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Investigation of embedded InAs/GaAs quantum dots in the

superlattice structure using transmission electron microscopy

Student : Yue-Han Wu Advisor : Dr. Li Chang

Abstract

This dissertation studied structural and optical properties of embedded InAs/GaAs
quantum dots (QDs) with various structures including superlattice structure of different spacer
thickness and single layer structure with GaAsSb buffer layer using bright-field transmission
electron microscopy (BFTEM), high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM),-high-resolution transmission electron microscopy (HRTEM),
electron tomography (ET), and photoluminescence (PL). It can be divided into three topics :
(1) prepartion of TEM specimens of GaAs—related materials using chemical polishing, (2) the
effect of various spacer thicknesses on the embedded QDs in superlattice, and (3) the effect of

a GaAsSb buffer layer on the embedded QDs.

In the first part, a newly developed chemical polishing process was estabilished for the
final treatment of TEM specimens of GaAs-related materials to remove the surface
amorphous layer due to ion bombardment during ion milling. The results showed that the
chemical polishing process greatly improve the TEM image quality for analysis of
GaAs-based structure, especially for InAs/GaAs QDs. The chemical polishing consisted of
sequential two steps in different chemical solutions. The first step was done by dipping
specimens in 30% NH4OH for 1min, which was able to remove the surface native oxide layer;
and the second step used 1% H,SO4 for 10mins to remove surface amorphous GaAs layers

\



and then to form excess elemental As layers for protection from further native oxide
formation. After the treatment, the surface morphology of TEM specimens can be smooth
with surface roughness of about 2.9nm. TEM examinations showed that signal-to—noise ratio
of lattice images can be enhanced up to 40% and no any chemical residues can be detected.
The chemical polishing method of TEM specimen preparation was then applied to all the QDs

structures studied in this dissertation work.

In the second part, optical and structural properties of various spacer thicknesses (10, 20,
and 30 nm) of embedded 2.6 MLs InAs/GaAs quantum dots in superlattice structure of 30
multilayer were investigated. Also comparison with the single-layered structure has been
made. Low-temperature PL results show that the ground-state emission from a 30nm spacer
superlattice has a low emission energy, optimal thermal stability, and good energy coherence.
The ground-state energies may be dependent on the height of QDs as determined by
cross-sectional TEM. Also, it is shown that QDs of 20nm and 10nm spacer have a narrow size
distribution. but with wide full width.at half maximum (FWHM) for ground-state emission
peak which may be caused from dislocations around quantum dots as observed in TEM.
Cross-sectional S/TEM also shows that the stacking of embedded quantum dots in 20nm and
10nm spacer structures have correlation-type, whereas it may be anti-correlated for 30nm
spacer one. Furthermore, the geometric relationships in three dimensions (3D) in the
superlattice structure of 30 nm spacer were obtained by electron tomography using the
HAADF-STEM technique. Based on reconstructed results for electron tomography, it can be
shown that the two nearest quantum dots in adjacent layers have aligned with a vertically
deviated angle from [001] normal about 15°, and the nearest distance between two neighbored
quantum dots in the same layer is about 17.5nm in average which may be related with the

strain distribution in the 30 nm spacer. ET evidence supports that quantum dots in the 30nm
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spacer superlattice are arranged in 3D to be close to anti-correlation.

Finally, the effect of GaAsSb buffer layers on the embedded 2.4MLs InAs/GaAs
quantum dots was studied. In low-temperature PL measurements, QDs with GaAsSb buffer
layers can have the lower ground-state energy with stronger emission intensity in comparison
with QDs without buffer.-Plan-view TEM reveals the density of QDs with buffer is about 60%
higher than that without buffer. HRTEM and HAADF-STEM image observations reveal that
QDs on the GaAsSb buffer layer have a greater contact angle with the wetting layer. The

relationships of PL properties with QDs structures examined by TEM are discussed.
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[ 2-3 ()]*)'¥? InAs/GaAs BB F 3 [110]cuns OB 1 HRTEM B it=(b) ['['s?

InAs/GaAs 1= Bﬂﬁﬁ{ff, [110]Gans F[fjj‘ E-[ BFTEM g% [%4 (c) £ ;,,ﬁ;]»%[ SES

R e - [2.11]
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TJEE &fﬂ%ﬂ SFEPEEETPVEETE - 5 1996 & Bimberg 5 " g1 07— Byt
%4 InAs/GaAs £l Eﬁﬁu Eﬂf—? TEFo= o T PRSP R R I AR U
aﬁﬂﬂ%ﬁﬁfm L¥(Radiative lifetime) e & F IV EHHIHN It - BEERHT " 2Rl = Pk
SR ﬁﬁﬁ;t 0.5nm i InAs AVEEHLD 1.5nm [ GaAs < igiyy Fifl 1> B 25 H
P RLENRIE " oA S5 (R R A LS P SRR st &) AR R
e R PRI A P T (BRI = [2.06] [l - SR SR R /i
FVEET S pRYZY - [2.17-2.18] Jain &7~ fi J’F‘JI“JW,EH TIE R FEF:JEH Bﬁ%«w s
ﬁﬁﬁﬁ[ﬁ‘ﬁm%ﬁ%ﬁ s CARCERE %Fgﬁfﬁﬁ fa ] B[ ELHE - [2.19] Benabbas 3~
" PRI ™ I R0 Sk AT TEM R RNV BRR S iaa it~ Ryl RS -
[2.20]
B3 TEMTJIUI (Bl &fﬂﬁuiﬁ%—ﬁpl » 1997 F Nahm =7~ F1-LF]["| TEM % %
' 3MLs InAs/GaAs £i~ &ﬁ[[gﬁfﬁ V7l G M A7 AR L 100m~20nm - PSP
TEM gy 5! T&(E‘UEMH VigpREIEE LU i el oToad - %*ﬂlﬁi hiaEy
[110] » Y1 2-4 - [2.21]
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SIS TEMAEIRGE P2k PrfinAs/GaAs 1+ B I 11 - 720045 > Ozasa
FIoRF| R P Y 5 Electron tomography) e % *gﬂmﬁgu U B AR
#i54” l (Focused ion beam » FIB) 4 S iP5 TEMBSH 2 (U1R12-5(a)  (B)A1(0)) » fi
360 FUSTEMEY, ETHE T = RER i < [i2-5(d) ~ (PO IFI™ [IFIERYRY e o ik
PSR, R RRE - S S Y Y (R T T EFrJ‘JEI*ﬁ P T BRI e OB RS A
[f12-5(0)  F=9% - IO ARl RIS ST [N 55 S e R E R A B Y
350 o [2.22]

2008 Tnoues™ * 41 54 [* [T et InAs/GaAs B = B AHREF A © SUReA o7
“UF[10zada— Fffi ™| FIBW\%J[fEt}{kﬂJ:%H EIW"T}L% ETHTEN &ﬁu;ﬂﬁfi BN -
PRI FESPREA PO PIREVEVEY G Ozasas™ ~ SEELIEIFT 7 []12-6 (a)~ (b) ~ (0) ~
(dYF1(e)5 5 BIPRLEAR i I T [ (R Ry 152 P B R ™ TP Wﬁ%‘ﬁ%ﬁ\l
4 InAs/GaAsEl - &fﬁﬁ [ B TR AR TR Y 2 ROy lﬂ
[P TRERA 2] (Missing-wedge) s o JELREB (T AlIE - ER9EER 5 11291 ’iF;;F’WJ

R [ T e Bﬁuﬁﬁfrti EHH- [2.23]
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2005F > Miao=™ 3~ Hl&ﬁlﬁpﬁ@ oo r+1§fWﬁHI ) f‘eﬁl?jtv P Bl gﬁ
Rl &ﬁufi —- B I]H);iyggjlurh%]g:gj [ [FRUR R L E E  S O o r+q%1[2 -8
A TE IO S AP i 1o el = Riia) ~ 7 2. OMLsGaAs[IvE = Rib)!']
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2 RSB ROV ) 7 - 'ﬁlﬁm%f SRR VIR R 2
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2.3 InAs/GaAs ?Fj Fﬁ#‘ﬁﬁﬁ% il ﬁm-@%

T TJ InAs/GaAs %g#,ﬁfﬂﬁﬁﬁﬁrw B AT 1996 & - [2.26] [fi]- &
Solomon 57 * L T+ LA RES I AR |V IR IO EPA SR I TR - o
BETEM Y (i 5 Bl = R 2 0 1 7 150 Joles BV S 17 7 D1 2-9(a) =
A SR PR G A A S R - IR A RUR S 9 R
EAFAR A S T JPR 2-8(b)H1(c) » [2.27]
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Ip 2-9 (a)?FIFEEITQ"I:LF%EI—’ RiTBETEM Rfig = (b)it: TSR~ Syl
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151 5N HY g Eﬂ‘ ()it T IRIERE™ > %Fﬁpﬁaﬁ'ﬁ?ﬁ IFil
[y PL %FF[ ° [2.27]
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(£1996F *|J1998ﬁp 5 PRSI TJU?F,FE#,%?%%E% SRS T
[P et | A ot Tﬂ; ° 71998 > Shchukini™ * FE# '~ %??’éiiﬁ?%%%%’[‘ik#lf/ﬂ
(Correlated arrangement) & JFTJE J%I?’* o R [ﬂ pER(Z) = B %’TUE'I i/[[qw 10(a) °
IS RO BRI E ARV © [2-10(b) - PPRU et B1 5 O  E E A
SRR o T g R o ST I e R AR S TR R B S
TIPS G £ T ORI BEPRTIRL » 2 10(0)F]1 » ASAORLS RIFRIERE) : C
1RIRL TJH"’[*FEH [2.28]

2 4
| 2
0 0
20~
X A */ C
-—
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T+1999F "E R [—[‘?FIFE#[Tﬁ(jEFFE JInAs/GaAsE!~ %ﬂ?ﬁ'?ﬁﬂ’ AT TR [ BBk 209
R Fibegl # - Wasilewski &7~ i BB N TEMBY [oadiiN - 51— - y'ﬁ'%ﬁ#lﬁ
U2, AMLs InAs/GaAsEl " BiUe] 20 0 (1t oA [ I R RLE S0 R i
[IFEfe o TEl2-11(a)pl 1> STAIS2AY RIS RL10nm > SR TIPS il R F RS LRL o 75 =
FRS B FINBEFIER610°C » TOFpEE! o CUVIREEY > BEIRPY s 5t = ATl > (AL

26



s RS TR T ekl S ST R AR [y R o RS
PI[US2FE I B R P T S2RH PRI B R B AR E S -
[ p PR R SSL I REEI T AP PRSI » I SR R
SEPEET ST PR 2 o T 2-11O) 1 - ST Ut iy BTS2 - Ggmp]
23 ,'-;«;;Ep'%ﬁ’[fﬂi =R R~ 55 0 [2.29]

P === 52 n 77K
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etel = BﬁzuBFTEM By Mo (b)EL: 77K 7 - EHH] S1 A1 S2 fiy PL
IJFI wrilfil o [2.29]
b= B2 FOURLIGE R G A Bl R " 2 IR B SR S (5
Hi e Lius™ ™ bl R = el PR Rt AR 2 R 1R R S A
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[F12-12(a) kL v & i At s Bt R U S R R o B R s =
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TR ’%ﬁﬁlﬁﬁii'%ﬂﬁlﬁﬁﬁ%*ﬁﬂﬁ% A s T Mg ] s JFTJI 22006

> Hlahi % FgE Ay = o Tt T J?F'FEF[‘TQ‘ fr ﬁlf;lulﬁﬂfﬁﬁﬁp SRR o ,Jrlﬁl
FEPNFE P PR A MR 5 EUSPURYA o T W 2-13(a)f 1 3R PL ﬂrﬂﬁlié’iﬂu ﬁéﬁf
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20075 » Wang ™ * JE3 367 Aok Pk b [V B 07 [ Bl B3 ey
S50 - BT RGO 2008 16—%*?10nm)ﬂ'7\fﬁJF@#E*\’?(EFfF@%~ 10130~
FUSEA R > O 10nm B e [2.32]

R A R Féﬁﬁ[fjﬁmff"’%%ﬁ“”F“’“f‘fﬁ“"gJﬁ%ﬁﬁWﬁ%Fﬂ |
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AR InAs/GaAs 17 RIVAL s 1 » AR B R e ok
InAs/GaAs &I = RS ﬁ% SOl B B G B s R L AT T > [N o R P
FIE R o SR B P OB 2oy 4 PO EL  SRETEROIE [y
o [ ETE Dl E'Jﬁ?ﬂiﬁﬂﬁlﬁl’,’réﬁlmﬁm » Ao R -
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BV U] 0.5nmGaAs SEETEIOR i) P Bl B 5 50% « [2.33]

QEM 2-15 7t 5Snm(a)= 0.5nm(b)[’¥ GaAs #ZE7gHEH ™ > FET AFM ENHPE
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Q%ﬂ 2-16 (a)HI(b)fl- 7+ GaAs ~ GaAsosSboo2(7nm) ~ Ing 13Gagg7As(1nm)F ! Si %“T_T\ [ﬁJEU?\%@?
¢ $2.2-24MLs InAs A IELY B HIOHE R O3 o 5 E P
B &ﬂﬁ‘{ﬂ@ Brappess=] e GaAsSb A B 0 = ] PRI T | oSk Pk = gﬁ?
AU o B T 2-16(0)11 - ST WEIIE PP o SR R B R
i - [234]

5 [ T T T T
~ 4F
e :
S 3Ff 1 1 .
x [ ]
> [ ]
"§ 2t ' TN B e GaAs buffer
@ - 1 08
= - GaAsSb | 1 —— GaAsSb buffer
8 1F - inGaAs | 1 ]
L A" - Si i =06 | Single QD-layer
0 L i 1 N L b| € A |n°.mGao 87AS-SRL (3nm)
(a ) 2 Density=3x10"%m2
7¢ T T y T $ 04 RT.
: E
6k ———"" ¢
E 3 02}
. S E e A
E 4t A--mTTTT ]
- 1
g, e ] 0 : ;
= a ———-— 3
e o 1100 1150 1200 1250 1300
2t e 4 ] Wavelength (nm)
1k Tg=510°C (C
GR(QD)=0.148ML/s b
0 L I 1 1 3
2.1 22 23 24 25 26

InAs supply (ML)
Q%ﬂ 2-16 7+ GaAs ~ GaAs)osSbgo2(7nm) ~ Ing13Gag g7As(1nm)# ! Si T [ﬁj
ORI AT B L B - (0GaAs S

GaAaSb 219 1) PL A - [2.34]

B > Guimard &~ &5f ‘W’a’j\ [ﬁj’?%'% [ [F v GaAsSb A5 ETE AT A1 InAs £

32



RAPOA AR [ o T Pl (U] AR 75 InAs 1 GaAsSb A B! Pt
STV TRl VRN © T W 2-17()fl 1> = F PRI = £ 0.01TML s i
RIS iR £ 0.022ML st o %plé}:%iﬁﬁﬁi%ﬁwﬁ%é'%ﬁiﬁ@E{fﬁﬁfgﬁﬁgﬂﬁ B
GaAsSb AZE 1" ][ STVEI 7 [RH RLN BV T JRREPVRL (VA BRI « [ 2-17(b)]!

(c) T HIE T GaAs =" GaAsSb A% fE7¢ 4“1 InAs E%Q'%ﬁﬁfj AFM QEM o FHl Iiﬁﬁ'tj f[ﬁlﬁ%ﬁlﬁ I

I

CUEZEREE] 0 T GaAs VRIS BTHR IR NS S TS S IR ST EE
PR B RTR IS 7 GaAsSb A8 I~ BV S NS RS S o SR 4

[l HERER R AT T GaAsSb ﬁ@fﬁﬁf@l@ > [2.35]

3 N"
9,(a) A 1 'g
qf\ 3 SN ©0
AP vt {10°%
o b —"-» -~ 4 \x_’
© 7, 73 N . 1 2
x gl \& l102 &
- =] o \ W s
Q " \ p b o
b4 \ . i1 ©
g7 gtk 13
Q 4} W Theg {10 <
o X | 8
3[ - 4A : §

B 217 @) [l InAs B0t
WA AU B o (D)F(0) ) HIEE T GaAs 2 GaAsSb AZTE ¢ -

KRS B B0 P ARM ENPETE - [2.35]

33



AP AT - [T InAsiGaAs B BIFOAFRI Bt > A Bl i)
e VAT RTOREA R BTS2 05D LA BRI AR R OBl R
PFA o g ERHIEAR N R PRV AT Jiﬁﬁ?@ H1%| Tmﬁ;}ﬁﬂ SRR
TEM [fi5F £1HI[010]caas i[RIV ¢t InAs/GaAs £l Bﬂ*i f)ﬁﬁ?ﬂ%ﬁﬁ:‘ﬂ SN s B
(E

InAs/GaAs £ it 57 FRIOIERLE o FITE) S 0 SIERTOs K et ol o
" PUBET U SRSV FEA B B ﬁJ?ﬁ’[‘i&(Energy coherence) ° iﬂmdf FlIFR R
= R R kL 'ﬁﬁﬁfﬁ@?ﬁﬁ@*é@ﬂ% Bk s R A AU R
;ﬁfﬂlﬁm (EERE ;fﬁﬁ SO Eﬁ[et@'rlréréjﬁﬂgwfpmlu SR g’:’—»g;),?g:ﬂ Eﬁ“?%\‘@wﬁ“ i
TPRACHILRLIECE Lo PR 5 A5 1o 25 W0 O TEM AF R s B
RO N e SR e

34



23 BHY R

[2.1] M.A. Reed, R.T.Bate, K. Bradshaw, W.M. Duncan, W.R. Frensley, J.W. Lee,
and H.D. Shih,” Spatial quantization in GaAs—AlGaAs multiple quantum dots.”, J. Vac. Sci.
Technol. B 4, 358-360 (1986)

[2.2] D.J. Eaglesham and M. Cerullo, “Dislocation-free Stranski-Krastanow growth of
Ge on Si(100).”, Phys. Rev. Lett. 64, 1943 (1990)

[2.3] Y.W. Mo, D.E. Savage, B.S. Swartzentruber, and M.G. Lagally, “Kinetic pathway in
Stranski-Krastanov growth of Ge on Si(001).”, Phys. Rev.Lett. 65, 1020 (1990)

[2.4] O. Brandt, L. Tapfer, K. Ploog, R. Bierwolf, M. Hohenstein, F. Phillipp, H.
Lage, and A. Heberle, ” InAs quantum dots in a sihgle-crystal GaAs matrix.”, Phys. Rev.

B 44 | 8043-8053 (1991)

[2.5] D. Leonard, M. Krishnamurthy, C.M. Reaves, S.P. Denbaars, and P.M. Petroft,
“Direct formation of quantum-sized dots from uniform coherent islands of InGaAs on GaAs
surfaces.”, Appl. Phys. Lett. 63,3203 (1993)

[2.6] J.Y. Marzin, J.M. Gérard, A. Izraél, D.-Barrier, and G. Bastard, ‘“Photoluminescence
of Single InAs Quantum Dots Obtained by Self-Organized Growth on GaAs.”, Phys. Rev. Lett.
73, 716 - 719 (1994)

[2.7] J. M. Moison, F. Houzay, F. Barthe, L. Leprince, E. André, and O. Vatel, ”
Self-organized growth of regular nanometer-scale InAs dots on GaAs.”, Appl. Phys. Lett. 64,
196 (1994)

[2.8] N.N. Ledentsov, M. Grundmann, N. Kirstaedter, O. Schmidt, R. Heitz, J.
Bohrer, D. Bimberg, V.M. Ustinov, V.A. Shchukin, A.Y. Egorov, A.E. Zhukov, S.
Zaitsev, P.S.KopEv, Z.I. Alferov, S.S.Ruvimov, A.O.Kosogov, P. Werner, U.

Gosele, andJ. Heydenreich, " Ordered arrays of quantum dots: Formation, electronic
spectra, relaxation phenomena, lasing.”, Solid-State Electron. 40, 785(1996)

35



[2.9] L. Chu, M. Arzberger, G. Bohm, and G. Abstreiter,” Influence of growth conditions
on the photoluminescence of self-assembled InAs/GaAs quantum dots.”, J. Appl. Phys. 85,
2355 (1999)

[2.10] P.B.Joyce, T.J. Krzyzewski, G.R. Bell, T.S. Jones, S. Malik, D. Childs, and R.
Murray, “Effect of growth rate on the size, composition, and optical properties of InAs/GaAs
quantum dots grown by molecular-beam epitaxy.”, Phys. Rev.B 62, 10891(2000)

[2.11] X.Z.Liao, J.Zou, X.F. Duan,D.J. H. Cockayne, R. Leon , and C. Lobo,”
Transmission-electron microscopy study of the shape of buried In,Ga;_.As/GaAs quantum
dots.”, Phys. Rev. B 58, R4235 - R4237 (1998)

[2.12] Ray Murray, David Childs, Surama Malik, Philip Siverns, Christine

Roberts, Jean-Michel Hartmann , and Paul Stavrinou,” 1.3 pm Room Temperature Emission
from InAs/GaAs Self-Assembled Quantum Dots.” Jpn.J. Appl. Phys. 38, 528-530 (1999)
[2.13] H. Eisele, O. Flebbe, T.'Kalka, C. Preinesberger, F. Heinrichsdorff, A. Krost,D.
Bimberg, and M. Dahne-Prietsch, “Cross-sectional scanning-tunneling microscopy of stacked
InAs quantum dots.”, Appl. Phys..Lett. 75, 106(1999)

[2.14] P. Wang, A. L. Bleloch, M. Falke, P.'J. Goodhew, J. Ng, and M. Missous, “Direct
measurement of composition of buried quantum dots using aberration-corrected scanning
transmission electron microscopy.”, Appl. Phys. Lett. 89, 072111 (2006)

[2.15] M. Miiller, A. Cerezo, G. D. W. Smith, L. Chang, and S. S. A. Gerstl, ” Atomic scale
characterization of buried In,Ga; As quantum dots using pulsed laser atom probe
tomography.”, Appl. Phys. Lett. 92, 233115 (2008)

[2.16]  D. Bimberg, N.N. Ledentsov, M. Grundmann, N. Kirstaedter, O.G. Schmidt, M.H.
Mao, V. M. Ustinov, A. Yu. Egorov,A. E. Zhukovl, P. S. Kopév, Zh. 1. Alferov, S. S.
Ruvimov, U. Gosele, and J. Heydenreich, “InAs—GaAs Quantum Pyramid Lasers: In Situ

Growth, Radiative Lifetimes and Polarization Properties.”, Jpn. J. Appl. Phys. 35, 1311-1319

36



(1996)

[2.17]  D. Hessman, P. Castrillo, M.E. Pistol, C. Pryor, and L. Samuelson,” Excited states
of individual quantum dots studied by photoluminescence spectroscopy.”, Appl. Phys.

Lett. 69, 749 (1996)

[2.18] M. Grundmann, N.N. Ledentsov, O. Stier, J. Bohrer, D. Bimberg, V.M. Ustinov,
P.S. Kopev, and Z.1. Alferov, “Nature of optical transitions in

self-organized InAs/GaAs quantum dots.”, Phys. Rev. B 53, 10509-10511 (1996)

[2.19] S.C. Jain, M. Willander,and H. Maes,” Stresses and strains in epilayers, stripes

and quantum structures of I1I-V compound semiconductors.”, Semicond. Sci. Technol. 11,
641-671 (1996)

[2.20]  T. Benabbas, P. Franois, Y. Androussi,’and A. Lefebvre ,” Stress relaxation in highly
strained InAs/GaAs structures as studied by finite element analysis and transmission electron
microscopy.”, Appl. Phys. Lett. 80,2763 (1996)

[2.21]  S. Nahm, H.J. Lee, and H. Ryu, ”Formation mechanism of volcano-like structural
defects in multiple periods of InAs quantum dots on'GaAs.”, J. Cryst. Growth 182,

292-298 (1997)

[2.22] Kazunari Ozasaa, Yoshinobu Aoyagia, Masaya Iwakia, Masahiko Haraa, and
Mizuo Maeda,” Nanofabrication of cylindrical STEM specimen of InGaAs/GaAs quantum
dots for 3D-STEM observation.”, Ultramicroscopy 101, 55-61(2004)

[2.23] Tomoya Inoue, Takashi Kita, Osamu Wada, Mitsuru Konno, Toshie Yaguchi, and
Takeo Kamino, “Electron tomography of embedded semiconductor quantum dot.”, Appl. Phys.
Lett. 92, 031902 (2008)

[2.24]  Hideaki Saito, Kenichi Nishi, and Shigeo Sugou,” Influence of GaAs capping on the
optical properties of InGaAs/GaAs surface quantum dots with 1.5 mm emission.”, Appl. Phys.

Lett. 73, 2742 (1998)

37



[2.25] Z.L.Miao, Y.W. Zhang, S.J. Chua, Y.H. Chye, P. Chen, and S. Tripathy,” Optical
properties of InAs/GaAs surface quantum dots.”, Appl. Phys. Lett. 86, 031914 (2005)

[2.26] Y. Sugiyama, Y. Nakata, K.Imamura, S.Muto, and N . Yokoyama,”

Stacked InAs self-assembled quantum dots on (001) GaAs grown by molecular beam
epitaxy.”, Jpn. J. Appl. Phys. Part 1 35, 1320-1324 (1996)

[2.27] G. S. Solomon and J. A. Trezza, A. F. Marshall, and J. S. Harris, Jr., “Structural and
photoluminescence properties of growth-induced InAs island columns in GaAs.”, J. Vac. Sci.
Technol. B 14, 2208 (1996)

[2.28] V. A. Shchukin, D. Bimberg, V. G. Malyshkin, and N. N. Ledentsov,” Vertical
correlations and anticorrelations in multisheet arrays of two-dimensional islands.”, Phys. Rev.
B 57, 12262 (1998)

[2.29]  Z.R. Wasilewski, S. Fafard, and J.P. McCaffrey,” Size and shape engineering of
vertically stacked self-assembled quantum dots.”, J. Cryst.. Growth 201/202, 1131-1135
(1999)

[2.30]  Feng Liu, Sarah E. Davenport, Heather M: Evans, and M. G. Lagally,”
Self-Organized Replication of 3D Coherent Island Size and Shape in Multilayer
Heteroepitaxial Films.”, Phys. Rev.Lett. 82, 2528 (1999)

[2.31] B.Ilahi, L. Sfaxi, F. Hassen, B. Salem, G. Bremond, O. Marty, L. Bouzaiene, and H.
Maaref,” Optimizing the spacer layer thickness of vertically stacked InAs/GaAs quantum
dots.”, Mater. Sci. Eng. C-Biomimetic Supramol. Syst. 26, 374-377 (2006)

[2.32] J.S. Wang, S.H. Yu, Y.R. Lin, H.H. Lin, C.S. Yang, T.T. Chen, Y.F. Chen, G.W.
Shu, J.L. Shen, R.S. Hsiao, J.F. Chen, and J.Y. Chi,” Optical and structural properties of
vertically stacked and electronically coupled quantum dots in InAs/GaAs multilayer
structures.”, Nanotechnology 18 , 015401 (2007)

[2.33] T. Chung, G. Walter, and N. Holonyak, Jr.,” Coupled strained-layer InGaAs

38



quantum-well improvement of an InAs quantum dot AlIGaAs—GaAs—InGaAs—InAs
heterostructure laser.”, Appl. Phys. Lett. 79, 4500 (2001)

[2.34]  Hitoshi Shimizua and Shanmugam Saravanan,” Buffer-material dependence of InAs
quantum dots on GaAs substrate.”, Appl. Phys. Lett. 88, 041119 (2006)

[2.35] Denis Guimard, Masao Nishioka, Shiro Tsukamoto, and Yasuhiko Arakawa,”

High density InAs/GaAs quantum dots with enhanced photoluminescence intensity using

antimony surfactant-mediated metal organic chemical vapor deposition.”, Appl. Phys. Lett. 89,

183124 (2006)

39



SIS W R ERE

llll

3.1 T

A TSR AT TEE T AR E]Y InAs/GaAs MBE HJ# 5 5458 TEM

—E

kK PL 73 Pz o

3.2 BAf S
321 535 e

53 il (Molecular beam eXpitaxy, MBEYRL FE | 35755 = iy i FF i o AU
R o 71 1960 F FpE B Hi R PY I R. Arthur AV TS AT o — J Gt o ) Esk
Fhip e PERL A0 P BT G 2y MBESREFRA 8 9 R0 » MBE Vgl H= kL
Y EU I &l 2 2 (Ultra-Highvacoum, UBN)RSTERIF 1 [l P& SV RROR PR L )
PSR P SR RS S TR SRR ) R ey
SRR IR PRI 31+ 150 RS A S
PRI » SRR RO S S [ TR Shutten) ]2} - MBE
ST UHV ™ il POERHRUUAE | 0 S 111 (Mean free path) lﬁ’fﬁf%
ST NE SR T FLR b o i 3-2 11> MBE R A 10°~107%0rr 2 a5
953" e 107em [OSEBET |25 H T @RI E B 95 PT - B L
10°cm e

PPV A REL T A FET o Riber [ MBE KT | - IR 3-3¢ i 3-3(a)
Eb MBE 3R = forl5) () BB l230 » (o) KRR Japc e » (d)ED™> Sy f F fies
Fi(Reflection high-energy electron diffraction, RHEED)RL™ [ "l Ihd ot o 7%

40



Manipulator

SCREEN

Shutter

Loed

Pyrometer

N, plasma Effusion cell

i 3-1) 50+ iy = A T

Mean free path (cm)

-2 l |

107" 107

0° 1wt 1wt 10
Pressure (Torr)

)

B! 3-2 H s S E{fjrﬁg (e

41



(c) (d)
[ 3-3 (a)45 MBE <3 B oI5 (0) BRI  (FRR8 il » ()13

= E}Tﬁgjﬁiﬁfi' ﬁ'vfﬁ % (Reflection high-energy electron diffraction, RHEED) -

42



322 FENEY B

iw B 5 BRI T I TEM > STEM Ry 174 o 3 o et
(Transmission electron microscopy, TEM)F | 1934 & Ernst Ruska 2 FHI'| e » #El | 21 i i
FE VIR PSRRI RY ) i TR S0 S A 5 5 (3 (RS - 0|5 B0 %50 A P
FIRIFY— SFIATRRE DI 340 53 AR g APR G 2 (B8 [N 2 pUER
[ 1V RIS ARG 5~ 75 Emﬁﬁﬁﬁﬂi’ﬁ*},"J RN o BEIRER Y TEM fﬁp?l X
K s - Bl )7 A7 (Energy-dispersive spectrometer, EDS)FY bL = HoAE 7T AT,
(Electron energy-loss spectrometer, EELS)i* '} [lfs 4 ZI 4RI Ui 23t 5 » ([LRLI 320 i
AR e A A Bk S A ﬁfﬁiﬂ?ﬂ?‘g%@@%ﬂ@&ﬂﬁ » Bl J’?F SRk S
e A T SISH (Scanning transimission electron microscopy, STEM)JE] i » 1[I
(U = PR AR (=2 [ 08 SR il g = SO ORTE S - (Rl 333 P AR
(Field emission gun, FEG)?ﬁ,jFﬁ#,@ﬁlJ%ﬁﬁ% puf/i[p’cﬂ » RITE T ?[Jﬁ,'JZ“'FéFJEJ%ﬁ@ oAt
FIFAEL - — Ao TEM RLA™ |2 75 e fhl (o0 sk & Byl - i Gt
(Selected area diffraction, SAD)% 5/ #J%*(Objecuve OBI)A [ il 2 | < 75 i
(Bright field, BFy%fifi ¥ (Dark field, D)Rj{t - STEM FILRLA| ™ |2 ot Atie s o
h Ty T BT (Electron probe) » 71 i sV S R (5 ik # 30 - BF

SEZRLIRDF fiv IE@UELE'}%FE%’V REHERY 2 (Projective lens) [T > it I') o o> 7 Ik

=& (Camera length) ™ 15 7 [l 2 POl = 0755 DF Y1 o Aty ffos o
TEM %ﬁ - Hﬁl’g §Fﬁkpu7 PR ﬁ AT 33:& e BAA S (High-resolution
transmission electron microscopy, HRTEM) = F (1 1{j ™ |15 5 5 o A= Wi fiosmiosdh -
FRRIRI AR AURY P R T R o

AP T PES0T]F A FoT JEOL 2010F 200keV 3 857 = e Bir i «

BT 5955, 0.230m -

43



Electron gun

NV~

Condensor aperture

U

Specimen port - Objective aperture

E = E‘ Objective lens
Lt

Diffraction lens

Intermediate aperture }
Intermediate lens

Projector lenses

Binocular
luorescent screen
Ima g system
| —

[ 34 B AR -

44



3.2.3 AEHEA %ﬁﬁ,

%?;'?"TE@%%’%(Photoluminescence, PL)RL- A4 PRI A S 151 53 ﬁf’ﬁiﬁfjﬁ
PIERES « S RURRL AR Gl S poaa ol v SR b R el H oA g
AR AR pL B T RRERE (= BD BRI R =R - APRI VT T
1 B BT RO B [ RN S PRGN > ) Ui
ST B A R R IREPRE B A B < 9 PR P AR S )
FORIAGAREYT) AL~ 7 358 SRR 325 R ] PL e et
[ (™ -

F i HvPL IO ERILRLE B s R R S i R A TR
SDR S © (7 U REAL Excel 1000 1 BEESET 532nm » AT LSW < I AR
IL P FEPIPECRE SR 5 o Sk ] R B 8K %, -

35 SRk A

45



S, ”'ﬁ' L[ 2EA PO BT GaAs ﬁ'%ﬁ
& TEM &4 Vs

Qdar =
4.1 F i

GaAs T‘E‘Fﬁﬁﬁﬂ&%‘ﬁ?“ - RIR(TEM)ZEA 5l - — [Pk 2pofikg
o AR PG EE 1%  ffH ’F%"Wﬁm%#‘, pARRE > F RIS T 5T [ (ion milling)
USRI+ BAES P JEH o damage) i 77 19 GaAs i T (GaAs amorphous
layers) > =7} Vet € B IRl e 4 BN e SR (HRTEM)[IO B  [4.1- 4.3]
[l >3 IR £ 7 7P IR EES e (Foctised fon beam, FIB)<[4.3- 4.4] — 3
A FL' 3 ri%E'[%E‘?ﬁ#@’?ﬁ%&%#(Carbon amorphous layers) » [fIfLPYE, AEJFL, e
(Electron transmitted ratio)imt- 4" GaAs frﬁljﬁgﬁﬂ Rl ST 4% TEM f J@Eﬁﬁ?ﬁ”“‘ B
PR - o G = BORLA " BRI (10 InAs/GaAs £1-Bi(Buried
InAs/GaAs quantum dots) » X5 AR & [fF 1+.GaAs 1f! W* Y TEM 225 RREH A ST E
Bl

S0 InAs/GaAs £1 =" RIS SR FlATE VR T bl A e s 53 2o i s
BRI ['ﬁ“lqﬁ'ﬁ%l[fﬁ TEM 344 Arefl & JFogis fa fi[3 [J%F&l?:tiﬁ %%gl%fﬁﬁ%lnGaAs ﬁlrjﬁ;ﬁ
BIFP IREAR - [4.5] 15 SEERGESS 1 > Kakibayashi 71 Nagata 7t 1985 & SL[H " 790
A7 (90° wedge method) Sl 1k - Al Tk = fetRLAI R PP IRV BRI S0
TEM 04+ (R b S0 | B B fUFURR - T GaAs FERIFOF TIRGFHY
FIEE<110> » FT @%ﬁ#lp'ﬁﬁ&]@ﬁw ° [4.6-4.7] %J\ﬁ?ﬂ[fﬁ FVESH B G D o T F( T
EEIAY HRTEM 81452 o 73 85" fj[B00ss [ FIE=1%) 100eV U8 (SF2 R posis
AETHL > (RORLESES 2007 I'J s l”?fﬁﬁ A

o 7 AR IS (A RHTARESRY [~ SEAEAL P98 (Chemical fine polishing) - ey

46



D B T R R % PUEE IR SER R R T S0 TEM 2 .

47



4.2 ?ﬁ’@%‘ﬁﬁ?‘ﬂ *

T 2 R RS POOL BT GaAs ﬁlwﬁﬂ?gﬁﬁ TEM 244 fr
%J:’]‘EZIIIE[\”?—SZEJ‘E[ ’ :ﬁ'éi‘]l'jfé\c[;‘?}%@ JI:IJ )Izﬁl_

4.2.1 5 SRR

[ TPy = SR i@wﬁiﬁ[fﬁ TEM G F o R Iopiges 2! o = g
SF [ TEMBRA 2 Rl R0 5 i S A8 P TEM 294 FIRL o [
PAPIERAR PR e R T Pr FR %ﬁzﬁﬂ%‘%@%l e
(D=7 (Columned polisher),
P St = PO BT S AT 4= L) 1(0) T 3 A e Py 00 A 5
= FERNEER5] (Columned part)o L BIE 1(Viewport) : b i ¥BHRF 115 (Holder

part) °

(a)

Columned part
View port (b)
Holder part

3 cm

4 L0a) Pk R > (M 557 > 5 B IRRA Spe f

48



(@%{W@Fﬁg (Bipod polisher) :
=g E'plﬁﬂﬁgé} 0 v[‘ﬁ%ﬁ' 4-2 7. > FH[P [ e ?ﬁ; o EJJ‘W R e

ﬁrUE:le PRI IRR] £ > ER A TR ISR o T R NG I E B

[ @%ﬁ”@?ﬁkﬁd

The adjustable controller

Viewport '\
The Teflon pillar
TEM. SAmple Glass ground edge 3

20 mm
-2 ST
~
4.2.2 7j ﬁ%ﬁﬁj
(1) P 3%% TEJ—L}LFF[ (electron energy loss spectrum, EELS)
gﬂmM@WWIﬁﬁ“$uA£ﬁHmed RIS ARl AN TR L
BE XA I ftﬁrcﬁ% 0 SRR S B 4-3 © EELS 2

T BURLEAR S A 0 1 (B0 AR R S R M@%ﬁ%ﬁiﬁwﬁ
 FIREEE pREE S(Magnetic prism)f9{EH] o I AT ERR DRI R PO AR

49



Maxwellﬁb%,ﬁj k‘F—qVXB F tr'{;AS/_JJiJITIJ qtu[JFE:E.II(J\F;[}E‘[ [_{Fhf EJ[J
F“' AVR SR B 4 RGP ) K J[a}g?[ftﬁv‘ﬁ%:a Furﬁ [T i IfVp= &l
lﬁp%ﬂp"l&:il‘%ﬁgl?« PP IFIFsg #em o S ATIRIpREES (= T Tﬁv Ey— W= REE
FL [T S PRI AR POREASEE R AR 5 7 (Charge coupled
device, CCD) - J[[i" E_‘UF%,: P :E%EJ—L}‘\FF[

Incident electrons

X-Ray Backscattering electrons

Auger electrons and secondary electrons

Scattering electrons

Elastic and inelastic electrons

Al 4- 3 7 S O TEM B84 % (0]

[ B B MR RL I R R (R0 A 2 10 PRSI O
B3R R pORRREE BB S E o — R P R N B VB RS
= (s o (1)F9FHR %1 (Zero loss region) © & BIRL * ST SR R (B85
FWRF KR - (2)|3T§J—L}LL'§E&(10W loss region) * = IR S AR BT o9

P R SRR VRS ERL o Q)MAEH R4k (Core loss region) ¢ fEikL 4
P AR R e (R L PR 2= R RS U ;ngaF:E% 3 il u ot
(IR B R AT R [N R L RL RS B B (A R

FRAEER IR I I e By (R SRS R T R YRR T A PR B

50



(N) « FJE GG © [4.8]

Ik (B4)
=K 4.1
L (BA)xok(BA) “.1)

lﬂl[ﬂﬁg TR T Sk K-edge USRI T ) 009 1 LTRSS [

R I #Y(The collection semi-angle) » ARLFVHFITEEIH ) il « 7 [l 4-4 pU

K TFHRF%F?HI’ i o 7 SV - BRI > B RO e GRS TR

i [ 0 Keedge [0 F 53 HIIRHEIESEPTOE ALS  ERR RS A,
AR JHEIN

= Original signal
Background
K-edge intensity

Intensity

Ex Energy-Loss (eV)

Al 4-4 T = BRI R SRR AR B e b

51



&iﬁfﬁéﬁf@'ﬁﬂl’ﬂ ({1 '] Gatan GIF tridiem 52:4 ?EJ—L};F <l i [I‘;"i’ =" @?[['fﬁ& JEOL

2010F &= F— Bt s -

(2) ﬁ»ﬁ*ﬁ“ﬁé\%{‘%@ f%&h (Scanning probe microscopy, SPM)
P R FERNIA P/ 57 PR - SR M7 Veceo
Dimension 3100 ﬁ’}ﬁ?“ﬁ#%{‘%ﬁ r%’(%ﬁ?ﬁ@ Nanosensors 2nm [N} '] tapping f81=4 1] -

(3)@%’?&%‘} (Grinding, lapping, and polishing machine)

S5 UL ™ Struers LaboPol-5 ek -

4.2.3 PRI

(1) ZH Pk
AR = RRLRIELH T Pi(Plan-view) %1 B (Cross-sectional)[i GaAs TEM
A R (SRR PN PURYAR o T PR RLH00T Jgaas U [ ST ¢ AR ER A L
I H110]Gans FHI010Tans a5 P Mt i) R SR = B A (It o per > R PBATRy ”ﬁﬂ
N RAVERS IR U (Ethano T Fifi(Acetone)ififle » ST 8 PASIS BRIF IR TRAS 10
° P RUF BN S DR RS R A T [T o T P VR A T
PRHHHIE T 59 Smmxsmm 4 FEEE PR ST BB AL - 5

A

3mmX5mm :F[ °

(2)=% oy -

WESRLIT o TEM G0 Gl B [ R ™ R B RL SR PR R < R
A P R I B o FUMTE R 9T F R IR ﬂ?'é&ﬁi’iﬁﬁ%ﬂ@?r
TN b o R T TEM B R AR BIRE A LR 4-5 - il SRR

52



SR I R B iz - #]]7] Allied High Tech Products iV G1 81" A:B=1:10
F[gle'ﬂﬁa%gp«;[ml%__fi & FfEe Jpr—*ﬂ FRF100°C 30 S3Ef - IS = [

B SORTERER A P TR B i B B R R R PG LR 4-1) 0 T
YEGHFOEAREIZY TEM 284 03T o1« L8 -RRRESEC)] ] 600 + 1200 » 2500 » 4400 8%
SR oe > | FI I (DA Lum A1O.5um Pa5b > 38 RO E fJFil &l
i T o R TN BT T T PRS- B T PR R i
iz FIF ORI R SRR VBRI 1D pIR D S
OPfgt 4-2 - PR DRI AT 300 60 30 1T 0.5um PUE AL < TR HIRE
RFIR B gt et B B9 IO AP ) =2 8 Pl AR 2 E - [4.9]
— A BRRPURE S DR SR AT T E A TR nm R -

Columned polisher.

Bipart polisher

sample $

sample | [

(b) The 1st side polishing ~m 10
(c) The 2nd side polishing

Mo grid

Sample

Sample holder
Reference Si
GaAs sample
(a) sample binding
ion beam

(d) Grid fixing

(e) lon milling

ﬁ%ﬁ‘ 4-5 fﬁ@?f&w?“ TEM 04, %ﬂffﬁﬁ,’h%@-ﬁ ﬁlﬁ?ﬁ‘

53



(3) L

HiE A PO T AR~ B AT BB R S
R R~ AR I TE Immx 2mm [ OSERGESECRL AR T
BRI Jg‘ﬂ‘ BE T RIS r+1§l’[ﬁ'“§ﬁ'§?ﬂl » 5 (PR E CRR L BRSPS ’*"T[%éﬂ
RSP [ 3R S R R S e o A [ ETO09VABTEL 1 ¢ 1t

l’ﬂ?ﬁﬂlfwfﬁé’ PIEDR S IRE S g T R FﬁTF' TEMBEI%[10 1 1 4 B
SR A Rl “Jg‘ﬁﬁbﬁﬂﬂt BT U] BB RERH A e o Bl Irao | 5

PRI (0 ]l M A B RO SRR R A e v
A AR S R, PURTR > SR B SS TEMRESA, =Tty o P

A AR 24300nm e

(DEETN FJ[J?EL' :

}{—J TEMZEH; PF' * Gatan precision ion polishing system (PIPS) 6913 (= 5" [l » pIiF®
T BRR okl i 220072 ST il BES ARV BUE ]IS A3, 5keV » [
5 P JAke VAEE S [iE 1 > LG 4708 SRS Srpm sl 244 B > 5951057

RV R LAY 20nm S 7 o

(5) (B PIA

P B AR TEMERA St 3k o 83 R ER O R ETEOTEMER S > 2517
fob i WL [T SRR LR i INH,OHEHo SO [ PIEE TEJI%F”JEFE#
et éﬁljﬁ‘%‘i%@*ﬁ TSP o Sl =S BROTS TloT > FiF]]" [30%NH,OHIEAY
A FHEAY1%H S0, k10555 > fobie [ RGOS - [ FE> PSR
A AR 1‘%&»1'&3?%%%7&% ° 1'#73?‘#’[@1’@“ BV ARy ) g S T
BIGS (5 K5200 co = [ M PORLATRES PR T IRITFOTRTRE] - 3 PN BRI A 1R
PP RIRSTRCP o T R S BAACTEY PRI B T RIS R R R - B

54



[k o e ITEMSA K TEMF 1 SR DI SRR I (1 i o 1

P ISR« R [ A

v

\ Teo6




4.3 Ef&%ﬁﬁﬂ?ﬁ%

LR kaIE JT[ﬁJﬁU;’}ﬁ_ U ISR PO SRR GaAs AR
TEM 4 iy A - 11 HRTEM [y i+ [~ S REAT P9 A i [ e
o2 A [ ﬂ |'] EELS p\mW@%&W'Jéﬁiﬁﬂﬁ“ﬂﬁ""? TR HE
& SPM BN i T IR SRR - 394 AR .

4.3.1 [“ZFE55F 'ﬁﬁ?'ﬁﬁﬁrﬁjgw

~ & GaAs B B [t @l%ﬂiﬁ?ﬁ*?ﬁ"ﬁ | H2SO4 ~ HF ~ HCI A1 NH,OH %™ mﬁiﬁ
TR E o R AL ~ELRLAB TR LT SER(P R o IS

BT RIS T pOATRL s MREIERARGN - HE 71 HCL S5 AB 88 | DUfvff i3
M &ﬁ%&?ﬁ” R PSR RS o P i Vilar S FUPTAGE N - NHLOH S
ORI [P AT e SUCHORTED - 14,10 ([l - NHAOH ks GaAs 3¢
By R B e e GV RIS o [4011] 7S ‘fé’ﬁ IR AL = S TR e
AR UPpE | U ORYE > AT IR IR P o R R B R
30% NH,OH 7k « [fi 4-6 73 1% GaAs [110] [[@¢H 7 82+ fjl#: el 30% NH,OH
k@30 ) ~ (0)60 741"} ()90 FHs HRTEM Y « EUPIEEYS - 12E1 60 FYUZEA, s
R R 9 M L S SR - MRS IEPKPY GaAs ZRILETEBI T 30%
NHOH ki EPF R SR T = ¢ ot B -

Bb v el R AR GaAs ZHIH ! [ SREALIPOATE 512 RRE D] 1% HaSO, Tk -
g BT U] HoO 212 (0 79 HoSO4 IR RL ) SR B (574 4l - Il
R SBER 35 [T F | R Y o [412]1f 4-7 RLY- PR 60 FLiE | 57 MR (a)30 FLAT
(b)60 FJfs HRTEM Ry = T xg 9= Y fif P HF e S P AT - AT
GaAs Z44 LRI 2T~ RSV HRTEM 3 fif e B RUERTE P o pHobe 2y R Ao gl et

56



8+ 4D IS R - 2 T 5V BRI 10 534 -

Al 4-6 GaAs 344 % [110] [ 53 B 30% NHAOH () 30 ) ~ (6)60 F47{1(c)90

Fhpy HRTEM g -

W1 4-7 GaAs 3¢5 7 57~ JF 60 FIR ST 12 1% H2S04 55 f]l(2)30 FHA{I(6)60

FJ o

57



4.3.2 [yita AR R

£ %l"er?:ﬁr GaAs TIRlhF1E o (HSAEAEPA S o TEM 295 S Jclsri* A
25 PR T LGRS [ GaAs TEMERH, > [0011A[110]-~ 4430 F'JHRTEM
3 (R GaAs AHRRFPRIFOPEA S LRLEIR [110]quas fY TEMERH > = RURINT) 2 {2 57
= kL GaAs fIVE TIRBS I 1RLI110] > [NJF=7% TEM 45 S HE [0 272 L e hy)
TR e T HRTEM BR[0T Joaas U I+ 48 AR BHESED Dago=0.14nm - A1
EERCOJIRA, - Jab ] i RIAOBHEERT D220~0.200m > PII=> [110]cans[19 TEM 384 8
HPVBISE - FIH o PSRRI ORIES » ) GaAs BRFI(EL A 4-1) > [110]cans PO 1
(Diffraction pattern) =' | Jiaeh 3174 9 {111} A{1{220} YR 5B+ 111001 Jauns FOREHTASH
(& 18— A2 {2203 P i ot F{004}“ﬁ*ﬁ%mﬁ‘fﬂ VAR PR ELE D

1] $RA002 e RS PYRL AT =PI e TRt 75 [ HRTEM R 5= 110]cans
[ AR A0 e 4 Pl iy TnAS S SRR o7 -

T B AR B R RSO ) D] dkeV [V Ar B RRERGED -
Pl £ I 7 A4Sl 3. Srpme, {0 T ED 109768 < [ 4-8 ()1 (epil 5 A
11001 Jcans Z[110]cans Iy (54 i = PHIRES S MBS MY (BB IS El 12 = )
PIPNRE3 5 = flllndal - o E0H ARSI B 3ol £ 7 BB (a-C) > 7 plIISET gy
Bhisk = kL GaAs FIJJEFE[; T ﬁf[fg@atﬁ&?ﬁl g ) FE#[F‘[ﬁipit b GaAs |l JFE[; Tk
B et @ﬁ]guJEFE# BVt o A 4-8(@)f[IFYF 1T HAERD GaAs Fﬁ#,@?@atﬁ&pu#ﬁﬁi o Jip
[001Jgans FH1L11OTcans F ETGA OB » ARG 1 S3A8UAT > — el - RLBARPY I Il

fL SRR iRl 5 HRTEM S Bl - (LRLPIER i BTG sy 42 - @E&Fﬁlﬁrﬁ
E%[%é;diﬁ Ll o

[y fi Carbon == GaAs 2R BTGS2 1> = RIRLNEL T[S St 59 o e &
sk HO ] Wi AR T B - A ﬁﬁkﬁlﬁ’?‘/@aiﬁf«ﬂﬁf E
B (Bright-field) iy L HRTEM [IU5Y, (it 8 3 (T)== 2 R T mﬁl—ﬁpu;ﬂ:ﬁﬁéﬁ

58



A 1 [4.13]
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GaAs InAs
Diffracted Diffracted
orientation Structure factor c W/ Structure factor
111 26.24 111 34.45
002 1.87 002 6.75
022 24.70 022 33.34
222 0.73 222 5.03
004 17.06 004 23.53
113 14.88 113 20.63
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