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The purpose o f device  modelling is  to o b ta in  the 

term inal c h a ra c te r ist ic s  o f  a device from i t s  p h y s ic a l  and 

process parameters# and geom etrical c o n fig u ra tio n . With the 

passage o f  tim e , the p hy sical structure o f  MOSFETs has be­

come very com plicated due to the  incorporation  o f  A dditio nal 

process steps to improve perform ance, and scalin g  of geometry 

to increase  density  o f  in te g r a t io n  and speed. For example, a 

channel im plantation  is  nowadays w idely  used in  short-channel 

MOSFETs to control the  thresh old  v o ltage , in crease  the  punch- 

through vo ltag e  and reduce subthreshold  c u rr e n t . A lso , w ith  

the shr in k in g  o f device  dim ensions, the  th resh o ld  voltages  o f  

MOSFETs have become dependent on the  device  geometry and the 

drain  b i a s .  These are some of the  reasons which have necessit­

ated the use o f  rigorous num erical techniq ues  to o btain  the  

device  c h a r a c t e r is t ic s  accu rately . But num erical models u su ally  

involve  enormous co nfutatio n  time and e f f o r t , and lack in  

p h y sica l  in s ig h t . For the  sim ulation  or a n a ly s is  o f L S I /V L S I  

c ir c u it s  in v o lv in g  several thousand t r a n s is t o r s , i t  is  rather  

inconvenient to use num erical models at the device level as 

i t  would make the  o v era ll  com putation too tim e consuming to be 

p r a c t ic a l . Hence, IC d e s ig n e rs  p re fe r  to use a n a ly t ic a l  or 

em pirical m odels, which are accurate enough for  the  p a r t ic u la r  

a p p lic a t io n  and at the same tim e com putationally  e f f i c i e n t ./ '

The p resent th e s is  reports  the work on some new a n a ly t ic a l  

models for  th e  threshold  and punchthrough vo ltag es  o f  small 

geometry MOSFETs with nonuniform ly doped channels .
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In Chapter 2 of th is  thesis# a review  o f  the  a n a ly ti­

cal models o f  threshold  v o ltag e , punchthrough vo ltage  and sub- 

threshold  current o f MOSFETs developed so fa r  i s  p re se n te d .

In  the  thresh old  voltage  models# a n a ly tic al  methods to deter­

mine the p o te n t ia l  and f i e l d  d is tr ib u t io n  in  th e  channel are 

requ ired . For this# one must o b ta in  the so lution  of P o is s o n 's  

equation in the channel under the  subthreshold co nditio n . In  

the case o f long-channel MOSFETs# a one- dim ensional solution 

i s  adequate# and a closed-form expression  for  threshold  volt­

age may be o btained  i f  the  channel is  homogeneously doped.

For short-channel MOSFETs w ith  uniform ly doped channels# 

two-dimensional solution  o f P o is s o n 's  equation  has been found 

a n a ly t ic a lly  under sp e c ific  boundary co n ditio n s  /~ 5 2 /5 3 _ 7 .

I t  is# however/ a d i f f i c u l t  task  to f in d  a n a ly t ic a l  solutions 

fo r  the p otential#  and o btain  a closedr-form expression  for  

the  th resh o ld  vo ltage  o f  MOSFETs w ith  im planted  channels/ 

even fo r  the  long-channel case . The im planted im purity  pro­

f i l e  in  the  channel may be approxim ated by the jiisplaced 

Gaussian  fu n c t io n . In the  case o f  boron im plantation / i t  is  

more p r e c is e ly  represented  by Pearson-IV type function  ^~ 98_/7 

which i s  much more com plicated  than the Gaussian  fu nctio n .

These fu nctio n s  are not in t e g r a b le  a n a ly t ic a lly  over a f i n i t e  

in t e r v a l / making the P o is s o n 's  equation  u n s o lv a b le . Some 

e ffo r ts  have therefo re  been made to o b ta in  a n a ly t ic a l  so lutio n s  

through s u ita b le  transform ations  of the  im planted  p r o f i l e s .  The 

most p o p u lar  is  the  step p r o f i l e  approxim ation 13-18_J7. But
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th is  transform ation  is  v a l id  o nly  for shallow  im plants w ith  

the peak concentration  very near the s il ic o n  surface  

In ad d it io n / one has to use a non-physical assunption  of a 

v irtu a l  charge-sheet in  the channel for  the conservation  of 

the channel dep letio n  width as w ell as the to ta l  charge in  

the  dep letio n  region  /|~*19,20_J7.

In our models/ the  a n a ly t ic a l  d i f f i c u l t y  to solve 

P o is s o n 's  equation  has been removed by the use o f  new analy­

t ic a l l y  in te g ra b le  functions  w hich  f i t  c lo sely  w ith  the 

Gaussian and the Pearson- IV  type d is t r ib u t io n s

/ “3 0 _ 7 .  The construction  of th ese  functions w i l l  be d iscu ssed  

in  d e t a il  in  Chapter 3 .  The proposed  sub stitu te  function  for  

the G aussian  i s  doubly in te g ra b le  over a f in i t e  in terv a l  and 

has  a c lo se  f i t  with the  Gaussian  function  over a reasona- 

able  range . The Pearson- IV d is t r ib u t io n  fu n c tio n  ap p licab le  

to boron io ns  as m o dified  in  SUPREM to inco rp o rate  the e f fe c t  

of channeling  has  been sim ulated  by co n stru ctin g  a function  

c o n s ist in g  o f exp onential terms/ which is  in te g ra b le  a n a ly ti­

c a lly  any number o f  t im es . The im portant fe atu re  o f  the  pro­

posed fu n ctio n  is  that i t  in v o lv e s  im plantation  dose and 

energy as i t s  param eters.

In  Chapter 4 ,  the  proposed  a n a ly t ic a l ly  in tegrab le  

fu nctio n s  have been used to f in d  closed  form expressions fo r  

the p o t e n t ia l  and e le c t r ic  f i e l d  in  the  channel from the 

so lutio n  o f  one- dim ensional P o is s o n 's  equation  u sing  the 

d e p le tio n  approxim ation  £ ~ 26t21 _J7. T h is  a n a ly s iL / however/
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y ie ld s  transcendental equations to be solved num erically  for 

o btain in g  the channel dep letio n  width of long-channel MOSFETs 

with im planted channels. In  order to derive  a fu l ly  a n a ly t ic a l  

model o f  thresh old  v o ltage , a stair- case type o f doping trans­

formation in  the channel has been proposed. In t h is  tran sfo r ­

m ation, the channel region  i s  d iv id e d  into  t h in  layers , and 

each layer i s  considered  to be uniform ly doped w ith  a concen­

tratio n  equal to the average o f  the  p a r t ic u la r  layer, which 

i s  easy to confute due to the in t e g r a b il it y  of the functions 

representing  the  doping p r o f i l e s .  Closed  form e g r e s s i o n s  

have been derived  for  the channel depletion  w idth , the deple­

t io n  layer charge , and the  th resh o ld  v o lta g e . The resu lts  

obtained  u s in g  our model for  Gaussian doped channels as w ell 

as Pearson- IV type boron in p lan ted  channels have been compared 

w ith  those  o b ta in ed  u s in g  num erical methods. In  both cases , a 

very good agreement is  o b ta in ed . The com putation time in  the 

proposed a n a ly t ic a l  model i s  at least  an order o f  magnitude 

less  than in  the num erical model.

In Chapter 5 , a n a ly t ic a l  models for  short-channel 

MOSFETs w ith  nonuniform ly doped channels based on the charge- 

sharing  techn iq u e  28_J7 as w ell  as the  more rigorous two- 

dim ensional so lution  o f  P o is s o n 's  equation  have been developed

The charge- sharing technique  was f i r s t  proposed by 

Yau ^f~4 2_J7 and la ter  im proved upon by Tay lo r  4 4 _ /7• I t  

i s  a s p e c ia l  geom etrical techn iq u e  o f  com puting the  th resh o ld  

voltage  o f  short-channel MOSFETs u s in g  the re s u lts  of
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one-dimensional solution  o f  P o is s o n 's  equation . In  the pro ­

posed model the charge-sharing technique  has been  ap p lied  to 

nonuniform ly doped channels described  by the  proposed  analy­

t ic a l ly  in te g rab le  fu nctio n s . Taking  into account the  d is ­

torted  shapes of the source and drain  junctio n  boundaries due 

to channel im plantation , the model i s  able to p redict  the 

anomalous p o s it iv e  threshold  voltage  sh ift  w ith  decreasing  

channel length  for heavy and deep channel im plants , f ir s t  

experim entally  observed by N ish id a  and Onodera <S 0_7  and 

analysed by Fu accuracy o f the  model has  been

e stab lish ed  by comparison w ith  experim ental r e s u lt s . More 

rigorous models based on two-dimensional so lutio n  o f  P o is s o n 's  

equation  have also  been developed . For a MOSFET  ̂ w ith  a 

Gaussian doped channel, whose peak concentration  i s  at the 

s il ic o n  su rfa c e , the two-dim ensional P o is s o n 's  equation has  

been solved  u s in g  the  in te g rab le  fu n ctio n  to represent the 

channel dop ing . The r e s u lt s  o b ta in ed  from the  model show good 

agreement w ith  experim ental d a ta . Work has also  been extended 

to develop a two-dimensional a n a ly t ic a l  model o f  th resh o ld  

voltage  o f  n-channel MOSFETs with boron irrplanted channels , 

where the  SUPREM sim ulated  channel doping p r o f i l e s  are 

represented  by the  proposed  in te g ra b le  fu n c t io n s . The main 

featu res  o f  the model are  (a) i t  i s  p u rely  a n a ly t ic a l  and 

th erefo re  com putationally  fa s t e r , (b) i t  accepts  im plantation  

param eters such as dose and energy as i t s  input v a r ia b le s  

rather  than  the im planted p r o f i l e  as in  other  two-dim ensional
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models ^"~64_J7/ and (c) it  considers  r e a l is t ic  source and 

drain  junctio ns  and channel doping p r o f ile s  w ithout ham pering 

the  a n a ly t ic a l  nature o f the so lutio n . Good agreement with  

experim ental resu lts  v a lid a te  the  proposed model.

A sim ple a n a ly tic a l  model for punchthrough voltage  o f  

short-channel MOSFETs with nonuniform ly doped channels is  

presented  i n  Chapter 6 . W ith the ra p id  shrin k in g  o f  MOSFET 

channel lengths* punchthrough e ffe c t  has  dom inated over aval­

anche breakdown in  co n tro llin g  the  maximum allow able  drain  

vo ltag e . Punchthrough occurs when the  e le c tr ic  f i e l d  due to 

drain  b ia s  s u f f ic ie n t ly  reduces the  p o te n tia l  b a rr ie r  at the 

source ju n c t io n . The proposed model is  a p p lic ab le  in  the sub­

th resh o ld  region  when the  gate b ia s  i s  more than the  flat- 

band v o lta g e . The model tak es  into  account the e ffe c ts  o f  

d iffe r e n t  doping  and device  param eters as w ell  as the  app lied  

b ia s  p o t e n t ia l s . The model uses n early  exact doping p r o f ile s  

represented  by the proposed in teg rab le  fu n c tio n s / instead  of 

the  step p r o f i l e /  which is  rather  in a cc u rate . Unlike a n a ly t ic a l  

models p resen ted  e a r l ie r  ^ 4 4 , 9 4 _J7, t h is  model co rrectly  

sim ulates the  e ffe c t  o f  sub strate  b ia s  on punchthrough v o lta g e . 

The r e s u lts  o btained  from the  model agree w ell  w ith  p u b lish e d  

experim ental d a ta . ^

Chapter 7 summarizes the  main r e s u lt s  o f  work re p o rte d  

i n  t h is  d is s e r t a t io n  and d isc u sse s  the scope fo r  future  w ork .

I t  may be concluded  th at  a system atic e ffo r t  has  been made to 

develop com putationally  sirrple a n a ly t ic a l  models o f  th r e s h o ld
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voltage  o f small geometry MOSFETs used in  L S l /V L S I  chips# 

In the beg inn in g , a long-channel approxim ation was u sed ,w h ich  

was then  extended to the short-channel case . The novelty  of 

the  proposed models l ie s  in (a) the p ro p o sitio n  of new inte- 

grable fu nctio n s  as sub stitute  for  the Gaussian  and the 

Pearson- IV d istr ib u tio n  functions  to represent the  doping 

p r o f ile s  in  the  ion im planted channel, for  the  ana ly tical  

so lution  o f  P o is s o n 's  equation , and (b) the  use o f  a stair ­

case doping p r o f i l e  approxim ation  y ie ld in g  closed-form expre­

ssions for  the long-channel th resh o ld  vo ltag e  and the  deple­

t io n  layer charge in  the channel. W hile  the long-channel 

models are found to be more accurate  than  the e x is t in g  analy­

t ic a l  models based  on the step p r o f i l e  approxim ation, the 

short-channel models are com putationally  more e f f ic ie n t  than  

the num erical models and are able  to p re d ic t  the experim ental 

resu lts  w ith  good accuracy . The short-channel models have been 

developed in  a system atic and exhaustive  manner starting  from 

a semi-em pirical model b a se d  on the charge- sharing p r in c ip le  

to rigorous  a n a ly t ic a l  models based  on the  solution  o f  the  2-D 

P o is s o n 's  equ atio n . The f i r s t  2-D model proposed assumes a 

Gaussian  doped channel and s im p list ic  boundary c o n d it io n s . On 

the  other  hand , the second 2-D model co nsiders  Pearson-IV 

type boron in p lan te d  channel and more r e a l i s t i c  boundary con­

d it io n s . The model for punchthrough voltage  is  also  p urely  

a n a ly t ic a l  and hence com putationally  f a s t e r . I t  su c c e s s fu lly  

p r e d ic ts  the  a v a ila b le  experim ental r e s u lt s .
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Since the models proposed requ ire  s u b sta n tia lly  

less computer time and memory than th e ir  num erical coun­

terparts# they may p lay  an important r o le  in  c irc u it  

sim ulation  for VLSI design .
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	ANALYTICAL MODELS FOR THRESHOLD AND PUNCHTHROUGH VOLTAGES OF SMALL-GEOMETRY MOSFETS WITH IMPLANTED CHANNELS IN VLSI
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