
ß_:!!t : ;: ]'L:_t :::.,;.;l;;:s.:.!i{rûu Lsi!| :::r.-{:r!:¡$

MICROI^IAVE TEST CHAMBER FOR

MEASURTNG THE RELATIVE PERMITTIVITY

OF THIN FIT,ryTS

The

A Thesis

Presented Ëo

Faculty of Graduate SËudies and Research

The UnÍversity of ManÍtoba

In Part,íal FulfÍllment

of the Requirements for the Degree

Master of Science

ín

Bl-ecËrical EngineerÍng

by

Harinder Pa1 Singh Ahluwalía

; : l- -:'- -j-- -:.i, : ;:, :--i,' :-:-'r:"ì:a.Ì':.'1,

i.i,ì:ìr.:ìiia;,

(*fuNlt'rot¿
Oi ¡tiAirJl¡ u¡¡A

T-* q\

@rrroAFoÉd

September, L970



ACKNOI^ILEDGEMENTS

I wish to express my graËiËude to Dr. i,I.M. Boerner under whose

ab1-e guidance the project was eonducted. I am pleaged Ëo acknowledge my

indebtedness to Professor M.A.K. Harnj-d and Dr. S.S. SLuchl-y. for many fruiË-

ful d.iscussÍons and to Dr. A. Petkau of Atomic Energy of.Canada Ltd. for

hís encouragement and for supplyíng the test fi1ms. I al-so wish to Ëhank

Dr. C.I,I. Searle of the Physics Department for his assistance in component

fabrícation and Mr. Bodo Meyer of the Physics fûorkshop for his skilled

and precise machíning of the test chamber.

Last but not the leasË, I arn partÍcu1arLy appreciatíve of the

tíreless ef,forts of Miss. A,M. Korol for careful and cheerfuL typing of

this materíal.

This research was supported by the National'Research Council

of Canada, the Defence Research Board of Canada and the Faculties of

Agrículture and Graduate Studies of the Uníversity of Manitoba.

(H.P.s. Ahluwalia)

l.i:i-:.i:,i:"



CONTENTS

Page
ABSTRACT .. . .. .. .. . . l_

CITAPTERI-INTRODUCTTON. 2

cïïaPTER II - MEASURB{ENT TECHNIQUE ¡¡io¡......... 5

CHAPTER III - TEST CHAMBER..

The ResonanÈ lrís
TheoretÍ cal Considerations
DesÍgn of Rectangul-ar Resonant lrÍs. ... ..
Shape factor y of the Resonant, Iris

CHAPTER IV - ÐPER]MENTAL RESULTS

Measurement of a factor of the Chamber
DigiËal read-ouË Method of Measurement of shift ín Resonant
Trequency

CHAPTER V - CALCTIATIONS AND EXPERTMENTAI RESULTS :....

Calcul-ation of rhe Q-factor
CaLculaÈion of Dielectríe Constant.. ..
Conclusions. . .

APPENDIX I - DERIVATION OF THE PERTURSATION EQUATION..

APPENDIX TI - THE EQUIVALENT CIRCUIT OF A RESONANT IRTS

BIBLIOGRAP}TY. . .

1.0

1_0

L2
L4

20

23

24

25

25
25
27

33

36

39

I



LIST OF FIGURES

FTGURE PAGE

1. CONDUCTTNG SCREEN I^TITII FILM APERTURE..;.. 9

Z. RESONANT TEST CHAMBER.. ...... 9

3. RESONANT IRISES..;.. 1l-

4. DESIGN oF A RESONANT IRIS 1.3

5. RESONANT IRIS (RESONANT FREQUENCY 0F l-0 GHz). . ..... ... L6

6. MEASUREMENT SET-UP

7 . CHANGE OF RESONANT FREQUENCY I^trTII SAI,ÍPLE TITICKNESS 31-

8. SAIîPLE THICKNESS vs PERMITTIVITY FOR A RESONANT FREQIIENCY
SHIFT OF 2.0 lüt2,. ,..... 32

9. EQUIVAIENT CIRCUIT OF A RESONANT IRIS 38



TABLE NO.

1.

zA.

2f-.

LIST OF TABLES

PAGE

DTMENSIONS OF FOUR RESONANT IRISES I^IITIT RESONANT TREQUENCY

OF l-0 GHz. . 15

MEASURED FREQUENCY SIIIFTS FOR EVAI,UATING SHÄPE FACTOR Y... ].8

CALCULATED SHAPE FACTOR FOR THE IRISES A, B, C AND D USTNG

FREQUENCY SHTFTS OF TABLE 2^,.. ........ L9

RESULTS FOR DIELECTRÏC MEMBRANES

RESULTS FOR PHOSPHO-LIPID ME}{BRANES 30

3.

4¿

i:r t.f: . :



-- ..- -- --:--:'"Ii::::j1j

la Test Chanber

lb Test Chamber

2 Resonant Iríseg

3 Experimental Set-up

LIST OF FHOTOGRAPHS

PAGE

40 l:';'

4T
]

42

43 r: ,:



l_.

AbstracË

A mÍcrowave tesË chamber for measuring the diel-ecËric consËant of

Ëh:in films on substrates using Èhe caviËy perturbation ËechnÍque .is des-

cribed. Special emphasís is pl-aced on testíng biochemícal phospho-1-ipid

membranes, whose properties resemble those of lÍvÍng Ëissues¡Ëherefore

their ruPture by microwave irradíaËion may d.etermine microwave safety J-eve1-s.

A novel feature of the tesË chamber is the use of a resonant irÍs Ëo en-

hance the field in the aperture where Èhe sample is suspended. rt is
shovrn that sígnifícant shift in the cent,er frequency and change in the Q

factor of the X-band cavÍLy are obtained for fiims of thicknesses as l-ow

'as a few hundred mícrons.
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CHAPTER I

INTRODI]CTION

. The work presenËed here.resulted from a fundamental research on

rf safety standards to estabLísh críteria for defining the transition be-

tr^¡eeri macro and micro-Ëhermal effects on tíssue layers caused by electro-

magneti-c irradiation. The behaviour of such membranes aË high poürer densi-

tíes is of parËícular importance since the power densíËy at which they

rupture is an indication of the critical 1evel which may det,ermine Ëhe

safety sËarldard for mícrowave irradiation [1]. The study ís beíng carríed

out on artifÍcíal phospho-lipid membranes which resemble 1Ívíng tissues

very closely in thelr chemo-physical properties l2l. It may also be

possible to elecËrically bias Ëhe two bipol-ar membrane layers and to

creat,e membranes of elecËro-acËive propertíes by proper ion dopÍng of the

two bípolar phospho-lípid membrane layers

Although the basic incentive of this research is to study the

rupÈure of biochemícaL membranes. and theÍr electrical permittivíty, the

test chamber described in this work may also be used for dielectric

measuremenËs of samples of different, semÍconducËor maËeríals. These

measurements at, mÍcrowave frequencíes enable one to deduce Ínformation

regarding the properËies of carríers not ob-tained by dc techniques. Even

in those cases where the propertÍes can be determÍned by dc as well as

microwave techniqueb, Ëhe latter have the advantage of not requiring con-

tacËs rthus elÍminating the possiblity of altering the sample character-

Ístics during the measurement. It has been shown [3] that for semiconductors,

the conductivity measured aË microi¡ave frequencies is the same as Ëhe dc

conductívíty but Èhe dielectric constant obÈafned by mÍcrowave measure-

f. ..i .
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ments differs from Êhe dc value by os T/eo. Ilere 0" is the microwave

conductÍvîty, T the momentum relaxaËîon ËÍme and to the free space

permÎttlvÎty. Furthermore, measuremenË of the complex permÍttivity as a

funcË.îon of frequency and temperaËure yields information on the scattering

mechanisms conËro11Íng the transport. of charge carriers.

A number of meËhods for measurÍng the dÍelecËric constant of

semiconductors using substitution, sËanding wave ratio, transmission bridge,

and. resonant cavÍty techniques have been descríbed in the liLeratur e Í4-71.

However none of these methods is applicabLe to thin films of Ëhícknesses ín

the range of a few hundred microns deposited on subsÈrates. It shoul-d

be noted that the study of microwave properties of thj-n films of semi-

conducËors has been of increasíng 'ímportance due to their potential appli-

cation in microwave devíces. AÈtempts are beíng made Ëo increase the

frequency range of transístors and other semiconductoï devices. One of

the main f-irniting facËors in the consËructíon of transistors Ëo opeïat.e

at higher frequencies is the base width which has to be extreme,try smal1-,

thus approximatíng a thin film. Since the dÍelectrÍc consËant of such

thin fÍLms ís antÍcipated to be considerably different from the tabulated

bulk value, the technique described ín thís thesis coul-d be suitabLe for

such studies.

The cavity perturbatíon rnethod has been found suiËab1e for the

measurement of the dielecËric consËant of thin films. The measurement

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

determining the pïopertÍes of Ëhe sanple from th-e resultant change produced

Ín the resonanÈ frequency and ttl-e quality factor of ttr-e cavi.t¡. The ain of

the present scheme is to create a h,lìgtrt ele.ctrlc fieLd tn the pJ-ane. of tlr.e

sample Ín order to enhance the chenges in the measured quanttties. For

':':
ll_



this the sample is suspended ín

maximum longitudinal- fíe1d in a

shift in the resonant frequency

Ín the perturbatÍon equation to

4.

a resonant irfs whích is placed at the

resonant rectangular cavity. The measured

and Q factor of the cavÍty are utÍl-ízed

determíne the complex permiËtívity
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and resonant frequency due to the

usÍng Ëhe perturbaÈion equaËion:

f * ->lE .E^dv
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CHAPTER II

: MEASUREMENT TECHNIQUE

A varíety of methods for measuring dielectri.c const,ants are

avaíl-able t4-B]. Since it is required t,o measure the dielecÈríc constant

of rËhint fi1ns, the conventíonal methods based on Lransmission and refl-ec-

tion of por,rer in a waveguide, containing a sample approximately a quarËer

wavelength long, cannot be employed. In Ëhis case the caviÈy perturbation

method,which is highly sensítive and versatile with regard to the Ëype

and shape of the sampleri.s suítab1-e. When the perturbaËion method is

used in conjuncËíon with the quasí static approximatlon r.Ëhe accuracy of

the results may be surprisingly high. since the cavÍty perturbation

meËhods involve approximatíons in their forrnulatíon, the sample to be

tested has to saËisfy ceïtain eonditions. The sample must be very small,

compared r,¡ith the cavity iËselfrso that. the induced frequency shift and

change in Q are smal1 compared with the centre frequency and Q of Èhe un-

loaded cavity and also for the quasi-statíc approximation Ëo be valid.

Our thin fílms satísfy the-above requfrements thus justífying the use of

the cavity perturbation techníque. A great advantage of the perturbatíon

approach is thaË it is no J-onger.necessary t,o accoùnË for many of the de-

Ëails of the cavity which are the same for the loaded and unloaded cases

and hence their effect is cancelled out.

The change in Ëhe Q factor

sample are utilized to calcul-ate t.

5.
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Here f- and a^ are the resonant frequency and qualÍty factor for theo 'o.

unl-oaded cavity, respecËiveIy, whereas f and Qs are the corresponding

quanitities for Ëhe loaded cavÍty. il is the Lransverse eLectric fiel-d
->

fn the unLoaded caviËy volume \o and EZ is the elecËric fiel-d in Èhe

sampl-e volume Vs.

üIhen the sampLe ext,ends over Ëhe entire cross-secËion, and is
+-+

tangential to the el-ectric fíeld, EZ = Eo for small- perturbations. Ilornr

e:er, r,¡hen the sample is suspended ín the iris aperture onl-y, it Ís more

diffículË to determíne Ë" with. satisfactory accuracy sínce Ëhe field

distribution in such'a résonant aperËure is not avaílable. A resonable

estÍmaËe for this fíeld may be obËained wíth the aid of a shape factor

i whic-h ís determined experi.mentall-y using fÍlms with precÍsel-y known

dÍelectríc constants as díscussed later.

There are two general- meËhods for the measurement of a of a

caviËy. One meËhod depends on observíng the response of the resonator

to CtrI sígna1-s Ín the neighborhood of iËs resbnant frequency and the other

involves observíng the transient response of the resonaËor to the sudden

application or removal- of an exciËing signal aË or near resonanË frequency.

The fÍrst meËhod includes a number of differenË measurement techniques

such as transmÍssion methods, ímpedance measurement method and dynamic

meËhods. The transienL decay or Ëhe decrement method is particularly

applicable to hÍgh Q caviËíes because it does noË need.z,a hígh degree of

frequency stabilÍty requíred in' oEher types of measuremenÈs, but at lower

val-ues the decay period ís too short for convenient measurement. In

the present measurements, the refl-ectometer method which applies particularly

1'í:J:,--- ;1
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single-ended resonators rüas found to be convenÍent because ít lends : :

itsel.f readil-y to oscilloscopic presentatÍon and has the advanLage of speed.

The reflecËometdr method simpl-y rêquÍres the measuremenË of the

volÈage reflection coefficienË lO.l at the resoriant frequency fo and

,,] at ttrro other frequencies ft and f Z, synnnetrícally spaced about f.o. Irl

If there are apprecíable losses in the input coupling sËrucËure, Ëhe
l

, refl-ection coefficient. magnitgde lOrl far from resonance must al-so be

,,1 measured. The Q of the resonaÈor ís then given by the relation: iii,, ',''

" cf,f ::

o- =* (2) i,,xL 
^f,,1

where Af : f, - f,

t b( - lool2 1L/2and 
lniUi'1

(4)

(3)



B.

CIIAPTER TII

TEST CHAMBER

The mîcror,rave test chamber consísts of an X-band rectangul-ar

cavÌty operatêd in TE'O' mode and coupl-ed to Ëhe main waveguide through

a circul-ar Íris. The radius of the iris Ís such that the câvity is critically

coupled to the main waveguíde. A sliding short is ernpLoyed to vary the

cavity 1-ength as shorvn in Fig. 2. Two requirements need to be satisfied

,simultaneously, the fÍrst Ís to create a hígh electric fÍeld Ín the appl-í-

catoï al-ong the sampl-e and the second is to pJ-ace the sample in Ëhe region

where the highest electric field values exist. The need to create a high

elecËric field in Ëhe sample aríses from the fact that films of a fer¿

micron thickness, when suspended in the total cross section of the cavity,

lnduce a very smal-l perËurbatÍon in the conplex frequency (obtained frorn

the resonant frequency and the Q factor of the cavity). By suspending the

fil-ms in a resonant iris, and thus enhancíng' Ëhe electríc f ield in the

sample, an increase Ín Ëhe change of complex frequency is obËained. The

reguÍrements menËioned above are satisfied by placÍng the resonanË íris,

containing the sample, an odd multíple number of quarËer wavèlengths away

from the sliding short. Since Ëhe frequency peïturbatíon for t'hin films

Ís general-ly smal1, uÈmost care must be exercised in very accurate

machÍning of the various components of Ëhe chamber. Furthermore special

care must be taken during the e.xperiment to align the chamber assembly

in both transverse and longítudinal directions and ensure accuraËe

positÍonÌng of Ët¡-e rectangul-ar îris v.¡ith- and wittrcut the sarnpJ"e. Thf.s

is achieved r,¡îth the aÌd of guide pîns whlcÏr are used to a1-fun Ehe tÌ¡o

sections of the chamber :

PhoËograph- l- shows Ëlie tesË cTumber. lt consists of t\,ro $ra¡¡e-

tL-,:.:i-;1
iï.:,.'."_
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guíde'sectíons, one fixed and the other varj-able in length. The irÍs con-

taining a sampl-e in the aperture is placed between the two s.ections and the

three parËs are aligned with the heJ-p of pins on the fíxed section. The

cavíty ís coupled-to the.main waveguide ttrrough a circular iris of radius #B:'.
For Ëhe sake of conveníence in calculatiårr" "or. samp.les are pre-

pared to exËend over Ëhe whole eross section of the cavity (í.e. rqithout Ëhe

írís) whí1e Ëhe oËher sampl-es of the same materíal are suspended ín the

resona:rË iris. Thís provides a check on Ëhe calculated results and allows

experimenËal deËerminati-on of the shape factor y associated with the

resonant iris as r^rill be discussed in secËion 3.4.

As has been mentioned in Ëhe introduction, Ëhe work presented here

resulted from fundamentaL research on rf safety sËandards which involves the

sËudy of,the rupture of Ëhe phospho-1ípíd nembranes which resembl-e livíng

tissues ín theír properties. Although the r"rork described here concerns

only measuremenË of dielecËríc constant of these membranes, the seË up

shown in FÍg. 6 is also suíËable for rupture tesË. In order Ëo perform the

rupture tests, Ëhe cavity may be placed in a Ëemperature controlled charnber

and connected Ëo -€,_ medir¡m por¡ter microwave generator and the measurement

seË uP via an electrieally conËrolled waveguide swÍtch which changes Ëhe

mod.e of operaËion from fmeasuremenË' to irradÍation.

The Resonant lùÍs:

3. 2 Theoretical Consíderation:

A metal diaphragm vriËh a rectangular opening exhÍbíts a suscep-

,Ëance-frequency characËeristic similar Ëo ËhaË of a parallel resonant cir-

cuit shunËing the guide. In fact elements of a greaË variety of shapes may

be made Ëo resonate at any.microwave frequency depending upon Ëhe dimensions

of the element. A resonant el-ement of Èhe dumb-bell shape may be made wÍth a

nunber of variations as shov¡n in FÍg. 3. Tunable resonant elements can be

made using posËs,- scre\¡rs eËc.
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L2.

To understand the behaviour of these elements, it is desirable

to'cal-cu]-ate tlie fteld ùr the Junction so that one can know the dependence

of the resonant frequency on the geometrical pararneters of the elements,

tlre frequency dependence of the transmission or refl-ecËion of power and

also the energy dissipated in the el-emenË because of currents in the metaL

posËs. UnforÉunatel-y¡even the símplest resonanË eLeurenË-the rectanguLar

sl-oÈ-has not been anaLyzed theoretÍca1-ly to the extenË of f indíng the f iel-d

fn Ëhe aperture. The method of attack aË present ís lÍnited Èo finding

experimentally the equival-enË círcuiË of the resonanË elemenË. The equiva-

lent circuiË of a resonaoË iris has been derived in Appendix 2 and is helpful

Ín understanding the behavÍour of the iris

3.3 DesÍgn of RecÈangular Resonant Irís:

The approxímate dÍruensíons of a centralLy located wíndow in a

rectangular guide operating ín a dorninant mode are given by the empirícair

relatíon given below t1-01.

(s)

r¿here a and b are the guÍde dímensions, ar and br are the dimensions

of the'opening (with a' measured para11-el to a and br paral-1-eL to b)

and À is free-space wavel-ength.

The desígn can be carried out in Ë\,ro \Àrays. In one case the dinen-

sion b I is assumed and Ëhe corresponding value of at is calculated for

a gíven value of a, b and À. The second meËhod depends on a Seometrical

construcËion: In the centre of Ët¡-e cross section of the. guide., lay out a

l-ine of 1ength 
^,/2, 

paral-1-eL Eo larger dÍ¡nensf.on of ttre guflde, and centeräd

r{rith respect Ëo the wal-ls as shor,,¡n in Fí€. 4. Tlvo lryçrerbolas are not¡ drawn

with Èheir axes paral-leL Ëo tlre guide r¿al-l-s, passing througtr- the ends of this linei',, ,
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and al-so tÈrough the corners of the wavegulde. Al-1 the cenËrally locaËed

recÈangles whose corners falL on these hyperbolas wí1l be found to ïesonaËe

at the same frequency but will- have a díff,erenË noimalized "characterístic

admiËtance or loaded Q, whích will increase with decreasíng heÍght o, aO"

l:. i..:,:...-::

r.rindov¡ and wíll also íncrease wj-th ÍncreasÍng thÍckness of the dÍ-aphragIn. l,'¡,',,,,..,.,,,¡'

The design carríed out using equation 2, usually has an error of much l-ess

than 5 percent of the predicted rralue. The effecL of thÍckness on the
l

dÍmensÍ.ons required for resonance Ís negligíbLe as long as ít Ís belor,r 
";:,,'-:i:¡:,t¡i.':,:;,
.:::.'.;:: :.':.
.-t.---:.- -':

0.04À.
:.- _.'-tt..-a..,.'

Four rectangul-ar resonant Íríses were designed to'study the be- ljr':'"i'j':rJ:1'

havÍour of their y factor as descríbed in sectíon 3.4. The dímensions 
:

of these irises are given ín Table 1. lt has been proved that Ëhe resonanË ì

l

frequency of the 1rís ofFigs. 5aand 5bare the same provÍded thej-r areas i

are equal [9] r The four resonant iríses used are shown in Photog raph 2 i

3.4 Shape Factor -.Y of the Resonant lrjs: i

It has been mentloned ín Sectíon 3,2 that the solution for Ëhe 
i

I

field in a rectangular irís ís not available and is very diffícult Ëo de-

termíne. Therefore, it is necessary to devíse some oËher means to evalu- 
' 
, .,,,

i.',,.'ì:1.:.;r,;

ate the integral in the numerator of the right hand hand síde of eguaËions 1. This ,, , .1 ,.. '

can be achÍeved by relatíng the field in the Íris to the f iel-d in the r4rave- i'l't'.lti;t'.

guide wiËhout Lhe íris. tr{e define the ratio of these two fields by a shape

factor called T. IË was observed experÍmenÈally that Ëhe shape facËor

is approximatel-y corisËant for a given iris as long as the sarnple thickness 
,,,:,t..:'.;::,,-,..'
tl i _' .:,'.' -' . 

-

Ís l-ess than a few hr¡rdred microns. If 1ís assr:med to be consLant, the

ratÍo of Lhe two fields will be observed as a proportional increase in the

resonant frequency of the test chamber as can be seen from equatÍon I..

ThÍs then gives a conveníent method for deterin-ination of this shape facËor ,,;,i.::;1,r,,::;:
. , .. - .'t .::a a..

L4.
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The measureqent can Þe performed as foLl-ows: Pl-ace Ëhe loaded irÍs Ín the

maxùrrm longitudinal- field în the cavit¡r and adJust Ëhe variable short so

tTlaË th-e cavÌty resonates at a given frequency' (say l-0 GHz) , remove the

sample and measure the shîft Ín Ëhe resonant frequency. Now suspend the

sample across the total- cross-secËÍon of the cavîty and adJust ît for

tesonance aË Ëhe same frequency as r,ras used in the previous case (say

10 GIIz). Measure the shift ín the resonant frequency after removíng the

sanple. The ratio of the'' two frequency shifts measured in thís way de-

termÍnes the shape facËor Y.

Table 2B gíves the caLcul-ated shape factors for four rectanguLar

irises, determined with Ëhree differenË sample mat,erials. It can be ob-

served that the y facËor is approximately constanË as Long as the frequency

shift due to the sample, when suspended across the total cross-section of

the wavegrride, is below about 20 l4ÍIz. It may be mentioned here thaË even

by using approximate methods for calculatÍon of the fíeld ín the iris

aperture, the error may be quiÈe hígh.

TabLe 2B al-so gÍ.ves ß, Ëhe square ïooL of the ratío.of the cross-

sectional areas of the waveguide Ëo that of the irís aperture. It ís exþecËed

that the shape facËor y should be equal- to thÍs $, since at resonance al-1

the incident energy passes through the aperture. The discripency in the

value of ß and y'factors may be aEËrÍbuted to the fact that when the iris is

removed from Ëhe chamber and Ëhe cavíty length is readjusted for resonancet

the sample is no more in the maximurn longitudinal field, Ëhereforerthe

resonanË frequency shift in Ëhe second case is decreased by a small arnount.

This measured shape facËor is used l-aËer to calculate the dLelectric con-

stant, of thin f Ìl-ms.

i; Ìr:
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Table 2A

Measured Frequency shlfts for evaluatlng Shape

factor Y for the ÍrÍses A, B, C and D. .

SampLe

Pol-yethel

Pol-yethelene

Ml-ca

ThÍckness
l-rt cms

¿ 0079

.0029

.00285

withour
iris

Frequency Shift

l_8.0

8.0

LB.0

I,¡irh
Iris B

, 
31.0

13.5

" 30.0

T,IÍËh
trris B

in MIIz

33.5

'L4.5

34.0
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Iris

Calculated shape faç.tor for the lrÍses ArBrC, and D
usíng frequency shifts of TabLe 2A

ßtr

A

B

c

D.

Table 28

1.410

L. 690

1. BB7

2.L42

Polyethelene

thÍckäess = .0079 cms

'L.72

1. B6

2.34

2.58

Shape factor y usíng

ßæ

Polyethelene

thickness = .0029 cms

Area of
Area of the Iris Apert,ure

the ¡¡aveguide cross-sectlon

L.69

1. 8t_

2.38

2.63

Mica

thickness = .00285 cns
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CHAPTER IV

EXPERIMENTAL SET-UP AND MEASI]REMENTS

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

oscilloscopíc display of the ref lected power .r"t",r" frequency for ueasuring ::.:

the Q factor and the center frequency of the cavity by the reflecËed power

methodt8].Themicrowavesourceísabackwardwaveosci]-].ator(BI.io)tyPe

IIP 56904 which is capable of sweeping over Ëhe entire x-band Ín a period ,,,

;;.:
i::

of.:':''.01to100secs.,dependínguponSf'eeptímeverniersettíng.Sígna1s
i-:t'::

proporÈional to Ëhe power incident and reftrected from Ëhe cavity are applíed :.',,'

to Ëhe Ëwo channels of a dual trace oscilloscope through two directional ì

t,

couplers (10 dB couplÍng and 40 dB directirritY) terminated ín matched j

crysËa1 deËeetors. The horizontal f requency scale of the oscílloscope
I

ís obt.aíne<l by sr,reepíng tine 1otjzontal axis wíth a volÊage proporËional
i

to:,that used to frequency modul-ate Ëhe oscillator. 
I

A precÍsÍon type üTavemeter (lIP x 532Ã) is used t,o obtaÍn a 
i

i

frequency marker to be used for measurement of frequency shífts and band- I

width of the test cavity. Since the 3 dB bandwidth for the Ëest eavity 
i.r,.,

(Q = 3000) is smal1 (of the order of a fer,¡ Mklz at a centre frequency of [i'
' :'. ::

l-0 GHz) , the sharpness of the marker and the precíse calibratÍon of the ,',,'.,

frequency scale are extremely important ín deciding the ultimaËe accuracy

of the Q measuremenË. Since the resolution of the T¡ravemeËer was only 5

MI{z and the marker bbtained was not sharp enough, it r.ras decided to use ',
j 'i:11:r':

a communication receíver in conjuncËion with a mixer and a focal oscillator

to obËain two sharp markers as explained below

.ThemodífiedsetuPuSeSanauxÍ1iaryfrequency*t.ab1ek1ystron

oscillator set at Ëhe resonant frequency of Ëhe cavity whÍle Ëhe BI^10 in the ,

20.
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main lÍne is frequency sT¡rept between fo + 
^fs 

I,Ihere Af" ís the amount

by whích the center frequency changes during the sweep period. The íncídenË

si.gnal is sarpled by:the direction¿f coupler DC-3 and is míxed T'üíth Ëhe

loca1 oscil|ator signal. The outpuË of the mixer is fed to a communícatíon

receíver iorhích responds only to the difference signal from Ëhe mixer. A

10 KHz pip is obtained whenever the dífference frequency corresPonds to the

díal- setting of the receiver whích occurs twice during'each shTeep cycle

(posiLíve and negatíve difference). Therefore the frequency separatíon

between the two markers is Ëwice the díaI recordíng on Ëhe c¡mmunicatión

Seceiver.

ttlle measuïement procedure is outlined ín the.,steps below:

1. Suspend the sample in the tesË chamber.

2. 'Adjust vavemeteï to the desÍrêd center frequency 1-0 GIIz.

3. SeË Ëhe BI^IO ín srreep mode r¿íth cenËer frequency approximately 10 GIIz.

t+. Tune Ëhe test chamber so thaË the center frequency of the displayed

curve is 1O GHz. This is achieved when Ëhe T¡Iavemeter response curve

peak coincides r"ríËh Ëhat of the Ëest chamber.

5. Measure Ëhe Q of the response trace of the chamber as outl-íned in the

nexË section.

6. Remove the sample from the test chamber.

7. Measure the shift Ín the peak of the response trace and also the Q

of the cavity.

The shift in the resonant frequency and Èhe change Ín the Q factor

aïe no\¡r util-Ízed Èo deLermine the conplex dielectric constant of the sample

as explained ín Chapter V,

:¡!::ir:
j::::.-

:l:;.,
-1i:l il
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4.2 MeasuremenF of Q fagtor of the chamber2

The proced.ure f or the measurement of the Qr factor- as,-outlined in

i t8l is given below:

Calibratíon:

, f. Adjust the BtrIO and rvavemeter as explained ín the previous secËion and

obtain a response curve on the oscílloscope along with the Ëwo markers from

the .csninuntcation rqceiyer

,l 2. Insert rf shorË at position B-8.

3. Set calíbrated Att-z aE zeto attenuatÍon'
l

'l 4. Bring rf power level to zero and with the aÍd of vertícal centering

controls bring the two basel-ines into coincidence.

I 5. Sr,¡ítch the rf porùer on and adjust AËt-3 so ËhaË the reference and

reflected traces coincide

i 6, Check the rtrackingr of the Ëwo crystals x, and x, by varying Att-l

from 0 to 25 db. The two traces should coíncide over the enËire range;
._.'-'

,:u. !:, .

M,easurement_ of I

1. Remove the shorting plate and Ëune Ëhe cavíty Ëo resonance at 10 GHz.

2. Lower the incident po\,rer trace so as Ëo Èouch the rshoulderst of the

reflected po\rer Lrace using attenuaËox Ãtt-2, Ëhis readíng on Att-2 gÍves

lorl2 in dB

, ,23. Measure lp_ l- in dB by lowering the incident po\¡ler trace so as to_ ,,O,

touch the minirnum poínt of the ref,le,cted por¡Ier trace' using Ãtt-z.

4. Choose a convenient value of I p I 
2 and measure the bandwidËh Af by

means of 
-the 

two markers obtained from the communícation receiver as ex-

plained in sect,ion 4.1
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4.3 DíeiÈal Read-out method of Measúrement of shífË írÌ Res,onanË.fr

One of Èhe maj-n l-imitatÍons of,. the method for tesËing very thin

samples, in the range of a few micronsrr¡as the avail-able resolutÍon in the

measuïeinent. of Èhe shift in resonant frequency. So,to increase the re-

liabiliËy of measurement, a rnodified set up as explained below was used'

In the rnodified seÈ up Ëhe Bï{O oscillatór is seË at a fixed

frequency of 1-0 GHz, ratb-er Ëhan sweptrand Ëhe l-oaded test chamber adjusted

to resonate at Ëhe same frequency with the aid of a'sjlf.ding sTr-ort and a

VSI¡IR meter. The sample is then removed and the Bl'10 frequency control

readjust.ed so thaË the caviÈy resonates agaín. The new resonant frequency

is then míxed wiËh a l-0 GHz signal from a phase locked local oscill-aËor'

The difference frequency is displayed on a dígital frequency .counter'

?hotograph 3 shows the seË-up used for dígital as r.rell as analogue

techniques.
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CHAPTER V

CAICULATÎONS AND EXPERIMENTAL RESULTS

5.1 CaLeúl-átiori of Ëhe Q-factor:

A sampl-e cal-culation for the measurement of the Q of the empty test

i .hamber is gÍven beLow:

The values of lOgl2 "rra [Orl2 were measured to be 9 dB and 0.]-

dB respecËively. The 3dB bandwidth was=found. to be 3.0 Ù1H2.

lp12 = antil-og (-0.l-l10) = 0.998

lpol2 = antîl-og C-9l10) = 0.L26

lPlz = o'so

and QL=o(fo1f)=ft|s=2900

trrrhere QL is the loaded Q of the cavity.

5.2 Cal-culatíon of Díelectric ConstanË:

In order to tesË the validiËy of the perturbaËíon equation (1-) , 
,:,.,,,,,''"

measuremenËs \,rere carried ouL over a number of very think films of variou" '':r:::':::;'

maËerial-s of known diel-ecEric consËant. For each sample Èvlo sets of measure-

ments Were conducted, where the SampJ-e ín One CaSe rüas suspended oVer the 
,,.,.,.,,,,1

total cross-section of the caviËy and for the ottrer in the iris aperËure. i''''''"'""ì

Since for -the materials tesËed Ëhe loss tangent ûs ver¡ sF\al1, onl¡ the real

part of the dielectric constarlË t" was sval-uate.d for which case. the i

l

perturbaËÍon equation reduces to

l

t
1l

I
p

o=
1"/22å

ñJ
.1
0.

0
B

I
9

.5

.9F

Ll2t'
F

I
p

E
I

= .87
2
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Í->

.ltot
vs

È, a.'

',Af-t
s

(e - l-)-r (6)

v
lËo l2 a.,

To detersrine Ëhe unknown €,', the ratio -of the inËegrals needs Ëo

be evaluaËed. SÍnce Ëhe sample ís pLaced Ëangential Ëo the electric field'
-+ 

n tha qqmnlê îrlâ\' l the rrnoerturbed fíeldthe fiel-d É^ ín the sampLe may be set equal to the unperturber¿-
EO for very thin fil-ms extendíng over the Lotal cross-section' The field
+->
E^ Ís assumed to be in Ëhe y dÍrection, rvhi-ch is the same as for En
¿ r --- u

since the dielectric is essentíally loss-less and isoÊropic. and has no effect

on the polarization of the field

. The field disËribution when the cavity ís excíted in the TEIOn

mocle is given by

E = E*"* sin (þ sin ( þ

Sínce the sample ís Placed where

iËudinaL dírecËion js maxÍmum, the fíe1d

(7)

the electric field ín Ëhe long-

EZ in the sanple reduces to

E^=E SinZ max
(F) (B)

and total cavity length d' the raËío

Ëherefore

(e)

For a sample thíckness 6

A
of the inEegrals becomes Zã and

Af_
e- = ( ,¿ ) ( å ) + 1
11 s

ì¡?'ll:

tr{here the subscript 1 denotes the case when the sample occupies

the full cross-sectÍon of the cavíty. For the case when the sampJ-e ís

ín the íris apert-ure only, the subscnípt 2 is used and a geometrical- factor

or shape facËor denoted by y, is inËroduced as discussed previously, i.e.



27.

ATo

", 
= cf ) .i, c$ )+r (10)

Table 3 presents results of the experimental procedure for thin

fil-rns of po1-yethel-ene, plexÍglass and mica. FÍg. 7 shows an experÍrrenËal-

p]-ot of sampl-e thÌckness vs. sh-if t in resonant f requency for polyethel-ene

samples v¡hich is a línear relationshÍp as expected.

The results for the relaËive dielectric constanË i.of phospho-

I-fpid fÍlms deposited on glass substrates by a process of evaporation are

glven Ín Table 4. The relative dielectrÍc constant averaged over three

sampl-es Ís approxirnately 2.08.

5.3 Conclusions:

The caviËy perturb aËion method using a resonant iris to concentrate

the f+.91-d in the sample has been found to províde fairly accurate and

reproducible results for frequency shifts as 1ow as 2 MHz. For materÍals

of relatívely low dÍelectríc constants, thicker sampl-es have to be used,

whil-e in the case of high dÍelectríc materials only rel-ativeL" ant* 
,

sanples will be suitable for measurement (see Fig. S).

One of the maín límítatíons of the method for ËesËing very Ëhin

sampl-es, in Ëhe range of a fer^l microns, is Ëhe available resol-uËion for

the measurement of the shift in resonant frequency. Thís difficul-ty can be

partly overcome by usÍng the digiËal technique described in secËion 4.4'

but there sËill remains an ambíguiËy of about l- MIIz due to the chamber

secÈion, resultíng from Ëhe usê of screwsretc.

An effectÎve method for fmproving the' utll-lty'of the' chamber
:

to test very thîn fil-ms., with little anbiguiLl, id to ùrcrease Ëhe. fieLd

Ín the sampl-e by using irises of hÎgtr-er Q and sliapa fac'tors and to de-

crease the wal-l losses of the chamber by go1-d pLaËing ttre- caviËy and the resonant
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TOR- DIELECTRIC

'IRIS
el 'r
.(MSASURED)

I R'I S

N)
oo

2. ¿r81

2.259

4. 852

WITHOUT

I,TIlH IRIS

Í¡I1H
Af

2
(MHz)

277

68

139

d - J..5À, - 5.96 c¡t

IRIS.
¿

RESULTS

(.MEASURED)

' 2.456
:

2.280

4.836

OUTWITH
et af.rI

lABULATED (MHZ)
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et
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irls. An loprovemenË ln the ctramber can be made by using a cyLindrîca1-

cavlty lnstead of the rectangular one used.

It Ís also necessary to find a suitable substraËe material-. Tr¿o

possîb1-e materÎals "t" q.rttaz arrd mica; quar.-z because it has a very 1-ow

Loss factor, and mica because iË can be cleaved so thîn that Íts losses

are unÍmporËant. Here, Ít may be noËed, LhaË the dielectríc constant of

the subqtraËe maËerials shoul-d be higher than Ëhat of the test fiLm (buË

not so high as to violaËe .Ëhe perturbatíon theory). Tliis requiremenË is

necessaïy to ensuïe thaË Ëhere ís a maxÍmum fiel-d concenËration in the sample

under Ëest. Therefore, for choosing Ëhe proper substrate maËerial an

approximate value of the dielectric consËant of the tesË sample shoul-d be

knovm or measured.

-ü:gf/.1+l

t....-'



SAMPLE

RESULTS

lHICKNESS
. mm-:

0.04

o.0B

0.L2

2

FOR PHOSPH

Table IV

I^IITHOUT

5

afr

(MHz)

O.LIPID

:

0. 1l_

0.011

IRIS
^t¿ r

(MEASURED)

EMB

'.1,l:t;,;

I^IITH
af

¿̂

(MHz)

14.0

25.0

37 .0

ANE

19.0

2.0

IRIS
^tL

Ìri-ri::i

2.037

2.090

r
(MEASURED)

2.L73

2.046

2.040
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APPENDIX I

DERIVåTION OF TIîE PERTURBATION EQUATTON:

conslder a resonanË cavfÉy whose v¡al-ls are assumed to be loss-
' J-e.ss. MaxwelLts equatÍons for this caviËy nay be writËen as:

. VtÈr=-jr,lru'fr,

33.

[4L.1-a] ',

r'1.
i.'' .i

tAl. Lbl ',',

f where the angular f requency ,l- is compl-ex (ûJR + jarr), and ref lects

. all- Losses incl-ud.ing Ëhose of the couplíng mechanísms. Ë., arrd È., arerl_
r the el-ectric and magnetic fields, respectíve1-y, in the caviËy and. aO and
l

. 
u0 'un"î:"'ï'j;;:",:""":;"".".'r:':;.'";:,,;l"i:',,",."';,. 

perrurbed
;

by a smal-l- amount. LeË us represent t,he new values of Ëhe electr.ic and
.+ -+the magnetÍc fÍeld by E, ar.d Hr" respectively. Then for this case

Maxuel-lts equations are given by

VxÈ1=ioreol,

vxË2 =-_i^zvlz

+->VXH2 =i@2e2Bz

I . .:.ii
l::::i.'

, :.:.. .j

I 
ii::. :;,::¡

1..

lAl-.2a1

[A1.2b]

where e, Ís Ëhe permÍttiviËy of the sample maËerial arid *Z the ner.r

complex angular frequency

Now by taking suÍtabl-e dot products wi-Ëh- eqs. tAl.ll and [4L.2],

subtracting and integraËing over the cavity volume, we obtaln

f*
J ttfr. (vxÈr) -È1 . cvxÈ2)t *r4.. cvxËr) *4: cvxÈrJÌ av

vc
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Ht_,I-J 
J
Vc

l(tdrso - urer) Èr. Å, - (r,rtuo - urvr) - Èrl a., [A1.3]

The l-efË hand side of equaËion [41.3] can be written as a

difference of two terms of the form ! o CÈ X È> so that on employíng

Gaussts divergence theorem and bearing Ín mÍnd that the cavity surface is

assumed to be perfectl-y conducËingr túê can prove thatthe l-ejft hand síde is

equal to zexo. Therefore from eq. t41.3] vre get

++->.Ez-il.Él.Hr)dv= (erÈ, . È,2 - urÈ, . Èr) an tA1.4l

I{hen each side of eq. [41.4] ís subtracted from the integrai-:

(e0È1 . ,oÈ, . Èr) a.t

Ëerms are rearranged, we get,

^, I
vc

l*tr I (eoEr
t
V c

^, Iv

and

->
E'"2

c

the

"- ?t =
6z

I au, - uo) È, ' È, - (ez - ro) ï',' È; dv

l
V.

c

I-**->->
I (rotf ' Ez - HOH' . Hr) dv

l
V

c

IA1. s ]

Now for a small perËurbation due Ëo the sample r thiq equation beco¡aesuï

I
V

->+f->Hr.Hi dv-(ez ro)J Er

s

2.o I lËrl2 a..,

vc

'z' ^L

^2

(u, - uo) 'È'2 dv

lA1.6l

t::,..-.
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. The íntegration in

volume V" since ,2 = aO

volume V . I^Ihen Ëhe samPle
s

eq. [41.6] becomes

the numerator of equation [41.6]

and U2 = U0 over cavitY excePË í

ís non magiretic we have il2 = Ë0'

l-s

i

11

over

sma11

Therefore

lA1.7l

t Èr 'È, a"

""-1 it

I
vc

lÈrl' dv

where E is the complex dielectríc constant of the sample' Substituting

for the complex angular frequencies' t''t, and '2 
in eq' [41'7] Ín terms

::

of the measureable quantities Q and resonant frequencies' we gef

I

1: tA]-. Bl,l=,, -r, l"t'ï"o'rl 'r 
IlÈrtza.',

,\Tl 'lü'
u,. -,_ l -, Here

and only fiel-d

che

-+
Ez

t"

field il in the empry cavity ís presumed to be known

ín the sample volume is to be evaluated'



¡=tlC-L
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APPENDIX 2

THE EQUIVALENT CIRCUIT OF A RESONANT IRIS

A resonant ÍrÍs may be ïepresented by a lumped inductance,

capacitance, and conducËance shunËed across the l-ine as shown.in tr'ig.gtfO]. 
','

The suscepËance B of the equivalent cÍrcuit of the resonanË e.l-ement may

be defined by

lA2. Ll

and the resoriant frequency ís gíven by

i

i ..2_r lu2.2lrûJ -o LC

'

, we define Ëhe loaded Ql âsr

(¡)

o_ = _i- lL2.3l'L 
'2-'1

: where ,1 and ,2 are the frequencÍes ' at whích the suscepËance equals'plus

and. mÍnus the total eonductance rañd are gíven by

,2c-t=+(2yo+c) l^2.41

'lA2.4b)0.c - + = -(ZyO + G)
l. (lJlL -u

If the positive roots of eqs, 1A2.4) are chosen

^ ,oc tA2.5l=-'LZ 2yo * G

NoLe that equation lü2,4l gíves the frequencies at whích hal-f of

the power ís transmitted by the resonant íris. Let us nornr calculate the



pohTer reflection at ûJz. Equatlon [Ã2.4a] nay be written as

B=2yo*G

The adrnittance at _frequency e 2, looking from 1ef Ë to right

in the círcuit of Fig. 9,, is given by

for B in terms of r, the

37.

lA2.6l

at x-x

l/^z.t l

lA2.8l

tLz.el

voltage reflectÍon

J= Y +G+i(2Y +G)- o.

The reflection coefficient, is then

_ 
G + j(zYo. + c)
2.1 + c + i(2Y + c)

o

which the power reflection coeffícíent is

),G'+B'
(2yo + e72+ n2

ñ

from

lr12

The expression

coefficienÈ, is gíven by

t,(Y-+Yc) (r-1)'
^ .-'o o'B=[ r

A measurement of r at.

for which B = 0, can be used to

G = Y Ct-rl , r >- 1
o

, .ì1

the resonant frqquency,

determine G

[A2.10]

e.i. at the frequency

[A2. ]-1']

l',
_ rez L/2
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PhoËograph 1a, Test Charnber
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PhoËograph lb, Test Chamber
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Photograph 2. Resonant Irises



PhoËograph 3 Experimental Set-up


