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A b s t r a c t 

The d-c. and a-c. c h a r a c t e r i s t i c s o f p-n-p d i o d e s were 

measured and i n t e r p r e t e d on t h e b a s i s o f p r e s e n t t h e o r i e s . 

The e q u i v a l e n t p a r a l l e l c a p a c i t a n c e o f t h e s e d i o d e s was 

found t o d e c r e a s e as j- 2 a t h i g h f r e q u e n c i e s i n ac c o r d a n c e 

w i t h d i f f u s i o n t h e o r y ; from t h e s e measurements t h e l i f e t i m e 

o f a h o l e i n t h e base was e s t i m a t e d t o be about 10 m i c r o ­

seconds. 
/ 

/ 

/ 

The c u r r e n t f l u c t u a t i o n s i n t h e di o d e were measured by 

comparing them w i t h a s t a n d a r d n o i s e d i o d e , and t h e r e s u l t s 

r e p r e s e n t e d as a shunt n o i s e c u r r e n t g e n e r a t o r . From t h e 

f r e q u e n c y spectrum o f t h e n o i s e i t was deduced t h a t i t 

c o n s i s t e d m a i n l y o f e x c e s s o r l / f n o i s e except a t low 

c u r r e n t s and h i g h f r e q u e n c i e s , and here t h e r e s u l t s were 

i n t e r p r e t e d as a c o m b i n a t i o n o f shot and t h e r m a l n o i s e . 

The deduced hot c a r r i e r t e m p e r a t u r e was compared w i t h the 

t h e o r e t i c a l v a l u e s o f S h o c k l e y and poor agreement was 

o b t a i n e d , i n d i c a t i n g inadequacy o f t h e p r e s e n t t h e o r y . 
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Chapter I INTRODUCTION 

1.1 Ob.iect and Scope o f T h e s i s 

The o b j e c t o f t h i s work i s t o observe and measure 

f l u c t u a t i o n s i n s p a c e - c h a r g e - l i m i t e d c u r r e n t s i n germanium 

and t o i n t e r p r e t t h e s e i n terms o f shot and t h e r m a l n o i s e 

components. From t h i s i t i s p o s s i b l e t o determine the 

e f f e c t i v e t e m p e r a t u r e o f c a r r i e r s i n germanium a t moderate 

e l e c t r i c f i e l d s and t o compare t h e s e t e m p e r a t u r e s w i t h t h o s e 

p r e d i c t e d by o h o c k l e y (1951). 

The e f f e c t i v e t e m p e r a t u r e i s c a l c u l a t e d from measurements 

o f the n o i s e i n t h e c u r r e n t f l o w i n g t h r o u g h a p-n-p t r a n s ­

i s t o r c o nnected as a d i o d e w i t h t h e base f l o a t i n g , and from 

impedance measurements o f the same d i o d e . To be a b l e t o 

c o r r e l a t e c a r r i e r t e m p e r a t u r e s w i t h t h e n o i s e measured, i t i s 

n e c e s s a r y t o have a model o f t h e t r a n s i s t o r w hich i s i n a c c o r d 

w i t h b o t h t h e d-c. and a-c. c h a r a c t e r i s t i c s and i n which we 

can p l a c e n o i s e c u r r e n t g e n e r a t o r s t o c o r r e s p n d t o d r i f t and 

t h e r m a l motion o f t h e c a r r i e r s . 

1.2 P h y s i c a l S t r u c t u r e o f a p-n-p T r a n s i s t o r 

The c r o s s s e c t i o n o f a t y p i c a l p-n-p t r a n s i s t o r i s shown 

i n f i g u r e 1. The base i s made o f low i m p u r i t y , h i g h r e s i s t i v i t y 
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m a t e r i a l w h i l e the e m i t t e r and c o l l e c t o r are made of high 
i m p u r i t y , low r e s i s t i v i t y m a t e r i a l ; thus i f a voltage i s 
a p p l i e d between the e m i t t e r and c o l l e c t o r t e r m i n a l s most o f 
i t w i l l appear across the p-n .junction space-charge l a y e r s 
i n the base. 

Shockley (1949) has d e r i v e d the formula f o r the current 
f l o w i n g across a s i n g l e p-n j u n c t i o n , 

I = I s [e*p(^) - 1 } (1.2.D 

where ^ = the e l e c t r o n i c charge, 
fe. = Boltzmann',.s constant, 
T- the absolute temperature of the j u n c t i o n , 
ya= the voltage across, the j u n c t i o n , p o s i t i v e f o r 

forward b i a s , and 
J"s= the s a t u r a t i o n current under reverse b i a s . 

This formula i s deriv e d from the c o n s i d e r a t i o n of the d i f f u s i o n 
currents of holes and e l e c t r o n s ; i f the p region i s much more 
h e a v i l y doped than the n re g i o n , only the hole current w i l l 
be s i g n i f i c a n t . The reverse s a t u r a t i o n current i n t h i s case 
i s p-iven by 

where p^= the normal hole c o n c e n t r a t i o n i n the n r e g i o n , 
])p = the hole d i f f u s i v i t y i n the n r e g i o n , 
Lp = the d i f f u s i o n l e n g t h f o r holes i n the n r e g i o n , and 
A =the area of the j u n c t i o n . 

I t must be noted that.equation (1.2.1) holds only when the 
m i n o r i t y c a r r i e r concentrations f a r from the j u n c t i o n have 
t h e i r normal values. In a p-n-p t r a n s i s t o r the l a t t e r c o n d i t i o n 
i s not f u l f i l l e d i n the n region since the hole d i f f u s i o n length 
i n the base i s much greater than the base width and t h e r e f o r e 
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the two j u n c t i o n s s t r o n g l y i n t e r a c t (see Appendix I ) . The 
current that flows i n an e m i t t e r - c o l l e c t o r diode f o r small 
v o l t a g e s has been i n v e s t i g a t e d by Gotzberger (1959) who 
considers the v a r i a t i o n - of e f f e c t i v e base width w i t h voltage 
and a l s o the e f f e c t s o f non-planar geometry of the base. These 
are discussed more f u l l y i n chapter I I . As the voltage across 
such a diode i s increased, there i s a steady increase of 
current and at a c e r t a i n voltage there i s a very r a p i d increase 
of c u r r e n t ; t h i s occurs when the e f f e c t i v e base width becomes 
zero, the corresponding voltage being the punch-through v o l t a g e . 

1.3 . The Punch-through Phenomenon 

I f an e x t e r n a l voltage i s a p p l i e d between the e m i t t e r and 
c o l l e c t o r of a t r a n s i s t o r w i t h the base f l o a t i n g , space-charge 
l a y e r s w i l l form i n f r o n t of both j u n c t i o n s . In the case of 
a p-n-p t r a n s i s t o r , the f r e e e l e c t r o n s i n the base are r e p e l l e d 
by the negative c o l l e c t o r voltage and a space-charge l a y e r of 
p o s i t i v e donor ions forms i n f r o n t of the c o l l e c t o r j u n c t i o n . 
That voltage at which t h i s l a y e r j u s t touches the e m i t t e r i s 
c a l l e d the punch-through voltage Vp, and i s c h a r a c t e r i z e d by 
an increase i n current due to the i n j e c t i o n of holes from the 
e m i t t e r . Figures 2a and 2b show a t r a n s i s t o r w i t h voltages 
w i t h l e s s than and s l i g h t l y greater than Vp r e s p e c t i v e l y , and 
f i g u r e 3 shows the p o t e n t i a l d i s t r i b u t i o n i n the base f o r 
various a p p l i e d v o l t a g e s . 

The punch-through phenomenon i s much more v i v i d l y seen ' 

by observing the f l o a t i n g e m i t t e r p o t e n t i a l when a b i a s i s 
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a p p l i e d between t h e c o l l e c t o r and base. Up t o punch-through t h e 

e m i t t e r assumes a p o t e n t i a l a p p r o x i m a t e l y 0.1 v o l t below t h a t 

o f t h e base, due t o t h e s i p h o n e f f e c t d i s c u s s e d i n s e c t i o n 1.4. 

At the punch-through v o l t a g e t h e f l o a t i n g e m i t t e r becomes 

c o m p l e t e l y l o c k e d t o t h e c o l l e c t o r w i t h a v o l t a g e d i f f e r e n c e 

o f Vp . T h i s i s o b s e r v e d w i t h o u t d e v i a t i o n u n t i l breakdown 

o c c u r s and f o r a p-n-p t r a n s i s t o r f o r Vp^-Vc^4V© , +Vebs+Vcb+Vp 

where and Veb a r e bhe c o l l e c t o r and e m i t t e r v o l t a g e s 

measured w i t h r e s p e c t t o t h e base, and Vg i s t h e c o l l e c t o r - b a s e 

breakdown v o l t a g e ; Vp and VJJ a r e b o t h always c o n s i d e r e d t o be 

p o s i t i v e q u a n t i t i e s . The v a l u e o f Vp o b t a i n e d by t h i s method 

may be c a l l e d t h e S c h e n k e l - S t a t z punch-through v o l t a g e s i n c e 

i t can be v e r y e a s i l y d e t e r m i n e d u s i n g t h e c i r c u i t d e v i s e d 

by them (1954) shown i n f i g u r e 4a; a t y p i c a l o s c i l l o s c o p e 

t r a c e i s shown i n f i g u r e 4b. 

The v a l u e o f Vp can be p r e d i c t e d t h e o r e t i c a l l y from a 

knowledge o f t h e base w i d t h and base i m p u r i t y c o n c e n t r a t i o n ; 

t h e i n t e p r a t i o n i n one dimensio n o f P o i s s o n ' s e q u a t i o n a c r o s s 

t h e base y i e l d s f o r a u n i f o r m i m p u r i t y d e n s i t y 

V P = i t - W & ( 1 ' 3 * 1 ) 

where N * the donor i o n d e n s i t y i n t h e base, 
£«* t h e p e r m i t t i v i t y o f the base m a t e r i a l , and 
V/° t h e base w i d t h . 

Punch-through can be o b s e r v e d e q u a l l y w e l l by b i a s i n g t h e 

e m i t t e r and o b s e r v i n g t h e f l o a t i n g c o l l e c t o r p o t e n t i a l ; e x a c t l y 

the same v a l u e o f Vp i s o b t a i n e d p r o v i d e d t h a t t h e i m p u r i t y 

d e n s i t y i s u n i f o r m t h r o u g h o u t t h e base, however, i f i t i s not 

u n i f o r m , i n ge n e r a l , a d i f f e r e n t v a l u e o f Vp w i l l be o b t a i n e d . 
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In a d d i t i o n , the o s c i l l o s c o p e t r a c e of f i g u r e 4b w i l l be 
rounded at Vp i f the e m i t t e r j u n c t i o n i s d i f f u s e d i n t o the 
base such as i n grown j u n c t i o n t r a n s i s t o r s . 

The c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s of an e m i t t e r - c o l l e c t o r 
diode biased past punch-through have been s t u d i e d by N i c h o l 
(195$); the b a s i c r e s u l t obtained i s t h a t X 0 6 (V-Vp) where 
V i s the e m i t t e r voltage measured with respect to the c o l l e c t o r 
and X i s the current f l o w i n g through the diode. This expression 
a r i s e s from the product of two terms; the f i r s t i s the e f f e c t i v e 
e m i t t e r area which i s p r o p o r t i o n a l to (v-Vp) and the second i s 
the current d e n s i t y i n a space-charge region which has been 
st u d i e d by Shockley and Prim (1953) and Dacey (1953). These 
papers are more f u l l y discussed i n ehapter I I . 

1.4 C r i t e r i a f o r S e l e c t i o n of T r a n s i s t o r s 

(a) Avalanche m u l t i p l i c a t i o n of a current occurs when 
el e c t r o n s or holes acquire s u f f i c i e n t energy from the f i e l d 
between c o l l i s i o n s to i o n i z e atoms, thus producing e l e c t r o n -
hole p a i r s ; breakdown occurs at a c r i t i c a l a p p l i e d v o l t a g e . 
Experimentally t h i s i s n o t i c e d as a very r a p i d increase i n 
current f o r a r e l a t i v e l y s m a ll change i n the a p p l i e d v o l t a g e . 
M i l l e r (1955) observed t h a t the m u l t i p l i c a t i o n of m i n o r i t y 
c a r r i e r s coming from the high r e s i s t i v i t y side of a p-n 
j u n c t i o n f o l l o w e d the e m p i r i c a l form 

M(v) (1.4.1) 



where M = t h e c u r r e n t m u l t i p l i c a t i o n f a c t o r , 
V = t h e v o l t a g e a c r o s s the j u n c t i o n , 
VB= t h e j u n c t i o n breakdown v o l t a g e , and 
Z . = i s a parameter depending on t h e r e s i s t i v i t y and 

r e s i s t i v i t y t y p e , o f t h e h i g h r e s i s t i v i t y s i d e o f t h e j u n c t i o n . 

For h i g h r e s i s t i v i t y n-type g e r m a n i u m , z . 

M i l l e r a l s o o b s e r v e d an e m p i r i c a l r e l a t i o n between t h e 

j u n c t i o n breakdown v o l t a g e V& and t h e n-type i m p u r i t y 

c o n c e n t r a t i o n N , 

V 6 = 1 0 x I0 1 3 . N " 0 7 2 5 (1.4.2) 

where i s i n v o l t s and N i n cm 

Making use o f e q u a t i o n (1.3.1) f o r t h e punch-through 

v o l t a g e and t h e r e l a t i o n between the u c u t - o f f f r e q u e n c y -f^ 

and the base w i d t h W 

£ = 'PJLDE. (1.4.3) 

i f t h e parameters -f̂  , })p and Vp a r e known, i t i s p o s s i b l e 

t o d e t e r m i n e W, N and, V© and t h u s determine t h e m u l t i p l i c a t i o n 

f a c t o r M . 

On t h e assumption t h a t t o a v o i d a v a l a n c h e m u l t i p l i c a t i o n 

e f f e c t s i t i s n e c e s s a r y t o have (M-l) « (l-oO where oi - Z. g 

and I i s t h e c u r r e n t t h r o u g h t h e di o d e and I s i s t h e s a t u r a t i o n 

c u r r e n t o f t h e r e v e r s e b i a s e d j u n c t i o n , N i c h o l (195^) d e r i v e d 

from t h e above f o r m u l a e t h a t 

v/ 0-725* -
CM or (Vp-foc) V « 4* 107 

where V, Vg a r e i n v o l t s and i s i n s e c " ^ . 



(b). S i n c e i t i s d e s i r e d t o s t u d y body c o n d u c t i o n , i t i s 

n e c e s s a r y t h a t no s u r f a c e c o n d u c t i o n be p r e s e n t . The presence 

o f s u r f a c e c o n d u c t i o n 'channels between t h e e m i t t e r and c o l l e c t o r 

can be de t e r m i n e d by o b s e r v i n g the f l o a t i n g e m i t t e r p o t e n t i a l ^ 

b e f o r e punch-through. The e m i t t e r - b a s e p o t e n t i a l s h o u l d be 

Veb = ^ for ^ « - V c < V P (1.4.4) 

where Vg^ and a r e t h e e m i t t e r and c o l l e c t o r v o l t a g e s 

measured w i t h r e s p e c t t o t h e base. Brown (1953) has found t h a t 

s u r f a c e condxiction c h a n n e l s w i l l l e a d t o v a l u e s o f Vgb many 

t i m e s t h e above v a l u e . 

1.5 Shot N o i s e 

The two most i m p o r t a n t t y p e s o f n o i s e i n s e m i c o n d u c t o r s 

a r e shot and t h e r m a l n o i s e . Shot n o i s e o c c u r s i n a vacuum d i o d e 

o r i n a t r a n s i s t o r and i s due t o t h e d r i f t c u r r e n t b e i n g 

composed o f randomly e m i t t e d e l e c t r o n s . A s p e c t r a l d e n s i t y 

a n a l y s i s o f t h e c u r r e n t f l u c t u a t i o n s f o r s h o t n o i s e y i e l d s 

f o r f r e q u e n c i e s much l e s s t h a n t h e r e c i p r o c a l o f the t r a n s i t 

t i me 

SC-f) = a<l|l| (1.5.1) 

where 1 = the e l e c t r o n i c charge, 
1= the mean c u r r e n t , , and 
•f = t h e f r e q u e n c y . 

D e v i a t i o n from t h i s l aw can o c c u r when t h e r e i s space-

charge l i m i t a t i o n o f t h e c u r r e n t as d i s c u s s e d i n d e t a i l by 

Thompson, N o r t h and H a r r i s (1940-41). The p o t e n t i a l d i s t r i b u t i o n 



v m  

Cathode Anode 

F i g u r e 5b P o t e n t i a l D i s t r i b u t i o n i n a Vacuum Diode w i t h a 
S a t u r a t e d C u r r e n t 



i n a vacuum d i o d e w i t h a s p a c e - c h a r g e - l i m i t e d c u r r e n t i s shown 

i n f i g u r e 5a; i t can be r e a d i l y seen t h a t i f a t any t i m e a 

l a r g e r number o f e l e c t r o n s t h a n average i s e m i t t e d from th e 

cathode, t h a t t h i s w i l l cause a l o w e r i n g o f t h e p o t e n t i a l 

minimum V̂ , and, s i n c e the e l e c t r o n s a r e e m i t t e d w i t h a 

M a x w e l l i a n v e l o c i t y d i s t r i b u t i o n , f e w e r t h a n average w i l l be 

a b l e t o pass t h r o u g h th e l o w e r e d V̂,. In a s i m i l a r manner, a 

s m a l l e r e m i s s i o n r a t e i n c r e a s e s Vm and i n c r e a s e s t h e f r a c t i o n 

o f e l e c t r o n s p a s s i n g t h e p o t e n t i a l minimum. I t i s easy t o see 

t h a t such a p r o c e s s w i l l l e a d t o a r e d u c t i o n o f t h e n o i s e due 

t o t h e random e m i s s i o n r a t e o f . e l e c t r o n s from the c a t h o de. I n 

a d i o d e where t h e r e i s no space-charge l i m i t a t i o n , t h e r e i s 

no Vm and a l l t h e e m i t t e d e l e c t r o n s go t o t h e anode; such a 

d i o d e i s s a i d t o be s a t u r a t e d and i t shows f u l l s hot n o i s e . 

In g e n e r a l t h e n 

sff) = Z q j r l r 2 - (1.5.2) 

where [~= the space-charge r e d u c t i o n f a c t o r , 
Tx 1 f o r a s a t u r a t e d d i o d e , and 
T< 1 f o r a space-charge l i m i t e d d i o d e . 

In p r a c t i c e i t i s p o s s i b l e t o r e a l i z e a T as low as 0.2 

i n a vacuum d i o d e . 

I n a s o l i d such as germanium, the s i t u a t i o n i s q u i t e 

d i f f e r e n t ; t h e e l e c t r o n s o r h o l e s undergo f r e q u e n t c o l l i s i o n s 

w i t h t h e l a t t i c e v i b r a t i o n s , phonons, and f o r moderate 

e l e c t r i c f i e l d s , t h e v e l o c i t y d i s t r i b u t i o n o f t h e c u r r e n t 

c a r r i e r s i s M a x w e l l i a n , w i t h a c o m p a r i t i v e l y s m a l l d r i f t 

v e l o c i t y superimposed 



E m i t t e r C o l l e c t o r 

F i g u r e 6a - P o t e n t i a l D i s t r i b u t i o n i n t h e D e p l e t e d Base 
Region o f a P-n-p Diode 

F i g u r e 6b T y p i c a l P a t h o f a Hole a c r o s s t h e D e p l e t e d Region 
o f the Base o f a P-n-p Diode 
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where p(ir)=the p r o b a b i l i t y d e n s i t y o f c a r r i e r s w i t h v e l o c i t y VT, 
v n = t h e mass o f a c u r r e n t c a r r i e r , and 
V^j= the d r i f t v e l o c i t y . 

The motion o f a h o l e t h r o u g h t h e base r e g i o n o f a p-n-p 

t r a n s i s t o r w i t h t h e base d e p l e t e d o f m a j o r i t y c a r r i e r s w i l l 

a ppear s i m i l a r t o t h e example shown i n f i g u r e 6. T h i s s i t u a t i o n 

i s q u i t e d i f f e r e n t from the vacuum d i o d e i n two r e s p e c t s ; 

f i r s t l y t h e e l e c t r i c f i e l d i s m a i n l y due t o the p o s i t i v e donor 

i o n s , and t h e h o l e s c o n t r i b u t e o n l y c l o s e t o t h e e m i t t e r ; 

s e c o n d l y t h e motion o f the h o l e s i s m a i n l y t h e r m a l and t h e 

e l e c t r i c f i e l d has o n l y a minor e f f e c t on i t . I t i s t h u s 

u n l i k e l y t h a t s m a l l v a r i a t i o n s i n t h e p o t e n t i a l minimum w i l l 

have s u f f i c i e n t e f f e c t on the h o l e s t o reduce shot n o i s e 

a p p r e c i a b l y , s i n c e t h e c o o p e r a t i v e a c t i o n o f t h e p o t e n t i a l 

f l u c t u a t i o n s w i l l be d e s t r o y e d by t h e randomness and f r e q u e n c y 

o f the s c a t t e r i n g p r o c e s s . 

1.6 Thermal N o i s e 

Thermal n o i s e c u r r e n t s o c c u r i n any s u b s t a n c e and a r e 

caused by the t h e r m a l motion o f the. f r e e c a r r i e r s . The s p e c t r a l 

d e n s i t y o f t h e c u r r e n t f l u c t u a t i o n s i n a p a s s i v e network i s 

g i v e n by N y q u i s t ' s theorem, 

S({) = 4 k T f r t f ) (1.6.D 

where fc= Eoltzmann's c o n s t a n t , 
~TS the a b s o l u t e t e m p e r a t u r e o f the network, and 

the a-c. conductance o f the network a t f r e q u e n c y - f . 



Shockley (1951) has p r e d i c t e d that i n germanium w i t h an 
a p p l i e d e l e c t r i c f i e l d , t h a t the f r e e e l e c t r o n s w i l l not be 
i n thermal e q u i l i b r i u m w i t h the l a t t i c e , but w i l l have much 
higher v e l o c i t i e s than those given by the Maxwell d i s t r i b u t i o n 
at the l a t t i c e temperature. The thermal noise due to these 
e l e c t r o n s can obv i o u s l y not be evaluated on the assumption t h a t 
the e l e c t r o n s are at the l a t t i c e temperature- so i t i s 
convenient to a s c r i b e to the e l e c t r o n s a value of temperature 
higher than t h a t of the l a t t i c e , and i n Appendix I I i t i s 
shown th a t the appropriate noise temperature i s given by 

k.Tn = "VYI ( u 3 - - u l 2 " ) (1.6.2) 

where Wl= the mass of a c a r r i e r , 
U.= the v e l o c i t y component of a c a r r i e r i n the d i r e c t i o n 

o f the f i e l d , and 
"Tyv= the e f f e c t i v e c a r r i e r noise temperature. 

The mechanism l e a d i n g to such a behaviour i s b r i e f l y t h i s 
t hat the c a r r i e r s acquire energy from the e l e c t r i c f i e l d 
between c o l l i s i o n s , and th a t they are unable to d i s s i p a t e a l l 
t h i s energy during a c o l l i s i o n . The c a r r i e r s gain more and more 
enerpy u n t i l they are on the average able to l o s e as much 
energy during a c o l l i s i o n as they acquire between c o l l i s i o n s . 
The 3hockley paper and other r e l e v a n t succeeding ones are more 
e x t e n s i v e l y reviewed i n chapter I I . 

The noise i n a current through a r e c t a n g u l a r homogeneous 
s o l i d w i t h a uniform e l e c t r i c f i e l d d i s t r i b u t i o n i s evaluated 
i n Appendix I I and found to be 



S t f ) - 4 t e T n ( ^ f r ) + Z ^ z ] (1 . 6.3). 

where t h e n o i s e t e m p e r a t u r e ~Tn i s g i v e n by e q u a t i o n ( 1 . 6 . 2 ) . 

Thus i t i s seen t h a t t h e n o i s e can be d i v i d e d i n t o s h o t and 

t h e r m a l n o i s e components, a n d . t h a t t h e s e can be d i s c u s s e d 

s e p a r a t e l y . 



Chapter I I ~ 'REVIEW OF PREVIOUS WORK 

2.1 Diode Current f o r V < V p 

The current i n an emitter-c611ector diode f o r voltages 
l e s s than the punch-through voltage has been s t u d i e d by 
Gotzberger (1959). The current i n such a diode w i t h the 
c o l l e c t o r reverse biased i s equal to 

T ' - T c o (2.1.1) 

where I < 0 i s the reverse s a t u r a t i o n current of the c o l l e c t o r 
i u n c t i o n and oi i s defined as —jr=r under common- em i t t e r 

•ale 
operation,Xe a n d X c a**e the currents e n t e r i n g the e m i t t e r and 
c o l l e c t o r r e s p e c t i v e l y . The above r e l a t i o n can be very e a s i l y 
d e r i v e d by co n s i d e r i n g the base current of the t r a n s i s t o r ; the 
l a t t e r c o n s i s t s of the f r a c t i o n ( l - * ) of the t o t a l current 
e n t e r i n g the e m i t t e r , and the current -Tco e n t e r i n g the 
c o l l e c t o r . Since i n the diode connection the base i s f l o a t i n g , 
the t o t a l base current must be zero and 

0--) 
equation (2.1.1) f o l l o w s immediately. 

Since the f r a c t i o n of c a r r i e r s emitted by the e m i t t e r t h a t 
are l o s t i n the base due to surface recombination i s equal to 
the r a t i o of the base width W to the d i f f u s i o n length Ls of the 
c a r r i e r s i n the base,(l-^) 5 5 a n d the f o l l o w i n g equation i s 
obtained f o r the t o t a l c u r r e n t : 

T ' _ T (2.1.2) 



S i n c e no r e c o m b i n a t i o n can o c c u r i n the space-charge 

r e g i o n i n f r o n t o f t h e c o l l e c t o r , t h e v a l u e o f W i n e q u a t i o n 

(2.1.2) s h o u l d be r e d u c e d a c c o r d i n g l y . U s i n g t h e c o n d i t i o n t h a t 

t h e i n t e g r a t i o n o f t h e e l e c t r i c f i e l d o v e r t h e space-charge 

r e g i o n g i v e s t h e a p p l i e d v o l t a g e V y i e l d s 

-r/ — L s I C Q ! (2.1.3) 

S i n c e t h i s f o r m u l a d i d not agree w i t h e x p e r i m e n t a l 

o b s e r v a t i o n G o t z b e r g e r s u g g e s t e d t h a t a f u r t h e r c o r r e c t i o n due 

t o n o n - p l a n a r geometry was needed and t h a t a n o n • u n i f o r m 

base w i d t h would l e a d t o a punch-through v o l t a g e v a r y i n g 

a c r o s s t h e base. He proposed as a model o f t h e t r a n s i s t o r , 

two t r a n s i s t o r s w i t h d i f f e r e n t base w i d t h s i n p a r a l l e l ; t h i s 

mo de1 gave 

I ' = ^ * J - ^ = + — P ^ = ] (2.1.4) 

where A| and A^ a r e the a r e a s o f t h e two t r a n s i s t o r s w i t h 

punch-through v o l t a g e s Vp, and Vp^ ; a l s o A = A,4 - A Z . 

A most i n t e r e s t i n g case o c c u r s when one o f t h e j u n c t i o n s 

has a p r o j e c t i o n i n t o the base; such a p r o j e c t i o n w i l l be 

accompanied by a v e r y s m a l l a r e a and a s m a l l punch-through 

v o l t a g e . . In such a t r a n s i s t o r t h e c u r r e n t w i l l be d e t e r m i n e d 

m a i n l y by the l a r g e r a r e a t r a n s i s t o r u n t i l the punch-through 

v o l t a g e o f t h e s p i k e i s r e a c h e d . At t h i s v o l t a g e t h e c u r r e n t 

w i l l i n c r e a s e v e r y r a p i d l y , and most o f t h e c u r r e n t w i l l o c c u r 

a t t h e s p i k e . 

E q u a t i o n (2.1.4) i s i l l u s t r a t e d g r a p h i c a l l y i n f i g u r e 24 



where a f i t i s made t o c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s 

o b t a i n e d e x p e r i m e n t a l l y . 

2.2 Diode C u r r e n t f o r V >Vp J 

Space-charge l i m i t e d c u r r e n t s i n germanium have been 

s t u d i e d by S h o c k l e y and P r i m (1953), Dacey (1953) and N i c h o l 
t 

(195«). \ ' 

S h o c k l e y and P r i m a n a l y s e d an n - i - n d i o d e , and assuming 

t h a t t h e d r i f t c u r r e n t was much g r e a t e r than t h e d i f f u s i o n 

c u r r e n t , t h e y o b t a i n e d f o r t h e c u r r e n t d e n s i t y 

T = l 2 - 2 - l ) 

where V « t h e a p p l i e d v o l t a g e , 
W» t h e base w i d t h , and 
jJLg= the e l e c t r o n m o b i l i t y i n t h e base, assumed t o be 

independent o f t h e e l e c t r i c f i e l d . 

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

e f f e c t o f t h e f i x e d donor charge d e n s i t y o f the base, and a g a i n 

assuming the m o b i l i t y t o be f i e l d i n d e p e n d e n t . T h i s gave f o r 

h i g h a p p l i e d v o l t a g e s a r e s u l t s i m i l a r t o (2.2.1), but a t l o w e r 

v o l t a g e s t h e c u r r e n t d e c r e a s e d more r a p i d l y and f o r V^Vp , 3 * 0 . 

The e f f e c t o f t h e v a r i a t i o n o f m o b i l i t y w i t h f i e l d on the 

above models was c o n s i d e r e d by Dacey (1953). 1'he c u r r e n t d e n s i t y 

i n a p - i - p d i o d e w i t h a f i e l d dependent m o b i l i t y , U °cr , was 

found to.be p r o p o r t i o n a l t o V f o r v o l t a g e s much g r e a t e r t h a n 

t h e punch-through v o l t a g e . F o r s m a l l e r v o l t a g e s and c u r r e n t 

d e n s i t i e s t he e f f e c t o f t h e f i x e d charge i n t h e base, w h i c h can 



n e v e r be c o m p l e t e l y e l i m i n a t e d , was not n e g l e c t e d and the 

Sh o c k l e y and Prim r e s u l t s used. Good agreement between 

e x p e r i m e n t a l and t h e o r e t i c a l r e s u l t s was o b t a i n e d . 

S i n c e the f i e l d i n a p-n-p d i o d e v a r i e s o v e r a wide range 

a c r o s s the base, N i c h o l (195$) c o n s i d e r e d t h e f o l l o w i n g v e l o c i t y 

f i e l d r e l a t i o n w h i c h approaches the c o n s t a n t m o b i l i t y case f o r 

low f i e l d s and the c o n s t a n t velocityV£ a t h i g h f i e l d s ; 

- i r - ^° F ( 2 . 2 . 2 ) 

where lT= the c a r r i e r d r i f t v e l o c i t y , 
F = t h e e l e c t r i c f i e l d s t r e n g t h , and 
JJL0= the zer o f i e l d m o b i l i t y . 

A p p l y i n g t h i s t o the p-n-p d i o d e g i v e s f o r t h e f i e l d d i s t r i b u t i o n 

and f o r the c u r r e n t - d e n s i t y v o l t a g e r e l a t i o n 

where C i s a d i m e n s i o n l e s s parameter which- v a r i e s s l i g h t l y w i t h 

t h e c u r r e n t d e n s i t y , and X r e p r e s e n t s t h e d i s t a n c e a c r o s s the 

base from the e m i t t e r . A v a l u e o f C = 1.3 g i v e s l e s s t h a n 10% 

e r r o r o v e r a f i e l d range o f 500 to 14 ,000 v o l t s /cm, and the 
1 

l i m i t i n g v a l u e o f C f o r low f i e l d s i s 2 . F o r the t r a n s i s t o r s 

used the two terms i n (2.2.4) were e q u a l a t a c u r r e n t o f 30 

m i l l i a m p e r e s : a t l o w e r c u r r e n t s t h e second term was predominant 

and a t h i g h e r c u r r e n t s the f i r s t term was predominant. 
For c u r r e n t d e n s i t i e s T-« . ° — t h e above e q u a t i o n s 

"To™ 
g i v e 



_ 2-VP 
VI7-

X + C (2.2.5) 

and 

(2.2.6) 

However t o r e l a t e t h e c u r r e n t d e n s i t y t o t h e c u r r e n t , t h e 

fo r m e r must be m u l t i p l i e d by t h e e f f e c t i v e a r e a o f the e m i t t e r . 

To e x p l a i n h i s r e s u l t s , N i c h o l found i t n e c e s s a r y t o assume 

t h a t t h e space charge r e g i o n t o u c h e s t h e e m i t t e r as a sphere 

t o u c h e s a p l a n e , t h e e f f e c t i v e a r e a was found t o be 

Combining t h i s w i t h (2.2.6) y i e l d s f o r t h e t o t a l c u r r e n t 

For a t r a n s i s t o r w i t h n o n - p l a n a r geometry, an a d d i t i o n a l 

c u r r e n t w i l l f l o w from t h a t p a r t o f the e m i t t e r w h i c h i s n o t 

i n c o n t a c t w i t h the space-charge r e g i o n , t h i s c u r r e n t w i l l be 

a d i f f u s i o n c u r r e n t such as d i s c u s s e d i n s e c t i o n 2.1. 

2.3 S h o c k l e y and Hot E l e c t r o n s 

There a r e two problems c o n s i d e r e d by S h o c k l e y (1951) i n 

e v a l u a t i n g t h e e q u i l i b r i u m s t a t e f o r e l e c t r o n s s u b j e c t e d t o an 

e l e c t r i c f i e l d i n germanium. They a r e t h e p h y s i c a l mechanism o f 

the i n t e r a c t i o n s between e l e c t r o n s and phonons, and the 

c o n d i t i o n a t w h i c h a s t e a d y s t a t e e x i s t s . 

A = (V-Vp) Try/2- (2.2.7) Vp 

(2.2.8) 



A phonon i s a quantum of energy of one of the normal modes 
of l a t t i c e v i b r a t i o n , and i n the diamond type l a t t i c e of 
germanium there are two d i f f e r e n t types of modes c h a r a c t e r i z e d 
by d i f f e r e n t frequency wavelength r e l a t i o n s h i p s . The a c o u s t i c a l 
modes are c h a r a c t e r i z e d by the r e l a t i o n where ~X and V are 
the wavelength and frequency r e s p e c t i v e l y ; s i s the v e l o c i t y o f 
sound and deviates from a constant only at wavelengths of the 
order, of the i n t e r a t o m i c d i s t a n c e . The o p t i c a l modes are 
c h a r a c t e r i z e d by a frequency V 0 p which i s very n e a r l y independ­
ent of wavelength. Since the energy of an o p t i c a l phonon i n 
germanium i s h p 0 p = fcTop where "Top= 520°K and k i s Boltzmann's 
constant, the p r o b a b i l i t y that a p a r t i c u l a r " o p t i c a l mode i s 
e x c i t e d i s small f o r a l a t t i c e at room temperature. 

Shockley f i r s t considers c o l l i s i o n s between e l e c t r o n s and 
a c o u s t i c a l modes only; the mechanics of a c o l l i s i o n are 
c a l c u l a t e d by u s i n g the laws of conservation of energy and 
momentum. By c o n s i d e r i n g the various t r a n s i t i o n p r o b a b i l i t i e s 
he slwtfs t h a t the s c a t t e r i n g of e l e c t r o n s by a c o u s t i c a l phonons 
i s analogous to the s c a t t e r i n g of a small e l e c t r o n mass ma by a 
lar g e equivalent phonon mass M 0= 5 ^ , moving wi t h a thermal 
energy appropriate to the l a t t i c e temperature!^ . The average 
energy gain per c o l l i s i o n f o r an e l e c t r o n w i t h an i n i t i a l 
momentum P i i s f̂ ™k~]o_ F£\ t Assuming the e l e c t r o n v e l o c i t y 

M o M o ' 
d i s t r i b u t i o n to be Maxwellian w i t h an r.m.s. v e l o c i t y VJg , the 
average r a t e of energy gain of an e l e c t r o n due to phonon 
i n t e r a c t i o n i s 

(HI = <2-3-lJ 

f>nonon5 



where 4. , t h e mean f r e e path,and \j~.-^2£3Zs. have been i n t r o d u c e d . 

The e l e c t r o n a c q u i r e s energy from t h e f i e l d F a t a r a t e 

= ^ r ( 2 ' 3 ' 2 ) 

where U^j i s t h e d r i f t v e l o c i t y . 

In t he s t e a d y s t a t e t h e average r a t e o f energy change o f an 

e l e c t r o n must be z e r o , and ( 2 . 3 . 3 ) i s o b t a i n e d when t h i s 

c o n d i t i o n I s a p p l i e d t o t h e p r e v i o u s e q u a t i o n s . 

where t h e zero f i e l d m o b i l i t y JU0 i s i n t r o d u c e d and Tg I s t h e 

e f f e c t i v e e l e c t r o n t e m p e r a t u r e d e f i n e d by le*e=-Lrnv"e . T h i s 

g i v e s two l i m i t i n g forms f o r t h e d r i f t v e l o c i t y and e f f e c t i v e 

e l e c t r o n t e m p e r a t u r e : 

f o r F « F D , ua*/*oF 1+ ( - f f -

( 2 . 3 . 4 ) 

^ r p»F 0 , \J2=UoJFii ^ = -E 

where F0 i s t h e f i e l d a t w h i c h the two l i m i t i n g forms f o r t h e 

d r i f t v e l o c i t y a r e e q u a l , = — (-j^j 2-. 

T h e s e " r e s u l t s agree q u a l i t a t i v e l y w i t h t h e e x p e r i m e n t a l 

m o b i l i t i e s o b t a i n e d by Ryder (1953), A r t h u r Gibson and G r a n v i l l e 

(1956), and La r r a b e e (1959), but t h e c r i t i c a l f i e l d F0 , a t 

which t h e d r i f t v e l o c i t y changes from an F law t o an F lav/, i s 

ob s e r v e d t o be t h r e e t i m e s g r e a t e r t h a n p r e d i c t e d . S h o c k l e y 

a t t r i b u t e s t h i s d i s c r e p a n c y t o the f a c t t h a t t h e e l e c t r o n mass 

i s n o t s i n g l e v a l u e d and shows t h a t t h i s l e a d s t o a g r e a t e r 



e f f i c i e n c y o f energy t r a n s f e r and a c o n s t a n t m o b i l i t y up t o 

h i g h e r f i e l d s . 

S i n c e t h e o p t i c a l modes a r e a l m o s t u n e x c i t e d a t room 

t e m p e r a t u r e , t h e y cannot g i v e energy t o the e l e c t r o n s , however 

t h e y can a b s o r b energy. T h i s can o n l y o c c u r when an e l e c t r o n has 

a k i n e t i c energy g r e a t e r t h a n k^op , t h e energy o f an o p t i c a l 

phonon, a s i t u a t i o n w h i c h r a r e l y o c c u r s a t low f i e l d s . I n an 

e l e c t r i c f i e l d h i g h enough so t h a t an e l e c t r o n g a i n s an energy 

hJ*̂ , between c o l l i s i o n s , o p t i c a l mode s c a t t e r i n g becomes v e r y 

i m p o r t a n t and i s v e r y much more e f f i c i e n t t h a n a c o u s t i c a l mode 

s c a t t e r i n g because o f t h e much l a r g e r e n e r g i e s t r a n s f e r r e d . 

A s i m p l e a n a l y s i s , assuming t h a t an e l e c t r o n i s a c c e l e r a t e d 

from r e s t u n t i l i t g a i n s an energy. KP0p and t h e n l o s e s i t t o 

an o p t i c a l mode, l e a d s t o a d r i f t v e l o c i t y - independent o f t h e 

Such a s i m p l e t r e a t m e n t c o m p l e t e l y n e g l e c t s a c o u s t i c a l 

mode s c a t t e r i n g , t h e r e l a t i v e mean f r e e p a t h s f o r a c o u s t i c a l 

and o p t i c a l mode s c a t t e r i n g , 4 a n d t h e p r o b a b i l i t y t h a t an 

w h i c h p r e d i c t s a c o n s t a n t m o b i l i t y a t low f i e l d s , a d r i f t 

v e l o c i t y p r o p o r t i o n a l t o F ^ a t i n t e r m e d i a t e f i e l d s , a s a t u r a t i o n 

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

v e l o c i t y a t even h i g h e r f i e l d s . By u s i n g an e x p e r i m e n t a l v a l u e 

o f t h e low f i e l d m o b i l i t y and a d j u s t i n g the v e l o c i t y o f sound, 

S h o c k l e y o b t a i n s good n u m e r i c a l agreement between.his t h e o r y 

and e x p e r i m e n t a l d a t a f o r t h e d r i f t v e l o c i t y up t o a f i e l d o f 

e l e c t r o n may a c q u i r e more energy t h a n hp 0p b e f o r e b e i n g 

s c a t t e r e d . Shock-ley c o n s i d e r s t h e s e i n a more g e n e r a l a n a l y s i s 



30,000 volts/cm. He estimates the e f f e c t i v e e l e c t r o n temperature 
to be 4000°K at t h i s highest f i e l d and 1000°K at a f i e l d of 
3,000 volts/cm. I t should be noted t h a t these temperatures are 
three times lower than those p r e d i c t e d by equation ( 2 . 3 . 4 ) , the 
d i f f e r e n c e being due to the i n c l u s i o n of the o p t i c a l modes as 
a s c a t t e r i n g mechanism. 

2.4 Further Work 

A review of recent t h e o r e t i c a l and experimental work on 
warm and hot e l e c t r o n s i s given by Koenig (1958). 

The energy d i s t r i b u t i o n f u n c t i o n f o r e l e c t r o n s i n 
germanium was c a l c u l a t e d by Yamashita and Watanabe (1954) f o r 
a c o u s t i c a l mode s c a t t e r i n g , and the a n a l y t i c a l expression 
obtained was the Pisarenko d i s t r i b u t i o n 

H(e) = No- E ' 4 • p) P « p ( - £ r ) . ( 2 . 4 - D 

where N ^ > » a constant, 
E"= the e l e c t r o n energy, 
"£= the l a t t i c e temperature, and 

where ^= the e l e c t r o n i c charge, 
4,- the mean f r e e path at low f i e l d s , 

tt\' the e f f e c t i v e mass of a conduction e l e c t r o n , 
S- the v e l o c i t y of sound, and 

the e l e c t r i c f i e l d s t r e n g t h . 

Using the experimental value f o r the zero f i e l d m o b i l i t y . t h e y 
c a l c u l a t e d the p r o p o r t i o n a l i t y constant between j> and F and 
subsequently the m o b i l i i t y at higher f i e l d s . The r e s u l t s were 
i n s u b s t a n t i a l agreement w i t h those of Shockley. The noise 



t e m p e r a t u r e t o be e x p e c t e d on t h e b a s i s o f t h e s e r e s u l t s i s 

c a l c u l a t e d i n s e c t i o n 4.3. Xamashita and Watanabe a l s o c o n s i d e r 

t h e e f f e c t s o f o p t i c a l mode s c a t t e r i n g and o b t a i n r e s u l t s i n 

good agreement w i t h S h o c k l e y ; t h e i r c o n s i d e r a t i o n o f the e f f e c t s 

o f i m p u r i t y s c a t t e r i n g i n d i c a t e a r e d u c t i o n i n the c r i t i c a l 

f i e l d f o r l a r g e i m p u r i t y c o n c e n t r a t i o n s a t w h i c h th e mean f r e e 

path due t o t h e i m p u r i t i e s i s o f the same o r d e r o f magnitude 

as t h a t due t o phonons. 

F r o h l i c h and Paran.iape (1956) showed t h a t when the f r e e 

e l e c t r o n d e n s i t y i s s u f f i c i e n t l y l a r g e t h a t i n t e r - e l e c t r o n i c 

c o l l i s i o n s d e termine the v e l o c i t y d i s t r i b u t i o n f u n c t i o n which 

w i l l be M a x w e l l i a n d i s p l a c e d by t h e d r i f t v e l o c i t y i n t h e 

d i r e c t i o n o f t h e e l e c t r i c f i e l d . On t h i s b a s i s , S t r a t t o n (1953). 

c a l c u l a t e d t h e v e l o c i t y f i e l d r e l a t i o n f o r germanium a t room 

te m p e r a t u r e and o b t a i n e d good agreement w i t h t h e e x p e r i m e n t a l 

r e s u l t s o f A r t h u r , G i b s o n and G r a n v i l l e (1956). The main 

d i f f e r e n c e between t h i s a n a l y s i s and the p r e v i o u s ones i s t h a t 

t h e e f f e c t o f t h e o p t i c a l modes i s c o n s i d e r e d f o r f i e l d s a t 

whjch the mean e l e c t r o n energy i s l e s s t h a n K̂ op • 

Gunn (1957) c o n s i d e r s t h e e f f e c t o f o p t i c a l mode s c a t t e r i n g 

w i t h a s i m p l e model, based on S h o c k l e y ' s e l e m e n t a r y t r e a t m e n t 

w h i c h l e a d s t o a d r i f t v e l o c i t y independent o f t h e f i e l d . The 

model i s t h a t an e l e c t r o n always moves i n t h e d i r e c t i o n o f t h e 

a p p l i e d f i e l d w i t h t h e f o l l o w i n g p r o b a b i l i t i e s o f b e i n g 

s c a t t e r e d : 

o 
a (ix - v r o p ) b f o r 

f o r 
(2.4.1) 



where A. and b a r e c o n s t a n t s , u. i s t h e e l e c t r o n v e l o c i t y and 

V J p S (*3'^0 g)'/a*» T n e v a l u e o f b i s r e l a t e d t o t h e e f f e c t i v e n e s s 

o f t h e o p t i c a l modes as a s c a t t e r i n g mechanism; a v a l u e o f b » / 

means t h a t as soon as an e l e c t r o n r e a c h e s an energy Hl&p , i t i s 

s c a t t e r e d and s t a r t s a g a i n from z e r o energy. C l e a r l y i n t h i s 

case t h e d r i f t v e l o c i t y and mean square v e l o c i t y a r e g i v e n by 

U d = z ^ P a n d ^ = "3 . ( 2 . 4 . 2 ) 

Gunn c a l c u l a t e s t he d r i f t v e l o c i t y f o r n o n - i n f i n i t e v a l u e s o f fc> , 

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

f i e l d s . The mean k i n e t i c energy o f an e l e c t r o n i s t h e n 

E = ̂ mu l ""g^^p » f o r b-»«o, and i f the e f f e c t i v e e l e c t r o n 

t e m p e r a t u r e i s d e f i n e d i n a n a l o g y t o t h a t f o r a Max w e l l 

d i s t r i b u t i o n , E - - ^ f e l ^ f o r one d i m e n s i o n , t h e v a l u e = ^ f e ^ 

i s o b t a i n e d . S u b s t i t u t i n g t h e v a l u e hv0f>~ 
ItTop and "l̂ p = 520°K 

y i e l d s Te = 340°K. 

I t s h o u l d be n o t e d t h a t i n t h i s model t h e r e s u l t s a r e 

q u i t e independent o f the l a t t i c e t e m p e r a t u r e whereas the 

e x p e r i m e n t a l r e s u l t s o f Ryder ( 1 9 5 3 ) show t h a t t h e s a t u r a t i o n 

d r i f t v e l o c i t y d e c r e a s e s w i t h i n c r e a s i n g l a t t i c e t e m p e r a t u r e . 

The e f f e c t i v e e l e c t r o n t e m p e r a t u r e i s i n sharp d i s a g r e e m e n t 

w i t h t h a t p r e d i c t e d by S h o c k l e y ( 1 9 5 1 ) and Yamashita and 

Watanabe ( 1 9 5 4 ) o f about 4000°K. In s e c t i o n 4 . 3 i t i s shown t h a t 

when the e f f e c t i v e n o i s e t e m p e r a t u r e i s c o n s i d e r e d t h e 

disagreement i s even g r e a t e r . 



Chapter I I I — EXPERIMENTAL INVESTIGATION 

3.1 S e l e c t i o n o f T r a n s i s t o r s 

The t r a n s i s t o r s chosen f o r t h i s s t u d y were s u b j e c t e d t o 

t e s t s f o r a v a l a n c h e m u l t i p l i c a t i o n , i n h o mogeneity o f the base 

i m p u r i t y d e n s i t y , and s u r f a c e c o n d u c t i o n . S i n c e i t was d e s i r e d 

t o have t r a n s i s t o r s w i t h s t e p . j u n c t i o n s and not d i f f u s e d 

j u n c t i o n s , so t h a t the base would be homogeneous, o n l y a l l o y 

j u n c t i o n t r a n s i s t o r s were chosen. The S c h e n k e l - S t a t z punch-

t h r o u g h v o l t a g e s were measured and o n l y t h o s e t r a n s i s t o r s 

w h i c h were s y m m e t r i c a l w i t h r e s p e c t t o e m i t t e r and c o l l e c t o r 

were chosen; t r a n s i s t o r s w i t h p o o r l y d e f i n e d punch-through 

v o l t a g e s were r e j e c t e d . The method used t o d e t e r m i n e t h e e x t e n t 

o f a v a l a n c h e m u l t i p l i c a t i o n was t h a t d e v i s e d by N i c h o l (1953) 

based on the work o f M i l l e r (1955) and the r e s u l t i n g c r i t e r i o n 

used was t h a t (Vp/Vg) < 0.1, where Vjj i s t h e c o l l e c t o r breakdown 

v o l t a g e . The Brown (1953) t e s t was used t o d e t e r m i n e t h e e x t e n t 

o f s u r f a c e c o n d u c t i o n . The f l o a t i n g e m i t t e r p o t e n t i a l was 

measured and compared t o the v a l u e o b t a i n e d from e q u a t i o n (1.4.4) 

u s i n g the measured v a l u e of<X, o n l y t h o s e t r a n s i s t o r s w h i c h 

showed good agreement were chosen. 

The o n l y t r a n s i s t o r t y p e w h i c h was found a c c e p t a b l e i n a l l 

t h e s e r e s p e c t s was t h e G e n e r a l E l e c t r i c 2N137, and i n d i v i d u a l 

u n i t s were s e l e c t e d t o meet t h e S c h e n k e l - S t a t z and Brown t e s t s r 

r e q u i r e m e n t s . T y p i c a l v a l u e s f o r the 2N137 were Vp = 6.0 v o l t s , 





Vg = 60 v o l t s , oC » O.98, and a f l o a t i n g e m i t t e r p o t e n t i a l of 
0.10 v o l t s . ' 

The d i s s i p a t i o n c o e f f i c i e n t i n a i r f o r these t r a n s i s t o r s 
according to the manufacturer's data i s t y p i c a l l y 0 .6 °C per 
m i l l i w a t t , which at t y p i c a l o p e r a t i n g c o n d i t i o n s of 10 v o l t s 
and 5 m i l l i a m p e r e s , would l e a d to a temperature r i s e of 30 0 C J 
I t was thus found necessary to perform a l l the experiments w i t h 
the t r a n s i s t o r immersed i n o i l and w i t h copper f i n s attached to 
a l l three l e a d s . A thermometer i n thermal contact w i t h the base 
lead i n d i c a t e d a temperature r i s e of no more than 1°C under 
extreme opera t i n g c o n d i t i o n s . 

3.2 D-C. C h a r a c t e r i s t i c s 

The e m i t t e r - c o l l e c t o r d-c. current-voltage c h a r a c t e r i s t i c s 
were measured w i t h a m i l l i a m e t e r and a high impedance voltmeter. 
Figure 7 shows a t y p i c a l curve, which could be d i v i d e d i n t o two 
d i s t i n c t regions o f ^ v o l t a g e . For voltages g r e a t e r than the 
punch-through voltage i t was found t h a t 

X oc ( V-V P) 3 (3 .2.1) 

and f o r voltages below punch-through an e m p i r i c a l expression 
f o r the current was discovered to be 

X-1a • oC V (3 . 2 . 2 ) 

where X D was a constant. Equation (3 .2.1) was i n agreement w i t h 

the r e s u l t s of N i c h o l (1958) except f o r the p r o p o r t i o n a l i t y 

constant. / 
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3 . 3 Low Frequency A-C. C h a r a c t e r i s t i c s 

A Wheatstone type bridge was constructed f o r the 
measurements of'the a-c. admittance of the e m i t t e r - c o l l e c t o r 
diode between 1 kc/s and 500 kc/s. A v a i l a b l e commercial 
equipment could not be used since a very l a r g e condenser o f 
about 1000yuF would be neededto bypass the d-c. supply f o r the 
t r a n s i s t o r . To avoid t h i s problem, the d-c. supply was 
i n c o r p o r a t e d i n the d e t e c t o r arm of the b r i d g e , where i t could 
not a f f e c t the balance. The c i r c u i t i s shown i n f i g u r e # and 
was found to have e x c e l l e n t s e n s i t i v i t y at the high frequencies 
but was i n s e n s i t i v e to capacitance changes below 20 kc/s. An 
o s c i l l o s c o p e was used as the n u l l d e t e c t o r , the h o r i z o n t a l 
sweep being s u p p l i e d d i r e c t l y from the o s c i l l a t o r . For a l i n e a r 
device such as a r e s i s t o r as the unknown the t r a c e on the 
o s c i l l o s c o p e was an e l l i p s e , which became a h o r i z o n t a l l i n e at 
the n u l l p o i n t ; f o r a non l i n e a r device such as a t r a n s i s t o r , 
the second harmonic a l s o appeared and a symmetrical f i g u r e - o f -
eight i n d i c a t e d the balance p o i n t . 

I t was found t h a t without the very c a r e f u l l y planned 
s h i e l d i n g shown i n the diagram the o s c i l l o s c o p e t r a c e was 
b l u r r e d due to 60 cps. pick-up and that i t was impossible to 
o b t a i n a n u l l . The l i m i t on t h e . s e n s i t i v i t y of the bridge was 
placed by the gain of the o s c i l l o s c o p e and small amounts of 
s t r a y pick-up which occurred i n s p i t e of the s h i e l d i n g . The 
former l i m i t was n e c e s s i t a t e d by the n o n - l i n e a r i t y of the 
t r a n s i s t o r , because even small s i g n a l voltages d i s p l a c e d the 
d-c. o p e r a t i n g point of the t r a n s i s t o r ; t h i s was observed by 
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a change i n the current and the appearance of higher harmonics 
on. the o s c i l l o s c o p e . Care was taken to ensure that no 
appreciable displacement occurred; t h i s was found to be very 
e x a c t i n g at the lower c u r r e n t s , and i n some cases meant that 
only one s i g n i f i c a n t f i g u r e could be obtained. 

The capacitance zero of the bridge was determined by 
s u b s t i t u t i n g a carbon r e s i s t o r as the unknown. For the range of 
frequencies used i n the experiments, the o v e r a l l v a r i a t i o n was 
l e s s than 200 p f . , which was almost e n t i r e l y due to the 
S h a l l c r o s s r e s i s t a n c e box used; the v a r i a t i o n was l e s s than 
20 pf. between 20 and 500 kc/s. 

The accuracy of the bridge was b e t t e r than 5% over the 
r e s i s t a n c e and capacitance ranges used. 

3.4 High Frequency A-C. C h a r a c t e r i s t i c s 

The diode admittance between 500 kc/s and 5 mc/s was 
measured w i t h a model B 601 Wayne-Kerr bridge. The c i r c u i t used 
i s shown i n f i g u r e 9; the 0.01 yJF condenser was e f f e c t i v e l y a 
short c i r c u i t at these frequencies and d i d not produce any 
unwanted r e s i s t a n c e or capacitance components which i t d i d at 
the lower, f r e q u e n c i e s , n e c e s s i t a t i n g the c o n s t r u c t i o n of the 
bridge p r e v i o u s l y discussed. Measurements were made on carbon 
r e s i s t o r s , s u b s t i t u t e d f o r the t r a n s i s t o r , to confirm that the 
bridge was working c o r r e c t l y . 
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3.5 Experimental Impedances 

Both bridges gave the e f f e c t i v e a-c. impedance of the 
t r a n s i s t o r as an e f f e c t i v e a-c. admittance — + V^^-fc where 

R-t J 

Rfc and C± are the values of r e s i s t a n c e and capacitance read o f f 
the b r i d g e s . In this- manner the t r a n s i s t o r i s represented as a 
r e s i s t a n c e Rt and a capacitance Cfc i n p a r a l l e l . 

T y p i c a l r e s u l t s obtained f o r the v a r i a t i o n of F?t and Q . 

w i t h frequency and current are shown i n f i g u r e s 10,11,12 and 13 
and some were q u i t e unexpected, p a r t i c u l a r l y the capacitance 
r i s e at low frequencies which i n some t r a n s i s t o r s reached 3000 pf. 
The capacitance /was found to be constant at low fre q u e n c i e s , and 
to decrease as j from 100 kc/s to 1 mc/s. The d i f f e r e n t i a l 
r e s i s t a n c e Rfc was observed to be constant above 200 kc/s, but to 
r i s e at lower f r e q u e n c i e s . 

i 

The v a r i a t i o n of R-t w i t h current i s shown i n f i g u r e 13 and 
the 1 kc/s curve i s seen to be s i m i l a r to the d e r i v a t i v e ' of the 
d-c. c h a r a c t e r i s t i c s . The capacitance was found to vary l i n e a r l y 
w i t h the current between 1 and 6 mi l l i a m p e r e s , w i t h d e v i a t i o n s 
o c c u r r i n g at higher current as shown i n f i g u r e 10. 

3.6 Noise Measurements 20 to 500 kc/s 

The p r i n c i p l e used i n a l l the noise measurements was tha t 
of comparing the t r a n s i s t o r noise w i t h that of a standard noise 
diode. The c i r c u i t used f o r frequencies between 20 and 500 kc/s 
i s shown i n f i g u r e 14 and i t s equivalent c i r c u i t i s shown i n 
f i g u r e 15. The extensive f i l t e r i n g used on the Transpac was 
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necessary to reduce the l e v e l of 120 cps. introduced v i a the 
temperature v a r i a t i o n s of the diode heater. A d d i t i o n a l f i l t e r i n g 
was a l s o found necessary between the two a m p l i f i e r s to e l i m i n a t e 
s t r a y pick-up from the r e s t of the c i r c u i t and a m p l i f i e d by the 
f i r s t a m p l i f i e r . No 60 cps. or 120 cps. could be detected w i t h 
an o s c i l l o s c o p e at the input of the wave analyzer. The noise 
diode used was a S y l v a n i a 5722, designed to generate f u l l shot 
noise under temperature-limited c o n d i t i o n s as given by 
equation (1.5.1). 

The procedure f o r measuring the t r a n s i s t o r noise was as 
f o l l o w s ; w i t h zero diode c u r r e n t , but a t r a n s i s t o r current Xfc 
f l o w i n g , the output voltage was read on the wave an a l y z e r . The 
reading was then increased 3 db. by a d j u s t i n g the diode f i l a m e n t 
supply and the corresponding p l a t e c u r r e n t r e a d . The 
t r a n s i s t o r noise was then represented as a shunt noise generator 
of value X2 - 2.Q^i±A$ where i 1 was the measured noise current 
and the equation defines \± . For n e g l i g i b l e a m p l i f i e r n o i s e , the 
procedure described above'immediately gave l ^ X d since gain, 
bandwidth and impedance d i d not vary between the measurements. 

Three departures from t h i s simple a n a l y s i s were encountered„• 
i n the measurements; the v a r i a t i o n of diode conductance w i t h 
c u r r e n t , thermal noise generated by the load r e s i s t o r s , and the 
a m p l i f i e r n o i s e . The diode conductance was measured a t v a r i o u s 
frequencies and currents and the highest value obtained was 
20^lmho: t h i s value was not l a r g e enough to cause any app r e c i a b l e 
e r r o r . The noise of the load r e s i s t o r s Rj_ was minimized by 
us i n g wire wound re s i s t o r s " , which e x h i b i t o n l y thermal Nyquist 
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n o i s e . For the value Rj_= 600.3.used, they had an equivalent shot 
noise current of 0.1 ma. which was n e g l i g i b l e compared w i t h the 
noise currents measured. A l l the r e s u l t s were c o r r e c t e d f o r the 
a m p l i f i e r n o i s e , which was sometimes h a l f of the t o t a l measured 
noise. The a m p l i f i e r noise was measured by a process i d e n t i c a l 
to the procedure f o r measuring the t r a n s i s t o r noise except t h a t 
the t r a n s i s t o r was disconnected; t h i s gave an equivalent 
a m p l i f i e r noise c u r r e n t l y which had to be c o r r e c t e d when the 
t r a n s i s t o r was i n the c i r c u i t , due to the impedance change. 
An a n a l y s i s of the equivalent c i r c u i t shown i n f i g u r e 15 gave 
f o r the equivalent t r a n s i s t o r noise current 

it - i j -x„{ i + ( f e f i u-6-*-> 

where 3j= the anode current of the noise diode, 
'/RL* t n e conductance of the load r e s i s t o r s , 
i/gp the incremental conductance of the t r a n s i s t o r , and 
I h = the equivalent a m p l i f i e r noise current w i t h the 

t r a n s i s t o r disconnected. 
In the above analysis* the a m p l i f i e r noise i s assumed to be 
equivalent to a constant voltage source at the a m p l i f i e r input 

2. 
t e r m i n a l s of value "0^ and the above r e p r e s e n t a t i o n by I n i s 
merely a convenience; the two q u a n t i t i e s are r e l a t e d by 
V^3" = Ri_2Af where A f i s the bandwidth of the measuring 
c i r c u i t . 

The value of RL. was c a l c u l a t e d , from the d-c. r e s i s t a n c e s 
of the two load r e s i s t o r s and found to be 600 The impedance 
of the whole c i r c u i t as seen by the f i r s t a m p l i f i e r was 
measured wi t h both bridges; they gave s i m i l a r r e s u l t s of 
R U = 600 ± 5IL from 20 to 500 kc/s and an e f f e c t i v e p a r a l l e l 
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capacitance of 100 ± 15 pf. between 100 and 500 kc/s , r i s i n g 
at lower frequencies due to the f i n i t e s i z e o f the coupling 
c a p a c i t o r s . These measurements i n d i c a t e d that there were no 
unknown conductances i n the c i r c u i t , and that the equivalent 
c i r c u i t was as shown i n f i g u r e 15. 

The v a r i a t i o n of the square of the output voltage versus 
the noise diode current was determined over a wide current 
range and found to be an e x c e l l e n t s t r a i g h t l i n e . This 
procedure checked t h a t the noise diode was d e l i v e r i n g noise 
i ^ o c l ^ , t hat the a m p l i f i e r s were l i n e a r at the voltage l e v e l s 
used, and tha t the output meter behaved as an r.m.s. meter f o r 
noi s e . I t i s . exceedingly u n l i k e l y t h a t the a m p l i f i e r s , diode 
and meter would have compensating e r r o r s . P e r i o d i c a l l y , however 
a second noise diode was s u b s t i t u t e d f o r the o r i g i n a l but no 

/ 
/ 

change was found i n the r e s u l t s . 'That the diode was i n the 
saturated c o n d i t i o n necessary f o r the production of f u l l shot 
noise was p e r i o d i c a l l y checked by observing the change i n the 
diode current with anode v o l t a g e T h i s was t y p i c a l l y about 
0.5 ma. per 50 v o l t s , o r a conductance of lO^tmhos at a p l a t e 
current of 15 ma. and i t was very much sma l l e r at smaller 
c u r r e n t s ; much l a r g e r conductances would have i n d i c a t e d t h a t 
the diode was unsaturated. 

Another check of the operation of the c i r c u i t was made by 
s u b s t i t u t i n g a second noise diode i n place of the t r a n s i s t o r 
and measuring i t s n o i s e . The values of equivalent noise 
currents agreed w i t h i n 1.0 ma. from 0 to 30 ma., t h i s was 
repeated with s i m i l a r r e s u l t s when the noise diodes were 
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interchanged. 

Because of the very nature of n o i s e , the meter on the 
wave an a l y z e r e x h i b i t e d f l u c t u a t i o n s , which were smoothed by 
a 6000 yu.F condenser placed across the meter. This reduced the 
meter f l u c t u a t i o n s c o n s i d e r a b l y , but increased the length of 
time necessary f o r the meter to a t t a i n i t s c o r r e c t mean value. 
The condenser used provided a good compromise between these 
e f f e c t s , but the meter s t i l l had an o v e r a l l f l u c t u a t i o n as much 
as 0.5 db.; the a b i l i t y to estimate the mean value o f the meter 
reading was the main l i m i t on the accuracy of the experimental 
r e s u l t s . 

T y p i c a l r e s u l t s f o r the v a r i a t i o n of t r a n s i s t o r noise 
w i t h current and frequency are shown i n f i g u r e s 16 and 18. The 
very r a p i d r i s e of noise at low frequencies and high currents 
was a t t r i b u t e d to excess o r l / f noise and i t was apparent that 
t h i s was s t i l l present at 500 kc/s. As a consequence o f t h i s 
i t was decided that measurements should be made at higher 
freq u e n c i e s . 

3.7 Noise Measurements at 5 mc/s 

These were made w i t h the c i r c u i t of f i g u r e 14 unchanged 
except that the a m p l i f i e r s and wave analyzer were replaced by 
an Airmec r e c e i v e r and an a-c. voltmeter. In a d d i t i o n a l l the 
leads i n the noise producing part of the c i r c u i t were shortened 
to a minimum. • ' 

The equivalent c i r c u i t f o r t h i s set up i s shown i n 
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f i g u r e 17. Za, r e p r e s e n t s the complex i n p u t impedance o f t h e 

r e c e i v e r . Because o f t h e n a t u r e o f Z^, a new pr o c e d u r e f o r 

n o i s e measurement was d e v i s e d , c o n s i s t i n g o f t h r e e r e a d i n g s . 

The f i r s t r e a d i n g was t a k e n w i t h the t r a n s i s t o r d i s c o n n e c t e d 

and z e r o d i o d e c u r r e n t , t h e second w i t h the t r a n s i s t o r 

c o n n e c t e d and the d e s i r e d c u r r e n t f l o w i n g , and t h e t h i r d w i t h 

an a d d i t i o n a l d i o d e c u r r e n t I^j f l o w i n g . With t h e s e t h r e e 

r e a d i n g s denoted by Vo , V, and r e s p e c t i v e l y , an a n a l y s i s o f 

the, c i r c u i t g i v e s 

Two p o s s i b l e s o u r c e s o f e r r o r were p r e s e n t h e r e ; t h e 

conductance o f t h e n o i s e d i o d e was a g a i n p r e s e n t but n e g l i g i b l e , 

however t h e v a r i a t i o n o f the n o i s e o f Z a w i t h e x t e r n a l damping 

was found t o be not n e g l i g i b l e . T h i s v a r i a t i o n was d e t e r m i n e d 

by s u b s t i t u t i n g carbon r e s i s t o r s f o r t h e t r a n s i s t o r and t h e 

a p p r o p r i a t e c o r r e c t i o n s were, made t o VQ . 

T h i s method had t h e a d d i t i o n a l advantage t h a t i t was not 

n e c e s s a r y t o know the v a l u e o f Rj., o r t o a d j u s t t h e d i o d e 

c u r r e n t t o meet a p r e d e t e r m i n e d c o n d i t i o n . I n g e n e r a l a d i o d e 

c u r r e n t was used t h a t gave \^ - 1.5 V| , s m a l l enough so t h a t 

e r r o r s due t o chan g i n g s c a l e on the v o l t m e t e r would not be 

i n t r o d u c e d and l a r g e enough t o m a i n t a i n adequate s e n s i t i v i t y . 

The same t e s t s as b e f o r e were a p p l i e d t o c o n f i r m t h a t t h e 

equipment was f u n c t i o n i n g c o r r e c t l y . 

Some r e s u l t s were o b t a i n e d by t h i s method a t 20 mc/s as 

w e l l as a t 5 mc/s. These and p r e v i o u s r e s u l t s a r e shown i n 

(3.7.1) 
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f i g u r e 18 t o g i v e an o v e r a l l p i c t u r e o f t h e v a r i a t i o n o f 

t r a n s i s t o r n o i s e w i t h c u r r e n t and f r e q u e n c y . 

The n o i s e c u r r e n t s a t 5 mc/s and f o r s m a l l t r a n s i s t o r 

c u r r e n t s were measured and found s i m i l a r t o tho s e shown i n 

f i g u r e 20. T h i s graph i s i n t e r p r e t e d as i n d i c a t i n g t h e absence 

o f e x c e s s n o i s e below 1 ma.; i t i s seen t h a t i f shot n o i s e i s 

s u b t r a c t e d t h a t t h e t r a n s i s t o r t h e r m a l n o i s e was s l i g h t l y 

i n c r e a s i n g w i t h c u r r e n t between 0.1 ma. and 1.0 ma., and v e r y 

r a p i d l y r i s i n g a t h i g h e r c u r r e n t s . The l a t t e r was presumed t o 

be caused by t h e on s e t o f e x c e s s n o i s e which was found t o be 

v e r y c u r r e n t - d e p e n d e n t . 

I t was not p o s s i b l e t o make low c u r r e n t measurements a t 

h i g h e r f r e q u e n c i e s s i n c e the a m p l i f i e r n o i s e i n c r e a s e d and 

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

was a l s o c o n s i d e r e d e x c e s s i v e f o r o b t a i n i n g r e l i a b l e r e s u l t s 

above 5 mc/s. 

The low c u r r e n t d a t a o b t a i n e d by t h i s method were r a t h e r 

s c a t t e r e d and t o some e x t e n t n o n - r e p r o d u c i b l e i n a b s o l u t e 

v a l u e s ; t h i s was a t t r i b u t e d t o t h e f a c t t h a t the c i r c u i t was 

b e i n g used c l o s e t o the l i m i t o f i t s s e n s i t i v i t y and c o n s e q u e n t l y 

t h e equipment was m o d i f i e d s p e c i f i c a l l y f o r t h e low c u r r e n t 

measurements. 

3.8 N o i s e Measurements a t Low C u r r e n t s 

The s e n s i t i v i t y o f t h e c i r c u i t was improved g r e a t l y by 

i n c r e a s i n g t h e n o i s e v o l t a g e a t the i n p u t t o the f i r s t 
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a m p l i f i e r o f t h e r e c e i v e r . S i n c e the n o i s e v o l t a g e i s e q u a l to 

the p r o d u c t o f the n o i s e c u r r e n t and t h e modulus o f t h e c i r c u i t 

impedance, i n c r e a s i n g the l a t t e r t o the maximum p o s s i b l e 

g i v e s t h e most f a v o u r a b l e r a t i o o f t r a n s i s t o r t o a m p l i f i e r n o i s e . 

The c i r c u i t a d m i t t a n c e was u l t i m i t e l y l i m i t e d by t h e t r a n s i s t o r , 

and a t h i g h c u r r e n t s t h i s c o n d i t i o n was a c h i e v e d p r e v i o u s l y . 

With low c u r r e n t s t h e t r a n s i s t o r Rfc was t y p i c a l l y 2,000 _Q_ 

and i t was o b v i o u s t h a t a marked improvement c o u l d be made. 

The l o a d r e s i s t o r s were i n c r e a s e d t o 17 KJJ. and 50 KIL f o r 

the d i o d e and t r a n s i s t o r r e s p e c t i v e l y . The n o i s e was f e d i n t o 

a 5 mc/s tuned c i r c u i t and thence d i r e c t l y t o the g r i d o f the 

f i r s t tube o f a N a t i o n a l r e c e i v e r as shown i n f i g u r e 19. The 

tuned impedance o f t h e whole c i r c u i t was measured t o be 3 500-0-

on the Wayne K e r r b r i d g e ; t h i s low v a l u e was a t t r i b u t e d t o c o i l 

l o s s e s due t o the c l o s e p r o x i m i t y o f the c h a s s i s , but i t was 

h i g h enough f o r t h e purpose f o r w h i c h the c i r c u i t was d e s i g n e d . 

The e q u i v a l e n t c i r c u i t f o r t h i s method was t h e same as 

t h a t f o r t h e f i r s t method o f measuring n o i s e shown i n f i g u r e 15. 

I n t h i s case R L
= 3.5 K and i t s t h e r m a l n o i s e c o u l d no l o n g e r 

be n e g l e c t e d . The p r o c e d u r e f o r n o i s e measurement t h a t was 

adopted was e s s e n t i a l l y t h e same as t h a t d e s c r i b e d i n s e c t i o n 

3.7 except t h a t V0 was measured w i t h t h e r e c e i v e r i n p u t s h o r t e d 

and t h e t h e r m a l n o i s e o f R L was s u b t r a c t e d d i r e c t l y g i v i n g 

As a check, the n o i s e o f R L was measured by t h i s method w i t h 

the t r a n s i s t o r d i s c o n n e c t e d , and found t o agree w i t h i n 10% o f 

the e x p e c t e d v a l u e f o r R L = 3.5 K , T h i s agreement was as good 
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as could be expected from the s e n s i t i v i t y of the apparatus, but 
was not achieved u n t i l the Transpac supply to the noise diode 
f i l a m e n t was replaced by a b a t t e r y ; i t was discovered that some 
e x t e r n a l noise was being introduced through the leads from the 
Transpac. 

The l i n e a r i t y of the r e c e i v e r was t e s t e d by determining 
the v a r i a t i o n of the output voltage squared w i t h the diode 
current as before; t h i s graph was found to be a s t r a i g h t l i n e 
f o r the voltages used, but deviated at higher voltages due to 
the a.v.c. o f the r e c e i v e r . Measurement of the noise of another 
noise diode gave a maximum e r r o r of 0.02 ma. f o r currents up 
to 0.15 ma. 





. C h a p t e r IV — THEORY 

4.1 The Punch-through V o l t a g e 

The s t a n d a r d e q u a t i o n f o r t h e punch-through v o l t a g e o f a 

t r a n s i s t o r , e q u a t i o n (1.3.1), i s o b t a i n e d by a double 

i n t e g r a t i o n i n one d i m e n s i o n o f P o i s s o n ' s e q u a t i o n o v e r t h e 

base w i d t h , assuming a u n i f o r m charge d e n s i t y due t o t h e donor 

i o n s , and u s i n g t h e boundary c o n d i t i o n s t h a t t h e e l e c t r o s t a t i c 

p o t e n t i a l and the e l e c t r i c f i e l d a r e e q u a l t o z e r o a t t h e 

e m i t t e r ."junction. However, t h e r e i s a p o t e n t i a l r i s e i n f r o n t 

o f t h e e m i t t e r w h i c h , though s m a l l , i s not n e g l i g i b l e i n 

t r a n s i s t o r s w i t h a low punch-through v o l t a g e . 

The e l e c t r o s t a t i c p o t e n t i a l ^ and the q u a s i Fermi l e v e l fo] 

h o l e s <Pp shown i n f i g u r e 21 a r e d e f i n e d as f o l l o w s . " ^ i s t h e 

energy midway between t h e v a l e n c e and c o n d u c t i o n bands o f t h e 

m a t e r i a l such t h a t i n i n t r i n s i c m a t e r i a l i t i s e q u a l t o t h e 

Fermi l e v e l energy. The q u a s i Fermi l e v e l (f^ f o r h o l e s i s 

d e f i n e d by t h e e q u a t i o n 

p - T\L ix?{li^A] (4.1.D 

and s i m i l a r l y t h e q u a s i Fermi l e v e l <^n f o r e l e c t r o n s , i s d e f i n e d 

b y • n = ^ e x P j . * ^ * 0 } (4.1.2) 

where p i s t h e h o l e d e n s i t y , Yl t h e e l e c t r o n d e n s i t y , and 

Yl;, = p - y\. i n i n t r i n s i c m a t e r i a l . I t i s seen t h a t f o r p-type 



m a t e r i a l where p>ft , that fy>Y and 4n*c1/' ; the converse i s true 
f o r n-type m a t e r i a l . S u b s t i t u t i n g equation (4.1.1) i n t o the 
equation f o r the hole current due to d r i f t and d i f f u s i o n y i e l d s 

T p = _ <^t> V p - ^ j U p V i ^ = ^ / * p V < f p (4.1.3) 

• * 

where D and jJL are the hole d i f f u s i v i t y and m o b i l i t y r e s p e c t i v e l y . 
A s i m i l a r equation e x i s t s f o r the e l e c t r o n c u r r e n t . 

We s h a l l now j u s t i f y the v a r i a t i o n of <|>p and shown i n 
f i g u r e 21 and then derive an expression f o r the height of the 
p o t e n t i a l maximum i n f r o n t of the e m i t t e r i n terms of the 
cur r e n t . In the e m i t t e r and c o l l e c t o r regions, the hole d e n s i t y 
i s about 10-^ to 1C>19 cmT^, very much higher than Yl;. which i s 

13 
3.10 f o r germanium, thus <Pp>"t// ; a l s o f o r small current 
d e n s i t i e s , since p i s so l a r g e , a good approximation i s 
V^p=V"\|/ = O . In the base region f o r X>0 , the current i s 
predominantly a d r i f t current and f o r p - ̂ jjLVvj'^'^ t ^ i e d° n°r 
den s i t y i n the base, the p o t e n t i a l d i s t r i b u t i o n can be 
c a l c u l a t e d using Poisson's equation 

(4.1.4) 

Imposing the boundary c o n d i t i o n s that ^»=VvV-0 at X"=0 , 
assuming that N i s independent of.X, and assuming planar 
geometry gives 

\|>=-|^* 2'. f o r 0 < X < ( W - a O (4.1.5) 

Since p decreases with X i n t h i s r e g i o n , the d i f f e r e n c e v^-<"pp 

must increase according to equation (4.1.1). At the c o l l e c t o r 

j u n c t i o n , because of the sudden increase of p , both Vtp andV<("|s> 



decrease very sharply a n d ^ and take on t h e i r e q u i l i b r i u m 
values i n the m a t e r i a l . 

That there e x i s t s a p o t e n t i a l maximum i n f r o n t of the 
emit t e r i s seen to be necessary to l i m i t the current f l o w i n g 
through the diode. In the region X<0 ( a good approximation i s 
that (fy> i s a constant because the high hole d e n s i t y of the 
emi t t e r spreads i n t o the base f o r . a few f r e e mean f r e e paths. 
The hole d e n s i t y at X = O can be c a l c u l a t e d from (4.1.1) wi t h 
t f p and evaluated at 2C = 0. 

p(o) = m (̂<Pp«,-t)I ( 4 . 1 . 6 ) 

I f we consider that any hole t r a v e l l i n g i n the +3C d i r e c t i o n 
at X = 0 i s immediately grabbed by the f i e l d and shot o f f to the 
c o l l e c t o r , the current can be c a l c u l a t e d from the mean v e l o c i t y 
of the holes i n the d i r e c t i o n at t h i s p o i n t . Assuming that 
the holes have a Maxwellian v e l o c i t y d i s t r i b u t i o n , the current 
density i s 

The d i f f e r e n c e between tf^ and <̂ pg i n the em i t t e r can be 
c a l c u l a t e d from (4.1-1) i f the emi t t e r i m p u r i t y d e n s i t y pe i s 
known, 

(4.1.8) 

Combining (4.1.7) and (4.1.8) gives f o r the hei g h t ' o f 
the p o t e n t i a l maximum, assuming th a t - c(>p0 , 



The a s s u m p t i o n t h a t f o r X<.0 , (S}p i s a c o n s t a n t can now be 

checked; t h e v a l u e o f Vcfy a t "XsO can be c a l c u l a t e d from 
•V 

e q u a t i o n s (4.1.3), (4.1.6) and (4.1.7). T h i s y i e l d s 

S u b s t i t u t i n g t h e v a l u e s JA = 1900 c m 2 / v o l t s e c , m= 0.4 x the 

f r e e e l e c t r o n mass ( C o n w e l l , 195$) and T= 300°K g i v e s V<3j>p = 
2,000 v o l t s / c m . I f i n t h e base r e g i o n f o r *X<0, t h e average 

v a l u e o f V<Qp i s o n l y h a l f t h i s v a l u e , f o r Xo s 10~5 Cm., t h e 

change i n <Pp , cfft - 4?p0 0.01 v o l t . 

S i n c e t h e r e a d i n g o f a v o l t m e t e r a c r o s s t h e e m i t t e r -

c o l l e c t o r d i o d e w i l l be e q u a l t o t h e d i f f e r e n c e o f the q u a s i 

Fermi l e v e l s i n the two p r e g i o n s , t h e measured punch-through 

v o l t a g e w i l l be, 

assuming t h a t t h e two p r e g i o n s a r e s i m i l a r , t h a t i s t h a t 

A f u r t h e r d e v i a t i o n from t h e u s u a l f o r m u l a f o r t h e punch-

thr o u g h v o l t a g e can o c c u r i f t h e c o l l e c t o r s u r f a c e i s not 

p l a n a r ; i n p a r t i c u l a r i f i t I s s p h e r i c a l , and i f i t i s a l s o 

assumed t h a t the e m i t t e r s u r f a c e i s s p h e r i c a l c o n c e n t r i c w i t h 

t h e c o l l e c t o r s u r f a c e , t h e new punch-through v o l t a g e o b t a i n e d 

from t h e double i n t e g r a t i o n o f P o i s s o n ' s e q u a t i o n i n s p h e r i c a l 

geometry i s 

where-7 C i s the ra p l i u s o f c u r v a t u r e o f the c o l l e c t o r s u r f a c e . 



4.2 N o i s e i n a Specimen w i t h Non-uniform F i e l d 

I n Appendix I I i t i s shown t h a t the n o i s e i n a specimen 

w i t h a u n i f o r m f i e l d d i s t r i b u t i o n i s e q u a l t o t h e sum o f shot 

and t h e r m a l n o i s e ; t o f i n d t h e n o i s e i n a specimen w i t h non­

u n i f o r m f i e l d d i s t r i b u t i o n we s h a l l c o n s i d e r t h e n o i s e v o l t a g e 

A\r~generated by a s e c t i o n o f t h i c k n e s s A x i n wh i c h t h e f i e l d 

may be c o n s i d e r e d u n i f o r m and the n c o n s i d e r the specimen as a 

s e r i e s o f n o i s e v o l t a g e g e n e r a t o r s . At t h i s p o i n t i t i s 

n e c e s s a r y t o be v e r y c a r e f u l i n e v a l u a t i n g t h e t o t a l specimen 

n o i s e v o l t a g e . 

F o r f r e q u e n c i e s much l e s s than t h e r e c i p r o c a l o f t h e 

t r a n s i t t i m e , t h e shot n o i s e component o f a l l s e c t i o n s i s 

c o m p l e t e l y c o r r e l a t e d and i t may be r e p r e s e n t e d by a n o i s e 

c u r r e n t g e n e r a t o r o f v a l u e St{$)= 3.^1 i n p a r a l l e l w i t h t h e 

specimen. The shot n o i s e i s independent o f the f i e l d 

d i s t r i b u t i o n f o r f r e q u e n c i e s much l e s s t h a n t h e r e c i p r o c a l o f 

the t r a n s i t t ime s i n c e the c u r r e n t c o n s i s t s o f a s e r i e s o f 

s p i k e s , t h e F o u r i e r a n a l y s i s o f wh i c h does not depend on t h e i r 

shape, but on t h e t o t a l a r e a ^ o f each s p i k e and t h e mean 

c u r r e n t . 

In e v a l u a t i n g t h e t h e r m a l n o i s e , t h e s e c t i o n t h i c k n e s s 

must be chosen l a r g e enough so t h a t t h e n o i s e v o l t a g e s o f 

n e i g h b o r i n g s e c t i o n s i s u n c o r r e l a t e d , i n w h i c h case t h e A\T* 

can be summed; t h i s means t h a t s e v e r a l c o l l i s i o n s s h o u l d t a k e 

p l a c e i n Ax f o r each c a r r i e r . Ax must a l s o be chosen s m a l l 

enough so t h a t the f i e l d may be c o n s i d e r e d c o n s t a n t w i t h i n A t . 



Under t h e s e c o n d i t i o n s t h e t o t a l t h e r m a l n o i s e v o l t a g e o f t h e 

specimen i s e q u a l t o 

vr* = ^ A v i j * ' (4.2.1) 

Fo r each s e c t i o n Ax we may a l s o d e f i n e an a-c. r e s i s t a n c e AR 

and an e f f e c t i v e c a r r i e r n o i s e temperature ~Tn which i s i n 

g e n e r a l a f u n c t i o n o f the e l e c t r i c f i e l d F. The t o t a l a-c. 

r e s i s t a n c e o f the specimen i s g i v e n by R„= .̂AR̂  where i t has 
i 

been assumed t h a t i m a g i n a r y a d m i t t a n c e components are n e g l i g i b l e . 

The s p e c t r a l d e n s i t y o f t h e t h e r m a l n o i s e i s t h e n g i v e n by 

SA-f) = ^ i T ( F ) A ^ (4.2.2) 
1h j 

T h i s may now be c o n v e r t e d t o an i n t e g r a l o v e r t h e v a r i a b l e X, 

which r e p r e s e n t s the d i s t a n c e a c r o s s the specimen i n the 

d i r e c t i o n o f the f i e l d . 

Su-ft) = (rC*) ^ dx (4'2'3) 

1k J dx. 
To e v a l u a t e t h e i n t e g r a l i t i s n e c e s s a r y t o know both t h e f i e l d 

d i s t r i b u t i o n i n t h e specimen and the dependence o f the c a r r i e r 

n o i s e t e m p e r a t u r e on the f i e l d . The re a s o n t h a t (4.2.1) cannot 

be i n t e g r a t e d and t h a t (4.2.2) can i s t h a t ARj t a k e s i n t o 

a ccount the c o r r e l a t i o n between t h e n o i s e v o l t a g e s i n 

n e i g h b o r i n g s e c t i o n s . 

4.3 . N o i s e Temperatures 

In a vacuum d i o d e t h e r e i s shot n o i s e due t o the random 

e m i s s i o n o f e l e c t r o n s , but no t h e r m a l n o i s e ; however, t h e 



e l e c t r o n s have a h i g h mean k i n e t i c energy. I t i s o b v i o u s t h e n 

t h a t S h o c k l e y ' s d e f i n i t i o n o f the e f f e c t i v e t e m p e r a t u r e as 

(l/le.)x(mean k i n e t i c energy) cannot be used as t h e n o i s e 

t e m p e r a t u r e , which i s zero i n the above example. F or t h e 

p a r t i c u l a r case o f a s o l i d i n wh i c h t h e d r i f t v e l o c i t y i s 

independent o f t h e s p a t i a l c o o r d i n a t e s , i t i s shown i n Appendix 

I I t h a t t h e te m p e r a t u r e t o be used i n c o n s i d e r i n g thermal n o i s e 

i s g i v e n by 

teTn = m ( u > - u Z ) = m .uaAU- (4.3.1) 

where u i s t h e v e l o c i t y i n the d i r e c t i o n o f t h e f i e l d and Tn 

i s t h e n o i s e t e m p e r a t u r e . 

To a p p l y t h i s t o the t h e o r y o f Yamashita and Watanabe (1954) 

d i s c u s s e d i n s e c t i o n 2.4, i t i s n e c e s s a r y t o make, an a s s u m p t i o n 

about t h e v e l o c i t y d i s t r i b u t i o n and t h e n f i n d t h e v e l o c i t y 

v a r i a n c e i n terms o f t h e mean energy and d r i f t v e l o c i t y . A 

l o g i c a l and s i m p l e d i s t r i b u t i o n i s an i s o t r o p i c one d i s p l a c e d 

by t h e d r i f t v e l o c i t y U . L e t us denote t h e v e l o c i t y components 

i n t h r e e m u t u a l l y o r t h o g o n a l d i r e c t i o n s by u^_, vJl^ and v/^, where 

VT, and U a r e i n t h e same d i r e c t i o n . The mean e l e c t r o n energy i s 

then 

(4.3.2) 

but a c c o r i n g t o t h e assu m p t i o n made about t h e v e l o c i t y 

d i s t r i b u t i o n we a l s o have 

Combining t h e l a s t t h r e e e q u a t i o n s and n o t i n g t h a t u. and U^. a r e 



e q u i v a l e n t q u a n t i t i e s y i e l d s t h e r e q u i r e d f o r m u l a f o r t h e n o i s e 

t e m p e r a t u r e 

l t T n ; = ' | E - i m u 2 " (4.3.4) 

S i n c e t h e maximum p o s s i b l e v a l u e o f IX i s 7.10^ cm/sec. f o r 

h o l e s in/germanium from the e x p e r i m e n t s o f Ryder (1953) and 

La r r a b e e (1959), and t h e minimum p o s s i b l e v a l u e o f E ls~\zT0, 

t h e maximum VJ 

o f (4.3.4) i s 
t h e maximum v a l u e o f t h e r a t i o o f the second t o the f i r s t term 

v IB A m y 
(4.3.5) 

mcxx 
where VYl = ( f ree e l e c t r o n mass) has been used. The t h e o r y o f 

Sh o c k l e y i n d i c a t e s however t h a t a t t h i s h i g h v e l o c i t y , E w i l l 

be much g r e a t e r , and u s i n g the r e s u l t s o f e q u a t i o n s (2.3.4) 

g i v e s i n s t e a d f o r the maximum v a l u e 

„ - 0 0 3 (4.3.6) 

C o n s e q u e n t l y we a r e j u s t i f i e d i n n e g l e c t i n g t h e second term 

i n e q u a t i o n (4.3.4). The same r e s u l t does not h o l d t r u e f o r 

e l e c t r o n s because o f t h e i r much h i g h e r e f f e c t i v e mass (see 

Conwell,195#). 

On t h i s b a s i s t h e n i t i s deduced t h a t S h o c k l e y T s e q u a t i o n s 

(2.3.4) f o r e f f e c t i v e h o l e t e m p e r a t u r e s can be used i n good 

a p p r o x i m a t i o n f o r t h e n o i s e t e m p e r a t u r e s . I t i s i n t e r e s t i n g , 

i n t h i s c o n n e c t i o n t o c a l c u l a t e t h e mean energy and n o i s e 

t e m p e r a t u r e o f the d i s t r i b u t i o n (2.4.1) d e r i v e d by Yamashita 

and Watanabe (1954). Making the s u b s t i t u t i o n zc = , t h e mean 

energy i s g i v e n by 
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where p i s a parameter p r o p o r t i o n a l t o t h e square o f t h e f i e l d 

and i s g i v e n more e x p l i c i t l y i n . s c e t i o n 2.4. F o r i n t e g r a l 

v a l u e s o f p t h i s can be e v a l u a t e d by expanding the b r a c k e t e d 

terms and e v a l u a t i n g t h e r e s u l t i n g s e r i e s o f gamma f u n c t i o n s , 

t h i s i s o n l y c o n v e n i e n t f o r s m a l l v a l u e s o f p , but f o r p » | O D 

the a p p r o x i m a t i o n X«j> can be made o v e r t h e range o f i n t e g r a t i o n 

and (4.3.7) becomes 

i_x / : L e d: 
JO 

T h i s can e a s i l y be e v a l u a t e d i n terms o f gamma f u n c t i o n s t o g i v e 

E = ItMlf'kTo p » l o o (4.3.9) 

G r a p h i c a l i n t e g r a t i o n methods were used f o r t h e e v a l u a t i o n o f 

the i n t e g r a l s a t p =• 100. The r e s u l t s f o r t h e mean energy a r e 

shown i n f i g u r e 22 and an e x c e l l e n t a p p r o x i m a t i o n t o the curve 

i s 

B = { I.-»- • \oU f f +• 0-5" e. /feX (4.3.10) 

I t i s p o s s i b l e t o e v a l u a t e the p r o p o r t i o n a l i t y c o n s t a n t 

between p and F i n terms o f t h e zer o f i e l d m o b i l i t y w h i c h i s 

g i v e n by Yamashita and watanabe as jJL0-kcfi /3/ iT rmleTo f • T h i s 

g i v e s f o r p 
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where H~ jtf V'^ff n a s been s u b s t i t u t e d . S u b s t i t u t i n g f o r p i n 

e q u a t i o n (4.3.10) and n o t i n g t h a t t h e second term i n (4.3.4) i s 

n e g l i g i b l e as shown p r e v i o u s l y , we have f o r t h e n o i s e 

t e m p e r a t u r e 

T h i s i s a l m o s t i d e n t i c a l t o t h e r e s u l t s o b t a i n e d by S h o c k l e y , 

e q u a t i o n s ( 2 . 3 . 4 ) . 

We s h a l l now c a l c u l a t e t h e n o i s e t e m p e r a t u r e t o be e x p e c t e d 

on t h e b a s i s o f Gunn's model d i s c u s s e d i n s e c t i o n 2.4. 

S u b s t i t u t i n g the v a l u e s f o r t h e d r i f t v e l o c i t y and mean s q u a r e 

v e l o c i t y from (2.4.2) i n t o e q u a t i o n (4.3.1) y i e l d s 

- f t = i-Top = 8s°K (4.3.12) 

Though t h i s method o f c a l c u l a t i n g the n o i s e t e m p e r a t u r e on t h e 

b a s i s o f Gunn's model i s not c o m p l e t e l y v a l i d , because the 

p o s t u l a t e d c a r r i e r m otion does not f o l l o w the s t a t i s t i c s 

assumed i n d e r i v i n g e q u a t i o n ( 4 . 3 . 1 ) , t h e o v e r a l l r e s u l t t h a t 

t h e n o i s e t e m p e r a t u r e i s much l e s s than (l/fe)x(mean k i n e t i c 

energy) s t i l l h o l d s . Such a t e m p e r a t u r e i s q u i t e i m p o s s i b l e 

f o r a l a t t i c e a t room t e m p e r a t u r e , and c o n s e q u e n t l y from t h e 

p o i n t o f view o f t h e n o i s e t e m p e r a t u r e i t i s seen t h a t Gunn's 

model i s q u i t e i n a d e q u a t e . I t may be s a i d i n g e n e r a l then t h a t 

though a t e s t o f a model be t h a t i t p r e d i c t s the c o r r e c t 

v e l o c i t y - f i e l d r e l a t i o n , an even more s t r i n g e n t t e s t i s t h a t 

i t p r e d i c t s r e a s o n a b l e v a l u e s f o r t h e v e l o c i t y f l u c t u a t i o n s . 

« 
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4.4 Thermal N o i s e o f a P-n-p Diode 

In e v a l u a t i n g t h e t h e r m a l n o i s e o f a p-n-p di o d e we f i r s t 

assume t h a t a l l the a p p l i e d v o l t a g e and changes t h e r e o f appear 

a c r o s s the s p a c e - c h a r g e - l i m i t e d r e g i o n o f t h e base; t h e n , i f t h e 

e l e c t r i c f i e l d d i s t r i b u t i o n a c r o s s the base, and t h e dependence 

o f t h e c a r r i e r n o i s e t e m p e r a t u r e on t h e f i e l d a r e known, 

e q u a t i o n (4.2.3) can be used t o e v a l u a t e the t h e r m a l n o i s e . 

The e l e c t r i c f i e l d d i s t r i b u t i o n a c r o s s t h e base i s shown i n 

f i g u r e 23 f o r s e v e r a l t y p i c a l o p e r a t i n g c o n d i t i o n s o f t h e d i o d e , 

and i t i s o b v i o u s t h a t the r e g i o n s V<Vp and V>Vp must be 

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

For t h e r e g i o n V^Vp, the f i e l d d i s t r i b u t i o n can be found 

from i n t e g r a t i n g P o i s s o n ' s e q u a t i o n where f i s t h e 

donor charge d e n s i t y o f the base, and u s i n g the boundary 

c o n d i t i o n t h a t —J Fdx = V t h e a p p l i e d v o l t a g e , where X , i s 

th e boundary o f the space-charge r e g i o n . The f i e l d i s t h u s 

f o u n d t o be 

F = £ f r - X , ) - j X , = W - X | < : x < W . (4.4.1) 

S u b s t i t u t i n g t h e f o r m u l a Vp=^W 2" f o r the punch-through 

v o l t a g e y i e l d s 

F= ^( x" x>) , x., = W0 - J v j p " ) X , < X < W . (4.4.2) 

The i n c r e m e n t a l r e s i s t a n c e a t any p o i n t i s then g i v e n by 

=.-(&)(£i)« f c - -
S u b s t i t u t i n g AE from (4.4.2) and n o t i n g t h a t 4 ^ = f?o , t h e 

d V ' al 7 



o v e r a l l r e s i s t a n c e of the specimen, y i e l d s 

JA, ^ R J X . (4-4.4) 

S u b s t i t u t i n g the formulae (4.4.2) f o r the f i e l d d i s t r i b u t i o n , 
(4.4.4) f o r the incremental r e s i s t a n c e , and (4.3.11) f o r the 
noise temperature i n t o equation (4.2.3) y i e l d s f o r the 
s p e c t r a l d i s t r i b u t i o n of the noise voltage 

<Vft) = kfeXRofj +1 + ̂ (I-expC-6f))] (4.4.5) 

where _ J y ^ 

D e f i n i n g , an average temperature T by = , we f i n d 
f o r the l i m i t i n g values 

(4.4.6) 

^ » W F 0 T
7 = WFo 0 

For V>Vp i t i s convenient to use the f i e l d d i s t r i b u t i o n 
(2.2.5) derived by N i c h o l f o r small current d e n s i t i e s . In t h i s 
case 

_ 3 

d R = |R 0 W ^ v / x d x (4.4.7) 

I t i s convenient mathematically to discuss the average 
temperature f o r two approximations. In the case that the 
f i e l d F^-fo throughout the base, the noise temperature can 
be approximated by Tn=Te,(l+^ a n (* ^ e a v e r a S e temperature 
i s then given by 
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In the. case that the approximation F»fi throughout most of 
* 

the base can be made, "In - '°^"3*^-ft>-) a n c* 

X' - ± i V E F 3 C (V-Vp) (4.4.9) 
T 0 " 3 "*" 5 W a SN J X F 0 W 



Figure 24 Gotzberger's Formula f i t t e d to the D-C. Current-
Voltage C h a r a c t e r i s t i c of 2N137 #21 



Chapter V — DISCUSSION OF RESULTS 

5 . 1 P-C. C h a r a c t e r i s t i c s 

The d-c. c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s o f a t y p i c a l p-n-p 

diode a r e shown i n f i g u r e 7. T h e o r e t i c a l c o n s i d e r a t i o n s o f t h e 

two v o l t a g e r a n g e s , below and above the punch-through v o l t a g e , 

were d i s c u s s e d i n s e c t i o n s 2 . 1 and 2 . 2 r e s p e c t i v e l y and the 

agreement i s good except f o r t h e c o n s t a n t i n N i c h o l ' s e q u a t i o n 

( 2 . 2 . 8 ) . . 

G o t z b e r g e r ' s e q u a t i o n ( 2 . 1 . 4 ) was f i t t e d t o t h e experim'ental 

r e s u l t s f o r tfte p r e-punch-through v o l t a g e s and t h e comparison 

i s shown g r a p h i c a l l y i n f i g u r e 2 4 . The n u m e r i c a l v a l u e s f o r t h e 

curve shown a r e 

T= -£j== + f o r V<7vtoHs ( 5 . 1 . 1 ) 

where the c u r r e n t X i s i n microamperes and the v o l t a g e i s i n 

v o l t s . The measured v a l u e o f ^Co~ 0 . 5 ± 0 . 0 5 ̂ t-amps. was not 

o b s e r v e d t o change o v e r the v o l t a g e range c o n s i d e r e d so i t was 

not n e c e s s a r y t o make any c o r r e c t i o n f o r t h i s . 

I n G o t z b e r g e r ' s model, e q u a t i o n ( 5 . 1 . 1 ) r e p r e s e n t s two 

t r a n s i s t o r s i n p a r a l l e l w i t h punch-through v o l t a g e s o f 7 . 5 and 

17 .5 v o l t s r e s p e c t i v e l y , and r e l a t i v e a r e a s o f 1 . 3 : 4 2 . 

The r a t i o o f the two base w i d t h s can be c a l c u l a t e d from the two 

punch-through v o l t a g e s and i s 1 : 1 . 5 . I t s h o u l d be n o t e d t h a t 

the l o w Vp o f 7 v o l t s i s h i g h e r by 1 v o l t t h a n t h e measured 



S c h e n k e l - S t a t z punch-through v o l t a g e . N i c h o l f o u n d i t n e c e s s a r y 

t o assume s p h e r i c a l geometry f o r the c o l l e c t o r j u n c t i o n and 

the space-charge r e g i o n t o e x p l a i n the p o s t - p u n c h - t h r o u g h 

c u r r e n t ; t h i s i s q u i t e c o n s i s t e n t w i t h t h e above r e s u l t s and t h e 

l a t t e r i n d i c a t e t h a t t h e maximum base w i d t h i s a t l e a s t 1.5 

t i m e s t h e minimum. The two punch-through v o l t a g e s do not 

i n d i c a t e extreme v a l u e s , but i n t e r m e d i a t e v a l u e s which g i v e t h e 

b e s t a p p r o x i m a t i o n t o G o t z b e r g e r ' s model. 

The p o s t - p u n c h - t h r o u g h c u r r e n t was o b s e r v e d e x p e r i m e n t a l l y 

t o be 

1= Zh- . l o ' 5 " (v-Vp)3
 (5.1.2) 

where V and Vp a r e i n v o l t s and X i s i n amperes. T h i s i s i n 

q u a l i t a t i v e agreement w i t h N i c h o l ' s e q u a t i o n ( 2 . 2 . 4 ) , however 

s u b s t i t u t i n g the a p p r o p r i a t e v a l e o f jA.D~ 1900 c m ^ / v o l t . s e c . 

( C o n w e l l , 1958) and W= 1.3 . 10"^cm. deduced from th e 

m a n u f a c t u r e r ' s v a l u e o f the c u t o f f f r e q u e n c y - ^ = 8 mc/s i n t o 

t h e e q u a t i o n g i v e s I =• 1.2 . 10"^ (V-Vp)3. T h i s n u m e r i c a l 

d i s c r e p a n c y can be e x p l a i n e d i n terms o f the e f f e c t i v e e m i t t e r 

a r e a t h a t N i c h o l u s e s ; he c o n s i d e r s t h i s t o be t h e a r e a o f t h e 

e m i t t e r p l a n e i n t e r s e c t e d by a s p h e r i c a l space-charge r e g i o n with 

c e n t r e a t t h e c o l l e c t o r j u n c t i o n . The a s s u m p t i o n o f a z e r o 

c o l l e c t o r r a d i u s i s not v a l i d and even so N i c h o l does not use 

the c o r r e c t form f o r the punch-through v o l t a g e i n s p h e r i c a l 

geometry. I f t h e c o l l e c t o r j u n c t i o n i s assumed t o be s p h e r i c a l 

w i t h r a d i u s Ac , t h e n u s i n g s p h e r i c a l geometry, and assuming 

t h a t 3 * i c » W > t n e e f f e c t i v e e m i t t e r a r e a Ae i s 



A e = f o r V > V P ( 5 - 1 - 3 ) 

"1 
which i s l a r g e r than N i c h o l ' s by a r a t i o o f ; the c u r r e n t 

W 
would be expec ted to be l a r g e r by the same r a t i o . From the 

above c o r r e c t i o n , i t i s p o s s i b l e to deduce a v a l u e o f the 

c o l l e c t o r r a d i u s ^i.c= 2 0 W = 2 . 6 . 10~2cm. f o r the t r a n s i s t o r 

G.E. 2N137 #21. T h i s v a l u e j u s t i f i e s the a p p r o x i m a t i o n t h a t 

3-2 c.» W made i n d e r i v i n g e q u a t i o n ( 5 . 1 . 3 ) . 

5.2 A - C . C h a r a c t e r i s t i c s 

The e x p e r i m e n t a l r e s u l t s a r e shown i n f i g u r e 1 0 , 1 1 , 1 2 and 

1 3 , and can be e x p l a i n e d by means o f the f o l l o w i n g mode l . 

The t r a n s i s t o r d iode i s . c o n s i d e r e d to c o n s i s t o f a r e s i s t a n c e 

R0 i n s e r i e s , w i th an a d m i t t a n c e Y(j") ; R0 r e p r e s e n t s the 

r e s i s t a n c e o f the base r e g i o n i n which the d r i f t c u r r e n t 

p r e d o m i n a t e s , w h i l e Y(f) r e p r e s e n t s the a d m i t t a n c e o f the base 

r e g i o n i n which the d i f f u s i o n c u r r e n t p r e d o m i n a t e s , t h a t i s i n 

the v i c i n i t y o f the p o t e n t i a l maximum. S h o c k l e y (1949) g i v e s 

f o r the d i f f u s i o n a d m i t t a n c e o f a p -n j u n c t i o n 

where 

fr. = %M« P(^) (5 .2.2. 

The q u a n t i t i e s ^,V0 ,T , and Lp have been d e f i n e d w i t h 

e q u a t i o n ( 1 . 2 . 2 ) , and i s the l i f e t i m e o f a h o l e i n the 

n r e g i o n ; f*- i s the h o l e m o b i l i t y i n the n r e g i o n . T h i s e q u a t i o n 



i s d e r i v e d i n a s i m i l a r manner t o the d-c. e q u a t i o n ( 1 . 2 . 1 ) , 

but a p p l y i n g an a-c. s i g n a l and c o n s i d e r i n g t h e e f f e c t s o f 

r e c o m b i n a t i o n and g e n e r a t i o n o f t h e c u r r e n t c a r r i e r s . 

To compare t h i s model w i t h t h e measured q u a n t i t i e s i t i s 

n e c e s s a r y t o t r a n s f o r m t h e s e r i e s network i n t o e f f e c t i v e R and 

G components i n p a r a l l e l . P e r f o r m i n g t h i s a n a l y s i s g i v e s 

R ( T ) = 1+ ^ f r o O +• Ro*fr.* fee*-!) (5.2.3) 

<T0 [ 9 + a.*-. (aa*-j) } 

ra) - ~ 1) ( 5 2 4 ) 

K to{l + ^ ^ o 0 t R o W - i ) j 
where 

e = t f l t u , ^ ) ^ 
2, 

At h i g h and low f r e q u e n c i e s t h e s e e x p r e s s i o n . r e d u c e t o 

U T » | R ( f ) = R „ • Cfr) = ^ ^ ^ T 1 * - '(5.2.5) 

R ( f ) = R . + ^ C ( f ) = £ ^ r _ . (5.2.6, 

These a r e i n good agreement w i t h t h e r e s u l t s and i n p a r t i c u l a r 

agree w i t h t h e q u a l i t a t i v e r e s u l t s o f C°£-f a t h i g h 

f r e q u e n c i e s , C c o n s t a n t a t low f r e q u e n c i e s and a r i s e o f R a t 

low f r e q u e n c i e s . 

E q u a t i o n s (5.2.5) and (5.2.6) can be c o n s i d e r e d as f o u r 

e q u a t i o n s i n t h r e e unknown c o n s t a n t s (r0 , Ro and T . The r e s u l t s 

a r e c o n s i s t e n t w i t h t h e s e f o u r e q u a t i o n s , and t y p i c a l v a l u e s 

o f t h e c o n s t a n t s a r e 6r0 = "0.01 mhos, (? 0 = 350JL and Y = 7 , 10 



sees, f o r the t r a n s i s t o r G.E. 2N137 #53 at a current of 3.0 ma. 

An estimate of (T0 can be made from equation (5.2.2) by-
s u b s t i t u t i n g JbL~ 1900 cm?/volt sec., JLp=,/l>Tp ,T>=§"/̂ - , 
P n = -pp- ,where f l i i s the c a r r i e r d e n s i t y i n i n t r i n s i c germanium, 
and the donor d e n s i t y of the base ftfl = 6 . 1 0 ^ cmT-̂  A i s 
c a l c u l a t e d from equation (5.1.3) and W0 i s assumed to be 0.080 
v o l t s from the measured f l o a t i n g base p o t e n t i a l ; t h i s y i e l d s a 
value of Gc0 = .002 5 mhos i n f a i r agreement w i t h the measured 
value of 0.01 mhos. 'i'he most l i k e l y source of e r r o r i s i n the 
value of V l n used, deduced from the measured Vp and assuming a 
value of W determined from the manufacturer's value of "f^ . 

5.3 Noise Temperatures 

The experimental data of noise current shown i n 
f i g u r e 20, can be t r a n s f e r r e d i n t o e f f e c t i v e hole temperatures 
~T by f i r s t s u b t r a c t i n g shot noise and then d i v i d i n g by 
SLkGc/c^ where Gr i s the measured diode conductance. That t h i s 
method i s v a l i d i s concluded from Appendix I I where i t i s 
shown that shot and thermal noise components are a d d i t i v e ; the 
assumption regarding the t r a n s i t time can now be checked by 
c a l c u l a t i n g i t . Assuming that the v e l o c i t y f i e l d r e l a t i o n 
throughout the base i s given by \T=JUD and that the f i e l d 
i n the base i s F- 7^ X the t r a n s i t time i s 

- q . 1, 

Mo /FTvp 
r 1 

t 0 = j - ^ J T = . ^ _ W "= 5 - 10 " s e e s . (5.3.1) 
An estimate of To can be made from the zero f i e l d m o b i l i t y JbLo 

which t h e o r e t i c a l l y i s equal to ji0- . Using a value of 
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mrv = ( l / 3 ) x ( f r e e e l e c t r o n mass) gives T0 = 3.10" -'sees, and thus 
the assumption t h a t "t040^> i s j u s t i f i e d . At the frequency of 
5 mc/s, the t r a n s i t time r e d u c t i o n f a c t o r i n the shot noise 
formula i s l e s s than 0.01%, and can t h e r e f o r e be neglected. 

The e f f e c t i v e hole temperatures obtained are shown i n 
f i g u r e 25, and are compared to those p r e d i c t e d i n s e c t i o n 4.4. 
Equations (4.4.5) f o r V<Vp and (4.4.9) f o r V>Vp were used where 
the f o l l o w i n g parameters were s u b s t i t u t e d : F D = 1.5 . 10 volts/cm 
(Ryder, 1953), f^o- 1900 cm 2/volt sec, (Conwell, 1958), 
Vp = 6.0 v o l t s , and W= 1.3 . 10" 3 cm. 

The agreement between t h e o r e t i c a l and experimental r e s u l t s 
i s not very good, the experimental values f o r the average 
temperature l y i n g below the t h e o r e t i c a l ones f o r V<Vp , and 
above f o r V>Vp . A most l i k e l y source of e r r o r i s i n the value 
of the base width used, which was c a l c u l a t e d from the 
manufacturer's data f o r - j ^ ; i n d i v i d u a l u n i t s may vary widely 
from t h i s value. However, t h i s could not e x p l a i n the sudden 
jump of temperature that i s observed at punch-through. This 
could only be caused by the appearance of a new noise generating 
mechanism, or a sudden s h i f t i n the emphasis given to various 
noise temperatures i n the base. I t i s q u i t e p o s s i b l e under the 
experimental c o n d i t i o n s that e i t h e r or both of excess noise and 
surface conduction were not absent, even though great care was 
taken to a v o i d them; i n t h i s respect i t should be noted that one 
t r a n s i s t o r showed an average noise temperature of 40,000 °K at 
punch-through, though i n f a c t t h i s f i g u r e could not t r u l y 
represent the thermal noise temperature, but the noise due to 



some o t h e r n o i s e g e n e r a t i n g mechanism . 

5.4 C o n c l u s i o n 

The d-c. and a-c. c h a r a c t e r i s t i c s o f t h e p-n-p d i o d e have 

been measured and i n t e r p r e t e d on t h e b a s i s o f p r e s e n t t h e o r i e s . 

The diode: n o i s e has been measured and where a p p l i c a b l e 

i n t e r p r e t e d i n terms o f n o i s e t e m p e r a t u r e s ; the l a t t e r a r e not 

found t o agree w i t h t h e o r y . 

F u r t h e r measurements t h a t a r e recommendedfor o b t a i n i n g 

more i n f o r m a t i o n a r e : 

(a) n o i s e and impedance measurements a t f r e q u e n c i e s h i g h e r 

t h a n 5 mc/s, s i n c e i t was not d e f i n i t e l y e s t a b l i s h e d t h a t 

excess n o i s e was not p r e s e n t , 

(b) measurements on p-n-p d i o d e s w i t h d i f f e r e n t punch-through 

v o l t a g e s t o o b t a i n n o i s e t e m p e r a t u r e s a t d i f f e r e n t f i e l d s t r e n g t h s 

(c) measurements on n-p-n d i o d e s t o determine the n o i s e 

t e m p e r a t u r e s o f e l e c t r o n s , w h i c h a r e e x p e c t e d t o be d i f f e r e n t 

from t h o s e o f h o l e s due t o t h e i r d i f f e r e n t m o b i l i t i e s , and 

(d) measurement o f t h e c u t - o f f f r e q u e n c y o f t h e t r a n s i s t o r s 

t o o b t a i n a more a c c u r a t e v a l u e o f t h e base w i d t h . 



Appendix I 

The Shockley Equations f o r a One-dimensional I d e a l T r a n s i s t o r 

Since i n a p-n-p t r a n s i s t o r the base width W i s very much 
l e s s than the d i f f u s i o n length f o r holes i n the base I—p, the 
t r a n s i s t o r cannot be considered as two separate p-n j u n c t i o n s , 
but must be t r e a t e d as a s i n g l e u n i t . By c o n s i d e r i n g bulk 
recombination and generation, and d i f f u s i o n of h o l e s , Shockley 
(1949) derived the f o l l o w i n g equations f o r the e m i t t e r and 
c o l l e c t o r c u r r e n t s : 

(A-1.2) 

where X»= the current e n t e r i n g the e m i t t e r , 
"Xc= the current e n t e r i n g the c o l l e c t o r , 
\k=- the voltage of the e m i t t e r with respect to the base, 
V C = the' voltage of the c o l l e c t o r w i t h respect to the 

base, and I 5 i s the reverse s a t u r a t i o n current of e i t h e r 
j u n c t i o n given by equation (1.2.2). 

When the t r a n s i s t o r i s operated as a diode w i t h the base 
f l o a t i n g , I e = - T c and the above equations y i e l d 

where the voltage across the diode V — V e - V c has been 
s u b s t i t u t e d . The corresponding current i s 



I t s h o u l d be n o t e d here t h a t the d i v i s i o n o f the v o l t a g e 

between and does not depend on whereas the c u r r e n t 

does. F o r ^ > >• 1, t h e c u r r e n t i s g i v e n by 

T = * t A t a n h (A-1.5) 

where e q u a t i o n (1.2.2) has been s u b s t i t u t e d f o r H ^ . 



Appendix I I 

Combination o f Shot N o i s e and Thermal Noise i n a S o l i d 

(a) The model we s h a l l c o n s i d e r i s t h a t o f an e l e c t r o n 

moving i n a b l o c k o f m a t e r i a l w i t h an e x t e r n a l l y a p p l i e d v o l t a g e 

V ; t h e f i e l d i s u n i f o r m everywhere w i t h a v a l u e , where 

S i s the l e n g t h o f t h e b l o c k . We s h a l l assume t h a t an e l e c t r o n 

undergoes c o l l i s i o n s w i t h the l a t t i c e w i t h the p r o b a b i l i t y o f a 

c o l l i s i o n p e r u n i t t i m e b e i n g ^/TO ; f o i s the n the mean f r e e 

t ime between c o l l i s i o n s . I m m ediately a f t e r a c o l l i s i o n an 

e l e c t r o n has on the average a v e l o c i t y W., . G e n e r a t i o n and 

r e c o m b i n a t i o n a r e assumed n e g l i g i b l e , t h u s a l l c a r r i e r s t h a t 

e n t e r one s i d e l e a v e the o t h e r . To f i n d the s p e c t r a l d e n s i t y o f 

the c u r r e n t f l u c t u a t i o n s we s h a l l f i r s t f i n d t he a u t o c o r r e l a t i o n 

t h e f i e l d d i r e c t i o n ; t h i s i s e q u a l t o the average v a l u e o f t h e 

v e l o c i t y a t any t i m e , t i m e s t h e v e l o c i t y o f t h e same e l e c t r o n a t 

For a g i v e n i n i t i a l v e l o c i t y w., the average v e l o c i t y a t a 

tim e T l a t e r w i l l be g i v e n by 

a t l e a s t one c o l l i s i o n w i t h i n t h e l a s t . T o f t r a v e l . The l a s t 

m u l t i p l i e r t a k e s i n t o account t h e p o s s i b i l i t y o f an e l e c t r o n 

f o r t h e component U o f t h e e l e c t r o n v e l o c i t y i n 

a t i m e *Y l a t e r . Thus 

l e a v i n g t h e specimen d u r i n g T , where ~tQ i s the t r a n s i t t i m e , 



t h e average time t a k e n by an e l e c t r o n t o c r o s s the specimen. 

S i n c e we a r e i n t e r e s t e d i n the n o i s e from t h e specimen o n l y we 

a l s o have ^ ( T ) = 0 f o r T>to . 

F o r t h e s t a t i s t i c s p o s t u l a t e d above 

Mr) = - t ^ P ( - l ) * u, + ^ j • 

To o b t a i n the a u t o c o r r e l a t i o n f u n c t i o n t h i s must be m u l t i p l i e d 

by U and averaged o v e r a l l v a l u e s o f U . ; n o t i n g .also t h a t the 

mean v e l o c i t y u. = U-i + W e o b t a i n 

We now note t h a t the c u r r e n t i n d u c e d i n t h e e x t e r n a l 

c i r c u i t by an e l e c t r o n w i t h v e l o c i t y ix i s and t h e r e f o r e 

The s p e c t r a l d e n s i t y o f the c u r r e n t f l u c t u a t i o n s i s o b t a i n e d 

from i n t e g r a t i n g the a u t o c o r r e l a t i o n f u n c t i o n as f o l l o w s , 

where VT. i s t h e t o t a l number o f e l e c t r o n s i n the b l o c k , and 

U) -2Tr-f . Making t h e as s u m p t i o n t h a t T0«'to , t h a t i s t h a t an 

e l e c t r o n i s sub'ject t o v e r y many c o l l i s i o n s d u r i n g i t s t r a n s i t , 

we now o b t a i n 

I t i s shown l a t e r , i n ( b ) , t h a t the a-c. conductance i s g i v e n 

by 

and a l s o n o t i n g t h a t t h e mean c u r r e n t 1 = and t h a t t h e 



t r a n s i t t i m e "fc0 = -=• , y i e l d s 

S l & ) = 4 m f̂ -̂ ) <fft) i- a t I { J • 
The second term o f t h e l a s t e q u a t i o n i s t h e u s u a l shot 

n o i s e f o r m u l a ; t h e c o r r e c t i o n t e rm a t h i g h f r e q u e n c i e s i s 

d i f f e r e n t from t h a t o f t h e vacuum dio d e s i n c e i n the l a t t e r 

t h e e l e c t r o n undergoes c o n s t a n t a c c e l e r a t i o n w h i l e i n t h e s o l i d 

i t has a c o n s t a n t d r i f t v e l o c i t y . The f i r s t term o f t h e e q u a t i o n 

c o r r e s p o n d s t o t h e t h e r m a l n o i s e and i f we d e f i n e the n o i s e 

t e m p e r a t u r e by 

we have f o r f r e q u e n c i e s much l e s s t h a n t h e r e c i p r o c a l o f the 

t r a n s i t t i m e 

S L ( f ) - kkTnCr® + -HX 

The above d e f i n i t i o n o f t h e n o i s e t e m p e r a t u r e i s c o n v e n i e n t 

s i n c e i t g i v e s t h e n o i s e i n terms o f the u s u a l N y q u i s t f o r m u l a , 

however i t i s t h e same t e m p e r a t u r e a p p r o p r i a t e t o a M a x w e l l 

v e l o c i t y d i s t r i b u t i o n w i t h a mean v e l o c i t y U and v e l o c i t y 

v a r i a n c e nr— u . 

(b) The a d m i t t a n c e o f a specimen such as d e s c r i b e d above 

can be d e t e r m i n e d by exa m i n i n g t h e mo t i o n o f a p a r t i c u l a r 

e l e c t r o n and d e t e r m i n i n g i t s average v e l o c i t y . L e t us c o n s i d e r 
_ jwt 

the f i e l d i n t h e specimen t o be o f t h e form F = F-',+ F1e. t h e n 

t h e v e l o c i t y o f an e l e c t r o n i n the d i r e c t i o n o f the f i e l d a t any 

tim e "t w i l l be g i v e n by 



where Uj i s t h e v e l o c i t y o f t h e e l e c t r o n i m m e d i a t e l y a f t e r t h e 

l a s t c o l l i s i o n , w h i c h o c c u r r e d a t t i m e "T. A v e r a g i n g o v e r the 

v a r i o u s v a l u e s o f T and tC| we o b t a i n f o r t h e mean v e l o c i t y o f 

an e l e c t r o n a t t i m e "t 

I n t r o d u c i n g t h e e x t e r n a l v o l t a g e \/-Fs , the c u r r e n t i n the 

e x t e r n a l c i r c u i t f o r one e l e c t r o n , and t h e t o t a l number 

o f e l e c t r o n s Yi , y i e l d s f o r the t o t a l c u r r e n t 

l ( t ) = I 0 + I, e. 

T h i s i m m e d i a t e l y y i e l d s f o r t h e a-c. conductance 

The d-c. conductance i s c o m p l i c a t e d by t h e n a t u r e o f U| which 

has a v a r y i n g f i e l d dependence as d i s c u s s e d by S h o c k l e y (1951). 
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