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ABSTRACT

The use of thin film capacitors as a component
in microminiaturized oalectrical circuits has made it
necessary to obtain a more complete understanding of
the conduction mechanisms occurring in these films.
Silicon oxide was chosen as the dielectric material
for study and the temperature behaviour of thin film
capacitors was investigated in order that films with
low temperature ageing and a high stability could be
prepargd.

D.C. and A.C. conduction processes in dijielectric
films have been examined with particular reference to
the amorphous nature of the dielectric materials con-
gsidered. The theoretical contributions to the tem-
perature coefficient capacitance have been outlined.

Apparatus was designed and constructed so that
complete metal~dielectric-metal sandwiches could be
prepared and measurements performed on them without
breaking the vacuum.

The effects of deposition conditions and post-
deposition heat trecatment was investigated and empirical
equations were ocbtained for the reduction in loss and
capacitance during the annealing treatment.

D.C. results were similar to those obtained by

previous workers. A precise interpretation of these
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results was not possible due to uncertainties in the
spatial and energy band structure of the amorphous
films. From observation of thé decay of the absorption
current a low frequency loss peak was predicted. The
audio frequency results were influenced by this peak,
particularly at high temperatures. Above the audio
frequency region both the loss and permittivity were
independent of frequency with a very low activation energy
(< 0.1 eV) which was probably due to some form of
electron hopping conduction.

The temperature cocfficient of capacitance was
found to depend on the loss, particularly for high loss
materials. Thec intrinsic contribution to the temperature
coefficient of capacitance was probably due to the tem-

perature dependence of the ionic polarizability.
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CHAPTER 1

INTRODUCTION

1.1 Introductién.

Over the last ten years, the electronic component
industry has been putting increasing emphasis on the
miniaturisation of components. This was encouraged
originally by the needs of the space programme, but it
has now been recognised that miniaturisation techniques
are often worth employing in their own right, due to
the increase in reliability and decrease in cost that
¢an result., Three main techniques have evolved during

(1)

the ten years; they are silicon solid circuitry s

(2, 3) and thick films(Q), In the first of

thin films
these a silicon slice is doped at various levels so

that not only transistors and diodes, but resistors

and capaciotrs are prepared in the same slice. In the
second, thin layers of metal or diceclectric are deposited
directly on a support which is quite often of glass,

to form resistors, connectors or capacitors. Active

(5-7)

devices have also been produced by thin film
techniques but these are at present not commercially
viable., Thick film techniques involve the preparation

of inks such as organo-metallic glagfes on .a suitable

support, which are then fired to give the required
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component. Fairly satisfactory resistors can be manu-
factured in this way, but capacitors are more difficult
to prepare. One of the chief advantages of this tech-
nique, however, is the relatively low cost of production
involved compared with the other two methods, although
the components prepared are generally not of precision
quality.

Of these three techniques, by far the heaviest
industrial involvement is on silicon solid circuits.
However, although many different types of sophisticated
circuits can be prepared in one chip, it has not yet
been found possible to prepare high quality components.
Such components should have tolerances of better than
0.10/0, a very low temperature coefficient and low agoing,
and where these are necessary, thin film techniques are
now being employed to provide them. This is commercially
feasible as intercomnection patterns for the solid
state circuits are often prepared by thin film tech-
niques in any case.

Given this background, it can be seen that investi-
gations into thin film components tend to concentrate
on the high quality aspects of them.

The temperature behaviour, as has been mentioned

above, is of importance for thin film components.
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In general the heat will be supplied from two
sources, i.e. from the particular environment and from
the dissipation of electrical energy. Although miniatur-
isation of size is always accompanied by reduction in
the operating power level, this is not always sufficient
to overcome the temperature increases resulting from
the high packing densities involved.

An illustration of the use of thin film components
used in filter networks has been given by Blackburn
et a1(8). The R~C neﬁworks define the pass-band of
the filter making it important that the thin film
components have a good temperature stability. Thin
film resistors are produced with a temperature coefi
ficient of resistance of less than 20 p.p.m./oc(g’ 10).
However, thin film capacitors often have a temperature
coefficient of capacitance which is an order greater
than this.

For the reasons just outlined, the work will be
concerned with the preparation and properties of highly
stable films. Before considering the specific aims

of this thesis an introduction will be given to the

important parameters concerned with dielectric films.
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1.2 Important Parameiters Concerned With Dielectric Films

l.2.1 Loss and Permittivity Concepts

With all dielectrics there will be associ-~
ated both direct current (D.C.) and alternating current
(A.C.) conductivities depending on the nature of the
applied voltage. The D.C. conductivity can simply be
studied by measuring the current flow across the dielectric
when a D.C., voltage is applied. Study of the relevant
mechanisms of conduction can generally be split into
two regions involving either low or high field efrfects.

The A.C. conductivity is usually discussed in terms

of the loss tangent, tan 6, defined by

Tan 6 = —— (1)

where 'R' and 'C' are the parallel components of A.C.

resistance and capacitance as shown in Figure (2). The
angle '6' is defined in Figure (1). The complex imped-
ance 'Z' of the parallel circuit in Figure (2) is given

by

Z = —t (2)

1 + jwCR
Another method of introducing the concept of
dielectric loss is to consider the dielectric to have

a complex permittivity. The term permittivity can be



FIG.1 ADMITTANCE VECTOR DIAGRAM SHOWING

AT A . ,
; i PARALLEL COMPONENTS OF CAPACITANCE
—_— 1
z ' AND RESISTANCE
'
1
]
]
. ' : '
"R H LOSS TANGENT TAN § = L -
' WRC
H
]
1
! .
5 "
~
-
twC
FIG. 2~ EQUIVALENT PARALLEL RESISTANCE AND
‘ CAPACITANCE
C_——
R I

..COMPLEX IMPEDANCE 1z . R
1+ jWCR

FI1G.3 PARALLEL PLATE CAPACITOR

/////////3\; ACITAN €A‘ £C
CAP CE C = L2 = o = EEC,
V7 . d i

1
JWC, E,(E-58")

COMPLEX IMPEDANCE 2z =

AREA OF EACH
ELECTRODE A



-6 -
defined as the ratio of the capacitance of a parallel
plate condénsor, 'C'y, with the dielectric present to
the capacitance of the equivalent vacuum filled capa-
citor 'Co'. The equation for the capacitance of a

parallel plate capacitor is given by

V)

c = &2 - ¢ (3)
d -
The parameters are defined in Figure (3).
In this text, the term permittivity will henceforth

refer to the dielectric constant, sometimes called the

relative permittivity 'Er', given by

where £ is the permittivity of free space.
o
For a capacitor having loss, 'Er' will be the
complex permittivity and can therefore be split into

its real and imaginary components

The impedance of the parallel plate capacitor is

z = -~ = £ (4)
5 . oy £V . sgen
jwcC joC & (¢ Jem)

Comparing equations (2) and (4) and equating real and

imaginary parts,



o=
It

and W Eo COE‘"

Combining these gives

B

wRC X

which has previously been defined as tan &6, the loss
tangent.

The conductivity of the dielectric is defined by(ll)

g = wgog"

A capacitor is introduced into a circuit as a com~
ponent to store charge and the associated loss can
introduce complications. It is therefore desirable to
keep the loss to a minimum, This is particularly
important in capacitors involved in filter networks
in which it is necessary that losses are kept below
0.10/0 (i.e. tan & = ,001). However, high permittivity
capacitors, used in such applications as de-coupling

capacitors, can tolerate loss as high as 30/0.

l.2.1.1 Extrinsic Conduction_

In general there are two types of loss,

intrinsic and extrinsic. The latter is generally due
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to such inhomogeneities as 'pin-holes' and gives no
information about the bulk properties of the dielectric.
However, these play an important role in thin film
capacitors and consist of micro-fissures or flaws.
Their origin is uncertain and a number of explanations
have been put forward. These include shadowing by lumps
of evaporant from the source, and the presence of dust
on the substrate. However, it seems likely that the
flaws originate during the coalescent stage of film
growth when islands merge to form an almost continuous

(12) s shown that the

surface., Electron microgra?hy
flaws do not form dontinuous straight paths through the
film but probably exist as random worm-like paths.
This is supported by the faét that when films are etched,
the etch usually manages to find its way right through
the film so as to etch the metal base electrode, and
this can be observed in the electron microscope.

The most usual method of removing the pin-holes
is to discharge a capacitor at about 100 volts(l42)
across the electrodes. The majority of the current
passes through the 'pin-hole' causing local heating and
the top metal electrode is usually vaporised(45 ). This
effect of 'burning out' a 'pin-hole' is something of

a misnomer since the 'pin-=hole' still exists but no

longer has an electrical contact to it.
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Great care is required in interpreting results when
'pin-holes' are present as the 'pin-hole' conduction

will probably dominate.

l.2.1,2 Intrinsic Conduction

Once all extrinsic effects have been
removed, the conduction will be determined by intrinsic
factors; either by the bulk properties as in A.C, con-
ductivity and some forms of D.C. conductivity, or by
electrode limitation as observed in certain types of
D.C. conductivity. Both D.C. and A:C. conduction will
be discussed in later sections.

There are essentially three types of dielectric
film which can be deposited, which are single crystal,
polycrystalline or amorphous films. In general the
former are difficult to prepare and do not make good
insulators. Therefore, films deposited as capacitor
dielectrics will have an amorphous structure (see
Section (2.1)) and direct electrical paths through the

material are unlikely,

1.2.2 Mechanical Stability

The mechanical stability of films is
measured in terms of stress. The majority of dielectric

films are in a state of tensile stress after deposition
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which usually makes them mechanically unsuitable for use
as capacitor dielectrics. The tensile stress causes
the films to crack, developing electrical shorts(13’ 14).
A small compressive stress appears to produce the more
acceptable films electrically. However, high values
of compressive stress will cause the films to buckle,
and again they will be electrically useless.

(46) (15, 16)

Silicon oxide and zinc sulphide are
two materials which can be deposited in a state of
compressive stress, but the stress depends very much

on the evaporation conditions. The stress in zinc
sulphide is incrcased by increasing the rate of evapor-
ation but decreased by increasing both the thickness

and the temperature.

Priest and Caswe11(46) showed that at low pressures,
< 5.10—6 Torr, the residual mechanical stress in silicon
oxide was a function of the evaporation source tempera-
ture only, which implied that the composition of silicon
oxide film was a function of evaporation source ten~
perature.,

L
In 1962 Priest et al(t7)

studied the effect of
residual gases on the stress in silicon oxide. Above
1500°C they found that residual gases had little effect

but at lower temperatures, water vapour had the most

pronounced effect. They suggested that the water vapour
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roduced stress by promoting oxidation, since water vapour
was found to be the principal residual gas in an unbaked
system, being an order of magnitude more prevalent than
oxygen, By increasing the pressure from 10—7 to 210-6 Torr,
the refractive index was reduced from 2.0 to 1.6 indi-
cating the formation of a higher oxide, by either water
vapour or oxygen oxidation. However, at low pressures
and fast rates of deposition, the films welre incompletely
oxidised and hence unstable as they ruptured when ex-
posed to air.

(17)

Carpenter has recently been investigating the
electrical properties of silicon oxide films as a function
of their stress. Figure (4) shows the loss tangent as
a function of stress from which it is clear why films
in conmpressive stress are prepared as capacitor diel-
cctrics., He also found that the aluminium electrodes
and source size affected the stress.

Stress in dielectric films is far from understood
and it is essential to define the deposition parameters

and subseguent heat treatment when referring to the

state of stress.

1.2.3 Breakdown Field

As in the case of loss in dielectric films,

(L5 )_

breakdown can be either extrinsic or intrinsic
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Extrinsic breakdown is probably due to pin-holes, whereas
intrinsic breakdown is due to rapid local heating giving
rise to thermally;excited ions or electrons initiating
'avalanches' of current carriers. In practical appli-
cations, the field at which breakdown occurs is required
to be as high asupossible which can be achieved by in-
creasing the film thickness. HqWever, this results in
a reduction of capacitance per unit area and so it is
often necessary to usc¢: an intermediate thickness as

a compromise.

1.2.4 Low Ageing arid High Temperature Stability

Both the permittivity and loss of a freshly
produced capacitor tend to exhibit ageing effects. This
phenomenon can usually bc removed by a high temperature
anneal (up to 400°C). The effect of temperature on the
permittivity is measured in terms of the temperature

coefficient of capacitance (T.C.C.) defined by

_ 1 ,0C
Xc T C (aT)P
This is related to the permittivity through the
equation for a parallel plate capacitor
tof A
d
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Differentiating with respect to temperature at

constant pressure gives

&%)

1 1
C 9T, g 0T,
where «, is the linear expansion coefficient, assuming
that the diclectric has isotropic expansion.

o 1 (3£
Defining EV(ET)P

ficient of permittivity) then &

X/P (the temperature coef-—

c =&/ toay

1.3 Aim of Project

From the previous pages it is clear that the good
temperature stability is a necessary and important
feature of thin film dielectrica. The effect of tem-
perature on the capacitance is not yet fully understood
and in order to examine this, it is important to con-
sider annealing behavicur and both D.C. and A.C. loss
mechanisms.

The main aim of this project is to study the
temperature coefficient of capacitance and permittivity,
(Y/C and X/P) with a view to determining the factors
involved.

Evaporated Si0 has been selected for the study as

such films are widely usced in thin film circuits.
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CHAPTER 2

BASIC CONCEPTS AND THEORY

2.1 Energy Band Structure

The majority of thin dielectric films, deposited
as capacitor dielectrics, have an amorphous or poly~
crystalline structure. Energy bahd considerations are
usually associated with the periodicity of the crystal
lattice, applied to metals and semi~conductors. Lamb(ls)
discusses its applicability to amorphous materials in
which there is a complete absence of long range order.
There is, however, short range order which is evidenccd
by radial distribution function measurements on electron
diffraction patterns(l9). The broadening of discrete
energy levels into bands occurs for two atoms as they
approach one another. Therefore, if the separation of
atoms varies only slightly, because of the short range
order, this broadening will occur irrespective of the
long range order. The disorder of an amorphous material
introduces variation of the broadening into energy bands
between atoms, which gives rise to diffuse edges to the
energy bands as shown by Gubanov(ZO).
Although the form of the energy band diagram as

applied to amorphous insulators is rather uncertain, it

is necessary to give a qualitative picture in order to
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identify parameters used in electrical conductivity
equations. Semi-conductor terminology will be used and
the difficulties of applying the concepts to dielectric
materials will be shown.

Figure (5) shows the energy band diagrams of a metal
and an insulator before contact is made. The effect of
surface states may be considered to be negligible imply-
ing that therc will be no extririsic band bending in the
insulator before contact.

The work functions of possible metal electrodes ?Vlﬂ
veries from 1.8 eV for caesium to 5.3 eV for platinum,
with the work function of aluminium of 4.2 eV, probably
the most common electrode material. The work function
of the insulator is made up of the elctron affinity X )
which appecars to be an unknown quantity, but probably
of the order of 1 eV, and the energy separation of the
insulator fermi level and the bottom of the conduction

band, Eb’ In the undisturbed insulator, E. will be

b
equal to half the forbidden energy band gap, Eg’ which
will be grcater than 8 eV for most of the common dielectric

(21). For

insulators, and equal to 11 eV for silica
most metal-insulator combinations, therefore, the work
function of the insulator will be greater than the work

function of the metal.

When contact is made between a metal and insulator
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thermodynamic equilibrium will have to be re—-established
and certain conditions have to be fulfilled. The fermi
levels of the two materials will align and the vacuum

level will be continuous across the interface(zz’ 23).

S.C. > ?0 m?

electrons will flow from the metal into the semi-~conductor,

In the case of the semi-~conductor with ?V

building up a space charge layer at the interface. An
electrostatic field will be set up which will eventually
limit further flow of clectrons. The potential drop
across the space charge region is given by the difference
in work functions called the ecomtact potential. This
situation is shown in Figure (6) where the band bending
is confined to a narrow region at the interfaces.

In the case of insulators, however, therc will not
generally be sufficient charge transport to allow com-
plete band bending in the interface region. Simmons(24)
suggested that for most insulators, the flat band con-
dition is never reached, as the band bending extends to
depths greater than the thickness of most dielectric
films. Thermodynamic equilibrium was then attained by
shifting the fermi level of the insulator towards the
conduction band. This situation is illustrated in
Figure (7).

In general, however, in order to describe the D.C.

conduction parameters uscd in Scction (2.2) we will usc
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a band picture, for simplicity, in which the flat band
condition is reached.

A consequence of any general amorphous structure is
the creation of localised energy levels due to time
dependent fluctuations of local atomic arrangements.
(18)

These fluctuations will be numerous and will have

a life—time long enough to capture electrons. In liquids,
the life~time will be of the order of 10"'12 seconds, but
in amorphous dielectrics these 'states' can be considered
as effectively frozen in. Such states will be spatially
localised and will generally have energies within the

(25)

forbidden energy gap. Jonscher points out that

impurity densities of at least 1019 om -3 arce required

to make an impression on the intrinsic conductivity of
many amorphous diclectric films. Such a density of donors
or acceptors in a crystalline material would change the
conductivity considerably. Howevecr, in the semi-
conductor, the donor or acceptor atoms are gaerally
ionized, contributing frec carriers to the bulk material.
In the dielecctric, with thc localised states having
energies well within the band-gap, the carriers are
mainly trapped. Thus, to account for the conductivities
actually observed in the dieclectric, it is necessary

to postulate densities of localised states of lO19 cm"3

or mnwore,



2,1.1 Electrical Contacts

We will now consider the behaviour of
electrical contacts with particular reference to the
proposed band picture of the dielectric.

Considering first the case of zero or low fields,
the situation shown in Figure (6) will apply. For
usual values of @ , such as for silicon oxide, the
contact will be blocking to electrons for conduction
band processes. Therefore, for films thick enocugh to
have a negligible tunnelling contribution, i.e. > 503
thick, the only clectronic current will be by impurity
hopping conduction (see Secction (2.2.4)). In the case
of amorphous insulators, thce impurity states will prob-
ably be the localised states discussed in the previous
section. If the encergy levels of these sites are suf-
ficiently close to the fermi level, then electrons will
be able to enter these levels from the metal. The
electrical contact can therefore be considered blocking
to conduction band processes but chmic with respect to
impurity type conduction.

At high fields, electrons may enter the conduction
band of the insulator (see Section (2.2.2). In such a
case the contact can be termed ohmic as defined by Hill(26)
as a contact at which therc is an inexhaustible supply

of free carriers.
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It is likely that, due to the distribution of
localised states throughout the forbidden band, an ohmic
contact will exist at low fields with almost any electrode

material, as observed experimentally.

2.2 D.C. Conduction Mechahisms in Didlectric Thin Films

2.2,1 Introduction

There are three modes of conduction in a
dielectric under an applied D.C., field, each of which
can be space charge limited. Figure (8) illustrates the
possible conduction mechanisms and shows the situation
with a field applied. In the first type of conduction,
the current is carried by electrons in the conduction
band of the insulator. There are several possibilities
as to the source of the electrons. If the barrier @
is small, say less than 'y7', then electrons will be
supplied directly from tﬁe metal at sufficiently high
temperatures. However, in most practical cases, @
is a few electron volts and thermal excitation has to
be sufficient to surmount the interface barrier which
is lowered by the applied field. This process is referred
to as Schottky Emission (S.E.). The electrons may also
be thermally excited into the conduction band from

"trapping" levels in the forbidden band of the insulator



24

a
Y

T ©] APPLIED FIELD

CONDUCTION BAND

/////

ME TAL CAT HODE

M2

Fic. 8
PROCESSES OCCURING IN

METAL -

® e

CHC,

CHEONONC)

S S SSS
METAL ANODE

///// 4

VALENCE BAND

POSSIBLE CONDUCTION

INSULATOR-METAL  FILMS

THERMAL OR SCHOTTKY EMISSION.

TUNNELING FROM CATHODE TO CONDUCTION BAND

FIELD EMISSION IN VACUUM CASE,

THERMAL EXCITATION FROM TRAPS INTO CONDUCTION BAND.

FIELD IONIZATION FROM LOCALIZED IMPURITY LEVELS
INTO THE CONDUCTION BAND.

IMPURITY CONDUCTION, .

TUNNELING FROM VALENCE TO CONDUCTION BAND.
TUNNELING FROM VALENCE BAND TO ANODE.

TUNNELING DIRECT FROM CATHODE TO ANODE - REQUIRES
LOW VOLTAGES AND SMALL 'd‘ — NOT [LLUSTRATED.



- 25 o
and this is referred to as the Poole~Frenkel effect,

The second type of conduction involves the tunnelling
of electrons. They may tunnel into the conduction band
of the insulator directly from the metal cathode, from
the trapping levels in the insulator or from the valence
band of the insulator. The latter may also be the source
of electrons tunnelling directly into the metal anode.
Tunnelling may also take place between the two metal
electrodes, if the dielectric is thin enough. In
genoral tunnelling can only take place where the electronic
wave functions overlap the region of allowed energy states.

The last type of conduction involves defects, which
may be impurities in the dielectric, causing either
impurity or ionic conduction. Impurity conduction
involves electron flow from one stationary donor to
the next, whereas ionic conduction is the actual move-
ment of the impurity or defect contributing to the
current.

In many of these cases, such as that of charge
injection into the conduction band, tunnelling or im-
purity conduction, the rate limiting process is space
charge build up in the dielectric, Most of the applied
voltage is then dropped across the space charge region
causing a non-uniform field distribution across the

dielectric.
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These various conduction mechanisms will be studied

in a little more detail and where possible the resulting

current-~voltage characteristic given.

2.2.,2 Electron Conduction in the Conduction Band

of the Insulator

For the case of Schottky Emission into the
conduction band and neglecting trapping and space charge

effects, the current density in the dielectric is given
by(18)

1
J = A - )T exp (pV 2 - @)/xT (1)
3 1
Whereﬁ=%(ﬁ,e )2 andA=-l-*-IE§'—nk—
¥ €€,

V is the applied vol£;ge and @ is the height of the
surface potential as shown in Figure (6). A is the
Dushman-Richardson constant and has the numerical value
of 120 amps/cmg/degrée, r is the reflection coefficient
of electrons at the barrier,

In the case of the Poole-~Frenkel effect, the current

(18)

density is given by
1
J = B exp (28V° - @)/kT

where B is a constant and B has the same definition
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as for Schottky Emission. The energy @ in this case
is associated with a trap depth below the conduction
band of the insulator. In this case, however, it is
the trap barrier which is lowered by twice tﬁe amount
for Schottky Emission lowering.

It will be seen that the current-voltage relation-
ship is the same form for the above two cases. They may
be distinguished by their different teTperature behaviour

and their different coefficients of VZ.

(25)

Jonscher has examined the assumptions explicit
in the derivation of the Poole~Frenkel equation; He
modified the model of the Poole-Frenkel effect by
allowing for the fact that the probability of escape
will be a function of the direction of escape compared
to the direction of the applied field. The Poole-
Frenkel lowering of the trap barrier will only apply
in the direction of the applied field and an electron
will find it more difficult to escape in other dirictions.
The resulting barrier lowering will be B(V cos B)E
where © is the angle between the applied field direction
and the direction of escape. After release there are
two possibilities as to the fate of the electron,

Firstly, the electron may be re—-trapped in the

first centre that it comes across in its path. For a

high field the current can then be approximated by
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2
I = I (—Eg-) exp &%)
BVZ kT

where I° is a constant,
The second possibility is that the electron will
have a constant 1ife;time before being retrapped.

27)

The results of Servini( suggested that the first
possibility was the more likely.

Jonscher also points out that it is unlikely that
the potential barrier of a trap will be Coulombic. Even
at a field of 105 V/cm the maximum in the potential
barrier will be at SOX from the centre of the trap. He
suggests that the inside of the potential well will be
nmuch steeper than Coulombic. This would result in an

artificially high dielectric constant for the Poole-

Frenkel effect.

2.2.3 Conduction Involving Tunnelling

The various modes of tunnelling discussed
in the introduction will not be discussed individually.
A general analysis of the situation has been given by

(28) (29) i

Price and Radcliffe + Fowler and Nordheim Se

cuss transmission probabilities in an early paper and

. (30) (31, 32)
other workers in the field such as Harrison s Schnupps
and Hill(26) have discussed the subject in some detail.

The formation of the current—voltage relationships
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is difficult due to the complex nature of the parameters
involved. Basically, this involves the calculation of
electron tunnelling probabilities through a potential
barrier. The main difficulty arises in formulating the
barrier shape and electron supply functions and per-

(33)

forming the resulting integrations. Simmons has
performed numerical calculations for specific situations.
The shape of the potential barrier will depend on space

(34—37)’ (38)

charge image forces and the position and

density of traps in the insulators(39).
The resulting current-voltage characteristics are

dependent to a large extent on the applied voltage

but are generally of the form

J = av™® exp(--%)

A and B are constants and 1 < n £ 3.
The tunnelling processes mentioned above, generally
ocour at high fields but for films less than 508 thick 22),

direct tunnelling between the electrodes can occur at

low fields.

2.2.4 Electronic Conduction Via Impurities

This type of conduction is often difficult
to observe since the low mobility of electrons in the

impurity level is generally masked by electrons in the
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conduction band. However, by definition an insulator
will have a very low density of thermally generated
free carriers in the conduction band. In the case of
semi~conductors both donors and acceptors must be
present, the latter removing electrons from the donors
so that conduction can take place between occupied and
unoccupied donors.

There are two possible modes of transition of an
electron betwcen donors. The electrons can either
tunnel through the potential barrier separating the

(L0, 41)

sites or it may gain sufficient energy to

(42, 43)

Present evidence favours

(4h)

surmount the barrier
tunnelling as is suggested by Johansen
Hi11(26) determines the current—voltage relation-—
ship by considering the effect of the field on the
potential barrier of an impurity. If Ei is the energy

required to ionise an impurity for no applied field 'E'

then the current density is given by

. 1
5 By 28v2
J = BV exp(——)sink—L
kT kT
i
xoe 2
where B = - 2n; e ( *)
2m
1
3 2
and B = (eeet—)
wTYeE €' ¢
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n, is the density of impurity states and X, represents
the separation of sites.

Clearly, at low fields the relationship becomes
ohmic. At high fields the sink term is replaced by
an exponential term and resulis in a modified Poole~
Frenkel relationship. Impurity conduction, often
referred to as hopping, is tentatively suggested by

(48)

Mead to occur in Ta 05 at low voltages and high

5
fields. Hickmott *?)

used impurity conduction to
explain a negative resistance region.,

For high concentrations of impurity it is possible
for the site separation to be reduced to .such an extent
that metallic—-like conduction will occur. This transition

is discussed by Mott(so)

in a recent review.

It should be emphasised that when discussing impurity
conduction in amorphous insulators, the impurity sites
refer to localised sites as discussed in the previous
section. Since not all the localised sites will be

occupied by electrons, it is not necessary to have the

compensating acceptors, required by donor sites.

2.2.5 Conduction by Impurity or Defect Movement

Conduction involving the actual migration
of impurities or defects is termed ionic conduction.

The form of the current-—voltage characteristics will
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depend on the applied field E.

If the applied field is 1éss than 105 V/cm, i.e.
Eel << kT, then a calculation is employed similar to
that in determining the jump frequency of diffusing

ions. An ohmic characteristic results, of the form

where C is a constant, @ is the potential barrier
height between two nearcst neighbour defect sites sepa;
rated by a distance '1'.

For Ecl = kT the barrier becomes appreciably
distorted by the field and the current—voltage relation-
ship becomes

elV
2t

J = Aexp - [(# - =)/kT]

For very high fields such that Eel >> kT, the
analysis becomes complicated by the occurrence of
maltiple hops. This region has been investigated by

(51), ng(52) (5})_

Bean You and Vermilyea
However a difficulty arises in distinguishing
between ionic charge carriers and electronic carriers
as discussed in the previous section, since an ohmic
characteristic can result from both types of carrier.

Generally, an activation energy @ of less than 0.1 eV,

combined with a high mobility, will be electronic and



- 33 -
an activation energy greater than 0.6 eV with a low
mobility will be ionic. There are three methods of
distinguishing between ionic and electronic charge
carriers when intermediate values of activation energy
are involved. If the carrier is ionic, it means that
after a sufficient time of application of a D.C, voltage,
it will be possible physically to detect the transported
material at the cathode., Secondly, the large transit
time involved in the transport of ions could be detected
by applying rectangular voltage pulses and observing
the decay in current response.

The third method is to observe the current decay
to a steady D,C., level, after applying a D.C. voltage.
This decay is due to polarization effects and there
are two theories to explain them. These involve
different interpretations of the experimental results.

The first was proposed by Joffe(sg)

and occurs when

the electrodes are blocking, i.e. the carrier charges

are not neutralised at the electrodes. This will

cause a space charge to build up, across which most

of the applied voltage will be dropped. The equation

for current flow then refers to the initial current.

The second theory suggests that there is a time dependent

change in the dielectric constant which would be =a

property of the bulk dielectric, rather than an electrode
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effect. The equation of current flow will then apply
after a certain time when the the transient effect

has died away.

2+2+6 Space Charge Limitations

The processes alrcady nentioned may not
necessarily be ‘thy rate limiting ones and it is very
likely that space charge build-up in the dielectric
may be the major impedance. We are not concerned in
this summary with two carrier space charge limitations
as they will apply to semi—conductors only. The two
cases which apply to diclectrics will concern one carrier
with or without traps, which can be either deep or
shallow.

(35, 55, 56)

The case of no traps is analogous to
the case of the vacuum diode except that scattering
of electrons in transit will occur. The Mott and Gurney

(35)

equation for the current density gives

2
= 2 y_
I o= g L o3

This equation only applies to low fields and is
not valid ncar the injecting contact where the field
is nearly zero, and the current becomes a diffusion
current.

The effect of localised shallow traps is to reduce
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the current by a factor 0 , the ratio of free to
trapped charge, which can be as low as 1077:

2
Vv
Joo= %BESH:'g'

The effect of deep trapping levels which are not
localised is to charge the characteristcs considerably
in a manner determined by the energy distribution of
traps. In this case, the current density is given by

9 . v n e
J = % & p=—y
8 s t2 c

where ng .is the free carrier concentration, C is

the capacitance of the film and =n = S - is

Nt e t kT
the trap density.

A plot of log J versus log V should indicate the
type of conduction which is applicable but this is not

always straightforward.

2.2.7 Other Processes

Experimental results show that charge
transport in a dielectric is often not clearly defined
by a particular conduction process, with a straight-
forward form for the current-voltage characteristics,

(57)

Such an example was described by O'Dwyer s who

machine;calculated the current-voltage characteristics
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for his model over several decades of current. The
model required a single deep trapping level with
numerous shallow traps. He took into account Fowler-

(29)

Nordheim emission s, into the dielectric and sub-

sequent space charge build-up in the bgdy of the

dielectric and he found that log I « fg over several

decades of current, which was not the case when electron

injection into the dielectric was by Schottky Emission.
In order to explain the anomalous Poole-Frenkel

(58)

effect observed in silicon oxide, Simmons postulated

a model which took into account field-assisted thermionic
emission from a dcep donor centre into a shallow neutral
trapping level, The resulting bulk conductivity was

field dependent and had the same form as Schottky Emission,

although the Poole~Frenkel effect was the operating

mechanism.,.

2.2.8 Summary on D.C. Conduction Processes

It now becomes'pOSsible to generalise
D.C. conduction processcs to dielectric films that are
suitable for capacitor applications by taking into
account the general band picture which was established
in Section (2.,1). Since the materials of interest will
have band gaps greater than 8 eV, then the interface

barrier @ will be more than 1 eV. Therefore, at low
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fields Schottky Emission can be eliminated (see Hill(26)).
Film thickness will need to be greater than 10008 due
to breakdown considerations and therefore the tunnelling
processes illustrated in Figure (8) can be neglected.
There remains only celectronic impurity conduction and
ionic conduction as low ficld conduction mechanisms,
both of which result in ohmic characteristics., It is
possible to postulate electronic "impurity" conduction
because the localiscd states in an amorphous material
will be distributed throughout the forbidden band(25).
An electron will therefore be able to enter the dielectric
probably with a thermally assisted jump into a localised
level.

In the case of high fields it is not possible to
generalise to the same extent as for low field con~
duction. However, the low field conduction processes
will probably be overshadowed by electrons entering
the conduction band of the insulator., The extent to
which high field conduction processes can be investi-
gated will be limitced, ultimately, by the breakdown
strength of the material. The most likely process to
occur will be Schottky Emission and the Poole-Frenkel
effect or some modified form of these mechansims. It
is possible also that space charge accumulation might

(23))'

be the controlling factor (see Frank and Simmons
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2.3 A.C, Conduction

2,.3.1 Introduction

The basic concepts of permittivity and loss
associated with a dielectric were briefly outlined in
the introduction. The D,C. contributions discussed in
the previous section will always be present but will
only be significant at very low frequencies. It is
usual to apply only low field A.C. voltages., The
loss resulting .from D.C. contributions will be given
by Tan 6 = 1/wRC where R is the D.C. resistance
and will therefore decrease proportionally with fre-
quency. However, at frequencies in the audio range
and even at frequencies as low as .0l c¢/s, the D.C.
conduction can be masked by relaxation losses. An
increase in temperature generally causes relaxation
peaks to shift to higher frequencies and since D.C.
conductivity increases exponentially with temperature,
the D.C., contribution will tend to dominate at low

frequencies.

2.3.2 Basic Mechanisms of Dielectric Polarization

The polarization 'P' of a. dipole is deter-—
mined by the local field Ei , acting upon it and is
given by

o

L g, (1)

P = [+
\'4 1
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where « is the polarizability of a macroscopically
small volume of dipoles V. For the case of infinitely
small, mutually interacting dipoles, the local field

(11)

'Ei' is given by the Lorentsz equation

g, = &lr2)p (2)
+ 3

where E 1is the applied field.

Combining equations (1) and (2) gives the well-

known Clausius—Mosotti equation

(€' - 1) _ %
e o+ 2) 35,V

In general the polarizability can be split into

its four contributions

where ’ae' and 'aa' arc the electronic and atomic
contributions and are intrinsic properties of the
material, and ‘ad' and 'ai' are the dipole and inter-
facial contributions and will usually be extrinsic

properties. Each contribution will now be consgidercd

in more detail.
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2.3.2,2 Electronic Polarizability ql

This mechanism, sometimes referred to as the optical
polarizability, is the displacement of the electron
cloud of an atom with respect to its positive nucleus,
under the influence of an applied field. For materials
with small constituent ions, such as polymers,this
mechanism will often dominate. The permittivity is
given by the refractive index squared and is significant
at ultra-violet and lower frequencies., For the fre-
quencies dealt with in this thesis, this polarization
can be considered to take place instantaneously and

(59)'

will therefore not contribute to the loss

2.3.2.2 Atomic Polarizability o

The atomic polarizability can be considered
as arising from two sources(ll). Firstly, a dipole is
formed by the separation of two molecules of opposite
sign. Although the movement is not so rapid as in the
case of electronic polarization, it can be considered
instantancous in this context, and will therefore not

contribute to loss,

For relatively simple compounds such as the alkali

kalides, the permittivity is given by the Born equation(so)
2
1 1

e
250 (1)02 a2
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where 'M' and 'm' are the masses of the constituent
ions, 'a' is the lattice constant and W, the infrared
absorption froquoncy.

The second type of atomic polarizability involves
the deformation of the electron cloud as a consequence
of the movement of ions. This is particularly important
for such compounds as oxides where the oxygen ion is
large and very deformable(6l). Again, the contribution
to loss can be neglected.

For both types of ionic polarizability the polari;

zation will only be .operative for frequencies at and

beyond the infrared.

2.3.2.3 Orientational Polarizability a

d
This could be described as a third type

of atomic polarizability in which the atoms are able

to rotate about an axis of symmetry(ll). The atom could
be either a constituent atom of the material giving
intrinsic polarization or an impurity atom giving
extrinsic polarization., There is generally a single
relaxation time involved and the frequency behaviour

of both the loss and permittivity are related by the
Debye equations, The temperature dependence will

usually be determined by the Langevin relationship(ll).



- b9 -

2.3.2.4 Interfacial Polarizability a,

Interfacial or space charge polarization
represents rather a different situation from the previous
mechanisms. In this case, transport of charge carriers
occurs, causing a pile up of charge, cither at the
dielectric—metal interface or against inhomogeneities.
This will have the effect of large scale distortions
on the elctric field. The image charge, induced by
the accumulation of charge at a barrier, produces an
effective dipole. This mechanism will probably dominate
at frequencies les$ than 1 c¢/s. Although the process
is usually described mathematically as a single
relaxation time process, in practice a distribution
of relaxation times occurs,

Because of the low frequency nature of interfacial
effects, they will sometimes appear as anomalous
absorption currents superimposed on a steady D.C. con-

duction process.

2.3.3 Single Relaxation Time Processes

The frequency behaviour of the permittivity
and loss tangent, 'Tan &' near a dispersion can be des-
cribed by the Debye cquations. Because the dielectric
flux density 'D' will generally lag behind the applied

field 'E', the permittivity '€' will be a complex
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(11)

function, described by the integral equation

~ oo - Jjwt
€ - S o+ [ alt) e dt (1)
o

where 'L is the permittivity at an infinite frequency
and 'a(t)' is the decay factor which takes into account
the polarization lag.

The Debye equations are a result of putting the

decay factor in the form

t
a(t) = a(0) e °

(2)

which introduces the relaxation time 't' of the mechanism.
'a(0)' is merely a constant.
Splitting up the complex permittivity into its

real and imaginary parts,

[ Y

- £1 L &
- -~ ;]E

the following equations result:-

(E' = Ex) | 1

(E, - Ece) 1+ 0% <°
g v _ W T

(€, - Ex) 1+ w? <?

." (ES - E,»Q_!)- w T
Tan 6 = = " = 5 5
(ts + U,‘JU) T 1

(a2

(A1)
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Es is the static or D.C. permittivity.

The energy dissipated / sec / vol is proportional
to the power factor, 'sin b', where & represents the
phase lag. However, for small values of & < 0.1,
'sin 6' is approximated by tan & which is called the
dielectric loss. These equations apply to nearly all
types of relaxation mechanisms with a single relaxation
time.

A convenient way of plotting results in order to
determine the constants involved was derived by Cole
and Cole(62). Eliminating the frequency, w , from
the equations for '£'' and '€"' gives the following
equation which is in the form of a semi-circular plot

as shown in Figure (9)

- - 2 . 2
[E' _ (t_';s +Cw)] +'c"2 } (£S —Ew)
2 - 2

Another similar method of plotting results was

proposed by Scaife(63)

in which the polarizabilities
are plotted. This method has the advantages of giving
more weight to high frequcency measurements and since
0 e <1, it enables comparisons of materials whose
permittivit es differ widely.
&1
Er+ 2

Using a =

]
)

- ja"
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(E' = 1)(e! + 2) +&n2

(' + 2)2% +en?

a' =

3{!!
(' + 2)2 + en

2

A dispersion with a single relaxation time is charac-
terised by a decrease in capacitance over about two
decades of frequency (see curves for f = O in Figures

(11) and (12).

2.3.4 Multiple Relaxation Time Processes

Very often in practice when the Cole-Cole
diagram is plotted, a truncated semi;circle results.
This is due to a distribution of relaxation times.

If the angle Kgg' is defined as shown in Figure (10)
then it can be shown that the complex permittivity
is of the form

(ss-gm)

VEZ%d
1+ (jwro)/)f;VJ?

E = €' = Je" = € o+

where To is the mean relaxation time and 0 < B < 1.

(The value of P = 0 is the case of the single relaxation

time).

Defining x loge W T

(L' =€) _ 1 1 - sin h(l - B)x ]
(85 - Eeon ) 2 cos h(1 - B)x + sin ng



- T2 ———— 4
(€, ~ &) cos h(l - B)x + sin-ﬁg

2

These curves have been calculated during the
present work using a computer and are plotted in
Figures (11) and (12). It becomes clear that for B > O
the effect of a distribution of relaxation times is
significant over several decades of frequency. For
frequencies well removed from the relaxation frequency

given by mo = L

T certain approximations can be made
‘o

for the conductivity.

2.3.4.1 Limiting Approximations

For frequencies much less than %
o
i.e. x <K< 0, £" is given by
BT
g = .J_‘(Es-ew) cos e
' 2 cos h(l - B)x + sin Egr
but cos h(l1 - B)x >> 1
. (. - £,) cos BT
£n = 1 s 2
2 cos h(l - B)x
2 cos h(l - B)x = e(l - B)x + e (1 - B)x

but o (1 - B)x S e(l - B)x

Using x = 1oge w T
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N iy 1 -8
£" = 3 (ts-—&:)cos > (w 'ro)

The conductivity is given by

For frequencies much greater than ?L y leee x >> 0,
o -

similar arguments give

1 (Es - £x) Eo,cos %%rwﬁ

[e] = 'E

T - B
o
Therefore by plotting log conductivity versus log
frequency the resulting slopes will be (2 - B) or B ,
depending whether the frequency is much less than or

muach greater than %; .
o

2.3.4.2 Other Distributions of Relaxation Times

The Cole-Cole analysis for a distribution
of relaxation times is considered the most convenient
to combine with oxperimental results. However, other
distributions do exist and these will be just briefly

mentioned.,
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A distribution of relaxation time is defined by

the quantity G(t) which is defined using the complex
permittivity:-
G(T)(Es - £.0)

oo
o 1 + jwr

where I G(z) dv = 1.
o

For a single relaxation time process, 't' is a

constant and it can be shown that the Debye equation

results
(E - E«.“G)
£, = f,+ =T
, 1 + jwr

The distribution function for the above Cole—-Cole

(62), _

analysis is

al(s) 1 sin BTV
27 cos h(l1 - B)s - cos BT

where s

log (% ).
o

A different distribution was given earlier by

(64)

Wagner who assumed a modified Gaussian distribution

of relaxation times

G(x) dv = —2= o~ P 5 g
o

where s = log %— and b is a constant, representing
o
the distribution.
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(65)

Fuoss and Kirkwood produced a different distri-
bution function to fit their experimental data:

o
cos 7g.cos h os

G(s) = ~ 2 of ' 2
T [cos® 2L + sin h® as]
where s = log(%—) but o # B.
o .
. . . (66)
Another enpirical equation is that of Taylor
G(r) ar = 2%T - 1 = ds

cos h =

2
T

where s = log -

o

The above;mentioned_distributions are all symmetrical
about the relaxation frequency. However, this is not
always the casc experimentally.

(67)

Davidson and Cole showed that skewed functions
would be generated by a simple modification of the

Debye equation:-—

, L - €)
(1 + j(ur)B

Er = £, 0 < B <1,

The distribution of relaxation times to describe

this will be logarithmic below a maximum cut—off value,

(140
Owen ) produced an equation for the complex per-—
mittivityi—

Ef“ = B 2

L
1+ (1L + jwo)Z
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where O represents the relaxation time.
He found that his equation fitted his results,

which showed asymmetry, reasonably well.

2.3.4.3 Significance of the Distribution Factor B

The significance of the Cole~Cole distri-
bution factor B 1is similar to that of the constants
& and b mentioned above, in that they represent the
width of the distribution of relaxation times.
This can be secn mathematically by determining

the bandwidth of the loss peaks (in terms of g ") at

2""
the points E—J%~ = 0,
dx
The resulting quadratic equation in cos h(l - B)x

means four roots for x.

cos h2(1 - B)x - sin L:';cos h(il -B)x -2 = O

Since only positive values of cos h(l - B)x are allowed
and the two real roots are symmetrical about the origin

x = 0 , then the resulting bandwidth is

B.W. = ——3—— cos h--1 R
1 -3
T e T Y
where R = sin Egl +_}sin Egi + 2

The limiting values of cos h--1 R for B =0 and
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8 =1 are 0.88 and 1.32 rcspectively so that the B.W.
is determined mainly by (1 - B)-l. Therefore, large
values of the distribution factor P result in very
broad loss peaks.

An inerecase in the B,W., will result in a decrease

in the pcak height, which is given by

. cos B
£ - = %‘ 2 (at x = 0).
LE: - Eop! 1 + sin E%E
(8 - Ewo)

£", therefore, will vary from for B =20

and will approach zero as 'B' approaches unity.

2.3.5 Intcrfacial Polarization

(68-71)

A number of authors have found low
frequency relaxation mechanisms occurring in thin
dielectric films. These have all been interpreted in
terms of interfacial polarization, i.e. relaxation of
charge build-up at interfaces. This can be described
phenomenologically by mcans of the Maxwell-Wagner

model(ll’ 72).

The diclectric is considered as being
composed of two layers of different conductivitics and
thicknesses.

This shows that the model results in a straight-

forward single relaxation time process described by

the Debye equations, except that the loss contains an
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(68, 69)

eXperimental results indicate that a distri-
bution of relaxation times is involved. It would be

in order to describe a distribution by a mean activation
energy and a value of PB, However, the mechanism
appears to restrict the values of these two parameters.
Experimental activation énergies are usually in the

(68, 69)

range 0.7 -~ 1.0 eV and values of p are about

0.5(68, 75)

2.345¢1 Absorption Current

A simple method for the measurement of
loss at very low frequencies has been derived by Hamon(76);,
who relates the loss of a capacitor at a particular
frequency to the absorption current at a particular
time,

The application of a low field D.C. voltage across
a capacitor results.in a current which decays with time
to a steady D.C. level determined by the leakage resist—.
ance of the capacitor, If the applied voltage is V
and the leakage rcecsistance R , then the total current
is given by7-~

-t
T

cV e +

T

o<

where < d4is the relaxation time of the pclarizing

process,
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Section (2.3.3) showed that the complex permittivity

could be written in the form:

: t
(. - Ex) @ - jut ~ %
E. = Eu+ =% (. e at
T (o]

If we let T be the relaxation time for the

current decay process, then it can be shown that the

loss measured in terms of " can be written:
.. o0
1 1 1
" - — e 1
£ o =5 v({ I(t) sin ® + dt]

where Ca is the air-filled capacitance. Hamon

assumed the empirical relationship:

I(¢) = Bt °

where n and B were constants for a particular

dielectric., Substitution and integration results in:

1 '1 n -1 nir
" — !
£ = —Ca [—--—w 5t Bw (1 - n) cos ) 1

which is valid only for O < n < 2, Hamon showed that

if the last term of the above equation could be expressed
in terms..of the absorption current I(t;) at a time t,,
and if ®w and tl are related by the iquation

. n
wt, = [ (1 - n) cos Bézd (1)



then £ " can be expressed:
€ n - < [l. + I(tl)]
wC, R

The right hand side of equation (1) has a mean
value of 0,63 ul 30/0 for values of n in the range
0.3 < n < 1,2.

The absorption.current i(t) is then related

to ¢ " by the equation

where t =
£
This equation is referred to as Hamon's equation
and if the quoted values of 'n' are not exceded, the

+
equation will have a maximum error of - 150/0.

2.3,6 General Frequency Behaviour

Above the region where low loss peaks
dominate there appears a frequency band from about
1 Ke/s to 1 Me/s where both permittivity and loss are
almost indpendent of frequency. This phenomenon was
first noticed in bulk glasses (see Scction (2.5)) and
theoretical explanations were given by'Goveré77’ 78)

(79)

and Garton
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The theory of Govorg77)

will be briefly described
as it adds a useful contribution to the theory of
temperature coefficient of capacitance, considered
later. They assumed that amorphous or polycrystalline
materials, with their large numbers of inhomogeneities
such as defects and disorder, will have an extremely
broad distribution of relaxation times. The particles
which give rise to loss, which could be dipoles,
particles having a certain conductivity, or ions,

are subjected to Van der Waal's forces and Coulomb
forces due to their surroundings. Each particle will
have a potential energy 'q' which will in general be
different from that of its neighbour, GOVGrs(77)
related 'q' to an activation energy and Boltzman
statistics give a relaxation time < = T © kT .

The main assumption is that the random structure will
produce a broad distribution of 'q' , G(q) which

is flat over a large energy range. The polarization

of the particles is given by:
dP = N G(q) a(q) dg

where N dis the number of particles per unit volume
and «{(q) is the polarizability of a particle of
energy de.

By using straightforward dielectric theory and
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several relevant approximations, Gevers showed that the
loss did not vary appreciably over several orders of
magnitude of frequency. The simplified equation for

loss was given by:

exp [BT log (%'%o)]

tan & = B
1
log (w To)

where B and B are constants and To is the mean
relaxation time,

The permittivity was shown to decrease very
slightly for an increase in frequency or loss, the
relevant equation being:

OE!
' 9 log W

1 = « 2 tan b
3 1

A similar result is obtained by the analysis of

(79)

Garton » He suggested the presence of temporary
thermal wells, together with deep wells. The dipole
or particle giving rise to loss will oscillate between
the two types of well., The resulting cquation for n
is:

E

QO
g—

B kT
e
2kT

E n - (ﬂ"— 1)

where B 1is a econstant and Eo is the depth of the



- 61 =
As £ ' was again independent of frequency, the
loss was independent of frequency. Garton pointed out
that the only form of the distribution function G(<)
giving rise to loss indpendent of frequency over a

reasonable range was the reciprocal relationship:

G(t) a %

The Cole-Cole(97) analysis may also be used to
describe mathematically, loss which is almost invariant
with frequency, given by values of B approaching unity.
The limiting value of B = 1 results in a conductivity

proportional to frequency given by:

Eo(Es - Ew ) w

T
o]

and therefore loss indpendent of frequency.

It was shown in the previous section that the
only D.C. conduction processes relevant at low fields
were "impurity" and ionic conduction. A.C, fileds are
usually restricted to this ohmic region. ITonic conduction
has been found to give near invariant loss at low tem;
peratures(sz’ 8o, (81).. However, it is thought that
impurity conduction is the more likely process at room

temperature, considering the very low activation energies

involved (generally < 0.1 eV).
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It should be pointed out that Jonscher and his
(25, 82)

co-~workers suggest that in the case of 2-centre
hopping, the conductivity can be proportional to a

higher power of the frequency than unity.

In order to obtain a qualitative picture of the
frequency behaviour of impurity hopping, let us consider
the analysis of Pollack and Geballe(83).. They found
loss near-invariant with frequency (¢ « w0'8) in the
audio~frequency range in doped semiéconductors at very
low temperatures. Hopping between pairs only was con-
sidered. In amorphous materials, however, the hopping
centres will probably be localised states (as discussed
in Section (2,1)) although the presence of such states
has not been fully established(aq). Therefore, since
the nature of the states is probably dissimilar, it
is not possible to make a direct mathematical comparison

(83)

with the analysis of Pollack and Geballe The

important point which arises from their theory and

also that of Miller and Abrahams'(40) is the exponential
dependence of a relaxation time 't' on the pair separa;
tion 'r', This implies that at any one frequency, the
contribution to loss will be from a small distribution

of site separations only. Therefore the conductivity

over the total frequency range is determined by super-~
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imposing the responses of a distribution of relaxation
times G(t) , which is necessarily very broad. The
conductivity is then
2

. .l oG 2
o = £ (€ - &) f G(7) w t° ar

o
o] 1+ u)2 12

As has alrecady been noted, the only value of G(<)

giving a frequency;invariant loss will be:

G( T) - const

T

For an activation energy c¢lose to kT , Pollack

and Geballe(llg) found the following form of the
conductivity
o0 -
B f 2 +1 (40)2 22 ar
c = IR (2)
kT o (1 + 0w° %)

where B is a constant involving the density of hopping
sites.

A very crude estimation of the relationship between
a relaxation time and the corresponding pair separation
can be made by comparing equations (1) and (2). Com-
paring the:~integrals and then integrating, results in

an equation of the form:

=,

T = T exp (A kT)
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where A is a constant and To is the relaxation time
corresponding to a minimum separation 'ro' which is
small compared to 'r', This crude analysis merely
serves to demonstrate the exponential dependence between
a particular relaxation time and the pair separation.

(85, 86) -

Pollack considers further the case of acti-
vation energies differing from kT and also the effect
of multiple hopping. However, the analyses become
extremely complex and these effects will not be discussed
here,

Théory predicts that the activation energy associé
ated with a hopping mechanism is temperature dependent.

Experimentally, however, this is not always observed,

probably because of the small temperature range of the

measurements.

2.3.7 High Frequency Behaviour

The frequency invariant loss region will
extend into the megcycle range. However, the distributed

(87) and the lead

resistance of the capacitor plates
resistance begin to have a significant effect. Figure
(13) shows the equivalent circuit where the capacitor
plate and lead resistance are represented by a single

series resistance R', By equating complex impedances

and comparing,real and imaginary parts, the measured
Ly
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FiG. 13

CAPACITOR WITH LEAD SERIES RESISTANCE R’

COMPLEX IMPEDANCE 2z = R'+ - _R _ where j:z@RC = ——
(1+;t) TANS

PARAMETERS MEASURED BY BRIDGE

COMPLEX |MPEDANCE Z = —— P ___ where jp = WRoCp

1

EQUATING REAL AND IMAGINARY PARTS OF COMPLEX IMPEDANCES GIVES

R/

TANE, = TANE + wWR'C ey rad
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loss tan 6p is given by

R

wR?C

tan 6p = tan & + WR'C +

where tan & dis the real loss of the dielectric and

R is the A.C. resistance of the dielectric. The last
term is negligible for reasonable values of R'. Clearly,
the R' contribution will become significant at high
frequencies due to its frequency dependence, eventually

dominating the real loss.

2.4 Temperature Coefficient of Capacitance

The importance of keeping the temperature

coefficient of capacitance to a minimum has already
been stressed. There are five main contributions to

Y . (see Section (1.2.4)) and each of these will be
derived and discussed in some detail. The significance
of these contributions will then be related to dielectric
materials of different permittivities and loss. We
aré generally concerned with the temperature coefficient
of permittivity X’p which has already been defined

by the equation
Y. = ¥ t+oa
where al is the linear expansion coefficient.

HEY T
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2.4.1 Y Arising From Relaxation Phenomenon
—

A relaxation phenomenon with a single relaxa-

tion time is described by the Debye equations (sece
Section (2.3.3)). However, in order to keep the analysis
general to begin with, we will use the Cole-Cole relation-—
ships(62) (see Section (2.3.4)). These will include
all possibilities from the single, Debye relaxation
time to an infinite distribution of relaxation times.
Such unusual properties as skew;type relaxation peaks
are not included.

In ordér to differentiate E ' with respect to
temperature, it is first necessary to assume that the
mean relaxation time To is related to temperature

by the Arrhenius relationship:

This defines a mean activation energy 'q' associ-
ated with the relaxation process.

The resulting equation for 5’p is:

¥ = 29 £(p) tan 6
13 KkT?
where
. 1 + sin %;rcos h(l - B)x
£f(g) = (1 - B)

sin B + 2 cos -Ezﬂ—cos h (1-B)x



- 68 =

and x = log W T .
e o

The function f(p) has been determined as a function
of 'x' during the present work using a computer and is
shown in Figure (14) for selected values of 'p'., It
will be seen from this that certain approximations can
be made to the function f£(B).

For frequencies well removed from the dispersion

frequency ® = i.ee. x >> 1:

T
o .

£(p) —=> ==L tan _B_Z_TF
2

This implies that 'f(B)' approaches a value
indcpendent of frequency or temperature. An additional
approximation can be made for an extremely broad distri-
bution of relaxation times, i.e. B —> 1, when

£(B) _->;%_. For this limiting case Y? is given by:

[}

= A tan &
X%
T
where A = —28_ . 2 15, o

N k12 AT

T o

(88)

This result, first obtained by Herspring y is

similar to that obtained by Gev.rs(77)

where analysis
was briefly outlined in Section (2.3.6). Their equations

gave

)
TT ° wr
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which has a small frequency dependence.
It is interesting to note that in the case of a
single relaxation time, for the whole frequency range

of dispersion, K’p is given by

Y = AB Tan® &
P
fre
where B = &

(£, - &)

In the general analysis of ' X}' we are not con-
sidering special cases where relaxation peaks appear
in the loss (i.e. P < 1) but the frequency region
where loss becomes near;invariant with frequency
(i.e. B =1). Therefore, the first contribution to

'XI)'is given by A Tan 6 where A = .05 ¥ ,01 from
experimental results(??’ 88).
Although it is not relevant to the determination

of E/P s mention should be made of the temperature

coefficient of loss, T.C. (Tan &).

gEn
Since Tan & = =
£t
) : 1
T.C. (Tan 6) = - ¥ + .:].'. oEn
P En 3
. ‘ (62) . :
Again using the Cole~Cole relationships, the
second term is defined by
1 Q&n 2
2 () = 2 (p)
Ev a1 kT
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(1 -~ B) sin h(l ~ B)x

2 cos h(l1 - B)x + sin %ﬂu

where g(p) =

The function g(p) has been machine~calculated
in +the present work and is shown in Figure (15)., For
frequencies well removed from the relaxation frequency

w = %_ y ie€e x >> 0 , f(B) ~> l—%—g tan h(1 - B)x

o
_;> =8 .
2
For an infinite distribution of relaxation times
n
B = 1, %m %%— =. 0. Therefore the temperature coefficient

of loss in the limiting case is equal to - er.

2,h.2 X’p Arising From Polarizability

Considerations

Since the permittivity of a material is
directly related to the polarizability of the contri-
buting process by the 'Clausius-Mosotti' equation,
differentiation of this equation will give us another
contribution to the 3,0. This equation applies to
most isotropic materials when the contributing particles
or dipoles are effectively infinitely small (see Section
(2.3.2.1)).

£~ 1 *n
£ *2  3VE
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where @ is the polarizability of a macroscopically

small volume V,

Differentiating with respect to temperature

1 (e _ (er —1)(e' + 2) [A +B + ¢]
£ 371 £
P
where A = = 1-(2X) = - a
3V 4T
P

ex ,oan.sm " .
This term is the negative linear comparison coef-

ficient and represents the decrease in number of polarie
zable particles/unit volume because the volume is ex-
panding with increased temperature.

_ da
B L my (&V

= ——— —

T
Bam oV g 0 P
This term represents the increase of the polariz-

ability of a constant number of particles with the in-

crease in available wvolume as the temperature increases,

This term is the straightforward temperature depend-
ence of the polarizability at constant volume. It is
the intrinsic &ontribution of the electronic and iomic

polarizabilityi
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I Geverng analysis he differentiated the 'Clausius-

Mosotti' ecquation but omitted the contributions B and

C.

Havinga(f9) and Bosman and Havinga

they werc

These three contributions were investigated by

(90) ho found that

applicable mainly to non-polar, isotropic

materials of low loss. This meant that these were the

only contributions to B’C in their work. Experimentally,

they were able to calculate the magnitudes of the

various contributions by measuring:

£

'

, =&
oT

?

@y , L& ana 1
P T vV aT p vV adP T

Very often, particularly in the case of thin films,

it is difficult to ascertain the values of some of these

parameters and different contributions become indisting;

uishable.

be taken together:

The contribution A = - ¢

c

Therefore, contributions 'B' and 'C' will

will be taken together

with the expansion term resulting from the capacitance-—

.opermittivity relationship of a parallel plate capacitor

(see Section (1.2.4)), The resulting contribution will

be

a

1

( [ ; E
3 E')
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(77)

This term was obtained by Gewvers .

For a general analysis, therefore, only three of
the five contributions will be considered and the total
temperature coefficient of capacitance can be written
as:

(£' - 1)(E' + 2)D

X = A Tan & +
c E'

- al(i' g
Intrinsic contributions will arise through the term 'D',
the polarizability contribution.
Although, at first sight, the general equation
appears rather complex, it is possible to break it down
for particular limiting cases.
There appear to be five important regions, illustrated

in Figure (16).

REGION I &' =1
The permittivity of a vacuum is unity and clearly,
' Yc' will be zera., This gives us a single point on

the graph.

REGION II 1.5 < €' < 2.5
For such low permittivities the electronic contri-

2 .
= n , where n is the

bution will dominate and & !
refractive index of the dielectric. Therefore, the
term 'D' will be very small and for materials of very

low loss, Xc is given by
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REGION III 2.5 < & ' < 10

This is a poorly defined region where intrinsic
and extrinsic components contribute to varying degrees
and it is necessary to plot a spread of data. If ' Y;'
is negative then electronic polarizability dominates
and if ! {5' is positive then the ionic contributions

dominate,

REGION IV &£' > 10

For permittivities greater than ten, two cases may
be considered. The firgt is the region of very low loss
such that the 'A Tan 6' term is negligible. r’c' is

then given by

o = &'D-= @ £

8) (91)

Herspring and Cockbain and Harrop have shown
experimentally that the first term is a comstant 'K',

Therefore:— Yo o= K - % E'.

This gives a straight line plot.
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REGION V E' > 10

The second region of large permittivities is that

for high loss and 'J’c' is given by
Y = ATan 6 -o &'
c 1

This equation produces a series of straight lines

of slope '- q" and intercepts depending on the loss.

2.4.2 Experimental Verification of Y; - &

Relationships

Figure (17) shows the X; ~ £ ' curves

for a number of materials in both bulk and thin film

(91). Bulk

form, for results taken from the literature
data is included because of lack of thin film data and
the lower losses often found in bulk materials.

Region V is discussed in detail with experimental

$77)

'verification by Gevax .and the straight line relation-

ship of Region IV has been discussed adequately, both
by Herspring(88) and Cockbain(gz). This region applies
to a number of polycrystalline materials and ceramics
as shown in Figure (17).

Region IT applies mainly to organic plastics con-—

taining such materials as P.T.F.E. and polystyrene,

with & c's varying from - 50 p.p.m./oc to — 300 p.p.m./°C.
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Region III contains silicon oxide which is the
material chosen for study and results on this will be
discussed later. This region also contains materials
which have received much attention in their thin film
form, such as‘”203’ SiO2 and Si3N4. It is interesting
to note that high permittivity materials in Region III
will always have a high positive X’c due to the dominating
intrinsic contributions.

Certain results in the literature show an anomalous
behaviour, but these can generally be explained by such
features as high expansion coefficients, porosity and
non;stoichiometry giving variable valency. The high
! X;'s' of the alkali bolides are explained by Bosman
and Havinga(go) as being due to high coefficients of
linear expansion, A few results are plotted on the
graphs 1In general, ferrow~electrie materials will fall

-

into Region IV, giving large negative ' $’c's'.

It is observed that this analysis will give a

useful guide to the X c of a material when its loss

and permittivity are known.

2,5 The Glassy (Amorphous) State

2.5.1 Introduction

Glass is the most widely used amorphous

structure and its properties have been widely studied.



It is useful, therefore, in connection with the present

work on amorphous thin films, briefly to describe the

electrical properties of metal-glass-metal sandwiches,

2.5.2 Discussion

In order to explain the physical and electrical
properties of a glass-like material, Zacharisiasen(93)
proposed that the vitrcecous state was built up from a
random three-dimensional network. A two-~dimensional
schematic representation of his picture is given in
Figure (18).

Normal glasses are composed of inorganic oxides,

constructed of polyhedra of oxygen ions attached around

¥ .
a multipg}fly-charged ion, such as sit , called the net-

work former . The oxygen ions present can either link
polyhedra together and are called bridging oxygen ions,
or can belong to only one polyhedra and are then called

non~bridging oxygen ions. These three types of ions

contribute to the physical structure of the glass.
Network modifying ions can also be introduced and contri-
bute very little to the structure but have more effect

on the clcetrical properties. They are usually impurity

ions and arc located in the interstices of the network.

+ + +
Ions such as Li , Na , K will be highly mobile, whereas

. ++ ++ . . .
ions such as B ', Pb can be considered as immobile,



NETWORK -FORMING ION
NETWORK-MODIFYING | ON
BRIDGING OXYGEN {ON
_NON - ERIDGING OXYGEN ION

Q00O

FIG.18 SCHEMATIC TwO- DIMENSIONAL REPRESENTATION OF GLASS

ACCORDING TO ZACHARIASEN'S THEORY.

FIG.1S SCHEMATIC TwoO-DIMENSIONAL REPRESENTATION OF THE

INVERT GLASS STRUCTURE,
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and therefore not contributing to the electrical properties
to the extent of the lighter ions,

An important parameter used to define this structure
is the number of bridging ions per polyhedra Y, IF Y < 2
then spatial coherence is lost and the structure is
built up of chains whose length will depend on how
close 'Y' is to 2. These are called "invert glasses"
and an example is given in Figure (19).

The concept of network imperfections, although
mainly concerned with the crystalline state, is partially

(94)

applicable to the vitreous state. Stevels has shown
evidence of grain boundaries and dislocations and, of
particular importance, '"point defects'", These may be
vacancies, interstitial atoms or foreign atoms.

Stevels(gs) has made an attempt to give a general
picture of the behaviour of glass in an alternating
field and gives a qualitative picture of the spectrum
of losses expected over a wide range of frequencies,

as shown in Figure (20)., He considers four contributions

to the losses,

2.5.2.1 Conduction Losses

Under the influence of a field, the net-
work modifying ions will move through the structure

giving up part of the energy, thus obtained, in the form
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of heat which will constitute a loss., The conductivity

g is given by
o = tan & WE'E

For frequencies greater than 50 c/s the coanduction

losses are generally negligible compared to other losses.

2.5.2.2 Relaxation Losses

In this type of loss the. transport of
network modifying ions over atomic distances only is
considered. Figure (22) shows the potential energy of
an ion in an arbitrary direction. Due to the amorphous
nature of the material, the potential barriers are
randomly distributed. The application of an electric
field alone is not usually sufficient to move the ions
over the higher potential barriers, and energy must
be obtained from either collision processes or Brownian
Motion. Therefore, the ion will spend a certain time
in each potential well, before moving into an adjacent
well, called the relaxation time <t , and generally
there will be a broad distribution of 1t , but we can
define an average relaxation time To®

The losses will be frequency dependent and for a
single relaxation time will be related by the Debye
equation

Tan 6§ a
1+ w =
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In general the losses will occur over the range
10'-3 to lO6 c¢/s but this will depend upon the particular

material.

2.5.2.3 Deformation Losses

Another loss having similar characteristics
of an after effect i.e. (of the movement lagging the
change in applied field) is the movement of whole sections
or chains of the network. The relaxation time involved
will be very small and will have a large distribution.

The frequency range is shown in Figure (21).

2.5.2.,4 Vibration Losses

As a result of thermal agitation, network
formers, network modifiers and oxygen ions will vibrate
about their equilibrium position. The vibrations are
always damped and will therefore be accompanied by
loss. These will occur at very high frequencies and
again with a large distribution of relaxation times.

Besides their obvious frequency differences, these
losses may be differentiated by their temperature
behaviour. Types 1, 2 and 3 will shift fo higher fre-
quencies with increased temperature, whereas the opposite
effect happens to type 4.

Most work performed on glasses and amorphous in-
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sulators has been at a frequency less than lO8 c/s and
therefore the deformation and vibrational losses are
rarely investigated.

There is much puplished literature on the electrical

properties of glasses. As far back as 1920, McDowell
(96)

et al investigated the behaviour of glasses as a

dielectric in an alternating current circuit. Reviews

on the electrical properties of glass have been published

by Taylor(sg’ 57) and Owen(80). The work of Sutton(73’ 74)

has already been discussed. Other interesting publi;

(98-103)

cations include work by many authors
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CHAPTER 3

PREVIOUS ELECTRICAL STUDIES

ON SILICON OX1DE

3.1 Introduction

This chapter briefly outlines the electrical studies
already performed on silicon oxide which are of importance
to the present work. Figure (22) is a table indicating
the D.C. properties and Figure (23) indicates the A.C.
properties. The effects of deposition conditions and
heat treatment arc not discussed in any detail, Briefly,
low deposition rates and high pressures produced the
more desirable capacitor dielectrics, i.e. a high D,C,

resistivity and a low loss.

3.2 Discussion of Precvious Electrical Studies

The experimental results agree reasonably well,
despite the fact that deposition conditions and post
deposition heat treatment differ considerably. However,
the interpretation of the results varies considerably,
and some features still remain unsolved.

Very few authors attempt to study'the low field

(107, 104), whereas the high field region

(44, 105, 106, 107) (107)

D,C. conduction

has recelved much attention . Stuart
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attempts to explain the low field region using a model
proposed by Simmons(ss). The basic assumption used is
that the work function of the metal is greater than
the work function of the insulator which requires that
the fermi level of the insulator is shifted towards the
conduction band (sece Section (2.1)).

It is recognised by all the authors that high field
conduction is not a straightforward Schottky Emission
or Poole-Frenkel effecct. However, since the current-
voltage characteristics all show the logarithm of the
current proportional to the square root of the voltage
relationship, it is likely that some modification of
these effects occur. However, Jonscher points out that
the plotting of results can sometimes lead to confusion.
If data covers only a small range in current then the
current-voltage reclationship might be mistaken for a

power law of the form

t

when 'n' is a high exponent. This makes it necessary

to take results over a wide range of currents in order

to distinguish between the two cases.

(105)

Hartman et al produced an equation which

applied at both low and high fields. The high field
(57)

region was explained using the model of O'Dwyer
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(105) 25)

Both Hartman et al and Jonscher point out an

activation energy of .85 ~ .90 eV is obtained for the
Schottky barrier heights ranging from 0.85 - 1.5 eV and

also for any reasonable value of the disposable parameters

(105)

in the theory. Hartman et al obtained a value of

B = 143 eV which was slightly smaller than the values

(104) (g4 _ (141)

of Hirose and Wada .56 eV) and Johansen

(@ = .54)., It is difficult, therefore, to understand

why Hartman et al used O'Dwyer's model.

Unlike the other authors, Johansen(QQ) plots the

logarithm of the conductivity versus the square root of

(25) thi

the applied voltage. According to Jonscher is

implies that once the electrons have been released from
the traps, they drift a distance proportional to the

applied voltage.
(58)

Qualitatively, the model of Simmons appears

(106, 107) high field

to explain the results of Stuart's
region analysis. The value of @ according to Simmons

Et + Ed

2 .

this requires that the fermi level of the insulator is

equals For values of @ = 0.5 to 0.6 eV,
shifted to within less than 1 eV of the conduction band.
The first authors to perform experiments over a
: (rL04)
reasonable frcquency range were Hirose and Wada .

They showed the existence of the low frequency dispersion

at 5.10”2 c¢/s at room temperature. The activation cnergy
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of .36 eV was very similar to the low field D.C. con-
duction activation energy of .37 eV. However, Argall(66),
using more scphisticated techniques, showed the existence
of two low frequency loss peaks, the lower of the two
probably corresponding to the peak of Hirose and Wada.
Both Hirose and Wada and Argall show a loss increasing

with frequency at high frequencies but again, different

explanations were given.



CHAPTER L4

EXPERIMENTAL APPARATUS AND TECHNIQUES

4,1 Introduction

' /,

Figure (22) gives an overall view of the apparatus,

The following sections describe the individual parts in
detail and also the techniques and methods of preparation

involved.

4,2 The Pumping System

An Edwards 4" fractionating diffusion pump, charged
with a low pressure silicon oil, Ms 705, was backed by
an N,G.N, rotary pump. A liquid nitrogen cold trap
was placed between the diffusion pump and chamber to
reduce contamination from the pump oils. The pressure
obtainable overmight, using liquid nitrogen, was 5.10—6 Torr
with baking up to 250°C. All scals werc of Viton,
greased with a low pressurc vacuum grease and the presence
of these seals restricted the baking temperature to 2500C.
However, a very low pressure was not required and so the
seals were not replaced.

Backing pressures were maasured with 2 Pirani gauge
heads, one to determine the backing pressure of the
diffusion pump and the second to indicate the backing

pressure when roughing out the chamber. The chamber
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pressure was measured using an ionisation gauge head
type I0G 12 connected externally to an ionisation gauge.
Outgassing was performed before any pressure readings

were noted,

h.,3 Sources

Figure (2?6 shows the arrangement of sources after
the whole substratc assembly has been removed. Throe
sources are visible, the two aluminium sources being
pPlaced on cither side of the silicon oxide source,

An aluminium source consisted of approximately
.020 inch tungsten wire witlhh aluminium wire hooked on
to a number of loops. This arrangement was surrounded
on five sides by a molybdenum box to prevent unnecessary
contamination of the chamber.,

The silicon oxide source was an inverted type

(109) as shown in Figure (24). The

Drumhel.er Source
silicon monoxidc charge was placed in the central
cylinder such that the majority of the vapour stecam
suffered a reflcction at the outer cylinder, reducing
spitting of the larger lumps. The source was spot-—
welded fromm .002 ins.‘tantalum with .005 ins, tantalum
leads. Copper contacts were used to qlamp the leads,

preventing over-heating in the leads.

For an evaporation rate of 11} /scc at the substrate,
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the outer cylinder temperature was 8750C compared to
120500 of the inner cylinder. These temperatures were
measured with Pt/PtRh thermocouples, spot-welded to
the source,

The electrical connections to the source and
thermocouples were made through a section of 0.5 ins.
thick durgl pipe. The gas leak inlet and the ionisation

gauge head also passed through this pipe section.

4.4 Head Plate

To enable the substrate mechanics to be handled

more efficiently, the remainder of the chamber
requirements were fitted on to a head plate. This
could be easily removed and was used in preference to

the conventional system of a bell-jar with all connectors

passing through a base-plate. The 1.0 ins. thick dural
head-plate was supported on a 9 ins. length of 6 ins.
quartz pipe section, which fitted directly on the source

support., Figure (25) shows the underside of the head

plate.

4.4.1 Substratc Heater

The substrate heater is shown schematically

in Figure (26). The former consisted of a stainless

steel block through which holes were drilled. Porgelain






insulating carriers were inserted in these holes with
.010 ins, tantalum wire passing through and back along
each element, reducing the effect of the heating current.
Stainless steel strips were spot-welded into the block
to locate both the substrate and thin film thermocouple
support, shown in Figure (25). These substrates were
held in position in the inverted state by spring clips
spot-welded into the strips and also by the pressure
contacts for the electrical measurements. A ?romel/
alumel thermocouple junction was inserted into one of
the porcelain carriers to indicate the temperature

of the heating wire,.

4.4,2 Mask Changer

The mask changer, shown in Figufe (27),
locates over the substrate by the screws holding the
masks on to the changer., These fit cither side of the
hecater block. The rotary control is sprung so that
in order to change a mask, the rotor is depressed and
rotated and located with the next set of screws. There
are four possible settings of the mask changer, threec
for capacitor production and the fourth for encapsulation.
The masks could be fitted on to cither side of the
changer for close or shadowing contact. A close contact

mask produced a well defined edge of the evaporated
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film. A shadowing contact mask produced a diffuse edge
which was less likely to produce brecakdown in the capa-—

(108))

citor edge of the top aluminium electrode (see Siddall

4.5 Mask Production

Two methods of mask production were tested, a spark
erosion process(llc) and a photo-etching technique(llo).
The latter was found to be a superior technique due to

a better edge definition.

4,5.1 Spark Erosion

In order to produce a hole in a sheet of
molybdenum, a copper block was produced with a cross—
section identical to the shape of hole required.
Immersed in a paraffin bath, the block was brought into
contact with the molybdenum sheet and a direct current
passed through the system, The molybdenum was eroded
away at the point of contact. The accuracy to which
a slit could be made was ki 0.1 mm. The optical micro-—
scope showed that the edge definition was poor com-

pared to the photo;etching technique.

4 .,5.2 Photo~Etch Technique

When this technique was first tried, several

difficulties were encountered and the following para-



graphs give the method which was finally used for
producing masks.

A drawing of the required pattern was produced,
ten times the actual mask size. Black tape was stuck
to the part to be removed from the mask and a negative
produced the reduced size, by photographing the drawing.

The mask material used was .002 ins. molybdenum
sheet. This was prepared by roughening one of the
surfaces with emery cloth and ultrasonically cleaning
it in "R.B.S. 25" to remove grease. The sheet was
thencﬁamped.at the centre of a centrifuge table which
was rotated at maximum speed. While spinning, the
sheet was sprayed with iso;propyl alcohol to clean it.
When dry, the photo-resist (Kopierlack-P) was sprayed
on and five minutes spinning motion ensured even cover—

age of resist. After allowing to dry, the molybdenum

sheet was removed and placed in an oven to harden at
80°c.

The negative was then placed over the molybdenum
sheet and dlamped with a glass slide to prevent crinkling
of the negative in the hecat. This assembly was exposed
to ultra~vioclet light for about five minutes.

The resist was developed in Ozalid K.E.P. developer
for about one minute and washed. It was then bagked

in an oven at about 250°C for fifteen minutes. This
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had the effect of changing the colour of the resist
and making it resistive to the subsequent etch.
As much of the surface as possible, except close
to the masking edges, was coated with Lacomit, an
(111)

etch resistant material. An etch developed by Fisher

was used, made up as follows:-—

60 cc HNO3
35 cc H20
5 cc H2504

50 cc Acetic acid

When the etch appeared to have .removed the unwanted
molybdenum, the metal shecet was left a further 30 secs.
in the etch solution before removing and washing.

Finally the Lacomit and resist were removed with

acetone and the mask cleaned and cut to the required

shape.

4.6 Temperature Measurement

A thin film thermocouple enabled the actual tem—
perature of a thin film capacitor to be determined
reasonably accurately. Two identical thermocouples
were produced in one operation on separate %" X l”

Corning 7059 glass substrates, in order to investigate

the temperature gradient across the heater block.
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Copper/manganese contact pads were first evaporated
on to the glass substrates which adhered well to the
glass and were not removed by the pressure contacts.
Copper and nickel were the materials used and the two
films crossed at the centre of the block. A silicon
oxide protective layer was deposited over the thermo~
couple

In order to eliminatc the e.m.f.'s produced at
other junctions, coppcr or nickel wire was wrapped around
the pressure contacts and made direct connection to the
electrode tecrminal.

The thermocouples were calibrated bylg%ersion in
0il and measuring the oil temperature with Cromel/Alumel
thermocouples. The oil was mechanically stirred and
the whole system allowed to rcach an equilibrium tem—
perature by taking readings every hour. The e.m.f.'s
of the two thermocouples agreed to within less than 1%/o.
The calibration curve is shown in Figure (28).

The temperature gradient across the heater block
was determined by placing one thermocouple in its
correct position and the cther at various positions
along the block, corresponding to the positions of the
evaporated capacitors. There was found to be only 1°/0
deviation across the block, if the block was allowed

to reach an equilibrium temperature. Due to the large
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thermal mass of the block this took about 1% hours.

In all experiments when the temperature was varied,
readings were taken every 1% hours so that the tem-
perature indicated by the thin film thermocouple

was very nearly that of the capacitor. The only
occasion when this was not true was during an evapora-—
tion, when local heating took place due to radiation
from the silicon oxide source.,

Heat transfer by radiation and condﬁction also
heated the head-plate assembly and the quartz pipe
section. Becausc of the viton seals in the assembly,
the ultimate temperatui> at the substrate was restricted

to 250°C.

4.7 Pressurc Contacts

Connections to the copper/mangancse electrode
contact pads were made by means of spring contacts,
made from nickel silver relays having spherical
contact tips. These leaves were spot-welded on to
steel arms which werce pivoted on a quartz rod axle.
Good contact was achieved by tightening screws against
a glass plate. Three pressure contacts were made on
each side of the heater block for electrical measure-—

ments and two contacts to the thin film thermocouple.
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4.8 Electrode Design

For the initial experiments, it was decided to
evaporate five capacitors which would fully utilise
the six contacts available. The electrode area was
made small to reduce the effect of pin-holes. Because
the mask changer always covered part of the substrate,
it was necessary to use long thin film electrodes
to the contact pads.

In the frequency variation experiments where the
resistance of the electrodes becomes an important
factor at high frequencies, it was decided to monitor

the resistance of the electrodes. This was made possiblc
by making contact at each end of the electrodes. With
six contact pads available, only two capacitors could
be evaporated at once.

Figure (29) shows the electrode design for both
five and two capacitor production before the aluminium

electrodes were evaporated and also after the capacitors

had been produced.

4.9 Mechanical Disc Rate Monitor

4.9.1 Introduction

A disc-type rate monitor was developed,

having the advantages of economical construction and

being bakeable.
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Measurement of rate using the momentum of the
incident vapour stream was first developed by Campbell

(114)

and Blackburn , who used a modified mill@ameter
movement attached to a wvane . The current required
to produce zero deflection in the vapour stream was
measured. On completion of the practical work on the

(115)

disc rate monitor, Beavitt published a paper
discussing both a cylindrical and disc-type rate meter,

giving the relevant theory.

4,9.2 Theory
Figure (30) defines the parameters required

to give the theory. The disc was used to indicate rate
and not to monitor thickness and sco was suspended from
a fine suspension wirc. Thus a constant flux of particlcs
would give a constant angle of rotation. A magnetic
circuit was used for damping purposes.

The turning couple 'v' produced by the incident

flux is given by
e il
= r
2nmc cos @ sin @ f [ cos © r? 48 dr
o o

Q
1]

2 —_ 3 .
T mme r’ cos @ sin &

Y] ]
where ¢ 1is the average particle velocity, ‘n’ the

particle density and ' m’ the mass of a particle.



o

AG. 30 MECHANICAL DISC RATE MONITOR

SOURCE

PARTICLE FLUX mols.per sec per unit area .

AVERAGE PARTICLE VELOCITY

PARTICLE MASS.

112



- 113 -

This couple is balanced by the torsion in the
suspension wire 'c8' where e is the torsional constant
of the suspension.

If 'p’ is the density of the deposit, then the

rate of deposition is given by

3¢9

cos @ sin @

2p_c-r3

The important result is that the rate is proportional

to 'e'-

4,9.3 Experimental Arrangement

The 2" diameter disc was made of aluminium
foil, dished between two watch glasses to improve
rigidity and to improve balance by lowering the centre
of gravity below the point of suspension. The disc
was marked in sections so that with the use of a pointer,
the number of revolutions could be determined.

The disc was suspended by an aluminium mounting
into which the gold alloy suspension wire wasc{lamped.
About 12 cms. of .,002 ins. x .0002 ins. gold alloy

suspension wire was used, which was soldered to a
A
manocuvirable gold wire at its other end. A magnetic

circuit was introduced to produce damping and also to

smooth out the effect of irregularities in the rotor.
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The air gap of the magnetic circuit was varied to give
a response time of about 2 seconds. The experimental

arrangement is shown in Figure (30(a)).

4.9.,4 Disadvantages

The size of the vacuum chamber in which
the rate monitor was used put severe restrictions on
its use. The usual sensitivity was about 180° rotation
for a rate of lX/sec at the substrate. The high sensi-
tivity was caused by the proximity of the disc to the
silicon oxide source, but this also meant that the
thickness of deposit on the disc would build up very
guickly. The stresses set up in the film would some-
times cause the disc to crumple.

The fineness of the suspension wire made it
~extremely difficult to handle, so that control of the
length of wire was difficult. This had the effect of
altering the sensitivity for each run and hence the
final thickness and rate could not be predicted
accurately.

Spitting on to the disc from the source caused
the disc to spin sc¢ that the number of revolutions
could not be determined.

Due to the largec number of disadvantages it was

decided that an Edwards Crystal Rate Monitor should be
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used. This had none of the disadvantages listed above.

4,10 Crystal Rate Monitor

The resonant frequency of a crystal is a function
of its mass. If its mass is altered by a film forming
on one of its surfaces, its resonant frequency will
change. Theory shows that the change in mass or
thickness of deposit is proportional to the change in
its resonant frequency. This principle is incorporated
in the quartz crystal rate monitor which indicates both
rate and total thickness.

The instrument was calibrated by measuring the
thickness of a film using a T lysurf (see Section (4.11))
for a measured time of evaporation. The average cali-
bration factor was 2.2 c¢/s frequency change for a deposit
of lg at the substratec.

t(116) to

Despite the crystal having an A/T cu
reduce temperaturc sensitivity, the crystal's resonant
frequency was altered by the hot source. Therefore
a system of water cooling was used.

The crystal can holder was inserted into a copper
box with walls .25 ins. thick, surrounded by copper
piping carrying the water. A molybdenum shield,

.002 ins. thick, allowed just enough evaporant to

cover the crystal so that the copper box was not exposed
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directly to the vapour stream. The water-cooled copper
box is seen in Figure (25). The molybdenum shield was
attached to another shiecld which stopped the sources
contaminating the substrate machinery. With no material
in the source and the source at the temperature of
evaporation, there was about a 1°/0 change in the
resonant fregquency of the crystal with the water cooling,
The rate monitor was used as a rate controlling
device and also to give a guide to the thickness
required., The actual average rate was determined by
measuring the thickness with a Talysurf and dividing
by the time of evaporation. This meant that no accurate
calibration was required as this was dependent to a
small amount on the thickness of deposit already on

the crystal.

4,11 Thickncss Measurements

4,11.1 Talysurf Method

Film thickness measurements were performed
using the Tblysurf(ll7’ 118), a product of Taylor-
Hobson Limitcd, Leicester.

The principle of opcration is that a reference
skid and a free stylus transverse a surface. Vertical

motion of the stylus is electrically sensed and after

amplification, displayed on a moving chart by an
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electrical discharge on carbon backced starch-iodide
rectilinear paper. However, the Talysurf is not an
absolute intrument and is calibrated using optically
determined step heights. It is basically a surface
profile instrument but, by knowing the magnification,
the height of a step can be determined. The runs were
made per film so that an average could be determined.
For films of 20002 thickness, the highest magnification
range of x 100,000 could be used. With 0.5 mm. being
the smallest distinguishable mecasurement, an accuracy
of z SOX or better could be obtained. Such accuracy
was only feasible if the substrate and film surfaces
were smooth. Corning '7059' glass has surface irregu-—
larities of less than 2SX and this was used in preference
to soda glass microscope slides. Another requirement
for accurate measurements is that the stylus does not
scratch the surface of the film, The film thickness
being measured was silicon oxide which, being a glassy
material, was very hard,

It was nccessary to remove any dust particles from
both sides of the substrate. Dust on the underside
caused rocking and dust on the film showed on the trace
if traversed.,

A typical trace is shown in Figure (31). If the

surface were parabolic, the relative motion of the
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stylus resulted in a slope on the chart.

this did not impede measurements if the dis-—-

tance between traces at 900 to the direction of motion

were measured.

Knowing the horizontal magnification, the width

of a film could be determined accurately using this

method.

4,11.2 Optical Method

The optical method of determining film

thicknesses is an absolute method and involves the

formation of Fizeau fringes using an interferometer.

Of the threc variable parametcers involved, approach

angle and wavelength of light are kept constant, so

that the
In order
at least
the edge
deposite

The

thickness of the film is the only wvariable.

to obtain a reasonable fringe definition,

a 94°/0 reflectivity on both surfaces of

is required. Therefore it was necessary to

a reflective coating of aluminium on the step.

optical flat of the interferometer was brought

into contact with the top film surface and the inter-—

ference fringes vicwed through an eye-piece. The shift

in crosswire in the eye—piece was calibrated so that

the fringe spacing and fringe offset could be measured.
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The equation for determining the step height is

. o
Fringe Offset x  2946A

Step Height =
Fringe Spacing
29462 is one half the wavelength of the sodium vapour
light source,
An average of three vernier readings was taken
for each position of the hair line. Step heights taken
at three different points along the step agreed to

+ o]
within - 30A,.

£.11.3 Summary

The accuracies of the two methods for

determining film thicknesses were similar. However,
it should be pointed out that Taylor-~Hobson have now
produced an instrument called a Talystep which produces
a vertical magnification of one million. The Talysurf
method was preferred as it did not involve the deposition
of a reflecting coating over the step.

The electrode pattern was so designed that both
the skid and the probe of the Tolysurf were in contact
with the substrate only before the step was transversed.
However, with more complex circuits this would not be
possible and it becomes advantageous to use the inter—

ferometric method.
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4,12 Head Plate Connections

Figure (32) shows an overall picture of the top
side of the head plate.

There were three rotary seal connections, one to
the mask changer, one to the substrate shutter and one
to the crystal shutter. The thermocouples' connecting
plate was attached directly to multicore wire which
plugged into a switching box. All the thermocouples
had a cold junction in ice.

Contact to the capacitors was made by attaching
crocodile clips on to the appropriate points on the
connecting .plate,

P,V.,C. tubing carried the water supply to and from
the cooling system, The copper piping was one continuous

plece, being soldered into a large blank inlet electrodec.

4,13 Substrate Material and Preparation

Capacitance and conduction measurements, at high
frequencies in particular, can be influenced by conduc;
tivity of the substrate material. Soda glass microe
scope slides were initially tried as a substrate, but
the stray capacitance and conductance was found to be
quite significant, especially at elevated temperatures.,
It was declided to use a barium—alumino silicate glass,

type 7059 manufacturced by Corning Glass. This glass
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was developed for micro—electronic circuit fabrication.
It has a very low ionic conductivity at elevated tem-~
peratures and also a very smooth finish, The latter
consideration gives a greater accuracy in film thick~
ness determinations.

The substrates were supplied by the manufactuers
in a "clean" condition, except for a layer of dust,
However, it was still thought necessary to give them
an additional clean.

Various methods were tried but it was difficult
to assess the advantages of different methods. The
megthod which was finally decided upon began with wiping
the substrate using a hot Stergene solution to remove
grease. After rinsing in distilled water, the substrate
was ultrasonically cleancd in a solution of R.B.S. 25,
an organic decontaminant, for about fifteen minutes.
The substrate was again rinsed in distilled water and
after drying, ringed in iso-propyl alcohol vapour which
was continually redistilled in iso-propyl alcohol for
several hours,

The copper/manganese electrodes were deposited
in a separate vacuum chamber, the substrate being heated
during evaporation to give better adhesion. The sub-~

strate plus eclectrodes was again placed in the refluxing

system for several hours, before finally being introduced
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into the vacuum chamber. Pieces of dust which adhered
to the substrate were removed by a jet of air. At all

times the substrates were handled with tweezers.

4,14 Film Preparation

The two electrode and dielectric evaporations
and all electrical mcasurements were performed in one
pump~down. This reduced to a minimuh contamination
from the atmosphere and cnabled the dielectric to be
evaporated on to a cleanbaluminium surface without
introducing the complication of having an A1203 layer
at the interface.

Both the aluminium electrodes werec deposited on
to a room temperature substrate, the common electrode

being deposited first. The electrodes for a 5 -—capacitor

evaporation were made by evaporating a standard amount
of aluminium wire and assuming the resistance was
constant for every evaporation. The electrodes for
2wcapaeitor preparation were monitored by measuring
their resistance during cvaporation, The resistance
of the elcctrodes was accounted for in the computer
program (see following scction).

Except when rate was the parameter being varied,

it was kept constant during all evaporation at about

o + O
10A/see. » 1A/sec. As the current through the silicon
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oxide source was increased, the temperature was main-
tained, which gave an indication when to expose the
quartz crystal to the evaporant by operating a shutter.
The crystal was nct exposed unnecessarily, as the

sweep of the thickness indicating needle was almost

the complete traverse of the scale. By knowing the
rough calibration of the rate meter, the approximate
rate was obtained. Five minutes were allowed for the
rate to become steady, when the substrate shutter was
operated and the time taken for the crystal frequency
to change a precalculated number of c¢/s. For a film
of ZOOOZ thickness the time of evaporation on to the
substrate was 3 mins. 20 secs, The average rate was
determined using the Talysurf as cxplained in Section
(£,11,1), Because the film thickness could be measured

+ o]
to - 504, the average rate could be determined to within

+
an accuracy of e 30/0. During the evaporation the rate

fluctuated only a small amount which was compensated
for by increasing or decreasing the current through
the source.

The pressure in the chamber was measured both
before and during evaporation.

Measurements were not performed until at least
one hour after evaporation in order to allow the

dielectric to eool to room temperature.
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The substrate and film were not removed from the
chamber until the end of each experiment or unless the
film was to be oven-annealed at 400°C. In the latter
case, the film was always annealed at 240°C in the
chamber before being exposed to the atmosphere. Sub=
sequent measurements were performed after replacing

the substrate in the chamber and evacuating the system.

4,15 Calibration of Anparatus

Two types of calibration were performed on the
apparatus, both as functions of temperature and free=
quency.

The first calibration determined the stray capa=-
citance and conductance cxisting between the two
measuring terminals when there were no capacitors on
the substrate, The system was prepared as for an
evaporation with the copper/manganese electrodes deposited.
The stray capacitance and conductance were then measured
with the various bridges as functions of temperaturec
and freguency.

The stray capacitance for the audio frequency
arrangement was less than 1 p.F. and was neglected,
as was the conductance, both being independent of
temperature and frequency.

Long leads werc used for the radio frequency
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calibration having a stray capacitance of 8 p.F. and
negligible stray conductance. The stray capacitance
was accounted for before the results were programmed,

The second type of calibration was to determine
the lead resistance in the 5—capacit6r case! This was
done by evaporating a known amount of aluminium wire
from each source, without the dielectric layer separating
the electrodes, The registance of the levels as a
function of temperature was determined using an avometex.
The value was 30 ohms indpendent of temperature.

In the 2~cavacitor casc the resistance of the leads
was deterriined in each experiment since the resistance
of the lcads could be monitored., This meant that at
high frequencies, an accurate value of resistance

could be determined.

4,16 Elcctrical Measurements

L,16,1 A.,C., Measurements

All the initial experiments on variation
of evaporation parameters and annealing work were
performed on a Wayne Kerr B221 bridge, together with
the AA221 auto-=balance adapter. The bridge had a
ke

fixed internal frequoncy source of 1592 c¢/s (w = 10

rads/sec). It gave both capacitance and conductance
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values to four figures., The first two figures were
manually set up on the B221 and the last two figures
displayed automatically on the AA221 adapter. So that
continuous readings of capacitance could be made, an
A.E.I. 10 ins. potentiometer recorder, type 10S, was
connected to an output of the adapter via an alternating
and smoothing circuit, The block diagram is shown in
Figure (33) with only thc quadratuxe component detecction
illustrated.

The B221 bridge was also used for frequency vari-
ation measurements in the audio frequeney range. An
Advance Signal Generator, type Hl, was used to generate
a sinusoidal signal with a frequency range of 15 c¢/s
to 50 ¢/s. The out of balance signal from the bridge
was detected using a Radiometer, Copenhagen wave analyser,
type FRA2, with o maximum sensitivity of less than 1 puV.
The frequency range was 10 ¢/s to 16 Ke¢/s. The minimunm
frequency for accurate measurements was 300 c/s.

The bridge used for the radio frequency range was
the Wayne Kerr type B60l, with a frequency range of
15 Ke/s to 5 Mc/s, with an accuracy of ul 10/0. The
R,F. signal generator was an Airmec instrument with
with a frequency range 30 Ke/s to 30 Mc/s. The out
of balance detector was an Airmec wave analyser, type

853, with the same frequency range as the signal generator,
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The bridge arrangement was unsuitable for measurements

of frequency greater than 1 Mc/s.

4,16,2 D.C, Mecasurements

A Sclatron transistor power supply, type
A57572, was used as a stable D.C. voltage supply. The
voltage drop across the dielectric was taken as the
output voltage of the power supply. This was so if
the voltage drop across the current measuring instrument
was made negligibly small, The current was measured
using a Model 610B Xeithly electrometer which was
capable of measuring a current of 10”14 amps to an
accuracy of z 4°/0o, During the investigation of the
transient current as a function of time, the Keithly

was used in conjunction with a Bryan X-~Y coordinate

plotting table,

4,17 Elimination of Lead Resistance

Because the series resistance of the leads was
known, it was possible to calculate the real parallecl
resistance and loss of a capacitor knowing the measured
capacitance and loss,.

If we let ’Rp' and 'Cp' be the measured components
and 'R' and 'C' be the truc values and 'R'' the series

resistance of the leads, then the complex impedances
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of the equivalent circuits can be calculated.

If t = o C R and t = wRZC
P P P
C(1+t2)
C = 2 )
1+t 2+ A% - 24
C R
c (1 - 4)
R' t
where A = =— (1L +t %) and t = ——t—
R 1-A
The true loss = tan & = L = L
t wRC

Measurements were made on five capacitors at eight
differcent temperatures which made it necessary to pro-
duce a computer program to calculate the required
parameters.

Because the five capacitors were wvery nearly cqual
in thicikness and arca, average values of the paramecters
were determined,

For high loss, the power dissipated is proportional
to sin & rather than tan 6, so this parameter was deter-—
mined also.

A first order approximation of the X'c and T.C.

(tan 8) was computed by the following method, From
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Figure (34) the slope of the curve at a point

C, + C cC, -C
c =2 2 was taken as 2 L at a temperature
2 T2 - Tl
T2 + Tl
of ——————= <ywhich was a first order approximation when
2

the curvature in the range investigated was only small.
An average value of ¥ c was computed by two
methods. [Firstly, from the average of all the X;‘s
and secondly, from the value of K’c's for the average
values of capacitance. The difference between these
two derivations was a guide to the initial spread in

capacitor valucse. The program and an example computer

result sheet are shown in the Appendix.
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CHAPTER 5

EXAMINATION OF FILMS

5.1 Electron Microscopy

Specimens were prepared for electron microscopy by
evaporating the silicon oxide films directly on to
Corning 7059 glass substrates. The films were removed
by immersing the substrate into diluted hydrofluoric
acid and floating the films off in distilled water.
Fragments of the films were picked up on microscope
grids and dried before examination.

Electron microscopy showed no indication of struce-
tural features such as pin-holes. However, films deposited
on to aluminium showed a dome-~like structure(IZ) which
has been shown to be replicated from the surface of the
aluminium. It is not clear how these domes originate

but they do not appear‘to affect the electrical propertiles.

5.2 Electron Diffraction

Specimens for electron diffraction were prepared
by evaporating about 2008 of silicon oxide directly on
to freshly cleaved rock salt. This enabled the film
to be floated off in distilled water and picked up on
to microscope grids, Figure (35) shows the resulting

diffraction pattern. Dctermination of the radial
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distribution function, 4Wr2u(r) was made by Bicknell

of the Allen Cilark Research Laboratories, of the Plessey
Company. The diffracted intensity was determined using
a microdensitometer with a linear output and scanning
the photographic plate along a radius. Figure (36)
shows the radial distribution function.

The interpretation of the radial distribution
function is the subject of some controversy. However,
one result which is generally accepted is the existence
of Si-0 tetrahedra in silicon oxide. The first peak
at 1.62% corresponds to the Si-0 peak as observed in
vitreous silica. The second peak at 2.652 corresponds
to the 0-0 peak. The coordination number of about 4
suggests that silicon and oxygen exist in a tetrahedral
bonding with the Si-0-5i bond at an angle of about
145°C. This will not account for the structure of S5iOx
where x is intermediate between one and two. Coleman

(19)

and Thomas suggest the 'extra' silicon exists as
small islands within a silica matrix which would be given
by a peak at 2.353. In the present work there is not
sufficient evidence for the introduction of such a peak,
and it is considerced that the silicon-oxygen tetrahecdra

arc interlinked with some combination of Si~0 btonds (see

also infra-red evidence, Section 5.3).
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5.3 Infra-Red Spectroscopy (I.R.S.)

In this work I.R.S., was used to give an indication
of the degree of oxidation of silicon oxide and also
to detect either water or hydrogen present in the film
before annealing.

The silicon oxide was evaporated directly on to
a potassium bromide disc, pressed from the powder. A
control disc was placed in the vacuum system so that-
it received the same treatment except that no film was
deposited on to it. Measurements were then performed
on each disc and on both using a two beam method,
eliminating the effect of absorption due to the KBr
substrate., The machine used was a Perkin—~Elmer spoctro-
scope.

Silicon oxide showed the usual S5i-~0 stretching band
peak, occurring very .near to 10 microns wavelength, as
shown in Figure (37). This indicated a value of x
in the formula SiOx closc to unity., The pecak for the
Si<0 stretching band occurs at 9.2y for SiO2 and about
10p for SiO.

The presence of a small peak at about 5.6y indicated
an Si-H stretching band. This would be due to either
the presence of hydrogen or water. Peaks at 2.9y and
6.1y indicated the presence of water as a result of a
stretching frequency and a deformation frequency res-—

pectively. However, thce latter three peaks existed in
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the control disc also and the two beam method almost
eliminated them, indicating that it was not a feature
of the film only. This result is unexpected since

Pliskin(ll9)

y using I.R.S., sputtered on to substrates
at low temperatures, i.e. < 10000, picked up several
times as much water as films deposited at high tempera-
tures > 300°C.

No structural change could be determined by shifts

occurring in the S5i~0 stretching peak on annealing the

film, This indicated that there was no detectable

, clvring
oxidation process occurring/annealing,
Pliskin and Lehman(ll9) interpreted their results

as indicating the existence of an intermediate oxide,
Si203, its absorption band occurring near 11.5p. They
suggested that films deposited at high pressures and
low rates of evaporation probably consisted of a mixture
of the three oxides, S5iO, Si203 and Si02, but this has
not been fully substantiated.

Allam and Pitt12%) L1c0 investigated silicon oxide
films by means of I.R.5. They found no conclusive evi-
dence for oxidation on annealing, but suggested that
a number of different localized structures may exist.

The type and density of these would be dependent on

the film preparation conditions and subsequent treatment.
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5.4 Chemical Method

Another method of determining the parameter x
in Si0Ox is to determine the weight of silicon in a known
weight of silicon oxide. Various chemical methods have
been developed such as that described by Morrison and
Wilson(136). The silicon oxide is deposited on a
platinum underlayer so that the film can be removed
chemically. It is fused with sodium carbonate to form
sodium silicate. The silicon content of the sodium
silicate is determined by absorption methods as reduced
a—molybdosilicic acid. Accuracies of less than 10/0
are quoted but this will depend on the amount of original
silicon oxides This method was not used in the present

work .,

5.5 Electron Micro-Probe Analysis

An electron micro-probe equipment was used to deter—
mine the percentage of silicon in silicon oxide. The
analysis was performed by the analygtical services
laboratory of Imperial College. A film of 1lp thickness
was deposited on to an aluminium underlayer on a Corning
7059 glass slide. A thick film was required so that
the electron beam used in the micro;probe did not detect
the silicon of the substrate material and higher beam

energies could be used, The value of x in the formula
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SiOx was determined by taking counts from the SiKe
radiation on S5i, SiOx and 5102 in turn and comparing

counts. The resulting formula was SiO A film of

i1.01°

2p thickness had the formula SiO These films

1.05°
were prepared at the standard rate and pressure of

lOR/sec and 2.10'-5 Torr during deposition, respectively.

5.6 X-Ray Powder Photograph of 'Silicon Oxide'

The original material before evaporation was investi-
gated by taking a powder photograph. The silicon
monoxide supplied by the Kemet Company of the Union
Carbide CorpofatiOn was a grey powder but when crushed
existed as a finely divided brown powder. The film
was exposed to the reflected X-radiation for 10 hours.
Figure (38) is a table of the detectable lines occurring
on the photograph as measured with a direct reading
angstrom rule, and the corresponding elements or com-
pounds taken from the A.S.T.M. book of X-ray powder
diffraction data, corresponding to these lines. Some
of the lines were determined by comparing the photo-

graph with a photograph for pure silicon.

5.7 Silicon Oxide Residue Evaluation

After evaporating the SiOx from the tantulum source,

there remained a residue of various colours and this
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FIG. 38
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was analysed by X-ray fluorescence in order to establish
what impurities had bcen co—evaporated with the silicon
oxide. The table in Figure (39) shows the detectable
constituents. One column of the table gives the original
concentration of these impurities as given by Union
Carbide, from whom the starting material was obtained,
There were two main constitutents in the residue, one
black and the other brown. FEach was tested separately.

. Aluminium and molybdenum, although present in the
original material, were not detectable in the residue
but it may not be concludcd that these elements there-
fore appear in the evaporated film. However, evecn if
they were present in the film, their effect on the
electrical properties would be negligible due to their
low mobility in the silicon-oxygen network, and also
the negligible effect of acceptors or donors in low

concentrations (see Section (2.1)).

5.8 Summary of Silicon Oxide Film Structure

Both electron diffraction and infra-red absorption
analyses indicate that silica tetrahedra are present
in all evaporated silicon oxide films. However, the
ratio of silicon to oxygen necessitates that extra

silicon is taken up in the structure. There is still
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FI1G, 39

ELEMENT |[CONTENT IN |RESIDUE CONTENT
Si0 POWDER|BLACK BROWN
DI° N

Fe ‘04 -.G7 M M
Ni ‘05 H L
Al 02 - 05 N.D. N.D.
Mo 01 - -06 N.D, N.D.
Cu 02 - .04 M H
Mn 01 L M
Mg <01 N.D. N.D
Ti < <01 TR. TR.
B < 01 —_ —_
Ccr £ -01 L TR.
Ca < -O1 M L
Sn N.D. N.D. N.D.
Ng N.D. _— E—
v N.D. N.D. TR.
Si 0-1 MAJOR MAJOR

L - LOW < 0-1°%/s

M - MEDIUM 0:1—10°,

H - HIGH > 1%

N.D. - NOT DETECTABLE
TR. - TRACE

THE ORIGINAL SiO POWDER ALSO CONTAINED 1.0 —1:5 %%
®-QUARTZ , 95°/c SiO AND THE BALANCE WAS AMORPHOUS SiOp
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not sufficient evidence to indicate whether the extra
silicon exists as silicon islands or as Si-0-Si or
0-S5i-0 bridges(lzo). The\Iatter suggestions of intecr-~
linking bridges will result in a distribution of small
groups poAsessing localised structure. Probably the
most important result is the existence of short range
order similar to that of silica. This will affect
energy band considerations as discussed in Section (2.1).
The small amounts of metallic impurity which would

be present in evaporated films probably have negligible

effect on the elcctrical properties.
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CHAPTER 6

DEPOSITION PARAMETERS AND

POST-DEPOSITION TREATMENT

6.1 Introduction

This section describes the more important parameters
which can be controlled during the evaporation of silicon
monoxide; In order to obtain stable films, the effect
of hecat treatment on the deposited filins was also
investigated.

The electrical parameters measured were capacitance
and loss tangent, The latter quantity is a ratio and
is independent of the area and thickness of the dielec~
tric, providing the conductivity and permittivity are
independent. However, the capacitance is a function
of both thickness and area so that in order to calculate
permittivities to compare different films, additional
errors are introduced due té uncertainty in the
dimensional measurcments., A parameter that is not
dependent on accurate arca or thickness measurements
is the temperaturc coefficient of capacitance 3'0.
Furthermore, it has already been shown (see Section (2.4))
that between permittivity values of 4 and 10, f;

increases as '£ ' increases., Thus t¥c is a useful

measure of the behaviour of 'f' for the case of silicon
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oxide (where ! is in the range 4-6). In the case of

the variation of ratc and pressure, therefore, é/c is
the parameter determined, together with the loss tangent.

The scction initially presents the experimental

results of both deposition conditions and post—deposition
heat treatment and finally discusses these results.

The results for deposition conditions are for Unannealed

capacitors deposited on to substrates at about 200°cC.

6.2 Results of Rate and Pressure Variation

The parameter which is plotted in this set of
experiments is the ratio '(%)', where 'P' is. the pressure
during cvaporation in Torr, and 'R' is the rate of
evaporation in R/sec. The reasons for plotting this
ratio are given in Section (6.5) and were first

(121)

suggested by Anastasio and Hill and Hoffman(122).

Figure (40) shows the variation of loss tangent,

plotted on a log scale with P For temperatures above

ﬁn
room temperature there is greater spread in loss with

temperature for low values of (%).

Figure (41) shows k/c plotted as a function of

P . . .
(ﬁ). Again there is greator spread with temperature

for low values of (%).

The forms of the 'X;' and loss tangent curves are

reasonably similar, suggesting a relationship betwecn
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’
y
s C

these two termsi The average value of A = Toan &
] +
for all measured temperatures is 0.03 - 0.015, apparently

indpendent of (%) but decreasing with increased tempera-—

ture.

6.3 Results of Residual Gas Variation

Figure (42) shows the effect on the loss tangent
of introducing various gases into the vacuum chamber
during deposition. Except in the case of air, the
pressure was increased by two orders of magnitude by
the introduction of the gas. Figure (43) shows the
effect of annealing the films for 24 hours at 240°C
in the vacuum chamber., The loss tangents were con-
siderably reduced and also the spread for different
gases was reduced. There does not appear to be any
correlation between different gases exéept that oxygen
was more effective in reducing the loss, both before

and after anncaling.

6.4 Annealing Results

In the case of anncaling experiments, films were
deposited on to substrates which were at room temperature
at the onset of deposition. The rate of evaporation

2 Z R =3 -
was 11A/sec — 1A/scc at a pressure of 1.10 Torr during

deposition.
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As the annealing was a function of time as well
as temperature, the standard procedure adopted was to
take readings every 1% hours (fhe time taken for the
temperature to reach equilibrium). Figures (44) and
(45) show the first two heating and cooling cycles on
the capacitance and loss tangent. The initial increases
in these parameters, as shown on the graphs, were
time dependent. The capacitance was monitored with a
pen recorder between points with l% hours separation.
It was observed that towards the end of this period
the capacitance had reached a maximum value and was
beginning to fall, although the temperature had not
reached an equilibrium value. However, the decrease
in capacitance was small compared to the initial increase
in the same period and the overall effect is showm in
Figures (44) and (45). Above 80°C the decrease in these
parameters becomes significant and the overall effect
is a decrease with temperature., Finally both parameters
increase with temperature. Figures (44) and (45) also
show the fully annealed values obtained after heating
the capacitor, in vacuum at about 250°C for several
days and then in air in an oven at about 400°C for half
an hour. The process was irreversible as the peaks
could not be reproduced even after letting the capacitors

up to air for several days.
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Subsequent to the large initial changes in capaci-
tance and loss tangent, small changes in these para-
meters were investigated both as functions of temperature

and time.

6.4.1 Capacitance Anncal

The decrease in capacitance was observed
as a function of time and Figure (46) shows a sample
change in capacitance at 225°C. An exponential decrcase

in capacitance was assumed of the form

TC(T)
c(t, t) = C(T, ¥ ) exp( ) (1)
t
This would not be valid at or very near to t = 0,

Since it was not possible to determine the onset
of annealing it was necessary to determine C(T,:)
the fully annealed valuc of capacitance at '7*°C., The

fully anncaled 3/0 is then ﬁfc(T).

(T) 1 GC(T,CJ)
C(T, ) oT

c

Ty

-~

A straight line plot was then made to determine

tC(T) by putting t = t_ + t'

log S{Ts t) . (T)

© C(T"'\G) to + t'

* L
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[log c(T, t)] _ t! + t,
¢ c(r, ) 1, (T)  t _(T)

This plot at 225°C is shown in Figure (47).

'tc(T)' was determined at several temperatures.
However, a large spread in experimental results per-—
mitted only a crude estimation of T(T) as a function
of temperature. Averaging the results on several

samples gives the following two values:

(o]

TC tc(T) hours
150 ¥ 20 11.5 = 0.5
232 X = 3.7 X 0.2

If the annealing process was an activated one, then
an Arrhenius relationship could be assumed. This gives
+
an activation energy of .23 - .05 eV,
(108)

Figures most often quoted in the literature

give an annealing time of approximately 30 minutes at

{2

about 400°C. The above relationship gives rc(427°c)
1 hour. However, 7 _(T) represents the time to reach

e X the fully annealed value.

6.4.2 A.C. Resistance Anncal

Figure (48) shows a sample increase in A.C.

resistance as a function of time at 225°C. This also
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follows an exponential relationship, of the form

R(T, t) = R(T,~)[1 - exp (= LAY (2)
1o (T)
This again is not valid at or very near to t = O,

It is necessary to determine the fully annealed
value of resistance in order to evaluate TR(T) from the

following plot, putting t = t_ + t'

o]
~1 ‘
log I:l - M] = t! + o
R(T, ~) 1r(T) T (T)

Figure (49) shows this plot for a capacitor annealing
at 225°C. Averaging the results of several experiments

gives the following two values of TR(T):

T°¢ rR(T) hours
106 £ 18 h2.5 3
225 I 5 11.7 £ 0.5

Assuming an activated process gives an activation
energy of 0,18 x 0L eV,

The change in loss tangent during annealing was
not determined but clearly it will have annealing times

similar to the A.C, resistance anneal.
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6.4+.3 Frequency Behaviour

The frequency behaviour of the first
annealing cycle on a freshly prepared capacitor is
shown in Figure (50). The loss tangent showed a
similar type of variation. The initial increase in
capacitance and loss is more pronounced at low fre—
quencies and would appear to disappear at high enough

frequencies,
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6.5 Discussion of Rate and Pressure Variation

The rate and pressure variation will affect the
process of reaction of the residual gas with the silicon
monoxide. This will be predominantly an oxidation
reaction so that the finally deposited film will have
an overall composition of the form SiOx where 1 < x < 2,
Reduction processes, such that x < 1, are not considered,

There are three ways in which a reaction with the
original source material can occur. Before the charge
evaporates a reaction could take place with the residual
gas so that the evaporant is not silicon monoxide. This
process is thought unlikely.

Secondly, the rcaction could be a gas phase reaction

2
(133)

as suggested by White who calculated the mean free
path of a molecule of silicon monoxide, before a col-~
lision occurred, using free energy data. Assuming a
collision diameter of ZR, an oxygen pressure of 10'"1t Torr
and a temperature of 150000, he calculated a mean free
path of 3'9.10-2 cm, He suggested, therefore, that the
rcaction was predominantly a gas phase reaction. How-
ever, it is considered that there is probably an error

in these calculations. Assuming a Maxwellian distri-
bution of velocities, the mean free path (K‘ is given

by(lzq)

42 Y a® p
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where ‘d' is the collision diameter and P and ‘T' are

the pressure and temperature respectively. Using T =

P = 1o"lt

Torr and d = 28 results in a mean free path
of 175 cm, It is considered, therefore, unlikely that
any reaction occurs in the gas phase as values of tem~
perature and pressure used in the experiments produce

mean free paths, greater than the source to substrate

distance of 18 cms.

The most likely place of the rcaction is therefore

o
300°K,

at the substrate, within a very small time of arrival of

(125)

both the oxide and oxygen, The work of Poat , using

a rotating substrate holder so that the evaporation was

pulsed, showod that oxidation was independent of the time

the substrate was blind to the sourceo.

The rate of the oxidec~oxygen reaction is determined

by two energies which can be considered as life-times,
using the A rhenius relationship. Firstly, there is
the life-time 'Ta' of an oxygen atom on the substrate
before re-evaporation, which is dectermined by the
absorption energy 'E; and the life—time .T; related

by the equation

i
The 1life—time ‘r1 will determine the substrate

[

surface eoverage 0 defined by the fraction of the arca
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covered by the oxygen atoms. The surface coverage is

related to the pressure of the residual gas P by a

Langmuir isotherm(126), by the equation
6 = aP
1 + aP

where 'a’ is a constant.
At low pressures '0' will be proportional to the

pressure and at high pressures will become independent.

The temperature dependence is given by(126)
E
2
&} kT

= const, e

1-0

As the temperature approaches absolute zero the
surface becomes saturated and at high temperatures
practically no oxygen atoms will reside on the surface.

The second process determining the amount of oxi-
dation occurring is the reaction between the oxide and
the oxygen at the substrate. The rate of this reaction
increases with increased temperature.

The rate of the oxide~oxygen reaction as a function
of temperature is, therefore, the resultant of two
opposing terms: the increasing rate per atom of the
reaction and the decreasing number available for the
reaction.

At the low pressures used in the experiments it is
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assumed that the coverage is proportional to the pressurc,
At a constant pressure the number of oxygen atoms avail-
able for reaction is fixed. Therefore, as the number

of oxide atoms is increased, there will be less oxidation
per oxide atom. The effect of the rate of arrival of

the oxide will be to reduce oxidation as the rate is

increasedl The parameter % which was plotted to

determine the effect of temperature, therefore, repre-
sents the state of oxidation of the silicon monoxide.

The value of P used was the total pressure during

evaporation since, according to Anastasio(lzl), for

pressures greater than 2.10_5 Torr, the partial pressure
of the remaining gases constituted less than 10°/0 orf

the oxygen partial pressure.

(121) an

Similar quantities were used by Anastasio d

(122)

Hill and Hoffman for investigating the effect of

rate and pressure, The parameter determined by Anastasio

was p/r = 1-06.106 % , whercas Hill and Hoffman detcr-

mined %. These authors were mainly concerned with
stress measurecments but made correlations with electrical
measurements.,

The trend of loss tangent with % is consistent

with Anastasio, except that at low values of % the

loss is less than suggested by him., There are two

possible reasons for this. Anastasio omits mention
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of substrate temperature during deposition. The above
discussion shows how the temperature can affect the
state of oxidation. All measurements were performed
with the capacitors in vacuum. If Anastasio's experi;
ments were performed in air, there would probably be
an increase in loss due to moisture absorption.

s

The trend of permittivity as indicated by the J'C
variation is similar to that of Anastasio. However,
the permittivity did not vary to the extent found by
him but varied from 4—-6 at room temperature.

The effects of pressure and rate on the electrical
and mechanical properties of silicon oxide have been

(46, 47)

discussed by many authors and similar cons-

(127)

clusions were reached., Caswell pointed out that
water vapour was an order of magnitude more effective
in promoting oxidation than oxygen. This was further
magnified by the fact that in unbaked systems, water
vapour was an order of magnitude more prevalent than

oxygen, Caswell gave the two reactions involved in

promoting oxidation:

Si0 + (x - 1) HZO - Siox + (x - 1) H2

. 1 .
Sio + 2(x - 1) O2 - Si0x
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As has already been pointed out in Section (1.2.2),
the mechanical stress in a film affects the electrical

(130) he showed

properties. In a review by Campbell
that films which incorporate oxygen, etc., in the
structure generally have a compressive stress, the
higher the concentration of additional atoms, the
higher the compressive stress. Since '% will affect
the number of additional atoms incorporated in the film,
and since a compressive stress will give a low loss

(see Figure (4)), it follows that a high value of %
will be conducive to low loss. This is consistent with
the work of Hill and Hoffman(lZZ) who suggested that
incorporation of oxygen and water vapour within the
structure produced a compressive stress. Jackson(lz)
suggests that %- will also determine the pin-hole
concentration as determined by aﬂ etch-pit method.

It secems likely, therefore, that there is a relation=-

ship between the stress of a film and the number of

pin-holes, both being determined by %u

6.5.1 Effect of Substrate Deposition Temperaturec

It has been shown in the previous section
that an increase in the substrate temperature can ecither
promote or inhibit oxidation. It is not possible to

say in this work which was the dominating process for
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the pressures and temperatures involved.

The substrate temperatures given define the tempera-
ture of the substrate prior to deposition. However,
due to heat radiation from the source, the substrate
temperature will rise, probably tens of degrees.

Blackburn and Campbell(llg)

calculated the increasec in
temperature of a carbon substrate due to the latent

heat of lithium fluoride. They determined an equilibrium
temperature increase of L7°¢c.

This shows the difficulty in determining the effect
of substrate temperature and also the difficulty in
defining a substrate temperature. Section (6.4) showed
an effect only observed in films deposited on sub-
strates at or near to room temperature, which suggests
that the absorption of gases during deposition accurs

only at low temperatures. Further discussion on this

phenomenon will appcar in Section (6.7).

6.6 Discussion of Residual Gases

Introduction of gases dufing deposition appearcd
to have little affect on the loss tangents when the
films received post—dcposition heat treatment, except
in the case of oxygen. Water vapour was not introduced
into the system. Increasing the air pressure over an
order of magnitude did not appear to make any significant

change.
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6.7 Discussion on Annealing Behaviour

The annealing behaviour can be considered as
occurring in three stages which are probably inter-

related. These are:

1) Initial increase of capacitance and loss
tangent up to about 80°C

2) Decrcase in capacitance and loss tangent
with increasing temperature

3) Long term increase in A.C. resistance and
decrease in capacitance at a constant

tenmperature.

6.7.1 Initial Incrcase of Capacitance and Loss

Tangent

An indication as to the cause of the initial
increase in both capacitance and loss during the first
heating cycle is that the effect disappears on heating
the substrate above 80°C prior to deposition. As
mentioned in the previous section, it is considered
that gases arce absorbed at the substrate during deposition.
The increase in capacitance is then a temperature coef-~
ficient effect of the diclectric and absorbed gas
molecules, being dominated by the latter. Gernor(128)

studied the effect of the absorption of different gas

molecules in alumina powder and found that the increase
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in capacitance was proportional to the number of absorbed
gas molecules. Figure (50) shows the effect of the
measuring frequency on the capacitance variation with
temperature.,. The effect of the absorbed gas molecules
is less pronounced at high frequencies. The low fre-~
quency behaviour suggests that the gas molecules would
show a dispersion at low frequencies if they were not
desorbed by heating.

It is thought that the gas responsible for the
increased capacitance and large temperature coefficient
of capacitance is hydrogen, desorbed from the tantalum
source uscd for the silicon oxide evaporation. Siddal£129)
showed that during the cvaporation of silicon oxide at
10—7 Torr, the partial pressure of hydrogen increased
by a factor of 103 compared to very small incrcascs
in the partial pressurces of the remaining gases such

as N H20 and C02. Although the pressuresused in thesec

29
N -~y

experiments were about 10~ Torr, it is expected that
there would still be a significant increase in the

. . ... (120)
partial pressure of hydrogen. Allam and Pitt
using #infrared spectroscopy, showed the presence of
hydrogen in freshly prepared films of gilicon oxide.
Their films were deposited on to a substrate at 150°C

during deposition.

The increase in capacitance and ch and the
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frequency behaviour can be explained in terms of a
Maxwell-Wagner type model (see Section (2.3.5)), assuming
that an interfacial polarization mechanism is occurring.

However, the model proposed by Sutton(74)

gives a more
useful, qualitative understanding of the process
occurring. He explains the polarization mechanism in
terms of a Debye reclaxation with a single relaxation

time (sece Secction (2:3.3)). This model will be dis=—

cussed further in the following section.

6.7.2 Decrease in Capacitance and Loss Tangent

with Incrcasing Temperature

It is suggested that the absorbed gases
which produced an inflated KC during the initial
temperature increase, were being desorbed faster at
temperatures above 80°C. The overall effect was a
decerease in capacitance until the increase in capacitance
due to the dielectric took over. The desorption process
was taking place during the increase in capacitance as
discussed in the previous section, but by an insignifi-
cantly small amount. The position of the peak in
Figure (50) is therefore a function of the time taken

to record results. Allam and Pitt(lzo)

showed that
hydrogen was removed during ageing of silicon oxide

films,
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It is evident that the first two stages in the an-
nealing process were due to the presence of hydrogen
and the following discussion refers to both stages.

. , (139) ., .
From the diffusion data of Bell et al it is
possible to calculate the approximate distance a mole-—~
cule of hydrogen will diffuse in amorphous silica in

a given time. The diffusion constant at a temperature

T 4is given by

D = 9'5.10_4 exp(~ .68/kT) cm2 sec“l

wvhere k is Boltzman's constant equal to 8:63.107° oV/°K.
An estimate of the average distance a molecule will
diffuse in a time t is given by WDt . At room
temperature a hydrogen molecule will diffuse only a

few angstroms in onc hour. At 80°C, however, a hydrogen
molecule will diffusc a distance the order of 20008,

the silicon oxide film thickness. Calculations were
also performed on the diffusion of other gases that
could be absorbed during the silicon oxide deposition,
These calculations showed that water wvapour and oxygen
would diffuse distances much less than an angstrom

over a period of scvcral hours and at the highest tcem-
peratures of necasurcment.

The effect of the increase of the diffusion constant

with temperaturc and the reduction in hydrogen concen-—
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tration due to diffusion out of the system becomes evident

(74)

from Sutton's equations . The Debye equation for
the permittivity is:
s TS
o= ¢ 4 =
L LT 1+ w2 12

According to Sutton the approximations for €€s and

T are:
- ;:_‘,c-.'t ‘ pO
bg 22 — - & .7
- L' N
D N D
and
. e e
t LD {1
T o T Qi
('2 D «i D pO
where t is the f£ilm thickness, LD' is a Debye length
T
equal to ?Jl ‘f—jiﬁ—- » Py is the concentration of

nPo b 8T ey
diffusing species. The effect of temperature is too
complex to perform guantitative calculations, but thec
most significant effects are the increase in the diffusion
constant resulting in a reduction in the concentration

P + This will have the cffect of reducing & o and

—

increasing 1 , so that the contribution to £ ' from
the hydrogen is significantly reduced. The increased
frequency dependence at low frequencies is explained

if it is assumed that Eﬁ%? is less than 300 ¢/s. The
t
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analysis of Section (2.4.3) showed that the contribution

to B/c from the loss mechanism incrcased as the fre-

quency approached the relaxation frequency 2%fr and

this effect is illustrated in Figure (50).

6.7.3 Long Term Increcase in A.C. Resistance and

Decrease in Capacitance

It is emphasised that processes mentioned
in the previous section will still be relevant to this
discussion, but that it is not possible to distinguish
which processes are the more important.

Equations (1) and (2) given in Section (6.4) are
purcly empirical and give no guide to the mechanism
of annealing. It has been shown by Stanworth(IBO) that
stress in glass is reclieved as an exponential function
of time with the time comstant 1 related to temperature
by the Arrhenius relationship. He pointed out that the
resulting activation energy was alse a function of tem-
perature., It was suggested in the previous section
that desorption of a gas or gases occurred. Barrer(131)
determined the activation smergy of hydrogen diffusion
along flaws in new silicon glass to be 0.2 eV, Prolonged
heating reduced the flaw diffusion and increased the

activation cnergy of diffusion.

It is not possible to relate the experimentally
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determined values of activation energies (given in
Section (6.4)) to any particular proecess. However,
from the above discussion it appcars that if stress
relief and gas desorption are the dominating processes,
then the activation cenergy involved will be a function
of temperature. It is dangerous, therefore, to extra—
polate to temperaturcs outside the experimentally
determined range in order to determine annealing times,

Hirose and Wada(lOQ) suggested that local structural
changes occurred during annealing with changes in the
bending of oxygen atoms. Such a process is probably
related to the stress reclief already discussed.

The permittivity appcars to reach a fully anncalcd
value before the loss, which is to be expected since
loss will be more scnsitive to such extrinsic propertics

as flaws.

Summar

An initial increase in capacitance and loss was
probably due to the prescnce of hydrogen absorbed
during deposition, Heating caused dumorption of the
hydrogen, The empirical cquations evolved (see Section
(6.4)) defined an activation energy but it was difficult
to give an exact intcrpretation as it probably involved

a number of processcs occurring together. The main
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processes occurring were probably gas desorption, stress

relief and local rearrangement of structure.

In order that for subsequent experiments the capa-—
citance and loss should have reached stable values, a
standard form of anneal was used. The capacitors were
annealed at 24000 for 24 hours before letting them up
to air and then annealed in an oven up at air at 400°C
for about an hour., The best annealing procedure for
different capacitors probably depends on the deposition
conditions and it is _thought that longer times are
required to produce stable capacitors than have pre-—

viously been suggested.
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CHAPTER 7

ELECTRICAL RESULTS

7.1 D.C. Results

7.1.1 Introduction

This section presents the results of applying

D.C, voltages across annealed capacitors. Unannealed
capacitors produced results which were difficult to
analyse because of their properties changing as a
function of temperature, The results are considered in
four parts: firstly the time-dependent part of the current
resulting at low fields, then the steady state currents
which can be considered as two distinct regions at low
and high fields and lastly, breakdown occurring at fields
in excaoms of 2 MV/cm.

The low field region gave an ohmic characteristic

for fields less than 0.05 MV/cm, of the form:
I = BY (1)

where 'B' is a constant, which is the low field con-
ductance of the capacitor.

At high fields (> 0.3 MV/cm) the current-voltage
relationship was similar to that of Schottky Emission

and Poole-Frenkel conduction (see Section (2.2.2)).
1
i.e. I = A expla v 2) (2)
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where 'a' and 'A' are constants for a fixed voltage,
temperature and material.

An expression which describes the current-voltage
Lo Hoese Riparcmeats
relationships/over the whole voltage range can be written:

1 .
I = C [cosh (aV23) —~ 1] (3)

For low fields this approximates to:

For high fields, Equation (3) approximates to:
1

I = %-exp(aV’z)

Comparing this with Equation (2) gives:

C
A = 7

7.1.2 Absorption Current

The absorption current was investigated in
order to obtain an indication of the low frequency
behaviour (< 0.1 ¢/s). Figure (51) shows the decay in
current on applying a voltage of 0.5 volts across a capa-

citor. The steady state current level obtained after
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)

30 minutes is shown: The analysis of Hamon
discussed in Section (2.3.5.1), was used to determine
the behaviour of the loss 'a"!' as a function of fre-
quency. This is shown in Figure (52) and indicates a
loss peak, having a maximum in the region 5.1073 ¢/s.
Itis emphasised that this is only a crude approximation
to the position of the loss peak (Hamon quotes an error
of £ 15°%). There is an additional error due to the
value of 'n', defining a linear dielectric (T « t ),
being outside the range of 0.3 < n < 1.2. However,

the experiment indicates the presence of a loss peak

eccurring at very low frequencies.

7.1.3 Steady State Low Field Conduction

Due to thc time dependent nature of the low
field, current readings were noted 5 minutes after
applying the veoltage. Before ecach voltage was applied
the capacitor was short-circuited for a similar period.
This was not necessarily the time taken to reach equi-
librium, but gave a good approximation. Figure (53)
shows the current-voltage characteristics, plotted on
a log—-log scale to cemphasise the low field ohmic region,
The conductances determined from Figure (53) are plotted
as a function of reciprocal temperature in Figure (54).

The slope of this curve indicates an activation energy
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of .70 = .15 eV.

7.1.4 High Field Conduction and Breakdown

There was a spread of results from high
field measurements because breakdown sometimes occurred
above 2 MV/cm. The resistance to ecarth was low and self-
propogating breakdovmns occurred. However, these usually
self;healed having the effect of slightly changing the
characteristics but not to the extent that further
information was unobtainable. Figures (55 to 58) show
the types of breakdown occurring, The method used to
observe the breakdowns was optical reflection microscopy
on the upper aluminium clectraode. Because of the break-
down errors, readings were repeated on different specimens
and the average values are quoted.

Figure (59) shows a typical set of current-voltage
characteristics with log I plotted as a function of V' .
The intercepts of the extrapolated straight line portion
of the curves are plotted on a logarithmic scale in
Figure (60) as a function of reciprocal temperature to
yield an activation energy of .55 il .05 eV, In order
to investigate the possibility of Schottky Emission
the intercept divided by T2 is also plotted against
reciprocal temperature in Figure (61) to yield an acti-—

) +
vation energy of .45 -~ ,10 ¢V. The slopes determined
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from Figure (59) are plotted as a function of reciprocal

temperature in Figure (62) using the grigin as a point.

The resulting slope is 610 Y60 °kv “° .

7.2 A.C. Results

7.2.1 Introduction

The following results refer to annealed
specimens. The frequency behaviour of unannealed.speci~
mens was shown in Figure (50).

Several capacitors were prepared by different
evaporations but with the same deposition conditions
and subsequent heat treatment. The deposition cone
ditions were a rate of lOR/see z lx/sec, a pressure
of 2.10"5 Torr during deposition and a substrate tem-
perature of about 25°C at the onset of deposition., The
standard heat treatment was given in Section (6.8).

Despite capacitors rcceiving similar heat treat-—
ments and having similar deposition conditions there
was a broad spread in loss tangent values at any one
frequency (0.2°/0 to 1.0°/0 at room temperature and
1 Ke¢/s). Their permittivities, however, were similar
at 5.5 z 0.3, The form of both capacitances and loss
tangents as functions of temperature and frequency were
similar and the spread in the resulting parameters was

small. The curves illustrating the various behaviours
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are for fairly lossy capacitors but the values quoted
for the resulting parameters are averages of several
experiments.,

The audio frequency range measured was 300 c/s to
15 Kc¢/s. The frequency range 30 Kc/s to 1 Me/s was
measured using a separzgte bridge arrangement, which was
more inaccurate than the audio frequency bridge arrange-—
ment (giving loss tangent crrors of greater than 50/0).
The high frequency bridge was not calibrated sufficiently
accurately to allow matching of results over the entire
frequency range used. The graphs of results, thercfore,
only show the audio frequency range and the radio fre-
gquency results are merely quoted with the assumption
that nothing unusual occurs in the frequency gap of 15 Ke/s

to 30 Kc¢/s.

7.2.2 Audio and Radio Frequency Results

7.2.2.1 Capacitance and

-

T N

Figures (63) and (64) show a sample vari-—
ation of capacitance as functions of temperature and
frequency. The capacitance spread at room temperature
for the given frequency range is about 10/0 but this is
greatly increased at temperatures above lOOOC, particularly
at low frequencies. For frequencies above 30 Kc¢/s up

to 1 Me/s the capacitance is invariant with frequency
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and temperature to within an accuracy of I 50/0. The
coefficient
temperature /of capacitances as determined from Figure (63),
are shown plotted as a function of frequency at different
temperatures in Figure (65). Xfc appears to be independ-
ent of frequency above 30 Kc¢/s and has limiting values
of 50 p.p.m./°C to 100 p.p.m./°C for capacitors with
limiting losses of 0.02°/0 to 0.3%°/0 at high frequencies,
respectively. Figure (66) shows X’c as a function of
loss tangent for differcnt capacitors. The limiting
line for high loss capacitors of X’c = ,05 Tan &6 1is
shown and the spread in values of X,c for low loss
indicated. Figure (67) shows 8,0 plotted as a function
of loss tangent for a number of lossy capacitors in-
cluding values for unannealed capacitors. The majority
of these points are for capacitors prepared for the
determination of the effect of deposition conditions.
The line k'c = ,05 Tan & is plotted and also the two
extremes of the constant A = 0.05 + 0.01.

An average value of X c for extrapolation to

+
zero loss tangent is 70 = 10 p.p.m./ C.

7.2.2.2 Conductance and Tan 6 Results

Figures (68) and (69) show a sample loss
tangent plotted as functions of temperature and frequency.

For frequencies above 30 Kc/s the loss tangent becomes



TEMPERATURE COEFFICIENT OF CAPACITANCE p.p.th/°C LOG SCALE

5.0

2:0

1-0

05

02

01

F1G.65 TEMPERATURE COEFFICIENT OF CAPACITANCE Vs,

160°C

140°C

120°C

100°c
80°C
— - s0‘c

_ _ O—o— 40T
&) [

| | L I | [—©— 25%¢

01

Q

02 05 1.0 2:0 ' 5-0 10-0 20
FREQUENCY Kcfs '

FREQUENCY AT CONSTANT -TEMPERATURES

- 0o¢



TEMPERATURE COEFFICiENT OF CAPACITANCE p.p.m./°C

500

400

300

200

100

l I I ! [

0-2 0-4 0-6 0-8 1-0 12

LOSS TANGENT ¢/

FIG.66 TEMPERATURE COEFFICIENT OF CAPACITANCE OF LOW

LOSS SILICON OXIDE CAPACITORS SHOWING SUGGESTED
SPREAD AT VERY LOw LOSS.

201



202

_ 3600

3200 |—

QO

-]

E

a

2800 |~ 4.

4]

Q

z

<

s

2400 — @

a.

<

O

L.

"0

.

’ 2000 =

' W

v

L

u.

o

1600 — §

u

[+ 4

po}

[

<

1200 — W

a.

s

9]

—
goo |
400 -

4

r

'

/i

o / I | l | |
0 1 2 3 4 5 6

LOSS TANGENT ¢/

FIG.67 THE TEMPERATURE COEFFICIENT OF CAPACITANCE
OF LOSSY SILICON OXIDE CAPACITORS



100

10

LOSS TANGENT o, "

01

FIG.68, LOSS TANGENT VS, TEMPERATURE AT
CONSTANT FREQUENCIES -

300c¢/s
60Cc/s

& Kcfs

10 Ke/s

15 Kc/s

TEMPERATURE °c
25 50 75 100 125 150

| | l | l l

175




204

103
_.102
P
[N
) <
10" § 222°C
=z .
h
W)
wv)
o
"' [-3
184°C
154°C
160
128°c
82°c
43°C
23°c
102 103 104 105
FREQUENCY c/s
FIG.6S LOSS TANGENT AS A FUNCTION OF FREQUENCY AT

DIFFERENT

TEMPERATURES



independent of frequency within the limit of experimental
error of z 50/0. The frequency spread at room tempera-
ture is about half an order of magnitude.

Figure (69) gives a series of straight lines of

slope =~ ¢ such that

§

Tan & o ®

Because of the comparatively small frequency vari-—
ation of capacitance the plot of conductance versus
frequency (Figure (70)) produces a similar result. If
the slope of the straight lines is a then the con—

ductance 'G' is given by
G a 0*

If we neglect the frequency variation of capacitance,
then a = (1 - ¥ ). Figure (71) shows the function «
plotted as a function of temperature. Up to 80°C 'a!
is constant at 0.8 but falls above 80°C to about 0.3
at 220°C.

The Arrhenius plot of Figure (72) indicates two
regions with different activation energies. The low
temperature activation cnergy does not appear to have
reached a constant value but will be less than 0.1l eV,

The slope of the high temperature region is about 0.8 eV,

However, the analysis of Section (2.3.4) for the high
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(62)

frequency approximation of the Cole-Cole form of a

distribution of relaxation times gives for the conductance

Ga -~ X =8)
o
If we assume tihat the mean relaxation time is
rclated to temperature by the Arrhenius relationship

(see Section (2.2.1))

~a_
_ kT
T, = To ©
and & = B in the high temperature region, then for the

conductivity we get

G a expl- .(_J'_'_.E_).g.,

kT

Therefore, the mean activation energy 'q', as

determined from Figure (72), is

q % 1.0 £ 0.1 ev



DISCUSSION OF ELECTRICAL RESULTS

8.1 Discussion of D.C. Results

8.1.1 Introduction

The D.C. results were presented in four

parts and each of these will be discussed separately.

8.1.2 Absorption Current

The time varying part of the current resulting
from the application of a low field gcross a capacitor
has been related to a dispersion effect oceurring at |
very low frequencies. TFurther discussion on the low

frequency loss peak will be given in Section (8.2.2).

8f1'3 Low Field Region
Authors who have performed work on D.C.

conduction in silicon oxide films have usually confined
their attention to the high field region and very little
informatior exists as to the cause of the ohmic con-
ductivity. The reason is that the time taken for the
current to reach a steady value is often very long and
indeterminate whercas high field readings are instant-
aneous. However, the numbcr of mechanisms resulting in

an ohmic characteristic is limitcd and thege will now



be discussed. The only distinguishing features avail-
able are the ordexr of conductivity at room temperature,
10—13 ohms cms, and the activation energy of the process,
«70 ils eV, Unfortunately, this is not sufficient
information to distinguish between the possible conduotion
mechanisms,

It is first of all necessary to show that electrons
cannot enter the conduction band of the insulator, or
at lcast that any current resulting from thermionic

(26)

emission is negligible. Hill has discussed the
various cases of injection limited conduction and for

a barrier height of @ = 2 eV (see Section (2.1)), the
contribution from a thermionic current is 10.26 anmps cm
at room tempecraturc. This is shown to be constant at
low fieclds and of coursc can be neglected in comparison
to the observed current flow,

The two mechanisms of current flow that are possiblc
are impurity conduction and ionic conduction. The
requirements for both types of conduction have becn
discussed in Scction (2.2).

In the case of silicon oxide, which has been shown
to be amorphous, the impurity centres would be localiscd
states., The electrons producing the current would take

the easiest path through the dielectric, hopping from

sgite to site where the overlap was sufficient. The
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conduction wvould ultimately be limited by the most

(48)

difficult hop. Mead suggested that low field

conduction in Ta205 dioxides was electron hopping but
only at high temperatures.

Lidiara'8l)

suggested that the activation energy

of an ionic process was in the range 0.5 eV < g < /.5 eV,
In the present experiments the value of the activation
energy was 0.7 eV x 0.15 which means that ionic con-
duction may have occurred.

The discussion is Scction (2.3.5) suggests that the
absorption current is duc to ions building up at an
electrode. It might be expcected, therefore, that sub-
sequent current flow is space charge limited. Hill(lBZ)
has shown that, for ccrtain conditions, ohmic currents
can still flow after a space charge region has accumu-
lated, Unless therc arc two types of ion involved it
is difficult to understand how the same ions can firstly,
pile up at an elcctrode and then contribute to a cone-
duction proccss. Glass technologists(sg’ 73) (sce
Scetion (2.5)) suggestced that the initial absorption
current was duc to short range ion migration involving
"easy jumps' along '"dead-cnd paths". The steady state
current was due to the same ions but was the net result

of the flow ions over a whole range of barrier heights.

If the potential was agplied for sufficiently long
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periods (probably of the order of several days) then
the ions would either form a space charge layer at the
cathode or plate out, depending whether the contact was
blocking or ohmic respectively. However, since it is
not certain which process is causing D.C. conduction
in silicon oxide films, it is not thought necessary

to discuss the above points further.

The frequcncy variation results (see Section (7.2.2))
showed that films were produced with a spread in loss
tangent values. This was probably due to the presence
of weak paths referrcd to as flaws or pin-holes. A
spread was observed in D,C., conductivity values and
thercfore it was very likely that D.C. conduction was
controlled by weak paths. Conduction in films ipvolving
weak paths is not understood but the resulting currcnt-
voltage characteristics may be expected to be ohmic.
Since there is no evidence for the presence of wecak
paths, and it is probable that they will dominate the
low field conduction process, when present, no firn
conclusion regarding the presence or absencc of the

other two ohmic conduction mechanisms can be drawn.

8.1.4 High Field Region

Unlike low ficld conduction, the high field

case is related to the intrinsic properties of the
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material and not to conduction controlled by wcak paths,
Although se¥era1 authors (see Figure (22)) have shown
the exp(%%z) relationship to exist experimentally,
the actual mechanism involved is still uncertain.
Despite the experimental errors involved with the
measurements, the results.compare favourably with
those of previous workers.

The method of discounting a straightforward Poole-—
Frenkel mechamism is to determine the permittivity

T
using the thecory of Section (2.2.2)., This results in

from the slope of the B vs L graph, Figure (62)

a permittivity of £ ' = 11, The high frequency pere—
mittivity of the silicon oxide was . ' = 5.5, which
suggests that straightforward Poole-~Frenkel conduction
is not the operative mechanism,

The permittivity, assuming a Schottky Emission
mechanism is & ' 2= 2,7 which is nearer the high fre-—
quency value,

The only other information available for distinguishe—
ing thec conduction process is the value of the acti-
vation energy. Assuming a Pcole-Frenkel mechanisi,
the activation cnergy is E = ,55 eV, which appcars
reasonable as a trap depth below the conduction band.
The Schottky Emission plot, Figure (61), results in an

(105)

activation energy of E = .43 eV. Hartman et al
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showed, by performing photo-response measurements, that
this would not be the energy required to excite an
electron over the metal-insulator interface barrier.
They found that the average threshold energy was 1.77 eV
and also that the experimentally determined value of
the Richardson constant did not compare with the
theoretical wvalue.

The above discussion shows that the conduction
mechanism is neither a straightforward Poole-Frenkel

4) suggested

or Schottky Emission process. Johansen(
that the rate limiting process was Schottky Emission
from small silicon islands with a silicon matrix.
However, there is not sufficient evidence for this
type of structure although it has been supported by
Coleman and Thomas(lg).

It was shown in Section (3.2) that the model of

(57) (105)

0'Dwyer proposed by Hartman et al was unlikely
when considcring activation energies of the order

005 nad O.6 OV-

(58)

The model proposed by Simmons would give reason-—
able agrcement with the experimental results if it

could be assumed that the position of the fermi level
was within less than 1 eV of the insulator conduction
band. However, therec is no experimental evidence for

this and therefore such an explanation is rather un-—

certain.
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The modifications of the Poole~Frenkel effect as
(25)

suggested by Jonscher s would again give a model which
would agrec reasonably well and cxplains the unusually
high permittivity resulting from an assumption of this
model. The various plots suggested by Jonscher were

not performed as the experimental errors wecre too large
to state which would give the best fit. Also the
activation energies resulting from such plots would be
very little altercd and would still be in the rcgion

0.5 - 0.6 eV,

The interpretation of activation energies would be
uncertain if the clectron cmission was into a
quasi-continuum of localised levels rather than a well
defined conduction band as discussed by Jonscher(gs).

It is concluded, therefore, that it is not possible
to give a precisc interpretation of the experimental
results as there is not sufficient information on the
energy band structurc. However, since the material
probably contains localised levels distributed throughout
a poorly defined "forbidden band" then it is likely

that the conduction is explained by a modified form of

the Poole~Frenkel effect.

8.1.5 Breakdown

Because the impedance to earth was low, all
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the brecakdowns were of the propogating variety. Figures
(55-58) illustrated some of the aspects of breakdown.
Figure (55) showed almost complete destruction of the
upper 4HLl. electrode after several breakdowns. Figures
(57) and (58) showed the random propogation of the
breakdown. The energy of propogation was derived from
the voltage source and they were triggered by a single
hole breakdown. The various modes of breakdown have
been discussed by Klein and Gafni(QS). Figure (56)
showed the effect of a cluster of breakdowns. This
picturc was very similar to that of Budenstein and
Hayes(133). At the centrce of the radial streaks, the
Al., electrode has been completely removed., The radial.
strecaks consisted of coalesced Al, on the bare dielectric.
According to Budenstein and Hayes, the outer edge of

the streaky region was decorated with small balls of
silicon,

Capacitors with large areas of breakdown were not
usually short~circuited and capacitance measuremecnts
indicated a large reduction in surface arca.

Breakdown analysis demonstrated that even capacitors,
annealed in an agea at 400°C for an hour, still con-—
tained large numbers of pin-holes. These would probably

affect the conduction properties of a capacitor. The

causc of the pin~holes is still not known although
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(45, 133).

several authors have studied their effects

8.2 Discussion on A.C, Conduction

8.2.1 Introduction

Both low and high loss films show the samec
characteristics and therefore will be discussed together.
It is thought that the difference is caused by the cffect
of flaws or pin-holes in the dielectric giving rise to
an additional loss.

The following discussion refers to fully annealed
films., The frequeney behaviour of unanncaled films

has becn diseussed in Secction (6.7).

8.2.2 Absorption Current

Using Haman's equation(lll), it was shown

that there exists a very low frequency loss peak in
the region 5.10'-3 ¢/s. In order for the cquation to
be applicable the ionic species responsible for the
current decay will also be responsible for the dispersion
behaviour.

It should be pointed out, however, that Lindmayer(lBQ)
suggested that the current transients in films of silicon
oxide were the result of the injected charge being trapped.

These traps were distributed throughout the forbidden

energy band and the relaxation time associated with the
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current decay was 2 function of the time taken in filling
the traps. He pointed out that the resulting current

was not necessarily space-charge-~limited, For Au-SiO-Au
sandwiches the current was of the two carrier type,
resulting in a cubic current voltage characteristic
which was not observed in the present work,

An argument against such a model is that it is
difficult to explain the A.C. low frequency loss peaks
considering an electronic charge carrier. Reimerov(lBE)
observed relaxation peaks occurring in doped TiO2 which
he attributed to eleetrons oscillating between localised
centres surrounding defects. However, at 0°C the fre—
quency of the dispersion occurred at about 1 Ke/s.

If we assume that the high temperature, audio
frequency behaviour is dominated by the tail.of the
low frequency dispersion, then the mean activation
encrgy of the process is approximately 1.0 z 0.1 eV,
However, an inconsistency now appears in the results
obtained up to this point. If a loss peak exists at
5.10“3 c/s at room tcmperature, then assuming that the
loss peak is shifted by temperature according to the
Arrhenius plot, at the highest temperatures used the
peak should have appeared. This indicates that cither
the loss peak is at lower frequencies than suggested

(76)

using Hamon's equation, or the Arrhenijius relationship
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is not obeyed. Because of the errors involved in
applying Hamon's equation it is thought that this is
the more likely source of the inconsistency.

This was proved to be so by Argall(68).

Using
Hamon's equation he predicted a loss peak at about
10'"2 c/s but more elaborate techniques showed the room
temperature ftype A peak to be at about 5.,10“3 c/s.

The value of the activation energy suggests that
the charge carrier involved in the low frequency di. s
persion is ionic. However, only certain ions will be
sufficiently mobile in the silicon;oxygen network to

+ + +
produce the polarization. These will be H , He , Li ,

Na®, k' and possible Cs. It is thought that the high
temperature involved in the annealing process would be
sufficient to completely remove the lighte elements

H+ and He+ from the system, A possible source of the

alkali impurity was the tungsten wire used for the

aluminium electrode evaporation.

8.2.3 Discussion on Interfacial Polarization

The mechanism of interfacial polarization
represents a movement of the charge carrier over dis;
tances in the region of the electrode spacing. In order
to judge whether such distances of jonic migration are

concecivable, let us consider the case of sodium diffusion
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in vitreous silica. In this case the ions are moving
under a concentration gradient rather than an electric
field. The average distance an ion will move is given
by: x = ﬁﬁ%g where D , the diffusion constant, is
10'-11 cmz/sec at room teinperature. At a frequency of
10-'2 c¢/s the half cycle time is 50 secs. This gives

X - 22008 which is approximately the electrode
spacing. This simple calculation shows that an iohic
movement over distances of the electrode spacing is
possible., During one half cycle of the A,C. measuring
field, the charged carriers are moved to the negative
electrode. If the contacts are blocking, then the
carriers are not discharged at the electrode but farm

a gspace charge. If the frequency is low enough, practi-
cally all the applied A.C, voltage is dropped across

the space charge region. This is equivalent to a
capacitor of thickness equal to that of the space charge
zone. This is observed as a dispersion in the capa-
citance and a maximum of the loss tangent for maximum
energy absorvtion.

Argall suggested that his type B relaxation peak
was due to interfacial polarization. There is not
sufficient evidence in the present work, however, due
to the limited temperature and frequency ranges, to

differentiate between different mechanisms. At fre-
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quencies greater than the absorption frequency the
charge carrier does not have sufficient time to form
a complete space charge region at the electrode. The
lag in movement of the ion results in an out-of-phage
component which is observed as an increased loss,
There will be only a small dispersion in capacitance.
At frequencies well removed from the absorption fre-
quency the charged carrier will not have sufficient
time to contribute to either the capacitance or loss
tangent.

Clearly, the process will be activated, the energy
representing the potential barrier at interatomic dis-
tances over which the carrier must be excited. Because
of the contribution to loss and capacitance for fre-
quencies removed from the relaxation frequency, the
process will possess a broad tan 5 peak, i.e. it is
represented by a distribution of relaxation times as
described in Section (2.3.3). Argall(sg) suggested
that the distribution arose because the charge carriers,
which accumulated at the electrodes, originated from
all over the dielectric.

The importance of the effect of the low frequency
peak on the audio frequency properties results from

the distribution of relaxation times involved.
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8.2.4 Audio Frequency Behaviour

8.2.4.1 Capacitance and

~
~

At room temperature the capacitance is
practically independent of frequency down to the lowest
frequency of measurcement at 300 c/s. At high tempera-
tures (> BOOC) and particularly at low frequencies
there is a dispersion in the capacitance. This is a
consequence of the low frequency peak. An increase
in temperature shifts the peak to higher frequencies
so that the tail comes into view at the low frequencies.

The resulting Xc will be much higher than expected
from the theory of Section (2.4) which does not take
into account particular loss mechanisms. However,
Section (8,2.6) will show that even for low values of

the distribution factor f , the relationship
i = A' tan &

may still be used to represcent the contribution to 4
from the rclaxation mechanism. Qualitative analysis
is made difficult by the fact that the loss term is
that part of the loss resulting from the relaxation
mechanism and the temperature and frequency variation
of the separate terms is not known. Further discussion

on éfc will follow in Section (8.2.6).
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8.2.4.2 A.C. Conductivity and Loss

The conductance and loss tangent curves,
as functions of frequency at different temperatures,

follow the relationship

over all the audio frequency range.
The tail apporximation of the Cole-Cole equation

for conductivity gives

s
V-
PN

This would appear to indicate that the whole of
the audio frequency range is being dominated by the
tail of the dispersion. However, the temperature

behaviour of the function o denonstrates that this

(75)

is not the case. Gough

(68)

and Owen working on calcium alumino borates found

(66)

working on bhorate glasses

'B' to be slightly temperature dependent, but Taylor
and Owen and Douglas(98) working on silicates, found
'B' to be indpendent of temperature.

The situation is made clearer by observing the plot
of conductance versus rcciprocal temperature (Figure (72)).

The audio frequency recgion appears to represent a trans-—

ition between two conduction processes. For temperaturcs
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below 80°C at all frequencies, a process having a very
low activation energy of less than 0.1 eV appears to
be the case. This region extends into the radio fre-
quency rangec and is discussed later. At temperatures
above 80°C the conduction becomes dominated by the low
frequency dispersion. The slope of the high temperature
region was about 0.8 Zo0.1 eV, but it was shown that
the mean activation energy was 1 eV ¥ 0.1 eV,

The value of f§ for this process was uncertain
as the graph of 'a' versus temperature did not appear
to have reached a limiting value (sée Figure (71). ' It
is also not known whether $ 1is temperature dependent.,
However, a rough approximation of the high temperaturec
limit was B = 0.3 = 0.1.

It should be pointed out that a slope of unity of
the loss tangent versus frequency would indicate D,.C.
conduction at low frequecncies. However, the dispersion
pfocess would dominate the D.C. conduction at the fre-—
quencics considered.

Another important result indicating a relaxation
phenomenon is that even at room temperature the dis-—
persion in loss was over half an order of magnitude

whereas the equivalent capacitance dispersion was about

1°/o.



8.2.5 Radio Frequency Behaviour

Above 30 Kc/s it was found that both capa-
citance and loss were indpendent of frequency up to
the maximum temperature of measurement 200°C. The
maximum frequency of measurement was 1 Mc/s. This
discussion will include that part of the audioc fre-~
quency region not affected by the low frequency dis-
persion, although there is no clear distinction between
the two regions.

Above 1 Mc/s the loss was observed to increase with
frequency, but the bridge circuit was being used at its
upper limit and it was not possible to distinguish
between an anomalous or real effect, Also the correction
factor for the series lead resistance became comparable
with the resistance of the film, producing an error of
greater than 100°/o.

Models giving loss near invariant with frequency
have alrecady been discussed in Section (2.,3.6). It
is thought that because of the amorphous nature of the
dielectric under consideration that the process of A,.C,
conduction is a form of hopping mechanism. Another
important consideration in proposing such a mechanism
is the low activation cnergies involved, probably
< 0,1 eV, The experimental errors involved do not allow

an estimation of whether the activation energy will be
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25
(56)

constant with temperature., As suggested by Jonsher
this is rather an indeterminate quantity and its.inter-

pretation is very vague.

8.2.6 Discussion on

<

A general equation for é{c, applicable to
the majority of thin films was given in Section (2.4).
The experimental results, however, demonstrate the

necessity of defining both temperature and frequency

when quoting values for %,c'

Silicon oxide shows an additonal contribution to
Eic y not given in the general formula, which is due
to low freguency loss mechanisms. The distribution

of relaxation times involved means that an approximation,

(77)

similar to that of Gerecs , can be used for the loss
"
contribution to ¢ c*

The general eguation for the dispersion contribution

N (62)

to %.p s from the Cole-~Cole relationship (secec

Section (2.4.1)), is:

£(g) gﬂé Tan ©
kT

e}

ile'. A

]

£(B) 332 for § —=> 1.
kT

For frequencies well removed from the dispersion

frequeney f(B) is given by:
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£(p) = (L - 8) Tan Egi
2
which is independent of frequency.

The value of 'B! suggested by Figure (71) for the
dispersion was f = Q.3. This results in a value of
A' = ,03. It is not possible to compare this with
experimentally obtained values as the magnitudes of
the various contributions to Kfc are not certain.’

el

At first sight it appears that the contribution to c
is reduced (for B =1, A = .05). However, it is the
large value of Tay & which results in an increased X.c'

Figure (67) showed that when the loss of a film was
large (> lo/o), then X’c would be considered as resulte-
ing from the logs contribution only, other contributions
being negligible ( X’c = .05 Tan 6).

For losses less than 1°/o, however, Figurec (66)
showed that it was necessary to take into account the
other contribmtions: If we take an average Value of

”‘c = 70 p.p.m./°C extrapolated to zero loss, then
it is possiblc to make a crude estimation of the remain-
ing contributions. An appropriate value of the linear
thermal expansion cocfficient, considering the values
of vitreous quartz and various glasses, is about 10 p.p.m.

/OC. Assuming an average permittivity of ¢ ' = 5.5,

this gives a negative contribution to glc of about



50 p.p.m./OC. This allows a determination of the

intrinsic contribution to X

O

(£'" -~ 1)(g +2) 1 ( ) - 120 p.p.m./OC
£' Bam oT
1 da o
or _ —_ (1) X 20 p.pems/ C
3 aT
m p

The dintrinsic contributions making up the total
polarizability or permittivity were discussed in
Section (2.3.2.1).

The refractive index of silicon monoxide is 1.9
giving the electronic contribution to the permittivity
of 3.6 which will be indpendent of temperature.

A rough approximation to the ionic contribution
to the permittivity is given by the Born equation

(see Scction (2.3.2)):

Infrared spectroscopy (see Section (5.3)) showed
the characteristic absorption to occur at a wave-
length of 10p. The mean separation 'a' is interpreted

as the silicon—-oxygen separation as determined by the
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radial distribution analysis {see Section (5.2)). The
resulting ionic contribution is E’i ni 046,

The remaining contribution of 1.3 (total permittivity
taken as 5.5) is probably due to the deformation effect
as discussed in Section (2;3.2.3). Harrop(zos) has
shown this contribution t§ be indpendent of temperature.
We conclude that the increase of the intrinsic permit—
tivity with tempecrature is a result of the ionic per-—
mittivity,

An illustration of the effect of the ionic contri-
bution to the permittivity is the case of LiF. This
material has a 'éﬁc' of 700 p.p.m;/OC and has 90%/o
ionic bonding. It is not unréasonable, therefore, to
expect an intrinsic contribution of about 125 p;p.m./oc
for a silicon-oxygen type material which has approxi-
mately 10°/0 iomic bonding. It is not possible to
make morc accurate comparisons as the weighting functions

of the various contributions are not known.
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CHAPTER 9

SUMMARY AND CONCLUSIONS

The important deposition parameter is the ratio

P
&

compressive stress and reduced loss.

). High values promote oxidation resulting in a

The effect of annealing is complex but the most
important effects are gas desorption (probably hydrogen
vapour) and stress relief, probably associated with
the reduction of pin~hole density. Empirical relation-
ships have been derived for the long—term changes of

capacitance and A.C, resistance during annealing.

From D.C. and A.C. measurements, four different

activation energics resulted:

(i) 1.0C £ 0.1 oV

+

(ii) 0.70 2 0,15 eV
(iii) 0.55 % 0.05 eV
(iv) <0.1 eV

(i) The activation energy of 1 eV was determined
from audio frequency measurements and was the result
of a low frequency dispersion process having a distri-

bution of relaxation times (B - 0.3). This was
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probably due to interfacial polarization.

(ii) The value of 0,70 eV refers to the D.C, low
field ohmic region. Two mechanisms resulting in an
ohmic characteristic were discussed but it was thought
more likely that the conduction was controlled by

weak paths.

(iii) The high ficld region was associated with
an activation energy of about 0.55 eV. The operating
conduction mcchanism was probably a modified form of
the Poole-Frenkel ceffect. The activation energy would
be associated with the trap depth of electrons which

were excited into a poorly defined conduction band.

(iv) The activation energy for A.C. conductivity
in the region wherc loss was near-invariant with
frequency (p —=> 1) was less than 0.1 eV. The inter-
pretation of the activation energy was vague and probably
represented a mean valuc. The A.C. conduction procecss
was probably clectrons hopping between localiscd sites.
These sites were a dircct result of the amorphous
nature of the dielcctric rather than due to a form

of doping,

¢

X of silicon oxide was dominated at high

temperatures in the audio frequency range by the low
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frequency dispersion., It was shown that for capacitors

o
with loss > 1 7o ) K’c was dominated by the loss

.

contribution. At room temperature, above 10 Ke/s, £ _
+

had a limiting value of 70 - 20 p.psm./OC due to intrin-

sic contributions. These were due to lattice expansion

and the variation of ionic polarizability with temperature.
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APPENDIX I

The following three pages show the computer
program, written in Fortran IV, which was used to

calculate the various parameters as given in Section

(L.17),



EIBFTC DECKNM'V;f:A

i;DCCKNM N SOURCE S*ATEHENT ;}1 IFN{S)lj:;;:iﬂfflim

o DIMENSION G(8 5),R(8 5):C(81))3Q(8 S)sA(8 5),5(8 5),8(8 5),
T 1P18,5),DI(8,5),T(8), E(S),N(l),CA(SJ,BA(B),SA(BJ,DA(B).V(8);'5 e
_ 2CSLOPE(7,5),BSLOPE(7,5),SSLOPE{7,5);DSLOPE(7,5), :

. 3CASLOP(T)4BASLOP(7),SASLOP{T7),DASLOP(T7), - =
 OBTI(7),T2(7),ATCC(T) ,ATCB('{) 1 ATCS(T7),ATCD(7), -
"S5ALPHAC(7,5),ALPHAB(7,5) ;ALPHAS(7,5) 3 ALPHAD(7,5), - = 7% 7.7
~ G6ALFACA(7)+ALFABA(T) sALFASA(T7),ALFADA(T), S
. TCERROR(7);BERROR(7) s SERROR(7) 4 DERRORIT), - 77 00 el

 BCV(T7:5),BV(7,5),5V(7, 5),DV(7,5),CAV(?).BAV(?);SAV(T):DAV(T)7
L2 D017I=1,10 0 S S
READ[5120)(E(J):J T:4)
FORMAT(415) B
IF(E(11)5,17,5
READ(5,181¥H ‘
> READ(5,1)6 T
READ(S5,2)C ST esimnos DO LENE
READ{S,u)T S
FORMAT(ET1.5)  ~ o - =
_FORMAT(BF6.,.U)
FORMAT(8F4.1)
FORMAT(8FhL,.1)
HRITE(6,16)
FORMAT(60HTIN TEMPERATURE CAPACITY RESISTANCE TAM DELTA SIN DELTA

: ) - - SR TS S
boicnN=1,5 ' T - ‘
e WRITE(G:11) Bt DL S
MWU_W”"AT]VFORMAT(SHO ) N A; - ) N -
o V(K)—].89MET(K)/100 +1 91 T(K)**Z /100000._7“w S
PIK:1}=138.049,30=V(K) =~ .. o T T s

PIK;2)=1Th 0+T7,5bLuV(K)
PIK33)=116.0+7.342V(K)
PIK;4)=065.,0+7,62=sV{K)
PIK,5)=218,0+8.53=V(K)
REKsNY=1./G(K4N)

QIK,NI=R{K,N}=C(KyN}=W/i000000. o
ALK NY=P{K N} # (1. +Q(K,; N} =22, )} /(R{K,M)*+1000000.)
BIKyNY=RIK;N)/Z(T.-ALK,N))
SEKINY=(1.-A(KyN}}/G(K,N)
DIKsNI=S{KyN)Z7((Ta+S(KyN}##2,4)%%,5)

10 WRITE(6,712) NyT(K)yC(KN) $BIK,N)yS{Ky;NIy;D(K,N)

12 FORMATUIZ2 12Xy F5. 137X FTe3,32X3FTe338X FToly3X, Flok, )
WRITE(6,25)

25 FORMAT{36HOAVERAGE VALUES OF THE FIVE OEVICES. )
DO21K=1,8
SUMC=0.
SUMB=0.
SuUMS=0,



T 23 CA(K)=SUMC/5.

“.14% FORMAT (BHORUN NO.,12,6H DATE 2%, 125 1H/ 12, 1H/,12) -7~ 7o 70

L T HRITE(6433)

suMD=0. _ o .- 233
DO22N=1,5 . T I AL IS S et S
SUMC=SUMC+C (K, N) o
SUMB=SUMB+B (K, N)
~ SUMS=SUMS+S(K,sN) R
- SUMD=SUMD+D(K,N) - - o L7l e
IF(N-5)22,22,23 o o S -
- 22 CONTINUE CoL TR L L e e L TR e A e e T

BA(K)=5uMB/5,
SA(K)=SUMS/S.

<77 DA(K)=SUMD/5. - T

721 WRITE(6, Zk)T(K).CA(K),BA(K),SA(K),DA(K) L

2L FORMAT(MX FSeTl,TX,FTe3,2X FTa3, X, FTol,3X,FTak,) — - 077
-~ WRITE(6,19)W - o L

© .19 FORMAT({1THOFREQUENCY=E1l.5) . - ,;;éigaﬁjagfgig;iegpf;afz;,
13 HRITE(6, T4){ELJ) J=1,14)

~ WRITE(6,32)
‘32 FORMAT{12X,29H TEMPERATURE COEFFICIENTS. OF ,30X,37H AVERAGE _TENPER

1ATURE COEFFICIENTS OF )

" "33 FORMAT{(56HON TEMPERATURE CAPACITY RESISTANCE TAN DELTA SIN DELTA

147X, 56H TEMPERATURE CAPACITY RESISTANCE TAN DELTA SIMN DELTA.)
WRITE(6,35)

T 35 FORMAT (16X, 40H P.P.TH. PER CENT = PER CENT ~ PER CENT ,22X,40H PP

~ 1.TH. PER CENT  PER CENT PER CENT ) o
. D028M=1,5 . oL e EL s T e
 WRITE(6:31) o .

"31 FORMAT(3HO ) S LA

D028K=1,7

T2(K)= (T(K+l)+T(h))/ T

CVI(K, N)-(C(K+1,N)+C(K1N))/2.

o BVIKsNIS{BIK+T,MN)+B(K,N)) /2,
CSVIKsMY=(S(K+T,N)+SIK,NY) /2,
DV(K;M)=(D(K+1,N)+D(KysN}) /2.

. CAVIK)=(CA(K+1)+CA(K))/2. _ - N

CUBAVIK)=(BA(K+1)+BA(K)Y ) /2. el e S e

SAVIK)={SA(K+1)+SA(K))/2, , o -

DAV(K)=(DA{K+1)+DA(K)) /2. -

TIK)=T(K+1)~T(K)

IF(T1(K))38,:;39,38
39 TH(K)=1.

38 CONTINUE I
CSLOPE(K,M)={C{K+T,M)-C{K:N))/T1(K)

T BSLOPE (K HN)={B(K+1,HN)})-B(X,N)}/TI(K)}

. SSLOPE(K,M)=(S{K+1,N)=S(&yN))/TT(K) S
DSLOPE(K M)=(DIK+TyN)=DIKyMIV/TICKY | o o wommem =
CASLOP(K)=(CA(K+1)=CA{K))/T1(K) o o ,
BASLOP(K)=(BA(K+T1)=BALIK))/TYUKY | o oissiocics wedl- T "o o
SASLOP(K)=(SA(K+1)=SA(K))/T1(K) , S -
DASLOP(K)={DA(K+1)-DA(K))/TT{K) B
ALPHAC (K N)=CSLOPE(Ks4N)=1000./CVI(K,N) '
ALPHAB (K N)=BSLOPE(K,yN)=100./BV(KsN)
ALPHAS(KyM)=SSLOPE(K,H) =100, /SVIK,N)
ALPHAD(KyNY=DSLOPE{K; M) =100, /DVIK,NY 0 7 7 o n e




" ALFACA(K)=CASLOP (K)*1000. /CAV(K])
ALFABA(K)=BASLOP (K]} #10C./BAVIK)
ALFASA(K)=SASLOP (K)=100./SAV(K) o o
ALFADA{K)=DASLOP(K)#100./DAV(K] AN S S
WRITE(6535)N, T2(K) s ALPHAC (K, N1y ALPHAB (K ;N1 ALPHAJ(K V) ALPHAD(&,N)

S 14 T2(K), ALFACA(K)1ALFABA(K),ALFASA(K),ALFADA(K) -

3n FORMAT (124 2XsF54 157X F74% 12X, FToly X, F7.4,3X,FT, u 1ux F5. 1 7x,F7 o

T 2Ky FTal g Xy FT by By FTak) e el
.”Hym-28 CONTINUE o T e —
o T WRITE(6,36) ~ | )

B 36 FORMAT(53HOAVERAGE VALUtS OF TEHP COEFFNTS OF THE FIVF DEVICESV,13
- 1X;48H ERRORS IN TEMP.COEFFNTS.OF THE- FIVE DEVICES PC-) - S

f_AA_H,ADOZTK Y,
DL VSYMAC=0 e T o T
: - SUMAB=0 )

oo SUMAS=0

.. SUMAD=0 o
=L Y T DO26N=1,5 ' s
- SUMAC= SUMAC+ALPHAC(K,JJ
" SUMAB=SUMAB+ALPHAB(K¢N)
. SUMAS=SUMAS+ALPHAS(K, M)
- SUMAD=SUMAD+ALPHAD(K, N}
IF{N-5126, 29,29>“ S
‘CONTINUE o R L e e
9 ATCC(K)=SUMAC/5.
~L . ATCB(K)= =SUMAB/5..
- ATCS({K)=SUMAS/S. 7 L
- ATCD(K)=SUMAD/S. T LR T e
 IF(ATCC(K))40,41,40
IF(ATCB(K) }u5,42,u45
 IF{ATCS(K))k6,43,u6
S L6 IF(ATCD(K ) LT b, K7
k1 ATCC(K)=1. 7
oS eotowo T
42 ATCB(K)=1. ‘ _ o S
. 6GOTOuS o - o L e el UERT R e
43 ATCS(K)=1, 7 o - S
- -+ GOTOLoO I ' LT T e R T T T
bu ATCOL(K)=1. : .
7 CONTINUE IEST
CCRROR(K)“(AlCC(K)—ALFACA(Kl)*100./ATCC(K)
_ BERROR(K)={ATCB(K)-ALFABA{K)) =100, /ATCB(K)
SERRORIK)={ATCS{K)-ALFASA{K))=10GC./ATCS(K)
: DERROR{K)I={ATCD(K)-ALFADA(K})=100./ATCD(K)
27 KRITE(6, 37)T2(K),ATCC(K),ATCB(\),ATCS(m):ATCD(K):TZ(K)gCCRRO {K),B
1ERROR(K) ; SERROR({K ), DERROR {K)
37 FORMAT(LUX,FS5.1;TX,F7.L,;2X, F7 h,uX, FT b, 3X,F7 u 1uX FS 1 6X,F8 b, 1X
- 1,F8.4,3X,F8, u,zx F8ol) - - , -
17 CONTINUE
STOP
END




APPENDIX TIT

The following three pages are an example of the

computed results.



N TEMPERATURE CAPACITY RESISTANCE TAN DELTA SIN DELTA 239

1 28.C 192,024 21.774 C.516L 5.016%

1. ug.o. 122.95% 28.936 L2179 3.0179

1 76,5 196.70) 20.829 0.024}y 0.02un

7Y 712000 - -0 20541000 64341 0.CT769 0.0767

1 156.0 ©226.000 0.731 2.6251 0.5177

-1 183.0 257.20% 0,131 2.66L48 D.9u76

1 26.9 192.200 21.77h 0.C16u G.016k4

1 28.0 , 192.063 31,774 0.5164 0.016L

- 27 +28.0 - 233,900 25.472 0.0193 0.0193

2  h0.0 ' 235,100 23.9:20 0.5204 C.C22L

2 T76.5 7 209,553 17.831 0.5268 0.0268

2 120.¢ 220.003 4,786 0.995% 0.09u46

2 156.0 246,700 0.516 0.7862 0.6181

2 183.0 286.7C0 J.111 3,132 0.9529

1270 26.0 0 T 204,104 23,661 0.3207 D.02067

2 28.0 203.900 25,472 . 5.2193 0.0193

3 28,0 - 213.505 . 20.897 0.0224 0.022Y4

3 ou0.0 . 214.89C 19,925 0.0234 0.0234

37 76.5 219.40% 15.270 G.5298 3.0298

.3 . 12C.C 7 230.76¢ 4,213 0.1629 0.1024

3 156.0 2564500 O.lty3 0.8702 3. 6564

LT -3 183.0 T 334.0%0 0 D.G9L 3.4810 0.9611

3 26.0C 214,400 20,0690 0.%233 5.0232

3 28.0 213.500 235.897 0.3224 G.0Z24

B 4 28.0 ‘ 211.903 26,117 c.c181 c.C181

4 L. . 213.800 23,994 0.5166 0.n196

5 Yy 76.5 . 216,000 1b6.u12 0.0278 0.0278

4 120.0 233,500 3.270 0.1310 G.1299

,,,,, i 4  156.0 267.200 0.290 1.2894 0.7902

4 183.0 313.C000C 0.061 5.2279 0.9822

Yy 26.0 212.25% 24.219 0.3195 0,0195

L 28.0C 211.900 26,117 0.C181 05.0181

5 28.0 225,300 25.721 0.7189 0.0183

5 43,0 206 560 24,005 0.0202 5.0202

5 76.5 211.200 17.487 0.0271 G.0271

5 120.0 222.820 4,405 N.1019 GelD1l

5 156.0 246,807 J.hhy 0.S013 6695

5 183.0 293.,2C0 D052 3.7459 3.9662

5 26.0 225.70C 2h L bHL 0.C199 }.0169

. 5 28.0 211.900 25.761 0.0183 J.0183
AVERAGE VALUES OF THE FIVE DEVICES

’ 28.C 205.32¢ 25.9%6 G.0190 0.05190

. 40.0 206,160 24,1438 0.5203 3.0203

76.5 211.1672 17.566 2.0272 0.0272

12G6.0 222,420 4,633 0.1015 0.1310

156,90 249,847 0.h85 0.8905 C.650UL

183.0 290,224 0.098 3.713y 5.9620

26.0 205.72¢ 24,836 0.0169 G.0169

28.¢ 236,687 - 26.05h 0.3189 0.0189

FREQUENCY=0,1204%E 35



TEMPERATURE CCEFFICIENTS OF

vl b ol ot d d wmd

(SESEY SYSERYN

27.0

240

‘N TEMPERATURE CAPACITY RESISTANCE TAN DELTA SIN DELTA

: : PePaTH. PER CTENT PER CENT PER CENT
58.2 0.5422 =-£.69%0 1.0851 1.0845
98.2 1.3057 -1.G483 T.3613 7.3316
138.C 3.0237 -0.49C4 89.5162 T.7513
169.5 6.35185 =-5.0699 33.1671 97.1216
104.5 2.1563 -G.6343 t4.5689 36.1879
27.0 -0.5208 C.00CH C.0516 3.0516
34,0 O0.490L -3.5145 0.u4963 J.4961
58.2 0.5912 -0C.6527 0.9062 0.90564
98.2 1.1838 =-1.1773 8.y - 8409358
138.0 3.6374 -U.4657 99.7279 75.5431
169.5 T.2657 -0.C588 53.3885 64. 4275
104.5 2.5803 -0.589C 03.2959 30,8455
27.0 =0 . 490U 3.5494 -3.7679 —3.7663
3 34.0 0.5074 -0.3956 0.3624 0.3622
3 58.2 0.5903 -0.6276 0.789%6 0.7889
3 98.2 1.2167 -1.2164 T.4925 T.4393
3 138.0 3.7471 -0.50M1 95.0931 68.6878
3 169.5 T.7197 -0.353617 3i.4228 50.3597
3 104.5 2.6731 -G.6085 ©98.2618 26.6593
3 274 =2.1277 2.3G27 -1.8677 -1.86467
Y 34.0 D.4326 =-C.06775 0.6936 0.6933
L 58.2 G.7758 -3.7953 1.2517 1.2588
by 98.2 1.5731 -1.1568 13.12306 12.986"%
4 138.0 o177 =-0.3169 78.08303 D1.5277
4  169.5 B8.C052 -0.0325 GT.2635 39.3586
L 104.5 3.0299 -{.5892 83.5935 33,9415
Y 270 —-D.7379 3.6334 -3.2816 -3.8435
5 34.% G371 =-2.55562 Ge5441 2.5u38
5 58.2 05,6272 =~{.56%u2 2.9987 Te928D
5 98.2 1.2989 =1.1692 9.353822 9.3213
5 138.¢ 3.6532 =C.4277 17.2658 3.3527
5 169.5 7.2883 -2.0507 57.1183 58.0422
5 104.5 2.,6216 -3.6035 25,4579 31.8362
5 27.0 15.2999 2.5215 -4.3995 -b4,7e80

AVERAGE VALUES OF TEMP.COEFFNTS.OF THE FIVE DEVICES

34.0 C.u616 -C.5776 0.5736 Ge5734
- 58.2 0.6253 -5.6898 1.0062 1.035%
98.2 1.2557 -1.1536 9.04C6 8.97u4g
138.0 3.6958 =0.u442L 15.9366 8d.7725
169.5 7.2595 =-0.0547 56 . 4723 61.8639
104.5 2.6122 -0.60u9 25.0356 31.3941
2.25u6 2.3415 -2.7551 —2.72L7



AVERAGE TEMPERATURE COEFFICIENTS OF 241

TEMPERKTURE,CAPACITY RESISTANCE TAN DELTA SIN DELTA

P.P.THi. PER CENT PER CENT PER CENT
34,9 O 627 -D.5925 0.5592 75593
58.2 0.6272 -6.6937 5.9936 0.9932
98,2 “1.2637 =1.1163 8.9887 §.5233
138,90 3.7097 =-0.440D 15.2657 83.2852
169.5 T.2840 -0.5551 49,6912 6347133
104.5 2.621  -D.6361 23,7300 31,5657 -°
27.0 2.2474  2,24606 -2.7u1Y -2.7u93
34,0 2.4627 -3.5925 Je5592 2.5593
58.2 0.6272 =0.6937 ¢.9936 J.9932
98.2 1.2687  =1.1163 - 8.9887 8.9233
138.0 3.7097 -0.440D .15. 2677 $5.2852
169.5 T.28u2 -0.0551 . 49,8912 63.7133
10k.5 2.6214  —0.6961 23,7300 31.5657
27.0 2.243L . 2.2h66 -2.74114 -2.7u4¢3
38,0 J.u627 =0.5925 0e5592 0.5592
58,2 0.6272 —=D.6937 0.9936 3.993%7
98,2 1.2607 =1.1463 . 8.93887 8.52%3
138.9 3.7097 -D.4L30 15. 2607 82.2852
169.5 T.2840 -0.0551 39,8912 6:.7133
104.5 2.6214  -0.,6061 23,7330 31.5657
27.0 2.2!-"0& ?_02’4‘66 "'2-7’4]14 -2'71",3
3b,0 Q.8627 -0.5925 D.5592 3.5593
58.2 C.6272 =0.6937 3. 9926 1.9937
98,2 12607 =-1.1463 8.9887 8.92332
136.0 37597 -0.440D 15,2677 8C.2852
169.5 7.2640 =0.5551 49.8912 62.7133
1cu.5 2.6214  -2,6761 23,7230 31.5657
27.2 2.2400 2.2L66 -2.70L1Yy -2.74%3
34,0 SJM6E2T -5.5925 G.5592 2.559%
58.2 346272 =0,6937 3.5976 345937
98,72 1.2607 =1.1u463 8.9837 8.9233
138,90 3.7097  -0.L48G 15.2677 82,2852
169.5 7.28h0 -0.3551 49,8912 6C.T153
14,5 2.2 -0C,.6361 23.7335 31.55657
27.9 2,240k 2.2466 -2.7410 -2.74272
ERRORS IN TEMP.COEFFNTS.OF THE FIVE DEVICES PC
3,0 ~3.2298 -2.5865 2.5156 2.5152
58.2 -0.2895 -7.,5611 1.2527 1.253>
98.2 -J.u730 e b330y f.57u2 Deb75h
138,00 -ne37Thy 0.7793 U 5830 56033
169.5 -0.3380 -0.6809 1.1826 1.8599
154, 5 -0.3492  =0.2511 - 1.o4y2 1.3298
270 0.6295 L.0ush -1.3427 -1.3052
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