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ABSTRACT - The advent o f  Very Lar ge Scale Integrat ion has been an 
incent ive to c oncentrat; pe�s i s te�tly o� device modeling. The 
fundamental properties  which re pres ent the bas is  for all device 
modeling ac t ivi ties  are summar ized . The s ens ible use of  physical 
and technological parameters is d i s cus s ed and the mos t  important 
phys ical phenomena wh ich are required to be taken into account 
are s crutinized. The assumptions nece s s ary for finding a 
reasonable trade-off  between efficiency and e ffort for a model 
synthe s i s  are rec ollec ted. Method s to bypa s s  limi tations induced 
by these  a s sumptions are pin-pointed . Simple and easy to use 
formulae f or the phys ical parameters o f  maj or importance are 
pres ented . The nece s s i ty of a car e ful paramet er-s elec tion ,  based 
on phys ical information ,  is shown . Some glimpses  on the 
numer ical s olut i on of the s emic onduc tor equations are given. The 
d i s cre t is at i on o f  the part ial differential equations with finite 
d ifferences is  outlined. Linear isation methods and algor i thms 
f or the solu t i on o f  large s pars e linear sys tems are sketched. 
Res ults of  our two d imens ional MOSFET model - MINIMOS - are 
d i s cu s s ed with typ ical applications. Much emphas is is  laid on 
the didac t ic p otent ial of such a complex h i gh order model. In 
add i t i on to its  academic importance, the role of modeling as a 
tool to optimize trans is tor performance i s  s tre s sed . 
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1 .  INTRODUCTION 

The firs t  integrated c ircuits  wh ich jus t  contained a few 
devices b ecame conrrnerc i a l ly ava ilable  in the ear ly 1 9 60's . S ince 
that time an evolution has taken place so tha t today the 
manufac ture of  integrated circui ts with over 400. 000 transis tors 
per singl e  ch ip is  pos s ib le. This  advent o f  the so-ca l l ed Very­
Large-Sca le-Integration (VLS I) c ertainly revealed the need of a 
b etter under s t and ing of  the bas ic device phys ics . The 
miniatur ization of the s ing le  transi s tor ,  which is one of the 
ins eparable  prec ond it ions of VLS I, brough t about a col laps e of 
the c la s s ical device model s ,  b ecaus e total ly new phenomena 
emer ged and even dominated the device behav iour . One consequenc e 
of this  evidence l ed to an unimaginab le  numb er o f  suggestions of 
how to modi fy the c lassical  model s to inc orpora te var ious of  the 
new phenomena . Additiona l ly new ac tivi t i es have b een ini t iated 
to exp l ore the physical  pr inc iples which make a device 
operationab le. The number of s c i ent ific pub l ications which 
uti l ize  the terms "device analys is " ,  "device s imulation" and 
" device model ing" C c .  f .  /4/ ,  / 5 3 / , / 83 / )  grew in an inc redib l e  
manner . 

At firs t i t  s eems nec es s ary to c l ar ify thes e frequent ly used 
t erms to fac i litate the intel l igib i l i ty of the subs equent 
chapters . Consul t ing a dictionary one wi l l  find among many more 
the f o l l owing interpretations : 

Ana lys is  
• s eparat i on of  a who l e  into its  component parts , pos s ibly  

with conrrnent and judgement 
• examination of a comp l ex,  i t s  elements ,  and their 

relations in order to l earn about 

S imulation 
• imitative repres entation o f  the func t i oning of  one sys t em 

or proces s  by means of  the func tion ing o f  another 
• examinat i on o f  a prob l em not subj ec t  to  experimentat ion 

Model ing 
• to produce a repres entation or s imulat ion of a prob l em or 

proces s  
• t o  make a descr ipt ion or ana l ogy u s ed t o  help visual ize  

something that c annot be d irec t ly observed 

Theref ore ,  ana lys is  is at  l east  intended to mean "Exac t 
Analy s i s "  and s imulation must  inf er ent i a l ly mean "Approximate 
S imulati on"  us ing only to some extent  phys ically  mot ivated 
mod el s .  Mod el ing is necess ary f or analysi s  and s imulation ,  but 
with a d i f f erent objec t ive. However , any model should at l east  
refl ec t  the  under lying physic s . 

Introduc tion 
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The charac ter istic feature of  early model ing was the 
s eparation of the inter iour of the device  into different regions , 
the treatment of  which could be  s imp l ified by various a s sump tions 
l ike s pecial  doping profil es , c omp lete deplet ion and 
quas ineutrality. These  separately treated regions were s imply 
connec ted to produce the overall  so lut ion .  I f  analyt ic resul t s  
are intended , any other approach is prohibi t ive . Fully numerical 
mode ling based on part ial different ial equat ions / 1 7 2/  which 
descr ibe all d i fferent regi ons of  s emic onduc tor devices in one 
un ified manner was first  sugges ted by Gumme l / 6 9 /  for the one 
d imens i onal bipolar transis tor . Th is approach was further 
deve loped and app l i ed to pn-j unc tion theory by De Mari / 3 9 / , /40/  
and to IMPATT di ode s by  Schar fetter and Gummel / 1 32 / . 

A two dimensional numer ical analysis  of a s emic onduc tor 
device was c arried out the first  t ime by Kennedy and O ' Brien / 8 5 /  
who inves t igated the junc t ion f ie ld  ef fec t trans is tor . S ince 
then two d imensi onal model ing has been applied to fairly a l l  
important s emiconduc tor devices . There are so  many papers o f  
exce l lent repute that i t  would be  unfair to c i te  only a few .  
Recent ly a l so the firs t re sults  on three dimens ional device 
model ing have been pub lished . The t ime dependence has been 
inve s t igated by e . g .  / 96 / ,  / 1 0 7 /  and mode l s  for three space 
d imensions have been announced by e . g .  / 25 / , / 1 85/ , / 1 86 / .  

In s p i te o f  a l l  the s e  important and succ e s s ful ac tivities , 
the need f or ec onomic and highly us er or iented c omputer programs 
became more and more apparent in the f ield  of  device model ing. 
E specially f or MOS devices which have evolved s ince their 
invention by Kahng and Atal la / 8 2 /  to an incredible s tandard , 
modeling has become inherent ly important b ecaus e current f l ow 
contro l l ed by a perpend icular field  i s  an intrins ically  two 
d imensional prob lem .  One such program which has been appl ied 
suc ce s s fully  in many laborator ies i s  cal l ed CADDET / 1 65 / .  We 
have also tr i ed to br idge that gap and deve loped MINIMOS / 140/  
f or the two d imensi onal static  analys is  of  p lanar MOS 
tran s i s tors . 

In the next chapter the fundamental  propert ies  whi ch are the 
basis  for a l l  device models  are summar i z ed . Much effort is  l aid 
on the document ation of var ious phys ical  e f fec ts  which pos s ib ly 
have to b e  taken into account when s ynthez is ing a device model  
for some s pec i al app l icat ion .  The a s sumpt i ons which are usual ly  
made to ease  modeling are pres ented and their val idity is , at 
l east  qua l i t a t ive ly , d i s cus sed . S imp l e  and easy to use formu lae 
are pres ented which al low phenomenologic al s imulation of the mos t  
important phy s ical  parameters with whi ch the mode l i s t  has to 
deal . 

Introduc t i on 
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In the third chapter the numer ical solut ion of  the bas ic 
s emic onduc tor equations is discu s s ed .  The two main method s for 
the s o lution o f  di fferent ial equa tions ( i . e .  f inite difference s  
and fini te e lements ) are brie fly c ompared . The discret isation of 
the general quasiharmonic equation is exp lained , because  
Pois son's equation as we l l  as the c ontinui ty equations can be  
c l a s s i f i ed as  quasiharmonic equat ions . A few l inear isation 
s chemes are pres ented and j udged for adaequacy in terms of effort 
and effic iency . C lass ical algorithms f or the solut ion of  the 
sparse algebraic sys tems which are obtained by linear isation of  
the d i s crete s emiconduc tor equations are  exp lained . 

The fourth chap ter entirely deals wi th applications o f  
MINIMOS . A didac tic examp le  which should make transparent the 
app l icab i lity of a high order model  l ike MINIMOS f or the analysis  
o f  device behavi our is given firs t . Thi s  examp le  has  been chos en 
to demonstrate the influence o f  i on imp l antat ion in the channel 
regi on of a very smal l scale  MOSFET on threshold vol tage and 
punch through . Secondly , an examp le  o f  a proce s s  s ensitivi ty 
analys is is  pre s ented which is an app l ication idea l ly sui ted for 
numer ical inve s t igations . A more s ophist icated app l ication i s  
shown next to demons trate that it  is pos s ible  to  comprehend s ome 
comp lex interac tion o f  d ifferent phys ical phenomena with device 
mode l ing . This is  ac c omplished by exp laining the reasons for the 
snap-b ack e ffec t in the charac ter is t i c s  of a miniaturized MOSFET . 
The f ina l s ec tions deal with the analys is  of  coup led device s .  
For that purpose an n-Mos Inverter wi th a dep letion load 
trans i s tor and a CMOS inverter are inve s t igated . These  few 
examp les  are intended to s tre s s  the p ower and versat ility of 
device mode l ing and its  informat ive potent ial for the 
s emic onduc tor indus try . 

This  paper cannot intend to be any more than a summary with 
only moderate impac t on detail s . The influence of  proce s s  
mode l ing , f or ins tance , on  the accuracy o f  the f inal resul t ,  
important as it is , could not be  deal t wit h .  The reader wi th 
spec ific  intere s t  in any one subj ec t  wil l  find the referenc e s  
u seful  f or further information .  

Throughout this paper a l l  c onstants  and quantit ies are given 
in the f o l l owing uni ts , if not spec ified otherwis e :  lengths in 
cm , t imes in s ,  temperature in K ,  vol tage s in V ,  currents in A. 
The uni ts are often omi t ted to gain transparency in the formulae . 

Introduc t ion 
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2 .  SOME FUNDAMENTAL PROPERTIES 

To accurate ly analyze an arbi trary s emic onduc tor s truc ture 
which is intended as a s e l f-contained device under var ious 
operating cond i tions , a mathematical  mode l has to be given . The 
equations which form this mathematic a l  model  are of ten cal led the 
fundamental s emiconduc tor equations ; the s e  wi l l  be discus sed in 
the first  s ec tion of this chapter . 

The s ec ond s ec tion wil l deal wi th assumpt ions which have to 
be made f or spec ial applications addi t i onally to those which have 
al ready been used in the der iva t i on o f  the equations and which 
are beyond the s cope of this pres entation .  Furthermore , a l l  
quant it ies  which are involved in  the basic equations wi l l  be  
out lined more or less  qua litative ly . 

I t  wil l  become app arent that the fundamental equations 
employ a s et of  phys ical and techno logical parameters . An 
in-dep th analys is of al l the s e  parameters i s  far from be ing 
finished at the moment - or the resul t s  of such an analy s is are 
of overwhe lming complexity - becau s e  of  inherent methodical 
d i fficul t ie s . 

The third sec tion wil l  deal  with additional assumpt i ons 
which c an be made to ease and speed up model s  for MOS-devices . 

The topic of  the fourth s ec t i on o f  this chapter i s  the 
des crip t i on of some sugge s tions  for a heur istic s imu lation of the 
mos t  important parameters based , as it were , on phy s ical 
princ ip le s . 

2 . 1  The Fundamental S emiconduc tor Equa t ions 

The most  famil iar model of  c arr ier transport in a 
s emiconduc tor device has been propos ed by Van Roosbroeck / 1 7 2 / . 
I t  c ons i s ts o f  Pois son's equation ( 2 . 1 -1 ) ,  the current c ont inui ty 
equations f or e l ec trons ( 2 . 1-2 )  and holes  ( 2 . 1-3 )  and the current 
relations  f or e lec trons ( 2 . 1 -4 )  and holes  ( 2 . 1 -5 )  

d iv ( grad tp = -q ( p - n + C ) ( 2 . 1-1 ) 

d iv 
-.) 

( ) ( 2 . 1 -2 )  J = -q G - R n 

d iv 
-+ 

( G - R ) ( 2 . 1-3 )  J = q p 

..... 
( ,, tp - ( 2 . 1 -4 )  J = -q n grad D grad n n n n 

.... ( JJ p grad qi + ) ( 2 . 1-5 )  J = -q D grad p p p p 

The Fundamental Semic onduc tor Equati ons 
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The se  re lat ions form a sys tem of coup led partial  
d iff erent ial equations . Poi s son ' s equation , which is one of  
Maxwe l l ' s  laws , de scribes the char ge d i s tribution in  the interior 
of  a s emic onduc tor device . The balance of s inks and sour ces for 
e l ec tron- and ho le current s is charac ter ized by the c ont inui ty 
equations . The current relations de scribe the abs o lute value , 
direc t i on and or ientation of e l ec tron- and hole currents .  The 
c ont inuity equati ons and the current relations can be derived 
from Bo l tzmann ' s equation by not at a l l  trivial means . The ideas 
behind these  c ons iderations c annot be presented here due to 
l imi ted space . The intere sted reader should re fer to / 1 7 2 /  and 
i ts s ec ondary literature or text books on s emic onduc tor phys ics  
e . g .  / 1 8 / , / 78 / , / 1 36 / , / 148 / .  

However , it is o f  pr ime importance to note that the 
equa t i ons ( 2 . 1 -4 )  and ( 2 . 1 -5 )  do  not charac ter ize effec t s  which 
are c aused by degenerate s emic onduc tors ( e . g .  heavy doping ) . 
/ 9 7 / , / 1 7 1 / , / 1 74 /  d i s cu s s  some modificat ions of the current 
relations , wh ich partial ly take into account the c onsequences  
introduced by degenerate s emic onduc tors ( e . g .  inval idity of  
B o l t zmann ' s stat i stic s , bandgap narrowing ) .  Thes e  mod ifications  
are not  at a l l  simple  and l ead to problems espec ially  for  the 
formulation of boundary c onditions / 1 1 6/ , / 1 73 / . In cas e of  
mode l ing MOS devices , degeneracy i s , owing to the relatively l ow 
doping in the channel  region,  prac t ica l ly  i rre levant . For modern 
bipolar devices ,  though , bear ing in mind sha l l ow and 
extraordinar ily heavily dop ed emi t ters , it is an abs olute 
nece s s ity  to acc ount for l ocal  degeneracy of the s emic onduc tor . 

Furthermore , ( 2 . 1 -4 )  and ( 2 . 1 -5 )  do not describe velocity 
overshoot phenomena which become apparent at feature l engths of  
O . l Pm for s i l icon and lPm for gal l ium-ars enide / 6 0 / ; and 
c ertainly no e ffec ts which are due to b a l l i s t ic transport ,  the 
exis t ence of  which is s t i l l  que s t ionable  / 7 7 / ,  are inc luded . The 
l atter  s tart to become important for feature s izes  below O . O l Pm  
f or s i l i c on and 0 . 1,Pm for gal l ium-ar s en ide / 6 1 / . Cons ider ing the 
s tate  of  the art of  device miniatur izat ion , neither effec t has to 
bother the mode l i s t s  of s i l i c on devic e s . For gal l ium-arsenide 
devices  new ideas are mandatory for the near future / 60/ , / 1 1 0/ , 
/ 1 1 1 / .  

2 . 2  Assumpt i ons and D i s cu s s i on o f  Parameters 

It  is imp erat ive to discuss the parameters of the 
s emic onduc tor equations to get some ins igh t  into the c omp lexi ty 
of  that mathematical  mode l  and the d i fficul ty of  a more or le s s  
r igorous s o lution .  

The permitt ivity t in Poi s son ' s  equation in the mos t  general  

Assump t i ons and D i s cu s s i on of  Parame ters 
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case  is a rank two tensor . Because  al l c onunon s emic onduc tor 
materials  grow in cub ic crystal  s truc ture and because s il ic on­
dioxide is amorphous no an isotropy exists  and the permi ttivity 
can be treated as a s calar quanti t y .  Furthermore ,  one can savely 
a s sume that the permitt ivity is homogenous wi th suf fic ient 
accuracy for even degenerate s emic onduc tors . 

The e lec tr ical ly ac tive ne t doping concentrat ion C in 
P o i s s on ' s equation is the mos t  important technological parame ter . 
To obtain this quantity by mathematical  analys is / 5 1 /  i s  at least  
as cumbersome as to  accurately  analyze some semic onduc tor device , 
because  the physics  of the technol ogical proce s s e s  which 
determine the doping c oncentration s t i l l  l ac ks basic  
under s t and ing . The need o f  mode l ing in this area i s  dras tical ly 
inc reas ing in view of  VLSI device s .  One-dimens i onal proce s s  
mode l ing i s  fairly we l l  e stabl ished nowadays ,  bu t two-dimens i onal 
s imulation is just  appear ing / 5 1 / , / 1 64/ . Some g l imps e s  of  
mod e l ing doping pro files  with handy ana lyt ical expre s s i ons wi l l  
be given in s ec tion 2 . 4 . 1 .  One a s sumption wh ich i s  usua l l y  made 
with fair ly satis fac tory suc c e s s  is the total ionization of al l 
dopants ( 2 . 2-1 ) .  

( 2 . 2- 1 ) 

As long as  the F ermi level  is  s eparated s everal thermal 
vo l tages from the ·impurity leve l , this  assumpt i on holds  qui te 
nicely .  For modern bipolar trans is tors , however , it  certainly 
bec omes que s t i onable  for the emitter region ( degenerate 
material ) .  

The e lec tron density  n and the hole  density p are c onunonly 
a s s umed to obey Boltzmann ' s s tat i s t ic s  ( 2 . 2-2 ) .  

( 2 . 2- 2 )  

This as sumption pr inc ipal ly  neglec ts degenerac y ;  but 
moderate degeneracy can be inc luded / 5 5 /  by introduc ing an 
e f fec t ive , doping dependent intrin s ic number ( 2 . 2-3 ) .  

n .  = n .  ( T , N ) i i 

n. ( T , N )  i 

( 2 . 2-3 ) 

e5 2 . 7 ( ln ( N / 1 0 1 7 ) +'1Cln (N/ l0 1 7 ) ) 2 +0 . 5 ) /T = n. ( T )  , 
i 

n.( T )  = 3 . 88 · 1 0 1 6,Tl . 5 . e-7000/T  
i 

Assumpt i ons and D i s cu s s i on of  Parameters 



- 9 -

The tempera ture dependence o f  the intr ins ic number is based 
on the influence of the e ffec t ive carrier masses  and the bandgap . 
More elaborate formulae for the se ef fec ts  which migh t be 
imp erat ive for low temperature appl ications can be found in / 6 2 / . 
The formula for bandgap narrowing in ( 2 . 2-3 ) was first  sugge s ted 
by S lotboom /146 / .  For a doping c oncentration of l . 3 ·10 17 cm-3 
the intrins ic numb er has already inc reased by twenty percent . 

The mobility of e lec trons Pn and holes  PP is  in pr inc iple  a 
rank two tensor func tion o f  many arguments . One ends up wi th a 
" so  ca l led"  mobil ity af ter averaging and comb ining various 
phys ical  mechanisms which are s t i l l  not analyzed thouroghl y  
enough t o  b e  mode led s a t is fac tor ily / 7 9 / . Some formulae for a 
mob i lity model  for s i l icon w i l l  be summarized in s ec tion 2 . 4 . 2 .  

Another assumpt i on which i s  unfortunately not at a l l  free of  
doub ts  is the val idity of  the  E instein-Nernst  r e lations ( 2 . 2-4 ) .  

D = p ·U n n T D = p •U p p T ( 2 . 2-4 ) 

Some guidel ines on how to extend the s e  relations for 
degenerate mater ial are given in e . g .  / 8 / .  It is important to 
remember that the current relations ( 2 . 1 -4 )  and ( 2 . 1 -5 )  do not 
d ifferent iate between latt ice tempera ture and e lec tron 
temp erature . Therefore , if one has to deal wi th hot elec trons in 
a prec ise  manner , the current re lat ions have to be updated ; in 
part icular the mathemat ical s truc ture of the d if fu s i on current 
term has to be re f ined . 

The last parameter which remains to be dea l t  with f or a 
qua l itative charac ter ization is the net g eneration/ rec ombination 
rate ( G-R) in ( 2 . 1 -2 )  and ( 2 . 1 -3 ) . This  quant ity has to de s c r ibe 
a number of physical  proce s s e s  which are responsible  for 
generation/rec ombinat ion o f  e l ec tron-ho le  pairs . The s e  proces s es  
and their interac t i ons are  also  not analyzed to a sati s fac tory 
l eve l so tha t one ha s to  u s e  heuris t ic expres s ions for a mode l  
which is a t  leas t p lausib le  in the underlying phys ics . S ome 
sugg e s t i ons for the se  formulae wil l be given in s ec tion 2 . 4 . 3 .  

2 . 3  Additional Assump t i ons for MOS-Model s  

The fundamental  s emic onduc tor equations  des cribe the 
i nternal behavior of any s emic onduc tor device . However , for 
cer t a in devices  the s e  equa t i ons  may be s imp l ified wi thout 
s ign if icant loss  of accurac y .  As the MOSFET is a minori ty 
car r i er device , the current is  given mainly by the c ont inuity 
equation of one carr ier type . I f  avalanche is ne glec ted , only 
l i tt le  carr ier generation occurs in the MOSFET .  

Add itional As s umpt i ons for MOS-Mode l s  
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There fore , the eqs . ( 2 . 1 -2 ) - ( 2 . 1 -3 )  may be rewr itten as 

d iv j = 0 n 
... 
J = 0 p 

for the n-channe l device and 

• -+ 
div J = 0 p 
... 
J = 0 n 

( 2 . 3-1 ) 

( 2 . 3-2 ) 

( 2 . 3-3 ) 

( 2 . 3-4 ) 

for the p-channel device . However , i t  should be kep t  in mind 
that the se  assumpt i ons are va lid  only  if the avalanche e f fect  is 
ne glec ted . 

The channe l width o f  an MOSFET is usual ly much larger than 
the depletion widths . As a c ons equence the part ial  derivatives 
in that direc tion can be neg lec ted and the s emiconduc tor 
equations reduce to two d imens ions . The neglec t i on of the 
der ivat ive of the potent ial  in s ource-drain direc t ion is  a proper 
as sump tion only for l ong-channel devices . The so c a l led 
" gradua l-channe l approximation"  was the bas is of  a l ot of  one­
d imensional model s .  Thes e  mod e l s  fail to predic t accurately  the 
behavior of modern miniatur ized device s .  

If the avalanche e ffec t should be inc luded , the a s s umpt i ons 
( 2 . 3 -1 ) - ( 2 . 3 -4 )  are no l onger val id and both c ont inuity equations 
have to be solved with inhomogeneity terms . As a c ons equence , 
the ion ization-generated maj ority carr iers (holes  for an 
n-channe l MOSFET ) f l ow to the subs trate as they are repe l led  from 
the source and drain j unc t i ons . There are s evera l opt ions to 
account for the vol tage drop which i s  induced by the sub s t rate 
current : ( a )  a true l y  three-dimensiona l analys is ; ( b )  extens ion 
of the s imulation over the entire bulk area ; ( c )  exten s i on of the 
two-d imens i ona l s imulation over the deplet ion region and us ing an 
( e ffec t ive ) bulk re s i s tor ( F i g .  2 . 3- 1 ) .  If one wants to avo id 
exce s s ive c ompu ting t ime a s soc iated wi th ( a ) , opt i on ( c )  i s  to  be 
preferred because  it  a l l ows inc lus ion of  current spread into the 
third d imension and , a l so , c onsumes l e s s  comput ing t ime than ( b ) .  
In that way the vol tage drop across  the parasi t ic bulk re s i s tor 
s imulates  a more pos i t ive bu lk b ias and , if large enough , is ab le 
to forward-b ias the para s it ic  bipolar npn transi s tor ( ac c ording 
to s ource , bu lk , and drain) . This cau s es a l arger dra in current 
and fac ili tates the breakdown which then wil l  o ccur at smal ler 
drain vol tages  / 1 33 / . 

Additional As s umpt ions for MOS-Mode ls  
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///Simulation ore�',, 
/ ' 

d 
Deep Bulk 

Fig. 2.3-1: Current flow in deep bulk 

In the following we should like to suggest an easy method to 
estimate the value of the bulk resistor. It is assumed that the 
current spreads at an angle of 45 degrees /15/ into both direc­
tions perpendicular to its flow (x- and z- direction in Fig. 
2.3-1). This assumption is arbitrary but not implausible, and, 
furthermore, if we neglect any diffusion current, we obtain the 
following expression for the electric field in the deep 
substrate. 

dlp _ IB _ IB 
dy - KA - KCL+2y)(W+2y) 

(2.3-5) 

with K standing for the conductivity of the substrate and A the 
area of the current flow. L and W are channel length and channel 
width, respectively. Integrating this equation along y from the 
end of the simulation area d to the bulk contact we obtain 

( E!'d 

s 

A dy y 
s 1 L+2d 

�ulk = IB 
= 2Kcw-1)( ln(L+2ds

) 

For L=W this equation simplifies to 

d-d 

W+2d ln(W+2d ) ) • (2.3-6) 
s 

�ulk = KCL+2d)(�+2d ) • (2.3-7) 
s 

This calculation is fairly crude compared to the elaborate 
solution of the basic equations. However, any more precise cal­
culation would be very complicated and the present method is 
sufficient to investigate the influence of the parasitic bulk 
resistance at least qualitatively. 

Additional Assumptions for MOS-Models 



- 12 -

2. 4 Models of Physical Parameters 

2. 4. 1 Formulae for Modeling Doping Profiles 

A one dimensional doping profile which can be calculated 
fairly accurately with a process simulation program (e. g. /6/) 
may be heuristically converted to two dimensions for a structure 
with an ideal oxide mask as shown in Fig. 2. 4-1 using (2.4-1). 

/// 
OXI� 

Fig. 2. 4-1 Coordinate nomenclature for an ideal oxide mask 

C(x, y) = C(�2
+max(x/f, 0)2 ) (2. 4-1) 

This formula is extraordinarily simple to use and needs only 
one fitting parameter: f which controls the amount of lateral 
diffusion. For most applications f lies in the range of 0. 5 to 
0. 9. An elliptic rotation at x=O (c. f. Fig. 2. 4-1) of the 
one-dimensional profile is performed to obtain the doping 
concentration below the oxide mask. Out-diffusion effects which 
occur near the mask edge are not at all taken into account. 

Lee /89/, /90/ 
still fairly simple 
reasoning. (2. 4-2) 
predeposition step. 
diffusion constant, 
concentration. 

Ld = 2·� 

recently published expressions which are 
to use, but which are based on more physical 
can be used for the simulation of a 

Ld denotes the diffusion length; D: 
t: diffusion time, Ns: desired surface 

(2.4-2) 
2 

C (x, y) = O. S·N · e-(y/Ld) 
• erfc(x/Ld) p s 

Models of Physical Parameters 
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The distribution of implanted ions under mask edges has also 
been investigated extensively e . g . /128/ . The formulae (2. 4-3) 
which have been taken from /89/, /90/ allow simulation of 
diffusion with an initial ion-implantation . Rp denotes the 
projected range, f!i..p: projected standard deviation, Dose: 
implantation dose . 

a = (2 + (Ld/l}R,p)2 )-l/2 

-(a• (Rp-y)/6Rp)2 
A� L["° K(y) = e · erfc(-a•((Rp/UKp)+., 2•y/Ld)) 

(2 . 4-3) 

Ci(x, y) = (a/(4·0Rp ·�))-Dose · (K(y)+K(-y)) • erfc(x/Ld) 

In the derivation of (2. 4-2) and (2. 4-3) it is assumed that 
the diffusion "constant" is really constant . This limits the 
application to relatively low peak values of the implanted 
profile. For high peak values .one might fit the diffusion 
lengths Ld to obtain a desired junction depth . 

The diffusion constant D can be estimated, again for fairly 
low concentrations, with the classical exponential law (2 . 4-4) . 

B 

p 

Sb 
As 

0 . 5554 
3 . 85 

12 . 9  
24 . 

T I (K) a 

4 -3 . 975•10 
4 -4 . 247·10 
4 -4 . 619•10 
4 -4 . 735•10 

(2 . 4-4) 

The projected range parameters Rp and �p which are 
nonlinear functions of the implantation energy can be looked up 
in standard tables /64/ . These tables are principally tedious to 
implement in computer programs, so that one might prefer some 
polynomial fit (2. 4-5); x denotes here the implantation energy . 

n 
Rp =Ea. •xi 

l. 
i=l 
n 

(Jim) 

f:lRp = rb . ·xi (Jlm) l. 
i=l 

Models of Physical Parameters 
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The coefficients for such polynomials are given in Fig. 
2.4-2 for Rp in silicon, in Fig. 2.4-3 for f:r.p in silicon and in 
Fig. 2.4-4 for Rp in silicon-dioxide. 

Element 

Element 

bl 
b2 
b3 
b4 
b5 

B 

3.338•10-3 

-6 -3.308·10 

p 

1.259•10-3 
-7 -2.743•10 

1.290•10-9 

Sb 

8.887•10-4 
-5 -1. 013 · 10 

8.372•10-8 

-3.056·10-10 

4.028• 10-13 

As 

9.818•10-4 
-5 -1.022•10 

9.067·10-8 

-3.442·10-10 

4.608•10-13 

Fig. 2.4-2 Coefficients for Rp in silicon 

B p Sb As 

1.781·10-3 6. 542. 10-4 2.674•10-4 3.652•10-4 

-2.086·10 -5 -3.161•10 -6 -2.885•10 -6 -3.820•10 -6 

1.403·10-7 1.371·10-8 2.311·10-8 3.235•10-8 

-4.545·10-10 
-2.252•10-ll -8.310•11-lO 

-i.202· 10-10 

5.525·10-13 1.084• l0-13 l.601•10-13 

Fig. 2.4-3 Coefficients for �p in silicon: 

Element B 

3.258·10-3 
-6 -2.113•10 

p 

9.842•10-4 
-7 -2. 240•10 

Sb 

7.200•10-4 
-6 -8.054•10 

6.641•10-8 

-2.422·10-10 

3.191·10-13 

As 

7.806•10-4 
-6 -7.899•10 

7.029•10-8 

-2.653·10-10 

3.573•10-13 

Fig. 2.4-4 Coefficients for Rp in silicon-dioxide 

The maximum error of the projected range parameters 
calculated with these coefficients and (2.2-5) is in the energy 
range of 5keV to 300keV only a few percent compared to /64/. 
More data are given in /141/. 

Models of Physical Parameters 
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If an implantation is performed through an oxide, the 
projected range in the semiconductor has to be reduced / 1 29/  e.g. 
with (2 . 4-6 ) .  

Rp = Rp ·(1-T. /Rp ) se 1ox ox (2 . 4-6 ) 

Tiox denotes the thickness of the oxide, RPse/Rp0x: 
projected range in semiconductor/oxide. 

2.4 . 2  Formulae for Mobility Modeling 

The mobility of carriers is, as already mentioned, an 
eminently complex quantity. Additionally it is an important 
parameter, because all errors in the mobility a proportional 
error of the current through the multiplicative dependence. This 
is certainly one of the primary results any model should yield 
reliably. The formulae which will be given below describe 
phenomenologically the mobility in silicon; the subscripts n and 
p denote electrons and holes, respectively . 

To model mobility at least plausibly, several scattering 
mechanisms have to be taken into account, the basis of which is 
lattice scattering. This effect can be described by a simple 
power law / 7 9 / ,  / 1 3 6 /  in dependence of temperature (2 . 4-7 ) . 

7 . 1 2 · 1 08 

= 2 . 3  

2 (cm /Vs ) 

A = 1 . 35 · 1 08 

gp = 2 . 2  p 

( 2 . 4-7 ) 

The pure lattice mobility is reduced through the scattering 
processes at ionized impurities. (2 . 4-8 ) is a well established 
formula which models temperature dependent ionized impurity 
scattering / 24 /  and electron-hole scattering / 5 5 / . The latter is 
extremely important in low doped regions where high injection 
takes place. 

a = 

+ 
N = 0 . 67 • (ND 
p . = 5 5  . 24 minn 
b = -3 . 8  n 

1 

c = 0 . 73 n 
N On = I .  0 7 2  • 1 0  l 7 

2 (cm /Vs )  

p . = 4 9 . 7 minp 
b = -3 . 7  p 
c = 0 . 7  p 
NOp = 1 . 60 6 • 1 0 1 7  

Models of Physical Parameters 
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S imil ar expre s s i ons which have been par t ly deduced from 
measurement and/ or theory have been pres ented in / 7 / , /41 / , /47/ , 
/ 9 2/ , I 1 32/ . 

To proper ly s imulate the mob i l i ty in MOS trans i s tors , one 
has to deal with surface roughne s s  and field  dependent sur face 
s catter ing . / 30 / , / 1 30 / , / 1 5 3 /  pres ented intere st ing measured 
resul ts on inversion layer mob ili ty; / 1 62/ , / 1 63/  gave some 
exce llent ideas on how to treat theore t ically the se and other 
s cat ter ing mechanisms; / 1 82/  sugge sted a heur i s t ic formula for 
field dependent surface s catter ing which is app l icable  for 
two-dimens i onal s imulations , but whose adequacy is que s t ioned in 
/ 1 62 / .  However , we have developed (2 . 4-9 ) which mode l s  
phenomenologically with best  f i t  to  measurement sur face roughne s s  
a s  we l l  a s  f i e ld de pendent sur face s cat ter ing / 1 43 / . 

P
LIS(y , Ep , Et , N , T ) = PLI(N , T ) · 

y+y r 2 (cm /Vs ) 
y+b · y  

y = yO /(l+E / E  0 ) r 
r p p 

b = 2+E /E O t t 2 2 1 / 2  E = max(O ,(E · J  +E •J ) /(J +J ) ) p x x y y x y 

E t = max(O , (E •J -E •J ) · J /(J 2+J 2 ) )  
-7 x y y x x x y -7 y = 5•1 0  y = 4 · 1 0  On Op 

E = 1 04 E = 8 · 1 03 
pOn 5 pOp 5 Et on = 1 . 8 · 1 0 EtOp = 3 . 8 · 1 0  

(2 . 4-9 ) 

In regions with a high e lec tr ic  f ie ld c omponent paral lel to 
current f l ow ,  dr if t ve loc i ty saturat ion ha s to be taken into 
account . (2 . 4- 1 0 )  combine s , al so  phenomenologically , this  
phy s i cal  effec t  and the lattice-impurity-surface mob i l i ty us ing a 
Mathies s en-type rule with a weakly temperature dependent 
satura t i on ve l oc ity / 23 / , / 7 9 / ,  / 80 / . 

u B B l /B 
rtot(y , Ep , Et , N , T ) = (JJLIS( • . .  ) +(vs /Ep ) ) 

v = l . 53• 1 0 9 · T-0 . 87 v = l . 62 · 1 08 · T-o . 52 
sn sp 

B = -2 B = -1  n p 

Mode l s  of  Phys ical  P arame t ers  
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2.4.3 Formulae for Modeling Generation/Recombination 

To simulate satisfactorily transfer phenomena of majority 
carrier current and minority carrier current in just a simple 
diode, it is an absolute necessity to model carrier recombination 
and generation as carefully as possible. (2.4-11) represents the 
well known Shockley-Read-Hall term for modeling thermal 
generation/recombination. The carrier lifetimes can be simulated 
as being doping dependent /35/, /103/. 

2 n. - p'n 
( G - R )th = ___ i ____ _ 

tn(p+p1)+tp(n+n1) 

3 (1/ cm s) (2.4-11) 

t = 3.95·l0-5/(l+N/7.l•l015) t -5 15 = 3.52•10 /(l+N/7.1•10 ) n p 

Surface generation/recombination /74/ can be treated in a 
fairly similar manner by (2.4-12). 

2 n. - p•n i . d(y) ( G - R ) = (p+p1)/sn+(n+n1)/sp s 

J(y) Dirac-Delta 

s = 100 n 

function, y=O denotes 

s = 100 p 

3 (1/ cm s) (2.4-12) 

an interface 

Impact ionization can be modeled by an exponentially field 
dependent generation term /27/, /28/. The constants in (2.4-13) 
are essentially taken from /170/. 

Ga = l3nl A q n 

13 I 
+ ..!_.Ei A q p 

A = 7·105 
n 

1. 23. 10 6 B = n 

exp ( 
Bnl1nl - ---

... -+ E•J .,.n 
�I exp ( - ... -+ 

E•J p 

) + 

) 3 (1/ cm s) 

A = 1.588·106 
p 

2.036·106 B = p 

Models of Physical Parameters 
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It should be noted that this form of simulating avalanche is 
relatively crude compared to more exact considerations, but the 
underlying physical principles are so complex that a trade-off in 
accuracy and complexity leads to that type of formula. The 
ionization probabilities dn p for silicon as a function of the 
electric field have been mea�ured by various authors: Mc Kay 
/101/, /102/, Miller /105/, /106/, Chynoweth /27/, /28/, Lee 
/88/, Moll /112/, /113/, Ogawa /118/, Van Overstraeten /170/, 
Grant /65/, Dalal /36/. Their results are summarized in Fig. 
2.4-5 for electrons and in Fig. 2.4-6 for holes. Additionally, 
the measured results are compared to theoretical results of 
Baraff /10/ (material constants from Sze /157/, /158/). Also 
drawn in Fig. 2.4-5 and Fig. 2.4-6 are theoretical limits 
published by Okuto /122/, /123/, which imply that all the energy 
the carriers can obtain from the electric field is used to 
generate additional carriers. Furthermore, the energy loss per 
single ionization has been taken to be l.6eV for electrons and 
l.8eV for holes (see also /75/). A more concise treatment of the 
ionization probabilities has been undertaken theoretically by 
/5/, /26/, /91/, /145/, /160/, /161/, /162/, /169/, /181/ and 
experimentally by /95/, /131/, /149/. 

To analyze high injection conditions, Auger recombination 
has to be included as an antagonism to avalanche generation. 
Already the use of a simple formula like (2.4-14) in general 
gives satisfactory results /31/, /35/, /52/, /55/. 

2 ( G - R )A = (n. - p•n ) ug i 

c n = 2.8·10-31 

(C •n + C •p ) n p 

c = 9.9·lo-32 
p 

3 (l/cm s) (2.4-14) 

Finally, all generation/recombination phenomena have to be 
combined to one total quantity. The usual way to do so is to 
simply sum up all terms (2.4-15). However, that means that no 
interaction of the different phenomena does exist. 

(G-R) tot = (G-R)th + (G-R)s + (G-R)Aug + Ga 

Models of Physical Parameters 
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3 .  NUMERICAL SOLUTION OF SEMICONDUCTOR EQUATIONS 

The major difficulty in designing a high order numerical 
model of a semiconductor device is the adaption of adequate 
numerical methods for the solution of the basic semiconductor 
equations and their associated, often very complex, physical 
parameters, as outlined in the previous chapter. 

In section 3 . 1  we should like to discuss the discretisation 
of the basic equations. The classical method of replacing 
derivatives with finite differences will be explained. The last 
part of that section will deal with automatic and adaptiv mesh 
generation which is a task of primary importance for user 
oriented models, but which has as yet not been scrutinized 
thoroughly. 

The linearization of discrete equations will be treated in 
section 3 . 2  with some emphasis on the severly strong nonlinearity 
of the semiconductor equations. For that purpose some modified 
Newton schemes are presented which yield an incredible gain in 
computer efficiency. 

Algorithms for the solution of the linearized discrete 
equations are discussed in section 3 . 3 . A review of the most 
attractive methods for linear systems with special sparsity 
structure is given and also some cautious judgement is ventured. 

3 . 1  Discretisation of Semiconductor Equations with Finite 
Differences 

Unfortunately, the basic semiconductor equations cannot be 
solved in closed form by analytical methods. To utilize a 
numerical method, first of all the domain in which a solution is 
wanted has to be split into a finite number of small parts. 
These parts have to be sufficiently small so that all dependent 
variables of the basic equations behave like some arbitrarily 
chosen, but nevertheless simple functions; the equations have to 
be discretized. However, one should always bear in mind that one 
can, following the above sketched outline, obtain only an exact 
solution of the discretized problem, which is just an approximate 
solution of the analytically formulated equations. The 
difference between the discrete solution and the solution of the 
real problem depends obviously on the partitioning of the domain 
and the selection of the approximating functions. 

There 
algebraic 
and which 
Difference 

exist basically two classical methods for obtaining 
equations, which approximate the differential equation 
can be solved numerically, namely: the Finite 

method and the Finite Element method. The fundamental 

Discretisation of Semiconductor Equations 
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difference between these two methods can be summarized, at least 
qualitatively, as follows. By applying the finite difference 
method, all derivatives in the differential equation are replaced 
by finite differences between discrete points in the interiour of 
the domain and the residual of the resulting difference equation 
is set to zero on every discrete point. The finite element 
method in its residual formulation demands that the weighted 
residuum integrated over the whole domain be zero. This can be 
achieved algebraically by setting all residual integrals for 
every finite element for which the solution is assumed to obey 
some simple functional relation to zero. From our point of view 
it is impossible to favourize one method distinctly; both methods 
have their advantages and bottlenecks. Following the literature 
many renowned authors have concentrated their work on finite 
elements e.g. /1/, /13/, /20/, /21/, /22/, /25/, /32/, /70/, 
/71/, /119/, or finite differences e.g. /56/, /66/, /67/, /76/, 
/84/, /85/, /93/, /94/, /107/, /108/, /109/, /121/, /154/. We 
have also concentrated our activities on finite differences, 
because it looks as if the mathematical background required to 
produce a running program were somewhat smaller for the finite 
difference method than for the finite element method. Some 
interesting extensions of the finite difference method have been 
recently proposed by Adler /2/, /3/. When fully utilizing these 
ideas, one advantage of the finite element method, high 
flexibility at the partitioning task, should also be reached with 
the finite difference method. 

We should like to explain the discretisation with 
five-point-star differences, which is probably the best known 
approach of the finite difference method for two dimensional 
partial differential equations (PDEs). The domain in which the 
solution of a PDE is desired is first partitioned into small 
areas by grid lines parallel to some arbitrary coordinate system. 
For the sake of simplicity a rectangular domain and a cartesian 
coordinate system will be assumed. By laying NX vertical grid 
lines (parallel to y-axis) and NY horizontal grid lines (parallel 
to x-axis) one gets NX•NY intersections. On these intersections 
one wants to obtain an approximate solution of the PDE of 
sufficient accuracy. For that purpose the PDE is replaced on 
every inner point (i, j) (see Fig. 3.1-1) by a difference equation 
which uses the inner point (i, j) and its four nearest neighbours 
(i+l, j), (i-1, j), (i, j+l) and (i, j-1). The major assumption for 
the derivation of the difference equation is that the solution 
can be approximated with a piecewise linear function along the 
verteces between the inner point (i, j) and its neighbours. Thus 
one gets (NX-2)•(NY-2) difference equations because that is 
exactly the number of inner points. At the boundary of the 
domain the solution of the PDE has to fulfill some boundary 
conditions from which one can obtain equations for the boundary 

Discretisation of Semiconductor Equations 



- 22 -

points in a similiar manner; 
points. The total number 
total number of points and a 

there exist 2·(NX+NY-2) boundary 
of equations equals, therefore, the 

unique solution can be found. 

I I 
I 
I 
I I I L-----------------J N 

Xj 

Fig. 3 . 1- 1 : The index convention used 

In the next section the discretisation of the quasiharmonic 
equation in a precise manner will be dealt with, because the 
linearized forms of Poisson's equation as well as continuity 
equations belong to this important category of PDEs and many 
publications have been written on that subject e. g. / 58 / , / 5 9 / ,  
/ 98 / , / 147 / .  

3 . 1 . 1  The Quasiharmonic Equation 

Let G be a finite domain in the (x,y) plane bounded by R 
which is piecewise continuously differentiable. Furthermore, let 
the functions P(x,y), S(x, y) and F(x, y) be piecewise continuous 
in G .  P(x, y) be positive and not vanishing anywhere; S(x,y) be 
positive or zero. Then (3 . 1 - 1 ) represents the quasiharmonic 
equation with solution u(x, y). 

div(P(x, y)•grad(u(x, y))) - S(x, y)·u(x,y) = F(x, y) 

subject to the boundary conditions: 

A(x, y)•u(x,y) + B (x, y)•u(x, y) = C(x, y) n 

Discretisation of Semiconductor Equations 
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where A(x, y), B(x, y) and 
continuous and positive or 
vanishing anywhere. u(x, y)n 
perpendicular to the boundary. 

C(x, y) are defined in R,  piecewise 
zero, and A(x, y)+B(x,y) is not 
denotes the derivate of u(x, y) 

For a solution of this problem the differential equation has 
to be integrated in every area gij' obtained by partitioning as 
outlined above, around the inner point (i,j). The area gij is 
drawn with dashed lines in Fig. 3.1-1; it is represented by the 
rectangle around point (i,j). 

into 

ff div(P·grad(u))·dx'dy -

g .. iJ 

Using Green's theorem, the 
a closed boundary integral 

ffdiv(P•grad(u))·dx•dy = 

g .. iJ 

ff s·u·dx'dy 

g .. iJ 

area integral 
around gij• 

r .. iJ 

= ff F·dx'dy 

g .. (3.1-3) iJ 

can be transformed 

(3.1-4) 

Let Xi be the geometrical distance between the i.th and 
i+l.st vertical grid line and y· the distance between the j.th 
and j+l.st horizontal grid line (cf. Fig. 3.1-1). Let PM be the 
value of function P(x, y) at point M which is placed exactly 
between points (i,j) and (i+l,j); and assume the analogous 
relations for PM-1' PN and PN-1' which can be easily made clear 
with Fig. 3.1-1. Then the following holds: 

r .. iJ 
= 0 • 5 • ( y . +y . 1 )' (PM

. ( u . 1 . -u . . ) Ix . + J J- i+ , J  i, J i 

+ 

+ 

+ 

+ 

PM 1 • ( u . 1 . -u . . ) Ix . 1 ) + - i- , J  i, J i-
0 • 5 • ( x . +x . 1 )- ( PN · ( u . . 1-u . . ) I y . + i i- i,J+ i, J J 

PN l·(u. · 1-u . . )/y. 1) + - i,J- i, J J-
o ( x . 1 +x . ) + o ( y . 1 +y . ) i- i J- J 
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The second and third integral 
approximated straightforwardly under the 
functions S(x, y) and F(x, y) and the 
sufficiently smooth in the area gij• 

of Eq. 3. 1-3 can 
assumptions that 
solution u(x, y) 

be 
the 
are 

ffs·u·dx'dy;. 0. 25·s . . ·u .. ·(x.+x. l)·(y.+y. 1) i,J 1J 1 i- J J-
g .. 1J 

0 . 2 5 · F . . · ( x . +x . l ) · ( y . +y . l ) 1J 1 i- J J-

After combining (3.1-5), (3. 1-6) and (3. 1-7) and 
the unknowns, one obtains for each inner point (i, j) 
equation of the following form: 

u . .  1,J 
+ 

+ 

•((y.+y. l)·(PM/x.+PM l/x. 1) + J J- 1 - i-
(x. +x. l)·(PN/y.+PN l/y. 1) + 1 i- J - J-
o . 5 · S . . · ( x . +x . 1 ) · ( y . +y . 1 ) ) = i,J 1 i- J J-

= u . + 1 .• ( ( y . +y . 1 ) . PM/ x . ) + 1 ,J J J- 1 
+ u . 1 .. ( ( y . +y . 1 )' PM 1 Ix . 1 ) + i- ,J J J- - i-
+ u . . l·((x.+x. l)•pN/y.) + i,J+ 1 i- J 
+ u. · l•((x.+x. l)·PN l/y. 1) -i ,J- 1 i- - J-
- 0. 5·F . .  ·(x.+x. 1)·(y.+y. 1) 1,J 1 i- J J-

(3 . 1-6) 

(3. 1-7) 

separating 
a linear 

(3.1-8) 

In Eq. 3. 1-8 no estimate of the discretisation error is 
given. For a non-aequidistant mesh (xi#Xi-1' Yj�Yj-1) the 
discretisation error decreases approximately linearly with the 
mesh spacings. Some ideas on proper mesh selection to 
sufficiently bound that error will be given in section 3. 1. 4. 
However, more exact consideration should be looked up in the 
classical mathematical literature e. g. /58/, /147/. 

The discretisation of the boundary conditions is basically 
no problem. It is treated quite carefully in many lecture books 
on numerical mathematics e.g. /47/ so that we can refrain from an 
explanation. 
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All equations obtained by the discretisation procedure 
be combined to a sparse linear operator B (3 . 1 -9 ) applied 
vector u of unknowns which represent the solution at the 
points. 

can 
to a 
mesh 

B(u) = 0 (3 . 1 -9 ) 

Therefore, the rank of the operator B equals the total 
number of meshpoints which is usually rather large. However, B 
is also very sparse; there exist at most five elements per row. 
The treatment of these specially structured equations will be 
outlined in the following sections. 

3 . 1 . 2  Poisson's Equation 

Poisson's equation (3 . 1 - 1 0 )  is an exponentially nonlinear 
elliptic equation. 

(tp -tp)/Ut) (ffn)/Ut) 
div t grad lp =  -q•(n. •e P -n.•e +C) (3 . 1 - 1 0 )  

1. 1. 

The geometry for the simulation of MOS transistors which we 
and many others use is shown in Fig. 3.1-2. Poisson's equation 
(also the continuity equations) has to be solved for the 
rectangular area A-F-G-H which represents the silicon region. In 
the area C-D-E-B which represents the gate oxide, only the 
Laplacian equation has to be solved because no space charge 
exists there. The boundary conditions are usually treated as 
follows: The contacts (A-B: source, E-F: drain, G-H: bulk) are 
assumed to be ideally ohmic. The potential is kept constant at 
the sum of the applied bias plus the built-in potential which is 
caused by the doping. At the vertical boundaries (A-H, F-G) the 
derivative of the potential perpendicular to the boundary (i.e. 
the lateral electrical field component) has to be zero. 
Certainly, this condition is only valid from the physical point 
of view if the source contact A-H and the drain contact E-F are 
sufficiently long. At the silicon to silicon dioxide interface 
the potential must obey GauB's law (3 . 1 - 1 1 ) .  The existence of 
fixed surface states can be treated directly with GauB's law, 
confer to /155/; however, we think it is more economic and 
sufficiently accurate to account for fixed surface states with 
the flatband voltage, because fixed surface states should be kept 
small anyway and, should, therefore, not effect the solution very 
much. 

t -<31#'8 y) OX OX = E: . • C8llf8y) . S l.  S l.  
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Fig. 3 . 1 -2 :  The simulation geometry for planar MOSFETs 

The Laplacian equation in the oxide is coupled with 
Poisson's equation via (3 . 1 - 1 1 ) .  At the gate contact (C-D) the 
potential is kept constant at the applied bias minus the flatband 
voltage; at the vertical boundaries of the oxide (C-B, D-E) the 
lateral electric field has to vanish. 

It is interesting to note that many authors suggest a one 
dimensional voltage drop in the oxide e. g. / 1 66 / . In that manner 
one can obtain a mixed boundary condition (c. f. Eq. 3 . 1 -2 ) for 
the potential at the interface. However, we feel that this is 
too crude an assumption for miniaturized MOS transistors. 

3 . 1 . 3  Current Continuity Equations 

Only the discretisation of the continuity equation for 
electrons will be treated in the following because the continuity 
equations for holes can be handled in an analogous manner. The 
major difficulty of the discretisation of the continuity 
equations is to find a proper, numerically stable formulation of 
the divergency of the current by just using information of 
physical quantities at meshpoints. A naive discretisation of the 
current relation (c. f. (3 . 1 - 1 2 ) for electrons) as only published 
in very early papers has been proved by various authors to be 
unstable. 
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div J = -q•div ( P · n·grad lfJ- D 'grad n ) n n n (3.1-12) 

However, Scharfetter and Gurmnel suggested already in 1969 a 
stable discretisation which has been physically motivated /132/. 
Their work can certainly be interpreted mathematically which 
helps in understanding various numerical phenomena associated 
with that discretisation. By assuming the validity of 
Boltzmann's statistics one gets with the substitution: 

s = e �n/Ut (3. 1-13) 

the following expression for the divergence of the electron 
current: 

div J = q•div(D •n. •e�Ut,grad s) n n i (3.1-14) 

This substitution is, as a matter of fact, essential because 
we have now a self-adjoint elliptic operator in s for the 
divergence of the current. For that type of operators the 
mathematical analysis is relatively easy and well investigated. 

Recalling now the elliptic operator of the quasiharmonic 
equation (3.1-1), an analogy becomes evident. With: 

P(x y) = D ·n.·e�Ut (3. 1-15) ' n i 
we can use the results of section 3.1. 1  for the discretisation. 
The fundamental problem, however, is to find a proper 
interpolation of (3.1-15) to obtain the mid-vertex values PM etc. 
A naive linear interpolation of the exponential of the electric 
potential is definitely not appropriate. The very best one can 
do from the mathematical point of view is to use an exponential 
interpolation. (3.1-16) is an example for this type of 
interpolation between points (i, j) and (i+l, j). We should like 
to refrain from a proof of this relation as it is fairly lengthy. 
The interested reader should consult e. g. /124/. 

ell' M = e � ' j • (ID . ..m 1 . ) I ( e � ' j � + 1 ' j '1. ,J '1. + ,J 
= e�, j·ber(�, j�+l, j) 

- 1) 

with: ber(x) = x/(ex-1) (Bernoulli function) 

(3.1-16) 

(3.1-17) 

The actual prograrmning of the Bernoulli functions (3. 1-17) 
has to be undertaken with care to avoid underflow and overflow 
traps /73/. Furthermore, it should be noted that only 
differences of potential values occur in the Bernoulli functions. 
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Numerical stability is, therefore, greatly increased. The 
leading explicit exponential of qi in (3 . 1-1 6 )  vanishes if it is 
combined with the s values (3 . 1 - 1 3 ) to electron densities which 
are numerically in an acceptable range compared to the 
exponentials of lpand'f>n· 

The mystery of the stability of the discretisation which has 
just been outlined lies in the fact that it represents a 
so-called "windward" difference approximation. For a large 
potential drop between neighbouring meshpoints the windward 
scheme degenerates in a forward- or backward difference scheme 
depending on the sign of the potential difference (i.e. electric 
field). Therefore the propagation of local errors is very small. 

The boundary conditions are very simple for the continuity 
equations. At the contacts (A-B, E-F, G-H in Fig. 3.1-2) the 
carrier densities are set constant to their equilibrium value. 
At the remaining boundaries (B-E, F-G, A-H) no current component 
perpendicular to the boundary must exist. 

A very interesting and successfully applied alternative to 
the outlined discretisation has been proposed by Mock /108/ for 
the MOS transistor. Through the introduction of so-called 
"stream-functions" one also obtains a self-adjoint operator for 
the divergence of the current with similar problems in the 
interpolation of exponentials of the electric potential. The 
treatment of inhomogeneities i.e. recombination/generation, 
however, is more complicated with stream-functions. Therefore we 
favour the other discretisation. 

3 . 1 . 4  Grid Generation 

To keep computer time as well as memory requirements 
reasonably small, it is necessary to limit the number of mesh 
points. A suitable tradeoff between accuracy and computing costs 
can be found once the discretisation errors are estimated. In 
critical regions with large discretisation errors grid spacing 
has to be kept small whereas it may be large in regions in which 
only small errors occur. Such considerations make it evident 
that an equidistant mesh is not suitable because in that case 
grid spacing has to be adapted to the critical regions and the 
number of mesh points would be very large. 

As the discretisation errors depend on the distribution of 
the quantities '¥, n, p a suitable mesh cannot be estimated a 
priori, that is without knowledge of the solution. Therefore, 
grid generation is performed adaptively, i.e. a priliminary 
solution is calculated on the basis of an initial mesh, then the 
mesh is adapted to this solution and again the basic equations 
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are solved. 
necessary. 

Regeneration of the mesh can be done repeatedly if 

Let f (x) be a four times 
function ; then one can sav7ly write3 

continuously 

h. h. 
f . f + f'h + f 1 1-2:. + f 1 1 1 -2:. + i+l i i i i 2 i 6 

. f. 1. 

h� 
f l + f' 1-2:.:..!. -ihi-1 i 2 

h� 
f l I 1 -2:.:..!. + i 6 

differentiable 

( 3. 1-18) 

( 3. 1-19) 

and we get for the second order differential quotient: 

f " (x. ) 
1. 

( f. 1-f. )/h. + ( f. 1-f. )/h. 1 • 2· i+ 1. 1. i- 1. i- + 

h. -h. 1 
+ f''' l. i-

i 3 

h. + h. 1 1. i- 2 2 
Iv h. -h. h. l+hi. -1 + f (� ) . 1. 1. 1. -12 ( 3. 1-20) 

The first term on the right hand side of eq. ( 3. 1-20) is the 
finite difference approximation the other two terms represent the 
discretisation error. For an aequidistant mesh (hi=hi-1) the 
second term on the right hand side vanishes and only 
differentials of at least forth order cause discretisation 
errors. Principially eq. ( 3. 1-20) can be used to fix the mesh 
spacing hi for given largest acceptable error, knowledge of the 
fourth differential provided, and also to bound the maximum mesh 
progression 1i when knowing the third differential 

h. h. 1 1. 1. -r . = max (� , �) .  ( 3. 1-21) 1. i-1 
1. 

The errors which are induced by the finite difference 
approximation of the inhomogeneity terms are going to be 
considered in the following. The inhomogeneities around each 
mesh point up to the next midpoint are approximated by 

h. k. 
x +-2:. y +_.l i 2 j 2 f fF(x,y)•dx•dy - 0.25•F . .  (h. +h. 1) (k.+k. 1) ( 3. 1-22) i, J 1. i- J J-

h .  1 k. 1 xi- �- Yff 
with F (x,y) being the inhomogeneity term. For a one dimensional 
error estimation a series expansion of F ( x) yields: 
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2 2 3 3 
1 h .  -h . 1 h .  +h. 1 ( ) I ]_ ]_- +F' ' (s:) ]_ i-
2Fi hi+hi-1 +Fi 8 � 24 (3.1-23) 

The first term in (3.1-23) is the finite difference approximation 
as given in (3.1-22) and the two other terms describe the local 
error. The global error is extremely difficult to estimate. 
However, it is often of by one reduced order. 

If we consider Poisson's equation once 
differential of the space charge limits the 
first differential limits mesh progression. 

t 
r .  - 1 = 4 F !  

max 
]_ h .  1 ]_ ]_ -

h� t 
= 12 max 

]_ F I I  (�) 

again, the second 
mesh spacing and the 

(3.1-24) 

(3.1-25) 

As already discussed earlier ionisation rates are very 
sensitive to the electric field. Therefore, the generation rate 
exhibits an abrupt peak in the pinch-off region which can only be 
kept under control with a very fine discretisation. The integral 
of the generation rate over the total area gives the substrate 
current, and the discretisation error is, therefore, proportional 
to the error of the substrate current. If we consider only the 
first derivative of the electric field 

E(x) = E(x.) + (x-x.)·E'(x . )  ]_ ]_ ]_ 
we get for d'' on the basis of Chynoweth's law: 

· A·exp[ -B.(l -E .  
(x-x . )E � 

a!(x) 
]_ 

d'(x.) · .!?__·E ! ·d(x . )  i E� i i 
]_ 

d''(x.) = [.!?__·E ! l2·ci(x . )  i E� i i 
]_ 

]_ ]_ ) ] E .  ]_ 

(3.1-26) 

(3.1-27) 

By substituting these expressions in (3.1-24), (3.1-25) we 
get some rules for the mesh generation. If one likes to limit 
the maximum relative error in the substrate current, it is useful 
to divide (3.1-26), (3.1-27) by the maximum ionization rate which 
occurs in the device. 

Discretisation of Semiconductor Equations 



- 31 -

3.2 Linearization of the Coupled System 

In this section we should like to discuss some properties of 
one-step stationary iterative methods of the form (3.2-2) for the 
solution of systems of nonlinear equations (3.2-1). 

F(x) 0 

k+l k x = G·x 

(3.2-1) 

(3.2-2) 

The problem (3.2-1) be properly defined /124/. Suppose the 
o�erator G has a fixed point x*. Then (3.2-2) will converge to 
x if G is F-differentiable /124/ at x* and if the spectral 
radius of it's Jacobian G'(x*) satisfies Eq. (3.2-3). 

q(G'(x*)) ( 1 (3.2-3) 

This very important theorem (Ostrowski theorem) is the basis 
of all investigations on the convergence of one-step iterations 
for the solution of nonlinear equations. In the following we 
should like to write the discretized semiconductor equations in a 
more abstract form to simplify the formulae. Let (3.2-4) be 
Poisson's equation and (3.2-5) ,  (3.2-6) the continuity equations 
for electrons and holes in the unknowns lp, 'Pn and 'Pp which 
represent vectors of the meshpoint values of the electrostatic 
potential , the quasifermilevel of electrons and holes, 
respectively. 

Fl = Fl(�'f'n ,'f>p) = 0 

F2 F2(lfJ,'R-i,lpp) = 0 

F3 = F3(q.\'f'n,'f>p) = 0 

(3.2-4) 
(3.2-5) 
(3.2-6) 

Then Fl , F2 and F3 represent a nonlinear system of equations 
with the rank 3·(NX•NY) which is three times the total number of 
meshpoints , usually a large number. We have now to find some 
operators G which are relatively easy to calculate and for which 
condition (3.2-3) holds. The best know method is certainly the 
classical Newton-Raphson method. 

3.2.l Newton's Method and Modified Newton Methods 

For Newton's method the iteration is defined as follows : 
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The operator G is, therefore, defined as: 

(3 . 2-8 ) 

It can be proved that the Jacobian G '  of this operator has * * only zero eigenvalues at x , F(x ) =O and fulfills trivially 
condition (3 . 2-3) . As all eigenvalues are zero, even quadratic 
convergence is anticipated as the solution is approached /124/, 
/126/ . Although Newton's method is very attractive from the 
mathematical point of view, there are practical difficulties . 

The main implementation problem is the evaluation of the 
derivative terms in equation (3 . 2-7) ,  since the total equation 
(including modeled physical parameters) must be differentiated 
accurately with respect to the variables 'ii, 'Pn and 'Pp · This can 
be done analytically, in prinicipal, but one loses much 
flexibility in changing the models of the physical parameters .  
Therefore, a numerical algorithm is necessary to automatically 
calculate the required derivatives . The best algorithm known at 
the moment has been published by Curtis and Reid /34/ . Some very 
interesting comments on numerical differentiation have also been 
given in /81/ . 

Another fairly difficult problem when considering Newton's 
method is overshoot. The iteration process does not neccesarily 
converge monotonously to the solution . Especially, if one starts 
the iteration with a bad initial guess - which is the usual 
situation - monotonic convergence or convergence at all cannot be 
guaranteed . Therefore, one has to introduce a mechanism which 
dampens the increments resulting from the iteration process so 
that convergence is monotonic. The naive algorithms simply limit 
the increments to some maximum value e . g .  /108/ or they use some 
function to continuously limit large increments e . g .  /19/ . 
Deuflhardt suggested a more elaborate method /44/, /45/ . Roughly 
explained, he calculates a parameter lT in the range lo, 1 ] so that 
condition (3 . 2-9 ) holds . 

F'-1 (xk ) •F(xk
+lT•(xk+l_xk ) )  ( F ' -l (xk )•F(xk ) (3 . 2-9 ) 

Af h . f d ,,, 1 . k+ 1 . 1 1 d . h ter aving oun ¥ ,  the so ution x is ca  cu ate wit 
Eq . ( 3 .  2-10) . 

(3 . 2-10) 

This procedure guarantees monotonic convergence; for lT=l it 
is the classical Newton method . 

Another excellent method was proposed by Meyer /104/ . He 
suggested to modify the iteration operator G by introducing a 
positive parameter A as given in Eq . (3 . 2-11 ) . 
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G = ( I - (A· I  + F ' ) -l · F )  (3 . 2- 1 1 )  

.l. has to be chosR¥l as small  as pos s ib le so that the 
euk�idean norm of F ( x  ) is  smal ler than the eukl idean norm of  
F (x ) .  Some prac tical  gu ide l ine s on how to find this  parameter .l. 
with rea sonab le  e f fort have been recent ly pres ented by Bank and 
Rose / 9 / . 

It  is very t ime and a l so memory c onsuming to solve the large 
linear sys tem which , neverthe le s s ,  has to be done for every 
Newton s te p .  There fore , many authors use  another iterative 
algorithm ,  sugge s ted by Gummel / 6 9 / , f or the l inear ization of  the 
semiconduc tor equations . 

3 . 2 . 2  B lock-Nonl inear I teration 

Gumme l ' s  idea , in e s s ence , wa s to so lve the s emiconduc tor 
equations by independent ly l inearizing each equation 
c onsecutively with re spec t to its  dominant var iab le . The first  
step  is to s o lve Poi s son ' s equation with Newton ' s  method as suming 
that the qua s if ermileve l s  are known func t ions of pos i t ion ; i . e .  
the be s t  gue s s  o f  the quasifermilevels  i s  a s sumed to be c orrec t .  
In the sec ond step  one of  the c ont inuity equations i s  solved 
assuming that the e lec tr ic potent ial and the qua s ifermi level of 
the other c ont inuity equation are c orrec t .  In the third s tep the 
s ec ond c ont inuity equation is s o lved under s imil iar as sumpt ions . 
The se  three s teps  are per formed repeated ly unt il  a c ons i s tent 
so lution is found . The e ffort for one cyc le  of  th is  block­
nonlinear iterat i on is obviou s ly less  than for one Newton s tep 
because  the rank of one decoup led equation sys tem is only a third 
o f  the rank o f  the total  sys tem. 

A c omp le te theoret ical prof of the c onvergence of  the block­
non linear iter a t i on algor i thm has as yet not been pub l ished . 
However , s tr ong theoretical  indications have been given by Mock 
/ 1 09 / .  One should also not undere s t imate the "prac tical"  
ind ications ; many authors have used Gumme l ' s  i terat ive schema 
with exce l l ent succe s s . 

I t  should al s o  be not ed that a f ew au thors have pub l ished 
mod ificat ions  of the or iginal Gumme l method e . g . / 14/ , / 1 33/ , 
/ 1 56 / .  The s e  mod ificat ions  are bas ical ly mot ivated on intui t ion . 
They are , theref ore , as arbi trary as  the original approach 
itse lf . However , for spec ial purpos e  app l icat ions s ome 
improvement in e ffic iency could be gained . 
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3 . 3  So lution o f  Large Sparse Linear Systems 

For any of the linear ization procedure s which have been 
out lined in s e c t ion 3 . 2  a large sparse  l inear equation system 
( 3 . 3 -1 ) ha s to be so lved repeated ly . 

A · x  = b ( 3 . 3-1 ) 

We a s sume that A has been der ived by l inear iz ing five-po int­
star dis c re t ized PDE s . Hence matr ix A has at mos t  five nonzero 
entries per r ow;  A is very spar s e .  For a ful l  Newton s cheme 
the se  entr ies are 3x3 matr ice s ; for Gumme l ' s  scheme they are 
scalars . F or the solution of thes e  special  types of l inear 
equation systems two c lasses  of method s ,  c an ,  in pr inc iple , be 
used : d irec t methods which are based on e limination and i terative 
method s .  An exce l lent survey on that sub j e c t  has been publ i shed 
recent ly by Duf f  / 48 / . 

3 . 3 . 1  Direc t Method s 

C lass ical  Gaus sian el iminat i on is not feas ible for our 
systems of equations because the rank o f  A in ( 3 . 3-1 ) is very 
large and A ha s many c oe ffic ients which are zero . There fore , 
some mod ifications of  the c la s s ical Gau s s ian e l imination 
algor ithm have to be introduced to acc ount f or the zero entries . 
There exist  quite a few ac t ivi t ie s  on tha t subj ect  ( c . f .  /49/ ) 
and power fu l algorithms which treat the nonzero c oe ffic ients only 
are availab le . Another s erious drawback of direc t methods l ie s  
in the fac t that the upp er tr iangu lar mat r ix which is created by 
the e l imination proce s s  has to be s tored for back subst itution .  
Th is matr ix has usua l ly more nonzero ent r i e s  than the matrix A .  
Theref ore , memory requirement of  direc t method s is  substant ial . 

In spite  o f  al l drawbacks o f  d irec t method s ,  their maj or 
advantage is high accuracy o f  the so lu t i on .  However , we feel 
that for the s emiconduc tor probl ems i tera t ive algorithms are to 
be s l ight ly favoured . 

3 . 3 . 2  Re laxat ion Methods 

The fundamental  idea o f  re laxation method s is  the sp litting 
o f  the c oe ffic ient matr ix A ( 3 . 3-1 ) into three matr ice s D ,  E ,  F 
( 3 . 3-2 ) . 

A = D - E - F ( 3 . 3-2 ) 

D denotes  the d iagonal entr ies o f  A ;  -E denotes a lower 
tr iangular matr ix which is f ormed f rom al l  sub-diagonal entr ie s  
o f  A ;  and -F denotes  an upper triangular matr ix which i s  formed 
f rom a l l  sup er-diagona l entr ies o f  A .  
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With an arbitrary non-s ingu lar matr ix B which has the s ame 
rank as  A the l inear system (3 . 3- 1 ) can be rewrit ten to (3 . 3-3 ) . 

B · x + (A-B ) · x  = b 

One obtains an iterative s chema by s e t ting : 

B · xk+l = b - (A-B ) · xk 

(3 . 3 -4 ) can be so lved for xk+l : 

k+l x 

(3 . 3-3 ) 

(3 . 3-4 )  

(3 . 3-5 ) 

The i terative s cheme (3 . 3- 5 ) will  c onverge i f  c ondi tion 
(3 . 3-6 )  holds . 

q c r-B-1 ·A )  < i (3 . 3-6 ) 

(3 . 3 - 6 )  is a nece s s ary 
var ious re laxat i on method s can 
matr ix B with the matr ices 
(3 . 3-2 ) . 

and suffic ient c ondition .  The 
be won by di fferent ly s e t t ing 
obtained by the sp litting of A 

The s imp l iest s cheme , the point-Jacobi method , uses  D for B .  
Matr ix D is a d iagonal matr ix and is , therefore , ea s i ly 
invert ible . 

The Gau s s -Seidel method uses  D-E for B .  The matr ix D-E i s  a 
lower tr iangular matrix . Therefore one ha s only to per form a 
f orward sub s t itution proce s s  for its  invers i on .  

The s uc ce s ive overre laxat ion 
parameter W within the range lo , 21: .  
defined : 

method ( SOR) makes use  o f  a 
The iterat ion matr ix B is  

B = D/W - E 

As B is  again a lower tr iangular matr ix , 
ins t ant ly reduced to a sub s t itut ion .  

i t s  

(3 . 3-7 ) 

. . inversion i s  

The maj or advantage of  the s e  i terative method s l ie s  i n  their 
s imp l i c i t y .  They are very ea sy to program and demand only l ow 
memory requirement . As already noted , they c onverge i f  c ondi tion 
(3 . 3 -4 )  hold s . However , i t  i s  d if ficult  to prove that c ond i t ion . 
A sufficient c ondit i on for c onvergence is that A i s  positive 
de finite (3 . 3 . -8 )  which is the regu lar case  for five-point- s tar 
d is c ret ized PDE s . 

T x · A · x  ) 0 for all  x�O (3 . 3-8 ) 
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The se  point-iterat ive s chemes can by acce lerated quite  
remarkably with the c onjugate gradient method or the Chebyshev 
method . An exce l l ent survey on the se  topic s can be found in 
/68/. 

3 . 3 . 3  S trongly Imp l icit  I tera t ive Method s 

The c onvergence rate o f  re laxation methods is  relatively 
p oor . There fore , var ious ac tivitie s  can be observed for the 
development of more power ful algorithms with the advantage s o f  
iterat ive s cheme s . 

One of the best known algor ithms which ha s been e s tabl ished 
in semic onduc tor device analys is is  perhaps S tone ' s s trongly 
implicit  procedure /151/. S tone ' s  idea s was to modi fy the 
or iginal c oe ff ic ient matrix A by the addition of a sma l l  matrix N 
s o  that a fac tor izat ion o f  (A+N) invo lves much le s s  c omputational 
e ffort than the s t andard decomposit ion o f  A and the norm of N i s  
much smaller than the norm o f  A .  Assuming this has been done , 
the deve lopment of  an itera t ive procedure is then fairly 
s traigh t f orward because  the equa t i on can be wr itten as : 

(A+N) · x  = (A+N) · x  + ( b-A · x )  

which sugge s ts the i terative proc edure : 

(A+N) · xk+l = (A+N) · xk + ( b-A · xk) 

( 3 . 3-9 ) 

(3. 3-10) 

When the r ight hand s ide is known and (A+N) can be 
fac tor ized ea s i l y ,  (3.3-10) g ives  an effic ient method f or 
d irec t ly solving for xk+l , Furthermore , one would intui t ively 
expec t a rapid rate of  c onvergence if  N is  suffic iently sma l l  
c ompared t o  A .  We wil l re fra in from exp laining i n  de tail  the 
s ugge s t i on of S t one of how to choose  the perturbation matrix N 
because  th is has been done thorough ly  in many pub l ications e . g .  
/59/ , /147/ , /151/. 

There exis t  a few algor ithms which are s imil i ar in terms o f  
under lying ideas c omp ared t o  S tone ' s method . The mos t  a t trac t ive 
are  perhap s  the method o f  Dupont e t  al . /50/, the "al ternat ing 
d irec t ion implic i t" methods e . g .  /16/ , /59/ , /178/ and the 
F our ier method s /150/ , /177/. 

One d is advantge o f  a l l  s trongly  implicit  methods and a l s o  
the d irec t method s is  that they cannot  be imp lemented e fficient ly 
on a c ompu ter with a pipe-l ine archi tec ture ( vec tor proce s sor ) . 
S ome c omments on that sub j ec t  have been given in /48/. 
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4 .  TYPI CAL APPLICATIONS OF MINIMOS 

4 . 1 A Didac tic Examp le  

I t  is rather d if f i cu l t  to provide an interes t ing examp le for 
the experienced reader , which is al so impre s s ive and easy to 
understand for readers with general interest  in mode l ing but 
wi thout spec ific knowledge of device phys ics . We have chosen the 
effec ts of  ion implantation on short channe l MOS transi s tors for 
the purpose of demons tra t ing the use of two d imens ional 
s imulation .  Three devices  are ca lculated whose  propert ies become 
app arent from the or iginal s imulation input decks presented in 
F ig .  4 . 1 - 1 . The fol l owing di s cus s ion of F ig .  4 . 1- 1  shal l  also  
demons trate the ease  o f  us ing MINIMOS / 138/ , / 1 3 9 / , / 140/ , / 142/ , 
our s imulation program. 

The firs t line is a t i t le l ine , which is  us ed only to  
ident ify the output of  the program.  The input syntax is  totally 
based on a master key , key and value s truc ture . The next input 
l ine which is  the "DEVI CE " s tatement , charac ter izes the device . 
Spec if ied is an n-channe l device ( CHANNEL=N ) wi th an , n-doped 
poly s i l ic on gate ( GATE=NPOLY ) ,  an oxide thickne s s  of  35 
nanometers ( TOX=350 . E-8 ) ,  a channe l wid th o f  1 0  micrometers 
( W= l O . E-4 ) and a channe l l ength of one microme ter (L= l . E-4) . The 
"B IAS "  s tatement spec i f ie s  the operat ing po int . A drain vol tage 
of 3 vol ts ( UD=3 . )  and a gate voltage of  zero vol t s  ( UG=O . ) has 
been chosen .  The sub s trate vo l tage is assumed to be zero by 
MINIMOS , if not spec ified otherwise . 

The "PROFILE " statement is  us ed to spec i fy the subs trate 
doping and the source/ drain d i f fus ion .  In the examp l e s  presented 
here we used the s imp l e s t  way of de fining a doping pro f i l e , that 
is the direct  c alculation by MINIMOS . Another pos s ib i l i t y  would  
be to make use  of  a techno l ogy s imulation program l ike SUPREM, 
the S tanford Univers i ty PRoce s s  Engineer ing Mode l s  program / 6 / , 
for the more accurate cal culati on o f  vertical prof i le shape s 
wh ich are fit�ed in the !3te�� l d irec t ion .  For our s imu lation a 
s ub s trate doping o f  1 0  cm ( NB= l . E l 5 )  and a source/ drain 
imf$an!1tion with phosphorus ( ELEM=PH ) ,  an imp lantation dose  of 
10 cm (DOSE=l . E 1 5 )  and an implantation energy of 40keV 
( AKEV=40 )  is spec i fied . The imp lantation i s  performed through an 
i so lat i on oxide o f  35 nanometers ( TOX=350 . E-8 ) and fol l owed by an 
annealing s tep at 1 00 0  c ent igrades ( TEMP=l OOO)  for 1 20 0  s e c onds 
( TIME=1 200 ) . 
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ONE-MICRON ANALYS IS ( DEVICE 1 )  
DEVICE CHANNEL=N GATE=NPOLY TOX=350 . E-8 W= l O . E-4 L= l . E-4 
BIAS UD=3 . UG=O . 
PROFILE NB=l . E l 5  ELEM=PH DOSE=l . E l 5  AKEV=40 TOX=350 . E-8 
+ TEMP=l OOO TIME= l 200  
END 

ONE-MICRON ANALYS IS ( DEVICE 2 )  
DEVICE CHANNEL=N GATE=NPOLY TOX=350 . E -8 W= l O . E-4 L= l . E-4 
BIAS UD=3 . UG=O . 
PROFILE NB=l . E l 5  ELEM=PH DOSE= l . E l 5  AKEV=40 TOX=350 . E-8 
+ TEMP= l OOO TIME=l 200 
IMPLANT ELEM=B DOSE=3 . 5E l l  AKEV=25 TEMP=925  TIME=l 800  
END 

ONE-MICRON ANALYS IS (DEVICE 3 )  
DEVICE CHANNEL=N GATE=NPOLY TOX=350 . E -8 W= l O . E-4 L=l . E -4 
B IAS UD=3 . UG=O . 
PROFILE NB=l . E l 5  ELEM=PH DOSE= l . E l 5  AKEV=40 TOX=350 . E-8 
+ TEMP= l OOO TIME=l 200  
IMPLANT ELEM=B DOSE=3 . 5E l l  AKEV=25 TEMP=925  TIME= l 20 0  
IMPLANT ELEM=B DOSE= l . 5E l l  AKEV= l OO 
END 

Fig .  4 . 1 - 1 : S ome typ ical  input decks f or MINIMOS 

The s ec ond input deck further includes an "IMPLANT" 
s tatement which de f ine s a I�an�z l implantation wi th boron 
( ELEM=B ) ,  a dose of  3 . 5 · 1 0 cm ( DOSE=3 . 5E l l ) , an energy of  
2 5keV (AKEV=25 ) , annealed at 9 25 c entigrades ( TEMP=92 5 )  for  1 800  
second s ( TIME=l 800 ) .  The thi rd input deck has an addi t i onal 
"IMPLANT" s tat ement spec i fying a s ec ond , deeper C�fnn�� 
implantat ion with boron ( ELEM=B ) ,  a dose o f  1 . 5 · 1 0 cm 
( DOSE= l . 5E l l ) and an energy of l OOkeV (AKEV= lOO ) . I t  is a s s umed 
that both channel imp lantation s teps are annealed  at the s ame 
t ime . I t  is  fairly we l l  known that the first  of  thes e  three 
devices  is , owing to the short channe l e f fec t , "normal ly-on" and 
that the sha l l ow implant ation o f  device 2 ef fec ts  a threshold 
shift  to obtain a "normal ly-o f f" device . Furthermore , the deep 
imp l antation of  device 3 i s  nec e s s ary to avoid punch through . 
These  e f fec ts wil l now be demons trat ed by bird s-eye-view- and 
c ontour-plots  o f  phys ically  re levant quant itie s  in the inter iour 
o f  the three model  devi ce s . 

The calculated doping dens ity  d istr ibutions for our devices  
are shown in F igs . 4 . 1 - 2 ,  4 . 1 -3 ,  4 . 1 -4 .  

A Didac tic  Examp le  
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E 1 8  

E 1 7  

E 1 6  

0 �m 
F i g .  4 . 1 -2 : Dop ing profile  for device 1 

From thes e  figures one can read off  the depth of the 
pn-junc tions under source and drain be ing approx imately 300  
nanome ters . The surfa�0 c��centration of  the  s ource  and drain 
reg ions is about 1 0  cm • The effec t ive channe l l ength i s  
reduced by the later al subd iffusion to about 0 . 6  micr ometers . 
The sha l l ow channe l imp lantation for threshold tailoring c an be 
s een in F igs . 4 . 1-3 , 4 . 1 -4 .  Additionaly ,  F ig .  4 . 1 -4 shows the 
deep implant ation for punch through suppres s i on .  The threshold 
voltage is only marginal ly affected by the deep imp l antation .  
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0 �m 
F ig .  4 . 1 -3 :  Doping pro file  for device  2 

Fig . 4 . 1 - 5  shows the d i s tr ibution of  the e lec tric  potent ial 
for the firs t device . The drain c ontac t is  on the r igh t .  In the 
depletion region of the reverse b iased drain-bulk diode the 
potent ial decreases  monotonously and it is more or l e s s  c onstant 
in the highly doped s ource and drain regions . The barr ier at the 
source channe l d i ode is  re latively small  / 1 68 / .  F ig .  4 . 1-6 shows 
the potential d is tribution in the second device . The b ird s-eye­
view plot  looks very s imil ar to the plot  in F ig .  4 . 1 - 5 . 
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0 �m 
F ig .  4 . 1 -4 :  Doping pro f i l e  f or device 3 

The c ontour-p lot , however , shows qui te a pronounced 
potential basin direc t ly be l ow the inter face . Of even greater 
imp ortance than this  bas in its e l f  is  the s ad dlepoint below the 
basin. At this  sadd lepoint the elec tric field vanishes and 
current only c an f l ow by c arr ier d i f fusion .  This s ort  of s addle­
point is , f o l l owing the propos i t i on o f  many authors ( e . g .  / 1 2/ , 
/ 8 7 / ) ,  a typical ind icat ion of the punch-through effec t .  The 
el ec tr ic field  which is induced by the gate is unable to s eparate 
the dep le t ion reg i ons o f  s ource and drain . 

A Didac tic Examp l e  



- 42 -

io ,um 

S O U R C E  D R A I N  

0 . 0  
v, 

0 . 2  

0 . 4 
."' 

''"0' 
0 . 6  

Q . 8  0 

� 1 .  0 
v 

µ m  0 . 0  0 . 2 0 .  L. 0 . 6  0 . 8 1 .  0 µ m  
F ig .  4 . 1 -5 : E lec tric  potent ial  for device 1 

The s e  depletion regions are in c ontact b e l ow the region o f  
c ontr o l  by the gate . As i t  wil l  become apparent later , the 
s addlepoint is  a re l iab le ind ication of the punch-through e f fe c t ,  
but it  need not exis t .  
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F ig . 4 . 1 -6 : E lec tric  potential  for device 2 

F ig .  4 . 1-7 shows the potent ial d is tr ibut i on in the third 
device . The birds-eye-view p l o t  d if fers j u s t  margina l ly  from the 
p l o t  in F ig .  4 . 1 -6 .  But from the c ontour p lot one c an s ee a wel l  
pronounced  barr ier between s ource and channe l whi ch guarantees  
the " normal ly-off" b ehaviour . 
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F ig .  4 . 1 -7 : E lec tr ic potent ial  f or device 3 
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Fig .  4 . 1 -8 shows the latera l current dens i ty di s tr ibution in 
the first device . For better vi s ibi li ty ,  the p lot on the right 
shows the mirror image to give better ins igh t  into the channe l 
region . In the channe l near the source  the current i s  for ced to 
flow at the surface by the transver s al c omponent of the field . 

A 
c m '  
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to µm 

Fig . 4 . 1 -8 : Lateral current dens ity for device 1 

But already in the midd le  of  the channe l one can watch 
current spreading caus ed by the drain influence , a typical short 
channe 1 effec t .  

I t  also  should be  noted that the current channe l is  fairly 
wide . The reason for this phenomenon is to be  found in a super­
pos i t i on of an invers i on channe l and a punch through channe l .  
The maximum of the lateral current dens i ty surpr is ingly l ie s  
be low the c ontac t s . This  fac t bec omes c lear when we cons ider 
current c ont inui ty . Current c an only pass  through the c ontac t in 
transver s al direc t i on .  Current flow in the s emiconduc tor , 
however , takes p lace g lob ally in the lateral direc tion from 
s ource to dra in .  As current fl ow is c ont inuous , the lateral  
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current component ha s to be large be low the contac ts , because the 
flux in the channel ,  which is relatively wide , as mentioned , is 
large too . 

The lateral  current di stribu tion for the second device is 
shown in Fig .  4 . 1-9 . As one can s ee ,  this device i s  operat ing in 
the punch through mode . The current flow takes p lace in a wide 
channel in the bulk .  Sur face current does  effec tively not exis t .  
Furthermore , the maximum of  the current density has dec reas ed 
more than an order o f  magnitude comp ared to the fir s t  device . 

F ig . 4 . 1 - 1 0  shows the latera l current den s i ty di stribution 
for the third device . The s ec ond channe l imp lantation re su l ts in 
a total  suppre s s i on of  punch through in this operat ing point . 
The entire current f l ows at the s emic onduc tor sur face , but the 
peak value of the current density is about a fac tor of 200 
smal ler than in the s e c ond device . 
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F ig .  4 . 1 -9 : Lateral current density for device 2 
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F ig .  4 . 1 - 1 0 : Lateral current density for device  3 

--s 

Current dens ity d i s tr ibutions of  this  shape are typical for 
regu lar ly operat ing tran s i s tors in sub thre shold and c an be u s ed 
as cri terion for valuation .  

Fig . 4 . 1 - 1 1  shows the sub threshold  charac ter i s t i c s  for two 
d if ferent drain vol tage s . The s o l id l ines denote  l OOmV , the 
dashed line s 3V drain b ias . The s lope is the s ame for a l l  three 
devices at a drain voltage of l OOmV .  I t  is  dramatically 
decreas ed at  3V drain bias for devic e s  1 and 2 by the punch 
through current . The shift  of the charac ter is t i c s  for d i fferent 
drain vol tage s , whi ch is cau s ed by the short channe l e f fec t , is a 
minimum for the third transis tor thus ver ifying the suc ce s s  of  
the channe l implanta t i on s teps . 
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4 . 2  Process  Sens i t ivity 

VLS I is evident ly c onnec ted to the miniaturization of the 
s ingle transistor .  Mere ly shr inking the phys ical  device 
d imensions usual ly pos e s  s er ious problems concerning device 
behaviour . Ins tead , all device  parame ters have to be scaled 
( e . g .  /43 / , / 99 / )  together with the device geometry acc ord ing to 
certain rules . In general , lower vol tages , heavier doping , 
sha l l ower junc tions and thinner oxides he lp to maintain 
app licable device charac ter i s t ic s  as channe l length i s  reduced . 

Down to about two mic rons channe l length the device 
behaviour can be c ontro l l ed exc e l lent ly by the relevant 
techno logical  s teps ( imp lant ation ,  d i ffus ion ,  oxidat ion , 
photo l i thography ) .  However , a s  often observed in experimental 
inves t igat i ons , this contro labi l i ty is  no longer ensured for 
devices  with further reduced channel  length . Reproducab i l i ty 
tend s to become wors e  with dec reas ing s ize , pos ing increas ing ly 
s evere prob lems on tracking down the parameters of adj acent 
trans i s tors , which should behave ident ically for certain kinds o f  
c ircui ts  ( e . g .  latche s ) . 

To ver ify the increa s ed proce s s  sens i t iv ity o f  scalI� 
dev ices , we per formed an ana lys is of  certain device  parameters 
with MINIMOS / 1 3 7 / .  In this chapter the s ens i t ivity of  the 
thre sho l� ) vol tage , wh ich is usua l ly the mos t  important  device 
property  for the de s igner , wi l l  be out l ined for a we l l  
e s tab lished short channe l MOS proce s s  t o  determine the prac t ical  
l imit o f  miniaturization f or a g iven techno logy . However , the 
analy s is of threshold s ens i t ivity is just  an examp l e  for a 
s trategy wh ich is  app l icable  to examine the sen s i t ivity o f  any 
device property . 

An n-channe l s i l i c on gate proce s s  with ars enic  source/drain 
doping and a doub le channe l imp lantation for threshold tai lor ing 
and punch-through supre s s i on has  been chosen . F ig .  4 . 2-1  shows 
the doping d i s tr ibution logar ithmica lly drawn in a 
quasi-three-d imensiona l p lot  for a one mic ron trans i s tor . The 
channe l imprfnt�zion is per formed with boron as the d opant , a 
dose  o f  3 . 1 0 cm a£i ag2energy of 35keV for the sha l l ow layer 
and a dos e  of 10 cm and an energy of 1 60keV for the deeper 
layer . 

1 )  parameter = a var iabl e  which one can choose arb i trar i ly , e . g .  
L ,  W ,  T • 

2 )  propertyx
= a phy s ical  attr ibute wh ich is  influenced by choice  

o f  parameters , e . g .  UT , breakdown voltage , transc onduc tance . 

Proc e s s  S ens i t ivity 



E20 

E 1 8  

E 1 6  

E 1 4  

- 5 0  -

<0t. 0 
F ig . 4 . 2- 1 : Dop ing profile  o f  the ana lvzed device s  

A junc t ion depth o f  3 20nm and a lateral d i f fusion o f  about 
200nm is obtained by this  proce s s . The extreme ly s teep gradient 
at the j unc tions i s  typ ic a l  for arsenic . The oxide thickne s s  -
the oxide is  not drawn in the s e  figures  - is  about 50nm for thes e  
devices .  The whole  proce s s  was des igned f o r  two micron lateral 
d imens ion .  
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For an ana lys is of  the behaviour of  the threshold vo l tage 
one first has to formulate an adequate de fini t ion of the 
thre sho ld vol tage . The mos t c ommon de finit ions are based on the 
ex trapolation of an output charac ter i s t ic . However , one drawback 
of extrapolation method s lies  in the ir inaccuracy and in the 
exper imental effort . Mainly owing to these  mentioned reasons we 
de fine thre shold vo l tage in the following s imp le and de finite 
way : It is  that app lied gate vol tage , at wh ich the device s inks 
0 . 1  microamp s times the channe l width per channe l length . The 
channel length is de fined as the distance be tween the 
metal lurgical j unc tions . Wi th this de finit ion it is  ensured that 
no thresho ld vol tage shift versus channe l length for long devices 
occurs and we can , there fore , direc t ly obtain a quan t i tative 
measure for the influence of the short channel effec ts . It is 
probably nec e s s ary at this point to  ment ion that drain bias and 
bulk bias are not exp l icit p arame ters in our definition of  the 
thre sho ld vo l tag e .  The dependenc e on thos e  parameters h a s  to  be 
obtained by certain charac ter i s t ic s , name ly : threshold voltage 
versus  dra in bias , thre shold vol tage ver sus bu lk b ias . Our 
de finit ion is naturally arb i trary as arb itrary as any 
de finition so one migh t have to argue about the quant itative 
va lue of the used c ons tant ( O . ljlA) . For devices  with a s teep 
subthreshold charac ter is t ic , and only such devices are of  
prac tical  re levance , we think that  the c onstant we use  is  quite 
suitab l e .  For devices with a degraded subthreshold 
charac ter istic any de finition of a sub thre sho ld charac ter i s t ic 
become s meaningles s .  
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F ig .  4 . 2-2 shows the thre sho ld vol tage versus channe l length 
for our device s .  An operating po int of  3V drain b ias and -2V 
bu lk b ias ha s been cho s en for the compar ison of  di fferent channe l 
l engths . To avo id c onfusion ,  all  the following figures wil l  al so  
re fer to  this opera ting point . Fig .  4 . 2-2 re f lec ts  the we l l  
known decrease o f  the thre shold vol tage with shrinking device 
length , which bec omes dramatic  at a l ength o f  below one micron . 

Usually in papers on short channe l MOS transis tors a 
c ompar ison between theoretical  curves and se lec ted exper imental 
re sults  is given . Some of them report on s ta t i s t ical  
mea surements ( e . g .  /42/ ) ,  bu t only one paper / 1 84/ , to  our 
knowledge , de als exp l ic i t ly with the s ensitivity o f  an e lec tr ical 
property , namely the thre shold vol tage . However , with respec t to  
the  inherent dependence o f  mos t  propert ies on the  d ispers ion of  
geometry and techno logy , i t  s eems to  be  a rea l nece s s ity to 
analyse and pres ent these  dependences direc t ly .  There fore we 
carr ied out numer ical inves t igat ions to extrac t the mos t  
imp ortant s ens itivit ies . A two d imensional s imulation program 
l ike MINIMOS is exce l lent ly sui ted for numerical  invest igat ion o f  
the s ensit ivity o f  device properties  to  dispers i on o f  des ign and 
proce ss parameters . Firs t , the phys ical mode l parameters o f  the 
c ompu ter program have to be mat ched to those c orre sponding to 
measured charac ter is t ic s , i . e .  the program has to be 
" c al ibrated" . This  procedure ha s to  be done with non cri t ical  
transis tors with re latively l ong channe l s  becau s e  the measured 
charac ter istics  should deviate  only minimally with inaccurac ie s 
in geometry and in ·techno logy .  Th is "ca libration"  procedure 
should certainly be done for every techno logy which is to be 
ana lyzed numer ically as the formulae which are used in a 
s imulation program f or mode l ing the phys ical parame ters ( e . g .  
mobility )  are part ly heuris t ic . A few " constant s "  o f  those  
f ormulae have to be fi t ted if  total  agreement o f  s imulation and 
mea surement is de s ired . I t  is certainly absurd , and phys ically  
inva l id , to change the  phys ical  model  parameters when s imulat ing 
transis tors with just  different channe l lenghts  ( for examp l e )  
because  a l l  e ffec ts  due t o  changes in the channel length are 
princ ipally inc luded in the s truc ture o f  the fundamental 
s emic onduc tor equations and not in their parameters . 

To obtain a s ens i t ivity by c ompu ter s imulat ion ,  one has to  
vary the intere s t ing p aramet er ( e . g .  channel length ) in  the 
vic inity of its nomina l va lue and then d i fferent iate after the 
re sul ts  ( e . g .  threshold vol tage ) . This  parame ter var iati on mus t  
certa inly b e  done within a smal l  range becau s e  the val idity of  
l inear ization on wh ich the who le s trategy is based has to  be  
ensured . On the other hand , it  is nec e s s ary to have a 
suffic ient ly large range o f  parame ter var iation to  avo id 
canc e l lat ion errors at the ( numer ical ) different iat ion . 
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Th is parameter var iat ion within a small  range canno t , in 
general , be per formed exper imentally .  A minute change of  a 
proce ss  parameter wh ich is reproducable piles  up tremendous 
fabr ication prob lems or inherent cost s . However , with a fas t  
model ing program the part ial der ivat ive o f  any elec trical  
property with re spec t to any technological or  geometrical  
parameter can be calcu lated eas ily with the out l ined s trategy . 
Thus numer ical inve s t igations are ideally sui ted for the 
p er formance of s ensi t ivity analys is . 
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F ig .  4 . 2-3 : S en s i t ivity on channel  l ength t o lerance s  

F ig .  4 . 2-3 shows the par t ial  der ivative of  the threshold 
vol tage with regard to  the channe l l ength versus channe l length 
f or our device s ;  that is , the sens i t ivity of  the threshold 
vol tage on tolerances o f  the channe l length . As sume a tran s i s tor 
with an effec tive channe l l ength of one micron accurate to  ten 
p ercent . With this  figure one c an read an uncertainty of  the 
threshold vol tage of +/-60mV . 

Fig . 4 . 2-4 shows the s ens i t ivity o f  the threshold  v o l tage t o  
the deviat ion o f  the oxide thickne s s . A s  one probab ly h a s  not 
expec ted at firs t  g lance this  s ensitivity decreas e s  for device s  
with short channe l s .  This  i s  due to  the decreas ing inf luence o f  
the bulk charge with shr inking channel l engths . Note that this  
figure is qualitatively very s imil ar to the figure showing the 
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thre sho ld vol tage versus channe l length ( Fig .  4 . 2-2 ) . This fac t 
can be unders tood ana lytically  by reca l l ing the s imp le formula 
for the thre sho ld vol tage : 

c ox 

OUT/8T ox 

UT 

(without  short-channe l  effec t )  

= 

-

. 

t ox1Tox 

- ( Qf +Qb ) /t s ox 

(8UT/8T ) • T + c onst  . OX OX 

With an uncertainty o f  5 %  o f  the oxide thickne s s , one has an 
uncertainty o f  about +/-40mV for a 5 mic ron device  and not even 
ha lf this va lue for a 1 mic ron device .  However , one should not 

reve l in this fac t .  The dec rea se  o f  the s en s i tivity results  
from the  decrease of  the  c ontr o l lab i lity of  the  trans is tor by the 
gate . 
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F ig .  4 . 2-4 : Sen s i t ivity on oxide thicknes s  t o lerances  
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F ig .  4 . 2-6 : S ens i t ivity on drain b ias  var iat i on 
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F ig .  4 . 2-5 shows the sensitivity of UT on j unc t ion depth 
to lerances  versus channe l length . A one micron device with an 
uncertainty of 10%  in the junc tion depth , thus has an uncertainty 
of about -/+40mV of the threshold vol tage . The under lying 
phys ical  cause  of this sensi t ivity is the reduc t ion of the 
channe l charge by the dep let ion regions of source  and drain ( c f .  
/ 1 68 / ) . 

Fig . 4 . 2-6 shows the s ensitivity of UT on drain bias 
var iation .  A 300mV change , that is  10%  of the appl ied b ias , 
re sul ts in about · 30mV change of  the thre sho ld  vol tage for this 
operating point . Again the modulat ion of the dep let ion region of 
the drain is the re l evant phy s ical  effec t .  At fir s t  glance it 
s eems to be easy to measure this par ticular s ens i t iv�ty in even a 
minimal ly equipped laboratory . However , in case  o f  short channe l 
devices just  the nominal  values of the proc e s s  and geometry 
parameters are known for an ind ividual device . The d i spers ion of 
these  parameters would  merely a l l ow to extrac t bars by 
s tatist ical measurements  which again wil l  make the analys is 
expens ive and t ime c onsuming . 

F ig .  4 . 2-7 shows the sensitivity of UT on bulk bias 
var iation .  A 200mV change , that is  again 10% , re sult s  in a 
thre sho ld  shift  of about l lmV ,  which is usua l ly not dramatic . 
( For the prac t ical  prob lem ,  however , one has to deal  with a sum 
o f  a l l  uncertaint ies . There fore this influence may a l so become 
important . )  An intere s ting detail  of this figure i s  the fac t 
that the sens itivity dec rea ses  firs t  with shrinking channe l 
l ength and at a certain l ength begins to increase  rap idly .  This  
behaviour is cau sed by a superpos i t ion of the short channe l 
e ffec t ,  wh ich decreases  this  part icu lar s ens i t ivi ty , and the 
punch-through effec t ,  whi ch increases  the s ens i t ivity . For long 
channe l devices it is  fai r ly s imp le  to e s t imate  this s ens i t ivity 
ana lytica l l y :  

with : 

- 1 / C  ·3Qb/8UB ox 

Q = q • ( N • y  + Dose )  b b c 

For the part ial  der ivat ive only ye has to be c ons idered : 

8uT/3uB = - ( T  / y  ) · Ct . /[ ) OX C S i  OX 

Wi th a va lue o f  about two mic rometer for y one obtains a 
s en s i t ivity of approximate ly -7 . 5  percent which i s c c onfirmed by 
the more exac t two-dimens i onal ca lculat ions . 

Proce s s  Sensitivity 



- 2  

- L.  

- 6  

a UT - s  
a us O/o 

-10 

Fig . 4 . 2-7 : 

30 
a U T  

a Dose 
mV 

1010cm-2 

2 0 

10 

- 5 7  -

2 3 

Uo=  3V 
U B=-2V 

Sensi t ivity on bu lk b ias var iat i on 

Uo= 3V  
Us =-2 V  
Dose =3·1011 cm-2 

5 

F ig .  4 . 2-8 : Sens i t ivity on implantati on dos e to lerances  
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Fig .  4 . 2 -8 shows the sensitivity of  UT on uncertainties o f  
the implantat ion dos e . Qualitatively the superpos i t ion o f  the 
short channe l effec t and the punch-through effect  is again 
apparent . The ab solute value of this part icular s ens itivity is 
low due to the fac t that  the deplet ion region below the channe l 
covers the whole implanted region at this operating point . An 
ana lytical est imate for the long channel trans is tor can be 
ob tained in a s traigh t forward way for th is s ens i t ivity :  

8uT/8Dose = -1/C  ·8Qb /8Dose OX 

= q/C  = 23 mV/ l o 1 0cm-2 
O X  

F ig .  4 . 2-9 shows the temperature coeff ic ient of the 
thre sho ld vol tage for our device s .  We have , qua l i tatively , a 
s imilar behaviour to that already discus s ed , name ly the 
superpos it ion of short channe l effec t and punch through . The 
absolute value is around - lmV/K .  The qualitat ive behaviour as  
we l l  as the absolute va lue o f  this sens i t ivity have been verified 
by fairly complicated exper iments / 1 59 / .  

a UT  
a r  
mV 
K 

- 0, 5 

- 1,0 

- 1, 5 

- 2 , 0  

Uo = 3V  
UB =-2V 
T = 300 K  

F ig .  4 . 2-9 : S en s i t ivity on temperature variat ion 
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The partial  der ivative s denote iso lated sens i t ivit ies on a 
certain set  o f  parameters . These values  show wh ich parameters 
are the mos t cr it ical  one s .  However , in add i t ion , a global 
sens itivity number indicating the cumulat ive effect of the 
iso lated sens i t iv i t ies is  useful . The global sens i t ivity is 
re lated to a certain technology and its expec ted app l ication .  I t  
should ind icate the l imi t o f  channe l length reduc t ion .  T o  obtain 
such a global number typical ranges of deviation of de s ign 
parameters have to be s pec ified . The table in F ig .  4 . 2- 1 0  is an 
examp le for such a spec ification .  In this  examp le a rather small  
va lue of the abs o lute uncertainty of  the channe l length ( l OOnm) 
has been chos en . For l ong devices this  value is  unrea l i s t ic , but 
in cons iderat i on o f  a one micrometer techno logy l OOnm absolute 
uncertainty represents 10 percent relative di spers ion ,  which is 
relative ly large . The to lerance s  of the remaining parameters in 
F ig .  4 . 2- 1 0  , however , repres ent a good laboratory s t andard . 

Parameter x DX % 

L l OOnm 

TOX SO nm 2 . Snm 5 

RJ 320nm 32nm 1 0  

UD 3V 1 50mV 5 

UB -2V l OOmV 5 

AKEV 35keV 0 . 7keV 2 

DOSE 3 . l o 1 1 cm-2  9 -2  
6 . 1 0 cm 2 

F ig .  4 . 2- 1 0 : De s ired proce s s  and operat ing toler ances 
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F ig .  4 . 2- 1 1 :  Reproducab i lity of  the analyzed devices 

F ig .  4 . 2-1 1 shows the global thre shold vo l tage sens itivity 
based on the spec ifications of F ig .  4 . 2- 1 0 .  aD denotes  the 
uncertainty of the threshold vol tage for ident ic al  device s on the 
s ame ch ip . D s tand s for device . This  s ens i t ivity  is given by 
just  the l ength influence , as the other parame t ers  are commonly 
very homogeneous ac ross  one chip . a , W s t ands  for wafer , 
denotes the uncertainty for ident ica¥ device s  on wafers , which 
have been fabr icated with d i fferent char ge s . Here one has to use  
a Euc l idian norm over all  deviations . Note that this value is 
high ly cons tant down to a certain channe l length , but then 
inc rease s  dramatically .  The channel l ength at which the 
exce l l ent ly pronounced knee is located , 1 . 4  microns for our 
device s , can ,  therefore , be interpreted as the prac t ical  l imit of  
channe l length reduc tion due to thre shold  uncertainty . 
Nevertheless  should it  be  noted that the data in F ig .  4 . 2-10  are 
to be unders tood as an example  which is mainly of importance for 
our t echno logy . 
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4 . 3  Breakdown Phenomena 

To inc rea s e  the number o f  func tiona l units  per chip , it is 
nece ssary to decrease  the size of  the devices ( e . g .  channe l 
length and channe l width for MOS transi stors ) .  As the 
per formance o f  a device depend s s trong ly on its  geometry , any 
reduc tion requires cer tain de sign rules  ( c . f .  /43/  for MOS 
devices ) .  However , in recent years  devices have been 
miniaturized without reduc tion of supp ly vol tage , mainly to s tay 
compatib le with ex isting circuits and to maintain an acceptab le 
signa l to no ise  ra t i o .  Unfortunately  problems wi th punch through 
and avalanche breakdown ar ise from the reduc t i on o f  s ize . Punch 
through can be c ontrolled re lative ly we l l  by techno logical s teps 
as already ou t l ined in the las t  chapter for an MOS trans is tor . 
But there exi s t s  an inc rea sing demand for a transparent 
des cription of the physical  proce s s e s  which lead to avalanche 
breakdown . 

Avalanche prob lems have so far been treated / 8 6 / , / 1 65 /  in 
the fol lowing manner : First  Pois son ' s  equation is solved to 
obtain a solution for the e lec tr ical potent ial d i s tr ibu tion and 
then the ionization integral is evaluated by integrat ing the 
s trong ly field  dependent ionization c oe ffic ients  over the high 
field region .  As result multiplicat ion fac tors are obtained 
which de s cribe the increa se of current due to avalanche . S ince 
the carrier dens i t ies  need not be c al culated , this method seems 
to be very e ffic ient in ca lcu lat ing breakdown vol tages . However , 
any feedback o f  the inc rease in c arr ier dens i t ie s  on the elec­
tr ical field is , there fore , neg lec ted . A more s er ious treatment 
requires the s o lution of both c arr ier c ont inuity equations with 
proper mode l ing of the generation term / 1 33 / ,  / 1 35 / .  

In this s e c t ion calculat i ons  for a one micron gate length 
n-channe l MOS transis tor are pre sented . The lateral subdiffus ion 
and the j unc t i on depth of the source  and drain regions are 0 . 2  
and 0 . 3  Pm , respec tively . A deep channe l imp lantat ion with 
fair ly high dose  was supposed to have been per formed to suppre s s  
punch-through . 

Fig . 4 . 3 - 1  shows calculated drain and bulk currents  versus 
drain vo l tage for tha t transis tor . For UGs= lV breakdown is  
reached at UD8= 5 . 6V wherea s 8 . 4  Vol ts are nec e s s ary to lead the 
device into b reakdown if no gate voltage is applied . On first  
g lance that s eems to be paradox , i f  one c ons i ders that UG8= 0V 
c ertainly c auses  larger peak value s o f  the e lectric f ield . The 
exp lanation o f  this phenomenon lies  in the l ow current level . 
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Al though the probability  of  ionizat ion is larger for UG8=0V 
than for UG8=1V , the generation rate s t i l l  remains small  as there 
is  l i t t le  current f l ow caus ing ionization .  With inc reas ing drain 
vo l tage the drain current and c onsequent ly  avalanche generat ion 
as  we l l  as hole  dens ity inc rease .  This  add i t i onal space charge 
even lowers  the potent ial barr ier between source and bulk .  Now 
an internal feedback  mechan ism exi s ts which ac t s  as fol lows : 
Becau s e  o f  the lower potent ial barr ier the elec tron current 
inj ec ted by s ource , and c ons equent ly , the avalanche generat ion 
inc rease . Thus the ho le  density r is e s  even more and , in turn , 
further l owers the p otent ial b arr ier . Once the feedback gain 
becomes unity the node currents r is e  unl imi ted unles s  contro l led  
by  external re s i s tors in  the  current path s . Furthermore , owing 
to the higher current leve l ,  the s i tuat i on now becomes more and 
more s imilar to the s ituation at larger gate vol tage s . The I -V 
charac ter is t ic , there fore , has to move towards  the UG8= 1V 
charac t er is t i c  and the drain voltage decreases  with increas ing 
dra in current . This effec t implie s  negat ive resis tance and i s  
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usually  ca l led "snap-back" . The vol t age drop of the hole current 
at the parasi tic  re s i s tor of the deep bulk also lowers the 
potential  barr ier and thus  enhances  the feedback gain . 

App lying a negat ive bulk vol tage 
difficu l t  al though it increa ses  the 
reason for this  l ies  in the hole dens i ty 
app lying a more negat ive bulk b ias wh ich 

renders breakdown 
bu lk current level . 
wh ich is dec reased 
attrac ts  the ho les . 

F i g .  4 . 3-2  Concentrat i on o f  e l ec trons ( UG8=0V , UD8=8V ) 

more 
The 

by  

There exi s ts an additional feedback mechani sm apart from the 
one just  ment i oned : The carr iers generated by ionization cause  
again i onizat ion . This e ffec t leads to an "avalanche- l ike " 
inc rease  o f  both carr ier dens i t ies , and determines the breakdown 
vol tage of  a p-n j unc tion .  The feedback depends on the 
ion iz ation abi l i t y  of both carr ier types and is of l i t t le 
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ca se . For MOS transi s tors the mechanism 
much s tronger and is ac t ive with even 

ab ility of ho les . 

In the fol lowing we should l ike to discuss  internal phys ical 
quantitie s  at UGs=OV , U =8V , and U =2V U =5 . 6V .  These  . . h b DS GS . 1 DS 1 h . 1 operating points ave een chosen to exp lain c ear y t e phys ica 
phenomena which eventual ly lead to the snap back effec t .  The 
compu ted drain currents  are about 20PA and 1 5mA ,  respec tively . 
S ince the UG8=2V charac ter is t ic was out of l ocus bound s , it is  
not  drawn in F ig .  4 . 3- 1 . 

F ig .  4 . 3-3  Concentration o f  e l ec trons ( UGs=2V , Uns=5 . 6V )  

F ig .  4 . 3-2  and F ig .  4 . 3-3 show the e lec tron d istr ibution for 
both operat ing p o ints in a logar i thmic s cale . At the first  
operat ing point , Fig . 4 . 3-2 , the  tran s i s tor is  turned off ;  there 
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is no inver s i on layer between the source  and drain regions which 
can be found , as expec ted , in F ig .  4 . 3-3  at the s ec ond operat ing 
point . I t  should be noted that in F ig .  4 . 3-3 the e lec tron 
dens ity does not drop below the intrins ic number in c ontras t  to 
Fig . 4 . 3 -2 .  The reason for this  is  source barrier lower ing 
brought about by the inc reased hole  dens i ty . 

The corres pond ing hole dens it ie s  are given in F ig .  4 . 3 -4 and 
F ig .  4 . 3-5 , re spec tively . One should bear in mind that all  the 
ho les  ou ts ide the und is turbed bu lk region are generated by impac t 
ionization .  In agreement with the e lec tron densitie s  the hole  
dens i ty  is a l so much larger for UGS=2V .  The large hole  densi ty 
near the source  partially  c ompens ates  the acceptor doping . Thus 
the potent ial  barr ier at the source i s  lowered and h igh e lec tron 
inj ect ion from the source region ensue s .  

F ig .  4 . 3 -4 Concentra t i on o f  holes  ( UG8=0V ,  UD8=8V ) 
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F ig .  4 . 3 -5 Concentrat i on o f  ho les  ( UG8=2V , UD8=5 . 6V )  

Looking a t  F ig .  4 . 3- 1  again , we find that the negat ive 
re s i s tance branch of the UG8= 0V charac ter i s t ic for large current 
l eve l s  lead s into a vert ical  s lope , i . e .  the decrease of UDS i s  
s topped . The c orresponding drain vo l tage is  cal l ed " sustain 
vol tag e " ; it  inc reases  weakly with inc rea s ing UGS because  a large 
gate b ias smoothe s the e l ec tr i c  field  d i s tribution thus lower ing 
it s  peak value . The exis tence o f  a near ly unique sustain vol tage 
c an be exp lained by heavy recomb ination as demons trated in / 1 34/ . 
A good many intere s t ing re sults c oncerning avalanche breakdown 
phenomena have been pub l ished in / 3 3 / , / 5 7 / , / 8 6 / , / 1 14/ , / 13 3 / . 
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4 . 4  A S imp le n-MOS Inverter with Dep l e t ion Load 

S imp le inverters are eminently  important for the des ign of  
an integrated logic  c ircuit . They cons i s t  of  a dr iver transi s tor 
and a l oad wh ich is usually another transis tor as these  device s 
can be fabr icated more ea si ly  than re s is tors . The dr iver 
tran s i s tor should be norma l ly o f f  in order to turn it off  eas ily . 
With the inpu t vol tage logical ly high ,  thi s  device should turn on 
and should exhibit high conduc t ivity between source and drain ; 
the vol tage drop ac ros s  th is  transi s tor wil l , there fore , be smal l  
and the output vol tage will  be  very l ow .  The load transis tor has 
to comb ine two feature s : when the dr iver transis tor is turned on , 
near ly the total vol tage shou ld drop across  the load and the 
current mus t  be moderate . On the other hand , when the dr iver 
tran s i s tor is turned o ff ,  i t  should be ab le to supp ly the output  
without a s ignificant vol tage drop . These  features can be  
achieved by a depletion ( normal ly on ) transis tor with a smal ler 
channe l width than the dr iver trans i s tor . 

ucc 

u o  

i UI 

f u s 

F ig .  4 . 4-1 : A s imp l e  n-MOS inverter 

F ig .  4 . 4-1 shows a typ ical  n-MOS inver ter with depl e t ion 
l oad . In  the fol lowing we sha l l  analyze a dep letion trans i s tor 
wh ich can be used as depletion l oad device  toge ther with device  3 
o f  chapter 4 .  1 .  
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To rea lize a dep letion transis tor , donor impurities  have to 
be imp lanted into the channel .  With th is technique a conduc t ing 
channe l between source and dra in is created . However , i f  the 
dose and depth of  the imp l antat ion are moderate , the device can 
s t i l l  be control led via the gate vo l tage . In this  way the 
threshold vol tage can be shif ted towards a negat ive value . 

F ig . 4 . 4-2 shows the dop ing pro file  of  the load device 
ind icat ing the shal low imp lantation at the sur face of the 
channe l .  The implant ation has been carr ied out with Ant imony , a 
dose  of  lo l2cm-2 , and an energy o f  1 80 keV . The other device 
data are ident ical with the third transi s tor o f  chapter 4 . 1 .  The 
sha l l ow- Boron imp lantation ,  however , has been omitted . 

E 1 9  

E 1 8  

E 1 7  

E 1 6  

0 
�m 

F ig .  4 . 4-2 : Doping pro fi le  of dep let ion trans i s tor 
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To get a more pr inc ipal under s t and ing of  dep letion-mode 
devices , some internal d i s tr ibut ions will  be discussed  for the 
s ame operat ing po int as ha s been chos en in chapter 4 . 1  ( UD=3V , 
UG=OV , UB=OV ) . 

S OU R C E  D R A I N  

0 . 2  

O . L. ·� 

0 . 6  0 

Q . 8  

1 . 0 .J....:....v�����"""T"""_,...___,.---.--�-...�---.;:,_-.--.-.....;;..,.--��_;;;:--___. 
µ m  0 . 0  0 . 2 O . L.  0 . 6  0 . 8  1 . 0 µ m  

F ig .  4 . 4-3 : Potent ial  d i s tr ibution in dep letion device  

The potent ial d i s tr ibu t i on is  given in F i g .  4 . 4-3 . No  
e ffec t ive barr ier between source and channe l can be  s een in  
c ontras t  to the  pic ture s of  chapter 4 . 1 .  A s ource-channel d iode 
doe s not exi s t  and the bui l t-in potent ial at the n+n junc t ion 
remains smal l .  

F ig .  4 . 4-4 shows the elec tron d i s tr ibu t ion in the load 
device . An e lec tron channel wi th i t s  maximum e lec tron dens i ty at  
a depth of  about  lOOnm can be s een . The onset  o f  p inch-of f  i s  
due t o  the fac t that donor channe l imp lantation was low enough to  
be ea s i l y  depleted . S imi l ar ly ,  the channe l could be depleted by 
a negat ive gate vol tage . 

In Fig . 4 . 4-5 the distr ibu t i on o f  the lateral  current 
densi ty is  pres ented . The channe l is  rather wide becaus e of the 
donor imp lant ation profil e ;  that can be also deduced from the 
e lec tron dens ity .  Thus the  l oad device is ab le to c onduc t much 
more current at the s ame peak current dens ity  than an enhancement 
device . I t  is also  to note that no indications  of punch-through 
ex i s t . 
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S OU R C E  D R A I N  
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F ig .  4 . 4-4 : E lec tron d is tr ibution in dep let ion device 
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F ig .  4 . 4-5 : Latera l current densi ty in dep let ion device  
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The trans fer func tion of an n-MOS inverter c ons i s t ing of  two 
transis tors - as just  dis cus s ed - has been calcu lated . The 
channe l width s for the enhancement and dep letion tran s i s tors have 
been cho s en to be 20  Pm and 2 . 5  Pm , respec t ively to  get  a proper 
B ratio / 7 2 / . Subs trate vol tage ha s been s e t  to -2 V to increase 
the thre sho ld vo l tage o f  the enhancement trans i s tor  and to 
enhance the s ignal to no ise  ratio . Fig . 4 . 4-6 shows the ou tput 
charac ter i s t ic of  the dr iver transi s tor in s o l id and the l oad 
charac ter i s t ic in dashed l ine s .  As drain and gate vol tages are 
ident ical for the load tran s i s t or and the threshold  vol tage is  
negat ive , this device alway s  operates in the  tr iode region .  In 
the given c ircu it  the l oad charac ter is t ic is l inear whi ch i s  due 
to the compens ation o f  sub s trate and drain vol tage influence on 
thre sho ld voltag e .  

The trans fer charac ter i s t ic i s  given i n  F ig .  4 . 4-7 . The 
l ow-level is 0 . 2  Vol t ,  the h igh leve l is  3 Vo l t  and i s  ident ical 
wi th the supp ly vol tage becau s e  the load transi s t or does not 
produce a vol tage drop without current f l ow.  The no i s e  marg in at 
the low- leve l is very low ( 0 . 2  Vol t )  which is  a we l l  known 
prob lem with miniatur ized logic  c ircui t s . The rea s on for this 
unfortunate  phenomenon is to f ind in the low thre sho ld  vol tage of 
the dr iver tran s i s tor .  The noise  marg in at the h igh-level  is  
1 . 3 6 Vo l ts and is  cer t a inly sufficient . Vol tage amp l if icat ion is  
-2 . 5  and should be acceptab le .  However , the  per formance of  the 
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inverter could de finite ly be improved by opt imiz ing the device 
parameters . Th is  o ffers a broad fie ld of app l ication for the 
pre sent mode 1 .  

I D  U G  l .O  mA 3.0 2 .0 V 
UB - - 2 V  1.5 

0. 8 

0 . 6  

O . L.  ' ' 1.0 
' ' 

0 . 2  0.8 

0 . 6  �==:::;:::====:;::::===::;:====::;:::====;:::::::::::....., uo  
1. 0 20 3.0 v 

F ig .  4 . 4-6 : Outpu t  charater ist ics o f  dr ive and load device 
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- - - - - - - -�-�-�-�-�---�� 
---- 1 . 36 ____ , U I 

2 .0  3 .0  v 
F ig .  4 . 4-7 : Trans fer charac ter i s t ic o f  n-MOS inverter 
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4 . 5 A CMOS Inverter 

In this chapter we sha l l  discuss  a s imu lation of  a CMOS 
inverter which is the bas ic cell  of  any integrated c ircuit in 
CMOS techno logy . O f  primary intere st  in thi s  techno logy are 
power c onsumption ,  propagation de lay and impac t ionizat ion , the 
latter mainly because of the d i s advantageous "Latch-Up" which i s  
induced b y  sub s trate current . The device data for the inverter 
which will be d i s cus sed here are summar ized in F ig .  4 . 5- 1 . 

r .  
LJ 

1 
we ff  

t G�f e 

Doping 

Dose 
Energy 

u,J 

n-channe l p-channe l 

0 . 36 0 . 36 
2 . 6 2 . 6  
2 . 2  2 . 2  
20 20 
30 30 
n-poly S i  p-poly S i  

p-we 1 1 1 5  2 . 4 · 10 
sub s n:ate  
6 · 1 0 

1 2channel imp lantation1 2  2 · 10 ( B )  1 . 3 • 10 ( As ) 
40 1 80 

nm 

-3 cm 

-3 cm 
keV 

F ig .  4 . 5- 1 : Proces s  data o f  CMOS devices  

U, 

para s i t i c  
thyr i s t or 

p - wel l  

n - su b s t r o t e  

F ig .  4 . 5-2 : The bas ic d iagram of  the inverter 

The bas i c  diagram o f  the CMOS Inverter and its princ ipal 
techno logic al rea li sation are given in F ig .  4 . 5-2 . Us ing the 
proce ss  data o f  F ig .  4 . 5-1 , thre sho ld  vol tage s o f  about l . 2V 
(n-channel trans i s tor )' and -l . 2V ( p-channe l tran s i s tor ) are 
ach ieved . As the se  value s are rather large , good s igna l -t o-noise  
behavior can be expec ted in c ontra s t  to the inverter d is cussed  in 
the previous chapter . 
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The outpu t d iagrams for both independent tran s is tors have 
been calculated within the range o< Uns< 5v for Dcs=2 , 3 ,  4 ,  and 5 
Vol ts and are given F ig .  4 . 5-3 .  Although the threshold vol tages 
o f  both transis tors are equal ( their abso lute values ) ,  the 
current in the n-channel trans is tor is much larger than in the 
p-channe l transis tor ( for given dra in and gate b ias ) which has to 
be contr ibu ted to the lower mob il ity of holes . The differenc e in 
the current va lue s is less pronounced f or high drain vo l tages 
because the s aturation velocities of both carrier types only 
d if fer s ligh t ly .  

1.0 

0.8 

<( 
E 

-

-9 

fl-· channel 
-1.0 

p-chonnel 

-0.8 

UGS •-5V 
UGS ::: LV 

<i -0.6 _§ 
F 

- O.• 

UG5dV 

-0.2 

u05 :;: 2v 

3 -1 -2 -3 _, 
u05 1 v  u051V 

Fig . 4 . 5-3 : Outpu t  d iagrams for both transistors 

-5 -6 

The output re s is tance in the p entode regime i s  very large , 
thus  demonstrating that both trans is tors exhibit  long channe l 
behavior wh ich is caus ed by the large channe l doping . The long­
channe l behavi or can al so  be seen in the potent ial distribution 
in F ig . 4 . 5 -4 for both trans is tors for a subthreshold case  
( Ucs=!0 . 5V ,  Uns=!5V ) . The sur face potent ial is  cons tant along 
the channel up to the pinch-o ff region . This  is a typical  
sub thresho ld b ehav i or o f  long channe l device s . The pinch-o f f  
region extends more towards  source i n  the depth than at  the 
sur face as the doping leve l dec reases  with inc reas ing distance 
from the sur face .  In the p-MOST the p inch-off  region is a l so  
more extended than in  the n-MOST which i s  due to the different 
doping leve l s . 
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F ig .  4 . 5 -4 : P ot ent ial d i s tr ibution 
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The tran s fer charac ter i s t i c  for the g iven transis tor pair 
has b een ca l cula ted and is shown in Fig . 4 . 5-5 . Because of 
d iff erent carr ier mobili tie s  in both trans istors  this  
charac t er is t ic i s  shif t ed by  about 90mV from the symme try- l ine . 
As exp ec ted

i 
no ise immunity is very good . Spec i fy ing ua

< 0 . 5V for 
the L-leve and Ua >4 . 5V for the H- leve l it  can be deauced from 
F ig .  4 . 5-5  that the se  leve l s  are obtained at Ue )2 . 5V and 
Ue( 2 . 22V , re s pec tively . Vol tage amp l ificat ion i s  very large in 
the ac tive reg i on ( vu=-50 ) because  both tran s i s tors operate in 
the p entode regime with very large outpu t  re s i s tance . 
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F ig .  4 . 5-5 : Trans fer charac ter i s t ic 

F ig .  4 . 5-6  shows the supp ly current as  func t ion of  the input 
vol tage . The very low s tand-by current i s  the main power of  the 
CMOS techno l ogy and ha s to be contribu ted to the excel lent 
sub threshold b ehavior of  the s imulated trans is tors . However , the 
bene fit  of l i t t le  power consump t ion can only be  uti l ized in the 
s tat ic or l ow-frequency operation as  para s i t ic capac itances have 
to be charged and dis charged dur ing any logic sweep . Another 
c omponent c ontr ibuting to inc reas ed power c onsumpt ion in the 
dynamic opera t i on is the current f lux through the trans is tors 
dur ing the change o f  the input vol tage . 
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F ig .  4 . 5-6 : Supp ly current versus  input vol tage 

Now let us e s t imate the propagat i on de lay for the chosen 
inverter . As our ana lysis  is  only s tatic , no exac t calculat ion 
can be presented here . However , the trans is tors are usual ly s o  
fast  that switch ing speed i s  determined mainly b y  para s i t ic 
capac i t ances rather than by the r is e  t ime s of  the node currents  
o f  the transis tors . So  let  us neg lect  any trans ient behavior o f  
the trans is tors thems elves . I f  w e  apply an ideal L-H vol tage 
j ump on inpu t ,  the p-channe l tran s i s tor is turned o f f  ins tant ly 
and can , there fore , be ignored ( c f .  F ig . 4 . 5-7 ) . The ua ( t )  
charac ter i s t ic i s  given by the integral equation 
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ft id ( t )  
= ua ( O )  - d t  

0 c;- ( 4 . 5 . 1 )  

The fall  t ime t f , de fined as the t ime after which the 
L- leve l at the output has been reached , can be found by numer ical 
integration of  the invers e  of the output charac ter is t ic for 
UGs=5� ( Fig . 4 . 5-5 ) . t f is propor t i ona l to the output 
capac itance and is t f=4 . 3ns for Ca=lpF . The de lay is larger for 
the L-H swing at the output becaus e  of the smal ler conduc t ance of 
the p-channe l transis tor ( tr=7 . 6ns ) . 

Fig . 4 . 5-7 : S imp l ificat ion f or e s t imation of  t f 

Figure 4 . 5-8 demons trates  the sub s trate currents  in both 
trans is tors ( p-we l l  current in the n-MOST ) as func tion o f  the 
input vol tag e .  For low input vol tage the n-MOST is turned o f f , 
the supp ly vol tage totally drops along this  transis tor and Dns 
van ishes f or the p-MOST . When the input vol tage i s  increased , 
the trans fer current r is e s  exponentially  ( sub threshold regime o f  
the n-channel  trans is tor) and the s ame app lies  t o  the p-we l l  
current . However , when the inpu t vol tage approache s  about 2 
Vol t s , the output vol tage , which i s  the drain-to-sourc e  voltage 
o f  the n-channe l device , and cons equent ly the p-wel l  current 
s tart to dec rease .  At about 2 . 4Vol t s  the output voltage drops 
rapidly and the p-channe l device now yields  sub s trate current and 
the p-we l l  current vanishes .  Inc reas ing the input vol tage 
further , the p-channe l final ly c omes into the sub threshold region 
( Ue )3 . 8V )  and the sub s trate current aga in decreases . The p-MOST 
exh ib it s  larger leakage current than the n-MOST as i t s  doping 
level  is  in general  smaller . However , a s  dark space phenomena 
/ 1 23/  are not accounted for in the mode l ,  the subs trate current 
l eve l may be c onsiderably smal ler than c omputed . 
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F ig . 4 . 5-8 : Subs trate currents 

F ig .  5 . 5-9 shows sub s tra te currents for a f ixed drain 
vol tage C Unsn=Usnp=5V ) . The se  opera t ing points are not part o f  
the trans fer charac ter i s t ic and c annot occur in the s teady s t a te 
ca s e . However , they may occur dur ing a logic sweep .  As ho les  
exhibit  le ss  ionization ac t ivity than e lec trons , subs trate 
currents in the p-MOST are smal ler by at least  one decade 
c ompared to the sub s trate currents  in the n-MOST . 
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F ig .  4 . 5-9 : Sub s trate current s for fixed drain vol tage 

Sub s trate current is important in CMOS techno logy as  it 
init iates current inj ec t i on f orm source into sub s trate . Thus  the 
paras i t i c  n+pnp+ thyris tor ( which cons i s t s  of n-MOST  s ource , 
p-we l l , n-sub s trate , and p-MOST source o f  a nearby inverter , c f .  
F ig .  4 . 5- 1 ) may b e  tr iggered . The s o  cal led " la t ch-up" may 
resul t in the burn out of  the ent ire c ircuit . Cr i t ic a l  value s o f  
the sub s trate current for tr igger ing the paras i t ic thyr is tor are 
abou t  l0-5A-l0-4A / 1 25 / .  Contac ts  to the the p-we l l  and the 
subs trate resul t in improved lat ch-up performance / 1 2 5 / . 
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5 .  CONCLUSION 

In this paper we tr ied to sketch the state  of the art in 
modeling MOS trans is tors with numerical  methods .  The underlying 
physics  has been d i s cu s s ed and the importance of increas ingly 
sophist icated numer ical methods ha s been br ie fly out l ined . I t  
became evident that only progre s s  in basic s emic onduc tor physics  
will  lead to the development of  models  wh ich are capab le of  
s imulating device behavi our more re l iab ly and which wi l l  match 
the technological  advance s  of  the recent device miniaturisat ion . 
One high ly important obj ec t ive o f  a model , i ts  ab i l i ty to predict  
the per formance of  a new device pr ior to  having built  the ac tual 
device , can only be reached if the phys ical parame ters  of the 
basic equations are analyzed even more thoroughly . Thi s  pos sib ly 
implies  a complete re-eva luation o f  some c onnnonly accepted 
assumptions and approximations and it  also s eems to  be the only 
way to get r id of the enormous amount of  f i tt ing parameters and 
the heur istic formulae which just  s imulate more or le s s  precis ely 
some c omplex phy s ical  phenomena . The inherent phys i c s  has to be 
analyzed very c ar e fu l ly before one can begin to synthe size a 
mode l which is ab le to s imulate rea l i ty better . The power of  a 
numer ical model  to predic t device b ehaviour has b een demons trated 
us ing our MOS-tran s i s t or s imulation program MINIMOS . 

have 
keep 

However , s t i l l  much e ffort in analysis  and s imulation wil l 
to be s pent to make device miniatur isation and integrat ion 

pace with the speed of  recent days . 
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