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EVALUATION OF HARMONIC GENERATING

PROPERTIES OF SCHOTTKY BARRIER DIODES

M.K. Katib Ph.D. Thesis University of Durham 1976

ABSTRACT

Low noise figure communication receivers require more efficient
frequency converters. Frequency conversion and multiplicatior pro-
cesses cannot take place without the existence of harmonic sources in
the system and the inherent property of a nonlinear element is to
generate harmonics. Such nonlinearity, in general, may be provided
by semiconductor diodes. This research project deals with the theo-
retical analysis as well as the experimental verifications of the
harmonic generating properties of a nonlinear resistive device, i.e.
Schottky-barrier diode.

Laboratory measurements associated with the equivaient circui*
representation of hot-carrier diodes show that their i-v character-
istics can be accurately described by the modified exponential law,
i= Is [Exp(x(v-iga—ij, over a wide range of the applied voltage V.
Using this equation, a procedure is developed for the harmonic analysis
of the resistive diode and calculation of any ¢f a finite number of
harmonic currents having a single frequency sinusoidal voltage
GP cos wpt as the drive. The amplitudes of the harmonic currents are
expressed as a power series in aRTIs exp(aRTIs), where the coefficients
of the power series are represented through the-modified Bessel function
of the Kth kind of order n. The integers K and n represent the power
of the series and the harmonic number respectively, e.g.

; X
i o In (Ka Vp)[“R-rIs exp (aRTIs)] .



The power series solutions for the exponential diodes do not
nomally converge quickly enough to be of practical value for numerical
evaluaticns. A different approach is proposed which is suitable for
numerical evaluations of harmonic amplitudes. The tcesults are compared
with experi@ental data on twelve diodes, four in each of the three
groups of different types. A good agreement, within the measuring
instruments tolerances, was found between the calculated and the
experimental results.

Finally, it is believed that such studies were justified as
the new method of approach presented here evaluates fully the capabil-
ities of these diodes in practice. Many analyses published over the
years have tended to introduce severe approximations which were only
valid in practice over limited ranges of operation. In this project,
attempts were made over almost two years to obtain mathematical solutions
for the exponential diode law which are useful in practice and which
give accurate prediction of harmonic amplitudes and spectrum. Various
methods were employed to achieve the necessary convergence of the
infinite series solutions. This involved a good understanding of the
mathematical methods employed and computer programming. During the
same period at every stage experimental verifications were being
attempted, many times unsuccessfully, which finally led to a good
agreement between the theory and experimental results as shown in

this thesis.



. ACKNOWLEDGEMENTS

The author wishes to express his deep appreciation to
Dr. B L J Kulesza for his guidance, encouragement, and continued
interest throughout this project. Also thanks are due to the
other members of the solid state reseaxch group for their co-
operation. Acknowledgements are made to Professor D A Wright,
Head of the Department of Applied Physics and Electronics,
University of Durham, for placing the facilities of the depart-

ment at the author's disposal.

Finally, the author wishes to express his gratitude to
the Kingdom of Saudi Arabia and the University of Riyadh for
providing the opportunity for him to pursue the study and

research which led to this thesis.



CHAPTER 1

CHAPTER 2

CHAPTER 3

CHAPTER 4

- CHAPTER 5

CONTENTS

INTRODUCTION

FUNDAMENTALS OF NONLINEAR CIRCUIT ELEMENTS

2.1

2.2

2.3

2.4

2.5

Nonlinear Phenomena and Early Researches
General Network and Classification of Elements
Properties of Nonlinear Tlements and Systems
Energy Relations in Nonlinear Elements

Applications and Discussion

PHYSICAL AND ELECTRICAL PROPERTIES OF A METAL-
SEMICONDUCTOR JUNCTION

3.1

3.2

3.3

3.4

HARMONIC GENERATING AND FREQUENCY CONVERTING CIRCUITS

4.1

4.2

Early Researches
Physics of Metal-semiconductor Contacts
Technology of Schottky Barrier Diodes

Practical Schottky Barrier Diodes

Introduction

Basic Resistive Circuit

ANALYSIS OF A VOLTAGE-DRIVEN SCHOTTKY BARRIER DIODE

5.1

5.2

5.3

5.4

5.5

5.6

General
Basic Relations
Expansions for the A(x) Coefficients

Infinite Series Solutions for the Harmonic
Currents

The Solution

An Alternative Approximate Solution

11

13

16

21

26

28

30

34

41

44

46

49

51

55



CHAPTER 6 EXPERIMENTAL RESULTS

6.1

6.2

63

6.4

6.5

6.6

Introduction

Methods and Basic Circuits
D.C. Characteristics
Harmonic Currents

Comparison of Static and Dynamic
Characteristics

Discussion and Comments

CHAPTER 7 CONCLUSIONS

REFERENCES

59

60

61

61

62

63

65

71



Al

A2

A3

A4

AS

APPENDICES
Calculated Data for Figure 5.2 for Different Values
of x.

Theoretical Data for Figures 6.9 - 6.20:

Diodes Al, A2, A3, A4, B1, B2, B3, B4, C1, C2, C3 and C4

Experimental Data for Figures £.9 - 6.20:

Diodes Al, A2, A3, A4, Bl, B2, B3, B4, C1, C2, C3 and C4

Calculated Data for Figures 6.21 - 6.23:

Diodes A4, B3 and C2

Comparison Between Calculated and Measured DC Characteristics for

Diodes A4, B3 and C2



Figure 3.1

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 5.1

Figure 5.2

Figure 6.1

Figure 6.2

Table 6.1/2

LIST OF ILLUSTRATIONS

Following
Page
Energy Level Diagram of Metal and Semiconductor 22
Before and After Contact
. . th .
Block Diagram for Generating the m  Harmonic 31
(a) Voltage-Driven Circuit for Resistive nt 35
Harmonic Generator
. . , th

(b) Current-Driven Circuit for Resistive m 35
Harmonic Generator
Voltage-Driven Diode without Resonance 35
Circuits
DC Characteristics for Different Total Series 35
Resistance values
The Chord Conductance Circuit 36
(a) Voltage-Driven Mixer 38
(b) Current-Driven Mixer 38
Harmonic Spectrum and Frequencies Generated 38
after the Mixing Process
Equivalent Circuit of Schottky Barrier Diode 41
X{wt) vs. wt. 54
DC Current-Voltage Measurement Circuit 60
Harmonic Current Measurement Circuit 60

Data for Calculating o, rs, and IS of A4

In Appendix 5




Figure 6.3

Figure 6.4

Table 6.3/4

Figure 6.5

Figure 6.6

Table 6.5/6

Figure 6.7

Figure 6.8

. Figures

6.9-6.20

Figures
6.21-6.23

Determination of & and IS for diode A4

Determination of ry and Is for diode A4
Data for calculating o, rs, and IS of B3
Determination of ¢ and IS for diode B3
Determination of r_ and Is for diode B3
Data for calculating «, rs, and Is of C2
Determination of a and Is for diode C2
Determination of r, and Is for diode C2

Peak applied voltage vs. peak harmonic
current for diodes Al, A2, A3, A4, B1,

B2, B3, B4, C1, C2, C3 and C4

Static and Dynamic Characteristics for

diodes A4, B3 and C2

Following
page

61

61

In Appendix 5

61

61

In Appendix 5

61

61

62

63




LIST OF SYMBOLS

E or E(t) = e.m.f. of signal source .

v = voltage in general with the subscript f for forward

i = current in general with the subscript f for forward

qor Q .= charge in general

¢ = flux link&ne in general

R = resistance and the subscript S for source
resistance and the suwbscript L for load
resistance and the subscript T for total

C = capacitance and the subscript p for package
€apacitance and the subscript j for junction

L = inductance and the subscript S for series

r, = substrate series resistance; spreading resistance

RT = rs + Rs + RL

bn or in = coefficient of nth order term in the Fourier expansion

an or aA = coefficient of the nth power term in power series
expansion

W(o,t) = enerxgy flow during the time interval zero to t

P(t) = power in general or energy per unit time

av = avérage power measured over the periodic interval T
or = EE%LIL
~ m,n = positive or negative integers or zero

Wc = energy at the bottom of the conduction band

Wf = energy at the Fermi level

Wv = energy at the top of the valence band

wm = thermionic work function of metal

'/ =  thermionic work function of semiconductor




ms

wl

ns

cf

electron affinity; e.g. energy required to remove
an electron from the bottom of the conduction band
and place it in free space

the gap distance between metal and semiconductor
caused by surface states

wm - ws potential difference acrocss the gap &

between metal and semiconductor due to surface states

¢m - X - A metal-semiconductor barrier height

the difference between Wc and Wf at the surface of
an isolated n-type semiconductor with net negative
surface charge.

the difference between wc and Wf at the surface of
an isolated semiconductor without surface charge.
band bending potential due to surface states
width of the depletion layer at zero bias

width of the depletion layer at forward bias

donor density

electron charge = 1.6 x 10—19 Coulomb

the permittivity of the semiconductor crystal

& _ = 40 V! for an ideal diode
nkKT

40
o (practical)

diode ideality factor =

saturation current
temperature in degree Kelvin (©K)

Boltzman's constant = 1.38 x 10—23 (joul/oK)

1
cut-off frequency if EE;;_ RSf



Z@w t)
P

Ih(xav)

Z{w t)
P

frequency in Rad/sec, and the subscript p is

used to indicate pump .
frequency in Rad/sec, and the subscript s is

used to indicate signal

chord resistance
incremental resistance
chord conductance

incremental conductance

coefficients of nth order term in the Fourier

expansion of Rc(t), Ri(t), Gc(t) and Gi(t) respectively

R
a TIs

the mth derivative of the exponential i = Is[§uv_aRTl-1]

w.r.t. V evaluated about Vv = 0

£® 0y /0™ 1

Stirling number of the second kind

(m) - mm-1)(m-2)....(m-K+1)
K K!

aV cos mpt + €nx + x

modified Bessel function of the KFh kind of order n

X t) + K (pt)



CHAPTER 1

INTRODUCTION .

Since the classic paper by Shockley in 1949, semiconductor
diodes have undexgone intensive investigations and evaluétions of their
electrical p}operties. Because of the nonlinear characteristics they
have found numerocus applications in harmonic generating and frequency-
converting circuits, i.e. multipliers, dividers, mixers etc. Many
analyses of semiconductor diodes as nonlinear elements, published over
the years, have tended to introduce severe approximations which were
only valid in practice over limited ranges of operation. The reasons
for approximations were mainly due to mathematical difficulties en-
countered when attempts to obtain elegant and simple closed-form sclu-
tions were sought. As a result, although particular problems were
apparently resolved, the understanding of the fundamental generating
mechanisms of the devices was often lost due to nonrigorous methods of
approach.

In general, most of the semiconductor diodes are positive,
norn-linear resistors (varistors) whose I-V characteristics usually satisfy
exponential laws. In a.c. applications the most important parameters of
a semiconductor diode are the incremental quantities. It is essential
to harmonic generation processes that at least one of the incremental
parameters behaves in a nonlinear manner. It is also apparent that no
frequency conversion can take place unless the initial harmonic spectrum
is produced. The incremental parameters are functions of the applied
a.c. voltages and currents and thus are indirectly time-dependent. Once

the harmonic spectrum has been established by the high level applied
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current or voltage, known as the pump, the nonlinear device appears as
a time-varying element to any low-level signal. This linearisation
process makes the use of most linear network theorems possible in small
signal analysis.

According to their intended functions in electrical circuits,
the diodes hay be divided into three main groups. The first group con-
sists of planar p-n junction, point-contact, backward and Schottky-
barrier diodes, whose use is predominantly as a nonlinear resistance.
?he diodes in the second group are used as nonlinear reactances and
include abrupt and graded planar junctions (back-biased), point-contact
varactors, step recovery diodes, Schottky-barrier and MOS or space
charge varactors., The third group of diodes exhibits a negative-
resistance effect, and tunnel, IMPATT and Gunn devices fall into this
category. The required characteristics are achieved by a deliberate
enhancement of properties employing appropriate fabricating techniques,
structures and different materials.

At the present time there is no detailed quantitative analysis
for the harmonic generated within the foregoing diodes to enable exact
comparison between calculated and measured results. Therefore, the
purpose of this research project is to present the harmonic analysis
of a voltage-driven nonlinear hot-carrier diode (Schottky-barrier diodes)
and compare the theoretically deduced expressions with the experimental
results of practical devices.

In Chapter 2, the fundamentals of nonlinear elements are pre-
sented. Definitions and early researches of nonlinear phenomena in
every field of scientific interest are given together with a logical

classification system based on the nonlinear characteristic curves in




the i-v, v—q and i-¢ planes. Consequently, chord and'incrementa; vaiues
are defined and their application.to frequency multiplication and‘con—
version processes are explained. The energy relations and the applica-
tion of nonlinear elements are discussed as a search for the best
semiconductor diode to be used, for a specific application.

A comprehensive study of metal-semiconductor junctions is intro-
duced in Chapter 3, with the emphasis on the physical and electrical
properties of Schottky-barrier diodes. A complete justification on the
validity of the modified exponential law is given on the basis that the
constants of a diode can be calculated accurately from the dc measure-
ments.

In Chapter 4, the basis of harmonic generating and frequency
converting circuits are investigated. The major difficulties encountered
with a practical current-driven diode are explained to justify the
adoption of the voltage-driven diode. Consequently, the harmonic
currents, the chord, and incremental conductances are calculated for
an arbitrary voltage-driven nonlinear resistive element.

In Chapter 5, the analysis of a voltage~-driven hot-carrier
diode is considered. The diode equivalent circpit used.for analysis
consists of the nonlinear junction resistance in series with a total
series resistance which includes the source, the load, and the diode
substrate series resistances. The exponential law which is modified
by such a total series resistance is expanded as a power series in texms

!
of the voltage drive. One of the new results is the independent rela-
tions of the coefficients of the power series expansion. Also, the
harmonic currents are derived, for the first time, in power series forms

whose coefficients are proportional to the mcdified Bessel functions.




Another closed form solution is deduced suitable for numerical evalua-
tion and for understanding the mechanism of the diode in situ. From
the formulas derived it is possible to compute the amplitudes of the
harmonic currents, to specify the optimum nonlinear characteristic for
a given circuit and harmonic number, and to predict the conditions for
maximum efficiency.

Experimental verifications of the analysis are worked out in
Chapter 6. Initially the validity of the modified exponential law in
the case of hot-carrier diodes is demonstrated by means of dc meas;re-
ments. The amplitudes of the harmonic currents are measured select-
ively for a wide range of applied voltages at the fundamental frequency
of 50 KHz. Representative curves of measured harmonic vs applied
voltage are compared with the calculated results. The curves illustrate
the general effects of the various parameters which support the theory
of the analysis.

' Chapter 7 includes conclusions and suggested topics for furthex
research. Appendices are given in Chapter B, which form the integral

part of this research.



CHAPTER 2

FUNDAMENTALS OF NONLINEAR CIRCUIT ELEMENTS

2.1 Nonlinear Phenomena and Early Researches

Any physical phenomenon whose independent variables cannot be
described by ordinary linear relationships is called nonlinear. 1In
fact, linear behaviour is an idealization. For example, an electrical
resistance is a function of temperature, which depends upon heating,
and heating depends upon the square of the current. Thus when a
resistance is considered one is u;ually idealizing by limiting the
range of the variables within which the resistance has a constant
value. In the pendulum problem, as another example, x is substituted
for sin x whenever the angle x is very small and as a result the
mathematical formulation is simplified to a second order linear
differential equation.

Since there are so many nonlinear elemenits or nonlinearities
in every field of scientific interest one may remark that Nature is
fundamentally nonlinear. Systems exhibiting nonlinear behaviour
are found in astronomy, applied physics, mechanical, electrical and
electronic engineering and in many other fields. - The modern branches
of electrical engineering such és data processing, communication,
control systems etc. depend in many instances for their operation
on nonlinear devices. Such devices could not have been developed
unless the existence of nonlinearity had been recognized. It is
apparent, therefore, that the study of nonlinear systems and elements
gives the researcher and the designer much better understanding of

the new and unusual phenomena observed experimentally.
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Nonlinearity has been seriously studied since the second half

of the ninteenth century. One of the first areas in which nonlinear

problems were investigated was in the theory of sound by S. Earnshaw(1 )

in 1860. 1In astronomy, the gravitational equilibrium of stars was

(2)

in 1870 and later by Lord Kelvin( 3)

investigated by J. Homer Lane

(4)

in 1907. Poincare in 1892 and 1893 discussed the nonlinear

problems in the field of celestial mechanics which involved calcula-
tions of orbits of celestial bodies under their mutual forces of

attraction. The perturbation method for obtaining periodic solutions

of nonlinear differential equations was first developed by Poincare( 4)

( q)

in 1882 and Lindstedt in 1882. A paper was published in 1883

h(5)

by Lord Rayleig on maintained vibrations followed by his thesis

on the 'Theory of Sound' in 1894 in which he discussed nonlinear
(4) (4) (4)

problems. Bernoulli ; Euler , and Lagrange contributed to

the early research on problems in elasticity. The finite defcrmation

4
of solids was analyzed by M. Biot( ), Jd. Boussinesq(4 ),
G. Kirchhoff(4 ), and F.D. Murnaghan(4 ). L. Prandt:l(4 ),
o. Reynolds(4 ), Th. von 1<:-.\rman(4 ) and G.I. Taylor(4 ) were among

the contributors to the solutions of nonlinear problems in hydro-

dynamics and aerodynamics. The analysis of wave motion was conducted

(4) (4) (4)

by Lord Rayleigh , G. G. Stokes and T. Levi-Civith The

propagation of impulses in a gas was the subject of Riemann(4 ).

The vibration of mechanical systems having nonlinear restoring forces

(4
( 4), J. P. den—Hartog( ) and

(4) (7) (7) _.
C.A. Ludeke . Appleton and Van der Pol first gave a non-

was investigated by G. Duffing

linear differential equation on sustained oscillations in a simple

electronic circuit. Electrical and mechanical systems having nonlinear

elements were analyzed by A. Andronow( 4), S. Chaikin( 4),




L. Mandelstam(4), N. Papalexi(4), A. Witt(4), N. Kryloff(4),

and N. Bogoliuboff( 4).

)

During this latter period a close relation existed between
the electrical engineer and the mathematician because electrical
networks provided the best confirmation of mathematical results.
Therefore, many papers have been written on the thecry of nonlinear
networks, but relatively few books which give a comprehensive treat-
ment. It seems that the attention of the analyst is to find out
about the existence of periodic solutions, the limitatiocn of particular
types of components, convergence of iterative or power series
procedures, and the most efficient way in which a computer can handle

the data.

2.2 General Network and Classification of Elements

An electrical network is composed of two~terminal elements
linked together by ideal lossless connectors. Actually, there are
some elements which have more than two-terminals, such as transistors,
but in the analysis only two of the three are normally considered
at a time. The two-terminal elements of components are known as the
network branches. The electrical behaviour of each element is defined
by the voltage across the terminals and the current through the
branch. A network branch may be characterized by a curve in either
the v-i, the v-q, or the i-¢ plane. These characteristics correspond,
respectively to the three basic types of two-terminal elements,
namely, the resistance, the capacitance and the inductance. If all
possible data points, which are not in a straight line in the x-y
plane, can be connected by a smooth curve then the branch represents

a nonlinear element. An element whose characteristic at all times



consists of straight lines in the x-y plane is called linear.
Both linear or nonlinear elements are said to be either passive oru
active depending whether the characteristics pass through the
origin or not, respectively.

Although the x-y curve, characterizing a two—-terminal element,
is assumed to be stationary, there exist some cases when the charac-
teristic of an element is an explicit function of time, i.e.

y(t) = £[xX(t),t]l. 1In view of this one should not be misled with the
case when both independent variables defining the element are
function of time, i.e. y(t) = £[X(t)]. This means that the linear
or nonlinear elements may be tabulated into either time-invariant
or time-varying elements. The simpiest example of a linear time-
varying element is the mechanically-varying potentiometer.

In order to use the nonlinear elements properly it is necessary
to distinguish the x-y curves according to their general shapes. The
examination of a large number of curves of some devices shows that
they are non-symmetrical about the origin. These devices include

~most of the rectifying and p-n junction diodes. It is the flow of
current in one.direction which gives them the name UNILATERAL elements.
Another class of elements whose characteristics.are symmetrical about
the origin are called odd-symmetrical elements such as iron-cored
coils, glow tube and some of the ferromagnetic devices. Most of the
above mentioned devices are passive elements whose slopes are positive
at all points along their x-y curves. Another iméortant class of
nonlinear elements, called the negative elements, exists whose portion
of their characteristic has a negative slope (dy/dX < O). Needless

to say that such class of elements includes tunnel diodes.

- J— — - —r T 2Ny




2.3 Properties of Nonlinear Elements and Systems

A property of a linear element is that the value of the o
element (R, C or L) remains constant throughout the variation of

the two independent variables (i-v, v-q or 1-¢ ) and is given by
their ratios. Consequently, the steady-state response is a replica

of the excitation frequencies. However, for a nonlinear character-
istic, the slope at a point of the curve gives the incremental value
of the element of that point. The straight line from the origin to
that point is known as the chord value. Accordingly, the value of

the element cannot be given by a single constant and a mathematical
representation of the actual curve is required over the whole range
of operation which is called the characteristic equation. The value
of the incremental component may be specified bv differentiating the
characteristic equation with respect to its independent variable.
Therefore, one or a set of nonlinear differential equations is usually
formulated to define a nonlinear system. -

The meéhods of solving such equations depend on whether they
contain the time inéependent variable explicitly or not. These two
types of equations distinguish a nonautonomous from an autonomous
‘network respectively. The nonautonomous system of equations is norﬁally_
associated with a.c. circuits because of the appearance of the indepen-
aent time variable 't' in the equations of the form A cos wt. The
solution to such an oscillatory system is composed of frequencies which
are related harmonically or commensurably to the frequencies of the
excitation sources. These important properties of nonlinear devices
are extensively used in the analysis of frequency multiplying and con-

verting circuits.

— — f— - - = XS ey LTI PCPPR O SR
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The approach in such applications, in addition to the rec-

tification properties, may be better understocd by expressing the

characteristic equation of a nonlinear element as a power series,

i.e.

2 3
Yy = aj + alx + a2x + a3x + ceeies o8 .(2.1)

Then upon substituting X= A coswt and with the help of various

standard trigonometric identities, the expression
y = bo + b1 cos wt + b2 cos 2wt+ b3 COS 3Wt+ vreeeg (2.2)

is obtained (Ch.5). Where b° and bn represent the dc and harmonic

components, i.e.

[ <]
amAm . ‘
bo = E: oM Cln_ - (2.3)
m=0,2,4,.. 2
a A"

‘ m m
b = 2 2: A Can (2.4)
2

=n,n+2,n+4,..

This indicates that the essential process of a nonlinear element is
to generate harmonic spectrum since any nonlinear characteristic can
be represented by such power series whatever the complexity of the
operation.

In the conversion case, the small signal, at a fequency
other than the frequency of the pump or its harmonics, sees the non-
linear time-invariant element as a linear time var&ing element.
Consequently, the small signal is translated in frequency by the
time-varying element and the linear network laws can be used in its

analysis. Such a time-varying element is also a harmonic generator
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and hence no conversion or multiplication can take place without
the existence of harmonic sources. Therefore, it is thought that
the best way to predict the performance of a nonlinear element is

through its harmonic spectrum.

2.4 Energy Relations in Nonlinear Elements

The energy supplied to, and dissipated by a network is given

by the time integral of the instantaneous power, namely:’

t
Wio,t) = .[ P(t) dat “ee .es (2.5)

° -
where the product of the instantaneous voltage and current is the

power

P(t) = wv(t) - i(t) cen een (2.¢)

The knowledge of such oscillating power is of little practical value
and the important quantity is the absolute or the average power

measured over the periodic interval T. Thus
T

J. V(t) . i(t) 4t ves (2.7)
(¢}

Pav = %
where T is the minimum period of the product V(t) . i(t). This
expression shows that although the product V(t) . i(t) is oscil-
lating periodically there exists anet power flowing into a resis-
tive element which must be lost in heat energy since energy cannot
be destroyed. For a capacitive‘or an inductive element the average

power is given respectively by
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T q(T)
- 1 dg (t) o1
PCaV = T f v(t) . —at at = T v(q) dg .o (2.8)
o q(o)
T ¢ (T)

1 f o dd(t) 1 f : (2.9)
P = = i(t) 2=t at = = 1(6) A6 ... -
Lav T ° dt T ¢ (o)

These equations will integrate to zero for periodic waveform of
Period T since q(T) = q(0) and ¢ (L) = ¢ (0) respectively. For
example, in the case of a linear capacitor, equation (2.8) can be

reduced to:
q(T)
- q 12y - o2
W(0,T) < dq = 5 [q (T) - " (0)
q(0)

—0 co e see ) (2.10)

Consequently, the average power, entering a purely capacitive or an
inductive element, is zero.

The usefulness of such information was exploited by R.V.L.
Hart:ley(8 ) (1916) and his results were derived by Manley and Rowe(8 )
(1956) under much moxe general conditions. The important result of
such analysis is the amount of power at a particular frequency that
can be cbtained from any nonlinear lossless reactance by mixing two
sinusoidal waveforms of incommensurate frequencies m1 and mz. The
product of the current (dgq/dt), flowing into the nonlinear reactance,
and the voltage (d¢/dt), across it, contains all frequency com-
ponents i(mw1 + nwz). Thus, the total average power entering a

lossless element can be represented by

= 0--- ese csese (2-11)
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Multiplying and dividing equation (2.7) by (mw1 + nwz) yields the

two independent Manley-Rowe equatiéns:

(] -]

mP
E — B . 9 oo (2.12)
(mw1 + nwz)

n=-« m=0

L ]

npP

m,n
E 2 (nw1 + nwz)

m=~w n=20

|
o

esn see es e (2.13)

If the nonlinear reactor is excited only at w1 with power P, then

n is zero and equation (212) becomes

P1 = - E 'pm cee  (2.14)
m=

Therefore the total harménic output power is equal to the fundamental
input power introduced to a lossless nonlinear reactance. If the
circuit is so adjusted that only a desired harmonic output power is
delivered to the load and other powers are reactively terminated,

the conversion efficiency for the desired harmonic can approach

9
100 percent. For a nonlinear dissipative element, however, Page( )

(19

in 1956 and Pantell in 1958, have shown that the efficiency of

generating harmonic cannot exceed 1/n2 namely:

where n is the harmonic number of interest.

2.5 Applications and Discussion

Semiconductor diodes provide, in general, three common

behaviours. These are, nonlinear resistance (varistors), nonlinear
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reactance (varactors) and negative resistance. Although a diode
may exhibit two or more of the thrée above mentioned characteristiés
simultaneously, the classification under which a diode can be put
depends on its predominant effect.

The ordinary conception of rectifiers, where a diode can
convert ac power into dc power, is called varistors. For an ideal
varistor, a diode derives its usefulness from the nonlinearity of
the current-voltage characteristics. The instantaneous current i (t)

is a function only of the instantaneous voltage V(t), given by
. _ . ev(t)}) _ |
i(t) = 10 [exp (—;EEF— 1] cee cee (2.15)

These dicdes include backward diodes, most Schottky barrier and
point contact diodes. They have been extensively used for frequency
down conversion, detection, low noise reception, high speed clipping
or rectification and sensing.

A capacitive varactor is a semiconductor Jjunction diode
with a useful nonlinear reverse-bias capacitance. The operation of
such devices can be analyzed by assuming that the instantaneous

charge on the device is a single-valued nonlinear function of the

dgq

instantaneous voltage applied to each terminal. Since av

is the
small signal capacitance, the voltage dependent capacitance is

given by
-y

- -y
c = c°(1 ¢) (2.16)

where V is the applied voltage, ¢ is the contact potential of the
junction and y is a coefficient whose value depends on the doping
profile of the junction ( y = %-for a graded junction, y = %-for
an abrupt junction, Y = 1 for a hyperabrupt junction). Although
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the development of varactor diodes was mainly for parametric
amplifiers, they have found use in ;ther applications. Some of thé;e
are harmonic generation, modulation or up conversion, pulse generation
and pulse shaping.
The inductive varactor is used in frequency converting

circuits. It has the same efficiency, as does the capacitive one,
of generating harmonics and subharmonics which are widely used in
telephone systems. A combination of nonlinear inductors has been
used in a digital computer to store information for future use.

‘ The third and the last class is the negative resistance diode.
It is defined as a nonlinear resistance whose slope over a portion
of the characteristic is less than zero, i.e. the element is negative
over that range. This property can be used for amplification purposes.
Some negative resistance diode amplifiers use tunnel, IMPATT and Gunn
diodes. Tunnel diodes are preferred for low noise amplification in
spite of their very low power output which rules them out for oscil-
lator use. The other two have more power capability for use as local

oscillators.
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CHAPTER 3

PHYSICAL AND ELECTRICAL PROPERTIES OF A

METAL~SEMICONDUCTOR JUNCTION

3.1 Early Researchers

Semiconductors were already in use before the beginning of this

century. The initial step was probably taken in 18&3 when Faraday‘ll)

discovered that silver sulphide exhibited a negative temperature co-

efficient. Six years later, in 1839, the photovoltaic effect was dis-
(11)

covered by Becquerel . No progress had been reported for more than

thirty years until W. Smith(li)

8

conductivity. In 1é73, while researching into the insulating properties

established the principle of photo-

of selenium, he observed that the electrical resistance of selenium

changed under the influence of light. But the most important contribution

(11)

to semiconductor devices was made, in 1974, by F. Braun . He dis-
covered that when a contact between certain materials had been made,

the current flowed in one direction. In the sawme year, a similar effect

(11)

was noticed by Schuster ¢ Wwhen an intimate contact between clean and
oxidised copper was made. The development of copper-oxide rectifiers

was not fully established until fifty years later, in1927, by Grondahl

and Geiger(ll). The first practical photo-element and dry rectifier,

however, were already made by Adams and Day(ll), in 1875, from selenium

(11)

and by Fritte ¢« in 1883, respectively.

(11)

When Hertz » in 1888, had observed radio waves the importance

of semiconductor rectifiers was fully realized. Base(11)

Dunwoody(ll) (1905), Austin and Pierce(ll) (1907) , made the point contact

(1904),

detector a reality. The discovery of the electron valves in 1897aattracted
many workers to such fields. As a result the progress in the development

6f semiconductor devices was retarded until the 1939-1945 war years.
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Nevertheless, some basic theories and experiments were post-
ulated during the pre-war period. The significance of Hall effect,”
originally discovered in 1879, was not fully realised until the 1930's.
By means of Hall effect, the distinction between metals and semi-
conductors was established and the prediction of conduction current
by two kinds of charge carriers (electrons and holes) was verified.

The total conductivity was represented by the relation
gdXnx un + gqxpx up. All of these have keen explained with the
help of quantum mechanical models for semiconductors, proposed by

1931
(11) (1928) and Wilson(ll)(196i).

(11)

Sommerfeld et al

Schottky and Deutschman , in 1929, explained that the

rectification processes occurred within the jurction and were not

distributed over the entire volume. In 1938, the importance of mincrity

(11)

carriers was recognised by Davydov while h2 was working on the

unipolar effect at the p-n junction. The existence of potential

barriers at the junction was suggested by Schoztky, Mott and Davydov(ll)

in 1939. Hence, the rectification mechanism was almost fully explained.

In 1948, Torrey and Whitmer(lz)

published a comprehensive
treatment of the progress made during the war wvears. During that period,
silicon detectors and point contact rectifiers héd been used for radar
and high frequency rectification, respectively. The results of many
experiments were not entirely consistent with the theoretical deduc-
tions of the early years. The prediction of surface states made by

amn 11 (1932), shockley‘'!’ (1939) and Bardeen ‘!

1%
proved until 1948 when Brattain and Shockley(j‘) performed a success-

T (1937), was not

ful experiment verifying the existence of a spzace charge layer at the

free semiconductor surface. Further experiments, by Bardeen and
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(13)

Brattain in 1948, have made transistors a reality. One year later, in

1949, a major contribution to the theory of p-n junctions was made b&
4 .
Shockley(1 ). In the same year, papers on Ge point contact diodes and on

the electrical properties of silicon were published by Bardeen and

(11) and by Pearson and Bardeen(il), respectively.

In 1950, Hall and Dunlap(ll) used the metal-alloy diffusion

Brattain

technique in p-n junction devices. The grown-crystal method was adopted

(11)

by Shookley and others ¢ in 1951, for p-n-p transistors. 1In the same

11)

year, Scaff and Theurer( used the gaseous diffusion technique in silicon

power rectifiers. In 1954, Pearson and Chapin(ll) adopted the same tech-

nique for solar energy converters.
The effect of impurities on the energy levels of semiconductor

had been determined after a comprehensive study made by Lark-Horovitz

(11) (11)

and Johnson on Ge in 1945, and Pearson and Bardeen , on 8i, in

1949. By 1953, the impurity content of a crystal was successfully con-

trolled using a zone refining process which was introduced in 1952 by

Pfann(ll).

The internal field emission was suggested, in 1934, by Zener(ll)

as an explanation for electrical breakdown. In 1951, Mcafee and others(ll)

proposed that the internal field emission may be responsible for the

avalanche current in a p-n junction. In 1953, Mackay and Mcafee(ls)

explained further that avalanche current was not confined to Zener

effect only and could also be due to electron multiplication (ionisation).

mn
Furthermore, in 1954, Mackay(ls) deduced a simple expression accouting

for the breakdown in a p-n junction. This was in reasonable agreement

(11)

with Wolf's theoretical calculation of the ionization rate for

silicon which was made in the same year. In 1957, Chynoweth and Mackay(17)

for the first time, eatablished the threshold energy required for multi-

plication processes. It was shown by Chynoweth(ls), in 1958, that




- 19 -

the ionization rate for holes was less than that for electrons which

(11) ‘

agreed with Miller's experimental results published in 1955. In 1962

(47)

Kennedy and o'Brien deduced the avalanche conditions for diffused
type p-n junctions.

The presence of noise at breakdown has been observed by many

workers. It was suggested by Chynoweth and Pearson(lg), in 1958, that

such noise was due to lattice dislocations. This was confirmed by

(11)

Baldors£ and others, in 1950, when they had constructed some junctions

free of lattice dislocations and the devices were almost free of noise.

(20)

Esaki . in 1957, proposed a device utilizing a negative

resistance called a tunnel diode. The application of such a diode to

21)

microwaves was first described by Sommers( in 1959. Devices which
depend on tunnelling processes such as the backward diode and the

application of this to microwave mixing and detection was reported by

Eng(zz) in 1961.

(23)

W.T. Reed , in 1958, described another negative resistance

device called the IMPATT diode. A modified form of this device was

reported by Johnston, De Loach and Cohen(24). More than one watt of

(25)

continuous power was reported By Misawa in 1966. Another type of

(25)

negative resistance device was reported by Hilsum

was explained by Gunn(zs) in 1963, when he found that microwave oscil-

in 1962. This

lation resulted from bulk GaAs at a critical field.

Mill, Krakauer and Shen(27) first described the charge-storage

diode 1n 1962. This was followed by step-recovery diodes with a

potential for use as high-order harmonic generators. R.D. Hall(zs), in

1965, claimed 20 mW of C.W. power in the 3 cm band. C.B. Swahn(zs), in

1967, obtained 5 w at 2 cm wavelength.
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Although the introduction of p-n junction diodes for varactor
applications below 5 GHz in 1957 had attracted many workers, point céntact
diodes continued to improve in performance as varistors at higher fre-
quencies (up to 2,000 GHz). 1In point contact diodes, a sharp metal whisker
is pressed against the semiconductor face to produce the hemispherical
rectifying contact. The contact may be formed by a simple mechanical
or electrical discharge prccess which may result in a small alloyed p-n.

(28) (29)

junction. Wlatz (1952), Kikuchi and Onishi (1953) have confirmed,

experimentally, the formation of the p-n junction in Ge point-contact
diodes. Nelson(30) (1958) and others have treated point-contact diodes

as small hemispherical p-n junction diodes. But the conduction mechanism
has not been fully explained due to the contact complexity. The advances
in semiconductor technology, in the past ten years, have produced the

new type of metal-semiconductor devices which are known as Schottky-barrier
diodes. They are based on majority carrier conduction and in normal
applications have replaced point contact diodes. Unrestricted by the
charge storage phenomenon they competed successfully against point-contact
diodes in uniformity, reproducibility and reliability. Such devices are
sometimes called the hot-carrier diodes because of the large kinetic
energies (or high temperature) of the electrons iﬂ the conduction band
which overcome Schottky barrier potential. They are also called Schottky-
barrier diodes because of the early analysis of this kind of majority-

(11)

carrier rectification by W. Schottky in 1938. It is also described

(31) (25)

by Kahng in 1963. H.F. Cooke in 1965 described such devices

as mixers of much better noise figures than any previous point contact

diodes.

The conduction in Schottky diodes was first explained using the

diffusion theory of Wagner(32) (19231), Schottky and Spenke(32) (1939).
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The thermionic emission theory was proposed by Bethe(33) in 1952. The com-
. . (34) (34)
bination of both theories were considered by Schultz (1954), Gossick
[ o
{(1963), and Crowell and Sze(3J) (1966) . Although there are still several

unexplained disagreements in the experimental data (e.g. Padovani and

Summer 1965)(36), it appears that these cannot be resolved by adopting
the diffusion theory alone. Rhoderick's(37) analysis (1972) of data by
Smith(38) (1968B) shows that the controlling mechanism in moderately doped

GaAs Schottky diodes at room temperature is almost certainly due to
thermionic emission. The only results which appeared to confirm the
diffusion theory were those which related to copper oxide.

3.2 Physics of Metal-semiconductor Contact (11,25,31,32,34)

The current in a metal is due to the flow of negative charge
(electrons), whereas the current in a semiconductor results from the
movement of both electrons and positive charges (holes). When a semi-
conductor crystal is very pure, the hole and the electron densities
are nearly equal, and the crystal is called an intrinsic semiconductor.
If such a crystal, from the fourth column of the periodic table, is
Qoped with an element from the third column (boron, gallium or indium),
the density of holes is increased by approximately the density of the
doping atoms and the density of electrons is decreased by the same
ratio. This is because the three outer shell electrons of the impurity
atom are shared in covalent bonds with the four neighbouring atoms.
However, still one more electron is needed for saturafing the four
covalent bonds. Therefore, an electron from the valence band will be
captured by the impurity atom leaving behind a hole. The hole becones
a mobile charge carrier while the impurity atom becomes an immobile

(fixed) negative charge caused by the captured electron. The impurity
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atom therefore is called an acceptor impurity because it accepted an
electron from the valence band. The crystal is said to have p-type
conductivity. The holes are called the majority carriers and the
electrons are called the minority carriers. But when an atom of the
fifth column (antimony, phosphorus or arsenic) is introduced to a
crystal of the fourth column, four covalent bands will be formed.
The extra electron will be excited to the bottom of the conduction
band producing a negative mcbile charge carrier. An example is when
silicon atoms are doped with phosphorus atoms to produce a érystal
of n-type conductivity. The impurity atoms are called donor atoms
because they give electrons to the conduction band. The electrons
are the majority carrier and holes are the minority carriers.

The performance of metal-semiconductor devices is.best under-
stood by considering various energy levels in the isolated metal and
n-type semiconductor. Figure (3.1a) shows such energy in an isolated
metal at equilibrium. wm is the energy required for the escape of
an electron into free space with energy (WF) corresponding to the
Fermi-level of the metal. It is known as the thermionic or vacuum
work function of the metal. The value of wm is constant for atomically
clean metal but very sensitive to surface contamination. It varies
between 1.93 eV for caesium and 5.36 eV for platinum. The escaped
electron induces a positive charge (image) within the metal surface
and the attractive force between them is known as Fhe image force.

The thermionic work function ws is a similar quantity for
semiconductors, as shown in Fig. (3.1b). But the position of the
Fermi level changes with changing the impurity of atoms. Therefore,
ws will depend on the carrier density besides the influence of surface

contamination. In view of this, the electron affinity (X), that does
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not vary directly with doping, is likewise defined as the energy
required to remove an electron from the bottom of the conduction
band and place it at rest in free space.

Practical semiconductor surfaces always> adsorb layers of
foreign material. The imperfections or impurity in such an adsorbed
layer near tpe interface is responsible for what is called surface
states. Although the physical structure and the origin of surface
states are not fully understood, experimental observations have con-
sidered the surface state as neutralized donor or acceptor atoms or
ionized donor or acceptor charges. The surface charge may be positive
or negative depending on the chemistry of the film on the surface.

The bending of energy bands in semiconductors is due to surface states.
If a semiconductor does not have surface states, the potential
energy diagram at the surface will be as in Fig. 3.1b. This is very
difficult to attain in practice. 1In the case of an n-type ‘semf conductor,
the surface states may be occupied by electrons. To maintain charge

' neutrality, there must be a corresponding number of electrons missing
in the bulk of semiconductors. Therefore, a depletion layer of
(positively) ionized donors will be formed just beneath the surface
and the band edges are distorted, as shown in Fig. 3.lc.

When the metal and semiconductor are brought into contact,

as shown in Fig.( 3.1d), there will be an exchange of electrons between
them as in the case of metal-metal contact. The mechanism of electron
flow is analogous to the thermionic emission from a hot cathode into
vacuum. The semiconductor in this case is acting as the cathode and
the metal as the vacuum. For the n-~type semiconductor, the flow of
electrons from-the semiconductor to the metal results in a current IS

which is called the saturation current. As a result, positive charges
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will be left inducing negative charges on the surface of the metal.

The resultant electric field increases the energy required to remove

the electrons from the semiconductor and so lowers the level of the :
conduction band. The field will increase, and the level of the con-
duction band will fall, until equilibrium is achieved. Under such
equilibrium,- the Fermi-levels must be at the same height in the metal
and semiconductor, such as in the case of two metals. The net current
across the junction must be zero and hence an equal and opposite current,
Is' will flow from the metal to the semiconductor. The barrier height
wms is simply given by

wms = wm - (x +4) (3.1)

whexe A = (wm - ¢s) is the potential difference across the gap 6 produced
by surface states. The bending of the band ¢' is related to the width

of the depletion layer (Wo) by

N. eW '

d o
t = e
¢ %e (3.2)
where Nd is the donor density and € is the permittivity of the semi--
conductor.

If an external voltage Va is applied so as to make the metal
positive (forward bias) and the semiconductor negative, the con-
duction band will rise again as shown in Fig.(3.l1e). This rise is
equivalent to a reduction in the potential barrier, on the semiconductor
s;de by an amount Vj = Va - irSf where Vj and irS are the voltage drop
across the junction and the semiconductor substrate resistance
respectively. Therefore, the electrons in the conduction band of the
semiconductor will require less energy to overcome the barrier potential

and to be injected into the metal. The current will be increased



exponentially with the applied voltage according to the following

relation:
1 = I [e“("a’irs) - 1] (3.3)
s

The bending of the band ¢' is related to the width of the depletion

layer W by
Nd e W’ (.3 4)
] - - 3 = —=r .
¢ (va 1rs) 2€
from which .
ge Nd
C. = A|\7Tm—/F77— 3.5
3 2 ($-V;) (3.5)

is the junction capacitance,

vwhere Vj = Ve--irs is the voltage across the junction
¢ = — =l 40 V_1 for an ideal diod
nKT =ode -

I is the saturation current in the orxder of 10.-9 amps
; -19

e is the electron charge = 1.6 x 10 Coulomb

T is the temperature in degree Kelvin (%K )

K is the Boltzman's Constant = 1.38 x 10—23 (joule/%k )

40
o (practical)

n i1s the diode ideality factor

When a reverse bias is applied, the conduction band will be
oyiginally
lowered and the electrons, having/sufficient energy to surmount the
Nold/
barrier, will/require higher energies. The component of the electron

current from the semiconductor to the metal will be very small com-

pated to —IS from the metal to the semiconductor. The net current is

therefore

e— o (Va -irg)

]
-

'rev s 1 ‘e (3.6)
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Thus, the reverse current is expected to be a constant in the order of

-I .
s

To compare diodes of different values of ¢', it is useful
to define a forward bias cut-off frequency fCf by

1

f =
ijRsf

cft 27 (3.7)

It is the frequency at which the capacitive reactance of the junction

becomes equal to the series resistance.

] . (25,32,39)
3.3 Technology of Schottky Barrier Diodes

The metal-semiconductor interface may consist of a variety
of metals in conjunction with either p-type or n-type semiconductors.
Schottky-barrier diodes, using gold, platinum, palladium, silver and
many other metals, have been built for a variety of specific applica-
tions. Semicqnductor materials which have proved suitable for such
devices are silicon, germanium, and gallium arsenide. In general,
n-type silicon is preferred because its higher electron mobility
~ permits better high frequency performance. Metal-semiconductor junctions
with planar areas approaching those of point contact devices have been
fabricated which are sometimes referred to as the hot carrier diodes.
Some of the important junction fabrication methods involve depositing
metal upon the semiconductor by evaporation, by sputtering, or by
electrochemical means. The general procedures; in each case, require
a single-crystal wafer on which metal is deposited to form the barrier.
This wafer is heavily doped throughout its volume and has a high-
resistivity film on one face.

To make a silicon wafer, a thin slice of heavily doped

crystal is smoothed and chemically polished on one side which is called
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a substrate. This substrate is placed, with the polished face upwards
on a platform, in a bell-jar apparatus. Pure hydrogen gas flows
through the apparatus and the platform is heated in 1250°C. The tem-
perature is dropped to 1200°C after a few minutes. Such heating pro-
cesses serve to reduce the few atomic layers of oxide (Sioz) on the
polished surface of the substrate. The hydrogen gas then is mixed
with silicon tetrachloride (SiC14) to deposit atomic silicon on the

substrate.

2H2 + SiCl4—_" Si + 4HCl (3.8)

This growth of single-crystal semiconductor material on to such a
polished surface of the sﬁbstrate from the gas phase is called epi-
taxial growth. The high resistivity deposited layer, compared to the
substrate, is called the epitaxial layer. Thus, the final form of
the slice is called the single-crystal wafer.

The fabrication of hot carrier diodes consists of a heavily
doped n+ silicon substrate on which an n-type epitaxial layer of a
specific resistivity is grown on the polished surface and an ohmic
contact is formed on the opposite surface. The slice is then washed
and immediately transferred to an evaporator, whére ; matrix of metal
dots is deposited on the heated epitaxial surface to form the barrier.
The prepared material is diced and each chip is soldered to a pedestal
on one of the package leads. A gold-plated metal whisker, which makes
an ohmic-controlled-pressure contact to the top—su;face of the metal
dots, is connected to the other pedestal of the package leads. The
package is then sealed in a controlled environment. The small size

of the diode case and the gold plated wire leads assure its adaptability

to a variety of circuit packaging techniques.
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3.4 Practical Schottky Barrier Diode

The non-linear electrical properties of semiconductor dioéés
are determined by the exponential law of the type:

ev,
i =1 exp —d -1

s o e . (3.9)

This relation has been approached by two derivations credited to Schottky
(32) (32)

and Spenke (1939} and later by Bethe (1942) for metal-

semiconductor Schottky barrier diodes applications. These two approaches

have led to the same slop (e/KT) and differ only in the saturation

current (Is). A more sophisticated theory, allowing for image force,

shows that the above factor should be taken as (e/nkT). The value of

n depends on the donor density N and it is 1.02 for N_ = 1017 cm._3

d d
(Sze et al, 1964)(34). Although values of n, slightly greater than that
attributed by the image force alone, have been recorded by many workers

the small differences may be explained in terms of a component of

I(34)

current due to recombination in the depletion region (YU and Snow, 1968
or tunnelling through the narrow barrier at the edge of the metal contact
(Wilson, 1932)(34).

As far as the validity of equation (3.4) is concerned, Kahng

(1963) 31

, has carried out a critical experimenﬁal investigation, in
which he found that the law is obeyed over a certain range of current
up to about 10-5 amp. The deviation of the characteristics at larger
values of current is due to the substrate series resistance (rs).
Usually the resistance of a practical diode reaches a constant low
value at forward voltages exceeding some particular value, generally
greater than 0.5 volt, and this value is known as the series resistance.

From this consideration it seems that the voltage V, in equation (3.9)

is not the applied voltage Va across the diode, but it is less than Va
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by the voltage drop irs developed across the ohmic resistance rs of

et

the semiconductor substrate. Therefore equation (3.9) may be

rewritten as

ii = Is exp. (aVa - alfrs) - 1) .es (3.10)
¥
where = -5 and Vv, =V_ - ir
o nKT j a s °

From equation (3.9) it is evident that, for current (if) greater than
several times the saturation current (IS) and lower than 10_5 amp,

0 may be given by:

£n i

v N cen .o (3.11)
a

1t

For currents higher than 10-5 amp, equation (3.10) can be written as

ig
£n [ v ]= 2n I, - (rs) 1-f (3.12)

e a

This is the equation of a straight line whose slope is -(ars) and
whose intercept at 1. =0 is n I_. Thus, equation (3.11) and
equation (3.12) provide ready means of determining the constants o,

r and I .
S s
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CHAPTER 4

HARMONIC GENERATING AND FREQUENCY CONVERTING CIRCUITS

4.1 Introduction

In communication, the information-bearing signals are usually
conveyed from one point to another via a transmission medium. The
medium may be a twin-line, a coaxial cable, a waveguide, or it may
be a free space. The fundamental requirement of any transmission
medium is to propagate as efficiently as possible a particular band
of the electromagnetic wave spectrum. To achieve this, when the
medium is the free séace, there is a need for relatively small and
efficient radiators (antennas) which lead to the use of Shorter
Wavelengths, i.e. higher frequencies. Another important reason for
employing high frequency transmission systems is that the losses in
 free space at audio frequencies are very high. The process of pro-
ducing higher frequency sources, which are usually modulated by low
frequency signals, can be done using methods of harmonic generation
or frequency multiplication. This technique of shifting a given
low frequency band up in frequency is known as frequency translation.

In controlled harmonic generators, the power at a frequency
w supplied to a nonlinear element is converted to powers at frequencies
harmonically-related to w. Such a method seems to be a éonvenient
way of obtaining signal sources at high frequencies, whenever it is
difficult to generate these directly. The property of a nonlinear
device and its analysis are essential to the understanding of harmonic
generation. Two classes of nonlinear elements have been analysed,

theoretically, by various researchers, i.e. nonlinear resistances and



- 31 -

and nénlinear reactances. The former include point contact diodes

and the latter varactor diodes. Page“”, in 1956, has shown that the

-

efficiency for a nonlinear resistor cannot exceed 1/n2 , Wwhere n is
the harmonic number of interest. Manley and Rowée)(1956) have shown
that the total harmonic output power is equal to the fundamental
input power introduced into a lossless nonlinear reactance (conserva-~
tion of energy). If the nonlinear reactance is excited only at w,
then from equation (2.10)

P, =‘Z - P ... e (41)

m=2

with power P1

where negative sign (—Pm) indicates that harmcnics are supplied by
the nonlinear reactance.

The basic block diagram for generating the mth harmonic is
shown in Figure 4.1. A sinusoidal generator feeds a network con-
taining a nonlinear element through a bandpass filter tuned to a
frequency w. The output of the network is connected to a dissipative
léad through a bandpass filter tuned to the required frequency mw.
When the sinusoidal source drives the nonlinear element, it will
generate harmonics. All unwanted harmonics will be reactively termin-
ated by the bandpass filter while the required mth harmonic will be
delivered to the load. In the case of a nonlinear reactance, the
power is exchanged only at the two frequencies w and mw if the
element and filters are lossless. Therefore, generation of a par-
ticular harmonic may be achieved with almost 100% efficiency from a
‘nonlinear-reactance circuit.

In frequency converters, a large and small signal at different
frequencies are applied to the nonlinear element. The large signal,

which is normally called the pump, drives the nonlinear element whose
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respbnse will be a harmonic spectrum. The small signal introduced
will be translated in frequency by the harmonically varying compon:
ents of the incremental equivalent circuit. The nonlinear element
will be seen as a time-varying device by the small signal source.
This fact suggests clearly that the harmonic generation is the
essential initial step in any frequency converting process.

In a frequency converter, the shift in frequency occurs by
combining the frequency of the pump wp with that of the small signal
at ws. The resulting response, in addition to the harmonic spectrum
of the pump, contains the sum and the difference components of the

form

nw o
P s

where n is normally an integer. The signal is at such a relatively low
level that there is negligible generation of its harmonics. When the
frequency is shifted down, nonlinear resistances are often preferred
and the network is called mixer, but when the frequency is shifted up,
nonlinear reactances (varactors) are preferred and the network is
referred to as a, parametric frequency changer.

In a parametric frequency changer, the two Manley and Rowe
equations provide two independent relations among the powers flowing
in and out of the nonlinear reactance at various frequencies. They
also contribute useful information to the principles of parametric
amplifiers, frequency up- and down-converters, in addition to harmonic
generators. The general properties may be deduced from these relations
by some simple examples. If it is assumed that two generators are
connected to the nonlinear reactance at frequencies fl(signal) and
f2(£.o.) and a third frequency £_ =f, +f_ is generated, all other

3 1 2

sidebands are reactively terminated, then the two Manley-Rowe equations



reduce to
) P ’
f_1 + -fi = 0 cee (4.2)
1 3
and
P P
2
= + = = 0 ... ... cee (4.3)
2 3
It must be noted that P = 0 for all but P,, P, and P_. The power
m,n 1 2 3

P1 and P2 are positive because they are supplied to the nonlinear

reactance while the power P_ must be negative because it is supplied

3
by the nonlinear element. Therefore, the device is said to be stable
and the maximum power gain is given by

£ £ +f

3 )
G.. = == = 22 | ... ... (4.4)
13 £, £

This type of parametric amplifigr is called the noninverting or
upper-sideband up-converter (modulator).

When the operation is reversed such that a small signal power
P3 is supplied to the nonlinear reactance, the powers P1 and P2 will
be negative and a negative resistance, therefore, will be introduced
in the pump (£.0.) circuit which makes the device potentially unstable.
In this case, the device is called the noninverting down—converter’
{(demodulator) .

If the power supplied by the nonlinear reactance is still P3,

resulting from P1 and P2 supplied to the nonlinear reactance and

f3 = f2 - f1 is the required frequency, the two equations will take

the form
P P
E‘l‘ - -f-i = 0... cee (4.5)
1 3
and
P P
2 3 _
-f_ + f - 0... e ae caace (4-6)
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From the first of these two equations the signal power P, must be

1
negative and the gain, therefore, is given by
£ -(£,-£.)
6, = -2 - —Z L . . wm
1 1

The input power from the pump (£.0.), therefore, flows out of the

nonlinear element at the two frequencies f1 and f2 in which most of

P, appears at £_ and a small amount appears at £

2 . This results in

3 1

a negative resistance in the small signal circuit. Thus, the circuit
is said to be potentiaily unstable and it will oscillate under certain
conditions. Such a circuit is called an inverting or lower-sibeband

up-converter if f3 >> f1 and it is called an inverting or lower side-

band down converter if f3 < f1 . In both cases the signal f1 has been

inverted and hence the name inverting up or down converter.

When f3 is approximately equal to £

pass both the signal and £

1 the signal circuit will

3 (called idler) and the amplifier is called

a degenerate amplifier. If, on the other hand, the signal circuit

will not pass f£_. then the amplifier is called a nondegenerate amplifier.

3

4.2 Basic Resistive Circuit

One of the major difficulties encountered with the nonlinear
element is to find its ac equivalent circuit. The analysis of a net-
work, in general, is to find the currents and voltages in'its elements
when the source and the imbedding networks are known. A nonlinear
element may be considered as a network with unknown elements. These
elements are function of the applied voltage or current and can be
represented by the dc and time-varying admittances or impedances. In
order to define such elements, the currents and voltages generated

within and across each element must be found. In the analysis one
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may either choose a sinusoidal voltage or sinusoidal current drive.
The two basic éircuits for resistive harmonic generators are showﬂu
in Figure 4.2a and b, respectively. The two parallel (or series)
resonance circuits are tuned to w and nw respectively, and are assumed
to be ideally selective and present short (or open) circuits to all
other frequencies. The ideal choke across the nonlinear resistive
element, in the current-driven case, is necessary to allow the dc
current to flow.

In the voltage driven case, if the parallel resonances are
removed, as shown in Figure 4.3, then the harmonic currents passing

through the source and the load resistance, RS + R_, will develop

L
harmonic voltages across the nonlinear resistive element and then

the element is driven by a Fourier voltage

[+
V(t) = Ecoswt - (RS +RL)E in cos hot ... ... (4.8)
o -

In order to avoid such a complex drive, it is assumed that a diode

of total series resistance Rs + R+ r, is driven by the ideal

L
voltage generator E cos wt. The diode may be then represented by

the characteristic shown in Figure 4.4(c).

As it was shown in Chapter 2, the i-v curve can be described
by a Fourier series based on the fundamental frequency w of the

applied voltage. The current is then given by :

ite) = z: 1 cos RWE . eh  wee o er eee ol (4.9)
. o
- -]
vwhere . em m
1 = a' — C e cee cee (4.10)
o m 2m m
m=2,4,6,.. 2
and w
1 =2 a' — ¢ ces ceae oo (4.11)
n m m m-n

3]

m=n,n+2,n+4,.. 2
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The coefficient ahldependson the characteristic equation of the diode

L]

which will be calculated in Chapter 5 for the exponential diode.
Consequently, the chord and the incremental resistance or conductances
may also be represented by a Fourier series based on the fundamental

frequency @ of the type:

1(t) = Rc(t) = . (rc)n cos nwt . ees (4.12)
i) _ } }:
v (E) Gc(t) = (gc)n cos nwt cen «es (4.13)
o
or o
av(t) _ _ Z
aiw) Ri(t) = (ri)n cos nwt ... «.. (4.14)
o
ai(t) _ _ Z '
v () Gi(t) = (gi)n ccs nwt ... e.. (4.15)

The choxrd conductance, Gc(t), is the component that generates the
harmonic currents. Therefore, the best representation of equation (4.13),
which relates the harmonic currents and the applied voltage E cos wt,

is given by the circuit shown in Figure 4.5. Thus equation (4.13)

may also be rewritten as

[ )

E in cos nwt = E1 cos wt E (gc) cos nwt ... (4.16)
n

o

o

Upon equating the coefficients of the same frequency, the following

set of equations is obtained:
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. 1

s = 7 B9

1. = L e 29 +qg
1 2 U1 Y95 T 9,

i =2 E (g +aq
2 2 1 9 793

i =L e @ +g)
3 2 U1 9y 7 9,
[ ]

[ ]

1

[}

[}

i =L e g . +q .
n 2 1 n-1 n+l

This set of equations gives the harmonic currents as functions of

(4.17)

the harmonic conductances. In practice, however, it is possible to

measure or even calculate the harmonic currents. Therefore, it is

desirable to obtain the harmonic conductances as functions of the

equation (4.17) for go, gl, g2, ... €tc. Then the harmonic chord

conductances can be shown to take the following forms:

1 A -~ -~ A
= = - + -1 ....®
(gc)o E1 (11 l3 15 )
and
) =2 d -1 +1 _...w
n El n+1 n+3 n+5

If one compares the first and the third of equation (4.17) with

equation (4.19) then the following relations are found:

1o = 12 - l4 + l6 - l8 ceseee®
- © mif:f
9/ N (even) ) % Z cu 2 im
m=n+1,n+3
and , n-1 mtn-1
2 -
“9e)n (cad) Ey Z: o E

m=0,2,4

harmonic currents. This is achieved by solving the set of

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

-y —
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These relations can be deduced by the application of Fourier analysis

techniques to the chord conductance equation, i.e.

_ E:incosnmt
Gc(t) = ————————Elcoswt eos (4.23)

The harmonics produced by the high level local oscillator
source are an essential part of the mixing process. The voltage and
current-driven mixers can be obtained by a slight modification in the
frequency-selective imbedding networks of the corresponding harmonic
generators. The small signal circuit at W, is added as shown in
Figure 4.6.

The small signal input at ws is mixed with the £.o. frequency
and its harmonics producing the sum (ws + mp), the difference (mp - ws)
and the image (2wp - ms) frequencies, in addition to many other product
frequencies. The difference or the intermediate frequency is the most
important component in mixers and the other frequencies are usually
considered as parasitics. The harmonic spectrum generated by the £.o.
and the final one generated after the mixing process took place, are
shown in Figure 4.7, respectively.

The amplitudes in Figure 4.7 are not drawn to scale. The ratio
of the available power at the signal frequency to that at the I-F
frequency is the conversion power loss, c.p.f. The efficiency may
be improved by preventing power loss at the parasitic components,
especially at the image frequency. When the {.o. -termination is
i1dentically equal to the siénal and image frequency terminations, the
mixer is called broad-band. If there is an open or short circuit
termination presented to the image frequency, it is called a narrow-

band mixer.
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The basis for mixing the frequency Ns of the signal voltage

E'5 cos wst with the frequency wp of the £.0. voltage Ep cosw t is simply

demonstrated by the well-known trigonometric identity:

=SB -
(Es cos wst) . (Ep cos wpt) ) [cos (ws + mp) t + cos (ws wp) t] cee (4.24)

Such products result from the infinite power series representation of

the i-v curve given by

[+ ]
z ; m
i(tv) = amV cee ces aae (4.25)
()
where
V = E cosw t + E cosw t
s s P

The incremental conductance Gi(t) of the nonlinear element is

seen by the small signal superimposed on the f.o. drive. This is

given by

i m-1 m-1
Gi(t) = v E : ma Vs (coswst) cen ee.  (4.26)

With the help of some standard trigonometric identities it can be shown

that:
@) = = z 1 e (4.27)
io v m
s
m=1,3,5
and L] R
9,) = - z: ml .ee  (4.28)
in vs m

m=n+1,n+3,..

~

Where lo and ln have the general form of equations (4.10) and (4.11)

These relations can also be proved by the application of Fourier analysis




- 40 -

technique to the incremental conductance expression

-—
Z n ln sin (nwt)
dai 1

-— = = e ees  (4.29)
av V sinwt
s s

A detailed analysis of a general nonlinear resiséive element is
currently under consideration by Dr. Kulesza and his research group
in the Department of-Applied Physics and Electronics, University of
Durham.

The modification incorporated in the voltage driven circuit to
the total series resistance cannot be easily ccnsidered in the current-
driven case since an ideal current source is Aifficult to achieve in
practice. In the voltage-driven circuit it is assumed that the
voltage drive isEE)cos wpt and in the current-driven case the current
drive must also include the d.c. current component, i.e. ioi-i cosw t.
Although the solution to the current-driven equation of an exponential
diode is easier than that of the voltage driven case, the measurements
of harmonic voltages across a high impedance circuit igsvery difficult
to carry out experimentally. The measurements of harmonic currents
in the voltage-driven case are easy to obtain using frequency selective
instruments and the only problems that remain are of mathematical
nature in finding the solution to the diode equation. Therefore, the
aim of the next chapter is to present a method of solving the exponen-
tial equation for the harmonic currents generated in the diode and

show the validity of the approach by comparing the theoretically-

calculated values with the experimental results.
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CHAPTER 5

ANALYSIS OF A VOLTAGE-DRIVEN SCHOTTKY BARRIER DIODE

5.1 General

The analysis considered previously assumed a general nonlinear
resistive element. In fact, a practical device such as a Schottky-
barrier diode comprises apart from a linear series resistance (rs)
and a nonlinear junction resistance (Rj) also the junction and package
capacitances (Cj, Cp) and, due to leads, a series inductance (LS).
Therefore, the device in general may be represented by an equivalent
circuit as shown in Figure (5.1).

The individual values of the circuit components are dependent
on the specific design. The capacitance lies, normally, in the range
from 0.2 to 2.0 Pf, and the inductance is of a few nanohenries (e.g.
3 nh). At dc and frequencies less than 30 MHz, therefore, the magni-
.tude of the capacitive reactance is very large compared to small forward
junction resistance and the magnitude of the inductive reactance is
considered to be very small. At such low frequencies, then, there is
no loss of generality in taking the simplified equivalent circuit of the
diode as a linear resistance in series with the nonlinear resistance.

Laboratory experience shows that the i-v characteristic of a hot
carrier diode can be accurately described, within 0.2%, by the exponential

law of the type:

i = Is [exp {aV - ursii -1 ] cen caa (5.1)

where irS is the voltage drop across the diode spreading resistance

e
and a = EEF . In practice the measurements are usually taken across

an additional resistor (RL) in series with the diode and the source.
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It is logical, therefore, to include this resistance also in the diode

fu

equation, i.e.
1 = Is [exp {aV - aRTi) - 1] . ces (5.2)

where Rg = r, + RS + RL and Rs is the resistance of the energising
source.

For the reverse characteristic, the deviation from theory may
be avoided by considering that the incremental resistance is of suffic-
iently high value not to interfere in most applications with the
operation of the harmonic generating circuits. This is especially true .
for commercial Schottky-barrier diodes at and below the 2 volts of the
applied peak drive.

In most ac applications the diode is energised by a single
frequency sinusoidal pump while the response contains all possible
harmonics. Therefore, tﬁe response of a single frequency voltage-driven
diode is a spectrum of harmonic currents. In order to derive a useful
gathematical representation for the individual harmonic component, the

current may be expanded as a power series of the applied voltage, i.e.

__}E: m ) f%i
i = amV ace ces {5.3)

m=0
To simplify the analysis, it is convenient to regtrict,both the voltage
and the Fourier currents to cosine terms. The coefficients of the power
series are given by the derivatives of the modified exponential law
-(equation (5.2)), with respect to V, evaluated at V = 0. The first
six derivatives have been calculated directly by Orloff(41) in 1963, In

42
1967, Mills( )has determined higher derivatives as polynomials in

%% whose coefficients satisfy a recursion relation. In both methods
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the computation of the mth derivative depended on the (m-1)th
derivative.

An attempt has been made by the author to test the convergence
of the power series under the assumption that the magnitude of the mth
coefficient must decrease as m gets larger. Hence a computer programme
has been proposed to calculate the coefficients for a practical diode

using a matrix formula of the type:

A = BX {(5.4)
where:
( Y- ( eeoob, ) (
% P11 PratesPyp P
[ ]
a2 b21.........: X
[ ] ] [ ] n-l
] ] ] -1 2
A=t P B=1 = ;ox=—ho | s
: : ; (1-%) :
[ ] t [ ]
] 1 ] ]
[ ] t [} L}
] [} [} [}
: : : :
a b, b xn‘i)
| m ) | m mn) 3

X =oR .
and TIs_

The absolute values of the matrix elements can be calculated from:

I o™
= o+ - - .
Poyn = Tt PPy, bR Py - (5.5

using as initial values
b =0 for m<gn
m,n

and
bm,l =1 for m=1,2,3, .....

The values for X used in the computations were taken from the parameters



of practical diodes and covered the range extending from 10.-4 to 10—7.

The computed coefficients resulted in alternating sequences. '&he
first one contained decreasing positive values of |am| with increasing
m. The second sequence began with increasing negative values of |am| as
m increased further. Then, the increase of |am| continued indefinitely
for the rest of the alternating sequences, up to the computer limit,.

The uncertainty, experienced by such sequences, creates problems in
converging the power series. However, the series must converge to a
definite value, for any given applied voltage, detexrmined from the finite
closed form of the exponential law. Therefore, it was thougﬁt that a
closed form of am(x) would result in rapid convergence of the power
series. Many different attempts have'been made to derive such relations

and one of the best will be the subject of Section 5.3.

5.2 Basic Relations

Let, for simplicity, the driving voltage and the resulting current
functions be represented as v and i, respectively, i.e. for the voltage

driven circuit

(-]
i = Z l cosnp t and V= cosyw t .
5 n p P P

Since the current is a continuous single-valued function of the
th
applied voltage and its m  derivation with respect to V exists, the

current may be expanded as an infinite power series (equation (5.3))

i(v) = a vm

m
0
where a° = 0 (as no biasing current has been assumed), and @yr A5r Agr .o

etc. are dimensionally in amp./volt, amp./voltz, amp./volt3, etc. ...

respectively.

In general i(v(t)) = £(v) and using Maclaurin's expansion yields
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(1} (2) (3) {m)
'fw)=fun+-qf v+f5)v2+£%Lv3.“;+%Slvm.u.(&a

(m)

t
where £(o) is the m h derivative w.r.t. v evaluated about v = 0.
The coefficients in the power series expansion are consequently
given by
(m)

a = —~ f(o) = aee (5.7)

1 d
m!
LA [

If next, the diode equation is differentiated successively

w.r.t. V then

(1)

£l = oI, 3 i x)
(2)
f (o) = a215—1—3-
(1 + x)
(3) _ . oo (5.8)
fo) = odr L2
(1 + x)
(4) _ 2
£ (0) _ a4IS 1 8x + gx
. (1 - x)
L
t
[}
]
[}
1
etc.

where x = aRTIs and the numerical coefficients of x follow a
particular sequence which will be examined and discussed in detail
later.

Introducing another coefficient A which is a function of x,
such that

(m) m
£ (o) = o Is Am(x) ceccea cee cee (5.9)
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the power series expansion may be rewritten as

- ()™
1= I Z A ) = (5.10)
1

and, under the assumption that Ao = 1, the diode equation can then be

expressed as

o
1= I (Z A (x) —— -1 ) (5.11)
o]
or
= )"
exp(aV - dR 1) = E A (x) —— ... - (5.12)
(o]
where
A = 1
o]
1
L )
1
a, = ————
2 (1 + x)3
A3 - ) 2x5
(1 + x) (5.13)
1 - 8x + 6x2
By = 7
(1 + x)
1 - 22x + 58x2 - 24x3
B = 9
(1 + x)
:
1
L]
1]
]
etc.

5.3 Expansions for the A(x) Coefficients

As it has been seen, the coefficients Am(x) are given by the

quotient of two polynomials. The denominator of each quotient is in a
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closed form while the numerator cannot be found in a closed form.
Because of the latter case, and in ;ddition to the difficulties
experienced in an attempt to evaluate the A(x) coefficient numerically,
it was decided to transform the finite quotients into an infinite
series by multiplying the polynomial in the numerator by the infinite

power series expansion of the quotient

1
( - [
(1 + x)2n 1)
which resulted in
A = i .
o

A1 = 1 - x + x2 - x3 + x4 cenes
A2 = 1 - 3x + 6x2 -10x3 + 15x4.....
A3 = 1 - 7x + 25x2 - 65x3 + 140x4 cesen (5.14)
A4 = 1 - 1i5x + 90x2 —350x3 + 1050x4 cneas
:
1
[}
]
]

etc.

It was found that the coefficients of x in the new series are

the Stirling Numbers(43) of the second kind. Rewriting the above set

of series using the Stirling Numbers, S: s gives
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_ 1
Ao = So
_ 1 2 3.2 4 3
Al - S SZ‘X + S3x - S4X + s eeee
(5.15)
_ 1 2 3 4 3
A2 = s2 S3x + S4x Ssx + ciene
1 2 3 4 3
A3 = S3 S4x + Ssx - SGX + chees
'
]
]
.
> - -
for n21 A (x) = (_1)m 1 sm xm 1
n z: n+m-1
m=1
where m
m 1 m-K m n
Sn = v E (-1) CK K e ees (5.16)
K=0

Further, using the general expansion for the Stirling numbers

and rearranging the terms it was found that A(x) coeffidients may be

also expressed as series of exponentials of the form:

2 3
X (2x) 2% {3x) 3x (4x) 4x
Al = e - 2—2?—8 + 3Te - 4 4 e L
X 2 (2x) 2x 2 (3x)2 3x 2 (4x)3 4x
A2=e —2:—2—!-—6 +3-Te —4—4—!—e + i
x .3 (2x) 2x 3 (3x)%  3x 3 (4x)°  4x
A3 = e -2-2! e +3—3-!—-e —4_Te + ceee
x .4 (2x) 2% 4 3x)%  3x 4 (4x)3  ax
A4 = e -2 T e + 3 ——3! e - 4 BYTEE e E
.
[}
[}
1
[}
' (5.17)
etc.

from which the general expression is given by

= n+K
K
A x) = e _5_:(—1)‘( &K+l ke (5.18)
K=0 (K+1)!
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The expansions just developed for the A(x) coefficients still
do not convexge sufficiently quickly.to be of practical value. How-
ever, the formulae are necessary for further stages of the analysis,
in addition to their usefulness in computing the nth dexivative of

the exponential law, evaluated at V = 0, independently.

5.4 Infinite Series Solutions for the Harmonic Currents

Since the harmonic currents that result from the exponential
diode are defined by Fourier series, it has been found necessary to
study the properties of the modified exponential law given in the form
of an infinite series. The expressiqn used to obtain the amplitude of
the harmonic currents is given in equation (5.10). In this case the

pover series expansion in terms of the driving voltage V = VP cos wpt

is given by

1 =1 Z A (x) —E— (cos w_t)" ... (5.19)
s m m p

(%)
H

IL)

The term (cos wpt)m‘can be evaluated in terms of its harmonic components

using the trigonometric expansion

(cos wpt)m Lm [t (i) cos (m - 2K) wpt] (5.20)

2
k=0

Where mc =(m) = m(m-l)(m—z) -.-...(m—K+1) and (];1)= 1

K K k!

Substituting the results of (5.20) into (5.19) and arranging terms of

the sum yields
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® d ® [« (v ™

i=T A (x)-——lp—--l—-mc + 2L A (x)-—-|P-—--l-mC cosnw t
s m m!. 2m m s m m! 2m m-n o)

w=24.. 2 n=1lm=nn+2 ..
(5.21)

This is identical to the Fourier cosine series of the type:

i = 1 + i cos nw t e v e (5.22)

o n p

Thus, the amplitudes of the harmonics can now be extracted directly by

equating the coefficients at the same frequency on both sides of the

equation, i.e.

= @)™
i =1 2: A (x)—& —=— ¢ ee. (5.23)
o s m m! o m
n=2,4,6,.. 2
and for n > 1
o (¥ )™ { m
1 =21 a_(x)—E- = Tc ... (5.24)
n s m . m! o m-n
m=n,n+2,n+4,.. 2
For a nondissipative diode, (i.e. Am(x) = 1 when RT = 0), the

two summations are the modified Bessel Functions of the first kind of
order zero and n respectively. In order to deterﬁine similar relations
for the practical diode in situ, the series for the coefficient Am(x),
il.e.

m+K
2, K
A (x) = e* Z: (—1)"% x ) eee  (5.25)
K=0 '

is substituted into the equations (5.23) and (5.24). Rearranging terms

and using the identity ‘%

2 3
e X =1- ii-(x e*) + 2—-(x ex)2 "%T

x. 3
571 3 (x e") (5.26)



- 51 ~

>

the dc and harmonic components may also be written in terms of the

modified Bessel functions, i.e.

1= I, ex[a:o @) - —22—!(x e*) mo(za\?p) + %(x Xy 2 J:o(3a$p)
a3 k3 n i (5.27)
- arix e Io_(4°‘vp’ \IETEREY R SPPP
or
1= I e"[l(zw 1%t T (Kaﬁp) 1(;—: (x ex)x_lj - I (5.28)
=1
and
in = 215[2 (-1) <! In(mx'/p) K::Tl (x ex)K—l] (5.29)

The above solutions, although elegant in form, again do not
converge quickly enough to be of practical value for numerica%
evaluations. Any further attempts to make them converge faster
proved unsuccessful. However, a different initial approach, described
in the_next section, has eventually produced the required expressions

suitable for numerical evaluation of the harmonic amplitudes.

5.5 The Solution

The aim is to devise a method for obtaining a closed form
expression which provides the fastest and most zasily prodrammable
solution. A direct approach is to consider the d%ode pover series
solution of the current as a function of the-applied voltage which

is given by
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, = )"
iw) = Is z: Am(x) I . vee (5.30)
1 - -
where V = V cosw t
P p
and
m+K K
A ) = e 3 -nX “:—;3—)-,— x ¥y ... (5.31)
° N\ -

Expanding equation (5.30) with the substitution of Am(x) from

eguation (5.31) gives the following expansions:

2 3
. x| [ {aV) (aV) (aV)
i) =Ie [[ TR T AL ™ ]
2, x -F(2uV) 2av)® | (20v)> 7
—E-(xe) 1T + X + 37 +.....ooJ
2 - 2 3 -
2 3av
+%7(xex) (‘;‘?V) + (2? L (g‘f‘” + oeenew |
. L . . . J .
- eesane cessscseanana o ] (5.32)
Replacing each series in the brackets[: ........ ] by an exponential
. of the same arguments results in
x[, av 2, x , 2V 32 x2 3av
i(v) =1Ie [(e -1) - gyrlxe’) (e =1) + 3v(xe”) (e77-1) oa]
7 (5.33)

Rearranging and using the expansion given in equation (5.26) yields

finally

I
s

(5.34)

i)

o, )
Is euV+x [1 - é%{x eaV+x) *'%71x eaV+x) teeew

or in a summation form



_ SV K (K+1) av+x K
i) = 1_e 1+Z(1) g ®e ) [ -I, (5,35

If the new variable y is introduced such that

4
euV X Yy

= ye .es ces cee (5.36)
then
_ oavV+x _4 K (K+1) .y _
i(v)y = Is e 1+ Z (-1) ®E1) ! (y ') IS (5.3?)
K=1
Since the above expression now satisfies the expansion for e—y, it can
be written in a closed form, i.e.
+ -
1w = 1M Y Lo L. ce.  (5.38)
. s s
vwhere the value of y must satisfy the indicial equation
oV + €nx + x = y + Lny cee ces (5.39)
Letting
£ny = x eee  (5.40)
it is immediately clear that
z = eX

e+ X ... oo ces (5.41)

where Z = aV + €nx + x and X is a function of th.

If this new variable is substituted into equation (5.38), then

the equation for the current through the diode can be rewritten as

eX(wpt)
i(wpt) = IS(; - 1) enaae sese (5-42)
or Z(w t) X(w t)
f(wt) = I B -—B_ - eee  (5.43)
P sl x X
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It is clear, f£rom the relation Z(wpt) = \AIP cos wpt + f_nx+x”,
that the function represented by Z(QPt) is periodic and has the period
2m of the applied voltage Gp cos mpt. Thus, the function x(mpt) is
periodic and it can be determined, numerically, from

X(w t)
Z t) =
(wp ) e p

+ x(mpt) for any fixed value of mpt. The graph
of X(mpt) » shown in Figure 5.2 can be repeated periodically in any

interval of length 27, i.e. x(mpt + 2nnm) = X(mpt). The Fourier

coefficients of such an even function, i.e. x(—wpt) = x(mpt) , are

given by
1 2 N-1 T - i
lx ° n r_E—o X(r.y), cos Klxr.q) ... (5.44)

where N is the number of ordinates taken in the interval o to n

and X(r. 1) is the value of X evaluated at (Y.

N ).

2=

Hence the amplitudes of the harmonic currents, are finally

given, using equation (5.43), by

[ o

Is / 2 N-1 -
1,0= & | x+x) - 5 D X(T.5) - x
L r=0
I T N-1
1 = slav -2 X .<).cos (r.=)
1 x - P N 220 N N
(5.45)
R I i , N-1 . -
12 = < | 5 x(r.ﬁ) cosZ(r.-ﬁ-)
B r=0
4
[ ]
L}
t
1
[ ]
]
L
t
. Is 2 N-1 T T
ll( = —;— —EZX(r'-N_) COSK(r-E) for K > 2

r=
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or from equation (5.42) e

N-1
¢ 2 ; r L
i = £ 2 itr.g).cosk(r.q) (5.46)
r=0
where
N
I X{r.=)
L = S NT_
i(r.N) = X (e x) eee (5.47)

The error of these approximations diminishes as N increases.

5.6 An Rlternative Approximate Solution

In Section 5.5 the waveforms of X&npt) were plotted

(Figure 5.2) numerically, using the auxiliary indicial equation

Zw t) = XWw_t) + X Wpt) (5.48)
P P
where Z(mpt) = tsz‘cos mpt + £nx + x. For a constant applied voltage

Gp, it is clear that the amplitude and the width of x(wpt) are propor-

tional to x ==u1512 and hence to the total series resistance Rp. The

T
positive going waveform may be represented by a pulse train of duration
T, repetitive in the period 27, and with amplitude IX(O)I. Since T = 2T
there is no loss of generality to consider X as a function of t, e.g.-
X(t).

It is also noticed that X(t) is less than Z(t) for all positive
waveforms. Therefore, it is thought that X(t) may be expressed as an

explicit function of Z(t} if equation (5.48) is expanded in terms of

X(t)/z(t) and the terms of powers greater than two are neglected. That
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is to say

X =@ £nz —%-% (%)2 (5.49)

Solving the resultant quadratic equation, for x+, yields

. (5.50)

X (£) =[z2 (£) + z<t)] [

This equation is valid over the positive waveform interval which ranges
from zero to T/2. Since X(T/2) = 0, it follows from equation (4.48)

that

aﬁp cos 1t/2 + Ldnx + x =1

/2 = cos-1 [ 1- Zn:: it ] cee ces ces (5.51)
aV

It is found that equation (5.50) is accurate within 0.03% over the

interval
v
*“p

From equation (5.51), the value of x and hence RT may be limited such
1 -fnx - x

aV
of x are given respectively by

that 1 >

>-— 1. Therefore, the maximum and minimum values

nx+x = aﬁp + 1 ves ces .o (5.53)

Ln x + x =-(aﬁp -1 ... - cee (5.54)
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Thus, when x and o are known it is interesting to predict from equation

(5.54) the maximum value of the pedk applied voltage, §P==E—:;3%%5;:35 '
such that the maximum (=) number of harmonic currents may be extracted

for a practical diode.

For a very small portion of the negative waveform IX(t)I is

very small. Therefore, equation (5.48) can be expanded as

X(t) Xz(t)

Z(t) = X(t) +1 + 1 + 5 cae cae (5.55)
Salving for X(t) gives
X (t) =2[ Z; —1] (5.56)
This expression is valid for 1 2 2 ; 1> 0 or
cos_1 ~1-fnx-x > t>,cos_1 _l—AAx_-_x (5.57)
o oV
p p

The corresponding relation of X(t) over the rest of the interval

may be approximated by

X(t) = Z(t) cea e e (5.58)
where
T2t >,cos“1 [-I—erx - X .ces (5.59)
v
*“p

It is shown in Section 5.5 that the current is given by

equation (5.42) as

I
1w = =2 [eX(t) - x (5.60)
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Substituting equations (5.50), (5.56) and (5.58) into equation (5.60)

gives
s, 2 [z A —1[1-2
2 exei(E ez el ) 1) x| | cos ictren |, 6
- 142 (t) § v
P
I T Y _ )
o M ETE] o] ]
B L v - a¥
P
s -1 { -1-fnx-x |
?exp(Z(t)) - x Tyt s cos Sioemkex
aV .
P
.o (5.61)

One half of the period is considered only since the waveform of X(t) is
symmetrical about the origin. The amplitudes of the harmonic currents

may be given by equation (5.46) as

N=1 . .
Z i (r'ﬁ) . cos K (r‘fq') cee cne (5.62)
r=0

- L]

i =
K

where N is the number of ordinates taken in the intexrval O to 7 and

L
{ ¥(. ﬁ_) is the value of current evaluated from equation (5.61) over

the assigned intervals at (r. %) and )
\
Z(r 1) = aV_ cos(r.X) + &nx + x
‘N p ‘N e
To calculate the forward current I g s a function of the applied
forward voltage Vf, the limits of equation (5.61) are given respectively
as
1 - £nx - x)
v e (2 (5.63)
1 - fnx - x -1-fnx- x
( o ) > Vf -> (—a——) e s e (5-63)
(:1_'@_"1_") > v (5.64)
a £
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CHAPTER 6

EXPERIMENTAL RESULTS

6.1 Introduction

The aim of this chapter is to present and examine the experimental
aspects of the exponential law in the same comprehensive way that the
theoretical principles were analysed in the previous chapters. Con-
siderable attention was given to select the most practical methods
which required the minimum of equipmeﬂt and which were least likely to
introduce large errors.

Initially the validity of the exponential law for hot-carrier
dioées was investigated. This was done by calculating the three con-
stants commonly encountered in such laws, Is' a , and rS, from the
measurements of currents and voltages. Then the measured currents in
each case, together with the calculated consténts, had been put back
into the gxponential law and the forward voltages detexrmined. The
results, including the percentage errors, have been tabulated for three
different types of diodes.

This was followed by measuring the amplitudes of the first ten
harmohic currents inéluding the dc component. Twelve diodes, four of
each of the three types, were tested in the same way to prove the methods
of analysis. The calculated harmonic currents have been plotted against
the applied voltages with the experimental points superimposed.

Finally the static curve for each diode was compared with the
dynamic one. The former was plotted using equation (3.10). The latter
was obtained experimentally by taking the algebraic summation of all
the measured harmonic currents plus the dc component for each applied
voltage. The polarities of the measured harmonic currents were deduced

from the calculated results.
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The diodes were grouped and allocated the symbols An, Bn and Cn
which stand for the diode type 5082-2800, 5082-2811 and 5082-2833

respectively where n indicated the number of the diode in the group.

6.2 Methods and Basic Circuits

The circuit shown in Figure 6.1 was used to measure the dc
current-voltage characteristics. The voltage across the diode and the

50 @ resistor (V ) was measured using a high quality vacuum-tube

da+50
voltmeter type HP 412. The current was deduced from the voltage drop
across the 50 f? resistor to avoid the errors possibly introduced by

the series resistance of the ammeter. The series resistance of the

diode was considered as the combigﬁion of (rs + 50) Q. The 1 MR

resistor in series with the | KN potentiometer, across the input voltage
was used to ensure that the characteristic of the diode would not change
by varying the applied voltage.

Apart from the dc characteristics, the other measurements which
have been made were those of harmonic currents. The experimental verifi-
cation of the calculated harmonics was carried out using the arrangement
shown in Figure 6.2. The applied voltage was measured on the oscillo-
scope and then the harmonic currents were calculated from the voltage
drop, across the 75 Q load, measured on the wave analyzer at the
required harmonic. The wave analyzer was initially calibrated by means
of the oscillator at the reference voltage of 100 mV peak. The atten-
uators of the wave analyzer were adjusted so that the output indication
produced zero reading gg‘the fundamental frequency. Then the deviation

of the harmonic components had been taken in * dBs which were subtracted

from or added to the measured harmonics accordingly.

p— o W up——
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6.3 D.C. Characteristics

The characteristics of three different types of hot—carrieft
diodes are presented with the dual purpose of providing useful data
and of showing the validity of the exponential law. The data obtained
in the circuit of Figure 6.1 are shown in Table 6.1 for diode type
5082-2800. The low current range is represented by the straight line
of Figure 6.3 where equation (3.9) is predominant. From the slope
(€n if/vf) of such a straight line, the constant a was determined.
for the high current range.

f
Using the value of a which had been calculated from Figure 6.3, the

Figure 6.4 is a plot of £n [if/eavf] vs. i

constants r, and Is were evaluated as demonstrated previously in
equation 3.12. The same procedures were used to calculate the constants
for the diode types 5082-2811 and 5082-2833 and the figures are self-
explanatory. The calculated constants for each diode were fitted to

the modified exponential law, i.e. Equation (3.10), and the agreement
was better than expected. The average errors were within #* 2% when

the measured data had been compared with the computed results as shown

in Tables 6.2, 6.4 and 6.6 in Appendix 5.

6.4 Harmonic Currents

Twelve hot-carrier diodes, four of each type, were tested at a
pumping frequency of 50 kHz. Such low frequency was thought appropriate
in order to reduce both the effect of diode parasitics an§ the noise.
The pump voltage used ranged from 0.3 volt to 2 volts. Voltages less
than 0.3 volt had been considered as small signals and the effect of
the diode series resistance was therefore insignificant.

The theoretical calculations with the experimental results

superimposed are compared in Figure 6.9 to Figure 6.20. The 'circles'
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and the 'solid lines' indicate the theoretical dc and harmonic com-
ponents, respectively. The dots are used for the measured‘ac
currents and the 'crosses' are used for the measured harmonic currents.

On referring to the theoretical values, there is a reasonable
correlation with the measurements carried out on the diodes. The
deviation from the predicted values may have been caused by the noise
at very low levels. Other errors may have resulted from the oscillo-
scope readings over the wide range of 0.3 to 2 volts.

- In general, the harmonic spectrum has shown resemblance to
Ei%jL function with unsymmetrical effective pulse width over the
alternating lobes. This can be seéA from the theoretically tabulated
harmonic spectrum. However, it is hotewcrthy that the negative spectrum
occurred after the first minima had been reached. The polarities of
the spectrum continued to change after each minima. The range between
two successive minima or the position of the first minimum proved to'
be a function of x = a&rIs which varied from diode to diode even

within the same group.

6.5 Comparison of Static and Dynamic Characteristics

Since the actual wave analyzer could not detect phase, its
display does not show polarity of the spectrum. Study of the theoretical
harmonic curves has provided the means of determining the.polarities of
the measured amplitudes. The comparison between the static and the
dynamic characteristics provided an additional verification of the
exponential law. The former (solid lines) were obtained by plotting
the peak currents against the peak voltages from the modified exponen-
tial law, e.g. equation 3.10. The latter (squares) were superimposed

and obtained from the algebraic summation of the first ten measured
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harmonics plus the dc component against the corresponding peak voltages.
The appropriate data and plots are shown in Tables 6.31-6.33 and
Figures 6.21-6.23 respectively. The deviation of the dynamic from the
static curves was due to the fact that more than ten harmonic currents
had to be taken into account. The reasonable agreement of the static
with the dynamic curves has proved the assumption made before that the

diode equivalent circuit was purely resistive at the chosen frequency

6.6 Discussion and Comments

In proposing the use of a hot-carrier diode in either a detector
or a mixer circuit one should normally know the i-v characteristic of
the diode. This is because the i-v relaticnship can be represented by
a Taylor expansion whose terms contain the ccmponent of the modulating
signal or the intermediate frequency, respectively, in addition to many
other beat and harmonic frequencies. If the law accurately describes
the i-v curve of the diode in situ then the amplitude of the required
frequency can be predicted theoretically.

An attempt, therefore, has been made to give a simple and useful
picture of the electrical performance of hot-carrier diodes which may
reveal a wealth of information necessary for their appliéations. The
electrical properties of such diodes, based on the modified exponential
law, have been verified experimentally. The calculated and measured
results have illustrated the general effects of the various parameters.
It was found that the theoretical and experimental results had proved
to be adequate in satisfying the modified exponential law.

The theoretical curves of the harmonic currents have been
explored over’a wide range of applied voltages (0.3 to 2 volts) which

served as a guide to experimental optimization of pump and harmonic

B — - — e — - prr
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amplitudes, phase, and the parameter x. For example, the position of
the maximum and minimum harmonics, along the axis of the applied
voltage, are proportional to the reciprocal value of x and hence they
may be shifted, relatively, as a function of x. This type of informa-
tion is particularly important for higher harmonic applications and
hence for detecting and mixing processes to improve theilr conversion
efficiencies. By proper choice of the parameter x and the pump level
one may ensure that the intermediate frequency, e.g. in a mixing
process, produced by beating of the image and the sidebands with the
pump and its harmonics add in phase to the direct product of the beat
between the pump and the signal.

This area of investigation has received little attention in the
past, partly because the theoretical difficulties are so severe and
partly because of the limited amount of experimental verification
of the exponential law. Hot-carrier diodes have provided excellent
means for studying such a law. Thus, it is probable that the under-
standing of other nonlinear devices, such as varactor diodes, may be
greatly increased from the insight gained during the investigations

of hot-carrier diodes carried out here.



CHAPTER 7
CONCLUSIONS o

The qualitative discussion of nonlinear elements in Chapter 2
was necessary to the analysis of the electrical properties of hot-
carrier diodes. It was deduced that the essential process of a
nonlinear element is to generate harmonic spectrum and no frequency
conversion can take place without the existence of harmonic sources.

In practice, a pure nonlinear element cannot be achieved. The
-need for an equivalent circuit of the actual hot-carrier diode pro-
duced the physical representation discussed in Chapter 3. This led
to the general conclusion that, at microwave frequencies, the values
of junction capacitance, lead indQctance, and package capacitance,
in addition to the junction and series resistances, should normally
be taken into account. At frequencies less than 30 MHz, the equiva-
lent circuit of hot carrier diodes may be taken as a nonlinear junction
resistance in series with the substrate resistance.

In Chapter 4, the pumping problems of voltage and current driven
hot-carrier diodes were treated together with the measurement diffi-
culties of harmonic voltages that will be encountered in the latter
case. In the voltage driven circuit, the diode employed was assumed
to have the modified exponential curve, shown in Figure 4.4c, to avoid
the Fourier voltage drive. Such modification cannot be easily con-
sidered in the current-driven circuit since an ideal current source
is difficult to achieve. The measurements of thé harmonic currents
are easy to obtain selectively, while the measurements of harmonic
voltages across a high impedance are very difficult in practice.
Therefore, the analysis of a voltage-driven diode was considered

for easier experimental verification.
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The amplitudes of the harmonic spectrum were given in terms of
an arbitrary power series coefficient Em by the equations (4.10) and
(4.11). Then the harmonic chord and incremental conductances were
obtained as functions of the harmonic currents for further consideration.
The analysis of a single frequency, voltage-driven hot-carrier
diode, given in Chapter 5, consisted of two main parts: infinite
series and numeric solutions for the harmonic current. In the first
part, the amplitudes of the harmonic currents were derived from the
power series expansion of the modified exponential law in terms of
the applied voltage. The coefficient in the power series were obtained
by successive differentiation of the current w.r.t. V evaluated about
V = 0. The auxiliary coefficient Am(x), given by the quotient of two
polynomials, was expanded into an infinite power series in terms of x.
Using the Stirling numbers of the second kind, the general formula for
Am(x) was deduced as a power series expansion in texrms of xex. This
formula proved to be a powerful expression in computing the nth
coefficient or the derivative of the exponential law independently.
Apart from substituting the coefficient Am(x) into the power
series expansion of the current in terms of the driving voltage
vV = VP cos wpt, the term (cos wpt)m was evaluated in terms of its
harmonic components using the trigonometric expansion given in
equation (5.20).
Thus, terms had been rearranged and the amplitudes of the
harmonic currents were extracted, finally, in terms of the modified
Bessel functions of the Kth kind of order zero and n, where K is the

X . X th .
power of xe in the power series expansion of the n  harmonic

current (1n) as given by equations (5.28) and (5.29).
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Unfortunately, such elegrant expressions for the amplitude of
the nth harmonic current do not converge quickly enough for incre;;ing
values of the applied voltages to be of practical value for numerical
evaluations. Therefore, a method for obtaining a closed form expres-
sion was proposed to provide the fastest and most easily programmable
solution.

In the second part, the diode power series solution of the
current as a function of the applied voltage had been expanded in terms
of (x eav-+x)K and rearranged until the current was put in a closed
form satisfying the auxiliary indicial equation given by equation (5.41).
This relation was used to calculate, numerically, the values of x(wpt)
over the period 27 of the applied voltage vp cos wpt. Then the ampli-
tudes of the harmonic currents were determined from equation (5.42)
by subroutine CO6AAF of the finite Fourier transform. GﬂﬂRQD

The waveform of'x(wpt) VS. mpt has led to the approximate
analytic solution given by equation (5.61) over the three assigned
intervals. The calculation of harmonics by integrating over the first
interval is very difficult to achieve. The representation over the
second interval may be integrated by applying Fourier series technique
to the power series expansion of the function. The contribution of the
function over the third interval to the harmonic currents may be
represented by a modified Bessel function. Bowever, the function X(z)
was expressed in a form useful for calculating the dc characteristics
of hot-carrier diodes; it was also helpful in reéucing the complexity
and time of the computer programme.

Thus, the graph of X(wpt), shown in Figure (5.2) for different

values of x =<1ISRT, indicated that each positive waveform may be

e Ay o At came e e S n dmm e wmme - v amm m e = & e e~ bg—— ——— — - — —r—r . o e e e mmmae =
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represented by a pulse train of width T which is proportional to x and
the pumping voltage. The width of the pulse was obtained as a function
of x and Vp and hence the number of harmonics (Egi) could be calculated

2

- ...) might be located in the

and the zero frequencies <? ' 7

frequency domain. Consequently, one may select the pump voltage and
the total series resistance RT to find the required polarities and

number (n-1) of the harmonic spectrum in %- from the relation

1 - £nx - x

P acos (Z)

where n > 2,
The optimum peak applied voltace VP for infinite positive
harmonic spectrum (e.g. %-= ©) can be found from the relation

‘t; =1-£nx—x .
P o}

From the fact that the peak current generated at such optimum peak

1 . . .
voltage is equal to SR WP, one may use it as a figure of merit
T

to compare the capabilities of hot-carrier diodes.

In summary, the waveforms of Figure (5.2) showed that the
effect of the series resistance is to give riée to wave-like pulse
of positive X(wpt). This was proved by calculating the minimum values
of x and the optimum peak applied voltage for infinite positive
spectrum. The peak value X(0) tends to zero as x approaches its
minimum and as V reaches it optimum values. It can also be seen that
any further decrease in x, from its minimum value, will shift X(wpt)
to the negative side at which Z(mpt) = X(wpt) and consequently the
ideal exponential law is reached.

Experimental results were presented, in Chapter 6, to support

the theory of the analysis. Starting with the dc characteristics, the
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three constants o, rs, and Is were calculated. By substituting the
calculated constants together with the measured currents back intg

the modified exponential law the forward voltages had been obtained
within an average error of 2% compared to the measured values. This

so far proved the validity of the modified exponential law and provided
useful data for the analysis.

The amplitudes of the harmonic currents were then measured
selectively for a wide range of applied voltages at the fundamental
frequency of 50 KHz. The results obtained for twelve difference
diodes compared well with the theoretically calculated harmonics.

It is felt that the conclusions of the analysis have been
substantiated by the experi‘ments with the equivalent circuit of the
actual diode represented by the combination of nonlinear and series
resistances at the proposed frequency. The resultant expressions from
the analysis should, therefore, apply generally to the practical hot-
carrier diodes.

From the foregoing investigations, one may conclude that a
large amount of useful information was obtained about the harmonic
generating properties of practical hot-carrier diodes used as non-
linear resistances. This information and the approach presented in
the analysis should help in the selection of diodes for the best
performance in a number of applications. In a mixing process, for
example, the pump conductance waveform can be accurately predicted
from equations (4.21) and (4.22) which were giveﬁ in terms of the
pump voltage and the harmonic currents calculated in Chapter 5. The
pump power and the conductance offered to the pump may also be
obtained by considering the driving voltage and the fundamental

current. The small signal conductance waveform can be calculated
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from equations (4.27) and (4.28). With the help of the matrix form,
of a specific mixing circuit, the éonversion power loss and source’
and output conductances may be deduced.

Further mathematical study might lead to more elegant closed
form solutions for numerical evaluation of the harmonic amplitudes.

As a result, the problem of analytic calculation of the conductance
waveform may be solved and the basic mechanism of harmonic geﬂeration
more fully understood.

There are a variety of aspects which deserve further investiga-
tions. The reported results on the calculation of the harmonic ampli-
tudes have been very encouraging, but the effect of various circuit
and diode parameters such as juncti;mL capacitance and series
inductance at microwave frequencies have not been treated and are

sufficiently important to warrant further research.
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APPENDIX Al

CALCULATED DATA FOR FIGURE 5.2

FOR DIFFERENT VALUES OF x.




C M KATIH APPL. PHYS.

C DINDE B2
0001 IMPLICIT REAL*8(A-H,0-2) -
0002 DIMENSICN X(6000)'Z(6000)yY(300)1PZ(300)oSMlN(BOO),

1X1(400),A(300),B(BOO);AD(%OO‘,BD(BOO),C(300),D(300)y
2ILST(300),VOLT(300),HARM(300)

0003 X(1)=C.0DO0

0004 DO 1 K=2,500

0005 X(K)=X(K-1)+0.01D0 B '
0006 1 CONTINUE - ' _ '
0007 X(501)=-0,01D0 : .

000R N0 2 K=502,1500 . 2 . ’
0009 X(K)=X(K-1}-0.01D0 - "
0010 . 2 CONTINUE S

001ll S=4,ON0*DATAN(1.00D0) _

0012 Y(1)=0.0D0

0013 DO 3 K=2,33

0014 Y(K)=Y(K=-1)+5/32.0D0

0015 3 CONTINUE

0016 00 4 I=1,1500 . CoL e -
0017 Z(I)=X(T}+DEXP(X(T)) . T .
0018 4 CONTINMUF o

oolaQ ARCS=10+0D0%%(-16) -

0020 RIA=PLOG(ARCS)

0021 NO S5 J=1,33 , o o _
0022 RZ(J)=4C,0D00%DCNSIY(J))+BIA+ARCS ’ : g
0023 5 CONTINUF - : - '
0024 DO 8 K=1,33

0025 RVAL=RZ{K) .
0026 ' 1F(RZ{K).LE.-9.99995) GO TO 22

0027 ZRMIN=DABS (RVAL-Z(1)) ~ R

0028 N0 9 J=2,1500 - R R

0029 ZRVAL=DABS (RVAL=-Z(J)) P .
0030 IF(2RVAL. LT+ ZRMIN) ZRMIN=ZRVAL ' : .
0031 9 COMTINUE . .

0032 SMIN{K)=ZRMIN

0033 8 CONTINUE

0034 22 CONTINUE o

0035 DO 11 K=1,33 .

0036 TF(RZ(K)+LE.=9.99995) GO TO 33

0037 DO 12 J=1,15C0 ~ ‘
0038 TF(DABSIRZ{K)=Z{J)) «NE.SMIN(K)) GO TO 12 S
0030 X1(K)=X(J) - .
0040 12 GCNTINUE

0041 11 CONTINUE

0042 33 COMTINUE

0043 = DO 55 I=K,33 )

0044 565 X1(1)=RZ2(1) . - .

0045 WRITE(64,100) '

0046 100 FOPMAT{SHILTST 11X+ 9HVAL o OF X1 14X y5SHANGLEy4X,9FVAL JOF.RZ)
0047 WRITE(Gy350) (KyX1(K), Y(K).RZ(K),K 1,33)

0048 350 FOFPMAT(15,3F10.5) s . iy

I
0049 STOP ) . . o L.
.0050 END ' ' ' o '
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APPENDIX A2

THEORETICAL DATA FOR FIGURES 6.9 -6.20 ;

DIODES Al, A2, A3, A4, Bl, B2, B3, B4,

c1, c2, C3, C4 .




RTRAN IV G COMPILER MAIN 08-26~175 18:C2:27 ' P

C M.KATIB APPL. PHYS,
. c OI10DE Al
0001 IMPLICIT REAL*E(A-H,0-2)

0002 DIMENS ION X(6000),2(60C0)sY{300),RZ{300),SMIN(300),
- 1X1(400) yA(300) +B(300):A0(300),BD{300),C(300),0(300)},
2ILST(300),VOLT(300) ¢HARN(300) yHCUR(50,50)
X(1)=0.01D0
DO 1 K=1,5C)
X{K)=X(K=1)¢0.01D0
1 CCANTINUE
X{501)=-0.0100
0O 2 K=502,1500
X{K)=X{K=-1)-0.01D0
2 CONTINUE
. $=4 ,0D0*NATAN(1.000)
Y(1)=0.0D9D .
DO 3 K=2,33 '
Y{K)=Y{K-1)+S/32.0D0
3 CCATINUE
DO 4 1=1,1500
Z(1)=X(1)+CEXP(X(I))
4 CONTINUE .
ALPKE=35,0D0
RS=151.5C0
€15=3.500%(10.CDO%%(=9))
ARCS=ALPH%RS*C1S
BIA=DLCG(ARCS)
READ(6y119)NSTsMVOLT
119 FCRMAT(214)
DC 44 L=NST,MVCLT
v - VCLT(L)=FLOAT(L)*0.05D0
DO 5 J=1,33
RZ(J)=ALPH*VOLT(L)*DCOS(Y(J))+BIA+ARCS
5 CGNTINUE
DC 8 K=1,33
RVAL=RZ{K) '
IF{RZ(K) .LE.~9.99995) GO TO 22
- ZRMIN=DABS {RVAL~Z(1)) . :
D0 9 J=2,1500 )
ZRVAL=CABS (RVAL=-2(J))
IF{ZRVALSLT.ZRMIN) ZRMIN=ZRVAL
9 CCNTINUE
SMIN(K)=ZRMIN
8 CCNTINUE '
22 CONTINUE
DO 11 K=1,33 ’
IF(RZ(K)oLE.~9.99995) GO TO 33
DO 12 J=1,1500
IF(DABS(RZ(K)=Z(J))NEoSMIN(K)) GO TO 12
X1{KI=X(J)
12 CONTINUE
11 CCATINUE .
33 CONTINUE
D0 55 I=K,33
§5 X1(I)=RZ(1I) " '

T e



.

FORTRAN IV G CONPILER MAIN 08-26-75 18:02:27

0052 N=322

0053 0C 13 I=1,N

0054 K=N=-1+2

0055 A(T)={CIS/ARCS)I*DEXP{X1I{I))~CIS
0056 B{I)=(CIS/ARCS )*DEXP{X1(K))~-CIS
6057 AC(I}=A(1)

0058 BO{I)=8B(1I)

0059 13 CCNTINUE

(060 N1=N+1

0061 Ml=12

0062 CALL CO6AAF(AyBoNlyoFALSE-9yM1,ILST)
0063 DO 14 I=1,4N1

0064 ClIN=A(I)

00¢5 ctli=e(n)

0066 14 HCUR(L,I)=C({I)*(10.0D0%*%p)

0067 CALL CO6AAF(AyByNlyoTRUE4yM1,ILST)
cces HARM(1)=C(1})/2.0DD

0069 HCUR{Ly1)=HARM{1)*{10.,0D0%%¢&)

0070 ' 44 CONTINUE

€071 WRITE [€4+6€6)

0072 666 FORMAT (1H1,34X,23HDIODE TYPE 5082-2800=A1///

14Xs4HVOLT 93X s4HT(0) 94X 94HT (1) e4Xy4HI(2)94Xy4HI(3)
24X 4HI(4) 14X, 4HI(5)14X.4HI(6)14X'4HI(7)!4X'4HI(8’ 14X,y
34HI(9)y4X,5HI(10)7/7)

0073 WRITE (65444)(VCLT(L), (HCURI{LyI)yI=1,11),L=1,40)
0074 444 FORMAT(12F8.2)

0075 STCP

G076 END

TOTAL MEMGRY REQUIREMENTS 02479A BYTES
EXECUTION TERMINATED

$R ~LOACH#+%NAG
EXECUTICN BEGINS
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APPENDIX A3

EXPERIMENTAL DATA FOR FIGURES 6.9 -6.20;

DIODES Al, A2, A3, A4, Bl, B2, B3, B4,

ci, c2, C3, C4.
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APPENDIX A4

CALCULATED DATA FOR FIGURES 6.21 -6.23

DIODES A4, B3, C2.



Diode Type 5082 - 2800 = Ad

Static and Dynamic Characteristics

Vp IP—IS[ o (VpRIp) 4] e g in_

volts pa Ha

0.3 103.47 102.1

0.4 473.14 504.29 o =34.2 V1

0.5 991.68 950.73 R_=V_+50+75=152 0

0.6 1555.26 1583.92 I
I_=6.25x10"" Anp.

0.7 2163.32 2027.21

0.8 2750.13 2869. 49 r =278

0.9 3392.77 3336.54

1.0 4021 .47 3990.6

1.1 4625.79 4368.24

1.2 5267.98 4862.57

1.3 5880.54 5665.69

1.4 6564.32 6274.95

1.5 7182.51 6952.59

1.6 7858.91 7658.64

1.7 8428.75 8102.72

1.8 9130.76 8695.50

1.9 9792.81 9219.32

2.0 10398. 4 9853.9




Diode Type

5082 - 2811 =

B3

Static and Dynamic Characteristics

- 10

v Le® VRIS 4] LD
volts pa “:

0.3 30.91 34.44
0.4 311.43 328.94
0.5 855.06 856.53
0.6 14%6.93 1578.95
0.7 : 2188.94 2178.24
0.8 : 2896.26 2982.90
0.9 3608.96 3567.13
1.0 4320.71 4422.09
1.1 5070.40 5053.95
1.2 5774.31- 5710.65
1.3 6510.52 5867.66
1.4 7267.55 7311.26
1.5 7951.97 8011.79
1.6 8700.84 8668.64
1.7 9520.23 9381.54
1.8 10210.5 9885.96
1.9 10950.9 10677.17
2.0 11744.9 11320.51

@ =36.4 v 1

R =V _+50+75=131.6 Q
S S

I =6.5x10

S

r =6.6Q
s

10

Amp.

ECTVIEEE



Diode Type 5082 - 2833 = C2

‘Static and Dynamic Characteristics

Vp IP=IS l;a (Vp‘RIP)_J IP - g in
volts ua pg
0.3 39.6 ' 46.61
0.4 354.1 391 o =365 v
0.5 934.1 1012.39
R, =V_+50+75=126.3 0
0.6 1618.96 1457.15
0.7 2320.5 2422.6 , 1s==8'375x1°_10 Amp .-
0.8 3070.32 3047.09 l r =130
0.9 3787.79 3985.08
1.0 4534.81 4570.53
1.1 5321.65 5398.38
1.2 6060.44 6172.70
1.3 6833.13 6941.3
1.4 7627.67 7650.07
1.5 8346.00 8272.12
1.6 9131.98 89865.95
1.7 9892. 56 9773.05
1.8 10716.5 10378.91
1.9 11493.5 11150. 82
2.0 12204.2 11945.01




APPENDIX A5

COMPARISON BETWEEN CALCULATED AND

MEASURED DC CHARACTERISTICS FOR

DIODES A4, B3 AND C2,




Table 6.1:

Diode Type

5082 - 2

DC Characteristics

800 = A4

Viarso)y|  Vso Te 1%V a+50) exP[%V(d+so;] Io/exp o‘V(d+50).i
volt mv HA - Amp
2 -9
0.20 0.2275 4.55 6.84 8.98 x 10 5.08 x 10
0.22 0.49 9.8 7.5 1.808 x 10° | 5.42 x 1077
0.24 1.025 20.6 8.2 3.64 x 10° 5.68 x 10 °
0.26 2.05 41.0 8.9 7.331 x 10° 5.6 x 10 °
0.28 3.89 77.7 9.6 1.476 x 10° 5.28 x 1072
| -
0.30 6.9 138 10.2 2.73 x 10° ; 5.06 x 10 °
0.32 11.3 226 10.9 5.42 x 107 | 4,18 x 107°
0.34 16.75 335 11.6 1.08 x 10° 3.10 x 1072
0.26 23.85 476 12.3 2.21 x 10° 2.16 x 10°°
0.38 31.65 635 13.0 4.42 x 10° @ 1.44 x 10 °
. 5 ~10
0.40 40.1 804 13.7 8.9 x 10 9.05 x 10
6 -10
0.42 49.1 983 14.4 1.79 xx 10 5.5 x 10
0.44 58.65 1170 15.0 3.269 x 10° 3.58 x 10" 0
0.46 68.8 1375 15.7 6.58 x 10° 2.10 x 1010
7 -10
0.48 78.65 1575 16.4 1.33 x 10 1.18 x 10
0.50 88.75 1775 17.1 2.66 x 10’ 6.65 x 10 L1
0.60 [142.5 2850
0.70 {198.0 3960
0.80 [256.5 5130
0.90 (316.0 6320
1.0 374.5 7490
Therefore Thercfore
@ = 34.2 v} r,=27.0 @ and I_ = 6.25 x 107° Amp.




Table 6.2: Diode Type 5082 -~ 2800 = A4

Experimental Calculated %

Vf If Vf Error
volts pA
0.20 4.55 0.193 - 3.578
0.22 9.8 0.216 - 1.895 -1

o =34.2V

0.24 20.6 0.238 - 0.649
0.26 41.0 0.260 | +0.055 | RgTVg*®0=774
0.28 77.7 0.282 + 0.589 Is==6.25x 10_9Amp
0.30 138 0.303 + 1.022 rs:=27 Q
0.32 226 . 0.324 + 1.325
0.34 335 0.344 + 1.220
0.36 476 0.365 + 1.458
0.38 635 0.386 + 1.554
0.40 804 0.406 + 1.456
0.42 983 0.426 + 1.309
0.44 1170 0.445 + 1.137
0.46 1375 0.466 + 1.196
0.48 1575 0.485 + 1,018
0.50 1775 0.504 + 0.761
0.60 2850 0.600 + 0.076
0.70 3960 0.696 - 0.641
0.80 5130 0.793 - 0.857
0.90 6320 0.891 - 1.018
1.0 7490 0.986 - 1.421




Table 6.3: Diode Type 5082 - 2811 = B3

DC Characteristics

! . !
V(a+50) V5o e oV 450y | S¥P[V (d+50)] If/exP[_“V(msoﬁl
volt mv pA o
3 -10 :
,0.20 0.0415 0.83 7.25 1.4 x 10 5.95 x 10 i
0.22 0.0855 1.75 8.00 2.98 x 10° 5.90 x 10710 |
3 -10 |
0.24 0.182 3.64 8.75 6.3 x 10 5.78 x 10 1
4 -10 |
0.26 0.379 7.6 9.45 1.24 x 10 6.1 x 10 ,
4 -10
0.28 0.8055 16.1 10.2 2.68 x 10 6.1 x 10
0.30 1.62 32.4 10.9 | 5.4 x10? 6.0 x 1070
. 5 -10
0.32 1 3.24 64.9 11.6 1.08 x 10 6.0 x 10
5 -10
0.34 6.16 123 12.4 2.42 x 10 5.06 x 10
5 -10
0.36 10.65 213 13.1 4.85 x 10 4.4 x 10
5 -10
0.38 17.0 340 13.8 9.8 x 10 3.46 x 10
6 ~10
0.40 25.15 502 14.5 1.98 x 10 2.54 x 10
6 -10
0.42 35.2 705 15.25 4.23 x 10 1.67 x 10
6 -10
0.44 |m46.0 920 16.0 8.89 x 10 1.04 x 10
-11
0.46 58.05 1160 | 16.7 1.8 x 10’ 6.45 x 10 1!
0.48 70.75 1410 17.4 3.6 x 10' 3.93 x 10}
0.50 83.75 1670 18.15 7.6 x 10’ 2.2 x 10!
0.60 156.0 3120
1 0.70 234.0 4680
0.80 314.5 6290
0.90 398 7960
1.0 480 9600
Therefore Therefore
¢ = 36.4 V' * =6.60and I =6.5x 10710 amp.




Table 6.4: Diode Type 5082 - 2811 = B3
Experimental Calculated; %
Vf If Vf Error
volts LA volts
0.20 0.83 0.197 1.751
0.22 1.75 0.217 1.339
0.24 3.64 0.237 1.132
0.26 7.6 0.258 0.869
0.28 16.1 0.279 0.471
0.30 32.4 0.299 0.335
0.32 64.9 0.320 0.024
0.34 123 0.341 0.227
0.36 213 0.361 0.264
0.38 340 0.381 0.260
0.40 502 0.401 0.216
0.42 705 C.422 0.399
0.44 920 0.441 0.264
0.46 1160 0.461 0.242
0.48 1410 0.481 0.131
0.50 i 1670 0.499 0.011
0.60 | 3120 0.599 0.128
0.70 4680 0.699 0.190
0.80 6290 0.798 0.261
0.90 7960 0.899 0.121
1.0 9600 0.997 0.313

o =36.4 v 1

R =V +50=56
s s

I =6.5%x10 10
S

r =6.6 Q
S

m e e e e e ey ————

.50

Amp.



‘Table 6.5: Diode Type 5082 - 2833 = C2

DC Characteristics

] ' ;
[}
Via+s50)| Vso e V (a+50) exP[%V(d+5§i Te/exp aV 4450
volt mvV P& Amp ’
.3 -10
0.20 0.0575 1.15 7.3 1.48 x 10 7.78 x 10
| -
0.22 , 0.1165 2.33 8.03 3.07 x 10° 7.60 x 10" 10
f 3 1
0.24 | 0.2475 4.95 8.76 6.35 x 10 7.8 x 10710
i
|
0.26 | 0.5315| 10.6 |  9.49 | 1.32 x 10” 8.05 x 10 10
l L
0.28 ' 1.105 22.2 10.22 2.74 x 10% 8.15 x 10 10
| - 4 -10
0.30 - 2.25 45.0 | 10.35 5.70 x 1C 7.88 x 10
i 5 | -10
0.32 , 4.475 89.5 | 11.68 1.17 x 10 7.6 x 10
f ! 5 -10
0.34 ' 8.13 163 12,41 2.46 x 10 6.61 x 10
0.36 ! 13.775 276 il 13.14 5.07 x 10° 5.43 x 10 10
0.38 | 21.7 435 13.87 1.06 x 10° 4.10 x 10720
! . 6 ! -10
0.40 1 31.35 | 627 14.6 2.i18 x 10 2.84 x 10
| . 6 10
0.42 42.7 834 15.33 4.54 x 10 1.84 x 10
0.44 55.45 1110 16.06 9.40 x 10° 1.18 x 10710
0.46 68.65 1375 16.79 1.95 x 10’ 7.05 x 10 11
| -
0.48 82.3 1650 t 17.52 4.05 x 107 4.07 x 10"
0.50 96.8 1940 18.25 8.40 x 10’ 2.31 x 10 11
0.60 |177 3540
0.70 |261 5220
6.80 |349 6980
0.90 |435.5 8710
1.0 523.5 10470
Therefore Therefore
o = 36.5 V> r =130 and I_=8.375 x 1610 amp.




Table 6.6: Diode Type 5082 - 2833 = C2

Experimental Calculated % i % error =
I
Vf If Vf exrror ! vcd - VEX < 100
volts LA volts ' Vcd
0.20 1.15 0.198 - 0.999
0.22 2.33 0.217 - 1.188 1
o =36.5V
0.24 4.95 0.238 - 0.759
0.26 10.60 0.259 - 0.254 Ry =Vg¥30=51.3 @
0.28 22.20 0.280 + 0.067 ! Is==8.375>c10-10 Amp
0.30 45.00 0.301 +0.238 r =130
0.32 89.50 0.322 + 0.570
0.34 163.00 0.342 + 0.594
0.36 276 0.362 + 0.623
0.38 435 0.383 + 0.752
0.40 627 0.403 + 0.681
0.42 834 0.421 + 0.280
0.44 1110 0.443 + 0.715
0.46 1375 0.463 + 0.569
0.48 1650 0.482 + 0.360
0.50 1940 0.501 + 0.209
0.60 3540 0.5996 - 0.066
0.70 5220 0.696 - 0.513:
0.80 6980 0.795 - 0.670
0.90 8710 0.889 - 1.181
1.0 10470 0.985 - 1.541
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