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A s imple model f o r  the  c a l c u l a t i o n  o f  bound s t a t e s  assoc ia ted  

w i t h  extended d e f e c t s  i n  quantum w e l l  s t r u c t u r e s  i s  developed. We c o n s i -  

der  a  p a r t i c l e  c o n f i n e d  between two p lane  p a r a l l e l  p o t e n t i a l  w a l l s  and 

determine t h e  c o n d i t i o n s  f o r  e x i s t e n c e  o f  bound s t a t e s  f o r  two types o f  

de fec ts :  i n f  i n i t e  " t rench-1 i ke"  and c y l  i n d r i c a l .  We show t h a t  i n  a Ga(~1, 

As) - GaAs - Ga (AI ,As) quantum wel 1  s t r u c t u r e  d e f e c t s  capable o f  produ- 

c i n g  a p p r e c i a b l y  bound s t a t e s  must have l a t e r a l  dimensions o f  t h e  o r d e r  

o f  0 , l  pm. 

Desenvolvemos um modelo s imples para o c á l c u l o  dos estados l i -  

gados associados a d e f e i t o s  extensos em uma e s t r u t u r a  de poço de poten-  

c i a l  quânt i c o .  Estudamos o caso de uma p a r t í c u l a  conf inada e n t r e  duas pa- 

redes p a r a l e l a s  de p o t e n c i a l  i n f i n i t o ,  sendo que uma de las  contém um de- 

f e i t o ,  s e j a  sob a forma de uma t r i n c h e i r a ,  se ja  sob a forma de um c i l i n -  

d ro .  Mostramos que para p r o d u z i r  um estado for temente l i gado ,  os d e f e i -  
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t o s  no s is tema Ga(A1 ,As) - GaAs - Ga(A1 ,AS) devem t e r  .dimensões l a t e r a i s  

da ordem de 0, l  ym. 

1. INTRODUCTION 

Low d imensional  p h y s i c a l  systems have a t t r a c t e d  cons iderab le  

a t t e n t i o n  f rom b o t h  e x p e r i m e n t a l i s t s  and t h e o r i s t s  i n  t h e  pas t  few years. 

One o f  t h e  most i n t e r e s t i n g  such systems a r e  e l e c t r o n s  c o n f i n e d  t o  t h i n  

l a y e r s .  Modern growth techniques,  i n  p a r t i c u l a r  mo lecu la r  beam e p i t a x y ,  

a l l o w  f o r  t h e  "engineer ing"  o f  semiconductor h e t e r o s t r u c t u r e s  formed by 

l a y e r s ,  t h e  th icknesses o f  which may be as smal l as a  few atomic p lanes.  

The GaAs-(Ga,AI)As h e t e r o s t r u c t u r e  i s  a  w e l l  s t u d i e d  example o f  these 

m a t e r i a l s ,  i n  which r e g u l a r  bandgap v a r i a t i o n s  ( fo rm ing  t h e  so- cal  l e d  

s u p e r l a t t i c e s )  lead t o  t h e  con f  inement o f  e l e c t r o n  and ho les  t o  w e l l  de- 
1- 3 

f i n e d  reg ions  i n  space . Another w e l l  s t u d i e d  example o f  a  s u p e r l a t t i -  

ce i s  I n  A s - ~ a ~ b . ~  

Recent pho to l  umi nescence exper iments performed on I n ~ s - ~ a ~ b ~  and 

G ~ A S - ( G ~ , A I ) A S ~  have shown t h a t  d e f e c t s  i n  t h e  i n t e r f a c e  o f  the  h e t e r o -  

s t r u c t u r e s  may be de tec ted .  Such d e f e c t s  a r e  produced when, a f t e r  t h e  

growth o f  any p a r t i c u l a r  l a y e r  i s  concluded t h e  s u r f a c e  i s  n o t  p e r f e c t l y  

smooth b u t  p resen ts  protuberances and reentrances which a f f e c t t h e t h i c k -  

ness o f  t h e  nex t  l a y e r  when i t  i s  grown. 

The a im o f  the  p resen t  work i s  t o  i n v e s t i g a t e  i n  a  s imp le  model 

t h e  e l e c t r o n i c  s t r u c t u r e  assoc ia ted  w i t h  d e f e c t s  o f  t h e  t ype  descr ibed  

above. For s i m p l i c i t y  sake we l i m i t  ou rse lves  t o  a s i n g l e  quantum w e l l  

w i t h  i n f i n i t e l y  h i g h  w a l l s .  As d iscussed l a t e r  on, such a  model i s  good 

f o r  e i e c t r o n s  con f  ined t o  GaAs wel l s  o f  nUt t o o  m a l  1 w i d t h  (L > 808), 

such as a r e  a c t u a l  l y  p roduced3 '6 .  

I n  Sect ion  2, we d e s c r i b e  our  model and w r i t e  down t h e  bas ic  e- 

qua t ions .  I n  Sec t ion  3, we p resen t  and d iscuss  some n u m e r i c a l  r e s u l t s  

w i t h  emphasis on t h e i r  re levance  t o  t h e  i n t e r p r e t a t i o n  o f  photo lumines-  

cence da ta .  F i n a l l y ,  i n  Sec t ion  4 we p r e s r n t  some b r i e f  conc lus ions .  



2. THE MODEL 

We adopt t h e  semic lass ica l  approach i n  which t h e  d i f f e r e n t e n e r -  

gy gaps i n  t h e  d i f f e r e n t  h e t e r o s t r u c t u r e  components produce p o t e n t  i a  1  

b a r r i e r s  f o r  t h e  e l e c t r o n  and hole's. Th is  ex t reme ly  simpl i f  i e d  p i c t u r e ,  

which n e g l e c t s  t h e  d e t a i l s  o f  t h e  c r y s t a l l i n e  p o t e n t i a l s ,  has been ap- 

p l i e d  w i t h  remarkable successes i n  t h e  i n t e r p r e t a t i o n  o f  t h e  s i n g l e  and 

mul t i p l e  quantum wel l s t r u c t u r e s  o f  G ~ A s - ( G ~ , A ~ ) A s ~ ' ~ .  We a l s o  n e g l  e c t  

charge t r a n s f e r  e f f e c t s  which may a l t e r  t h e  energy gap v a r i a t i o n  p r o f i l e  

and a l l  many body e f f e c t s  such as exchange, c o r r e l a t i o n  and e x c i t o n  f o r -  

mat ion.  W i t h i n  these approx imat ions,  t h e  s i n g l e  p e r f e c t  quantum wel l  p r o-  

blem reduces t o  t h a t  o f  a  p a r t i c l e  c o n f i n e d  between two p lane  p o t e n t i a l  

b a r r i e r s .  We l i m i t  ou rse lves  t o  t h e  i n f i n i t e  p o t e n t i a l  b a r r i e r  l i m i t .  

T h i s  i s  done i n  o r d e r  t o  s i m p l i f y  t h e  computat ions and because we a r e  

m a i n l y  i n t e r e s t e d  i n  s t a t e s  which l i e  reasonably  f a r  f rom t h e  t o p  o f  t h e  

a c t u a l  p o t e n t i a l  w e l l .  We a r e  hence l i m i t e d  t o  t r e a t  e l e c t r o n s  c o n f i n e d  

t o  n o t  t o o  narrow GaAs l a y e r s  (L > 808) i n  GaAs-(Ga,AI)As h e t e r o s t r u c t u -  

res.  

The s o l u t i o n  t o  t h e  i n f i n i t e  p o t e n t i a l  b a r r i e r ,  p e r f e c t  s i n g l e  

quantum w e l l  problem i s  well-known. The energy l e v e l s  f o r a  p a r t i c l e  w i t h  

q"antum numbers n and k  where n denotes t h e  eigen;tates o f  a  one-d i -  II > 
mensional i n f i n i t e l y  deep w e l l  and kll, t h e  wavevector p a r a l l e l  t o  t h e  

w e l l  w a l l s ,  a r e :  

I n  eqn. (2.1),  m  and mil denote, r e s p e c t i v e l y ,  t h e  e f f e c t i v e  masses o f  

the  p a r t i c l e  i n  t h e  d i r e c t i o n s  perpend icu la r  and p a r a l l e l  t o  t h e  w e l l  

w a l l s .  The l e n g t h  L measures t h e  w i d t h  o f  t h e  w e l l .  

We cons ider  two types o f  d e f e c t s ,  which a r e  shown s c h e m a t i c a l l y  

i n  F i g .  1 .  The f i r s t ,  F i g .  1 (a) ,  i s  s e m i - i n f i n i t e ,  t r e n c h - l i k e ,  d e f e c t  

o f  w i d t h  - a and depth L'  > L .  The second, F i g .  1  (b),  i s  a  c i r c u l a r  c y l i n -  

der  o f  r a d i u s  a and depth L ' >  L. - 

The method o f  s o l u t i o n  i s  s i m i l a r  i n  b o t h  cases and we d i s c u s s  

i t  f i r s t  f o r  t h e  t r e n c h - l i k e  d e f e c t .  The w e l l  i s  d i v i d e d  i n t o  t h r e e  r e -  



Fig.1 - (a) Perspect ive view o f  the con f i n i ng  p o t e n t i a l  b a r r i e r s  foi a  

t rench l i k e  de fec t .  The p o t e n t i a l  i s  zero between the p l a tes  and i n f i n i -  

t e  ou t s i de  them. (b) Same f o r  a  f i n i t e  s i z e  z y l i n d r i c a l  de fec t .  (c )  Cross 

- sec t i on  o f  p o t e n t i a l  b a r r i e r  shown i n  ( a ) .  

g ions,  as i n d i c a t e d  i n  F i g .  1 ( c ) .  I n  each reg ion ,  a  s o l u t i o n  o f  energy B 

t o  ~ c h r g d i n ~ e r ' s  equa t ion  i s  w r i t t e n :  

i knx - iknx 
$ = C  ( ~ ~ e  + B~ e ) s i n  
I n 

i knx - iknx 
$ I I I ( ~ , y )  = C (En e + F, e ) s i n  " 

n 

I n  eqns. ( 2 . 2 ) :  



These s o l u t i o n s  a u t o m a t i c a l l y  s a t i s f y  t h e  c o n d i t i o n o f v a n i s h i n g  

on a l l  h o r i z o n t a l  p lane  sur faces  o f  t h e  w e l l  w a l l s ,  as shown i n  F ig.1 (a). 

The boundary c o n d i t i o n  t h a t  qII(x,y) should van ish  on t h e  l a t e r a l  w a l l s  

o f  t h e  t rench  i s  n o t  s a t i s f i e d .  Th is  c o n d i t i o n  i s  f u l f i l l e d  byappropr ia -  

t e l y  matching the  s o l u t i o n s  i n  t h e  v a r i o u s  reg ions .  

To r e l a t e  t h e  v a r i o u s  c o e f f i c i e n t s  appear ing i n  (2.2) we a p p l y  

t h e  c o n t i n u i t y  c o n d i t i o n s  o f  $J and i t s  d e r i v a t i v e  ac ross  t h e  p lanes x = 
a a 

= - 7 and x = - . These a r e  w r i t t e n :  2  

a q- 7 9 ~ )  O < y < L  

a 
iI, ( -  7 , ~ )  = rI 

o o therw i  se 

and s i m i l a r l y  f o r  the  d e r i v a t i v e  and a t  x = a/2. 

From (2.4) we o b t a i n :  

I n  (2.5),  we have: 

S i m i l a r  equat ions can be e a s i l y  ob ta ined  f rom t h e  other  matching 

c o n d i t i o n s .  We remark, i n  passing, t h a t  t h e  d i f f i c u l t y  i n  s o l v i n g  such 

an e lementary quantum mechanics problem stems f rom t h e  f a c t  t h a t  t h e  

e i g e n f u n c t i o n s  a r e  n o t  separable i n  t h e  presence o f  d e f e c t s  such a s t h o s e  

shown i n  F i g .  1 .  

The ques t ion  we want t o  answer i s  whether t h e  d e f e c t  under con- 

s i d e r a t i o n  can produce a  bound s t a t e  and, i f  so, under what c o n d i t i o n s .  

The lowest  energy leve1 f o r  t h e  p e r f e c t  w e l l  o f  w i d t h  L i s :  



This we take as our energy u n i t .  On 

leve1 f o r  the pe r fec t  we l l  o f  w id th  

the other hand, the lowest energy 

L '  (5 -+ m) i s :  

Hence, any bound s ta te . l oca l i zed  a t  a defec t  o f  f i n i t e  s i z e  and depth L' 

must have an energy Eb = SEo such tha t :  

I f  such a bound s t a t e  ex i s t s ,  eqns. (2.2) have a s o l u t i o n  w i t h  

A n =  F = 0 ,  since f o r  k  pure ly  imaginarywemust havedecaying solu-  
n n 

t i o n s  away from the defect  f o r  1x1 -+ rn. Not ice tha t  k  i s  a pure imagi- n 
nary, f o r  any n, i f  we a r e  looking a t  s ta tes  w i t h  energy E S E , .  Since 

b 
the lowest bound s ta te  corresponds t o  a as smooth as poss ib le  wavefunc- 

t ion (no nodes) , we set  : Cs = 

ma tch i ng equa t i ons reduce t o  : 

where kn = i k n  i s  r e a l .  These 

Ds , Bn = E With these condi t ions,  the 
72 

may be rewr i t t en :  

For these equations t o  have a n o n t r i v i a l  so lu t i on  

B n = O .  ( 2 . 1 1 )  

the determinant o f  the 

c o e f f i c i e n t s  must vanish. The energies Eb = SEo a t  which t h i s  occurs a re  

the energies o f  the searched f o r  bound s ta tes .  Numerical r e s u l t s  a r e d i s -  

cussed i n  the next  Section. 

For the f i n i t e  de fec t  shown i n  F ig .  l ( b ) ,  we e x p l o i t  c y l i n d r i -  



c a l  syrnrnetry i n  o r d e r  t o  w r i  t e  down s o l u t i o n s  t o  schr;dinger1s equa t ions  

a p p r o p r i a t e  f o r  t h e  r e g i o n  o f  t h e  d e f e c t  and f o r  t h e  r e s t  o f  t h e  system. 

As be fo re ,  we l i m i t  ou r  search t o  h i g h l y  symmetric s t a t e s .  I n  t h e  p re -  

sent  case these a r e  c y l i n d r i c a l l y  symmetric, i . e . ,  a r e  independent o f  t h e  

angu la r  coord ina te .  Then, i n s i d e  t h e  c y l i n d e r ,  a  s o l u t i o n  w i t h  energy E 

i s  w r i t t e n :  

I n  Eqns. (2.12), p i s  t h e  r a d i a l  coord ina te ,  qs and kx a r e  d e f i n e d  as 

i n  eqns. (2 .3 ) ,  J ,  and N o  a r e  respec t  i v e l  y, Bessel and Neurnann funct ions
7
. 

The f u n c t i o n s  above van ish  everywhere on t h e  w a l l s  o f  t h e  w e l l ,  except  

on the  l a t e r a l  w a l l s  o f  the  c y l i n d r i c a l  d e f e c t .  

App ly ing  matching c o n d i t i o n  and r e c a l l i n g  t h a t  we a r e  l o o k i n g  

o n l y  f o r  bound s t a t e s ,  we a r r i v e  s t r a i g h t f o r w a r d l y  a t  t h e  e q u i v a l e n t  o f  

eqn. (2 .11) :  

w h e r e ~ : ' )  a r e  Hankel f u n c t i o n s a n d  the  p r i m e d e n o t e s  d e r i v a t i v e  w i t h  

respec t  t o  t h e  argument. Bound s t a t e s  correspond t o  ze ro  o f  t h e  de te rmi -  

nant  o f  t h e  c o e f f  i c i e n t s  o f  t h e  s e t  o f  hornogeneous I inear  equat ions (2.13). 

We now d iscuss  t h e  numerical s o l u t i o n s  t o  (2.1 1) and (2.13) .  

3. RESULTS 

We presen t  i n i t i a l l y  r e s u l t s  f o r  t h e  t r e n c h - l i k e  d e f e c t .  When 

s o l v i n g  f o r  t h e  ze ro  t h e  determinant  o f  (2. l i ) ,  we rnust take  on 

n i t e  number o f  terms corresponding t o  c u t t i n g  o f f  t h e  expansion 

a t  some M = iV .  From (2.4) we can see t h a t  t h e  problem i s  bas ica  

l y  a  f i -  

i n  (2.2) 

11 y t h a t  



o f  F o u r i e r  ( s i n e )  expanding a f u n c t i o n  which i s  ze ro  i n  a f i n i t e  i n t e r -  

v a l  - + (+  a/2,.y) = O f o r  L < y 6 L '  -. The deeper t h e  d e f e c t  becomes, 
11 - 

t h e  l a r g e r  N has t o  be i n  o r d e r  t o  s a t i s f y  t h i s  boundary c o n d i t i o n  t o  a 

good approx imat ion.  Hence, the  poorer  beccmes o u r  approx imat ion  o f  an i n -  

f i n i t e  b a r r i e r  p o t e n t i a l ,  because h i g h e r  n ' s  corresponds t o  h i g h e r  e x c i -  

ted s t a t e s  of the one-dimensional wel 1 . TIie d e f e c t s  which a r e  expected t o  

occur  i n  good q u a l i t y  mo lecu la r  beam e p i t a x y  samples b e i n g  reasonably  

shal low,  we do n o t  t h i n k  t h a t  t h i s  i s  a  scir ious l i m i t a t i o n .  

I n  F igure  2 we present  a  s tudy oF t h e  convergence p r o p e r t y  oP 

the  ze ro  o f  the  determinant  o f  (2.11) f o r  a  reasonabl y  deep defect ,  which 

has L '  = 1 . 3 1 4 ~ a n d  a = L .  As we see, t h e  e r r o r  made i n  t h e  v a l u e  o f  

by t a k i n g  N = 1 ,  compared w i t h  N = 15, i s  3%. By t a k i n g  N = 4, t h e  e r r o r  

reduces t o  2%. Al though t h e  convergence, ina themat ica l l y  speaking, i s q u i -  

t e  slow, f rom the phys ica l  p o i n t  o f  view, t h e  e r r o r  made i n  c u t t i n g  o f f  

a t  a  small  va lue  o f  N i s  n o t  severe. Most o f  t h e  r e s u l t s  d iscussed be- 

low were ob ta ined  by t a k i n g  N = 4, i . e . ,  s o l v i n g  f o r  the  determinant  o f  

a  4x4 m a t r i x  o f  c o e f f i c i e n t s .  

I n  F i g .  3 we present  r e s u l t s  f o r  5 as a f u n c t i o n  o f  t h e  t rench  

w i d t h  f o r  two d i f f e r e n t  va lues  o f  L r /L .  For L'  = 1 .105L, up t o  a = 3L we 

f i n d  a s i n g l e  bound s t a t e  ( o f  s symmetry). For a = 2.5L we a r e  w i t h i n  

2% o f  the asympto t i c  va lue  o f  5 = 0.819. A bound s t a t e  e x i s t s  f0.r  any 

Fig.2  - Convergence of  bound s t a t e  energy as a  f unc t i on  o f  the dimen- 

s i on  N of  the determinant o f  the ma t r i x  o f  c o e f f i c i e n t s  o f  eqn. (2.11), 

f o r  L '  = 1.314L and a = L. The c a l c u l a t i o r  i s  done f o r  a t r e n c h - l i k e & -  

f ec '  



Fig.3 - Bound s ta tes energies f o r  the t r ench- l i ke  de fec t  f o r  L '  = 1.105L 

(dashed 1 ine) and L '  = 1.314L (so l  i d  l ine)  as a f unc t i on  o f  a / L .  The 

continuum o f  s t a tes  i s  s i t ua ted  above the l i n e  5 = 1.0. The asymptot ic  

values f o r  5 as a* are ind icated by t he  ho r i zon ta l  t races a t  the r i g h t  

hand s i de  o f  the F igure.  

v a l u e  o f  a, wh 

blem - t h e  i n f  

mens i ona 1 oiie . 
a = 1.75L. We 

ch  i s  a  c h a r a c t e r i s t i c  f e a t u r e  o f  a  two-dimensional p ro -  

n i t e  t r e n c h  reduces t h e  problem t o  an e f f e c t i v e  two d i -  

For  L '  = 1.314L, a  second bound s t a t e  s p l i t s  o f f  a t  about 

n o t i c e  t h a t ,  by a = 2L ,  the  f i r s t  bound s t a t e  has a l r e a d y  

p r a c t i c a l l y  reached the  asympto t i c  va lue .  

I n  F i g .  4  we present  a s i m i l a r  r e s u l t ,  b u t  f o r  t h e  c y l  

d e f e c t ,  f o r  L '  = 1.1L and L '  = 1.2L. The o n l y  impor tan t  q u a l i t a t  

fe rence  frorn t h e  p rev ious  r e s u l t s  i s  t h a t  a  bound s t a t e  now s p l i  

i n d r i c a l  

i v e  d i f -  

t s  o f f  

o n l y  f o r  a  rninimum r a d i u s  o f  the  d e f e c t .  We a r e  then i n  a " th ree-d imen-  

Fig.4 - Same as F ig .  3 f o r  the c y l i n a r j c a l  defect. w i t h  L '  = l . I L  ( s o l i d  

l ine) and L '  = 1.2L (dashed 1 ine)  . 



s i o n a l "  regime. There a r e  now more bound .;tates shown because we c o n s i -  

der  l a r g e r  r a d i i .  ~ d w e v e r ,  as expected, the  approach t o  the  asympto t i c  

v a l u e  i s  s lower  than f o r  t h e  s e m i - i n f i n i t e  t r e n c h - l i k e  d e f e c t .  For a=lOL, 

the  lowest  bound s t a t e  i s  w i t h i n  4% o f  the  l i m i t i n g  va lue .  

I n  F i g .  5, we present  r e s u l t s  f o i  t h e  bound s t a t e  energy as a  

f u n c t i o n  o f  the  w e l l  depth a t  two f i x e d  r a d i i .  Again, t h e  f a c t  t h a t  a  

rninimum s i z e  defect '  i s  needed b e f o r e  a  s t a t e  s p l i t s  o f f  can be c l e a r l y  

seen. 

I n  F i g .  6  we p resen t  a  p l o t  showing f o r  which reg ions  o f  t h e p a -  

rarneters L r / L  and a/L,  which c h a r a c t e r i z e  t h e  dimensions o f  t h e  d e f e c t  

we have s-syrnmetry bound s t a t e s .  I n  t h i s  F igure ,  we ind- icate t h e  t o t a l  

number o f  such baund s t a t e s .  For L '  = 1 .  t,:, no bound s t a t e s  appear f o r  

a < 0.8rL;  o n l y  one bound s t a t e  e x i s t s  f o r  0.8nL < a  1.7nL; e t c .  

I t s  i s  i n t e r e s t i n g  now t o  cons ider  these numbers f o r  a  t y p i c a l  

GaAs quantum wel l o f  w i d t h  L = 1008. S incs t h e  e l e c t r o n  p o t e n t i a l  w e l  l 

depth i s  200 MeV and t h e  e l e c t r o n i c  mass >n = 0.0665m0, t h e  ground s t a t e  

o f  the  wel l E, 56 MeV i s  low enough f o r  the  i n f  i n i  t e  w e l l  dep th  appro-  

x i m a t i o n  t o  be reasonable. ~ o r  a d e f e c t  108 deep, t h e  f i r s t  bound s t a t e  

appears f o r  a  - 5008 d iameter ,  which i s  a  r a t h e r  l a r g e  d e f e c t .  For i t s  

b i n d i n g  energy t o  become a p p r e c i a b l e  a  - 10008, and we a r e  a l r e a d y  in t h e  

t e n t h s  o f  a  m ic rón  s i z e  reg ion .  We emphasize t h a t  t a k i n g  a  more r e a l i s -  

I I 1.2 1.3 1.4 1.5 

Li/ L 

F i g . 5  - Bound s t a t e  energ ies  for  the  c y l i n d r i c a l  defect  f o r  a = nL (da- 

shed l ine )  and a = 2nL ( s o l i d  l i n e )  as  a fun,:tion o f  L r / L .  The continuum 

of s t a t e s  i s  s i t u a t e d  above the  l i n e  5 = 1 . 0  



Fig.6  - Number o f  bound states as a function of the length parameters 

LYL and alhL which character ize ,  respect ively ,  depth and radius of a 

c y l i n d r i c a l  defect. The integers indicate  the number o f  s-symnetry 

bound states which e x i s t  w i t h i n  each parameter region. 

t i c  p o t e n t i a l  w e l l  b a r r i e r  w i l l  o n l y  Iead t o  less  l o c a l i z e d  s t a t e s ,  and 

t o  b i g g e r  minimum s i z e  d e f e c t s  which can produce such s t a t e s .  

On t h e  o t h e r  hand, i n c l u s i o n  o f  t h e  neg lec ted  e l e c t r o n - e l e c t r o n  

i n t e r a c t i o n ,  which leads t o  f o r m a t i o n  o f  e x c i t o n  s t a t e s  c o n t r i b u t e s  t o  

l o c a l i z a t i o n  o f  the  e l e c t r o n i c  s t a t e s .  Such e f f e c t s  r e q u i r e  a  more so- 

p h i s t i c a t e  t rea tment  o f  the  problem than t h e  one we presented here,  b u t  

should n o t  a l t e r  s i g n i f i c a n t l y  t h e  s i z e  es t imated  above. 

4. CONCLUSION 

I n  conc lus ion ,  we have presented a  s imp le  model f o r  t h e  e l e c -  

t r o n i c  s t r u c t u r e  o f  s i n g l e  quanturn w e l l  w i t h  d e f e c t s .  I n  p a r t i c u l a r ,  we 

have determined t h e  c o n d i t i o n s  f o r  t h e  appearance o f  l o c a l i z e d  s t a t e s a s -  

s o c i a t e d  w i t h  two d i f f e r e n t  types o f  de fec ts :  sem i - i n f i n i t e , t r ench - l i ke ,  

de fec ts  and f i n i t e  s i z e  c y l i n d r i c a l  de fec ts .  Th is  cho ice  o f  geornetry was 

d i c t a t e d  by t h e  computat ional  d i f f i c u l t y  o f  s o l v i n g  a n o n - s e p a r a b l e  

Schrt ldinger equa t ion .  I n  a d d i t i o n ,  we cons ider  o n l y  t h e  l i m i t i n g  c a s e o f  

an i n f i n i t e  p o t e n t i a l  b a r r i e r ,  which y i e l d s  the  l e s s  s t r i n g e n t c o n d i t i o n s  

f o r  the  e x i s t e n c e  o f  bound s t a t e s .  
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