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I . INTRODUCTION

A. T h y r i s t o r s  and  T r a n s i s t o r s  a s  E l e c t r o n i c  S w itc h e s

F ou r l a y e r  s e m ic o n d u c to r  s t r u c t u r e s  ( i . e . ,  NPNP o r  PNPN), g e n e r i -  

c a l l y  known a s  t h y r i s t o r s ,  e x h i b i t  c h a r a c t e r i s t i c s  s i m i l a r  to  th o s e  o f  

g a s  t h y r a t r o n s .  They may be t r i g g e r e d  from  a  h ig h  v o l t a g e  b lo c k in g  

s t a t e  ( " o f f " )  i n t o  a  h ig h  c u r r e n t  s t a t e  ( " o n " )  by m eans o f  a  s i n g l e  

p u ls e  a p p l i e d  to  t h e  c o n t r o l  e l e c t r o d e ,  t h e  g a t e .  T hus, we c o u ld  con

s i d e r  t h i s  s e m ic o n d u c to r  s t r u c t u r e  t h e  e l e c t r o n i c  s w i tc h  a n a lo g o u s  o f  

th e  e l e c t r o - m e c h a n ic a l ,  l a t c h i n g  r e l a y .

Once t h e  f o u r  l a y e r  d e v ic e  i s  i n  t h e  "o n "  s t a t e ,  i t  i s  s e l f  

r e g e n e r a t i v e ,  and  t u r n - o f f  may b e  a c h ie v e d  o n ly  i f  t h e  an o d e  v o l ta g e  

i s  rem oved f o r  a  t im e ,  s u f f i c i e n t l y  lo n g  to  c a u s e  t h e  d e c a y  o f  c o n 

d u c t io n  c u r r e n t  be low  th e  " h o ld in g "  l e v e l .

We may now com pare  th e  f e a t u r e s  f o r  e l e c t r o n i c  s w i tc h in g  o f  a  

t r a n s i s t o r  w i th  th o s e  o f  a  t h y r i s t o r .

T r a n s i s t o r s  c a n  be  s w itc h e d  fro m  t h e  c o n t r o l  e l e c t r o d e  (b a s e )  i n to  

t h e  "on"  s t a t e  w i th  c o n s id e r a b l e  pow er g a in .  F o r ex am p le : t h e  d r iv e

power may b e  1 .5  w a t t s ,  d e r iv e d  from  a  50% d u ty  c y c l e  s q u a re  wave 

in p u t  o f  1 .5  v o l t s  and 2 .0  a m p e re s . The lo a d  pow er may b e  750 w a t t s  

f o r  a  c u r r e n t  o f  10 am peres th ro u g h  a  r e s i s t i v e  lo a d  w i th  a  150 v o l t  

s u p p ly  v o l t a g e .  Thus th e  pow er g a in  i s  5 0 0 . The d r i v e  pow er h a s  to  be  

s u p p l ie d  t o  t h e  b a s e  d u r in g  t h e  e n t i r e  "on" t im e .  T u r n - o f f  (w i th o u t  

r e g a r d  t o  sp e e d )  i s  a c c o m p lish e d  by s im p le  i n t e r r u p t i o n  o f  t h e  d r iv e  

c i r c u i t .

1
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T h y r i s t o r s  c a n  be  s w itc h e d  from  t h e  g a t e  w i th  ev en  h ig h e r  pow er

g a in ,  b e c a u s e  t h e  t r i g g e r  c u r r e n t  may be  k e p t  i n  t h e  m il l i a m p e r e

ra n g e  and t h e  o u tp u t  c u r r e n t  i s  l i m i t e d  e s s e n t i a l l y  by th e  lo a d

r e s i s t a n c e .  F o r e x am p le : The in p u t  e n e rg y  f o r  t r i g g e r i n g  may be

-9150 x  10 w a t t - s e c o n d s  f o r  a  1 m i l l i a m p e r e ,  1 .5  v o l t  in p u t  p u l s e  

l a s t i n g  100 m ic ro s e c o n d s .  The lo a d  pow er may b e  750 w a t t s  f o r  a  

c u r r e n t  o f  10 am p eres  th ro u g h  a  r e s i s t i v e  l o a d ,  s w itc h e d  a t  a  r a t e  o f  

1 .0  k i l o h e r t z  w i th  50% d u ty  c y c le  from  a  150 v o l t  s u p p ly .  T h u s , t h e

pow er g a in  i s  1 x  1 0 ^ , in d e e d  v e ry  h ig h .

A d r iv e  p u l s e  i s  n o t  r e q u i r e d  d u r in g  t h e  "on"  t im e .  T u r n - o f f  i s

a c c o m p lish e d  by i n t e r r u p t i o n  o f  t h e  lo a d  c u r r e n t ,  i . e . ,  by m eans o f

com m u ta tio n  o f  t h i s  c u r r e n t  th ro u g h  p a s s i v e  and  a c t i v e  com ponen ts  o f  

s i m i l a r  r a t i n g s  th a n  th o s e  s p e c i f i e d  f o r  t h e  a c t u a l  pow er s w i tc h .  

T h e r e f o r e ,  a  c o n s id e r a b l e  t u r n - o f f  e f f o r t  i s  r e q u i r e d .

As we c a n  s e e ,  t h e  t r a n s i s t o r  i s  good f o r  t u r n - o n  and  p o o r  f o r  t h e  

"o n "  s t a t e  when u se d  a s  a n  e l e c t r o n i c  s w i tc h ,  w h i le  t h e  t h y r i s t o r  i s  

e x c e l l e n t  f o r  t h e  "o n "  s t a t e  and  p o o r  f o r  t u r n - o f f ,  c o n s id e r in g  th e  

same c l a s s  o f  a p p l i c a t i o n s .  G e n e r a l ly ,  t r a n s i s t o r s  a r e  m ore s u i t a b l e  

f o r  lo w e r  pow er an d  h ig h e r  f re q u e n c y  o p e r a t i o n ,  w h e re a s  t h y r i s t o r s  a r e  

b e t t e r  em ployed when h ig h e r  power o u tp u t  and  lo w e r  f re q u e n c y  i s  c a l l e d  

f o r .
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B. The G a te  T u rn -O ff  T h y r i s t o r  (GTO)

A d e s i r a b l e  t e c h n i c a l  s o l u t i o n  to  an  e l e c t r o n i c  s w i tc h  w ould b e ,  

to  h a v e  a  d e v ic e  w h ich  co m b in es  t h e  h ig h  f re q u e n c y  a n d /o r  h ig h  pow er 

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

c a n  be  s w itc h e d  "on" and  " o f f "  fro m  t h e  c o n t r o l  e l e c t r o d e  w i th  a  h ig h  

pow er g a in ,  and  i n  a d d i t i o n  d o e s  n o t  need  e x t e r n a l  d r i v e  pow er i n  o r d e r  

to  re m a in  i n  t h e  "o n ” s t a t e .

In d e e d , e x a m in a t io n  o f  t h e  p h y s ic s  f o r  f o u r - l a y e r  s t r u c t u r e s  and 

a p p l i c a t i o n  o f  t r a n s i s t o r  th e o r y  i n d i c a t e s ,  t h a t  t h e  r e a l i z a t i o n  o f  

su c h  a  s w i tc h  i s  p o s s i b l e .  T h is  s w i tc h  i s  known a s  a  G a te  T u rn -O ff  

t h y r i s t o r  (GTO).

A d e v ic e  w i th  t u r n - o f f  c a p a b i l i t y  from  t h e  g a t e  was f i r s t  d e s 

c r i b e d  by  J .  M. G o ld ey , e t  a l . ^  ^ and R. H. v a n L ig te n ,  e t  a l . ^  ^

The im p o r ta n t  p o i n t s  o f  t h e  e x i s t i n g  th e o r y  f o r  GTO's w i l l  be 

p r e s e n te d  i n  c h a p te r  I I .  H ow ever, some g e n e r a l ,  q u a l i t a t i v e  s t a t e 

m e n ts  c o n c e rn in g  t h e  p o s s i b i l i t y  o f  t u r n - o f f  fro m  t h e  g a t e  and t h e  

d i f f i c u l t i e s  e n c o u n te re d  a r e  g iv e n  h e r e .

1 .  S im p le , F i r s t  O rd er O b s e r v a t io n s

The f o u r  l a y e r  s t r u c t u r e  o f  F ig u r e  1 - l a  may b e  c o n s id e r e d  a s  a  

c o m p o s i te  o f  a n  NPN and  a  PNP s t r u c t u r e  in te r c o n n e c te d  a s  shown i n  

F ig u r e  1 - l b .  T hus, a  t w o - t r a n s i s t o r  e q u iv a l e n t  c i r c u i t  c a n  b e  co n 

s t r u c t e d  c o n ta in in g  a  c o m p lem en ta ry  t r a n s i s t o r  p a i r  i n  a  fe e d b a c k  

c o n f i g u r a t i o n  a s  shown i n  F ig u r e  1 - l c .  From t h e  c u r r e n t s  and  g a in
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f a c t o r s  i n  t h i s  f i g u r e ,  we may show i n  F ig u re  1 - l d  t h e  lo o p  g a in  w i th  

t h e  g a t e  t e r m in a l  i n c lu d e d .  From t h e s e ,  we o b t a i n  t h e  f o l lo w in g :

G -  6 e a2 lA  + I g
gl  ~ h h  a 2 I A 1 -1

w h e re : G^ = t o t a l  lo o p  g a in ,

3-̂  = common e m i t t e r  c u r r e n t  g a in  o f  t r a n s i s t o r

= common e m i t t e r  c u r r e n t  g a in  o f  t r a n s i s t o r  T2

= common b a s e  c u r r e n t  g a in  o f  t h e  t r a n s i s t o r

a 2 = common b a s e  c u r r e n t  g a in  o f  t h e  t r a n s i s t o r  T2

1 ^  = ano d e  c u r r e n t ,  and  

In = g a te  c u r r e n t

The c o n d i t io n  f o r  " tu r n - o n "  i s  g iv e n  when t h e  v a lu e  o f  t h e  lo o p  g a in  

r e a c h e s  u n i t y .  T h u s, t h e  d e v ic e  w i l l  s w itc h  i n t o  t h e  c o n d u c tin g  s t a t e  

a t

a 2
g l  “  -ir^ r— "  ^  1L 1 2 a2 TA 1 -2

S in c e  t h e  g a in  f o r  any  t r a n s i s t o r  i n i t i a l l y  i n c r e a s e s  w i th

c u r r e n t  t o  a  p e a k  v a lu e ,  o n c e  t h e  p ro d u c t  3^ &2 ^ ecom es u n i t y ,  t h e

d e v ic e  w i l l  re m a in  "o n "  w i th o u t  a  g a te  s i g n a l .

I t  i s  now a p p a re n t  t h a t  t h e  c o n d i t io n  f o r  " t u r n - o f f "  i s  r e a c h e d ,  

i f  i t  i s  p o s s ib l e  to  r e d u c e  t h e  lo o p  g a in  by some m eans a g a in  to  a 

v a lu e  e q u a l  o r  l e s s  to  u n i t y .  T h is  c a n  b e  a c c o m p lis h e d  by r e v e r s a l  o f  

t h e  g a t e  c u r r e n t .  T h u s, f o r  t u r n - o f f ,  t h e  r e l a t i o n  1 -2  f o r  t h e  lo o p
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g a in  G^ c h a n g e s  to

a 2 ~
GL "  &! *2 ~  < 1

2 A 1 -3

We may now d e f i n e  a  " t u r n - o f f  g a in "  a s  t h e  r a t i o  o f  a n o d e  c u r r e n t  

in  t h e  "on"  c o n d i t io n  to  th e  g a t e  c u r r e n t  n e c e s s a r y  to  r e d u c e  th e  

lo o p  g a in  to  u n i t y .  U sing e q u a t io n  1 -3  and  th e  r e l a t i o n  

a  = 3 / ( 3  +  1 ) we g e t

1 . a lA = G—  gq (OJ+ a 2 ) - l
G /G = l  1 -4L

E q u a tio n  1 -4  g iv e s  some q u a l i t a t i v e  g u id a n c e  f o r  t h e  c h o ic e  o f  th e  

a ' s .  I t  c a n  b e  s e e n  t h a t  a  h ig h  t u r n - o f f  g a in  may b e  o b ta in e d  f o r  

b e in g  c lo s e  t o  u n i t y  i f  a 2 i s  k e p t  s m a l l  ( I . e . ,  ^ 0 .2 )  a t  t h e  same 

t im e . H ow ever, ab o v e  d i s c u s s io n  i s  o n ly  u s e f u l  f o r  e x p la in in g  th e  

b a s ic  c o n c e p t  o f  o b t a in in g  t u r n - o f f  in  a n  NPNP s t r u c t u r e .  S p e c i f i 

c a l l y ,  we h a v e  to  t a k e  n o t i c e  o f  t h e  f a c t  t h a t  any  p r a c t i c a l  d e v ic e  

i s  t h r e e  d im e n s io n a l ,  and v a r i a t i o n s  i n  a t  l e a s t  two d im e n s io n s  h a v e  

to  b e  c o n s id e r e d .

2 .  Q u a l i t a t i v e ,  T w o-D im ensional C o n s id e r a t io n s

The dynam ic b e h a v io r  o f  a  tw o -d im e n s io n a l  m odel i s  d e s c r ib e d  by

E . D. W o l l e y ^  ^ i n  w h ich  he  f i n d s  a  r e l a t i o n s h i p  b e tw e en  t u r n - o f f

g a in  and  t u r n - o f f  t im e  u n d e r t h e  a s su m p tio n  o f  a  c o n s ta n t  g a te  c u r r e n t

7 4 -1d u r in g  t h e  t u r n - o f f  p h a s e .  M. K u ra ta  d e v e lo p e d  t h i s  two d im e n -

57-1s io n a l  a p p ro a c h  f u r t h e r  u s in g  t h e  c h a rg e  c o n t r o l  c o n c e p t .  T h is
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CAD m odel a ssu m es t h a t  i n  t h e  e x p r e s s io n  f o r  t h e  (o n e  d im e n s io n a l)

t u r n - o f f  g a in  t h e  a ' s  a r e  c o n s t a n t .

I n  a n  a c t u a l  d e v ic e ,  h o w ev er, t h e  a ' s  a r e  f u n c t i o n s  o f  c u r r e n t  

d e n s i t y ,  t e m p e r a tu r e ,  an o d e  v o l t a g e ,  and  s p a t i a l  d i s t r i b u t i o n ,  and  a

c o n s t a n t  g a te  c u r r e n t  c a n  o n ly  b e  a p p ro x im a te d . F u r th e rm o re , t h e

t u r n - o f f  p r o c e s s  in v o lv e s  a  c o n t in u o u s ly  c h a n g in g  c u r r e n t  d i s t r i b u 

t i o n  w i t h in  t h e  d e v ic e .  T h u s, when c o n s id e r e d  from  t h i s  p o in t  o f  

v ie w , t h e  a ' s  become f u n c t i o n s  o f  t im e .  T h e r e f o r e ,  E q u a tio n  1 -4  

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

GTO.

I n  g e n e r a l ,  d u r in g  t h e  t u r n - o f f  p r o c e s s  t h e  c o n d u c tin g  e l e c t r o n  

h o le  p lasm a  i s  d e f l e c t e d  from  an  a r e a  c l o s e  to  t h e  g a t e  h a v in g  th e  

h i g h e s t  n e g a t iv e  p o t e n t i a l  to  t h e  m ost re m o te  a r e a  b e n e a th  t h e  

c a th o d e  w i th  t h e  l e a s t  n e g a t iv e  p o t e n t i a l .  F ig u r e  1 -2  i l l u s t r a t e s  

t h i s  f a c t .  I n  F ig u r e  l - 2 a ,  we s e e  t h e  d e v ic e  i n  i t s  " o n - s t a t e "  c o n 

d i t i o n ,  c o n d u c tin g  u n i fo r m ly  o v e r  t h e  e n t i r e  c a th o d e  a r e a .  Upon 

a p p l i c a t i o n  o f  a  n e g a t i v e  b i a s  to  t h e  g a t e ,  t h e  p la sm a  i s  

"squeezed"^"*"* '’ i n t o  a  h ig h  c u r r e n t  d e n s i t y  f i l a m e n t  a s  shown

i n  F ig u re  l - 2 b .  R e s u l t a n t  l o c a l  h e a t in g  w i l l  o f t e n  c a u s e  h o t  s p o ts

and  th u s  d e v ic e  f a i l u r e .  T h is  phenom enon i s  s i m i l a r  t o  r e v e r s e

67—1 71—1seco n d  breakdow n I n  t r a n s i s t o r s ,  ’ b u t  g e n e r a l l y  m ore s e v e r e ;

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

s t r i c t e d  o n ly  by t h e  e x t e r n a l  lo a d  r e s i s t a n c e .  M o reo v e r, t h e  n e g a t i v e  

g a te  c u r r e n t  f lo w in g  th ro u g h  t h e  l a t e r a l  b a s e  r e s i s t a n c e  d u r in g  t u r n -
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o f f  w i l l  p ro d u c e  a  v o l t a g e  d ro p  w h ich  may r e a c h  t h e  g a te - c a th o d e  

b reakdow n v o l t a g e  a t  a  c u r r e n t  s m a l le r  th a n  t h a t  r e q u i r e d  f o r  t u r n - o f f  

a s  shown i n  F ig u r e  l - 2 c .  U nder t h i s  c o n d i t io n  t h e  t u r n - o f f  v o l t a g e  

w i l l  n o t  b e  s u f f i c i e n t  to  e x t i n g u i s h  t h e  rem o te  f i l a m e n t .  T h e r e f o r e ,  

t u r n - o f f  c a n n o t  o c c u r  and  t h e  d e v ic e  f a i l s .

3 .  A D ouble  G a te  L a y e r , S h o r te d  Anode GTO

I t  i s  a p p a r e n t  from  t h e  a n a l y s i s  o f  t h e  g a te  t u r n - o f f  p r o c e s s  t h a t

f o r  a  r e l i a b l e  g a te  t u r n - o f f  t h e  f o l lo w in g  b a s ic  f e a t u r e s  a r e

d e s i r a b l e : ^  ^

a .  A low  l a t e r a l  r e s i s t a n c e  o f  t h e  g a te d  b a s e  r e g i o n ,

b . A h ig h  breakdow n v o l t a g e  f o r  t h e  g a te - c a th o d e  j u n c t i o n ,

c . A n o n - r e g e n e r a t iv e  s e c t i o n  (aw ay from  t h e  g a t e  c o n ta c t )  

i n  w h ic h  t h e  f i n a l  c o n d u c tin g  f i l a m e n t  w i l l  e x t i n g u i s h  

i t s e l f .

F ig u r e  1 -3  d e p i c t s  a  s t r u c t u r e  i n  w h ich  th e s e  e s s e n t i a l  f e a t u r e s  

a r e  i n c o r p o r a t e d .  A low  r e s i s t i v i t y  p - l a y e r  i n  t h e  g a te d  b a s e  p r o v id e s  

t h e  low  l a t e r a l  r e s i s t a n c e  w h i le  a  h ig h e r  r e s i s t i v i t y  p - l a y e r  on  to p ,  

i n  c o n ta c t  w i th  t h e  c a th o d e  j u n c t i o n ,  a s s u r e s  a  h ig h  g a te -b re a k d o w n  

v o l t a g e .  I n  a d d i t i o n ,  a d j a c e n t  t o  t h e  f o u r  l a y e r  s e c t i o n  a  n o n -

r e g e n e r a t i v e  s e c t i o n  h a s  b e e n  in c lu d e d  away from  t h e  g a t e  c o n t a c t .  The

" o n - s t a t e "  c o n d i t i o n  i s  shown i n  F ig u re  l - 3 a .  I t  i s  e s s e n t i a l l y  t h e  

sam e a s  f o r  t h e  c o n v e n t io n a l  s t r u c t u r e .  The b y - p a s s  c u r r e n t  th ro u g h  

t h e  t h r e e  l a y e r  NPN t r a n s i s t o r  s e c t i o n  ca n  be n e g l i g i b l e  w i th  r e s p e c t
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Figure 1-3b. GTO-Thyristor with Buffer Area during Turn-Off

Figure 1-3. Turn-Off Process in GTO Structure with
Low R esistance, High Breakdown Gate Layer
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t o  n o rm a l r a t e d  an o d e  c u r r e n t .

Upon a p p l i c a t i o n  o f  a  n e g a t iv e  b i a s  to  t h e  g a t e ,  t h e  p lasm a  i s  

a g a in  " s q u e e z e d "  i n t o  a  h ig h  d e n s i t y  f i l a m e n t ,  a s  shown i n  F ig u r e  l - 3 b .  

B ut now, c u r r e n t  i s  d e f l e c t e d  i n t o  t h e  n o n - r e g e n e r a t iv e  t h r e e  l a y e r  

s e c t i o n  and  c a n n o t  s u s t a i n  i t s e l f .  F u r th e r ,  t h e  n e g a t iv e  g a t e  ( b a s e )  

c u r r e n t  f lo w s  th ro u g h  th e  low  r e s i s t i v i t y  b a s e  l a y e r  s e c t i o n ,  p r o 

d u c in g  l i t t l e  l a t e r a l  v o l t a g e  d ro p , w h i le  in d e p e n d e n tly  t h e  g a t e -  

c a th o d e  b reakdow n v o l t a g e  ca n  b e  k e p t  h ig h .  T h u s, a v a la n c h in g  ( a s  

d e p ic te d  i n  F ig u r e  l - 2 c )  i s  p r e v e n te d .  As a  r e s u l t ,  s a f e  t u r n - o f f  i s  

im p lem en ted  m ore r e a d i l y .

4 .  I n t e r d i g i t a t i o n ,  S e r i e s  S c h o t tk y  B a r r i e r ,  and  Dynamic B a l l a s t i n g  

A v e r y  e s s e n t i a l  c h a r a c t e r i s t i c ,  d e s i r a b l e  f o r  a  GTO i s  to  a c h ie v e  

t u r n - o f f  a t  a  low  n e g a t iv e  g a te  v o l t a g e .

F or t u r n - o f f ,  c h a rg e  o n ly  h a s  t o  b e  rem oved i n  a c c o rd a n c e  w i th  

t h e  g e n e r a l  r e l a t i o n

«off - (  2 V c) dt
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w here  QQ££ i s  t h e  t o t a l  c h a rg e  i n  t h e  d e v ic e ,  t ^  i s  t h e  t im e  a t  t h e  

o n s e t  o f  t h e  g a te  t u r n - o f f  p u l s e ,  and  t  ̂ i s  t h e  i n s t a n t  a t  w h ic h  th e

■*"This i s  t r u e  o n ly  f o r  t h e  c a s e  t h a t  t h e  w id th  o f  th e  c a th o d e  i s  l a r g e  
com pared to  t h e  s i z e  o f  t h e  s h o r t i n g  N r e g i o n ,  s e e  f i g u r e  1 - 3 .
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sum o f  t h e  a ' s  i s  re d u c e d  to  l e s s  th a n  u n i t y  a t  e v e ry  p o i n t  w i t h in  

t h e  e n t i r e  s t r u c t u r e ,  a s  r e q u i r e d  by e q u a t io n  1 - 3 .  T h is  p r o c e s s  i s  

b a s i c a l l y  in d e p e n d e n t  o f  v o l t a g e .  T h u s, t h e  im p o r ta n c e  o f  a  h ig h  

g a te - c a th o d e  breakdow n i s  d im in is h e d  ( f e a t u r e  b d i s c u s s e d  i n  t h e  

p r e v io u s  s e c t i o n ) .

A d e s ig n  w h ich  i s  h ig h ly  i n t e r d i g i t a t e d  o r  f i n e l y  s u b d iv id e d  i s  

o b v io u s ly  o f  a d v a n ta g e .  I t  w i l l  m in im iz e  l a t e r a l  sw eepou t t im e s  f o r  

m in o r i ty  c a r r i e r s .

An i n v e s t i g a t i o n  o f  th e  d e p e n d e n c e  o f  e l e c t r i c a l  c h a r a c t e r i s t i c s  

on th e  g e o m e try  o f  a  G T O - th y r is to r  (m a in ly  t h e  w id th  o f  t h e  c a th o d e  

f o r  c o n s t a n t  a r e a )  and an  e x p la n a t io n  o f  t h e  b e h a v io r  o f  s u c h  tw o -  

d im e n s io n a l  d e v ic e s  i s  s u b je c t  o f  c h a p te r  I I I .

I n  t h e  c o u r s e  o f  t h i s  w ork i t  becam e a p p a r e n t  t h a t  a l th o u g h  

m arked im provem en ts  i n  t u r n - o f f  w ere  a c h ie v e d  th ro u g h  i n t e r d i g i t a t i o n  

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

was o b ta in e d ,  t h e  im p le m e n ta t io n  o f  n o n - r e g e n e r a t iv e  r e g io n s  ( f e a 

t u r e  c ,  so m etim es d e s c r ib e d  a s  " a n o d e  s h o r t s "  o r  " b y -p a s s  t r a n s i s t o r s " )  

w ould g r e a t l y  im p a ir  tu r n - o n  p e r fo rm a n c e , e s p e c i a l l y  a t  low  te m p e ra 

t u r e s .  A u n iq u e  c o n c e p t  was in t r o d u c e d  by t h e  a u th o r  by a d d in g  a

S c h o ttk y  b a r r i e r  in  s e r i e s  w i th  t h e  b y p a ss  t r a n s i s t o r  to  t h e  GTO -  

7 9 -1s t r u c t u r e  t h u s  n e g a t in g  t h e  a d v e r s e  e f f e c t s  on tu r n - o n  w h i le  r e 

t a i n i n g  t h e  im proved  f e a t u r e s  f o r  t u r n - o f f ,  in d e p e n d e n t o f  c a th o d e  

w id th  and  c a th o d e  s p a c in g .  C h a p te r  IV-A g iv e s  d e t a i l s  a b o u t  t h e s e  

e x p e r im e n ts  and  a n a ly z e s  t h e  r e s u l t s .
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S t i l l ,  t h e r e  w ere  b u r n -o u t  s p o t s  d u e  to  h ig h  c u r r e n t  d e n s i t y  

f i l a m e n t s  i n  t h e  c e n t e r  o f  t h e  c a th o d e  o b s e rv e d .  T h is  l e d  to  t h e

i n t r o d u c t i o n  o f  t h e  p r i n c i p l e  o f  " d e f o c u s in g "  o r  "dynam ic  b a l l a s t -

. „ 80-1  in g "

B r i e f l y ,  t h i s  m ethod u s e s  a  s l i g h t l y  r e s i s t i v e  c a th o d e  l a y e r ,  t h e  

s h e e t  r e s i s t a n c e  b e in g  c l o s e l y  c o n t r o l l e d  by io n  i m p l a n t a t i o n .  The 

c e n te r  o f  t h e  c a th o d e  i s  i n s u l a t e d  from  t h e  c a th o d e  m e t a l .  D u rin g  

t h e  "o n "  s t a t e  a t  n o m in a l c u r r e n t  d e n s i t i e s ,  t h e  v e r t i c a l  r e s i s t a n c e  

i s  s m a l l  and  h a s  l i t t l e  e f f e c t  on t h e  i n t e r n a l  fo rw a rd  v o l t a g e  d ro p . 

W h ile  t h e  d e v ic e  i s  b e in g  tu r n e d  o f f ,  h o w ev er, t h e  " s q u e e z in g "  o f  

c u r r e n t  i n t o  a  n a rro w , h ig h  c u r r e n t  d e n s i t y  f i l a m e n t  i s  m a rk e d ly  

im p a ire d  ow ing to  t h e  h ig h  l a t e r a l  e m i t t e r  r e s i s t a n c e  an d  r e l a t e d  

v o l t a g e  d ro p s  w h ich  in  t u r n  d e b ia s  t h e  c e n t e r  o f  t h e  c a th o d e .

C h a p te r  VI-B d e a l s  w i th  t h i s  a s p e c t  o f  p r e v e n t in g  f a i l u r e s  in  

G T O - s t r u c tu r e s .



I I .  THEORY OF GATE TURN-OFF IN FOUR LAYER DEVICES

The p r e v io u s  c h a p te r  d e s c r ib e d  t h e  c o n d i t io n  f o r  t u r n - o f f  i n  an  

NPNP s t r u c t u r e  i n  a  m ost g e n e r a l  m anner; i . e . ,  i n  te rm s  o f  t h e  lo o p  

g a in  G. <1 (E q u a tio n  1 -3 )  and  t h e  t u r n - o f f  g a in  G (E q u a tio n  1 - 4 ) .
xj — © H

H ow ever, i t  was p o in te d  o u t  t h a t  t h e s e  fo rm u la e  w ere  o f  l i t t l e  

p r a c t i c a l  v a lu e ,  b e c a u s e  t h e  c u r r e n t  g a in s  (a ^  and  o^) i n  a n  a c t u a l  

d e v ic e  a r e  d e v ic e  g eo m etry  and  t im e  d e p e n d e n t w h ich  we c a l l  s p a c e 

t im e  d e p e n d e n t .  T hus, a t  l e a s t ,  a  dynam ic tw o -d im e n s io n a l  m odel i s  

r e q u i r e d  t o  e x p la in  p h y s ic a l  h a p p e n in g s  i n  th e  i n t e r i o r  o f  t h e  GTO- 

t h y r i s t o r  w h ich  may r e l a t e  to  t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  o b s e rv e d  

a t  t h e  t e r m i n a l s .

A. A T w o-D im ensional A n a l y t i c a l  M odel

66—XDuane W olley  p ro p o se d  a  tw o -d im e n s io n a l,  a n a l y t i c a l  m odel 

w h ic h  c o n ta i n s  s e v e r a l  im p o r ta n t  f e a t u r e s  d e s c r i b in g  t h e  t u r n - o f f  f o r  

a  f o u r  l a y e r  d e v ic e .

In  F ig u re  2 - l a ,  t h e  s c h e m a tic  f o r  t u r n - o f f  i s  d e p i c t e d .  I n i t i a l l y ,  

t h e  NPNP s t r u c t u r e  i s  c o n d u c tin g  th e  c u r r e n t  1^  b e in g  d e te rm in e d  

s im p ly  by t h e  an o d e  v o l t a g e  and  t h e  lo a d  r e s i s t a n c e  R^ (a ssu m in g  

t h e  "o n "  r e s i s t a n c e  o f  t h e  d e v ic e  R^ < < 1^)• A. s t e p  f u n c t i o n  i s  

a p p l i e d  t o  t h e  g a te  ( F ig u r e  2 - l b )  by  c lo s i n g  th e  s w i tc h  i n  t h e  g a te  

l e a d ;  i . e . ,  a  n e g a t iv e  p o t e n t i a l  a t  t h e  b a s e  o f  t h e  NPN t r a n s i s t o r  

s e c t i o n  w i l l  c a u s e  a  n e g a t i v e  g a t e  c u r r e n t  1^ to  f lo w  an d  te n d  to  

r e v e r s e  b i a s  t h e  c a th o d e - e m i t t e r  to  a  v a lu e  o f  -V „ . The o u tp u t  r e -  

s p o n s e  i s  s e e n  i n  F ig u re  2 - l c .

14
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Figure 2-1a. Schem atic Circuit Diagram

Rl

STEP FUNCTION (SWITCH CLOSED)

t

Figure 2-1 b. Input Drive Function

t
Figure 2-1c. Output Response

Figure 2-1. Conditions for Turn-Off of a GTO
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F o r t h e  d u r a t i o n  o f  t h e  s to r a g e  t im e  t g , t h e  an o d e  c u r r e n t  re m a in s  

e s s e n t i a l l y  c o n s t a n t ,  t h e  m in o r i t y  c a r r i e r  e l e c t r o n - h o l e  p lasm a  i s  

b e in g  " s q u e e z e d "  to w ard  t h e  c e n t e r  o f  t h e  d e v ic e  a s  shown i n  F ig u re  2 -2 , 

F o r t h e  d u r a t i o n  o f  t h e  f a l l  t im e  t ^ ,  t h e  p lasm a  d e n s i t y  i s  b e in g  r e 

d uced  by t h e  g a t e  c u r r e n t  u n t i l  t h e  b lo c k in g  j u n c t i o n  3̂  comes o u t  o f  

s a t u r a t i o n  and  th e  d e v ic e  t u r n s  o f f .

1 .  The T u rn -O ff  V e lo c i ty

I n  o r d e r  to  o b t a i n  a  q u a n t i t a t i v e  e v a lu a t io n  f o r  t h e  s t o r a g e  tim e  

and  f a l l  t im e ,  t h e  v e l o c i t y  w i th  w h ich  th e  p lasm a i s  sq u e ez e d  

l a t e r a l l y  to w a rd  th e  c e n t e r  o f  t h e  c a th o d e  i s  d e te r m in e d .

The c o n d i t i o n s  a r e  d e r iv e d  from  t h e  m odel i n  F ig u r e  2 - 3 .  H ere , 

t h e  n e t  r a t e  o f  rem o v a l o f  m in o r i t y  c a r r i e r s  fro m  a n  e le m e n ta l  

v o lum e (Ax^WpLy) a t  t h e  b o u n d a ry  x ^ ,  be tw een  t h e  "o n "  and  " o f f "  r e 

g io n  i s  c o n s id e r e d ;  t h e  c e n t e r  i s  t a k e n  a s  t h e  o r i g i n  ( s e e  F ig u re  2 - 3 a ) . 

The c a th o d e - e m i t t e r  j u n c t i o n  i s  r e v e r s e  b ia s e d  ( " o f f " )  to  t h e  r i g h t  o f  

Ax^, i . e . ,  to w a rd  t h e  g a te  w i th  t h e  n e g a t iv e  p o t e n t i a l  a p p l i e d .  I t  i s  

fo rw a rd  b ia s e d  (" o n " )  i n  t h e  r e g io n  to  th e  l e f t  o f  Ax^, i . e . ,  tow ard  

t h e  c e n t e r  o f  t h e  e m i t t e r .

The g r a d i e n t  o f  t h e  e l e c t r o n  c o n c e n t r a t io n  i n  t h e  "o n "  r e g io n  i s  

c o n s t a n t  i n  t h e  z - d i r e c t i o n ,  p u r e  d i f f u s i o n  i s  assum ed  f o r  c a r r i e r  

t r a n s p o r t  a c r o s s  t h e  N -b a se  ( s e e  F ig u r e  2 - 3 b ) .
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