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Title: Electronic structure and optical properties of Quantum Dots: k.p method
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Abstract
The calculations of the electronic structure and strain distribution for self-organized InAs/GaAs quantum dots
are presented. The strain calculations are based on the continuum elastic theory. The piezoelectric potential is calculated
by solving the 3D Poisson’s equation. The electron and hole energy levels of the InAs/GaAs quantum dots are calculated

by implementing the k.p method. The calculated results show the importance of strain and piezoelectric effects.

Keywords: Quantum dot, k.p method
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deformation potential 11as a, fi® conduction-band deformation potential.

Piezoelectricity
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Two-band model
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Four-band model
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unii 4
HOUNAITHOUIHIBINIDINAITMIATBAYDY InAs/GaAs AIDHANABNNIZBITTLINY

(Strain-induced band profile of stacked InAs/GaAs Quantum Dots)

uniin

- o L é o o = g 1
muastuaznisann ludmsiedanhsznnuaaviiauazirnensndeufivessynnsin synin
9052 (3D bulk material), A2BUANIAA (2D Quantum Well), Aeudk 13 (1D Quantum Wireuazgaiisnleuduaen
3 ] ¥ ] ¥ I ' o
(0D Quantum Dot) (384mNAIAUNISIARBUNYEIDYNIA ATHUMSHOYMAYNANTINI 3 NA auliannuszuANA1aiY
' [ e d e . o < o g4 a 4 X . . .
athaun 1wy auansitluesneuveInts (atomic-like orbital) WAIIUBAMTILAUDNTABUINYYU (Exciton binding
. 4 . o o J a J a J
energies) LA¥NI5I309UAY  (Luminescence) tudu areuduaendiuisolssgnalunisdssavg nsusmaes
a . o) Y
(Transistor) L¥AAUAS01HAAY (Solar cell) NaBAIS DIUAY (LED) Az 1a105 1nToa (Laser diode) (Hudu dromailios
avdanelnssaduuazuasvesnrouduaendeidsumsnyiduediendieuns (11 d2edrasu msnuins
UaatlaeendanuuaznszuMN IS HEUANIUYBINING (carrier relaxation process) YBINIDUANADN 2-10 AINTH9NY
A1 2-3 W luwes [2] JogiuidinisinymeudunenfiFesiuiuluuuife (Vertically stacked Quantum
o @ J @ a 4
dots) Tumsiszyndludrunleuduneniaiyes (Quantum dots laser) UATAIOUAUABUNUARS (Quantum computer)
. 9 ao ° &4 o o . . da X
[3] Kita uazg37u340 [4, 5] iimsnaas uenuguilsingmsel nar lsisdu (Ploarization) fitfindulu InAs/GaAs
AIOUANABNTG 89¥ AU (Column stacked quantum dots) Tnofi laifiszozvinsenienroudunen Saito uazh sy
3 ' ad a @ { LYY { '
3, 5] imumimANuAs sauaz Inssaian198nns olinves InAs/GaAs meusuaenfiissaiuiu lasiszuzvig
»
senieneusunenegluse 0-6 w1 luwas 1au1933 elastic continuum theory 11335 eight-band k.p wONINH Saito
uazf3wAdudednulsingmsel Iwan lsisduveaues (Optical polarization) Tu InAs/GaAs AreuANABNTIZ U9
fiu Taoh laidiszorvinszninesnaoudunen Janusz Andrzejewski Lazd3 3 [7] truowanisAun 1auds eight-
ad o @ o i @ o
band k.p vesauiianisInssadredidnnseiinduaz na1lsiwduves In,Ga,_ As /GaAs mreuduneniiGuaviuiu
iw v v ' o ' o auv 4 ' o [ ] 1
Taoi lutiszozvinsgninemouduaen od1elsnmmeaddsasnan 83 1ddnywur Iduvesszezviessnng
o r Qo Q 4 0 [ é Q'I 1
AIBUALABNADAIINIATUA (Strain) UATUOUNAIUVOIAIOUAUABNTIS 89 UU (Band profile) Fadoyadanan
g 4 o & o 2 %
Aludugmlumsauguaguilsingmssi nan lssduvewasduiluilss TemiTumsdszgadmanas
4’ o o (Y < } 3 ad v £ ¥ $iey o I
Tuunil ezduauenanisfuIunInszoeavesnNuniva laoldmgufinaathedu §3du14rnun
= - H - j o 4 L o 1 ’ Q’I Ll U
aninavesnnuAToaina¥u 1l InAs/GaAs mouduneniGoaiuiu Tavszuzvisssndeduedluge 0-6 u1lu

14 )
AT UBNIINTGIRNUIBNENAVBIANUATIATULOUNAIITUVBINDUAUABNIE BaviUAUDNAY

-]
ngey
MINIZUWAIVDININATLA (Strain distribution)
WO IUVDINA T UBUILBINIDINAITATL VWA IVOIANUAS UANIAY [3, 8, 9]
1
Ug = Ezkzl Ciuti€u
L)k,

Avrsaneyninnteuduaen A1 U, dwisonldsinmsildsuiaves Uy fisndesiiqalay

' ) . du du, ;
Ussyn@33 Finite difference AAUIATEA &, MMUUT | waz j amsomidon ¢, =[Kl+?1—xi /2 1o u fie
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INReivBaR N 1 elastic moduli Cy, unudI C,,C, uaz C, Tnolumstedi 1 uensneiifildluns

o ~
AUUANUATEA [10]

M3 1. Maganldlumsdnnannunsen

C,\(GPa) | C;(GPa) | C,(GPa) | e, Cm?)|
InAs 83.3 453 39.6 -0.115 14.6
GaAs 118.8 53.8 59.4 -0.230 13.18

Eight-band strain-dependent k.p method
gﬂ‘ﬁwEWENﬂ'J'liJLﬂ?UﬂﬁiﬂiﬂiQﬁg’lﬂﬂ’lﬂglgﬂﬂiﬂﬁﬂﬁ’liJ’liﬂﬁﬂB’ﬁ]’lﬂﬂ’liLﬂgUNuﬂﬂﬂﬂlﬁNLLﬂ'}JWﬁN’lN

nsfnyeed saansoouudasoundesunielulassaduneuduaenamisoni1§1ne3s eight-band

strain-dependent k.p Hamiltonian, H, + H,, (i H, is the kinetic Hamiltonian #48& H_ is the strained Hamiltonian

713199 2 uernennein 19un s uaal Bight-band strain-dependent k.p method [11]

M3197 2. mafinl¥lumssinnas Eight-band strain-dependent k.p method

Parameters InAs GaAs
7 19.67 6.85

7’;‘ 8.37 2.1

7 9.29 29
E, (eV) 0418 1.519
A(eV) 0.38 0.33
E (eV) 222 25.7
a_(eV) -6.66 -8.6
a (eVv) 0.66 -93
b(eV) -1.8 0.7
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d(eV) -3.6 -2.0

HaMIMUIN
a o d’ (g aa o e o 4 b d o o o o Y
Tuadteil aveuduneniiisaniufugnitaesiulaslszneuds InAs AreuduAens NI 3 AaNavda lu
Q’I A o = - o
uuINUsIENIeluas Gaas Feeandesiunisnaass irnenisiiseiivesnteuduaenszeylunuiuny 2
o ' (Y a r o a ] g a a A ] @ ' o
arpuAnaenudazdszlvuaviiiunasiigiiailufissiatiesnglirefinanaeandesiunisnaaes
areuduaeniin gy 3.0 wiluwas uay gnudlugi@mdousgiavuin 15x15 i Twwes® szosvsening
ABUANABNGY U3 0.0- 6.0 W1 TwwAs 3N 1 uaRsnHdRYIIVBIAIBUALNABNAIG BeYiUU 3 1 AnuAT AT
a X (Y o a @ (Y ° acy . . 2 o o
AnvuluneudnaeniiFoaiuiu 3 42 gnAmiulauds continuum elasticity theory 33185 un1svonFunaz 14l

mIfuaNnsoalunleuduaen 1 A [12, 13].

/ InAs dot \

GaAs / InAs dot \

| / InAs dot \I 3.0 nm
N

&

A

$ Dot spacing

>N

15.0 nm
1 1 nansn AR NeveIRIBUANRENTIE s 3

Tunsfinyuoumdsnuvesnisusuaeniidosiuiu 3 M A oAy hydrostatic Uag biaxial 145U
nisAnyt Taotionn AR 0AULY  hydrostatic &, =&, +6, +&,  WUAT ANUATUAULY  biaial
£ = £, — (6, +£,))/2 AMUATUAUVY hydrostatic 1zunURLNAINLABUANTULAIUY Tuvait Aanusbun
WU biaxial 1y IMloussRUnE R MU TR Tewheiu defvisananueon “luuwﬁvﬁﬁ'mzﬁnymu
1095 UTHNTENTAIOUANABNADAMUATOAUY hydrostatic  1AE ANMIATUAULY biaxial 31U 2 uaraq
AMUATOALUY hydrostatic 1A% ATIMIATUALLY biaxial AMUUUIMNY 2 (iiBTzosHIsTHINAIBURURENIIM
wasull 91nnsviwudt lu3ion Gaas AnnedvAULY  hydrostatic el Aufeunifugus luvaziivdo
AIDUANABN ANUIASUALUY hydrostatic 92UAUNIAY -0.08 KansfmauenimsTuRatumehnn
AIBUANRBN( &, < 0) (Compressive) {i89910 M5 Gaas ATA YR Inssadndunhanuenveslnseadi
4893 InAs 92T UNDUANADN B TTOZH TSN INATBUAUABNIYIING 0.0 W1 TUIIAT AUATEAUUY biaxial A1
ﬁauuazﬁﬂ'm.l1u11ﬂﬁqnmwmmauﬁ'mmw7'lﬁmﬁ'uﬁu 3 i fleszuziiesznemenduneniiuiu s on
WU biaxial IuSameuRuRenezfiviaiuiy aungifiannaImevesInssadievesas nas Tuuuaunu 2
finwanasiunruenvesIas s 19v9ees Gaas lunuunu z dmluSnuseyuennleuunen AASUA

. : . . o s X . . W
HUY biaxial 3eiiAuTiuay lieszecrnes s NInBUAUABINAIY AMUATUALLY biaxial 9LABRNTU
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0.08 dot] Hydrostatic stran  ———
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719 2 msnsznedvenuASenlu InAs/GaAs ArpuduABNTITEURY 3 A2 1B sTEsHsININ

AMBUAUABNMINU (a) 6 W1 THLAS, (b) 4 W1 THWAS, (c) 2 W1 11WAT and (d) 0 W TUAT

o = a 2 ' ey o Y= a o .
MAIINANYINGANTINVBIANMATIA ABLIFITY IARNEINMSIIReuasve o UNAI Y (Strain-
modifying band profile) Y94 InAs/GaAs ArpuAuRNiGsTUiY 3 W1 1ag143s eight-band strain-dependent k.p Eﬁ‘ﬁ'tl
- - 1] 1 L 1] L4 U { Y L Qo A
AinydninavesszoviesznI Ao UANABNABLOUNG 1 UTBIAIBUANRBN TG seiUY 3 @2 Feilszneudle
] ¥
140U conduction, heavy-hole, light-hole ag spin-orbit AUz 1lh 3 Tunuusaesll AmadesznLoUNAIY
Jd * 1o L4 o a a a
1t (valence band offset) Y99 InAs Itag GaAs 508ABINIY +0.25 eV [9]. UBNYINTl {ISunIsUBNENNAYES
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Y ' o a a 4 X {
(H,) TuuaUNa937U conduction (CB) arnussavzdnaliuaundnulunsnumsuduaeminiu luvash
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o 1 ° Y 1 4 X a o 1
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unii 5
NENaveINIINITMEAIVBINNBIATEALAE Piezoelectricity ADANUANIAIIA19Y0IRIOUANADN
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Abstract

This paper presents the calculations of the electronic structure and strain distribution for self-
organized InAs/GaAs quantum dots. The strain calculations are based on the continuum elastic theory.
The piezoelectric potential is calculated by solving the 3D Poisson’s equation. The electron and hole
energy levels of the InAs/GaAs quantum dots are calculated by implementing the k.p method. The
calculated results show the importance of strain and piezoelectric effects.

Keywords: Quantum dot, k.p method, strain distribution and piezoelectricity.

1. Introduction

In recent years, the low-dimensional
semiconductor  nanostructures such as
quantum wells and quantum dots (QDs) have
attracted much attention in both experimental
and theoretical researches [1-4]. Various
semiconductor devices built from quantum
dots have been studied, e.g., light emitting
diodes and laser diodes [5-8]. Quantum dots
can be produced by means of the Stranski-
Krastanov process which uses the relief of
elastic energy when two materials with a

*Corresponding author.
E-mail address: w.sukkabot@gmail.com

large lattice mismatch form an epitaxial
structure [9]. In order to understand the
electronic properties of the quantum dots,
there are several approaches. In this work, we
have calculated the single-particle electron
and hole states and wave functions by
implementing the k.p method because of the
advantage to handle the computations in large
sizes of quantum dots.

The aim of this study is to
theoretically investigate the effect of strain
and piezoelectricity on the electronic
structures of self-assembled InAs/GaAs
quantum dots. We calculate the energy trends
as a function of dot sizes with and without

Copyright © 2010 Faculty of Science, Ubon Ratchathani University. All rights reserved.
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including the strain field and piezoelectricity.
Finally, the wave functions of electron and
hole states are evaluated with and without the
piezoelectricity.

2. Theory

Strain Distribution

The atomic positions inside and around
the quantum dot can be described in terms of
the supercell of the Face-centered cubic
structure. Due to the lattice mismatch
between quantum dot and surrounding
material, the atomic positions can change and
the strain field also takes place in this
structure. Continuum elasticity (CE) is
determined to study. The total strain energy
in the CE model is given by [3, 9]:

1
Ug = 2 Z Ciju€ii€u
i3k

For a given structure, U, is minimized
by using finite differences for the strains. The

strain and the stress can be expressed as

du du
g =|—+—1|/2,

dx; dx;
where u is the displacement vector
field. The elastic moduli C;,, are represented

by the parametersC,,,C,, and C,, for cubic

crystals. Table 1 shows the material
parameters [10] used for the calculation.

Piezoelectricity

The strain in quantum dot causes the
atoms in the structure to change the crystal
lattice geometry [10-12]. These changes can
guide to the polarization in this structure. The
piezoelectricity is defined as the creation of
electric polarization by the application of
stress to a crystal lacking a center of
symmetry.

The piezoelectric potential is obtained
by solving Poisson's equation.

vy =2
* e
Where V,, is the piezoelectric potential. p is
the piezoelectric charge defined as :

p=—V[P
And P is the polarization given by:
€y
P=2¢,le

Cry

Xz

Wheree,, e,, and e, are the off-diagonal

xz
components of the strain tensors and e, is

the piezoelectric constant of the considered
material. £(r) is the static dielectric constant
of the respective material at the position r.
The parameters used to calculate the
piezoelectricity are expressed in Table I. The
piezoelectric potentials can be obtained by
solving the 3D Poisson’s equation in the path
of the finite difference method. @ The
piezoelectric potential is incorporated to k.p
Hamiltonian as a diagonal term [13]:
H=H, +V,I

Where H, ,is the k.p Hamiltonian and Iis
the identity matrix.

Electronic structure

In order to study the electronic
properties of quantum dots, the band
structure of the materials is symmetrically
understood. There are several theoretical
calculations such as effective mass [14],
tight-binding [15, 16], pseudopotential [17],
k.p method [3] and density functional theory
[18]. Each technique has their own path to
theoretically calculate the band properties of
semiconductors. However, they start from the
fundamental equation, Schrodinger equation.
In this work, we have implemented the two-
band model and four-band model to
investigate the electron and valence states of
quantum dots, respectively.

In two-band model, the wave functions
of the electron states are a linear combination
of the conduction bands given by:

Wi: (f) = Z gie,,sl (i:)usx;sxl (f)
s, =t1/2
Where s=1/2,s, =+1/2
[Wy5012 >=8 T
(W50, >=5 \

gi N isthe coefficient

Copyright © 2010 Faculty of Science, Ubon Ratchathani University. All rights reserved.
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In four-band model, the wave functions
of the valence states are a linear combination
of the valence bands defined as:

vi@®= 3 g, ;. (Muy; ()
jo=1/2,43/2
Where
i .
Heavyhole|3/2;43/2>=—[|X > +i|Y 1>
vy hole | 7 [l I ]

Lighthole|3/2;+1/2>= Xs+i|Yi>-2|21>]

L
Jg A
i
ﬁll
Heavyhole|3/2;-3/2>= —;2[| X d>+i| Y I>]

Lighthole|3/2;-1/2>= XT>-i|Y > 4212 1>]

8., is the coefficient

3. Results and Discussion

Strain distribution and Piezoelectricity

We have analyzed the strain distribution
and the piezoelectricity in pyramidal
InAs/GaAs quantum dot. To model the
structure, we choose a finite GaAs zinc-
blende lattice within a box with the boundary
conditions. Within this box, we consider an
InAs base width of 10.0 nm and height of 3.0
nm.

To consider strain influence on
InAs/GaAs quantum dot, the knowledge of
the strain tensors is essential. We have
calculated the strain tensors at the middle of
the y axis scanning along x and z directions.
The contour plots of the strain tensorse_ ,

e, and e, are visualized in Figure 1, 2 and

3, respectively. Below the InAs quantum dot,
e, and e are positive, while e, is
negative. In the base region of the quantum
dot, the situation is reversed. e,, and e are
negative in the dot area and becomes positive
at the top of quantum dot because GaAs
substrate compresses the InAs dot mainly
along the z direction. e, in Figure 3 is
positive at the base of quantum dot. With
increasing height within the dot, e, changes
its sign and becomes negative at the top of

material. It causes the ¢, become negative
and e, and e become positive.

15 g

y {nm)

x (nm})

Figure 1.2D plotof e .

z (nm)

x (nm)

Figure 2. 2D plot of e, .

Z {nm)

x (nm)

Figure 3.2D plotof e_, .

Then we have calculated the

the dot. At the top of dot, the force acting on piezoelectric potential in InAs/GaAs quantum
the dot originates from the GaAs surrounding dot by solving the corresponding 3D

Poisson’s equation. We plot the isosurface of

Copyright © 2010 Faculty of Science, Ubon Ratchathani University. All rights reserved.
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the piezoelectric potential. It shows that the
piezoelectric potential is concentrated in the
region close to the top and bottom of the
pyramid. It illustrates that the piezoelectric
potential is mostly positive (red isosurface)
along the [110] direction and negative (blue
isosurface) along the [110] direction. The
isosurface potentials are + 30 meV. This
calculation introduces C,, symmetry [3, 4].

Figure 4. 3D plot of the piezoelectric
potential of InAs/GaAs quantum dot.

Electronic structure

The electronic structure of InAs
quantum dot in GaAs surrounding material
has been studied by means of k.p calculation.
The shape of quantum dot in this calculation
is truncated pyramid. The base width is b nm
and the height of the dot is 3.0 nm. The
energy spectra of electron and hole states are
plot as a function of the dot base widths in
Figure 5 and 6, respectively. To investigate
the influence of the strain field, these
calculations are done in the presence and in
the absence of strain effects. The numerical
results demonstrate that the strain distribution
in the quantum dot and surrounding material
has a dominant influence on the electronic
structure. The energies of electron and hole
states taking into account the strain effect are
shifted into the high energy side in
comparison with ones without considering
the strain effect. The graphs also show that
the electron energies decrease with increasing
the base widths, while the hole energies
become rising as a function of the increasing
base widths. Therefore, the band gap energies
are reduced. The size-dependent property can
be used to tune the band gap energies of the
quantum dots.
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Figure 5. Electron energies of InAs/GaAs
quantum dot as a function of dot sizes.
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Figure 6. Hole energies of InAs/GaAs
quantum dot as a function of dot sizes.

Finally the piezoelectricity (Pz) is
examined. We consider the truncated
pyramidal QD, basex = basey = 10.0 nm and
height = 3.0 nm. The piezoelectric potential
is included into the Hamiltonian. With the
piezoelectricity, the electron and hole
energies shift down about 10 meV which are
very small compared to the strain field. The
wave functions of electron and hole states are
revealed as 2D plot along the x and y axis in
Figure 7 and 8, respectively. The wave
functions of QD are evaluated with and
without the piezoelectric potential. The
piezoelectric potential does not change the
orientation of the s-electron states (e;) as

shown in Figure 7. In the p-electron states
(e, ande,), the piezoelectricity has flipped
the orientations of wave functions from
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orbitals. The inclusion of the piezoelectricity

[110] to [110] and vice versa. The changes
into quantum dot introduces C,, symmetry.

of the orientations also happen in the valence
states of quantum dots because hole sates
consist of of the linear combination of the p

Table 1. Material parameters for the calculation.

C,(GPa) | C,(GPa) | C,,(GPa) | e,(Cm~ &

InAs 83.3 453 39.6 -0.115 14.6

GaAs | 1188 53.8 59.4 0230 | 13.18
L
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Figure 7. 2D plot of electron wave functions w/o and with the Piezoelectricity (Pz).
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Figure 8. 2D plot of hole wave functions w/o and with the Piezoelectricity (Pz).

5. Conclusions

The effect of the strain and
piezoelectricity of self-assembled InAs/GaAs
quantum dots has been theoretically
investigated by means of the continuum

elastic theory and k.p method. The calculated
results show the importance of strain and
piezoelectric effects on the electronic
structure. The energies of electron and hole
states including the strain effect are shifted
into the high energy side in comparison with

Copyright © 2010 Faculty of Science, Ubon Ratchathani University. All rights reserved.
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ones excluding the strain effect. The
piezoelectric potential does not change the
orientation of the s-electron states (e, ), while

the p-electron states (e,ande,) flip the

orientations of wave functions from [110] to
[110] and vice versa.
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Abstract

We have calculated the strain distribution and band profile in triply stacked InAs/GaAs quantum
dots (QDs) with the dot spacing 0.0-6.0 nm. We have used the continuum elasticity theory for the strain
distribution and the eight-band k.p theory for the band structure. We report the use of the k.p method to
calculate the band structure with and without including the effects of strain. The calculated results show
the importance of strain effect on the confinement potential of the band structure for triply stacked
InAs/GaAs quantum dots (QDs).

Keywords: Stacked quantum dots, strain distribution and k.p method

Introduction

Research and development in semiconductor has seen progressive reduction in dimension, from
bulk material to quantum well, then to quantum wire, and ultimately to quantum dot. Thus, the three-
dimensional carrier confinement property can significantly lead to the superior characteristics of atom-
like density-of-states (DOS), large exciton binding energies and enhanced oscillator strength in quantum
dots. The quantum dots (QDs) can be the candidates in transistors, solar cells, LEDs, and diode lasers.
They can be also represented as the agents for medical imaging and as possible qubits in quantum
computing. Electronic structure and optical properties of semiconductor quantum dots have been
intensively explored for more than two decades from the physical and technological interests to the zero-
dimensional confined systems [1]. For example, the emission energy and carrier relaxation process in the
2-10-layer stacked InAs QDs with few-nm spacing have been studied in detail [2]. Recently vertically
stacked InAs/GaAs quantum dots (QDs) have been investigated for the application to the quantum dot
lasers and quantum computers [3]. Kita et al. [4, 5] experimentally demonstrated that the optical
polarization can be controlled in the columnar InAs/GaAs quantum dots, in which the self-assembled
QDs are vertically stacked with no inter-dot barrier layers. Saito et al. [3, 6] calculated the strain
distribution and electronic structures in the stacked InAs/GaAs QDs with the dot spacing 0-6 nm; based
on the elastic continuum theory and eight-band k.p theory. They also theoretically studied the optical
polarization in columnar InAs/GaAs quantum dots. Janusz Andrzejewski et al. [7] presented the eight-
band k.p calculations of the electronic and polarization properties for the columnar In,Ga, ,As quantum

dots with high aspect ratio embedded in an In_Ga,_ As/GaAs quantum well. However, the previous

studies have not investigated the dependence of dot spacing on the strain tensors and also the strain-
induced band profile of the stacked quantum dots. The fundamental knowledge of this work can be
implemented further to study the control of the polarization in stacked quantum dots that can be highly
beneficial in some optoelectronic applications. According to the previous research, the stacked
InAs/GaAs quantum dots with 0.0 nm spacing, generally called columnar QDs (CQDs) are significantly
promising candidates for amplifier applications.
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In order to understand the physical properties of the triply stacked quantum dots, theoretical
calculations of the electronic structures based on the realistic strain distribution are essential. In this study,
we calculate the strain distribution in the stacked InAs/GaAs quantum dots with the dot spacing in the
range from 0 nm to 6 nm based on the continuum elasticity (CE) theory. The confinement potentials are
numerically evaluated by means of the eight-band strain-dependent k.p theory. Finally, the band
alignments are numerically evaluated with and without taking account into the strain field.

Theory
Strain Distribution

The atomic positions inside and around the quantum dot can be described in terms of the supercell
of the Face-centered cubic structure. Due to the lattice mismatch between quantum dot and surrounding
material, the atomic positions can change and the strain field also takes place in this structure. The
continuum elasticity (CE) is determined to study this purpose. The total strain energy in the CE model is
given by [3, 8, 9]:

1

Ug = > Z CiuSi€u
ikl

For a given structure, U, can be minimized by implementing the finite difference method for the

. u.
strains &; =[@L+K‘]/2, where u is the displacement vector field. The elastic moduli Cg, are
} i
represented by the parametersC,, ,C,, and C,, for cubic crystals. Table I shows the material parameters
[10] used for the calculations.

Eight-band strain-dependent k.p method

The influence of the strain profiles on the electronic structure of quantum dots has been previously
investigated by implementing the strain-modified band offsets [11]. The strain-modified confinement
potentials can be calculated by means of the eight-band strain-dependent k.p Hamiltonian, H, +H,, where
H, is the kinetic Hamiltonian and H, is the strained Hamiltonian. The kinetic part of the total
Hamiltonian is given by:
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Where
hz 2 2 2
A=E - k; +ki+k2)
c 2 X y z
0
hl
B=E_ -y, (ki+k§+k§)
2m,
hz 2 2 2
Q="72 (kx+ky+kz)
2m,
hZ
R =3—[r,(k} -K})-2iz,k k,]
2m,
hZ
S =3y, —k, (k, -ik,)
2m,
i
U=—Pk
J’3'Oz
=
V="2P,(k, -ik,)
J6 ' ¢

P, is the coupling between the conduction and valence bands, E, and E, are the unstrained
conduction and valence band energy, respectively, and A is the spin-orbit splitting. The y,_,,, are the

modified Luttinger parameters defined in terms of the usual Luttinger parameters y.-, ,; :
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E, =E_-E, is the energy gap and E, =2m,P; / #*. The strained part of the total Hamiltonian is

also given by:

Where
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e; is the strain tensor, b and d are the shear deformation potentials. a, is the hydrostatic valence

band deformation potential and a_ is the conduction-band deformation potential. Table IT [11] lists the
material parameters which are used to calculate the strain-induced confinement potentials.

After the total Hamiltonian (H, + H ) matrix elements are constructed, the matrix can be

diagonalized by using the powerful eigenvalue solver called EISPACK library [12]. Finally, strain-
induced band alignments are achieved.

Results and discussion

To investigate the influence of the strain field on the stacked InAs/GaAs quantum dots, recently
there are various layers of the InAs dots (1-9) that have been studied in theory and experiment. In this
work, the stacked quantum dot structures are modeled by triply vertically stacked InAs quantum dots
embedded in GaAs surrounding material corresponding to the accessible range in the theoretical and
experimental data. The growth direction is mainly aligned along the z axis. Each InAs quantum dot has a
truncated pyramidal shape because of the realistic shape mostly fabricated in the experiments. The dot
height is 3.0 nm and the length of the square base is 15.0 nm. The dot spacing varies from 0.0 to 6.0 nm.
The cross-sectional view of the triply stacked quantum dot structures is depicted in Figure 1. The strain
distribution in the stacked quantum dots can be evaluated using a finite difference method based on the
continuum elasticity theory. This method has fruitfully implemented to single pyramidal quantum dots in
the previous studies [13, 14].

To analyze the band profiles of the triply vertically stacked InAs/GaAs quantum dots as described in
the section of Eight-band strain-dependent k.p method, the calculations of the hydrostatic and biaxial
strains are mainly required. The hydrostatic &, =¢,, +¢&,, +¢, and biaxial &, =¢, —(¢,, +¢,,)/2 strains
can determine the change of band confinement potential. The hydrostatic strains defined in the on-site
diagonal term of H, merely shift the energy levels of conduction and valence bands. While the biaxial

strains defined in both of the on-site and off-site diagonal term of H_ intend to remove the degeneracy in

the valence bands. Therefore, we numerically investigate the effect of the dot spacing on the hydrostatic
and biaxial strains. Figure 2 illustrates the physical distribution of the hydrostatic and biaxial strain in the
triply stacked InAs/GaAs quantum dots as a function of the dot spacings. The strain distribution along the
z-axis (the line through the quantum dot center) is plotted. In the GaAs barrier regions, the hydrostatic
strain is almost zero. In the quantum dot regions, the hydrostatic strain is approximately -0.08. The
hydrostatic strain is mostly confined in the dots. The calculations demonstrate that there is compressive (
&, <0) strain inside the quantum dot regions because GaAs surrounding material compresses the InAs

dots. For 0.0 nm spacing, the biaxial strain is even smaller and eventually becomes negative in the middle
of the stacked quantum dots. As increasing the spacing of the stack triply quantum dots, the biaxial strain
in the quantum dot regions positively increases. This is due to the condition that the vertical lattice
constant of InAs mis-match that of the side GaAs when the barriers are inserted to the triply stacked
quantum dots. In the barriers, the biaxial strain is negative. With increasing the spacing, the biaxial strain
gradually enhances.

After understanding the physical behaviors of the strain distribution, the strain tensors and
deformation potentials can be numerically used to calculate the strain-induced confinement potentials for
the triply stacked InAs/GaAs quantum dots. Based on the eight-band strain-dependent k.p method as
described above, we compute the influences of the strain and dot spacing on the conduction band edge,
the heavy-hole band edge, light-hole band edge and spin-orbit band edge as shown in Figure 3. In this
model, we use the valence band offset between InAs/GaAs junction as +0.25 eV [9]. The confinement
potentials are calculated with and without taking into account the strain effect. We find that the strain
distribution can essentially modify the band profile in the stacked quantum dots. The numerical results
demonstrate that the biaxial strain induces a different shift of degeneracy between the heavy hole and the
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light hole band as compared to the unstrained band profile which are equated in the strained Hamiltonian
(H, ) defined as the diagonal q term. In the conduction band (CB) the strain principally yields the rising

confinement potentials in the dots, while confinement potentials in the barrier indifferently change. The
enhancement and invariant of the conduction band (CB) can be caused from the hydrostatic strain ( & ).

In the heavy hole band (HH), the strain mainly elevates the confinement potentials in the dots, interface
and the inter-dots, while ones in the barriers far way from dots unimportantly modify. In the light-hole
(LH) and spin-orbit (SO) band, the strain mainly lowers the confinement potentials in the inter-dots and
the interfaces, while ones in the dots and the barriers far way from dots insignificantly alter. From the
strained-induced band profiles of the triply stacked quantum dots, the numerical data demonstrates that
the energies of the confining electron and hole states mainly rise into the higher energies as compared to
the unstrained band alignments. In term of the dot spacing, there is no alteration in the unstrained band
profiles, while the strained ones are principally modified. The strained band alignments of both
conduction and valence band in the dots unconcernedly change. However, the strained band profiles in
the inter-dot regions modify. As increasing the dot spacing, strained potential confinements in the inter-
dot zones become smooth and are close to unstrained ones because the coupling of the stacked quantum
dots progressively reduces.

Conclusion

We have systematically discussed the strain distributions of triply vertically stacked InAs/GaAs
quantum dots with the dot spacing ranging from 0.0 nm to 6.0 nm. First, based on the finite difference
method, we calculate the strain distribution by means of the elastic continuum theory. Secondly, the
strained-modified band edges are also calculated in the framework of the eight-band strain-dependent k.p
method. The calculations demonstrate that there is compressive ( g,; < 0) strain in the quantum dot region.

With increasing the dot spacing of the stack triply quantum dots, the biaxial strain in both of the quantum
dot regions and barriers positively raises. The hydrostatic and biaxial strains are used to judge the change
of band profiles. The hydrostatic strains shift the energy levels of conduction and valence bands, while
the biaxial strains eliminate the degenerate valence bands. Finally, the strain distribution and dot spacings
have the significant effect in modifying the band structure of stacked triply InAs/GaAs quantum dots.
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Table 1. Material parameters for the calculations.

C,(GPa) | C,(GPa) | C,,(GPa)| ¢, (Cm?)| ¢
InAs 83.3 453 39.6 -0.115 14.6
GaAs 118.8 53.8 594 -0.230 13.18

Table II. Material parameters.
Parameters InAs GaAs
- 19.67 6.85
s 8.37 2.1
yr 9.29 29

E (eV) 0418 1.519

A(eV) 0.38 0.33

E (eV) 222 25.7

a (eV) -6.66 -8.6

a,(eV) 0.66 -9.3

b(eV) -1.8 0.7

d(eV) -3.6 2.0
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Figure 1 The cross-sectional picture of the triply stacked InAs/GaAs quantum dots.
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Figure 2 Strain distributions in the triply stacked InAs/GaAs quantum dots for the dot spacing; (a) 6 nm,
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Figure 3 Strain-induced band profiles of the triply stacked InAs/GaAs quantum dots along the z direction
for the dot spacing; (a) 6 nm, (b) 4 nm, (c) 2 nm and (d) 0 nm.
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