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ABSTRACT

R e s e a rc h  and D evelopm ent was done on g a t e  t u r n - o f f  d e v i c e s .  The 

a im  was i )  t o  im prove t u r n - o f f  c a p a b i l i t y  w i t h o u t  com prom ise  o f  t u r n 

o n ,  o n - s t a t e ,  and u s e f u l  t e m p e r a t u r e  r a n g e ,  i i )  t o  im p lem en t " s a f e "  

t u r n - o f f .

A) The d e pendence  o f  t h e  e l e c t r i c a l  d e v i c e  c h a r a c t e r i s t i c s

on c a th o d e  w id th  f o r  a n  o p t im iz e d  v e r t i c a l  s t r u c t u r e

was d e te r m in e d .  F a l l  t im e s  o f  100 t o  200 n s e c  and

r i s e t i m e s  o f  <400 n s e c  w ere  s im u l t a n e o u s l y  o b t a i n e d
2

f o r  a v e r a g e  c u r r e n t  d e n s i t i e s  o f  53 A/cm @ T^ =

125°C. From s p r e a d i n g  r e s i s t a n c e  a n a l y s i s  t h e  f a s t  

t ^  and t ^  r e s p o n s e  i s  shown t o  be a  c o n s e q u e n c e  o f  

p r o p e r  A u - d i s t r i b u t i o n  i n  t h e  a c t i v e  d e v i c e  vo lum e.

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

2 2s a f e  t u r n - o f f  d i ^ / d t  s h o u ld  n e v e r  become p o s i t i v e  

d u r in g  t h e  f a l l  p h a s e ,  and  t h a t  t h e  d i f f e r e n t i a l  

t u r n - o f f  g a in  s h o u ld  re m a in  l e s s  t h a n  u n i t y  d u r in g  

t h e  t a i l  p e r i o d .  T hese  r e q u i r e m e n t s  a r e  r e a l i z e d  

by means o f  a  v o l t a g e  s o u r c e  w i t h  a  s e r i e s  i n 

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



a  s w i t c h i n g  c a p a b i l i t y  o f  1.56kW ( r e s i s t i v e  lo a d )  @

75°C c a s e  t e m p e r a t u r e  a t  50kHz and  w i t h  97% d e v ic e

2
e f f i c i e n c y  i s  o b t a i n e d  f o r  a  c h ip  o f  0 .15cm  .

B) Anode s h o r t s  f o r  im provement o f  t u r n - o f f  w i th o u t  

t h e  n e c e s s i t y  o f  e x c e s s i v e  l i f e t i m e  r e d u c t i o n  w ere  

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

r e d u c e  t h e  t u r n - o n  s e n s i t i v i t y .

A S c h o t tk y  b a r r i e r  i n  s e r i e s  w i t h  t h e  n o n - r e g e n e r a t i v e  

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

t h e  t u r n - o n  s e n s i t i v i t y  a t  low t e m p e r a t u r e s  w h i le  r e 

t a i n i n g  t h e  t u r n - o f f  c a p a b i l i t y  a t  h ig h  t e m p e r a t u r e s .

For 30A ( J  = 200 A/cm^) t u r n - o f f  @ +125°C t h e  g a t e  

t r i g g e r  c u r r e n t  was M-OmA and 60mA @ -40°C  f o r  d e v i c e s  

w i t h  S c h o t tk y  b a r r i e r s  and  w i t h o u t  S c h o t tk y  b a r r i e r s ,  

r e s p e c t i v e l y .

C. The i n c i d e n c e  o f  c a t a s t r o p h i c  f a i l u r e s  due  to  f i l a 

m e n ta ry  b u r n - o u t  was d r a s t i c a l l y  r e d u c e d  th ro u g h  

i n t r o d u c t i o n  o f  a  dynamic b a l l a s t i n g  ( d e f o c u s in g )  

c o n c e p t .  T h is  a p p ro a c h  f e a t u r e s  a  r e s i s t i v e l y  

b a l l a s t e d  c a th o d e  ( ^ 7 0 / s q u a re )  w i t h  a n  i n s u l a t e d



c e n t e r ,  i . e . ,  c o n t a c t e d  o n l y  a t  t h e  p e r i p h e r y .

T h e r e f o r e ,  t h e  f o r m a t i o n  o f  s m a l l  a r e a ,  h i g 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 s  l a r g e l y  i n h i b i t e d .  U sing  t h i s

p r i n c i p l e ,  d e v i c e  o p e r a t i o n  was e x te n d e d  from  -20°C

t o  +125°C f o r  c o n v e n t i o n a l  d e v i c e s ,  t o  a  r a n g e  from

-6 0 °C  f o r  s e n s i t i v e  t u r n - o n  ( I  . = 300pA) t o  +150°C
gb

f o r  s a f e  t u r n - o f f  @ 1^ 0 f f ( max) = 8 .5A  ( J  = 55A/cm^) 

f o r  t h e  b a l l a s t e d  d e v i c e s .



ii

PREFACE

The s e a r c h  f o r  e f f i c i e n t  e l e c t r o n i c  power s w i t c h e s  h a s  g a in e d  

more and  m ore  im p o r ta n c e  d u r i n g  t h e  l a s t  d e c a d e .  E nergy  s h o r t a g e  

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

s o l u t i o n s  t o  p r o v i d e  d e v i c e s  f o r  power c o n v e r s io n  e q u ip m en t  t h a t  

w i l l  b e  b o t h  more e f f i c i e n t  and  a t  t h e  same t im e  e c o n o m ic a l .

The G a te -T u r n - O f f  t h y r i s t o r ,  t h o u g h  known c o n c e p t i o n a l l y  s i n c e  

t h e  e a r l y  6 0 ' s ,  h a s  i n  t h e  p a s t  e lu d e d  a t t e m p t s  t o  make i t  a  

p r a c t i c a l  r e a l i t y  a s  a  v i a b l e ,  u s e f u l  e l e c t r o n i c  com ponen t.

The e x p e r i m e n t a l  w ork , s u b j e c t  o f  t h i s  t h e s i s ,  was d i r e c t e d  

to w ard  i d e n t i f i c a t i o n  o f  t h e  p ro b le m s  w i t h  t h i s  d e v i c e ,  and  t o  g a in  

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

p r o c e s s .

H o p e f u l l y ,  t h e  new c o n c e p t s  i n t r o d u c e d  t o  im prove d e v ic e  

p e r f o r m a n c e  h a v e  c o n t r i b u t e d  to w a rd  advancem en t  o f  t h e  s t a t e - o f -  

t h e - a r t .  The r e s u l t s ,  e s p e c i a l l y  t h o s e  o b t a i n e d  by t h e  a p p l i c a t i o n  

o f  a  S c h o t tk y  b a r r i e r  i n  s e r i e s  w i t h  a n o d e  s h o r t s  and t h e  im p lem en ta 

t i o n  o f  t h e  dynam ic b a l l a s t i n g  p r i n c i p l e ,  a r e  v e r y  e n c o u r a g in g .  They 

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

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

phenomena r e l a t e d  t o  t h i s  d e v i c e ,  s u c h  t h a t  from  a  t h e o r e t i c a l  b a s i s  

d e v ic e  p e r f o r m a n c e  and  l i m i t a t i o n s  c a n  be  p r e d i c t e d .
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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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Figure 1-2a. GTO-Thyristor in “On” State
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Figure 1-2. Turn-Off Process in Conventional GTO-Thyristor
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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



GATE CATHODE
\/  / / /  / a \v /■? /-/-/yyy, 

Jpt

ANODE

Figure 1-3a. GTO-Thyristor with Buffer Area in “On” State

®ATE;, CATHODE-vG<VGbr o
1 / 7 7 7 7 7 I  . \ / / / / / / / / / .

- / - / A / / V  7 / / / / / / / /V~7~.

. . ' i n
q i !  11

) } ) m \
+ VA ANODE 
(b)

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



1 1

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
J 1 1 -5

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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J |  J 2

I

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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CATHODE
EM ITTER GATE

2 - o a

A f ( X )

S LOPE =

2 - 3 b 2 - 3 c

Figure 2-3. Model for Deriving Turn-Off Parameters 
for a GTO Thyristor 
(after D. Wolley66'1)

Figure 2-3a. Two-Dimensional Arrangement

Figure 2-3b. Electron Distribution in Z-Direction

Figure 2-3c. Form Function of Electron Distribution 
in X-Direction
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The rem o v a l o f  m in o r i t y  c a r r i e r s  a t  t h e  b o u n d a ry  x ^  i s  t h e  g a te  

c u r r e n t  I q/ 2 m inus t h e  e l e c t r o n  d i f f u s i o n  c u r r e n t  i n t o  t h e  e le m e n ta l  

vo lum e i n  t h e  x - d i r e c t i o n ,  t h e  m a g n itu d e  o f  w h ich  i s  s e t  bjr t h e  s lo p e  

1 /L n » i s  d e f in e d  a s  an  e f f e c t i v e  d i f f u s i o n  l e n g t h  d e p e n d e n t on  

e l e c t r i c  f i e l d ,  m in o r i t y  c a r r i e r  l i f e t i m e ,  and  a m b ip o la r  d i f f u s i o n

c o e f f i c i e n t  (Ln= y  ^ nTef f ) • R e a so n a b ly , Ln  i s  assum ed  to  hav e  th e  

v a lu e  o f  t h e  d i f f u s i o n  l e n g t h  f o r  m in o r i ty  c a r r i e r s  i n  t h e  g a te d  b a s e .  

T h u s , t h e  c a r r i e r  d i s t r i b u t i o n  i n  th e  x - d i r e c t i o n  ( l a t e r a l )  i s  o f  t h e  

sh a p e  f ( x )  a s  shown i n  F ig u r e  2 - 3 c .

The g e n e r a l  e x p r e s s io n  f o r  t h e  m in o r i ty  c a r r i e r  d i s t r i b u t i o n  i n  

t h e  g a te d  b a s e  c a n  now be  w r i t t e n  a s

N o te : The d i s t r i b u t i o n  i s  assum ed c o n s ta n t  i n  t h e  y - d i r e c t i o n  o v e r

The c u r r e n t  d e n s i t y  i n  t h e  z - d i r e c t i o n  i s  th e n  a c c o r d in g  to  t h e  

d i f f u s i o n  p a r t  o f  t h e  m in o r i t y  c a r r i e r  t r a n s p o r t  e q u a t io n s

n ( x ,z )  = n ( x ) f ( x ) 2-1

t h e  l e n g t h  L^, o f  t h e  c a th o d e  s t r i p e .

2-2

and  w i th  s u b s t i t u t i n g  E q u a tio n  2 -1  i n to  2 -2

2 -3



2 0

H ow ever, s i n c e  t h e  g r a d i e n t  a c r o s s  w^ i s  c o n s ta n t  ( F ig u r e  2 -3 b )

9 n (z )  _ _ n e  
3z w

P 2-4

and -w

[  P n  
n ( z )  = - /  ^

J 0 p
e  3z = n  ( 1 -  — ) e  w 2 -5

The e l e c t r o n  d i s t r i b u t i o n  a lo n g  x  a s  shown i n  F ig u re s  2 -3  i s

f ( x )  =
- ( x - x ,  ) /L  e  b n

0<x<x^

x  < x < oo 
D — 2 -6

The c a th o d e  c u r r e n t  i s  g iv e n  by

I .  = 21 = 2L I J  ( x ,z ) d xk  z y  / z '/'* t
2-7

and  u s in g  E q u a t io n s  2 - 3 ,  2 - 4 ,  and  2 -6

I .  = -2L k  y

r  -V J30
[  rb  n  f  n

I qD —  dx +  I qD —  I ^ n  w l ^ n w
P  0 p xb P

- (x - xb>Ln  .( e  dx 2-8

The e v a lu a te d  i n t e g r a l  th e n  assu m es t h e  form

n
I ,  = -2L  qD —  (x , +  L ) k  y^  n  w b n 2 -9
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An Im p o r ta n t  c o n se q u e n c e  o f  E q u a tio n  2 -9  i s ,  t h a t  t h e  h i g h e s t  

e l e c t r o n  c o n c e n t r a t i o n  w i l l  o c c u r  i n  t h e  c o m p le te ly  " sq u e e z e d "  

s t a t e  f o r  = 0 a t  t h e  c e n t e r  o f  t h e  e m i t t e r .  The c u r r e n t  d e n s i t y  

i s  th e n  r i s i n g  to

( \  w

\ Ln  *A
J  = J  I ~ A' I gz(m ax) z (o n ) \  ^  * A , 2_1Q

w here

I
k 2-11

z Con) L L x  y

i s  t h e  u n ifo rm  c u r r e n t  d e n s i t y  th ro u g h o u t  t h e  a c t i v e  d e v ic e  a r e a  in  

t h e  "on"  s t a t e  p r i o r  to  i n i t i a t i o n  o f  " t u r n - o f f " .

F o r t h e  d e te r m in a t io n  o f  t h e  l a t e r a l  d i f f u s i o n  c u r r e n t  i n t o  t h e  

e le m e n ta l  vo lum e (Ax, w L ) we s e t
b p y

.wf  P
I x (x b ) » Ly  /  J x (x b ,z ) d z  2 -1 2

J  n

w h ere  J x  i s  s i m i l a r l y  d e te rm in e d  a s  i n  E q u a tio n  2 -2

J  ( x , , z )  = qD 9na (x-J z )  9x  b* '  ^ n  dx 2 -1 3

e v a lu a te d  a t  x  = x^  y i e l d s  a s  s e e n  fro m  F ig u r e  2 -3 c  and  c o n d i t i o n  2 -6  

J x (x b ,z )  = qDn  n ( z ) f  (x fe) = qDR n ( z )  ( -  •£-) 2 -14



2 2

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

from  E q u a tio n  2 - 5 ,  w h ic h  a l lo w s  E q u a tio n  2 -1 2  t o  b e  w r i t t e n  a s

w
P

y v  - V  I T  ne /  (1  - f : )d z 2 -1 5

D
T n=-L q -rr— n w 2L e  p '  n  r

The m in o r i ty  c a r r i e r  c h a rg e  w i th in  t h e  e le m e n ta l  vo lum e i s  g iv e n

by

wrAQ = -  L qAx^ I n ( x ,z ) d z  2 -1 6

0

a ssu m in g  f ( x )  'u f ( x j j )  = 1 th ro u g h o u t  Ax^, n ( z )  may be  a g a in  s u b s t i 

t u t e d  from  E q u a tio n  2 -5  r e s u l t i n g  i n

w
AQ = -  Ly q n e Axfe 2 -17

F i n a l l y ,  t h e  n e t  c h a n g e  o f  c h a rg e  i n  th e  e le m e n ta l  vo lum e w i th  t im e  i s  

t h e  sum o f  t h e  ( c o n v e n t io n a l )  d i f f u s i o n  c u r r e n t  I ^ x ^ )  and  th e  g a te  

c u r r e n t  I g / 2 ,  i . e . ,

z + _ £
At x  2 2 -1 8
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S u b s t i t u t i n g  E q u a t io n s  2 -1 5  and  2 -17  i n t o  E q u a tio n  2 -18  g iv e s

Ax, w D I
-L  qn —r— ( t£ )  = -L  q n  w +  -r— y H e  At 2 ' 2Lr  e  p 2

th e n  s o lv e d  f o r  A x^/A t i s

Ax, D I  b n  G
At L L qn w 2 -1 9n  y^  e  p

An e x p l i c i t  e x p r e s s io n  f o r  t h e  t u r n - o f f  v e l o c i t y  i s  o b ta in e d  by

s o lv in g  E q u a t io n  2 -9  f o r  t h e  e l e c t r o n  c o n c e n t r a t io n  a t  t h e  c a th o d e

e m i t t e r  edge  (z= 0 ) and  s u b s t i t u t i n g  i t  i n t o  E q u a tio n  2 -1 9 ; w i th

Ax, +  0 we o b t a i n  
□

d x , D I  2D

dr = r 1 + if<-T1)(xb + V  2-20n  k  w 
P

The c a th o d e  c u r r e n t  d u r in g  t u r n - o f f  i s

2- 21

and th e  t r a n s i t  t im e  f o r  c a r r i e r s  th ro u g h  th e  b a s e  can  b e  e x p re s s e d  a s  

2w
t  -  2 -2 2p 2D r  n
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f u r t h e r ,  w i th  th e  t u r n - o f f  g a in  a s  d e f in e d  i n  E q u a t io n  1 -4

G «* -=̂  2 -2 3
gq I G

we c a n  w r i t e  E q u a tio n  2 -2 0  a s  fo l lo w s

d x t  x, . L D b _ b +  n   n
d t  = t  (G - 1 )  L 2 -24p gq n

2 . The S to ra g e  Time and  Maximum T u rn -O ff  G ain

The s to r a g e  tim e  t  i s  e s s e n t i a l l y  t h e  t im e  i t  t a k e s  to  s q u e e z es

t h e  e l e c t r o n - h o l e  p lasm a  from  i t s  o r i g i n a l  u n ifo rm  f lo w  th ro u g h  th e

e n t i r e  d e v ic e  c e l l  o f  l e n g t h  and  w id th  i n t o  a  f i l a m e n ta r y  l i n e

o f  w id th  2Ln » One c a n  t h e r e f o r e  i n t e g r a t e  e q u a t io n  2 -24  i n  x  b e tw een

t h e  l i m i t s  L /2  and L , x  n ’

b
x ,+ L  - t  (G -1 )D  L 2 -2 5

0 ' L /2  b n  P gq  n  n
x

w h ic h  r e s u l t s  in

/2L L /w  2\ + (2L 2/w  2\ - G +1
t  = t  (G - 1 )  i n  ' x  n  P { n  P 1---------

8 P gq (4L /w  ) -  G +1 2 -2 6\ n  p / gq

The s t o r a g e  t im e  t  a p p ro a c h e s  i n f i n i t y  when t h e  d e n o m in a to r  o f  t h e  

l o g a r i th m ic  te rm  i n  E q u a t io n  2 -2 6  g o e s  to  z e r o ,  i . e . ,  we o b t a i n  f o r  

t h e  maximum t u r n - o f f  g a in

4L 2

W * )  -  H r  +1 2- 27w
p
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E q u a tio n  2 -2 6  c a n  be  u s e d  to  c a l c u l a t e  t h e  s to r a g e  t im e  a s  a  f u n c t io n  

o f  t u r n - o f f  g a in .  The r e s u l t s  o f  su c h  c a l c u l a t i o n s  a r e  d e p ic t e d  in  

F ig u re  2 -4  u s in g  t h e  l a t e r a l  d i f f u s i o n  l e n g t h  a s  p a r a m e te r .  As can  

be  s e e n ,  t h e  s to r a g e  t im e  i s  a  s t r o n g  f u n c t i o n  o f  t h e  t u r n - o f f  g a in .

I t  sh o u ld  be  n o te d  t h a t  t h i s  t u r n - o f f  g a in  i s  s e t  by t h e  e x t e r n a l  

in p u t  c i r c u i t  and  o u tp u t  c i r c u i t  c o n d i t i o n s  ( s e e  F ig u re  2 - l a )  and  i s  

l im i t e d  by th e  i n t e r n a l  d e v ic e  im p ed an ce . The t u r n - o f f  g a in  o f  t h e  

o n e -d im e n s io n a l  d e v ic e  ( i . e . ,  i n  t h e  " sq u e e z e d "  s t a t e )  i s  s t i l l  

g o v e rn e d  by E q u a t io n  1 - 4 .  T h u s, i t  i s  a p p a r e n t  t h a t  t h e  s m a l le r  o f  

t h e  two v a l u e s ,  w h ich  i s  o b ta in e d  fro m  e i t h e r  E q u a tio n  1 -4  o r  

E q u a tio n  2 -2 7 , becom es t h e  l i m i t i n g  g a in .

3 .  The L a t e r a l  B ase  R e s i s ta n c e  and  Maximum T u rn -O ff  Anode C u r re n t

The l a t e r a l  g a t e  c u r r e n t  1^ d u r in g  t u r n - o f f  c a u s e s  a  v o l t a g e  d ro p

a lo n g  t h e  c a th o d e  e m i t t e r  j u n c t i o n .  T h is  v o l t a g e  d ro p  may r e a c h  th e

60—1c a th o d e - g a t e  b reakdow n v o l t a g e  a s  o b s e rv e d  by v a n  L ig te n  and  Navon 

and l i m i t  t h e  a l lo w a b le  c u r r e n t  to  be  tu rn e d  o f f .  F o r t h e  d e v ic e  

m odel o f  F ig u r e  2 -3 a  t h e  maximum l a t e r a l  g a t e  r e s i s t a n c e  i s  e x p e r ie n c e d  

when th e  "o n "  r e g io n  i s  re d u c e d  to  i t s  minimum w id th  o f  2Ln » T h u s, 

t h i s  l a t e r a l  g a te  r e s i s t a n c e  b e n e a th  t h e  h a l f  w id th  L / 2  o f  t h e  

c a th o d e  e m i t t e r  i s  d e te rm in e d  a s

R

_x
2 -  Ln

w L 
P y

2 -2 8
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Figure 2-4. Storage Time vs. Turn-Off Gain 
(after D. Wolley66’1)
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w h ere  Pp i s  t h e  a v e ra g e  r e s i s t i v i t y  o f  t h e  u n m o d u la te d , a c t i v e  g a te  

r e g i o n .  B e c a u se  o f  t h e  r e s t r i c t i o n  ( s e e  F ig u re  l - 2 c )

2 -2 9

w h ere  g a te - c a th o d e  breakdow n v o l t a g e ,  t h e r e  e x i s t s  an

u p p e r  l i m i t  f o r  t h e  ano d e  c u r r e n t  t h a t  c a n  b e  tu r n e d  o f f .  W ith  th e

a s s u m p tio n  t h a t  (L / 2 ) » L  i t  th e n  f o l lo w s  from  E q u a t io n s  2 -2 3 , 2 -2 8 ,x  n

a n d  2 -2 9 , t h a t

4 .  The F a l l  Time

The f a l l  t im e  i s  d e te rm in e d  by t h e  tim e  r e q u i r e d  t o  rem ove th e

c h a rg e  fro m  t h e  volum e o f  t h e  d e v ic e  a f t e r  t h e  c e n t e r  j u n c t i o n  comes

o u t  o f  s a t u r a t i o n  and becom es r e v e r s e  b i a s e d .  The n e g a t i v e  g a te

c u r r e n t  a i d s  t h e  rem o v a l o f  c a r r i e r s ,  t h e  tim e  c o n s t a n t  i s  s h o r t  a s

f o r  t r a n s i s t o r s  w i th  n e g a t i v e  b a s e  d r i v e .  H ow ever, t h e  c h a rg e  i n  t h e

u n g a te d  b a s e  (N- ) s e c t i o n  m ust e i t h e r  d r i f t  o r  d i f f u s e  to  t h e  c e n te r

j u n c t i o n  an d  b e  c o l l e c t e d  t h e r e ,  o r  rec o m b in e  w i th  m a j o r i t y  c a r r i e r s .

I t  th e n  f o l lo w s  t h a t  t h e r e  I s  g e n e r a l l y  a  seco n d  t im e  c o n s ta n t

a s s o c i a t e d  w i th  t h e  t u r n - o f f  o f  a  GTO t h y r i s t o r .  T h is  se co n d  tim e

c o n s t a n t  c a u s e s  a  s o - c a l l e d  " t a i l "  i n  th e  t u r n - o f f  c h a r a c t e r i s t i c  and

i t  i s  a  f u n c t i o n  o f  t h e  l i f e t i m e  o f  m in o r i ty  c a r r i e r s  I n  t h e  u n g a te d

7 5 -1b a s e  . An exam ple  f o r  t h e  o u tp u t  c u r r e n t - i n p u t  c u r r e n t  r e s p o n s e  

w i th  t im e  i s  g iv e n  i n  F ig u r e  2 - 5 .

X = qh
A(max) ppLx 2 -3 0
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OPEN CIRCUIT VOLTAGE
V = -2 0  V  -------------- ~goc v
Vnn.= - 4 0 V --------------

20

4 0

ANODE CURRENT lA

CONTROLLED BY 
/  LATERAL RESISTANCE 

AND REVERSE 
GATE DRIVE VOLTAGE

REVERSE 
GATE CURRENT

CONTROLLED BY 
L IF E T IM E  
STORED CHARGE 
AND ANODE 
VOLTAGE

0

T I M E -  M ICROSECONDS

Figure 2-5. Input Current Iq and Output Current 
Response Ia as Function of Time 
for GTO-Thyristor During T u rn -O ff75-1
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B . A T w o -S e c tio n , C harge  C o n tro l  Model

1 . The C harge C o n tro l  C oncep t

7 4 -1Mamuro K u ra ta  d e v e lo p e d  a  CAD-model f o r  t u r n - o f f  u s in g  th e

c h a rg e  c o n t r o l  a p p ro a c h . T h is  p ro c e d u re  was o r i g i n a l l y  d e s c r ib e d  by

B eau foy  and  Sparks'*^ ^ f o r  t r a n s i s t o r s ,  and  l a t e r  a p p l i e d  by D a v ie s  and

67—2P e t r u c e l l a  to  t h y r i s t o r s .  H e re , t h e  b a s i c  id e a  i s  to  t a k e  t h e  

c u r r e n t  c o n t i n u i t y  e q u a t io n ,  f o r  ex am p le , a s  g iv e n  be low  i n  one  

d im e n s io n  f o r  a n  NPN t r a n s i s t o r

8 1  9 n (z )  n ( z )
31 q ~ 3 t  + q 2 -3 1D

and  i n t e g r a t e  i t  a c r o s s  t h e  b a s e ,  i . e . ,  b e tw een  t h e  l i m i t s  z = 0  and 

z = Wp, a f t e r  m u l t i p l y in g  b o th  s id e s  by 3 z . The r e s u l t  i s

T 1 5 *
^  d t  tb . 2 -32

T h u s, i n  e q u a t io n  2 -3 2  f o r  t h e  b a s e  c u r r e n t  1^ t h e  c a r r i e r  d e n s i t y  n ( z )  

a s  a  v a r i a b l e  i s  now r e p l a c e d  by th e  t o t a l  e x c e s s  c h a rg e  i n  t h e  b a s e ,  

i t s  s p a t i a l  d i s t r i b u t i o n  d o e s  n o t  e n t e r .

E q u a tio n  2 -3 2  may b e  a d a p te d  to  a  t h y r i s t o r  e le m e n t N, su c h  t h a t  t h e  

c h a rg e  c o n t r o l  c o n d i t i o n s  d e s c r i b e  t h e  c a r r i e r  d y n am ics  i n  t h e  v e r t i c a l  

( z )  d i r e c t i o n .  A d ja c e n t  e le m e n ts ,  l a t e r a l l y  i n te r c o n n e c te d  by 

a p p r o p r i a t e l y  m odeled  b a s e  r e s i s t a n c e s  to  in c lu d e  c o n d u c t i v i t y  m o d u la 

t i o n ,  c a n  th e n  b e  u s e d  t o  s e t  up a  tw o - d im e n s io n a l ,  n u m e r ic a l  s im u la t io n  

f o r  t u r n - o f f .
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H ow ever, l e t  u s  f i r s t  c o n s id e r  t h e  fo u r  l a y e r  s t r u c t u r e  o f  F ig u re  1 - l a  

and  1 - l b  and l a b e l  t h e  c u r r e n t s  a s  shown i n  F ig u r e  2 - 6 .  The r e s u l t a n t  

e x p r e s s io n s  f o r  t h e  NPN t r a n s i s t o r  s e c t i o n  and  PNP t r a n s i s t o r  s e c t i o n  

a r e  i n  a c c o rd a n c e  w i th  E q u a tio n  2 -32

I Q ,(N ) Q. (H)
qom) - q®  + ic2oo = - j j — + —  2 . 33

BX

and

d Q ,(N ) Q2 (N)
I 2 (N) -  I 2 (N+1) +  I C1 (N) = — -----  , 2 -3 4

B2

r e s p e c t i v e l y .

F o r t h e  n u m e r ic a l  t r e a tm e n t  o f  t h e  t u r n - o f f  p r o c e s s ,  E q u a tio n s  2 -3 3  

and  2 -34  assum e d i f f e r e n t  fo rm s a s  th e  t h y r i s t o r  e le m e n t N t r a n s i t s  

from  t h e  s a t u r a t i o n  c o n d i t i o n ,  i n  t h e  " o n - s t a t e " ,  th ro u g h  th e  non

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

t h e  d e p l e t i o n  s t a t e .  F o r m a th e m a tic a l  d e t a i l s  and  a s s u m p tio n s  we r e f e r

74 -1t o  M. K u r a t a 's  o r i g i n a l  t r e a tm e n t

2 . The J u n c t io n  V o lta g e s

N e x t, "som e r e l a t i o n s  m u st be  assum ed b e tw een  t h e  b a s e  c h a rg e s  Q(N) 

and  th e  j u n c t i o n  v o l t a g e s  (N ) , to  o b t a i n  a  s e l f - c o n s i s t e n t  d e v ic e  

m o d e l" . F o r t h e  c a th o d e  j u n c t i o n  d u r in g  t h e  c o n d u c tin g  s t a t e  a 

lo w , c o n s ta n t  v o l t a g e  i s  a ssu m ed . D uring  r e v e r s e  b lo c k in g ,  how ever, a  

d e p l e t i o n  l a y e r  i s  fo rm e d . T h is  d e p le t io n  l a y e r  ca n  be  i n t e r p r e t e d  a s  

a  n e g a t i v e  c h a rg e ,  t h e  v o l t a g e  d e v e lo p e d  a c r o s s  b e in g  p r o p o r t i o n a l  to  

t h e  t o t a l  num ber o f  f ix e d  c h a r g e s ,  t h e  j u n c t i o n  c a p a c i t a n c e  i s  assum ed 

c o n s t a n t .
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CATHODE Q
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I j (N  +  1| .
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Figure 2-6a. Thyristor Element N

TR2

P I C z (N)
XC 2 :  *81
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(N1

I | ( N  +  H - 1 j i N i

TR1

ANODE I
I«(N)

Figure 2-6b. Two Transistor Equivalent

Figure 2-6.
Thyristor Model for Definition 
of Charge Control Equation
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T h e r e f o r e ,  p l o t t i n g  = f (Q ^ )  r e s u l t s  in  two a s y m to te s .  = vj ^ q =

c o n s ta n t  f o r  p o s i t i v e  Q^, and  = (Q ^/C h^) +  V j^ o  f ° r  n e g a t iv e  a s  

d e p ic t e d  in  F ig u re  2 - 7 .  The a c t u a l  d ep e n d en c e  o f  on  Q i s  th e n  o b 

t a i n e d  from  a  c u rv e  f i t t i n g  m ethod su c h  t h a t  t h e  r e q u i r e m e n t  -*■ 0  f o r  

Q 0 i s  m e t. The r e s u l t  c a n  b e  e x p re s s e d  a s

/ /  « i< m  \ 2 2

V\2V ,)) +Vj:V ®  -  + V o (® -  y j  [ z ^ r n ]  + VJ10<« 2 - 3 5

w h ich  i s  a l s o  p l o t t e d  i n  F ig u r e  2 -7 .

The r e l a t i o n  f o r  t h e  an o d e  j u n c t i o n  V ^ (N )  i s  o f  t h e  same fo rm .

Q2 (n ) /  /  V N> \ 2  2

Vj 3 (N) = 2Cj 3 (N) +  Vj 3 0 (N) "  y  ^2Cj 3 (N) J +  Vj 3 0 (N) 2 -3 6

The v o l t a g e  a c r o s s  t h e  c e n t e r  j u n c t i o n  c a n  be  e x p re s s e d  a s

v « = y  (m p>-)2+vi2 (K) .
j 2 0  2C 2 (N) 2 -3 7

w h ere  f (N ) h a s  t h e  d im e n s io n  o f  a  c h a rg e  c o n s i s t i n g  o f  two p a r t s ,  an  

i n j e c t i o n  com ponent d u r in g  c o n d u c t io n ,  r e p r e s e n te d  by t h e  p r o d u c t  o f  a  

c u r r e n t  and  a  t r a n s i t  t im e ,  and  a  d e p l e t i o n  c h a r g e ,  g iv e n  by th e  p ro d u c t  

o f  a  c a p a c i t a n c e  and v o l t a g e .  A g a in , f o r  d e t a i l s  we r e f e r  to  R e f . 7 4 -1 .

3 . The C u r re n t  Loop E q u a t io n s

F i n a l l y ,  t h e  lo o p  e q u a t io n s  a r e  s e t  u p . The d e v ic e  s t r u c t u r e  shown 

i n  F ig u r e  2 -8  i s  s u b d iv id e d  i n t o  two s e c t i o n s  and  c a n  b e  r e p r e s e n te d  by 

a n  e q u iv a l e n t  s c h e m a tic  a s  i s  shown i n  F ig u re  2 - 9 .
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VJ1

Jl=

+  V
J10

Figure 2-7.
Voltage vs. Charge for Cathode Junction J-|, 
or Anode Junction J3 (after M. K u r a t a ) ? 4 - 1
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GCS C A T H O D E
G A T E

A N O DE

IATH0DE,
DOPING P R O F IL E

ACS ‘GATE

n -E M IT T E R

n -B A S E (B A S E  2)

p -E M IT T E R  j
I ANODE I

CpE

h

Figure 2-8.
GTO Two-Section Model 
(after M. K u r a t a ) 7 4 - 1
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GCS

CATHODE

SECTION 1 SECTION 2

V j j d ) Yll (2)

GATE

ANODE

Figure 2-9.
Equivalent G T O -T hyristor C ircuit for 
T w o-Section M odel (after M. K urata)74' 1 
C losing S i  in itiates Turn-off
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The lo o p  e q u a t io n s  a r e  th u s

Vj l (1> ’  - VGCS +  [EB 1(1> +  EG]  h.™ 2 ' 3 8

Vj l (2 )  = Vj l (2 )  +  ' ' b i * 2*1! * 2* 2 -3 9

Vj 2 (2 ) +  Bb 1 ( 2 ) I 1 (2 )  = Vj 2 ( l )  +  ^ ( 2 ) 1 2 ( 2 )  2 -4 0

V jC l )  + Vj 2 ( l )  +  Vj 3 ( l )  + Ra ( 1 ) I a (1 ) +  \ l i A(D +  i a ( 2 ) ]

= V.__ 2 -4 1ACS

Vj;L(2 )  +  V 2 (2 )  -  V j3 (2 )  +  Ra ( 2 ) I a <2) + ^ [ ^ ( 1 )  +  I A( 2 ) ]

= 2 -42ACS

E q u a t io n s  2 -3 3  to  2 -4 2  a r e  t h e  b a s i s  f o r  a  t h y r i s t o r  m o d e l, t h e  t u r n - o f f

b e h a v io r  o f  w h ich  may b e  c a l c u l a t e d  by a  n u m e r ic a l  a p p ro a c h .

4 .  The C om pu ta tion  M ethod

F or t h e  n u m e r ic a l  s o l u t i o n  we f i r s t  c h o o se  t h e  a p p r o p r i a t e  form  o f  

t h e  c h a rg e  c o n t r o l  e q u a t io n s  2 -33  and  2 -3 4 , d e p e n d e n t w h e th e r  t h e  d e v ic e  

s e c t i o n  c o n s id e r e d  i s  i n  s a t u r a t i o n ,  th e  a c t i v e  t r a n s i s t o r  m ode, o r  in  

r e v e r s e  b i a s ,  i . e . ,  i n  t h e  d e p l e t i o n  s t a t e .  T hen , t h e  e x p r e s s io n s  f o r  t h e  

j u n c t i o n  v o l t a g e s  i n  e q u a t io n s  2 -3 5 , 2 -3 6  and  2 -37  a r e  s u b s t i t u t e d  i n to  

e q u a t io n s  2 -38  and  2 -4 1  f o r  N = 1 ,  and  in  e q u a t io n s  2 -3 9 , 2 -4 0 , and 

2 -4 1  f o r  N = 2 , r e s p e c t i v e l y .
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T h e r e f o r e ,  a  t o t a l  o f  9 e q u a t io n s  w i th  9 v a r i a b l e s  h a s  to  be  s o lv e d  

s im u l ta n e o u s ly  f o r  t h i s  tw o - s e c t io n  model'*'.

B e c au se  th e  c h a rg e s  a s  w e l l  a s  t h e  c u r r e n t s  a r e  n o n - l i n e a r ,  an  

i t e r a t i v e  schem e (N e w to n -R a p h so n 's  p r i n c i p l e )  i s  u t i l i z e d ,  i . e . ,  t h e  

v a r i a b l e s  ^  a r e  r e p l a c e d  by (Q^ + 6 Q^) ^  ( I 2  -  <SI2) e t c * T^ e 

r e s u l t  i s  a  sy s te m  o f  l i n e a r  e q u a t io n s  c o n ta in in g  t h e  v a r i a b l e s  

6Q1 ( 1 ) ,  6Q1 ( 2 ) ,  6Q2 ( 1 ) ,  <5Q2 ( 2 ) , 6 I A( 1 ) , 6 I A( 2 ) , f i l ^ l ) ,  6 ^ ( 2 ) ,  and 

6 1 2 ( 2 ) ,  t h e  s o l u t i o n  o f  w h ich  c a n  b e  o b ta in e d  by a p p l i c a t i o n  o f  th e  

G a u s s ia n  e l i m i n a t i o n  m eth o d . T h is  s e t  o f  s o l u t i o n s  i s  v a l i d  f o r  one  

i n s t a n t  o f  t im e ,  and  i s  r e p e a te d  a t  s u i t a b l y  sp a ce d  i n t e r v a l s  u n t i l  

I A -*■ 0 . The s te a d y  s t a t e  s o l u t i o n ,  i . e . ,  d Q ^ (N )/d t  = 0 and  

dQ2 ( N ) /d t  = 0 in  e q u a t io n s  2 -3 3  and  2 -3 4 , p r o v id e s  t h e  i n i t i a l  c o n d i

t i o n s  f o r  th e  t r a n s i e n t  s o l u t i o n s .

5 . B ase  C harges  and  C u r r e n ts  D uring  T u rn -O ff

We w i l l  now lo o k  a t  a n  exam ple  f o r  t u r n - o f f .  The i n t e n t i o n  i s  n o t  

to  d i s c u s s  t h e  v a l i d i t y  o f  t h e  q u a n t i t a t i v e  v a lu e s  o b t a in e d ,  b u t  r a t h e r  

to  o b s e rv e  t h e  r e l a t i v e  d i s t r i b u t i o n  o f  c h a rg e s  and  c u r r e n t s  a s  a  f u n c 

t i o n  o f  t im e  i n  b o th  d e v ic e  s e c t i o n s .

N e c e ssa ry  in p u t  p a ra m e te r s  a r e  t h e  d o p in g  p r o f i l e ,  l a t e r a l  dim en

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

Tg2 » an o d e  and s o u rc e  v o l t a g e s  V ^ g  and V ĝ ,  and  t h e  e x t e r n a l  r e s i s -

■*"For a  m odel c o n ta in in g  M s e c t i o n s ,  a  t o t a l  o f  (5M -1) s im u l ta n e o u s  
e q u a t io n s  m ust b e  s o lv e d .
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F or a  t y p i c a l  t r i p l e  d i f f u s e d  t h y r i s t o r  p r o f i l e  a s  shown on  th e  

r i g h t  hand s id e  o f  F ig u r e  2 -8  t h e  s u r f a c e  c o n c e n t r a t i o n s  and  v e r t i c a l

r e s p e c t i v e l y .

The l i f e t i m e  i n  t h e  P - b a s e  i s  assum ed = 5 y s , w h e re as  i n  t h e  

N -b a se  x ^  = 2 .5 y s .

F or l a t e r a l  d im e n s io n s  t h e  f o l lo w in g  v a lu e s  a r e  c h o sen  ( s e e  F ig u r e

2 - 8 ) :  h c  = 200 , hg  = 2 0 0 , hgg = 1 0 0 (y ) an d  t h e  l e n g t h  o f  t h e  d e v ic e  i s

= 4000y . F u r t h e r ,  VACG = 200V, VGCS = 10V, = 250ft, and  Rg = 100ft.

A ssum ing f o r  t h e  c o l l e c t o r  t im e  c o n s t a n t s  t h e  low  i n j e c t i o n  v a lu e

w h ic h  can  b e  shown to  b e  i d e n t i c a l  to  E q u a t io n  1 - 4 .

U sing t h e  g iv e n  in p u t  d a ta  and a  t u r n - o f f  g a in  o f  10 we o b t a i n  t h e  

r e s u l t s  p l o t t e d  i n  F ig u re  2 -1 0 . F ig u re  2 -1 0 a  show s th e  b a s e  c h a r g e s .  

We n o t i c e ,  t h e  e x c e s s  c h a rg e  i n  t h e  P - b a s e  Q ^ ( l)  o f  s e c t i o n  1 i s  ex 

t r a c t e d  f a s t ,  i . e . ,  t h e  N - e m i t te r  i s  s h u t  o f f  in  t h i s  r e g i o n .  The

21 18 14
d im e n s io n s  a r e :  = 4 x  10 , CpB = 3 x  10 , = 2 x  10 ,

CpE = 3 x  101 8 (cm- 3 ) ,  and  = 1 0 , WpB = 4 0 , = 150 , Wp£ = 3 0 (y )  ,

x c B
2-4 3

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  ca n  b e  d e te rm in e d  from
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Figure 2-10b. Current Components vs. Time
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Figure 2-10a. P-Base Charge and N-Base Charge vs. Time

Figure 2-10.
Base Charges and Anode Current 
for Two-Section GTO-Thyristor Model 
during Turn-off (After M. Kurata)74-1



40

c h a rg e  i n  t h e  N b a s e  ( ^ ( l )  i s  sw ep t o u t  i n t o  S e c t io n  2 . In d ee d  Q £(2) i n 

c r e a s e s  i n i t i a l l y  and  1 ^ ( 2 ) ,  t h e  c u r r e n t  th ro u g h  th e  c e n t e r  j u n c t i o n  o f  

t h i s  s e c t i o n ,  i s  l a r g e r  th a n  th e  ano d e  c u r r e n t  1 ^ (2 )  th ro u g h o u t  t h e  

t u r n - o f f  p h a s e  a s  s e e n  in  F ig u re  2 -1 0 b . M ost o f  t h e  an o d e  c u r r e n t  

1 ^ (1 )  i n j e c t e d  i n to  s e c t i o n  1 f lo w s  l a t e r a l l y  t o  t h e  c e n t e r  o f  

s e c t i o n  2 .

The im p o r ta n t  f e a t u r e  to  n o t i c e  i s  t h a t ,  w h i le  t h e  t o t a l  an o d e

c u r r e n t  I .  re m a in s  c o n s t a n t ,  t h e  c u r r e n t  i n  s e c t i o n  2 i n c r e a s e s

a p p r e c i a b l y ,  and p e a k s  a b o u t  t h e  t im e  Q ^ ( l)  v a n i s h e s .  T h is  phenom ena

v e ry  c l e a r l y  d e m o n s t ra te s  t h e  " s q u e e z in g "  o f  t h e  c o n d u c tio n  a r e a  i n to  a

66—1
f i l a m e n t , s i m i l a r l y  a s  assum ed f o r  D. W o l le y 's  a n a l y t i c a l  m odel . I n  

K u r a t a 's  a p p ro a c h , t h e  c h a rg e  in  t h e  N -b a se  an d  c o n d u c t iv i t y  m o d u la tio n  

i s  in c lu d e d ,  h o w ev er. F u r t h e r ,  t h e  t im e -d e p e n d e n t  c u r r e n t  wave form  

I ^ ( t )  by and l a r g e  re s e m b le s  t h a t  s e e n  f o r  a c t u a l  d e v ic e s ,  a l th o u g h  a  

p ro n o u n ce d  re c o m b in a t io n  t a i l  ( s e e  F ig u re  2 -5 )  i s  n o t  produced '* '.

Of i n t e r e s t  h e r e  i s  a  o n e -d im e n s io n a l  a n a l y s i s  o f  t u r n - o f f  phenom ena by 
M. N a i to  e t  a l  7 9 -3 .  j n  a n a l y s i s  an  e x a c t  n u m e r ic a l  s o l u t i o n  o f  a
f u l l  s e t  o f  s e m ic o n d u c to r  e q u a t io n s  i n c lu d in g  h ig h  i n j e c t i o n  e f f e c t s  i s  
u se d  and  t u r n - o f f  w aveform s c a n  be  re m a rk a b ly  w e l l  s im u la te d .  Though 
t h i s  o n e -d im e n s io n a l  m odel d o e s  p ro v id e  " a  g r e a t  d e a l  o f  i n s i g h t  i n to  
t h e  d e v i c e 's  o p e r a t i o n " ,  i t  d o e s  n o t  le n d  i t s e l f  to  a id  i n  s o lv in g  
p ro b le m s  c o n c e rn in g  c u r r e n t  f i l a m e n t a t i o n ,  and  d e v ic e  f a i l u r e s  due  to  
e x c e s s iv e ly  h ig h  l o c a l  c u r r e n t  d e n s i t i e s  d u r in g  t u r n - o f f .

2 OA O
D 'yakonov  and L e v in s h te in  u h av e  made c a l c u l a t i o n s  " o f  t h e  maximum 
v a lu e  o f  th e  d e n s i t y  o f  m in o r i t y  c a r r i e r s  in  a  f i l a m e n t  and  o f  t h e i r  
s p a t i a l  d i s t r i b u t i o n  a s  a  f u n c t io n  o f t h e  t u r n - o f f  g a te  c u r r e n t ” . T h e ir  
th e o r y  ig n o re s  i n j e c t i o n  d u r in g  th e  t u r n - o f f  p r o c e s s ,  i . e . ,  i n  E q u a tio n  
1 - 5 ,  t h e  t o t a l  c h a rg e  Q0f f  w ould  be  Q ( t ^ ) , no f u r t h e r  c h a rg e  i s  a d d e d .
A r e f e r e n c e  to  t im e  i s  a b s e n t .  T hus, s ta n d in g  f i l a m e n t s ,  h e a t in g  and  
b u r n -o u t  f a i l u r e  c a n n o t  be p r e d i c t e d .  Y e t ,  t h e  t r e a tm e n t  in  8 0 -2  p o i n t s  
to w ard  f i l a m e n t  f o rm a t io n  i n  s u p p o r t  o f  W o l le y 's  and  K u r a t a 's  t h e o r i e s .
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I I I .  A HIGH SPEED, HIGH VOLTAGE EPI-BASE STRUCTURE

P r o g r e s s  i n  s e m ic o n d u c to r  te c h n o lo g y  and  p r o c e s s  c o n t r o l  h av e  made 

i t  p o s s i b l e  to  o b t a i n  r e a s o n a b ly  t i g h t  t o l e r a n c e s  f o r  t h e  p h y s ic a l  

p a ra m e te r s  o f  m u l t i 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 .  A ls o ,  t h e  p o s s i b i l i t y  

to  u s e  t h e  d i g i t a l  co m p u te r f o r  t h e  a r tw o r k  g e n e r a t i o n  o f  pho to m ask s 

have  made i t  f e a s i b l e  to  p ro d u c e  m u l t i p l e  p a t t e r n s  o f  d i f f e r e n t  d e v ic e s ,  

s id e  by s i d e ,  on  th e  same w a f e r .  T h ese  f a c t s  w ere  a p p l i e d  to  i n v e s t i 

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

i d e n t i c a l  GTO s t r u c t u r e s  a s  a  f u n c t i o n  o f  t h e  h o r i z o n t a l  g e o m e try . They 

a r e  d e s c r ib e d  i n  t h i s  c h a p te r  i n  some d e t a i l .

A. M o tiv a t io n

I n  t h e  i n t r o d u c t i o n  i t  was m e n tio n e d  t h a t  i t  w ould  b e  d e s i r a b l e  to  

com bine th e  f e a t u r e s  o f  a  t r a n s i s t o r  and  a  t h y r i s t o r  f o r  o b t a in in g  an  

e l e c t r o n i c  s w i tc h  o f f e r i n g  a d v a n ta g e s  o v e r  e i t h e r  ty p e s  o f  t h e s e  con 

v e n t i o n a l  d e v ic e s .  The i n c e n t i v e  t o  i n v e s t i g a t e  su c h  a  t r a n s i s t o r -  

t h y r i s t o r  h y b r id  becom es a p p a r e n t  by c o n s id e r in g  th e  i n t e r n a l  l o s s ,  i . e . ,  

t h e  pow er d i s s i p a t i o n  o f  a  d e v ic e  c h ip  a s  a  f u n c t i o n  o f  t h e  a v e ra g e  

c u r r e n t  d e n s i t y .

F ig u r e  3 -1  i l l u s t r a t e s  t h e  g e n e r a l  t r e n d .  I n  t h i s  f i g u r e  we ob 

s e r v e  two b a n d s  o f  r i s i n g  pow er d i s s i p a t i o n ,  one  f o r  t r a n s i s t o r s  th e  

o th e r  f o r  t h y r i s t o r s ,  i n t e r s e c t i n g  e a c h  o t h e r .

I n  p a r t i c u l a r ,  t r a n s i s t o r s  h a v e  s m a ll  l o s s e s  a t  low  c u r r e n t  d e n s i 

t i e s .  The d i s s i p a t i o n  r i s e s  r a p i d l y  f o r  a v e ra g e  c o l l e c t o r  c u r r e n t
2

d e n s i t i e s  e x c e e d in g  30A/cm .

1
A summary o f  p r e l im in a r y  r e s u l t s  i s  p r e s e n te d  i n  R e fe re n c e  7 7 -2 .
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NOTE
_  THE (OPERATING) CURRENT DENSITY 

IS 10 TO 50 A/cm2 FOR TRANSISTORS, 
40 TO 200A/cm 2 FOR THYRISTORS

6 FOR VCE 
LOW VOLTAGE 
(60 - 90 V)

FOR VCE 
HIGH VOLTAGE 
(300-450V)

5 1500 v

THYRISTORS
TRANSISTORS4

HIGH SPEED 
Au DOPED,
T<lflS

3

2

LOW SPEED NO Au____
T > I O / l S

0
100 1000

CURRENT DENSITY J (A/cm2)

Figure 3-1. Comparison of Power Transistors and Thyristors 
as an Electronic Switch showing Power Loss in 
“On” State 

J is Average Collector Current Density and 
Anode Current Density for Transistors and 
Thyristors, respectively

Oh
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I t  i s  o b v io u s  t h a t  f o r  h ig h  v o l t a g e  t r a n s i s t o r s  th e  d i s s i p a t i o n  i s  

m ore s e v e r e  ( l e f t  hand  b o rd e r  o f  t h e  r e g io n )  th a n  f o r  low  v o l t a g e  ty p e s  

( r i g h t  hand b o r d e r ) . H igh  v o l t a g e  t r a n s i s t o r s  h av e  a  r e l a t i v e l y  t h i c k ,  

h ig h  r e s i s t i v i t y  r e g i o n .  B ase  w id e n in g  o c c u r s  and  a  p ro n o u n ced  q u a s i 

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

s a t u r a t i o n  v o l t a g e  and  a  r a p i d  c u r r e n t  g a in  f a l l - o f f .  I t  s h o u ld  be

n o te d  t h a t  c o n s id e r a b l e  b a s e  ( d r iv e )  d i s s i p a t i o n  i s  added  t o  t h e
2

c o l l e c t o r  l o s s  a t  h ig h  c u r r e n t  d e n s i t i e s ,  a b o v e  50A/cm .

In  c o n t r a s t ,  t h y r i s t o r s  hav e  some i n i t i a l  d i s s i p a t i o n  a t  low  c u r r e n t  

d e n s i t i e s  b e c a u s e  o f  t h e  a d d i t i o n a l  v o l t a g e  d ro p  due  to  t h e  an o d e  ju n c 

t i o n  ( 0 .7  to  0 .9  v o l t s  f o r  s i l i c o n ) .  H ow ever, t h e  i n t e r n a l  v o l t a g e  d ro p  

re m a in s  low  a s  t h e  c u r r e n t  d e n s i t y  i s  i n c r e a s e d .  The pow er d i s s i p a t i o n

f o r  t h y r i s t o r s  c r o s s e s  t h e  t r a n s i s t o r  r e g io n s  i n  t h e  n e ig h b o rh o o d  o f  20 
2

to  lOOA/cm and  th e n  re m a in s  be low  t h a t  f o r  h ig h e r  c u r r e n t  d e n s i t i e s .

The r e a s o n  f o r  t h i s  lo w e r  d i s s i p a t i o n  i s  o f  c o u r s e  t h e  c o n d u c t i v i t y  

m o d u la tio n  o f  t h e  h ig h  r e s i s t i v i t y  a c t i v e  r e g io n s  due  to  e l e c t r o n - h o l e  

i n j e c t i o n ,  and  t h e  a b s e n c e  o f  any  g a te  d i s s i p a t i o n  i n  t h e  c o n d u c tin g  

s t a t e  due  to  t h e  r e g e n e r a t i v e  p r o p e r t y .  F u r th e r ,  i t  sh o u ld  b e  p o in te d  

o u t  t h a t  b e c a u s e  o f  t h e  c o n d u c t i v i t y  m o d u la t io n , t h e  power d i s s i p a t i o n  

f o r  t h y r i s t o r s  i s  r e l a t i v e l y  in d e p e n d e n t o f  t h e  ( b lo c k in g )  v o l t a g e  

c a p a b i l i t y .

The l o s s e s  a r e  e f f e c t e d  by th e  m in o r i t y  c a r r i e r  l i f e t i m e ,  how ever. 

F o r t h e  o n - s t a t e ,  t h e  s m a l le r  t h e  l i f e t i m e  t h e  g r e a t e r  t h e  l o s s e s .
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F o r h ig h  l i f e t i m e s ,  w here  d i f f u s i o n  i s  t h e  m a jo r  c a r r i e r  t r a n s p o r t

m echan ism , t h e  lo w e r  l i m i t  o f  t h e  d i s s i p a t i o n  r e g io n  i s  a p p ro a c h e d . T h is

f a c t  a p p l i e s  to  low  f re q u e n c y  d e v ic e s  a s  i n d i c a t e d  i n  F ig u re  3 - 1 .

F o r h ig h  f re q u e n c y  d e v ic e s  t h e  l i f e t i m e  h a s  to  b e  d e c re a s e d  in  o r d e r

to  m in im iz e  s w i tc h in g  l o s s e s ,  f o r  i n s t a n c e ,  th ro u g h  d e l i b e r a t e  i n t r o d u c -

66—2 72—1t i o n  o f  m in o r i ty  c a r r i e r  t r a p s  by m eans o f  g o ld  d i f f u s i o n  *

T hen, c a r r i e r  t r a n s p o r t  i s  p a r t i a l l y  a id e d  by a  d r i f t  f i e l d ,  a t  th e  ex 

p e n s e  o f  a n  a d d i t i o n a l  v o l t a g e  d r o p .  T hus, a  h ig h e r  d i s s i p a t i o n  r e s u l t s  

d u r in g  t h e  o n - p e r io d ,  and  t h e  u p p e r  b o u n d a ry  o f  t h e  t h y r i s t o r  r e g io n  in  

F ig u re  3 -1  i s  a p p ro a c h e d .

We may c o n c lu d e  from  th e  f o re g o in g  d i s c u s s io n  an d  F ig u re  3 -1  t h a t
2

f o r  o p e r a t in g  a  s w itc h  abo v e  a v e ra g e  c h ip  c u r r e n t  d e n s i t i e s  o f  50A/cm 

w i th  low  o n - s t a t e  d i s s i p a t i o n  a  t h y r i s t o r - l i k e  s t r u c t u r e  i s  m a n d a to ry .

F ig u r e  3 -2  a t t e m p ts  to  com pare t h e  pow er s w i tc h in g  c a p a b i l i t y  w i th  

r e s p e c t  to  d e v ic e  c o s t  (V A /$)^ a s  a  f u n c t i o n  o f  t h e  f re q u e n c y  f o r  a 

s w i tc h  mode pow er su p p ly  u s in g  e i t h e r  t h y r i s t o r s  o r  t r a n s i s t o r s .

We o b s e rv e  t h a t  i t  i s  p o s s i b l e  to  s w i tc h  a b o u t  3 0 ,0 0 0  v o l t  am peres  

p e r  d o l l a r  w i th  t h y r i s t o r s .  H ow ever, a p p l i c a t i o n s  a r e  in  g e n e r a l  

l i m i t e d  to  low  f r e q u e n c ie s .  E x p e n s iv e , b u lk y  co m p o n e n ts , in c lu d in g

I t  s h o u ld  b e  n o te d  t h a t  t h e  b o u n d a r ie s  d e s ig n a t in g  t h e  VA/$ r e g io n s  f o r  
t h y r i s t o r s  and t r a n s i s t o r s  w ere  a r r i v e d  a t  by t a k in g  t h e  p e rfo rm a n c e  
d a ta  and  th e  s a l e s  p r i c e  (1 0 0 -9 9 9  q u a n t i t i e s )  f o r  a  l a r g e  num ber o f  
c o m m erc ia l and  i n d u s t r i a l  d e v ic e s  from  v a r io u s  m a n u f a c tu r e r s  s e v e r a l  
y e a r s  a g o , and  assu m in g  a r b i t r a r i l y  a  40% m a rg in . Though t h e  p r i c e  
s t r u c t u r e  may hav e  changed  s i n c e  t h a t  t im e ,  t h e  r e l a t i v e  r e l a t i o n  i s  
s t i l l  v a l i d .
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Figure 3-2. Comparison of Power-Switching Capability with R espect 
to Cost a s  a Function of Frequency for Thyristors, 
GTO’s, and Transistors
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a d d i t i o n a l  a c t i v e  d e v ic e s  f o r  co m m u ta tio n  a r e  r e q u i r e d .  T h is  r e s u l t s  in  

e x c e s s iv e  w e ig h t  and  h ig h  c o s t  f o r  t h e  t o t a l  sy s te m .

On t h e  o t h e r  h a n d , t r a n s i s t o r s  w i l l  a l lo w  s w i tc h in g  a t  h ig h e r  f r e 

q u e n c ie s .  Y e t ,  t h e  d e v ic e  g e o m e tr ie s  a r e  m ore c o m p l ic a te d ,  v o l t a g e s  a r e  

l i m i t e d ,  d i s s i p a t i o n  becom es a  p ro b le m , a s  shown i n  F ig u r e  3 -1  b e f o r e .

A s w i tc h in g  c a p a b i l i t y  o f  a b o u t  1200 v o l t  am peres  p e r  d o l l a r  i s  f e a s i b l e  

a t  a  f r e q u e n c y  o f  50kHz a c c o r d in g  to  t h e  t r a n s i s t o r  p e rfo rm a n c e  c u rv e  in  

F ig u re  3 - 2 .  T h e re  a r e  fe w e r  c i r c u i t  e le m e n ts  n e c e s s a r y ,  and  th e y  a r e  

l i g h t e r  and  l e s s  e x p e n s iv e .  The t o t a l  sy s te m  i s  s im p le r  and  c h e a p e r ,  

b u t  t h e  a t t a i n a b l e  v o l t  am pere  p ro d u c t  p e r  d o l l a r  i s  s m a l l .  T h e r e f o r e ,  

v e ry  h ig h  pow er c o n d i t io n in g  eq u ip m e n t u s u a l l y  em ploys t h y r i s t o r s  

o p e r a t in g  a t  low  f r e q u e n c ie s ,  w h i le  s m a l l  pow er s u p p l i e s  c a n  b e  made w i th  

s im p le  t r a n s i s t o r  c i r c u i t s .

A g a in , a  g a te  t u r n - o f f  d e v ic e  s u g g e s t s  i t s e l f  a s  a n  e c o n o m ic a l 

s o l u t i o n  to  im proved  p e r fo rm a n c e . A h ig h e r  pow er s w i tc h in g  c a p a b i l i t y  

sh o u ld  b e  o b ta in e d  a p p ro a c h in g  t h a t  o f  t h y r i s t o r s  a t  f r e q u e n c ie s  s i m i l a r  

to  th o s e  r e a l i z e d  w i th  t r a n s i s t o r s  a s  i n d i c a t e d  by t h e  d a sh ed  c u rv e  in  

F ig u re  3 - 2 .  A GTO c a n  b e  c o n t r o l l e d  f o r  t u r n - o f f  a s  w e l l  a s  f o r  tu r n - o n  

from  th e  g a te  e l e c t r o d e  w i th o u t  com m uta ting  th e  o u tp u t  c u r r e n t  and r e 

m oval o f  t h e  o u tp u t  v o l t a g e ,  m aking  p o s s ib l e  c o m p a ra b le  c i r c u i t  sim 

p l i c i t y  a s  f o r  t r a n s i s t o r s .

B. C h o ice  o f  V e r t i c a l  S t r u c t u r e

F o r t h e  d e s ig n  o f  t h e  v e r t i c a l  s t r u c t u r e  o f  a  GTO c h o ic e s  and  com

p ro m is e s  a s  a r e  v a l i d  f o r  t r a n s i s t o r s  and  t h y r i s t o r s  h a v e  to  b e  a p p l i e d .  

The im p u r i ty  p r o f i l e  c o m p r is e s  t h e  s u p e r p o s i t i o n  o f  t h e  d o n o r  and



47

a c c e p to r  c o n c e n t r a t io n  a c h ie v e d  by m eans o f  m u l t i p l e  d i f f u s i o n  s t e p s ,  

e p i t a x i a l  c r y s t a l  g ro w th , and  th e  i n i t i a l ,  h ig h  r e s i s t i v i t y  s t a r t i n g  

m a t e r i a l .

1 . G ate  S h e e t R e s i s t a n c e

Of param o u n t im p o r ta n c e  f o r  a  GTO i s  a  low  l a t e r a l  r e s i s t a n c e  o f  th e  

a c t i v e ,  g a te d  b a s e  r e g io n  ( s e e  F ig u re  l - 2 c ,  p p . 8 ,  and  E q u a tio n  2 -3 0 , 

p p . 27) w h i le  m a in ta in in g  a  r e a s o n a b ly  h ig h  g a te - c a th o d e  breakdow n 

v o l t a g e .  The v a r i o u s  o p t io n s  a r e  d e p ic t e d  i n  F ig u re  3 -3 .

F ig u re  2 -3 a  show s th e  c o n v e n t io n a l  d o u b le  d i f f u s e d  p r o f i l e  o f  t h e  

g a te d  NPN s e c t i o n  i n  te rm s  o f  a b s o lu t e  d o n o rs  and  a c c e p to r s  shown a t  

l e f t ,  and  th e  r e s u l t i n g  n e t  im p u r i ty  p r o f i l e  shown to  t h e  r i g h t .  The 

g a te  c o n d u c t i v i t y  a s  w e l l  a s  th e  g a t e  breakdow n v o l t a g e  a r e  v e r y  s e n s i 

t i v e  to  v a r i a t i o n s  o f  x ^ .  B ecau se  o f  t h e  g ra d e d  b a s e  h a v in g  a  r a p i d  

c o n c e n t r a t io n  f a l l - o f f  and  h ig h  v a lu e  a t  t h e  i n t e r s e c t i o n  w h ere  

INa I= INd I* o n e  °^>ta; t̂ls u s u a l l y  a  h ig h  b a s e  s h e e t  r e s i s t a n c e  R and  a  

low  breakdow n v o l t a g e  V g ^ .

F ig u re  3 -3 b  shows an  e p i t a x i a l l y  grow n g a t e  l a y e r  and a  d i f f u s e d  

c a th o d e ,  r e s u l t i n g  i n  a  " q u a s i"  u n ifo rm  b a s e .  H e re , th e  d e p e n d e n c e  o f  

g a te  s h e e t  r e s i s t a n c e  and breakdow n v o l t a g e  on v a r i a t i o n s  o f  x ^  i s  

l e s s  p ro n o u n c e d . A ls o ,  a ssu m in g  t h e  same b a s e  w id th  ( x ^ - x ^ )  a s  f o r  

t h e  i l l u s t r a t i o n  o f  F ig u re  3 - 3 a ,  t h e  s q u a re  p r o f i l e  and  a  lo w e r  c o n c en 

t r a t i o n  c r o s s o v e r  a l lo w  f o r  a  d e c r e a s e  i n  g a te  r e s i s t a n c e  and  a n  i n c r e a s e  

in  breakdow n v o l t a g e .
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Figure 3*3. Impurity Concentration Profiles for GTO-SCR Structures
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F i n a l l y ,  F ig u r e  3 -3 c  shows t h e  c a s e  w h ere  i n i t i a l l y  a  p r e c i s e  am ount

o f  g a te  i m p u r i t i e s  i s  im p la n te d  i n t o  t h e  s u b s t r a t e .  T hen , a  d i f f u s i o n

fo llo w e d  by a n  e p i t a x i a l  d e p o s i t i o n  o f  a h ig h  r e s i s t i v i t y  p o r t i o n  fo rm s

a  d o u b le  g a te  l a y e r  ( s e e  a l s o  F ig u re  1 - 3 ,  p p . 1 0 ) .  We may e a s i l y

r e c o g n iz e  t h a t  h e r e  t h e  g a te  s h e e t  r e s i s t a n c e  and  breakdow n v o l t a g e  a r e

v e ry  i n s e n s i t i v e  to  v a r i a t i o n s  o f  x j j >  p ro v id e d  th e  c r o s s o v e r  re m a in s  in

t h e  h ig h  r e s i s t i v i t y  p o r t i o n .  F o r t h i s  i n v e r t e d  b a s e  p r o f i l e  g a te  s h e e t

r e s i s t a n c e  an d  breakdow n v o l t a g e  a r e  v i r t u a l l y  in d e p e n d e n t .

A th o ro u g h  i n v e s t i g a t i o n  o f  t h i s  s t r u c t u r e  y ie ld e d  e x c e l l e n t  r e s u l t s

f o r  GTO’ s h a v in g  a  w id e  c a th o d e  (>20 m i l s )  and  a  h ig h  g a te  breakdow n

7 5 -1v o l t a g e  (>70 v o l t )  . H ow ever, t h e  c u r r e n t  g a in  o f  t h e  NPN s e c t i o n  i s

a  r a t h e r  s t r o n g  f u n c t i o n  o f  t h e  i n v e r t e d  p r o f i l e .  F u r th e r ,  i f  a  low

g a te  t u r n - o f f  v o l t a g e  (<30 v o l t s )  i s  o n e  o f  t h e  ( c i r c u i t )  r e q u i r e m e n ts ,

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

T h e r e f o r e ,  t h e  u n ifo rm  b a s e  p r o f i l e  o f  F ig u r e  3 -3 b  em erges  a s  t h e

b e s t  com prom ise and  was c h o se n  f o r  t h e  e x p e r im e n ts  r e p o r t e d  o n .

The a b s o lu t e  v a lu e  and  im p o r ta n c e  o f  a  c l o s e  c o n t r o l  o f  t h e  g a te

s h e e t  r e s i s t a n c e  i s  a p p a re n t  from  t h e  v a r i a t i o n  o f  t h e  m ain  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  su c h  a s  t h e  r i s e t i m e ,  f a l l  t im e ,  and fo rw a rd  v o l t a g e

d ro p  on t h i s  p a r a m e te r ,  a s  i s  e x p l i c i t  from  t h e  d a ta  p l o t t e d  i n  F ig u re  

75 -13 -4  . A c h a n g e  o f  ±20% in  g a te  s h e e t  r e s i s t a n c e  b r in g s  a b o u t  a

tw o fo ld  c h a n g e  f o r  t h e s 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 ,  t h e  l i f e t i m e  in  

t h e  N -b a se  b e in g  k e p t  c o n s t a n t .  I n  p a r t i c u l a r ,  t h e  d a ta  g iv e n  i n  

F ig u re  3 -4  a p p ly  to  a  l i f e t i m e  Tn  'VtL.2 m ic ro se c o n d s  and  a  g a t e  s h e e t
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r e s i s t a n c e  R ^180  o h m s/s q u a re  f o r  tt r (25 ) "  Cf ( 1 2 5 ) ’ w h ere  ^ ^ 2 5 ) i s

t h e  r i s e t i m e  a t  25°C and  t f ^ 2 5 )  *s  t *iei s  t h e  f a l l  t im e  a t  125°C

2 . M in o r i ty  C a r r i e r  L i f e t im e

The se co n d  p h y s ic a l  p a ra m e te r  w i th  g r e a t  i n f l u e n c e  on  t h e  e l e c t r i c a l

b e h a v io r  o f  a  GTO i s  t h e  m in o r i ty  c a r r i e r  l i f e t i m e ,  s p e c i f i c a l l y  t h e

h o le  l i f e t i m e  i n  th e  w id e  N -b a se . I n  F ig u re  3 -5  we have  p l o t t e d  t h e

r i s e  t im e  t r , f a l l  t im e  t ^  and th e  fo rw a rd  v o l t a g e  d ro p  V̂ , a s  a  f u n c t io n

o f  t h e  a v e ra g e  l i f e t i m e  i n  t h e  N -b a se  o v e r  a  r a n g e  o f  0 .8  t o  1 .4

7 5 -1m ic ro s e c o n d s , a g a in  t h e  g a te  s h e e t  r e s i s t a n c e  b e in g  k e p t  c o n s ta n t

The a d ju s tm e n t  o f  Tn was a c h ie v e d  by v a r y in g  t h e  c o n d i t io n s  f o r  t h e  g o ld

d i f f u s i o n ^ - ^ ’ ^  O th e r  m eans o f  l i f e t i m e  c o n t r o l ,  su c h  a s

75—2 76—1 77 3u s in g  p la t in u m  ’ o r  em p loy ing  e l e c t r o n  and  gamma i r r a d i a t i o n

w ere  n o t  c o n s id e r e d  i n  t h i s  s tu d y .

I t  i s  o f  c o u r s e  d e s i r a b l e  to  keep  t h e  l i f e t i m e  low  i n  o r d e r  to

m in im iz e  t h e  " t a i l "  i n  t h e  t u r n - o f f  p h a s e  ( s e e  F ig u re  2 - 5 ) .  H ow ever,

t h e  lo w er l i m i t  i s  d i c t a t e d  by t h e  a f f o r d a b l e  r i s e  t im e  t  and  fo rw a rd

v o l t a g e  d ro p  V^,. A v a lu e  f o r  Tn  i n  t h e  o r d e r  o f  1 .0  m ic ro s e c o n d ,

c o r r e s p o n d in g  to  a  g o ld  d i f f u s i o n  t im e  o f  2 .0  h o u rs  a t  a  t e m p e r a tu r e  

o f  850°C , a p p e a re d  t o  y i e l d  a  r e a s o n a b le  optim um .

I t  sh o u ld  be  n o te d  t h a t  t h i s  r e p r e s e n t s  a  d e l i b e r a t e  ch a n g e  from  u s u a l  
v a lu e s .  F o r a  " s t a n d a r d "  t r a n s i s t o r  b a s e  o r  t h y r i s t o r  g a te  Rs  i s  a t  
l e a s t  an  o r d e r  o f  m a g n itu d e  h ig h e r ,  i n  t h e  r a n g e  o f  1000 -10000  ohm s/ 
s q u a re .
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C. C ho ice  o f  H o r i z o n ta l  G eom etry ( I n t e r d i g i t a t i o n )

The h o r i z o n t a l  g e o m e try  was d e s ig n e d  w i th  t h e  a im  to  o b t a i n  a  

m e a n in g fu l e v a lu a t i o n  o f  t h e  GTO b e h a v io r  a s  a  f u n c t i o n  o f  t h e  l a t e r a l  

t u r n - o f f  d i s t a n c e  L ( s e e  F ig u re  2 - 3 a ) , i . e . ,  t h e  c a th o d e  w id th .  F o rX

t h i s  p u rp o s e  i t  w ould  b e  d e s i r a b l e  to  f a b r i c a t e  d e v ic e s  w i th  d i f f e r e n t

c a th o d e  w id th s  s im u l ta n e o u s ly  on th e  sam e w a f e r .  A l l  d e v ic e s ,  h o w ev er,

s h o u ld  hav e  t h e  same s i z e ,  a p p ro x im a te ly  e q u a l  t o t a l  c a th o d e  a r e a ,  and

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

d e n s i t i e s .  T h is  was a c c o m p lish e d  by m ak ing  u s e  o f  co m p u te r a id e d  m ask

75-4d e s ig n  p ro c e d u re s

I n  p a r t i c u l a r ,  a  p ro g ram  was w r i t t e n  t o  c r e a t e  a  3x3 a r r a y  o f  t e s t  

g e o m e tr ie s  v a r y in g  t h e  c a th o d e  w id th  o v e r  one  o r d e r  o f  m a g n itu d e . The

co m p u te r p ro g ram  i s  a t t a c h e d  a s  A ppendix  A, t h e  t e s t  p a t t e r n  i s  shown

1 2 i n  F ig u re  3 -6  . The a r e a  o f  t h e  t o t a l  a r r a y  i s  456x456 m i l s  , s u b d iv id e d

2
i n t o  9 i n d iv i d u a l  d e v ic e s  o f  152x152 m i l s  . The c a th o d e  a r e a  was k e p t  

2
a t  a b o u t  4000 m il  ; i . e . ,  15 to  20% o f  t h e  t o t a l  a r e a  was u t i l i z e d  a s  

c a th o d e .  F o r c a th o d e  w id th s  v a lu e s  o f  2 0 , 8 , 4 ,  and  2 m i l s  w ere  

s e l e c t e d .  The u p p e r  v a lu e  was p re d e te rm in e d  from  e x p e r im e n ts  su c h  t h a t  

f u n c t io n in g  d e v ic e s  ( i . e . ,  t u r n - o f f )  c o u ld  be  o b ta in e d  w i th  n e g a t iv e  

g a t e  v o l t a g e s  n o t  e x c e e d in g  20 v o l t s  f o r  a v e ra g e  o n - s t a t e  c u r r e n t

F ig u r e  3 -6  i s  a  m ic ro p h o to g ra p h  o f  a n  a r r a y  a s  o b ta in e d  on a  w a fe r  i n  
p r o c e s s ,  t h e  w h i te  a r e a s  b e in g  th e  c a th o d e  s i t e s  opened  i n  t h e  m ask ing  
o x id e .  The p h o to m ask  i t s e l f  i s  shown i n  A ppend ix  B, p p . 1 4 7 , Mask B-M03,
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m S S x

Figure 3-6. Test Array of GTO-Thyristors having Varying Cathode Widths 
Clockwise from Upper Left: Test Pattern (Rectangular Cathode 
Sites) 1,2,3,4; Device (Tapered Cathode Fingers) 1,2,3,4

Microphotograph of Section of Actual Device Wafer at
“ Define Cathode Area” Processing Stage
(see Figure 3-7, Step 7, and Appendix B, Mask 03)
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2 2d e n s i t i e s  o f  a b o u t  50A/cm (^250A /cm  c a th o d e  c u r r e n t  d e n s i t i e s ) .  The 

lo w e r  l i m i t  o f  2 m i l s  was s e t  i n  o r d e r  to  keep  t h e  i n f l u e n c e  o f  l a t e r a l  

d i f f u s i o n s  and  s id e w a l l  e f f e c t s  r e a s o n a b le .  As c a n  b e  s e e n  i n  F ig u re

3 - 6 ,  t h e  20 m il  c a th o d e  ( P a t t e r n  1) i s  l o c a t e d  in  t h e  u p p e r  l e f t  hand 

c o r n e r ,  fo l lo w e d  c lo c k w is e  by t h e  8 m i l ,  4 m il  and  2 m il  c a th o d e  d e s ig n ,  

r e s p e c t i v e l y  ( P a t t e r n  2 , 3 and  4 ) .  A t o p p o s i t e  l o c a t i o n s  w i t h in  t h e  

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

t a p e r e d  c a th o d e  s i t e s ,  how ever (D e v ic e  1 , 2 , 3 , and  4 ) .  The t a p e r  h a s  

two f u n c t i o n s :  a )  i t  lo w e rs  v o l t a g e  d ro p s  a lo n g  t h e  c a th o d e  f i n g e r s  a t

h ig h  c u r r e n t s ,  b) i t  w i l l  s h i f t  t h e  f i n a l  c u r r e n t  f i l a m e n t  d u r in g  t u r n 

o f f  to w a rd  t h e  b a s e  o f  t h e  f i n g e r  i n  a  c o n t r o l l e d  f a s h i o n .  T h is  p r e 

d i c t a b l e  c o o r d in a te  in  t h e  d e s ig n  i s  a  p r e r e q u i s i t e  f o r  an  e f f e c t i v e  

p la c e m e n t  o f  a n o d e  s h o r t s  ( s e e  F ig u r e  1 -3 )  and  i t  i s  o f  a d v a n ta g e  f o r  

im p le m e n tin g  t h e  p r i n c i p l e  o f  dynam ic b a l l a s t i n g  a s  w i l l  be  d i s c u s s e d  in  

t h e  f o l lo w in g  c h a p te r .

The c e n t e r  p a t t e r n  s e r v e s  a s  a  d i a g n o s t i c  d e v ic e  and  a lig n m e n t  k e y .

D. P r o c e s s  f o r  D e v ic e  F a b r i c a t i o n

W ith  t h e  v e r t i c a l  s t r u c t u r e  c h o s e n  and th e  h o r i z o n t a l  g eo m etry  

d e te rm in e d  a  f a b r i c a t i o n  p r o c e s s  was d e v e lo p e d , t h e  b a s ic  s t e p s  o f  w hich  

a r e  o u t l i n e d  i n  F ig u r e  3 -7  on t h e  f o l lo w in g  t h r e e  p a g e s .  F ig u r e  3-7  

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

s p e c i a l  f e a t u r e s  w h ich  a r e  n o t  fo u n d  i n  a  c o n v e n t io n a l  d e v ic e  f a b r i c a t i o n ,  

h o w ev er. I n  s t e p  2 a  low  r e s i s t i v i t y  P - ty p e  l a y e r  i s  e p i t a x i a l l y  grown
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<r
Starting Material, Si < lll>  axis 
25 <  q <  45 Scm, ~  9 mil thick

2
e p i - L A Y E R ,  P - T Y P E

N -

Grow epitaxial gate layer; 0.25 Scm 
1 .2  mil • grind and etch backside 
to total thickness of 7.2 mils

S i 0 2

Grow initial oxide, 12000 A - 
6  hrs. @ 1000 °C

Define P +  gate-contact areas by 
photolithography (see B-Mask 01)

■ B O R O S I L I C A T E

I I

N "

Deposit Boron diffusion source,
diffuse 1 hr. @ 1225 °C -
form anode and gate-contact layer

Strip Boron glass and oxide, 
regrow new oxide, 1 2 0 0 0  A 
6 hrs. @ 1000°C

I__ '

N -

I I
Define cathode areas in oxide 
photolithographically (B-Mask 03)
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N '
Deposit N +  Cathode from POCI3  
source, - 5-15-20 min. @ 1200°C

N t  S | O j

zm £ Tp

p+

Etch off phosphosilicate and S |02 - 
Drive in Boron and Phosphorus at 
1265°C for 30 min. with simultaneous 
growth pf final oxide;,slow cool to 
800°C @ 3°C/min. .

IO
- \ Z - J

p+

Define Mesa grid in oxide 
(see B-Mask 06)

II

N "

P  +

Etch Mesa about 3 mils deep using HF-HNO3 . 
Individual devices with plane forward blocking 
junction are formed.

12
7 —J p  I  _ • /

N ”

13

r v T ip 1

V n ,

p+

S I  L A N E  O X I D E

N -

Remove oxide overhang 
(B-Mask 08)

Apply glass frit (IP820), fire and 
anneal glass in special two-zone 
furnace. Junction J2  is now passivated.

Deposit protective low temperature 
oxide, synthesized from S1H4  and 
O2 , over wafer top, M5000 A
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15
V J  '

N ~

16

. M E T A L  ( C A T H O D E )
G A T E

 >

N ‘

M E T A L  ( A N O D E )

Etch bottom oxide off, plate Gold 
on backside, diffuse in two-zone 
furnace using special conditions - 
7 ~  1.0 j j s

Define cathode and gate 
contact areas in oxide 
(B-Mask 04)

Evaporate trimetal (Al-Ti-Nj), 
define contact pattern 
(B-Mask 07, inverse) 
sinter metal for 20 min. @ 425 °C

18

Separate devices by laser scribing; test dice

Assemble units on TO-3 stem, RTV coat and 
seal. Final stabilization bake: 24  hrs. @ 150°C.

Figure 3-7. Basic Process Outline for Fabrication of 
High Speed, Epi Base GTO-Thyristor (3 pages)
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on a  h ig h  r e s i s t i v i t y  N - ty p e  s u b s t r a t e .  The se q u e n c e  13 to  15 shows a 

j u n c t i o n  g l a s s  p a s s i v a t i o n  c o m p a t ib le  w i th  a  s u b s e q u e n t  g o ld  d i f f u s i o n .

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

f i n i s h e d  d e v ic e  ( th r o u g h  th e  c e n t e r  o f  t h e  d e v ic e  s t r u c t u r e  a t  s t e p  1 6 , 

o r  17 w i th  m e ta l  rem oved) i s  g iv e n  i n  F ig u re  3 - 8 .  T h is  p r o f i l e  was o b 

t a i n e d  by a n g le  l a p p in g  a  sam p le  and t a k in g  two p o i n t  p ro b e  -  s p re a d in g

7 4 -2  79 -4r e s i s t a n c e  m easu rem en ts  * . We s e e  t h e  c a th o d e  l a y e r  w^ on  th e
_3

l e f t ,  h a v in g  a  v e ry  low  r e s i s t i v i t y  o f  5x10 ficm, t h e  j u n c t i o n  x ._  b e in g
J ^

lo c a t e d  11 m ic ro n s  from  th e  to p  s u r f a c e .  The a n o d e  l a y e r  w^ i s  s e e n  on 

t h e  r i g h t  hand s i d e ,  t h e  j u n c t i o n  x ^  b e in g  l o c a t e d  24 m ic ro n s  from  t h e  

b o tto m  s u r f a c e .  The fo rw a rd  b lo c k in g  j u n c t i o n  x ^  s e p a r a t e s  t h e  low  

r e s i s t i v i t y  g a te  l a y e r  (w^ = 19 m ic ro n , Pm£n  = 0 .2 8  ficm) from  th e  h ig h  

r e s i s t i v i t y  N b a s e  (w^ = 126 m ic ro n , p = 36 ficm) w h ic h  i s  t h e  l e f t o v e r  

p o r t i o n  o f  t h e  i n i t i a l  s u b s t r a t e  and i s  s u p p o r t in g  t h e  h ig h  breakdow n 

v o l t a g e .

E . R e s u l t s

D e v ic e s  w ere f a b r i c a t e d  i n  a c c o rd a n c e  w i th  t h e  p r o c e s s  d e s c r ib e d  i n  

t h e  p r e v io u s  s e c t i o n ,  and  th e y  w ere  s u b je c te d  t o  a n  e x te n s iv e  e l e c t r i c a l  

e v a l u a t i o n .

I n  g e n e r a l ,  a  d i s t i n c t  d i f f e r e n c e  in  b e h a v io r  o f  d e v ic e s  h a v in g  

e i t h e r  p a r a l l e l  c a th o d e s  o r  t a p e r e d  c a th o d e s  c o u ld  n o t  be  e s t a b l i s h e d  

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

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

a p p l i c a b l e  to  b o th  v e r s i o n s .
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1 . S t a t i c  D ata

R e s u l t s  o f  s t a t i c  d a t a  f o r  o n e  t y p i c a l  s e t  o f  d e v ic e s  a r e  g iv e n  in

T a b le  3 - 1 .  T h ese  d e v ic e s  come from  th e  same w a fe r  and  w ere  s e le c t e d

from  t h e  lo w e r s id e  o f  t h e  I  and V_ d i s t r i b u t i o n .g t  T

As c a n  be  se e n  th e  fo rw a rd  b lo c k in g  v o l t a g e  l i e s  b e tw een  600

and  700 v o l t s  and i s  g eo m etry  in d e p e n d e n t .  T h is  v a lu e  i s  s u r f a c e - c o n to u r

l i m i t e d  be low  th e  a c t u a l  b u lk  b reakdow n . The g a te - c a th o d e  breakdow n

v o l t a g e  Vnir o f  a p p ro x im a te ly  21 v o l t s  i s  a l s o  in d e p e n d e n t  o f  g eo m etry  GK.
and  i s  c o n s i s t e n t  f o r  a  p l a n a r  j u n c t i o n  w i th  a  p r o f i l e  a s  shown a ro u n d

i n  F ig u r e  3 - 8 .  The fo rw a rd  v o l t a g e  d ro p  V̂ , and  th e  g a t e  t r i g g e r

c u r r e n t  a r e  s t r o n g l y  d e p e n d e n t on c a th o d e  w id th .  The v a r i a t i o n  o f

c a th o d e  a r e a  from  d e v ic e  1 to  4 i s  l e s s  th a n  ±20%, and  t h e  i n c r e a s e  i n

VT from  1 .8  v o l t  f o r  t h e  20 m il  c a th o d e  to  3 .4  v o l t s  f o r  t h e  2 m il

c a th o d e  may p o i n t  to w ard  a  som ew hat n o n -u n ifo rm  c u r r e n t  d i s t r i b u t i o n .

T h is  f a c t  i s  c o n t r a d i c t e d  by t h e  i n c r e a s e  i n  g a t e  t r i g g e r  c u r r e n t  w h ich

i s  ro u g h ly  p r o p o r t i o n a l  t o  t h e  p e r ip h e r y  i n d i c a t i n g  a  r e a s o n a b le

u n ifo rm  t u r n - o n ,  w h ich  c e r t a i n l y  p o i n t s  to w ard  u n ifo rm  c o n d u c tio n  in  t h e

s t e a d y - s t a t e  c o n d i t i o n .  The i n c r e a s e  in  V,j, w i th  d e c r e a s in g  c a th o d e

w id th  c a n  be  e x p la in e d  i f  o n e  t a k e s  i n to  a c c o u n t  t h e  g e t t e r i n g  e f f e c t

7 2 -1o f  t h e  p h o sp h o ru s  c a th o d e  l a y e r  on th e  g o ld  c o n c e n t r a t i o n  i n  t h e  

a c t i v e  g a te  r e g i o n .

The w id e  c a th o d e  w i l l  m ore e f f e c t i v e l y  g e t t e r  to w ard  t h e  c e n te r  o f  

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

c a th o d e .
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Device WCath. VDRXM
Type (mils) (V)

1 20 600
2 8 656
3 4 623
4 2 661

Conditions 0.2 mA
,RXM

VGK
(V)

vT
(V)

■gt
(mA)

21.0 1.84 6.8
20.7 2.07 25.6
20.4 2.40 53.2
21.2 3.38 167.5

0.2 mA 10 A 12 V
■r g k •t vA

Table 3-1. Static Data for GTO Thyristor 
with Varying Cathode Width
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The n a rro w  c a th o d e  w i l l  b e  m ore d o m in a te d  by ed g e  e f f e c t s ,  i . e . ,  l e s s  

g e t t e r i n g  i s  e x p e r ie n c e d .  H en ce , a  lo w e r  a v e ra g e  l i f e t i m e  T i s  a c h ie v e d  

l e a d in g  to  a  s h o r t e r  d i f f u s i o n  l e n g t h  and  c o n s e q u e n t ly  to  a  h ig h e r  

fo rw a rd  v o l t a g e .  T h is  e f f e c t  may b e  en h an ced  b e c a u s e  o f  s id e w a l l  i n j e c 

t i o n  r e s u l t i n g  i n  a  h ig h e r  a v e ra g e  g a t e  w id th  w r e d u c in g  t h e  e f f e c t i v e  

t r a n s p o r t  f a c t o r  even  m o re .

2 . M ajo r T e s t  C o n d it io n s

S w itc h in g  c h a r a c t e r i s t i c s  w e re  d e te rm in e d  u s in g  a  p u ls e d  a n o d e  su p p ly  

and  a  r e s i s t i v e  l o a d .  The i n p u t - o u tp u t  wave fo rm s a r e  s c h e m a t ic a l ly  g iv e n  

in  F ig u r e  3 - 9 .

A t u r n - o n  p u l s e  o f  1 am pere  w i th  a  50 n an o sec o n d  r i s e  t im e  and  an  

a p p ro x im a te ly  10 m ic ro se c o n d  d u r a t i o n  was a p p l i e d  to  t h e  g a t e .  A 

n e g a t i v e  t u r n - o f f  p u l s e  was a p p l i e d  from  a  v o l t a g e  s o u rc e  a b o u t  50 m ic ro 

s e c o n d s  l a t e r .  G e n e r a l ly ,  an  in d u c ta n c e  was p u t  i n  s e r i e s  w i th  th e  

i n p u t .  The t im e  d u ty  c y c le  was k e p t  b e lo w  2.5% i n  o r d e r  to  a v o id  

i n t e r n a l  d e v ic e  h e a t i n g .  A l l  d a t a  p r e s e n te d  w ere  ta k e n  w i th  a n  anode  

s u p p ly  v o l t a g e  o f  200 v o l t s ,  and  w i th o u t  a  sn u b b e r  n e tw o rk  o r  a  

v o l t a g e  clam p a c r o s s  t h e  o u tp u t  o f  t h e  d e v ic e  u n d e r  t e s t .

3 . Turn-O n

The tu r n - o n  c h a r a c t e r i s t i c s  a r e  shown i n  F ig u r e  3—1 0 . The d e la y  tim e

t ,  i s  l e s s  th a n  50 n a n o se c o n d s  and  t h e  r i s e  t im e  i s  a b o u t  500 and  400 d

n a n o s e c o n d s , f o r  25°C ( F ig u r e  3 -1 0 a )  and  125°C ( F ig u r e  3 - 1 0 b ) , r e s p e c t i v e l y .

The s u r p r i s i n g  f e a t u r e  i s  t h a t  t h e r e  i s  v i r t u a l l y  no d e p e n d en c e  o f  

r i s e  t im e  t r  on c a th o d e  w id th .  One w ould e x p e c t  t h a t  d e v ic e  1 w i th  a  20 

m il  w id e  c a th o d e  e x h i b i t s  t h e  l o n g e s t  t . H ow ever, q u i t e  c o n t r a r y ,  th e
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Figure 3-9. Input-Output Waveforms for GTO
Thyristor in Anode Load Configuration
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DEVICE 1,2,3

Va  = 2 0 0  V 
T = 25 °C 
VERT I A /D I V. 
H 0 R .0 .2 ms /D IV

Figure 3-10a. Gate Turn-On Current lGT = f(t)
Anode Load Current Response Ia  = f(t)

t  = 0

»v*+f 1 H

Va  = 200  V 
T = 125 °C 
VERT IA /D IV  
HOR. 0 .2  a s/D I V.

Figure 3-1 Ob. [Ig t , I a] = f(t)

Figure 3-10. Turn-On Characteristic of High-Frequency 
GTO-Thyristor at 25 °C and 125 °C 
Device 1 ,2 , 3, and 4
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t r e n d  i s  a c t u a l l y  r e v e r s e d .  D e v ic e  4 w i th  a  2 m il  c a th o d e  w id th  h a s  th e

l o n g e s t  r i s e  t im e  a s  e v id e n t  from  th e  t r a c e s  i n  F ig u r e  3 -1 0 a .

The r e a s o n  f o r  t h i s  m ust b e  a  d i f f e r i n g  s p re a d in g  v e l o c i t y  i n  t h e

in d i v i d u a l  d e v ic e s .  S in c e  t h e  s p re a d in g  v e l o c i t y  i s  p r o p o r t i o n a l  t o  t h e

63—1 73—1 75—3s q u a re  r o o t  o f  t h e  l i f e t i m e ,  oc /f * * we may c o n c lu d e

t h a t  t h e  l i f e t i m e  b e n e a th  t h e  a c t i v e  g a te  d e c r e a s e s  w i th  d e c r e a s in g

c a th o d e  w id th .  T h is  f a c t  i s  c o n s i s t e n t  w i th  t h e  o b s e r v a t io n s  made a b o u t

t h e  v a r i a t i o n s  i n  fo rw a rd  v o l t a g e  d ro p  VT i n  S e c t io n  3 , th u s  c o n f irm in g

a  m ore p ro n o u n ced  g e t t e r i n g  o f  g o ld  u n d e r  t h e  w id e r  c a th o d e s .

L a s t l y ,  we n o t i c e  i n  F ig u r e  3 -1 0  t h a t  t h e  t u r n - o n  c o n d i t io n  f o r  a n

o u tp u t  c u r r e n t  1^  = 8A and  f o r  t h e  d u r a t i o n  o f  t h e  in p u t  p u l s e  r e p r e s e n t s

t h e  e q u iv a l e n t  o f  a  f o r c e d  c u r r e n t  g a in  h ^  = 8 , h ^  b e in g  th e  D C -c u r re n t

g a in ,  a s  i s  c u s to m a r i ly  d e f in e d  f o r  t r a n s i s t o r s .

4 .  T u rn -O ff  C h a r a c t e r i s t i c s  (G e n e ra l  W aveform s)

The t u r n - o f f  w avefo rm s a r e  shown i n  F ig u r e  3 - 1 1 .  T h ese  w aveform s

r e p r e s e n t  a  t y p i c a l  exam ple  o f  t h e  i n p u t - o u tp u t  r e l a t i o n s h i p  f o r  c u r r e n t s

and  v o l t a g e s  a s  a  f u n c t i o n  o f  t im e  d u r in g  t h e  t u r n - o f f  p h a s e .

I n  F ig u r e  3 - l l a  we s e e  t h e  n e g a t iv e  g a t e  c u r r e n t  I  ( t )  and t h e

c o r r e s p o n d in g  an o d e  c u r r e n t  r e s p o n s e  I ^ ( t )  a t  t h e  g a t e  t e r m in a l  and

an o d e  t e r m in a l ,  r e s p e c t i v e l y .  The c o in c id in g  in p u t  v o l t a g e  V ( t )  and
B 4

t h e  o u tp u t  v o l t a g e  r e s p o n s e  V ^ ( t)  a r e  t r a c e d  i n  F ig u re  3 - l l b .  The 

a p p l i c a t i o n  o f  t h e  t u r n - o f f  p u l s e ,  t= 0 ,  o c c u r s  a t  t h e  f i r s t  v e r t i c a l  

g r i d  l i n e  on  th e  l e f t  hand  s id e  o f  t h e  d i s p l a y .



GA
TE

 
VO

LT
AG

E 
(V

) 
GA

TE
 

C
U

R
R

E
N

T(
A

)

67

.  . .  -  I

3&T ;v»K „ sgj.^ypl

(a )  INPUT CURRENT I gq= f ( t )  
OUTPUT CURRENT I A = f ( t )

P&SagP
+ 2 0 0  o* -iy  foi tpf}* f  S

4 4̂ ,

M k » i

t T v | ^
Bpii

(b) INPUT VOLTAGE Vgq = f (* )= IO V /D IV .
OUTPUT VOLTAGE VA- f ( t )  = 50V/DIV.

HORIZONTAL SCALE : t = 0-5 /ts/DIV- 
VERTICAL SCALE: IA /D IV .
GATE SERIES INDUCTANCES LgS= 4 . 6 ^ H  
DEVICE 3  ( 4  MIL CATHODE)

Figure 3-11. Turn-Off Characteristics for High-Frequency 
GTO-Thyristor (Example of Waveforms)
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The g a te  c u r r e n t  I  r i s e s  a p p ro x im a te ly  l i n e a r  d u r in g  th e  w ho le

s to r a g e  p h a s e  t  ( 'v l.A  m ic r o s e c o n d s ) ,  w h i le  th e  an o d e  c u r r e n t  re m a in s  s

c o n s ta n t  (1 ^  = 8 A ). The s lo p e  o f  t h e  g a t e  c u r r e n t  i s  m a in ly  a  

f u n c t i o n  o f  t h e  g a t e  s e r i e s  in d u c ta n c e  ( ^ 4 . 6yH) and  t h e  open  

c i r c u i t - g a t e  s o u rc e  v o l t a g e  ( -1 0 V ) . The maximum g a t e  c u r r e n t

Ig q  max î >2A) i s  r e a c h e d  a f t e r  t h e  s to r a g e  p h a s e  i s  c o m p le te d  and  

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

t r a c e s  i n t e r s e c t  e a c h  o t h e r  ( F ig u r e  1 1 a ) .

A t t h a t  p o i n t  t h e  c a th o d e  j u n c t i o n  i s  r e v e r s e  b ia s e d  and  h a s  

assum ed t h e  g a t e  s o u rc e  v o l t a g e  ( -1 0 V ); t h e  v o l t a g e  a c r o s s  t h e

in d u c ta n c e  b e in g  z e r o .

The f a l l  o f  t h e  anode  c u r r e n t  1^  i s  now a id e d  by th e  r e v e r s a l  o f

t h e  p o l a r i t y  a t  t h e  g a te  in d u c ta n c e  L , and  th e  a d d i t i o n a l  n e g a t iv eg s

t u r n - o f f  v o l t a g e  w h ich  i s  d e v e lo p e d  a t  t h e  g a t e  ( F ig u r e  l i b ) ,  w h i le

th e  s to r e d  e n e rg y  i n  L i s  b e in g  d i s c h a r g e d .  A c tu a l ly ,  i t  may b egs

n o t i c e d  t h a t  t h e  g a t e  c a th o d e  j u n c t i o n  i s  d r iv e n  i n t o  b reakdow n a c t i n g  

a s  a  v o l t a g e  c lam p f o r  a p p ro x im a te ly  0 .3  m ic ro s e c o n d s . D u rin g  t h i s  

p e r io d  t h e  n e g a t iv e  g a te  c u r r e n t  I  d e c r e a s e s  to  z e ro  w i th  a  s lo p e  

d e te rm in e d  by and  th e  g a te  b reakdow n v o l t a g e  V ^ r  (^22V ) and  th e n  

th e  g a te  v o l t a g e  a ssu m es th e  o p e n - c i r c u i t  v a lu e  VgQc = -10V . The 

s m a ll  t a i l  o f  a n o d e  c u r r e n t  d e c a y s  s im u l ta n e o u s ly  and  t h e  c e n t e r  

j u n c t i o n  3̂  r e c o v e r s  and  becom es r e v e r s e  b i a s e d .  T h u s, t h e  ano d e  

v o l t a g e  assu m es th e  su p p ly  v o l t a g e  = 200V. The o v e r s h o o t  o f  

a b o u t  100 v o l t s  and  t h e  r i n g i n g  i s  a  c o n se q u e n c e  o f  some l e a d  

in d u c ta n c e  i n  t h e  lo a d  c i r c u i t ,  i n t e r a c t i n g  w ith  t h e  d e v ic e
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o u tp u t  c a p a c i t a n c e .  S in c e  t h e  maximum v a lu e  o f  t h e  t r a n s i e n t  v o l t a g e  

re m a in e d  w e l l  be low  t h e  a c t u a l  j u n c t i o n  breakdow n o f  J 2 , no e f f o r t s  w ere  

m ade to  r e d u c e  t h i s  p a r a s i t i c  in d u c ta n c e  f o r  t h e  m ea su rem e n ts  p r e s e n te d  

h e r e .

5 . The I n f lu e n c e  o f  t h e  G a te  S e r i e s  In d u c ta n c e

An in d u c ta n c e  i n  s e r i e s  w i th  t h e  g a te  p ro v e d  t o  be  an  im p o r ta n t

e le m e n t f o r  s a f e l y  o p e r a t in g  a  GTO. I n  F ig u re  3 -1 2  we s e e  t h e  t u r n - o f f  

c h a r a c t e r i s t i c s  f o r  a  d e v ic e  ty p e  3 (4  m il  c a t h o d e ) . C urve 1 shows t h e  

g a t e  c u r r e n t  and  an o d e  c u r r e n t  w i th o u t  an  in d u c ta n c e  c o n n e c te d  b e tw een  

th e  g a te  and  th e  v o l t a g e  s o u r c e .  F o r c u rv e  2 and  3 a n  in d u c ta n c e  o f  4 .6  

m ic ro h e n ry  and  1 1 .8  m ic ro h e n ry  w ere  i n s e r t e d ,  r e s p e c t i v e l y .  The open  

c i r c u i t  g a te  v o l t a g e  was VgOC ~ v o l t s  i n  a l l  c a s e s .

As c a n  b e  s e e n  i n  c u rv e  1 t h e  s to r a g e  t im e  t  l a s t s  a b o u t  0 .5 y s  and

t h e  f a l l  t im e  t o n l y  O . lu s .  The p e a k  g a te  c u r r e n t  I  r e a c h e s  4f  J  ̂ gq  max

a m p e re s , i . e . ,  t h e  t u r n - o f f  g a in  G = 2 .  F u r th e r ,  a s  t h e  ( a v e ra g e )
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a n o d e  c u r r e n t  1^  r e a c h e s  t h e  b r e a k  a t  a p p ro x im a te ly  3% o f  t h e  O n - s ta t e

c u r r e n t ,  t h e  n e g a t iv e  g a t e  c u r r e n t  b r e a k s  a l s o .  The " t a i l "  c u r r e n t  i n

t h e  an o d e  i s  i d e n t i c a l  to  t h e  g a te  c u r r e n t ,  t h e  d e c a y  t im e  b e in g  a b o u t

0 .5 y s .  T h is  i s  a  s i t u a t i o n  a s  d e s c r ib e d  in  C h a p te r  I I  and  shown in

F ig u r e  2 - 5 .  A t th e  b r e a k ,  t h e  c a th o d e  h a s  s h u t  o f f  and  i s  r e v e r s e

b i a s e d ,  t h e  n e g a t iv e  v o l t a g e  b e in g  s m a l le r  th a n  t h e  g a te - c a th o d e

j u n c t i o n  breakdow n v o l t a g e .

For t h e  c u rv e s  2 and  3 t h e  s t o r a g e  tim e  t g i n c r e a s e s  w h i le  th e  p e a k

g a te  c u r r e n t  I  d e c r e a s e s .  The f a l l t i m e ,  h o w ev er, i s  a t  l e a s t  a s0  gq max ’ ’



GATE SERIES INDUCTANCE ( Lgs) 
1 = 0 ^  2 = 4 - 6 ^ H  3 =  I I .  8 mH
t ^ . 5 / i S / D I V -  T=25°C  I  = IA /D IV .

Figure 3-12. Turn-Off for GTO-Thyristor [Ia , Igq] = f(t) with 
Gate Series Inductance Lgs as Parameter 
Device Type 3 (4-mil Cathode)
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f a s t  a s  i n  t h e  c a s e  f o r  c u rv e  1 , i . e . ,  t ^ = 0 .1 y s .  The b r e a k  an d  t a i l  f o r  

t h e  ano d e  c u r r e n t  1^  re m a in  r e l a t i v e l y  u n c h a n g e d .

The s i g n i f i c a n t  d i f f e r e n c e  i s  i n  t h e  w aveform  o f  t h e  g a t e  c u r r e n t ,  

t h e  m a g n itu d e  o f  w h ic h  s t a y s  a lw ay s  ab o v e  th e  an o d e  t a i l  c u r r e n t .  T h is  

f a c t  i n d i c a t e s  t h a t  c a th o d e  c u r r e n t  f lo w s  i n  t h e  r e v e r s e  d i r e c t i o n ,  t h e  

e n t i r e  g a te - c a th o d e  j u n c t i o n  i s  i n  a v a la n c h e  breakdow n ( a s  shown i n  

F ig u r e  3 - l l b  b e f o r e )  and t h e  GTO s t a y s  s a f e l y  tu r n e d  o f f .

I t  m ust b e  e m p h asized  h e r e  t h a t  t h e  sn ap  i n t o  breakdow n by m eans o f  

a n  i n d u c t iv e  k i c k  i s  r a t h e r  d i f f e r e n t  from  th e  l o c a l  edge  b reakdow n 

c a u se d  by t h e  l a t e r a l  v o l t a g e  d ro p  d u e  to  I  f lo w in g  th ro u g h  th e  

r e s i s t i v e  g a te  r e g io n  b e n e a th  t h e  c a th o d e .

I n  t h e  f i r s t  c a s e  t h e  e l e c t r o n - h o l e  p la sm a  i s  b e in g  r a p i d l y  e x t i n 

g u is h e d  o n c e  i t  h a s  b een  sq u e ez e d  i n t o  a  f i l a m e n t  d u r in g  th e  s to r a g e  

p h a s e  a s  e v id e n c e d  from  t h e  n e g a t iv e  p o t e n t i a l  b u i l t - u p  a c r o s s  t h e  g a t e -  

c a th o d e  t e r m in a l  ( s e e  F ig u re  3 - l l b ) .

I n  th e  l a t t e r  c a s e  t h e  e l e c t r o n - h o l e  p la sm a  k e e p s  f lo w in g  i n  a 

p a r t i a l l y  sq u e e z e d  c o n d i t io n  and a  n e g a t i v e  p o t e n t i a l  i s  n e v e r  d e v e lo p e d  

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

c a th o d e  j u n c t i o n  re m a in s  fo rw a rd  b ia s e d  ( s e e  F ig u r e  l - 2 c ,  p p . 8 ) .  T hus, 

a  h o t  s p o t  fo rm s  and  e v e n tu a l  d e v ic e  f a i l u r e  r e s u l t s  d u e  to  l o c a l  b u rn 

o u t .

T u rn in g  o u r  a t t e n t i o n  now to  t h e  p e a k  r e v e r s e  g a t e  c u r r e n t ,  f o r  

i n s t a n c e  f o r  c u rv e  3 , we n o t i c e  t h a t  t h i s  v a lu e  i s  now 2 am p e res  r a t h e r  

th a n  4 am p eres  a s  f o r  c u rv e  1 . The t u r n - o f f  g a in  i s  h e re  i n c r e a s e d  to
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G = 4 ,  w h i le  t h e  i n t e r n a l  l a t e r a l  v o l t a g e  d ro p  i s  k e p t  to  o n e - h a l f  o f  
8 Q

t h a t  d e v e lo p e d  i n  c a s e  1 . A ls o , t h e  n e g a t iv e  g a te  b i a s  i s  e q u a l  to  th e

h i g h e s t  p o s s i b l e  v o l t a g e ,  nam ely  t h e  c a th o d e  b reakdow n v o l t a g e  =

-23V , w h i le  t h e  open  c i r c u i t  d r i v e  v o l t a g e ,  V = -15V , c a n  be c o n -go c

s id e r a b l y  lo w e r .

I t  i s  o b v io u s  t h a t  i t  w ould  b e  much m ore d i f f i c u l t  to  a c h ie v e  t u r n 

o f f  i f  t h e  maximum g a te  c u r r e n t  w ould  b e  l i m i t e d  th ro u g h  an  added  

e x t e r n a l  r e s i s t a n c e .  The t u r n - o f f  v o l t a g e  a v a i l a b l e  w ould  b e  much 

lo w e r  th a n  t h e  op en  c i r c u i t  v o l t a g e  a t  t h e  c r i t i c a l  p o i n t  w h ere  t h e  

c u r r e n t  d e n s i t y  i n  t h e  d e v ic e  h a s  r e a c h e d  a  l o c a l  maximum. I n  a d d i t i o n ,  

a  p o r t i o n  o f  t h e  t u r n - o f f  e n e rg y  d e l i v e r e d  by th e  g a te  d r i v e  s o u rc e  i s  

n e e d le s s ly  d i s s i p a t e d  i n  t h e  s e r i e s  r e s i s t o r .

The a b o v e  d i s c u s s io n  l e a d s  to  t h e  f o l lo w in g  summary a b o u t  t h e  

i n f l u e n c e  o f  a  g a t e  s e r i e s  in d u c ta n c e  f o r  t u r n - o f f  o f  a  GTO:

a .  a n  in c r e a s e d  t u r n - o f f  g a in  c a n  b e  o b ta in e d ,

b .  lo w e r  l a t e r a l  i n t e r n a l  v o l t a g e  d ro p s  a r e  e n c o u n te re d ,

c .  t h e  a p p l i e d  s o u rc e  v o l t a g e  c a n  be  lo w e r  and  i s  n o t  a s

c r i t i c a l ,  and

d .  a n  i n c r e a s e  i n  s t o r a g e  t im e  m u st b e  t o l e r a t e d .

I n  g e n e r a l ,  w i th  th e  a p p l i c a t i o n  o f  a  g a t e  s e r i e s  in d u c ta n c e  a  s a f e  

t u r n - o f f  c o n d i t io n  c a n  b e  m a in ta in e d ,  and  a s  a n  i n d i r e c t  b e n e f i t  a  

s m a l le r  d e v ic e  may b e  em ployed f o r  g e n e r a t i n g  th e  d r i v e  f u n c t i o n  to  

a c h ie v e  t u r n - o f f .
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6 . D ependence on C a thode  W id th

The e f f e c t  o f  t h e  c a th o d e  w id th  on  th e  t u r n - o f f  b e h a v io r  o f  a  GTO 

i s  o f  g r e a t  i n t e r e s t .  F ig u re  3 -1 3  d e p ic t s  t h e  in p u t  c u r r e n t - o u tp u t  

c u r r e n t  t im e  r e s p o n s e  o f  d e v ic e s  w i th  a  20 m i l ,  8 m i l ,  4 m i l ,  and 

2 m il  w ide  c a th o d e ,  c u r v e s  1 ,  2 , 3 , and  4 ,  r e s p e c t i v e l y .

The in p u t  c i r c u i t  and  th e  d r iv e  c o n d i t io n  a s  w e l l  a s  t h e  o u tp u t  

s u p p ly  v o l t a g e  and lo a d  r e s i s t a n c e  w ere  k e p t  c o n s ta n t  (^ g S = 4 .6yH ,

Vgoc = ~15V’ VD = 200V> \  * 2 5 n ) '

We o b s e rv e  t h a t  t h e  s to r a g e  tim e  t  and  t h e  f a l l  t im e  t ^  a r e  p r o 

no unced  f u n c t io n s  o f  t h e  c a th o d e  w id th .  The s to r a g e  t im e  in c r e a s e s  

from  0 .7  m ic ro se c o n d s  f o r  th e  2 .0  m il  c a th o d e  ( c u r v e s  4 ) to  1 .5  m ic ro 

s e c o n d s  f o r  th e  20 m il  c a th o d e  ( c u r v e s  1 ) .  The f a l l  t im e  c h a n g es  from  

a p p ro x im a te ly  0 .1  m ic ro se c o n d s  f o r  t h e  2 m il  c a th o d e  to  0 .6  m ic ro 

s e c o n d s  f o r  t h e  20 m il  c a th o d e .  The t u r n - o f f  g a in  r e m a in s  r e l a t i v e l y  

u n c h a n g e d .

T h ese  r e s u l t s  d i f f e r  from  p r e v io u s ly  p u b l is h e d  d a t a  by Kao and

74 -3B re w s te r  who r e p o r t  t h a t  b o th  s to r a g e  tim e  t  and  t u r n o f f  tim e

( t g +  t ^ )  "w ere  much th e  same and  d id  n o t  d ep en d  on c a th o d e  w id th " .

T h e ir  c a s e ,  t h e r e f o r e ,  im p l ie s  t h a t  o n e -d im e n s io n a l  c o n d i t io n s  e x i s t e d ,

i . e . ,  t h e  c a th o d e  w id th  L < 2L . T h is  w ould r e q u i r e  a  minimum l i f e -  * x  n  n

t im e  T 'V/ 50 m ic ro se c o n d s  f o r  t h e  maximum c a th o d e  w id th  o f  25 m ils  
P

t h a t  was u se d  i n  R e fe re n c e  7 4 - 3 .  Such a  lo n g  l i f e t i m e  c a u s e s  a  l a r g e  

r e c o m b in a t io n  t a i l  ( s e e  F ig u re  2 - 5 ,  p p . 2 8 ) .  C o n s e q u e n tly , t h i s



CATHODE WIDTH

I = 2 0  Ml L 3 = 4  MIL
2= 8 MIL 4 = 2  MIL

t = 0-2 j ts /D IV . T = 2 5 °C  
X = IA /D IV .  V goc= - l 5 V  

Lgs= 4 .6  | iH  ^

Figure 3-13. Turn-Off Behavior of GTO-Thyristor 
with varying Cathode Width [Ia > Igql 
Wk = Lx as Parameter
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d e v ic e  w ould  s u f f e r  from  e x c e s s iv e  s w i tc h in g  d i s s i p a t i o n  and  be

v u l n e r a b l e  to  r e t r i g g e r i n g .  T h ese  c o n d i t io n s  c a n  o n ly  b e  re m e d ie d

75-4  77 -4
by a d d in g  a  p o l a r i z e d  sn u b b e r  n e tw o rk  i n  p a r a l l e l  to  t h e  an o d e  ’ 

and  h ig h  sp e ed  o p e r a t io n  and  c i r c u i t  e f f i c i e n c y  a r e  g r e a t l y  im p a ir e d , 

h o w e v e r.

7 . T u rn -O ff  C r i t e r i a  and C u r re n t  D e n s i t i e s

C o n s id e r in g  th e  w aveform s o b ta in e d  i n  t h i s  w ork  f o r  v a r y in g  

c a th o d e  w id th  some im p o r ta n t  t u r n - o f f  c r i t e r i a  may b e  e s t a b l i s h e d .

E xam in ing  th e  I ^ - t r a c e s  d e p ic t e d  i n  F ig u re  3 -1 3  d u r in g  t h e  f a l l  

p e r io d  we d e t e c t  t h a t  f o r  d e v ic e s  2 ,  3 , and 4 t h e  s lo p e  d l ^ / d t  i n 

c r e a s e s  up to  t h e  t a i l  b r e a k  p o i n t .  A ls o , t h e  maximum g a te  c u r r e n t  

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

T h a t d o e s  n o t  h o ld  f o r  D e v ic e  1 .  H ere  t h e  s lo p e  o f  1 ^  g o e s

th ro u g h  a n  i n f l e c t i o n  a t  a b o u t  4A d e c r e a s in g  w i th  t im e ,  i . e . ,  t h e

2 2se co n d  d e r i v a t i v e  o f  an o d e  c u r r e n t  w i th  r e s p e c t  to  t im e  d 

becom es n e g a t i v e .  A ls o , t h e  g a t e  c u r r e n t  d i s p l a y s  a  b ro a d  maximum 

an d  p e a k s  lo n g  b e f o r e  t h e  a n o d e  c u r r e n t  i s  i n t e r s e c t e d .  From su c h  a  

w aveform  we may i n f e r  t h a t  i n  t h i s  c a s e  f o r  t h e  20 m il  w id e  c a th o d e  

t h e  l a t e r a l  b a s e  r e s i s t a n c e  g a in s  dom inance  to w a rd  t h e  end o f  t h e  

s t o r a g e  p h a s e .  T h u s, t h e  g a t e  s o u rc e  v o l t a g e  i s  m a r g in a l  f o r  t u r n 

o f f  an d  a  p ro n o u n ced  i n d u c t iv e  v o l t a g e  s p ik e  a s  f o r  i n s t a n c e  se e n  i n  

F ig u r e  3 - l l b  i s  a b s e n t .  A s l i g h t  d e c r e a s e  i n  t u r n - o f f  v o l t a g e s  o r  

i n c r e a s e  i n  te m p e ra tu re  w i l l  c a u s e  f a i l u r e  to  t u r n - o f f .
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The d i f f e r e n c e  b e tw e en  s a f e  t u r n - o f f  and  p o t e n t i a l  t u r n - o f f  

f a i l u r e  becom es r a t h e r  c l e a r  i f  we p l o t  t h e  r a t i o  o f  an o d e  c u r r e n t  

to  g a te  c u r r e n t  d l ^ / d l  a g a in s t  t im e  d u r in g  t h e  t u r n - o f f  p h a s e  a s  i s  

shown In  F ig u re  3 -1 4  u s in g  th e  w a v esh ap es  o f  F ig u re  3 -1 3 .

W ith o u t a  g a t e  s e r i e s  in d u c ta n c e  t u r n - o f f ,  i . e . ,  t h e  s to r a g e  

p h a s e ,  w i l l  commence w i th  i n f i n i t y  a t  t  = 0 , w h ere  t h e  g a t e  c u r r e n t  i s  

I  = 0 and  t h e  an o d e  c u r r e n t  1 ^  = I T , and  th e n  m o n o to n ic a l ly  d e c r e a s e  

to  u n i ty  a t  t h e  t a i l  b r e a k ,  from  w h ic h  p o i n t  an o d e  c u r r e n t  and  g a te  

c u r r e n t  a r e  i d e n t i c a l  ( s e e  F ig u re  2 -5  and  3 -1 2  t r a c e  1 ) .

W ith  t h e  g a t e  s e r i e s  in d u c ta n c e  t h e  d i f f e r e n t i a l  t u r n - o f f  g a in  

d l ^ / d l  b e h a v e s  s i m i l a r  from  t  = 0 th ro u g h o u t  t h e  s to r a g e  p h a s e  and 

f a l l  p h a s e .  B u t a t  t h e  t a i l  b r e a k  t h e  d i f f e r e n t i a l  t u r n - o f f  g a in  i s  

now much l e s s  th a n  u n i t y  and i t  a p p ro a c h e s  u n i t y  f o r  1 ^  -»■ 0 and

1  ■> 0 i n  a n 'a s y m t o t i c  f a s h i o n .  T h is  b e h a v io r  c o n s t i t u t e s  a  s a f e  gq

t u r n - o f f  c o n d i t i o n  a s  i s  e x h ib i te d  by d e v ic e s  2 , 3 , and  4 ( 8 ,  4 , and

2 m il  c a th o d e ) .

I n  c o n t r a s t  f o r  d e v ic e  1 (20  m il  c a th o d e )  t h e  d i f f e r e n t i a l  t u r n 

o f f  g a in  n e v e r  r e a c h e s  u n i t y  d u r in g  t h e  f a l l  t im e  b u t  r a t h e r  shows an

in c r e a s e  o f  d l . / d l  to w ard  t h e  end o f  t h e  f a l l  t im e  s i g n a l i n g  i n -  
A gq

s t a b i l i t y .  The p e a k  w i l l  grow  o r  move o u t  i n  t im e  w i th  e i t h e r  a  

s l i g h t  i n c r e a s e  i n  l o c a l  te m p e ra tu re  o r  d e c r e a s e  i n  g a t e  s o u rc e  

v o l t a g e  and  e v e n tu a l l y  c a u s e  t u r n - o f f  f a i l u r e  a s  m e n tio n e d  a b o v e .
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The i n s e r t e d  t a b l e  i n  F ig u r e  3 -1 4  g iv e s  t h e  " c o n v e n t io n a l"  t u r n 

o f f  g a in  G , t h e  r a t i o  o f  t h e  o n - s t a t e  c u r r e n t  I _  to  t h e  maximum

n e g a t i v e  g a t e  c u r r e n t  I  , d u r in g  t u r n - o f f .  As sh o u ld  b e  n o te dgq max

G i s  i d e n t i c a l  f o r  d e v ic e  1 and  d e v ic e  4 .  and  i t  i s  c l e a r l y  dem on-
gq

s t r a t e d  by t h e  g iv e n  exam ple  t h a t  t h e  u s e  o f  t h i s  e l e c t r i c a l  p a ra m e te r  

i n  t h e  l i t e r a t u r e  may l e a d  to  e r ro n e o u s  c o n c lu s io n s  u n l e s s  a d d i t i o n a l  

in f o r m a t io n  i s  p r o v id e d .

The d a n g e r  o f  d e s t r u c t i o n  e x i s t i n g  f o r  a  GTO i s  e v id e n t  from  1 s t  

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

t u r n - o f f .  T a b le  3 -2  show s t h e  (w o rs t  c a s e )  p e a k  c u r r e n t  d e n s i t i e s  f o r  

t h e  f o u r  g e o m e tr ie s  i n v e s t i g a t e d  i n  t h i s  s tu d y .  The a s s u m p tio n s  f o r

t h e  g iv e n  v a lu e s  o f  J n a r e  t h a t  th e  t o t a l  o n - s t a t e  c u r r e n t

1^ = 8A i s  f lo w in g  th ro u g h  a n  a r e a  o f  w id th  2Ln , and  t h e  l i f e t i m e  x 

b e n e a th  t h e  c a th o d e  i s  o f  t h e  o r d e r  o f  1 m ic ro s e c o n d .

One s e e s  im m e d i a t e l y  t h a t  f o r  a  u n ifo rm  l i n e  t u r n - o f f  o v e r  t h e

l e n g t h  o f  t h e  c a th o d e  s i t e s  " r e a s o n a b le "  c o n d i t i o n s  e x i s t  ( tw o -

2 2
d im e n s io n a l  c a s e :  (m ax)2d r a n S*n S from  462 A/cm to  3340 A/cm ) .

U n f o r tu n a t e ly ,  t h e s e  l i n e s  w i l l  n o t  s t a y  u n i fo r m , b u t  r a t h e r  d e g e n e r a te

t o  s p o t s  h a v in g  a  d ia m e te r  o f  2Ln . T h e r e f o r e ,  e x tre m e  c o n d i t io n s  a r e

h ig h ly  p r o b a b le  ( th r e e - d im e n s io n a l  c a s e :  •̂ 0 (max) 3 <j r a n g in g  from

2 25000 A/cm to  87000 A/cm ! ) .  Though c o u n te r a c t in g  m echanism  te n d s  to  

l i m i t  J q , i . e . ,  Auger e f f e c t s  and  bandgap n a r r o w in g , t h e  n e c e s s i t y  o f  

n a r ro w  c a th o d e s  and  c a r e f u l  d e s ig n  o f  t u r n - o f f  c i r c u i t s  becom es r a t h e r  

e x p l i c i t .
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Figure 3-14.
Differential Turn-O ff G ain (diA/digq) 
vs. T im e for GTO T hyristo rs having d ifferent 
C ath o d e  W idths u n d er Identical Input an d  
O utput C onditions; show ing  safe  T urn-O ff 
for D evice T ypes 2, 3, 4 (2, 4 and  8 mil ca th o d e , 
respectively), and  ind icating  O nset of T urn- 
Off Failure fo r Device T ype 1 (20 mil C athode). 
Vd =200 V, It =8 A, V goc=-15  V,
Lgs=4.6 f M ,  T=25° C (for lA, lgq=f(t),
See F igure 3-13
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8 . I n f l u e n c e  o f  N e g a tiv e  G a te  B ia s  and T e m p e ra tu re

F ig u r e  3 -1 5  shows t h e  t u r n - o f f  c h a r a c t e r i s t i c  o f  D e v ic e  3 (4 m il

c a th o d e )  f o r  v a ry in g  o p e n - c i r c u i t  g a te  v o l t a g e s  V = -20V , -15V ,goc

-10V , and  -5V , r e s p e c t i v e l y ,  a t  250°C . The g a te  s e r i e s  in d u c ta n c e  

L = 4 . 6  m ic ro h e n ry , t h e  ano d e  s u p p ly  v o l t a g e  V^ = 200V.

W h ile  c u rv e s  1 , 2 , and  3 (V = -20V , -15V , and  -10V ) show t h a t  '  9 goc

t u r n - o f f  i s  in p u t  c i r c u i t  d o m in a te d , we s e e  t h a t  f o r  c u r v e s  4 (V =’ goc

-5V) l a t e r a l  s e r i e s  r e s i s t a n c e  and  c o n t in u in g  c u r r e n t  i n j e c t i o n  s t a r t

to  becom e d o m in a n t. H ow ever, ev en  th o u g h  th e  s to r a g e  p h a s e  becom es

s i g n i f i c a n t  ( t  > 2 y s) and  t h e  f a l l  t im e  s t a r t s  to  i n c r e a s e  n o t i c a b ly

( t  ^  0 . 3 y ) , t h e  c r i t e r i a  f o r  s a f e  t u r n - o f f  a s  d e f in e d  i n  S e c t io n  7 
6

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

In  F ig u re  3 -1 6  we s e e  t h e  te m p e ra tu re  d e p e n d en c e  o f  t h e  same d e v ic e

i n  t h e  r a n g e  from  25°C ( c u r v e s  1) to  125°C ( c u r v e s  4 ) .  The tim e  s c a l e

i s  h e r e  expanded  to  0 .2 y s /D iv ,  L = 4 .6 y H , and V = -15V . r  g s  goc

The t u r n - o f f  a t  125°C  i s  e x c e l l e n t .  G e n e r a l ly ,  t h e  b e h a v io r  i s  a s  

w ould  be  e x p e c te d , i . e . ,  s t o r a g e  t im e ,  f a l l  t im e ,  an d  t a i l  c o n t r i b u t i o n  

i n c r e a s e  w i th  te m p e ra tu re  c o n s i s t e n t  w i th  a  l i f e t i m e  i n c r e a s e .  The 

s lo p e  o f  t h e  g a te  c u r r e n t  d u r in g  th e  t a i l  p h a se  i n c r e a s e s  b e c a u s e  th e  

g a t e  b reakdow n v o l t a g e  Vg^r  becom es l a r g e r  due  to  c h a n g e s  i n  a v a la n c h e  

m u l t i p l i c a t i o n .  A v e ry  q u a l i f i e d  s ta te m e n t  c a n  b e  made f o r  t h e  d e c r e a s e  

i n  t u r n - o f f  g a in  G „ W ith  i n c r e a s i n g  te m p e ra tu re  t h e  a ' s  o f  t h e  com- 

p o n e n t t r a n s i s t o r  s e c t i o n s  becom e l a r g e r .  T h e r e f o r e ,  i t  becom es h a r d e r
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t  ̂ * s |  |£ |
I Ml
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NEGATIVE GATE BIAS ( VQpc)

I = - 2 0  V 2= -15 V 3 = - 10 V 4  = - 5  V 
t=  O ^ s / D I V .  T= 2 5 °C I  = IA /D IV .

Figure 3-15.
Turn-Off Behavior of GTO-Thyristor for Varying 
Negative Gate Bias [Ia > igq]-f(f)> Vgoc Parameter 
Device Type 3 (4-mil Cathode)



81

TEMPERATURE
I a 2 5 ° C 2=65°C  3= 9 5 °C  4 =  I25°C
t = 0 2 h s /D IV -  I  = IA/DIV.

Figure 3-16.
Turn-Off for GTO-Thyristor dependent on 
Temperature [Ia , lgq]=f(t). T Parameter 
Device Type 3 (4-mil Cathode)
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to  f o r c e  t h e  c o n d i t i o n  f o r  t h e  lo o p  g a in  to  h e  l e a s  th a n  u n i t y  

e v e ry w h e re  o v e r  t h e  e n t i r e  d e v ic e  a r e a  ( s e e  E q u a tio n  1 - 3 ,  p g .  6 ) .

Of i n t e r e s t  i n  t h e  c h a r a c t e r i z a t i o n  o f  t h e  GTO t u r n - o f f  b e h a v io r  

i s  to  s e e  how t h e  g a t e  s o u rc e  v o l ta g e  e f f e c t s  t h e  f a l l  t im e  f o r  t h e  

v a r io u s  g e o m e t r i e s ,  b e c a u s e  th e  s w i tc h in g  d i s s i p a t i o n  i s  l a r g e l y  

d e te rm in e d  by t h i s  p a ra m e te r .  The f a l l  t im e  t ^  i s  p l o t t e d  a s  a  fu n c 

t i o n  o f  t h e  n e g a t iv e  g a t e  s o u rc e  v o l t a g e  a t  125°C f o r  D ev ice  T ypes 3 ,

2 , and  4 .  The d e v ic e s  w i th  t h e  4 m il  an d  8 m il  c a th o d e  w id th  c o u ld  

n o t  s a f e l y  b e  o p e r a te d  f o r  Vg0C < 10V. C o n s id e r in g  th e  r e s u l t s  

p l o t t e d  i n  t h i s  g ra p h  and  th e  fo rw a rd  v o l t a g e  d ro p  V ,̂ ( s e e  T a b le  3 - 1 ,

p p . 62) D e v ic e  Type 3 , o p e r a te d  a t  V = -15V , a p p e a r s  to  be  a  p r o p e rgoc

c h o ic e  to  a c h ie v e  optim um  p e rfo rm a n c e .

9 . T u rn -O ff  F o r V a ry in g  Loads

F ig u re  3 -1 8  shows t h e  t u r n - o f f  c h a r a c t e r i s t i c s  o f  D e v ic e  3 f o r

v a r y in g  anode, l o a d s  a t  125°C . The lo a d  r e s i s t a n c e  was ch an g ed  o v e r  a

r a n g e  from  R^ ^  100J2 ( I j  = 2A) to  ^  16.7J2 (1^, = 12A) . The ano d e

s u p p ly  v o l t a g e  V^ = 200V, and th e  i n p u t  d r i v e  c o n d i t io n s  (VgOC = -15V ,

L = 4 .6pH ) w ere  k e p t  c o n s t a n t .  The c u r r e n t  s c a l e  i s  i n  t h i s  c a s e  g s

2A /D iv .

C urves 1 show a  c i r c u i t  d e te rm in e d  ( f o r c e d )  c u r r e n t  g a in  ( I T/ I  __ ,,)
X S Q  I l l d X

o f  u n i t y .  B o th , t u r n - o f f  g a in  and  s to r a g e  t im e  i n c r e a s e  w i th  i n c r e a s i n g  

c u r r e n t .  T he t u r n - o f f  g a in  a t  = 12A i s  a p p ro x im a te ly  3 .3 .  At t h a t

p o i n t ,  t u r n - o f f  i s  s t i l l  w e l l  behaved  to  a s s u r e  s a f e  o p e r a t i o n .  I t  may 

he  a l s o  n o t i c e d  t h a t  t h e  f a l l  t im e  i s  r e l a t i v e l y  in d e p e n d e n t o f  anode
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Figure 3-17.
Fall Time for GTO-Thyristor as Function 
of (Open Circuit) Gate-Source Voltage 
tf=f(Vgoc)> Wk=Lx as Parameter 
2= Device Type 2 (8-mil Cathode) 
3=Device Type 3 (4-mll Cathode)
4=Device Type 4 (2-mll Cathode)



LOAD CURRENT ( I A )

I = 2A 2= 4  A 3=6A  
4  = 8 A 5= 10A 6= I2A  
t s0  5 a s/D IV . T= I25°C  
X = 2 A / D I  V.

Figure 3-18.
Turn-Off Characteristics for GTO-Thyristor with 
Varying Load Current. Input Source (Vg0C, Lgs 
Kept Constant) [Ia > lgq]=f(t), Rl Parameter 
Device Type 3 (4-mil Cathode)
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c u r r e n t ,  t ^  ^  2 Q0  n a n o s e c o n d s .

F ig u re  3 -1 9  i s  a  g ra p h  c h a r a c t e r i z i n g  t u r n - o f f  g a in  and s to r a g e  

t im e  a s  a  f u n c t i o n  o f  lo a d  c u r r e n t  f o r  t h e  f a m i ly  o f  c u rv e s  o f  F ig 

u r e  3 -1 8  and c o n d i t io n s  g iv e n  a b o v e .

1 0 . S w itc h in g  P e rfo rm a n c e

The d a ta  p l o t t e d  i n  t h e  g ra p h s  o f  F ig u r e s  3 - 2 0 , 3 -2 1 , and  3 -2 2  

c h a r a c t e r i z e  t h e  s w i tc h in g  b e h a v io r  f o r  D e v ic e  2 ( 8  m il  c a th o d e ) ,

D e v ic e  3 (A m il  c a th o d e )  and  D ev ice  A (2 m i l  c a th o d e ) ,  r e s p e c t i v e l y ,  

o v e r  t h e  te m p e ra tu re  r a n g e  from  25°C to  125°C .

F ig u r e s  3 -2 0 a , 3 - 2 1 a ,  and  3 -2 2 a  show t h e  s t o r a g e  t im e  t  w i thD

Vgoc a s  p a ra m e te r .  D e v ic e  2 c o u ld  n o t  b e  o p e r a te d  a t  VgOC ^  -5V ,

D e v ic e  3 f u n c t io n e d  s a f e l y  up to  +65°C f o r  VgQC = ~5V. D e v ic e  A 

o p e r a te d  s a f e l y  o v e r  t h e  f u l l  ra n g e  f o r  t h i s  low  n e g a t i v e  g a t e  b i a s .

I n  F ig u re s  3 -2 0 b , 3 -2 1 b , and  3 -2 2 b  t h e  r i s e  t im e  t  and  t h e  f a l l  

t im e  t ^  a r e  g ra p h e d . The c u r r e n t  a t  t h e  " t a i l  b r e a k "  i s  a l s o  g iv e n  i n

(%I^,) . F o r i n s t a n c e ,  D ev ice  3 had a n  i n i t i a l  t a i l  c u r r e n t  o f

i . e . ,  160mA @ 65°C .

The r i s e  t im e  i s  i d e n t i c a l  f o r  a l l  d e v i c e s ,  a b o u t  380 n a n o se c o n d s  

a t  125°C . At lo w e r  t e m p e r a tu r e s ,  h o w ev er, t h e  r i s e  t im e  becom es lo n g e r  

f o r  d e v ic e s  w i th  n a rro w e r  c a th o d e s .



LOAD CURRENT I A (A)

Figure 3-19.
Turn-Off Gain and Storage Time for 
GTO Thyristor with Varying Load Current 
Input Source (VgQc> LgS) Kept Constant 
Device 3 (4-mil Cathode)
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Figure 3-20b. Rise Time and Fall Time [tr,tf]=f(T) 

Figure 3-20.
Switching Performance of GTO Thyristor as 
Function of Temperature. Device 2 (8-mil Cathode) 
Conditions: I t=8 A=constant, Vd-200 V, Lg8=4.6 f / H
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Figure 3-21 b. Rise Time and Fall Time [tr,tf]=f(T) 

Figure 3-21.
Switching Performance of GTO-Thyristor as Function 
of Temperature. Device 3 (4-mil Cathode)
Conditions: I t=8 A=constant, Vq-200 V, Lgs-4 .6  pH
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Figure 3-22a. Storage Time ts =f(T)
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Figure 3-22b. Rise Time and Fall Time [tritf]=f(T)

Figure 3-22.
Switching Performance of GTO-Thyristor as Function 
of Temperature. Device 4 (2-mil Cathode)
Conditions: I t=8 A=constant, Vd=200 V, LgS=4.6 /vH
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The t r e n d  f o r  t h e  f a l l  t im e  i s  j u s t  i n  t h e  o p p o s i t e  d i r e c t i o n .

The n a r ro w e r  th e  c a th o d e  w id th ,  t h e  s h o r t e r  t ^  becom es. I n  F ig 

u r e  3 -2 2 b  we n o t i c e  t h a t  f o r  a  g a te  s o u rc e  v o l t a g e  l a r g e r  th a n  10V 

t h e  f a l l  t im e  becom es p r a c t i c a l l y  in d e p e n d e n t o f  t e m p e r a tu r e ,  t h e

f a l l  t im e  t_  = 200 n a n o se c o n d s  @ V = 20V. f  goc

The p e a k  g a te  c u r r e n t  Ig q m r e q u i r e d  to  o b t a i n  t h e  s w itc h in g  t im e s

p l o t t e d  i n  F ig u re s  3 -2 0  to  3 -2 2  i s  g iv e n  i n  F ig u r e  3 -2 3 a  f o r  D e v ic e  2 ,

i n  F ig u r e  3 -2 3 b  f o r  D ev ice  3 , and  i n  F ig u re  3 -2 3 c  f o r  D ev ice  4 ,

r e s p e c t i v e l y .  As ca n  be s e e n  lo w e s t  c u r r e n t  Ig q m ^  1*5A i s  r e q u i r e d

f o r  D e v ic e  4 (2 m il  c a th o d e )  a t  V = -5V , c o r r e s p o n d in g  to  a  t u r n - o f fgoc

g a in  G ^  5 .3 ,  f o r  a  s t o r a g e  t im e  t g ^  2 .7 y s  ( F ig u r e  3 -2 2 a )  and  a  

f a l l  t im e  t ^  ^  0 .4 2 p s  ( F ig u r e  3 -2 2 b ) @ T ■= 125°C .

C o n s id e r in g  now t h e  p e rfo rm a n c e  o f  D e v ic e  3 f o r  ex am p le , i t  i s  

n o te w o r th y  t h a t  s im u l ta n e o u s ly  a  f a s t  r i s e  t im e  o f  ^  0 .4 y s  was o b 

t a i n e d  an d  th e  g a te  t r i g g e r  c u r r e n t  o f  50mA a s  w e l l  a s  t h e  o n - s t a t e  

v o l t a g e  o f  2 .4V  c o u ld  b e  k e p t  r a t h e r  lo w . U s u a l ly ,  a  d e v ic e  w i th  su c h  

e x c e l l e n t  t u r n - o f f  c h a r a c t e r i s t i c s  w ould h a v e  a  r i s e  t im e  o f  ^  1 .5 y s ,  

a  g a t e  t r i g g e r  c u r r e n t  o f  ^300mA, and  a n  o n - s t a t e  v o l t a g e  o f  ^4V . The 

r e a s o n  f o r  t h e  d e s i r a b l e  c o m b in a tio n  o f  f a s t  t r  an d  t ^ ,  and  low  I ^ t  

and  V̂ , c a n  be  found  i f  we i n v e s t i g a t e  t h e  s p re a d in g  r e s i s t a n c e  p r o f i l e

o f  su c h  d e v ic e s  m ore c l o s e l y  by p ro b in g  th e  s t r u c t u r e  a lo n g  s e v e r a l

. . , 7 4 -2 , 7 9 -4
v e r t i c a l  p a s s e s
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Figure 3-23a. lqm=f(T), Vg0c Parameter, 8-mil Cathode
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Figure 3-23b. lgqm =,(T). Vgoc Parameter, 4-mil Cathode
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Figure 3-23c. lgqm=f(T), Vgoc Parameter, 2-mil Cathode 

Figure 3-23.
Peak Gate Current Required for Turning Off 
a GTO Thyristor as Function of Temperature and 
Negative Gate Bias
Conditions: I t=8 A=constant, Vd=200 V, LgS=4.6 /iH
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1 1 . Gold D i s t r i b u t i o n  and  L i f e  Time

F ig u r e  3 -24  shows t h e  v e r t i c a l  s p re a d in g  r e s i s t a n c e  v a r i a t i o n  o f

t h e  d e v ic e  ta k e n  th ro u g h  t h e  p + - g a te  to w ard  t h e  a n o d e  a lo n g  CD ( s e e

i n s e r t ) .  The c e n te r  j u n c t i o n  i s  l o c a t e d  a b o u t  36y from  t h e  s u r f a c e .

The r e s i s t i v i t y  th ro u g h o u t  t h e  N ~ -re g io n  i s  >1000ficm. The e n t i r e

N -b a se  i s  u p c o n v e r te d  fro m  i t s  i n i t i a l  v a lu e  o f  a p p ro x im a te ly  30£2cm.

14T hus, we assum e t h a t  t h e  A u - c o n c e n t r a t io n  i s  a b o u t  1 .5 x 1 0  c o r r e s -

6 6 “ 2p o n d in g  to  a  l i f e  t im e  xn  MD.5ys i n  t h e  n - b a s e  . The p - b a s e  i n  

t h i s  r e g io n  w i l l  h a v e  a n  ev en  lo w e r l i f e  t im e  v a lu e .

Now we t u r n  to  F ig u r e  3 -2 5  i n  w h ich  t h e  s p re a d in g  r e s i s t a n c e  i s  
»

ta k e n  th ro u g h  t h e  N c a th o d e ,  a g a in  v e r t i c a l l y  to w a rd  t h e  ano d e  a lo n g

p a s s  AB. The i n t e r e s t i n g  f a c t  h e r e  i s  t h a t  i n  t h e  v i c i n i t y  o f  t h e

c e n t e r  j u n c t i o n ,  t h e  s t a r t i n g  r e s i s t i v i t y  i s  p r e s e r v e d  (30ftcm) and

u p c o n v e rs io n  becom es n o t i c e a b l e  o n ly  a b o u t  50y i n t o  t h e  n - b a s e  w i th  a

p ro n o u n ce d  i n c r e a s e  i n  d i r e c t i o n  o f  t h e  a n o d e . The d i f f e r e n c e  i n  t h i s

s p re a d in g  r e s i s t a n c e  p r o f i l e  from  t h a t  o f  F ig u re  3 -2 4  s u g g e s t s  t h a t

Au was g e t t e r e d  by t h e  h e a v i l y  doped  p h o sp h o ru s  e m i t t e r  ab o v e  t h i s  

72—1r e g io n  . As a  c o n se q u e n c e  th e  a c t i v e  g o ld  d i s t r i b u t i o n  i n  t h e  

d e v ic e  i s  su c h  t h a t  t h e  l i f e  t im e  i s  k e p t  h ig h  (> 1 . 0 y s )  i n  t h e  p - b a s e  

a n d  i n  t h e  n - b a s e  a d j a c e n t  to  t h e  c e n t e r  j u n c t i o n  w h i le  i t  i s  low  

( ^ 0 .5 y s )  i n  t h e  v i c i n i t y  o f  t h e  a n o d e . The h ig h  l i f e  t im e  k e e p s  t h e  

npn  g a in  r e a s o n a b ly  h ig h  and a c c o u n ts  f o r  t h e  low  I  and  t h e  f a s t  t r .
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The low  l i f e  t im e  l i m i t s  t h e  a n o d e  e m i t t e r  e f f i c i e n c y  and  a l s o  c a u s e s

a  r a p i d  r e c o m b in a t io n  o f  t h e  s to r e d  c h a rg e  i n  t h e  n - b a s e ,  t h e

7 9 -3m a j o r i t y  o f  w h ich  i s  l o c a t e d  c l o s e  t o  t h e  an o d e  j u n c t i o n  . T hus, 

t h e  t a i l - e f f e c t  i s  m in im iz e d .

Device A cath Lx/Ln Jo(m ax)2d #Sites Ly/L n Jo(m ax)3d
(m m 2) — (A /cm 2) — — (A /cm 2)

D1 .026 13.3 3440 4 25.4 87000
d 2 .029 5.73 1265 12 25.4 32000
d 3 .024 2.85 753 48 10.8 8000
d 4 .024 1.6 462 82 10.8 5000

Table 3-2. Peak Current Density tor G TO  during Turn-off. 

Jo(m ax)2d =  two-dimensional; uniform line turn-off 

Jo(m ax)3d =  three-dimensional; single spot/site turn-off 
Jcath~300 A/cm 2, J (0 n )~65  A /cm 2 for total chip. Ln~ 40  n
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Figure 3-24.
Two-Point Probe Spreading Resistance 
Profile (C-D) through P+ Gate showing 
Total Up Conversion of N~ Region.
(Insert shows Schematic of Cross Section  
and Probe Travel Pass)
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Figure 3-25.
Two-Point Probe Spreading Resistance 
Profile (A-B) through N+ Cathode Showing 
Partial Up Conversion of N~ Region in 
Direction of P+ Anode 
(Insert show s Schematic of Cross Section 
and Probe Travel Pass)
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1 2 . Pow er S w itc h in g  C a p a b i l i t i e s

W ith, t h e  r e s u l t s  p r e s e n te d  i n  t h e  f o re g o in g  s e c t i o n s  and  d i s 

c u s s io n s  on  s a f e  o p e r a t io n s  i t  i s  now p o s s i b l e  to  e v a lu a t e  t h e  power 

s w i tc h in g  c a p a b i l i t y  o f  t h e  h ig h  s p e e d - h ig h  v o l t a g e  E p i - b a s e  

s t r u c t u r e .

The t o t a l  e n e rg y  a b s o rb e d  p e r  c y c le  i n  a  d e v ic e  i s  i n  g e n e r a l  

r  t r

h  t o t  -J  +  ¥ l  [<FDT) -  ( t r  +  v ]

/*t  f i  r̂ £2
+J I A( t)V A( t ) d t  I A( t) VA A

t  ts  f  1

r fcp (  on)

/ +
J 0 J t

p C o f f )
I  ( t)V  ( t ) d t  3 -1

gq gq

w here  i s  t h e  d u ty  f a c t o r  and  T i s  t im e  o f  one  t o t a l  p e r io d ;  

i s  t h e  d u r a t i o n  o f  t h e  "On” p u l s e ,  an d  t  i s  t h e  d u r a t i o n  o f  th e

" O ff"  p u l s e .

We c h o o s e  a s  an  exam ple  D e v ic e  3 @ T = 125°C an d  e v a lu a t e  t h e  

i n t e g r a l s  i n  E q u a tio n  3 -1  w i th  t h e  a id  o f  F ig u re s  3 - 1 0 b , 3 - 1 1 ,  3 -1 6 , 

and  F ig u r e  3 - 2 1 .  O p e ra tio n  i s  assum ed f o r  1^ *= 8 A an d  Vp = 400V, t h e  

p u l s e  d u r a t i o n  f o r  tu r n - o n  and  t u r n - o f f  i s  s e t  f o r  = ^ ( o f f )  =

3 y s . The lo a d  i s  assum ed to  be  = 50f2, r e s i s t i v e .  The tu r n - o n
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g a te  c u r r e n t  i s  = 1-OA and Q̂̂ony = 1 .0 V . F o r t u r n - o f f  VgQC
—15V and  a  s e r i e s  in d u c ta n c e  L = 4 .6yH  c o n n e c ts  t h e  g a t e .

gs

The tu r n - o n  e n e rg y , a ssu m in g  a  q u a s i  l i n e a r  c h a n g e  o f  c u r r e n t  

an d  v o l t a g e  i n  t h e  o u t p u t ,  i s  th e n

Et ( o n )  = EG ( t r )  +  EA ( t r )  3 “ 2

EG (.tr) -  VG (on) I G (on) t p (o n )  3  3

E . , .  . = j- V „I_,t 3 -4A ( t r )  4 D T r

The t u r n - o f f  e n e rg y  i s

Et ( o f f )  = EG ( t f l )  +  EG ( tf 2 ) +  EA ( t f l ) +  EA ( t f 2 ) 3 -5

Eg C tf l ) +  EG ( t f 2 ) "  2  VgocI gqmt s  +  2  Lg s I gqm 3 - 6

EACt£1) - 1  W f l  3 - 7

E . , v = V , k l^ x  . 3 -8
f  2  P

w h ere  k  i s  t h e  r a t i o  o f  " t a i l  b r e a k  c u r r e n t "  to  on s t a t e  c u r r e n t  and

x . i s  t h e  h o le  l i f e  t im e  i n  t h e  v i c i n i t y  o f  t h e  a n o d e .
PA
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The r e s u l t a n t  com ponents o f  a b s o rb e d  e n e r g y /c y c le  a r e  g iv e n  in  

T a b le  3 - 3 -

Vtr> E0 ( t f l ,  ZG (t£ 2 )  ^  £

3 320 27 21 160 96 166

T a b le  3 -3  Com ponents o f  D i s s ip a t e d  E n e rg y /C y c le  i n
U Jo u le s  f o r  GTO (D e v ic e  Type 3 ) .

I  = 8 A, V = 400V, T. = 125°C , R e s . L oad ,A * D * j

*) f  = 50kHZ, 50% D uty C ycle

Summing up a l l  co m p o n en ts , t h e  t o t a l  e n e rg y  p e r  c y c l e  i s  th e n  

E t  = 7 9 3  y J o u le .  I t  f o l lo w s  t h a t  f o r  50kHZ th e  pow er d i s s i p a t i o n  

i s  a p p ro x im a te ly  40 w a t t s .  The th e rm a l  r e s i s t a n c e  f o r  t h i s  d e v ic e  

m ounted i n  a  T0-3 c a s e  i s  a t  w o r s t  0 = 1 .2 ° C /W a tt .  T h e r e f o r e ,  th e

maximum a l lo w a b le  c a s e  te m p e r a tu r e  i s  78°C .

Above a s s u m p tio n s  and  c a l c u l a t i o n s  show t h a t  t h i s  d e v ic e  i s

c a p a b le  o f  s w i tc h in g  a  lo a d  o f  1560 W a tts  a t  a  f r e q u e n c y  o f  f  = 50kHZ.

T u rn in g  b a c k  to  t h e  d i s c u s s io n  a b o u t  pow er s w i tc h in g  c a p a b i l i t y

w i th  r e s p e c t  to  c o s t  (p p . 4 4 ) ,  we a r e  now a b le  to  f i t  t h i s  d e v ic e  in

t h e  g ra p h  o f  F ig u r e  3 - 2 .  The r e s u l t  i s  shown i n  F ig u r e  3 -2 6 . T h e re , 

a  v e r t i c a l  " c o s t  l i n e "  i s  add ed  a t  t h e  50 kHz p o i n t  on  t h e  a h s c i s s a  

and  we s e e  t h a t  i n  o r d e r  to  r e a c h  t h e  p r o je c te d  b o u n d a ry  (b ro k e n  l i n e )  

o f  t h e  GTO—T h y r i s to r  r e g i o n ,  t h e  c o s t  p e r  d e v ic e  w ould h a v e  to  b e  25<?.
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8  A o p era tio n  u sin g  th e  data  o f T ab le  3 - 3 )



100

The $ 1 .0 0  c o s t  i n t e r s e c t i o n  i s  c e r t a i n l y  r e a l i s t i c  i f  o n e  i s  r e 

m inded  t h a t  t h i s  g ra p h  was g e n e r a te d  from  a  s u rv e y  ta k e n  s e v e r a l  

y e a r s  ago  ( s e e  F o o tn o te ,  p p . 4 4 ) .

From t h e  s w i tc h in g  t im e s  o b ta in e d  i t  i s  c e r t a i n l y  p o s s i b l e  to  

o p e r a t e  t h i s  d e v ic e  a t  100kH z. T h e r e f o r e ,  i f  t h e  c a s e  te m p e ra tu re  

c a n  b e  h e ld  a t  a  maximum te m p e r a tu r e  o f  3 8 °C (P ^  ^  74W) t h e  c o s t  l i n e  

c a n  b e  moved up to  100 kHz. I t  i s  a p p a re n t  t h a t  f o r  t h e s e  c o n s id e r a 

t i o n s  t h e  GTO i s  q u i t e  c o m p a t ib le  w i th  t r a n s i s t o r s  a s  an  e c o n o m ica l 

pow er s w i tc h .



IV . SERIES SCHOTIKY BARRIERS AND DYNAMIC BALLASTING

I n  t h i s  c h a p te r  p r i n c i p l e s  f o r  im provem en ts o f  t h e  s t a t e - o f - t h e -  

a r t  in  GTO d e v ic e s  a r e  d e s c r ib e d  i n  a  b r i e f  and g e n e r a l  m an n e r. Ex

p e r im e n ta l  p r o o f  i s  g iv e n  f o r  new c o n c e p ts  w h ich  w ere  in t r o d u c e d  by 

t h e  a u th o r .  T h ese  c o n c e p ts  d e a l  w i th  an o d e  s h o r t s  an d  s e r i e s  S c h o ttk y  

B a r r i e r s ,  and  m e a su re s  to  d e fo c u s  c u r r e n t  f i l a m e n ts  (Dynamic B a l l a s t 

in g )  .

A. Anode S h o r ts  and  S c h o ttk y  B a r r i e r s

An e f f e c t i v e  m ethod o f  im p ro v in g  t u r n - o f f  c h a r a c t e r i s t i c s  o f  GTO's

75—1 78—1i s  to  in t r o d u c e  a n o d e  s h o r t s  ’ . I f  t h e s e  s h o r t s  a r e  d im e n s io n e d

p r o p e r ly  an d  a r e  p la c e d  m ost r e m o te  from  t h e  g a t e  c o n t a c t ,  t h e  e x c e s s  

m in o r i ty  c a r r i e r  c h a rg e  i n  t h e  n - b a s e  w i l l  b e  p a r t i a l l y  rem oved th ro u g h  

th o s e  s h o r t i n g  r e s i s t a n c e s  d u r in g  t u r n - o f f .  A ls o , t h e  sq u e e z e d  p lasm a  

w i l l  te n d  to  be  e x t in g u is h e d  i n  t h i s  n o n - r e g e n e r a t iv e  c e n t e r  s e c t i o n  

( s e e  F ig u r e  1 - 3 ,  p p . 1 0 ) .  The a n o d e  s h o r t s  may be  th o u g h t  o f  a s  b e in g  

b y -p a s s  t r a n s i s t o r s  i n  p a r a l l e l  w i th  t h e  t h y r i s t o r .  T h e r e f o r e ,  w h i le  

t u r n - o f f  i s  a id e d ,  tu r n - o n  i s  im p a ir e d .

1 . D e v ic e  S t r u c t u r e  and  G eom etry

The c r o s s  s e c t i o n  o f  a  d e v ic e  h a v in g  a n  anode  s h o r t  p la c e d  o p p o s i t e

th e  c e n t e r  o f  t h e  c a th o d e  e m i t t e r  i s  s c h e m a t ic a l ly  shown i n  F ig u r e  4 - 1 .

The g e n e r a l  e f f e c t  o f  an  ano d e  s h o r t  on  t u r n - o f f  was d e s c r ib e d  a b o v e .

I n  p a r t i c u l a r ,  t u r n - o f f  g a in  i s  i n c r e a s e d ;  f a l l  t im e ,  t a i l  c u r r e n t

m a g n itu d e  and  t a i l  d e c a y  tim e  a r e  d e c r e a s e d .  T u r n -o f f  c h a r a c t e r i s t i c s

show an  im provem en t s i m i l a r  to  t h a t  a c h ie v e d  by g o ld  d i f f u s i o n .  S in c e

th e  l i f e t i m e  c a n  re m a in  h ig h ,  a  lo w e r  o n - s t a t e  v o l t a g e  d ro p  i s  o b t a i n -

78—1ed ~ . F u r t h e r ,  c o n t r o l  p ro b le m s  a s s o c i a t e d  w i th  g o ld  d i f f u s i o n s  a r e

101
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GATE

CATHODE

XP 8 2 0  
I PASSIVATION

p (ep l)

.0 0 7 4 n“

BYPASS TRANSISTOR 
( ANODE SHORT)

ANODE

SCHOTTKY BARRIER

Figure 4-1.
GTO Structure showing Anode Short 
(By-Pass Transistor) and Series Schottky 
Barrier aligned with Center of Cathode
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e l i m i n a t e d .

The d raw b ack  f o r  a n o d e  s h o r t s  becom es c l e a r  i f  we exam ine su c h  a  

s t r u c t u r e  w i th  r e s p e c t  t o  tu r n - o n  and th e  d e g re e  o f  i n t e r d i g i t a t i o n  

( c a th o d e  s u b d iv i s io n ,  t o  r e d u c e  t h e  l a t e r a l  t u r n - o f f  d i s t a n c e  L ^ ) .

Assume i n  F ig u r e  4 -1  t h e  N“  r e g io n  i n  t h e  e m i t t e r  c e n t e r  i s  

o h m ic a l ly  c o n n e c te d  to  t h e  a n o d e  m e t a l i z a t i o n .  T hen , upon a p p ly in g  

a  p o s i t i v e  b i a s  to  t h e  g a te - c a th o d e  j u n c t i o n ,  t h e  NPN s e c t i o n  i s  

tu r n e d  o n .  I n i t i a l l y ,  c u r r e n t  i s  f lo w in g  th ro u g h  t h e  s h o r t ,  s e t t i n g  

up  a  l a t e r a l  co m ponen t.

The r e s u l t i n g  l a t e r a l  v o l t a g e  d ro p  c o n s t i t u t e s  t h e  n e g a t iv e  f o r 

w ard b i a s  o f  t h e  P+N-  an o d e  j u n c t i o n .  I n j e c t i o n  i s  s t r o n g e s t  i n  t h e  

a n o d e  r e g io n  o p p o s i t  t h e  c a th o d e  e d g e . The d io d e  k n ee  v o l t a g e ,  i . e . ,  

MD.7 v o l t  f o r  s i l i c o n ,  h a s  t o  b e  r e a c h e d  b e f o r e  s i g n i f i c a n t  h o le  i n 

j e c t i o n  w i l l  o c c u r ,  and  o n ly  th e n  c a n  th e  d e v ic e  b e  t r i g g e r e d  in to  

t h e  c o n d u c tio n  s t a t e .  T h e r e f o r e ,  n a rro w  c a th o d e  s t r i p e s  and  conduc

t i v i t y  m o d u la tio n  o f  t h e  N~ r e g io n  may p r e v e n t  t u r n - o n  a l t o g e t h e r .

T h is  e f f e c t  shows a  s t r o n g  te m p e ra tu re  d e p e n d e n c e , b e c a u s e  t h e  c u r r e n t  

g a in s  and  d ro p  w i th  d e c r e a s in g  t e m p e r a tu r e s .

The p ro b le m  i s  e l im in a te d  i f  t h e  ohm ic c o n ta c t  i s  r e p la c e d  by a  

7 9 -1S c h o t tk y  b a r r i e r  , a s  shown i n  F ig u re  4 - 1 .  I n  c a s e ,  t h e  b a r r i e r  

h e ig h t  i s  e q u a l  to  t h a t  o f  t h e  s i l i c o n  PN j u n c t i o n  and  t h e  d io d e  

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

n o t  r e q u i r e d .  D ev ice  tu r n - o n  p ro c e e d s  a s  f o r  a  s ta n d a r d  t h y r i s t o r .
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M in o r i ty  c a r r i e r  i n j e c t i o n  i n  t h e  S c h o ttk y  b a r r i e r  r e g io n  i s  

p r a c t i c a l l y  a b s e n t ,  how ever, and  c o n s e q u e n t ly  t h e  f e a t u r e s  a id i n g  

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

E x p e r im e n ts  w ere  c a r r i e d  o u t  to  p ro v e  th e  s e r i e s  S c h o t tk y  b a r r i e r  

c o n c e p t .  D e v ic e s  w i th  a  g e o m e try  a s  shown i n  F ig u r e  4 -2  w ere  c h o se n  

a s  t e s t  v e h i c l e s .  The c a th o d e  g e o m e try  i s  t h e  sam e a s  t h a t  o f  D ev ic e  2 

i n  F ig u r e  3 -6  (b o tto m  row , c e n t e r ) ,  e x c e p t  t h a t  f o r  t h i s  m o d if ie d  

v e r s i o n  th e  c a th o d e  f i n g e r s  a r e  p o r t i o n s  o f  a  c o n tin u o u s  a r e a ,  and  th e  

t i p s  a r e  ro u n d ed  o f f .  The g a t e  e n v e lo p e s  t h i s  e n t i r e  c a th o d e  p a t t e r n .

I n  a s s e m b ly , a  d o u b le  g a te  c o n ta c t  c l i p  i s  s o ld e r e d  to  t h e  r e g io n s  

j u s t  o u t s i d e  o f  t h e  s m a ll  c e n t e r  f i n g e r s .  The c a th o d e  c l i p  i s  

a t t a c h e d  i n  t h e  m id d le  o f  t h e  c a th o d e  b u s .

The r e c t a n g u l a r  c e n t e r  r e g i o n  ( a p p r .  22 m i l s  w id e) a t  t h e  b a c k  o f  

t h e  c h ip  d o e s  n o t  c o n ta in  a  P+ a n o d e  d i f f u s i o n .  I t  i s  r e n d e r e d  

i n a c t i v e  a s  a  t h y r i s t o r .

When t h i s  d e v ic e  i s  i n  t h e  "o n "  s t a t e  and  a  n e g a t i v e  g a t e  b i a s  i s  

a p p l i e d ,  t h e  e l e c t r o n - h o l e  p la sm a  i s  p in c h e d  to w ard  t h e  c e n t e r  o f  t h e  

i n d iv i d u a l  c a th o d e  s t r i p e s .  B e c a u se  o f  t h e  t a p e r ,  t h e  p la sm a  i s  

d r iv e n  from  t h e  t i p s  i n to  t h e  n o n - r e g e n e r a t iv e  c e n t e r  r e g i o n .  T h e re  

i t  i s  e x t i n g u i s h e d .  T hus, t h e  c e n t e r  i s  e q u iv a l e n t  to  a  t r a n s i s t o r  

b y p a s s .

S u r f a c e  p r e p a r a t i o n  and c h o ic e  o f  m e t a l i z a t i o n  c a n  be  c h o se n  such



A N O D E  SHORT OR 
S C H O TT K Y  BA RRIER 
(BACK S U R FA C E )

C A T H O D E  /  
( F R O N T  S U R F A C E )

Figure 4-2.
Geometry Overlay of Cathode and Anode 
Surface showing non-regenerative Center 
Region (Anode Short or Schottky Diode)
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t h a t  e i t h e r  a n  ohm ic c o n ta c t  i s  form ed w i th  t h e  N—r e g io n  on  t h e  b a c k  

s u r f a c e  to  p ro d u c e  a n  an o d e  s h o r t ,  o r  t h a t  a  S c h o ttk y  b a r r i e r  i s  o b 

t a i n e d .  The m e t a l i z a t i o n  w i l l  a lw a y s  fo rm  a n  ohm ic c o n ta c t  w i th  th e  

P+ a n o d e , h o w ev er.

F o r t h e  e x p e r im e n t  d e s c r ib e d  h e r e  n i c k e l ,  a p p l i e d  u s in g  a  s p e c i a l  

e l e c t r o l e s s  p l a t i n g  p r o c e s s ,  was u s e d .  When s i n t e r e d  a t  580°C f o r  

30 m in . on  a  la p p e d  ( ro u g h )  s u r f a c e  an  ohm ic c o n ta c t  was o b t a in e d ,  

w h e re a s  on  a  c h e m ic a l ly  p o l i s h e d  (sm oo th ) s u r f a c e  t h e  n i c k e l s i l i c i d e  

fo rm ed  a  s u i t a b l e  S c h o t tk y  b a r r i e r .  An a l t e r n a t e  c h o ic e  f o r  fo rm in g  

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

2 . Turn-O n W ith  and W ith o u t S c h o t tk y  B a r r i e r

The e f f e c t  o f  a  s h o r t  v e r s u s  a  S c h o t tk y  d io d e  on th e  V l - c h a r a c t e r -  

i s t i c s  f o r  o th e r w is e  i d e n t i c a l  d e v ic e s  i s  i l l u s t r a t e d  in  F ig u r e  4 - 3 .  

J u n c t i o n  d e p th  a n d  im p u r i ty  p r o f i l e s  w ere  v e r y  s i m i l a r  to  d e v ic e s ,  

w hose s p re a d in g  r e s i s t a n c e  i s  g iv e n  i n  F ig u r e  3 - 8 .  H ow ever, t h e  e p i -  

b a s e  r e s i s t i v i t y  w as lo w e re d  from  ^ 0 .2 8 ^  cm t o  0 . 1 1 J) cm, and  t h e  g o ld  

d i f f u s i o n  was o m i t t e d .

On th e  l e f t  hand  s id e  i n  F ig u re  4 - 3 ,  t h e  I V - c h a r a c t e r i s t i c s  o f  t h e  

d e v ic e  w i th  a n  a n o d e  s h o r t  a r e  d i s p la y e d  (G 4 0 0 -1 ) . The f a m i ly  o f  

t r a c e s  on to p  show s t h e  d e v ic e  b e f o r e  t u r n - o n .  We s e e  e s s e n t i a l l y  an  

NPN t r a n s i s t o r  w i th  8 ^ v a ry in g  from  0 .4  to  0 .7  up to  1.06mA. The 

s a t u r a t i o n  v o l t a g e  r i s e s  a b o u t  l i n e a r l y  up to  0 .7  v o l t s  f o r  a  b a s e  

d r i v e  I  = 2mA. T h u s , we c o n c lu d e  t h a t  up to  t h i s  p o in t  t h e  d e v ic e



Figure 4-3.
VI Characteristics of GTO showing 
Difference in Turn-on for Device with 
Anode Short (G400-1, Left) and Device 
with Series Schottky Barrier (G400-8, Right)
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i s  d o m in a ted  by b y - p a s s  c u r r e n t  th ro u g h  t h e  ano d e  s h o r t .

As th e  b a s e  d r i v e  i s  i n c r e a s e d ,  and  t h e  s a t u r a t i o n  v o l t a g e  

r e a c h e s  t h e  " d io d e  k n ee"  o f  t h e  P N an o d e  e m i t t e r ,  a  su d d e n  g a in  i n 

c r e a s e  an d  t r i g g e r i n g  i n to  t h e  o n —s t a t e  i s  a c c o m p lis h e d . We c o n c lu d e  

t h a t  now t h e  d e v ic e  i s  d o m in a ted  by  " t h y r i s t o r  a c t i o n " .  When t h e  sum 

o f  t h e  c u r r e n t  g a in s  (a^  +  a r e a c h e s  u n i t y  th e  d e v ic e  t u r n s  on

d gt  ^  3 . 5mA @ VD ^  2V) .

On t h e  r i g h t  hand s id e  o f  F ig u r e  4 -3  t h e  I V - c h a r a c t e r i s t i c s  o f  t h e  

d e v ic e  w i th  a  s e r i e s  S c h o ttk y  b a r r i e r  a r e  d i s p la y e d  (G 4 0 0 -1 ) . A g a in , 

t h e  to p  f a m i ly  o f  c u rv e s  show th e  d e v ic e  b e f o r e  t u r n - o n .  H ere  we s e e  

a  d i s t i n c t  o f f s e t ,  a s  n o rm a lly  o b s e rv e d  f o r  a  d o u b le  i n j e c t i o n  d e v ic e .  

A ls o , t h e  g a in  i s  i n c r e a s in g  r a p i d l y .  B o th  t r a n s i s t o r  s e c t i o n s  a r e  

a c t i v e  a s  so o n  a s  b a s e  d r iv e  i s  a p p l i e d ,  and  th e  S c h o t tk y  b a r r i e r  by 

p a s s  c u r r e n t  i s  o n ly  a  f r a c t i o n  o f  t h a t  o b s e rv e d  f o r  t h e  c a s e  w i th  th e

an o d e  s h o r t .  The d e v ic e  i s  d o m in a te d  by t h y r i s t o r  a c t i o n  th ro u g h o u t  

t h e  e n t i r e  r a n g e  o f  o p e r a t i o n .  T u rn -o n  o c c u r s  now f o r  I  ^  1.2mA @

Vp ^  2V, a s  c a n  b e  s e e n  from  t h e  I V - t r a c e s  d i s p la y e d  i n  t h e  lo w e r  r i g h t  

hand s id e  o f  F ig u r e  4 - 3 .^

^Of i n t e r e s t  f o r  t h e  d e te r m in a t io n  o f  and  i n  t h y r i s t o r s  a r e  t h e  
m easu rem en t te c h n iq u e  and a lg o r i th m  d e v e lo p e d  by R. A m a n te a ^ " " ’ ,
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3 .  Turn-O n S e n s i t i v i t y  and  T u rn -O ff  C a p a b i l i t y

I n  F ig u re  4 -4  we h a v e  p l o t t e d  t h e  t u r n - o n  s e n s i t i v i t y  a s  a  f u n c 

t i o n  o f  t e m p e r a tu r e  f o r  t h e  two d e v ic e s  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 .  The g a t e  t r i g g e r  c u r r e n t  was m ea su red  w i th  an  an o d e  s u p p ly  

v o l t a g e  Vjj = 12V and  a  lo a d  r e s i s t a n c e  o f  <= 30fi.

The i n s e r t e d  t a h l e  shows th e  fo rw a rd  v o l t a g e  d ro p  V̂ , o v e r  a  

c u r r e n t  r a n g e  fro m  1 .0A  to  50A. As may b e  n o t i c e d  i n  t h a t  r e s p e c t ,  

t h e r e  i s  no d i s c e r n i b l e  d i f f e r e n c e  b e tw e en  th e  d e v ic e  w i th  t h e  an o d e  

s h o r t  and  th e  s e r i e s  S c h o t tk y  d io d e .

I n  c o n t r a s t ,  t h e  g a t e  t r i g g e r  c u r r e n t s  show a  p ro n o u n ced  d i f f e r e n c e .  

The S c h o ttk y  b a r r i e r  d e v ic e  i s  c o n s id e r a b ly  m ore s e n s i t i v e .  E s p e c i a l l y  

a t  low  te m p e r a tu r e s  (-4 0 °C ) t h e  s h o r te d  an o d e  d e v ic e  (G 400-1) r e q u i r e s  

I  'Xi 70mA, w h i le  f o r  t h e  d e v ic e  w i th  t h e  s e r i e s  S c h o ttk y  b a r r i e r  

(G 400-8) I  'V 10mA o n ly .

The t u r n - o f f  c a p a b i l i t y  o f  b o th  d e v ic e s  i s  g iv e n  i n  F ig u r e  4 - 5 .

I n  t h i s  t e s t  t h e  GTO's w ere  o p e r a te d  i n  c a th o d e  lo a d  c o n f i g u r a t i o n ,  

t h e  lo a d  b e in g  g ro u n d e d , and  th e  an o d e  b e in g  d i r e c t l y  c o n n e c te d  to  t h e  

s u p p ly  v o l t a g e  V^ = 12V. To a c h ie v e  t u r n - o f f  a  t r a n s i s t o r  c o n n e c te d  

to  t h e  g a te  was tu r n e d  o n , p u l l i n g  t h e  g a te  c lo s e  to  

t h e  g ro u n d  p o t e n t i a l  (y +  0 . 2 V ) \  The p e a k  g a t e  g a te  c u r r e n t  Ig q m was

A s p e c i a l  t u r n - o f f  c i r c u i t  em ploy ing  a  s m a ll  t h y r i s t o r  in  p a r a l l e l  
w i th  a  t r a n s i s t o r  was d e v e lo p e d  "  show ing a d v a n ta g e s  f o r  t u r n - o f f .  
The d a t a  g iv e n  i n  F ig u re  4 -5  w ere o b ta in e d  u s in g  j u s t  a  s i n g l e  
t r a n s i s t o r , h o w e v e r.
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Figure 4-4.
Turn-on Sensitivity as Function of 
Temperature for GTO with Anode Short 
(dashed line) and Series Schottky Diode 
(solid line)
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Figure 4-5.
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a p p ro x im a te ly  5A.

As shown i n  t h e  g ra p h  ( F ig u r e  4 -5 )  f o r  t e m p e ra tu re s  b e lo w  +90°C 

b o th  d e v ic e  ty p e s  c o u ld  t u r n - o f f  40A, t h e  t e s t  s e t  l i m i t .  A t 125°C  

th e  S c h o ttk y  h a r r i e r  sam p le  had o n ly  l o s t  25% o f  i t s  t u r n - o f f  c a p a 

b i l i t y  o v e r  t h e  sam p le  w i th  t h e  s h o r te d  a n o d e  ( 1 ^ (max) = 

com pared to  32A, r e s p e c t i v e l y ) .

T h is  r e s u l t  d e m o n s t r a te s  i n  a  s t r a ig h t f o r w a r d  and  e x p l i c i t  m anner

t h e  e f f e c t i v e n e s s  o f  t h e  s e r i e s  S c h o t tk y  b a r r i e r .  The tu r n - o n

s e n s i t i v i t y  i n  GTO's i s  r e s t o r e d ,  w h i le  t h e  t u r n - o f f  im provem ent g a in e d

from  an o d e  s h o r t s  i s  r e t a i n e d .  U sing  t h i s  c o n c e p t  h a s  made i s  p o s s i b l e

7 9 -1to  u s e  n o n - r e g e n e r a t iv e  r e g io n s  i n  v e ry  n a rro w  c a th o d e  g e o m e tr ie s

B . Dynamic B a l l a s t i n g  (D e fo c u s in g )

I n  t h e  w ork on  h ig h  sp e ed  d e v ic e  o p t im iz a t i o n  and  in  e x p e r im e n ts  

w i th  a n o d e  s h o r t s  t h e r e  w ere  s t i l l  f a i l u r e s  o b s e rv e d  ( b u r n - o u t  s p o ts )  

w h ich  w ere  e v id e n t ly  c a u se d  by 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 .  A p ip e  

(a b o u t  40 to  50 m ic ro n  i n  d ia m e te r )  was m o lte n  th ro u g h  th e  s i l i c o n  from  

t h e  f r o n t  to  t h e  b a c k  o f  t h e  c h ip .  The l o c a t i o n  o f  t h e s e  p i p e s  was n o t  

random  i n  th e  c a th o d e ,  b u t  r a t h e r  d i s t i n c t l y  i n  a n  a r e a  m o st re m o te  

from  t h e  g a te  c o n t a c t .

A t y p i c a l  exam p le  i s  shown i n  F ig u r e  4 - 6 .  The e n t i r e  c h ip  i s  shown 

on  to p  ( F ig u r e  4 - 6 a ) . A s m a ll  h o le  i s  v i s i b l e  i n  t h e  c e n t e r  c a th o d e  

f i n g e r  o p p o s i t e  t h e  g a t e  p a d . The g a t e  o f  t h i s  d e v ic e  was c o n ta c te d  

w i th  a  s i n g l e  c l i p  o n ly .  The b u r n -o u t  s p o t  i s  c l e a r l y  v i s i b l e  i n  t h e



Pipe Molten Through Silicon (magnified below)

Cathodel

Gate Contact
Figure 4 -  6a. Device Chip after Failure (Metal removed).

Figure 4 -  6b. Magnified View of Damaged Area

Figure 4 - 6 .  Turn-off Failure for GTO-SCR 
at Location most remote from 
Gate Contact.
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m a g n if ie d  m ic ro p h o to g ra p h  b e lo w  ( F ig u r e  4 - 6 b ) .

I n  o r d e r  to  m in im iz e  su c h  b u r n - o u t  f a i l u r e s  a  m ethod  w as th o u g h t

t h a t  w ould  p r e v e n t  t h e  f o rm a t io n  o f  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

7 7 —1 8  0—1d u r in g  th e  t u r n - o f f  p r o c e s s .  Dynamic B a l l a s t i n g  ’ o r  d e -

f o c u s in g  was i n v e s t i g a t e d  and p ro v e d  to  be  a  v e r y  e f f e c t i v e  rem edy .

1 . D e fo c u s in g  P r i n c i p l e  and D e v ic e  S t r u c t u r e

F ig u r e  4 -7  i s  t h e  s c h e m a tic  c r o s s - s e c t i o n  o f  a n  e p i t a x i a l  GTO 

s t r u c t u r e  i n  w h ich  th e  s ta n d a r d  h ig h  c o n c e n t r a t i o n ,  p h o sp h o ru s  doped 

c a th o d e  i s  r e p l a c e d  w i th  a  lo w e r  c o n c e n t r a t i o n ,  r e s i s t i v e  i o n -  

im p la n te d  N l a y e r .  A ls o ,  t h e  c e n t e r  o f  t h e  c a th o d e  i s  i n s u l a t e d ,  o n ly  

t h e  edge  i s  c o n ta c te d  w i th  t h e  m e ta l  e l e c t r o d e .

The r e s i s t i v e  l a y e r  i s  d im e n s io n e d  s u c h  t h a t  f o r  t u r n - o n  and  th e  

o n - s t a t e ,  w h i le  m o d est c u r r e n t  d e n s i t i e s  e x i s t  i n  t h e  d e v ic e ,  we can  

e x p e c t  n o rm a l t h y r i s t o r  b e h a v io r ;  i . e . ,  f a s t  tu r n - o n  w i t h  h ig h  s e n s i 

t i v i t y  and  low  fo rw a rd  v o l t a g e  d r o p .

I n  t h e  p r o c e s s  o f  t u r n - o f f ,  h o w ev er, when t h e  e l e c t r o n - h o l e  p lasm a 

i s  b e in g  sq u e e z e d  to w ard  t h e  c e n t e r  h ig h  c u r r e n t  d e n s i t i e s  w i l l  te n d  

to  d e v e lo p  l o c a l l y  b e n e a th  t h e  i n s u l a t e d  c a th o d e  s e c t i o n .  T hen , th e  

l a t e r a l  c u r r e n t  f lo w  i n  t h e  r e s i s t i v e  r e g io n  w i l l  c a u s e  a  v o l t a g e  d ro p  

a lo n g  t h e  PN j u n c t i o n ,  and t h e  c a th o d e  becom es d e b ia s e d  i n  t h e  d i r e c 

t i o n  o f  t h e  c e n t e r .  C o n s e q u e n tly , t h e  c u r r e n t  i n j e c t i o n  w i l l  d e c r e a s e  

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

v o l t a g e  a c c o r d in g  to  th e  d io d e  la w .
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CATHODE CENTER
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Figure 4-7.
Schematic of Epi-GTO featuring Resistive 
Cathode with Isolated Center to achieve 
Dynamic Ballasting (Defocuslng)
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D e v ic e s  d e s ig n e d  and f a b r i c a t e d  f o r  t h e  e x p e r im e n ts  t o  i n v e s t i g a t e  

t h e  e f f e c t i v e n e s s  o f  t h e  Dynamic B a l l a s t i n g  c o n c e p t  w ere  o f  t h e  

g e o m e try  Type 3 ( s e e  F ig u re  2 - 8 ,  b o tto m  c o u n t e r ) .  The e p i t a x i a l  p - g a t e  

l a y e r  was a b o u t  30 m ic ro m e te r  t h i c k  an d  had a  r e s i s t i v i t y  o f  ^Q.12f2cm. 

The e p i t a x i a l  N“  r e g io n  o f  t h e  w ide  PNP b a s e  was a b o u t  50 m ic ro m e te r  

t h i c k  w i th  a  r e s i s t i v i t y  o f  50f2cm, fo llo w e d  by a  20 m ic ro m e te r  w id e , 

2.0ficm  l a y e r  to  p r e v e n t  e a r l y  p u n c h th ro u g h . The O.Olftcm b o ro n  doped 

s u b s t r a t e  s e rv e d  a s  t h e  anode"*".

2 . T u rn -O ff  W ith  and W ith o u t Dynamic B a l l a s t i n g

The c a th o d e  lo a d  r e s p o n s e  1 ^  = f ( t )  and  t h e  an o d e  c u r r e n t  1^  = f ( t )  

f o r  d e v ic e s  w i th  d im e n s io n s  and  p h y s ic a l  p a ra m e te r s  g iv e r , i n  t h e  p r e 

v io u s  s e c t i o n  a r e  shown i n  F ig u re  4 - 8 .  The t u r n - o f f  c i r c u i t  and  co n 

d i t i o n s  u s e d  w ere  th e  same a s  th o s e  a p p l i e d  i n  t h e  s e r i e s  S c h o ttk y  

b a r r i e r  e x p e r im e n ts .

The to p  t r a c e s  a r e  t h e  t u r n - o f f  c h a r a c t e r i s t i c s  f o r  a  d e v ic e  h a v in g

a  s t a n d a r d ,  h e a v i ly  doped  c a th o d e  o f  ^ 0 .7 f t / s q u a r e .  The t u r n - o f f

g a t e  p u l s e  i s  i n i t i a t e d  a t  t  = 35 m ic ro s e c o n d s . We d e t e c t  a n  i n i t i a l

c u r r e n t  d ro p  a c r o s s  t h e  lo a d  ( l e f t ) , a  s to r a g e  t im e  t  = 15 m ic ro -s

s e c o n d s ,  and  a  f a l l  t im e  t ^  M  m ic ro s e c o n d s , fo l lo w e d  by a  25 m ic ro 

se co n d  t a i l  p e r io d  s t a r t i n g  a t  a  c u r r e n t  o f  IA .

The a n o d e  c u r r e n t  ( r i g h t )  i n c r e a s e s  s h a r p ly  when t h e  g a te  t u r n - o f f  

p u l s e  i s  a p p l i e d ,  b e c a u s e  t h e  g a t e  i s  g ro u n d ed  th ro u g h  t h e  in p u t  d r i v e r  

and  an  a d d i t i o n a l  low  im pedance  p a th  i s  p r o v id e d .

"*"For " d e fo c u s e d "  d e v ic e s ,  S e r i e s  97H th e  Mask M04 ( F ig u r e  B - le )  was 
s u b s t i t u t e d  w ith  Mask M05 ( F ig u r e  B - lg ,  p p . 1 5 2 ) .
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CATHODE ANODE

STD. EMITTER, 
R s k  = • 6 7 i i / n

UNIT 97/ 
No 12 E 

25°C

UNIT 97 /  
No II H 
I25°C

RES. EMITTER, 
R s k s I®*~?£i/  
DEFOCUSED

TIME ( f i S )

Figure 4-8.
Cathode Load Response lk=f(t) (Left),
and Anode Current lA = f(t) (Right) for Epitaxial
(N)PN- N(P+) GTO-Thyristor with
Std. Diffused Cathode Emitter (Top) and
Resistive, Defocused Cathode Emitter (Bottom)
T=125° C, Vert.=2 A/DIv, Hor.=10 yus/Div
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D u rin g  t h e  t a i l  p e r io d  t h e  an o d e  c u r r e n t  h a s  s t i l l  a  c o n s id e r a b l e  

m a g n itu d e , s t a r t i n g  w i t h  a  v a lu e  o f  5A. The d i f f e r e n c e  b e tw een  a n o d e  

c u r r e n t  and  c a th o d e  c u r r e n t  i s  o f  c o u r s e  t h e  g a te  c u r r e n t  I
gq

we s e e  t h i s  d e v ic e  h a s  a  p o o r t u r n - o f f  p e r fo rm a n c e  even  a t  25°C .

The b o tto m  t r a c e s  o f  F ig u re  4 -8  a r e  t h e  t u r n - o f f  c h a r a c t e r i s t i c s  

f o r  a  d e v ic e  h a v in g  a n  io n  im p la n te d  c a th o d e  o f  ^ 2 0 $ V sq u a re , m e ta l i z e d  

a t  t h e  edge  a c c o r d in g  to  t h e  s c h e m a tic  o f  F ig u r e  2 - 7 .  O th e rw is e , 

s t r u c t u r e  and f a b r i c a t i o n  p r o c e s s  w ere  i d e n t i c a l  t o  t h e  d e v ic e  a b o v e . 

C i r c u i t  c o n d i t io n s  f o r  t u r n - o f f  rem a in e d  a l s o  u n c h a n g e d . The c a s e  

tem perature"^" was h e r e  r a i s e d  to  125°C , how ever.

We s e e  t h a t  i n  c o m p a riso n  to  t h e  n o n - b a l l a s t e d  d e v ic e  t h e  s to r a g e  

t im e  and  f a l l  t im e  h a v e  d r a s t i c a l l y  d e c r e a s e d ,  an d  t h e  t a i l  c u r r e n t  

th ro u g h  th e  lo a d  h a s  j u s t  a b o u t  v a n is h e d  ( l e f t ) . The ano d e  c u r r e n t  

( r i g h t )  a s  w e l l  a s  t h e  g a t e  c u r r e n t  p u l s e ,  and  t h e r e f o r e  a l s o  t h e  t u r n 

o f f  e n e rg y  a r e  c o n s id e r a b ly  d im in is h e d .

We o b s e rv e  t h i s  d e v ic e  h a s  an  e x c e l l e n t  t u r n - o f f  c a p a b i l i t y  ev en  

a t  125°C , w h ich  i s  t h e  g e n e r a l l y  a c c e p te d  u p p e r  t e m p e r a tu r e  l i m i t  f o r  

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

F ig u r e  4 -9  show s t h e  t u r n - o f f  p o r t i o n  f o r  r e s i s t i v e  c a th o d e

" "̂In t h e s e  t e s t s  t h e  GTO's w ere  o p e ra te d  a t  low  d u ty  c y c l e s .  T h e r e f o r e ,  
t h e  c a s e  te m p e r a tu r e  i s  c l o s e  to  t h e  a c t u a l  c e n t e r  j u n c t i o n  te m p e ra 
t u r e .
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CATHODE ANODE

RES. EM ITTER, 
Rgj^ = l 6 - 7 f l /DUNIT 9 7 /  

No 11G 
I25°C

UNIT 9 7 /  
No II H 
I25°C

TIME ( Ms)

RES. EMITTER, 
RSK = 1 6 .7 f t / □ ,
DEFOCUSED

Figure 4 - 9 .  Turn-off Response for Epitaxial 
(N)PN~N(P+) GTO in Cathode 
Load Circuit, lk=f(t) (Left), lA=f(t)
(Right). Top Traces are for fully 
Metallized, Resistive Cathode;
Bottom Traces are for Edge Metallized, 
Defocused Cathode. T=125°C, Vert.=2 A/Div, 
Hor.=2 ps/Div.
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e m i t t e r s  on a  5X expanded  t im e  s c a l e  o v e r  t h e  t r a c e s  i n  F ig u r e  4 - 8 .  

The b o tto m  t r a c e s  a r e  j u s t  an  e x p a n s io n  o f  t h e  o n e s  o f  u n i t  97/11H  in  

F ig u re  4 - 8 .  The t o t a l  t u r n - o f f  t im e  ( t  +  t , . )  i s  o n ly  a b o u t  4 m ic r o -S X

se c o n d , t h e  t a i l  i s  in d e e d  n e g l i g i b l e ,  and  t h e  s w i tc h in g  d i s s i p a t i o n  

i s  sm a ll  com pared to  t h e  c a s e  f o r  t h e  s ta n d a r d  c a th o d e  d e v ic e  ( F ig 

u r e  4 -8  t o p ) .

The to p  t r a c e s  in  F ig u re  4 -9  show a  d e v ic e  ( 9 7 / l lG )  w i th  t h e  

i d e n t i c a l  r e s i s t i v e  c a th o d e  a s  t h e  o n e  on  th e  b o tto m . B ut h e r e  t h e  

e n t i r e  c a th o d e  a r e a  i s  m e ta l i z e d .  The r e s p o n s e  i s  s lo w e r  and  th e  

s w i tc h in g  d i s s i p a t i o n  i s  h ig h e r  th a n  f o r  t h e  " i n s u l a t e d  c a th o d e  

c e n te r "  t y p e .  Y e t ,  even  i n  t h i s  c a s e  t h e  b a l l a s t i n g  a p p e a r s  t o  b e  

r a t h e r  e f f e c t i v e  o v e r  t h e  s ta n d a r d  c a th o d e  u n i t .

The s h o r te n e d  t u r n - o f f  t im e ,  t h e  r e d u c t io n  o f  t h e  t a i l  c u r r e n t ,  

and  in c r e a s e d  t u r n - o f f  c a p a b i l i t y  a t  e l e v a te d  te m p e ra tu re s  a r e  a n  

i n d i r e c t  i n d i c a t i o n  t h a t  f o r  n o m in a l v a lu e s  d y n a m ic a l ly  b a l l a s t e d  

d e v ic e s  c a n  b e  much s a f e r  o p e r a te d  th a n  c o n v e n t io n a l  GTO's

3 . Summary o f  R e s u l t s

The r e s u l t s  o f  t h e  e x p e r im e n ts  d e m o n s t ra t in g  t h e  e f f e c t  o f  

dynam ic b a l l a s t i n g  a r e  sum m arized i n  T a b le  4 - 1 .  G a te  t r i g g e r  c u r r e n t  

I g t » fo rw a rd  v o l t a g e  d ro p  VT, and  maximum c u r r e n t  t u r n - o f f  c a p a b i l i t y  

a r e  t a b u l a t e d .  The d a ta  r e p r e s e n t  a v e ra g e s  o f  a b o u t 25 d e v ic e s  f o r



Geometry *9*
(mA)

Std. G400 12.0 1.8
Rsk~.7 fl/D
D3, PN-N+ Epi .7 .06
Rs k ~ 7  D/D
D3, PN-N+ Epi .75 .10
Rs k~20 n/D
D3, PN-N+ Epi
Rs k~20 H/D 1.3 .22
+ Defocusing

-4 0 °C +25°C

D3, PN-N+ Epi
Rsk—7 ft/d  .3 0 .0 6
+ Defocusing

-6 0 °C +25°C

Vt  Max. I turn-off
(V) (A)

1.15 25 12

1.22 9 2

1.48 15 13

1.53 18 14

+25°C +25°C +125°C

1.28 9.3 8.5

+25° C +25°C +150°C

Table 4-1. Effect of Resistive Cathode and Dynamic Ballasting 
(Defocusing) on GTO Temperature Behavior.
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e a c h  t e s t  c e ll '* ',  e x c e p t  f o r  t h e  s ta n d a r d  G400.

The d e s i r e d  c h a r a c t e r i s t i c s  a r e  o f  c o u r s e  a  s m a ll  I  „ a t  low
S t

t e m p e r a tu r e s ,  a  h ig h  1 ,̂ a t  h ig h  t e m p e r a tu r e s  and  a  low

fo rw a rd  v o l t a g e  d ro p  V̂ .

The f i r s t  d a ta  l i n e  shows b e s t  r e s u l t s  o b ta in e d  f o r  a  c o n v e n t io n a l ,  

a n o d e  s h o r te d  d e v ic e  w i th  t h e  g eo m etry  shown i n  F ig u re  4 -2  (G400) and  

h a v in g  a  s ta n d a r d  t r i p l e  d i f f u s e d  d o p in g  p r o f i l e .  Such a  d e v ic e  n e e d s  

12mA f o r  tu r n - o n  @ -4 0 °C , h a s  a  fo rw a rd  v o l t a g e  d ro p  o f  1 .1 5  v o l t s  @ 

10A and  25°C , and  i t  c a n  t u r n - o f f  12A @ +125°C .

Compared w i th  t h e s e  r e s u l t s  a r e  t h e  a l l - e p i t a x i a l  t e s t  d e v ic e s  

d e s c r ib e d  i n  s e c t i o n  IV B l .  I n  p a r t i c u l a r ,  t h e  seco n d  d a ta  l i n e  g iv e s  

r e s u l t s  f o r  d e v ic e s  w i th  a  s ta n d a r d  0.7£2cm c a th o d e  ( F ig u r e  4 - 8 ,  t o p ) .

As c a n  be s e e n ,  t h i s  d e v ic e  i s  v e ry  s e n s i t i v e  ( I  'vO^mA @ -40°C ) f o r  

t u r n - o n ,  h o w ev er, i t  h a s  l o s t  i t s  good t u r n - o f f  c a p a b i l i t y  a t  h ig h

te m p e ra tu re s  (Now I T Qff (max) ^ 2 A ) .

The d a ta  shown i n  t h e  f o u r t h  l i n e  a r e  f o r  t h e  d e v ic e s  w i th  a n  io n  

im p la n te d  c a th o d e  e m i t t e r  o f  2 0 f i /s q u a re , ed g e  m e ta l iz e d  ( F ig u r e s  4 - 8 ,  

4 - 9 ,  b o t to m ) . As c a n  be  s e e n  I  i s  s t i l l  o n ly  o f  t h e  o r d e r  o f  1mA @
-4 0 °C  w h ile  t h e  t u r n - o f f  c a p a b i l i t y  h a s  in c r e a s e d  to  14A a t  t h e  h ig h

The com pu ter p r i n t o u t  o f  s t a t i c  d a ta  f o r  t h e  d e v ic e s  o f  s e r i e s  97E 
( s ta n d a r d  0 .7 f l / s q u a r e  c a th o d e )  and  o f  s e r i e s  97H ( Im p la n te d , d e 
fo c u s e d  2 0 f2 /sq u a re  c a th o d e )  I s  added  a s  A ppendix  C.
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t e m p e r a tu r e .  The fo rw a rd  v o l t a g e  d ro p  h a s  s u f f e r e d  a n  i n c r e a s e  o f

0 .3  v o l t s ,  how ever.

The f i n a l  d a ta  l i n e  shows r e s u l t s  f o r  d e v ic e s  w h ich  w ere  f u r t h e r  

o p t im iz e d .  The c a th o d e  s h e e t  r e s i s t a n c e  w as lo w e re d  from  ^ O f t / s q u a r e  

t o  ^ 7 . O ft/sq u are  and  t h e  e p i - b a s e  r e s i s t i v i t y  was r a i s e d  from  ^ 0 . 1 2 ficm 

t o  a b o u t  0 .18ftcm . A p ro n o u n ce d  im provem ent i n  o v e r a l l  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  was a c h ie v e d .  The te m p e ra tu re  r a n g e  o f  o p e r a t io n  was 

s u b s t a n t i a l l y  e x te n d e d .  T u rn -o n  was o b ta in e d  w i th  I  ''•'0.3mA @ -6 0 °C  

a n d  t u r n - o f f  c a p a b i l i t y  was m easu red  to  b e  1^, (max) = 9 .3A , 9 .0A , 

and  8 .5 A  f o r  25°C , 125°C , and  150°C , r e s p e c t i v e l y .  The maximum c u r r e n t  

t h a t  c o u ld  b e  tu r n e d  o f f  was r e l a t i v e l y  in d e p e n d e n t  o f  t e m p e r a tu r e .

The r e s u l t s  show r a t h e r  d i s t i n c t l y  t h a t  Dynamic B a l l a s t i n g  g av e  

v e ry  u s e f u l  a d v a n ta g e s .



V. CONCLUSION

A. H ig h  S p eed -H ig h  V o l ta g e  G a te  T u rn -O ff  D e v ic e

1 . The i n v e s t i g a t i o n s  o f  G T O -s tru c tu re s  h a v e  shown t h a t  h ig h  

s p e e d - h ig h  v o l t a g e  d e v ic e s  a r e  f e a s i b l e .  I t  w as d e m o n s tra te d  t h a t  t h e  

t u r n - o f f  b e h a v io r  i s  g o v e rn e d  by p ro n o u n ced  tw o -d im e n s io n a l  e f f e c t s .

A n a rro w  c a th o d e  w id th  i s  o f  im p o r ta n c e .  F u r t h e r ,  t h e  i n t r o d u c t i o n  o f  

a n  e x t e r n a l  g a te  s e r i e s  in d u c ta n c e  and  o p e r a t io n  from  a  v o l t a g e  s o u rc e  

a s  in p u t  f o r  t u r n - o f f  w i l l  r e s u l t  i n  a  s a f e  r e t u r n  to  t h e  b lo c k in g  

s t a t e .  The c r i t e r i a  b e in g  t h a t :

(a )  d u r in g  t h e  f a l l  p h a s e  th e  seco n d  d e r i v a t i v e  o f

2 2t h e  t u r n - o f f  g a in  d I ^ / d l  r e m a in s  p o s i t i v e ,

(b ) t h e  t u r n - o f f  g a in  i t s e l f  becom es l e s s  th a n  u n i ty  

d u r in g  t h e  t a i l  p e r i o d .

2 .  F u r th e r ,  f a s t  t u r n - o n  t  and f a s t  t u r n - o f f  t , .  w i th  a  minimumr  x
r e c o m b in a t io n  t a i l  w e re  s im u l ta n e o u s ly  o b ta in e d  th ro u g h  d e v e lo p m en t o f  

a  s p e c i a l  g o ld  d i f f u s i o n  p r o c e s s .  T h is  p r o c e s s  was c r i t i c a l  su c h  t h a t :

( 1 ) a  h ig h  l i f e t i m e  was d e s ig n e d  i n t o  t h e  a c t i v e  

r e g io n  o f  t h e  d e v ic e  b e n e a th  t h e  c a th o d e  e m i t t e r ,  

and

( 2 ) a  low  l i f e t i m e  was b u i ld  i n to  t h e  v i c i n i t y  o f  th e  

ano d e  e m i t t e r .
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3 .  A r e s u l t a n t  d e v ic e  d e m o n s tra te d  s w i tc h in g  t im e s  o f  100 to  400 

n a n o sec o n d  and  s w itc h in g  pow er c a p a b i l i t i e s  o f  1 ,5 5  kw @ 50kHz w ith  

97% d e v ic e  e f f i c i e n c y .  T h is  i s  q u i t e  an  a c h ie v e m e n t o v e r  t h e  e x i s t i n g  

s t a t e  o f  t h e  a r t .

B. Anode S h o r ts  and  S c h o ttk y  B a r r i e r s

I n  t h e  a v a i l a b l e  d e s ig n  an o d e  s h o r t s  h av e  b e e n  u s e d  f o r  im prove

m ent o f  t u r n - o f f  and  r e l i a b i l i t y  o f  t h e  d e v ic e .  T h e se  a n o d e  s h o r t s ,  

w h ich  a r e  p la c e d  m ost re m o te  from  t h e  g a te  t e r m i n a l ,  r e p r e s e n t  a  n o n -  

r e g e n e r a t i v e  r e g io n  ( o r  b y - p a s s  t r a n s i s t o r )  w h ich  i s  v e ry  e f f e c t i v e  i n  

e x t in g u i s h in g  t h e  f i n a l  p la sm a  f i l a m e n t  d u r in g  t u r n - o f f .  They a l s o  

re d u c e  t h e  r e c o m b in a t io n  t a i l .  H ow ever, t h e  t u r n - o n  i s  now i n  g e n e r a l  

im p a ir e d , e s p e c i a l l y  a t  low  t e m p e r a tu r e s .

I n  o u r  r e s e a r c h  d e s ig n  a  S c h o t tk y  b a r r i e r  was in t r o d u c e d  i n  s e r i e s  

w i th  t h e s e  an o d e  s h o r t s ,  w h ic h  f u l l y  r e s t o r e d  t h e  t u r n - o n  s e n s i t i v i t y ,  

w h i le  t h e  im provem ent i n  t u r n - o f f  c a p a b i l i t y  d u e  to  t h e  a n o d e  s h o r t s  

w as r e t a i n e d .

C. Dynamic B a l l a s t i n g  (D e fo c u s in g )

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

c e n t e r ,  m e ta l i z e d  a t  th e  ed g e  o n ly  w i l l  have  t h e  e f f e c t  o f  d i b i a s i n g  

th e  c a th o d e  e m i t t e r  j u n c t i o n  w h i le  t h e  p lasm a i s  sq u e e z e d  i n t o  t h e  

" g e o m e tr ic a l  c e n t e r  o f  g r a v i t y "  d u r in g  t u r n - o f f .  D u rin g  n o rm a l o n -
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s t a t e  o p e r a t i o n  w i th  n o m in a l c u r r e n t  d e n s i t i e s  a  n e g l i g i b l e  a d d i t i o n a l  

fo rw a rd  v o l t a g e  d ro p  i s  e x p e r ie n c e d .  D u rin g  t u r n - o f f ,  h o w ev er, l o c a l l y  

h ig h  c u r r e n t  d e n s i t y  f i l a m e n ts  d e v e lo p  b e c a u s e  o f  p la sm a  s q u e e z in g .

The fo rm a t io n  o f  t h e s e  f i l a m e n ts  i s  s t r o n g l y  c o u n te r a c te d  by a  l a t e r a l  

v o l t a g e  d ro p  i n  t h e  c a th o d e ,  and  t h e  e x p o n e n t i a l l y  d e p e n d e n t  d e c r e a s e  

o f  c u r r e n t  i n j e c t i o n  tow ard  t h e  e m i t t e r  c e n t e r .  U sin g  t h i s  p r i n c i p l e ,  

t h e  d e v ic e  o p e r a t i o n  was e x te n d e d  from  -^20°C to  +125°C ( f o r  a  co n 

v e n t i o n a l  d e v ic e )  to  a  r a n g e  o f  -60°C  to  +150°C f o r  o u r  r e s e a r c h  

d e v ic e s .
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APPENDIX A

COMPUTER PROGRAM FOR PHOTO MASK SET GENERATION

The CAD a r tw o r k  f o r  t h e  3x3 a r r a y  o f  t e s t  g e o m e tr ie s  ( I I C ,  p p . 53)

was g e n e ra te d  by an  " e a s y - to - u s e  d a t a - c a p t u r e  la n g u a g e "  c a l l e d

75-4  PLOTS .

In  t h i s  m ethod g e o m e tr ic  sh a p e s  a r e  d e s c r ib e d  a s  ( u s u a l ly  opaque) 

p o ly g o n s  in  a  r e c t i l i n e a r  c o o r d in a te  s y s te m , e i t h e r  in  te rm s  o f  an  

a b s o lu t e  v e r t e x  l o c a t i o n  o r  a s  r e l a t i v e  v e r t e x  c o o r d in a te s  in  t h e  

d i r e c t i o n s  l e f t ,  r i g h t ,  t o p ,  and b o tto m  from  t h e  p re v io u s  v e r t e x .

Thus b a s i c a l l y ,  d e f i n i t i o n s  D a r e  c r e a t e d  by a number o f  s t a t e m e n ts ,  

c o n s i s t i n g  o f  s t r i n g s  o f  c o o r d i n a t e s .  T h ese  d e f i n i t i o n s  may b e  p la c e d  

in  c e r t a i n  l o c a t i o n s  by " Q " - c a l l s  and a r e  o r g a n iz e d  to  a p p e a r  on  a 

s p e c i f i e d  p h o to  m ask M.

The PLOTS p ro g ra m s w i l l  th e n  i n t e r f a c e  w i th  e i t h e r  a u to m a t ic -  

d r a f t i n g  eq u ip m en t and CRT d i s p l a y  sy s te m s  f o r  e r r o r  c h e c k in g  and 

t e s t i n g ,  o r  th e y  w i l l  th ro u g h  an  i n te r m e d ia t e  c o n v e rs io n  s e r v e  to  

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

I n  F ig u re  A - l  i s  shown a  sam ple  PLOTS la n g u a g e  s ta te m e n t  ( t o p ) ,  

w h ich  i s  t r a n s l a t e d  i n t o  t h e  c o r r e s p o n d in g  co m p u te r g e n e ra te d  a r tw o rk  

( b o t to m ) .
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FIGURE A

10 h i
20 0  X1.«Y12 R 1 .6  T .5  L.C T .6  11 B1 /FIGURE 1 
SO 0 X6.7YS T .6  l . k  T .k  61 T l R1 67 1 .5  T .6  l . S  6 .6  I . *  /FIG I/R r? 
kO P XR.PYlk.R »1 .A 6 1 .6  I I  TO X 6.PY16.6 T 1 .7  /FIGURT 5 
50 P X7.6Y5 TO X 5.S TO X 5 .6T 6 .5  TO Xk.S TO Xk.RYS*
60 TO X J.S  TO T 6 .6  TO X J.7  TO X 7.R T5.8 TO T* /FIGURE SA 
70 W .X
10 I  X 7 .I  T k .k  TO XB.7 TO X 6 .6 Y k .l TO T7 /FIGURr k 
00 01 XOTO /DEFINITION 2 

100 HI
110 F X1.2T0 P . 5 T 1 .6  1 1 .5  6 .6  TO X1.7T0 /FIGURE 6 
170 W .k
150 I  X 2.6 TO T 1 .6  TO X7.7T7 TO XO /FIGURE 7 
IkO E /END OF DEFINITION
160 0 1 X 7 .IT 7 .5  /PLACES FIGURE 6 AT FIGURE R
160 0 1 XI.AY10 ROTATT 7 / PIACFS rir.URF 6 AS FIGI'R* 0
170 0  10095 X 6.6T 15 .1  /RLACES FIGUPF 16 AS FIGURE 10
110 OE X l.kYS TO XIO.k TO T 12 .k  I k .k  T? l k . 6  TO Y5 /FIGURE 11
190 OH XT.kYk TO X9.k TT.k 12 61 1 7 .6  T6 1 7 .6  TO Tk /FIOIIRF 17
700 01 X 6 .I T .I  TO XN.R U . 6  IS  N i.S  /FIGURr Ik
210 OM XT.7 T 1 .7  T .6  6 7 .2  6 .6  1 7 .7  /FIGURr IS
770 0 X 1.6Y.4  Ml T l 1 .6  T .5  1 . 6  6 1 .6  AND 7R1.S /FIGURES 1S ,!6A ,16R
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DCF1009S

-1 SAMPLE PLOTS LANGUAGE STATEMENT (TOP)  AND COMPUTER 
GENERATED ARTWORK (BOTTOM). THE "FIGURE" NUMBERS THAT 
FOLLOW THE PLOTS STATEMENTS (SEPARATED BY SEMICOLONS) 
CORRESPOND TO NUMBERED SHAPES ON THE ARTWORK 
(AFTER B.J.  K o r e n j a k  7 4 - 1 )



129

F ig u r e  A-2 i s  t h e  p ro g ram  d e f i n i n g  th e  p h o to  m ask  s e t  w h ich  was 

u s e d  t o  f a b r i c a t e  t h e  t e s t  d e v ic e s  d e s c r ib e d  i n  C h a p te r  I I I ,  and  IVB.

F o r i l l u s t r a t i o n  p u rp o s e s  l e t  u s  f o l lo w  t h e  s t e p s  t h a t  w i l l  

g e n e r a t e  t h e  c a th o d e  e m i t t e r  m ask  p a t t e r n  o f  D e v ic e  3 ( F ig u r e  3 - 6 ,  

p p .  54 o r  F ig u r e  B -1 6 , p p . 1 4 7 , b o tto m  l e f t ) .

F i r s t  a  s i n g l e  s i t e ,  D24 i s  d e f in e d  by t h e  s ta te m e n t

P XO Y -2 .2 5  (R , . . 16 T 1 ) T 2 .5  (L 16 T l)  B 4 .5  ( l i n e  1940)i g h t  op '  e f t  7 o t to m  4

Then i n  D25 ( l i n e  1960 t o  2040) t h e  f i r s t  q u a d ra n t  o f  t h e  p a t t e r n  i s  

g e n e r a te d  w i th  t h e  c e n t e r  o f  t h e  (w h o le) p a t t e r n  b e in g  t h e  o r i g i n  

( f i d u c i a l  p o i n t ) .  Q c a l l s  p l a c e  t h e  s i n g l e  s i t e s  i n t o  t h e  p ro p e r  

l o c a t i o n s ,  c r e a t e  m ore o f  them  by "an d "  s ta t e m e n ts  ( e x .  l i n e  1990) o r  

r o t a t e  them , a s  done to  g e t  t h e  v e r t i c a l  s i t e  c l o s e  t o  t h e  c e n t e r  

(Q24 X4.75Y14R 3 , l i n e  1 9 7 0 ) .OC&uG

I n  D65 t h e  q u a r t e r  p a t t e r n  i s  a s s ig n e d  to  i t s  m ask l e v e l  M3 ( l i n e  

5 3 2 0 -5 3 3 0 ) and  s ta c k e d  up w i th  a l l  o t h e r  q u a r t e r  p a t t e r n s  b e lo n g in g  to  

D e v ic e  3 .

I n  D73 ( l i n e  6130) t h e  c a th o d e  p a t t e r n  i s  r o t a t e d  and  m ir ro r e d  

s im u l ta n e o u s ly  w i th  i t s  1 s t  q u a d ra n t  com panions o f  t h e  o t h e r  m asks 

s u c h  t h a t  a l l  4 q u a d ra n ts  ( i . e . ,  t h e  e n t i r e  p a t t e r n  now e x i s t s ) .
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F i n a l l y ,  t h e  c a l l  Q73 ( l i n e  6360) w i l l  p l a c e  t h e  c a th o d e  s i t e s  

and a l l  o t h e r  m ask l e v e l s  i n to  t h e  lo w e r  l e f t  hand c o r n e r  o f  t h e  a r r a y  

o f  d e v ic e s  ( c a l l e d  o u t  a s  Q6 8  to  Q75 ( l i n e  6310 to  l i n e  6 3 8 0 ) .
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A -2a  CAD PROGRAM, PAGE 1 OF 14

A-2 COMPUTER PROGRAM (PLOTS LANGUAGE) FOR ARTWORK 
GENERATION TO PRODUCE PHOTOMASK SET FOR 3 x 3  
ARRAY OF GTO-DEVICES; LINE 1 0 - 8 0 2 0 ,  14 PAGES (SEE 
APPENDIX B AND FIGURE 3 - 6 ) .
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U A - l  Y 5 5 .9  R 3 2 .5  T 1 . 5  R 3 3 .5  1 3 . 6  Lb Tb Lb2 U 9 .1

0 0 0 0 0 7 6 0  
0 0 0 0 0 7 1 0  
0000078  0 
0 0 0 0 0 7 9 0g l  Xbl Ybl

0 9  X'» YO; p *  UIFF TOb '
P X - 0 . 3  Y 1 3 . 5  RO.b 1117 R O .b l  Tft.,7 l - l . b  
2K5.H

B 9 .T  liai.7 M » . b l  ANDft
OOOOOBOO 
OOOGOul0 
OOOOBB2 0 
0 0 0 0 0 aftG

P A l l . 6  Y15 K b .b  I R 1 5 .5  l O . b l  TU .b  I l I I  
P X1 1 <b Y 2 0 .d  K 2 .9  IK17 TO .b l TO.o |L t 7  
0 1 . b ANO 6 1 5 . 6
P X b2 .5  Y -O .3  IP 1 7  b O . o l  K 3.5  T l . b  L 5 .5

1 0 . 01 1 .2 .9  b l . B
1 0 . 01  L2.V*
I l 17  n d . b l a D . b  a N u S

0 0 0 0 0 BbO 
000C0B50 
0 0 0 0 0 ooO 
OOOGOu7 0

3 1 5 . U
P A b l . 5  Y 2 2 .9  K l IK17 b O .o l  K 5 .5  l l . B  L o .5  I H 7  o O .b l  BO.b 
P X b l . 3 Y 2 d .7  IK17 B O .c l  K b .3 T l .H  L b . 3 I L 1 ?  bO .o l tJO .6 f t  
ANU 115.U

OOOOOBUO
000C0U90
OOOOU90U
0 0 0 0 0 9 1 0

P XbO.9 VbO.3 R 1 IK17 b O .b l  K b . 9 1 1 . b L 7 .9  l L i 7  B O .c l  BO.b 
P X b 0 .5  Y b b . l  IK17 B l l .b l  K 7.9  l l . B  L 7 .5  IL 1 7  d O .b I  dO .c  A N U *  
215 .d
P A - l  VJ2 K 1 2 .b  B1U.5 K l . b  bb K1U.5 TO.V I L 1 5 . 3  IO .c.)  L 1 .9 *

0 0 0 0 0 9 2 0  
0000.>V5u 
0 0 0 CO9b0 
00000*9  0

T b .9  L l . 3  T b l . l  L ib  B23
0  A - l  Y 56 .5  K 9 2 .5  1 1 . 2  K 3 5 .3  1 3 .9  Lb lb 
0  Xbl YO Kb T25 Lb U25 
O XbO Y 2 b . l  K5 119  L5 blV

Lo2 O B .3
OOOOOVbO 
0 0 0 0 0 9 7 0  
0 0 0 0 0  9U0 
GOaOtl99U

U X39 V b l . 3  Kb | [ 7 . 5 Lb B l l . 9 
U l X bl Ybl 
fc
DIO XCYOs P *  DlbF 12 IP1 NM,

0 0 0 0 1 OOO 
OOOOiOiC 
0 0 0 0 1 0 2 0  
n o o o iu f to

HU
L XDY9 T2b 
L XbO Y9 191
6

OOOOlObO 
0 0 0 0 1 0 5 0  
OOOOlObO 
0 0 0 0 1 0 7 0

D l l  XO YO; P+ OlFF 12 IU1 NtG 
P X—I Y9 Kb fb  IT lb  L21 l b  cb B26 
P X33 Y9 K10 Tb 1139 l 2 1 l b  lo Bb I b 3 9  1E L ^ L2I Bb

OOOOIOBO 
0 0 0 0 1 0 9 0  o ooi .ua u 
onoo i i io

U l2  Xfc YO; P-* U l t  F T2 1P2 Ntt>
Hb
L XO Y12 122 
L X1U Y12 Tb7

0 0 0 0 1 1 2 0  
0 0 0 0 1 1 3 0  
0 0 0 0 1 lbO 
0 0 0 0 1 1 5 0

(ftb YU 151 ANU lR lb
6
1)13 AO VO; P + D1FF 12 Tu2 htli

OuGOl. 
0 0 0 0 1 1 7 0
oooonuo
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P X - l  V12 K J .b  Tb (TL2 i l l l i  L 2 .3  D i i  
P X l b . b  Y12 Kb Tb ( T 37 L l l  Tb L3 Bb \ o S t  L l»  Bb 
P X 3 3 .5  Yb Kb Tb ( T i l  L l l  Tb l 3  Bb ( B i l  u l »  Bb AMO. 1RIB

OOOCllVO
00(101200
0 0 0 0 1 2 1 0
0 00C 1220

t i l l  XO VO; P* OlfcF T2 IP J  Nti» 
W2.5
L X l . 7 5  Y10 T21 
L X3b Y l b . 7 b  L22

0 0 0 0 1 2 3 0
0 0 0 0 1 2 1 0
0 0 0 0 1 2 5 0
0U00126M

L X3b V 2 b .2 b  L21 ANO 3TV .b  
L X39 Y 1 .75  K21 AND l l v . b  
L A3B Y 2 3 .7 5  R 2 i  ANO 11V .b  
L X37 Y 1 2 .7 5  K 2 i  aN U  1TV.5

0 0 0 0 1 x 7 0
0 0 0 0 1 2 b 0
000G12V0
0 0 0 0 1 3 0 0

0 1 5  XC YO; P+ UIFF 12 T03 N tb
P X3 V10 H i . b  Tv IT I6  L l l  Tv L l . S  B i  IB 16 L l l b i  
P X35 Y l l  T 3 .b  L l  ( L l v  B l l  L i  B l . b  k l  ( K l l  B l l  R i

O d i iu l J lU  
0 0 0 0 1 3 2 0  
0 0 0 C l 330 
0 0 0 0 1 3 1 0

P  X3b V 23 .5  1 3 . b L l  1 L l6  B l l  L l  B l . b  Kl IK16 B l l  Kl ANU* 
3 T 9 .5
P X3y Y3 R I ( K l6  T i l  K l 1 1 . b L l  I U «  111 L l  B 3 .b  ANO* 
1 T 9 .5

0 0 0 0 1 3 5 0
0 0 0 0 1 3 6 0
0 0 0 0 1 3 7 0
0 0 0 0 1 3 0 0

P X2B Y22 4K16 111 k l  1 1 . b l i  ( L i b  111 l i  B 3 .b  AMI* 
1 1 9 .  b
P X37 Y l l  R i  (K16 T i l  K l T l . b  L l  (L16 T i l  L i  B 3 .5  Ano* 
1TV.5

o o O o i j y o
OOOOlvOO
OOOClllO
0UU01V20

t
0 1 6  XOYO; P+ UlFF 12 TUl NfcG 
M2
L X 2 .9  V 1 0 .5  123 ANU 1Kb.B

OOOGl ib O 
O O O O l u O  
Ou OO l i bO  
OOOOI1 0 O

L X13 Y13 K 2 i . b  
L X U  . b  Y ld .B  R23 ANO o l b . B  
L X 3 9 .5  V 2 .9  K23 ANO 3 lb . O  
L A 3B.5 Y 26 .1  K23 ANU i l b . b

0 0 0 0 1 1 7 0  
0 0 0 0 1 i b 0  
OOOOIIVO 
OOOOlbOC

L X 3 7 .5  Y 13.5  K23 a N U  2T b . 6
0 1 7  X.'YO; ANOUt bhUHl TD1» i lN U L t  S I T t
P XO Y -1 .3  k:t t k l 7 T O .n lk ^  l i . i  L3 ( L l ?  l i * . o l  L l  m2 . 6

0 0 0 0 1 5 1 0
0 0 0 0 1 5 2 0
0 0 0 0 1 5 3 0
000015111

t
0 1 b  XOYO; P+ UlfcF 12 TUl Ncl.
U17 X2.V Y lO .b  K3 ANO IKb.B
P X JV .b  Y U . 7 L3 ( L i b . b  1 0 .  o i  L3 1 1 . i  K i  I R l b . b  1 0 .  ol *

OOOOlbbG
OCOGlboG
0 0 0 0 1 5 7 0
OOOOlbdC

K3 B 2 .6
U17 X J i . b  Y ld .B  R 2 ANO 6 T b .c  
0 1 7  X3V.5 Y 2 .1  ANU 3 T 5 .6  
O i l  AJfc.b Y 26 .1  ANU 2 T b . 8

0 0 0 0 1 5 1 0
OOOOioOO
OOOOlolO
0 C 0 C lo 2 0

0 1 7  X 3 I . 5  V l3 .b  ANU 2 T b .d  
fc
0 1 9  XOYO; N* UlfcF Tp I 
0  X - l  Y lb  R U  T i l  L l l  B l l

0 0 0 0 l o 3 b  
0 0 0 0 1 ovO 
OOOOlobO 
OOOOlobU

O X30 Ylb K20 T3V L20 b3v 
t
0 2 0  XO YC; N* OIFl1 TO 1 
P X - l  Ylb K12 I T l i  L 2 1 LlO b l v

0 0 0 0 1 o 7 0  
OOOOlobO 
OOOOlcYO 
0 0 0 0 1  IO C

P X29 Ylb K22 ( T j v  L2J L i b  (U39 L21 
fc
02 1  XOYO; N+ ulfcF TP2
we

OUOOl 71 tl 
0 0 0 0 1 7 2  6 
0 0 0 0 1 7 3 0  
0 0 0 0 1 7 1 0

L Xltt Y17 T37 
L XJ6 V13 T i l  AND IK1B

0 0 0 0 1 7 6 0
. J 0 J o l 7 1 t /
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fc
0 2 2  XOYO; N* UlfcF 102 
P X - l  Y17 K5.fc 1T12 L l l  Lfc.fc o ! 2  
P X1 3 .fc Y17 KV IT 37 L l l  L? IU37 L l l

OOOU1 IbO 
OOOCJi 7V0 
OOOOloOO 
OOOuldlti

P X 3 1 .5  Y13 KV t l f c l  L l l  l 7  lofcl  
F
0 2 3  XOYO; 131FF TV3 
M 3.fc

L l l AND IK lb 0 0 0 0 1 6 2 0
0 0 0 0 1 6 3 0
OOOOlbfcO
OOOOibfcO

L Xfc.lfc Vlfc 716  
L X31 Ylfc.Tfc Ll *♦
L X31 Y 2 5 .2 5  L lo  aNO 3T9.fc 
L Xfc3 Yfc.7fc K16 AND 1 I f . fc

l)0b01o6 0
0 0 0 0 1 6 7 O 
OOOOlbbO 
0 0 0 0 1 6 9 0

L Xfc2 Y23.  7fc K l6  AND UV .fc  
L XVI Vfc2.7fc K16 ANU iTV.fc
fc
D2fc XCYO: LATfciOUt TD3 • fclNbLfc S 1 f t

OOOOlvOG
0 00 01 V 1 0
0 0 0 0 1 V 2 0
0 0 0 0 1 9 3 0

P XO V - 2 .2 5  1K16 T l ]  12.fc 1L l6  
fc
02fc xOYO; N* OlfcF 703  
02fc Xfc.Tfc Ylfc K3

111 tfc.fc OGOOlVfcO 
OOOOlVfcO 
OOOOlVoO 
0 0 0 0 1  V7(l

P X 3l Ylfc.fc I Ll fc H i  l2 .fc  IfcLfc 
U2fc X 31 V2fc.2fc K2 ANU 3 7 9 . fc 
UZfc Xfc3 Yfc.7fc AND ITV.fc 
02fc Xfc2 Y23.7fc aNU l l v . f c

11 1 bfc.fc o cu o ivbvt
OOObl WO 
0 000200D  
0 0 0 0 2 0 1 0

rrwfc
t
0 2 6  X»»vO; N-*- UlfcF TP«i
t! 2 .  v  m . T i n  anu Ik  *>. h 
L x ! o  Y13 R!5.fc  
L X lfc .5  Vlb.b KIT aNU 6Tfc.b 
L Xfc2.;>

T  Xfcl.*» Y 2 o . l  ^ 1 /  ANU 2Tfc.b 
L X fcO.fc V*t3.fc K i?  ANU 21fc.b  
fc
1)27 XOYO; CAruUi:b TUfc. blNULc f c l f t ________________
r x f  r - 1 . 1  IK17 1 0 . o i  l l  t L l f  1 0 . Ol b<>.7
fc
0 2 a  XOYO; n + UlfcF lUfc

_m2T,-X2 «9 _  Y L 3 «^_M__Ariu ______ ____________
K X i l r . s  Y U . v  ILlfc.fc 7 0 . 6 ) 1 1  IKlfc.fc l O . o l b Z . c  
1)27 X 3 l . fc  Y ld .B  K2 ANU 67 fc .e  
0 2 7  Xfc2.5 V2.V aNO 31fc.b

.A a JL« fc._Y.2o...L a M1_Z-T 5,.a____________________________

%

e. Yfc3.fc ANU Zlfc .b
02V XOYO; CGNlALT UPtN TPl 
' ~ XOYO

4 f tX-O.fc Vx-i.5 RIO 113 Ll<> o t j  
0  A3 0 .fc Y l i . f c  KlV T3b LlV 63b fc
0 3 0  XOYO; CUNlACT UfctN T P l .  UbfcULUfc
0 2  AO VO 
H7
L Xo Ylfc.fc 713
L.X3V T1 5 . &. I30..AN0 1K12
031  XOYO; CUNTALI OPfcN 1U1 
0 3  XOYO

0 0 0 0 2 GzG 
0 0 0 0 2 0 3 b  
0 0 0 0 2 Ofcu

_Q00.C20>_Q. 0 0 0 0 2 0 6  0 
0 0 0 0 2 0 7 0  
0 0 0 0 2 0 6 0  

_0v0y2UY_U_ 
0 0 0 0 2 1 0 0  
0 0 0 0 2 1 1 0  
0 0 0 0 2  12 0 

_Dt/002XilL 
0 0 0 0 2 IfcO 
UG00215 0 
UU062lo 0 

_DQCQZ17£L 
000U216O 
000021VU 
0 0 0 0 2 2 0  0 

_J00U22LLU_ 
0 0 0 0 2 2 2 0  
0 0 0 0 2 2 3 0  
000022fc0 
OOOOZxfcO 
00002  26 0 
0 0 0 0 2 2 7 0  
0 0 0 0 2 l b 0  

_tt00022V.U- 
0 0 0 0 2  30 0 
0 0 0 0 2 3 1 0  
0 u 0 u 2 3 2 0  
77000233 0 
000023fc0 
0 0 0 0 2 3 5 0  
0 0 0 0 2 3 6 0
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P X - 0 . 5  Y lS .S  K11 4 1 JL 3 L2) LV 0 1 3
P X29 . 5  Y 1 S .5  R / l  <130 L2I L l7  <030 L / )
fc
0 3 2 XOYO; LUn TaCT OPEN 1 0 1 .  OfcFUCUS_______
' KQYO

0 0 0 6 / 3 7 0
0 0 0 0 / 3 0 0
0 0 0 0 / 3 9 0
OOOO/hOO

0 3  XQVC
P X 3 .5  Y 1 5 .5  R 7IT 13 l / ) »
L7 IB 13 R 2)
P X 2 9 .5  Y 1S .S  R7 <130 K2I L7 iB3d L2)

0 0 0 0 /M )  1 
0 0 0 0 2 4 1 0  
0 0 0 0 / 4 2  0 
0 0 0 0 2 4 3 0  
0 0 0 0 2 4 4 0  
0 0 0 0 / 4 5 0  
0 0 0 0 / 4 6 0  

JjCDO/470  
0 0 0 0 / 4 0 o  
0 0 0 0 / 4 9  0 
0 0 0 0 2 5 0 0

P A 5 0 .5  Y 1 5 .5  l 7 <130 L2) HI <030 R2)

0 3 3  XOYO; CONTACT OPfcN 1P2  
KQ YQ_______________________________W7.4

L XO Y 1 7 .3  1 1 1 . 4

L X36 V 1 3 .3  1 4 0 . 4  AND l R l a 0 0 0 0 2 5 1 0
e
0 3 4  XOYO; CONTACT UPON TP2, UfaHOCOS
0 4  XOYO
U 2.2

0 0 0 0 2 5 / 0
0 0 0 0 2 5 3 0
0 0 0 0 2 5 4 0
0 0 0 0 2 5 5 0

L X 2 .6  V l l . 3  U 1 . 4  
L X 2 0 .6  Y 1 7 .3  T 3 6 .4  ANO I L 5 .2  
L X 3 8 .0  Y 1 3 .3  T 4 0 .4  ANu 1 l 5 .2  
L X 5 6 .6  Y 1 3 . 3  T a 0 .4  ANO 1L S.2

0 0 0 0 / 5 6 0
0 0 0 0 / 5 7 0
000025UO
0 0 0 0 / 5 9 0

E
1)35 XOYO; CONTACT OPEN 102  
0 5  XOYO
P X -Q .7  Y1 7 . 3  R 4 , 9  1 1 1 1 .4  L l )  L 3 .9  0 1 1 . 4

OOOO/oOO 
0 0 0 0 2 6 1 0  
0 0 0 0 / 6 2 0  
0 0 0 0 / 6 3  0

P X 1 3 .0  Y 1 7 .3 R 0 .4  < 1 3 6 .4  L l )  L 6 .4  < 63 0* 4  l S. )
P X 3 1 .0  V 1 3 .3  R 0 . 4  < 1 4 0 .4  L l )  Lo . 4  < 0 4 0 .4  L1IANU IK 10
e
0 3 6  XOYO; SINGl E CaTHUOE 102 OFC

0 0 0 0 2 6 4 0
0 0 0 0 / 6 5 0
0C 00/O 60
0 0 0 0 2 6 7 0

M2.2
L X - 3 . 1  YO < 1 4 0 .4  K l)  
L X 3 .1  YO < T 4 0 .4  L l )

OOOO/oBO 
0 0 0 0 / 6 9 0  
0 0 0 0 / 7 0  0 
0 0 0 0 / 7 1 0

1)37 XCYO; CUNTACT (JPbN 1 0 2 .  Ubl-UCUS
MS XOYO
W2.2
L A 3 .1  Y 1 7 .3  I f  1 ) . 4  L l )

0 0 0 0 2 7 2 0  
0 0 0 0 /  73 0 
0 0 0 0 2 7 4 0  
0 0 0 0 / 7 5 0

L X 1 4 .9  Y 1 7 .3  1 1 3 6 .4  K l)  
L X 2 1 .1  Y 1 7 .3  < 7 3 6 .4  L l )  
sI36 X36 Y 1 3 .3  ANl) IKlrt

0 0 0 0 2  760 
0 6 0 0 2  770  
07)00270 0 
0 0 0 0 / 7 9 0

^30 XOYO; CONIaCT Op c N 1P3
06  XO TO
W3.1
L X 4 .T S Y 1 4 .2  I I S . 6

0 0 0 0 2 bOO 
0 0 0 0 / 6 1 0  
OCOO202O 
0 0 0 0 2  b3 0

L X3O.0 Y 1 5 .7 S  L l 3 . 6  
L A 3 0 .8 Y 2 5 .2 6  L l S . 6  ANU 3 1 9 . S 
L X 4 3 .2 Y 4 .7 S K 1 S .6  ANO 1TV.S 
L X 4 2 .2 Y 2 3 .7 5  R 1 5 .6  ANU 1 J 9 .5

0 0 0 0 2 6 4 0  
0 0 0 0 2 bS 0 
0 0 0 0 /  660  
0 0 0 0 / 6 7 0

L X 4 t . 2  Y 4 / . 7 5  K l 5 . 6  ANU 1TV.S  
E
0 39  XCYO; SlNuLfc CAThAUt lP 3  UhC

0 0 0 0 2 6 6 0
0 0 0 0 2 6 9 0
0 0 0 0 2 9 0 0
0pp 0^9lQ

CxUY-l R l S . 5  ANO 112 
E
0 4 0  XOYO; CONTACT UPfcN TP3 utH)CUS

0 0 0 0 2 9 / 0
0 0 0 0 / 9 3 0
0 0 0 0 2 9 4 0
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<i6 aO yO
Q39 A 9 .7 5  Y 1 9 .2 5  K3
0 3 9  X 3 0 .7 5 Y 2 5 .2 5  P2 a NU 3 T 9 .5
U39 X 9 3 .2 5 Y 9 .7 6  ANU 1TV.5

0 0002V 50  
0 0 0 0 2 9 6 0  
0 0 0 0 2 9 7 0  
0 0 0 0 2 9 b 0

0 3 9  X A 2 .2 5 Y 2 3 .7 5  ANli 1 1 9 .5  
Q39 X 9 l . 2 5 Y 9 2 . 7 5  aNU 1 1 9 .5  
H I
jj X 3 0 . 7 5 V1 9 . 7 5  1,13 .5  ANU 112

0 0 0 0 2 9 9 0
0 000300C
0 0 0 0 3 0 1 0
0 0 0 0 3 0 2 0

0 7 7  XOYO; SINGLE CATHODE 11)3 
P XOY-2 ( R 1 5 .5 T 1 )  12 ( L 1 5 .5 H 1  09

0 0 0 0 3 0 3 0
0 0 0 0 3 0 9 0
0 0 0 0 3 0 5 0
0 0 0 0 3 0 6 0

l U l  XOYO; CUNTACT OPtN 1 0 3  
0 7  XOYO
Q77 X 9 .7 5 Y 1 a . 2 5  R3
P X 3 0 .7 5 Y I 3 .7 b  I L 1 3 .5 1 1 I  12 IK 13.5T 11 0 9

0 0 0 0 3 0 7  0 
0 0 0 0 3 0 b 0 
0UJU3&90 
1 ,0003100

0 t 7  X 3 0 .7 5 Y 2 5 . 2 5  K2 ANU 3 1 9 .5  
0 7 7  A 9 3 .2 5 Y 9 .7 5  ANO 11 V .5  
0 7 7  X 9 2 .2 5 Y 2 3 .7 5  ANO 1 1 9 .5  
Q77 X 9 l . 2 5 Y 9 2 . 7 5  aNO 1 1 9 .5

0 0 0 0 3 x 1 0  
0 0 0 0 3 1 2 0  
0 0 0 0 3 1 3 0  
0 0 0 0 3 1 9 0

0 9 2  XCYO ; SINGLE CATHODE T03 OPC 
H I
L XO Y-1.5  ( K15.5T l l

0 0 0 0 3 1 5 0  
0 0 0 0 3 1 6  0  
0 0 0 0 3 1 7 0  
0 0 0 0 3 1 0  0

c  x o v i . 3 i A i 5 . 5 B i j
E
0 9 3  XOYO; CONTACT OPEN 1 0 3  UEP0CU5 
0 7  XOYO

0 0 0 0 3 1 9 0
0 0 0 0 3 2 0 0
0 0 0 0 3 2 1 0
0 0 0 0 ^ 2 1 1

3 a 2 A 9 . 7 5 Y l 9 . 2 5  R3 
0 9 2  X 3 0 .7 5 Y 2 5 .2 5  R2 ANO 3 T 9 .5  
Q92 X 9 3 .2 5 Y 9 .7 5  a NO 1 1 9 .5  
0 9 2  X 9 2 .2 5 Y 2 3 .7 5  ANO 1TV.5

0 0 0 0 3 2 2 0
0 0 0 0 3 2 3 0
0 0 0 0 3 2 9 0
0 0 0 0 3 2 5 0

0 9 2  X 9 l .2 5 Y 9 2 .Z 5  ANO I l 9 . 5  
H I
L A 3 0 .7 5 Y l 9 . 2 5  l i . 1 3 . 5 1 1 l

0 0 0 0 3 2 6  O 
0 0 0 0 3 2 7 0  
0 0 0 0 3 2 0 0  
0 0 0 0 3 2 9 0£ X 3 0 .7 5 Y 1 7 .2 5  (L 1 3 .5 B 1 I

0 9 9  XOYO; SINGLt CATnUUt 1P9  
H1. 9

0 0 0 0 3 3 0 0  
0 0 0 0 3 3 1 0  
000 0.5 32 0 
000Q33JQ£  XOYO R l b .b

0 95  XOYO; cUNTACTbPfcN TP9 
Ob XOYO
0 9 9  X 2 .9 Y 1 3 .6  K3 ANU lR 5 .b

0 0 0 0 3 3 9 0  
0 0 0 0 3 3 5 0  
0 0 0 0 3 3 6 0  
OJOL537 0

H I . 9
L X 16 .1Y 13 K 1 5 .3
0 9 9  X 3 l . 9 Y i e . b  K2 ANU <>15.b
0 9 9  X 9 2 .o Y 2 .9  ANO 3 1 5 .d

0 00 03 3b  0 
0 0 0 0 3 3 9 0  
0 0 0 0 3 9 0 0  
0 0 0 0 3 9 1 0

0 9 9  X 9 1 .6 Y 2 6 .1  aNU 2 1 5 . U 
0 9 9  X 9 0 .6 V 9 3 .5  mNU 2 1 5 . 6
e
0  9 b  XOYC:  S I N G L E  C A l H O O c  Tt~» OPC

0 0 0 0 3 9 2 0
0 0 0 0 3 9 3 0
00»>03990
0 0 0 0 3 9 5 0

HO.5
L XO Y—0 . 9 5  R lb .b  ANO 1 1 0 . V 
fc
0 9 7  XOYO; CONTACT UPfcN 1P9 DcrUCUS

0 0 0 0 3 9 6 0  
0 0 0 0 3 9 7 0  
0 0 0 0 3 9 6 0  
0 0 0 0 3 9 9  0

Ob XOYO
09b X 2 .9  Y 1 3 .o  K3 ANO 1K5.B 
HO.5

0 0 0 0 3 5 0 0
0 0 0 0 3 5 1 0
0 0 0 0 3 5 2 0
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L X l b . l  V1 2 . bb R l b .b  ANU u o . v  
Qbb X b l .b  V 1 8 .8  K2 ANU b i b . 8 
Ubb AbZ.o  Y2.V aNU 3 1 5 . 6  
Qbb X b l . 6  Y 2 6 .1  AND 2Tb-8

0000353O
0 0 0 0 3 S b 0
0 0 0 0 3 5 5 0
0 0 0 0 3 b o 0

Q4b XbO. 6 Y b 3 .5  ANU 2 1 5 . 8  
E
U48 XOYO; SINGLE LATHUUE JOb

,bl 8 2

0 0 0 0 3 5 7 0  
0 0 0 0 5 5 b 0  
0 0 0 0 3  590  
0 0 0 0 3 6 0 0|  XO V—1 l f t l b . 8  T O .o l  1 0 . b l u l b . 8  TC.

0 9 9  XOYOt CONTACT OPEN TUb 
Q9 XOYO
QbQ X 2 .9  Y 1 3 .o  K3 ANU IR S .#

0 0 0 0 3 6 1 0  
0 0 0 0 3 b 2 0  
0 0 0 0 3 6 5  0 
0GQ03bbG

p x 3 i .b  v i S  ( L i b i a  r o .o i  r o .u  f k i s . 3
Qb8 X 3 1 .b  V 1 8 .8  R 2 ANU bT b.n  
UbB X b 2 .6  Y 2 .9  ANU 31 5 .8  
ObH X b l . 6  V 2 b . l  ANU ZT5.B

10 .b  1 82 0 0 0 0 3 6 5 0
0 0 0 0 3 6 6 0
0 0 0 0 3 6 7 0
0 0 0 0 3 6 8 0

Elba XbO.6 V b 3.5  AN 021S.6  
E
0 5 0  XOYO; SINGLE LaTHUUE TUb, UfC

00003OV0
0 0 0 0 3 1 0 0
0 0 0 0 3 7 1 0
0 0 0 0 3 7 2 0

i  XO Y - 0 .7 5  I K l b . 8 t O . p l  
L XO VO.75 I R lb .d  8 0 . b l  
E
0 5 1  XOYO; CONTACT OPEN l U b .  UfcfcUCUS

0 0 0 0 3 1 3  0 
0 0 0 0 3 7 b 0  
0 0 0 0 5  750  
0Q005 7o U

0 9  XOYO
OSO X 2 .9  Y l3ob  K3 ANU IK S .8 
HO. 5
L X 3!«b  Y 12 .2S  I L l b .b  1 0 . b l

0 0 0 0 3 7 7 0  
0 0 0 0 3  780  
0 0 0 0 3 7 9 0
OOQOJbOO

L X J l .b  Y1 3 • Tb IL 1 5 .b  8 0 . b l  
0 5 0  X 3 1 . b Y 1 8 .8  RZ ANU b i b . 8 
0 5 0  X b2.b  Y 2 .9  aNU 3T b .a  
0 5 0  X b l .b  Y 2 6 .1  ANU 2 1 5 . 8

0 0 0 0 5 8 1 0
0 0 0 0 5 8 2 0
0 0 0 0 3 8 3 0
QOQOibbO

(ISO AbO.b Y b3.S  ANU 2 1 5 . 8  
E
0 5 2  XCYO; METAL TPl Nt'G 
U X - l  Y—1 R13 T13 L13 813

0 0 0 0 3 8 5 0
0 0 0 0 5 8 6 0
0 0 0 0 5 8 7 0

O X l l  Y—I K 3 8 .5  1 l b . /  L19 bb.T L l 9 . b  
0  A - l  Y l l  R IO .5 T b .7  L lO .b  Eh . 7 
0 2 9  XOYO
0 A - l  Y32 R 17 133 L l 7 833

blO 0 0 0 0 5 b 9 0  
0 0 0 0 3  vOC 
0 0 0 0 3 9 1 0  
o n o o 3 <.2 0

□ XZb V57 K28 lb  L2b 8b
e
0 5 3  XCYO: METAL TUI NtG 
0 X - l  Y—I K13 T13 L13 b l 3

0 00  0 3 930  
OOOOivbO 
0 0 0 0 3 9 5 0  
0 0 0 03 - .60

0  X l l  V—1 K 39 .S  T l b . 7 L21 B o .7  L IB .b  
031 XCYO
0  X - l  Y l l  K l l . b  T b .7  E l l . 5 8 b . 7
E

810 0 0 0 0 3 9 7 0  
00003980 
0 0 0 0 3 9 9 0

D5b XOYO; METAL TP2 NEG 
0  X - l  V - l  K13 T9 H . 5  Tb L 1 1 .5  8 1 3  
0  X l l  V - l  K b b .7  T9 L b b .7  Bv 

_Q X - l  Y l l  r tb .7  l b .5  L b .7  bb .S

OOOObOlO 
0000^02 0 
0 0 0 0 9 0 3 0  
nnn(K»(wn

H > .b
L X18 Y 7 .7  1 9 . 8  
L X3b Y 7 .7  1 5 . 8  ANU 1R18
033 xo yo

OOOObOsO 
0 0 0  Ob ObO 

,0000b 0 7 0  
MaObObQ

O X - 1  V32 R v ^ 3 3  Lv b 33 
0  X - l  V57 RbZ 18  Lb2 88 fc

0060b09O 
0 0 0  Ob 100  
OOOObllO
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U*>5 XOYO; ME I AC Tl)2 NEG 
O X - l  Y - l  K13 TV L 1 .6  TV L l l . 5 813  
0  X l l  V—I K 4 7 .2  IV  L 4 7 .2  bV

OOOOh i ZO 
OOO O'* 130  
0 0 0 0 4 1 4 0

0  X - l  Y i r  K 5 .2  T 6 .5  L 5 .2  Bb.S 0 0 0 0 4 1 5 0
MB.4
L Xld Y 7 .7  TV.8 
L X5b Y 7.7  1 5 . 8  ANO 1RIB 
0 3 5  XOYO

0 0 0 0 4 1 6 0
0 0 0 0 4 1 7 0
OOOOvlBO
0 0 0 0 4 1 9 0

E
0 5 6  XOYO} HETaL TP3 NEG 
O X - l  Y - l  R13 IV Ll T4  L12 813 
0  X l l  Y - l  K30 T17 L l  TIV L l  I z 0 . 3  L6 L 4 7 .3  Lz2 89

0 0 0 0 4 2 0 0  
0 0 0 0 4  210 
0 0 0 0 4 2 2 0  
0 0 0 0 4 2 5 0

H3« I
L X 4 .7 5  Y l l . 8  T 2 . 5  
L X 3 3 .2  Y 1 5 .7 3  L2. 5  ANO 4 1 9 . 5  
L X 40.B V 4 .75  R2 . 5  ANO 1 T 9 .6

OOOOvZvO
0 0 0 0 4 2 5 0
0 0 0 0 4 2 6 0
0 0 0 0 4 2 7 0

L X 39.B  V 2 3 .76 K 2 .5  ANO 1 7 9 .5  
L X 3 0 .8  Y 4 2 .7 5  K 2. 6  AND IT V .5  
0 3 8  XOYO
0  X - l  Y32 R14 T26 L14 B2b

00 0  UV 280  
0 0 0 0 4 2 9 0  
0 0 0 0 v 3 0 0  
0 0 0 0 4 3 1 0

0  X10 Y 32 .5  b i b .5  K3 b<* K2 1# l 2 116 .  
0  Xbl Y - l  T21 L l  T1V L l T 19 Kb 8 5 V LV 
E
0 5 7  XOYO; Mt JAL T 03 fyfcG

3 L3 0 0 0 0 4 5 2  0 
0 0 0 0 4 8 3 0  
0 0 0 0 4 3 4 0  
00 0 0 4 5 5  0

0  X - l  V - l  K13 19 L l . 3  Tv L l l . 5 813  
0  X l l  Y - l  K30 1 1 7 . 6  L l  1 1 9 . 3  L l  1 1 9 . 8  
W4.1
L X 4 .7 5  r i l . « t , T 2 . 5

Lo 8 4 7 . 8 l 2 2 89
0 0 0 0 4 3 6 0
0 0 0 0 4 5 7 0
0 0 0 0 4 3 8 0
000CI439Q

t  X 3 3 .2  Y 1 3 .7 3  L 2 .5  ANO 4 7 9 . 5  
L X 40.B Y 4 .75  R 2 . 5  ANO 1 T 9 .5  
L X 39.B  Y 2 3 .7 5  K2 *5 ANO 1 7 9 .5  
t  X 3 8 .8  Y 4 2 .7 5  K 2 .5  ANO 1 1 9 .6

0 0 0 0 4 4 0 0  
0 0 0 0 4 4 1 0  
0 0 0 0 4  420  
0 0 0 0 4 4 3 0

U41 XOYO
fc
0 5 8  XOYO; HfcTAL TRv NfcG 
O X -l  V - l  R*3 TV L C . 5 T v . L 1 2 . 5  813

0 0 0 0 4 4 4 0  
0 0 0 0 v v 6 0  
0 0 0 0 4 4oO 
0 0 0 0 4 4 7 0

O A l t  Y - l  K50 1 2 2 .1  L i  I L / . o  l !  1 1 7 .2  
H l . v
L X 2 .9  Y l l . 9  1 1 . 8  ANO 1R 5.8  
L X 3 3 .1  Y]U L l . B  ANO 7 T 5 .b

l o  8 4 7 . 9 l 2 2 b9 00 0 0 4 4 8  0 
0 0 0 0 4 4 9 0  
0 0 0 0 4  600 
0 0 0 0 4 6 1 0

L X 4 0 .9  Y 2 .9  K l . 8  ANO * 1 6 . 8  
L X 3 9 .9  Y 26 .1  R l .B  ANO 2 T 6 .B  
L A 3 S .9  YV3.5 K l . 8 aNO 2 1 6 . 8  
0 4 5  XOYO

0 0 0 0 4  620  
0 0 0 0 4 5 3 0  
OQOCv5vO 
0 0 0 0 4 6 5 0

O X - l  Y32 K14 T2o L14 826 
0  X l l  Y 32 .5  819  R2 84  R 1 .3  7 6 .8  L l . 5  
0  X bl Y - l  T24.B L l  T 1 7 .4  L l  1 1 7 .8  Ro

1 1 7 .2  L2
bbO L4

0 0 0 0 4  66 0 
OOOOv670 
0 0 0 0 4  68 0  
0 0 0 0 4 6 9 0

0 5 9  XOYO; MtlAL 1 0 4  NEG 
Q X -l  Y -l  R13 TV LO.S Tv L 1 2 .5  B13 
0  X l l  V - l  R30 1 2 2 . 4  L l  1 1 7 . b L l  1 1 7 .2
H 2 ______ ______

Lb 8 4 8 . 2 L22 89
000 0 4  oOO 
0 0 0 0 4 6 1 0  
0 0 0 0 v b 2 0  
0 0 0 0 4 6 3 0

L X 3 3 .1  Y13 L l . B  AND 7 T 5 .6  
L X 4 0 .9  V 2 .9  K l . 8  AND 3TS.B
H S :S Ui:l 8i:8 8B8 ifl:3

0 0 0 0 4 6 4 0  
0000vb50 
0 0 0 0 4 6 6  0
0 0 0 0 4 6 7 0

Q4V XOYO 
E

0 0 0 0 4 6 8 0
0 0 0 0 4 6 9 0
0 0 0 0 4 7 0 0

A 2 - 8  CAD PROGRAM, PAGE 8  OF 14

A-2 COMPUTER PROGRAM (P LO TS LANGUAGE) FOR ARTWORK 
GENERATION TO PRODUCE PHOTOMASK S E T  FOR 3 x 3  
ARRAY OF GTO -D EV ICES;  L I N E  1 0 - 8 0 2 0 ,  14 PAGES (S E E  * 
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uoo x o v o ; P i C 0009I10
Ml 00009 720
02  XOYO 0C0C9730
M? 00009790
OlO XCYO 00009 750
M3 00009 76 0
ItIV XOYO 00009770
M9 00009730
029 XCYO 00009 790
M5 00009d00
030 XOYO 00009610
M7 00009020
U52 XOYO 00009b30
E 0000969 0
061 XOYO; 01 000C9650
Hi 0000966 0
0 3  XOYO OOOC9 670
M2 00009600
O i l  XOYO 0 0 0 0 9 6V0
M3 00009900
020  XOYO 00009910
M9 00009920
031 XOYO 00009930
M5 00009990
032 XCYO 00009950
M7 00009960
053 XOYO 00009970

00009 900
0&2 XOYO; f»2 00009990
Ml 00005000
09  XOYO 00005010
M2 00005020
012 XOYO 00005030
M3 00005090
021 KOYO 0 0 0 0 5 u 5i
M 9 000 0506 0
033  XOYO 00005070
M5 0000500 0
039  XOYO 00005090

00005100
059 X«>YO 00005110
E 00005126
Oo3 XOYO; U2 00005130

0000519 0
05  xovo 00005150
M2 000C516O
013 XOYO 00005170
M3 0 6 0 0 5 1 0 U
022 XCYO 00005190
M9 00005200
035 XOVO 00005210
M5 00005^20
Q37 XOYO 00005230
M7 0006529 0
055 XOYO 0000525 0fc 00005260
0 6 9  XCYO; P3 00005270
Ml 00005200
06  XOYO 0000529 0

A 2 - 9  CAD PROGRAM, PAGE 9  OF 14

A-2 COMPUTER PROGRAM (PLOTS LANGUAGE) FOR ARTWORK 
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M2 00 0 0 3 3 0  c
o i*  xovo 0 0 0 0 3 3 1 0
M3 0000532  0
0 2 3  XOVO 0 0 0 0 5 3 3 0
M* 0 0 0 0 5 3 * 0
Q3B XOVO 0 0 0 0 5 3 5 0
M5 0 0 0 0 3 JoO
0 * 0  XOVO 0 0 0 0 3 3 7 0
M7 0000533  0
Q5'b XOVO 0 0 0 0 5 3 9 0
E 0 0 0 0 5 * 0 0
Ob5 XOVO: 0 3 0 0 0 0 5 * 1 0
Ml 0 0 0 0 5 * 2 0
0 7  AO YO 0 0 0 0 3 * 3 0
M2 0C 005**0
0 1 5  XPVO 00005*5  0
M3 U0003*bO
Q25 XOYO 0 0 0 0 5 * 7 0
H* 0 0 0 0 3 * b 0
0 * 1  XOVO 0 0 0 0 5 * 9 0
Mb 0 0 0 0 3 5 0 0
0*3 xr.YO 0 0 0 0 5 5 1 0
M7 0 0 0 0 5 5 2 0

GO *t.3530< p 7  XOVO
0 0 d 0 3 5 * 0

Obb XOVO; P* 0 0 0 0 3 5 5 0
HI 0 0 0 0 3 5 b 0
Ub XOVO 0 0 0 0 5 5 / 0
M2 0 0 0 0 3 3b0
(life XCVO 0 0 0 0 5 3 9 0
M3 0 0 0 0 5 bOO
0 2 0  XCVO OOOObblO
H t 00003O 20
0 * 5  X.'VO 0 0 0 0 3 b 3 0
M5 0bi)05o*0
U*7 XOVO «tQ003b5O
M7 0 0 0 0 5 b b 0
Ut>U XCVO OOOOdo/O
E OOOOboBO
Ub7 XIVOS U* 0 0 0 0 3 b 9 0
Ml 0 0 0 0 3 7 0 0
0 9  XOVO 0 0 0 0 3 1 1 0
M2 0 0 0 0 3 /2  0
U1M XOVO 000 0 5  130
M3 000 0 3  7*0
02b  X'YO 0 0 0 0 5 / 5 0
M* 0 0 0 0 5 7oO
U*9 XOVO 000 0 5  77 0
H5 0 0 0 0 3 /tfO
051  XOVO 0 0 0 0 3 /9  0
M7 0 0 0 0 3 b 0 0
0 5 9  XCVO 00003B 10
2 0 0 0 0 5 * 2 0
Dot) XOVO; P i 0 0 0 0 3 U30
ObO X7bV7b O 0003o*0
UbO A 7bV7b k2 00005b5U
ObO XfbV lo  K* 0 0 0 0 3 6 b 0
UbO X7bV7b K5 0 0 0 0 5 * 7 0
€ vOOOSdBO
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ofcv a Gyo; u i  o o o o sa v o
061  X76Y76 0 0 0 0 5 4 0 0
O ol X76Y7e RZ 0 0 0 0 5 VlO
Q ol  X76Y7Q, K»___________________________________________________________________________________________OOOOiyiU.
0 6 1 X>oV?6ft*> 0 0 0 0 5 4 3 0
E 0 0 0 0 5 4 4 0
0 7 0  XOVO; PZ 0 0 0 0 5 ^ 5 0
0 6 2  X 16770 _____________________________________________________________________________________________ 0 0 0 0 5 5 6 A
0 6 2  X 76Y76 RZ 000 05 V 7 0
OoZ X76Y7o R4 00005VUO
0 6 2  X76V76 R5 0 0 0 0 5 4 4 0
e ; ___________________________________________________________________________________ a o o o o o a a
071  XOVO; 0 2 OOOOe Ol O
0 6 3  X76Y76 OOOOoOZO
0 6 3  X76Y76K2 0 0 0 0 o 0 3 0
0 6 3  X76Y76 K4____________________________________________________________________________________________Q.CQil60ML
0 6 3  X76Y76 R5 • 0 0 0 0 6 0 5  0
fc 00006060
072 x o v o ;  P3 00006070
0 6 4  X7oY7o _____________________________________________________________________________________________ 0 0 0 0 6 0 0 0
0 6 4  AV6V76 R Z O O O O e O V O  
0 6 4  X76Y76 H4 ' OOOOeiOO
0 6 4  X76Y76 R5 GboGoUO
fc______________________________________________________________________________________________________________00QJJfel2J>
0 7 3  XOVO; 0 3 0 0 0 0 6 1 3 0
0 6 5  X7oY7b 0 0 0 0 o l 4 0
0 6 5  X76Y76 R.2 OOOOolSl)

-S S B f e W H * ------------------------------------------------------------------------------------------------ 8 8 8 m
e  o o o o b i a o
D 7 4  x ov o ;  P 4  O O O C 6 1 4 C
0 6 6  X 76 Y7o_______________________________________________________________________________________________ ObO Go ZOO
0 6 6  X 76 V 76 R Z O O O C o 210  
Q6o X76V7o K4 OOOOozZO
0 6 6  X76Y76 R5 0 0 0 Co2 3 u
fc .___________________________________________________________________________________________________________OOOl'6Z531
0 7 5  XOYO; 0 4 0 0 0 0 6 2 5  0
0 6 7  X76Y76 OOOOoZbO
0 6 7  X 76Y 7o RZ 0000oZ7Cl
Qo7 X76Y76 R4______________________________ ;_____________________________________________________________GUQQSLZaJ).
0 6 7  X76Y7o R 5 O O O b o Z V b  
fc 00006200
OGH XO Y3 0 4 ;  PI 0C 006310

_yoy X^04 TO; 01_________________________________________________________________________________________aOOOttJZifc
07 0  A l5 7  Y3r.4;PZ 0 0 0 0 6 5 3 b
07 1  X152 YO; 02  uOOuo3 4 v
0 7 2  X304 73041  P3 0 0 0 0 6 3 5 0
0 7 3  XO VO; 1)3  QQ00o3o 0
0 1 4  X3CI4 V152 ;fc4 0 0 0 0 6 3  70
0 7 5  XO Y152; 04 O0GU6560
010 1  XOYO 0 0 0 0 6 4 0 0

 *________________________________________________________ ooqoq^ uj.
U X50 Y7OK20\2tjL2t) t z O 0 0 0 0 6 4 2  0 
W13 0 0 0 0 6 4 5 b
L * 0 7 4 6 .5  R»0 «N0 1 767 OjGCo44b
L X 6 .5  Y40 760 ANU 1 R 67_________________________________________________________________________0 0 0 0 6  4 5 0
0  XO YO KZO I2CL2G 02 0 AlXu I K60 0 0 0 0 6 4 6 0
N4 0000O 4IU
L AO Y10 K30 0 0 0 0 6 4 6 0
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m2
L XYB Y3 H Ij  T l2  Kb 112 L2Y 812  Ko 813
M2; P+ ANUUfc T2 0 2
H 2 .3

OOOObbYO 
OOOCbbOO 
0 0 0 0 o 5 1 0  
0 0 0 Oo320

L XIOl Y 6 .2 5  K b .75  1 1 2  Kb 1 5 . 5  L l l . 5  
0  XO.5 Y A 0.5  R79 T79 l7 v  87y  
M3; N + CAlHtlUfc Tl 03  
M13

8 5 . 5 Kb bk.3.25 0 0 0  Oo 330  
0 0 0 0 b  5b0  
i )0 0 0 o 5 5 0  
OOOObbbO

L X l5  V b l .b  K50 ANU 1137  
L X 2 1 .5  V55 T50 AND 1 R37 
0  X100 V40 R20 1 2 0  L20 BZO ANU 1160

0 0 0 0 b 570  
0 0 0 0 b 3 8 0  
OOOObbYO 
0000bbOO

L X110 YbO TOO 
M 2.5
L X101 Y b .2 5  K 6 .7 5  112 Ro T 5 .5  H 7 . 5  
M9S CLNTaLT UPfcN IMbTAL RfcV.l Ob

8 5 .5 Rb 8 1 3 .2 5

OOOObblO
OOOObbZO
OOOObbJO
OOOGbbbO

0  X31 V71 Klb  T ib  Lib b ib  
M il
L Xlb Y b l . 5 Rbb ANU 1 T37 
L X 2 1 .5  V5b Tbb ANU 1K37

OOOObbbO 
OOOObbbO 
OUOObb7 0  
OOOObbbO

C XI YAb.5 K?8 ANU i f b 7  
L X b .3  Ybl T7b aNU 1R67 
0  XO VO K20 T20 L20 B20 ANU 1K60 
0  XlOO YbO RZO 1 2 »  L20 bZU *NU Ht»0

OOOOobY0 
0 0 0 0 b 700  
0 0 0 0b  HO  
OOOOft720

Mb
L X2 Y10 T2b R8b Tbb H2b 
O XVOYO HY T15 LV B15 aNU lKZl 
W3

0 0 0 0 o l3 t*  
0 0 0 0 b  7b0  
0 0 0 0 b 7 5 0  
0 00 Ob 7b 0

C X l l b . 5  V l2  1 1 6 . 5  L27 B i b . 5 
L X9b Y l . 5  R ib  
M l . 3
L X102 Y b .75  K 5 .2 3  112 Kb l b . 5 L l b . 5 8 b . 5 Rb b l 2 . 15

OOOUollC 
0 0 0 Ob l b 0 
0 0 0 0 b 7YU 
OOQOboOO

M 5;LUNIaCI uP tN  IMfclAL Hfcw.l 05
0  X31 V71 Rib  Tib Lib Bib
M il
L Xlo Y b l . 5 Rbb AND 1137

OOOObblO
0 0 0 0 b 8 2 0  
0 0 0 Ob830  
OOOObbYO

L X 2 1 .5  Y3b 1bb ANU 1R37 
L XI Vbb.5  K7b ANU l l b 7  
L X b .5  Ybl 178  ANU lK o7  
O XO VO K20 12 0  L20 8 2 0  ANU lKbO

OOOObbbO
OOOObbbO
OOOOoblO
OOOObbbO

O XlOO YbO R20 12C l 2 0  b20 AMU llbO  
Mb
L X2 Y10 12b Rbb Tbb R2b 
O XVOYC Ky 115 LY B ib  ANU l*bil

OOOObbYO 
0 0 0 0b  VOO 
OOOObYlO 
n n n o b vzo

M3
L X l l b . 5  Ylb T l o . 5  L27 B i b . 6 
L XYb V I . 5 Rib

0 0 0 0 o y 3 0  
0 000bYbO 
00006Y 50 
0 0 0  Ob YbO

L XlO 2 Y b .7 5  H 5 .2 5  1 1 2  Rb l b . 5 L l b . 5  
Mb; MESA 11 Ob 
Mi
L.. A105 YB.5 113

Bb .5 Kb B 1 2 .7 5 0000oY 70  
0000b9B 0 
OOOObVYO 
0 0 00700  0

L X Yb.5 V21 k l 3
M7; CUNT ACT UpfcN (MclAL KfcV.I Ob 
0  X31 Y71 H18 Tib Lib b ib

■ W H ............................  .  . .

0 0 0 0 1 0 1 0
0OUO7011
0 0 0 0 7 0 1 2
0 0 0 0 7 0 1 3

L X 2 1 .5  V56 1**B ANU 1R37 
L XI VA6.5 K7b ANU lT b 7

000 0 7  OW  
0 0 0 0 7 0 1 3  0000101o
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L Xb.6 Y41 17b «NU !Ko7
Cl XO YO R20 T20 L 20 ft20 ANU iKbO
O X10C Y**0 K20 120 l 20 020 aNU lTbO
M i ll X2 VlO T24 Kb** t04 R24 
O X90V0 KV H i  LV B15 ANU 1R21 
W3

X l l b . |  jf!2 r i b . 5 L27 Bio.3
t RTT

0000/01/ 
0000701b 
00007019
J1QQ.0ZQ2JL 00907022 
00007023 
0000702 *t 
00001023

XVb 
HI.5
L X102 Yb.75 R5.23 T12 Kb Tv.5 Llb.5 04.5 Rb bl2.75 

iiui>&.GPiU-ALnfcr P i3 ,t w w  M l -
W3
L Xllb.5 Y12 llb.5 L27 Bib.5 
L X4b Y1.5 R14_____________________3“

0000702b 
0000702 7 
0000702b-mm00007040 
00007050 

_aQQ01Co.C. 
0000707 0 
0000700 0 
000070VA 
00007100 
00007110 
00007120 
00007130

- 5 S 8 8 H S
00007130 
00007 lbO 
00007170

Ml
L X102 Yb.75 R5.25 T12 Kb Th.5 H o . 3 04.5 Kb bl2.75 
E
0102 XOYO
Mb; MtiA II Ob ]
t  XO V4 R150 1 l 4 b  L 1 4 6  blSO  

Ol AS5 GKIU ALKcY 013m rL XO Y3.5 K 140.5 1143 L 143 bl4b.3e
XOYOW*3- OSuO/lttO 

00007IV fJ 
OOOO/2OC 
00007210

W 6.0000 ; RlNb l.U. lo.OOOO U.U. 52.CO00
L X 12.0000 V -2.1000 Tu X 12.CC00 Y 2.1000
L X 12.1435 Y 1.071b lu A 11.05o5 Y 3.1284m  n .4 F o tn 1-------- 4 :1 0 1 3  i u  x—  v
L X 9.9599 Y b . W D l  TO X b
L X 7.61bb Y 9.3307 Tu X 4
l “8----- — Bl"oooa~?u“x— -I
I1) H
W 11.0000 ; RING l.U. 10.0000 U.U,
I X 10.5100 Y -2.1000 TO X 10.3000 f

7.bib 7 
V.V5VV 
11.430b

0 0 0 0 7 2 2 0
00007230
0000724b
000072500o0072btf
00007270
00007200U

3500 Y 
.9401 Y .1 b l 3 Y

32.0000
L X 1 0 : b 9 3 5  Y 
L X 10.1500 YL X 8.90V9 Y
L X 7.0oBb Y

>b9bb lu X 
3.4313 TU X 
5.9401 Tu X 
0.0300 TO A

.2 t lO-QO
4 .7 3 3 4•o£o 3 Y 

.0 500 Y 7.000 7

.9 401 Y 0.904 9
4313 T lQ .lSLQH-

>0007 300 
00007510 
00007520 
_0flQ0l5311L X 

L X
E
31

4.7534 V 
2 .1 0 0 0  V

9.60b5 TU A 
10.5000 TU X

0-2 .b'rfib Y .1000 Y
10.b93 5 
10.5000

--------
U102 X-lY-l 
0103 X137V137

0103 X15Y137 K3
E
0105 XOYO

00007340
00007350
00007360
OOOQJllJl

HbS h ti/T 'T l 06 
MbL XO Y4 K150 Tl4b L14b 0130

0000/300
00007390
00007400
-QflQOfrJLO OuOOf420 
00007430 
0C0C7440 
00007450 ireoo74b0r 
00007470 
00007400

A2-13 CAD PROGRAM, PAGE 13 OF 14

A-2 COMPUTER PROGRAM (PLOTS LANGUAGE) FOR ARTWORK 
GENERATION TO PRODUCE PHOTOMASK SET FOR 3 x 3  
ARRAY OF GTO-DEVICES; LINE 1 0 - 8 0 2 0 ,  14 PAGES (SEE 
APPENDIX B AND FIGURE 3 - 6 ) .
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Mb; 
H l l  
L XU
£

Cl a s s  g k iu  0 1 2  

1 V 5.5  K l* 6 .5  T l* 3  L l * 3  b l* b . 5

0 0 0 0 7 * 9 0  
0 0 0 0 7 5 0 0  
0 0 0 0 / 5 1 0  
0 0 0 0 7 9 2  0

DIO* XOYO
ri 6
W 0 . 0 0 0 0  i  KING l . U .
L X 1 2 .0 0 0 0  V > 2 .1 0 0 0

l o .
Tu X

00 0 0  U .U .  
UU-OGOQ Y

3 2 . 0 0 0 0
2 . 1 0 0 0

0 0 0 0 7 5 3 0
0 0 0 0 7 5 * 0
0 0 0 0 7 6 5 0
0 0 0 0 7 9 6 0

L X 
L X 
L X 
L X

1 2 .1 * 3 5  Y 
1 1 .* 5 0 0  Y 

9 . 9 5 9 9  Y 
7.K1H6 V

1 . 0 7 1 6  Ul X 
* . l b l 3  TU X 
6 . 9 9 0 1  l u  X 
9 .3 5 C 0  7U X

1 1 . 0  565  
9 . 3  500  
6 . 9 5 0 1  
4 .1 X 1 1

Y
Y
rr

5 . 1 2 b *  
7 .U 1 8 ?  
9 . 9 5 9 9  

1 1 . * 6 0 C

0 0 0 0 / 9 7 0
0 0 0 0 7 5 6 0
0 0 0 0 7 5 9 0
0 0 0 0 / 6 0 0

t  X 
L X 
N 
H

5 .1 2 b *  Y 1 1 .0 5 6 5  l u  A 
2 . 1 0 0 0  Y 1 2 .0 0 0 0  ID X

b
<-11.0000 : KING l . U .  1 ) .

1 . 0  716 V
- 2 .1 0 0 0  r 

oaoj o .u .

1 2 . 1 * 3 5
1 2 .0 0 0 0

3 2 . 7 0 0 0

0 0 0 0 7 o l 0 
0 0 0 0 / 6 2 0  
0 0 0 0 / 6 3 0  
0 0 0 0 7 6 * 0

L X 
L X 
L. X 
U X

1 0 .5 0 0 0  Y 
1 0 .6 9 3 5  Y 
1 0 .1 5 0 0  Y 

6 . 9 0 9 9  Y

- 2 . 1 0 0 0  l u  X 
0 . 6 9 6 6  TU X 
3 . * 3 1 3  Tu x 
5 . 9 * 0 1  TU X

10.5t<OI> 
9 .6 C 6  5 
8 . 0 5 0 0  
6 . 9 * 0 1

Y
rrr

2 . 1 0 0 0  
* . 7 5 3 *  
7 . 0 6 8  7 
d . 9 0 9 9

0 0 0 0 7 6 5 0
0 0 0 0 / 6 6 0
000C 7 o 70
00007OU0

u X
L X 
L X 
E

7 . 0 6 6 6  V 
* . 7 5 3 *  Y 
2 . 1 0 0 0  V

0 . 0 5 0 0  ID X 
9 . 6 0 6 5  TU X 

1 0 .5 0 0 0  TU X

3 . * 3 1 3  
0 . 6  *06  

- 2 . 1  COO

r
rr

1 0 .1 5 0 0
1 0 .6 9 3 5
1 0 . 5 0 0 0

0 0 0 0 7 6 9 0  
0 0 0 0 7 7 0 0  
0 0 0 0 / 7 1 0  
OCO07711

U106A0Y0 
0 1 0 5  X - l Y - l  
0 1 0 *  X137Y137 
0 1 0 *  X137Y1& RI

0 0 0 0 7 7 2 0
0 0 0 0 7 7 3 0
0 0 0 0 7 7 * 0
0 0 0 0 7 7 5 0

0 1 0 *
0 1 0 *
E
0 1 2 1

X15Y1S R2 
X15Y137 K3

X152 Y152

0 0 0 0 7  7oU 
0 0 0 0 7 7 7 0  
0C0C77U 0 
00Q0779OOlOe

OlOo
0 1 0 6
U7t>

XO Y30* AND 2R152 
XO Y152 AND 1K30* 
XO YO ANU 2K152 

XCYOS UUlUUnUtK

000U 7600
0 0 0 0 7 b l 0
0 0 0 0 7 b 2 0
0 0 0 0 / 6 3 0

W6
L X-  
£Ml

10Y-6 R*72 1*66 L*6b fc*72
0 0 0 0 7 6 * 0  
0 0 0 0 7 6 5 0  
0 0 0 0 / 6 6 0  
i) 0 0 0 7 6 7 0

0 76 
M2 
0 7 6  
M3

XOYO

XOYO

<>0007btt0
0 0 0 0 7 6 9 0
0 0 0 0 / 9 0 0
0 0 0 0 7 9 1 0

0 7 6
H*
0 7 6

XOVO

XOVO

0 0 0 0 7 9 2 0  
0 0 0 0 7 9 3 0  
0 00  079*  (i 
0 0 0 0 7 9 5 0

0 7 6  ,
Ho
0 7 6

x'OYO

XOYO

0 0 0 0 7 9 6 0
0 0 0 0 7 9 7 0
0 0 0 0 7 9 6 0
0 0 0 0 7 9 9 0

1)74
MU
0 7 6

XOYO

XOYO

OUuGbGQO
OOOObOlO
0 0 0 0 6 0 2 0

A2-14 CAD PROGRAM, PAGE 14 OF 14

A-2 COMPUTER PROGRAM (PLOTS LANGUAGE) FOR ARTWORK 
GENERATION TO PRODUCE PHOTOMASK SET FOR 3 x 3  
ARRAY OF GTO-DEVICES; LINE 1 0 - 8 0 2 0 ,  14 PAGES (SEE 
APPENDIX B AND FIGURE 3 - 6 ) .
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APPENDIX B

PHOTO MASK SET FOR 3x3 ARRAY OF GTO DEVICES

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

s tu d y in g  t h e  b e h a v io r  o f  GTO d e v i c e s  i s  shown i n  t h i s  a p p e n d ix  

F ig u r e  B - l a  t o  B - l f .
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. oo +Q>

I =
=  = | T f =  =  

= 1 1 1 =  =

t ? 1

p n i

^ i i i ^

FIGURE B - 1 a  M01, P + GATE CONTACT DIFFUSION

FIG U R E  B - 1 PHOTOMASK S E T  FOR FABRICATION 
OF 3 X 3  ARRAY OF GTO T E ST  GEOMETRIES, 
CENTER CONTAINS DIAGNOSTICS AND 
ALIGNMENT PATTERN. (F O R  DIMENSIONS AND 
USE IN PROCESS SEE P P  5 3 - 5 5 ,  AND 
5 6 - 5 8 ,  RESPECTIVELY)
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III.Ill =  = n =  E

l l l ' l l l  I f ".00 g(9

I .

ill!

. oo l£*

I

FIGURE B - l b  M 0 3 ,  CATHODE E M IT T E R  D IF F U S IO N
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FIGURE B - 1 c  M 0 6 , MESA DEFINITION



FIGURE B - 1 d  M 0 8 ,  OXIDE SHELF REMOVAL



FIGURE B -1 e  M 0 4 ,  GATE AND CATHODE CONTACT OPEN

9

9

^
^

9243^098



F I G UR E  B - 1 f  M 0 7 ,  D E F I N E  M E T A L  E L E C T R O D E S



FIGURE B - l g  M 0 5 ,  GATE AND CATHODE CONTACT 
OPEN (DEFOCUS)

9

27468527

9

51991599413015

333 333

333

1229171817170217
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APPENDIX C

STATIC DATA FOR GTO'S WITH STANDARD CATHODE 

AND DYNAMICALLY BALLASTED CATHODE

A p r i n t o u t  o f  s t a t i c  d a t a  from  com pu te r  t e s t e d  g a t e  t u r n - o f f  

t h y r i s t o r s  i s  g iv e n  i n  t h i s  a p p e n d ix .

F i g u r e  C - l  shows t h e  d a t a  f o r  GTO's o f  D e v ic e  Type 3 w i t h  an  

a l l - e p i t a x i a l  s t r u c t u r e  and a  s t a n d a r d  0 .7 f i / s q u a r e  c a th o d e  d i f f u s i o n  

( s e r i e s  9 7 E ) .

F i g u r e  C-2 shows t h e  d a t a  f o r  GTO's o f  D ev ice  Type 3 h a v in g  a 

2 0 f t / s q u a re  r e s i s t i v e l y  b a l l a s t e d ,  d e fo c u s e d  c a th o d e  ( s e r i e s  97H ).

The f i r s t  l i n e  i n  t h e s e  d a t a  t a b l e s  g i v e s  t h e  q u a n t i t y  m ea su re d ,

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

a t  w h ich  t h e  v a l u e  f o r  t h i s  m easu red  p a ra m e te r  i s  r e c o r d e d ,  e x c e p t

f o r  I g t » w here  i t  i s  t h e  maximum t r i g g e r  c u r r e n t  a v a i l a b l e .  The t h i r d

l i n e  i n d i c a t e s  t h e  u p p e r  l i m i t  o f  t h e  com pute r  r a n g e .  Rw  i s  a  r e -UK.

s i s t o r  added  i n  p a r a l l e l  t o  t h e  g a t e - c a t h o d e .
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L O T  S*T!" —  EE 

TESTED TO

G 4 G 0 0 - 5  H .  B E C K E  J_J_^-’3=:.^75-T=-

VDRXM VDRXM IDRXM IDRXM IDRXM IDRXM IDRXM IDRXM IDRXM VKfl
10. 0UR 200. UR 500V 450V 250V 225V 125V 115V 20V . 500MR
700V

RGK^IK
700V

RGK=1K
1000IJR
RGK=1K

1000UR
RGK=1K

1000UR
RGK=1K

1000UR
RGK=1K

1000IJR
RGK=1K

1000IJR
RGK-1K

10. 0UR 
RGK=1K

1 0 0  v

UNIT V V UR UR UR UR UR UR UR V

1 716. 716. 1. 1. 1. . 05 93. 2
2 7. 716. 20. 20. 19. 19. 19. 19. 10. 23 95. 8
3 672. 678. -. 19 87! 5
4 716. 716. -. 17 92. 8
5 144. 172. 1023. 1023. 1023. 1023. 1. -. 12 91. 3
6 716. 716. -. 13 94. 8
7 4. 716. 16. 16. 15. 15. 15. 15. 10. 23 96. 4
8 716. 716. 2. 2. 2. 2. 2. 2. 1. 81 98.. 9
9 716. 716. 2. 2. 1. 2. 1. 1. 1. 06 95x- 7

10 13. 716. 10. 10. 10. 10. 10. 10. 9. 43 95. 4
11 679. 690. -. 16 99. 0
12 8. • 716. 14. 14. 14. 13. 13. 13. 10. 23 85. 8
13 285. 366. 1023. 1023. 7. 5. 4. 4. 3. 41 98. 9
14 698. 705. -. 12 84. 7
15 654. 676. 2. 2. 1. 1. 2. 1. 1. 08 93. 5
16 716. 716. -. 13 92. 7
17 716. 716. -. 17 81. 0
18 716. 716. 4. 4. 4. 4. 4. 4. 3. 67 95. 5
19 716. 716. 1. 1. 1. 1. 1. 1. . 78 95. 8
20 716. 716. 1. -. 11 97. 2
21 17. 716. 10. 10. 10. 10. 9. 9. 8. 67 73. 8
22 108. 134. 1023. 1023. 1023. 1023. 92. 39. -. 12 96. 3
23 716. 716. 7. 7. 7. 7. 7. 7. 6. 32 98. 9
24 716. '716. -. 12 96. 7
25 654. 666. -. 16 91. 6
26 716. 716. -1. -. 15 55. 6
27 716. 716. -. 16 89. 1
28 716. 716. 2. 2. 2. 2. 2. 2. 1. 79 94. 1
29 716. 716. 1. 1. 1. . 03 89. 0

FIGURE C - 1 0  FORWARD BLOCKING VDRXM, REVERSE LEAKAGE I DRXM, 

REVERSE BLOCKING VKA

FIGURE C - 1  STATIC DATA OF COMPUTER -  TESTED  

A L L -E P I T A X I A L  GTO-THYRISTORS.

LOT 9 7 E ;  STANDARD CATHODE, RSK~ 0 . 7  12 / □

( S E E  CHAPTER 1 2 ,  TABLE 4 - 1 )
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L O T  S*'?7’ — E  JL iL J_ »S T7- S

TESTED TO 

13 -=T «3 O  0  — 5 . H .  B E C K E

IGT1+ IGT1+ IGT1+ IGT1+ VGT1+ VKG VT1 VTl VTl VTl
SO 30 30 30 3© . 500MR lfl 5R 10R 15R

100UR 1000UR 10MR 10GMR 10V 100 V 10MR 10MR 10MR 10MR

UNIT UR UR MR MR V V V V V V

1 77. 6 87. . 20 1. 6 . 66 17. 2 . 85 1. 02 1. 18 1. 31
2 57. 4 67. . 14 1. 5 . 62 17. 8 . 87 1. 01 1. 17 1. 20
3 94. 4 102. . 20 1. 6 . 61 17. 7 . 87 1. 04 1. 18 1. 22
4 87. 7 96. . 20 1. 6 . 64 17. 7 . 87 1. 03 1. 17 1. 20
5 95. 3 108. . 21 1. 7 . 56 17. 3 . 87 1. 02 1. 17 1. 21
6 102. 3 117. . 21 1. 7 . 63 17. 5 e~ 1 02 1. 18 1. 32
7 44. 6 53. . 12 1. 4 . 68 17. 1 3 7 1 04 1. 17 1. 20
8 65. 6 74. . 18 1. 5 . 64 17. 4 . 86 1 02 1. 17 1. 20
9 63. 5 72. . 19 1. 5 . 55 17. 1 . 86 1. 02 1. 16 1. 29

10 60. 8 70. . 16 1. 5 . 63 17. 1 . St. 1. 02 1 17 1. 20
11 89. 0 97 . 28 1. 6 . 62 17 6 . 86 1. G2 1. 17 1. 21
12 65. 2 75. . 16 1. 5 . 64 17 1 . 86 1. 03 1. 18 1. 21
13 60. 6 69. . 18 1. 5 . 60 17. 1 . 86 1. 01 1. 17 1. J-0
14 95. 0 103. . 21 1. 6 . 63 17. 5 . 86 1. 02 . 1. 17 1. 30
15 60. 4 69. . 18 1. 5 . 60 17. 5 . 86 1. 01 1. 17 1. 21
16 89. 0 97. . 21 1. 6 . 56 16. 8 . 85 1. 01 1. 17 1. 30
17 66. 0 74. . 19 1. 5 . 63 17. 8 . 85 1. 02 1. 16 1. 30
18 63:. 5 72. . 18 1. 5 . 67 17 1 . 87 1 03 1. 17 1. 30
18 62. 0 71 . 19 1. 5 . 6 c 17 1 . 87 1. 04 1. 17 1. 29
20 68. 0 77. . 19 1 5 . 6-. 17. 6 . 86 1. 02 1. 17 1. 30
21 73. 6 83. . 17 1. 5 . 64 17. 0 . 87 1. 03 1. 17 1. 31
22 85. 5 93. 2© 1. 6 . 66 •17. 7 . 86 1. 03 1. 17 1. 30
22 52 9 62. . 16 1. 5 . 55 17. 2 . 87 1. 04 1. 17 1. 21
24 92 7 101. . 20 1. 6 . 63 17. 8 . 86 1. 02 ■1. 17 •1. 20
25 93 8 102. . 21 1. 6 . 63 17. 4 . 86 1. 02 1. 17 1. 20
26 51. 1 100. . 21 1. 6 . 63 17. 4 . 86 1. 02 1. 18 1. 31
27 68. 3 77. . 19 1. 6 . 57 17. 9 . 86 1. 02 1. 16 1. 20
28 55. 9 65. . 18 1. 5 . 68 17. 5 . 86 1. 02 1. 17 ■1. 28
25 66. 2 75. . 19 1. 6 . 62 17. 5 . 86 1. 02 1. 17 1. 28

FIGURE C - 1 b  GATE TRIGGER CURRENT I g t  

ON STATE VOLTAGE VT = f ( I T)
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TESTED TO

G 4 Q 0 0 — 5 H .  B E O K E  23.

VTl VTl VTl VTl VTl VTl VTl VTl VTl VTl
300 500 70R 10 50 100 150 300 500 700
10MO 10HO ■10 MO 100HO 100MO 100MO 100MO 100MO 100MO 100NO

UNIT V V v V V V V V V V

1 1. 70 2. 18 2. 74 . 87 1. 04 1. 18 1. 31 1. 70 2. 20 2. 74
2 •1. 68 2. 16 2. 68 . 88 1. 04 1. 17 1. 30 1. 68 2. 16 2. 68
3 1. 73 2. 24 2. 82 . 87 1. 04 1. 18 1. 32 1. 73 2. 25 2. 82
4 1. 68 2. 18 2. 72 . 87 1. 02 1. 17 1. 30 1. 68 2. 18 2. 73
5 1. 68 2. 18 2. 71 . 86 1. 03 1. 17 1. 30 1. 68 2. 18 2. 71
6 1. 72 2. 22 2. 78 . 86 1. 03 1. 18 1. 32 1. 72 2. 22 2. 78
7 1. 68 2. 15 2. 68 . 86 1. 01 1. 17 1. 30 1. 68 2. 15 2. 68
8 1. 68 2. 18 2. 71 . 86 1. 02 1. 17 •1. 30 1. 68 2. 18 2. 71
9 1. 67 2. 14 2. 66 . 36 1. 01 1. 16 1. 28 1. 67 2. 14 2. 66

10 1. 67 2. 15 2. 66 . 86 1. 01 1. 17 1. 30 1. 67 2. 15 2. 67
11 1. 68 2. 18 2. 73 . 86 1. G1 1. 17 1. 31 1. 68 2. 18 2. 73
12 1. 70 2. 18 2. 73 . 86 1. 02 1. 18 1. 31 1. 70 2. 18 2. 73
13 1. 68 2. 16 2. 68 . 86 1. 03 1. 17 1. 30 1. 68 2. 16 2. 68
14 1. 68 2. 16 2. 68 . 86 1. 03 1. 17 1. 30 1. 68 2. 16 2. 69
15 1. 70 2. 18 2. 74 . 86 1. 03 1. 17 •1. 31 1. 70 2. 19 2. 74
16 1. 68 2. 18 2. 71 . 87 1'. 02 1. 17 1. 30 1. 68 2. 18 2. 71
17 1. 68 2. 16 2. 70 . 87 1. 02 1. 16 1. 3G 1. 68 2. 16 2. 70
18 1. 68 2. 16 2. 68 . 87 1. 02 1. 17 1. 30 1. 68 2. 16 2. 69
18 1. 67 2. 14 2. 66 . 87 1. 02 1. 16 1. 28 1. 67 2. 14 2. 66
20 1. 68 2. 17 2. 71 . 86 1. 02 1. 17 1. 30 1. 68 2. 17 2. 71
21 1. 68 2. 18 2. 71 . 87 1. 02 1. 17 1. 31 1. 68 2. 18 2. 71
22 1. 68 2. IS 2. 71 . 86 1. 01 1. 17 1. 30 1. 68 2. 18 2. 71
23 1. 70 2. 18 2. 74 . 86 1. 01 1. 17 1. 31 1. 70 2. 19 2. 74
24 1 68 2. 17 2. 70 . 86 1. 01 1. 17 1. 30 1. 68 2. 17 2. 70
25 1. 68 2. 13 2. 71 . £ 6 1 . 01 1 17 1. 38 1 . 68 2. 18 2. 71
26 •1. 70 2 . 2 0 2. 74 . 86 1. 0 2 1 . J.7 1 . 21 1. 70 2. 20 2. 74
27 1. 68 2. 16 2. 70 . 86 1. 01 1. 16 1. 30 1. 68 2. 16 2. 70
28 1. 68 2. 16 2. 68 . 86 1. 03 1. 17 1. 30 1. 68 2. 16 2. 69
28 1. 68 2. 17 2. 70 . 86 1. ©1 1. 17 1. 30 1. 68 2. 17 2. 70

FIGURE C - 1 C  O N - S T A T E  VOLTAGE VT = f ( I T )
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o — ■=4- &  o  ra —  5 _O  T  41 S'T’M H .  E: E  C: K E  J_3_ 3: *2t.*' «'* t*

TE ?TED TO

G 4 O 0 0 — - # M .  B E C K E  J-

VDRXM VDRXM I DRXM IDRXM IDRXM IDRXM IDRXM IDRXM IDRXM VKR
10. GUP 200. UR 500V 450V 250V 225V 125V 115V 20V . 500MR
700V 700V 108SUR 1000UR 1000UR 1000IJR 1000UR 10O0UR 10. 0UR 100 V

RGK-IK RGK=1K R6K=1K RGK=1K RGK=1K RGK=1K RGK=1K RGK=1K RGK*1K

UNIT V V UR UR UR UR UR UR UR V

1 233. 507. . 211. 129. 4. 2. -. 12 97. 6
2 411. 716. 26. 16. 1. 1. -. 20 95. 7
2 331. 716. 11. 10. S. •8 7. 7. 4. 35 56. 3
4 716. 716. 1. 1. 1. 1. 1. . 02 35. 6
5 696. 716. l. 1. -. 09 86. 9
e 591. 716. 4. 2. - .  IS 55. 2
7 476 716. 15. 8. -. 10 34. 9
s 109. 230. 1023. 464 52. 27. 10. 9. 7. 24 52. 2
9 716. 716. 1. 1. 1 1. 1. 1. -. 05 99. 0

i© 642. 716. S. 7. 6. 6. 5. 5. 3. 79 66. 6
n 716. 716. 2. 1. 1. •1. 1. -. 01 94 7
12 520. 716. S. 6. 2. -»C.. 2. 1. 15 92. T*
12 31. 211. 1023. 1022. 472. 23*?. 23. IS. 5. 57 95. ?
14 526. 716. 9. 5. -. 03 99. 0
15 £61. 537. 167. 115. 9. 5. -. 12 94. 1
16 716. 716. 2. 3. 2. 2. 1. 1. . 26 97. 1
17 716. 716. 1. 1. 1. 1. 1. 1. - .  02 99. 1
13 684. 716. 3. 2. -. 14 69. 1
19 224. 632. 57. 40. 3. 2. -. 20 99. 0
20 323. 593. 93. 61. 2. 1. -. 10 92. 0
21 469. 716. 17. 9. -. 20 31. 2
22 643. 716. 2. 1. -. 16 93. 9
23 6. 716. 21 18. 12. 13. 12. 12. 10. 23 90. -?

24 716. 716. 1 1. 1. 1. 1 1. -. 05 96. 5*

FIGURE C - 2 a  FORWARD BLOCKING VDRXM» REVERSE LEAKAGE I D r x m  » 

REVERSE BLOCKING VKA 

FIGURE C - 2  STATIC DATA OF COM PUTER-T ESTED  

A L L - E P I T A X I A L  GTO -  THYRISTORS.  

LOT 9 7  H; IMPLANTED, DEFOCUSED CATHODE,  

Rsk ^  2 0  A / P



- 4 0 0 0  —  5  l _ O T # 9 T B E C K E  3 _  3 _  3 2  B  - ■  T "  S

TESTED TO 

G 4 O Q 0 - H .  B E C K E

IGT1+ IGT1+
30 30

100UR 1000UR

IGT1+
30
10MR

IGT1+
30

100MR

VGT1+
30
10V

VKG 
. 500MR 
100 V

VTl
lfl

10MR
VTl

5fi
10MR

VTl
10R
10MR

VTl
15R
10MR

UNIT UR UR MR MR

1 102. 3 255. . 32 1. 8
2 102. 3 303. . 37 1. 8
3 102. 3 482. . 56 1. 8
4 102. 3 500. . 57 1. 8
5 102. 3 276. . 34 1. 8
6 . 102. 3 281. . 35 1. 8
7 102. 3 230. . 30 1. 8
8 102. 3 508. . 57 1. 8
9 102. 2 321. . 40 1. 8

10 102. 3 458. . 53 1. 8
11 102. 3 451. . 52 1. 8
12 102. 2 275. . 24 1. 8
13 102. 2 206. . 36 1. 7
14 •102. 3 248. . 42 1. 8
15 1©2. 2 363. . 43 1. 8
16 102. 3 256. . 22 1. 8
17 102. 2 384. . 37 1. 8
18 102. 3 281. . 36 1. 8
18 102. 2 321. 3-8 1. 8
20 102. 2 227. . 20 1. 7
21 182. 2 224. 28 1. 7
22 102. 2 7* . 21 1. 7

102. 3 380. . 45 1. 8
24 102 2 40 1. 8

V V V V V V

72 IS. 0 88 1. 30 1. 52 1. 71
72 18. 2 88 1. 30 1. 51 1. 70
75 18. 8 1. 05 1. 38 1. 61 1. 82
71 14. 6 1. 02 1. 24 1. 56 1. 76
72 17. 8 . 88 1. 30 1. 52 1. 72
71 18. 4 . 88 1. 20 1. 52 1. 71
72 6. 8 1. 00 1 . 2S* 1. 52 1. 72
65 18. 8 1. 02 1. 33 1. 56 1. 76
72 20. 0 1. 00 1. 30 1. 53 1. 73
75 18. 8 1. 06 1. 38 1. 62 1 . 82
75 18. 8 1. 02 1. 34 1. 58 1. 77
64 20. 0 1. 00 1. 28 1. 50 1. 68
64 20. 1 1. 00 1. 31 1. 55 1. 75
73 20. 0 1. 01 1. 32 1. 54 1. 74
75 17. 2 1. 01 1. 30 1. 55 1. 75

18. 1 1. 00 1. 30 1 1. 52 1. 72
64 20. 0 88 1. 27 1. 53 1. 73
67 14. 5 88 1. 28 1. 51 1. 71
71 20. 0 1. 01 1. 28 1. 52 1. 73
72 20. 1 1. 01 1. 30 1. 54 1. 72
64 12. 5 88 1. 28 1. 51 1. 71
72 18. 8 1. 01 1. 30 1. 54 1. 74
74 20. 0 1. 01 1. 33 1. 54 1. 74
71 18. 8 1. 01 1 30 1. 55 1. 75

FIGURE C - 2 b  GATE TRIGGER CURRENT I g t ,  
O N - S T A T E  VOLTAGE VT = f ( I x )
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i>  —  t i i  l i t  t.-1 —  ST.

TESTED TO 

G  - 'I G i© Gi—S

L O T # 3 7 H  H .  E E C K E  J_J_. ’3:G I F T ' S

h . e *.e :c :i< e :

VTl VTl VTl VI1 VTl VTl VTl VTl VTl VTl
30ft 50ft 70ft 1ft 5ft 10ft 15ft 30ft 50ft 78ft
ISMft 101‘ift 10Mft 100MR 100Hft i00rift 100M9. 100H- 108Mft 100MR

• T V V V V V V V V V V

1 2. 23 2. S3 3. 49 . 33 1. 28 1. 52 1. 71 2. 23 2. 83 3. 50
ci 2 20 2 73 3. 43 . 33 1. 23 1. 51 1. 70 2 2© 2 73 3. 43
3 2. 35 2. 38 3. 67 1. 05 1. 37 •1. 61 1 82 2 35 2 98 3 68
4 2. 23 2. 31 3. 60 1. 04 1. 33 1 56 1. 76 2. 29 2 91 3. 60
5 2. 24 2. 86 3. 53 . 33 1. 27 1 52 1. 72 2. 24 ? 86 3. 53
6 2 22 2. S3 3 46 . 33 1. 29 1. 52 1. 71 2. 22 2. 83 3. 48
? 2. 23 2. 83 3 47 . 33 1 30 1. 52 1. 72 2 22 2. 83 3. 47
8 2. 28 2. 31 3. 59 1. 02 1. 31 1 56 1. 75 2 28 2. 31 3. 59
3 2. 25 2. 86 3. 53 1 .  00 1. 30 1 54 1. 72 2 25 2 87 3. 53

10 2. 36 2. 99 3. 67 1 .  06 1. 36 1 .  62 1 .  82 2. 36 2. 93 3. 67
11 2. 31 2. 33 2 61 1. 02 1. 33 1. 58 1 73 2. 20 2. 33 3. 61
1 2 2. 20 2. 73 3. 43 1 .  00 1 .  28 1. 50 1. 63 2. 20 2. 73 3. 43
13 2. 28 2. 91 3. 53 1 .  00 1 .  31 1. 55 1. 75 2. 26 2. 31 3. 68
14 2. 25 2. 86 3. 51 1 .  00 1. 31 1. 54 1 74 2. 25 2. 86 3. 51
15 2 27 2. 88 3. 55 1 .  0 1 1. 30 1. 55 1. 75 2. 27 2. 88 3. 55
16 2. 24 2 84 3. 56 1. 00 1. 30 1. 53 1. 72 2. 24 2. 85 3. 51
17 2. 25 2. 88 3. 57 1. 01 1. 30 1. 52 1. 73 2. 25 2. 88 3. 57
18 2. 22 2. 82 3. 47 1. 01 1 .  28 1. 52 1. 71 2. 22 2. 82 3. 47
19 2. 25 2. 87 3. 54 1 .  0 1 1. 32 1. 53 1. 73 2. 25 2. 87 3. 54
20 2. 25 2. 86 3. 51 1 .  0 1 1 .  30 1. 54 1. 73 2. 25 2. 86 3. 52
21 2. 21 2. 81 3. 45 1. 00 1 .  29 1. 51 1. 71 2. 21 2. 31 3. 45
2i 2. 26 2. 87 3. 53 1 .  0 1 1. 3© 1. 54 1. 74 2. 26 2. 87 3. 53
23 2. 25 2. 86 3. 52 1 .  0 1 1. 32 1. 54 1. 74 2. 25 2. 86 3. 52
24 2 26 2. 30 3. 58 1. 01 1. 32 1. 55 1. 75 2. 28 2. 90 3. 58

FIGURE C - 2 C ON STATE VOLTAGE VT = f ( I T )
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