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We develop a  one band/may s i  t e s  model f o r  an i s o e l e c t r o n i c  im- 

p u r i t y  i n  a  semiconductor a l l o y .  The c l u s t e r - B e t h e - l a t t i c e  approx imat ion 

i s  used t o  s tudy t h e  dependente o f  t h e  i m p u r i t y  energy leve1 upon t h e s h o r t  

range o rder  (SRO) o f  t h e  a1 l o y .  The K i  kuchi  pa ramet r i za t ion  i s  used t o  des- 

c r i b e  t h e  l a t t e r .  We take  i n t o  account diagonal d i s o r d e r  on ly ,  w i t h  pos- 

s i b l e  o f f - d iagona l  r e l a x a t i o n  around the  i m p u r i t y  s i t e ,  A l l  the  inequiva-  

l e n t  c l u s t e r s  o f  the  i m p u r i t y  s i t e  and i t s  f i r s t n e a r e s t  neighboursare con- 

sidered, thuc i n c l u d i n g  the  impor tant  s h o r t  range a l l o y  p o t e n t i a l  f l u c t u a -  

t i o n s .  Resul ts  a r e  presented f o r  the  l o c a l  d e n s i t y  o f  i m p u r i t y  s ta tes ,  f o r  

d i f f e r e n t  degrees o f  SRO i n  t h e  a l l o y .  

Desenvolvemos um modelo de uma banda/muitos s i t i o s  para uma im- 

pureza i soe le t ron ica  em uma 1  iga semicondutora. O método " c 1  u  s  t e r  -Bethe- 

- l a t t i c e 1 '  é u t i  l izado para estudar  a  dependência da energ ia do n í v e l  de 

impureza com o  grau de ordem de c u r t o  a lcance (OCA) da l iga,  d e s c r i  t o  pe la  

parametr i zação de K i  kuchi  . Consideramos apenas desordem diagonal , com uma 

* P a r t i a l l y  supported by FAPESP ( ~ r a s i l ) .  

**Permanen t address. 

***Laboratoi r e  associé au CNRS. 



possíve l  relaxação não-diagonal em to rno  do s i t i o  da impureza. As f l u t u a -  

ções de c u r t o  alcance do po tenc ia l  da 1 iga são consideradas a t ravés  do es- 

tudo de todos os  grupos inequ iva len tes  de p r i m e i r o s  v i z i n h o s  da impureza. 

São apresentados r e s u l  tados para a densidade l o c a l  de estados para d i f e -  

rentes graus de OCA re levan tes  para a in te rp re tação  de exper iênc ias  recen- 

tes  de luminescência em l i g a s  semicondutoras. 

1. INTRODUCTION 

The problem o f  i m p u r i t y  s t a t e s  i n  pure, i d e a l ,  semiconductors 

has been inves t iga ted  e x t e n s i v e l y  f o r  many years, bo th  exper imenta l l y  and 

t h e o r e t i c a l l  y1 '2 .  More r e c e n t l  y, i n t e r e s t  has been d i r e c t e d  t o  the  pro-  

blem o f  i s o- e l e c t r o n i c  i m p u r i t i e s  i n  a l  l o y  s e m i c o n d u c t o r s ,  s u c h  as 

G ~ A S , - ~ P ~  : N 3 ' 4 .  From the t h e o r e t i c a l  p o i n t  o f  view, t h i s  i s  an open 

quest ion,  due t o  several d i f f i c u l t i e s :  the host  system i s  i t s e l f  "impure", 

very l i t t l e  i s  known about l o c a l  r e l a x a t i o n  e f f e c t s  which are,  i n  p r i n c i -  

p le ,  dependent upon the  l o c a l  o rder  i n  the  a l l o y ,  and screening e f f e c t s  

a r e  no t  en t  i r e 1  y understood5. W i  t h i n  the  v i r t u a l  c r y s t a l  approximat i o n  f o r  

the host  m a t e r i a l ,  several models have been developed i n  t h e  pas t  fewyears 

t o  e x p l a i n  the  p r o p e r t i e s  o f  N i m p u r i t i e s  i n  Ga(As,P), which a r e  more o r  

!ezs successful 4 ' 6 ' 7  . Recent experimental r e s u l t s  f o r  luminescence i n  the  

G ~ ( A s , P ) :  N ~ ~ s t e m ~ ' ~  and f o r  quaternary a l l o y s  (ln,Ga) (As, ~ ) ' h a v e  shown 

t h a t  l o c a l  o rder  e f f e c t s  must be taken i n t o  account i f  one wants t o  f u l l y  

e x p l a i n  t h e  experimental data.  

The aim o f  t h i s  work i s  t o  present  a s imple one bandhany s i -  

t e s  rnodel o f  an i s o- e l e c t r o n i c  i m p u r i t y  i n  an a l l o y  semiconductor, which 

a l l o w s  us t o  descr ibe  impor tant  e f f e c t s  of s h o r t  range o rder  (SRO) i n  the  

a l l o y  upon t h e  energy p o s i t i o n  o f  the  i m p u r i t y  l e v e l .  I n  s p i t e  o f  i t s  sim- 

p l i c i t y ,  our model inc ludes  a l l  t h e  impor tant  f e a t u r e s  o f  a more r e a l i s t l c  

treatmen:, w i t h  the  advantage o f  be ing q u i t e  t ransparen t .  We hope t h a t  i t  

w i l l  serve t o  e l u c i d a t e  some o f  the  quest ions connected w i t h  t h e  i m p u r i t y  

i n  an a i l o y  problem. tn  Sect ion 2 we present  the model hami l ton ian  a n d d i s -  

cuss the  method o f  s o l u t i o n .  I n  Sect ion 3 we d iscuss the  a l l o y  s t a t i s t i c s  

and i n  Sect ion 4 we present  some numerical examples. F i n a l l y ,  i n  Sect ion 5, 
we present  our  conclus ions.  



2. THE MODEL HAMILTONIAN 

Let  us s t a r t  by d e s c r i b i n g  the  phys ica l  model o f  i n t e r e s t  t o  

us. We consider  a  t e r n a r y  a l  l o y  semiconductor, f o r  instance,  l n  (AS,P), wi t h  

d iso rder  r e s t r i c t e d  t o  one s u D - l a t t i c e  o n l y .  I n  a d d i t i o n ,  we consider  one 

heavy i s o- e l e c t r o n i c  i m p u r i t y ,  e.g. Sb o r  B i ,  which rep laces an anion and 

which may produce a  bound h o l e  s t a t e .  Th is  p a r t i c u l a r  cho ice  o f  a  model 

was d i c t a t e d  by our  study o f  the  quaternary a l  l o y  (ln,Ga) (AS,P) \  bu t  the  

r e s u l t s  which we o b t a i n  a r e  more g e n e r a l l y  a p p l i c a b l e .  I n  our  one-band mo- 

de l ,  the  valence band, der i ved  ma in ly  from a n i o n i c  s ta tes ,  i s  represented 

by a t i g h t - b i n d i n g  h a m i l t o n i a n - w i t h  one s - l i k e  s t a t e  per  s i t e  on a  f c c  l a -  

t t i c e .  We consider  o n l y  diagonai d i s o r d e r .  Then, the  hami l ton ian  may be 

w r i  t t e n :  

I n  eqn. (2 .1 ) :  

Hvc = C E o / n >  < n /  + V 
n 

where E. i s  t h e  average atomic energy and the second sum i s  r e s t r i c t e d  t o  

f i r s t  nearest  neighbor p a i r s  on a  fcc l a t t i c e .  tf we i n d i c a t e  the twoanion 

species by A  .and B ,  and the concen t ra t ion  by X ( A ~ B ~ - ~ ) ,  then: 

The term H c o r r e c t s  the v i r t u a l  c r y s t a l  approx imat ion by r e - i n t r o d u c i n g  
A  

the proper a l l o y  p o t e n t i a l  f l u c t u a t i o n s :  

where, accord ing t o  the  s i t e  occupancy, 6 = 6 = E - E, = (1-2) (E -E ) =  
n A A  A B 

= (1-x).A o r  ,Sn = 6 = EB - E. = -2A. F i n a l l y ,  t l i e  t h i r d  tern? i n  eqn.(2.1) 
3 

desr r ibes  a  s i n g l e  i m p u r i t y  p laced a t  t h e  o r i g i n :  



where o I  = EI - E,, Y' i s  the  hopping m a t r i x  element between the  i m p u r i t y  

o r b i t a l  and i t s  f i r s t  nearest  neighbor o r b i t a l s ,  and W descr ibes poss ib le  

r e l a x a t i o n  e f f e c t s o f  the nearest  neighbor c l u s t e r o f  the i m p u r i t y 4 .  The 

prime ind ica tes  t h a t  the summations a r e  r e s t r i c t e d  t o  the 12-atoms nearest  

neighbor c l u s t e r  o f  the  i m p u r i t y .  

Our aim i s  t o  c a l c u l a t e  the  l o c a l  d e n s i t y  o f  s t a t e s  a t  the  im- 

p u r i t y  s i t e ,  t a k i n g  i n t o  account the e f f e c t s  o f  the a l l o y  p o t e n t i a l  f l u c -  

t u a t i o n s  i n  the neighborhood o f  the  impur i t y .  To do t h i s ,  we employ the  

c l u s t e r - B e t h e - l a t t i c e  approx imat ion.  Although i t  has been e x t e n s i v e l y  d i s -  

cussed i n  the  l i t e r a t ~ r e ~ ~ ~ ' ~ ,  we rev iew b r i e f l y  here the  p o i n t s  o f  i n t e -  

r e s t  t o  us. 

I n  F igure 1 ,  we present  the  t r e e  used as an approx imat ion f o r  

the  f c c  l a t t i c e .  The basic  element i s  a  te t rahedron,  which a l l o w s  us t o  

take i n t o  account the f a c t  t h a t ,  i n  t h e  f c c  l a t t i c e ,  two atoms, nearest  

ne ihbors t o  a  th i rdatom, may a l s o  be nearest  neighbors t o  each o t h e r .  The 

immediate c l u s t e r  around the i m p u r i t y  i s  descr ibed by f o u r  te t rahedra  w i t h  

one common v e r t e x  - the i m p u r i t y  s i t e  -.  T h i s  i s  c o n s i s t e n t  w i t h  the  s ta -  

t i s t i c a l  approx imat ion used t o  descr ibe  s h o r t  range o rder  e f f e c t s  i n  the  

a l l o y ,  which i s  discussed i n  the nex t  Sect ion.  The procedure f o r  s o l v i n g  

~ h e  dynamical problem, eqn. (2 .1) ,  i s  as f o l l o w s .  A  p a r t i c u l a r  d i s t r i b u t i -  

on o f  A and B atoms i n  the  12 s i t e s  around the  i m p u r i t y  i s  chosen and the 

Figure I - The centra l  c luster  and the Bethe l a t t i c e s  i n  the 

tetrahedral approximation for  the fcc  l a t t i c e .  The coordina- 

t i o n  number o f  a l l  the atoms i n  the l a t t i c e  i s  12. 



equat ions o f  inot ion f o r  the  m a t r i x  elements o f  the reso lven t  o f  (2.1) a r e  

w r i t t e n  down. That i s :  

I n  (2.6), the  summation over  j i o v e r s  the  12 n.n. o f  t h e  impu- 

r i t y ,  the  s u p e r s c r i p t  f3 i n d i c a t e s  the  anion species occupying the  j - t h  s i -  

t e  ( A  o r  B )  and, as usual :  

w i t h  H def ined i n  (2.1). I n  (2.7), the  12 n.n. o f  the  j - t h  atom a r e  d i v i -  

ded i n t o  th ree  groups: the  c e n t r a l  ( impur i t y )  atom; 2 nearest  neighbors t o  

t h e  i m p u r i t y  and t o  t h e  i - t h  atom, which belong t o  the  same te t rahedron  

( c f . ~ i ~ u r e  I ) ,  i nd ica ted  by the index i ;  and 9 nearest  neighbors which be- 

long t o  t h e  Eiethe l a t t i c e .  To o b t a i n  a c losed se t  o f  equat ions,  we now ma- 

ke use o f  the  B e t h e - l a t t i c e  approximation, f o r  the  v i r t u a l  c r y s t a l  hamilto- 

n ian,  and w r i t e :  

where the  t r s n s f e r  f u n c t i o n  @ s a t i s f i e s :  

Th is  i s  the  standard s o l u t i o n  t o  the  Bethe l a t t i c e  problem'O. 

The j u s t i f i c a t i o n  f o r  t r e a t i n g  the c r y s t a l ,  f u r t h e r  away than the nearest  

ne igbor  c l u s t e r ,  w i t h i n  the  v i r t u a l  c r y s t a l  approx imat ion i s  t h a t ,  i f  the  

i m p u r i t y  s t a t e  i f  f a i r l y  w e l l  l o c a l i z e d ,  i t  i s  n o t  v e r y  s e n s i t i v e  t o  po- 

t e n t i a l  f l u c t u a t i o n s  i n  d i s t a n t  reg ions o f  the  c r y s t a l .  Since the branch 

c u t  o f  the  f u n c t i o n  @ determines the  band edges f o r  t h e  v i r t u a l  c r y s t a l ,  

we have a v e r y  p r e c i s e  way o f  d e f i n i n g  the  energy p o s i t i o n  o f  l o c a l i z e d l e -  

v e l s .  These a r e  always determined w i t h  respect  t o  band edges o f t h e  v i r t u a l  

hos t  c r y s t a l .  The s o l u t i o n  o f  (2.10) i s :  



+ where the s i g n  i s  always chosen so t h a t  $(Z = E + i 0  ) tends asymptot i-  

c a l l y  t o  zero o u t s i d e  the band 1 i m i t s  and Im$(E + i0') > O w i t h i r i  the  band. 

Le t  .r = 1 t o  4 l abe l  the fou r  te t rahedra  which have the impu- 

r i t y  s i t e  as a common v e r t e x  and y the corrésponding a n i o n i c  c o n f i g u r a -  
T 

t i o n .  Then we can e a s i l y  show t h a t  the sum over j i n  (2.6), r e s t r i c t e d  t o  

the th ree  atoms belonging t o  the T - t h  te t rahedron  rnay be w r i t t e n :  

where: 

D ( z ; ~ ~ )  = [(€I) ( € i ) + ( E i )  ( ~ 3 ) + ( € 3 )  (E~)+~W((E~)+(EZ)+(E~))+~W* 3 

C ( E ~ ) ( E ~ ) ( E ~ )  - w ~ ( ( E I ) + ( E ~ ) + ( E B ) )  - 2 w 3 ] - '  , 

and 

The energ ies take up the  values E* o r  E~ depending on the  p a r t i c u l a r  

c o n f i g u r a t i o n  y . 
T 

Hence, f o r  one p a r t i c u l a r  d i s t r i b u t i o n  o f  atoms among the n.n. 

s i t e s  o f  the i m p u r i t y ,  we may w r i t e :  

I n  the  nex t  sect  
I 

a l l o y  average o f  G,,. 

3. THE ALLOY STATISTICS 

i o n  we study the  a 

7 -1 

;Y=)J (2.15) 

I l o y  s t a t i s t i c s  and d e f i n e  

To d e f i n e  the a l l o y  s t a t i s t i c s  we f o l l o w  the  work o f  K ikuchi  

who has anai yzed i n  d e t a i !  the  problem o f  shor t- range-order  i n  l a t t i c e s ,  



such as the one we consider ,  where i t  i s  necessary t o  go beyond the p a i r  

approx i inat ic~n13.  We want t o  descr ibe  SRO e f f e c t s  i n  the  c l u s t e r  around the  

i m p u r i t y  s i t e .  Once t h i s  c l u s t e r  i s  decomposed i n t o  4 te t rahedra ,  we a r e  

l e f t  w i t h  tl-ree f r e e  s i t e s  per te t rahedron,  the  f o u r t h  being always occu- 

p i e d  by the  impur i t y .  We may then d e f i n e  f o u r  p r o b a b i l  i t i e s  Q(IJK), w i t h  

I,J,K = A o r  B , such t h a t :  

which descr ibe the occupat ion o f  the  th ree  "free1' v e r t i c e s  o f  one te t rahe-  

aron. Fo l low ing  Kikuchi ,  these p r o b a b i l i t i e s  a r e  parametr ized as f o l l o w :  

where A = 22-1, Z2  = P(AB) i s  the p a i r  p r o b a b i l  i t y  and c 2 =  Q(AAB) -Q(AEE). 

To s i m p l i f y  the  ana lys is ,  we r e s t r i c t  ourse lves t o  a 50-50 a l l o y , f o r  which 

X=O.  I n  F igure  2, we show the a l lowed v a r i a t i o n s  o f  Z, and c,, which gua- 

rantee t h a t  ~ l l  Q 1 s  l i e  between O and 1. The sum r u l e  (3.1) i s  automat i -  

Fig.2 - Upper p a r t :  the allowed values of the Z, and t2 Kikuchi parameters 

for  a 50-50 a l l o y  are contained wi th in  the so l id  l i r e s .  Lower p a r t :  values 

of Q(AAA) (so l id  l l n e )  and Q(AAB) (dashed l i n e )  along some d i rect ions  i n  

the (Z2,S,) plane. 



cally satisfied by the parametrization above. In Figure 3 we show the pro- 
bability distribution for A atoms in the cluster for severa1 allowed values 

of the pair ( Z Z , < ~ ) .  This Figure shows clearly that the pair probability 

Z2 determines the width of the probability distribution and that 5, deter- 
mines its "skewness". We remark that all probabil ity distributions obtai- 

ned for a1 lowed values of (Z2,t2) yield and average value of 6 for the num- 

ber of A (or B) atoms in the cluster. Since the concentration is not va- 

ried, the only freedom we have is to change the degree of SRO in the alloy. 

We can now define an average value for the function G : , .  In 

the tetrahedral approximatioh, the 2'' possible clusters are reduced to 35 
inequivalent ones. These can be classified by the number of triangular 

units of type AAA, AAB, ABB or BBB that they present. Numbering these 

sequentially from 1 to 4, the weight of a given cluster configuration is: 

F i g . 3  - Probabi i i ty  d i s t r i b u t i o n  for A atoms i n  the c iuster  o f  nearest neig- 

bors o f  the impurity, corresponding t o  various speciai  points on the (Z,,<,) 

parameter space. The vaiucs of (Z,,S,) a re  indicated and c o r r e s p o n d ,  from 

bottom to top, t o  the poihts r ,  R , X , n l ,  and N of  Figure 2. 



where 

Thus : 

inequiva 

a l  low us 

Once the  dynamical problem i s  solved f o r  each one o f  

l e n t  c l u s t e r s ,  as descr ibed i n  Sect ion 2,  eqns. (3.3) and 

t o  d e f i n e  the average l o c a l  d e n s i t y  o f  s t a t e s  a t  the  impur 

tes .  We rernark t h a t ,  w i t h i n  the approximations made i n  eqs. (2.11, 

(3 .5 )  

the 35 

(3.4) 

i t y  s i -  

the so- 

l u t i o n  o f  the dynamical problem, i .e . ,  the de te rmina t ion  o f  the energy o f  

the l o c a l i z e d  i m p u r i t y  leve1 ( i f  any e x i s t s )  f o r  a  g iven  f l u c t u a t i o n  o f t h e  

a l l o y  p o t e n t i a l  i n  the immediate neighborhood o f  the impur i t y ,  i s  indepen- 

o f  the  s t a t i s t i c a l  averaging o f  the f l u c t u a t i o n s .  Th is  i s  due t o  the  f a c t  

t h a t  we have assumed parameters t o  descr ibe the i m p u r i t y  which a r e  inde- 

pendent o f  the p a r t i c u l a r  c o n f i g u r a t i o n  o f  the  c l u s t e r .  I n  r e a l i t y ,  r e l a -  

x a t i o n  and screening e f f e c t s  a re  dependent upon the l o c a l  a l l o y  composi- 

t i o n .  

4. NUMERICAL EXAMPLE 

We app ly  the  formal ism developed i n  the  two preceding Sect ions 

t o  a model InAs 0.5'0.5 a l l o y  w i t h  one i s o e l e c t r o n i c  i m p u r i t y  o f  Sb. Thepa- 

rameters o f  t h e  hami l ton ian  c o n s i s t  o f  the  th ree  atomic energ ies 
E ~ s '  E~ 

and ESb, the  valence band width(which i s  determined by L'), and the  impur i -  

t y  r e l a t e d  hopping m a t r i x  elements V and W. For t h e  common valence band- I 



w i d t h  o f  InAs and InP we take IOeV, which y i e l d s  i n  t h e  Bethe l a t t i c e  ap- 

prox imat  i o n  V = -0.83 eV. The s i g n  i s  chosen so as t o  p lace  the  maximum o f  

t h e  d e n s i t y  o f  s t a t e s  near t o  the  top  o f  t h e  band. The th ree  atomic l e v e l s  

a r e  determined by the  i o n i s a t i o n  energ ies o f  tbe  th ree  pure semiconductors: 

InP (5.72 eV), InAs (5.44 eV) and InSb (5.07 e ~ ) " .  F i n a l l y ,  we se t  s imply  

V = W = a V ,  i n  order  t o  reduce t h e  numõer o f  f r e e  parameters t o  one. The I 
f o l l o w i n g  remarks a r e  i n  o r d e r :  t h i s  i s  n o t  a  r e a l i s t i c  d e s c r i p t i o n  o f  the  

valence band o f  ~ ~ ( A s P )  ; the  i o n i z a t i o n  energ ies a l  low us t o  place the bands 

o f  the  pure compounds w i t h  respect  t o  each o t t i e r ,  and hence t o  determine 

the "atomic" energv l e v e l s  E As,  Ep and XSb, but  they do n c t  p rov ide  e i t h e r  

a  r e a l i s t i c  d e s c r i p t i o n  o f  t h e  p o t e n t i a l  f l u c t u a t i o n s  i n  the  a l l o y  o r  the  

i m p u r i t y  p o t e n t i a l .  However, g iven t h e  s i m p l i c i t y  o f  our  bss ic  model, t h i s  

cho ice  o f  parameters can be used t o  d iscuss q u a n t i t a t i v e l y  t h e  r e s u l t s  o f  

a l l o y  p o t e n t i a l  f l u c t u a c i o n s  i n  a  s p e c i f i c  case. 

We can now determine, f o r  d i f f e r e n t  va lues o f  the  parameters 

a, whether, f o r  a  g iven  c l u s t e r  c o n f i g u r a t i o n  r an i m p u r i t y  l e v e l  i s  s p l i t  

- o f f  the top  o f  the  valence band. The f l u c t u a t i o n  o f  the  c l u s t e r  p o t e r i t i a l ,  

w i t h  respect  t o t h e v i r t u a l  c r y s t a l  average, becomesmore p o s i t i v e  the more As 

atoms there  are i n  the c l u s t e r .  Thi s  m n s  t h a t  the  c1 u s t e r  formed by one impu- 

r i t y a t o m a n d 1 2 A s  atoms has the i a r g e s t  ( p o s i t i v e )  f l u c t u a t i o n  and,as such, 

produces the  h ighes t  l y i n g  i m p u r i t y  l e v e l .  S i m i l a r l y ,  the  c l u s t e r  o f  impu- 

r i t y  and 12 P atoms produces the  lowest l y i n g  i m p u r i t y  l e v e l .  Thismayseem 

strange, when we consider  t h a t  the  s i z e  and e l e c t r o n e g a t i v i t y  d i f f e r e n c e s  

a r e  smal ler  f o r  Sb and As than fo r  Sb and P, and hence t h a t  i t  i s  more l i - 

k e l y  t h a t  t h e  l a t t e r  c l u s t e r  h i l l  produce a  bound s t a t e ,  than t h e  former. 

However, i t  must be kept  i n  mind t h a t  t h e  band edge i s  determined by t h e  

v i r t u a l  c r y s t a l  apprúx imat ion and t h a t  P- r i c h  c l u s t e r s  present  an o v e r a l l  

nega t i ve  energy f l u c t u a t i o n  w i t h  respect  t o  the  average. Hence, t h i s  may 

lead t o  tne fo rmat ion  o f  v i r t u a l  bound s t a t e s  i . e . ,  resonances I n  the  band 

o f  a l lowed s t a t e s .  however: i n  the  present  work we concentrate our  a t t e n -  

t i o n  upon l o c a l  i zed  s ta tes ,  r o m p l e t e l y  sp l  i t - o f f  f rom the  band. I n  F igure  

4, we show the  energ ies o f  s p l i t - o f f  s t a t e s  associated w i t h  c l u s t e r s  o f  

Sb + 12As and S b  + 12. P atonis, as a f l i n c t i o n  o f  the  r e l a x a t i o n  parametera.  

A l l  c t h e r  s t a t e s  have energ ies between the  two extreme cases considered i n  

. the F igure .  We see t h a t  below a  c e r t a i n  c r i t i c a l  va lue  a, = 0.86 there  a r e  

no sp l  i t o f f  i m p u r i t y  s ta tes .  For 0.86 a  < 0.94 less  than 35 c l u s t e r s  



Vig.4 - S p l i t - o f f  impurity leve ls  as a function of re:axation parameterafor 

c iuster  o f  12 As atoms (upper curve) and c luster  of i 2  P atoms (lower curve). 

The top o f  the valence band i s  a t  O k V .  The i n t e r m d i a t e  c lusters  have im- 

p u r i t y  leve ls  wi th  energies between the two e x t r e m s  p iç t ted  i n  the Figure. 

present  sp l  i t - o f f  s ta tes ;  f o r  a > ct2 = 0.94, a l l  the  35 c l u s t e r s  p r e s e n t  

I o c a l i z e d  i m p u r i t y  l e v e l s .  These a r e  shown, f o r  a = 0,96, on F i g u r e  5. I n  

i t  a r e  g iven  the energy p o s i t i o n  o f  a  l e v e l ,  i t s  weight  on the  cen t ra l - im-  

p u r i t y - s i t e ,  t:he c o n f i g u r a t i o n  which produces the l e v e l ,  s p e c i f i e d  by t h e  

four  in tegers  (n,n,n,n,) and t h e  t o t a l  number o f  As atoms i n  the  c l u s t e r s .  

Configurat ionr;  which produce almost degenerate l e v e l s  ( e n e r g y  d i f f e r e n c e  

less  than 1 MsV) a re  grouped together  i n  t h i s  diagram. 

Ir i  Figures 5 and 6, we present  the  average l o c a l  densi t y  o f  

s ta tes,  i n  the: energy i n t e r v a l  o f  the  i m p u r i t y  l e v e l s ,  f o r  d i f f e r e n t  para- 

meters o f  SRO, corresponding t o  the  p r o b a b i l i t y  d i s t r i b u t i o n s  shown i n  F i -  

gure 3. The in ipu r i t y  l e v e l s  have been broadened by i n t r o d u c i n g  an imaoina- 

r y  p a r t  o f  the: energy o f  0.5 MeV. I n  F igure  5, we consider  the  symmetric 

d i s t r i b u t i o n s ,  cover ing  a  h igh  degree o f  SRO (lower p a r t ) ,  the  randomal loy 

(middle) and 5.1 i g h t  l y  less  random a l  l o y  ( top )  . I n  F igure  6, a  sequence i s  

presented which goes from c l u s t e r s  w i t h  a  h i g h  p r o b a b i l i t y  f o r  l a r g e  num- 

bers o f  P atonis ( lower p a r t ) ,  random a l l o y  (middle),  t o  c l u s t e r s  w i t h  a 
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Fig.6 - Average local densi t y  of irnpuri t y  states, broadened by 0.5 HeV, for 

three d i f f e ren t  degrees of SRO corresponding t o  the points i (lower par t ) ,  

R (rniddle) andX (upper) of Figure 3. 

Fig.5 - Impurity leve is  for the 35 inequivalent c lus ters  for u4.96. Shown 

are the energy pos i t i on  of the leve i  (same convention as for  Figure 4), the 

corresponding configurat ion of the c l us te r  indicated by the 4 integers o f  

eqn. (3.33, the number of As atoms i n  the c lus ters  being given i n  paren- 

thesis and, f i na l l y ,  the weight o f  the impurity leve1 i n  the central a l l .  



h igh  p robab i l  i t y  o f  As atoms ( t o p ) .  Due t o  the almost un i fo rm d i s t r i b u t i o n  

o f  i m p u r i t y  l e v e l s  f o r  t h e  va r ious  c l u s t e r s  (see F igure  51, the l o c a l  den- 

s i t y  o f  i m p u r i t y  s t a t e s  (LDOIS) resembles c l o s e l y  the  p r o b a b i l i t y  d i s t r i -  

bu t ions  shown on F igure 3 .  Th is  i s  the  case i n  p a r t  because we decoupled 

the  dynamical and the s t a t i s t i c a l  aspects o f  the  problem. Taking i n t o  ac- 

count a  d i f f e r e n t  r e l a x a t i o n  f o r  each c l u s t e r  w i l l  produce a  l e s s  un i fo rm 

d i s t r i b u t i o n  ir1 energy o f  the  i m p u r i t y  l e v e l s .  

Fig.7 - Average local density o f  impurity s ta tes ,  broadened by 0.5 IleV, 

for three d i f f e r e n t  degres of SUO, corresponding to the points M ( l o w r  

p a r t ) .  R(middie) and N (upper) o f  Figure 2. 

5. DISCUSSION AND CONCLUSIONS 

I n  t h i s  paper we have s tud ied  t h e  e f f e c t  o f  SRO upon the l o c a l  

d e n s i t y  o f  s t a t e s  i n  an a l l o y  semiconductor. We have taken as a  s p e c i f i c  

model t h a t  o f  an i s o e l e c t r o n i c  i m p u r i t y  i n  a  s i n g l e  bandhany s i t e s  appro- 

x imat ion .  Although the  model i s  n o t  r e a l i s t i c  enough t o  a l l o w  us . t o  make 

p r e c i s e  q u a n t i t a t i v e  p r e d i c t i o n s ,  some q u a l i t a t i v e  remarks o f  i m p o r t a n c e  

can be made. I n  complete ly  random a l l o y s ,  the heterogeneous broadening can 

be apprec iab le  (tens o f  m e ~ s ) .  I n  a l l o y s  p resen t ing  a c e r t a i n  degree o f  SW), 

the LDOS o f  the i m p u r i t y  l e v e l s  acqui res a  s t r u c t u r e ,  w h i c h  may r e f l e c t  

t h a t  o f  the  a l l o y  p r o b a b i l i t y  d i s t r i b u t i o n  around t h e  i m p u r i t y  s i t e .  I n  



extreme cases, we l l  de f ined  peaks a r e  produced, the widths o f  which can be 

cons iderab ly  smal l e r  than the overa l  l w i d t h  o f  the inhomogeneous b r o a d e -  

n ing.  

The ques t ion  o f  the observa t ion  o f  such e f f e c t s  remains open. 

On the  one hand, the re  i s  the  p o s s i b i l i t y  o f  s e l e c t i v e l y  e x c i t i n g  i m p u r i t y  

l e v e l s  w i t h i n  a spec t ra l  i n te rva1 8,  which would a l l o w  a t  l e a s t  an i n d i r e c t  

p rob ing  o f  the  LDOIS. On the  o ther ,  luminescence spectra may p rov ide  e v i -  

dente f o r  the  importance o f  SRO e f f e c t s  i n  a l l o y s ,  a s  i n  t h e  s t u d y  o f  

i n  Ga As P by Et ienne e t  aZ?. I n  such a case, thermal i z a t i o n  e f f e c t s  
1-x x y I - y  

lead t o  a p a r t i a 1  occupat ion o f  the i m p u r i t y  l e v e l s  and s h i f t s  o f  the l u -  

minescent l i n e  may be observed, f o r  an a l l o y  o f  un i fo rm composition,as the  

degree o f  SRO changes. With the inc reas ing  techno log ica l  importance o f  se- 

miconduct ing a l l o y s ,  i t  i s  c l e a r  t h a t ,  i n  the  f u t u r e ,  many more s tud ies  o f  

the  r o l e  o f  i m p u r i t i e s  i n  these systems w i l l  be performed. For those i n t e -  

res ted  i n  the p r o p e r t i e s  o f  d i so rdered  systems, semiconductors a l l o y  o f f e r  

an unique oppor tun i t y ,  because, u n l i k e  t h e i r  m e t a l l i c  con te rpar ts ,  v e r y  

powerfu l  o p t i c a l  techniques can be employed t o  e l u c i d a t e  t h e i r  p r o p e r t i e s .  
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