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Three dimensional finite difference simulation for the
electronic structures of self-assembled quantum dots

Student : Yeh Hsu Advisor : Prof. Shun-Jen Cheng

Department of Electrophysics
National Chiao Tung University

ABSTRACT

This thesis presents a theoretical study of electronic structures of
InGaAs/GaAs self-assembled quantum dots by using finite difference
method in the single-band effective mass approximation. Throughout this
work, truncated-pyramid shaped quantum dots subject to strain and

Ga-diffusion are considered in the simulation.

For the study, we develop a 3D-non-uniform grid finite difference
simulator to calculate the-effective energy gap, the level energy
quantizations and wave functions of single electron and hole confined in
3D-confining quantum dots. We show that the confining potential of
quantum dot for electron is’substantially softened by strain and
Ga-interdiffusion, especially pronounced in small quantum dots. Our
simulated results reveal the formation of weakly bound electron states in
the small dots with the base length shorter than 12nm and the resulting
significant extent of electron wave has been recently confirmed
experimentally[1].
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2m { AX*  Ay® Az b
0 otherwise
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w4 e AX e AX,
—eo ® ®
rREE X, X X X

I i+1

B 321 - @2tia3 gk kAT 3B
- R AP EBLL)N g * W4 (i=0,-,N) & T 1//(Xi) ST 1)

B RFAPHY - Vig i Taylor s B B #7554+ (3.2.1)

(3.2.2)

. _ _ (_Axi—l) dl// ( AXl 1)
Via =y (X —AX.) =y, + 1 (dXJ ol [dx ] + (3.2.1)

2 2
Wi, =X +AX) =y, + (2 (d_wj_l_ (Ax;) (dw

TR T ji 22

Wit B 5 e Co N B R 8g k s s B A AT

(3.2.3)

d 2
( dxyzl)i - AX_, (AX, + AX, ) Via ™ AXAX. Vit AX, (AX, + AX._,) Via  (323)
FR-AX =AX = AX,, =AX=7_ B~ ~(3.23)7 » BT L EFTE T
3.15 ;5% o
FAX R R Ep > B23)N B AL g gt A $HL
- ﬁ‘ﬁl{ﬁﬁfﬁi&“ﬁ% Hermitian » & 24 7 3B 7 £ e L o 4B
"7 Hermitian &2 532 F & 5 Ao ¢ 7 FciE2ug #ic ik

wE R IR
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B ARAE A K ST RE R L0 afe HALE
AR o 120500 6T G el o F L3235 &~ (311)

PR AR S g

NX
> Hiw, =Ey, (3.2.4)
i'=1
He H %
( 2
_ - 2 if i" =1-1
2m AX._ (AX + AX_,)
2
f . 2 +V, if 1" =1
Hi =< 2m AXAX; (3.2.5)
2
_T - 2 if i" =1+1
2m AX(AX. + A% ;)
0 otherwise

BREAP LS GELHLALEB LTl =15, 27

= J(AX +AX,) /2 >

(3.2.6)

L JAX +AX )2 i =
! 0 otherwise

mBaleks B=LH .
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2
1 if it = -1
2m, AX
2
[ h 2 +Vi)(Axi+Axil) TRTN.
Bi =1\ 2my AXAX , 2 (3.2.7)
2
— h i ifi" =1i+1
2m, AX
0 otherwise

FB2T) AP 7 3 B 5 SHLEL > L3 S s > AR AR

K (3.2.4)5 15 B T (3.2.8)

Hy =Ey = LLHy = LLEy = By = LLEy (3.2.8)

= LBLN L) = E(Ly)
(3.2.8)7 B &

HO=ED (3.2.9)

A0 e H o HER S H ol G

H' = LHL™ (3.2.10)
ez s H aprd & 4o

"1 \/Axi+Axi_l\/Axi_1+Axi_2 i
2m” AX. , 2 2
2
h - 2 +V, if 1" =i
H; = 2m- AXAX, (3.2.11)
2
1 \/Axi+1+Axi \/Axi+Axi1 i
2m" Ax 2 2
0 otherwise
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ﬁﬁ;f’a"u—t’ﬂi# (2 R=x] /}i\—hﬁifﬁg % &

w=L"D (3.2.12)
donBAMAEEr Ligesed  Apve u i agp H L

- HfEL T H = HT bl a2 e s 4 v H @5 3ace E o e

S D > R FiBy=LU0F g adlky > 2 EAFEDGL)N A

2 ORBIEREE AT N NPITT R R o g AR

. LIS
- RS B ]V:Ema)x FiE i eniz i > 7 4 ho=1eV 4o

4.;

PAPT L EEE AR B ERAES 05415-25..

R Bt B S HGHR IR T S R 1R (3.2.2)
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21 421 —{—non-uni L =4 (nm) = il
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B F hg plkoghd Av\x‘ﬁ‘fJ'J > A5 03B # B Le4(nm)
v A R0 R B AT 2 £ 1 5 B LeE8(nm)

GELT Al A 1%{% e Igﬁj%xloo% &
n=1= Ve ¢

32220 ixg A I P AP e e R BEPF LIS g B £ 2 S T
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PRBELEEREL- foh FRFAR 3220 F 7 g iy
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o203 R BB R F iy VU fple et R R
I Ml
3.3zating ey LL L

Bz oy efiplk 0 (331)T & Z A5G R AP gl
fot o (A xAY XAz g g a B (XY 2)) 0 P A =X, - X

2.

ij = yj+1_yj ) AZk =L~ A { LA -

-« Axi-l > AXI S Axi+1—><— Axi+2 —
Yiz® ® ® ®—
ij+2
Yii2® ® ® ® 0*
ij+1
Yiae 3 ® ® *
Ay,
Y @ ® ® ® o*
AY; 4
Yii @ Y ot
Xi -1 Xi Xi +1 Xi +2 Xi +3

B 331 - @aztiog g4 T 7B
He X~ Yy~ L 27 SR - AP -2a -HE73 %
FEE" A D840 3310

2

VAV D)V DD = Ep (kD) @3)
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W B 2T e Co DR B R N 3310

Ny+1L,Ny+1,N, +1

2t Z H(ixLk),(i’,J',k’)'//i',j',k' - E'//i,j,k - o -

i",jk'=1
( 32
h* 2 if i,=i—1’j,=j’k,:k
2m- A%, (A% +AX )
2
—h* 2 |f i'=i+1,j,=j,k,:k
2m- Ax; (AX, +AX, ;)
32
h* 2 if '=j-Li"=i,k'=k
2m- Ay, ,(Ay; +Ay;,)
32
h* 2 if '=j+Li'=i,k'=k
2m- Ay, (AY; + AY;ey)
H i = —hi 2 Fk=k-Lj=jk=k @32
2m Az (Az, + Az, )
2
—h* 2 if kl:k+1,jy:j,k,:k
2m Az, (Az, +Az, ;)
—h° -2 s —2
2m A AX,)  AYAY; ) i i K=K
— +V,
Az, AZ, ;) .
0 otherwise

S

HZ2bfied o 20 @il fyfipaorgatresedl 29 Li

: . [AY. + Ay,
] ) \/Ax, +Ax,_l\/ Y yj_l\/Azk+Azk_1 it i'=ij'= K=k
G0,k = 2 2 2 (3.3.3)

0 otherwise

WP ESER - BEeEHL Gk EaE B S WAL
et H e s s O >

26



H'®=ED (3.3.4)
e H & H@EH4e™

H'=LHL" (3:3.5)
itz 15 H SeEd A4 beT

\/(Ax +AX 1)\/(AX, 4T AX% ) if i'=i-1j'=jk' =k
2m AX
J(Ax'ﬂ+AX)J(AX PAGD i ke
2m AX
_#2 Ay. + Ay, Ay. , +Ay.
h* 1 \/( y; + y,_l)\/( Yiat Ay ) if j'=j-1i'=ik =k
2m" Ay, 2 2
22 AY. .+ Ay, Az, +AZ.
| h* 1 \/( Yia T y])\/( jHAZ5) if j'=j+1i'=i,k'=k
H iy =9 2m ij 2 3 (3:39)

\/(Azk_'_AZk 1)\/(Azk 1+Azk 2) if k!:k_l’i!:i’j!:j
2m Az,

—h° \/(Azk+1+Az )\/(Azk+Azk 1) if Kk =KLi =, j = |
2m” Az, ’ ’

— 2 — — —
N2 22y, =i = k=K
2m (A Ax, Ay Ay, AZAZ a

0 otherwise

Wz Fies ey & O » 536 L E#

w=L"® (3.3.7)
2 B AP T EE(3.34)~(33.T) N RN g e & AT b P

o Sk
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VI(F) = 8, (64 (F) + &,y (F) + &, (7)) (5.1.1)
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V() =a, (64 (F) + &6, (F) + &, (F)) + g(sxx (F)+e,(F)-26,() (5.1.2)

AE!(F) = AE, +V, ™" (F)
a, =-5813meV - a, =805meV - b, =-1806meV (‘& A) &, = ¥ E >
L 5% 2w 0 )5 5w e
POk : 5 L EMPE L B TR AR i e b ¢

TR AR BRPEA ) B A R AR A F Ak ey
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D D
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Xop(X,¥,2)=C,(x)-C,(y)-C,(2) (5.1.4)
C,(x) &2 C (y)» ™ 5 X &Yy > v e # (P4 B) > 221 4 X
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# Al InGa_.As/GaAs 114! 43k

Quantity  Unit  GaAs InAs Interpolation
CB edge E. meV  -5289 -6207 -5289-1380c+461c°
VB edge E, meV  -6807 -6620 -6807+200c-14c”
CB effective

m, m,  0.067 0.022 0.0667-0.0419¢-0.00254c?
mass
CB hydrostatic

a, meV  -8013  -5080 -8013+2933c
def. pot.
VB hydrostatic

a, meV 220 1000 220+780c
def. pot.
VB shear def.

b, meV ' -1824. -1800 -1824+24c¢
pot. [100]
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NX+1,Ny+1,NZ+1

He o oW = BV (C.17)
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