et al, 1970) and Ing0s films (Goswami et al.l974).
The variations of C and tan 6 with frequency were as

usual. Tan & showed a sharp minimg which shifted to
higher frequencies at higher temperatures. A tan & .,

was also observed in the tan 6 vs T curves which is due

to relaxation effect. The percentage variationsof
capacitance and TCC were much greater for NiS films

than the other films studied.

The resistance measurements with temperature showed
that there were three slopes suggesting three activation
energies., Further, AE increased with temperature and also
with increasing film thicknesses. The optical studies
showed that n (2.5) and k (0.2) are much higher for
NiS films,.

A comprehensive data for the different dielectric,
optical and other parameters are given in table VIII-1
at the end of this chapter,

The present investigations show that the various
physical properties of thin films are in some cases
different from their bulk properties. The properties of
thin films are mainly dependent on their deposition
conditions, thickness and other factors, These arises

from the numerous defects present in evaporated films.
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Also these studies gave a coherent picture of the
dielectric, electrical and optical properties of thin
films, Present studies not only peep into their basic
properties, but also suggests that they have many

applications both in electronic and optical devices.
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