Bl

[R5 i
NATIONAL PUI

oAb B PR R R B e

531 # R 3 - 26 h

Lateral Alignment of
Epitaxial Quantum Dots

SEET RS
GEZENR)
() M4 (0. G. Schmidt) F:%

(@N) A 75 2 i fit it

XG:” PEKING UNIVERSITY PRESS



[ 3% 3R AL G 3] |

e A ) B A R M I8 &

Lateral Alignment of
Epitaxial Quantum Dots
NEES RV EHS
(RENAR)

() he%%s (O. G. Schmidt) %

@ A 7 X F

PEKING UNIVERSITY PRESS



EMENESEZEIZES BEF:01-2012-7361
EEEMS B (CIP) 8

A FE & T 5 %9 ) 15 HE %] = Lateral alignment of epitaxial quantum dots: 2 3/
(f8) 16 % 4% (Schmidt, O. G. ) £ 4. — B EIAR. —Jbat Jbm K H R4 ,2013.7

Choh R d B R - 5IEERSD
ISBN 978-7-301-22785-5

I. ©% N. Ofi-- M. OFFEIB-GOKMB-BFFE- KX
V. OTN304 @TB383

b & A B 50 CIP B8 57 (2013) 88 147920 5

Reprint from English language edition:

Lateral Alignment of Epitaxial Quantum Dots

By Oliver G. Schmidt

Copyright © 2007 Springer Berlin Heidelberg

Springer Berlin Heidelberg is a part of Springer Science+ Business Media
All Rights Reserved

“This reprint has been authorized by Springer Science & Business Media for
distribution in China Mainland only and not for export therefrom. ”

3 £ . Lateral Alignment of Epitaxial Quantum Dots( 4} & & F S g9 mHEF ) GEEI D
FEFEE . HERHR(O. G. Schmid)  F 4
AT 4% . x| ol
¥ #E 5 5. ISBN 978-7-301-22785-5/0 « 0939
o & AT bt RAE R
H Hk e b T UE XRURT B 205 5 100871
B OB B @EEUAE R (., (55
H F % #i: zpup@pup. cn TUN\ES
iy . WBWGES 62752015 RATHE 62750672 kR \6@2
BB % JLEOCAKE %5 B A AN
% W . HERE
730 ZEH X980 ZX 16 FFA  45.5 EK 867 TF
20134 7 A% 1R 2013 4 7 A% 1 KENRI
& #r. 122.00 oG

62754962

REVFA] ARG MR F X E R R A B2 H oA E.
AT, BB R
26 ML 15 :010-62752024 L F{5 48 : {d@ pup. pku. edu. cn



“RANIEFERRB R
W ZE R

¥ F£: £BEF

BlEE: 29

& R (HUARKZEHTF T EFHIHRTED)
EFHE IEH I % IHE B %
HAE SEF MREE KA AF X =2
@ #F X N #FTAE HFFEE KB
Kegh KIER WKiEHF w4 BAHE
HAEF Rbk BEE  HLFH F OB
T oAl ZHMKE O E oW BB #oR
A MBR 4

M oB: Kdla



FF

il

Y EAF ST R L BE A L R BT Z A AR R . i AU
HE i BERE AR B, BB TR PR BT S5 O 2 B S [7] i A R 1 2 X Bk A AC

SCERMRHTHY . FERMER TR H BT SR E PR E S H ALK S K, P A
HERR PRI R SR B1E A

AN F] T 5 Bl Rk 2 B R B T 9 #) Y T EL7E AL 2 & R 5 N S8 HE AP 1 I s

WAVKREFHF B BH TP =+ 24K, BEE 1 EBUA 25 8F 0k
GO T FL I R R E A, TRIE Y B2 UG T B Ry 2 L 0 TR
AR

Z A AIEHMPTRBR. SRS EYBEIEESD L EOANEE

FEREYHEFPHRE LR E R T OLFERYHEAM R BB B ERNEE
TR RS A e FE R PUE R LA RS A RS 97 %5 T 1 A R A
e W —J5 A 8 E A& AL A4k HE ) T — 26 JFOR AR & A9 40 28 2
AR A4S B R G S5 B 45 1T 2R AR J TR H 3t 41 0L 5 AR

FHOR Z 8] B PRI 5 61 XA R 2 KB 3 R ME R B BT RS % )
Je 3 [ B2 A 8 5 1 R A TR 19— IR Bk R Y TR

N T HESH I E Py B A B TE I PRAR O 22 B RS R R R 1 R R B
AR P [ W) B A BT TS K FBCR » A6 5T K2 R A B 5 RO B i X
R T T ANy B2 R dh 45 2R KB DB SERIE AT R A 22 iR &R
TR RMEBEREL THCAAIK B PN A 3 TR A S BHIE B T 1 N 4% % K

FH . MATTER R HRTZ U A 2 1 BRI L 5 B R TR AT A R A
/24

XEBRNEFE BRI W) w] R o PR X 3R AL R
JE& B AT 5 A T S Bl AR 110 0 2 A 14 4 TR R 5 BE S | kR Ay

87 it F P A B ST A0 K R Bh A o T v [ B o O848 A 4% v [ gy B O
LE o TLAUL, “ SNy ARG A A R ) 1 5 A 2 B AR R e [ 4



I FooOE

Bl R BRI, B3 HATE AN R Z 03 E AR ME M RSS2
s M

“rh AN BAEOR A5 R — A58 R R 7E VY 7 ) T AR A i
PR (o [R] B oK T VT B M B A A T R 7. W B R R
FB1 A g T R 5 T M 5 R SR 0 20 M AR RT3 S L T LA
JE T I P AR TR IR . B — 7 T O TR UL 4E R
TR A A IS T KR R B — Rt B B 2 AR Y 35 1 R 4K 1l
. XA UK — 2 b [ ) B A 1 7 8 2 LA SCRR T 3R A
] o S B 2% 1 = 90 4T e R ob [ 4 B2 i 2 FUBUIR A F 2 IR A
T A AL FE 43 R H o [ 490 B0 2 T 5 0 AR R T 52 7, 4 i) SR 3 0 % 4%
BB S4TSR A T 1 357 Bk 5 17 x4 T T oh R BB A SC AR 40
1811 [ B B 5 B AR R A

(B 75— B A2, “ T AN B 2 45 2R 7 R X o [ I A 4 B 2 R () 4 M
ENEHEAT T 2GR . 20 20 LUK, o [ 4 3 R AR T AR £ 28 AR S E Y
Bt K 23 AR 0 A AR 2 AR P B 1 5 8 5 W W T 0 1 TR g b L iR
XX s it 2 B R R A, R ", SBRNHENEXHEFT
AR T, X v [ 49 B0 2 RS [ B3 AR [R) 43 3 1 48 L 1 64T T R4 Iy i
FCR . BT TAE B JE 9 8 102 R 78 SCRIAE 2 8 A AT LLAR 47 b 13
R AR TR [ 4 B 2 1 25 S0 SCHR L FE 40 R AR L A A5 R B4 A L OE R A
R B AR AR 100 B R TR 0 B 2 F 5T 10 % R Bk 4 R RS 5
FLIE S % — 2R R S G SR S ORI 2 .

K EBITE 2006 R EBFEHEAR KL B4 W R LR 5T R BT
HEBH S FHEE N EANEERR, ERER S AR REOLES
7. R R BAE T A0H . TR P R — R AR AR 5. KA
15 X AN BRARE A5 2RI YRR S TT LA T A B RS 4 B2 1
AT A TS A 0 U8 3 3 7 6 0 T L R ) A AR 10 ¥ — 2 3l At AR
S Al T A O B R R L R 3R I A S OB Rk 4 2 A A 1Y
Giy

“pormEEHRR R RELs 4
PEMAFRR L, LTERXFHRK
FREF
2010 %5 A TARE



Oliver G. Schmidt

Lateral Alignment
of Epitaxial
Quantum Dots

With 446 Figures

@ Springer



Introduction

The unique success story of semiconductor physics and technology relies on
the ability to highly integrate micro- and nanometer sized functional units
on a single chip. Within the last years epitaxial quantum dots have become
such functional units and moved to the forefront of cutting edge research to
study the exciting physics of single quantum structures and to fathom their
tremendous potential for device applications.

Quantum dots constitute a natural template to construct refined artificial
matter, such as artificial atoms, molecules and possibly artificial crystals with
entirely new electronic and optical properties. However, the full advantage
of their unique properties can be exploited, only, if a controlled positioning
or growth of the quantum dots inside a more complex device structure or
a precise coupling between the quantum dots and a macroscopic periphery
can be achieved. The prime task of this book is to review recent techniques,
which allow the controlled positioning and lateral alignment of quantum dots
on standard substrate surfaces.

The alignment techniques range from pure self-ordering mechanisms to
advanced quantum dot growth on patterned substrates. In the former case,
growth conditions, substrate orientations and layer sequences are optimized
to achieve a high degree of lateral ordering. In the latter case, the nucleation
centers of the quantum dots are defined by appropriate pre-patterning of the
substrate surfaces. This approach allows for an absolute positioning of the
quantum dots relative to marker structures, which are necessary to define
a device at the position of the quantum dot in subsequent processing steps.

While this book clearly documents the great advance made in control-
ling the spatial position of quantum dots, there remain huge challenges that
need rigorous tackling in future years. One of the biggest problems is the non-
resonant energy spectrum of quantum dot ensembles, even if they are located
in an apparently perfectly ordered array. The reason is that each quantum
dot is slightly different in size, shape and composition and therefore emits
a photon with a different energy. The question of “How identical are nanos-
tructures and can we create identical nanostructures?” addresses many fields
of today’s integrative nanotechnologies and is not inherent to quantum dots.
For quantum dots, a solution might be a self-limiting growth mechanism or
the manipulation of individual quantum dots after growth.



VI Introduction

Part I of this book concentrates on the lateral self-alignment of epitaxial
quantum dots. This self-alignment is realized by choosing appropriate growth
conditions and special substrate surfaces. The self-alignment on a short range
scale is exploited to create compact lateral quantum dot molecules. By stack-
ing multiple quantum dot layers pronounced lateral ordering on a medium
range scale is accomplished. The underlying growth mechanisms governing
these phenomena are described and reviewed in detail in the first part of the
book.

In the second Part the aim is to control the absolute lateral position of
quantum dots on a long-range scale. Such long-range ordered quantum dot
arrays might be useful for a high integration of single quantum dot devices,
or to realize one, two, and three dimensional quantum dot crystals. Part II
demonstrates that such artificial crystals can be created with high structural
integrity and excellent optical quality. However, at the present stage the dis-
tances between quantum dots are too large as to observe new electronic band
structures.

My gratitude goes to all authors having composed the 26 chapters of
this book. It took more than two years to put together this work, but I am
sure the effort was worthwhile and the book will serve as a helpful platform
to understand the many fundamental questions of quantum dot growth as
well as to further our efforts to eventually integrate single quantum dots on
a single chip.

Oliver G. Schmidt



List of Contributors

Gerhard Abstreiter

Walter Schottky Institut

TU Miinchen, 85748 Garching
Germany

Kiyoshi Asakawa

TARA Center

University of Tsukuba
1-1-1, Ten-noudai
Tsukuba 305-8577, Japan

Giinther Bauer

Institute for Semiconductor
and Solid State Physics
Johannes Kepler University
Altenbergerstr. 69, 4040 Linz
Austria

I. Berbezier

L2MP UMR CNRS 6137
Polytech’Marseille - Technopole
de Chateau Gombert

13451 Marseille Cedex 20,
France

Dieter Bimberg

Technische Universitit Berlin
Institut fiir Festkorperphysik
Hardenbergstr. 36, 10623 Berlin
Germany

Silke H. Christiansen
Max-Planck-Institute

of Microstructure Physics
Weinberg 2, 06120 Halle/Saale
Germany

Oscar D. Dubon, Jr.

Department of Materials Science
and Engineering

University of California, Berkeley
CA 94720, USA

Jerrold A. Floro

Sandia National Laboratories
Surface and Interface

Sciences Department, Albuquerque
NM 87185-1415, USA

Takashi Fukui

Graduate School

of Information Science

and Technology, and Research
Center for Integrated Quantum
Electronics, Hokkaido University
N14, W9, Sapporo, 060-0814 Japan

Jennifer L. Gray

University of Virginia

Department of Materials Science
and Engineering

116 Engineers Way, Charlottesville
VA 22904-4745, USA

Hideki Hasegawa

Research Center for Integrated
Quantum Electronics (RCIQE)
and Graduate School

of Information Science

and Technology

Hokkaido University

N 13, W 8, Sapporo

060-8628, Japan



XII List of Contributors

H. Heidemeyer

Max-Planck-Institut

fiir Festkorperforschung
Heisenbergstrasse 1, 70569 Stuttgart
Germany

V. Holy

Department of Electronic Structures
Faculty of Mathematics and Physics
Charles University

12116 Prague, Czech Republic

Robert Hull

University of Virginia

Department of Materials Science
and Engineering, 116 Engineers Way
Charlottesville, VA 22904, USA

Masakazu Ichikawa
Quantum-Phase Electronic Center
Department of Applied Physics
Graduate School of Engineering
The University of Tokyo

7-3-1 Hongo Bunkyo-ku

Tokyo 113-8656, Japan

Kohei M. Itoh

Keio University, 3-14-1 Hiyoshi
Kouhoku-Ku, Yokohama
223-8522, Japan

Eli Kapon

Ecole Polytechnique Fédérale
de Lausanne (EPFL),
Laboratory of Physics

of Nanostructures

Lausanne CH-1015, Switzerland

Gouri S. Kar

Max-Planck-Institut

fiir Festkorperforschung
Heisenbergstrasse 1, 70569 Stuttgart
Germany

A. Karmous

L2MP UMR CNRS 6137
Polytech’Marseille - Technopole
de Chateau Gombert

13451 Marseille Cedex 20
France

Seiya Kasai

Research Center for Integrated
Quantum Electronics (RCIQE)
and Graduate School

of Information Science

and Technology

Hokkaido University

N 13, W 8, Sapporo

060-8628, Japan

Hyung-jun Kim

Department of Electrical
Engineering

University of California Los Angeles
USA

Suwit Kiravittaya
Max-Planck-Institut

fiir Festkorperforschung
Heisenbergstrasse 1, 70569 Stuttgart
Germany

Shigeru Kohmoto

System Devices Research Labs
NEC Corporation

2-9-1 Seiran, Ohtsu

Shiga 520-0833, Japan

Max Lagally

Department of Materials Science
and Engineering

University of Wisconsin-Madison
1509 University Avenue, Madison
WI 53706, USA

Feng Liu

Department of Materials Science
and Engineering, University of Utah
Salt Lake City, UT 84112, USA



Junichi Motohisa

Graduate School

of Information Science

and Technology, and Research
Center for Integrated Quantum
Electronics, Hokkaido University
N14, W9, Sapporo, 060-0814 Japan

Yusui Nakamura
Department of Electrical
and Computer Engineering
Kumamoto University,
2-39-1, Kurokami
Kumamoto 300-2635, Japan

W. Neumann
Humboldt-University of Berlin
Institute of Physics
Newtonstrafle 15

12489 Berlin, Germany

Richard Notzel

eiTT/COBRA Inter-University
Research Institute

Eindhoven University of Technology
5600 MB Eindhoven

The Netherlands

Shunsuke Ohkouchi
Fundamental and Environmental
Research Laboratories

NEC Corporation

34, Miyukigaoka, Tsukuba
Ibaraki 305-8501, Japan

Alain Portavoce

University of Virginia

Department of Materials Science
and Engineering, 116 Engineers Way
Charlottesville, VA 22904, USA

Armando Rastelli
Max-Planck-Institut

fiir Festkorperforschung
Heisenbergstr. 1, 70569 Stuttgart
Germany

List of Contributors  XIII

Jeremy T. Robinson
Department of Materials Science
and Engineering

University of California
Berkeley, CA 94720, USA

A. Ronda

L2MP UMR CNRS 6137
Polytech’Marseille - Technopole
de Chateau Gombert

13451 Marseille Cedex 20
France

Frances M. Ross

IBM Research Division

T.J. Watson Research Center

1101 Kitchawan Road,

Yorktown Heights, NY 10598, USA

Gregory J. Salamo
Department of Physics
University of Arkansas
Fayetteville, Arkansas 72701
USA

Taketomo Sato

Research Center for Integrated
Quantum Electronics (RCIQE)
and Graduate School

of Information Science

and Technology

Hokkaido University

N 13, W 8, Sapporo

060-8628, Japan

Oliver G. Schmidt
Max-Planck-Institut

fiir Festkorperforschung
Heisenbergstr. 1, 70569 Stuttgart
Germany

M. Schmidbauer

Institute of Crystal Growth
Max-Born-Strafie 2

12489 Berlin, Germany



XIV  List of Contributors

R. Schneider
Humboldt-University of Berlin
Institute of Physics
Newtonstrafle 15

12489 Berlin, Germany

Dieter Schuh

Walter Schottky Institut

TU Miinchen, 85748 Garching
Germany

Vitaly Shchukin

Technische Universitdt Berlin
Institut fiir Festkorperphysik
Hardenbergstr. 36, 10623 Berlin
Germany

A. Shklyaev

Quantum-Phase Electronic Center
Department of Applied Physics
Graduate School of Engineering
The University of Tokyo and Japan
Science and Technology Agency
CREST, 7-3-1 Hongo, Bunkyo-ku
Tokyo 113-8656, Japan

Glenn S. Solomon

Solid-State Photonics Laboratory
Stanford University, Stanford
CA 94305, USA

Rudeesun Songmuang
Max-Planck-Institut

fiir Festkorperforschung
Heisenbergstr. 1, 70569 Stuttgart
Germany :

Giinther Springholz

Institut fiir Halbleiter-

und Festkorperphysik,

Johannes Kepler Universitat Linz
4040 Linz, Austria

Mathieu Stoffel
Max-Planck-Institut

fiir Festkorperforschung
Heisenbergstrasse 1, 70569 Stuttgart
Germany

Toma Stoica
ISG, Forschungszentrum Jiilich
52425 Jilich, Germany

and
INCDFM, Magurele, POB Mg7
Bucharest, Romania

H.P. Strunk

Institute for Materials Science
and Engineering VII
Cauerstrafle 6

91058 Erlangen

Germany

Eli Sutter

Center for Functional Nanomaterials
Brookhaven National Laboratory
P.O. Box 5000, Bldg. 480, Upton
NY 11973-5000, USA

Christian Teichert

Institute of Physics
Montanuniversitat Leoben

Franz Josef Str. 18, 8700 Leoben
Austria

Lili Vescan
Richtericher Str. 86, 52072 Aachen
Germany

Hangyao Wang

Department of Materials Science
and Engineering

University of Utah

Salt Lake City, UT 84112

USA

Kang L. Wang

Department of Electrical
Engineering, University of California
Los Angeles

USA



Zhiming M. Wang
Department of Physics
University of Arkansas
Fayetteville, Arkansas 72701
USA

Herbert Wawra

Institute of Crystal Growth
Max-Born-Strafie 2

12489 Berlin, Germany

Ya-Hong Xie
Department of Electrical Engineer-
ing

List of Contributors XV

University of California Los Angeles
USA

Zhigang Xie

Solid-State Photonics Laboratory
Stanford University, Stanford

CA 94305, USA

Zhenyang Zhong

Institute for Semiconductor

and Solid State Physics
Johannes Kepler University Linz
4040 Linz, Austria



Contents

Part I Lateral Self-Alignment

I.1 General

1 Physical Mechanisms of Self-Organized Formation
of Quantum Dots )
V. Shchukin, D. Bimberqg. .. .. ... 5

2 Routes Toward Lateral Self-Organization
of Quantum Dots: the Model System SiGe on Si(001)
C. Teichert, M.G. Lagally . ... ........ccouuiviiiiiiiniiiininneins 49

1.2 Compact Lateral Quantum Dot Configurations

3 Short-Range Lateral Ordering of GeSi Quantum Dots Due
to Elastic Interactions
J.A. Floro, R. Hull, J.L. Gray............ueuuueuuemmeaannnnn.. 79

4 Hierarchical Self-Assembly of Lateral Quantum-Dot
Molecules Around Nanoholes
A. Rastelli, R. Songmuang, S. Kiravittaya, O.G. Schmidt . ........... 103

1.3 Ordering in Single Layers

5 Energetics and Kinetics of Self-Organized Structure
Formation in Solution Growth — the SiGe/Si System

S.H. Christiansen, M. Schmidbauer, H. Wawra, R. Schneider, W.
Neumann, H.P. Strunk .. ... et eieeenns 127

6 Ge Quantum Dot Self-Alignment on Vicinal Substrates
L. Berbezier, A. Ronda, A. Karmous. ... ............c.uoiiuiueneo... 195

7 Lateral Arrangement of Ge Self-Assembled Quantum Dots
on a Partially Relaxed Si,Ge;_, Buffer Layer
H.-j. Kim,Y.-H. Xie, K.L. Wang..............0 i, 209



VIII Contents

8 Ordering of Wires and Self-Assembled Dots on Vicinal Si
and GaAs (110) Cleavage Planes
G. Abstreiter, D. Schuh . .. ...ttt i e 229

1.4 Ordering by Layer Stacking

9 Stacking and Ordering in Self-Organized Quantum Dot
Multilayer Structures
G. Springholz, V. HOlY . ... 247

10 Self-Organized Anisotropic Strain Engineering
for Lateral Quantum Dot Ordering
R. NOtzel .. .. 305

11 Towards Quantum Dot Crystals via Multilayer Stacking
on Different Indexed Surfaces
Z.M. Wang, G.J. Salamo ........... ... i 325

Part II Forced Alignment

I1.5 Growth on Shallow Modulated Surfaces

I1.5.1 SiGe Islands

12 One-, Two-, and Three-Dimensionally Ordered GeSi
Islands Grown on Prepatterned Si (001) Substrates
Z. Zhong, G. Bauer, O.G. Schmidt . ............................... 353

13 Ordered SiGe Island Arrays: Long Range Material
Distribution and Possible Device Applications
G.S. Kar, S. Kiravittaya, M. Stoffel, O.G. Schmidt. ................. 373

14 Nanoscale Lateral Control of Ge Quantum Dot Nucleation
Sites on Si(001) Using Focused Ion Beam Implantation
A. Portavoce, R. Hull, F.M. ROSS . ... .......uuuiiiiiniaanannnnn.. 397

15 Ge Nanodroplets Self-Assembly on Focused Ion Beam
Patterned Substrates
I. Berbezier, A. Karmous, A. Ronda. . ............................. 429

16 Metallization and Oxidation Templating of Surfaces
for Directed Island Assembly
O.D. Dubon, J.T. Robinson, K.M. Ttoh ............................ 441



Contents

I1.5.2 InGaAs/GaAs Quantum Dots

17 Site Control and Selective-Area Growth Techniques

of InAs Quantum Dots with High Density

and High Uniformity

K. Asakawa, S. Kohmoto, S. Ohkouchi, Y. Nakamura ...............

18 In(Ga)As Quantum Dot Crystals
on Patterned GaAs(001) Substrates
S. Kiravittaya, H. Heidemeyer, O.G. Schmadt. ......................

II.6 Growth on Surface Modulations of High Amplitude

I1.6.1 SiGe Islands

19 Directed Arrangement of Ge Quantum Dots on Si Mesas
by Selective Epitaxial Growth
K.L. Wang, H--7. Kim . ... e i

20 Directed Self-Assembly of Quantum Dots

by Local-Chemical-Potential Control via Strain Engineering
on Patterned Substrates

H. Wang, F. Liu, M. Lagally . ........... ... . ..

21 Structural and Luminescence Properties of Ordered Ge
Islands on Patterned Substrates
L. Vescan, T. Stoica, E. Sutter ......... ... ..

22 Formation of Si and Ge Nanostructures at Given Positions
by Using Surface Microscopy and Ultrathin SiO»

Film Technology

M. Ichikawa, A. Shklyaev ........... .. ... ...

I1.6.2 III-V Quantum Dots

23 Pyramidal Quantum Dots Grown by Organometallic
Chemical Vapor Deposition on Patterned Substrates
B, KQDOTE 5 sovcuemssumsmscosnasmssssns s5sfnshs ek s sssms s 5s@a s

24 Large-Scale Integration of Quantum Dot Devices
on MBE-Based Quantum Wire Networks
H. Hasegawa, T. Sato, S. Kasai. ... .........uuiiieiiiiiinnnnn..

IX



