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Résumé.- Une des hypothèses de validité de l'équation de Boltzmann est que 
les collisions sont instantanées. Nous montrons dans cet article que, pour 
les interactions usuelles dans les semiconducteurs, la durée de collision 
peut être estimée à = 5 x 10"13 s ec et n'est donc pas négligeable devant la 
durée de libre parcours moyen. 

DURATION OF COLLISIONS IN SEMICONDUCTORS 

Abs t rac t . - One o f the basic hypothesis involved in the Boltzmann equation i s 
t ha t the c o l l i s i o n s are instantaneous. In t h i s paper i t i s shown t h a t , f o r 
usual sca t te r ing processes i n semiconductors, the c o l l i s i o n durat ion can be 
estimated to be = 5 x 10"13 sec, which i s therefore not a t a l l neg l i g i b l e 
compared wi th the mean f ree f l i g h t dura t ion . 

1.INTRODUCTION 

Transport coe f f i c i en t s in semiconductors are def ined as averaged values of 

funct ions o f the wave vector k, over the d i s t r i b u t i o n func t ion f ( k , r , t ) which, i n 

an e l e c t r i c f i e l d t(r), i s defined as a so lu t ion of the c lass ica l Boltzmann equa

t i o n : 

•R = h/2ir, h and e are the Planck's constant and the charge of a c a r r i e r , f i k i s 

the quasi momentum and C is the c o l l i s i o n operator. In the c lass ica l fo rmu la t ion , 

C i s defined as : 
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and f o r  usual doping f << 1. P(z,C1) i s  the t r a n s i t i o n  r a t e  from the  s t a t e  $ t o  

the s t a t e  El. Among the  approximations made f o r  g e t t i n g  eq. (2),  i s  the  assumption 

t h a t  the c o l l i s i o n s  are instantaneous, which meansthat P(C,Z1) does n o t  depend on 

time, which has two consequences : ( i )  p(z,if1) does no t  depend on the  e l e c t r i c  f i e l d ,  

( i i )  a f t e r  a c o l l i s i o n ,  a c a r r i e r  has l o s t  the memory o f  i t s  i n i t i a l  s ta te,  which 

means t h a t  the process i s  Flarkovian. Thus the memory t ime o f  a given c a r r i e r  i s  

mainly r e l a t e d  t o  the  t ime between two successive c o l l i s i o n s ,  c a l l e d  the r e l a x a t i o n  

time, o r  the f r e e  f l i g h t  durat ion, which i s  w e l l  known t o  l i e  i n  the  range 10- l2  

- 10- l4  sec. When the assumption o f  the instantaneous c o l l i s i o n s  f a i l s ,  the  c l a s s i -  

ca l  Boltzmann eq. (1)  must be replaced by a "retarded" equation [ 1 ] [ 2 1. 

It i s  then very important t o  get  an idea  o f  the  order  o f  magnitude o f  the 

average c o l l i s i o n  durat ion, which needs f i r s t  t o  de f ine  it. A poss ib le  d e f i n i t i o n ,  

i n  connect ion w i t h  our problem, could be the  f o l l o w i n g  : the  c o l l i s i o n  dura t ion  i s  

the t ime needed f o r  the d i s t r i b u t i o n  f u n c t i o n  t o  loose the memory o f  i t s  e a r l i e r  

s ta tes.  This  d e f i n i t i o n ,  which i s  s i m i l a r  t o  t h a t  o f  a c o r r e l a t i o n  time, would 

indeed g ive  the t ime below which the  c l a s s i c a l  Boltzmann equation should be rep la -  

ced by a retarded equation. Unfor tunate ly ,  we a re  up t o  now unable t o  evaluate t h i s  

time. Because o f  the p r o b a b i l i s t i c  nature o f  the quantum mechamical equations, we 

can b u t  est imate i t  as being the  t ime dur ing which the c a r r i e r  i s  under the  i n f l u e n -  

ce o f  the s c a t t e r i n g  center.  As a consequence, the c l a s s i c a l  Boltzmann equation w i l l  

be v a l i d  when the dura t ion  o f  a c o l l i s i o n  ( j u s t  def ined above), i s  s h o r t  compared 

w i t h  the f r e e  f l i g h t  durat ion, t h a t  i s  w i t h  the  average t ime between two c o l l i s i o n s .  

This  can be p h y s i c a l l y  i l l u s t r a t e d  by making a Honte Carlo simulat ion, which 

was proved 3 11: 4 ] t o  be a s o l u t i o n  o f  the c l a s s i c a l  Boltzmann equation. I n  such 

a s imulat ion,  a f r e e  f l i g h t  du ra t ion  i s  determined us ing a random number, which 

a l lows one t o  know the s t a t e  o f  the  c a r r i e r  a t  the end o f  the f r e e  f l i g h t ,  which 

means i t s  i n i t i a l  s t a t e  2 a t  the beginning o f  the nex t  c o l l i s i o n .  A f t e r  having 

se lected the  c o l l i s i o n  mechanism us ing an o ther  random number, three more random 

numbers a1 low one t o  determine the  f i n a l  s t a t e  X '  a f t e r  the c o l l i s i o n .  I n  f a c t  

on ly  two random numbers are needed since the f i n d  energy E' i s  determined through 

the conservat ion law E '  = E ? h w . Thus the  f i n a l  s t a t e  and the f i n a l  energy are 

simultaneously determined a t  the end o f  the f r e e  f l i g h t .  The t r a n s i t i o n  does n o t  

depend on the e l e c t r i c  f i e l d  since the c a r r i e r  has no t  t ime t o  be accelerated du- 

r i n g  the c o l l i s i o n ,  as i t  i s  dur ing the f r e e  f l i g h t .  

The purpose of t h i s  paper i s  not t o  evaluate the co r rec t  c o l l i s i o n  dura t ion  

T invo lved i n  r e f . 1  111 2 1 , w h i c h i s m u c h  d i f f i c u l t  s ince T~ depends b o t h o n  
C 

the  s c a t t e r i n g  mechanisms and on the  d i s t r i b u t i o n  f u n c t i o n  i t s e l f .  Rather, we s h a l l  

p o i n t  o u t  the inconsis tency o f  the usual Boltzmann equation, by showing t h a t  the 

c o l l i s i o n  dura t ion  T involved i n  it, deduced from we1 1 known formulas, i s  n o t  a t  



a l l  n e g l i g i b l e  compared w i t h  the f r e e  f l i g h t  durat ion.  As a  consequence the  l e c t u r e r  

w i l l  no t  f i n d  i n  t h i s  paper any guidance f o r  deducing the c o r r e c t  value o f  T ~ .  The- 

r e f o r e  one might  be doubt fu l  as concerning the  usefulness o f  such a  paper. Indeed 

due t o  the numerous discussions a r i s i n g  about the necessi ty  o f  us ing retarded t rans-  

p o r t  equations, we f e e l  necessary t o  c l a r i f y  some misunderstandings about usual con- 

cepts o f  c o l l i s i o n s  and, mainly, t o  g i v e  some numerical values, which has never been 

done prev ious ly ,  so t h a t  people keep i n  mind the  orders o f  magnitudes o f  the pheno- 

mena involved. 

We s h a l l  f i r s t  i n v e s t i g a t e  c l a s s i c a l  motions i n  a  w e l l  o f  constant p o t e n t i a l  

( sec t ion  2) and i n  a  screened Coulomb p o t e n t i a l  ( sec t ion  3), then quantum s c a t t e r i n g  

by phonons (sec t ion  4) .  

2. CLASSICAL SCATTERING BY A  WELL OF CONSTANT POTENTIAL 

An i n c i d e n t  c a r r i e r  i s  sca t te red  by a  p o t e n t i a l  u(?) : 
-f 

U( r )  = - Uo f o r  r < R  and u(;) = O  f o r  r >  R 

L e t  b  and vm be the parameters d e f i n i n g  the i n c i d e n t  p a r t i c l e  o f  mass m. The 

conservat ion o f  the energy gives : 

1 2 1 2  - mv, = mv 2 - Uo 

and the i n c i d e n t  and r e f r a c t i o n  angles a and f3 (see f i g .  1) are r e l a t e d  through : 
2 1/2 

s i n  a / s i n  @ =  ( 1  + 2  Uo/mvm ) 

Figure 1 : Class ica l  t r a j e c t o r y  
o f  a  p a r t i c l e  sca t te red  by a  
w e l l  o f  constant a t t r a c t i v e  
p o t e n t i a l .  
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The length o f  the path L i n  the w e l l  (see F ig.  1) i s  L  = 2 R cos B , the 

dura t ion  o f  the c o l l i s i o n  i s  then t ( b ,  v,) = L/v t h a t  i s  : 

2 2 2 112 - 2 -l t ( b , v , ) = 2 [ ~ ( 1 + 2 U ~ / m v ~ ) - b ]  ~ , ~ ( l t 2 U ~ / m v _ )  (3)  

The dn p a r t i c l e s  i n  the  range [b,b + db] i s  dn a 2~rb db, i f  one supposes a uni form 

densi ty .  The average c o l l i s i o n  t ime ~ ( b )  i s  then : 

t h a t  i s  : 

At  the present stage, several remarks must be made : 

( i )  The beginning ti and the end tf o f  a  c o l l i s i o n  are p e r f e c t l y  determined. The 

c o l l i s i o n  i s  e l a s t i c ,  thus the i n i t i a l  and f i n a l  energies are equal, bu t  t h e  f i n a l  

s t a t e  ( o r  v e l o c i t y )  i s  d i f f e r e n t  from the i n i t i a l  one since the p a r t i c l e  i s  def lected.  

(ii) During the  c o l l i s i o n ,  the energy departs from i t s  i n i t i a l  value. 

( i i i )  The motion i s  c l a s s i c a l ,  which means tha t ,  when the i n i t i a l  s t a t e  i s  known,the 

f i n a l  s t a t e  i s  p e r f e c t l y  determined. 

This example showsthat tfiere are a t  l e a s t  two ways fo r  d e f i n i n g  the durat ion 

o f  the c o l l i s i o n  t (b ,  v,) : 

a)  the t ime dur ing which the energy departs from i t s  i n i t i a l  and f i n a l  values 

( E =  E~ and E = E ) .  f 
b) the t ime dur ing which the v e l o c i t y  (=  the s t a t e )  departs from i t s  i n i t i a l  and 

+ 
f i n a l  values, t h a t  i s  the t ime dur ing  which 0 < (8 x ' ,  v,) < x where x = 2 (a - B) 

i s  the  d e f l e c t i o n  angle. 

I n  t h i s  example, these two t imes are i d e n t i c a l .  

Now T (v,) can be computed, we used f o r  t h i s  purpose the parameters corres- 

ponding t o  n-Si a t  300 K w i t h  n = ND = 1015 ~ m - ~ .  R was se t  equal t o  the average 

d is tance between two i m p u r i t y  atoms R = m. Uo was s e t  equal t o  the  average 
value o f  a  screened Coulomb p o t e n t i a l  i n  the sphere o f  rad ius R : 



Figure 2 : Average c o l l i s i o n  
dura t ion  versus the i n i t i a l  velo- 
c i t y  f o r  c l a s s i c a l  motions o f  a 
p a r t i c l e  o f  mass 0.26 mo, i n  a 
w e l l  o f  constant p o t e n t i a l  (CP) 
and i n  a screened Coulomb poten- 
t i a l  (SCP). Parameters used : 
CP: U ( r ) = -  2.87 meV f o r  
r 4  5 x 10-8 m, U(r )  = 0 f o r  
r 7 5 x  10-8 m. 
SCP : parameters o f  s i l i c o n  a t  
300 K, ND = 1015 ~ m - ~ .  
+CP ; SCP, c o l l i s i o n  begin- 
n ing  when the  v e l o c i t y  vec to r  
deviates o f  0.01 rad  from i t s  
i n i t i a l  value (-&,when the 
k i n e t i c  energy departs o f  10-6 
from i t s  i n i t i a l  value ( 4 - 1 ,  

when r = R (+) , 
and r = a (-) 

u(;) i s  given i n  the next  sect ion.  This  leads t o  Uo = 2.87 meV. 

F igure 2 shows the v a r i a t i o n  o f  T(V-). I t  fo l lows  from eq. (4 )  t h a t  

-r(vm+ 0)  = 2~4-b and .r(vm-t .o) = 4R/3 v, -t 0. F igure 2 shows that , for  the usual 
7 i n i t i a l  v e l o c i t i e s  o f  the c a r r i e r s  vW ,< 10 cm/s, T - 1 ps, which means t h a t  T i s  

o f  the  order  o f  magnitude o f  the f r e e  f l i g h t  durat ion.  

3. CLASSICAL SCATTERING BY A SCREENED COULOMB POTENTIAL 

Now 
A 

U(r) = - r exp (- r /a )  
2 1/2 

A = e 1 4  nS and a = ( <  kBT/n e2) 

where 3 i s  the d i e l e c t r i c  constant,  kB the Boltzmann constant.  L e t  (r,e) be the po- 
l 1ar coordinates,of the incoming p a r t i c l e  o f  i n i t i a l  energy E = mu2 and angular 

momentum J = mvm b. Given (r,B), one has : 

These eqs a l low one t o  ge t  r ( t  + At)  = r ( t )  + A t  d r / d t  and 8 ( t  + ~ t ) = 8 ( t )  + A t  d8/dt.  

The t r a j e c t o r y  can then be computed. 
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Some d i f f i c u l t i e s  a r i s e ,  f o r  de f in ing  the c o l l i s i o n  time, w i t h  respect  t o  the  

previous example, r e l a t e d  t o  the f a c t  t h a t  the p o t e n t i a l  we l l  i s  n o t  bounded. Thus, 

s t r i c t l y  speaking, the c o l l i s i o n  t ime i s  i n f i n i t e .  I n  p rac t i ce ,  when the p a r t i c l e  i s  

f a r  from the d i f f u s i n g  center,  the  p o t e n t i a l  i s  so low t h a t  the energy and the  velo- 

c i t y  are almost unchanged. As a consequence we def ined the c o l l i s i o n  dura t ion  as 
2 t (b ,  vm) = 2 (tm-ti) where tm i s  t h e  t ime when r i s  minimum, t h a t  i s  ( d r / d t )  =O. 

For ti several somewhat a r b i t r a r y  d e f i n i t i o n s  can be used : 

a) ti = tiv such as the v e l o c i t y  deviates s i g n i f i c a n t l y  from i t s  i n i t i a l  d i r e c t i o n ,  
+ 

namely (8x1,  v) = 0.01 rad. This g ives -rV(b,v,) = 2 (tm - tiv). 

b) t. = t such as the  k i n e t i c  energy departs s i g n i f i c a n t l y  from i t s  i n i t i a l  value, 
1 i s  

namely : - U p( t iE) ] /~  = This  gives tE(b,vm) = 2 ( t m  - t i&).  

c)  ti = tiR such as r itiR]= R where R i s  the  h a l f  mean d is tance o f  two impur i -  

t i e s  : R = 5 x  l o q 8  m f o r  N,, = 1015 This  gives tR(b,vm). 

d) ti = tia such as r[tid = a. This  gives ta(b,vm). 

Once the t(b,vm) have been computed, one gets the average c o l l i s i o n  dura t ion  

r (vw)  through eq. (4 ) .  Using the parameters o f  n-Si a t  300 K, ND = 1015 one 

gets A = 1.97 x  m and a = 1.29 x m. F igure 2 shows rv(vm),  rE(vm), 

T ~ ( v ~ )  and ra(vm) versus vm. O f  course, f i g .  2  shows t h a t  the d i f f e r e n t  d e f i n i t i o n s  
5 7 l ead  t o  d i f f e r e n t  c o l ~ i s i o n  durat ions.  However, i n  the  range voo= 10 t o  10 cm/s, 

the c o l l i s i o n  durat ions exceeds 5 x  10-l3 sec. 

4. QUANTUM SCATTERING 

I n  quantum sca t te r ing ,  the f i n a l  s t a t e  i s  n o t  determined once the i n i t i a l  

s t a t e  i s  known. I f  a c a r r i e r  a t  t ime t = 0 undergoes a c o l l i s i o n  wi th ,  say , a pho- 

non o f  energy fl w , the p r o b a b i l i t y  Tt(C,P1) of a  t r a n s i t i o n ,  between i t s  s t a t e  f 
+ 

of energy E a t  t ime t = 0, and the s t a t e  k '  o f  energy E '  a t  t ime t, i s  given by : 

where the p lus  and minus s igns correspond t o  absorpt ion and emission. For e l a s t i c  

sca t te r ing ,  3 w =  0. S e t t i n g  

a = ( E '  - c f ) / 2 t i  and E~ = E + A  w (7)  

eq. (6)  w r i t e s  : ,. 
2 

p t ( ~ , t l )  = v Ivkk1 IL  s i n  a t  
TiL tx  
2 2 Usual ly one sets s i n  a t /  (n a t )  = 6(a) ,  which gives E' = E~ (energy conservat ion):  

t h i s  i s  t r u e  when t + m, i n  p r a c t i c e  when I a t  I>>v .  



I n  t h i s  approximation, the t r a n s i t i o n  r a t e  becomes constant : 

dyt(k f .  t l ) / d t  = T I V ~ ~ ~ ~ ~  6(a)/fi2 = p ( f g l ) ,  and one gets the c l a s s i c a l  

Boltzmann equation. 

It i s  o f t e n  assumed, when w r i t i n g  t h a t  the  t r a n s i t i o n  between the  s t a t e  

a t  t ime t = 0  and the  s t a t e  t1 a t  t ime t is?t(kf,tl), t h a t  t h i s  t r a n s i t i o n  takes 

p lace suddenly a t  t ime t, w i t h i n  d t ,  noth ing being occured between 0  and t - d t  : 

i f  t h i s  d e s c r i p t i o n  were v a l i d ,  the  c o l l i s i o n  could a c t u a l l y  be instantaneous ( t h e  

c o l l i s i o n  dura t ion  being d t ) ,  al though occur ing w i t h i n  the  t ime delay t. However 

t h i s  p i c t u r e  i s  erroneous, and the  t r a n s i t i o n  occurs g radua l l y  dur ing  the whole 
3 -++ t ime dura t ion  t. The reason i s  that ,  i f  the t r a n s i t i o n  occured suddenly, .ft(k,k1) 

would e x h i b i t  sudden changes, s ince one would g e t  yt jdt(kf, t l )  = 0  and ~ ( x , x ' )  f.)f 0 : 
0 -++ 

hence d  (k ,k l ) /d t  would show d i s c o n t i n u i t i e s .  Indeed the c a r r i e r  i n i t i a l l y  i n  
4 

the s t a t e  k  ( l a b e l l e d  16 i n  quantum mechanics) a t  t ime t = 0, i s  a t  t ime t i n  the  

s t a t e  U ( t , O ) l t > ,  where U(t,O) i s  the  e v o l u t i o n  operator  s o l u t i o n  o f  the  equat ion 

1 6 1 :  
i .R a u ( t ,o ) /a t  = H ( t )  U(t,O) (9)  

where H ( t )  i s  the t o t a l  hami l ton ian i n c l u d i n g  the s c a t t e r i n g  p o t e n t i a l  V ( t )  (as 

w e l l  as t h e  external  f i e l d ) .  The p r o b a b i l i t y  t o  f i n d  t h i s  c a r r i e r  i n  the  s t a t e  

a t  t ime t i s  then : 
CS -++ + 
Jt (k ,k l )  = ( < k t  ( U(t,O) > 1 2  (10) 

As can be seen from eq. (9) ,  the  v a r i a t i o n  o f  U(t,O) i s  q u i t e  gradual,  and 
+ 

so i s  the  v a r i a t i o n  o f  ?(%,t1). Thus the  t r a n s i t i o n  between the s t a t e  k  a t  t ime 
+ 

0  and the s t a t e  k '  a t  t ime t a c t u a l l y  l a s t s  dur ing a l l  the  t ime t. O f  course, 

w i t h i n  the  same t ime t, t h e  t r a n s i t i o n  may as we l l  occur between the s ta tes  $ and 
0 + +  kf", w i t h  the  p r o b a b i l i t y  Jt(k,kN) : i f  i t  occurs, t h i s  t r a n s i t i o n  i s  a lso  gradual. 

The impor tant  above comments lead  t o  the  conclusion t h a t  the t ime t i s ,  more 

o r  less, r e l a t e d  t o  the  dura t ion  o f  the  t r a n s i t i o n  between the  s ta tes  kf and t', 
t h a t  i s  t o  the  dura t ion  o f  the  c o l l i s i o n .  I n  order t o  de f ine  t h i s  more p rec ise ly ,  

cS 3 2 
we have p lo t ted ,  on f i g u r e  3, 3 ( E ' - E ~ ) ~ ~ ( o )  = ( s i n  a t l a t )  as a  f u n c t i o n  t 

o f  E '  - E~ f o r  various values o f  t between 1 0 - l ~  sec and 5  x 10- l3  sec. ?(E' - E ~ )  

i s  then obtained by m u l t i p l y i n g  t h i s  q u a n t i t y  by a  fac to r  p ropor t iona l  t o  t2. We 

s h a l l  de f ine  the dura t ion  of the c o l l i s i o n  ~ ( z )  as the t ime needed f o r  the  c a r r i e r  

t o  reach i t s  f i n a l  energy, i .e. the  t ime such t h a t  E '  - cf = 0. As was a l ready n o t i -  

ced, one might  have de f ined  i t  as being the t ime -r'(t) needed t o  reach t h e  f i n a l  

s ta te ,  b u t  eq. ( 6 )  does n o t  g ive any in format ion about t h a t .  However, because o f  the  

d ispers ion law E(%), once the  f i n a l  s t a t e  has been reached, the f i n a l  energy i s  ; 
on the contrary ,  s ince many s ta tes  have the same energy, the f i n a l  energy E~ can be 

reached although the c a r r i e r  i s  no t  s t i l l  i n  i t s  f i n a l  s ta te .  



C7-290 JOURNAL DE PHYSIQUE 

Now the t ime needed f o r  E '  - E~ = 0  i s  i n f i n i t e .  I n  p rac t i ce ,  we must de f ine  

the c o l l i s i o n  t ime as being the  t ime such t h a t  E '  - sf  i s  located around zero w i t h  

a  good enough accuracy. For example i t  can be assumed t h a t  emission o r  absorpt ion 

o f  an o p t i c a l  phonon o f  t y p i c a l l y  40 meV i s  achieved when the  energy E '  departs 

from E~ o f  an amount o f  about 10 % o f  the phonon energy, t h a t  i s  E '  - z f < 4  meV. 

F ig .  4  shows t h a t  i t  takes 5 x  10- l3  sec f o r  the p r o b a b i l i t y ,  t h a t  E' - z f i  4rneV, 

t o  be h igh enough compared w i t h  t h e  p r o b a b i l i t y  t h a t  E '  - E f > 4  meV. For example 

the curve t = 10- l3  sec on F ig.  4  shows t h a t  the f i n a l  energy i s  loca ted  w i t h i n  

+ 40 meV around cf .  O f  course the value 4  meV has been taken a r b i t r a r y ,  b u t  i t  gives 

a  f a i r l y  good order of magnitude. For e l a s t i c  s c a t t e r i n g  (acoust ica l  phonons o r  
i m p u r i t i e s ) ,  one might  have decided t h a t  the  c o l l i s i o n  i s  achieved when the energy 

E '  departs from s f  = E o f  an amount o f  0.1 kT, t h a t  i s  2.5 meV a t  300 K, Teading t o  

a  t ime  s l i g h t l y  l a r g e r  than 5 x  10- l3  sec. Note t h a t  the c o l l i s i o n  t ime defined 

through the f i n a l  s t a t e  r a t h e r  than through the f i n a l  energy, as was discussedabove, 

i s  s t i l l  larger .  

Th is  sec t ion  c l e a r l y  shows t h a t  5 x  10- l3  sec g ives an order  o f  magnitude o f  

the dura t ion  o f  a  co l . l is ion,  which i s  the re fo re  n o t  a t  a11 n e g l i g i b l e  compared w i t h  

the f r e e  f l i g h t  durat ion.  

F igure 3  : Normalized t r a n s i t i o n  p r o b a b i l i t y  versus the energy o f  thescattered 
p a r t i c l e ,  a t  various ins tan ts .  cf  = E ? R w i s  the f i n a l  energy reached a f t e r  an 
i n f i n i t e  time. 



5. CONCLUSION 

The evaluat ion of the dura t ion  o f  a c o l l i s i o n  i s  a fundamental problem f o r  

dec id ing whether one should use the c l a s s i c a l  Boltzmann equation o r  a retarded 

equation. However, as was shown i n  t h i s  paper, t h i s  problem i s  very hard t o  solve, 

because many d e f i n i t i o n s  o f  the c o l l i s i o n  t ime can be used, s ince several parame- 

t e r s  vary dur ing a c o l l i s i o n .  Once a parameter has been choosen, the  magnitude o f  

i t s  v a r i a t i o n  s t i l l  remains a r b i t r a r y  : t h i s  was c l e a r l y  evidenced even on examples 

i n  c l a s s i c a l  mechanics. 

A very simple eva lua t ion  of the c o l l i s i o n  dura t ion  can be performed us ing the  

laws o f  c l a s s i c a l  mechanics f o r  i m p u r i t y  s c a t t e r i n g  : t h e  rad ius  o f  i n f luence  o f  an 
5 impuri  t y  i s  = lo-' m, so t h a t  a c a r r i e r  having a d r i f t  v e l o c i t y  i n  the  range 10 t o  

7 10 cm/s w i l l  remain 10- lo  t o  10- l2  sec under i t s  in f luence  : t h i s  i s  i n  agreement 

w i t h  the  r e s u l t s  shown f i g .  2. 

For a deeper i n s i g h t ,  we must use a quantum formalism o f  the t r a n s i t i o n  pro- 

b a b i l i t i e s  : according t o  the  discussion o f  sec t ion  4, i l l u s t r a t e d  by Fig. 3, we 

got  an est imate of the c o l l i s i o n  dura t ion  o f  2 5 x 10- l3  sec. This  i s  o f  the order  

of magnitude o f  the f r e e  f l i g h t  durat ion.  We there fo re  conclude t h a t  the c l a s s i c a l  

Boltzmann equation, i n  which t h e  c o l l i s i o n  dura t ion  i s  neglected, i s  n o t  very w e l l  

appropr ia te f o r  descr ib ing t ranspor t  i n  semiconductors. 

I t  must be taken i n  mind t h a t  t h e  t ime discussed above i s  o n l y  an est imate o f  

the usual, approximate, expression o f  the  c o l l i s i o n  dura t ion  : i t  i s  no t  an est imate 

o f  the exact c o l l i s i o n  t i m e r c  , which depends on the s t reng th  o f  t h e  i n t e r a c t i o n  

as w e l l  as on the ex te rna l  d r i v i n g  force. However i t  l i k e l y  g ives t h e  order  o f  ma- 

gnitude o f  t h e  phenomenon, which has n o t  y e t  been performed till now, and anyway 

shows the inconsistency o f  the  hypothesis leading t o  the  usual Boltzmann equation 

f o r  semiconductors. 

The quest ion i s  then t o  know whether t h i s  can s i g n i f i c a n t l y  o r  n o t  modify the 

numerous r e s u l t s ,  i n  p a r t i c u l a r  o f  t r a n s i e n t  regimes, accumulated dur ing the l a s t  

decade by s o l v i n g  the c l a s s i c a l  Boltzmann equation. Indeed one would t h i n k  t h a t  ac- 

t u a l  r e l a x a t i o n  mechanisms a re  less  e f f i c i e n t  than g iven by the  instantaneous c o l l i -  

s ion  approximation, s ince emission o f  o p t i c a l  o r  i n t e r v a l l e y  phonons, which are the  

main r e l a x a t i o n  mechanisms, requ i re  much more t ime than g iven by the  c l a s s i c a l  theo- 

ry .  I n  f a c t  one must keep i n  mind tha t ,  us ing new equations, new coupl ing constants 

(deformation po ten t ia l s ,  e t c  ...) should be used, so as t o  f it the new t h e o r e t i c a l  

r e s u l t s  w i t h  the known experimental data o f  s t a t i c  t ranspor t  c o e f f i c i e n t s .  As a 

consequence, the t r a n s i e n t  regimes themselves probably w i l l  n o t  be much mod i f ied  : 

indeed i t  can be shown [ 5 1  t h a t  t r a n s i e n t  behaviour can be q u i t e  c o r r e c t l y  descr i -  

bed us ing balanced equations i n v o l v i n g  the  s t a t i c  charac te r i s t i cs ,  independently 
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from any hypothesis concerning the  s c a t t e r i n g  mechanisms o r  the  d i s t r i b u t i o n  func- 

t i o n .  However a l l  these  p red ic t ions  a re  but  q u a l i t a t i v e  and should be confirmed by 

computations performed on concrete  examples. 
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