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also suggests that considerable care must be taken in

coupling the cavity to the measurement system. A

tradeoff will have to be made to keep the coupling as

loose as possible to preserve the high Q while retaining

sufficient coupling to obtain a readable signal.

Microwave cavity techniques have been used widely

in pulsed (decaying afterglow) plasma studies where the

plasmas are usually quiet and well-behaved. If a plot of

density versus time in the afterglow is to be obtained,

then it is necessary that the plasma conditions be

repeatable from pulse to pulse. In dc discharges many

more problems arise. Due to the high electron temper-

atures, the collision frequencies in such discharges are

usually large and can wash out the cavity resonances.

Furthermore, the fluctuations, striations, etc., that are

commonly found in dc discharges, as well as the micro-

wave radiation directly into the cavity and the possible

excitation and interaction of plasma modes, can con-

tribute an excessive amount of noise to the detector sig-

nal and can make meaningful measurements impos-

sible. Under such circumstances, it is sometimes pos-

sible to crowbar off the discharge for a short period of

time, make measurements in the afterglow, and extrap-

olate back to the switch-off time to obtain estimates of

the plasma density.
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Automatic Digital Method for Measuring the

Permittivity of Thin Dielectric Films

MARIA A. RZEPECK& MEMBER, IEEE, AND M. A. K. HAMID, SENIOR ~MBER, IEEE

Absfract—One of the most promising techniques for measuring
the electric permittivity at microwave frequencies of thin dielectric
materials of the order of 0.1 to 10 ~, is the cavity perturbation
method. For thin films of this type, it is necessary to determine ac-
curately and dkplay small changes in the resonant frequency and Q
factor of the cavity in the presence of the materiaf sample.

A circuit for the simultaneous measurement and digital readout
of the resonant frequency and Q factor of microwave cavity is de-
scribed. For the resonant frequency measurement, a very efficient

automatic frequency circuit, with a homodyne modulation-detection

bridge and frequency stabilization loop, is applied. Theoretical
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analysis and experiments results with this circuit show that an ac-
curacy of 5X 10–7can be achieved in the resonant frequency mea-
surement.

For measuring the Q factor, two similar circuits are described.
The technique is based on measuring the phase shift of the envelope
of an amplitude modulated microwave signal when thhi signal is
transmitted through a resonant cavity at resonance. Although an
accuracy of 0.5 percent in the Q factor can be achieved, it is shown
that the main liiiting f actor in both circuits is the accuracy of phase
shift determination at RF frequencies.

I. INTRODUCTION

T
HE permittivity of thin dielectric films has been

of increasing interest due to its importance in the

properties of semiconductor thin films and inte-

grated circuits at microwave frequencies, More recently,

the properties of thin biological films have received con-
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siderable attention since their behavior at microwave

frequencies is related to microwave biological hazards

[1]. Other applications are also encountered in the paper

and textile industries where knowledge of the permit-

tivity or moisture content is essential for quality con-

trol. Because of the high accuracies and large number

of measurements usually required, a reliable and accu-

rate method for measuring the permittivity of thin

dielectric films or sheet materials is naturally of great

interest, particularly if the method is digital and

automatic.
The most suitable and accurate method developed so,

far for measuring dielectric properties is the cavity per-

turbation technique [2]. Other techniques based on the

perturbation method have also been reported [1], [3],

while other methods using a partly filled cavity [4] or a

strip line structure [5] have been proposed. However,

these methods are tedious and time consuming and

measurement results are usually less accurate. In the

millimeter wavelength region, Fabry–Perot resonators

have been employed [6], but the measured film thick-

nesses were not less than 0.1 mm.

The method presented in this paper is valid for very

thin films in the range of 0.1 to 10 ~m as proved theo-

retically, and checked experimentally at X band for

thicknesses of 1 to 5 pm. The method is automated and

may be used for continuous and simultaneous measure-

ment of the real (e’) and imaginary (e”) parts of the

complex permittivity. The method is based on a digital

readout of the resonant frequency and Q factor of a test

cavity with and without the dielectric film material. It

is shown that e’ can be measured with reasonable accu-

racy (about 3 percent or better) depending on the film

thickness and microwave frequency. Furthermore, since

the Q factor of the cavity can be measured with accu-

racy as high as 0.5 percent, the method is also adequate

for measuring larger values of e“ with good accuracy.

II. PRINCIPLE OF OPERATION

The cavity perturbation method [2] is employed

here to determine the permittivity (.s= e’ –je”) of thin

dielectric films. The main assumption of this method is

that the dimensions of the sample are small compared

to the wavelength which is always the case for thin

films. If the sample surface lies across the cavity and

everywhere tangential to the electric field, then d is

given by [2]

L Af
E’=K— —+1 (1)

T fo8

where L is the cavity length, r is the film thickness, Af

is the frequency shift fo, —fo, and fo, and fo are the res-

onant frequencies of the cavity with and without the

sample. K is a constant determined by the film geom-

etry and cavity cross section and is equal to unity when

the whole cross section is occupied by a film. Moreover,

K is less than unity when the cross section is partially

filled with a film and is larger than unity when a capac-

itive or resonant diaphragm is loaded with a dielectric

film and inserted into a cavity [1]. Similarly,

““K2&-&l
(2)

where QL. and QLO denote the loaded Q factor of the

cavity with and without the sample, respectively.

Before discussing practical circuits for measuring .s’ and

E“, it is appropriate to present a brief analysis of the

various factors that affect the measurement accuracy.

11I. DISCUSSION OF ACCURACY

The error in evaluating / may be calculated by the

relation

In most practical cases, the last factor i\3 at least ten

times larger than the sum of the other three factors. For

very thin films, the error related to the accuracy of

measuring the film thickness has a significant effect on

the overall accuracy. However, in all cases the accuracy

of measuring the cavity resonant frequency shift Af is

the main factor limiting the accuracy of determining d.

In most practical circuits, this factor is limited by the

stability of the microwave oscillator and the accuracy

of measuring the resonant frequency of the test cavity

[2]. This factor is considerably improved in the pro-

posed method without improving the accuracy of the

resonant frequency measurement (dfo,).

Similarly, the error in evaluating E“ is given by the

relation

““=H&-&l[:+:l+%f ‘4)

which indicates that the main source of error lies in the

accuracy of measuring the Q factor. A comparison be-

tween existing methods for measuring Q [2] indicates

that the phase comparison method is the most promis-

ing. Here a microwave signal is amplitude modulated

and the envelope of phase modulation is compared at

the input and output terminals of the cavity [7], [8].

It is expected that high accuracy can be achieved with a

digital phase shift measurement method [9], [10].

IV. DIGITAL SYSTEM FOR RESONANT
FREQUENCY-SHIFT MEASUREMENT

A block diagram of the proposed scheme is based on

the cavity perturbation method and is shown in Fig. 1.

Here a continuous signal from a microwave oscillator is

fed into a microwave bridge of the type used for ampli-
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Fig, 1. Block diagram of the resonant frequency-shift
measurement setup.

tude, phase or reflection coefficient measurement by the

homodyne method [11]–[13 ]. One part of the signal

goes through a phase shifter and a regulated attenuator

to a detector. The other part is 10 dB smaller and is

amplitude modulated by a p-i-n diode modulator and is

then transmitted through the test cavity and is coupled

to the other 10-dB directional coupler. As will be shown

later, the signal after detection has a modulation fre-

quency component whose amplitude and phase depend

on the difference frequency between the microwave

oscillator frequency and the resonant frequency of the

cavity. This signal is amplified and then compared with

a reference signal from a modulating oscillator in a phase

detector. The output dc signal from this phase detector,

which is a function of the above mentioned difference

frequency, is finally applied in series with the supply

voltage of a frequency tuning electrode in order to con-

trol the frequency of the microwave oscillator. The new

resonant frequency is displayed on a frequency counter

and utilized in calculating e’.

In order to analyze the system we note that the detec-

tor input is the sum of the signals from the phase shifter

and cavity channels, i.e.,

where

E.

E,,

4.7 4s.

carrier signal fed by phase shifter,

subcarrier signal equal to the amplitude of the

signal at the input of the cavity,

modulation index,

microwave frequency in radians,

modulation frequency in radians,

= I T(CIJ)I /V(u) =complex transmission coeffi-

cient of cavity,

phase of carrier and subcarrier signals, respec-

tively.

Since the level of carrier signal is high (microwave power

higher than 1 mW), the detection may be considered

linear [12 ]. The output of the linear detector is hence

TABLE I

!7 G.+m

2:

()

~z

3??2 l+—
4

~ = [E.2 + E,.2 I T2(OJ) I (1 + m cos a~t)2

— 2E.E,. I T(m) ) (1 + m cos a~$ cos (0 + 4)]M (6)

where 8 = ~ +4 and 1#1is the phase angle between carrier

and subcarrier at input plane of cavity. The output sig-

nal at the modulation frequency is hence given by [12]

.E(Lo,.) = — Es. ‘1

where

P,’

P,

&

= dP*[cos (O+*) ]/u’ [6+4],

Iegendre polynomials of order q and Ga+l,l are

special functions tabulated in [12]. For the sake

of convenience, we list three terms of this func-

tion in Table I,

relative phase of modulation frequency signal.

Equation (7) indicates that the detector output at the

modulating frequency is a function of the modulus of

the cavity transmission coefficient and the phase angle

@ between the two channels. Hence it is a function of

the phase shifter position and argument of the cavity

transmission coefficient. It should be noted that the

transmission coefficient for a cavity near resonance is

given by

hence

‘T(”)’‘[’++T=Y]’2“b)
()CO- COIJ

*(CO)= – arctan 2QL — (8C)
w

where

T(coO) cavity transmission coefficient at resonance

(real),

resonant frequency of the cavity,

~~ loaded cavity Q factor.
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& :;

(a) (b)

Fig. 2. Modulus ?nd argume~t of the cavity
transmission coefficient.

Equations (8b) and (8c)~are plotted in Fig. 2. As a result

the behavior of E(w~) near coOis given by

T(ti,)
E(u~) = – E~C

[’+4Q’’(E?)21’2

{[ ( )1

CO-coo
“ m cos O— arctan 2QL —

@

[ ( )1
+ sin O– arctan 2QL ~

w

w E,. P,’
.2( )

K 1
~g + ~)q G*+M . (9)

q=l

As shown elsewhere [11], [12], the ratio E../E. must be

less than 0.1 to have homodyne circuit advantages.

Hence all the terms in the sum, except the first, may be

neglected. Equation (9), with O replaced by m+~, then

reduces to

– 0.5 ~ sin’ [~+ 4(oJ)]
}

(lo)
c

and at resonance, where I T(co) I = T(wo) and *(co) = O,

we have

In order for E (u~) to vanish at resonance, q5 must

satisfy
Cos4

— = 0.5 E,C/Ec (12)
sin2 ~

whose solutions are denoted by #o and given in Table II

for different values of E,C/EC.

Table II shows that for the ratios (E.,/EC) <30 dB

even quite a large change in E,./E. requires only a small
adjustment of the relative phase shift ~0 to satisfy (12).

This is a substantial advantage of the method, described

in detail in Section VI.

The modulation - frequency signal versus microwave

33

QL, 5000

\

u~
(w~)=0.5 80 m)l

m = 0,8

E~/Ec = 40dB 60
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Fig. 3. Modulation frequency signal amplitude
versus microwave frequency.

TABLE II

Ea./Et
20 log (E*c/.Ec)

(dB) (deg$es)

0.1
0.05623
0.0316
0.01
0.00316

&87.14
88.39
89.09
89.71
89.81

frequency, corresponding to values of @ogiven in Table

11, is shown in Fig. 3. For these values, the equation

describing the curve simplifies to

T(uo)
E(wJ I~=40 = ~ E,.m

[1’’QL2(WI
sinarctan2QL@=y\. (13)

The curves in Fig. 3 were calculated for typical values

of T(wo), QL, E,./Ec and a mixer-detector circuit. This

signal may be used to lock the microwave oscillator fre-

quency to the resonant frequency of the cavity. The

signal slope near resonance is proportional to the cavity
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(14)

phase characteristic while the locking bandwicf th

w —col can be found from the condition

~@-%) ]$$=% = ~

du

which leads to the solution

T
Ul,t = a~ + —

4QL ‘0”

V. PRACTICAL PROCEDURE

Before any film measurements are carried out, it is

necessary to adjust the circuit in the following sequence.

1) CW oscillator is turned on with frequency stabili-

zation loop opened.

2) Phase shifter channel turned off by inserting about

50-dB attenuation (setting 50 dB at the regulated

attenuator).

3) The oscillator is tuned to the resonant frequency

of the cavity. This is achieved by observing with an RF

millivoltmeter the output signal at the modulation fre-

quency after the amplifier.

4) Attenuation in phase shifter channel decreased to

zero.

5) Phase shifter position adj usted to obtain minimum

output signal at the modulation frequency. During this

procedure, the frequency of the oscillator should be kept

as close to the cavity resonant frequency as possible.

6) Frequency stabilization loop closed.

The actual measurement requires a readout of the

frequency counter (see Fig. 1) before and after inserting

the dielectric film into the cavity. It should be noted

that no additional adjustments are necessary when the

film is very thin and the resulting frequency shift is less

than the locking bandwidth U1 –-cq given in (14). How-

ever, when the film is too thick or has a large e’, the

stabilization circuit may be put to work after the dc

voltage control electrode is manually adjusted or a

special search oscillator is applied. This would not be

necessary if the dielectric film is thin and the frequency

shift is small, for which the method is most suited.

VI, MAIN SOURCES OF ERROR

The main sources of measurement error can be di-

vided into three groups: errors related to the frequency
stabilization circuit; variations of the cavity resonant

frequency during measurement; and the frequency

counter.

A. Frequency Stabilization Circuit

Following the procedure described in Section V, the

accuracy of the resonant frequency-shift measurement

is not limited by the accuracy of the cavity resonant

frequency measurement. This is because after the initial

adjustments are made, the control circuit keeps the

oscillator frequency equal to the cavity resonant fre-

quency plus (or minus) a certain value resulting from

P = 1/2 (Q(J/Q~-I )

AQL = QLI- 12LZ

_? 3 -

s
i=
\

~

r

2 -

30 40 50

AQL/QL2 [0/01

Fig. 4. Changes of the transmission coefficient of the cavity
at resonance versus-loaded Q factor variations.

the limited possibilities of finding the exact resonant fre-

quency of the unloaded cavity. This value remains

exactly the same when the cavity is loaded due to the

film sample and does not, therefore, affect the differ-

ence between the two measured oscillator frequencies.

This is true provided that all other parameters of the

control circuit do not change at the same time. From the

previous analysis it can be seen that the parameters

which can influence the accuracy of the frequency shift

measurement are: variations in the phase shift between

channels (d); variations in the phase shift required for

(13) to be valid (i.e., phase shift required in order to

have zero output at resonance); noise level; variations

in the control loop gain; and fluctuations in the oscil-

lator power level.

Variations in 4 can occur if either carrier or subcarrier

channel lengths change or if the frequency changes when

the two channels differ in electrical length. The length

can change with vibrations or temperature fluctuations,

but in practice this effect can be easily minimized under

modern laboratory conditions. Also the changes of

length due to frequency fluctuations are usually min-

imized by making both channels as equal in electrical

length as possible, which over a limited frequency range

is not a serious problem.

Variations in the phase shift required for zero output

at resonance are due to changes in the transmission

coefficient T(coo) at resonance. They are caused by the

fact that QL changes in the presence of the measured

film. Fig. 4 shows a theoretical plot of the variations in

T(wo) versus variations in QL with the cavity coupling

coefficient @as a running parameter. From Table II, or

more accurately from (8), the changes in a required

phase shift angle q50caused by changes in T(uo)l/T(oJo)2

may be found. From known Ad, the corresponding fre-

quency change can be found after some manipulations

of (9) which simplifies to
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1.10-5 The variations in the control loop gain and oscillator
— Ec/Esc = 20dS

---- Ec/Esc = 30dB
power level may be practically eliminated. by the feed-

5.10-6- --- Ec /Esc = 40dB back loop. The combined effect of all parameters on the

variation in the frequency shift A (Af )/~rO lies in the

range 10–6 to 5 X 10-7 for most practical {cases.
2.1cr6-

B. Cavity Resonant Frequency

l.lO+-
go Variations in the cavity resonant frequency during

:.
a

measurement are usually caused by room temperature
5.10-7 - fluctuations and deviations in reassembly after inser-

tion of film samples. These two factors are important

and special care to minimize their effects should be

taken.

“’0-7= C. Frequency Counter

The errors caused by the frequency counter can be

1.0 1.2 I .4 1.6 1,8 2.0 22 serious unless its accuracy k 5 X 10–8 or better.

T(q,), /T(OJO)2

Fig. 5. Relative resonant frequency measurement error versus
variation of the transmission coefficient of the cavity at resonance,

AW tan Aqi
—~

2Q~ “
(15)

~o

Fig. 5 shows the measured changes in the resonant fre-

quency caused by a change in the transmission coeff-

icient at resonance and with the ratio of carrier to sub-

carrier signal as a running parameter. Thus the error

related to a ‘~zero phase shift” change can be evaluated

from Figs. 4 and 5 where E,,/E. can be chosen as 40 dB

for most practical cases. The resulting changes in

T(coo)I/ T(Imo)2 are seldom larger than 1.5 as can be seen
from Fig. 4, so that the error in AfO/~0 does not exceed

2 X 10-7 for E../E. = 40 dB and .5X 10-7 for E,./E.
=30 dB.

The noise level may be kept reasonably low by em-

ploying a high-modulation frequency and a low-noise

diode for homodyne detection. For carrier to subcarrier

level as low as 40 dB, a 1.00 phase change in any chan-

nel causes a 3-dB output signal at the detector [11].

This results in the oscillator frequency being kept close

to the cavity resonant frequency as evident from

co-coo
arctan 2QL — = 0,1”

@o

hence

Cd-cdo
2QL — = 0.002

~o

and

which leads to the conclusion that the frequency insta-

bility due to noise factor is in the order of 5 X 10–7 to

1 X 10–7 for QL in the range 5 X 103 to 104.

VII. DIGITAL SYSTEM FOR BANDWIDTH MEASUREMENT

Since d’ is related to the Q factor of the cavity, and

hence the bandwidth, it is convenient to employ a

method that allows the simultaneous measurement of

resonant frequency and Q factor. The phase comparison

method [2] has been selected for this since it also per-

mits high-accuracy automated measurements with a

digital readout and does not require frequency sweep.

The main limitation on the accuracy of this method lies

in the phase shift measurement where modern digital

techniques may be employed to measure phase shift

as smail as O.1: [9], [lOj, [14], [15]. -

The principle of the method is based on measuring

the phase shift of an envelope of an amplitude mod-

ulated signal as it does through a resonant cavity. As-

suming that the amplitude of this signal at the input

terminals of the cavity is given by

Ei. = Eo(l + m cos tit) cos ~t (16)

the amplitude at the cavity output is

mTo(o)
EO.b = E.

[1+4QL2(31’2

[ ( )1
. cos wt — arctan 2QL’2 (17)

@o

where the cavity transmission coefficient at resonance

in (8) has been used and m is the modulation index.

Figs. 6 and 7 show two schemes for automatic mea-

surement of the Q factor. Fig. 6 corresponds to a con-

stant modulating frequency circuit where the phase

shift between the input and output modulation signals
is given by

()A$ = arctan 2QL ‘z
@o

(18)

where QL may be determined from (18) once co~ and coo

are known and A+ measured accurately using a counter
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Fig. 6. Block diagram of the Q factor measurement setup
(constant modulation frequency circuit).

w
Fig. 7. Block diagram of the Q factor measurement setup

(constant phase shift circuit).

[8]- [10]. It should be noted that the stability and

accuracy of measuring U. is improved by applying the

frequency stabilization circuit used in conjunction with

the frequency shift measurement. On the other hand,

the amplitude modulation linearity is limited by the

harmonics that influence the signal shape and introduce

phase shift measurement errors.

Using (18), the overall accuracy of the QL measure-

ment may be determined from the relation

tan A+

[

Awm
AQL = — AmO + WO —

2wm W?n 1

+ ~ [(1+ tan’4)A(A#)]. (19)
m

For a circuit with frequency stabilization, the first term

may be omitted. If Au~/(.I)m = 10–4 and QL=5 X 103 at X

band, oJ~=l MHz and AQL/QL is less than 0.5 percent

for A(A~) = O.1° and 3.5 percent for A(A~) = 1°.

The second scheme corresponds to a 45° phase shift

circuit as shown in Fig. 7. Here the sources of error and

resulting accuracy are practically the same as in Fig. 6

but the calculation of the Q factor is simplified.

VIII. EXPERIMENTAL RESULTS

The complete experimental setup is shown in Fig. 8

where the cylindrical TE012 mode test cavity (of 1.968-in

length and 2.02-in diameter) is resonant at approx-

imately 9.3 GHz. The measured QL for this cavity was

found to be approximately 6X 103.

The frequency stability of the circuit was 1 X 10-6.

This value could have been larger if the modulation fre-

quency were lower because of the low-amplitude mod-

ulation efficiency of the p-i-n diode modulator used. As

a result, the total error in the frequency shift measure-

ment of the cavity resonant frequency was estimated to

be no greater than 1.1X 10-6.

The bandwidth of the phase lock control loop was

found to be about 2 MHz which is in good agreement

with 2.3 MHz value obtained from (14).

The thickest Teflon film (d= 2.08) which could be

measured was 5 pm resulting in a l-MHz frequency

shift and a measurement accuracy of 1 percent based on

(3). The accuracy for a l-pm thick Teflon film was found

to be better than 5 percent, although higher accuracy

could still be achieved by improving the stabilization

circuit.

The error in the Q factor measurement was estimated

to be about 1.8 percent on basis of a 0.5° phase shift

measurement accuracy. However, the loss tangent for

low-loss materials (e.g., Teflon, polystyrene) was im-

possible to measure with satisfactory accuracy. For wet

paper with d’= 0.1, the measurement error was about

20 percent.

IX. CONCLUSIONS

An automatic modern digital technique for the simul-

taneous and contactless measurement of / and /’ of

thin dielectric films using a TEoIn cylindrical cavity has

been presented. The range and expected accuracy of the

measurement are very accurately predicted by the

anal ysis described.

The d measurement is limited on the one hand by the

accuracy of the frequency shift measurement, which de-

termines the thinnest film than can be measured with

reasonable accuracy, and on the other hand, by the

locking bandwidth which determines the thickest film

that can be measured. As an example for dielectric films

with e’ in the 2.0–3.0 range, the thinnest and thickest

films that can be measured with the cavity in the TEon

mode (QLCM5 X 103) are given below.

Maximum Minimum Film Thickness
Fr~q;:~y Film (pm)

Thickness 3-Percent 10-Percent
(cm) (pm) Accuracy Accuracy

10
3
1.25

10
3
1

0.5
0.15
0.07

The smallest values of e“ which can be measured to

10 percent accuracy depend on QL and the phase shift

measurement accuracy as illustrated below.

Minimum ./’ for
Phase Shift l-pm Thick Film

Measurement with 10-Percent

QL Accuracy Accuracy

5000 0.1° 0.15
5000 0.50 0.60

10000 0.1° 0.075
10000 0.50 0.30

By introducing a search oscillator into the frequency-

shift measurement, it may be possible to increase the
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Fig, 8. Schematic diagram of the experimental setup.

measurement range to thicker films. This, as well as the

possibility of continuous monitoring of dielectric sheet

materials during technological processes (e. g., paper,

textiles), are presently under investigation.
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