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ABSTRACT

The electromagnetic field equations for microwave pro-
pagation through a rectangular waveguide filled with a lossy,
isotropic, linear, inhomogeneous material are derived in
matrix form and solved numerically by computer. The the=-
oretical effects of photo-induced conductivity and dielectric
constant variations on microwave attenuation, phase shift,
and voltage standing wave ratio are plotted for typical
examples in the X-band frequency range. The theoretical
calculations indicate that a two order-of-magnitude change
in the conductivity can produce a 25 db change in the
attenuation or a 100 degree change in the angle of the re-
flection coefficient. The theoretical predictions are
verified qualitatively by experiments performed on photo-
sensitive cadmium sulfide, An unusually strong, room
temperature resonance phenomena waé observed experimentally
in cadmium sulfide., Electron plasma resonance is the
suspected explanation, but no definite conclusions are
drawn, Several new microwave applications for photoconduc-
tive materials are described. Theoretical calculations
coupled with experimental measurements produced accurate
conductivity measurements of thin (0,05 mm) silicon wafers
at X-band frequencies, This technique could be readily
adapted to large-scale automatic conductivity measurements,
Microwave measurement of the free electron lifetime in

photo-excited cadmium sulfide is also reported,



1ii

ACKNOWLEDGEMENTS

The author wishes to express his appreciation to
Professor G. Skitek and Dr., N, Dillman for their advice
and guidance in the preparation of this dissertation. He
would also like to acknowledge the many helpful consulta-
tions with Dr. J. Adair,

The cadmium‘sulfide used in this research was supplied
by Mr., J. Powderly of the Eagle-Picher Company of Miami,
Oklahoma, and the silicon wafers were furnished by the
Monsanto Silicon Plant at St, Charles, Missouri. The
author is thankful for the assistance provided by the
library staff of the University of Missouri - Rolla during
the literature review,

Most important, the author is grateful for the patience
and assistance of his family, especially the preparation of

the manuscript by his wife, Lana,



ABSTRACT

iv

TABLE OF CONTENTS

Page

e o o o § ® s 8 & 0 8 © 8 o o 0 8 o 6 o 8 o o o 11

ACKNOWLEDGEMENT o o o o o o 0 o o ° 9 & o o o o s o o oo iii

LIST OF
LIST OF
LIST OF

Chapter

I,

IT.

I1I.

FIGURES [ ] [ ] [ ] [ ] . [ ] [ ] L] [ ] [ ] [ ] [ ] [ ] [ [ ] [ ] [ ] [ ] [ ] .v.lii
TABLES [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] ] [ ] ] Xii
SYMBOLS L] L] ] [ ] [ ] [ ] [ ] [ ] [ ] ® ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] .x.lii

INTRODUCTION 4 4 o o o o o o s o o o o o o & » 1

A, Statement of Problem, Purpose, and Scope , 1

B, Plan of Development ® o ©® o 0 o © o @ o o o 2

REVIEW OF THE LITERATURE ¢ o o o o o ¢ o o o o L

A. IntrOduCtion [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] l"’

Be. Photoconductivity ® o o o © 6 o o o 9 o o @ b

1. General o o o o .0 o o o o o s o o o o o b

2., Photoconductive Powders o o o o o o o o 5

3, Photodielectric Effects o ¢ o ¢ o o o o 5

C. Complex Permittivity of Materials e ¢« s« o o 6
t. Use of Complex Permittivity in Electro-

magnetic Field Equations =+ o o ¢ ¢ o o 6

2, Free Charge Contribution =« o ¢ o ¢ o o 6

D. Electromagnetic Wave Propagation Through
Inhomogeneous Media e e o © o 0 o o e o o o 7

1, Methods of Solution e« o o o o ¢ o o o 7
2. Calculated Results e o6 o o o o o s o @ 8

E. Microwave Measurement of Material Parameters 10

1. Lifetime Measurement e o o o o o ¢ o o 10
2, Complex Permittivity Measurement =+ « « 10

FORMULATION OF THE COMPLEX PERMITTIVITY IN TERMS
OF MICROSCOPIC NMATERIAL PARAMETERS & o o« & o o 12

A, Introduction ® o o © 5 o o o o © o o o o o 12

B, Discussion of the Basic Electromagnetic Field
Equations Involving Material Parameters « o 13



IV,

Ve

VI,

C. Contribution of Bound Charge to the Complex
Permittivity o ¢ o e @ o o o o o e o 8 o o

1. Orientational Polarization « « « o« o o
2. Tonic Polarization o e« o o o o ¢ o o o

De Contribution of Free Charge to the Complex
Permittivity ® ¢ e 0 o o o o o o 0 o+ o w

E. PhOtOCOhdUCtiVity e o o 8 & o e o ¢ o o @
F. PhOtOdieleCtriC Effect o o o o o o o ® o

Ge General Expression for the Complex Permit-
tiVity [ ] [ ] [ ] (-] [ ] L] [ ] [ ] [ ] L] [ ] L] [ ] L] [ ] [ ] [ ] [ ]

DERIVATION OF THE ELECTROMAGNETIC FIELD
ZQUATIONS FOR PROPAZATION THROUGH RECTAN-
GULAR WAVEGUIDE FILLED WITH AN ISOTROPIC
INHOMOGENEOUS MEDIA o 5 o o o o o ¢ o o o o &

A, Introduction o« o e« o o o ¢ s o o o o o o o

B. Derivation s o ® o o o & ¢ o ° 0o 0o 0 8 o

NUMERICAL SOLUTICN OF THE ELECTROMAGNETIC
FIELD EQUATIONS FOR VARIOUS TYPES OF
HOMOGENEOUS AND INHCIMOGENEOUS CONDUCTIVITY
VARTATIONS & o 6 o o o ¢ o o o ¢ o o ¢ o o o o

A, Introduction o« o s o o o o ¢ o ¢ ¢ o o o o
Be. Homogeneous Media ¢ o o o o o 0 5 o e o oo

1e VSWR Versus Conductivity o « o o o o o
2e VSWR Versus Sample Thickness « o« o o o
3¢ VSWR Versus Freguency « o o o o o o

Ce Inhomogeneous Media o o « o o o o o o o o

EXPERIMENTAL MEASUREMENT OF VARIQUS MICROWAVE
PROPERTIES OF CADMIUM SULFIDE 4 o o o o o o o

A, Introduction « o o o o o o o ¢ o s o o o o
Be Cadmium Sulfide o« o« o o o ¢ o ¢ o o o o o
C. Microwave Cavity Mcasurements o+ « o o o o
D. Attenuation Versus Light Wavelength .+ «
Ee VSWR Versus Freguency « o o o o o o o o o
F. Attenuation and Phase Shift Measurements .
G. Experiments with CdS Crystalline Powder .

15

17
18

19
22

25

25

27
27
27

37
37
38

8
8

69
75

78
78
78
81
81
82
92
100



vi

VIiI. MICROWAVE MEASUREMENT OF THE FREE CARRIER LIFE-
TIME AND COMPLEX PERMITTIVITY OF SEMICONDUCTING
I\’IATERIALS ® L ] ] [ ] L] ] L] L ] [ L) [ ] L] . L] [ ] [ L ] [ ] 103

A, Introduction ® 6 o o o o o o s o 8 o & & @ 103
Be Lifetime Measurement « o « o o o ¢ o 0o ¢ « 103

1. dc Lifetime o « o o o o o o o o o o o o 1073
2. Microwave Lifetime s & & o 8 ¢ e s o o 109

Ce Complex Permittivity Measurement . « « « o 115

1. General Discussion ® o 9+ o o & o o s o 115

2, Measurement of the Relative Dielectric
Constant of Lossless Dielectrics . « o« 117

3. Measurement of the Conductivity of Thin
Silicon Wafers e ® & & o 9o s 8 s s * 117

VIII, MICROWAVE APPLICATIONS FOR PHOTOCONDUCTIVE MAT-
ERIALS . L] [ ] [ ] [ ] L] L] [ ] L ] L] L] L] [ ] [ ] [ ] [ ] ] L 4 ] ] 122

A, Tntroduction = « o s o s o o ¢ o o o o &« & 122
B. Photocontrolled Antenna Array s « s o « o« o 122
C. Variable Impedance Waveguide Terminations . 123
D. Precision Variable Attenuator « « ¢« ¢« « o« ¢ 125
E. Microwave Modulation o« o o s o o« ¢ o ¢ o o 128

IX. SUMMARY & s o o o o ¢ o o o o o o s o o o o o o 131
A. General Summary ® o 8 8 ® o 8 o © o s & & ® 131

B, Summary of the Original Contributions by the
Author e & 9 & & & o 06 o 0 o s s ° s B s » 131

Ce Suggestions for Further Research . « « o o« 133

1, Microwave Interaction with Lossy Dielec-
tric Materials ¢ o 2 e o ¢ 0 o s o o o 133

2, Microwave lMeasurement of Material Prop-
erties ® s & o 8 o 6o & s e ® 8 o e 0 o 13“

3. Microwave Applications e & & o o o s ® 13“

BIBLIOGRAPHY 4 o o o s o o & o o s o o s s s ¢ s s o o 136

APPENDIX A DEFINITION OF ELECTRIC FIELDS INTERNAL AND
EXTERNAL TO A DIELECTRIC 4 o s o o s o o o 144

APPENDIX B FREE CARRIER GENERATION RATE PRODUCED BY
PHOTON ABSORPTION 4 4 & o o o ¢ o o s o o 147

APPENDIX C DERIVATION OF EQUATIONS RELATING An(z) AND
Ap(z) FOR AN INHOMOGENEOUSLY ILLUMINATED
PHOTOCONDUCTIVE LAYER 4 o o o s o o s o » 151



vii

APPENDIX D COMPUTER PROGRAMS FOR NUMERICAL SOLUTION
OF THE ELECTROMAGNETIC FIELD EQUATIONS + + 153

APPENDIX E MICROWAVE TRANSMISSION THROUGH A MATERIAL
WITH TIME VARYING CONDUCTIVITY o o e o o o 172

VITA [ ] ] [ ] [ ] [ ] ] ] [ ] [ ] [ ] ] [ ] [ ] [ ] [ ] ] ] L} [ ] L] ] [ ] L ] [ ] [ ] 177



LIST OF FIGURES

Figure

b1 An inhomogeneously filled waveguide subdivided
into homogeneous transverse sections

L2 Notation for electric field intensity boundary
conditions at z = 2z,
i-1 _
5¢1a Relative power reflected versus conductivity for
short section of dielectrically filled wave-
guide

5.1b Relative power transmitted versus conductivity
for a dielectrically filled waveguide

5¢1c Relative power absorbed versus conductivity for
a dielectrically filled waveguide

5¢1d Voltage standing wave ratio versus conductivity
for a dielectrically filled waveguide

Sele Attenuation of transmitted wave versus conduct-
ivity for a dielectrically filled waveguide

5.1f Angle of reflection coefficient versus conduct-
ivity for a dielectrically filled waveguide

5.1g Angle of transmission coefficient versus con-
ductivity for a dielectrically filled wave-
guide

542 Voltage standing wave ratio versus conductivity
for a dielectrically filled waveguide

5.3a Relative power reflected versus conductivity for
a semi-infinite slab in free space

5¢3b Relative power transmitted versus conductivity
for a semi-~-infinite slab in free space

5¢3¢c Relative power absorbed versus conductivity for
a semi-infinite slab in free space

5¢3d Voltage standing wave ratio versus conductivity
for a semi-infinite slab in free space

5.4a Voltage standing wave ratio versus conductivity
for a thin Si wafer inside a waveguide

5.4b Attenuation versus conductivity for a thin Si
wafer inside a waveguide

viii

Page
28

32

39
ko
b
L2
43

Ly

bs
47
kg
50
51
52
53

5k



ix

Figure Page

S5.5a Relative power transmitted versus sample thick-
ness for a dielectrically filled waveguide 55

5¢5b Relative power reflected versus sample thick-
ness for a dielectrically filled waveguide 56

5¢5¢ Relative power absorbed versus sample thick-
ness for a dielectrically filled waveguide 57

5¢5d Angle of reflection coefficient versus sample
thickness for a dielectrically filled waveguide 58

5.5¢ Angle of transmission coefficient versus sample
thickness for a dielectrically filled waveguide 59

5¢5f Attenuation versus sample thickness for a die-
lectrically filled waveguide 60

5.6a Relative power transmitted versus sample thick-
ness for a dielectrically filled waveguide 63

5.6b Attenuation versus sample thickness for a die-
lectrically filled waveguide 64

5.6c Voltage standing wave ratio versus sample thick-
ness for a dielectrically filled waveguide 65

5.6d Angle of reflection coefficient versus sample
thickness for a dielectrically filled wave-
guide 66

5.6e Angle of transmission coefficient versus sample
thickness for a dielectrically filled wave-
guide 67

547 Relative transmitted power versus sample thick-
ness for a dielectrically filled waveguide 68

5.8a Relative power transmitted versus frequency
for a dielectrically filled waveguide 70

5¢8b Relative power reflected versus frequency for
a dielectrically filled waveguide 71

5¢3c Relative power absorbed versus frequency for
a dielectrically filled waveguide 72

5.8d Voltage standing wave ratio versus frequency
for a dielectrically filled waveguide 73



Figure

5.8e

6.1
6.2

6.3

6.“’

6.5
6.6

6.7
6.8

6.9

6410

6,11

6,12

6.13
7.1
742

743
7l

Attenuation of transmitted wave versus fre-
quency for a dielectrically filled waveguide

A few of the CdS samples used in this research
Block diagram of the experimental microwave
arrangement used for VSWR versus frequency
measurements of the CdS sample

Apparatus used for the VSWR versus frequency
measurement on CdS

VSWR versus frequency for CdS sample No, 2
VSWR versus frequency for CdS sample No. 4
VSWR versus frequency for CdS sample No. 5
VSWR versus frequency for CdS sample No. 10
VSWR versus frequency for CdS sample No. 11
Changes in microwave attenuation versus
frequency produced by 111um1nat1ng Cds

sample No. 2

Block diagram of the microwave bridge arrange-
ment used for the attenuation and phase shift

measurements on Cd4dSs

Microwave bridge apparatus used for the atten-
uation and phase shift measurements on CdS

Change in microwave attenuation and phase
shift produced by CdS sample No. 2

Device used for compressing CdS powder
Circuit used to measure the dc lifetime of CdS

Experimental apparatus used to measure the dc
lifetime of electrons in CdS

dc lifetime measurement of CdS
dc measurement of electron lifetime for CdS

samples No. 2 and 5 from exponential voltage
decay

Page

74
79

83

8L

85
86

87
88

89

94

95

97

98
101

104

105
107

108



xi

Figure Page

7.5 Block diagram of the experimental apparatus
used for the microwave measurement of the free
electron lifetime in CdS 111

7.6 Experimental apparatus used for the microwave
measurement of the electron lifetime in CdS 112

77 Microwave lifetime measurement of CdS sample
No, 2 113

7.8 Microwave measurement of electron lifetime for
CdS samples No, 2 and 5 from exponential :
detector voltage decay 114

7.9 VSWR versus relative dielectric constant for
rectangular waveguide filled with a lossless

dielectric 118
8.1 VSWR versus conductivity for a mismatched
photoconductive, waveguide termination 124

8.2 Artist's conception of a photocontrolled,
precision variable, microwave attenuator 127

83 Variation in angle of reflection coefficient
with conductivity for a section of filled
waveguide terminated with loads of different

characteristic impedance 129
A1 Various electric fields associated w1th a

dielectric medium 145
B.1 Light beam incident on photoconductive layer 147

-

E.1 Microwave transmission through a rectangular
waveguide containing a slab of material with
a time varying conductivity 173



Table

5.1

643

6.4

D.1

LIST OF TABLES

Summary of computer results for various forms
of conductivity variations

Typical values for some important electrical
properties of undoped, single-crystalline
cadmium sulfide

Manufacturers lot number and resistivity for
some of the CdS samples used in this research

Comparison of resonant frequencies and de-
polarization factors for several CdS samples

Typical values for the change in microwave
attenuation and phase shift produced by il-
luminated CdS samples

Comparison of experimentally measured and
manufacturer specified values of the relative
dielectric constant of several lossless die-
lectrics

Comparison of microwave conductivity measure-
ments with the manufacturer's expected range
for several thin Si wafers

Variation in VSWR and impedance with illumin-
ation conditions for a photoconductive wave-
guide load

Definition of some of the variables used in
the computer programs

xiil

Page

76

80

91

99

119

121

126

154



xiii

LIST OF SYMBOLS

Symbol Description Units
T Ty &, unit vectors in rectangular
y coordinate system
A sample cross sectional area m2
B magnetic flux density Wb/m2
c speed of light in free space m/sec
d sample thickness m
D electric flux density C/'m2
Dn electron diffusion constant mz/sec
Dp hole diffusion constant mz/sec
E macroscopic electric field :
intensity V/m
Eext macroscopic electric field
intensity external to a med-
ium V/m
E energy gap between valence and
& conduction bands ev
E; magnitude of the incident electric ,
field intensity in the ith medium V/m
E; magnitude of the reflected elec-
tric field intensity in the ith
medium v/m
Eloc microscopic locally acting elec-
tric field intensity V/m
fn frictional damping factor for -1
ion pairs of type n sec
() displacement between electron
gas and positive ion lattice m
f(z) photo~-generation rate of

hole-electron pairs pairs/mB-sec



i

L
e

=
(o]

xow ol e e e
o o

~
-
[

tH

mit

=l

Plank's constant, 6.62x10'3u

xiv

J-sec
macroscopic magnetic field
intensity A/m
a subscript which designates
the ith layer of a multilayer
medium
incident 1light intensity W/m2
rate of photon absorption (m3-sec) 1

3

(-1)=
total current density A/m2
electron current density A/m2
hole current density A/'m2
wave number m- 1
Boltzman's constant, 1.‘38x1523 J/°K
constants
depolarization factor
sample length m
effective mass of a particle kg
reduced mass of ion pairs of
type n kg
magnetic dipole moment per unit
volume
volume density of free electrons m=3
volume density of free electrons -3
for non-illuminated conditions m
spatially varying density of free -3
electrons produced by illumination m
volume density of electric dipoles m=2
volume density of ion pairs of
type n m=3
microscopic dipole moment C-m



ol ol g o
o

Rg(t)

p(z)

Xv

volume density of free holes m3
volume density of free holes -3
for non-illuminated conditions m
total polarization vector C/m2
polarization produced by bound 2
charge c/m
polarization produced by free 2
charge C/m
incident microwave power W
time varying transmitted micre-

wave power W
charge on an electron C
rate of photon incidence quanta/hz-sec
average separation between the

centers of positive and nega-

tive charge of an electric

dipole m
reflection coefficient

time varying dc resistance of

CdS sample ohm
spatially varying density of free -3
holes produced by illumination m
absolute temperature %k
reflection coefficient

output voltage from dc lifetime
measurement v
dc reference voltage \'s
variables in the rectangular

coordinate system

transverse wave admittance of

the ith layer mho
transverse wave impedance of

the ith layer mho



oL

Ww W W

o <

characteristic impedance of a

xvi

N Ny,

waveguide load mho
attenuation constant nep/m
polarizability C-mz/V
quantum efficiency

phase constant rad/m
phase constant of air-filled

rectangular waveguide rad/m
propagation constant m-1
coefficient of 1light absorption m~1
complex permittivity F/m
real part of the complex permittivity F/m
imaginary part of the complex permit-

tivity F/m
complex permittivity produced by

bound charges F/m
real part of the complex permittivity

produced by bound charges F/m
imaginary part of the complex permit-

tivity produced by bound charges F/m
permittivity of free space, 8.85){10'12 F/m
relative complex permittivity F/m
wavelength m
complex permeability H/m
permeability of free space, lrx10™7 H/m
electron mobility m2/V-sec
hole mobility mz/V-sec
volume charge density C/'m3
resistivity ohm-m

complex conductivity mho/m



complex conductivity produced by
free charges

real part of the complex conductivity
produced by free charges

imaginary part of the complex conduc-
tivity produced by free charges

conductivity of a non-illuminated
sample

spatially varying conductivity pro-
duced by illumination

mean time between collisions of free
electrons with the lattice

permanent dipole relaxation time
free electron lifetime

free hole lifetime

electric susceptibility

radian frequency

plasma resonant frequency

resonant frequency in CdS

xvii

mho/m
mho/m
mho/m
mho,/m
mho/m

sec
secC

sec

rad/sec
rad/sec

rad/sec



Y. INTROCUCTION

A, Statement of Problem, Purpose, and Scope

The general problem studied was microwave propagation
through a linear, isotropic, inhomogeneous, photoconductive
media. The purposes of this research were:

1) Review the classical theory for microwave inter-
action with matter;

2) Derive the electromagnetic field equations for
propagation through a section of X-band rectangular wave-
guide filled with a photoconductive medias

3) Calculate the microwave attenuation, phase shift,
and standing wave ratio variations with conductivity, sample
thickness, and frequency for several typical cases;

L) Perform qualitative experimental checks on the
theoretical calculations;

5) Use the results of the theoretical calcula£ions
coupled with additional derived theory to perform microwave
measurements of the free electron lifetime in cadmium
sulfide and the conductivity of thin silicon wafers;

6) Determine new microwave applications for photo-
conductive materials,

This research was purposely planned to involve a number
of closely related topics. This permitted the author to
comprehend the overall problem while simultaneously per-
forming limited original research in several of the areas
mentioned above, Little tutorial material and few details of

experimental procedures and problems are presented. The



N

reader is assumed to be knowledgeable in solid state physics

and electromagnetic field theory.

Be Flan of Development

The purpose of this section is to briefly outline
the contents of each chapter., The main body of the dis-
sertation is preceded by a review of the publications
related to this research in the areas of photoconductivity,
material propérties, and microwave propagation through
inhomogeneous media. The theoretical development begins
in Chapter III with a summary of the relationships between
the macroscopic complex permittivity and such microscopic
material parameters as the density and mass of free carriers,
and the polarizability and type of 1ions,

The matrix equations relating the incident, reflected,
and transmitted electric fields for a section of waveguide
filled with an inhomogeneous material are derived in Chapter
IV. The results of this derivation are used in Chapter V to
perform computer calculations of the microwave properties
of X-band rectangular waveguide filled with a lossy dielectric
material, The results presented in this chapter form the
most important part of the dissertation.,

In Chapter VI, the results of several microwave experi-~
ments are described., In general, the theoretical predictions
from the previous chapter are verified, however, a few
surprises are encounteréd. Chapter VII is devoted to two
practical applications of the theory previously presented.

Good results are reported for the microwave measurement



of the free electron lifetime in CdS and the conductivity
of Si wafers,

A few of the microwave devices and applications
possible with photoconductive materials are briefly described
in Chapter VIII. A summary 1s contained in the final
chapter, along with a list of the original contributions
made by the author and suggestions for further research,

With few exceptions, the International System of

Units is used in this dissertation.



I1. REVIEW OF THE LITERATURE

A. Introduction

The literature review has been subdivided into four
general areas; photoconductivity, complex permittivity,
wave propagation through inhomogeneous media, and micro-
wave measurement of material parameters., 1In each area,

only the most important articles have been referenced,

B. Photoconductivity

1. General

The early theory of photoconductivity and the exper-
imental measurements performed on twelve chemical elements
before 1951 are summarized by Moss (1). DMore detailed
theory and limited experimental work was presented at the
Photoconductivity Conference in 1954 (2), Several review
articles, rather limited in scope, appeared in the late
1950's (3, 4, 5, 6), Bube (7) has published a thorough review
of photoconductivity from its beginning up to 1959. 1In
1961, Rose (8) summarized the areas still requiring further
research, and in 1963 he published a short text (9) which
contains typical numerical values for many parameters,
Ryvkin (10) and Larach (11) have published two of the latest
ma jor works concerned with photoconductivity. Several
articles devoted to impurity photoconductivity (12, 13, 14),
photoeffects in 2ZnS (15), and organic photoconductivity

(16, 17) deserve recognition,



2, Photoconductive Powders

Methods of preparing Cu-Cl activated photosensitive
CdS powders are discussed by Thomsen, et al. (18)., Thomsen
indicates that the effective mobility for CdS powder is
in the range of 10~3 cm?/volt-sec to 10”1} cm?/volt-sec.
Nicoll and Kazan (19) have determined that the spectral
response for CdS powder is broader than that for single
crystal material and is shifted toward longer wavelengths.
DeVore (20) discussed the response times and methods of
measuring trap distributions in CdS and CdSe powders.
Probably the best summary of photoconductive effects in

powder material has been presented by Bube (21).

3. Photodielectric Effects

Early explanations (22, 23) of the photodielectric
effect were based on an increase in the dielectric constant
due to the increased density of easily polafizable trapped
carriers., Later work (24, 25, 26, 27, 28) has indicated
that in many cases the "apparent"” change in dielectric
constant is actually the result of changes in the conduc-
tivity. Recent work by Kasperovich, et al. (29) has demon-
strated changes in the dielectric constant due to charge
transfer among impurity centers. All of the above mentioned
work was performed at ffequencies less than 50 MHz. Very
few measurements have been performed in the microwave range.
Meilikhov (30) has observed the effect of free carriers on
the dielectric constant of Ge at 10 GHz. This effect, known

as interfacial polarization, can result in apparent measured



values of the dielectric constant of finite size samples

that are considerably greater than the bulk value.,

C. Complex Permittivity of Materials

1, Use of Complex Permittivity in Electromagnetic

Field Fquations

The complex permittivity is the 1link between the
macroscopic field quantities and the microécopic material
parameters. The use of the complex permittivity is explained
in most intermediate field theory texts (31, 32, 33). When
deriving expressions for the complex permittivity it is
necessary to relate the applied electric field to the actual
field acting on a particular molecule. A good discussion

of electric fields in dielectric media is given by Schwarz

(BL").

2, Free Charge Contribution

The classical derivation of the bound charge contribu-
tion to the complex permittivity is well understood, However,
the same cannot be said for the free carrier contributions,
There is still some uncertainity as to whether or not the
Lorentz polarization term should be used. Ginzburg (35)
and von Hippel (33) have opposing views. There is also
disagreement concerning the influence of the lattice dielec-
tric constant on the plasma resonance of the free carriers
(36, 37, 38, 39). Depolarization effects and interfacial
polarization are normally completely ignored. No derivation

has been presented which satisfactorily deals with all of the



above mentioned problems., Typical examples of oversimplified

derivations are (ho, 41, 42),

D, Electromagnetic Wave Propagation Through Inhomogeneous

lledia

1. Nethods of Solution

There have been a variety of techniques developed to
solve problems concerned with electromagnetic wave propaga-
tion through inhomogeneous media., The same techniques can
also be applied to mechanical {(i.e., acoustical) waves.
Recent books by Wait (43) and Brekhovskikh (44) discuss
most of the techniques, Wait (43, 45) derives the exact
solution for the special cases of linear and exponential
inhomogeneities. Exact solutions for some other cases are
available in the form of power series expansions. However,
these solutions converge so slow that these techniques are
useful only for layers that are thin in comparison with the
wavelength,

Numerical integration of the differential equation for
the electric or magnetic field intensity using difference
equations has been presented by Richmond (46), Approximate
solutions obtained by the iterative use of an integral
equation are discussed by Heading (47). An example of the
use of perturbation and variational methods was presented by
Gabriel and Brodwin (48)., 1In those cases where the gradient
of the inhomogeneity is small, the Wentzel, Kramers, and

Brillouin (WKB) method (49, 50) of approximate solution has



been used successfully. Osterberg (51) has reduced the wave
equation in inhomogeneous media to a Ricattl differential
equation., However, for most cases only an approximate
solution can be obtained for the Ricatti equation by numeri-
cal integration,

The technique used in this dissertation is an approximate,
numerical method known as wave matrices. The derivation
presented in Chapter IV is slightly different from the
standard approaches (52, 53, 54, 55, 56), however, the end
results are equivalent. In the wave matrix approach the
inhomogeneity is subdivided into thin homogeneous sections.

A matrix relating the incident, reflected, and transmitted
waves is determined for each section., The product of all

the matrices representing the inhomogeneous media relates the
resultant incident, reflected, and transmitted waves. Good
appfoximate soluticns for any physically realizable one-dimen-

sional inhomogeneity can be obtained with this method,

2, Calculated Results

Although many of the numerical techniques have been
available for over 25 years, it was not until within the
past 10 years that computers became available to make
such calculations possible., It is surprising to find that
during the past 10 years very few calculations regarding
wave propagation through homogeneous and inhomogencous media
have been performed, In 1960 Baecumler (58) published results
for electromagnetic wave propagation through a single,

homogeneous, semi-infinite dielectric slab located in free



space., For this special case Baeumler presented several
curves of the relative energy transmitted versus the ratio of
dielectric conductivity to frequency., Jacobs et al., (58)
have performed calculations of the reflection coefficient
for infinitely long sections of dielectrically filled
rectangular waveguide, Holmes and Feucht (53) have reported
calculations of the relative power transmitted versus slabdb
thickness and the magnitude of the reflection coefficient
versus angle of incidence for the homogeneous, semi-infinite
slab in free space. 1In 1967, Gunn (59) reported good agree-
ment between calculated and measured values of the propaga-
tion constant for a short section of rectangular waveguide
loaded longitudinally with a thin strip of semiconducting
material. Gunn suggested that the reason his measured
values were consistently lower than the calculated values
was the effect of the insulating barrier between the semi-
conducting material and the waveguide.wall. The author
noted a similar effect on the conductivity measurements of
silicon wafers, Also in 1967, Jacobs et al. (60) reported
calculated and experimental results for the reflection
coefficient of a short section of semiconductor filled
rectangular waveguide at 70 GHz., Only homogeneous media
were considered in all of the above research, The computer
calculations for homogeneous media contained in Chapter V
are broader in scope and more detailed than any results
published to date., Limited calculations for inhomogeneous

media are also presented in Chapter V.
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E. Microwave Measurement of Material Parameters

1. Lifetime Measurement

A detailed discussion of all the standard methods of
performing dc lifetime measurements was presented by Ryvkin
(10). Additional special techniques are discussed by
Stevenson and Keyes (6é1), Watters and Ludwig (62), and
Blakemore (63).,

Theoretical derivations relating the time constant of
the transmitted microwave power to the lifetime of the
excess free carriers were presented by Nag and Das (64)
and Atwater (65). Both of these authors neglect the
effects of reflections from the test material. A more
detailed derivation is presented in Appendix E. All
derivations indicate that a necessary condition for accurate
lifetime measurements is g<<we€ ,

Various methods of performing microwave lifetime
measurements are indicated by Ramsa et al, (66), Jacobs et
al, (67), and Deb and Nag (68), In each of these cases
measurements were performed on Ge with a conductivity of
30 mhos/m to 50 mhos/m, Since we~ 10 for Ge at 10 GHz, the
conductivity in each case was not less than we, Hence, the
reported lifetime measurements are of doubtful accuracy.
Similar measurements have been performed on Si, but to date

no such measurements have been reported for CdS,

2., Complex Permittivitv Measurement

Jacobs et al., (69, 70, 58) performed some of the earliest



11

microwave measurements of the conductivity of thick (5 mm)
samples of Ge and Si. Their technique consisted of complete-
ly filling a short cection of X-band waveguide with the
sample, Aand then, determining the conductivity indirectly
from measurements of either the reflection or transmission
coefficient, Nag and Roy (71) used a similar procedure.
In 1963, Nag and Roy (72, 73, 74, 75) reported measurements
of conductivity and dielectric constant of thin Si samples
placed longitudinally in the waveguide and backed by a short,
Lindmayer and Kutsko (76) have reported measurements
of the conductivity of Si at 25 GHz. In 1968, Sheikh and
Gunn (77) presented theoretically calculated curves of
variation in propagation constant with conductivity and
dielectric constant. They considered the case of thin slabs
of either Si or Ge placed longitudinally in the waveguide,

No experimental work was performed,
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ITI, FORMULATION OF THE COVPLEX PERMITTIVITY

IN TERMS OF NMICROSCOPIC MATERTAL PARANMETERS

A. Introduction

In order to fully discuss the interaction of electro-
magnetic radiation with matter, the macroscopic theory of
Maxwell must be combined with the detailed microscopic
theory of Lorentz. To do this rigoriously and in detail
is a statistical quantum mechanical problem well beyond
the purpose of this chapter. The standard classical
formulation of the complex permittivity in terms of the
polarization of bound and free charges is adequate. 1In
the classical approach the basic relationships between
the macroscopic and microscopic material parameters are
clearly evident, whereas, in a quantum mechanical approaéh
they are usually hidden by the mathematical complexity.

The macroscopic electromagnetic properties of any
material (32, 33, 78) can be completely specified by
any two of the complex constitutive parameters known as
permeability (M), permittivity (€ ), and conductivity (o).
Normally &4 and € are the two parameter sets used, where
the effects of free carrier conduction (o) are included
in the complex permittivity. For the most general
anisotropic material béth A and € are second rank tensors
or dyadics. Throughout this dissertation only linear,
isotropic, nonmagnetic materials will be considered. Hence,
A4 1s considered to be constant and equal to the permeability

of free space; and, € 1is considered to be a complex, time
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independent, spatially varying scalar which includes the

conductivity as explained in the next section,

B, Discussion of the Basic Electromagnetic Field Equations

Involving Material Parameters

lilaxwell's equations for a macroscopic medium are,

VD = P, (3.1)
VB = 0, . (3.2)
UxE = - 3B/5t, (3.3)
vxH = J + 3D/3t, (3.4)

where A2 1is the volume density of unneutralized charge,

J is a combination of the conduction and convection current
densities, and 3D/3t is the displacement current density.
All of these macroscopic parameters are assumed to be

averaged over a volume at least as large as a unit cell (79).

Additional auxiliary equations required are,

Vel == 3C/2t (3.5)
D= €E= €E + P (3.6)
B = UF = (R + W) (3.7)
J = Gfﬁ (3.8)

where P is the polarization (net electric dipole moment
per unit volume) and M is the magnetization (net magnetic
dipole moment per unit volume), Since only nonmagnetic
materials are considered, M = 0, As discussed later, P and
E are related by

F - W, ¢€.E, (3.9)
where lp% is a characteristic of the material known as the

electric susceptibility.
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Assuming harmonic time variation of the form exp(+jwt),
equation (3.4) reduces to,

IxH = (0. + ju)eb)ﬁ. (3.10)

f
At this point it is necessary to clearly define what the

symbols Op and GLb represent, because there are a variety of
different, acceptable definitions in common use (33). o

f
accounts for all the phenomena associated with free charges.

Gp = Gp = JOp (3.11)

where o. represents conversion by free carriers of electro-

magnetic energy into other forms of energy,‘such as heat,
and, o; represents storage of electromagnetic energy by

the free carriers in a manner analogous to electric dipole
polarization. In fact, G; will actually be treated as one
component of the real part of the total complex permittivity.
&€y accounts for all the phenomena associated with bound
charges,

eb = eb - jeb’ (3012)

where €5é represents the lattice contribution to the real
part of the total complex permittivity; and, e;;represents
conversion by bound charges of electromagnetic energy into
other forms of energy, such as the heat produced by dielectric
hysteresis,

Using equations (3,10), (3.11), and (3.,12), the total

complex permittivity, €, is defined by,

€ = [lop - jog) + jW(E, - j€0)] /(Gw), (3413)
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Then,

6 - el _ jen

€ =(€, - op/w) - (€ + o/w), (3.14)
where,

€ = Gb - (jf/w (3'15)

eu - e; + O'f'./\v\JQ (3.16)
Frequently, the complex relative dielectric constant, GEr,
is used,

€.= €.- j€_, (3.17)
where

€. = € /e - o/ we (3.18)

€. = € /e + o/we, (3.19)

Note that equation (3.18) indicates that free carriers may
contribute to the real part of ér. This phenomena is

developed more fully in Section D,

C. Contribution of Bound Charce to the Complex Permit-

tivity
For dielectric media, the link between the macroscopic

and microscopic theories occurs through the polarization, P,

Some of the most common expressions involving P are;

P =\, €, (3.9)
P=D- €, (3.6)
P = NP = NqF, (3.20)
F = Na-ﬁloc = Na(E + P/3 €. (3.21)

where E is the resultant macroscopic electric field inten-

sity, P is the microscopic dipole moment, N is the volume
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density of dipoles, r is the average separation between
the centers of positive and negative charges which produce
P, a is the average polarizability of the dipoles, Eloc is
the locally acting field at the dipole, and 5/3(50 is the
Lorentz polarization field, (See Appendix A for a summary
of the relationships between the various electric fields
associated with a dielectric material.) Normally, equation
(3.21) is considered to be the most fundamental because it
relates P to the microscopic parameters N, a, and Eloc'
The permittivity is related to the polarization by

€, = &, + P/, | (3.22)

where the ratio ?/E is a complex, frequency and space
dependent scalar for the linear, inhomogeneous, isotropic
material considered in this dissertation. Once the complete
relationship between P and f is specified, then, é;b is
specified.

The total polarization can be subdivided into four
tasic components: orientational (or dipolar), ionic (or
atomic), electronic, and interfacial polarization. The
orientational polarization is caused by the alignment of
permanent dipole moments, The electronic and ionic
polarizations are the result of dipole moments induced by
the displacement of the electron cloud with respect to the
nucleus and by the displacement of positive and negative
ions, respectively. In heterogeneous materials there is

also the possibility of an interfacial polarization arising

from the accumulation of charge at potential barriers such
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as structural interfaces or grain boundaries. This con-
ponent is usually important only for material samples of
small dimensions, such as crystalline powder, The
reciprocal of the relaxation time of each polarization
component determines the frequency about which anomalous
dispersion and resonance absorption will occur, For
orientational, ionic, and electronic polarization these
frequencies fall in the microwave, infrared, and visible
portions of the spectrum, respectively.

The manner in which the microscopic parameters determine
the orientational and ionic polarizations is briefly des-
cribed next. Interfacial polarization, which is caused by

the motion of free charge, is discussed in Section D.

1. Orientational Polarization

Kittel's (79) summary of Debye's detailed theory of
dielectric relaxation of polar molecules results in the

following relationship between P and Eloc for harmonic

fields, ( B
- N{pP.DP)E
P = - loc (3.23)
BkBT(l + ] uu’C'd)

where p is the permanent dipole moment, kB is Boltzmann's
constant, T 1s the absolute temperature, and 4?d is the
relaxation time §f the dipoles., The relaxation time 1is
defined as the time required for the dipoles to orient in
such a way that the polarization reduces to 1/e of its

original value after the exciting field has been removed,

Water at room temperature has a relaxation frequency
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(f = 1/%4) of about 30 GHz, and ice at 253°K (-20°¢)

has a relaxation frequency of stout 1 Kllz, OH ions sub-
stituted for Cl~ ions in a KCl crystal have a relaxation
frequency of about 10 GHz at 1°K. Also, the NH3 molecule
has a broad absorption spectrum centered about 23,8 GHz.
There are many additional examples of dielectric relaxation

occuring in the microwave region,.

2. Jonic Polarization

A classical analysis (33, 80, 81) of the steady-state
response of singly ionized ions in a crystal to a harmonic
field Ein

t inside the crystal results in

2 —
T = S (qu /mn)Eint

(3.24)
m w2 - N e /G e ) -w'] v 2wy

where n is summed over the various types of ion pairs,
and for a particular type Nn is the volume density of ion
pairs, m, is the reduced mass of an ion pair, UUn is the
natural resonant frequency of the ion pairs, and fn is a
frictional damping factor. From equations (3.22) and (3.24),
éb = eb - Jeb
N qz/m '
- o7
€, v X7t N 2/ e ) 27 2 swe
n[wn_‘nq /mno—w.] J n
(3.25)

Equation (3.,25) could be used to plot the standard anoma-

I

L]
lous dispersion curve associated with ét)and the resonance
1"
absorption curve associated with eb' Results similar in

form to equations (3.24) and (3.25) are obtained for
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electronic polarization,

In general, once cither ét')(u)) or é;(w) is known
for all w2, then the Kramers-Kronig relation may be used to
find the unknown part of é}ﬁt»). This is analogous to
synthesizing a positive real impedance function from either

a magnitude or a phase function,

D. Contribution of Free Charsre to the Complex Permittivity

A rigorous derivation (35, 38, 82, 83) of the complex
conductivity O requires a statistical, quantum mechanical
solution of the Boltzmann traneport equation. Fortunately,
such detail is not required in this work. A classical
description of the phenomenon is adequate provided a suf-
ficiently detailed model is used. Most derivations are
based on a sample of infinite dimensions., If a finite
size sample is assumed, then the important phenomenon of
interfacial polarization must be included. This leads to
plasma resonance and derolarization effects,

The one-dimensional equation of motion for an electron

"gas" of volume density n in a finite size sample 1is

2 - =
o S (e ) X L gF
dt c dt

where m¥* is the effective mass of the electron in the

loc’ (3.26)

conduction band, QZC is the mean time between "collisions"
of the electrons with the lattice, and T(X) is the x dis-
placement of the electron "gas" relative to the stationary

lattice caused by the locally acting electric field intensity
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Eloc' T, has not been rigorously specified. This is one
of the parameters that would require considerable attention
if a detailed derivation were given., This simplified model
ascsumes that each electron losses all of its momentum each
time it "collides"™ with the lattice, and it also assumes
that 1;3 is independent of the electron velocity. Neither
of these assumptions seriously affects the plasma resonance
or depolarization effects, which are the main concern here,
After modifying the results of Appendix A for the case of
a conducting media, the local field may be expressed as
Eioe = Egyxy - LP/ €, + P/(3&,) - IP/€&, (3.27)
where ?b and Ff refer to the polarization of the bound and

free charges, respectively, ﬁb/(Bé%ﬂ is the Lorentz polar-
ization term, and L is the depolarization factor. The
polarization of the free charges, ﬁf, was previously defined
in the section on bound charges as interfacial polarization.
Ff is also called macrostructural polarization. This
component of the polarization is frequently overlooked by
many authors. In the final expression for the complex
conductivity it will be seen that this term has a very
significant effect. There 1is considerable controversy in
the literature (33, 35) as to whether or not the Lorentz
term should be included. The present consensus appears to
be that when considering effects on a macroscopic scale the

Lorentz term should not be included. Hence, the scalar

equation of motion becomes

2 2
a f df(x Lna " f .

dt dt m* & " (3.28)
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since
ff = - nq?(i). (3.29)
Let
w? = n 2/((& m# )
p = na ° (3.30)
and
Bt = Eoexp(jth), (3.31)

then the steady state solution of equation (3,.,28) is

~(a/m*)E_exp(  wt)

f(x) = . «32
(Lw? - W) + jw/r (3.32)
b c
Since _
J=-nq X ., , (3.33)
. 2
Jw w_ €
= Lo Lw? - Wf) - 5w/ ).
°t (Lw? - w?)? + (w/'cc)z [( p ) J(( /uc):)]
3.3
Since
0p = c; - ja;, (3.35)
2.2
o5 = (: s €0/ (3.36)
2 2 2
on = - “)Z‘”DGOZ(L:)J el 5. (3.37)
(Lw? - W+ (W)

The quantity (LLU;) results from the interfacial polarization,
] ”

Pf. If L is set equal to zero, then Jp and e reduce to the

oversimplified expressions used by most authors. Note that

"

for L % 0, Ge can be either positive or negative depending

upon W, and hence, the free carrier contribution to the real

part of the dielectric constant can be either positive or
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negative as verified by Meilikhov (30) with Ge at 10 GHz,
For a finite size sample with perfect contacts P. = 0,
because the infinite supply of electrons at the electrodes
prevents the formation of any interfacial polarization,

Note that if Peo ¥ 0, then equation (3.36) indicates that

9
tivity is zero, but rather that the effective conductivity

=0 at W= 0, This does not mean that the bulk conduc-

that one would measure is zero because any applied dc
electric field would be reduced to zero inside the material

by the interfacial polarization.

E. Photoconductivity

Photoconductivity is the process by which the density
of free carriers in a material is changed by the absorption

of photons., Practically all of the theory used in this

dissertation is also valid for any other mechanism which

changes the density of free carriers, Examples of other

such mechanisms are carrier injection or extraction at a
junction, temperature changes, and electron bombardment.

If the complex permittivity of a photoconductor is
known for both dark and light conditions, then the characs-
istics of an electromagnetic wave propagating through this
material can be determined., Since the imaginary part of
the conductivity, U;, is usually negligible except for
special conditions of temperature and frequency, this
component will be neglected in the following discussion.

The conductivity is assumed to be time independent but

spatially varying. Hence, for a material with a one-



dimensional variation

(’f" = g(z) = Gy Dy(z), (3.38)

where Gy is the dark conductivity which is assumed to be
constant throughout the material, and A¢(z) is the conduct-
ivity variation produced by photon absorption (or some

other mechanism),

g = g4l n_+ q‘“popo’ (3.39)

o no o
where AX%O and AH;O are the electron and hole mobilities,
respectively, and n, and p, are the electron and hole
densities, respectively, for the condition of termal
equilibrium and zero incident light intensity.

5(z) = a[e + A4 (z2)][n + An(z)

+ q[ﬂpo + A"’(p(z)][Po + 4 p(Z_S] (3.40)
where, the quantities prefixed by A are the variations
produced by light absorption. Trom equation (3.,38) and
(3.40) it is seen that

o(z) = afer An(z) + B (2)n, + AM (2) An(z)]

+ ol el Ap(z) + Dl (2)py + DM (2) Ap(z).
(3.41)
For most materials, the changes in electron and hole
mooilities are negligible if the total electron and hole
densities are less than about 1022 carriers/m3
(1016 carriers/cmB) and the electric field strength is less

than 10uV/m; Hence,
B3(2) = afel, Bn(z) + & Ap(z)]. (3.42)
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If expressions can be found for An(z) and Ap(z) and €,
is known, then, the complete expression for the complex
permittivity of the photoconductor is known. A n(z) and
Ap(z) are determined primarily by the generation rate and
lifetime of the free carriers. The generation rate is
derived in Appendix A for a one-dimensional case and is
given by

£(z) = I exp(-62); 022z <d (3.43)
where IO has units of (electron-hole pairs)/mB-sec, and 6 is
the coefficient of light absorption. The diffusion of charge
carriers because of inhomogeneous illumination also affects
An(z) and Ap(z). The derivation of the general equations
involving A&n(z) and Ap(z), including diffusion, are
presented in Appendix B, Solution of the resulting three
coupled partial differential equations for a photoconductive
layer of finite thickness can usually be accomplished only
by numerical techniques. OSince a precise quantitative
knowledge of An(z) and Ap(z) is not actually required for
this work, the standard simplifying assumptions are made,
wnich yield

An(z)

Ap(z)

where 1:n and 1:p are the free lifetimes of the electrons

1}

T, f(z) (3.44)
’t'pf(Z) ) (30“’5)

il

and holes, respectively. This results in the following

expression for the conductivity,

a(z) = o + q(e, T, + ,«pofz_‘p)loexp(-az). (3.46)
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F. Photodieclectric Effect

In Chapter V it will be shown that changes as small
as 10% in the dielectric constant can produce changes as
large as 1005 in the transmitted microwave power., Al-
though the conductivity is usually the parameter most
affected at microwave frequencies, the real part of the
complex permittivity can be changed in the following
ways by photoexcitation:

1) Increase in dielectric constant due to the in-
creased density of easily polarizable trapped electrons.
The relaxation time of this mechanism is typically 10-7
sec (23), but may vary by two orders of magnitude,

2) Decrease in dielectric constant due to the in-
creased density of free carriers, This is indicated in
equation (3.37).

3) fﬁcrease in dielectric constant due to interfacial
polarization., Meilikhov (30) has reported increases in the
dielectric constant of Ge at 10 GHz because of this
mechanism, Equation (3.37) is in agreement with FMeilikhov's
observed results,

) Recently Kasperovich, et al. (20) have reported
changes in the dielectric constant as a result of " jump"
conductivity., "Jump" conductivity can be caused by optically

stimulated charge transfer among impurities.,

G. General Expression for the Compnlex Permittivity

Neglecting the Lorentz polarization term in all cases

and combining the results of sections C and D, the general
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expression for the total relative complex permittivity is

2

N, p,
e - 1 + z . ‘x{ K .
r K BGO:{B'I(l + chdk)

2

(wi-ue)+jmdﬁ
quz/(éomm)
+ S 5
mo(W2 W)+ jewr
- N a7 /(e m*)
+ S — ek —. (3.47)
R WS - W) W/ T

The summations over k, 1, m, and n represent the contributions
from the various types of dipoles, ions, atoms, and free
charges, respectively, The first three contributions
correspond to the orientational, ionic, and electronic
polarizations of the lattice and the fourth term corresponds
to the inertia of the free carriers and the interfacial
polarization, For most of the work in this dissertation,
the complex permittivity may be satisfactorily approximated
by

€ =€ - jo /W, (3.48)
However, explanations for some of the experimental results
requires the use of a more detailed theory such as that

given in equation (3.47).
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IV. DERIVATION OF THE ELECTROMAGNETIC FIELD

EQUATIONS FOR PROPAGATION THROUGH RECTANGULAR

WAVEGUIDE FILLED WITH AN ISOTROPIC

INHOMOGENEQUS MEDIA

A, Introduction

Most electromagnetic field problems involving in-
homogeneous media cannot be solved in closed form (43, u44),
If the inhomogeneity is of a special form, such as linear
or exponential, or if the media deviates only slightly
from a homogeneous material, then either closed form solu-
tions or good approximate solutions are possible., The
approximate method (52, 53, 57, 84) of solution used in
this dissertation is a very powerful technique applicable
to any type of inhomogeneity along the waveguide axis,

The only restriction to the use of this technique is that
normally a computer is required. The technique is analog-
ous to the ABCD-parameter approach used for transmission

lines in circuit theory.

B, Derivation

Figure 4,1 depicts a section of rectangular waveguide
filled with an isotropic, inhomogeneous medium, The medium
is subdivided into thin transverse sections which completely

fill the cross section of the waveguide. Each thin section

is assumed to be homogeneous. 1In reality then, the problem
of one inhomogeneous medium is exchanged for a series of

problems each involvingia homogeneous medium, Any or all of



X

1St medium

(usually air)

nth medium

(usually air)

a

~ length of >
J/ inhomogemeous media 7

y
FIGURE 4.1, An inhomogeneously filled waveguide subdivided into

homogeneous transverse sections:

8¢



29

the parameters o, € , and & may be inhomogeneous, Howcver,
only variations along the waveguide axis (z axis) are per-
mitted., DMNote that ¢ = Gp and € = E;b. The subscripts “f"
and "b" have Dbeen dropped, ©ince another subscript, "i", has
been added to decignate the medium,

Only TEmO (transverse clectric) modes are considered,
Results for TEmn and Twmn (transverse magnetic) modes may
be found from a simple extension of the derivation pre-
sented here, (For example, the solution for Tan modes can
be immediately obtained from the solution for TEmn modes
by using the duality conditions,) Harmoni¢ time variation
is assumeds It is understood that in order to obtain the
actual expression for a physically measurable field quantity,
either the real part or the imaginary part of the correspond-
ing time harmonic function must be used., The solution for
the electromagnetic fields in the ith medium begins with

Maxwell's equations:

VUxE, = - jwaut H, (4e1)
VxH; = (0; + jw€.)E; (ke2)
V.4H =0 (4.3)
v. €.E =, =0. (ko 0)

Note that equation (4,4) indicates that space charge effects
are not included in this derivation., Taking the curl of
equation (4,1) and then making use of equation (4.2) yeilds,
V)(Vx"E_i = = jw,&(i(Vxﬁ.l)
- jwa, (0. ju € .)E,
jwad; (o) + jw €)E,, (4,5)
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Using the vector identity
— —_ D
VXVXEi = V(v 'Ei) -V Ei’ (he6)

equation (4,5) reduces to

2= 2 ’
— !
V°E; + KiE. = 0, (4a7)
where
2 . .
k5 = - Jw,u.l(gi + Jwei). (L4.8)

i
Note that ki must be that root of ki which has a negative
imaginary part,

Assuming a TEmo mode,

E. = Eix(y’ Z)'zi'X = Y(y)Z(z)EX. (4.9)

Using the standard separation of variables method of

solution:
2 2 2
3 E. 3 E. 3 E,
1x ix iX 2
+ + + kXE.. =0 (4b.10)
sz Byz )ZZ 171x
simplifies to
" - " 2 - 2
"/ = - 2"/2 - Ky = - ki, (bo11)
where, k.. is an unknown constant. Solving equation (4.,11)

11
subject to the waveguide boundary conditions ylelds,

Y(y) = C;sin(k,,y) (Lb,12)
where,
kil = mﬂ/yo; m = O, il, __2,000 (L:"l:})

and,
1
Z(z) = C,exp [j(kz.l - k?l)z(z - Zi—l)]+
e 2 2 %
CBexp[- 3(k.l - kil)“(z - Zi-lq’ Zi-—l-" 7z & Zs e
(Lo1h)
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Hence,
—_ -+
Eixlyy 2) = {”ieXP['Yi(Z - Zi-lﬂ

+E'.l'exp[yi(z - Zi-—l)]} sin(nmy/yo) ai

2y 4 £ 2 < % (4e15)
where
+
Ei = C1C3
Ei = C1C2
. ey, 2 2 1

Yy = a5 + By = J(kY - kj,)3

= [(rrm/y )2 —W2,0.( €. + jwio = (4e16)

‘ o) iv1i i i] ¢ *

th medium are

From here on, all.equations involving the i
assumed to have z restricted to the range, zi_lé:z = Zi'
E; and E; are the complex amplitudes of the incidént

and reflected electric field intensities, respectively,
at a point z;_l just to the right of the boundary between

the (i-l)th and ith

media (Figure 4.,2),

Because of the definition of E; and Ez, the sign of
some of the exponentials in the final result differs from
the signs in the "standard" solution. 1In the "standard"
approach, E; and E; are defined at the right hand extreme
of the ith layer,

The magnetic¢ field intensity can be found from Eix
by use of equation (4.1),

i M B P
* -jw L 3z 7

E.
- _2_23%53,/0.ju44x5) (1e17)
3y
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o Note: E; is the complex amplitude of the
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FIGURE 4.2,

the (i-l)th medium at z=z;_2.
(See Figure 4,1.)
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Notation for electric field intensity
boundary conditions at z=z,



Hence,
— Y

< _ 1 _"I' ~ -
Ifiy = (-jwﬂi){ﬂiexp[yi(z Zi—l)]

+:3.lexp[yi(z - Zi—lﬂ} COS(m"TY/yO) a

(he18)

y
and, /
-(mm/y )
H. = —————-——O-(Bfex-o ~y:(z - 2, )
12 -jLQAXi 1 [ 1 1-1]
+Ezexp[&i(z - Zi—lir} cos(mﬂy/yo) a, (4.19)
The transverse impedance of the waveguide for the ith
medium, Zi' is defined as
+ + - - .
— 5 - 4 - = = s 0 l [}
Z; = Eix/Hiy = Eix/( Hiy) Jw,ai/yi 1/Y1 (4.20)
Hence,
= +
- YiEiexp[y.l(z - Zi-l)]} s:m(mwy/yo) C (4.,21)

For the (i-l)th medium, the transverse electric and magnetic

field intensities are
- +
Bli-1)x = {Ei-leXp["Yi-1(z "‘?iaz)]

+-E;_1exp [Yi-l(z - zi_zj]}»sin(mny/yo) E (Lh.22)

— . ’+ i -
-1y = {11-13‘1-19"?[ ¥4 (2 - 255))
- Yi_lE;_lexp[yi_l(z - zi_z)]} sin(mwy/yo) Ey' (h.23)

where, now z is restricted to the range, Zs 2 < & Zi_q0

Since theé tangential electric field intensity must

be continuous across a boundary (Figure 4.2),

Blim1)x = Bix @0 2 = 254 (o2h)
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requires that
+
Eyorexo[vi (24 - 255 )]

- + -
+ Ei_lexp['yi_l(z.l_1 - Zi-Z)] = Ei + Ei' (L425)

Since the magnetic field intensity must be continuous

across a boundary on which no surface current flows,

—

ﬁ(i—l)x = H. at z = z. (u’026)

1x i-1
requires that,

+
Yi-1Ei-1eXp[;Yi-1(Zi-1 - Zi-zﬂ

+ -
- v, L E7 jexplv. ,(z, . - Zi-zﬂ = Y,E} - Y,E]. (4.27)

i-17i-1"
Let
Azi-l = &i—l - Zi-2) (4,28)
where z, . 1s the thickness, in meters, of the (i-l)th

1-1
medium., It is not necessary that the inhomogeneous region

be subdivided into sections of equal thickness, however,
this is usually the easiest method of subdivision,

Solving equations (4.25) and (4.27) simultaneously

yields
Bf_y = (1 + ¥y/¥; dexo(y;_y 825 1)FY
+ (1 - Y /Y. )exp(ys_4 Azi_l)E;/Q (4.29)
Bijog = (0= Yy /¥ g Jexpl-vy AZ1-1)E;/2
+ (1 + Yi/Yi-l)eXp(-Yi—i Az.l_l)E'i'/2 (4,30)

The transmission and reflection coefficients, Ti and Ri’ at

the boundary between the (i-1)™ and 1 nedia are given

by
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2Y. 22 .
1=-1 i
Ti = = (e31)
jo1 Yy %54 + 24

Y. - Y, 2, - Z.
R. = 1-1 1 _ _1 i=-1 . (4,32)
Tiog ¥ Y3 25 424,

Then equations (4.,29) and (4,30) simplify to

+ +
Ef.p = (/73 [exe(y; ) Az )E]
+ Riexp(yi_lzszi_l)E;] (4.33)
- +
B = (/) [Riexe(yy g Azg OE]
+ exp(~v;_; Az; ;)5 |. (143)

Using Figure 4,2, it can be seen that equations (4.33)
and (4,34) determine the incident and reflected components

of Ei-l at z = z;_z in terms of the incident and reflected
+

i-1°
edly for each of the (n-2) layers, the electric field

components of Ei at z = 2 Using this procedure repeat-

intensity in the first medium may be related to the field in

th

the n medium by the matrix equation,

C

Ey /T, Ry/T,

X

n exp(yi_1 Azi-l)/Ti. Riexp(yi_1 Azi-l)/Ti E

E; RZ/'r2 1/'1'2
+
n
i=3 -
Riexp(--yi_lAzi_l)/'l‘i exp(--yi_1 Azi—l)/Ti E
(4e35)

The next chapter is concerned with the numerical solution

of equation (4.35) for various types of inhomogeneities,
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For the special case of a homogeneously filled wave-
guide, only one layer (n=3) is required. Assuming that
there is no reflected wave in the third medium, E; = 0,

and equation (4.,35) reduces to

E

ot

1 /'r2 RZ/TZ

E Ry/T, 1/7T,

fury

exp(y2 Azz)/T3 R3exp(72 Azz)/T3 E3

R3exp(-72Azz)/T3 exp(---wrzAzz)/T3 0 . (4,36)
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V. DNUMERICAL SOLUTICM OF THE ELECTRONMAGNETIC

FIYLD EQUATIONS FOR VARIOUS TYPES OF HONMOGENEQUS

AND THHOMOGENEQUS CONDUCTIVITY VARIATIONS

A, TIntroduction

The examples discussed in this chapter are concerned
cither with propagation inside a lossy, dielectrically
filled X-band (8,2 GHz to 12.4 GHz) rectangular waveguide
or propagation through a semi-infinite, lossy, dlelectric
slab in free space, In each of the above cases, both
homogeneous and inhomogeneous media are considered,
Particular emphasis is given to propagation through a homo-
geneously filled waveguide, since for this case, experiments
can be easily conducted to test the theoretical predictions.
The following assumptions were made in calculating the
results presented:

(1) U= AL;

(2) Only TEM mode for free space examples;

(3) Only TE mode for waveguide examples,

10
The above assumptions were made for the sake of conven-
ience only, so that the important results would not be
confused with additional unnecessary variables, It must

be emphasized that although conductivity variations are the
main concern in this chapter,'the mathematical techniques
and computer programs developed by the author are capable

of solving problems with arbitrary, simultaneous variations

in &, é%ﬂ and Gpe The computer programs used in calculating
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and plotting the resulls are contained in Appendix D,

B, Homorencous Vedia

Cnic of the purposes of this research was to determine

the range over which the ceonductivity of a lossy dielectric

must e varied in order to produce a significant change

in the reflected and transmitted microwave power., The

results of this and related research offorts are discussed

in the following three sections.

1, VSWR Vercus Conductivity

In this section variations in reflected power, *trans-
mitted power, power absorbed, voltage standing wave ratio,
attenuation (insertion loss), and angle of reflection and
transmission coefficients versus conductivity are presented,

Figures 5.,1a through 5.1g 1llustrate the results of a
typical wavegulde example. Large variations in reflected,
transmitted, and absorbed powers occur only over a two order-
of-masmitude variation in the conductivity. However, this
range of conductivity variation is different for the re-
fleccted, absorbed, and transmitted powers, Using the
10 GHz curve, the reflected power variation cccurs over a
range of 1,0 mhos/m to 100 mhos/m, whereas, the transmitted
power variation occurs over a range of 0,1 mhos/m to
10 mhos/m. The absorbed power variation overlaps portions
of the above two ranses, and is centered about 2.0 mhos/m.

This indicates that the transmitted and reflected powers

may be modulated independently. The value of conductivizty
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corresponding to ¢ = wé determines the center of the
conductivity range about which the different power varia-
tione occur, The important point to note is that very

1ittle change in microwave powver 1g oroduced unless the

conductivity is varicd over a =pecific, limited rance,

This range varies with frequency, dielectric constant,

sample thickness, and guide dimensions, The possibility

of limited phase modulation is indicated in Figures 5.1if

and 5.1 The 1 GHz curve does not follow the normal
pattern because this frequency is below the cutoff frequency
of the dielectrically filled guide (fc = 2,08 GHz), For
frequencies well above cutoff (f > 2fc), the curves shift

to the left as the frequency is reduced, As the cutoff
frequency is approached the curves shift back to the right

as shown in Figure 5,2, The peculiar shape'of the 2 GHz

and 4 GHz curves is caused by the variation in impedance
matching with changing conductivity., These curves illustrate
an important practical point. The range of conductivity that
can be measured by a test setup consisting of one size of
waveguide can be greatly increased by operating the sample
filJled portion of the waveguide both above and below cutoff,
while always operating the remainder of the waveguide above
cutoff, This would require that the waveguide be filled with
a lossless dielectric of higher dielectric constant than that
of the sample., TFor example, to measure conductivities near
100 mhos/m, dielectrically filled K-band (18.0 GHz to 26.5

CHz) waveguide operating around 3 GHz could be used instead
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of the extremely small air filled waveguide required at
100 GHz,

Part of the results for microwave propagation through
a lossy, semi-infinite slab in free space is shown in
Figures 5.,3a through 5.3d. The 10 GHz and 100 GHz curves
correspond almost exactly to the curves from the waveguide
example, This 1is as expected since in the waveguide
example both frequencies are well above cutoff and the
dielectric constant is high, hence, the size of the wave-
guide has only a minor influence on the curves, The
difference in the position of the 1 GHz curve for the free
space and waveguide examples is also evident, For TE
polarization, the effect of increasing the angle of in-
cidence shifts all curves in Figure 5.3 slightly to the
left.,

Figures 5.4a and S.4b illustrate the variatien in
VEWR and attenuation with conductivity for a thin Si wafer
placed transverse to the direction of propagation in
rectangular, X-band waveguide., The use of such calculated
data in conjunction with experimental VSWR measurements
has resulted in the accurate determination of the conduct-
ivity of various Si samples by the author., This measure-
ment technique could be easily adapted to large scale,
automatic operation, This subjeét is discussed in more

detail in Chapter VII.

2. VIWR Versus Sample Thickness

Figures 5,5a through 5.5f show the effect of varying
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sample thickness for differcent values of conductivity of
a dielectrically filled waveguide., The ¢ = 0,0 mhos/m
curve waeg compared with hand calculated results, This
was one of several checks used to test the validity of
the computer calculated data, Tigure 5.5a indicates a
slight shift of the transmitted power peaks to smaller
sample thicknesses for increasing conductivity. Figure 5.5b
indicates that the reflected power, and hence the VSWR,
may either increase or decrease with increasing conductivity
depending upon the sample thickness. Figures 5.5d and
5.5e can be used to determine the sample thicknesses at
which changes 1in the angle of the reflection coefficient or
the angle of the transmission coefficient with conductivity
are a maximum, Finally, Figure 5.,5f verifies the intuitive
suspicion that changes in transmitted power with conduct-
ivity have a relative maximum at each sample thickness
corresponding to approximately ngm/Z, where R em is the
guide wavelength in the lossless dielectric., Tor example,
with a sample thickness of 4,88 mm and dark conductivity of
0.5 mhos/m the insertion loss is 2,5 db., For many photo-
conductive materials the conductivity can be easily
increased by at least one order-of-magnitude., Assuming
the conductivity is increased to 5.0 mhos/m, the insertion
loss would increase to 17 4b with a net change in trans-
mitted power of 14,5 db,

Further theorctical investigation, cstimulated by

experimental observation, indicated that changes in the



real part of the permittivity can also be a very effective
means ol modulating the reflected and lransmitted powers
as shown in Figures 5.,6a through 5.6e. It was observed
experimentally that in some casces the transmitted power
increased with increasing light intensity. This can be
explained either by a negative photoconductivity effect
or a change in the dielectric constant. The pousibility
of negative photoconductivity was eliminated when it
was found that for a given sample the transmitted power
increased for some values of sample thickness and de-
creased for others, with increasing light intensity.
Figures 5.6a and 5.6b easily explain such experimental
observations. Assuming a small (10-20%) change in
dielectric constant, the transmitted power may increase
or decrease by as much as approximately 6 db depending
upon the sample thickness. Figures 5.,6d and 5.6e also
indicate that more effective phase modulation can be
produced by changes in dielectric constant than by changes
in conductivity. Unfortunately, for most materials at
microwave frequencies it is casler to change the conductive-
ity by an order-of=magnitude than it is to change the die-
lectric constant by 107, Note in Fisure 5.6a that the effect
of small changes in dielectric constant could be eliminated
by the‘use of a 3.0 mm thick sample,

Figure 5,7 illustrates the change in nower transmitted

through a short section of dielectrically filled waveguide
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for simultaneous increases in the conductivity and die-

lectric constant of the material.

3. VZUR Yersus Freauency

It was observed experimentally that, for a given sample
and fixed conductivity variation, the attenuation and VSWR
produced varied radically with the operating microwave
frequency. This neccessitated a theoretical investigation
of photoconductivity effects over the cntire A-band range,
Migures 5.8a through 5.8e¢ illustrate the results for a
typical example., TFigures 5.8a and 5.8e indicate that for a
particular samplc thickness there are certain frequency
ranges over which the attenuation chan:es are a maximum,
The frequencies at which maximum change occur correspond
approximately to wavelengths that are an integral multiple
of twice the sample thickness. This was demonstrated
previously in Figure 5.52, Tigures 5.8b and 5.8d predict
that with increasing conductivity the VSWR may either increase
or decrease depending upon the coperating frequency. This
result was verified cxperimentally., These same two figures
also indicate the frequencies at which variations in reflected
power and VSWR are minimized, This information was helpful
while performing the free carrier lifetime measurements,
since changes in the reflected power due to increased
conductivity had to be made nesligible,

For the examples investigated, the conductivity was

gsumed to be independent of frequency. The reconarnce

phenomena obscrved experimentally and discussed in the next
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chapter demonstrates that additional research is required
before the theoretically predicted variations with frequency
agree with the observed variations, A frequency dependent
complex permittivity similar to that derived in Chapter III,
equation (3.47), should yield theoretical predictions in

closer agreement with experiment.

Ce Inhomogeneous Media

Various types of linear, parabolic, and exponential
conductivity variations were considered. The results for
propagation in X-band, rectangular waveguide are summar-
ized in Table S.1. In the table, the term "positive slope"
indicates that the conductivity is increasing in the direc-
tion of propagation. Some of the important points indicated
by the tabulated data are:

1) The total amount of attenuation produced by a
'given taper is the same for both positive and negative
slopes (see exahples 1 and 2, or 4 and 5, etc.). This is
as expected, since for each pair of examples the networks
are reciprocal. This provides an additional check on the
theory and computer programming,

2) In most cases the input voltage standing wave ratio
is much less for the positive slope than for the negative
slope. However, this is not always true, This does indicate
that in most cases illumination of the sample from a direction
opposite to the direction of propagation is desirable, since

the same amount of attenuation can be produced at a much

lower input VSWR,



TABLE 5.1, Summary of computer results for
various forms of conductivity variations

General Equation o(z)av Percent Attn, of
Ex, Form of : For o(z) € VSWR at of power Transmitted
No., Inhomogeneity (0 <2z < 0,005 m) (mhos/m) 1Input Absorbed Power (db)
1 Linear Taper L '
Positive Slope g(z) = 2x10 2 50 7,41 41,9 63.24
2 Linear Taper "
Negative Slope g(z) = 100 - 2x10 2z 50 23,93 15,4 63.24
3 Constant g(z) = 50 50 16,99 21,0 68,84
4  Parabolic Taper s 2
Positive Slope g(z) = 10z 0.83% 2,27 49,3 4,50
5 Parabolic Taper 5 2
Negative Slope g(z) = 107(z - 0,005) 0,834 2,17 50,8 4,50
6 Constant G(Z) = 00834 0083“ 2.00 SOQLP uols
7 Parabolic Taper 6 2
Positive Slope g(z) = 10z 8.34 2,96 74,8 21,03
8 Parabolic Taper 6 2
Negative Slope a(z) = 10°(z - 0,005) 8,34 10,48 31,0 21,03
9 Exponential Taper go(z) =
Positive Slope 10exp 1500(z - 0,005) 1,33 3,61 50,6 7,62
10 Exponential Taper
Negative Slope g(z) = 10exp(-1500z) 1.33 3,60 50,8 7,62
11 Exponential Taper o(z) =
Positive Slope 100exp 1500(z - 0,005) 13.33 5,06 54,9 26,28
12  Exponential Taper
Positive Slope o(2z) = 100exp(~-15002) 13,33 20450 17450 26,28

9L
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3) 1In some experiments, such as microwave lifetime
measurements (Chapter VII), it is necessary that the
changes in transmitted power be due primarily to power
absorption by the sample rather than power reflection.

The data indicates that the percent of the power absorbed

is usually greater for the case of a positive slope than

a negative slope., This is not always true. The situa-

tion may be reversed for values of average conductivity

and sample thickness different from that used in Table 5.1.
The important point is that there can be a large difference
in the power absorbed for the two cases, and each specific
example must be investigated to determine the best direction
from which to illuminate the sample.

The data in Table 5.1 was calculated on the basis of
each inhomogeneity being subdivided into 20 equal length,
homogeneous sections, Other programs using only 10 equal
length sections yielded data in agreement with that shown to
the first decimal place. This indicates that for the in-
homogeneities investigated, rather crude approximations to
the actual conductivity variations can result in surprisingly

accurate answers,



VI. EXPERINMENTAL MEASUREMENT OF VARIOQUS

MICROWAVE PROPERTIES OF CALMIUM SULFIDE

A, Introduction

The purpose of this chapter is to describe and explain
the results of several microwave experiments performed on
Cd5. These experiments include measurement of VSWR, attenua-
tion, and phase shift produced by photoexcited CdS at
various frequencies, The microwave measurement of the free

electron lifetime has been reserved for the next chapter,

B, Cadmium Sulfide

CdS is a yellow-orange, brittle, crystalline solid of
hexagonal structure. Tyvpical values for a few of the im-
portant electrical properties of CdS are shown in Table 6.1,
It must be emphasized that some of the quantities may
deviate considerably from the indicated value depending upon
the number and type of impurities, method of preparation,
surface conditions, etc. The CdS samples used in this
research were kindly supplied by Mr., J. Powderly of the
Eagle-Picher Company. Figure 6.1 is a phdtograph of a few
of the samples used, and Table 6,2 indicates the manufacturers
lot number and resistivity. Since CdS is élso an aniso-
tropic, piezoelectric, acoustically active material, it
was expected that the isotropic theory presented in the
earlicr chapters would not be able to explain all of the
experimental results. Even so, the experimental results

agreed qualitatively with the theoretical predictions except
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TABLE 6.1, Typical values for some important
electrical properties of undoped, single-
crystalline cadmium sulfide

Energy gap 2,42 ev
Electron mobility 0.30 m°/volt-sec
Hole mobility 0,03 m2/volt—sec
Electron lifetime 1071 sec
Hole lifetime 1079 sec

Relative dielectric constant 10

TABLE 6.2, Manufacturers lot number and resistivity
for some of the CdS samples used in this research

CdS Sample Eagle-Picher Co. Dark

No, Lot No. Resistivity (ohms-cm)
1 211 - 8 - P -

2 211 - 8 - P ——-

3 211 - 8 - P —_—

b 211 - 8 - P -—

5 211 - 27 - 8 2.,9%107

6 006 - 27 = P 5,35x10°

7 211 - 8 - P _——

8 B - 10 I ,8x107
9 B - 12 2.8x10°
10 B -~ 14 2.1ux105
11 B ~ 10 I4,8x10°
12 010 = 25 - S 1,0x102
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in the case of an unexplained resonance phenomena observed

in some samples,

Ce Microwave Cavity Measurements

In an attempt to observe the photodielectric effect in
CdS at microwave frequencies, a small sample was placed in
a hollow rectangular cavity. Sample illumination was pro-
vided through a non-radiating hole in the broadside of the
cavity. The experiment was unsuccessful for two reasons:

1) The relatively high conductivity (10"'2 mhos/m) of
the CdS sample resulted in a low cavity Q. This made the
cavity bandwidth approximately equal to the bandwidth of one
mode of the reflex klystron which was used as the micro-
wave source, Hence, the center frequency of the cavity
could not be accurately determined.

2) The ratio of sample volume to cavity volume was so
small that even if the relative dielectric constant of the
sample were changed by as much as 10% the resulting shift
in center frequency of the cavity would be practically
immeasurable, The ratio of volumes could not be increased
without further reducing the cavity Q. This failure clearly
indicated some of the limitations of measuring conductivity
and dielectric constant by the shift in center frequency

and change in Q of a microwave cavity.

D, Attenuation Versus Light Wavelength

An experiment was conducted to determine the energy

gap of CdS by means of microwave power absorption., CdS
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samples No., 6 and 8 were separately placed in an X-band
slotted waveguide section operating at 10,0 GHz, (Sée the
insert of Figure 6.2 for an illustration of the sample
orientation,) A monochromator was used for photoexcitation,
and the microwave absorption versus light wavelength was
measured., A peak in microwave absorption was clearly
evident in each case., TFrom the light wavelengths corre-
sponding to these peaks the energy gaps of samples No, 6

and 8 were determined to be 2,24 ev and 2,28 ev, recpectively,

by using
Eg = 1.24/>\, (601)
where Eg is the energy gap in electron volts and X\ is the

5 m)., The typical value indicated

wavelength in microns (10~
in Table 6,1 is 2,42 ev, A visual check of the absorption
edge for samples No, 6 and 8 yielded band gaps of 2,30 ev

and 2,32 ev, respectively, which are in excellent agreement

vith the microwave photoconductivity measurements,

E. V2WR Versus Frequency

In the process of performing standard VSWR versus
frequency tests on scveral samples, an unexpected phenomenon
was observed., A block diagram and photograph of the exper-
imental arrangement are shown in Figures 6.2 and 6.3, respec-
tively. The results for various samples are plotted in
Figures 6.4 through 6.8, Only a few samples were tested
since, due to the lack of an automatic sweep oscillator, data
had to be taken by a time consuming point by point method,

The "resonance" phenomena appeared in four out of the five
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samples testeds, Some of the possible explanations are
discussed below,

1) An explanation based on the formation of a resonant
dielectric cavity was eliminated because of the shape of
the VSWR versus frequency curve., If a resonant cavity
existed, this would produce a dip but little or no rise
in the VSWR curve. Also, changes in sample thickness do
not seem to be simply related to the changes produced in
the resonant frequencies,

2) The best explanation at present is that the phenomena
is due to the plasma resonance of the free electrons, Moss
(85) gives a theoretically calculated curve of reflectivity
versus frequency for plasma resonance in a semiconductor
with a relative dielectric constant of 14, This curve is
very similar in shape to those in Figures 6.4 through 6.7,
Equations (3.36) and (3.37) indicated that the complex free

carrier conductivity was given by

2 2
Gv _ w WT) é.o/ﬁc | (6.1)
e - wh? s (wye)”
2 2 2
W mww’e (Lw - w
“f = w? = e%( 7wn : 2 (6.2)
(Lof - W7+ (W/E)

b

Different values of the depolarization factor L along the
three rectangular sample axes could account for the pre-
sence of more than one resonant frequency., Table 6,3
indicates remarkable agreement between the ratio of the

two observed resonant frequencies for each sample and the



TABLE 6.3, Comparison of resonant frequencies
and depolarization factors for several CdS samples

Sample Dimension Dimension Dimension w_, W, W,/ we., (La/Ib)%
No. a(in,) b(in,) c(in.) (GHz) (GHz)
2 04236 0420 0.65 10.6 11.6 0,914 0.92
2 0.20 0420 0465 11.6 9.25 1426 1.19
i 0.18 10,27 0,68 11.5 9.l 1,222 1.225
4 0.15 0.27 0,68 12,28 9,68 1.27 1.34
5 0,234 0,34 0.71 12,1 10.45 1.16 1.18
L
L be /\b

a ™ ab + be + ca

b ™ ab + bc + ca

N

Ccds

ab Sample a

c ¥ ab + be + ca

N
o

16
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square root of the ratio of the two depolarization factors
L, and L. However, for sample No, 4 when the "a" dimen-
sion was reduced from 0,80 in, to 0,150 in,, the theory
predicted that w. ., should increase and “QQ should decrease,
Zxperiment confirmed that W, did increase by the pre-
dicted amount, however, ute appeared to also increase.

The actual variation in the lower resonant frequency “42

was difficult to determine from the experimental data
because the VSWR was high over a considerable frequency-
range.

3) Other possible explanations are permanent dipole
relaxation or excitatioh of a transverse optical phonon
mode, The latter explanation in terms of an acoustical
mode is a definite possibility since Cd5 is a partially
ionic compound and the data in Table 6.3 indicates a
relationship between the resonant frequencies and the
sample dimensions., CdS is frequently used as a transducer
Tor converting microwave photons to microwave phorions.

The only reliable conclusion that can be drawn is that
there is definitely a strong resonance phenomena present
but the experimental data is too limited to permit a deter-

mination of the cause, This is a very interesting problem

requiring extensive additional recsearch,.

F. Attenuation and Phase Shift easurements

The purpose of this section is to describe the experi-
mental results of the attenuation and phase shift produced

at X-band by various photoexcited CdS samples,
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Figure 6.9 illustrates the increased attenuation pro-
duced by CdS sample No, 2 under moderate (40 foot-candles)
illumination inside a slotted line section of X-band wave-
guide. The changes in power were measured directly by a
thermistor and microwave power meter combination., Care was
taken to repeatedly rezero the power meter, The figure in-
dicates a small (0,2 db) average attenuation at all frequen-
cies in the X-band range with large variations superimposed
at the "resonant" frequencies, This data confirmed the
resonance phenomena described in the previous section., The
exact dark conductivity of this sample was unknown, however,
approximate dc resistance measurements indicated that the
conductivity was 10'5 mhos/m. The theoretical calculations
from Chapter V demonstrated that the conductivity must be in-
creased into the range of 0,1 mhos/m to 10 mhos/m in order to
produce significant attenuation of a 10 GHz microwave signal,
Under the illumination used, the conductivity of the sample
could be increased to a maximum of approximately 1072 mhos/m,
This 1limitation coupled with the fact that the sample filled
only one-third of the waveguide cross section explains the
reason for the low average attenuation, This emphasizes
the importance of knowing the range over which the conduct-
ivity must be varied in order to produce attenuation. The
theoretical calculations in Chapter V are a necessary pre-
requisite to the design of any photoconductive microwave
devices,

A microwave bridge arrangement (shown in Figures 6,10
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and 6.11) was setup to permit simultaneous measurcment of
the changes in attenuation and phase shift produced by
photoexcited CdS. TIsolators and attenuators were inserted
at critical points in the bridge to insure a low VSWR where
required., The results for sample MNo, 2 are shown in Figure
6.12, The small average attenuation revealed by direct
power measurement is not shown in Figure 6,12 because of the
lower sensitivity of the bridge measurements, The shape of
the attenuation and phase shift curves are similar to the
results expected for resonance absorption and anomalous
dispersion., The small shift in the resonant frequencies
‘Detween Figures 6.9 and 6,12 could be due to any one or a
combination of such factors as temperature changes, slight-
ly different crystal orientation inside the waveguide, use
of two different frequency meters, etc. Typical values for
the changes in attenuation and phase shift produced by other
samples at a single frequency are shown in Table 6.4, 1In -
each case, the frequency used was outside the influence

of the "resonance" phenomena, Very little correlation

can be expected between the change in attenuation produced
by a sample and its dark conductivity, because the theoretical
calculations from Chapter V indicate that the sample thickness
is also a very important parameter., Correlation could be
evpected only if all the samples were of the same thickness
and completely filled the waveguide cross section. The
reasons for the small changes in attenuation shown in Table

6.4 are; too low a value of dark conductivity, non-optimum



FIGURE 6,11, Microwave bridge apparatus used for the attenuation
and phase shift measurements on Cds

L6



Change in Transmitted Power, db

-6.0—7—'— ’

T

-2 [} O——_

+1,0-

+2 4 0

+3404—

+ 0

+5,0-—

—T1+30
CdS Sample No. 2
q Thickness = 5,0 mm
—++25
X —T+20
X —+15
"
3 —+10
+£ -X— Power 1
o -Phase —t+ 5
\ A Angle::>o\ .
o \
>§o:§9 o——f——8—B—O——B g5 —%- 0
9.5 10,0 10.5 11.0 12,0
Frequency, GHz —- 5
4 —4=-10
Note: A plus sigh indicates an
increase when going from light
off to light on. ' —t+=15
—t-=20
g :
\)‘(l: N . 5

FIGURE 6.12, Change in microwave attenuation and
phase shift produced by C4S sample No, 2

degrees

Change in Transmitted Phase Angle,

86



TABLE 6,4, Typical values for the change in
microwave attenuation and phase shift produced by
illuminated CdS samples

Sample Attenuation Phase Shift Test
No. Change (db) Change (deg.) Frequency (GHz)
2 +0.15 +0 9.98
b +1,05 +4 84365
6 +147 -6 10,013
8 ~-1.85 =27 10.013
9 +0,13 +2 10,013
10 0 0 10,0

Note: A + sign indicates that that quantity increased when going from the dark

to the illuminated condition.

66



100

sample thickness, and, most important, insufficient filling
of the waveguide cross section. The experimental measurec-
ments indicate that for the optimum conditions dictated by
the theory of Chapter V it should be possible to obtain at
least 10 db of microwave attenuation by photoexcitation of

Cd5 crystals,

Ge Experiments with CdS Crystalline Powder

The problems with growing large single crystals of CdS
make the use of crystalline powder or sintered layers de-
sirable, The large surface area to volume ratio for a
powder usually results in a free carrier lifetime one to
two orders-of-magnitude less than that for a single crystal,
This produces a corresponding decrease in the light to dark
conductivity ratio. Unfortunately, this means that the
attenuation changes produced by the powdered form will be
only 1/100 to 1/10 of that produced by the single crystal,

Figure 6,13 shows the apparatus used for compressing
the powdered material. Various binders were tried. The
binder most commonly used in the literature was a 37 mixture
of ethyl cellulose in diacetone alchol, This resulted in
an easily scratched powder possessing practically no mechani-
cal strength, The author found that the use of a small
amount of polystyrene plastic cement resulted in a strong,
durable powder. With either binder the changes in attenua-
tion due to illumination were barely detectable (typically
0,05 db at 40 foot-candles)., Considerable resecarch with

powdered materials is required., It may be possible through
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FIGURE 6.13.
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the interaction of microwaves and photoexcited powders to

measure the interfacial polarization and the surface lifetine,
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VII. MICROWAVE MEASUREMENT OF THE FREE CARRIER LIFETIME

AND COMPLEX PERMITTIVITY OF SEMICONDUCTING MATERIALS

A, TIntroduction-

The purpose of this chapter is two-folds

1) Develop the theory for the microwave measurement
of free carrier lifetimes, and then present the experimentally
measured results for dc and microwave lifetimes of electrons
in CdS;

2) Discuss some of the methods used and experimental
difficulties encountered in the measurement of complex per-
mittivity, and then present experimental results for the
conductivity measurements on thin silicon wafers.

Both of the topics discussed in this chapter are of
extreme practical importance. The free carrier lifetime,
conductivity, and dielectric constant are key parameters
which determine most of the electrical propérties of any
material. A detailed understanding of both derived theory
and experimental techniques are required in order to make
accurate measurements of any one of the above three para-

meters,

B, Lifetime lMeasurement

1 dc Lifetime

The circuit used to measure the dc lifetime of the
photoexcited majority carriers in CdS is presented in Figure
7.1, and a photograph of the experimental apparatus is

shown in Figure 7.2. The output voltage is determined by
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FIGURE 7,1, Circuit used to measure the dc lifetime of CdS
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FIGURE 7.2, Experimental apparatus used to measure the dec ljife=-
time of electrons in CdS
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VR
Rs(t) + RL

Immediately after the cessation of a light pulse the time

Vo(t) = (701)

varying sample resistance is

R(t) = =2 - L (7.2)

oA qun, + (An)exp(-t/’l':n)A,

where n, and An represent the dark equilibrium density and
photoexcited density of free electrons, respectively, L and
A are the length and cross sectional area of the rectangular
sample, and ‘tn is the electron lifetime, Tor the Cds
samples tested n_ was 1016 to 1017 electrons/m3 and An was
1019 to 1020 electrons/mB. Hence, Rs(t) can be accurately

approximated by

Ry(t) m Kyexp(t/® ). (7.3)
Choocing the load resistor RL much less than Rs(t) vields
vo(t) - Kzexp(-—‘t/'cn)i (7e44)

The electron lifetime can be measured from é photograph of
the exponentially decaying voltage waveform on the oscillo-
scope, Typical photographs are shown in Figure 7.3, Log-
arithmic plots of the voltage decay data from the two
photographs are presented in Figure 7.4. The initial life-
times for samples No., 2 and 5 are 42 msec and 19,5 msec,
respectively. In most cases exponential decays with two
different time constants (lifetimes) were observed. These
different lifetimes are easily explained in terms of trapping
effects (86), The lifetime was found to decrease with in-

creasing light intensity as indicated by Ryvkin (87). The
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(a)

(b)

FIGURE 7.3. dc lifetime measurement of CdS. (a) Sample

No. 2, Vert, = 10 mvolts/cm, Horz. = 20 msec/cm; (b) Sample
No. 5, Vert. = 10 mvolts/cm, Horz. = 10 msec/cm, (Bottom
line is reference,)
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extent to which surface conditions affected the lifetime
was not investigated., This experimental procedure can
be considered accurate only for times up to aprroximately
two or three initial time constants. For times after this,
the assumption that
(An)exp(-t/T ) >> n_, (745)
used in der%ving equation (7.5), may no longer be valid,
Indium contacts were formed on the CdS samples by
pressing thin wafers of In on each end of the samples and
then passing a large current (10 mA) at high voltage (400 V)
through the illuminated sample for a few seconds., Illumin-
ation of the contacts during the lifetime measurements

produced less than a 10% change in the lifetime,

2, Microwave Lifetime

A detailed derivation of the time varying microwave
pover transmitted through a scction of rectangular wave-
guide filled with a linear, isotropic, homogeneous material
with a time varying conductivity is presented in Appendix
E, A thorough understanding of this derivation, including
the assumptions, 1s a necessary prerequisite to making
accurate experimental measurements, The resulting exXpression
for the transmitted power is

P (1) ~ Poexp[}(exp(—'t/'l‘:n)] , (7.6)
where Po and K are constants defined in the Appendix, 1In
the literature review it was pointed out that many invest-
igators are using an oversimplified expression for Pt(t)

which neglects the transmission and reflection coefficients
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at the material boundaries., This, plus violation of the
assurption that o<<wé&, results in questionable experimental
data for much of the work published to date,

The results presented ih this dissertation are Tor low
conductivity, single crystals of CdS. A block diagram and
photograph of the experimental apparatus are shown in
Figures 7.5 and 7.6, respectively. The power incident on
the CdS crystals, Pi' was adjusted such that the change in
the voltage output from the microwave detector was pro-
portional +to 1oglO[Pt(t)/P£]. Thus, the detectlor voltage
displayed on the oscilloscope was of the form

v(t) = vV + K exp(-t/® ), (7.7)
where V, represents a time independent reference lével. The
free electron lifetime, Q:n, can be determined from the time
constant of the exponential porfion of v(t)., A typical
pnotograph is shown in Figure 7.7, and the results for CdS
samples No., 2 and 5 are plotted in Figure 7.8. Both samples
have brief (10 msec) initial exponential decays with time
constnntls approximately 507% longer than thelr respective
dc measured values, Ffollowed by lonz (150 msec) exponential
decays each with a time constant of approximately 200 msec.
All samples tested Tollowed this same general pattern. A
major reason for the difference in the initial lifetime
measured at dc and that measured at microwave frequencies is
the differcnce in illumination conditions. 1In order to

satisfy the assumptions for each type of measurement, the

illumination was strong in the dc case and weak in the
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FIGURE 7.5 Block diagram of the experimental apparatus used for the microwave measurement
of the free electron lifetime in CdS
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FIGURE 7.6. Experimental apparatus used for the microwave meas-
urement of the electron lifetime in CdS
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FIGURE 7.7. Microwave lifetime measurement of CdS sample
No. 2, Vert, = 10 mvolts/cm, Horz. = 20 msec/cm.
(Top line is reference level,)
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microwave case.' Normally, the measured lifetime decreascs
with increasing light intensity, and, hence it was expected
that the de lifetime would be smaller than the microwave
lifetimes The time constant of the second exponential
decay could not be accurately measured by the dc technique.,
The manufacturer's measurements of electron lifetime were
not available for the specific crystals tested, however,
typical values for the "average" lifetime of crystals of
this type afe 150 msecc to 600 msec (88), There is some
doubt about the true cause of the long lifetime measured

at microwave frequencies, In the above discussion the cause
was assumed to be the trapping and later thermal release of
conduction electrons. Even though the measured value of
200 msec falls within the expected range, the author has

an intuitive suspicion that such effects as dipole relaxa-
tion may have influénced the measured value, Considerable

further research is required in this area,

Ce Complex Permittivity lieasurement

1. General Discussion

In general the deteriination of both the real and imag-
irnary parts of the complex permittivity at a particular
frequency requires two irdependent measurements, Ieasure-
ment of the magnitude and phase of the reflection coefficient
or magnitude and phase of the transmission coefficient are
two exanples., For a given sample thickness and frequency,

the computer calculations of Chapter V could be expanded
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into a set of nomographs from which the real and imaginary
parts could be easily determnined from experimental data,
If either the real or iraginary part is known, then only
one experimental measurement is required.

The theory used in predicting the experimental results
for complex permittivity measurements assumes perfect
contact between the sample and the waveguide walls., This
i1s never achieved in practice, since there are usually
very small air gaps betwecen the sample and the walls., If
either O = wéb or éb>20 significant errors can result
in the measﬁred values of dfzmmi etﬂ Champlin, et al.,
(89, 90) have amalyzed this problem in considerable detail
and proposed a unique solution, If circular waveguide,
operating in a mode\with the transverse electric field in
the radial direction only, is used instead of rectangular
waveguide, then there is no electric field across the
sample-waveguide Jjunction and potential barriers at the
junction have no influence on the measured result, This
particular technique could be easily used to measure the con-
ductivity of silicon wafers since they are normally of cir-
cular cross section. This would eliminate one of the major
sources of error when measuring the conductivity of highly
conductive samples,

In the remainder of the chapter, computer calculated
results are used in combination with experimental measure-

ments for rectangular waveguide to determine the relative

dielectric constant of some lossless dielectrics and the
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conductivity of several thin C3i wafers.

2. lMNeasurement of the Relative Dielectric Conastant of

Losslecs Dialectrics

The main purpose of this section is to provide additional
experimental verification of the theory and computer prograns
used in Chapter IV and V. TFigure 7.9 shows the calculated
variatign in V3WR with relative dielectric constant for a
rectangular waveguide filled with a homogeneous, lossless
dielectrices The relative dielectric constant was determined
by measuring the VSWR produced by a 5 mm thick sample and
then using Figure 7.9. The execellent agreement between the
measured values and the manufacturer's published values is

s’

evident from Table 7.1,

3. Measurement of the Conductivity of Thin Silicon

Wafers

The purpose of this section is to demonstrate the feas-
ability of using microwave techniques to measure the con-
ductivity of Si wafers., The microwave method measures the
average conductivity of the bulk material, whereas, the
presently used four point probe technique determines the
conductivity of only one small section of a wafer. Also,
the probe method requires corrections when used on "thin"
samples and is more influenced by surface conditions than
are the microwave measurements,

Assuming the relative dielectric constant is known

( Gr = 12), the conductivity can be determined from the re-
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Measured#
VSWR

o3
5.4
3.9
1,41

TABLE 7.,1. Comparison of experimentally measured and
manufacturer specified values of the relative dielectric

constant of several lossless dielectrics

€r from
Computer Data

2,9
3.8
6.7
9.95

Notes Sample thickness is 5 mm in each case,

* 10,0 GHz

er from
Manufacturer's

Specifications
3.0
h,o
6.0
10,0

611
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sults of a simple VSWR measurement., Using an arrangement
similar to that shown in Figures 6.2 and 6,3 (with the 1light
source removed), each wafer was placed transverse to the wave-
guide axis between the two flat flanges connecting the

slotted 1line and the matched loads A production line process
for automatic microwave conductivity measurements could be
patterned after this technique. The VSWR measurements were
used in combination with computer calculated data to determine
the conductivity. In Table 7.2, the results of the micro-
wave measurements for several samples are compared with the
manufacturer's measured range., The microwave measurements
are.consistently near the smaller value of the expected range.
The uncertainty in the sample thickness could account foF
this, since an average value was used in the computer cal-
culation, In order to perform highly accurate microwave
measurements, the tolerance on the thickness measurements
would have to be reduced and the frequency should be ad just=-
ed to bring the VSWR into the 1.2 to 1.4 range. By using dif-
ferent frequencies in the 1 GHz to 30 GHz range, conductivities
from approximately 0,01 mhos/m to 50 mhos/m could be accurate-

ly measured,



TABLE 7.2, Comparison of microwave conductivity measurements
with the manufacturer's expected range for several thin Si wafers

Sample Thickness Manufacturer's VSWR Microwavet
(mils) Measured Range Conductivity
(mhos/m) (mhos/m)

1,0 - 4.5 5 - 10 1.53 7.1
1.8 - 2.2 33 - 50 1.87 31
1,8 - 2,2 11 - 20 1.40 13
1.8 - 2,2 b - 6,7 1,21 4,9
1.8 = 2,2 6.7 - 10 1,24 6.5
1.7 - 2.3 16,7 - 25 1,43 1k
1.6 = 2.3 36 - 43 2,0 36
2,0 - 3,0 20,8 - 3.13 : 1,70 22
2,5 - 3.3 11.4 - 19 1.62 15
2,8 - 3,2 29,2 - 48,4 ?}25 32
*9 GHz
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VIII, MICROWAVE APPLICATIONS FOR PHOTOCONDUCTIVE MATERIALS

A, Introduction

The purpose of this chapter is to briefly describe three
new microwave applications for photoconductive materials and
to add some new ideas to one existing application., In some
cases the results of limited experimental work are described.
The author also investigated additional applications such as
demodulation of microwave modulated light, variable frequency
bandpass filters, microwave mixing, and frequency multi-

plication, which are not described.

B, Photocontrolled Antenna Array

By using either the photoconductive or photodielectric
effect of certain materials it is possible to vary ampli-
tude and phase of the electromagnetic energy radiated from
each element in an antenna array, This can be accomplished
by placing a properly shaped sample of the material in each
feed line leading to the individual elements, in a manner
similar to that presently used for ferrite phase shifters,
The theoretical calculations of Chapter V indicate that at
least 10 db of attenuation or 30 degrees of phase shift
could be obtained with reasonable light intensities (< 100
foot-candles) if the sample thickness and dark conductivity
are properly chosen,

Another method of forming an antenna array (91) was
attempted experimentally., This consisted of covering

(almost completely) the open end of an X-band waveguide



123

terminated in an "infinite" ground plane with a thin single
crystal of CdS. It was anticipated that illumination of
alternate strips, parallel to the narrow wall of the wave-
guide, would reduce the radiation from these strips because
of their increased conductivity, thus causing the resulting
antenna pattern to be dependent upon the non-illuminated
strips. It was further anticipated that the antenna pattern
could be changed by changing the width, separation, and
number of nonilluminated strips, The experiment failed
because the light diffused throughout the entire crystal
resulting in essentially a uniformly increased conductivity,
rather than alternate highly conductive strips. Further
experiments were not attempted, however, if the light dif-
fusion problem can be eliminated (possibly by the use of
individual erystals separated by light shields) the above
method could result in a very unique and practical antenna

array.

Ce Variable Impedance Waveguide Terminations

Variable impedance waveguide terminations for impedance
matching and mismatching purposes can be made if photocon-
ductive material is used as part of the termination., Figure
8.1 shows the theoretically predicted variation in VSWR with
increasing conductivity of the photoconductive material for
the particular load arrangement shown in the insert of that
figure. For the photoconductive section terminated with a

waveguide of characteristic impedance ZOL = 1,0 + jO.5, the
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VSWR can be varied from 21 to 8 by increasing the conductivity
from 0,01 mhos/m to 5.0 mhos/m. The range over which the
VSWR varies can be easily changed by changing the sample
thickness., Table 8.1 indicates the experimental results

for the VSWR and impedance of a different load arrangement
under illuminated and non-illuminated conditions. A Smith
chart was used to determine the characteristic impedance

from measurements of the VSWR and the shift in the first
minimum point of the VSWR pattern, when the load was replaced
by a "short circuit”. The table indicates that the illumina-
tion increases considerably the real part of the load im-

pedance, but has little effect on the imaginary part.

D, Precision Variable Attenuator

Figure 8.2 shows an artist's conception of a photo-
'controlled,vprecision variable, microwave attenuator. The
attenuation is produced by the photoconductive coating on

the thin dielectric strip. The attenuation is increased by
mechanically increasing the width of the slit in the 1light
shield between the source and the photoconductor. The purpose
of the photodiode is to supply a voltage to the calibration
meter, that is proportional to the light intensity from the
source, The calibration meter indicates when recalibration

is necessary because of changes in the light source intensity.
Devices of this type should be capable of producing an at-
tenuation accurate to within #0.,05 db for at least the 0 db

to 5 db range. More exotic designs using such sources as



TABLE 8,1, Variation in VSWR and impedance with
jllumination conditions for a photoconductive waveguide load

CdS Sample Illumination Location of Characteristic
No. Condition First Minimum VSWR - Impedance (ohms)

1 No light 9.32 cm 2,0 0,57 - j0.34

Lo fec 9.35 cm 1.7 0066 - j0.30

2 No ligh‘t 9.53 cm 14 0,15 =~ j1.02

14'0 fe 9-53 cm 3.8 0.5 - j009

3 No light 9.05 cm 11.8 0,08 - j0,0

40 fc 9,05 cm 4,8 0,20 = j0,0

Arrangement of load:

from | Sample Matched

source Holder Termination
Light X-band waveguide with non-radiating

slot cut in narrow wall

921
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FIGURE 8,2, Artist's conception of a photocontrolled, pre-
cision variable, microwave attenuator
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GaAs light emitting diodes may also prove practical., These
designs would permit electronic rather than mechanical var-

iation of the attenuation.,

E. Microwave Modulation

A limited amount of work (42, 92, 93) has already been
done in the area of photoconductive modulation of a microwave
carrier, The long lifetime of the free carriers presently
seriously limits the modulation to frequency components less
than approximately 100 KHz, Both phase and amplitude mod-
ulation of either the transmitted or the reflected signal
are possible, depending upon the range over which the
conductivity is varied. This was illustrated in Chapter V,
Figure 8,3 indicates a new and potentially useful effect,

For the case of phase modulation of the reflected signal,
the range of phase variation may be increased if the photo-
conductive section of the waveguide is terminated with a
reactive load, For a matched load the phase may be varied
by typically 80 degrees, however, Figure 8.3 shows that this
may easily be increased to 110 degrees for a load with a
characteristic impedance of (1 + jO.5) ohms, )

Another very promising modulation technique is variation
of the dielectric constant by photoexcitation., Very little
work has been done in this area because the change produced
in the room temperature dielectric constant at microwave

frequencies by phaotoexcitation is normally considered negli-

gible for the materials presently used, However, the experi-
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Aments conducted by the author on CdS (Chapter VI) gave some
indications of significant changes in dielectric constant as
well as conductivity. A 10% change in the dielectric constant
can have as much of an effect as an order-of-magnitude change
in the conductivity. Hence, only approximately a 5% change

in the dielectric constant is required to make photodielectric

modulation practical.,
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IX, SUMMARY

A, General Summary

The primary emphasis has been on the derivation and
numerical solution of the electromagnetic field equations
for propagation through rectangular waveguide filled with
a lossy, isotropic, linear, inhomogeneousg media. The
theoretical effects of photoinduced conductivity and di-
electric constant variations on microwave attenuation,
phase shift, and voltage standing wave ratio were calculated
and plotted for typical examples in the X-band frequency
ranges. The theoretical predictions were verified gualitative-
ly by experiment., Microwave measurements of the free electron
lifetime in CdS and the conductivity of thin Si wafers were
accomplished successfully. An unusually strong, room tem-
perature resonance phenomena was observed experimentally in
CdS, Some possible explanations were discussed, but no
definite conclusions were drawn, Finally, several new micro-

wave applications for photoconductive materials were described,

B. Summary of Original Contributions by the Author

The more significant original contributions presented in
this dissertation are listed below in their order of impor-
tance.,

1) The most important original contribution was the
calculation and plotting of microwave attenuation, phase
shift, and VSWR as functions of conductivity, sample thick-

ness, and frequency. Many important practical conclusions
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were drawn from these graphs. Although others have considered
a few special cases, no one has published results as compre-
hensive as that presented in Chapter V,

2) The accurate microwave measurement of the conductivity
of thin Si wafers has demonstrated the practical usefulness
of this techniques Although others have performed such
measurements on thick (1 cm) samples, very few have attempted
measurements on the more commonly used thin wafers with
thicknesses ranging from about 0,05 mm to 0,5 mm,

3) A detailed derivation of the microwave transmission
through a rectangular waveguide filled with a material having
a time varying conductivity was presented. The results of
this derivation were used in the microwave free carrier life-
time measurements. This derivation included the effect of
reflection from the sample being tested, something often
ignored by others, and also clearly indicated all assumptions
that must be met in order to make accurate lifetime measure-
ments. The method used in this derivation was developed by
the author,

4) Successful measurement at microwave frequencies of
the free electron lifetime in CdS was reported., Techniques
similar to those used by the author have been previously
used by others on Si and Ge, but to date no results have been
reported for CdS, |

5) An unexpected resonance phenomena, which has the
potential of developing into an important discovery, was

observed in CdS. No such effect has bBeen reported in the



133

literature, This phenomena may provide information about
some property of CdS such as a microwave-acoustical inter-
action or a plasma resonancee.

6) Several new microwave applications of photoconductors
were described. and a few new ideas concerning photoconductive

and photodielectric microwave modulation were presented,

Ce Suggestions for Further Research

The following suggestions for additional research have
been grouped according to the three general areas considered

in this dissertation.

1« Microwave Interaction with Lossy Dielectric Materials

There is a definite need for more theoretical work con-
cerning the free carrier contribution to the complex per-
mittivity of semiconductors. One of the major problems
involves the formulation of the correct relationship between
the locally acting electric field and the macroécopic electric
field, when depolarization and plasma resonance effects are
included,

Extensive experimental work on the resonance phenomena
observed in CdS is needed, and is presently being planned by
the author., By narrowing down the possible causes, theoreti-
cal work can be initiated that will hopefully explain the
phenomena,

Work on the photodielectric effect at microwave fre-
quencies has scarcely begun, Both theoretical and experimen-

tal efforts are required in this area,
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The microwave properties of photoconductive crystalline
powders must be investigated. The present theories on the
effects of potential barriers at the grain boundaries and
interfacial polarization require critical review and ex-
perimental verification.

Some extremely difficult theoretical work is also re-
quired concerning electromagnetic wave propagation through
a waveguide filled with a lossy, anisotropic media. Since
most materials are anisotropic to some extent, such theory
is required before experimental results can be satisfactor-

i1y predicted and explained,

2., Microwave Measurement of Material Properties

Considerable work remains to be done on the microwave
measurement of the free carrier lifetime in many materials.
Differences between dc and microwave measured values may
prove useful in distinguishing photoconductivity effects
from photodielectric éffects. The influence of the method
of excess carrier generation (photoinduced, injected, etc,)
also requires further investigation,

Limited wofk has been done on the microwave measurement
of the mobility of free carriers in Si and Ge. More accurate
experimental methods plus measurements on other materials are

required,

3o Microwave Applications

After the completion of some of the more basic research

mentioned in Section (1), the detailed design of some practical
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microwave devices should be attempted. Although some possible
devices have already been described, it is inevitable that
more useful applications will become apparent as further

research is conducted,
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APPENDIX A
DEFINITION OF ELECTRIC FIELDS INTERNAL

AND EXTERNAL TO A DIELECTRIC

When discussing an electric field in conjunction with
a dielectric media it is mandatory that the particular
field under consideration be clearly defined. Frequently
in the literature the symbol E is used without a clear
definition of its meaning and much confusion and incorrect
interpretation results. The purpose of this Appendix is
to define and explain the notation used for electric field
1ntens1ty in this dissertation,

The electric fields ass001ated w1th a dielectric (A15)
may be subdivided as indicated in Figure A,1, The fields

are defined as followsi

Eapp - the applied field outside the dielectric.,

Eext - the resulting field external to the dielectric.
This is the field used in Maxwell's equations
applied external to the dielectric.

E&e - the depolarizing field produced by the surface

P charge on the dielectric,
E. . the resulting macroscopic field inside the
in dielectric., This is the field used in Maxwell's
equation applied internal to the dielectric,
P - the resulting polarization vector field inside

the dielectric,

the field inside the cavity due to the surface
charge on the cavity wall,

éﬁl

=
'

the field produced by the dipoles which fill
the cavity with the exception of the dipole
located at the center of the cavity (point C),

cav

Ei - the resulting field (local field) at point C
o¢ excluding the field of the dipole at that point,
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=i

ext

v

E

app

Free space, €,
Dielectric, €= €. &,

Hollow
spherical
Savity

FIGURE A,1. Various electric fields associated
with a dielectric medium
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Hence,

Eint = Bext * Egep = Bext - L P/e, (A.1)
where L is the depolarizing factors L is determined only by
the geometry of the dielectric and is used to relate the

resultant internal and external fields., The local field at

point C is

Eloc = Eext + Edep + Ehd + Ecav (4.2)
where

Ebd = T:;/(360)’ (A.B)
and

Bcav = 0 - (AJb)

for homogeneous materials with a high degree of crystal

symmetry,
Hence,
Eloc = Ti.’m‘t: + ?/(350) = Eext - L F/é-o + F/(Béo).

(A.5)
Note that the internal field is reduced in comparison to the
external field, and that the local field is increased in
comparison to the internal field. Since L ranges between 0
and 1, the local field can be either greater than or less
than the external field., In the text the symbol E is used
to represent the resultant macroscopic field in the medium
under consideration. Hence, at one boint E may represent
E;xt
specific meaning of E is indicated if it is not obvious from

and at another point E may represent Eint‘ The

the context, '
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APPENDIX B
FREE CARRIER GENERATION RATE

PRODUCED BY PHOTON ABSORPTION

Consider a semi-infinite photoconductive layer (Figure

Bo1) with light of intensity I; incident at z = 0",

X '

/10y

photoconductive
layer

/-

___» 7///
)

0 z=d

air

P

||

zZ

FIGURE B.1. Light beam incident on photoconductive layer
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I; = Q4hf = Qhe/A (Bo1)

Q; = AI,/he = (5,035 x 1021, (B.2)
where Qi is the rate at which photons are incident on each
square meter of the plane z = 0, h is Plank's constant,
¢ is the speed of light In free space, and A is the wave-
length of the incident light in free space,

Let R equal the reflection coefficient at z = 0,
Then (1-R2) equals that portion of the incident energy
transmitted into the material., Let 8 equal the quantum
efficiency and & equal the coefficient of absorption. Then,
assuming that 6 is large enough so that reflection from the
2 = d plane may be neglected, the expression for the light
intensity as a function of z is

I(z) = (1 - RZ)I.l exp(-62)3 0<z < d, (B.3)
The rate at which photons are incident on each square meter
of an arbitrary plane z is

Q(z) = (5.035 x 102u)x(1 - R2)Iiexp(-6z); 0€z <d.,

(Bolt)

The free hole-electron generation rate, f(z), is given by B

times the negative of the rate at which photons are being

absorbed,
£(z) = g[-da(z)/az]. (B. 5)
£(z) = (5,035 x 10°%)(1 - R°)BA6T exp(-52); O %z &d
(B.6)
Let
I, = (5.035 x 10°%) (1 - F)srsy (B.7)
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Then,

f(z) = Ioexp(-bz); 0 <2z <, (B,.8)

Note that the units of I, are wr:rt:ts/m2 and the units of
I, and f(z) are (hole-electron pairs)/ma-sec.

Example Problem - For a CdS sample arranged as shown in

Figure B,1, determine the light intensity, Ii’ required
at 2 = 0 in order to produce a conductivity of 1 mho/m at
the front face ( z = O+). Assume G, = 0.

In simplest terms

An(z) = £(2)T . (B.9)

¢ = 1 mho/m = q.&, &n(0") (B.10)
Using ML, = 10"2m2/Vsse¢,

An(o™) -1; mho/m -
1.6 x 10 coul) (10" "m"~ /V-sec)

An(0") = 6.3 x 10°Celec/m3, (Bo11)

For t’n = 10'Bsec,
£(ot) An(O"’)/’L‘n = 6,3 X 1020elec/m3/10"33ec

= 6,3 x 1023e1ec/m3-seac (B.12)

Using the following typical values,

B = 0.5
& = 1500/m
A= 52002
(1 - B¥) = 0,6
I, = £(0%)/[(5.035 x 102")86r(1 - R2) (B.13)
I, = 6.3 x 1023e1ec[m3-sec

(5,035 x 102”/jou1e-m)(0.5)(1500/m)(5.2 x 10" 7m) (0.6)
534 watts/m2
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Using 1 lumen = 1,46 x 10”3 watt,

I, = 3,66 x 107 1umen/h? = 36,6 1umens/bm?.

The total luminous output of a typical 300 watt,
narrow beam spotlight is 3800 lumens. Such a light source
couid produce the required conductivity over approximately

a 100 cm? area.
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APPENDIX C
DERIVATION OF EQUATIONS RELATING An(z) AND Ap(z) FOR

AN INHOMOGENEOUSLY ILLUMINATED PHOTOCONDUCTIVE LAYER

The equations describing the operation of a photo-
conductor with a single trapping level (A11) are sum-

marized below:

dp/ 9t = -Ap/Tp + 8y = Tgy + £ - V'-.fp/q (Ce1)
I/t = ~An/T  + g - Ty * T+ VeI /q (C.2)
M/ g = Tot = By * &yt~ Ty (C.3)
J, = Q4PE - aD, P (C.4)
J = a¥nE +qD  n : (C.5)
77,47, (C.6)
V€. =/ | (C.?)

Since steady-state conditions will be assumed, the
terms involving the capture and release of carriers by
traps will all equal zero., Further, assuming no external
electric fields are applied the previous set of equations

reduce to:

0 = -Ap(z)/Fp + £(2) - V*T /a (C.8)
0=- An(z)/E, + £(2) + V*J /q | (C.9)
T, = al,(p, + Ap(z)) E - aD 7 (Ap(2)) (C.10)
I = el (n, + Bn(z)) E + qDb \/(An(z)) (Ce11)
J = TI'p +J =0 (C.12)
V'E.b_b: = q(ap(z) - An(z)). (C.13)

Dn and Dp are the diffusion coefficients for electrons
and holes, respectively., Under most conditions the 4if-

fusion coefficient and mobility for a particular type of
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carrier are related by
D/ = kT/q. (Colly)
If grain boundaries or other potential barriers are
present, such as in a crystalline powder material, then
the dc value of D and & may be an order-of-magnitude
smaller than the corresponding high frequency ac values,
For the equations presently being discussed dc values

should be used,
Substituting equations (C,10) and (C.11) into
equations (C.8) and (C.9), respectively, ylelds:

Dpdz(Ap(z))/dz2 - ,L(pEd(Ap(z))/dz

- QUp,Ap(2)/ €y - q,upAP(Z)Z/eb

+ qu,an(z)(p, + Ap(2))/ €&, - Ap(2)/T,

+ f(z) = 0 (Ce15)
D d?(An(z))/dz? + & _Ed(An(z))/dz

- QU nn An(z)/ &, - q,anAn(Z)z/éb

+ qu, Ap(z)(n  + An(z))/ €, - &An(z)/T,

+ f(z) = 0 (C.16)
V+€.E = a(bp(z) - An(z)). (Ce17)
The above three, coupled partial differential equations
must be solved for An(z), Ap(z) and E. E represents the

Dember field produced when Dp ] D
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APPENDIX D
COMPUTER PROGRAMS FOR NUMERICAL SOLUTION

OF _THE ELECTROMAGNETIC FIELD EQUATIONS

The purpose of this Appendix is to present the two
ma jor computer programs used in this dissertation. Each
program is written in the Fortran IV computer language.,
The first program, a listing of which begins on page 156,
was designed to calculate the electromagnetic energy
transmitted through a lossy, homogeneous, semi-infinite
slab located in free space. The second program, a listing
of which begins on page 162, was designed to calculate the
electromagnetic energy transmitted through a lossy, inhomoge-
neous materiai in a rectangular waveguide, In both programs
such parameters as frequency, dielectric constant, conductiv-
ity, and sample thickness may be easily varied, Typical
output variables which may be both printed and plotted are
frequency, dielectric constant, conductivity, sample thickness,
power reflected, power absorbed, power transmitted, angle of
reflection coefficient, angle of transmission coefficient, VSWR,
and attenuation, A different plot routine is illustrated
with each program, The Fortran symbols used for the input

and output variables are defined in Table D.1.,
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TABLE D,1, Definition of some of the variables
: used in the computer programs

Fortran Text
Symbol Symbol Definition
RELDC €, Relative dielectric constant
WIDTH Sample thickness (meters)
FREQ £ Cyclic frequency (Hz)
SIGMAO Sy Dark conductivity of a homo-
geneous sample (mhos/m)
SIGMAI, SIG oy Conductivity of the ith
layer (mhos/m)
SIGMAZ Conductivity of the homogeneous
slab in free space (mhos/m)
XLIGHT Ii Intensity of incident light
(watts/hz)
ATTN 6 Absorption coefficient of
light (m~1)
XMUPDC dc hole mobility (mz/V-sec)
XMUPAC Mo, ac hole mobility (mz/V—sec)
TAUP ij Hole lifetime (sec)
XMUNDC dc electron mobility (mz/V-sec)
XMUNAC M ac electron mobility (mz/v-sec)
TAUN Th Electron lifetime (sec)
PHI1 Incident angle of electromagnetic
wave for slab in free space (rad,)
RSQRD, RR ‘ Relative power reflected
SSQRD, SS Relative power absorbed
TSQRD, TT Relative power transmitted
VSWR, SWR ~ Voltage standing wave ratio
RPHASE, PPH Angle of reflection coefficient

(dege)



TABLE D.1.

Fortran
Symbol

TPHASE, TPH

DBB, DB

Continued

Text
Symbol
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Definition

Angle of transmission coef-
ficient (deg.)

Attenuation of transmitted
wave (db)



Computer program for the calculation of the electromagnetic energy transmitted

through a lossy, homogeneous, semi-infinite slab located in free spaces

FORTRAN IV G LEVEL 1, MOD 2 MAIN

0001
0002
0003
0004
0005
0006
0007
0008

0009

0010

0011
0012
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023

C VANDOREN

C
C

C WAVE PROPAGATION THROUGH A THIN, LOSSY,

C
C

100
150
200
250
300

DATE = 69009

SINGLE LAYER**FREE SPACE

ISOTROPIC LAYER

DIMENSION SIG(500),RR(500),TT(500),SS(500),PHI(500)
DIMENSION SWR(500),RPH(500),TPH(500),DB(500)

DIMENSION FRE(500),WID(500),REL(500)

DIVMENSION CON(6)

COMPLEX X1,Y1,K2,XSIN2,X2,XC0S2,ETA2D2,ARGPJ,ARGMJ,22,T3,R3, T2
COMPLEX R2,M3(2,1),M2(2,2),M1(2,2),M23(2,1),M123(2,1)

COMPLEX R,T,CSQRT,CEXP,CONJG,CMPLX,23,ZX

50 FORMAT(///T6,'SIGMA',T16, 'RSQRD',T26, 'TSQRD',T36, *SSQRD’,

READ(1,100)FREQ, DFREQ, JFREQ
FORMAT(2E20, 3, 120)
READ(1,150)RELDC, DRELDC, JRELDC
FORMAT(2F20,5,120)
READ(1,200)WIDTH, DNIDTH, JWIDTH
FORMAT(2F20,5,I20)
READ(1,250)SIGMA,DSIGMA, JSIGMA
FORMAT(2F20,5,120)
READ(1,300)PHI1,DPHI1,JPHI1
FORMAT(2®20,5,120)
WRITE(3,100)FREQ, DFREQ, JFREQ
WRITE(3,150)RELDC, DRELDC, JRELDC
WRITE(3,200)WIDTH, DWIDTH, JWIDTH
WRITE(3,250)SIGMA2,DSIGMA, JSIGMA
WRITE( 3, 300)PHI1,DPHI1, JPHI1

XT46, *VSWR',T55, ' RPHASE', 765, * TPHASE', 777, 'DB', T88, 'FREQ"',

XT99, '"WIDTH',T109, 'RELDC',T119, 'PHI1'//)

961



oo2b RFREQ=FREQ

0025 RRELDC=RELDC
0026 RWIDTH=WIDTH
0027 RSIGMA=SIGMA2
0028 RPHI1=PHI1
0029 1=0
0030 J=0
oogl 2X=(1.0,0,0)
0032 b1 J=J+1( 49) 2
00 WRITE(3,43
oogg 43 FORMAT(///2F10.3//)
0035 IPHI1=0
0036 9 IPHI1=IPHI1+1
0037 IRELDC=0
0038 7 IRELDC=IRELDC+1
0039 IFREQ=0
0040 5 IFREQ=IFREQ+1
0041 WRITE(3, 50)
0042 IWIDTH=0
0043 3 IWIDTH=IWIDTH+1
ookk ISIGMA=0
00ks5 1 ISIGMA=ISIGMA+1
o046 I=T+1
c PROP CONST FOR MEDIA 2 (PHOTOCONDUCTIVE LAYER)
o047 OMEGA=6,28#%FREQ
oous8 SIGOM=SIGMA2/OMEGA
00l9 , DIEL=RELDC*8,85E-12
0050 X1=CMPLX(DIEL,-SIGOM)
0051 Y1=CSQRT(X1)
0052 OMPER=OMEGA*1,121E-073
0053 K2 =0MPER#* Y1 '
o PROP CONST FOR MEDIA 1 (AIR)
0054 K1=0OMEGA/3,0E+08
C COSINE OF ANGLE OF REFRACTION IN MEDIA 2
0055 XSIN1=SIN(PHI1)
0056 XSIN2=(K1*XSIN1)/K2

LS



0057
0058
0059
0060
0061
0062
006
00
0065
0066
0067
0068

0069
0070
0071
0072
007

007

0075
0076
0077
0078
0079
0080
0081
0082

0083
0084
0085
0086
0087

0088
0089
0090

X2=1,0+XSIN2#*XSIN2

XC0S2=CSQRT(X2)

ETA2D2=K2*XCOS2*WIDTH
ARGPJ=(0,0,1,0)*ETA2D2

ARGMJ=(0,0,~-1,0)*ETA2D2

21=377

Z23=377.0%2X

22=(OMEGA*1,257E-06) /(K2#XC0S2)
T3=(2%23)/(23+22)

R3=(23-22) /(23+22)

T2=(2*%22)/(22+21)

R2=(22-21)/(22+421)

CALCULATION OF MATRIX ELEMENTS
M3(101)=(1009000)

M3(291)=(0009000)

M2(1,1)=CEXP(ARGPJ) /T3
M2(2,2)=CEXP(ARGMJ) /T3

M2(1,2)=R3*M2(1,1)

M2(2,1)=R3*M2(2,2)

M1(1,1)=1,0/T2

M1(1,2)=R2/T2

M1(2,1)=M1(1,2)

M1(2,2)=M1(1,1)

M23(1,1)=M2(1,1)*M3(1,1)+M2(1,2)%*M3(2,1)

M23(2,1)=M2(2,1)*M3(1,1)+M2(2,2)*M3(2,1)

M123(1,1)=M1(1,1)*M23(1,1)+M1(1,2)*M23(2,1)

M123(2,1)=M1(2,1)*M23(1,1)+M1(2,2)*M23(2,1)
TOTAL REFLECTION AND TRANSMISSION COEFFICIENTS
=M123(2,1)/M123(1,1)

RSQRD=R*CONJG(R)

T=M3(1,1)/M123(1,1)

TSQRD=T*CONJG(T)*REAL(1,0/2X)

SSQRD=1.0-RSQRD-TSQRD

CALC OF INCIDENT AND REFLECTED AMPLITUDES

EISQRD=M123(1,1)*CONJG(M123(1,1))

EIMAG=SQRT(EISQRD)

DBB=~10,0*AL0G10(EIMAG*EIMAG/REAL(1.0/2X))

851



0091
0092
0093
0094
0095
0096
- 0097
0098
0099
0100
0101
0102
0103
o104
0105
0106
0107
0108
0109
0110
0111
0112
0113

0114
0115
0116
0117
0118
0119
0120
0121
0122
0123
0124
0125
0126
0127

ERSQRD=M1213(2,1)*CONJG(M123(2,1))
ERMAG=SQRT(ERSQRD)
VSWR=(EIMAG+ERMAG)/(EIMAG-ERMAG)
TPHASE=(-57,3)*ATAN2 (AIMAG(T) , REAL(T))
RPHASE=(~57.3)*ATAN2 (AIMAG(R) , REAL(R))
IF(RPHASE-0,0)20,21,21
20 RPHASE=360,0+RPHASE
21 CONTINUE
IF(TPHASE-0.0)22,23,23
22 TPHASE=360,0+TPHASE .
23 CONTINUE -
RR(I)=RSQRD
TT(I)=TSQRD
SS(I)=SSQRD
PHI(I)=PHI1
SWR(I)=VSWR
RPH(I)=RPHASE
TPH(I)=TPHASE
DB(1)=-DBB
FRE(I)=FREQ
WID(1)=WIDTH
REL(I)=RELDC
WRITE(3,400)SIGMA2, RSQRD, TSQRD, SSQRD, VSWR, RPHASE, TPHASE, DBB
XFREQ, WIDTH, RELDC, PHI1
400 FORMAT(8F10.4,E13,3,F10.5,2F10.4)
SIGMA2=SIGMA2#*DSIGMA
IF(ISIGMA-JSIGMA)1,2,2
2 SIGMA2=RSIGMA
WIDTH=WIDTH+DWIDTH
IF(IWIDTH-JWIDTH) 3,4,4
4 WIDTH=RWIDTH
FREQ=FREQ+DFREQ
IF(IFREQ-JFREQ) 5,6,6
6 FREQ=RFREQ
RELDC=RELDC+DRELDC
IF( IRELDC-JRELDC)?7,8,8
8 RELDC=RRELDC
PHI1=PHI1+DPHI1
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0128
0129
0130
0131
01132
0133
01134
0135
01136
0137
0138
0139
0140
0141
0142
0143
0144
0145
0146
0147
0148
0149
0150
0151
0152
0153
0154
0155
0156
0157
0158
0159
0160
0161
0162
0163
016k

10

L2

20

71

73

IF(IPHI1-JPHI1)9,10,10
CONTINUE
ZX=2X+(0.0,0,0)
IF(J-1)41,42,42
CONTINUE

CALL
CALL
CALL
CALL
CALL
CALL
CALL

PENPOS ( 'VANDOREN',8,0)
NEWPLT (2,25,2.25,9.75)
ORIGIN (0.0,0,0)

XSCALE (0,0,0,015,7.5)
YSCALE (0,0,1,01,4,0)
XAXIS (0.001)

YAXIS (0.1)

DO 70 1=1,180,60

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

XYPLT (WID(I),TT(I),60,1,-1)
ENDPLT

NEWPLT (2.25,2.25,9.75) .
ORIGIN (0,0,0,0)

XSCALE (0,0,0,015,7.5)
YSCALE (0.0,1.0,4,0)

XAXIS (0,001)

YAXIS (0.1)

DO 71 I=1,180,60

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

XYPLT (WID(I),RR(I),60,1,-1)
ENDPLT

NEWPLT (2 025'2 025'9075)
ORIGIN (0.,0,0,0)

XSCALE (0,0,0,015,7.5)
YSCALE (0,0,360.,0,4,0)

XAXIS (0,001)

YAXIS (30,0)

DO 73 I1=1,180,60

CALL XYPLT (WID(I),RPH(I),60,1,-1)

CALL ENDPLT

CALL
CALL

NEWPLT (2.25,2.25,9.75)
ORIGIN (0.0,0,0)

CALL XSCALE (0,0,0,015,7.5)

CALL

YSCALE (0.0,360,0,4,0)
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0165
0166
0167
0168
0169
0170
0171
0172
0173
0174
0175
0176
0177
0178
0179
0180
0181
0182
0183
0184
0185
0186
0187
0188
0189
0190

74

75

76

CALL
CALL

XAXIS (0,001)
YAXIS (30.0)

DO 74 I=1,180,60

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

XYPLT (WID(I),TPH(I),60,1,~1)
ENDPLT

ORIGIN (0,0,0,0)

XSCALE (0.,0,0.015,7.5)

YSCALE (-0,01,10.,0,4.0)

XAXIS (0,001)

YAXIS (1.0)

DO 75 I=1,180,60

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

XYPLT (WID(I),DB(I),60,1,-1)
ENDPLT

NEWPLT (2.25,2.25,9.75)
ORIGIN (0.0,0.0)

XSCALE (0.0,0.,015,7.5)
YSCALE (0.0,15.0,4,0)

XAXIS (0.,001)

YAXIS (1.0)

DO 76 I=1,180,60

CALL XYPLT (WID(I),SWR(I),60,1,-1)
CALL ENDPLT

CALL LSTPLT

CALL EXIT

END
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Computer program for the calculation of the electromagnetic energy transmitted

through a lossy, inhomogeneous material in a rectangular waveguide:

FORTRAN IV G LEVEL 1, MOD 2 MAIN DATE = 69048
C VANDOREN MULTIPLE LAYER**WAVEGUIDE
c
c
C WAVE PROPAGATION THROUGH MEDIA INSIDE WAVEGUIDE
c
C

0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023
0024
0025

100
200
300
koo
500
600
700
800

DIMENSION SIG(500),RR(500),TT(500),SS(500)

DIMENSION SWR(500),RPH(500), TPH(500),DB(500)

DIMENSION REL(500),WID(500),FRE(500),XLE(500),ATT(500)
COMPLEX X3,Xk, GAMMA GAMWID, ARGPJ ARGMJ 20,21, 22 »23,T3,R3
COMPLEX T2,R2,M3(2, 1) M2(2,2), M1(2 2), M23(2 1) M123(2 1)
COMPLEX R, T chLx CSQRT CEXP, CONJG 2X

READ(1, 100)RELDC DRELDC JRELDC

FORMAT(ZFZO.S,IZO)
READ(1,200)WIDTH, DWIDTH, JWIDTH, LAYERS
FORMAT(2F20.7,120,15)

READ(1,300)FREQ, DFREQ, JFREQ

FORMAT(2E20.5,120)

READ(1,400)SIGMAI, DSIGMA, JSIGMA

FORMAT(2F20,5, 120)

READ(1, 500)SIGMAO

FORMAT(F20,5)

READ(1,600)XLIGHT, DLIGHT, JLIGHT

FORMAT(2E20,5,I20)

READ(1,700)ATTN, DATTN, JATTN

FORMAT(2F20,.5,I20)

READ(1,800)XMUPDC, DMUPDC , JMUPDC

FORMAT(2E20,5,120)

READ(1,800)XMUPAC, DMUPAC, JMUPAC
READ(1,800)TAUP, DTAUP, JTAUP

READ(1,800)XMUNDC, DMUNDC, JMUNDC
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0026
0027
0028
0029
0030
00131
0032
0033
0034
0035
00136
0037
0038
0039
0040
0041
0032
00
i
0045
ooL46
o047
oous
0049
0050
0051
0052
005
005
0055
0056
0057
0058
0059
0060
0061
0062

READ(1,800)XMUNAC, DMUNAC, JMUNAC
READ(1,800) TAUN, DTAUN JTAUN
RLIGHT=XLIGHT
RATTN=ATTN
RMUPDC=XMUPDC
RMUPAC=XMUPAC
RTAUP=TAUP
RMUNDC=XMUNDC
RMUNAC=XMUNAC
RTAUN=TAUN
RWIDTH=WIDTH
RFREQ=FREQ
RSIGMA=SIGMAI
RRELDC=RELDC
WRITE(3,1500)RELDC, DRELDC, JRELDC
1500 FORMAT(///2F20.,5, 120)
WRITE(3.1600)WIDTH DWIDTH, JWIDTH, LAYERS
1600 FORMAT(/2F20,8,2120)
WRITE(3, 1700)FREQ DFREQ, JFREQ
1700 FORMAT(/?EZO.S,IZO)
WRITE(3,1800)SIGMAO
WRITE(3,1600)SIGMAI, DSIGMA, JSIGMA
1800 FORMAT(//F20.5)
WRITE(3,1700)XLIGHT, DLIGHT, JLIGHT
WRITE(3,1600)ATTN, DATTN, JATTN
WRITE(3,1700)XMUPDC, DMUPDC, JNUPDC
WRITE(3,1700)XMUPAC, DMUPAC, JMUPAC
WRITE(3,1700)TAUP, DTAUP, JTAUP
WRITE(3,1700)XMUNDC, DMUNDC, JMUNDC
WRITE(3,1700)XMUNAC, DMUNAC, JMUNAC
WRITE(3,1700)TAUN, DTAUN, JTAUN
1=0
J=0
ZX=( 1 .0.0.0)
91 J=J+1
WRITE(3,93)2X
93 FORMAT{///2F10,3//)
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0063 IWIDTH=0

0064 "1 IWIDTH=IWIDTH+1

0065 IFREQ=0

0066 3 IFREQ=IFREQ+1

0067 IRELDC=0

0068 5 IRELDC=IRELDC+1

0069 OMEGA=6,28#FREQ

C TRANSMITTED ENERGY FOR DARK CONDUCTIVITY

0070 DIEL=RELDC*8,85E-12

0071 X1=(3.14/2 ,286E-02 ) #*2 -OMEGA*OMEGA*1 ,2 57E-06*DIEL
0072 : X2=0MEGA*1,257E-06#SIGMAO

007 X3=CMPLX(X1,+X2)

007 : GAMMA=CSQRT(X3)

0075 GAMWID=GAMMA*WIDTH

0076 ' ARGPJ=GAMWID

0077 ARGMJ==GAMWID

0078 22=((0.0,1,0)*0OMEGA*1,257E~06) /GAMMA
0079 X1A=(3,14/2 ,286E-02 ) ##2-0OMEGA* OMEGA*1 ,2 57E-06*8 ,85E-12
0080 X4=CMPLX(X1A,0,0)

0081 21=((0,0,1,0)*0OMEGA*1,257E-06) /CSQRT( X4)
0082 23=21 .

0083 20=273

0084 T3=(2%23) /(23+22)

0085 R3=(23-22)/(23+22)

0086 T2=(2%#22)/(22+21)

0087 R2=(22-21)/(22+21)

0088 M3(1,1)=(1.0,0,0)
0089 M3(2,1)=(0.0,0,0)

0090 M2(1,1)=CEXP(ARGPJ) /T3

0091 M2(2,2)=CEXP(ARGMJ) /T3

0092 M2(1,2)=R3*M2(1,1)

009 M2(2,1)=R3*M2(2,2)

009 M1(1,1)=1.0/T2

0095 M1(1,2)=RR/T2

0096 M1(2,1)=M1(1,2)

0097 M1(2,2)=M1(1,1)
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0098
0099
0100
0101
0102
0103
0104
0105
0106
0107
0108
0109
0110
0111
0112
011

011

0115
0116
0117
0118
0119
0120
0121
0122
0123

0124

0125
0126
0127
0128
0129
01130
0131

M23(1,1)=M2(1,1)*M3(1,1)+M2(1,2)*M3(2,1)
M23(2,1)=M2(2,1)*M3(1,1)+M2(2,2)%M3(2,1)
M123(1,1)=M1(1,1)*M23(1,1)+M1(1,2)*M23(2,1)
M123(2,1)=M1(2,1)*M23(1,1)+M1(2,2)*M23(2,1)
R=M123(2,1)/M123(1,1)
RSQRD=R*CONJG(R)
T=M3(1,1)/M123(1,1)
TSQRD=T*CONJG(T)
SSQRD=1,0~RSQRD-TSQRD
EISQRD=M123(1,1)*CONJG(M123(1,1))
EIMAG=SQRT(EISQRD)
ERSQRD=M123(2,1)*CONJG(M123(2,1))
ERMAG=SQRT(ERSQRD)
VSWR=(EIMAG+ERMAG) /( EIMAG-ERMAG)
TPHASE=~57.3*ATAN2 (AIMAG(T) , REAL(T)
RPHASE=-57,3*ATAN2 (AIMAG(R) , REAL(R)
IF(RPHASE-0,0)40,41,41

40 RPHASE=360.0+RPHASE

41 CONTINUE
IF(TPHASE-0.0)42,43,43

42 TPHASE=360,0+TPHASE

3 CONTINUE
OUTPUT=EIMAG
DBA=(-20,0)*AL0OG10(EIMAG)
WRITE(3, 50)

50 FORMAT(///T5,'SIGMA',T15, 'RSQRD',T25, 'TSQRD', T35, 'SSQRD’,
XT4 5, 'VSWR',T55, ' RPHASE', T65, ' TPHASE',T75, 'DB',T85, ' RELDC',
XT95, 'WIDTH',T105, 'FREQ'/)

WRITE(3,900)SIGMAO, RSQRD, TSQRD,SSQRD, VSWR, RPHASE, TPHASE, DBA,

XRELDC,WIDTH, FREQ
900 FORMAT(9F10.4,F10,5,E10,2)

INUNDC=0
21 IMUNDC=IMUNDC+1

IMUPDC=0
19 IMUPDC=IMUPDC+1

ITAUN=0
17 ITAUN=ITAUN+1
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0132
013

013

0135
0136
0137
0138
0139
0140
0141
0142
01473

0144
0145
0146
0147
0148

0149 -

0150
0151
0152
0153

0154
0155
0156
0157
0158
0159
0160
0161
0162
0163

ITAUP=0
15 ITAUP=ITAUP+1
IMUNAC=0
13 IMUNAC=IMUNAC+1
IMUPAC=0
11 IMUPAC=IMUPAC+1
JATTN=0
9 IATTN=IATTN+1
ILIGHT=0
7 ILIGHT=ILIGHT+1
WRITE(3,51)

51 FORMAT(///T5,'SIGMA',T15, 'RSQRD',T25, *TSQRD', T35, *SSQRD"’,
XT45, 'VSWR',T55, 'RPHASE', T65, ' TPHASE', T75, 'DB', T85, ' RELDC*,
X795, *WIDTH',T105, ' FREQ*,T115, ' XLIGHT',T125, *ATTN" //)

DELTAZ=WIDTH/LAYERS

ISIGMA=0

29 ISIGMA=ISIGMA+1

I=1+1

23=20%2X

M3(1,1)=(1.0,0.0)

M3(291 )""(0000000)

2=WIDTH-DELTAZ/2,0

ILAYER=0

23 ILAYER=ILAYER+1

CONDUCTIVITY VARIATION ACROSS PHOTOCONDUCTIVE SIAB
TRANSMITTED ENERGY FOR LIGHT CONDUCTIVITY
MATRIX FOR ITH LAYER

OMEGA=6,28%FREQ

DIEL=RELDC*8,85E-12

X1=(3,14/2 ,286E-02)##2_OMEGA* OMEGA*1 ,2 57E-06*DIEL

X2=0MEGA*1,257E-06*SIGMAT

X3=CMPLX(X1,+X2)

GAMMA=CSQRT(X3)

GAMWID=CAMMA*DELTAZ

ARGPJ=GAMWID

ARGMJ=~GAMWID

22=((0,0,1,0)*OMEGA*1,257E-06) /GAMMA
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0164
0165
0166
0167
0168
0169
0170
0171
0172
0173
0174
0175
0176
0177
0178
0179
0180
0181
0182
0183
0184
0185
0186
0187
0188
0189
0190
0191
0192
0193
0194
0195
0196
0197
0198
0199
0200

24

T3=(2%23)/(23+22)

R3=(23-22)/(23+22)
M2(1,1)=CEXP(ARGPJ) /T3

M2 (2,2 )=CEXP(ARGMJ) /T3
M2(1o2)=R3*M2(191)

M2(2,1)=R3*M2(2,2)
M23(1,1)=M2(1,1)#M3(1,1)+M2(1,2)*M3(2,1)
M23(2,1)=M2(2,1)*M3(1,1)+M2(2,2)*M3(2,1)
M3(1,1)=M23(1,1)

M3(2’1)=M23(2’1)

23=22

2=2-DELTAZ

IF(ILAYER-LAYERS)23,24,24

T2=(2%22) /(22+21)

R2=(22-21)/(22+21)

M1(1,1)=1,0/T2

M1(1,2)=R2/T2

M1(2,1)=M1(1,2)

M1(2,2)=M1(1,1)
M123(1,1)=M1(1,1)*M23(1,1)+M1(1,2)*M23(2,1)

- M23(2,1)=M1(2,1)*M23(1,1)+M1(2,2)*M23(2,1)

Ly

R=M123(2,1)/M123(1,1)
RSQRD=R¥CONJG(R)
T=(1.0,0.0)/M123(1,1)
TSQRD=T*CONJG(T)*REAL(1.0/2X)
SSQRD=1,0-RSQRD-TSQRD
EISQRD=M123(1,1)*CONJG(M123(1,1))
EIMAG=SQRT(EISQRD)
ERSQRD=M123(2,1)*CONJG(M123(2,1))
ERMAG=SQRT(ERSQRD)
VSWR=(EIMAG+ERMAG) /(EIMAG-ERMAG)
TPHASE=~57, 3* ATAN2 (AIMAG(T), REAL(T))
RPHASE=-57, 3* ATAN2 (AIMAG(R) , REAL(R) )
IF(RPHASE-0,0)44 45,45
RPHASE=360,0+RPHASE

CONTINUE

IF(TPHASE-0,0)46,47,47
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0201
0202
0203
0204
0205
0206
0207
0208
0209
0210
0211
0212
021

021

0215
0216
0217

0218
0219
0220
0221
0222
02273
0224
0225
0226
0227
0228
0229
0230
0231
0232
0233
0234
0235

0236

46 TPHASE=360,0+TPHASE
L7 CONTINUE

DBB=-10,0*AL0G10(EIMAG*EIMAG/REAL(1,0/2X))
SIG(1)=AL0G10(1001,0%SIGMAT)

RR(I)=RSQRD

TP(I)=TSQRD

SS(I)=SSQRD

SWR(I)=VSWR

RPH(I)=RPHASE

TPH(I)=TPHASE

DB(1)=-DBB

REL(I)=RELDC

WID(I)=WIDTH

FRE(1)=FREQ*1,0E-09

XLI(I)=XLIGHT

ATT(I)=ATTN
WRITE(3,1000)SIGMATI, RSQRD, TSQRD, SSQRD, VSWR, RPHASE, TPHASE, DBB,
XRELDC,WIDTH, FREQ, XLIGHT, ATTN

1000 FORMAT(9F10.4,F10.5,3E10,2)

30

10

12

14

16

SIGMATI=SIGMAI*DSIGMA
IF(ISIGMA-JSIGMA)29, 30,30
SIGMATI=RSIGMA
XLIGHT=DLIGHT*XLIGHT
IF(ILIGHT-JLIGHT)?7,8,8
XLIGHT=RLIGHT
ATTN=ATTN+DATTN
IF(IATTN-JATTN)9,10,10
ATTN=RATTN
XMUPAC=DMUPAC*XMUPAC
IF(IMUPAC-JMUPAC)11,12,12
XMUPAC=RMUPAC
XMUNAC=DMUNAC#*XMUNAC
IF(IMUNAC-JMUNAC)13,1%,14
XMUNAC=RMUNAC
TAUP=DTAUP*TAUP
IF(ITAUP-JTAUP)15,16,16
TAUP=RTAUP
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0237 TAUN=DTAUN*TAUN

02138 IF(ITAUN-JTAUN)17,18,18
02139 18 TAUN=RTAUN
0240 XMUPDC=DMUPDC*XMUPDC
0241 IF( IMUPDC-JMUPDC)19,20,20
0242 20 XMUPDC=RMUPDC
02413 XMUNDC=DMUNDC#* XMUNDC
0244 IF( IMUNDC-JMUNDC)21,22,22
0245 22 XMUNDC=RMUNDC
0246 WIDTH=WIDTH#*DWIDTH
0247 : FREQ=FREQ*DFREQ
0248 IF(IFREQ~JFREQ) 3,4,4
0249 L4 FREQ=RFREQ
0250 | RELDC=RELDC+DRELDC
0251 IF(IRELDC-JRELDC)5,6,6
0252 6 RELDC=RRELDC
0253 WIDTH=WIDTH+DWIDTH
0254 IF(IWIDTH-JWIDTH)1,2,2
0255 2 WIDTH=RWIDTH
0256 2X=2X+(0,0,0,0)
0257 IF(J-1)91,92,92
0258 92 CONTINUE
C PLOT PROGRAM RR, TT, SS, RPH, TPH, SWR, AND DB VS SIGMA
0259 CALL PENPOS ('VANDOREN',8,0)
0260 CALL NEWPLT (2.,25,2.25,9.75)
0261 CALL ORIGIN (0,0,0.0)
0262 CALL XSCALE (0.0,6.0,7.5)
0263 CALL YSCALE (0,0,1.0,4,0)
0264 CALL XAXIS (1.,0)
0265 CALL YAXIS (0.1)
0266 DO 60 I=1,93,31
0267 60 CALL XYPLT (SIG(I),RR(I),31,1,-1)
0268 CALL ENDPLT
0269 CALL NEWPLT (2, 25,2 25 9.75)
0270 CALL ORIGIN (0,0,
0271 CALL XSCALE (0,0 6 o 7.5)

0272 CALL YSCALE (0,0,1, 0,4.0)
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0273
0274
0275
0276
0277
0278
0279
0280
0281
0282
0283
0284
0285
0286
0287
0288
0289
0290
0291
0292
0293
0294
0295
0296
0297
. 0298
0299
0300
0301
0302
0303
0304
0305
0306
0307
0308
0309

61

62

63

64

CALL XAXIS (1.0)

CALL YAXIS (0.1)

DO 61 1=1,93,31

CALL XYPLT (s1G6(1),TT(I1), 31, 1,-1)
CALL ENDPLT

CALL NEWPLT (2.25,2.25,9.75)
CALL ORIGIN (0,0,0,0
CALL XSCALE (0,0,6.0,7.5)
CALL YSCALE (0.0,1.0,4,0)

CALL XAXIS (1.0)

CALL YAXIS (0.1)

DO 62 I=1,93,31

CALL XYPLT (SIG(I),SS(I),31,1,-1)
CALL ENDPLT

CALL NEWPLT (2.25,2.25,9.75)

CALL ORIGIN (0.,0,0.,0)

CALL XSCALE (0.0,6.0,7+5)

CALL YSCALE (0,0,1.0,4,0)

CALL XAXIS (1.0)

CALL YAXIS (0.1)

DO 63 I=1,93,31

CALL XYPLT (SIG(I),RR(I),31,1,-1)
CALL XYPLT (SIG(I),TT(I),31,1,~1)
CALL XYPLT (SIG(I),SS(I),31,1,%1)
CALL ENDPLT

CALL NEWPLT (2.25,2¢25,9.,75)

CALL ORIGIN (0.0,0.0)

CALL XSCALE (0.0,640,7.5)

CALL YSCALE (0,0,10,0,4,0)

CALL XAXIS (1.0)

CALL YAXIS (1.0)

DO 64 I1=1,93,31

CALL XYPLT (SIG(I),SWR(I),31,1,-1)
CALL ENDPLT

CALL NEWPLT (2. 25 2.25,9, 75)

CALL ORIGIN (0,0,0.0)

CALL XSCALE (0,0,6.0,7.5)
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0310
0311
0312
031

031

0315
01316
0317
0318
0319
0320
0321
0322
0323
0324
0325
0326
0327
0328
0329
0330
0331
0332
0333
033
0335
0336

65

66

67

CALL
CALL
CALL

YSCALE (0.0,360,0,4,0)
XAXIS (1.0)
YAXIS (30.0)

DO 65 I=1,93,31

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

SYPLT (SIG(I) RPH(I),31,1,-1)
ENDPLT

NEWPLT (2.25,2,25,9.75)
ORIGIN (0.0 o.o)

XSCALE (0.0, 6 0, 5)

YSCALE (0.0,360, o 00)

XAXIS (1.,0)

YAXIS (30 0)

DO 66 1=1,93,31

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

XYPLT (SIG(I) TPH(I),31,1,-1)
ENDPLT

NEWPLT (2.25,2.25,9.75)
ORIGIN (0.0,0.0)

XSCALE (0,0,6.0,7.5)

YSCALE (000'9900,1400)

XAXIS (1.0)

YAXIS (5.0)

DO 67 1=1,93,31

CALL
CALL

XYPLT (SIG(I) DB(I),29,1,-1)
ENDPLT

CALL LSTPLT
CALL EXIT

END
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APPENDIX E
MICROWAVE TRANSMISSION THROUGH A

MATERYIAL WITH TIME VARYING CONDUCTIVITY

The purpose of this Appendix 1is to derive the expression
for the time varying microwave power transmitted through a
section of rectangular waveguide completely filled with an
isotropic, homogeneous material with a slowly time varying
conductivity. The waveguide section is shown in Figure E.1l.
"Slowly time varying" implies that E( dd/ 9t)<<a(JE/ at).

Assuming only a TE10 mode, the incident electric field
intensity is given by

fi = E, [exp Jj(wt - BOZ)] sin(ny/y, )2, . (E.1)
The transverse component of the incident magnetic field
intensity can be determined from Ei by

H, = _Efitijii a (E.2)

Wl e, Y '

Hence, :

Hyy = (B E/WAL,) [exp J(wt - BOZ)] sin(my/yg)age (E.3).
The real pow:r yi.ncident is

Py =l Z(fixﬁ;)-dE/Z. . (E.L)
Inserting the expressions for fi and H;, and integrating

over the waveguide cross section ylelds

2
s‘Eol Boxoyo. (E.S)

Fi b WM

Similarily the real power transmitted at z=d is

|Et|230xoyo 'lelEolzaoxoyo - 2
Py = = = o = |7|*py (E.6)
b WM M,
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FIGURE E.1, Microwave transmission through a rectangular waveguide
containing a slab of material with a time varying conductivity
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where T is the time varying total transmission coefficient
for the layer., For a single layer the matrix equation (4.35)

reduces to

Eq 1/1, R2/T2 exp(yd)/T3 R3exp(yd)/T3 Ey ( |
= E.?
E. RZ/TZ 1/7T, R3exp(-yd)/T3 exp(--yd)/T3 0
where
R, = (2 - Zo)/(Z + Zo) = - R3 , (E.8)
T, = (22)/(2 + 2) | (E.9)
T3 = (ZZO)/(Z + Zo). (E.10)

Zo and 2 are the transverse impedances of the air filled and
material filled waveguides, respectively., From equation

(E.?7)
Ei = {[exp(yd) + R.ZR3 exP(-Yd)J/(TZTngt' (E.11)
and the transmission coefficient is found to be

} T2?3exp(yd)

T . (E.12)
R2R3 + exp(2yad)
Forming the product (TT*) and simplifying yields
2 2
IT T.| “exp(2ad)
|T12 = 2| | 3 e« (E.13)

) ]Rzln + 2Re[§R§)2exp(27dﬂ + exp(l4ad)

Since usually |R2‘< 1, all terms in the denominator can be
neglected except exp(4ad). (For the low conductivity CdS
samples used in this research R2 ~ 0,3), Hence,

2L\, 2T 2exp(-2ad). (Eo14)
2 3
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where

uz z |2
1212| L .

| 2 |7 :

The impedance may be written as

\z+z

2, =3 w’“o/yo = W'uo/ao (E.16)
JwW w BB . + JjaB
= o - /uo [ g ~5 0 (E.l?)
Y Bo a + B

Inserting equations (E,16) and (E,17) into equation
(Ee15) and simplifying considerably, yields

2, 2 2
2 2 («” + B%)
T T = . (E.18)
'2' \3\ a2+(B+B°)E
For the 'I‘E10 mode in the material media |
= [(ﬂ/yl)z - wiu e + .iw‘Mod]*- (E¢19)
For frequencies above cutoff y may be approximated by
Y = w(,l,(oé)%[-l + j(a/uue)]i. (E.20)
Assuming o<<wW € , y may be further approximated by
Y =a+ 38 = (0/2) (M /e )}
+ jwu,€)3[1 + Freuf e?)]. (E.21)

The phase constant in the filled guide is approximately
related to the phase constant of the unfilled guide by
B~ B, er*s (E.22)

Using the above results equation (E.6) can be simplifyjied to
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Assuming n-type material,

o = q,un[no + (An)exp(-t/'t:n)] . (E.24)
Inserting equation (E.24) into equation (E.23) and simplify-
ing yields

Pi(t) =~ Poexp[Kexp(-t/’C‘n)] , (E.25)
where |

P = : erP'i- expl-qn (MU /€& )%d] (E.26)

° (1 + E&%;E
K = -q. An(d /€ )¥a, (E.27)

If all the assumptions used in this derivation are satis-
fied, then Po and K remain constant for weak illumination
and equation (E.25) may be used to determine the free
carrier lifetime., If the real part of the dielectric
constant, € , changes slightly (<40%) with illumination
intensity, the above results may still be used provided
the sample thickness is properly selected as indicated

in Chapter V,
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