
 

Ordered InAs/InP quantum dot arrays at telecom wavelength

Citation for published version (APA):
Sritirawisarn, N. (2010). Ordered InAs/InP quantum dot arrays at telecom wavelength. [Phd Thesis 1 (Research
TU/e / Graduation TU/e), Applied Physics and Science Education]. Technische Universiteit Eindhoven.
https://doi.org/10.6100/IR675375

DOI:
10.6100/IR675375

Document status and date:
Published: 01/01/2010

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 04. Oct. 2023

https://doi.org/10.6100/IR675375
https://doi.org/10.6100/IR675375
https://research.tue.nl/en/publications/fca5a264-efe4-47a0-ae4d-e592ec2bc54f


�

�

�

�

�

�

�����������	
��������� ����������	�

����������� �� ����������
�

�

�

���������	�
�

�

�

�

�

�

��������������������������������������������


�������������������������������������������

����������� ��!������ "��"��"��"#"�����$!������������

�������������%�������������&&�������

������������������'��������������

�����������()��!���*+(+����(,"++�!!��

�

�

�

�

�����

�

�

�

�

-!���������%������

�

�

�

�

�'������.��������
���&����

�

�

�

�

�



$������ ���� ����������!�������������������/�

�

��� "��"��"0 "�1�������

��

��� "�2 "
"�0���&������$�

�

����������/�

$�"��"�-3��&�

�

�

�

�

�

�

�

�

�

�

�

�

�

4�����&��!��������������&�'&� ������������������������5�� �
����&��5�

6�'���5�

�

	�.-/�789:7+:;9,:**,+:,�

-��/�7*,�

�

�

�������%�������-!��

�

������	�4�<	���=!���!��$���4���5�����
&����2 ��&�����<�'5��

-!���������%�����"�>�����������
�����������������������������*+(+"�>

��� ����� �"�

�

�!'�����������/�������&�'�������?5����%��<�			:@��������!�����<�

�������!�����A!���!������<����������������������������<�������&���������<�

�����&!��������

�


��%�������������������������%�����������!�����������!����������������

�������!�����-�����5������$��������� �4��&�����5���������������

��������5�� �
����&��5"��

�


�����������%����!�������'5�-���-������������&����������&��5���������

�����������'5����$!����0������5�� ����������4  ����"�



�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

B6� �����������!�������&%�5������� ���C�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



�

�

�



i 

���������
�

�

��  ���������������!����������� ����	������

"�����������	������	�� � � � � � � ��

("(�.������!��/�0�����������������������&�$�&������� � � *�

("*�����������	���������� ���D&�'�&�
&����!��������� � � )�

(";�$����5�� �������� � � � � � � � 8�

("E������?��&�0�����/�0.���0�@���������.�� � � � 9�

(")���'���������� ��& :4���'&��=$������

� �&����=!���!�:��� ����0�����&�� � � � � ((�

� (")"(���������:1�������%�F�:1G�D��%���0���=$�� � � (*�

� (")"*�$���&�������?5�=$�� � � � � � � (;�

� (")";�6�������������������	��!���F���G�=$�� � � � (E�

� (")"E��&��������������%��� � � � � � (8�

� (")")��&!��!����������=2 �� � � � � � � (9�

� (")",�=$�����-���%����� � � � � � � (7�

� (")"8���&&����&�=$��F������5���&�G� � � � � � *+�

(",�4��&��������� �=$���������&&���� � � � � � *(�

("8������� �
����
����� � � � � � � � *E�

�

#� $���������	!�!��!����%��&!��'!�������� ����	� � � � (��

*"(�	�����!������ � � � � � � � � ;*�

*"*���������0!&��&�5����������� � � � � � � ;;�

*";���:���������!'������� � � � � � � ;,�

*"E�������0������ � � � � � � � � ;7�

� *"E"(�0!&��������������� � � � � � � ;7�

� *"E"*��&��������F((+G��&���� � � � � � E(�

*")��& :���������=$�����������������	��?��!'������� � � E*�

*",��& :���������4���������������������������� � � � EE�

� *","(���:$��������&�6�����=$�4���5�����D�4��F(++G�� � EE�

� *","*�
%�:$��������&�6������� ��

�������=$�0�&�!&�����D�4��F;((G.� � � � E9�

*"8��!����5� � � � � � � � � � )*�

�

(� )�����!����%����	������ ����	�������	��	��������*��

� ����+%%���$�������%����, ��&������� � � � � -.�

;"(�	�����!������ � � � � � � � � ,+�

;"*�	�4�<	���=!���!��$����� � � � � � � ,(�

;";�4�<���?�����������������	�4�<	���=$����%��� � � � ,;�

;"E��?�������&�$���&�� � � � � � � � ,)�

;")���!&�������$���!������� � � � � � � ,,�

� ;")"(�D��%���
�����!�� � � � � � � ,,�



ii 

� ;")"*�4���&!?� � � � � � � � � 8+�

� ;")";������������������������� �	�D�4���.!  ��6�5�� � � 8*�

;",��!����5� � � � � � � � � � 8E�

�

/� ���0�!���	!�����$!����������������	
�����

����� ����������	� � � � � � � � 1.�

E"(�	�����!������ � � � � � � � � 9+�

E"*��?�������&�$���&�� � � � � � � � 9(�

E";������������ �6�����=$�4���5�� � � � � � 9*�

� E";"(��!'������0���!�� � � � � � � � 9*�

� E";"*�
��������6�5��
������������4���&����
�����!�� � 9)�

� E";";�	�4��4��!�������D��%�������� � � � � 9,�

� E";"E�-!�'��� ��6�������� � � � � � � 98�

� E";")��6�
��&����!� �������D�4��	���&�5�� � � � 99�

E"E�������&����������� �6�����=$�4���5�� � � � � 97�

� E"E"(�
�����!��$������ � � � � � 97�

� E"E"*���&����������$������� � � � � � 7*�

E")��!����5� � � � � � � � � � 7;�

�

-� �2�0�!���	!��������!��!���3����$���!����%��

���	
��������� ����������	�� � � � � � .-�

)"(�	�����!������ � � � � � � � � 7,�

)"*��?�������&�$���&�� � � � � � � � 7,�

)";������������ �*:$�	�4��=$�4���5�� � � � � � 78�

� )";"(����������D��%�������������� � � � � � 78�

� )";"*�
��������6�5��
������������4���&����
�����!�� � 79�

� )";";�-!�'��� ��6�������� � � � � � � (++�

� )";"E�	�4��D��%�������� � � � � � � (+(�

)"E�������&����������� �*:$�	�4��=$�4���5�� � � � � (+*�

)")��!����5��� � � � � � � � � (+)�

�

4� �����!����%����������0������#0�����	
��������� ������

�����	���������������*	�����	� � � � � � �51�

,"(�	�����!������ � � � � � � � � (+9�

,"*�����&������������ � � � � � � � (+9�

,";��?�������&�$���&�� � � � � � � � (+7�

,"E���!&�������$���!������� � � � � � � ((*�

� ,"E"(��&�����	���F(++G��!'������� ���� ���� � � � ((*�

� ,"E"*���������	���F(++G��!'�������� � � � � ((*�

� ,"E";��&�����	���F;((G.��!'������� ���� ���� � � � ((E�

� ,"E"E���������	���F;((G.��!'������� � � � � (()�

,")��!����5��� � � � � � � � � ((8�

� �

�



iii 

� � � � � � � � � �

1� � ���������������������, ��!�����0����6���$!��������	
�����

����� ����������	7������%�������������� ��������	����� �#��

8"(�	�����!������ � � � � � � � � (**�

8"*��?�������&�$���&�� � � � � � � � (**�

8";���!&�������$���!������� � � � � � � (*;�

8"E��!����5��� � � � � � � � � (*)�

�

�����	!��	�����"����������!��	�%���)����� ��6� � � �#.�

�

$!	���%��*�!���!��	� � � � � � � � � �((�

�

��6��2���������	� � � � � � � � � �(1�

�

���!��� �8!���� � � � � � � � � �/��

� ���

� ���

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



iv 

�

�

�

�

�

�



 1 

��������	��
�


���������������������������� ����������

���������������������
�

�

�

���������
 
 
��� ����� ����	
����	�� ������� �� ����� �������� ������� ���� ������� �������

�	��������� �������
���������������������������	��
� �
���������

�������	��� 	�����	������������ ����������������� �
	������� !�����

��� ��	��� �� ���������� �	���� ������� 	�� ������ ��	�����"�����


������	�������������������������	�#��
��$�	�����������������
�����	�

�����"
������	��� ������ � �	���������� �
�� ������� 
�������� �������

������ 	�� ������	��� �
� �	���!� % ������ ���� ���� ��	� 
��
��� ����� ����"

������� ���� ����� �&������������ ����'�
� ����� �������� ������
� ����

�	����	��� 	�� �������� �
��� �������� ��
���� �	� �&������� �������� �
�

�������	����	��������&���������	��	�������� �
������!������������

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



 2 

	�	���������� �! ���"��������������������

��"���#������
�

��	�
	�	���	������	� ���
������	�����������	�����	����������	��	�����

��	� �
	��� ���	��	� �� ������
�� ��� ���� �	����	� ��� ��� �	� �� ��	� ����	���

��
�������	����������	����
�����������������	����	�� ! ���������
���������

 ""#�� ���� ���� �	����	� ��� ���� ��	��	
� ���	���� 
	���	�� ����� ���	� ���	������

�����	
�������
!���	����$�	����	���	������	��	� ���
��������	�������	���

����	���
���	�	���	�	�������
�������
�������	�������������������%��!�&����
�

��	� �������� �� ���	� ��	� ���	����� ���������� ��
� 	� ������ ���	�	������

�	�
���� �� ��	� ��	������� �����	
����	��������	���	����
������������!�%��

���� �� '''()� �	� ���
����� ���	������ *�����
�� �� ����� '''� ��
� )�

	�	�	���������	��	��
�������	���������+�����'�������
�'�,-���������	��������

�������	�����	���
��	������
����������������
���	�	��	��������	��������	�

�����	���	�
�����	�	��������
	���	�!��

�

�

�

�
�

Figure 1 Bandgap energy and lattice constant of various III-V semiconductors at room 
temperature [1]. 
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Figure 2 Transistor counts for integrated circuits plotted against their dates of 
introduction. The curve shows Moore's law - the doubling of transistor counts every two 
years [2]. 
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Figure 3 Left-hand side: illustration of various active layers for (a) the conventional 
laser, and the multidimensional quantum well lasers. (b), (c), and (d) correspond to 1D-, 
2D-, and 3D-quantum well structures. Right-hand side: numerical example of threshold 
current Jth calculated for (a) the conventional laser, (b), (c), and (d) correspond to 1-D-, 
2D-, and 3D-quantum well structures. Adapted from Y. Arakawa and H. Sakaki [11]. 
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Figure 4 High-capacity submarine optical-fiber links span the globe [18]. 
�



 7 

�
�

Figure 5 The variation of attenuation with wavelength of a typical modern fiber. Solid lines 
correspond with various loss mechanisms [19]. 
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Figure 6 Density of states function g(E) in quantum-confined systems [20]�  
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Figure 7 Left-hand side: schematic description of basic processes inside the growth 
chambers of (a) MOVPE, (b) MBE, and (c) CBE systems. Right-hand side: schematic of 
the growth kinetics involved in (d) MOVPE, (e) MBE, and (f) CBE system. Adapted from 
G. J. Davies et al. [21]. 
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Figure 8 The relationship between various epitaxial techniques. Note that only the CBE 
combines a beam nature with the use of all vapour sources. Adapted from G. S. Davies 
et al. [21] (ATMCVD: atmospheric pressure chemical vapour deposition, LPCVD: low 
pressure chemical vapour deposition, MOMBE: metal organic MBE, GSMBE: gas 
source MBE). 
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Figure 9 Schematic illustration of InAs quantum dot formation on GaAs substrate in the 
Stranski-Krastanow growth mode.  
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Figure 10 (a) Atomic force microscopy image of an InAs quantum dot layer on GaAs 
substrate. (b) Cross-sectional transmission spectroscopy image of a single InAs 
quantum dot grown on GaAs substrate. Adapted from P. Bhattacharya and Z. Mi [32]. 
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Figure 11 Schematic illustration of InAs quantum dot formation on GaAs substrate by 
droplet epitaxy method.  
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Figure 12 Fabrication steps of pyramidal quantum dots on patterned (111)B substrates: 
schematic illustration (lower panel) and scanning electron microscope images (upper 
panel). (a) Substrate patterning with arrays of inverted pyramids. (b) MOVPE growth of 
the quantum dot heterostructures. (c) Substrate removal and formation of upright 
pyramidal quantum dot heterostructure. Adapted from E. Kapon [37]. 
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Figure 13 Left-hand side: schematic of the growth mode on patterned GaAs (311)A 
substrates with mesa stripes oriented along the (a) [01-1] and (b) [-233] directions. The 
arrows indicate the preferential migration of Ga atoms resulting in the selectivity of the 
growth across the edges. Right-hand side: Scanning electron microscope images of the 
edges of the mesa stripe along [01-1] after overgrowth (c) of the slow growing and (d) of 
the fast growing sidewall. In (e) and (f) the backscattered electron microscope images 
of the corresponding cross sections are shown. Adapted from R. Nötzel et al. [41].  
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Figure 14 (a) Schematic top view of the quantum wire-dot structure. The zigzag 
lithographic patterning of the substrates and fast-growing sidewall give rise to the 
formation of quantum wire along the sidewall and a dot at the corner of two intersecting 
sidewalls pointing on the mesa top side. The arrows indicate the preferential migration 
of Ga adatoms. (b) AFM image of 20-nm-high mesa structure after overgrowth. (c) 
Area-averaged cathodoluminescence (CL) spectrum from the zigzag structure taken at 
5 K. The inset shows the CL images detected at the quantum wire and quantum dot 
peak energy. Adapted from K. H. Ploog and R. Nötzel [45]. 
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Figure 15 Schematic illustration of the QD structure obtained after three growth steps 
separated by two in situ cleaves. The junction of three QWs and QWRs, at which a QD 
forms, is shown in the magnified part of the figure. The T-shaped contours are lines of 
constant probability for electrons confined in the QWRs. Adpated from W. Wegscheider 
et al. [48]. 
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Figure 16 (a) Schematic illustration of excitons confined at thickness fluctuations of thin 
QW [53]. (b) A representative scanning tunneling microscope image of a GaAs surface 
which has been kept at growth temperature for several minutes under an As flux before 
being cooled and measured. The change in grey scale correspond to 1 monolayer-high 
changes in height [50].  
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Figure 17 Schematic illustration of quantum dot in a nanowire. (a) Film of Au is 
deposited on a substrate. (b) By annealing, Au-based nanoclusters are formed. (c) The 
nanowire grown from Au-alloy cluster during MOVPE via vapour-liquid-solid transition. 
(d) Quantum dot can be realized by switching the deposited materials, e.g. from GaAs 
to InAs [53]. 
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Figure 18 Left-hand side: (a) Schematic of a CdSe/Zns nanocrystals, and the 
corresponding three-dimensional potential well. The dotted lines symbolize the discrete 
set of accessible energy levels [68]. Right-hand side: (b) PL spectra of differently sized 
InP/ZnS core-shell nanocrystals. (c) TEM micrograph of a typical InP/ZnS nanocrystals 
sample with the mean diameter of 4.5 nm. As-prepared differently sized InP/ZnS 
nanocrystals exhibit stronf luminescence under (d) room light and (e) UV irradiation. 
Adapted from S. Xu et al. [63]. 
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Figure 19 Decrease of the threshold current density of semiconductor heterostructure 
lasers with different dimensionality of the active layer. Adapted from N. N. Ledentsov et 
al. [73] 
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CHAPTER 2  
 

Lateral Positioning of Epitaxial Quantum 
Dots  
 
 
 
ABSTRACT 
 
 

An overview of lateral positioning of epitaxial self-assembled quantum 
dots in a number of approaches is given in detail. The techniques include 
strained multilayer stacking, pre-patterned substrates, multiatomic 
steps, cleaved edge overgrowth, and multilayer stacking on high-index 
substrates. Particularly a new concept enabling lateral ordering of self-
organized quantum structures based on anisotropic strain engineering is 
discussed. The control of lateral QD alignment is the key to next 
generation quantum functional nano- and optoelectronic devices where 
quantum mechanical and electromagnetic interactions of single and 
multiple electrons and photons are well-controlled within the ordered QD 
networks.  
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2.1 Introduction 
 
Self-assembled semiconductor quantum dots (QDs) have gained a lot of 
attraction owing to their unique physical and electronic properties arising 
from the three-dimensional carrier confinement and have led to applications 
as already described in detail in the previous chapter. In general to fabricate 
QDs, the self-assembled Stranski-Krastanow (S-K) growth mode is one of the 
most exploited techniques for obtaining high quality crystal structure and 
optical properties. On the other hand, the downside of this growth mode is 
that material fluctuations and a random QD distribution occur. This leads to 
an inhomogeneous broadening of the photoluminescence emission, which in 
some aspects, hinders the advantages of QD based devices. For novel 
advanced single QD devices, a precise position control of individual quantum 
dots in arrays is desirable for the integration in photonic cavities [1] or for 
further processing of the devices. Perfectly ordered QD arrays are also 
required for the observation of novel physical phenomena such as 
interference effects [2] and enhancement of excitonic optical nonlinearities 
[3]. The realization of well-positioned QD arrays, thus, gives rise to 
interesting physical phenomena which modify the fundamental material 
properties provided the basis for nanoelectronics/optics in future functional 
devices utilized for quantum information processing. For instance, coupled 
QDs array system with dot-to-dot interaction is a very promising candidate 
for the logical unit in a quantum computer as called “qubit” or quantum bit, 
which in principle can be realized by the two-level quantum system, e.g., the 
horizontal or vertical polarization of a photon or the up and down states of an 
electronic spins [4,5]. Thus, not only size, shape, and emission wavelength 
control are needed but also well-controlled aligned QDs nucleation is 
essential. 
 Several approaches to order self-assembled QDs were proposed and 
realized. The widely used techniques involved substrate pre-patterning by 
electron-beam lithography to effectively determine the QD nucleation sites 
over macroscopic length scale. By this technique, however, the structural and 
,in particular, optical properties of the dots are significantly degraded due to 
defects which usually arise from lithographic and etching imperfections. 
Other techniques using the fundamental properties of substrate surface 
modification such as steps, cleaved edge overgrowth, or QD stacking have 
also been reported. 
 Recently, the technique of “self-organized anisotropic strain 
engineering” has been developed and led to a novel method for QD ordering 
maintaining high structural and optical quality. The concept relies on the 
self-organized construction of well-defined superlattice templates for QD 
ordering using local strain recognition. Linear one-dimensional QD arrays 
and two-dimensional square lattices of QD groups were created based on this 
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technique with excellent photoluminescence emission up to room temperature 
of the QDs. 
 In this chapter, a general review of various self-alignment techniques 
of epitaxial QD growth will be addressed. In section 2.2, the principles of 
strained multilayer stacking for lateral and vertical QD positioning are 
summarized. An overview of substrate pre-patterning techniques to achieve 
the desired lateral positioning is given in section 2.3, together with other 
methods such as multiatomic steps and cleaved edge overgrowth which will 
be described in section 2.4. An emphasis on self-organized lateral QD 
ordering using high-index surfaces is discussed in section 2.5. A detailed 
description of the recently developed ordering mechanism based on self-
organized anisotropic strain engineering, which is fundamentally important 
to the rest of this thesis, is provided in section 2.6. Finally, the general point 
of view for QD ordering is summarized in section 2.7.     
 

2.2 Strained Multilayer Stacking 
 
Three-dimensional stacking of self-assembled QDs in multilayers or 
superlattice structures has turned out to be one of the most effective 
techniques for controlling the vertical and lateral arrangement of the dots. 
This has been demonstrated in many references [6-9] showing that the main 
driving force for such vertically self-organized growth is the strain induced 
interaction with the buried dots which gives rise to a preferred direction for 
In atom migration. The pairing probability in vertical dots columns was first 
realized and explained by Xie et al. using a model in which the lowering of 
strain energy above the buried dots leads to an attraction of mobile surface In 
adatoms [6]. The local nucleation probability was then assumed to be 
proportional to the amount of accumulated InAs atoms at the strain minima. 
For small separation layer thickness which corresponds to deeper energy 
minima, the deposited atoms within the surface diffusion length are 
attracted, resulting in a unity dot pairing probability. When the thickness of 
the separation layer increases, the energy minima become shallower and 
thus the pairing probability reduces until the minima become too weak to 
induce a correlated dot nucleation, see Fig. 1.  
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(a)

(b)

(c)

(d)

(e)

  
 

Figure 1 (a)-(c) Cross-sectional transmission electron microscopy images of InAs/GaAs 
multilayers with GaAs spacer thickness of (a) 46, (b) 92, and (c) 36 ML, where vertically 
collinearity of the InAs dots is form along the growth direction in (c). (d) Experimentally 
observed pairing probabilities (open squares) and model fitted data (filled circles) 
described in [6] as a function of the spacer thickness. (e) A schematic representation 
showing processes for the In adatom migration on the stressed surface. Adapted from 
Xie et al. [6]. 

 
With respect to the lateral ordering, Tersoff et al. have shown the 

improvement in lateral QD ordering in (001) SiGe/Si superlattices compared 
to single layers in 20 periods superlattices [7,8], shown in Fig. 2 (a) and (b). 
The improvement in size uniformity and lateral ordering in rows 
preferentially along <100> is revealed in the two dimensional Fourier 
transform power spectra shown in the inset. This self-organization occurs 
through the strain mediation by the Si spacer layers which can be understood 
by the model which involved strain-induced repulsion between the buried 
dots and the second nearest surface layer dots. Similar results presented by 
Solomon et al. show the improvement of lateral ordering due to anisotropic 
strain distribution in the cubic GaAs substrate [9]. Figure 2 (c) and (d) show 
the cross-sectional scanning tunneling microscopy images of five-fold stacked 
2.4 ML InAs dots separated by 10 nm GaAs spacer layers taken by Bruls et 
al. [10]. The general feature of vertically aligned InAs dot superlattices which 
results in significant increases of the dot size and broadening of the shape 
along the vertical dot columns is demonstrated. 

The preferential nucleation in multilayer superlattices induces local 
enhancement of the growth rate, local changes in surface diffusivity, local 
decreases in the critical wetting layer thickness or energy barrier for island 
nucleation which directly result in significant changes in dot size [8,11-14], 
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density [7,8,12,15], lateral arrangement [8,9,16], shape [15,17-19], and 
critical thickness for dot nucleation [14,20,21] observed in many experiments. 
 

(a)

(b)

(c)

(d)

 
 

Figure 2 AFM images of surface (a) single layer and (b) 20 period of Si0.25Ge0.75/Si 
(001) dot superlattice. Adapted from Tersoff et al. [7,8]. Cross-sectional scanning 
tunneling microscopy images of five-stacked of self-assembled 2.4 ML InAs dots 
separated by 10 nm GaAs spacer layers showing vertically correlation along the growth 
axis. Adapted from Bruls et al. [10]. The scan field is 0.8 × 0.8 μm2 in (a), 1.25 × 1.25 
μm2 in (b), 150 ×150 nm2 in (c), and 55 × 55 nm2 in (d). The height contrast is 5 nm in 
(a) and 10 nm in (b).  

 
In addition, different interlayer correlations may occur, depending on 

the details of the interaction mechanisms and growth conditions which 
mainly relate to elastic lattice deformations around the buried dots due to the 
dot and substrate lattice mismatch [6,7,11,16], corrugations in surface 
topography due to incomplete surface planarization [22], and surface 
segregation or alloy decomposition within the spacer layer [23-25], 
summarized in Fig. 3, which has been reviewed in Ref. [26] for further 
reading.          
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Figure 3 Possible mechanisms for formation of interlayer correlations in self-assembled 
QD multilayers. Left-hand side: Interlayer correlations caused by the elastic strain fields 
emerging from subsurface dots and subsequent dot nucleation at the minima of strain 
on the epilayer surface. Depending on the elastic properties of the spacer layer as well 
as surface orientation, these minima may be localized (a) above or (b) between the 
buried dots, which will give rise to either a vertical dot alignment or a staggered dot 
stacking, respectively. Centre: Interlayer correlation caused by non-planar surface 
morphologies resulting from incomplete surface planarization during dot overgrowth. 
Depending on the dominant mechanism of capillary or stress-driven surface mass 
transport, subsequent dots may nucleate either on top of the mounds (c) or in the 
troughs in between (d). Right-hand side: Correlated nucleation induced by non-
uniformities in the chemical composition of the spacer layer due to (e) surface 
segregation or (f) alloy decomposition. Adapted from G. Springholz [26]. 

 
 

2.3 Pre-Patterned Substrates 
 
Many attempts to fabricate ordered QDs nucleated on shallow- and deep pre-
patterned buffer layers or substrates haven been reported [27-37]. Patterns 
such as stripes, mesas, trenches, ridges, and holes or other sophisticated 
structures can be created with a variety of lithographic techniques, e.g. 
electron-beam lithography, focused ion beam etching [38], or scanning 
tunneling probe-assisted nanolithography [35]. In general, the kinetics of 
self-alignment of QDs grown by these technique are governed by the 
energetically favorable adatom diffusion towards nucleation sites which 
usually are located at the edges of the mesa patterns or at the bottom of 
trenches or holes where the thermodynamics and diffusion kinetics of the In 
atoms are modified during growth by local sub-surface strain fields  [39,40]. 
The extension to vertical QD ordering is generally exploited by using vertical 
strain coupling of the buried QDs described in section 2.2.   
 For instance, growth of QD crystals in one-dimensional, two-
dimensional, and three-dimensional alignments on patterned GaAs (001) 
substrates was demonstrated by Kiravittaya et al. [41,42]. They prepared the 
nanometer-scale patterned substrates by standard electron beam lithography 
and reactive ion etching. The morphology of the QDs grown on a surface 
patterned with shallow holes was studied as a function of the amount of 
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deposited InAs. They observed that the QDs grown in the patterned holes 
close to each other formed lateral QD bimolecules for InAs coverages below 
the commonly observed critical thickness of approximately 1.6 MLs. For 
increased coverage, the QD bimolecules coalesced to form larger single QDs. 
The QDs in the holes were then capped with an AlGaAs layer. The buried QD 
arrays served as a strain template for controlling the site of the QDs in the 
second layer. By tuning the growth conditions for the second and subsequent 
layers together with the etched patterns, they achieved one-dimensional, two-
dimensional, and three-dimensional QD crystals with a high degree of 
perfection. 
 

 
 

Figure 4 One-dimensional InAs QD crystals on a patterned trench arrays. The pattern 
periodicity is 210 nm. (a) Schematic of the growth structure. (b) Typical AFM image of 
the one-dimensional InAs QD crystal. (c) Cross-sectional height profile along the 
dashed line defined in (b). Adapted from Kiravittaya et al. [42]. 

 
 Figure 4 shows rows of one-dimensional QD crystals aligned along the 
[1-10] direction as defined by the initially patterned trenches. A 30 MLs GaAs 
buffer was grown on the patterned trenches. Then, the first InAs QD layer 
was deposited on the surface and capped with a spacer layer consisting of 8 
nm GaAs, 3 nm Al0.5Ga0.5As and 2 nm GaAs. Finally, an InAs layer was again 
deposited with growth rate of 0.03 ML/s. Self-assembled QDs formed at the 
bottom of the trenches due to the concave curved surfaces, which lowered the 
surface chemical potential [43]. Since the trench size was larger than the QD 
size, some QDs in the rows were slightly misaligned. They observed that the 
QDs formed in the trenches were partially elongated along the [1-10] 
direction which might be due to the fact that In atoms preferentially diffused 
along the trench direction.  
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Figure 5 Two-dimensional InAs QD crystal on patterned hole arrays. Pattern 
periodicities are 210 and 160 nm. For 210 nm periodicity, (a) shows schematic of the 
growth structure and (b) shows 1.6 × 1.6 μm2 AFM morphology of surface QDs. For 160 
nm periodicity, (c) shows a schematic of the growth structure and (d) shows 1.6 × 1.6 
μm2 AFM morphology of surface QDs. Adapted from S. Kiravittaya et al. [42]. 

 
Two-dimensional QD crystals grown on hole patterned surfaces with 

periodicities of 210 nm and 160 nm are shown in Fig. 5. For this sample, 1.5 
ML InAs was first deposited followed by a spacer layer consisting of 8 nm 
GaAs, 4 nm Al0.4Ga0.6As and 3 nm GaAs, and the second InAs QD layer. The 
QD bimolecule formed along [1-10] for the first layer and the subsequent QDs 
formed as single QD on all patterned sites.  The misalignment of the QD 
crystals in the 160 nm periodicity substrate was due to the QDs formed in 
first layer growth as single QDs or QD bimolecules due to the lower average 
number of Ga and In atoms for the smaller periodicity. Due to the 
nonoptimized growth on the patterned periodicity of 160 nm, the QDs in the 
second layer could not occupy all patterned hole sites. Finally the AFM 
images of the topmost QD layers of the three-dimensional QD crystal grown 
on the hole patterned surface is shown in Fig. 6. The first QD layer on the 
patterned holes was capped with a spacer layer consisting of 8 nm GaAs, 4 
nm Al0.4Ga0.6As and 3 nm GaAs before the subsequent 1.8 ML InAs QD layer 
was grown on top. Repetitive growth of the spacer layer and the QD layer 
resulted in a three-dimensional QD crystal with six InAs QD layers. 
Ultimately, the three-dimensional QD crystal increases the total volume of 
active material and allows tuning of the electronic wave functions due to the 
quantum mechanical coupling across the spacer layers [44]. Based on this 
approach, it provides a template for future realization of devices based on 
single QDs, single QD chains or QD crystals. 
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Figure 6 Three-dimensional InAs QD crystal on patterned hole arrays. Pattern 
periodicities are 210 and 160 nm. For 210 nm periodicity, (a) shows a schematic of the 
growth structure, (b) shows 1.6 × 1.6 μm2 AFM image of surface QDs and (c) shows a 
cross section height profile in (b). For 160 nm periodicity, (d) shows a schematic of the 
growth structure, (e) shows 1.6 × 1.6 μm2 AFM image of surface QDs on the sixth layer 
and (f) shows a cross section height profile in (e). Adapted from S. Kiravittaya et al. 
[42]. 

 
 

2.4 Others Methods 
 
Apart from the techniques mentioned above, other methods have been 
reported for the fabrication of laterally aligned epitaxial QDs which will be 
briefly recalled here:  
 
2.4.1 Multiatomic Steps 
 
It has been shown that steps and step bunches may induce preferred sites for 
island nucleation along the steps, and hence improve the islands spatial 
ordering and size uniformity [45-51].  
 Kitamura et al. [45] demonstrated the self-alignment of InGaAs QDs 
by growing the QDs on multiatomic steps by MOVPE. In this technique, first, 
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a GaAs epilayer with multiatomic step (multistep) structures was grown on a 
vicinal GaAs (001) substrate with 2˚ misorientation under appropriate 
growth conditions. Then, the InGaAs QDs were grown selectively on the 
multistep edges. The schematic illustration of this method is demonstrated in 
Fig. 7. This growth technique resulted in spontaneously aligned InGaAs QDs 
without any preprocessing prior to the growth. 
 

(a) (b)

 
 

Figure 7 (a) Schematic illustration of InGaAs QDs on the multistep edge of the GaAs 
epilayer. (b) An AFM image of aligned InGaAs QDs on [010] misoriented surface. The 
scale is 300 × 300 nm2. Adapted from Kitamura et al. [45]. 

 
 A very similar approach was carried out by Sakamoto et al. [46] who 
demonstrated arrays of Ge three dimensional islands growth on Si (001) 
substrates by MBE. Dislocation-free islands, 50 nm in diameter, were aligned 
along the [0-11] direction on a vicinal Si (001) substrates tilted 4˚ toward 
[110]. Surface undulations consisting of (001) and (11x), x = 8-10, facets were 
self-organized on the Si buffer layer. Ge islands were then preferentially 
grown on the upper edge of the (001) facets and were arranged in line 
accordingly, see Fig 8. Nucleation of Ge islands on the surface along atomic-
layer step edges and deformation of the near-surface layers on the Si 
substrate induced by misfit strain were strongly related to the self-alignment 
of the Ge islands.  
 

(a) (b)

 
 

Figure 8 (a) 1 × 1 μm2 AFM image of 8 ML Ge islands on Si (001) tilted 4˚ towards 
[110] aligned to the [1-10] direction. (b) Height profile along the line AA’ defined in (a). 
The substrate surface underneath the islands undulates periodically. Adapted from 
Sakamoto et al. [46]. 
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2.4.2 Cleaved Edge (110) Planes  
 
Another approach that allows the controllable positioning of InAs QDs of  
well-defined size on (110)-oriented GaAs surfaces was demonstrated by Bauer 
et al. [52]. This concept of QD alignment was based on the method of cleaved 
edge overgrowth discussed earlier in section 1.5. In general, growth of InAs 
on the GaAs (110) surface does not lead to dot formation, but rather leads to 
the relaxation of the lattice mismatch by the formation of misfit dislocations 
[53]. To overcome this problem they used a new kind of (110)-oriented 
atomically precise template based on the GaInAlAs material system. It has 
been reported earlier that InAs islands form on AlAs layers on GaAs (110) 
substrates [54]. It is well known, that the diffusion of In adatoms on (001) 
AlAs is much smaller than on (001) GaAs and probably also for (110) AlAs 
and (110) GaAs [55]. Figure 9 shows the AFM images of InAs islands on AlAs 
stripes formed by the growth of InAs on GaAs cleavage planes containing 
thin AlAs layers. They proposed a simple model for the nucleation of InAs on 
AlAs assuming that the diffusion of In on AlAs was strongly reduced 
compared to the GaAs regions, which resulted in a net material transport 
towards the AlAs stripes, leading to an accumulation of InAs on AlAs. Thus, 
the critical thickness was achieved earlier on AlAs and the nucleation of dots 
occurred.  
 
 

(a) (b) (c)

(d)
 

 
Figure 9 (a)-(c) Schematic of the combination of cleaved edge overgrowth and self-
assembly of InAs QDs. (a) Growth of AlAs/GaAs or InGaAs/AlGaAs multilayers on 
(001) growth axis. (b) The substrate is cleaved in situ in the MBE. (c) Deposition of InAs 
onto the fresh cleaved (110) surface. Adapted from G. Abstreiter and D. Schuh [56]. 
The nucleation of InAs on stripes with different strain and composition lead to a one-
dimensional alignment of the QDs. (d) AFM image of well-ordered 3.0 ML InAs on 
AlAs/GaAs multilayers on the cleaved (1-10) surface. The inset shows a close-up of 
eight perfectly aligned QDs with very similar size and shape. Adapted from J. Bauer 
[52]. 
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2.5 Self-Organized QD Ordering on High Index 
Substrates 
 
Nötzel et al. presented evidence of the new phenomenon of the direct growth 
of microstructures by MOVPE on high-index GaAs substrates [57-60]. On 
GaAs (n11)A substrates one- and zero-dimensional self-faceting due to step 
bunching occurred, producing wire-like microstructures on GaAs (311)A 
substrates and dot-like microstructures on GaAs (211)A substrates. The 
lateral periodicity of self-faceting could be controlled by the layer thickness 
and growth temperature allowing the width of GaAs/AlGaAs (311)A wire-like 
heterostructures to be tuned. On GaAs (n11)B substrates, well-ordered QD 
arrays were formed in a new self-organizing growth mode found in the 
MOVPE of a sequence of AlGaAs and strained InGaAs QDs buried within 
AlGaAs microcrystals due to the lateral mass transport, seen in Fig 10.  
 

(a)

(b)

(c)

(d)

(e)

 
 

Figure 10 Left-hand side: Three-dimensional AFM images of the 10 nm thick 
In0.2Ga0.8As layers grown at 800 ˚C over 50 nm thick Al0.5Ga0.5As buffer layers on GaAs 
(a) (311)A and (b) (211)A substrates. Right-hand side: Three-dimensional AFM images 
of the AlGaAs microcrystals formed by nominal 3.5 nm thick In0.4Ga0.6As layers grown 
at 720 ˚C over 100 nm thick Al0.5Ga0.5As buffer layers on GaAs (c) (211)B, (d) (311)B, 
and (e) (511)B substrates. Adapted from R. Nötzel et al. [60]. 
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Ordering of the nanocrystals in this system had been attributed to 
strain-induced breaking-up of the InGaAs layer together with the appearance 
of the crystal facets of the AlGaAs nanocrystals selecting distinct directions 
for surface migration during the formation of the buried InGaAs QD 
structure. The uniformity in size and shape and the positional alignment of 
the microcrystals are optimum in the case of the GaAs (311)B substrates, see 
Fig. 11. This could be connected to its nominal composition of equal units of 
the singular (100) and (111) planes that might provide the highest degree of 
anisotropy in the growth process, e.g. for surface migration or atomic 
arrangement, that was assumed to be an important prerequisite for such 
ordering phenomena. The size and distance of the disks could be controlled 
independently by the In composition and the InGaAs layer thickness. For 
increased In compostion, the size of the nanocrystals was continuously 
reduced in the mesoscopic size range between several 100 and 10 nm due to 
smaller InGaAs island size at higher strain. For increased InGaAs layer 
thickness, the spacing of the AlGaAs nanocrystals and InGaAs disks was 
decreased, while the average base width and height remained unaffected. 
Similar structures were also formed on InP (311)B substrates in the 
InGaAs/AlInAs and InGaAs/InP material systems [61]. 

 

(a)

(b)

 
 

Figure 11 (a) Three-dimensional AFM image. (b) Top view of the AlGaAs microcrystals 
formed by the nominal 10 nm thick In0.2Ga0.8As layer at 800 ˚C on GaAs (311)B 
substrates. Adapted from R. Nötzel et al. [60]. 
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 Similar observations of spontaneous lateral alignment of InGaAs self-
assembled QDs on GaAs (311)B through the S-K growth mode by GSMBE 
was reported by Nishi et al. [62]. Later, similar results were reproduced by 
many groups [63-65] and were related to large anisotropic strain and surface 
diffusion responsible for such kind of ordering [66-68]. 
 

2.6 Self-Organized Anisotropic Strain Engineering 
 
The concept of lateral ordering of epitaxial QDs by self-organized anisotropic 
strain engineering relies on the creation of well-ordered multilayered 
superlattice templates which self-organize due to the anisotropic strain inside 
the given materials. The key features of this technique are the thin capping 
and post-growth annealing providing material desorption to balance the 
strain accumulation during stacking and the anisotropic materials transport. 
The main advantages of this technique are the excellent structural and 
optical properties of the ordered QDs due to the defect-free self-organized 
growth mechanism. 
 
2.6.1 One-Dimensional Linear QD Arrays on GaAs (100) 
 
Mano et al. [69,70] first demonstrated the formation of linear InGaAs QD 
arrays on GaAs (100) substrates utilizing the concept of self-organized 
engineering of anisotropic strain in an InGaAs/GaAs superlattice (SL) 
template by molecular beam epitaxy. During growth of the InGaAs/GaAs SL 
at elevated temperatures, elongated InGaAs QDs develop into very uniform 
and long quantum wire arrays along [0-11] with well-defined lateral 
periodicity. Utilizing this self-organized InGaAs quantum wire arrays as a 
template for InAs QD growth by local strain recognition generated by 
underlying structures, single and multiple InAs QD arrays with 140 nm 
lateral periodicity were demonstrated. The QD arrays exhibited excellent 
photoluminescence emission up to room temperature with a linewidth that 
was not increased compared to that at low temperature. The high structural 
and optical quality of the ordered QD arrays was assigned to the inherent 
smoothness of the lateral strain field modulations generated on the SL 
template surfaces on the nanometer length scale. 
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Figure 12 (a)-(e) Schematic illustration of InGaAs quantum wire template formation and 
QD ordering via self-organized anisotropic strain engineering. (a) Random formation of 
elongated InGaAs QDs, (b) growth of thin GaAs cap layer, (c) annealing at higher 
temperature forming QWRs, (d) growth of the GaAs separation layer, and (e) growth of 
the subsequent InGaAs QD layer [70]. 

 
 The formation of the uniform SL acting as a template for QD ordering 
is the key feature of this technique. Figure 12 and the following points 
summarize the crucial steps for template formation and linear one-
dimensional QD ordering on InGaAs/GaAs (100) SL templates. 
 

1. Formation of randomly distributed InGaAs QDs in the S-K growth 
mode on a GaAs buffer layer.  

2. Growth of a thin GaAs capping layer. 
3. Annealing at higher temperature. During annealing, the QDs 

elongate and connect due to preferential anisotropic Ga/In adatom 
surface migration along [0-11] induced by the (2×4) GaAs surface 
reconstruction. Simultaneous In desorption allows uniform QD 
connection due to strain reduction and is balanced by the thin GaAs 
cap layer. Thus, quantum wires along [0-11] form. 

4. Growth of the GaAs separation layer. The thickness is chosen to 
preserve the lateral strain field modulation from the buried 
quantum wires at the surface due to vertical strain mediation. 
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5. Growth of subsequent InGaAs QD layer. The QDs preferentially 
nucleate above the wire-like nanostructures where the lateral 
tensile strain field minima reduce the lattice mismatch and induce 
strain-gradient-driven In adatom surface migration preferentially 
along [011] towards the minima. Well separated one-dimensional 
QD arrays along [0-11] form. 

6. Repetition of steps (1)-(5) in InGaAs/GaAs SL growth. The length of 
the quantum wires and QD arrays increases and the lateral 
ordering improves due to the vertical strain-correlated stacking. 
Figure 13 shows the AFM images of the InAs QDs grown on the 
InGaAs/GaAs SL templates with periods from one to 15. 

 

(a) (b)

(c) (d)

(e) (f)

500 nm  
 

Figure 13 AFM images of the 2.1 ML InAs QDs on (a) GaAs (100) substrates for 
reference and on the (b) 1, (c) 5, (d) 10, and (e) 15 periods In0.36Ga0.64As 2.6 
nm/GaAs 16 nm SL templates. (f) AFM image of the 1.5 ML InAs QD arrays on 15 
periods SL template with low growth rate of 0.0007 nm/s. The scan fields are 500 × 500 
nm2 in all images. The height contrast is 7 nm for (a)-(e) and 15 nm for (f). Adapted 
from T. Mano et al. [69]. 

 
 

The relationship of self-organized anisotropic strain engineering with 
step engineering on shallow mesa-patterned GaAs (100) substrates was 
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established for the realization of advanced, complex QD arrays and networks 
[71]. Growth on shallow-patterned substrates has been first utilized for the 
formation of highly uniform sidewall quantum wire and QD arrays on GaAs 
(311)A [72] as described in the preceding Chapter. On shallow [0-11] and 
[011] stripe-patterned GaAs (100) substrates the generated type-A and type-
B steps differently affect the adatom surface migration processes during SL 
template formation. While type-A steps along [0-11] have no significant effect 
on the strain-gradient-driven In adatom migration along [011], type-B steps 
along [011] strongly suppress the surface-reconstruction-induced Ga/In 
adatom migration along [0-11] to prevent quantum wire formation and QD 
ordering, as described in Fig. 14. 
 

type-A steps // [0-11] type-B steps // [011]

(a) (b)

(c) (d)

(e) (f)

(g) (h)

 
 

Figure 14 Left-hand side: (a) AFM image of the InGaAs QD arrays on [0-11] stripe-
patterned GaAs (100) substrate. (b)-(d) Magnified images of the top, bottom, and slope 
areas. Right-hand side: (e) AFM image of the InGaAs QD arrays on [011] stripe-
patterned GaAs (100) substrate. (f)-(h) Magnified images of the top, bottom, and slope 
areas. The height contrast is 15 nm for all images. Adapted from T. Mano et al. [71].  

 
 Further investigations on the formation of ordered QD arrays has been 
developed on shallow zigzag-patterned substrates with 10 μm wide mesas 
with 30 nm height and sidewalls alternately rotated by plus and minus 30˚ 
off [0-11]. For this shallow mesa height the sidewalls after GaAs buffer layer 
growth consist of (100) terraces and ML-height type-A and –B steps rather 
than of facets. The one-dimensional QD arrays on this sidewalls are indeed 
rotated by plus and minus 16˚ off [0-11], seen in Fig. 15. The smaller rotation 
angle of the QD arrays compared to that of the sidewalls indicates that the 
QD ordering is not directly associated to the formation of QDs along the step-
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edge direction. In contrast, the QD ordering on the SL template is due to the 
step-edge induced rotation of the Ga/In adatom migration during annealing 
in SL template formation while the QD ordering and strain-gradient-driven 
In adatom migration are solely governed by the strain field and are 
unaffected by the presence of steps which is evidenced by the comparable 
lateral periodicity of the QD arrays to that on planar substrates. As 
demonstrated in Fig. 15, bends of the QD arrays by approximately 32˚ are 
formed at the slope intersections, and periodic arrangements of branches are 
generated at the intersections of the slopes and the planar areas, leading to  
complex QD arrays and networks which exhibit excellent structural and 
optical quality.   
 

(a)

(b)

branch

bend

20 μm

3 μm  
 

Figure 15 (a) AFM image of the InGaAs QD arrays on zigzag-patterned GaAs (100) 
substrate. (b) Magnified image of the slope intersections. The height contrast is 40 nm 
for (a) and 20 nm for (b). Adapted from T. Mano et al. [71]. 

  
2.6.2 Two-Dimensional Lattice of Ordered QD Molecules on 
GaAs (311)B 
 
Based on the self-organized anisotropic strain engineering, van Lippen et al. 
[73-75] demonstrated the formation of two-dimensional QD molecules on 
high-index GaAs (311)B substrates. Figure 16 shows the AFM images of the 
3.2-nm-In0.37Ga0.63As layers on the InGaAs/GaAs SL templates with (a) one, 
(b) five, and (c) ten periods on GaAs (311)B. Each SL period comprises, 
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similar to GaAs (100), InGaAs QDs growth, thin capping, annealing, and 
growth of a spacer layer. Upon stacking, the nanoscale two-dimensional QD-
like InGaAs surface modulation for the first SL period evolves into a distinct 
mesoscopic mesa-like arrangement when the number of SL period is 
increased from five to ten. This is attributed to the anisotropic surface 
migration during annealing, smoothening the mesas to form mesoscopic 
nodes, and strain correlated stacking, which is governed by preferential 
InGaAs accumulation on the nodes due to strain-gradient-driven In adatom 
migration. Finally uniform two-dimensional 0.5 nm InAs QD arrays are 
formed on top of the 10-period SL template with the thickness of the top 
spacer layer of 15 nm, shown in Fig. 16 (d). 
 

(a) (b)

(c) (d)
2 μm 1 μm

[0-11]

[-233]  
 

Figure 16 (a)-(c) AFM images of 3.2 nm In0.37Ga0.63As QDs on the (a) 1, (b) 5, and 
(c) 10 periods In0.37Ga0.63As 3.2 nm/GaAs 6.2 nm SL template. (d) AFM image of 0.5 
nm InAs QD molecules grown on the 10-period SL template with 15 nm upper GaAs 
separation layer. The height contrast is 15 nm for (a)-(c) and 10 nm for (d). Adpated 
from Lippen et al. [73]. 
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(c)

(d)
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(f)

(g)
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Figure 17 Left-hand side: AFM images of (a) 1.3, (b) 1.5, (c) 1.7, and (d) 2.1 nm thick 
In0.35Ga0.65As deposited on GaAs (311)B substrates. (e) The surface profile scans along 
[0-11] for (a)-(d). Right-hand side: AFM images of the QDs formed at low growth rate by 
(f) 0.23 nm thick InAs on a 1.4 nm In0.35Ga0.65As template and (g) by 0.46 nm InAs 
directly on GaAs (311)B substrates. (h) The surface profile scans along [0-11] for (f) 
and (g). The height contrast is 5 nm in all images. Adapted from Q. Gong et al. [76]. 

 
The formation of the nanoscale two-dimensional surface modulations 

for this In composition (In0.37Ga0.63As/GaAs for the SL template) is mainly 
due to strain driven growth instability rather than nucleation of QDs in the 
S-K mode which occurs for higher In composition. Growth instability is 
characterized by nucleation-free evolution of surface modulations with the 
periodicity mainly given by the lattice match. During growth the undulation 
height continuously increases while its periodicity is kept constant, as 
demonstrated in Fig. 17. On the contrary, the S-K growth mode involves the 
formation of a two-dimensional wetting layer followed by random island 
nucleation, where the island height increases and saturates very abruptly 
and further growth mainly increases the island density. Growth instability of 



 51

thin alloy films has been theoretically studied [77] and experimentally 
verified [78,79] in the epitaxy of strained Si1-xGex on Si (100). Recently 
growth instability of strained InGaAs producing an undulated surface with 
nanometer-scale wire-like structures on GaAs (311)A substrates has been 
reported [80]. QD nucleation then occurs preferentially on top of the wires 
but is random along their length. On GaAs (311)B, the undulation of the 
surface morphology is two dimensional, in the form of matrix of closely 
packed cells [76]. Due to the well defined nature of evolution with constant 
periodicity, the related two-dimensional strain modulation generates a 
uniform template for full control of the nucleation of InAs QDs.         
 When InAs is grown on top of the 10-period SL template following a 
GaAs spacer layer, well-separated, ordered QDs preferentially form in dense 
groups or molecules, see Fig. 16 (d), on top of the nodes due to local strain 
field recognition where the underlying InGaAs accumulation establishes the 
tensile strain field minima and related strain-gradient-driven In adatom 
migration for strain-correlated stacking. The QD number, size, and ordering 
can be controlled by the GaAs spacer layer thickness, InAs amount, and 
growth temperature.  

Single InAs QDs on the SL template nodes are further realized at 
elevated growth and annealing temperatures of the 10-period SL template 
and InAs QDs when an additional InAs QD layer is inserted with thicker 
GaAs top spacer layer. Due to the fact that the InAs QDs in this interlayer 
solely form on the SL template nodes, the lateral strain field modulation most 
effectively concentrates after thin GaAs capping and annealing. Together 
with enhanced In adatom migration length at elevated temperature and QD 
coalescence, the resulting shrinkage of the effective area of the tensile strain 
field minima for preferred QD formation produces single InAs QDs in the 
center of the nodes. 
 Recently, Selçuk et al. [81,82] demonstrated the formation of complex 
laterally ordered architectures of connected InGaAs QD arrays and isolated 
InAs QD groups by combining self-organized anisotropic strain engineering 
with step engineering on shallow- and deep-patterned GaAs (311)B 
substrates. The combination of strain and step engineering on shallow stripe-
patterned substrates transforms the periodic spotlike arrangement of the 
InGaAs QD arrays and InAs QD groups (on planar substrates) into a zigzag 
arrangement of periodic stripes which are well ordered over macroscopic 
areas on zigzag mesa-patterned substrates, shown in Fig 18. For such 
shallow patterns (30 nm), the surface consists of terraces and monolayer high 
steps after buffer layer growth rather than of facets which form for deep-
etched mesas. Hence, the formation of the zigzag arrangement is attributed 
to the presence of steps on the non-equivalent mesa sidewalls. In contrast, 
the formation of slow-growing facets on deep-patterned substrates produces 
QD-free mesa sidewalls, while InGaAs QD arrays and InAs QD groups form 
on the GaAs (311)B top and bottom planes with the arrangement modified 
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only close to the sidewalls developing single-QD stripes along the edges of  
the mesa top depending on the sidewall orientation [81]. Hence, while 
shallow patterns allow modifications of the QD ordering within large areas, 
the deep patterns allow local modifications, revealing the complementary 
nature of both approaches for formation of complex QD arrays. 
 

(a)

(b)

(c)

(d)

4 μm

[0-11]

[-233]  
  

Figure 18 AFM images of the [(a) and (b)] 3.3 nm thick In0.45Ga0.55As QD arrays and 
[(c) and (d)] 0.6 nm thick InAs QD groups on 3.3 nm In0.45Ga0.55As/ 5.5 nm GaAs SL 
template grown on shallow-patterned GaAs (100) substrates: [(a) and (c)] periodic 
stripe with 2 μm stripe width and [(b) and (d)] zigzag with acute angle (mesa bottom) of 
60˚ pointing toward [2-3-3]. The arrows in (a) and (b) are the guide for the eye along the 
mesa patterns. The height contrast is 30 nm in all images. Adapted from E. Selçuk et al. 
[81]. 

 

2.7 Summary 
 
In conclusion, various techniques for the lateral positioning of epitaxial QDs 
have been summarized in this chapter. The basic idea of utilizing strained 
multilayers for lateral and vertical alignment of three-dimensional QD 
crystals have been described which, however, lead to material fluctuations 
and unavoidable photoluminescence broadening. Pre-patterning of substrates 
prior to the QDs growth has effectively proven to align the QDs on the long-
range length scales, however, the optical properties of such QDs suffer from 
imperfections of the lithographic and etching processes. Evidently, this 
results in low PL efficiency in particular at RT and large PL linewidth 
broadening of single QD spectroscopy over a few hundreds μeV due to the 
charge traps at the pattern interface [83,84]. Positioning of QDs by other 
methods like multiatomic step bunching or cleaved edge overgrowth are not 
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very suited for device processing due to the complexities of the fabrication 
methods. 
 A solution for these obstacles is to use the concept of self-organization 
QD growth and anisotropic strain engineering described in the second half of 
this chapter. This self-organization of ordered QDs formed on strained SL 
templates is inherently defect-free and thus provides excellent structural and 
optical properties. The linear one-dimensional and two-dimensional square 
lattices of QDs are produced on SL templates on GaAs (100) and (311)B 
substrates due to asymmetric surface migration. Further combination with 
step engineering on shallow- and deep-patterned substrates modifies the 
orientation of the arrays giving more degrees of freedoms to realize complex 
QD arrays and networks. This, ultimately, will provide the building blocks for 
future quantum functional devices [85]. The concept of self-organized 
anisotropic strain engineering of SL templates constitutes the basis of the 
following chapters presented in this thesis where the general principle will be 
transferred from the GaAs-based to the InP-based system to access QD 
emission in the important 1.55-μm telecom wavelength region.         
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CHAPTER 3  
 

Formation of InAs Quantum Dots and Dashes 
Induced by the Buffer Layer Surface 
Morphology 
 
 
 
ABSTRACT 
 
 

The surface morphology of the buffer layer is identified as the key 
parameter for the formation of InAs quantum dots (QDs) or dashes 
(QDashes) by chemical beam epitaxy (CBE) on lattice-matched 
InGaAsP on InP (100) substrates. Growth conditions leading to the 
formation of QDashes are always accompanied by a rough buffer layer 
morphology. Although other growth parameters such as higher growth 
temperature, larger As flux, and compressive buffer layer strain favor 
the formation of QDs, once, the buffer layer has a rough morphology, 
QDashes are formed during InAs growth. On smooth buffer layers we 
always find well-shaped and symmetric QDs. Hence, we conclude that 
not the growth conditions during InAs deposition, but rather the 
related surface morphology of the buffer layer determines the 
formation of QDs or QDashes, which exhibit both high optical 
quality.1 

 
 
 
 
 
 
 
 
 
 
 

                                                 
1 These results have been published as: Surface morphology induced InAs quantum dot or 
dash formation on InGaAsP/InP (100), N. Sritirawisarn, F. W. M. van Otten, T. J. 
Eijkemans, and R. Nötzel, J. Crystal Growth 305, 63 (2007). 
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3.1 Introduction 
 
Self-assembled semiconductor quantum dots (QDs) are potentially important 
for a wide-range of applications spanning from nanophotonics, 
nanoelectronics to quantum information processing. As described in previous 
chapters, owing to their atomic-like discrete energy-states, QD active regions 
significantly improve the performance like transparency current density, 
threshold current, and gain of optical devices such as lasers and 
semiconductor optical amplifiers (SOAs). Being compatible with the global 
information and communication infrastructure demands device operation in 
the 1.55-μm wavelength region, which is the minimum absorption window of 
glass fibers. The InAs/InP materials system ideally covers this wavelength 
region since InAs/GaAs QDs, which are most widely studied, strongly 
degrade for emission wavelengths larger than 1.3 μm. Unfortunately, the low 
(3.2 %) lattice mismatch between InAs and InP and the strong As/P exchange 
reaction during InAs deposition impose severe difficulties to reproducibly 
control InAs/InP QD formation and emission wavelength and, moreover, 
often lead to a wide variety of unwanted nanostructures besides QDs, such as 
quantum dashes (QDashes) and quantum wires (QWires). QDashes or 
quantum sticks (QSticks) are elongated QDs with typically a few hundreds of 
nm length, shallow height, and width comparable to the size of QDs. This 
type of structure is typically observed in the self-assembled InAs/InP 
nanostructures system and controversially discussed in the literatures. For 
applications, the understanding and control of the relevant processes leading 
to such unwanted nanostructures is essential to guarantee the reproducible 
formation of InAs/InP QDs with well-defined emission wavelengths. 

In this chapter, we identify the significance of the morphology of the 
buffer layer as a key parameter determining the formation of InAs QDs or 
QDashes on InGaAsP/InP (100). Growth conditions leading to the formation 
of QDashes are always accompanied by rough buffer layer morphology. 
Although by adjusting growth parameters, e.g. higher growth temperature, 
larger As flux, and compressive layer strain do favor the formation of QDs, 
once, the buffer layer is rough, QDash formation cannot be avoided. On 
smooth buffer layers, for the same InAs growth conditions, we reproducibly 
find well-shaped, symmetric InAs QDs. Hence, not the growth conditions 
during InAs deposition but rather the related surface morphology of the 
buffer layer governs the formation of InAs QDs or QDashes, which both 
exhibiting high optical quality. 

The general information on InAs/InP QDash structures for different 
growth parameters is firstly provided in section 3.2. Section 3.3 discusses the 
As/P exchange reaction during InAs/InP nanostructure growth. The details of 
the experiments and characterization techniques are described in section 3.4. 
In section 3.5, a systematic discussion of the results based on the dependence 
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on the different growth parameters is given. The chapter is summarized in 
section 3.6.   

 

3.2 InAs/InP Quantum Dashes 
 

(a) (b)

 
 
Figure 1 (a) Scanning electron microscope (SEM) image top view of an uncapped InAs QDashes 
with 5.0 MLs InAs grown on InGaAlAs buffer layer lattice-matched to InP (100) substrate. (b) 
Schematic illustration with three major geometrical parameters height (h), width (w) and length (l). 
Adapted from J. P. Reithmaier et al. [1]. 
 
In general, the QDash material consists of elongated, self-assembled 
nanostructures treated as quasi-QD structure with similar width and height 
compared to typical QDs while the length is extended to several 100 nm. For 
the formation of dash-like islands, Stranski-Krastanow (S-K) grown InAs is 
deposited on InP (100) with lattice matched buffer layers, like InGaAs, 
InAlGaAs or InGaAsP. Due to the reduced lattice mismatch between InAs 
and InP, the island size is slightly larger than for GaAs based QDs. Typical 
lateral dimensions are 20-30 nm in one direction and 20 to several 100 nm in 
the other direction, preferentially oriented along [0-11] [1]. The height in the 
growth direction is of the order of 5 – 10 nm. A close look at the top-view 
scanning electron microscope (SEM) image in Fig. 1 reveals that the 
nanostructures resemble a dense assembly of QWRs. However, there are 
many structural irregularities suggesting the possibility of carrier 
localizations leading to QD-like behavior. Figure 2 shows the cross-sectional 
scanning tunneling microscope (X-STM) image of buried InAs QDashes. The 
structures are clearly elongated along the [-110] direction with average 
lateral size of 15 nm along the [110] direction and about 60 nm along the [-
110] direction. Their height along the growth direction is about 2 nm [2]. The 
elongation of the QDashes along the [0-11] direction is believed to be related 
to the InP P-stabilized (2×4) surface reconstruction with missing P dimer 
rows along [0-11] leading to longer diffusion length along the [0-11] direction 
[3,4]. It has been further proposed that the dash-like structures are elongated 
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along the [0-11] direction as an effective way to relax the intrinsic strain 
asymmetry in <110> directions built-in at the InAs/InP interface under 
group-III element stabilized growth conditions [5]. Theoretical investigations 
of carrier confinement in InAs QDashes have been performed [6]. Dery et al. 
demonstrates theoretical gain model of QWR optical amplifier which agrees 
well to the experimental data extracted from QDash structure suggesting 
that the InAs/InP QDash material have QWR-like characteristics despite of 
the strong potential perturbation along elongated dash axis [7]. 
 

 
 

Figure 2 Filled-state cross-sectional scanning tunneling microscope (X-STM) images of 
two QDash layers at (a) the (-110) surface, taken at -2.7 V, and (b) the (110) surface, 
taken at -2.6 V [2].  

 

 The complexities of InAs nanostructure formations on InP (100) 
substrates are controversial, in particular QDash (QWR) or QD formation is 
possible for often similar growth conditions, e.g. growth temperature[8,9], 
InAs amount [2,10], As flux [11], composition of buffer layer [12], substrate 
orientation [10,13].  For the same buffer layer material, e.g., on the InP 
buffer layer one can find the conditions leading to the formation of both QDs 
and QDashes [4,8,14]. Similar results are also reported for In0.53Ga0.47As 
[15,16], In0.48Al0.52As ternary [8,17,18], and In0.53Ga0.23Al0.24As quaternary 
buffer layers lattice-matched to the InP substrate [1,19]. From literature 
studies there are some efforts to control the formation and switching between 
QDs and QDashes due to changes of the InAs coverage, growth temperature, 
As flux, and influence of step edges or substrate miscut, however, it is still 
not yet conclusive.  
 Despite the fact that the QDash geometry is far from an ideal dot 
shape, most of the advantages expected for quasi-zero-dimensional structures 
can be preserved and high device performances can be obtained owing to a 
high dash density. Applications such as QDash lasers [20] and QDash SOAs 
[1] have been proposed and demonstrated showing good material 
characteristics.     
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3.3 As/P Exchange Reaction in InAs/InP QD Growth 
 
Despite the fact of low mismatch (3.2 %) between the InAs and InP materials, 
it is generally well-known that the difficulties to control the self-assembly of 
InAs/InP QDs partly arise due to the complexity of the dot formation 
mechanism associated with the chemical reactions at the surface. For typical 
growth conditions, the P atoms on the InP surface are easily exchanged by As 
atoms (As/P exchange reaction, shown in Fig. 3), deteriorating the interface 
quality of heterostructures [21-23], when the InP surface is exposed to an As 
ambient. It has been shown that the As/P exchange reaction might be 
enhanced at high temperature and high As flux rate [24-27]. Moreover, the 
As/P exchange reaction at the InP surface alone was used for the formation of 
InAs dots [28]. In the case of InAs/InP self-assembled QDs, the local variation 
in the strain field around the dots may make the As/P exchange reaction even 
more complicated, significantly altering the kinetic processes of the self-
assembled QD formation. It has been shown that the production of excess 
InAs (more amount of InAs that provided from the sources) is due to to the 
As/P exchange reaction [27,29] shifting the emission wavelength of QDs to 
beyond 1.6 μm at room temperature (RT) [30].  
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Figure 3 Schematic illustration of the As/P exchange reaction during (a) InP surface 
exposed to As flux, As and P substitution occurs, (b) P desorption, and (c) segregation 
of In adatoms floating on the surface.  

 



 64

Apart from the PL redshift, the As/P exchange reaction is the main 
reason for rough interfaces, nonuniform layers, and PL broadening for 
InAs/InP QDs [21,27,31,32]. Attempts to control the QD emission wavelength 
by thin capping and annealing usually resulted in enhanced size fluctuations 
producing multiple peaks in PL measurements [33]. A further improvement 
in geometry control was achieved by a double cap layer technique [34], which 
allows a reduction of the dot height and an emission wavelength of 1.5 μm 
was achieved. PL emission and lasing at 1.55 μm were achieved with quasi-
one-dimensional InAs/InP QDashes instead of zero-dimensional QDs grown 
by MBE, which, however, behave more like QWRs with relatively weak 
lateral carrier confinement [35]. 

(a) (b) (c)

(d) (e) (f)

(g)

(h)

1 μm
 

 
Figure 4 Left-hand side: AFM images of the InAs QDs on lattice-matched InGaAsP with 
thin GaAs interlayers between the InAs QD layer and InGaAsP buffer. The GaAs layer 
thickness is (a) 0.0, (b) 0.3, (c) 0.8, (d) 1.2, (e) 1.9, and (f) 2.5 MLs. The height contrast 
is 10 nm for (a)-(c) and 5 nm for (d)-(f). Right-hand side: (g) PL spectra at 4.8 K of the 
corresponded InAs QDs on lattice-matched InGaAsP with thin GaAs interlayers with 
different thicknesses. (b) The dependence of the PL peak wavelength and linewidth on 
the GaAs layer thickness. Adapted from Q. Gong et al. [36].  

 
 Recently, Gong et al. [36] proposed and demonstrated a method to 
reproducibly tune the emission wavelength of InAs/InP QDs grown by CBE in 
the 1.55-μm wavelength region by the insertion of an ultrathin (zero to 2.0 
MLs) GaAs interlayer between the InAs QDs and the InGaAsP layer 
underneath. As a function of thickness, the GaAs interlayer effectively 
suppresses the As/P exchange reaction, which continuously reduces the QD 
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height to tune the emission wavelength from above 1.6 μm to below 1.55 μm 
at RT [36]. The AFM images of 3.2 MLs InAs QD layers grown on top of 100 
nm InGaAsP lattice-matched to InP (100) substrates and the corresponding 
PL spectra are shown in Fig. 4 for different GaAs interlayer thickness. This 
can be understood from the chemical bond strength differences between As 
and P to group-III elements. In-As bonds (with bond strength of 48.0 
kcal/mol) are slightly more stable than In-P bonds (47.3 kcal/mol) [37], 
favoring the replacement of In-P by In-As bonds, i.e., the substitution of P by 
As atoms on InP. On the contrary, the Ga-P bond (54.9 kcal/mol) and Ga-As 
bond (50.1 kcal/mol) are more stable than the In-As and In-P bonds, thus 
suppressing As/P exchange for GaAs terminated surfaces. Moreover, the 
GaAs layer consumes the free segregated In adatoms floating on the surface, 
thereby reducing the amount of In migrating toward the apex of the InAs 
islands. An ultrathin GaP interlayer was also demonstrated for suppressing 
the As/P exchange reaction during InAs/InP QD formation [38], and similar 
experiments with inserted GaAs interlayers were performed by MOVPE [39]. 
Recently, cross-sectional scanning tunneling microscope (X-STM) 
measurements revealed the significance of the GaAs interlayers leading to a 
planar QD growth surface and decrease of QD composition intermixing, 
producing almost pure InAs QDs [40]. 
 The wavelength tuning by the insertion of ultrathin GaAs interlayers 
beneath the InAs QD layers will serve as a basis technique used for the 
wavelength tuning into the 1.55 μm telecom wavelength region for InAs/InP 
QD arrays studied in this thesis.        
 

3.4 Experimental Details 
 
The samples were grown by chemical beam epitaxy (CBE) using pressure 
controlled Trimethylindium (TMI), Triethylgallium (TEG), AsH3 and PH3 as 
precursors. The AsH3 and PH3 gases were thermally decomposed in a high-
temperature injector at 900 ˚C. The InP (100) substrates, mis-oriented by 2˚ 
toward (110) were mounted by In on the Mo blocks. The grown structures 
consist of 200-nm InP buffer, 100-nm lattice-matched In1-xGaxAsyP1-y (x = 
0.26, y = 0.53) with band gap at 1.25 μm (Q1.25), which is our standard 
waveguide core material in InP-based optoelectronic devices, and finally 4.0 
monolayers (ML) InAs for nanostructure formation followed by 10 s 
annealing under As flux before cooling down. For the lattice-matched 
InGaAsP layers the PH3 pressure was kept constant at 1.8 Torr while the 
AsH3 pressure was adjusted according to the growth temperature. The 
growth rate of InAs was 0.47 ML/s and the growth temperature was between 
500 and 515 ˚C, determined by an infared pyrometer. 

The samples were characterized by tapping-mode atomic force 
microscopy (AFM) in ambient conditions. The inner crystalline structure was 
analyzed by high-resolution X-ray diffraction (XRD). For photoluminescence 
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(PL) measurements the InAs nanostructures were covered by 100 nm Q1.25 
InGaAsP. A Nd:YAG (yttrium aluminum garnet) laser (532 nm) with 
excitation power density of 256 mW/cm2 served as excitation source. The 
samples were mounted in a He-flow cryostat for low-temperature (4.8 K) 
measurements. The PL was dispersed by a single monochromator and 
detected by a cooled InGaAs linear photodiode array. 

 

3.5 Results and Discussion 
 
3.5.1 Growth Temperature 
 
Figure 5 (a) shows the AFM image of the lattice-matched Q1.25 InGaAsP 
buffer layer grown at 500 ˚C, and Fig. 1 (b) that of the InAs layer on top 
grown at the same temperature. The AsH3 pressure of 1.2 Torr is kept the 
same for growth of the lattice-matched buffer and InAs layer. The buffer 
layer surface exhibits a pronounced asymmetric corrugation with grooves 
oriented along [0-11], which is the direction of long diffusion length of 
adatoms under these growth conditions [3]. InAs QDashes are formed on this 
buffer layer, elongated along the same direction. 
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Figure 5 (a) AFM image of lattice-matched InGaAsP buffer layer grown at 500 ˚C. (b-e) 
AFM images of uncapped 4.0 ML InAs grown on InGaAsP buffer layers at temperatures 
of (b) 500, (c) 505, (d) 510, and (e) 515 ˚C. The scan field is 1.0 × 1.0 µm2 and the 
height contrast is (a) 5 nm and (b-e) 10 nm. (f) Average height, width, and length of 
InAs nanostructures as function of the InAs growth temperature. 

 
When the temperature is increased for InAs growth (ramped up within 

2 min with the buffer layer surface exposed to As and P flux), the formation 
of QDs is initiated, as shown in  Fig. 5 (c-e) for the InAs layers grown at (c) 
505, (d) 510, and (e) 515 ˚C. This is in agreement with reports of a more 
homogeneous surface diffusion of adatoms at higher temperature breaking up 
the QDashes into QDs [9]. The QDs begin to form at 505 ˚C, above which no 
further significant change of the surface morphology occurs. This is reflected 
by the average height, width, and length of the InAs nanostructures plotted 
in Fig. 1 (f) as a function of the InAs growth temperature. Between 500 and 
505 ˚C, the average height strongly increases and the length considerably 
reduces. For higher InAs growth temperatures the average height and length 
slightly vary while the average width remains between 35 and 45 nm. 
However, in the whole temperature range QDashes are dominating.  
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Figure 6 (a) AFM image of lattice-matched InGaAsP buffer layer grown at 510 ˚C. (b,c) 
AFM images of uncapped 4.0 ML InAs grown on InGaAsP buffer layers at temperatures 
of (b) 510, and (c) 500 ˚C. The scan field is 1.0 × 1.0 µm2 and the height contrast is (a) 
5 nm and (b,c) 10 nm. 

 
On the other hand, when both the buffer and InAs layer are grown at 

510 ˚C, the surface of the buffer layer is smooth and InAs QDs are formed, as 
shown in the AFM images in Fig. 6 (a) and (b). The AsH3 pressure of 1.3 Torr 
is kept the same for growth of the lattice-matched buffer and InAs layer. The 
QDs with a density of 4×1010 cm-2 are round-shaped with an average height of 
8 nm and diameter of 50 nm. In addition, when the buffer layer is grown at 
510 ˚C and is, hence, smooth and the InAs layer is grown at 500 ˚C, also QDs 
form, as shown in Fig. 2 (c), unlike on the rough buffer layer grown at 500 ˚C 
where QDashes form [see Fig. 1 (b)]. The QDs are less uniform compared to 
those grown at 510 ˚C which is attributed to the reduced In adatom migration 
length at lower temperature.  

These are clear indications that the formation of InAs QDs or QDashes 
is induced by the buffer layer morphology which, in particular in CBE, is very 
sensitive to the growth temperature [41,42], discussed in Chapter 1, and less 
by the InAs growth conditions themselves. Once, the buffer layer is rough, 
QDashes are formed while for the same InAs growth temperature on a 
smooth buffer layer QDs develop. This is understood by the asymmetric 
surface corrugation of the rough buffer layers enhancing the asymmetric 
surface diffusion of In adatoms and the asymmetric strain 
distribution/relaxation (commonly discussed as origin for QDash formation) 
to promote the evolution of InAs QDashes along the grooves. On the other 
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hand, round-shaped QDs are reproducibly formed on smooth surfaces where 
the In adatom migration and strain distribution/relaxation are more 
symmetric.    

Investigations of other growth parameters such as As flux and buffer 
layer strain and composition discussed in the following paragraphs underline 
this behavior. Moreover, the orientation of the QDashes along [0-11] excludes 
their origin to be related to steps on vicinal surfaces [10,13] which are 
oriented along [001] for the present miscut.  
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Figure 7 PL spectra taken at 4.8 K of capped 3.2 ML InAs QDs (solid line) and 
QDashes (dashed line) embedded in lattice-matched InGaAsP grown at 510 and 500 
˚C. 

 
The low-temperature (4.8 K) PL spectra of the InAs QDs (InGaAsP and 

InAs grown at 510 ˚C with AsH3 pressure of 1.3 Torr) and QDashes (InGaAsP 
and InAs grown at 500 ˚C with AsH3 pressure of 1.2 Torr) are depicted in Fig. 
7. Both the QDs and QDashes exhibit comparable PL efficiency. Hence, 
despite of the rough buffer layer morphology, QDashes with comparable 
optical quality as that of the QDs are formed. Therefore, with respect to 
morphology and optical quality the QDashes discussed here are not 
distinguished from those discussed previously in the literature where the 
buffer layer morphology was not considered. The PL peak of the QDashes (at 
1556 nm) is shifted by 17 nm to shorter wavelength with respect to that of 
the QDs (at 1573 nm). This is in line with the smaller average height of the 
QDashes, which makes it easier to reach the 1.55 µm wavelength region at 
room temperature with QDashes than with QDs [20] – but QDashes behave 
more like QWires [7]. 

Considering, however, the height of the QDashes measured by AFM, a 
larger blue-shift of the PL of the QDashes with respect to that of the QDs is 
expected. This is attributed to the fact that the QDashes are formed on the 
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rough buffer layer. Growth on rough surfaces commonly results in a red-shift 
of the PL of nanostructures due to enhancement of the formation of locally 
thicker and thinner regions. If the height of the surface corrugation of the 
buffer layer of 1 – 4 nm is added to the height of the QDashes measured by 
AFM the total height of the QDashes (though probably overestimated in this 
way) becomes comparable to that of the QDs. Moreover, the QDashes 
structure comprises cross sectional fluctuation which can be potentially 
introduce some QD-like effects due to carriers localization.  

 
3.5.2 As Flux 
 
Figure 8 (a-c) shows the AFM images of the InAs layers grown at 500 ˚C on 
the (rough) buffer layers grown at 500 ˚C for AsH3 pressures during InAs 
growth of (a) 0.8, (b) 1.2 (reference pressure used for lattice-matched 
InGaAsP (at 500 ˚C) and InAs growth in Fig. 5), and (c) 1.75 Torr. Evidently, 
QD formation is favored with increasing height for higher As flux due to 
enhanced As/P exchange, which is indicated by the increasing average height, 
shown in Fig. 8 (d). However, round-shaped QDs cannot develop on the rough 
buffer layer, as revealed by the average width and length plotted in Fig. 8 (d).   
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Figure 8 AFM images of uncapped 4.0 ML InAs grown at 500 ˚C on (rough) lattice-
matched InGaAsP buffer layers with AsH3 pressure of (a) 0.8, (b) 1.2, and (c) 1.75 Torr. 
The scan field is 1.0 × 1.0 µm2 and the height contrast is 10 nm. (d) Average height, 
width, and length of the InAs nanostructures as function of the AsH3 pressure. 
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 The dependence of the InAs surface morphology on the AsH3 pressure 
for InAs deposited at 510 ˚C on the (smooth) buffer layer grown at 510 ˚C is 
shown in Fig. 9 (a-c) for (a) 0.8, (b) 1.3 (reference pressure used for lattice-
matched InGaAsP (at 510 ˚C) and InAs growth in Fig. 6), and (c) 1.75 Torr. 
The lowest As flux results in the formation of QDashes while for higher As 
flux, QDs are formed whose height increases with the As flux, as shown in 
Fig. 9 (e), again due to enhanced As/P exchange. This behavior, which we 
have observed earlier also for the growth by metalorganic vapor phase 
epitaxy (MOVPE) [39] has been recently attributed to the As flux dependent 
surface energy, favoring either QDs or QDashes [11]. Inspecting, however, 
the InGaAsP buffer layer surface after short exposure to the low As flux (the 
AsH3 pressure is decreased to 0.8 Torr for 5 sec without changing the PH3 
pressure before the sample is cooled down) reveals pronounced asymmetric 
roughness, shown in Fig. 9 (d). This is attributed to a destabilization of the 
originally smooth InGaAsP surface for low As flux. Hence, the formation of 
QDashes for low As flux is again attributed to the surface morphology of the 
buffer layer which quickly roughens during the time necessary to stabilize 
the As flux.   
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Figure 9 (a-c) AFM images of uncapped 4.0 ML InAs grown at 510 ˚C on (smooth) 
lattice-matched InGaAsP buffer layers with AsH3 pressure of (a) 0.8, (b) 1.3, and (c) 
1.75 Torr. (d) AFM image of lattice-matched InGaAsP buffer layer grown at 510 ˚C and 
5 s exposed to low As flux (AsH3 pressure of 0.8 Torr). The scan field is 1.0 × 1.0 µm2 
and the height contrast is (a-c) 10 nm and (d) 5 nm. (e) Average height, width, and 
length of the InAs nanostructures as function of the AsH3 pressure. 
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The differences between the morphology of the buffer layer in Fig. 5 (a) 
and 9 (d) is that the lateral extension of the elongated grooves in Fig. 5 (a) 
(average length of 442 nm) is longer than that in Fig. 9 (d) (average length of 
145 nm). Therefore, when InAs is deposited on the buffer layer in Fig. 5 (a) 
the QDashes extend to several hundred nm through the dimension of the 
grooves, while the extension of the QDashes on the buffer layer in Fig. 9 (d) is 
limited to about 100-200 nm. The lateral extension of the grooves of the 
buffer layer in Fig. 5 (a) (grown at 500 ˚C) is likely longer since the 
asymmetric roughness develops during growth while the shorter lateral 
extension of the grooves of the buffer layer in Fig. 9 (b) is attributed to the 
fact that the buffer layer is originally smooth (growth at 510 ˚C) and the 
roughness is only induced by the low As flux after growth.  
 
3.5.3 Strain and Composition of InGaAsP Buffer Layer 
 
The influence of strain and composition of the InGaAsP buffer layer on the 
morphology of the InAs layer is revealed in Fig. 10 (a-e). Growth of the buffer 
layer is performed at 500 ˚C and that of the InAs layer at 510 ˚C under high 
AsH3 pressure of 1.75 Torr, conditions which promote QD formation on the 
rough buffer layers. The lattice mismatch of the buffer layers is adjusted by 
the PH3 pressure during growth and indicated by the angular separation of 
the XRD peak of the buffer layer with respect to that of the substrate, 
recorded in the vicinity of the symmetric (004) reflection (negative for 
compressive strain and positive for tensile strain). The reference lattice-
matched sample is shown in Fig. 10 (c). 
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Figure 10 (a)-(e) AFM images of 4.0 ML InAs grown at 510 ˚C on InGaAsP buffer 
layers grown at 500 ˚C with lattice mismatch determined by XRD (angular separation 
recorded in the vicinity of the symmetric (004) reflection) of (a) -1400, (b) -860, (c) +50, 
(d) +950, and (e) +2940 arcsec. The scan field is 1.0 × 1.0 µm2 and the height contrast 
is 10 nm. (f) Average height, width, and length of the InAs nanostructures as function of 
the lattice mismatch. 

   
 The formation of QDs is promoted for compressive buffer layer strain, 
however, QDashes are still dominant in contrast to the growth on smooth 
buffer layers grown at 510 ˚C [see for example Fig. 9 (c)]. Long QDashes are 
formed for tensile strain, which is again reflected by an increasing average 
length and decreasing average height as a function of lattice mismatch, 
shown in Fig. 10 (f). This behavior is attributed to compressively strained 
buffer layers being InAs rich favoring the formation of the (compressively 
strained) InAs QDs.  
             However, care should be taken with the most highly compressively 
and tensile strained buffer layers which are partially relaxed. Hence, the 
development of the InAs nanostructures in Fig. 10 (a) and 10 (e) might 
partially originate from the differences of the in-plane lattice constants of the 
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relaxed buffer layers, which have been determined from asymmetric XRD 
scans in the vicinity of the (224) reflection. The in-plane lattice constant of 
the highly compressively strained buffer layer [Fig. 10 (a)] is 5.952 Å 
corresponding to a misfit of 1.42 % and the in-plane lattice constant of the 
highly tensile strained buffer layer [Fig. 10 (e)] is 5.704 Å corresponding to a 
misfit of – 2.81 %. The other buffer layers [Fig. 10 (b-d)] are fully strained. 
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Figure 11 (a), (b) AFM images of 3.2 ML InAs on 1 ML GaAs interlayer on lattice-
matched InGaAsP buffer layer grown all at (a) 500 and (b) 510 ˚C. The scan field is 1.0 
× 1.0 µm2 and the height contrast is 10 nm. 

  
Finally, the formation of QDs or QDashes is not influenced by the 

presence of a GaAs interlayer underneath the InAs layer, which allows 
control of the InAs nanostructure height and emission wavelength [36,39]. 
For (rough) buffer layers grown at 500 ˚C, QDashes form in the presence of 
the 1 ML GaAs interlayer while on (smooth) buffer layers grown at 510 ˚C, 
QDs are developed, as shown in Fig. 11 (a) and (b). This underlines the 
crucial influence of the buffer layer morphology on the formation of QDs or 
QDashes dominating any influence of buffer layer strain and composition or 
other growth parameters such as growth temperature and As flux, discussed 
in the previous paragraphs. 
 

3.6 Summary 
 
In summary, we have identified the significance of the morphology of the 
InGaAsP buffer layer on the formation of either InAs QDs or QDashes on InP 
(100) substrates. Growth conditions leading to the formation of QDashes are 
always accompanied by a rough buffer layer morphology. Although other 
growth parameters such as higher growth temperature, larger As flux, and 
compressive buffer layer strain favor the formation of QDs, once, the buffer 
layer is rough, formation of QDashes dominates. On smooth buffer layers, for 
the same InAs growth conditions, we reproducibly find well-shaped, 
symmetric InAs QDs. Hence we conclude, that not the growth conditions 
during InAs deposition but rather the related surface morphology of the 
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buffer layer governs the formation of InAs QDs or QDashes, which exhibit 
comparable optical quality. 
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CHAPTER 4  
 

One-Dimensional Linear Ordered InAs/ InP 
Quantum Dot Arrays 
 
 
 
ABSTRACT 
 
 

The formation of linear InAs quantum dot (QD) arrays based on self-
organized anisotropic strain engineering of an InGaAsP/InP (100) 
superlattice (SL) template in chemical beam epitaxy (CBE) is 
demonstrated and the optimized growth window is determined. InAs QD 
formation, thin InGaAsP capping, annealing, InGaAsP overgrowth, and 
stacking in SL template formation produces wire-like InAs structures 
along [001] due to anisotropic surface migration, and lateral and vertical 
strain correlation. InAs QD ordering is governed by the corresponding 
lateral strain field modulation on the SL template surface. Careful 
optimization of InGaAsP cap layer thickness, annealing temperature, 
InAs amount and growth rate, and number of SL periods results in 
straight and well-separated InAs QD arrays. The InAs QD arrays exhibit 
excellent photoluminescence (PL) emission up to room temperature which 
is tuned into the 1.55-µm telecom wavelength region through the 
insertion of ultra-thin GaAs interlayers. Temperature dependent PL 
measurements and the linear polarization behavior indicate lateral 
electronic coupling of the QDs in the arrays.1 

 
 
 
 
 
 
 
 
 
 
 

                                                 
1 These results have been published as: Formation of linear InAs quantum dot arrays on 
InGaAsP/InP (100) by self-organized anisotropic strain engineering and their optical 
properties, N. Sritirawisarn, F. W. M. van Otten, T. J. Eijkemans, and R. Nötzel, J. Appl. 
Phys. 102, 053514 (2007). 
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4.1 Introduction 
 
In this chapter, we study the concept of self-organized anisotropic strain 
engineering for the InAs/InGaAsP material system on InP (100) by chemical 
beam epitaxy (CBE) and optimize the growth conditions for formation of well-
ordered, linear InAs QD arrays with photoluminescence (PL) emission in the 
technologically important 1.55 µm telecom wavelength region. InAs/InGaAsP 
superlattice (SL) template formation comprises InAs QD formation, thin 
InGaAsP capping, annealing, InGaAsP overgrowth, and stacking. This 
produces wire-like InAs structures due to anisotropic adatom surface 
migration during annealing, together with lateral and vertical strain 
correlation and strain gradient driven In adatom migration during stacking. 
The corresponding lateral strain field modulation on the SL template surface 
governs InAs QD ordering due to local strain recognition. The presence of 
linear QD arrays depends on the substrate miscut altering the adatom 
surface migration. The optimum substrate miscut is 2˚ towards (110) for 
which the InGaAsP cap layer thickness, annealing temperature, InAs 
amount and growth rate, and number of SL periods are optimized for the 
formation of straight and well-separated QD arrays along [001]. The PL 
emission of the optimized InAs QD arrays is tuned into the 1.55-µm-
wavelength region through the insertion of an ultra-thin GaAs interlayer 
beneath the InAs QD arrays. Excellent PL emission from the QD arrays is 
observed up to room temperature (RT). In temperature dependent PL 
measurements the characteristic minimum of the PL full-width at half-
maximum (FWHM) and the enhanced low-energy shift of the PL peak due to 
thermally activated carrier redistribution typical for randomly arranged QDs 
are hardly observed [1,2]. This indicates minimized carrier localization in the 
QD arrays due to lateral electronic coupling of the closely-spaced QDs in the 
arrays which is supported by the linear polarization of the PL along the 
arrays. 
 The experimental growth details and characterization techniques for 
the SL template and QD layer are given in section 4.2. The SL template 
development and InAs QD arrays formation and optimization of the growth 
conditions are systematically presented in section 4.3. The influence of 
substrate miscut is studied for formation of the QD arrays and well-separated 
and uniform arrays are developed by the adjustment of the thin cap layer 
thickness and annealing temperature, InAs amount and growth rate, and 
number of SL periods. The optimized SL template and the tuning of the InAs 
QD arrays PL emission wavelength into very important 1.55-μm region 
through the insertion of an ultrathin GaAs interlayer beneath the InAs layer 
are demonstrated. Section 4.4 discusses the optical properties of linear InAs 
QD arrays in temperature and polarization dependent measurements 
demonstrating electronic coupling of the QDs within the arrays. The chapter 
is summarized in section 4.5.  
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4.2 Experimental Details 
 
The samples were grown by CBE using pressure controlled Trimethylindium 
(TMI), Triethylgallium (TEG), AsH3, and PH3 as precursors. The AsH3 and 
PH3 gases were thermally decomposed in a high temperature injector at 900 
˚C. The InP (100) substrates with different miscut summarized in Table I 
were mounted by In on Mo blocks. The sample structure commenced with a 
200-nm InP buffer layer and 100-nm lattice-matched InGaAsP with band gap 
at 1.27 µm (Q1.27), which is a typical waveguide core material in InP-based 
optoelectronic devices. Each period of the SL template consisted of  2.1 - 3.2 
monolayers (ML) InAs, 10 s growth interruption in As flux, a 0.3 - 1.0-nm 
thin Q1.27 cap layer, 2 min. annealing, and a 15.3-nm Q1.27 spacer layer. 
The number of SL periods was between 5 and 11. On top of the SL template a 
2.1 – 3.2 ML InAs QD layer was grown either directly on the Q1.27 layer or 
on a 0.8 ML GaAs interlayer inserted beneath the QDs.  For PL 
measurements the InAs QDs were capped by 100-nm Q1.27 and 50-nm InP. 
The growth temperature was 515 ˚C for all layers and the annealing 
temperature was between 530 and 550 ˚C. The growth rate of InAs was 
varied from 0.23 - 0.47 ML/s, calibrated by high-resolution x-ray diffraction 
(XRD).  

The surface morphologies of uncapped samples were characterized by 
tapping-mode atomic force microscopy (AFM) in air. For the PL studies, a 
Nd:YAG (yttrium aluminum garnet) laser (532 nm) with excitation power 
density of 256 mW/cm2 was used as excitation source. The samples were 
mounted in a He-flow cryostat with temperature control between 4.8 K and 
RT. The PL was dispersed by a single monochromator and recorded by a 
cooled InGaAs linear array detector. 
 

Substrate Miscut towards Miscut angle 
A (110) 0.2˚ 
B (111)A 0.5˚ 
C (111)B 0.5˚ 
D (110) 0.5˚ 
E (111)B 2.0˚ 
F (110) 2.0˚ 

 
Table 1 Denotion of the InP (100) substrates with various miscuts. 
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4.3 Formation of Linear QD Arrays 
 
4.3.1 Substrate Miscut 
 
The AFM images of 2.6 ML InAs grown on a 5 periods 2.1 ML InAs/ 15.6 nm 
Q1.27 SL template (0.23 ML/s InAs growth rate, 0.3 nm Q1.27 cap layer, 530 
˚C annealing temperature) on InP (100) substrates with different miscut are 
shown in Fig. 1. For low miscut < 0.5˚ and for miscut towards (111)A (step 
edges along [0-11]) dense quantum dashes (QDashes) elongated along [0-11] 
form, as shown in Fig. 1 (a) and (b). For miscut towards (111)B (step edges 
along [011]) QD arrays appear in a zig-zag arrangement, alternately oriented 
along [001] and [010], shown in Fig. 1 (c) and (e). Linear and well-separated 
QD arrays are produced on substrates miscut towards (110) (step edges along 
[001]) whose ordering improves with the miscut angle, shown in Fig. 1 (d) 
and (f). 

(a)

[0-11]

[011]
[001]

2 μm

(b)

(c) (d)

(e) ( f )

0.2˚→(110) 0.5˚→(111)A

0.5˚→(111)B 0.5˚→(110)

2.0˚→(111)B 2.0˚→(110)

 
 

Figure 1 (a)-(f) AFM images of uncapped 2.6 ML InAs on the 5-periods 2.1 ML InAs/ 
0.3 + 15.3 nm Q1.27 SL templates (InAs growth rate 0.23 ML/s, annealing temperature 
530 ˚C) on InP (100) substrates with different miscut: (a) 0.2˚ toward (110), (b) 0.5˚ 
toward (111)A, (c) 0.5˚ toward (111)B, (d) 0.5˚ toward (110), (e) 2.0˚ toward (111)B, and 
(f) 2.0˚ toward (110). The scan field is 2.0 × 2.0 μm2 and the height contrast is 20 nm. 
The dashed lines indicate the step edge directions.  
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Figure 2 Schematic illustration of linear InAs QD arrays formed on InP (100) substrates 

 
Obviously the preferential surface reconstruction and step driven 

adatom surface migration along [0-11] on substrates with low miscut or 
miscut towards (111)A hinders the formation of well-separated QD arrays, 
which is attributed to a too small surface migration length along [011]. As a 
result, dense QDashes elongated along [0-11] form during SL growth. Once 
the direction of adatom surface migration is altered by the presence of a 
sufficient density of steps along [011], QD arrays along [010] or [001], which 
are the elastically soft directions, form due to a large enough surface 
migration length perpendicular to the arrays. Linear and well-separated QD 
arrays along one of these directions, e.g. [001], are then formed for steps 
along [001]. The orientation of the QD arrays along the elastically soft 
directions implicates that it is determined by in-plane strain correlation 
governed by the cubic anisotropy of the elastic moduli [3,4]. This is different 
to the case of InAs/GaAs based linear QD arrays where the orientation is 
determined by the direction of adatom surface migration during annealing, 
which can be influenced by the presence of steps [5]. In the InAs/InP system 
the anisotropic adatom surface migration during annealing is essential only 
to smoothen the InAs QD arrays in each SL period towards uniform wire-like 
structures oriented along the elastically soft directions to minimize the strain 
energy. It is important to note that the ordering of the InAs QDs is purely 
governed by the vertical and lateral strain correlation during stacking rather 
than by morphological features related to steps. This is demonstrated by the 
unchanged orientation and lateral periodicity of the QD arrays as a function 
of substrate miscut, number of SL periods, and the smoothness of the SL 
template surface discussed below, with the lateral periodicity determined by 
the strain gradient driven In adatom surface migration perpendicular to the 
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QD arrays in successive layers, as previously discussed in chapter 2. The 
schematic illustration of linear InAs QD arrays formation is shown in Fig. 2. 

The unchanged morphology of single QD layers on the differently 
miscut substrates, shown in Fig. 3, further confirms that steps have no 
influence on the QD formation and ordering themselves. The amount of InAs 
for QD formation is 3.0 ML deposited on a 100-nm Q1.27 buffer layer. For all 
substrate miscuts, the QD height is 6-9 nm, the base diameter 40-70 nm, and 
the QD density 3-5×1010 cm-2. This is in contrast to other reports [6,7] where 
QDashes have been observed for substrates miscut towards [111]A. However, 
it agrees with our previous investigations on the formation of QDs or 
QDashes to be determined by the buffer layer morphology rather than the 
InAs growth conditions and substrate miscut, as described in the previous 
Chapter. QDs are formed on smooth buffer layers while rough buffer layers 
induce the formation of QDashes. For our growth conditions the buffer layer 
is smooth for all substrate miscuts and solely QDs form.  
 

(a) (b)

(c) (d)

(e) ( f )

1 μm

0.2˚→(110) 0.5˚→(111)A

0.5˚→(111)B 0.5˚→(110)

2.0˚→(111)B 2.0˚→(110)

[0-11]

[011]
[001]

 
 

Figure 3 (a)-(f) AFM images of uncapped 3.0 ML InAs QDs on a 100-nm Q1.27 buffer 
layer on InP (100) substrates with different miscuts denoted in Table I. (a) Substrate A, 
(b) substrate B, (c) substrate C, (d) substrate D, (e) substrate E, and (f) substrate F. 
The scan field is 1.0 × 1.0 μm2 and the height contrast is 10 nm. 
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Figure 4 (a)-(i) AFM images of uncapped 3.2 ML InAs QD arrays on the 5-periods InAs/ 
Q1.27 SL templates (InAs amount 3.2 ML, InAs growth rate 0.47 ML/s, Q1.27 
separation layer thickness 15.3 nm) with Q1.27 cap layer thicknesses of 0.3 - 1.0 nm 
and annealing temperatures of 530 - 550 ˚C. The scan field is 2.0 × 2.0 µm2 and the 
height contrast is 20 nm. 

 
4.3.2 Thin Cap Layer Thickness and Annealing 
Temperature 
 
Optimization of the growth conditions for formation of linear and well-
separated InAs QD arrays is performed on substrates miscut by 2˚ towards 
(110). In the series of samples shown in Fig. 3 the thickness of the thin Q1.27 
cap layer above the InAs QDs is varied between 0.3 and 1.0 nm and the 
annealing temperature between 530 and 550 ˚C. The number of SL periods of 
5, InAs amount of 3.2 ML, InAs growth rate of 0.47 ML/s, and Q1.27 spacer 
layer thickness of 15.3 nm are kept constant. Ordering of InAs QDs in linear 
arrays along [001] is clearly observed for 0.3 - 0.7 nm cap layer thickness 
together with annealing temperatures of 530 - 540 ˚C, as shown in Fig. 4 (a), 
(b), (d), and (e). Outside this growth window ordering is strongly degraded or 
absent. Similar to the case of InAs/GaAs, the combination of cap layer 
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thickness and annealing temperature balances In desorption during 
annealing. This is essential for a smooth and straight connection of the wire-
like structures requiring strain reduction, maintenance of sufficient In for 
vertical strain correlation, and sufficient lateral mass transport during 
annealing to smoothen the InAs QD arrays. For too thin cap layer and too 
high annealing temperature [Fig. 4 (c) and (f)], the In desorption is too high 
to maintain vertical strain correlation. On the other hand, for a too thick cap 
layer and too low growth temperature, In desorption is insufficient. The 
excess strain accumulation is too large and straight wire-like structures 
cannot form and a high density of kinks and branches is introduced in the QD 
arrays to relieve the strain. Moreover, smoothening of the QD arrays during 
annealing is suppressed and finally hindered, resulting in high-density 
stacked QDs [Fig. 4 (g) to (i)] which eventually develop a rough morphology 
for increasing excess strain accumulation during stacking, in particular when 
the QDs are fully capped or no annealing step is performed. 
  
4.3.3 InAs Amount and Growth Rate 
 
In the series of samples shown in Fig. 5 the InAs amount is decreased from 
3.2 to 2.1 ML and the InAs growth rate from 0.47 to 0.23 ML/s. Other growth 
conditions are unchanged with an optimized Q1.27 cap layer thickness of 0.3 
nm and annealing temperature of 530 ˚C. The number of SL periods is 5. 
With decrease of the InAs amount and growth rate the ordering of the QD 
arrays is improved, as shown in Fig. 5 (a) to (e). The reduction of the InAs 
amount mainly lowers the QD height and diameter to further reduce excess 
strain accumulation while the decreasing InAs growth rate improves the 
uniformity of the QD arrays which is attributed to enhancement of the In 
adatom surface migration length.  

In the SL template, the critical thickness for InAs QD formation is less 
than that on bare InGaAsP surfaces and the InAs QDs are larger due to the 
strain correlated stacking. Therefore, reduction of the InAs amount in the SL 
template maintains a high QD density while excess strain accumulation is 
further suppressed to create straight QD arrays without bends and branches 
and to reduce the probability of multiple QD arrays formation and QD 
coalescence.  
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(a) (b)

(c) (d)

(e)

[0-11]

[011]
[001]

2 μm

3.2 ML, 0.47 ML/s 2.8 ML, 0.47 ML/s

2.6 ML, 0.35 ML/s 2.4 ML, 0.23 ML/s

2.1 ML, 0.23 ML/s

 
 

Figure 5 (a)-(e) AFM images of uncapped 2.1-3.2 ML InAs QD arrays on the 5-periods 
2.1-3.2 ML InAs/ 0.3 + 15.3 nm Q1.27 SL template (annealing temperature 530 ˚C) with 
InAs amount and growth rate of (a) 3.2 ML and 0.47 ML/s, (b) 2.8 ML and 0.47 ML/s, (c) 
2.6 ML and 0.35 ML/s, (d) 2.4 ML and 0.23 ML/s, and (e) 2.1 ML and 0.23 ML/s. The 
scan field is 2.0 × 2.0 µm2 and the height contrast is 20 nm. 

 
4.3.4 Number of SL Periods 
 
In the series of samples shown in Fig. 6 the number of SL periods is changed 
between 5 and 11 to fully optimize QD ordering. Other growth conditions are 
unchanged with an optimized Q1.27 cap layer thickness of 0.3 nm, annealing 
temperature of 530 ˚C, 2.1 ML InAs amount, and 0.23 ML/s InAs growth rate. 
The amount of InAs for QD formation on the SL template surface is 2.6 ML 
which slightly increases the QD height. The average QD arrays height, 
diameter, and periodicity for QD grown on 5 SL periods is 7.31  1.32 nm, 
73.36  11.06 nm, and 171.57  14.55 nm [Fig. 6 (a)], for 7 SL periods is 8.95  
1.28 nm, 96.12  12.20 nm, and 154.47  21.31 nm [Fig. 6 (b)], for 9 SL 
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periods is 10.21  1.35 nm, 106.28  10.09 nm, and 169.71  14.03 nm [Fig. 6 
(c)], and for 11 SL periods is 9.98  1.66 nm, 104.00  10.07 nm, and 185.17  
18.02 nm [Fig. 6 (d)], respectively 

With increase of the number of SL periods from 5 to 7 (Fig. 6 (a) and 
(b)), the QD ordering improves further due to the evolution of the self-
organizing process during stacking. Accompanied with the increasing strain 
accumulation the QDs become larger. No significant improvement is observed 
when the number of SL periods is increased from 9 to 11 revealing the 
stability of the SL template. However, the QDs within the arrays become 
more connected, as depicted in Fig. 6 (c) and (d), most probably due to a 
deeper lateral strain field modulation.  
 

(a) (b)

(c) (d)

[0-11]

[011]

2 μm

5 periods 7 periods

9 periods 11 periods

 
 

Figure 6 (a)-(d) AFM images of 2.6 ML InAs QD arrays on the 2.1 ML InAs/ 0.3 + 15.3 
nm Q1.27 SL template (InAs growth rate 0.23 ML/s, annealing temperature 530 ˚C) with 
number of SL periods of (a) 5, (b) 7, (c) 9, and (d) 11. The scan field is 2.0 × 2.0 µm2 
and the height contrast is 20 nm. 

 
4.3.5 SL Template Surface and GaAs Interlayer 
 
The surface of the optimized SL template providing the highest degree of QD 
ordering is shown in Fig. 7 (a). The number of SL periods is 7. The surface of 
the SL template shows a very shallow height modulation with mounds 
elongated along [001] and a lateral periodicity of 130 – 180 nm, corresponding 
to the lateral periodicity of the QD arrays. This shallow height modulation is 
superimposed on the typical height modulation extending over micrometer 
length scales, shown in Fig. 7 (b). Hence, though the SL template surface 
does not perfectly planarize, the small height modulation of only 0.7 – 1.0 nm, 
corresponding to 3.0 – 4.0 ML, excludes QD ordering due to preferential 
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nucleation at multilayer high step edges formed due to step bunching. This is 
further confirmed by the unchanged lateral periodicity of the QD arrays as 
function of the number of SL periods, i.e., layer thickness and substrate 
miscut, discussed above, which both would affect the lateral periodicity of 
multilayer high steps.  

For QD arrays with PL emitting in the 1.55 µm wavelength region a 
0.8 ML GaAs interlayer is inserted beneath the QDs on the SL template 
surface. The GaAs interlayer does not affect the QD ordering, as shown in 
Fig. 7 (c). The role of the GaAs interlayer is to suppress As/P exchange during 
InAs growth, described earlier in the previous Chapter, to reduce the QD 
height from 7 – 11 nm to 4 – 5 nm and, therefore, the emission wavelength 
from far above 1.6 µm at RT into the 1.55 µm region [9,10]. 
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Figure 7 (a) AFM image of the 7 periods 2.1 ML InAs/ 0.3 + 15.3 nm Q1.27 optimized 
SL template surface (InAs growth rate 0.23 ML/s, annealing temperature 530 ˚C). (b)  
AFM line scan along [010] of the SL template surface, as indicated in (a). (c) AFM 
image of the uncapped 2.6 ML InAs QD arrays on the optimized SL template with 0.8 
nm GaAs interlayer inserted beneath the QD arrays. The scan field is 2.0 × 2.0 µm2 and 
the height contrast is 10 nm. 

 

4.4 Optical Properties of Linear QD Arrays 
 
4.4.1 Temperature Dependence 
 
Fig. 8 shows the PL spectra taken at 4.8 K and RT of the capped InAs QD 
arrays on the optimized SL template with GaAs interlayer and of the SL 
template without QDs on top for reference. The PL spectrum measured at 4.8 
K reveals a PL peak of the QD arrays at 1475 nm and of the SL template at 
1379 nm. The PL peak of the QD arrays at RT is red-shifted to 1548 nm with 
a shoulder at the short wavelength side stemming from the SL template 
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which reveals a PL peak at 1478 nm. The PL efficiency drops by about three 
orders of magnitude between 4.8 K and RT. The differences in PL intensity as 
well as the linewidth between the QD arrays and SL template sample are due 
to the different cap layer since the QD arrays are capped with Q and InP 
while SL template is uncapped. 
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Figure 8 PL spectra of the capped 2.6 ML InAs QD arrays on the optimized SL 
template and bare SL template without QD arrays taken at 4.8 K and room temperature 

 
 The temperature dependences of the PL peak energy and FWHM of the 
InAs QD arrays is plotted in Fig. 9 (a) and those of a single InAs QD layer 
grown on a bare 100-nm Q1.27 layer in Fig. 9 (b) for comparison. InAs 
amount and growth rate of 2.6 ML and 0.23 ML/s are the same for both cases. 
The QD arrays reveal a PL peak energy which follows closely the bandgap 
energy dependence and a FWHM which monotonically increases with 
temperature. On the other hand, the PL peak energy of the single QD layer 
reveals an increased low-energy shift exhibiting strong “S” shape-like 
dependence in the temperature range of 100 – 200 K which is accompanied by 
a pronounced minimum of the FWHM. This behavior is typical for 
inhomogeneous QD ensembles due to thermally activated carrier 
redistribution in this temperature range preferentially from smaller (higher 
energy) to larger (lower energy) QDs and the equilibration of the carrier 
distribution at higher temperatures [1,2]. The much less evident thermally 
activated carrier redistribution in the QD arrays is a first indication of lateral 
electronic coupling of the closely-spaced QDs within the arrays allowing 
carrier redistribution independent on the temperature by providing a quasi-
continuous density of states such as in quantum wires. A small degree of 
carrier localization accounts for the small deviation of the PL peak energy 
and the small plateau in the FWHM around 150 K.  
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Figure 9 (a) Temperature dependences of the PL peak energy and PL linewidth of the 
capped 2.6 ML InAs QD arrays with 0.8 ML GaAs interlayer on the optimized SL 
template and (b) of the capped 2.6 ML single InAs QD layer on 100 nm Q1.27 for a 
reference. 
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Figure 10 (a) Temperature dependence of the integrated PL intensity of the capped 2.6 
ML InAs QD arrays with 0.8 ML GaAs interlayer on the optimized SL template, and (b) 
of the capped 2.6 ML single InAs QD layer on 100-nm Q1.27. The dashed lines are 
exponential fits with thermal activation energy of (a) 183 meV and (b) 197 meV. 

 
 
 The integrated PL intensity of both the QD arrays and single QD 
layer, shown in Fig. 10 (a) and (b), is roughly constant up to 130 K, and 
exponentially decreases at higher temperature due to thermal quenching. 
The activation energy of the PL quenching is derived by fitting the integrated 
PL intensity to: 
 
IPL = C/(1+Aexp(-Ea/(kBT))), 
 
where kB is the Boltzmann constant, T is the temperature, and A and C are 
the fitting parameters. The activation energy is 183 meV for the QD arrays 
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and 197 meV for the single QD layer. This is consistent with the energy 
difference of the QD ground state energy and the Q1.27 barrier bandgap 
energy, which is 188 meV for the QD arrays and 203 meV for the single QD 
layer. Hence, the thermal quenching of the PL intensity is due to thermally 
activated escape of carriers from the QDs into the Q1.27 barrier. This reveals 
the absence of non-radiative recombination centers in the QDs contributing 
to the thermal quenching, evidencing the excellent optical and structural 
quality of the InAs QD arrays similar to single layers of QDs. 
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Figure 11 Linear polarization dependent PL spectra taken at 4.8 K of (a) the capped 
2.6 ML InAs QD arrays with 0.8 ML GaAs interlayer on the optimized SL template, and 
(b) of the capped 2.6 ML single InAs QD layer on 100-nm Q1.27. The PL is polarized 
along [001] in (a) and along [01-1] in (b). 

 
4.4.2 Polarization Dependence 
 
The linear polarization-dependent PL spectra taken from the sample surface 
of the QD arrays and single QD layer are shown in Fig. 11 (a) and (b). The PL 
of the QD arrays is polarized along [001], i.e., along the array direction, with 
a degree of linear polarization P = (I//-I)/(I//+I) at the PL peak position of 
6.46. I// and I denote the PL intensities with polarization parallel and 
perpendicular to [001]. On the other hand, the PL of the single QD layer is 
polarized along [0-11] with a degree of linear polarization at the PL peak 
position of 8.97. This is typical for isolated, randomly arranged QDs which 
often exhibit a slight elongation along [0-11], which is the direction of long 
adatom surface diffusion length related to the surface reconstruction. The 
rotated linear polarization of the QD arrays is attributed to the rotation of 
the long axis of the QDs in the array direction and is a further indication of 
lateral electronic coupling of the QDs in the arrays. 
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4.5 Summary 
 
We have realized linear InAs quantum dot (QD) arrays based on self-
organized anisotropic strain engineering of an InAs/InGaAsP superlattice 
(SL) template on InP (100) in chemical beam epitaxy (CBE) and determined 
the optimized growth conditions for ordering. During SL template formation, 
InAs QD growth, thin InGaAsP capping, annealing, InGaAsP overgrowth, 
and stacking produces wire-like InAs structures due to anisotropic surface 
migration and lateral and vertical strain correlation. InAs QD ordering is 
governed by the lateral strain field modulation which builds up during SL 
template formation. The presence of linear QD arrays depends on the 
substrate miscut altering the adatom surface migration. The optimum 
substrate miscut is 2˚ towards (110) for which the InGaAsP cap layer 
thickness, annealing temperature, InAs amount and growth rate, and 
number of SL periods are optimized for the formation of straight and well-
separated arrays along [001]. The InAs QD arrays exhibit excellent 
photoluminescence (PL) emission up to room temperature which is tuned into 
the 1.55-µm telecom wavelength region through the insertion of ultra-thin 
GaAs interlayers. Temperature dependent PL measurements indicate lateral 
electronic coupling of the QDs in the arrays which is supported by the linear 
polarization of the PL along the arrays. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 94

Bibliography 
 
[1] T. Mano, R. Nötzel, Q. Gong, T. van Lippen, G. J. Hamhuis, T. J. Eijkemans, and J. 

H. Wolter,  Jpn. J. Appl. Phys. 44, 6829 (2005). 
[2] Y. I. Mazur, B. L. Liang, Zh. M. Wang, G. G. Tarasov, D. Guzun, and G. J. Salamo,  

J. Appl. Phys. 101, 014301 (2007). 
[3] V. A. Shchukin, N. N. Ledentsov, P. S. Kop'ev, and D. Bimberg,  Phys. Rev. Lett. 75, 

2968 (1995). 
[4] V. A. Shchukin and D. Bimberg,  Rev. Mod. Phys. 71, 1125 (1999). 
[5] T. Mano, R. Nötzel, D. Zhou, G. J. Hamhuis, T. J. Eijkemans, and J. H. Wolter,  J. 

Appl. Phys. 97, 014304 (2005). 
[6] A. Stintz, T. J. Rotter, and K. J. Malloy,  J. Crystal Growth 255, 266 (2003). 
[7] O. Bierwagen and W. T. Masselink,  Appl. Phys. Lett. 86, 113110 (2005). 
 
 



 95

CHAPTER 5  
 

Two-Dimensional Periodic Square Lattice of 
InAs/ InP Quantum Dot Arrays 
 
 
 
ABSTRACT 
 
 

The formation of two-dimensional InAs quantum dot (QD) arrays by self-
organized anisotropic strain engineering of InAs/InGaAsP superlattice 
(SL) templates on InP (311)B substrates by chemical-beam epitaxy (CBE) 
is demonstrated. The SL template and InAs QD growth conditions are 
studied in detail for optimized QD ordering. Excellent photoluminescence 
emission up to room temperature is achieved from buried QD arrays. The 
emission wavelength is tuned from above 1.9 μm to the 1.55 μm telecom 
wavelength region through the insertion of ultrathin GaAs interlayers 
beneath the QD arrays.1  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
1 These results have been published as: Formation of two-dimensional InAs quantum dot 
arrays by self-organized anisotropic strain engineering on InP (311)B substrates, N. 
Sritirawisarn, F. W. M. van Otten, P. E. D. Soto Rodriguez, J. L. E. Wera, and R. Nötzel, J. 
Crystal Growth 312, 164 (2010). 
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5.1 Introduction 
 
In the previous chapters we have introduced self-organized anisotropic strain 
engineering of strained superlattice (SL) templates for the lateral ordering of 
one-dimensional (1-D) linear InAs QD arrays on planar (100) oriented InP 
substrates by chemical-beam epitaxy (CBE). To extend the concept, in this 
Chapter, we demonstrate the formation of periodic two-dimensional (2-D) 
InAs QD arrays on InP (311)B substrates by self-organized anisotropic strain 
engineering of InAs/InGaAsP SL templates in CBE.  SL template formation 
comprises InAs QD formation, thin InGaAsP capping, post-growth annealing, 
InGaAsP overgrowth, and stacking. Due to distinct anisotropic adatom 
surface migration during annealing and vertical and lateral strain 
correlations during stacking, the SL template self-organizes into a 2-D 
ordered strain modulated mesalike network on a mesoscopic length scale. 
InAs QDs preferentially nucleate on top of the network nodes due to local 
strain recognition. The SL template and InAs QD growth parameters, such as 
InAs amount, InAs growth rate, InGaAsP cap layer thickness, annealing 
temperature, and number of SL periods are studied in detail for optimized 
QD ordering. Excellent photoluminescence (PL) emission up to room 
temperature (RT) is achieved from buried QD arrays. The PL emission is 
tuned from above 1.9 μm to the 1.55-μm wavelength region, either at low 
temperature or RT, through the insertion of ultrathin GaAs interlayers with 
increasing coverage beneath the InAs QD arrays. These highly uniform QD 
arrays, thus, provide the basis for the development of future quantum 
functional devices operating at telecom wavelengths. 
 Section 5.2 describes the experimental and characterization details. 
The main results are presented in section 5.3 regarding the optimization of 
uniform 2-D InAs/InP QD arrays. The PL and wavelength emission tuning 
are discussed in section 5.4. Finally, section 5.5 summarizes the chapter.    
 

5.2 Experimental Details 
 
The samples were grown by CBE using pressure controlled trimethylindium 
(TMI), triethylgallium (TEG), AsH3, and PH3 as precursors. The AsH3 and 
PH3 gases were thermally decomposed in a high temperature injector at 900 
˚C. The semi-insulating InP (311)B substrates were mounted by In on Mo 
blocks. The sample structure commenced with a 200 nm InP buffer layer and 
100 nm lattice-matched InGaAsP with RT band gap at 1.18 μm (Q1.18). The 
V/III ratio was 2.7 for InP and 2.9 for Q1.18 growth. Each period of the SL 
template grown then consisted of 2.1 monolayers (ML) InAs, 10 s growth 
interruption under As flux, a 0.2 – 0.4 nm thin Q1.18 cap layer, 2 min 
annealing at 514-520 ˚C, and a 5.5 nm Q1.18 separation layer. The number of 
SL periods was between 3 and 11 in different samples. On top of the SL 
template a 0 – 2 ML GaAs interlayer and a 3.2 ML InAs QD layer were 
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grown for atomic force microscopy (AFM) measurements. The growth 
temperature was kept constant at 505 ˚C throughout the entire structure. 
The growth and annealing temperatures were determined by a pyrometer. 
They were stable and reproducible within 1 ˚C, which was additionally 
confirmed and monitored by the stability and reproducibility of the 
composition of the quaternary layers from sample to sample and very 
recently by employing the kSA BandiT system measuring the temperature 
dependent absorption edge of the substrate. The InAs growth rate was varied 
from 0.09 ML/s to 0.73 ML/s, calibrated by high-resolution x-ray diffraction 
(XRD). For PL measurements the InAs QDs were buried by 100 nm Q1.18 
and 50 nm InP. The PL was excited by the 532 nm line of a neodymium-
doped yttrium aluminum garnet (Nd:YAG) laser with power density of 256 
mW/cm2. The samples were mounted in a He-flow cryostat with temperature 
control between 4.8 K and RT. The PL was dispersed by a single 
monochromator and recorded by a liquid nitrogen cooled InGaAs linear array 
detector or a single channel InSb detector. 
 

5.3 Formation of 2-D InAs QD Arrays 
 
5.3.1 Optimized Growth Conditions 
 
For a better understanding we will first discuss the optimized 2-D InAs QD 
arrays before, in the following paragraphs, we detail the growth conditions to 
arrive at these QD arrays and their optical properties. Figure 1 (a) shows the 
AFM image of the optimized QD arrays on the SL template with 2.1 ML InAs 
amount, 0.18 ML/s InAs growth rate, 10 s growth interruption under As flux, 
0.3 nm Q1.18 cap layer thickness, 2 min annealing at 514 ˚C, 5.5 nm Q1.18 
separation layer thickness, and number of SL periods of 9. The amount of 
InAs for QD formation on the SL template is 3.2 ML. Clear ordering of large 
InAs QDs in a 2-D network aligned along 45˚ off [-233] is observed. The QDs 
have diameters and heights of 98.59 ± 7.65 nm and 20.45 ± 2.33 nm, 
respectively. The lateral periodicity of the QD arrays in the directions 45˚ off 
[-233] is 200.59 ± 35.70 nm which is in agreement with the value extracted 
from the 2-D fast-Fourier transform analysis of 202 nm, shown in Fig. 1 (b).  
Nucleation of the large QDs on the SL template nodes is confirmed in Fig. 1 
(c) showing the AFM image of the bare SL template surface with shallow 
mounds of the same periodicity as that of the large QDs and heights of  5.95 ± 
1.24 nm. Clear faceting of the QDs is shown in the zoomed-in AFM image in 
the inset of Fig. 1 (a). The faceting is similar to that observed for InAs QDs on 
GaAs (311)B substrates, reflecting the symmetry of the (311)B surface [1]. In 
between the large QDs, dense small QDs with a more round shape having 
diameters and heights of 48.48 ± 4.64 nm and 8.43 ± 1.55 nm, respectively, 
are found. 
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Figure 1 (a) AFM image of uncapped 3.2 ML InAs QD arrays on the optimized nine-
periods InAs/Q1.18 SL template (2.1 ML InAs amount, 0.18 ML/s InAs growth rate, 0.3 
nm Q1.18 cap layer thickness. 514 ˚C annealing temperature, 5.5 nm Q1.18 separation 
layer thickness) on InP (311)B substrate. Inset: zoomed-in AFM image of an individual 
InAs QD. (b) Two-dimensional fast-Fourier transform analysis of (a). (c) AFM image of 
the optimized nine-periods InAs/Q1.18 SL template surface. The scan fields are 2.0 × 
2.0 µm2 and the height contrast is 30 nm for (a) and (c). 

  
The formation of the ordered large QDs is obviously due to local strain 

recognition on top of the SL template nodes while the formation of the small 
QDs in between is more likely due to strain-driven growth instability similar 
to the case of InGaAs QDs on InGaAs/GaAs SL templates on GaAs (311)B. 
For the relatively small and comparable lattice mismatch of InAs/InP (311)B 
or InGaAs/GaAs (311)B strain-driven growth instability leads to a continuous 
InAs or InGaAs layer with nanoscale surface modulations growing 
continuously in height with thickness in contrast to QD nucleation in the S-K 
growth mode observed for InAs/GaAs (311)B with larger mismatch, as 
discussed previously in section 2.6.2. 
 
5.3.2 Thin Cap Layer Thickness and Annealing 
Temperature 
 
In the series of samples shown in Fig. 2, the thickness of the thin Q1.18 cap 
layer in the SL template is varied between 0.2 and 0.4 nm and the annealing 
temperature between 514 and 520 ˚C. The InAs amount of 2.1 ML, 0.18 ML/s 
InAs growth rate, 5.5 nm Q1.18 separation layer thickness, and number of SL 
periods of 9 are kept constant. The amount of InAs for QD formation on the 
SL template surface is 3.2 ML. 
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Figure 2 (a)-(i) AFM images of uncapped 3.2 ML InAs QD arrays on nine-periods 
InAs/Q1.18 SL templates (2.1 ML InAs amount, 0.18 ML/s InAs growth rate, 5.5 nm 
Q1.18 separation layer thickness) on InP (311)B substrates with Q1.18 cap layer 
thickness of 0.2 to 0.4 nm and annealing temperature of 514 to 520 ˚C. The scan fields 
are 2.0 × 2.0 µm2 and the height contrast is 30 nm. 

 
Clear ordering of the InAs QDs in a 2-D network is observed for 0.2 to 

0.4 nm cap layer thickness with an annealing temperature of 514 ˚C, as 
illustrated in Figs. 2 (a), (d), and (g). Outside this growth window the 
ordering gradually disappears leaving a modulated layer of small QDs. The 
optimized condition for 2-D QD ordering is shown in Fig. 2 (d) with 0.3 nm 
Q1.18 cap layer thickness and 514 ˚C annealing temperature. The cap layer 
thickness and annealing temperature balance In desorption during annealing 
for optimized ordering in similar manner as for the formation of 1-D InAs/InP 
QD arrays on InP (100) substrates, discussed in Chapter 4.  
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For too low annealing temperature and too thick cap layer In 
desorption is insufficient resulting in excess strain accumulation during 
stacking which leads to a high density of relatively large QDs with less 
degree of ordering which is even worsened due to suppressed lateral mass 
transport during annealing. On the other hand, for too high annealing 
temperature and too thin cap layer, In desorption is too large to maintain 
vertical strain correlation. The QD ordering gradually vanished with increase 
of the annealing temperature from the optimum 514 ˚C [Figs. 2 (a), (d), and 
(g)] to 517 ˚C [Figs. 2 (b), (e), and (h)] and 520 ˚C [Figs. 2 (c), (f), and (i)]. The 
influence of the cap layer thickness on In desorption, however, is not as 
strong as that of the annealing temperature. Very little difference in ordering 
is observed for annealing at 514 ˚C when the cap layer thickness is varied 
from 0.2 to 0.4 nm as shown in Figs. 2 (a), (d), and (g) and the QD ordering 
only slightly degrades for annealing at 517 ˚C [Figs. 2 (b), (e), and (h)] and 
520 ˚C [Figs. 2 (c), (f), and (i)] with reduction of cap layer thickness from 0.4 
to 0.2 nm.  

 
5.3.3 Number of SL Periods 
 
In the series of samples shown in Fig. 3, the number of SL periods is varied 
between 3 and 11. The other optimized growth conditions are unchanged with 
2.1 ML InAs amount, 0.18 ML/s InAs growth rate, 0.3 nm Q1.18 cap layer 
thickness, 514 ˚C annealing temperature, and 5.5 nm Q1.18 separation layer 
thickness. The amount of InAs for QD formation on the SL template is 3.2 
ML. The average dot height and diameter for QD arrays grown on 3 SL 
periods is 16.81  1.30 nm and 93.37  8.92 nm [Fig. 3 (a)], for 5 SL periods is 
17.57 nm  1.95 nm and 90.05  6.32 nm [Fig. 3 (b)], for 7 SL periods is 19.95 
 2.68 nm and 92.35  8.85 nm, for 9 SL periods (reference sample) is 20.45  
2.33 nm and 98.59  7.65 nm, and for 11 SL is 16.39  2.65 nm and 95.21  
9.60 nm, respectively 

With increase of the number of SL periods from 3 to 9 [Figs. 3 (a) to 
(d)], the QD ordering improves significantly. Upon stacking, the nanoscale 2-
D InAs surface modulation for the first SL period evolved into the distinct 
mesoscopic mesalike arrangement when the number of SL periods is 
increased due to anisotropic surface migration during annealing and strain-
correlation during stacking. Accompanied with the increasing strain 
accumulation, the QDs following the mesalike arrangement become larger 
with small QDs in between, as seen for the optimized 9 periods SL template 
in Fig. 3 (d). However, when the number of SL periods is increased from 9 to 
11 the QD ordering degrades with a higher density of large QDs, shown in 
Fig. 3 (e), which is attributed to excess strain accumulation causing overlap 
of the lateral strain field modulations.  
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Figure 3 (a)-(e) AFM images of uncapped 3.2 ML InAs QD arrays on InAs/Q1.18 SL 
templates (2.1 ML InAs amount, 0.18 ML/s InAs growth rate, 0.3 nm Q1.18 cap layer 
thickness, 514 ˚C annealing temperature, 5.5 nm Q1.18 separation layer thickness) on 
InP (311)B substrates with number of SL periods of 3 to 11. The scan fields are 2.0 × 
2.0 µm2 and the height contrast is 30 nm. 

 
5.3.4 InAs Growth Rate 
 
In the series of samples shown in Fig. 4, the InAs growth rate is changed 
from 0.73 to 0.09 ML/s. The other growth conditions are unchanged with an 
optimized amount of InAs of 2.1 ML, 0.3 nm Q1.18 cap layer thickness, 514 
˚C annealing temperature, and number of SL periods of 9. The amount of 
InAs for QD formation on the SL template is 3.2 ML. It is noted that the InAs 
growth rate is changed also for the top InAs QD layer.  
 For relatively high InAs growth rate between 0.73 and 0.36 ML/s QD 
ordering is hardly observed. A high density of relatively large QDs forms, as 
shown in Figs. 4 (a) to (c), resembling the QD formation on the 11 periods SL 
template shown in Fig. 3 (e). This is again related to excess strain 
accumulation for reduced In desorption hindering the QD ordering. When the 
InAs growth rate is reduced 2-D QD ordering occurs, seen in Fig. 4 (d) for the 
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optimized growth rate of 0.18 ML/s. Further decrease of the InAs growth rate 
to 0.09 ML/s results in a modulated layer of small QDs, depicted in Fig. 4 (e), 
similar to that shown in Fig. 2 for 517 and 520 ˚C annealing temperature due 
to too large In desorption. 
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2 μm

(a) (b)
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(e)

0.09 ML/s

0.18 ML/s0.36 ML/s

0.54 ML/s0.73 ML/s

 
 

Figure 4 (a)-(e) AFM images of uncapped 3.2 ML InAs QD arrays on nine-periods 
InAs/Q1.18 SL templates (2.1 ML InAs amount, 0.3 nm Q1.18 cap layer thickness, 514 
˚C annealing temperature, 5.5 nm Q1.18 separation layer thickness) on InP (311)B 
substrates with InAs growth rate of 0.73 to 0.09 ML/s. The scan fields are 2.0 × 2.0 µm2 
and the height contrast is 30 nm. 

  

5.4 Optical Properties of 2-D InAs QD Arrays 
 
Figure 5 shows the PL spectra taken at 4.8 K and RT of the capped InAs QD 
arrays on the optimized SL template and of the SL template without QDs on 
top for reference. At 4.8 K, the PL peak of the QD arrays is at 1783 nm and 
that of the SL template is at 1377 nm. The PL peak of the small QDs is 
observed at 1487 nm and that of the Q1.18 barrier at 1127 nm with weak 
intensity. The PL peak of the InAs QD arrays at RT is red shifted to 1905 nm 
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with a shoulder at the short-wavelength side stemming from the small QDs 
and the SL template, the latter revealing a PL peak at 1533 nm at RT. It is 
noted that the PL peak energy varies at most 5-10 nm across the wafer 
surface reflecting good homogeneity of the QD arrays over macroscopic areas. 
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Figure 5 PL spectra of capped 3.2 ML InAs QD arrays on the optimized nine-periods 
InAs/Q1.18 SL template on InP (311)B substrate taken at 4.8 K (blue solid line) and RT 
(blue dashed line) and of the optimized nine-periods InAs/Q1.18 SL template on InP 
(311)B substrate taken at 4.8 K (red solid line) and RT (red dashed line). 

 
 To tune the emission from the QD arrays into the 1.55 µm wavelength 
region, a GaAs interlayer is inserted beneath the QDs. The GaAs interlayer 
suppresses As/P exchange during InAs growth to reduce the QD height and, 
hence, emission wavelength, described in Chapter 3. The AFM images of the 
InAs QD arrays with 1.0 and 2.0 ML GaAs interlayers are shown in Figs. 6 
(a) and (b). The QD height is decreased to 8.29 ± 1.47 nm for 1.0 ML GaAs 
interlayer and to 6.40 ± 1.16 nm for 2.0 ML GaAs interlayer. For the reduced 
QD height, faceting is not observed and the QDs are more round shaped. The 
GaAs interlayer does not affect the QD ordering, however, it suppresses the 
formation of the small QDs in between the large QDs most probably also due 
to the reduction of As/P exchange during InAs growth. 
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Figure 6 AFM images of uncapped 3.2 ML InAs QD arrays on the optimized nine-
periods InAs/Q1.18 SL templates on InP (311)B substrates with coverage of the GaAs 
interlayer inserted beneath the InAs QD arrays of (a) 1.0 and (b) 2.0 ML. The scan 
fields are 2.0 × 2.0 µm2 and the height contrast is 30 nm. 

 
Figure 7 shows the low temperature and RT PL spectra of the InAs QD 

arrays with 1.0 and 2.0 ML GaAs interlayers. The RT PL peak is at 1672 nm 
for 1.0 ML and at 1581 nm for 2.0 ML GaAs interlayers while at 4.8 K the PL 
peak is at 1555 nm and 1504 nm for 1.0 ML and 2.0 ML GaAs interlayers, 
respectively. Hence, the emission wavelength is tuned into the 1.55 µm 
region at RT for a 2.0 ML GaAs interlayer and at low temperature for a 1.0 
ML GaAs interlayer.  The inset in Fig. 7 shows the dependence of the RT PL 
peak wavelength on the GaAs interlayer coverage. No PL from small QDs is 
observed in agreement with the morphological investigations. The small PL 
peaks at low temperature at shorter wavelengths are from the SL template. 
The PL efficiency drops by about one order of magnitude (for InAs QD arrays 
without GaAs interlayer) and two orders of magnitude (for InAs QD arrays 
with 1.0 and 2.0 ML GaAs interlayers) between 4.8 K and RT, typical for 
thermal activation of carriers out of the QDs into the Q1.18 barriers.   
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Figure 7 PL spectra of capped 3.2 ML InAs QD arrays on the optimized nine-periods 
InAs/Q1.18 SL templates on InP (311)B substrates with 1.0 ML GaAs interlayer inserted 
beneath the InAs QD arrays taken at 4.8 K (blue solid line) and RT (blue dashed line) 
and with 2.0 ML GaAs interlayer inserted beneath the InAs QD arrays taken at 4.8 K 
(red solid line) and RT (red dashed line). Inset: RT PL peak wavelength as a function of 
the GaAs interlayer coverage.  

 

5.5 Summary 
 
In conclusion, we have realized laterally ordered two-dimensional InAs 
quantum dot (QD) arrays by self-organized anisotropic strain engineering of 
InAs/InGaAsP superlattice (SL) templates on InP (311)B substrates by 
chemical-beam epitaxy (CBE). The SL template, comprising InAs QD growth, 
thin InGaAsP capping, annealing, InGaAsP overgrowth, and stacking self-
organizes into a two-dimensionally ordered strain-modulated mesalike 
network on a mesoscopic length scale due to anisotropic surface migration 
and strain correlated growth. InAs QDs order on top of the network nodes 
due to local strain recognition. The SL template and QD growth conditions, 
such as InAs amount, InAs growth rate, thin InGaAsP cap layer thickness, 
annealing temperature, and number of SL periods have been varied for 
optimized InAs QD ordering. The InAs QD arrays exhibited excellent 
photoluminescence (PL) emission up to room temperature (RT). Tuning of the 
PL emission into the 1.55 µm telecom wavelength region was achieved, both 
at low temperature (4.8 K) and RT through the insertion of ultrathin GaAs 
interlayers with increasing coverage. Such highly ordered QD arrays are the 
basis for the realization of novel quantum functional devices operating at 
telecom wavelengths.  
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CHAPTER 6  
 

Evolution of Ordered 1-D and 2-D InAs/InP 
Quantum Dot Arrays on Patterned Substrates 
 
 
 
ABSTRACT 
 
 

The formation of ordered InAs/InP quantum dot (QD) arrays is 
demonstrated on patterned InP (100) and (311)B substrates by the 
concept of self-organized anisotropic strain engineering in chemical-beam 
epitaxy (CBE). On shallow- and deep stripe-patterned InP (100) 
substrates, depending on the stripe orientation, the linear one-
dimensional InAs QD arrays are rotated away from their natural 
direction due to the presence of vicinal stepped sidewall planes modifying 
the self-organization process, coexisting with QD free steep side facets on 
the deep-patterned substrates. On shallow- and deep-patterned InP 
(311)B substrates only QD free side facets form with flat top and bottom 
areas, not affecting the natural ordering of the two-dimensional InAs QD 
arrays. On the deep-patterned substrates a row of dense QDs forms on 
top along the side facets due their slow-growing behavior.1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
1 These results have been published as: Evolution of ordered one-dimensional and two-
dimensional InAs/InP quantum dot arrays on patterned InP (100) and (311)B substrates by 
self-organized anisotropic strain engineering, N. Sritirawisarn, J. L. E. Wera, F. W. M. van 
Otten, and R. Nötzel, accepted for publication in J. Crystal Growth (2010). 
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6.1 Introduction 
 
The concept of self-organized anisotropic strain engineering for QD ordering 
has been extended for formation of more complex architectures of lateral QD 
arrays, such as bends and branches of linear QD arrays and zigzag 
arrangements by combining it with step engineering on artificially patterned 
GaAs (100) and (311)B substrates [1,2], as discussed earlier in Chapter 2. In 
this Chapter, we study the combination of self-organized anisotropic strain 
engineering with step engineering on shallow- and deep-patterned InP (100) 
and (311)B substrates. The key features of the influence of steps with step 
edges in different directions, determined by the pattern geometry, on the 
modification of the natural QD ordering are discussed for formation of 
complex QD arrays and networks needed for future quantum functional 
devices. 
 The sample preparation for shallow- and deep-patterned InP (100) and 
(311)B substrates by conventional photolithography and wet chemical etching 
is described in section 6.2 and the details of growth and characterization 
techniques are presented in section 6.3. The main results and discussions are 
given in section 6.4. Section 6.5 summarizes the chapter. 
 

6.2 Sample Preparation 
 
The following list the steps for the mesa-patterned substrate preparation 
before loading into the chemical-beam epitaxy (CBE) chamber. The schematic 
illustration of the preparation steps is summarized in Fig. 1. 
 

1. The substrate is cleaned in an oxygen plasma at 300 W for 10 
minutes and etched in diluted 1H3PO4 : 10H2O for 2 minutes to 
remove the oxide layer. The sample is rinsed in ultra-pure water 
and blown dry with Nitrogen. 

2. 50 nm SiNx layer is deposited by Plasma Enhanced Chemical 
Vapour Deposition (PECVD) at 300 ˚C. 

3. The sample is spin-coated with positive photoresist HPR504 
followed by soft bake at 100 ˚C for 2:30 minutes. A conventional 
photolithographic mask-aligner is used to transfer the patterns 
from the glass mask onto the sample. 

4. After post-exposure bake at 115 ˚C and developing. The sample is 
hard baked at 120 ˚C for 2 minutes. 

5. SiNx is etched back using Reactive-ion etching (RIE). The left-over 
photoresist is removed by oxygen plasma at 300 W for 30 minutes.  

6. The sample is wet-chemical etched in the 3H2SO4: 1H2O2: 1H2O 
solution at 25 ˚C to different depths with etching rate of 16.7  0.5 
nm/minute for the InP (100) substrate and of 28.7  0.5 nm/minute 
for the InP (311)B substrate. 
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7. The SiNx mask is removed by diluted HF (10%) for 2 minutes. 
8. Before loading into the CBE chamber the sample is cleaned with 

oxygen plasma and the oxide layer is etched in diluted 1H3PO4: 
10H2O and rinsed in ultra-pure water for 3 times to ensure the 
substrate cleanness which excellent morphology is confirmed by 
AFM measurement. 
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SiNx 50 nm SiNx 50 nm
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InP substrate
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InP substrate InP substrate

InP substrate InP substrate
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InP substrate InP substrate

InP substrate InP substrate
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Figure 1 Schematic illustration of steps for sample preparation processes: (a) substrate 
cleaning, (b) deposition of SiNx mask, (c) spin-coating of photoresist, (d) standard 
photolithography and photoresist development, (e) SiNx etching, (f) photoresist removal, 
(g) wet-chemical etching of InP substrate, and (h) SiNx mask removal and substrate 
cleaning.  

 

6.3 Experimental Details 
 
The samples were grown by chemical-beam epitaxy (CBE) on planar and 
artificially patterned InP (100) and (311)B substrates. The stripe-, zigzag-, 
and circular hole-patterned substrates were prepared by optical lithography 
and wet chemical etching in the H2SO4:H2O2:H2O (3:1:1) solution, described 
in the previous section. For InP (100) substrates with miscut 2˚ off toward 
(110), we concentrate on periodic mesa stripes with widths and separations of 
4 μm oriented along the four low-index [010], [001], [011], and [0-11] 
azimuths. The etched mesa depths were 50 and 200 nm. For InP (311)B 



 110

substrates, we present periodic mesa stripes with widths and separations of 2 
μm oriented along [0-11], periodic zigzag patterns with 10 μm widths and 
sidewalls alternately rotated by 60˚ off [0-11], and circular hole patterns 
with 4 μm diameter. The etched mesa depths were 15 and 200 nm. These 
patterns were chosen to most clearly show the influence on the QD ordering 
for shallow- and deep-etched substrates. The schematic overview is given in 
Fig. 2 (a-c).  
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Figure 2 Top view scheme of (a) [0-11] stripe-patterned InP (100) and (311)B 
substrates with stripe width and separation of 2 or 4 μm, (b) zigzag-patterned InP 
(311)B substrates with 10 μm width and angle of 60˚ off [0-11], and (c) circular hole-
patterned InP (311)B substrates with 4 μm diameter. The mesa depth is 50 and 200 nm 
for patterned InP (100) substrates, and 15 and 200 nm for patterned InP (311)B 
substrates. 

 
 For clarity, we briefly recall the essential steps for SL template 
formation and QD ordering shown in Fig. 3: 

1. Growth of randomly distributed InAs QDs on smooth InGaAsP buffer 
layer followed by 10 s annealing under As flux. 

2. Growth of a thin InGaAsP cap layer. 
3. Annealing at higher temperature. Adatom migration leads to 

deformation of the QDs. On InP (100) the QDs flatten and elongate 
along the elastically soft [001] or [010] directions [6,7] where [001] is 
selected by the substrate miscut 2˚ towards (110) generating steps in 
the same direction. The miscut is, hence, essential for well defined 
template formation. On InP (311)B the QDs flatten with symmetrical 
lateral size increase again along the elastically soft directions 45˚ off 
[-233] [3,4]. 

4. Growth of an InGaAsP separation layer. 
5. Repetition of steps (1)-(4) forming the SL template. The QDs nucleate 

on top of each other due to strain correlation. The lateral ordering and 
uniformity improve. On InP (100) a wire-like InAs structure oriented 
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along [001] evolves. On InP (311)B a spot-like 2-D InAs mesa structure 
oriented along 45˚ off [-233] evolves. 

6. Growth of InAs QDs on top of the SL template. The QDs order in 
periodic linear 1-D arrays oriented along [001] on InP (100) and in a 
periodic 2-D lattice oriented along 45˚ off [-233] on InP (311)B due to 
local strain recognition. The QD emission wavelength is tuned into the 
1.55-μm region through the insertion of an ultrathin GaAs interlayer 
beneath the InAs QDs [5]. 

InP (100)

50 nm InP

100 nm Q1.27

SL template (7x)
Q1.27 15.3 nm
Anneal at 520˚C
Q1.27 0.3 nm 
InAs 2.1 ML

InP (311)B

200 nm InP

100 nm Q1.18

SL template (9x)
Q1.18 5.5 nm
Anneal at 514˚C
Q1.18 0.3 nm 
InAs 2.1 ML

(a) (b)

 
 

Figure 3 Sample structure of (a) 1-D InAs QD arrays on InP (100) substrate and (b) 2-D 
InAs QD arrays on InP (311)B substrate. 

 
 For patterned InP (100) substrates, the growth commenced with 50 nm 
thick InP and 100 nm thick lattice-matched InGaAsP with room temperature 
(RT) bandgap at 1.27 μm (Q1.27), followed by a seven-periods InAs/InGaAsP 
SL template. Each of the SL periods comprised 2.1 monolayers (ML) InAs, 10 
s growth interruption under As flux, thin capping by 0.3-nm Q1.27, annealing 
for 2 min under As flux, and growth of a 15.3-nm Q1.27 separation layer. On 
top of the SL template, 3.2 ML InAs was deposited for QD formation. The 
growth temperature was kept constant at 505 ˚C and the annealing 
temperature was 520 ˚C. The growth rate of InAs was 0.23 ML/s. 
 For patterned InP (311)B substrates, the growth commenced with 200 
nm thick InP and 100 nm thick lattice-matched InGaAsP with RT bandgap at 
1.18 μm (Q1.18). Each of the nine periods of the following InAs/InGaAsP SL 
template consisted of 2.1 ML InAs, 10 s growth interruption under As flux, 
thin capping by 0.3-nm Q1.18, annealing for 2 min under As flux, and growth 
of a 5.5-nm Q1.18 separation layer. On top of the SL template, a 3.2 ML InAs 
QD layer was grown. The growth temperature was 505 ˚C throughout the 
entire structure and the annealing temperature was 514 ˚C. The growth rate 
of InAs was 0.18. ML/s. The details of growth parameter is summarized in 
Fig. 3 for both (100) and (311)B substrates. These are the optimized growth 
parameters for buffer layer formation, SL template evolution, and QD 
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ordering on patterned InP (100) and (311)B substrates. All samples were 
characterized by a tapping mode atomic-force microscopy (AFM) in air. 
 

6.4 Results and Discussion 
 
6.4.1 Planar InP (100) Substrates for Reference 
 
Figure 4 (a) shows the AFM image of the linear 1-D InAs QD arrays on the 
optimized InAs/InGaAsP SL template on planar InP (100) for reference, as 
discussed in Chapter 4. The QD arrays are aligned along the elastically soft 
[001] direction, selected by the substrate miscut. The QD arrays have an 
average lateral periodicity of 188 nm in the perpendicular [010] direction 
which is extracted from the 2-D fast Fourier transform analysis shown in Fig. 
4 (b). 
 

(a) (b)

2 μm

[011]

[0-11]

[011]

[0-11]
 

 
Figure 4 (a) AFM image of uncapped 1-D 3.2 ML InAs QD arrays on the optimized 
seven-periods InAs/Q1.27 SL template on InP (100) substrate. The scan field is 2.0 × 
2.0 μm2 and the height contrast is 20 nm. The dashed line is a guide for the eye along 
the direction of ordering. (b) Two-dimensional fast-Fourier transform analysis of (a). 

 
6.4.2 Patterned InP (100) Substrates 
 
Figure 5 shows the InAs QD arrays grown on the optimized InAs/InGaAsP 
SL template on the shallow-patterned InP (100) substrates with mesa stripes 
along (a) [010], (b) [001], (c) [011], and (d) [0-11]. During InP/InGaAsP buffer 
layer growth, vicinal sidewall planes (inclination of a few degrees) develop for 
all stripes. This is typical for the growth on shallow-patterned substrates 
where stepped sidewalls with step edges in the sidewall direction, rather 
than facets develop.  

For the vicinal sidewall planes towards (00-1) of the [010]-oriented 
stripes with relatively large inclination, shown in area 1 in Fig. 5 (a), the 
linear QD arrays are rotated away from [001]. This is attributed to the 
medium step density on the sidewall planes with step edges along [010] 
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which modify the direction of adatom migration during annealing in SL 
template formation. For the sidewall planes towards (001) with smaller 
inclination the arrays direction is maintained along [001], shown in area 2 in 
Fig. 5 (a). On the bottom part of the sidewall planes towards (001) with the 
largest inclination and highest step density with step edges along [010] the 
arrays are rotated by 90˚ along [010], which is the other elastically soft 
direction now selected by the steps on the sidewall planes, shown in area 3 in 
Fig. 5 (a). On the vicinal sidewall planes of the [001]-oriented stripes, shown 
in Fig. 5 (b), steps with step edges in this direction do not change the 
direction of the QD arrays due to the substrate miscut. The behavior on [011] 
and [0-11]-oriented stripes is very complex due to the superposition of steps 
along [001] (due to the substrate miscut) and [011]/[0-11] (due to the stripes). 
A zigzag arrangement alternately along [001] and [010], again the two 
equivalent elastically soft directions, is observed on the vicinal sidewall 
planes towards (0-11) of [011]-oriented stripes [Fig. 5 (c)]. This is similar to 
that on vicinal substrates with miscut 2˚ towards (111)B, discussed in 
Chapter 4, having steps with step edges in the same direction as the sidewall 
planes. There is an indication of 90˚ arrays rotation on the vicinal sidewall 
planes towards (011) of [0-11]-stripes [Fig. 5 (d)] which, at present, is not well 
understood.  
 

(a) (b)

(c) (d)

top mesa

bottom mesa

[0-11]

[011]

[001][0-11]

[011]

[001]

10 μm

1
2

3

 
 

Figure 5 Deflection mode AFM images of uncapped 1-D 3.2 ML InAs QD arrays on the 
optimized seven-periods InAs/Q1.27 SL template on 50-nm-deep (a) [010], (b) [001], (c) 
[011], and (d) [0-11] stripe-patterned InP (100) substrate with 4 μm separation and 
width. The scan field is 10.0 × 10.0 μm2 for all images. The dashed lines in (a) are a 
guide for the eye following the mesa stripe. The numbers indicate areas of different QD 
ordering on the sidewalls. 
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The InAs QD arrays grown on the optimized InAs/InGaAsP SL 

template on the deep-patterned InP (100) substrates with mesa stripes along 
[010], [001], [011], and [0-11] are shown in Fig. 6 (a-d). Again, vicinal sidewall 
planes are developed during buffer layer growth, which coexist with steep 
(inclination more than 10 degrees) side facets. The steep side facets are QD 
free reflecting their slow-growing behavior while the QD arrays formation on 
the vicinal sidewall planes is essentially the same as that on the sidewall 
planes of the shallow-patterned mesa stripes.   
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Figure 6 Deflection mode AFM images of uncapped 1-D 3.2 ML InAs QD arrays on the 
optimized seven-periods InAs/Q1.27 SL template on 200-nm-deep (a) [010], (b) [001], 
(c) [011], and (c) [0-11] stripe-patterned InP (100) substrate with 4 μm separation and 
width. The scan field is 10.0 × 10.0 μm2 for all images. The dashed lines in (a) are a 
guide for the eye following the mesa stripe. The numbers indicate areas of different QD 
ordering on the sidewalls. 

 
6.4.3 Planar InP (311)B Substrates for Reference 
 
Figure 7 (a) shows the AFM image of the 2-D arrays of InAs QDs on the 
optimized InAs/InGaAsP SL template on singular InP (311)B for reference, as 
discussed in Chapter 5. In between these large QDs, dense small QDs form 
which are not further considered here. The QDs are aligned in a 2-D network 
along 45˚ off [-233].  The QDs average lateral periodicity along these 
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directions is 202 nm which is extracted from the 2-D fast Fourier transform 
analysis shown in Fig. 7 (b). 
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Figure 7 (a) AFM image of uncapped 2-D 3.2 ML InAs QD arrays on the optimized nine-
periods InAs/Q1.18 SL template on InP (311)B substrate. The scan field is 2.0 × 2.0 
μm2 and the height contrast is 30 nm. The dashed lines are a guide for the eye along 
the directions of ordering. (b) Two-dimensional fast-Fourier transform analysis of (a). 

  
6.4.4 Patterned InP (311)B Substrates   
 
Figure 8 shows the InAs QD arrays grown on the optimized InAs/InGaAsP 
SL template on the shallow-patterned InP (311)B substrates and Fig. 9 shows 
those on the deep-patterned InP (311)B substrates with (a) [0-11]-stripe 
pattern, (b) zigzag pattern with mesa top acute angle pointing towards [-233], 
(c) zigzag pattern with mesa top acute angle pointing towards [2-3-3], and (c) 
circular hole pattern. For both shallow- and deep patterns only QD free mesa 
side facets form. For the shallow patterns this is in contrast to shallow-
patterned GaAs (311)B substrates where the vicinal sidewall with additional 
steps developed with small inclination perturbing the periodic 2-D QD arrays 
into zig-zag arrangement, as previously mentioned in Section 2.6.2, and 
generally to shallow-patterned InP (311)B substrates, developing vicinal 
stepped sidewall planes. Therefore, for both shallow- and deep-patterned InP 
(311)B substrates, the mesa top and bottom areas are flat and the natural 
ordering of the 2-D QD arrays is not affected.  

On the deep-patterned InP (311)B substrates a row of dense QDs forms 
on top along the side facets due to their slow-growing behavior, similar to 
deep-patterned GaAs (311)B substrates, with preferential migration of In 
away from the side facets to the mesa top and bottom [2,6]. Non-equivalent 
mesa sidewalls formation indicates the growth rate anisotropy between the 
sidewall plane towards (111) and (100). This effect is too small on the shallow 
InP (311)B patterns.  
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Figure 8 Deflection mode AFM images of uncapped 2-D 3.2 ML InAs QD arrays on the 
optimized nine-periods InAs/Q1.18 SL template on 15-nm-deep (a) 2-μm-width [0-11] 
stripe-patterned, (b) and (c) 10-μm-width zigzag-patterned with mesa top acute angle 
pointing towards [-233] and [2-3-3], and (d) 4-μm-diameter circular hole-patterned InP 
(311)B substrate. The scan field is 7.0 × 7.0 μm2 for (a), 10.0 × 10.0 μm2 for (b) and (c), 
and 6.0 × 6.0 μm2 for (d). 
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Figure 9 Deflection mode AFM images of uncapped 2-D 3.2 ML InAs QD arrays on the 
optimized nine-periods InAs/Q1.18 SL template on 200-nm-deep (a) 2-μm-width [0-11] 
stripe-patterned, (b) and (c) 10-μm-width zigzag-patterned with mesa top acute angle 
pointing towards [-233] and [2-3-3], and (d) 4-μm-diameter circular hole-patterned InP 
(311)B substrate. The scan field is 7.0 × 7.0 μm2 for (a), 10.0 × 10.0 μm2 for (b) and (c), 
and 6.0 × 6.0 μm2 for (d). The arrows in (b,d) indicate the rows of dense QDs on top 
along the mesa sidewalls. 

 

6.5 Summary 
 
We have studied the formation of ordered InAs QD arrays by self-organized 
anisotropic strain engineering of InAs/InGaAsP SL templates in CBE on 
patterned InP (100) and (311)B substrates. On shallow- and deep stripe-
patterned InP (100) substrates, depending on the stripe orientation, the 
linear 1-D InAs QD arrays are rotated away from their natural [001] 
direction, selected by the substrate miscut, due to the presence of vicinal 
stepped sidewall planes modifying the self-organization process, which 
coexist with QD free steep side facets on the deep-patterned substrates. On 
shallow- and deep-patterned InP (311)B substrates only QD free side facets 
are observed with flat top and bottom areas not affecting the formation of the 
natural 2-D InAs QD arrays. On the deep-patterned substrates a row of 
dense QDs forms on top along the side facets due their slow-growing 
behavior. Hence, in particular on InP (100) substrates, pattern generated 
steps modify the self-organized SL template formation to produce complex 
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InAs QD arrays and networks needed for next generation quantum functional 
devices. 
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CHAPTER 7  
 

Wavelength Controlled Multilayer-Stacked 
Linear InAs Quantum Dot Arrays: A Self-
Ordered Quantum Dot Crystal  
 
 
 
ABSTRACT 
 
 

Multilayer-stacked linear InAs quantum dot (QD) arrays are created on 
InAs/InGaAsP superlattice (SL) templates formed by self-organized 
anisotropic strain engineering on InP (100) substrates in chemical beam 
epitaxy (CBE). Stacking of the QD arrays with identical emission 
wavelength in the 1.55 µm region at room temperature is achieved 
through the insertion of ultra-thin GaAs interlayers beneath the QDs 
with increasing interlayer thickness in successive layers. The increment 
of the GaAs interlayer thickness compensates the QD size/wavelength 
increase during strain correlated stacking.  This is the demonstration of 
a three-dimensionally self-ordered QD crystal with fully controlled 
structural and optical properties.1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
1 These results have been published as: Wavelength controlled multilayer-stacked linear InAs 
quantum dot arrays on InGaAsP/InP (100) by self-organized anisotropic strain engineering: 
A self-ordered quantum dot crystal, N. Sritirawisarn, F. W. M. van Otten, T. J. Eijkemans, 
and R. Nötzel, Appl. Phys. Lett. 93, 131906 (2008). 
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7.1 Introduction 
 
According to the results in Chapter 4, based on anisotropic adatom surface 
migration and lateral and vertical strain correlations, wire-like InAs 
nanostructures are created during growth of an InAs/InGaAsP superlattice 
(SL) which acts as template for the formation of linear InAs QD arrays due to 
local strain field recognition. This self-organization process has been proven 
to produce ordered QD arrays with excellent optical properties up to room 
temperature (RT) whose emission wavelength was tuned into the 
technologically important 1.55 µm telecom wavelength region through the 
insertion of ultra-thin GaAs interlayers beneath the QDs. 
 In this Chapter, we present the formation of multilayer-stacked linear 
InAs QD arrays on the InAs/InGaAsP SL template on InP (100) 
demonstrating a fully self-ordered three-dimensional QD crystal. Identical 
emission wavelength of the stacked QD arrays is achieved by increasing the 
thickness of the GaAs interlayer in successive layers. The increment of the 
GaAs interlayer thickness compensates the QD size/wavelength increase 
encountered in strain correlated stacking for relatively thin separation layers 
[1-3], discussed earlier in Chapter 2 (Section 2.2). The stacked QD arrays 
exhibit strong photoluminescence (PL) emission in the 1.55 µm wavelength 
region up to RT. 
 The structure details and characterization techniques are given in 
section 7.2. The results of the AFM and PL measurements of the samples are 
shown in Section 7.3. The conclusion is summarized in section 7.4.  
 

7.2 Experimental Details 
 
The samples were grown by CBE on semi-insulating InP (100) substrates 
with 2˚ miscut toward (110). Pressure controlled trimethylindium (TMI), 
triethylgallium (TEG), AsH3, and PH3 were used as precursor. The AsH3 and 
PH3 gases were thermally decomposed in a high temperature injector at 900 
˚C. After growth of a 200 nm InP buffer layer and 100 nm lattice-matched 
InGaAsP with band gap of 1.25 µm (Q1.25), the SL template was grown 
consisting of 2.1 ML InAs, 10 s growth interruption under As flux, 0.3 nm 
Q1.26 cap layer, 2 min annealing, 15.3 nm Q1.25 separation layer, and 
repeated for 7 periods. On top of the SL template a 2.6 ML InAs QD layer 
was grown with 0.6 ML GaAs interlayer inserted beneath. The multilayer-
stacked 2.6 ML InAs QD arrays were separated by 16 nm Q1.25. The 
increment of the GaAs interlayer thickness in successive 2.6 ML InAs QD 
layers was 0.12 ML or 0 ML for comparison. For PL measurements the last 
QD layer was capped by 100 nm Q1.25 and 50 nm InP. The growth 
temperature was 505 ˚C for all layers and the annealing temperature was 
520 ˚C. The growth rate of InAs was 0.24 ML/s. The surface morphology of 
the uncapped samples was characterized by tapping mode atomic force 
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microscopy (AFM) in air. For the PL studies, the samples were capped by 100 
nm Q1.25 and 50 nm InP and excited by a Nd:YAG laser (532 nm) with 
excitation power density of 256 mW/cm2. The PL was dispersed by a single 
monochromator and recorded by a cooled InSb detector. 
 

7.3 Results and Discussion 
 

(a)

(c) (d)

[0-11]

[011]

2 μm

(b)

 
 

Figure 1 (a) AFM image of uncapped single-layer 2.6 ML InAs QD arrays on the seven 
periods 2.1 ML InAs/0.3 + 15.3 nm InGaAsP SL template on InP (100) substrate with 
0.6 ML GaAs interlayer beneath the QDs. (b) and (c) AFM images of uncapped two-
fold-stacked and three-fold-stacked 2.6 ML InAs QD arrays with 0.12 ML increment of 
the GaAs interlayer thickness in successive layers. (d) AFM image of uncapped three-
fold-stacked 2.6 ML InAs QD arrays without increment of the GaAs interlayer thickness. 
The scan field is 2.0×2.0 μm2 and the height contrast is 10 nm. 

 
Figure 1(a) to (c) show the AFM images of the uncapped single-layer QD 
arrays, described in detail in Ref. 9, the uncapped two-fold-stacked, and the 
uncapped three-fold-stacked QD arrays with increment of the GaAs 
interlayer thickness. For comparison, the AFM image of the uncapped three-
fold-stacked QD arrays without increment of the GaAs interlayer thickness is 
shown in Fig. 1(d). The QD arrays are aligned along the elastically soft [001] 
direction to minimize the strain energy [4,5], which is selected by the miscut 
of the substrate with steps in the same direction, as discussed in Chapter 4. 
InAs amount and growth rate, cap layer thickness, annealing temperature, 
and number of SL template periods are optimized for self-organized ordering 
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due to anisotropic adatom surface migration during annealing and lateral 
and vertical strain correlations during stacking. Strain correlated stacking of 
the QD arrays separated by 16 nm Q1.25 manifests itself by the maintenance 
of linear ordering. With increment of the GaAs interlayer thickness, the 
height of the top two-fold-stacked QD arrays  (3.50.5 nm height, with 0.72 
ML GaAs interlayer) and that of the three-fold-stacked QD arrays (3.20.5 
nm height, with 0.84 ML GaAs interlayer) is comparable to that of the single-
layer QD arrays (3.30.5 nm height, with 0.6 ML GaAs interlayer). The QD 
diameters remain almost unchanged with increase of the number of stacked 
layers (single-layer 87.68.0 nm, two-fold-stacked 87.610.1 nm, three-fold-
stacked 87.19.7 nm), as plotted in Fig. 2. 
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Figure 2 Average height (black squares) and diameter (blue circles) of the QDs within 
the arrays as a function of the number of stacked layers. 

 
The role of the GaAs interlayer is to suppress As/P exchange 

encountered during the deposition of InAs on InGaAsP. This reduces the QD 
height as a function of interlayer thickness and therefore the emission 
wavelength from far above 1.6 µm at RT into the 1.55 µm telecom wavelength 
region [6], discussed in Chapter 3. For the stacked QD arrays the increase of 
the GaAs interlayer thickness in successive layers compensates the well-
known QD height and diameter increase [1-3], to maintain the QD height and 
diameter throughout the entire structure. This is underlined by the 
pronounced increase of the QD height (4.20.6 nm) and diameter (99.910.2 
nm) for the top three-fold-stacked QD arrays without increment of the GaAs 
interlayer thickness, see Figs. 1 (d) and 2. 
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Figure 3 PL spectra taken at RT of capped single-layer (solid line) and three-fold-
stacked (dashed line) 2.6 ML InAs QD arrays with 0.12 ML increment of the GaAs 
interlayer thickness in successive layers. Inset: PL spectrum of capped three-fold-
stacked 2.6 ML InAs QD arrays without increment of the GaAs interlayer thickness. 

  
The PL measurements taken at RT of the capped multilayer-stacked 

QD arrays shown in Fig. 3 corroborate the structural properties. The PL peak 
wavelength of the three-fold-stacked QD arrays (1553 nm) is almost identical 
compared to that of the single-layer QD arrays (1551 nm). The PL efficiency 
of the three-fold-stacked QD arrays increases by 44% compared to that of 
single-layer QD arrays indicating good crystal quality of the multilayer-
stacked structure. Without increment of the GaAs interlayer thickness, the 
PL peak wavelength redshifts to 1582 nm due to the gradual increase of the 
QD size upon stacking, see inset in Fig. 3. 
 

7.4 Summary 
 
In summary, the formation of multilayer-stacked linear InAs quantum dot 
(QD) arrays on InAs/InGaAsP superlattice (SL) templates formed by self-
organized anisotropic strain engineering on InP (100) substrates in chemical 
beam epitaxy (CBE) has been achieved. Identical emission wavelength of the 
stacked QD arrays in the 1.55 µm telecom region at room temperature has 
been accomplished through the insertion of ultra-thin GaAs interlayers 
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beneath the QDs with increasing thickness in successive layers, 
demonstrating a three-dimensionally self-ordered QD crystal. 
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