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NON STEADY STATE CARRIER TRANSPORT IN SEMICONDUCTOR, APPLICATION TO THE 

MODELLING OF SUBMICRON DEVICES 

E. Constant and B. Boittiaux 

Centve Hyperfrequenoes et semiaonducteia's, LA CNRS N° 287, Bat. PS, Gveco rnicro-
onde CNRS N°ll, 59655 Villeneuve d'Asaq Cedex, France 

Résune. - On se propose ici, d'une part d'étudier quelles sont les nouvelles 
caractéristiques de la dynamique Slectronique dans un composant subnicroni-
que et d'autre part de décrire de nouvelles méthodes de modélisation qui per
mettent de les prendre en compte. 

Abstract. - It is the purpose of this paper to study on the one hand, what 
new features characterise non steady state carrier transport in sub-micron 
semiconductor devices, and on the other to suggest and describe new methods 
of model line which take these new features into account. 

I.Introduction. -The main goal of the microelectronics industry is to make ever-

increasing numbers of smaller devices on a single chip. The advent of high-resolution 

electron and X-ray lithographic techniques is leading toward an era in which indivi

dual features sizes might well be fabricated on the scale of 100-200 nm. It will then 

become feasible to develop \/ery small device structures where size and related effects 

may be as important as the bulk properties of the host semiconductor material. In 

this type of devices, carriers are often in non stationnary conditions characterized 

by strong spatial non uniformity and it becomes obvious that we must now ask whether 

classical device modelling may be extrapolated down to the very small space and tine 

scales usually encountered in sub-micron devices. It is the purpose of this paper to 

study what kind of new phenomena may occur in non steady conditions in a semiconduc

tor and to suggest and to describe new methods which take them into account. 

In the first part of this paper, the main features of carriers transport in 

conditions which are either non stationnary or characterized by strong spatial non 

uniformity, will be discussed. It will be assumed that transport physics may still be 

based on the Boltzmann equation but it will be shown that, even for this case, the 

features characterizing carrier transport can be very different from those related 

to steady state and bulk transport. These include the well known balistic notion and 

overshoot velocity phenomenon but also other ones which have not yet been studied in 
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d e t a i l  such as non s ta t ionnary  s t a t e  d i f f u s i o n ,  and specia l  e f f e c t s  due t o  transverse 

e l e c t r i c  f i e l d  i n  a deplet ion o r  invers ion  layer .  

I n  the second p a r t  o f  t h i s  paper, we discuss new methods o f  n o d e l l i n ?  which 

could take a l l  the p rev ious ly  described features i n t o  account. Su i tab le  inprovenents 

can be made t o  the c l a s s i c a l  p o d e l l i n ?  o f  l a r p e  devices by usinn the r e l a x a t i o n  t ime 

approximations and the p r i n c i p l e  o f  such a nethod i s  presented. P a r t i c l e  models can 

a lso  be used i n  the wodel l ing o f  submicronic devices. I n  tlonte Ear lo  wethods, motions 

o f  the p a r t i c l e s  representat ive o f  the c a r r i e r s  i n  the device are s tud ied s inu l tamus-  

l y  i n  2 and space. A few exanples w i l l  be given concerninc t h i s  powerfu l l  method 

which un fo r tuna te ly  invo lves  very l o n ~  conputat ion t i ne .  As a consequence, s i m p l i f i e d  

procedure w i l l  as lo  be sho'tly discussed. 

11. Basic features o f  non steady s t a t e  c a r r i e r  t ranspor t  i n  S.C. - 11.1. Iheg-gtjcal 
b a c k s r g u n ~ 2 - c a r r j e r - _ t r ~ ~ s _ p g ~ t t ~ ~ ~ - e h y ~ i ~ a l  s c .  - I n  order t o  study new phenonena 

which may occur i n  sub-micron devices, i t  i s  necessary t o  r e c a l l  b r i e f l y  the basic 

physics o f  c a r r i e r  t ranspor t  i n  a  semiconductor. 

Transport p roper t ies  are usua l l y  described by the Eoltznann t ranspor t  equation 

(STE) : 

which a l lows us t o  ob ta in  the c a r r i e r  d i s t r i b u t i o n  $(?,C,t) i n  k-space and geonetr i -  

ca l  r-space. I n  t h i s  r e l a t i o n ,  the d r i f t  v e l o c i t y  G, can be obtained f r o n  the band 

s t ruc tu re  g (k )  charac te r i s in9  the seciconductor n a t e r i a l  throunh the c l a s s i c a l  equa- 

t i o n  

Consequently the main parameters which occur i n  the  OTE are the band st ructures,  

s c a t t e r i n g  mechanisms (represented by the func t ions  #(E,c)), and the e l e c t r i c  f i e l d  

E(r , t ) .  I f  a l l  these q u a n t i t i e s  are known, the BTE can be solved t o  ob ta in  the d i s -  

t r i b u t i o n  func t ion  f r o n  which a l l  average q u a n t i t i e s  such as<E>, < 'S> can be deduced. 

This i s  ach ieved ,p rac t i ca l l y  u s i n r  e i t h e r  i t e r a t i v e  methods [ I ]  [2]  t o  ob ta in  f d i -  

r e c t l y ,  o r  more i n d i r e c t  nethods such as the l lonte Car lo  (PC) procedure [31 141. The 

i n t e r e s t  i n  t h i s  l a s t  method i s  no t  on ly  because i t  i s  a powerful t o o l  i n  the study 

o f  nonl inear  t ranspor t  i n  seniconductors, b u t  a l so  because i t  provides a c l e a r  expla- 

na t ion  o f  e lec t ron  dynamics i n  a seniconductor. I n  t h i s  method, the s tochast ic  n o t i o n  

o f  the representat ive po in ts  o f  the c a r r i e r  i n  k-space i s  s tud ied nur:cricaly i n  or -  

der t o  ob ta in  a t  each t ime step f u l l  i n fo rmat ion  on the s t a t e  o f  the c a r r i e r  ( i . e . i t s  

energy and i t s  d r i f t  v e l o c i t y ) .  Plotions are ca lcu la ted  t a k i n n  i n t o  account every t i r e  

step At, i.e. the e f f e c t  o f  the e l e c t r i c  f i e l d  which w i l l  n o d i f y  2 : 



and the e f f e c t  o f  the s c a t t e r i n g  nechanisns which nay r a n d o ~ l y  change the  p o s i t i o n  o f  

the representat ive po in ts  w i t h  a  oroba1it.y 

( p r a t i c a l l y  s u i t a b l e  random t r i a l s  can be achieved t o  f i n d  ou t  whether an i n t e r a c t i o n  

has occured dur ing At, and, i f  so, t o  detern ine which s p e c i f i c  s c a t t e r i n g  has occured). 

Since, f o r  each At, the energy and v e l o c i t y  are knom, the averane q u a n t i t i e s  

<E> and <& can be obtained : ( i )  by an ensemble averane, s tudy ing the n o t i o n  o f  a  

great  n u ~ b e r  o f  representat ive po in ts  ; o r  ( i i )  by a  t i c e  averape, studyinp the mo- 

t i o n  o f  a  s i n g l e  representat ive p o i n t  over a  very lonp per iod  o f  t i ne .  I n  a d d i t i o n  

since $ can be determined the l o c a t i o n  o f  the c a r r i e r  i n  the  ~ e o ~ e t r i c a l  space can 

a lso  be known f o r  each step. 

Consequently, the KC method makes i t  possib le  t o  solve the BTE whatever the scat- 

t e r i n g  mechanisms and band s t r u c t u r e  nay be, and t o  ob ta in  i n  almost a l l  cases useful 

r e s u l t s  on c a r r i e r  t ranspor t  i n  scniconductors. tlo\vever, s i f n f i c a n t  r e s u l t s  w i l l  be 

obtained on ly  i n  cases where the BTE can be appl ied, and so i t  i s  necessary t o  p o i n t  

ou t  the th ree  main assumptions which a re  needed f o r  the BTE t o  be v a l i d  : 

( i )  e f f e c t i v e  mass and band approxinat ions h o l d  ; 

( 5 )  c o l l i s i o n s  are instantaneous i n  both space and t i n e  

(iti) sca t te r ings  are independent o f  the e l e c t r i c  f i e 1  d. 

The v a l i d i t y  o f  such assumptions has been discussed by Ferry  and Barker [ 5 1 [ 6 1 
C7 1 

Based on t h i s  t h e o r e t i c a l  background, the in f luence  o f  the s i z e  o f  the device 

and o f  the operat inc condi t ions on the c h a r a c t e r i s t i c s  o f  c a r r i e r  t ranspor t  w i l l  now 

be studied. From equation ( I ) ,  i t  can be noted t h a t  the  space and t ime v a r i a t i o n  of 
a f  a f the e l e c t r i c  f i e l d  w i l l  deternine values o f  - and + I n  c l a s s i c a l  devices opera- a t  a r 

t i n g  i n  usual condi t ions,  one oenera l l y  assunes t h a t  these space and t i n e  v a r i a t i o n s  

are so weak t h a t  i n  each p o i n t  o f  the S.C. a  steady s t a t e  i s  obtained. This  r e s u l t s  

fror;! an "equ i l i b r ium"  between per tu rba t ions  due t o  the  e l e c t r i c  f i e l d  and s c a t t e r i n g  

mechanisms ( p r a c t i c a l l y  t h i s  assusption reans t h a t  the BTE can be used n e ~ l e c t i n o  the  

term af 'a t ) .  Then the main c h a r a c t e r i s t i c s  o f  c a r r i e r  t ranspor t  i n  a  l a y e  device 

(average d r i f t  v e l o c i t y  c&, average e n e r g  < E> and d i f f u s i  v i  ty) wi 11 depend on ly  on 

the instantaneous l o c a l  e l e c t r i c  f i e l d ,  recardless o f  the values o f  the e l e c t r i c  

f i e l d  i n  the past,  a l l  around the ? o i n t  bein? s tudied i n  the  seeiconductor mate r ia l .  

Such assunption w i l l  genera l l y  be v a l i d  i f  the v a r i a t i o n  o f  the  e l e c t r i c  f i e l d  alonc 

a  mean f r e e  path o r  dur ing a  Rean f r e e  t i a e  between two c o l l i s i o n s  can be ne- 

clected. This  i s  n o t  always the case f o r  h ich  frequency onerat ion (even f o r  bu lk  se- 

ni conductor) and for  submi c ron i  c devices (even i n  D. C. operat ions).  ller! features then 

appear and i n  order  t o  ob ta in  a  rood understandin? o f  t h i s  phenonena, we i n t e n d  t o  

successively study the case o f  a  bu lk  seni-conductor s u b ~ i t t e d  t o  f a s t  tenpora l  va- 

r i a t i o n s  o f  the app l ied  e l e c t r i c  f i e l d ,  and the case o f  subnicronic devjces where 

the e l e c t r i c  f i e l d  app l ied  i s  character ised by s h o r t  s p a t i a l  scales. 
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f I .2. Phenpmena due-tp-fast tgrnqort-1-variations =---z---TRe-tRo- o f  the e l e c t r i c  f i e l d  
1 I. z.~.~!!!Y-~c-!!~-~Yc~!~~-GL~!!IYcIoc~-Lx- PoTToPTng cases can he inves- 

ti._iated (note t h a t  i n  both cases s o a t i a l  u n i f o r r i t y  o f  the e l e c t r i c  f i e l d  E i s  assu- 

ved) : 

( i )  a  hizh-frecuency s inusoidal  e l e c t r i c  f i e l d  supernosed upon a steady s t a t e  

f i e l d  i s  appl ied t o  the \!hole seciconductor n a t e r i a l  : 

E ( t )  = Eo + El s i n  wt ; 

( i i )  a  t i n e  ~ u l s e  o r  a  t i c e  s t c ~  c o n f i p r a t i o n  c f  the e l e c t r i c  f i e l d  i s  appl ied 

t o  the \c/hole semiconductor n a t e r i a l .  

I n  both cases, we have t o  deternine the average t r a n s i e n t  d r i f t  v e l o c i t y  which 

could r e s u l t  f r o n  the a?p l ied  e l e c t r i c  f i e l d .  I n  the f i r s t  case, r e s u l t s  cbtained 

concernin. the t i n e  v a r i a t i o n  d r i f t  v e l o c i t y < A v ( t ) > ,  calrsed by the s inusoidal  e lec-  

t r i c  f i e l d ,  can be character ised by in t rcduc ing  a  corp lex d i f f e r e n t i a l  r o b i l  i t y  us inn 

the r e l a t i o n  : 
X b,v = 1-r El, w  

where Avw i s  the Four ie r  t ransform o f  (Av ( t ) ) .  

The low frequency d i f f e r e n t i a l  n o b i l i t y  can e a s i l y  be obtained as the d e r i v a t i v e  

($)Eo o f  the v e l o c i t y  f i e l d  c h a r a c t e r i s t i c s  because i t  can be assuned t h a t  a  steady 

s t a t e  c x i s t s ,  r e s u l t i n g  fror!  a  balance between the e f f e c t  o f  the e l e c t r i c  f i e l d  and 

the s c a t t e r i n g  nechanisns.3y con t ras ty tha t  i s  n o l o n g e r t h e  case when V.H.F. e l e c t r i c  

f i e l d  i s  app l ied  t o  the sem-conducteur n a t e r i a l s  because the  c a r r i e r s  can be s t ron-  

g l y  accelerated o r  decelerated between two successive c o l l i s i o n s .  As a  r e s u l t ,  Pobi - 
l i t y  values very d i f f e r e n t  f r o n  low frenuency values can be achieved. This  i s  the 

case even i n  the saturated v e l o c i t y  range where an e x t r a  nobi  1  i t y  can occur [ 8 1. 
Such an e f f e c t  a l so  determine the frequency l i m i t  o f  the  negative d i f f e r e n t i a l   obi- 

l i t y  o f  most o f  the m u l t i  v a l l e y  seni-conductors, which r e s u l t  f r o n  the non ins tan ta -  

neousness o f  the t rans fe r red  e l e c t r o n  e f f e c t s  [91 [ 10 1. 
The above pheno~ens w i l l  occur on ly  i n  nicror!ave devices. The case where a  t i ~ e  

pulse o r  a  t ime step con f igu ra t ion  o f  the e l e c t r i c  f i e l d  i s  app l ied  t o  the senicon- 

ductor  mater ia l  appears t o  be Pore in te res t iny ;  since i t  i s  the s implest  rlay t o  s t i -  

mulate roughly  the e l e c t r i c  f i e l d  apn l ied  t o  a c a r r i e r  when i t  t r a v e l s  throuph the  

a c t i v e  l a y e r  o f  a spa11 device. A f i r s t  e x a v l e  o f  r e s u l t s  obtained when a  t i r e  step 

con f iou ra t ion  o f  E  i s  ann l ied  t o  S i  i s  ~ i v e n  i n  f i p u r e  1 [Ill, e!here the average 

t r a n s i e n t  d r i f t  v e l o c i t y  and enerry  are p l o t t e d  against  t i r e .  It can be noted t h a t  

j u s t  a f t e r  the a ~ p l i c a t i o n  o f  the ste?, the d r i f t  v e l o c i t y  increases p ropor t ionna l l y  

w i t h  t i r e  ; the trot ion o f  the c a r r i e r  i s  u n i f o r n l y  accelerated - t h i s  i s  the c l a s s i -  

ca l  concept o f  b a l l i s t i c  t ranspor t  [ I ? ] .  The d r i f t  v e l o c i t y  then has a  o a x i ~ u m  value 

which i s  much h igher  than the steady s t a t e  value ; t h i s  i s  the  w e l l  known overshoot 

phenomenon [13]. As t ime increases, the average ener!y o f  the c a r r i e r  a l so  increases 

progress ive ly  u n t i l  a  steady s t a t e  value i s  obtained, wh i le  the d r i f t  v e l o c i t y  de- 

creases and a lso  reaches a  s t a t i o n a r y  value. 



In order to understand these phenomena better  i t  i s  interesting to study  the^ 

in k-space. In figure 2 the corresponding distr ibution functions obtained by MC me- 

thods are plotted 

- 200 
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Overshoot phenomena 0 05 1 1.5 
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Ficyre 1 . Transient d r i f t  velocity 
(v) and avera9e energy (e) resul- 
t in2 from a t ine  step of the elec- 
t r i c  f ie ld  (n-Si , EII<111> ,T =293K) 

Figure 2 . Evolution of the distr ibution function when a time step of the e l ec t r i c  
f ie ld  (0-50k~cm"~ i s  appf ied to  Si (EJI <I l l> ,  T = 300 K ). 

for  various times a f t e r  the application of the pulse [ I l l .  A t  t i ~ e  0 the symmetrical 
distr ibution function of the equilibrium condition i s  observed (figure 2a). Drift ve- 

loci t i e s  of the simulated carr iers  are proportional t o  the slope aa/ak, corresponding 

to the location of representative points in the band structure (also represented in 

fioure 2a). Obviously, in th i s  symmetrical case, the average value of the d r i f t  velo- 

c i ty  vanishes, while the value of the average energy corresponds t o  the temperature 

of the semiconductor paterial .  In figure 2b i s  plotted the distr ibution function ob- 

tained when the e l ec t r i c  f ie ld  has just  been applied ; scattering mechanisms have not 

yet  occured, and consequently only the perturbation due to the e l ec t r i c  f i e ld  i s  
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observed. Every ca r r i e r ,  or, nore exactly, every representative point, Toes in the 

same direction and only a s h i f t  in the distr ibution function (proportional to  the ob- 

servation time) i s  observed. The d r i f t  velocity of a l l  car r iers  increases propor- 

t ionally with time and a hiph value of the average d r i f t  velocity can therefore be 

achieved. This b a l l i s t i c  transport i s  obtained in Si a t  room temperature during the 

f i r s t  tenth of a picosecond. As time increases, however, the scattering mechanisms 

progressively occur, the distr ibution function widens (f igure 2c and d ) ,  and the ave- 

rage d r i f t  velocity decreases because, when a carr ier  i s  submitted to  an interaction, 

the d r i f t  velocity resulting fron the action of the e l e c t r i c  f ie ld  i s  renerally redu- 

ced. Values hipher than the steady s t a t e  value reaain ( the  overshoot phenoaenon) un- 

t i l  the steady s t a t e  i s  reached (figure 2e) when there i s  a balance between the ener- 

gy gained from the e l ec t r i c  f i e ld  and energy l o s t  throuch scattering mechanisms. 

Keeping these various phenomena in mind a f i r s t  description of the most suita-  

ble semi-conductor, which could allow to achieve the highest value of the overshort 

and ba l i s t i c  velocity, can be given. 

Fi rs t ly ,  for  a given variation of k imposed by the e l ec t r i c  f i e ld ,  the varia- 

tion of the velocity of the carr iers  must be as larpe as possible. Consequently, the 

band structure should be Characterized by the lowest value of the effective mass. In 

addition, t h i s  effective mass must not increase too much when the carr ier  energy E 

increases (paralolic band i s  the optimum case). 

Secondly, the scatterinn ra te  must remain as weak as possible reyardless of the 

value of E, because due to scatterinp aechanisc?~ the distr ibution function widens and 

the averare velocity decreases. 

Takinp into account these requested properties, I I I V seai-conductor co~pounds 

present part icular in teres t  because, in cost  cases, effective mass and scatterin? ra- 

tes are very weak. However, they are aultualley semi-conductors and fo r  an energy 

close to  the interval ley nap, scattering rates strongly increase 2nd carr iers  trans- 

f e r  in the val ley  in which only very low values of the d r i f t  velocity can be achie- 

ved. Consequently semi-conductors such as Gal-, InxAs or  In ASP which have a large 

intervalley gap, a low effective mass appear to  be the ~ o s t  suitable materials [I41 

[151. 

Nevertheless, so f a r  Ga As appears to  be the cost  used semi-conductor material. 

Consec;uently, i t  seems of in teres t  t o  determine the value of the ~axiaum averape tran- 

s ient  velocity which could be realized by a carr ier  travell inn over a distance d in 

th i s  semi-conductor. F i r s t  of a l l ,  l e t  us consider the case of a t i ne  step confi9u- 

ration of the e l ec t r i c  f ie ld  : for every distance d, an optimum value of the e l ec t r i c  

f ie ld  E,can be choosen in order to  obtain the maxirnun value of the average velocity 

over a distance d. The obtained resul ts  appear i n  fiyure 3. 
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Flaximur? averape v e l o c i t y  o f  c a r r i e r s  
submitted t o  a t ime step and t ranve l -  
l i n ?  over d distanced 
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Fig. 4 

To ta l  s c a t t e r i n g  r a t e  and 
maximom v e l o c i t v  versus the 
energy o f  the c a r r i e r  (GaAs) 

It can be noted t h a t  the average d r i f t  v e l o c i t y  can be increased by usin? very small 

submicronic d is tance d, low impurety concentrat ions and low temperature operat ions. 

However, f o r  very small values o f  d, b a l i s t i c  and overshoot wotions p r o y e s s i v e l y  oc- 

cu r  regardless o f  the impurety concentrat ion values and o f  the  temperature. I n  addi- 

t i on ,  i t  should be pointed ou t  t h a t  the  optimum value o f  the e l e c t r i c  f i e l d  step Eo 

requested i n  order t o  achieve a maximum average v e l o c i t y  i s  rouphly inverse ly  propor- 

t i o n a l  t o  the distance d, the product Eod be in r  very c lose t o  the i n t e r v a l l e y  Cap as 

i t  could be expected by us in? simple arguments [141. 

One can now wonder i f  h i ~ h e r  values o f  averace v e l o c i t y  could be achieved by 

using a t ime con f igu ra t ion  o f  the e l e c t r i c  f i e l d  d i f f e r e n t  f r o r  the  s inp le  t ime step. 

The answer t o  t h i s  quest ion i s  i n  f i g u r e  4. The maximum value o f  the v e l o c i t y  which 

can be achieved along one d i r e c t i o n  o f  the snace ( v e l o c i t y  d i s t r i b u t i o n  and ve loc i -  

t i e s  along the two other  d i r e c t i o n s  are assumed t o  be close t o  zero) has been repor- 

ted  versus the energy o f  the c a r r i e r s .  I n  the save f i c u r e ,  the dependence o f  the to -  

t a l  s c a t t e r i n p  r a t e  on the energy i s  a lso  studied. Frov these r e s u l t s ,  i t  can be no- 

ted  t h a t  i t  i s  poss ib le  t o  r e a l i z e ,  f o r  enerry values s l i g h l y  s c a l l e r  than the i n t e r -  
8 

v a l l e y  gap, very h i c h  values o f  the instantanous d r i f t  v e l o c i t y  ( # l o  cm/s) w i t h  rea- 

sonnable values o f  the s c a t t e r i n g  ra tes  and consequently dur ing a r e l a t i v e l y  long  

t ine .  However, t h i s  can on ly  be achieved if the energy o f  the c a r r i e r  (c lose toAcTL) 

i s  kep t  t o  a constant value dur ing a very ion? t ine .  P r a t i c a l l y  t h i s  can be r e a l i z e d  

by using very s h o r t  t ime pulse con f i r j u ra t ion  o f  the e l e c t r i c  f i e l d  E character ized by 
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very high value of E. The pulse duration has to  be choosen in order t o  obtain a final 

energy sl ighly smaller than the intervalley cap. For very short pulse durations (very 

high values of E are then requested), scatterin? events have no time to  occur, and 

consequently very h i ~ h  d r i f t  velocity can be achieved without an important velocity 

distr ibution.  However when th i s  s t a t e  i s  realized, the e l ec t r i c  f ie ld  has to be can- 

celled since E must be kept to  a value smaller than The e l ec t r i c  f i e ld  vanishing 

to zero, a really ba l i s t i c  potion of a l l  the carr iers  i s  then archieved ; consequew 

t l y  the i n i t i a l  very h i ~ h  velocit ies decrease very s1owly.A~ a resul t ,  rather lonr 

distances can be archieved during very short  times. An example of resul ts  obtained by 

using such a ba l i s t i c  motion i s  given in figure 5. 

3ALLlSTlC SHCOTING 

(0~6rnum 6 4 ~ ~ )  

6 1 %  ia 
(c..~l  UP^ vai1.a~ 

Fic. 5. : Averace enercy and d r i f t  
velocity of the carr iers  resultinn 
from a very short time pulse of 
Electric Field. 

?"X+AT IS 7!+5 o m m u M  TIME C O N R C - U ~ T I G N  a~ 
M E  ELECTRIC FIELD 

Hosimvm o w r o 9 r  vc\ocity n'K 
our e diskmw d 

Fig. 6 : Paximum average velocity 
o f a r r i e r  travel 1 ing over a dis- 
tance d for  various time configura- 
tion of the e l ec t r i c  f ie ld .  



The pulse t i ~ e  durat ion has been choosen i n  order t o  ob ta in  a maximum value o f  the  

d is tance achieved by the c a r r i e r  a f t e r  the a p p l i c a t i o n  o f  the e l e c t r i c  f i e l d .  The 

correspondin? maxirum avera?e v e l o c i t y  achieved w i t h  t h i s  type o f  t ime con f ipu ra t ion  

o f  the e l e c t r i c  f i e l d  are ~ i v e n  i n  f i r u r e  5. I t  can be noted t h a t  f o r  d is tance smal- 

l e r  than 0 . 5 ~ ~  the average v e l o c i t i e s  are s i a n i f i c a n t l y  greater  than those obtained 

by usin? the c l a s s i c a l  t ime step. For comparaison, are a lso  p l o t t e d  the averare velo- 

c i t i e s  obtained by using a f i e l d  con f ipu ra t ion  rlhere E increases propor t ionnaly  t o  

the time. I t must be pointed ou t  t h a t  i n  t h i s  case which rouchly  s i ~ u l a t e s  the e lec-  

t r i c  f i e l d  app l ied  t o  the c a r r i e r s  when i t  t r a v e l s  through the  a c t i v e  reg ion of 
+ + 

usual submicronic devices (TEC, n  nn s t ruc tu res ) ,  the average d r i f t  v e l o c i t i e s  are 

smal ler  than those obtained by using a s i n p l e  t ime step. Consequently, o ther  devices 

conf igurat ions,  such as ba l  i s t i c  t r a n s i s t o r s  s tud ied by Cornel 1  Un ive rs i t y  have t o  be 

found i n  order t o  use a1 1 the p o s s i b i l i t i e s  o f  v e l o c i t y  o f  the c a r r i e r s  i n  a semi- 

conductor. 

11.2.2. Diffuljon-ehengmena. - Depending on the phenovena we in tend  t o  study i n  a se- 

 icond duct or, e l e c t r o n i c  concentrat ion n r o f i l e ,  o r  thermal noise, there are two r a i n  

ways of def in in? the d i f f u s i o n  coe f f i c ien ts .  I n  the f i r s t  d e f i n i t i ~ n ~ a s s u r n i n p  an uni -  

form e l e c t r i c  f i e l d  i n  a bu lk  semiconductor D i s  given by the f o l l o w i n n  r e l a t i o n  : - 

whet-&> i s  the variance o f  the random distances p a r a l l e l  t o  the f i e l d  d i r e c t i o n  

t r a v e l l e d  by the c a r r i e r s  dur ing the observat ion t i n e .  D i r e c t  experimental determi- 

na t ion  o f  such D(E) can be achieved using the t i m e - o f - f l i g h t  technique i n  which the 

spreading o f  a  narrow pulse o f  c a r r i e r s  d r i f t i n g  i n  the senieonductor p a r a l l e l  t o  an 

appl ied e l e c t r i c  f i e l d  i s  measured by the waveform o f  the induced current .  

I n  the second d e f i n i t i o n ,  D depends on the v e l o c i t y  f l u c t u a t i o n s  suf fered by the 

ca r te rs  i n  the semiconductor and i s  p ropor t iona l  t o  the power spect ra l  densi ty  Sv(w) 
1 3  

associated w i t h  these v e l o c i t y  f l uc tua t ions .  Using the Yiener-Kintchine theoren we 

have 

where fi (-r) i s  t h e e o r r e l a t i o n  func t ion  o f  the v e l o c i t y  f l u c t u a t i o n  

Exper i renta l  determinat ion o f  D, def ined us inn Eq.+can be achieved measuring the 

noise de l i ve red  by an unid i rens ional  sericonductor submitted t o  a uni form e l e c t r i c  

f i e l d  ( t h i s  cond i t i on  i s  n o t  so e a s i l y  achieved!. 

I n  the case o f  low frequency o r  i n f i n i t e  observat ion t i r e  T l i ~ i t s ,  the two 

f i r s t  d e f i n i t i o n  a re  e a s i l y  shown t o  be i d e n t i c a ?  on the  contrary ,  i f  the observat ion 

t ime t i s  much smaller t k n  the Rean f r e e  t ime between two c o l l i s i o n s ,  the c a r r i e r s  

have no time t o  change dur ing  the t ime t and equation ( i )  can then be w r i t t e n  : 
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Fig. 7 : Speadin~ diffusion coef- 
ficient versus the observation 
tilne ; Noise diffusion coefficient 
versus the frequency. Correlation 
functions of the lonyitudinal ve- 
locity fluctuations. The study i s  
carried out fo r  two values of the 
e l ec t r i c  f ie ld  ( E  = D, ~=lDkV/cm) 
assumed to  be uniforn in FaAs 
(T  = 293'K, N D  = 0) .  

In the high frequency l imi t ,  from relation [ 4 ]  i t  can be noted that  D - t O  as w-tm. 

However, no sipole relat ions hold in th i s  case for  D obtained using both definitions. 

Typical variations of the speadint diffusion with the observation t i r e  and of 

the noise diffusion with the frequency are riven in figure 7 in the case of CaAsC331 

Two Eain cases occur. The f i r s t  one i s  obtained when scatterin? between non equiva- 

lent  valley i s  nerl igible,  i.e. when the e l ec t r i c  f ie ld  i s  cuch smaller than the 

c r i t i ca l  f ield.  In th i s  case, the noise diffusion coefficient  i s  a monotonous decrea- 

sinc function as w increases andlhspreadinrj diffusion coefficient  increases monoto- 

nously as t increases. This corresponds ( f i y r e  7 )  to velocity correlation functions 

close to an exponential form. The second case i s  observed a t  high e l ec t r i c  f ie lds  

when intervalley scatterincs increase to a  rea at extent. The frequency o r  time evolu- 

tion of the diffusion coefficient  presents a caxirnu~ and th i s  behavour corresponds to  



NON STEADY STATE DIFFUSION 

GaAs 

1. 293 K 
N,. 0 

Fic. 8a Fig.8b 

Variance of the randov distances travelled by the carr ier  and transient  diffusion- 
coefficient versus time. 
Fig. 8a. : The e l ec t r i c  f i e ld  step i s  applied just  a t  the becinning of the observa- 
tion time ( fu l l  l ines);  a s t a t i c  e l ec t r i c  f ie ld  i s  applied to the seci-conductor in 
order to  realize a steady s t a t e  (dashed l ines) .  
Fig. 8b. : The e l ec t r i c  f i e ld  step i s  applied a l o n ~  time a f t e r  the beginning of the 
observation t ine.  

correlat ion functions of velocity f luctuations which reach necative values and then 

vanish. These phenocena can be explain@d in the followin? way. In the hilher velocity 

valley ( i .e .  the central valley for  n-EaAs), the l i f e t i r e  of electrons w i t h  positive 

velocity fluctuations i s  very short  since they are hichly l ike ly  t o  t ransfer  t o  other 

valleys. Consequently, we should mainly observe the lonr f l i g h t  in k-space accross 

the central Val ley of electrons characterized by i n i t i a l  negative velocity f l  uctua- 

tions. For such an electron, the z cocponent of velocity should vary rouchly l inear ly  

with time. 
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As a r e s u l t ,  the frequency o r  the time which c o r r e s ~ o n d  t o  the d i f f u s i o n  c o e f f i c i e n t  

peak o r  t o  the minipus n e r a t i v e  value o f  the c o r r e l a t i o n  func t ion  should be r e l a t e d  

t o  t ime per iod  o f  t h i s  phenomenaL331 [341. 

A l l  the above r e s u l t s  have been o b t a i w d  i n  steady s t a t e  when a constant e l e c t r i c  

f i e l d  i s  a ~ p l i e d  t o  the whole semi-conductor. Yevertheless, i t  seems i n t e r e s t i n g  t o  

study the behavior o f  the S.C. ma te r ia l s  submitted t o  a t ime step con f iou ra t ion  o f  

the e l e c t r i c  f i e l d  because such a s i t u a t i o n  r o u ~ h l y  occurs i n  submicronic devices. 

I n  f i g r e  8 are repor ted the  var ia t ions  o f  the mean square displacepent o f  the 

c a r r i e r s  versus t i ~ e  when a t i n e  stea o f  e l e c t r i c  f i e l d  i s  aapl ied. Trlo cases are i n -  

vest igated. I n  the f i r s t  case ( f i y u r e  8a) the t i ixe step i s  app l ied  a t  the b e c i n n i n ~  

o f  the observat ion t i r e .  I n  the second Case ( f i y r e  8b) the t i r e  step i s  appl ied a 

l o n ~  t i r e  a f t e r  the beginning o f  the sarnpline t i ne .  

I n  both cases, one can note that ,  a small t i n e  a f t e r  the a p p l i c a t i o n  o f  the 

e l e c t r i c  f i e l d ,  the mean square displacement saturates, and then, s l  i ~ h t l y  decreases. 

The spreadin? d i f f u s i o n  c o e f f i c i e n t  which can s t i l l  be def ined by using equation ( 3 )  

are p l o t e d  versus t ime i n  f i p u r e  8. 

The fo l lowing remarks can be pointed ou t  : 

. the t r a n s i e n t  d i f f u s i o n  c o e f f i c i e n t  ?resents negative values d u r i n ~  a seal1 

t ime 

. a very long t ime (more than lp9)  i s  needed f o r  the steady value o f  the d i f f u -  

s ion  c o e f f i c i e n t  t o  be obtained. 

Consequently, i t  seems t o  be necessary t o  take account o f  such t r a n s i e n t  pheno- 

nena i n  r o s t  o f  the subr i c ron ic  devices. 



11.3. Phenomena observed when the e l e c t r i c  f i e l d  a y l i e d  t o  the semiconductor i s  

character ised by shor t  s p a t i a l  scales.- Because sub-micron devices are always cha- 

rac te r i sed  by shor t  s p a t i a l  scales o f  the  e l e c t r i c  f i e l d ,  t h i s  case i s  p a r t i c u l a r l y  

i n t e r e s t i n g .  Some o f  the c h a r a c t e r i s t i c s  o f  c a r r i e r  t ranspor t  i n  t h i s  case can be 

deduced from the r e s u l t s  obtained when a t ime pulse con f igu ra t ion  o f  ? i s  appl ied t o  

a uni form semiconductor by using the f o l l o w i n g  r e l a t i o n  : 

d; = G> d r  (5) 

However, i t  i s  very impor tant  t o  note t h a t  add i t i ona l  phenomena caused by the s p a t i a l  

non-uniformity o f  the f r e e - c a r r i e r  concentrat ion, o f  the energy and o f  the d i s t r i b u -  

t i o n  func t ion  occur simultaneously. The most impor tant  are (16) : 

( i )  a  d i f f u s i o n  current  due t o  the  non-uni formi ty  o f  n  

( i i )  heat conduction due t o  the non-uni formi ty  o f  E 

( i i i )  a  thermoelectronic cu r ren t  due t o  the non-uni formi ty  o f  v2. 

I 
Vote t h a t  these add i t i ona l  e f f e c t s  

are n o t  taken i n t o  account i n  the 

2 k  l w r ~ , . t ~ l W m r l ~  modell ing o f  a  device i f  equation (5)  
Hot' corrterrr 2 Y. - i s  used t o  ob ta in  the  s p a t i a l  charac- 
,*------ 

o t e r i s t i c s  o f  c a r r i e r  t ransnor t .  

P Figure 9 shows an example o f  r e s u l t s  

corrler s obtained by YC methods when a space 
d - - I - - - - - . .--__ iil 

S pulse con f igu ra t ion  o f  the e l e c t r i c  
0 0 L 08 

D~sto - c r  ( p  rn ) 
f i e l d  i s  app l ied  t o  the semiconductor 

(11). Compared w i t h  the phenomena which 

occur when a t i v e  oulse o f  the  elec- 

t r i c  f i e l d  i s  appl ied, two add i t i ona l  
0 1 
3 features are a lso  observed. Due t o  _ il~tlusion - the s p a t i a l  non-uniformity o f  the 

1 c a r r i e r  concentrat ion ( i n  f i g u r e  9c),  
a ------ d i f f u s i o n  cur ren ts  cannot be neglected 

C 44 0,8 
D~stnnce (pml and a re  "automat ica l ly"  taken i n t o  

account i n  the c a l c u l a t i o n  (us ing YC 

procedures) o f  the  average c a r r i e r  

v e l o c i t y  ( f i g u r e  9b). I n  add i t i on ,  

the s p a t i a l  non-uniformity o f  the 
L 

C 

Y average energy (represented i n  f i g u r e  

8 9a) qives r i s e  t o  heat conduction 

phenomena s ince the  increase i n  the 

average enerqy o f  the c a r r i e r  i s  
0 CU 08 

P 

Fig.  9  : Var ia t ions  o f  the average energy, d r i f t  v e l o c i t y  and f r e e - c a r r i e r  concentra- 
t i o n  w i t h  d is tance when a s t rong s p a t i a l  v a r i a t i o n  o f  the e l e c t r i c  f i e l d  I s  assumed 
i n  a semiconductor. (n-Si, T = 293 K, E (111)).  Calcu lat ions were c a r r i e d  ou t  using 
:%lC methods. 
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observed i n  f r o n t  o f  the  soace step o f  the  e l e c t r i c  f i e l d .  It can a lso  be noted t h a t  

overshoot v e l o c i t y  phenomena are s t i l l  observed because the  maximum value o f  the 

d r i f t  v e l o c i t y  given i n  f i g u r e  (b)  i s  much h igher  than the  steady s t a t e  saturated 

value. 

L e t  us now study other  unusual features o f  c a r r i e r  t ransoor t  i n  sub-nicron FET 

devices. The a c t i v e  reg ion thickness i s  o f t e n  comparable t o  a  felv Debye lengths, and 

the t r a n s i t i o n  reg ion  between the  f u l l y  depleted l a y e r  and the quasi-neutral  reg ion 

cannot be neglected. Consequently we have t o  determine the  c h a r a c t e r i s t i c s  o f  elec- 

t r o n  dynamics i n  t h i s  t r a n s i t i o n  reg ion where c a r r i e r s  are n o t  on ly  submitted t o  a  

d r i v i n g  f i e l d  Ex along the ax is  o f  the conduct ing channel, b u t  a l so  t o  a  transverse 

one (a va lue o f t e n  comparable t o  Ex). Th is  i s  p a r t i c u l a r l y  the case i n  near l y  pinched 

o f f  GaAs FET operat ions and, as an example, the c h a r a c t e r i s t i c s  o f  the  c a r r i e r  dyna- 

mic i n  an incremental sect ion o f  a  symmetrical FET w i l l  be shown f o r  oate voltages 

close t o  the p inch-o f f  value. Such a  study can be e a s i l y  achieved us ing 'IC procedures 

(17) ; t y p i c a l  r e s u l t s  obtained by t h i s  method are given i n  f i g u r e  11, i n  which are 

p l o t t e d  along the  ax is  (perpendicu lar  t o  the  gate),  v a r i a t i o n s  i n  the transverse 
e l e c t r i c  f i e l d  Ey, the f r e e - c a r r i e r  concentrat ion, the  averaqe energy and the 

average l o n g i t u d i n a l  d r i f t  v e l o c i t y  ( v x ) .  I t  can be noted from f i g u r e ( l 0 b )  t h a t  

most o f  the c a r r i e r s  are submitted n o t  o n l y  t o  a  l o n g i t u d i n a l  e l e c t r i c  f i e l d  ( i n  

t h i s  case Ex = 30kVcm-'), b u t  a l so  t o  a  non-negl ig ib le  transverse e l e c t r i c  f i e l d .  

I t i s  the re fo re  necessary t o  take i n t o  account as exac t l y  as poss ib le  the  in f luence  

o f  t h i s  transverse e l e c t r i c  f i e l d  on the c a r r i e r  dynamics i n  the a c t i v e  regions o f  

the FET. I n  c l a s s i c a l  models, i t  i s  assumed t h a t  both the d r i f t  v e l o c i t y  and the 

average energy depend on the nagnitude o f  the l o c a l  e l e c t r i c  f i e l d  ET ac t ing  on the 

c a r r i e r ,  i n  a d d i t i o n  the  d r i f t  v e l o c i t y  i s  assumed t o  be i s o t r o g i c  ( i . e .  alvays t o  

have the same d i r e c t i o n  as the l o c a l  e l e c t r i c  f i e l d ) .  ' J i th  these assumptions the 

l o n g i t u d i n a l  d r i f t  v e l o c i t y  along the channel i s  then g iven by 

vx = VBUI~(ET: Ex/ET (6) 
It i s  i n t e r e s t i n g  t o  compare the  values obtained us ing t h i s  c l a s s i c a l  equation w i t h  

those obtained more exac t l y  by YC grocedures. This i s  achieved i n  f i g u r e ( l 0  b  and c)  

f o r  the d r i f t  v e l o c i t y ,  and a lso  f o r  the average energy o f  the c a r r i e r s .  I t can be 

seen t h a t  i n  both cases c l a s s i c a l  methods us ing r e l a t i o n  (6) g ive  r e s u l t s  which aEe 

q u i t e  d i f f e r e n t  from those obtained by VC procedures, and consequently t h e i r  a o o l i -  

c a t i o n  t o  the  t h e o r e t i c a l  t r e a t ~ e n t  o f  FET i s  inadequate and gives u n r e l i a b l e  

r e s u l t s .  

111. 'lethods o f  model l ing sub-micron devices .- I11 .l. Im?r~ygment_of_cl~s_s1ca1 
m g t ~ o ~ s - ~ - t ~ ~ - r g ~ a ~ ~ ~ I ~ ~ n ~ j m ~ e ~ p ~ r ~ ~ j ~ a _ t j g g . -  L e t  us f i r s t  consider 
:vhether s u i t a b l e  im?rovements can be made t o  the c l a s s i c a l  methods o f  model l ing 

la rge  devices i n  order  f o r  them t o  become useable f o r  sub-micron devices. The basic  

equations usua l l y  employed t o  ca lcu la te  the o ro?er t ies  o f  l a rge  unipoTar devices 

are as fo l l ows  : + 
c o n t i n u i t y  equation : 2, + Un + an/at = d i v  3 
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Fig. 10: ( a )  Representation of a section of a synmetrical FET, (b) Variation of the 
transverse e l ec t r i c  f ie ld  Ey and the free-carrier  concentration along the 3y axis. 
(c)  Variation of the average energy along 0 ; fu l l  curve, calculated using VC pro- 
cedures ; broken curve, usin7 classical  bu Yk data. (d) Variation of the longitudi- 
nal average d r i f t  velocity < vx z along 0 ; fu l l  curve, calculated using VC 
procedures ; broken curve, using relat ion f 3 ) .  &1C simulation i s  achieved assuming 
a uniform driving f ie ld  Ex, while Ey i s  obtained by integration Poisson's equation 
along ayFx = 33 k~cm-', a = 0.13 um impurity concentration of the active layer 
Ng = 1 3 '  c r 3 ,  and IVr ,  + ilgl/',rloo = 0.93). 

current equation : J = qnvn(E) + qDn(E) grad n 
?oissonls equation : div E = q / ~  ( n  - N D )  
thermal noise equation : < ~ i ~ >  = 4 qn Dn(E) dx 

I t  can be noted tha t  the l eas t  accurate, and a lso  the main assumptions emrtloyed in 

these equations are that  the average d r i f t  velocity vn and the diffusion coefficient  

D are instantaneous functions of the local e l ec t r i c  f i e ld .  Hvlrever, a considerable 

improvement could be achieved by using the relaxation time aa?roximation in order to 

obtain the average energy E of the carr ier  from which the d r i f t  velocity vn and the 

diffusion coefficient  Dn can be deduced. These approximations are based in the 

simplest case of a time dependent uniform f ie ld  on the following equations: 
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F ig .  11 : T r a n s i e n t  d r i f t  ve lo -  
c i t y  a ~ a i n s t  t i m e  when a  t i m e  
s t e g  o f  t h e  e l e c t r i c  f i e l d  i s  
a ? ? l i e d  t o  a  semiconductor.  
( a )  p-Ge and n-Si  Curves co r -  
res?ond t o  t h e  r e l a x a t i o n  t ime  
d e s c r i p t i o n ,  and do ts  t o  FIC 
c a l c u l a t i o n s  (n -S i )  , o r  r e s u l t s  
ob ta ined  f rom i t e r a t i v e  methods 
(?-Se) . ( b )  n-qaIn,As, n-GaAs 
and n- In?.  Curves correspond 
t o  t h e  r e l a x a t i o n  t ime  des- 
c r i p t i o n ,  and do ts  t o  MC 
c a l c u l a t i o n s .  

RESULTS OBTAINED BY THE RELAXATION TlME APPROX~MAT[ON 
F i g .  12 : Example o f  r e s u l t s  

Carrier valority along tha source to dmln axis o b t a i n e d  w i t h  a  FET model 
-GaRs 1 based on t h e  r e l a x a t i o n  t i m e  
-1nP 1 a ~ ? r o x i r n a t i o n : v e l o c i t y  o f  t h e  

c a r r i e r s  a lonq  source t o  d r a i n  
- - - - - G ~ I " R s  3 a x i s  f o r  0.25 7a te  FET 
- InRsP 4 r e a l i z e d  va r i ous  semi-conduc- 
- GaInRrP 5 t o r  m a t e r i a l  o n l y  t h e  a l l o y  

compos i t ion  l a t t i c e  matched 
on I n ?  a r e  cons idered.  

GATE 



These r e l a t i o n s  can be roughly j u s t i f i e d  t a k i n g  i n t o  account the conservat ion 

o f  momentum and energy, b u t  can a lso  be deduced more r i g o r o u s l y  from the BTE under 

c e r t a i n  condi t ions,  as discussed by Nougier e t  a1 (18). I n  these two r e l a t i o n s ,  

s c a t t e r i n g  mechanisms are taken i n t o  account by in t roduc ing  momentum and energy 

r e l a x a t i o n  times which depend on the e n e r y  o f  the  c a r r i e r .  Consequentl:~, i n  r e l a -  

t i o n s  (6)  the th ree  q u a n t i t i e s  T,, T, and v* w i l l  depend on the average energy o f  

the  c a r r i e r ,  and the main yroblen t o  be solved when ve want t o  use them i s  t o  ob ta in  

the corres,~onding de~endence a g a i n s t 4 2  This  can be achieved y a c t i c a l l y  by us ing 

the s t a t i c  c h a r a c t e r i s t i c s  vS(Es), E ~ ( E ~ )  and v ' ( ~ ~ )  (obtained f o r  exam?le by 'lC 

methods i n  steady s t a t e  condi t ions) ,  since i n  t h i s  case very simyle r e l a t i o n s  bet -  

lreen d r i f t  v e l o c i t y ,  average energy, momentum and energy r e l a x a t i o n  times are 

obtained. Such vethods have a l readv been employed successfu l lv  by Shur (12), 

Carnez e t  a1 (13) and Capuy e t  a1 (14),  and i t  can be noted t h a t  7ood ayreement 

w i t h  a  more exact c a l c u l a t i o n  i s  genera l ly  observed. 

Tnis  i s  c l e a r l y  sholvn i n  f i g u r e  11, where a  c o ~ n a r i s o n  between the  r e l a x a t i o n  

t ime descr i y t ion  and the t r a n s i e n t  response obtained by 'E o r  by i t e r a t i v e  methods 

has been c a r r i e d  out. It can be seen t h a t  f o r  the  f i v e  semiconductor mate r ia l s  

studied, r e s u l t s  obtained on the d r i f t  v e l o c i t y  by the  r e l a x a t i o n  t i v e  nethod agree 

very we l l  w i t h  t h e  more exact ca lcu la t ion .  Consequently, the  r e l a x a t i o n  t ime 

aaproximation a?pears t o  be very usefu l  f o r  the model l ing o f  sub-micron devices, 

and t h i s  method i s  now o f t e n  employed (19) (20) (21) (32). 

Compared w i t h  c l a s s i c a l  wodel l ing, the bas ic  fea tu re  o f  a  model us ing the 

r e l a x a t i o n  t ime a7proximation i s  the  use o f  add i t i ona l  equations t o  ob ta in  the  

average energy o f  the c a r r i e r s  i n  each p a r t  o f  the  semiconductor mate r ia l ,  from 

which the d r i f t  v e l o c i t y  and a  feat/ o ther  q u a n t i t i e s  ( f o r  example d i f f u s i v i t y  (22) 

o r  i o n i z a t i o n  r a t e  (23) can be deduced. 

4n exavple o f  r e s u l t s  obtained w i t h  a  FET model based on the  r e l a x a t i o n  t ime 

approximation i s  given i n  f i q u r e  12. 

111.2. New-methds-gf - m o d e 1 1 ~ n _ g - ~ ~ ~ = m j ~ ~ ~ n ~ d e _ v _ j c g ~ - ~ - t ~ e _ - p a r t j ~ 1 e _ - m .  - 'lonte 

Car lo  p a r t i c l e  models appear t o  be the most promising methods f o r  model l ing, and 

w i l l  t he re fo re  be described. I n  such a  model, the  motion o f  p a r t i c l e s  reore- 

sen ta t i ve  o f  the c a r r i e r s  i n  the device i s  s tud ied simultaneously i n  k- and r-space 

us ing ( i )  an :1C s imu la t ion  o f  the  s c a t t e r i n o  yrocess i n  three-dimensional 

k-si~ace, ( i i )  a  space (one-, two-, o r  three dimensional desc r io t ion  o f  the 

e l e c t r i c  f i e l d  o f  the  device (obtained f r o v  Poisson's equation).  
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An YC simulation i s  f i r s t  used t o  obtain the d r i f t  velocity of a l l  the simu- 

lated carr iers  from which the instantaneous positions of carr iers  in the device are 

deduced. The ca r r i e r  density can then be obtained and used to solve Poisson's equa- 

tion and to  determine the e l ec t r i c  f i e ld  required a t  each ~ o i n t  of the device to  

carry out further ' l C  sinulations. Two main methods can be em?lo:yed to determine the 

carr ier  density when the 3ositions of the ?ar t ic les  have been obtained. In the 

single-carrier  method, the motion of only one part icle i s  studied and the carr ier  

density i s  determined progressively from the time A t  spent by the qar t ic le  in an 

elementary volume Ar of the device 

K A t  n ( r )  = - 
Ta3r 

Mhere T i s  the observation time during which the motion has been studied, and K i s  

a normalisation constant determined from the total  number of carr iers  in the device. 

Such a method does not allow one t o  obtain the time dependence of n because, by 
using relat ion ( 7 ) ,  the inteqration of n over t ine  i s  carried out automatically. 

This method can therefore only be used t o  obtain stationary values of the various 

parameters of the device. In the multi-carrier method, the carr ier  density i s  

determined from the number of simulated carr iers  observed a t  an instant  t in an 

elementary volume a3r. The time dependence of the ca r r i e r  density can be obtained, 

and the high-frequency behaviour of the device can then be studied. 

The f i r s t  application of YC methods was to  FETS (26) ,  and further work has 

been done a t  qeading University on the model1 ing of FETS (27) (28) as we1 1 as Sunn 

devices (28) by the multi-carrier method. An example of results  recently obtained 

(28) i s  given in finure 13. The device studied i s  a new type of t rans is tor  (soace 

charge injection t rans is tor)  where no impurety concentration i s  used in the active 

part of the device . 
In view of the importance of th is  nev method of modelling, i t  i s  interesting 

to highlight the main features of XC methods in relat ion to  other more classical 

inethods. I t s  main advantages appear t o  be : 

(1) The continuity and current equations (including the d i f fus iv i ty  ef fec t )  

are automatically taken into account when carrying out the simulation nrocess. 

Consequently the computer has to  solve only one differential  equation (Poisson's) 

and th i s  remains true even i f  c o ~ ~ l e x  devices (such as bisolars)  are studied. 

( 2 )  All the characterist ics of carr ier  transport ( for  example, non-stationary 

features) which occur in sub-nicron 'devices are taken into account exactly. The only 

conditimon i s  tha t  the BTE and the band structure approxination must be valid. 

(3) Surface and interface scattering can be taken into account without major 

complications (23) 

(4)  Additional phenomena (such as I'IPATT ionisation, electron-electron 

interactions) can be described, and preliminary resul ts  have already been obtained 

(11) (30).  
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( 5 )  The :lC method can be used t a  determine a l l  the device properties, inclu- 

ding noise (31). 

(6) 8ipolar devices can be studied without greatly increasing the computation 

time. The motion of a large number of par t ic le  i s  then studied simultaneously in k 

space of both the valence band (hole) and the conduction band (electron) takiny into 

account the specific scattering mechanisms in each band. The location of a l l  the 

part icles can be deduced and Poisson's equation may then be solved taking into 

account the density of both types of part icles.  An exagple of the resul ts  obtained 

i s  given figure 14 (28). 

3n the other hand, a few serious problems are generally encountered using :1C 

part icle methods ; the main ones are as follows. 

(1) The method requires very long comuutation times and consequently needs 

a very 7owerful computer. 

(2) The numerical results  obtained by th i s  method cannot be very accurate due 

to the stochastic motion of the simulated carr iers  and to  the resulting random 

fluctuation of the calculated parameters ( the  physical meaning of these fluctuations 

resulting from thermal noise can be pointed out) .  Concerning th i s  point, i t  should 

be noted that  the accuracy achieved i s  inversely ?rooortional to  the square root of 

the number of simulated carr iers  and/or the observation time ; very expensive calcu- 

lat ions are therefore needed i f  highly accurate resul ts  are to  be obtained. 

( 3 )  Taking into account that  the computation time i s  roughly proportional to  

the observation time, the study of phenomena over a very long period will be part i-  

cularly expensive and so some physical phenomena such as trap?ing or  generation and 

recombination ef fec ts  are  very d i f f i c u l t  t o  investigate. 

The f i r s t  two problem appear to  be the most d i f f i cu l t  features of '-1C part icle 

methods, but i t  should be noted that  by using single-carrier  methods some improvement 

can be achieved. Since only one carr ier  has t o  be studied, computer time and memory 

occupation can be reduced. In addition, due to  the time-integration of a l l  quanti t ies,  

thermal noise and random fluctuations of the calculated parameters are greatly redu- 

ced. Unfortunately only the stationary s t a t e  can then be studied, and ef fec ts  such 

as those due to microwave or optical f ie lds  cannot be investigated. 

IV. Conclusion.- This paper has been devoted mainly to the study of non steady s t a t e  

ca r r i e r  transport which occur in sub-micron devices. In th i s  type of device, carr ier  

transport can in most cases be studied using the Boltzmann transport equation. 

However, new features,  such as overshoot and undershoot phenomena, b a l l i s t i c  trans- 

port, t ransient  d i f fus iv i ty  and wider distr ibution of the carr ier  energy in a deple- 
tion layer then characterise the carr ier  dynamics. 

The relaxation time approximation appears to  be a successful method for  taking 

into account ( a t  leas t  part ly) these new features and f o r  se t t ing  up simple rnodels 

which could be used in industrial laboratories. So f a r ,  however, only "lonte Carlo 

par t ic le  models make i t  possible to  obtain "exact" results  taking into account a l l  



the features o f  c a r r i e r  dynaxics i n  medium-small devices. This procedure i s  there- 

f o r e  the most promising f o r  model l ing sub-micron devices, and could be used i n  the 

f u t u r e  t o  study a l l  the p roper t ies  o f  y a c t i c a l l y  a l l  types o f  device. Obviously a t  

present such a method needs very long computation times, although i t  should be noted 

( i )  t h a t  t h i s  disadvantage w i l l  gradual ly  be diminished as f a s t e r  computers are 

r e a l i s e d  ; and ( i i )  t h a t  a t  the ~ r e s e n t  time, s i m p l i f i e d  ? a r t i c l e  models such as 

s i n g l e  c a r r i e r  method o r  d i f f u s i v e  model (32) are usefu l  i n  so lv ing  many problems. 

F i n a l l y ,  i t  should be pointed ou t  t h a t  the c h a r a c t e r i s t i c s  o f  the c a r r i e r  

dynamic which occurs i n  very small devices ( a c t i v e  reg ion  smal ler  than 0.1 p) has no t  

been studied i n  t h i s  paper because s u i t a b l e  t h e o r e t i c a l  work on c a r r i e r  t ranspor t  

i n  t h i s  type o f  device i s  on ly  j u s t  beginning. Yany i n t e r e s t i n g  new features (such 

as synerget ic  e f f e c t s  and quantum t ranspor t )  w i l l  occur i n  very small devices, and 

t h e i r  study w i l l  requ i re  a g rea t  deal o f  i n t e r d i s c i p l i n a r y  work. This  appears t o  be 

an i n t e r e s t i n g  goal f o r  the fu tu re .  
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