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Abstract

A microwave test chamber for measuring the dielectric constant of
thin films on substrates using the gavity’perturbation technique 1is des-
cribed. Special emphasis is placed on testing biochemical phospho~1ipid
membranes, whose properties resemble those of living tissuesitherefore
thefr rupture by microwave irradiation may deFermine microwavelsafety leVels.
A novel feature of the test chamber is the use of a resonant iris to én—
hance the field in the aperture where the sample is suspended. It is
shown that significant shift in the center frequency and change in thgi Q
factor of the X-band cavity are*obfained for films of thicknesses as low

-as a few hundred microns.




CHAPTER I

INTRODUCTION
The work presented here resulted from a fundamental research on

rf safety standards to establish criteria for defining the transition be-

- tween macro and micro-thermal effects on tissue layers caused by electro-
magnetic drradiation. The behaviour of such membranes at high power densi-
ties is of particular importance since the power density at which they

rupture is an indication of the critical level which may determine the-

safety standard for mitrowave”irradiation'[1]5 The study is béing carried
out on'artificial phospho=1ipid membranes which fesemble living tissues
very closely in their chemo-physical properties [2]. It may also be
pdssible to electrically bias the two bipolar membrane layers and to
create membranes ofelectro—activeproperties by proper ion doping of the
two Bipolar phospho~-1ipid membrane layers.

Although the basic incentive of this research is to study the

rupture of biochemical membranes - and their electrical permittivity, the
test chamber described in this work may also be.used for dielectric

measurements of samples of different semiconductor materials. These

measurements at microwave frequencies enable one to deduce information
regarding the properties of carriers not obtained by dc techniques. Even
in those cases where the properties can be determined by dc as well as

-microwave techniques, the latter have the advantage of not requiring con-

tacts ,thus eliminating the possiblity of altering the sample character—-
istics during the measurement. It has been shown [3] that for semiéonductorg
the conductivity measured at microwave frequencies is the same as the dc

conductivity but the dielectric constant obtained by microwave measure-




3.

meﬁts-differs frqm the dc valug by o T/eo; Here O is- the ﬁiqrowave
conductivity, T the momentum relaxation time and €, the frée space
 permittivity. Furthermore, measﬁremént of the complex permittivity as a
function of frequency and . temperature yields infor@ation on the scattering
mechanisms controlling the transport éf charge carrieré.

A numbefvof methods for measurinéu£hé dielectric constant of
semicpnductors using substitution, standing wave éatio, transmission briﬁge,
and resonant cavity techniques have been described in the literature [4-7].
However none of these methods is applicaBle to thin films of thicknesses in
.the range of a few hundred-micronsAdeposited on substrates. It should
be noted that the study 6f microwave properties of thin films of semi-
conductors has been of increasing "importance due to their potential appli-
cation in microwave devices. Attempts are being made £o increase the
frequency range of transistors and other semiconductor.devices, One of
the main limiting factors in the construction of trénsiétors to operate
at higher frequencies is the base width which has to be extremely small,
thus approximating a thin film. Since the dielébtric constant of such
thin films is anticipated to be considerably different from the tabulated
bulk value, the FechniqueAdescribed in this thesis could be suitable for
such studies,

The cavity pertdrbation method has been found suitable for the
measurement of the dielectric constant of thin films. The measurement

is performed by inserting the sample film into a cavity resonator and

determining the properties of the sample from the resultant change produced

in the resonant frequency and the quality factox of the cavity. The aim of
. the present scheme is to create a high electric field fn the plane of the -

sample in order to enhance the changes in the measured quantities. For
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.this the sample is suspended in a resonant iris which is placed at the

maximum longitudinallfield in a resonant rectangular cavity. The measured
shift in the resonant frequency and Q factor of the cavity are utilized

in the perturbation equation to determine the complex permittivity.




CHAPTER II

MEASUREMENT TECHNIQUE

A variet&,of-methodsikﬁ:measuring dielectric constants are
available té—éj. ‘Since it is required to measure the dielectric constant
of 'thin' films, the conventional methods based on transmission and reflec=
tion of power in a waveguide, con;aining a sample approximately a quarter
wavelength long, cannot be employed. In this case the cavity perturbation
method,which is-highly sensitive and versatile with regard to the‘type
- and shape of the sample,is suitable. When the perturbation method is
used in cénjunction with tﬁe‘quasi static approximation,the accuracy of
the results may be surprisingly high. Since the cavity perturbatioﬁ

methods involve approximations: in their,formglation, the sampie to be
tested has to satisfy certain conditions. The sample must be very small,
compared with the cavity itself,so that the induced frequency shift and
chaﬁge in Q are small compared with the centre frequency and Q of tﬁe un-
loaded cavity and also for the quasi-static appréximation'to be valid.
Our thin films satisfy the above requirements thus justifying the use of
thebcévity perturbatiop technique. A great advantage of ﬁhe perturbation
approach is that i£ is no longer~necessary to account for many of the de-
tails‘of'the cavity which are ;he same for the loaded énd unloaded cases
and hence their effect is cancelled out.

The éhangé in‘thé Q factor and resonant frequency»due-té the

sample are utilized to ealculate €. using the perturbation equation:

- 1 1 : s :
e G D I CHEE M e
il 7 |
v
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Here f0 and Qo- are the resonant frequency and quality factor for the

unloaded cavity, respectively, whereas fé and Qs are the corresponding
’ - >

quanitities for the loaded cavity. Eo is the transverse electric field

in the unloaded cavity volume vb and E2 is the electric field in the

e

sample volume VS;

When the sample extends over the entire cross—section, and is

-

L _ 5 ' .
tangential to the electric field, E2 = E0 for small perturbations. How

ever, when the sample is suspended in the iris aperture only, it is more

’ . : - .
+ difficult to determine E2 with. satisfactory accuracy since the field

distribution in such a résonant aperture is not available. A resonable

estimate for this field may be obtained with the aid of a shape factor
¥ which is determined experimehtally using films with precisely known
dielectric constants as Aiscussed.later. |

There are two general methods for the measurement of Q of a
cavity. One method dépends on oBserving the response of the resonator

to CW signals in the neighborhood of its resonant frequency and the other

involves observing the transient response of the resonator to the sudden
application or removal of an exciting signal at or near resonant frequency.

The first method includes a number of different measurement techniques

such as transmission methods, impedance measurement method and dynamic
methods. ‘The transient décay or the decrement method is particularly
applicable to high Q cavities because it does not need &a high degree of

frequency stability required in' other types of measurementé, but at lower

values the decay period is too short for convenient measurement. In

the present measurements,the reflectometer method which applies particularly
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to .o single-ended resonators was found to be convenient because it lends

itself readily to oscilloscopic presentation and has the advantage of speed.
- The reflectometer method simply requires the measurement of the
voltage reflection coefficient lpol at the resonant frequency fo and

at two other frequenéies_< £ and £

1 99 symmetrically spaced about fo'

If there are appreciable losses in the input coupling structure, the
reflection coefficient magnitude lpll far from resonance must also be

measured. The Q of the resonator is then given by the relation:

afo : . , g
QL= &F - ’ ' o @
where Af = fz ;Afl ‘ | - 3
a2 a2 1/2.
lol® = lo,] 2 | |
and o = - ) (4)




CHAPTER ITI

TEST CHAMBER
The microwave test chamber consists of an X-band rectangular

cavity'operatéd in TE1On mode énd coupled to the main wavéguide through

a circular iris. The radius of the iris is such that the cavity is critically
coupled to the main waveguide. A sliding short is employed to vary the
cavity length as shown in Fig. 2. Two requirements need to be satisfied

simultaneously, the first is to create a high electric field in the appli-

cator along the saﬁplg and the second is to place the sampie in the region
. where the highest electric field values exist. The need to create a high
electric field in the sample arises from the fact that films of a few
micron thickness, when suspendea in the total cross section Qf fhe cavity,
induce a very small perturbation in the complex frequgncy (obtaiﬁed from
the resonant'frequency'and the Q factor of the cavity). By suspéndiﬁg the
films in a resonant iris, and thus enhancing'the electric field'in'theA
sample, an increasé in the change of complex frequency is obtained. The
requirements mentioned above are satisfied by placing the ‘resonant iris,

containing the sample, an odd multiple number of quarter wavelengths away

from the sliding short. Since the frequency perturbation for thin films

‘is generally small, utmost care must be exercised in very accurate
machining of the various components of the chamber. Furthermore special

care must be taken during the experiment to align the chamber assembly

in both transverse and longitudinal directions and ensure accurate
positioning of the rectangular fris with and without the sample. This
is achieved with the aid of guide pins which are used to align the two

sections of the chamber.

Photograph 1 shows the test chamber. It consists of two wave~
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guide.-sections, one fixed and the other variable in length. The iris con~

‘téining a sample in the aperture is placed between the two sections énd'the
three parts are aligned with the help of pins on the fixed section. The
- 114

cavity is coupled_ to the main waveguide through a circular iris of radius J5g *

For the sake of convenience in calculations some samples are pre-

'pared to extend over the whole cross section of the cavity (i.e. without the
iris) while the other samples of the same material are suspended in the
resonant iris. This provides a check on the calculated results and allows

experimental determination of the shape factor <Y associated with the

resonant iris as will be discussed in section 3-4.

As has been mentioned in the introduction, the work presentgd here
resulted from fundamental research on rf safety standards which involves the
study of the rupture of the phospho-lipid membranes which regemble living
tissues in their properties. Although the Work described here concerns
only measurement of dielectric constant of these membranes, the set up

shown in Fig, 6 is also suitable for rupture test. In order to perform the

-rupture tests, the cavity may be placed in a temperature controlled chamber
and connected to a medium power microwave generator and the measurement
set up via an electrically controlled waveguide switch which changes the

mode of operation from 'measurement' to irradiation.

The Resonant Iris:

3.2 Theoretical Consideration:

A metal diaphragm with a rectangular opening exhibits a suscep-

tance-frequency characteristic similar to that of a parallel resonant cir-
"cuit shunting the guide! 1In fact elements of a great variety of shapes may
be made to resonate at any<microane frequency depending upon the dimensions

of the element. A resonant element of the dumb-bell shape may be made with a

number of variations as shown in Fig. 3. Tunable resonant elements can be

made using posts, screws etc.
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TO'understénd the behaviour of these elements, it is desirable
to’calculaté the field in the junction so that one can know the dependence
of the resonant frequency on the geometriéal paraﬁgteré of the elemeﬁts,
the frequency dependence of the transmission or reﬁlection of power and
aléo the energy dissipated in the element because of currents in the metal
posts. ﬁnfortunately,even the simplest resonaﬁt element~the rectanguiar
slot-has not been analyzed theoretically to the egtent of finding the fiéld
in the aperture. The method of aftack at present is limited to finding
experimentally the equivalent circuit of the reéonant element. 'Thebequiya—
lent circuit of a resonant.ifis has.been‘derived in Appendix 2 and is he1pful
* in understanding the behaviour of the iris.

3.3 Design of Rectangular Resonant Iris:

The approximate dimensions of a centrally located window in a
rectangular guide operating in a dominant mode are given by the empirical!

relation given below [10].

1-Gh o= &

= 1- 65D | o )
where a and b are the guide dimensions,' a' and b' are.the dimensions
of the opening (with a' measured parallel to a aﬁd b'r parallel to b)
and A dis free-space wavelenéth.

The design can be carried out in two ways. In one case the dimen-
sion: b' is assumed and the corresponding value of a' is calculgted for
a given value of a, b and A. The secénd method depends on a geometrical
bonstruction: In the centre of the cross section of the guide,_lay out a
line of length  A/2, parallel to larger dimension_ of the guide, and centerad

with respect to the walls as shown in Fig. 4. Two hyperbolas are now drawn

with their axes parallel to the guide walls, passing through the ends of this line
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and also through the corners of the waveguide. All the cemtrally logated
rectangles ﬁhose corners fall on these hyperbolas ﬁill be found to resonate
at the same frequency but will have a different ndfmalized;charécteristic
admittance or loaded Q,'which will increase with decreasing height of the
window and will also increase with increasing thickness of the aiaphragm.
-The design carried out using equation 2, usuall& has an error of much.less
than 5 percent of the predicted value. The effecfvof thickness on the
dimensions required for resonance is negligible as long as it is below
0.04X. |

Four rectangular resonant iriseé were &esigned to' study the be-
ha&iour of their <y factor as aescribed in section 3.4f The dimensions
of these irises are given in Table 1. It has been proved that fhe resonant

frequency of the iris of Figs. 5aand 5b are the same provided'théir areas

are equal [9]: The four resonant irises used are shown in Photograph 2,

3.4 Shape Factor y of the Resonant Iris:

It has been mentioned in Section 3.2 that the solution for the
field in a rectangular iris is not available and is very difficult to de-
termine. Therefore, it is necessary to devise some other means to evalu-
ate the integral in the numerator of'theﬁright-hand hand side of equétions 1
can be-aéhieved byArelating the field in the iris to the field in the wave-

~guide without the iris. Wé define the ratio of these two fields by a shape
factor called +. It was observed experimentally that the shape factor

is approximately coﬁstant for a given iris as 16ng as the sample thickness
is less than a few hundred microms. If ¥ is assumed to be constant, the
ratio of the two fields will be observed. as aApr0portional'increése in the
‘resonant frequency of the test chamber as can be seen from eguation I..

This then gives a convenient method for determination of this shape factor.

This




Dimensions of four resomant irises with resonant

- Table 1

frequenby = 10 GHz

\ a' b! c

Iris
' in inches _ in inches in inches

A 0.727 0.250° 0.531

B 0.671 0.188 0.524

C 0.647 0.156 0.525

D 0.628 0.125 0.529
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The measurement,can be performed as follows: Place the loaded iris in the
ma%imum longitudinal field in the cavity and adjust the variable short so
that the cavity resonates at a given frequency (say 10 GHz), remove the
sample and measure the shift in the resonant frequency. Now suspend the
sample across the total cross-section of the cavity and adjust it for
resonance atvthe same frequency as was used in the previous case (say

10 GHz). Measure the shift in the resonant frequency after removiqg the
sample. The ratio of the two frequency shifts measured. in this way de-.
terﬁines.the shape factor Y.

Table 2B gives the calculated shape factors for four rectangular
irises,.determinedywith three different sémple materials.-.If can be ob-
served that the Yy factor is approximately constant as ibng as the frequency
shift due to the sample, when suspended across the total cross-section of
the waveguide, is below about 20 MHz. It may be mentioned here that even

by using approximate methods for calculation of the field in the iris

aperture, the error may be quite high.

Table 2B also gives B, the square root of the ratio of the cross-

sectional areas of the wavegﬁide to that of the iris aperture; It is expected
that the shape faétor Y should be equal to this f, since at resdnance all
the incident energy pasées through the aperture. The discripéncy in the
value of B and Yy-factors may be attributed to the fact that when the iris is
removed from the chamber and the cavity length is readjusted for resomnance,
theksample is no more in the maximum longitudinal field, therefore,the
resonant frequency shift in the second case is decreased by a small amount.
This measured shape factor is ﬁsed later to calculate the dielectric con—.

stant of thin films.
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Measﬁred Frequency shifts for evaluating Shape - . - o - Ly i
factor 7y for the irises A, B, C.and D. g

Thickness Frequency Shift in MHz |
- Sample *in cms : :
: Without . With " With With With :
iris " Iris B Iris B Iris C Iris D| ;
Polyethelene .0079 18.0 31.0 33.5 42.0 46.5 g
Polyethelene .0029 8.0 13.5 | 14.5 19.0 21.0 §
Mica .00285 18.0 130.0 34.0 42.0 47.0 5
k<%
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Table 2B
' Calculated shape factor for the Irises A,B,C, and D
: using frequency shifts of Table 2A
- Shape factor Y using
Iris i - —
: Polyethelene- ’ Polyethelene " Mieca
. thickness = .0079 ems | thickness = .0029 cms | thickness = .00285 cms
A 1.410 ‘1.72 ' 1.69 _ 1.67
. B 1.690 1.86 - : 1.81 0 1.89
c- 1.887 2.34 | 2.38 2.34
D 2.142 2.58 o : 2.63 | 2.61

sa[

Area of”the waveguide cross-section 1/2
Area of the Iris Aperture
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CHAPTER IV

EXPERIMENTAL SET-UP AND ME}ASUREMENTS‘ ‘

20.

The experimental set-up used is shown in Fig. 6 and involves

oscilloscopic display of the reflected power versus frequency for measuring

the Q factor and the center frequency'of the cavity by the reflected power

method [8]. The microwave source is a backward wéve oscillator (BWO) type

HP 5690A which is capable of sweeping over the entire x-band in a period

of i+ ,01 to 1007secs.,'depending upon sweep time vernier setting. Signals

proportional to the power incident and reflected from the cavity

are applied

to the two channels of a .dual trace oscilloscope through two directional

coupiers (10 dB coupling and 40 dB directivity) terminated in matched

crystal detectors., The horizontal frequency scale of the oscilloscope

is obtained by sweeping the’horizontal_axis with a voltage proportional

to:that used to frequency modulate the oscillator.

A precision type wavemeter (HP x 532A) is used to obtain a

frequency marker to be used for measurement of frequency shifts and band-

width of the test cavity. Since the 3 dB bandwidth for the test

cavity .

(Q = 3000) is small (of the order of a few MHz at a centré freqﬁency of

10 GHz), the sharpness of the marker and the precise calibration

frequency scale are extremély important in deciding the ultimate
of the Q measurement. Since the resolution of the wavemeter was
MHz and the marker obtained was not sharp enough, it was decided
a commuﬁication receiver in conjunction with a mixer ana a local
fo obtain two sharp markers as explained belpw.

The modified set up uses an guxiliary frequency-stable

oscillator set at the resonant frequency of the cavity while the

of the ‘
accuracy
only 5

to use

oscillator

klystron

BWO in the
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‘main line is frequency éwept between f0 i.AfS vwhere Afs is the émopnt
by which the c?ntgr ffequency_changes during the sweep period. The incident
signal is -sampled by -the directional COupler'DC-3 and is mixed with the
local oscillator signal, Thg oﬁtput of the mixer is fed to a communication
receiver which responds only to thevdifference signal from the mixer. A

10 KHz pip is obtainéd whenever the difference frequency gorresponds to the
'dial setting of the receiver which oécurs,twice during each sweep cycle
(positive and negative difference). Therefore the frequency separation
between the two markers is twice thé dial recording on the communication
Teceiver.’ |

The measﬁrément procedufe\is buﬁlined iﬁ the.steps below:

1. Suspend the sample in the test chamber. |

2. ‘Adjust wavemeter to the desiréd center frequency 10 GHz.

3. Set the BWO in sweep mode with center frequency approximately 10 GHz.
4; ’Tuﬁe the ;est chamber éo that the center frequency of the displayed
'cuf&e‘is 10 GHz. This is achieved when the wavemeter response curve

peak coincides with that of ﬁhe test chamber.

5. Measure the Q of the response trace of the’chamber,as outlined in the
next section.

6. Removebthe sample from the test chamber.

7. Measure the shift in the peak of the response tface and also the Q

of the cévity.

The shift’in the resonant frequency and the change in the Q factor

are now utilized to determine the complex dielectric constant of the sample

as explained in Chapter V, .
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4.2 Measurement of Q factér of thevchamber:'

Thevpfocedute'for the measurement of thé Q:facﬁbr‘ésaoutlined in
[8] is given below:
Calibration:
1. Adjust the BWO and wavemeter as -explained in the previous section and
obtain a response‘curve on the oscilloscope along with the two markers from
.'the -communication receiyer.
2. Insert rf short at position B-B.
3. vSet calibfated Att-2 at zero attenuation-
4, Bring rf power 1e§el to zero and with the aid of vertical centering:
" controls bring the two Baselines into coincidence.
5. Switch the rf power on and adjust Att-3 so-thaf the reference aﬁd
reflected traces coincide.
6. Check the 'tracking' of the tﬁo érystals Xy and Xy by varying Att-l .

from 0 to 25 db. ‘The two traces should coincide over the entire range:

Measurement of Q

1. Remove the shorting plate and tune the cavity to resomance at 10 CHz.
2. Lower the incident power trace so as to touch the 'shdulders' of the
reflected power"tracebusing attenuator Att-2, tﬁis'readiﬁg oﬁ Aft—2 gi&es
|p1|2‘ in dB . |

3. Measure lpolz in dB‘by loﬁering the incident power trace so as to
touch the minimﬁm point of the reflected power trace, using Att—2.t

4. Chooseva convenient value of Ipfz and measure the bandwidth' Af .by

means of the two markers obtained from the communication receiver as ex-

"plained in section 4.1
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| 4.3 Digital Read -out -method of Measufeﬁentvef:;hiff in>ﬁesenan£?ffeQueney:

One of the main limitations oﬁ,;he method for testipg very thin
samples, in the range of a few microns;was the availabie resolutidn in the
measurement of the shift'ig resohant frequency. Se,to increase the re-
iiability of measurement a modifiedlset uﬁ as.eéxplained below was used.

In the modified set up the BWO oscillator is.set at a fixed
frequency of 10 GHz, rather than swept,and the loaded test chamber adjusted
to resonate at the same frequency with the aid of a slldlng short and a
VSWR meter. The sample is then removed and the BWO frequency control
readjusted so that the cavity resonates agein. The new resonant frquency
is then mixed with a 10 GHz signal from a phase locked local oscillator.
The difference frequencyvis displayed on a digital frequency counter.

- Photograph 3 shows:the set—-up used for;digital as well -as analogue

techniques.




CHAPTER V
CALCULATIONS AND EXPERIMENTAL RESULTS

5.1 Calculation of the Q-factor:

A sample calculation for the measurement of the Q of the empty test

chamber is given below: v
Iz |2 were measured to be 9 dB and 0.1

The values of lpo and [pl

dB respectively. The 3dB bandwidth was found to be 3.0 MHz.

lo}? = antilog (-0.1/10) =. 0.998"
IPO|2 = antilog (-9/10) = 6.126
,|p|2' = 0.50
lol? - 1og?1M? 1 T
y = P Po _ 10.50 - 0.126 = .87
2 2 0.998 - 0.50
lpll = lpl
| 10
.87 x 10
and Q. = o(f [/ f) = ————F— = 2900
L ° 3.x lO6

Where QL is the loaded Q of the cavity.

5.2 Calculation of Dielectric Constant:

In ordér to test the wvalidity of the perturbation éqﬁation O,
measurements were carried out over a number of very think films of various
materials of known dielectric cohstaqt.» For - each sample two sets of measure-
ments were conducted, where the sample in one case was suspended over the
total croés~section of the cavity and for the other in the iris aperture.
Since for the materials tested the loss tangent is very small, only the real

part of the dielectric constant €, Wvas evaluated fox which case the

" perturbation equation reduces to
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[ > > N
J Eo . E2 dav
v .
2.4.";:(3 _1).,_..2_.__._._. - , (6)
fs T 5 2
| ‘ IEOI dv
v
o

To determine the unknown € the ratio of the integrals needs to
be evaluated., Since the sample is placed tangential to the electric field,

- . 5 . .
the field E, in the sample may be set equal to the unperturbed field

2
-+ . . '
EO for very thin films extending over the total cross-section. The field
> ’ : ' >
E2 is assumed to be in the y direction, which is the same as for EO

since the dielectric is essentially loss—less and isotropic.and has no effect
on the polarization of the field.
The field distribution when the cavity is excited in the TElon

mode is given by

-~ TRy . T2 _
E=E Sin (a~) sin ( g ) | _ (7)

i
i
|
i
|
i
i
|
¢
¢
¢

Since the samplé is placed where the electric field in the long-

itudinal direction is' maximum, the field E2 in the sample reduces to

= i Ix _
E, =E _Sin (=) _ €))

For a sample thickness § and total cavity length d, the ratio
of the integrals becomes 2% and therefore
Af

_ ey | _
erl = ( gg"') () +1 o (9

Where the subscript 1 denotes the case when the sample occupies

the full cross—section of the cavity. For the case when the sample is

in the iris aperture only, the subscript 2 is used and a geometrical factor

“or shape factor denoted by vy, is introduced as’ discussed préViously, i.e.
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er2= C—?iz_) (%) C%2+1 | v - | (10)
s
Table 3 presents results'of the experimental procedure for thin
: filmé of polyethélene, plexiglass and mica. Fig. 7 shows aﬁ experimental
plot of sample thickness vs. shift in resonant frequency for polyethelené
samples which is a linear relatiénship as.expected.
‘.The results for thevrélative dielectric conétant fof phospho-
1ipid films deposited on glass substrates by a process of evaporation are
given in Table 4. The relative dielectric constant averaged_overAthree

samples.is approximately 2.08.

5.3 Conclusions:

AThe cavity perturbation method using a resonant iris to concentrate
the field in the sample has been.found to provide fairly accurafe and
reproducible results for frequency shifts as low as 2 MHz, For materials
éf relatively low dielectric constants, thicker samples have to bé used;
while in the case of high dielectric 1matérials onl& rélatively thin
samples will be suitable for measurement»(see Fig. 8). | j

One of the main limitations of the method for testing very thin
samples, in the range of a few microms, is the avaiiable resolution for
the measurement of the shift in resonént frequéncy. This difficulty can be
partly overcome by using the digital technique described in section 4.4,
but there still remainé an ambiguity of about 1 MHz due to the chémber
section, resulting from the use of scfews,etc.

An effective method for improving the utility of the chambex’
 to test very thin films, with.litéié»ambiguity; fs:to increése the field

~in the samﬁle by using irises of higher Q and shape factors and to de-

crease the ﬁall losses of the chamber by gold platiﬁg the cavity and the resonant +
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Table IE -

£ =10GHZ
s ‘ ,

ISAMPLE

PLEXIGLASS
POLVETHYLENE
MICA '

"THICKNESS
© mm

0.635
0.178
0.122

d= 1;5xg - 5.96 cm

Af ' ) :
1, o -
G-g*) (g) + 1 .
s o

- Af
B 2
s

év
T

TABULATED

2.49
2.25
4.86

y = 1,785

WITHOUT IRIS

WITH IRLIS
"WITHOUT IRLS
4
Afl ) er

(MEZ) (MEASURED)

156 2.456
38 2.280

"8 . 4.836

WITH

Af
2
M u2Z)

277
68
139

I RIS

E' ‘
T

‘MEASURED)

2,481
2.259
4.852
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iris. An fmprovement in the chamber can be made by using é cylindrical
éavity~instead of the rectangular one used.

Tt is also necessary to find a suitable substrate material. Two
possible materials are quartz and micaj quartz because it has a very low
loss factor, and mica because it can be cleaved so thin that its losses
are unimportant. Here, it may be noted that the dielectric constant of
the substrate materials should be higher than that of'fhe‘teS£ film (but
not so high as to violate the pefturbation theory). Tﬁis~requiremeﬁt is
necessary to ensure thaf'there is a maximum field concentration in the sample -
under test. . Therefore, for éhoosing thé proper substrate material an
approximate value of the dielectric‘consfant of the test sample.should be.

known or measured.




"SAMPLE

Table»IV

‘RESULTS FOR PH OSPHO-LIPID MEMBRANES

THICKNESS
. mm"

0.04
Of08
| 0.12
0.11

0.011

WITHOUT IRTIS

CAf et

1 r
MHZ) (MEASURED)

19.0 ' 2.037

2.0 2,090

CWITH

Af2

MHZ)

14.0

25.0

37.0

IRTIS

e!
r

MEASURED)

2.173
2.046

2.040

*0¢
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T
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APPENDIX I

DERLIVATION OF THE'PERTURBATION EQUATION:

- Consider a resonant cavity whose walls are assumed to be loss-

less. Maxwell's equations for this cavity may be written as:

> == . o ' o
VEE = -juugd [Al.1a]
VX H1 = leeOEl | . ' L [A1.1B]

4wherevthé ahgular frequency wy is complex (wR + jwi), and refleéts

1 1

the electric and magnetic fields, respectively, in the cavityvand. 80- and -

. v : - N
all losses including those of the coupling mechanisms. E., and H, are

“o tepresent permittivity and permeability, respectiveiy, of air.
When the sample is suspended in the cavity, the fields are perturbed

by a small amount. Let us repreSent the new values of the electric and
' >

the magnetic field by E2 and Hz, respectively., Then for this case-

Maxwell's: equations are given by -

VX E2‘= —jwzuzﬁz _ ] | [A1.2a]
> . > ‘ : ’ ‘
VX H2 —-sztzEz ' : _ [Al.2b]

where €, is the permittivity of the sample material and w, the new

complex angular frequency. »
Now by taking suitable dot producté with eqs. [Al.1] and [Al.2],
subtracting and integrating over the cavity volume, we obtain
- —>. > > - > > > > R
J {[x, - (VX H)) -E - (VXHD] A+ [H, (VXEl)_“H_l ‘ CVXE?_]} dv

v
c
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A
c

The left hand side of equation [Al.3] can be written as a

- difference of two terms of the form V - (ﬁ X %) so that on employing

Gauss's divergence theorem and bearing in mind that the cavity surface is

assumed to be perfectly conducting, we can prove thatthe left hand side is

equal to zero. Therefore from eq. [Al.3} we get

>

> > > > > > >
w, J gty = B, - u il + B av = w, J (e,B, + B, - wH, +H) av [41.4]

271 2

v ' - v
Cc C

| When each side of eq. [Al.4] is subtracted from the integral:

and the terms afe-rearranged, we get,

>

> > >
(y = ug) By = Hy = (€)= €5) By = Ep] dv

g

- Ao "

(egEy * By = HoHy * By) dv
J .
v
C

Now for a small perturbation due to the sample , this equation becomes

!‘—> > > >
_ (u2 - uo) j Hl . H2 dv -~ (82 - eo) j El . E2 dv

2 i B ‘ —————  [AL6]

' - - > > : > >
= j J [(wlao - wzsz) El . E2 - (wlpo - wzuz) Hl . Hz] dv ‘ [Al. 3]

- ;é _ : [A1.5]




35.

The integration in the numerator of equation [A1.6] is over .-

and My = ud'.over cavity except’iﬁ small’

volume Vs since EZ = €, |
volume Vs. When the sample is non maghetic we have uz = uo. Therefore
eq. [Al.6] becomes
| (%t
. .y, 12 M !
Wy—tdy r Vg
- - : . 5 «[A1.7]
w 2 f ¢
’ | 7,17 a |
J.
Y
o c
Substituting

" where €. is the complex dielectric constant of the sample.

" for the complex angular frequencies. wl - and wz in eq. [Al.7] in terms

of the measureable quantities Q and resonant frequencies, we get .

B - E d
1" P2 ¢

£~ 5 v 5
2 1 2 3 Ql __Q_L_ (e, _1) —%
£ L R . 1% av
2 1
v
Cc

cf.__,_.._f...:”Here the field El’ in,the‘empty caﬁity‘is presumed to be known

and only field Ez in the sample volume is to be. evaluated.
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APPENDIX 2

THE EQUIVALENT CIRCUIT OF A RESONANI IRIS
A resonant iris may be representéd by a lumped inductance,
capacitance, and conductance shunted across the line as shown.iﬁ Fig.9[101.
The .susceptance B of the equivalent circuit of the resonant e}ement may

be defined by

B = uC - = - | o [A2.1]

w2 - L _ [A2.2]

L w, -y . _
Where.>w1 and w, are'the_frequencies, at whiéh the susceptance equals~§1us

and minus the total conductancesand are given by

; 1 _ . ‘

U)ZC - .(E;IT = +(2yo + G) ' ' _ . [A2.4]

0.C = — = =(2y, + G) | | [A2.4b]
1 w]_L YO - ) . . . - ’

If the positive roots of egs. [A2.4] are choseh

s C
Q = | [42.5]

Note that equation [A2.4] gives the frequencies at which half of

the power is transmitted by the resonant iris. Let us now calculate the
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power reflection at W« Equation [A2.4a] may be written as
B=2y +¢G
o [A2.6]

The admittance at frequency Wos looking from left to right at =x-x

in the circuit of Fig. 9,is given by

Y=Y +6G+3jQY_+6) S [42.7]

The reflection coefficient is then

—

s

G+ J2Y_ + G)

he- X _FC+IQYFG) e [A2.8]

from which the power reflection coefficient is

2, .2 . ,
lT|2_= G +32 - | : , . [A2.90]
(2Y_+ )"+ B . )

The expression for B in terms of r, the voltage reflection -

coefficient, is given by
€?+yv0) (r-1? - c? /2
B = 0 0

r

, ro1 ' [A2.10]

1
L

A measurement of r  at. the resonant frequency, e.i. at the frequency

for which B = 0, can be used to determine G

G = Yo(r—l), r .1 [A2.11]
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Photograph 1la, Test Chamber




Photograph 1b. Test Chamber
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