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Abstract
Project Code : RTAS5080003
Project Title  : Basic Research on Self-Assembled Semiconductor Nanostructures by Molecular Beam
Epitaxy
Investigator  : Prof. Dr. Somsak Panyakeow Assoc. Prof. Dr. Montri Sawadsaringkarn
Assoc. Prof. Dr. Banyong Toprasertpong Assoc. Prof. Dr. Choompol Antarasena

Assoc. Prof. Dr. Somchai Ratanathammaphan  Assoc. Prof. Dr. Songphol Kanjanachuchai
Lecturer Dr. Chanin Wissawinthanon Mr. Supachok Thainoi

Mr. Pornchai Changmoang

Semiconductor Device Research Laboratory, Department of Electrical Engineering,

Faculty of Engineering, Chulalongkorn University

Project Period : 3 years

Basic research on self-assembled quantum dots from compound semiconductors having potential
applications on nanoelectronics and nanophotonics during 2007-2010 is continued from the previous
activity during 2004-2007. The research works have been performed at the Semiconductor Device
Research laboratory (SDRL), Electrical Engineering Department, Faculty of Engineering, Chulalongkorn
University. Various patterns of quantum dot structures, such as bi-quantum dots, quadra quantum dots,
quantum dot rings, aligned quantum dots, cross-hatched quantum dots and quantum rings, were developed
by thin-capping-and regrowth process and droplet epitaxy technique using Molecular Beam Epitaxy
(MBE) machine.

The development of quantum dot structures leads to several potential applications like bi-quantum
dots for spintronics, quadra quantum dots and quantum dot rings for quantum computing based on
quantum cellular automata, as well as aligned quatum dots and cross hatched quantum dots for
nanoelectronics and nanophotonics. The novel growth technique of high density quantum dot molecules is

also vital in the development of high performance quantum dot lasers and quantum dot solar cells.

Keywords : Nanoelectronics, Quantum Structures, Molecular Beam Epitaxy



Executive Summary

“Basic Research on Self-Assembled Quantum Dots and their Potential Applications on
Nanoelectronic and Nanophotonics” has been conducted since 2000 and received the financial support
from Senior Researcher Fellowship of Thailand Research Fund (TRF) and Office of the Higher Education
Commission (OHEC)during 2004-2007 and during 2007-2010.

Self-assembled quantum dots, which are defect-free nanostructures, are grown by both solid-
source and gas-source molecular beam epitaxies (MBE). With an original development of our MBE
process called thin-capping-and-regrowth technique and droplet epitaxy, different patterns of quantum dot
nanostructures such as bi-quantum dots, quadra-quantum dots, quantum dot ring, aligned quantum dot and
cross hatched quantum dots as well as quantum dot rings are created at different growth conditions. These
nanostructures are useful for various device applications in spintronics, quantum computing,
nanoelectronics and nanophotonics. High density quantum dot molecules having high dot quality are also
vital for high performance quantum dot lasers and quantum dot solar cells.

In this full report, a research background prior to quantum study is introduced and followed by
experimental results based on quantum dot growth by solid-source and gas-source MBE and related
evaluations, such as quantum dot morphology by Atomic Force Microsopy (AFM), cross-sectional
nanostructures by Transmission Electron Microscopy (TEM), basic optical properties by
Photoluminescence (PL). Finally, we have demonstrated to fabricate a prototype of quantum device
having high density quantum dots as an active part, i.e. quantum dot solar cells. The high performance of
quantum dot solar cells showing broad spectral response confirms that this basic research is paving a way
to potential development of energy efficient nanoelectronics and nanophotonics in Thailand.

In addition, reprints of international publications and manuscripts of all papers presented in all
journals and conferences are attached. During 2007-2010, authors were invited to give talks, plenary
lectures and keynote lectures at conferences and field-wise seminars. List of graduated students at
bachelor, master and Ph.D. levels and their thesis titles are also presented. Parts of this research work are

conducted through some research collaborations with foreign institutes as listed at the end of this report.
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1. HANUNANUN

1.1 UnadmnmMsnanNWluNsas U Genasuunlunmianuin)

1.1.1  “Self-Assembled InAs Lateral Quantum Dot Molecules Growth on (001) GaAs by
Thin-Capping-and-Regrowth MBE Technique”, Suwaree Suraprapapich, Supachok
Thainoi, Songphol Kanjanachuchai, and Somsak Panyakeow, Journal of Solid State
Phenomena, Vols. 121-123, pp. 395-399, 2007.

1.1.2  “Aligned Quantum Dot Molecules with 4 Satellite Dots by Self Assembly”, Naparat
Siripitakchai, Cho Cho Thet, Somsak Panyakeow, and Songphol Kanjanachuchai,
Journal of Microelectronic Engineering, Vol. 85, pp. 1218-1221, January, 2008.

1.1.3  “Nanometer-Scale In,;Ga, As Ring-Like Structure Grown by Droplet Epitaxy”,
Naraporn Pankaow, Somsak Panyakeow, and Somchai Ratanathammaphan, Journal
of Advanced Materials Research, Vol. 31, pp. 123-125, 2008.

1.1.4  “In-Mole-Fraction and Thickness of Ultra-thin InGaAs Insertion Layers Effects on
the Structural and Optical Properties of InAs Quantum Dots”, Poonyaseri Boonpeng,
Somsak Panyakeow, and Somchai Ratanathammaphan, Journal of Advanced
Materials Research, Vol. 31, pp. 132-134, 2008.

Ga

1.1.5 “The Formation of InP Ring-Shape Nanostructures on In 051

0.49

P Grown by Droplet
Epitaxy”, Wipakorn Jevasuwan, Somsak Panyakeow, and Somchai
Ratanathammaphan, Journal of Advanced Materials Research, Vol. 31, pp. 158-160,
2008.
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1.1.6 “Effective One-Dimensional Electronic Structure of InGaAs Quantum Dot
Molecules”, Nitidet Thudsalingkarnsakul, Teeravat Limwongse, Naparat
Siripitakchai, Somsak Panyakeow, and Songphol Kanjanachuchai, Journal of
Microelectronics Engineering, Vol. 85, pp. 1225-1228, 2008.

1.1.7 “The Effects of Relaxed InGaAs Virtual Substrates on the Formation of Self-
Assembled InAs Quantum Dots”, Cho Cho Thet, S. Sanorpim, Somsak Panyakeow,
and Songphol Kanjanachuchai, Journal of Semiconductor Science and Technology,
Vol. 23, 2008.

1.1.8  “Improved Quantum Confinement of Self-Assembled High-Density InAs Quantum
Dot Molecules in AlGaAs/GaAs Quantum Well Structures by Molecular Beam
Epitaxy”, Nan Thidar Chit Swe, Ongarj Tangmattajittakul, Suwaree Suraprapapich,
Pornchai Changmoang, Supachok Thainoi, Chanin Wissawinthanon, Songphol
Kanjanachuchai, Somchai Ratanathammaphan, and Somsak Panyakeow, Journal of
Vacuum Science and Technology B, Vol. 26, No. 3, pp. 1100-1104, May, 2008.

1.1.9 “Low-Temperature Micro-PL Measurements of InAs Binary Quantum Dots on GaAs
Substrate”, Nan Thidar Chit Swe, Suwaree Suraprapapich, Chanin Wissawinthanon,
Somsak Panyakeow, Charles W. Tu, and Yasuhiko Arakawa, Non-members, ECTI
Transactions on Electrical Eng., Electronics, and Communications, pp. 50-56, Vol.
6, No. 2, August, 2008.

1.1.10 “Optimization of Stacking High-Density Quantum Dot Molecules for Photovoltaic
Effect”, Kittituch Laouthaiwattana, Ongarj Tangmattajittakul, Suwaree
Suraprapapich, Supachok Thainoi, Pornchai Changmuang, Songphol
Kanjanachuchai, Somchai Ratanathammaphan, and Somsak Panyakeow, Journal of
Solar Energy Materials & Solar Cells, Vol. 93, pp. 746-749, 2009.

1.1.11 “The Effects of Rapid Thermal Annealing on Doubled Quantum Dots Grown by
Molecular Beam Epitaxy”, Suwaree Suraprapapich, Y.M. Shen, Y. Fainman, Y.
Horikoshi, Somsak Panyakeow, and Charles W. Tu, Journal of Crystal Growth, Vol.
311, pp. 1791-1794, 2009.

1.1.12 “Formation of In,.Ga,;As Ring-and-Hole Structure by Droplet Molecular Beam
Epitaxy”, Naraporn Pankaow, Somsak Panyakeow, and Somchai

Ratanathammaphan, Journal of Crystal Growth, Vol. 311, pp. 1832-1835, 2009.
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1.1.16

1.1.17

1.1.18
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“Fabrication of In;,Ga,,,As Nanoholes on GaAs by Droplet Molecular Beam
Epitaxy”, Poonyasiri Boonpeng, Somsak Panyakeow, and Somchai
Ratanathammaphan, Journal of Crystal Growth, Vol. 311, pp. 1843-1846, 2009.

“Self-Assembled InAs Quantum Dots on Cross-Hatch InGaAs Templates: Excess
Growth, Growth Rate, Capping and Preferential Alignment”, Songphol
Kanjanachuchai, Matinon Maitreeboriraks, Cho Cho Thet, Teeravat Limwongse, and
Somsak Panyakeow, Journal of Microelectronic Engineering, Vol. 86, pp. 844-849,
2009.

“Quadra-Quantum Dots Grown on Quantum Rings Having Square-Shaped Holes:
Basic Nanostructure for Quantum Dot Cellular Automata Application”, Poonyaseri
Boonpeng,  Wipakorn  Jevasuwan, Suwaree  Suraprapapich, = Somchai
Ratanathammaphan, and Somsak Panyakeow, Journal of Microelectronic
Engineering, Vol. 86, pp. 853-856, 2009.

“Evolution of InAs Quantum Dots Grown on Cross-Hatch Substrates”, Teeravat
Limwongse, Somsak Panyakeow, and Songphol Kanjanachuchai, Journal of Physica
Status Solidi C, Vol. 6, No. 4, pp. 806-809, 2009.

“Extended Optical Properties Beyond Band-Edge of GaAs by InAs Quantum Dots
and Quantum Dot Molecules”, Ongarj Tangmettajittakul, Supachok Thainoi,
Pornchai Changmoang, Songphol Kanjanachuchai, Somchai Ratanathammaphan,
and Somsak Panyakeow, Journal of Microelectronic Engineering, Vol. 87, pp. 1304-
1307, 2010.

“Temperature-Dependent Photoluminescent Characteristics of Lateral InGaAs
Quantum Dot Molecules”, Songphol Kanjanachuchai, Nitidet Thudsalingkarnsakul,
Naparat Siripitakchai, Pornchai Changmoang, Supachok Thainoi, and Somsak
Panyakeow, Journal of Microelectronics Engineering, Vol. 87, pp. 1352-1356, 2010.

“Influence of Crystallization Temperature on InP Ring-Shaped Quantum-Dot
Molecules Grown by Droplet Epitaxy”, Wipakorn Jevasuwan, Poonyasiri Boonpeng,
Somsak Panyakeow, and Somchai Ratanathammaphan, Journal of Microelectronic

Engineering, Vol. 87, pp. 1416-1419, 2010.
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“Growth and Characterization of InP Ringlike Quantum-Dot Molecules Grown by
Solid-Source Molecular Beam Epitaxy”, Wipakorn Jevasuwan, Poonyasiri
Boonpeng, Somsak Panyakeow, and Somchai Ratanathammaphan, Journal of
Nanoscience and Nanotechnology, Vol. 10, pp. 1-4, 2010.

“Fabrication of Self-Assembled InGaAs Squarelike Nanoholes on GaAs(001) by
Droplet Epitaxy”, Poonyasiri Boonpeng, Wipakorn Jevasuwan, Somsak Panyakeow,
and Somchai Ratanathammaphan, Journal of Applied Physics, Vol. 49, pp. 1-3,
2010.

“A Si-Doped GaAs/AlGaAs Solar Cell on (311) A GaAs Substrate”, Ongarj
Tangmattajittakul, Supachok Thainoi, Somsak Panyakeow, and Somchai
Ratanathammaphan, Compound Semiconductor Photonics Materials, Devices and
Integration, pp. 149-151, 2010.

“InGaAs Ring-Shaped Nanostructures Grown by Droplet Epitaxy”, Naraporn
Pankaow, Somsak Panyakeow, and Somchai Ratanathammaphan, Compound
Semiconductor Photonics Materials, Devices and Integration, pp. 152-154, 2010.

“Effect of Substrate Temperature on In, ,,Ga, ,;As/GaAs (001) Nanohole Templates
Grown by Droplet Molecular Beam Epitaxy”, Poonyaseri Boonpeng, Somsak
Panyakeow, and Somchai Ratanathammaphan, Compound Semiconductor Photonics
Materials, Devices and Integration, pp. 158-160, 2010.

“Dependency of In Thickness on the Properties of Self-assembled InP Ring-Shaped
Nanostructures Grown by Droplet Molecular Beam Epitaxy”, Wipakorn Jevasuwan,
Somsak Panyakeow, and Somchai Ratanathammaphan, Compound Semiconductor
Photonics Materials, Devices and Integration, pp. 161-163, 2010.

“Effect of Thickness of GaP Ultra-Thin Insertion Layer on the Structural and Optical
Properties of InP Quantum Dots”, Soe Soe Han, Somsak Panyakeow, and Somchai
Ratanathammaphan, Compound Semiconductor Photonics Materials, Devices and

Integration, pp. 176-178, 2010.
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1.2 unadmnmsnanyaludszma tenasuunlunanuan)

1.2.1 “Quantum Nanostructures by Droplet Epitaxy”, (Invited Paper), Somsak Panyakeow,
Transaction on Bio and Nano Engineering of the Chulalongkorn Engineering

Journal, pp. 51-56, Vol. 13, 2009.

1.3 unanuimirauelumsdszgdnmsinunmng enaisuunlumanuin)

1.3.1 “Quantum Dot Molecules in Quantum Wells for Photovoltaic Applications”,
Supachok Thainoi, Pornchai Changmuang, Suwaree Suraprapapich, Ongarj
Tangmattajittakul, Songphol Kanjanachuchai, Somchai Ratanathammaphan, and
Somsak Panyakeow, 22nd European Photovoltaic Solar Energy Conference and
Exhibition (EU-PVSEC 2007), Milan, Italy, pp. 239-241,3-7 September, 2007.

1.3.2 “Dot Homogeneity of Self-Assembled High Density InAs Quantum Dot Molecules in
AlGaAs Quantum Well Structures by Molecular Beam Epitaxy”, Ongarj
Tangmattajittakul, Suwaree Suraprapapich, Pornchai Changmoang, Supachok
Thainoi, Songphol Kanjanachuchai, Somchai Ratanathammaphan, and Somsak
Panyakeow, 25th North American Conf. on Molecular Beam Epitaxy (NAMBE
2007), Albuquerque, New Mexico, U.S.A., 23-26 September, 2007.

1.3.3 “Aligned Quantum Dot Molecules with 4 Satlelite Dots by Self-Assembly
Approach”, Naparat Siripitakchai, Cho Cho Thet, Pornchai Changmoang, Supachok
Thainoi, Songphol Kanjanachuchai, and Somsak Panyakeow, 33rd International
Conference on Micro- and Nano-Engineering 2007, Copenhagen, Denmark, pp. 145-
146, 23-26 September, 2007.

1.3.4 “Effect of Si-doping in In droplets on InP ring-like nanostructures on In,,,Ga, P
grown by droplet molecular beam epiatxy”, Wipakorn Jevasuwan, Somsak
Panyakeow, and Somchai Ratanathammaphan, 33rd International Conference on
Micro- and Nano-Engineering 2007, Copenhagen, Denmark, pp. 619-620, 23-26
September, 2007.

1.3.5 “Electronic Structure of Embedded InAs Quantum Dot Molecules”, Nitidet
Thudsalingkarnsakul, Teeravat Limwongse, Naparat Siripitakchai, Somsak Panyakeow,
and Songphol Kanjanachuchai, 33rd International Conference on Micro- and Nano-

Engineering 2007, Copenhagen, Denmark, pp. 643-644, 23-26 September, 2007.
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1.3.6 “Optimization of Stacking High-Density Quantum Dot Molecules for Photovoltaic
Effect”, Kittituch Laouthaiwattana, Ongarj Tangmattajittakul, Suwaree
Suraprapapich, Supachok Thainoi, Pornchai Changmuang, Songphol
Kanjanachuchai, Somchai Ratanathammaphan, and Somsak Panyakeow, The 17th
International Photovoltaic Science and Engineering Conference (PVSEC-17),
Fukuoka, Japan, pp. 927-928, 3-7 December, 2007.

1.3.7 “InAs Bi-Quantum Dot Molecules and their Photoluminescence Characteristics”, Nan
Thidar Chit Swe, Suwaree Suraprapapich, Chanin Wissawinthanon, Somsak
Panyakeow, and Charles W. Tu, 29th International Conference on the Physics of
Semiconductors, (ICPS 2008), Rio de Janeiro, RJ, Brazil, pp. 426-427, 27 July - 1
August, 2008.

1.3.8 “Thermal Annealing Effects on Doubled Quantum Dots Grown by Molecular Beam
Epitaxy”, Suwaree Suraprapapich, Y.M. Shen, Y. Fainman, Y. Horikoshi, Somsak
Panyakeow and Charles W. Tu, 15th International Conference on Molecular Beam
Epitaxy, (MBE 2008), The University of British Columbia, Vancouver, Canada, pp.
9, 3-8 August, 2008.

1.3.9 “Multi-Stacked High Density InAs Quantum Dot Molecules Having Uniform Dots
and Dot Alignment Grown by Multi-Cycled MBE Process”, Suwaree Suraprapapich,
Ongarj Tangmattajittakul, Supachok Thainoi, Songphol Kanjanachuchai, Somchai
Ratanathammapan, and Somsak Panyakeow, 15th International Conference on
Molecular Beam Epitaxy, (MBE 2008), The University of British Columbia,
Vancouver, Canada, pp. 108, 3-8 August, 2008.

1.3.10 “Formation of In .Ga,;As Ring-and-Hole Structure by Droplet Molecular Beam
Epitaxy”, Naraporn Pankaow, Somsak Panyakeow and Somchai Ratanathammaphan,
15th International Conference on Molecular Beam Epitaxy, (MBE 2008), The
University of British Columbia, Vancouver, Canada, pp. 220, 3-8 August, 2008.

1.3.11 “Fabrication of In ,;Ga,,sAs Nanohloes on GaAs by Droplet Molecular Beam
Epitaxy”, Poonyaseri Boonpeng, Somsak Panyakeow and Somchai
Ratanathammaphan, 15th International Conference on Molecular Beam Epitaxy,
(MBE 2008), The University of British Columbia, Vancouver, Canada, pp. 221, 3-8

August, 2008.
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1.3.15

1.3.16

1.3.17
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“One-Dimensional Alignment of Self-Assembled InAs Quantum Dots on Strain-
Engineered Templates”, Matinon Maitreeboriraks, Somsak Panyakeow, and
Songphol Kanjanachuchai, The 34th International Conference on Micro & Nano
Engineering, pp. 235, 15-19 September, 2008.

“Effects of Overgrowth and Capping of InAs Quantum Dots Grown on Cross-Hatch
Surfaces”, Songphol Kanjanachuchai, Teeravat Limwongse, Cho Cho Thet, and
Somsak Panyakeow, The 34th International Conference on Micro & Nano Engineering,
pp. 236, 15-19 September, 2008.

“Quadra-Quantum Dots Grown on Quantum Rings Having Square-Shaped Holes:
Basic Nanostructure for Quantum Dot Cellular Automata Application”, Poonyaseri
Boonpeng, Suwaree Suraprapapich, Somchai Ratanathammaphan, and Somsak
Panyakeow, The 34th International Conference on Micro & Nano Engineering, pp. 456,
15-19 September, 2008.

“Optical Polarization Characteristics of Self-Assembled Laterally-Aligned Quantum
Dots”, Chonlakorn Chiewpanich, Nan Thidar Chit Swe, Suwaree Suraprapapich,
Somsak Panyakeow, and Chanin Wissawinthanon, The 34th International Conference
on Micro & Nano Engineering, pp. 504, 15-19 September, 2008.

“Development of Semiconductor Quantum Nanostructures at Chulalongkorn
University”, (Invited Talk), Somsak Panyakeow, The 18th International Photovoltaic
Science and Engineering Conference & Exhibition, (PVSEC 18), Science City
Convention Center, Kolkata, India, 19-23 January, 2009.

“A Si-Doped GaAs/AlGaAs Solar Cell on (311) A GaAs Substrate”, Ongarj
Tangmattajittakul, Supachok Thainoi, Somsak Panyakeow, and Somchai
Ratanathammaphan, International Conference on Materials for Advanced
Technologies, ICMAT 2009), Singapore, pp. 17, 28 June-3 July, 2009.

“InGaAs Ring-Shaped Nanostructures Grown by Droplet Epitaxy”, Naraporn
Pankaow, Somsak Panyakeow, and Somchai Ratanathammaphan, International
Conference on Materials for Advanced Technologies, ICMAT 2009), Singapore,

pp. 18-19, 28 June-3 July, 2009.
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1.3.19 “Effect of Substrate Temperature on In, ,,Ga, ,;As/GaAs (001) Nanohole Templates
Grown by Droplet Molecular Beam Epitaxy”, Poonyaseri Boonpeng, Somsak
Panyakeow, and Somchai Ratanathammaphan, International Conference on
Materials for Advanced Technologies, ICMAT 2009) Singapore, pp.22, 28 June-3
July, 2009.

1.3.20 “Dependency of In Thickness on the Properties of Self-assembled InP Ring-Shaped
Nanostructures Grown by Droplet Molecular Beam Epitaxy”, Wipakorn Jevasuwan,
Somsak Panyakeow, and Somchai Ratanathammaphan, International Conference on
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