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ABSTRACT

A new rapid technique for the measurement of
permittivity and dielectric loss has been developed by
utilising the concept of Fourier methods of aﬁalysis. In the
equipﬁent'developed an input signal, characterised by_having
known harmonic components, was fed (in a coaxial system) to
a solid sample and the distorted output waveform could
éither be Fourier analysed by a computer whose output was
programmed to give directly fhe variations of permittivity
and dielectric loss with frequency or compared directly with
reference waveforms stored in the computer. Trials made with
standard materials showed that the results obtained by the
Fourier computeriséd tecbnique wére in very good agreement
with those obtained by the more conventional'methods.

The Fourier technique, together with an improved
cavity perturbation method at 9.4GHz., has been used to make
an extended study of the dielectric properties of reaction
bonded silicon nitride (RBSN). Attention was particularly
directed to the situation in partially nitrided materials, a
region which has not been fully exblored in previous studies.
The salient feature of the experimentalnresults is the
presence bf a peak in the variation of permittivity with
weight gaih. This effect has been discussed in terms of
structural and microstructural studies which have shown the
presence of impurity phases of iron silicide (FeSi,) and
calcium silicide (CaSi,) in addition to the expected silicon

and voids.
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CHAPTER 1

INTRODUCTION
1.1 GENERAL FEA?URES
The pfesent work had two main objectives, namely to
. develop a new, rapid technique for the measurement of
permittivity and dielectric loss and then to abply this
method, together with other suitable conventional or
recentlyAimproved methods to the study of one ceramic system,
Reaction Bonded Silicon Nitride (RBSN). The first objective
aiose becausé in the previous work, undertaken by the
research gréup over several years, there had been a need to
"determine the f;equency variation of €° and €&  over a very
wide range‘of frequency in order to establish whether, in
the systems under investigation e.g. doped magnesia, oxy-
nitride glass, hot pressed silicon nitride and sialon
ceramics, the main mechanisﬁ responsible for conductivity
was hopping. This had necessitated the development, assembly
and appraisal of several specific techniques é.g. low
frequency bridge, Q-meter, coaxial line and cavity techniques,
each of which covered a limited range of frequency. Obtaining
experimental data over the whole frequency range thus
required both familiarisation with all the respective
techniques and the éxpenditure of a large amount cf time
spent in making the detailed measurements. It would clearly
be advantageous to obtain similar information more rapidly
and this idea leadsfirst to the concept of utilising Fourier
methods of analysis as an alternative. In principle an input
signal characterised by having known harmonic components

could be fed, in a coaxial system, to a solid sample; the
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transmitted distorted waveform could then be Fourier
'analyéed by a computer whose output could be programed to
gi§e directly the ¢ versus frequency and ¢°° versus
frequency data..A description of the development and
‘appraisal of the new Fourier computerised technique which
gives frequency coverage from 25MHz ; to about 1GHz forms
the basis of the first half of this»thesis. Trials made with
standard reference materials showed that the Fourier method
gave answers in very good agreement with those obtained by
the more conventional methods.In the second part of the work
described in the thesis this method, together with an
improved cavity perturbation technique at 9.4GHz , have been
used to make an extended étudy of the dielectric properties
of RBSN. In this particular study attention was directed to
the situation which arises in the partially nitrided
materials, a region which has not been fully explored in
previous studies. The overall structure of the thesis is

outlined in the summary given in the next section.

1.2 SUMMARY OF THESIS

In Chapter 2 a review is given of some conventional
techniques available for the measurement of ¢ and ¢ °.
Several of these have been used previously in the High
Frequency Measurements and Applications Group, usually in
cases where a particular technique offered some specific
advantage for unusual measurement situations. Comments are
also given on the accuracy attainable with each method,
particﬁlarly with regard to measurement of dielectric loss,

time factors involved in making measurements and the degree

of skill requiréd of the researcher. The theory of the new

-
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Fourier method is discussed in Chapgér 3. This covers the
basic éssumpfions made, the formulation .and derivation of
the appropriate theoretical expressions for the behaviour of
the input and output waveforms, the calculation of specific
formulae to determine €¢” and ¢”” and general considerations
krelating to'the}prediction of the type of distortion in the
output signa}.to be-expected with particular values of the
pair of pafémeters, € and €”°. It concludes by referring to
the limitations of the method. The experimental side is
dealt with in Chapter 4 which describes the Fourier method
technique. Here a functional description of each component
is given together with details of the data acquisition
system and examples of the use of the system to calculate the
harmonic components with a given known input pulse. Chapter 5
‘reports the appraisal studies made to establish the validity
of the new Fourier method. Here some preliminary tests were
made using a wave analyser because this could examine
Fourier harmonic. generation éspects alone (without at this
stage involving the data acquisition and computing sub-
system) . Singlebcrystal MgO was used as the standard
reference material in this preliminary test. The results
showed good agreement with the accepted values and the full
tests of the whole system were completed using both MgO and
Vitreosil. Chapter 5 also includes a discussion of the
- experimental errors associated with the new technique and
its limitations. As already pointed out the upper frequency
limit of the Fourier technique was about 1GHz iand there was
a need to consolidate a method for dielectric measurements in

the microwave region, not least because of the increased
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interest in material for microwave window and radomé
applications. In Chapter 6 the criteria for obtaining
reliable, accurate measurements of €” and & ° by the
microwave cavity perturbation technique are critically
reviewed because this method, together with the newly
developéd Fourier harmonic analysis method, has been used
in the dielectric studies described in Part Il of the thesis.
In fhe second parf of the research attention has been
given solely to a study of the dielectric behaviour of fully
and partially nitrided RBSN. The main features of the
preparation together with the reaction mechanisms of the
nitridation process and the general properties of this
material are discussed in Chapter 7. For convenience the
_results of the fully and partially nitrided material have
been considered separately. Thus in Chapter 8 the
examination of fully nitrided RBSN is described. The use of
the Wiener formula for composite dielectrics is introduced
and the results, analysed on this more comprehensive basis,
confirm and extend those reported previously. The silicon
nitride theme is continued in the last chapter of Part Il of
the thesis (Chapter 9), which aetails an examination of
partially nitrided RBSN, covering the whole weight gain
range from 0% (silicon) to 64.5% (fully nitrided RBSN). This
chapter includes, in addition to the dielectric data, an
account of structural and microstructural studies méde using
X-ray diffraction, Reflection High Energy Electron
Diffraction (RHEED) and a Scanning Eleétron Microscope (SEM)
with an Energy Dispersive Analysis by X-ray (EDAX) facility.

An important and hitherto unreported feature here is the




A - )

o

observatién of a peak in the plot of &’ versus weight gain
at around 22% weight gain. It is suggested that this cannot
be explained on the basis of a three phase system

-(i.e silicon nitriae, unnitrided silicon and voids) and an
explaination is presented in terms of the effecés of the
impurities located and analysed by the structural and
microstructural studies. In the concluding sections of both
Part I, and Part I]'some suggestions are made for futﬁré work

on the techniques and applications respectively.
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CHAPTER 2

TECHNIQUES FOR MEASURING DIELECTRIC PROPERTIES
2.1 INTRODUCTION
A macroséopic description of the electrical properties
of a dielectric is provided by the complex relative

’

permittivity (¢ = € - je’’). The significant variables on
which ¢, depends, in decreasing order of importance, are the
frequency, the temperature, the pressure and the intensity
of the applied_field;u?hgs the choicé of the method depends
principally on fhe frééﬁéncy and”bﬁ%ause the whole field of
dielectric spectroscop& covers évwide range of frequency,
from about O.OOOIHZ( to about IOOGHzf, a large number of
techniques are required. Measurement can either be made in
the frequency or time domain. [2.1 - 2.10]

In the frequency domain techniques, measurements are
made at one freQuency at a time and a particular set of
apparatus will only cover a certain frequency range. At low
frequencies (0.001Hz{: to 1MHz: ) bridge techniques are most
appropriate; they can give precise measurements of both
the real component (€°) of dielectric constant and the
conductivity. At higher frequencies (IOOkHZj to 100MHz ),

a resénant circuit technique uses a similar procedure to the
bridge technique; however the degree of precision tends to
be lesé, particularly at the high frequency end of the range,
mainly due to lead inductance problems. The transmission
line (slotted) standing wave methods are used for the range
of frequency from about SOOMHzf fo about 9GHz' but low loss

material measurement is difficult as precision components

and instrumentation are required. At still higher freqﬁency
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ranges (above 3GHz:) the cavity perturbation method is
~usually employed to give the dielectric parametefs.

In principle the application of transient methods is
an attractive alternative to the point-by-point approach in
the frequency domain. A single time domain signal, applied
to the dielectric sample, will give results that cover a
large frequency spectrum. This method has long been used in
the frequency range from about 0.0001Hzi to.about l1kHz . By
about 1969 due to the deveiopment of sampling oscillography,
this method could be used to a much higher frequency. At
present the frequency'range covered by this method is from
the kHzf region up to about 15GHzJ. The accuracy of the
method is at present comparable to that of the frequency
domain techniques. The striking advantages are the lesser
ramount of equipment needed to cover the wide frequency
range and the much shorter time required to carry out the
measurements. |

The need for skilled operators and the time taken in
obtaining the dielectric properties of a material make
conventional techniques increasingly incompatible with many
present day applications; for example in the plants that
manufacture modern synthetic insulating materials, where the
results of a variation in a processed parameter may have to
be evaluated quickly and frequently. For this reason, there
is currently a great deal of interest in the development of
fast techniques for dielectric spectroscopy. Such systems will
permit the rapid evaluation and display of complex
permittivity over a wide range of frequencies. The use of
computers improved some of the known technigues to a certain

extent but what is required is a completely new approach to
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the dielectric measurement techniques so as to enable

measurements to be done on the spot in a factory._;ﬂ.

2.2.1 BRIDGE TECHNIQUES

In the frequency range of 0.008Hz; to 2MHzL, the
dielectric properties of materials are usually determined by
measuring the capacitance and. the conductance of a sample
held between a pair of micrometer electrodes. The priﬁciple
- of the Wheatstone bridge has for long been employed in
ﬁeasurements of conductance, inductance and capacitance. The
design of these bridges depends not only on the type and
precision of measurement required, but also on the frequency
range needed; for example, the Scheiber bridge is capable of
measuring in the frequency range of 0.008Hz/ to 2Msz and
;he Schering bridge covers the frequency range from 20Hz. to
about 1MHz .

The electrode systems are made so that the effects due
to fringing fields at the edge of the specimen are reduced
and the entire system is contained in a metal shielding box
to eliminate undesirable effects of stray field. Electrodes
must be evaporated on the opposite polished_surfaces of the
specimens to ensure a good electrical éontact over a Qell
defined area between the specimen and the electrodes of the
dielectric test jig; with many materials gold is used for
this purpose. The usual arrangement for solids, comprises
flat, parallel plates of known area and separation between
whicﬁ is inserted the sample, in the form of a parallel
sided disc of diameter slightly less than that of the
electrodes. If the diameter of the sample extends beyond the

electrodes then corrections for edge effects are necessary.
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In the bridge measurement techniques the dieléctric
material in the test jig can be represented either by a |
paréllel combination of capacitance Cx and R, or by it’s
series combinatipn of R and C. The parallel and series

parameters are related by (Fig. 2.la):

2
Ry » 1+ (WCxRy)
R = —_— ; C = —z 2. --- eq.2.1
1+ WCyR, ) (WCLRZ)

The capacitance Cx and resistance Ry values are measured by
the bridge and the dielectric permitivity and loss are
calculated from:

Cx 1

) £ = ---eqg.2.2
Co CoRxw

-e

where Cqo is the capacitance of the empty jig.
‘In the case of the Schering bridge, Fig.2.1b, C and R

" represent the series equivalent circuit of the dielectric,
C2 and C3 are standard calibrated capacitors and the
resistances Ry and R, are equal. Cy represent stray
capacitance across R;. Initially without the dielectric
present,

C=Co - R=20 ---eq.2.3
and the balance equations are:

Co = C3 ; Ca =0 ---eqg.2.4a
With the dielectric inserted, the equations become:

R,C,

C =C3s’ ; R = ---eq.2.4b
Cs

and Tand =wCyR, = — ---eq.2.5
E/

Thus C2 may be calibrated directly in terms of Tand .




" Fig. 2.1b Schering bridge
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The value of €° is given by:
g = — = — : --- eq. 2.6

- The accuracy attainable with the Schering bridge is
quoted as 10.2% in capacitance and 22% in Tand for the
whole range of frequency of 20Hz " to lMHz . The accuraéy
depends critically on the measuring jig in which the
specimen is mounted. Errors are associated with the
“inductance and capacitance of the leads to the electrodes
and the inaccuracies.in the standard capacitors and
resistors. The main drawback of the bridge technique is that
it has to make the assumption of a simple parallel or series
combination of capacitance and resistance as the
representation for the dielectric. This assumption is only
valid if the permittivity is independent of frequency and if

the loss is due wholly to conductivity.

2.2.2 RESONANT CIRCUIT TECHNIQUES

The operation of bridges in the MHz; region and
upwards becomes increasingly dificult as the frequency is
raised, since the admittances associated with stray
capacitance increase in proportion to the frequency. It is
usual to make the measurements using a resonant circuit of
which the whoie or part of the capacitance is the dielectric
measuring cell. Resonant circuits can be designed to operate
over the frequency range of around 50kHz ' to 300MHz and
are capable of high accuracy, provided the loss is low. The
equivalent circuit of a resonant circuit is shown in Fig.2.2.

Taking R as the total internal resistance of the

circuit and L and C as the total inductance and capacitance




Il.\mnn, WA

Fig. 2.2 Equivalent resonant circuit of Q-meter

r
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respectively, resonance occurs at W = @, = 27t , where:

1
£, =

~ --- eq.2.7
2m\/LC

An external e.m.f. with voltage E is injected at the

. resonant frequency f, . At resonance the reactive components

. 1
of the circuit are equal; Xy= X, (where X,= | WL and X,= —)
: “ wC
The total impedance of the circuit is:
: 1
Z =R+ jwL - —) --- eq.2.8
: wC

At resonance:
Z =R

The magnification (Q-factor) of the circuit is defined as:

X , )
Q= - --- eqg.2.9
R
where X = X, = X, at resonance.

If the test jig is connected to the circuit with the
spacing of the electrodes exactly equal to the thickness>of
the sampie, the air gap capacitance will be C, and the total
capacitance of the circuit at resonance, Cy, is given by:

C, = variable capacitor of the circuit without sample,
Co = capacitance of the testing jig without sample,

Ch = capacitance of the sample holder (electrodes),

Cy = capacitance of the connecting leads.

Putting the sample between the electrodes, the total

'+ capacitance at resonance will be: -

where

Cz

variable capacitor of the circuit with sample,

Cs capacitance of testing jig with sample;




Equating:

C, - C, =Cy - Cq

The relative permittivity of the

effect, is given by:
Cs = E’Co

Substituting:

Ciy = C, = Cole” - 1)

which gi?es:

The loss Tan§ is'given by:

Q1_Q2

--- eq.2.12

sample, neglecting the edge

Tand =
Q4XQ,

where Q, and Q, are the Q values

sample out of and in the testing

--- eq.2.13
--- eqg.2.14
E/l
= --- eqg.2.15
Cy e

of the circuit with the

jig respectively. At higher

frequencies a correction has to be applied for circuit

inductance L;, using the relation:

C
Ceftective

1 + w’L,c*

--- €gq.2.16

 where c® refers to Cy and to C, in turn. This correction

amounts at most to about 8%. The resonance circuit technique

becomes difficult as the frequency goes beyona 75MHz.

because of the difficulty in obtaining sufficiently thin,

large diameter specimens.

2.2.3 TRANMISSION LINE MEASUREMENTS

For frequencies greater than 100MHz, the resonant

circuit technique cannot be employed due to the

impossibility of realising lumped circuit elements.

. Distributed circuit analysis must be employed. Numerous

methods of measuring dielectric properties are available at
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these ffequencies and can be divided into total reflection
-and.total transmission methods. In both cases the
permittivity of the sample is expressed in terms of the
measured values of complex reflection and transmission
cqefficient.

Two waves travelling in opposite directions will
interact to produce a standing wave pattern. The minima and
maxima occur alternately along the line with a separation

A
of 2. The voltage standing wave ratio is defined as:

E .
max-
S = --- eq.2.17
, Emin.
and is related to the reflection coefficient, p by:
s -1
» Ipl = - --- eqg.2.18
S + 1
where
.E'
p=— =|p|exp(-36) --- eq.2.19
E;

in which E, and E; represent the reflected wave and the
incident wave respectively.

Measurement of voltage minima and maxima of the
standing wave will give the magnitude of the reflection
coefficient. The separation of the first minimum from the
face of the sample will depend on the wavelength and the
thickness of saﬁple, i.e insertion of a dielectric shifts the
minimum of the standing wave toward the end. Thus, by finding
the location of the first minimum, x, (the distance from the
face of the material to the first minimum) the phase angle of
p can be determined from:

6 =23x -7 _ --- eq.2.20

: . 2T
where 3 is the phase constant given by -—
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and A is the wavelength of the standing wave.

2.2.4 SLOTTED LINE TECHNIQUES

In these methods the permittivity is either calculated
from measufements of the input impedence or the reflection
coefficient on the input side of the sample holder. The
reference frame is usually defined to be at the input
interface of the dielectric sample. There are many éossible
sample-configurafions that can be used, depending upon the
range of fréquenéy and the nature and availability of the
sample. A summary of many possible configurations and their
equivalent'circuité was described by A.B.Ahmad[2.15]. These
techniques can be used for measurement of the complex
dielectric constant over the range of frequencies from
about 500MHz; to 9GHz.

In the_lumpéa capacitance method which was originally
suggested by Westphal and later developed by Stuchly, a small
shunt capacitor terminating a éoaxial line section is used
as a sample holder (Fig. 2.3). The permittivity of the
substance filling the test capacitor (jig) can be calculated
from the input refléction coeffient. The reflection
coefficient at the A-A plane is related to the permittivity
of the material in the test capacitor by the following_
expression:

. x
1 - jwCyZ,¢

p = |plexp(-36) = . --- eq.2.21
1 + jwCeZpe

where Cq is the capacitance of the test capacitor, Zgy is
the characteristic impedance of the transmission line and
e is the complex relative permittivity of the material in

the capacitordqu}
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\ ¢

N
R
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Fig. 2.3 a) Coaxial line with sample

b) Equivalent circuit of sample
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The real and imaginary parts of the complex relative

permittivity are given by:

2|p|Sin9 .
e = - --- eqg.2.22a
CoZo(|p|2+ 2|p| cosf + 1)
P i 1 - Ipl
€ = --- eq.2.22b

CdZo(lp|2+ 2lpl_C059-+ 1)

The magnitude of the reflection coefficient, ,pl can
be obtained indirectly by measuring the Voitage Standing
Wave Ratio (VSWR). There are various methods available for
measuring VSWR, depending.on its magnitude. All the methods
can be grouped into three classes i.e:

a) the-direct méthod) which uses the VSWR indicator,

b) the attenuation method, which measures the difference in

decibels between the minimum and maximum,

c) the graphical method used mainly for high values of VSWR.
The direct method is least troublesome and :.can: Be made
suitable for measurement of - high .| VSWR- = . . . '

The attenuation method reqdires a precision variable
attenuator and the éccufacy with this method is rather less.
The graphical method can determine higher VSWR but the

process is very tedious and time consuming.

2.2, 5 CAVITY PERTURBATION METHODS
The most essential instrument used in this technique
is a cavity resonator. A cavity resonator is an enclosed
space which is capable of oécillating and storing energy. It
is analogous to a low frequency resonant circuit consisting
of an inductance, a capacitance and a resistance. The
technique involves inserting a small piece of dielectric

material inside the resonant cavity. It is placed at the end
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of a thin silica rod so that the specimen is suspended in
the position of maximum electric field. The resultant shift
of the resonant frequency of the cavity gives the real part
of the complex dielectric constant and the change in the
Q-factor gives the imaginary pért.

The Q factor is defined as:

Energy stored per cycle

Q=27 --- eq.2.23
Energy dissipated per cycle

It is usually approximated to the ratio of the resonant
frequency to the bandwidth of the half power point (i.e at

0.707 of the voltage or current maximum) i.e:

fo
Q:—.—
Af

--- eqg.2.24

'The cavity has to be matched to the waveguide and this
is done by two coupling screws that act like stub tuners. To
‘match the cavity impedence, the tuners are adjusted in such
a wéy that the normalised input impedance (with respect to
Zg) of the sygtem is unity.

There are three kinds of Q-factor associated with the

cavity and they are related by:

1 1 1 ‘
_ = — + — --- eqg.2.25
Q1-' Qu Qe
in which:
O)OL
Q = — is the loaded Q i.e the loss
R + Zo

of the cavity and the coupling are taken into account,

we L
Qy = — is the unloaded Q i.e loss
: R

in the cavity alone,
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Qe = — is the external Q i.e loss

due td the ekternal circuit (coupling).
By definjtion the coupling parameter B is defined as:
ZO QU
B = — = — . _ --- eq.2.26
R Qe
In ordef for the cavity to be matched to the waveguide;
| R % Zo i.e B=1
' Therefore the matching condition is:
Qu = Q¢ = 20,4 | --- eq.2.27

Tuning the cavity can either be achieved by:

a) Displaying the resonance curve on an oscilloscope; when
the matching condition is approached the displayed curve
becomes sharper and the bottom of it reachés up to the base
line. This method can be tedious because the two matching
screws can have many possible combinations.

b) VSWR method; when the cavity is matched to the waveguide
the VSWR approaches unity. To obtain a good'match a VSWR of
less than 1.05 is required.

When a small piece of dielectric material is
introduced ihtoAthe cavity, the resonant frequency and the
O-factor of the cavity change. The relationship between
these changes and the properties of the dielectric material
are deduced from perturbation theory. This was first
proposed by Casimir [2.20] and it was further extended and

developed by Waldron [2.21] and othérs. The relationships for

a sample in a rectangular cavity are given as:

Af . Vs
—_=-2(& -1) - --- eq.2.28

f ' - Vo
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and
1 1 1 Vs
- = .— - —_— = 46” — -—-- eqg. 2.29
o] Qs Qo Vo
where Vs = volume of sample,
Vo = volume of cavity,
Qs = Q value with the sample in the cavity,

Q°.= Q value of the cavity without sample.

The-negafive sign indicates that Af is negative i.e by
introducing a sample the resonant frequency of the cavity is
1ewered. Measurement of the Q of>the unperturbed and
perturbed cavity as well as the shift in frequency will
determine{ the values of ¢ and € ~ of the material inside the
cavity. The cavity is assumed to be unperturbed when the
silica rod is inserted inside the cavity.

This method is a well known tool and the only
limitations are that the freﬁuency shift should be much less
than 1%_andlthat the volume of the sample introduced into
the cavity should not alter appreciably the field inside the
. cavity. However very high loss material cannot be measgred
by this method as it will flatten the Q curve of the
cavity. The estimated accuracy obtained by this method is
about 10%. A detailed lay-out of this technique is presented

in Chapter 6.

2.3 TIME DOMAIN TECHNIQUES
2.3.1 INTRODUCTION
The whole field of dielectric spectroscopy covers the
range of frequencies from about 0.0001Hz" to 100GHz . In the
frequency domain, to cover these ranges, a large number of

laborious techniques and pieces of instrumentation are required.
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Time domain transient methods are the alternative and because
thevtime'domain signal usually covers a large frequency
spectrum, it is obvious that transient methods are less time
consuming and. less laborious. These methods have been used
for ailong time to study slow relaxation processes, such
aé for polymeric material to give information about
dielectric properties in the freﬁuéncy range from about
0.0001Hz- to 1kHz . The squy of fast relaxation processes
was introduced by about 1969 and it originated from a
techn;que called " Time Domain Reflectometry ". At present
.both reflection and transmission methods are used; thus the
transient methods are now collectively known as the Time
Domain Spectroscopy (TDS) method.

The'development of TDS methods was carried out in
various fields by many workers. In physical chemistry it was
started by Fellner -~ Feldeg [2.25] and in the field of
electrical engineering, Nicolson [2.26] and Bagozzi [2.27]
independently developed a similar technique. Later Sugget et
al [2.28] improved the original methods to obtain a higher
accuracy and also managed to increase the frequency range up
to 15GHz . Fellner - Feldeg and De Loor et al [2.29]
extended the technique to lower frequencies. The frequency
range covered by this technique, at present is from about

lkHz[ to more than 15GHz .

2-.3.2 BASIC PRINCIPLES OF TDS METHODS
The change in propagation properties of a step voltage
in a lossless coaxial line is the basis of all TDS methods.
When the step voltage propagates along the line, its shape

remains unchanged as long as the propagation properties of
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the line remain the same but it will be partly reflécted and
partly transmitted at the interface of the section of the
line-with different propagation.characteristics. The
insertipn of a dielectric sample in the line will change the
propagation properties of the line and will thérefore
distort the shapé of the step voltage. The equipment
'required for these techniques basically must comprise:
a) fast rise time step generator (about 1 picosecond),
b) samplihg system (to transform the signalAto a longer time
scale),

c) low loss coaxial line,
d) display unit e.g oscilloscope or X —.Y plotter.

The measurements are made by propagating the fast rise-
time waveform through the delay'line network containing a
section with the dielectric sample. At the air-dielectric
interface, partial reflection and partial transmission of
the incident wave occurs. The resultant transmitted and
reflected waveforms carry the necessary information from
which the frequency dependence behaviour of the dielectric
sample (that is responsible for the change in the
characteristic impedence Qf the line) can be determined. The
delay line network acts as a time window to select the
réquiréd waveform and to eliminéte the unwanted reflections.
The selected waveform propagates to.the sampling sYstem to be
displayed on the oscilloscope. The waveform is then Féurier
transformed and this information is used to obtain the
dielectric properties of the material under test.

Basically there are two groups of methods i.e single

response methods and multiple response methods. In the
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single response methods only a single reflection or a single
tranémission (or combination) is considered and in the
multiple response methods an infinite number of reflections
or transmissions (or both) are considered. The placement of
the sample wiﬁh respect to the sampling head and the sample’s
size fﬁrther subdivide the two main methods into many
possible techniques.‘The direct.reflection method
theoretically requires the sample to be infinite. This is
because only the reflection against. the first interface is
taken into aécount, which means that the reflected time
domain decay has to be virtually complete before reflections
from the end of the sample reéch the sampling head as well.
There are many other different techniques available
depending upon the sample size and the relative position of
the sample with respect to the sampling head. A detailed
summary of the high frequency time domain methods in

dielectric spectroscopy is given by Van Gemert [2.8].

2.4 USE OF COMPUTER IN PERMITTIVITY MEASUREMENT

Digital electronics has one great advantage in it’s
ability to store and access data at will. Computer
technology has.come to a stage that it is cheap and it’s
versatility makes it an important part in any experimental
system. In fact most experimental arrangements for research‘
are computer controlled to facilitate the acquisation of
data and also to minimise human error. In permittivity
measurements, to take advantage of computer technigues,
two aproéches can be considered. FirStly the automation of
existing steady state (frequency domain) techniques; for

éxample automatically balanced bridges.
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SecOndly, automation of the step-response methods; so that
the currént-time response to a step voltage can be read into
the computer and Fourier transformation subsequently completed
at will to obtain the propefties of the materialAunder tesf.
The former techniques suffer from the disadvantagés that
phase detectors and sweeping oscillators covering the
required frequency range are almost impossible to obtain and,
more important, that the rate of sweep must be slow in
comparison with the period of the exciting wave. Thus
measureménts at the low frequency end caﬁ be time consuming.
The automation of step-response does not suffer from this
problem; excitation is by a simple voltage step function
and the response is measured by a current detector and data
covering a range of frequencies will be ébtained within the

duration of the step..
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CHAPTER 3
THEORY OF FOURIER METHOD

3.1 INTRODUC'TION

The development of techniques for measuring dielectric
properﬁies‘of matefials hés long‘been carried out and there
are various teéhniques available both in the frequency and the
time domain. Génerally each technique is difficult and tedious
to carry out and skilled operators are required to make the
measurements. Usually a dielectric measuring rig is set up
by the operator usihg some established technique; measurements
can only be carried out afﬁer the various components required
have been assembled and enough skill has been acquired. The
fact is, there is no commercial instrﬁment that enables
dielectric measurements to be done on the spot. Standard
bridges, Q-meters or slotted line are available and can be
adapted for dielectric measurement. However most of these
standard techniques are tedious and very time-consuming and
there are many dielectric measurements that require on the
spot assessment; for example, in the chemical and biological
sciences [3.1] (dielectric effects associated with molecular
movement, electronic properties of organic and biological
polymeric systems) of on a factory line manufacturing
dielectric material. The use of microwave energy in cooking
appliancés requires a detailed and'continuous assessSment of
the variation of dielectric properties with moisture content
at different temperatures for all the electrical insulating
components used.

The Fourier method attempts to introduce a closed-loop

system in which results can be obtained within minutes of
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the introductioh of the sample in the sample holder{.
Measurements are made in the time domain and Fourier analysis
is used for time-to-frequency domain transformation. Data
écquisition is achieved with the aid of a computer which
simultaneously performs the required calculation. The
dielectric properties of the material under test can be
obtaihed almost instantaneously by éomparing the distorted
output wavé%orm of the sample with the stored waveforms in
the computer. The time taken to determine the required
parameters will be the time taken for the computer to search
through its file for the appropriate waveform that matches the
experimental waveform of the sample. The frequency range

covered by this technique is from the MHz to the GHz region.

3.2 FOUNDATION OF FOURIER ANALYSIS

If the variation of a quantity repeats itself at some
basic frequency,(Lh-then the disturbance can be considered
as being built up from a set of harmonically varying
disturbances having repetition frequencies equal to
multiples of the basic ffequency. Thus if the function f(t)
represents the quantity that varies with time and if T 1is
the basic repetition period, i.e f(t + T) = f£(t), then the

Fourier series expansion of f(t) is given by:

£(t) = a; + Y anCOS(nwt) + X baSIN(nwt) --- eq. 3.1
n=1 n=1
where
T
1
ag = - f(t)dt --- eqg. 3.2
- T
0
T
2
anp = - f(t)COS(nwt)dt . === eq. 3.3
T
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ba = - | £(t)COS(nwt) - eg. 3.4

perkxﬁ%uation 3.1 is the Fourier series representation of
the\function f(t) and a,, an and b, are the Fourier
coefficients. Some conditions must be satisfied for the
expression to be valid i.e the integral jf(t)dt must be
finite and f(t) must be piecewise continuous and piecewise
monotonic. These conditions are generally known as the
Dirichlet’s conditions [3.3], and these conditions are met
by practically all of the functions which are of interest in
the physical sciences.

The Fourier series in equation 3.1 can be written in

the complex form using the relation:

COS(8) +jSIN(B8) = exp(]j8) --- eq. 3.5
The complex Fourier series 1is given by
+00
f(t) = > cpexp(jnuwt) --- eq. 3.6
~-0o
where c, is given by:
T
1
Cpn = - f(tlexp(-jnyt)dt ---eqg. 3.7
T ]
0

Alternatively, cn can be derived from the coefficients in the
trigometric Fourier series, i.e:
13 2
Cp = =/an + bp exp(-78,) --- eqg. 3.8
2
by
~and . @) = ARCTAN(—) --- eq. 3.9
anp ’ :
All the output waveforms obtained by this technique can be
transformed to their spectra through the Fourier transformation.

The time-to-frequency domain transformation is necessary for

reasons which will be explained in section 3.4.
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3.3 DETERMINATION OF FOURIER COEFFICIENTS

The wé&eforms dealt with in the measurements are éerioaic
but complkﬁtédfi the mathematical functions representing them'hi
are unknown. Thus determinatidnAof the corresponding Fourier
series- has to be done numerically. Numerical evaluation of
Fourier coefficients is undertaken by sub-dividing a period of
the waveform into M equally spaced sections élong the time axis.
If the period of thé waveform is T then T=M At, where Zﬁt is the
interval (Fig. 3;1). Suppose ty, is the time at the end of
the mth time interval i.e. tm= m At for 1<m<M and At can be

worked out, as shown below:

Since
27T :
T=— =MAt --- eq. 3.10
w %
therefore
27
At = — _ --- eq. 3.11
Mw

2T
Substitutihg[ﬁt for dt, T for — and m[ﬁt for t into
: w

equations 3.1, 3.2 and 3.3, the numerical Fourier coefficients

can be written as:

1 M

ag=- D f(mAt) --- eq. 3.12
M m=
1 M .

apn = - Y £(mAt)COS(nmAt) --- eqg. 3.13

’ M m

and

1 ™

bn = - Y fmAt)sin(nmAt) --- eq. 3.14
M m-=1

The numerical evaluation of the Fourier coefficients is

done with the help of a computer (described in Chapter 4.
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3.4 THEORY OF THE DiELECTRIC TEST CIRCUIT

"This technique uses the fact that thé response of a
linear system to an input containing harmonics itself also
contains harmonics at the corresponding frequencies [3.6].
Thus instead of using a single frequency input signal, a
square wave (orx any‘periodic signal that contains harmonics)
is uséd to drivé the circuit under study. Therefore, instead
-of getting a result at a particular frequency; a spectrum of
results at all the harmonic frequencies of the input signal
~is obtained in one single run. A wide range of frequencies can
be covered in a very short time as compared to all known
methods‘and, sinqe this new technique uses computer techniques
for data acquisition, it is less tedious and can be easily
~adapted into other systems.

The signal (harmonics) is propagated in a low loss
coaxial line that forms part of the dielectric test circuit.
The shape of the waveform should remain unchanged
throughout the line unless there is a change in the line
charactéristic. The dielectric in the saméle holder is
considered as having ‘a linear, passive characteristic;
having én input on one side and output on the other. It
transforms the input, w{t), into an output Vo(t).

From linear response theory [3.7], v(t) and;%(t) are
related by a convolution equation:

t
%t) = | wvlt-tHh(tat” -—- eqg. 3.15
0

where h(t) is the system’s t(gmﬂar{ﬁuhcﬁdnjf i
Applying the deconvolution procedure:
Vo)) = V(W) HIW) --- eq. 3.16
) !

where V() , V() and H(())) are Fourier transforms of v(t),

vi(t) and h(t) respectively.
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H(W) = [hi(t)exp(-jut) --- eq. 3.17

Thus if we let the spectrum of the input signal bé
denoted by,WLUQQ (which defines its magnitude and phase
characteristic) and let the modification to this spectrum,
caused by the dielectric in the sample holder, be denoted by
the compiex function H(()), the output spectrum will be given
by WJQ)). Reiation 3.16 is an important property of the
frequency domain approach i.e. it enables one to work out the
spéctrum of the output signal or waveform from the product
of the input spectrum and the system’s frequency response,
H(Q)p. There is no simple relationship of this sort existing
in the time domain. It is also possible to work out how a
particular waveform is modified as it passes through a system.
First the spectrum of the input waveform must be worked out
by doing Fourier transformation. Multiplication of the input
spectrum by the frequency response of the system will give
the output spectrum. The output time function is obtained by
applying inverse Fourier transformation procedure to the
spectru@ of the output signal. This process is difficult and

lengthy but with the aid of a computer it can be done easily.

3.4.2 THE EQU_IVALENT TEST CIRCUIT
The equivalent circuit of the apparatus used in this
technique is shown in Fig. 3.2. The input signal is a-square-
wave with a repetitiog rate of about 25MHz and the
impedance of the line is 50 Ohms. From circuit theory, the
output voltage MJUQ) of the circuit is given by:
JwCRy

(W = Vi(u)")'b --- eg. 3.18
: - 1 + JwC(Ry + Rg)




nn

R.E
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Fig. 3.2 Equivalent circuit of Fourier technique'
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where
‘VJQO) = spectrum of the input signal,
R1 = load resistance of the detector used (50 Ohms),
Rs = source resistance (50 Ohms),

C éapacitancé of the sample holder.

The capacitance of the sample holder is given by:

A .
C = eo-(s’ - jJe’7) --- eq. 3.19
d .
where
12 . ‘ :
Eo= 8.854x10° F/m (electric constant),
A = area of the capacitor,
d = gap between the capacitor plates.

With an empty sample holder (air gap) C = Cq, and the
0utput'voltage‘ya(Qj) becomes:
JwCoR4

Vo (W) = () x ——— ~-- eq. 3.20a
N 1 + jwCoRy

(.UCOR1

T _
= V(W) x 2 3, €¥P(J- - JARCTAN(wCqR¢)
- [1 + w Co R' ] 2 2

Va (L)

exp(jOg)

where

Ry = R, + R,

With the sample inserted the output voltage Vd(UQ) is:
jwCoRy (e = je’™7)

V() = vt x — --- eq. 3.20b
1+ ijQR( (e - jE )

.' e+ Je”7
Multiplying the right hand side by ————— and rearranging:
e + Jje
3 wCoRy
Va (WY =|vitn | x 4
o b e’ 2 e’ 2 71/92
( .2 2) +( .2 . .2 +“JCOR')
€ + e 7 € + €
o’ ,2 , ,2
R + wCoRy (™ + ¢ )
O4 (W) = - - ARCTAN :

s

2 £
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‘The transfer ~function, H(()), for equations 3.20a and 3.20b

are given by:

l U)CoR1
Ha(w) ‘ = -
1+ wzcothzf/z
--- eq. 3.21a
14 Tr B
O,(W) = S ARCTAN (wC Ry )
Hg((O) | =
’ \211/%0
e Z
---"eq. 3.21b
.. L2 .2
. T . et wCoRi (e ™ + ¢ )
O4(W) = - - ARCTAN
2 e’

In Fig.3.3 the variations of the functions given in equations
3.21a and 3.21b with angular frequency are shown graphically.
Thus the plots for the ampiitude of the %réné}er'jun¢ﬁona
H(W) for air énd also for different values of ¢° (g”"=0.001)
are shown in Fig.3.3a.=The variation of the phase angle for
different values of ¢£° is given in Fig.3.3b.

Dividing\the two complex voitages shows that the ratio

of the amplitudes is:

Va (W) (1 + w?Co Ry?)

V(W) [( ) ( +wcoR,)2]l/Q

--- eq. 3.22a

and the phase angle difference gives: . -

’ rard

2
€ + wCoRt (€ + €

O4()) - ©a(()) = ARCTAN(WCoRy) - ARCTAN

.,

E

--- eq. 3.22b

The variation of the phase angle difference with the loss

factor, ¢°°, (g¢” = 10) is shown in Fig 3.4.
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Eguations 3;22a énd 3.22b can be rearranged to give the
formulae required to calculate the values of €” and €
Sometimes approximations are possible, for example, for a

good insulator (i.e. € << €7), we can make the

approximation:
2 2

s ’,

e << g

Therefore equations 3.22a and 3.22b become:

' [ 2
Ve (W) 1 + w CyR,
— | = ' --- eq. 3.23a
Va(W) | p 1 e’ 112
[--- + ( ==3 + WCoRy )
5 e’
e’ 2
O,(W) - Oa(W) = ARCTANWCgR, ) =ARCTAN -= + WCqRye ",
€
--- eq. 3.23b
From equation 3.23b:
, s P, X ~ /2
e " = £ TAN[ARCTANWCoR, ) - (6,(W) - O,W)] - CoRye’w

Substituting into equation 3.23a:

- - 1
A _{1 + TANZ[ARCTAN(wCOR,) - (6,(W) - Ga(w))]} /2
£  aa— !

__Vla(u)\-) ‘

If the thickness of the sample is not equal to the air gap:

‘ 1
Vg (W) Co{l + TAN2[ARCTAN(wCORt)‘ -(O4W) - Ga(w)]} 2

1 + (UCoRt)

’ v:

€ Ty T\ T,
J_Va(w“) C(;

1 + WCqRy)

--- eq. 3.24a

e " = é’TAN[ARCTAN(wcoR,) - (B4) - O,(W))] - C 'R, efw

--- eg. 3.24b
where:
,  goh
C0 = —
3’
and

d” = thickness of sample.
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3.5 SIGNIFICANCE OF THE DERIVED EQUATIONS
Equations 3.21 and 3.22 are the frequency transfer

functions for an,air gap and for materials having different

.5 e
Sy

values of ¢ and.e'uj ?%e éir gap (and hence the thickness
of sample) was taken to be 3#1641n. and the diameter of the
inner conductor of the sample holder was 6.204x1()"3 m.. The
graphs in Fig. 3.3a show that fhe circuit transmits high
frequency signalé and blocks the low frequency signals.

The transmitted signal experiences both a reduction in
magnitude and aAchange in phase angle (see Fig. 3.3b).
However at very high frequencies the signals are transmitted
with negligible modification to their amplitude and phase.
Every pair of values of &~ and €”° has its characteristic
transfer function and thus will modify the input waveform
differently i.e for a particular input waveform different
pairs of values of " and ¢°° will cause different
modifications and the output will have a distinct shape

”,

corresponding to the values of € and ¢’
The output waveform for different values of ¢” and e¢°°

can be'obtained by multiplying the frequency transfer .

function with the input spectra at the correspondihg

harmonic frequency (eq.3.20b). Then, by performing an

inverse Fourier transformation on the sum of the products at

each harmonic frequency, the output waveform can be obtained.

This waveform characteristically defines 6'_and e ’; by
comparing it with the experimental waveform, the values of
é’ and €°° for the material under study can be obtained
simultaneously. Thus by storing all the possible family of
waveforms for different pairs of values of € and €°~ in the

computer file, an operator just has to change the sample and
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the computgr will make the comparison and give out the
respective values of € and £€°° for each of the samples
inserted ‘in the test jig. Initially calibration is necessary
i.e the input waveform (e.g. Fig. 3.5) has to be measured and
analysed and the Eamily of waveforms for different values of
€’ and €° " have to be worked out for the particular input
waveform. Some typical output waveforms (corresponding to
the input waveform shown in Fig. 3.5) for different values
of €”” are shown in Fig. 3.6a for e =4 and in Fig. 3.6b for
5’510; a corresponding plot showing output wavéforms for
different values of €  (with €°°=0.001) is shown in Fig.3.6c.
The dielectric properties of a material vary with
frequency depending on the dominant conduction mechanism that
the material experiences due to the introduction of aﬁ electro-
magnetic field. Thus, for example, in materials that obey the

Universal law of dielectric response [3.9 - 3.14] the

variations of € and €°  with frequency obey the relations:

in which 0.7 < n <1

These relations can be included in the frequency transfer .
function and will accordingly modify the function to give
its characteristic output waveform. Thus, not only can the
dielectric constants at harmonic frequencies be obtained
in a single run, but also the exponent n in the Universal
law can be worked out simultaneously. Alternatively, a
‘dipolar material will show a different variation in the

transfer function and give different output waveforms.
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vThe suitability of the method for loss measurements
can be assessed by referring to Fig. 3.7 and 3.8. In Fig. 3.7
the theoretical output waveforms for different values of ¢~
are shown on an expanded scale of relativeAamplitude, taking
the‘fixed valﬁe of €’=4., From this, taking sample point 50,
the rélétive amplitudes were derived for different values of
é"; this plot is shown.in Fig. 3.8. The experimeptal
significance of-thig is tﬁat, in the range of €°° from 0.1
to about 0.02 (i.e a range représenting quite lossy
materials) the amplitude'difference can be measured fairly
easily using conventional instrumentation. However for
€°” < 0.02 (corresponding to materials which are becoming
much'more’insulating) the amplitude difference, which now
amounts to only a few tenth of a millivolt, is much more
difficult to measure precisely. This gives an indication
of the limitation of the techniqué. Further, equations 3.24a
and 3.24b were used to check that the equivalent circuit and
its mathematical representation were correct. A number of
well-known dielectrics were used in the measurements.and the
results have been compared with standard values. Thesé

results are shown in Chapter 5.
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- CHAPTER 4

EXPERIMENTAL FOURIER ANALYSIS TECHNIQUES SYSTEM

4.1 INTﬁODUCTION

The need for the calculation of the dielectric
parameters to be made in thelfrequency domain (eqg. 3.16)
requires the time domain signal to be transformed into its
frequency domain ‘equivalent. Thus the'main task in the
assembly of the Eouriér analysis method of dielectric
" measurement ié to build a data acquisition system to read
the data points for one period of the output signal into the
computer. The computer used is an 8-bit computer, therefore
all the interfacing was completed using 8-bit converters.
-When'data points (up to 256 points) are read into the
computer they can be analysed and the computer will perform
all the calculations giving out the final parameters
required. A sampling adapter (Bradley Type 158) has been
used in the data acqﬁisition system. This unit transforms
the‘high frequency signal into its low frequency
presentation. To enable the computer to read the data points,
the signals from the sampling aéapter were digitized using
an 8-bit analogue-to-digital converter. An 8-bit digital-to-
analogue converter, controlled by the computer, was used to
drive the external scanning voltage of the sampling adapter.
This effectively divided the time-axis into M equal
intervals (maximum 256) and synchronized the reading in of

the sample points into the computer.

4,2 THE COMPLETE SYSTEM

The block diagram for the complete assembly of the
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Fourier analysis technique of dielectric méasurement of
materials is shown in Fig. 4.1. All the connections used
were coaxial with 50 ohm impedance. The signal source is a
pulse generator which drives the test circuit at the
fundamental and harmonic frequencies. Fifty ohm attenuators
were used at both ends of the test circuit to ensure
impedance mqﬁching. The sample is placed in a gap in

the inner conductor of a coaxial sample-holder and the
experiment consists of measuring the distortion of the
output waveform caused by the introduction of the sample in
the holdér. This is achieved by passing the high frequency
waveform through the sampling adapter unit. The sampling
adapter is capable of reading signals up to 1GHz fairly
easily and with very careful tuning its range could be
extended to 1.2GHz . It transforms the high frequency signal
into a low frequency equivalent at less than 100kHz . This
unit has three operating modes, i.e automatic, manual and
external scanning modes; each of these can provide the
scanning volfage for the time-axis required to synchronize
the-display of all the waveforms. The signals from the
sampling adapter were digitized by an analogue-to-digital
converter and subsequently the computer read in data points
for one period of the output waveform. The signals were
stored in the computer file and can be processed and

analysed to give out the required dielectric parameters.

4,3 CHOICE OF INPUT WAVEFORM
The basis of the Fourier series is that a complex
periodic waveform may be analysed into a number of

harmonically related sinusoidal waves. Thus, apart from pure



Fig. 4.1 Block diagram of experimental assembly for

X-Y
Display
unit
Pulse Network Sampling
generator under test adapter
(Bradley
Type 158)
Analogue- Digital-to
to-digital -analogue
converter converter
PET
Computer
Result ccccmecmcesacas Data
print-out e ——— meeeaa storage

Fourier analysis technique.
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sinusoids, any waveform contains harmqnics and in principle
can be used as the inputlwaveform for this technique.
" However, a number of factors must be taken into.
consideration when choosing the most desirable input waveform.\
Firstly, as the impedance of the measuring circuit is 50 ohm,
it would be advantageous if the'éignal source had the same
impedance in order to avoid mismatéhing. Secondly, the
harmonic output of the input waveform varies with the shape
of the waveform, i.e some particular shape of waveform may
give higher harmonic output levels.than other shapes. The
choice would be for the one that would give the largest
harmonic output at high harmonic frequencies. Table 4.1
shows some simple shapes of waveform which either are
available ffom commercial equipment or can easily be made.
The Table shows that the rectangular shaped waveform would
give higher output hafmonic levels than any other shape
shown. The ranée of frequency coverage can be much more
easily controlled by changing the fundamental frequency of
the input waveform than by measuring the output at very high
harmonic frequencies. Thus, it will be advantageous if the
fundamental frequency of the input waveform can be varied
easily.

| The input waveform used in the present measurements is
obtéined from a pulse generator (Tektronik Type 2101) which
is capable of producing a pulse output with repetition
frequencies ranging from 25Hz to 25MHz , continuously
variable between the calibrated steps. The output voltage of

the unit is 10 volts and it has a characteristic impedance

of 50 ohm. This particular type of generator was chosen



46

s

- WJlojaAem $ndui J0  31dwex3 l-% 3)qe]
\_ ky-
H...+|._|£mlw.u|=_&,.~ -0} T>x >1- < ,w =0} |enem yjooy-mesg| €
Xug
41 \~\
Alxln
\/ \/ VxVo;xlumL..um bue!
Tipaoo‘mﬂ_laoo_ml-h ) 1 X ”_uc.: anem iejnbuels)| €
xu
et /\ 0>x>1- ¢ (x - JNL.M
|
1> x> v_-u_
H...+.M|5.ooom| ..,mlzwooulwnnx: . _ JMV x| C % = ()} §9108 o:_mooAD
T
% — . seles 0L_wA&
5 1 x>0 S |
1 £ 133 % > H_ =(X)}| eAem 9iBNbS | |
H-.o.ﬁ.xlnhm—-—ml .':—m xvlﬁxvﬁ . eVKVJI p xl A d
‘uoije4uasaidal  salas adeys aAem uoijenba  arem -ou




47
because it gave larger harmonic outputs than other
non-sinusoidal signal generators and also provided wide

frequency coverage.

4.4 SAMPLE-HOLDER DESIGN

The geometry of the coaxial linevleads to particularly
simple forms for the electric and magnetic fields, i.e for
the TEM mode the electric field is ;ntirely radial and the
magnefic field forms a series of concentric circles around
the inner conductor. A capacitive gap in the inner conductor
of the coaxial line can be used as a sample—holdér for
measurements at both‘radio and microwave frequencies..When a
sample is inﬁroduced into the sample-holder, the series
capacitance is given by Coe' where £* is the complex
relative perhittivity of the sample and Cqy is the series
capacitance of the empty sample~holder calculated from the
inner conductor‘and air gap dimensions.

The sample-holder, Fig. 4.2; used in this work was
constructed from brass. The diameter of the inner conductor
was 6.20mm. and the internal diameter of the outer conductor
was 14.29%9mm.. Theoreticaily this woula give a characteristic
impedance Very close to 50 ohm. The details of the construction
and performance of the sample-holder used in this work are

given in Ahmad’s thesis [4.3].

4,5 SAMPLING AND COM?UTING
The Fourier analysis technique for dielectric
measurements involves detecting small changes in the shape of
the output waveform. In the present measurements the

fundamental frequency of the input waveform is about 25MHz
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Signals of this frequency caﬁ be displayed on oscilloscopes
with bandwidths up fo 25MHz;. but the.displéy would not
represent the true output waveform as higher harmonics of
the wavéform would not be detected. by the oscilloscope. The
process of sampling the signal effectively expands the time-
axis of the output waveform, i.e sampling.the output | |
waveform transforms the high frequency signal from the high
to low frequency range, and the low frequency signal can
subsequently be displayed without loss of information. In
the present work, the Bradley sampling adapter Type 158 was
used for this purpose. This unit is capable of.displaying
signals with rise~times as fast as 0.5 nanoseconds and the
equivalent bandpass is frdm direct current to beyond 1GHz..
The output from this unit is a signal whose frequency
components range from d.c. fo about 100kHz , depending upon
the nature of the signal going into it. This output signal
can easily be displayed on an ordinary oscilloscope or
X-Y display unit. The signal gain of the adapter is
calibrated from X1 to X50, which gives an oyerall maximum
sensitivity of 10mV. per division. The signal input
impedance is 50 ohm and the maximum input‘and output signal
amplitudes are #2 volts.

The facilities provided by the sampling adapter were
fully utilized in the data acguisition system of the
assembly. The horizontal scan of the unit can be operated
either with automatic, manual or external operation. In the
auvtomatic mode the unit will scan automatically and the
number of sample points can be varied (between 100 to 1000)

by using the SAMPLES/SCAN control. The manual mode enables
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thé operator to contrél manually the horizontal scan of the
oscilloscope. Thus a display may be traced very slowly or,
if desired, the sweep may be stopped at any point on the
display. Usé of the external operation mode required an
external scanning voltage to be applied to the EXT. SCAN
sockets. In the present data acquisition'system, the
external operation mode was used in order to overcome the
synchronisation problem. An 8-bit digital-to-analogue
converter, controlled by the computer supplies the external
scanning voltage and an 8-bit analogue-to-digital con§erter
reads in the amplitude of the signal at various scanning
points. All the data points can then be stored to be
processed to give out the required parameters.

The time taken to read in one period of a waveform is
about one minute and with a computer that has a disk storage
faciiity this data can be stored into its file in less than
a minute. Thus the Fourier analysis technique can make
measurements at two minute intervals. The actual calculation
to produce the required parameters can either be completed
at a subsequent time or simultaneous operation can be
achieved by linking the computer to several others which
will make>£he required calculations and comparisons to
produce the required parameters. The advantages of this
system will enable it to be used , for example, on a
factory line to monitor the production output; another
area of potential application is in biological research
where measurements at very short time intervals are always

required.
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4.6 TEST OF DATA ACQUiSITiON SYSTEM

The data acquisition part of the assembly was tested
by using é known~pulse as an input. A rectangular pulse with
a pulse duration (7) of about one-fifth of the repetition period
T (i.e. 7/T = 1/5) was used; the pulse repetition frequency
was 2.5MHz . Tﬁe sample points were read into the computer
and were Fourier analysed to give out the amplitude and
phase spectra. These results are piotted in Fig. 4.3. The
theoretical amplitude and phase spectra for'a perfect
(infinite rise-time) pulse witﬁ 7/T = 1/5 are included in
Fig. 4.3 for comparison purposes. It can be seen that there
is a good fit and this proves that the system is working
very well. However the pulse used did not have the ideal
theoretical shape but had a rise time of about 5 nsec.;
furthermore the 7/T ratio was not exactly equal to 1/5.
Consequently this test could not check the accuracy of the
reading in of thé data points. Nevertheless, this test
proves that the data acquisition system is collecting data
correctly and that the computer programs used to calculate
the amplitude and phase spectra are correct. The complete
appraisal of the whole assembly used to measure the
dielectric properties of reference materials will be

presented in Chapter 5.
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CHAPTER 5
APPRAISAL OF THE FOURIER ANALYSIS TECHNIQUE

5;1 INTRODUCTION

Theoretically, the idea of obtaining a epectrum of
results at hafmonic.frequencies has been shown in Chapter 3
‘to be feasible. However, many practical problems have to be
overcome before a complete operating system can be built to
give fruely reliable results. The first problem was to
~determine whether the signal source could give out enough
power to drive the test circuit at. the required harmonic
frequencies. The harmonic amplitudes were measured quite
simply by using both a wave analyser and a spectrum analyser
and the input level was adjusted accordingly. Further, the
complete system in&olves a data acquisition section that
uses a computer and this requires interfaciﬁg the measuring
fig to the computer to enable it to read in all the data
points. Thus, the assembly of the complete system is a
tedious process; therefore the ?rinciple of the Fourier
analysis appreach was first tested in the frequency domain
using the wave analyser. Here pure magnesiem oxide (MgO)
single crystal was used as a standard reference sample. The
close agreement obtained between these experimental
. measurements and the accepted value justified the assembly
of the complete Fourier analysis equipment. The complete
system was also tested ueing two reference samples, namely
pure MgO and vitreosil (éure Si0,). The capabilities and
limitations of this technique are discussed together with the
factors which govern the accuracy attainable with the present

system. Some suggestions to improve the system are put forward.
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5.2 EARLY EXPERIMENT USING WAVE ANALYSER

The circuit diagram for this measurement is similar to
that of Fig. 3.2 but instead of doing the measurement in the
time domain, a wave analyser Qas used. The circuit was first
tested-using sinusoidal waves at various freéuencies ranging
from 1MHz  to about 300MHz . Square waves with repetition
frequency of about 2.5MHz  were then introduced.into the
circuit and the value of permittivity at frequencies up to
the 50th. harmonic was measured. Next, the repetition
frequency of tbe square wave was increased to 25MHz and
. similar measurements were carried out. However, as the upper
frequency limit of the wave analyser available was about
300MHz , only the first 12 harmonics could be measured.

In the calculation of the permittivity of the material
tested, equation 3.22a was used. However, the wave analyser
could only méasure the amplitude of the signal fed into the
circuit. As the material under study (pure MgO) was known to

be very nearly lossless, a further assumption was made i.e:
£ << CpR, --- eqg. 5.1

By using this assumption equation 3.22a can be reduced to:

€ = 29 : ! --- eq. 5.2
Va 2.2 2 Vd * V2
1+ wCeRI (1 - |—] )
Va ‘

The results from these early measurements are presented in
Fig. 5.1 and the close agreement with the expected values
shows that all the parts of the system except the data

acquisition section work well.
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5.3 RESULTS ON PURE MgO AND VITREOSIL

The close agreement.between the measurements on pure MgO
obtained by the early experiments using the wave analyser and
the accepted values justified the assembiy of the complete
Eourier analysis system to measure the dielectric properties
of materials. The block diagrams and detailed descriptions
of each component of the system have been presented and
discussed in Chapter 4. However, here the complete system was
tested.using two reference samples, namely pure MgO and
vitreosil. Both samples were in the form of circular discs
about 0.3mm. thick. It was observed that by evaporating gold
electrodes on both sides of the sample, the results of the
measurements give a better agreement with the standard value
for the material under study.

The ouﬁput’@aveform for an empty (air) sample-holder
together with those for pure MgO and vitreosil are shown in
Fig. 5.2. All the three output waveforms were Fourier
analysed by the computer to give out the amplitude and phase
values at each harmonic frequency. These values. were then
used (by the computer) to calculate the dielectric
properties of pure MgO and vitreosil. Tﬂe results of the
final calculations are presented in Fig. 5.3, for the
variation of ¢ with frequency and in Fig. 5.4 for the
variation of ¢°° with frequency. The accuracy of the
results was *0.5 and the n value deduced from the gradient
of the log-log plot of ¢° against frequency (for vitreosil)
was 1.009+% 0.01. The permittivity over this frequency range
measured by the Fourier technique was 3.78 and this value is
in very good agreement with ‘the reported value of 3.84. The

value of dielectric loss was 0.005% 0.005. For the other
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g
material, pure MgO, the permittivity was found to be
€ = 9.55%0.5 and the value of the dielectric loss was
0.007 £ 0.005. The gradient n of the log-log plot was

0.98 320.01 and all these values are in complete agreement

‘with the preViously reported data.

5.4 DISCUSSION AND CONCLUSION

The appraisal of this technique was carried out by
‘transforming the time domain output signal intp its
equivalent frequency domain representation. This process
was carried out by using a Fourier analysis method. Here the
transformation was made as a means of checking the results
at each.harmonicvfrequency although fhe required information
was in fact available in the ouﬁput waveform. This process is
.not necessary once the validity of the technique has been
established. Since all the information is contained in the
output waveform it is therefore possible to obtain the
parameters required just by comparing the output waveform
with that of standard calculated waveforms corresponding to
different sets of parameters. Thus the computer can be made
" to calculate all the output waveforms for different sets of
values of €°, €°” and n and store these data points in its
file. The dielectric parameters of a material can then
simply be determined by comparing the output waveform, when
the‘sample is inserted in‘the sample-holder, with the stored
waveforms in the coméuter. The process of comparing the
measured output waveform with the calculated one can be
performed by the computer as well. Therefore the computer
can be programmed to make all the calculations and

comparisons and would give out the final parameters i.e €7,
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¢”” and the gradient of the log-log plot of either &€” or €°°
with frequency. Thqs, once the techniéue has been fully
established; measureﬁent of:thé dielectric prbperties of
materials cén be made with ease.

The accuracy of the measurement of ¢’/ for highly
insulating material (i.e €7 < 0.01) can be further improved.
From the plot in Fig, 3.8 it can be seen that to measure &'’
in the region of 10—3 the data acquisition system must be
able to read voltage or current differences of less than
107* volts/or émps.. The present assembly is an 8-bit system
i.e the analogue-to-digital system can only read in 256 data
péints and it is calibrated to read in the range of *2 volts.
However the sigﬁal can be amplified X50 by the sampling
adapter. Therefore, the accuracy attainable by the present
8-bit system corresponds to 3 x10~* volts. A 10-bit data
acquisition system (1024 data points) would be able to
measufe to‘an accuracy of about 7 X 10_5 volts; this would
enhance the accuracy of €’ measurements. To build a 10-bit or
12-bit data acquisition system would need a much more
complex interfacing'techniQUe when using an 8-bit computer.
Despite this, the system could thus be further improved and
the major limitation will then become the stability of the
sampling systemn.

It has been shown that the Fourier analysis technique
enables meésurements of the dielectric properties of
materials to be made with ease. In addition it can provide a
closed-loop system which would allow a continuous assessment

of the dielectric properties of materials to be made. The

method could be extended on the one hand to permit loss
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measurements to be‘made on nearly lossless materials (an
area which is difficult when using conventional techniques)
and on the other hand to study lossy matefials because with

these the distortion of the waveform will become greater and

therefore amenable to analysis.
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CHAPTER 6
THE- CRITERIA FOR AND APPRAISAL OF THE CAVITY PERTURBATION METHOD

6.1 INTRQEUCTION

The detailed derivation of the perturbation formula
which gives the frequency shift has been discussed by
Waldron [6.1] and others [6.2, 6.3]. By taking the frequency
shift to be complex, the real part as well as the imaginary
part of the dielectric parameters of the sample under study
can be measured. The exact field equations can be obtained
for cavities of simple shape. However if the shape of the
sample is not ellipsoidal, approximations have to be made.
The theoretical relationship between the frequency shifts and
the properties of the material is accurate and exact.
However to make full use of this inherent accuracy iﬁ
measurements on é material, it is necessary to choose the
size and shape (geometry) of the sample very carefully.
Thus the purpoSe of this Chapter is to present a detailed
consideration of how the accuracy inherent in perturbation

formulae may be fully utilized in practice.

6.2 THE PERTURBATION FORMULAE AND THE CRITERIA
In the unperturbed state (empty cavity) Maxwell’s
equations are in the form:
VXH, = wye4E,
--- eq. 6.1
V XEy = wy€4Hy
where
e, = € - j&’, M= By - ju1~ , wi=w + jwyg’

and, on the introduction of the small sample (characterised

by &, and u,) into the cavity, the fields and the resonant
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frequency are modified so that:
V XHy = wyeE,

V X E2

vAssuming that for the empty cavity, & =1, u,=1 and

---- eq. 6.2

WoEyxHy

that the walls of the cavity are perfectly conducting, it

can be shown [6.1] that:

wp = wy ~(ep = 1) | E4eEp@V = (Hp = 1) Jy Hye HpdV

1 fy, (E1# B2 + HyeHp)av

--- eq. 6.3

w,= w, + jw,

<
®
]

volume of the sample
Ve, = volume of the cavity.

The real and imaginary parts of the dielectric
constant and the permeability are quantities measureable in
terms of the reél and imaginary pérts of the frequency shift, |
the imaginary part of the frequency shift being related to
the éavity Q.

The field E in the empty cavity is presumed to be
known and only the perturbed field E, in the sample volume
V¢ remains as an unknown which can be determined with
knowledge of the sample’s geometry and of E;. If the sample
is such that its surface is everywhere tangential to the
(unperturbed) electric field lines in the cavity, tﬁen the
electric field must be continuous across the boundary. It
follows [6.3] from this that , very nearly:

E, = E ——- eq. 6.4
Thus for a rectangular or cubical cavity with the sample

‘having the geometrical shape of a rod, placed as shown in
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Fig. 6.1, the perturbation formulae can be worked out [6.4]

and result in the expressions:

VAN 2(e” = 1)y
I Ve
and - . ---.eq. 6.5
4e” 7 Vg
IR
where

Af = frequency shift

fo= resonant frequency’of_the unperturbed cavity.

In thé literature, the criteria for the derivation of
the perturbation formulae state that the radio-frequency in
the cavity with and without the sample are approximately
equal.'Furthermore, the criteria require the changes in the
stored energy'in the cavity, upon introduction of the sample,
to be small. These criteria are very stringent and usually
"violated to some extent in expériments. Spencer et. al.
[6.2] showed a weaker but sufficient criterion for all
commonly encountered Q-values. This criterion only requires
the changes in the overall geometrical ;onfiguration of the
radio frequency field be small upon introduction of the
sample, i.e the energy stored in the sample should be a
small fraction of the total energy stored in the cavity in
the perturbed condition. Experimentally, this means that
providing measurements are made with small samples only the
percentagevchange‘in the real part of the frequency need be
small, i.e:

422.<< 1

w

The range of values of Aw for which the critera for
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the validity of the perturbation formulae‘afe satisfied,
h;ve to be determined for a particular sample shape used.
Here, a circular silica rod and two reference samples
(maghesium_oxide single crystal and vitreosil) in the form
of rectangular rods have been used. By varying the length of
the ci;cular silica rod introduced into the cavity and
measuring the ffequency shift, the necessary experimental
conditions for satisfying the criteria can then be
determined. The two reference sa$p1es were then used to

check the validity of eq. 6.5.

6.3 DETAILS OF MEASUREMENT TECHNIQUES

Fig. 6.1 shows the cavity and the sample arrangement
for the measurement of dielectric properties at 9.4GHz . It
is importanf that the sample can be inserted and removed
ffom the cavity without significantly changing the Q of the
unperturbed cavity. The cavity may be taken apart, the
sample inserted and the cavity reassembled. This is
acceptable provided that the repeafed reassembly does not
significantly alter the Q of the unperturbed caQity. Also,
if the cavity is to be dismantled there must be no microwave
current flowing in the wall across the mechanical joints
otherwise the Q value obtained for the unperturbed cavity
could not be regained. To overcome this problem the sample
is inserted through a suitably placed hole. An ordinary
silica rod was observed to shift the resonant frequency of
the cavity and lowered the Q of the cavity quite
significantly. However, a very thin Lindemann glass rod
(of the type used in X-ray powder diffraction) when

fully inserted into the empty cavity gives a frequency shift
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of about 1MHz. and the Q of the cavity remained unchanged.
Care has also to be taken in mounting the specimen. For
example, it Was found that the glue (Durofix) used previously
by some other workers to étick the sample onto the gléss rod
was very lossy j;also the amount used had to be quite large.
Here, as an alternative, vacuum grease has been used because
it was discovered that only a thin layer was required and
that it was virtually iossless. A micrometer is used to
lower the glass rod into the cavity. This ensures that the
sample under study ié placed at the same position in the
cavity. iny after eliminating all other factors can the
chaﬁges when the sample is inserted be safely assumed to be
caused by the sample alone.

Fig. 6.2 shows the block diagrah of the experimental
arrangement used in the cavity perturbation method. The
power supply for the reflex klystron has its own ﬁodulation,
therefore an external ramp generator is not required.
However a dual trace oscilloscope (D66) with automatic
synchronisation had to be used to obtain a stable display of
both traces (incident and reflectéd). The arrangement
consisted of the following components:

1) power supply with internal modulation unit,
2) reflex'klystron,

3) attenuator,

4) isolator,

5) directional coupler (incident power),

6) directionalncoupler (reflected power),

7) cavity

8) attenuator
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9) wavemeter,
10) crystal deﬁector,
11) attenuator,
12) crystal detector,

13) dual trace oscilloscope.
6.4 APPRAISAL OF .THE METHOD

6.4.1 MEASUREMENTS OE THE FREQUENCY SHIFT USING

DIFFERENT LENGTHS QF SILICA ROD

An ordinary silica rod, -about 0.5mm. in diameter and
about 3cm. in length was mounted on the end of the
‘micrometer. By turning the micrometer the silica rod could be
introduced by known distances into the cavity. The resonant
frequency and the Q of the cavity were determined for each
insertion length. Fig. 6.3 shows the plot of the length of
the rod inside the cavity against the resonant frequency.
Initially the Q of the cavity decreased significantly when
the rod was just introduced into the cavity; further
increase in length of the rod inside the cavity produced
only a small further reduction in Q-value. However, it can
bé seen from the plot in Fig. 6.3, that the resonant frequency
is directly proportional to the 1eng£h of the rod inside the
cavity; as the length of the rod is proportional to its
volume, the frequency shift is therefore directly
proportional to the volume of.the rod inside the cavity.

This observation is consistent with equation 6.5, i.e
when € ~ is constant for the whole length of the silica rod,
the frequency shift,Z&f, is proportional to the volume of

the sample, V3. It was observed also that even when the
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frequgncy_shift,éﬁf was about 40MHz , equation 6.5 still

held. Therefore it can be concluded hére that the
perturbation formulae, or effectively equation 6.5, will

- hold (for a circular rod sample) if the frequency shift, A\f,
is less than 40MHz '. However, as a further check that equation

6.5 would give the correct dielectric parameters, two series

of measurements were made with standard reference samples.

" 6.4.2 MEASUREMENTS WITH STANDARD SAMPLES

‘Two'types of sample have-beeﬁ used, namely pure
magnesium oxide single crystdl (MgO) and vitreosil (SiOj)..
The samples were in the form of rectangular rods (since
circular'fod samples were not easy to -produce) and in the
case of the pure MgO a number of samples with different
dimensions were used. The hole that allows the sample to be
inserted into the cavity is §n1y about 2mm. in diameter,
therefore the width of the samples is about lmm. and the
thickness of the samples varies from about 0.3mm. to about
0.6mm.. By varying the length of the sample , it was observed
that samples having lengths of less than 5mm. (corresponding
to a sample volume of less than.2x10_9m3) gave results
consistent with the reported valué. This is shown by Fig.6.4
in which the cavity resonant frequency is plotted as a
function of sample volume. The limits below which reliable
measuréments may be made is shown by the vertical dotted
line. Comparing the plots in Fig. 6.3 (for a circular rod) and
Fig. 6.4 (for a regtangular rod) it is obvious that the sample

size that can be used without violating the criteria is very

limited in the case of a rectangular rod. Measurements on
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vitreosil producea results which were very consistent with
thé reéorted values, i.e the measured values for ¢ = 3.759
and that of £”" = 5.2 x10~*, and the reported values are

e’ =3.84 and e~ < 107 %,

6.5 DISCUSSION

The frequency shift formula (eq. 6.3) is valid to‘a
high degree of accuracy. HoweVer, the high accuracy of the
formula will only be realised if the specimen shape
(geometry) is suitably chosen and if the specimen is
correctly placed in the cavity. The sample must be placed in
a position of zero magnetic field for the measurement of the
dielectric properties of the material (or similarlylof zZero
electric field for permeability measurement). It has been
shown that, for a sample in the shape of a rod (circular)
'placed in the cavity so that its length is parallel to the
electric field, equation 6.5 will hold even for a frequency
shift of about 40MHz but will not if the rod is of
rectangular shape. Also, from the measurements on vitreosil,
it was found that the accuracy attainable with the carefully
assembled cavity perturbation method was about *2% of the

the reported values.
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CHAPTER 7

PREPARATION AND GENERAL PROPERTIES OF REACTION BONDED

SILICON NITRIDE (RBSN)

7.1 INTRODUCTION
Research and extensive study on Silicon Nitride (SigN,)
was initiated in the early 1960s at the Admiralty Materials
Laboratory in England. The interest in the ceramic is due to
its many gobd properties which make SizN4 an important
téchnolbgical material. Thermal shock resistance and small
high temperature creep, erosion and corrosion resistance
make SigzNg4 attfactive for such components of gas turbine
engines as rotors, stators, heat exchangers and combustion
chambers. It is replacing metal aé an engineering material
in high temperature applications; it has been successfully
used at.temperatures up to 1870°C in neutral and reducing
atmospheres [7.1]. These properties, and the ability to
manufacture to close dimensional tolerances without the use
of expensive grinding techniques, make it suitable as an
engineering ceramic that mighf be capable of replacing
alumina as a structural material in applications for which
intricate‘shaping and/or superior thermal sﬁock resistance
is required. Tts low density (2.3 - 2.6 g/cm®) makes it
useful in applications where the limitation of weight is
important; a promising material for rocket nozzles. SizNg4
thin films are used extensively for passivation in the semi-
conductor industry because-of their chemical stability
(inertness) and high resistance to diffusion of impurities;
its high electrical resistivity (about 7x1013 ohm cm) makes

the material a good insulator (Tand about 0.001 - 0.01). Infact
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the use of RBSN céramic as a dielectric has arisen because
of its potential use in radomes [7.4], an application which
demands a material easy to fabricate to close dimensional
tolerances, with good thermal shock resistance and acceptable
dielectric properties (transparent to microwave radiation).

Much of the reéearch on the material (RBSN) was done
to explain the reaction mechanisms during the nitridation
process and to establish the reaction kinetics [7.6 - 7.10].
Some aspects of-the reactions are becoming generally accepted
but because of the complexity of the system, particularly
when conéidéring the role of impurities in both the silicon
compact and the nitriding atmosphere, full details of all
the reactions are still lacking. Electrical measurements on
the material (fully—nitrided)Ahad been published [7.12 - 7.13]
and some measurements on a certain range of partially nitrided
RBSN have been .carried out in this group {7.14], i.e from
fully- nitrided RBSN (about 65% weight gain) to partia11y¥
nitrided RBSN with a weight gain of around 40%. Further
méasurements on the wﬁole range of weight gain of RBSN have
vnow been made using the newly developed Fourier method
described in earlier Chapters and an improved cavity
perturbation technique. It is generally accepted that poor
dielectric properties are associated with incomplete
nitridation and it is well known that the electrical
properties of silicon are very sensitive to very small amounts
of cation impurities. It is the aim of the second part of the
thesis to study the role of both the unreacted silicon and
other impurities in determining the dielectric properties of

fully and partially nitrided RBSN.
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7.2 MATERIAL PREPARATION

Crystalline SigN, exists in two hexagonal forms
designated the a and B phases. There are three main methods
of preparation, depending on the required usage, namely
Chemical Vapour Deposition (CVD), Hot Pressing (HPSN) and
Reaction Bonding (RBSN). The CVD method prcduces thin films
suitable for use.in the semi-conductor industry while HPSN and
RBSN are bulk ceramics for engineering applications. Early
dielectric studies on CVD-Silicon Nitride [7.15]; HPSN [7.16]
and RBSN‘[7.12 -7.14] show significant variations in
dielectric properties with different methods of material
preparation. To help in explaining the differences in all
the measured properties, a briéf description of the material

preparation is necessary.

7.2.1 CHEMICAL VAPOUR DEPOSITION (CVD)—Si3N4
The CVD method is' one of the most useful techniques
for preparing SigN4 thin-films, with high density and purity
~at relatively low temperatures (about 750°C) for use as
diffusion masks or as insulators in the fabrication of semi-
conductor aevices. In general (SiH4 + NH; ) and (SiCl, + NHg)
reactions are freéuently employed for the preparatioh of

thin SigN, films. X-ray diffraction patterns indicate that

all the films are of @-SizN, type.

7.2.2 HOT PRESSED SILICON NITRIDE (HPSN)

HPSN is produced by hot-pressing (at 1700°C) Silicon
Nitride powder in a graphite die at pressures between 150 -
300 MNm~?. Silicon Nitride powders are usually produced by
heating fine silicon powder in dry nitrogen at about 1400°C.

and this produces mainly o phase powder. However HPSN




mainly contains the (3 structure, the o to (3 conversion having
taken place during hot-pressing at 17QO°C. HPSN ceramics
usually are more dense and much less porous than RBSN
ceramics and generally have greater strength. The main
drawback is that the material has to be machined to produce
intricate shaped objects and it has been reported [7.17]

that the strength of HPSN is very temperature dependent.

7.2.3 REACTION BONDED SILICON NITRIDE (RBSN)
The fabrication of RBSN usually involves three stages,
i.e :

1) production of a silicon powder compact. The particle
size and distribution, and the compaction operation (using
4préssures of about 200 MNm_z) each effect the final product.

2) Argon-sintering, i.e the compacts are heated to about
1200°C in an argon atmosphere to gain sufficient strength to
withstand the machining stresses. It has been reported [7.18]
fhat this pfocess helps in removing the oxide layer on the
silicon compact. The silicon powder compact might also be
formed directly into the component shape by slib—casting,
injection moulding or die casting.

3) Nitriding, i.e the already shaped compact is heated in
nitrogen at temperatures between 1250°C and 1450°C during
which tﬁe final ceramic is formed. The nitriding process
generally has two stages; namely heating the compact (in a
nitrogen atmosphere) at temperatures below 1350°C for a few
hours to nitride the surface in order to avoid melting the
entire compéct (silicon melts at around 1410°C) and finally
raising the nitriding temperature higher than the melting

point of silicon to complete the nitridation of the inner
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. layer of the compact. The amount of siiicon nitrided in the
first stage depends on thé impdrities present e.g about 10%
if aluminium impurities are present and about 40% if iron
impufities are present [7.19]. One very important property
of RBSN that makes it a very-promising engineering material
is that the dimensions of the compact remain unchanged
(only about 1% increase) during nitridation although there
is an increase of about 22% in the solid volume. Both the &
and 6 phases are present in RBSN; the ratio of a43 depends

on the nitriding conditions.

7.3 REACTION MECHANISMS OF RBSN

The choice of possible mechanisms for reaction bonding
is severely restricted by the well known fact that no change
in overall dimensions occurs during the process though the
volume of the solid material increases by about 22%. From
sintering theory it is known that the only w;y to transport
materials when a powder compact is heated, without changing
the bulk dimensions, is by surface diffusion and evaporation-
éondensation; Howe§er, despite extensive study of the
reaction between solid silicon and nitrogen, the mechanisms
of the formation of RBSN are still not fully understood.
Microstructural and thermogravimetric studies of the material
have been made by many workers [7.20 - 7.22] and it has been
found that the reaction kinetics for the silicon nitridation
experiments are extremely difficult to control, even in high
‘quality labératory conditions. It has also been reported
that nominally identical nitriding of nominally identical
siiicon compacts can result in differing degrees of silicon

to silicon nitride conversion [7.23]. These differences in
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nitriding kinetics are believed to be attributable to the

' many cation impurities such as iron, titanium, aluminium,
etc. present iﬁ thé silicon compact and alsoc the impurities
such as oxygen, water vapour and hydrogen in the nitriding
aémosphere. It is not intended here to answer all questions
but.to outline éome aspects of the reactians that have been
generally accepted and Qould help to explain the dielectric
results of the materials studied.

The first stage of nitridation involves heating the
compact at a temperature below 1350°C in a nitrogen
atmoéphere for a few hours. The silicon nitride formed is
generally cx—phaée andla detailed mechanism has been proposed
by Atkinson et. al. [7.24] who suggested a sequence of
events schematically illustrated in Fig. 7.1. The formation
of the «a -matte at the surface of the compact is from the
vapour state. An inverse correlation has been made [7.10]
between the nitrogen flow rate and the percentage of the « -
matte in the final product; a low percentage of the « -matte
can be interpreted as a result of a gaseous intermediate
being swept away by the flowing ﬁitrogen and a high percentage
as a result of the gas continuing to react in stagnant
nitrogen.

It has been observed [7.7] that no reaction takes
place at thé nitride-silicon interface. Therefore, when all
the silicon surfaces are covered, the reaction must continue
by outward transport of silicon through the product layer or
by inward migration of nitrogen through the nitride layer.

In the case of migration of nitrogen, the reaction takes

place at the inner surface of the nitride layer; in the
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pores which are formed as a result of outward transport of
silicon. In this second stage of nitridation both « and f
phases are'preseﬂt and both usﬁally have needle-like
morphology.

The mechanisms for the formation of needles were
first suggested by Gribkov et. al. [7.26] and these are
“illustrated in Fig. 7.2. It was proposed that the only way
the needle can grow is by vapdur—liquid-solid (VLS) mechanisms
and @he beads at the termini of some needles often contain
impurities which can lower the‘melting point of silicén.
Mahy needles, however, have no beads attached to their ends
.but are attached to larger grains. The same formation
mechanisms could take place if a pool of liquid were to form
on the surface of a large silicon grain and serve as the
liquid in-the VLS mechanism. This is illustrated in Fig. 7.3.
The formation of (3 needles is illustrated in Fig. 7.4; the (-
structure has hexagonal tunnels (1.58) [7.10, 7.27] running
in the ¢ direction which will allow the nitrogen through to
the reaction site.

Thé impurities present in the silicon compact and in
thé nitriding atmophere play important roles in the
" nitridation process. The roles of iron impurities, resulting
from the machining process, have been studied by many
workers [7.8, 7.19, 7.27, 7.28]. Iron appearg to serve two
important functions: |

1) devitrification of the silicon surface, i.e to
initiate and maintain the open channels (pores) alloWing
access between the nitrogen and silicon.

2) it lowers the melting temperature of silicon by forming
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Fe-Si liquid phése at a temperature (1208°C) which is lower
‘than the melting point of silicon (1410°C). The liquid phase
A causes formation of needle-morphology by the VLS mechanism.
Messier.and Wong [7.11] observed the catalytic acceleration
- of the nitridation reaction by the addition of Fe and
attributed this to to the formation of Fe-Si melt.
Mitomo [7.19j reported that aluminium impurities enhance the
formation of B phase while Mukerji and Biswas [7.27] found
that titanium forms an interstitial comédund at 1400°C whose
composiﬁion varies from TiNj . to TiN,6 .

The reaction'mechanism for the nitridation of silicon
iélcomplex and it was not the intentation to present an
exhaustive survey.of the whole process. Two review papers by
Moulson‘[7.§] and Jenning [7.6] cover most aspects of the

reaction mechanisms.

7.4 THE RBSN SAMPLES STUDIED

The RBSN céramics studied in the present work were
supplied by AME Ltd. (Gatehead) and details of their
fabrication are described by Bushell [7.30]. The weight
gains of the samples used cover the whole range; i.e from
0% (totally unreacted silicon) to 64.5% (fully nitrided).
The theoritical maximum weight gain should be 66.5% but in
practice this cannot be achieved for two reasons; the
presence of small amounts of unreacted free éilicon due to
incomplete nitridation and secondly volatilization of silicon
during nitridation as observed by Messier and Wong [7.11].
Samples with different weiéht gains have varying percentages
of porosity and unreacted free silicon, and the phase

compositions for each sample may be calculated using the
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following equations [7.9]:

Cp =1 - .281p, - .148p,

®]
(7]
it

1.0720, - .643p,

n = -791(p, - py)

.0
[
n

where Cp, Cg; and Cg, are respectively the volume fractions
of porosity, silicon and Silicon nitride in a nitrided
compact, and pQ, is‘the density of the green compact while
FZ refers to the nitrided material. Values of the various
volume proportions for the samples studied are shown in

~ Table 7.1.

The samples were cut and polished according to the
réquirements of the techniques used. For the Fourier analysis
technique the samples are in the form of circular discs about
0.3mm thick and 7ﬁm in diameter. Samples for the cavity
perturbation method have two sizes depending on how the material
disturbs the Q-curve of the cavity. For insulating samples
(64.5% - 58% weight gain) the sample is in the form of a
.rectangular slice of dimensions approximately 0.3mm by 1.5mm
by 5mm and for lossy samples (weight gain less than 58%) the
dimensions are 0.3mm by 1.5mm by 3mm. Samples for the Fourier
analysis method have to bhe polished whereas this is not
necessary for the samples used in the cavity perturbation
method. |

For the structural and microstructural study two sets
of'samples were mainly used; namely those with weight gain of
44.44% and 6.5%. For the X-ray diffraction study the same
samples used in the cavity perturbation technique were used.

Samples studied using electron diffraction and Scanning
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Electron Microscope (SEM) techniques were etched either with
hydroflouric acid HF) or hot phosphoric acid (HgzPO4).

Fracture surfaces were also used for the SEM study.
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CHAPTER 8

EXAMINATION OF FULLY NITRIDED RBSN

8.1 INTRODUCTION

Fuliy nitrided RBSN is known to have good insulating
properties and can be measured by most dielectric measuring
techniques but partially nitrided RBSN has.varying values of
dielectric constant and loss tangent, and some techniques
féil to measure the dielectric properties because the
equivalent circuit assumed for the particular technique
becomes invaiid.vThe fact that RBSN changes its dielectric
properties with weight gain makes it a good material to test
- the newly developed Fourier technique. However documentation
of the dielectric pfoperties of partially nitrided RBSN is not
available. Although a number of publications [8.1 - 8.4] are
available for the dielectric properties of fully nitrided
silicon nitride, the values quoted vary from 4 to 12. It
was accepted that different methods of preparation of
silicon nitride Would produce samples with different values
of dielectric constant. The variations have always been
suggested to be due to the free (unreacted) silicon present
and the porosity of the sample. However, it is proposed here
that impurities make a significant contribution to the
dielectric properties of RBSN and must be considered in the
analysis of the dielectric study.

Two techniques are use for the dielectric measurements;
namely the Fourier analysis technique that covers the range
of frequencies from 25MHz, to about 1GHz and the cavity

perturbation technique, working at about 9.4GHz . The output
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waveform when the sample‘is inserted in the sample holder is
presented for the Fourier method and the dielectric
parameters are.obtained’by comparing the waveform with the
theoretically calculated waveforms stored in the computer.
The dielectric parameters are plotted against harmonic »
number (frequéncy) showing their variation with frequency;AP

the cavity perturbétion results give the values at 9.4GHz

and thus extend the range of measurements.

6.2 DIELECTRIC MEASUREMENTS

Fig.8.1 shows the output waveform when the fully
nitrided RBSN (64;5% weight gain) is inserted in the sample
holder (As described in detail in Chapter 3, the input
waveform was the standard square-wave signal at 25MHz ). The
output waveforms for vitreosil and pure MgO are also included
in FPig.8.1 to show the differences in the output waveforms
for these three materials. Fig.8.2 is a log-log plot of the
permittivity against harmonic number (frequency); obtained
by comparing the observed output waveform with the range of
theoretical waveforms stored in the computer. The theoretical
QaVeforms are obtained by taking different pairs of values
of € and ¢ " °. Here the conduction mechanism is known to be
hopping. The data point for the cavity perturbation method
is included to cover the fréquency range up to about 9.4GHz
The value of the permittivity measured by the Fourier analysis
technique is virtually frequency independent and has the
value 6.0 0.5 and that measured by the cavity perturbation
technique is 5.502% 0.05. Thé gradient of the log-log plot of
tﬁe permittivity against frequency is 0.97 ¥*0.03. In the

frequency range of 500MHz, to about 7GHz data points from




amplitude /volt

——p Relative

14

12

0-8

0-6

0-4

0-2

1-6

)

!

/]

P - ) (C)

/] (b)

()

= © [a)

N

D
4)
(y
Q

i I ] 1 ]

Fig. 8.1

b) 64.5%

80 120 160 200 240
- Time (arbitrary unit )

Output waveforms for: a) Vitreosil ( O),

weight gain RBSN ( ¢ ) and c) pure MgO (0O)



br
er
T 2 lk———- Fourier analysis vmefhod -—>| Cavity perturbation
: E method
[
o— | - |
Bt | |
= | !
6F o —— —e— ——o ¢ - ——— — — ____
- - —8— — -
L
2L Ref- 8-5
1 | L1 1 1111 | I N I N 1 1 1 1.1
2 4 6 8 2 ‘ A 6 8 2 L 6
108 109 1010

 —— W/ rad/sec.

Fig. 8.2 Variation of permittivity with angular frequency

for fully nitrided (64.5% weight gain) RBSN:



85
measurements made by-Ahmad [8.5] are included as a comparison
andvto cover the whole range of frequencies from 25MHz. to
9GHz. . Although the range of frequency covered in the
Fourier énalysis technique is not the same as that of the
short circuit and resonant circuit method used by Ahmad, the
smallldifferences in fhe regults are within experimental
Aerror; the fact that the n value for the material studied is
close to unity makes the variation of the dielectric
broperties with freéuency.very small. Thus the present data
and the previous work done by Ahmad make a fair comparison.
| Fig.8.3 shows the log-log plot of the loss factor, ¢ 7,
of 64.5%'weight gain RBSN against harmonic number (frequency).
The valqe of the loss factor measﬁred‘by the Fourier method
is 0.015* 0.005 and that meaéured by the cavity perturbation
method is 0.01 20.001. These values agree with that of Ahmad.
The data given in Fig.8.1, 8.2 and 8.3 all refer to
the bulk 64.5% weight gain RBSN sample. However the sample
is known to contain voids and some free (unreacted) silicon
(see Table 7;1) and is also likely to contain other
impurities originating from the starting (Si) poWder._
Corrections for all these items are necesséry if one wishes
to obtain a meaningful value of permittivity for pure RBSN
suitable for example, for comparison with the thin film (CVD)
optical measurement data. These correction methods are

considered below.

8.3 ANALYSIS OF BULK CERAMIC PERMITTIVITY RESULTS
The RBSN sample studied has a total porosity of
approximately 20% (Table 7.1), and there is a fine dispersion

of unnitrided material distributed throughout the ceramic.



10~

T TTT

1

’G———Fourier analysis method ———’i Cavity  perturbation
method

I

l

I

|
" —

Ref. 8.5

10-

10

’r — u)/rad/sec.
Fig. 8.3 Variation of £ with angular frequency

for fully nitrided (64.5% weight gain) RBSN



86

The unnitrided material is ﬁsually referred to as “silicon’
but may , at least in part, comprise alloys of silicon with
iron and, possibly, other cation impurities associated with
the starting silicon powder. Thus the measured parameters
are values for the heterogeneous (multi-phase) material.

To obtain the true value of permittivity for silicon nitride
alohe, the contribution from other phases must be deducted
from the measured value. Walton [8.1] in his permittivity
measurements of RBSN only took into account the effect of
porosity present in various samples and éalculated his data

using the formula:
€= g . --- eq. 8.1

where €o is the permittivity of the 100% (without pores)
dense material and p is the volume fraction of pores.
Waltons ﬁeasured values; i.e ¢ = 5.50 and Tand = 0.002 for
samples with porosity around 20%, agree with the present
measurements. To repeat the same calculations is
insufficient here, because it is thought that taking only
porosity into account in treating the results is not enough.
“The contribution of the so-called ‘silicon’ must be
considered here.

The starting point of this treatment is to assume that
the RBSN sample studied is a multi-phase composite material,
comprising silicon nitride, voids, unreacted silicon and
other impurities (existing most probably as alloys with
silicon). Methods of treating composite dielectric materials
are given in a review paper on physical properties of
composite materials by Hale [8.7] who gives various formulae

to calculate the dielectric properties. For the purpose of
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treating the present results, one of the appropriate methods
is that given by Wiener. This has been chosén for its
simplity and because its upper and lower bqunds are the
extremes of all the other-formulae; i.e calculation using
other formulae will give results within the Wiener upper énd
lower bounds. The Wiener formulae for the permittivity of a
composite material are :

€, = &V + €V, + ...+ €V, + .. --- eq. 8.2

Vy/¢g, +.V2/e2 + veee + Vi/er + ...
‘where €, and €_ are fhe upper and lower bounds respectively.
€, and V, are the permittivity and volume proportion of each
phase. In this study r=1 is for silicon nitride, r=2 for
voids, r=3 for unnitrided silicon and r=4 for impurities

(silicon alloys).

8.3.1 ANALYSIS USING A THREE-PHASE MODEL

The volume proportions of the three phases (i.e silicon
nitride, voids, unnitrided silicon) in composite RBSN are
calculated using the forﬁulae quoted in Section 7.4.1 and
tabulated in Table 7.1. Using the tabulated volume proportion
for éach phase and assuming e€°=1 for voids and e =12 for thé
unnitrided silicon [8.8], the permittivity for silicon
nitride is given by

5.50 = £,x.783 + 1X.197 + 12x.02

from which, for silicon nitride,

€, = 6.466
Assuming €4 = 6.466 as the correct value for the permittivity
for silicon nitride, the lower bound of the Wiener formula

would gives for the composite e&_= 3.127.
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The accepted reference value for pure silicon nitride (i.e
thin film CVD material) obtained from optical measurements is
approximately‘equal to 4; using this value in the Wiener
formula would giVé €, = 3.569 and e. = 2.535. The two ranges
of values, i.e the measured values of €, = 5.50 and

€_= 3.127 and the calculated values of £, = 3.569 and

€. 2.535, oveflap but it is obvious that the measured

value is higher than the theoretical prédiction (assuming

a composite system of only three—phéses). However the
corrected value of &€; = 6.466 is much closer to the reference
value (about 4) than is the calculation by Walton which allowed
only for porosity and which give values in the region of

9 and 10.

8.4 CONCLUSIONS
The interest in RBSN as a candidate.for a radome

material was intermittent in the past because generally
the electrical properties of the material were considered
inadequate. Improvement in fabrication techniques of RBSN
has led many workers [8.1 - 8.3] to established the fact
that RBSN can be produced with.satisfactory dielectric
properties for high temperature radome applications.
Table 8.1 shows reported values of measured\permittivity
of silicon nitride. Some values for HPSN [8.9] and thin film
[8.10] silicon nitride are included to show that the
permittivity of the material depends greatly on the method of
preparation. Table 8.2 show some reported values of the loss
tangent.

' Ih‘the present study the measured value of 5.50 for

the permittivity of fully nitrided RBSN with 20% porosity,
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Frequency s Fabrication method Comments References
| GHz. € |
(8 -10) 4.5-5.6 reaction—bonded 35%-20% 8.1
porosity
9.34 5.65 hot?pressed 15 w/o MgO 1.3
added
4.85 slip-cast.
9.37 6.8 flamed-sprayed
8.3 hot-pressed 8.3
0.5-9.34 4.5 reaction-bonded

Table 8.1 Reported values of the permittivity of SiszN,.

Frequency Tand Fabrication method References
GHz.

9.34 1.6x1073 reaction-bonded 1.14

9.37 7x1073 hot-pressed 8.3

9.34 4.02x1073 hot-pressed 1.3

10 1x1072 reaction-bonded 8.2

8-10 7x1073 reaction-bonded 8.1

Table 8.2 Reported values of Tand of SigN,.
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agrees exactly with that of Walton [8.1] and Wells [8.2]
and also within experimental error with that of Ahmad [8.5].
The value'for loss tangent agrees with that of Walton and
Ahmad. This agreément shows that RBSN with nearly the same
density and percentage of porosity can have the same .
dieleétric properties although, on the contrary, variation
of the dielectric properties has also been reported [8.4].
The agreement here is thought to be co-incidental and the
variation is thought to be due to the contribution of
uncontrolled (unaccounted) impurities. However, there is at
present no data concerning the effect of unreacted “silicon’
(silicon, silicon-impurities) on the dielectric properties
of RBSN. Infact, no published work on this aspect of research
has been discovered and it is felt that the analysis in this
Chapter is the first attempt to include‘the effect of
impurities on the dielectric properties of RBSN. However a
detailed quantitative study would present difficulties but
the results of such a study would be of great importance to
optimize the nitridation process of RBSN and also to serve

as a quality control parameter.
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CHAPTER 9

EXAMINATION OF PARTIALLY NITRIDED RBSN

Partially nitrided RBSN samples are produced by varying

the firing schedule and tﬁe nitrogen partial pressure in the
furnace. Detéils.of the process have been fully described in
Bushell ‘s thesis [9.1]. The sampleé studied in‘this section
varied from 0% weight gain (pure silicon) to about 64.5%
weight gain.(élhost fully nitrided). Both the Fourier
analysis method and an improved cavity perturbation method
have been used in the dielectric measurements. In the cavity
pérturbation méthod, smaller sample sizes have to be used
for lossy material to obtain a measureable Q-curve on the
oscilloscope. Results for fully nitrided RBSN (Chapter 8)
are included where it is appropriate to show variations over
the whole range of weightAgain. Structural studies were made
using X-ray diffraction and Reflection High Energy Electron
Diffraction (RHEED). Microstructural studies were also
undertaken using the Scanning Electron Microscope (SEM)
coupled with its Energy Dispersive Analysis by X-ray (EDAX)
facility. The results from both studies are helpful in
exblaining the dielectric measurements of RBSN samples

having various degrees of nitridation.

9.1 RESULTS

’, ’,

9.1.1.1 FREQUENCY VARIATION OF € ~ AND €’

The results for the partially nitrided RBSN are

presented in almost the same format as for the fully nitrided

sample in Chapter 8. Five samples with different weight



" 92
gains have been investigated using the Fourier analysis
mefhod. For this method the size of all the samples’ was
kept the same, i.e. a circular disc with a diameter of about
7mm. and 3mm.. thick. Fig. 9.1 shows the output waveforms
when successive samples with different weight gains were
inserted in the sample holder. Similarly, the dielectric
parameters were obtained by comparing with the theoretical
waveforms stored in the computer. For the cavity perturbation
technique, eight samples with different weight gains have
been used. The -size of the sample for this technique cannot
be kept the same as saﬁples with low weight gain absorb much
of the microwave energy and thus cause extremely large
broadening of the absorption curve of the cavity. Sample
sizes have to be reduced so that a reasonable absorption
curve can be displayed on the oscilloscope and the Q-factor
of the cavity can be determined. Smaller samples mean the
uncertainty or errors in determining the volume of the sample
are higher and thus the measurements of the dielectric
parameters are less accurate as compared to the measurements
of the fully nitrided RBSN with bigger sample size.

Fig. 9.2 combines all the results and shows the log-log
plot of permittivity, €, against frequency for samples with
different weight gain. Fig. 9.3 shows the log-log plot of
the loss factor, €°7, against frequency for the same set of
samples. The gradients of all the'plots in Fig. 9.2 and
Fig. 9.3 are all about 0.97 * 0.03, similar to that of the
fully nitrided RBSN in Chapter 8. Thus it appears that a
hopping process is the dominant conducﬁion mechanism for the

whole range of partially and fully nitrided RBSN. There is,
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however, no pre§ious reference with which to compare the
dielectric properties results for the whole range of weight
"gain of RBSN. Ahmad [9.2] made méasurements on the partially
nitrided RBSN from about 63% to about 38% weight gain and

these results are used as a comparison with the present

measurements.

9.1.1.2 VARIATiON OF MEASURED PERMITTIVITY WITH
| WEIGHT GAIN

The variation of the measured permittivity with
freéuency is the same for all the weight gains. Therefore,
the variation of the measured permittivity with weight gain
at a particular frequency is the same at any other measured
frequency. The cavity perturbation method is chosen to show
this variation because it is more accurate and the samples
are much easier to prepare since they do not need to be
polished nor cut into circulér shapes. Eight samples with
weight gains ranging from 0% (pure silicon) to 64.5%V(a1most
fully nitrided RBSN) have been used to show this variation.
The values of the measured permittivity are presented in
- Fig. 9.4 which shows the plot of the measured permittivity
against weight gain.

The variation of the measured permittivity with weight
gain for RBSN goes tﬁrough a peak at about 22% weight gain.
The value of the permittivity'at the peak is about 15, higher
than that of pure silicon, which has a value of 12 [9.3].
The accuracy of the measurements on the lossy partially
nitrided RBSN is about *0.5 and the difference between the
peak and the value for the 0% (pure silicon) weight gain

sample is about 4.5; the peak is thus genuine. Ahmad’s
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results,-for sampleé with weight gain ranging from 63% to 38%
show the same tfend in this restrictéd range of weight gain
and have been .included in Fig. 9.4.

The presence of this peak is one of the most
interesting aspects of the'present study of RBSN. It does
not agree with the extrapolation made by Ahmad. The
implicatioh that the.value of the permittivity wéuld
increase continuously from that of the fully nitrided RBSN
to the higher'vélue for pure silicon, (due to the increasing
amount of unnitrided silicon) cannot be fully accepted. The
reasons for not accepting Ahmad “s previous explaination are
complex and will be given in the next sections. Infact the
rest of this Chapter will be devoted to establishing the
background for an explaination of the variation of the
measured permiﬁtivity'with weight gain, as shown in Fig. 9.4.
It will be seeﬁ‘that only a semi-quantitative treatment
could be undertaken because attempts to explain the variation
in detail would have required full-control of the material
preparation and monitoring all the constituents present in
the starting material and in the nitriding atmosphere,
factoré-which wére’beyond the ayailable range of feasibility
and control.

An empirical equation describing the curve shown in Fig.
9.4 has been obtained. A least square method of curve fitting
was used [9.5]. The variation was taken to be of the form:

y ; é + bx + cx? --- eqg. 9.1

Given this assumption, successive partial differentiation
with fespect_to the coefficiehts gave three equations in

each of which the co-ordinate values of the experimental
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points could be substituted in order to determine the bést—
fit values of the three coefficients, a, b and c
respectively. The values found were a = 10.767, b = 0.3058
and ¢ = -0.0061. Thérefore the resultant eéquation that
empirically describes the variation of permittivity of RBSN

with weight gain is :.

€ = 10.767 + 0.3058Wg - 0.0061Wg —-- eq. 9.2
where Wé is the percentage weight gain. It may be noted that
the ‘a’ value of 10.767 represents €  for pure silicon.
Further, if the same variation holds for higher weight gains
than were examined here, the g~ value fdr fully nitrided

material (i.e Wg = 66.5%) should be reduced to 4.0.

9.1.2.1 STRUCTURAL AND MICROSTRUCTURAL STUDIES OF RBSN

Crystalline silicon nitride exists in two forms referfed
to previously as « and 8. Both structures are hexagonal and
both have a basic building unit of the silicon-nitrogén
tetrahedron joined so that each nitrogen is shared by three
tetrahedra [9.6]. The lattice parameters, for the « -phase
are, a=7.755 ,c=5.616 , and for the B -phase are, a=7.606 ,
c=2.907 [9.7]. It is not the aim here to check these
parémeters but to try to identify and study the impurities
present in RBSN. Knowledge of the structure of the impurities
‘present in RBSN not only will help to explain the dielectric
measurement results but will also help to clarify the-
reaction mechanism during the nitridation process which
produces RBSN.

Three methods have been used to study the impurities
present in RBSN. The X-ray powder method has been used to

obtain the diffraction patterns of the bulk material, the RHEED
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technique examines the region close to the surface of the
ceramic and a SEM coupled with an EDAX facility has been used
to study the microstructure of etched surfaces and identify
the impurities present in the sample. Basically two different
samples were investigated; fﬁlly nitrided RBSN (64.5% or 63%

weight gain) and partially hitrided RBSN (44.44% or 35.6%

-

9.1.2.2 X-RAY DIFFRACTION

In the conventionalix—ray powder techniqﬁe, the
specimen is ground to a fine powder and mounted in such a
way that it éan be irradiated by a monochromatic X-ray beam.
However RBSN is polycrystalline material with a very small
grain size, i.e a small.piece of the sample is made up of a
very large number of small grains comprising of both phases
and including impurities and voids. Consequently, it is not
necessary to grind such a sample in order to make it
polycrystalline but it is simply adequate to prepare a rod-
like sample thin and small enough to minimise X-ray
absorptionf Moreover the thin Slice sample used in the cavity
perturbation technique can also be used for the X-ray
diffraction meaéurements. The sample is fixed at the end of
a glass (Lindermann) rod and mounted as in the normal X-ray
powder method. Details of the powder technique can be
obtained in many texts.

Two samples with weight gains of 64.5% and 44.44% were
investigated. Table 9.1 gives the measured d-spacings for a
sample with 44.44% weight gain and Table 9.2 gives those for
similar measurements from the 64.5% weight gain sample.

Analysis of the diffraction lines produced is very difficult
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Expt. results Si 0~SizN, B-SiszN, CaSi, FeSi,
Rf/em 1 da/R |a/R | a/R 1/1,| a/R 1/1, | d/R 1/1, | 4/R 1/1,
2.150 s 4.072 4.320 50

2.355 s 3.80 3.88 30

2.375 w 3.76 3.82 20

2.72 w 3.32 3.37 30

2.75 w 3.23 ‘ 3.31 85 [3.31 12

12.92 - vs 3.055 | 3.09 3.08 12

2.95 w 3.034 3.08% 12

3.175 m 2.83 2.89 85

3.45 s 2.604 2.599 75 | 2.668 100 |2.66 40

3.52 - s 2.53 2.547 100 2.55 28

3.6 s 2.492 2.492 100

3.65 ms 2.465 2.37 60
3.95 ms 2.28 2.32 60 |2.312 9

4.0 w 2.25 2.18 35

4.25 m 2.13 2.158 30 2.13 16

4.425 m 2.05 2.083 55 | 1.904 5

4.8  vs 1,893 | 1.893 1.892 5 [1.92 100 |1.89 30
4.85 w 1.88 1.884 8

4.95 m 1.843 1.827 20 1.84 100
5.125 w 1.782 1.806 12 |1.753 70 1.78 15

Table 9.1 Interplanar spacings (X-ray) for 44.44% weight gain RBSN

compared with ASTM data.

[s= strong, w= weak, m= medium, vs=very .

strong, ms= medium strong, d= interplanar spacing, I= intensity]
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Expt. results Si | a-Si,N, B-sigN, CaSi, FeSi,
R/em. 1 d/R |a/R |a/R 1/1,| /R 1/1,| a/R 1/1, | a/R 1/1,
2.15 m 4.147

2.18 s 4.32 50

2.34 m 3.797 3.88 30

2.4 s 3.82 20

2.42 w 3.673

2.7  m. 3.298 3.37 30

2.75 s 3.239 3.31 85 | 3.31 12

2.85 s 3.128 | 3.09 308 12

3.15 m. 2.837

3.25 s 2.76 2.89 85

3.3 w 2.711 2.823 5

3.425 s 2.616 2.668 100 | 2.66 40

3.5 s 2.561 2.599 75 | 2.55 28

3.575 s 2.500 2.547 100

3.65 s 2.459 2.49 100

3.725 m 2.412 2.37 63
3.95 w  2.279 2.312 9

4,025 s 2.238 2.32 60

4.1  w 2.199 2.283 8

4.275 w 2.113 2.244 5

4.325 w 2.09

4.45 m 2.034 p.1ss 30 [2.18 35 [2.13 16

4.5 s 2.012 b.083 55

4.75 s 1.912 1.92 100 |1.89 30
4.875 s 1.866 1.84 100

Table 9.2 Interplanar spacings (X-ray) for 64.

compared with ASTM data.

% weight gain RBSN
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édﬁsidering that so many components are present causing many
diffraction lines from one component to overlap with those
from another. The measured d-spacings have been compared
with the values given by the ASTM (American Society for
Testing Materials). index for the pure o« and (3 phases of
silicon nitride. In addition, pure silicon is also expected
to be present and its ASTM d—épacings are also included in
both the Tables. Examination of the two Tables shows that
these three materials account for most of the lines present
in the diffraction photographs. It should be noted that the
:elative intensity I/I, of each component can be misleading
_ méinly because the values given by the ASTM index are for
single crystals of each material. But when a sample
comprising‘several components is studied, for example'
RBSN, then the amount of each component presént in the
ceramic will determine the relative intensity of each line.
Returning to the extra lines not accounted for by the
presence of silicon and @ and (3 phases (see Table 9.1 and 9.2)
considerationlwés.given to other possible materials which
might be present. From the papers which discuss the reaction
mechanism, it is known that iron silicide is frequently
observed as an impurity in this type of material. In
addition, SEM studies (described below) show that calcium
compounds are present. Accordingly, ASTM data for the
silicides of iron and calcium have been considered and those
with the particular chemical composition of ﬁesiz and CaSi,
give the best fit to the extra lines. For this reason the
ASTM data for FeSi, and CaSi, are included in Table 9.1 and
‘9.2. Unfortunately each of the compounds has several lines

which overlap with either the pure silicon, or the a-SigN,
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or 3-Si3N4 and in addition the ASTM data for the -SigN,
does not include high O lines. Thus no further conclusive
identification could bé made from the X-ray diffraction study.

Comparing the relative intensities of pure silicon
diffraction lines produced by the partially and fully
nitrided RBSN, it is obvious that the amount of pure silicon
'in the fully nitrided sample is much less than in the
partially nitrided sample. This agrees with the variation
given in Table 7.1. Also, the 3-SigN, diffraction lines are
much more easily identifiable in the fully nitrided sample.
This is due to the fact that during the first stage of
nitridation (that produces lower weight gain samples) the
a—Si3N; is mainly formed. However, fully nitrided RBSN has
about 15% (3-phase. The conclusiqn that FeSi, is tentatively
identified as the particular phase of iron silicide present
as an impurity in RBSN agrees with the proposals by Moulson
[9.7]; The new observation ofvthis study is the
identification of CaSi, as an included impurity in the RBSN

studied.

9.1.2.3 REFLECTION HIGH ENERGY ELECTRON DIFFRACTION
The RHEED method works on the same principle as X-ray
diffraction (in both cases Bragg’s law is obeyad i.e
= 2dhk|Sin0) but instead of héving A= 1.54 (for Cu-Ka) as
in the powder method, an electron beam with energy 100KeV.
has an associated wavelength A= 0.04 , which results in the
Bragg diffraction angle being < 1°. Fully nitrided (64.5%
weight gain) and partially nitrided (35.6% weight gain)
samples have been investigated but polished surfaces did not

give any distinctive diffraction patterns. In fact polishing
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the surface of the sample probably made it completely
_amorphohs. To remove the polished surface, the samples have
been etched with HF and hot (160°C) phosphoric écid (H4PO4) .
Two etchants have been used with the hope that either one or
both have preferential reactions to dissolve either the pure
éilicon or silicon nitride; leaving the surface with a higher
) conceﬁtration of the impurity phases.'

Plates 9.1a and 9.1b illustfate the diffraction patterns
of the sample (35;6%.weight gain) etched in HF and H4PO,
respectively. The analyses of these patterns are tabulated
in Table 9.3 and 9.4 respectively. All the lines in Table 9.3
are attributable to the (¥-SigzN, and pure silicon. This is in
complete agreement with the results of the X-ray study.
However, for the sample etched .-in HzPO, (see Table 9.4) there
are extra lines not attributable either to the silicon
nitride (CXand/g) or the pure silicon. The ASTM data for
CaSi are in good agreement with the extra lines present.
Thus the tentative identification (which was provided by the
X-ray diffraction measurement) of CaSi, as an impurity in the
RBSN studied is convincingly confirmed.

Plates 9.2a and 9.2b show the comparison of the
diffraction patterns of two samples, with 64.5% and 35.6%
weight gain, both etched in HF for 18 hours. The analyses
of the diffraction patterns in plate 9.2a and 9.2b are
presented in Table 9.5. The sample with 35.6% weight gain
consisté predominantly of (¥-SigN, and pure silicon. In fact,
the presence ofl}—phase cannot be identified in this
particular sample. However the fully nitrided sample is
predominantly(}LSi3N4 and the/3—5i3N4 can now be identified

easily; the pure silicon lines are not seen in this case.
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35% weight gain

64.5% weight gain

Expt. results Si 0 -SigN, Expt. results B-Si,N,
R/em I d/R a/R a/R 1/1, R/ecm I d/R a/R 1/1,
1.35 s 4.133 4,32 50 1.3 s 4.29
1.45 s 3.85 3.82 20
1.675 s 3.33 3.37 30 1.67 s 3.34 3.31 85
1.90 m 2.94 2.893 85 1.95 s 2.84 2.668 100
2.2 m 2.54 24547 100 2.20 vs 2.54 2.49 100
2.45 m 2.27 2.32 60 2.45 s 2.27
2.65 w 2.106 2.158 30 2.65 m 2.106
2.083 55 2.75 m 2.03
2.90 m 1.924 1.892
| 3.05 w 1.83 1.83 20
3.15 m 1.771 1.771 25 3.20 m 1.74 1.75 70
3.45 m 1.617 1.613
3.50 w 1.594 1.596 35 3.55 m 1.572 |1.57 35

Table 9.5 Comparison of RHEED data for the 35% weight gain and

64.5% weight gain RBSN; both etched with HF for 18 hours.

[Refer to Plate 9.3 and Plate 9.4]
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These observations are consistent with the X-ray diffraction
studies.

Thus in summary the structural studies on RBSN using
the X-ray powder photograph technique and the RHEED technique
identify the méin impurities present in the partially
nitrided samples (35.6% and 44.44% weight gain) as FeSi, and
‘CaSi,. Other impurities may be present but insufficient in
quantity to be identified by these diffraction techniques.

To explore further possibilities, the SEM together with its

EDAX facility was embl6§éd as described in the next section.

9.1.2.4 SCANNING ELECTRON MICROSCOPE AND EDAX STUDY

The Energy Dispersive Analysis by X-ray facility of
the SEM has been used to analyse the impurities present on
the etched or fractured surfaces of the samples. The
microstructure of the surface of the sample was revealed
by the secondary emission of the spectrum of the SEM;
magnifications from about 50X to about 10,000X have been
used. The electron béam can be focussed on a very small area
of a distinct feature of the surface and the EDAX facility is
able to print out the X-ray emission spectrum of the elements
present in that small area. Three types of surface have been
examined; two of these were etched surfaces where the
etchants were HF and H PO, respectiﬁely (note that these
were the same samples used iﬁ the RHEED study) and the third
type of surface was produced by fracturing the samples..The
presentation of the observations and their analysis is given
according to the type of surfaces studied; i.e

a) HF etched surface

In the semiconductor industry HF is reqularly used to
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remove the silicon oxide layer from the surface of silicon,
leaving a matrix of pure silicon on the surface. Samples
with 44.44% and 63.29% weight gain have been etched iﬁ 40%
HF for two hours. Plate 9.3a shows the general microstructural
features of RBSN’(44.44%.weight gain) etched in HF. The
evenly distributed features on the surface of the sample are
pure silicon. Almost the same genéral microstructural
features can be seen for the sample with 63.29% weight gain;
but there was much less evidence of pure silicon. The
micrograph of the surface of the 63.29% weight gain sample
could not be recorded without applying a conducting coating
to the surface. This is due to the highly insulating nature
of the sample which gets easin chaiged up when the electron
beaﬁ is focussed on the surface, thus making the image
unstable.

Plate 9.3b shows a whisker (filament) with a globule .
at its end. The EDAX tracé of the globule [Fig. 9.5] shows
the presence of iron (Fe-Kd) but no iron can be observed
along the filament. Plate 9.4a shows two filaments resting
on the pure silicon feature and Plate 9.4b shows that one of
these filamenté has disappeared during examination. This éan
be explained by the fact that the filaments are very
insulating and this particular one become charged by the
electron beam causing its ejection from the field of view.

Fig. 9.6 shows an EDAX plot from a globule-like feature
of the 63.29% weight gain sample etched in BF. The plot is a
comparison between the background (shaded) and the globule
(dotted). The background is the EDAX analysis outside the
globule aﬁd the spectrum from the globule is taken by

focussing the electron beam onto it. Both traces have a rather
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intense of Si—Kﬁ line; probably a contribution from SizN,.
The background trace does not show any presence of
impurities. HoWever, aluminium (Al-Ka), potassium (K-Ka),
Calcium (Ca-Ka), titanium (Ti-Ka) and iron (Fe-Ka) are
definitely pfesent in the globule. This would suggest that
.éll the impurities present in the sample tend to form |
precipitates indicating that during the nitridation process,
a liquid pool of pure silicon and impurities is probably
formed. In the nitridation process the silicon is converted
to silicon nitride, leaving the pool of impurities to form
precipitates as the final product. This observation is
consistént with the‘mechanisms of formation of RBSN that have
previously been reported.
b) H PO etched surfaces

Samples with 44.44% and 63.29% weight gain have been
studied and the etching was carried out at a temperature of
160°C for about half an hour; Plate 9.5a shows some distinct
features (large fibre) on the HzPO4 etched surface of the
44.44% weight gain sample. At higher magnification (Plate
9.5b) it can be seen that the sample is very porous. Fig;9.7
- shows the background EDAX trace of samples with 35.6% and
44.44% weight gain. No impurities are observed except
phosphorus which is likely to have been introduced into the
sample by the H,PO, etchant.

Plate 9.6a shows a large-fibre joined to another. The
EDAX plot from this (Fig. 9.8) shows that calcium is the
main impdrity present in the large fibre. Also traces of
aluminium (Al), potassium (K) and titanium (Ti) are observed.
Plate 9.6b shows another feature on the HzPO, etched surface.

The EDAX plot (Fig. 9.9) from this feature again shows
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calcium as the main impurity with traces of Al, K, and Ti
presént. Plates 9.7a and 9.7b show two more distinct features
on the same surface and EDAX plots (Fig. 9.10 and 9.11)

show that calcium is again the main impurity in both these
featureé and traces of Al and Ti are present as well. It can
be concluded here that etching the surface of the sample
with hot H3PO, has left the surface with distinct features
containing impurities, mainly calcium with traces of Al, K
and Ti. This supports the conclusion of the RHEED study on
H3PO, etched samples, that the extra diffraction lines not
attribufable to pure silicon and silicon nitride can be
attributed to CaSi,.

Because of the charging effects mentioned above in the
case of the 63.29% weight gain sample, no micrograph is
available for this specimen. However, the sample was
éarefully stuaied and it was found that the surface did not
reveal the presence of any calcium fibres as seen in the
sample with 44.44% weight gain. The EDAX plot, Fig. 9.12,
of a precipitate on the surface of the sample shows the
presence of sulphur and chlorine. The calcium peak cannot be
distingﬁished from the background. Thus it can be assumed
that most of the impurities must have volatilized during the
long nitridation process of necessary to produce the fully

nitrided sample.

c) fracture surface
The géneral microstructure of a fracture surface of a
sample with 44.44% weight gain is shown in Plate 9.8a. Plate
.9.8b shows a typical precipitate seen on the fracture

surface. The corresponding EDAX plot, Fig. 9.13 shows the
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presence of sulphur (S), chlorine (Cl), potassium (K),
calcium (Ca), titanium (Ti), chromium (Cr) and iron (Fe) in
this precipitate. There was no phosphorus observed; thus the
assumption that the phosphorus seen in the EDAX plot of the
surface etched with H3PO, came from the acid itself is valid.
Apart from phosphorus all the other.mentioned impurities
present on the etched surfaces can be detected ip the
fracture surface; thus all the impurities are.genuinely
present in the bulk of the samples studied.

. In conclusion, the struCturai studies on the RBSN samples
'supplied by AME (Gateshead) revealed the two major impurities
to be FeSi, and CaSi,. Further, the microstructural
studies using the SEM and EDAX facility showed traces of
aluminium, chlorine, sulphur, potassium, calcium, titanium,
chromium and irdn present in the sample. Furthermore the
imbufities are much more easily detected in the partially
nitrided sampie. The fact that the impurities tend to
conglomerate into large precipitates, instead of being
distributed evenly in the sample; makes their contribution
to the dielectric properties of the sample much more
significant. This experimental evidence suggests strongly
that the contribution from impurities must be considered in

the analysis of the dielectric measurement results.

9.2 DIELECTRIC THEORY OF COMPOSITE MATERIALS
A brief review is first given of previous work on the
permittivity of composité materials consisting of separate
known- phases such that the material can be considered in the
same way as a mixture of different powders. The permittivity

of a composite material depends not only on the permittivity
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of each phase and its volume fraction but also on the
geometry of each of the particles of the composite phases.
Howe?er, the permittivity of a twé phase composite material
must be between certain limits whatever the geometry of each
constituent and if some knowledge of the particle geometry
is available, still closer bounds can be set on the possible
values of the permittivity. The theoretical work on the
dieléctric behaviour of heterogeneous systems haé been
described in a review by Van Beek [9.7]. A review paper on
the physical properties of. composite materials by Hale [9.9]
gives some of the more important permittivity relationships
for two phase composite materials. Hale’s values given in
Tables I and II and Fig. 2 of Reference 9.9 are respectively
reproduced in Tables 9.6 and 9.7 and Fig. 9.14. The permittivity
of the composite is represented by &* the upper and lower
bounds by e, and g_, the volume fractions of the two phases
by Vi and V,, and the permittivity by €9 and €, (e;>¢€).

From the plot in Fig. 9.14 it is obvious that &*, the
permittivity of fhe composite material, does not go higher
than g,. In fact all the traces in the plot show €* slowly
decreases from the value at & to the value of €, i.e the
values of € lie between the two limits, &, and €.
However, the salient feature of the experimental results
(Fig. 9.4) is that the measured permittivities for medium
weight gain RBSN samples are substantially higher than the
value of permittivity for pure silicon. Tﬁe voids have a
"permittivity value equal to unity, thus contributing very
little to:the overall permittivity of the ceramic. Therefore
a three-phase RBSN regarded as a mixture of silicon nitride,

pure silicon and voids should not have a permittivity value




111

TABLE 9-6 -
System Dilute suspension
€m = €,
Spheres = ¢ 2¢, + €, +2V, (¢, —¢,) Eq9-1
: 2e, + ¢, — V, (e, —¢,) '
e =ec. + 3V, e (¢, —¢,) Eq.9-2
: 2¢, + ¢,
Discs or _ V, (e, —e€,)e, + 2¢,)
lamellae € =€+ — 3e, Eq33
Rods, needles N V,(e, --€,)Se, +¢,) .
or fibres.. € =e 3(c, +¢,) Eq.9-4
SCS approximation
€m = €*
IV, e%*(e, —¢,)
¢ = + d ! : Eq.95
€76 - 2€* + ¢ N
e, " Vi(e, —e,)(e* + 2¢,) Eq.9-6
3e,
R Vi(e, —€,)(S5¢* + ¢,) Q97
=e, :

3(e* + ¢,)
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TABLE 9-7

Bounds for 8hedielectric constants of isotropic
two-phase composites

Wiener ‘ '
€lny = € V, + €V, Eq.9-8 |
€y = 1  Eqo9
O T W) + (Vyle,) 4

Hashin and Shirikman
. Vs
= Eq.9-10
‘™= Ot e ST abe)
V,
. _ Eq.9-1
‘YT at [1/(e; —¢;)] +(V,/3¢;) ¥
whére €, >¢,
Beran
e P (e £q.912
‘) T 36 ¢ CIGHI G ¢

. ] (4/9(e )e'fer? -1
=\ 913

where

1 83" (0)e' (r)e' s\ 7S ~
r= ,f j( ‘”‘"""’),“,drds
16n%’ Jy Jy, 8rybés, r’s

53 ’ ’ ce.
1 j’ j ( (e (r)e (s)/e(O)\ r;s; drds
16m%e? Jy, Jy, 6ry 85, r’s?

e(x) = dielectric constant at point x
€(x) = e(x)—(e)
(e) = ensemble average of e(x) (assumed to
| be equal to the spatial average)
(e'(0)€'(r)e'(s)) = ensemble average of the product of €'

at some co-ordinate orngin within the
composite, € at a position 7 {rom the
origin and €' at position g
r,s = sets of three orthogonal space vectors
with 8 common origin.
volumes of infinite spheres in vector
spaces denoted by subscripts.

VoV,

"
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Fig. 9.14 Dielectric constant of composite materials
(€b/52 = 0.1). (1) Weiner bounds (equations 9.8 and 9.9),

(2) Hashin and Shtrikman bounds for arbitrary geometry

(equations 9.10 and 9.11), (3) Bottcher SCS approximation

for spheres in a continuous matrix (equation 9.5).
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higher:than~that of the pure silicon. Thus, in the samples
examined the most likely explanation is that other phases
are present whicﬁ have perhittivity values much higher than
that of silicon. This is partially supported by the results
of the structural and microstrﬁctural studies of the
material, which show the presence of both FeSi, and CaSi,
phasés, though it is unfortunate that a literature search
has not revealed publiéhed data for the permittivity of
these silicides.

Considerablelcare must -be taken however in attempting
to apply the Wiener theory directly to the situations which.
arise in partially- nitrided RBSN. In the first place it
must be borne in mind that the temperature and time
conditions used for nitriding differ fér each differeht
weight gain (c.f. Table 7.1). Consequently the variation of
composition with weight gain is complex and the occurrence
of certain additional silicide phases may well be important
.only in certain regimes. There is also evidence that
evaporation of certain phases may occur during high
temperature nitriding such as would be used for producing
high weight gain material. Thus Messier and Wong [9.14] in a
thermo-gravimetric study on RBSN have reported the loss of
silicon during controlled nitridation, attributing this to
volatilization. The nitridation temperature used té make
high weight gain samples can go up to at least 1450°C; it is
known that the melting point of FeSi, is 1208°C, so it is
possible that vapourisation may also apply to some silicide

phases under similar conditions.,
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9.5 CONCLUSIONS AND SUGGESTIONS

The dominant a.c conduction mechanism for the whole
range of weight gain of RBSN is a hopping process. The
log-log plots bf the dielectric parameters against frequency
. for all the samples studied are straight lines with gradients
. of about -0.97 * 0.03. However the plot of the measured
permittivity against the weight gain goes through a peak at
about 22% weight gain. A three phase model consisting only
of silicon nitride, pure silicon and voids cannot account for
the peak. It is suggested that the contribution of the
impurities must be considered to explain the presence of the
peak,. Structural studies on the ceramic using the X-ray
diffraction and RHEED techniques reveal that the main
impurities are FeSi, and CaSi, . The microstructural study
using the SEM with the EDAX facility showed tracés of
aluminium, sulphur, chlorine, potassium, calcium, titanium,
chromium and iron to be present. It would be of considerable
interest to analyse the permittivity data of Fig. 9.4 by
making a more detailed characterisation of the properties of
each phase present at each particular weight gain and to
attempt to correlate the shape of the permittivity ;urve with

the growth and decay of impurity phases.
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