AR
W Durham

University
Durham E-Theses

Improved wideband coazxial methods for dielectric
measurements on nitrogen ceramics

Abu Bakar Ahmad

How to cite:

Ahmad, Abu Bakar (1983) Improved wideband coaxial methods for dielectric measurements on
nitrogen ceramics. Doctoral thesis, Durham University.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a https://etheses.durham.ac.uk/id/eprint/7707/ is made to the metadata record in Durham E-Theses

e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
https://etheses.durham.ac.uk


https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/7707/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk

IMPRCVED WIDEBAND CCGAXIAL METHODS

FOR

DT ELECTRIC MEASUREMENTS ON NITROGEN CERAMICS

A Thesis submitted to the University of Durham

by

Abu Bakar Ahmad, M.Sc. (Leeds)

for the degree of

poctor of pPhilosophy

Department of Applied Physics
and slectronics, Science laboratories,

purham City, &ngland

MARCH 1983
The copyright of this thesis rests with the author. DURKAM UNIVERg/>

1 2 MAY 1983
8CIENQE {)gRARY

No quotation from it should be published without
his prior written consent and information derived

from it should be acknowledged.



To my wife: Fawzia
and sons: Imran-Faisal

& Imran=Firdauz



ABSTRACT

Two methods of measuring the dielectric properties
of materials - matched termination and coaxial line resonance
- have been developed and used to study the properties of two
groups of nitrogen ceramics, namely, silicon nitrides and
oxynitride glasses. In these methods advantage is taken of the
wide frecquency range, from 500 MHz up to about 9 CHz, covered
hy a single apparatus - the General Radio slotted coaxial
line, I'revious measurements in this Department have indicated
the difficulties in the determination of the loss tangent of
low to medium loss samples (tan 5 ~ 10—3 - 10_2). The two
methods developed reduced these difficulties, The
applicability of these methods was assessed using known
materials including the high loss liquids water and
chlorobenzene, medium lo;s solutions of chlorobenzene in

cyclohexane and the low loss solids polymethyl methacrylate

and polytetrafluoroethylene,

The silicon nitride ceramics were in various
degrees of nitridation given by the weight gain which ranged
from 28% for partially-nitrided to a maximum of 632.2% for
the fully-nitrided samples. The dielectric constant at 1 GHz
increased from 4,51 for fully-nitrided to about 9.2 for the
389% weight gain samples. The fully-nitrided material has a

-3 1

loss tactor of 7.6 x 107 "3 this increased to 1.85 x 10~ as

the weight qguin decreased to 38 % . thesoe values have heon



ii

extrapolated to °'zero weight gain' and compared with pure
silicon for which the dielectric constant is 11,7 and the

loss factor approximately 0.2. The oxynitrides have dielectric
constants between 6.5 and 7.5 depending on the cation present
and the percentage of nitrogen substituted for oxXxygen in the
glasses. €' increased in the cation order Mg, Y, Ca and
increased with increasing nitrogen substitution in each cation
series. The loss factor, however, depends not only on these
cation types but also on the other constituents of the

glasses,

The dielectric constant of both the silicon
nitride ceramics and oxynitride glasses fitted the Jonscher
universal law of dielectric response (€&’ — gm ) o (ﬂn-l’
where the exponent n ~ 1 for all the samples. Similarly, the
loss factor for these materials showed a frequency dependence
€ oc (y , again with n approximately 1, This is a
limiting case of dielectric behaviour corresponding to a

frequency independent loss where most dipolar processes have

been eliminated.,
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CHAPTER 1

INTRODUCTION

1.1 OBJECTIVES

One of the prime interests of the present work is
to extend and develop previous measurements on the dielectric
properties of two groups of nitrogen ceramics, namely (a)
silicon nitrides and (b) oxynitride glasses., In previous work
carried out in this Department the studies on these materials
were restricted in two ways, 1i.e. in general to the low
frequency range (1 x 103 to 5 x lO4 Hz) and by the fact that
the dielectric constant could be fairly well measured while
various problems were encountered in the determination of the
loss factor. Hence this research project developed in two
complimentary ways. Firstly, the development of techniques,

especially of the loss factor at high freguencies, and secondly

their applications to the two groups of materials mentioned,

A general review of conventional methods currently
employed in dielectric property measurements in the frequency
range from 100 MHz up to 10 GHz was undertaken to establish
which lines of approach would be more appropriate and this is
given in section 1.2 below, The choice of the methods to be
used would depend on the possibility of the same equipment
providing coverage over a wide frequency range. Preference

would also be given to the potential use of few or just one

“\“\\-\AM UNIVERS/U
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sample configuration over the whole frequency range of

interest.

1.2 GENERAL REVIEW

1.2,1 Microwave Dielectric Measurements

Microwave dielectric property measurements have
been traditionally associated with the fields of electrical
engineering and telecommunications. Recently however, a variety
of techniques have been developed for the non-destructive
determination and control of the thickness, dielectric constant
and moisture content of slab-like materials in production
environments [ 1,1, 1.2 ] . Extensive use of microwaves in
domestic and industrial food processing and the general problem
of electromagnetic pollution have resulted in increasing
research into the biological effects of microwave radiation
[1.3 ] . In agriculture, data on the frequency dependence of
dielectric properties of grains and insects are useful for the
determination of the optimum frequency range for selective
dielectric heating of stored-grain insects with microwave
energy [1.4 ] . Other applications in this area that depend
upon the dielectric properties of grains and seeds include
microwave treatment of hard seeds to assist germination [ 1,5]
and the electrical determination of moisture content in grains
[1.6] . Microwave dielectric measurements may be an
invaluable non-invasive technique for investigating some

properties of proteins [1.7 ] , for example some dielectric




properties of lipoproteins of normal and sick individuals
exhibit significant differences; similarly differences have
been observed between sera or erythrocytes of normal individuals
and those of solid-tumor patients [1.8 ] . Together with the
development of in vivo measurement methods [ 1,9, 1.10] these
microwave technigues appear potentially able to provide

diagnostic and therapeutic treatments [1.3, 1.8 ] .

Various microwave dielectric property measurement
techniques employing coaxial lines, hollow waveguides, open
transmission lines and resonant cavities have been described
in the literature in both the frequency and time domains [ e.g
1,11 - 1,20 ]. It is not intended here to elaborate on nor to
give an exhaustive list of these techniques., However, the
coaxial line reflection methods;, in particular the short-circuit
termination method, will be described to some extent (see
later). 1In the coaxial line methods (and for wavegquides in
general) the structure to be measured may be viewed as the
termination or transmission type depending on whether it
possesses one or more accessable ports or terminal pairs in its
network representation [-1.21 ] . mthe termination-type
structure can be represented as a one port equivalent network
whose parameters can be obtained from a single input
measurement, The transmission-type structure, on the other
hand, can be analyzed by terminating the structure on the

output side with various known loads.




1.2.2 Coaxial Line Reflection Methods

1.2,2,1 Sample Configurations

In the coaxial line reflection methods the
permittivity is either calculated from measurements of the
input impedance or the reflection coefficient (or the
scattering parameter Sll [ 1.21 - 1,23 ] ) on the input side
of the sample holder. A reference plane is initially defined,
this usually being located at the input interface of the
dielectric sample (the plane A-A in Fig.l,1l(a), say). 1In
the case of the slotted coaxial lines, measurements of the
voltage standing-wave ratio (VSWR) and the position of the
voltage standing-wave minimum with respect to a reference plane
yield the reflection coefficient for the sample [ 1.12, 1,13,
1,17 ] . The reflection coefficient can also be determined by
other means, for example, by using a network analyzer [ 1.24,
1.25 ] and by forming a resonator terminated by the sample
[1.24 1. Ppossible sample configurations for the coaxial line
reflection methods are illustrated in Fig,1l.l1. The samples
are denoted by the complex relative permittivity E.* and
finite sample thicknesses are denoted by d. Wherever it is
indicated that an equivalent electrical length should be
infinity, the sample should be sufficiently long for the
electric field to be at least two orders of magnitude less
behind the sample than its value at the interface with the

coaxial line, 1In all cases the sample is placed at or near

the end of a coaxial line of internal diameter a, outer




— o —

(a)

short
| circuit
Al ui
| )
E*
T
|
A! |
_czl d |<,_

short
circuit

(b)

short
circuit

(c) (d)
g €
\ N\
cut-of f § cut-of f
. N
N o N _
d |=— dj>—
(e) (f)

Coaxial line sample

configurations



Z —i= Q0 §
(g) (h)
\\\\\\\\ e
§\§ D)
N, =® §
Zo

Z ﬁ&\\\

(i)

d e N

(j)

N\
N\

N N .
N “ 3NN
[N

lw—A—al \
' \
BN

éx
N
\\ \\\\\\\\\\

Fig. 11 (continued)




diameter b and of characteristic impedance ZO . Some of

the samples may be machined to the internal dimensions of the
coaxial line cross-section and constitute part of it, as for
example in Fig.l.l(a), {(c¢) and (e). In other cases they
may terminate the coaxial line, like those in Fig.l.1(i),

(3) and (k). Some of the configurations allow easy monitoring
and control of the sample temperature; this is generally true
for those in which the sample is placed against a short-circuit,
examples of which are furnished by Fig.l.1(b) and (d). The
coaxial line operates in the transverse electromagnetic (TEM)

mode and does not support higher order modes,

1.2,2,2 Equivalent Circuits

Fig.l.2 shows some of the useful equivalent
circuits [ 1,13, 1,14, 1,27 ] for the sample configurations
given in Fig.,l.l, The equivalent circuits illustrated in Fig.
1.2(a) are very general and are also applicable to other wave-
guides [1,13 ]. For low microwave power (small signal theory)
it can be assumed that the dielectric properties of the samples
are linear., The samples can be taken as symmetric [ 1,21 ] and
so are their impedance (Z), admittance (Y) and scattering
(S) representations. In this case the circuit elements

Z = Z = Y =Y and Y =

22 21 0 21 T %1200 22 11 o1 Similarly

Yl2 o

=S and S

the scattering parameters 522 11 o1 T 512 .

In
general the equivalent circuit shown in Fig.,l.2(b) can be

applied to ol the saaple contiqurations when te somple
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thickness d is small compared to the guide wavelength Kg s
[1.28 ] . with restrictions, the simplified version given in
Fig.l.2(c) applies to all but the configuraticons shown in
Fig.l.l(c) and (g). When the coaxial line and sample are
terminated by a circular wavegquide, Fig.l.l(e) and (f),

the equivalent circuit may be given as in Fig.l.2(d), [ 1.19,
1.24 ] . For a lossy dielectric the capacitance C( E*) in
Fig.l.2(c) also includes the conductance due to the losses

[ 1.28 ]. 7he equivalent circuit for samples terminating the
coaxial lines, as in Fig.,l.1l(i) - (l), contains an additional
element, say R, which represents the radiation conductance in
parallel with the circuit elements in Fig.,l.2(c). The
dielectric properties of liquids and powders may be measured
using all the configurations except those in Fig.l.1l(d) and
(g)y, Dby placing suitable ‘windows' at the coaxial line - sample
interfaces and by choosing the appropriate equivalent circuit
representations. Significant errors may be introduced, however,
unless the windows are constructed of very thin low dielectric
constant materials, Both frequency and time domain techniques
have been applied to the various sample configurations, but
that given in Fig.l.l(a) gives poor accuracy [ 1.28 ] . For
all the configurations in which the size of the sample can be
controlled there is an optimum sample size, for a given
frequency and permittivity, that will give the smallest
uncertainty of the measurements [1,12, 1,13, 1.15, 1,19 ].

*
There is thus an optimum value of the capacitance C( &€ ) for

which small changes in €' will result in relatively large




changes in the reflection coefficient.,

1.2.3 General Comparison

Of all the configurations shown in Fig.l.l, only
those in (d) and (g) have the advantage of requiring small
amounts of material. The sample preparation techniques in these
cases are also relatively simple. Nevertheless, configuration
{(g) 1is seldom used, due in part to difficulties in accurately
locating the sample in the coaxial line. On the other hand,
the configuration (d) has recently been widely used to study
biological materials [ 1,17, 1.18, 1,23 ] . The calculations
of the relative permittivity using (d) and (g) are simple,
For the configuration shown in Fig,l,1(d) it has been shown
[ 1.17 ] that there is an optimum capacitance C( 8*) for
minimum uncertainty of the measurements for a frequency range as
broad as one tenth to ten times the frequency at which the

optimum capacitance is selected,

Next in order of simplicity of sample preparation
are the configurations in Fig.l.l(b) and (f). Those given
in Fig,l.1(a), (c) and (e) require careful machining to
ensure that the sample-air interfaces are parallel and
perpendicular to the length of the coaxial line, Also, close
dimensional tolerances between the coaxial line and sample are
essential., A slight air space between the sample and inner
conductor is more serious than when there is a similar air

space between the sample and the outer conductor and proper




corrections may have to be applied [1.12, 1,13 ] . It is

thus more important to have a better fit at the inner rather
than at the outer conductor. These air gap errors become
increasingly more important with increasing dielectric constant
[1.13 ] . A sliding fit is thus essential for these sample
confiqurations, and a force fit may become necessary in some

cases,

The classical method illustrated in Fig.,l,1l(a)
provides for good accuracy in a narrow frequency range [1,12,
1.13 only when the sample thickness is an odd number of a
quarter-wavelength in the sample., Due to the transcendental
equation involved there exists theoretically an infinite number
of possible solutions for the dielectric constant. Hence it
may become necessary to know an approximate value of the
dielectric constant beforehand. Alternatively, two sample
lengths have to be used to pin-point the right solution. This
can be a serious drawback when besides an approximate value of
the dielectric constant not being known only a limited amount
of the material is available., The configuration in Fig,l,1l(c)
offers no advantage over that in (a) except for the simpler

calculations since no transcendental equation is involved,

For the coaxial line opened into a circular wave-
guide, Flg.l.l(e) the equivalent circuit of Fig,l.2(d) has
been employed [1.29 ] . Formulae for the fringing-field
capacitance Cf are available [jl,30, 1,31 ] and hence the

calculations of the dielectric parameters should be straight-



forward. A similar sample configuration to that above is the
one given in Fig,l1.1(f), (or Fig.l,1l(h) ), the difference
being that in this case the sample is placed on the circular
waveguide side, hence the sample preparation is relatively
simpler. This is very suitable for measuring the dielectric
properties of liguids and powders when a proper window is placed
at the coaxial line and circular waveguide interface.

Analytical solutions for the dielectric parameters are available
[1.8] and the calculations are not difficult although some
reference standards must be used., A shielded open-circuit
termination configuration [1.19, 1.32] may be considered as a
special case of the coaxial line opened into a circular waveguide,
This is again very suitable for measurements of liquids and
powders and the calculations are not too difficult [ 1.24 | .
Formulae for the calculation of the effective position of the
open-circuit for coaxial lines of different characteristic
impedances and different geometries of the inner conductor ends

may be found in references [:1.19 and 1,33 ] .

The sample configurations shown in PFig.,l.l(i), (3)
and (k) provide for simplicity in sample preparationg for
samples that are already flat in an area as large as the coaxial
line outer conductor, very little preparation is needed for the
configuration (i). Similarly, a parallel-sided slab may be used
straight away as in case (Jj). One disadvantage of these
confiqurations is that the samples must be available in rather

large quantities. Nevertheless, these are potentially suitable




lo

for in vivo measurements, as in the case of biological
specimens. Again Fig,1.1(l) offers the same advantage as
above except that it may only be suitable for liquids or
powdered samples since it is very difficult to ensure that the

space within the region C 1is properly filled by the samples.

Table 1.1 summarizes qualitatively the relative
merits of the various measurement methods in the frequency
range 100 MHz to 10 GHz. The relative complex permittivity
is indicated in terms of its components where E* =€ - jg”,
Here E£' or the relative dielectric constant is associated
with the ability of the material to store electrical energy.

e . 174 . .
In a similar fashion, &" or the loss factor is associated

with the dielectric losses that occur in the material,

1.3 SUMMARY OF THESIS

The foregoing general survey of the coaxial line
methods was carried out to identify the most suitable techniques
of measuring the dielectric properties of the two groups of
nitrogen ceramics in the frequency range 500 MHz to 9 GHz.

As only relatively small quantities of the oxynitride glasses
were available and since their cross-sections were very much
smaller than that of the coaxial line available (l4-mm General
Radio GR 874 LBB slotted coaxial line), there was, in
practice, little choice of the measurement methods in this

case. Preliminary tests indicated that the oxynitride glasses

were of low loss, while the silicon nitrides comprised of a
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range of materials from high to low loss. The short-circuit
termination method was adequate for measurements of the
dielectric constant. It has been assumed in general that
there is a high uncertainty in measuring the loss factor of
low loss materials by this method [1.13:] although quantitative
estimates are not available, A considerable proportion of
time was therefore devoted to the development, analysis and
assessment of techniques. Thus Chapter 2 describes the
short-circuit termination method while Chapters 3 and 4
discuss the matched termination and resonance methods which
were found necessary and advantageous in accurate measurements

of the dielectric loss.

In addition to the coaxial line techniques the
cavity perturbation method was also employed at the X-band
frequency of 9,34 GHz. This was to provide the high frequency
end of the measurement range since the coaxial line methods
could not be used up to this frequency due to the onset of
higher order modes and for various other reasons which will be
given later. Chapter 7 describés the experimental results on
the silicon nitrides and their interpretation, The study on
the oxynitride glass systems ere given in Chapter 8.

Chapter ¢ gives some nverall conclusions.




1.1

1.6
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CHAPTER 2

THE SHORT-CIRCUIT TERMINATION METHOD

2.1 GENERAL OUTLINE

In this chapter attention will be focussed on the
method utilizing the sample configuration (d) in Fig.l.l
since it is employed in this work, It is re-emphasised that
this configuration is particularly useful for measuring the
dielectric properties of materials that are available only
in small quantities. Furthermore, it has the advantage
over others in that it requires only simple VSWR measuring
equipment that is available commercially and the sample
requires relatively straightforward preparation techniques,
In addition, the calculation of the real and imaginary
components of the relative complex permittivity is relatively

simple to carry out.

When a transmission line carrying a sinusoidal wave
is operated with a mismatched termination or load that
provides a reflected wave, the incident and reflected waves
combine to produce a resultant that varies in amplitude along
the line. Al some points along the line the incident and
reflected waves will be in time phase with one another and
the resultant will be a maximum. Similarly, points will
exist where the two waves will be in anti-phase with one

another and at these points the resultant will be a minimum,
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This results in a standing-wave pattern in which the minimum
points (or nodes) and the maximum points (or antinodes)
alternate along the line and occur a quarter of a wavelength
apart. The voltage standing-wave ratio, denoted by the

symbol S, is usually defined as [ 2.1 ]

o = Mo _ 1]

= (2:1)
Ivlmin 1 - lrl
so that S lies in the range 1< S <.
]Vl and ]Vl . are the maximum and minimum voltage
max min
amplitudes respectively. The magnitude of the reflection
coefficient “ql can be derived from the VSWR as
S -
Irl = 1 (2:2)
S +1
The reflection coefficient at a distance ﬂ, from the load
is expressed as
M= IMlexp(-je) (2:3)
where its phase angle
9 = ZBL -Z2n+ N1 (2:4)

Here B= 2T /Kg is the phase constant, Xg is the guide
wavelength and the integer n denotes the number of the

voltage nodes in front of the sample. 1In principle the
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measurements consist of measuring the VSWR and the positions
of the voltage standing-wave minima with and without the
sample, This yields the reflection coefficient which can then
be related to the dielectric properties of the material via a
suitable equivalent circuit representation. A reference plane
for the measurements of the phase shifts is usually obtained
by short-circuiting the sample-holder and locating the voltage
minimum nearest to it (n = 1), Then when the sample is
introduced into the sample-holder the phase shift L will be
given by the distance of the nearest voltage minimum from the
reference plane. However, since the minimum repeats every
half a wavelength these minima are equivalent points and in
practice a more accurate value of the phase shift is obtained
by averaging the displacements of a few minima locations with

the sample from those without it in the sample-holder.

2,2 DERIVATION OF THE DIELECTRIC CONSTANT AND LOSS FACTOR

The eqguivalent circuit for this method is as shown

in Fig.l,2(c). For the sample~holder without the test

*
material the capacitance C( € ) = CO can be taken as the

parallel plate capacitance formed by the inner conductor and

the terminating short-circuit while Cf is the fringing-field

capacitance [ 2,2 - 2,4 ]. When a test sample is inserted

* *
into the sample-holder the capacitance C( E ) = CO £ and

the total capacitance is given by [ 2.4, 2.5 ]:
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2 %
(=Ce '+ =IO £,& + 2aeoﬁn(921d9) (2.5)

provided that this satisfies the conditions Xg <= (b - a)

and d<x(b - a) where & _ = 8,854 x 10-'12 P m-l is the

o
permittivity of free space. The impedance looking into the

terminal plane of the sample~holder is

l = -—1—— (2.6)

jw(c
where w = 271f is the radian frequency and f is the

frequency in Hz., From transmission line theory the reflection

coefficient [ 1.14 | is then given by

M= Mlexpljg) = 22Ze = 1TIWZ[CED + €, ]

L+, 1+jwZ [ Ue) + ]

(2.7)

where the symbols have all been previously defined. It is
assumed that the introduction of the test material into the
parallel plate capacitor causes only a negligibly small

variation in the fringing-field capacitance cC_. [ 1,19, 2,4 7.

f
From equation (2.7) we have
| ) 1+ |1 |exp(-j8)
wZ | Ce™) +C )= : (2.8)
jwz,[Ce’) f] 1 -[exp(-j8)

* 1
Substituting for £ = e - JE and solving for the

. . 1"
dielectric constant 8' and the loss factor E we obtain
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e 2 |sin(-8) _ &
wCZ, [1+ 2IMlcost®) + IC12]  Cq

(2.9)

o ik
2
wGZ, [1+ 2[Mlcos®) + rf*]

It is seen that the effect of the fringing-field is to decrease
the value of the dielectric constant by Cf/C0 while the loss
factor remains unaffected, The loss tangent, which is
proportional to the ratio of the power lost in heat to the
energy stored per cycle of the applied field, is then simply

calculated from the expression

Y/4
tand = %— (2.10)

/

when the direct current conductivity is comparitively negligible,
the high frequency conductivity can then be obtained from the

equation

0 = Weg,e” (2.11)

It has been pointed out that the calculation of the
real and imaginary components of the complex permittivity for
this capacitance method, as originally suggested in reference
[1.12 ] , is not very accurate. A full analysis of the
method and a more rigourcus derivation of E, and €” have

been given in references | 1,27 and 2.6 ]. with suitable
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modifications and when certain conditions are satisfied the

method may be extended up to 18 GHz,

2,3 ANALYSIS OF THE METHOD

This method has been used for the measurements of the
dielectric properties of lossy materials [ eeg. 1.14, 1,19, 2.7]
and that is its traditional area of application. An analysis of
this method has been carried out in this work with the view of
choosing the optimum sample dimensions, minimizing the fringing-
field effects and to evaluate the suitability of the method for
measuring the dielectric properties from medium to low loss
materials in the frequency range from 100 MHz to 10 GHz, For
a given material at a given frequency of measurement and
uncertainty in the measurement of the reflection coefficient it
can be shown that the uncertainty in the measured value of E*
may be minimized by a proper selection of the parallel plate

capacitance CO (Appendix A)., This optimum capacitance has

been calculated to be
C 1 1
= ) 2.12
ot T mfZ, Vel + g2 (et

Fig.2.1 illustrates the optimum capacitance values over the
frequency range 100 MHz to 10 GHz for a coaxial line of
characteristic impedance 50 ohms and for values of

*| [
|€ ': EYZ-+ 8”2 up to 100. The values of €’ has actually

been used in the calculations, since for medium ( £ = loﬂl)

. . *
to low losses substitution of £’ for IE Iwhen € % 5 has
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a negligible effect on the results. Since ’E* ’:> 1 when a
material is inserted into the sample-holder, the electric
field lines tend to concentrate into the material, hence the
value of the fringing-field capacitance Cf given in equation
(2.5) 1is probably an overestimate and represents an upper
limit of the fringing-field effect [ 1.14, 2.4 ]. The lower
bound of the capacitance of the empty sample-holder may be
estimated as follows: for example, by requiring that Cf
should be less than 5 percent of the value of Coig*l s
for a coaxial line having an internal conductor diameter
Q2 6,2 mm and assuming for convenience lE*,r\/lO, we

have Co ﬁb 0.4 pF. This implies that the sample thickness

a4 0.67 mm,

In Fig,2.,2 the values of the capacitance of the
empty sample-holder and the ratio Cf/CO are plotted as
functions of the sample thickness and the ratio (b - a)/d,
where, as before, a and b are the inner and outer
conductor diameters respectively, The percentage contribution
of the fringing-field effect can be found by dividing the
ratio Cf/CO given in percentage by the dielectric constant,
Since the sample thickness must satisfy the inequalities
following equation (2.5) for the fringing-field effect
assumption to be valid, this sets an upper limit of about
2,5 mm, This corresponds to an empty sample-holder capacitance
of CO > 0.1 pF., With this restriction and referring to

Fig.2.1 it will be noted that these values of sample
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thickness and air-capacitance give optimum measurements of
materials with dielectric constant €'~ 10 in the frequency

range up to about 5 GHz.

Fig.2.3 1is a typical multi-parameter plot of
the variations of the dielectric constant and loss tangent
with the reflection coefficient magnitude IFI and its
phase angle 6 for medium to low loss materials. The
reflection coefficient magnitude is also given in terms of
the VSWR and its equivalent in decibels. It can be seen
that maximum sensivities of IF! as indicated by maximum
separations of the tan8 curves occur for samples having

€’ values between about 5 and 25, The phase angles of
the reflection coefficients are also well spaced apart for
dielectric constant values up to about 25, Going on to
Fig.2.4 one sees similar trends in the tan® curves but
the €’ curves are now displaced towards higher (- 8)
values, This similarity in the tand curves and the shift
of the €' curves with respect to the phase angle of the
reflection coefficient with increasing frequency for a
‘constant sample thickness has been found to hold generally,
From this it can be seen that on going to higher frequencies
the highest sensitivities in the reflection coefficient
measurements will be found in materials having lower €'
values, Thus this will indicate the limiting high frequency
at which a material with a given dielectric constant and
thickness can be accurately measured with the short-circuit

method.,
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Another important point observed from Figures
2.3 and 2.4 1is that of the lower loss tangents that can
be readily measured. One sees that, in Fig.2,3 for
example, for tan% & 1072 the VSWR is greater than about
300, For low loss materials, tansh,lo-3 say, the VSWR
that would have to be measured then would be very high
( Nlo3 tOfVlO4)- Not only is there a large uncertainty in

measuring high values of VSWR, it could also be time

consuming to carry out [ 2.8 ],

2.4 EXPERIMENTAL

2,4.,1 Slotted Coaxial Line Principle

Since the standing-wave pattern provides a
direct comparison between the incident and reflected waves
on a transmission line, the measurement of VSWR can
provide accurate values of the reflection coefficient and
effective impedance at any particular frequency. A radial
electric-field probe is usually used to map the standing-wave
pattern in a coaxial line., The probe must be mounted on a
sliding carriage so that it can be moved axially along the

line over a distance of at least one half-wavelength, in

order to ensure that at least one maximum and minimum of the
pattern can be measured. At low frequencies, where the
wavelength is too large to allow a half-wavelength section to
be used, the effective length of the measurement section

may be increased by inserting additional sections of line
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of known length in order to be able to locate the maximum

and minimum of the pattern,

A field probe can be inserted into a coaxial line
through a narrow slot cut axially along the outer conductor
as indicated in Fig.2.5., The presence of the slot does not
disturb the field patterns appreciably as the electric field
is entirely radial and the current flow in the conductors is
axial, A diode is used to rectify the voltage induced in the
probe and the system is tuned to resonance by a short-
circuited stub, which also provides a return path for the
rectified diode current. The depth of penetration of the
probe must be kept as small as possibly, consistent with
measurement sensitivity, to minimise the power extracted
and the reflections due to the presence of the probe itself,
In the General Radio GR874 LBB slotted line used in this
work the probe penetration depth of 1,55 mm from the inner
surface of the outer conductor was found to give a symmetrical
standing-wave pattern about the minimum. A power meter was
connected to the end of the slotted section of the coaxial
line while the probe depth was adjusted in order to ensure
that the presence of the probe has only a negligibly small
effect, Although it is possible to use the rectified voltage
or current from the diode directly, a large increase in
Sensitivity can be obtained by using a modulated microwave
signal generator, so that the diode output can be fed to

a narrow-band audio-frequency amplifier. Since the
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microwave generators use direct modulation of the oscillator
stage a square-wave modulation was used to reduce frequency
modulation of the resulting microwave signal. The signal
generators employed in this work consisted of a Marconi TF
1060 operating between 500 MHz and 1.25 GHz, a Flan
Microwave Instruments PCLS for the range 1,5 GHz to 5 GHz
and another Flan Microwave Instruments PCLX source covered
the range 4 GHz +to 12 GHz. All of the signal generators
can be square-wave modulated at 1 kHz and 3 kHz; normally

the 1 kHz modulation was used.

A satisfactory signal-to-noise ratio can be
obtained at microwave power levels of a few milliwatts and
at these power levels the diocde output voltage is proportional
to the square of the electric field strength. The calibrated
VSWR scale of commercial indicators, including that of the
Marconi Type 6503A used here, is normally based on this

assumption, Under such a condition the VSWR measurement

can be made by setting the gain to give full-scale deflection
at a voltuge maximum and then reading off the indicated value
directly at a voltage minimum., If there is any doubt about
the detector characteristic it can be checked quite easily
since the standing-wave pattern for a short-circuit section of
line varies sinusoidally with distance from the minimum, A
plot of detector voltage against sin2(2T[x/kg), where X is
the distance measured from a pattern minimum, will reveal

any departure from the square-law characteristic., Such plots
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were constructed in the initial calibration and preparatory
procedure and the square law characteristic of the diode
employed was found to occur at power levels corresponding to

2 mV or less,

A block diagram of the short-circuit termination
method is illustrated in Fig.2.6., 1In practice the sample-
holder is usually an extended inner conductor protruding
into an open circuit component, The sample-holder used here,
shown in Fig.2.7, consisted of an inner conductor element
extended by a copper piece and a General Radio open circuit
element, the GR 874 WO. Harmonics in the signal generator
output can mask the actual standing-wave pattern and a
suitable low-pass filter is required if the harmonic output
from the generator is significant, The fundamental operating
frequency was checked by measuring the distance between
successive minima which should be exactly one half-wavelength.
Next is the matched attenuator pad which provide at least
10 dB of attenuation in order to isolate the generator from
variations in the effective load impedance by attenuating the
reflected wave from the load under test., 1In practice it was
found that even a 10 dB attenuator resulted in an output
level too low to give satisfactory results when the Marconi
TF 1066 was operating between 500 MHz and 750 MHz,
Otherwise, at least 16 dB of attenuation was required to

ensure proper isolation of the signal sources.
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There are various methods of measuring the VSWR
and which one is suitable depends on the magnitude to be
measured. Basically three different methods are usually
used, namely (a) the direct method which employs the VSWR
indicator directly, within the square-law characteristic of
the diode detector, (b) the attenuation method which
measures the difference in decibels between the maximum and

minimum, since the VSWR is given by

SWR(dAB) = 20 log(VSWR)

(2.13)

or VSWR = antilog(dB/20)

and (c) the twice-minimum-voltage method. The direct method
is the easiest, nevertheless, it is not suitable for VSWR
values greater than about 50, 1In the second method a
calibrated attenuator may be included in place of the fixed
attenuator pad or in addition to it, so that the VSWR can
be measured by altering the attenuator setting so as to
maintain a fixed output at the VSWR indicator when the probe
carriage is moved from a voltage maximum to a voltage minimum,
This method of measurement eliminates the possibility of error
due to non-linearity of the characteristics of the detector
and the VSWR indicator as they are operated at constant
signal levels, The last method mentioned will be described

in the next section. All of these methods are utilized in
this project since the VSWR values measured spanned the

range from below ten to the order of a thousand. However,
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the second method was limited by the availability of

suitably calibrated attenuators and the lack of calibration
below 3 dB (the smallest attenuator) was made up by
adjustments in the VSWR indicator attenuator; thus this
gave only approximate values, The third method was found
suitable for high VSWR values and at the low frequencies;
at higher frequencies when the wavelengths become short, the
width of the curve around the minimum was found to be the

limiting factor for high VSWR measurements (see Fig.2.8).

2.4,2 Measurements of Extreme Values of VSWR

when the standing-wave ratio becomes small it
becomes increasingly difficult to locate the position of the
pattern minimum with accuracy. The error in the measurement
can be considerably reduced by the process of bracketting as
indicated in Fig.2.8(a), Points on either side of the
pattern minimum, corresponding to a fixed voltage amplitude,
are located at X, and Xy o The point midway between Xy

and x then represents a first approximation to the position

2

of the minimum, Xoin ° This approximation can be improved by
repeating the process for several voltage amplitudes and
drawing the locus of the mid-points to intersect the pattern

at x s A
min

When the VSWR is very large it is very difficult
to make accurate measurements of the maximum and minimum

amplitudes on one range of the measuring instrument. Hence
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errors are introduced because of the inaccuracy of the range

attenuators or due to the large voltage amplitudes at the

detector. An alternative method of measurement is indicated

in Fig,2.8(b). This depends on the measurements of the

voltage standing-wave pattern near the minimum and uses a

restricted voltage range E 2,1, 2.9 ] » It can be shown that
2

the VSWR can be calculated using an arbitrary value k

times the voltage minimum from the relation

; (k: - cos’ (2mx/Ag (2.14)

S -
sm(ZTtx/)\g)

where X is the half-width of the pattern for an arbitrary
voltage kZVmin « The successful application of this
relationship depends upon accurate measurements of k2 and X,
Once again a better value can be obtained by repeating the
measurement for several values of k2. On choosing the value

k2 = 2 equation (2.14) becomes

S = V1 +1/sidome (2.15)

This relationship is plotted out in Fig.2.,9, When x is

small the above expression is further reduced to

S =~ }\g/ZTEC)C (2.16)

This method was found to be very useful when the VSWR
values were in excess of 100 and when the frequency of

measurement was low.
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2.4,3 Correction Due to Line Attenuation

When the lcocad is inaccessible or the wavelength
too long, so that the measurement of the VSWR has to be
made far from the end of a long section of line, the effect
of attenuation can be significant, However, as the
reflection coefficient is reduced by a constant factor both
when the load is connected and when it is replaced by a
short-circuit, a correction can be applied to give the true
VSWR and the impedance at the load. For example, let us
suppose that when a short-circuit is connected in place of
the load the VSWR at the measurement position is some
value S, instead of infinity, the VSWR with the load
connected is S, and the normalised impedance with the load
is given by the point 2z = (a + jb) on a Smith chart. The
line attenuation between the load and the measurement position
can be found by drawing the 5; cirxcle on the Smith chart
and projecting downwards from the point of intersection with
the real axis on to the transmission-loss scale. This
construction is illustrated in Fig.2.10, Under short-circuit
condition; the VSWR should correspond with the perimeter of
the chart, so that the line attenuation is the number of
dB steps between the chart perimeter and the S;) circle,
shown as N dB in Fig.2.10. The true value of the VSWR
at the load is greater than the measured value and can be

found by increasing the radius of the measured load VSWR

circle by N dB to compensate for the known loss. The
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corrected impedance is then represented by the point

z, = (c + jd) corresponding to the corrected VSWR,

2,4.4 Errors Due to Connector Mismatch

If a connector or adaptor is used between the
slotted line section and the load, the small discontinuity
introduced may have a significant effect on the measurement
accuracy. When the reflection coefficients due to the
connector and load are small their effects are basically
additive, but their relative phase is unknown. Hence, if
the magnitudes of the reflection coefficients for the
connector and load are IEI and |E| respectively, the
total reflection coefficient can vary over the range
(I[;l + |[| ) with a corresponding variation in the phase
angle, Maximum error occurs when the two reflected waves
are either exactly in phase or in anti-phase with each other.
Fig.2.,11 indicates the uncertainty due to a connector with
a VSWR of 1,05 and serves to emphasize the importance of
minimizing the number of connectors or adaptors between the
load and measurement section when accurate measurements must

be made,

2,5 COMMENTS AND CONCLUSIONS

The optimum capacitance values for the sample

has been examined; Fig,2.l1 provides a useful quick guide for
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choosing the best sample thickness and it gives an estimation
of the high frequency limit up to which measurements of the
dielectric properties using the coaxial line short-circuit
termination method can be applied. Initially a first
approximation to the dielectric constant can be obtained
fairly easily by neglecting the effects of the fringing field
and then Figures 2.1 and 2.2 can be used as a gquide for
more accurate determinations. 1In addition examination of the
plots such as those given in Figures 2,3 and 2.4 would
reveal the maximum sensitivity region for the loss factor
determination. These last two figures also indicate that the
angles of the reflection coefficients, 9 s hence the phase
shifts, for medium to low loss materials do not appreciably
affect the value of the dielectric constant for different
degrees of losses (this is indicated by the parallel vertical
lines for €’ ). An important conclusion drawn from this is
that this method can be used to determine only the dielectric
constant after it is satisfied that the material is not lossy
(as would be indicated by checking that the VSWR is rather
large when it is placed in the sample-holder). For low loss
materials, say tand < 10‘2, the VSWR that has to be
measured would be of the order of 500 or greater. A
considerable amount of difficulties would be encountered in
measuring this high VSWR as can be deduced from Fig.2.8,

I1f a method can be found to measure just the loss (with E’

determined from the above method) it would avoid the



37

difficulties mentioned. The next two chapters explore this
possibility and will describe proposals for alternative
means of measuring the complex dielectric permittivity and

the loss tangent.
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CHAPTER 3

THE MATCHED TERMINATION METHOD

3,1 INTRODUCTION

The analysis of the method described in the last
chapter indicated that high VSWR values have to be measured
for low loss materials. In the present chapter a method aimed
at reducing this difficulty, by using a termination matched to
the characteristic impedance of the coaxial line, will be
investigated, This method requires simple conventional
apparatus for measuring VSWR and is applicable both to
solids and liquids without any modification to the coaxial
sample-holder, For solid samples the inner conductor is
spring-loaded to ensure good electrical contact between the
sample and conductor. When non-volatile liquids are measured
the spring can be unloaded and thin layers of the liquid are
simply held between the inner conductor gap by their viscosity

forces and surface tensions.

3.2 GENERAL PRINCIPLE

In this method the sample is placed between a gap
in the inner conductor of a coaxial sample-holder. The
measurement consists of determining the VSWR and the voltage
standing-wave minima nearest the sample-holder when the sample

is inserted into it. Maintaining the same gap spacing as with
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the sample the VSWR and the corresponding voltage standing-
wave minimum position are then measured without the sample,

As before, whenever the situation permits, a few minima
positions may be necessary and advantageous in providing
average values of the standing-wave minima displacement. The
difference in the standing-wave minima locations and the VSWR
values are then used to calculate the relative dielectric

constant and loss factor of the sample.

3.3 THEORY

A capacitive gap in the inner conductor of a
coaxial line finds common applications in filter circuits at
radio and microwave frequencies [:3.1, 3.2 ] . The
distribution of the electric field lines in the vicinity of
a gap in the inner conductor of a coaxial line is shown in
Fig.3.1(b)., A simple series capacitance representation of the
gap has been found to be inadequate in explaining the
behaviour of the line section or filter circuit [:3.2, 3.3 .
The distortion of the normal transverse electromagnetic field
lines around the gap may be described in temrms of a fringing=-
field capacitance [ 3.3 - 3.6 |. It is assumed that the
redistribution of the field is negligible outside a .region
about the gap approximately the size of the coaxial line
cross-section [:354p 3.6 ] . Thus a more appropriate
equivalent circuit for the gap is a T -network of

Capacitors as shown in Fig.3.2,
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The sample-holder constructed and used in the
present work is based on such a gap and its Tl -network of
capacitors equivalent circuit representation. It is
evident that when a sample is introduced into the sample-
holder the series capacitance would be given by CC)E*
where € is the complex relative permittivity of the
sample, Co is the series capacitance of the empty sample-
holder calculated from the inner conductor and gap dimensions
and Cf represents the fringing-field capacitance associated
with the discontinuities of the inner conductor, For reasons
similar to those given in chapter 2, the fringing-field
capacitance is assumed to be an upper limit. Wwhen a load
matched to the characteristic impedance of the coaxial line
is connected to the output of the sample-holder, and assuming

UJZOCf € 1 for most practical purposes [ 3.7 1, the
impedance looking into the sample-holder at the plane A - A

of Fig.3.,2 may be approximated by

1+ JwZ (€™ + )
JWICE + C,)

(3.1)

where W = 2T f is the radian frequency and f is the
frequency in Hz, When air is the dielectric in the inner
conductor gap, the series capacitance may be taken as the
vacuum capacitance Co and the reflection coefficient [ 3.8 ]
at the plane A - A is then given by

Z 1

Il;lexp(-j0) = Ly = 4, = : (3.2)
Z,*+ 1, T+ jJawZ (C + C)

a
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where H;[ is the reflection coefficient magnitude,
ea is the phase angle of the reflection coefficient,

Za is the input impedance at the plane A - A,

Similarly, when a sample of complex relative permittivity
3*
3 is introduced into the sample-holder the reflection

coefficient at the plane A - A can be written as

lr;lexp(_jes): L - £, - . 1 _ (3.3)
L.+ 7 T+ j2wl (Ce + ()

S 0

where the subscript s denotes quantities similar to the
ones defined above but in this case pertaining to the sample.
On dividing eqn{3.2) by egn{(3.3) and substituting for
# / . "
£ = & - jE we have
" H ’
*2WZLE" + J2wWZL € + (G /C,)

, 1
LI/IG] exp j@, -6) = . (3.4
Iu'/'sl pJ 1+ JZU)ZOCOH N Cf/CO) )

Expanding the left-hand side of the above equation and

transposing results in

Ir/IG [cos(8,-6) + jsin(B,- 8][1 + j2wZ 41+ C;/C,)]

=1+ 2wZLE"+ j2wlf (e + C/C) (3.5)

Equating real and imaginary parts, solving for € and £

and simplifying we obtain
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a1

| sin2pd, - &) ] G

€ =Za 1+ C,/0Ccos 2B -2 )+ (3.6)
eyl G teos 2P 5, T C,

8” - l_l—q_l_ COSZB(ES' {u) - (1 + [f/[ )SIHZBH -{ )J- _1___ (3.7)
Tl 2wZ,C, ° L R Xd

where the phase constant [ = 2n/'Kg with kg as the
guide wavelength; Ru and Rs are respectively the voltage
standing-wave minima locations with air and the sample as the

dielectric. The phase angle of the reflection coefficient with

air, 8, , is related to B and 23 through the equation

[3.8]
6 =280 -(2n+ N (3.8)

where the integer n refers to the number of the standing-wave
nodes in front of the terminal plane A - A. A similar
definition applies to the phase angle of the reflection
coefficient 0; when the material under test is introduced
into the sample-holder. Once the dielectric constant and loss
factor are known, the loss tangent and conductivity can be

calculated in the usual way.

3.4 SAMPLE-HOLDER DESIGN AND CONSTRUCTION

3,4.1 Line Parameters and Characteristic Impedance

The geometry of the coaxial line leads to

particularly simple forms for the electric and magnetic fields,
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For the TEM mode the electric field is entirely radial and
the magnetic field forms a series of concentric circles

around the inner conductor as indicated in Fig,3,3. This
permits easy calculations of the basic line parameters: the
shunt capacitance and conductance, which are determined by the
line geometry and the dielectric medium between the conductors,
and their series inductance and resistance., At high frequency,
when the skin effect is important, current flow is restricted
to the adjacent surfaces of the conductors and the magnetic
field to the space between them, The dominant line parameters,
the inductance |[. and capacitance C per unit length of line,
which control its high frequency characteristic impedance, can

easily be shown to be given by [:3.10, 3.11]:

L = —plﬂn(b/u) (3.9)
2TC
and
(= ZTtEr/ﬁn(b/u) (3.10)

where & and |J. are respectively the pemittivity and
permeability of the medium filling the space between the
conductors, The high frequency resistance of the conductors

is the resistance of the appropriate surface layers, i.e.

R = g%; -l + %; (3.11)
a

wvhere the equivalent surface resistance of the conductors is

given by R=1/00 with (O the conductivity and §

the skin depth of the conductor material, As Rs is
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proportional to the square root of the frequency, the line
loss tends to be proportional to VE . For a low loss line
R must be minimized, It is then necessary to make Rs
small and to choose large values of the conductor diameters

a and b [ 3.9 ] . The characteristic impedance of a
low loss line can be calculated from the values of the

distributed inductance and capacitance using the equation

(3.10] :

o}

7 = VL/C = %,/}JF/Er Lnibra) (3.12)

The sample-holder used in this work was constructed
of brass; the external diameter of the inner conductor O was
6.20 mm while the internal diameter of the outer conductor D
was 14,29 mm, This gave a diameter ratio of 2,305 and would
theoretically yield a characteristic impedance very close to
50 ohms, [ 3.9 - 3.117] ; Table 3.1, Fig.3.4 shows the
dominant line parameters L and C and the characteristic

impedance 2 as a function of the diameter ratio b/a .

Table 3,1 50 2 Coaxial Line Conductor Diameters [ 3,12 ]

l4-mm line 7-mm line
mm in. mm in,
Gut . .
Juter diameter of ), Ha05 | 5 5625 7.000 0.2756
inner conductor
Inner diameter of
outer conductor 6,2041 0.24425 3,040 0.1197
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The size of the internal conductor of the sample-holder
chosen was appropriate for most practical situations since
samples of this cross-section can be readily obtained. This
was also consistent with minimizing the conductor losses
mentioned earlier and for minimizing the error in length
~measurements, Another advantage in this case was that the
main line used had identical diameter sizes, thus the
additional problem associated with step discontinuities when
transforming to different conductor diameters [3.4, 3.6]

was avoided,

3.4.2 Inner Conductor Supports

For reasons of mechanical stability and aligrment,
it would be better in principle to have some kind of support
for the inner conductor of the sample-holder, Fig,3.,5
illustrates schematically some of the possible ways of
supporting the inner conductor while minimizing the reflections
of the electromagnetic waves due to the supports themselves.,
The presence of such supports increases the characteristic
impedance at the points of support since the capacitance per
unit length increases at those points. Hence it is desirable
to keep the dielectric constant and losses of such supports as
low as possible to minimize the reflections. Table 3.2 below

lists some of the potential materials for the inner conductor

supports.




\ position of

d,\'\ﬂe
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coaxial line at the point of support
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(b} Undercut bead: radius of inner conductor of
| coaxial line reduced at the point of support
L (After references 316, 3:17)
Fig.3:5 Some ways of minimising reflections due to
bead supports for the inner conductors of coaxial

lines
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The effect of a single support may be represented
by an extra capacitance at that point and if its thickness
d <= xg we may say that the capacitance is concentrated at
a point, Cver a limited frequency range this effect may be
cancelled by incorporating a shorted length of line as shown
in Fig.3,5(a). 1In addition, where the situation permits,
the effect of the support can be further reduced by placing
it at the node of a voltage standing-wave, For small values
of 2T E d/)\g where € is the dielectric constant of the
supporting material the reflection [ introduced by the

support is given by [:3016 1

r=-j€- 1)Tnd/)\g (3.13)

Another way of minimizing the reflections introduced by the
supporting beads while maintaining a constant characteristic
impedance is to use undercut beads as illustrated in Fig.3.5
(b). To achieve this the outer radius of the inner conductor
should be reduced to a value r given by the expression
[ 3.16, 3.17 ]
| Ve

2r = b/!(?i)
If it becomes necessary to support the inner conductor with
more than one bead;, as in Fig.3.5(c), then these heads
should be placed a distance L apart [ Jolb, 3.17] such

that:

(3.14)


file:///j.l6

L - A& tch Z_Ji cot (_2__@__@) (3.15)
21T 1 +E Ny ]

Alternatively if C is the capacitance due to one support

the distance L may be expressed as [ 3,17 ]

Z tan jLIEE; - 2

o )\ wC (3,16)
g

It is also possible to maintain the characteristic impedance

constant at the points where the supports are placed by

making the outer conductor slightly larger at those points

[3,6 ] . The inner conductor may also be supported by a

quarter-wavelength stub as illustrated in Fig.3,5(d).

This produces low reflections in a narrow frequency range,

Alternatively, the stub support can be made half a wavelength

long so that the transformation ratio in a limited frequency

range is independent of the characteristic impedance.

Some of the schemes like those described above
have been considered, nevertheless problems remained which
were

(i) schemes (a) and (d) were found suitable only

for a limited frequency range

(ii) supports like those shown in Fig,3.5(c) were
inconvenient as the separation e can be very

long at lower frequencies and it has to be
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continuously adjusted for different frequencies

(iii) The problems in maintaining a uniform cross-section,
straight edges over a long length of coaxial sample-
holder and the mechanism for moving the bead
supports smoothly along it presents considerable

difficulties and could not be overcome satisfactorily.

Initially the scheme illustrated in Fig.3.5(b) was adopted
and tests indicated that the residual VSWR values (see later)
of the sample-holder were still quite high. A combination of
undercut and overcut beads gave an improvement although the
residual VSWR values could still be reduced; the inability’
of minimizing the VSWR values very much further might
actually be an inherent limitation [ 3,18 of this kind of
bead support itself. By trial and error a line section about
10 em 1long was found to be suitable, Nevertheless, two inner
conductor supports of the overcut and undercut type machined
from polytetrafluorocethylene (trade name Teflon) were used

and modified by trial to produce lower reflections.

Commercial l4-mm line supports were aétually incorporated
into the sample-holder as they were compensated [3.18, 3.19] .
The final working construction is shown in Fig,3.6, the

various parts labelled being:

A and E ¢ fixed sections of inner conductor
B : removable portion of inner conductor

C ¢ thin-walled sliding tube




ydom siyy

pasn Japioy-2)dwps O uOI4IBS -SSOJD (q) PUD  MIIA |pusayxy (e) 9. biy

1|_ LA e

AN N\ ,,,, T \ EA4 , N
SN N I 5&\\\\\ Z ////////////,/ N 550

;L,.wé.,m?? YA

I H 9 4 4




L : compression spring
F ¢ retaining ring
G : linking annulus

H : Teflon bead support

I and J : GR 874 connector set,

One portion of the inner conductor, section B, is removable
to facilitate the loading and unloading of the compression
spring, Access to the inner conductor gap is via a window,
approximately 3.5 cm by 120° of arc, on the outer
conductor. When the sample-holder is in use a sliding
close-fitting ring clamps the cover of the access window

onto the outer conductor.

3.5 SAMPI.E-HOLDER VSWR AND CALIBRATION

The block diagram of the measurement set-up is
very similar to the conventional arrangement of measuring
VSWR's as shown in Fig.2.6, except that in place of the
short-circuit is a matched termination (GR 874 WN was used
here), The overall performance of the sample~holder may be
given in terms of the residual VSWR., By this is meant
the VSWR values obtained when the inner conductor gap is
closed (or a dummy metal piece of similar cross-section as
the inner conductor inserted into the gap) and the sample-
holder terminated with a matching load. 1In view of the fact
that the line losses increase with increasing frequency

[ 3.9 ] and that most general purpose commercial components
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have residual VSWR values of the order 1,05 in the 1 -
10 GHz range of frequencies, a requirement level of
residual VSWR of about 1.05 to 1.15 from about 500
MHz to 10 GHz was assumed to be sufficiently suitable,
Silver coating of the surfaces bounding the electromagnetic
field was found to give only marginal improvements in the
residual VSWR's. Hence in the final sample-holder the
internal surfaces were not silver coated but were simply
polished to a smooth shiny finish, Measured values of the
residual VSWR are compared with the requirement level in

Fig.3.7.

The variations of the VSWR of the empty sample-
holder (air dielectric) with air capacitance C0 (or gap
spacing)} for various frequencies are shown in Fig.3.8,
with the spring unloaded the gap spacing was set to a
particular value by means of a feeler-gauge. This was carried
out slowly, to allow sufficient time for air to get into or
out of the close-fitting sliding tube C,;, in order to ensure
that the gap was set to the correct spacing. For a particular
gap spacing and frequency the measured value is compared with
the calculated ones, as shown in Fig.3.8. This serves both
as a check against the approximations assumed in the
calculations of the reflection coefficients and as a
calibration for later calculations of €' and €” ., 1t will
be observed that for the lower frequencies considerable

deviations between 5 and 10 from the calculated values
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occur for gap Spacings greater than about 0.8 mm, (CO
=, 0,35 pI"). Por smaller gap spacings corresponding to
air capacitances COZE; 0.35 pF, the measured VSWR's

can be said to be in satisfactory agreement with the

calculated values,

3.6 COMMENTS AND CONCLUSIONS

Equations relating the dielectric constant and
loss factor to the ratio of reflection coefficient magnitudes
and the difference in their phase angles with and without the
sample were derived on certain assumptions. Thus the
dielectric properties of a material can be found from
measurements on a disc sample placed within a gap in the
inner conductor of a sample-holder. Various geometries of
the sample-holder and schemes of supporting the inner conductor
were studied, The criteria for a suitable sample-holder were
firstly that it should provide coverage over a wide frequency
range so as to take advantage of a similar feature of coaxial
lines and secondly, that the characteristic impedance should
remain within a certain level in the entire frequency range,
A sample-holder which met these requirements was
satisfactorily constructed partly using commercially
available connectors and bead supports., This considerably
reduced the problems associated with coaxial line
discontinuities due to geometrical factors and was also

compatible with the existing line cross-sectional dimensions.




However, due to increasing line losses in general and the
losses due to connectors at higher frequencies, the residual
VSWR value was found to exceed the requirement level above
about 8 GHz. The VSWR plots illustrated in Fig.3,8
indicate that suitable values of the gap spacing can be

chosen so as to lower the VSWR,
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CHAPTER 4

THE COAXIAL LINE RESONANCE METHOD

4,1 INTRODUCTION

The matched termination method described in the
last chapter indicates that the high frequency limit up to
which the method may be employed is about 3 GHz since at
this frequency the VSWR before a dielectric is introduced
into the sample-holder is of the order of 10, When a
sample is inserted into the sample-holder the VSWR would
then drop to a value close to between one and two thus
increasing the uncertainty in the locations of the voltage
standing-wave minima, An increase in the VSWR value such
that it can be measured accurately while at the same time
not sacrificing the accuracy in locating the standing-wave
minima, with and without the sample, may be achieved if the
50 ohm termination is reduced to a lower value, say 20 ohms,
This would then extend the usefulness of the method to a
higher frequency limit. Nevertheless, the calculations of

€ and £€" become complicated [ see equations (3,2)
and (3.3) ] and cannot be solved in a straightforward
manner as cross products of &' and €” appear implicitly
in the ensuing equations. In addition it is rather difficult
to produce a purely resistive termination without introducing
some small inductive or capacitive effects at the high

frequencies [ 4,1, 4,2 ] o




59

4,2 GENERAL PRINCIPLE

An alternative way to overcome the shortcomings
mentioned above is to use a purely reactive termination
instead of a resistive one. A whole range of continuously
variable reactive load in a coaxial line system can be
provided by a stub tuner [:4.3 ] . In this case the stub
tuner can be adjusted so as to cancel the reactive component
of the impedance due to the dielectric when it is placed in
the sample-holder. The resulting purely resistive impedance
seen at the input terminal of the sample-holder can then be
used to calculate the dielectric loss of the sample., The
same sample-holder used in the matched termination method

can be used directly in this case without any modification,

4.3 THEORY OF THE METHOD

When a variable reactive load is connected to the
output terminal of the sample-holder, the equivalent circuit
may be given as in Fig.4,1. Let the impedance due to the
sample be

1
l = -
jwC g*

1 ] 8” - JEI
jUUCO(E' _J-E//) (.UCO(EIZ + €//2)

(4.1)

where the symbols have their usual meanings. Wwhen the

variable reactive termination is adjusted such that it
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cancells off the reactive component due to the sample, the
resultant impedance looking into the input terminal of the
sample-holder would be purely resistive and at its minimum
value, This results in a resonance condition and will
produce a maximum value of the VSWR detected on the
slotted~line section., If we write the impedance due to the
sample in the form R + jX , then at the resonance condition
when X is cancelled off, the net impedance will be just R.

Thus we may write

EII
R - (4.2)

wC, €2+ €"2)

Since the loss factor is related to the loss tangent through
the relation €= €tand , on substituting this into

the above equation we have

tan §

(4.3)
wCEe1 + tan?6)

Therefore
WRCE'tan?8 - tand + WRCE = 0 (4.4)

Since the frequency, air capacitance, dielectric constant
and resistance R are all real positive quantities, the

practical solution of equation (4.4) can be shown to be

tand = A - VAZ -1 (4,5)
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subject to the condition A = + 1 (for similar reasons

as above), where

A = ——1———, (4.6)
2wRC.E

A purely resistive impedance falls on the real
axis of the Smith chart [ 4.47] and the normalized value of
R is then given by the reciprocal of the VSWR at the
resonance condition; hence R = Zo/ VSWR, In practice
there will be a small resistance associated with the
connectoxr of the reactive load. The value of R would then
include this resistance in addition to the resistive
component of the impedance due to the sample., An estimate
of the resistance due to the connector can be made by
measuring the VSWR at the resonance condition without the
sample., Assuming that this resistance is in series with the
resistive part of the impedance due to the sample, the
latter can be found from the difference of the resistances

with and without the sample.

4.4 EFFECTS OF SAMPLE-HOLDER LOSSES

Since the resistance at the resonance condition
is given by the expression R = Zo/ VSWR , if we let the VSWR
at the resonant condition with and without the sample be Ss
and Sa respectively, the net resistance due to the sample is

then
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z (i - 1—) (4,7)
° SS SG

Equation (4.3) can be written as:

Zo(—L - —1—-) = tand (4.8)
S Sq wC, € (1 + tan?6)

Substituting W = 2T f and rearranging we obtain:

2
1 + tan’6 7(1 1 )
Constant. fC € = _ - = (4,9)
Stan ° tanﬁ } Ss Su

Plots of the function on the right-hand side of the above

equation against the loss tangent for various values of
fCOE’ are given in Fig.4.2. A proper selection of the
values of fCOEI and the capacitance of the empty sample-~
holder can be made so as to lower the VSWR values when

the dielectric is inserted into the sample-holder,

when the resistance due to the connectors and
line losses are significant, the VSWR at resonance without
the sample would be finite, This can actually be
advantageous if its value is not too close to that when the
material under test is inserted into the sample-holder. Fig,
4,3 illustrates the variation of the VSWR of the sample
at resonance for cases when the VSwk of the empty sample-
holder, wunder a similar condition, are finite, together

with the ideal lossless case when the VSWR, Sa’ is infinite,
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Relatively large errors can result if, without measuring it,
one assumes that the VSWR of the empty sample-holder at

the resonance condition is infinite, even when its value is
as large as A, 10,000, For example, assuming an ideal
situation the resistance of the sample is say 0,05 ohms,
corresponding to a VSWR of 1000. If the VSWR value at
the resonant condition without the sample is actually 10,000,
this would have meant that the true resistance of the sample
is 0.045 ohms ;3 the error in assuming an infinite VSWR
without the sample would amount to A~ 10 3 . Plots similar

to those given in Fig.4.3 may also be used as calibration
curves. If the VSWR at resonance without the sample in the
holder becomes too high, hence the usual difficulties in
measurements, a known standard sample - for example guartz
or polytetrafluoroethylene (PTFE) - may be used for
comparison, in which case appropriate adjustments must be
made in the calculations of the loss tangent of the material

under test,

4.5 DISCUSSION

A coaxial line resonance method of measuring the
loss tangent of a material with corrections for losses due to
the connector of a variable reactive load has been suggested.
Since this method usc¢s the same sample-holder as the matched
termination method, it is again applicable to both solids

and liguids. As long as the VSWR values at resonance with
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and without the sample are not too close the method is
apparently not restricted to any specific degree of loss,
In addition, if identical geometrical conditions can be
met the method lends itself to a comparison type of

measurement using known samples as the standard.
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CHARTER 5

ASSESSMENT CF METHCDS

5.1 INTRGDUCTION

I'xperimental evaluation of the measurement methods
described in Chapters 3 and 4 may be readily carried out
using liquids since the air capacitance of the empty sample-
holder CO can be conveniently set to any suitable value by
carefully setting the appropriate gap spacing. The liquids
used should have the proper combination of physical and
chemical properties, for example, their surface tensions and
viscosities should allow them to be easily placed into the
inner conductor of the coaxial sample-holder; and, of course,
they should neot react with the metallic conductors. Similarly,
an assessment of the methods using known or standard solids
can be performed with samples in the form of thin circular
discs machined from the bulk. There is , however, a lack
of flexibility with regard tothe thickness of solid samples in

comparison to the liquids whose thickness can be continuously varied.

5,2 MEASUREMENTS QF KNOWN MATEPIALS

5.2,1 TIQUID SAMPI.ES

5.2,1.1 Matched Termination Method

Chlorobenzene'*(of chemical formula C6H5Cl ) was

* Chemical laboratory grade
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chosen for the assessment of measurements on liquids since

it met the physical and chemical property requirements. Among
other factors taken into consideration were that its pure
form has been recommended as a standard calibration liquid

[ 5.1 - 5.3 ] and its effects on contact with the skin were
within the safety limits [ 5.4, 5.5 | . Measurements using
this method were made between 500 MHz and 3 GHz . The
liquid to be measured was carefully placed into the sample-
holder by means of a fine-tipped dropper, care being taken to
wipe off excess liquid that smeared other parts of the inner
conductor, Since the liquid was held in place by its surface
tension, the gap spacing was chosen such that the weight of
the liquid was observed not to distort its shape. A value
between about 0.50 mm and 0.80 mm was found suitable; this
corresponds to an empty sample-holder capacitance of between
0.54 pF and 0,36 pF, Although a smaller gap spacing was
desirable in order to reduce the fringing-field effects, this
was found more difficult to set accurately and insertion of
the sample was time consuming (this was in view of the fact

that chlorobenzene was rather volatile).

The VSWR of the empty sample-holder was either
read off the calibration curves in Fig.3.8 or separately
measured if it was not given there, Positions of the voltage
standing-wave minima were located on the slotted coaxial line
by the process of bracketting (section 2.,4.2) ; this was

especially essential when measurements with the liquids were
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carried out, The measured guide wavelength, voltage standing-
wave minima shift and the VSWR values with and without the
liguid in the sample-holder were then used to calculate the
real and imaginary components of the relative permittivity

from equations (3.6) and (3.7). Fig,5,1 shows the VSWR
values with and without pure chlorobenzene for an empty sample-
holder capacitance of 0.45 pF 1in the frequency range
investigated., In Table 5.1 the values of €' and E£”
averaged over empty sample-holder capacitances of 0,38, 0.45
and 0,54 pI are compared with those from the literature,

These averaged values are plotted over the frequency range of

Table 5,1 Complex Permittivity of Chlorobenzene Determined

by the Matched Termination Method (c£200C)

Matched Termination Method Literature values
f{GHz) g’ g" f(GHz) £’ g References
0.5 5.65 0.1122 0.5 | 5.72]0.158 | O°i» 5.3
(20°¢)
1,0 5,51 0.2127
1.5 5. 50 0.3029 0.4 5,58 |0.,0762
5.6
2.0 5,45 0.4005 1.0 5.55 | 0,146
(23%)
2.4 5,48 0.4800 3.0 5,48 | 0.653

measurements in Fig.5.2, A plot illustrating maximum
differences in the phase angles of the reflection coefficients

with and without the sample together with the ratio of
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reflection coefficient magnitudes are shown in Fig.5.3 for

the case C0 = 0.45 pF.

5.2,1,2 Coaxial Line Resonance Method

With this method of measurement the frequency
range covered was much wider (from 500 MHz up to about 8
GHz). Chlorobenzene was again found suitable and, in addition,
a mixture of 10.6 molar percent of chlorobenzene in

cyclohexane (C6H was used. In this method sample

12!
thicknesses ranged from 0,50 mm up to 0,80 mm. Plots of

the maximum VSWR values at resonance in the frequency range
500 MHz up to 7.2 GHz are given in Fig.5.4., The dielectric
constants required for the loss tangent calculations were

taken from the matched termination measurements and from the

short-circuit method, together with those from the literature

[5,6, 5,7 ] . The measured values of the loss tangents are

compared with those from various sources in Table 5,2 below.

Table 5,2 Toss Tangents of Chlorobenzene Determined from

the Coaxial Line Resonance Method (v ZOOC)

Coaxial Resonance Method Literature values
f (GHz) tan f (GHz) tan b References
0.5 0.0148 0.5 0.0276 5.1, 5.3
(20°C)
1.0 0,0278 1.0 0.0264
5.6
2.0 0.0638 3.0 0.1182 (23°0)
5.0 0.1974 5.0 00,2028
5.8
7.2 0.2860 7.52 0.,2680 (2273) ]
|
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Variations of the loss tangents of the pure chlorobenzene and
the 10.6 percent chlorobenzene solution in cyclohexane with

frequency are plotted in Fig.5.5,

The coaxial resonance method of determining the
loss tangent was also evaluated using a relatively high
dielectric constant liquid - pure waterf Experimental data
for pure water are known to fit well [ 5,10 - 5,16 | the

Cole-Cole equation [5.17 ]

! 1]
€ = € + & - & (5.1)

1+ (jwt) "

where €; and E; are the static and high frequency dielectric
constants respectively, T the relaxation time and Q the
relaxation time spread parameter. After normalization one can
readily show from equation (5,1) that:
’ / 1T-a .
e =g 4 (SS-EQ)[1 + (w1) sm(cht/Z)]

= € (5.2)
21-a)

1+ 2wt)  “sinlot/2) + WT)

Table 5.3 lists some dielectric quantities for pure water at

Table 5,3 Quoted Dielectric Data for Pure Water (ZOOC)

Yuantity Value
Static dielectric constant, E; 80,4
High trequency dielectric constant, E; 4,42
. : -12
itelaxation time constant, T 9.3 x 10 s
kelaxation time spread parameter, 0.013

* freshly distilled water




— )
@
— ®
o @
AV
References %S';
10’1=_ [53, 57] e
B e
o ®
tan § ®

05 1 2 > f(GHz)

Fig.55 Loss tangent of chlorobenzene and its 10-6
molar per cent solution in cyclohexane

obtained by the coaxial line resonarce r.wthod




71

20°C  taken from various sources | see for example, 5,13 -
5,16 | . Together with the experimental data in Table 5.3,
e quation (5.2) was used to provide the dielectric constant
values at the measurement frequencies shown in Table 5.4

below. Values of the VSWR at resonance for samples of

Table 5.4 Dielectric Constant of Pure Water Used For

. . o
the lL.oss Tangent Determination (20 C)

"requency Dielectric 'requency Lielectric
f(GHZ) constant f(GHz2) constant
0.8 80.0 2,4 78.5
0.9 79.9 3.7 76.4
1.0 79.8 4,0 75,8
1.2 79.7 5.0 73.7
1,5 79.5 6,0 71.3
1.8 79.2 7.2 68,2
2,0 78.9

pure water for three different empty sample-holder
capacitances are plotted in Fig.5.6 for the frequency
range given in Table 5,4, In Table 5.5 the measured
loss tangent values are compared with those from the
literature, The averaged values of tan?d calculated
from the measured VSWR values in Fig.5.6 are plotted

against frequency in Fig,5.7.
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Table 5.5 I.oss Tangent of Pure Water Determined from

o
the Coaxial Line Resonance Method ( ~ 207)

Coaxial Resonance Method Literature values
£ (GHz) tan b f{GHz) tand References
1.0 0.0586 1.0 0.0556 | 5.18 (20°C)
2.0 0.1154 2,0 0.1040 5.20 (23°C)
3.7 0.2113 3,65 0.2045 5.12 (20°C)
4,0 0.2289 , 4.0 0.2212 5.18 (20°C)
7.2 0,4031 7.95 0.3810 5.14 (25°C)

5,2,2 SOLID SAMPLES

5,2,2.1 Matched Termination Method

Experimental evaluation of this method for solids
was carried out using samples machined from the bulk material.
Circular discs of polymethylmethacrylate (PMMA) about 6,5
mm in diameter and of various thicknesses were used.

The measurement procedure involved was similar to that for

the case of the liquid samples, except that in this case the
inner conductor was spring loaded when measurements with the
solid samples were being taken, The average values of the
dielectric constant and loss tangent from 500 MHz up to 2
GHz are given in Table 5.6 below. These may be compared
with the literature values of 2,59 -~ 2,60 for the dielectric

=3 -
constant and 5.7 x 10 - 6,7x 10 3 for the loss tangent
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between 100 MHz and 10 GHz [ 5.21, 5.22 .

Table 5,6 The Dielectric Constant and Loss Tangent of PMMA

Measured by the Matched Termination Method

Frequency Dielectric Loss tangent

f (GHz) constant tan § x lO3
0.5 2,59 5.67
0.6 2,58 5.21
0.7 2,58 5.26
0.8 2,60 5.48
0.9 2,62 4,94
1,0 2,63 5.87
1,2 2.60 5,58
1,5 2,55 5.08
2,0 2,58 5.64

5.2,2.2 Coaxial lLine Resonance Method

The PMMA samples above were also used in the
coaxial line resonance method of determining the loss tangent.
A typical curve of the variation of the VSWR along the
slotted coaxial line when the reactive load was continuously
varied, for an empty sample-holder capacitance of 0.32 pF
at a frequency of 2 GHz, 1is illustrated in Fig.5.8., 1In

this instance the maximum value of the VSWR was about 93
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giving a loss tangent value of 5.73 x 10-3. Since the high
frequency literature values of the loss tangent for PMMA are
scarce and far between those from 1 MHz to 138 GHz

[ 5.21 - 5,23 ] have been plotted out separately. The values
-determined by this method are then compared with the

literature values in the high frequency region, Fig.5.9.

5.3 COMMENTS AND CONCLUSIONS

The matched termination and coaxial resonance
methods of measuring the dielectric properties described in
chapters 3 and 4 have been applied to known solid and
liquid samples. It was found that the first method was
applicable to the frequency range from 500 MHz up to about
3 GHz, while the second method could be used up to about
8 GHz. The onset of higher order modes (=~ 9,3 GHz) for 1l4-
mm coaxial lines [ 3.10, 3.12 ] and the validity of lumped
circuit element representations when the sample thickness
becomes comparable to the wavelength set the upper frequency
limit of measurement in the second case. 1In practice, when
there was no material in the sample-=holder the VSWR was
found to be very high and thus assumed infinite such that the
resistance could be taken to be zero in comparison to the
Situations with chlorobenzene, water and the PMMA samples,
Nevertheless, this VSWR was estimated from measurements on
different thicknesses of PMMA samples to be of the order of

15000, rhis has o negligibly small effect on the measured
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values of the loss tangents of the samples and thus may be
taken to be infinite in most practical situations, The
overall agreement of the measured quantities with those from
the literature for the known samples was reasonable; in
conclusion it may be said that the two methods proposed
provide alternative means of determining the dielectric
properties of materials between about 500 MHz and 10 GHz,
The overall accuracy obtainable with the coaxial line methods
was about 10 % ; this being determined primarily in the
matched termination method by difficulties in locating the
minima and in the coaxial resonance method by the high value

of VSWR,
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CHAPTER 6

DIELECTRIC THEORY

6.1 DEFINITIONS AND BASIC IDEAS

The application of an electric field to a dielectric
material results in the appearance of a net dipole moment per
unit volume, known as the polarization P. For simplicity,
consider a dielectric material in the form of a parallel-sided
slab. The external manifestation of the polarization is the
appearance of a charge qd = P on the surface of the material,
Assuming that the field E is produced by the application of a
potential difference between two electrodes attached to

opposite faces of the slab, the total charge @ at the

electrodes is given by

Q=gq,+*q = D (é.l)

where Ay is the charge due to the free space between the
electrodes in the absence of the material and the field vector
D 1is defined as the dielectric induction. Most dielectric
measurements are concerned essentially with the determination
of the charge Q. 'The dielectric behaviour is described by
the time dependence of the charge Q(t) wunder excitation of

a time-varying electric field E(t). For simplicity, first
consider a delta function excitation 6(t) at time t = 0.

The strength of this delta function is given by the product
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of the amplitude of the field E and its duration At in the
limit At-»0. The dielectric response function f(t) may
be defined as the response of the polarization of the medium

to the delta function excitation

P(t) = € E At f(t) (6,2)

where Eo is the permittivity of free space. The physical
cause of the time dependence of P(t) 1is the inevitable
"inertia" of any material medium that cannot instantaneously
follow arbitrary rapid variations of the exciting field.
Since there can be no reaction before the cause and since we
do not expect any permanent polarization after an infinite

time without the external field, the function f£f(t) has the

properties:
f(t) = 0 for t<0
(6.3)
f(t) =0 for t »o
Making the assumption that the system is linear (hence the
superposition principle holds), the response to consecutive
excitations is the sum of the responses due to individual
excitations., Thus the polarization due to a time-~varying
field E(t) may be written in the form of a convolution
integral
@
P(t) = € |flt)E(t -T)dT (6.4)
0

If E(t) 1is now a step function with amplitude E and
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f(t) =0 for t <0, then equation (6.4) becomes
t
P(t) = €,E|f(t)dt (6.5)
o

By definition, the charge q, due to the response of free

space is instantaneous so that

qo(t) = gk (6.6)

regardless of the form of E(t). The total dielectric
induction D(t) is the sum of q, and P(t). It is evident
that the total charge qﬂ arising from the steady-state
polarization of the dielectric material must be recovered in

the process of discharge, so that

o o]

g, = €E|flt)dt (6.7)

[o}

The basis of dielectric response in the frequency
domain is the application of a harmonically variable field
E(t) = £ sin Wt at a radian frequency j . Let the physical
quantities E(t), P(t) and D(t) have complex Fourier
transforms E(w), 73((;)) and D(w) respectively. Applying
the Fourier transform to equation {6.4) the convolution

integral transforms to the simple product of the form
Plw) = g x(w Elw) (6.8)

This shows the simplicity of the response of a linear system
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in that every Fourier component of the driving field Eiw)
causes its own response of the polarization component jﬁuﬂ)
through the transfer function X (W), which is referred to

as the dielectric susceptibility

X(w = x'(w - jxw) (6.9)

The real and imaginary components of )((uﬂ are respectively

the cosine and sine Fourier transforms of £(t), where

(e o]

xlw) = | f(t)exp(-jwt)dt (6.10)

The imaginary component )(” uu) is the dielectric loss since

the electric current due to this component is in phase with

the driving field while the real part )(’(Q)) defines the
energy of polarization stored in the material, The
susceptibility function X (W) defines the dielectric

response of the material medium between the electrodes and the
total response of the system is given by the sum of this and
the free space contribution, thus from eguations (6.1), (6.6)

and (6,.8)

Hlw = g1+ Xlw |E(w (6.11)

The ratio ,:D(w)/E(w) is defined as the dielectric permittivity

so that

Diw) = ewBlw = g (WEW (6,12
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where €P(UJ) is known as the relative dielectric permittivity
or dielectric constant, For brevity, the term ‘relative’ is
often omitted and the relative complex permittivity is
henceforth simply referred to as the complex permittivity.

The unity in brackets in equation (6,11) represents the free
space contribution and is purely real. The entire loss comes
from the material medium and we may write for the real and

imaginary components of the complex permittivity

e'lw) = 1+ xX(w), e’(w) = X" w) (6.13)

The transforms may be inverted to give

F(t) = %fx'(w) cos wt dt

@® (6.14)
= %jx”(w) sin wt dt
()
Recalling the properties of Fourier transforms, we note from
equation (6,9) that )(%(U) is an even function; the static
value is obtained by setting (Y = 0 in equation (6.10)
®
X(0) = ff(t)dt (6.15)
o

which corresponds directly to equation (6.7)., Similarly, X”ﬁu)
is an odd function of () and has a series expansion of the

form

X“(w) = g/w + aw + [higher odd powers] (6.16)
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where the first term on the right<hand side (that gives a
singularity at the origin) arises from a finite value of the
d.c. conductivity, necessarily present in measurements, and

does not belong to the actual dielectric response,

Zgquations (6.9) and (6.14) show that )(%(D) and
)(”(UU) are interrelated and may be expressed as Hilbert

transforms and known as the Kramers-Kronig relations:

, 2 [ sxXs)
X (w) = -T—.'CI 52 N wz ds
© (6.17)
" - =2 wX'(s)
(w) = d
X ) TS S

Since € (W) is related to Y(W) through equation (6.13) and
that the Hilbert transform of a constant is zero, the

integral relations in equations(6.17) are also true for E£(W).

6.2 MLECHANISMS OF POLARIZATION

An atoﬁ comprises a positively charged inner core
surrounded by electron clouds having symmetries determined by
their quantum states. On application of an electric field,
the electron clouds are displaced slightly wiﬁh respect to the
positive cores, causing atoms to take up an induced dipole

moment. This phenomenon is termed electronic polarization,

Consider next a diatomic molecule made of atoms X
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and Y, The interaction between the constituent atoms results
in a redistribution of the electrons which would generally be
axially symmetrical along XY. One would expect the diatomic
molecule to possess a dipole moment in the direction XY,
except where X and Y are identical, when the dipole moment
should vanish for reasons of symmetry. Molecules of this kind
are true dipoles and termed as polar; a typical example being
hydrochloric acid in which there is a displacement of the
charge in the bonding between the H and Cl atoms. Under
the influence of an applied field the polarization of a polar
material can change in two ways. Firstly, the field may
cause the atoms to be displaced resulting in a change in the
dipole moment, this may be called atomic polarization,
Secondly, the whole molecule may rotate and try and align
itself with the field. This is referred to as orientational

polarization,

In real crystals there exist a large number of
defects such as lattice vacancies, impurity centres,
dislocations, etc., Free charge carriers migrating through the
crystal, under the influence of an applied field, may be
trapped or pile up against a defect., This results in a
localized accumulation of charge which will induce its image
charge on an electrode and gives rise to a dipole moment,
This constitute a separate polarization mechanism known as

interfacial polarization.
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In an ionic or partially ionic solid, under the
influence of an external field, the positive and negative
ions are displaced from their equilibrium positions, This

gives rise to ionic polarization.

There may exist several polarization mechanisms
in any particular material, each characterized by its own
frequency dependence., The dielectric response of the material

is obtained by summing the individual contributions, thus

elw) = 80{1 + Z[x;(w) - jx’;(w)]} (6.18)
k

The losses due to some of the mechanisms become insignificant
in certain frequency ranges below the respective loss peaks,
so that the particular ) (O) values may be added to €, to

give an effective high-frequency permittivity 800 s hence

elw) = €+ EOZ[X'k(w) - jx:(w)] (6.19)
k>k,
where kl 'is now the first mechanism with a non-vanishing
loss in the frequency range under consideration. This is
schematically illustrated in Fig,6.1 for a hypothetical
material having three non-overlapping polarization mechanisms,

For most purposes the electronic polarization is so rapid,

[

D . .
~ 10 sec, that it may be regarded as instantaneous. The
same may be said of ionic polarization, with response times

=13
of the order 10 sec, Both mechanisms can thus be said to
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simply contribute to Eoo’

6.3 EMPIRICAL CHARACTERIZATION OF DIELECTRIC RESPONSE

The study of dielectric response of materials is
simplified if the various polarization mechanisms are
sufficiently well separated in frequency so that they do not
overlap, which is often found in practice. The dielectric
behaviour in particular regions of the frequency spectrum is

then best represented in temrms of the dielectric susceptibility

Xlw) = X'(w) - jx(w) = e(w) - € (6.20)

The frequency dependence is the most fundamental manner of
presenting the dielectric response and in this respect the
imaginary component E’“UU) is the more sehsitive indicator,
being an odd function of frequency and shows more features
than the even function E'(UU). Since we are dealing with
the frequency dependence of a complex parameter, there are
several ways of representing the experimental information,
e.g. by the )g’ - xg plot and the linear plots of
Xg(uu) and )(”(Qn against tog W. These representations
are very useful for the study of the neighbourhood of loss
peaks which are emphasised in these graphs, but the details
of the response away from the loss peaks are lost to a large

extent,

The conventional starting point in the approach
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to the dielectric response in materials is through the

classical Debye model [6.1 ] described by the expression

A
X(w) = (6.21)
1 + jwt
where A is a constant and T the relaxation time. The
dielectric loss )(?(LU) represents a symmetric peak at Lop
= T/I with a width at half-height of AT)= 1,144 decades,
rFig.6.2, Although a response of the Debye type may be an
acceptable approximation to the behaviour of some liquids and
solutions of simple polar molecules [ 6.2 ] , the overwhelming

majority of materials, particularly solids, do not follow

such a response [ 6.3, 6.4 ].

Attempts to explain departures from the Debye

model take many forms, From a very early stage distributions

of relaxation times (DRT's) have been proposed, when one
alone is inadequate [ 6.2, 6,3 ]. Amongst the principal
empirical relations suggested are the Cole=Cole circular
function with depressed centres [ 6.5 ] , the skewed-arc
function of Cole-Davidson [6.6 ], the Fuoss-Kirkwood
function [ 6,7 ] , the Havriliak-Negami equation [ 6.8, 6.9 ]
and the William-Watts dipole correlation function [ 6.10 ] .
These equations will not be detailed here as they have already
been discussed in detail elsewhere [ e.g. 6.2 - 6.4 ] . The
manner of presenting of dielectric data reflects, consciously

or otherwise, certain assumptions about the expected model
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which is to be used in their interpretation, It often appears
that the original assumptions made about a particular model
are subsequently forgotten and that the same presentation is
later applied to systems which do not obey the original model
[6.12 ] thereby "force-fitting" the experimental results with
the model, The choice of the model thus seems arbitrary.,
recently Jonscher [6.13 ] and Hill [ 6.14 ] noted that an
overwhelming majority of experimental evidence, when presented
in the form of a logX” - logX’ plot, can be approximated

by the expression

1
X (w) o< (6.22)

i)™+ )"

with the parameters m and n in the range 0 and 1l; while

the real part of the susceptibility follows the relations

p n-1
X(W) o< W for w>» W,

(6,23)
X'(w) = constant for W « w,

Uup is the frequency at which the loss peak occurs. Hill
[ 6.15] has collected one hundred sets of data on polar solids
and liquids and showed that the exponents m and n are
uncorrelated and concluded that they must therefore represent
independent physical mechanisms, The above expression for
the loss may be regarded as a generalization of the Fuoss-

Kirkwood equation to which it reduces for m =1 - n = «
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For m different from 1 - n it yields an asymmetric loss
peak with limiting power law dependences as (UL/LUp)41_n)for

w > wp and ((,U/(,Up)m for (Y « U)p; thereby resembling
the other empirical equations as special cases. Jonscher has
described the pattern of behaviour in Hill's examples and many
others [ e.g, 6.4, 6,11 | as the "universal law of dielectric
response' and concluded that it was necessary to seek a

universal framework within which all these materials would

find a common interpretation,

6.4 THE UNIVERSAL DIELECTRIC RESPONSE

A wide-ranging study of dielectric behaviour of
various materials by Jonscher and co-workers [ 6,4, 6,11 -
6.17 ] has led to a formulation of a general classification of
all known types of dielectric response in the wide frequency
range below the quantum regimes, This is shown schematically
in Fig.6.3 which gives the log X|w) and logXw) against
logw plots and the complex Y”(W)- X (W) plots, On the
right is the ideal Debye response, which is hardly seen in
solids. Moving to the left, we go through a range of
increasingly °‘non-Debye' types of responses with increasing
widths of the loss peaks. The near-Debye response peaks found
in many ferroelectrics at gigahertz frequencies are
approximated by the Cole-Cole equation; the symmetric peaks
may also be represented by the Fuoss-Kirkwood equation, Next,

the asymmetric peaks with the accepted Cole-Davidson and
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william-Watts formalisms, and further still towards the left
in which the polarization is dominated by hopping electronic
or ionic charge carriers with the absence of loss peaks.

This is followed by a region of strong low-frequency
dispersion obeying the Kramers-Kronig relations; then
finally on the extreme left is the limiting case of flat

frequency and temperature independent loss, (n - 1),

The high-frequency limit of both the Cole-Cole

and Cole-Davidson expressions,

X (0)
1+ (jwn)'™"

(6.24)

X (W)

and X(©)

X (w) ; B (6.25)
+ jwT

1

respectively, of the form
x(w) o< (w)'" = [sin(ﬁzg) -jcos(%t)]w”‘1 (6.26)

is referred to as the universal law of dielectric response.
The characteristic feature of this law of frequency dependence
is the fact that the real and imaginary components of the
complex susceptibility are the same functions of frequenﬁy S0

that their ratio is frequency independent

v / _ £”({W) - (1319
X (w)/x(w) * ot cot( 5 ) (6.27)

©
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This is consistent with the fact that the high-frequency
branch of the complex X plot is a straight line and is

also a consequence of the Kramers-Kronig relations - the
"universal' function (Un_1 has the unique property that it
remains invariant, except for a constant, under the Hilbert
transformation [:6.4 ] . The constancy of this ratio is in
stark contrast with the Debye response, for which it is

equal to WT . Equation (6.26) has the physical significance
that the ratio of the energy lost per radian to the energy

stored in the system at the peak of the polarization is

independent of freqguency:

" lost dis
)(((U) : energy lost per radian - cot ( n;t > (6. 28)

)(’(U)) energy stored
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CHAPTER 7

DTE DCTRIC PROPERTIES OF SITICON NITRIDE CERAMICS

7.1  ItTROGDUCTION

Increasing interest has been shown in silicon

nitride (3i3N4) since its technological potentials have been
identified. Much effort has been made to investigate its
preparation, characterization and properties. Thin film
silicon nitride has heen extensively described in the
literature; the Handbook of Electronic Materials edited hy
Milek [ 7.1] and a recent review by Morosanu [ 7.2 ] indicate
the scope of research in this area. Deposits of Si3N4 films
are now widely used in the semiconductor and integrated circuit
technoloqgy [ e.g. 7.3 - 7.5 ] . In bulk form silicon nitride
has been identified as a useful refractory ceramic with a
combination of properties found in very few others [ 7.6 - 7.8 ]
It possesses a high specific modulus, a high decomposition
temperature, high temperature strength, low coefficient of
friction, good oxidation resistance and is highly resistant

to corrosive environments. Hence it has been a leading
contender for a wide range of high temperature engineering

applications such as in gas turbines, flame cans and high

temperature gas bearings,

7.1.1 SI1.ICON NITRIDE STRUCTURE

Tarlier studies on the crystallography of silicon
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nitride were carried out by Hardie and Jack [ 7.9 ] , Forgeng
and tecker [ 7,10 ] , and fuddlesdon and Popper [7.11 ]
usina powder and single crystal samples, Silicon nitride 1is
known to exist in two structural phases ( ¢ and B )  both
of which are built up of 513N4 tetrahedra; they both have
the hexagonal structure although with slightly different
lattice dimensions. The atomic arrangement of B - Si3N4 is
the same as that of phenacite, Be25i04 [ 7.9 ] , whereas

Q- Si3N4 demonstrates an alternative way of joining Si3N4
tetrahedra and gives approximately twice the cell volume of

B - Si3N4 (Table 7,1y Fig,7.1l). From crystallographic
studies and C - Vv measurements it has been reported [7.12 ]
that in view of the two hexagonal forms it is relatively easy
to change the (I to the B phase; the application of a high
electric field may be sufficient, It is also said that at

room teumperature the two phases may co-inhabit the same

crystal,

Table 7,1 The Crystal Structure of Silicon Nitride

[ 7.9 - 7.11 ]

Phases alpha beta
Crystal System hexagonal hexagonal
Space Croup Pb 31lc Fb 3/m
. o o
Lattice a = 7,748 »n a = 7.608 A
., © . 0]
laramcbers h = 5,61l7 A b= 2,911 A




(a)

Fig. 71 The crystal structure of:
(@) B -silicon nitride, Sig N,

(b} & -silicon nitride, Si N
12 16
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rRecently there has been a discussion [ 7,13 7] on

the electronic structure of 3 based on calculations

i3N4
within the framework of a linear combination of atomic
orbitals (LCAO), Each Si atom is thought of as covalently
bonded to four N atoms in a tetrahedral arrangement and in
turn each N atom is bonded to three Si atoms, with a

Si - N - Si bond angle of ~ 120°, oOn this basis, with a
central N atom, a bonding unit composed of nitrogen 2s

and 2p states along with three silicon sp3 hybrids
directed towards the N atom is considered; the nitrogen ls
and silicon 1ls, 2s and 2p states being taken as core

states. These considerations result in a primitive cell

consisting of four bonding units, Fig.7.2,

7.1.2 MANUFACTURE OF SILICON NITRIDE CERAMICS

Two main ways of manufacturing silicon nitrides are
now used: hot-pressing and reaction-bonding - hence the
identification HPSN and RBSN for Hot-pressed and Reaction-
bonded SiBN4 respectively. The term reaction-bonded has
been preferred to reaction-sintered by Moulson [ 7.14 ] since
the word "sinter" usually implies densification by solid-state
diffusion processes which are not significant in the formation
of TI'BSN, HPSN is manufactured from commercial silicon
powder which is nitrided directly to give O - Si3N4 powder.,

This is then hot-pressed at 1700°C in air at a pressure

=2 -
between 150 MNm and 300 MNm 2 to give a maximum density




Fig.7-2  The electronic structure of Silicon Nitride
—_—_— . i
Cenlrad o Mo 1«4(’(03 en atem .

(After [ 7-913])
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pore-free B - 513N4° There is, however, one main
disadvantage of this fabrication technique in that it is not

possible to hot-press complex shapes, Hence the finishing

process is expensive,

The starting material for RBSN 1is again
commercial silicon powder., Initially a silicon powder compact
is produced,; either as a billet or in the shape of the
component being fabricated, by isostatic pressing at up to
200 MNm_2 in an argon atmosphere, After shaping the component
is heated in nitrogen to between 1250°C and 1450°C when
reaction~bonding occurs. The silicon powder compact might
also be formed directly into the component shape by slip-
casting, extrusion, injection moulding, die-pressing or
flame-spraying, & very attractive feature of this fabrication
route is that very little size change is observed during
densification and close tolerances (approximately 1%) on
the dimensions of a finished component can be readily
achieved thereby avoiding expensive machining after firing,
llowever, since Si3N4 is covalently bonded it has a low self-
diffusivity, hence the desired density cannot be achieved by
this method due to the presence of pores. Typically RESN
has a porosity of about 20 - 25°% with roughly four-fifths
of the pores less than 0.l pm in size [ 7.15 ] g this
consequently leads to a slight degradation of its oxidation
resistance, high temperature strength and resistance to

corrosive environments since porosity leads to a higher
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effective surface area.

7.1.3 RBSN SAMPLES STUDIED

7.1.3.1 Weight Gain and Impurities

The silicon nitride ceramics studied in the
present work were supplied by AME I.td. (Gateshead) and
details of their fabrication are described in a thesis by
Bushell [ 7.16 ] . These materials were in various degrees
of nitridationy to assess this degree of nitridation they
are referred to by the "weight gain" of the ceramic, which
is the percentage by which the weight of the green ceramic

has increased in the reaction. If one assumes that all

available silicon is converted to silicon nitride then the
maximum weight gain would theoretically be 66.5 % . However,
in practice the maximum weight gain that could be achieved
was slightly less (63.2 % ). There is thus a small amount
of unreacted free silicon, due to the inability of nitrogen

to reach the remaining silicon as the reaction progresses,

Table 7.2 1lists the impurities in the starting
material, these being typical of commercially available
silicon powders [ 7.14 ] . 1Iron is a major impurity, which
usually results from the steel ball mill grinding of the
silicon powder, Recently Boyer and Moulson [ 7.17 ] and
Moulson [ 7.14 ] have proposed mechanisms for the formation

of WI'SN  taking into account the effects of I'e as the major
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table 7,2 1Impurities in Silicon Fowder Used

for Manufacturing "85St Samples

Weight Percent of Impurities
Impurity |

AME Powder Commercial Powder

Fe 0,45 0.20

Al 0.25 0.20

Ca 0,052 0.30

Ti - 0.10

G - 1.0

(native oxide)

rarticle Standard Micronized 15 pm

Stze 90 % < 30 pm (mean)

impurity in the starting powder - as was the case with the aME

materials used in this study.

The proposed mechanisms are
(a) the volatization of Si (melting point 1410°C) and

its subsequent vapour phase reaction with N a CvD

2)
process leading to the formation of Q| - Si3.\'4 H

{(b) solution of N2 in alloys which are liquid at the

reaction temperature resulting in the formotion of

B - SiyN,.

7.1.3.2 Composition of Samples

The materials studied were manufactured by varying
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the firing schedules in the development furnace at AME.

These firing cycles and nitrogen partial pressure profiles

have been fully described in Pushell's thesis [ 7.16 } .

Table 7.3 lists the compositions of the silicon nitrides

with an indication of the peak firing temperatures and nitrided
densities, It was not possible to produce systematic weight
gain intervals over the whole composition range as the
variation of firing schedules and temperatures sometimes

produces unpredictable results,

The phase composition of RBSN ceramics may be

calculated [ 7.14 ] using the following equations :

M
Ll

1 - 0218p - 0448p
q

n

C = 1072p - 0-64L3p (7.1)
Si g n

C = 079 (p - p)

sn n g

where Cp 9 CSi and Csn are respectively the volume

fractions of porosity, silicon and SiBN4 in a nitrided

compact. 1In these equations is the density of the
9

green ceramic while refers to that of the nitrided
n
material. ‘alues of the various volume fractions for the

samples are shown in Table 7.3; the porosity vary between
about 17 and 26 percent,

SORHAN UNHEEEB?

1 2 MAY 1983
W B0IENCE (1BRARY
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7.2 RESUITS: PULLY-NITRIDED SAMPLEZS

7.2.1 DIELECTEIC CCNSTANT

The real part of the complex permittivity
of the fully nitrided sample (Run no.8, 63.2 weight gain)
was measured from 500 MHz up to 5 GHz with both the matched
and short-circuit termination coaxial line methods. Additional
measurements were also made at 9.34 GHz using the resonant
cavity technigque. In this method the resonant frequencies of
the cavity with and without the sample were first measured.
These frequencies, together with the volumes of the sample and
empty cavity, are directly related to the dielectric constant
{see Appendix B). Samples of about 6.8 mm diameter and
thicknesses from 0,43 mm up to 0,68 mm were cut from the
bulk material. It was important to ensure that the surfaces
were parallel and smoothg this was done using a l.ogitech
mechanical polishing machine which gave a surface flatness
to within 0,25 Rl Much care was necessary in the sample

preparation process since the ceramics were brittle.

Fig,7.3 shows the variation of the dielectric
constant in the frequency range from 500 MHz to 9.34 GHz
for the fully-nitrided samples. 1In order to compare the
dielectric constant with that reported for the denser HPSN,
account must be taken of the porosity of HEZN, The fully-
nitrided samples weasured had a porosity of 19,7 %.

walton [ 7.8 ] found that the dielectric constant ol porous
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low loss silicon nitrides follow the relation |

1 -
€'(p) = €'(0) p (7.2)
where E’(O) and E'(p) are respectively the dielectric
constant of dense (zero porosity) and of that with a
volume fraction p of pores. The quantity measured
experimentally is in fact EI(D), (where in this case p =
19,7 %). This relationship is shown in Fig.7.4., To obtain
E’((D), the point corresponding to given values of p and
E’(p)is selected and E£'(O) found by tracing back along

the appropriate line to p = 0.

The reduced dielectric constant E“C” - Ea;’ when

plotted on a log-log scale against frequency, shows a linear
variation, [1g9.7.%, and is virtually independent of the
measurement frequency. This frequency variation may be fitted
with the Jonscher "universal dielectric response law', (section

6.4):

[e'(o) - € ]oc W (7.3)

o]

where the exponent n had the value 0.98 + 0.02,

7.2.2 T1.C55 FACTCR OF "BSN

The freguency variation of the loss factour for the
fully-nitrided samples was determined using the matched
termination method up to 1.5 GHz. Above 1 GHz up to about

8 GHz, the coaxial line resonance method was used., Values



ﬁ___—_—

\\\\\\\\\T
\\\\\\\\\\\ !
x\\\\\\\\\\\\\, _..




adwos papuyiv - ANy Joj  Adusnbauy y4M  JuDSUOY  4IBBIP paxnpaJd jo uoyyolwop gL D1y

0L : Z F 50
(3H0)) =TT T _ T T
/¢
_ 0 9] O|0d|| OIOIIlOIO |O|O||O|Ol .OO OOIOOIO.IOIOI \Qlul
— e
960U _
m
| 8
—5
— 0l
'




105

of the dielectric constant required for the determination of
£€”  from about 6 GHz to about 8 GHz were obtained by
interpolation between the measured values up to 5 GHz and
that of the resonant cavity method at 9.34 GHz, The same
coaxial line disc shaped samples were used in the resonant
cavity method of wmeasurement, A log-log plot of E” versus
frequency in the measured range is shown in Fig,7.6, It is
observed that E” is virtually constant throughout the
frequency range, having a value ~7 x 10—3, Fitting with
the universal dielectric response law for the loss component
E” oC.(Un-t gave the value of the exponent as n = 0.97 + 0.02,

in close agreement with the value deduced from the variation of

the dielectric constant with frequency,

As would be expected from the constancy of both
the dielectric constant and loss factor, the loss tangent

varies linearly with frequency as shown in Fig,7.6.

7.3 FESULTS: PARTIALLY-NITRIDED SAMPLES

7.3.1 DIELECTRIC CONSTANT

The partially-nitrided samples were again in the
form of circular discs of about 6.8 mm diameter having
thicknesses between 0,40 mm and 0.60 mm, Coaxial line and
resonant cavity techniques were used as for the fully-nitrided
samples, These partially-nitrided samples had weight gains

from 38% up to 57% compared to the weight gain of 63,2%
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for the fully-nitrided samples., For all weight gains the
matched termination method was suitable only up to about 1.5
GHz; above this frequency up to about 5 GHz the short-
circuit termination method was preferable., Measurements
become increasingly more difficult and less accurate as the
weight gain decreased. It was impossible to obtain data for
weight gains less than 38 % as the samples became very
lossy and the equivalent circuit assumed for the short-
circuit method is no longer valid, ‘The variation of

with frequency for these samples are given in Fiqg.7.7. An
almost frequency independent behaviour is evident for all the

varicus weight gains,

7.3,2 LOSS PFACTOR

In the frequency range from 500 MHz up to about
1.5 CHz calculations of the loss factor were made from the
measurements using the matched termination method. Ilor all
the lower weight gain samples, measurements using the short-
circuit termination were relatively easier to perform since
the losses were high, which gave low VSWR values, This
method together with the coaxial line resonant method covered
the range from 1 GHz wup to about 8 GHz. It was found that
these two methods gave good agreement for the higher loss
samples, On the whole the loss factors obtained by the
resonant cavity method at 9,34 GHz appeared slightly lower

for all weight gains. Fig.7.8 shows the variations of the
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Dependence of loss factors on weight gain




107

loss factor with frequency for the range of percentage weight

gains measured,

7.4 DISCUSSION

7.4.1 FULLY-NITRIDED SAMPLES

The measured dielectric constant of the fully
nitrided samples, having 19.7% by volume fraction of pores,
was virtually independent of frequency throughout the
measurement range, The values obtained, between 4.50 and
4,65, were close to the limiting high-frequency dielectric
constant, Soo ( >~ 4), deduced from various optical
measurements on thin film silicon nitrides [ e.g. 7.1, 7.14 ] .
Comparison with other reported results for both RBSN and

HPSN, given in Table 7.5, shows that theEf(C)) values in

Table 7.4 agree reasonably well with the quoted figures for

Table 7,4 Dielectric Constants of Fully Nitrided Samples

(Present Study)

frequency (GHz) £/(19.7 %) €/(0)
0.5 4,55 6,60
1.0 4,55 6,60
1,5 4,59 6.67
2,0 4,52 6,54
4,0 4,51 6.53
5.0 4,50 6,51
9.34 4,51 6,53
,,,,,,,,,, ]
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HPSN, In particular,
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the dielectric constants obtained here

are in good agreement with the low loss silicon nitrides

measured by Walton [ 7.8 1.

the reported values (from 4.5

this may be due to the diverse fabrication techniques

employed,

higher as would be expected.

to the free silicon content

are compared in

to about 9,5)

On the whole the more dense

(see later).

As can be seen from Table 7.5

vary greatly;

HPSN values are

Another factor may be attributed

The loss tangents of the fully-nitrided samples

Table 7.6 with values reported for various

silicon nitrides prepared by various fabrication routes, and

Table 7.6

T.0ss Tangents of Silicon Nitrides

Frequenc Fabrication
4 o tan 6 References
(He) Method
9 -3
1.0 x 10 1,67 x 10 Present
9 -3 Reaction-bonded
9,34 x 10 1,58 x 10 study
9 -3 -2
9.37 x 10 7.0x10 - 1,7x10 Hot-pressed 7.20
1.05 x 10° 5.0 x 10°°
Hot-pressed 7.18
9,34 x 10° 4.02 x 107>
10 -2 -1 ,
1.0 x 10 1.0x10 - 1.49x10 Reaction-bonded 7.19
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appears somewhat lower., The earlier silicon nitrides
investigated by Messeir and co-workers L e.g. 7.19 ] and
Perry and Moules [ 7.20 ] for radome applications were very
lossy. The cause of this high loss have been under
investigation and it was not until the mid 1970's that

-2

silicon nitrides with suitably low losses (tan 0 5 10~ %)

were produced,

7.4,2 PARTIALLY-NITRIDED SAMPLES

The variation of reduced dielectric constant,
(E, - E%n),with frequency could not be directly observed since
no Ea; value was available for any of the partially-nitrided
samples, Nevertheless; since Eoo is a constant guantity
for each material, subtracting this from the measured
dielectric constant would not alter the gradient of each of
the plots in Fig.7.7. It can thus be inferred that the
partially nitrided samples follow the universal dielectric
response law (&' — Ein o<Z(Lp-‘1) with all n values close
to unity. The variation of €’ with weight gain at any
particular frequency is illustrated by the plot in Fig.7.9,
where the value for pure silicon (i.e. 11.7), [ 7.21, 7.22 ]
has also been included. The variation suggested by the curve
indicates that the incremental change in €' with increasing
weight gain is much more pronounced at higher weight gains.

Assuming that a decrease in weight gain represents an

. . ey . . /
increase in free silicon content, this confirms that &
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of silicon nitride is noticeably dependent on the free silicon
content. Measurement of the dielectric constant can thus

provide an estimate of the degree of nitridation.

Fig.7.8 shows that the loss factors of samples
from the fully-nitrided to the lowest weight gain measurable
spanned about one and a half decades from about 4.5 x ].O-3 to
1.8 x lo_l. At any particular frequency in the measurement
range the variation of loss factor with weight gain is
illustrated by the plot in Fig,7.10, 1In this plot the value
of the loss factor of pure silicon (of resistivity 16,000
ohm-cmy [ 7.22 ] ) is included in order to show the most
likely shape of the curve., The loss data for the lowest

weight gain measurable (38 %) 1is seen to depart considerably

from the curvey; this is probably due to the fact that

measurements became less accurate as the samples became more

lossy.

It is reasonable to attribute the large increases
in dielectric constant and loss factor to the presence of
free unreacted silicon, as indicated by Table 7.3. Moreover,
ESR studies by Bushell [ 7.16 ] have shown that both pure
silicon and fully-nitrided silicon nitride exhibit defect
centre resonance lines which have slightly different g
values; in his ESR examination of partially-nitrided
samples Bushell showed that the relative proportion of the

silicon and silicon nitride lines closely followed the
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proportion expected from the known weight gains., This
suggested that there was a close correlation between weight
gain and free silicon content. The effects of free silicon
on the dielectric properties of silicon nitride had also been
observed by Messeir and co-workers [ 7.19 ] s and Perry and
Moules [ 7.20 ] where dielectric constants between 4,8 and
8.3, and loss tamgents between 5.0 x 1077 and 0.12 were
reported for samples having densities of 2.2 to 2.6 g/cm3.
Not only is the effect due to free silicon observed in bulk
materials but it is also noted by Sinha and Smith [ 7.23 ]
that the dielectric constant of thin film silicon nitrides
increased from about 6 to approximately 8 as the films

become rich in silicon.
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CHAPTER 8

DIELECTRIC PROPERTIES OF OXYNITRIDE GLASSES

8.1 INTRODUCTION

8.1.1 OXYNITRIDE GLASS SYSTEMS

There are difficulties in producing fully dense
silicon nitride by straightforward reaction-bonding or hot-
pressing., Those arising in reaction-bonding have already been
discussed in the previous chapter and some points relating to
the hot-pressing techniques should be mentioned. Hot-pressing
silicon nitride with small amounts (< 2 ¥/o) of oxide
additives such as magnesia, Mg0O, yttria, Y203, ceria, Ce02, or
zirconia, Zroz, [:801 - 8.3 ] can achieve a fully dense
product with high strengths up to 1000°c. Silicon nitrides
with less than 5 volume percent porosity can also be obtained
by sintering with larger amounts (5 - 10 ¥/0) of oxide
additives [ 8.4 ] . Magnesia reacts with the surface layer of
silica which is always present on the nitride to give a grain-
boundary phase, first thought to be a silicate liquid [8,1 ] B
which cools to give a low softening-temperature glass, These
types of grain-boundary phases cause the creep resistance of
the high density product to decrease rapidly above 1000°c.

The liquid phase and the glasses that form from it are now

established as oxynitrides [ 8.5 - 8,7 ] . wWith yttria
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additive the Y-Si-0-N 1liquid yields highly refractory
quarternary oxynitride phases giving improved high temperature
properties | 8,2 | . Further efforts in the densification
process led to the discovery that it is possible to replace
silicon by aluminium and nitrogen by oxygen in silicon nitride
without changing its structure [ 8.8, 8,9 ] . 1t is also found
that silicon nitride may be '"alloyed" with alumina and other
metal oxides or nitrides to form what is known by the acronym
"sialon', derived from the resulting Si-Al-O-N phases, From
this development it is now possible to prepare bulk oxynitride
glasses in the Mg, Ca, Y and Nd sialon systems [ 8.10 ] o
These glasses are important because the high temperature
strength and creep resistance of nitrogen ceramics depend
markedly on the amount and characteristics of the grain-boundary
glass [ 8.4 ] . They are also important in their own right

since small amounts of nitrogen in oxide glasses have been

reported to increase their viscosity and resistance to

devitrification [ 8,11 7] .

Recently Thorp and Kenmuir [:8,12 ] have reported
measurements on the dielectric properties of Ca and Mg
oxynitride glasses. Room temperature measurements of the
dielectric constant and loss factor, using bridge techniques
from 500 Hz to 10 kHz, showed that for each particular
composition the data fitted well with the universal dielectric
response law, It was also found that the addition of nitrogen

in the glasses increases £’ and furthermore that changing
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from Mg to Ca increased €' in either the pure oxide or
oxynitride glasses. These investigations have since been
extended to cover two more new glass systems [ 8,13 ] , hamely
Y and Nd oxynitrides, together with further compositions

in both the Mg and Ca oxynitride glasses, The present work
is an extension to higher frequencies of the earlier studies
carried out in this Department and was undertaken to see
whether the trends of behaviour found in the lower frequency
region also held over the frequency range from 500 MHz to 10

GHz,

8.1,2 GLASS COMPOSITIONS STUDIED

Oxynitride glasses of the form M-Si-Al-0-N (where
the cation M = Mg, Y, and Ca) studied here have been prepared

at the Crystallography Laboratory, University of Newcastle-upon-

Tyne [8.14 ] . Table 8,1 shows the compositions of these
glasses where it can be seen that the compositions were varied
systematically., ach of the cation systemsincluded an oxide
glass without nitrogen, The oxynitrides of the systems are
formed by substituting chemical equivalents of nitrogen for
proportions of oxygen of the oxide glass, The percentage of
oxygen replaced in this manner is given in Table 8,1 for each
of the oxynitride compositions. Proportions of the other
elements were held constant, although the decrease in the total
number of atoms caused by the substitution of two nitrogen atoms

for three oxygen atoms naturally increased the numerical values
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of their concentrations when expressed in atomic percent. The
same pattern was followed between the different cation series,
which therefore contained equal chemical equivalents of either
Mg, Y or Ca., The ratio of total positive valences to total
negative valences did not vary with either nitrogen concentration
or cation type and was equal to one for all the materials
studied, Table 8,1 also includes the limiting high-frequency
dielectric constant, €a>’ deduced from optical refractive

index measurements [ 8,14 ] .

8,2 RESULTS

8.2.1 SAMPLES AND MEASUREMENT METHODS

Disc shaped samples of about 6.5 mm to 8 mm in
diameter and thicknesses between 0,50 mm and 0.65 mm were
cut from the bulk oxynitride glasses using conventional diamond
wheel cutting techniques followed by diamond paste polishing to
finishes of 0.25 pym, Besides being used for the coaxial line
measurement techniques these same samples were also used in the
cavity perturbation measurements at 9.34 GHz. 1In addition,
cubic samples of sides about 2 mm to 5 mm were also used in
the latter measurement method. The dielectric constantsof the
samples were determined using the short-circuit termination
method from 500 MHz up to 5 GHz. These were used in the
loss determinations using the coaxial line resonance method

from 1 to 5 GHz. 1t was found that the matched termination
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method was only applicable up to 1 GHz and more suitable
for the lower dielectric constants. Above 5 GHz the VSWR
measured by the coaxial line resonance method becomes very
high thus effectively setting an upper frequency limit of
about 5 GHz for the loss measurements on these glasses,

All the measurements were made at room temperature,

8,2.2 MAGNESIUM OXYNITRIDE GLASSES

The dielectric constants of these glasses were
found to be almost independent of frequency within the
measurement range. Values of €&’ ranged from about 5.6
to 6,5 for a series of oxynitrides having R between 0 %
and 14.8 % (R is the percentage of oxygen replaced by
nitrogen). The dielectric constants for the various
compositions are given in Table 8.2 along Qith those for
the Y and Ca oxynitride glasses. The variations of the
reduced dielectric constants (&' — €a>) with frequency
are shown in Fig.8.1l. According to Jonscher (section 6.4)
the frequency dependence should follow (&’ — Eoo) o< UJn-1
and the individual log-log plots for each of these compositions
gave the n value of 1,0 + 0.05. Fig.8,2 illustrates the
changes of the loss factors with frequency, where it is
evident that for all the compositions the n values deduced
from the relation E”c<:UUn_1gave the same n value 1.0 +

0.05 as for the reduced dielectric constant versus frequency

plots. Since the loss factor and dielectric constant are
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Table 8.2 Dielectric Properties of Mg, Y and
Ca Oxynitride Glasses at 1 GHz
% Oxygen
Oxynitride ° Y9 3
Replaced by { ]
Glass Systems £ € tand x10
Nitrogen (R)
0 5.64 0.016 2,87
Mg 8,1 6.18 0.021 3,32
14.8 6.48 0,026 4,00
0 6,60 0,017 2,51
Y
14,8 7.14 0.014 2,00
0 6,93 0,017 2,48
8,1 7.22 0,020 2,81
Ca 9.8 7,31 0,022 3.00
11,5 7.39 0,023 3,10
14,8 7.49 0,024 3.23
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almost independent of frequency, the loss tangent also

follow this behaviour; Fig.8.3.

8,2,3 YTTRIUM OXYNITRIDE GLASSES

The dielectric constants of the yttrium oxynitride
glasses studied are also almost independent of frequency in
the measurement range, having values of about 6,6 and 7.2
for the compositions with R = 0% and R = 14,8%
respectively, The slopes of the log-log plots of reduced
dielectric constants with frequency gave n values close to
unity, Fig.8.4. Again from the loss factor versus frequency
plots in Fig.8,5%;, the slopes yield n values in agreement
with those from the reduced dielectric constants versus
frequency plots, The variation with frequency of the loss

tangents for these glasses are shown in Fig.8,6,

8.2.4 CALCIUM OXYNITKRIDE GLASSES

These glasses were found to have dielectric
constants from about 6.9 to 7.5 for the five compositions
for the range of R values similar to those for both the Mg
and Y oxynitride glasses. Once again all the Ca oxynitride
glasses showed linear variations of the reduced dielectric
constants and loss factors with frequency, Figures 8.7
and 8.8, The n values deduced from both these sets of

plots against frequency again gave values of 1,0 + 0,05
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for all the five compositions, The loss tangent variations

with frequency are given in Fig.8,.9.

8,3 DISCUSSION

For all the oxide and oxynitride glasses studied
it was found that for each composition the reduced dielectric
constant (EI— Eio) showed a linear variation with frequency.
In all the systems, at any given frequency in the measurement
range, the value of €’ was observed to depend on the
composition, increasing as the nitrogen concentration
increased. 1In addition, at each concentration, including
the oxide glasses, €’ increased with cation type in the
order Mg, Y, Ca, These are shown in Fig.8.,10, Earlier
Thorp and Kenmuir [ 8,12, 8,13 | have observed the same
trends in the variations of €’ on composition for Mg, Ca,

Y and Nd oxynitride glass systems between 500 Hz and 10
kHz, They had also observed that €’ increased with cation

type in the same order Mg, Y, Ca, The power law behaviour

of € on frequency is in good agreement with the universal

dielectric response law in solids in that (E’-—Ea)cx:(un_1,

where the exponent n had the same value 1.0 + 0.05 for

all the compositions studied. Plots of the loss factors

also showed linear variations with frequency for all the

compositions. These plots again yield, from the dependence
n-1

E”cy:(ﬂ » Nn values similar to those found for the

dielectric constant plots. Since the a.c. conductivity may
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be calculated from the loss factor through the relation

g = u)gog”, it can be inferred that the variation of
conductivity is also linear for each composition, giving
a power law dependence O oCiUn , with an n value about
1, The fact that the same n value was found for all the
samples suggests that, at room temperature for this
frequency range, dielectric polarization and a.c.
conductivity in all the compositions examined result from
the same hopping mechanism, and that this mechanism is

not changed by the substitution of nitrogen,

However, unlike the behaviour of the dielectric
constant, the dependence of the dielectric loss on nitrogen
concentration varied from one system to another. Substitution
of 14.8% of oxygen by nitrogen increased tand by 39%
for magnesium glasses, by 22% for calcium glasses and
decreased tand by 16% for yttrium glasses, Fig,8,11,
These figures may be compared with those of Thorp and Kenmuir
[ 8,13 ] where increases of 55% and 13% for magnesium and
calcium glasses, and a decrease of 20% for yttrium glasses
were observed between 500 Hz and 10 kiiz for the same
increase in nitrogen concentration, It is interesting to note
the close similarity between the values obtained in the two
frequency ranges and further that the contrast in behaviour
between the yttrium glass and the others has been confirmed.
Similar dielectric behaviour have been noted by Loehman

[8.15 ] and Leedecke and Loehman [ 8,16 ] . It was
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reported that the dielectric constant increased when 1.5 atomic
percent of nitrogen was substituted for the same amount of oxygen in
a yttrium oxynitride glass, For this glass the loss tangent and room
temperature a.c., conductivity decreased with nitrogen substitution
by amounts larger than those observed by Thorp and Kenmuir and in

the present case.

It is evident that substitution of nitrogen into oxide
glasses increases the dielectric constant and produces changes in
the loss in a manner which also depends on the other constituents of
the glasses., Systematic variations in the compositions are necessary
if the effects of nitrogen are to be distinguished. Oxynitride
glasses may be prepared in which the dielectric properties can be
controlled and hence enhance other physical properties, for example,
by incorporating nitrogen the mobility of alkali ions in the material
is reduced, increasing d.c. resistivity and reducing devitrification
near electrodes due to electrolysis [ 8.11, 8,17 ] . It is also
found that oxynitride glasses are harder and more refractory C 8,11,

8.18, 8.19 | ,

Since the present measurements, made over the range 500
MHz to 9.34 GHz, and the previous observations, made by Thorp,
Kulesza and Kenmuir [ 8.13 ] over the lower frequency region from
500 Hz to 20 kHz, were all taken with the same series of oxynitride
glass samples a unique opportunity exists for assessing the
dielectric behaviour over this very extensive frequency range. A

number of important features are revealed.

For each individual glass composition the frequency
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dependence of both the dielectric constant €' and loss 8” follows
the variation expected from the Universal Law of dielectric response
with the value of the exponent n being n = 1.0 + 0.1, Taking the
results for all the individual compositions collectively reveals that
this whole group of rigid ceramics gives dielectric behaviour
corresponding to the limiting form of "lattice loss" [ 6,11 ] in
which most dipolar processes have been eliminated and frequency
independent loss is expected. This is not common though it is
interesting to note that similar properties have been reported both
for doped magnesium oxide, a rigid refractory oxide ceramic and for
several sialon materials, high strength refractory ceramics

containing oxygen and nitrogen [ 8,20, 8,21 ] .

A second point of interest is to note the range of value
of g’ which can be obtained by compositional changes in the glass
systems, At the lowest extreme one finds € ~ 5.6 at 1 GHz for
magnesium oxide glass and at the highest €’ = 11.6 at 1 kHz for
a neodymium oxynitride glass containing 8,8 atomic percent nitrogen.
This wide range suggests potential for the choice of special glasses
where dielectric matching is important, e.g. in substrate materials
for devices. In the oxide glasses £’ is dependent on the cation type
and increases in the order Mg, Y, Ca, Nd while in all the systems the
addition of nitrogen increases £’ . It should be noted however that

’ since,

there are limits to the latter method for increasing g
depending on the particular system, the maximum nitrogen solubility
lies in the range 10 - 15 atomic percent, the highest nitrogen

containing glasses so far produced [ 8.14] being in the Y-Si-Al-0-N

system., It would be of interest to compare simpler oxide and nitride
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systems (e.q. A1203 and AlN ; SiO2 and 513N4) to find whether there
are generalized behaviour rules for nitrogen substitution or whether

the effects described above are specific to the oxynitride glasses

examined here.

A third feature revealed by a comparison of
measurements in the different frequency ranges relates to the
cation order found to give increasing values of dielectric constant,
This feature may most easily be demonstrated by reference to oxide
glasses. At lower frequencies (i.e. 1.6 kHz, [ 8.13 ] ) it can be
stated quite definitely that €’ changes with cation in the order
Mg < Y < Ca < Nd ;3 here the differences in €’ between compositions
are very much greater than any possible experimental errors so the
trend is firmly established. A similar result has now been found at
the higher frequencies (between 500 MHz and 10 GHz) and the coaxial
line and perturbation measurements confirm that €’ increases in
the order Mg < Y < Ca, However, the values of E&) , obtained from
refractive index measurements made in the visible range at wave-
lengths near 500 nm, determine the cation order for increasing Eoo
as Mg<Ca<Y<Nd ., Assuming tﬁe validity of the optical
measurements [ 8.14 ] , which there is no apparent reason to doubt,
this suggests a changeover in order between yttrium and calcium

somewhere between the microwave and optical regions,

Some remarks may be made in conclusion regarding the
influence of nitrogen substitution on the dielectric loss €7 .
Unlike the behaviour of the dielectric constant g’ the dependence

of dielectric loss on nitrogen concentration varied from system to
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system, The measurements in the lower frequency range showed that
an increase in nitrogen concentration produced a relatively large
increase in tan® in the magnesium glasses and a smaller though
definite increase in the calcium glasses; by contrast a small
decrease was observed in the yttrium glasses. The differences in
behaviour has been confirmed by the new measurements in the higher
frequency range. If the changes in dielectric loss are to be
attributed to changes in chémical bonding there seems no obvious
reason why the yttrium ion should differ so markedly from both
calcium and magnesium. The value of tan0 for yttrium oxynitride
glasses can approach 0.001 which puts them in a competitive
position relative to other materials (e.q. Si02) accepted as good
insulators, It must be borne in mind however that, at the present
stage of development of the preparative techniques for making the
oxynitride glasses, there may be other impurities present at low
levels and that the measured dielectric loss may be determined by
these rather than being a direct monitor of the changes in cation-
oxygen or cation-nitrogen bonding schemes, This re-emphasises the
desirability for undertaking dielectric measurements on simpler
oxide, nitride and oxynitride systems which can be obtained in a

higher state of purity.
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CHAPTER ¢
CONGLUSIONS

For the most part in this thesis the relevant
discussions and conclusions have been made at the end of the
appropriate chapters, However, it is helpful in addition to
make general comments and summary conclusions at the end of
this work. Suggestions of possible improvements to the
measurement methods developed are also outlined. As a whole
the research suggests two main areas of interest firstly, the
development and refinements of the measurement techniques and
secondly, application of these to the measurements of the
dielectric properties of materials in both solid and liquid

form,

In an effort to reduce the VSWR to acceptable

measurement levels, the matched termination was used, with
the air gap spacings < 0.6 mm it produced values of VSWR of

%< 100 at frequencies of 500 MHz or higher. This is very
much less than in the usual short-circuit method where the
TSWR's are of the order of thousands. However, in the matched
termination case at higher frequencies, the VSWR becomes too
low when a material under test is introduced into the sample-
holder, This increases the uncertainty in the standing-wave
minima positions, consequently restricting the usefulness of

the method to lower frequencies, Instead of the matched

termination (Zo), smaller resistive loads may be used to
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terminate the sample-holder. These loads may be in the form of
two matched terminating loads connected in parallel by a
coaxial T-junction, giving half the initial value (20/2).
Calculations for loads of 20/4 up to 320/4 showed that
easily measurable VSWR values are obtained for an empty sample-
holder with gap spacings of about 0.5 mm and for frequencies
up to 8 GHz. The necessary equations for solving €’ and e”
or tand were not fully derived, however, since this would
involve more detailed considerations of the equivalent circuit,
This is one possible way which can be developed for dielectric

measurements,

The coaxial line resonance method may be further
improved and extended to cover good insulating low loss
materials by re-examining the analysis of the equivalent
circuit when a thicker sample is used. This will decrease the
capacitance or equivalently increase the impedance due to the
sample, hence lowering the maximum VSWR at resonance., Low loss
materials having tan < lO—3 , which would normally give
very high VSWR's, can thus be brought within the measurable
range. It was found that even the low loss PTFE sample (tan5
~ o3 x 10_4) of thickness 1 mm gave a maximum VSWR at
resonance of 530 at 1 GHz (Appendix C)., 1In comparison the
short-circuit method would have given a VSWR of the order
~ 2 X lO4 s which cannot normally be measured in practice
because of overloading of the diode detector and very poor

signal-to-noise ratio at the standing-wave minima. &s the
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sample thickness increases a rigorous treatment of the
increased fringing-field effect is required before advantage
can be taken of the reduced VSWR at resonance., This line of
approach has not been undertaken since one of the primary

aims of this research was to construct a suitable sample-
holder and to test the matched termination and rescnant line
ideas. The validity of these ideas have been amply demonstrated
by the good agreement with published data of a wide variety of
materials from solids to liquids and spanning a wide range of

loss.

In the nitrogen ceramics studied the results are
best explained by the limiting case of the universal dielectric
response law of Jonscher, A dependence of dielectric constant
with frequency, i.e. (€’ - €y ) oC (un-l , was observed for
each of the samples where n was approximately unity.
Similarly, for each sample the loss factor variation with
frequency fitted the relation £ o< u)”'l s where again n
was close to unity. This corresponds to a frequency independent

dielectric loss where most dipolar processes have been

eliminated.

In the silicon nitride ceramics, chemical, X-ray

or spectrographic analyses would be required to numerically

relate weight gain with free silicon content. This would then
enable weight gain to be a quantitative measure of the amount

of free silicon., This in turn implies that the dielectric
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constant or loss factor may be used as an indirect measure of
the free silicon content which is responsible for the large

variations in dielectric properties.,

The measurements obtained from oxynitride glasses
in which nitrogen was substituted for oxygen confirmed the
trends ohserved at lower frequencies by Thorp and Kenmuir
[ 8.12, 8,137 and others [ 8.15, 8.16 | . In all the glasses,
at any frequency in the measurement range, the dielectric
constant increased with increasing nitrogen concentration.
Also, at each nitrogen concentration the dielectric constant
increased with cation type in the order Mg, Y, Ca. However,
unlike the behaviour of the dielectric constant, the
dependence of the loss factor on nitrogen concentration
varied from one system to another, while the loss factor
increased with increasing concentration in the Mg and Ca
oxynitrides, the Y glasses showed a decrease, The anomalous
behaviour exhibited by the Y oxynitrides have also been
observed at lower frequencies ['8.13, 8.16 ] .- Systematic
variations in compositions are necessary if the effects of
nitrogen or any constituent on the dielectric properties are

to be identified.

Some suggestions for improving the measurements
of dielectric properties have already been described earlier,
In this and the following paragraphs additional extensions of

the methods which may be carried out in future are described,
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A possibility that can be tested is to intentionally incorporate
a standard material of known characteristics into the coaxial
sample~holder. This may take the form of a capacitor in series
and adjacent to the material under test., The geometry and
dimensions of this combination of capacitances can be

manipulated to produce the desired measurable VSWR.

Inserts constructed from material transparent to
microwaves can be placed in the inner conductor gap of the
coaxial sample-holder, This would be useful for the measurement
of liquids and powders which are important in many industrial
applications. In such a way more flexibility in sample
thickness for optimum measurement conditions may he introduced.
In addition, the meniscus effect and volatization problems
associated with previous measurements, where the liquid is
simply held in place by its surface tension forces, would be

eliminated.
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APPENDIX A

CPTIMUM CAPACITANCE CAICULATIONS

The frequency dependent real and imaginary

components of the complex permittivity, from equation (2,9),

€)= 2| (w)|sin[-8(w]] G
wCzZ [ 1+ 2Nwllcostlw) + IMw)’] G
- IT(w) |’ (A1)
E%Uﬂ -

wCZ, L1 + 21wl cosblw) + IMw)l? ]

The terms in the square brackets in the denominators can be
written as 'D(U)). For clarity and convenience the fregquency
dependence will be dropped off hereafter and as$umed
understood. The uncertainties in £’ and E”; assuming that
C does not vary with frequency and the small uncertainty in

Cf/Co is negligible,are

AE'= L(gﬁ;AC) (%Z' Z) <g€'|AIFI) (%’AG)Z%
1 (A.2)
s (B2« (G20 « (3]« (g |

where AEO, AZO, Alrl and A8 are respectively the
uncertainties in the capacitance of the empty sample-holder,
the characteristic impedance, the magnitude and phase of the

reflection coefficient. It will be evident that
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be’ _ -2l sin(-0) _ -’

= = I'3
6, wclz Dw)~ G e
6e’ _ -2IlIsint-6) _ - A )
82, wCZ’bw) ~ Z,
o' 201-1M1 )sini-6) _ wCZ g€ s
O T weZplw
i Se'_ 2Irl{1+ Ir*)cost-0) + 2}
68 w €20 (w)
1+ (wC ) e? - ) e
2wl Z,
Similarly
2
oe” _ -1 -1rM _-¢ (a.7)
0(, wC’zpw) G
2
se'_ -U-IM) e (A.8)
67, wcz’ibw %
der_ 2{2Ir + (1 +IrP)cos(-0)}
ir' wC, 2, D% (w)
1wz (e - e o)
2w zZrl
and 6_5."= wCOZOE'E” (A.10)
56

Substituting equations A(3) to A(1l0) into equations A(2) we obtain
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the fractional uncertainties:

e’ AC 2 AZ 2 : 1+(wCZ)2(€'2—€”2) ’ 17
é_.,_ = (__.9) + (__Q) + (E:"(Ucozo@) + ( (SIK) AG)
G, 3 Irl 2wCZe

" 2 2 2 12 Yi 2 '1-
ax _ Q 0 0%/ - !
A%m P£)+(AZ)+(VWwCZ)£ E)MFU+(€wC2AN2 2
€ 2w zg" I o~e

[e}

The uncertainties ACO and AZO result from the uncertainties
in length measurements and for modern coaxial components may be
assumed to be ~ 1%, [1.17, 2.7). The optimum values of (.UCOZO,

. . ‘ ! " #
that is the values that give minimum values of AE/ € and AE /8 ’
can be found by differentiating equations (A,1l) and (A.12),

After simplifying this lengthy process, certain conditions are

found., The minimum of AEI/E' occurs when

1
4

2
1 2€'€” Ml‘l) 2
—— Peiibndn + 8,2 -— ”2 .13
Wi Z, | ( s )t e e
and the minimum of AE” £€"” occurs when
2 1
1 ' g /Al 2| %
_ (28 €716 ___> + (g7 — g") (A.14)
wC.Z, Iri

For lossless materials ( €” = 0), equation (A,13) reduces to

(A.11)

(A,12)
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1 /
_ = £ (A,15)

wC,Z,
Hence the optimum capacitance of the empty sample~holder is
given by

1
C. = —— (A.16)
° wZfE :

It will be seen that equations (A.l3) and (A.l4) are identical

if AD= Alr]/lrl and the optimum value is obtained when

n
i} (8’2 + E”2)2 (A.17)

For medium to low loss materials (€' < 10-1) and for El;t 3,

the conditions in equations (A.l16) and (A.17) may be combined to

give

wZCJe" = 1 (a.18)

The optimum capacitance of the empty sample-holder may thus be

taken as

N
Copt = MFL, ez , g2

(A,19)
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APPENDIX B

CAVITY PERTURBATION METHOD

Measurements of dielectric properties at 9.34 GHz were
carried out using a cubic cavity as previously described in
references [ 7.18 ] and [j2.8 ] . When a resonant cavity is
perturbed by the introduction of a small sample its resonance
frequency is lowered [:Bal, B,2 ] + The change in resonance
frequency is a function of the dielectric constant €' and
the change in cavity Q is a function of the loss factor E”
of the material [jB.l - B.5 j . 1In practice the resonance
frequency and the loaded Q of the cavity with and without the
the sample are measured. The results of the perturbation

theory are expressed in the following form [ B.1, B.2 |

- S B(1l)

where

B(2)

1 1 1
and — = — - =
A[ &:l O~S Qo

The subscript s refers to the situation with the sample in
the cavity and o refers to that of the empty cavity. V and f
denote the volume and resonance frequency respectively, while

Es is the microwave field strength in the sample. For the
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case of a rectangular or cubical cavity operating in the TElon

mode equation B(l) reduces to the simpler forms

A<

.Af:f = 206’ -1 B(3)
A[:_a—] - 1,5//-:% B(4)
from which:
€ =1 + lef:_y\f B(5)
and €7 = %%:[ias_ _gl_o:’ B(6)

As usual the loss tangent is calculated from tur)6 = E” E"

In this method certain conditions must be met in
order to satisfy the requirements of perturbation theory,
namely:

(1) the O of the cavity should be greater than 2000
(2) Af/fo should be smaller than 0,005

(3) Vs/vo should be less than 1/20,

A cubical cavity, of internal dimension 2.23 cm on a side,
was constructed from copper, Fig.B.l. The ¢ of the empty
cavity was approximately 3000, Cubic samples of sides about
2 to 5 mm gave the ratio Vs/vo << 1/80, when the coaxial
line disc-shaped samples were used here, the ratio VS/Vo

<< 1/60. 1In both cases the volume ratios were well within
the requirement (3) above, The sample was mounted at the

centre of the cavity using a quartz rod, about half a millimetre
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in diameter, so as to locate it at the position of zero

magnetic field and maximum electric field [B.4 7§ .

diagram of the experimental set-up is shown in

where the numbers denote the following:

5, 8, 10 & 14
6 &9

11

12

13 ¢ 15

16

.o

©o

oo

power supply

reflex klystron

modulator (RAMP generator)
isolators

attenuators

directional couplers
cavity wavemeter

precision attenuator
crystal detectors

dual beam oscilloscope.

A block

Fig.B, 2,
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1.0 Introduction

Two coaxial line techniques for the determination of complex permittivities
of solids and liquids are described. Both methods use a coaxial sample-holder
specially designed for this purpose, incorporating a parallel plate capacitor in
series with the inner conductor.

The first, matched-termination method, is essentially a comparison technique
using air as the reference dielectric. 1In this case, the changes in the voltage
standing wave pattern are recorded when the sample material is inserted. Precise
measurements of the reflection coefficient and shift in the standing wave minimum
are of importance as the theory will show. In order to improve further the
accuracy of measuring the Voltage Standing Wave Ratio, VSWR, its values are
lowered by terminating the sample-holder with the characteristic impedance, Z0

In the second, the resonant line method, the characteristic impedance
termination is replaced by an adjustable short circuit known as the reactive stub.
After the test material is placed in the sample-holder the VSWR readings are taken
and plotted against the varying stub lengths., Maximum occurs at resonance when
the termination of the line is resistive and this value of VSWR, VSWRMAX’ is

1"
related to the loss tangent of the material, i.e. tand§ = £ The procedure

el
can be successfully employed for low loss materials when the value of €' is known ;
possibly determined by the former matched-termination technique.

Both methods can be used for frequencies in the 200 MHz to 9 GHz range
and normally require only conventional apparatus. It will be apparent from the
following paragraphs, however, that better results are achievable with more

sensitive instruments and higher precision components.,

2.0  Coaxial Line Sample-Holder

The external and cross-sectional views of the sample-holder are shown in
Fig 1 (a) § (b). It was made in brass with the internal and external diameters
chosen to give theoretically a characteristic impedance, ZO, of 50 ohms. The
design was dimensionally based on the connector assembly of the General Radio

slotted line system used in the measurements. Part of the inncr conductor was




made replaceable to allow different sample thicknesses to be inserted also for
a possible spring removal. The access to the gap is through a cut-out window
on the outer conductor. When the sample-holder is in use a slide-on close-
fitting ring clamps the window cover in place. Functional representation of
the gap is given in Fig 1. (c).

The performance of the sample-holder was examined by measuring its VSWR
over the operational frequency range when terminated with ZO. The resulting
plot in Fig.2 (a) for the unit with the gap closed satisfied the requirements
adequately. Further, the deviation of VSWR from the calculated values as a
function of the air gap spacing in Fig 2 (b) gave an additional check on the
possible errors due to the sample-holder. These measurements helped in
estimating the tolerances in the values of the reflection coefficient and later
the accuracy of €' and €" components of the complex permittivity constant. Such
plots would normally be required at the frequencies of interest and for each
sample-holder design. Calibration of sample-holders does not need any additional
equipment or different procedures from those used in the actual dielectric
measurements. The block diagram in Fig.3 shows the experimental apparatus and
arrangement for the two methods.

3.0 The Matched Termination Method

3.1 Theory
The sample-holder with the material under test placed in the gap may be

represented by an equivalent circuit of Fig.4. The series capacitance is given

* *
by CO Er , where € is the relative complex permittivity of the material,

e'-je'", and Co in farads is a function of the air permittivity, €2 and the

ratio of the cross-sectional area of the inner conductor, A, and the gap

spacing, d, i.e. € g-. The fringing field capacitance, Cf, 1s associated

with the inner conductor discontinuities (1,2).

When the sample-holder is terminated with the characteristic impedance,



the resulting line lcad may be approximated to, (3,4),

*
1+ jo (C_ e +CQZ
o r f
2 - 7 . (1)
jw (CO €. * Cf)

where w is the radian frequency.
The reflection coefficient at A-A' may be expressed in terms of

impedances (5) as

- L. L o

L R (2)
0
*»
which for air dielectric, i.e. e. = 1, may be written as
-jo

a 1

Pa e = (3)

2
1+ j2ez_ (C_+C)

and for dimensionally equivalent sample of material under test

1
e S , ' . (4)
1+ szzo(co Er * Cf)

Combining eqns (3) and (4) gives

Cf
|T l (6 -6) 1 + 2wZ C e" + j2wZ C (;' + C >
s a 0 0 00 0
e = c (5)
Tl o £
S 1 + JZwZOCO 1 + E;




On equating the real and imaginary parts and solving explicitly for

e' and e'" we finally obtain

OIO
+h

2 2
. ‘Fa| 1 E£ 1 in o
3 = + c + 507 C sin s - (6)
|F I o] oo o

and
2 2
T, | C
" = a _f _._l_ 1
€ <1 ‘T > < 207 C cos O 20z C (7
|FS| o 00 oo
where
GS = 289,S , RS is the standing wave minima location with the sample
material as the dielectric
27 .
and B = T Ag being the wavelength.
g

Using Eqns. (6) and (7) or directly from eqn.4, we can get the following implicit

relationship :-

= tan GS (8)
e+ %/sz C
00
leading to an approximation
ety o tan GS (9)
ZwZO o
if
C
___i_:_ t 1" l‘
c. and et << 7 e
o oo




The relationships between the reflection coefficient and the dielectric
properties of the material under test, for a particular set of dimensions
and frequency, are shown in Fig.S. The plots were obtained using eqns. (4) and
(8), and require only the experimental values of the reflection coefficient
magnitude and its angle to determine €' and tand for the sample material.

3.2 Measurements

In order to evaluate and determine the validity of the method, known
well-documented materials were selected. The choice of a liquid as one
material was deliberate, firstly as a new departure and secondly, because of
the ease with which it can be placed in the gap of the sample-holder and main-
tained in position by means of its surface tension property. This gave also
certain flexibility in the gap spacings and eliminated lengthy preparation of
sample surfaces normally needed with solids.

Measurements were made using pure chlorobenzene for the liquid and a
type of perspex PMMA (polymethyl-methacrylate) as the representative of solids.

The results for chlorobenzene covering the range 0.5 to about 3.0 GHz are
given in Fig.6 (a) and compare favourably with the literature value for e' of
5.7 (8,9,10). 1In the case of PMMA perspex, Fig 6(b), no precise data are
available although the value of 2.6 for the e' falls within the range of this
type of materials (16, Moreno-plexiglas, p.204).

4.0 The Resonant Line Method

4.1 Theory

If the line is terminated with a reactance instead of the characteristic
impedance, ZO, standing waves will be produced along its length., Such termination
can be achieved by using an adjustable lossless stub connected to the line as
the load. The line, incorporating the sample-holder with air or material under
test in the gap, presents a capacitive impedance (R and C in series). By
varying the stub length a maximum reading in the voltage standing wave ratio,
VSWR, will be observed when the inductance of the stub cancels the reactive

part (C) of the line impedance. This condition of resonance results in a pure




resistance (R) which can be related to and deduced from the normalised

minimum impedance value given by

=~

1
S S (10)
Ty | TRy
according to transmission line theory (5). The equivalent circuit of the
arrangement is shown in Fig.7 and produces the following relationships.
The impedance of the material sample may be written as
1
7 = —— (11)
juC_ €
o r
where the symbols have the meanings previously defined.
On substitution for the complex permittivity
%
€p = e' - je"
results in
"no_ et
z = —15 5 (12)
. | "
wCO (e + e'")
which at resonance with the variable terminating stub gives on equating
the real and iméginary parts
yA
g 0
=R = Somm— (13)
2
wCo(€'2 T VSWRy Ax
and
e’ _
‘ 5 5~ = ZO tan BQr (14)
wC (e'"+ ")
)
where

Qr is the stub length at resonance.




Combining eqns. (13) and (14) leads to

1A
tans = < = ! (15)

£
VSWRMAX tan ezr

If, further, €' << ¢' approximations may be obtained

i.e.
e v : (16)
wC Z tan B
00 T
and
Zo
tand ~oe' C e (17)
o] VSWRMAX
or
o " 1 (18)

2
wCOZO.VSWRMAX.tan BQr

As can be seen from the above €' may be determined from the resonant
condition knowing only the relevant stub length, Rr. On the other hand, for
e" there is also a need to know the maximum value of VSWR measured at resonance..
The value of tand is given without any approximations by eqn.l15 involving both

parameters, VSWRMAX and Qr.

4,2 Measurements

The apparatus arrangement was again as in Fig 3 which included the sample-
holder without any modifications. The only difference was that now the line was
terminated with an adjustable short circuit.

Chlorobenzene in cyclohexane solutions and water were used in the measure-
ments as the liquid samples. As previously these were introduced into the gap
of the sample-holder using a dropper and the stub was varied until a maximum
reading in VSWR was obtained. The values of tan 8§ for pure and two solutions

of chlorobenzene in cyclohexane, and pure distilled water were found in references




8,9,10 and 13, and 11 and 12, respectively, and plotted for comparison in
Fig 8(a) and 87b). The tan §8's for PMMA perspex were plotted against
references 14, 15 and 16 in Fig 8(c).

The changes in the value of maximum VSWR over the frequency range 0.6 to
7.0 GHz for the two liquids are shown in Fig 9(a) and 9(b). Typical variations
in VSWR plotted against the stub length are illustrated in Figs 10 (a), 10 (b),
and 10 {c¢) for three solids, silicon, perspex and teflon.

5.0 Conclusions

The two methods just described, though independent, may be used for
complementary measurements or mutual verification of results. These aims can
be carried out with ease since the only difference between the two sets of
apparatus is in the termination, i.e. matched load or variable short circuit
stub.

The matched termination method produces reasonably accurate values of
€' as can be deduced from eqn.l0 and amply supported by the results obtained
for chlorobenzene and PMMA perspex shown in Figs 6(a) and 6(b), respectively.
The values for €', on the other hand, were not in such a good agreement with
the published information, for both materials although still very comparable.
It suggests that the method using matched termination may be used with some
confidence for finding €'.

The resonant line method was essentially developed for the purposc of
determining the values of tan & in low loss materials. There arc two paramcters
involved as shown by eqn.17, the maximum or the resonant value of VSWR and the
resultant stub length. Representative examples of VSWR curves in order of
increasing magnitudes for silicon, PMMA perspex and teflon, respectively are
given in Figs 10(a), 10(b) and 10(C). Some difficulty may arise in measuring
high VSWR values expected in the case of good insulators. Highly sensitive
quality standing wave meters will normally have the range of 80 dB, 60 dB

attenuator plus 20 dB on the meter scale. This would imply VSWR range of up




to 104 (20 dB = a factor of 10) which, however, cannot be fully realised
in practice because of overloading and noise-at-minima problems. A VSWR
of 103 is possible with care allowing tan § of 10_3 or less to be measured.
There may also be additional difficulty of establishing graphically the
actual VSWRMAX as is apparent in Figs 10(b) and (c) for perspex a2nd teflon.
If precise measurements are not possible around the peak, extrapolation of

the slopes could give an estimate of the maximum value and the error involved.
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FIG. 6. Complex permittivities of (a) Chlorobenzene and (b)
Polymethylmethacrylate (PMMA - perspex) determined using

the Matched Termination Method .
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