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SCOPE AND CONTENTS:

Measurements of the propagation characteristics of 10 chm-cm,
n-type germanium subjected toAa'high electric field have been carried
out at 9,522 GHz with a microwave reflection bridge. The experimental
a;rangementenabled measurements to be made with the microwave and
applied electric field veciors 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 agreement,

Theoretical expressions for the performance of a hot electron

microwave rotator are also developed.



ABSTRACT

A method for the measurément of the microwave conductivity
of a gsemiconductor subjected to a high electric field is described,
which provides for varying angles between the microwave and applied
electric field vectors, The results of measurements on 10 cohm-cm.
n-type germanium at 9.522 GHz with applied electric fields up to
3KV/cm. are given.

The measurements show that the microwave conductivity is
controlled by the differential carrier mobility (g%?) for the con-

dition of microwave and applied electric field vectors parallel,
/

For the case of the fields ét right angles the microwave conduc-
tivity is controlled by a carrier mobility intermediate between the
d.c.‘mobility (%9 and the differential mobility (g%?)‘,

Theoretical expressions for the pérfofmance of a proposed

"Hot Electron Microwave Rotator" are developed.

(1i1)



ACKNOWLEDGEMENTS

The author expresses his deep sense of gratitude to

-Dr. M. W, Gunn for his kind and constant guidance throughout the

progress of the work.

The author also expresses his gratitude to the Government
of Canada for the receipt of a Commonwealth Scholarship which made
this investigation possible.

Thanks are also due to Miss Marlene Schultz for typing

this manuscript in such a short time.
/

(iV).



CHAPTER

~ CHAPTER

1:
1.1
1-2

1.3

2.1

2.2

2.3

CHAPTER III:

CHAPTER

3.1

3.@
3.3
IV:

4.1

4.2

TABLE dF CONTENTS

INTRODUCTION. + ¢ o ¢ & o o & o o o o o o o o o &
Hot Carriers:. s o o o o o ¢ o o ¢ o o o o o o« o
Literature SUTveyY . o+ «cc¢ o o o ¢ o o s o a o s o
Anisofropic Conductivity in Germanium at

I‘Iigh Electric Field L3 L] . L] L] L] L ] . L] L] L] L] L) L

THEORETICAL CONSIDERATIONS. o o ¢ o o o o o o o o
Dependence of Conduétivity and Dielectric

Constant on the Frequency and the Carrier Energy.

Hot Electron Thedryo e o o 6 6 0 8 e s 6 o @ 8 ne-

D.C.;Differential and Microwave Conductivity . .

THEORY OF MEASUREMENT. « ¢ « o o c oo e e e e e
Prqpagation‘Consfant in a Semiconductor loaded

Wave Guide ; 6 » o 8 ® 8 s 5 e » o 8 o v e & = s
Theory‘of Reflection Bridge. « ¢« o o o o o & .

Theory of Measurement of Propagation Constant. .

EXPERIMENTAL PROCEDURES . . . .‘e 6 o o s o o o o
{(a) Preparation of Samples « « o o « o« o ; o o %
(b) Préparation of Non—injecting Contactse « o o
Measurement of Carrier Drift Velocity. . - . e
(a) _quée Generator. . ;la e s o ; e v e e e o

(b) Measuring Procedure. : o o o o s s o o o s o

v)

14
18
18

20

27

. 31
. 31

. 33

34

. 34

° 36



4.3

4.4

CHAPTER V:
5.1

5’.2

5.3

CHAPTER VI:
6.1
6.2

6.3

CHAPTER VII:
7.1
7.2
7.3

7.4

‘Measurement of Conductivity and Dielectric.

Constant « « & & o & o o o o o o o o o o o8 &
(a) Description of Circuits and Apparatus, .
(b) Measuring Procedures. « « « o o « o o o
(c) Sources of EXTOrS. « « + « « s o« o o & &

Measurement of D.C. Resistivity . . . . . . .

RESULTS: « « o v o o o o o o o o o v v v o

Measurement of Drift Velocity. . . .'. e e e s
Microwave Measurement of Resistivity‘and

Dielectric Constant. « « o o o s o o & + &
(a) Measurement with Zero Applieé Field . . .
(b) Measuremént in Unslotted Wave Guides with

Applied Electric Field., . . . + + &« .+ « .

Measurement of D.C. Resistivity. . . . . « . .

DISCUSSION OF RESULTS & + v « + o o« o o o o »

Measurement of Resistivity and Dielectric. Constant

Effects of Slots and Insulation . . + « « . &

High Electric Field Measurements . . . . . .

POSSIBLE APPLICATION OF HIGH FIELD EFFECT . .

Introduction e o 9 LI e e e ® o @ s e = . .

.
©
.
€
.
-
.
°
-
-
.
e
.
»
.
3

Theory, + . »
Calculations « « & o & ¢« ¢ o s o o o o « o o

Discussion © & ® s 6 s . 8 8 8 8 e 4 s e s e @

PAGE

47

49

49

49

50

57
57
58

59

61
61
61
69

69



CHAPTER VIII: CONCLUSIONS o ¢ 4 o o o o & o o o o &

APPENDIX - I: IBM 7040 COMPUTER PROGRAMMES. . & « ¢ 4 & ¢ o o o &
1 Calculation of CS and its Angle . . + . + . 4 . . .
2 Calculation of Resistivity and Dielectric Constant,
3 Solution of Propagation Constant in Ho£ Electron
ROtator « « ¢ o o s o o o o o o o o o s o » s o s

fé Generélizgd Solution of Hot Electron Rotator. . . .

APPENDIX-II: . PHOTOGRAPﬁS © o e o @ o .‘. e o 8 e o 5 s e s o a o
1 The Experimental Setup of the Microwave Réflection

Bridge for the Measurement of Propagation Constant
in a 109 ém./n-type Ge Subjected to a High Electric

Field.c o ¢ o o o o o o g o o o o o o-9a o o a a o o

2 The Pulse Generatof, the Power Supply to the Pulse

Generator and the High Voltage Supply.. . « « o & &

\

REFERENCES o L) L] o o ° s( @ © @ [] o » L] o ] ° ° ‘. o ] . @ o L] L] L] ° o

(vii)

PAGE
.74

78
79

g0

81

82

"84

85

86

87



LIST OF SYMBOLS

attenuation constant; angle between d.c., field and microwave
field vectors.

attenuation constants due to x, y comﬁonents of an electro-
magnetic wave in axial (éj direction.

waveguide dimensions; incident and reflected waves; semi-
major and minor axes; constants. |

constants in the expression for reflection co-efficient; A =
twice the difference in the attenuator readings.

attenuator read{ngs with sample terminated by a short.
attenuator readings with fixed short

phase constant.

phase constant in the empty wave guide.

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

direction

yA
L'n]
Bod
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.

i- absolute permittivity of semi-conductor

relative dielectric constant.

absolute free space permittivity.
(viii)



[22]
m
]

GHz =

Ge =

o
b

d.c. electric field
change in d.c. electric field.
peak microwave field.
component of microwave ficld 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 field/
frequency
frequency of optical phonon.

/
figure of merit.
giga hertz

germanium

‘Planck$ constant.

magnetic field.

current

Boltzman'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,

precision short reading with the fixed short.

precision short reading with a load Zge

(ix)



]

]

n

~ complex conductivity.

distance of the measuring plane from port 2.

iength of the sample.

mass of an electron.

mobility

low field mobility; free space permeability.

microwave mobility for the conditions of perpendicular micro-

wave and applied electric vectors.

number of electrons/unit volume.

constants.

average power carried by the wave.

angle of rotation or angular shift.

twice the difference in precision short readings with the
saﬁple terminatéd 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.

apparent conductivity.

microwave conductivity for conditions of parallel microwave
and electric field vectors.

microwave conducfivity for conditions of perpendicular micro-

wave and applied electric field vectors.

(x)



c

wlar: H|C

-

14

resistance

equivalent resistance

.low field resistance of the sample.

scattering matrix

time.

angle in von Hippel graphs; relaxation time.

momentum relaxation time.

energy relaxation time;

energy relaxation timé corresponding to E

optical phonon felaxatibn time.

thermal equilibrium temperature of an electron; magnitude in
von Hippel graphs. |

temperature of an electron at an electric field.

angle between d.c. field and microwave field.

‘velocity of acoustic phonons.

drift velocity of an electron. ”
saturation drift velocity of an electron.

thermal velocity for an electron energy KT.
d.c. mobility.

differential mobility.
voltage.

radian frequency.

.cartesian co-ordinates

new position of the axis of the ellipse.
distance in the direction of propagation.

impedance of the empty wave guide.
(x1)



Z(o)

i

input impedance of the air-sample interface.

wave impedance due to the x-component of the wave in z-
direction.

brépagation constant.

propagation constant of empty and semi-conductor filled wave
guide respectively.

propagation constant of the sample ;rm.

wavelength in empty and sémi-conductor filled wave guides
respectively.

angle of CS°

conditions of parallel microwave and applied electric field
vectors. /

conditions of perpendicular microwave and applied electric

field vectors.

(xii)



1.1

CHAPTER I
INTRODUCTION

This thesis describes a method of measurement of the microwave
conductivity of a semicondu&tor 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 andfgives a means of measurement of the propa-
gation constant of a wave Pr0pagating in the semiconductor,

The theory of operation of this measuring éystem is developed
and the results of measurements on 10 ohm-cm. n-type germanium are
given. A ﬁossible application(qf the propagation phenomena described
is a "Hot Electron Rotator" and theoreticalvwork on the performance of
such a device is presented. |

HOT CARRIERS:

When an electric field is applied to a semiconductor, the carriers

are accelerated 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 Tme



1.2

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.A 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

(D)

was first introduced by Frghlich 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
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 law in Ce at high fields have been

(2-4) (5) (6)

studied by Ryder and Shockley s Gunn and Larrabee , who

obtained the saturation drift velocity v in the range 4.5-9 KV/cm,

The most recent measurements have beén reported in a number of papers
wfitten by workers at Stanford University and California Institute of
Technqlogy.(7)

LITERATURE SURVEY:

The behaviour of semiconductors in microwave and pulsed fields

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

Arthur et al(m) showed that microwave attenuaticns in presence
of high field is proportional to differential mobility (%%J and that
it decreases with increasing external electric field, He obtained
saturation velocity vs aty,5 Kv/em, with 5 ohm-cm, germanium sample,
in agreement with Ryder, Shockley ana others.

Gibson et al(lz) measured the propagation constant in Ge at
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FIGURE 1:  Variation of carrier eneréy (é;) and temperature (To)
with electric field, compared with EL and TL’ the
.thermal equilibrium values after Gibson etal(lz).



34,75 GHz and showed that the microwave conductivity cannot be
identified with the d.c.. or differential mobility but it lies
intermediate between d.c¢, and differential mobility.

(13)

Nag and Das derived the microwave conductivity and

change in apparent dielectric 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

(12)

with the experimental results of Gibson in the acoustic phonon

scattéring region below 5KV/cm,

(14)

Gunn showed that the paraliel microwave conductivity Oy
of 10 ohm-cm. n~Ge at 9,392 GHz is governed by the differential
mobility, and 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 Dykﬁan(lS)
who perforﬁed a theoretical calculation of microwave cénductivity

under low d.c. field in the range 0-500V/cm., considering the im-

purity, intervalley and inter-electronic scattering,

1,3  ANISOTROPIC CONDUCTIVITY IN GERMANIUM AT HIGH ELECTRIC FIELD
(16, 1)

It has been argued from physical reasoning by Gunn
that in Ge, 0,is governed by differential mobility %%-and o, is

governed by d.c. mobility . g



Since differential mobility and d.c. mobility are different,
,and o, are also different and hence the microwave conductivity
epends on the angle between the microwave field vector and d.c.
electric field vector., A possible application of this effect is in
e "Hot Electron Microwave Rotator" discussed in Chapter VII,

(12)

However, since at higher frequency (wts>>l) o, approaches
it is clear that this proposed application of anisotropic con-
ductivity at high electric field is limited to low frequency (f< 10 GHz)
d for a limited value of T .
The décrease of microwave attenuation in Ge at high electric

field offers the prospect of very fast modulators and switches which

would operate in the nano-second region,
/



CHAPTER II

THEORETICAL CONSIDERATIONS

(

2.1 DEPENDENCE OF CONDUCTIVITY AND DIELECTRIC CONSTANT ON THE FREQUENCY AND
THE CARRIER ENERGY

The mobilitv of a semiconductor subjected to a high field of

radian frequency w at thermal equilibrium is given by(lz)
e _n

2‘2
2
J(?m(ﬁ') & &r ae
<Tt>= '°3 (2.2)
g2 _ %r
fE e df
]
and the complex conductivity
A ne2 T
olw)= m <.l+jw'rm >
2 T 2 T 2
ne m . ne m ~
= = < 5 2>,3w. — < — 2> (2.3)
l+w Tm : 1+w T

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

Maxwell's curl equation can be written as

7 xH = (6 + jwe)E

m m

2

n92 Tm 1f1e2 -, m

= < 2 2)+ jule - e > 2)) (2.4)
1+w 'r 1+w 'r



Equation 2,4 gives the conductivity,

g =
1+w T
= = {9 [since at high fields (uwt )2441]
m m m
= %, (2.5)
and apparent dielectric constant,
2
' ne2 Tm
r*fr T TR 2. 2
o l+w™ Tt
m
. a
- al o T
TfooE " (2.6)

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

dielectric constant.

When the semiconductor is subjected to a high electric field,

equations (2.5) and (2.6) are changed to

' Eo..EL T

6 =0 [1-2n
o 1l £° f TE

] (2.7)

] (2.8) -

and

(2.9)



where EL = thermal equilibrium energy of the carrier,
£, = energy of the carrier at an electric field E,
Ny, M, = constants
Also, 1_ = a1l = al[€ + AE1™1
m ] ‘
- . AE J AE (2.10)
===ae.:,l[l-nl---—]= T [l-—nl-——
&o ° £o
and similarly
= we™h, o AT
T, =bE 2 =T, 1 - n, Erd (2.11)
o o

where a, b are constants and AE = change of carrier energy by microwave

fieldo_
In the absence of an electric. field, £0 = Ei, so that equations
/ .

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

[o]
confirming the validity of these equations,

(a) EFFECT OF HIGH FREQUENCIES

At high frequencies (wT)2 approaches infinity and the second

termsin the parenthesis of equations (2,7) and (2.8) vanish, resulting

and

(b) EFFECT OF LOW FREQUENCIES

At low frequencies (m‘T)2 << 1, so that the equations (2.7) and

(2.8) reduce to



€
°'=0°[1~2n1£O_L 1 .
eo EO-EL
e 3

Eo L

assuming (n2+nl)
. o . )
Thus, the mobility is reduced at high carrier energy and

T

Uo' Eo-£L Eo "

Cr' = Eﬁ - ;;-frm - 2nl . i |

° &o &-C. 2

{1+ (r& +n,) =————}
1 o
2- Ts
. %oTm + N9, 8o-gL %)
r e:o ‘ €o Eo eoﬂeL

1+ 2(n2+nl)-—£:_

where the third term shows the positive contribution to dielectric

constant at high electric field,

2.2 HOT ELECTRON THEORY

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(l7) 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
3KT

- = 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

L& & 1
u = -go—“;-
4 \’T,

(2.12)

where VT =,/%E£r o thermal velocitv for an electron energy KT,

m, e = mass and charge of an electron,

£ = mean free path between collision.

The mobility is, therefore, independent of E but dependson the type of

scattering processes, namely impurity and lattice scattering. The former
/ ;

dominates over the latter at low temperature while opposite is true for

high temperature,

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

-

In this range E = 1 - 10KV/em., electrons and long wavelength

- acoustic phonons interact.

The average rate of energy exchange due to acoustic phonons is

given by(la)
¢ d€ N 8 2 2KT_ - Te]
dt - m T

phonons £ S

where u = velocity of acoustic phonons,
2 = mean free path between collisions,
'Te = temperature of electron at an electric field E,

thermal equilibrium temperature of an electron,
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Yt hnt i M d€ P
At thermal equilibrium T = T_ and hence { = %honon =0 i.e,

there is no average energy gain by the electrons due to collision,

d€ =
Als°’<'<-l-t->field = e Evd

For steady state,

2 2KT T .

eEv +3M_ [ 1. &1=0 (2.13)
d ™ T
L/
Noting that, V4 = -E-}-‘- uoE, vwhere uh = high field mobility
o
Mg = low field mobility
8 1/2
ek [Q'an T ]
= e B
¥
8 1/2
et [Qw m}( T:l
foe
= JT_ Yo (2.14)
2 KT .
and . Smu [2 e-ll/?
(¥ -m

_ 32 u2e [Te Q'nKTem ]l/2
" wx3e & T 8

32 u2 e e 1
2 = 7 T equation (2.13) reduces to

Mo
2 T T

2T 32 u'e e 1 e _
e B vt T - =0

e . Q

T T v E
) e.2 e 3n .0 (2 _
or ) - - g ) =0

E
i
T, 1401+ = (7

e
or T = 5 (2.15)
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T
considering positive sign only, since "i"s >1 at high field.
(i) Conduction at Low Fields
At E>1KV/cm,., uoEk<u, so that
. u E
T -1+[1+.];.5_L§1.(_-°—)2]
e 2 32 u .
7= 5 neglecting smaller
terms or
/ie_- 1 1 ,3.1(__M°E)2
T = 2 32 " u
By equation (2.14)
. " E
_ 1 3r ,"0 2
Ud-hofl--z-ﬁcu)]E (2.16)

which shows the decrease of/mobility with E.
(4i) Conduction at Medium Fields

If the field is increased until uoE = -g-u, the equation (2,15)

reduces to

L
:I‘_£=l +/(1 + 7)
T 2

R
N

and drift velocity drops to
' T

Va T Yo /T—'E
e

0.707 uoE

[{]
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(iii) Conduction at High Fields

At high field (E>10KV/cm.), u E>>u, so that equation (2.15)
becomes
1
3n /2 oE

2 () m——

32 u

'-il m-—l

and by equation (2,14)

_ u ,32,1/2.1/2¢ .
Vd = OJ[-J:E. (-:ﬁ,-) ] } E )
sy (=2 (32)1/2)1/29 5%

7]
3
o] uo

where Vg is proportionlal to'VE
and p is proportional to i
/E

(c) CONDUCTION AT EXTREMLY HIGH FIELD_S

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

When the value of Vg4 is such that -;'-mv d? is greater than optical phonon

energy (hfo)' they will be excited directly from valence to conduction

band.
- If 1 = relaxation time for optical modes,
then(lg) : ‘
(&, e
dt’ phonons =~ T o
Also,
d€ -
(F'rie1a = ¢ E Va
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In a steady state,

2
hf e T
o . o EZ
T, m.
(hfom)l/2
or To = e L
the mt/?
d v, o= =3 2 'E
an d m e E
hf
= (=2)}/? (2.17)

a constant showing saturation of drift velocity.
Using the energy of optical phonon, which is also known as the
Raman energy (hfo = .037 evfor Ge) and determined by neutron diffraction

/
method,

vd = 8 i 106 cm, /sec,

(5)

This effect has been observed experimentally by Gunn and is shown in
Fig. 2.
. At a voltage greater than gpKV/cm., the drift velocity increases

suddenly, due to sudden increase in the current density by avalanche or

ionisation,

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. u gﬂ%“'

and hence the d.c. conductivity,

e Y '
%.c. = MeE ) (2.18)
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The differential mobility is defined as the differential change of
mobility wkith electric field i.e. du = «%}\-;- and hence the differential
conductivity, »

av

do = ne ol | (2.19)

MICROWAVE CONDUCTIVITY

If the d.c, field E and peak microwave field E, are applied
at an angle a (see fig, 3) with the assumption E <<E , then total field

at plane z = 0,

0

El
Bt=E + == (cos a + j sin a)
/2 ‘
S 2
E o E..
oo ]EJ = [(E + 2 cos a)” + -fz]; sin2 u]l/2
y
E2 . | | ‘
= + 2+ /2 E E Cos al'/?
E- E
=E [1+ (--=-=]-'—)2 + /2 -]-3-1- Cos a]l/2
2E
) E ' El 2
=E [1+ Cos o], neglecting (-E—-) as it is small,
/2 E .

Hence the. change in electric field in x direction,

AE

|| - E
E

1
- Cos a (2.20)
V2 .
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(i) Microwave Conductivity for Fields at Right Angles

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

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

Uy ='%-and hence the pefpendicular microwave
conductivity,
g = ne'EE - (2.21)

(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.
/

[+ 2]

\
w, = =

Q

and hence the parallel microwave conductivity,

6, = ne %%- (2,22).

Comparing equations (2.18). with (2,21) and (2.19) with (2.22),

Oy s

. _
deco } (2.23)

and g, = do



CHAPTER III

THEORY OF MEASUREMENT

3.1 PROPAGATION CONSTANT IN A SEMICONDUCTOR LOADED WAVE GUIDE

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

the propagation constant yiof the empty wave guide and yz'of the

guide filled with semiconductor (see Fig. 4) are given by(20),
2 | ,ea 82 _ M2 2 '
Y] = (]80) = (-é-) - wu g (3.1
2 2. T2 2 ' . @
and TS = (et = (T - wiu e (6] s (3.2)
where w = radian frequency/second
0 = conductivity of the semiconductor
Egs Wy T free space permittivity and permeability

respectively.

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

respectively, one can obtain:

208
2 emaem (303)
Wit
B%-8_-a’
gr -] = 5 - (3.4)
Wy €
c 0o

18
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FIGURE 3: Relative positions of microwave and
applied electric field vectors in a

wave guide.

 Short Circuit at end
of waveguide section

| el 2B
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FIGURE 4: A waveguide section containing a semiconductor

sample terminated by a short circuit,
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Hence ¢ and er can be found out if o, B are known. The

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

3.2 THEORY OF REFLECTION BRIDGE

Microwave bridges are most suitable for the precision
measurement of the electrical properties (5, ¢) of solids. A general
bridge (unmatched) can be used to obtain accurate results, prrvided

the bridge is calibrated with three preliminary measurements.

CONSTRUCT ION

The schematic diagram of a reflection bridge is shown in
Fig. 5. The sample is 6oupied to one side arm and the precision
short and attenuator 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' has the property that when
the reflection co—efficient? atreference planes in the side arms are

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

THEORY OF OPERATION'ZY)

The reflection co-efficient p(x) = p2 e 2¥s%s (3.5)
where o, = reflection co-efficient at Port 2

Y_ = prop. constant in the sample arm

®
)]

distance of measuring plane from Port 2,
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Ports 1 and 2 are located in side arms and power enters through H

arm,
For hybrid 'tee'
b = Sa
-1 [T mEr
Dat 1511 S12 S13 Sw| {2
or
Dol 1521 S22 S23 Souf |22
bal 1513 523533 Sau a,
bﬂ ilu Soy B3y Sm.t :‘_u
where a = incident wave
b = scgttered wave
5 = scattering matrix
Also, = ii
P B]
} (3.7)
a
p = —.2-
2 b2

Noting that bu = a, = 0 for null condition, one can obtain o(x), after

N
solving equations (3.5), (3.6) and (3.7) for £y as

Pl a-b

p(x) = T -1 (3.8)
1
§.. 6. =S8..8 2y %
where Q= [Sll ?34 sla Slu] o 88 (3.8(a))
22 “34 T “23 "2y
Ssu 27525 ,
b = [g—A e ———] e (3.8(b))

- Q
22 Sau = S23 Sou



2
(51 Spp = 8157 ) Sy * (S5 515 = Sy 559)
and e=[
Sp2 Say = Sa3 Sy
(815 S33 = 513 592) 514 4
—S
899537 23 24
(21)

The reflection co-e

to be equal to

1
vwhere K = KAKS' 1<A = residual attenuation of the attenuator
KS =z zero §etting and fixed loss of short circuit
Ar = reading of'precision attenuator in neper
Brnr = reading of precision short in radian

Equation (3.8) then

D(x)

where A akK

B=5b

C = cK

This is

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

fficient Y

- x &2 (Ap * 3 Bphy)

reduces to

_ A 52(Ar + 5 Brlr) - B
¢ A 73 B

S
24
4_

measurements, which constitute the calibration of the Bridge.

23

(3.8(c))

of the reference arm has been shown

(3.9)

(3.10)

the general expression for the reflection co-efficient of the
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(1) BRIDGE CALIBATION

Matched and. symmetric bridge: when the bridge is matched

and compensated for asymmetry,

S11 7 Sas 5137 Spgs Spy 7 -Sgy ARd S5 % S5 % 0,

Under these conditiens, from ecuations (3.8(b)) and (3.8(c))
B=20
c=20

and equation (3.10) reduces to

-2(4 j 23
pl{x) = =A eQ(Ar i Er ral _ (3.11)

When a precision short circuit is placed at dl"

p(s)) = ox) e2¥sdy

or =1 = p(x) e2Y5d1

p(x) = -§2stl

By equation (3.11),
-Ezysdl -A EQ(Ar(Sl) * ] Brzr(sl))

R where Ar(sl) = Attenuator reading with a fixed short

Brzr = Precision short reading with a fixed short

€2stl

or. A = 7
S2(R () * 3 8.2 (s))




Hence, by equation (3.11),

o(x) = 2l1AmA (s )} + 5 8 {8 8 (s)) + d;}]

- - =K (3.12)
vhere A = 2 {A - Ar(sl)i in neper

$=28 08 _2(s)+d) in radian

The equation (3.12) has been used for this measurement of reflection .
co-efficient at the air-sample interface,

(2) VMATCHED AND UNSYMMETRIC BRIDGE
/ .

If the input ports of hybrid "tee' are matched and the bridge

is not compensated for asymmetry, then S S,, =0

1l 22

S g . = p at a single frequency

12 21

and by equation (3.8 (¢)), C = 0, so that

p({x) = -A 52(Ar *I8.00 4B - - (3,13)
(a) With a precision short circuit termination at the sample arm,

Z2vdy o, 2lA(s)) + 388 (DT, (333(a))

(b) With a matched termination Z_ at the sample arm,

0 = =A 52[Ar(zo) +3 Brzr(zo)] + B (3.13(b))
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Solving equations (3.13(a)), (3.13(b)) for A, B one can obtain p(X)

from equation (3.13),

plx) = - -

(3.14)

+

3 Br“‘r—ﬂ'r(sl)] pl(zo) ]

p,(2,) -,az[Ar(zo) + 3 8.2.(2)]

where =z -
pi(él) ;2[A£I§1) + j‘Brlr(sl)]

/
The R, H, S, of equation (3.14) contains known quantities and enables

p(x) to be evaluated,

It is to be noted that equation (3,1%) reduces to (3.12) provided

’pl(zo) o
"1(31s 3

(3) GENERAL BRIDGE

It has been mentioned earlier that the reflection co-efficient

for a general bridge is given by

2Pt 180 5

p(x) = -
c s2(A 1 8.2)

-1

where the values of the constants A, B, C can be determined by calibrating

the bridge with two shorts at two different distances dl' d2 from
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measuring plane and with one matched termination z, at the sample

arm.

3.3 THEORY OF MEASUREMENT OF PROPAGATION CONSTANT(zz)

The sample is placed at the end of a wave guide terminated
by a short (Fig. %), The input impedance at the air-sample interface
Z(b),‘ohtained from the meqsuremént of reflection co-efficient .p(o),
is used to determine the propagation constant of the sample . y = a + j B8,

MEDIUM I

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

N Z(o) - 2 :
p(o} = ETBT-;—Z;f-where Z, = impedance of the empty

guide
: . 1+ p(o)
or 200)= %) 5ty

(3.15)
1 - E(A + j ¢)

1+5A*+3 0

=“Zi

where A, ¢ are twice the 'readings between the attenuation in neper
and phase shift in radian respectively (readings with the

sample and short and with the short alone).

MEDIUM 2

In medium 2, the transverse components of electric and magnetic

fields are:

- g V% . Y,z . |
E(2), = Eiz e2” + Erz é2” ‘_ (3.16)



2
H T cmm—. @
(2)2 zZ,

where E, , E
:l.2 r2

E 3
1
-YQZ

Since the guide is terminated by a short at z

or

Using equations (3.16), (3,17) and (3.18),

E(o)2
H(o)2

Z(o)

. [1+ (-82Y29)]
by .
2
E;
2 [1- (-8272%y]
Z .
2
E(o;
ﬁfo)z
Z, tanh (v2§)
z. 11 | i
1 ?; tar.h“ (de

Since for a TE wave,

Z

2

1

Z

Juu,
i
Juuy
"1

|
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(3.17)

are amplitudes of incident and reflected waves,

d, by equation (3.16),

(3.18)

(3.19)
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Equating (3.15) and (3.19) one can obtains;

tanh (y,d) o1 1- S(A+ 36)
'[2d JBOd 1+ E(A + ]¢)
1 I 1. 38
= e |2 |e
jBod n
=c_/fs (3.20)
_ _Cosh A - Cos$-1/2
where | |an = [Cosh T Cos¢J (3.21)
_ -1 sin ¢ ‘
8 = tan” [Fr (3.22)
- Zn
"CS =/-A—E-I- . (3.23)
"o
T _ .-l ,sin ¢
§ =3 ltan [ETE_EKJ (3.24)
where equation (3.21) and (3.22) are found in literature(23). The

Csand § can be found by measuring the sample thickpess, the wavelength
A in fhe empty guide and the value of A and ¢ with a reflection
bridge. .

The next step is to determine

(22)

tanh T el _— 5j§ from the graphs of von Hippel
T ej.r s '
where
T ejT
Y2 774
when a = geos T
} (3.25)

™
{1l
al
7]
[
1
-



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

evaluated from equations (3.3) and (3.u4).

30



CHAPTER 1V
EXPERIMENTAL PROCEDURES

4,1 (a) PREPARATION OF SAMPLES

The samples of germanium in the form of rectangular pieces
were cut from a large block of 10 ohm-cm, n-Gé <1lll> 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 6f the sample was chosen
to cbtain maximum accuracy of measurement and minimum loss and was
kept at least equal to the skin depth, The skin depth § was cal-

culated for p = 10 ohmecm., £ = 9,522 GHz from the expression

1
6 = - = 0.063"
v’nfuo/o ,
N 3 (22) ']
The measurement accuracy is a maximum when the sample thickness
¢ = £E, 38, 52E ete,

To*have minimum loss, £ was chosen to be one quarter wavelength in the

sample

£
Nl A
»

31
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where B = phase constant of the sample, which was obtained from
equation (3,2)

.2 2 )
Y= ()T - wu e e+ Juu o

790

= 1,89 - 63,5 + j—;— for er = 16

_ f = 9,522 GHz
= 100 /128° ’

; p = 10 ohm-cm,
y = 4,38 + j8,987 /cm, .
=a + jB
- /
when & = == = 0,069"

28

Since %5»= 8, the length of the sample was chosen equal to skin

-deptﬁ (63 mils).
N-type germanium of resistivity 10 ohm-cm, was chosen,
because
(i) it shows hot electron effects
(i1) it is suitable for measurement with a reflection bridge

(ifi) 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 material because the critical current density

at which injection starts is lower for a high resistivity sample(s’ 11)
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(b) PREPARATION OF NON-INJECTING conTacts(Z*» 25)

All faces of the samples were polished with emery paper
and then cleaned by etching for 30 secs. either in Hydrogen Peroxide

or in an etching solution, which contains(25):

3 parts HNO, (sp. gr. 1.42)
2 parts H,0 (dimineralized)
1 part HF (40%)

Using polyflux, the specimen was then soldered with a solder
(95%8n + S%Sb) containing impurity of the same type as in the body
of the semiconductor and at’a temperature of §Sout 300°C. . During
) the ﬂigh temperature cyc;e of soldéring operation, enough of the
material from the molten'so;der diffused into the surface layer of
the semiconductor producing a heavily:doped region (Fig. 6), This

region provides recombination centres for any minority carriers in-

jected during the application of a potential across the sample.

Precautions

(i) Care should be 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, do not have enough time to modulate the conductivity
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of the main section,

(iv) Short pulses can be used to avoid surface breakdown.

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-
injecting,

Another indication of an injeéting contact is a rise of
current with voltage over the period of an éppliéd pulse, This may
occur due to hole injection}or from sﬁrface.generation. This effect
was only observed in the samples prepared for electric fields outside

the rénge of interest (0 - 3KV/em.),

4.2 MEASUREMENT OF CARRIER DRIFT VELOCITY

The drift velocity of electroﬁs in the 10 ohm-cm, n-Ge samples
was measured as a function of electric field., The experimental arrange=-
ment is shown in Fig. 7.

(a) PULSE GENERATOR

/

To avoid joule heating in thelsample, pulsed electric field of
duration 0.5-1.5 u sec, with a repetition rate 1 p/s'was used, This
necessiated the assembling of a pulse‘generator and a hydrogen thyratron
on-off pulse generatog%e&hich was availaﬁle, was converted into a line

(27)

type pulse generator « This type of pulse generator was chosen to -
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Ordinary Solder Heavily doped region with
Contact _ : Tin-Antimony Solder

(95% Sn + 5% Sb)
‘ Metal

n-Ge

_FICURE 6: A honFinjecting contact

e
e

%
/
FI e 0.5 micro-sec pulse
+ Voltage
-
. +
i B é G Input to
Pulse a Re = 66 < & 585 Tektronix
b Oscilloscope -
Generator :
V fr—

| ,Current

v L vl
—
-
-

FIGURE 7: iAn arrangement for deift velocity

measuremént .
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obtain a well shaped rectangular pulse and has the advantage of little
l1ikelihood 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: 0O ~ 8KV ‘ Thyratron rp; 2 ohm

Duration: 0.5 - 1.5 u sees ‘Ionisation time: 0.05 u sec,
r.f.r.: 1p/s ' De-ionisation time: few u secs,
Source imped: 50 ohm ' Trigger voltage: 200 = 300V

(b) MEASURING PROCEDURE®s 51 ©)

The sample was first matched to the pulse generator by means
of a parallel chain of reéiétoré to ensure a single well shaped
rectangular pulse, The éurrent through the specimen w;s measured by
measuring the voltage across the 1 ohm (.1%) re51stor. The voltage
across the specimen was measured 1ndependently. Both current and
voltage measurement were taken with a 585 Tektronix oscilloscope,

The drift velocity was calculated from the expression

R I .
. . ‘=8 '] 2 cml
where M, = low field mobility (V:EEET)
R, = low field resistance (ohm)
"L*= length of the specimen in cm,
Is=

current through the sample in amp.
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4 ,3 MEASUREMENT OF CONDUCTIVITY AND DIELECTRIC CONSTANT

(a) DESCRIPTION OF CIRCUITS AND APPARATUS

A schematic diagram for the méasurement of propagation constant
% : a + jB with a refiection bridge is shown in Fig. 8. The equipment
uéed is as follows:
(i) Klystrons
| The klystron used as a signal source is an X-13
reflex type, with a frequency range of 8,2 - 12,4 GHz which can be
varied by a micrometer adjustment. The maximum power for optimum load
is 750 mw. The power to the klystron was supplied from the P. R, D.
power supply, type 809A, f
The klystron used for the loéal oscillator is a type 2K25 with
a frequency range 8.5 - 9,66 GHz and 30 mw power output. Power to

this kl&stron was supplied from an FXRZ815B Universal Klystron Power

Supply.

(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 but for reverse
direction, it has approximately 30 db attenuation. Units manufactured

by P, R, D, were used in the bridge assembled.
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(iii) Variable Attenuator

This is used to control thé power input to the

circuit and again . a P, R, D, unit was used,
(iv) Hybrid Tee, Precision Attenuator And Precision Short

High quality equipment is required for these
components, Elliott instruments are used for the attenuator and short

circuit and the hybrid tee was manufactured by Demornay Bonardi.

- (v) Sample Holders
Sample holders were machined from standard x-band
wave guide as shown in Fig.jg. The configuration of Fig. 9(a) with
the semiconductor placed fully inside the sample ﬁolder was used for

the basic measurements of P and €

The slotted holders shown in figuresié(b) and 9(c¢) were used
for -high field meaéurements. The slots were cut slightly oversize to
provide polythene insulation (9 mils thick) between the sample and the
holder. |

The unslotted holders are shown in Fig., 9(d) and 9(e) were also
used for high field measureﬁents. The samples were placed at the end
of the guide and backed with a short circuiting plate. This arrangement
has fewer insulation problems than the configuration of Figs. 9(b) and
9(c) and has the advantage of ease of rotation of the saﬁple position

with respect to guide,
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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 type IN23B
is matched by an adjustable screw tuner as well as by a variable short,
for maximum output. The output of the crystal (5MA) is varied by

changing the output of the local osciilator.
(vii) 1, F. Amplifier

The 1. 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 (ecrystal mixer) is a function of rectified
current depending on the output of the local oscillator, while the
input resistance of the I, éo émplifigr is 300 ohm,

An attenuator circﬁit was buiit to match the crystal detector
to the I, F. amplifier. The connecting lead (93 chm coaxial cable)
was kept as short as possible»aﬁd the‘output of the final stage of the
amplifien which consists of a diode with a 16 ke load followed by a
cathode follower of loﬁioutput impedahce, is fed directly into the d.c.
input of 585 oscilloscope. 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 GHz and the
setting up procedure was as follows:

(i) The hybfid "tee' was matched in.E and H arm with tuning
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scrawg after ferminating the two side arms in matched loads. The
bridge was then balanced for minimum output by adjusting tuning

screw in the reference arm,'while a well matched sliding termination
was coupled to sample arm, When the output was unaffected by varying
the positions of the sliding match, the asymmetry in the Hybrid tee

had been compensated.

(ii) Thebprecision attenuatorlwas then matched with another
tuner, wﬁich was adjusted for minimum output. The performance of the
bridge was then described by equation.(3.12) and it was ready for
measurement. |

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 %, were noted, The short was

O’
then replaced by the sample backed witﬁ another short circuit plate and
the readings Al’ llAwere recorded,. .Care was takennto position the
sample;faces normal to the axis of the guide.

With aﬁ applied puised electric field t6 the sample, the am-
plified detector output, during the period of the 0.5 u sec. pulse,
appears on the 585 Tetroniz Oscillqscope due to the hqt electron effect,
The precision.attenuator and short were then adjusted to bring the top
of the pulse as near to the balanced zero posifion as possible, The
best balance conditions applied when the pulse-deration was increased to
1.5 ysec, Measurements were made with both 0,5 and 1.5 sec. pulses for

applied fields, up to 3KV/cm,
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One important phenonenén, thaf was observed during the
experiment, w;s the noise pick up by I, F;.amplifier from the
ﬁischarge of the thyratron tube, Thi; was finally avoided py
completely screening the I. F, amplifier, using shortest possible

co-axial leads and decoupling the power supply to I. F, amplifier,

(c) SOURCES OF ERROR
The important éources of errors in the experiments are

cand £, £
o

1l 1

(1) 0bservat%onal errors in:Ao, A

A 1% chan?e in A can cause about : 1% change in
resistivi%y and a 1% chénge in & can cause about 1%
change in';esistivity.'

(1i) Errors in ;eading the value of T and 1 from the graphs
of von Hippel. »
A 1% change 'in T and tlban cause about 1% and 27
changes in resistivity respectively.

(iii) Errors in calculating %uand %%u The error in measuring

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

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

(iv) Non-uniformity of the sample resistivity. The 4 point

probe measurements-showed variations about 1% in resistivity

over the surface of the sample.
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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.

 the sample and current is passed through the outer probes and the
voltage V is measured between the inner probes. The'conductivity o

is then given by

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

(28)

I 1

1

1

- 1
°fff;v[§-+§;-s+s

Tl
/

1

vwhevre Sl, S2 and S_ are probe spacingé.

When the probe spacings are equél, the resistivity, o

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

sample.

3

rp<

p = 2%S

2

S

1

The results are tabulated in Table 5.5.

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 shown in Fig. 10

must be applied.

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

3S away from the probe.

3

]

(4.2)

(u,3)
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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) leasurements 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 MEASUREMENT OF DRIFT VELOCITY
f

Measurements of the electron drift velocity in an n-type
gerﬁanium sample as a function of applied electric field are
given in Table 5.1. The sémple resistivity was p = 10 ohm-cm.,
length' = 2,87 em,, and low field resistance = 195 ohm.

The applied d.c. pulse duration was .5 = 1.5 u sec,

T . / Table 5.1
Electric Field in - Current Through the Drift Velocity of

KV/cm,. . -Sample in Amp. Electrons in cm./sec.

0,453 o C 7.8 ©.1.93 x 10°

o8 10.5 2,71 x 10°
1.05 . 15,0 3.87 x 10°
1.26 , L 1.0 4,13 x 10°
1,92 21,2 5,48 x 10°
2,01 | 21,8 5.5 x 10°
2.75 | 24,4 6.7 x 10°

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 lines,
47
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Electron Drift Velocity (cm/sec) X 10

- ’ 102 em n-Ge

Electric Field (KV/cm)

FIGURE 11: Variation of electron drift
Velocity with Electric Field
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5,2 MICRCWAVE MEASUREMENT OF p AND Er‘

(a) MEASUREMENT WITH ZERO APPLIED FIELD

Measurements at a frequency 9;522 GHz (Bo = 1,45 rad/cem.)
on semiconductor samples mounted in completely filled, slotted and
unsiotted guides are given in Table 5.2.
(b) MEASUREMENT IN UNSLOTTED WAVE GUIDE WITH APPLIED FIELDS
0 = 3KV/em ‘ | )
(i) Measurements for the cﬁnditions of parallel microwave
and applied field vectors with

f = 9,522 GHz, Bo 0.1626 cm,

1.45 rad/cm., d

1,687 cm., d 0.000 cm.,

A, = 0.10 db,/ %

1

are given in Table 5.3,

It will be noted that fhe presence of the insulation and airgap
has decreased the resistivity by about 30% from the absolute value and
increased the dielectric constant by leost 807 compared with the values
measured in the éompletely 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.

(1i) Measurements for the condition of applied microwave and

applied electric field vectors at right angles with

f = 9.522 GHz, 8_ = 1.45 rad/cm., d = 0.1600 cm.

0.00

Ao = 0.15 db, 10 = 1.667 cm., d1

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

_..for perpendicular fields marked (®,A) measured at 9,522 GHz are

shown in Figure 12, All values are normalized by taking the zero
field as unity. The,a‘t;ténuation and phase changes for the parallel

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

5.3 MEASUREMENT OF D. C. RESISTIVITY

Yeasurements of the d.c. resistivity of the sample bv means of
the 4 prcbe method are given in Table 5.5 Tor these measurements

Sample Thickness = 1.27, the approximate correction factor = 0.81.
Probe Spacing

MILLS MEMORIAL LIBRARY

'AMARMACTED LINN I~ Ao



MEASUREMENT WITH ZERO APPLIED FIELD

Table 5.2 |

Wave Guide A 2 A ] d c ' a 8 6

o o 1 1 1 s T . r
Structure b cm . ab om om T nep/cm rad/cm ohm-cm :
Fig. 9(a) 0.00 1.684 1.82 1,813 0.000 1,232 1,45 3,53 8.53 12,4)% 15.6)'9
Sample 43,84 67,50 BN \a
Thi ckness 0,04 1.713 1.8 1,691 0.157 1,255 1,42 3,43 8,37 13.13 15.1) 3
d=0,157 cm, ug 45 67,7 '
Fig. 9(b) 0,19 1.698 1,71 1.878 -0,086 1.312 1.5 4,62 10,14 8.0 20,9
d=0,1346 53,23 65.5
Fig. 9(c) 0.04 1,432 3.3 1,614 -0,0976 1,809 1,58 2,55 10,61 13,9 27.1
d=0,1uL8 73,66 6.5 '
Fig. 9(d) 0.10 1.687 1,85 1,689 0,000 0,846 1,95 3.80 11,37 8:7 29,3
d=0,1626 89,2 71.5
Fig. 9(e) 0.15 1,667 1.78 1.680 0,000 0.806 1.9 4,17 11,39 7.9 28,7
d=0,1600 8u .4 9.9

16



MEASUREMENT IN UNSLOTTED WAVE GUIDE WITH PARALLEL MICROWAVE
AND APPLIED ELECTRIC FIELD VECTORS

Table 5.3
Pu%se522r?tlon E Al zl Cs T a 8 0, Er“
¥ * KV/cm @ cm T nep/cm  rad/em ohm/cm
No Pulse 0 1.85 1.689 0.846 1.95 3.80 11,37 8.7 29.3
89,2 71.5
0,94 . 3,06 1,712 1, 40u ’1.70 2.72 10,09 13.7 24,2
84, .U 74,9
1.61 4,1y l.843 2,079 1,54 1,94 9,27 20,9 21.1
. . 67.87 78,2
0.5
2.55 5.72 1,903 2,738 1,53 1.44 9,30 28,0 21.7
70,92 81,2
3.36 4,89 1,927 2,588 1,52 1.49 9.23 27.2 21,3
64,54 80,8
0.94 3.91 1.797 1.878 1,57 2,14 9,42 18,7 21.6
72.56 77.2
1,61 4,38 1,812 2,100 1.55 1.91 9,37 21,0 21.6
1.5 72,12 178,50
2.955 S.u3 1,909 2.677 1.55 l.44 9,42 27.7 22.2
69.04 8l.3

A9



MEASUREMENT IN UNSLOTTED WAVE GUIDE WITH PERPENDICULAR

MICROWAVE AND APPLIED ELECTRIC FIELD VECTORS

Table 5.4
Pulse Duration E Al !.l s T | a g oy €n
(u sec.) ‘ db cm & & nep/cm rad/cm h +
KV/cm : t nep ad/c ohm-cm,
No Pulse 0 1.78 1.680 0.806 1.9 u,17 11,39 8.0 28,7
84,4 69,9 ‘
0.77 2,08 1,693 0,959 1,84 3,91 10.81 8.9 26.0
80.72 70,1
. 0.5 1,152 2,50 . 1,737 1,223 1.65 13,29 9.77 11.67 21,7
70.52 71l.4 “
1.554  2.86 1,663 1.307 1,75 2.68 10,60 13.2 26,9
90.99 75.8
0,27 1.93 1.683 0.8795 1.89 4,04 11.1 8. 27.3
83,74 70.0
1.5 1.35 2.86 1.760 1.930 1.59 3,04 9.u6 13.1 20.6
68.2 72.2
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MEASUREMENT OF D.C. RESISTIVITY

Table 5.5

No. of Direction of Position of Voltage drop Current thru Resistivity
Observation Current flow the probe between the sample p in ohm-cm,
inner probes in mA
in Volt
1 Forward Parallel to 0.0045 0.25 .4
o gample length
2 Forward Parallel to 0.0053 0.295 1u,.b4
" sample length
"3 Reversed Parallel to 0.00635 0. hb 14,5
sample length
L4 Reversed Perpendicular 0.0080 0.475 14,5
to sample
length
5 Reversed Perpendicular 0.00855 1,4
to sample
length

Average resistivity = 14,44 ohm=cm,

Corrected resistivity = 11.65 ohm-cm,

V41



- Normalized dﬁobility

55

/A“ = mobility for conditions of parallel microwave and °
: applied electric field vectors.,

/"‘J--"- mobility for conditions of perpendicular microwave
and applied electric field vectors.

P = 100 cm. n-Ge. ‘

{= 9522 GHz

1.0 ’

0.8

0.6

0.4

0.2

0.0 | L L

Electric Field KV/cm

FiGURE 12: Vvariation of DC (%;—), differential (-g-%) and microwave
mobilities with electric field.
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'CHAPTER VI
DISCUSSION

6,1 MEASUREMENTS OF RESISTIVITY AND DIELECTRIC CONSTANT

The value of.resistivity sﬁpplied by the manufacturer was
10 ohm-cm; while that obtained by microwave measurement was 12,75
ohm-cm.; (Table 5.2).  This disagreement necessiated the measurement
of resistivity with a d.c. technique. For this purpose, the 4 point
probe nethod (Section u,4) wés used., The value of fesistivity ob-
tained by this method was 11.65 ohmecm, (Table 5.5) which was in
closer agreement with the microwave measuréments. Possible rgasons
for the difference (9%) in the d.c. and microwave measurements
are the : inhomogeneity of the sample and inaccuracies in the d.c,
measurement due to the small size of the samﬁles compared with the
probe spacing.,

The absolute dieléctric constant obtained by microwave
measurement was 15,35 (Table 5.2). This gives a measured value of
the electronic contfibution to the dielectric constant* of 16.0 - 15.35
= 0.65. It may be noted that the calculated value of the electronic
contribution for 12,75. ohm-cm. germanium with a relaxation time

o T.

T=5%x 10-13 sec, is -%— = 0,443,
o

% €. = 16.0 for intrinsic Ge obtained from infra-red measurements as
reported in literature(19), 57
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6.2 LEFFECT OF SLOTS AND INSULATION

The resistivity measured (12.75 ohm-cm, Table 5,2) in the
ﬂcomplétely filled guide shown in Figure 9(a) is in rgasenable
agreement with that measured (13.9 ohm-cm., 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 waQe guide.

‘However, the dielectric constant is increased by about 70%
in this measuring configuration because of the ﬁrésence of insulation
(polythene) required around the sample to aliow tﬁe application of
large d.c. electric fields.

The percentage ipcr?ase of the dielectric constant from the
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(e).

Insulation Thickness ; b(bhmscm.) sr
0 . inch f ’ 13.6 17.2
0.009 inch 13,9 20.6
0,018 inch ‘ .4 25,2

The resistivity and dielectric constant measured with the wave
guide structure shown in Figure 9(b) were p = 8,0 ochm-cm., €p = 20.9

(Table 5.2) respectively, This mounting configuration thus results
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in an apparent decrease of resistivity of about 33% and an increase
of dielectric constant‘bf about 32%. This could be expected, since
the slot in the broaé 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-cm. respectively
(Table 5.2). The corresponding dielectric constants measured wvere
€, = 29.3, 28,7 (Table 5.2). These results are in close agreement
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 MEASUREMENTS

The measured microwave conductivity for the conditions of
parallel microwave and applied electric field vectors, marked (x,0)
in Figure 12, gave a normalized carrier mobility, which agreed well
with the values of differgntial mobility %% obtained graphically
from Figure li.

These results confirm the'measurements”performed by Gunn(l&)
for the parallel field case with a transmission bridge;

However, the mobility.deriVed for the conditions of perpen-
dicular microﬁave and applied electric field vectors marked (w,A) in
- Figure 12 can be seen to be intermediatg between the %%-and %-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
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length required and the consequent sparking éﬁd surface breakdown
problems en dountered o | “

It is to be noted that this measurement for the conditions
of perpendicular microwave and anpliéd electric field wvectors has
been performed‘for the first time, Consideration; of the results
shows that it would be worthwhile alé§ to take measurements on the
variation of conductivity with applied electric fieid at varving
angles between microwave and electric field vectors.

The variations of attenuation and phase shift constants of
the semicghdgctor for the conditions pf parallel and perpendicular
ﬁicrowave and applied electric field vectors are shown in Figure 13,
For a completely filled guide, the'aftenuation and phase’constants

of the semiconductor decrease with applied electric field,



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

(14, 16)

rotator proposed by Gunn . The theoretical performance of such

a rotator, which depends on the difference between microwave conductivities

g,and o, of Ge with electric field, has been discussed by Stdecker and

Das(ao) and Engineer and Nag(al)

- /

assuming linear polarisation.
A more general solution for the performance of such a rotator

is presented in this chapter.

7.2 THEORY

Copsider a plane polarised wave Re[Bo Pk ejwt] which propagates
in the 2 direction from the plane z = 0 in a piece of semiconductor
with a propagation constant y = a+.jB;

Application of a large electric field along the x-axis, results
in anisotrgﬁic propagation (Yx # Yy). Let the eiectfic field vector
make an ‘angle 6 to the x-agis as shown in the figure 14, and resolve
the~wave into two components.

a

E' = R [E Cosd a'x” el“t] (7.1)
X x e "o 1
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~7'FIGURE 14: ‘Plane Polarized wave

. ‘Propagating in Germanium
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> . -y z Jjwt
=z & .
Ey S R, [E  sinb e'y” e ] (7.2)

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

an anisotropic propagating medium can be written as

> > . > .

VxH = ax(ox + qux) Ex + ay (oy + way)Ey (7.3)
> . > .- > .

VxE = ~Juu [ax\Hx + ay Hy] (7.4)

The %. 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

oH
H«ea'x? - %z 'x Hy
y
Y O,
Hx\a e y : el -yy Hx
and by equations (7.1) and (7.2),
32 Yx “x
°oE
z -yl oo
equations (7.3) and (7.4) reduce to
> H -> H - ( R )
Ay Y Hy - ag v B o=a (o + Jue ) |

-
+ + 7 E - (7.
ay(oy ]wﬁy? v (7.5)



3 H
x Yy Uy

Yx Ex

>
- a

y

. > >
-]wuo [ax Hx + ay Hy]

Equating the X componentsof (7.5)and the y componentsof (7.6)

1/2

E
- s X
Y S (og + jug) g
by
Yx = duug E
when Y, = [-w2 E u -F‘vjmu o ]
X E ) oX
Ex
and Zx = T
y
/
Juug
= Y
N Jwu 11/2
jwe + g
x
= |z | %
X
12 | -
VA =
i 2 2 2
x ./(w €y + ox)
: we
1-m =1 ®
d;“ =—2—[-2-- tan T
x

Similarly, equating the y componentsof (7.5)and the x componenté of

64

(7.8)

(7.7)

(7.8)

(7.6),
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Yy = [~ u ey +‘jmu° g ]1/2 (7.9)
Sy
Z = =
y &x
Juwn
= - (- 2)
y
. J0H, 172
- .
ey T %
= |zl eIt (7.10)
where IZyl = [ o ]l/2
J(Q/’Z € 2 + 0 2)
-1 Ye
and o. =i I - tan1 -~ ]
y -2 2 o
y
Writing the real partsof equation (7.1) and (7.2)
E. = E_Cosb e s> Cos w t
X o X
1 (7.11)
Ey = Bo sin® anz‘Cos {th - (By - Bx)z
where wt=owt-B 2z
X X

Eliminating 't' from equation (7.11), one can obtain,



E E 2 E E
L . x-01’ ]2+[ . -Otz]"z[ . -az][ - -Gl.zJ
E_ Cosf e x? E_sind ey E Cost e X- E_singe 7
) ) : o )
o2 2
- Cos(B};Bx)z = 'sin (By-Bx)z - (7.12)

which is the eﬁua‘tion of an ellipse and shows that the wave: become
elliptically polarized as it progressyes through the medium,
Equation (7,12) is not the standard form of the equation of
| E

an ellipse, because of the rectangﬁlar term 2[ X —— ]
' Eo Cos e x

/

. E |
t z S 21 Cos(s -B, )z and can be converted to a simple form by
E, sin® ey y

rotation of the axes to the positions xl-yl through an angle § given
by(az)

- Z . -
-2(Cos:® a?%*)(sine a%%) COS(BV'B':’K)Z
tan 2§ = i

— (7.13)
sin%e €2ayZ - Cos?8 2%

The equation of the ellipse then becomes

2
Ex'

2 .2
Eo sin (3},-5&)2

—

C0526» Cos( BV-BX.)Z sin2é * sin’ §

7 Pagz | 6.z —o.z | -
| Cos™ 0 e o sin § Cos® & x° eé"yz sin26 e2ayz

S
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2
E i
Y =1 (7.14)
E 2 s,in2 (B -8, )z
| o v
sin2 5 . ,COS(BV-B"-)Z sin2§ cosz' s
£9520§2.U¥z Sin® CosO e x% a'yZ sin’e 52“371
2 2
. nxl Evl
or , 5ty =l

where a = semi-major axis
= square root of the.dex"lominavtor of the first term in
equation (7.14)
b = semi-minor axis
= square root of the denominator of the second term in
equation (7.14) .
and

a _ _major axis
b minor axis

(7.15)

The attenuation constants e ay and the phase constants
B By are obtained from equations (7,7) and (7.9).
x . .
It is, therefore, seen that the microwave field has not only

. been shifted by an angle

v=0-6 o (7.16)

but also rotates anticlockwise (for positive value of (By-ﬁx )) varying

its magnitude with time,
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It may be noted that linear polarization is a special case of

elliptic polarisation when %= = and for circular polarisation

5= L

The average power carried by the.wave is

-.) 1 L
P=a =Re fExH]
> 1
-aZ-E-Re ax ay az
Ex Ey (o]
H#* H o
y

> 1 7 E )
y

E, e3¢ . £ &
= 32 %—- Re [Ex( Z ) + E (---Z——-) ][by equation (7.8)
| “x| 1%yl (71091
+ (7,10

Noting that E = .5, E, Cosé 3%Z §18Z 4 3}/ E, sin® a%” EJByz

with ed“f understood,

. ’ 2 .
+, E 2 Cos% e2mxz Cos ¢ E 2 sin® eZayz Cos®
o X ° v
P= az 7 L v -t = ]
|“x| %yl

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

3
z .
-0 -

PJ.oss. ==-10 loglo

Cos?8 a2%Z Coso |z | + sin6 a2%? cos¢ [z_|
- 10 loglo [ 5 L 5 . L= ]
Cos“6 Cos¢, |zy| + sin”e Cos¢, |, |

(7.17)
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The figure of merit T is defined as the ratio of angular shift to

T power loss, i.e.
. F = ¢/ power loss (d . b.) ‘ (7.18)

7.3 CALCULATIONS

Values of qg,oy at different values of electric fields were

obtained from mobility ws.electric field curves using the results

(14)’ Gibson(lz), Ryder(a) and Seeger(ll). These values

of Gunn
- i = +3 : = i
then enabled exact solutions for Yy ax',]sx and Yy ay + jBy to be
computed from equations (7.7) and (7.9).
/ : .
Using the values of'ax, “y and ﬁx’ BY thus obtained, calculations
have been made of the angular shift, ratio of major and minor axis,

the power loss and the figure of merit for different values of 6 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 31(12)

for 4.68 ohm cm, n-Ge with T = 360°K, ] (11)

45° and the results of Seeger

459, It should be noted that

for 21.5 ohm cm, n-Ge with T = 300°K, @

for calculations shown as'dashed lines, it has been assumed that 9 is

controlled by -g%’- and approaches a negligible value at £ 10 GHz.
Figure 16 gives the variations of power loss, angular shift and

figure of merit with @ and shows that the figure of merit is max. for
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6 = 30 - 35°, Figure 17 shows the dependence of the figure of merit

on electric field, resitivity and temperature.
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" CHAPTER VIII
CONCLUSIONS
1,

D. C. measurements have been made of the electron drift
velocity in 10 ohm-cm, n-type germénium as a function of electric
fields in the range 0 - 3KV/em, These measurements, which are
summarized in Figure 11, have been used for tﬁe determination of
the d.c. mobility %-and the differential mﬁbility %%u These results
are given in Figure l2vand provide a basis for comparisoﬁ with
the microwave measurements on the semicoﬁduc{or whicb are described

in this thesis.
2,

A new method for the measurement of the éonductivity of a
‘semiconductor subjected to a high electric (pulsed) field‘is described.
The method utilizes a sensitive miérowave reflection bridge (Figure 8)
and measurements on'lo ohm-cm. n-type germanium subjected to fields
0 - 3KV/em, have been carried out at 9,522 GHz, The klystron used as
a signal source was capable of delivering high power.(ioo mw), which
determined the sensitivity of the bridge. In the final form the bridge
was capable of detecting attenuation change lesg than 0.1 db and phase

changes 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 byla short circuit, as
shown in Figure 4. The input impedance at the air sample interface
-Z(0) is then obtained from the measurement of reflection co-efficient
p(o) with a microwave reflection bridge. The meésured value of Z(o)
is then used to calculate the propagation constant of microwa§es
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 chm~cm, germanium at 9.522 GHz, with the semiconductor
sample inserted into a rectangular wa§e guide. The results are given
in Table 5.2 and the value obtained for the resistivity is in good
agreement with that measured by a d.c, 4 probe method. The probe

measurements are given in Table 5.5,

b,

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,
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The microwave conductivity for the conditions of parallel
microwave and applied electric field vectors gave a normalized
carrier mobility, which agreed well with the values of differential
mobility (%%0 obtained graphically from Figure 1l. These results

(14)

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

ments by a transmission bridge at a frequency of 9,392 GHz,

The mobility derived for the ;onditions of berpendicular
microwave and applied electric field vectors is intermediate between
%%-and %-derived from drift velocity measurements. Heasurements
of the mobility applicable to the perpendicular field configuration
have not been reported in the literature up to the present time,

For future investigétion, it is recommended that measurements
should be made to examine the variation of conductivity with electric

field at varying angle between microwave and applied electric field

vectors.

5.

The theoretical expressions for tﬁe propagation constant, the
angular shift, the ratio of major and minor axes, power 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 semiconductor 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 anticlockwise [because of the positive Qalue
of (By-%x)] varying its magnitude with time,
For a high figure of merit, it is desirable to use highly
doped samples (2 - 5 ohﬁ-ém.) or to operate at low temperature
and to use a frequency <10'GHZ with 30°<98<35° (see Figure 17).
However, for this condition the sample length is limited tol -2
mm, For large angular shifts, it is necessary to increase the
sémple length,; with a consequent increase in powér loss (see Figure 15),.
| It may be noted that the characteristic to be sdught for

efficient rotator are small . and large (ay - ax).
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C GENERALISED SOLUTION OF MICROWAVE ROTATOR
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WRITE(E53) :
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5=SIN(M) ,
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D=ATANTUSREX#COS(T)/COZ (ST ) )ik

%9:2 ) *COS(2e0%Y)))

TTPRATA=STHETA~D

DELTA= o5 % ATANI (=24 05lwCREXPYAEYRPYRCOSIV Y )/
1 (SR#2F(ERPY%#2 ) =CHRA2HLENPN®R2)))
DELTAD=DELTA*R

PHAIB=THETA=DELTAD

. PA—.5*(9V0/K—ATAN(OQAJ‘FRLN FERPSIX/SIGNAYY))

PY=e5%(90a/R=ATAN{Ga 284 FRCO*EPEIY/SIGHAY Y

 PL=FREQ%6428%1256aE~-29

PLASSWRTISIGNAXSSIGHAA+IFIEL# 6 e 28 ) ¥ 20 (ER T Y L
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PHOTOGRAPH 1: The Experimental Setup of a Microwave Reflection Bridge for the

Measurement of Propagation Constant in a 10Q cm 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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