f* k-pi2 B MAEE - BT+ R

Multi-band k.p theory far the electronic structure of vertically

coupled double quantum dots

—_—

R FHE IR



FIr k-pRPELime BRI BOT T BH
Multi-band k.p theory for the electronic structure of vertically

coupled double quantum dots

oy oA rF % Student : Shang-Yu Huang
dp R W= R Advisor : Shun-Jen Cheng
B ZoaiEg, < &
U e
i o
A Thesis

Submitted to Department of Electrophysics
College of Science
National Chiao Tung University
in partial Fulfillment of the Requirements
for the Degree of
Master
in

Electrophysics
October 2008

Hsinchu, Taiwan, Republic of China

:*;f;;a\];ﬂi L - F Lo



flrk-p2iELime LT BT+ Y
NS SR RERE IS 1
R+ FRFPEFE TR
# ]
ARwy AR SR A kepiapep ke TR KR EE
BEp BN RSB .‘»um?d—"r‘.%fﬁ Hi g 3 maﬁ—;:&ﬁrrs > 2 i
3R HF A A R AR

2 —3—_3:;:*%_1\. 'FEEJ EF* 7 i ,}3_

Al mAmT oA ;-ng:fa

B2 G ol B Rz oy “i’ié},z 0
3 6 R AR B Bk B g7
%“ gtgz’m]&mﬂ’}uj? R e l‘,,,_,F’*m&Ev,gg_\ BRE T
= géa % fbﬁqé;‘% o.m ¥ ﬁ‘&@zm Y %_a E‘,L,, A
UHEIL AT A e S ’*{—?a’ﬂf‘%éfré—wﬁuz%&:&i‘#?fi@iﬁ%m

bondmg states » @ % — o ik & & $HfLcoanti-bonding states o X @ o
BATHR L APFIRF] 2 £ R Lo T F iR 2 5 A iR
BE gk Tk A R ALF HHfchanti-bonding states [7] -

Ehwme P oo AP B FE R REAR ARET Y pr[7]0
EimBr bt RS- H Y RTFEF BAAR /f%%ff#ﬁzm T
ﬁ\' FERREHB L A F RS T o FE T IERM ST F
2 25 #& 2 5 anti-bonding states =R FEHEE X 1 (nm) A ¥ R ITR
7 B4t anti-bonding states T ¥ z i £97) = o



Multi-band k - p theory for the electronic structure of vertically
coupled double quantum dots

Student : Shang-Yu Huang Advisor : Shun-Jen Cheng

Department of Electrophysics
National Chiao Tung University

ABSTRACT

In this thesis, a theoretical study of the.electronic structure of vertically coupled
InAs/GsAs self-assembled double guantum dots is presented. The single-band
(four-band) k - p model was used to calculate the electron structure of a single
electron (a valence hole) confined in'the double dot system. The numerical
calculations were implemented using hoth of the plane wave expansion and finite
difference methods.

As compared with single dot systems, coupled double quantum dots with extra
tuning parameters for the inter-dot coupling, such as inter-dot distance or applied bias
field, allow for more controllability of the electronic structure. With the engineered
atomic-like electronic structure, a coupled double dot is often referred to as an
artificial molecule and provides an interesting playground for fundamental research.
In atomic physics, the ground states of a real molecule are known to be the bounding
states and the first excited states to be anti-bounding states. In solid-state artificial
molecules, an electron does have bounding-like ground states but a valence hole
shows more complex features. Remarkably, recent studies showed that the ground
states of a valence hole in a coupled quantum dot show an anti-bounding-like
character.[7] The reversal of the type of the hole ground states was attributed to the
significant heavy-hole-light-hole intermixing in the spatial region between dots.

In this work, | carried out the numerical k - p calculations for vertically coupled
InAs/InGsAs self-assembled double quantum dots and confirmed the reversal of the
type of the valence hole ground states, as previously revealed in literature.[7]
Furthermore, I studied the effect of strain on the electronic structure of the double
quantum dots. The calculation shows that the critical inter-dot distance is about 1nm,
above which the hole ground states of double are anti-bounding-like. The strain in a
dot molecule makes the anti-bonding-like ground states even more stable and
decreases the critical inter-dot distance.
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g Bk 3L H_InAs/GaAs PF o InAs % 1 % Bt GaAs a1 ¥ Bk o
Ao HB A TERREA T% T et B3 BT InAs §ARLRAE > A id

~E + ) chband edge energy € 7 e c AN P R A KFAHBE A D
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*E 2 {81 k¥ g band edge energy ¥ g B (S T RN T ERF 2

BEARNNE

BAPF R A-BAAF L - BEW AF o HEFL R T
Fepf o kAR G- BAETIR BT A 2GRS Gk > RE Tk
KR LA sk TAFIUN B T*KE] U8 F BR[15] o AT oA HAFHP S
BADHEE T S RABS DR G > & FBET GRS R R A i
BaRd- B AATER DR o 7 AR 251 A H R AARE 0 P B
2528 b d g enf BB R AFIEE oA P EXET R - B A EETE

B RS HEE VAN e NQ25 DR

LR

Bl 250 ~ A 3R PF g 12427
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L L J [ ]
[ ] L ] [ |
r.l
) . .-
f x’

B 252> XFERE

U= (14 el + &xpf + £k
J =g+ (1+6,,)f + &,k
k' = eni+e,] + (1 + e,k

' 2 )2
H P ey, Exyr Exzr Eyxr Eyyy Eyza€zxr E7y) €7z "

v

Exxtr Eyyr Ezz -2 & I & % (normal strain) » 2 44 5 7' & % (shear strain)

]%] 253 ’-’"1"%\» T ﬁj{aﬂaﬁvi E‘])@-%"ﬂ %; ﬁ’ljik

AAE- BLBRALI RS ShEsE
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(exx + €xy + &x2 )i+ (Eyn + &y + €52 )] + (€20 + €29 + €22)K (2.5.2)
T r=xi+yj+zk T r=xt'+y)+zk' A i E - BHELIR

p'—f’j':_%_ o—} ;FB’—’IJ#U l:a\t\,}lﬁi:q/}\‘j\#";1+—4—l]$7 Pf-maﬂfifti;’f']

N
0»"

gﬁ

A

R BB E o

=

R®) =u@®i+v®j +w@®k

U(P) = exx () + &4y (F) + &2, (7)

v(7) = €y (F) + £ (F) + £, (7)

w(F) = &5, P+ &5, ()t £,,(F) (2.5.3)

T RAPT 0 (25.3) G PR RGVRR & (2.5.4)5°

R() = [ an-+a”A W 6 ) der ]
Tr)=1Uu 1+ ay] aZ lg oraer terms

+[(0)+avA+avA+avlz+h_h der t ]
v P ayy] e igh order terms

ow ow ow . ]

[ 2.5.4
[W(O) +—1+ ay] + e k + high order terms (2.5.4)

émM%{ﬁ%&iﬁ&ﬁ’ﬁﬁﬁﬁ%%%ﬂ®=MW+M®H

x(Vk=0>%2 %% K% =Ev 11EQ2558
o [E)uA_I_auA_'_auA]+[6UA+6vA+6vA
E xl dy 0z al ay] 0z
+[6W“+6W“+awl€ 255
x| ay] 0z 2.5.5)

O $(2.5.2)8 40(2.5.5) 8 A i w0 BT (2.5.6) 5
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ou ou ou
a = gxx»@ = gxyia = Exz

ov ov v

o gyx'@ = Eyyrg, = Eyz

ow ow ow

a = Szxiw = gzy'g = &2z
B fg VP F U BRI S

-

P'=f+ R=7+

-

el

€xx Exy Exz
= |&yx &y Eyz|f2 5 &% 5k £ (strain tensor)
€zx €zy Ezz

oy

(2.5.6)

(2.5.7)

B BT o et K BN RE Y ey veyy ey vy vy fre,, KA T

T_& 4r(2.5.8) 7

exx = gxx
€yy = Eyy
€z = €22
1
€xy = 5 (Sxy L gyx)
_ 1
€xz = E (Exz + sz)
1
€yz =75 (Eyz + gzy)

2
BT RAPT A RO ok SR

5 e

= 1 \’ﬂ ~N ~N ~N
» A B Ty Tyy Tz

(2.5.8)

Tey * Txa 0Ty B ? Jo e enhf Tk & 0 {3 = % 5 Z_2(Hooke’s Law) >

EoRRE S BT gk SesE o S kR
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Oxx C11 Gz Ciz2 0 0 0 I Cxx T

Oyy Ci C1 Ci2 O 0 0 || vy

Ozz| _|Ci2 Ciz Ci1 O 0 0 || Czz

O'xy - 0 0 0 C44 0 0 Zexy (2.59)
Oxz 0 0 0 0 Cu 0]|2ey

'O-yz' - O O O 0 0 C4_4__ _Zeyz

Cip C1zf‘“c44 B kB o

T RAPLE ROE SRR RS BHEHLG 0 R

o
gl
F_‘L
S
I

&

TR G FRAPT LS L B ORI g i

Bokdgp kSl [T]e NPT L # kK

[
Wa
=

P
|
iy

&
[
&
= »
o
Ll

|~

EPTHERFAPTEENRS RS AL 2 ol %ie(2.5.10)5¢

B - o A AR .

i

liklm% —fi (1) (2.5.10)

FAL(F) &7 AR @ EE R Y AL B A dgam
A5 |4 ek £ (tensor of elastic moduli) % ¢ & 4 friz 4% 22 FF enff T2[11] o
ENN LAY ;‘gc} fRHcA > #2(2.5.10);8 kB 1) 28 & Hu(r) » e EfRHs A2
P RFfEE A A A FREF IR AP g kS k

R A Gu(F) 2P R A B RS HG, ) T S Q2SI -

02G, (1)
Rikim 5= =68y (25.11)
9x,0%,,
TH G, (P)» % Greenstensor> v T4 7 AR A ETF 5 % d REL I n

Fpd febh it S bl P e B E Tl o EREAPERES
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Zhfvic R asift kgt Ap oo £ 5 BB AR S foa R R e d R 5] AP
o4 A0Rp 20 fte? THREEI A B EM KR kAR
FAF T ot - R EFELARAF T FHEHBLHFEEOT L ET
(2.5.12)5% > » iﬁ%ﬁ#ﬁﬁﬁ:ﬁrf@* ¢ convolution » 4r(2.5.12)5% % i th % =
B0 (25.12) X Gy, (F— 7T 1 F $ R - BE 4 st S B A G
AR FEARRS DR AEE TR LA e TP G,F—T)E L A R
O RSB I B A G RF AT EFL G LIRS B Ao
uf(#) = u{ Xop () + J Gin (7 — 7)ol dSy, (2.5.12)

ftnfs A 15 (25.12) 5 + B en BT ul Koy (P Ak p 40 B 3 Bk 103 B % -

=

AP RO P AP R R B R R - BROF o R
Ak T G 3 B R SUERS R R K < PR S 3 R E R 7
W Poo $ui(F)ehd m H B 3 B(single QD) o ul % 7 %] 5 47 45 & % (initial
strain)#7i$ & Ok AL B E o XQD(r),T* L f sl o o, B8 3 B4 G chiehn
Bt Bl G feA T AL s e ks R M R n AR
w ok 2754 3w o on = dprEnr, Epr BATISIER 0 p & T A H e
ol & om¥4 S B 07%%'9* % 2722 (Gauss’s theorem) 1 % (2.5.6) 7" §=(2.5.8)
AT H(2.5.13)50

lSO (,r.) —
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090Gy, (7 —7") G-G—FU
T = in in ,
eu&w09+f [ 9970 ox.0ns Aniepr&nrdV (2.5.13)

g M)t iso %7 ¥ v httdl o e (LA G o T 27 R0 44k
FOoIEATNED I e 0 jEA A P Do
i

Ankpr =
C120ik61m + C44 (6410 mi + OimOki) (2.5.14)

514 E A F Ew it > & EARH2 FEFE 0 b o FARS
BEE b B R(2.5.14)58 & i & (2.5.15) 5

Ankpr =

6125ik51m + C44(6il5mk + aimakl) + Can z Sipdkpdlpgmp (2.5.15)
p=1
Can=Ci1m.C12 — 40y,

Conie 0 45 it 225 o P enR A
BT OREHQSIDNAA LG R o Ry T k3B kA

PRSP TG R A KR BRI S Al o SR RIS

o

\F‘\ﬂ

Bo % e A IR R A 2 DI TGk LR R B g B AR
~lSO (kn) - SL]XQD (kn)

3
(2 ) (16 () + K G (Fo) il Kop () (2.5.16)

(2.5.16)7% . 4+(2.5.13)5" i i& = ¥ g 3% > i242% F|* F| convolution TIL » &

W8 Kop(kn)sS £ F B8 S B 2 H40(2.5.17)58 © (25.16)58 2 ¢ »
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o< ﬁ];%q_F'&glso(r)mx > W el )k B e‘so(r)" d (2.5.18)5¢

% 7T
¢ (1 1 2, —iky T
XQD(kTI.) - XQD(F) e n"dvy (2517)
LyL,L,
150(7,) — Z ~Lso(kn)ezknr (2.5.18)
Ny, Ny, Ny
2

- 2nn,  2mn,  2mn, L

= L+ +
"TTL L T
21N, I 2mn,, _ 2mn,
* L, 7 L, PN

k? = ki + k3 + k2
T RSPk R(2.5.16)5 e RS HG, () TeGiq (k) i@ 78 0 2
QRAEIDFWE > FHEHE7 N EF PRIk T FP kgt
Sin
AitmKm ke Grn (k) = @B (2.5.19)
F(2.5.14) 1% » (25.19)5% ¢ 7 @ FlHa AR 308G 5 (Jon ) ToGin(Ky) » Bets to s »

F(2.5.16)5% ¥ 2 {7 ](2.5.20) 3¢

~lSO
7 (E) = eonD(kn>( s
QRS20 EF pEw s ¥ 3 RS 2EE e i AAPFQR520)V &

(2.5.21)5% % Be 1%
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glsj (I_‘)n) =

kik
SR | (Ciq + 2C12)%
g0Xop(kn) { 8 — e
L 1+(C12+C44-)Zp 1C k2+C kz

(2.5.21)

9 1 1 N 1
2 %
C44— + Canﬁ C44 + Ca

k2

TLkZ

ik, ,p=123% T AEM 4
k1 zkx,kz zky,k3 =kZ

PRI & SR 0T oG s AR -y S L S 4 @),%[9]5 RT3 s)

REAAEA S AEFAPTRIEN I A LE G B i X1

G
=
[

-

RGP g Al L aeRE{rd + B2 4 BRES DR A
LR F R R G (2.522)58 P a ¥ B Mgy, + Eyy + €4z % T E_KEAE
%

$ 5 o PR A (22,18 #1312 (2.5.22)5%

oo .
E.(k) = sz +V.(F) + ac(&xx + &yy + €22) (2.5.22)

Gw AR B Mote s A R R Eamdr E 0 £ 4 9] A

Peios 7R 2 H = HK 4 HE 4V
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I'Pg + Qe _Sg Rg 0 ] |3/2'3/2)
peo | S Pe=Q 0 Re | 13/21/2) (2.5.23)
[ R 0 P—-Q S ||3/2 ,—1/2) -
0 Rt ST R+0l13/2.-3/2)
P = —ay(exx + &)y + €2) (2.5.24)
b
Qe = =~ (&xx + &5y — 262) (2.5.25)
V3 .
Re = —by(exx — &yy) — idyey, (2.5.26)
Se = —dy(&x; — i&y;) 2.5.27)

AL R URa ~ @y~ byfrd, B R F

‘fr?‘}g"%é’f’ﬂ“ o v‘;%FL;_F [16]8 F Zenaj kN £ 3854 R#E 5 12(nm) > &
F A 6(nm) o B 2.5.1 AAe b b ¥ H L e g o A 0 i L
PREE A Ok Sk > AR A APEEF  (25.18)5% k k¥ > L3t (2.5.18)

#¢ k- of el (k) - PRHR(25.18)5 B 2.5.1 LR s
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0.08 T T S 1 T 5y T i
T e eyy
004 4r - H
002§ 1k -
0 f—=—ti —
-
0oz} § 2F §
004F R 4 e
o
ol “ st -
-0.05 B8 F B
a1 q0F .
-012F -2 B
_014 1 1 1 1 1 1
-5 10 -5 ] 5 10 15 20

‘%‘]251\ﬁﬂv}"%b“ﬁi$-}ﬁ§ﬂ'l TFEEZEh v ¥

TR B < pr[16]

;ﬁ g (2.5.18)34 fr(2.5.19) A P AL @ 3] e,,(T) ~g,,(P) »e,(F) » T3 F 5
&% ™ A 2 band-edge energy s E ¥ 11 d T 7](2.5.28)~(2.5.29)F(2.5.30)
Kfit o R AR PRETF o TF AR RS

FR AL

E.(7) = Vo(F) + ac[exx () + £, () + &, ()] (2.5.28)
TV (7)) E(2.4.4)5
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(L

HH :
Eun(P) = U ) + @[ (P) + £ () + £, ()]
2 e () + £, (F) — 26, ()] (2529)
LH:
Ey(@) =V,(¥) +a, [sxx(f‘)) + &,y () + SZZ(?)] (2.5.30)
e () + £ (F) — 26,,(F)] (2529)

A2V, (F) 5.(2.4.5) 5%

1o
LT

1§ M}—’:} ; 4 ]

“ l [
12 ¢ _ _
LF | (B == | _
08+ (HH e 1

{

- Y Y
Mo W
T T T

[}
an}
Energy (eV)

0.6 06 - LH «====e- _ - i
o4 04 r s s - ]
r .

ozl wl Y R ]

[u] & M: ."r,‘k“:ﬂﬂ.

i "

a2+ 02 F - -
o4 'G i | L 1 L | L | M 1 L

-15 "o Q005 S50 0 0 5 5 10 m 15 20

B 2.5.2 ~ }”fl?‘)]%“ e FEANE LSBT E R% T3 & band-edge T %

TR D B 2 pr[16]

Exx T Eyy + ., F 2. % hydrostatic strain > &,, — (exx + syy) [2HFE2 &
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biaxial strain o @ B](2.5.2)% ‘= d 304 §(2.5.28);8 4 F (2.4.4);% > £ & F¥F
A8+ BET ¥ hbandedge s A Fd M frEd L B AT ETHFF o
i T F # chband edge 4 B d (2.5.29)5% 4r F (2.4.4)58 F=(2.5.30)5% 4r F (2.4.4)

FhAT o d Bl 251 foBl 2.52 hF APk AT R L o

BTRAPHH=FEIRIRNEIBRRIE Z6> % gL F o N
P e ) A 16(im) e 3(nm) K LR 0 A B £

Exxr Eyyr Ez7 P HB] i 7 hydrostatic strain fr biaxial strain L[] " 2 ¥+ & + 2k
% %t band edge B -

£ 4A 8 5 8 G-1.5(m)~LS@EmM)R A R 5 B ]
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6 : :
et —exx, eyy
4+ Pl —-———gzz H
1
2l 1 —
11
% h“‘~~ "*-——.—i—
— - ""An-_ --“" -
8 -4
alt _
6 o) 1
° ®)
15 . ; :
— hydrostatic
10 ﬁ === hjaxial
o
o
L 5 1o :
F P
g 5 I
U) _---""A- ’-"'"--‘.- e
5 |
_1 I:} 1 1 1 1 1
(c)
2 :
1.5F 5
- CB with strain
> 1) —— CB without strain
= D —==VB HH
2 ~-= VB LH
g5 %0 VB without strain
l‘"""l
() s =y AT AT I‘- -‘Jl:.._-..';f_.?._-..'i--_-‘-:==-l‘l-l
O35 0 5 0 5 10 15
Z(nm)

B253-& >3 HE €3 82z »(a)k* ~ i ~(b)hydrostatic strain - biaxial

strain 4 /¥ f-(c)band edge °
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10

(a)

—_— XX, eYY
—=—= XX

15

10+

— hydrostatic

?'\ ===hiaxial
1 %

157

. — CB with strain
% 1r — CB without strain
= —==VB HH
© —-= VB LH
c 05¢ . .
w VB without strain

o =

Il - ‘i.“-.--
] etk Lo | o ——
T
035 40 5 0 5 10 15

B254- 4335 E 3827 »(a)* ~ i ~(b)hydrostatic strain v biaxial

Z(nm)

strain 4 /¥ f-(c)band edge °
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(a)

6 : : :
H — XX, eYY
4r 1) |TT-ezz i
1 1
1
2t I : .
g 0 ={"—_q r—v'—\.\s
= - -
E | “"hﬁ ”’," |
&h | | i
4 | .
6 il 1
© | RO |
15 - - -
— hydrostatic
[} E— . .
1ol !.“4: biaxial
1 1
. 1 1
£ 5 P |
=] 1
o 1 1
5 O = ---"'- ! - ..‘_,.--'-
"-""-. "’-
51 ]
-10 ' — @ '
2 :
15F =
- CB with strain
% 1k — CB without strain
% ( ===\VB HH
5 05! -=-=\B LH
T —— VB without strain
- [l
0 oo oz i S d T L e
O35 "0 = 0 5 10 15
Z(nm)

B 25584 438 EEF82z2 »(@R4 4~ 7 -~ (bhydrostatic strain fr

biaxial strain 4 ¥ f=(c)band edge °
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¥R ki@
T '-‘qb‘- AR FALAPATY nficE D 2 T REN P AT Y AR N aT Rt

MER e NPl E* e > 2EA T ABRZfo3 NALZE LA o

250 % % Matlab RIEBAENH o T o B 3.1 AR AR o - B4 AE

A
:A
-\
G

B AR e ® F B 0 A R E R IR drn)
PTG A ERE e LA FEAEEA N B AHELH LT T

A& g it ol o

mAZH

SR

| FRER
_,a-"f- Il|I.' RE"‘--\.._\_\_
o g s ety
fike | | R | | EARE
— "-,__ .d___,.r-"

BERRIRER

®l 3.1

A2.3% e AR B
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31 o BRI
B - BAET R ASGLDS  ARF A FT U - w3
A R Sl kBB A P et S Bicde(3.1.2)5% 0 AP E3.1.2)58 R o (B 5
T8 A B R (DT 1 EFB13)N 0 ARiET L R3.1.3)0 B AN %k
£2E G lAN o HAE ST L EDN PR o o Sofice SR kA
FFEELEEASCAEN S a E R v REE A B 2 o Ain- &

‘\IFBQ#&% L T B R ﬁ_ﬁﬁ‘b%ﬁ: ]‘f‘-"ﬂ’- Hb%ﬁ:q'lmﬂ:’“ ;‘*',% v

FAGLAF P lHlby) -
H ) = Els) (3.1.1)

|w=§}mm> (3.1.2)

n

zcn<¢m|H|¢n> =E"*cy (3.1.3)

i ]

To ABBZ  To ABR2F SBaHE TERELE - el

s ept TS S PR 0 de kiR d fEATRPNRT 5 R Y Bl
FE oAt - RETER IR o AN PEP DR - B BhT g RS
H(3.1.5)5% & B B 24 i¢ k-p Hamiltonian » ¥ ffide S0 i eh fo g & & 3 B 9

TP TRFHPF A ES BEYE Sk sl Sy
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l

5

I

TARELER S A TFB)*I&;? MBEREROIATR - BEPF LR o
Bhok b Tom B B2 AR B GaErL 2 A R (sparse)dE L 0 1L 5T i
SRR Tt U R R PY -3 LR 3

3 fEAE AT R AR e o U R

=
et
My
Ry
—h
i}
~xbe
P
N
e
W

1 i(Znnxx . Znnyy 2mn, )

NNy, Ny) =———e \ bx Ly~ L

Flo £ = Bl A AP ngsngfen, kA B AT R B e T Gk ony

(3.1.5)

nyfon, 38 2 2 F A =N < SN, »—Ny <n, <N, >
—N, <n, <N, o N;» Ny'erZ{;‘\“ AR BT g g ¢ ong nyfen, ek < & o
Ly ~ Ly frL, 250 1 4048 5 oo pedl 2T k2 0 & 0T LA Bt o
%

(mx, my, mZ|H|nx, Ny, nz) =

x z 2mm

1 anxx. i yy 27zmzz)
y Z

L L,L, Lx Ly

Znnxx 2nny  2mn,

He < Ly Ly VA L, )] dxdydz (316)

FR3B1LONE- B EfFA 0 w(my,my,my|H|n,ny,n,)? + ¢ 39 =i

(<l

7% (my, my, m,|V|ny, ny,n, )4e(3.1.7)5¢
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<mx'myJ mz|V|nxJ ny, le> = Eoutdmx,nxSmy,ny(sz,nz - (AE)XQD (3.1.7)
TRE R R BN o AEE R F g0 a fo g F B I h
Lo Xop e Boen® = F gk o APy T gk B2 apkig #ehe(3.1.6)
A - A ERYHEHFASERE 2 T ie(3.1.6)7 0 Aieite
HWREAGRE G EE blde 23 Wfr s FRADEFZEE > T
P fRATEAGRS T e d BN R g T R R

ToRAPEEENE AR w4 A A EE A o

H ¥ A e A g
AP H A R s B R ARRSR)E 0 (3.1.8) 8 B (3.1.5)5 %

BEREDF T I3 ok 3o GLONEA PR T F 7 3 chened A % o
Ny Ny Ny
WD) = z z Z Cogmy iy [T Ty 12,) (3.1.8)
Nyx=—Nyx Ny=—Ny nz=—N,
2y, 3 HET |y, 1y, 1, ) 0

(mx, my, mZ|H|nx, Ny, nz) =

h? <2nnx)2 N 2mn,, 2 N (2nnz>2 <5 s 5
2mom* |\ L, Ly L, My, Omy,ny, Om,n,

+Ec_barrier X 6mx,nx 5my,ny 5mz,nz

_(AEC) X XQD (kmx—nx' kmy—ny' kmz—nz)

+(my, my, my|ac[exx () + £,y (P) + £,,(D] |0y, ny, ny) (3.1.9)
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}F@'

23, K= [P Y 2 5 4 N _ 0 8 =
i 7 e A A 0 SAAE, = E¢ parrier — EC_QD * B¢ parrier <&

hIReniae 0 E; QD H B F BN IR o

T R s AT

BE R R Y A s AT R 40(2.3.6) 18 ~(2.3.10) 5 r(2.5.23)

~(2.527)5% o AT EET R AR B A5 N 4e(3.1.10)

P+Q —=§ R 0 g1(®) g1(®)
Tt rse 0 R |leo o1y |92®
[ RY 0 P—-Q S g3(@) g3(®)
0 RT st P+Qllg,® g (D)
g:1()
gz (1)
=E 72(®) (3.1.10)
g4 (%)

AP =P+ P~ Q=QuA Q R=Ry +R, ~S=5.+5,» P+ QL%

}

PETFREELAZ  P-QRIAMRBIETFLELLE A RS

AAFETHFAIERTFF 2 F DT 5% » 50305 g R ¥ e

~

P58 o 14 _H =45 (identity matrix) » gy (¥) » M=1~2 3~ 4 & Q¥ & 3|

éq

]=§,mj =3/2)E T W~ | =3/2,m;=1/204& T F

J=3/2,my=—=3/2)E Tl Sl NPT LR B

—1/2) 47 F

(3.1.11)3

lgn (®) = Z z Z Ch iy [T Ty 122 (3.1.11)

—Nx Ny=—Ny Nz=—N,

EALCr iy, LI BT T M ey, ny, ) ifdic > ik fe L3 8 i 03]
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FRAPTRENe BRI EE A o BT ORMEL RS A

TS BRI GLY)F HCLIDS A P RT R @S H TR

323 AL L2

FOOUEL AR LA S AR LA R R # kA XL R

mkﬁﬁ’gﬂwaﬁ%wﬁ+%’W#Hmh*riﬁﬁ TR
4 guptE § ﬁz—,;,, AR o ip- AP AR ARE D - oAl = Al

STGEVE B TR PR Y B T TR o R I L
HB N 40(3.2.1)58 0 Bkok s B s S P(0) =05 P(L) =0 4
A g 0~L T B 5 ] Pokdir B N+ BHeglh > & - B e
FEAAx = N/L AP v 02 5P, = P(0) 1y = Y(Ax)~...~ P, = P(ndx)~... >
Yy = Y(INAX) = P(L) > 4ot — KA T 0 8(3.2.1)5% :e B +(3.2.2)54 > 1

= FEpc A T e 2 (3.2.3)58

P+ Ax) — P(x)

dx ™ T ax-0 Ax G20
;_x o ¢n+2x Y (3.2.2)
j_xzzl/) o Wn+1 — ZA\J(J: + Yn_g (3.2.3)
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e A~ R S 4[18]

# Al 4 i

Quantity Unit InAs GaAs
Lattice constant a nm 6.0553 5.6503
Enegy gap E, eV 0.413 1.518
Averaged VB edge . eV -6.747 -6.92
Spin-orbit coupling energy Ay eV 0.38 0.34
CB mass effective m* m, 0.0223 0.0667
Luttinger parameter Y1 - 19.7 7.10
Luttinger parameter Y2 - 8.4 2.02
Luttinger parameter Y3 - 93 291
CB hydrostatic def. pot. c eV -5.08 -8.013
VB hydrostatic def. pot. a, eV 1.00 1.16
VB shear def. pot. [100] b, eV -1.8 -1.824
VB shear def. pot. [111] d, eV -3.6 -5.062
Elastic compliance Cii GPa 83.3 118.8
Elastic compliance Ciz GPa 453 53.8
Elastic compliance Cay GPa 3906 59.4

Ww

E. gans * 24 P4 * AE, = 170(meV) & AE, = 935(meV) -

Ao
Ev = Ev,av + ?
E.=E,+E,
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