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e

29I M MY PPN AN PNINART DTINT .A"M9NRT DWW ODII0IRT TOIRT WD KT AE, "WwR>

P RY D190 PRI DPLINP MTIPI YW NPwYAT DPNUPYRT NPUDIRT MDD 078
217937 ORINAY 1DIR2 NIRRT 772 ,0°VAPIT ANIR DOIUORAT DOINR D°I01RT92 O3 KO 272
SWOAAT 71222 DOYRD DONNYA LDONARA L0370 20777 L ORI0RT 71200 DR 20990 1R e
DN 17 13721 722 17K 2O DW MYOW;T LTI NIPI0PYR-1TCD NMYDIN NPRY 2713 03 2N
(45441 sygo377 1910 111 142 42 gxon

AR WP 107 ,N1LINR MTIPI MY PR 27T Hw DDA anvp YW W 11902 ,NNT Y
797 NID AR 2772 DOI0R-11 TR 702 207097 MIWUAIN TR 92772 TNS Hwa N
,02V2 VIR NPLING MTIPI W OMLRT 7120 1707 020900 1POKRY VA2 0pnnn Nvan
.(1.1.1 7°vo 78") Stranski-Krastanov now2 1975w MTPI 12y Wwrans

M7 ,07°%Y cap N2OW RO? 12T MTIPI DWW 73291 DT JPOKRY NPTV MW
W MIANoNaT C2%W MK O3 PYY 7D WHWR DOWINRA wanwa? vl .STM-1 AFM-a wvanw
N2V MR WPANT WK 2PN 1907 WY 123 SK Nuwa mYTIvan mTIpia M7 MR
[47.46 391 pyvpm-non DR PAVWR TAIWH YT TN W

N7 ,A012 .RANTA W LW 21D DR P MPRY 3001 03 X3 AFM-2 wncw Sw naon
SW oW °10 IR AR AFM-1 D1nnw 70 ,77IRY 79°WR2 N¥an RN 0012w a3t 200000
,Ultrasonic Force Microscopy "1pn AFM 5w mn»o wxn Kolosov et al. (481 jyeama naow
77797 N12°2 ,MITIPI2 DOXNRADY 207777 03 MR AW 0 .NPLOOYR 21N 03 MITY WORnDI
R MMPIT 19912 22 R Si(001) ven 5y %1w Ge 5w ok Hv 000 . 10nm-»n mns 5w
1491 (strain) venxn oy Ge 0p — 19121 ,n°009xX (relaxed) 91 Ge

cross-sectional STM -2 wnanwah 10°1 MITPIT N2 2077 73287 5w 73902 7R0
ST N DMWY TIrRY 720w 07 DY DNAINNg MTIPI? N2aAm T A1 0D oX L(XSTM)
QX012 ,0MOOR DOXNARN W (PXOPDY) m31BAY M T LRANTT W MIpPa y¥ann 0 Tk

Q2917 2P 73202 00237 DOXARDT NMIADONT 9D Y 202 TR TXAY L,3IPaT wonb
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M7 PM2AWR2 DR WOW N3 NN 1w T¥R IR ,STM-17 nwnRa 71727 100w 2°723 2901197
MITIT MTIPIT OIPORN DY DATT NI P90 YOwn LN 12 .MIRYINT WIS NYA NWITIN

InAs MTIP1 W 21730 2N "MynRwn 0210 21299 0P %3 17731780 XSTM M7
°31 In-2 20 7wy MR n2°h 05 a9an1 ((SK nwwa — p ,MBE nwxnxa) GaAs 23 5y
o'mna Tan1 03 9273 P12 ew Sy mmpaa nennnn Ga-11 11971 5w pmoy 7917 LT P
217°32 YOI N M990 AyoN X7 In-2 70wy 82%% 00 2w T 00N S 0uIIReD
1] gelf-assembly-2 nruimp m7ipa

(6] py73p37 5w w7197 2577 T1aR7 YW arnaa YY 37 AR nvaon TEM m7Tn
IDIN MMNMWPA NP2 NINPP Q0N ,cap N2DWA MNP MTIPIZ X7 A% N723M NRT %100
593 772 WNT A1MNT NV PR NPT WIPY 22PN P T WITT LRI NIoT
W MIRXIN 9907 NPXM 2.3 1R KANTIT W 2070 20N IR MIAITN 1N TV MW
IR MRINY 95 ,TEM-1 XSTM M7

aw™9 ax 171 B o ovon nrump mTp: BV 92v3 wra man ruoIR M7 o3
,MITIPI D01 DY VIO HWA NIATAIT MM vasah 791 L,NTTa a7p1 May PL oo mn
MRXINTY P2 7w PR M Sw mon ok Hlyemnona nmw neabona mbva
,MTIPIT TIN2 0°27 2O DOYOWINT L, MYAYR DY T 00973 DY U 190n M1 M2apnni
MIRXING WOR WITD INnn NV 7277 NPV IR LTI DOVPI ,00ARN ,2077 274 A0

N217 7YY R wanwa 72w — COBRA 7251 ,X °19p M YW 7777 Mww 1o0n
Grazing-incidence small angle x-ray 17120 DPLINMP MTIPI 5V N2y2 wwY ,qwnna
x-ray P2 U mmpin Swoamen mmom amen v apn — scattering (GISAXS)
(5433 self-assembled islands 2w MANSNTM P *°0an Sw apn — reflectivity (XRR)
Grazing- % 2 - poun-m oiam ooxnxnn Sw a1 — Coplanar x-ray diffraction
[57-3813y7y537 2977 PR 11729 03 DY¥ARMT DTN T2 NWORNT — incidence x-ray diffraction
DOIMOPYR NV WY WY WK — Extended x-ray absorption fine structure (EXAFS)-
M7 29w o3 11 P¥lomhy aapa anaao nvswn Hw arna oMK Sw nvmid moopn
(60591 599m3 nwn MmN My Sw MmN 9aph 0 (2.2.4 YD ART) CHRMIX MO
Mm% 7R 2.2 9902 ,7o0 W09 1R MITTR INRD DT DWYRT ARI00M RN
NP2 1DINA 71N WHRNT V2T IR 01 YW VI PRI P 173 e X g hw oopy
.0°2p 0°127 SW 1 70w °ID %121 YW 17 °1007

InAs/GaAs mmp1 My M7 wxa Kegel et al. :@pnn 21w v17d2 XD X
TR MW (grazing angle) nrobn N X 1R nopy np1ova ,MBE miyxnaxa 107w
[57 ’1].‘[3

QWY QPR W TN L(isostrain) @UXHRA-IW DMNRY MPNR MTIPIT MTIPIT AEpY

Y¥Nan 200n2 79°%7 OMX2 01nwn wa V3P 2D KT A2°1000 0°022 NTMWA Aniaa

22 STAMA-NPN 21D M2APNAT NIREING 27117 YW AR 19K 001K DOMI0KRD DPWORT
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- 15nmx 50nm. -
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<
o0 i
Sool f‘ ,,,,,,,,,,,,,,,,, _
b N 2 56 T “oothggogRR § 04
7 8 52 g
= 64 T ‘:’
T 3 = 60 C 777777777777777 Iﬂﬂ%ﬁl 7777777777 & 02
[Py O Y
i b 52 I?&Lfi —poop g
0 10 20 30 0 10 25
Lattice unit cell along [001] distance along [001] (nm)

NPLIMp MR Yy wyw XTSM-1 TEM m7m mRen :2.3 R

(2) .GaAs yxn Yy SK nvwa 797w Ing,5Gag7sAs 2w 71p1 — bright field TEM niwnn (X) [6] T — 1o
92p% 11 (Energy-Selective imaging — ESI) 7372 *50% nnnn D 10pPR- 5w NPANIR2 Mnnn a1y o Y
.(2)-2 D°10N7 DTN TNKRD P17 11277 5w 229119 M 28 (3)-2 .12 In-71 112710 nwa

"MPa Yapnna »wa »ap () .GaAs ven 5y Ing sGagsAs npa Sw s XSTM nann (7) [11] 7inn — venxa
SW HIMIA AT RN 93 DR D°3A0n DONNANM D210V 2PNRRT 2P .(7)-2 11000 N TIRY 21w 019
RN ,GaAs YU Ing sGag sAs

T3 XSTM nmwenRa A22pnw GaAs-2 721007 InAs 207 37p3 5w 77031910 nanan (1) [12] Tinn — HRnwn
2P 2 In-1 1127 IR 0¥ (1) 7103 2201 TINTR nownn 380 (°X0P90) AMONTY 2O Y13p YW NRNa
-2 0P 7WY 110 72°% oY L,ARW DR 37030 PNNNn DT 7210 2011970 1P PRan It AR N2 oonw
AP 9w wRn In

2 Myl MR 11X .SK N3 MTpl 737 IUOINT 72070 N2OW W aRYpa 03 PR 1l mnana 92

(7197371 23w NHOIT NYA ATMTDA AXP NOMA SWA NRTA ARYURA) AR TR NIXY TRIDDHR NX

MIRINT .DOXARA-TNW IR 922 907 YW 29977 DR 92PY 1001 ,AR02 MO IR 0097
TP 953 ,2ITAT NMLIDRLA MY MY 7% ,MTPIn o8 Ga Sw 737770 R 192pnnw
TOXT TIRY POV TINWA 032777 BITIA 0D VT T M0 DOREANT LNRT OV L(X)2.4 7vRa 7o
(121 psmx nympn 1AW 993 In-2 01 79wy 72°9 17X KDY, A0WAT 2109 28017

NN MM2p Paw 19X 03 ,Si vEn Sy Ge MTpI Mav 9Py M7 W Stangl et al.
MTIPI2 DOXARAM 29777 N2 2707 W7 (N1PATI) NP0 MYRARD 1A Yy 727w Si nod
oy ,ymxpa 1-5 mmpan nnma ~0.5 P2 317 Ge-n1 Sw ooniom T 0w 8o on B oAby
v pmynwn "anowsa" 7% ,Si-n D2dw Mpw 7902 .MITIPIT AP 03,7292 nophin aaen
((3)-1(2)2.4 1K A87) NI2°1 77X NP MTPIA 2 ¥R Ge-1 1122 ,MITIPIT DY

791 77197 NI NMPYA 1T 121 VY 1IRINW MTTAN %D LNNT ATIR1A PUXY WA
mbHya K9 7772 1107 O°NI0°37 WRIA OV Nuanpn mTpan ol 1991 COBRA-1 np1ovh noome
T9PYI MIPA100 N°2n ,no12 .COBRA m7°7n X121 17°9 M2Ivna 217 NP 299173 207°n
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—
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21T ORINA YXAY DPOWHT DI DOEARD MW DMK (R) Nvuanp mTpin X 01p Y aopy M 2.4 R
(2) M.venn »19m 72133 M MR Y 20772 Ga-i 11om X031 Pevn L(SK) GaAs »23 %y InAs mTip1 S oonw
1R Mnn Ge MTIP1 May ,2vgaxam Ge-i1 1121 nuvanm () H,Si 5y Ge mmipa ovxmnRma NM9oNT vIvw

B1.Si bw 139°3 n23wWa NN

TN PIVD IRD .N1IPDIT MIRXING DNRNWT 2°77 97 22w R YV 1R va mooann X o1 v

o3 N9 MBLN0M 2NN 297N NN IR WR COBRA-T MO MR mow YW 21770
J15W M2IYn1a D102 0°n%R ARTIW *9OW AN 09321021 2°237I1 0°1an

SRIND IR WA 0N 0D WO 27 2 , DHE myynxa 197w mmp 2y

21277 DX 2977 ,NM19°9X L5712 21N 29727 2O 19K OORINA 2N 20PN TN 1T

7 B934 ebryann

7257 MANR N1PIUA-121 MMXNY NPLINP MYAY PW 090 1121 9aph Il A
Kelvin Probe Force Microscopy -1 PL m7n myenxa InSb mmp1 »w omna 201 oy
991377 29777 797 2 InSb-n MMPan 2577 HW o»mynwn 222727 2°n°p 02 W1 (KPFM)

[63 :34] yrmm s oy 212w

mTp1 M2y DHE-2 Y70 mmp: %y 1wyl XSTM mi7>7a ox
TP TNRY AR [n=77 112 921,197 PRSI W &7 AT NN 00 ’¥ml InGaAs/GaAs
TR °3 2% DMWY RTD ,NRT QY P03 Inm Nk mTpl vl HYGaAs/AlGaAs bw mpma
,A0M2 L3207 NN DY WIWwna N2T — MTIPIT 23 DY cap NdW MIPW MWNT IR M7
-7 90 198 7102 In-1 9w 5w moowana 910 InGaAs on M7 71703 PRN% vRINT 02077
1727 227NV IR NN N0 MITPI2 0P NP2 MK KW 127 ,Ga
NYLINP MTPI 2 I7AT 2N MTIR 79707 71127 NRP 070 % ,2°Y7 2N0n 20°7 101
v mmpl By X onmp nopy 5w COBRA-7 npoiov nava nnwy 123 197 .DHE-2
211 v Sw mnn poo? COBRA-T np1du »w an1> nx o1 1 1001 P¥ InSb/GaAs
7297 M27IMT YW1 9100 MTIPIT 712 DY 7102 73272 0201 WP OV O 19RD 000
1591 oy (core-shell) 79°9p/72°% SW M12n MPYA MTIPI DR 17 YW 2700 2 NN

X7 AR 0¥ (nanodrilling) ¥¥ni 70 X In-7 Mo°w 5w 7977 .Sb-2 19901 Ga-2 1wy
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10 nm

502 In-7 121 M1 .GaAs-2 InGaAs 5w a7p1 ;P2 .DHE noowa 1w mmip May XSTM minnan 2.5 R
SR NPIRDIG MTIPI NME ARWA NI Hxawn Tanpin mina 1w arar nabona 28 AN 7732 801 720w
Al 5v1 (mxa) Ga 5w R NWA °23 DY D0II0n PANNT PR (70T 2w »1ap) AlGaAs 702 GaAs

1] (ay7x3)

03 1mnom Y SK nuowa wwmaw InAs/GaAs mTip1 5y ox wx1a COBRA m7n
WTRY — WY InAs/GaAs-T MTIPI MY 9P HRL TINWIN L MIRXINGD MYapnn Y
.DHE myznxa

(X-ray diffraction) o 8-519p nppy 2.2

wIn 25 ¥017 1895-2 (Wilhelm Conrad Rontgen) 13017 .1 > 5y X-7 530 M2°3 o

1T 27 WINTI TR RENID 7377 KD IDIPNT NN ,Q7IR LI 7320 W 732 pnnt nngmn

M. ) IRIR2-119 .1 7997 1912 nawa P2 .a0aw W 3707 ,(70XPI9°T) 79°pY YW NIk Nyon

W. ) 9779 Oy )W) 09°pYY 0°YIa0 DWW DOWC23 whnwn? MIwoRa R (von Laue

197 MRY AW WO MNWRIT 9Py Mavan nR 007 (P. Knipping) 2192321 (Friedrich

71277 DR T PO0AR 972 DO 150NN 1D°PY N11AN2 ARIRY-19Y (W. L. Bragg) ax12 wnnwn
1461 33473 5w 1w By P 177 Y932 W w N ,0mHw MoK

Y DPIPY TONO-RIUINRT AP P2 NREAIT DOLIN-10POR AR X0 X nrp

950NY DIMVOMIR PN P2 T ODIMNPVOIPY WINW AWYI 02 937 27N 2NN .01UpoDa
772w Swa keV mwy an3% keV T90n 12 AvIT U0 MOANIR NMAT ,0°77I2 0100AN
MWTY P32 IR N2V 22007 D°YINRA J7PR2 101 RY ,1-5 781 217p X °17p D0 77°2w0 OPTIRY
M2nAN0R AW PP .2INVRYR IR IR DIPOINPIAY °apn T1XA W N°OXN DY 1277 1001 K

(651 ymmm Hw >amna maanm Swa nenn 9PV Hw N1ana X 10p MIYENKR2 M9 MW
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DW 9N 2°377 YW PEPRILIR DWW AREIND RNY 1001 0nn X 1P S Mon N

7937 MO0 900N LWRIR ARNIY 0D M2 DONNLPORT OV NPLIA-1LPYRT 3300
Q22XNT W N2aYn C2XPY MW INIW L, WI0 S 2747 Y3 7 DY TINCNR 20Nl 1990 Tavm
WANWwa? ,NRT QY N1 ,001°NN 1R 072 2PRT MY LAPIRan ARYIND N2IvRa 0RuImpi

661 yox 9319 *3993N0 Hw AN NPWIRWIR 7327 P9 270 N DLIWDT O7ORIP O°9I2

95D 2P wRepn 2P 2.2.1

M7 990m2 wanwl ,0°N7I0 0°pn2 M2ARNM NPD YW 2°2WenT DR LwD? T
arn oMo 95 ,nwRY (The kinematical approximation) 022527 217527 DR MK MIR2NY
DW TANIRT O 77RW I — 1POMY) DONN0PYRA PW SVANIRT DAXA W KDY P — D1VOOR
,0%I0P NDIDIT 1P NAXYY NP0 MANDNT QP3P0 NRXY v (MO 20 273 TN N0sa
01D 92 5w 7O WHOR MDA P 22AWANA AR .17 177 DOID 1907 MY 1P YW 1000 197
(The first Born approximation) N7 1712 2)7% 0 "17p0 127
NMDARNTA VAT IR A0 DRI 202 217 IR WRD APN IR VAR 1PN
DIDIIW 2w QONTDT DR DX AWM DAPY W IR 9D LIMAA MAYY N30T 20w YW ARN2
DOWOIT 2°7I1002 RPNT 2°I7IWNA AR L,DOVXIN UKW N0 MTINA AR .2I-N02 nvab

[67.86] S>qxym1 Apn 2P0 NPAR 9T, TOW 1D AR ROW MK P2 WK N0

MWD PWPIRR M 2.2.2

9119 97> DY NIORYPI 172°0°92 NIRINA WO JWONA NDIAN-1IVPOR 71070 W OU0IR 10D
YD 937 W 9nwna poma ,2.6 MR awna 1w 03 8 (Thomson scattering) pomn
.797 ARYIND — NPYY LA ATND INWIT TN 77N WUAY 27

:NITONNT AP PW OORWRN ATWR NTIVYORK IR NIRNA N0MRIN DRI

-, _ L |
23 Ao ™= g e S
(2.3) 1 0 [mcz R, p

N201°W 52 — 2P M2N 0T R p .91%AR pna Ry - PPN NOMY WL O m,e WRD

RXWT VITD 29T LARRNA2 ,NONENAM NI 1pn Bw a1 v o k' ko mn

0w 1 k| = k| =27/2

2 2
(24) Al - AO 'ei(k'—k)-r {e_ijp — AO .eiq.r ( e Ljp
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.(PonWna 20997 P71 LLNWR) SWOINT PPN SVIIVPIR 93 ND 2.6 R

TP 2w onwna TR 2001 P 0T 0 441 4, -q =K' =K o7 M) DR O1ITAR WK
:0°PNN TAXY YW QMR 1971 ,N779NH NYAID;T
4
e 1 )
(2.5) [ =1|——|p
O miet RO2
99 WY PPRRI MAY MOPN 1OR MIRADI .NTANDT 1IPM NYNOT 1R My o [, , 7, TR

22101797 X 1R D %D MYPA awana? WOk (2.5) RA0UN R L,TINUPYR MAY P R
NTTAI7 79°PY NRXYY AN 70T ANIINT 2921, 0RYRT Ow 1 71v2 2000 00 79173 anonw

A (1097) PRLIPNNRA TAXYT M2 DR RND (2.5)-(2.3) MRNwna p 0T

D MY NV TP DWW 1D 1727 NAIONAT TR DYADT 1P WD 12 — NP0

"R DY IR0 I @ NPT REHIT LIDRAW 221 (2.6 PRI WINNI) 0P W2

TWHRT NYIIN RI9D DR IR ,IWVOPT NN RYNJT DX Lsin@ DV DT 0N NXIRD HW S0

1661513027 ;03w Hw 1w RIAW p 0L 22N NAPA RS TP . p =1 - 71 P02 PN

p>=sin’ @ (P77 Mwona MrD)
(2.6) p =1 (2P MM 23712 D)
p= (1+sin2 (p) /2 (NP XY TP)

2MWND M 2.2.3

NAWR2 DR w0 L9900 U9 WY 2R 2ONNLPYRT 70 MININN DR 27010 WK

(2.7 1R X7) DR ¥ 72 B owrn nmpl? o, p(r') wunt nuaona nEpns nX

NAYONTA DNPDT YW NOVINMP AR°O0 TN NRapNnT L5100 Chnwna aTwn SW ATI0N)0NnR

(68651 5om3 moam s wvnn
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=

detector

R A AP L0 wRY Ara O ampl L(2.27)-(2.7) MRNwna vty AWyl on2 2RI DNTaa 2.7 R

29w PuphR 2w C AP n-7 AT RN 9W j-T7 20RT D90 X°0 B AT 0= AT KD DOWRD

2.7) A, =4, (nf; .RLOJJ'e,-q.(Rmﬁr') p(r)dr
DI ,0IWRA DONIVPOR W 107 2017 IR 0V p(r’) W0 MAPONT WD
(2.8) 4, :AO( ‘322 .L}f(q)eiq'(l*nﬂj)
mc” R,
2390 WK
(2.9) f(q)= j p(r')-e"d’r'

MY YW 7P ND-NANND VTN (atomic form factor) VN7 TNYT D701 P AT 2T
IR, 7292 MO MNVPY DW 2T W RPN 11T MUK 7T 270 LT DR 2TNNUPIRT

10PN 2217 DTIAT 02192 0°IPRT 2172 DR DWW NPT 70N DWa 102 10N

(2.10) f(g=0)=[p(r)d =2
D127 98 g DR D070 WRD JRY TRV, NI DW MIVKRT 901 10 Z WRD
(2.11) f(q—)oo):O

(Anomalous dispersion) n>»x»ux 7301 2.2.4

(DI TN DX WA VAW TN DI AR NYNDT IR MATN 3 1A D 7Y

7NR 022NN 19K 1R MWK ,NRT QY 5" MRMAT DR 17T RN 0PN DN0PIRA W
R? DRI W 7¥°927 01WPo0 MR 99 — (absorption edge) 7°%2 90 9R P — 2RI 70N
A Rt a9 1706966831 (hnomalous scattering) *58»18 Mp 19R DRI NTOM APX0

279 URT AN 0T DR DWI? 911072017 TOD NUMILRT 78T DA O 7702w 2T
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(2.12) f(g.2)=f,(q)+ f"(A)+if"(2)
nX (dispersion) 7$°937 DX AWM NPT AMEA oMY A on f7(A)-1 f1(A) Ko
RN 1 S L f 00w R X0 1R Bw A4 9an 7R MmN Lanknma v han 0onn

D°57Y% 03 W P 07NN 07 ,NNT OV .O°TTIAN DR MY P71 2opn o7 %3 ox U mxbana
AN OPNRONT DVPIRA P TP PPV ,0POINIU0 R DX TR A W OTNINRG

[72.66] syp3p %55 N1 WO MAYONT NP2 T3 ,00%D DWP2 20NN 19X 07
712n3 DMPIAAT MDD NITIOT NX NIATY *73 MHRANINT X017 NINONA WANWI 11X

.(3.1.5 7Pv0) qwnna AR T 3,00 minn
(bulk) >ro1 weasm e 2.2.5

NWY T RN LWOAAT SW T RN QMR o1 1700 DR 21907 W XA 25w

DI WX . f; (q) ,O10K 92 W 77T 2712 2wnnaR w1 1991 L, MDY YW 2OmInR 9170

:22p1,77°m° XN2 oMo N

= ii N ia{Ry+;) _ e 1 iqR,
(2.13) A=d s ROJZ;‘fj(q)e A ROF(q)e
AWND
(2.14) F(q)= zfj (q)eiqr,-

J-1
,F(q) NX 010m1 ,bwon 202 Dwnnwn UK MILRT TNEA 073 OV WY 28 2w

mbon M M2d F(q) -2 (structure factor) man7 07 — AR XN DMK 92 9Y 01507

07 .DOMILRT SV AN 0N Q1P MW FIWOW 1D 17712 P KDY, g PWw 1192 210
NINNA WYN? R 0N L0000 7T RN MR PP MTIR VTR 93 IR 990 m1ann

(68661 59vmv7 XMA NPIMWPYRA MDDXIT HW 7D

N9 A9°PYA DR P2PY 97D WA 7O RN 90 DX 01907 RIT INUW NINRT 2905

DTN WOANT 1Y TNR? A7 RN N, -1 N, , N, -1 2970 waANT *3 Mowsi TIXD 1711100
DM IR 95 MPWRIW T RN P MY FIRDT MM NX 0901 .4, -1 a, ,a, DNUPIT T Y

L681; R, =na, +n,a, +na,-2
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& Ny-1 Ny—1 Ny—1 \
A — nlal+’lzaz+n a; —
e TS L 2
(2.15) . Ml o B e B
_ e iq-(ma, iq-(nya, iq-(n32,
=4, 3 ROF(q)r;)e n;e ,;)e

Q72100 OY MM PRWAT 927,777 2732 120 MITTIAN N1PR/N1HRiDon MNoNa 92 WK
DR 797 T2 901 71772 (2.15) ARNMWHA D30T 2N TR DR 121 OX L7272 270NN

STPRPIDT R T VY 2101 79°pY D10 ,a9%5Y DW Mawna nnana 9o

_ eixN

(2.16) Sy (x):Nz_lle”‘” =

n=0
N 992 572° 17 WA NPOT NTIVHONR DR Twyn? IR, x =q-a oY 77 2217 07
TTILYORRD 201 2T TI7AR NP12°7 10T KW ,DOKI10IY 1OV YA DT 00 MOTY W .0MI0N
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0377 2w 72 (Be) 0197727 N9 1AD ,00INK 2O NATONMT 3P 2w 70°10 YR 2 Trnm
1o Yy PILATUS 100K x0n muw X234 RI7 2°037 20 19102 2w OR?47 .0PRY DN
Swnna

2107 RPN KA ,NOAITIR-T IR 0D 60-2 ,77097 7V°A TOR M1 NIWH 1912
SROAT P Y »Irm o7 ookenl o Newport Kappa 6-Circle Diffractometer
nOIT 20% 9R DR R°2AY 009307 ORPAT YITT M2V 290N 2°IWY 03T 712V 212°0 YN AYIINR
077712 DAIRTI-1P0 D PYTa ,NwaTa

grazing ) Nomon N2 WO2A? 1PN NDMID NYXANA DOPN0IT ARN2AT NP NP2 MY
,(bulk) °193177 W27 MO NRXY DR 922377 272 NRT.WOAAT 019 1) A2 3°-5°-0 Hw (angle
JOR WD X1 0390 DW AT PRIy 1R 17010 NTA 1w

3.2 91R2W 2°R°WIN2 AR AW 1D NOOPY MTOTA PW PI0RINCAT 0°022 7AW NP
TWRD D2PNN — q NPOT MNP YW 001 T P — (AL nmon 7RI 0PR MNPEY SRINT
972 RIT IOW MIPHA PIAP 23D 2NN AT 11T N2 .Ewald sphere-7 oY NTa201 DRI TP1
92 IPRY AR P 2V ,ITOW NITIVNAD VAT .NDIDIT 1IP0 PW 9XT WP HW I 19T 0T Y
027,17 muwn? X017 °XT 2°20 DATT 120 01 DY NWOR L (non-specular rod *1p) WX
— (H K 1) oon 372 May .(00/) 38727 3 5 P17 2920 212°07 93977 2702 2ORNNT
NBY NRT TPIWMINA UMK 777230 — [ OPTIRT 219 DY nyRann 7p°0m 25w o°ap H,K wRd

TR N AN L Lpan=? Lnin 192,000
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00/) rod
( )?l)ll) rod ® ®

.(2) °29717 22 (X) wnni 2ann2 SXRD M7 Tn snRn 7umReat :3.2 IR

— AT M2V ,MIWINTA 212°07 NI DR FI9N7 N2WAN ARI27 P TIRY w7 9701 700

.Ewald sphere-11 °23 5 mnoXnan 77017 OX°279 272 ,°RDA7 1291 — WR ¥12p7 %X 220

‘Roxt 3.1.2

ox7n (area detector) MOW K73 TIMRI W7 MWK ORIAT KT MO NN Py pon
P70 MTIT YW 0°H0pD A9R AR YW T 17 Twnn 207n xoa B2 PILATUS 100K
1R MYEARD MTVPYRT PR DARWI WK won "v" n7vXh 0130 072 P01 YW YA WK
N2 AN TN, NIR 0910 XY A1OWw W "av" 3.3 91R2 nAXn 10 K00 YW anvoD oonwn
D°72IA7 ARIPT X TN WPH OPWRT MR LAY0apY 1w 0Mon (threshold) Ao W
NIWORN A0 I DV RN A L(2°0°2) N0 20 YW ORRIT ML P2 107 WRY MTT
0°°10°37 T2nN WA NYAIDT 1IPT DWW T 19%A1 PANIR VKV OO0 YW ARTIP ORDAD YR
-1 2.2.4 D°9°Y0 1IRT) D372 MO W A°927-0 DR TP AR DY 1P vIw aww)
951 MR (fluorescence) N°37IRIZH AWVIHD HW DIWVPHO 2NPY MNP 137 198 NPAIR L(3.1.5
ORD32 RORNA A0 NYANIR NYOAR MYNARI XY NITPTR2 91909 RO

T NIWAT 19NN TIYNT DR 0222070 QO 2°RYA2 DI 12 IR MITNR R YWl
N7 .312P I 23T IDINR ,ANDW T2MNT O YO0WnD R 7P 72107 ,q0132 .0°%0pP01 12 vyna
1PN 0713 117 7901 L,ATONR 1P NRXYY MK MDwR W 27 1901 MYYNRA NYXanNT 9D
.0°20°917 YW N ATIR MWSAT 2R 70 v Hop o o May
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X-ray

bias

—07]D—
+

PILATUS >&%32 0p %W nna0 1w :3.3 7R

"o Tonn 3.1.3

EPICS ni1dn 717 220w1 — 221037 OI0°R N2IWA 37 0% T1X 37 — 7210 NOvnd
NX 925 272 MW7 T c2wen nR nvean COBRA-7 M7 M2y nomy> LabView nion
EPICS-71 n1on 777 noawnn oy nwpnm ,wp1an (H K 1) ipen 53% oo oo3ann mpon
P17 WOATY 701N DRT N2V DW 7IN0m 10 9 vrann ,nxinan CTR-7 nip 1o n¥g ow
JIPM DT LORPAT 0PI NP MR (MRD L,DNIRTI-1IP ) D0n YW 1Y) wINTa
IR MW DR 77 7O90 5910 ,yn1 eopa
VATIINT PV 21290 VR OV NPT VAP e
(212°077 >7°X W3O NTIPI) WAPINT IOM NRXN e
WAIDIINT PW D101 NONTNR-T W PD e
12912 NI2W NDIDIT JIPAW T2 0RPNAT W 1T e
NDIDIT TIPT PNPD NNVTD e
SRDAT OW QPR NI DV VAR e
(2°¥% 7R ROATHW PO NTTA VIR e
WAVIINT PPEDY 1P N0 W PO DATI W TIpNT e
(wnna vID) DAT DW TN RN YW ARXN e
07101 (attenuators) °Nmin LO NV e
PHY — Y¥NT YW 7N RN) DT W AT RN W 20DINZV0°IRT DO NROYA
DOTTIR VAPINT SV 1N AR MOPY HW WD 0T DY NvRann (MTpI/maows Mg
DW AREA NRD ORYAT 01D DY AYI13p 7RI 2I0PRY AN 2100 DR X129 970 ATV 77%2

— INIMY AT RN PW 0°027 P7I0PY DWW PN O°RTA DR 2WAY 1001 ,1780W AR12 MITIP1 1907
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,TWnR2 .0aTn YW (orientation matrix) NPT DXV DR RIXND — 1P NP1 N1ANIRD RN
AP0»w CTR-7 TRY AR127 MITIPI 937 01 NI 03 v¥ann
MP TR DRI NIAXY MITTA ,MNONT DXL IR AND DXTN NOWHIY YA
DOOPTINR 270 ¥ TTAM O TAR DO — "IDIT AN AR NP 2w LD MY NYXANM 7IP°I07 AR
NRTD 77921 922 .(AR12 Mp Hw XY 2.3 9°Y0 RT) P07 v TR v - oovap K- H
N2WAT .20 WYI2 MR 0N 9P 372 NPIW 1907 TWHA 79°PY NINNY CRYAT DV 79°wn nyyanna
0772 ,AR12 ORWH M2PT MTIPIA 1P NAXY DR POPAY 27O 2°NMINT IR TNRY ORNTA Ao
QW AT NPT MWV MTIAT SRR DINT W N0 R0 3990 9173 9PV Ry
.(>2977 W N7 - reciprocal lattice unit) r.l.u.-% mMTPI ~50
WY LN YOAwn 1DIRD WA AT NPINVRYRT NIDDXT IR 27 2w 19102 9aph 010
IR MWRI 90D 2NN 0NOM DTN MTITAT AD°PYT MNXY PW 05w LD NI 7 0D TN
OMOR DINA DRV MAXY W MTTR UMWI2 AI%AN 0 KT IO YW DM

g lialyinlamibyi fahinfalivlizA ok b Gl 7gaTa) RS B

s b 71 (@MW opon) H,K €[-N, N]
772 77T YEAY 101 RY D192 OWnnT 20712 170 MIRKING DYDY 7197 1000 0
TP .NPWRIT 2020 7732027 A DWW PI0R0 N D 92 Wianwnh w199 0w [ May 1w

0pPNn wnn 9V 52°0 QrW 7797 NANY
3.1) F(hk,0)=[F(~h,~k,~1)]

0729w 1997y MaY O3 713217 070 DR RIZA? 101 IR

52 270K VR 2MINA ARD2 XY PR 2OV L,WIANT NI0RY0N 2°02pnnT L1002 009D
Zinc- 201 w23 m1an o2 II-V 01 730n% 0°°91% 090 DRI 7712ava pIovl ona 0onng
Q21 WK A,k 0 AWRW 017 AR NOPY DPRPY 2OWINT 120 TR L((K)2.1 91K 1X0) blende
N2V NYAT Hva H,K DO0pTIR OV AR12 NP2 PapNnw 39°pYa NAY .0MA7-R 0910 K 07
.7292 3T 70N (9072 IR TR OT)

TR TR0 S0 DONMR L IMYAYR A9°PY NNXY Nadp QdMNOW 2P Pan 03
APDTI RO 0000 MPPW 1R DTN QYW U0 PP YT On PO IR TTAY 110 2WORN
(HK1)=(KHI)=(HKI)=(HKI)=

for H,K € 2N
E(EHZ)E(KI-_II) or H,K € 2N(even)

Il
~—~
|
S
N—

(3.2) __
(HK1)=(KHI)=(HKI)

_ _ _ for H,K € 2N +1(odd
(AK1)=(KHI)=(HKI)=(KHI) (odd)
"Mp 49 2"no) H,K €[-3,3] %W *2977 2anna 0ng nR M02% 70 ,YRw M7l

,(221) ,(200) ,(110) ,(117) ,(00/) :@°X37 @Mpa NYwN TIRY TR WOV T LR

.(33D) ,(311) ,(311) ,(33))
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Nt awy 3.1.4

2°1301% 2°13P°N 901 0°1577 NwRI WY ,CTR Mingy 2w U0 AW M7 IR0 WRI2W NR
25w2 .(2.4.2 9°¥0) 2°¥% IXIN 70°022 7w Npyaw COBRA-T nphiowa oaow 70y 2107 19K
N2 92PN MIRT LYPIT DREY DR P07 NINT DR ORYAT DW a9WNN MNNNT DY W YR
0372 7P PW YO0 NI 2290, 1P DR XTI DOV 2T 20PN DR

T12°U7 IR Y¥2Y 1001 POV 2701 INL2 9PV NIARY OV IPINK1 2% LD 110702 W Nvd
NO7291-N20 NPNVPYR NIDPOXY VAT D7 N YW nrken nXvxn? ,COBRA-7 nuw o
SR 73200 YW

—"p folded structure-n 731 ,COBRA-7 npoonw »Tnon-n2ni “wini 2anna 7amnni
,072M07 2O YRR OV AT RDODR DPIN0PRYRT MDoxn 990 ",op"n Hapnna 1an
710N AWYN? 0°92P1n 1R NRT 2°372 3.4 1K 1T KD S 0202 DMLY HW 29W 1907 NMIYINNI
DIART D2 DTN PORY L0220 2P0 TN RN D70 0TI WK ,DATA 2197 231,70 RO
J11an2

UR PO L,NRTT NOINLPYRT MDUOET Nonh WIPD 1NN MY JIwn vIpe w700 N
— NART PTRM NPNT AT — WD N1 1ANY ,DIN0PYRT NP DY 0°101n Y 020apn

.0°277 7102

NOORPUN 73013 W 3.1.5

7¥°017 NN R noxang ,COBRA-7 npo1dv W 72annaa vty awyl DRI 7292
TR NP2 ,MRRD L(2.2.4 7Pyo ARDY) Mndknn X O1p NANIRD 2w MTIDY PW NOORMING
QW 10T MIVRT TR 0O TINWR — WMwn? TR N Moon manwnt — (73092 o) nnmon
SR PO 17 0NN L(TI000 DY SMIBRT 19017 1P AW TIYR) nM YW ownnd pond
1P 0¥ Tavi aR .(As) 107R8-1 (Ga) D123 MTI0T 2w MIKRT AT 070 000 07%I 3.5 1K)
T9PY MTTA 0T DY 71202 DORNAT IO MNPDT NAXY NN9IN AT Y92 A0% 72170 PANIN2
112°977 DR RIAY 0% ,MYapNna DNN0PYRT M9 OXT MK RN ,NINY 1P N1PANIR Nwa
.folded structure-1 ¥°$50 01p°n2 ,070N TIO° YW 0N n
(In) o17K) 2123 M0 TR 02200 LII-V 20n axnn 22209 m oy Mavaw o
N QVTIR/DQPHA HW 0T 1M DR MY 2o L,V axiapn (Sb) pmvwaxy o0y I axiapn
YoR7 N°ann 00719 1T a%12p7n D¥IKRT MIPen) T7 RN2 2P TR 922 1IMVIR/10IR

WA MITIOT NYAIR DWW DPMIRT AR N7 238 3.1 XPava (A7mn RNV oneap v
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AR S AR A @
e e
et e
6660 6606 — &

Electron density

2UMORT YW AN oRpwn . COBRA-1 now npoon TR (folded structure) "791pn"n m12nm YW anaTa 3.4 IR
SW 3RND WIBNN — MLIMPA TP DR MARDAT — NIYLYT MW (MPNpn) Vg YW aTma Xn? nom
Sapnna (MpNPR 2I0) mows *19% X1 2R P TIRY PIN0RYRA MtOXT AN TR RDY Do ,ommpn

712 T2 ¥ODIAT AT 1D AR

11.864keV-1 (a3 Hw my°h2am 102 nnng 5eV-3) 10.360keV — 0™10°37 W2 172 NI

(10X YW 9277 AO? NNk 5eV-2)

(Sb) vk (In) @ar7k (As) 10K (Ga) oroa AR
7=51 7=49 7=33 7=31
51.06 49.05 31.21 19.85 E1=10.360keV
50.94 48.89 21.65 30 E>=11.864keV

71 X5 19p Hw 30182 MPN2 10P0IR) D1PTR ,JOIR L0193 W MmuRT TR 03 Yw wnana phnn :3.1 XA

DYTPRT MY IR, PO0IR IR QTTOR N2 7INWH 1K) DYAD INET 23 %D MR 107

T2 OMA DR R, -2 7A01 DR .MNWA DYANIRA 7RI OR3P 2/3-3 Hw o R j00RM
y127% 9211 (As Edge-1 Ga Edge) n1manixi “nwa 07om 21p7n 2220 MPINupoRa NInvox 7100
0N MM WP N2 2PN LMDIRADIRG BWY DYOVOPIPRT W ovomn ophnm N

110 7%12pn owR 5w opona . In Ga(l_ )AsySb(l_
X X y)

(3.3) x= S = ReaS o
R T = Joa + S = RoyaSma

:(J275 ,N27YN2 ILIR XM A7) V X120 DR Y 2y ha

-R
(3.4) y = S = ReraSsn
RG/AfAsZ - fAsl + bel - RG/AfSiyz
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W
N

— —_ [\ [ 3%}
(=] n (=] n (=)
T T T T

Atomic Form Factor [electrons]

n
T

= Gallium
= Arsenic

T
Real part

Imaginfry part

«As K-Edge 1

11 11.5

Energy [KeV]

12 12.5

T OWRRA POMT 1T DX LRI MPND L(217R2) 107K (PIMD2) DYRRA MITIOT DW OmIRa X 23 :3.5 K

.00 TR 93 M2y amvTan phnn

T2V ARDI 19 ,ANKRNA LER-1 Ep NPANIRA O1RA DWW AT 07 DR 001100 fGaZ ,fGa1 IWNRD

.0°000 MToA

NLW2A DTRW NPVINP MTIPI M2 12y2 awr 120 COBRA-2 noHRmIR 78°012 wnow

“raw ox3 o3 — B 2 nSb/GaAs wun Y InAs/GaAsow ni3awna Stranski-Krastanov

DITIPIM YINT P2 0N B 2127y M2 woR — Droplet Heteroepitaxy nuowa

259507 EN SYEBRR 3.2

Scanning Electron Microscopy (SEM) 3.2.1

VYW W (Scanning Electron Microscope — SEM) 1077 *110PYRT 51901707010

-5Y NTPIMN DOUPRRT IR LTNAT D MW 210 DR MATA 770 A MPANIRD 2O0RRR 102

T2 XPRIVIRIN IRXIND 02922PNNT MMIRT MYXARA TS 1D DR NP0 N1PLIM MYV o7

DINIRGT .NID0I NINDNI 22907 22777, A12I0IA7 732107 ¥ 201N 72p0 1001 72377 D URINT

219n D903 (Secondary electrons) D»IwWn DXMVPOR T-HY 1IN PRI 229710 0°DORIT

X 17 ,(Backscattered electrons — BSE) mann DoImnag 220p9R L0371 D0 nown

TPAIIR2 POVPIRI QWX PW NOR°197 DRI PNURYR 77907 DUINUPYRA 1P WRD 001703

00X (702 12237 — Cathodoluminescence) NTPUOIR MT T ,1P1 DX 09N N 7MIA

WORAT AN FIW AW WY PII0 CMIVPOR DIP0PAY LIINT 2URIRT P Pwa

.MMYY top-view Man? A0 ,72°1-N7N S19R7 NPYa 71nn 22p7
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X111 500,000 59 5727 0372 NIPA0N PYI0T C1N0RYRT DIPOIPIAT DW 2TATT MY
81 pv7712 oo wm-111 900 S 9733 D°vE MRS Haon

NNV YTR-1D 1992w Sirion HR-SEM-11 Pwona w»pnn uyeaw M7
(tilt) XnN77 W 0T OV 22PN PRI NINMN NP2V T012°1IRA NP ' ONIRT nnown vy
SRDA2/17P% 02 45° Hw nonra

Atomic Force Microscopy (AFM) 3.2.2

D72 D301 2w M0 X (Afomic Force Microscope — AFM) 0N 112 9yp0177%
n1NN PODY 273 ANT 1 DR PO 1A .(Scanning Probe Microscope — SPM) 7710
DX 0°0R-111 190K PV 21T VR UN-111 P90 DWW PXIPIM2 9w DT R-NPN 19000
(»2amnn) o TEn

729 7727p2 70377 010 DY N2W WK (tip) 0 A¥p av (cantilever) 1 2571 AFM-1
nPaR 009127 1R MM L%y MM YW %9977 NN WK (PYeT 19182 190 ,10-100nm Hw)
o3 TI7A7 101,198 MIMID 7297 000K IR 2°00010LRYR NI ,07792°0p MM ,09R1-17-11 NIM3
NN 790 2OTAN 09O WY TN ,NP3AT-12 (T TM0I070 M) 22001 277R0% D097
SRD 9K 387 107 1R Dw I 070 DY 207 D DY NTTR1 MIMSaR ARYIND I

Electrostatic Force Microscope “Mpn 1295 19X WY 03 AWY1 DR 771202
(bias) O7pn-NN NHYHT 73 N tip-17 O¥ DOHYOIMY DVVOIVPIRT MM 2221 1) (EFM)
98-8 m37s7 121 122

av Dimension 3100 2on D1P01P% MYINRA WY1 DRI 372y M2y AFM-7 mn
TYIDININD P D OMINRT NOWR W'Y TNUOV-1IN YIR-1117 152 WK Nanoscope V P2
DI DY A0 VTR NP JMIEY A2 NYLINPT MTIPIT M9OX Dy vy 2aph 7o ,nvavd

.Dulcinea 22 oy Nanotec 2w 91p012° Myxnka EFM m7°7n 03 Wyl , 0o ming

(Photoluminescence) n1uismimwn m7e 3.2.3

0MoN M 12 oA R (PL W Photoluminescence 78 M1737) Nbiprniivis

T2 R 7O0005 IR 90°027 NPV LI9N MR 21D KW 009D YRAA IR DW 2P0 Y2
TR D221TVPYRT .INT MITIAX NINT? I 2IUPOR SW MYY 270 M 2OYAIDT 20D
,TOW D 0RO N DR DOOWT O WRD LNDTIVA TPANIRTA WOAY V7D 2101 209D
DU ATTAR M SW DINW TPANIR DR P2 W90 YW NPANIR YA Orn 0% 2U0Ion
IOV ,TI2M T 2977 MTIR 200D MYAY AWOR INIRT NRD 1NN VDI MRT 2100
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M912 M W T DT D1UPDD HW MWL DORMAN WA DW 2LINp 2°07N 2Nvn
.(bulk) *m1p01pPn
2 1Y PANT T2 WY NRT 7Y May PL-7 07107

T s 3.3

nwenrka ,DHE-7 npo1ova 1270w InAs MTIP1 5w MRHDAT 002 A7 pnn N0aona
PXM 2¥n YW apeoeeh n7avna ,Metalorganic Vapor Phase Epitaxy (MOVPE)-n wan
JWRIT P92 POYH RN 020 NPLINY MITIPI TR DW 09907 1PVAT LPTIW S1YIa Ipnn 1902
MMIPR2 207 VIO RIT TP IRD AW D"IT MIRANTI MY WY AW 12 TR T0O0
B34 ponx
epitaxial 201 GaSb-1 GaAs D™MINN DYENY WIY OWYI DONWE DA TR
¥¥121 370-390°C Hw MMvonu? ¥¥na omin PRI 25w .(100) noHml 3°Xu1IRa ready
TBA myxnRa nRT 090w .As 22 Mpnd tertiarybutylarsine (TBA) 5w 2173-0170 219°0 175y
,IOW 01D DY DOMAW 0M°0 DOWR NP0 MIVEARD MUWI 1D NNIIR DWW 21N NTYvn
1 5y In 5w NYRNI Mo MAEn 197 R PLyena 219 Sy mbman mmpin moex nR a9 Tam
,X277 25w .7"90 200 Hw 212°0 2¥pa N1Iw T9on Twn? trimethylindium (TMIn) 5w hpoox
mLATY 07 A1 P97 TBA W auw? 1vwni moowum ,330-350°C 2w muionn? yynt 2p
¥n 010 By InAs W 091011 23772 MITIPI YW A% ,As-2 1w
:COBRA-7 M7°70 W12 07°%Y 07237 1907 12713 NIRT 70wa
D17 WK DM W NP0 NRT Novn — GaSb yyn ax by InAs mTp1 e
NYLINP MTPI D732 10°1 792K (5 'y 2.1 K720 ART) 2217 2w S¥1ap oya
0°9°v0 XM) SK 21747 nuw myynka 89 DHE-7 novw nwenxa P 1R
L0231 DIDPY MITA MTIP 2099100 1708 v ooaw owo v (1.1.2-1 1.1.1
27970 HW N 7210 7327 22P% 072 1771 17W 1T 025w nuown 00T
Ak oY
AS-2 790N K92 M92 — D177 S0 PIWRIT 29w R ©
NPVINPT MTIPIT W 17037 20 Nabwi kY o
70nm-> 77213 GaAs %W cap N2OW NOOIT MK? O
DO 1Y 172 N2AYWH NRT YXR/MITIPI 1w — GaAs vi¥n 23 by InAs mTIpl e

.SK nuwa 7773w novn "1 72 mwnb 101 ,2°WT P32 120°1 WADN Hya
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NINIIN

GaSb yx» %y InAs myps 4.1

InAs MTP1 2w A7 DRT 7252 X 1P DOOPY MTPTA WX OOV AIWRIT Do
TP WIDT 9¥2 O PR AXANY 00209 00 Caw 3.3 7°w02 XINkD ,GaSb yxn By YT
T ,TOW D L5 'va 2.1 R9awn 7onal inaw vod — 1%-n mnd W — oadw 2w oyiapa
o3 %01 .DHE-7 np 1ot myxnRa P 79737 10011 ,0080RKD D210 700w NPLINR MTIP N2
712297 IR

W1 MANTA MTIPI W — 21w 2N 1wk 0o 1w 1021 ,(3.3 wo) Hvh anoww *o3
070 POOIT IAITAY In MDY (2ITAT 225w NWYWH DOAXT YW 0N TR 952 — MIvp MR
TR PRI MIRXINT .cap DAY 1OYw InAs mTpn ,mown InAs mTp1 ,As-? oown
IREINT A0 MORINA 'R O0I2 197K, N MATAT MTIPIT W 2O1372 Non nn

PR MR .oonaTa By wyiw HR-SEM mipeao 5w navan niveom 4.1 2rxa
5 Lon ml vy In-n Swoaaa 2.2-10%em™ Twva ara mTmpim moex ca Mk

SW YT DO MR MTAR N0 Dw R At weR JInAs-1 bw o7 2-107em ™
-7 MTIP1 WY L,65nm-2 35nm P2 v 02poIRT 227002 In- movw YW jama . mmpIn/mooen
.75nm-5 45nm 72 InAs

200nm-7 217p 73,7772 MINITA MDY 11X 272 Mnpn oonp In-n Mo v gpna
T12°77 AREIND 7P D27V 2°1°27 AR 1R 207002 InAs YW MTIRI 2R UKW o1 .2mNa
W 99197 muwm Yone P9 ,NRT OV 03T 2w NPa O9hN 7902 1970 Mvp N9 1900 Y
R W 1PRD DONW T2 IRNW DI 2377 7127 1R 0D DX 1991 ,0°0p 07 D09
YIXOM NVEA NRT 32°300 19w ,COBRA-7 MIREIN Y ¥90w° RDY UYAI 1277 ,°M00 192 MTIPIT
.3.1.4 7py0a IRINW °53 ,07PDIRT 0T 00N

NIRTI 12K .2°MATA W A0w 219 YW P9INIDIT MTIR A0 ¥R 199°0 AFM mipeo
-7 0372 9nm R In-7 D372 MTIPAT OROW DWW PRI 72T 00 AW 1R MTTRn 4.2 K2
T2V 03 WY1 N aTpnn 25W32 .4-5nm YW 7200 3PN 1°°wo oy ovpnn wa L, 11.5nm — InAs

4.1.3 9Pv02 ,wnna v19nI 19K NIRYIN SV VD HuD
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InAs/GaSh wicap

In/GaSh

*

€

s hint

————500nm.

InAs/GaSh w/cap In/GaSb

S00nm

———200nm

ay — 2xnwn InAs mMTp1 — v¥nRa In mow — 1o InAs/GaSb-i novn ma7 Sw HR-SEM minnn :4.1 X
DW MPWDMRT 7Y 72 PR 10N 45° Hw (tilt) 7Pun oy 212°%3 Ar0 DPYRAR-INNNNT 7100 .cap N2JW W M0

MMpIa

In/GaSh 33nm | In/GaSh - 17nm
SpmxSpm H -

1071 712 [n-7 M50 SW N 7207 21BN — 1572 L0737 W NOwE- 10 119NN NR Mt AFM minan 4.2 1R

.(Mows *191 17213 NI°RAn 03) TN MIT3 MDY YW D IR 190 MRS

In/GaSb — COBRA 72% mxxwn 4.1.1

nywn TR X 1P YW 09y naxy M7t wxa ,3.1.3-3.1.4 0°9°v02 uonw o)

-2) DAR AR M P Wyl mTTen L/ e[0.5,4.5] DN YINT HW DOPW KD ARD2 NP

171 4.3 TRa LAS 990 R oaTnw 0 L(Ga Sw ayehan aoh nnnn vyn LE;=10.360keV
MIRXIN 17 NIARINT MIRXINT .2NPAR OO M2aY 77210 99PN DHXY DR RANT? MRS
353 ,2"1991 PPRI°IPD W 2O YIXCA 00 IR YR WY D10 2w 379D 7 1123w 7R Nt
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PL — InAs QDs on GaSb substrate

0.12 0.15
T F)
<
0.10 =010
- %
—, 0.08 - £0.05 1
= ] 0
< =%
. 0.06 0.00 1 - -
= | 1600 1800 2000 2200
= Wavelength [nm]
3 0.04
k= 1
—
A~ 0.02
0.00 J
-0.02
1 v 1 v 1 v 1 v 1
2000 4000 6000 8000 10000
Wavelength [nm]

T "R RO RYN1 12 PR W 20PN 7310y o a0 . InAs/GaSb-1 mip1 5y PL mi7Tn (3.8 MR

PI2P SW2 TR 1hAv NPYa noavn a1 GaSb ven Hy moTinn InAs- mTp1 noavn

X°77 %2 772wn HwaY — 7292 DHE-7 noowa 37737 WoRAT 127 — 200 2w 2T 0w
920w NPT, NP 39°P7 7327 DAPY Y72 IPmAn D TwRn WINT L0 TV DRXMIEA T8 7P
DA% NMIPYY NP3 290 MITAR MTIPI SW 2°237 27321 MIDI2 W° D237 N27vna 7397 2 712

.05y COBRA M7 %W 30037 920 mxwa 21w 7185 oo

InAs/GaSb — PL my1ot» 3.8

y¥n Hv InAs-1 MTp1 07 %¥ w12 Photoluminescence (PL) 21vpod 2w m7°7n 03

M2107N7 2w antp DY 17O 10w 2°91IR 93 907N 7v Y0 NIro Mok a0 awnn .GaSb
X137 10K 2w 77019102 InAs W 3R w0 1717 RN 200 2120 Swa 1NN
3.R PR MIROIT ATTA0 MRDIN Sum 50 5w 23 TRS InSb Ywn 3um Hw 93 7RG ovRnn
D°XR°wi 92 .(GaSb) y¥nn 9mIn? 2ORNAT T 7272 23 TR A0OHD AT T2 7Y KD D MR
(filter) J30m2 WIR*W TN 772722 (VXA NI 707907 PW N 023 0°770 D10 PWRIT 7291

23 TR DWW NPNIYRWR A0O90 NMIATY 777 1071 R? 2um-n 0OXP 23T 207K



mBon mrTo 62

709977 93 720,207 2OT127 BITIA 9121 TR R MTIPIT 7121 D 2O NRY 110
199 10907 P27 WIPDY NI 27 YT 9701 KD ORTN2 WK L9902 K ,I0p MIRY K20 MTIPIN

RT TIOOW2 NID0I MTTA YR XY DR 70



= nboa

DWINPT MTIPIT NN O BTN

2V WY 12 WY1 WK LAS-D INDWN NYA NMIDWR 1912 ITOAT 2w 1Y TN
909 RN 4.1.3 57902 MIARIAT NIRYINT
As Hw 739077 nva P17A7 "19¥ X197 12 omn In P 12 W mwhs mo1 1t vy aTona

D7-59 217°92 101 InAs W w2 1n0%om

3
190-8" /5.67 & 3359

(1 :) R= Vs _ M(InAS)/pInAs — mol Cm3 — mol =21
. - 3 ’
v,  M(In)/p, 115g”/7.3 & 15759
mol cm mol

MDY DR p-1,0°701002 TR 95 W N9 70M DR 100 M WK
T2 77 M9 NRW 7723 ,7292 In-n 207 N WK MDA 1917 NROXN TN
XA 00 Ik w0 ,SEM nimnay COBRA-T MIRXIND 1wl X 37212 72190 1K)
TODMR NN DW 270N A% 1.2 1R VDT P2 A2 AR YA DONT OV, TRIDDIR NNKD 72

IRNWRT DR NR»RPnn DP1p

2 2
X
2

(2.2) +2 =1

Q
c~|‘<
(3]

W92 Y0P d MW a=>b-d Wpa ovpnn vD 77 AMIAW 991 AYAP NTIPI NN
TR NIRT? JN°IW 9D ,YXNT 2197 N0 TRIDDOHIRT DW WA A 12 RN — ¢ — A0 Y12 750Mm
2192 X1 M9 03 L1.2
(3.2) V, =ﬂazb(g+l—ij=ﬂd2b3[g+l—%j
3 ¢ 3c
SIPXTIDNND QAP QNAZY ,0°MIN CIW PA YA HUWA DWRINA 21277 00a0w 10

1377) D3I 2127V RN PHR TV WK e-2 1101 72T 135 NP0 721 P 2o 27°P2

X1, A =b(1+1/c) Ananw 75°0 93 MY .A5°VA 7232 2N WK 2P 273 X7 (In A ARem

ST-5Y NRT 101 OR .0°07 ¥12P 7V 1°2) 7900 720 PR DIMON? I

(4.2) k =min(b,e—b/c)
27292 In-1n 2577 M7 79°W2 IR 791 DX 22p7 Hon
3 3
(5.2) v, =nd’ (%—b2k+%J

191 ,217°A7 TPRAN HW 9102w 70 LR D IR 27 7921 As A0 PHRW 119177 IR 1T

NP2 20X TP Ow

63



DPVINPT MTPIT NNY S ST 64

InSb/GaSb

TR DR 0N TP WA (6.2)-(2.2) MRNWHA DY DVINTIT DHIAT ML NME W 1w 1.2 IR
VR QY 0°mIn YW 2127 Y¥ana V7 0K TY WK 7902

(6.2) V,=V,+(R-1)V,, =zd’ (0.7133 +l—3i3—1.1b2k+0.37k3j
C C

-7 MITPTR O1INI TINA ARINI As-D 1NDWN 070 ML YW NOIM 72T 1IN HW Maeni

NR 92pY 713 YD arnwna mpwr v naana By .(In/GaSb) PwRaa 03T oy wyiw AFM

0732 NAZIAT T RT W MAPONT LT 97N 099 LAS-? IDWRT IARY DX MITIPIT N1 MAYON

WA DAT2 MTIPIT M1 YW aRRNAT NARENIT oY bW aRNwa om0 ow ,4.10
.(InAs/GaSb)



[1]

2]

[3]

[4]

[5]
[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

DRI ODNAHAN

I. Kegel, T. H. Metzger, A. Lorke, J. Peisl, J. Stangl, G. Bauer, K. Nordlund,
W. V. Schoenfeld and P. M. Petroff, Phys Rev B 63 (3), (2001).

J. Stangl, A. Daniel, V. Holy, T. Roch, G. Bauer, 1. Kegel, T. H. Metzger, T.
Wiebach, O. G. Schmidt and K. Eberl, Appl Phys Lett 79 (10), 1474-1476
(2001).

A. Hesse, J. Stangl, V. Holy, T. Roch, G. Bauer, O. G. Schmidt, U. Denker
and B. Struth, Phys Rev B 66 (8), (2002).

S. M. Lindsay, Introduction to nanoscience. (Oxford University Press, Oxford,
(2010)

B. J. Spencer and J. Tersoff, Phys Rev B 6320 (20), (2001).

T. Walther, A. G. Cullis, D. J. Norris and M. Hopkinson, Phys Rev Lett 86
(11), 2381-2384 (2001).

N. Liu, H. K. Lyeo, C. K. Shih, M. Oshima, T. Mano and N. Koguchi, Appl
Phys Lett 80 (23), 4345-4347 (2002).

S. Shusterman, A. Raizman, A. Sher, A. Schwarzman, O. Azriel, A. Boag, Y.
Rosenwaks, P. L. Galindo and Y. Paltiel, Epl-Europhys Lett 88 (6), (2009).

P. L. Galindo, S. Kret, A. M. Sanchez, J. Y. Laval, A. Yanez, J. Pizarro, E.
Guerrero, T. Ben and S. I. Molina, Ultramicroscopy 107 (12), 1186-1193
(2007).

J. G. Keizer, J. Bocquel, P. M. Koenraad, T. Mano, T. Noda and K. Sakoda,
Appl Phys Lett 96 (6), (2010).

N. Liu, J. Tersoff, O. Baklenov, A. L. Holmes and C .K. Shih, Phys Rev Lett
84 (2), 334-337 (2000).

J. H. Blokland, M. Bozkurt, J. M. Ulloa, D. Reuter, A. D. Wieck, P. M.
Koenraad, P. C. M. Christianen and J. C. Maan, Appl Phys Lett 94 (2), (2009).
V. L. Klimov, Nanocrystal quantum dots, 2nd ed) .CRC Press, Boca Raton,
(2010).

E. Borovitskaya and M. Shur, Quantum dots. (World Scientific, River Edge,
N.J., 2002).

S. Fafard, K. Hinzer, S. Raymond, M. Dion, J. McCaffrey, Y. Feng and S.
Charbonneau, Science 274 (5291), 1350-1353 (1996).

65



[16]

[17]

[18]

[19]
[20]

[21]
[22]

[23]

[24]

[25]
[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

DPIOT D100 66

N .Tessler, V. Medvedev, M. Kazes, S. H. Kan and U. Banin, Science 295
(5559), 1506-1508 (2002).

Z. L. Yuan, B. E. Kardynal, R. M. Stevenson, A. J. Shields, C. J. Lobo, K.
Cooper, N. S. Beattie, D. A. Ritchie and M. Pepper, Science 295 (5552), 102-
105 (2002).

E. Biolatti, R. C. Iotti, P. Zanardi and F. Rossi, Phys Rev Lett 85 (26), 5647-
5650 (2000).

R. Hanson and D. D. Awschalom, Nature 453 (7198), 1043-1049 (2008).

V. Aroutiounian, S. Petrosyan, A. Khachatryan and K. Touryan, J Appl Phys
89 (4), 2268-2271 (2001).

M. Gratzel, Nature 414 (6861), 338-344 (2001).

I. Robel, V. Subramanian, M. Kuno and P. V. Kamat, ] Am Chem Soc 128
(7), 2385-2393 (2006).

J. Tatebayashi, M. Nishioka and Y. Arakawa, Appl Phys Lett 78 (22), 3469-
3471 (2001).

O. B. Shchekin and D. G. Deppe, Appl Phys Lett 80 (18), 3277-3279 (2002).
J. Phillips, J Appl Phys 91 (7), 4590-4594 (2002).

I. V. Markov, Crystal growth for beginners : fundamentals of nucleation,
crystal growth and epitaxy, 2nd ed. (World Scientific, Singapore ; River Edge,
N.J., 2003).

D. P. Kumah and University of Michigan., (2009).

S. Shusterman, Tel Aviv University, (2009).

C. Heyn, A. Bolz, T. Maltezopoulos, R. L. Johnson and W. Hansen, J Cryst
Growth 278 (1-4), 46-50 (2005).

J. M. Garcia, J. P. Silveira and F. Briones, Appl Phys Lett 77 (3), 409-411
(2000).

S. Fafard, Z. R. Wasilewski and M. Spanner, Appl Phys Lett 75 (13), 1866-
1868 (1999).

N. Koguchi, S. Takahashi and T. Chikyow, J Cryst Growth 111 (1-4), 688-692
(1991).

N. Koguchi, K. Ishige and S. Takahashi, J Vac Sci Technol B 11 (3), 787-790
(1993).

S. Shusterman, Y. Paltiel, A. Sher, V. Ezersky and Y. Rosenwaks, J Cryst
Growth 291 (2), 363-369 (2006).



67

[35]

[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]
[49]

[50]

[51]

[52]

NPT O

S. Shusterman, A. Raizman and Y. Paltiel, Infrared Phys Techn 52 (6), 229-
234 (20009).

T. Noda, T. Mano and H. Sakaki, Cryst Growth Des 11 (3), 726-728 (2011).
V. Mantovani, S. Sanguinetti, M. Guzzi, E. Grilli, M. Gurioli, K. Watanabe
and N. Koguchi, J Appl Phys 96 (8), 4416-4420 (2004).

D. P. Kumah, S. Shusterman, Y. Paltiel, Y. Yacoby and R. Clarke, Nat
Nanotechnol 4 (12), 835-838 (2009).

W. Seifert, N. Carlsson, M. Miller, M. E. Pistol, L. Samuelson and L. R.
Wallenberg, Prog Cryst Growth Ch 33 (4), 423-471 (1996).

A. J .Williamson, L. W. Wang and A. Zunger, Phys Rev B 62 (19), 12963-
12977 (2000).

G. A. Ozin, A. C. Arsenault and Royal Society of Chemistry (Great Britain),
Nanochemistry : a chemical approach to nanomaterials. (RSC Pub.,
Cambridge, 2005).

O. Stier ,M. Grundmann and D. Bimberg, Phys Rev B 59 (8), 5688-5701
(1999).

C. E. Pryor and M. E. Pistol, Phys Rev B 72 (20) (2005).

R. E. Bailey and S. M. Nie, ] Am Chem Soc 125 (23), 7100-7106 (2003).

M. K. Zundel, P. Specht, K. Eberl, N. Y. JinPhillipp and F. Phillipp, Appl
Phys Lett 71 (20), 2972-2974 (1997).

P. B. Joyce, T. J. Krzyzewski, G. R. Bell, B. A. Joyce and T. S. Jones, Phys
Rev B 58 (24), 15981-15984 (1998).

N. Carlsson, W. Seifert, A. Petersson, P. Castrillo, M. E. Pistol and L .
Samuelson, Appl Phys Lett 65 (24), 3093-3095 (1994).

J. Stangl, V. Holy and G. Bauer, Rev Mod Phys 76 (3), 725-783 (2004).

O. V. Kolosov, M. R. Castell, C. D. Marsh, G. A. D. Briggs, T. I. Kamins and
R. S. Williams, Phys Rev Lett 81 (5), 1046-1049 (1998).

D. M. Bruls, J. W. A. M. Vugs, P. M. Koenraad, H. W. M. Salemink, J. H.
Wolter, M. Hopkinson, M. S. Skolnick, F. Long and S. P. A. Gill, Appl Phys
Lett 81 (9), 1708-1710 (2002).

K. Zhang, C. Heyn, W. Hansen, T. Schmidt and J. Falta, Appl Phys Lett 76
(16), 2229-2231 (2000).

M. Schmidbauer, T. Wiebach, H. Raidt, M. Hanke, R. Kohler and H. Wawra,
Phys Rev B 58 (16), 10523-10531 (1998).



[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]
[63]

[64]

[65]

[66]

[67]

[68]
[69]

DPIOT D100 68

M. Meduna, V. Holy, T. Roch, G. Bauer, O. G. Schmidt and K. Eberl, J Phys
D Appl Phys 34 (10A), A-193A196 (2001).

M. Schmidbauer, R. Opitz, T. Wiebach and R. Kohler, Phys Rev B 64 (19),
art. n10.-195316 (2001).

T. Wiebach, M. Schmidbauer, M. Hanke, H. Raidt, R. Kohler and H. Wawra,
Phys Rev B 61 (8), 5571-5578 (2000).

M. Schmidbauer, D. Grigoriev, M. Hanke, P. Schafer, T. Wiebach and R.
Kohler, Phys Rev B 71 (11), (2005).

I. Kegel, T. H. Metzger, A. Lorke, J. Peisl, J. Stangl, G. Bauer, J. M. Garcia
and P. M. Petroff, Phys Rev Lett 85 (8), 1694-1697 (2000).

F. Boscherini, G. Capellini, L. Di Gaspare, F. Rosei, N. Motta and S. Mobilio,
Appl Phys Lett 76 (6), 682-684 (2000).

T. U. Schulli, M. Stoffel, A. Hesse, J. Stangl, R. T. Lechner, E. Wintersberger,
M. Sztucki, T. H. Metzger, O. G. Schmidt and G. Bauer, Phys Rev B 71 (3),
(2005).

A. Malachias, S. Kycia, G. Medeiros-Ribeiro, R. Magalhaes-Paniago, T. I.
Kamins and R. S. Williams, Phys Rev Lett 91 (17) (2003).

J. H. Lee, Z. M. Wang, E. S. Kim, N. Y. Kim, S. H. Park and G. J. Salamo,
Nanoscale Res Lett 5 (2), 308-314 (2010).

T. Mano, T. Kuroda, K. Kuroda and K. Sakoda, J Nanophotonics 3, (2009).

S. Shusterman, A. Raizman, A. Sher, Y. Paltiel, A. Schwarzman, E. Lepkifker
and Y. Rosenwaks, Nano Lett 7 (7), 2089-2093 (2007).

D. P. Kumah, J. H. Wu, N. S. Husseini, V. D. Dasika, R. S. Goldman, Y.
Yacoby and R. Clarke, Appl Phys Lett 98 (021903) (2011).

C. Giacovazzo, Fundamentals of crystallography. (International Union of
Crystallography; Oxford University Press, [Chester, England] Oxford ; New
York, 1992).

C. A. Schleputz, University of Zurich, (2009).

J. M. Cowley, Diffraction physics, 3rd rev. ed. (Elsevier Science B.V.,
Amsterdam ; New York, 1995).

I. K. Robinson and D. J. Tweet, Rep Prog Phys 55 (5), 599-651 (1992).

M. F. C. Ladd and R. A. Palmer, Structure determination by X-ray
crystallography, 3rd ed. (Plenum Press, New York, 1994).



69

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

NPT O

G. H. Stout and L. H. Jensen, X-ray structure determination : a practical
guide, 2nd ed. (Wiley, New York, 1989).

E. Prince, International tables for crystallography. Vol. C, mathematical,
physical and chemical tables, 3rd ed. (Kluwer Academic, Dordrecht ; Boston,
2004).

J. M. Cowley, Diffraction physics, 2nd rev. ed. (North-Holland, Amsterdam ;
Oxford, 1981).

I. K. Robinson, Phys Rev B 33 (6), 3830-3836 (1986).

C. Giacovazzo, Direct phasing in crystallography :@ fundamentals and
applications. (International Union of Crystallography; Oxford University
Press, [Chester, England] Oxford ; New York, 1998).

Y. Yacoby, R. Pindak, R. MacHarrie, L. Pfeiffer, L. Berman and R. Clarke, J
Phys-Condens Mat 12 (17), 3929-3938 (2000).

M. Sowwan, Y. Yacoby, J. Pitney, R. MacHarrie, M. Hong, J. Cross, D. A.
Walko, R. Clarke, R. Pindak and E. A. Stern, Phys Rev B 66 (20), (2002).

C. N .Cionca, Imaging interfaces in epitaxial heterostructures. (2005).

D. P. Kumah, A. Riposan, C. N. Cionca, N. S. Husseini, R. Clarke, J. Y. Lee,
J. M. Millunchick, Y. Yacoby, C. M. Schleputz, M. Bjork and P. R. Willmott,
Appl Phys Lett 93 (8), (2008).

C. N. Cionca, D. A. Walko, Y. Yacoby, C. Dorin, J. M. Millunchick and R.
Clarke, Phys Rev B 75 (11), - (2007).

Y. Yacoby, M. Sowwan, E. Stern, J. O. Cross, D. Brewe, R. Pindak, J. Pitney,
E. M. Dufresne and R. Clarke, Nat Mater 1 (2), 99-101 (2002).

H. Zhou, Y. Yacoby, V. Y. Butko, G. Logvenov, 1. Bozovic and R. Pindak, P
Natl Acad Sci USA 107 (18), 8103-8107 (2010).

P. Kraft, A. Bergamaschi, C. Broennimann, R. Dinapoli, E. F. Eikenberry, B.
Henrich, I. Johnson, A. Mozzanica, C. M. Schleputz, P. R. Willmott and B.
Schmitt, J Synchrotron Radiat 16, 368-375 (2009).

Y. Lovsky, Hebrew University, (2008).

Y. Yacoby, C. Brooks, D. Schlom, J. O. Cross, D. A. Walko, C. N. Cionca, N.
S. Husseini, A. Riposan and R. Clarke, Phys Rev B 77 (19), (2008).

B. L. Liang, Z. M. Wang, K. A. Sablon and G. J. Salamo, Appl Phys Lett 90
(11) (2007).

X. L. Liand G. W. Yang, J Phys Chem C 112 (20), 7693-7697 (2008).



[87]

[88]

[89]

[90]
[91]

[92]

[93]

[94]
[95]

[96]

[97]

[98]
[99]

DPIOT D100 70

Z. Gong, Z. C. Niu, S. S. Huang, Z. D. Fang, B. Q. Sun and J. B. Xia, Appl
Phys Lett 87 (9) (2005).

B. L. Liang, Z. M. Wang, J. H. Lee, K. Sablon, Y. I. Mazur and G. J. Salamo,
Appl Phys Lett 89 (4) (2006).

T. Mano, K. Watanabe, S. Tsukamoto, H. Fujioka, M. Oshima and N.
Koguchi, J Cryst Growth 209 (2-3), 504-508 (2000).

L .W. Wang, J. N. Kim and A. Zunger, Phys Rev B 59 (8), 5678-5687 (1999).

M. Grundmann, O. Stier and D. Bimberg, Phys Rev B 52 (16), 11969-11981
(1995).

J. C. Harmand, L. H. Li, G. Patriarche and L. Travers, Appl Phys Lett 84 (20),
3981-3983 (2004).

C. S. Peng, Q. Huang, W. Q. Cheng, J. M. Zhou, Y. H. Zhang, T. T. Sheng
and C. H. Tung, Appl Phys Lett 72 (20), 2541-2543 (1998).

H. Zhou, R. Pindak, R. Clarke, D. Steinberg and Y. Yacoby, submitted (2011).
S. Birner, T. Zibold, T. Andlauer ,T. Kubis, M. Sabathil, A. Trellakis and P.
Vogl, Ieee T Electron Dev 54 (9), 2137-2142 (2007).

V. Holy, J. Stangl, T. Fromherz, R. T. Lechner, E. Wintersberger, G. Bauer, C.
Dais, E. Muller and D. Grutzmacher, Phys Rev B 79 (3) (2009).

C.Z. Tong and S. F. Yoon, Nanotechnology 19 (36) (2008).

Wikipedia, the free encyclopedia; http://www.wikipedia.org

Advanced Photon Source; http://www.aps.anl.gov



Q21072 N

:0°R27 O NRNAT 107191 12021 NNRT 7712Y N7A0n2

1. E.Cohen, S. Yochelis, O. Westreich, S. Shusterman, D. P. Kumah, R. Clarke,
Y. Yacoby and Y. Paltiel, Structure of Droplet-Epitaxy-Grown InAs/GaAs
Quantum Dots, Appl Phys Lett 98 (24), 3115 (2011)

2. E. Cohen, N. Elfassy, G. Koplovitz, S. Yochelis, S. Shusterman, D. P. Kumabh,
Y. Yacoby, R. Clarke and Y. Paltiel, Review: Surface X-Ray Diffraction
Results on the IlI-V Droplet Heteroepitaxy Growth Process for Quantum
Dots: Recent Understanding and Open Questions, Sensors 11 (11), 10624-
10637 (2011)

20972 P 97101, InAs/GaAs-1 MTIPI N2WA DY WYIW MTTAT NIREIN 17 NWRIA
SK-71 n2wn? aRMwa oy 700 ,70W 219 DY 2°YpIT D0 anRY NIRRT MW 919,000
hpdalplah]

Moy’ 2237 713 T 122pNaw MIRXING 992 DR XN (VPON) review WARN 1107 1w
N20%AY Y7 DR 2007 nRnag .COBRA-7 m71n naaona DHE-7 nwowa 19750 mmpaa
M72WI MORWIT NI NP0 L3P0 WIWAT 73T D7 DR D991 17T 000 Dy T
PN WA TPRNA 12 WK MmN

RhrRail>piitaRayationloh!

71






73 %1070

APPLIED PHYSICS LETTERS 98, 243115 (2011)

Structure of droplet-epitaxy-grown InAs/GaAs quantum dots

Eyal Cohen,' Shira Yochelis,'

Ohad Westrelch12 Sergey Shusterman

D|V|ne P. Kumah,*® Roy Clarke,’ Yizhak Yacoby,* and Yossi Paltiel"®
Department of Applied Physics, Hebrew University, Jerusalem 91904, Israel

Solld State Physics, Electro-Optics Division, Soreq NRC, Yavne 81800, Israel
Applled Physics Program, University of Michigan, Ann Arbor, Michigan 48109, USA
*Racah Institute of Physics, Hebrew University, Jerusalem 91904, Israel

(Recehmr‘l 10 Anril 2011- accep

IVCG 1V AP 2Uix,

ted 20 May 2011;

iy

ed online 17 June 2011)

vuv ...... <

We have used a direct x-ray phasing method, coherent Bragg rod analysis, to obtain sub-angstrom
resolution electron density maps of the InAs/GaAs dot system. The dots were grown by the droplet
heteroepitaxy (DHE) technique and their structural and compositional properties are compared with
those of dots grown by the strain-driven Stranski—Krastanov method. Our results show that the Ga
diffusion into the DHE-grown dots is somewhat larger; however, other characteristics such as the
composition of the dots’ uppermost layers, the interlayer spacing, and the bowing of the atomic
layers are similar. © 2011 American Institute of Physics. [doi:10.1063/1.3599063]

Self-assembled semiconductor quantum dots (QDs) are
of current interest because their optoelectronic properties can
be controlled by tailoring their size, shape and composition.
Located in size between isolated atoms and bulk material,
QDs act as “artificial atoms” with electrons and holes con-
fined in all three spatial dimensions. These unique quantum
properties have attracted a great deal of scientific and tech-
nological mterest in recent years, in the fields of optoelec-
tronic devices," quamum information processmg, and en-
ergy harvestmg

Strain-driven growth methods, based on the Stranski—
Krastanov (SK) mechanism, are commonly used to fabricate
self-assembled QDs.””? This mechanism requires a large lat-
tice mismatch between the substrate and the dot material,
and surface energy dominates the dots’ shape.

This constrains the combinations of materials that can be
used to form QDs by the SK approach. 101 A more recent
technique for QD fabrication, the droplet heteroepitaxy
(DHE) method 1213 has no such limitations. It has been
demonstrated'* that the DHE method is more relaxed in the
combination of materials that can be used, allowing great
flexibility in realizing high density QDs grown on almost any
substrate. This method consists of two basic steps: first, for
III-V QDs, nanodroplets of the group III element are formed
on the substrate. Subsequently, these droplets are exposed to
a gas phase flow of the group V element. Although the
growth process starts with liquid droplets, in the end, under
proper conditions, the formed dots are single crystals, atomi-
cally registered with the underlying substrate.

Previous work has demonstrated that the DHE dot
growth is very sensitive to the process parameters > The
mechanisms taking part in the QD formation are quite
complex14 and are not yet fully understood Strong material
mtermlxmg, strain, and dislocations'” have all been ob-
served. Consequently, detailed knowledge of the structural
and compositional properties of the system is essential for
understanding the growth process.

In this letter, we show the results of x-ray diffraction
measurements performed on the well known system of InAs/

YPresent address: CRISP, Yale University, New Haven, CT.
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GaAs QDs. This system was chosen for two main reasons:
first, simplicity; the system contains only 3 elements: In, Ga,
and As. Second, the equivalent QD system grown by the SK
method has been widely studied.'®!

The QDs for this study were grown in a metallorganic
vapor phase reactor The growth procedure is described in
detail elsewhere."® This process is similar to the one used
previously to grow such dots,'® but with temperatures lower
by 20 °C during the process. The lower temperature allowed
us to obtain smaller, denser dots.™

Figure 1(a) (inset) shows an atomic force microscopy
(AFM) image of the InAs QDs sample under investigation.
The height of the dots is about Snm, with lateral widths
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FIG. 1. (Color online) EDY profiles along (001) lines going through the
center positions of (a) group Il (Ga) and (b) group V (As) atoms in the
substrate. The lines corresponding to smaller peaks in (a) and larger peaks in
(b) were measured at the Ga K-edge x-ray energy, while the larger peaks in
(a) and smaller peaks in (b) correspond to the As K-edge x-ray energy. The
lighter and darker profiles correspond to two different (001) lines that go
through two different atoms of the same species in the substrate. The arrow
in (a), around z=23 A, marks the approximate onset location of pure InAs.
This is based on the calculation of the In concentration using Eq. (1) and the
3D integrated EDYs. Inset (a) shows a topographic AFM image of the InAs
QDs formed on the GaAs substrate. Inset (b) shows the EDY on two planes:
one in the substrate the other in the dots, the positions of both marked by the
dotted lines in (b).

© 2011 American Institute of Physics
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ranging between 10 and 40 nm. The areal density of the
QDs, as inferred from AFM data and from high resolution
scanning electron microscopy (SEM) images, is higher than
10"/cm?. All dots have an oval-like cross-section with a
contact angle of approximately 120°, as revealed by high
resolution SEM measurements performed in a tilted-sample
geometry.

We have used a direct nondestructive x-ray phasing
method known as coherent Bragg rod analysis (COBRA)
(Refs. 22 and 23) to study the structure and composition of
the dots m a way similar to other recently studied QD
systems ® COBRA uses the measured diffraction intensities
along the substrate-defined Bragg rods to provide the folded
structure of the QD system. By the folded structure we mean
the structure obtained when each atom in the system is
translated to one substrate-defined 2D unit cell using the
substrate-defined 2D unit cell vectors.”” Diffraction intensi-
ties are received from dots in a 1 mmX1 mm spot size,
averaged from coherent areas of around 10 um? in size. By
collecting the diffraction data for each rod at two beam
energies—just below the Ga K-edge (E;=10.362 keV) and
just below the As K-edge (E,=11.864 keV)—the difference
between the scattering factors of the two elements is maxi-
mized. Comparing the effective electron density (EDY) ob-
tained at the two energies enables us to determine the con-
centrations of Ga and In atoms in the folded structure.

Figure 1 displays the EDY profiles along (001) lines
passing through the centers of group III and group V atoms
in the zinc-blende structure, obtained using the two x-ray
beam energies. In inset b we show the EDY of the folded
structure on two planes parallel to the surface at positions
marked by the dotted lines in Fig. 1(b). One plane is in the
substrate, the other in the dots. The EDYs in both cases are
atomic like. The EDY between the peaks along the (110)
direction are tails of the atoms in the layer above. These
results show that the growth is epitaxial.

From Fig. 1, we find that the interlayer spacing in the
substrate and in the dots are equal to within 3%. This result
is surprising because the unit cell of InAs is larger than that
of GaAs by about 6%. Moreover, the substrate applies lateral
compressive stress on the dot which would tend to further
increase the vertical spacing. This behavior has also been
observed in the SK grown dot system24 and was ascribed to
bowing of the atomic layers in the QD.

The relative concentration of In py,/(pp,+pg,) in the dot
structure can be calculated by using the effective three di-
mensionally integrated EDY's at the Ga/In sites determined at
the two x-ray energies, QOg, and Qx

Pin UAsQGa/QAs UGa
PGat P (UAs O-I)QGa/QAs"'O-l Ugf

where 032 and 0$* are the scattering cross sections of Ga at
the x-ray photon energies just below the Ga and As K-edges,
respectively and o™ is the scattering cross-section of In at
both edges (practically constant at these energies).

The occupancy results are presented in Fig. 2(a). They
show that some Ga diffuses from the substrate into the dots.
We believe that the Ga diffusion takes place already when
the In droplets are deposited. This mixing forms a layer of
InGaAs with a gradual decrease in Ga concentration as we
move higher into the dot. Above a height of approximately
2.3 nm (corresponding to about 4 unit cells), measured from

(1)

21070 74

Appl. Phys. Lett. 98, 243115 (2011)

b Wavelength (nm)
| 1400 1200 1000
. —_ & =
- i e 510 1
- e Fa) xAS 1 &
51_0 Gahs substrate L) S X ) Eowow
g ,// ] é Haghl (nm)4
= ‘ 4
0.5 / 205
=0 y 5o
:: * ’/i' :
0._._n_-_-_.L|_J,-~." a
20 0 20 == 1o T 12
z(A) Energy (eV)

FIG. 2. (Color online) (a) Fractional In occupancy on lateral atomic layers
as a function of the layer’s distance from the nominal interface. Inset shows
a diagram of the dot profile calculated from the EDY maps. Note the large
contact angle of the dots to the substrate, which is ascribed to the nonwet-
ting process of the In droplets. (b) PL spectrum, measured at 10 K. Inset—
one-dimensional diagram of the hole and electron density distributions in
the dot (dashed). The solid curves show the nominal valence (lower curve)
and conduction (upper curve) band edges of In,Ga,_,As as a function of the
distance from the interface. The spacing between the dotted lines represents
the hole electron energy difference.

the nominal substrate/dot interface, we see only InAs. For
comparison, Ga penetrates only about 2 unit cells into the SK
grown dot system. It is also evident from the present results
that the “nanodrilling” of the dots into the substrate, ob-
served previously in the GaAs-InSb system,]6 is absent here
and neither was it observed in the SK grown sample. The
reason for this different behavior is not clear; it may relate to
the role of Sb acting as a surfactant. 226

Since COBRA provides us with the fill factor of each
layer, by knowing the dots’ average shape (using AFM/SEM
measurements) one can calculate the density of the dots. Fig-
ure 2(a) inset shows profile of the dots, calculated from the
obtained fill factor and the dots known density. Note the
large contact angle which we ascribe to the In nonwetting
conditions at the first stage of the growth.

It is interesting to notice that in all substrate-like EDY
peaks the effective EDY measured with As edge x-rays is
larger than that measured with Ga edge x-rays by about the
ratio of 05/ 05% meaning that the InAs does not form a
continuous layer. This is expected in the DHE growth
method. A wetting layer was also absent in the SK grown
sample. The absence was ascribed to the wetting layer bemg
consumed by the dots when the areal density is very hlgh

Photoluminescence (PL) measurements at 10 K, pre-
sented in Fig. 2(b), show a peak centered at about 1 eV. The
PL signal is wide due to the large spread in dot sizes. PL is
known to be sensitive to many factors such as chemical in-
termixing, quantum confinement, strain and piezoeffects.
Therefore, using the COBRA information in order to obtain a
correct PL spectrum is hard to achieve. However, we can
make a rough estimate of the PL peak energy by calculating
the electron-excitation energy in a quantum well (diameter
> height) with the average dot composition profile shown in
Fig. 2(a). The calculation was done using the NEXTNANO
(Ref. 27) program and the result obtained is 1 eV, [shown in
Fig. 2(b) inset] consistent with the experimental result.

In our dot system, the EDY peaks in the dots region
reveal a number of additional interesting features: (1) the
shape of each EDY peak is broadened and appears to have a
quasi-rectangular shape. This is ascribed to the bowing of the
atomic layers in the dot.** (2) The EDY peaks of both group
III and group V elements appear to be split and shifted rela-
tive to the layer positions extrapolated from the substrate
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FIG. 3. (Color online) (a) Deformations in the epitaxial island, taken from
Ref. 8. r represents the radius of curvature of the curved region between the
dislocations and r, that of the curved region on both side of the pair of
dislocations. Folding a single atomic layer of the dot (solid line) into a 2D
substrate-defined unit cell and taking the EDY along a line going through
the maximum yields the profiles seen in (b)—(d).

[see Figs. 1(a) and 1(b), respectively]. This splitting is small
and is close to the uncertainty limit, yet it is also observed in
the SK grown sample where the behavior was described as
interstitial stacking fault shift.** Moreover, error analysis us-
ing simulated noise”® shows that the peak splitting is quite
robust.

The shift from the nominal atomic positions and the
peak splitting occur already at the first monolayer of the
QDs. This indicates that this phenomenon originates at the
interface between the substrate and the dot. Previous high
resolution transmission electron microscopy scans taken on
buried III-V DHE QDs have revealed edge dislocations at
the interface between the substrate and the dot.”’ The shape
of our dots matches the shape of such buried dots obtained
by TEM and cross-sectional STM scans. Spencer and
Tersoff® mapped the strain in the dots taking into account
these dislocations and the unit cell mismatch between the
substrate and the dots. We can consider each layer to be
approximately composed of two bowed regions with radii of
curvature r; and r,. This is shown in Fig. 3(a). Folding the
resulting structure into one substrate-defined 2D unit cell and
taking the EDY along the (001) direction yields the EDY
profiles shown in Figs. 3(b) and 3(d) for r;=1,, r;>1,, 1
<r,, respectively. Notice that the shapes are qualitatively
similar to the experimentally obscrved EDY pcak shapes
shown in Figs. 1(a) and 1(b).

Diffusion of In to interstitial sites in the zinc-blende
structure’®*! is another process which might be considered
as a possible mechanism to explain the EDY splitting. Yet
such a phenomenon should only have a minor effect, consid-
ering the low concentration of interstitial defects in the
crystal.

To summarize, we have revealed the atomic structure
and composition of InAs/GaAs QDs grown by the DHE
method. Comparison between these dots and those grown by
the SK method using MBE shows that the Ga diffusion into
the dots is somewhat larger in the DHE grown dots. We note
that interdiffusion depends strongly on temperature and
therefore this difference will depend on specific growth pa-
rameters. Finally, the atomic layers in both systems are

Appl. Phys. Lett. 98, 243115 (2011)

bowed and the center positions are shifted relative to an ex-
trapolation of the substrate layer sequence.
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Abstract: In recent years, epitaxial growth of self-assembled quantum dots has offered a
way to incorporate new properties into existing solid state devices. Although the droplet
heteroepitaxy method is relatively complex, it is quite relaxed with respect to the material
combinations that can be used. This offers great flexibility in the systems that can be
achieved. In this paper we review the structure and composition of a number of quantum dot
systems grown by the droplet heteroepitaxy method, emphasizing the insights that these
experiments provide with respect to the growth process. Detailed structural and composition
information has been obtained using surface X-ray diffraction analyzed by the COBRA
phase retrieval method. A number of interesting phenomena have been observed:
penetration of the dots into the substrate (“nano-drilling”) is often encountered;
interdiffusion and intermixing already start when the group III droplets are deposited, and
structure and composition may be very different from the one initially intended.
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1. Introduction

Semiconductor quantum dots (QDs) have drawn a considerable amount of scientific interest since
they provide a means to realize “artificial atoms”—zero-dimensional objects in which the charge
carriers are confined in all three dimensions. This feature gives rise to potential practical applications
of quantum mechanical concepts in the fields of opto-electronics [1,2], quantum information [3,4] and
energy harvesting [5-7].

Self-assembly of epitaxial QDs offers a way to fabricate semiconductor sensors with a large density
of QDs embedded in the device [8,9]. This facilitates the combination of QD properties with
semiconductor device characteristics in a simple, reproducible way, without the need for costly
and time-consuming lithography steps [10,11]. Fabrication of self-assembled QDs via the
Stranski-Krastanov (SK) growth mode is widespread and has been extensively studied [12-15]. The
formation of three-dimensional islands in the SK method is driven by strain requiring a large lattice
mismatch between the substrate and dot materials.

An alternative, more recent technique to grow QDs is the droplet heteroepitaxy (DHE) method [16].
This method consists of two basic steps: first, liquid phase nano-droplets of group III elements are
formed on the substrate. Subsequently, these droplets are exposed to a gas flow of one or more
group V elements. Although the growth process starts with liquid droplets, at the end, under proper
conditions, one ends up with single crystal dots, atomically registered with the underlying substrate.
The method is known to be very sensitive to growth conditions, yet it is not constrained, as is the SK
method, to materials with a large substrate-dot lattice mismatch. A variety of highly crystalline and
high density nanostructures, grown on various substrates have already been demonstrated using the
DHE method. These include combinations of GaAs, GaN, InGaAs, InAs, InSb, InAsSb and
GaSb [17-21] Interestingly enough, in some of those systems, the dots were realized with practically
no substrate-dot lattice mismatch [17,21]. Complex shape control has also been achieved by the
droplet method [22].

These systems demonstrated quantum behavior in several devices. However, the same feature of
quantum confinement responsible for the interest in QDs also limits our ability to fully exploit their
potential for applications. Quantum confinement in QDs, and their electronic and optical properties,
depend strongly on size, shape, chemical composition and strain-fields in the dots. Since self-assembly
is a statistical process, these properties often have a fairly broad distribution. Moreover, the DHE
growth process is rather complex and involves many growth control parameters. It is therefore of great
importance to understand the exact mechanisms participating in the growth process. Many studies have
been made in order to characterize the structural and compositional parameters of QDs grown by the
SK method [11,23]. At present, knowledge of the DHE systems is more limited and in both systems
precise structural information at the atomic level and understanding of the mechanisms taking place in
the QDs growth process is yet to be achieved.



79 2701075
Sensors 2011, 11

Many characterization methods are used for the study of nanostructures. These include direct
mapping methods such as AFM, TEM, STM and cross-sectional STM [11,23], as well as indirect band
structure studies such as optical measurements [11]. Diffraction of X-rays offers another powerful tool
to investigate the dot structure with sub-angstrom resolution. The main advantage of X-ray diffraction
(XRD) is the fact it is non-destructive, yielding information about the structure without altering the
sample properties during its measurement or preparation. In addition, the ability of X-rays to penetrate
into the dots and the substrate makes it possible to investigate both surface and buried structures.
However, this property of X-rays in turn makes the scattered signal relatively small, requiring grazing
incidence-angle geometry measurements and the use of bright synchrotron radiation sources. XRD
measurements yield the diffraction intensities along Bragg rods in reciprocal space. Reconstruction of
the real space electron density from these measurements is generally not straightforward. To obtain the
real space electron density it is necessary to use either complex modeling and fitting or direct methods.

2. Experimental Section
2.1. Fabrication of Quantum Dots by Droplet-Heteroepitaxy

In this paper we review the results of surface XRD measurements of several III-V QD systems
grown by the DHE method [24,25]. Complementary measurement techniques are presented as well.
The samples were grown in a metalorganic vapor phase epitaxy (MOVPE) reactor. For the growth, we
have used epitaxial-ready GaAs or GaSb substrates, nominally (001) oriented, heated to 370-390 °C.
Liquid In droplets were then formed by supplying a 2 s flow of 150 cc/min trimethylindium (TMIn) at
a substrate rotation speed of 200 rpm. After cooling down to 330-350 °C, the droplets were exposed to
either 120 cc/min of tertiarybutylarsine (TBA) or 45 cc/min of trimethylantimony (TMSb) for
15 s—to form InAs or InSb nano-structures, respectively. A detailed description of the growth process
is described elsewhere [26]. Figure 1 shows representative high-resolution SEM and AFM images of
some of the samples. From such micrographs, the density of dots was estimated and found to be higher
than 10'" dots/cm?, for all samples investigated.

2.2. Direct Surface X-Ray Diffraction Measurements and Analysis

Surface XRD measurements were carried out at beam lines 7-ID and 33-ID of the Advanced Photon
Source (APS), Argonne National Laboratory. We used a direct phasing technique known as coherent
Bragg rod analysis (COBRA) [27-29] to analyze the results. COBRA is able to solve the structure of
systems with two-dimensional periodicity, such as epitaxial thin films, and can also be applied to the
case of epitaxial QDs [24,30]. A detailed description of how COBRA works, and of the assumptions
behind it, is given in ref. [27]. Briefly, in this method, diffraction intensities are measured along
substrate-defined Bragg rods. The data is then analyzed using COBRA in order to retrieve the
diffraction phase information. Using the diffraction intensities and phases, a set of complex scattering
factors is obtained for a number of symmetry inequivalent Bragg rods. This set of complex scattering
factors is then Fourier transformed into real space yielding a three-dimensional electron density map of
the ‘folded’ structure. The folded structure is the structure obtained by laterally translating each atom
in the system into a substrate-defined 2D unit cell, using the substrate-defined unit cell vectors in the
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two lateral dimensions [27]. Lateral information on the dots structure could be obtained using the
‘folded structure’. Assuming that the center of the dot is lattice matched to the substrate, the electron
density peaks of this part will be registered with the substrate periodicity. Strain layers which fit the
outer shell of the dots will form side peaks. Due to the X-ray spot size, diffraction intensities are
averaged over a | mm % 1 mm area.

Figure 1. High-resolution AFM and SEM images of QDs grown by DHE. (a) AFM
image of InAs/GaSb QDs. Average height of dots is ~11.5 nm above surrounding surface,
with a fairly large distribution. Places where several droplets have merged to form
particularly large dots are also visible. (b) Tilt-geometry high-resolution SEM scan image
of InSb/GaAs dots, visualizing the non-wetting, obtuse contact-angle nature of the dots.
The dots shown here are larger than those measured in the XRD experiment.

COBRA also exploits anomalous scattering by collecting diffraction data for each rod at different
beam energies. By working at two beam energies—near and away from the absorption edge of an
element in the structure—a difference in the element’s scattering factors can be achieved. This can
then be used to obtain the relative concentration of the element in the folded structure [29]. For all
samples under investigation, we recorded intensities along Bragg rods at two beam energies: at
E; = 10.362 keV—just below the Ga K-Edge, and at E, = 11.864 keV—just below the As K-Edge.
The Ga scattering cross section at energy E;, fg,1, is lower by a factor of about 2/3 than its cross
section at E,, fc.n, and vice versa for the As scattering cross sections, fys1 and fio (fis1 1
approximately 3/2 of f45). The cross-sections of the other elements remain essentially unchanged. So,
for example, at sites of group III atoms in the common zincblende lattice structure of I1I-V alloys, the
ratio between Ga and In, Rg,.p, 1S given by:

S =S
RGa:In —_Jin MlJIn (la)
NS ear = Joa
Similarly, at group V sites, the ratio between As and Sb, Ry,.s, (in systems where Sb is present) is
given by:
S =1 S
Rysn = Ib
anAsZ - fAsl ( )

where 7,/ is the ratio between the effective electron charge measured at the two energies at either

group III or group V atomic locations. This kind of calculation is carried out for each peak in the
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electron densities maps to yield the ratio of the respective elements’ concentration at that site as a
function of distance from the interface.

Another advantage of COBRA is its extraordinary speed, in analyzing the measured XRD data,
owing to the direct phasing step. Only a few tens of iterations are usually needed to converge to a
reasonable agreement between the measured results and the diffraction intensities calculated from the
electron density determined by the COBRA phasing technique.

3. Results and Discussion

Three different DHE-grown QD systems are used here to illustrate the measurement of QDs and the
COBRA direct phase retrieval analysis approach: InAs/GaAs [24], InSb/GaAs [25] and InAs/GaSb.
InAs/GaAs is a relatively simple system—being composed of only three elements, and the SK-grown
equivalent system has been widely studied [12-15], and also analyzed by COBRA [30]. InAs and
GaSb are two materials with less than 1% difference in their lattice constant, and so the InAs/GaSb is
an interesting system which can be grown via the DHE method, but not by SK. In order to better
understand the growth processes, two samples—at two different stages of the growth process were
investigated for this system: first, with only In droplets on the substrate and second, with the process
complete after the exposure of those droplets to As flow.

Figure 2 shows the electron density profiles of the three systems. The graphs show the electron
density along lines going through the centers of group III and group V sites in the III-V zincblende unit
cell structure of the lattice, along the (001) direction, perpendicular to the surface. Two graphs are
displayed for each line—corresponding to X-ray beam energies just below the Ga and As K-edges.
The last two plots showing dots grown on the GaSb substrate represent preliminary results with errors
about four times larger than usual. These results are therefore considered only qualitatively, namely
there is order in the In/GaSb system close to the interface, and that the dots of the InAs/GaSb shows
many more layers than the In/GaSb.

In the first two samples, the electron density peaks of the dots (above the nominal interface
position, at height = 0) are non-Gaussian and broader than the narrow Gaussian-like peaks of the
substrate. The overall shape of the dots can be inferred from the electron density height distribution
and is in agreement with the shape deduced from AFM and HRSEM measurements, excluding a thin
oxidized layer at the outer shell of the dot—visible by AFM, but not by the XRD profile, and is shown
schematically in Figure 3a. In both samples an obtuse, non-wetting contact angle between the dots and
the substrate can be identified. This can be seen by tilt-geometry high-resolution SEM images (see
Figure 1b), This feature was also observed in the SK grown InAs/GaAs dots [30].

In both systems the dots extend a few mono-layers below the substrate-dot interface. A related
phenomenon has been observed earlier in related systems where In and Ga have been observed to
“nano-drill” into a III-V substrate [31]. It seems that the effect of nano-drilling is more pronounced in
the InSb/GaAs system. This could be a result of the fact that this system was grown at a 20 °C higher
temperature than the InAs/GaAs system. However it could also be a result of the presence of Sb that
acts like a surfactant speeding and intensifying both nano-drilling and intermixing effects [32,33].
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Figure 2. Electron density profiles of the different QDs systems; InAs/GaAs, InSb/GaAs,
InAs/GaSb, In/GaSb. For each, a profile line passing through the group III elements (left)
and the group V elements (right) are displayed. Line profiles are plotted for two different
beam energies used: below the Ga K-edge and below the As K-edge.
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The profile of the electron density peaks in both systems has a quasi-rectangular shape convoluted
with a Gaussian (seen most clearly at the InAs/GaAs system). This is ascribed to the bowing of the
atomic layers in the dots, because their lattice constant is larger than that of the GaAs. This feature was
also observed in QDs grown by Stranski-Krastanow method [30]. In both systems, the dots’ electron
density peaks seem to have a small dip at the center. This could be a result of edge dislocations at the
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interface between the substrate and the dot. Such dislocations have been observed in DHE-grown dots
by cross-section TEM scans [34], and might take part in relieving strains caused by the lattice
mismatch. Folding a three-dimensional structure containing strains and dislocations in such dots [35],
yields split electron density peaks very similar to those observed in our measurements [24].

Figure 3. Compositional schemes of the different dot systems. (a) Shape and chemical
composition map of InAs/GaAs QD. (b) Average fractional occupancy of In in the
InyGa; xAs structure as a function of height from the dot-substrate interface. (c)
Composition map of InSb/GaAs QD. The left half shows the group III (In/Ga) elements
occupancy, and the right half—that of group V (As/Sb). (d) Average fractional
occupancy of In and Sb in the In,Ga;«As,Sbi_, structure as a function of height from the

dot-substrate interface.
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We now focus on the chemical composition mapping of the dots, made possible by the analysis of
two different X-ray beam energies. As described earlier, we can determine the In/Ga and As/Sb ratios
in each atomic layer, thereby enabling us to map the chemical composition as a function of the height
from the interface. In both systems, intermixing of materials from the substrate is observed, and the
resulting structure is somewhat different from the nominal one. The compositional maps are displayed
in Figure 3.

We will start with the simplest system studied—InAs/GaAs (see Figure 3a). In this system diffusion
of elements from the substrate into the dots was observed, forming a layer of InGaAs with gradual
decrease of the Ga fraction towards the top of the dots (see Figure 3b). Within the experimental
accuracy, at a height of approximately 2.3 nm from the substrate-dot interface and above, only InAs is
present. TEM characterization indicates that in some systems, the Ga diffuses further up at the dot’s
perimeter than at the center [36]. Comparison of these results with those obtained on InAs/GaAs dots
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grown by the Stranski-Krastanov method [30], reveals that the Ga diffusion is somewhat larger in the
DHE grown dots. However, since temperature greatly affects the inter-diffusion process, the exact
difference may depend on specific growth parameters.

The structure of the InSb/GaAs sample turned out to be quite surprising. The COBRA results show
that the top 2—-3 mono-layers of the substrate are InAs. This is evident from the fact that in these
layers the effective electron densities measured using the two energies are essentially equal (see
Figure 2c) [25]. The center part of the dot consists mainly of GaAs while the outer shell consists
mainly of GaSb [25]. This ‘core-shell’ structure is represented schematically in Figure 3c and the
layer-by-layer In concentration in the substrate and Sb concentration in the dots are shown in
Figure 3d. The final shape of the dots matches the shape seen by high resolution TEM on a capped dot
system [37].

The results of the preliminary XRD measurements on the InAs/GaSb and In/GaSb samples have
been analyzed with COBRA and show some very interesting results. The In in the In/GaSb sample was
deposited under exactly the same conditions as in the InAs/GaSb sample. In is a polycrystalline metal.
Consequently the positions of the In atoms are not correlated with those of the substrate. So, the
electron density in the In/GaSb folded structure is constant and cannot be seen by COBRA. The results
seen in Figure 2g and 2h show electron density peaks extending to about 5 nm above the substrate-dot
nominal interface. This means that within this distance the In has already reacted at least partially with
group V elements. We do not know at this point whether it reacted with Sb from the substrate or with
As from the vapor used to treat the substrate, or both. Further measurements at X-ray photon energies
just below the Ga and As edges are needed to answer these questions. Notice that the average dot
height in the InAs/GaSb samples is more than double that of the In/GaSb dots (5 nm). This is indeed
what we expect. Namely that after the In droplets are exposed to As, the liquid In metal that did not
react in the first stage reacts with As, and crystallizes epitaxially with the substrate. It is reasonable to
speculate that both stages of growth can be described as a nano Liquid Phase Epitaxy; the liquid In
melts back the substrate and retains a saturated solution in the vicinity of the substrate surface. This
saturated solution becomes super saturated when atoms from the gas phase diffuse or when the cooling
down stage starts creating “nano liquid epitaxial growth”.

In contrast to the broadened electron density peaks of the first two samples, the electron density
peaks in Figure 2e—2h are rather sharp and Gaussian-like. This means that the mono-layers in the dots
are flat, probably because the InAs/GaSb system is almost strain free.

Electrostatic Force Microscopy (EFM) measurements [38], comparing the In/GaSb and InAs/GaSb
samples support the presence of a crystalline III-V compound at the base of the In droplets. A
1 um x 1 um area has been scanned for topographic height and electrostatic force. The electrostatic
force sensed by the tip increases with the carrier density in the material underneath, and decreases with
the distance of the tip from the surface. A plot of the electrostatic force versus height measured by
AFM is presented in Figure 4a while the EFM and AFM maps are shown in Figure 4b and 4c,
respectively. The large scatter at each height is a result of the fact that the lateral resolution of the EFM
signal is about 20-30 nm while the height resolution of the AFM measurement is better than 1 nm.
Thus at different points with the same height the surrounding landscape may be very different yielding
different EFM signals. Several 1um x 1pum areas were measured with different topographic structure
with both negative and positive tip voltages, all showing the same trends.
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Figure 4. (a) Scatter plot of EFM signal vs. height for In droplets (pink) and InAs QDs
(light blue) on GaSb substrate. The solid lines represent the average at a given height. The
dashed lines are the averages obtained for measurements with a positive tip voltage (scatter
plot not shown). The sudden “jump” marked by the arrow, occurs due to points
corresponding to the area highlighted in the EFM scan image shown in (b). A closer look
at the topography of the area is shown in (¢).
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The average electrostatic force as a function of height for InAs/GaSb and In/GaSb at both positive
and negative tip voltages are also shown in Figure 4a. Note that the force on the negatively biased tip
is larger than the positive one. This indicates that the InAs dots are p type. At heights below 5 nm the
average force in both samples is approximately equal while at larger heights the forces in the In/GaSb
sample are significantly larger than those in InAs/GaSb. This suggests that up to a height of about
5 nm the In has reacted with group V elements converting the metal into a semiconductor while above
it the dots are more and more metallic. This supports the COBRA results. Finally, note that in the
InAs/GaSb sample, there is a small jump in the electrostatic force at about 19 nm (indicated by the
arrow). This corresponds to the large peak surrounded by a square in Figure 4b and indicated by a light
color in Figure 4c. This jump suggests that the top of this peak is still metallic and not enough As was
supplied to convert the tops of the large peaks into a semiconducting state.

The results obtained so far suggest some insights with respect to the DHE growth process. The fact
that the bottom parts of the In droplets convert into a crystalline semiconductor before they are
exposed to group V vapor suggest that the liquid In interacts chemically with the substrate. This
suggests that nano drilling and inter-diffusion may be taking place already at this stage. It is also
possible that the replacement of Ga by In at the top mono-layers of the substrate observed in
InSb/GaAs takes place at this stage.

During the second stage of the growth process, As or Sb from the metalorganic source diffuses into
the liquid In. The interface composition depends on the growth conditions and the materials involved.
For example in the InSb/GaAs sample, Sb acts as a surfactant and concentrates at the outer shell of the
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dots while As concentrates inside the dot. The crystallization process proceeds from the substrate
upwards as in liquid phase epitaxy. This is supported by the fact that the tops of large peaks remain
metallic when the supply of As is insufficient.

Strain affects the shape of the monolayers. When the mismatch between the dots and the substrate is
large, the atomic planes in the dots are bowed but they are flat when the mismatch is small. Figure 5
illustrates the above insights schematically.

Figure 5. Schematic illustration of the suggested model of the DHE growth process. The
final structure is different for the three different systems investigated.
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Further investigation is needed to answer a number of questions:
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(1)  The results show that the In droplets interact chemically with group V elements at the earliest
stage. However, it is not clear whether it interacts with the As used to prepare the substrate
surface or with the substrate group V element; and if so, what happens to the remaining
group III element?

(2) The InAs/GaSb system is very complicated and the dots we studied were quite large. The
chemical composition of smaller dots needs to be further investigated.

(3) We do not know at present at what stage the bowing of the layers takes place.

(4) The effects of adding an epitaxial cap layer on top of the QDs is of major importance and
should be carefully investigated.

(5) Other material combinations should be investigated at different growth stages before some
more general conclusions can be firmly established.

4. Conclusions

We have applied a direct phasing method for the analysis of surface X-ray diffraction measurements
of a set of QDs fabricated by the DHE technique. The results provide three-dimensional electronic
density maps of the dots’ folded structure, including information on their chemical composition. The
results indicate that quite often the final structure is considerably different from the nominal one, with
high sensitivity to growth conditions and the materials involved. A number of interesting phenomena
have been observed. In some of the systems, we have observed that the dots nano-drill into the
substrate. In all the samples we have studied, we have observed inter-diffusion of both group III and
group V elements. In one case, we observed that the In from the droplet replaces the Ga at the top
substrate mono-layers and the Sb concentrates in the outer shell of the dots while the dot center
contains mainly As that has diffused from the substrate. We have seen that in samples with large
dot-substrate mismatch the layers are bowed, but are flat when the two are matched. Finally the liquid
In droplets interact chemically with the substrate already in the first growth stage and some of the
above phenomena may be taking place already at this stage. These results tell us that it is very
important to investigate the atomic structure and composition of quantum dots systems because they
may be quite different from the structure and composition intended by the grower.
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process is needed. At present knowledge about the droplet-heteroepitaxy growth
process is still limited, mainly due to the lack of characterization methods that are
able to provide the needed information in a non-destructive way.

Use of surface x-ray diffraction measurements allows one to obtain
information regarding the sample in a high spatial resolution and in a non-destructive
manner. Such measurements yield reciprocal space diffraction data related to the real
space electronic structure of the crystal. Yet since it is possible to measure only
absolute values of diffraction intensities, some of the information needed in order to
reconstruct the atomic structure it lost. This is known as the phase problem, and hence
the need in direct methods in order to retrieve the phase information.

In this work we have used a recently developed powerful method for solving
the structure with two-dimensional periodicity, called coherent Bragg rod analysis
(COBRA). Samples of InAs quantum dots grown by the droplet-heteroepitaxy method
on GaAs and GaSb substrates were investigated, and information regarding their
atomic structure, including their chemical composition, during the different growth
stages.

Melting of the substrate and materials intermixing processes were observed
already at the initial stages of growth. Phenomena of dislocations creation at the
substrate-dots interface and bowing of the atomic layers due to different materials
lattice constant difference were also observed. The final dots structure was discovered
to be very complex, different from the nominal one and sensitive to the growth
parameters and the presence of surfactants. Other characterization measurements
including AFM, EFM, SEM and PL were conducted in order to achieve
supplementary understanding, and a growth model for the droplet-heteroepitaxy dots

was suggested.



Abstract

In recent years, an increasing interest in the possibilities of incorporating
quantum dots in a variety of semi-conductor applicative devices has emerged. Such
nano-metric scale structures acts as "artificial atoms", in which the charge carriers are
confined in all three spatial dimensions. Control of the size, composition and shape of
those quantum dots enables to fine-tune their optical and electronic properties.

Epitaxial self-assembly offers a mean to fabricate quantum dots on semi-
conductor substrates at high densities, in a simple way and without the need for costly
and time-consuming lithography steps. In the common Stranski-Krastanov growth
method, the formation of three-dimensional nano-metric islands is driven by strains
developed in the grown material. For such strains to exist it is required to have a
considerable difference in the lattice constants of the substrate's and dots materials.
The use of this growth method is widely spread and has been extensively studied in
the past.

An alternative, more recent technique to grow semi-conductors alloys
quantum dots is using the Droplet-Heteroepitaxy method. This method includes two
basic steps: first, liquid nano-droplets of group III element are formed on top of the
substrate. Subsequently, these droplets are exposed to a gas flow of one or more group
V elements atoms, which condense on it. Although the growth process begins with
liquid droplets, at its end, under proper conditions, one ends up with single crystal
dots, atomically registered with the underlying substrate. This method enables great
flexibility regarding the possible substrate/dots materials' combinations, since not
constrained to materials with a large lattice mismatch.

Yet the actual growth process reveals great complexity and high sensitivity of
the method to the exact growth parameters exists. The dots' density, shape,
composition and the strains-field developed inside them are largely affected by
different parameters of the growth process. A fairly broad distribution to those
properties is added due to the statistical nature of the self-assembly process, as well.
These affect, in turn, the optical and electronic properties of the quantum dots.
Therefore, in order to achieve optimal control over the growth process and efficient
applicative use of quantum dots and for full exploitation of their properties, a good

and comprehensive understanding of the mechanisms participating in the growth
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