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��j	�65	,:�:b�08�?5>���@�0�-8+	���8	....................................................................62 

4.12 ������.�88bn��-.,-.0��0�4b�:@35,-.E5���E��:�8	�?5�	
��-.�?@?,-.             
23B	��:@���. (a) ,-.�	5 [110] (b) ,-.�	5 [1-10] ��4 (c) ,-.b��@3�,-.�3B.�-.�	5            
(d) ���b�00�
-.b�����v	1,	�� 1x1µm2 ���.�?5�	
���4��
	��4���:;<.8�?�5>���
�88bn��-.��j	���,
�������.................................................................................................63 

4.13 (a)���b�00�
-.b�����v	1��.-4@-�,	�� 2x2 µm2 ���.�?5�	
�2?B	.�	 u0702         
(b) 0��0�4b�:@35,-.E5���E
	-3�����?5�	
��f�1�b�0 Surface step �@6�4��
	,-.       
u0702 �38t
-	03	 t<�.��j	�30=>4���:5038���+2
+	������ 4.12 9�:��-6-	���:;<.           
E5���E
	-3�@�n� ���,
����:;<.E5���E
	-3���. (c) 	n� b \�t
-	�388	 a ���.;<.        
9-0������@6�48�?�5>b4��0��06-@35,-.E5-	@3��-@.....................................................64 

4.14 (a) ���@3�,5�.,-.9E�.��
�.E5-	@3��-@9���0������4��0�����6.��.���53�           
\�
b�02?B	.�	b�?. (��
	�<8) ��4��b�00��+2
�E�̀�-.�`-��`�-bn��	0--0��j	             
Gaussian functions (��
	��4) ,-.2?B	.�	�����0��0�8�38�888�. (a) 15 ��4                
(b) 25 ML �����D0������0-:�6���.;<.9E�.��
�.��������;-x?8�:                                      
��0�����6.��.������.\5
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.............................................................................................67 

g 



 

 

����� 1 

����	 

 �������	�
���
����������
 (Semiconductor devices) $	%&'�
���
&
()%*+,
�-.�,/0
+-0�

+
��
� 1�2���31145���������	�
���
����������
�6+��7�&'�
�.�8�
&
�0*	 9�:�	%
�;97��7�
�

�0<�=0�� (Epitaxial growth) -0��
�.�8�
F7����%
� (Structure) G*��������	�
�� *��;�H�*�&
1
�

�
�I��

0��
J�;K.
���� (Characterization) G*��
����������
-55�
�5���49N�O -0��
����������


=�& (Compound semiconductor) �0*	&
��:�-�,*	'�1��31145�� �������	�
���
����������
��:�$&,$	%

2<�()%���*+,
�-.�,/0
+(�;K.
�	%
�74J�&5���9
�$PPQ
;9,
��:� -�,+��2<�()%9
�	%
�-��*'�	%�+ 

9�:�7�
&�
&
�2(��
����11�5-�� -0�7�
&�
&
�2(��
�;�0,�-��G*��������	�
�� ;),� ���

���11�5-�� (Photodetector) /0*	$	F*	;�0,�-�� (LED, Light Emitting Diode) ;0;V*�� 

(LASER) ;V00�-��*
9��+� (Solar cell) V����������	�
���
����������
9'��0,
�&
�':�
&
�2.5;/6�$	%

9���$�1
�)'������1�
��� 	����:��
�I��

0��
J�;K.
����G*��
����������
 ;97��7�
��0<�

F7����%
��������	�
���
����������
 1��$&,(),;�H�*�$�0��� -0�+���,
��(1�,*�
�7%�7�%
��1�+ 

;.�
��,
+���
&
�27�	7%�;97��7 /�H*�
����+4���()%(/&,Y$	% ;.H�*��%
�F7����%
�G�
	;06�

�<�-55�,
�Y;),� 7�*���&;�00� (Quantum well) 7�*���&	*� (Quantum dot) V45;�*��-0�9�V 

(Super lattice) 7�*���&��� (Quantum ring) 7�*���&	*�F&;0�40 (Quantum dot molecule) -0�

7�*���&	*�5�0
+�
�
� (Cross-hatch quantum dots) [1,2,3,4,5] 

 �
��0<�=0��G*��
����������
�
&
�29�
$	%/0
+��N' ;),� �
��0<�=0��	%�+��N'�
�;��	=0��

1
��2
��G*�;/0� (LPE, Liquid Phase Epitaxy) �
��0<�=0��-55�
�;�
����	%�+$*;7&' (CVD, 

Chemical Vapor Deposition) ��
/��5/����(���N'9'�&'7�
&0�;*'+	�<��4	(��
���%
�=0���
�����

�����
 7H*��N'�
��0<�=0��	%�+;7�H�*��0<�=0��-550�
F&;0�40 (MBE, Molecular Beam Epitaxy) 

;.�
��,
�
&
�27�574&�
�;��	)�:�$	%(���	�5/�,�+G*� )�:�*��*&�,*���
9' (ML/s, Monolayer 

per second) -0%�+���
&
�2()%;97��7�
��0<�=0��$	%/0
+-55 1
��
�7�574&�
�;�i	-�i	)��

;�*�� (Shutter) G*�-�,0�),*��
� (Effusion Cell) ;.H�*7�574&�
�=�&�
� -0�*���
�,��G*��
�

=�& (Compound) 1
��
�7�574&*4J/k<&�G*�;�
 (Crucible) G*�-�,0�),*� 	%�+7�
&0�;*'+	9'�

�<�(���	�5�': 9�
(/%�
&
�2�0<�)�:� Heterostructure $	%	%�+7�
&/�
9'��%*+(���	�5�
F�;&�� 
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(Nanometer) 2��*�����*& (Angstrom, Å) ;.H�*(/%;��	;�o�F7����%
�7�*���&;�00� V���&'��	�57�
&

*�����*�&��� [6] �
&
�2()%������14.
/� (Charged carrier) $�%$	% -0�+����+&��
&
()%;�o�

F7����%
�G*�/0*	$	F*	;�0,�-�� [7,8] ;.�
��,
�
&
�2()%;�o�-/0,���&���-55;�0,�-��G*�

���14.
/� (Radiative recombination center) [6] $	%*'�	%�+ &'���F+)��()%���+4���$	%&
�&
+ 

-0�2%
�
�9'�()%&'7,
7�9'�=0�� (Lattice constant) �,
����&
�2��7,
/���� ����*5��57�
&/�


)�:�=0��2��7,
7�
&/�
���s�� (Critical thickness) 1�9�
(/%;��	;�o�F7����%
��
&&���G�
	;06�9'�

�
&
�2������14.
/�$�%$	%;),���� -�,;�o�9'���	�57�
&*����;�o�I<�+� -0�&'��	�5.0���
�;�o�

)�:�Y-55$&,�,*;�H�*�	���;�o�*��*&;�&H*� (Artificial atom) ����7H*F7����%
�7�*���&	*� [1] 

 F7����%
�7�*���&	*�;�o�F7����%
��
&&���V���;��	1
��
�70
+7�
&;7�'+	G*��
�

;�
����G*��
�9'�&'7�
&$&,.*	'���G*�7,
7�9'�=0��-0�&'7�
&/�
&
�.* F7����%
�7�*���&

	*���:�&'�311�+9'��,�=02��0��
J��&5���9
�$PPQ
-0�9
�-��/0
+�311�+$	%-�, G�
	-0��<��,
�

G*�7�*���&	*� -0��,������*5G*��
�k
+(�F7����%
�7�*���&	*� G�
	9'�-���,
����

G*�7�*���&	*��61��,�=02��7,
��	�5.0���
�k
+(�G*�7�*���&	*� [1] F	+;K.
�*+,
�+���

74J�&5���9
�-��G*�7�*���&	*� G�
	G*�7�*���&	*�9'�-���,
�����61�(/%=0�*5��*�

9
�-��9'�-���,
���� 9�:��':�*�1
�74J�&5���G*�7�*���&	*�-�,0�	*�-0%� �
�;�'+����G*�

�04,&G*�7�*���&	*��6+��$	%&'�
�I��

	%�+�,
(/%=0�,*G�:� (Polarization) G*�=0�
�;�0,�-��

G*�)�:��
�9'�&'�04,&G*�7�*���&	*�*'�	%�+ [9] 

 -=,��
���:��%� (Substrate) 9'�()%(��
�9	0*�9�:�/&	��
/��5�
�(���9+
��.�N�K5�5�':

;�o�-=,��
���:��%� GaAs (Gallium arsenide) ���
5 (Plane) 100 V���;G'+��
&G%*��
/�	G*� 

Miller indices ;�o��<�-55&
��
�
�7H* (100) F	+F7����%
�94�F7����%
�9'��0<�k
+(�%

��9+
��.�N��':;�o��
��0<�5�-=,��
���:��%�)��	�':F	+��� ��&9�:�-=,��
�0
+�
�
�9'�I��

�6

�%*�9�
�
��0<�5�-=,��
� (100)-GaAs �':	%�+;),���� 

 -=,��
�0
+�
�
� (Cross-hatched substrate) ;�o�/����(�-=,��
�9'��
&
�2�0<�

7�*���&	*�9�5	%
�5�$	% -0�+���,�=0�,*�
�����*5��;*� (Self assembly) [3] G*��04,&G*�

7�*���&	*�9'��0<�0�$� ��&9�:���
-/�,��
�;��	�,*�-0�/0��G*�7�*���&	*�;&H�*9�
�
��0<�

)�:�G*�7�*���&	*�$�;�H�*+Y*+,
��,*;�H�*� -=,��
�0
+�
�
�9'�()%;��	1
��
��0<�=0��-55�*�
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&���G*��
�����*5 InGaAs [10] -�,)�:�G*�-=,��
�0
+�
�
�1�-���,
�1
��
��0<�=0��-55

�*�&���9���$�7H* k
+(�-=,��
�0
+�
�
�1�&'14	9'�;��	7�
&=�	����9
���
-/�,�G*�*��*&9'�

;�
���� (Dislocations) -0�7�
&=�	�����':�6+���,�=0�,*;�H�*�$��<,=��/�%
G*�)�:�-=,��
��':*'�	%�+

F	+9�
&4& 60° 1
�-�����
5�,*(/%;��	7�
&=�	����G*�F7��=0���*�-55 ;�'+��,
 Threading 

dislocations -0� Misfit dislocation [11,12,13,14] 

 ;*�0��
J�G*�-=,��
�)��	�':7H*;�o�;�%��*�-��$G�%���;�o�0
+�
�
�9���9�:�=��/�%
 

9�:��':;�%�0
+�
�
�	���0,
��
&
�2���5-�,�7�
&�<� 7�
&/�
-�,�G*�1�
���;�%� $	%1
��311�+

/0
+Y*+,
�(���/�,
��
��0<� ;),� 7�
&/�
G*�)�:�-=,��
� [15] -0�*���
�,��G*�

�,������*5G*��
�k
+(�)�:�-=,��
�0
+�
�
� [3] ;�o��%� 

 ����8�
�
��
�;��	*��;	'+&*
��;V$�	�7�*���&	*�5�-=,��
�0
+�
�
� ;���&1
�

�
�I��

0��
J��
�;��	7�*���&	*�5�-=,��
�0
+�
�
� F	+I��

9�:�G�
	G*�7�*���&

	*�5�0
+�
�
�;9'+5��57�*���&	*�5�-=,��
�-�0;0'+&*
��;V$�	�N��&	
 V���	%�+;�H�*�$G

7�
&/�
���s��9'�-���,
���� ��&9�:�-=,��
���
/��5�0<�7�*���&	*��,
���� =09'�**�&
1��&'

0��
J�G*�7�*���&	*�, �
�;�'+����G*��04,&G*�7�*���&	*�9'�-���,
���� -0���N'�
�;�'+����

G*��04,&G*�7�*���&	*�9�:��*�-55 ��&9�:�;�0
G*��
�;��	7�*���&	*�9'���
-/�,��,
�Y���

$&,.�%*&��� 9�:�9'�*+<,k
+(�%�k
��0�
F&;0�40G*��
�	%�+;�H�*�$G;	'+���� [16]  

 =0�
�I��

1
��
�k
+(�%��9+
��.�N�K5�5�': 9�
(/%.5�,
7�*���&	*�5�0
+�
�
�

�
&
�2-5,�$	%**�;�o� 5 �04,& 7H* �04,&9'�;��	��� Threading dislocation �04,&9'�;��	���14	G*�;�%�

$G�%G*�0
+�
�
� �04,&9'�;��	5�;�%�-��9'�G�
���59�I [1-10] �04,&9'�;��	5�-��;�%�9'�G�
���5

9�I [110] -0��04,&9'�;��	5�5��;�J9'�$&,&'-��;�%� F	+9�:� 5 �04,&�':1�-���,
����9�:�G�
	-0�;�0


�
��,*���;�o�7�*���&	*� 	����:�1���
&
�27�574&�
�;��	�04,&G*�7�*���&	*�5�0
+�
�
�

$	%	%�+�
�/+4	;�0
�
��0<�G*�)�:�*��;	'+&*
��;V$�	�7�*���&	*�9'�;/&
��&��5;�H�*�$G9'�

�%*��
�(/%;��	7�*���&	*�(�5��;�J9'��%*��
� *+,
�$��6�
& �
����5=��/�%
G*�0
+�
�
�

��
/��5�0<�7�*���&	*�9�5��:� &'=09�
(/%;��	�
�;�0'�+�-�0�0��
J�G*�7�*���&	*� -0�

�
�;�'+����G*��04,&G*�7�*���&	*�5�0
+�
�
�	%�+ 	����:���N'�
����5-�,�-=,��
�(/%
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;/&
��&��5;�H�*�$G�
��0<�7�*���&	*��6;�o�����9'��%*�7�
���2��;),������5�311�+*H��YG*��
�

�0<�7�*���&	*�	%�+ 

 ���F+)��9'�$	%1
��
�I��

����8�
�
��
�;��	7�*���&	*�5�0
+�
�
��':7H*�
�9'�1�

�
&
�2��
/�	(/%;��	7�*���&	*�5�0
+�
�
�-7,5
���
-/�,�;9,
��:� *��;�H�*�&
1
�;/�4=09'�

�0,
�$�-0%� -0�	%�+�
�9'��
&
�27�574&5��;�J9'��%*��
�(/%;��	�
��,*���G*�7�*���&	*�$	% 

��&9�:�G�
	-0��
�;�'+����G*��04,&G*�7�*���&	*�9�
(/%�
&
�27�574&=0�
�;�0,�-��G*�

�������	�
��9'�&'F7����%
�7�*���&	*�5�0
+�
�
�$	% �
����5-�,�G�
	G*�7�*���&	*�-0�

�
�;�'+����G*��04,&G*�7�*���&	*� �61��,�=0$�2��7�
&+
�70H��-��9'�1�;�0,�**�&
$	%-0�

�<�-55G*�G�:�G*�-��9'�;�0,�**�&
 V����
�9'�;�
�
&
�2���5-�,��
��*5��*�9
�-��G*�

�������	�
��9'�&'F7����%
�7�*���&	*�$	% 2H*;�o�/����(��
�()%G%*$	%;��'+5G*�F7����%
�

7�*���&	*�$	%*+,
�&'�����9N�k
.  

 ;�H:*/
(�59�,*$�G*���9+
��.�N�K5�5�':����*5$�	%�+ 599'� 2 9s
{'-0�7�
&�<%

.H:��
�    599'� 3 �
��0<�F7����%
�-0��
���	0��
J��&5��� V���1�*N�5
+�
+0�;*'+	(��
�

�0<�F7����%
�	%�+;97��7 MBE (Molecular Beam Epitaxy) ��&9�:���55��	0��
J��&5���-0�

��55���1��	GJ��0<�F7����%
�9�:�-55��	��:�k
+(�-0�k
+�*�;7�H�*��0<�=0�� 599'� 4 =0�
�

9	0*�-0��
���;7�
�/� V���1��0,
�2������8�
�
��
�;��	7�*���&	*�5�0
+�
�
�-0�

7�
&��
7�|G*�G%*&<0	���0,
� 9%
+�4	;�o��
���4�(�599'� 5  



 

 

����� 2 

���
������	���������	� 

 ;�H:*/
(�59�':7�*5704&2��9s
{'-0�7�
&�<%.H:��
�9'�1�()%*%
�*��(���9+
��.�N�K5�5�': 

;.H�*(/%�
&
�2;G%
(12������8�
�
�G*��
�;��	7�*���&	*�*��;	'+&*
��;V$�	�9'��0<�5�-=,��
�

0
+�
�
� ����*5	%�+ 4 /��G%*$	%-�, ;};9*F�;*.�-9�V' (Heteroepitaxy), 7�
&$&,.*	'���G*�

7,
7�9'�=0��, 7�*���&	*� -0� -=,��
�0
+�
�
�*��;	'+&-�0;0'+&*
��;V$�	� 	���
+0�;*'+	

�,*$��': 

2.1 ���������� ��!"� (Heteroepitaxy) 

 ;97��7�
��0<�=0��;	'�+�)��	Pi0�&5
� (Thin film epitaxy) �
&
�2(/%)�:�=0��;	'�+�9'�/�


(���	�5�
F�;&�� (Nanometer) 2��$&F7�;&�� (Micrometer, micron) $	%;�H�*�1
�Pi0�&5
���:�&'

�
����+4���()%$	%/0
+	%
� F	+;K.
�	%
�G*��������	�
��9
�*�;06�9�*�����1�
.���
����������
 

[17] 	����:����5���
��
�;��	)�:�=0��-55Pi0�&5
�1��&'7�
&��
7�|�,**4��
/���&�
�=0��

�������	�
���
����������
*+,
�&
� 

 �
��0<�=0��	%�+;7�H�*��0<�=0��-550�
F&;0�40 (MBE) �
&
�2��%
�)�:�=0��-55Pi0�&

5
�9'��
&
�27�574&7�
&/�
$	%*+,
�-&,�+�
(���	�5)�:�*��*& -0��
&
�27�574&7�
&

5���49N�OG*�;�H:*�
�(/%;G%
(�0%7�
&;�o�*4	&7�� ;�H�*�1
����5���
��0<�=0��;��	k
+(�%k
��

�4||
�
I V���&�7�
&	�����
(���	�5 10-9 2�� 10-12 Torr -0�&'��55��%
��4||
�
I9'�9�
�
�*+,
�

�,*;�H�*��0*	���5���
� ;7�H�*��0<�=0��-550�
F&;0�40*
I�+/0���
��
��0,*+$*F&;0�40

**�$�;�o�0�
 +��$�9'�)�:��
� ;.H�*(/%0�
F&;0�40-�� (Dissociate) 2,
+;9.0���
�k
+(� -0�$�

;�
���� (Deposit) *+<,9'�=��/�%
G*�)�:��
� �,�=0(/%;��	�
��0<�=0�� (Growth) (��<�-55�,
�Y V���

2<���
/�	F	+/0
+�311�+ F	+;K.
�7�
&$&,.*	'���G*�7,
7�9'�=0�� 7,
7�
&;7�'+	 (Strain: ε) 

-0�7�
&/�
 (Thickness: H) 	��-�	�(��<�9'� 2.1 



 

 

�<�9'� 2.1 -=�k
.;P��&	40 

k
.����*5	%
�5�-0�0,
�-�	�2��0��
J�G*�=��/�%
G*�F/&	�,
�Y9�:� 

;06��'G
�-9�F7����%
�;�
��
&&���9'�&';�2'+�k
. �
&;/0'�+&(/|,��5
+�'G%
�

;�
��
&&���9'�F�;�6&9'� (Ripening island) 

R1, FM-SK1; Hc

 �<�-55�
��0<�=0��V���G�:���5 

F/&	�
�;��	)�:�=0��-55�*�&��� 

=�&7�*���&	*�V���;�'+��,
 ��
����

7�*���&	*�*+,
�;	'+� 9'�;�'+��,
 F�0;&*��

��
/�	�,
�
��0<�=0��1�;��	G�:�(�F/&	(	$	%-�,7�
&/�
G*�)�:�Pi0�& 

7�
&$&,.*	'���G*�7,
7�9'�=0��

 ;&H�* af 7H*7,
7�9'�=0��G*�Pi0�&5
�(��k
���&	40 -0� 

(Substrate) 	����:�+���7,
7�9'�=0��G*��
�9�:��*�)��	�,
����&
� 

1��<�G�:��
&$�	%�+ 7,
7�
&;7�'+	 

F/&	(��
��0<�(��<�9'� 

      

-=�k
.;P��&	40 (Equilibrium phase diagram) (��<�G*�P3���)�����/�,
� 

k
.����*5	%
�5�-0�0,
�-�	�2��0��
J�G*�=��/�%
G*�F/&	�,
�Y9�:� 

;06��'G
�-9�F7����%
�;�
��
&&���9'�&';�2'+�k
. �
&;/0'�+&(/|,��5
+�'G%
�

(Ripening island) ;P�-�,0��<�-552<�-5,�	%�+;�%�G*5;G� 

; Hc2(ε): SK1-R2; Hc3(ε): SK2-SK1; Hc4(ε): VW-SK2,VW

�<�-55�
��0<�=0��V���G�:���5 ε -0� H 	�� �<�9'� 2.1 &'*+,
����
 3 F/&	 ����*5$�	%�+ 

F/&	�
�;��	)�:�=0��-55�*�&��� (Frank-van der Merwe, FM)  F/&	�
�;��	)�:� 

=�&7�*���&	*�V���;�'+��,
 ��
����-7�
��
�*P (Stranski-Krastanov, SK) 

7�*���&	*�*+,
�;	'+� 9'�;�'+��,
 F�0;&*��-�';5*�� (Volmer-Weber, VW) F	+���-��/0��(��
�

��
/�	�,
�
��0<�=0��1�;��	G�:�(�F/&	(	$	%-�,7�
&/�
G*�)�:�Pi0�& (H) 

7�
&$&,.*	'���G*�7,
7�9'�=0�� (Misfit strain: ε) 

� �  �������
    

7H*7,
7�9'�=0��G*�Pi0�&5
�(��k
���&	40 -0� as 7H*7,
7�9'�=0��G*�-=,��
� 

	����:�+���7,
7�9'�=0��G*��
�9�:��*�)��	�,
����&
� (af-as &'7,
�<�

7,
7�
&;7�'+	 (ε) -0�7�
&/�
G*�Pi0�&9'�2<��0<� (

�<�9'� 2.1 	���': [18] 

6 

(��<�G*�P3���)�����/�,
� H ��5 ε F	+

k
.����*5	%
�5�-0�0,
�-�	�2��0��
J�G*�=��/�%
G*�F/&	�,
�Y9�:� 6 F/&	 �
&;/0'�+&

;06��'G
�-9�F7����%
�;�
��
&&���9'�&';�2'+�k
. �
&;/0'�+&(/|,��5
+�'G%
�(�-9�F7����%
�

;P�-�,0��<�-552<�-5,�	%�+;�%�G*5;G� Hc1(ε): FM-

,VW-R3 [18] 

F/&	 ����*5$�	%�+ 

F/&	�
�;��	)�:� Wetting layer 

Krastanov, SK) -0�F/&	�
�;��	

F	+���-��/0��(��
�

(H) -0�7�
&;7�'+	1
�

      (2.1) 

7H*7,
7�9'�=0��G*�-=,��
� 

&'7,
�<�) 7�
&;7�'+	 (ε) �6

(H) 1�;�o������
/�	
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1. Frank-van de Merwe (FM, 2D growth mode) ;�o�F/&	G*��
�;��	)�:�=0��;	'�+�-55

�*�&����&5<�J�-55 ;��	1
��
����

(/%�2
��GJ��0<�)�:�=0��*+<,(��,�� FM (�-=�k
.;P�

�&	40F	+&'7,
7�
&$&,.*	'���G*�7,
7�9'�=0���%*+ (ε < 0.1) -0�7�
&/�
�%*�$&,;���G*5;G�

G*�-=�k
.(�5��;�JG*� FM &�K���:�)�:�=0��1��,*���(�F/&	 SK1, R1 /�H* R2 -9� 	��1�

�0,
��
+0�;*'+	(�0�
	�5�,*$� 

2. Stranski-Krastanov (SK, 2D + 3D growth mode) ;�o�F/&	G*��
�;��	)�:�=0��-55

�*�&���=�&��5�
&&��� ;��	1
��
�9'�7,
7�
&;7�'+	1
�7�
&$&,.*	'���G*�7,
7�9'�=0��G*��
�

9'�&
;�
������5�
���:��%�&'7,
*+<,(�),�����&
J 0.05 < ε < 0.15 9�
(/%)�:�=0��)�:�-��Y�
&
�2

;�
����-55�*�&���$	% F	+1�&'7�
&;7�'+	���&*+<,(�)�:�Pi0�&���9����
��0<�	�
;����,*$�2��7,


7�
&/�
���s� (Critical thickness: Hc) )�:�=0���*�&��� (Wetting layer) 9'����&7�
&;7�'+	$�%�6

1�70
+7�
&;7�'+	;.H�*0	.0���
���&G*���55 ;��	;�o�F7����%
��
&&���/�H*7�*���&	*� 

(QD) G�:�&
 *+,
�$��6�
&+��&'5
��,��9'�+��7��
&
�2;�
����-55�*�&���$	% F	++��7�&'

7�
&;7�'+	���&*+<,�,��/���� ;�'+��,
 Wetting layer  

 �
�;��	 Wetting layer -0� QD (�F/&	 SK &'�*��<�-557H* SK1 -0� SK2 V���&'=0

�4	9%
+9'�$	%$&,�,
���� -�,&'0�
	�5�
�;��	�,
�����
&7�
&/�
)�:�=0��9'�;.��&G�:� (���J'G*�F/&	 

SK1 &'�
�;��	;�o�)�:�=0���*�&����,*� ;&H�*7�
&/�
;.��&G�:� )�:�=0���*�&���70
+���;�o��<�-55

�
&&���=�&�*�&��� -�,(���J'G*�F/&	 SK2 ��:�&'�
�;��	�<�-55�
&&����,*� ;&H�*7�
&/�


)�:�=0��;.��&&
�G�:� �61�&' Wetting layer $��,*��� J 5��;�J9'�$&,&'�
��,*���-55�
&&���(��*�

-�� 9�
(/%=0�4	9%
+ SK 9�:��*�F/&	(/%=��/�%
9'�&'74J�&5���;/&H*���� 7H*;�o��<�-55�
�=�&

G*�F7����%
��*�&���-0��
&&��� *+,
�$��6�
&F/&	 SK2 -9%1���-0%�7H*�
�;��	F7����%
��
&

&���(�F/&	 VW �,*� -�,	%�+7�
&;7�'+	9'�$&,�<�;���$� 9�
(/%&')�:� Wetting layer ;��	G�:�$	%

k
+/0��;&H�*;.��&7�
&/�
 �0
+1
�F/&	 VW ;�o�F/&	 SK2 

3. Volmer-Weber (VW, 3D growth mode #$%& Island growth mode) ;�o�F/&	�
�;��	

)�:�=0��-55�
&&���V���;��	G�:�9��9'9'�;���&9�
�
��0<�)�:�=0�� ;�H�*�1
�7,
 ε 9'��<� (ε > 0.1) =0��G*�

�
�9'�&
;�
����5��
���:��%�&'7�
&;7�'+	�<���,
-55 SK =0��1���%*��,*���;�o��<�-55;�
��
&

&���;.H�*70
+7�
&;7�'+	9��9' 
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�*�1
�F/&	�
�;��	)�:�=0��/0���
&F/&	G%
��%�-0%� +��&'F/&	�*�V���;�o�F/&	9'�&'

F7����%
��
&&���F�;�6&9'� (Ripening island) *'� 3 F/&	$	%-�, 

R1 (2D + 3D growth mode) )*%+& εεεε < εεεε1 -./ H > 3 ML 3456$/*78 ;�o�F/&	�
�;��	

)�:�=0��9'�;��	G�:�$	%;&H�*&'�
�;.��&7�
&/�
)�:�=0��$�&
���,
7,
7�
&/�
���s����
/��5

7�
&;7�'+	7,
/����Y (Hc(ε)) 1
�)�:�=0��-55 FM V���0��
J�=��/�%
7H*1�&'�
��,*���-55�
&

&���9'�F�;�6&9'� (Ripening island) -0�&' Wetting layer *+<,	%
�0,
� 

R2 (2D + 3D growth mode) )*%+& εεεε1 < εεεε < εεεε3 -./  H > 2-3 ML 3456$/*78  ;�o�F/&	

�
�;��	 Wetting layer, ;�
��
&&��� -0� ;�
��
&&���9'�F�;�6&9'� V����<�-55�
�;��	�':;��	1
��
�

�0<� SK1 F	+;.��&7�
&/�
$�;���14	-5,� SK1-R2 (��<�9'� 2.1 

R3 (3D growth mode) )*%+& εεεε > εεεε3 -./ H > 1 ML 3456$/*78 F/&	�
�;��	)�:�=0��9'�

;.��&7�
&/�
&
1
� VW 1�7�
&/�
;�����,
14	-5,� VW-R3 (��<�9'� 2.1 ;�o�=0(/%;��	;�
��
&

&���-55���� -0� ;�
��
&&���-559'�F�;�6&9'� F	+$&,&' Wetting layer 

��4�$	%�,
�<�-55�
�;��	)�:�=0��-55�,
�Y &'�311�+��
7�|*+<,�*�*+,
�7H* 1) 7�
&�,
�G*�

7,
7�9'�=0����/�,
��
�9'�9�
�
��0<���5�
�9'�;�o�-=,��
���:��%� -0� 2) 7�
&/�
)�:�=0��9'�9�


�
��0<� ;�H�*�1
��
�-�,0�)��	&'74J�&5���;K.
� (Characteristic) 9'�-���,
���� ;),�7,
7�9'�=0�� 

;�o��%� ;�o��
;/�4(/%;��	�
�;�
�������;�o�)�:�=0��-55�,
�Y -�,�
�5
�)��	*
11�&'7,
7�9'�=0��

9'�;G%
���$	%-&%�,
1�;�o�7�0�)��	��� ;),� GaAs -0� AlGaAs [19] ;�H�*�&
1
�7,
7�9'�=0��&'7,


(�0%;7'+����&
�1����&
J$	%�,
&'7,
7�9'�=0��;9,
��� 9�
(/%�
&
�2�0<�)�:�=0��G�:�-55�*�&���

-55 Heterostructure $	%F	+9'�$&,&'�
�;�0'�+�-�0��<�-55F7��=0�� 

 ��
/��57�*���&	*�9�:�/&	k
+(�%�
�9	0*�(���9+
��.�N�K5�5�':1�2<��0<�(�F/&	 

SK1 ;�H�*�1
�;�o��
��0<� InAs 5� GaAs (ε ~ 0.07) /�H*5� In0.15Ga0.85As (ε ~ 0.06) F	+&'7�
&

/�
 H ~ 1.8 ML -0� H > 0.8 ML (��
��0<�5� GaAs -0��0<�5� In0.15Ga0.85As �
&0�
	�5 

;�H:*/
(��,���,*$�;�o��
�*N�5
+;�H�*�7�
&$&,.*	'���G*�7,
7�9'�=0��V���&'=0���95F	+����,* 

ε -0�F/&	(��
��0<�=0��  
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2.2 ��	�/�0��1�!2�3�4�0	�4���5�6! (Lattice mismatch) 

 7,
7�9'�=0�� (Lattice constant : a)  7H*7,
7�
&��%
�G*� Unit cell G*�=0�� ��	1
�

I<�+��0
�*��*&��&�4		%
�/����G*� Unit cell $�2��I<�+��0
�*��*&��&�4	*'�	%
�G*� Unit cell 

	��-�	�;�o���+� �A� (��<�9'� 2.2 7,
7�9'�=0��1�&
�/�H*�%*+��:�G�:�*+<,��5)��	G*��
�9'�

����*5���;�o�F7��=0��  F	+9'�)��	G*��
�;�o������
/�	0��
J��&5���9'�&'=0�,*7,
7�9'�=0�� 

;),� -��	��	<	-0���/�,
�*��*& .��N���/�,
�*��*& 9�
(/%�
�����*5/�H*N
�4-�,0�)��	&'

7,
7�9'�=0��-���,
����**�$� ;),� InAs -0� GaAs &'7,
7�9'�=0��9'� 6.0583 -0� 5.6533 Å [10] 

-0��6*
11�&'5
�)��	9'�&'7,
7�9'�=0��9'�(�0%;7'+����&
� 1�2H*$	%�,
7,
7�9'�=0��9�:��*�;G%
���$	% 

(Lattice match) ;),� GaAs -0� AlGaAs  

�
�
�9'� 2.1 74J�&5���9
��
+k
.G*� InAs, GaAs -0� InGaAs [10] 

Material Bandgap (eV) (at 300 Kelvin) Lattice constant (Å) 

GaAs 1.424 / Direct band-gap 5.6533 

InAs 0.354 / Direct band-gap 6.0584 

InXGa1-XAs 0.324 + 0.7(1-X) + 0.4(1-X)2 / Direct band-gap 5.6533 + 0.405(X) 

 

 �
����������
9'�9�
�
�9	0*�k
+(�%��9+
��.�N�K5�5�':$	%-�, InAs, GaAs -0� InXGa1-XAs 

(X ≤ 20%) V���&'74J�&5���9
��
+k
.F	+��4�	���
�
�9'� 2.1 (���J'G*� InXGa1-XAs 7,
7�9'�=0��

1�;�0'�+�$��
&7,
 X ����/&
+7�
&�,
�
�;�0'�+�-�0�*���
�,�� In �,* Ga (� InXGa1-XAs 1�&'

=0�,*�
�;�0'�+�-�0�74J�&5��9
��
+k
.G*� InXGa1-XAs 9�:�7,
-25),*��,
�.0���
�-0�

7,
7�9'�=0�� V���7,
7�9'�=0��9'�;�0'�+�$�&'7�
&��
7�|�,*�
�	�
;����
��0<�;.�
��,
1��,�=0(/% ε 

;�0'�+�-�0�$�-0�1�9�
(/%;��	�
�=,*�70
+7�
&;7�'+	, Dislocations -0� Surface steps 	��

�
+0�;*'+	�,*$��':  



 

 

�<�9'� 2.

2.2.1 ��	�����<1���!	�50����	<��	�����<1

 �
��0<� InAs 0�5� 

�,*���-55�
&&��� F7����%
��
&&���	���0,
�&'G�
	9'�;06�(���	�5 

mn [1] -0�2<�;�'+�(�����%
��,
7�*���&	*� 

7�
&;7�'+	-0��
�=,*�70
+7�
&;7�'+	

 7�
&$&,;G%
���G*�7,
7�9'�=0��;�o�=0(/%)�:�=0��	%
�5� 

���-555'5*�	 (Compressive

�
��,*��� Overlayer 1�2<�5��7�5(/%�,*���*+,
�;�o���

;9,
��57,
G*�-=,��
�9'�2<��0<�9�5GJ�9'�7,
7�9'�=0��-�

-�	�(��<�9'� 2.3 [21] F	+�k
.=��/�%
	���0,
�1�	$	%�,
&'

�<�9'� 2.3 �
�;��	)�:�=0��G*�7<,�
�9'�$&,;G%
���-55*�	��� 

af 

 

2 Unit cell -0�G*5;G�G*�7,
7�9'�=0��G*� GaAs [

��	�����<1���!	�50����	<��	�����<1 

0�5� GaAs F	+���/�H*5� InXGa1-XAs (X ≤ 0.2) �6�
& �,�=0(/%;��	�
�

�,*���-55�
&&��� F7����%
��
&&���	���0,
�&'G�
	9'�;06�(���	�5 20-40 nm 

-0�2<�;�'+�(�����%
��,
7�*���&	*� (Quantum dot, QD) 

7�
&;7�'+	-0��
�=,*�70
+7�
&;7�'+	 

7�
&$&,;G%
���G*�7,
7�9'�=0��;�o�=0(/%)�:�=0��	%
�5� (Overlayer)

(Compressive: af > as) /�H*-55G+
+��� (Tensile: af < as) ;�H�*�1
�

1�2<�5��7�5(/%�,*���*+,
�;�o���;5'+5	%�+7,
7�9'�=0��-��G�
�

;9,
��57,
G*�-=,��
�9'�2<��0<�9�5GJ�9'�7,
7�9'�=0��-����:�K
���5=��/�%
 

F	+�k
.=��/�%
	���0,
�1�	$	%�,
&'7�
&;7�'+	 (ε) 2<����&*+<,k
+(�=0��

�
�;��	)�:�=0��G*�7<,�
�9'�$&,;G%
���-55*�	��� (Compressive) [

   Ga

   As

10 

GaAs [20] 

�6�
& �,�=0(/%;��	�
�

nm -0��<�(���	�5 3-5 

(Quantum dot, QD) V���;�o�=0F	+���1
�

(Overlayer) 9'��,*���G�:��%*��,*

;�H�*�1
�(�)�:�-��YG*�

;5'+5	%�+7,
7�9'�=0��-��G�
� (a|| ) 9'�

���:�K
���5=��/�%
 (a⊥) &'�
�+H	���	��

2<����&*+<,k
+(�=0�� 

 

(Compressive) [21] 

Ga 

As 
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2.2.2 Dislocations 

 �
��0<�)�:�=0��9'�&'7�
&;7�'+	���&�,*$����9���7�
&/�
)�:�=0��	���0,
��<�;�����,


7,
7�
&/�
���s�� (Critical thickness, hc) =0��1�;���&;��	14	9'�*��*&;�
����*+,
�=�	����;�o�

14	5�.�,*� (Defect) ;.H�*70
+7�
&;7�'+	0� (Strain relaxation)  

 14	5�.�,*�9'���
7�|&'�'�-55$	%-�,14	5�.�,*�-5514	 (Point defect) 14	5�.�,*�-55;�%� 

(Line defect) 14	5�.�,*�-55���
5 (Planar defect) -0�14	5�.�,*�-55���&
�� (Volume 

defect) V���14	5�.�,*�-55;�%��67H* Dislocation V���+��1�
-��**�;�o��*�)��	7H* Edge 

dislocation -0� Screw dislocation 	��-�	�(��<�9'� 2.4  

 

�<�9'� 2.4 �<�-55G*� dislocation -55 (a) Edge dislocation F	+ b 7H* Bergers vector ;�%�9'�;��	

1
��
�-+�G*�)�:�7H* dislocation line -0� (b) Screw dislocation  

 F	+9���$�-0%� Dislocation (�=0��1���Y1�;�o��
�=�&�����/�,
� Dislocation 9�:��*�

-55 [13] -0��
&
�2��54$	%	%�+�*�����7H* Bergers vector -0� Dislocation line ��
/��5 Edge 

dislocation ��:�-��G*� Bergers vector ��:�K
������5-��G*� Dislocation line �,�� Screw 

dislocation 1��0�5���7H*-��9�:��*�1�G�
����-9� 

(a) (b) 
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�<�9'� 2.5 Dislocation G*�Pi0�&9'��0<�5�-=,��
�-55&'7�
&$&,;G%
���G*�7,
7�9'�=0�� (a) Slip 

plane G*� (001)-Face Center Cubic (FCC) -�	� Misfit dislocation -0� Threading dislocation 9'�

;��	G�:� (b) Bergers vector G*� Slip plane 	���0,
� -+�+,*+;�o� Edge-, Screw Bergers vector [13] 

 Dislocation ;�o�=01
����5���
�(��
�70
+7�
&;7�'+	G*�)�:�=0��9'�&'7�
&;7�'+	

���&1�2��7,
���s�� -5,�**�;�o� Misfit dislocation (MD) -0� Threading dislocation (TD) 	��

-�	�(��<�9'� 2.5 MD ;�o� Dislocation 9'�&'0��
J�;�o�;�%�+
�;��	1
��
�1�5���-55;/0H�*&G*�

*��*&*+,
�;�o���;5'+5 14	9'�;��	�
�;�
�*+,
�=�	����2H*�,
;�o� Defect -�,�,��9'�&
;�
����9'/0��

��:� *��*&+��;�
����;�o���;5'+5;),�;	�&-0�$&,&' Defects 1��9�
(/%&';�%�;�o�-��+
�1
�14	 

Defects �<�9'� 2.5 (a) -�	�(/%;/6��,
�
�;��	 Dislocation (MD -0� TD) 9�
(/%;��	���
5;0H�*�

G�:�&
1
� MD ;�o�&4&��5&4&���
5=��-=,��
� 60° (60° dislocation) ;�'+�)H�*�,
 Slip plane ;��	G�:�

;�o�-��+
��
& MD ��
��G�:�9'�=��/�%
;�'+��,
 Surface step F	+9'�14	��:��4	G*� Surface step 7H*

14	9'� TD ����&
2������;*� 

 Threading dislocation (TD) �
&
�2;��	1
�-=,��
�	��-�	�(��<�9'� 2.6 (a) /�H*&
1
�

Pi0�&9'��0<�	��-�	�(��<�9'� 2.6 (b) -0� (c) (���J'9'� TD ;��	1
�Pi0�&9'��0<��
&
�21�
-��+,*+

$	%;�o��*�)��	$	%-�,  Mobile TD -0� Immobile TD V����,
����9'�*����k
.(��
�;70H�*�9'� F	+ 

Immobile TD 1�2<���:� (Block) F	+ MD ;�%�9'���:�K
���� �,�� Mobile TD ��:��
&
�2;0H�*� 
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(Glide) $	%�
&7�
&/�
)�:�=0��9'��0<� -0�+��;.��&7�
&+
�(/%��5 MD $	%*'�	%�+ F	+9'�9�:��*�

��J'��:�7�
&/�
�%*�&
���,
7�
&/�
���s��G�:�$� (h > hc) [14] 	��-�	�(��<�9'� 2.6 

 

�<�9'� 2.6 TD -0� MD (a) ;&H�* h<hc +��$&,��
�� MD G�:� -0� TD &
1
�-=,��
�;9,
��:� (b) ;&H�* 

h>hc -0%� TD 1�;���&;70H�*�-0�9�
(/% MD +
�G�:� ∆λ �
&7�
&/�
 dh 9'�&
�G�:� (c) ;&H�* TD 

;70H�*�&
1�.5��5 MD *'�;�%�9'�G�
�*+<, TD 1�/+4	;70H�*�9'� �0
+;�o� Immobile TD [14] 

 Dislocation 9'�;��	G�:�9�
(/%7�
&;7�'+	���&k
+(�=0�� ε(hc60) 0	0��
&7�
&/�
9'�

;.��&G�:� hc60  �
&7�
&��&.��N� [10]  

ε�	
��
  �  
�������������

��������������������

 ���� 
��� ��!"#$%&'� ()�


*+%&'
 (2.2) 

 Dislocations 9'�;��	G�:� �*�1
�1�9�
/�%
9'�70
+7�
&;7�'+	���&k
+(�=0��-0%� +��&'=0

�,*=��/�%
*'�	%�+ V���=0���95�':;�o��%�;/�4G*��
�;��	0
+�
�
�5�=��/�%
 ;�'+�=��/�%
�':�,


=��/�%
0
+�
�
� V���=��/�%
0
+�
�
��':/
��0<�7�*���&	*�9�50�$� =��/�%
�':1�;�&H*�;�o�

-=,��
���
/��57�*���&	*� ;�'+�=��/�%
9'�9�
/�%
9'�;�o�;�&H*�-=,��
��':�,
-=,��
�0
+�
�
� 

(Cross-hatch substrate) /�H*-=,��
�;�&H*�*+,
�$��6�
&�*�1
�7�
&/�
���s�� (hc) 9'�;�o�

7�
&/�
9'�;���&;��	 Dislocation -0%� +��&'7�
&/�
���s��*'�7,
/����9'� Dislocations ;��	G�:�&
&
�

G�:�-559�'7<J (hp) V���&'=0�,*=��/�%
F	+���;),���� 

2.2.3 Surface steps 

 �%���
;��	 Surface step &
1
� Dislocation 	��9'�$	%�0,
�$�-0%�G%
��%� ����/&
+7�
&�,


=0G*��
�=,*�70
+7�
&;7�'+	���&k
+(�G*�)�:�=0���,�=0�,*=��/�%
	%�+ ;&H�*&'�
��0<�9�5 

Surface steps 9'�;��	G�:��,*$� )�:�=0��1�/�
G�:�-0�;��	���5���
���
1�	 Surface steps 9'�=��/�%
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(Surface step elimination) [13] 	��-�	�(��<�9'� 2.7 V���-�	�(/%;/6��,
 ;&H�*7�
&;7�'+	���&(�

)�:�=0���0<�9�5 (Overlayer) $�1����9���7�
&/�
)�:�=0��&
2��7,
���s�� (hc) 1��;��	 Dislocation 

;.H�*=,*�70
+7�
&;7�'+	G*�)�:�=0��9'����&&
&
� V��� Dislocation $	%�,�=0$�9'�=��/�%
F	+ 

Slip plane 1
� 60° dislocation ;��	;�o� Surface step �4	9%
+-0%����5���
� Surface step 

elimination 9�
(/%=��/�%
;��	7�
&;�0'�+�-�0�	���<�9'� 2.7 (c) ;&H�*9�
�
��0<�)�:�=0���,*$� V���

=��/�%
9'�;�o�0��
J�0*�;),��': (Undulation surface) ;�o�0��
J�G*�-=,��
�0
+�
�
� 

 

�<�9'� 2.7 �
�;��	 Surface step elimination (a) )�:�Pi0�&;��	 Compressive strain (b) ;��	 Dislocations 

-0� Surface steps �
&&
 (c) ;&H�*;.��&7�
&/�
�,*$�1�;��	;���9'�;��	1
�                            

Surface step elimination [13] 

 ��4�/��G%* 2.2 $	%�,
-=,��
�0
+�
�
�;��	&
1
��
�&'7�
&;7�'+	1
��
��0<�)�:�=0��9'�

&'7,
7�9'�=0��$&,;G%
���-0�7�
&;7�'+		���0,
�(�)�:�=0��&'&
�1�;���7,
���s�� =0��1��,*���-55

;/0H�*&���;��	;�o� Line defects /�H* Dislocations ;.H�*0	7�
&;7�'+	9'�;��	G�:� -�, Dislocations 

(MDs -0� TDs) 9'�;&H�*;��	G�:�&
-0%�1��,�=0�,*=��/�%
$��0*	�
��0<�	%�+ Slip plane V���;�o�

=0&
1
� Dislocations ��
/��5=0G*� Slip plane 9'�$���
��5�=��/�%
1�;�'+��,
 Surface steps 

;&H�*�
��0<�+��	�
;����,*$� Surface steps 9'�;��	G�:�1�;�o��%�;/�4G*��
�;��	0
+�
�
�1
�

���5���
� Surface step elimination (	��(��<�9'� 2.7) 1�;/6��,
0
+�
�
�9'�;��	G�:�(�9'��4	��:� &'

�%�;/�4&
1
��
��0<�=0��	%�+7,
7�9'�=0��9'��,
����	��;),� InGaAs / GaAs  
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2.3 ����E2�1�E (Quantum dots, QDs) 

 7�*���&	*�7H*F7����%
�G�
	;06�(���	�59'�;G%
(�0%G�
	G*�*��*&/�H*F&;0�40V���&'

0��
J��&5���9'��,
�1
�F7����%
�G�
	(/|,;),�-55�%*�=0�� (Bulk) F7����%
�G�
	;06�&'/0
+

�<�-55V���2<�1�
-���
&&���7�
&;�o�*���� (Degree of freedom) G*�.
/�(�F7����%
� 

F7����%
�G�
	(/|, (Bulk) .
/�k
+(�&'*����(��
�;70H�*�9'�9�:��
&&��� (3D) ��
/��5

F7����%
�G�
	;06� $	%-�, 7�*���&;�00� (Quantum well) 7�*���&$��� (Quantum wire) -0� 

7�*���&	*� (Quantum dot) .
/�1�2<���� (Confine) -0�&'*���k
.(��
�;70H�*�9'�;.'+� �*�

&��� /����&��� -0� I<�+�&����
&0�
	�5 	��-�	�(��<�9'� 2.8 ;&H�*;9'+5F7����%
�-55�,
�Y���-0%� 

.5�,
F7����%
�-55�%*�=0��1�&'7�
&/�
-�,��2
�� (Density Of States, DOS) -55�,*;�H�*� 

(�GJ�9'�F7����%
�G�
	;06�-55*H��Y1�;�o�-55$&,�,*;�H�*� [6] 

 

�<�9'� 2.8 (-2�5�) F7����%
�-55�%*�=0��, -557�*���&;�00� -0�-557�*���&	*�          

(-2��0
�) �2
���-55G�:�G*�7�*���&;�00�-0�7�*���&	*�                                              

(-2�0,
�) 7�
&/�
-�,��2
�� (DOS) [1] 

 0��
J��&5���G*���	�5.0���
�k
+(�G*�F7����%
�G�
	;06� ;),� 7�*���&	*�-0�

7�*���&;�00���:� 1�-���,
�1
�F7����%
�-55�%*�=0�� F	+��	�5.0���
�k
+(�G*�7�*���&

	*�1�&'0��
J�;�o�7,
$&,�,*;�H�*� (Discrete) ;�'+��,
 Quantized state [1] �,
�1
�F7����%
�-55

�%*�=0��9'�.
/��
&
�2&'.0���
�$	%94���	�59'�.0���
�9'����
��,
 Valence band -0��<���,
 



16 
 

 

Conduction band �,�� DOS G*�7�*���&	*�(�*4	&7��1�;�o� Delta function (δ) [1,6] 	��-�	�

(��<�9'� 2.9 /&
+7�
&�,
.
/�1��
&
�2&'.0���
�$	%;.'+�5
�7,
9'�$&,�,*;�H�*�;9,
��:� 

 =0G*��
�9'�&'��	�5.0���
�;.'+�5
�7,
-0�$&,�,*;�H�*�9�
(/%F7����%
�7�*���&	*���:�

�
&
�2()%���+4���;�o��������	�
��9
�-��$	%/0
�/0
+ -0�+�����5-�,�74J�&5���G*�FP�*�9'�

�0,*+**�&
$	% ;),� F	+�
�-��*���
�,��G*��
�����*5G*�7�*���&	*� G�
	G*�

7�*���&	*� -0��
�;�'+����G*��04,&G*�7�*���&	*�;�o��%� 

           

�<�9'� 2.9 ��	�5.0���
�k
+(�G*�F7����%
�-55�%*�=0�� (V%
+) -0� 7�*���&	*� (G�
) 

 7�*���&	*��
&
�2;��	G�:�$	%1
��311�+/0
+Y*+,
� F	+��9+
��.�N�K5�5�':;�%�$�9'�

�
��0<�7�*���&	*�0�5�-=,��
�0
+�
�
� V���(/%=0;�o��
�;�'+����-2�G*�7�*���&	*� -&%

;�o��
��0<�5�-=,��
� GaAs ���
5 (001) N��&	
 �,
�1
��
�9�
�<�-55 (Pattern) 0�5�-=,�

�
�V�����J'�':;��	1
��
�;��'+&-=,��
�9'�&'�
�9�
��
/��$�%�
&0
+9'��%*��
��,*���
&
�0<� [22] 

;&H�*�0,*+�
�9'��%*��
�(/%;��	;�o�7�*���&	*�0�$� 0
+9'�9�
$�%9�
/�%
9'�;�o�14	��
/�	��
-/�,�

�
�;��	G*�7�*���&	*�5�-=,��
� ��
/��5��N'�
��0<�7�*���&	*�9�55�)�:�-=,��
�0
+

�
�
� ;&H�*7�*���&	*�;��	�
��,*���-55����*5��;*� (Self-assembly quantum dot) 7�*���&

	*�9'�;��	G�:�1�&'��
-/�,�$&,;�o�-55�4,& -�,1�;�'+����5�;�%�0
+�
�
�9'�;��	5�=��/�%
G*�-=,�

�
�0
+�
�
� -�	�(/%;/6�$	%�,
�
�;��	7�*���&	*��
&
�2;��	$	%5�-=,��
�-55�,
�Y -0�

�<�-55�
�;��	�6-���,
����	%�+ 

Bulk QD 
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�<�9'� 2.10 0��
J�G*��
�;��	7�*���&	*� InAs 5�-=,��
� GaAs -55 SK [23] 

 �
�;��	7�*���&	*� InAs 5� GaAs ;�o��<�-55�
�;��	)�:�=0��-55 SK ;���&�%�	%�+�
�

9'� InAs )�:�-��Y9'��,*���9'�=��/�%
 GaAs 9�
/�%
9'�;�o� Wetting layer ;�H�*�&
1
�7,
 ε G*�

���5���
��':7H*���&
J 7 % V���1
�-=�k
.;P��&	40(��<�9'� 2.1 .5�,
9'� ε = 0.07 )�:�-��Y 

G*� InAs 1�+��;�o��<�-55 FM *+<, InAs 9'�;��	G�:�1�;�
������5-=,��
� GaAs -55*�	��� 

(Compressive) 	��-�	�(��<�9'� 2.3 V���+��7�;�o�;�o��
�;��	)�:�=0��-55�*�&���;.�
��,
7,
7�9'�

=0��G*� InAs &
���,
 GaAs ;&H�*	�
;����
��0<�)�:� InAs �,*$� Wetting layer G*� InAs 1�/�


G�:�-0�7�
&;7�'+	G*�)�:�Pi0�&1�;.��&G�:��
&;�0
9'��0<�)�:� InAs ;&H�*7�
&;7�'+	���&2����	�5

/���� InAs 9'�;�
����*+<,;	�&1��,*���(/&,;.H�*70
+7�
&;7�'+	9'�;��	1
��
�;�
����-55*�	���1
�

�*�-�� �
��,*���G�:�(/&,1�;��	;�o�F7����%
�7�*���&	*�	��-�	�(��<�9'� 2.10 *+,
�$��6�
& 

��
/��5�
��0<�=0��9'� Lattice mismatch ε < 1.5 %  ;&H�*7�
&;7�'+	���&&
�2��7,
/���� �
�70
+

7�
&;7�'+	1�$&,;��	;�o�7�*���&	*� -�,1�;��	 Dislocation -9� [24] 	��9'��0,
�$�%(�/��G%*9'� 

2.2 �,�=0(/%=��/�%
&'0��
J�;�o�0
+�
�
�	��9'�1��0,
�(�/��G%*�,*$� 

2.4 �50��	��	<E	�	4 (Cross-hatch substrate) 

 -=,��
�0
+�
�
�;�o�=0&
1
��
��0<�)�:�=0��9'�7,
7�9'�=0��G*�Pi0�&9'��0<�-���,
�1
�

G*�-=,��
�(���	�59'�$&,�<���� (ε < 1.5 %) �
�;��	 MD 1
����5���
�	���0,
�;�o��
�;��	;*�

�
&N��&)
��-0�2<���
/�	F	+/0���
�9
��2��� 0
+�
�
�*��;�H�*�&
1
��
��0<�Pi0�&9�55�  

MD -0� TD 1��&'0��
J�;�o�-55�4,& 7H*$&,�
&
�2��
/�	��
-/�,�9'�-�,�*�G*�0
+�
�
�$	% 

*+,
�$��6�
&�
����5���5���
�(��
��0<�1�9�
(/%�
&
�2��
/�	7�
&/�
-�,�G*�0
+

�
�
� -0�7�
&�<�G*�0
+�
�
�$	%  
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 0
+�
�
� (Cross-hatch pattern) ;��	1
�7�
&$&,;G%
���G*�7,
7�9'�=0�� ;),�1
�7<,G*�

�
�����*5 III-V (;),� InGaAs / GaAs) /�H* 1
�7<,G*��
�����*5/&<, IV-IV (;),� SiGe / Si) 

[24,25,26] ;�o��%� 7<,G*��
�����*5/&<, IV-IV ��5 III-V ;/&H*�������9'�0
+�
�
�&'�%�;/�4�
�

;��	;	'+����7H*;��	1
�7�
&$&,;G%
���G*�7,
7�9'�=0��-55 Low lattice mismatch -0��
�;��	 

Dislocation 1
����5���
� Strain relaxation -�,�6&'7�
&-���,
����	%�+ ���9'�;�%�0
+�
�
�

G*�7<,�
�����*5/&<, IV-IV 9�:��*�-��9'���:�K
����G*�0
+�
�
���:�;/&H*����	��-�	�(��<�9'� 

2.11 (�GJ�9'�0
+�
�
�1
��
�����*5/&<, III-V *+,
�;),� InGaAs/GaAs 1�(/%0
+�
�
��*�

-��9'�&'74J�&5���-���,
���� ;.�
��,
�
�����*5/&<, III-V ��:�;��	1
�N
�4G*�/&<, III -0� /&<, 

V ;�
�;�o� Unit cell 	%�+�<�-55 Zinc blend [20] 	��-�	�(��<�9'� 2.2 	����:�2%
��
-=,��
� GaAs 

(001) &
;�o�-=,��
���:��%� ;&H�*�0<�9�5	%�+ InGaAs k
+(�%;�H�*�$G Low lattice mismatch -0%� 

0
+�
�
�9'�G�
���59�I [1-10] ��5 [110] 1�&'7�
&-���,
����	��(��<�9'� 2.12 (a) V���;�o��<�G*�

=��/�%
)�:��
�V���0<�)�:�0
+�
�
� In0.2Ga0.8As /�
 50 nm 5�-=,��
� GaAs ���
5 (001) &' 

Line scan G*�;�%�0
+�
�
�9�:��*�-��-�	�$�%	%
�G%
� .5�,
7�
&�<�G*�;�%�0
+�
�
�9'�G�
�

��59�I [1-10] &'7�
&�<�&
���,
;�%�0
+�
�
�9'�G�
���59�I [110] ;�H�*�&
1
��
�9'�;�o�-�� 

(Core) G*�9�:��*�-����:��,
���� F	+-�� [1-10] &' As ;�o� Core GJ�9'�-�� [110] &' Ga ;�o� 

Core [12] ;�o�=0(/%0
+�
�
�9'�;��	G�:�1
�9�:��*�-��&'74J�&5����,
����	%�+ -0�=0�':+���,�=02��

)�:�7�*���&	*�9'��0<�9�50
+�
�
�*'�	%�+ V���=0G*��
��0<�)�:�7�*���&	*� 0.8 ML 9�55�

-=,��
�0
+�
�
�9'��0<�	%�+;�H�*�$G;	'+���� 	��-�	�(��<�9'� 2.12 (b) V���7�*���&	*�5�-��

;�%�9'�G�
���59�I9
� [1-10] �6&'G�
	�<���,
5�-��;�%�9'�G�
���5 [110] ;),���� ;.�
��,
;�o�

=0&
1
�)�:�0
+�
�
�����;*� [16] ��
/��5G%*��4�;�'�+���5)�:�0
+�
�
�1��0,
�0�;*'+	(�599'� 4  
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�<�9'� 2.11 =��/�%
G*�7�*���&	*� Ge �0<�5� SiGe/Si (100) 9'���		%�+�0%*�1409��I��-��

*��*& [25] 

    

�<�9'� 2.12 =��/�%
0
+�
�
�1
��
�����*5/&<, III-V (a) In0.2Ga0.8As 50 nm 5� GaAs (001) (b) 

;&H�*�0<�9�5	%�+7�*���&	*� InAs 0.8 ML9�:� (a) -0� (b) �
�(�9�I9
�;	'+�����
&0<�I� [16]  

 �
�;��	 Dislocations 1
��
��0<� InGaAs / GaAs F	+9'� ε < 1.5 % 1�;���&;��	G�:�;&H�*�0<�

)�:�=0��/�
;���7,
���s�� (hc60) V���/
�7�
&/�
�%*+��,
7,
���s���': =0��+��7�&'7�
&;7�'+	*+<,-0�

+��$&,;��	 Dislocation ;.H�*70
+7�
&;7�'+	 -�,2%
)�:�=0��/�
&
���,
7,
���s���': =0��1�;���&&' 

Dislocations G�:�5
���
-/�,�-0�7�
&;7�'+	(�)�:�=0��1�;���&0	0� -0�0	0�;�H�*+Y/
�9�
�
�

�0<��,*$� 7,
 hc60 �
&
�2/
$	%1
�7�
&��&.��N�	%
�0,
� [10] 

	
�� � 
�������������

��������������������

 ���� 
��� ��!"#$%&'� ()�

*,   (2.3) 

- �  .�� / �0  �2.22 3 .�4 / .��
    (2.4) 

1 µµµµm 

(b) 
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5 �  √44 789:�;�        (2.5) 

< �  =��
=��)=��

         (2.6) 

> �  .�� 3 .�4 / 2 =��
�

=��
      (2.7) 

? �  ��������������������
       (2.8) 

 ;&H�* hc60 7H*7�
&/�
���s��9'� 60° dislocation ;��	G�:�.*	', Θ = 60°, ν 7H* Poisson ratio, 

G -9� Anisotropic factor, C 7H* Elastic constant -0� Y 7H* Young�s modulus 

 1
�7�
&��&.��N�G%
�5� .5�,
7,
7�
&/�
���s��G*� InGaAs 5� GaAs 1�&'7,
-��

;�0'�+�$��
& X (� InXGa1-XAs 	���<�9'� 2.13 V���&'-��F�%&7H* ;&H�*��	�,��G*� In (� InGaAs 

;.��&G�:� 7,
7�
&/�
���s��1�0	0�  

 

�<�9'� 2.13 7�
&��&.��N���/�,
�7�
&/�
���s��G*�)�:� InGaAs (Monolayer) 9'��0<�5� GaAs ��5

��	�,��G*� In (7,
 X) 

),��9'�()%(��
�9	0*� 
0.08 ≤ X ≤ 0.20 
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 ��
/��5�
�9	0*�9�:�/&	(���9+
��.�N�K5�5�':1�()%7,
 X ��/�,
� 8-20 % V���&'7,
 hc *+<,

��/�,
� 6.0 < hc < 18.7 nm V���1�9�
(/%$	%=��/�%
;�o�0
+�
�
�-0�1�()%���F+)��(��
���
&


;�o�-=,��
�;�&H*� (Virtual substrate) ;.H�*()%(��
�1�	;�'+�7�*���&	*�	%�+�
�����*5��;*� 

	��1�$	%�0,
�F	+0�;*'+	(�599'� 4 ��
/��559�,*$�;�o��
�*N�5
+2��;97��7�
��0<�=0��-0�

�
���	0��
J��&5��� 



 

 

����� 3 

!	�L��!���4M��	4���!	��21�2!�N�M��2E  

 F7����%
�)�:��
�9�:�/&	(���9+
��.�N�K5�5�':�0<�	%�+;7�H�*��0<�=0��-550�
F&;0�40

(Molecular Beam Epitaxy, MBE) +'�/%* RIBER �4,� 32P V�����	��:�*+<,9'�/%*����5����
���1�+

�������	�
���
����������
 (SDRL, Semiconductor Device Research Laboratory) F	+9'�;7�H�*�

�0<�=0��-550�
F&;0�40;�o�*4���J�/0����
/��5�
��0<�F7����%
�7�*���&	*�-55����*5

��;*� (Self-Assembled Quantum Dots, SAQD) 7�
&�
&
�2(��
�7�574&�
��0,*+���&
J

�
�(�0�
F&;0�409'�0�;*'+	-0�&'7�
&70
	;70H�*�(���	�5���
 9�
(/%;97��7 MBE �
&
�2�0<�

F7����%
�7�*���&-55�,
�Y$	%�
&9'��%*��
� 9�:�7�*���&;�00� (Quantum well) -0�7�*���&

	*�/0
+Y-55 ;),�7�*���&	*�-55�04,& (QDM, Quantum Dot Molecule) 7�*���&	*�-557<, 

(Quantum dots pair) -0�7�*���&	*�5�0
+�
�
� (Quantum dots on cross-hatches) ;�o��%� 

7�
&;G%
(1(�/0���
�G*�;7�H�*��0<�=0��-550�
F&;0�40;�o�����1�
;�o��,*�
�I��

����8�
�
�

G*�7�*���&	*�5�-=,��
�0
+�
�
� V���;�o��
�/0��G*���9+
��.�N�K5�5�':  

 )�:��
�9'�$	%1
��
��0<���:��
&
�2I��

-0���;7�
�/�$	%1
��
���	0��
J��&5���G*�

F7����%
� 9�:��
���	;.H�*���1	< (Monitor) GJ�9�
�
��0<�F7����%
�	%�+;7�H�*���	-55��	��:�

k
+(���55 (in-situ) ;.H�*()%��	�
&�k
.�31145��-55�
&;�0
1��� (Real-time monitoring)  -0�

�
���	;.H�*	<=0	%�+;7�H�*���	k
+�*���55 (ex-situ) F	+=09'���	$	%1�;�o�=0G*�F7����%
�9'��0<�

;��61-0%� V���&'9�:���55��	9'�()%��	=��/�%
 ��	�
��0	�0,*+9
�-�� ��	�k
./�%
��	 ;�o��%� 

7�
&;G%
(1(�/0���
�G*��
���	0��
J��&5���	%�+;7�H�*���	-55�,
�Y9�:�k
+(�-0�k
+�*�1��

;�o�����1�
;�o�9'�1�()%+H�+���,
F7����%
�9'��0<�&
��:�;�o�F7����%
��
&9'��%*��
�1��� -0�=09'�$	%

��:��6;�o�=01
�F7����%
�9'��0<�G�:�1��� ���F+)��9'�;/6�$	%)�	�67H*�
&
�2;)H�*&F+�;)��9s
{'

��/�,
�0��
J�F7����%
�9'��0<���574J�&5���9
�-��9'���	$	% 

3.1 !	�L��!���4M��	41��<������4L��!5�6!�����	����!O� 

 �
��0<�)�:�=0�� (Epitaxial growth) �
&
�29�
$	%/0
+��N' ;),� �
��0<�)�:�=0��-55

�2
��G*�;/0� (LPE, Liquid-Phase Epitaxy) -55�2
��$* (VPE, Vapor-Phase Epitaxy) -0�
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-550�
F&;0�40 (MBE) F	+ MBE &'G%*$	%;��'+5/0
+*+,
� ;),� 7�
&5���49N�OG*�)�:�=0��9'��0<�

$	% *��;�H�*�&
1
����5���
�1�;��	(�/%*��0<� (Growth chamber) 9'�7�
&	�����
(���	�5 10-9 

Torr &'��55	<	*
�
Ik
+(�**� -0�&'��55/0,*;+6�	%�+$�F��;1�;/0��0*	;�0
 9�
(/%&'

*�4k
7*H��Y;1H*���%*+&
� ;/&
���5�
��0<��������	�
��9
�*�;06�9�*�����-0�9
�-���,
�Y9'�

�%*��
�7�
&-&,�+�
(��
��0<�)�:�=0���<� ;),�;0;V*�� ;V00�-��*
9��+�-0�$	F*	;�0,�-�� ;�o�

�%� 

 �
+0�;*'+	�
��0<���:�&'G*5;G�9'���%
�&
� ;�H:*/
(�/��G%*�':1��1�
��	$�%;9,
9'�1�
;�o� 

$	%-�, �
+0�;*'+	G*�;7�H�*��0<�=0����55���1��	-55��	��:�k
+(�-0����5���
��0<� 

 

�<�9'� 3.1 ;7�H�*��0<�=0��-550�
F&;0�40 RIBER 32P  

3.1.1 ������4L��!5�6!�����	����!O� 

 ;7�H�*��0<�=0��-550�
F&;0�40����*5$�	%�+/%*� (Chamber) 9�:�/&	 4 /%*�	��-�	�(�

�<�9'� 3.1 V���-�,0�/%*�1�&'����< (Gate) ��:�$�% ;.H�*(/%-�,0�/%*�;�o�*�����,*��� F	+/%*�9�:� 4 &'

�
+0�;*'+		���,*$��': 

 1. Loading chamber /%*�F/0	;�o�/%*�9'�()%��
/��5�,�=,
�)�:��
� (Samples) V���$	%&


1
��
���	-=,�;�;P*�� (Wafer) 9'�2<���	*+<,9'� MO Block (Molybdenum block) 1
��k
��k
+�*� 

;G%
�<,k
+(�;7�H�*��0<�=0��-550�
F&;0�409'�;�o���55�4||
�
I (Vacuum system) /%*�F/0	�':
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1�*+<,��	��5/%*�*��F9�	��)�� (Introduction chamber) V���2<���:�	%�+����<��:�;.H�*$&,(/%*
�
I1
�

k
+�*�9�
(/%7�
&	��k
+(�/%*�*H��Y;�0'�+�-�0� 

 k
+(�/%*��':)�:��
�9�:�/&	1�2<�0�
;0'+�=,
��29'�()%��55�
+.
�;�o�����,� �
�7�574&

�
+.
����9�
$	%	%�+&H* (Manual control) F	+�
�/&4�-�Q�G�5;P�*��
+.
�1
�k
+�*� 

 

�<�9'� 3.2  Diaphragm pump 

 ��55�4||
�
I(�/%*�F/0	�':1�&'�*�)��	7H* Diaphragm pump  -0� Sorption pump 

V����
�0	7�
&	��(�/%*�F/0	1�()% Diaphragm pump 9�
�
��,*�;.H�*	<	*
�
Ik
+(�/%*�

F/0	(/%���
0�&
1
�7,
7�
&	��5��+
�
I (760 Torr) 0�&
�<,���&
J 60 Torr �
�9�
�
�G*� 

Diaphragm pump ��:�1�()%/0���
�G*��
�/&4�-��&*;�*�� �,�&��574J�&5���7�
&+H	/+4,�G*�

-=,� Diaphragm V�����+&()%���24	�5���;k9 +
� /�H* ;9P0*� (Teflon) �
&�<�9'� 3.2 V���1�;/6�$	%

�,
*
�
I1�2<�	<	**�1
�9
�	%
�/����$��<,*'�	%
�/����$	% F	+*
�
I1�2<�$0,1
�9,*;G%
 -0�2<�

-=,� Diaphragm V���5��7�5	%�+�
�/&4�G*�-��&*;�*��5'5$0,(/%**�$�9
�9,***� 1�;/6��,


	%�+��N'�
�/&4�-��&*;�*��$�(�9�I9
�;	'+�-55�': *
�
I9'�2<�	<	**�1�$&,&'F*�
�(��
�$/0

+%*��0�5 -�,G%*;�'+G*� Diaphragm pump 7H*&'7�
&�
&
�2(��
�	<	*
�
I$&,7,*+	'��� V���2%


;9'+5��57�
&	��(���55�4||
�
Ik
+(�;7�H�*��0<�=0��-550�
F&;0�40-0%� 7�
&	��9'�$	%1
� 

Diaphragm pump 2H*�,
+��$&,���
.*9'�1�;�i	����<��:�1
�/%*�F/0	$�/%*�*��F9�	��)��$	% V����6

�%*�;�i	��55	<	*
�
I Sorption pump ;G%
��5),���,*1
� Diaphragm pump 



 

 

�<�9'� 3.3 �<�-55F&;0�40G*� 

 Sorption pump 1�9�
�
��,*1
� 

9�
�
�G*� Sorption pump 

material) ;),� Zeolite (;�o��
�����*5���;k9

-�	�(��<�9'� 3.3 (V%
+) 

�<�9'� 3.3 (G�
) F	+&'),*�(/%

 ;&H�*9�
(/% Zeolite 

*
�
I$	%	' V���()%/0���
�G*��
�9�
(/%*
�
I/�H*$*9'�	��1�5$	%;��	�
�7�5-�,�-0�;�
�*+<,

�0*	;�0
9'� Zeolite +��7�2<�/0,*;+6�*+<, /0��1
��0,*+(/% 

;�0
���&
J 20-30 �
9' 7�
&	��k
+(�/%*�F/0	1�*+<,9'���	�5���&
J 

k
+(�/%*�F/0	$&,0	0�$�&
���,
�':-0%� �61�()%��55	<	*
�
IG*�/%*�*��F9�	��)��),�+-9� 

F	+�
�;�i	����<��:�*+,
�)%
Y;.H�*(/%7�
&	��7,*+Y2,
+;9$�(/%/%*�*��F9�	��)��	<	

;&H�*�
&
�2;�i	����<��:�$	%�4	5
� �61�9�
�
�0�
;0'+�)�:��
�=,
��2�
+.
�$�/%*�*��F9�	��

)��$	%�,*$� 

 2. Introduction chamber 

/%*�F/0	$�/%*�9�
���;P*��-0%� +��&'-G�1�5 

;.H�*�0�5��
-/�,�506*� /�H*()%��
)�:��
�$�;G%
���5���
� 

����;1H*��9'�;�
�*+<,9'�=��/�%
G*�)�:��
� -0�-G�1�5�6+��;�o�����0
�(��
��,�=,
�)�:��
�1
��2

�<�-55F&;0�40G*� Zeolite (V%
+) ���*+,
� Sorption pump (�0
�) -0�k
7��	G�
� 

1�9�
�
��,*1
� Diaphragm pump 9'���	�57�
&	�����&
J 

Sorption pump ��:�*
I�+/0���
��
�	<	F&;0�40*
�
I	%�+���	49'�	<	V�&$	% 

;�o��
�����*5���;k9 aluminosilicate) V���&'�
�;�
����G*�

 -0�2<�5��14*+<,k
+(�2��*0<&�;�'+&9'�*+<,k
+(����;�
�FP&	��-�	�(�

F	+&'),*�(/%/0,*;+6�	%�+$�F��;1�;/0� 

Zeolite ;+6����0�	%�+$�F��;1�;/0� F&;0�40G*� Zeolite 

*
�
I$	%	' V���()%/0���
�G*��
�9�
(/%*
�
I/�H*$*9'�	��1�5$	%;��	�
�7�5-�,�-0�;�
�*+<,

+��7�2<�/0,*;+6�*+<, /0��1
��0,*+(/% Sorption pump 

�
9' 7�
&	��k
+(�/%*�F/0	1�*+<,9'���	�5���&
J 10

k
+(�/%*�F/0	$&,0	0�$�&
���,
�':-0%� �61�()%��55	<	*
�
IG*�/%*�*��F9�	��)��),�+-9� 

F	+�
�;�i	����<��:�*+,
�)%
Y;.H�*(/%7�
&	��7,*+Y2,
+;9$�(/%/%*�*��F9�	��)��	<	

;&H�*�
&
�2;�i	����<��:�$	%�4	5
� �61�9�
�
�0�
;0'+�)�:��
�=,
��2�
+.
�$�/%*�*��F9�	��

Introduction chamber (�/%*�*��F9�	��)���':�*�1
�1�()%0�
;0'+�)�:��
�=,
�1
�

/%*�F/0	$�/%*�9�
���;P*��-0%� +��&'-G�1�5 (Magnetic arm) 9'�;*
$�%1�5 M

;.H�*�0�5��
-/�,�506*� /�H*()%��
)�:��
�$�;G%
���5���
� Heat treatment (Pre

����;1H*��9'�;�
�*+<,9'�=��/�%
G*�)�:��
� -0�-G�1�5�6+��;�o�����0
�(��
��,�=,
�)�:��
�1
��2
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-0�k
7��	G�
� (G�
) 

9'���	�57�
&	�����&
J 60 Torr �
�

��:�*
I�+/0���
��
�	<	F&;0�40*
�
I	%�+���	49'�	<	V�&$	% (Porous 

&'�
�;�
����G*�F&;0�40	��

-0�2<�5��14*+<,k
+(�2��*0<&�;�'+&9'�*+<,k
+(����;�
�FP&	��-�	�(�

Zeolite 1��
&
�2	<	1�5

*
�
I$	%	' V���()%/0���
�G*��
�9�
(/%*
�
I/�H*$*9'�	��1�5$	%;��	�
�7�5-�,�-0�;�
�*+<,

Sorption pump 9�
�
���	�,*���;�o�

10-3 Torr  ;&H�*7�
&	��

k
+(�/%*�F/0	$&,0	0�$�&
���,
�':-0%� �61�()%��55	<	*
�
IG*�/%*�*��F9�	��)��),�+-9� 

F	+�
�;�i	����<��:�*+,
�)%
Y;.H�*(/%7�
&	��7,*+Y2,
+;9$�(/%/%*�*��F9�	��)��	<	**� �4	9%
+

;&H�*�
&
�2;�i	����<��:�$	%�4	5
� �61�9�
�
�0�
;0'+�)�:��
�=,
��2�
+.
�$�/%*�*��F9�	��

(�/%*�*��F9�	��)���':�*�1
�1�()%0�
;0'+�)�:��
�=,
�1
�

MO Block **�1
��2

Heat treatment (Pre-heat) ;.H�*G1�	

����;1H*��9'�;�
�*+<,9'�=��/�%
G*�)�:��
� -0�-G�1�5�6+��;�o�����0
�(��
��,�=,
�)�:��
�1
��2



 

 

7��-�� (��
/��5G�2,
+)�:��
���/�,
�/%*�F/0	-0�/%*�*��F9�	��)�

(��
/��5G�2,
+)�:��
���/�,
�/%*�*��F9�	��)��-0�/%*�9�
���;P*��

treatment ��:�1��0,
�F	+0�;*'+	(��,���
�;��'+&=��/�%
)�:��
���
/��5�0<�)�:�=0��

 ��55	<	*
�
Ik
+(�/%*��':;�o���55 

�':1�0%&;/0��6�,*;&H�*7�
&	��k
+(�/%*��':&'&
���,
9'���55	<	*
�
I1��
&
�2	<	**�$	% 7H*

���&
J 10-6 2�� 10-5 Torr 

1��%*�()% Diaphragm pump 

��55	<	*
�
IG*�/%*�G%
�Y���),�+	<	0�$�(/%2����	�59'��
&
�2;�i	�
�9�
�
�G*���55

pump -0� Titanium pump 

 3. Transfer chamber 

�0<� -0�+��;�o�9'�.��)�:��
�9'��*�


��5/%*��0<�-0�/%*�*��F9�	��)�� ��55	<	*
�
Ik
+(�/%*��':;�o���55;	'+���5/%*�*��F9�	��

)��-0�/%*��0<� V����
&
�2���

7�
&	��k
+(�/%*�9�
���;P*��(/%*+<,(���	�5���&
J 

Torr  

 k
+(�/%*��':&'-G�1�5*+<,

��
;G%
�<,/%*��0<� -0�()%+%
+��
-/�,�506*�5��2*'�	%�+

�<�9'� 3.4 -=�k
.*+,
��,
+k
+(�/%*��0<�G*�;7�H�*��0<�=0��-550�
F&;0�40

��
/��5G�2,
+)�:��
���/�,
�/%*�F/0	-0�/%*�*��F9�	��)��) 

��
/��5G�2,
+)�:��
���/�,
�/%*�*��F9�	��)��-0�/%*�9�
���;P*��) ��
/��5�
�9�
 

��:�1��0,
�F	+0�;*'+	(��,���
�;��'+&=��/�%
)�:��
���
/��5�0<�)�:�=0��

��55	<	*
�
Ik
+(�/%*��':;�o���55 Ion pump -0� Titanium pump

�':1�0%&;/0��6�,*;&H�*7�
&	��k
+(�/%*��':&'&
���,
9'���55	<	*
�
I1��
&
�2	<	**�$	% 7H*

Torr ��55	<	*
�
I1���	�
�9�
�
����;*�0� /
��%*��
�1�()%�
�(/&, �6

Diaphragm pump -0� Sorption pump 9�
�
�	<	*
�
I**�5
��,���,*

��55	<	*
�
IG*�/%*�G%
�Y���),�+	<	0�$�(/%2����	�59'��
&
�2;�i	�
�9�
�
�G*���55

Titanium pump 9'��i	���0�$�$	% 

Transfer chamber /%*�9�
���;P*��()%��
/��5�
��,�)�:��
�1
��27��9'��*�;G%
�<,/%*�

�0<� -0�+��;�o�9'�.��)�:��
�9'��*�
��0<� /�H*�*�
�9�
 Heat treatment 	%�+;.�
��,
;�o�/%*�9'���	

��5/%*��0<�-0�/%*�*��F9�	��)�� ��55	<	*
�
Ik
+(�/%*��':;�o���55;	'+���5/%*�*��F9�	��

)��-0�/%*��0<� V����
&
�2���

7�
&	��k
+(�/%*�9�
���;P*��(/%*+<,(���	�5���&
J 

k
+(�/%*��':&'-G�1�5*+<,*'� 1 -G�;.H�*;*
$�%1�5 MO Block 9'���	)�:��
�9'��%*��
�1�

��
;G%
�<,/%*��0<� -0�()%+%
+��
-/�,�506*�5��2*'�	%�+ 

-=�k
.*+,
��,
+k
+(�/%*��0<�G*�;7�H�*��0<�=0��-550�
F&;0�40

26 

) $��<,�27��9'��*� 

��
/��5�
�9�
 Heat 

��:�1��0,
�F	+0�;*'+	(��,���
�;��'+&=��/�%
)�:��
���
/��5�0<�)�:�=0�� 

Titanium pump V�����55	<	*
�
I

�':1�0%&;/0��6�,*;&H�*7�
&	��k
+(�/%*��':&'&
���,
9'���55	<	*
�
I1��
&
�2	<	**�$	% 7H*

��55	<	*
�
I1���	�
�9�
�
����;*�0� /
��%*��
�1�()%�
�(/&, �6

9�
�
�	<	*
�
I**�5
��,���,*� 1
���:��61�()%

��55	<	*
�
IG*�/%*�G%
�Y���),�+	<	0�$�(/%2����	�59'��
&
�2;�i	�
�9�
�
�G*���55 Ion 

/%*�9�
���;P*��()%��
/��5�
��,�)�:��
�1
��27��9'��*�;G%
�<,/%*�

	%�+;.�
��,
;�o�/%*�9'���	

��5/%*��0<�-0�/%*�*��F9�	��)�� ��55	<	*
�
Ik
+(�/%*��':;�o���55;	'+���5/%*�*��F9�	��

)��-0�/%*��0<� V����
&
�2���

7�
&	��k
+(�/%*�9�
���;P*��(/%*+<,(���	�5���&
J 10-9 

9'���	)�:��
�9'��%*��
�1�

 

-=�k
.*+,
��,
+k
+(�/%*��0<�G*�;7�H�*��0<�=0��-550�
F&;0�40 [3] 
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 4. Growth chamber /%*��0<�;�o�/%*�9'�()%9�
���5���
��0<�=0��	%�+0�
F&;0�40 1��2H*

�,
;�o�/��(1G*�;7�H�*��0<�=0��-550�
F&;0�40 �,������*5��
7�|k
+(�/%*��0<�	��-�	�(��<�

9'� 3.4 $	%-�, 

• -9,� Manipulator &'9'�(�,506*� V���&'*4���J���	-��	��$* (Ionization gauge) 

��	��:�*+<, -0�&' Heater $�%��
/��5���5*4J/k<&�)�:��
� -9,��':����,��9'���	��5 

MO Block 1��
&
�2/&4�$	% F	+G�5	%�+&*;�*��9'����57�
&;�6��*5�
�/&4�

$	%1
�-�Q�/&4� ;.H�*(/%)�:��
�$	%��50�
F&;0�40�&��
;�&*9�:�)�:��
� -0�-9,��':

+���
&
�2���5&4&$�$	%/0
+&4& ;.H�*()%(�/�%
9'��,
�Y ;),� &4&���&
J 160-

170° 7H*&4&��
/��5��
 MO Block ;G%
-**�1
�/%*��0<� &4& 224° 7H*&4&��
/��5

��	-��	��$* -0�&4& 330° 7H*&4&�0<�;�H�*�1
�)�:��
�1�/��/�%
;G%
�����
-/�,�

0�
F&;0�409'��0,*+**�&
1
�-�,0�;V00�.*	' 

• ��55	<	*
�
I**� ;�o���55 Ion pump -0� Titanium pump ;),�;	'+���5/%*�

*��F9�	��)��-0�/%*�9�
���;P*�� �,
����9'�/%*��':1�;�i	��55	<	*
�
I9�:��*�

�6;K.
�;&H�**+<,(��2
��.��;9,
��:� F	+(�GJ��0<���55 Titanium pump 

1��%*��i	$�%-0�;�i	(/%9�
�
�$	%;K.
� Ion pump ;9,
��:� 

• ��55���1��	-55��	��:�k
+(� (In-situ monitor system) &' Quadrupole mass 

spectrometer ;.H�*��;7�
�/�&�0G*�*�4k
7k
+(�/%*��0<� F	+�
&
�2;9'+5$	%

1
��
�
��,
&'�
�(	(�/%*��0<�5%
�1
�+*	 (Peak) G*���
P9'���
	7,
&�0

(�),��9'���:�$�% ;.�
�;7�H�*�1�5*�&
;�o�;0G&�0G*��
� -0�&' RHEED 

(Reflection High-Energy Electron Diffraction) ;.H�*	<0��
J�=��/�%
�
&;�0
1��� 

(/%�
&
�2��	�
&=0��/�,
��
��0<�$	%9��9' 

 /0���
��0<�=0��-550�
F&;0�40�
&
�2.�1
�J
$	%1
��<�9'� 3.4 )�:��
�9'���	*+<,��5 MO 

Block 1�&'&,
�)��;�*��/0�� (Main shutter) �i	*+<,;.H�*�Q*����=��/�%
)�:��
�$&,(/%&'*�4k
7;06	

0*	&
;�
�$	% $&,�,
&,
�)��;�*��G*�;V00� (Cell shutter) 1�;�i	/�H*�i	*+<,�6�
& ;V00�5��14�
�-�,

0�;V00� (Effusion cell) �61�&'&,
�)��;�*��G*�-�,0�;V00�-+�*�����,*��� V���/�%
9'�G*�&,
�)��

;�*��-+�+,*+G*�-�,0�;V00��':�6;*
$�%()%7�574&�
��0,*+0�
F&;0�40 (Molecular beam) G*��
�
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��:�Y /
�;�i	&,
�)��;�*��.�%*&���&
���,
/����;V00� �61�9�
(/%;��	;�o��
�=�&;),�;�i	&,
�)��

;�*��G*�;V00�*
��;V��� (As4) -�0;0'+& (Ga) -0�*��;	'+& (In) .�%*&��� �61�$	%;�o��
�����*5

*��;	'+&-�0;0'+&*
��;V$�	� (InGaAs) �,���
�7�574&���&
J�
�(�0�
F&;0�40��:�1�7�574&

	%�+�
����5*4J/k<&�;�
 (Crucible) G*�;V00�9'�9�
�
��0,*+0�
F&;0�40*+<, +���*4J/k<&��<� �
���:��6

1�2<��0,*+**�&
&
� *+,
�$��6�
& *���
;�6�(��
�;�0'�+�*4J/k<&�G*��
�-�,0�)��	�61�

-���,
����**�$� /
�;�o��
�=�& �
�7�574&*4J/k<&�G*�-�,0�;V00��61�;�o��
����5

*���
�,��G*��
�=�&��:�Y	%�+ V���;�o�������
7�|9'��%*�7�
���2��-0��%*�7�574&*+,
�-&,�+�
(��
�

�0<�)�:�-=,��
�0
+�
�
� (Cross-hatch substrate)  

        

�<�9'� 3.5 k
.1
��0%*�1409��I��-��*��*&-�	�=��/�%
G*�)�:��
�;	'+����;&H�*��	 (�) 9��9'

/0��1
��0<� -0� (G) ;&H�*�0,*+9�:�$�% 4 ;	H*� 

 )�:��
�9'��0<�;��61-0%��61�2<�0�
;0'+�+%*��0�5**�1
�/%*��0<� $�+��/%*�9�
���;P*�� 

/%*�*��F9�	��)�� -0�/%*�F/0	;.H�*��
**��<,�k
��k
+�*�(�9'��4	 )�:��
�9'��0<�-0%�5
�

)�:��
�*
11�9�
�������+
��5*
�
Ik
+�*� 	����:��%*�0�
;0'+�**�*+,
���&�	�����-0�;�65���



*+,
�	' /�H**
11��%*��'59�
�
���	0��
J��&5���(/%;�6�9'��4	;.H�*(/%;��	7�
&;�'+/
+�,*)�:��
�

�%*+9'��4	 ��
/��5�<�9'� 3.5 -�	�2���
�;��'+5;9'+5��/�,
�=��/�%
G*�)�:��
�;	'+����9'���	 (�) 

9��9'/0��1
��0<�;��61-0� (G) /0��1
�9�:�$�%k
+(��0,*�5��149'�*4J/k<&�/%*�;�o�;�0
���&
J 4 

;	H*� 1��;/6�$	%2��7�
&-���,
�G*�=��/�%
*+,
�)�	;1� 

3.1.2 ����E��P�21���E 1E2�4Q	<R� (in-situ) 

 �
��0<�F7����%
�5�)�:��
�	%�+;7�H�*��0<�)��	�': /0��1
�9'�$	%��
)�:��
�;G%
$�9'�/%*�

F/0	-0%�)�:��
�1�$&,��&=����55��+
�
Ik
+�*�*'� -0��4	9%
+;&H�*)�:��
�;G%
�<,/%*��0<� 
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=<%	�
;����
�1�$&,�
&
�2��5�<%�k
.G*�)�:��
���/�,
��0<�F7����%
�$	%	%�+�
 ;.�
��,
/%*�

�0<�;�o�/%*�9�5 $&,�
&
�2;/6�$	%1
�k
+�*� -0�-&%�,
;7�H�*��0<�=0��5
��4,�*
1&' Viewport 

-�,���5���
��
�;��	F7����%
�5�=��/�%
�6;�o�(���	�5)�:�G*�*��*&/�H*F&;0�40 1��$&,

�
&
�2;/6�$	%	%�+�
;�0,
*+<,	' ��55��	-55��	��:�k
+(�;7�H�*��0<�=0��-550�
F&;0�401��;�o�

������
7�|9'�1�9�
(/%9�
5�2
��
�J�k
+(�/%*��0<�(�GJ�	�
;����
�*+<, 9�:��
����;���
�J��
�

;��	F7����%
�5�=��/�%
 �
���	7,
7�
&	��$*-0��
�;��	7�
&=�	.0
	��/�,
�	�
;����
� 

 ��55���1��	-55��	��:�k
+(�;7�H�*��0<�=0��-550�
F&;0�409'���
7�|����*5	%�+ ;�1 

(Gauge) ��	-��	��$* (Flux) ��55���1��	=��/�%
	%�+ RHEED (Reflection High Energy 

Electron Diffraction), ��55��	&�0-0����&
J�
� QMS (Quadrupole Mass Spectrometer) 	��

�
+0�;*'+	�,*$��': 

3.1.2.1 !	��21�0	��412�/� (Flux measuring) 

 ;�1��	-��	��$*;�o�)��	 Ionization gauge V�����	��:�*+<,9'�-9,� Manipulator -�,*+<,&4&9'�

-���,
������5&4&9'�(�, MO Block 9�
(/%$&,�
&
�2��	-��	��$*9'�2<��%*���/�,
��0<�$	% 	����:�

�,*�9�
�
��0<�94�7��:�1���%*���	7,
-��	��$*G*��
�-�,0�)��	�,*� 

 �
�9'�()%��
/��5�0<�F7����%
�(��
�I��

&'*+<,�
&)��	7H* In, Ga -0� As �,*�9'�1�9�


�
��0<�F7����%
� �
�9�:��
&)��	�':�%*�=,
����5���
���	7,
-��	��$*(/%7�594�7,
 V�������9'�

7�574&$	%7H* *4J/k<&�;�
-0�&,
�)��;�*�� 	����:�;&H�*$	%-��	��$*9'���	&
-0%� �%*�5��9��7,


*4J/k<&�;�
9'��*	70%*����	%�+ �
���	-��	��$*&';�H�*�$G7H* In -0� Ga �%*�2<���	�,*� As 

;.�
��,
 In -0� Ga ��:�;&H�*;�i	-�i	&,
�)��;�*�� 7,
9'���	$	%1�;�0'�+�-�0�9��9' -�,��
/��5 As 

7,
9'�*,
�$	%1
�;�11�;�0'�+�-�0�/0��1
��
�;�i	-�i	)��;�*��)%
��,
�
��*�)��	-��&
� -0�

;&H�*�i	&,
�)��;�*��-0%� As 1�+��7%
�*+<,(�/%*��0<�*'���+�/���� ;�11��$&,�
&
�2-�	�=0�
�

;�0'�+�-�0�$��<,7,
-��	��$*1���9��9'$	%  

 ��
/��5 In -0� Ga �,*�;���&9�
�
���	-��	��$* �%*�9�
7�
&��*
	;V00��,*� (De-gas 

process) ;�H�*�1
�GJ�9'�$&,$	%&'�
�()%;7�H�*� $�F��;1�;/0�$&,$	%2<��Q*�;G%
�<,��55 9�
(/%

*�4k
7-0�����-�0��0*&9�:�/0
+9'�*+<,9'�=���/%*��0<�&'�
�/04	**�&
 *
11�$�;�
����*+<,9'�
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5��;�J),*��0,*+�
�$	% �
�9�
7�
&��*
	9�
$	%F	+;.��&*4J/k<&�;�
$�&
���,
7,
9'�&
�9'��4	9'�1�

()%*+<,���&
J 50°C ;),�/
�()% In �<��4	9'� 670°C 1��%*�;.��&*4J/k<&�;�
$�9'� 720°C ;.H�*9�
7�
&

��*
	;V00��,*� �
+0�;*'+		���0,
�1�2<�*N�5
+$�%(�/��G%* 3.1.3.1 

3.1.2.2 RHEED (Reflective High-Energy Electron Diffraction) 

 RHEED ;�o���55���1��	9'�()%/0���
���9%*� (Reflection) -0�;0':+�;5� (Diffraction) 

G*�*�;06���*�.0���
��<� (High-energy electron) ��55�':2<���	��:�k
+(�;7�H�*��0<�=0��-550�


F&;0�40;.H�*()%���;���2
��
�J�9'�=��/�%
)�:��
�GJ�	�
;����
��0<� -0�+��;�o�;7�H�*�&H*��
7�|

(��
���	;9'+5*���
�0<� (Growth rate calibration) *'�	%�+ 

 

�<�9'� 3.6 -=�=��-�	���55 RHEED [3] 

 ��55 RHEED ����*5	%�+���+��*�;06���*�.0���
��<� (High-energy electron gun) (�

��	�5 10-30 kV [27] -0�K
�P*�;P*�� (Phosphor screen) [28] ��+&()%9���;��Pi0
;&��� 

(Tungsten filament) ;�o�-/0,���
;��	*�;06���*�9'�G�:�7
F9	 (Cathode) ;.�
��,
9���;��&'7,
 

Work function ���
 *�;06���*�1��2<����	**�&
$	%�,
+ ;&H�**�;06���*�.4,�&
9'�)�:��
�9�
&4& θ (&'

7,
���&
J 1°-3°) 	��-�	�(��<�9'� 3.6 *�;06���*�1���9%*�-0�;0':+�;5�=,
�),*���/�,
����
5

G*�*��*&9'�=��/�%
G*�)�:��
� (*��*&9'�*+<,0����,
�':1�$&,&'=0��5 RHEED) -0��4	9%
+$���

���959'�K
�P*�;P*�� 9�
(/%K
�;�0,�-��**�&
;�o�k
.9'��H�*2���k
.=��/�%
G*�)�:��
�(�

GJ���:� [28] 

 k
.9'���
��5�K
���:�$&,$	%�H�*;�o��k
.=��/�%
9
��
+k
.**�&
F	+��� (Real 

space) -�,;�o�k
.9'��H�*7�
&/&
+F	+*%*& ;�H�*�1
�;�o�(�&����0�5 (Reciprocal space) k
.9'�;�o�
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�<�-55;K.
�G*� RHEED [28] V����%*��'7�
&/�H*;��'+5;9'+5�,*� 1��1�9�
5$	%�,
�k
.

=��/�%
;�o�*+,
�$� 	����:�GJ�	�
;����
��0<�F7����%
� =<%	�
;����
�1�
;�o��%*�9�
5�,
 RHEED 

pattern 9'�;/6���9%*�2���k
.=��/�%
9'�-9%1���*+,
�$�  

       

�<�9'� 3.7 RHEED pattern (�) =��/�%
 GaAs 9'�;�'+5 (G) =��/�%
G*�-=,��
� GaAs /0�� De-ox 

-0� (7) =��/�%
G*� InAs 7�*���&	*�5�-=,��
� GaAs 

 RHEED pattern 9'�&'���F+)��&
�9'��4	�,*�
��0<�=0��$	%-�, (�) Streaky pattern (��<�9'� 

3.7 (�) V����H�*2��=��/�%
GJ���:�;�o� GaAs 9'�;�'+5, Pattern (��<�9'� 3.7 (G) -�	�2�� pattern 9'�;���&

;��	G�:�;&H�*=��/�%
&'*4J/k<&� 580°C V����67H**4J/k<&�;9'+5;9,
1
� Tde-ox ����;*� pattern �':��
��

;.'+�7��:�;	'+� ;&H�*9�
�
��05	%�+ GaAs -0%�1�$&,��
��G�:�&
*'� -0� (7) Spotty pattern (��<�9'� 

3.7 (7) V����H�*2��=��/�%
9'�$&,;�'+5 ;��	;�o�;�
��
&&��� -0�&' Chevron [1] -�	�2���
�&'*+<,G*�

7�*���&	*�5�=��/�%
 =<%9'�	�
;����
��0<�;�o����1�
1�
;�o��%*�74%�;7+��5 pattern ;/0,
�':

;.H�*9'�1��
&
�2��	�
&=0�
��0<�$	%9��9' 

 

�<�9'� 3.8 (V%
+) Specular beam (G�
) ��
-/�,�G*� Specular beam 5� RHEED screen ;&H�*0�


*�;06���*�+��&
9
�9�I [1-10] 
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 ���F+)��G*� RHEED �*�1
��
&
�2()%5*��2
��G*�Pi0�&5�=��$	%-0%�+���
&
�2

()%(��
����5;9'+5*���
�0<� (Growth rate calibration) $	%	%�+ [29] F	+�
����;���
�����G*�

7�
&;G%&G*� RHEED (RHEED intensity oscillation) V���;�o��
����;��7�
&;�0'�+�-�0�G*�

7�
&;G%&G*� RHEED �����
-/�,� Specular beam 	��-�	�(��<�9'� 3.8 ;�H�*�1
� Specular beam 

;�o�0�
9'�&
1
��
���9%*�0�
*�;06���*�F	+��� 	����:�7�
&;G%&9'���
-/�,� Specular beam 1��

-�	�2��7�
&;�'+5G*�=����9%*� 7H* 7�
&��,
�G*� Specular beam &
� /&
+2��=��&'7�
&;�'+5

&
�����;*�  

 

�<�9'� 3.9 7�
&��&.��N�G*�0��
J�=��/�%
-0� RHEED oscillation (a) �
��,*���G*� GaAs 5� 

GaAs (001) 1 ML 1
� A $� E (b) �
�����G*�7�
&��,
�G*� Specular beam (00) GJ�9�
�
�

�0<� GaAs 5�-=,��
� GaAs (100) (c) 7�
&��,
�G*� Specular beam ��5�
��,*���                

G*�=0��(� (a) [29] 

 �
����5;9'+5*���
�0<�G*� GaAs 5�-=,��
� GaAs (001) ()%/0���
�G%
��%�9'��0,
�$�% 

7H*�
����;���
�����G*�7�
&;G%&G*� Specular beam ;���&�%�	%�+-=,��
���:��%� GaAs 9'�;�'+5	��

-�	�(��<�9'� 3.9 (a) (14	 A) 7�
&;G%&G*� Specular beam 1��<�9'��4		��-�	�(��<�9'� 3.9 (c) (14	 

A) ;&H�*;���&(/% GaAs �,*���G�:�5�-=,��
�	���0,
� 1
� GaAs 9'��,*���G�:�*+,
��,*;�H�*� 9�
(/%

=��/�%
GJ�9'� GaAs ��
0���,*���-�,+��$&,;�6&-=,���:�$&,;�'+5	��-�	�(��<�9'� 3.9 (a) (14	 B, C -0� 

D �
&0�
	�5) ;�H�*�1
�=����9%*�$&,;�'+5 Specular beam 1�;G%&�%*+0� ;.�
��,
&' Diffusion &
�
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1
�=��/�%
9'�G�4G�� 	��-�	�(��<�9'� 3.9 (c) (14	 B, C -0� D �
&0�
	�5) ;&H�* GaAs ;�
�1�;�6&

-=,� 9�
(/%=��/�%
�0�5&
;�'+5;/&H*�;	�&*'�7��:� Specular beam �61��0�5&
;G%&*'�7��:� -�	��,


$	%&'�
��,*���G*� GaAs 7�5 1 ML .*	' 	����:�/
�9�
�
�1�5;�0
-0���51�
����*5G*��
�����

G*�7�
&;G%& 1�9�
(/%�
&
�2/
7,
*���
�0<�(�/�,�+ ML/s $	% *+,
�$��6�
&���F+)��G*� 

RHEED �,*�
����5;9'+5*���
�0<�G*� InAs 5� GaAs ��:�+���
&
�29�
$	%;),���� ;.'+�-�,1�()%

��N'�
����5;9'+5F	+�
�1�5;�0
�
�;��	 Spotty pattern -9��
����;��1
��
�����G*�7�
&;G%&

G*� Specular beam 

3.1.2.3 Quadrupole mass spectrometer 

 Quadrupole mass spectrometer /�H*;7�H�*���;7�
�/�&�0 9�
(/%9�
5$	%9��9'�,
&'�
�(	*+<,

k
+(�/%*��0<�5%
� ((��2
����
V) 	����:�;&H�*&'*�4k
7G*��
�9'�$&,�%*��
� ;),� Oxide /�H* �
�

*H��9'�*+<,(�;5%
����**�&
 �61��
&
�29�
5$	%9��9' -0�	�
;����
�-�%$G�,*$�  

 	%
�(��
�9�
�
�G*�;7�H�*���;7�
�/�&�0&' Quadrupole mass analyzer 	��-�	�(��<�9'� 

3.10 ����*5$�	%�+-9,�F0/�9'��
�/,
����-0�G�
�V������-0�����'�-9,� (Quadrupole) F	+1�

1,
+-��	��$P;�o�70H��7�
&2'���9+4 (R.F. Voltage) G'�$�5� (Superimpose) ��||
J���-����9�


(/%;��	�
�����G*���
&$PPQ
(�),*��,
���/�,
�-9,�F0/�9�:��'� ;&H�*&'*�4k
7=,
�;G%
&
 1�;��	�
�

�����
&��
&$PPQ
9'�����1
�-9,�9�:��'�	%�+7,
 Mass-to-charge ratio 9'��,
���� *�4k
79'�����;G%
��5

7�
&2'�9'�()%$	%*+,
�&';�2'+�k
.;9,
��:�9'�1��
&
�2;	��9
�.%�1
�-9,�9�:��'����$��<, Detector $	% 

*�4k
7*H��Y�*�;/�H*1
��':1�����*+,
�$&,&';�2'+�k
.-0�;�%�9
�1�$&,���$��<, Detector 

 

�<�9'� 3.10 -=�k
.�
�9�
�
�G*� Quadrupole mass analyzer [30]  

Ion penetrating path 
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 �
�;�0'�+�7�
&2'�G*�-��	��9'�1,
+$�*+,
��,*;�H�*� &'=0(/%&�0G*�*�4k
79'��
&
�2

;	��9
�;06	0*	 Quadrupole $��<, Detector $	%;�0'�+�-�0�$�	%�+ 	����:�/
���
=0�
����11�5

	%�+ Detector &
;�o�-����:� (Y-axis) -0�7,
&�0 (9'�/
$	%1
� Mass-to-charge ratio) V�����&.��N�

��57,
7�
&2'�G*�-��	��&
;�o�-���*� (X-axis) �4	9%
+�61�$	%;�o�=0�
����11�5&�0-55

��
	G�:�9
�1*-�	�=0 14	+*	 J 7,
&�0�,
�Y �
&
�2)':$	%�,
(�/%*��0<�&'*�7�����*5G*�

�
�(	*+<, ;),� 2%
7,
+*	*+<,9'� 28 /&
+7�
&�,
&' CO (Carbonmonoxide) /�H*7,
+*	9'� 75 

/&
+7�
&�,
&' As4 

3.1.3 !�����!	�L��! 

 ���5���
��0<�9'�1��0,
�2��(�/��G%*�':7�*5704&��:�-�,�
�;��'+&)�:��
��,*�9'�1�;G%
�<,

/%*��0<� �
�;��'+&=��/�%
(/%;�'+5(�/%*��0<� ���9���;��61��:����5���
��0<� G�:��*��,
�Y

��/�,
�	�
;����
��0<�7��9�
	%�+7�
&��&�	����� ;.�
�/
�&'7�
&=�	.0
	;��	G�:� 7�
&-&,�+�


G*�7,
���-���,
�Y9'�()%(��
��0<� ;),� *4J/k<&�;�
 -��	��$* �0� 1����
0� -0�9�
(/%=09'�$	%

70
	;70H�*� �*�1
��':+��*
19�
(/%;��	*45���;/�4��5=<%	�
;����
�$	% /
�&'�
�.�
����$/0**�&
 

/�H*;7�H�*��0<�=0��*
1&'7�
&;�'+/
+$	% 

3.1.3.1 !	��E��<�5 �X��	 

 �,*�)�:��
�1�;G%
�<,/%*��0<� 1��%*�=,
����5���
��
���
1�	*�4k
7����-�0��0*&

�,
�Y -0�$*�:�
�,*� ;.H�*(/%$	%=��/�%
)�:��
�9'�&'74Jk
.-0�&'7�
&5���49N�O ���5���
�-��9'�

1��%*�9�
�,*��67H*�
�9�
 Pre-heat /�H* Heat treatment J /%*�*��F9�	��)�� 
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�<�9'� 3.11 Profile G*�F��-��&*��F�&���G*����5���
� Heat treatment (Pre-heat) 

 �
�9�
 Heat treatment ��:�1�&'�<�-55�
����5*4J/k<&��
&�<�9'� 3.11 V���*4���J�7�574&

*4J/k<&��':��	��:�*+<,/%*�*��F9�	��)�� �,*�9'�1�;���&9�
 Heat treatment �%*�-�,(1�,*��,
7�
&	��

k
+(�/%*�*��F9�	��)��*+<,���
��,
/�H*;9,
��5 5 x 10-8 Torr ;.H�*�Q*�����
�0%&;/0�G*���55	<	

*
�
I**�;&H�*	�
;����
��
�9�
 Heat treatment $�-0%� ;&H�*7�
&	�����;�H�*�$G-0%� �6;���&

F��-��&*��F�&���F	+;���&G�:�1
�*4J/k<&���:��%�9'� 30°C -0�()%;�0
 1 )���F&�(��
�;.��&*4J/k<&�

G�:�*+,
��&��
;�&*	%�+*���
�
�;.��&7�9'� $�/+4	9'�*4J/k<&��<��4	 7H* 450°C -0�7%
�9'�7,
�':;�o�;�0
 

1 )���F&� /0��1
���:��69�
�
�0	*4J/k<&�0��0�5�<,*4J/k<&����� 	%�+;�0
-0�*���
9'�;9,
��5�*�9'�

;.��& ;&H�*=,
����5���
��':$�-0%� ����-�0��0*&9'�=��/�%
G*�)�:��
�1�/04	**� 9�:�$*�:�
 -0�

*�4k
7�,
�Y9'�;�o������0*&�� -0%�����-�0��0*&9'�/04	**�&
�62<�	<	**�$�	%�+��55	<	

*
�
Ik
+(�/%*�*��F9�	��)��9'�9�
�
��0*	;�0
 *+,
�$��6�
&)�:��
�9'�=,
����5���
��':1�+��

$&,�
&
�2��
1�	 Oxide **�$�1
�=��/�%
$	% V���1��%*�=,
����5���
� De-ox (Oxide 

Desorption) (�/%*��0<�V���;�o����5���
���
1�	 Oxide �,*��0<�F7����%
�9'��%*��
� -�,�,*�9�


�
� De-ox 1��%*�9�
�
� De-gas ;V00��,*� 
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�<�9'� 3.12 Profile G*����5���
� De-gas ;V00� In -0� Ga 

 ���5���
� De-gas ;�o��
�9�
7�
&��*
	;V00�;.H�*(/%*�4k
7���������/04	**�$�

�,*�9'�1�()%�
�;V00���:�Y F	+ Profile G*��
� De-gas ;V00� In -0� Ga (�0,
�;K.
�9'�()%(��
�

�0<�)�:��
���
/��5I��

k
+(���9+
��.�N�K5�5�':) 2<�-�	�(��<�9'� 3.12 F	+(�),��;�0
 A 

;V00�9�:��*�2<��i	*+<, -0�*4J/k<&�*+<,9'�*4J/k<&�;�65���

 ),���':1�;�o�),��9'�&'�
��0,*+

$�F��;1�;/0�;G%
�<,��55;.H�*0	*4J/k<&�=���-0��,���,
�Yk
+(�/%*��0<� 9�
(/%*�4k
7�,
�Y

$&,/04	**�&
;&H�*;V00�-�,0�),*�2<�;.��&*4J/k<&� ),��;�0
 B 1�;���&;�i	&,
�)��;�*��G*�;V00�-0�

;���&;.��&*4J/k<&�G�:�;�H�*+Y	%�+*���
 30°C/min $�1�&
���,
7,
�<��4	9'�1�()%1��� 50°C �,*&
9'�

),��;�0
 C 9�:�$�%���&
J 10 �
9';.H�*(/%*�4k
7-�0��0*&�,
�Y/04	**� 1
���:��60	*4J/k<&�

0��<,7,
9'��%*��
�()% -0��i	&,
�)��;�*��G*�;V00�0� -0%���	-��	��$*G*�*���
�0<�9'�()%94�7,


G*� In -0� Ga �,*��
� De-ox 



37 
 

 

 

�<�9'� 3.13 Profile G*����5���
� De-ox 9'���&G�:��*��
���	-��	��$*G*� As4 	%�+ 

 ���5���
� De-ox (�/%*��0<� ;���&1
��
�(�, MO Block 9'���	)�:��
�-0%� ;G%
9'�-9,�

��
/��5(�,50�*� 9�
�
� De-gas ;V00�9'�1�()%(��
��0<�F7����%
�-0�9�
�
���	-��	��$*��
/��5

�
��0<�94�7,
 ��&9�:� As4 	��9'�*N�5
+$�G%
��%� 1
���:��
&
�2;���&���5���
� De-ox $	%;0+

;.�
��,
�,*�1�9�
�
� De-ox )�:��
�1�2<�(/%7�
&�%*��<����&
J 600°C (*4J/k<&�;9'+5;9,
9'�

=��/�%
 V���1�-���,
�1
�9'���	$	%1
�7<,7�57�
&�%*� (Thermocouple)) /
�$&,9�
(/%

�k
.-�	0%*&5��;�J��:�&'$* As4 �	$�% =��/�%
G*�)�:��
�1�;�'+/
+1
��
�/04	**�G*� As 

$***� ;&H�*;�i	&,
�)��;�*��G*�;V00� As 7,
7�
&	��$*1�$&,G�:��<,7,
()%�
�9��9' -�,1�G�:�)%
��,


;V00� In -0� Ga ��&9�:�;�0
�i	&,
�)��;�*��G*�;V00�-0%� $*G*� As4 �61�+��P4Q�*+<,k
+(�/%*�

�0<�*+<,��+�/���� �'�;�o�;/�4=09'� As4 2<���	-��	��$*;�o�*��	�5�4	9%
+ -0�	%�+G%*1�
��		%
�*���


�
�;.��&*4J/k<&�1
�*4J/k<&�;�65���

 (Stand-by temperature) G*�;V00� As4 9'�*���
 5°C/min 

(;9'+5��5 30°C/min G*� In -0� Ga) ;.H�*;�o��
����/+�	;�0
 1��$	%��&;*
���5���
���	

-��	��$* As4 7�57<,$���5���5���
� De-ox 

 �<�9'� 3.13 -�	�(/%;/6�2�� Profile G*��
�;.��&*4J/k<&�G*�)�:��
�1
�*4J/k<&�;�65���

9'� 

100°C $�1�2�� 300°C ���14	�':1�9�
�
�/+4	F��-��&)���7�
� (Hold) ;.H�*��	-��	��$* BEP 

(Beam Equivalent Pressure) As4 V���1��%*�&'7,
��/�,
� 15 2�� 25 ;9,
G*�7,
-��	��$*9'�&
�9'��4	
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G*�0�
F&;0�40G*�N
�4/&<, III (9�:� In -0� Ga ��&���) F	+-��	��$*G*� Ga �<��4	1�;��	(�GJ�

9�
�
��0<�)�:� Buffer 9'�*���
 0.6 ML/s 	����:�-��	��$*G*� As4 9'���	$	%1���%*�&'7,
*%
�*��1
�

*���
�0<� GaAs buffer 94�7��:� /0��1
��':�6(/%;�i	&,
�)��;�*��G*�;V00�G*� As4 9�:�$�%�0*	1�

15�
��0<� *��;�H�*�&
1
�)�:��
���/�,
�9�
�
��0<�&'*4J/k<&��<�&
�/
�$&,&' As4 *+<,(�

5��+
�
I�0*	;�0
 &'F*�
�;��	;/�4�
�J�9'� As-3 k
+(�=0�� GaAs G*��
���:��%� (-=,��
�) 

/04	��;/+**�&
1
�=��/�%
;�o� As4 9�
(/%=0�� GaAs 9'�=��/�%
;�'+/
+ ;��	;�o��Q
9'�=��/�%
 

�
&
�2;/6�$	%	%�+�
;�0,
;&H�*��
)�:��
�**�&
 ;�'+�0��
J�=��/�%
	���0,
��,
 Gallium rich 

[28,31]  ;&H�*;.��&*4J/k<&�G�:�$�;��� 500°C �6(/%;���&0	*���
�
�;.��&*4J/k<&�0�;.H�*1�$	%�
&
�2/


*4J/k<&�*%
�*��G*� Tde-ox (Oxide Desorption Temperature) $	%9�� (;9'+5;9,
*4J/k<&�=��/�%
9'� 

580°C) 1
���:�(/%;.��&*4J/k<&�$��,*1
�7,
 Tde-ox *'����&
J 30°C -0%�9�:�*4J/k<&�7%
�$�%9'�7,


	���0,
����&
J 15-20 �
9' ;�Q
�*1����9������&
J CO 0	0�1����9���*��&���9'�7,
.H:�/0�� F	+

���1	<$	%1
� QMS 9'�7,
14	+*	 28 V������&
J CO 9'���	$	%��:�5,�5*�2�����&
J Oxide k
+(�

/%*��0<�9�:�/&	 V����6��&$�2��9'�/04	**�&
1
�=��/�%
)�:��
�	%�+;),���� ;&H�*=��/�%
&'���&
J 

Oxide 0	0�1�-951�$&,;/0H*-0%� (���1	<$	%1
� QMS ;),����) �6(/%9�
�
�0	*4J/k<&��0�5&
9'�

7,
   Tde-ox ;.H�*;��'+&9�
�
��0<�)�:� Buffer layer (�G�:��,*$� 

 9'��%*�/
*4J/k<&�;9'+5;9,
=��/�%
��:� �6;.�
��,
9'�=��/�%
;�o�5��;�JG*�)�:��
�9'�;��	�
�

�0<�)�:�=0�� V���*4J/k<&�=��/�%
1�&'=0&
��,*;�0
�0<�)�:�9'�&' In ;�H�*�1
� In 1�/04	**�1
�

=��/�%
;�6���,
 Ga 9'�*4J/k<&�;9,
��� 	����:�1��&'���5���
�9'�()%*%
�*��*4J/k<&�=��/�%
��5*4J/k<&�

9'�$	%1
�7<,7�5*4J/k<&� (Thermocouple) ��/�,
��
��0<�2�� 2 7��:� 7H*�*�/
 Tde-ox 1�;9'+5;9,


*4J/k<&�=��/�%
9'� 580°C -0��*�/
 Pattern Transition *4J/k<&� Ttrans ;9'+5;9,
9'�=��/�%
;�o� 

500°C 

 /0��1
�=,
����5���
� De-ox -0%�-0� Oxide **�1
�=��/�%
)�:��
�1�=��/�%
&'

���&
J Oxide 0	0�$�&
� -�,�,
=��/�%
GJ��':1�+��$&,;�'+5;.�
��,
9'�*4J/k<&��<���,
 Tdeox 

=��/�%
1�;��	7�
&;�'+/
+5
��,�� 9�
(/%$&,;�'+5 	����:�;.H�*(/%$	%=��/�%
9'�;�'+5 �%*�9�
�
��0<�

)�:� Buffer 9�5�,*� V��� Buffer �67H*)�:��059�59'�;�o��
�)��	;	'+���5-=,��
� �67H*�
��0<� GaAs 

0�5�-=,��
� GaAs F	+9'�)�:��
�9'��0<�k
+(�%��9+
��.�N�K5�5�':94�)�:� &')�:� Buffer /�
 300 

nm 9'��0<�9'�*4J/k<&�=��/�%
 580°C (;9,
��5 Tde-ox)  
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�<�9'� 3.14 -=�k
.-�	� RHEED pattern J *4J/k<&� T1-T4 ��
/��5�
�/
 Ttrans 

 *4J/k<&�=��/�%
G*�)�:��
�9'���		%�+7<,7�57�
&�%*�$&,�
&
�2()%��54;�o�*4J/k<&�1���9'�

=��/�%
 J GJ���:�$	% 	��9'��0,
�$�%G%
��%� Tdeox 9'�/
(�G�:��*�9'�=,
�&
;*
$�%;9'+5;9,
��5*4J/k<&�

=��/�%
9'� 580°C ��
/��5*4J/k<&�*'�7,
9'�()%;9'+5;9,
��5*4J/k<&�1���9'�=��/�%
7H* Ttrans (Transition 

temperature) V���1�;9'+5;9,
��5 500°C G�:��*��
�/
 Ttrans 1�-9��*+<,��/�,
��
��0<�)�:� Buffer 

F	+(/%9�
�
�-5,� Buffer ;�o��*�),�� (/�H*�
&),��/
�&'�
����5;9'+5*���
�0<�	%�+) Buffer 

),��-�� (150 nm) 1�()%�059�5=��/�%
/0��1
����5���
� De-ox (/%;�'+5�,*� 1
���:�(/%;���&9�


�
�/
 Ttrans F	+���;���k
.=��/�%
1
� RHEED pattern 7,*+Y0	-0�;.��&*4J/k<&�1�;���&;/6��
�

;�0'�+�-�0� RHEED pattern �
&0�
	�5(��<�9'� 3.14 1
���:���
7,
 T1-T4 &
/
7,
;K0'�+ ;�o�7,
 Ttrans 

(�9'��4	 �4	9%
+�,*�$��<,G�:��*��,*$�(��
��0<�F7����%
� =��/�%
1�2<��05	%�+)�:� Buffer *'�

7��:�/���� (150 nm) ;.H�*(/%$	%=��/�%
 GaAs 9'�;�'+5 

3.1.3.2 !	�L��!Y2��5�6! 

 )�:�=0��9'�;��	G�:�1
��
��0<�F7����%
�	%�+;7�H�*��0<�=0��-550�
F&;0�40(���9+
��.�N�

K5�5�':;�%�$�9'��
�����*5/&<, III-V �
&)��	 7H* Ga, In -0� As V����
&
�2��%
�;�o�)�:�

�
�����*5 GaAs, InAs, -0� InGaAs $	% F	+1�1�
-��**�;�o��04,&1
�0��
J��
�;��	)�:�=0��

$	% 4 �04,&$	%-�, �) )�:�=0��-55�%*�=0�� G) )�:�7�*���&	*� 7) )�:�0
+�
�
� -0� �) )�:��059�5 

	���
+0�;*'+	�,*$��': 

(    ) 
Time 
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!. Y2��5�6!���!���5�6! 

 )�:�=0��-55�%*�=0�� (Bulk) ;�o�)�:�=0��9'�&'7�
&/�
-0�&'�
��,*���;�o�F7��=0��9'�

(/|, )�:� Buffer G*� GaAs 5�-=,��
� GaAs �
&
�21�	*+<,(�1�
.���%*�=0��$	% ;�H�*�1
�&'

7�
&/�
2�� 300 nm )�:�9'��0<�1��&'74J�&5���;/&H*���5�%*�=0�� GaAs �
��0<�)�:� Buffer G*� 

GaAs 5�-=,��
� GaAs 9�
$	%F	+�
��0,*+$*G*� Ga **�1
�;V00� k
+(�%5��+
�
IG*� As4 

;�H�*�1
����5���
�;��	k
+(�%5��+
�
IG*� As4 9'�=��/�%
G*�)�:��
�1�2<��		%�+ As4 ;�o�

;�&H*�)�:�5��4	G*�=��/�%
GJ���:� ;&H�* Ga 9'��0,*+&
1
�;V00�&
2��=��/�%
)�:��
� �61�;��	

.��N����;�o� GaAs (/&,;�
���5=0�� GaAs ;	�&5�-=,��
� *+,
�$��6�
& 	%�+ Mean free path 9'�

&
� 9�
(/%$*�
�9'��0,*+**�&
�����1�$&,9�
�������+
���1���,
1�2��=��/�%
G*�)�:��
� V���/
�

*�4k
7+��7�&'.0���
��<�*+<,�61�����$�)���5*��*&/�H*F&;0�40*H��Y5�=��/�%
$	%*'� 1���,
1�

/+4	-0�;�
�������;�o�=0��  

3. Y2������E2�1�E 

 )�:�7�*���&	*��
&
�2;��	G�:�5�=��/�%
9'�9�
�
��0<�$	%	%�+�
���
/�	;�H�*�$G�
�

�0<�9'�9�
(/% ε -0� H *+<,(�),�� SK1 /�H* SK2 �
&-=�k
.�k
���&	40(��<�9'� 2.1 V���(�9'��':1�

(/%7�
&��
7�|��5�<�-55�
�;��	)�:�7�*���&	*�(�F/&	 SK1 

 �
�;��	7�*���&	*�-55 SK1 �%*�&' Wetting layer /�
���&
J/�����,*� 7�*���&	*�

1��7,*+;���&�,*����
&G�:�&
 [1] (�-�,0�;�H�*�$G�
��0<�-�,0�7��:� 1�&'7�
&/�
G*� Wetting 

layer 9'�-�,�*�9'�;�o�G*5;G��,*�9'�1�;��	�
��,*���;�o�7�*���&	*� ���5���
�9�:�/&	

�
&
�2�'7�
&$	%1
�k
.5� RHEED screen  

           

�<�9'� 3.15 k
.1
� RHEED screen GJ��0<�7�*���&	*� InAs 5�-=,��
�0
+�
�
� 

In0.15Ga0.85As/GaAs (a) ;&H�*;���&;��	7�*���&	*� (b) ;��	7�*���&	*�-0%� (c) Chevron pattern 
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 �
����;��4�
�;��	7�*���&	*�5�0
+�
�
� InGaAs/GaAs -0�5�-=,��
� GaAs ��:�

70%
+��� 7H*(/%���;��4�
�;�0'�+�-�0� RHEED pattern 1
� Streaky pattern $�;�o� Spotty pattern 

F	+14	9'�5*��,
7�*���&	*���
0���,*���G�:�&
7H*(��<�9'� 3.15 (a) ���9'�0<�I�)': V���*+<,(�-��

;	'+���5 Specular beam 1�;���&&'14	��,
�G�:�&
 -�	��,
7�*���&	*�;���&;��	5%
�5�=��/�%
)�:��
�

-0%� /
��0<�7�*���&	*��,*$� 7�*���&	*�1�&'G�
	(/|,G�:�-0����&
J;.��&G�:�V���&'=0�,*

0��
J� RHEED pattern ��&G*�=��/�%
GJ���:�&
�G�:�(��<�9'� 3.15 (b) -0� Chevron pattern 1�

G�:�)�		��(��<�9'� 3.15 (c) -�	�2���
�&'7�*���&	*�*+<,&
�5�=��/�%
 *+,
�$��6�
&�
����;��4

0��
J�G*� Chevron pattern +���
&
�25*�2��0��
J�9
��
+k
.G*�7�*���&	*�$	%	%�+&4&

/�%
1���G*� Chevron pattern 	��-�	�(��<�9'� 3.16 [32,33] 

 

�<�9'� 3.16 7�
&��&.��N�G*� Chevron pattern �,*0��
J�9
��
+k
.G*�7�*���&	*� [33]  

 7�*���&	*�9'��0<�(��
�9	0*�k
+(�%/��G%*��9+
��.�N�K5�5�': ;�o�7�*���&	*� 

InAs 9�:�/&	 -�,	%�+)�:�9'�;�o��
�-���,
���� &'=09�
(/%7�
&/�
;9'+5;9,
G*� InAs &'7�
&

;�0'�+�-�0� /
��0<�)�:�7�*���&	*� InAs 0�5�-=,��
� GaAs N��&	
 1��%*��0<�	%�+7�
&

/�
;9'+5;9,
 ~1.8 ML [1] 1��1�;��	7�*���&	*� -�,/
��0<�5�-=,��
�0
+�
�
� In0.15Ga0.85As 

/�
 50 nm 1��%*��0<�;.'+�-7,7�
&/�
;9'+5;9,
 ~0.9 ML [3] ;9,
��:� 
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�. Y2���	<E	�	4 

 )�:�0
+�
�
� (Cross-hatch layer) ;�o�)�:�9'�;��	1
��
��0<�)�:�=0��V���&'7,
7�9'�=0��

-���,
�1
��
�9'�;�o�-=,��
���:��%� (Substrate) $&,&
� F	+7,
G*� ε *+<,(�G*5;G�9'�9�
(/%;��	

;�o�)�:�=0��-55�*�&��� /�H*�<�-55 FM 	����:�)�:�=0��9'�;��	G�:�1��+��7��<�;�o�)�:�=0��-55�*�

&���*+<,;/&H*�;	�&  

 7�
&;7�'+	9'�;��	1
��
�;�
����	%�+7,
7�9'�=0��9'��,
����$&,&
� -&%�,
1�$&,.*9'�9�
(/%

;��	;�
��
&&���$	% -�,�,
7�
&;7�'+	(�)�:�=0��9'����&&
�G�:��
&7�
&/�
9'�;.��&G�:� ;�o�=0(/%

=0��;��	 Dislocation ;.H�*0	7�
&;7�'+	���& F	+��
/��5=0������<0 Zincblend 1�;��	 

Dislocation �,
+9'��4	(�9�I [1-10] -0� [110] ;�o��%�;/�4G*��
�;��	0
+�
�
� 	���
+0�;*'+	(�

599'� 2  

 ���5���
��0<�)�:�0
+�
�
�G*� InGaAs 5� GaAs ()%��N'�
�;�i	&,
�)��;�*��G*�;V00� 

In -0� Ga .�%*&���k
+(�%5��+
�
IG*� As4 9�
(/%;��	;�o�)�:� InGaAs G�:�&
 -�,*���
�,��G*� 

In $&,7��&'7,
&
�;���7,
���s��7,
/����7H* 20 % V���1�9�
(/%)�:� InGaAs $&,;��	*+<,k
+(�%;�H�*�$G 

Low lattice mismatch V���&' ε < 1.5 % [24] 

 ;&H�*$	%7�
&/�
�
&9'��%*��
�-0%� (1
��
�7�
��J) (/%�i	&,
�)��;�*��G*�;V00� In -0� 

Ga 9��9' �,�� As (/%;�i	9�:�$�%�
&���� �61�$	%=��/�%
9'�;�o�)�:�0
+�
�
��
&9'�7�
��J$�% 

 �
����;��4)�:�0
+�
�
�	%�+�
�	< RHEED screen .5�,
&'7�
&-���,
�1
� Streaky 

pattern G*� GaAs 9'�;�'+5$&,&
���� -0�;�H�*�1
��
��0<�)�:�0
+�
�
��%*�7�
��J7�
&/�
-0�

;�0
�
�;�i	&,
�)��;�*��G*�;V00� In -0� Ga $�%-�,�*�-0%� 	����:��
����;��4 RHEED G*�-=,�

�
�0
+�
�
�1��$&,&'��+��
7�|;9,
��5�*��0<�7�*���&	*� 

 �
����5-�,�)�:�0
+�
�
��
&
�2���9�
$	%/0
+��N' ;),��
����5*���
�,�� In / Ga [3], 

7�
&/�
 [3], -0�*4J/k<&�-=,��
�GJ��0<�)�:�0
+�
�
� [12,16] =0�
����5-�,�1�*N�5
+(�

599'� 4 
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4. Y2��!���2� 

 )�:��059�5 (Capping layer) 2<�()%;.H�*14	�����7��*�*+,
�7H* ;.H�*�059�5)�:�5��4	G*�

F7����%
�;.H�*��
1�	�2
��9'�=�� (Surface states) V���70%
+��5��5	�� (Trap) 9'�9�
(/%;��	�
���&���

G*�.
/�-55$&,;�0,�-�� (Non-radiative recombination) 	����:�)�:��059�51��1�
;�o���
/��5

)�:��
�9'��%*��
��0<�;.H�*��	=0�
�;�0,�-�� *'�14	�����7�/����7H*()%��%
� Nanohole ��
/��5;�o� 

Template (��
��0<�F7����%
�9'�V�5V%*�G�:� ;),�F7����%
�7�*���&	*�/�
-�,��<� (High 

density quantum dots) /�H*7�*���&	*�F&;0�40 (Quantum dots molecule) [9,34] ;�o��%� 

       

�<�9'� 3.17 �
��059�5-555
���
/��5�0<�F7����%
�7�*���&	*�7�
&/�
-�,��<� (a) �059�5

-555
�-0��0<�V:�
	%�+7�
&/�
 0.6 ML 3 7��:� (b) �059�5-555
�-0��0<�V:�
	%�+7�
&/�
 

0.6 ML 4 7��:�-��-0� 1.2 ML 7��:��4	9%
+ [34] 

 �
��059�5-555
� (Thin capping) 9�
(/%7�*���&	*�9'�2<��059�5;��	�
�;�0'�+�

�<��,
�F	+-��F�%&7H* ;�o�;���+H	���+
�G�:�$�(�9�I [1-10] &'�<��,
�70%
+*<� (Camel-like shape) 

-0�&'/04&G�
	;06�����0
� (Nanohole) ;&H�*9�
�
��0<�7�*���&	*�9�5*'�7��:�1�$	%;�o� 

Nanopropeller ;&H�*;.��&1�
���)�:�$�*'� 3-5 7��:� -0��0<�7�*���&	*�7��:��4	9%
+9'�7�
&/�


&
���,
)�:�*H��YF7����%
�9'�$	%;�o��04,&7�*���&	*�/�
-�,��<�;�
����;�o�F&;0�40  

 �
�9�
�0�5���/0
+�*5G*��
��05-555
���5�
��0<�9�51���
$��<,�
�;��	7�*���&

	*�/�
-�,��<� V���&'-��(��
�;�'+����G*��04,&7�*���&	*�$�(�9�I9
� [1-10] [9] 

 

 



 

 

3.2 !	��21�2!�N�M��2E 1��<�����21E 1E2�4Q	<��! 

 ;7�H�*����1��	k
+(�;7�H�

	�
;����
��0<�*+<, /�H*()%��	7,
-��	��$*(����5���
��0<� -�,;7�H�*����1��	-55��	��:�

k
+�*� &'14	�����7�;.H�*��	0��
J��&5���G*�)�:��
�9'�=,
��
��0<�F7����%
�&
-0%� -�,0�

;7�H�*��6&';�Q
/&
+(��
���	9'�-��

Microscope: AFM) ()%��
/��5��	0��
J�9
��
+k
.G*�=��/�%
G*�)�:��
� �0%*�1409��I��

*�;06���*�-55�,*�=,
� 

k
7��	G�
� ��55��	�
�;�0,�-�� 

���&
JFP�*�9'��0,*+**�&
1
�)�:��
�9'�2<�����4%�	%�+.0���
��<� 

3.2.1 !���4PO����Z�[��4��E�� 

 �
�I��

=��/�%
G*�F7����%
�9'�=,
����5���
��0<�&
-0%� ;�o��
����1�*5=09'�$	%

9
��
+k
.G*�=��/�%
G*�F7����%
� V���

�&5���9
�-�� /�H* 0��
J��&5���9
�$PPQ
 F	+$	%&'�
�()%=09'�$	%1
��
���	0��
J�F7����%
�

9'�=��/�%
)�:��
�	%�+�0%*�1409��I��-��*��*& $�;�o�G%*&<0�
�1�
0*�F7����%
�;�&H*�1��� 

(Simulation) ;.H�*I��

0��
J�G*�=0�
�;

�<�9'� 3.18 Seiko SPA-400 (a) 

-=�k
.*+,
��,
+G*��
�9�
�
�G*��0%*�1409��I��-��*��*&

 �0%*�1409��I��-��*��*& 

��
/��5���1�*5=��/�%
G*�)�:��
�$	%;06�(���	�5 

(a) 

!	��21�2!�N�M��2E 1��<�����21E 1E2�4Q	<��! (ex-situ) 

;7�H�*����1��	k
+(�;7�H�*��0<�=0��-550�
F&;0�40&'14	�����7�;.H�*���1��	GJ�9'���
0��

	�
;����
��0<�*+<, /�H*()%��	7,
-��	��$*(����5���
��0<� -�,;7�H�*����1��	-55��	��:�

k
+�*� &'14	�����7�;.H�*��	0��
J��&5���G*�)�:��
�9'�=,
��
��0<�F7����%
�&
-0%� -�,0�

;7�H�*��6&';�Q
/&
+(��
���	9'�-���,
����**�$� �0%*�1409��I��-��*��*& 

()%��
/��5��	0��
J�9
��
+k
.G*�=��/�%
G*�)�:��
� �0%*�1409��I��

*�;06���*�-55�,*�=,
� (Transmission Electron Microscopy: TEM) ()%	<�
+0�;*'+	)�:��
�-55

k
7��	G�
� ��55��	�
�;�0,�-�� (Photoluminescence: PL) ()%��
/��5��	),��7�
&+
�70H��-0�

���&
JFP�*�9'��0,*+**�&
1
�)�:��
�9'�2<�����4%�	%�+.0���
��<�  

!���4PO����Z�[��4��E�� (AFM) 

�
�I��

=��/�%
G*�F7����%
�9'�=,
����5���
��0<�&
-0%� ;�o��
����1�*5=09'�$	%

9
��
+k
.G*�=��/�%
G*�F7����%
� V����
&
�2�H�*2��0��
J��&5���	%
�*H��Y$	% ;),� 0��
J�

�&5���9
�-�� /�H* 0��
J��&5���9
�$PPQ
 F	+$	%&'�
�()%=09'�$	%1
��
���	0��
J�F7����%
�

9'�=��/�%
)�:��
�	%�+�0%*�1409��I��-��*��*& $�;�o�G%*&<0�
�1�
0*�F7����%
�;�&H*�1��� 

;.H�*I��

0��
J�G*�=0�
�;�0,�-�� (Photoluminescence) G*�F7����%
�$	%

     

400 (a) k
.1���G*�;7�H�*�9'�/%*����5����
���1�+�������	�
���
����������
 

-=�k
.*+,
��,
+G*��
�9�
�
�G*��0%*�1409��I��-��*��*&

�0%*�1409��I��-��*��*& (Atomic Force Microscope: AFM) ;�o�;7�H�*�&H*/����9'�()%

��
/��5���1�*5=��/�%
G*�)�:��
�$	%;06�(���	�5 Nanometer (9
�/%*���1�+9'�=<%;G'+������	*+<,()%

44 

*��0<�=0��-550�
F&;0�40&'14	�����7�;.H�*���1��	GJ�9'���
0��

	�
;����
��0<�*+<, /�H*()%��	7,
-��	��$*(����5���
��0<� -�,;7�H�*����1��	-55��	��:�

k
+�*� &'14	�����7�;.H�*��	0��
J��&5���G*�)�:��
�9'�=,
��
��0<�F7����%
�&
-0%� -�,0�

�,
����**�$� �0%*�1409��I��-��*��*& (Atomic Force 

()%��
/��5��	0��
J�9
��
+k
.G*�=��/�%
G*�)�:��
� �0%*�1409��I��

()%	<�
+0�;*'+	)�:��
�-55

()%��
/��5��	),��7�
&+
�70H��-0�

�
�I��

=��/�%
G*�F7����%
�9'�=,
����5���
��0<�&
-0%� ;�o��
����1�*5=09'�$	%

�
&
�2�H�*2��0��
J��&5���	%
�*H��Y$	% ;),� 0��
J�

�&5���9
�-�� /�H* 0��
J��&5���9
�$PPQ
 F	+$	%&'�
�()%=09'�$	%1
��
���	0��
J�F7����%
�

9'�=��/�%
)�:��
�	%�+�0%*�1409��I��-��*��*& $�;�o�G%*&<0�
�1�
0*�F7����%
�;�&H*�1��� 

G*�F7����%
�$	% [35]  

 

k
.1���G*�;7�H�*�9'�/%*����5����
���1�+�������	�
���
����������
 (b) 

-=�k
.*+,
��,
+G*��
�9�
�
�G*��0%*�1409��I��-��*��*& [3] 

;�o�;7�H�*�&H*/����9'�()%

9
�/%*���1�+9'�=<%;G'+������	*+<,()%

(b) 
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;7�H�*�G*� Seiko �4,� SPA-400 	��-�	�(��<�9'� 3.18 (a)) 0��
J��
�9�
�
�G*�;7�H�*�-�	�$�%(�

�<�9'� 3.18 (b) �
�9�
�
�G*�;7�H�*���:�9�
F	+()%/��9�� (AFM tip, Cantilever) ��
	=,
� (Scan) 

=��/�%
G*�)�:��
� ;&H�*/��9����
	=,
�=��/�%
)�:��
�9'�&'7�
&G�4G�� /��9��1�&'�
�G+�5$��
&

0��
J�G*�=��/�%
9'���
-/�,���:�Y 	����:��
�G+�5G*�/��9��1��H�*2��0��
J�9
��
+k
.G*�

=��/�%
(�5��;�J9'���
	=,
� �,���
�-�0�&
;�o�G%*&<00��
J�9
��
+k
.G*�=��/�%
��:�1�()%

-�� LASER +��$�9'�/��9��9'�&'74J�&5�����9%*�-�� LASER $	%	' ;&H�*/��9��&'�
�G+�5 ���

���11�5-�� (Photodetector) 1����11�5�
�G+�5G*�/��9�� =00�.N�9'�$	%1
��0%*�1409��I��-��

*��*&7H*�
�-�0�0��
J�9
��
+k
.G*�=��/�%
&
;�o�G%*&<0G*�.H:�=��9'��
&
�2��
$�

��;7�
�/�/�H*-�0�;�o�k
.$�()%�,*$	%  

 ��9+
��.�N�K5�5�':��(1=09
��
+k
.G*�=��/�%
G*�)�:��
� ;.�
��,
�
&
�2()%I��

 

2������8�
�
�G*��
�;��	*��;	'+&*
��;V$�	�7�*���&	*�9'��0<�5�-=,��
�0
+�
�
�$	% V���=0

�
�9	0*�-0��
���;7�
�/�1
��0%*�1409��I��-��*��*&2<�-�	�$�%(�599'� 4 

3.2.2 �����21�^�E��� ��M�"�M[ (PL) 

 )�:��
�9'�=,
����5���
��0<�&
-0%�-0�&'74J�&5���(��
��0,*+.0���
�**�&
(��<�

G*�FP�*� (Radiative recombination) 	%�+�
�	<	.0���
�FP�*�1
�����4%�	%�+-���
&
�2

��
&
��	���&
JFP�*�-0�),��7�
&+
�70H��G*�FP�*�9'�2<�7
+**�&
$	%	%�+��55��	FPF�0<

&�;��;V��� 
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�<�9'� 3.19 ��55��	FPF�0<&�;��;V��� 

 	��-�	�(��<�9'� 3.19 V�������*5$�	%�+�,��/0��Y$	%-�, -/0,���
;��	FP�*� (Photon 

source), )4	;0�����
/��5�
�FP��� -+� -0�;�0'�+�9�I9
�FP�*� (Lens kit), ;7�H�*�-+�-25

7�
&+
�70H��FP�*� /�H* �;��F��&�;�*��, F&F�F7�;&;�*�� (Spectrometer, Monochromater), 

)�:��
� (Sample) -0���557*&.��;�*�� (PC) ��
/��5()%(��
� 7�
��J, ��;7�
�/�, -�	�=0 -0� 

;�65=0 

 �
���	FPF�0<&�;��;V���;���&1
��
�+��-�� LASER 9'�&'.0���
��<���,
 Energy gap G*�

�
����������
k
+(�%�
�9	0*� -��1�2<�+��=,
�)4	;0���;.H�*FP���0�$�9'�.H:�=��G*�)�:��
�(/%;G%&

9'��4	 ;&H�*)�:��
�$	%��5FP�*�-0�;��	�
�	<	�0H�.0���
�FP�*�F	+*�;06���*�k
+(�

F7����%
�G*�)�:��
� (.
/�1�$&,	<	�0H�.0���
�FP�*�/
�FP�*�&'.0���
�$&,.*9'�1�

����4%�(/%.
/�;��	�
�;�0'�+��2
��.0���
� (State)) *�;06���*�9'�2<�����4%�1�0	.0���
�

**�&
;.H�*�0�5�<,�2
��.H:� (���J'G*��
����������
)��	 Direct band gap =0�,
�G*�.0���
�1�

*+<,(��<�G*�FP�*� FP�*�9'��0,*+**�&
1�2<�FP���F	+;0���;G%
�<,�;��F��&�;�*��;.H�*1�
��	

7�
&+
�70H��9'��
&
�2;	��9
�=,
��;��F��&�;�*��$	% -0�9�
�
���	7�
&;G%&G*�),��7�
&+
�

70H��-75Y	���0,
�	%�+FPF�	';97;�*�� G%*&<09'�$	%1
��
���
	7�
&+
�70H��-0���	7�
&;G%&

-��1
�FPF�	';97;�*��1�*+<,(��<�7<,*��	�5;�'+��,
 Spectral response 
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 �
���	94�)��	+,*&&'��||
J�5��� 	����:�FP�*�9'��0,*+**�&
-0�FP�*�1
�

����-�	0%*& /�H* ��||
J�5���9
�$PPQ
 1������ V���5
�7��:�FP�*�9'��0,*+**�&
&'���&
J

$&,.*9'�1�-+�1
���||
J�5���$	% ��55��	FPF�0<&�;��;V���1��&��&'06*�*��-*&�� (Lock-in 

Amp, LIA) -0�)6*�;�*�� (Chopper) ;.H�*9�
�
�-�0���||
J;G%
(/%*+<,(����k<&�7�
&2'� -0�-+�

7�	7�
&2'�**�&
;.H�*��	��||
J�5��� �*�1
��':)�:��
�9'�&'F7����%
�9'�-25),*��,
�.0���
�

;�o�-55 Indirect 9�
(/%.0���
�9'��0,*+**�&
*
11�$&,&'/�H*&'FP�*��%*+ V���.0���
��,��/����

()%(��
�;�0'�+�7,
F&;&���&G*�.
/�-0�7
+.0���
�**�&
(��<��
�����/�H*FP�*� 

(Phonon) &��;�'+$�(��<�7�
&�%*� 	����:�)�:��
�9'�;/&
��,*�
���	FPF�0<&�;��;V���7��;�o�

)�:��
�9'�F7����%
�&'-25),*��,
�.0���
�-55 Direct  



 

 

����� 4 

5�!	��1��4���!	�� ���	�X[ 

 7�*���&	*�5�-=,��
�0
+�
�
�&'0��
J�9'��
�;�'+����;�o�;�%�����
&-��G*� Slip 

plane 9'�;��	1
� Misfit dislocation �*�-����	G�
���� -0���
��9'�=��/�%
(��<� Surface step V���

;�o�0��
J�9���$�G*��
��0<�7�*���&	*�5�-=,��
�)��	�': ;),�(���55 Ge/SiGe [25] -0� 

InAs/InGaAs [13,15] -�,����9'��
�I��

(�*	'�$&,$	%&'�
���;7�
�/�7H*0�
	�5G*��
�����*5

��;*� (Self-assembling) G*�7�*���&	*�5�-=,��
�0
+�
�
� =0�
�9	0*�9'�$	%1
�

��9+
��.�N�K5�5�':$	%G%*��4�9'���
7�|7H* 7�*���&	*� InAs 9'�2<��0<�5�-=,��
�0
+�
�
� 

InGaAs &'0�
	�5�
�;��	9'���
-/�,��,
�Y$&,.�%*&��� V���;�o�=0&
1
�7�
&�<����
G*�.H:�=��0
+

�
�
�9'�$&,;9,
��� 9�
(/%7�
&/�
���s��G*��
�;��	7�*���&	*�9'���
-/�,��,
�Y$&,;9,
���	%�+ 

7�
&;G%
(1(�����8�
�
�G*��
�;��	7�*���&	*�5�-=,��
�0
+�
�
� 9�
(/%�
&
�27�574&

�
�;��	7�*���&	*�-7,;K.
�5
���
-/�,�$	%-0�*
1��
$��<,�
��0<�7�*���&	*�-55 

Deterministic [36] -9�9'�1�;�o�-55 Probabilistic (-55 SK) 9'��
���1�+�,��(/|,()%(��31145�� 

 �
�9	0*�9'���
&
�<,�
���;7�
�/�����8�
�
��
�;��	7�*���&	*� InAs 9'��0<�5�-=,�

�
�0
+�
�
� InXGa1-XAs (X < 0.2) 2<�-5,�**�;�o�/��G%*+,*+ $	%-�, =0G*��
�;�0'�+�-�0�

*���
�,��G*� In �,* Ga (�)�:�0
+�
�
� �
�;�0'�+�7�
&/�
)�:�0
+�
�
� �
�9	0*�

���5;�0'�+�7�
&/�
 InAs G*�)�:�7�*���&	*� -0��
�1�
0*� Strain field G*�=��/�%
0
+

�
�
�	���
+0�;*'+	�,*$��': 

4.1 ����E2�1�E���	<E	�	4 

 �
����5;�0'�+�)�:�0
+�
�
�&'=0F	+����,*�
�;�'+����G*�7�*���&	*�9'��0<�9�55�

0
+�
�
�	%�+ ;.�
��,
�
�;�'+����G*�7�*���&	*�5�0
+�
�
�$	%��5=0���95F	+���1
��
�

;�0'�+�-�0�=��/�%
G*�0
+�
�
� V���G�:���59�:�7,
G*� X -0�7�
&/�
G*�)�:� InXGa1-XAs 	��9'�

1�$	%�0,
��,*$� 
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4.1.1 !	��L���<��L�4�2E�	M0��� ��1�<�E0��!����<� (�0	3�4 X R� InXGa1-XAs) 

 -=,��
�0
+�
�
� InGaAs &'0��
J��&5���9'�-���,
����**�$� �
&*���
�,��G*� In 

-0� Ga 9'�;�o��,������*5*+<, ;�H�*�1
��
��0<�)�:�-=,��
�0
+�
�
��': ()%�
�;�i	)��;�*��;V00� 

As, In -0� Ga .�%*&��� F	+9'� As 9'�;�o�/&<, V 9�
/�%
9'�;�o��
�/0�� GJ�9'� In -0� Ga 9'�;�o�/&<, 

III �%*�.+
+
&1�5��5 As (/%$	%9�:�7<, ;�H�*�1
�;�o��
�����*5/&<, III-V 	����:� In -0� Ga 1��;�o�

*���
�,�����(��
�����*5/&<, III-V -55�
&N
�4 (Ternary compound) �
&�%*��
� ;G'+�-9�

	%�+ InXGa1-XAs  

 

 

�<�9'� 4.1 k
.1
��0%*�1409��I��-��*��*&-�	� InAs 7�*���&	*�5�-=,��
�0
+�
�
� 

InXGa1-XAs ;&H�* X &'7,
;�o� (a) 0.08, (b) 0.10, (c) 0.16 -0� (d) 0.20 F	+94�k
.&'G�
	 

10x10 µm2 0<�I�-�	�9�I [1-10] (e) -551�
0*�G*�k
.��	G�
�F7����%
�G*�)�:��
�(��
�

9	0*� 

 =0�
�9	0*��
�;�0'�+�*���
�,�� In �,* Ga (���57,
 X) F	++��7�7�
&/�
G*�)�:� 

InGaAs $�%9'� 50 nm 	��k
.��	G�
�(��<�9'� 4.1 (e) $	%2<�-�	�(��<�9'� 4.1 (a) - (d) V���)':(/%;/6��,


;&H�*;.��&*���
�,��G*� In (�)�:� InGaAs (7,
 X ;.��&G�:�) ���&
J0
+�
�
��6;.��&G�:�	%�+ F	+�
��,*

���G*�7�*���&	*�5�=��/�%
)�:��
���:�&'0��
J��,�& 7H*&'7�*���&	*�9'�;�'+����;�o�-��

;�%����-0�9'����1
+������-55�4,&(�5��;�J9'�$&,&'0
+�
�
� V����
&
�2*N�5
+$	%1
��
�=,*�

70
+7�
&;7�'+	��/�,
��
��0<�)�:� InGaAs ;�H�*�1
�7,
 ε ��:�7�
��J&
1
�7�
&�,
�G*�

7,
7�9'�=0��G*� InXGa1-XAs -0� GaAs 	��G%*&<0(��
�
�9'� 2.1 F	+9'�+������&
J In (� InGaAs 

(a) (b) (c) (d) 

X=0.08 X=0.10 X=0.16 X=0.20 

(e) InAs QDs 
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&
� 7,
7�9'�=0��G*� InGaAs �6+���&
� 9�
(/% ε &
�G�:��
&$�	%�+ 	����:�/
�7�7�
&/�
)�:�0
+

�
�
�$�%9'� 50 nm ;&H�*���&
J In ;.��&G�:� 7,
7�
&/�
���s��G*��
�;��	 Dislocations 1�0	0��
&

7�
&��&.��N�G*� Matthews-Blakeslee [10] V���$	%��%
�;�o���
P$�%(��<�9'� 2.13 �
�9'�7�
&;7�'+	

(�)�:�=0��;.��&G�:��
&���&
J In =0��1��2��7,
���s��9'�9�
(/%;��	 MD -0� TD ;�6�G�:� ;�o��
;/�4(/%

)�:�0
+�
�
�9'�&'���&
J In �%*+1�&'0
+�
�
��%*+	%�+ ;.�
�0
+�
�
�;�o�=0&
1
��
�;��	G�:�

G*� MD -0� TD ����9'��,
��(11
��<�9'� 4.1 (a) 7H*/
�9�
�
�7�574&7,
 X (/%;/&
��& 1�

�
&
�27�574&�
�;��	 Dislocations (�9�I9
�;	'+�7H*9�I [1-10] $	% -0�/
�7�574&�
�;�i	-

�i	)��;�*����/�,
��
��0<�)�:�7�*���&	*�-0����5;�0
 GI (Growth interruption) -0�;97��7

�
��0<�(/%;/&
��&�61��
&
�2��%
�7�*���&	*�9'�;�'+����;�o�-��;	'+�(�9�I [1-10] $	%

;),���� 

4.1.2 !	��L���<��L�4��	�X�	Y2���	<E	�	4 

 �*�1
����&
J In 1�&'=0�,*0
+�
�
�G*�)�:�0
+�
�
�-0%� 7�
&/�
�6&'=0�,*

7�
&;7�'+	���&-0�.H:�=��G*�)�:�0
+�
�
�;),���� �
�;.��&7�
&/�
$�;���7,
���s���
�9�'7<J

���&
J Dislocation (hp) /�H* Dislocation multiplication [15,37,38] 1�9�
(/%7�
&;7�'+	G*�)�:�

Pi0�& InGaAs 0	0�*+,
���	;�6�.�%*&��5=��/�%
9'�&'7�
&�<����
;.��&G�:�	%�+ V����
�9	0*�;.��&

7�
&/�
$	%9�
�
�I��

&
-0%�F	+ C. C. Thet et al. [15] =0�
�9	0*�2<�-�	�(��<�9'� 4.2 

 

�<�9'� 4.2 =��/�%
G*� InAs 7�*���&	*��059�55�-=,��
�0
+�
�
� In0.15Ga0.85As 9'�7�
&/�


G*�)�:�0
+�
�
� (a) 50 nm (b) 100 nm -0� (c) 150 nm ��	1
��0%*�1409��I��-��*��*& 

9�I9
��
&0<�I�7H*9�I [1-10] [15] 
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 7�
&/�
G*�)�:�-=,��
�0
+�
�
��6&'=0�,*�<�-55G*�0
+�
�
�9'�;��	G�:�9'�=��/�%
	%�+ 

�
�-��7,
7�
&/�
(�),�� 50-150 nm 1�9�
(/%=��/�%
G*�-=,��
�0
+�
�
�1�&'7�
&�<�G*�

0
+�
�
�-0�0��
J�G*�0
+�
�
�;�o�	��-�	�(��<�9'� 4.2 7�
&/�
G*�)�:� In0.15Ga0.85As 9'�

&
���,
 hp = 76 nm 1�9�
(/%;��	 Dislocations multiplication [15,37,38] 1
��<�9'� 4.2 (a) .5�,
 

7�
&/�
)�:�=0��9'� 50 nm ;�����,
7,
7�
&/�
���s�� (hc) -�,$&,&
�$���,
 hp 9'� 76 nm 

/&
+7�
&�,
;��	 Dislocation -0%�-0��,�=0$�+��=��/�%
-�,�,
1�
���0*�9'�=��/�%
��:�+��&'$&,

&
� (�GJ�9'��<�9'� 4.2 (b -0� c) -=,��
�0
+�
�
�/�
��,
 hp 1��&'�
�9�'7<J���&
J dislocation 

9�
(/%&' MD (60° dislocation) ���&
J&
�9'�;��	G�:��,� Slip plane &
9'�=��/�%
&
�1�=��/�%
G*�

-=,��
�0
+�
�
�&'5
���
-/�,�9'�;��	�
���&���G*� MD =09'�$	%7H*��+�/,
� (Spacing) ��/�,
�

;�%�0
+�
�
�G*�-=,��
�0
+�
�
�9'�G�
����(�-�,0�-�� 1��%*+0��
&7�
&/�
9'�&
�G�:� 

-0�;�%�0
+�
�
�1�&'7�
&/�
-0��<�&
�G�:�	%�+ 

 

�<�9'� 4.3 -551�
0*�G*�k
.��	G�
�G*� InAs 7�*���&	*�5�-=,��
�0
+�
�
� In0.15Ga0.85As 

9'�7�
&/�
 (a) 50 nm (b) 100 nm (c) 150 nm [15] 

 9'�7�
&/�
&
���,
7,
 hp 9�
(/%;��	 Dislocations 1�
���&
� -0�9�
(/%&' Surface steps 

1�
���&
�;),����9'�=��/�%
)�:�0
+�
�
� 1��&'���5���
� Surface step elimination �
&&
 ;&H�*9�


�
��0<�)�:�0
+�
�
��,*$�	��-�	�(��<�9'� 2.7 [39] 1�;/6�1
��<��,
/
�&' Dislocation ;.��&G�:� 
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1�&'F*�
�9'�1�;��	;���(/|,G�:��<� ;�H�*�&
1
��
�9�5V%*�G*� 60° Dislocations 9'�&
�G�:��
& 

MD ����;*� ;&H�*9�5V%*����&
�G�:�;�H�*+Y ;����61�(/|,G�:��
&7�
&/�
G*�)�:�0
+�
�
�-0�

���&
JG*� Dislocations 	��-�	�(��<�9'� 4.3 [15,29,39] 

 �
�9	0*�;.��&7�
&/�
9'�$	%*N�5
+$�-0%�9�
(/%�
&
�27
	;	
=0G*��
�0	7�
&/�


)�:�0
+�
�
�$	%�,
 /
�;.��&7�
&/�
-0%� Dislocation ;.��&&
�G�:�1�V%*�9�5���9�
(/%;��	;���9'�

=��/�%
G�
	(/|,G�:� 	����:�;&H�*0	7�
&/�
0�=09'�$	%1�������G%
&��� 1��$	%�0<�)�:��
� u0842 

;�o�F7����%
�)�:�7�*���&	*�9'�*4J/k<&�=��/�%
 500°C �0<�9�55�)�:� In0.15Ga0.85As /�
 20 nm 

9'��0<�	%�+*4J/k<&�=��/�%
 500°C ;),���� =09'�$	%2<�-�	�(��<�9'� 4.4 

 

�<�9'� 4.4 (a) k
.1
��0%*�1409��I��-��*��*&-�	�=��/�%
G�
	 10x10 µm2 F	+0<�I�-�	�

9�I9
� [1-10] -0� (b) -551�
0*�k
.��	G�
�F7����%
�G*�)�:��
� u0842 

 ;&H�*.�1
�J
1
��<�9'� 4.4 .5�,
-&%1�&'7�*���&	*�5�=��/�%
)�:��
�-�,�04,&7�*���&

	*�$&,&'�
�;�'+����;�o���;5'+5;/&H*�7�*���&	*�5�)�:�0
+�
�
�9'�/�
 50 nm -�	�(/%;/6�

�,
9'�)�:� In0.15Ga0.85As /�
 20 nm $&,&'0
+�
�
�;��	G�:�*+,
�)�	;1� *+,
�$��6�
&/
�.�1
�J
�<�

9'� 4.4 F	+0�;*'+	-0%� .5�,
7�*���&	*�5
���
-/�,�&'0��
J�70%
+��5�,
;�'+����;�o�;�%���� 

9�:��
&-��0<�I� -0�-����:�K
���50<�I� ;/&H*���59�IG�
���5 [1-10] -0� [110] 	��9'�-�	�$�%

(��,��G+
+G*��<�9'� 4.4 (a) 9'�	%
�G�
 V���;�o�$�$	%�,
*
11�&'0
+�
�
�;��	G�:�-0%� ;.�
��,
9'�

InAs QDs 

(a) 

(b) 
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7�
&/�
 20 nm ��:�&
���,
7,
7�
&/�
���s��9'�&'�
�;��	 Dislocation G*�)�:� In0.15Ga0.85As 7H* 

hc = 6 nm $�-0%� (7,
 hc 1
��<�9'� 2.13) -�,�,
0
+�
�
�+��$&,+
�&
�;�H�*�&
1
��*�-��YG*�

�
�;��	 Strain relaxation ��:� MD -0� TD 1�+��$&,;��	;�o�-��+
�&
�;.�
��,
 MD 1�+
�G�:�

;�H�*+Y�
&7�
&/�
)�:� InGaAs [14] 

4.2 � �2c�	!	�3�4!	��! 1����E2�1�E���	<E	�	4 

 7�
&7�	(��
�()%0
+�
�
�;�o�-=,��
�-&,-55 (Template) (��
�1�	;�'+�7�*���&	*�

��:�$	%&'&
��:�-�,�� 7.I. 1997 [25] -�,�,
�0*	 11 ��9'�=,
�&
+��$&,&'�
�I��

N��&)
��G*��
�;��	

7�*���&	*�5�-=,��
�0
+�
�
�;0+ G%*&<09'�2<���
;��*(�/��G%*�':;�o��
�.��<1��F	+�
��0<�

1���-0��
�1�
0*� Strain filed 9'�=��/�%
G*�0
+�
�
��,
7�*���&	*�5�0
+�
�
�;��	9'�;�0


�,
���� �
�9	0*�(��,���':;���&1
��
�I��

G�
	G*�7�*���&	*� InAs 0.8 ML �0<�9'� 470°C 

&';�0
G�	1��/��/0���
��0<� (Growth interruption, GI) 30 ���
9' [40] 5�-=,��
�0
+�
�
� 

In0.2Ga0.8As / GaAs (001) /�
 50 nm �0<�9'� 500°C )H�*)�:��
� u0702 k
.1
��0%*�1409��I��-��

*��*&	��-�	�(��<�9'� 4.5 (a) .5�,
7�*���&	*� InAs 5�=��/�%
)�:��
�	���0,
��
&
�2

1�	0�
	�57�
&�<�1
��<�$����
$	%;�o� 4 �04,&-�	�$�%(��<�9'� 4.5 (b-e)  	���': �) �04,&7�*���&	*�

5�14	9'�;�%�0
+�
�
���	��� (Intersection) G) �04,&7�*���&	*�5�;�%�0
+�
�
�9'�G�
���59�I 

[1-10] 7) �04,&7�*���&	*�5�;�%�0
+�
�
�9'�G�
���59�I [110] -0� �) �04,&7�*���&	*�5�

.H:�;�'+59'�$&,&'0
+�
�
�  

     

�<�9'� 4.5 (a) k
.1
��0%*�1409��I��-��*��*&-�	�=��/�%
)�:��
�G�
	 2x2 µm2 -0�k
.1
�

()% Image thresholding F	+&'��	�5 Threshold 9'� (b) 5.5-, (c) 4.9-, (d) 4.0- -0� (e) 3.0 nm F	+�'

G
�/&
+2��5��;�J9'�&'7�
&�<����
��,
 -0��'	�
/&
+2��5��;�J9'�&'7�
&�<��<���,
7,
 Threshold  

 G%*&<0	�5(��<�9'� 4.5 (a) 1��$	%2<���
&
=,
����5���
�1�	�
�k
. (Image processing)  

F	+=,
��
�9�
 Image thresholding ;.H�*7�	��*���
-/�,�9'�&'7�
&�<�&
���,
7,
���s�� (Threshold)  

[110] 

[1-10] 

(a) (b) (c) (d) (e) 
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�<�9'� 4.5 (b) -�	���
-/�,�G*�7�*���&	*�9'�&'7�
&�<�&
���,
 5.5 nm V���.5�,
;�o�7�*���&

	*�;K.
�5���
-/�,�14	��	G*�;�%�-��9'�G�
���59�I [1-10] -0� [110] ;9,
��:� �,���<�9'� 4.5 

(c) ��:�-�	���
-/�,�G*�7�*���&	*�9'�&'7�
&�<�&
���,
 4.9 nm V���.5�,
;�o���
-/�,�����9'�

��
��(��<�9'� 4.5 (b) (;.�
� 5.5 > 4.9 nm) -0���
-/�,�����9'�;.��&G�:�&
1
� (b) (4.9 < h < 5.5 

nm) V�����
-/�,�(/&,	���0,
��':;�o�7�*���&	*�5�;�%�0
+�
�
�9'�G�
���59�I [1-10] ;9,
��:� 

��
/��5�<�9'� 4.5 (d) -�	���
-/�,�G*�7�*���&	*�9'�&'7�
&�<�&
���,
 4.0 nm F	+�,��9'�;.��&&


1
��<�9'� 4.5 (c) (4.0 < h < 4.9 nm) 7H*7�*���&	*�5�;�%�0
+�
�
�9'�G�
���59�I [110] -0�

��
/��5�<�9'� 4.5 (e) V���-�	���
-/�,�G*�7�*���&	*�9'�&'7�
&�<�&
���,
 3.0 nm &'�,��9'�;.��&&


1
��<�9'� 4.5 (d) (3.0 < h < 4.0 nm) *+<,(�5��;�J.H:�;�'+59'�$&,&'0
+�
�
� 

 G%*&<0G%
��%�;�o����5,�)':��
7�|9'�9�
(/%�����
�
�$	%�,
�
�;��	7�*���&	*�5�.H:�=��0
+

�
�
�&'����8�
�
��
�;��	1
�5��;�J14	��	G*�0
+�
�
� $��<,;�%�0
+�
�
�9'�G�
���59�I9
� 

[1-10] 1
���:�$��<,;�%�0
+�
�
�9'�G�
���59�I9
� [110] -0��4	9%
+$��<,5��;�J.H:�;�'+59'�$&,&'

0
+�
�
� 9�:�/&	�':;�o�0��
J��,�&G*�)�:��
�94�)�:��
�9'�&' InAs 7�*���&	*�5�.H:�=�� 

InXGa1-XAs / GaAs ;&H�* X &'7,
&
�.*-0�)�:� InXGa1-XAs �<�.*9'�1�9�
(/%;��	0
+�
�
�-�,$&,�<�

;���$���,
7,
 hp (7H* hc < h < hp) 

 G%*&<0G%
��%�5,�)':�,
;�%�-��G�
�9'�;��	1
� MD (�9�I [1-10] -0� [110] &'7�
&-���,
�

��� 1��1�
;�o��%*�9�
�
�I��

N��&)
��G*�.H:�=��0
+�
�
�(�9�I9�:��*�F	+0�;*'+	 1��$	%9�
�
�

�0<�)�:��
� u0811 V���;�o�0
+�
�
�;�0,
Y G*� In0.16Ga0.84As /�
 50 nm �0<�9'� 500°C 5�-=,�

�
� GaAs (001) 	���<�9'� 4.6 (a) F	+=��/�%
G*�)�:��
�2<�-�	�(��<�9'� 4.6 (b) -0� Line scan 

G*�=��/�%
(�9�I9
� [1-10] -0� [110] 2<�-�	�(��<�9'� 4.6 (c) -0� (d) �
&0�
	�5 1
��<�1�;/6�

$	%�,
7�
&�<�G*�0
+�
�
�-��9'�G�
���59�I [1-10] 1��<���,
-��9'�G�
���59�I [110] V���$&,

;/&H*���50
+�
�
�1
�7<,�
�����*5/&<, IV-IV 	%�+���;*� ;),� SiGe / Si (100) [25] V���&'7�
&

�<�;9,
��� 7�
&-���,
��':&
1
�N
�49'�;�o� Core 9'�-���,
������:�-�,-��G*�-=,��
� GaAs (001) 

[12] 9�
(/%�,�=0&
2��;�0
�0<�)�:�0
+�
�
� F	+-�	�**�&
9'�=��/�%
G*�)�:�0
+�
�
� 
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 �<�9'� 4.6 )�:��
� u0811 : )�:�0
+�
�
� In0.2Ga0.8As ;�0,
Y5�-=,��
� GaAs (a) F7����%
�

)�:��
� (b) =��/�%
)�:��
�9'���	1
��0%*�1409��I��-��*��*&G�
	 10x10 µm2 9�I9
��
&0<�I� 

(c) Line scan =��/�%
G�
���59�I [110] ;.H�*��	7�
&�<�G*�;�%�0
+�
�
�9�I [1-10] (d) Line scan 

=��/�%
G�
���59�I [1-10] ;.H�*��	7�
&�<�;�%�0
+�
�
�9�I [110] 

 ;&H�*9�
5;�o�9'�-�,)�	-0%��,
;�%�0
+�
�
�(�-��9'�G�
���59�I [1-10] -0� [110] &'7�
&

$&,�&&
�����9�:�	%
�7�
&�<�-0�1�
���;�%��,*��+�9
� (1
��<�9'� 4.6) -0�1
�G%*�����
�
�

����8�
�
��
�;��	7�*���&	*�5�0
+�
�
� (1
��<�9'� 4.5) 9�
(/%�%*�9�
�
�9	0*�;.��&;��& F	+

9�
�
��0<� InAs 7�*���&	*�5�-=,��
�0
+�
�
�-�,�%*�9�
�
�/+4	�
��0<��,*�9'�7�*���&

	*�1���704&94�5��;�J V����
&
�29�
$	%�*���N'7H* 1) 9�
�
��0<�)�:�7�*���&	*�(/%&'7�
&

/�
�&��
;�&*-0�/+4	�
��0<��,*� RHEED pattern 1���
��;�o� Spotty pattern *+,
�)�	;1� 

-0� 2) 9�
�
��0<�7�*���&	*�(/%&'7�
&$&,�&��
;�&*5�)�:��
�;	'+� (	%�+�
�/+4	&*;�*��G�5 

Manipulator 9'�()%(��
�/&4�-=,�)�:��
� ;K.
�(���/�,
��
��0<�)�:�7�*���&	*�) -0�/+4	

�
��0<�9��9'9'� RHEED pattern ;�0'�+�1
� Streaky pattern ;�o� Spotty pattern V���9�:��*���N'

G%
��%�&'�
+0�;*'+	�
�	�
;����
�-0�=0�
�9	0*�	���': 
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4.2.1 � g���� 1 (Y ��4	� u0817 ��� u0815) 

 �<�9'� 4.5 -�	�(/%;/6��,
/
��0<�)�:� InAs 7�*���&	*�9'�7�
&/�
 0.8 ML 1�&'

7�*���&	*���704&$�94�5��;�J9�
(/%�
�I��

����8�
�
��
�;��	7�*���&	*��
&
�2���9�


$	%F	+�
������
�
�1
�;97��7 Image thresholding ;9,
��:� /
��%*��
�.��<1��G%*�����
�
�

	���0,
�1��� 1��%*�9�
�
��0<�7�*���&	*�9'�7�
&/�
�%*+��,
 0.8 ML 1��$	%9	0*��0<�

)�:��
�9'�&'�
�0	���&
J InAs (�)�:�7�*���&	*� F	+���50	���&
J1
� 0.8 ML $�9'����&
J 

0.76 ML F	+;�o�)�:��
� u0817 (InAs 7�*���&	*� 0.76 ML 9'� 500°C 5�)�:�0
+�
�
� 

In0.16Ga0.84As /�
 50 nm ()%-=,��
� GaAs (001)) V���&'0��
J�=��/�%
	��-�	�(�k
.1
��0%*�

1409��I��-��*��*&(��<�9'� 4.7 

      

�<�9'� 4.7 k
.1
��0%*�1409��I��-��*��*&-�	�=��/�%
G*�)�:��
� u0817 G�
	                     

(a) 10x10 µm2 -0� (b) 2x2 µm2 F	+0<�I�-�	�9�I9
� [1-10] 

 ;&H�*;��'+5;9'+5=��/�%
)�:��
� u0702 (InAs 0.8 ML) ��5 u0817 (InAs 0.76 ML) (��<�9'� 

4.5 (a) ��5 �<�9'� 4.7 (b) �
&0�
	�5.5�,
)�:��
� u0817 (InAs ���&
J 0.76 ML)  1�;�o��2
��9'�

*+<,��/�,
��<�9'� 4.5 (c) -0� (d) ;�H�*�1
�5�.H:�;�'+5$&,&'7�*���&	*�;0+ -0�&'7�*���&	*�

;��	G�:�;�o�1�
���&
�5�;�%�0
+�
�
�9'�G�
���59�I [1-10] -�,;��	G�:�;�o�1�
����%*+(�-��9'�

G�
���59�I [110] �
�9'��04,&G*�7�*���&	*�9'��,*���5�;�%�0
+�
�
�9'�G�
���59�I [1-10] &'

7�
&/�
-�,�&
���,
9'��,*���5�;�%�0
+�
�
�9'�G�
���59�I [110] *+,
�)�	;1� -0��04,&

7�*���&	*�;�H*59�:�/&	9'��,*���5�;�%�0
+�
�
�9'�G�
���59�I [110] ��:�;�o�7�*���&	*�9'�

(a) (b) 
(a) (b) 
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�,*���5�;�%�0
+�
�
�9'�G�
���59�I [1-10] 	%�+ ;�o�/0���
���
7�|9'�9�
(/%��4�$	%�,
7�*���&

	*�9'��,*���5�;�%�0
+�
�
�9'�G�
���59�I [1-10] ;��	G�:�����7�*���&	*�9'��,*���5�;�%�0
+

�
�
�9'�G�
���59�I [110] �
&9'������
�
�$�%*+,
�$��6�
&;.H�*(/%$	%G%*��4��
�;��	�,*�-/0��

G*�7�*���&	*�1���%*�9�
�
���;7�
�/�7�
&�<�G*�7�*���&	*�5�;�%�0
+�
�
�9�:�

�*�9�I9
�F	+0�;*'+	 

 

�<�9'� 4.8 k
.1
��0%*�1409��I��-��*��*&-�	� (a) =��/�%
)�:��
� u0817 ��5�<�9'� 4.7 G�
	 

8x5 µm2 -0� (b), (c) �,��G+
+G�
	 2.5x2.5 µm2 G*�5��;�J9'��'��*5;�%����(� (a) F	+ Line 

scans (�9�I9
�G�
���5 [1-10] -0� [110] (��<� (b) -0� (c) 2<�-�	�(��<� (d) -0� (e) 

�
&0�
	�5 

 ;&H�*9�
 Line scan =��/�%
G*�)�:��
� u0817 	���
+0�;*'+	(��<�9'� 4.8 (b) -0� (c) $	%=0

**�&
	���<�9'� 4.8 (d) -0� (e) �
&0�
	�5.5�,
;&H�*.�1
�J
�<�9'� 4.8 (b) -0� (d) (�-2� (i) &'

7�*���&	*� 2 ��
-/�,� -0�&'7�
&�<�G*�0
+�
�
�9'�7�*���&	*��,*���*+<,G%
�5� 0.24 nm 

(��	;9'+5G�:�&
1
�5��;�J.H:�;�'+5), (�-2� (ii) &'7�*���&	*� 3 ��
-/�,� -0�&'7�
&�<�G*�0
+

�
�
�9'�7�*���&	*��,*���*+<,G%
�5� 0.79 nm, (�-2� (iii) &'7�*���&	*� 4 ��
-/�,� -0�&'7�
&

(a) (d) 

(e) 

(b) (c) 
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�<�G*�0
+�
�
�9'�7�*���&	*��,*���*+<,G%
�5� 1.35 nm, (�-2� (iv) &'7�*���&	*� 4 ��
-/�,� 

-0�&'7�
&�<�G*�0
+�
�
�9'�7�*���&	*��,*���*+<,G%
�5� 1.54 nm  

 -&%�,
9'�-2� (iii) -0� (iv) 1�&'1�
���7�*���&	*�;9,
��� -�,7�
&�<�G*�7�*���&	*�

5�-2� (iv) &'7�
&�<�&
���,
-2� (iii) V���5,�)':$	%�,
7�*���&	*�5�-2� (iv) ��:��,*���G�:�&


�,*� 

 =0�
���;7�
�/� Line scan (�-��9�I [110] 1
��<�9'� 4.8 (c) -0� (e) .5�,
(/%=0(�

0��
J�;	'+������5-��9�I [1-10] ����7H*9'�7�
&�<�G*�0
+�
�
� 0.51 nm G*�-2� (I), 0.62 nm 

G*�-2� (II), 0.91 nm G*�-2� (III) -0� 0.92 nm G*�-2� (IV) &'1�
���7�*���&	*�*+<, 2, 3, 4 

-0� 5 	*��
&0�
	�5 [16] 

      

�<�9'� 4.9 �k
.G*�=��/�%
G*�)�:��
�9'�0	���&
J InAs 0�$�;�o��,*�9'�1��,*���;�o�7�*���&

	*�1
� 0.8 ML ;/0H* 0.72 ML ��	1
��0%*�1409��I��-��*��*&9'� (a) 10x10 µm2 -0�          (b) 

2x2 µm2 0<�I�-�	�9�I [1-10] 

 

(a) (b) 
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�<�9'� 4.10 k
.1
��0%*�1409��I��-��*��*&G�
	 3x3 µm2 G*�)�:��
� 27n (InAs 7�*���&

	*�9'�7�
&/�
 ���
��,
 0.8 ML 5� In0.13Ga0.87As /�
 50 nm) -0�k
.-�	�����8�
�
��
�;��	

7�*���&	*�9'�14	G*���	0
+�
�
� 1
�9�:� 6 14	9'�9�
;7�H�*�/&
+$�% 

 G%*&<0G%
��%�9'�$	%1
�)�:��
� u0817 ;�o��
�+H�+��G%*�����
�
�G*�����8�
�
���/�,
�

�<�9'� 4.5 (c) -0� (d) V���7�*���&	*�$	%;��	5�;�%�-��G�
�(�9�:��*�9�I-0%�;9,
��:� 1��+��$&,

�
&
�2.��<1��;�H�*�$G�
�;��	7�*���&	*���:�-�,�%�7H*(��<�9'� 4.5 (b) $	% ;.H�*(/%G%*��4�

����8�
�
�G*�7�*���&	*�5�0
+�
�
�;�o�$�*+,
��&5<�J� 1��$	%9�
�
��0<�)�:��
�;.��&;��&

7H* u0815 F	+9�
�
��0<�)�:� InAs 7�*���&	*�9'�&'7�
&/�
���
��,
)�:��
� u0817 0�$�*'�7H*

�0<�;.'+� 0.72 ML ;9,
��:�-0�;�H�*�1
�9'�7�
&/�
(���	�5�':+�����
��,
7�
&/�
���s��G*��
�

;��	7�*���&	*�1���%*�/+4	�0<�F	+�
�1�5;�0
 ($&,�
&
�2���;��1
� RHEED 	��;),�)�:��
� 

u0702 $	%) F	+GJ�9'�9�
�
��0<���:� RHEED pattern +��$&,9����
��;�o� Spotty pattern �6�%*�

/+4	�
��0<�)�:�7�*���&	*��,*� /
� RHEED pattern +��$&,;�o� Spotty pattern /&
+7�
&�,


7�*���&	*�-55 SK �':+��$&,�,*���;�o�7�*���&	*��&5<�J� =01
��
�/+4	;�0
9'�7�
&/�


G*�)�:� InAs ;9'+5;9,
 0.72 ML 9�
(/%$	%=��/�%
)�:��
�	��-�	�(��<�9'� 4.9 V���.5�,
=��/�%


)�:��
��':*+<,(��2
��9'���
0��1�;��	�
��,*���;�o�7�*���&	*� 14	9'�&'0��
J�9'���
0��1�;�o�

7�*���&	*�-0�&'7�
&�<�&
�9'��4	 7H*14	9'�;�o�14	��	G*�;�%�0
+�
�
�9'�G�
���59�I [1-10] 

-0� [110] �,��5��;�J*H��Y��:� $&,&'5��;�J(	;0+9'�&'0��
J�;G%
(�0%0��
J�G*�7�*���&	*� 

/
�.�1
�J
;�%�0
+�
�
�9�:��*�-�� .5�,
-��9'�G�
���59�I [1-10] &'-��F�%&1�;��	�
��,*���

G*�7�*���&	*�����-��9'�G�
���59�I [110] -0�;&H�*��;7�
�/�5��;�J9'�;�o�14	��	/0
+Y5��;�J
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9'�&'7�
&�<�-���,
����;06��%*+	��-�	�(��<�9'� 4.10 V���;�o�G*�)�:��
� 27n [41]��;7�
�/�1
�k
.

1
��0%*�1409��I��-��*��*&F	+=<%;G'+� 1�.5�,
�
�;��	7�*���&	*�1�;��	9'�14	��	9'�&'7�
&�<�

&
���,
�,*�14	��	9'�&'7�
&�<��%*+��,
 (;�'+����
$��<�1
� 1 2�� 6) V���;�o�G%*&<09'��
&
�2+H�+��G%*

�����
�
�����8�
�
�	��9'���
��(��<�9'� 4.5 (b) $	%*+,
�)�	;1� 

 1
�9'��0,
�&
9�:�/&	G%
��%���:�9�:�)�:��
� u0815 -0� u0817 �
&
�2+H�+������8�
�
�

�
�;��	7�*���&	*�5�0
+�
�
��
&G%*�����
�
�(��<�9'� 4.5 $	%1��� *+,
�$��6�
&��N'	���0,
�&'

G%*	%*+7H*(�/����)�:��
��
&
�2.��<1���2
��-0�����8�
�
��
�;��	7�*���&	*�5�0
+�
�
� 

;.'+�/�����2
��1
�9�:�/&	�'��2
�� (	���<�9'� 4.5 (b) 2�� (e)) ;9,
��:� ;.H�*(/%�
&
�2I��



����8�
�
�G*��2
��9�:��'�$	%*+,
��,*;�H�*�(�)�:��
�;	'+���� 1���%*�9�
�
�9	0*�;.��&;��&F	+()%

��N'9'� 2 	���
+0�;*'+	(�0�
	�5�,*$� 

4.2.2 � g���� 2 (Y ��4	� u0840) 

 �
��0<�)�:��
�(�/��G%*�': (u0840) 1�()%��N'�
�/+4	&*;�*��(�GJ��0<� (Motor-stop 

growth) F	+����-0%�0�
F&;0�409'�**�&
1
�;V00��
�2<��0,*+**�&
F	�=��/�%
*+,
�$&,

�&��
;�&*9�:�-=,�)�:��
� [29] ;.H�*(/%�
��0<�&'7�
&�&��
;�&*9���9�:�-=,��
�1���%*�&'&*;�*��&


/&4�-9,�)�:��
�;.H�*(/%$	%��5 Flux *+,
��&��
;�&* 	����:�/
�/+4	&*;�*��GJ��0,*+0�
F&;0�40

�
�(	Y 1�9�
(/%)�:��
�9'�/+4	&*;�*����/�,
��0<�&'*���
�0<�$&,�&��
;�&*9�:�)�:��
� ;&H�*��
��N'�':

&
()%��5�
����5���&
J InAs (�)�:�7�*���&	*��6&'G%*	'7H*�
&
�2�0<�)�:��
�;	'+�-�,I��

=0

G*����&
J InAs $	%/0
+7,
1
���
-/�,��,
�Y���5�)�:��
� ;.�
�-�,0���
-/�,�$	%��5*���
�
�

�0<�$&,;9,
���(�;�0
;9,
��� 9�
(/%���&
J InAs $&,;9,
���	%�+ G%*;�'+7H*�
�1�/
���&
J9'�

-�,�*�G*�-�,0���
-/�,�9�
$	%+
� ;�H�*�1
��,
&'F*�
�=�	.0
	1
�7�
&$&,-�,�*�G*�14	

I<�+��0
�G*�0�
F&;0�40-�,0�0�
-0�7�
&$&,;�o�*4	&7��1
�*'�/0
+���-�� 

 )�:��
� u0840 7H*)�:��
�9'�/+4	&*;�*��(�GJ��0<�)�:�7�*���&	*�(�GJ�9'�)�:�*H��Y

+��7�/&4�&*;�*���
&���� ;.�
��,
�%*��
�-��7,
;K.
����&
J InAs (�)�:�7�*���&	*�

;9,
��:� F7����%
�)�:��':+��7�70%
+��5)�:�*H��Y9'�=,
�&
 7H*;�o�7�*���&	*�9�55�)�:�0
+�
�
� 

In0.1Ga0.9As /�
 50 nm 5�-=,��
� GaAs (001) V���(���/�,
��0<�)�:� InAs 7�*���&	*�$	%9�


�
�/+4	&*;�*��-0�/+4	�
��0<�;&H�* RHEED pattern ;�0'�+�1
� Streaky ;�o� Spotty pattern  
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 =01
��
��0<�	%�+��N'�':9�
(/%=��/�%
)�:��
�*
1&'/�H*$&,&'7�*���&	*��6$	% G�:�*+<,��5

��
-/�,�	��-�	�(��<�9'� 4.11 V���=09'�$	%�6���5��4�G%*��4�9'�$	%1
���N'9'� 1 .�1
�J
1
�14	 e V���

;�o�14	9'�$	%��5 Flux �<�9'��4	 /&
+2��&'���&
J InAs (�)�:�7�*���&	*�&
�9'��4	 1��&'7�*���&

	*�5�.H:�;�'+5-0�5�;�%� (�GJ�9'�14	 d &'���&
J InAs �%*+��,
14	 e *+<, 1 G�:� &';K.
�

7�*���&	*�5�;�%� V���5�;�%�0
+�
�
�9'�G�
���59�I [1-10] &'7�*���&	*�/�
-�,�&
���,


5�;�%�0
+�
�
�9'�G�
���59�I [110] ��
/��514	 c V���&'���&
J InAs �%*+��,
9'�14	 d *'� 1 G�:� 

.5�,
7�*���&	*�5�14	��	G*�;�%�0
+�
�
�9�:��*�-��&'G�
	(/|,��,
5�-�,0�;�%� (�GJ�

9'�14	 b .514	9'���
0��1��,*���;�o�7�*���&	*�5�14	��	;�%�0
+�
�
�9�:��*�-�� -0�$	%G%*&<0

;.��&;��&�,
(���
-/�,���:��4	G*�;�%�0
+�
�
�&'0��
J�70%
+7�*���&	*� -0�14	9'�$	%��5 InAs 

�%*+9'��4	(�)�:��
�7H*14	 a V���9'�14	�': -&%-�,9'�14	��	G*�;�%�0
+�
�
�9�:��*�-�� �6$&,&'0��
J�9'�

7�*���&	*���
0���,*���*+<,;0+ *+,
�$��6�
& .5�,
14	9'� TD 9'�;�o��,���0
+G*� MD V���&


��
��9'�=��/�%
�0�5&'0��
J�9'�70%
+��5�,
��
0��1��,*���;�o�7�*���&	*� 70%
+��5=09'�$	%1
�

14	 b 1����4�$	%�,
7�*���&	*�1��,*���9'� TD �,*� /0��1
���:�1���,*���9'�14	��	G*�;�%�0
+�
�
�

9�:��*�-�� 

 1
�=0�
�9	0*�9�:��*���N'(�/��G%* 4.2.1 -0� 4.2.2 G%
��%� 9�
(/%$	%G%*��4�)�	;1�2��

����8�
�
��
��,*���G*�7�*���&	*�5�.H:�=��0
+�
�
��,
 7�*���&	*�1��,*���9'� TD �,*� 

�
&	%�+9'�14	��	G*�;�%�0
+�
�
�9�:��*�-�� �
&	%�+5�;�%�0
+�
�
�9'�G�
���59�I [1-10] 

�
&	%�+5�;�%�0
+�
�
�9'�G�
���59�I [110] -0�5�.H:�;�'+5�
&0�
	�5 ��
/��5;/�4=0G*��
�

;��	����8�
�
�;),��':&
1
��
;/�4/0��7H* Strain field 9'�$&,;9,
���G*�-�,0���
-/�,�5�.H:�=��0
+

�
�
�	���
+0�;*'+	(�/��G%*2�	$� 
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�<�9'� 4.11 =��/�%
)�:��
� u0840 9'���
-/�,��,
�Y���-�	�2�� InAs 7�*���&	*�5�)�:�0
+�
�
�

9'����&
J InAs �,
�Y��� 0<�I�-�	�9�I [1-10] k
.1
��0%*�1409��I��-��*��*&-2�5�;�o�

k
.G�
	 10x10 µm2 -0�-2�0,
�&'G�
	 2x2 µm2 ;�o��,��G+
+1
�5���J9'��'��*5(�k
.5� 

4.3 M	�XEO!	��! 1����E2�1�E������5 ��	<E	�	4 

 -551�
0*�9'���
&
*N�5
+����8�
�
��
�;��	7�*���&	*�5�0
+�
�
���:�*
I�+/0���
�

G*��
����1
+���G*�7�
&;7%�9'�=��/�%
G*�Pi0�& (Stress distribution, σxx
MD) G*� Surface step 

9'�=��/�%
9'�;��	1
� MD [13,42] 9�:�G*�0
+�
�
�-��9�I [1-10] -0� [110] 	���<�9'� 4.12 V���-�	�

-551�
0*��
����1
+���G*�7�
&;7%�9'�=��/�%
G*�Pi0�&-55�*�&��� (�<�9'� 4.12 (c)) 1
��
�

V%*�9�5 (Superimpose) G*��
����1
+���(�/����&���G*�-�� [110] (�<�9'� 4.12 (a)) -0� [1-10] 

(�<�9'� 4.12 (b)) V����H�*2��	%�+��	�57�
&;G%&G*��'(� (a), (b) -0� (c) F	+�'	�
/&
+2��5��;�J9'�&'

7�
&;7%�&
� �'G
�/&
+2��5��;�J9'�&'7�
&;7%��%*+ 1�;/6��,
7�
&;7%�1
�9�:��*�-��&'0��
J�

70%
+��� -�,�
����1
+���-0����&
J7�
&;7%�9'��,
����1
�;�%�0
+�
�
�)��	 α-type -0�      

β-type 1
�;�%�-�� [1-10] -0� [110] �
&0�
	�59'�&'74J�&5����,
���� [3,43] (�-551�
0*��':(/%
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;�%�0
+�
�
�(�-��G�
���59�I [1-10] &'0��
J��
����1
+���G*�7�
&;7%�9'�=��/�%
Pi0�&9'�

;/&
�-�,�
��,*���G*� InAs 7�*���&	*�&
���,
-�� [110] ���;��4$	%1
��' F	+9'� InAs &'

F*�
��,*���5��'*,*�&
���,
�';G%& (/�H*&'F*�
��,*��� J 5��;�J9'�&'�'*,*���,
�,*�/
�9�
�
�

�0<�.�%*&���) 	����:�;&H�*.�1
�J
�,
7�
&;7%��
&
�2��&���-55;)��;�%�$	% 1���
&
�29�
�
�

V%*�9�5k
. Grayscale (��<�9'� 4.12 (a) -0� (b) F	+���(/%=0	��(��<�9'� 4.12 (c) F	+�,��9'�;�o�

�'*,*�9'��4	1��;��	 J 14	9'�-25�'*,*�G*�9�:��*�-��.
	=,
���� V���5��;�J9'��'*,*�9'��4	(��<�9'� 

4.12 (c) 1�*,*�&
���,
5��;�J-25�'*,*�1
�-�,0�-��(��<�9'� 4.12 (a) -0� (b) 	%�+ ;&H�*

.�1
�J
7�
&;7%�G*�.H:�=��V�����9%*�(/%;/6�$	%1
�7�
&;G%&G*���	�5 Grayscale (��<�9'� 4.12 

(c) -0%�.5�,
 5��;�J9'�7�
&;7%�*�	���
9'��4	 (�'*,*�) 7H*14	��	G*�-257�
&;7%�*�	���
9'��4	1
�9�:�

�*�-�� �,��9'�&'7�
&;7%�*�	�<�G�:�&
*'���	�57H*5��;�J9'�7�
&;7%�*�	���
9'��4	5�-��;�%�9'�

G�
���59�I [1-10] 7�
&;7%�*�	&
�G�:�(���	�5�,*&
�67H*5��;�J9'�7�
&;7%�*�	���
9'��4	5�-��

;�%�9'�G�
���59�I [110] �,��9'�7�
&;7%�*�	&
�1�;�o��';9
7H*5�.H:�;�'+5 V���-551�
0*��':

*N�5
+$	%����
&=0�
�9	0*�9'�9�
&
G%
��%� ;�H�*�1
�0�
	�5�
�;��	7�*���&	*�G*��
�

9	0*�;�'+�1
�����$����� �*	70%*���5-551�
0*�9'�;�'+�7�
&;7%�*�	1
�����$���� 

 

�<�9'� 4.12 k
.-�	�-551�
0*�G*��
����1
+���G*�7�
&;7�'+	5�=��/�%
�*�&���G*�)�:�0
+

�
�
� (a) G*�-�� [110] (b) G*�-�� [1-10] -0� (c) G*�14	��	G*�9�:��*�-�� (d) k
.1
��0%*�

1409��I��G�
	 1x1µm2 -�	�=��/�%
-0�;�%����/&
+2��5��;�J9'�-551�
0*�;�o��';G%&9'��4	 
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 *+,
�$��6�
&1
�-551�
0*�.5�,
+��&'5��;�J9'�7�*���&	*�&'F*�
��,*����%*+��,
/�H*

�,*���G�:�)%
��,
5��;�J.H:�;�'+5 (�';9
�0
�) 7H*5��;�J*'�	%
�/����G*�0
+�
�
� (�';G%&9'��4	) 	��

-�	�(��<�9'� 4.12 (d) 5��;�J9'�;�o�;�%����7H*5��;�J9'�7�*���&	*�&'F*�
��,*���G�:��%*+9'��4	 

/�H**'���+/����7H*/
�9�
�
��0<�7�*�7�&	*�.�%*&���9���9�:�=��/�%
 5��;�J	���0,
�1�;��	

7�*���&	*�;�o�5��;�J�4	9%
+ G%*�����
�
��':�
&
�2+H�+��$	%1
�=��/�%
G*�)�:��
� u0702 

	��-�	�(��<�9'� 4.5 (a) ;&H�*.�1
�J
�,�&��5-551�
0*�-55;	'+���5�<�9'� 4.12 F	+�
�9�5V%*����

;.H�*(/%;/6�)�	;1�	��-�	�$�%(��<�9'� 4.13 (c) 5��;�J�'*,*�1�&'7�*���&	*��,*���*+<,-0�1�

0	/0������$��
&�'9'�;G%&G�:� -0�5��;�J9'�;�o��';G%&9'��4	1�$&,&'7�*���&	*�*+<,;0+ V�����4�$	%�,


-551�
0*��
����1
+���G*�7�
&;7%�9'�=��/�%
Pi0�&�
&
�2()%.�1
�J
����8�
�
��
�;��	

7�*���&	*�5�0
+�
�
�$	%1���  

 

�<�9'� 4.13 (a)k
.1
��0%*�1409��I��-��*��*&G�
	 2x2 µm2 -�	�=��/�%
)�:��
� u0702     

(b) �
����1
+���G*�7�
&;7%�*�	9'�=��/�%
Pi0�&1
� Surface step -�,0�;�%�G*� u0702 9�5V%*�

��� V���;�o�0��
J�;	'+���59'�()%(��<�9'� 4.12 F	+�'*,*�/&
+2��7�
&;7%�*�	���
 �';G%&/&
+2��

7�
&;7%�*�	�<� (c) ��
 b $�V%*�9�55� a -�	�2��F*�
�9'�-�,0�5��;�J1�&'�
��,*���G*�

7�*���&	*� 

 -551�
0*�(��<�9'� 4.12 (a), (b) -0� (c) �
&
�2*N�5
+$	%	%�+9s
�'G*�7�
&;7%�*�	 

(Compressive stress) 7�
&;7%�+H	 (Tensile stress) -0��
�*.+.G*�*��*&9'�=��/�%
 (Surface 

atom migration) ;&H�*;���&-���
��0<�)�:�0
+�
�
� InGaAs 2<��0<�G�:�5� GaAs ���
5 (001) )�:�

*��*&)�:�-��YG*� InGaAs 5� GaAs �,*���*+,
�5'5*�	���*+<, F	+�,*���	%�+7,
7�9'�=0��

-��G�
���5=��/�%
 (a||) 9'�;9,
�����5 GaAs -0�7,
7�9'�=0��-����:�K
���5=��/�%
 (a⊥) 1��<���,


G*� InGaAs 9�
(/%;��	7�
&;7�'+	���& ;&H�*�,*���$�/�
G�:�;�H�*+Y1�2��7,
7�
&/�
���s�� (hc) 

(a) (b) (c) 
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7�
&;7�'+	���&2<�=,*�70
+0� (Strain relaxation) 	%�+�
�;��	G*� MD -0� TD -&%�,


7�
&;7�'+	1�2<�0	F	+ Dislocation 9'�;��	G�:�	��9'�*N�5
+$�%9'�/��G%* 2.2 -�,7�
&7�
&;7%��
&

-�� MD ��:��<�&
� [13] F	+	%
�/����G*� MD 1�;�o�7�
&;7%�*�	 *'�	%
�1�;�o�7�
&;7%�+H	 

;&H�*7�
&;7%�9�:��*�)��		���0,
�;��	G�:�(��*��3��G*� MD 9�
(/%;��	�
�*.+.G*�*��*& In ;&H�*

�
��0<�)�:� InGaAs 	�
;����,*$� �
�*.+.G*�*��*& In 1�;��	G�:�(�0��
J�9'�9�
(/%.0���
�

��&G*���55���
9'��4	 	����:�*��*& In 1��.+
+
&*.+.$�	%
�9'�&'�
�;�
����G*� In (/%&'

7�
&;7�'+	�%*+9'��4	 �67H*	%
�9'�&'7,
7�9'�=0��(/|, (;�H�*�1
� InAs &'7,
7�9'�=0��9'��<���,
 GaAs) 

/�H*	%
�9'�;�o�7�
&;7%�+H	����;*� 1��;�o�;/�4=0/����9'����5��4��,
 0
+�
�
�9'�=��/�%
1��&'	%
�

/����9'� InAs 7�*���&	*��
&
�2�,*���$	%;�6���,
*'�	%
�/���� -0�;�6���,
5��;�J*H�� V���;�o�9'�&


G*��<�-557�
&;7%�9'�=�� (σxx) 9'���&.��N���5��+�5����
5=��/�%
	��-�	�(��<�9'� 4.12 (b) 

 7�*���&	*� InAs &'-25),*��,
�.0���
�-55 Direct 	����:�/
�&'�
�����4%�.
/�

k
+(�7�*���&	*�(/%&'.0���
�&
�G�:�1�;�0'�+��2
��1
��2
��.H:� (Ground state) $�*+<,(�

�2
������4%� (Excited state) $	% ;&H�*.
/�7
+.0���
�**�&
;.H�*�0�5�<,�2
��.H:� .0���
�9'�

**�&
1�*+<,(��<�FP�*� V����
�;�0,�-��;&H�*&'�
�����4%�.
/���:��
&
�2��	$	%	%�+��55��	

�
�;�0,�-��FPF�0<&�;��;V��� (Photoluminescence) V���$	%�0,
�2��(�/��G%* 3.2.2 �
�;�0,�-��

G*�7�*���&	*�9'�&'F7����%
�9'�V�5V%*���,
���� ;),�7�*���&	*�F&;0�40 1�(/%=0�
�

;�0,�-��**�&
&'7,
+*	/0
+7,
-0�+��-���
&.0���
�9'�()%����4%�	%�+ (Power dependence) 

[2,34] �
�.�1
�J
/
�%��*G*�7,
+*	-�,0�7,
-0���	�5.0���
�G*��2
��k
+(�F7����%
�

7�*���&	*�F&;0�401���%*�*
I�+�
�1�
0*�F7����%
�;�&H*�1���	%�+7*&.��;�*��),�+ 	��9'�1�

�0,
�(�/��G%*�,*$� 

4.4 �ONM��2E �Y 4�M43�4����E2�1�E����!O� 

  7�*���&	*�F&;0�40 (Quantum Dot Molecules: QDMs) ;�o�=0&
1
�7�
&.+
+
&(�

�
��0<�7�*���&	*�7�
&/�
-�,��<� (High density) V����0<�$	%	%�+��N'�
��059�5-555
�-

�0<�9�5V:�
 (Thin-capped-and-regrowth) 5�-=,��
�;�'+57H* GaAs (100) [34] -�,�6+���
&
�2

�0<�5�-=,��
�0
+�
�
�$	%	%�+ 7�*���&	*�F&;0�40&'0��
J�;K.
�G*��
�;�'+���� �0,
�7H*

7�*���&	*�F&;0�40����*5	%�+7�*���&	*��*�G�
	 7H*G�
	(/|,9'�;�o�I<�+��0
� (Center 
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dot) -0�7�*���&	*�G�
	;06�9'�0%*&�*5 (Satellite dot) (����&
J9'�&
���,
 V���7�*���&	*�

F&;0�40�':2<�()%(�F7����%
� Photovoltaic ;.H�*;.��&���&
J�
�	<	V�5-�� 

 74J�&5���(��
�V�5-��-0�;�0,�-��;�o�74J�&5���9'���
7�|G*�7�*���&	*�-0�2<�()%

(��������	�
��9
�-��&
�&
+ �
����574J�&5���;�'�+���5-���':�
&
�29�
�
����5��4�$	%F	+

;.��&7�
&/�
-�,�G*�7�*���&	*�-0�(/%7�*���&	*�9�:�/&	&'G�
	9'�;�o�G�
	;	'+����/�H*

(�0%;7'+�9'��4	 (Uniformity)  

 �
�I��

2��=0�
�;�0,�-��G*�)�:��
�9'�&'F7����%
�7�*���&	*�F&;0�40(�*	'�9'�=,
�

&
+��$&,$	%&'�
�I��

(/%;G%
(1*+,
�2,*�-9%;9,
$���� 1��$	%&'�
�9	0*�;.H�*I��

.s�����&�
�

;�0,�-��G*�F7����%
�7�*���&	*�F&;0�40F	+�
�()%�
�1�
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""�/�0$<4�'�(",�8=4! Gaussian function �4!5=3���N- N�523$'A�4!""��##�5�,+� 3,�$ 
1D-Poisson 8="N�/CD�"�% N- �5�,+� 3,/+�D"$1�7, 1 �787���1234",(6.$�3 
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