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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 e f f i c i e n t 

frequency converters. Frequency conversion and m u l t i p l i c a t i o r pro­

cesses cannot take place without the existence of harmonic sources i n 

the system and the inherent property of a nonlinear element i s to 

generate harmonics. Such nonlinearity, i n general, may be provided 

by semiconductor diodes. This research p r o j e c t deals with the theo­

r e t i c a l a n a l y s is as well as the experimental v e r i f i c a t i o n s of the 

harmonic generating properties of a nonlinear r e s i s t i v e device, i . e . 

Schottky-barrier diode. 

Laboratory measurements associated with the equivalent circui*-

representation of hot-carrier diodes show that t h e i r i - v character­

i s t i c s can be accurately described by the modified exponential law, 

i = I f exp a ( V - i R j - l J , over a wide range of the applied voltage V. 

Using t h i s equation, a procedure i s developed for the harmonic analysis 

of the r e s i s t i v e diode and cal c u l a t i o n of any of a f i n i t e number of 

harmonic currents having a single frequency sinusoidal voltage 

cos uipt as the drive. The amplitudes of the harmonic currents are 

expressed as a power s e r i e s i n aR I exp(aR mI ) , where the c o e f f i c i e n t s 

o f the power s e r i e s are represented through the modified Bessel function 
th 

of the K kind of order n. The integers K and n represent the power 

of the s e r i e s and the harmonic number r e s p e c t i v e l y , e.g. 

s 

i a I (Kot V )[ n n p L a R m I expCaR I )] T s T s J 



The power s e r i e s solutions for the exponential diodes do not 

normally converge quickly enough to be of p r a c t i c a l value for numerical 

evaluations. A d i f f e r e n t approach i s proposed which i s suitable for 

numerical evaluations of harmonic amplitudes. The r e s u l t s are compared 

with experimental data on twelve diodes, four i n each of the three 

groups of d i f f e r e n t types. A good agreement, within the measuring 

instruments tolerances, was found between the calculated and the 

experimental r e s u l t s . 

F i n a l l y , i t i s believed that such studies were j u s t i f i e d as 

the new method of approach presented here evaluates f u l l y the capabil­

i t i e s of these diodes i n p r a c t i c e . Many analyses published over the 

years have tended to introduce severe approximations which were only 

v a l i d i n p r a c t i c e over limited ranges of operation. In t h i s project, 

attempts were made over almost two years to obtain mathematical solutions 

for the exponential diode law which are useful i n practice and which 

give accurate prediction of harmonic amplitudes and spectrum. Various 

methods were employed to achieve the necessary convergence of the 

i n f i n i t e s e r i e s solutions. This involved a good understanding of the 

mathematical methods employed and computer programming. During the 

same period a t every stage experimental v e r i f i c a t i o n s were being 

attempted, many times unsuccessfully, which f i n a l l y led to a good 

agreement between the theory and experimental r e s u l t s as shown i n 

t h i s t h e s i s . 
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CHAPTER 1 

INTRODUCTION 

Si n c e the c l a s s i c paper by Shockley i n 1949, semiconductor 

diodes have undergone i n t e n s i v e i n v e s t i g a t i o n s and e v a l u a t i o n s of t h e i r 

e l e c t r i c a l p r o p e r t i e s . Because of the n o n l i n e a r c h a r a c t e r i s t i c s they 

have found numerous a p p l i c a t i o n s i n harmonic g e n e r a t i n g and frequency-

c o n v e r t i n g c i r c u i t s , i . e . m u l t i p l i e r s , d i v i d e r s , mixers e t c . Many 

a n a l y s e s of semiconductor diodes as n o n l i n e a r elements, p u b l i s h e d over 

the y e a r s , have tended t o i n t r o d u c e s e v e r e approximations which were 

only v a l i d i n p r a c t i c e over l i m i t e d ranges of o p e r a t i o n . The reasons 

f o r approximations were mainly due to mathematical d i f f i c u l t i e s en­

countered when attempts t o o b t a i n e l e g a n t and simple closed-form s o l u ­

t i o n s were sought. As a r e s u l t , although p a r t i c u l a r problems were 

a p p a r e n t l y r e s o l v e d , the understanding of the fundamental g e n e r a t i n g 

mechanisms of the d e v i c e s was o f t e n l o s t due t o nonrigorous methods of 

approach. 

n o n r l i n e a r r e s i s t o r s ( v a r i s t o r s ) whose I-V c h a r a c t e r i s t i c s u s u a l l y s a t i s f y 

e x p o n e n t i a l laws. I n a.c. a p p l i c a t i o n s the most important parameters of 

a semiconductor diode a r e the i n c r e m e n t a l q u a n t i t i e s . I t i s e s s e n t i a l 

t o harmonic g e n e r a t i o n p r o c e s s e s t h a t a t l e a s t one of the i n c r e m e n t a l 

parameters behaves i n a n o n l i n e a r manner. I t i s a l s o apparent t h a t no 

frequency c o n v e r s i o n can t a k e p l a c e u n l e s s the i n i t i a l harmonic spectrum 

i s produced. The i n c r e m e n t a l parameters a r e f u n c t i o n s of the a p p l i e d 

a.c. v o l t a g e s and c u r r e n t s and thus are i n d i r e c t l y time-dependent. Once 

the harmonic spectrum has been e s t a b l i s h e d by the h i g h l e v e l a p p l i e d 

I n g e n e r a l , most of the semiconductor diodes a r e p o s i t i v e , 

76 J 9 JUNI976 
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c u r r e n t or v o l t a g e , known as the pump, the n o n l i n e a r d e v i c e appears as 

a t i m e - v a r y i n g element to any l o w - l e v e l s i g n a l . T h i s l i n e a r i s a t i o n 

p r o c e s s makes the use of most l i n e a r network theorems p o s s i b l e i n s m a l l 

s i g n a l a n a l y s i s . 

According t o t h e i r intended f u n c t i o n s i n e l e c t r i c a l c i r c u i t s , 

the diodes may be d i v i d e d i n t o t h r e e main groups. The f i r s t group con­

s i s t s of p l a n a r p-n j u n c t i o n , p o i n t - c o n t a c t , backward and Schottky-

b a r r i e r diodes, whose use i s predominantly a s a n o n l i n e a r r e s i s t a n c e . 

The diodes i n the second group are used as n o n l i n e a r r e a c t a n c e s and 

i n c l u d e abrupt and graded p l a n a r j u n c t i o n s ( b a c k - b i a s e d ) , p o i n t - c o n t a c t 

v a r a c t o r o , s t e p r e c o v e r y diodes, S c h o t t k y - b a r r i e r and MOS or space 

charge v a r a c t o r s . The t h i r d group of diodes e x h i b i t s a n e g a t i v e -

r e s i s t a n c e e f f e c t , and t u n n e l , IMPATT and Gunn d e v i c e s f a l l i n t o t h i s 

c a t e g o r y . The r e q u i r e d c h a r a c t e r i s t i c s a r e a c h i e v e d by a d e l i b e r a t e 

enhancement of p r o p e r t i e s employing a p p r o p r i a t e f a b r i c a t i n g t e c h n i q u e s , 

s t r u c t u r e s and d i f f e r e n t m a t e r i a l s . 

At the p r e s e n t time t h e r e i s no d e t a i l e d q u a n t i t a t i v e a n a l y s i s 

f o r the harmonic generated w i t h i n the foregoing diodes t o enable e x a c t 

comparison between c a l c u l a t e d and measured r e s u l t s . T h e r e f o r e , the 

purpose of t h i s r e s e a r c h p r o j e c t i s t o p r e s e n t the harmonic a n a l y s i s 

o f a v o l t a g e - d r i v e n n o n l i n e a r h o t - c a r r i e r diode ( S c h o t t k y - b a r r i e r diodes) 

and compare the t h e o r e t i c a l l y deduced e x p r e s s i o n s w i t h t h e experimental 

r e s u l t s of p r a c t i c a l d e v i c e s . 

I n Chapter 2, the fundamentals of n o n l i n e a r elements a r e p r e ­

s e n t e d . D e f i n i t i o n s and e a r l y r e s e a r c h e s of n o n l i n e a r phenomena i n 

e v e r y f i e l d of s c i e n t i f i c i n t e r e s t a r e g i v e n t o g e t h e r w i t h a l o g i c a l 

c l a s s i f i c a t i o n system based on the n o n l i n e a r c h a r a c t e r i s t i c c u r v e s i n 
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the i - v # v-q and i-<j> p l a n e s . Consequently, chord and i n c r e m e n t a l v a l u e s 

a r e d e f i n e d and t h e i r a p p l i c a t i o n to frequency m u l t i p l i c a t i o n and con­

v e r s i o n p r o c e s s e s a r e e x p l a i n e d . The energy r e l a t i o n s and the a p p l i c a ­

t i o n of n o n l i n e a r elements a r e d i s c u s s e d as a s e a r c h f o r the b e s t 

semiconductor diode t o be us e d , f o r a s p e c i f i c a p p l i c a t i o n . 

A comprehensive study of metal-semiconductor j u n c t i o n s i s i n t r o ­

duced i n Chapter 3, w i t h the emphasis on the p h y s i c a l and e l e c t r i c a l 

p r o p e r t i e s of S c h o t t k y - b a r r i e r diodes. A complete j u s t i f i c a t i o n on the 

v a l i d i t y of the modified e x p o n e n t i a l law i s g i v e n on the b a s i s t h a t the 

c o n s t a n t s o f a diode can be c a l c u l a t e d a c c u r a t e l y from the dc measure­

ments . 

I n Chapter 4, the b a s i s of harmonic g e n e r a t i n g and frequency 

c o n v e r t i n g c i r c u i t s a r e i n v e s t i g a t e d . The major d i f f i c u l t i e s encountered 

w i t h a p r a c t i c a l c u r r e n t - d r i v e n diode a r e e x p l a i n e d to j u s t i f y the 

adoption of the v o l t a g e - d r i v e n diode. Consequently, the harmonic 

c u r r e n t s , the chord, and i n c r e m e n t a l conductances a re c a l c u l a t e d f o r 

an a r b i t r a r y v o l t a g e - d r i v e n n o n l i n e a r r e s i s t i v e element. 

I n Chapter 5, the a n a l y s i s of a v o l t a g e - d r i v e n h o t - c a r r i e r 

diode i s c o n s i d e r e d . The diode e q u i v a l e n t c i r c u i t used f o r a n a l y s i s 

c o n s i s t s of the n o n l i n e a r j u n c t i o n r e s i s t a n c e i n s e r i e s w i t h a t o t a l 

s e r i e s r e s i s t a n c e which i n c l u d e s the source, the l o a d , and the diode 

s u b s t r a t e s e r i e s r e s i s t a n c e s . The e x p o n e n t i a l law which i s m o d i f i e d 

by such a t o t a l s e r i e s r e s i s t a n c e i s expanded as a power s e r i e s i n terms 

of the v o l t a g e d r i v e . One of the new r e s u l t s i s the independent r e l a ­

t i o n s of the c o e f f i c i e n t s of the power s e r i e s expansion. A l s o , the 

harmonic c u r r e n t s a r e d e r i v e d , f o r the f i r s t time, i n power s e r i e s forms 

whose c o e f f i c i e n t s a r e p r o p o r t i o n a l t o the modified B e s s e l f u n c t i o n s . 
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Another c l o s e d form s o l u t i o n i s deduced s u i t a b l e f o r n u m e r i c a l e v a l u a ­

t i o n and f o r understanding the mechanism of t h e diode i n s i t u . From 

the formulas d e r i v e d i t i s p o s s i b l e to compute the amplitudes of the 

harmonic c u r r e n t s , to s p e c i f y the optimum n o n l i n e a r c h a r a c t e r i s t i c f o r 

a g i v e n c i r c u i t and harmonic number, and t o p r e d i c t the c o n d i t i o n s f o r 

maximum e f f i c i e n c y . 

E x p e r i m e n t a l v e r i f i c a t i o n s of the a n a l y s i s a re worked out i n 

Chapter 6. I n i t i a l l y the v a l i d i t y of the m o d i f i e d e x p o n e n t i a l law i n 

the case of h o t - c a r r i e r diodes i s demonstrated by means of dc measure­

ments. The amplitudes of the harmonic c u r r e n t s a r e measured s e l e c t ­

i v e l y f o r a wide range of a p p l i e d v o l t a g e s a t the fundamental frequency 

of 50 KHz. R e p r e s e n t a t i v e curves of measured harmonic vs a p p l i e d 

v o l t a g e a r e compared w i t h the c a l c u l a t e d r e s u l t s . The c u r v e s i l l u s t r a t e 

the g e n e r a l e f f e c t s of the v a r i o u s parameters which support the theory 

of the a n a l y s i s . 

Chapter 7 i n c l u d e s conclusi.ons and suggested t o p i c s f o r f u r t h e r 

r e s e a r c h . Appendices are g i v e n i n Chapter 8, which form the i n t e g r a l 

p a r t of t h i s r e s e a r c h . 



CHAPTER 2 

FUNDAMENTALS OF NONLINEAR CIRCUIT ELEMENTS 

2.1 Nonlinear Phenomena and E a r l y Researches 

Any physical phenomenon whose independent variables cannot be 

described by ordinary l i n e a r relationships i s c a l l e d nonlinear. In 

f a c t , l i n e a r behaviour i s an i d e a l i z a t i o n . For example, an e l e c t r i c a l 

resistance i s a function of temperature, which depends upon heating, 

and heating depends upon the square of the current. Thus when a 

resistance i s considered one i s usually i d e a l i z i n g by l i m i t i n g the 

range of the variables within which the r e s i s t a n c e has a constant 

value. In the pendulum problem, as another example, x i s substituted 

for s i n x whenever the angle x i s very small and as a r e s u l t the 

mathematical formulation i s s i m p l i f i e d to a second order l i n e a r 

d i f f e r e n t i a l equation. 

Since there are so many nonlinear elements or n o n l i n e a r i t i e s 

i n every f i e l d of s c i e n t i f i c i n t e r e s t one may remark that Nature i s 

fundamentally nonlinear. Systems exhibiting nonlinear behaviour 

are found i n astronomy, applied physics, mechanical, e l e c t r i c a l and 

electronic engineering and i n many other f i e l d s . The modern branches 

of e l e c t r i c a l engineering such as data processing, communication, 

control systems e t c . depend i n many instances for t h e i r operation 

on nonlinear devices. Such devices could not have been developed 

unless the existence of nonlinearity had been recognized. I t i s 

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 f i r s t areas i n which nonlinear 

problems were investigated was i n the theory of sound by S. Earnshaw^ * ^ 

i n 1860. In astronomy, the g r a v i t a t i o n a l equilibrium of s t a r s was 
( 2 ) ( 3 ) investigated by J . Homer Lane i n 1870 and l a t e r by Lord Kelvin 

i n 1907. Poincare* 4 ' i n 1892 and 1893 discussed the nonlinear 

problems i n the f i e l d of c e l e s t i a l mechanics which involved c a l c u l a ­

tions of orbits of c e l e s t i a l bodies under t h e i r mutual forces of 

att r a c t i o n . The perturbation method for obtaining periodic solutions 
( 4) 

of nonlinear d i f f e r e n t i a l equations was f i r s t developed by Poincare 

i n 1882 and Lindstedt^ 4 ' i n 1882. A paper was published i n 1883 

by Lord Rayleigh^ on maintained vibrations followed by h i s t h e s i s 

on the 'Theory of Sound' i n 1894 i n which he discussed nonlinear 
( 4 ) ( 4 ) ( 4 ) problems. Bernoulli , Euler , and Lagrange contributed to 

the early research on problems i n e l a s t i c i t y . The f i n i t e deformation 
( 4 ) ( 4 ) of solids was analyzed by M. Biot , J . Boussinesq , 

G. K i r c h h o f f * 4 \ and F.D. Murnaghan { 4 K L. P r a n d t l ( 4 \ 
( 4 ) ( 4 ) ( 4 ) O. Reynolds , Th. von Karman and G.I. Taylor were among 

the contributors to the solutions of nonlinear problems i n hydro­

dynamics and aerodynamics. The analysis of wave motion was conducted 

by Lord R a y l e i g h * 4 *, G. G. S t o k e s ( 4 * and T. L e v i - C i v i t h ( 4 } . The 

propagation of impulses i n a gas was the subject of Riemann ̂  4 '. 

The vibration of mechanical systems having nonlinear restoring forces 
( 4 ) ( 4 ) was investigated by G. Duffing , J . P. den-Hartog and 

C.A. Ludeke^ 4 ' . Appleton^ ' ̂  and Van der Pol^ ' f i r s t gave a non­

li n e a r d i f f e r e n t i a l equation on sustained o s c i l l a t i o n s i n a simple 

e l e c t r o n i c c i r c u i t . E l e c t r i c a l and mechanical systems having nonlinear 
( 4 ) ( 4 ) elements were analyzed by A. Andronow , S. Chaikin , 
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( 4 ) ( 4 ) ( 4 ) ( 4 ) L. Mandelstam , N. Papalexi , A. Witt , N. Kryloff , 
( 4 ) 

and N. Bogoliuboff 

During t h i s l a t t e r period a close r e l a t i o n existed between 

the e l e c t r i c a l engineer and the mathematician because e l e c t r i c a l 

networks provided the best confirmation of mathematical r e s u l t s . 

Therefore, many papers have been written on the theory of nonlinear 

networks, but r e l a t i v e l y few books which give a comprehensive t r e a t ­

ment. I t seems that the attention of the analyst i s to find out 

about the existence of periodic solutions, the l i m i t a t i o n of p a r t i c u l a r 

types of components, convergence of i t e r a t i v e or power s e r i e s 

procedures, and the most e f f i c i e n t way i n which a computer can handle 

the data. 

2.2 General Network and C l a s s i f i c a t i o n of Elements 

An e l e c t r i c a l network i s composed of two-terminal elements 

linked together by i d e a l l o s s l e s s connectors. Actually, there are 

some elements which have more than two-terminals, such as t r a n s i s t o r s , 

but i n the a n a l y s i s only two of the three are normally considered 

at a time. The two-terminal elements of components are known as the 

network branches. The e l e c t r i c a l behaviour of each element i s defined 

by the voltage across the terminals and the current through the 

branch. A network branch may be characterized by a curve i n either 

the v - i , the v-q, or the i-<(» plane. These c h a r a c t e r i s t i c s correspond, 

respectively to the three basic types of two-terminal elements, 

namely, the res i s t a n c e , the capacitance and the inductance. I f a l l 

possible data points, which are not i n a s t r a i g h t l i n e i n the x-y 

plane, can be connected by a smooth curve then the branch represents 

a nonlinear element. An element whose c h a r a c t e r i s t i c a t a l l times 



- 8 -

consists of s t r a i g h t l i n e s i n the x-y plane i s c a l l e d l i n e a r . 

Both l i n e a r or nonlinear elements are said to be either passive or 

active depending whether the c h a r a c t e r i s t i c s pass through the 

orig i n or not, respectively. 

Although the x-y curve, characterizing a two-terminal element, 

i s assumed to be stationary, there e x i s t some cases when the charac­

t e r i s t i c of an element i s an e x p l i c i t function of time, i . e . 

y ( t ) = f [ X ( t ) , t ] . In view of t h i s one should not be misled with the 

case when both independent variables defining the element are 

function of time, i . e . y ( t ) = f [ X ( t ) ] . This means that the l i n e a r 

or nonlinear elements may be tabulated into e i t h e r time-invariant 

or time-varying elements. The simplest example of a l i n e a r time-

varying element i s the mechanically-varying potentiometer. 

In order to use the nonlinear elements properly i t i s necessary 

to distinguish the x-y curves according to t h e i r general shapes. The 

examination of a large number of curves of some devices shows that 

they are non-symmetrical about the o r i g i n . These devices include 

most of the r e c t i f y i n g and p-n junction diodes. I t i s the flow of 

current i n one d i r e c t i o n which gives them the name UNILATERAL elements. 

Another c l a s s of elements whose c h a r a c t e r i s t i c s are symmetrical about 

the origin are c a l l e d odd-symmetrical elements such as iron-cored 

c o i l s , glow tube and some of the ferromagnetic devices. Most of the 

above mentioned devices are passive elements whose slopes are p o s i t i v e 

at a l l points along t h e i r x-y curves. Another important c l a s s of 

nonlinear elements, c a l l e d the negative elements, e x i s t s whose portion 

of t h e i r c h a r a c t e r i s t i c has a negative slope (dy/dX <• 0) . Needless 

to say that such c l a s s of elements includes tunnel diodes. 
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2.3 Properties of Nonlinear Elements and Systems 

A property of a l i n e a r element i s that the value of the 

element (R, C or L) remains constant throughout the va r i a t i o n of 

the two independent variables ( i - v , v - q or i-<J> ) and i s given by 

th e i r r a t i o s . Consequently, the steady-state response i s a r e p l i c a 

of the excitation frequencies. However, for a nonlinear character­

i s t i c , the slope at a point of the curve gives the incremental value 

of the element of that point. The st r a i g h t l i n e from the or i g i n to 

that point i s 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 i s required over the whole range 

of operation which i s c a l l e d the c h a r a c t e r i s t i c equation. The value 

of the incremental component may be sp e c i f i e d by d i f f e r e n t i a t i n g the 

c h a r a c t e r i s t i c equation with respect to i t s independent va r i a b l e . 

Therefore, one or a set of nonlinear d i f f e r e n t i a l equations i s usually 

formulated to define a nonlinear system. 

The methods of solving such equations depend on whether they 

contain the time independent variable e x p l i c i t l y or not. These two 

types of equations distinguish a nonautonomous from an autonomous 

network respectively. The nonautonomous system of equations i s normally 

associated with a.c. c i r c u i t s because of the appearance of the indepen­

dent time var i a b l e ' t ' i n the equations of the form A cos u t . The 

solution to such an o s c i l l a t o r y system i s 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 i n the analysis of frequency multiplying and con­

verting c i r c u i t s . 

s 
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The approach i n such applications, i n addition to the r e c ­

t i f i c a t i o n properties, may be better understood by expressing the 

c h a r a c t e r i s t i c equation of a nonlinear element as a power s e r i e s , 

i . e . 

y = a + a,X + a„X 2 + a X 3 + M (2.1) 
O 1 2 3 

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

standard trigonometric i d e n t i t i e s , the expression 

y = b + b. cos ut + b. cos 2u>t+ b, cos 3oit+ „ (2.2) 
o 1 2 3 

i s obtained (Ch . 5 ). Where b and b represent the dc and harmonic 
o n 

components, i . e . 

am m 
^o / J _m Cju (2.3) E 

m=0,2,4,, 

A m 

b = 2. V ' - S ! — "c ( 2 - 4 ) 

n *~ / J „m m-n 
2E 

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

This indicates that the e s s e n t i a l process of a nonlinear element i s 

to generate harmonic spectrum since any nonlinear c h a r a c t e r i s t i c can 

be represented by such power s e r i e s whatever the complexity of the 

operation. 

In the conversion case, the small s i g n a l , at a fequency 

other than the frequency of the pump or i t s harmonics, sees the non­

li n e a r time-invariant element as a l i n e a r time varying element. 

Consequently, the small signal i s translated i n frequency by the 

time-varying element and the l i n e a r network laws can be used i n i t s 

an a l y s i s . Such a time-varying element i s also a harmonic generator 
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and hence no conversion or1 multiplication can take place without 

the existence of harmonic sources. Therefore, i t i s thought that 

the best way to predict the performance of a nonlinear element i s 

through i t s harmonic spectrum. 

2.4 Energy Relations i n Nonlinear Elements 

The energy supplied to, and dissipated by a network i s given 

by the time i n t e g r a l of the instantaneous power, namely: 
t 

W(o,t) = J P(t) dt ... . . . (2.5) 

o 

where the product of the instantaneous voltage and current i s the 

power 
P(t) = v ( t ) • i ( t ) ... . . . (2.6) 

The knowledge of such o s c i l l a t i n g power i s of l i t t l e p r a c t i c a l value 

and the important quantity i s the absolute or the average power 

measured over the periodic i n t e r v a l T. Thus 
T 

av 
V(t) . i ( t ) - dt ... (2.7) 

o 

where T i s the minimum period of the product V(t) . i ( t ) . This 

expression shows that although the product V(t) . i ( t ) i s o s c i l ­

l a t i n g p e r i o d i c a l l y there e x i s t s a net power flowing into a r e s i s ­

t i v e element which must be l o s t i n heat energy since energy cannot 

be destroyed. For a capacitive or an inductive element the average 

power i s given respectively by 
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PCav 

r q i r ) 
- i / v , « . M a - a t - i f v , , , ^ 

q(T) 

(2.8) 

•r 4 (T) 

These equations w i l l integrate to zero for periodic waveform of 
r 

Period T since q(T) = q(0) and <|> (X) = 4> CO) respectively. For 

example, i n the case of a l i n e a r capacitor, equation (2.8) c a n b e 

reduced to: 

W(0,T) = j C d q = "2c" U 2 ( T ) ~ q 2{°)J 

q(T) r 
q(0) 

= 0 ... ... ... (2.10) 

Consequently, the average power, entering a purely capacitive or an 

inductive element, i s zero. 

The usefulness of such information was exploited by R.V.L. 
(8 ) (8 ) Hartley (1916) and h i s r e s u l t s were derived by Manley and Rowe 

(1956) under much more general conditions. The important r e s u l t of 

such analysis i s the amount of power at a p a r t i c u l a r frequency that 

can be obtained from any nonlinear l o s s l e s s reactance by mixing two 

sinusoidal waveforms of incommensurate frequencies tô  and oî * The 

product of the current (dq/dt), flowing into the nonlinear reactance, 

and the voltage (d<f>/dt) , across i t , contains a l l frequency com­

ponents ± (mcĵ  + nu^)" T h u s » the t o t a l average power entering a 

l o s s l e s s element can be represented by 
00 00 

P = 0 (2.1D 
m,n 

m = - 0 0 n = — oo 
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Multiplying and dividing equation (2.7) by (moô  + nu^) y i e l d s the 

two independent Manley-Rowe equations: 

CO 00 

mP 

n^-^> m̂ = 1) 

CO 

m= - OQ n = 0 

m ' n = o (2.12) 

nP 

(nuij + nu) 2) " ° (2.13) 

I f the nonlinear reactor i s excited only at ui^ with power P^ then 

n i s zero and equation (212) becomes 

P l ~ ~ 7 j P
m ••* ••• ••• (2.14) 

m=/ 

Therefore the t o t a l harmonic output power i s equal to the fundamental 

input power introduced to a l o s s l e s s nonlinear reactance. I f the 

c i r c u i t i s so adjusted that only a desired harmonic output power i s 

delivered to the load and other powers are r e a c t i v e l y terminated, 

the conversion e f f i c i e n c y for the desired harmonic can approach 
(9 ) 

100 percent. For a nonlinear d i s s i p a t i v e element, however, Page 
(10) 

i n 1956 and P a n t e l l i n 1958, have shown that the e f f i c i e n c y of 
2 

generating harmonic cannot exceed 1/n namely: 

I ' J 1 
p" * T 
1 n 

where n i s the harmonic number of i n t e r e s t . 

2.5 Applications and Discussion 

Semiconductor diodes provide, i n general, three common 

behaviours. These are, nonlinear resistance ( v a r i s t o r s ) , nonlinear 
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reactance (varactors) and negative resistance. Although a diode 

may exhibit two or more of the three above mentioned c h a r a c t e r i s t i c s 

simultaneously, the c l a s s i f i c a t i o n under which a diode can be put 

depends on i t s predominant e f f e c t . 

The ordinary conception of r e c t i f i e r s , where a diode can 

convert ac power into dc power, i s c a l l e d v a r i s t o r s . For an i d e a l 

v a r i s t o r , a diode derives i t s usefulness from the nonlinearity of 

the current-voltage c h a r a c t e r i s t i c s . The instantaneous current i ( t ) 

i s a function only of the instantaneous voltage V ( t ) , given by 

i( t > = i Q | ^ e x p ( ^ - ) - 1 j (2.15) 

These diodes include backward diodes, most Schottky b a r r i e r and 

point contact diodes. They have been extensively used for frequency 

down conversion, detection, low noise reception, high speed clipping 

or r e c t i f i c a t i o n and sensing. 

A capacitive varactor i s a semiconductor junction 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 i s a single-valued nonlinear function of the 
dq 

instantaneous voltage applied to each terminal. Since i s the 

small signal capacitance, the voltage dependent capacitance i s 

given by 
C = C q ( 1 - — J ... ... ( 2 . 1 6 ) 

where V i s the applied voltage, <fr i s the contact p o t e n t i a l of the 

junction and y i s a c o e f f i c i e n t whose value depends on the doping 

p r o f i l e of the junction ( y = y for a graded junction, y = — for 

an abrupt junction, y = I for a hyperabrupt junct i o n ) . Although 



- 15 -

the development of varactor diodes was mainly for parametric 

amplifiers, they have found use i n other applications. Some of these 

are harmonic generation, modulation or up conversion, pulse generation 

and pulse shaping. 

The inductive varactor i s used i n frequency converting 

c i r c u i t s . I t has the same e f f i c i e n c y , as does the capacitive one, 

of generating harmonics and subharmonics which are widely used i n 

telephone systems. A combination of nonlinear inductors has been 

used i n a d i g i t a l computer to store information for future use. 

The t h i r d and the l a s t c l a s s i s the negative resistance diode. 

I t i s defined as a nonlinear resistance whose slope over a portion 

of the c h a r a c t e r i s t i c i s l e s s than zero, i . e . the element i s 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 i n 

spite of t h e i r very low power output which rules them out for o s c i l ­

l a t o r use. The other two have more power ca p a b i l i t y for use as l o c a l 

o s c i l l a t o r s . 
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CHAPTER 3 

PHYSICAL AND ELECTRICAL PROPERTIES OF A 

METAL-SEMICONDUCTOR JUNCTION 

3.1 Early Researchers 

Semiconductors were already i n use before the beginning of t h i s 

century. The i n i t i a l step was probably taken i n 1883 when Faraday 

discovered that s i l v e r sulphide exhibited a negative temperature co­

e f f i c i e n t . Six years l a t e r , i n 1839, the photovoltaic e f f e c t was d i s ­

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

t h i r t y years u n t i l W. S m i t h e s t a b l i s h e d the p r i n c i p l e of photo-

conductivity. I n 1973, while researching into the insulating properties 

of selenium, he observed that the e l e c t r i c a l resistance of selenium 

changed under the influence of l i g h t . But the most important contribution 

to semiconductor devices was made, i n 1874, by F. Braun^*'. He d i s ­

covered that when a contact between certain materials had been made, 

the current flowed i n one d i r e c t i o n . In the saiue year, a s i m i l a r e f f e c t 

was noticed by S c h u s t e r w h e n an intimate contact between clean and 

oxidised copper was made. The development of copper-oxide r e c t i f i e r s 

was not f u l l y established u n t i l f i f t y years l a t e r , inl927, by Grondahl 

and G e i g e r ^ ^ . The f i r s t p r a c t i c a l photo-element and dry r e c t i f i e r , 

however, were already made by Adams and Day^*' f i n 1875, from selenium 

and by F r i t t e ^ * ^ , i n 1883, respectively. 

When Hertz i n 1888, had observed radio waves the importance 

of semiconductor r e c t i f i e r s was f u l l y r e a l i z e d . B a s e ^ ^ (1904), 

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

detector a r e a l i t y . The discovery of the electron valves i n 1897aattracted 

many workers to such f i e l d s . As a r e s u l t the progress i n the development 

of semiconductor devices was retarded u n t i l 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 Hal l e f f e c t , 

o r i g i n a l l y discovered i n 1879, was not f u l l y r e a l i s e d u n t i l the 1930's. 

By means of Hall e f f e c t , the d i s t i n c t i o n between metals and semi­

conductors was established and the prediction of conduction current 

by two kinds of charge c a r r i e r s (electrons and holes) was v e r i f i e d . 

The t o t a l conductivity was represented by the relation 

q x n x ^ n + q x p x fl . A l l of these have teen explained with the 

help of quantum mechanical models for semiconductors, proposed by 
(11) (11) Sommerfeld e t a l v ' (1928) and Wilson (1963). 

Schottky and Deutschman^*', i n 1929, explained that the 

r e c t i f i c a t i o n processes occurred within the junction and were not 

distributed over the en t i r e volume. In 1938, the importance of minority 

c a r r i e r s was recognised by Davydov^^ while ha was working on the 

unipolar e f f e c t a t the p-n junction. The existence of poten t i a l 

b a r r i e r s a t the junction was suggested by Schortky, Mott and Davydov^*' 

in 1939. Hence, the r e c t i f i c a t i o n mechanism was almost f u l l y explained. 
(12) 

In 1948, Torrey and Whitmer published a comprehensive 

treatment of the progress made during the war years. During that period, 

s i l i c o n detectors and point contact r e c t i f i e r s had been used for radar 

and high frequency r e c t i f i c a t i o n , respectively. The r e s u l t s of many 

experiments were not e n t i r e l y consistent with the t h e o r e t i c a l deduc­

tions of the earl y years. The prediction of surface states made by 

Tamm ( 1 1 ) (1932), S h o c k l e y ( 1 1 ) (1939) and B a i a e e n ( 1 1 ) (1937), was not 
(31) 

proved u n t i l 1948 when Brattain and Shockley * performed a success­

f u l experiment v e r i f y i n g the existence of a space charge layer a t the 

free semiconductor surface. Further experiments, by Bardeen and 
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Brattain^**^ i n 1948, have made t r a n s i s t o r s a r e a l i t y . One year l a t e r , i n 

1949, a major contribution to the theory of p-n junctions was made by 
(14) 

Shockley . In the same year, papers on Ge point contact diodes and on 

the e l e c t r i c a l properties of s i l i c o n were published by Bardeen and 

B r a t t a i n ^ ^ and by Pearson and Bardeen^ 1^, respectively. 

In 1950, H a l l and Dunlap^ 1 1^ used the metal-alloy d i f f u s i o n 

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

by Shook ley and others i n 1951, for p-n-p t r a n s i s t o r s . I n the same 

year, Scaff and Theurer^*' used the gaseous d i f f u s i o n technique i n s i l i c o n 

power r e c t i f i e r s . I n 1954, Pearson and C h a p i n ^ ^ adopted the same tech­

nique for solar energy converters. 

The e f f e c t of impurities on the energy l e v e l s of semiconductor 

had been determined a f t e r a comprehensive study made by Lark-Horovitz 

and J o h n s o n o n Ge i n 1945, and Pearson and B a r d e e n ^ ^ , on S i , i n 

1949. By 1953, the impurity content of a c r y s t a l was su c c e s s f u l l y con­

t r o l l e d using a zone r e f i n i n g process which was introduced i n 1952 by 

P f a n n ( 1 1 ) , 

The i n t e r n a l f i e l d emission was suggested, i n 1934, by Zener^^^ 

as an explanation for e l e c t r i c a l breakdown. In 1951, Mcafee and others 

proposed that the i n t e r n a l f i e l d emission may be responsible for the 

avalanche current i n a p-n junction. In 1953, Mackay and Mcafee 

explained further that avalanche current was not confined to Zener 

e f f e c t only and could also be due to electron m u l t i p l i c a t i o n ( i o n i s a t i o n ) . 
(16) w Furthermore, i n 1954, Mackay deduced a simple expression accounting 

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

with W o l f ' s t h e o r e t i c a l calculation of the ion i z a t i o n rate for 
(17) 

s i l i c o n which was made i n the same year. I n 1957, Chynoweth and Mackay 
for the f i r s t time, eatablished the threshold energy required for multi-

(18) 
p l i c a t i o n processes. I t was shown by Chynoweth , i n 1958, that 
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the ionization rate for holes was l e s s than that for electrons which 

agreed with M i l l e r ' s ^ ^ experimental r e s u l t s published i n 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 
(19) 

workers. I t was suggested by Chynoweth and Pearson , i n 1958, that 

such noise was due to l a t t i c e d i s l o c a t i o n s . This was confirmed by 

B a l d o r f i ^ ^ and others, i n 1950, when they had constructed some junctions 

free of l a t t i c e d i s l o c a t i o n s and the devices were almost free of noise. 

Esaki , i n 1957, proposed a device u t i l i z i n g a negative 

resistance c a l l e d a tunnel diode. The application of such a diode to 
(21) 

microwaves was f i r s t described by Sommers i n 1959. Devices which 

depend on tunnelling processes such as the backward diode and the 

application of t h i s to microwave mixing and detection was reported by 

E n g ( 2 2 ) i n 1961. 
(23) 

W.T. Reed , i n 1958, described another negative resistance 
device c a l l e d the IMPATT diode. A modified form of t h i s device was 

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

i (25) 
continuous power was reported by Misawa i n 1966. Another type of 

(25) 
negative resistance device was reported by Hilsum i n 1962. This 

(26) 

was explained by Gunn i n 1963, when he found that microwave o s c i l ­

l a t i o n resulted from bulk GaAs at a c r i t i c a l f i e l d . 
(27) 

M i l l , Krakauer and Shen f i r s t described the charge-storage 
diode i n 1962. This was followed by step-recovery diodes with a 

(25) 
potential for use as high-order harmonic generators. R.D. Hall , i n 

(25) 

1965, claimed 20 mW of C.W. power i n the 3 cm band. C.B. Swahn , i n 

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 i n 1957 had attracted many workers, point contact 

diodes continued to improve i n performance as v a r i s t o r s a t higher f r e ­

quencies (up to 2,000 GHz). In point contact diodes, a sharp metal whisker 

i s pressed against the semiconductor face to produce the hemispherical 

r e c t i f y i n g contact. The contact may be formed by a simple mechanical 

or e l e c t r i c a l discharge process which may r e s u l t i n a small alloyed p-n.. 
(28) (29) junction. Wlatz (1952), Kikuchi and Onishi ' (1953) have confirmed, 

experimentally, the formation of the p-n junction i n Ge point-contact 

diodes. N e l s o n ( 1 9 5 8 ) and others have treated point-contact diodes 

as small hemispherical p-n junction diodes. But the conduction mechanism 

has not been f u l l y explained due to the contact complexity. The advances 

i n semiconductor technology, i n 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 c a r r i e r conduction and i n normal 

applications have replaced point contact diodes. Unrestricted by the 

charge storage phenomenon they competed su c c e s s f u l l y against point-contact 

diodes i n uniformity, r e p r o d u c i b i l i t y and r e l i a b i l i t y . Such devices are 

sometimes c a l l e d the h o t - c a r r i e r diodes because of the large k i n e t i c 

energies (or high temperature) of the electrons i n the conduction band 

which overcome Schottky b a r r i e r p o tential. They are also c a l l e d Schottky-

b a r r i e r diodes because of the early analysis of t h i s kind of majority-

c a r r i e r r e c t i f i c a t i o n by W. S c h o t t k y i n 1938. I t i s also described 
(31) (25) by Kahng i n 1963. H.F. Cooke i n 1965 described such devices 

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

diodes. 

The conduction i n Schottky diodes was f i r s t explained using the 
(32) (32) diffusion theory of Wagner (1931), Schottky and Spenke (1939). 
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The thermionic emission theory was proposed by B e t h e ^ ' i n 1952. The com-
(34) (34) b i n a t i o n of both t h e o r i e s were considered by Schultz (1954), Gossick 

(35) 
(1963), and Crowell and Sze (1966). Although t h e r e are s t i l l s e v e r a l 
unexplained disagreements i n the experimental data (e.g. Padovani and 

(36) 
Summer 1965) , i t appears t h a t these cannot be resolved by adopting 

(37) 
the d i f f u s i o n theory alone. Rhoderick's a n a l y s i s (1972) o f data by 

(38) 

Smith (1968) shows t h a t the c o n t r o l l i n g mechanism i n moderately doped 

GaAs Schottky diodes a t room temperature i s almost c e r t a i n l y due t o 

thermionic emission. The on l y r e s u l t s which appeared t o confirm the 

d i f f u s i o n theory were those which r e l a t e d t o copper oxide. 
(11 25 31 32 34) 

3.2 Physics of Metal-semiconductor Contact ' ' ' ' 

The c u r r e n t i n a metal i s due t o the f l o w of negative charge 

( e l e c t r o n s ) , whereas the c u r r e n t i n a semiconductor r e s u l t s from the 

movement o f both e l e c t r o n s and p o s i t i v e charges ( h o l e s ) . When a semi­

conductor c r y s t a l i s very pure, the hole and the e l e c t r o n d e n s i t i e s 

are n e a r l y equal, and the c r y s t a l i s c a l l e d an i n t r i n s i c semiconductor. 

I f such a c r y s t a l , from the f o u r t h column o f the p e r i o d i c t a b l e , i s 

doped w i t h an element from the t h i r d column (boron, g a l l i u m or i n d i u m ) , 

the d e n s i t y of holes i s increased by approximately the d e n s i t y o f the 

doping atoms and the d e n s i t y o f e l e c t r o n s i s decreased by the same 

r a t i o . This i s because the three outer s h e l l e l e c t r o n s o f the i m p u r i t y 

atom are shared i n covalent bonds w i t h the f o u r neighbouring atoms. 

However, s t i l l one more e l e c t r o n i s needed f o r s a t u r a t i n g the f o u r 

covalent bonds. Therefore, an e l e c t r o n from the valence band w i l l be 

captured by the i m p u r i t y atom le a v i n g behind a ho l e . The hole becomes 

a mobile charge c a r r i e r w h i l e the i m p u r i t y atom becomes an immobile 

( f i x e d ) negative charge caused by the captured e l e c t r o n . The i m p u r i t y 
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atom t h e r e f o r e i s c a l l e d an acceptor i m p u r i t y because i t accepted an 

e l e c t r o n from the valence band. The c r y s t a l i s s a i d t o have p-type 

c o n d u c t i v i t y . The holes are c a l l e d the m a j o r i t y c a r r i e r s and t h e 

e l e c t r o n s are c a l l e d the m i n o r i t y c a r r i e r s . But when an atom of the 

f i f t h column (antimony, phosphorus or arsenic) i s i n t r o d u c e d t o a 

c r y s t a l of the f o u r t h column, f o u r covalent bands w i l l be formed. 

The e x t r a e l e c t r o n w i l l be e x c i t e d t o the bottom o f the conduction 

band producing a negative mobile charge c a r r i e r . An example i s when 

s i l i c o n atoms are doped w i t h phosphorus atoms t o produce a c r y s t a l 

of n-type c o n d u c t i v i t y . The i m p u r i t y atoms are c a l l e d donor atoms 

because they g i v e e l e c t r o n s t o the conduction band. The e l e c t r o n s 

are the m a j o r i t y c a r r i e r and holes are the m i n o r i t y c a r r i e r s . 

The performance of metal-semiconductor devices i s best under­

stood by considering v a r i o u s energy l e v e l s i n the i s o l a t e d metal and 

n-type semiconductor. Figure (3.1a) shows such energy i n an i s o l a t e d 

metal a t e q u i l i b r i u m . i s the energy r e q u i r e d f o r the escape o f 
m 

an e l e c t r o n i n t o f r e e space w i t h energy (W ) corresponding t o the 

F e r m i - l e v e l o f the metal. I t i s known as the t h e r m i o n i c or vacuum 

work f u n c t i o n o f the metal. The value of i s constant f o r a t o m i c a l l y 

clean metal but very s e n s i t i v e t o surface contamination. I t v a r i e s 

between 1.93 eV f o r caesium and 5.36 eV f o r platinum. The escaped 

e l e c t r o n induces a p o s i t i v e charge (image) w i t h i n the metal surface 

and the a t t r a c t i v e f o r c e between them i s known as the image f o r c e . 

The t h e r m i o n i c work f u n c t i o n i|>g i s a s i m i l a r q u a n t i t y f o r 

semiconductors, as shown i n F i g . (3.1b). But the p o s i t i o n o f the 

Fermi l e v e l changes w i t h changing the i m p u r i t y o f atoms. Therefore, 

\J»s w i l l depend on the c a r r i e r d e n s i t y besides the i n f l u e n c e o f surface 

contamination. I n view o f t h i s , the e l e c t r o n a f f i n i t y (x)» t h a t does 
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not vary d i r e c t l y w i t h doping, i s l i k e w i s e d e f i ned as the energy 
r e q u i r e d t o remove an e l e c t r o n from the bottom of the conduction 
band and place i t a t r e s t i n f r e e space. 

P r a c t i c a l semiconductor surfaces always adsorb l a y e r s of 

f o r e i g n m a t e r i a l . The i m p e r f e c t i o n s or i m p u r i t y i n ouch an adsorbed 

l a y e r near the i n t e r f a c e i s responsible f o r what i s c a l l e d surface 

s t a t e s . Although the p h y s i c a l s t r u c t u r e and t h e o r i g i n o f surface 

s t a t e s are not f u l l y understood, experimental observations have con­

s i d e r e d the surface s t a t e as n e u t r a l i z e d donor or acceptor atoms or 

i o n i z e d donor or acceptor charges. The surface charge may be p o s i t i v e 

or negative depending on the chemistry of the f i l m on the surface. 

The bending o f energy bands i n semiconductors i s due t o surface s t a t e s . 

I f a semiconductor does not have surface s t a t e s , the p o t e n t i a l 

energy diagram a t the surface w i l l be as i n F i g . 3.1b. This i s very 

d i f f i c u l t t o a t t a i n i n p r a c t i c e . I n the case o f an n-type'sem:conductor, 

the surface s t a t e s may be occupied by e l e c t r o n s . To maintain charge 

n e u t r a l i t y , t h e re must be a corresponding number o f e l e c t i o n s missing 

i n the b u l k o f semiconductors. Therefore, a d e p l e t i o n l a y e r o f 

( p o s i t i v e l y ) i o n i z e d donors w i l l be formed j u s t beneath the surface 

and the band edges are d i s t o r t e d , as shown i n F i g . 3.1c. 

When the metal and semiconductor are brought i n t o c o n t act, 

as shown i n F i g . ( 3 . I d ) , t h ere w i l l be an exchange o f e l e c t r o n s between 

them as i n the case o f metal-metal contact. The mechanism o f e l e c t r o n 

f l o w i s analogous t o the t h e r m i o n i c emission from a hot cathode i n t o 

vacuum. The semiconductor i n t h i s case i s a c t i n g as the cathode and 

the metal as the vacuum. For the n-type semiconductor, the f l o w o f 

e l e c t r o n s from the semiconductor t o the metal r e s u l t s i n a c u r r e n t I 
s 

which i s c a l l e d the s a t u r a t i o n c u r r e n t . As a r e s u l t , p o s i t i v e charges 
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w i l l be l e f t i n ducing negative charges on the surface o f the metal. 

The r e s u l t a n t e l e c t r i c f i e l d increases the energy r e q u i r e d t o remove 

the e l e c t r o n s from the semiconductor and so lowers the l e v e l of the 

conduction band. The f i e l d w i l l increase, and the l e v e l o f the con­

d u c t i o n band w i l l f a l l , u n t i l e q u i l i b r i u m i s achieved. Under such 

eq u i l i b r i u m , - the Fermi-levels must be a t the same h e i g h t i n the metal 

and semiconductor, such as i n the case of two metals. The net c u r r e n t 

across the j u n c t i o n must be zero and hence an equal and opposite c u r r e n t , 

I g , w i l l f l o w from the metal t o the semiconductor. The b a r r i e r h e i g h t 

i s simply given by 
ms 

*»s = *m ' < X + * > (3.1) 

where A = (ij) - \|0 i s the p o t e n t i a l d i f f e r e n c e across the gap 6 produced 

by surface s t a t e s . The bending o f the band <J>' i s r e l a t e d t o the w i d t h 

o f the d e p l e t i o n l a y e r (W ) by 
o 

N, eW 

where i s the donor d e n s i t y and e i s the p e r m i t t i v i t y o f the semi­

conductor . 

I f an e x t e r n a l v o l t a g e i s a p p l i e d so as t o make the metal 

p o s i t i v e (forward bias) and the semiconductor n e g a t i v e , the con­

d u c t i o n band w i l l r i s e again as shown i n F i g . ( 3 . 1 e ) . This r i s e i s 

eq u i v a l e n t t o a r e d u c t i o n i n the p o t e n t i a l b a r r i e r , on the semiconductor 

side by an amount V j = v
a ~ ^-r

s' where V and i r g are the vo l t a g e drop 

across the j u n c t i o n and the semiconductor su b s t r a t e r e s i s t a n c e 

r e s p e c t i v e l y . Therefore, the e l e c t r o n s i n the conduction band of the 

semiconductor w i l l r e q u i r e less energy t o overcome the b a r r i e r p o t e n t i a l 

and t o be i n j e c t e d i n t o the metal. The c u r r e n t w i l l be increased 
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e x p o n e n t i a l l y w i t h the a p p l i e d v o l t a g e according t o the f o l l o w i n g 

r e l a t i o n : 

i = I 
s 

|e«(Va - i r s ) _ TJ ( 3 . 3 ) 

The bending o f the band <t>' i s r e l a t e d t o the wi d t h o f the d e p l e t i o n 

l a y e r W by 

2 
j . | ,„ . . Nd e W (3 41 

from which 

• = J £eN^ 1 
* j A [ 2 (<j>-V. ) J 

(3.5) 

i s the j u n c t i o n capacitance, 

where = V"e - i r s i s the vol t a g e across the j u n c t i o n 

a = = 40 V - 1 f o r an i d e a l diode 

-9 
I g i s the s a t u r a t i o n c u r r e n t i n the order o f 10 amps 

-19 
e i s t h e e l e c t r o n charge = 1.6 x 10 Coulomb 

T i s t h e temperature i n degree K e l v i n (°K ) 

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

40 
n i s t h e diode i d e a l i t y f a c t o r = o ( p r a c t i c a l ) 

When a reverse b i a s i s a p p l i e d , the conduction band w i l l be 

lowered and the e l e c t r o n s , h a v i n g / s u f f i c i e n t energy t o surmount the 
YldW 

b a r r i e r , w i l l / r e q u i r e higher energies. The component o f the e l e c t r o n 

c u r r e n t from the semiconductor t o the metal w i l l be very small com-

pated t o - I from the metal t o the semiconductor. The net c u r r e n t i s s 
t h e r e f o r e 

i = 1 rev s 
j ^ - M V a - i r s ) _ x j _ ( 3 6 ) 
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Thus, the reverse c u r r e n t i s expected t o be a constant i n the order of 

- I . 
s 

To compare diodes o f d i f f e r e n t values o f <j»1, i t i s u s e f u l 

t o d e f i n e a forward b i a s c u t - o f f frequency f by 

u c f 2irC R (3.7) j f s f 

I t i s the frequency a t which the c a p a c i t i v e reactance of the j u n c t i o n 

becomes equal t o the s e r i e s r e s i s t a n c e . 

(25 32,39) 

3.3 Technology o f Schottky B a r r i e r Diodes 

The metal-semiconductor i n t e r f a c e may c o n s i s t o f a v a r i e t y 

o f metals i n c o n j u n c t i o n w i t h e i t h e r p-type or n-type semiconductors. 

S c h o t t k y - b a r r i e r diodes, using g o l d , p l a t i n u m , p a l l a d i u m , s i l v e r and 

many other metals, have been b u i l t f o r a v a r i e t y o f s p e c i f i c a p p l i c a ­

t i o n s . Semiconductor m a t e r i a l s which have proved s u i t a b l e f o r such 

devices are s i l i c o n , germanium, and g a l l i u m arsenide. I n g e n e r a l , 

n-type s i l i c o n i s p r e f e r r e d because i t s higher e l e c t r o n m o b i l i t y 

p e rmits b e t t e r h i g h frequency performance. Metal-semiconductor j u n c t i o n s 

w i t h p l a n a r areas approaching those o f p o i n t contact devices have been 

f a b r i c a t e d which are sometimes r e f e r r e d t o as t h e hot c a r r i e r diodes. 

Some of the important j u n c t i o n f a b r i c a t i o n methods i n v o l v e d e p o s i t i n g 

metal upon the semiconductor by evaporation, by s p u t t e r i n g , or by 

el e c t r o c h e m i c a l means. The general procedures, i n each case, r e q u i r e 

a s i n g l e - c r y s t a l wafer on which metal i s deposited t o form the 1 b a r r i e r . 

This wafer i s h e a v i l y doped throughout i t s volume and has a h i g h -

r e s i s t i v i t y f i l m on one face. 

To make a s i l i c o n wafer, a t h i n s l i c e o f h e a v i l y doped 

c r y s t a l i s smoothed and chemically p o l i s h e d on one side which i s c a l l e d 
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a s u b s t r a t e . This s u b s t r a t e i s placed, w i t h the p o l i s h e d face upwards 

on a p l a t f o r m , i n a b e l l - j a r apparatus. Pure hydrogen gas f l o w s 
o 

through the apparatus and the p l a t f o r m i s heated i n 1250 C. The tem-
o 

p e r a t u r e i s dropped t o 1200 C a f t e r a few minutes. Such heating p r o ­

cesses serve t o reduce the few atomic l a y e r s of oxide ( S i . * ^ o n t^ i e 

p o l i s h e d surface o f the s u b s t r a t e . The hydrogen gas then i s mixed 

w i t h s i l i c o n t e t r a c h l o r i d e (SiCl^) t o d e p o s i t atomic s i l i c o n on the 

s u b s t r a t e . 
2H 2 + S i C l - Si + 4HC1 ( 3 > 8 ) 

This growth o f s i n g l e - c r y s t a l semiconductor m a t e r i a l on t o such a 

p o l i s h e d surface o f the s u b s t r a t e from the gas phase i s c a l l e d e p i ­

t a x i a l growth. The h i g h r e s i s t i v i t y deposited l a y e r , compared t o the 

s u b s t r a t e , i s c a l l e d the e p i t a x i a l l a y e r . Thus, the f i n a l form o f 

the s l i c e i s c a l l e d the s i n g l e - c r y s t a l wafer. 

The f a b r i c a t i o n o f h o t c a r r i e r diodes c o n s i s t s of a h e a v i l y 

doped n + s i l i c o n s u b s t r a t e on which an n-type e p i t a x i a l l a y e r o f a 

s p e c i f i c r e s i s t i v i t y i s grown on the p o l i s h e d surface and an ohmic 

conta c t i s formed on the opposite surface. The s l i c e i s then washed 

and immediately t r a n s f e r r e d t o an evaporator, where a m a t r i x of metal 

dots i s deposited on the heated e p i t a x i a l surface t o form the b a r r i e r . 

The prepared m a t e r i a l i s diced and each c h i p i s soldered t o a pedestal 

on one o f the package leads. A g o l d - p l a t e d menal whisker, which makes 

an ohmic-controlled-pressure c o n t a c t t o the top-surface of the metal 

d o t s , i s connected t o the other p e d e s t a l o f the package leads. The 

package i s then sealed i n a c o n t r o l l e d environment. The small s i z e 

o f the diode case and the g o l d p l a t e d w i r e leads assure i t s a d a p t a b i l i t y 

t o a v a r i e t y o f c i r c u i t packaging techniques. 
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3.4 P r a c t i c a l Schottky B a r r i e r Diode 

The non-linear e l e c t r i c a l properties of semiconductor diodes 

are determined by the exponential law of the type: 

jexp - j J - l j * = * s l e * P -TZ ~ 1 I (3-9) 

This r e l a t i o n has been approached by two derivations credited to Schottky 
(32) (32) 

and Spenke v ' (1939) and l a t e r by Bethe ' (1942) for metal-
semiconductor Schottky b a r r i e r diodes applications. These two approaches 
have led to the same slop (e/kT) and d i f f e r only i n the saturation 

current ( I ) . A more sophisticated theory, allowing for image force, s 
shows that the above factor should be taken as (e/nkT). The value of 

17 -3 
n depends on the donor density and i t i s 1.02 for N — 10 cm 

(34) 

(Sze e t a l , 1964) . Although values of n, s l i g h t l y greater than that 

attributed by the image force alone, have been recorded by many workers 

the small differences may be explained i n terms of a component of 
y(34) 

current due to recombination i n the depletion region (YU and Snow, 1968 
or tunnelling through the narrow b a r r i e r at the edge of the metal contact 

(34) 

(Wilson, 1932) v '. 

As f a r as the v a l i d i t y of equation (3.4) i s concerned, Kahng 

(1963) ̂ 1 ) ^ ^13,3 c a r r i e d out a c r i t i c a l experimental investigation, i n 

which he found that the law i s obeyed over a c e r t a i n range of current 

up to about 10 ^ amp. The deviation of the c h a r a c t e r i s t i c s a t larger 

values of current i s due to the substrate s e r i e s resistance (r ) . 
s 

Usually the resistance of a p r a c t i c a l diode reaches a constant low 

value a t forward voltages exceeding some p a r t i c u l a r value, generally 

greater than 0.5 v o l t , and t h i s value i s known as the s e r i e s r e s i s t a n c e . 

From t h i s consideration i t seems that the voltage V, i n equation (3.9) 

i s not the applied voltage V across the diode, but i t i s l e s s than V 
a a 
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by the v o l t a g e drop i r g developed across the ohmic r e s i s t a n c e r g o f 

the semiconductor s u b s t r a t e . Therefore equation (3.9) may be 

r e w r i t t e n as 

i. = I exp. (aV - a i . r ) - 1) ... (3.10) s_ 1 a r s i 
Sr »- J 

where a = ~r=- and V. = V - i r . 
nKT 3 a s 

From equation (3.9) i t i s e v i d e n t t h a t , f o r c u r r e n t ( i ^ ) g r e a t e r than 

se v e r a l times the s a t u r a t i o n c u r r e n t ( I g ) and lower than 10 ^ amp, 

a may be given by: 

&n i 
" ••• (3*11) 
a 

-5 
For c u r r e n t s higher than 10 amp, equation (3.10) can be w r i t t e n as 

[?T]-Zn I „ I = In I g - ( r g ) i - ... ... (3.12) 

This i s the equation o f a s t r a i g h t l i n e whose slope i s - ( a r ^ ) and 

whose i n t e r c e p t a t i ^ = 0 i s £n I g . Thus, equation (3.11) and 

equation (3.12) p r o v i d e ready means o f determining the constants a, 

r and I . s s 
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CHAPTER 4 

HARMONIC GENERATING AND FREQUENCY CONVERTING CIRCUITS 

4.1 Introduction 

I n communication, the information-bearing signals are usually 

conveyed from one point to another v i a a transmission medium. The 

medium may be a twin-line, a coaxial cable, a waveguide, or i t may 

be a free space. The fundamental requirement of any transmission 

medium i s to propagate as e f f i c i e n t l y as possible a p a r t i c u l a r band 

of the electromagnetic wave spectrum. To achieve t h i s , when the 

medium i s the free space, there i s a need for r e l a t i v e l y small and 

e f f i c i e n t radiators (antennas) which lead to the use of Shorter 

Wavelengths, i . e . higher frequencies. Another important reason for 

employing high frequency transmission systems i s that the losses i n 

free space a t audio frequencies are very high. The process of pro­

ducing higher frequency sources, which are usually modulated by low 

frequency s i g n a l s , can be done using methods of harmonic generation 

or frequency m u l t i p l i c a t i o n . This technique of s h i f t i n g a given 

low frequency band up i n frequency i s known as frequency t r a n s l a t i o n . 

In controlled harmonic generators, the power at a frequency 

a) supplied to a nonlinear element i s converted to powers a t frequencies 

harmonically-related to u . Such a method seems to be a convenient 

way of obtaining s i g n a l sources a t high frequencies, whenever i t i s 

d i f f i c u l t to generate these d i r e c t l y . The property of a nonlinear 

device and i t s analysis are e s s e n t i a l to the understanding of harmonic 

generation. Two c l a s s e s of nonlinear elements have been analysed, 

t h e o r e t i c a l l y , by various researchers, i . e . nonlinear r e s i s t a n c e s and 
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and n o n l i n e a r reactances. The former i n c l u d e p o i n t contact diodes 
(9) 

and the l a t t e r v a r a c t o r diodes. Page , i n 1956, has shown t h a t the 
2 

e f f i c i e n c y f o r a no n l i n e a r r e s i s t o r cannot exceed 1/n , where n i s 
(8) 

the harmonic number o f i n t e r e s t . Manley and Rowe (1956) have shown 

t h a t the t o t a l harmonic output power i s equal t o the fundamental 

i n p u t power i n t r o d u c e d i n t o a l o s s l e s s nonlinear reactance (conserva­

t i o n o f energy). I f the n o n l i n e a r reactance i s e x c i t e d o n l y a t 

w i t h power P̂  then from equation (2.10) 

Pj = ^ ^ ~ Pm *" * " *' * * * ^ 4 • 1 ̂  
m=2 

where negative s i g n ( -P m) i n d i c a t e s t h a t harmonics are su p p l i e d by 

the n o n l i n e a r reactance. 

The b a s i c b l o c k diagram f o r generating the mth harmonic i s 

shown i n Figure 4.1. A s i n u s o i d a l generator feeds a network con­

t a i n i n g a n o n l i n e a r element through a bandpass f i l t e r tuned to" a 

frequency u> . The outpu t o f the network i s connected t o a d i s s i p a t i v e 

load through a bandpass f i l t e r tuned t o the r e q u i r e d frequency mu>. 

When the s i n u s o i d a l source d r i v e s the n o n l i n e a r element, i t w i l l 

generate harmonics. A l l unwanted harmonics w i l l be r e a c t i v e l y t e r m i n ­

ated by the bandpass f i l t e r w h i l e the r e q u i r e d mth harmonic w i l l be 

d e l i v e r e d t o the load. I n the case o f a non l i n e a r reactance, the 

power i s exchanged o n l y a t the two frequencies u> and mui i f the 

element and f i l t e r s are l o s s l e s s . Therefore, generation o f a par­

t i c u l a r harmonic may be achieved w i t h almost 100% e f f i c i e n c y from a 

nonlinear-reactance c i r c u i t . 

I n frequency c o n v e r t e r s , a l a r g e and small s i g n a l a t d i f f e r e n t 

frequencies are a p p l i e d t o the n o n l i n e a r element. The l a r g e s i g n a l , 

which i s normally c a l l e d the pump, d r i v e s the n o n l i n e a r element whose 
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response w i l l be a harmonic spectrum. The small s i g n a l i n t r o d u c e d 

w i l l be t r a n s l a t e d i n frequency by the harmo n i c a l l y v a r y i n g compon­

ents of the incremental e q u i v a l e n t c i r c u i t . The n o n l i n e a r element 

w i l l be seen as a time - v a r y i n g device by the small s i g n a l source. 

This f a c t suggests c l e a r l y t h a t the harmonic generation i s the 

e s s e n t i a l i n i t i a l step i n any frequency c o n v e r t i n g process. 

I n a frequency converter, the s h i f t i n frequency occurs by 

combining the frequency o f the pump w i t h t h a t o f the small s i g n a l 

a t 0) . The r e s u l t i n g response, i n a d d i t i o n t o the harmonic spectrum s 
o f the pump, contains the sum and the d i f f e r e n c e components of the 

form 

n a) ±o) P s 

where n i s normally an i n t e g e r . The s i g n a l i s a t such a r e l a t i v e l y low 

l e v e l t h a t t h e r e i s n e g l i g i b l e generation o f i t s harmonics. When the 

frequency i s s h i f t e d down, n o n l i n e a r r e s i s t a n c e s are o f t e n p r e f e r r e d 

and the network i s c a l l e d mixer, b u t when the frequency i s s h i f t e d up, 

non l i n e a r reactances (varactors) are p r e f e r r e d and the network i s 

r e f e r r e d t o as a. parametric frequency changer. 

I n a parametric frequency changer, the two Manley and Rowe 

equations p r o v i d e two independent r e l a t i o n s among the powers f l o w i n g 

i n and out o f the n o n l i n e a r reactance a t v a r i o u s frequencies. They 

al s o c o n t r i b u t e u s e f u l i n f o r m a t i o n t o the p r i n c i p l e s of parametric 

a m p l i f i e r s , frequency up- and down-converters, i n a d d i t i o n t o harmonic 

generators. The general p r o p e r t i e s may be deduced from these r e l a t i o n s 

by some simple examples. I f i t i s assumed t h a t two generators are 

connected t o the no n l i n e a r reactance a t frequencies f ( s i g n a l ) and 

f^(t.o.) and a t h i r d frequency f ^ = f ^ + * s generated, a l l other 

sidebands are r e a c t i v e l y t e r m i n a t e d , then the two Manley-Rowe equations 
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reduce t o 

and 

P P 
J _ + _ 1 = 0 ... ... ... (4.2) 

1 3 

P P 
+ -r- = 0 ... ... ... (4.3) 

f2 f3 

I t must be noted t h a t P = 0 f o r a l l b u t P,, P. and P . The power 
m,n l /. 3 

P̂  and P^ are p o s i t i v e because they are supplied t o the n o n l i n e a r 

reactance w h i l e the power P̂  must be negative because i t i s s u p p l i e d 

by the no n l i n e a r element. Therefore, the device i s s a i d t o be s t a b l e 

and the maximum power gain i s given by 

f„ f , + f 
G = -1 = -J ?_ ( 4 4 

This type of parametric a m p l i f i e r i s c a l l e d the n o n i n v e r t i n g or 

upper-sideband up-converter (modulator). 

When the o p e r a t i o n i s reversed such t h a t a small s i g n a l power 

P^ i s su p p l i e d t o the nonlinear reactance, the powers P̂  and P^ w i l l 

be negative and a negative r e s i s t a n c e , t h e r e f o r e , w i l l be i n t r o d u c e d 

i n the pump (Z.o.) c i r c u i t which makes the device p o t e n t i a l l y unstable. 

I n t h i s case, the device i s c a l l e d the n o n i n v e r t i n g down-converter 

(demodulator). 

I f the power s u p p l i e d by the n o n l i n e a r reactance i s s t i l l P^» 

r e s u l t i n g from P̂  and P^ sup p l i e d t o the n o n l i n e a r reactance and 

= f ^ - f ^ i s the r e q u i r e d frequency, the two equations w i l l take 

the form 

f l " f 3 
0 ••• (4*5) 

and 
P P 2 3 
— + -rr- = 0 ... ... ... (4.6) 
2 3 
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From the f i r s t o f these two equations the s i g n a l power P̂  must be 

negative and the g a i n , t h e r e f o r e , i s given by 

G1, = - r r — - - ... ... (4.7) 

The i n p u t power from the pump (£.0.), t h e r e f o r e , flows out o f the 

nonl i n e a r element a t the two frequencies f and f ^ i n which most o f 
P 2 a P P e a r s a t f ^ and a small amount appears a t f . This r e s u l t s i n 

a negative r e s i s t a n c e i n the small s i g n a l c i r c u i t . Thus, the c i r c u i t 

i s s a i d t o be p o t e n t i a l l y unstable and i t w i l l o s c i l l a t e under c e r t a i n 

c o n d i t i o n s . Such a c i r c u i t i s c a l l e d an i n v e r t i n g o r lower-sibeband 

up-converter i f f ^ » f ^ and i t i s c a l l e d an i n v e r t i n g o r lower s i d e ­

band down converter i f f ^ < f j • I n both cases the s i g n a l f has been 

i n v e r t e d and hence the name i n v e r t i n g up or down converter. 

When f ^ i s approximately equal t o f ^ the s i g n a l c i r c u i t w i l l 

pass both the s i g n a l and f ^ ( c a l l e d i d l e r ) and the a m p l i f i e r i s c a l l e d 

a degenerate a m p l i f i e r . I f , on the other hand, the s i g n a l c i r c u i t 

w i l l n ot pass f ^ then the a m p l i f i e r i s c a l l e d a nondegenerate a m p l i f i e r . 

4.2 Basic R e s i s t i v e C i r c u i t 

One of the major d i f f i c u l t i e s encountered w i t h the n o n l i n e a r 

element i s t o f i n d i t s ac e q u i v a l e n t c i r c u i t . The a n a l y s i s o f a n e t ­

work, i n g e n e r a l , i s t o f i n d the c u r r e n t s and voltages i n i t s elements 

when the source and the imbedding networks are known. A no n l i n e a r 

element may be considered as a network w i t h unknown elements. These 

elements are f u n c t i o n of the a p p l i e d v o l t a g e or c u r r e n t and can be 

represented by the dc and time-varying admittances or impedances. I n 

order t o d e f i n e such elements, the c u r r e n t s and voltages generated 

w i t h i n and across each element must be found. I n the a n a l y s i s one 
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may either choose a sinusoidal voltage or sinusoidal current drive. 

The two basic c i r c u i t s for r e s i s t i v e harmonic generators are shown 

i n Figure 4.2a and b, respectively. The two p a r a l l e l (or s e r i e s ) 

resonance c i r c u i t s are tuned to to and mo respectively, and are assumed 

to be i d e a l l y s e l e c t i v e and present short (or open) c i r c u i t s to a l l 

other frequencies. The i d e a l choke across the nonlinear r e s i s t i v e 

element, i n the current-driven case, i s necessary to allow the dc 

current to flow. 

In the voltage driven case, i f the p a r a l l e l resonances are 

removed, as shown i n Figure 4.3, then the harmonic currents passing 

through the source and the load r e s i s t a n c e , R + R , w i l l develop 
S L 

harmonic voltages across the nonlinear r e s i s t i v e element and then 

the element i s driven by a Fourier voltage 
00 

V(t) = E cos tot - (R g + ^ ^ ^ - n c o s n u t (4.8) 
o 

In order to avoid such a complex drive, i t i s assumed that a diode 

of t o t a l s e r i e s resistance R + RT + r i s driven by the i d e a l 
s L s 1 

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

the c h a r a c t e r i s t i c shown i n Figure 4.4(c). 

As i t was shown in Chapter 2, the i - v curve can be described 

by a Fourier s e r i e s based on the fundamental frequency to of the 

applied voltage. The current i s then given by : 
00 

l ( t ) = 7 . 1 cos n to t (4.9)' 

where -m 
i = > a 1 — C (4.10) 
o / j m 2 m 5 

m = 2 , 4 , 6 , 2 
and 

m j 1 1 1 m-n 
m=n,n+2,n+4,.. 2 

«m 
a' — C (4.11) 
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The c o e f f i c i e n t a'^ depends on the c h a r a c t e r i s t i c equation of the diode 

which w i l l be calculated i n Chapter 5 for the exponential diode. 

Consequently, the chord and the incremental resistance or conductances 

may also be represented by a Fourier s e r i e s based on the fundamental 

frequency u of the type: 

V(t) = R„(t) = ^ "] ( r_) cos nut (4.12) i ( t ) c A — i c n 

o n 

l ( t ) = G (t) = V"* tg ) cos nut (4.13) 
Z-J <= n 

V(t) c 

or 
dV(t) = . . 
d i (t) R i l t ) = > (r.) cos n u t ... ... (4.14) 

Z-/ 1 n 

d i (t) 
dV(t) = G ± ( t ) = (g i) cos nut (4.15) 

The chord conductance, G c ( t ) , i s the component that generates the 

harmonic currents. Therefore, the best representation of equation (4.13), 

which r e l a t e s the harmonic currents and the applied voltage E cos u t , 

i s given by the c i r c u i t shown i n Figure 4.5. Thus equation (4.13) 

may also be rewritten as 

OB 00 

^ ^ In cos nut = cos ut ^ ^ (g^) cos nut ... (4.16) 
o o 

Upon equating the c o e f f i c i e n t s of the same frequency, the following 

se t of equations i s obtained: 
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1 2 E l g i 

1. = ^ 2 E l ( 2 g o + V 

— E (g + q ) 2 1 y l y 3 

2 E l ( g2 + g 4 } 

(4.17) 

1 = — E (q + q ) n 2 1 ^ g n - l g n + l ' 

This set of equations gives the harmonic currents as functions of 

the harmonic conductances. In pr a c t i c e , however, i t i s possible to 

measure or even ca l c u l a t e the harmonic currents. Therefore, i t i s 

desirable to obtain the harmonic conductances as functions of the 

harmonic currents. This i s achieved by solving the set of 

equation (4.17) for g Q, g^, g^, ... e t c . Then the harmonic chord 

conductances can be shown to take the following forms: 

(4.18) 

and 

c n n+1 n+3 n+5 (4.19) 

I f one compares the f i r s t and the t h i r d of equation (4.17) with 

equation (4.19) then the following r e l a t i o n s are found: 

= 1 - 1 + 1 - 1 4 6 8 

(gc> 

m+n-1' 

n(even) 
and 

( g ) , 
c n(odd) E. 

^L*/ ^ ̂  m 
m=n+l,n+3 
n-1 m+n-1 

E «-» ' " 
m=0,2,4 

m 

(4.20) 

(4.21) 

(4.22) 
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These re l a t i o n s can be deduced by the application of Fourier analysis 

techniques to the chord conductance equation, i . e . 

m B i n cos nut 
c E 1 cod ut 

The harmonics produced by the high l e v e l l o c a l o s c i l l a t o r 

source are an e s s e n t i a l part of the mixing process. The voltage and 

current-driven mixers can be obtained by a s l i g h t modification i n the 

frequency-selective imbedding networks of the corresponding harmonic 

generators. The small s i g n a l c i r c u i t a t u g i s added as shown i n 

Figure 4.6. 

The small s i g n a l input at os^ i s mixed with the Z.o. frequency 

and i t s harmonics producing the sum (u + u ) , the difference (u - w„) 
s p p s 

and the image (2u^ - u^) frequencies, i n addition to many other product 

frequencies. The difference or the intermediate frequency i s the most 

important component i n mixers and the other frequencies are usually 

considered as p a r a s i t i c s . The harmonic spectrum generated by the Z.o. 

and the f i n a l one generated after the mixing process took place, are 

shown i n Figure 4.7, respectively. 

The amplitudes i n Figure 4.7 are not drawn to s c a l e . The r a t i o 

of the available power at the signal frequency to that at the I-F 

frequency i s the conversion power l o s s , c.p.Z. The e f f i c i e n c y may 

be improved by preventing power l o s s at the p a r a s i t i c components, 

es p e c i a l l y at the image frequency. When the Z.o. termination i s 

i d e n t i c a l l y equal to the s i g n a l and image frequency terminations, the 

mixer i s c a l l e d broad-band. I f there i s an open or short c i r c u i t 

termination presented to the image frequency, i t i s c a l l e d a narrow­

band mixer. 
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The b a s i s for mixing the frequency u>s of the signal voltage 

E g cos u^t with the frequency of the Z.o. voltage cos to t i s simply 

demonstrated by the well-known trigonometric id e n t i t y : 

E s E r "i 
(E cos to t) . (E cosu t) = S

0
 P |cos(a) +0J ) t + cos(to - u ) t ... (4. s s P P 2 I s p s p l 

24) 

Such products r e s u l t from the i n f i n i t e power s e r i e s representation of 

the i - v curve given by 
00 

i ( v ) = /j a ••• ••• ••• (4.25) 
M B P * ID 

where 
V = E cos a) t + E cos to t s s p p 

The incremental conductance G ^ t ) of the nonlinear element i s 

seen by the small s i g n a l superimposed on the Z.o. drive. This i s 

given by 
00 

G. (t) = — = / . ma V 1™" 1 (cosw t ) " 1 " 1 ... ... (4.26) i dv A-rf m s s 

With the help of some standard trigonometric i d e n t i t i e s i t can be shown 

that: 

Cg.) - ^ y 
1 o v B ^ 

and 

mi ... ... (4.27) 
o v s ~ — m 

m=l,3,5 

(g.) = ^- V * ml ... ... (4.28) 
i n V s A-rf m 

m=n+l,n+3,.. 

Where 1 and 1^ have the general form of equations (4.10) and (4.11) 

These r e l a t i o n s can also be proved by the application of Fourier analysis 
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technique to the incremental conductance expression 
00 

d i 
dV 

> n In s i n (ncot) 
(4.29) 

V s i n u t s s 

A detailed a n a l y s i s of a general nonlinear r e s i s t i v e element i s 

currently under consideration by Dr. Kulesza and h i s research group 

in the Department of Applied Physics and E l e c t r o n i c s , University of 

Durham. 

The modification incorporated i n the voltage driven c i r c u i t to 

the t o t a l s e r i e s resistance cannot be e a s i l y considered i n the current-

driven case since an i d e a l current source i s d i f f i c u l t to achieve i n 

pr a c t i c e . In the voltage-driven c i r c u i t i t i s assumed that the 

voltage drive i s cos w^t and i n the current-driven case the current 

drive must also include the d.c. current component, i . e . 1 +1 cos u) t . 
o p p 

Although the solution to the current-driven equation of an exponential 

diode i s e a s i e r than that of the voltage driven case, the measurements 
of harmonic voltages across a high impedance c i r c u i t i s very d i f f i c u l t 

to carry out experimentally. The measurements of harmonic currents 

i n the voltage-driven case are easy to obtain using frequency s e l e c t i v e 

instruments and the only problems that remain are of mathematical 

nature i n finding the solution to the diode equation. Therefore, the 

aim of the next chapter i s to present a method of solving the exponen­

t i a l equation for the harmonic currents generated i n the diode and 

show the v a l i d i t y of the approach by comparing the t h e o r e t i c a l l y -

calculated values with the experimental r e s u l t s . 

aft 
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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 

r e s i s t i v e element. In f a c t , a p r a c t i c a l device such as a Schottky-

b a r r i e r diode comprises apart from a l i n e a r s e r i e s r e sistance ( r g ) 

and a nonlinear junction resistance (R..) also the junction and package 

capacitances (C_., C^) and, due to leads, a s e r i e s inductance ( L g ) . 

Therefore, the device i n general may be represented by an equivalent 

c i r c u i t as shown i n Figure (5.1). 

The in d i v i d u a l values of the c i r c u i t components are dependent 

on the s p e c i f i c design. The capacitance l i e s , normally, i n the range 

from 0.2 to 2.0 Pf, and the inductance i s of a few nanohenries (e.g. 

3 nh). At dc and frequencies l e s s than 30 MHz, therefore, the magni­

tude of the capacitive reactance i s very large compared to small forward 

junction resistance and the magnitude of the inductive reactance i s 

considered to be very small. At such low frequencies, then, there i s 

no loss of generality i n taking the s i m p l i f i e d equivalent c i r c u i t of the 

diode as a l i n e a r resistance i n s e r i e s with the nonlinear r e s i s t a n c e . 

Laboratory experience shows that the i - v c h a r a c t e r i s t i c of a hot 

c a r r i e r diode can be accurately described, within 0.2%, by the exponential 

law of the type: 

where i r i s the voltage drop across the diode spreading resistance s 
e and a = . In practice the measurements are usually taken across nKT 

an additional r e s i s t o r (R T) i n s e r i e s with the diode and the source. 

i 
• 

I | exp (aV - ar i ) (5.1) 

L 



is r s °—-—innr MV 

Cp_ 

F IG 5-1 Equivalent Circuit of Schottky - Barrier Diode 



I t i s l o g i c a l , therefore, to include t h i s resistance also i n the diode 

equation, i . e . 

I 
s 

£exp (aV - aRT,i) - l j ... ... (5.2) 

where R_ = r + R + R and R i s the resistance of the energising 
J. s s L s 3 ' 

source. 

For the reverse c h a r a c t e r i s t i c , the deviation from theory may 

be avoided by considering that the incremental resistance i s of s u f f i c ­

i e n t l y high value not to i n t e r f e r e i n most applications with the 

operation of the harmonic generating c i r c u i t s . This i s e s p e c i a l l y true 

for commercial Schottky-barrier diodes at and below the 2 v o l t s of the 

applied peak drive. 

In most ac applications the diode i s energised by a single 

frequency sinusoidal pump while the response contains a l l possible 

harmonics. Therefore, the response of a single frequency voltage-driven 

diode i s a spectrum of harmonic currents. In order to derive a useful 

mathematical representation for the individual harmonic component, the 

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

CO 

i = affl V m ... ... (5.3) 

m=0 

To simplify the analysis, i t i s convenient to r e s t r i c t . b o t h the voltage 

and the Fourier currents to cosine terms. The c o e f f i c i e n t s of the power 

s e r i e s are given by the derivatives of the modified exponential law 

(equation (5.2)), with respect to V, evaluated at V = 0. The f i r s t 
(41) 

s i x derivatives have been calculated d i r e c t l y by Orloff i n 1963. In 
(42) 

1967, M i l l s has determined higher d e r i v a t i v e s as polynomials i n 
dx 

whose c o e f f i c i e n t s s a t i s f y a recursion r e l a t i o n . In both methods 
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the computation of the mth derivative depended on the (m-l)th 

derivative. 

An attempt has been made by the author to t e s t the convergence 

of the power s e r i e s under the assumption that the magnitude of the mth 

co e f f i c i e n t must decrease as m gets larger-. Hence a computer programme 

has been proposed to c a l c u l a t e the c o e f f i c i e n t s for a p r a c t i c a l diode 

using a matrix formula of the type: 

A = B X (5.4) 

where: 

A = 

( b b 11 12 

B = 

,. .b In 

21' 

ml 

i 
i 
i 
i 
i 
b 
mn 

X =• (-1) n-1 

d- x) 2m-1 

r 1 N 

n-1 

and x = a R I . 
T s 

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

m,n m 

T m r 
s a 

m! n b(m-l) ,n + (2m - n - 2) b ( m - l ) , ( n - l ) j (5.5) 

using as i n i t i a l values 

m,n = 0 for m •$ n 

and 

m,l = 1 for m = 1, 2, 3, 

The values for x used i n the computations were taken from the parameters 
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-4 -7 

of p r a c t i c a l diodes and covered the range extending from 10 to 10 

The computed c o e f f i c i e n t s resulted i n alternating sequences. The 

f i r s t one contained decreasing positive values of |a m | with increasing 

m. The second sequence began with increasing negative values of |a m| as 

m increased further. Then, the increase of \ a
m\ continued i n d e f i n i t e l y 

for the r e s t of the alternating sequences, up to the computer l i m i t . 

The uncertainty, experienced by such sequences, creates problems i n 

converging the power s e r i e s . However, the s e r i e s must converge to a 

def i n i t e value, for any given applied voltage, determined from the f i n i t e 

closed form of the exponential law. Therefore, i t was thought that a 

closed form of a
m ( x ) would r e s u l t i n rapid convergence of the power 

s e r i e s . Many d i f f e r e n t attempts have been made to derive such r e l a t i o n s 

and one of the best w i l l be the subject of Section 5.3. 

5.2 Basic Relations 

Let, for s i m p l i c i t y , the driving voltage and the r e s u l t i n g current 

functions be represented as v and i , respectively, i . e . for the voltage 

driven c i r c u i t 
GO 

A 1 cos no) t and V = V cos u t . n p P P 
0 

Since the current i s a continuous single-valued function of the 
th 

applied voltage and i t s m derivation with respect to V e x i s t s , the 

current may be expanded as an i n f i n i t e power s e r i e s (equation (5.3)) 

(v) = L am ^ 
0 

where a = 0 (as no biasing current has been assumed), and a,, a„, a_, .., o 1 2. J 
2 3 

etc. are dimensionally i n amp./volt, amp./volt , amp./volt , e t c . ... 

respectively. 

In general i ( v ( t ) ) = f( v ) and using Maclaurin's expansion y i e l d s 
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(1) (2) (3) 
f(o) f(o) 2 , f(o) 3 

(m) 
f (o) m f (v) = f to) + —rr~ v + —r\— v + —rj- v ... + v (5.6) 

Cm) th where f(o) i s the m derivative w.r.t. v evaluated about v = 0. 

The c o e f f i c i e n t s i n the power s e r i e s expansion are consequently 

given by 
1 <m> i xm< 

(5.7) 
1 ™ 1 d m i a = — f (o) = — m m! m! 

V=0 

I f next, the diode equation i s d i f f e r e n t i a t e d successively 

w.r.t. V then 

(1) 
f (o) = a I s (1 + x) 

(2) 
f (o) = a 2 I 

S (1 + x ) 3 

(3) 
f (o) 3 T 1 - 2x a I 

s . .5 

(5.8) 

(1 + x)-

(4) 
f (o) 

e t c . 

4 1 - 8x + 6x 
a \ — ^ ~ (1 - x) 

where x = aR I and the numerical c o e f f i c i e n t s of x follow a T s 

p a r t i c u l a r sequence which w i l l be examined and discussed i n d e t a i l 

l a t e r . 

Introducing another c o e f f i c i e n t A which i s a function of x, 

such that 

(m) 
f (o) a™ I A (x) s m (5.9) 
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the power s e r i e s expansion may be rewritten as 

ox v r i = i y a cx) i 2 ? 
s Z-^ m m! 

1 

(5.10) 

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

expressed as 

( 00- Q 

y A (x) J 2 ? L . - ! 
o 

(5.11) 

or 

exp(aV - dR^i) = J] A m (x) (aV) 
mi 

m 
(5.12) 

where 

A = 1 

A - l 

A„ = 

A, = 

A. = 

(1 + x) 
1 

(1 + x ) 3 

1 - 2x 
(1 + x ) 5 

1 - 8x + 6x' 
(1 + x ) 7 

1 - 22x + 58x 2 -
9 

(1 + x) 

24x~ 

(5.13) 

e t c . 

5.3 Expansions for the A(x) Coeff i c i e n t s 

As i t has been seen, the c o e f f i c i e n t s A (x) are given by the 
m 

quotient of two polynomials. The denominator of each quotient i s in 
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closed form while the numerator cannot be found i n a closed form. 

Because of the l a t t e r case, and i n addition to the d i f f i c u l t i e s 

experienced i n an attempt to evaluate the A(x) c o e f f i c i e n t numerically, 

i t was decided to transform the f i n i t e quotients into an i n f i n i t e 

s e r i e s by multiplying the polynomial i n the numerator by the i n f i n i t e 

power s e r i e s expansion of the quotient 

,(2n-l) (1 + x) 

which resulted i n 

1 , 2 3 ^ 4 
1 - X + X - X + X 

1 - 3x + 6x 2 - 10x 3 + 15x 4 

1 - 7x + 25x 2 - 65x 3 + 140x 4 

1 - 15x + 90x 2 -350x 3 + 1050x 4 

(5.14) 

etc. 

I t was found that the c o e f f i c i e n t s of x i n the new s e r i e s are 

the S t i r l i n g Numbers (43) of the second kind. Rewriting the above s et 
_m of s e r i e s using the S t i r l i n g Numbers, S , gives 
n 
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A » S. 

for n ̂ 1 

where 

A. - S 

A„ = S 

A„ = S 

2 3 2 S^x + x 

2 3 S, x + S, x 3 4 

2 , 3 S„ x + S_ x 4 5 

4 3 SA x + 4 

4 3 S_ x + 5 

4 3 S , x + 6 

A (x) n E , , ,m-l m m-1 (-1) S ^ , x n+m-1 
m=l 

m 

n 
n m - K % K

n 

K=0 

(5.15) 

(5.16) 

Further, using the general expansion for the S t i r l i n g numbers 

and rearranging the terms i t was found that A(x) c o e f f i c i e n t s may be 

also expressed as s e r i e s of exponentials of the form: 

x (2x) 2x e - 2 — r - ; — e , , (3x) f c 3x 
+ 3"3T" e 

. (4x) 4x . 4 - ^ j - e . + 

A„ = 2 (2x) 2x ^ ,2 (3x) 3x 2 (4x) 4x 
e ~ _ 2 •• e 

2! 
+ 3 e - 4 4! 

A_ = c x n3 (2x) _2x ^ , 3 J 3 j t T ^3x _ 4 3 (4x) J ^4x e -2 ~ - e + 3 - - 3 T - e 4! 

etc. 

4 (2x) 2x j „4 (3x) 3x .4 (4x)° 4x e + 3 ^IT 6 4 ^tr e ~ + 

(5.17) 

from which the general expression i s given by 

, n + K 
A (x) = e n 

X £ (-DK (K + 1) 

K=0 (K+ 1) ; 
x K (x e x ) (5.18) 
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The expansions j u s t developed for the A(x) c o e f f i c i e n t s s t i l l 

do not converge s u f f i c i e n t l y quickly to be of p r a c t i c a l value. How­

ever, the formulae are necessary for further stages of the a n a l y s i s , 

i n addition to t h e i r usefulness i n computing the n*"*1 derivative of 

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

5.4 I n f i n i t e S e r ies Solutions for the Harmonic Currents 

Since the harmonic currents that r e s u l t from the exponential 

diode are defined by Fourier s e r i e s , i t has been found necessary to 

study the properties of the modified exponential law given i n the form 

of an i n f i n i t e s e r i e s . The expression used to obtain the amplitude of 

the harmonic currents i s given i n equation (5.10). In t h i s case the 

power s e r i e s expansion i n terms of the driving voltage V = cos w^t 

i s given by 

(a V ) 
i = I V * 1 A <x) r ^ - ( c o s "> t ) m ... ... (5.19) 

s / j m ml p 
m=l "r: <• a - ' 

The term (cos ui t ) m can be evaluated i n terms of i t s harmonic components 
P 

using the trigonometric expansion 

(cos a i p t ) m = ^ " W p t ] ( 5 ' 2 0 ) 

K=0 

where C (m\ m(m-1) (m-2) (m-K+1) , /m\ 

K J = a n d U = 

Substituting the r e s u l t s of (5.20) into (5.19) and arranging terms of 

the sum y i e l d s 
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L-I V A t x ] — 7 ^ . 4 - m c +21 
s / j m m!. 2

m 2L s 

in=2,4,.. 2 n=l 

00 (ccV f . 

/ v m m! 2 m m ~ n 

m=n,n+2,.. 2 
cos n u t 

P 

(5.21) 

This i s i d e n t i c a l to the Fourier cosine s e r i e s of the type: 
00 E l cos n (o t ... ... (5.22) 

n 
i = i + 7 1 cos n w t o n p 

n=l 

Thus, the amplitudes of the harmonics can now be extracted d i r e c t l y by 

equating the c o e f f i c i e n t s a t the same frequency on both sides of the 

equation, i . e . 

i = I A ( x ) — 7 o s / j m m! 
p_ J_ m, c 

m m 
(5.23) 

m=2,4,6,.. 

and for n > 1 

n 21 s ' J m 
m=n,n+2,n+4, 

A „ ( x ) — ? - A. m
c ml 2 m m~n (5.24) 

For a nondissipative diode, ( i . e . A (x) = 1 when R m = 0 ) , the 
m T 

two summations are the modified Bessel Functions of the f i r s t kind of 

order zero and n respectively. I n order to determine s i m i l a r r e l a t i o n s 

for the p r a c t i c a l diode i n s i t u , the s e r i e s for the c o e f f i c i e n t A ( x ) , 
m i . e . 

« » , x V"* / ..K ( K + l ) m + K x K 
V x ) = 6 2L, (K+i)» { X B ) • " ( 5 - 2 5 > 

K=0 

i s substituted into the equations (5.23) and (5.24) . Rearranging terms 
(44) 

and using the ide n t i t y 

~ x i 2 / x \ ,
 3~ / 2 4 3 . x, 3 , c e = 1 - (x e ) + ̂ -p (x e ) - — (x e ) (5.26) 
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the dc and harmonic components may also be written i n terms of the 

modified Bessel functions, i . e . 

[ 2 
X («V ) - ~(x e X) X (2aV ) + ^ ( x e X ) 2 X (3aV ) 
o p 2! o p 3! o p 

4 i x.3 t * . , *1 T (5.27) - -rr(x e ) JL (4ctV ) + ....» I - I ... 41 o p I s 

or 
.K-l 

x i «= I e | V ( - 1 ) K _ 1 X (KaV ) (x e X ) ~ - I (5.28) |̂ *-» o p K! J s 

and 

The above solutions, although elegant i n form, again do not 

converge quickly enough to be of p r a c t i c a l value for numerical 

evaluations. Any further attempts to make them converge f a s t e r 

proved unsuccessful. However, a d i f f e r e n t i n i t i a l approach, described 

i n the next section, has eventually produced the required expressions 

suitable for numerical evaluation of the harmonic amplitudes. 

5.5 The Solution 

The aim i s to devise a method for obtaining a closed form 

expression which provides the f a s t e s t and most e a s i l y programmable 

solution. A d i r e c t approach i s to consider the diode power s e r i e s 

solution of the current as a function of the applied voltage which 

i s given by 
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QQ * ... in 
iCV) = I V* A (x) >•.' • ... ... (5.30) 

s *-* m m! 

where V = V cos w t P P 

and 
m̂+K K 

nT"' ~ ^ ' " (K+f) 
» , > x <^ , < V K ( K + l ) m , x, „. A (x) = e 2J + I \ i (x e ) ... (5.31) 

Expanding equation (5.30) with the substitution of A (x) from 
m 

equation (5.31) gives the following expansions: 

i(V) = I e s 
xf f(aV) i (aV) 2 , (aV) 3 . 1 

L n 7 " — + — + " J 
2 x T(2aV) (2ctV) , (2aV) , "1 " 2T(X 6 J[Ti ~2! ~7i 00 J 

] 
[ •] » 

(5.32) 

Replacing each s e r i e s i n the brackets | | by an exponential 

of the same arguments r e s u l t s i n 

i(V) = I s e X [ ( e a V - l ) - ^ - ( x e X ) ( e 2 V - l ) + f^xe*)* (e 3 a ? l > . . . . . ] 
(5.33) 

Rearranging and using the expansion given i n equation (5.26) y i e l d s 

f i n a l l y 

• _ aV+x I , 2 . aV+xx . 3 2, aV+x.2 "1 „. i (V) = I g e 1 - — ( x e ) + yjj-(x e ) «. - i g 

(5.34) 

or i n a summation form 
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i(V) = I e s 
OV+x 1 + 

«o K v 
, n K CK+1) , CtV+X, K 

K=l 
CK+11J - I (5.35) s 

I f the new variable y i s introduced such that 

aV+x y x e = y e (5.36) 

then 

i(V) = I e s 
av+x 1 + 

K (K+iy 
(K+l) 1 (y e

y ) 
K 

K=l 
- I (5.37) 

-y 

Since the above expression now s a t i s f i e s the expansion for e , i t can 

be written i n a closed form, i . e . 
i(V) = I e a V + X . e~ Y - I ... ... (5.38) 

s s 

where the value of y must s a t i s f y the i n d i c i a l equation 

(XV + £nx + x = y + £ny (5.39) 

Letting 

Iny = X (5.40) 

i t i s immediately c l e a r that 

Z = e + X .. (5.41) 

where Z = aV + -fcnx + x and X i s a function of u t . 
P 

I f t h i s new variable i s substituted into equation (5.38), then 

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

• a • • (5*42) r e X ( U D t ) 

i ( u t) = I f - P - 1 P s\x 

or 
i ( u t) = I P s 

Z(w t ) X(u> t) 
E _ E i 

X X (5.43) 
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I t i s c l e a r , from the r e l a t i o n Z (w t) = V cos w t + £n x + x , 
P P P 

that the function represented by Z(OJ t) i s periodic and has the period 
P 

2ir of the applied voltage cos ui^t. Thus, the function XOd^t) i s 

periodic and i t can be determined, numerically, from 

Z(u) t) = e^^p*^ + X(m t) for any fixed value of a> t . The graph P P P 
of X(aipt), shown i n Figure 5.2 can be repeated p e r i o d i c a l l y i n any 

i n t e r v a l of length 2ir, i . e . X(u> t + 2nir) = X (ai t ) . The Fourier 
P P 

c o e f f i c i e n t s of such an even function, i . e . X(-OJ t) = X(u t) , are 
P P 

given by 

where N i s the number of ordinates taken i n the i n t e r v a l o to n 

Hence the amplitudes of the harmonic currents, are f i n a l l y 

given, using equation (5.43), by 

N-l 
= £ E X(r . , cos K(r .£) N . N N r-0 

(5.44) 

and X(r . i s the value of X evaluated at (* . j^) . 

N-l Tr S E x( (l X + X ) N N n 

N-l s E xp . j ) a V cos ( r N N 

N-l 11 E xc ) cos 2 ( r N N N 

(5.45) 

N-l 
E x ( ) cos K ( r N K N N for K ^ 2 
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or from equation (.5.42) 

2 N-l 
* N ^ i i r . J-) . coaK ( r . 1) ... ... (5.46) 

r=0 

where 

i ( r . ~ ) = — (e - x ) ... ... (5.47) 

The error of these approximations diminishes as N increases. 

5.6 An Alternative Approximate Solution 

In Section 5.5 the waveforms of X (w^t) were plotted 

(Figure 5.2) numerically, using the a u x i l i a r y i n d i c i a l equation 

Z ( u p t ) = X(w pt) + e
X ( U ) P t ) ... ... (5.48) 

where Z(u^t) = a cos u^t + £nx + x. For a constant applied voltage 
V^, i t i s c l e a r that the amplitude and the width of X(ou^t) are propor­
t i o n a l to x = a I R and hence to the t o t a l s e r i e s resistance R . The 

s T T 

p o s i t i v e going waveform may be represented by a pulse t r a i n of duration 

T, r e p e t i t i v e i n the period 2ir, and with amplitude |x(0)|. Since T = 2if 

there i s no l o s s of generality to consider X as a function of t , e.g. 

X ( t ) . 

I t i s also noticed that X(t) i s l e s s than Z(t) for a l l p o s i t i v e 

waveforms. Therefore, i t i s thought that X(t) may be expressed as an 

e x p l i c i t function of Z(t) i f equation (5.48) i s expanded i n terms of 

X ( t ) / Z ( t ) and the terms of powers greater than two are neglected. That 
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i s to say 

X = In (Z - X) 

X = InZ + In - |) 

(5.49) 

Solving the res u l t a n t quadratic equation, for X , y i e l d s 

X(t) 55 Z (t) + z z ( t ) + 1 
Z( t ) ' 

(5.50) 

This equation i s v a l i d over the p o s i t i v e waveform i n t e r v a l which ranges 

from zero to V2. Since X( T/2) = 0, i t follows from equation (4.48) 

that 

aV cos T/2 + £nx + x = 1 
P 

and 

T/2 = cos -1 1 - In X - X 

aV ] (5.51) 

I t i s found that equation (5.50) i s accurate within 0.03% over the 

i n t e r v a l 

cos 
1 1 - £n x - x 

: » t » 
aV_ J 

(5.52) 

From equation (5.51), the value of x and hence R^ may be limited such 
1 — fLn x ~- x 

that 1 -- 1. Therefore, the maximum and minimum values 
CtVp 

of x are given respectively by 

tn x * x = aV + 1 
P 

tn x + x =-(aV - 1) ... 
P 

(5.53) 

(5.54) 



- 57 -

Thus, when x and a are known i t i s in t e r e s t i n g to predict from equation 

(5.54) the maximum value of the peak applied voltage, V**- ^ x — , 

such that the maximum (<*>) number of harmonic currents may be extracted 

for a p r a c t i c a l diode. 

For a very small portion of the negative waveform | X ( t ) | i s 

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

2 
Z(t) e X(t) + 1 + X - ^ - + X ( t ) 

1! (5.55) 

Solving for X(t) gives 

X(t) = 2 

Z + 1 
This expression i s v a l i d for 1 ^ — - — > 0 or 

cos -1 - 1 - tn x - x > t > cos -1 1 - £n x -
aV 

(5.56) 

(5.57) 

The corresponding r e l a t i o n of X(t) over the r e s t of the i n t e r v a l 

may be approximated by 

X(t) = Z(t) (5.58) 

where 

it >s t >, -1 I - 1 - £nx - x (5.59) 

I t i s shown i n Section 5.5 that the current i s given by 

equation (5.42): as 

i ( t ) (5.60) 
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Substituting equations (5.50), (5.56) and (5.58) into equation (5.60) 

gives 

i ( t ) 

f [expj(z 2(t) +Z ( t ) ) ^ ^ ^ 1 - ^ ] 

^ h l 2 ( / ^ - + X ] 

-f-jexp ( Z ( t ) ) - xJ 

cos 

C O S 

l f l - E n x - x l . . 
2 

L aV J 

P 

i r z L ^ i > t > c o s - i r i - ^ n x - x ] 
L aV J L a V J 

-1 f - l - l n x - x "I ir »t >y cos I 

(5.61) 

One half of the period i s considered only since the waveform of X(t) i s 

symmetrical about the o r i g i n . The amplitudes of the harmonic currents 

may be given by equation (5.46) as 

N=l 
N Z-/ 

r=0 
i (r .£) . cos K ( r . J ) (5.62) 

where N i s the number of ordinates taken i n the i n t e r v a l 0 to n and 

•{ J.{T . ^-) i s the value of current evaluated from equation (5.61) over 
it the assigned i n t e r v a l s a t (r . — ) and N 

Z (r . — ) = a V cos (r . £ ) + Znx + x . N p N 

To c a l c u l a t e the forward current I f as a function of the applied 

forward voltage V f, the l i m i t s of equation (5.61) are given respectively 

as 

v t > ( ' - < T " ) -

/- 1 - l n x l x\ ^ v 

\ M / f 

(5.63) 

(5.63) 

(5.64) 
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CHAPTER 6 

EXPERIMENTAL RESULTS 

6.1 Introduction 

The aim of t h i s chapter i s to present and examine the experimental 

aspects of the exponential law i n the same comprehensive way that the 

theoretical p r i n c i p l e s were analysed i n the previous chapters. Con­

siderable attention was given to s e l e c t the most p r a c t i c a l methods 

which required the minimum of equipment and which were l e a s t l i k e l y to 

introduce large e r r o r s . 

I n i t i a l l y the v a l i d i t y of the exponential law for hot-carrier 

diodes was investigated. This was done by c a l c u l a t i n g the three con­

stants commonly encountered i n such laws, I , o , and r , from the 
s s 

measurements of currents and voltages. Then the measured currents i n 

each case, together with the calculated constants, had been put back 

into the exponential law and the forward voltages determined. The 

r e s u l t s , including the percentage e r r o r s , have been tabulated for three 

d i f f e r e n t types of diodes. 

This was followed by measuring the amplitudes of the f i r s t ten 

harmonic currents including the dc component. Twelve diodes, four of 

each of the three types, were tested i n the same way to prove the methods 

of a n a l y s i s . The calculated harmonic currents have been plotted against 

the applied voltages with the experimental points superimposed. 

F i n a l l y the s t a t i c curve for each diode was compared with the 

dynamic one. The former was plotted using equation (3.10). The l a t t e r 

was obtained experimentally by taking the algebraic summation of a l l 

the measured harmonic currents plus the dc component for each applied 

voltage. The p o l a r i t i e s of the measured harmonic currents were deduced 

from the calculated r e s u l t s . 
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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 i n the group. 

6.2 Methods and Basic C i r c u i t s 

The c i r c u i t shown i n Figure 6.1 was used to measure the dc 

current-voltage c h a r a c t e r i s t i c s . The voltage across the diode and the 

50 0 r e s i s t o r W^gg) w a s measured using a high q u a l i t y vacuum-tube 

voltmeter type HP 412. The current was deduced from the voltage drop 

across the 50 0 r e s i s t o r to avoid the errors possibly introduced by 

the s e r i e s resistance of the ammeter. The s e r i e s resistance of the 
Cb 

diode was considered as the combin't'ion of (r + 50) n. The 1 Mfi 
s 

r e s i s t o r i n s e r i e s with the 1 Kfi potentiometer, across the input voltage 

was used to ensure that the c h a r a c t e r i s t i c of the diode would not change 

by varying the applied voltage. 

Apart from the dc c h a r a c t e r i s t i c s , the other measurements which 

have been made were those of harmonic currents. The experimental v e r i f i ­

cation of the calculated harmonics was c a r r i e d out using the arrangement 

shown i n Figure 6 . 2 . The applied voltage was measured on the o s c i l l o ­

scope and then the harmonic currents were calculated from the voltage 

drop, across the 75 n load, measured on the wave analyzer at the 

required harmonic. The wave analyzer was i n i t i a l l y c a l i b r a t e d by means 

of the o s c i l l a t o r at the reference voltage of 100 mV peak. The atten­

uators of the wave analyzer were adjusted so that the output in d i c a t i o n 
at 

produced zero reading ©f' the fundamental frequency. Then the deviation 

of the harmonic components had been taken i n ± dBs which were subtracted 

from or added to the measured harmonics accordingly. 
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6.3 D.C. C h a r a c t e r i s t i c s 

The c h a r a c t e r i s t i c s of three d i f f e r e n t types of hot-carrier 

diodes are presented with the dual purpose of providing useful data 

and of showing the v a l i d i t y of the exponential law. The data obtained 

i n the c i r c u i t of Figure 6.1 are shown in Table 6.1 for diode type 

5082-2800. The low current range i s represented by the s t r a i g h t l i n e 

of Figure 6.3 where equation (3.9) i s predominant. From the slope 

(£n i f / V j ) of such a s t r a i g h t l i n e , the constant ot was determined. 

Figure 6.4 i s a plot of £n ^ f^ 6 ^^^ V S " * f t* i e c u r r e n t range. 

Using the value of a which had been calculated from Figure 6 . 3 , the 

constants r and I were evaluated as demonstrated previously i n s s 
equation 3.12. The same procedures were used to c a l c u l a t e the constants 

for the diode types 5082-2811 and 5082-2833 and the figures are s e l f -

explanatory. The calculated constants for each diode were f i t t e d 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 r e s u l t s as shown 

i n Tables 6 . 2 , 6.4 and 6.6 i n Appendix 5. 

6.4 Harmonic Currents 

Twelve h o t - c a r r i e r diodes, four of each type, were tested at a 

pumping frequency of 50 kHz. Such low frequency was thought appropriate 

i n order to reduce both the e f f e c t of diode p a r a s i t i c s and the noise. 

The pump voltage used ranged from 0.3 v o l t to 2 v o l t s . Voltages l e s s 

than 0.3 v o l t had been considered as small signals and the e f f e c t of 

the diode s e r i e s resistance was therefore i n s i g n i f i c a n t . 

The t h e o r e t i c a l calculations with the experimental r e s u l t s 

superimposed are compared i n Figure 6.9 to Figure 6 .20. The ' c i r c l e s ' 
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and the 's o l i d l i n e s ' indicate the t h e o r e t i c a l dc and harmonic com­

ponents, respectively. The dots are used for the measured dc 

currents and the 'crosses' are used for the measured harmonic currents. 

On re f e r r i n g to the t h e o r e t i c a l values, there i s a reasonable 

correlation with the measurements ca r r i e d out on the diodes. The 

deviation from the predicted values may have been caused by the noise 

at very low l e v e l s . Other errors may have resulted from the o s c i l l o ­

scope readings over the wide range of 0.3 to 2 v o l t s . 

In general, the harmonic spectrum has shown resemblance to 
S^"" d function with unsymmetrical e f f e c t i v e pulse width over the 
o 

alternating lobes. This can be seen from the t h e o r e t i c a l l y tabulated 

harmonic spectrum. However, i t i s noteworthy that the negative spectrum 

occurred af t e r the f i r s t minima had been reached. The p o l a r i t i e s of 

the spectrum continued to change aft e r each minima. The range between 

two successive minima or the position of the f i r s t minimum proved to 

be a function of x = aR„ I which varied from diode to diode even 
T s 

within the same group. 

6.5 Comparison of S t a t i c and Dynamic C h a r a c t e r i s t i c s 

Since the actual wave analyzer could not detect phase, i t s 

display does not show p o l a r i t y of the spectrum. Study of the t h e o r e t i c a l 

harmonic curves has provided the means of determining t h e . p o l a r i t i e s of 

the measured amplitudes. The comparison between the s t a t i c and the 

dynamic c h a r a c t e r i s t i c s provided an additional v e r i f i c a t i o n of the 

exponential law. The former ( s o l i d l i n e s ) were obtained by pl o t t i n g 

the peak currents against the peak voltages from the modified exponen­

t i a l law, e.g. equation 3.10. The l a t t e r (squares) were superimposed 

and obtained from the algebraic summation of the f i r s t ten measured 
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harmonics plus the dc component against the corresponding peak voltages. 

The appropriate data and pl o t s are shown i n Tables 6 . 3 1 - 6 . 3 3 and ' 

Figures 6 . 2 1 - 6 . 2 3 respectively. The deviation of the dynamic from the 

s t a t i c curves was due to the f a c t that more than ten harmonic currents 

had to be taken into account. The reasonable agreement of the s t a t i c 

with the dynamic curves has proved the assumption made before that the 

diode equivalent c i r c u i t was purely r e s i s t i v e at the chosen frequency 

6.6 Discussion and Comments 

In proposing the use of a ho t - c a r r i e r diode i n ei t h e r a detector 

or a mixer c i r c u i t one should normally know the i - v c h a r a c t e r i s t i c of 

the diode. This i s because the i - v relationship can be represented by 

a Taylor expansion whose terms contain the component of the modulating 

signal or the intermediate frequency, respectively, i n addition to many 

other beat and harmonic frequencies. I f the law accurately describes 

the i - v curve of the diode i n s i t u then the amplitude of the required 

frequency can be predicted t h e o r e t i c a l l y . 

An attempt, therefore, has been made to give a simple and useful 

picture of the e l e c t r i c a l performance of hot- c a r r i e r diodes which may 

reveal a wealth of information necessary for t h e i r applications. The 

e l e c t r i c a l properties of such diodes, based on the modified exponential 

law, have been v e r i f i e d experimentally. The calculated and measured 

r e s u l t s have i l l u s t r a t e d the general e f f e c t s of the various parameters. 

I t was found that the the o r e t i c a l and experimental r e s u l t s had proved 

to be adequate in s a t i s f y i n g the modified exponential law. 

The t h e o r e t i c a l 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 
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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, r e l a t i v e l y , as a function of x. This type of informa­

tion i s p a r t i c u l a r l y important for higher harmonic applications and 

hence for detecting and mixing processes to improve t h e i r conversion 

e f f i c i e n c i e s . By proper choice of the parameter x and the pump l e v e l 

one may ensure that the intermediate frequency, e.g. i n a mixing 

process, produced by beating of the image and the sidebands with the 

pump and i t s harmonics add i n phase to the d i r e c t product of the beat 

between the pump and the s i g n a l . 

This area of investigation has received l i t t l e attention i n the 

past, p a r t l y because the th e o r e t i c a l d i f f i c u l t i e s are so severe and 

pa r t l y because of the limited amount of experimental v e r i f i c a t i o n 

of the exponential law. Hot-carrier diodes have provided excellent 

means for studying such a law. Thus, i t i s probable that the under­

standing of other nonlinear devices, such as varactor diodes, may be 

greatly increased from the in s i g h t gained during the investigations 

of hot-carrier diodes c a r r i e d out here. 
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CHAPTER 7 

CONCLUSIONS 

The q u a l i t a t i v e discussion of nonlinear elements i n Chapter 2 

was necessary to the analysis of the e l e c t r i c a l properties of hot-

c a r r i e r diodes. I t was deduced that the e s s e n t i a l process of a 

nonlinear element i s to generate harmonic spectrum and no frequency 

conversion can take place without the existence of harmonic sources. 

In p r a c t i c e , a pure nonlinear element cannot be achieved. The 

-need for an equivalent c i r c u i t of the actual h o t - c a r r i e r diode pro­

duced the physical representation discussed i n Chapter 3. This led 

to the general conclusion that, at microwave frequencies, the values 

of junction capacitance, lead inductance, and package capacitance, 

i n addition to the junction and s e r i e s r e s i s t a n c e s , should normally 

be taken into account. At frequencies l e s s than 30 MHz, the equiva­

lent c i r c u i t of hot c a r r i e r diodes may be taken as a nonlinear junction 

resistance i n s e r i e s with the substrate re s i s t a n c e . 

In Chapter 4, the pumping problems of voltage and current driven 

hot-carrier diodes were treated together with the measurement d i f f i ­

c u l t i e s of harmonic voltages that w i l l be encountered i n the l a t t e r 

case. In the voltage driven c i r c u i t , the diode employed was assumed 

to have the modified exponential curve, shown i n Figure 4.4c, to avoid 

the Fourier voltage drive. Such modification cannot be e a s i l y con­

sidered i n the current-driven c i r c u i t since an i d e a l current source 

i s d i f f i c u l t to achieve. The measurements of the harmonic currents 

are easy to obtain s e l e c t i v e l y , while the measurements of harmonic 

voltages across a high impedance are very d i f f i c u l t i n p r a c t i c e . 

Therefore, the analysis of a voltage-driven diode was considered 

for easier experimental v e r i f i c a t i o n . 
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The amplitudes of the harmonic spectrum were given i n terms of 

an ar b i t r a r y power s e r i e s c o e f f i c i e n t a m 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 h o t - c a r r i e r 

diode, given i n Chapter 5, consisted of two main parts: i n f i n i t e 

s e r i e s and numeric solutions for the harmonic current. In the f i r s t 

part, the amplitudes of the harmonic currents were derived from the 

power s e r i e s expansion of the modified exponential law i n terms of 

the applied voltage. The c o e f f i c i e n t i n the power s e r i e s were obtained 

by successive d i f f e r e n t i a t i o n of the current w.r.t. V evaluated about 

V = 0. The a u x i l i a r y c o e f f i c i e n t A ( x ) , given by the quotient of two 
m 

polynomials, was expanded into an i n f i n i t e power s e r i e s i n terms of x. 

Using the S t i r l i n g numbers of the second kind, the general formula for 

A (x) was deduced as a power s e r i e s expansion i n terms of xe . This m 
th 

formula proved to be a powerful expression i n computing the n 

c o e f f i c i e n t or the derivative of the exponential law independently. 

Apart from substituting the c o e f f i c i e n t A (x) into the power 
m 

se r i e s expansion of the current i n terms of the driving voltage 
V = V cos a) t , the term (cos u t ) m was evaluated i n terms of i t s 

P P P 

harmonic components using the trigonometric expansion given i n 

equation (5.20). 

Thus, terms had been rearranged and the amplitudes of the 

harmonic currents were extracted, f i n a l l y , i n terms of the modified 
th 

Bessel functions of the K kind of order zero and n, where K i s the 

power of x e X i n the power s e r i e s expansion of the n*"*1 harmonic 

current ( i n ) as given by equations (5.28) and (5.29). 
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Unfortunately, such elegrant expressions for the amplitude of 
th 

the n harmonic current do not converge quickly enough for increasing 

values of the applied voltages to be of p r a c t i c a l value for numerical 

evaluations. Therefore, a method for obtaining a closed form expres­

sion was proposed to provide the f a s t e s t and most e a s i l y programmable 

solution. 

In the second part, the diode pov/er s e r i e s solution of the 

current as a function of the applied voltage had been expanded i n terms 
( ov + X I ^ x e / and rearranged u n t i l the current was put i n a closed 

form s a t i s f y i n g the a u x i l i a r y i n d i c i a l equation given by equation (5.41). 

This r e l a t i o n was used to c a l c u l a t e , numerically, the values of x(u> t) 
P 

over the period 2TT of the applied voltage v^ cos w^t. Then the ampli­

tudes of the harmonic currents were determined from equation (5.42) 

by subroutine C06AAF of the f i n i t e Fourier transform. 

The waveform of X(u> t) vs. to t has led to the approximate 
P P 

a n a l y t i c solution given by equation (5.61) over the three assigned 

i n t e r v a l s . The c a l c u l a t i o n of harmonics by integrating over the f i r s t 

i n t e r v a l i s very d i f f i c u l t to achieve. The representation over the 

second i n t e r v a l may be integrated by applying Fourier s e r i e s technique 

to the power s e r i e s expansion of the function. The contribution of the 

function over the t h i r d i n t e r v a l to the harmonic currents may be 

represented by a modified Bessel function. However, the function X(z) 

was expressed in a form useful for calculating the dc c h a r a c t e r i s t i c s 

of hot-carrier diodes; i t was also helpful i n reducing the complexity 

and time of the computer programme. 

Thus, the graph of X(u t ) , shown in Figure (5.2) for d i f f e r e n t 
P 

values of x = a I g R T , indicated that each p o s i t i v e waveform may be 
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represented by a pulse t r a i n of width x which i s proportional to x and 

the pumping voltage. The width of the pulse was obtained as a function 

of x and V and hence the number of harmonics could be calculated 

and the zero frequencies ^ — , — , '''J m i 9 n t be located i n the 

frequency domain. Consequently, one may s e l e c t the pump voltage and 

the t o t a l s e r i e s resistance to find the required p o l a r i t i e s and 

number (n - 1) of the harmonic spectrum i n — from the r e l a t i o n 
T 

v 1 - -Cnx - x 
P a cos 

where n > 2. 

The optimum peak applied voltage V for i n f i n i t e p o s i t i v e 

harmonic spectrum (e.g. -̂ = °°) can be found from the r e l a t i o n 

* 1 - Znx - x 
V «= 
P a 

From the f a c t that the peak current generated at such optimum peak 

voltage i s equal to - ~ amp, one may use i t as a figure of merit 
OL R 

T 

to compare the c a p a b i l i t i e s of h o t - c a r r i e r diodes. 

In summary, the waveforms of Figure (5.2) showed that the 

e f f e c t of the s e r i e s resistance i s to give r i s e to wave-like pulse 

of p o s i t i v e X (to^t) . This was proved by c a l c u l a t i n g the minimum values 

of x and the optimum peak applied voltage for i n f i n i t e p o s i t i v e 

spectrum. The peak value X(0) tends to zero as x approaches i t s 

minimum and as V reaches i t optimum values. I t can also be seen that 

any further decrease i n x, from i t s minimum value, w i l l s h i f t X(w t) 
P 

to the negative side at which Z(u^t) = X(w^t) and consequently the 

i d e a l exponential law i s reached. 

Experimental r e s u l t s were presented, i n Chapter 6, to support 

the theory of the a n a l y s i s . Starting with the dc c h a r a c t e r i s t i c s , the 
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three constants ot, r , and I were calculated. By substituting the 
s s 

calculated constants together with the measured currents back into 

the modified exponential law the forward voltages had been obtained 

within an average error of 2% compared to the measured values. This 

so f a r proved the v a l i d i t y of the modified exponential law and provided 

useful data for the a n a l y s i s . 

The amplitudes of the harmonic currents were then measured 

s e l e c t i v e l y for a wide range of applied voltages a t the fundamental 

frequency of 50 KHz. The r e s u l t s obtained for twelve difference 

diodes compared well with the t h e o r e t i c a l l y calculated harmonics. 

I t i s f e l t that the conclusions of the analysis have been 

substantiated by the experiments with the equivalent c i r c u i t of the 

actual diode represented by the combination of nonlinear and s e r i e s 

r e s i s t a n c e s at the proposed frequency. The resultant expressions from 

the analysis should, therefore, apply generally to the p r a c t i c a l hot-

c a r r i e r diodes. 

From the foregoing investigations, one may conclude that a 

large amount of useful information was obtained about the harmonic 

generating properties of p r a c t i c a l h o t - c a r r i e r diodes used as non­

li n e a r r e s i s t a n c e s . This information and the approach presented i n 

the a n a l y s i s should help i n the se l e c t i o n of diodes for the best 

performance i n 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 given i n terms of the 

pump voltage and the harmonic currents calculated i n 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 e q u a t i o n s (4 .27 ) and ( 4 . 2 8 ) . With the h e l p of the m a t r i x f o r m , 

o f a s p e c i f i c mix ing c i r c u i t , the c o n v e r s i o n power l o s s and s o u r c e 

and output conductances may be deduced. 

F u r t h e r m a t h e m a t i c a l s tudy might l e a d to more e l e g a n t c l o s e d 

form s o l u t i o n s f o r n u m e r i c a l e v a l u a t i o n of the harmonic a m p l i t u d e s . 

As a r e s u l t , the problem o f a n a l y t i c c a l c u l a t i o n of the conductance 

waveform may be s o l v e d and the b a s i c mechanism o f harmonic g e n e r a t i o n 

more f u l l y u n d e r s t o o d . 

T h e r e a r e a v a r i e t y of a s p e c t s w h i c h d e s e r v e f u r t h e r i n v e s t i g a ­

t i o n s . The r e p o r t e d r e s u l t s on the c a l c u l a t i o n of the harmonic a m p l i ­

tudes have been v e r y e n c o u r a g i n g , b u t t h e e f f e c t of v a r i o u s c i r c u i t 

and diode p a r a m e t e r s such a s j u n c t i o n ^ c a p a c i t a n c e and s e r i e s 

i n d u c t a n c e a t microwave f r e q u e n c i e s have not been t r e a t e d and a r e 

s u f f i c i e n t l y i m p o r t a n t to w a r r a n t f u r t h e r r e s e a r c h . 
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APPENDIX A l 

CALCULATED DATA FOR FIGURE 5 .2 

FOR DIFFERENT VALUES OF x . 
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0 0 0 7 
0 0 0 R 
0 0 0 9 
0 0 1 0 
0 0 1 1 
0 0 1 2 
0 0 1 3 
0 0 1 4 
0 0 1 5 
0 0 1 6 
0 0 1 7 
0 0 1 R 
0 0 1 9 
0 0 2 0 
0 0 2 1 
0 0 2 2 
0 0 2 3 
0 0 2 4 
0 0 2 5 
0 0 2 6 
0 0 2 7 
0 0 2 8 
0 0 2 9 
0 0 3 0 
0 0 3 1 
0 0 3 2 
0 0 3 3 
0 0 3 4 
0 0 3 5 
0 0 3 6 
0 0 3 7 
0 0 3 R 
0 0 3 9 
0 0 4 0 
0 0 4 1 
0 0 4 2 
0 0 4 3 
0 0 4 4 
00^-5 
0 0 ^ 6 
0 0 4 7 
0 0 4 8 
0 0 4 9 

. 0 0 5 0 

C M . K A T I R A P P L . P H Y S . . 
C D I O D E B 2 

I M P L I C I T R E A L * 8 ( A - H , P - Z ) 
D I M E N S I CM X I 6 0 0 0 ) , Z ( 6 0 0 0 ) , Y ( 3 0 0 1 , P Z I 3 0 0 ) ,SM I N ( 3 0 0 ) , 

1 X 1 ( 4 0 0 ) , A ( 3 0 0 ) , B ( 3 0 0 ) , A D ( 3 0 0 1 , B D ( 3 0 0 ) , C ( 3 00 ) , 0 ( 3 0 0 ) , 
2 I L S T ( 3 0 0 ) , V n i _ T ( 3 0 0 ) ,HARM( 3 0 0 ) 

X( 1) = C . 0 0 0 
DO 1 K = 2 , 5 0 0 • . . 
X ( K ) = X ( K - 1 J + 0 . 0 1 D 0 

1 C O N T I N U E ' 
X ( 5 0 1 ) = - 0 . 0 1 D O 
DO 2 K = 5 0 2 , 1 5 0 0 -
X ( K ) = X ( K - 1 J - 0 . O 1 D 0 

2 C O N T I N U E 
S = 4 . 0 0 0 " D A T A N ( l . O D O ) 
Y ( 1 ) = 0 . 0 0 0 ' 
DO 3 K = 2 , 3 3 
Y ( K ) = Y ( K - 1 ) + S / 3 2 . 0 D 0 

3 C O N T I N U E . 
0 0 4 1 = 1 , 1 5 0 0 
Z ( I ) = X( I ) +0E XP ( X ( I ) ) . 

4 CONT IMIJF 
A R C S = 1 0 * - 0 0 0 * * ( - 1 6 ) 
R T A = P L O G ( A R C S ) 
HO 5 .1 = 1 , 3 3 
R Z ( J ) = 4 C . 0 0 0 * n C O S ( Y ( J ) ) + B I A + A R C S 

5 C O N T I N U E ' 
DO 8 K = l t 3 3 
R V A L = R Z ( K ) ' . 
I F ( R Z ( K ) . L E . - 9 . 9 9 9 9 5 ) GO TO 2 2 ' 
Z R M I N = D A B S ( R V A L - Z ( 1 ) ) 
DO 9 J = 2 , 1 5 0 0 , • • • • r 

7.PVAL = DABS ( R V A L - Z ( J ) ) 
I F ( Z R V A L . L T . Z R M I N ) Z R M I N = Z R V A L . , 

9 T O M T I N U E 
S M I N ( K ) = Z R M I N 

8 C O N T I N U E 
2 2 C O N T I N U E . . 

0 0 11 K = l , 3 3 
I F ( R Z ( K ) . L E . - 9 . 9 9 9 9 5 ) GO TO 3 3 
DO 12 J = l , 1 5 0 0 ., 
I F ( D A B S ( R Z ( K ) - Z ( J ) ) . N E . S M I N t K ) ) G O T O 12 . . . . 
X 1 ( K ) = X( J ) 

12 C O N T I N U E 
11 C O N T I N U E . 
3 3 C O N T I N U E '" 

DO 55 I = K , 3 3 
5 5 X I ( I )=RZ ( I ) • » • . -•; 

W R I T E ( 6 , 1 0 0 ) 
100 F 0 P M A T ( 5 H 1 L I S T , 1 X , 9 H V A L . 0 F X I , 4 X , 5HAN GL E , 4X , 9 l - V A L . O F . R Z ) 

W R I T F U , 3 5 0 ) ( K , X 1 ( K ) , Y ( K ) , R Z ( K ) ? K = 1 , 3 3 ) 
3 5 0 FORMAT ( I 5 , 3 F 1 0 . 5 ) ... i 

STOP - ' 
ENP ' 
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APPENDIX A2 

THEORETICAL DATA FOR FIGURES 6.9-6.20 ; 

DIODES A l , A2, A3, A4, B l , B2 f B3, B4, 

C I , C2, C3, C4 . 



ORTRAN I V G C O M P I L E R MAIN 0 8 - 2 6 - 7 5 1 8 : C 2 : 2 7 

C K . K A T I B A P P L - P H Y S . 
C 01 ODE A l 

I M P L I C I T R E A L * 8 ( A - H » 0 - Z ) 
01 MENS ION X ( 6 0 0 0 ) , Z ( 6 0 C 0 > t Y { 3 0 0 ) , R Z ( 3 0 0 ) , S M I N ( 3 0 0 ) , 

1 X 1 ( 4 0 0 ) » A ( 3 0 0 ) » B ( 3 0 0 ) » A D ( 3 0 0 ) , B D ( 3 0 0 ) * C ( 3 0 0 ) ? C I 3 0 0 ) » 
2 I L S T ( 3 0 C ) » V O L T ( 3 0 0 ) . H A R M 3 0 0 ) » H C U R ( 5 0 , 5 0 ) 

X ( 1 ) = 0 . 0 1 D 0 
DO I K = 1 , 5 C 0 
X ( K ) = X ( K - l ) * 0 . 0 1 D 0 

1 C O N T I N U E 
X ( 5 0 1 ) = - 0 . 0 1 0 0 
00 2 K = 5 0 2 , 1 5 0 0 
X ( K ) = X ( K - 1 ) - 0 . 0 1 D 0 

2 C O N T I N U E 
. S = 4 . 0 D 0 * D A T A N < l . O D O ) 

Y ( 1 ) = O . O D O 
DO 3 K = 2 , 3 3 
Y { K ) = Y ( K - 1 ) + S / 3 2 . 0 D 0 

3 C O N T I N U E 
DO 4 1 = 1 , 1 5 0 0 
Z ( I ) = X ( I ) + C E X P ( X ( I ) ) 

4 C O N T I N U E 
A L P H = 3 5 . O D 0 
R S = 1 5 1 . 5 C O 
C I S = 3 . 5 D 0 * ( i C . C D 0 * * < - 9 ) ) 
A R C S = A L P H * R S * C I S . . 
B I A = D L C G ( A R C S ) 
R E A 0 ( 6 , 1 1 9 ) N S T , M V 0 L T 

1 1 9 F C P M A T ( 2 I 4 ) 
DC 44 L = N S T , y V C L T 

• '• •• V C L T ( L ) = F L O A T ( L ) * 0 . 0 5 D 0 
DO 5 J = l , 3 3 
R Z ( J ) = A L P H * V O L T ( L ) * D C O S < Y < J ) J + B I A + A P C S 

5 C C N T I N U E 
DC 8 K = l , 3 3 
R V A L = R Z ( K ) ' , • 
I F ( R Z ( K ) . L E . - 9 . 9 9 9 9 5 ) GO T O 2 2 

• Z R N I N = D A B S ( R V A L - Z ( l ) ) . 
DO 9 J = 2 , 1 5 0 0 
Z R V A L = C A B S ( R V A L - Z ( J ) ) 
I F i Z R V A L . L T . Z R f I N ) Z R M I N = Z R V A L 

9 C C N T I N U E 
S M I N ( K ) = Z R M I N 

8 C O N T I N U E • 
2 2 C O N T I N U E 

DO 11 K = l , 3 3 
I F ( R Z ( K ) . L E . - 9 . 9 9 9 9 5 ) GO TO 3 3 
DO 12 J = l , 1 5 0 0 
I F ( D A B S ( R Z ( K ) - Z ( J ) ) . N E . S M I N < K ) ) GO TO 1 2 
X 1 ( K ) = X ( J ) 

12 C O N T I N U E 
11 C C N T I N U E 
3 3 C O N T I N U E 

DO 5 5 I = K , 3 3 
5 5 X 1 ( I ) = R Z ( I ) 



F O R T R A N I V G C O f P I L E R MAIN 0 8 - 2 6 - 7 5 1 8 : C 2 : 2 7 

0 0 5 2 
0 0 5 3 
0 0 5 4 
0 0 5 5 
0 0 5 6 
C 6 5 7 
0 0 5 8 
0 0 5 9 
CO 60 
0 0 6 1 
0 0 6 2 
0 0 6 3 
0 0 6 4 
0 0 6 5 
0 0 6 6 
0 0 6 7 
C-C68 
0 0 6 9 
0 0 7 0 
C 0 7 1 
0 0 7 2 

0 0 7 3 
0 0 7 4 
0 0 7 5 
C 0 7 6 

N=32 
D c f l 3 1 = 1 , N 
K = N - I + 2 
A ( I ) = < C I S / A R C S } * 0 E X P ( X I ( I ) ) - C I S 
E ( I ) = ( C I S / A R C S ) * D E X P ( X 1 ( K ) ) - C I S 
A D ( I } = A ( I ) 
B D U ) = B ( I ) 

1 3 C O N T I N U E 
N1=N+1 
M l = 1 2 
C A L L C 0 6 A A F ( A t B t N l t . F A L S E . f H i t I L S T ) 
0 0 14 I =--1, N1 
C ( I ) = A ( I ) 
o n ) = e m 

14 H C U R ( L , I ) = C ( I ) * ( 1 0 • 0 D 0 * * 6 ) 
C A L L C 0 6 A A F ( A , B , N 1 , . T R U E . , M l , I L S T ) 
H A R M 1 ) = C ( D / 2 . 0 D O 
H C U R t L , 1 ) = H A R M ( 1 ) * { 1 0 . 0 D 0 * * 6 ) 

4 4 C O N T I N U E 
fcRITE 1 6 , 6 6 6 ) 

6 6 6 FORMAT ( 1 H 1 , 3 4 X , 2 3 H D I 0 D E T Y P E 5 0 8 2 - 2 8 0 0 = A l / / / 
1 4 X , 4 H V C L T , 3 X , 4 H I ( 0 ) , 4 X , 4 H I ( 1 ) , 4 X , 4 H I ( 2 ) , 4 X , 4 H H 3 ) 
2 , 4 X , 4 H I ( 4 ) , 4 X , 4 H I ( 5 ) , 4 X , 4 H I ( 6 ) , 4 X , 4 H I ( 7 ) , 4 X , 4 H H 8 ) , 4 X , 
3 4 H I ( 9 ) , 4 X , 5 H I ( 1 0 ) / / ) 

W R I T E ( 6 , 4 4 4 ) C V C L T ( L ) , ( H C U R ( L , I ) , 1 = 1 , 1 1 ) , L = 1 , 4 0 ) 
4 4 4 F O R M A T ( 1 2 F 8 . 2 J 

S T O P 
END 

T O T A L MEMORY P E O U I R E M E N T S 0 2 4 7 9 A B Y T E S 
E X E C U T I O N T E R M I N A T E D 

SR - L O A C # + * N A G 
E X E C U T I C N B E G I N S 

r 
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EXPERIMENTAL DATA FOR FIGURES 6.9-6.20; 

DIODES A l , A?., A3, A4, B l , B2, B3, B4, 

C l f C2, C3, C4. 
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APPENDIX A4 

CALCULATED DATA FOR FIGURES 6.21 -6.23 

DIODES A4, B3, C2. 



Diode Type 

Static and 

5082 - 2800 = A4 

Dynamic Characteristics 

V P 
v o l t s 

I - I t e a ( V R V - l ] 
P s 

pa 

10 „ 
I - 2 1 

P O n-
|ia 

0.3 103.47 102.1 

0.4 473.14 504.29 

0.5 991.68 950.73 

0.6 1555.26 1583.92 

0.7 25.63.32 2027.21 

0.8 2750.13 2869.49 

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 

- 1 ot = 3 4 . 2 V 

R =V + 50 + 75 = 152 (i s s 

I = 6.25 x 10 Amp. 

r =27 Q s 



Diode Type 5082 - 2811 = B3 

S t a t i c and Dynamic C h a r a c t e r i s t i c s 

V 
p 

v o l t s 

I =1 [ e a ( V R V - l l p s L -' 

| ia 

10 

o 
|ia 

0.3 30.91 34.44 

0.4 311.43 328.94 

0.5 855.06 856.53 

0.6 1496.93 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 

a = 3 6 . 4 V 

R = V + 50 + 75 = 131.6 fJ s s 

1^ = 6 . 5 x 1 0 ^ Amp. 

x = 6 . 6 f i 
s 



Diode Type 

S t a t i c and 

5082 - 2833 = C2 

Dynamic C h a r a c t e r i s t i c s 

V 
p 

v o l t s 

z m l £ « ( V p - R i p ) J 
P s L -

Ha 

i = i 
p Z_# n 

o 
lia 

0.3 39.6 ' 4 6 . 6 1 

0.4 354.1 391 

0.5 934.1 1012.39 

0.6 1618.96 1457.15 

0.7 2320.5 2422.6 

0.8 3070.32 3047.09 

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 8985.95 

1.7 9892.56 9773.05 

1.8 10716.5 10378.91 

1.9 11493.5 11150.82 

2.0 12204.2 11945.01 

— .. . 

a = 3 6 . 5 V 

R = V + 50 + 75 = 126.3 fi s s 

I g = 8.375 x 1 0 ~ 1 0 Amp. 

r = 1 , 3 fi 



APPENDIX A5 

COMPARISON BETWEEN CALCULATED AND 

MEASURED DC CHARACTERISTICS FOR 

DIODES A4, B3 AND C2. 



Table 6.1: Diode Type 5082 - 2800 =•• A4 

DC C h a r a c t e r i s t i c s 

V(d+50) V50 a v 
(d+50) 

exp aV (d+50) I f/exp a V ( d + 5 Q ) | 
v o l t mV MA L Amp 

0.20 0.2275 4.55 6.84 8.98 X io 2 5.08 x 10" 9 

0.22 0.49 9.8 7.5 1.808 X io 3 5.42 x 10" 9 

0.24 1.025 20.6 8.2 3.64 X io 3 5.68 x 10" 9 

0.26 2.05 41.0 8.9 7.331 X io 3 5.6 x 10~ 9 

0.28 3.89 77.7 9.6 1.476 X io 4 5.28 x 10~ 9 

0.30 6.9 138 10.2 2.73 X 10< 5.06 x 10" 9 

0.32 11.3 226 10.9 5.42 X io 4 4.18 x 10" 9 

0.34 16.75 335 11.6 1.08 X io 5 3.10 x 10" 9 

0.26 23.85 476 12.3 2.21 X io 5 2.16 x 10" 9 

0.38 31.65 635 13.0 4.42 X io 5 1.44 x 10~ 9 

0.40 40.1 804 13.7 8.9 X io 5 9.05 x 10" 1 0 

0.42 49.1 983 14.4 1.79 X X io 6 5.5 x 10~ 1 0 

0.44 58.65 1170 15.0 3.269 X io 6 3.58 x 10" 1 0 

0.46 68.8 1375 15.7 6.58 X io 6 2.10 x 10~ 1 0 

0.48 78.65 1575 16.4 1.33 X io 7 1.-18 x 10~ 1 0 

0.50 88.75 1775 17.1 2.66 X io 7 6.65 x l O " 1 1 

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 Therefore 
a = 34.2 v"1 r = s 27.0 n and I = s 

-9 
= 6.25 x 10 Amp 



Table 6 . 2 : Diode Type 5082 - 2800 = A4 

Experimental Calculated 
V f 

% 
Error 

V f 
v o l t s |iA 

Calculated 
V f 

% 
Error 

0.20 4.55 0.193 - 3.578 

0.22 9.8 0.216 - 1.895 

0.24 20.6 0.238 - 0.649 

0.26 41.0 0.260 + 0.055 

0.28 77.7 0.282 + 0.589 

0.30 138 0.303 + 1.022 

0.32 226 0.324 + 1.325 

0.34 335 0.344 + 1.220 

0.36 476 0.365 + 1.453 

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 

- 1 a = 34.2 V 

R = V + 50 = 77 n s s 
-9 

I 6 . 2 5 x 1 0 Amp 

r =27 (i 
s 



Table 6 . 3 : Diode Type 5082 - 2811 = D3 

DC C h a r a c t e r i s t i c s 

V (d+50) V 5 0 a (d+50) expfaV (d+50)] 

1 
I f/expQxv ( d + 5 0£ 

v o l t mV HA f 

,0.20 0.0415 0.83 7.25 1.4 X 10 3 5.95 x i o -

0.22 0.0855 1.75 8.00 2.98 X i o 3 5.90 X l o " 1 0 

0.24 0.182 3.64 8.75 6.3 X i o 3 5.78 x i o - 1 0 i 

0.26 0.379 7.6 9.45 1.24 X i o 4 6 .1 X l O " 1 0 ! 

0.28 0.8055 16.1 10.2 2.68 X I O 4 6.1 X i o - 1 0 

0.30 1.62 32.4 10.9 5.4 X i o 4 6.0 X i o " 1 0 

0.32 1 3.24 64.9 11.6 1.08 X i o 5 6.0 X i o - 1 0 

0.34 6.16 123 12.4 2.43 X 10" 5.06 X l o " 1 0 

0.36 10.65 213 13.1 4.85 X i o 5 4.4 X i o - 1 0 

0.38 17.0 340 13.8 9.8 X i o 5 3.46 X l o " 1 0 

0.40 25.15 502 14.5 1.98 X i o 6 2.54 X i o " 1 0 

0.42 35.2 705 15.25 4.23 X i o 6 1.67 X l o " 1 0 

0.44 m46.0 920 16.0 8.89 X i o 6 1.04 X I D " 1 0 

0.46 58.05 1160 16.7 1.8 X io 7 6.45 X I t f 1 1 

0.48 70.75 1410 17.4 3.6 X i o 7 3.93 X l o " 1 1 

0.50 83.75 1670 18.15 7.6 X i o 7 2.2 X l o " 1 1 

0.60 156.0 3120 

0.70 234.0 4680 i 

0.80 314.5 6290 

0.90 398 7960 

1.0 480 9600 

Therefore 
a = 36.4 v" 

Therefore 
r = 6.6 f? and I = 6.5 x 10 
s s 

-10 Amp. 



Table 6 . 4 : Diode Type 5082 - 2811 = D3 

Experimental C a l c u l a t e d 
V f 

v o l t s 

% 
E r r o r V f 

v o l t s UA 

Calc u l a t e d 
V f 

v o l t s 

% 
E r r o r 

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 0.422 + 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 1 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 

-1 a = 3 6 . 4 V 

R = V + 50 = 56.5 0 s s 

I g = 6.5 x 10 ^ Amp. 

r =6,6 fi s 



Table 6.5: Diode Type 5082 - 2833 = C2 

DC C h a r a c t e r i s t i c s 

V (d+50) V 5 0 V ( d + 5 0 ) expjctV (d+50) yexp « v ( d + 5 0 ; 

v o l t mV MA -J t 

Amp • 

0.20 0.0575 1.15 7.3 1.48 x io 3 7.78 X l o " 1 0 

0.22 0.1165 2.33 8.03 3.07 x io 3 7.60 X l O " 1 0 

0.24 0.2475 4.95 8.76 6.35 x io 3 7.8 X l O " 1 0 

0.26 0.5315 10.6 , 9.49 1.32 x io 4 8.05 X l O " 1 0 

0.28 1.105 22.2 10.22 2.74 x 1 0 4 8.35 X i o - 1 0 

0.30 2.25 45.0 10.35 5.70 x I O 4 7.88 X io" 1 0 

0.32 4.475 89.5 11.68 1.17 x 
t; 

10" 7.6 X l o " 1 0 

0.34 8.13 
i 

163 12.41 2.46 x io 5 6.61 X i o - 1 0 

0.36 13.775 276 13.14 5.07 x io 5 5.43 X l o " 1 0 

0.38 21.7 435 13.87 1.06 x io 6 4.10 X I D " 3 0 

0.40 31.35 627 14.6 2.18 x io 6 2.84 X l O " 1 0 

0.42 42.7 834 15.33 4.54 x io 6 1.84 X l O " 1 0 

0.44 55.45 1110 16.06 9.40 x io 6 1.18 X l O " 1 0 

0.46 68.65 1375 16.79 1.95 x io 7 7.05 X 1 0 " 1 1 

0.48 82.3 1650 17.52 4.05 x io 7 4.07 X 1 0 " 1 1 

0.50 96.8 1940 18.25 8.40 x io 7 2.31 X 1 0 " 1 1 

0.60 177 3540 

0.70 261 5220 

0.80 349 6980 

0.90 435.5 8710 

1.0 523.5 10470 

The re fo re The re fo re 

a = 36.5 V _ 1 r 
s 

= 1.3 n and I =8 .375 s x 1 0 - 1 C \ 



Table 6 .6 : Diode Type 5082 - 2833 = C2 

1 

Experimental Calculated 
V f 

v o l t s 

i 

% 
error V f 

v o l t s 
h 
UA 

Calculated 
V f 

v o l t s 

i 

% 
error 

0.20 1.15 0.198 - 0.999 

0.22 2.33 0.217 - 1.188 

0.24 4.95 0.238 - 0.759 

0.26 10.60 0.259 - 0.254 

0.28 22.20 0.280 + 0.067 
r 

0.30 45.00 0.301 + 
i 

0.238 '; 

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 i 

0.80 6980 0.795 - 0.670 

0.90 8710 0.889 - 1.181 

1.0 10470 0.985 •- 1 .541 

cd 

a = 3 6 . 5 v " 1 

R = V + 50 = 51.3 fi s s 

I = 8.375 x 1 0 ~ 1 0 Amp 

r = 1 . 3 n 

CM;. 9 JUK'/.o 


