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A b s t r a c t 

Two models, one a n a l y t i c a l and one n u m e r i c a l , have been 

developed to p r e d i c t the dc performance of GaAs homojunction 

b i p o l a r t r a n s i s t o r s . In each case the m i n o r i t y c a r r i e r 

p r o p e r t i e s of l i f e t i m e and m o b i l i t y have been d e s c r i b e d by 

polynomial f i t s t o recent d a t a . Bandgap narrowing i n the 

e m i t t e r and base r e g i o n s has a l s o been taken i n t o account. 

The a n a l y t i c a l model assumes uniform doping i n the three 

r e g i o n s of the t r a n s i s t o r and i s thus a p p r o p r i a t e to 

p r e d i c t i n g the performance of d e v i c e s f a b r i c a t e d u s i n g 

e p i t a x i a l t e c h n o l o g i e s . T h i s model i s a l s o u s e f u l f o r 

c a r r y i n g out s e n s i t i v i t y a n a l y s e s . The importance of 

parameters such as r e g i o n a l widths and doping d e n s i t i e s , 

m i n o r i t y c a r r i e r l i f e t i m e s and s u r f a c e recombination 

v e l o c i t y i s examined here. The numerical model i s u s e f u l f o r 

d e s c r i b i n g the performance of ion-implanted d e v i c e s . Good 

agreement i s obtained between r e s u l t s from the model and 

recent experimental data from p r o t o t y p e d e v i c e s . 
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1. INTRODUCTION 

In recent y e a r s , there has been a growing i n t e r e s t i n 

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

a p p l i c a t i o n s . Because of i t s energy band s t r u c t u r e , g a l l i u m 

a r s e n i d e e x h i b i t s some m a t e r i a l p r o p e r t i e s which are 

s u p e r i o r to t h a t of other semiconductors such as s i l i c o n and 

germanium. I t s e l e c t r o n m o b i l i t y i s about 5-6 times higher 

than t h a t of s i l i c o n , while i t s energy bandgap i s about 1.43 

eV, compared to 1.11 eV of s i l i c o n at room temperature. In 

a d d i t i o n , GaAs s u b s t r a t e s are a v a i l a b l e i n a s e m i - i n s u l a t i n g 

form which s u b s t a n t i a l l y reduces the p a r a s i t i c c a p a c i t a n c e s 

of e l e c t r o n i c c i r c u i t s , r e s u l t i n g i n f a s t e r d e v i c e speeds. 

T h e r e f o r e , GaAs i s s u i t a b l e f o r a number of h i g h frequency, 

h i g h temperature a p p l i c a t i o n s , such as u l t r a h i g h speed l o g i c 

and s i g n a l p r o c e s s i n g , not p r e s e n t l y r e a l i s a b l e by s i l i c o n 

d e v i c e s . 

To date, most of the g a l l i u m a r s e n i d e c i r c u i t s have 

been f a b r i c a t e d u s i n g MESFET (Metal Semiconductor F i e l d 

E f f e c t T r a n s i s t o r ) technology. Complex l a r g e s c a l e 

i n t e g r a t e d c i r c u i t s with a few thousand gates have been 

made. However, as the l e v e l of i n t e g r a t i o n of GaAs c i r c u i t s 

i n c r e a s e s , some d i f f i c u l t y i s encounterd w i t h the FET 

t e c h n o l o g y . L o g i c c i r c u i t s f a b r i c a t e d u s i n g depletion-mode 

MESFETs cannot c o n t a i n more than 10,000 gates due to the 

l a r g e l o g i c swing and 'normally on' c h a r a c t e r i s t i c s of the 

D-MESFETs [ 1 ] . The l a t t e r c o u l d cause severe power 

d i s s i p a t i o n problems. Although the enhancement-type MESFET 

1 
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i s normally o f f , i t s low l o g i c swing (about 0.5 V) makes i t 

d i f f i c u l t to c o n t r o l the d e v i c e process parameters such as 

t h i c k n e s s and doping l e v e l i n the t r a n s i s t o r channel l a y e r 

t o the degree necessary to ma i n t a i n a uniform p i n c h - o f f 

v o l t a g e . To o b t a i n a good y i e l d of d e v i c e s at the VLSI 

l e v e l , the t r a n s i s t o r ' s t h r e s h o l d v o l t a g e should not d e v i a t e 

more t h a t f i v e percent [ 2 ] ; t h i s would be very d i f f i c u l t t o 

ach i e v e with the E-MESFETs, s i n c e that t r a n s l a t e s i n t o a 

p i n c h - o f f v o l t a g e v a r i a t i o n of no more than 25 mV. 

In view of these problems with MESFETs, one would l i k e 

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

the f a b r i c a t i o n of GaAs VLSI c i r c u i t s . I t i s known that 

b i p o l a r t r a n s i s t o r s o f f e r s e v e r a l advantages over f i e l d 

e f f e c t t r a n s i s t o r s . The t h r e s h o l d v o l t a g e (the emitter-base 

b i a s v o l t a g e f o r some f i x e d c o l l e c t o r c u r r e n t ) of a b i p o l a r 

t r a n s i s t o r i s r e l a t i v e l y c onstant f o r a given b i a s , s i n c e i t 

i s mainly determined by the energy bandgaps of the e m i t t e r 

and base r e g i o n of the d e v i c e , r a t h e r than by the process 

parameters. A t h r e s h o l d v a r i a t i o n of a few m i l l i v o l t s can be 

e a s i l y o b t a i n e d i n b i p o l a r i n t e g r a t e d c i r c u i t s . B e s i d e s , 

b i p o l a r s are a l s o known t o have l a r g e r d r i v i n g c a p a b i l i t y 

than f i e l d e f f e c t t r a n s i s t o r s , t h e r e f o r e they are more 

s u i t a b l e f o r power d e v i c e a p p l i c a t i o n s , or c i r c u i t s with 

l a r g e f a n - o u t s . 

One of the p o s s i b l e c h o i c e s f o r GaAs b i p o l a r VLSI 

a p p l i c a t i o n s i s the h e t e r o j u n c t i o n b i p o l a r t r a n s i s t o r . 

Kroemer [3] has p r e d i c t e d t h a t the h e t e r o j u n c t i o n b i p o l a r s 
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e x h i b i t a frequency response which i s s u p e r i o r t o that of 

FETs. A comparison by Eden [4] esti m a t e s t h a t the 

gain-bandwidth product of a GaAs h e t e r o j u n c t i o n b i p o l a r 

t r a n s i s t o r can be as hig h as 100-200 Ghz, while a MESFET 

with a gate l e n g t h of 0.5 micron can o n l y a c h i e v e about 30 

Ghz. D e s p i t e t h i s performance advantage enjoyed by the 

h e t e r o j u n c t i o n b i p o l a r t r a n s i s t o r s oyer the MESFETs, the 

complexity of t h e i r f a b r i c a t i o n , which i n v o l v e s 

s o p h i s t i c a t e d M o l e c u l a r Beam E p i t a x y (MBE) techniques t o 

grow the h e t e r o j u n c t i o n , the use of i o n - i m p l a n t a t i o n f o r 

e l e c t r i c a l i s o l a t i o n , the requirements of an extremely t h i n 

base l a y e r ( l e s s than 100 nanometers) and sm a l l c o n t a c t 

a r e a s , has made the r e a l i s a t i o n of a l a r g e s c a l e i n t e g r a t e d 

c i r c u i t r a t h e r d i f f i c u l t at the moment. The GaAs 

homojunction b i p o l a r s , on the other hand, seem t o o f f e r a 

b e t t e r p e r s p e c t i v e . The homojunction t r a n s i s t o r f a b r i c a t i o n 

p rocess i s simpler as only i o n - i m p l a n t a t i o n s are employed t o 

c r e a t e the v a r i o u s doped l a y e r s as w e l l as the i s o l a t i o n 

r e g i o n s i n the t r a n s i s t o r s t r u c t u r e . The ease of f a b r i c a t i o n 

i m p l i e s t h a t homojunction b i p o l a r s should e x h i b i t a high e r 

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

GaAs homojunction b i p o l a r t r a n s i s t o r s are g e n e r a l l y 

thought t o s u f f e r an in h e r e n t design disadvantage t h a t make 

them r a t h e r unfavourable i n frequency response compared t o 

the h e t e r o j u n c t i o n b i p o l a r s . In order t o mai n t a i n a h i g h 

e m i t t e r i n j e c t i o n e f f i c i e n c y i n the homojunction b i p o l a r , 

the base doping l e v e l has to be made o n l y a smal l f r a c t i o n 
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of the e m i t t e r doping l e v e l . The base r e g i o n i n a 

h e t e r o j u n c t i o n b i p o l a r , however, can be comparable i n doping 

or even more h e a v i l y doped than the e m i t t e r r e g i o n without 

a f f e c t i n g the i n j e c t i o n e f f i c i e n c y , due to the 

h e t e r o j u n c t i o n e m i t t e r that p r o v i d e s a l a r g e energy b a r r i e r 

t o the e m i t t e r b a c k - i n j e c t e d c u r r e n t . I t i s g e n e r a l l y agreed 

t h a t a heavily-doped base r e g i o n reduces the base 

r e s i s t a n c e , l e a d i n g t o s u b s t a n t i a l l y improved t r a n s i s t o r 

frequency response. Re c e n t l y , Tan and M i l n e s [5] have shown 

by t h e i r numerical study of the frequency response of the 

GaAs homojunction and h e t e r o j u n c t i o n npn t r a n s i s t o r s t h a t , 

i f the p a r a s i t i c base r e s i s t a n c e i s minimized i n the 

homojunction b i p o l a r t r a n s i s t o r d e s i g n , i t i s p o s s i b l e t o 

ach i e v e h i g h speed o p e r a t i o n i n a GaAs homojunction b i p o l a r 

t h a t i s comparable t o t h a t of a GaAs h e t e r o j u n c t i o n b i p o l a r . 

T h e r e f o r e , i t i s deemed important t o e v a l u a t e and 

i n v e s t i g a t e the o p e r a t i o n and performance of the GaAs 

homojunction b i p o l a r t r a n s i s t o r i n view of i t s v a s t 

p o t e n t i a l . 

The work on GaAs homojunction b i p o l a r t r a n s i s t o r s began 

i n the e a r l y 1960's. The f i r s t t r a n s i s t o r was made by 

a l l o y i n g a t i n e m i t t e r t o a d i f f u s e d p-type base [ 6 ] . 

Succeeding d e v i c e s were f a b r i c a t e d by u s i n g t w o - d i f f u s i o n 

p r o c e s s e s [7-11], or by employing vapour phase e p i t a x y 

methods [ 12]. The experimental r e s u l t s of these e a r l y 

d e v i c e s were r a t h e r d i s c o u r a g i n g . In g e n e r a l , the s t a t i c 

c u r r e n t g a i n s o b t a i n e d were q u i t e low, and the frequency 
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gain-bandwidth products were t y p i c a l l y i n the range of a few 

hundred Mhz. In some cas e s , when d e v i c e s w i t h h i g h g a i n were 

made, e i t h e r they possessed very poor c u t o f f frequency [10], 

or they degraded w i t h i n a s h o r t p e r i o d of t h e i r f a b r i c a t i o n 

[ 1 2 ] . The y i e l d of these t r a n s i s t o r s was very low, due to 

the d i f f i c u l t y i n c o n t r o l l i n g the r e q u i r e d submicron base 

width by d i f f u s i o n or e p i t a x i a l t e c h n i q u e s . Not 

s u r p r i s i n g l y , r e s e a r c h i n t o GaAs homojunction b i p o l a r 

d e v i c e s was d i s c o n t i n u e d f o r some time a f t e r these i n i t i a l 

e f f o r t s . 

The use of i o n - i m p l a n t a t i o n i n semiconductor d e v i c e 

f a b r i c a t i o n and p r o c e s s i n g has brought a r e p r i e v e f o r the 

GaAs homojunction b i p o l a r t r a n s i s t o r s . P r e c i s e c o n t r o l over 

the j u n c t i o n depth and the doping l e v e l i n the v a r i o u s 

t r a n s i s t o r r e g i o n s can be a c h i e v e d by a d j u s t i n g the implant 

dose and energy. R e c e n t l y , a number of i o n - i m p l a n t e d GaAs 

homojunction b i p o l a r s have been made [13-19]. The s u c c e s s f u l 

development of p l a n a r v e r t i c a l npn d e v i c e s and l a t e r a l pnp 

t r a n s i s t o r s i n d i c a t e the p o t e n t i a l a p p l i c a t i o n of t h i s 

b i p o l a r technology i n the I n t e g r a t e d - I n j e c t i o n L o g i c type of 

d i g i t a l c i r c u i t s . The c u r r e n t gains measured i n these 

d e v i c e s were t y p i c a l l y i n the range of 7-35; these were 

a t t r i b u t e d t o u n s p e c i f i e d leakage c u r r e n t s a t the s u r f a c e . 

I t has been suggested t h a t t h i s s u r f a c e leakage e f f e c t can 

be reduced by i n c o r p o r a t i n g a guard r i n g s t r u c t u r e i n the 

d e v i c e design [20], thereby y i e l d i n g h i g h e r t r a n s i s t o r 

g a i n s . 
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In view of these new experimental r e s u l t s , i t was f e l t 

t h a t a t h e o r e t i c a l m o d e l l i n g of the GaAs homojunction 

b i p o l a r would be very u s e f u l . The s i m u l a t i o n of b i p o l a r 

t r a n s i s t o r behaviour should p r o v i d e i n s i g h t f u l i n f o r m a t i o n 

on the f a c t o r s a f f e c t i n g the o p e r a t i o n of an a c t u a l d e v i c e . 

In a d d i t i o n , by s t u d y i n g the e f f e c t of v a r y i n g d e v i c e design 

parameters such as the doping l e v e l s i n the e m i t t e r , base 

and c o l l e c t o r r e g i o n s , i t should be p o s s i b l e to come up with 

a d e v i c e design that p r o v i d e s optimum performance. 

A number of problems are encountered i n m o d e l l i n g GaAs 

b i p o l a r d e v i c e s . At present, there i s a l a c k of knowledge of 

some p r o p e r t i e s of GaAs such as the doping dependence of 

m o b i l i t y and recombination, the e f f e c t s i n t r o d u c e d by heavy 

doping and by s u r f a c e s t a t e s . In a d d i t i o n , the number of 

d e f e c t s i n GaAs are higher than t h a t f o r elemental s i l i c o n , 

where a n t i s i t e d e f e c t s do not have to be c o n s i d e r e d . The 

presence of a l a r g e number of d e f e c t s , together with the 

f a c t t h a t the recombination mechanisms i n b i p o l a r d e v i c e s 

are a f f e c t e d by the growth pr o c e s s of the s u b s t r a t e used, 

imply t h a t the t r a n s i s t o r c h a r a c t e r i s t i c s w i l l be m a t e r i a l 

dependent. In the case of ion-implanted t r a n s i s t o r s , the 

e f f e c t s of the implant mask, of the d i f f u s i o n of dopants 

d u r i n g thermal a n n e a l i n g , and the a c t u a l a c t i v a t i o n 

e f f i c i e n c y of implanted s p e c i e s on the c a r r i e r c o n c e n t r a t i o n 

p r o f i l e have to be c o n s i d e r e d as w e l l . In view of these 

u n c e r t a i n t i e s , i t i s very d i f f i c u l t to come up w i t h a model 

t h a t w i l l g i v e an exact p r e d i c t i o n of the d e v i c e behaviour 
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f o r a g i v e n o p e r a t i n g c o n d i t i o n . T h e a p p r o a c h t h a t h a s b e e n 

t a k e n i n t h e work d e s c r i b e d i n t h i s t h e s i s s e e k s t o 

i n c o r p o r a t e t h e p a r a m e t e r s p e r t a i n i n g t o t h e s e e f f e c t s i n t o 

t h e m o d e l , a n d by m a k i n g t h e a p p r o p r i a t e a s s u m p t i o n s , t o 

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

b i p o l a r t r a n s i s t o r s , a n d t o c o r r e l a t e t h e s e t o t h o s e 

o b s e r v e d e x p e r i m e n t a l l y . In t h i s work we r e s t r i c t o u r s e l v e s 

t o a s t u d y o f t h e dc p e r f o r m a n c e o f GaAs h o m o j u n c t i o n 

b i p o l a r t r a n s i s t o r s . 

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

b e h a v i o u r o f GaAs b i p o l a r h o m o j u n c t i o n t r a n s i s t o r s . An 

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

d o p i n g i n t h e v a r i o u s t r a n s i s t o r r e g i o n s , i s d e s c r i b e d i n 

C h a p t e r 2 . A n u m e r i c a l m o d e l , w h i c h i s b a s e d on t h e 

w e l l - k n o w n SEDAN p r o g r a m [ 2 1 ] , s u i t a b l y m o d i f i e d t o 

accommodate t h e p a r a m e t e r s a n d p r o p e r t i e s o f GaAs i s 

d e s c r i b e d i n C h a p t e r 3 . I t i s a s s u m e d i n b o t h m o d e l s t h a t 

t h e t r a n s i s t o r i s o p e r a t i n g u n d e r low i n j e c t i o n c o n d i t i o n s . 

A l s o , o n l y o n e - d i m e n s i o n a l d e v i c e s t r u c t u r e s a r e c o n s i d e r e d , 

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

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

a r i s e s f r o m t h e n e e d t o c h a r a c t e r i z e t r a n s i s t o r s t r u c t u r e s 

b u i l t by d i f f e r e n t f a b r i c a t i o n t e c h n i q u e s . In a d d i t i o n , t h e 

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

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

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

d e v i c e s w i t h n o n - u n i f o r m d o p i n g , s u c h a s t h o s e t r a n s i s t o r s 
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r e c e n t l y f a b r i c a t e d b y i o n - i m p l a n t a t i o n [ 1 3 - 1 9 ] . 



2. T H E A N A L Y T I C A L M O D E L 

2.1 I N T R O D U C T I O N 

I n - t h i s c h a p t e r , a n a n a l y t i c a l m o d e l f o r t h e 

c a l c u l a t i o n o f t h e D C c h a r a c t e r i s t i c s o f a G a A s h o m o j u n c t i o n 

n p n b i p o l a r t r a n s i s t o r i s d e s c r i b e d . T h i s m o d e l h a s t h e 

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

e x p r e s s i o n s t o r e l a t e t h e t r a n s i s t o r c u r r e n t c o m p o n e n t s t o 

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

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

m i n o r i t y c a r r i e r l i f e t i m e s , s u r f a c e r e c o m b i n a t i o n v e l o c i t y , 

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

o f t h e b i p o l a r t r a n s i s t o r . T h e d o p i n g l e v e l s i n t h e e m i t t e r , 

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

b e u n i f o r m , t h e r e f o r e t h i s m o d e l i s m o s t s u i t a b l e f o r 

c h a r a c t e r i s i n g G a A s h o m o j u n c t i o n b i p o l a r t r a n s i s t o r s b u i l t 

b y e p i t a x i a l t e c h n i q u e s s u c h a s L P E ( L i q u i d P h a s e E p i t a x y ) , 

V P E ( V a p o r P h a s e E p i t a x y ) , o r M B E ( M o l e c u l a r B e a m E p i t a x y ) . 

T h e a n a l y t i c a l m o d e l i s a o n e - d i m e n s i o n a l t r a n s i s t o r 

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

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

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

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

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

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

c h a p t e r . 

9 
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2 . 2 T H E T R A N S I S T O R M O D E L 

F o r a o n e - d i m e n s i o n a l , u n i f o r m l y d o p e d b i p o l a r 

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

c l a s s i c a l S h o c k l e y r e g i o n a l a p p r o a c h , i n w h i c h t h e 

t r a n s i s t o r s t r u c t u r e i s d i v i d e d i n t o t w o d e p l e t i o n r e g i o n s , 

a n d t h r e e c h a r g e - n e u t r a l r e g i o n s . T h e v a r i o u s D C c u r r e n t 

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

t h e c o n t i n u i t y e q u a t i o n s a n d t h e c u r r e n t t r a n s p o r t e q u a t i o n s 

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

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

F i g u r e 2 . 1 , w h e r e W g , W f i a n d a r e t h e w i d t h s o f t h e 

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

r e s p e c t i v e l y . ( - X E ~ W E ) a n d ( W c + X c ) r e p r e s e n t t h e e m i t t e r a n d 

c o l l e c t o r e n d s r e s p e c t i v e l y . 

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

h o l e s w i t h n o c a r r i e r g e n e r a t i o n a r e a s f o l l o w s : 

- p - ^ = o 
d x 2 D p r p 

n - n° 
d z n p . 

- — c = 0 ( 2 . 2 ) 
d x 2 V n 

T h e c u r r e n t t r a n s p o r t e q u a t i o n s i n t h e n e u t r a l r e g i o n s a r e 

g i v e n b y : 

d n 
J n " ^ 

( 2 . 3 ) 
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Collector 
(n) 

wc+xc 

F i g . 2 .1 S c h e m a t i c o f c u r r e n t f l o w s i n a h o m o j u n c t i o n 

b i p o l a r t r a n s i s t o r . 
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J

P • -"D

P t (2-4) 

T h e c u r r e n t s c o n s i s t o f t h e d i f f u s i o n c o m p o n e n t o n l y , s i n c e 

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

s e m i c o n d u c t o r r e g i o n t o g i v e r i s e t o t h e d r i f t t e r m . B y 

s o l v i n g e q u a t i o n s ( 2 . 1 ) - ( 2 . 4 ) , t h e g e n e r a l s o l u t i o n s a r e 

d e r i v e d a s : 

D 

J n = q [ A . e x p ( ) + B . e x p ( f 2 1 ) ] ( 2 . 5 ) 
L n L n L n 

D 

J = q r 2 [ C . e x p ( ) + C . e x p ( ~ ) ] ( 2 . 6 ) 

P P P 

w h e r e q i s t h e e l e c t r o n i c c h a r g e , D a n d D , r a n d T , L 
^ 3 n p ' n p n 

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

l e n g t h s , r e s p e c t i v e l y . J n , J p a r e t h e e l e c t r o n a n d h o l e 

c u r r e n t s , w h i l e p ° a n d • n ° a r e t h e e q u i l i b r i u m h o l e a n d 

e l e c t r o n c o n c e n t r a t i o n s i n n - t y p e a n d p - t y p e m a t e r i a l 

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

m i n o r i t y c a r r i e r c o n c e n t r a t i o n a t t h e j u n c t i o n d e p l e t i o n 

e d g e s a n d a t t h e s u r f a c e s ( i . e . t h e e m i t t e r a n d c o l l e c t o r 

c o n t a c t e n d s ) . I n c o m p u t i n g t h e d e v i c e c h a r a c t e r i s t i c s , i t 

i s a s s u m e d t h a t t h e t r a n s i s t o r i s o p e r a t i n g i n t h e n o r m a l , 

a c t i v e m o d e i n a c o m m o n e m i t t e r c o n f i g u r a t i o n , w i t h a f i x e d 

V C E a n d a f o r w a r d b i a s V g E . T h e b o u n d a r y c o n d i t i o n s a t t h e 

s p a c e c h a r g e e d g e s , o r t h e j u n c t i o n l a w [ 2 2 ] , a r e e x p r e s s e d 

a s : 
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P " PS 

n - n ° 

n - n 
B 

p - P; 

x = - X r 

x = 0 

x = X 
B 

x = - X , 

q V f i E 

= p | [ e x p ( ) - 1 ] ( 2 . 7 ) 

9 V B E 
= n j [ e x p ( -ZZT ) ~ 1 ] ( 2 . 8 ) k T 

= n ° [ e x p ( 
q V 

B C 

k T 

q V 

- Pgf e x p ( k T 

B C 

) - 1 ] ( 2 . 9 ) 

) - 1 ] ( 2 . 1 0 ) 

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

) & 
E d x x - " V X E 

x = W c + X c 

= s p ( p - p | 

= 0 

( 2 . 1 1 ) 

( 2 . 1 2 ) 

w h e r e p E , n | a n d p £ a r e t h e e q u i l i b r i u m m i n o r i t y c a r r i e r 

c o n c e n t r a t i o n s i n t h e e m i t t e r , b a s e a n d c o l l e c t o r 

r e s p e c t i v e l y . V g ^ i s t h e b a s e - c o l l e c t o r b i a s , k i s 

B o l t z m a n n ' s c o n s t a n t , T t h e r o o m t e m p e r a t u r e , D E t h e e m i t t e r 

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

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

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

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

T h e v a r i o u s c u r r e n t c o m p o n e n t s i n t h e t r a n s i s t o r a r e a s 

s h o w n i n F i g u r e 2 . 1 . T h e e l e c t r o n c u r r e n t d e n s i t i e s a t t h e 

t w o n e u t r a l e d g e s a r e d e n o t e d b y J n ( 0 ) a n d J n ( x

B ) « T n e h o l e 
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c u r r e n t d e n s i t y i n j e c t e d i n t o t h e e m i t t e r f r o m t h e b a s e i s 

r e p r e s e n t e d b y J ( - X „ ) f w h i l e t h e c o l l e c t o r h o l e l e a k a g e 
P ^ 

c u r r e n t d e n s i t y i s i n d i c a t e d b y J p ( X c ) . T h e s e c u r r e n t 

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

c o n d i t i o n s ( 2 . 7 ) - ( 2 . 1 2 ) o n t h e g e n e r a l c u r r e n t d e n s i t y 

e x p r e s s i o n s ( 2 . 5 ) - ( 2 . 6 ) . T h e r e s u l t s a r e a s f o l l o w s : 

q D

E p E 

L E 

q V 
B E 

{ e X p ( ~ k T ~ ) " 1 1 

S „ L „ 2 W 
.{ - - r — . [ 1 + e x p ( — * ) J 

2 . W 

+ [ e x p ( —± ) - 1] } 

. S F L E n . 2 ' W E . , 1 — — . [ 1 - e x p ( — — ) ] 

2 . W 
+ [ e x p ( — - ) + 1] }" 1 ( 2 . 1 3 ) 

J n ( 0 ) 
q D n ° 2 . W n 

{ e x p ( — * ) - 1 } - ' 
L B L B 

q V B E 
.{ [ e x p ( l m ) - 1 ] . [ e x p ( k T 

2 . W T 

B 
) + 1] 

- 2 . e x p ( ^ ) . [ e x p ( ^ S £ ) - }] } 
B 

( 2 . 1 4 ) 
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q D n ° 2 . W n 

^ B C 2 ' W B 
. { - [ e x p ( ) e x p ( - j - 5 ) +1 ] 

B 

W B <3 V BE 
+ 2 . e x P ( ) A E X P ( " T T } ~ 1 ] } 

B 

( 2 . 1 5 ) 

S D cPc ^ B C 
J p ( X c ) = [ e x p ( ) - 1 ] ( 2 . 1 6 ) 

I n t h e a b o v e e q u a t i o n s D g , D c a r e t h e m i n o r i t y c a r r i e r 

d i f f u s i o n c o n s t a n t s i n t h e b a s e , c o l l e c t o r ; a n d L „ , L _ , L n 

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

b a s e , c o l l e c t o r r e s p e c t i v e l y . 

T h e c u r r e n t c o m p o n e n t s d u e t o t h e g e n e r a t i o n a n d 

r e c o m b i n a t i o n o f c a r r i e r s i n t h e j u n c t i o n s p a c e c h a r g e 

r e g i o n s a r e g i v e n b e l o w . T h e r e c o m b i n a t i o n c u r r e n t i n t h e 

f o r w a r d b i a s e d e m i t t e r - b a s e j u n c t i o n , J R E C » i s e x p r e s s e d b y 

C h o o ' s e q u a t i o n s f o r a n a s y m m e t r i c a l l y d o p e d s t e p j u n c t i o n , 

n a m e l y [ 2 3 ] : 

3 V B E 
q n . W B E 2 . s i n h ( — ) ^ 

' R E C • < r B . r E > ' q / k T . ( V f a i E - V B E ) 

(2.17) 
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w h e r e 

f ( b ) = / ( i ^ b 2 ) ' t a n " 1 [ j ' ( 1 " b 2 } ] 

f o r b < 1 ( 2 . 1 8 a ) 

f(b> = TTT2 T T • t a n h " 1 [ - / ( b 2 - 1 ) ] 

v ( b^ - 1 ) 7 

f o r b > 1 ( 2 . 1 8 b ) 

f ( b ) = - f o r b = 1 - ( 2 . 1 8 c ) 

a n d 

<3vBE E t " E i 
b = E X P ( j ^ T ) • c o s h [ — — 

1 TE 
+ r l n ( — ) ] ( 2 . 1 9 ) 

2 T B 

r q ( V b i E - V B E ) , 
K = 2 . s i n h [ — ] ( 2 . 2 0 ) 

K • 1 

T N T N 

7 = / ( — — ) + / ( — — ) 
T E E T B B 

q( v h . - v ) 
+ 2 b . c o s h [ — 5 £ i — ] ( 2 . 2 1 ) 

K • i. 

k T N E N B 
V b i E " X • l n [ -rTT 1 < 2- 2 2 ) 
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2 c V h i E N E + N B 
W _ E = • ( ^ . ) ( 2 . 2 3 ) 

B E q N N 

T h e g e n e r a t i o n c u r r e n t i n t h e r e v e r s e - b i a s e d c o l l e c t o r - b a s e 

j u n c t i o n , J Q E N 

e q u a t i o n [ 2 4 ] : 

j u n c t i o n , J G E N r i s g i v e n b y t h e g e n e r a l S a h - N o y c e - S h o c k l e y 

q n ^ ^ E ^ - E 
B C . c o s h [ t 1 

w h e r e 

' G E N 2 . / ( T B . T c ) * 1 k T 

1 T C 
+ ^ . l n ( — ) ] " 1 ( 2 . 2 4 ) 

2 T B 

2 e V , . N +N 

k T N C N B 
V , = ^ . l n [ ] ( 2 . 2 6 ) 

b i C q n ? 

V b i E a n d V b i C a r e t ^ l e t > u i I t — i n v o l t a g e s a t t h e b a s e - e m i t t e r 

a n d b a s e - c o l l e c t o r j u n c t i o n s w h i l e W__ a n d W _ „ a r e t h e 

e m i t t e r a n d c o l l e c t o r d e p l e t i o n w i d t h s , r e s p e c t i v e l y . N E , 

N _ , N-, a r e t h e d o p i n g l e v e l s i n t h e e m i t t e r , b a s e a n d 

c o l l e c t o r r e s p e c t i v e l y , n ^ , e a n d E ^ a r e , r e s p e c t i v e l y , t h e 

i n t r i n s i c c a r r i e r c o n c e n t r a t i o n , p e r m i t t i v i t y , a n d i n t r i n s i c 

F e r m i l e v e l i n G a A s , w h i l e E f c i s t h e e n e r g y l e v e l o f t h e 

r e c o m b i n a t i o n c e n t e r s p r e s e n t i n t h e m a t e r i a l . 

I n u s i n g t h e e x p r e s s i o n s f o r J R E C a n d J G E N ' * t * s 

a s s u m e d t h a t t h e r e a r e s i n g l e - l e v e l , u n i f o r m l y d i s t r i b u t e d 

r e c o m b i n a t i o n - g e n e r a t i o n ' c e n t e r s l o c a t e d a t o r n e a r t h e 
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i n t r i n s i c F e r m i l e v e l , t h e r e f o r e E f c i s a p p r o x i m a t e l y e q u a l 

t o E ^ . I t i s f u r t h e r a s s u m e d t h a t t h e 

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

S h o c k l e y - R e a d - H a l l t y p e . T h i s a s s u m p t i o n i s s u p p o r t e d b y 

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

a u t h o r s . S e k e l a e t a l . [ 2 5 ] s h o w e d i n t h e i r s t u d i e s o f h o l e 

d i f f u s i o n l e n g t h i n n - t y p e G a A s t h a t t h e l a r g e s t m e a s u r e d 

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

b y R y a n a n d E b e r h a r d t [ 2 6 ] f o r r a d i a t i v e r e c o m b i n a t i o n , 

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

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

t h a t d u e t o d i r e c t r a d i a t i v e r e c o m b i n a t i o n . T h e s t u d i e s o n 

e l e c t r o n d i f f u s i o n l e n g t h i n p - t y p e G a A s b y C a s e y e t a l . 

[ 2 7 , 2 8 ] a l s o i n d i c a t e d t h a t t h e e l e c t r o n l i f e t i m e i s 

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

c o n c e n t r a t i o n s l e s s t h a n 1 X 1 0 1 6 c m " 3 . T h i s i n s i g n i f i c a n t 

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

r e c o m b i n a t i o n m e c h a n i s m c a n b e a t t r i b u t e d t o t h e p r e s e n c e o f 

a l a r g e n u m b e r o f r e c o m b i n a t i o n c e n t e r s a n d d e f e c t s i n G a A s 

[ 2 9 ] , d e s p i t e t h e f a c t t h a t G a A s i s a d i r e c t b a n d g a p 

s e m i c o n d u c t o r . T h e S h o c k l e y - R e a d - H a l l r e c o m b i n a t i o n i s 

a s s u m e d t o b e t h e d o m i n a n t c o m p o n e n t o f t h e i n d i r e c t 

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

r e c o m b i n a t i o n i s i m p o r t a n t i n G a A s o n l y a t v e r y h i g h d o p i n g 

d e n s i t i e s ( g r e a t e r t h a n 1 0 1 9 c m " 3 ) [ 3 0 ] . 

T h e t e r m i n a l c u r r e n t d e n s i t i e s a r e c a l c u l a t e d b y 

s u m m i n g u p t h e c u r r e n t c o m p o n e n t s i n e q u a t i o n s 
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( 2 . 1 3 - 2 . 1 7 , 2 . 2 4 ) . T h e t o t a l b a s e c u r r e n t d e n s i t y i s g i v e n 

b y : 

J B = J p ( ~ V + J n ( 0 ) " W " J p ( X C ) 

+ J R E C " J G E N ( 2 ' 2 7 ) 

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

J c = J n ( X B ) + J p ( X c ) + J G E N ( 2 . 2 8 ) 

T h e s t a t i c c u r r e n t g a i n , 0 o r h f e , i s e x p r e s s e d a s t h e r a t i o 

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

J

C 

0 = ( 2 . 2 9 ) 

2 . 3 T H E M O D E L P A R A M E T E R S 

I n t h e m o d e l , t h e t h e r m a l e q u i l i b r i u m c a r r i e r 

c o n c e n t r a t i o n s a r e c o m p u t e d u s i n g F e r m i - D i r a c s t a t i s t i c s t o 

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

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

t h e c o n v e n t i o n a l f o r m s : 

n ( c m ~ 3 ) = N , F ] / 2 ( V ) ( 2 . 3 0 ) 

p ( c m ~ 3 ) = N 
V 

( 2 . 3 1 ) 

w h e r e 
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V = k T 

a n d 

( 2 . 3 2 ) 

- E 
_ f 

k T 
( 2 . 3 3 ) 

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

c o n c e n t r a t i o n s r e s p e c t i v e l y , Fj/2(x) i s t h e F e r m i - D i r a c 

I n t e g r a l o f o r d e r 1 / 2 , a p p r o x i m a t e d b y a c c u r a t e , l o w o r d e r 

p o l y n o m i a l s [ 3 1 ] , E r i s t h e F e r m i e n e r g y , a n d E i s t h e 

w i d t h o f t h e f o r b i d d e n e n e r g y b a n d g a p i n e V . T h e z e r o 

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

e d g e . 

T h e e f f e c t i v e d e n s i t i e s o f s t a t e s , i n t h e a p p r o p r i a t e 

b a n d s , a r e e x p r e s s e d a s : 

N c ( c m - 3 ) = 2 . [ 

* 
2irm k T 

e , 3 / 2 
10 ' ( 2 . 3 4 ) 

N y ( c m - 3 ) 2 . [ 

* 
2 7 r m h k T 1 3 / 2 10 - 6 ( 2 . 3 5 ) 

w h e r e h i s P l a n c k ' s c o n s t a n t . T h e e f f e c t i v e m a s s o f 

* 

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

B l a k e m o r e [ 3 2 ] a s a n a v e r a g i n g f u n c t i o n o f t h e e f f e c t i v e 

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

T 6 , a n d t h e t w o h i g h e r e n e r g y v a l l e y s , L 6 a n d X 6 . T h e 

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

a n a d d i t i o n a l t e r m i n t h e e x p r e s s i o n f o r t h e T 6 m a s s 
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p a r a m e t e r : 

• , m 3/2 , , ^ ! F S , 2 ™ . 
m e " « "co -I 1 ' 4 E g • F ^ T 1 

+ m 3/2 . e X P ' " " O > . 
X F / / 2 ( r ? ) 

+ m 3 / 2 f ^ P j ^ " kT? } . . 2 / 3 r , 
m L • [ ] } ( 2 - 3 6 ) 

T h e s c a l a r e f f e c t i v e m a s s o f t h e r 6 b a n d , m i s e q u a l t o 
c o 

0 . 0 6 3 2 m o ; w h e r e m 0 i s t h e f r e e e l e c t r o n m a s s ( 9 . 1 0 9 5 x 1 0 " 3 1 

k g ) . T h e n o n - p a r a b o l i c c o e f f i c i e n t a i s e q u a l t o - 0 . 8 2 4 . m x , 

m L a r e t h e e f f e c t i v e m a s s e s o f t h e t w o h i g h e r e n e r g y m i n i m a , 

w h i c h a r e a s s i g n e d v a l u e s o f 0 . 5 5 m o a n d 0 . 8 5 m o r e s p e c t i v e l y . 

A r - = 0 . 2 8 4 e V , A r x = 0 . 4 7 6 e V a r e t h e e n e r g y s e p a r a t i o n s 

b e t w e e n t h e T - L a n d T - X b a n d s . F. , ( x ) t h e F e r m i - D i r a c 

I n t e g r a l o f o r d e r 3 / 2 , c o m e s f r o m t h e k" t e r m i n t h e 

e n e r g y - w a v e v e c t o r r e l a t i o n o f t h e T 6 b a n d . T h i s i n t e g r a l i s 

c o m p u t e d u s i n g s h o r t s e r i e s a p p r o x i m a t i o n s [ 3 1 ] , F o r n - t y p e , 

* 
w e a k l y - d o p e d G a A s a t r o o m t e m p e r a t u r e , m g c a n b e 

a p p r o x i m a t e d b y t h e f i r s t t e r m o f e q u a t i o n ( 2 . 3 6 ) , s i n c e t h e 

f r a c t i o n s o f e l e c t r o n s i n t h e L 6 , X 6 b a n d s a r e r e l a t i v e l y 

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

rj £ 0 , t h e c o n t r i b u t i o n s f r o m t h e e l e c t r o n p o p u l a t i o n i n t h e 

t w o u p p e r b a n d s a r e n o n - n e g l i g i b l e a n d l e a d t o a n i n c r e a s e d 

e l e c t r o n e f f e c t i v e m a s s . 
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T h e h o l e e f f e c t i v e m a s s i s a l s o c a l c u l a t e d f r o m t h e 

d e t a i l e d e q u a t i o n o f t h e l i g h t h o l e a n d h e a v y h o l e b a n d s i n 

t h e v a l e n c e b a n d s y s t e m [ 3 2 ] : 

* / ? 1 5 B K T F U ) 
m h = { m ^ 2

 + mp.[ 1 - — ] ̂  
( 2 . 3 7 ) 

w h e r e m ^ , m L a r e t h e h e a v y h o l e a n d l i g h t h o l e e f f e c t i v e 

m a s s e s , t a k e n a s 0 . 5 m o a n d 0 . 0 8 8 m o r e s p e c t i v e l y . T h e 

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

t o - 3 . 8 0 . 

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

c a r r i e r c o n c e n t r a t i o n s , t h e a c t u a l b a n d g a p a n d t h e e x a c t 

l o c a t i o n o f t h e F e r m i l e v e l a r e r e q u i r e d . A t h i g h d o p i n g 

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

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

t h e c o n d u c t i o n a n d v a l e n c e b a n d s y s t e m . T h i s b a n d g a p 

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

c a r r i e r c o n c e n t r a t i o n s u c h t h a t [ 3 2 , 3 3 ] : 

E ( e V ) = 1 . 4 2 2 4 8 - A E ( 2 . 3 8 ) 
9 9 

a n d 

n i 
A E ( e V ) = k T . l n [ r ] ( 2 . 3 9 ) 

9 n i l 

T h e v a l u e o f t h e i n t r i n s i c c a r r i e r c o n c e n t r a t i o n n^ a t r o o m 

t e m p e r a t u r e h a s b e e n d e t e r m i n e d b y v a r i o u s e x p e r i m e n t s a n d 
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s h o w n t o v a r y f r o m 1 . 8 X 1 0 6 c m " 3 t o 3 . 0 x 1 0 s c m " 3 [ 3 4 ] . I t i s 

t a k e n a s 2 x 1 0 s c m " 3 i n t h e m o d e l . T h e v a r i a t i o n o f t h e 

e f f e c t i v e i n t r i n s i c c a r r i e r c o n c e n t r a t i o n n ^ g w i t h d o p i n g 

d e n s i t y i s e x p r e s s e d b y t h e e m p i r i c a l r e l a t i o n s o f B a i l b e e t 

a l . [ 3 5 ] , n a m e l y : 

f o r n - t y p e m a t e r i a l , 

n . ( c m " 3 ) = 9 x 1 0 ' 5 + 3 . 3 8 X 1 0 " 3 . / ( N ^ ) 
i e D 

N D 

- 3 . 4 7 X 1 0 " 5 . l n [ J^JJ ] ( 2 . 4 0 ) 

a n d f o r p - t y p e m a t e r i a l , 

n i e ( c m " 3 ) = 9 x 1 0 s + 3 . 3 8 x l 0 " 3 . / ( N ^ ) 

N A 

- 6 . 7 2 x 1 0 " 5 . l n [ jfprr ] ( 2 . 4 1 ) 

T h e F e r m i l e v e l i s c o m p u t e d b y a c h i e v i n g t h e c h a r g e 

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

( e l e c t r o n s a n d i o n i z e d a c c e p t o r s ) a r e e q u a l t o t h e t o t a l 

p o s i t i v e c h a r g e s ( h o l e s a n d i o n i z e d d o n o r s ) : 

n + N A - ( p + N p ) = 0 ( 2 . 4 2 ) 

T h e n u m b e r o f i o n i z e d i m p u r i t i e s , i s g i v e n b y : 

N t 
N . ( c m " 3 ) = — 7 - 7 ( 2 . 4 3 ) 

i 1 + g . e x p ( A ) 
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w h e r e N F C i s t h e t o t a l d e n s i t y o f i m p u r i t y d o p a n t i n c m - 3 , g 

i s t h e d e g e n e r a c y f a c t o r (2 f o r a c c e p t o r s , 4 f o r d o n o r s ) , 

a n d A = ( E f - E g + E ^ ) / k T f o r d o n o r s t a t e s a n d ( E A - E f ) / k T 

f o r a c c e p t o r s t a t e s . 

T h e i m p u r i t y a c t i v a t i o n e n e r g y r e l a t i v e t o t h e 

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

[ 3 6 ] : 

E A ( e V ) = E ° - A . N J / 3 ( 2 . 4 4 ) 

w h e r e E ° i s t h e a c t i v a t i o n e n e r g y f o r i n f i n i t e d i l u t i o n . T h e 

c o e f f i c i e n t A i s t a k e n a s 1 . 9 X 1 0 " 8 c m . e V f o r n - t y p e d o p a n t 

[ 3 7 ] , a n d 2 . 3 x 1 0 " * c m . e V f o r p - t y p e d o p a n t [ 3 8 ] . T h e N ^ 3 

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

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

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

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

n e e d e d b e s i d e s t h e e q u i l i b r i u m c a r r i e r c o n c e n t r a t i o n s . T h e 

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

g e n e r a l i z e d E i n s t e i n r e l a t i o n , w r i t t e n a s a r a p i d l y 

c o n v e r g i n g s e r i e s [ 3 9 ] : 

D ( c m 2 s e c - 1 ) = u [ 1 + 0 . 3 5 3 5 5 ) 
n n q N R 

- 9 . 9 X 1 0 " 3 ( £ ) 2  

N C 

+ 4 . 4 5 x 1 0 - " (^ ) 3 ] ( 2 . 4 5 ) 
N C 
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D ( c m 2 s e c - 1 ) = u — [ 1 + 0 . 3 5 3 5 5 ( £ ) 
P P q N Y 

- 9 . 9 X 1 0 " 3 (J; ) 2  

N V 

+ 4 . 4 5 x 1 0 - " ( £ ) 3 ] ( 2 . 4 6 ) 
N V 

w h e r e un, M p a r e t h e m i n o r i t y c a r r i e r m o b i l i t i e s f q r 

e l e c t r o n s a n d h o l e s . 

T o m o d e l t h e c a r r i e r m o b i l i t i e s , d a t a f r o m H a l l e f f e c t 

m e a s u r e m e n t s f o r e l e c t r o n m o b i l i t y i n n - t y p e G a A s 

[ 3 7 , 4 0 - 4 5 ] , a n d h o l e m o b i l i t y i n p - t y p e G a A s 

[ 3 8 , 4 0 - 4 1 , 4 6 - 4 9 ] a r e g a t h e r e d a n d f i t t e d w i t h a f i f t h o r d e r 

l e a s t s q u a r e p o l y n o m i a l a g a i n s t t h e m a j o r i t y c a r r i e r 

c o n c e n t r a t i o n : 

5 i 
M u ( c m 2 V " ' s e c " 1 ) = Z A . . x ( 2 . 4 7 ) 

H i = 0 1 

w h e r e x = L o g , 0 ( n / c m " 3 ) f o r n - t y p e m a t e r i a l a n d L o g , 0 ( p / c n r 3 ) 

f o r p - t y p e m a t e r i a l . T h e c o e f f i c i e n t s A ^ f o r b o t h e l e c t r o n 

a n d h o l e H a l l m o b i l i t y a r e l i s t e d i n T a b l e 2 . 1 . T h e 

e x p e r i m e n t a l d a t a f o r e l e c t r o n s a n d h o l e s t o g e t h e r w i t h t h e 

f i t t e d c u r v e f r o m e q u a t i o n ( 2 . 4 7 ) a r e p l o t t e d i n F i g u r e s 2 . 2 

a n d 2 . 3 r e s p e c t i v e l y . 

I t i s a s s u m e d t h a t t h e v a l u e s o f H a l l m o b i l i t y h a v e 

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

t h e m a j o r i t y c a r r i e r d r i f t m o b i l i t y c a n b e o b t a i n e d b y 

d i v i d i n g t h e H a l l m o b i l i t y b y t h e w e a k f i e l d H a l l f a c t o r R „ : 
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X Hill [40] 

• Dvoryankin et al. [37] 

Katoda & Sugano [42] 

Walukiewicz et al. [43] 

X Cox & DiLorenzo [44] 

Ashen et al. [45] 

computer fit 

10 10" 10" 10' 
Electron Concentration [ cm - 3 ] 

F i g . 2 . 2 E x p e r i m e n t a l d a t a a n d b e s t c u r v e f i t f o r t h e 

d e p e n d e n c e o f e l e c t r o n H a l l m o b i l i t y o n m a j o r i t y c a r r i e r 

c o n c e n t r a t i o n . 
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F i g . 2 . 3 E x p e r i m e n t a l d a t a a n d b e s t c u r v e f i t f o r t h e 

d e p e n d e n c e o f h o l e H a l l m o b i l i t y o n m a j o r i t y c a r r i e r 

c o n c e n t r a t i o n . 
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M H 
u(cm2V 1 s e c " 1 ) = — ( 2 . 4 8 ) 

R H 

w h e r e R H i s t a k e n a s 1 . 1 7 5 a n d 1 . 2 5 f o r e l e c t r o n a n d h o l e 

H a l l m o b i l i t y r e s p e c t i v e l y [ 3 2 ] . 

F o r e l e c t r o n s , t h e r a t i o o f m i n o r i t y c a r r i e r t o 

m a j o r i t y c a r r i e r m o b i l i t y i s d e s c r i b e d b y : 

^ ( c n ^ V - 1 s e c " 1 ) = f ( n ) . M " ( 2 . 4 9 ) 

w h e r e uP, nn a r e t h e r e s p e c t i v e e l e c t r o n d r i f t m o b i l i t i e s i n 

p - t y p e a n d n - t y p e m a t e r i a l . f ( n ) r e p r e s e n t s a 4 t h o r d e r 

p o l y n o m i a l f i t t e d t o t h e d a t a o f r e f e r e n c e [ 5 0 ] : 
> 

f ( n ) = 6 8 4 . 3 2 7 - I 6 8 . 1 7 5 y + I 5 . 4 9 7 y 2 - 0 . 6 3 3 y 3 

+ C O O g y " ( 2 . 5 0 ) 

w h e r e y = L o g , 0 ( n / c n r 3 ) . T h e d e p e n d e n c e o f f ( n ) o n e l e c t r o n 

c o n c e n t r a t i o n i s p l o t t e d i n F i g u r e 2 . 4 . F o r h o l e s , a s i m i l a r 

e x p r e s s i o n r e l a t i n g t h e m a j o r i t y c a r r i e r t o t h e m i n o r i t y 

c a r r i e r m o b i l i t y d o e s n o t e x i s t . T h e r e f o r e t h e m o b i l i t y 

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

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

[ 4 9 , 5 1 - 5 4 ] a n d h o l e [ 5 1 , 5 3 - 5 8 ] m i n o r i t y c a r r i e r l i f e t i m e s . 

T h e s e d a t a a r e p l o t t e d i n F i g u r e s 2 . 5 a n d 2 . 6 . T h e f i t t e d 

c u r v e s a r e o f t h e f o r m : 



2 9 

F i g . 2 . 4 R a t i o o f e l e c t r o n m o b i l i t y i n p - t y p e G a A s , / i P , 

t o t h e e l e c t r o n m o b i l i t y i n n - t y p e G a A s , M",, a s a 

f u n c t i o n o f e l e c t r o n c o n c e n t r a t i o n . 
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Hole Concentration [ cm"3 ] 

F i g . 2 . 5 E x p e r i m e n t a l d a t a a n d b e s t c u r v e f i t f o r t h e 

d e p e n d e n c e o f e l e c t r o n l i f e t i m e o n h o l e c o n c e n t r a t i o n . 
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F i g . 2 . 6 E x p e r i m e n t a l d a t a a n d b e s t c u r v e f i t f o r t h e 

d e p e n d e n c e o f h o l e l i f e t i m e o n e l e c t r o n c o n c e n t r a t i o n . 
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i n . 

L o g 1 0 ( r / s e c ) = E B - . x ( 2 . 5 1 ) 
i = 0 1 

w h e r e r d e n o t e s t h e m i n o r i t y c a r r i e r l i f e t i m e . I n t h i s 

e q u a t i o n , x = L o g , 0 ( p / c n r 3 ) , m=5 f o r e l e c t r o n l i f e t i m e T , a n d 

x = L o g , 0 ( n / c m " 3 ) , m=3 f o r h o l e l i f e t i m e T . T h e c o e f f i c i e n t s 

B^ a r e g i v e n i n T a b l e 2 . 2 . 

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

c a l c u l a t i o n s , t h e r e l a t i v e p e r m i t t i v i t y o f G a A s i s c h o s e n a s 

1 3 . 1 . T h e e m i t t e r s u r f a c e r e c o m b i n a t i o n v e l o c i t y i s t a k e n a s 

2 x 1 0 s c m ' 3 [ 5 7 ] e x c e p t w h e n i t i s s p e c i f i e d a s a n i n p u t 

p a r a m e t e r . 

2 . 4 T H E S O L U T I O N P R O C E D U R E 

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

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

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

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

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

s i m i l a r t o t h a t o f t h e d e v i c e r e p o r t e d i n r e f e r e n c e [ 1 7 ] , 

T h e i n p u t d a t a a r e l i s t e d i n T a b l e 2 . 3 . I n t h e c o m m o n 

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

c o n s t a n t b a s e c u r r e n t s o u r c e . I n t h i s c a s e , a c o n s t a n t 

v o l t a g e s o u r c e , V " B E i s u s e d d u e t o t h e e a s e o f i t s 

i m p l e m e n t a t i o n i n t h e m o d e l . B y d o i n g s o , i t i s a s s u m e d 

t h e r e i s n o t e m p e r a t u r e v a r i a t i o n , s o t h a t t h e e x p o n e n t i a l 
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E l e c t r o n H a l l M o b i l i t y H o l e H a l l M o b i l i t y 

( c m 2 V 1 s e c " 1 ) ( c m 2 V " 1 s e c " 1 ) 

A 0 
0 . 0 5 3 5 0 2 5 1 1 . 2 6 8 

A , - 6 9 7 8 3 . 1 6 0 - 1 5 6 1 0 7 . 0 0 0 

A 2 
1 7 3 4 8 . 3 2 8 1 9 2 0 5 . 6 0 0 

A 3 - 1 5 7 9 . 5 9 9 - 1 1 6 8 . 9 2 6 

A « 6 3 . 0 3 6 3 5 . 2 0 9 

A 5 - 0 . 9 3 5 - 0 . 4 2 0 

T a b l e 2 . 1 C o e f f i c i e n t s f o r M H i n e q u a t i o n ( 2 . 4 7 ) . 

L o 9 i o < T

n / S e c ) L o g 1 0 ( T p / s e c ) 

B 0 
- 7 . 6 3 2 X 1 0 - 6 5 4 5 . 0 7 5 

B , - 6 7 8 . 5 7 2 - 9 9 . 5 7 4 

B 2 
1 5 7 . 9 3 5 5 . 9 6 7 

B 3 - 1 3 . 7 3 8 - 0 . 1 1 9 

B f t 0 . 5 3 1 

B 5 
- 0 . 0 0 7 

T a b l e 2 . 2 C o e f f i c i e n t s f o r m i n o r i t y c a r r i e r l i f e t i m e s 

i n e q u a t i o n ( 2 . 5 1 ) . 
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N E 
E m i t t e r d o p i n g d e n s i t y 1 x 1 0 1 8 c m " 3 

N B 
B a s e d o p i n g d e n s i t y I x l O 1 7 c m - 3 

N C 
C o l l e c t o r d o p i n g d e n s i t y 1 x 1 0 1 6 c m - 3 

W E 
E m i t t e r l a y e r t h i c k n e s s 0 . 2 5 um 

W B 
B a s e l a y e r t h i c k n e s s 0 . 4 0 Aim 

w c C o l l e c t o r l a y e r t h i c k n e s s 2 . 0 0 Mm 

S F 
E m i t t e r s u r f a c e r e c o m b i n a t i o n v e l o c i t y 2 x 1 0 6 c m s e c " 1 

V C E 
E m i t t e r - c o l l e c t o r r e v e r s e b i a s v o l t a g e 5 . 0 V 

V 
B E 

E m i t t e r - b a s e f o r w a r d b i a s v o l t a g e 0 . 6 - 1 . 3 0 V 

T a b l e 2 . 3 I n p u t d a t a u s e d i n t h e m o d e l i n g p r o g r a m . 
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t e r m i n v o l v i n g q V B E / k T , w h i c h d e t e r m i n e s t h e b a s e c u r r e n t , 

i s t h e s a m e f o r a g i v e n V g E . 

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

F i g u r e 2 . 7 . I n t h i s a n a l y t i c a l a n a l y s i s , t h e e f f e c t o f 

c h a n g e s i n t h e w i d t h s , d o p i n g d e n s i t i e s a n d m i n o r i t y c a r r i e r 

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

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

v e l o c i t y a r e e x a m i n e d b y c o m p u t i n g t h e v a r i a t i o n o f t h e D C 

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

c h a r a c t e r i s t i c s a r e a l s o d e t e r m i n e d . 

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

( 1 ) S p e c i f y t h e d e v i c e p a r a m e t e r s a n d o p e r a t i n g c o n d i t i o n s . 

( 2 ) R e a d i n t h e r e q u i r e d s e n s i t i v i t y p a r a m e t e r . 

( 3 ) C a l c u l a t e t h e a c t i v a t i o n e n e r g y a n d b a n d g a p o f t h e 

e m i t t e r r e g i o n a c c o r d i n g t o e q u a t i o n s (2 . 3 8 ) - ( 2 . 4 1 ) , 

( 2 . 4 4 ) . 

( 4 ) C o m p u t e t h e F e r m i e n e r g y , t h e e f f e c t i v e m a s s e s " , 

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

s o l v i n g t h e n o n - l i n e a r e q u a t i o n ( 2 . 4 2 ) u s i n g t h e 

s u b r o u t i n e Z E R O . 

( 5 ) d e t e r m i n e t h e m i n o r i t y c a r r i e r p a r a m e t e r s : d i f f u s i o n 

c o n s t a n t s , m o b i l i t i e s a n d l i f e t i m e s a c c o r d i n g t o 

e q u a t i o n s ( 2 . 4 5 ) ~ ( 2 . 5 1 ) . 

( 6 ) R e p e a t s t e p s ( 3 ) - ( 5 ) f o r t h e b a s e a n d c o l l e c t o r r e g i o n s . 
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Data input for emitter, base and collector 

NE« NB« NC» W E » VWC" V C E ' SF» 9 « E A 

Read in sensitivity parameter 

Calculate E . E A q' A 

Compute E f , m e , m^, N c , Ny, 

n, p for one region 

No 

Compute minority carrier mobilities, 
lifetimes and related parameters 

Compute J B , J c , 0 for one V g E value 
Increase V r 

No 

Yes 

Fig. 2.7 Flow chart for the solution procedure of the analytical 
model. 
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( 7 ) C a l c u l a t e t h e b a s e , c o l l e c t o r c u r r e n t d e n s i t i e s a n d D C 

g a i n u s i n g e q u a t i o n s ( 2 . 1 3 ) - ( 2 . 1 7 ) , ( 2 . 2 4 ) , 

( 2 . 2 7 ) - ( 2 . 2 9 ) f o r a n i n i t i a l V " B E . 

( 8 ) I n c r e a s e V B E a n d r e p e a t s t e p ( 7 ) u n t i l t h e f i n a l V " B E i s 

r e a c h e d . T h e p r o g r a m e x e c u t i o n s t o p s w h e n a l l t h e 

s e n s i t i v i t y p a r a m e t e r s h a v e b e e n r e a d , o t h e r w i s e s t e p s 

( 2 ) - ( 8 ) a r e r e p e a t e d . 

T h e s a m e p r o c e d u r e i s u s e d t o c o m p u t e t h e d e v i c e o u t p u t 

c h a r a c t e r i s t i c s , e x c e p t t h e b i a s v o l t a g e i s now v__ a n d t h e 

c a l c u l a t i o n s a r e c o m p u t e d f o r a f i x e d v" B E. 

I n t h e s u b r o u t i n e Z E R O , t h e s o l u t i o n o f a n o n - l i n e a r 

e q u a t i o n i s o b t a i n e d b y a c o m b i n a t i o n o f t h e b i s e c t i o n a n d 

s e c a n t m e t h o d s [ 5 9 ] , L e t t h e n e t c h a r g e f u n c t i o n i n e q u a t i o n 

( 2 . 4 2 ) b e F ( x ) . A n i n i t i a l i n t e r v a l [ B , C ] i s t h e n c h o s e n 

s u c h t h a t F ( B ) . F ( C ) ^ 0 . I f F ( B ) i s n o t e q u a l t o z e r o , a n 

i t e r a t i o n i s p e r f o r m e d t o f i n d new v a l u e s o f B a n d C b y 

s h r i n k i n g [ B , C ] , s u b j e c t t o t h e c o n d i t i o n | F ( B ) | < | F ( C ) | . 

T h i s i t e r a t i o n s t o p s w h e n t h e c r i t e r i o n j B—C j ^ 2 ( r e l a t i v e 

e r r o r . | B | + a b s o l u t e e r r o r ) i s r e a c h e d . B i s t h e n t h e 

r e q u i r e d s o l u t i o n . T h e a b s o l u t e a n d i n i t i a l r e l a t i v e e r r o r 

i s c h o s e n t o b e 1 x 1 0 " 6 i n t h e p r o g r a m . T h e a b s o l u t e e r r o r i s 

n e e d e d i n t h e e v e n t t h a t t h e s o l u t i o n i s 0 . T h e m o d e l l i n g 

p r o g r a m i s l i s t e d i n A p p e n d i x A . 
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2 . 5 R E S U L T S A N D D I S C U S S I O N 

T o d e m o n s t r a t e t h e w o r k i n g o f t h e a n a l y t i c a l m o d e l , t h e 

t r a n s i s t o r o u t p u t c h a r a c t e r i s t i c s a r e g i v e n i n F i g u r e 2 . 8 . 

T h e c u r v e s a r e p l o t t e d f o r v a l u e s o f V " B E r a n g i n g f r o m 1 . 1 0 V 

• to 1 . 2 2 V a s i n d i c a t e d . T h e i n p u t c h a r a c t e r i s t i c s a n d t h e 

J c - V * B E r e l a t i o n s h i p a r e p r e s e n t e d i n F i g u r e 2 . 9 . A s s e e n 

f r o m t h i s f i g u r e , i n t h e l o w c u r r e n t r a n g e , J D s h o w s a 

v o l t a g e d e p e n d e n c e o f ( q V B E ) / ( n k T ) , w h e r e t h e i d e a l i t y 

f a c t o r n = 1 . 8 9 . T h i s v a l u e i s c l o s e t o t h e t h e o r e t i c a l 

v a l u e o f 2 w h i c h w o u l d i n d i c a t e t h a t t h e b a s e c u r r e n t 

d e n s i t y i s d o m i n a t e d b y J - - . , t h e s p a c e c h a r g e r e c o m b i n a t i o n 

c u r r e n t , s e e e q u a t i o n ( 2 . 1 7 ) . A s V " B E i n c r e a s e s , J R E C b e c o m e s 

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

a p p r o x i m a t e l y e q u a l t o o n e , i n d i c a t i n g t h e d o m i n a n t 

c o m p o n e n t i n t h e b a s e c u r r e n t i s t h a t o f t h e i n j e c t e d 

c u r r e n t . F o r t h e c o l l e c t o r c u r r e n t d e n s i t y J c , t h e i d e a l i t y 

f a c t o r i s 1 . 0 1 4 t h r o u g h o u t t h e c u r r e n t r a n g e . T h i s s h o w s 

t h a t J c i s p r e d o m i n a n t l y J

n ^ x g ^ ' t * i e i n j e c t e d e l e c t r o n 

c u r r e n t f r o m t h e e m i t t e r w h i c h d i f f u s e s t o t h e 

b a s e - c o l l e c t o r j u n c t i o n e d g e . T h i s i s a s e x p e c t e d s i n c e t h e 

g e n e r a t i o n c u r r e n t i n t h e r e v e r s e - b i a s e d j u n c t i o n , J ^ E N , a n d 

t h e c o l l e c t o r h o l e l e a k a g e c u r r e n t J ( X _ ) a r e g e n e r a l l y 
P *~ 

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

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

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

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

a s p a r a m e t e r s a r e s h o w n i n F i g u r e s 2 . 1 0 a n d 2 . 1 1 . T h e 
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6000 - r 

V„ = 1.22 V 

3 
VCE [ Volts ] 

F i g . 2 . 8 C o l l e c t o r c u r r e n t d e n s i t y a s a f u n c t i o n o f 

e m i t t e r - c o l l e c t o r v o l t a g e w i t h t h e b a s e - e m i t t e r v o l t a g e 

a s a p a r a m e t e r 



4 0 

Emitter Base Voltage, V B E [ Volts ] 

F i g . 2 . 9 P l o t o f b a s e c u r r e n t d e n s i t y , c o l l e c t o r 

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

i d e a l i t y f a c t o r . 
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F i g . 2 . 1 0 T h e e f f e c t o f e l e c t r o n l i f e t i m e i n t h e b a s e 

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

p a r a m e t e r s l i s t e d i n T a b l e 2 . 3 . 
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F i g . 2 . 1 1 T h e e f f e c t o f b a s e w i d t h o n g a i n , a s p r e d i c t e d 

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

t h a n W D ] ' l i s t e d i n T a b l e 2 . 3 . 
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e l e c t r o n l i f e t i m e i n p - t y p e G a A s i s k n o w n t o b e e x t r e m e l y 

s h o r t . S u c h a l o w m i n o r i t y c a r r i e r l i f e t i m e i n t h e b a s e 

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

t h e d c g a i n . B e c a u s e o f t h e i r s h o r t e r d i f f u s i o n l e n g t h , m o r e 

i n j e c t e d e l e c t r o n s f r o m t h e e m i t t e r w i l l r e c o m b i n e w i t h 

h o l e s p r e s e n t i n t h e n e u t r a l b a s e . T h e i n c r e a s e i n b a s e 

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

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

b a s e c u r r e n t . T h i s w i l l r e s u l t i n a s u b s t a n t i a l r e d u c t i o n i n 

t h e t r a n s i s t o r g a i n . Y u a n e t a l . [ 1 5 ] e s t i m a t e d a n e l e c t r o n 

l i f e t i m e i n t h e b a s e o f t h e i r G a A s h o m o j u n c t i o n b i p o l a r 

t r a n s i s t o r t o b e 1 0 " 1 0 s e c a n d h e l d t h i s r e s p o n s i b l e f o r t h e 

l o w v a l u e o f h ^ e o f 8 w h i c h t h e y m e a s u r e d i n t h e i r 

e x p e r i m e n t a l d e v i c e . F r o m F i g u r e 2 . 1 0 , i t c a n b e o b s e r v e d 

t h a t f o r s u c h a l o w b a s e l i f e t i m e , g a i n s e x c e e d i n g 2 0 c a n n o t 

b e a t t a i n e d w i t h a b a s e w i d t h o f 0 . 4 a m . F o r a b a s e d o p i n g 

d e n s i t y o f 1 0 1 7 c m - 3 , t h e l o n g e s t l i f e t i m e e v e r m e a s u r e d i n 

G a A s i s c l o s e t o 5 X 1 0 " 8 s e c , a s s e e n i n F i g u r e 2 . 5 . E v e n f o r 

t h i s v a l u e o f l i f e t i m e , t h e g a i n o b t a i n e d i s o n l y i n t h e 

n e i g h b o u r h o o d o f 1 0 0 . I n v i e w o f t h i s , a f u r t h e r i n c r e a s e i n 

t r a n s i s t o r g a i n w i l l d e m a n d a n a r r o w e r b a s e w i d t h . F r o m 

F i g u r e 2 . 1 1 , f o r a b a s e w i d t h v a r i a t i o n o f 0 . 8 urn t o 0 . 2 urn, 

t h e m a x i m u m g a i n i n c r e a s e s f r o m 15 t o a b o u t 4 0 0 . T h e r e f o r e , 

a t r a n s i s t o r g a i n o f a r o u n d 5 0 0 w o u l d r e q u i r e a b a s e w i d t h o f 

l e s s t h a n 0 . 2 urn, w h i c h i s n a r r o w e r t h a n t h a t i n a n y o f t h e 

d e v i c e s r e p o r t e d s o f a r . F o r a • d e v i c e w i t h g o o d b a s e 

p r o p e r t i e s , t h e b a s e t r a n s p o r t f a c t o r w i l l b e v e r y c l o s e t o 
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o n e . I n f a c t , i n t h i s c a s e , a c o m b i n a t i o n o f h i g h b a s e 

l i f e t i m e o f 5 x l 0 - 8 s e c a n d a b a s e w i d t h o f 0 . 2 y i e l d s a 

b a s e t r a n s p o r t f a c t o r o f 0 . 9 9 9 9 . F o r s u c h a h i g h v a l u e o f 

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

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

g r e a t l y i n f l u e n c e d b y t h e e m i t t e r b a c k - i n j e c t e d h o l e 

c u r r e n t , J ( - X _ ) . 
P Hi 

I f t h e b a s e p r o p e r t i e s c o u l d b e i m p r o v e d s u c h t h a t t h e 

g a i n i s o n l y l i m i t e d b y t h e e m i t t e r b a c k - i n j e c t e d h o l e 

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

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

h a v e t o b e e x a m i n e d . T h e i n f l u e n c e o f e m i t t e r l i f e t i m e o n d c 

g a i n i s s h o w n i n F i g u r e 2 . 1 2 . F o r l o w c o l l e c t o r c u r r e n t s , 

t h e e f f e c t o f T e i s t h e s a m e a s t h a t o f T F I, d u e t o t h e 

d o m i n a n c e o f c a r r i e r r e c o m b i n a t i o n i n t h e e m i t t e r - b a s e 

j u n c t i o n d e p l e t i o n r e g i o n , a s i n d i c a t e d b y J - - , , i n e q u a t i o n 

( 2 . 1 7 ) . A t h i g h e r c u r r e n t s , t h e c h a n g e i n m a x i m u m g a i n 

o b t a i n e d i s o n l y f r o m 5 0 t o 90 a s t h e l i f e t i m e v a r i e s f r o m a 

v a l u e o f 1 0 " 1 0 s e c t o 1 0 " 7 s e c . T h i s i n s e n s i t i v i t y o f g a i n 

t o t h e c h a n g e i n T £ c a n b e a t t r i b u t e d t o t h e l a c k o f 

d e p e n d e n c e o f t h e e m i t t e r G u m m e l n u m b e r o n T g . F o r i n s t a n c e , 

a s T £ c h a n g e s f r o m 1 0 ' 1 0 s e c t o 1 0 " 7 s e c , t h e G u m m e l n u m b e r 

o n l y i n c r e a s e s f r o m 2 . 4 X 1 0 1 2 s e c c m " " t o 4 . 7 4 X 1 0 1 2 s e c c m ' " 

a t a c o l l e c t o r c u r r e n t d e n s i t y o f 1 x 1 0 ° Amp c m - 2 . I n 

a d d i t i o n , t h e r e l a t i v e c h a n g e i n e m i t t e r a n d b a s e w i d t h s 

a l s o b r i n g s a b o u t t h e s a t u r a t i o n o f t h e g a i n i n c r e a s e . A s 

V _ _ i n c r e a s e s , b o t h W a n d W b e c o m e s l a r g e r , w i t h 
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100 

Collector Current Density [ A m p / c m 2 ] 

F i g . 2 . 1 2 T h e e f f e c t o f h o l e l i f e t i m e i n t h e e m i t t e r o n 

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

p a r a m e t e r s l i s t e d i n T a b l e 2 . 3 . 
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t h e i n c r e m e n t a l c h a n g e i n W b e i n g c o m p a r a t i v e l y m o r e t h a n 

f o r W E d u e t o t h e l a r g e r s h r i n k a g e i n t h e b a s e - c o l l e c t o r 

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

2 x 1 0 6 c m / s e c , t h e e m i t t e r c o n t a c t i s e s s e n t i a l l y a n o h m i c 

o n e . T h e i n c r e a s e i n e m i t t e r w i d t h w i l l r e d u c e t h e 

b a c k - i n j e c t e d h o l e c u r r e n t , a s J p ( X E ) v a r i e s a s c o t h ( W E / L E ) 

f o r l a r g e Sp. A s s e e n f r o m F i g u r e 2 . 1 3 , t h e g a i n i n c r e a s e s 

f r o m a b o u t 40 t o 120 f o r a v a r i a t i o n o f W_ f r o m 0 . 1 nm t o 

0 . 5 nm. On t h e o t h e r h a n d , t h e l a r g e r b a s e w i d t h a l s o r e d u c e s 

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

b a s e . T h e c o m b i n e d e f f e c t o f t h e c h a n g e i n t h e w i d t h s o f t h e 

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

i n c r e a s e i n g a i n . 

T h e e f f e c t o f s u r f a c e r e c o m b i n a t i o n v e l o c i t y o n t h e 

t r a n s i s t o r p e r f o r m a n c e i s s h o w n i n F i g u r e 2 . 1 4 . F o r t h e 

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

2 x l 0 6 c m / s e c [ 5 7 ] a t t h e e m i t t e r e n d , t h e t r a n s i s t o r 

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

w i t h a n e m i t t e r w i d t h o f 0 . 2 5 nm. A s a s i g n i f i c a n t p o r t i o n 

o f t h e b a c k i n j e c t e d h o l e c u r r e n t i s d u e t o t h e 

r e c o m b i n a t i o n o f h o l e s a t t h e e m i t t e r s u r f a c e , b o t h a 

r e d u c t i o n i n s F a n d W E w o u l d g r e a t l y i m p r o v e t h e e m i t t e r 

i n j e c t i o n e f f i c i e n c y . I n f a c t , f o r a n e m i t t e r w i d t h o f 

0 . 2 5 nm, a r e d u c t i o n o f s F t o 100 c m / s e c w o u l d i n c r e a s e t h e 

e m i t t e r i n j e c t i o n e f f i c i e n c y t o 0 . 9 9 9 8 . F u r t h e r r e d u c t i o n i n 

W E c o u l d a l s o i m p r o v e t h e i n j e c t i o n e f f i c i e n c y . H o w e v e r , 

s u c h a l o w v a l u e o f s p h a s n o t y e t b e e n r e a l i s e d i n G a A s 
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1000 

F i g . 2 . 1 3 T h e e f f e c t o f e m i t t e r w i d t h o n g a i n , a s 

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

[ o t h e r t h a n W_ ] l i s t e d i n T a b l e 2 . 3 . 
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F i g . 2 . 1 4 T h e e f f e c t o f s u r f a c e r e c o m b i n a t i o n v e l o c i t y 

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

p a r a m e t e r s [ o t h e r t h a n s „ ] l i s t e d i n T a b l e 2 . 3 . 
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h o m o j u n c t i o n b i p o l a r d e v i c e s . T o a c h i e v e v a l u e s c o m p a r a b l e 

t o t h e b e s t r e p o r t e d f o r S i d e v i c e s ( 15 c m / s e c f o r 

p o l y s i l i c o n c o n t a c t s t o s i l i c o n e m i t t e r s [ 6 0 ] ) w o u l d 

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

h e t e r o j u n c t i o n e m i t t e r . B o t h t h e s e m e a s u r e s w o u l d s e r v e t o 

s u p p r e s s t h e b a c k i n j e c t e d h o l e c u r r e n t . 

A n o t h e r w a y o f i m p r o v i n g t h e e m i t t e r i n j e c t i o n 

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

H o w e v e r , a s t h e e m i t t e r d o p i n g b e c o m e s v e r y h i g h , t h e 

e f f e c t s o f c a r r i e r d e g e n e r a c y , a n d b a n d g a p n a r r o w i n g 

d e s c r i b e d b y e q u a t i o n s (2 . 3 8 ) - ( 2 . 4 1 ) , - c a u s e a r e d u c t i o n o f 

h ^ g . T h e e f f e c t o f e m i t t e r d o p i n g o n g a i n i s s h o w n i n 

F i g u r e 2 . 1 5 . I n t h e l o w c o l l e c t o r c u r r e n t r a n g e , h e a v y 

e m i t t e r d o p i n g r e s u l t s i n a d r o p o f h ^ g . T h i s i s b e c a u s e t h e 

s h r i n k a g e o f t h e e n e r g y b a n d g a p i n t h e e m i t t e r d u e t o h e a v y 

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

c o n c e n t r a t i o n , w h i c h i n t u r n e n h a n c e s t h e s p a c e c h a r g e 

r e c o m b i n a t i o n c u r r e n t , J R E C « A s t h e b a s e c u r r e n t d e n s i t y i s 

d o m i n a t e d b y J R E Q i n t h e l o w c u r r e n t r a n g e , a h i g h e r d o p i n g 

l e v e l i n t h e e m i t t e r w i l l i n c r e a s e J G m u c h m o r e t h a n J C , 

t h e r e b y r e d u c i n g B. I n t h e h i g h e r c o l l e c t o r c u r r e n t r a n g e , a 

B o f a b o u t 2 7 0 i s o b t a i n e d f o r ' a n e m i t t e r d o p i n g o f max 

1 X 1 0 1 9 c m - 3 a s c o m p a r e d t o a B o f a b o u t 90 f o r 
max 

N E = 1 x 1 0 1 8 c m - 3 . T h e h i g h e r e m i t t e r d o p i n g r e d u c e s t h e 

n u m b e r o f h o l e s p r e s e n t i n t h e e m i t t e r , h e n c e t h e e m i t t e r 

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

b a c k i n j e c t e d h o l e c u r r e n t J ( - X ) , a s w o u l d b e e x p e c t e d . 
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1000-1 

Collector Current Density [ Amp/cm2 ] 

F i g . 2 . 1 5 T h e e f f e c t o f e m i t t e r d o p i n g o n g a i n , a s 

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

[ o t h e r t h a n N_ ] l i s t e d i n T a b l e 2 . 3 . 



51 

F o r a h e a v i l y d o p e d e m i t t e r , t h e b a n d g a p n a r r o w i n g s h o u l d 

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

( n ? / n . 2 ) , w h e r e n . a n d n . a r e t h e d i l u t e a n d e f f e c t i v e 
1 i e 1 i e 

i n t r i n s i c c a r r i e r c o n c e n t r a t i o n s , r e s p e c t i v e l y . H o w e v e r , i n 

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

s i g n i f i c a n t a n d h a s l i t t l e e f f e c t o n t h e i n j e c t i o n 

e f f i c i e n c y i n t h e h i g h c u r r e n t r a n g e . 

T h e e f f e c t o f c o l l e c t o r d o p i n g o n 0 i s s h o w n i n 

F i g u r e 2 . 1 6 . T h e h i g h e r c o l l e c t o r d o p i n g h a s t h e s a m e r e s u l t 

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

b a s e w i d t h . A s t h e c o l l e c t o r d o p i n g i s i n c r e a s e d , f o r a g i v e n 

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

t h e b a s e - c o l l e c t o r j u n c t i o n i s e x t e n d e d i n t o t h e b a s e , 

r e s u l t i n g i n a s m a l l e r n e u t r a l b a s e . F o r i n s t a n c e , a t a 

r e v e r s e b i a s V B C o f 4 V o l t s , t h e n e u t r a l b a s e w i d t h i s 

0 . 3 2 2 um f o r N c = 1 0 1 * c m " 3 , a n d 0 . 0 6 um f o r a c o l l e c t o r 

d o p i n g o f 8 x 1 0 1 7 c m " 3 . T h e r e f o r e , i t w o u l d b e e x p e c t e d t h a t 

p'max w i l l b e g r e a t e r f o r h i g h e r c o l l e c t o r d o p i n g d e n s i t i e s . 

T h i s i s b o r n e o u t b y t h e r e s u l t s s h o w n i n F i g u r e 2 . 1 6 . 

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

M i l n e s [ 5 ] a r e s h o w n i n F i g u r e 2 . 1 7 . T h e i r d e v i c e s w e r e 

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

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

a n a l y s i n g b y t h e p r e s e n t m o d e l . T h e m o d e l p r e d i c t s a m a x i m u m 

g a i n o f 4 0 0 , w h i c h i s i n g o o d a g r e e m e n t w i t h t h e v a l u e s o f 

" s o m e h u n d r e d " e s t i m a t e d b y t h e a u t h o r s i n R e f e r e n c e [ 5 ] , 

T h e s i m u l a t i o n r e s u l t s f o r t h e d e v i c e s o f B a i l b e e t a l . 
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1000-1 

N c = 8 x 1 0 " c m 

Collector Current Density [ A m p / c m 2 ] 

F i g . 2 . 1 6 T h e e f f e c t o f c o l l e c t o r d o p i n g o n g a i n , a s 

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

[ o t h e r t h a n N_ ] l i s t e d i n T a b l e 2 . 3 . 
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F i g . 2 . 1 7 T h e g a i n p r e d i c t e d b y t h e a n a l y t i c a l m o d e l 

u s i n g d a t a f o r d e v i c e s g i v e n b y B a i l b e e t a l . [ 3 5 ] , T a n 

a n d M i l n e s [ 5 ] a n d N u e s e e t a l . [ 1 2 ] . 
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[ 3 5 ] , p r e p a r e d u s i n g L P E , a n d o f N u e s e e t a l . [ 1 2 ] , p r e p a r e d 

u s i n g V P E , a r e a l s o s h o w n i n F i g u r e 2 . 1 7 . T h e s e d e v i c e s a l s o 

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

m o d e l p r e d i c t s a g a i n o f 2 5 f o r N u e s e ' s d e v i c e s , w h i c h i s i n 

a c c o r d a n c e w i t h t h e i r m e a s u r e d v a l u e s o f 3 0 - 9 0 . I n t h e c a s e 

o f B a i l b e ' s d e v i c e s , t h e m e a s u r e d g a i n s a r e i n t h e r a n g e o f 

1 2 - 2 5 , w h i c h i s s o m e w h a t h i g h e r t h a n t h e v a l u e s o f 7 - 1 0 

p r e d i c t e d b y t h e m o d e l i n F i g u r e 2 . 1 7 . 



3 . T H E N U M E R I C A L M O D E L 

3 . 1 I N T R O D U C T I O N 

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

C h a p t e r 2 a s s u m e s u n i f o r m l y - d o p e d e m i t t e r , b a s e a n d 

c o l l e c t o r r e g i o n s . T h i s m o d e l c a n o n l y b e a p p l i e d t o d e v i c e s 

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

p r a c t i c a l G a A s h o m o j u n c t i o n b i p o l a r t r a n s i s t o r s h a v e b e e n 

m a d e s o f a r b y s o l i d s t a t e d i f f u s i o n o r i o n - i m p l a n t a t i o n 

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

d e n s i t i e s . T h e r e f o r e t h e a n a l y t i c a l a p p r o a c h w i l l o n l y 

p r o v i d e a n a p p r o x i m a t e p r e d i c t i o n o f t h e D C c h a r a c t e r i s t i c s 

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

b o t h t h e b a s e e n d s , t h e s o - c a l l e d j u n c t i o n l a w i n t h e 

r e g i o n a l a n a l y s i s [ 2 2 ] , a r e k n o w n t o b e c o m e i n a c c u r a t e u n d e r 

m e d i u m o r h i g h i n j e c t i o n c o n d i t i o n s . F o r a t r a n s i s t o r w i t h a 

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

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

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

d r a s t i c d e c r e a s e o f c u t o f f f r e q u e n c y w i t h i n c r e a s i n g 

c o l l e c t o r D C c u r r e n t ( t h e K i r k E f f e c t ) . A l t h o u g h o n l y 

b i p o l a r s o p e r a t i n g u n d e r l o w i n j e c t i o n a r e c o n s i d e r e d i n 

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

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

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

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

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

P o i s s o n ' s e q u a t i o n w a s f i r s t s u g g e s t e d b y G u m m e l [ 6 1 ] i n 

1 9 6 4 f o r c a l c u l a t i n g t h e , D C c h a r a c t e r i s t i c s o f a 

o n e - d i m e n s i o n a l b i p o l a r t r a n s i s t o r . H i s a p p r o a c h w a s f u r t h e r 

d e v e l o p e d a n d a p p l i e d t o a p n j u n c t i o n u n d e r b o t h D C a n d 

t r a n s i e n t c o n d i t i o n s b y D e M a r i [ 6 2 ] [ 6 3 ] , a n d t o I M P A T T 

d i o d e s b y S c h a f e t t e r a n d G u m m e l [ 6 4 ] . A t w o d i m e n s i o n a l 

a n a l y s i s o f a b i p o l a r t r a n s i s t o r w a s p r e s e n t e d b y S l o t b o o m 

i n 1 9 6 9 [ 6 5 ] b y s o l v i n g P o i s s o n ' s e q u a t i o n a n d t h e 

c o n t i n u i t y e q u a t i o n s . A t a b o u t t h e s a m e t i m e , 

t w o - d i m e n s i o n a l s o l u t i o n s o f P o i s s o n ' s e q u a t i o n f o r a MOS 

s t r u c t u r e w e r e c a l c u l a t e d b y L o e b e t a l . [ 6 6 ] a n d S c h r o e d e r 

a n d M u l l e r [ 6 7 ] , S i n c e t h e n , t w o d i m e n s i o n a l s t e a d y s t a t e 

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

s e m i c o n d u c t o r d e v i c e s s u c h a s J F E T ' s , M O S F E T ' s , M E S F E T ' s a n d 

t h y r i s t o r s . R e c e n t l y , t h r e e d i m e n s i o n a l s t a t i c m o d e l i n g h a s 

a l s o b e e n a t t e m p t e d o n s i l i c o n M O S F E T ' s [ 6 8 - 6 9 ] . 

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

o n e - d i m e n s i o n a l m o d e l S E D A N ( S e m i c o n d u c t o r D e v i c e A n a l y s i s , 

S t a n f o r d U n i v e r s i t y , J a n u a r y 1 9 8 0 V e r s i o n ) [ 2 1 ] . S E D A N w a s 

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

t h i s w o r k , t h e m o d e l i s a p p l i e d t o G a A s b y m a k i n g t h e 

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

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

s h r i n k a g e p e r t i n e n t t o G a A s . T h e s i m u l a t i o n s f o c u s o n 

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

f o r " i o n - i m p l a n t e d G a A s h o m o j u n c t i o n b i p o l a r t r a n s i s t o r s 
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[ 1 4 , 1 5 , 1 7 ] . 

I n u s i n g i o n - i m p l a n t a t i o n f o r d e v i c e f a b r i c a t i o n , t h e r e 

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

o f t h e c a r r i e r s i n t h e d e v i c e . T h e e l e c t r i c a l a c t i v a t i o n o f 

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

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

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

i m p l a n t t e m p e r a t u r e . T h e i n d i f f u s i o n o f i m p u r i t i e s d u r i n g 

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

l a y e r a l s o a f f e c t t h e f i n a l c a r r i e r p r o f i l e . T h e r e f o r e , a s 

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

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

h a v e t o b e m a d e . A l t h o u g h i t i s d i f f i c u l t t o p e r f o r m a 

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

p a r a m e t e r o n t h e d e v i c e b e h a v i o u r i n S E D A N , a s t u d y o f t h e 

D C t r a n s i s t o r g a i n w i t h d i f f e r e n t d e g r e e s o f d o p a n t 

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

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

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

r e s u l t s o f t h e i o n - i m p l a n t e d t r a n s i s t o r s [ 1 4 , 1 5 , 1 7 ] a r e a l s o 

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

m o d e l i n p r e d i c t i n g t r a n s i s t o r s t a t i c c h a r a c t e r i s t i c s . 

T h e s u c c e e d i n g s e c t i o n s o f t h i s c h a p t e r d e s c r i b e t h e 

n u m e r i c a l m o d e l a n d i t s r e l a t e d p a r a m e t e r s n e e d e d i n t h e 

c o m p u t a t i o n s p e r f o r m e d w i t h S E D A N , a n d a l s o p r e s e n t t h e 

r e s u l t s a n d d i s c u s s i o n o f t h e s e s i m u l a t i o n s . 
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3 . 2 M O D E L D E S C R I P T I O N 

3 . 2 . 1 B A S I C E Q U A T I O N S A N D B O U N D A R Y C O N D I T I O N S 

S E D A N i s b a s e d o n t h e a l g o r i t h m d e v e l o p e d b y S c h a f e t t e r 

a n d G u m m e l [ 6 4 ] t o s o l v e s e l f - c o n s i s t e n t l y t h e f i v e 

f u n d a m e n t a l s e m i c o n d u c t o r d i f f e r e n t i a l e q u a t i o n s : P o i s s o n ' s 

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

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

U n d e r n o r m a l o p e r a t i n g c o n d i t i o n s , t h e DC c h a r a c t e r i s t i c s o f 

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

d i s t r i b u t i o n . T h e s e b a s i c e q u a t i o n s i n t h e i r 

o n e - d i m e n s i o n a l , s t e a d y s t a t e f o r m a r e a s f o l l o w s : 

P o i s s o n ' s E q u a t i o n : 

d E q , 
d x e 

n + N - N_) 
A D 

( 3 . 1 ) 

C o n t i n u i t y E q u a t i o n s : 

0 = U. 
P q 

( 3 . 2 ) 

d J n 

d x 
( 3 . 3 ) 
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A n d t h e c u r r e n t e q u a t i o n s : 

J p = q M p p E - k T a p g (3.4) 

J n = q M n n E + k T M n g (3.5) 

w h e r e n a n d p a r e t h e e l e c t r o n a n d h o l e c o n c e n t r a t i o n s , N ^ , 

N A t h e d o n o r a n d a c c e p t o r c o n c e n t r a t i o n s , e t h e p e r m i t t i v i t y 

f o r G a A s , q t h e e l e c t r o n i c c h a r g e a n d E t h e e l e c t r i c f i e l d 

i n t e n s i t y . J n a n d J p , U n a n d U p , a n d un a n d a r e t h e 

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

r a t e , a n d m o b i l i t y r e s p e c t i v e l y . k i s t h e w e l l - k n o w n 

B o l t z m a n n ' s c o n s t a n t . 

I t i s a s s u m e d i n S E D A N t h a t b o t h t h e e m i t t e r a n d 

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

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

a p p l i e d b i a s a n d t h e b u i l t - i n v o l t a g e a t t h e s e p o i n t s , w h e r e 

t h e p o t e n t i a l r e f e r e n c e i s t a k e n a t t h e e m i t t e r e n d . T h u s , 

* ( 0 ) - ^ l n [ S i O l ] (3.6) 
q n . 

* ( R ) = V p p + ^ l n [ (3.7) 
q n . 

i / / ( 0 ) , iHR) a n d n ( 0 ) , n(R) a r e 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 

a n d e l e c t r o n c o n c e n t r a t i o n a t t h e e m i t t e r a n d c o l l e c t o r 

e n d s , r e s p e c t i v e l y , n ^ i s t h e i n t r i n s i c c a r r i e r 
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c o n c e n t r a t i o n o f G a A s a n d i s a s s i g n e d a v a l u e o f 2 x 1 0 6 c m " 3 . 

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

c o n c e n t r a t i o n s , t h e r m a l e q u i l i b r i u m a n d z e r o s p a c e c h a r g e 

a r e a s s u m e d t o e x i s t a t t h e c o n t a c t e n d s , t h e r e f o r e : 

n ( 0 ) p ( 0 ) = n ? ( 3 . 8 a ) 

n ( R ) p ( R ) = n ? ( 3 . 8 b ) 

p ( 0 ) - n ( 0 ) + C ( 0 ) = 0 ( 3 . 8 c ) 

p ( R ) - n ( R ) + C ( R ) = 0 ( 3 . 8 d ) 

w h e r e 

C ( x ) = N ( x ) - N A ( x ) ( 3 . 8 e ) 

E q u a t i o n s ( 3 . 8 a ) - ( 3 . 8 d ) c a n b e r e a r r a n g e d i n t o D i r i c h l e t 

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

n ( 0 ) « = ^ { 
C ( 0 ) 2 + 4 n ? } + C ( 0 ) 

2 

p ( 0 ) -= ^ { 
C ( 0 ) 2 + 4 n ? } - C ( 0 ) 

2 

n ( R ) = = ^ { 
C ( R ) 2 + 4 n ? } + C ( R ) 

( 3 . 9 a ) 

( 3 . 9 b ) 

( 3 . 9 c ) 



61 

p ( R ) - « C ( R ) ' * 4 " i 1 - C ( R ) (3.9d) 

w h e r e p ( 0 ) a n d p ( R ) a r e t h e e q u i l i b r i u m h o l e c o n c e n t r a t i o n s 

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

T h e r e c o m b i n a t i o n - g e n e r a t i o n p r o c e s s i s a s s u m e d t o b e 

d o m i n a t e d b y t h e S h o c k l e y - R e a d - H a l l t y p e o f m e c h a n i s m f o r 

s i n g l e e n e r g y l e v e l r e c o m b i n a t i o n - g e n e r a t i o n c e n t e r s , s o U 

a n d U a r e e x p r e s s e d a s : 
P 

p n - n ? 
U = U = : : : r ( 3 . 1 0 ) 

P r n o ( n + n , ) + r p o ( p + ? 1 ) 

w h e r e p 1 , n 1 a r e t h e h o l e a n d e l e c t r o n c o n c e n t r a t i o n s i n t h e 

c o n d u c t i o n b a n d w h e n t h e F e r m i l e v e l c o i n c i d e s w i t h t h e 

e n e r g y l e v e l o f t h e r e c o m b i n a t i o n - g e n e r a t i o n c e n t e r , a n d 

T „ ~ * T a r e t h e h o l e a n d e l e c t r o n l i f e t i m e s i n n - t y p e , n o p o r 

p - t y p e m a t e r i a l r e s p e c t i v e l y . 

3 . 2 . 2 T H E P H Y S I C A L P A R A M E T E R S 

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

s i m i l a r a p p r o a c h t o t h a t u s e d i n t h e a n a l y t i c a l m o d e l . T h e 

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

r n o i s d e s c r i b e d b y e q u a t i o n ( 2 . 5 1 ) , w i t h t h e a p p r o p r i a t e 

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

T a b l e 2 . 2 . T h e f i e l d - d e p e n d e n t m o b i l i t y i s e x p r e s s e d b y t h e 

e m p i r i c a l r e l a t i o n [ 7 0 ] : 
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* 
( 3 . 1 1 ) 

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

d e p e n d e n c e i s d e r i v e d i n e q u a t i o n s ( 2 . 4 7 - 2 . 4 8 ) f o r e l e c t r o n s 

a n d ( 2 . 4 7 - 2 . 5 0 ) f o r h o l e s , w i t h t h e p o l y n o m i a l c o e f f i c i e n t s 

g i v e n i n T a b l e 2 . 1 . E i s t h e e l e c t r i c f i e l d a n d t h e 

s a t u r a t i o n v e l o c i t y v i s t a k e n a s I . O x l O 7 c m / s e c f o r b o t h 
s 

e l e c t r o n s a n d h o l e s [ 7 1 ] , 

T h e e f f e c t o f h e a v y d o p i n g o n t h e e n e r g y b a n d g a p 

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

c o n c e n t r a t i o n n j e ' w h i c h i s d e s c r i b e d i n e q u a t i o n s 

( 2 . 3 8 - 2 . 4 1 ) . T h e a c t i v a t i o n e n e r g y o f t h e i m p u r i t y d o p a n t s 

i s a s s u m e d t o b e z e r o t o b e c o n s i s t e n t w i t h t h e s e t u p o f 

S E D A N a s u s e d i n s i l i c o n d e v i c e m o d e l i n g . 

3 . 2 . 3 I O N I M P L A N T A T I O N P A R A M E T E R S 

I o n i m p l a n t a t i o n i s a d o p i n g t e c h n i q u e w h i c h i s w i d e l y 

u s e d i n i n t e g r a t e d c i r c u i t d e v i c e f a b r i c a t i o n . I t o f f e r s a 

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

A s s u c h , n a r r o w b a s e w i d t h s i n b i p o l a r t r a n s i s t o r s c a n b e 

a c h i e v e d w i t h t h i s m e t h o d . B y i m p l a n t i n g a d o p a n t i n t o G a A s , 

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

i n a d e g r a d a t i o n o f t h e m i n o r i t y c a r r i e r l i f e t i m e , d u e t o 

e x c e s s r e c o m b i n a t i o n i n t h e m a t e r i a l . I t h a s b e e n s h o w n t h a t 

b y u t i l i s i n g a s u i t a b l e a n n e a l i n g s c h e m e , t h e s e l a t t i c e 
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d i s o r d e r s c a n b e r e m o v e d [ 7 2 ] , h e n c e r e c o v e r i n g t h e l i f e t i m e 

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

i n C h a p t e r 2 , n a r r o w b a s e w i d t h s a n d l o n g b a s e l i f e t i m e s a r e 

t h e p a r a m e t e r s r e q u i r e d t o a c h i e v e s u p e r i o r D C p e r f o r m a n c e 

i n G a A s b i p o l a r s . T h e r e f o r e , i o n - i m p l a n t a t i o n s h o u l d b e a 

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

d e v i c e s . 

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

a p p r o x i m a t e d b y a o n e - d i m e n s i o n a l s y m m e t r i c G a u s s i a n 

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

S c h a r f f , a n d S c h i ^ t t ( L S S ) [ 7 3 ] : 

Q ( x - R ) 2 

N ( X ) - •(2 ,> . a n p

 6 X p t - T S f 1 - M A ( 3 . 1 2 ) 

w h e r e Q 0 i s t h e i m p l a n t d o s e , N A t h e b a c k g r o u n d i m p u r i t y 

c o n c e n t r a t i o n , R p t h e m e a n v a l u e o r p r o j e c t e d r a n g e a n d A R p 

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

d i s t r i b u t i o n . T h e L S S t h e o r y i s a f i r s t o r d e r a p p r o x i m a t i o n 

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

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

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

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

t h e d e v i c e p e r f o r m a n c e . 

T o c a l c u l a t e t h e d o p i n g p r o f i l e u s i n g e q u a t i o n ( 3 . 1 2 ) , 

i t i s n e c e s s a r y t o h a v e k n o w l e d g e o f R p a n d A R p u n d e r g i v e n 

i m p l a n t c o n d i t i o n s . T a b l e s o f p r o j e c t e d r a n g e a n d s t a n d a r d 

d e v i a t i o n s c o m p u t e d b y G i b b o n s e t a l . [ 7 4 ] a n d R y s s e l a n d 
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R u g e [ 7 5 ] w e r e u s e d f o r s i l i c o n , s e l e n i u m , a n d b e r y l l i u m 

i m p l a n t s i n t o G a A s . A s t h e t a b l e s a r e i n c o n v e n i e n t t o u s e 

a n d d o n o t p r o v i d e a l l t h e r e q u i r e d R p ' s a n d A R p ' s u n d e r t h e 

i m p l a n t a t i o n s c h e m e o u t l i n e d i n T a b l e 3 . 1 , a f u n c t i o n a l f i t 

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

a r e l o w o r d e r , s i m p l e l e a s t s q u a r e p o l y n o m i a l s , a s s u g g e s t e d 

b y S e l b e r h e r r e t a l . [ 7 6 ] , a n d h a v e t h e f o r m s : 

n 
R D = I a . . E 1 ( 3 . 1 3 ) 

F i = 0 1 

n 
A R D = I b . , E . ( 3 . 1 4 ) 

v i = 0 1 1 

w h e r e a ^ , b^ a r e t h e c o e f f i c i e n t s o f t h e f i t t e d c u r v e s i n 

m i c r o m e t e r s a n d E i s t h e i m p l a n t e n e r g y i n k e V . T h e s e 

c o e f f i c i e n t s a r e l i s t e d i n T a b l e 3 . 2 a n d T a b l e 3 . 3 f o r t h e 

v a r i o u s e l e m e n t s . T h e n o n - v a n i s h i n g a 0 a n d b 0 a r e n e c e s s a r y 

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

t h e r o o t - m e a n s q u a r e e r r o r s . T h e m a x i m u m e r r o r a p p r o x i m a t e d 

b y e q u a t i o n s ( 3 . 1 3 ) a n d ( 3 . 1 4 ) i s l e s s t h a n 2% w h e n c o m p a r e d 

t o t h e t a b u l a t e d v a l u e s i n [ 7 4 ] , [ 7 5 ] f o r a n i m p l a n t e n e r g y 

r a n g e o f 2 0 - 5 0 0 k e V . T h e f i t t e d c u r v e s o f R p , A R p v e r s u s 

i m p l a n t e n e r g y a r e s h o w n i n F i g u r e 3 . 1 a n d F i g u r e 3 . 2 . 

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

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

s u b s t r a t e . I t h a s b e e n s h o w n t h a t f o r l o w - d o s e B e , S i a n d S e 

i m p l a n t s ( ^ 1 X 1 0 1 0 c m ' 2 ) t h e r e i s v e r y l i m i t e d d i f f u s i o n 

a n d t h e c a r r i e r p r o f i l e a g r e e s w i t h t h e G a u s s i a n 
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R e f I o n C a p p i n g S u b s t . E n e r g y D o s e A n n e a l t e m p , 

( d e p t h ) t e m p ( ° C ) ( k e V ) ( c n r 2 ) t i m e ( ° C , m i n ) 

[ 1 4 ] B e S i 3 N « 

( 4 0 0 A ) 

S i 3 N f l 

( 4 0 0 A ) 

S i 3 N „ 

( 400A ) 

R T 

R T 

R T 

2 5 0 3 X 1 0 1 2 8 5 0 , 3 0 

130 2 X 1 0 1 2 8 5 0 , 3 0 

90 9 X 1 0 1 1 8 5 0 , 3 0 

S i S i 3 N „ 

( 4 0 0 A ) 

R T 150 2 x 1 0 1 t t 8 5 0 , 3 0 

[ 1 5 ] S e n o n e 3 5 0 3 6 0 5 X 1 0 1 3 8 5 0 , 3 0 

B e n o n e R T 1 2 5 6 x 1 0 1 2 7 0 0 , 3 0 

[ 1 7 ] S e S i 3 N „ 

S i 3 N « , 

3 5 0 

3 5 0 

150 1 X 1 0 1 3 

3 6 0 2 X 1 0 1 3 

8 5 0 , 3 0 

8 5 0 , 3 0 

B e S i 3 N , R T 180 6 X 1 0 1 2 8 0 0 , 3 0 

T a b l e 3 . 1 I m p l a n t a t i o n s c h e d u l e u s e d i n R e f s . 

[ 1 4 , 1 5 , 1 7 ] f o r f a b r i c a t i n g G a A s n - p - n b i p o l a r 

t r a n s i s t o r s . 
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D o p a n t S i l i c o n S e l e n i u m B e r y l l i u m 

a 0 
2.76X10- 3 3 . 0 0 x 1 0 - 3 - 7 . 4 4 x 1 0 - 3 

a i 7 . 5 5 x 1 0 - " 3 . 8 0 x 1 0 - " 3 . 3 1 x 1 0 " " 

a 2 
8 . 9 9 1 X 1 0 " 7 - 5 . 9 7 4 X 1 0 " 7 1 . 7 8 2 x 1 0 - 7 

a 3 
- 2 . 5 6 X 1 0 " 9 2 . 6 0 x 1 0 - 9 - 1 . 1 4 X 1 0 - 8 

a« 3 . 2 4 x 1 0 " 1 2 - 4 . 7 8 x 1 0 " 1 2 2 . 5 6 x 1 0 " 1 1 

a 5 
- 1 . 6 6 x 1 0 " 1 5 3 . 2 6 x 1 0 " 1 5 - 1 . 9 1 x 1 0 " 1 " 

T a b l e 3 . 2 C o e f f i c i e n t s f o r R i n e q u a t i o n 
P 

( 3 . 1 3 ) . 

D o p a n t S i l i c o n S e l e n i u m B e r y l l i u m 

b 0 
2.84X10- 3 1 . 5 9 X 1 0 - 3 1 . 0 0 x 1 0 " 2 

b , 4 . 9 5 x 1 0 - * 1 . 9 6 x 1 0 - " 2 . 0 8 x 1 0 - 3 

b 2 - 1 . 0 0 5 x 1 0 " 6 - 4 . 6 2 3 X 1 0 ' 7 -1 . 0 4 x l 0 - 5 

b 3 
2 . 3 2 X 1 0 - 9 1 . 6 0 x 1 0 " 9 3 . 2 5 X 1 0 - 8 

b « - 3 . 5 4 x 1 0 " 1 2 - 2 . 8 2 x 1 0 " 1 2 - 5 . 2 8 x 1 0 " 1 1 

b 5 2 . 2 7 x 1 0 - 1 5 1 . 9 0 x 1 0 " 1 5 3 . 3 9 x 1 0 - 1 " 

T a b l e 3 . 3 C o e f f i c i e n t s f o r A R p i n e q u a t i o n ( 3 . 1 4 ) . 
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1.4 

Implant Energy [keV] 

F i g . 3 . 1 P r o j e c t e d r a n g e v e r s u s i m p l a n t e n e r g y f o r 

s e l e n i u m , s i l i c o n a n d b e r y l l i u m i n G a A s . 



F i g . 3 . 2 S t a n d a r d d e v i a t i o n v e r s u s i m p l a n t e n e r g y f o r 

s e l e n i u m , s i l i c o n a n d b e r y l l i u m i n G a A s . 
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d i s t r i b u t i o n w h e n a d j u s t e d w i t h a n a p p r o p r i a t e a c t i v a t i o n 

e f f i c i e n c y [ 7 7 ] . F o r h i g h - d o s e i m p l a n t s a n d a n n e a l i n g 

t e m p e r a t u r e s g r e a t e r t h a n 8 0 0 ° C , c o n s i d e r a b l e d i f f u s i o n 

t a k e s p l a c e , a n d a b r o a d e r n o r m a l d i s t r i b u t i o n i s o b t a i n e d 

[ 7 7 ] , T o a c c o u n t f o r t h e d i f f u s i o n e f f e c t s , t h e s t a n d a r d 

d e v i a t i o n i n e q u a t i o n ( 3 . 1 2 ) i s m o d i f i e d t o a n e f f e c t i v e 

f o r m [ 7 8 ] : 

n 
A R p e / / = ,/{ 2.1 D i . t i + A R p } ( 3 . 1 5 ) 

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

c o n s t a n t a n d a n n e a l t i m e f o r t h e i t h a n n e a l s t e p . F r o m 

T a b l e 3 . 1 , o n l y t h e d e v i c e s f r o m H u g h e s [ 1 4 ] e m p l o y 

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

e q u a t i o n ( 3 . 1 5 ) i s n e e d e d t o c a l c u l a t e t h e d o p i n g p r o f i l e o f 

t h e s e d e v i c e s . T h e d i f f u s i o n c o n s t a n t o f s i l i c o n a t 8 5 0 ° C i s 

t a k e n a s 3 . 3 x l 0 1 " c m 2 s e c " 1 a s d e t e r m i n e d f r o m t h e a n a l y s i s 

o f t h e c a r r i e r c o n c e n t r a t i o n p r o f i l e f o r a S i - i m p l a n t e d L P E 

b u f f e r s u b s t r a t e [ 7 9 ] . 

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

p r o t e c t i o n o f t h e G a A s s u r f a c e , s u c h a s t h e S i 3 ^ l a y e r u s e d 

i n [ 1 4 ] , c a n a f f e c t t h e p r o f i l e a s w e l l . T h i s e f f e c t c a n b e 

i n c l u d e d b y i n t r o d u c i n g a t r u n c a t e d G a u s s i a n d i s t r i b u t i o n , 

i n w h i c h R_ i s c h a n g e d t o [ 8 0 ] : 

RPeff = R P " tcap 
( 3 . 1 6 ) 
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w h e r e t c a p i s t h e t h i c k n e s s o f t h e c a p p i n g l a y e r . 

F o r i o n - i m p l a n t e d m a t e r i a l , t h e a c t u a l a m o u n t o f d o p a n t 

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

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

a s t h e a n n e a l t e m p e r a t u r e a n d d o s e u s e d . T h e r a t i o o f s h e e t 

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

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

[ 8 1 ] : 

N 

V = ( 3 . 1 7 ) 
vie-

w h e r e N g i s t h e s h e e t c a r r i e r c o n c e n t r a t i o n o f t h e s a m p l e . 

T h e d o p i n g f u n c t i o n u s i n g L S S t h e o r y , t a k i n g i n t o 

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

c a r r i e r a c t i v a t i o n i s g i v e n , f o l l o w i n g e q u a t i o n ( 3 . 1 2 ) , a s : 

Qo ( x " R P e / / ) 2 

N ( X ) = ^ ' A D e X P [ 7 ^ 5 3 

/ ( 2 7 r ) . A R p e / /
 2ARPeff 

- N , ( 3 . 1 8 ) 

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

t h e c a r r i e r p r o f i l e i s t h e n d e s c r i b e d b y e q u a t i o n ( 3 . 1 8 ) . 

3 . 3 S O L U T I O N P R O C E D U R E U S I N G S E D A N 

T o p e r f o r m a b i p o l a r t r a n s i s t o r s i m u l a t i o n u s i n g S E D A N , 

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

t o b e p r o v i d e d . T h e s e i n p u t s p e c i f i c a t i o n s i n c l u d e : 
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( 1 ) T h e d i v i d i n g o f t h e o n e - d i m e n s i o n a l t r a n s i s t o r s t r u c t u r e 

i n t o v a r i o u s r e g i o n s , w h e r e e a c h r e g i o n i s a s s i g n e d a 

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

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

t w o j u n c t i o n d e p l e t i o n l a y e r s . T o s e l e c t t h e g r i d p o i n t s 

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

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

g e n e r a l , f i n e g r i d s p a c i n g s o f a b o u t 0 . 0 1 nm t o 0 . 0 0 5 /nm 

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

0 .1 Atm a r e s u f f i c i e n t f o r c o n s t a n t o r s l o w l y v a r y i n g 

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

b e e n o u g h g r i d p o i n t s i n t h e b a s e t o e n s u r e t h e 

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

( 2 ) T h e s e l e c t i o n o f a r e f e r e n c e p o i n t f o r t h e b a s e c o n t a c t . 

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

u s e d . H o w e v e r , i n c h o o s i n g t h e b a s e c o n t a c t p o i n t , c a r e 

m u s t b e t a k e n t o e n s u r e t h a t t h i s l o c a t i o n d o e s n o t 

e x t e n d i n t o t h e b a s e - e m i t t e r o r b a s e - c o l l e c t o r d e p l e t i o n 

r e g i o n s f o r a g i v e n b i a s , o r t h e s o l u t i o n w i l l f a i l t o 

c o n v e r g e . 

( 3 ) T h e r a n g e , s t r a g g l e a n d p e a k v a l u e f o r t h e G a u s s i a n 

p r o f i l e f o r e a c h i m p l a n t e d d o p a n t . T h e r a n g e a n d 

s t r a g g l e d a t a a r e c o m p u t e d u s i n g e q u a t i o n s ( 3 . 1 3 ) - ( 3 . 1 4 ) 

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

3 . 1 a n d 3 . 2 . T h e p e a k c a r r i e r c o n c e n t r a t i o n v a l u e i s 

o b t a i n e d f r o m e q u a t i o n ( 3 . 1 8 ) b y s e t t i n g x = R p e y y . 

( 4 ) T h e b i a s v o l t a g e V „ „ , a n d i t s i n c r e m e n t a l v a l u e f o r a 
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f i x e d e m i t t e r - c o l l e c t o r v o l t a g e , V

C E « T h e i n i t i a l a n d 

f i n a l v a l u e s o f V " B E a r e t a k e n t o b e 0 . 6 V a n d 1 . 3 0 V , 

r e s p e c t i v e l y , a n d V " C E i s s e t e q u a l t o 4 . 0 V . 

( 5 ) T h e d e s i r e d o u t p u t s , s u c h a s p l o t s o f /3 v e r s u s J c « 

O n p r o v i d i n g t h e n e c e s s a r y i n f o r m a t i o n , S E D A N w i l l t h e n 

g e n e r a t e t h e r e q u i r e d o u t p u t s . 

3 . 4 R E S U L T S A N D D I S C U S S I O N 

I n t h i s n u m e r i c a l a n a l y s i s , t h e s i m u l a t i o n o f t h e 

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

f a b r i c a t i o n p r o c e d u r e s i s i n v e s t i g a t e d . I n t h e H u g h e s 

p r o c e s s [ 1 4 ] , e v a p o r a t e d , h e a v y m e t a l m a s k s w e r e u s e d t o 

e n a b l e s e l e c t i v e i m p l a n t s i n t o a n n - t y p e G a A s e p i t a x i a l 

l a y e r g r o w n o n a n n + s u b s t r a t e . A m u l t i p l e B e i m p l a n t w a s 

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

f o r t h e e m i t t e r . T h e a n n e a l i n g f o r b o t h i m p l a n t e d s p e c i e s 

w a s c a r r i e d o u t s i m u l t a n e o u s l y a t 8 5 0 ° C f o r 30 m i n u t e s . T h e 

i m p l a n t a t i o n p a r a m e t e r s a n d c o n d i t i o n s a r e g i v e n i n 

T a b l e 3 . 1 . F o r G a A s i m p l a n t e d w i t h b e r y l l i u m , f u l l 

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

a n n e a l i n g t e m p e r a t u r e a s l o w a s 6 0 0 ° C [ 8 2 ] . T h e r e f o r e t h e 

a c t i v a t i o n o f t h e b e r y l l i u m i s t a k e n t o b e 1 0 0 % . F o r t h e 

s i l i c o n i m p l a n t d o s e o f 2 x l 0 1 " c m - 2 , t h e v a l u e o f i t s 

a c t i v a t i o n e f f i c i e n c y h a s b e e n d e t e r m i n e d t o v a r y f r o m 3 . 2 % 

t o 30% [ 7 9 ] , a n d c o n s i d e r a b l e d i f f u s i o n o f c a r r i e r s o c c u r s 

a t t h e a n n e a l i n g t e m p e r a t u r e o f 8 5 0 ° C [ 7 7 ] . T h e e f f e c t o f 

t h e s i l i c o n a c t i v a t i o n a n d i n d i f f u s i o n , u s i n g a d i f f u s i o n 
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c o n s t a n t o f 3 . 3 x 1 0 1 B c m 2 s e c " 1 [ 7 9 ] , o n t h e d o p i n g p r o f i l e 

f o r t h e H u g h e s f a b r i c a t i o n r o u t i n e i s s h o w n i n F i g u r e 3 . 3 . 

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

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

r e g i o n s . F r o m F i g u r e 3 . 3 , i t c a n b e s e e n t h a t f o r a s i l i c o n 

a c t i v a t i o n e f f i c i e n c y o f 15%, t h e c a r r i e r i n d i f f u s i o n 

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

d e v i c e . T h e r e f o r e , a d e v i c e t h a t h a s a c a r r i e r p r o f i l e 

m o d i f i e d b y t h e d i f f u s i o n e f f e c t w o u l d b e e x p e c t e d t o 

e x h i b i t h i g h e r c u r r e n t g a i n . T h e r e s u l t s p r e d i c t e d b y S E D A N 

f o r t h e H u g h e s d e v i c e s t r u c t u r e a r e s h o w n i n F i g u r e 3 . 4 . 

F r o m t h e f i g u r e , t h e m a x i m u m g a i n o b t a i n e d v a r i e d o v e r t h e 

r a n g e o f 8 - 3 0 , d e p e n d i n g o n t h e v a l u e o f t h e a c t i v a t i o n 

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

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

o f 7 - 2 5 f o r t h e H u g h e s e x p e r i m e n t a l d e v i c e s [ 1 4 ] , T h e e f f e c t 

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

i n F i g u r e 3 . 4 . T h e e f f e c t i s s u b s t a n t i a l a n d , f o r t h e 

e x a m p l e s h o w n o f a s i l i c o n a c t i v a t i o n o f 1 5 % , b a n d g a p 

n a r r o w i n g s e r v e s t o r e d u c e t h e p r e d i c t e d P m a x v a l u e f r o m 8 0 

t o 1 4 . I t i s s p e c u l a t e d i n [ 1 4 ] t h a t t h e l o w m e a s u r e d v a l u e s 

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

t h e e f f e c t o f " s u r f a c e l e a k a g e " . H o w e v e r , t h e c l o s e 

a g r e e m e n t b e t w e e n t h e m o d e l r e s u l t s p r e s e n t e d h e r e a n d t h e 

m e a s u r e d d a t a s u g g e s t t h a t t h e l o w g a i n s a t t a i n e d a r e , i n 

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

d o p i n g d e n s i t i e s a n d ' m a t e r i a l p r o p e r t i e s , w i t h b a n d g a p 
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Depth [ microns ] 

F i g . 3 . 3 T h e c o m p u t e d d o p i n g p r o f i l e f o r t h e H u g h e s 

d e v i c e s t r u c t u r e [ 1 4 ] , s h o w i n g t h e e f f e c t o f a c t i v a t i o n 

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

s p e c i e s . 
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F i g . 3 . 4 T h e e f f e c t o f s i l i c o n a c t i v a t i o n e f f i c i e n c y , 

s i l i c o n i n - d i f f u s i o n a n d b a n d g a p n a r r o w i n g ( B G N ) o n g a i n 

f o r t h e H u g h e s d e v i c e s t r u c t u r e [ 1 4 ] , a s p r e d i c t e d b y 

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

I n t h e T e x a s I n s t r u m e n t f a b r i c a t i o n s e q u e n c e , u n m a s k e d 

i m p l a n t a t i o n s a r e u s e d f o r t h e b a s e a n d e m i t t e r r e g i o n s , a n d 

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

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

d e v i c e d e s c r i b e d i n [ 1 5 ] , w h i l e a d o u b l e S e i m p l a n t w a s 

e m p l o y e d i n t h e d e v i c e s c o n s i d e r e d i n [ 1 7 ] . F o r b o t h 

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

r e g i o n . S e p a r a t e b a s e a n d e m i t t e r a n n e a l i n g w a s p e r f o r m e d 

a n d t h e i m p l a n t a t i o n p a r a m e t e r s a r e g i v e n i n T a b l e 3 . 1 . T h e 

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

s h o w n i n F i g u r e 3 . 5 . T h e d o p i n g p r o f i l e f o r t h e d o u b l e S e 

i m p l a n t d e v i c e [ 1 7 ] h a s b e e n c o m p u t e d b y a s s u m i n g a 70% 

a c t i v a t i o n o f t h e i m p l a n t e d s e l e n i u m a n d 100% a c t i v a t i o n o f 

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

t h e p e a k c a r r i e r d o p i n g c o n c e n t r a t i o n , a n d t h e e m i t t e r a n d 

b a s e w i d t h s r e s u l t i n g f r o m t h e p r o f i l e c a l c u l a t e d b y D o e r b e c k 

e t a l . [ 1 7 ] , w h o u s e d t h e L S S G a u s s i a n d i s t r i b u t i o n , 

s u i t a b l y m o d i f i e d b y e x p e r i m e n t a l l y o b s e r v e d , b u t 

u n s p e c i f i e d , a c t i v a t i o n e f f i c i e n c i e s . A n a t t e m p t w a s m a d e t o 

m o d e l t h e r e d i s t r i b u t i o n o f t h e i m p u r i t i e s f r o m t h e n * 

s u b s t r a t e d u e t o o u t - d i f f u s i o n i n t o t h e u n d o p e d e p i t a x i a l 

l a y e r o f t h e d e v i c e i n [ 1 7 ] , T h e m e a s u r e d p r o f i l e a f t e r 

r e - d i s t r i b u t i o n w a s d e d u c e d f r o m C - V m e a s u r e m e n t s [ 1 7 ] . A n 

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

r e d i s t r i b u t i o n f r o m a b u r i e d l a y e r [ 8 3 ] , w a s e m p l o y e d , 

n a m e l y : 
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Texos Insf. [15] 

Jexas Inst. [)7J 

0.1 0.2 0.3 0.4 0.5 0.6 
Depth [ microns ] 

0.7 0.8 0.9 

F i g . 3 . 5 T h e c o m p u t e d d o p i n g p r o f i l e f o r t h e T e x a s 

I n s t r u m e n t d e v i c e s t r u c t u r e s o f R e f s . [ 1 5 , 1 7 ] , a s s u m i n g 

70% a c t i v a t i o n o f t h e i m p l a n t e d s e l e n i u m a n d 100% 

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

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

o f t h e d e v i c e [ 1 7 ] i s r e p r e s e n t e d b y a n a b r u p t p r o f i l e . 
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w h e r e N + i s t h e d o p i n g c o n c e n t r a t i o n o f t h e b u r i e d 

s u b s t r a t e , x * i s t h e t h i c k n e s s o f t h e b u r i e d l a y e r , x e p ^ i s 

- t h i c k n e s s o f t h e e p i t a x i a l l a y e r , a n d D a n d t a r e t h e 

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

H o w e v e r , t h e p r o f i l e g e n e r a t e d f r o m e q u a t i o n ( 3 . 1 9 ) b o r e 

l i t t l e r e s e m b l a n c e t o t h e m e a s u r e d d i s t r i b u t i o n . T h u s , i n 

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

d e n s i t y o f 8 X 1 0 1 7 c m " 3 i n t h e c o l l e c t o r i s a s s u m e d , a s s h o w n 

i n F i g u r e 3 . 5 . 

T h e d o p i n g p r o f i l e f o r t h e d e v i c e i n R e f e r e n c e [ 1 5 ] 

w i t h t h e s i n g l e S e i m p l a n t w a s a l s o c o m p u t e d b y a s s u m i n g 70% 

S e i m p l a n t a c t i v a t i o n a n d 100% b e r y l l i u m i m p l a n t a c t i v a t i o n . 

T h i s i s j u s t i f i a b l e a s t h e i m p l a n t c o n d i t i o n s a r e b a s i c a l l y 

s i m i l a r f o r b o t h d e v i c e s t r u c t u r e s [ 1 5 ] , [ 1 7 ] , a s c a n b e 

s e e n f r o m T a b l e 3 . 1 . T h e e p i t a x i a l l a y e r f o r t h e s i n g l e 

i m p l a n t d e v i c e h a d a d o p i n g d e n s i t y o f 1x 1 0 1 6 c m " 3 , w h i c h 

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

i n d i c a t e d i n F i g u r e 3 . 5 . 

T h e c o m p u t e d r e s u l t s f o r b o t h d e v i c e s t r u c t u r e s b a s e d 

o n t h e c a r r i e r p r o f i l e s i n F i g u r e 3 . 5 a r e s h o w n i n 
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F i g u r e 3 . 6 . T h e c o m p u t e d /3 max 
o f t h e d e v i c e i n [ 1 5 ] i s 1 8 , 

w h i c h i s s o m e w h a t h i g h e r t h a n t h e m e a s u r e d v a l u e o f 8 , w h i l e 

[ 1 7 ] i s 3 5 , w h i c h i s i n g o o d a g r e e m e n t w i t h t h e m e a s u r e d 

v a l u e s o f 2 0 - 3 0 . 

T h e T e x a s I n s t r u m e n t d e v i c e s [ 1 5 , 1 7 ] e x h i b i t h i g h e r 

e m i t t e r p e a k d o p i n g d e n s i t i e s a n d n a r r o w e r b a s e w i d t h s t h a n 

t h e H u g h e s d e v i c e s [ 1 4 ] , H o w e v e r , t h e D C p e r f o r m a n c e s a r e 

n o t v e r y d i f f e r e n t . T h i s s u g g e s t s t h a t t h e e m i t t e r i s 

p l a y i n g a n i m p o r t a n t r o l e i n d e t e r m i n i n g t h e g a i n o f T I ' s 

d e v i c e s . F r o m a c o m p a r i s o n o f F i g u r e s 3 . 3 . a n d 3 . 5 , i t c a n 

b e a p p r e c i a t e d t h a t t h e T I p r o c e s s l e a d s t o a n a r r o w e r 

e m i t t e r t h a n t h a t e x h i b i t e d b y t h e H u g h e s d e v i c e s f o r w h i c h 

S i i n d i f f u s i o n i s s i g n i f i c a n t . T h e t w o v a l u e s o f W_ a r e 

a p p r o x i m a t e l y 0 . 4 Mm a n d 0 . 2 5 Mm r e s p e c t i v e l y . F i g u r e 2 . 1 3 

i n d i c a t e s t h a t s u c h a d i f f e r e n c e i n t h e e m i t t e r w i d t h h a s a 

c o n s i d e r a b l e e f f e c t o n 0 m a x « C o m p a r i s o n o f t h e r e s u l t s f r o m 

F i g u r e 2 . 1 3 w i t h t h o s e f r o m t h e n u m e r i c a l m o d e l i s 

a p p r o p r i a t e i n t h i s c a s e a s t h e v a l u e o f s^, = 2 x 1 0 6 c m / s e c 

u s e d i n c o m p u t i n g F i g u r e 2 . 1 3 i s s u f f i c i e n t l y h i g h t o 

a d e q u a t e l y r e p r e s e n t t h e o h m i c c o n t a c t a s s u m e d i n t h e 

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

i m p r o v e m e n t i n p e r f o r m a n c e o f t h e T I d e v i c e s c o u l d b e 

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

r e c o m b i n a t i o n a t t h e e m i t t e r f r o n t . 

t h e p r e d i c t e d p\ 
max f o r t h e d e v i c e w i t h t h e t w o S e i m p l a n t s 
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Collector Current Density [ Amp/cm2 ] 

F i g . 3 . 6 T h e c o m p u t e d g a i n f o r t h e T e x a s I n s t r u m e n t 

d e v i c e s t r u c t u r e s o f R e f s . [ 1 5 , 1 7 ] , a s s u m i n g 70% 

a c t i v a t i o n o f t h e i m p l a n t e d s e l e n i u m a n d 100% a c t i v a t i o n 

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

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

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

f a b r i c a t e d b y M B E , V P E a n d L P E t e c h n i q u e s , w h i c h a r e 

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

c o l l e c t o r r e g i o n s . I t h a s a l s o b e e n s h o w n t h a t t h e m e a s u r e d 

g a i n s o f a b o u t 1 0 - 9 0 w h i c h h a v e b e e n r e p o r t e d f o r t h e s e 

d e v i c e s a r e t o b e e x p e c t e d f r o m t h e d e v i c e g e o m e t r i e s a n d 

d o p i n g d e n s i t i e s e m p l o y e d . 

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

e x a m i n i n g t h e s e n s i t i v i t y o f t h e g a i n t o t h e v a r i a t i o n o f 

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

t h e a n a l y s i s , i s t h a t a h i g h g a i n t r a n s i s t o r , w i t h a /J o f 

t h e o r d e r o f 1 0 0 0 , w o u l d r e q u i r e a n a r r o w b a s e w i d t h 

(< 0 . 2 Mm), l i g h t l y d o p e d b a s e 1 0 1 7 c m - 3 ) a s w e l l a s a 

n a r r o w e m i t t e r w i d t h (< 0 . 2 5 nm) a n d a s u r f a c e r e c o m b i n a t i o n 

v e l o c i t y o f l e s s t h a n 1 0 " c m / s e c . T h e g e o m e t r i c a l a n d d o p i n g 

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

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

d i f f i c u l t t o a c h i e v e . T h e p a s s i v a t i o n o f G a A s s u r f a c e s i s a 

s u b j e c t w o r t h y o f f u r t h e r s t u d y . 

T h e n u m e r i c a l m o d e l d e v e l o p e d h e r e h a s b e e n s h o w n t o b e 

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

t r a n s i s t o r s . T h e a g r e e m e n t w i t h e x p e r i m e n t a l d a t a i s g o o d , 

p r o v i d e d t h a t t h e b a n d g a p n a r r o w i n g e f f e c t i s t a k e n i n t o 

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

p h e n o m e n a , a n d n o t b y e x t r a n e o u s e f f e c t s s u c h a s s u r f a c e 

l e a k a g e w h i c h h a v e b e e n c l a i m e d i n t h e l i t e r a t u r e . F o r 

d e v i c e s w i t h g o o d b a s e p r o p e r t i e s , e m i t t e r s u r f a c e e f f e c t s 

a p p e a r t o l i m i t t h e p e r f o r m a n c e o f t h e d e v i c e . F u r t h e r 

i m p r o v e m e n t s i n g a i n w o u l d a p p e a r t o d e m a n d , a s i n t h e 

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

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

e n h a n c i n g p a s s i v a t i o n o f t h e e m i t t e r s u r f a c e . 
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APPENDIX A 

C • — C 
C This Program i s written i n structured WATFIV f o r implementing C 
C the a n a l y t i c a l model. The program can handle 2 donor l e v e l s C 
C and 3 acceptor l e v e l s . C 
C C 
C Variable Names C 
C C 
C Level Name Ion Cone. Act. Energy Degen. C 
C C 
C DONOR 1 NAMEl DNl ENINl DGl C 
C DONOR 2 NAME2 DN2 ENIN2 DG2 C 
C ACCEPTOR 1 NAME3 DN3 ENIN3 DG3 C 
C ACCEPTOR 2 NAME4 DN4 ENIN4 DG4 C 
C ACCEPTOR 3 NAME5 DN5 ENIN5 DG5 C 
C C 
C LAYER(I) = The name of the Ith semiconductor layer C 
C WIDTH(I) = The width of the Ith semiconductor region, i n C 
C Microns C 
C T = The temperature i n K e l v i n C 
C DIEL =Permittivity of GaAs C 
C MO = Ele c t r o n r e s t mass i n Kg C 
C NI = D i l u t e i n t r i n s i c c a r r i e r concentration i n cm-3 C 
C CAYT = Boltzmann's constant * temperature C 
C Q = E l e c t o n i c charge i n Coulombs C 
C C 
C C 

CHARACTER*10 NAMEl,NAME2,NAME3,NAME4,NAME5,LAYER(3) 
CHARACTER*3 VAR,BIAS 
EXTERNAL FDHF,FD3HF,EXPN 
REAL NCONC,MOB,NETDOP,NETION,JEP,JBNO,JBNW,JCBOP,JGEN,JBREC 
REAL JREC,JB,JC,ME,MH,SUMD(3),NI,NIEFF(3) 
INTEGER COUNT 
DIMENSION ME(3),MH(3),FC(3),FV(3),ETTA(3),FL(3),BGAP(3) 
DIMENSION WIDTH(3),TAU(3),DCONST(3),DIFFL(3),PCONC(3) 
DIMENSION NCONC(3),EMOB(3),PMOB(3),NETDOP(3),CION(3),XXI(3) 
COMMON NAMEl,NAME2,NAME3,NAME4,NAME5 
COMMON DNl,DN2,DN3,DN4,DN5 
COMMON DI1,DI2,DI3,DI4,DI5 
COMMON EN1,EN2,EN3,EN4,EN5 
COMMON ENINl,ENIN2,ENIN3,ENIN4,ENIN5 
COMMON DGl,DG2,DG3,DG4,DG5 
COMMON T,CN,CP,EG,EFME,EFMH,FNC,FNV,CAYT,Q,ETA,XI,MO 
COMMON SUMTD,SUMTA,SUMID,SUMIA,NI 



DIEL = 13.1 * 8.854E-14 
T=300 
NI=2.0E06 
MO=9.1095E-31 
CAYT=8.6173E-5 * T 
Q = 1.6022E-19 
C0UNT=1 

C C 
C Sta r t i n i t i a l i z a t i o n f o r each region of t r a n s i s t o r . C 
C ITER = The number of i n i t i a l i z a t i o n s . C 
C C 

READ,ITER 
DO 100 KK=1,ITER 
DO 200 1=1,3 
READ 1,LAYER(I),WIDTH(I) 
WIDTH(I)=WIDTH(I) * 1.0E-4 
READ 2,NAME1,DN1,ENIN1,DG1 
READ 2,NAME2,DN2,ENIN2,DG2 
READ 2,NAME3,DN3,ENIN3,DG3 
READ 2,NAME4,DN4,ENIN4,DG4 
READ 2,NAME5,DN5,ENIN5,DG5 

1 FORMAT(Tl,All,T15,E10.4) 
2 FORMAT(Tl,All,T15,E8.2,T25,E6.1,T35,E6.1) 

IF ( I .EQ. 1) PRINT 3 
3 FORMAT ('1') 

PRINT 4, LAYER(I),'PARAMETERS' 
4 FORMAT(T28,All,A10,/) 

PRINT 5,'DOPANT *,'DENSITY','ACTIVATION ENERGY','DEGENERACY * 
5 FORMAT(A10,9X,A10,7X,A17,4X,A10) 
C C 
C Calcu l a t e reduction i n a c t i v a t i o n energy C 
C SUMTD = Tot a l donor concentration C 
C SUMTA = Tot a l acceptor concentration C 
C EN's = A c t i v a t i o n energy of each impurity state C 
C ENIN's = d i l u t e a c t i v a t i o n energy of each impurity state C 
C C 

SUMTD=DN1+DN2 
SUMTA=DN3+DN4+DN5 

C 
IF( ENIN1 .GT. 0.0 ) EN1= ENIN1 - (1.90E-•8 * SUMTD**0.3333) 
IF( ENIN2 .GT. 0.0 ) EN2= ENIN2 - (1.90E-•8 * SUMTD**0.3333) 
IF( ENIN3 • GT. 0.0 ) EN3= ENIN3 - (2.34E-•8 * SUMTA**0.3333) 
IF( ENIN4 • GT. 0.0 ) EN4= ENIN4 - (2.34E-•8 * SUMTA**0.3333) 
IF( ENIN5 • GT. 0.0 ) EN5= ENIN5 - (2.34E-•8 * SUMTA**0.3333) 
IF( ENIN1 .EQ. 0.0 ) EN1= 0.0 
IF( ENIN2 .EQ. 0.0 ) EN2= 0.0 
IF( ENIN3 .EQ. 0.0 ) EN3= 0.0 
IF( ENIN4 .EQ. 0.0 ) EN4= 0.0 
IF( EN IN 5 .EQ. 0.0 ) EN5= 0.0 
IF( EN1 .LE . 0 . 0 ) EN1= 0 . 0 
IF( EN2 .LE . 0 . 0 ) EN2= 0 . 0 
IF( EN3 .LE . 0 . 0 ) EN3= 0 . 0 
IF( EN4 .LE . 0 . 0 ) EN4= 0 . 0 
IF( EN5 .LE . 0 . 0 ) EN5= 0 . 0 
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7 
C-
C 
C 
C 
C 
C 
C 
C 
C-

) IF ( NAME1 .NE. 'DUMMY 
IF ( NAME2 .NE. 'DUMMY 
IF ( NAME3 .NE. 'DUMMY 
IF ( NAME4 .NE. 'DUMMY 
IF ( NAME5 .NE. 'DUMMY 
FORMAT(A12,8X,E10.4,9X,E10.4,8X,E10.4) 
PRINT 7 
FORMAT('/') 

PRINT 6,NAME1,DN1,EN1,DG1 
) PRINT 6,NAME2,DN2,EN2,DG2 
) PRINT 6,NAME3,DN3,EN3, DG3 
) PRINT 6,NAME4,DN4,EN4,DG4 
) PRINT 6,NAME5,DN5,EN5,DG5 

-C 
C 
c 
c 
c 
c 
c 
c 

-c 

c-
c 
c 
c 
c 
c 
c 
c 
c-

c-
c 
c 
c 
c 
c 
c 
re­

c a l c u l a t e the energy bandgap of GaAs by r e l a t i n g the 
bandgap narrowing to the e f f e c t i v e i n t r i n s i c c a r r i e r 
concentration. 
EGO = I n t r i n s i c bandgap of GaAs at room temperature 
EG = Actual bandgap of GaAs 
NIEFF= E f f e c t i v e i n t r i n s i c c a r r i e r concentration, using 

the empirical formulae of Bailbe et a l . 

IF ( I .EQ. 2) THEN DO 
NIEFF(I) = 9.0E05 + 3.38E-3 * 

- 6.72E05 

3.38E-3 * 
- 3.47E05 

NIEFF(I) = NIEFF(I) 
ELSE DO 

NIEFF(I) = 9.0E05 + 
NIEFF(I) = NIEFF(I) 

END IF 
EG0=1.519-(5.405E-4*T**2)/(T+204) 
EG1=CAYT * ALOG ( NIEFF(I)*NIEFF(I)/NI/NI ) 
EG= EG0-EG1 

SQRT(SUMTA) 
* ALOG(SUMTA*l.E-17) 

SQRT(SUMTD) 
* ALOG(SUMTD*l.E-17) 

Compute the electron and hole concentration by 
solvi n g the equation of d e t a i l e d balance. An i n i t i a l 
i s chosen for the Fermi energy c a l c u l a t i o n . 
EF = Lower bound of the i n t e r v a l 
EFG = Upper bound of the i n t e r v a l 
RE = I n i t i a l r e l a t i v e error 
AE = Absolute error 

EF=0.0 
EFG=1.65 
RE=l.E-6 
AE=l.E-6 
CALL ZERO(EF,EFG,RE,AE,IFLAG) 
FL(I) =EF 
IF ( IFLAG .GE. 2 ) THEN DO 
PRINT, 'CONVERGENCE FAILED' 

ELSE DO 
END IF 
A=ALOG10(CN) 
B=ALOG10(CP) 

-C 
C 
C 
C 
C 
C 
C 
C 
-C 

-C 
C 
C 
C 
C 
C 
C 
-C 

Cal c u l a t e the ele c t r o n m o b i l i t y : 
If p-type material, assume number of electrons = number 
of holes f o r m o b i l i t y c a l c u l a t i o n . 

EHFAC = (weak f i l e d H a l l f a c t o r ) * * - l 
RATIO = Electron m o b i l i t y i n p-GaAs/ 

Electron m o b i l i t y i n n-GaAs 
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• Y = A 

IF( I .EQ. 2) Y = B 
IF ( Y .LT. 14 ) Y = 14.0 
EHFAC = 0.851 
EMOB(I)=-.05355 - 69783.16*Y + 17348.328*Y**2 - 1579.599*Y**3 
EMOB(I)= EMOB(I) +63.03560142*Y**4 - .9353191689*Y**5 
EMOB(I)= EHFAC * EMOB(I) 
RATIO =684.326936722 - 168.174778461*Y + 15.4966483265*Y**2 

S - 0.633308960591*Y**3 + .00967786832189*Y**4 
IF ( I .EQ. 2 ) EMOB(I)= RATIO *EMOB(I) 

C C 
C Calculate the hole m o b i l i t y : C 
C If n-type material, assume hole concentration = electron C 
C concentration f o r mo b i l i t y c a l c u l a t i o n . C 
C PHFAC = (weak f i e l d H a l l f a c t o r ) * * - l C 
C C 

Z = B 
PHFAC =0.80 
IF ( I .EQ. 1 .OR. I .EQ. 3) Z = A 
PMOB(I)=502511.268 -156107*Z + 19205.6*Z**2 - 1168.926*Z**3 
PMOB(I)= PMOB(I) + 35.20885*Z**4 - .42017908*Z**5 
PMOB(I)= PHFAC*PMOB(I) 

C C 
C Computing the minority c a r r i e r parameters. C 
C TAU's = Lifetimes C 
C DCONST's = D i f f u s i o n constants C 
C DIFFL's = d i f f u s i o n lengths C 
C C 

IF ( I .EQ. 1 .OR. I .EQ. 3) THEN DO 
IF( CP/FNV .GE. 1.00E-22 ) THEN DO 

C=1+.35355*CP/FNV - 9.9E-3*(CP/FNV)**2 
§ + 4.45E-4*(CP/FNV)**3 

ELSE DO 
C=l + .35355*CP/FNV - 9.9E-3*(CP/FNV)**2 

END IF 
DCONST(I)=PMOB(I)*CAYT*C 
E= 545.075507209 - 99.5742908474*A + 5.96752406063*A**2 

$ -0.11903779718*A**3 
TAU(I)=10**E 
DIFFL(I)=SQRT(ABS(TAU(I)*DCONST(I))) 

ELSE DO 
C 

IF( CN/FNC .GE. 1.00E-22 ) THEN DO 
D=l + .35355*CN/FNC - (9.9E-3)*(CN/FNC)**2 

$ + 4.45E-4*(CN/FNC)**3 
ELSE DO 

D = 1 + .35355*CN/FNC-(9.9E-3)*(CN/FNC)**2 
END IF 
DCONST(I)=EMOB(I)*CAYT*D 
F= -7.63238159E-6 - 678.5724587 * B + 157.93508506*B**2 

$ -13.7579663247 * B**3 + 0.531235178933 * B**4 
$ - 0.0076716569056 * B**5 

TAU(I)=10**F 
DIFFL(I)=SQRT(ABS(TAU(I)*DCONST(I))) 

END IF 



c 
c 
c 

Compute the ph y s i c a l parameters 
•C 
C 
•c 

SUMID = DI1 + DI2 
SUMIA = DI3 + DI4 + DI5 
SUMD(I) = SUMID 
CION(I) = ABS( SUMID -SUMIA ) 
PCONC(I)=CP 
NCONC(I)=CN 
ETTA(I) =ETA 
XXI(I) = XI 
ME(I) =EFME 
MH(I) = EFMH 
FC(I) = FNC 
FV(I) = FNV 
BGAP(I)=EG 
NETDOP(I)=ABS(SUMTD-SUMTA) 

200 CONTINUE 
C C 
C P r i n t out the device parameters C 
C C 

IF( COUNT .EQ. 1) THEN DO 
PRINT 8,LAYER(1),LAYER(2),LAYER(3) 

8 FORMAT(T43,A10,T58,A4,T70,A7) 
PRINT 9,'SEMICONDUCTOR LAYER WIDTH =',WIDTH(1),WIDTH(2), 

$ WIDTH(3) 
PRINT 9,'ENERGY BAND GAP = ',BGAP(1),BGAP(2),BGAP(3) 
PRINT 9,'FERMI LEVEL =',FL(1),FL(2),FL(3) 
PRINT 9,'EF - EG / KT =',ETTA(1),ETTA(2),ETTA(3) 
PRINT 9,'-EF /KT =',XXI(1),XXI(2),XXI(3) 
PRINT 9,'EFFECTIVE INTRINSIC CONC =',NIEFF(1),NIEFF(2), 

$ NIEFF(3) 
PRINT 9,'EFFECTIVE MASS OF ELECTRON = ',ME(1),ME(2) ,ME(3) 
PRINT 9,'EFFECTIVE MASS OF HOLE =',MH(1),MH(2),MH(3) 
PRINT 9,'EFFECTIVE DENSITY OF ELECTRON STATES =',FC(1),FC(2), 

$ FC(3) 
PRINT 9,'EFFECTIVE DENSITY OF HOLE STATES =',FV(1),FV(2), 

S FV(3) 
PRINT 9,'HOLE CONCENTRATION IN VAL. BAND =',PCONC(l), 

$ PCONC(2),PCONC(3) 
PRINT 9,'ELECTRON CONCENTRATION IN COND. BAND =',NCONC(l), 

$ NCONC(2),NCONC(3) 
PRINT 9,'ELECTRON MOBILITY =',EMOB(l),EMOB(2),EMOB(3) 
PRINT 9,'HOLE MOBILITY =',PMOB(l),PMOB(2),PMOB(3) 
PRINT 9,'MINORITY CARRIER DIFFUSION CONSTANT =',DCONST(l), 

$ DCONST(2),DCONST(3) 
PRINT 9,'MINORITY CARRIER DIFFUSION LENGHT =',DIFFL(1), 

$ DIFFL(2),DIFFL(3) 
PRINT 9,'MINORITY CARRIER LIFETIME =',TAU(1),TAU(2),TAU(3) 
PRINT 9,'NET DOPANT DENSITY =*,NETDOP(l),NETDOP(2),NETDOP(3) 
PRINT 9,'DENSITY OF IMMOBILE IONS =',CION(l),CION(2),CION(3) 

9 FORMAT C0',A38,3E13.5) 
ELSE DO 
END IF 



c c 
C Calculate the current components and gains of the transistor C 
C i n the analytical model C 
C S = Emitter surface recombination velocity C 
C VCE = emitter-collector bias voltage C 
C C 

S = 2.0E06 
VCE =5.0 
BIAS= 'VBE' 

C • C 
C Read i n the parameter for sensitivity studies C 
C VAR = The name of the parameter C 
C N = The number of parameter values for evaluation C 
C PARM = The value of the parameter C 
C C READ 10,VAR 
10 FORMAT (A3) 

READ,N 
DO 100 J=1,N 
READ,PARM 
PRINT 11,'TRANSISTOR BIAS VOLTAGES & CURRENT COMPONENTS' 

11 F0RMAT(*1',T15,A50,/) 
IF( VAR .EQ. 'VCE') THEN DO 

VCE=PARM 
PRINT 9,'EMITTER-COLLECTOR VOLTAGE =',VCE 
ELSE DO 

END IF 
IF( VAR .EQ. 'NE ') PRINT 9,'EMITTER DOPANT DENSITY =',SUMD(3) 
IF( VAR .EQ. 'NC ') PRINT 9,,'COLLECTOR DOP. DENSITY =',SUMD(1) 
IF( VAR .EQ. 'SV ') THEN DO 

S=PARM 
PRINT 9,'SURFACE RECOMB. VEL =',S 
ELSE DO 

ENDIF 
IF( VAR .EQ. *WB ' ) THEN DO 

WIDTH(2)=PARM*1.0E-4 
PRINT 9,'BASE WIDTH =',WIDTH(2) 

ELSE DO 
ENDIF 
IF( VAR .EQ. 'WE ' ) THEN DO 

WIDTH(3)=PARM*1.0E-4 
PRINT 9,'EMITTER WIDTH =',WIDTH(3) 

ELSE DO 
END IF 
IF( VAR .EQ. 'TE ' ) THEN DO 

TAU(3)=PARM 
DIFFL(3)=SQRT(ABS(TAU(3)*DCONST(3))) 
PRINT 9,'EMITTER LIFETIME =',TAU(3) 

ELSE DO 
ENDIF 
IF( VAR .EQ. 'TB ' ) THEN DO 

TAU(2)=PARM 
DIFFL(2)=SQRT(ABS(TAU(2)*DCONST(2))) 
PRINT 9,'BASE LIFETIME =',TAU(2) 

ELSE DO 
ENDIF 



c c 
C C a l c u l a t i o n of various current components i n the a n a l y t i c a l C 
C model C 
C C DO 300 K=l,41 
C 

IF (VAR .EQ. 'VCE') BIAS=VAR 
IF( K.EQ.l ) PRINT 12,BIAS,'JP(-XE)',' JN(0) ',' JN(XB)', 

$ ' JREC ', ' JGEN ,,'JP(XC) ', ,JN(0)-JN(XB)', 
$ ' GE ', 'INJ EFF','B T FAC,' JB ', 
$ ' JC ', ' BETA ' 

12 FORMAT(5X, A3, 8X, 6 ( 3X, A7, 6X) , 3X, A12, /, 6 (3X, A7, 6X)) 
C C 
C Set the bias co n d i t i o n s . C 
C VCB = Base-collector voltage C 
C VEB = Base-emitter voltage C 
C C 

IF( VAR .NE. 'VBE' ) THEN DO 
VEB = 0.02*(K-1) + 0.50 

ELSE DO 
IF( K .LE. 20) VCE = K*0.1/20. 
IF( K .GT. 20 .AND. K .LE. 30) VCE= (K-20)*0.01+0.1 
IF( K .GT. 30 .AND. K .LE. 41) VCE= (K-30)*4.8/11.+0.2 
VEB=PARM 

ENDIF 
IF( K.EQ.l .AND. VAR .EQ. 'VBE1 ) PRINT 9, ' VBE=',VEB 
VCB = VEB-VCE 

C- C 
C COMPUTATION OF THE BUILT-IN VOLTAGES C 
C BEVBI = Base-emitter j u n c t i o n voltage C 
C BCVBI = Base-collector junction voltage C 
C C 

BEVBI = CAYT * ALOG( PCONC(2) / PCONC(3) ) 
BCVBI = CAYT * ALOG( PCONC(2) / PCONC(l) ) 

C 
XE1 = 2*DIEL*(BEVBI-VEB)*CION(2) 
XE2 = XE1/(1.6022E-19*CION(3)*(CION(2)+CION(3))) 
XE = SQRT( ABS(XE2) ) 
XC - 2*DIEL*(BCVBI-VCB)*CION(2)/(Q*CION(l)*(CION(2)+CION(l))) 
XC - SQRT( ABS(XC) ) 
XBO = 2*DIEL*(BEVBI-VEB)*CION(3)/(Q*CION(2)*(CION(2)+CION(3))) 
XBO = SQRT( ABS(XBO) ) 
XBW = 2*DIEL*(BCVBI-VCB)*CION(l)/(Q*CION(2)*(CION(2)+CION(l))) 
XBW = SQRT( ABS(XBW) ) 

C C 
C WE = Neutral emitter width C 
C WB = Neutral basewidth C 
C C 

WE = WIDTH(3) - XE 
WB = WIDTH(2) - XBO -XBW 
DVEB = EXPN( VEB/CAYT) - 1.0 
DVCB = EXPN( VCB/CAYT) - 1.0 
EE = EXPN( 2*WE/DIFFL(3) ) 
BB = EXPN( 2*WB/DIFFL(2) ) 



c c 

C Computation of the emitter back-injected hole current, JEP, C 
C as given i n the model. C 
C C 

PXE = PC0NC(3) * DVEB 
IF ( S .EQ. 0.0 ) THEN DO 

PY = 2 * PXE * EXPN( WE/DIFFL(3) ) /( EE + 1 ) 
ELSE DO 

IF ( S .GT. 1.E10 ) THEN DO 
PY = 0.0 

ELSE DO 
PY = 2 * PXE * EXPN( WE/DIFFL(3) ) 
PY = PY / ( S*DIFFL(3)/DCONST(3)*(EE - 1) + (EE + 1) ) 

END IF 
END IF 
JEP = Q*DC0NST(3)*( PXE*(EE + 1) - 2*PY*EXPN(WE/DIFFL(3)) ) 
JEP = JEP /( DIFFL(3) * ( EE - 1 ) ) 

C C 
C Computation of the el e c t r o n d i f f u s i o n currents at the C 
C base depletion edges, JBNO and JBNW C 
C ' C 

JBNO = DVEB*( BB + 1 ) - DVCB*2*EXPN( WB/DIFFL(2) ) 
JBNO = Q*DC0NST(2)*NC0NC(2)*JBN0 /( DIFFL(2) * ( BB - 1 ) ) 
JBNW = DVEB*2*EXPN( WB/DIFFL(2) ) - DVCB*( BB + 1 ) 
JBNW = Q*DCONST(2)*NCONC(2)*JBNW /( DIFFL(2) * ( BB - 1 ) ) 

C C 
C Computation of the generation current i n the reversed-biased C 
C base-collector junction, JGEN, and the c o l l e c t o r leakage C 
C current JCBOP. C 
C C 

JCBOP = Q * DCONST(l) * PCONC(l) / DIFFL(l) 
JGEN = -Q / 2.0 * (XBW+XC) * SQRT( 1. / (TAU(1)*TAU(2)) ) 

$ / COSH( 0.5*ALOG(TAU(1)/TAU(2)) ) 
C • C 
C Computation of the recombination current i n the forward C 
C biased emitter-base junction, as given by Choo's equations. C 
C C 

B = EXP(-0.5*VEB/CAYT ) * COSH( 0.5*ALOG( TAU(3)/TAU(2) ) ) 
ALPHA = 2 * SINH( 0.5 * ( BEVBI - VEB ) / CAYT ) 
AAA = TAU(2) * PCONC(2) /( TAU(3) * NC0NC(3)) 
GAMMA = SQRT(AAA)+SQRT(1./AAA) + 2*B*C0SH( (BEVBI-VEB)/2/CAYT ) 
IF ( B .NE. 1.0 ) THEN DO 

IF ( B .LT. 1.0 ) THEN DO 
FCNB = 1/SQRT( 1-B*B ) * ATAN( ALPHA/GAMMA*SQRT( 1-B*B ) ) 

ELSE DO 
BBB = ALPHA * SQRT( B*B -1 ) / GAMMA 
FCNB = 1 / SQRT( B*B - 1) * 0.5 * AL0G( (1+BBB)/(1-BBB) ) 

END IF 
ELSE DO 
FCNB = ALPHA / GAMMA 

ENDIF 
JREC =Q*SQRT( PCONC(l)*NCONC(l) )*(XBO+XE)*2*SINH(VEB/2/CAYT ) 
JREC = JREC*FCNB / ( SQRT( TAU(2)*TAU(3) )*( BEVBI-VEB )/CAYT ) 
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C C 
C Computation of the base current density, JB, and the C 
C c o l l e c t o r current density, JC. C 
C C 

JBREC = JBNO - JBNW 
JB = JEP + JBNO - JBNW - JCBOP - JGEN + JREC 
JC = JBNW + JCBOP + JGEN 

C C 
C Computation of other t r a n s i s t o r parameters. C 
C BETA = DC t r a n s i s t o r gain C 
C EMIEFF = Emitter i n j e c t i o n e f f i c i e n c y C 
C BTFAC = Base transport factor C 
C GE = Emitter Gummel number C 
c c 

BETA = JC / JB 
EMIEFF=JBNO/(JEP+JBNO+JREC) 
BTFAC=JBNW/JBNO 
PAR1=DIFFL(3)*S/DCONST(3) 
PAR2=WE/DIFFL(3) 
GE=NC0NC(3) * DIFFL(3) * NIEFF(3) * NIEFF(3) / DCONST(3)/4.0E12 

$ *(PAR1*SINH(PAR2)+C0SH(PAR2)) / (PAR1*C0SH(PAR2)+SINH(PAR1)) 
GE=Q*4.0E12 *DVEB/(JREC+JEP) 
IF( VAR .EQ.'VCE') THEN DO 

PRINT 13, VCE, JEP, JBNO, JBNW, JREC,JGEN,JCBOP,JBREC, 
$ GE, EMIEFF, BTFAC, JB, JC, BETA 

ELSE DO 
PRINT 13, VEB, JEP, JBNO, JBNW, JREC,JGEN,JCBOP,JBREC, 

$ GE, EMIEFF, BTFAC, JB, JC, BETA 
END IF 

13 FORMAT(7(E13.6,3X),E13.6,/,6(E13.6,3X),/) 
300 CONTINUE 
100 CONTINUE 

STOP 
END 

C : C 
C This function c a l c u l a t e s the exponential of the v a r i a b l e x. C 
C The overflow error i s avoided by s e t t i n g the minimun f(x) to C 
C be 0 f o r x < -100, and the maximum f(x) to be exp(lOO) f or C 
C x > 100. C 
C C 

FUNCTION EXPN(X) 
IF ( X.LT.-100.0) THEN DO 

EXPN=0.0 
ELSE DO 

IF ( X.LE.100.0 .AND. X.GE.-100.0) THEN DO 
EXPN=EXP(X) 

ELSE DO 
IF ( X.GT.100 ) THEN DO 

EXPN=EXP(100) 
ELSE DO 
END IF 

END IF 
END IF 
RETURN 

END 



c c 
C This function evaluates the Fermi-Dirac Integral of order C 
C 3/2 using short series expressions by Van Halen and Pulfrey. C 
C C 

FUNCTION FD3HF(X,EXPN) 
IF ( X .LE. 0.0 ) THEN DO 

FD3HF = EXPN(X) - 0.176826*EXPN(2*X) + 0.064772*EXPN(3*X) 
$ - 0.033677*EXPN(4*X) + 0.021353*EXPN(5*X) 
$ - 0.011451*EXPN(6*X) + 0.003032*EXPN(7*X) 

ELSE DO 
IF ( X .GT. 0.0 .AND. X .LE. 4.0) THEN DO 

FD3HF = 0.867200 + 0.765101*X + 0.302693*X**2 
$ + 0.062718*X**3 + 0.005793*X**4 
$ + 0.001342*X**5 + 0.953657*X**6 

ELSE DO 
IF ( X .GT. 4.0 ) THEN DO 

FD3HF = 0.300901*X**2.5 + 1.85581*X**0.5 
$ + 0.466432*X**(-1.5) + 7.71648*X**(-3.5) 
$ + 120.535*X**(-5.5) + 800.702*X**(-7.5) 
$ + 2189.84*X**(-9.5) 

ELSE DO 
END IF 

END IF 
END IF 

RETURN 
END 

C C 
C This function evaluates the Fermi-Dirac Integral of order C 
C 1/2 using short series expressions by Van Halen and Pulfrey. C 
C — C 

FUNCTION FDHF(X,EXPN) 
IF ( X .LE. 0.0 ) THEN DO 

FDHF = EXPN(X) - 0.353568*EXPN(2*X) + 0.192439*EXPN(3*X) 
$ - 0.122973*EXPN(4*X) + 0.077134*EXPN(5*X) 
$ - 0.036228*EXPN(6*X) + 0.008246*EXPN(7*X) 

ELSE DO 
IF ( X .GT. 0.0 .AND. X .LE. 2.0 ) THEN DO 

FDHF = 0.765147 + 0.604911*X + 0.189885*X**2 
$ + 0.020307*X**3 + 0.004380*X**4 
$ + 0.000366*X**5 + 0.000133*X**6 

ELSE DO 
IF ( X .GT. 2.0 .AND. X .LE. 4.0 ) THEN DO 

FDHF = 0.777115 + 0.581307*X + 0.206132*X**2 
S + 0.017680*X**3 + 0.006549*X**4 
$ + 0.000784*X**5 + 0.000036*X**6 

ELSE DO 
IF ( X .GT. 4.0 ) THEN DO 

FDHF - 0.752253*X**(1.5) + 0.928195*X**(-0.5) 
$ + 0.680839*X**(-2.5) + 25.7829*X**(-4.5) 
$ + 553.636*X**(-6.5) + 3531.43*X**(-8.5) 
$ + 3254.65*X**(-10.5) 

ELSE DO 
END IF 

END IF 
END IF 

ENDIF 
RETURN 
END 



c-
c 
c 
c 
c 
c 
c 
c 
c 

This subroutine c a l c u l a t e the c a r r i e r concentration f o r each 
semiconductor region by solv i n g the equation f o r charge 
n e u t r a l i t y . It searches f o r a zero of the t h i s non-linear 
equation between the given values B and C u n t i l the width of 
the i n t e r v a l (B,C) has collapsed to within a tolerance 
s p e c i f i e d by the stopping c r i t e r i o n , ABS(B-C) .LE. 
2*(RW*ABS(B)+AE). 

•C 
C 
C 
C 
C 
C 
C 
C 
•C 

SUBROUTINE ZERO(B,C,RE,AE,IFLAG) 
CHARACTER*10 NAME1,NAME2,NAME3,NAME4,NAME5,LAYER 
REAL B,C,RE,AE,NIEFF 
INTEGER IFLAG 
COMMON NAME1,NAME2,NAME3,NAME4,NAME5 
COMMON DN1,DN2,DN3,DN4,DN5 
COMMON DI1,DI2,DI3,DI4,DI5 
COMMON EN1,EN2,EN3,EN4,EN5 
COMMON ENIN1,ENIN2,ENIN3,ENIN4,ENIN5 
COMMON DG1,DG2,DG3,DG4,DG5 
COMMON T,CN,CP,EG,EFME,EFMH,FNC,FNV,CAYT,Q,ETA,XI,MO 
COMMON SUMTD,SUMTA,SUMID,SUMIA,NI 
EXTERNAL EXPN,FDHF,FD3HF 
DATA ER/6.0E-8/ 
RW=AMAX1(RE,ER) 
IC=0 
ACBS=ABS(B-C) 
A=C 
INDEX = 1 
EF=A 

20 ETA=(EF-EG)/CAYT 
XI=-EF/CAYT 

C C 
C Compute e f f e c t i v e mass of electrons using F-Dirac s t a t i s t i c s C 
C C 

AA=(1.38134E-47) * 3.09*CAYT/EG*FD3HF(ETA,EXPN) 
AA=AA + 1.38134E-47*FDHF(ETA,EXPN) 
AA=AA + (6.8135E-46) * EXPN(ETA-.476/CAYT) 
AA=AA + (3.54638E-46) * EXPN(ETA-.284/CAYT) 
X = FDHF(ETA,EXPN) 
EFME=(AA / X )**(2./3.) 

C C 
C Compute e f f e c t i v e mass of holes using F-Dirac s t a t i s t i c s C 
C C 

BB=(1.82164E-47) * 13.3875*CAYT/EG*FD3HF(XI,EXPN) 
BB= BB + (1.82164E-47+3.07395E-46)*FDHF(XI,EXPN) 
Y = FDHF(XI,EXPN) 
EFMH=(BB / Y )**(2./3.) 

C C 
C FNC= Density of states i n the conduction band C 
C FNV= Density of states i n the valence band C 
C CN = Ele c t r o n concentration i n the conduction band C 
C CP = Hole concentration i n the valence band C 
C C 

FNC=(5.55446E+60) * (EFME*T)**1.5 
FNV=(5.55446E+60)* (EFMH*T)**1.5 
CN=FNC * FDHF(ETA,EXPN) 
CP=FNV * FDHF(XI,EXPN) 



100 
c c 

C Compute the d e n s i t i e s of the io n i s e d impurities C 
C DNs = Density of dopants C 
C DIs = Ionized dopant concentration C 
c c 

Dl 1=0.0 
IF ( NAMEl .NE. 'DUMMY ' ) THEN DO 
P0WER=( EF-EG+EN1)/CAYT 
DI1=DN1/(1. + ( DG1*EXPN(POWER) )) 

ELSE DO 
END IF 
TF( EN1 .EQ. 0.0 ) DI1=DN1 
DI2=0.0 
IF ( NAME2 .NE. 'DUMMY ' ) THEN DO 
POWER=( EF-EG+EN2)/CAYT 
DI2=DN2/(1. + ( DG2*EXPN(POWER) )) 

ELSE DO 
END IF 
IF( EN2 .EQ. 0.0 ) DI2=DN2 
DI3=0.0 
IF ( NAME3 .NE. 'DUMMY ' ) THEN DO 
POWER=( EN3 -EF )/CAYT 
DI3=DN3/(1. + ( DG3*EXPN(POWER) )) 

ELSE DO 
END IF 
IF( EN3 .EQ. 0.0 ) DI3=DN3 
DI4=0.0 
IF ( NAME4 .NE. 'DUMMY ' ) THEN DO 
POWER=( EN4 -EF )/CAYT 
DI4=DN4/(1. + ( DG4*EXPN(POWER) )) 

ELSE DO 
ENDIF 
IF( EN4 .EQ. 0.0 ) DI4=DN4 
DI5=0.0 
IF ( NAME5 .NE. 'DUMMY ' ) THEN DO 
POWER=( EN5 -EF )/CAYT 
DI5=DN5/(1. + ( DG5*EXPN(POWER) )) 

ELSE DO 
ENDIF 
IF( EN5 .EQ. 0.0 ) DI5=DN5 

C- C 
C TEST i s the charge n e u t r a l i t y equation. In t h i s subroutine, C 
C The Fermi energy i s computed by i t e r a t i o n s u n t i l TEST has C 
C become very small. C 
C C 

TEST=(CN+DI3+DI4+DI5)-(CP+DI1+DI2) 
C C 
C The following perform the i t e r a t i o n s to f i n d the value C 
C of the Fermi Energy u n t i l the stopping c r i t e r i o n i s C 
C reach. C 
C C 

IF ( INDEX .EQ. 1 ) GO TO 30 
IF ( INDEX .EQ. 2 ) GO TO 40 
IF ( INDEX .EQ. 3 ) GO TO 8 

30 FA = TEST 
INDEX = 2 



101 
EF = B 
GO TO 20 

40 FB=TEST 
FC=FA 
KOUNT=2 
FX=AMAX1(ABS(FB),ABS(FC)) 

1 IF ( ABS(FC) .GE. ABS(FB) ) GO TO 2 
A=B 
FA=FB 
B=C 
FB=FC 
C=A 
FC=FA 

2 CMB=0.5*(C-B) 
ACMB=ABS(CMB) 
TOL=RW*ABS(B)+AE 
IF ( ACMB .LE. TOL ) GO TO 10 
P=(B-A)*FB 
Q=FA-FB 
IF ( P .GE. 0. ) GO TO 3 
P=-P 
Q="Q 

3 A=B 
FA=FB 
IC=IC+1 
IF ( IC .LT. 4 ) GO TO 4 
IF ( 8.*ACMB .GE. ACBS ) GO TO 6 
IC=0 
ACBS=ACMB 

4 IF ( P .GT. ABS(Q)*TOL ) GO TO 5 
B=B+SIGN(TOL,CMB) 
GO TO 7 

5 IF ( P .GE. CMB*Q ) GO TO 6 
B=B+P/Q 
GO TO 7 

6 B=0.5*(C+B) 
7 INDEX = 3 

EF = B 
GO TO 20 

8 FB=TEST 
IF ( FB .EQ. 0. ) GO TO 11 
KOUNT=KOUNT+l 
IF ( KOUNT .GT. 200) GO TO 15 
IF ( SIGN(1.0,FB) .NE. SIGN(1.0,FC ) ) GO TO 1 
C=A 
FC=FA 
GO TO 1 

10 IF ( FB*FC .GT. 0. ) GO TO 13 
IF ( ABS(FB) .GT. FX ) GO TO 12 
IFLAG=1 
RETURN 

11 IFLAG=2 
RETURN 

12 IFLAG=3 
RETURN 

13 IFLAG=4 



15 
RETURN 
IFLAG=5 
RETURN 
END 

c 
C The following i s a typical input f i l e containing data needed 
C in the program. The doping levels and widths in the emitter, 
C base, and collector are the typiacal values used i n the 
C analytical model. In this case, a sensitivity study of the 
C effect of surface recombination velocity of 10**4 and 10**6 
C cm/sec on the transistor gain i s intended. 

/DATA 
i 
j . 
COLLECTOR 2.0 
N-DOPANT 1.00E+16 0.0058 2.0 
DUMMY 0.0 0.0 0.0 
DUMMY 0.0 0.0 0.0 
DUMMY 0.0 0.0 0.0 
DUMMY 0.0 0.0 0.0 
BASE 0.40 
DUMMY 0.0 0.0 0.0 
DUMMY 0.0 0.0 0.0 
BERYLLIUM 1.00E+17 0.0195 4.0 
DUMMY 0.0 0.0 0.0 
DUMMY 0.0 0.0 0.0 
EMITTER 0.25 
DUMMY 0.0 0.0 0.0 
SELENIUM 1.00E+17 0.0058 2.0 
DUMMY 0.0 0.0 0.0 
DUMMY 0.0 0.0 0.0 
DUMMY 0.0 0.0 0.0 
SV 
2 
1.0E4 
1.0E6 


