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ABSTRACT 

Device s imula to r  family TONADDEII was 
r ev i sed  t o  enable  s imula t ing  MOS b i p o l a r  
composite dev ices .  A n  automatic mesh and input 
d a t a  gene ra to r  MEDIT and a device breakdown 
vo l t age  s imula to r  TONADDEIIB have been 
developed and included a s  t h e  s imula to r  
f ami ly .  A newly implemented a r b i t r a r y  ex te rna l  
c i r c u i t  d e f i n i n g  func t ion  he lps  u s e r s  t o  
e a s i l y  s imula t e  switching c h a r a c t e r i s t i c s ,  
while  r e t a i n i n g  t h e  r ap id  convergence f e a t u r e .  

d e s i r e d  dev ice  s t r u c t u r e s .  MEDIT au tomat i ca l ly  
gene ra t e s  a r ec t angu la r  mesh and a complete 
s e t  of  imput d a t a  f o r  TONADDEIIC. 

TONADDEIIC a l lows u s e r s  t o  d e f i n e  any e x t e r n a l  
c i r c u i t s  using pass ive  components i n  a d d i t  ion 
t o  d iodes  and v a r i a b l e  vo l t age  sou rces .  Thus, 
it is poss ib l e  t o  a c c u r a t e l y  execute  dev ice  
switching-off  s imula t ions  even w i t h  snubber 
c i r c u i t s .  

Since s e v e r a l  a p p l i c a t i o n  examples of  
TONADDEIIC have a l r eady  been pub l i shed[5 ] ,  t h i s  
paper emphasizes a lgo r i thms  and s o l u t i o n  
methods adopted i n  TONADDEIIC and MEDIT. 

In  o rde r  t o  execute  t r a n s i e n t  s i m u l a t i o n s ,  

1. In t roduc t ion  

Device s imula to r s  a r e  use fu l  t o o l s  f o r  
dev ice  design and development. However. t h e i r  
a p p l i c a t i o n  t o  high vo l t age  and b ipo la r  
dev ices  a r e  l i m i t e d ,  because a l a r g e  CPU time 
is g e n e r a l l y  r e q u i r e d t o  s imula t e  these  devices  
and because most of t h e  s imula to r s  have been 
developed e s p e c i a l l y  f o r  VLSIs. 

The device s imula to r  family TONADDEII[l] 
have been developed as  t o o l s  f o r  power device 
development : (1 )dev ice  s t r u c t u r e  opt iinizat ion 
f o r  a high breakdown vo l t age ,  ( 2 ) s t a t i c  and 
dynamic c h a r a c t e r i s t i c s  siniulat  i ons  f o r  
determining device t r ade -o f f  r e l a t i o n .  and 
( 3 ) a n a l y s i s  of new dev ices  such as b ipo la r  PlOS 
composite dev ices .  

MEDIT[2]: an automatic mesh and input d a t a  
g e n e r a t o r ,  (B)TONADDEIIB[3] : a breakdown 
vo l t age  s i m u l a t o r ,  TONADDEIIC: general  purpose 
dev ice  s imulator  and ( 3 )  post-processor .  

This  paper i n t roduces  MEDIT and TONADDEIIC 
[ 4 ] .  TONADDEIIB w i l l  be descr ibed i n  a sepa ra t e  
paper i n  this proceedings.  TONADDEIIC can deal  
with any two dimensional ( b i p o l a r .  MOS and 
composite) devices  with a r b i t r a r y  ex te rna l  
c i r c u i t s ,  which a r e  connected between the  two 
dev ice  main t e rmina l s .  

Through a simple i n t e r a c t i v e  key-in 
procedure,  MEDIT al lows use r s  t o  de f ine  
d i f f u s i o n  l a y e r s ,  iori-implanted l a y e r s ,  
s i l i c o n  d i o x i d e s ,  a i r  r eg ions ,  ga t e -  and tiase- 
e l e c t r o d e s  and two main t e rmina l s  for any 

TONADDEII c o n s i s t s  of ( 1 ) a  pre-processor  

2 .  Power Device Simulator  TONADDEII 

2 . 1  Convergence c h a r a c t e r i s t i c s  

Device s imula to r s  for  high vo l t age  power 
dev ices  have t o  d e a l  with (1) high v o l t a g e  and 
high i n j e c t i o n  s t a t e s ,  ( 2 )  l a r g e  s i z e d  dev ice  
s t r u c t u r e s  and,  consequent ly ,  l a r g e  g r i d  t o  
g r i d  d i s t a n c e s ,  ( 3 )  S shaped device 
c h a r a c t e r i s t i c s  such a s  those  f o r  t h y r i s t o r s ,  
a s  w e l l  as  (4) MOS b ipo la r  composite dev ice  
s t r u c t u r e s .  

TONADDEIIC has a t t a i n e d  r ap id  and s t a b l e  
convergence c h a r a c t e r i s t i c s  even f o r  h i g h  
vo l t age  and high i n j e c t i o n  s t a t e s  by adopt ing 
what we c a l l  9 po in t  d i s c r e t i z a t i o n [ l ] .  T h i s  
makes it  poss ib l e  t o  include a l l  t h e  
d e r i v a t i v e s  a s soc ia t ed  wit 11 t h e  var  i ab 1 e s  f o r  
adjacent  9 g r i d  p o i n t s  in o rde r  t o  r e a l i z e  a 
complete Newton scheme(see F ig .  1). I t  was 
confirmed f o r  a number of dev ices  t h a t  t h e  
inc lus ion  of a l l  t h e  d e r i v a t i v e s  in t h e  
Jacobian matr ix  f o r  t h e  Newton scheme is 
e f f e c t i v e  t o  a c c e l e r a t e  convergence. 
Convergence is always reached w i t h i n  4 o r  5 
Newton i t e r a t i o n s  r e g a r d l e s s  of b i a s  
c o n d i t i o n s [ l ] .  

v a r i a b l e s  a s s o c i a t e d  w i t h  t h e  adjacent  $3 g r i d  
p o i n t s .  t h e  obtained Jacobian matr ix  has a 
l a r g e r  number of noii-zero elements as shown i n  
Fig.  1. 

method(ILUBCG[G]) is mostly s u c c e s s f u l l  and 
r e l i a b l e  f o r  so lv ing  a l a rge  s e t  of l i n e a r i z e d  
equat ions w i t h  t h e  Jacobian matr ix  shown i n  
F i g . 1 .  The d i r e c t  s o l u t i o n  method such a s  

Since each d i f f e r e n c e  equat ion inc ludes  

Inicoinplet e h i  - con j iiga t e g rad ien t  
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Gaussian e l imina t ion  is t h e  b e s t  choice  f o r  
i l l - cond i t ioned  c a s e s .  A combination of  
decoupled method and conjugate  g rad ien t  
method( ILUBCG) is prefera l r le  f o r  sav ing  CPU 
time, when i t  works well. 

e f f e c t s  such a s  Auger r eco ih ina t ion ,  bandgap 
narrowing, f i e l d  dependent molril i ty e t c .  t o  
a t t a i n  b e t t e r  agreement w i t h  experiment 
r e s u l t s  . 

TONADDEIIC t akes  i n t o  account h igher  o rde r  

a meaning only  where IBH is ze ro  ( f o r  example, 
channel mob i l i t y  is adopted only  where t h e  
region is s i l i c o n ) .  IBH has  a meaning where 
I B  is ze ro  and,  t h u s ,  t h e  Neumann condi t ion  is 
cance l led  where e l e c t r o d e s  a r e  d e f i n e d .  F igure  
3 shows an I B H  d i s t r i b u t i o n  f o r  a c e r t a i n  
device ,  where IB and ICHMOB a r e  a l s o  shown i n  
a merged f a s h i o n .  

3 . 1  I n t e r a c t i v e  and graphic  mesh e d i t o r :  
MEDIT 

2 . 2  Bipolar  MOS composite s t r u c t u r e  

For t h e  MOS g a t e  induced invers ion  l a y e r s ,  a 
channel mob i l i t y  model has  t o  be a p p l i e d .  A 
convent iona l ly  used channel mobi l i  t y  
express ion  is, however, t o o  complicated t o  
inc lude  i ts  d e r i v a t i v e s  i n  t h e  Jacobian 

mat r ix .  Thus, TONADDEII adopts  an approximated 
channel mobilty model on ly  f o r  t h e  channel 
reg ion .  I n  t h e  t h i n  inve r s ion  l a y e r ,  i t  is 
reasonably assumed t h a t  channel cu r ren t  f lows 
perpendicular  t o  t h e  e lec t r ic  f i e l d .  This  
l eads  t o  t h e  fo l lowing  s i m p l i f i e d  channel 
mob i l i t y  flch express ion  f o r  t h e  Yamaguchi 
model [ 71. 

flch=,uo ( I Ex I ) ( 1 + 1 . 5 3 9 ~ 1 0 - ~  I Ey I )-O ' 5, 

where Ex and Ey a r e  simply used in s t ead  of t h e  
two e lec t r ic  f i e l d  components p a r a l l e l  and 
perpendicular  t o  t h e  cu r ren t  f low v e c t o r .  
Ordinary bulk mob i l i t y  model is appl ied  for  
t h e  remaining r e g i o n s .  

Th i s  approximation on ly  in t roduces  less than  
1% e r r o r  for  t h e  t o t a l  c u r r e n t ,  and makes it 
f e a s i b l e  t o  inc lude  a l l  t h e  d e r i v a t i v e s  i n  t h e  
Jacobian ma t r ix ,  a t t a i n i n g  r ap id  convergence. 

I f  convergence is e a s i l y  obta ined  and 
decoupled method well works, i t  is b e t t e r  t o  
s p e c i f y  an  op t ion  which apply  conventional 
channel mob i l i t y  model(Yamagichi model) t o  t h e  
e n t i r e  dev ice  reg ion .  

3 .  Input d a t a  con t ro l  and g r i d  mesh genera t ion  
by MEDIT 

For ease i n  input d a t a  genera t ion  and 
programming, t h r e e  i n t e g e r  a r r a y s  IB, IBH and 
ICHMOB were introduced i n  TONADDEIIC. IB is 
def ined  a t  each g r i d  po in t  and r ep resen t s  t h e  
type  of e l e c t r o d e s .  IBH rep resen t s  t h e  
m a t e r i a l s  used f o r  t h e  r ec t angu la r  spaces  
def ined  by t h e  ad jacent  4 g r i d  p o i n t s .  ICHMOB 
is def ined  a t  fou r  s i d e s  of  t h e  r ec t angu la r  
a r e a  and r ep resen t s  t h e  type  of  mob i l i t y  t h a t  
should be adopted. IBH is def ined  even ous ide  
t h e  ca l cu la t ed  device  a r e a ,  a s  is shown i n  
F i g . 2 ,  and has  a g r e a t e r  dimmension than  t h a t  
of IB by 1 .  Outside t h e  device  a r e a ,  I B H  is 
set  t o  be 10(=N) ,  r ep resen t ing  t h e  Neumann 
boundary cond i t ion .  

v a r i a b l e s .  IB has  t h e  h ighes t  p r i o r i t y  and 
ICHMOB has  t h e  lowest.  For example, ICHMOB has 

P r i o r i t i e s  a r e  set among t h e  t h r e e  

Typical input procedure i n  MEDIT is 
presented  i n  t h i s  s e c t i o n .  

( 1 ) S t r u c t u r e  da t a  d e f i n i t i o n :  Through 
i n t e r a c t i v e  key-in procedure,  u s e r s  f i r s t  
de f ine  d i f f e r e n t  me te r i a l  reg ions  such a s  
S i 0 2 ,  A i r  and S i l i c o n  on a CRT.  These 
processes  set  IBH v a l u e s .  Then, they  spec i fy  
va r ious  e l ec t rode  r e g i o n s ,  de te rmining  IB 
va lues .  S ince  IB is given h ighes t  p r i o r i t y ,  
any IBH va lue  is allowed i f  a l l  t h e  I B ' s  f o r  
t h e  4 co rne r s  of  t h e  r ec t angu la r  space a r e  t h e  
same nonzero v a l u e s .  An e p i t a x i a l  l a y e r ,  
d i f f u s i o n  l a y e r s ,  and ion  implanted reg ions  
are.  t h e n ,  def ined .  

(2)Auto mesh genera t ion :  Af t e r  s t r u c t u r e  
d a t a  d e f i n i t i o n ,  MEDIT au tomat i ca l ly  gene ra t e s  
a g r i d  mesh. MEDIT gene ra t e s  mesh l i n e s  so 
t h a t  impurity d e n s i t y  d i f f e r e n c e s  between two 
g r i d  p o i n t s  become less than  t h r e e  t i m e s ,  
un le s s  t h e  d i s t ances  become less than  t h e  user  
s p e c i f i e d  minimum g r i d  d i s t a n c e s .  Users have 
t o  s p e c i f y  c r i t i ca l  l i n e s  so t h a t  MEDIT checks 
impurity d e n s i t y  change a long  t h e  def ined  
c r i t i c a l  l i n e s .  

not on ly  t h e  generated mesh on t h e  CRT but 
a l so  t h e  impurity p r o f i l e s  a long  any mesh 
l i n e s .  Users can d e l e t e  any mesh l i n e  un le s s  
it co inc ides  with one of  t h e  def ined  ma te r i a l  
boundaries,  o r  can add new mesh l i n e s  a s  
d e s i r e d ( F i g . 4 ) .  

where d i f f e r e n t  mob i l i t y  models such as 
channel mobi l i ty  a r e  adopted, s e t t i n g  ICHMOB 
v a l u e s .  

t r a n s f e r e d  t o  TONADDEIIB o r  C .  

(3)Mesh l i n e  modi f ica t ion :  Users can check 

( 4 )  F i n a l l y ,  u s e r s  can d e f i n e  t h e  r e g i o n s ,  

Generated input d a t a  a r e  au tomat ica l ly  

4 .  Trans ien t  s imula t ion  inc luding  ex te rna l  
c i r c u i t .  

TONADDEIIC can s imula te  t r a n s i e n t  device  
c h a r a c t e r i s t i c s  wi th  an a r b i t r a r y  ex te rna l  
c i r c u i t  connected between t h e  two main 
t e r m i n a l s .  The adopted s o l u t i o n  algorithm is 
shown i n  F i g . 5 ,  where ex te rna l  c i r c u i t  
equa t ions  a r e  solved Isy a decoupled method. 

The vo l t age  Vapm app l i ed  t o  t h e  device  is 
cor rec ted  i n  t h e  fo l lowing  way. The ex te rna l  
c i r c u i t  equa t ion  t o  be so lved  f o r  a c e r t a i n  
time s t e p  is given a s :  
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where Vapm and Idm a r e  si-th device vo l t age  
and device cu r ren t  c a l c u l a t e d  by TONADDEII. 

The unknown c o r r e c t i o n s  6Vn1 81"' can be 
obtained by assuming t h e  fol lowing r e l a t i o n :  

At, -- 

Then, device cu r ren t  Id"iC1 is t o  be obtained 
by ;f;QTADDEII f o r  t h e  ( m + l ) - t h  device vo l t age  
Vap (=Vapm+sVm). These i t e r a t i o n s  a r e  
continued f o r  t h e  same t ime s t e p  u n t i l  
c o r r e c t i o n  fl becomes s u f f i c i e n t l y  sma l l .  

Figure 6 shows t y p i c a l  convergence 
c h a r a c t e r i s t i c s ,  when e x t e r n a l  c i r c u i t s  a r e  
solved s imultaneously.  Convergence is always 
reached wi th in  10 Newton cyc le s  although 
e x t e r n a l  c i r c u i t  e q w t i o n s  a r e  solved i n  a 
decoupled manner. A combination of 9 point  
d i s c r e t i z a t i o n  and a coupled method is a key 
t o  reducing t h e  number of  Newton i t e r a t i o n  
c y c l e s  for  time dependent s o l u t i o n s .  

,B C Fig .  1 Jacobian ma t r ix  

>: M 

-- f o r  Newton i t e r a t i o n  
inc lud ing  a l l  t h e  
d e r i v a t i v e s  a s s o c i a t e d  

5 .  Applicat ion example: Latch-up phenomena i n  
v e r t i c a l  IGBTs. 

Latch-up phenomena i n  IGBTs is presented 
a s  an a p p l i c a t i o n  example. .Dynamic cu r ren t  
vo l t age  c h a r a c t e r i s t i c s  were c a l c u l a t e d ,  by 
i nc reas ing  t h e  e l e c t r i c  source vo l t age ,  which 
was d i r e c t l y  connected t o  t h e  device ( s e e  
F i g . 7 ( A ) ) ,  a t  t h e  r a t e  of  400V/itsec. Figure 8 
shows a c a l c u l a t e d  dynamic cu r ren t  vo l t age  
cu rve ,  where la tch-up phenomena is c l e a r l y  
s e e n .  

Figures  9 t o  11 show e l e c t r o n  d e n s i t y  
d i s t r i b u t i o n s ,  desc r ib ing  t h e  i n i t i a t i o n  of 
e l e c t r o n  i n j e c t i o n  i n t o  t h e  P-base when 
la tch-up occurs .  Thyr i s to r  a c t i o n  occurs  f o r  a 
ha l f  of t h e  N +  source l a y e r .  

Current-vol tage c h a r a c t e r i s t i c s  having 
even negat ive r e s i s t a n c e s  can wel l  be 
s imulated by i n s e r t i n g  a r e s i s t a n c e  between 
t h e  vo l t age  source and t h e  t r e a t e d  dev ice ,  a s  
is shown i n  t h e  c i r c u i t  shown i n  F ig .7 (B) .  

6 .  Summary 

Device s imulator  family TONADDEII have been 
developed f o r  power device design and 
ana 1 y s  i s . TONADDE I I C s i m u  1 a t  e s t i m e dep e title n t 
device c h a r a c t e r i s t i c s ,  including ex te rna l  
c i r c u i t s .  An algorithm f o r  rapid s o l u t i o n  a s  
well a s  an app l i ca t ion  esaniple were p r e s e n t e d  
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APPENDIX 

For example, t h e  c i r c u i t  shown i n  Fig.12 is 

ARROW 999 3 E 200 0.64555 
ARROW 3 2 R 305.1644 0.64555 
ARROW 2 1 L . 1.OE-3 0.64555 
ARROW 1 999 D 1.OE-8 1.OE-8 
ARROW 1 999 S 1 . 0  0.64555 
INIT 1 3 . 0  
INIT 2 3 . 0  
INIT 3 2 0 0 . 0  

de f ined  i n  t h e  fol lowing way. 

ARROW s t a t emen t s  d e f i n e  two node numbers, 
t ype  of t h e  device which is connected between 
t h e  two nodes ( t ime dependent v a r i a b l e  vo l t age  
source E , r e s i s t a n c e  R ~ inductance L , 
capac i t ance  C , diode D ~ and t h e  dev ice  
t r e a t e d  by TONADDE S , e t c ) .  c h a r a c t e r i s t i c  
va lues  f o r  t h e  device ( v o l t a g e .  r e s i s t a n c e .  
inductance,  capaci tance diode s a t u r a t i o n  
c u r r e n t ,  r a t i o  of a c t u a l  dev ice  a r e a  over  
c a l c u l a t e d  device a r e a )  and t h e  c u r r e n t  
f lowing i n  t h e  device for i n i t a i l  t ime s t e p  
t = O .  

INIT s t a t emen t s  d e f i n e  a node and i ts  
vo l t age  f o r  t h e  i n i t i a l  t ime s t e p  t=O. Voltage 
changes f o r  t h e  g a t e  t e r m i n a l ,  vo l t age  source 
e t c .  can be def ined by o p t i o n a l  s t a t emen t s .  

--Dw- 
I I i p o i n t s .  

is 3 x 3  submatrix 
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Fig .2  IB and IBH va lues  a r e  def ined 
f o r  i nd iv idua l  g r i d  po in t s  and 
r ec t angu la r  spaces .  r e spec t ive ly .  
IBH va lues  a r e  def ined ou t s ide  
t h e  device region f o r  tlie rectangular  
spaces  shown by do t t ed  l i n e s .  
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F i g . 3  IBH value examples f o r  an ac tua l  
dev ice .  IBH va lues  a r e  replaced by 
corresponding IB va lues ,  i f  a l l  tlie 
IB va lues  f o r  t h e  4 corner  g r i d  po in t s  
a r e  t h e  same number o the r  than ze ro .  
S i m i l a r l y ,  ICHMOB values  a r e  shown 
ins t ead  of IBH va lues ,  i f  def ined 
ICHMOB va lues  a r e  e f f e c t i v e .  

F ig .  S Flow cha r t  f o r  t ime-dependent so lu t ion  
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F ig .4  An example p i c t u r e  on CRT generated by 
MEDIT. 
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U .. \. a, .  1 3 5 7 9  
Newton i t e r a t i o n  

F i g .  G Typical convergence c h a r a c t e r i s t i c s  for  
tiiiie dependent s o l u t i o n  includiiig an e x t e r n a l  
c i 1' cu i t 

F i g . 7  C i r c u i t s  for  dynainic c u r r e n t  
v c l t a g e  ctirve c a l c u l a t i o n .  - 
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Forward voltage(V) 
F i g . 8  Current vo l tage  r e l a t i o n ,  where 

d r a i n  volt.i;cs was r a i s e d  
a t  t h e  rat<* of 4 0 0 V / ~ ( s .  
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Fig. 9 Electron Density Distribution(V=$.OV) 

F i g .  11 Electron Density Distribution(V=39.4) :Latched-up 
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