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Appendix A: Matlab® Program

An Example of the M-file Script Routines Used to Calculate the Electron and the 

Hole Wavefunctions for Multiple Quantum Dots by Solving the Schrôdinger 

Equation Using the Different Effective Masses Approach

The whole calculation program is separated into four files:

1. PD_ALIGNED_QDs.m -- the main routine used to calculate polarization 

degree of aligned QDs

2. Call-ELECTRICFIELD.m -- the subroutine called to define the two-dimensional 

electric field system

3. Call-ALIGNED_QDs.m -- the subroutine called to define the region of InAs and 

GaAs

4. AUGNED_QDs_eigenergy.m -- the subroutine called to calculate the eigen- 

energies and eigen-functions of aligned QDs

List of the routines:

PD_AUGNED_QDs.m

c l c  
c l e a r  
c l o s e  a l l  
c l e a r  a l l

xO = 0 ;  x f = 2 0 0 ; % s t a r t i n g a n d  e n d p o i n t s o f  X a x i s ( i n u n i t s o f n a n o m e t e r s )
yo = 0 ;  y f = 2 0 0 ; % s t a r t i n g a n d  e n d p o i n t s o f  y a x i s ( i n u n i t s o f n a n o m e t e r s )
Mx = 1 0 0 ; % Nu mb er  o f  s a m p l e p o i n t s i n  X a x i s ( i n u n i t s o f n a n o m e t e r s )
My = 1 0 0 ;
ท = XX; % s i z e  o f q u a n t u m d o t  i n x - d i r e c t i o n

% t o  g e t  t h e  r e a l  d i m e n s i o n  s h o u l d  m u l t i p l y  b y  2)
A = XX; % s i z e  o f  QDs i n  Y d i r e c t i o n
d  = XX; % s p a c i n g  b e t w e e n  o n e  QDs a nd .  a n o t h e r

% t o  g e t  t h e  r e a l  d i m e n s i o n ,  s h o u l d  c a l c u l a t e d  ( d - l ) x  2)
% XX s t a n d s  f o r  p a r a m e t e r ,  c o r r e s p o n d i n g  t o  QDs ( b y  i n p u t  v a l u e )

d o t a d d l e f t  = XX; % a d d i t i o n a l  d o t s  o n  l e f t  h a n d  s i d e
d o t a d d r i g h t  = XX; % a d d i t i o n a l  d o t s  o n  r i g h t  h a n d  s i d e
n u m d o t s  = d o t a d d l e f t + d o t a d d r i g h t ;  % t o t a l  n u m b e r  o f  QDs,  c o r r e s p o n d i n g  t o  

% n u m d o t s = d o t a d d l e f t + d o t a d d r i g h t
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N = 5 0 ; %mid p o i n t  o f  t h e  m e s h
d x  = ( x f  -  x 0 ) / M x ;
d y  = ( y f  -  y O ) / M y ;

X  = ( - x f / 2 : x f / M x : x f / 2 ) ; % p o s i t i o n  o f  s a m p l e  p o i n t s i n  X  a x i s
y = ( - y f / 2 : y f / M x : y f / 2 ) ' ; % p o s i t i o n  o f  s a m p l e  p o i n t s i n  y  a x i s

% NUMERICAL CALCULATION o f  t h e  S c h r o e d i n g e r  e q u a t i o n  i m p l e m e n t e d  b y  u s i n g  F i n i t e  
% D i f f e r e n c e  M e t h o d
% D e v e l o p e d  b y  C h o n l a k o r n  C h i e w p a n i c h  ( m o d i f i e d  c o r r e s p o n d i n g  t o  Na n  N a n  T h i d a r  C h i t  
% S w e ' ร o r i g i n a l  p r o g r a m )
% T h e  ma xi mum m e s h  s i z e  f o r  t h e  t w o - d i m e n s i o n a l  S c h r o e d i n g e r  e q u a t i o n  i s  1 0 0 * 1 0 0 .
% One m e s h  i s  e q u i v a l e n t  t o  2 nm.
% C h a n g i n g  t h e  m e s h  p o i n t s  i s  a v a i l a b l e  b y  m o d i f y i n g  N, MX, My, x f ,  a n d  y f ,  
c o r r e s p o n d i n g  t o  t h e  c o n d i t i o n  o f  N = Mx = My = ( x f / 2 )  = ( y f / 2 )

% -----------------------------------------------------------------------------------------------------

%----------------------------------------------------------------------------------------------------------------------

% C a l c u l a t e  t h e  e l e c t r o n  w a v e f u n c t i o n
d i s p (  ’ % T h i s  p r o g r a m  s h o w s  t h e  w a v e f u n c t i o n s  o b t a i n e d  b y  s o l v i n g  t h e  S c h r o e d i n g e r ' )  
d i s p ( ' e q u a t i o n  f o r  ALIGNED q u a n t u m  d o t s .  T h e  s i z e  o f  t h e  d o t  i s  f i x e d  a t  XX n m . ' )  
d i s p  ( ' % ' )
d i s p (  ' % C a l c u l a t i n g  t h e  e l e c t r o n  w a v e f u n c t i o n ' )  
d i s p  ( ' % ' )
d i s p ( '  %The v a l u e  o f  t h e  b a n d  o f f s e t  VI  i s  XX e v . ' )  
d i s p  ( ' % ' )
d i s p ( ' % T h e  l e n g t h  i n  t h e  x  d i r e c t i o n  a n d  t h e  y  d i r e c t i o n  e a c h  i s  XX n m . ' )  
d i s p  ( ' % ' )
d i s p ( ' % T h e  n u m b e r  o f  t h e  m e s h  p o i n t s  i n  t h e  X  a n d  X  d i r e c t i o n s  i s  XX e a c h . ' )  
d i s p  ( ' % ' )
d i s p ( '  % T h i s  p r o g r a m  c a l c u l a t e s  b a s e d  o n  t h e  i n t e r d o t  s p a c i n g  b e t w e e n  Q D s . ' )  
d i s p  ( ' % ' )
d i s p ( ' D i s t a n c e  b e t w e e n  QDs:  2 d '  ) ;
d i s p  ( ' % ' )  
d = i n p u t  ( ' d = ' ) ;
n u m _ ร o l = i n p u t  ( ' % n u m b e r  o f  s o l u t i o n s :  ' ) ;
d i s p  ( ’ %' )
m l = i n p u t  ( ' % m a s s  o f  e l e c t r o n  i n  Ga As :  ' ) ;
m 2 = i n p u t ( ' %mass o f  e l e c t r o n  i n  I n A s :  ' ) ;
d i s p  ( ' % 1 ) 
d i s p  ( ' % ' )
V p = i n p u t  ( ' % b a n d  o f f s e t  ( e V ) : ' ) ;

t p h i , t e , d , n u m _ s o l , V I , V ] = A L I G N E D _ Q D s _ e i g e n e r g y ( d , n u m _ s o l , M x , M y , V p , m l , m 2 ) ;

f i g u r e ( 1 ) ;

m e s h ( X , y , V I ) 
x l a b e l ( ' D i s t a n c e  (nm) ' ) 
y l a b e l ( ' D i s t a n c e  ( n m ) ' )  
z l a b e l ( ' P o t e n t i a l  e n e r g y ,  ( e V ) ' )
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K= r e s h a p e ( p h i ( : , 1 ) , M x - l , M y - l ) ; 
P h i e l e c t r o n = z e r o s ( M x + l , M y + l ) ;
P h i e l e c t r o n ( 2 : M x , 2 : e n d - l ) = K ( 1 :  e n d , 1 : e n d ) ; 

X l a b e l  ( ' X - D i s t a n c e  ( r a n ) ' ) ,  
y l a b e l  ( ' Y - D i s t a n c e  ( n m ) ' ) '  
z l a b e l  ( ' W a v e f u n c t i o n ' ) ;
t i t l e  ( ' E l e c t r o n  w a v e f u n c t i o n  o f  t h e  Q D s ' )  
f i g u r e ( 2 ) ;
m e s h ( X , y , P h i e l e c t r o n )

%---------------------------------------------------------------------------------------------------------------------------------------------------
% -------------------------------------------------------------------------------------------------

% C a l c u l a t e  t h e  h o l e  w a v e f u n c t i o n  
m l = i n p u t  ( ' % m a s s  o f  h o l e  i n  Ga As :  ' ) ;
m 2 = i n p u t ( ' %mass o f  h o l e  i n  I n A s :  ' ) ;
( p h i , t e , d , n u m _ s o l , V , V I ] = A L I G N E D _ Q D s _ e i g e n e r g y ( d , n u m _ s o l , M x , M y , V p , m l , m 2 ) ;

f i g u r e ( 3 ) ;  
m e s h ( x , y , V)
x l a b e l ( ' D i s t a n c e  ( n m ) ' )  
y l a b e l ( ' D i s t a n c e  ( n m ) ' )  
z l a b e l ( ' P o t e n t i a l  e n e r g y ,  ( e V ) ' )

L= r e s h a p e ( p h i ( : , 1 ) , M x - l , M y - 1) ;
P h i h o l e = z e r o s ( M x + l , M y + l )  ;
P h i h o l e (2 ะM x , 2 ะ e n d - 1 ) = L (1 : e n d , 1 ะ e n d ) ;

f i g u r e ( 4 ) ; 
m e s h ( X , y , P h i h o l e ) ; 
x l a b e l ( ' X - D i s t a n c e  ( n m ) ' ) ,  
y l a b e l ( ' Y - D i s t a n c e  (nm) ' )  ' 
z l a b e l ( ' W a v e f u n c t i o n ' ) ;
t i t l e ( ' F i g u r e  (4)  ะ H o l e  w a v e f u n c t i o n  o f  t h e  Q D s ' )

%-----------------------------------------------------------------------------------------------------------
% -----------------------------------------------------------------------

% C a l c u l a t e  t h e  o v e r l a p  i n t e g r a l  ( f o r  a l i g n e d  QDs)
% An e x a m p l e  o f  c o u p l i n g  r e g i o n s  i n  c a s e  o f  s i x  QDs

N - ( 3 * d / 2 - 2 * n N - ( 3 * d / 2 ) - n 1 N + ( 3 * d / 2 ) + n  N + ( 3 * d / 2 ) + 2 * n

1 1 a d )  1 

1 1 1

a (2) 1 a (3)  1 a ( 4 ) 

1 1

1 a (5)1 

1 1 1

a ( 6) I a (7)  1 a (8)  1 a (9)  1

I I  I I

1 1

1 1

1 < --------ท --------> 1 < - d - >  1

1 1 1

1 1 

1 1

1 I N 1 

1 i 1

I l  I I  

I l  I I

1 1 

1 1

%

% N - ( 5 * d / 2 ) - 3 * n  N - ( 5 * d / 2 ) - 2 * n N - ( d / 2 ) - n  N - ( d / 2 ) I  N + ( d / 2 )  N + ( d / 2 ) + n N + ( 5 * d / 2 ) + 2 * n  N + ( 3 * d / 2 ) + 3 + n
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P h i  = P h i h o l e . * P h i e l e c t r o n ;  % e - h  o v e r l a p p i n g
P h i e e =  P h i e l e c t r o n . * P h i e l e c t r o n ;  % e - e  o v e r l a p p i n g  
P h i h h =  P h i h o l e . * P h i h o l e ;  % h - h  o v e r l a p p i n g

% C e n t r a l  o v e r l a p
C e n t r a l e e = s u m ( s u m ( P h i e e ( N - A / 2 : N + A / 2 , ( N - d / 2 + 1 ) ะ ( N + d / 2 + 1 ) ) ) ) ;

C e n t r a l h h = s u m  (รน!ท ( P h i h h ( N - A / 2 : N + A / 2 ,  ( N - d / 2 + 1 ) ะ ( N + d / 2 + 1 ) ) ) ) ;

C e n t r a l e h = s u m ( s u m ( P h i ( N - A / 2 : N + A / 2 , ( N - d / 2 + 1 ) : ( N + d / 2 + 1 ) ) ) ) ;

รน!ทC e n t r a l = C e n t r a l e e + C e n t r a l h h - 2 * C e n t r a l e h ;

i f  NU == 1 % h a l f  n o m b e r  o f  t o t a l  QDs. N o t e  t h a t  f o r  B i - Q D s ,  t h e  p r o g r a m  i s  o p e r a t i n g
% o n l y  t h i s  l o g i c

A r e a = ( A * d ) ;

O v e r l a p p e d = s u m C e n t r a l / A r e a

e l s e

f o r  i = l : N U - l  % I n  c a s e  o f  n u m b e r  o f  QDs i s  g r e a t e r  t h a n  

% L e f t  o v e r l a p
L e f t e e ( i ) = s u m ( s u m ( P h i e e ( N - n / 2 : N + n / 2 ,  ( ( N - ( ( 2 * i + l ) * d / 2 ) - ( 2 * i - l ) * n + l ) ) ะ ( ( N - ( 2 * i - l ) * d / 2 ) -  
( 2 * i - l ) * n + l ) ) ) ) ;

L e f t h h ( i ) = s u m ( s u m ( P h i h h ( N - n / 2 : N + n / 2 , ( ( N - ( ( 2 * i + l ) * d / 2 ) - ( 2 * i - l ) * n + l ) ) ะ ( ( N - ( 2 * i - l ) * d / 2 ) -  
( 2 * i - l ) * n + l ) ) ) ) ;

L e f t e h ( i ) = s u m ( s u m ( P h i ( N - n / 2  ะN + n / 2 ,  ( ( N - ( ( 2 * i + l ) * d / 2 ) - ( 2 * i - l ) * n + l ) ) ะ ( ( N - ( 2 * i - l ) * d / 2 ) -  
( 2 * i - l ) * n + l ) ) ) ) ;

% R i g h t  o v e r l a p
R i g h t e e ( i ) = s u m ( s u m ( P h i e e ( N - n / 2 : N + n / 2 , ( ( N + ( ( 2 * i - l ) * d / 2 ) + ( i * n ) + 1 ) ) ะ ( ( N + ( 2 * i + l ) * d / 2 )
+ ( i * n ) + 1 ) ) ) ) ;

R i g h t h h ( i ) = s u m ( s u m ( P h i h h ( N - n / 2  ะN + n / 2 , ( ( N + ( ( 2 * i - l ) * d / 2 )  + ( i * n ) + 1 ) ) : ( ( N + ( 2 * i + l ) * d / 2 )
+ ( i * n ) + l ) ) )>;

R i g h t e h ( i ) = s u m ( s u m ( P h i ( N - n / 2 : N + n / 2 , ( ( N + ( ( 2 * i - l ) * d / 2 ) + ( i * n ) + 1 ) ) : ( ( N + ( 2 * i + l ) * d / 2 )
+ ( i * n ) + 1 ) ) ) ) ;

e n d

s u m e e h h  = s u m ( L e f t e e ) + s u m ( L e f t h h ) + s u m ( R i g h t e e ) + s u m ( R i g h t h h ) ; 
s u m e h  = s u m ( L e f t e h ) + s u m ( R i g h t e h ) ;
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A r e a = ( A * d ) ;

O v e r l a p p e d = ( s u m C e n t r a l + s u m e e h h - 2 * s u m e h ) / A r e a  

e n d

%----------------------------------------------------------------------

%----------------------------------------------------------------------

% C a l c u l a t e  t h e  L i n e a r  P o l a r i z a t i o n  D e g r e e  (PD)
(X,  Y] = m e s h g r i d  (X, y)  ;
D l = a b s ( P h i e l e c t r o n . * x . * P h i h o l e ) ;
D 2 = a b s ( P h i e l e c t r o n . * Y . *  P h i h o l e ) ;
AA = s u m  ( s u m ( D l ) ) ;
BB = s u m  ( s u m ( D 2 ) ) ;
RAWPD = a b s ( ( AA- BB) / (AA+BB)) % PD o f  s i n g l e  QD
C g r i d a r e a = a b s ( O v e r l a p p e d * ( ( AA- BB) / (AA+BB)) )  % PD o f  a l i g n e d  QDs

Call-ELECTRICFIELD.m

f u n c t i o n  [ e l e c x , e l e c y ] = C a l l _ E L E C T R I C F I E L D ( v o l t x , v o l t y ) ;

v o l t x  = i n p u t  ( ' % v o l t a g e  a p p l i e d  a l o n g  t h e  X  d i r e c t i o n :  ' ) ;
v o l t y  = i n p u t  ( ' % v o l t a g e  a p p l i e d  a l o n g  t h e  y d i r e c t i o n :  ' ) ;

% C a l c u l a t i o n  o f  s p e c i f i c a t i o n  m a t r i x

M = 9 9 * 9 9 ;  % M i s  d i m e n s i o n  o f  s p e c i f i c a t i o n  m a t r i x ,  c o r r e s p o n d i n g  t o  n u m b e r  o f  n o d e  
% i n  e l e c t r i c  f i e l d  s y s t e m  = ( x f - 1 ) * ( x f - 1 )  b e c a u s e  we n e g l e c t  t h e  r o w  a n d  c o l u m n  t h a t  
% r e f e r  t o  g r o u n d  v o l t a g e

% E x .  3 * 3  v o l t a g e  n o d e  v i l  V12 V13
% V21 V22 V23
% V31 V32 V33
% T h e  c o r r e s p o n d i n g  p o t e n t i a l  m a t r i x  i s  X = v l l  
% V12
% V13
% V21
% V22
% V23
% V31
% V32
% V33

a n d  i t s  d i m e n s i o n  i s  s q r t ( M ) * l

9* 1  m a t r i x

r = s p a r s e ( s p a r s e ( d i a g ( - 4 + z e r o s ( M , 1 ) , 0 ) ) + s p a r s e ( d i a g ( o n e s ( M -  
s g r t ( M ) , 1 ) , s q r t ( M ) ) ) t s p a r s e ( d i a g ( o n e s ( M - s q r t ( M ) , 1 ) , - s q r t ( M ) ) ) ) ;
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% S p e c i f i c a t i o n  m a t r i x  o f  3 * 3  v o l t a g e  n o d e
% - 4 1 0 1 0 0 0 0 0
% 1 - 4 1 0 1 0 0 0 0
% 0 1 - 4 0 0 1 0 0 0
% 1 0 0 - 4 1 0 1 0 0
% 0 1 0 1 - 4 1 0 1 0
% 0 0 1 0 1 - 4 0 0 1
% 0 0 0 1 0 0 - 4 1 0
% 0 0 0 0 1 0 1 - 4 1
% 0 0 0 0 0 1 0 1 - 4

% S p e c i f y  ” 1 "  a t  t h e  p o s i t i o n  i = j + l
% A t  t h e  p o s i t i o n  j = i + l .  " 1 "  i s  s p e c i f i e d  t h a t  e q u a l s  t o  ( d i m e n s i o n  o f  n o d e s  -  1)
% E x .  3 * 3  v o l t a g e  n o d e  - > 1 1 0 1 1 0 1 1 0  
% E x .  4* 4  v o l t a g e  n o d e  - > 1 1 1 0 1 1 1 0  1 1 1 0 1 1 1 0

f o r  i = l : M
f o r  j = l : M

i f  i  == j + 1
r ( i , j )=1;

i f  i  == j + 1  s s  m o d ( j  , s q r t ( M ) ) = =  0 % S p e c i f y  " 0 "  a t  t h e  p o s i t i o n  i = j  + l  a n d  
m o d ( j ,  d i m e n s i o n  o f  n o d e s ) =0  

r ( i , j )=0;

e n d
e l s e i f  j  == i + 1  

r ( i , j ) = l ;
i f  j  == i + 1  && mod ( i ,  s q r t  (M) ) == 0 % S p e c i f y  " 0 "  a t  t h e  p o s i t i o n  j = i + l  a n d  

m o d ( i ,  d i m e n s i o n  o f  n o d e s ) =0  
r ( i , j ) = 0 ;

e n d
e n d

e n d
e n d

% --------------------------------------------------------------------------------------------------

%------------------------------------------------------------------------------------------------------------------

% B o u n d a r y  c o n d i t i o n  a t  t h e  i n t e r f a c e  o f  d i f f e r e n t  m e d i u m

% E x . 2 QDs
%

%

%

%

%

%

%

%

%

e l 1
!

e 2  1 
1

1 1 
1 !

1 1 
1 1

1
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s = s q r t ( M ) ;
d i e l e c 0 = 8 . 8 5 4 1 8 7 * ( 1 0 A- 1 2 ) ;
d i e l e c l = 1 2 . 9 * d i e l e c 0 ;  % d i e l e c t r i c  c o n s t a n t  o f  GaAs ( e l )
d i e l e c 2 = 1 5 . 1 5 * d i e l e c 0 ;  % d i e l e c t r i c  c o n s t a n t  o f  I n A s  ( e 2 )

% C o n t i n u i t y  a t  t h e  i n t e r f a c e ,  
% E x .  3 * 3  v o l t a g e  n o d e
%

%

D1=D2
V i l  V12 V13 
V21 V22 V23 
V31 V32 V33

% Fr o m  D1=D2 — > e l E l = e 2 E 2

I n t e r f a c e  n o d e s  a r e  V 1 2 , V 2 2 , V 3 2

%

% A t  V 1 2 , 
% A t  V22 ,  
% A t  V3 2 ,  
%

e l ( V 1 2 - V l l ) = e 2 ( V 1 3 - V 1 2 )  — > 
e l ( V 2 2 - V 2 1 ) = e 2 ( V 2 3 - V 2 2 )  — > 
e l ( V 3 2 - V 3 1 ) = e 2 ( V 3 3 - V 3 2 )  — >

( e l + e 2 ) V 1 2  -  
( e l + e 2 ) V 2 2  = 
( e l + e 2 ) V 3 2  =

e l v l l  + e 2 V 1 3  
e l V 2 1  + e 2 V 2 3  
e l V 3 1  + e 2 V 3 3

% C o m p a r e d  t o  p r e v i o u s l y  s p e c i f i e d  v o l t a g e
% V12
% V22
% V32
%
% E x .  3 * 3  v o l t a g e  n o d e  [ - 4 1 0
% 1 - 4 1
% 0 1 - 4
% 1 0 0
% 0 1 0
% 0 0 1
% 0 0 0
% 0 0 0
% 0 0 0
%
% A t  V 1 2 , V 2 2 , V32 t h e  v a l u e s  c h a n g e  t o
%
% - e l e l + e 2 e 2
* 0 0 0
% 0 0 0

= ( 1 / 4 ) ( V l l + V 1 3 + v o l t y + V 2 2 )  
= ( 1 / 4 ) ( V2 1+V23+V12+V32)
= ( 1 / 4 ) ( V 3 1 + V 3 3 p y + V 2 2 )

1 0 0 0 0 0 [ V l l
0 1 0 0 0 0 V12
0 0 1 0 0 0 V13

- 4 1 0 1 0 0 V21
1 - 4 1 0 1 0 V22
0 1 - 4 0 0 1 V23
1 0 0 - 4 1 0 V31
0 1 0 1 - 4 1 V32
0 0 1 0 1 - 4  ] V33]

0 0 0 0 0 0 V12
- e l e l + e 2 - e 2 0 0 0 V22

0 0 0 - e l e l + e 2 - e 2 V32

% B o u n d a r y  c o n d i t i o n  a t  t h e  Q D s ' s  e d g e  

F = s  ;

% P o s i t i o n  o f  f o u r  e d g e s  o f  a l l  QDs
f o r  d o t  = - ( n u m d o t s - 1 ) * ( d / 2 ) : d : ( n u m d o t s - 1 ) * ( d / 2 )
% E x .  n u m b e r  o f  d o t  -  2  n u m d o t s  = 2 d o t  = - ( d / 2 )  : d :  ( d / 2 )

% T op  e d g e

f o r  i = ( ( ( ( F * F ) + 1 ) / 2)  -  ( A * F ) / 2 + d o t  - n ) +1 ะ ( ( ( ( F * F ) + 1 ) / 2 )  -  ( A * F ) / 2 + d o t ) - l

r ( i , l : s * s ) =  0 ;

e n d
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f o r  i = (  ( ( ( F * F ) + l ) / 2 )  -  ( A * F ) / 2  + d o t  - n ) + l  : ( ( ( ( F* F)  +1 ) / 2)  -  ( A * F ) / 2  + d o t ) - l

r ( i , i ) =  d i e l e c l + d i e l e c 2 ;  
r ( i , i - s ) =  - d i e l e c l ;  
r ( i , i + s ) =  - d i e l e c 2 ;

e n d

% B o t t o m  e d g e

f o r  i = (  ( ( ( F * F ) + l ) / 2 )  -  ( A * F ) / 2  + d o t  -ท + (A* F ) ) +1 : ( ( ( ( F * F ) + l ) / 2 )  -  ( A * F ) / 2 + d o t  + 
( A * F ) ) - 1

r ( i ,  1 : ร * ร ) = 0 ;

e n d

f o r  i = (  ( ( ( F * F ) + l ) / 2 )  -  ( A * F ) / 2 + d o t  - n  + (A*F) ) + l :  ( ( ( ( F * F ) + l ) / 2 )  -  ( A * F ) / 2  + d o t  + 
( A * F ) ) - 1

r ( i , i ) =  d i e l e c l + d i e l e c 2 ;  
r ( i , i - s ) =  - d i e l e c 2 ;  
r ( i , i + s )  = - d i e l e c l ;

e n d

% L e f t  e d g e

f o r  i = ( ( ( ( F * F ) + 1 ) / 2)  -  ( A * F ) / 2 + d o t  - n ) + l  ะ F : ( ( ( ( F * F ) + 1 ) / 2 )  -  ( A * F ) / 2  + d o t  - n  + 
( A * F ) ) - 1

r ( i , l : s * s ) =  0 ;

e n d

f o r  i = (  ( ( ( F* F)  +1)  / 2 )  -  (A*F) / 2 + d o t  - n ) +1 : F :  ( ( ( ( F* F)  +1)  / 2 )  -  (A*F)  / 2 + d o t  - n  + 
(A*F) ) - 1

r ( i , i ) =  d i e l e c l + d i e l e c 2 ;  
r ( i , i - l ) =  - d i e l e c l ;  
r ( i , i + l ) =  - d i e l e c 2 ;

e n d
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% R i g h t  e d g e

f o r  i = (  ( ( ( F*F)  +1)  / 2 )  -  ( A * F ) / 2  + d o t ) + l  : F :  ( ( ( ( F* F)  +1)  / 2 )  -  (A*F)  / 2 + d o t  + ( A * F ) ) - 1

r  ( i ,  1 ะร*ร)  = 0 ;  %nt«fii1iTiïIuffurrnimn

e n d

f o r  i = (  ( ( ( F * F ) + 1 ) / 2 )  -  ( A * F ) / 2  + d o t ) + l  : F :  ( ( ( ( F * F ) + 1 ) / 2 )  -  ( A * F ) / 2 + d o t  + ( A * F ) ) - 1

r ( i , i ) =  d i e l e c l + d i e l e c 2 ;  
r ( i , i - l ) =  - d i e l e c 2 ;  
r ( i , i + l )  = - d i e l e c l ;

e n d

e n d

%

%

% B o u n d a r y  c o n d i t i o n  o f  a p p l i e d  v o l t a g e  
%
% v o l t y  ( v o l t a g e  a p p l i e d  a l o n g  t h e  y  d i r e c t i o n )
%

%

%

% p x
%

%

%

% p y
p x = 0 ; % g r o u n d  
p y = 0 ; % g r o u n d

v o l t x  ( v o l t a g e  a p p l i e d  a l o n g  t h e  
X  d i r e c t i o n )

k = s q r t ( M ) ;

% C a l c u l a t i o n  o f  b o u n d a r y  m a t r i x  ( m a t r i x  B) 
%
% E x .  3 * 3  v o l t a g e  n o d e
%
% B = - ( s u m m a t i o n o f b r a n c h c o n n e c t e d t o V l l )  9* 1  m a t r i x
% - ( s u m m a t i o n o f b r a n c h c o n n e c t e d t o V12)
% - ( s u m m a t i o n o f b r a n c h c o n n e c t e d t o V13 )
% - ( s u m m a t i o n o f b r a n c h c o n n e c t e d t o V21)
% - ( s u m m a t i o n o f b r a n c h c o n n e c t e d t o V22 )
% - ( s u m m a t i o n o f b r a n c h c o n n e c t e d t o V23 )
% - ( s u m m a t i o n o f b r a n c h c o n n e c t e d t o V31 )
% - ( s u m m a t i o n o f b r a n c h c o n n e c t e d t o V32 )
% - ( s u m m a t i o n o f b r a n c h c o n n e c t e d t o V33 )
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% F o u r  c o r n e r s  ( (X,  1) ( 1 ,  j ) ( i ,  1)  ( 1 ,  j  ) )
๖ ( 1 ) =  - ( p x + v o l t y ) ;
๖ ( k ) =  - ( v o l t y + v o l t x ) ; 
b ( ( ( k - 1 ) * k ) + 1 ) = - ( p x + p y ) ; 
b ( k * k ) = - ( v o l t x + p y ) ' ;

% T op  e d g e  ( f r o m  ( 1 , 2 )  t o  ( l , j - l ) )
b ( 2 : k - l ) =  - v o l t y ;

% B o t t o m  e d g e  ( f r o m  ( i , 2 )  t o  ( i , j - l ) ) )  
b (  ( ( k - 1 )  *k )  + 2 ะ ( k * k ) - l ) = - p y ;

% L e f t  b o u n d a r y  ( f r o m  ( 2 , 1 )  t o  ( i - 1 , 1 ) )
b ( k + l : k : ( k - 1 ) * ( k - 1 ) ) = - p x ;
% R i g h t  b o u n d a r y  ( f r o m  ( 2 ,  j )  t o  < i - l , j ) )
b ( 2 * k : k : ( k - 1 ) * k ) = - v o l t x ;

% F o r  f r e e  n o d e s ,  t h e i r  v a l u e s  a r e  " 0 "

% S o l v i n g  f o r  p o t e n t i a l  m a t r i x  

b = b  ' ;

T E M = r \ b ;  % S o l v i n g  m a t r i x  X b y  x =  ( A ) - 1 ( B )
%

% E x .  3 * 3  v o l t a g e  n o d e
% X SoX= V l l
% V12
% V13
% V21
% V22
% V23
% V31
% V32
% V33
% R e - a r r a n g e d  f r o m 9 * l  m a t r i x  t o  3 * 3  m a t r i x ,  t h a t  i s ,
%

%

V i l  V12  V13 
V21 V22 V23 
V31 V32 V33

f o r  f = l : ร*ร 
i = c e i l ( f / s ) ;  
j  = m o d ( f , ร)  ;

i f  j = = 0  
j= s ;

e n d
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V O L T ( i , j ) =TEM( f ) ;  % P o t e n t i a l  d i s t r i b u t i o n  o f  t h e  s y s t e m

e n d

% -------------------------------------------------------------------------------------------------------------------------
%---------------------------------------------------------------------------------------------

% I n v e s t i g a t i o n  o f  e l e c t r i c  f i e l d  d i s t r i b u t i o n

d e l t a x x = 2 ;  % One  m e s h  i s  e q u i v a l e n t  t o  2 nm 
d e l t a y y = 2 ;

%

%

%

%

%

%

%

%

%

%

%

%

%

%

%

%

%

%

%

E x ( x , y )  = ( V ( x + d e l t a , y ) - V ( X , y ) ) / d e l t a  
E y ( x , y )  = ( V ( X , y + d e l t a ) - V ( x , y ) ) / d e l t a

E x .  3 * 3  v o l t a g e  n o d e  v i l  V12 V13 
V21 V22 V23 
V31 V32 V33

v o l t y

p x
1
I v o l t x  
I

py
s i n c e  p x , p y  a r e g r o u n d ,  s o  E x ( i ,  j ) = ( V ( i ,  j  + 1 ) - V ( i ,  j ) ) / d e l t a  
Ex.  E x ( 1 , 2 ) = v ( 1 , 3 ) - V ( 1 , 2 )
E y ( i , j ) = ( V ( i - 1 , j ) - V ( i , j ) ) / d e l t a  
E x .  E y ( 2 , 2 ) = v ( 1 , 2 ) - V ( 2 , 2 )

f o r  i = l : s
f o r  j = l : ร

i f  i - 1  =  0 

h = v o l t y ;

e l e c y ( i ,  j ) = ( h - V O L T ( i , j ) ) . / d e l t a y y ;  %บน 

e l s e

e l e c y ( i , j ) = ( V O L T ( i - 1 , j ) - VOLT(i , j ) ) . / d e l t a y y ;  

end

i f  j+ 1  == s+1



281

l = v o l t x ;

e l e c x  ( i , j  ) = (1-VOLT ( i ,  j  ) ) . / d e l t a x x ;  %»วา

e l s e

e l e c x ( i , j  ) = (VOLT(i,  j + 1 ) - V O L T ( i , j ) ) . / d e l t a x x ;

e n d

e n d
e n d

% C ontou r  p l o t  o f  p o t e n t i a l  d i s t r i b u t i o n  

X I  = l : s q r t (99*99) ;

Y1 = 1 : s q r t (9 9 *9 9 ) ;

f i g u r e (6)

mesh{Y1, X I , VOLT)

Call-AllGNED_QDs.m

fu n c t io n [m a s s ,V I ,V ,c o n s t ]= C a l l_ A L IG N E D _ Q D s (d ,  Vp,ml,m2,Mx,My)

xO = 0 ;  x f = 2 0 0 ;  
yO = 0 ;  y f = 2 0 0 ;

% s t a r t i n g  a n d  e n d  p o i n t s  o f  x  a x i s  ( i n  n a n o m e t e r s )  
% s t a r t i n g  a n d  e n d  p o i n t s  o f  y  a x i s  ( i n  n a n o m e t e r s )

d x  = ( x f  -  x O ) / M x ;  
x  = xO + [ 0 : M x ] * d x ;  
d y  = ( y f  -  y O ) / M y ;

% i n c r e m e n t  i n  X d i r e c t i o n  = l e n g t h ( n m ) / M x  
% p o s i t i o n  o f  s a m p l e  p o i n t s  i n  X d i r e c t i o n  
% i n c r e m e n t  i n  X d i r e c t i o n ^  l e n g t h ( n m ) / M x

y  = y O + [ 0 : M y ] . ' * d y ; % p o s i t i o n  o f  s a m p l e  p o i n t s  i n  y  d i r e c t i o n

h = 1 . 0 5 4 5 7 1 5 9 6 8 ;
h b a r 2 = h /' 2 ;

% P l a n c k ' s  c o n s t a n t  ( X 1 0 ^ - 3 4  u n i t  i n  J s )

e c h a r g e = l . 6 0 2 1 7 6 4 6 2 8 ;  % e l e c t r o n  c h a r g e  ( X l O ^ - i g  C)

b a r e m a s s = 9 . 1 0 9 3 8 1 8 8 ; % b a r e  e l e c t r o n  m a s s  (X l O ^ l  kg)

m e l = m l * b a r e m a  ร ร ; % e f f e c t i v e  m a s s  o f  c a r r i e r  i n  GaAs
m e 2 = m 2 * b a r e m a s s ; % e f f e c t i v e  m a s s  o f  c a r r i e r  i n  I n A s
c o n s t = h b a r 2 / e c h a r g e ;
d e l t a x = x f / M x ;  % x - i n c r e m e n t  = l e n g t h ( n m ) / n
d e l t a x 2 = d e l t a x ,' 2 ;
c o n s t = c o n s t / d e l t a x 2 ;
m a s s = m e l * o n e s ( M x + l , M y + l ) ; % d e f i n e  t h e  GaAs e f f e c t i v e  m a s s  r e g i o n
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% GaAs r e g i o n

f o r  i  = l : M y - l ;  
f o r  j  =  l : M y - l

V ( i , j ) = b a n d o f f s e t e l e c t r o n - V b + e c h a r g e * V O L T ( i , j ) ;
% R a t i o  b e t w e e n  b a n d o f f s e t  o f  e l e c t r o n  a n d  h o l e  i s  0 . 7 : 0 . 3

e n d
e n d

% d o t s  o n  l e f t  h a n d  s i d e  

f o r  g  = l : d o t a d d l e f t

f o r  i  =  N -A /2 :N + A /2 ;  % p o s i t i o n  o f  I n A s  m a s s  a n d  b a r r i e r
f o r  j  = ( ( N - ( < 2 * g ) - l ) * ( d / 2 ) ) ) - ( ( g ) * n ) : ( ( N - ( ( 2 * g ) - l ) * ( d / 2 ) ) ) - ( ( g - l ) * n )

V ( i , j )  = 0 + e c h a r g e * V O L T ( i , j ) ;
m a s s ( i , j )  = me 2 ;

e n d
e n d
e n d

% d o t s  o n  r i g h t  h a n d  s i d e  

f o r  g  = 1 ะd o t a d d r i g h t

f o r  i  = N - A / 2 ะN + A / 2 ;  % p o s i t i o n  o f  I n A s  m a s s  a n d  b a r r i e r
f o r  j  =  < ( N + ( ( 2 * g ) - l ) * ( d / 2 ) ) ) + ( ( g - l ) * n ) : ( ( N + ( ( 2 * g ) - l ) * ( d / 2 ) ) ) + ( ( g ) * n )

V ( i , j )  = 0 + e c h a r g e * V O L T ( i , j ) ;  % O r i g i n a l
m a s s ( i , j )  = me 2 ;

e n d
e n d
e n d

ALIGNED_QDs_eigenergy.m

f u n c t i o n [ p h i , t e , d , n u m _ s o l 1V I , V ]=ALIG NED_QD s_e igenergy(d ,num _so l,M x,M y,Vp,m l,m2); 

% C a l l  th e  f u n c t i o n  t o  d e f in e  th e  r e g io n  o f  QDs

[mass, V I , V , c o n s t 1=Call_ALIGNED_QD(d,Vp,ml,m 2,M x,M y); 

f o r  i = 2 : M x - l ;

f o r  j = 2 : M y - l ;



Z Tuauiaia xeuoÉBTP-JJo % .'1 ((ะ) 2P3JO) =3P5JO

I Tuauiapa TBUOÊBTP-JJO % .'1 ((ะ) xpgjo) =tpîjo 
âuauiaxs XTJ3BUI xeuo&BTP % .'1 ((ะ)P)-=H

.' ( (Ç 'T) A +3SUOO, ( ( ( (I 'X) SSBUI+(Z'T)SSBUI)/T+ ( (X 'X)SSBUI+ (T 'T) sseui) /X) 

+ ( (X 'x> sseui+ (X ‘Z) sseui)/x+ ( ( (T 'โ)ร seui+ (โ 'T) sseui)/X) ) ) - - (I'I)P
pua

pua

.'3SUOD* [ ( ( ( Ç 'T) SSCUI+ (X -Ç 'T) รรน'!!) / X ) ]=(Ç'T)£PTTO
Tuauiapa XTUTeui xeuofïeTP %

• ( ( Ç ' T ) A

+3SUOO» ( ( ( ( Ç 'T) SSBUI+ (x+ç 'T) sseui) /x + (((Ç'T) SSBUI+ (X-Ç 'T) sseui) /X) + 

( ( Ç 'T) SSBUI+ ( Ç 'X+T) sseui) /T+((ç'T) sseui+ (Ç'T) sseui) / X)))-= ( ç 'T)p

-'I-xw:2=Ç H03

■'T : T=T UOJ

pua
pua

.'3 รน๐ว» [(((Ç'T) SSBUI+ (Ç 'X-T) sseui) / X) J = (Ç'T) XP33°

•' ( (Ç 'T) A +3SUOO* ((((Ç'T) sseui+ (x+ç 'T) sseui) /T+ ((Ç'T) sseui+ (Ç'T) sseui) /X) + 

( (Ç'T) SSBUI+ ( Ç 'X+T) sseui) /T+ ( ( (Ç'T) sseui+ ( ç ' XT) sseui) / X) ) ) = (Ç'T)P

'I:T=Ç HOJ

.'X-xw:2=T u°ï

•' (T 'โ-.*พ) sojaz= (pua ' ะ ) frpjjo 
•' (โ-*พ'โ) soxaz=( ะ 'pua) 3P3JO 

pua
pua

.'TSUOO* [ ( ( (Ç'T) SSBUI+ (X + Ç'T) sseui) /T)]=(Ç'T) frPJJO 

ITSUOO* [(((Ç'T) sseui+ ( ç 'X+T) sseui) /X) ] = ( ç 'T) 2PJJO

•'โ-*พะโ = ç UOJ

•'x-xw: โ=T n°ï

pua
pua

.'TSUOO, [(((Ç'T) ssera+ (X-Ç 'T) sseui) / X) ] = (Ç'T) epjjo
Tuauiapa XT33eui xeuoÊBTP-jJo %

.'3SUOO» [(((Ç'T) sseui+ ( ç ' X-T ) sseui) /X) ] = ( ç 'T)โPJJ°

Tuauiaxa XT^TBUI xeuoÉBTP %

( ( Ç 'T) A +3SUCO* ((((Ç'T) SSBUI+ (x + ç 'T) SSBUI) / X+( (Ç'T) SSBUI+ (X-Ç 'T) SSBUI) / X ) 
+ ( ( (Ç'T)sseui+(Ç'x+T)sseui)/T+( ( ç 'T) sseur+ ( ç 'XT) sseui) / X ) ) ) = (Ç'T)P
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o f f d 3 = ( o f f d 3 ( ะ ) ) '  % o f f - d i a g o n a l  e l e m e n t  3 ;
o f f d 4  = ( o f f d 4 ( ะ ) ) ' ;  % o f f - d i a g o n a l  e l e m e n t  4 ;
M x l = ( ( M x - 1 ) * ( M y - 1 ) ) ;

f o r  i = l : M x l  
d ( i ) = H ( i )  ; 
o f f d l ( i ) - o f f d l ( i ) ; 
o f f d 2 ( i ) = o f f d 2 ( i ) ; 
o f f d 3 ( i ) = o f f d 3  ( i ) ; 
o f f d 4 ( i ) = o f f d 4 ( i ) ;

e n d

t  = d  ( 1 : Mx 1 ) ;
t l  = - o f f d l ( 2 : M x l ) ; 
t 2  = - o f f d 2 ( 1 : M x l - l ) ; 
t 3  = - o f f d 3 ( M x : M x l ) ; 
t 4  = - o f f d 4 ( l : M x l - ( M x - 1 ) ) ;

H m a t r i x 2 = s p a r s e ( d i a g ( t , 0 ) t d i a g  ( t l , - 1 ) t d i a g ( t 2 , 1 ) + d i a g ( t 3 , - ( M x - 1 ) ) + d i a g ( t 3 , ( M x - 1 ) ) ) ;
% H a m i l t o n i a n  m a t r i x

[ p h i , t e ] = e i g s ( H m a t r i x 2 , n u m  s o l , ' S M ' ) ;  % U s e  M a t l a b  f u n c t i o n  " e i g s "  t o  f i n d
% "ทนm _ s o l "  e i g e n f u n c t i o n s  a n d  e i g e n v a l u e s

f o r  i = l : s i z e ( p h i , 1) 
i f  ( p h i ( i ) < 0 )  

p h i ( i ) = ( - 1 ) * p h i ( i ) ;
e l s e i f  ( p h i ( i ) > = 0 )  

p h i ( i ) = ( 1 ) * p h i ( i ) ; 
e n d

e n d

AA= m a x ( m a x ( p h i ) ) ;  % F i n d i n g  t h e  ma x imu m v a l u e  o f  t h e  w a v e f u n c t i o n

p h i  = p h i . / A A ;  % F i n d i n g  t h e  n o r m a l i z e d  a m p l i t u d e  o f  t h e  w a v e f u n c t i o n

K= r e s h a p e ( p h i , M x - 1 , M y - 1 ) ;
P h i = z e r o s ( M x + l , M y + l ) ;
P h i (2 ะM x , 2 ะ e n d - 1 ) = K ( 1 ะ e n d , 1 ะ e n d ) ;

r e t u r n
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Calculation Flowchart

i

น

i
Calculation of Electron and 

Hole Wavefunctions 
(By Solving Schrôdinger 

Equation)

I
Find a Linear Polarization 

Degree
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Appendix B: List o f Publications

National Conference

1. Chonlakorn Chiewpanich , Chanin Wissawinthanon, and Somsak Panyakeow, 

"Comparison between two techniques for the growth of self-assembled 

laterally-aligned quantum dots: the superlattice template and the InGaAs 

induction layer", Proceedings o f  the 3 2 th Thailand's N a tio n a l Electrical 

Engineering Conference, Vol.ll, pp.915-918, October 2009.

International Conference

1. N. Chit Swe, c. Chiewpanich, ร. Suraprapapich, ร. Panyakeow, and c. 
Wissawinthanon, "Temperature-dependent optical polarization property of self- 

assembled laterally-aligned quantum dots", Proceedings o f  the In tern atio n a l 

Conference on System on Chip Design Challenges, Manila, Philippines, pp.141- 

144, September 2010.
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