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New i n s i g h t   i n t o   t h e  GTO t h y r i s t o r   t u r n - o f f  
process  has  been  obta ined  by  per forming  an  exact  
two-dimensional   t ime-  and  temperature-dependent 
n u m e r i c a l   s i m u l a t i o n .   N o v e l   n u m e r i c a l   s o l u t i o n  
techn iques  for f a s t e r   c o n v e r g e n c e   e n a b l e   e f f i -  
c i e n t   m o d e l i n g   o f   h i g h   v o l t a g e   o p e r a t i o n  as w e l l  
as s i m u l t a n e o u s   e l e c t r i c a l   a n d   t h e r m a l   s o l u t i o n s .  
It was f o u n d   t h a t  an a d d i t i o n a l   c u r r e n t   t e r m   r e -  
l a t i n g   t o  b a n d g a p   v a r i a t i o n   w i t h   t e m p e r a t u r e  
shou ld   be   inc luded.  

The  model was a p p l i e d   t o  a 200~mX5mm e m i t t e r  
GTO. A l a r g e   c u r r e n t  34A(3,400A/cm2) was tu rned-  
o f f  by 6A o f   g a t e   c u r r e n t .  The  peak c u r r e n t  den- 
s i t y ,  17,000A/cm2, was r e a c h e d   d u r i n g   t h e   f a l l -  
t i m e   t r a n s i e n t .  The f i n a l   o n - r e g i o n   w i d t h  (<50pm) 
was f o u n d   t o   b e  a d e c r e a s i n g   f u n c t i o n   o f   l a t e r a l  
g a t e   c u r r e n t   d e n s i t y .  When t h e   t o t a l  anode c u r -  
r e n t   i s   h i g h ,  an i n i t i a l  anode v o l t a g e   i n c r e a s e  
i s  c a u s e d   b y   t h e   c o n f i n e m e n t   o f   t h e   o n - r e g i o n   t o  
a narrow  area.  The maximum a p p l i e d   v o l t a g e   f o r  
t h e   c u r r e n t   c r o w d e d   a r e a  was a l s o   f o u n d   t o   b e  
r e s t r i c t e d  by a mechanism s i m i l a r   t o  punch- 
th rough.  

I n t r o d u c t i o n  

Recent  advances i n   t h e   h i g h  power GTO 
t h y r i s t o r   d e v e l o p m e n t   h a v e   e n a b l e d   s u c h   d e v i c e s   t o  
be   ope ra ted   a t   more   t han  lOOOA and  2500V [I]. 
However, o n l y   l i t t l e   e f f o r t s  have  been made f o r  
a n a l y z i n g   i t s  SOA o r   f a i l u r e  mechanism  [2,3].  The 
p r e s e n t   p a p e r   t r i e s   t o   u n d e r s t a n d   t h e   p l a s m a  
squeezing phenomena  as w e l l   a s   f a i l u r e  mechanism, 
making  use o f   n u m e r i c a l   m o d e l i n g .  

Some c u r r e n t   e x i s t i n g   t w o - d i m e n s i o n a l   m o d e l s  
a r e   o f  a computer- t ime  consuming  nature,  i f  f o u r  
b a s i c   e q u a t i o n s   a r e   s o l v e d   s i m u l t a n e o u s l y  C41. 
Coarse g r i d   s t r u c t u r e ,   i n c l u s i o n   o f   m o b i l i t y   d e -  
r i  v a t i v e s   a s s o c i a t e d   w i t h   e l e c t r o s t a t i c   p o t e n t i   a l  , 
d i r e c t   s o l u t i o n  m e t h o d ,   e t c .   e n a b l e   e f f i c i e n t  
s o l u t i o n   i n   p r a c t i c a l   c o m p u t e r - t i m e .  

Mathematical   Model  and  Solut ion  Method 

C u r r e n t   e q u a t i o n  A )  t h e r m a l   g r a d i e n t  

d i t i o n s   m u s t   i n c l u d e   t h e   c u r r e n t   t e r m s   d u e   t o   t h e  
t h e r m a l   g r a d i e n t .  One o f  them i s  so c a l l e d   t h e r -  
m a l   d i f f u s i o n  and i s  expressed  by  [51.  
** He j i s : c < r r Z t i t l y   s t a y i n g   a t  UMass/Amherst, MA as 

The cu r ren t   equa t ion   under   non iso the rma l   con -  

a V I S 1  t 1ng   Scho la r .  

qnD -, D. = - u. T dX r 2a 
dT k . . * ( l )  

The o t h e r   c u r r e n t   t e r m   i s   ' d u e   t o  bandgap v a r i a t i o n  
i n d u c e d   b y   t h e   t e m p e r a t u r e   g r a d i e n t  and i s   a p p r o x i -  
mated  by 

-qU,,ns- dT ; 2s =2.82X10-4 [ 6 ]  1 dAVg = - 7 qu,n dX  dX 
. .. ( 2 )  

where i t  i s  assumed t h a t   b o t h  bandgap  edges  change 
by   t he  same amount o f  S T .   T h i s   t e r m   i s   o p p o s i t e   t o  
t h e   p r e v i o u s   t e r m   a n d   i s   l a r g e r .  

B) H e a v y - d o p i n g - e f f e c t s   a n d   F e r m i   s t a t i s t i c s  

u s i n g   F e r m i   s t a t i s t i c s   f o r   e l e c t r o n s :  
A c h a r a c t e r i s t i c   p a r a m e t e r  wn i s   d e f i n e d  [ 7 ] ,  

m 

no = Nc exp(-E c ,o/kTo) * . . . ( 3 )  

Here, wn e x p r e s s e s   t h e   e f f e c t i v e  bandgap  change, 
t a k i n g   i n t o   a c c o u n t   t h e   e f f e c t   o f   F e r m i   s t a t i s t i c s .  
The c u r r e n t   e q u a t i o n   i s   e x p r e s s e d   i n   e x a c t l y   t h e  
same fo rm as t h e   c o n v e n t i o n a l   o n e   i n   s p i t e   o f   t h e  
degeneracy 

J =U nkTOdX  dn - qunn a(+,, d f wn). n n  . . . ( 4 )  

F u r t h e r   m o r e   m e r i t  will be g i v e n   b y   t h e   f a c t   t h a t  
t he   exper imen ta l l y   ob ta ined   bandgap   change   us ing  
t h e   c o n v e n t i o n a l   e q u a t i o n   i s   d i r e c t l y   c o n n e c t e d   t o  
t h e   v a l u e  Wn+W , where wp i s   t h e   c o r r e s p o n d i n g  
p a r a m e t e r   f o r   R o l e s .  

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

Jn=unkTn dn - qpnn  %Veff, d . . . ( 5 )  

where V e f f  = in + (wn f ST) - -  T. k 
2q 

S o l u t i o n   m e t h o d  

can  be  regarded as cons ta  n t  between  two g r i d  
I f  V e f f  does   no t   change  rap id ly ,   then  dVef f /dX 

p o i n t s   a n d   t h e   c o n v e n t i o n a l   d i s c r e t i z a t i o n   p r o -  
cedure   can   be   used  by   rep lac ing  $ by V e f f .  An 
i n d e p e n d e n t   v a r i a b l e   s e t  (n,p,+,T) i s  used  because 
o f   p r o g r a m i n g   f e a s i b i l i t y .   T h e r e   i s   a l m o s t  no 
d i f f e r e n c e   i n   t h e   c o n v e r g e n c e   r a t e   e v e n  i f  another  
s e t   i s  chosen. 

t a n e o u s l y   b y   g e t t i n g  a t r i a n   u l a r   m a t r i x   u s i n g   t h e  
G a u s s i a n   e l i m i n a t i o n   ( d i r e c t 7   m e t h o d .  The  temper- 
a t u r e   e q u a t i o n   i s   s e p a r a t e l y   s o l v e d   b y   S t o n e ' s  

I n   a c t u a l   p r o g r a m ,   ( n , p , + )   a r e   s o l v e d   s i m u l -  

496 - IEDM 82 

18.5 
CH1832-5/82/0000-0496 $00.75 0 1982 IEEE 

.



m e t h o d ,   F i n a l   s i m u l t a n e o u s   s o l u t i o n s   a r e  
r e a c h e d   b y   i t e r a t i n g   t h e   a b o v e   t w o   s o l u t i o n  
p r o c e d u r e s   a l t e r n a t e l y   a t   e a c h   t i m e   s t e p .  Mo- 
b i l i t y   d e r i v a t i v e s   a r e   i n c o r p o r a t e d   u s i n g   t h e  
a d j a c e n t   s e v e n   g r i d   p o i n t s   i n s t e a d   o f   f i v e  i n  
o r d e r   t o   i m p r o v e   t h e   c o n v e r g e n c e   r a t e   f o r   h i g h  
v o l t a g e   c a l c u l a t i o n s .   F o r   e x a m p l e ,   t h e   m a g n i -  
t u d e   o f   t h e   e l e c t r i c   f i e l d   a t   p o i n t  n i n   F i g .  1 
i s   c a l c u l a t e d   u s i n g   t h e  $ I s  a t  B,E,F. The  ad- 
vantage o f  a d i r e c t   s o l u t i o n   m e t h o d   o v e r  SLOR i s  
g i ven   by   compar ing   t he  number o f  mu1 t i p l i c a t i o n s  
between  the  two  programs: 

NX < d m  ...( 6 )  

where Nx and f s t a n d   f o r   t h e   g r i d  number f o r  one 
d i r e c t i o n  and  the  number o f   t h e   r e q u i r e d  SLOR 
i t e r a t i o n s ,   r e s p e c t i v e l y .  When a 7x55 g r i d  
s t r u c t u r e   i s  c h o s e n ,   t h e   d i r e c t   m e t h o d   i s   f a s t e r  
t han  SLOR i f  f > 35. 

Resul ts   f rom  the  2-Dimensional   Model  

I n   F i g .  1, t h e   c i r c u i t   c o n d i t i o n  and  the  
d e v i c e   d o p i n g   p r o f i l e   a r e   g i v e n .  The  boundary 
s u r f a c e s   f o r   t h e   t e m p e r a t u r e   e q u a t i o n   a r e   a l s o  
g i v e n   b y   t h e   d o t t e d   l i n e s   i n   t h e   f i g u r e ,   w h e r e  
i d e a l   h e a t - s i n k s  (300K) a r e  assumed. 

F i g .  1 Schemat i c   d iag ram  fo r   t he   ana lyzed   sys tem 
. In 

-10 I 

\ 
10 2 G p y ~ :  

F i g .  2 Ca lcu la ted   cu r ren t - vo l tage   wave fo rms   and  
c u r r e n t   d e n s i t y   c h a n g e   a t   d e v i c e   c e n t e r  

The  model was a p p l i e d   t o  a GTO hav ing  a 200vm 
x5mm Nf - e m i t t e r   w h i c h   c o n d u c t s  34A a t   t h e   v o l t a g e  
d r o p   o f   3 . 3 V .  The  modeled GTO i s  one o f   t h e  
e m i t t e r   i s l a n d   o f  a 600V,  600A Tosh iba  GTO. The 
i n i t i a l   c u r r e n t   d e n s i t y   c a n  be as h i g h  as 3,40OA/ 
cm2 s i n c e  i t  was found [8] t h a t   t h e   c u r r e n t  usu- 
a l l y   c o n c e n t r a t e s   i n t o  a small   number o f  GTO e l e -  
m e n t s   d u r i n g   t h e   t u r n - o f f   p r o c e s s .  

F i g .  2 shows t h e   c a l c u l a t e d   w a v e f o r m s   o f  
anode v o l t a g e ,  anode c u r r e n t   a n d   g a t e   c u r r e n t .  A 
s t o r a g e - t i m e   o f   l . l v s e c  and a f a l l - t i m e   o f  0.3psec 
are   observed.   F ig .  2 a l s o  shows t h e   c u r r e n t  den- 
s i t y  change f o r   t h e   m i d d l e   j u n c t i o n   a t   t h e   d e v i c e  
c e n t e r .  The h i g h e s t   c u r r e n t   d e n s i t y  (17,000A/cm2) 
i s  ach ieved a t   t h e   e a r l y   f a l l - t i m e   p e r i o d   o f  
t= l .26vsec   and Va-23.5V. I t  i s   t r u e   [ 2 ]   t h a t   t h e  
h i g h e s t   c u r r e n t   d e n s i t y   a p p e a r s   a t   t h e   e n d   o f   f a l l -  
t i m e   f o r  a low  current   case.   However ,  i n  the   case 
t h a t   h i g h   c u r r e n t   i s   t u r n e d - o f f ,   r e d u c t i o n   o f   t h e  
s i z e   o f   c o n d u c t i o n   a r e a   i t s e l f ,   c a u s e s  a s i g n i f i -  
c a n t   i n c r e a s e   i n   t h e   d e v i c e   v o l t a g e   b e c a u s e  a h i g h  
anode v o l t a g e   i s   n e c e s s a r y   t o   c o n d u c t  an  ext remely 
h i g h   c u r r e n t   d e n s i t y .   T h i s   f a c t   l e a d s  t o  a sub- 
s t a n t i a l  anode c u r r e n t   d e c r e a s e   f o r  a p u r e l y  
r e s i s t i v e   l o a d   c a s e ,  and will b e   c o n f i r m e d   l a t e r .  

20 

- 15 
?k 

n” 
= 10 

5 

C 

F i g .  3 E l e c t r o n   d e n s i t y  distribution(t=l,26usec.) 

F i g .  3 shows t h e   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   a t   t = l  .26psec.  Most o f   t h e   e x c e s s   c a r r i e r s  
i n   t h e  p-base  have  been  ex t rac ted   a l ready   and  on ly  
t h e   n a r r o w   c e n t r a l   p o r t i o n  (50um)  conducts a l l   o f  
t h e   c u r r e n t .  A t i n y   c a r r i e r   h i l l   i s  seen i n   t h e  
d e v i c e   c e n t e r   i n   F i g .  3, c o r r e s p o n d i n g   t o   t h e  
tempera tu re   i nc rease   t he re .  It i s  a s u r p r i s i n g  
f a c t   t h a t   t h e   q u a n t i t y   o f   t h e   c a r r i e r s   i n   t h e   n -  
base  remains  almost  unchanged  even f o r   t h e   t u r n e d -  
o f f   p o r t i o n  so  t h a t   t h e   c u r r e n t   i n   t h e   n - b a s e  
f lows s t i l l   u n i f o r m l y  as  shown i n   F i g .  4, m i n i -  
m i z i n g   l o c a l   h e a t i n g .  It s h o u l d   a l s o   b e   n o t e d  
t h a t   i n   t h e  n-base, a p a r t   o f   t h e   c u r r e n t  becomes 
l a t e r a l   g a t e   c u r r e n t  so t h a t   t h e   h i g h e s t   c u r r e n t  
d e n s i t y   a p p e a r s   a t   t h e   c e n t e r   o f   t h e   m i d d l e  
j u n c t i o n .  

F i g .  5 shows t h e  $ d i s t r i b u t i o n   f o r   t = 1 . 2 6 ~  
sec. I t  i s  s e e n   t h a t  a c h a n n e l   f o r   c u r r e n t   f l o w  
i s  f o r m e d   o n l y   a t   t h e   d e v i c e   c e n t e r ,   w h e r e   t h e  
g a t e - c a t h o d e   j u n c t i o n   i s   f o r w a r d   b i a s e d .  
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Fig. 4 Y-component of the  current  density 
distribution  (t=l.Z6usec.) 

F i g .  5 Electrostat ic   potent ia l   ( t=l .Z6usec.)  

t=1.47usec. A 20 degree  temperature  increase i s  
seen i n  the  highest  current  density  area. The 
sys,tem behaves almost adiabatically because  almost 
a l l  o f  the  heating  occurs  within  lusec.  Fig. 7 
shows the  electron  density  distribution  at   t=1.43u 
sec. I t   i s  seen that   the   la teral   carr ier   densi ty  
gradient  in  the p-base  has become less   s teep than 
i n  F i g .  3 ,  corresponding to  a derease  in  gate 
current  density . 

F i g .  8 shows the  la teral   carr ier   densi ty  
distributions  along X=19pm i n  the  p-base. The 
carrier  density  gradient  is   very  steep because of 
the high lateral   gate  current  density (3,000A/cm2 
a t   t = l . Z 6 ~ s e c . )  and because of the reduced ca r r i e r  
diffusion  length due t o  carr ier-carr ier   scat ter ing 
2nd a temperature  increase. As the   l a te ra l  

Fig. 6 shows the  temperature  distribution a t  

F i g .  6 Temperature distribution(t=l.47usec.) 

e lec t ron   cur ren t   a t   the  edge of the  conduction 
area i s  almost  negligible, a high carrier  gradient 
must exis t   to   afford a l a t e ra l  hole  current. The 
t ransi t ion  region  is   as  narrow as 10pim. 

Fig. 7 Electron  density  distribution(t=l  .47usec.) 

ao 50 100 

X (micron) 

F i g .  8 Electron  density  distribution for X=19um 
along X-axis for  various time steps.  
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From t=l .OZusec. , t h e   c o n d u c t i o n   a r e a   c o n t i n -  
ues t o   r e d u c e   w h i l e   t h e  anode v o l t a g e   b e g i n s   t o  
i n c r e a s e   r a p i d l y  and  peak c u r r e n t   d e n s i t y   s t i   1 1  
i n c r e a s e s .   T h i s   r e p r e s e n t s  a r e m a r k a b l e   d i f f e r -  
e n c e   f r o m   t h e   l o w   c u r r e n t   c a s e   [ 2 ] ,   l e a d i n g   t o   t h e  
p r e v i o u s l y   s t a t e d   c o n c e p t ,   a n d   a l s o   v e r i f y i n g   t h e  
assumpt ion  which was used i n   [ 3 1   f o r  a l -d imen-  
s i o n a l   g a t e   t u r n - o f f   m o d e l .  

Analys is   f rom  1-Dimensional   Model  

T h i s   s e c t i o n   i s  an e x t e n s i o n   o f   t h e   w o r k   o f  
paper   [3 ] ,   and  a t tempts   to   unders tand  the   cause fw 
t h e   c u r r e n t   c o n c e n t r a t i o n   i n t o  a s m a l l   p o r t i o n   o f  
GTO i n   t h e   t u r n - o f f   p r o c e s s .   T h i s  phenomena i s  
bas i ca l l y   3 -d imens iona l   and   even  a 2-d imens iona l  
model i s   n o t   f u l l y   a p p l i c a b l e .  A 1 -d imens iona l  
model will b e   u s e d   w i t h   t h e  same assumption as 
[ 3 ] .   T h e   r e s u l t s   o b t a i n e d   c a n   b e   r e g a r d e d  as 
c h a r a c t e r i s t i c   o f   t h e   c u r r e n t   c r o w d e d   r ' e g i o n .  

o f   s e v e r a l  GTO's. A comparison  between A and D 
g i v e s  a l a r g e   c u r r e n t   d e n s i t y   d i f f e r e n c e   w h i c h   i s  
caused  merely  by  the  added 2vm e m i t t e r   d e p t h .  

F i g .  9 shows s t e a d y - s t a t e  I-V c h a r a c t e r i s t i c s  

v, ( V I  

F i g .  9 1 - d i m e n s i o n a l   s i m u l a t i o n  o f  t h e   l a r g e  
c u r r e n t  I-V c h a r a c t e r i s t i c s   ( s t e a d y - s t a t e ,  
I = O . O )  
9 

F ig .   10  shows t h e   c u r r e n t   d e n s i t y   c h a n g e s  
w i t h   t i m e  when v a r i o u s   g a t e   c u r r e n t   d e n s i t i e s   a r e  
assumed.  The c u r r e n t   d e n s i t y  i s  a c t u a l l y   p l o t t e d  

I A 

0 100 200 
v, ( V  1 

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

300 

Fig .   10   T ime-dependent   1 -d imens iona l   s imu la t ion  

a g a i n s t  anode v o l t a g e ,   w h i c h   i s   r a i s e d   a t   t h e   r a t e  
of  200V/usec. A s i g n i f i c a n t   c u r r e n t   d e n s i t y   d i f -  
f e r e n c e   i s   a l s o   c a u s e d   b y  a l i t t l e   d i f f e r e n c e   i n  
t h e   g a t e   c u r r e n t .  It i s   e x p e c t e d   t h a t   p - b a s e  
s h e e t r e s i s t a n c e   d i f f e r e n c e   c a n   b e  a s i g n i f i c a n t  
cause f o r   t h e   c u r r e n t   c o n c e n t r a t i n g   i n t o  a smal l  
reg ion .   Fo r   examp le ,  a 20% d i f f e r e n c e   i n   s h e e t -  
r e s i s t a n c e   ( w h i c h   i s   v e r y   l i k e l y )  may cause  almost 
t h e  same amount o f   c u r r e n t   d e n s i t y   d i f f e r e n c e  as 
tha t   be tween  A and D i n   F i g .  9, i n   t h e   e a r l y   s t a g e  
o f   t h e  anode v o l t a g e   i n c r e a s e   p e r i o d   d u r i n g   t h e  
t u r n - o f f   p r o c e s s .  I n  a d d i t i o n ,  20% l e s s   g a t e  
c u r r e n t  may b e   s u p p l i e d   t o   t h e   h i g h e r   c u r r e n t   c o n -  
d u c t i n g   a r e a   w h e r e   t h e   p - b a s e   s h e e t r e s i s t a n c e  i s  
20% h i g h e r   t h a n   t h e   o t h e r   p a r t   o f   t h e   e m i t t e r ,   r e -  
s u l   t i n g   i n   t h e  1 a r g e r   c u r r e n t   c o n c e n t r a t i o n   i n   t h i s  
a rea .  

O t h e r   i n t e r e s t i n g  phenomena a r e   s e e n   a l s o   i n  
F igs .  9 ,lo. For  above 200V, t h e  anode c u r r e n t  
d e n s i t y   b e g i n s   t o   i n c r e a s e   r a p i d l y .  As t h e  anode 
v o l t a g e   i n c r e a s e s ,  a h i g h   e l e c t r i c   f i e l d   r e g i o n  
d e v e l o p s   a r o u n d   t h e   c e n t e r   j u n c t i o n .   I n   t h e   h i g h  
e l e c t r i c   f i e l d   r e g i o n ,   c u r r e n t   f l o w s   m a i n l y   b y  
d r i f t  so t h a t   t h e   c u r r e n t   r a t i o  J,-,/J i s   a l m o s t  
t h e  same as t h a t   o f   v n / u   ( a s s u m i n g   k i g h   i n j e c t i o n  
c o n d i t i o n  n 1 p )  . T h i s   P a t i o   g r a d u a l l y   d e c r e a s e s  
w i t h   e l e c t r i c   f i e l d   m a g n i t u d e   a b o v e  1X104V/cm. 
T h e r e f o r e ,   t h e   e l e c t r i c   f i e l d   m a g n i t u d e   i s   d e t e r -  
m i n e d   b y   t h e   r a t i o   o f  Jn/? and  does  not  change 
s i g n i f i c a n t l y .   B u t   t h e   w l h h   o f   t h e   h i g h   e l e c t r i c  
f i e l d   r e g i o n   e x p a n d s   t o w a r d   t h e   p - e m i t t e r   a s   t h e  
ap 1 i e d   v o l t a g e   i n c r e a s e s   ( r e f e r   t o   F i g s .  7,8 i n  
[ 3 5 ) .  I f  t h e   s u p p l i e d   g a t e   c u r r e n t  i s  i n s u f f i c i e n t  
t h e n   t h e   h i g h   e l e c t r i c   f i e l d   r e g i o n   a p p r o a c h e s   t h e  
p-emi t te r   and  causes  a h i g h   h o l e   d i f f u s i o n   c u r r e n t ,  
r e s u l t i n g   i n   t h e   c u r r e n t   d e n s i t y   i n c r e a s e   i n   t h i s  
a rea .   The   recen t   exper imen t   by   T .  Nagano e t   a l .  
[2]  showed t h a t   t h e  maximum i n t e r r u p t a b l e   c u r r e n t  
s i g n i f i c a n t l y   d e c r e a s e s   w i t h   t h e   i n c r e a s e   i n  
a p p l i e d   v o l t a g e   o v e r  400V f o r  a 700V d e v i c e .   T h i s  
v o l t a g e  i s  v e r y   c l o s e   t o   t h e   v o l t a g e   w h e r e   t h e  
above s t a t e d  phenomena o c c u r s   a n d   w h i c h   i s   r o u g h l y  
p r e d i c t e d   t o   b e   a r o u n d  2X104WNB(V)  where WNB i s   t h e  
n-base  width  (cm).  
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