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Abstract

This thesis theoretically studies the size effemtsquantum dots (QDs) on the fine
structure properties as well the optical polar@atiKnown as representative excellent
quantum light sources, two semiconductor QDS, |Ga#s self-assembled QDs and
hierarchical GaAs/AlGaAs QDs are considered. Exatgtructures of the QDs are computed
numerically by combining the four-band Luttingerto kp’'s model for valence hole and
single-band model for conduction electron withie B8D-parabolic potential model of QD.
Optical polarizations of the single excitons in tas are calculated by using Fermi’s Golden
rule. Initial strain in InAs/GaAs self-assembled €Dnduced by lattice mismatch is
formulated as a function of size analytically andnerically calculated using finite-element
software package, Comsol multiphysics®. Analyticabults indicate that the energetic
competition of the size-dependent short- and larged e-h exchange interactions diminish
the fine structure splitting of an elongated QD.rbtaver, the electronic structures and optical
polarization properties of GaAs bulk under stremstmol were studied theoretically, in which
the corresponding microscopic Bloch wave functissese visualized under applied stress by
using the Slater Orbital model.
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Chapter 1 Introduction

1.1 Introduction

Following extensive study in recent decades, quaraptics has received
renewed interest recently owing to its sensatioapplications. Quantum
information has especially garnered considerabienadn which can further
extend to the areas such as of single-photon soancequantum cryptography.
The most important aspect of quantum optics isugeof quantum information
in quantum computation—and communication, quantutyptography and
single-photon source. Quantum -information can @pldhe conventional
computation signal 0 and 1 by entanglement stanégymation can also be
presented by a linear combination of the two stedter than a long chain of O
and 1, thus reducing the computational speed amege space. Semiconductor
gquantum dot is especially. noteworthy for its quamtconfinement effect and
atom-like energy level. Achieving the above appimas depends on the ability
to fabricate the quantum entanglement for spintemsiin quantum dots. The
entanglement can be destroyed by the electron-dwatange interaction and
subsequent the fine structure splitting (FSS), Wisdnduced by factors such as

shape deformation, and build-in strain effect.



1.2 Motivation

Eliminating the fine structure splitting betweee tiright exciton states of
priority concern tosuccessfly generateof entangled photon pair from a Q
This study investigatetwo quantum dots InAs/GaAs safsembled QDs ar
GaAs/AlGaAs hierarchical QDs

INAs/GaAs selfassembled QDs hawa built4n initial strain due to InAs an
GaAs lattice mismatdng[1]. For herarchical QDs, GaAs is grown on AlGa

with avery close lattice constant and strain fre-dot[2].

( (©)
ﬂ;\s 7-7 Inverted QDs [0

GaAs h
(b)
o S
AN | Al 33Gap g7As
" Ao 100 200A2; . GEAS
KRG B Al 44Gaq 5pAs

| sl [2]
- [21]

Fig. 1.2.1 (a)nAs/GaAs selassembled QDs has initial strain due to li
and GaAs lattice mismatch. (b) Shape of InAs/Gself-assembled QDs. (i
hierarchical GaAs/AlGaAs QDs is strain free sirfoe materials near by tl
QDs have similar lattice conste

Although the photo-pair emission is generatedccessfull and FSS can be
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further eliminated by applying a magnetic fieldgatic field and external stress,
a preliminary yet detailed understanding of geoio@itrconfiguration and
materials is necessary. Analytical and numeriaadiss reveal the essential role
of the optically active light-hole components of arciton state in the fine
structures and optical polarization properties af elongagted dot, which
introduces additional short-range e-h exchangednt®ns to the exciton states
and significantly changes the magnitude of finaudtire splitting between
bright exciton levels.

A previous work [6] presented a reduced Hamiltoraad simple analytical
solution. By further simulating the exciton energgectrum by a one-band
four-band model.with 3-D parabolic model, this stuavestigates the size effect
of fine structure splitting as well as optical patation. As is well known,
optical polarization is induced by heavy- and ligbte coupling. The extent of
heavy- and light-hole coupling is studied as well.

To eliminate the FSS value, this study also ingests how stress affects
GaAs bulk. The quantity and direction of appliedess that works on the
gquantum dot cannot be measured or observed dirétdhyever, stress that is
induced by an electric field can be transformednhgasuring the transition
energies of bulk and observing the extended doectof polarizations,
subsequently providing insight into exactly howest is applied to quantum
dots during experimentation.[2] Based on the mioopg Bloch function,

exactly how the stress affects the distributioelettrons can be understood.



1.3 Contents

This thesis is organized as follows.

Chapter 2 introduces the fundamental theory ofcaptanisotropy and the
fine structure of QD. Numerical computation of #wecitonic structures of the
dots is undertaken by combining the Luttinger-Kdjm model for the valence
hole and single-band model for conduction electwithin the parabolic
potential model of QD. Analytical and numerical uks indicate the essential
role of optically active light-hole.components af axciton state in the fine
structures and optical " polarization properties af elongagted dot, which
introduces additional short-ranged e-h exchangeastions to the exciton states
and transforms .the magnitude of the fine structpktting between bright
exciton levels. This chapter also introduces stifagory.

Chapter 3 " describes how FSS and Pol of GaAs/AlIG&A3s and
InAs/GaAs self-assembled QDs vary with-size.

Chapter 4 summarizes the computation results ofd batructures,
photoluminescence spectra, optical-polarizationraratoscopic Bloch function
of GaAs bulk subjected to uni-axial stresses.

Conclusions are finally drawn in Chapter 5, alonthwecommendations

for future research.



Chapter 2 Fundamental Theory

2.1 Theory for Exciton
Single exciton Hamiltonian
An exciton is formed from an electron in conductioand and an empty

hole in valence band. The electron and hole wanetions are written as
W, (M) =95 (Mug (1) (2.1.1)

gr)= > gy, (Nut(r) (2.1.2)

j,=+3/2£1/2

where ug (1) and u? (r). denote Bloch functions for describing the micrgsco

observation atr -point while g’ (F), and g’ (r) present envelope functions

that satisfy the Schrodinger equation.
The electronic _structure in effective mass apprafiam. is carried out by

single-band model,

[H+Vg (1) |o8. (D =E 7. (T) (2.1.3)
e hz 2 2 2
H _er];%(kx+ky+kz)+at(sxx+syy+£z)[4] (214)

where Vg, (7.) denotes the electron confinement potentialrepresents electron

effective mass.E’ refers to the eigenenergy df the state.& is the strain

tensor, anda. refers to a specific strain constant for condurctizformation
potential.
The electronic structure of the valence hole impoted by four-bandk [P

model. [4]



P+Q+ VQHDH -S R 0 gi:,3/2 9: 312

-s' P- Q+ \ég 0 R gi:,llz _ g:,l/Z
R' 0 P-Q+ Vs s o gL, @19
0 R’ S P+ Q+ \;DH gih,—slz gqh -3/2
P=R+R Q=Q+Q (2.1.6)
R=R+R & pt S o
o) =[23) =3/ (x i)
)=l = 0 ) 21 o1m
W) =530 = (X =)+ 5] 22)
Uo) =122 = 1 (X =iY)iL)
k, along[110],k, along [110]k, along [OC
Py 0%, 0% 0% A K A
< 2mo(ax2 FI% az’-j & Zm[a 2799 Za_%j
B (e T R 8
R = ch[ ﬁys(a)g NJﬂzx/_%MJ (2.1.8)
W 5(9 010
3 m, \/é(ax I6yj62
£, along [110] £,, along [110k,,  along [OK
P =8, (e, oy o) Q2(E e - 2 )
(2.1.9)

d . :
R =E(£XX _gyy) a I\/‘;’b‘gxy S=- dgxy_ Eyl)
v., v,and y,denote Luttinger-Kohnk(p parameters, and,, b, d represent

strain constants for conduction deformation pog&nti
Appendix Il lists the Hamiltonian elements.
Exchange interaction for multi-bands theory
The whole single exciton Hamiltonian in a quantmhis
Hy =H (DT +H (DT )=V (1) (2.1.10)

6



H.(p.T)  (H.(P.T) denotes electron(hole) Hamiltonian, and

e2

———— represents the electron-hole interaction. Notattig
areK|r, 1|

Veh(re’ I?h) =
energy spectrum can be obtained by solving thed8alger equation
Hy|wy) = Ex

An electron|i;) and a hole statédi,) form an exciton|i,)fi,), in which the

X) (2.1.11)

exciton state is expressed as

W)= 2 G

{ipig

(2.1.12)
where C, , are coefficients to be determined and,denote electron and hole

orbitals. The Hamiltonian can be further written as

zEeqq-'-z Eh]h]h

ISP
e y (2.1.13)
+ Z V Thk Teti s, th h<hl q:§ z :K h ecl:t,s‘zlﬂgrh,jlztzl h icse e

ienknle iesinKnd e

The composite indexes,(j,) denotes: the electron (valence hole) orbitals,

s,(J,) denotes the electron.(hole) orbitalg..~and\c ;. (I ; and h ;) are
the electron (hole) creation and annihilation ofmsa

Ve ., and V4 | areelectron-hole Coulomb interactioand electron hole

exchange interactiowhere

2

Ve = [ [ dPrdg (w [ (r) |wm (AN (2.1.14)

ATE &, [T, —
2

I ER 7R (AN (P |t//k (/R (2.1.15)

ATE &, [T, —



Model analysis

Eigenstates of 4-band op Hamiltonian without HH-LH coupling are taken

as the basis for further expanding the envelopectiom gi:,jz(?). Where

f*"(r) are defined to be the basis to expand Ki¢ or LH- envelope

function as

gi:,rslz(r]) = Z Al 12 £HH (1

i=1,2,3...

O (@)= D am AN ()

i=1,2,3...

(2.1.16)

To obtain a simple form, only the first termi=1) is taken. Thus

£ () =, and fe(r)=1f.. Moreover, to rearrange the order of the basis

of Hamiltonian .in Eq. (2.1.5). The reduced basissofgle exciton|i,)|i,)

becomes

s 1.} ={

fel'fllz> ‘ i u—h3/ y

L) L)

fufyo)| Frtlyo) ATH TR (2.1.17)

and the exciton Hamiltonian[13-15] can be expressed

0 0 0 P €XPEIR, )
H, = E;‘H’(O)I4x4 + 0 0 - P eXpEigy ) 0
0 P eXpigy ) Ay 0
PueXpEig, ) 0 0 A,
2 1
2(0, + A -A -— (0, +A —A
(% +A,) , 708 2o o118
1 2
-4, 2(0,+4,) =0, ——=(0,t4))
* 2 1 Z\E3 v 1
——=(g+A —=A Z(0,+A -—A
\/é( 0 0) \/é 1 3( 0 g) \/?3 1
1 2 1 2
EAl _ﬁ(do"'Ao) _f%Al 5(50+A0)
Where



B0 =(f[( fun [ Ho# (P+Q+ Vo) = Vil R3] Fuy (2.1.19)
B O =(f[( L[ Ho+ (P-Q+ V) - V| )] L) (2.1.20)

p,. leads to heavyand ligh-hole coupleing.

P eXpEi@y )= P
= (l{fn R+ R)] )] 1)

A, denoteghe energy separation of heavy hole and light

(2.1.21)

A E ELH,(O) _ EHH ,(0)

_<fLH|( VLH)| fLH> < HH|(P+ Q+ \5;)| f_H> (2.1.22)
:_2<fHH|Q_VQLH Voo | fun)

Heavy-
A Hole
AHL
v Light-
Hole

Fig. 2.1.1 A diagram illustrates the hole potential &melrelative position ¢

HH- andLH- states and thHH-LH- splitting.

Vo, fepresents artvary confining potential, whi A, and A, denote the

long-range part of &-exchange interactic

A, = Ni [ ] dray,

iL1=10#] )y ONS( R) {OWS R)

;o (2.1.23)
t t et e [16]
{fe € Ve ) €106 >—m|rl_r_2|fm U N Rre p}
AO :i,J=1zﬂ¢i o, DNJ;( R) {DV\J/; R d?ldrz
l (2.1.24)
{f G)J -1/2 Z)fHH (F2)1+3,2f2)—|r }I"| HH (1D‘|+ 3/2(1):(9 (D‘—e 1/2( )}[16]



& +0, =0y, (2.1.25)

Ay, refers tothe bright exciton and dark exciton levels (-DX) splitting,
which is inducednainly by long-range interaction.

g, denotes the shorangeportion of the éh exchange interactior

=y [ | drgr,
=1 nOVS(R) OWE R

. 16l (2.1.26)

|F1—F2|

{fJ T AT A e e N e ;}

Rand R represenpositions of the WS cel

The eigenenergiesre obtainedy diagonalizing the matri and the separation

of thetwo lowest eigenvalucis defined ase* and E), which correspond ftc

E. or E,, asintroduc«d later The zero energy level of the Hamiltoniar

positioned as the dark exciton s, as shown below.
Eﬂy (E:n:)

k. (E,,)
Apg

Fig. 2.1.2 The zero energy level locates at darkiten state. Th
bright excitonwas originally a twofold degenerate level, [ is
separated due to the exchange interac

Asymmetric 3-D parabolic mode

The confining potential ca quantum dois described using asymmetri-D

10



parabolic model, and is written into three parts as

Vi =2 o 2 mo? -2 ot 2 (2.1.27)
who_ 1 HH2 (2 1 HH 2 1 HH2 3

Voo = > My 0, + 5 My ¥+ 5 My, W, (2.1.28)
o1 LH2 (2 1 LH 2 1 2 3

Voo = > My @O + > My ¥+ 5 my W, (2.1.29)

Where the effective masses are

__m __m
rth,n_ My o=
Y.ty Y.~ 2y
1rrb ’ lm> ’ (2.1. 30)
mLH'” - Y1~ Y2 G Y, t 2y2

Eigenstates f°(r) / f,"""*"(r.) of Hamiltonian (without: HH-LH coupling) are

denotes as the envelope function. The envelopetifumscof the electron and

hole orbitals are thus

2 2 2
F)= 1 v A A =Z
fo(rd = Wex 2|1 4 -{I EJ "'L g (2.1.31)
Xy z X y
[ 2 2 2
_ 1 1 X y z
fHH(rh)_\/n-?’/2|HH|HH|HH Y'i'R [. HHJ +L HH] J{l HHJ J (2.1. 32)
X 'y z X y z

2 2 2
fL ()= /%exp -2 XJ +{yJ +[ Z} (2.1. 33)
LHVh 3/ 2/LH|LH, LH 2|| | LH | LH | LH L.
X 'y 'z X y z
|e: L |HH = 7h |LH = /7h
a me(*)z a mHH,umgH a mLH,O((A)I(;H

l, sﬁ<a2>1’2 @=xy.z)

where

(2.1. 34)

are the characteristic length as well as the wametion extended.
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I
Assume thatl$ =1;" =" =, and & :l_y

a
X

QDs with electron-hole exchange interaction
With the wave function of 3D parabolic potentialtas basis, the elements of

Hamiltonian in Egs. (2.1.14) and (2.1.15) thus lbeeo

A —hZVSE _ g2 _H _ .

P = am T £p)+1V3ple,, (2.1. 35)
=k + Phu

ny, 1
ko — 3~ (1_ g2
gm0 (2.1. 36)
d .

Pi = ‘|—2|(€xx <€,) +iV3ple,, (2.1.37)
7 O |

A ‘WZLE—Z—I?‘EJ—WKSXX +£yy—2£ZZ) (2.1. 38)
A A5 (2.1. 39)

=l LA 2.1.40

TN CATEA (2.1.40)

g, = -[bl(e4# &,y = 261) (2.1. 41)

Notable, according to the thesis of Chang[18],ghantity ofHH- LH- splitting
in a four-band model is over estimated, while tiwiis effect is involved.
Therefore, theHH- LH- splitting that effected by strain &ix-band modeis
employed in our numerical calculation. The geomelependence paki(art)

remains using the 4-band model.

For thesix-bandmodel, A5, remains Eq. (2.1.40) but

AgHL = _%(Kgg _Aso +\/Azso+ 2Aser + qj ) (21 42)

12



1 3mrE a-&)1 ] (s,
A = iz, 16\/_2m)E§D2 7 |3 erfc[ /j (2.1. 43)

whereéy, E,, EYdenote static dielectric constant, optical mataxgmeter and

p1

energy gap of QD. The energy gap of QD is deterdhine
E=E+E+E, (2.1. 44)
where E,is simply the bulk energy gap, angland E,, represent the ground

state energy with respect to .therelectron and hbalg orbital envelope

function.
— — hz =P |—2 |—2
Ee - EHH _ﬁ(lx 3 y . ) (21 45)
- XC *3 3 . vy
50 +A, =4, :Aeh,bulkx(naB )Jd r| fe(r) f HH(r)|
_a;3A2(r:1bulk (2-1- 46)
Jer) |,

(17]

with the conditionI® =1 =1 =l _, (@x,y,2)

a, is refer to bulk exciton bohr radius anfj; . denotes bulk electron-hole

exchange energy. Moreover, the energy is obtainedHamiltonian matrix
diagonalization.

Simplified exciton two-level system

A simpler formula is derived to analyze and obsdheebasic physical picture

by reducing the4x4 to 2x2 one by using the Lowden perturbation method.

Hy =EO1,,, + : (2.1. 47)




The basis now are theo bright state

e h
er_1/2>‘ fHH u+3/2> !

h
feu-i-e1/2>‘ fHHu—S/
The eigen energies ai

~ 2
Ey. = (EX" P+ (8gp —|Z“—L|)) A (2.1.48)

HL

Subsequently leadinp the splitting between two bright states whiclknewn

asfine structure splitting(s,, ).

— ~i O
Aeff - A effe

2 p
=-A +——LA 2.1. 49
1 \/§AH|_ BD ( )
=—A +A"+IA"
1 2 |:|leL
AN=— A
N (2.1. 50)
v 2 Hoy
A =— A
Nees I (2.1.51)
Srrx,ﬂy 3 2(—A1 + A’) = E‘rx 4 ETy (21 52)

while correspond® the polarization alon(7Z;and’Z,;

@ 1, (b) e
L . FE
1»° S b @ bﬂx Ty
- . oy r33=—-152 106V
:!;.// :' . 1 T T T
\ 1 : :
I 2’;\ 5 :
153 J y et .
] V74 | - ':
Q}J e ‘?
me e 04 :
h Vi-_'.s : 00 19 18 1.7 L6 V
EnsrgymeV

Fig. 2.1.3 (@) Optical polarization polarization ch, anc (b) the

corresponding ener¢spectrum.
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For the initial shear strafy, =0, this thesis considers only thed, +4

portion, which illustrates the splitting of the cpetition among the two

components. The greater equality the two componeigbes a smaller splitting.
Once the size is determined, the long-range tef\n,is also derived. However,

the A" term can be further tuned via strain effect toi@gd small or even zero
splitting.
Optical polarization of single exciton in QDs

An electron is excited to conduction band, creatingple in valence band,;
the electron then recombines with a hole and eligit$ to release energy. This
process is calledspontaneous emissior-or the PL -polarization emission
spectrum, the intensity in each angle is manipdlaising Fermi's Golden

rule.[19]

“5( B - ha) (2.1.53)

1,(8:0) DW, D|(0] B |g)

wnx>denotes the initial statd0 represents the final state as well the vacuum

state; andR is refer to the polarization operator which carpbgormed as

R =2D,.(@h¢ (2.1.54)
Div,ic (é) E<w|: e Aq‘/’li>
P OXCHERNCREREY (2.1.55)
i;@i:;jz gis)AﬁZsz(a)

D, (e) represents dipole matrix element, , ¢ are hole and electron

annihilation operators.

15



Equations (2.1.1) and (2.1.2) introdu¢e”| and |¢).
As(®)=(d|[e %

Based on (2.1.16) to (2.1.18), the emission intgnsiproportional to the dipole

q) (2.1. 56)

matrix element, the dipole matrix element

(&) 0D (&) (2.1.57)
where
p.,(0) =% "LZEp (2.1. 58)

E,denotes the optical matrix element.

Further use the Lodwen perturbation. theory, the tawest HH-LH-mixed

wavefunctions are written as

WY = )| o) = 2] i ] Tl (2.1. 59)
L

W) =| )| ftas) SRE[RE MLl (2.1. 60)
L

16



Table I. dipole matrix elemeng € %sing cosp+ y sirf sig+ z cad)[18]

. S As, (*)

g % Azua(8) = % R, (0)sing e”
% % Ap,i(8)= —\E R, (6) cosd
5 2 Arz(8) = _T; R, (0)sino ¢
5 3 Aqzn(8) =0

;o A 2(8) =0

;o Au (&)= . (0)snoe”
_g _% Ays_i,(8) =~ % R, (6) cosfd
E - Asz-a(8) = _T; p, (0)sing &

By returning the ‘functions back to Eq. (2.1.50) amsing Table I, the

polarization is obtained as

| =1_(6=0)+ _,(@=0) (2.1. 61)
|y =1 (O=1T12)+] _,(0=1T/2) (2.1.62)
Pol, ,, = y = <V (2.1. 63)

- 2
Inx+|ny 1+y [6]

where yz\/’fﬁ, and with the conditiomy,, >>p,, , EqQ. (2.1.59) becomes
HL

2p
Pol . =2y=—1*t
7y N 6] (2.1. 64)
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For another definitionPol, _ and A

Fss

D =Ey. —Ey Pol, _ : ;: (2.1. 65)
if —A +A">0

Sy = Dress Pol,, ., = Pol, _ (2.1. 66)
if —A, +A'<0

S AT Pol,m,,y =-Pol, _ (2.1. 67)
Note that A, is alwayspositive.

Characteristic length
A wave function described bthe Gaussian function in -direction can be

expressed as

1 1/4 4 XV
f(x):[z—] e 2 (2.1. 68)
| 7T

and also sketched as

0.5+

S () (nm)™**

X (nm)

Fig. 2.1.4 A Gaussian function alorx-direction.
Assume thatthe wave functionis reduced toA percent of the peakh) at

boundary/2. The height aL/2 can be expressed as

18



f(%) - Ax £(0) (2.1.69)

Therefore,
1 1/4
f(O)ZLZ—J =h (2.1.70)
/4
L2
L 1 14 _(Ej 1 v4
f(—):(z—j e & = Ax h= Ax(z—j (2.1.71)
20\l |27

from Eq. (2.3.2.4), we obtain the relation betw#em geometric length and its

characteristic length can be obtained via the ratio

L 1

or

L, = IX1/8In(%) (2.1. 73)

L

|, =—=%—= (2.1.74)
1/8In(%)
as in the case for other directions.

Consider a case of InAs/GaAs cubic shaped quanaim d

A L, =20(nm),L, = 18(nm) and,= 5(nn InAs/GaAscubic quantum dot wave
functions are obtained by one-band (six-band) ftecteon (hole) finite
difference numerical method which was programmedhen thesis of Ku[12].

The initial strains are considered. The strainrghstions in and out of dots are

computed by using finite element software packagmsol multiphysics®
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(@) (b)

b = 20(hm) by= 18(nm) h= 5(nm) b, = 20(nm) by= 18(nm) h= 5(nm)
Lo=/fi=3 nm
T AR Gl
005 : 0.05 TS
i E 0 094
: 1 ,47}'):
2 20
20 0 10 0 10

X (nm)

Fig.2.1.5  Electron
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2.2 Strain effects
Initial strain in INAs/GaAs self-assembled QDs

InNAs/GaAs self-assembled QDs have built-in strashe to the lattice
mismatching of the two materials InAs and GaAss téffect induces initial
strains. Here, this induced strain is treated ami#ial strain in the analysis[8].

The in-plane mismatch is defined as

aGaAs - aInAs

== W= =g =—-6.69%
0 a . vy 4] (2.2.1)
gzz = _ﬁgo = 727% (222)
. [4]

a_.. =6.055A(a...,=5.65A) denotes. the lattice constant of InAs(GaAs).

represents the lattice mismatching percentage.nBgative sign refers to the
compression in th& andy directions, in which the compression xf-plane
results the tension irdirection.

This case involves a very large and thin plate,leemmg why a general
formalism that changes with.size is derived herefréhces [10] and [11]
provide the general formulae. Prof. Cheng derivieel following application
analysis formulae. Notably, the strain elements @exisely at thecenter of
cubic shaped quantum dots igbtropic material For an isotropic crystal, the

elastic matrix C:jso is set to be:
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¢, ¢, ¢, O 0 0
c, ¢, ¢, O 0 0
iso C12 C12 Cll O O O
cl = )
"Tlo 0 0 & 0 o (2.2.3)
O O O 0 @j 0
0 0 O 0 0 dff_m
iso 1
Cas _E (011_ C12) (2-2-4)

Analytical solution for initial strain

Symmetry dots

L

X

Fig. 2.2.1 shows eubic shaped guantum cand itscorresponding lengt

L, =L+ L2+L2
g (2.2.5)

U:—i:—c12

= Poisson's Ratio 29
S. Gt G, [7] ( . .6)
_&(+0)
T1=0) (2.2.7)
UL
£,(0,0,0)= &\ arctap—>—=|-¢,
| Lo (2.2.8)
£,/(0,0,0)= 8\ arctan£ - &, (2.2.9)
L]
£,(0,0,0)= &\ arctaE txtj—fo (2.2.10)
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£,(0,0,0=¢,,(0,0,0r £, (0,0,C (2.2.11)

The following section summarizes those results eochpare them with the
results of the finite element software pack@gensol multiphysics.

Software comsol manipulation of the initial strain in self-assembled
InAs/GaAs cubic shaped quantum dot

Symmetry cubic QDs

ih:2nm
Symmetry
L
L
-0.054 0.072
| O analysis-¢
0.056 O analysis ) 0.069 T
o - > =& o
’ " O analysis
o) 1 A comsol-e 0.066 -
S .0.058 " —e— comsol
8 - v comsol—s” :\3 0.063 -
~ 1 o
~% -0.060- S 0.060+
% X 0,057
w” -0.062
0.054 -
-0.064 - 0.051
] 0.048
0066+ —————————————————————1
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
L (nm) L (nm)
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0.00
-0.20 —+— comsol
J —— analysis =  0.011 —e— analysis
- - a~
Rt —e— comsol o
—~ S il
£ 0221 = 0.02
2 N
< -0.23 §P 0034
;JM ;
o %
e -0.24 4 + -0.04
w £
*, -0.25 w
W -0.05
-0.26
-0.06 5 & & 58
0274 T e [ ey &

10 20 30 40 50, 60 70 80 90 100
L (nm

f0 20 %0 40 Lf;?m)e‘o 70 80 90 100
Fig. 2.2.2  Strain quantities of symmetry cubic QBF ¢,,, €,,,(b) &,,, (c)
EqtEy—26, ,(d) g, +&,+€,, from L =10~100 nm, L, =2 nm.
When the plate is extremely large as=L, =100 nm, g.and ¢, approach
& =—6.69%,¢,is close t07.27%. For a symmetry QDg =¢,. Shear strain

tensors are zero in the simulation a@mso} which consists of the analytical

solution. As is well known, the reason tha|>|e, | is very similar to that for

rubber bands, in which longer the bands, more e#@siextended the bands.

Therefore, the strain tensors decrease as thescadrdbme diminish in size.
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Asymmetric cubic QDs
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~
O
~

. (100%)

e +e -2¢
x Yy
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Fig. 2.2.3 Strain quantities of asymmetry quantdots are equivalent.

Asymmetrize¢ =L, /L, =0.85, h=L=2nm (a) &, €&, ,b) &, (©
ExTEYT2E, (d) Ex—Ey , (€) ExTEYTE, from L, =10~100 NN,
Obviously, ¢, ande, are unequal in Fig. 2.2.3 (a). Sin¢gis longer tham,,

like rubber bands, the longer side is easily ex¢enthus, the length variation in
x-direction is greater than that yadirection. Still, the shear strain tensors are
zero as in the symmetric case.

The strain quantities related to'Hamiltonian ateothuced as follows.

Q=2 (6 + 65y 52,

R, =%(€xx-£w) —i/30e,

P.=a(6,tEyte,)
Applied stress induced strain
A force acts on a body might cause a displacemeshape. Stress resembles
force, and the displacement resembles strain. Hervavthis study, strain is not
a specific length of displacement but the raticdsplacement compared with
the original length.
Definition of strain
Origin point O is fixed in the end of string, and a poltmoves on the string

that moves at a distance to P’, OP = xand OP’' = x+ u.

Consider two close pointB and Q,, in which distance betweeR and Q,

denoted asax, = PQ (Ax = PQ,A x = PQ ).After deformation,
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PP

, 2.2.12
Qi—’Q ( )

Next, PQ -~ PQ, PQ, ~ PQ, such thatPQ -~ PQ. P'Q'represents the

sum of two vectorsAx; + Au |

The normal strain tensor is given

_ Ay

_E (2.2.13)

&

o,

-
-
-
—
-
-

P Ax, 0,

Fig. 2.2.4 * The displacement along the paralletadion and perpendicul
direction relative to its original lattice lenc

For the angle
Au,

tand = ——=—
Ax + Ay,

(2.2.14)
Since we restrict the discussion to small displaa@s) Ax; is much greater

than the displacementAu, and Au, (Ax, >>Au, Au,) thus the anglé is

small as well. Thughe Eq.(2.1.5is

=0 22.1
Ax, €1 (2.2.15)
Similarly
Au
& = (2.2.16)

A
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and
g ="—"-=06 (2.2.17)

Next, the symmetrical part 0§, is further defined asg; . That is,

gi = & (2.2.18)
and
6=26G+g) (=12 2219

& IS the

&, is purely the displacement in length and so caflecmal strain, ¢

shear strain and as well the-change in angle. €heitlbn of three-dimensional
strain resembles the two-dimensional strain. The&arstensor can be presented

as:

Au . . ,
g =K (1,)=1, 2,3 (2.2.20)

J

Similar to the symmetrical property in two-dimengb form, the stress tensor
of thesymmetrical parbf € is represented a€j; .
1 . ‘
£, :E(qj +g) (ij=1,2,3 (2.2.21)
For the symmetrical strain tensor,
& =& (2.2.22)

Hooke’s Law states that
g =C¢& (2.2.23)
E=S0 (2.2.24)
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s represents the elastic compliance constant. Theplance is related to the
elastic stiffness constart, c is known as Young's Modulus. Also, stress is
applied homogeneously to a crystal results a str@inrespectively. The

relationship between stress and strain in tensan fe given by
& =% (,1kI=123 (2.2.25)

the Einstein notation is used here.
Stress induced strain in any reference frame

Hooke’s law can be written in‘'tensor form as
& = S G (2.2.26)

The strain tensor'is expanded-as

811 = Slllp-ll-i- Slllg 12+ Sllg 13-
S_|.1210-21+ Sllzg 22+ Sllg 23-
Sll310-31+ 81139- 32+ Sllg 33
€23 = SomfP T Sr19 15" S (F (2.2.27)
%3210-21-'- 8232g 22+ 823£— 2?
S23310-\'31-'- 3233g 32+ Sz3g 33

Tensor into matrix form is followed by the notatiarle.

XX Yy Zz  yz,2y  ZX,XZXY,yX
tensor notation (ij) 11 22 33 23,32 31,13 12,2
matrix notation (m) 1 2 3 4 5 6
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For strain, from tensor notation to matrix notation
when = j
& =&, wheni# |
From tensor notation to matrix notation
S = $n Whenmandnare 1, 2,3
S = >S.m When either mand n are 4,5 «
Sw =+ Sn When both mand nare 4, 5, c
For stress
o, =0, foranyiand

The stress induced strain thus becomes

— 1 1

51 - s1101"'5 5160—64'7 Slg5+

1 1

38606t S 0,T5 §0 4+

1 1

55150-54'5 S_L4U4+ %gs
1. — 1 1 2.2.28
5‘94 - S4101'|'71 54606"'71 S4g 5+ ( )

1 1 1

ZS460.6+§S420-2+71 S4p'4+

1 1 1
ZS450-5+71 S4p4+§ S4ig-3

81 :S_I.10-1+ S_Lp2+ %g

1 1 1 1
S € T3S0, 53S0 ,= 5 S . (2.2.29)
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Furthermore, the matrix notation is transformead @artesian notation.

& | €« | |Su S2 S3 S4 S5 S| Ow

& | €y | [Su S» S5 Sa S5 Se| Oy

83 = 822 = S31 S32 333 %4 %5 %6 0-ZZ (2230)
84 2E-:yz S41 S42 S43 S44 %5 %6 GyZ

€| | 28| S S S Si S5 S| O

&) |26y ] [Se S S5 S %5 Sd| Ow |

For the cubic crystal in which the main axis isr@d100], the compliance can
be obtained from the elastic stiffness constafi]

The compliance matrix is precisely foubiccrystalalong [100][7]:

100] — 100] — 00] — C]_l "> ClZ

B C121+ C11(:12_2(:212

1 2 3

100] — A100] — 00] — 00] — _012
2 T 21 T 33 T 2% T o
C,* C11012_2c‘212 (2.2.31)
[100] — 100] — 00] — 1
Sy =S5 T S T
C44
else= 0

‘§11100] é-l1200] 200] 0
Sz St Spe0
o0l Sz S0 S L0
) O 0 o0 g™
0 0 0 0 ol 0
o 0 0 0 0 §9]

© .o o o
© o o o

(2.2.32)

While for the main reference frame along [110]-cdil@n, the compliance

becomes
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110] — 1 100] 00] 1 00] 10] — 0] — [MO0] — [40] — [1
1_5(1+2+§ 4) 3_§3_ _gl_g

110] — 1 100] oo] _ 1 00] 10] — 0] —  [4Q0]

2 _E( 1 + 2 2 24 ) 3 = < gl

110] — 100] __ &L00] 110] — 4110] — 4100] 2233

6 2( 1 2 ) S£14 T b5 T oy ( )
else=0

note that s=s,
As a result
%( 12014_ 30]"'% Szo]) %( §T1+ L%m_% lg‘]) [ng 0 0 0
%( 1201_'_ go]_% é&o]) %( éolm_'_ %]14_% [go‘]) [g] 0 0 0

%—110] = 120] ;0] go](.)] 0 0 0 (2 . 2 . 34)
0 0 0.& 0 0
0 0 SO SR 0
0 0 0.0 0 2%-% ]

Stress Transformation

Although the stress in Eq$2.2.30) is referenced on the main reference
frame, stress may occasionally occur that misaligasnain axes.

For a second-rank stress tensor that works misadigmth the main axes,
the stress is transformed. by two transformationrixeg and the vector
component in the main reference frame is-obtaikiede, the double-prime label
represents the frame of applied stress, and thdafaeV states its component in

the reference frame.[7]

O = 8on@ ol of (2.2.35)
The angles are redefined here, in which the sieeassumed to be misaligned
with the main axes with an anglgto X Appendix | describes the choice and

settlement of the rotation matrix.
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cosy, Sing,
8, =| ~sing, cosy, (2.2.36)
0 0o 1

For stress applied on thg-plane, g, =0,

a, = CosSg,
a, =sing
e 7 (2.2.37)
a; =1
Ex:
3
0, = Z 2,13,
o,p=1
2,80, T a,,8,0 ;+ a,44
@,8,,0,, 7 83,0 ,+ a4 &
838,105, F 85,8,0 5,7 A3A4 33
3
012 = Z aolapzo-op

o,p=1

.

(2.2.38)

and soon
For a set of bi-axial ‘stresse€;, and-0ythat lie on the xy-plane and
perpendicular to each other:

Ex:0,, = 8,8,0,,
2,8 07,1 83,05,
= CO§¢U X a-ill + Siﬁ¢a X 0-’;2 (2239)

With the same method, all of the stress tensor &hsnare obtained. Finally, the

stress becomes:

33



0,=cos @, x g, + sirf g, xd,

o, =sin"g xo'+ cos@ xo"
° ¥a =G %0 (2.2.40)

O, =Sing, cosy, X0, — Siny, Cog, X0,
The stress components in the reference frame carolained via th

secondrank tensor method arrepresented as

o, cos ¢, sif @,

g, sin’ g, cos @,

Zj = 8 X g+ 8 xa, (2.2.41)
o, 0 0

| Os| |sing, cosy, | | — siry, cog |

This equation is universally used istress that isisaligned with the main ax

with an angle @, to the reference frar X.

() (b)

o, O-W
ke, \ T
—— [R— ) 1w

~1

AO-\W ;/}g| /

| | | A7

o «— | ——>0 g - - N -LY —7

hns AR
: I

|
1
a
W

Fig. 2.2.5 (@) stresses in given coordinate sys{ejinstress applie

with an angle g to the main reference coordinate.

For the following usage, the matrix notaticare presenteas the Cartesian
notation, subsequentgtiowing for additional discussion via direct obssion
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o, cos ¢,
g, sin® ¢,
Tzz = 0 x g, +
a,, 0
g, 0
| Oy | [Sing, cosy, |

- Sing, COg, |

sirf @,
cos ¢,
0
0
0

X0'2

Also, insert Eq. (2.2.42) into Eqg. (2.2.30).

(2.2.42)

The strain induced by a set dji-axial stressand applied with an angfgto x

andy axesfor any reference framis. shown below:

&

XX

vy
&

zz

2€

yz

2&

ZX

2&

Xy |

's,codq +3,sitg |
s,C0S @, + sy Sif @,
Sis
0
0

| S %(sing, cosy,)

XQg, +

's,si* g +§,c08 ¢
S,Sin’ @ +§,c0S @,
Sis
0
0

—S,:Sing, cosY,

X0'2

(2.2.43)

Thus, for the main reference frame along [110],dtress induced strain can be

written as
- gxx 1T 1110] C0§ % + 1;0] Slﬁ 400—
£, "cos @ + §1" sif g
7z 1:;0]
2¢,, 0
2‘S‘zx O
| 2¢,, | 2 % (sing, cosg,)

X0'1+

[ J110] =} pn2 110] N
“sintg +95 cos ¢
O e 2 110]
2sinf g + $1"cos ¢,

110]
3

0
0
_Ql110]

s SiNg, cosy,
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Chapter 3 Size Effect:

Based on the abo theory and equations, the Hamiltonian for exc can
be constructedthe fine structure splitting and degree of lineatapzation in
QDs can be determined as w. All of the elements in Hamiltonian &
determined by thshapi of QDs, parameters of materehc, finally, the strain
effect.

Due to the summation and cancellation of di-dipole interaction i x and
y direction, the statef low energy used to emit alorx-direction, while the higl

energy state emits alon(-direction as shown in the figure bel in which the

Sury <0. However, th abnormalphenomenon is observed in InAs/GaAs (

(Sxny >0), the following is the discussion of this obseivat As the optica

polarization, the_total polarization of- high andwlcenergy states is alol

x-direction which corresponds to the elongation oOfs(

(a) (b)

FS5=55.51062V

4 B

Ty ax

S i3 4
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Fig. 3.1 (&) The normal distribution that showswlenergy state and
polarization along x-direction. (b) The abnormaiuation that shows low

energy state emits along y-direction.

Most of the physical quantities likdH- LH- coupling ternp,, , HH- LH-

energy separatiomy,, and long-range interactios;, closely resemble each

other in terms of the two materials InAs/GaAs araA&AlGaAs. Notably, two

materials most obviously differ in_the term &,,, the energy separation

between bright and dark exciton based on Eg. (@)1.4

a;’
Xc B =2 1-1
ABD D Aeh,buk X Ix Iz

¢

The Bohr radius of InAs is 34nm, while that of Gagad1nm. The energy from
dark to bright exciton is directly proportional ttee third power of Bohr radius,
subsequently leading to a very large- adjustmenthefenergy from dark to

bright exciton of InAs.

1400 -| +InAs
1200 —e—GaAs |

1000 4
800+

600 4

Agp(uev)

%30 35 40 45 50 f(%ngi‘)o 65 70 7.5 80
Fig. 3.2 Energy difference from dark to bright ks A,, of InAs and

GaAs.

The very largea,, promotes the low energy staté&, higher and eventually
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leads to the’7, state.

The band gap of bulk InAs is 0.413eV, and 1.518ahe is very wide and
the other is narrow. Effective mass of each mdtean be determined based on

the energy gap, and the Bohr radius is furthetedlto the effective mass.

o_ M

m 1+E, /E,

a;:a_BXi
m,

Consequently, the Bohr radius of InAs-is 34nm ahderthat of GaAs is 11nm.
3.1 Hierarchical GaAs QDs

Hierarchical GaAs QDs are stress free QDs. Ordysiae effects on GaAs
QDs are considered here. The rnumerical” results $% Rre obtained by

diagonalizing the:Hamiltonian in Eq. (2.1.18).

( ) - — ( ) 0.35 1mr
. = 2
35 .,lltﬂ.'.'. 0301
. gl red = Phe
< . Q‘ 0254 m
9 25 o g \
E 'f'/. = 001 g
3 204 » ;L \
/ = z
‘0_) P x Tx T0.154 n
5 o] ad “a
L ] "
e 0.10 -y
;.
5 '-n-l - .---.-.7.
g L B E R
. 'llll-I----.In-llllI! 0.00 —

30 35 40 45 50 55 6.0 65 7.0 7.5 8.0 30 35 40 45 50 55 60 65 7.0 75 8.0
/(nm) /(nm)
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(c) 1 —c— Numeric
351 —e— Analytical
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Fig. 3.1.1 ()0, and A, (b) Z”L

HL

(d)

(f)

S

(ev)

EQD

, A, A(peV)

"R

9

(c) Pol,, .
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GaAs bulk energy gap
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B WY
e Y SPUPN

3.0 35 40 45 50 5.5 6.0 6.5 7.0 7.5 8.0
4 nm

y

with 'both. numerical and

analytical result. ()ES° (€) Agp () Spny, Aand A'of GaAs strain free

QDs vary with'sizel, =2 nm and &' =1, /1, =0.8
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(b) l, =3.25 nn (c) l,=3.5 nn

(d) l, =3.75
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Fig. 3.1.2 GaAs QDs without strain. PL polarizatiamd energy spectrum of QDs

vary with characteristic length of (a) 3nm (b) $18b(c) 3.5nm (d) 3.75nm (e) 5nm

(f)nm (g) 7nm (h) 8nm.l, =2 nm and &' =1, /1,

From Egs . (2.1.36), (2.1.40), (2.1.43), (2.1.44)
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1 1 3 1- &) 25
A DE [ ;jxl—sx[l—zz ...JzEp[ ;j I (3.1.1)

*3
Dop DAL x%lf I (3.1.2)
kK =21
o Ol [g— j (3.13)
1 1 1 _ 1
Ay DE‘? ?Dl 2( rfj (3.1.4)
2
Pa 142 ( j (l f} (3.1.5)
AHL f
,0H|_ Xc 1 g 1 __1 4 -4 -1
A_AHL ABDDAehbulkxa‘B ( { J(lzz Zf 25} lez (316)

According to Egs. (3.1.3) and (3.1.4p;, decreases as the size of QDs grows;

in addition, A}, increases as the size grows. These analysis dernelth the

analytical results shown in Fig 3.1(a). More, adaog to Eq. (3.1.5), the ratio

k
'O'k*L decreases with an increasing size, implying a nsolucof HH- LH-

HL

coupling. According to Eqg. (2.1. 61) this ratiodsectly related to the linear
polarization. Thus in Fig 3.1(b), the value of Plelcreases with an increasing
size. Figure 3.2 also reveals that the Pol sketanesncreasingly round with a

decreasing size of QDs.

According to Egs. (3.1.1) and (3.1.2), boty and Ay increase with a
decreasing size. Also, according to the power ohgethe trend ofA, is flatter

than Ag,. However, with the factor dfiH- LH- coupling , A'increases faster
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than A, with a diminishing size. Therefore, the long rarigeeraction 4,

cancels the short range interactidn at the crossing point, then further short

range dominates the long range interaciorat small size region.
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3.2 InAs/GaAs self-assembled QDs

A preliminary observation is made of the InAs/Ga&Ds without

considering initial stress.
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—
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Fig. 3.2.1 (a) py.and A, (b) (c) Pol, ,, with both numerical and

y

analytical result. (E (€) Agp () Spny, A,and A'of InAs strain free QDs

vary with size.l, =2 nm and ' =1,/1, =0.8

43



InNAs/GaAs self-assembled QDs have built-in straihse to lattice

mismatching. The strain tensors vary with sizeshasvn in Ch2.
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Fig. 3.2.3 Polar plots and PL spectra of InAs/Ga@® varies with
characteristic'length of (a)-3.5nm; (b) 3.75nm4Kkch, (d) 4.25nm, (e) 4.5nm
(H) 5nm (g) 6nm (h) 7nm.

According to Egs. (2.1. 37) and (2.1. 41)
d :
pliL = _|_2|(€xx - ‘gyy) + I\/§|b| gxy
A;, =-|b (sxx AN 2522)

In this cubic model,&,, =0./g,~g, and ¢, +&,-2¢

y vary with size as

shown in Figure 3.2.2(b). Fig. 3.2.2(c) and 3.2.2éveals an increase in both
o, and A, relative to pf, and A due to the initial strain. For the

commonly observed size around 10~20nm width selé@mbled QDs whose

corresponding characteristic length is about 3~3nnthis region, Az, (A}, ) is
approximately 65% (35%) in the whag . Additionally, g7, (0, ) is around

40% (60%) in p,, . This finding suggests that the initial strainigrsficantly
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increasesA,, , and decreases the rat%. The Pol simply follows the trend of
HL

%, which increases with an decreasing size. AccgrtbnFig. 3.2.2, the polar
HL

plots are tend to be asymmetric with the an deorgasze which agrees with

the analysis results.

In the case of InAs/GaAs QDs, the energy &f,is much greater thak,

which indicates that short range interaction is Imunore active than in
GaAs/AlGaAs QDs since InAs’s Bohr radius-is vendeidue to its Energy its

narrow gap.

XC a;3 -2
ABD DAeh,bulkx?lx (3-1-2)

For GaAs a; =11 nm, for InAs a; =34 nm, this term makesA,, of InAs 27

times greater than that of GaAs. In the small se&ggon, A, is extremely large,

subsequently makindy, and Ay compatible with each other. Again, according

to the power, A, increases faster than, with an decreasing of size, the ratio

o, I ) .
A—HL causef) to increase faster thdy. Thus a crossing occurs at around
HL

|, =3.6 nm. By the regionl, <3.6 nm; A'>A,, thusFSs=—A, +A'are positive,

that is E, >E,. While I, >3.6nm, A'<A,, and Fss=-A, +A' become

negative. According to the results, the intensityhigh energy emits along the
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y-direction.

The crossing occurs with or without the initial astr. Thus, the FSS of
InAs/GaAs self-assembled without intial strain earfrom negative to positive
and cross to zero at a large size rather than Gakssgely owing to the very
large Bohr radius. Further, the initial strains ueel heavy- and light-hole

coupling. Without the initial strainA'can be slightly higher in energy; the
cross point occurs at a larder Compare above two cases of GaAs/AlGaAs and

InAs/GaAs QDs, the crossing point of FSS occusaill size.
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Chapter 4 Strain effects on semiconductor bulk

4.1 Fundamental bulk theory

This chapter demonstrates that physical observathlesmiconductor bulk
under stress are varied, including the electron \addnce-band structure, as

well the energy gap, microscopic Bloch function aanlimately the PL

polarization.

The zero energy level is set at the top of degegeralance-band enegy at

 -point with stress. Equation (2.1.4) thus becomes
hZ

K) = E +or
E.(K = E, mMm

(K+K+ K)+ ale,+€ +¢ ) (4.1.1)
E,, energy gap between conduction-band and valanoe-dhe valence-band

structures oHH- andLH- are given by four-band Luttinger Hamiltonian in

Eq. (2.1.5).

The band structures are obtained by the diagonalizaf the Hamiltonian.

E(meV)

2000 - /
| _Initial state

Probable final
states

%

0.5 1f0
k,(nm™")

Fig. 4.1.1 An electron in the initial excited stapontaneously emit radiation, two

states are probable for the emission process.
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Numerical results indicate a variation of band-edgergies atr -point.
The valence band edge energies of stressed bulkolata@ned from the

Hamiltonian atk=0. Since &,,and €,, are neglected, th& term in the

Hamiltonian is neglected. The band edge energy #asdcorresponding
eigenvector thus become.

High energy band

- 1 (4.1.2)
k=05 = = Bl H=Q =L G ) )]
Low energy band
E,=-P. _\/ﬁ
1 (4.1.3)

N,and N, ,represent normalized constants.

Based on those eigenvectors, the Bloch functi@omposed atr -point.
The PL polarization of bulk with-applied stressoadheres to the Fermi’s
Golden rule.
Fermi’s Golden rule states that
I Offlecplif o(E-E+ E)

<vn k= Oﬁij‘éﬂq ct k= Og >‘25( E E) (4.1.4)

O

E, indicates the transition energy between conductmial-valance-bands.
iy=|c1.k=0g) (4.1.5)

and the final state is represented as
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|f)=

From Chang [18](Appendix A) and Eqgs. (4.1.1) td.(8), the transition energies

v, k=0,) (4.1.6)

of the bands are derived below:

Low transition (black to red)

E;,=E,~(-R+/Q +R) 4.1.7)

'1(9)5,%&% ig—(_Q‘"F) e-'ﬂz (4.1.8)
High transition (black to blue)

E,,=E,~(-P =@ + R) (4.1.9)

1,(6) DNLZ %e“” e _F) & (4.1.10)

E, , are transition.energyg is the angle of360'polar plot.

Moreover, the above equations are transformedrmsef stress by applying

the results of stress transformation to thoserafrst

P :—a/(gxx+gyy+gzz) :_ax $9 4 &9 &) (0,4 0) (4.1.11)
__b + -2 b uo) 4 10] — 2 &wo +
Qs_ E(‘gxx gyy gzz) 2( # )(Jl 02) (4112)
d 3
R —E(gxx -¢,) - W3be,,
q (4.1.13)

:E( 11101 110])C0820 (0. 0.) |\/_3)% ?X Sin%(al_ag)
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4.2 Numerical results of bulk with applied stres

This subsection discussed results of a stressed GaAs hulkcluding the bull
energy band structure, microscofBloch function, PL polarization and tl
bandedge energy variatior

Uni-axial along [110]
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Stress free

> Bulk {3 Bulk {—1 Bulk =)
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3
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B High energy h_) - -h?w;]energy I.E = —- =Low energy
o E 2 p=——High energy e === High ener:
w ———--——————--—/——'LIJ—/—-J._* ..‘—_":__—:-:_____.; ————— g___fy
-~ —
rd - T
/" 1004 5 ~
Pl Pl \\
4 200 // -200
/ AY
T T T i T T T / T St T ¥ T
10 -10 05 0.0 0.5 10 1.0 05 0.0 05 10
k (nm) k(nm) k(nm) k(nm) k(nm) k(nm)

Fig. 4.2.1 GaAs bulk energy bands with stress-2GPa (b) zero (c) 2GF

stress applied alor[110].
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Compression Stress free Tensile
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Fig. 4.2.2 PL polarization (first row) and enegpgectrum (second row)of GaAs
bulk with applied stess (a) -2GPa (b) zero (c) 2@Ha2GPa (e) zero (f) 2GPa.
Red lines denotes the low transition energy, bhe denotes the high transition.

Stress applied along [110]
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Compression Zero stress Tensil
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Fig. 4.2.3 Microscopic Bloch function. First rcave low energy states(a2GPa

(b) zero (c) 2GPa . While second row are the Bfoeiction of the high energy states

(d) -2GPa (e) zero (f) 2GPa. Stress applied alaag][
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Fig. 4.2.4 (a) The chart reveals the band-edgeg@seat -point. (b) The chart
reveals the low transition and high transition gres. (c) Band-edge energies of
three bands dt -point. (d) Transition energies, the energy diffee from the

conduction band to the two hole-states. Stresseaxpplong [110] direction
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Fig. 4.2.6 PL polarization (first row) and enegpectrum (second row)of GaAs

bulk with stess (a) -2GPa (b) zero (c) 2GPa (d)RaG) zero (f) 2GPa. Red lines

denotes the low transition energy one, blue denthieshigh transition. Stress

applied along [100]
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Fig. 4.2.7 Microscopic Bloch function. First roave the high energy states (a)

-2GPa (b) zero (c) 2GPa . While second row areBlbeh function for the low

energy hole state(d) -2GPa (e) zero (f) 2GPa. Sapplied along [100]
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Fig. 4.2.8 Stress applied ag [100] (a) band-edge energies [atpoint of three
bands.(b) Transition energies, the energy diffezenem the conduction band

the two holestates. Stress applied ag [100] direction.

An appliedstress warks on-tksemiconductor bulk caus#®e slightly change ¢
distance between atoms which distort the microscdgloch function. The
microscopic Bloch functions reveal the charge dgnaround nucleus and

well as the electron clot

v

E

v

v

Fig. 4.2.9 “Distortion ofthe electron cloud in response of an appliefield.”
(Hecht)[20]
“Distortion of the electron cloud in response toagplied E-field” (Hecht)[20].
The distortion of Bloch function indicates the earsce of a bui-in electric
field. More, “The polarization P(t) of a gystem depends upon the stren E(t)

of the applied optical fiel’(Boyd)[21]
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P(t) = YE(t) (4.2.1)
where the constanf is refer to susceptibility. The shape elongatiorBtdch

function denotes the direction of build-in electfield, therefore, the optical

polarization is along the elongation of Bloch fuant

59



Chapter 5 Conclusion

This study investigates the FSS and Pol of InAs/&S@Ps self-assembled
QDs and hierarchical GaAs QDs with a series of ga@@tion. INAs/GaAs QDs
have an initial strain due to lattice mismatchimgwhich tuneHH-LH-splitting
energy 1.5 times higher than the strain free QDisssquently reducing the Pol.
Meanwhile, FSS of GaAs/AlGaAs and InAs/GaAs QD weriginally negative
then comes crossing to zero, then again increasativiely with a decreasing
size. Fine structure splitting is the competitiaiviieen short- and long- range,
since the Bohr radius of InAs is extremely largeysequently exacerbating the
situation in whichthe short-range effect cancelstbe long-range effect when
the QD size is small.

Furthermore, the energy band of bulk InAs is camdéd with an applied
stress. The optical polarization, emission enermyy #e Bloch function under
applied stress are manipulated. Analytical resuitbcate that the band gap
decays with an increasing. compressive stress. shwnelingly, the band gap
rises with an increasing tensile stress. Moreottes, light emission of low
energy is along theompressedlirection and as well the microscopic Bloch
function. Furthermore, the Bloch function is twistelue to the built-in
electronic field caused by the stress.

As for future work, we recommend that future reskaurther apply the
stress on both InAs/GaAs QDs and GaAs QDs. By 8etean appropriate size,
the FSS of InAs/GaAs can be tuned to zero. Moreotlex ground state

wavefunction of 3D parabolic well is taken as basiscurrent study, a full
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numerical computation with a large amount of basssidered which can

evaluate the FSS and Pol more precisely.
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Appendix | Rotation Matrix

Rather thama specific matri, the rotation matrix is compos by therotation

process The rotation matrice are defined first. If the xplane is rotated around

the zaxis with an ang @, the rotation matrix is:

cosp sinp I )
— ; ”,rV}
R.(#)=|-sing coy (1)
0 0o 1 i
1 {

A component in the new francan be presented simpliln terms of the ol

quantities. Alsofollowing rotation around x-axis andais with angles‘// and

6, the individual-matrices are .

1 0 0

R@)=|0 cogy . siy ) (1.2)
0 -sing " coy
cosd 0 -sird

R@= 0 1 0 (1.3)
sind 0 co¥

For the process that rots around z-axis and then theayis and finall the

x-axis rotates aroundg & andy/, the entirgprocess can be written as a rotat
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matrix:
ay, 6, 9)=RW)RE)R®) (1.4)

Similarly, for the order of rotated axis comes by

1. rotate about z with angle
2. rotate about y with angl@
3. rotate about new z with angh

The rotation matrix becomes

a=R(Y)R(6) R(9) (1.6)

The frames needed can be reached by rotating te@@xnore than three times
For our two main purposes, first to transform teékerence frame of compliance

to [110] as well as transforming the reference #ashHamiltonian. Therefore,
only R.(¢) is needed to form the rotation matrix. In tensonfo

cosy Sinp
8, =R (@) =|-sing cosp (.7)
0 0O 1
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Appendix Il Reference frame transformation of kindic

part

Consider the Hamiltonian and its basis. Here, motatand definitions in Ref. [7]

are adopted.

R =k g+ k) Q=2(k+ k- %)
2 2 (1.1)
&—%%{ v.(K - K)+2ikK | sk=%( k= ik) k,
R+Q =-S R 0 ] 3=8/2 J)=3/2
«__| 8 R-Q 0 R || =3/23=1/2
A = RS 0 R-Q S ||¥3/23=-1/2 (11-2)
0 R! S’ P+ Qll ¥F3r2 J=-3/2
The basis of Hamiltonian [4]
g—z>: Tl‘(X+IY)
g%>=_T (X +iY) +\/:‘ZT
s 1 (1.3)
E,E>=%‘(X—N)T>+\/:3‘ZL>
g,_—23’>=%\(x—iv)¢>

The simple basis forms a conveniehtP Hamiltonian relative to the basis

[X). [¥).12) (23]
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LK? + M(K + K) NK .k, Nk k | X
Dz (K) =~ kaky I—l</+ M( ka lé) NK/kz | Y (”4)
Nk, K, NK K LR+ MK+ B) || Z
where
L=y, +4y,)
m,
_n
M _ﬁ(yl 2y2) (”5)
_n
N—ﬁ@h

Three steps to transfer the Hamiltonian-to réadtj110], K, || [110]. K || [001].

1. BasisDy,; = Dy
2. Dys(K) = Dy (K)
3. Re-composeH " (K){ X", Y, Z}
The first step transfers, the® matriR,.,. The matrix is defined here as a

second-rank tensor

DXYZ(k) = Dkl
(11.6)
Diovs () = D,

Similar to the method in which stress is treatedee@ond-ranked tensor can be

transformed via two rotation matrixes.
Di} =a.a DO (11.7)

T ) )
¢:Z, the rotation matrix becomes
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3 =i2 11 0
0 0 <2 (11.8)
1 1 _
allzﬁ 2__2 a3 0
D; =a. & O,
Ex:
3
D;, = D a3, D,
k1=1
By,a,D;,t aya,D+ a,8,D4F (11.9)

U "
alZall 21+ a'12a'1p- 22+ alﬁ'l3D 2?
a13a11D31+ a'13a'12D32+ al@'l&ID 33

3
Dy, = Z ay a, D,
K.1=1

3
D, = > a,a D,
k,1=1

:alla11D11+ a11a12D12+ al/.@lp 1?
a12a11D21+ a12a12D22+ aléalp 23-
a13a11D31+ /al3a12D32+ /alﬁlp 33

=,a,D,+aa,D,+ aa,D,+ a,a,p) (11.10)

= 2[L+ M+ K- Nk =2 Lg+M K )

= L(L(KZ +12) + M (K2 + K2+ 212 Y+ 2N
2 y y KY

By following this method, thek Cp Hamiltonian can be obtained with new basis

of X), ¥).|2)
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Diyvz: (R):

L(K? +K2) + M(K + K2+ 2K) e s
+2NK K, (M = L)k, = k) V2N(k + k) k
1 LK - K2 LG+ + M(KE+ G +2Kk) ) (11.11)
5 M =LK = K) “aNKK V2N (k - k),
V2N (K + Kk, ~J2N(k - k) k 2[ (B)+M(k+ B]

Recall that the k terms here are still along thgial reference frame. The final

step must be performed to orientate around z-axs rhatch
K, [|[110],K, ||[110],K, ||[001. Where k is a first-ranked tensor, in which a
rotation matrix is simply applied. Notably, tkezalue is represented in terms of
K

ki =a, ko (i, j=1=3)

_ 1 200
kx_ﬁ(wx ) (11.12)
= (KT K)
k=K

Incorporating (11.12) inta Dl (k)-.leads to Dl (k')

D,XY'Z'(R;):
KZ(L+M+N) o IX)
+k;2(L+M_N)+2Mk;2 2(L M)kxky 2N(K<Kz)
1 CMKK K(L+M-N) , ') (11.13)
5 2(L-M)kK, PP (L + M+ N) + 2MK? 2N (K K,)
2N (K K) 2N(K K) 2[ LK)+ MK+ k)] [1Z)
Dl (K) =D (11.14)

Finally, the 4-bandk CpHamiltonian is recomposed with the basis of Slater

orbital. The basis of Hamiltoniami’ in the new reference frame of [110] now
69



becomes

U = U, = g’g>:_%‘(x + IY) T>
wmt = Y= Hoxe ) A 2)
A . (11.15)

=, =2 ——6‘(X - iY) T>+\/;3‘ Z1)
Uy =Uy, = g’__23>:_12‘(x - iY) l>
Hy ={u]y)
Ex:
Hi = (u,|uy :<g—§‘—z—z> :-i(( X =iY) T (X+iY) 1)

=2{O )0+ (X )+ 4 )

=2 %Dy D}y + Dl Dl) (11.16)

:_Zl[kf L+M+N)+K*(L+ M= N)+ ZMKZJ—%]'[Z(L—M K K
+_71[2(L—M)k;k']+_zl[;§z (L M NY# KA(L+ M+ ) 520K

=—%[k;2 (L M)+ KEL+M)+ VK] =R - q,

[_T;( X +iY) | —\EZTJ>
= H(O0DX) v ) (x| )+ (] 9)+2( 4 2 (1.17)
:%(Dil_iD’21+iD'12+ Dlzz) +§D'3

:—%(k;Z(L+5|V|)+ K?(L+5M)+ 2K* (2 +M ))
=— Ff(' +Q’
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= ik )% N (11.18)
-
- _(3331
Hls_<u1|u'3>_<2’2 2’ 2>
11.19
\/_( (K2 = KZ) N+ 20k K, (L= M) (11.19)
=-R
Based on Egs. (11.16) and (II.17F and Q are obtained
R == (i, + He)
1 (11.20)
QL:_E( 1= HY)
Then, insertingL,M, N into Egs. (I.16-1.19) yields the final results.
P+Q -S R 0 1| J=3/29=3/2
w_ sl RGPt R || J=3/2,1=1/2
e R 0 R-QG § |[¥=3/21=-1/) (1l21)
0 RT S R+Q|[JF3/2,3=-3/2
1 _hz 2 2 12 2
R = () Qegei(K+ K- %)
7w \ 2 (1.22)
R@z;E[—ya(kf—W)+2iyzm] a:TS( k- ik) k

For simplicity, the Hamiltonian is written in whichalong [110], y along [110],
zrun along [001]. Therefore, the Hamiltonian can be presented as

R+Q -S R 0 ][J=3/2)=3/3

q o -s" P-Q 0 R |[|J3=3/2,3=1/2
k[120] ~ R 0 P-Q S || ¥=3/2,3=-1/2
0 R’ 8 R+QJE3/21=-3/3

(11.23)
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R =2 ¢+ k) Q-1%(k k- %)

f/_ Ner: (11.24)
3’ ‘2] _ Yo( o |
R=gml sl -K)raikk] === k- i) &

Where K, [|[110],k, I[110],k, ||[001
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Appendix Il Reference frame transformation of strain part

Orientation for the Hamiltonian in the strain pa&tapproximately the same
method with k part, the process is described. i@thod differs from the k part
mainly in that the strain tensor is a second-rankegsor. Some can be

performed to transform it back onto the matrix form

R+Q -3 R 0 1| J¥F3/2 )=3/3
LK _ _ -s" R-Q 0 R |J=3/2,Q=1/2
R = R 0 p-Q s ||=3/2 9=-1/3 (1.1)

0 R' S" P+ Q| J>=3/2,)=-3/2
Pf :_aV(EXX+£yy+£ZZ) Q :_B éxx+£ yy_ 2 zz
< (111.2)
\/_ .

3 . ;
R, :7 &y —€,) —1de, S = —d(exz— E‘yz)

The k OpHamiltonian relative to the basis<), |Y), | 2) [23]is composed.

Isgxx+ms(£yy+£z) n§ yX n‘g Xz | X>
DXz = NE,, lepmie Fe ) LN, 1Y) (111.3)
nsgzx nég zy l § zz+ m Q‘g x;!-g )y | Z>

According to Ref. [23], parameteris-defined in opposition to that of the text
book of Chuang [4]which is refer to be the mainerefice of this thesis.

Therefore, the sign is changed in frontadb adapt to the textbook of Chang.
|, =+a+2b
m =+a-b (111.4)
n, =~/3d

Three steps to transfer the Hamiltonian to regdh[110], &, | [110]. g | [001.

1str

1. Basis transformationD,.,(€) = D\, (€)

2' DXYZ(E) - D,)?'tLZ(EI)
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3. Re-composeH™“{ X" Y', Z}
The first and third steps are the same as thokgant of in Appendix Il
Dy, =D}" (111.5)

Str

D =33 O (11.6)

The convenient Hamiltonian becomes

D} = D, (¢)

(e, +€,)+m(e +¢€ +2¢€ !
(€ yy)+ B(e o E 2 (m-1)(g, +£,,) Van(e,,+e ) %)
" (11.7)
1 I(ey T€,,) +M(e, +E ,+26) [Y") )
== m-1)(e,, +€ =/2n(e,, —¢€
> (M=D(e,+e,) e, Jon(e,. —¢,)
Van(e,, +¢,) ~Vone, -¢,) 2 le, +meg+e )] |12)

Notably, the second part requires one - more  proeedor transfer the
second-ranked strain tensor into strain matrix fofime strain tensor in the old
reference frameis presented in terms of the neav on

Eq = g (111.8)

XX yy 2z .yZ z XZ Xz Xy
tensor notation 11 22 33 23,32 31,13 12,
matrix notation 1 2 3 4 5 6
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Tensor form

1 U I I
& :5(511_2512'{'522)

1 I ! !
522 _5(511+2£12+£22)

matrix form

1 I I I
£ ==(& & +&)

2

l 1 I I
& =§(gl +E+E)
£3 =£3

£, £+ &l)

-1
J2
1 I I
&s :_2(‘95 - &)

1

Caitn notation

1 I I I
Exx :E(‘gxx - Exy+ EW)

1 I I I
€y _E(Exx"-‘gxy-'—gyx)

N
3
1

1 I I
yz ﬁ(‘gxz-‘- gyz)

1
2£xz == glxz_gl
N

2gxy = (5:« - Elyy)

1 I I
E‘ge :5(51_‘92)

Inserting the result above intd'%., (¢) leads to DY, (€ .

Divz (€)=
V3d (e, —€),) + e, + €~ 2¢',) e, 2J3del, ES)
+a(€;x+8,yy+8,zz) (III 9)
1 3b€'>< \/—3d (_8;)( +SIYY)+ b(S'XX+S,W_ 28’27) \/Ed (_8;(2 +8' z) ‘Y'> .
2 g +a'(8'xx +8,yy+8,zz) §
—2b(ejy +€, — 2¢,)+||Z)
2/3de,, J6d (g, +¢,) el o
Finally, recompose again th&x 4 k.pHamiltonian H " {X" Y’ Z} .
R+Q -8 R 0 113=3/2,3,=3/2
- P-qQ 0 ' J=3/2,)=1/
HE = L ? o '3' |\1—3/2\14——1/3 (11.10)
R" 0o PR-Q § [I=3/23,=-1/3
: : [3=3/2,3,=-3/
i 0 Rg t % T |£j + Q _| z 3
r I U ! r b I I I
Pe - _av(gxx + gyy + gzz) Qe - _E (8 xx+ gyy - 2“?zz)
(11.11)

R =2(e.-8,)-W3be,  § =-d[s,~ k]

To sum up and simplify, a Luttinger Kohn Hamiltomiaf strain part can be

presented as
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P+Q -8 R 0 1| J3/2 J=3/2
LK _ _ % R-Q 0 R |J:3/2,\)=1/2
Hg,[llO]_ ReT 0 P-Q S |J=3/2,Q=—1/2 (|||12)

0 R' §" P+QJ F=3/2, )=-3/2
Pe-a(e e, te) QI o(E b2 )

d (111.13)
T

Where ¢, || [110], &, || [110]. &,, || [001.
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Appendix IV  Strain modification by six-band model

The master’s thesis of Chang [4] mentioned thatenthe strain effect is

taken into consideration, the effect of split dfbsld be considered:

(a) (b)
b:l-. T e LI.-- THm) P SR Ersin oo
00y el —,
el i Ky — HH poienial i
| — l D0 "
L '——1 LH potential | g
nl L === unzirained o.0a)
i » = e
: ;:I: a d—-———___‘—ﬁ r_.F--
E.__ B .
1 ] |
_E W me| - 2
B ot o R TR SRt e e i isnhem Rad
e
| T I 0.0 A
= I I"
o - L a

il
L} A n
T {nmj

W 327 b =20 (cm) - 5.;_—1_]3'{:1::1) - .-l"_'-'r('m:ifﬁi-]' ER B R M ET N ik - ()RR Comsol
multiphysics @47 0F Ko 8,8 ¢

z{nmyj

k.p 6 band model |- k.p 4 band model
= Druanfiuen Bay — p.g:r_-nu';.l . Daiandiem Bas - HH P-utr_-mi:ll
= e 7 LH potertial = / -1 i LH potental
5| —" | S0 T A
h I I-"?g s UNSTRIneO R I '.—’.-/f};g sEEtunsTaimned
- = ¥ -~ " ¥
= b - b
E x £ r
£ .m0 E e
| ?I'-- Rk RN T ik ™
agf ———— - 25,;.:"“‘-—-—-.____! I
ke 5 o 8 i g T 5 0 Te]
I gnm T ntm)
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Fig. IV.1 shows the LH-potential is underestimaiedhe 4-band model which

leads to the overestimation dff, , therefore the 6 band model of strain part is

used throughout this thesis.

A six-band Hamiltonian withouR andSterms is given by
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[HH)  |[HH) [LH)  [LH)  [sO |sQ
P+Q 0 0 0 0 0 |
0o RP-Q © 0o v o0 |y
Hk=0)=| ° 0 R-Q 0 0o Jx (IV.1)
0 0 0 P+Q 0 0
(NS0} 0 0 P+A 0
0 0o Jx, 0 0 P +4]
To simplify and solve the Hamiltonian, the basis sgarranged
[HH)  [HH) ~[LH)  [LH)  [SO  [SQ
P +Q 0 0 0 0 0 |
0 P+Q| o0 0 0 0
0 0 | P- 0 0 +z
H(k=0)= > —Q Q (IV.2)
0 0 0 P-Q V2@ o
0 0 0. -V P+A . 0
.0 0 VD, 0 0 P+4]
The eigen energy of heavy-hole is directly obtained
Further consider the rest energies of light hokt spiit off are set to bg,
The eigenenergied is obtained via the following steps:
P -Q:=4 0 0 J2Q
0 P-Q -1 -2 0
det s ° =0 (IV.3)
0 —~2Q " Pt A=) 0
J2Q 0 0 P+A-2
then reduce the matrix t@x 3matrices
R-Q-1 —2Q 0 0 R-Q-4 20
(R -Q -1 —~2Q PR+a-) 0 |-v2Q 0 —J2Q p+A-i=c (IV.4)
0 0 P +A-A J20Q 0 0
again, reduce t@ x 2matrices
P-Q-4  ~2Q R-Q-4 —/2Q
-Q -4 -1 2Q(-V2 =0
. =S +2Q-V2Q o Bea (IV.5)
Finally obtain the equation and lead to the result:
[4*-=(2P-Q+L)A+(PA- QP- Q)]* =0 (IV.6)
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A:(ZP—Q+A)1\/A2+2AQ+ 9
2

Thus the eigenenergies corresponding to the besis a

En(0)=F +Q

Eq(0=P -Q+5(Q+A- A+ 28Q +8G)

E(0)= P ~Q +2(Q +A+ | +28Q +9G)

E —_Ef _ €
Ay =EL - By
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(IV.7)

(IV.8)

(IV.9)

(IV.10)

(IV.11)



Parameters

Quantity Label Unit InAs GaAs Ref.
Lattice constant nm 0.6055 0.565 [4]
Bohr radius a, nm 34 11 [4]
Energy gap E, eV 0.413 1.518 [426]
Optical matrix parameter E, eV 21.5 28.8 [26]
Spin-orbit coupling energy A eV 0.38 0.34 [4]
Static dielectric constatn &, & 15.2 12.5 [26]
CB effective mass 0.05 0.0665 [4]
Bulk exchange splitting 20 [27]
Luttinger parameter 6.85 [4]
Luttinger parameter 2.1 [4]
Luttinger paramete 2.9 [4]
CB hydrostatic de -8.013 [4]
VB hydrostatic de 1.16 [4]
VB shear def. pot. -1.824 [4]
VB shear def. pot. | -5.062 [4]
Young’'s Modulus[100].¢ 85.9 [24]
Poisson’s ratio[100] 0.31 [24]
Elastic stiffness constant[100 118.8 [4]
Elastic stiffness constant[100] 45.3 53.8 [4]
Elastic stiffness constant[100] C. GPa 39.6 59.4 [4]
Elastic compliance constant[100] Shi Gpa 0.0195 0.0117

Elastic compliance constant[100] Shad GpPa -0.0069 -0.0037

Elastic compliance constant[100] Sl GpPa 0.0253 0.0168

Elastic compliance constant[110] sl GPa' 0.0126 0.0082

Elastic compliance constant[110] s GpPa -0.000025 -0.002

Elastic compliance constant[110] gL GpPa 0.0253 0.0168

Elastic compliance constant[110] gy GpPa 0.0528 0.0308
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