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We show t h a t ,  I n  n - d o p e d  s e m i c o n d u c t o r s  u n d e r  c o n t i n u o u s  
l~u~er illumir~tion the homogeneous ete~dy-etete of c ~ i e ~ e  becomes, 
in the degenerate reglme, unstable agalr~t the foPms.~ion of spatial 
order at the macroscopic level. Beyond a critical distance from 
e q u i l i b r i u m  t h i s  n o n e q u i l i b r i u m  phase trar~Ition occurs, 
corresponding to the f o r m a t i o n  of a p o l a r i z a t i o n  wave of electron~ 
and h o l e s .  It i s  the result of t h e  interplay of c o l l e c t i v e  and 
nonllnea~ di~Ipative effects in the far-from-equilibrium s~tem. 

Nonlinear effects i n  open systen~ 
are nowa~ a s~bJect of l~vge ph~ical 
a n d  t e c h n i c a l  interest. N o n l i n e a r i t y  i s  
the source of n e w  a n d  unexpected 
bel~evior in m a t t e r .  (s'z) D e c a d e s  a g o ,  
T u ~ i r ~  showed . t h a t  m o r p h o l o g i c a l  
t r a n s i t i o n s  m a y  d e v e l o p  a s  a r e s u l t  o f  
d i f f u s i o n  i r . ~ t a b t l i t y  i n  o p e n  s w t e n ~  
governed b y  nonlinear kinetic l a w s .  ~ 
We comideP here a question of t ~ i s  tWe 
In t h e  c a s e  of p h o t o e x c i t e d  
~ e m i c o n d u c t o r s ,  a i m i n g  to p u t  i n t o  
evidence tha occurrence of s s p a t i a l l y  
s e l f - o r g a n i z e d  s t r u c t u r e  o f  t h e  c a r r i e r  
d e n s i t y .  F o r  t h a t  p u r p o s e  we r e s o r t  t o  
t h e  nonequilibrium s t a t i s t i c a l  o p e r a t o r  
m e t h o d  ( ~ O H )  ~4~ i n  Z u b a r e v ' s  
a p p r o a c h  (~> w h i c h  y i e l d s  a n o n l i n e a r  
q u . ~ ' ~ t u m  t r a r , ~ p o r t  t h e o r y ,  t h a t  c a n  be  
c o ~ i d e r e d  a f a r -  l, each in~ :  g e n e r a l i z a t i o n  
o f  t h e  H i l b e ~ ' t -  C h a p m a n -  En,~kog ".ffi, a n d  
H o ~ i ' s  methoc l~ .  (4> I t  p r o v i d e s  t h e  
n o r d i n e ~  e q u a t i o n s  o f  e v o l u t i o n  o f  t h e  
n u ~ r o s c o p i c  s t a t e  o f  t h e  , c y c l e s ,  ~ n d  
t h e n  a w a y  t o  e v i d e n c e  a n d  d e s c r i b e  a t  a 
m i c r o s c o p i c  l e v e l  n o n l i n e a r .  
i n s t a b i l i t i e s .  W e  h a v e  a p p l i e d  Z u b a r e v ' s  
NSOM t o  the study of the evolution of a 
po la r ,  s e m i c o n d u c t o r  u n d e r  c o n t i n u o u s  
l a s e r  light l l l u m i r ~ t i o n ,  ( ~  w h e r e  a 
b r i e f  r e v i e w  o f  t h e  m e t h o d  i s  g i v e n .  

C o r t ~ i d e r  a n -  d o p e d  p~laP 
s e m i c o n d u c t o r  w l t h  a n  e l e c t r o n  
c o n c e n t r a t i o n  n h i g h  e n o u g h  f o r  t h e m  t o  

O 

b e h a v e  a s  i t A n e r a n t  c a r r i e r s  i n  t h e  
c o n d u c t i o n  band .  U n d e r  t h e  a c t i o n  o f  
C.W. l ~ e e r  L i g h t ,  a c o n c e n t r a t i o n  n o f  
p h o t o i n J e c t e d  e l e c t r o u s  ~ h o l e s  i s  
p r o d u c e d  in p a i r s  b y  p h o t o n  a b s o r p t i o n .  

8 8 9  

A s  s h o w n  i n  R e f .  6 a f t e r  a s u f f i c i e n t  
d e l a y  t i m e  a h o m o g e n e o u s  s ~ e a d y  s t e ~ e  
f o l l o w s ,  c h a l - a c t e r i z e d  b y  a s t a t i o ~ r y  
c o n c e n t r a t i o n  n a n d  q u a s i - t e m p e r a t u r e  
f#-s. A s s u m i n g  a g o o d  t h e r l m a l  c o n t a c t  o f  
t h e  s y s t e m  w i t h  t h e  r e s e r v o i r  a t  
t e m p e r a t u r e  T , i t  f o l l o w s  t h a t  ~ - t  

0 

kT . T h e  e q u a t i o n s  f o r  n ~r~d /~-i o f  R e f .  
0 

6 r e m a i n  v a l i d  f o r  t h e  e x t r i r ~ i c  
s e m i c o n d u c t o r ,  e x c e p t ,  t h s %  t t  m u s t  b e  
k e p t  i n  m i n d  t h a t .  t h e  c o n c e n t r a t i o n  o f  
electror~ i8 now n + n. T o  te~t the 

O 

s t a b i l i t y  of t h e  homogeneotue s~eady 
stake ~alnst the formation of spatial 
o r d e r i n g ,  we c o r ~ i d e ~  an infinitesimal 
spatial fluctuation imposed o n  t h e  
s y , = b e m .  F O r  t, het pux,  p o s e  w e  enl~ge t.IT,~, 
b~sic eel of N~OM- v~ri~bles with t . h e  
inclusion of the n o n d i a g o n a l  elements o f  
t h e  o n e -  q u a s i p a r  t i t l e  d e r ~ i t y  matrix, 
n a m e l y  

n ° ( t )  - T r ( C  t C p ( t ) )  , (la) 

n ( C )  = T r  h , ( t b )  

w h e r e  CCC t ) a n d  h C h  t ) ~ e  ~ i h i l s t i o n  
( c r e a t i o n )  o p e r a t o r s  f o r  e l e c t r o n s  a n d  
h o l e s  i n  p l ~ e -  w a v e  s t a t e s  a n d  p ~  1~ 

Z u b a r e v ' s  NSO. 
T h e  N S O M - e q u a t l o r ~  o f  e v o l u t i o r ,  

1"ol- t h e  q u a n t i t i e s  of" E q s .  ( i ) ,  iJ~ 
Z u b a r e v ' s  NSOM l i n e a r  t h e o r y  o f  
relaxation and using the. random phase 
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approximation ( R P A )  to deal w i t h  Coulomb 
interaction; ape 

e (t)IAE ~ n ° +2V(Q)Af "@ r=(~) + i h  

+ i B e h n  h - i B S e n  e ÷N e (2a)  
k Q  k Q  k o  kQ k ~  

and a similar one f o p  holes (2b) 

In Eqs. C2), AE" ~ h ) _ .  ( h)_ .~h) 

e ( h )  2 2 
¢ =h k /2me(h);  V(Q)m4neZ/¢oVq~, 

where ~ i s  the s t a t i c  ( b a c k g r o ~ d )  
o 

d i e l e c t r i c  c o n s t a n t  a n d  V . t h e  . v o l t , h e  o f  
e ( h )  e ( h )  . e (h )  - - ~  

t h e  ' ~ y s t e m ;  b_.f.~., s f . ,  - , - f . ~  , w i c n  
k Q  k÷O k 

fe(h) b e i n ~  F e r m l - D i r a c  d i s t r i b u t i o n  

f u n c t i o n s .  F u r t h e r ,  

n ( O )  = ~.Fn 0 ÷n  h 1 ( 3 )  

is, in units of the electron charge, the 
Q- wavenumber component of the charge 
density. Ne ~h~ ~e term~ bilinear in the 

k~ 
quantities of Ecl~. (I), and coefficients 
B c o n t a i n  t h e  e f f e c t  o f  l ~ e r  l i g h t  
a b s o r p t i o n ,  r a d i a t i o n  r e c o m b i n a t i o n ,  and 
ca~rieP-phonon interactions. The latter 
produces relaxation effects much  smaller 

than the others and is neglected. 
Then B*hm'Bhh='B e a n d  BhvIBee IBh~ w i t h  

whe~-e A and A depend o n  t h e  matrix 
L m 

elements of the interaction potential of 
c a t - t i e r s  w i t h  t h e  laser and 
recombination fields respectively, 

x : hS)~, a n d  E ° ck = hZkZ(m i+m is the 

energy ~ap. 
The steady-state solution (fix 

point,) of Eqs. (2) corresponds t o  

e < h )  
n = 0 (or n(Q) I 0), i.e. t h e  

..e,4 
kQ 

h o m o ~ e n e o t J ~  s l a t e .  Hence~ t h e  l i n e a x - i z e d  
e q u a t l o n ~  a r o u n d  t h e  s t e a d v - s t a t e  a r e  i n  
lineal- sta~illty ~naly~is of'?> EcI~. ( 2 )  
p u t t i n g  N ~ ( ~ . )  ! O. W e  e x p l i c i t l y  l o o k  

kQ 
for an instability ~/nst a static 
inhomogenelty, and thu,~  we need t o  
a n a l y s e  t h e  e x i s t e n c e  of a n u l l  
e i g e n v a l u e  o f  t h e  t i n e a r i ~ e d  s e t  o f  Eqs .  
(2). Lengthy and el~borate Algebra 
l e a d ~  u s  tO the ~eculaP e q u a t i o n  

n<O>~(O> = 0 , <s> 

w h e r e  

(6) 

F< 

wi t ,  h 

-if f'-A   If:+B ,  Ta, 
_ i ~ _ ~  ~'~ ~) 

D < ~ , 0 ) I | A E  '~ +IB h | [ A E  h + i~"  l - B *  B h 
L k o  k o  , ] L  ko, k~a J k o  k o  

( 7 b )  

I t  s h o u l d  b e  n o t e d  t h a t  c ( ~ )  i s  t h e  
s t a t i c  d i e l e c t r i c  f u n c t i o n  o f  t h e  
n o n e q u / l i b x ,  i u m  s t a t i o n a r y  c ~ r i e r  
s y s t e m .  

One s o l u t i o n  o f  t h e  s e c u l a ~  
e q ~ t i o n ~  Eq. (5)~ i s  n ( Q )  = O, i .e .  t h e  
o n e  cox, Pe,mpondin£ t o  t h e  u n i f o r m  s t a t e ,  
and a n o t h e r  with n(Q) ~ 0 (spatial 
o~derin~ in the fo~m of a nonequilib~ium 
s t a t t o n a z - y  c h a r g e  d e r ~ t t y  w a v e )  i s  
p o s s i b l e  i f  ~ ( ~ )  i O. I t s  i m a g i r k ~ r y  p a r t ,  
is identically n u l l ,  a n d  then we m u s t  
look for a zero of its re~l p a r t ,  i.e. 

Ra ~<O>=l-v<O>r.  ~<~,O)A- '<~,O>=o , ca> 

w h e r e  

t,<~,~>ifAf" AE h +Af h ~E" ],SP.." A~" * 

.fA,.h _,: lf," ÷e I f= I, 
(ga) 

ACE,~>= ~. -t,E" ] +Is' AE h -e" AE" | 

(gb) 

Numerical calculation~ ape 
performed u ~ i n ~  p a ~ P a m e t e r s  
c h a ~ a c t e r l s t . i c  of G~As, and a pl,mplng 
laser with photon energy of 2.4 eV and 
v =~Piable l~e~ power. Ou~ results show 
that t h e r e  exists a c r i t i a M  l&~.'eP 
power, up.. in other woPd~, a critic ~I 
concentration n, for each value of n 

o 

t h a t  satisfies Eq. ( 8 )  a n d  therefore 
c h a r a c t e r i z e s  t h e  instability of t h e  
homogeneou~ steady ~tate. Figure I shows 
t h e  value of t h e  critical concentration, 
f o P  n m 10 ~? cm -~ a n d  ~xlO iv cm-S~ for 

o 

several values of t h e  w a v e n u m b e r  q .  
T h e  c a l c u l a t i o n  w. 'm~ d o n e  t a k i n g  t h e  
c a r r i e r s  i n  t h e  v e r y  d e g e n e r a t e  r e g i m e  
such that thei~ d i a t r i b u t i o n  f u n c t i o n s  
c a n  be a p p P o x i m ~ t e d  b y  s t e p  t ' unc t io~s~  
c e n t e x ' . e d  a t  the q u ~ e i - a h e m / c a l  
p o t e n t i a l e .  FoP  O I O, t~ c ~ i t i c ~ l  

c a r r i e r  p h o t o c o n c e n t r a t i o n  i s  g i v e n  by 

[ 2mh l ' - t ln i n  ( tO )  
Lmh-m.J j cr. o 

I t  s h o u l d  be  r i o t e d  t h a t  t h e P e  i s  
n o  s o l u t i o n  Lo Eq. ( 8 )  i n  the case o f  a~: 
intrlr~ic s e m i c o n d u c t o r .  In this case 
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2 4  

2O 
T 

0 1 6  
n.. 
o i- 

16 

- . _ . ,  _ ,  \ \ 
qo. lx l  O"  cm -3 ~ ~ , ,  

• - - - -  1~= 5X 1011' ¢m "3 

, I , I , I 
17 18 19 

LOG CONCENTRATION (cm'~ 

P i g .  1: T h e  c r i t ` i c a l  v a l u e  o f  t h e  
p h o t o i n J e c t ` e d  c o n c e n t r a t . i o n  f o r .  t h e  
d i f f e l - e n t  v a l u e s  o f  t h e  w a v e n u m b e r  o f  
t h e  e m e r g i n g  p o l ~ i z a t i o n  w a v e ,  ~ d  t .wo  
v a l u e s  o f  n . T h e  c r i t ` i c a l  c o n c e n t r a t i o n  

O 

o f  p h o t ` o i n J e c t ` e d  c ~ r r i e r ~  i s  9X~0 i5  c m  -9  
i n  t h e  f i r s t  c ~ e  a n d  4 . 5 x 1 0 1 5  c m  - s  i n  
t .he ~eaond.  

w h a t ,  i ~  o b t , a l n e d  i s  a m e t , ~ I H c  t ,o  
n o n - m e t a U l c  t r a n s i t i o n  i n  t h e  e x t r e m e l y  
d e g e n e r a t ` e  r .egime. (°) T h e r e  i s  no 
i n s t . a b i l i t . y  i n  t`he c a s e  o f  a p - d o p e d  
m a t e r i a l ,  a n d  a l s o  i n  t , h e  n - d o p e d  
semico rK luc to r ,  a t  h i g h  t e m p e r . a t u r . e s  
( c l ~ m ' ~ i c a l  Undt). T h i s  t.ell,= u8 that. an 
e x c e s s  o f  l i g h t ,  p ~ r . t i o l e s  i s  n e a e s s ~ r . y  
t o  e r ~ u r e  t . h e  f o r m a t . i o n  o f  t , h e  s p a t i a l  
s t r u c t u r e  b u t .  s u c h  o r d e r t r q ;  i s  d e s t r . o y e d  
b y  t h e r m a l  a g i t a t i o n ,  i . e .  f o r m e d  i n  t h e  
d e g e n e r a t e  l -eg ime n(Q)  t e n d s  t o  ~el-o 
w i t ` h  i n c r . e a ~ I n q ;  c ~ r i e r  
q ,~ -~ t t empera t `u~e .  T h e  f i r s t  i n s t a b i U t y  
f o l l o w s  f o r  O g o i n g  t o  ~ e r . o  (infinite 
wavelen~t.h) at, a minimum crit,ical la~er 
p o w e r  I , and  f o r  subsequen t ,  v a l u e s  o f  Q 

f o x '  i n c r . e ~ i ~  l L a b o v e  I : .  I t  i s  w o r t h  

n o t i c i n g  t h a t .  t . h i s  o h ~ a c t e r i s t i c  
i m p U e s  t h a t  t h e  aar . r . i e r  s s ~ t e m  g o e s  
a l o n g  a nonequIUbr.ium t . h e r m o d y n a m i c  
p a t h  f r . o m  t . h e r . m ~ l  o h a o s  ( a t  l o w  I L )  ~ t , o  

o l ,  d e r  ( s p a t i a l  s t r u c t u r e  at. I~ ) ,  t o  what, 
i .  

ha~ been termed turbulent nonequilibrium 
chaos (at. higher It), i.e. abundance of 

m a c r o s c o p i c  l e n g t h  s c a l e s  so  t h a t  t h e  
sys t `em 8 p p e ~ " s  c h ~ o t ` i c .  F o r  t ` h e  
r e a l i s t ` i t  c ~ e  o f  a f i n i t ` e  s y s t e m  
b o u n d a r y  o o n d i t i o r ~  m t m t  b e  i m p o s e d ;  Q 
s h o u l d  a d m i t `  t h e  v a l u e s  k a / L ,  k m 
1,2,.-,  i f  L i s  t ` h e  d i m e n s i o n  o f  t h e  
smnp le  in t h e  d i r e c t i o n  o f  Q. 
Put~ther.mor.e, o u ~ s  im a n  i s o t ,  r . o p i c  m o d e l  
a n d  t h u ~  w h e n  c r y s ~ a U i n e  s y m m e t ` r y  i s  
c o r ~ i d e r . e d  i t  w o u l d  t n t . r o d u ( : e  ~ d d i t i o n a l  
r e m t ` r i ~ t . i v e  c o n d / t . i o r , ~  a n d ,  
a o n J e c t u r . a b l y ,  l e a d  t . o  a r . l t i o a l  valuem 

o f  0 c o r r e s p o n d i r q ;  t ,o  p o i n t s  o f  h i g h  
s y m m e t r y  i n  t h e  B r i U o u i n  z o n e .  S i r ~ e  i t  
s h o u l d  b e  e x p e c t e d  t h a t .  t h e  p o l a r i z a t i o n  
w a v e  i n  t h e  c ~ l e r  s y s t e m  w o u l d  d r i v e  
~loD4~ t h e  i o n s ,  a l o r ~  r . a r ~ e  o r . d e r  i n  
t,he w h o l e  m a t e r . i a l  w o u l d  f o l l o w .  T h e  
s i t u a t . i o n  m a y  t h e n  b e  c o r - B l d e r e d  a k i n  t . o  
t h e  nent.her.nuld r . e c r . y s t . A l l l z a t i o n  o f  i o n  
I m p l a n t ` e d  s e m i c o n d u c t o r s  p r o p o s e d  b y  v a n  
V e c h t ` e n .  ( ~  

We h a v e  a l s o  c a l c u l a t e d  t h e  
e lec t ` l -oh io  P.aman spec t ` r um t.o be  expeat~ed 
f r .om t h / s  syst `em, dep ia t .ed  i n  F i cu~e  2, 
A s  w e  h a v e  p r . e v i o u a l y  a h o w ~  ° )  i t ,  
c o n s i s t ~  o f  f o u ~  b a n d s  d u e  t o  s c a t ` t e r i n ~  
by: ( t )  op t . i aa I  p le~morm,  (2 )  quaegi- 
p ~ . i c l e  e x c i t . a t i o r ~ ,  ( 3 )  upper,  a c o u t t . i c  
p l m s m o r ~ ,  a n d  ( 4 )  l o w e r  a c o u s t i c  
p l a t o o n 8  t h e  Lmst.  t w o  b e i r ~  s h o w n  i n  
P i g .  2. It`  i s  o b s e r v e d  i n  t ` h l s  c a a e  o f  
a n  n - d o p e d  s e m i c o n d u c t ` o r ,  t h a t ` ,  o n  
a p p r o a c h i n g  t ` h e  c 1 " i t i c a l  p o i n t . ,  b a n d  ( 4 )  
m e r . g e s  a n d  d i s a p p e a r . a  i n t . o  b a n d  ( 3 ) .  
Since  t h e  f o r . m e t  i s  a s s o c i a t . e d  t`o t h e  
c o l l e c t i v e  m o t i o n  o f  h o l e s  i n t e r . a c t i n g  
t h ~ o u R h  t , h e  s c r . e e n e d  p a ~ t  o f  C o u l o m b  

I (o) (b) I 

u 

i 

- I 
0.18 0.34 0.50 OJ8 0.54 0.50 

FREQUENCY (CO/Q VFe) 

F i g .  2: T h e  R o m a n  s c a t t e r i ~ 4 ~ ?  c : = _ s ~  
s e c t . i o n  f o r  t h e  c a s e  n m i 0  

o 

C l o c k w i s e  f r o m  t o p  l e f t :  ( a )  n ~ 10 s~ - g  
Cm_s;  ( b )  n - 5 x t O  t<s c m - S ;  ( c )  n= ,Sx tO  l d  
a m  , a n d  ( d )  n == 1 0  *7 c m  - s .  q i s  
0 . 5  c m - i , ~ u ~ d  t h e  c r i t i c a l  c o n c e n t r a t i o n  
i s  n ~ 9 x 1 0  i5  c m  - s  

¢ r ~ t  
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i n t ` e r ~ , c t ` l o n  a n d  t`he l a t ` t ` e r  t`o t`hat. ~',f 
e l e c t ` l - o n ~ ,  t, h i s  x, e s u J t ,  suf ;~ ;e~t .s  t .hat`  
a t .  t `he t ` ] r -an~i t ` ion t `he~e  i s  f o z - n m t . l o n  o f  
c h a l - ~ e  den,=,I t ` ies o f  elect.ror~s~ a n d  of" 
h o l e s  e l o p e d  t ` o ~ e t ` h e ~ ,  I n  w h a t ,  m a y  b e  
t ` e r m e d  a p o l a P l z a t ` l o n  w a v e .  
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