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SCOPE AND CONTENTS: 

Measurements of the propagation characteristics of 10 ohm-em. 

n-type germanium subjected ~o .a.high electric field have been carried 

out at 9.522 GHz with a microwave reflection bridge. The experimental 

arrangementenab~ed measurements to be made with the microwave and 

ap~lied electric field vectors both parallel and at right angles. 

The expressions for the co-efficient at a particular measuring plane 

in the reflection bridge are derived. · 

The absolute resistivity and dielectric constant obtained 

by microwave measurement are compared with thoseof d.c. measurement 

and found to be in close agreementa 

Theoretical expressions fo~ the performance of a hot electron 

microwave rotator are also developed. 

(ii) 



ABSTRACT 

A method fdr the measurement of the micro\orave conductivity 

of a flemiconductor subjected to a high electric field is described, 

which provides for varying angles between the microwave and applied 

electl:"ic field vectors. The results of measurements on 10 ohm-em" 

n-type germanium at 9.522· GHz with applied electric fields up to 

3KV I ern. are given., 

The measurements show that the microwave conductivity is 

contrc:dled by the differential carrier rnobili ty (~~) for the con

dition of micre»rave and applied electric field vectors parallel. 
---·--~~-~--~--·- I 

For the case of the fields at right angles the microwave conduc-

tivity is controlled by a carrier mobility intermediate between the 

d. c. mobility (~) and the differential mobility (~;). 

Theoretical expressions for the performance of a proposed 

"Hot Electron Hicrowave Rotator" are developed. 

(iii) 
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LIST OF SYMBOLS 

= attenuation constant; angle between d.c. field and microwave 

field vectors. 

= attenuation constants due to x, y components of an electro-

magnetic wave in axial (z) direction. 

a, b. = waveguide dimensions; incident and reflected waves; semi-

major and minor axes; constants. 

A, B, C = constants in the expression for reflection co-efficient; A = 

twice the difference in the attenuator readings. 
j = attenuator read1ngs with sample terminated by a short. 

A ,A (s1)= attenuator readings with fixed short o r 

a 

d 

e 

£ 

= phase constant~ 

= phase constant in the empty wave guide. 

= phase constants due to x, y components of the wave in z 

direction 

= fcl. 
aod 

= sample thickness. 

= distance of the fixed short from measuring plane. 

= skin depth; angle between the semi-major axis and x-axis. 

= magnitude of electronic charge. 

•:. absolute permittivity of semi-conductor 

= relative dielectric constant. 

= absolute free space permittivity. 
(viii) 



E 

E 
X 

E 
y 

E ' 
X 

E ' y 

£L 

Eo 
•.6£ 

f 

GHz 

h 

H 

I 

K 

= 

= 

= 

= 

= 
= 

= 
= 

= 

= 

= 

= 

= 

= 

= 
= 

= 

= 

= 

= 

= 

= 
= 

d.c. electric field 

change in d.c. electric field. 

peak microwave field. 

component of microwave field along x-axis. 

component of microwave field along y-axis. 

component of microwave field along the major axis. 

component of microwave field along the minor axis. 

thermal equilibrium energy of the carrier. 

energy of the carrier at an electric field. 

change in carrier energy due to microwave fieldt 

frequency 

frequency of optical phonon. 
I 

figure of merit. 

giga hertz 

germanium 

'Planck~ constantQ 

magnetic field. 

current 

Holtzman's constant. 

residual attenuation of the attenuator. 

zero setting and fixed loss of the short circuit 

mean free path between collisians 

precision short reading with the sample terminated by a short. 

1
0

, 1(s1)= precision short reading with the fixed short. 

= precision short reading with • load ~0 • 
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1 = distance of the measuring plane from port 2. 
s 

L = length of the sample. 

m = mass of an electron. 

~ = mobility 

~0 = low field mobility; free space permeability. 

~~ = microwave mobility for the conditions of perpendicular micro-

wave and applied electric vectors. 

n = .number of electrons/unit volume. 

n1, n2 = constants.· 

P = average power carried by the wave. 

~ = angle of rotation or angular shift. 

~ ·- twice the difference in precision short readings with the 

p 

p(o) 

p(x) 

p(~~) 

a 

do 

a d.c. 

a' 

. I 

sample terminated by a short and with the fixed short. 

= reflection co-efficient; resistivity. 

= reflection co-efficient of the air-sample interface. 

= reflection co-efficient at a measuring plane. 

= reflection co-efficient at the fixed short. 

= semiconductor conductivity. 

= differential conductivity. 

= d.c. conductivity. 

= complex conductivity. 

= apparent conductivity. 

= microwave conductivity for conditions of parallel microwave 

and electric field vectors. 

a~ = microwave conductivity for conditions of perpendicular micro-

wave and applied electric field vectors. 
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R = resistance 

R 
e = equivalent resistance 

R = 
0 

.low field resistance of the sample. 

s =· scattering matrix 

t = timeo 

t' = angle in von Hippel graphs; relaxation time~ 

Tm = momentum relaxation time. 

T' = energy relaxation time a 
£ 

'T = energy 
E:Ol 

relaxation time corresponding to E 

T = optical phonon relaxation timee 
0 

T = thermal equilibrium temperature of an electron; magnitude 

von Hippel graphs. 

T = temperature of an electron at an electrtc field. 
e 

e = angle between d.c. field and microwave field. 

0 = velocity of acoustic phonons. 

= drift velocity of an electron. 

u
5 

= saturation drift velocity of an electron. 

uT = thermal velocity for an electron energy KT. 

u 
E 
au 
aE 
v 

~ differential mobility. 

= voltageo 

= radian frequency. 

= .cartesian co-ordinates 

= new position of the axis of the ellipseo 

= distance in the direction of propagation. 

= impedance of the empty wave guide. 
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Z(o) = input impedance of the air-sample interface. 

Zx = wave impedance due to the x-component of the wave in z-

y = 
= 

= 
= 

§ 

= 

direction. 

propagation constanto 

propagation constant of empty and semi-conductor filled wave 

guide respectivelyr 

propagation constant ~f the sample arm. 

wavelength in empty and semi-conductor filled wave guides 

respectively. 

angle of C
5

o 

conditions of parallel microwave and applied electric field 

vectors. 

~ = conditions of perpendicular microwave and applied electric 

field vectors. 

(xii) 



CHAPTER I 

INTRODUCTION 

This thesis describes a method of measurement of the microwave 

conductivity of a semiconductor subjected to a high electric field, 

which allows the angle between the microwave and applied d.c. electric 

field vectors to be varied. The method depends on the use of micro

wave reflection bridge and gives a means of measurement of the propa

gation constant of a wave ~ropagating in the semiconductor. 

The theory of operation of this measuring system is developed 

and the results of measurements on 10 ohm-em. n-type germanium are 

given. A possible application ~f the propagation phenomena described 

is a "Hot Electron Rotator" and theoretical work on the .performance of 

such a device is presented. 

1.1 HOT CARRIERS: 

When an electric'field is applied to a serni~onductor 1 the carriers 

are a.ccelerated gaining energy and momentum from the field. This excess 

energy and momentum are dissipated by the interaction of phonons (acoustic 

and optical) with the carriers. The rates of energy and momentum loss 

by the carriers are described by the energy and momentum relaxation times 

T£ and ·Tm• 

.. __ / 1 
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At high fields, the carriers absorb so much energy from the 

field that the temperature of the carriers becomes significantly 

higher than that of the lattice. The carriers are then designated as 

"warm" or "hot" carriers according to the magnitude of the kinetic 

energy resulting from the applied field. The idea of hot carriers 

was first introduced by Fr;hlich(l) in 1947 in connection with the 

theory of dielectric breakdown. Figure 1 shows the variation of 

energy and temperature with electric field. As the carrier energy 

increases, the momentum relaxation time t decreases and hence the 
m 

carrier mobility decreases. This leads to the saturation of drift 

velocity at high electric fields. This decrease in carrier mobility 

and resultant deviation from Ohm's lat-r in Ge at high fields have been 

. ' (2-4) (5) (6) stud1ed by Ryder and Shockley 1 Gunn and Larrabee 1 who 

ob 1tained the saturation drift velocity v in the range 4,5-9 KV/cm. 
5 

The most recent rneasuremepts have been reported in a number of papers 

written by workers at Stanford University and California Institute of 

Techn~logy. ( ?) 

1.2 LITERATURE SURVEY: 

The behaviour of semiconductors in microwave and pulsed fields 

( 8-15) 
has been investigated by a number of authors • 

Arthyr et al(lO) showed that microwave attenuations in presence 

of high field is proportional to differential mobility (~~) and that 

it decreases with increasing external electric field, He obtained 

saturation velocity v at4,5 KV/cm. with 5 ohm-em, germanium sample, s 

in ag~eement with Ryder, Shockley and others, 

Gibson et al(l2) measured the propagation constant in Ge at 
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FIGURE 1: .Variation of carrier energy (C) and temperature (T ) 
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with electric field, compared with tL and TL~ the 

thermal ~quilibrium values after Gibson etal(l2) 
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34.75 GHz and showed that the micro\orave conductivity cannot be 

identified with the d,c.·or differential mobility but it lies 

intermediate· between d.c. and differential mobility. 

Nag and. Das(la) derived the microwave. conductivity and 

change in apparent dielectrie constant from the distribution function 

of the carriers in a semiconductor subjected to a small microwave 

field and a high d. c. field, considering only acoustic and optical 

phonon scatterings. However, their theoretical results do not agree 

with the experimental results of Gibson(l2) in the acoustic phonon 

scattering region below SKV/crn, 
(14) . ' 

Gunn showed that the parallel microwave conductivity au 

of 10 ohm-em, n-Ge at 9.39~ GHz is governed by the differential 

mobility, ~d that the free carrier contribution to the dielectric 

constant is positive for applied fields above 500 V/cm. 

A recent paper on this subject appeared in 1965 by Dyk~an(lS) 

who performed a theoretical calculation of microwave conductivity 

under low d,c, field in the range 0-SOOV/cm., considering the im-

purity a intervalley and inter-electronic. scattering, 

ANISOTROPIC CONDUCTIVITY IN GE'RMANIUH AT HIGH ELECTRIC FIELD 

It has been argued from physical reasoning by Gunn(lG, 14) 

av 
that in Ge 1 a,, is ·governed by differential mobility aE and o.L is 

db d b .l. . v governe y . o Co mo l. J. ty ; ~· 



Since differential mobility and d.c. mobility are different, 

o.~, are also different and hence the microwave conductivjty 

angle between the microwave field vector and d.c. 

field vector. A possible application of this effect is in 

"Hot Electron Microwave Rotator" discussed in Chapter VI I. 

Howeve.r, since at higher frequency ( 12 ) {wt£ >> 1) a
11 

approaches 

it is clear that this proposed application of anisotropic con-

5 

at high electric field is limited to low frequencY (f< 10 GHz) 

limited value of T • 
£ 

The decreaqe of microwave attenua~ion in Ge at high electric 

prospect of very fast modulators and switches which 

would operate in the nano-second region. 
I 



CHAPTER II 

THEORETICAL CONSIDERATIONS 

2.,1 DEPENDENCE OF CONDUCTIVITY AND DIELECTRIC CONSTANT ON THE FREQUENCY AND 
THE CARRIER ENERGY 

The mobility of a semiconductor s·uhjected to a high field of 

radian frequency w at thermal e~uilibrium is given by(l2 ) 

where the average value of momentum relaxation time 

3 

- 2E 

< 
··>-. fm<E> t ?T dE 

T - § . rn 

Jf.2 e ~dE 
0 

and the complex conductivity 

A 2 T 
a(w)= ~ < m ) 

m l+]WT 
m 

2 ne 
=-rn 

'T 2 

< m , 0 ne 
'/ -Jw-

1+ 2 2 rn 
w Tm 

2 
T 

< m > 
l+w

2
-r 

2 
m 

where e 9 m are. charge and mass of an electron respectively. 

Maxwell's curl equation can be written as 

6 

(2.1) 

(2.3) 

(2.4) 



Equation 2.4 gives the conductivity, 

and apparent 

' 
2 T 

a = !!!!._ ( m 
m 2 

2 ne 
:;;;: -m 

= 0 0. 

l+w T 

<Tm) 

2> 
m 

2 [since at high fields ( wT ) £<.1] 
m 

dielectric constant, 

2 
2 

' ne < Tm 2> e:. :;;;:: £· --r r Tr'E 2 
0 l+w T 

m 

·S 0 
0 T = e·/ ... r m r 
0 

7 

(2.5) 

(2.6) 

The second term in equation 1 (2.6) is the electronic contribution to 

dielectric constant a 

lfuen the semiconductor is subdected to a high electric field, 

equations (2~5) and (2.6) are changed to 

11 to-t1 T 1 
0 = 0 [l .... 2n1 

l+w
2

T
2 

] 
0 fo' T 

£ 

(2.7) 

0 

a fo-fL ; .1 £ £ 0 
[T - 2n

1 
) = =r r· r m fo T 

l+w
2

T
2 

0 £ 

(2.8) 

0 

and 
T e: 

T 0 = 
1 + ( ) ·to-ft 

n2+nl to . 

(2.9) 



where EL = thermal equilibrium energy of the carrier, 

to = energy of the carrier at an electric field 

nl' n2 = constants 

Also. "'.m = a fnl = 4\ reo ... AEJ-n l 

:: a(-nl [1.- n 6£] = T 

o 1 fo mo 

and similarly 

[1- n ~] 
1 ,fo 

8 

E, 

(2.10) 

(2.11) 

where a, b are constants and ll€ = change of carrier energy by micrmrave 

field •. 

In the absence of an electric.field, Eo= eL' so that equations 
I 

(2.7) and (2.8) reduce to those of equations (2.5) and (2.6) and T = TE , 
0 

confirming the validity of these equations. 

(a) EFFECT OF HIGH FREQUENCIES 

At high frequenci~s (wT)
2 approaches infinity and the second 

termsin the parenthesis of equations (2.7) and (2.8) vanish, resulting 

and 

a'·· = o
0 

E t 
r 

(b) EFFECT OF LOvl FREQUENCIES 

At low frequencies (wT) 2 
<< lt so that the equations (2. 7) and 

(2.8) reduce to 



1 --------.] 

Eo-~ 
~ ne ~0 [1 - 2n1 Eo . ~ 

Ea-EL 
assuming (n2+n1 ) << 1. 

£o 
Thus, the mobility is reduced at high carrier energy and 

£ ' r 

a T 2n1a ~ -EL om o Co 
--+·· ---

£0 Eo Eo 

T 
£ 
.n 

where the third term shows the positive contribution to dielectric 

constant at high electric field. 

2.2 HOT ELECTRON THEORY 

9 

At low electric fields, the conductivity tensor is independent 

of the electric field, that is the electric current is ohmic, varying 

linearly with. E. At high fields this linear relationship between current 

and electric field fails. Shockley(!?) has pointed out that this deviation 

is more easily produced in semiconductors than in metals. Since the 

mean energy in a metal is 5 - 10 ev. and that in a semiconductor is 

3~T = 0,039 ev., a change in the mean energy of.the order of KT is a large 

change in semiconductors, while it is a small.change in case of metal. 
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(a) LOW FIELD CONDUCTION 

The exact value of mobility for a Maxwellian velocity. distribution 

is expressed(lS) as 

(2.12) 

where vT =~ g thermal velocit~ for an electron energy KTg m . 

m, e = mass and charge of an elec~ron i 

t =mean free path between collision. 

The mobility is 1 therefore, independent of E but depends on the type of 

scattering processes, namely impurity and lattice scattering. The former 

I 
dominates over the latter at 1~ temperature while opposite is true for 

high temperature. 

(b) CONDUCTION AT LOW, INTERMEDIATE AND HIGH ELECTRIC FIELDS 

In this range E ~ 1 - lOKV /em. , electrons and long wavelength 

acoustic phonons interact~ 

The. average rate of energy exchange due to acoustic phonons is 

given by(lS) 

< ~> :;;: dt . phonons 

2 
8 mu 

Where U ::: VelOCity Of·. aCOUStiC phonons II 

·R. = mean fre~ path be tween collisions , 

·Te = temperature· of electron at an electric field E, 

T = thermal equilibrium temperature of an electron. 



11 

At thermal equilibrium T = T and hence ( ~d£t )h = 0 i.e. e p onon 

there. is no average ener~1 gain by the electrons due to collision. 

Also, (~)field = e E" d 

For steady state, 

2~KT T 
e E " + ~ -~ [1 - _Te] = 0 

d tin m 
(2.13) 

Noting that, v · = .bJ. lJ E where \.lh = high field mobility d 1J 0 • 
0 

lJO = low field mobility 

e 1 
8 ]1/2 

[9TJm K T 
e .E = llo 

8 ]1/2 e t [9n m K T 
I 

= It;- I> E 
0 

e 
(2 .14) 

and emu 2 2KT 1/2 
- [---=.J 
t/Tf 

. m 

32 u2e T 9nKTem 
]1/2 = [..!:. 

n x 3 e .t T 8 

= 32 u
2 

e ~ 1 equation (2.13) reduces to 
3n J Y ~~ 

0 

or 
T T 3'71" lJoE ( e)2 - <i!-> --(- )2 = 0 r 32 u 

lJ E 

T 1 + [1 + 4 
3'11' ....,2_)2]1/2 

e 32 ( u -- (2.1S) 
T - 2 or 
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T. 

considering positive sign only, since Te >1 at high field. 

(i) Conduction at Low Fields 

At E>lKV/cm., ~ E~<<u, so that 
0 

terms or 

H-= 
By eq1uation (2.14) 

neglecting smaller 

ll E 
v = u [ 1 - _!. ~ ( ~) 2 ] E 

d 0 2 32 u 
( 2.16) 

which shows the decrease oi mobility with E. 

(~li) . Conduction at Medium Fields 

If the field is increased until ll E 
0 

reduct!!S to 

T e 1 -t 1(1 -t ~) 
r= 2 

and d:r'ift velocity drops to 

vd.= ~'ofle E 

-·----· -~::..-::~~=-----=--·--
= 0.707 ~ E 

0 

8 = 3 u, the equation (2.15) 



(iii) Conduction at High Fields 

At high field (E>!OKV/cm.), u· E>>u, so that· equation (2.1S) . 0 

becomes 

T 
e r= 

and by equation (2.14) 

where vd. is proportion
1

al to 1 IE 
1 and l.l is proportional to _..,.., 
{E 

(c) CONDUCTION AT EXTREHLY HIGH FIELDS 

13 

At fields E> 60 KV/cm.» electrons and optical phonons interact, 

Wh h 1 f . h h 1 2 • h • 1 h en t e va ue o v d J.s s~c t at '2 mv G l.S greater t an opt1.ca p onon 

energy (hf
0
), they will be excited directly from valence to conduction 

bandu 

then(lg) 

Also, 

If T ~ relaxation time for optical modes, 
0 

<~> dt phonons 

hf 
0 

= --
To 
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In a steady state, 

hf
0 

2 
e T 

E2 0 = 
T m 

or 

0 

(hf m)
112 

0 
1' - e E 0 

(hf m) 112 
e 0 'E \) . = - e E d m and 

hf 
= (--..£. )1/2 

rn 

a constant shol-ring saturation of drift velocity. 

Using the energy of optical phonon, which is also known as the 

Raman energy (hf = ~ 037 evfor r~) and determined by neutron diffraction 
0 

method, 
- 6 

vd = 8 x 10 cm./secw 

This effect has been obser~ed experimentally by Gunn(S) and is shown in 

Figl> 2 • 

. At a voltage greater than 6QKV I em" , the drift velocity increases 

suddenly~ due to sudden increase iri the current density by avalanche or 

ionisations 

2. 3 . ·D.C. , DIFFERENTIAL AND MICROWAVE CONDUCTIVITY 

The d.c. mobility (or the ease of movement of carriers) may 

be defined as the drift velocity per unit electric field i.e. ~ = ~ 

and hence the d. c. conductivity, 

v 
ad = ne -E 

oCo 
(2.19) 



,-.. 
() 
Cll 
U) 

........ 
s 
() 

......... 

I 

I 
I· 
I 
I 

t I 
I I 
I I 

Avalanche 

. -
1 

Acoustic Optical 
Impurity & AcoustiC-.t-'..._ph ....,..1€ Phonon 

S 
. ,. 1 onon 1 

catterlng Scatterin Scatter! 

0.01 

g 

0.1 1 10 100 

Electric Field, KV/cm 

FIGURE 2: The variation of electron drift velocity 

with electric field forGe (Gunn5). 
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The differential mobility is defined as the differential change of 

mobility t-rith electric field i.e .. dlJ 
Clv = aE and hence the differential 

conductivity, 

MICRO\iAVE CONDUCTIVITY 

av 
do = ne aE { 2.19) 

If the d.c. field E and·peak.microwave field E1 are applied 

at an angle a (see fige 3) with the assumption E1<<E 9 then total field 

at plane z = o, 

E = E 
t 

El 
+-- (cos a+ j'sin .a) 

12 

E l 2 
1 a)2 El · • 2 1/2 + - cos + - 2 Sl.n a] 12 . 

E2 

= [E
2 + -1- + /2 E E

1 
Cos aJ

112 

E 
~ E [1 + 1 

/2 E 

E 
Cos a], neglecting (_!_) 2 as it is small. · 

E 

Hence the.change in electric field in'x direction, 

~E = IE I - E t: 

El 
=-Cos a 

12 
(2.20) 
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(i) Microwave Conductivity for Fields at Right Angles 

Since 5 for .a = 90°, the change in electric field is. zero, 

thereby resembling the case for no applied microwave field i.e. 

·V 
~~ = E and hence the perpendicular microwave 

conduct! vi ty 11 

(ii) Microwave Conductivity for Parallel Fields 

Since, for a= 0°, the change in electric field is maximum 

(and so is the drift . velocity change), i.e" 
I 

av 
lJ,o · - if 

and hence the parallel microwave conductivity, 

CDmparing equations (2.18);. with (2.,21) and (2.19) '11rith (2.22), 
l 

= a 
d.c. } 

and 

(2.21) 

(2.22). 

(2.23) 



CHAPTER III 

.. 
THEORY OF MEASUREMENT 

3 .. 1 PROPAGATION CONSTANT IN A SEHICONDUCTOR LOADED HAVE GUIDE 

In a rectangular wave guide with dimensions a and b 1 a>b 1 

the px:'opagation constant y
1 

of ~he-· empty \<Tave guide and y 2 -of the 

guide filled 't-dth semiconductor (see Fig. 4) are given by(
20), 

2 <.a >2 (!.)2 2 
yl = = - w l.1 ~ J 0 a 0 0 

and 
y2 (a+jS)2: = (!.)2 2 

(cr-j 
a = - w \J ~ --] 

2 ,a 0 0 w~ 
0 

where w = radian frequency/second 

a = conductivity of the semiconductor 

.< 3 .1) 

( 3. 2) 

,£
01 

\J
0

_ = free space permittivity and permeability 

respectively. 

Equating imaginary and real parts of equations (3.1) and (3.2) 

respectively, one can obtain: 

C1 = ~ 
WlJO 

· e - ·1 = 
r 

2 . 2 
B· -B -a 

0 

2 w lJ £ 
0 0 

(3.3) 

(3.4) 
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E. 

FIGURE 3: Relative positions of microwave and 

applied electric field vectors in a 

wave guide. 

1 

· Short Circuit at end 
of waveguide section 

FIGURE 4: A waveguide section containing a semiconductor 

sample terminated by a short circuit. 
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Hence a and E can be found out if a, 8 are knovm. The 
r 

values of a, B are, in fact, measured with a reflection bridge. 

3.2 THEORY OF REFLECTION BRIDGE 

Microwave b~idges are most sui table for the prec.ision 

20 

measurement of the electrical properties (0 , £)of solids. A general 

bridge (unmatched) can be used to obtain accurate results, prnvided 

the bridge is calibrated with three preliminary measurements. 

CONSTRUCTION 

The schematic diagram of a reflection bridge is shown in 

Fig. 5. The sample is ~oupied to one side arm and the precision 

short and attenuatol:" in the other are adjusted until the output is 

minimized. 

The hybrid 'tee' is converted into a magic 'tee' by inserting 

tuning slide screw tuners in E and H arms and also in side arms to 

compensate asymmetry. The magic 'tee 1 has the property that when 

the reflection co-efficients atreference planes in the side arms are 

equal, the power fed to the detector in the E . arm is zero. 

THEORY OF OPERATION( 2l) 

The reflection co-efficient p(x) - P e 2Y R. 
- 2 s s 

(3.5) 

where p2 = reflection co-efficient at Port 2 

Ys = prop. constant in tne sample arm. 

t s = distance of. measuring plane from Port 2, 



Detecto 

Precision short 

attenuator 

SHUNT OR H-ARM 

Null Indicator 

SERIES OR 
E-AR.\1' 
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~ ls --J- d., -+j 
-~ f.. Pc")J 

t~------~tt~----~tf~----~t 
REFERENCE ARM HYBRID TEE SftJ.1PLE AIU-1 

FIGURE 5: A microwave reflection bridge. 



Ports 1 and 2 are located in side arms and power enters through H 

arm. 

or 

Also, 

For hybrid 'tee' 

al 

-~ 

a2 
= t;-

b = Sa 

hl 8
11 

5
12 

5
13 

5
14 

b2 521 522 523 524 

= 
b3 5

1 a 52 3 5
33 

5
34 

b4 s 14 52'+ 8 34 5 44 

where a = incident wave 

} 

b = scatterec wave 
I 

S = s c_a ttering matrix 

a1 

a2 

a3 

a4 

22 

(3.6) 

( 3. 7) 

Noting that b4 = a 4 : 0 for null condition 1 one can obtain O(x), after· 

solving equations (3.5) 1 (3.6) and (3.7) for P
2

, as 

p(x) 
pl a - b (3.8) = 
pl c .- 1 

511 534 - 513 514 2y R. (3.B(a)) where s s 
a = [ ] e 5

22 
5 a4 - 523 524 

5
a4 2y 1 

b [ ] s s (3.8(b)) = e 522 5a4 - 523 
~ 

.,24 
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and 

(3.8(c)) 

The reflection co-efficient p
1 

(2l) of the reference arm has been shown 

to be equal to 

(3.9) 

where K = KAKS' KA = residual attenuation of the attenuator 

Ks = zero setting and fixed loss of short circuit 
I 

A = reading of pre cis ion attenuator in neper r 

B t = reading of precision short in radian 
r r 

Equation (3.8) then reduces to 

P(x) ( 3.10) 

where A = aK 

B = b 

C = cl< 

This is the general expression for the reflection co-efficient of the 

sample. The constants A, B, C can be determined by preliminary 

measurements, which constitute the calibration of the bridge. 



(1) BRIDGE CALIBATIOH 

l1atched and symmetric bridge: Hhen the bridge is matched 

and compensated for asymmetry, 

Under these conditionsfl from eauations (3.8(b)) and (3.S.(c)) 

B = 0 

c = 0 

and equation (3.10) reduces to 

A 
-2(1~ + j B.,.)'---~·) 

· "p(x) = -. e r "'" ,_ 

Hhen a precision short circuit is placed at d1 ,. 

By equation (3ell), 

2y d 
p(_s 1 ) = p(x) e s 1 

-2y d = -e s 1 

-
-e2y

5
d1 -2(A (s1 ) + j S ~ (s1 )) = -A e r r r 

24 

(3.11) 

Hhere Ar ( s 1 ) = Attenuator reading ·r.-ri th a fixed short 

or: 

S i = Precision· short reading vTith a fixed short r r 

e2ysdl 
A = ~~~--~--~----~~. -2(A (s1 ) + j B £ Cs1 )) 

e r . r r 



Hence 1 by equation (3.11) 1 

n( ) -2[{A -A (s 1)} + j 6 {1 -t (s 1) + d1 }J 
~ x = -e r r r r r 

= - e<A + j '' 

where A = 2 {A - A (s1 )} in neper 
r r 

~ = 2 a {t 1 (sl) + dl} in radian 
r r - r 

25 

(3.12) 

The equation (3.12) has been used for this measurement of reflection 

co-efficient at the air-sample interface. 

(2) MATCHED AND UNSYMMETRIC BRIDGE 

If' the input ports ·of hybrid • tee w are matched and the bridge 

is not compensated for asyrnmetry 9 then s 11 = s 22 = 0 

s12 = s21 = 0 at ~ single frequency 

and by equation (3.8 •(c)), C = 0 9 so that 

( ) A -2(A + j 6 1 ) + B p x = - e r r r 

(a) With a precision short circuit termination at the sample arm, 

(b) With a matched termination Z at. the sample arm, 
0 

(3.13) 

(3J3(a)) 

(3.13(b)) 
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Solvirlg equations (3,13(a)), (3,13(b)) for A, B one can obtain p(x) 

from Etquation ( 3,13) , 

p(x) = -

where 

·2Y d ( ) e· s 1 ·[ -2[A - A s1 .. 
(z ) e r r 

pl 0 
[1 - P (s ) ] 

1 . 1 

+ j Br(tr-tr(sl)] pl(Zo) 

- pl(sl) 

I 

] 

(3,14) 

The R. H, S, of equation (3,14) contains known quantities and enables 

p (x) t:o be evaluated. 

It is to be noted that equation ( 3 ,li.J) reduces to ( 3,12) provided 
·"'--·------=-.:.=-----:::--...;:::=~.,-----

(3) GENERAL BRIDGE 

It has been mentioned earlier that the reflection eo-efficient 

for a general·bridge is given by 

where the values of the con~tants A, B, C can be determined by calibrating 

the bridge with two shorts at two different distances d1 , d2 from 



measuring plane and with one matched termination Z at the sample 
0 

arm. 

3. 3 THEORY or MEASUREMENT OF PROPAGA1'ION CONSTANT ( 22 ) 

The sample is placed at the end of a wave guide terminated 

27 

by a short (Fig. ~). The input impedance at the air-sample inter~ace 

Z(o), obtained from the me'!surement of reflection co-efficient ,,p(o), 

is used to determine the propagation constant of the sample . y = a + j s. 

MEDIUM I 

or 

In medium 1 1 the reflection co-efficient at z = 0 is given by 

Z(.o) - z1 
= Z(o) + tl where z1 = 

1 + p(o) 

z ( 0) = z 1 ·1 .. p ( 0) 

-(A + j ~) 
=·Z, 1- e 

1 i + e(A + j ~> 

impedance of the empty 

guide 

( 3.15) 

where A, ~ are twice- the ·readings between the attenuation in neper 

MEDIUM 2 

and phase shift in radian respectively (readings with the 

sample and· short and with the short alone) •. 

In medium 2 1 the transverse components ·of electric and magnetic 

fields are: 

( 3.1&) 



H(z) 
2 

where Ei 0 E are amplitudes of incident and reflected "to7aves. 
'2 r2 
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(3.17) 

Since the guide is terminated by a short at z = d, by equation (3.16)~ 

or 

Using equations (3el6)i (3.17) and (3.18) 1 

Z{o) 

Since for a TE lo~ave 9 

j WlJ 2. 

y2 
• 

(3.18) 

(3.19) 



Equating (3.15) and (3.19) one can obtain~ 

where 

= 
-(A + jq,) 

1 1 - e 
~ -(A + J"q,) J o 1 + e 

lz I = [Cosh A - Cos~]l/2 
n Cosh A + Cos$ 

-1 sin c1> e = tan [sinhA] 

.c = Blznl 
. S I d 

0 

29 

(3.20) 

(3.21) 

(3.22) 

(3.23) 

where equation (3.21) and (3.22) are found in literature( 23 >. The 

C and § can be found by measurjng the sample thickness, the wavelength 
5 

A in the empty guide and the value of A and $ with a reflection 

bridge. 

where 

The next step is to determine 

y2 

when a 

B 

T e 
j'f 

= d 

T = d cos ' 

T :;: d sin T 

= c s 

} 

"§ f h h f H" 1( 22 ) -J rom t e grap s o von 1ppe e 

(3.25) 



Once a, 6 are known, the resistivity and dielectric constant are 

evaluated from equations (3.3) and (3.4), 

;· 
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CHAPTER IV 

EXPERIMENTAL PROCEDURES 

4,1 (a) PREPARATION OF SAf~PLES 

The samples of germanium in the form of rectangular pieces 

were cut from a large block of 10 ohm'!"'cm. n-Ge <l~l> crystal by 

means of a 20 mils thick diamond wheel cutter. The samples were 

cut 2 to 3 mils oversize and then polished with silicon carbide 

paper by hand with care, so that all edges of the sample remained 

perpendicular to each other. The thickness of the sample was chosen 

' to obtain maximum accuracy 9f measurement and minimum loss and was 

kept at least equal to the skin depth, The skin depth o was cal-

culated for p = 10 ohm-em., f = 9,522 GHz from the expression 

1 

0 = ----
ltrflJ /p 

0 

=· 0,063" 

The measurement accuracy is a maximum( 22 ) when the sample thickne~s 

, = ~ a~ s!K. ~ 
~ 4 ' 4 ' . 4 etc, 

To~have m&nimum loss, 1 was chosen to be one quarter wavelength in the 

sample 

II :!l-1!... 
~ 4 - 2B 
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where B = phase constant of the sample, which was obtained from 

2 1J 2 ··2 y = (-) - w u & £ + jwu o a o or o 

when 

= 1.89 - 63.5 + j~ p 

y·- = .... 38 + :j8,987 /em, . 

= a + jB 

11' ! 
1 = 2s = 0.069" 

for e = 16 r· 

f = 9,522 GHz 

p = 10 ohm-em. 

. ~ 

Since-'= ~. the length of the sample was chosen equal to skin 
4 

-depth (63 mils). 

N-type. germanium of resistivity 10 ohm-em, was chosen, 

because 

(i) it shows hot electron effects 

(ii) it is suitable for measurement with a reflection bridge 

(iii) it has low joule heating for the large samples required for 

10 GHz measurements 

However, it is difficult to make non-injecting contacts, to 

such high resistivity mateX"ial because the critical current densit~1 

32 

at which injection starts. is lower for a high resistivity sample(G, ll) 



l • 
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. (b) PREPARATION OF l-ION-INJECTING CONTACTS(
24

• 
25

) 

All faces of the samples were polished with emery paper 

and then cleaned by etching for 30 sees. either in Hydrogen Peroxide 

or in an etching solution, which contains( 2
S): 

3 parts HN03 (sp. gr. 1.42) 

2 p_arts n
2
o ( dimineralized) 

1 part HF (40~) 

Using polyflux, the specimen '"as then soldered with a solder 

(95%Sn + 5%Sb) containing impurity of the same type as in the body 

of the semiconductor and atl a temperature of about 300°C •. During 

the high temperature cycle of soldering operation, enough of the 

material-from the molten~solder diffused ~nto the surface layer of 

the semiconductor producing a heavily' doped region (Fig. 6). ·This 

region provides ~combi~ation centres for any minority carriers in• 

jected dur~ng the application of a·potential across the sample. 

Precautions 

(i) Care should b~ taken to.ensure that the solder covers the whole 

face of the sample. 

(ii) Excess solder, which may run-over to adjacent faces, should be 

removed by polishing. 

(iii) Large specimens can be used to reduce errors due to injection. 

Also, minority carriers, if injected in pulses of short enough 

duration 1 do not have en_ough time to modulate the conductivity 
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of the main section, 

(iv) Short pulses can be used to avoid surface hreakdo~m. 

Proof of Non-injection 

The change of resistance measured by a Wheatstone bridge 

for opposite directions of current flow across the junction can be 

measured. For the samples prepared this was not greater than 0,2% 

strongly suggesting that the contacts are non-rectifying and non-

injectingQ 

Another indication of an injecting contact is a rise of 

current with voltage over the period of an applied pulse. This may 

occur due to hole injection;or from surface generation. This effect 

was only observed in ·the samples prepared for electric fields outside 

the range of interest (0 - 3KV/cm.)o 

4,2 MEASUREMENT OF CARRIER DRIFT VELOCITY 

The drift velocity of electrons in the 10 ohm-emu n-G
9 

samples 

was measured as a function of electric field. The experimental arrange-

ment is shown in FigQ 7a 

(a) PULSE GENERATOR 

To avoid joule heating in the·sample, pulsed electric field of 

duration OeS-1,5 ~ seco with a repetition rate 1 p/s was usedo This 

necessiated the assembling of a pulse generator and a hydrogen thyratron 

on-off pulse generato~~6~hich was available, was converted into a line 

(27) • . 
type pulse generator e Th1s type of pulse generator was chosen to 



Ordinary ~older 

Contact 

Heavily doped region w~th 

Tin-Antimony Solder 

(95% Sn + 5% Sb) 

n-Ge 

+ 

Metal 

FIGURE 6: A non-injecting contact 

".[J 

. ' 

+ 

Pulse 

Generator 

--

_....., ,.__, 0. 5 micro-sec pulse 

Jl 

Re a 6611 

--- -.. 

+ VoltaJ!;e 

Input to 
585 Tektronix 
Oscilloscope 

FIGURE 7: An arrangement for dtift velocity 

measurement. 
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obtain a well shaped rectangular pulse and has the advantage of little 

likellhood of accidental damage to the load in the case of malfunction 

as all the energy stored in the cable is discharged in each pulse. 

The ratings of the pulse generator used were: 

voltage: 0 - SKV Thyratron r : 2 ohm . p 

Duration: o.s 1. 5 lJ sec. 'Ionisation time: 0,05 1.1 sec. 

De-ionisation time: few ~ sees. 

Source imped: 50 ohm Trigger voltage: 200 - 300V 

(b) MEASURING PROCEDURE( 3, s, S) 

The sample was first matched to th~ pulse generator by means 

of a parallel chain of resistors to ensure a single \'tell shaped 

rectangular pulse, The current through the specimen was measured by 

measuring the.voltage across the 1 ohm (.1%) resistor, The voltage 

across the specimen was measured ·independently. Both current and 

voltag~ measureme.nt were taken loti th a s-as Tektronix oscilloscope o 

The drift velocity was calculated from the expression 

2 
whE!re U

0 
= low field mobility (em, ) 

V-secfl 

R = low field resistance (ohm) 
0 

· t~-= length of the specimen in em. 

I = current through the sample in amp. 

(4,1) 
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4 .3 MEASUREMENT OF CONDUCTIVITY AND DIEL:CCTRIC CONSTANT 

(a) DESCRIPTION OF CIRCUITS AND APPARATUS 

A schematic diagram for the measurement of propagation constant 

y = a + jB with a reflection bridge is shown in FigQ s. The equipment 

used is as follows: 

(i) Klystrons 

The klystron us.ed as a signal source is an X-13 

reflex type 5 'ffti th a frequency range ·of B. 2· - 12 ~~ 4 GHz which can be 

varied by a micrometer adjustmento The maximum power for optimum load 

is 750 mw. The power to the klystron was supplied from the P. R. D. 

power supply @ type 80 9A. 

The klystron used for the local oscillator is a type 2K25 Hith 

a frequency range 8.5 = 9.66 GHz and 30 mw power output. Power to 

this klystron was supplied from an FXRZ815B Universal Klystron Power 

Supplye 

(ii) Ferrite Isolators 

A- undirectional element is· used to isolate 

klystron from the rest of the circuit• For transmission in the forward 

direction, the isolator has practically zero attenuation hut for reverse 

direction, it has approximately 30 ·db attenuation. Units manufactured 

by P. Re Do were used in the bridge assembled. 



i. 

FIGURE 8: An experimental setup of-a reflection bridge 

"'P • 

.c:;( 

Oscilloscope 

Klystron 
Power Supply Klystron .. I. F. Power Supply 

Power Supply 

1. Klystron X-13 8 .. Hybrid tee 16, 585 Oscilloscope 22 .. Tuner 
2. Isolator 9. Isolator 17 .. Variable attenuator 23. Tuner 
3 .. Attenuator 10 .. Tuner 18o Local klystron 24. Precision attcnuator 
4 .. Wavemeter 11. Directional Coupler Oscillator 25. Precision Short 
5. Directional Coupler 12. Isolator 19. Sample holder 26. Detector 
6. SW Indicator 13. ~latched Detector 20a 0.5 db attenuator 27 .. Indicator w 

co 
7 .. Tuner 15o .·r. F. Amplifier 21. Tuner 



(iii) Variaple Attenuator 

This is used to control the power input to the 

circuit and again. a P. R. D. unit was used, 

( i v) Hybrid Tee, Precision Attenuat9r And Precision Short 

High quality equipment is required for these 
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components. Elliott instrument$ are used for the attenuator and short 

circuit., and the hybrid tee was manufactured by Demomay Bonardi, 

(v) Sample Holders 

Sample holders were machined from standard x-band 

wave ~Jide as shown in Fig.: 9. The configuration of Fig. 9( a) with 

the semiconductor placed fully inside the sample holder was used for 

the basic measurements of P and e: , 
r 

The slotted holders shown in figures 9(b) and 9(c) were used 

for·high field measurements, The slots were cut slightly oversize to 

provide polythene insulation (9 mils thick) betl-reen the sample and the 

holder. 

The unslotted holders are shown in Fig. 9(d) and 9(e) \Arere also 

used for high field measurements, The samples were placed at the end 

of thEt guide and backed with a short circuiting plate. This arrangement 

has fE!Wer insulation problems. than the configuration of Figs. 9(b) and 

9 (c) c\nd has the advantage of ease of rotation of the sample position 

with t~spect to guide. 



Standard X-Band 
Waveguide 

Non-inj cctin 
Contact 

(a) Filled Guide 
Semiconductor 

Non-injecting 
Con tact 

Semiconductor 
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(b) Semiconductor mounted i_,n 
slot in broad wall of 

guide (c) Semiconductor mounted in 
slot in narrow wall of guide 

Semiconductor 

(d) Unslotted Guide: Parallel 
Applied Fields 

Short 
Circuit 
backing plate 

{e). Unslottcd Guide: 
Perpendicular Applied 

Fields 

FIGURE 9: Semiconductor :Sample Holders. The samples in 

(b), {c), {d) and (e) are insulated from the 

guide walls with polyethelene film. 

+ 
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(vi) Matched Detector 

The crystal detector using a crystal tvoe IN23B 

is matched by an adjustable sc·rel-t tuner as well as bv a variable short, 

for maximum outpute The output of the crystal (.5HA) is varied by 

changing the output of the local oscillator. 

(vii) I, Fe Amplifier 

The ·I· F. amplifier has a bandwidth of 20 MC/s., 

centered at 30 MC/s and an adjustable gain to 45 db" The output 

resistance of the source (crystal mixer) is a function of rectified 

current depending on the output of the local oscillator, while the 
I 

input resistance of the Ie Fo amplifier is 300 ohm. 

An attenuator circuit was built to match the c~;stal detector 

to the Is F g amplifier" The connecting lead! ( 93 ohm coaxial cable) 

was kept as short as possible- and the output of the final stage of the 

amplifier, l-thich consists of a diode vrith a 16 KO_ load followed bv a 

cathode follower of low output impedance, is fed directly into the d.c., 

input of 585 oscilloscopee Variations in the output of the detector 

are therefore recorded as d.c.,· changes on the oscilloscope. 

(b) MEASURING PROCEDURES 

-The measurements were made at a frequency of 9.522 GH~ and the 

setting up procedure l-tas as follows: 

.(i) The hybrid 'tee' was matched in.E and Harm with tuning 
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screws after terminating the two side arms in matched loads. The 

bri.dge was then balanced for minimum output by adjusting tuning 

screw in the reference arm,. while a well ·matched sliding termination 

was coupled to sample armo When the output waR unaffected by va~Jing 

the positions of the sliding match, the asymmetry in the Hybrid tee 

had been compensated. 

(ii) The precision attenuator was then matched with another 

tuner 1 which was adjusted for minimum output. The performance of the 

bridge was t~e~ described by equation (3.12) and it was ready for 

measurement a 

The sample arm was first shorted by a fixed short circuit plate 

and the precision attenuator and the precision short were then adjusted 

for minimum output. Their readings A , 1 were noteds 
0 0 

The short was 

then replaced by the sample backed with another short circuit plate and 

the readings A1 , 11 were ~ecorded.. Care was ~taken:Jto position the'" 

sample faces normal to the axis of the guides 

With an applied pulsed electric field to the sample, the am-

plified detector output, during the period of the 0,5 ~ sec. pulse 9 

appears on the 585 Tetronix Oscilloscope due to the hot electron effect. 

The precision attenuator and short were then adjusted to bring the top 

of the pulse as near to the balanced zero position as possibleo The 

best balance conditions applied when the pulse deration was increased to 

1.5 lJSec. Measurements were made with both o.s and 1.5 sec. pulses for 

applied fieldsD up to 3KV/cm. 



One important phenomenon, that was observed during the 

experiment, was the noise pick up_by I, r •. amplifier from the 

discharge of the thyratron tube. This was finally avoided by 

completely screening the I. r. amplifier, using shortest possible 

co-axial leads and de coupling the pO\>rer supply to I. r. amplifier, 

(c) SOURCES OF ERROR 

The import ant sources of erro~·rs in the experiments are 
I 
;. 

I 

A 1% chan:ge in A can cause about 1% change iri 
i 

resist! vi ~y and a 1% change in t can cause about 1% 

change in ~sistivity. 

(ii) Errors in reading the value of T and T from the graphs 

of von Hipp~_l. 

A 1% change ·in T andT can cause about 1%· and 2% 

chan~es in resistivity ~espectively. 
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( i i • ) E i 1 1 • " d 3" Th • • 1 · rrors n ca cu at1ng E an aE"• e error 1n measur1ng 

drift velocity is about 2% and a 2° variation of the 

slope of the v-E curve .can cause about a 2% change in 

av 
aE"· 

(iv) Non-uniformity of the s_amp1e resistivity, The 4 point 

probe measurements·· showed variations about 1% in resistivity 

over the surface of the· sample. 
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4.4 ~EASURE 1-'ENT OF D. C. HESISTIVITY 

There are various methods of measuring the d,c. resistivity of 

semiconductors. The four point probe method is a well known one and 

has the advantage that it does not require any specific shape of the. 

sample. 

In this method, four probes are placed on the flat surface of 

the sample and current is passed through the outer probes and the 

voltage V is measured between the inner probes. The conductivity a 

• (28) is then g1yen by 

(4.2) 

where s1 , s2 and 83 are probe spacings. 

When the probe spacings a~ equal, the resistivity, o 

p = 2'11'5 !. 
I 

.(4.3) 

Equation (4.3) was used to calculate the d.c. resistivity of the 

sampleu The results are. tabulated in·Table s.s. 

The following precautions are required for the use of 

this method: 

(i) If the dimensions of the sample are small compared 

to probe spacing, the corrections shovtn in Fig. 10 

must be applied~~ 

(ii) The edge of the sample must be at least a distance 

38 away from the probe~ 
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' '0.8 

o.o 
0.1 1.0 

··Thickness of the Sample 
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FIGURE 10: Four Probe Resistivity Correction Curve 

(after Hunter 2 9) . 
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(iii) The sample should be homogeneous. 

(iv)· For accurate measurements, the current should be small 

and supplied from a constant current source to reduce the 

the contact problem. 

· (v) l'easurements should be taken for both forward reverse 

direction of current flow to avoid errors due to dis

symmetry .of contacts. 



CHAPTER V 

RESULTS 

5&1 tJrEASUREHENT OF DRIFT VELOCITY 
-------------------~--------

Measurements of the electron ·drift velocity in an n-type 

germanium sample as a function of applied electric field are 

given·in Table Sel. The sample resistivity wasp= 10 ohm-em., 

·~ength: = 2. 87 em. 1 and low field resistance = 195 ohm. 

The applied d.c. pulse duration was ,5 - 1.5 ~ sec. 

Electric Field in 
. KV /em •. 

'· .. 0.453 

0.68 

1.05 

1.26 

1.92 

2.01 

2.75 

I Table 5.1 

Current Through the 
Sample in Amp. 

7.5 

10.5 

15.0 

16.0 

21.2 

21.8 

Drift Velocity of 
Electrons in em Iii /sees 

.. 1.93 X 10
6 

2,71 X 10
6 

a·.s7 x 10
6 

4,13 X 106 

5,48 X 10
6 

5oS X 106 

6,7 X 10
6 

These results are plotted in Figure 11 and d.c. and differential 

mobilities deduced graphically from Figure 11 are shown in .Figure 12 

by solid lineso 
47 
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5.2 HICROHAVE ~U::ASUREt·1EHT OF p AND t 
r 

(a) HEASUREt1ENT WITH ZERO APPLIED FIELD 

Measurements at a frequency 9.522 GHz (6 = 1.45 rad/cm.) 
0 

on semiconductor samples mounted in c~mpletely filled, slotted and 

unslotted guides are given in Table 5.2. 

(b) MEASUREMENT IN UNSLOTTED HAVE GUIDE WITH APPLIED FIELDS 
0 - 3KV/cm 

(i) Heasurements for the conditions of parallel microwave 

and applied field vectors with 

f = 9.522 GHz 9 S
0 

= 1.45 rad/cm., d = Ool626 em. 

A = 0 .10 db , R. 
0 0 

1.687 ern., d
1 

= o .ooo em. 

are given in Table 5.3o 

49 

It will be noted that the presence of the insulation and airgap 

has decreased the resistivfty.by about 30% from the absolute value and 

increased the dielectric constant by almost 80% compared with the values 

measured in the completely filled guide. However, the absolute values 

of resistivity are not required as the comparison between theory and 

experiment is made on the basis of relative·changes in the sample 

conductivity .. 

(ii) Measurements for the condition of applied microwave and 

applied electric field vectors at right angles with 

f = 9.522 GHz, 6 = 1.45 rad/cm., d = 0.1600 erne 
0 

A = 0.15 db, t = lo667 em.» 
0 0 

dl = 0.00 

are given in Table 5.4o 
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The conductivity for parallel fields marked (x,.) and that 

-----~=:--~.£or. pe:rpendicular fields marked ( • ,fl) measured at 9. 522 GHz are 

shown in Figure· 12. All values are normalized by taking the zero 

field as unity. The.attenuation and phase changes for the parallel 

and perpendicular conditions of applied fields are shown in Figure 13. 

5. 3 MEASUREf1ENT OF D. C. RESISTIVITY 

~asurements ot the d. c. resistivity of the sample bv means of 

the 4· prc:be method are given in Table s.s. -Fbr these measurements 

Sample Thickness·~ 1.27, the approximate correction factor= 0.81. 
Probe ;5pacing 

. ·' 

MILLS MEMORIAL LIBRARY 
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\-lave Guide 
Structure 

Fig. 9(a) 
Sample 
Thickness 
d=Ool57 em. 

Fig. 9(b) 
d=O.l346 

Fig. 9( c) 
d=O.,l448 

Fig. 9( d) 
d=O.l626 

Fig. 9(e) 
d=0.1600 

MEASUREMENT WITH ZERO APPLIED FIELD 

A R. Al 0 ~ 
db em db 

o.oo 1.684 1.82 

Oe04 1 .. 713 1 .. 85 

0.19 1.698 i.,7l 

0.04 1.432 3 .. 3 

Table 5.2 

11 dl c T s 
em ern § 't' 

1.813 o .. ooo 1.232 1.45 
49.84 67.50 

1.691 0.157 1.255 1 .. 42 
48.45 67-c. 7 

1. R__78 -0 0 0 86 1.312 1.5 
53.23 65.5 

1.614 -0.0976 1.809 1.58 
73.66 76 .s 

0.10 1.687 1 .. 85 1.689 o.ooo 0.846 1.95 
89.2 71.5 

0.15 1 .. 667 1.78 1.680 o.ooo 0.806 1.94 
841)4 69.9 

a e p £ 

nep/cm 'rad/cm ohm-em r 

3.53 8.53 

3.43 8.37 

4.62· 10.14 

2.55 10.-61 

3.80 11.37 

4.17 11.39 

12.4r 15.~1 ~ ~ ~ 

13 .. 1 ~ 15.1 ~ 

s.o 20.9 

13.9 27o1 

a.7 29.3 

7.9 28.7 

VI 
~ 



MEASUREMENT IN UNSLOTTED WAVE GUIDE WITH PARALLEL MICROWAVE 

AND APPLIED ELECTRIC FIELD VECTORS 

Table 5. 3 

Pulse Duration E A1 .tl c T a B 
(p sec.) s 

KV/cm db em § 't nep/crn rad/cm 

No Pulse 0 1.85 1.689 0.846 1.95 3. 80 11.37 

89.2 71.5 

0.94 3.06 ·1. 712 1.404 1. 70 2. 72 10.09 -
84.4 74.9 

1.61 4.14 1. 843 2.079 1.54 1.94 9.27 

- -. - - - ·~- - - . - -- ... :. - .... - 61.,87 __ 78.2 -- --- -

0.5 
2.55 5.72 1.903 2.738 1.53 1.44 g. 30 

70.92 81.2 

3.36 4. 89 1.927 2.588 1.52 1.49 9.23 
64.54 so. 8 

0.94 3.91 1. 797 1.878 1.57 2.14 9.42 
72.56 77.2 

1.61 4.38 1.812 2.100 1.55 1.91 9. 37 
1.5 72.12 78.50 

2.955 5.43 1.909 2.677 1.55 1.44 9.42 
69.04 81.3 

-- -----· 

P.. 
ohm/em 

8.7 

13.7 

20.9 

28.0 

27.2 

18.7 

21.0 

27.7 

£ 
r .. 

29.3 

24.2 

21.1 

21.7 

21 3 ; 
• I 

21.6 

21.6 

22.2 

VI 
N 



Pulse Duration 
(lJ sec.) 

No Pulse 

~- 0-.5-

1.5 

MEASUREMENT IN UNSLOTTED WAVE GUIDE WITH PERPE~~ICULAR 

MICROWAVE AND APPLIED ELECTRIC FIELD VECTORS 

Table 5.4 

E Al 11 c T a 6 p~ s 
& 

KV/cm db em & .nep/cm rad/cm ohm-em. 
§ 't 

0 1.78 1.680 0.806 1.94 4.17 11.39 s.o 
.84.4 69.9 

0.77 2.08 1.693 0.959 1.84 3.91 10.81 8.9 

eo. 12 70.1 

. - -1.152 2.50" -1.737 .1.223 1.:65 . 3.29 9.77. 11.67 

70.52 71.4 

1.554 2. 86 1.663 1.307 1.75 2.68 10.60 13.2 

90.99 75.8 

0.27 1.93 1.683 0.8795 1.89 4.04 11.1 8.4 

83.74 70 .o 

1.35 2. 86 1. 760 1.930 1.59 3.04 9.46 13.1 

68.2 72.2 

E 
rJ. 

_28.7 

26~0 

- 21.7 

26.9 

27.3 

20.6 

Vt 
w 



No. of Direction of 
Observation Current flow 

1 Forward 

2 Forward 

"3 Reversed 

4 Reversed 

5 Reversed 

MEA~UREMENT OF D.C. RESISTIVITY 

Table 5.5 

Position of Voltage· drop Current th ru 
the probe benreen the sample 

inner probes in rnA 
in Volt 

Parallel to 0.0045 0.25 
sample length 

Parallel to 0.0053 0.295 
sample length 

---- -· ··- .. -- ---

Parallel to 0.00635 0.44 
sample length 

Perpendicular 0 .oo 80 0.475 
to sample 
length 

Perpendicular 0.00855 
to sample 
length 

Average resistivity = 14.44 ohm-em. 

Corrected resistivity = 11.65 ohm-em. 

Resistivity 
p in ohm-em. 

14.4 

14.4 

... 

14.5 

14.5 

14.4 

\.11 
.1:-
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CHAPTER VI 

DISCUSSIO,N 

6,1 ~1EASUREt-1ENTS OF RESISTIVITY AND DIELECTRIC COHST ANT 

The value of resistivity supplied by the manufacturer ,.,as 

10 ohm-em. while that obtained by. microwave measurement \otas 12.75 

ohm-em •. (Table 5,2).· This disagreement necessiated the measurement 

of resistivity "'ith a d. c. technique. For this purpose, the 4 point 

probe method (Section 4.4) was used. The value of resistivity oh-

tained by this method was 11.65 ohrn•cm. (Table 5.5) which was in 
I 

closer agreement with the microwave measurement$. Possible rectsons 

for the difference ( 9%) .in the d. c. and rnicroHave measurements 

are the : it,lhomogeneity of the sample and inaccuracies in the d.c. 

measurement due to the small size of the sa~ples compared with the 

probe spaci.ng. 

The absolute dielectric constant obtained by microwave 

measurement was 15,35 (Table S.-2). This gives a measured value of 

* the electronic contribution to the dielectric constant of 16.0 - 15.35 

= 0,65e It may be noted that the calculated value of the electronic 

contrihuti~n for 12.75.ohm-cm. germanium with a relaxation time 

-13 
T = 5 x 10 sec, is 

a T. 
0 

£ 
0 

* £ = 16.0 for intrinsic Ge obtained from.infra-red measurements as 
r&ported in literature ( 19) a 
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6.2 EFFECT OF SLOTS AND INSULATION 

The resistivity measured ( 12.75 ohm-em. Table 5. 2} in the 

completely filled guide shown in Figure 9(a} is in r~asonable 

agreement with that measured (13.9 ohm-em. Table 5.2} in the slotted 

guide structure shown in Figure 9(c}. This could be expected because 

the slot is normal to the broad wall of the wave guide. 

·However, the dielectric constant is increased by about 70% 

in this measuring configuration because of the presence of insulation 

(polythene) required. around the sample to allow the application of 

large d. c. electric fields" 

The percentage increase of the dielectric constant from the 
I 

absolute value was found to depend on· the thickness of the insulation. 

This can be seen from a set of results obtained experimentally with 

the wave guide structure of Fig. 9(c)~ 

Insulation Thickness 

0 inch 13.6 17.2 

0.009 inch 13.9 20.6 

0.018 inch 25.2 

The resistivity and dielectric constant measured with the wave 

guide structure shown in Figure 9(b) were p = s.o ohm-em.,£ = 20.9 
r 

(Table 5.2) respectively. This mount~ng configuration thus results 



in an apparent decrease of resistivity of about 33% and an increase 

of dielectric constant of about 32%. This could be expected, since 

the slot. in the broad wall normal to the narrow wall, cuts· the 

current lines and disturbs ·the field greatly. 

For the unslotted guides of Figures 9(d) and 9(e), the. 

resistivities measured were p = 8.7 and 7.9 ohm-em. respectively 

(Table 5.2). The corresponding· dielectric constants measured·were 

£ = 29.3, 28.7 (Table 5.2). These results are in close agreettent 
r 
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with those of Figure 9(b). This could be expected since the unslotted 

guides are comparable to the guide structure shown in figure 9(b). 

6. 3 HIGH ELECTRIC FIELD t1EASUREHENTS 

The measured microwave conductivity for the conditions of 

parallel microwave and applied electric field vectors, marked (x,.) 

in Figure 12 1 gave a normalized carrier mobility, which agreed well 

•th th 1 f d.ff · 1 b"l. av b · d h" 11 Wl. e va ues o 1. erentJ.a mo J. :t.ty at o taJ.ne grap 1.ca y 

from FiguDe 11. 

G 
( 14) These results confirm the. measurements~, performed by unn . 

for the parallel field case with a transmission bridge. 

However, the mobility derived for the conditions of perpen-

dicular microwave and applied electric field vectors marked ( •.6) in 

d\1 v ·Figure 12 can be seen to. be intermediate between the aE and E curves, 

which were derived from Figure 11. The measurement of conductivity 

for this case was limited to 1.6 KV/cm. because of the large sample 



length required and the consequent sparking and surface breakdown 

problems encounteredo 

It is to be noted that this measurement for the conditions 

of perpendicular microwave and aoplied electric field vectors has 

been performed for the first time~ Consideration of the results 

shows that it would be worthwhile also to take measurements on the 

variation of conductivity with applied electric field at varying 

angles betvteen rnicroNave and electric field vectors. 

The variations of attenuation· and phase shift constants of 

the semicqhductor for the conditions of parallel and perpendicular 

rnicrowa,ve and applied electric field vectors are shotm in Figure 13. 

For a completely filled guide, the attenuation and phase constants 

of the semiconductor decrease with applied electric field • 

. · 
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CHAPTER VII 

POSSIBLE APPLICATION OF HIGH FIELD EFFECT 

7.1 INTRODUCTION 

A possible application of the anisotropic conduction of germanium 

under condition of a high electric field is the hot electron microwave 

t d b G ( 14 , lG} Th th • 1 f f h ro ator propose y unn • e eoret1ca per ormance o sue 

a rotator, which depends on the difference between microwave conductivities 

~1 and aLof Ge with electric field, has been discussed by St~ecker and 

D ( 30 } d E . . d N ( 31 ) . 1" 1 . . as an ng1neer an ag assum1ng 1near po ~r1sat1on. 
~···~=~-=c•o=;---~- -- J 

A more general solution for the performance of such a rotator 

is presented in this chapter. 

7.2 THEORY 

Consider a plane polarised wave R [E eyz ~jwt] which propagates 
e o 

in the .z direction from the plane z = 0 in a piece of semiconductor 

with a propagation c~nstant y = a+ jB~ 

Application of a large electric field along the x-axis, results 

in anisotr~pic propagation (yx # yy). Let the electric field vector 

make an ·angle e to the x-axis as shown in the figure 14 , and resolve 

therwave into two components. 

(7 .1) 

• I 
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~ e-yyz ejwt] E = a R [E sine (7 .2) 
y y e o 

Maxwell's curl equations for a T E M wave (E = 0, H = or in such z z 

an anisotropic propagating medium can.be written as 

~ ~ ~ 

VxH = a (a + jw£ ) E + a (a + jw£ )E 
X X .X X y y y y 

VxE = -jwp [: A' + ~y Aff] 
o x~ x J 

The 1. h. s. of equations (7.3) and (7.4) can be expanded on the 

assumption of no variation with respect to x and y. Noting that 

H 
. -y z 

a: e x 1 
y 

-y z H ,a: ·e y 
X 

and by equations (7.1) and (7.2), 

aE 
X -;;-- = -y E 

a- X X 

aE 
__:t_ - -y E az - Y Y 

equations (7.3) and (7.4) reduce to 

aH 
_:t.- -yx H az y 

I 

aH 
X H -= -y az y X 

~ ~ 

a y H - a yy H.x = a (a + jw£ ) E 
X X y y X X X X 

~ 

+ a (a + jwt ) E 
y y y y 

(7.3) 

{7.4) 

(7.5) 



Equating the x components of ( 7. 5 )and .. :the y components of ( 7. 6) 

when 

and 

E 
X 

Y = (ax + jwEx) H 
X y 

H 

Y : J• WlJ ..:t_ 
X o E · 

E 
- X zx- H 

y 

jwlJ 
0 =--

X, 

jwu = [. 0 ]1/2 
)WE + a 

X X 

64 

(7.6) 

(7.7) 

= lz. I ej~x (7 .a) 
X 

l 1f -1 WEX 
~[2- tan a] 

X 

I 

Similarly, ~quating the y components of (7 .S)and the x componentS of (7 .6),. 
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[-w 
2 £ + jw')J a ]1/2 

Yy = lJO y 0 y 
(7.9) 

E 
z = - .J... 

y H 
X 

jw')J 
0 - - (--) 

Yy 

jWlJ 
]1/2 = [. 0 

JWe: + a 
y y 

= lz I ejq,y 
y 

(7.10) 

where lz I = [ 
WlJO ]1/2 

y 
J(~2 £. 2 + a 2) 

y y 

and 
W£ 

1 1T -1 ~v J 
<P =4[ · - - tan --'-
y · 2 2 ay 

Writing the real partsof equation (7.1) and (7.2) 

E E Cose -a z = e x Cos w t 
X 0 X 

J (7.11) 

E E sine 
-a z.' {w t (By a )z = e y Cos 

y 0 X X 

where w t = wt - B z 
X X 

Eliminating 't' from equation (7.11), o~e can obtain, 
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'· 

Cos(S-S )z = ·sin
2 (S -S )z (7.12) 

· y X y X 

which is the equation of an ellipse and shows that the wave· become 

elliptically polarized as it progresses through the medium. 

Equation ( 7.12) is not the standard form of the equation of 

E 
X 

an ellipse • because of the rectangular term 2[-------J -a ~'Z 
E Cos e e x· 

0 

E 
[ Y 1 Cos( B -a )z and can be converted to a simple form by 

E 
• e -a f y X 

0 
s~n e y 

1 1 rotation of the axes to the positions x -y through an angle o given 

by< 32) 

tan 2c5 = 

The equation of the ellipse then becomes 

2 Cos t;. 

2 -2tl..!;..Z Cos e e --x 

E .. 2 
x' 

Cos(Sv-~)z sin2o ·· ~in2 5 ----------+------• -a z -a z 2 2a z Sl.n e Case e X e y sin e e y 

(7.13) 

·+ 



or 

2 
E . • 

--==------------~----~~-'----====-=-=-===~==== = 1 
E 

2 
sin

2 
(8 -Sx )z 

0 v 

E 
12 

E 
12 

.2!-- + v - 1 
2 ~-

a b 

where a = semi-major axis 

and 

= square root of the denominator of: the first term in 

equation (7.14) 

b = semi-minor axis 

= ·square root of the denominator of the second term in 

equation ( 7 ol4) . 

a major axis 
S = minor axis 

The attenuation constants a , a and the phase constants ·x y 

ax' sy are obtained- from equations ( 7. 7) and ( 7. 9). 
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(7.14) 

(7.15) 

It is, therefore., seen that the microwave field has not only 

. been· shifted by an angle 

( 7.16) 

but also rotates anticlockwise (for positive value of ( Sy- ~x ) ) varying 

its magnitude with time. 



It may be noted that linear polarization is a special case of 

elliptic polarisation when ~ = CQ and for circular polarisation 

a 
.b = 1. 

The average power carried by the.wave is 

_.. 1 ·'· p = a - Re (E X H-·J 
z 2 

_.. 1 
= a - Re ax a a z 2 y z 

E E 0 
X y 

H * H * 0 
X y 

... 1 
= a - Re z 2 

E ••• Ey '/; 
[E ( L) 7 - E (- ~> ] 

X ZX y Lly 

... 1 = az 2 Re 
E ej4> X E -j4> * e y -;; 

[Ex( x Z ) + E · ( '' ) ] [by equation ( 7. 8) 
I xl y l2yl 

... ( 7.10)] 

Noting that E 
... 

E -(l z -ja z ... 
sine -a z -ja z = a. 

0 
Cose e x e x + a E e y e y 

X y 0 

with 
• (1.) t 

eJ · understood, 

2 t -2a z Cos¢~ E 2 . 2 -2a.z Coscp 
-+ 1 Eo Cos e x sJ.nB e y 

~ + 0 Y] p = a - [ z 2 lzxl I2YI 

and the power loss from the plane z = .0 is given by 

p 
p - 10 log10 

z = loss p· 
0 z ~~ 
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2 -2a z ·· I I 2 -2a z I 1 Cos 9 e x Cos <b Z + sin 6 e y Cos 4> Z 
: - 10 log 10 ( 2 X V y X ) 

Cos e Cos4>x lzyl + sin
2e Cos4JY lzxl 

(7.17) 



The flgure of merit F is defined as the ratio of angular shift to 

----~------=power loss • i.e. 

. F = ,PI power loss ( d .b g-) 

7.3 CALCULATIONS 

Values of a ,a at different values of electric fields were 
~ y 

obtained from mobility vs.electric field curves using the results 

(14) . (12) (3) (11) of Gunn 1 G~bson 1 Ryder and Seeger • These values 
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( 7 .18) 

then enabled exact solutions for y = a + j B ·and y = a + j S to be 
X X. X y y y 

computed from equations ~7.7) and (7.9). 

I 
Using the values of·a, a and e , By thus obtained, calculations 

X y X 

have been made of the angular shift, rati~ of major and minor axis, 

the power loss and the· figure of merit for different values of e and 

z. The results are shown in figures 15 - 17. 

7.4 DISCUSSION 

Figure 15 gives the variation of power loss, angular shift ._and 

ratio of major and minor axes with z, using results of Gibson et al(l2) 

for 4.68 ohm ern. n·-Ge with T = 300°K, e = 45° and the results of Seeger(ll) 

for 21.5 ohm em. n-Ge with T = 300°K, e = 45°. .It should be noted that 

for calculations sho~m as dashed lines, it has been assumed that a is 
X 

av 
controlled by -aE and approaches a negligible value at f ..S 10 GHz. 

Figure 16 gives the variations of po~1er loss , angular shift and 

figure of merit with e and shows that the figure of merit is max-. for 
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e = 30 - 35°. Figure 17 shows the dependence of the fieure of merit 

on electric field, resi ti vi ty and tempe·rature. 
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CHAPTER VIII 

CONCLUSIOHS 

1. 

D. C. measurements have ·been made of the electron drift 

velocity in 10 ohm-erne n-type germanium as a function of electric 

fields in the range 0- 3KV/cm. These measurements, which are 

summarized in Figure llg have bee~ used for the determination of 

the d.c. mobility f and the differential mobility ~· These results 

are given in Figure 12 and provide a basis for comparison with 

the microwave measurements {:,n the semiconductor which are described 

in this thesis. 

2. 

A new method for the meas~rement of the conductivity of a 

·semicc:mductor subjected to a high electric (pulsed) field is described. 

The mc~thod utilizes a sensitive microwave reflection bridge (Figure 8) 

~nd m!asurements on 10 ohm-em. n-type. germanium subjected to fields 

0 - 3l<V I em. have been cattried out at 9. 522 GHz. The klystron used as 

a signal source was capable of delivering high power ( 100 rnto~), to~hich 

determined the sensitivity of the bridge. ·rn the final form the bridge 

. was cc!lpable of detecting attenuation change less than 0.1 db and phase 

chang«~s of 0.01 mm (or 0.1°) ·in a semiconductor loaded wave guide 
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section, with an approximate loss of 5 db. 

For the purposes of measurement, the semiconductor samnle is 

placed at the end of a wave guide terminated by a short circuit, as 

shown in Figure 4. The input impedance at the air sample interface 

·Z(o) is then obtained from the measurement of reflection co-efficient 

p(o) with a microwave reflection bridge. The measured value of Z(o) 

is then used to calculate the propagation constant of microwaves 

propagating in the semiconductor as described in section 3.3. Knowledge 

of the value of the propagation constant then allows the calculation 

of the resistivity and dielectric constant of the semiconductor. 

Theoretical expressions for the reflection co-efficient at a 

particular measuring plane in an ideal matched reflection bridge and 

also in a·general bridge circuit are derived in section 3.2. 

3. 

Measurements have been made of the resistivity and dielectric 

constant of the 10 ohm-em. germanium at 9.522 GHz, with the semiconductor 

sample inserted into a rectangular wave guide. The results are given 
( 

in Tahle 5.2 and the value obtained for the resistivity is in good 

agreement with that measured by a d.c. 4 probe methodo The probe 

measurements are given in Table 5.5. 

4. 

The conductivity. of the sample was also measured at 9.522 GHz 

with varying electric fields with the ·results given in Table 5.3 .and 5.4. 



The microwave conductivity for the conditions of parallel 

microwave and applied electric field vectors gave a normalized 

carrier mobility, which agreed well ,Ji th the values of differential 

mobility (~) obtained graphically from Figure lle These results 

are in good agreement with those of Gunn(l4 ) who performed measure-

ments by a transmission br~dge at a frequency of 9.392 ~Hz. 

The mobility derived for the conditions of perpendicular 

microwave and applied electric field vectors is intermediate between 

~~·and ~ derived from drift velocity measurements. Heasurernents 

of the mobility applicable to the perpendicular field configuration 

have not been reported in the literature up to the present time. 
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For future investig~tion, it is recommended that measurements 

should be made to examine the variation of conductivity l-ri th electric 

field at varying angle between microwave and applied electric field 

vectors. 

s. 

The theoretical expressions for the propagation constant, the 

angular shift, the ratio of major and minor axes, pm.zer loss and 

figure of merit of a proposed hot electron microwave rotator, are 

developed. 

It is seen that the,plane of polarization of an electromagnetic 

wave in a semiconducto~ subjected to a high electric field is rotated 

by an angle.. It is also seen that the wave becomes elliptically 

polarized as it progresses through the semiconductor and the microwave 
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field vector rotates anticlock'Ydse [because of the positive value 

of <ay-ex)] varying its magnitude with times 

For a high figure of merit, it is desirable to use hlghly 

doped samples (2 - 5 ohrri-cm.) or to operate at lovr temperature 

and to use a frequency <10 GHz with 30°<8<35° (see Figure 17). 

However, for this condition the sample length is limited to 1 - 2 

mmo For large angular shiftsj it is necessary to increase the 

sample length, with a consequent increase in po"Ter loss (see Figure 15). 

It may be noted that- the characteristic to be sought for 

efficlent rotator are small a and large (a. - a ) • 
X y X 
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PHOTOGRAPH 1: The Experimental Setup of a Microwave Reflection Bridge for the 

Measurement of Propagation Constant in a lOQ em n-type Ge subjected to a 

High Electric Field. 
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PHOTOGRAPH 2: The Pulse Generator, the Power Supply to the Pulse Generator and the 

High Voltage Supply. 
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