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Cavity Perturbation Techniques for Measurement
of the Microwave Conductivity and Dielectric
Constant of a Bulk Semiconductor Material

ISMAIL 1. ELDUMIATI, MEMBER, 1EEE, AND GEORGE I. HADDAD, SENIOR MEMBER, IEEE

Abstract—Cavity perturbation techniques offer a very sensitive
and highly versatile means for studying the complex microwave
conductivity of a bulk material. A knowledge of the cavity coupling
factor in the absence of perturbation, together with the change in the
reflected power and the cavity resonance frequency shift, are ade-
quate for the determination of the material properties. This elim-
inates the need to determine the Q-factor change with perturbation
which may lead to appreciable error, especially in the presence of
mismatch loss. The measurement accuracy can also be improved by
a proper choice of the cavity coupling factor prior to the perturbation.

I. INTRODUCTION

HE COMPLEX microwave conductivity of a
Tsemiconductor material has been measured using

two different methods. In the first one a semicon-
ductor slab completely fills a waveguide section and
measurements are made to determine the complex re-
flection or transmission coefficients. This method has
been reported by many authors [1]-[3] and has been
reviewed recently by Datta and Nag [4]. The accuracy
achieved with the reflection method is not very precise,
especially with high-conductivity materials, since the
VSWR te be measured is very high (nearly 20 dB) and
the phase-angle is very small. On the other hand, when
this method is used in a transmission mode, the ac-
curacy is degraded further due to available commercial
standards for attenuators and phase shifters. The fact
that the sample should completely fill the transverse
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cross section of the waveguide poses two serious prob-
lems. First, in many cases it is very hard to get large
enough samples to fill the waveguide cross section; this
problem becomes more serious when the sample is a
single crystal. Second, there is always a small air gap
between the sample and waveguide walls, even with
tight fitting, and this effect was shown to give erroneous
results [5]. Recently, Holm [6] suggested a mode
transducer to overcome this “gap effect.” Holm’'s idea
takes advantage of the fact that the contact problem is
important when the electric field is normal to the sam-
ple’s surface, and by converting the TE;, mode of the
rectangular guide into a TE;, mode of a circular guide
the electric field is tangential to the surface of the sam-
ple at the boundary. This scheme may be difficult to
realize with a brittle material like InSb.

The second method for measuring the microwave con-
ductivity is by using cavity perturbation techniques
[7]-[10]. The material parameters are measured by de-
termining the Q-factor change and the resonant fre-
quency shift of a resonant cavity by inserting the sam-
ple in the region of maximum electric field. The strong
interaction between the fields in the cavity and the
sample makes this method very suitable for the mea-
surement of small changes in the material properties as
a result of external perturbations. If the sample is
placed under the central post of a reentrant cavity with
a high Q-factor, and the size of the sample is chosen such
that the energy stored within the sample is much small-
er than the energy stored in the cavity, it can be shown
that the change in the material parameters as a result
of perturbing the sample can be related to the cavity
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resonant frequency shift and its Q-factor change as
follows [11]:

f—f'o+i(i_i>
fo 200\01 Qro
) Ez;f)g (0‘0 — CT) =+ ko €(€r0 — fr) ( ) (1>
Ko’err - (o/2mf)? !
and
L1 emoe q<m> @)
O Qro  «ko%e? + (0/27"]()“ 2af

where

f | Eo |2V

¢ is the material conductivity, e, is its relative dielectric
constant, ko is the permittivity of free space, Qz and f
are the loaded Q-factor and resonant frequency of the
cavity, and V,and V, are the volumes of the sample and
the cavity, respectively. The subscript 0 indicates quan-
tities in the absence of perturbation.

However, for samples of interest and at a frequency
of 10 GHz, ko230 /(27f)?; also, it is quite reasonable to
neglect (1/2)(1/Qr)[1/Qr—1/Qre] with respect to
(f—f0)/fo, which simplifies (1) and (2) to the following
form:

€ T €rg o _f - fO 5
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Equations (3) and (4) relate the change in the con-
ductivity and dielectric constant of the sample to the
experimentally measurable quantities. The parameter
n depends on the geometry of the sample and the cavity.
This parameter can be determined either experimentally
by using a sample with known parameters, or theoret-
ically by studying the fields within the cavity. Equa-
tion (3) can be used to study the change in the dielectric
constant as a result of perturbing the sample. Using (4)
to study the change in the material conductivity could
result in erroneous results due to the fact that the values
of Qz and Qr are very close to each other. This paper
suggests an alternative method using power measure-
ment. In the following analysis it will be shown that a
knowledge of the coupling factor in the absence of per-
turbation together with the change in the reflected

o 20, —f
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Fig. 1. Orientation and dimensions of the cavity and sample. (a)
Sample orientation within the cavity. (b) Sample dimensions.

power and resonance frequency shift as a result of the
perturbation are adequate for the determination of the
material conductivity. This eliminates the need to de-
termine the Q-factor change as a function of the per-
turbation which might lead to appreciable error in the
presence of mismatch loss. The method offers an ac-
curate way to measure changes in the material con-
ductivity as a result of perturbing the sample (due to
temperature variation, or electric or magnetic fields).

II. Cavity ANaLysis
A. Equivalent Circuit of the Cavity Including the Sam ple

Fig. 1 shows the material orientation within the cav-
ity together with the dimensions of the sample. Placing
the sample under the central post of the reentrant
cavity has the following advantages.

1) The electric field is maximum in this region, which
results in a greater interaction between the sample and
the signal.

2) The field is essentially uniform over the sample,
which simplifies the analyvsis considerably. This holds
for samples where the skin depth is larger than the
sample dimension along the electric field, which is the
case for the samples employed here.

The cavity is divided into two parts by the plane
A-A. The section above this plane can be represented
by a transmission line terminated in a short circuit.
This part is equivalent to an RLC in shunt. The value
of these elements (L, Ry, and () are functions of the
dimensions a;, as, L, and the conductivity of the cavity
walls. The section below plane A-A4 adds an extra shunt
admittance ¥V which will depend on the parameters of
the sample. It is fairly reasonable to assume that most
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of the contribution of this section to ¥ comes from the
region underneath the central post. With this in mind
the admittance Y could be divided into three compo-
nents.

1) A capacitance C; due to the air gap between the
two planes A—4 and B-B under the central post and is
given by
Komay?

I~

1 (5)
2) An admittance Y,, due to the presence of the sam-
ple whose value is given in the Appendix.
3) A second capacitance C; due to the air gap under
the plane B-B that is not occupied by the sample and
is given by

lco(7r(l12 - d1d2>

H

C: = (6)

The equivalent admittance of the cavity section be-
low plane A—A4 is composed of that of C; in series with
the shunt combination of C; and ¥, and is given by

V = Geff +jwceff <7)
where

G,
Gess = G ®)
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C"m,2 Cl
Cots = (1 . 9
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1+ (14 0)
GWIIQ C'l

C’=Cn'+C,, and both Cn" and G." are defined in (33)
and (34) of the Appendix. .

If the material is isotropic, both ¢z and €2 become
zero and the expressions for G and Cess become

Kio

Geff = K12a"2 C 9 (1())
+ (1 -+ ~—>
w?C,? C1
and
w?C? ( C,
14+ ———(1+ —>

o K120‘2 C
Cets = Cy (11)
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where C=C.+ K. For most semiconductor samples

both (wC/K;e)? and (wCi/Ky0)? are much greater than
one. This reduces (10) and (11) to the following forms:

Geff = KU— (12)

and
C.C

Cott = —
£f Cl—I—C

(13)

where
K = [Ki/(1 + C/C)?].

The change in the conductivity of the material will
change the equivalent conductance of the test cavity
and can be measured by monitoring the change in the
power reflected from the cavity. On the other hand,
the change in the dielectric constant of the material will
in turn change Cer and as a result the resonance fre-
quency of the cavity will shift.

B. Conductivity Change

The dependence of the conductivity of the material
on the change of the power reflected by the cavity is
presented in this section. The circuit used for measure-
ments is illustrated in Fig. 2. In this analysis the power
is coupled to the cavity through a circulator and a lossy
line with attenuation «. For simplicity the circulator is
assumed to be matched to both the line and the de-
tector; however, if any mismatch loss is present it can
be easily taken into account. The various measurable
power levels can be defined as {ollows.

Py, Power available from the source, which is the
power delivered to a matched load through a
lossless coupling.

P, Power reflected from the cavity.

Pp =P, is the detected power.

The change in the detected power APp due to the in-
troduction of perturbation can be expressed as

APp = — a(Pp — Pno) (14)

where the subscript zero denotes quantities in the ab-
sence of perturbation.

The change in the detected power APp as a result of
a change in the material conductivity from ¢, to ¢ can
be obtained from the cavity equivalent circuit at
resonance shown in Fig. 3 and is expressed as follows:

P
APp _ 4a< (1 4+ x)8o _ Bo ) (15)
Pp (1 —I—x+,80)2 (1 ‘|—,30)2

where (3, is the coupling factor with no perturbation and
is given by

60 = Iro/(KO'O + Go) (16)
x = F(Ac/oy)

and
F = Koo/ (Go+ Koo). (17)

It is seen that once P, and B, are known it is a
straightforward process to determine the change in the
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Fig. 3. Cavity equivalent circuit at resonance. (a) Without per-
turbation. (b) With perturbation.
06—

material conductivity from measurement of the cor-
responding change in the detected power. Both 8, and
AP can be measured to a much higher degree of ac-
curacy when compared to the Q-factor, especially in the
presence of mismatch and insertion loss. However, there
exists an optimum coupling factor which results in the
largest value of APp/P, for a certain value of x. The
knowledge of such a coupling factor will improve the
accuracy of the experimental results. To determine this
optimum coupling factor, the first derivative with re-
spect to B of the left-hand side of (15) is equated to
zero, which results in

[,301)4 - (x + 2)301)3 - 6('70 + 1)601)2
— @+ DE+ 2)Bp + (¢ + e =0 (18)

x POSITIVE

>

I
io-!

o
1072
tx

Fig. 5. Optimum coupling factor for undercoupled cavities.

where 8., is the optimum coupling factor. Figs. 4 and 5
give plots of the optimum coupling factor versus & for
overcoupled and undercoupled cavities, respectively. It
is worthwhile to investigate the case when x<1 in order
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Fig. 6. The relative change in the detected power
versus positive values of x. (a=1.)

to get more insight from these figures. In such a case,
(18) reduces to the following,

Bop4 - 260;)3 - 660;)2 - 2)80p + 1 =0. (19)

The four roots of (19) are —1, —1, (2++/3), and
(2—+/3). The two roots having the value of —1 have
no physical significance and will be disregarded. The
remaining two roots indicate that either an under-
coupled or overcoupled cavity can be designed for op-
timum test conditions. The criterion to choose between
an overcoupled or an undercoupled cavity is determined
by the fact that the cavity should not change from one
kind of coupling to the other as a result of the per-
turbation. This requirement will cause the detected
power to be either monotonically increasing or decreas-
ing as a result of the introduction of perturbation. As a
result any confusion due to a change in the kind of
coupling is totally eliminated. A study of the change in
the cavity coupling factor as a result of the perturba-
tion for various values of 8 shows that if the perturba-
tion increases the conductivity of the material uader
test (x is positive), the cavity should be undercoupled,
and the opposite is true. Therefore, the solid lines in
Figs. 4 and 5 will serve to give the optimum coupling
factor according to the anticipated change in the con-
ductivity of the material.

C. Calibration of the Cavity System

In order to study the change in the material conduc-
tivity and dielectric constant as a result of the per-

10—
1.0
v
<
0.11—
Aty=T-ty /ity
0.0! ! L
1072 o~ 10
-(Afy)

Fig. 7. Change in the relative dielectric constant of the sample

versus Afy.

turbation the parameters ¢ and F should be determined.
Moreover, it is necessary to investigate the dependence
of these parameters together with 8, on the perturba-
tion.

It should be emphasized that the method can be gen-
eralized very easily for large changes in ¢, and o through
numerical analysis. The programming is done through
iterative steps where each step corresponds to a very
small change in ¢ or ¢, The results obtained after each
iteration serve as initial conditions for the subsequent
step. Typical results for this analysis are shown in Figs.
6 and 7.

The geometrical factor 7 can be determined by study-
ing the field configuration within the cavity system.
However, this is a very lengthy and involved process,
especially if higher order modes are excited. This factor
can be determined experimentally by studying the fre-
quency shift due to samples having a known dielectric
constant and having the same dimensions as the sample
under test. The resonance frequency shift from that of
the empty cavity (e.=1) can be used in conjunction
with Fig. 7 to determine .

It can be shown that F can be determined by mea-
suring the coupling factor of the empty cavity and that
with the sample present at no perturbation.

From (16) Gy/oy is given by

Go/oo = KoBo/ (Boo — Bo)

where S0 is the coupling factor of the empty cavity.
Substituting (20) into (17) yields

Boo — Be

Ko
600'_'60( _“—‘E>

where K, is the value of K in the absence of perturba-
tion. If the resonance frequency shift as a result of the

(20)

F= (21)
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TABLE I

THE RELATIVE CHANGE OF THE DETECTED POWER
AT THE CrrTicAL PoINTs

Incident

Power

(dBm) Bo Measured |AP/Py| Calculated |[AP/P;)
—2 0.64 48 X103 48.16X 1078
—4 0.64 49.5X1073 48.16X 103
—4 0.33 248 X1073 253.8 X103
—4 1.5 37.5%10°3 39.8 X103
—-11 0.6 54.5X103 62.5 X103

perturbation is negligible, then K =K, and F=F,, and
is given by
ro= (1),
Boo

ITI. SuMMARY AND CONCLUSIONS

(22)

A measurement procedure for determining the micro-
wave propertiesof a semiconductor material using cavity
perturbation techniques has been presented. The
method is different from the conventional approach,
which relies on the Q-factor measurements. It has been
shown that the change in the material conductivity as a
result of some perturbation can be measured by mea-
suring the cavity coupling factor prior to the per-
turbation and the change in the reflected power from
the cavity as a result of the perturbation. Both pa-
rameters can be measured to within 1-percent accuracy.
In addition, the effect of the coupling factor toward im-
proving the accuracy has been determined. The ap-
proach is very valuable when the change in the material
properties is very small. The method has been checked
experimentally by perturbing an InSb sample through
application of a magnetic field, and checking the
theoretical and experimental values for the change in
the reflected power required to bring the cavity to crit-
ical coupling. The results are summarized in Table I.
It is seen from these results that theory and experiment
are in excellent agreement, which justifies the previous
approach.

APPENDIX

EQuIvALENT CIRCUIT OF A SEMICONDUCTOR MATERIAL
IN A REENTRANT CAVITY

The equivalent circuit of the sample placed under
the central post of the cavity, as shown in Fig. 1, will
be derived here. The sample will carry both conduction
and displacement currents, i.e.,

— oD

J=0E+ — (23)
ot

where D is the electric-displacement vector, E is the

electric-field intensity, and ¢ is the conductivity tensor.

Since the microwave field due to the dominant TEM

mode is parallel to the x axis and varies as e7¢?, (23) can
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be written as

J = 6E + juweE. (24)

The conductivity tensor of a material in the presence of
a magnetic field along the z axis can be written as

s Ogy O ‘|
3 = o oy O . (25)
LO 0 U'zzJ

Therefore, by substituting (25) into (23), the x- and y-
components of the current density can be written as
follows

J: = <‘7u + jwfm)Ex + (‘Tyr + jwfyr)Ey (26)
and
Jy = (o0, Fe + jwes,) Ea + (o4 + jwey,) Ly (27)

The continuity of current at the surface of the sample
normal to the y axis implies that the displacement cur-
rent outside the sample should be equal to the total
current within the sample. And since the electric field
is uniform and along the x axis, J, =0. Therefore,

Ty + jwexy .
5

B, = - (29)
’ Tyy 1 jweyy
Substituting (28) into (26) vields,
2 "+' 1 £ x_{"‘,' x
Jx = <(0'm: + jwezr) - <O- z I y) <(T1/ et )) Ez. (29)
Ty T Jweyy

Therefore, the equivalent admittance of a sample of

thickness ¢ and an area A follows immediately from (29),
I/m = Kl(o'm: + jwezz) + Y‘ani (30)

where K;y=ddz/¢t, ¥, is the equivalent conductance of
the material, and YV,,; is the contribution to Y,, due to
the anisotropy of the material, and is given by

_ (0'111 + j‘*’ew) (0'7/1 + jwfyr)

Vani = S K. (31)
However, it has been shown that [12] ¢ = —a,, and
€,y = —€,., and thus ¥, reduces to

Vi = G, + j0C,) (32)
where
G. = K, («rm EERL S aw> (33)
oy’ T+ wley®
and
C, = K; <e” — €y ——Ul?z —~> (34)
oy’ + wle,,?
where €,y = — ¢, =¢€12 and o, = —0, =0 If o1 is much

greater than wes, then the equivalent admittance of the



132

sample becomes

V=

17122
K. («ru + joes: + —) (35)

oyt Jweyy

On the other hand, if the material is isotropic, the ex-

pression for the equivalent admittance of the sample
becomes

(Vi)ise = Ki(o + jowe). (36)
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Traveling-Wave Coherent Light-Phase Modulator

M. EZZAT EL-SHANDWILY, MEMBER, IEEE, AND SAID M. EL-DINARY

Abstract—The use of a rectangular waveguide partially loaded
with electrooptic material as a laser beam phase modulator is ana-
lyzed theoretically. The characteristic equation, fields, power, and
attenuation are obtained in terms of normalized parameters. Design
procedure of the modulator is given with particular reference to KDP.

I. INTRODUCTION

HE USE OF electrooptic (EQ) materials for am-
Tplitude or phase modulation of a coherent light

beam has been analyzed by several authors [1].
For a traveling-wave modulator, a waveguide partially
filled with the EO crystal is usually used to support the
modulating signal. Kaminow and Liu [2] analyzed the
propagation characteristics of a parallel plate guide
partially loaded with KDP crystal. In their analysis,
TEM fields are used to produce phase modulation of the
coherent beam. They found that for practical KDP
crystal dimensions, 3 GHz is the highest frequency for
broad-band operation for the collinear geometry.
Higher order modes have not been considered. Peters
[3] demonstrated experimentally the operation of a
traveling-wave coherent light-phase modulator. The
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M., E, El-Shandwily is with the National Research Center, Elec-
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structure used was similar to that analyzed theoret-
ically by Kaminow and Liu [2]. A modulation index of
unity was obtained with a modulating power of 12 W.
Chen and Lee [4] analyzed the propagation charac-
teristics of a cylindrical waveguide partially filled with
a cylindrical dielectric light modulation material. They
considered only modes with no angular variation. Their
analysis reveals that for TM mode propagation there
is a nondispersive region which is suitable for broad-
band modulation. :

Recently, Putz [5] described an experimental micro-
wave-light modulator, using a ring-phase traveling-
wave circuit, with KDP crystals filling the space inside
the rings. The KDP crystal is used in the longitudinal
mode, i.e., with the light beam along the optic axis. The
modulator uses 10 W of input power to produce AM
modulation at a modulation depth of 40 percent with
10-percent bandwidth. However, for phase modulation
it gives only a modulation index of 0.2 rad. Vartanian
et al. [6] investigated the propagation characteristics of
TE., modes in dielectric loaded rectangular waveguide.
Qur work is concerned with the same structure for use
as a laser beam phase modulator.

In Section II, we give a brief description of the phase
change in a laser beam traveling through an EO crystal
in the presence of an RF field. Section IIl treats the
problem of electromagnetic wave propagation through



