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æ^lfåí�Eâ��
ü�ÚV� Ge þf:, ÏL�fåw�ºé'
ØÓ Si �l�þÝÚØÓùî
þf:�Ý�¹eL�þf:�º�Ú/m�É, XÚïÄ
ùî Ge þf:�)�ACéL�þf:�Ed�9
/Ø�K�, ¿^î�AC�.éÙ?1)º. ¢�(JL², CX Ge þf:� Si �l�¥©ÙX�AC|, ��
L�þf:Ed�þÝ�ü$, lO�:�NÈ; ACrÝ��l�þÝ�~�O\, E¤L�þf:/GÚ
º��Cz; d	, AC�N�
L�þf:��m©Ù.

'�c: Ge þf:, î�AC, lfåí�

PACS: 68.55.−a, 81.15.Cd, 81.16.Dn

1 Ú ó

d u þ f : 3 1 > ì � ¥ � ã � A ^ c
µ [1,2], Ùº�Ú�m©Ù�N�®²¤�ïÄ
�:. Ge þf:�g|�)�´Äu Si � Ge
�m 4.2%�¬���, Ïd��ACº�!L¡
áN�f�*Ñ�ÝÚ¤Ø¥%�må, �±N�
þf:�º�Ú©Ù. éuü�þf:5`, ®²
3·��ëêeæ^äY�È Ge ��{¼�
º
�þ!5�~Ð�þf: [3]; æ^AC� SiGe Ü
7�À��±Uõ Ge þf:��mkS5 [4]. ,
	�«k�ö�þf:)���{´ÏLõ�þ
f:¥ Si �l�È\�AC [5,6] 5N�þf:�
º�Ú©Ù, ��g|�;��ü�R�ü��þ
f:�¬�, Jpu1rÝ [7−10], Ïd�|uA^
�ì�¥. 3þf:þCX�� Si �, Si �¥©Ù
XØþ!�AC, �ù
AC�A5�Xùîþ
f:�º���Ú/G±9 Si �l���ÉC
z [11]. � Ge �f�È�T� Si L¡�, áN�f
ò3��¬��� �`k¤Ø [12]. ÏL�� Si
�l�þÝÚ)���ê, N!
þf:�©Ùm
åÚº�, ¼�
º�þ!5�u ±7%� Ge þf

: [13].

� � Ge þ f : � Ì 6 � { ´ © f å 	
ò (MBE)[14] ÚzÆí��È (CVD)[15], Cc5
�Ñy
¦^lfåí��{�� Ge þf:�
�� [16−18]. dulfåí�äk´u��z�
`:Ú��)�?u�²ï��A:, ¦Ù��Ñ
� Ge þf:äkAÏ�G� [16−18]. XpUâf
�ñÂ¬¦í�)�� Ge þf:3)�ÐÏÒ
¥y��AÏ�A²�//m, þf:ºà�3
� (001) ¡òé Si �L¡�³²åX�K� [19].

�©¦^lfåí�©OïÄ
 Si �l�þ
ÝÚùî�þf:�ÝéL� Ge þf:)��K
�. (JL², 3AC�^e, duEd�þÝÚ`
k¤Ø ��UC, L� Ge þf:�º�C�, �
Ý���N!. ÏLACN�, �±¼�ØÓ/G
Úº��þf:.

2 ¢ �

æ^ FJL560 0.�pý�lfåí�¤)
� Ge/Si þ f :, Si Ä ¡ À � Si(001) p . ü ¬
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¡, Ä¡æ^IO� Shiraki �{�W�, 3ßÝ
� 2.5%� HF �M�¥¤W 30 s, ±�ØÄ¡L¡
�g,�z�, Ó��¤
é Si ¡L¡��ðz.

ý�í�XÚ��.ý�Ý�u 3.0 × 10−4

Pa. l Kaufman l f l u � Ñ � Ar l f å �
q ¡ ¤ 45◦ � ñ Â q á, í � Ñ � � f 3 q á
� þ � � Si Ä ¡ þ � È. l f l � ó � í Ø
� 2.0 × 10−2 Pa. í���fÏþû½ulfl�
å6Úå6>Ø, ¢�ÀJlfl�å6� 7 mA,
å6>Ø� 1 kV.

3 Ge þf:)�c, Äk3�u 3.0×10−4 Pa
�ý�eò Si Ä¡\9� 700 ◦C ¿�± 10 min ?
1øí?n. ,�, 3 700 ◦C e)�þÝ� 50 nm
� Si �À�, �X3ØÓ^�e)�ü�ÚV
� Ge þf:. äNëêXe: 1) 3 700 ◦C e)
� Ge �Èþ� 2 nm �ü� (�¬?Ò A) ÚV�
�¬, Ù¥V��¬¥ Si �l�þÝ©O� 16 nm,
32 nm Ú 48 nm(éA�¬ B—D); 2) 3 700 ◦C e)
� Ge �Èþ� 1.6 nm �ü� (�¬ E) ÚV��
¬ (�¬ F), Ù¥V��¬¥�l�þÝ� 48 nm;
3) 3 650 ◦C e)� Ge �Èþ� 2 nm �ü� (�
¬ G) ÚV��¬ (�¬ H), Ù¥V��¬¥�l
�þÝ� 48 nm.

æ^�fåw�º (AFM) 3�v�ªe*
	�¬�L¡/m. �fåw�º�.Ò� SPA-
400 SPM. ÏL AFM �¡©Û^�ÚO¼�þf:
º�Ú�>����.

3 ¢�(J�©Û

Ge/Si þf:g|�)��ÄåÊH@�´
ü«á��m¬������AC [20]. Ïd3)
¤� Ge þf:þCX�� Si ���, =¦²�
� Si L¡�©ÙXØþ!�AC|, ù
AC|ò
¬N�e�� Ge þf:�/GÚº�©Ù. ã 1
w«
��3 Si �À�þ)��ùî� Ge þf
:Ú3ØÓþÝ Si �l�þ)��L¡� Ge þ
f:�pÝÚ�»ÚO©Ù±9 AFM ì¡. lÎ
GÚOã¥�±wÑ, L¡� Ge þf:��»Ñ
'ùî����, �� Si �l�þÝ�� 16 nm
�, L� Ge þf:�pÝÚ�»´���; �X�
l�þÝ�±YO�, L�þf:��»Åì~�,
�ª½3 50—70 nm �m, þf:�pÝ%3
±Y~�, ù�NÑ Si �l�þÝé Ge þf:�

)�å�
²w�N��^. l AFM ì¡¥��
±�Ùw�, Si �l�þÝ��, L¡� Ge þf:
��»��, �þf:m�Ü¿��y��²w.
��l�þÝ���, �»�Cz�©z [21] ��
�(JØÓ, ù�U�þf:/GÚ)��ê��
Ék'.

du Si �¬�~ê�u Ge, Ïd�CX Si �
±�, ùîþf:þ� Si CX��¬�~ê�XÙ
þÝ�O\ÅìdCqu Ge �¬�~ê=C�
Cq Si �¬�, �� Si �l�¥�3XÜAC. d
uÜAC��3, ��3ÙL¡þ)�e�� Ge
�¤�)�¬���ü$, l¦L� Ge þf:
��»O�. ¬����O��±~�þf:�º
�, 'X InAs/GaAs þf:�º�Ï~�u Ge/Si
þf:, ´Ï� InAs � GaAs k 7%���,  Si
� Ge �k 4.2%���.

ÄuëY�5�nØ, î�þf:þ� Si �l
�L¡�ACÈ\�deª�Ñ [12,19]:

ε = CV (r2 + H2)(−3/2)
(
1 − 3H2

r2 + H2

)
, (1)

Ù¥, H ´ Si �l��þÝ, r2 = x2 + y2 ´î�
þf:3²¡¥� �, V ´:�NÈ, C ��5
~þk'. l (1) ª�±wÑ, Si �l�¥AC�
rÝ�XÙþÝ�~�O\. ACrÝ�Cz¬
K�L� Ge :�Ed�þÝ, lUC Ge :�
º�. du Si �l�¥Ø==��3ÜAC, ´
©ÙXØþ!�AC|, =ùî Ge :þ��3X
ÜAC¿�:±��3XØAC, �È�f¬3Ü
AC«�`k¤Ø, lü$
L� Ge :Ed�
þÝ [8,22]. Ed��þÝ�X�l�¥ACr
Ý�O\eü, E¤õÑ�Ü© Ge �f\\�
þf:�)�¥, O\
 Ge :�oNÈ. Ïd, E
d��UC�±ÏLþf:oNÈ�Cz�NÑ.
Xã 2(a) ¤«, L� Ge þf:��Ý�X Si �l
�þÝ�O\¥y�þO�, �þf:�oNÈ
%k~��Åìªu½; �ùî�þf:��Ý
ÚNÈ�', � Si �l�þÝ� 16 nm �, L� Ge
þf:��Ý'ùî�$, ÙNÈ��uùî�;
�þÝUYO\�, L� Ge :��ÝÚNÈ��
uùî�. �l�þÝ��, þf:NÈ��; ��
l�þÝ�u 32 nm �, þf:�oNÈªu½,
`²d�Ed��þÝCzØ�.

éuþf:�/G�±lã 1 � AFM ì¡Ú
ã 2(b) �p°'wÑ, �X Si �l�þÝ�O�,
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þf:�p°'©ÙÅì~�, �þÝ�� 48 nm
�, L¡� Ge :�p°'�ùî� Ge :�Ä��
�, ùî� Ge :�±�k�E�. ùL²�l�þ
Ý�Cz�N!
þf:�/G. �´�þf:�

p°'� 0.1 �m�, Ù/G¿vk¥y7i©/,
= 0.1 �m�p°'Úd�>���� 11.4◦ � 4
� {105}¡�¤ [23−25], �3�$p°'��v
k¥o>/�ý7i©/:.

ã 1 ØÓ�l�þÝeþf:�º�ÚOã (e)—(h) Ú AFM ì¡ (a)—(d), (a) �1��þf:; (b)—(d) ©O´3þÝ
� 16, 32 Ú 48 nm � Si �l�þ)��1��þf:

ã 3 �Ñ
äk�L5�þf:� AFM ��
ì¡±9Lþf:ºà÷ [110] ���×£�ã.

ã 3(a) Ú (b) �Ñp°'©O� 0.073 Ú 0.095 �
þf: AFM ì¡, §��/GÑØ´o��, 
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�l×£�ãwÑþf:�ºàÑ�3��Ý�
$ ($�ê) �¡. ù�¦^ MBE ½ö CVD �{
)�Ñ�ÐÏþf:/mØÓ, Ï�ºà�$�ê
¡�þf:��Ñy3p°'��u 0.1 ��º/
þf:¥ [24]. lfåí�)�p°'� 0.073 �þ
f:®²äk 10.4◦ ��>�, �Xþf:��, Ù
p°'Ú�>�Ñ3ØäO\, Ïd, þf:dA
²���:Åì=C���:, ù�U�lfåí
�eÄåÆÚ9åÆéÜ��þf:)�k'. a
q�(J�3 Chung ��¢�¥uy [16−18]. du
í�)��þf:�ºà���3 (001) ¡½ö$
�ê¡, Ïd Si �l�þÝ�Czò��î�AC
©Ù«��UC. Marchetti � [19] ¦^ (1) ªéº
à�3 (001) ¡�ùîþf:�)�AC|?1O
�, L²��l�þÝ���, ÜAC©Ù3ùî
þf:þ� (001) ¡� 4 �º�«�; þÝ��
�, ÜAC©Ù3þf:¥%�þ�. Ge �fò3
ÜAC�3�«�`k¤Ø [12]. Ïd, ��l�þ
Ý�$�, ùîþf:þ�/¤ 4 �½õ�¤Ø¥

%; �X)��?1, ��¤Ø¥%Øä��, �ª
Ü¿3�å, Ïd3ã 1(b) Ú (c) ¥�±w�þf
:Ü¿�y�.

ã 2 (a) �þf:��Ý (�µ) ÚoNÈ (n�) �X
�l�þÝ�Cz; (b) �þf:�p°'��l�þÝ
�Cz. Ù¥, 1��þf:^�%:3�l�þÝ�"
� �L«, 1��þf:^¢%:L«

ã 3 ØÓp°'þf:� AFM ��ì¡±9�×£ã (a) Ú (b) ´p°'©O� 0.073 Ú 0.095 �þf:; (c) Ú (d) �
ã (a) Ú (b) ¥÷������×£ã
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�ïÄØÓ�î�þf:�Ýe Si �l�
éL¡� Ge þf:)��N��^, ·�UC)
�ëê, ��
��DÕÚ�8�þf:��ù
î�þf:, 23�gÓ�^�e)�L¡� Ge
þf:. ùî�ÚL¡� Ge þf:� AFM ì¡
Úº�ÚOXã 4 ¤«. �ã¥þf:�)�§
Ý� 700 ◦C, mã¥þf:�)�§Ý� 650◦C.
�±wÑ, �Ð©î�þf:DÕ�, L¡� Ge
þf:�ÝO�, �´�ùîþf:���8�,
L¡� Ge þf:�êþ�ùî��'�²w~
�. �Ó�l�þÝe, ùîþf:�Ý·¥�,
L¡�þf:��ÝCzØ�, Xã 1(a) Ú (d) ¤
«. ØØÐ©�ÝXÛ, L¡�þf:��Ý�±
3 1.4 × 109 cm−2 � 3.4 × 109 cm−2 ���S. ù
L² Si �l�k�N!
þf:��m©Ù, �©
z [12] Ú [22] ���(J��.

Óc¡¤ã�ïÄ(J��, L¡� Ge þf
:��»ÚoNÈÑ�uùî�, �´ÙpÝ�
Czk¤ØÓ. éu�ÝO\�L¡� Ge þf:

¥, pÝ¤V�©Ù, �pÝ�$�þf:Óý
�Ü©, ùL²d�Ñy
�þf¤Ø�B�ì
q, Ùp°'3 0.03—0.05 ���. lù
f¤Ø
�B�ìq�/Gþw, �vkÑyaqo�/�
ý7i©þf:, T(J�c¡©Û���. Si �
l�éþf:�m©Ù�N���±¦^ (1) ªJ
Ñ�î�AC�.5)º. éuùîþf:DÕ
�, du�m©Ùm���, Ùþf:�þ�� Si
�¥�3ÜAC�Ó�, ��:�m,� ��¬
�~ê'Ù±��ØAC«��¬�~ê�, =�
�:m��3'ùîþf:�þ�ACrÝ��
ÜAC.  Ge �f3¬������ �`k¤
Ø, ��L¡� Ge )��`k¤Ø�Ý�O\; ¿
�duî�AC¦L� Ge Ed�þÝ�ü$, ¦
�L¡� Ge þf:�ÝO\. �î�þf:�8
�, �C�þf:/¤�ACò8¥3�å, 3 Si
�L¡/¤��ÜAC��J, ��L¡�þf
:��Ýü$.

ã 4 ØÓî�þf:�Ýe, þf:�º�ÚOãÚ AFM ì¡ (�ã) �ã (a) Ú (b) ¥ Ge �)�§Ý� 700 ◦C, Ge ��
�Èþ� 1.6 nm; mã (c) Ú (d) ¥ Ge �)�§Ý� 650 ◦C, Ge ��Èþ� 2 nm; (b) Ú (d) ´�l�þÝ� 48 nm �V��¬

4 ( Ø

æ^lfåí�Eâ3 700 Ú 650 ◦C u Si �
.þ��
ü�ÚV� Ge þf:. ÏLé'ù
î�ÚL¡� Ge þf:�º�9/G¿?1©

Û, uyùîþf:�)�ACK�XL¡�þf
:�Ed�þÝ9¤Ø �. du Si �l�¥�
3Øþ!�AC|, L¡� Ge þf:��»Ñ'
ùî��. �l�þÝK�XAC���Ú©Ù,
��Ed�Ú¤Ø ��UC. � Si �l�þÝ
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� 16 nm �, L¡� Ge þf:�NÈ��; ��l
�þÝ� 48 nm �, ùî�þf:�E�, �þ
f:oNÈ�±½. ÃØÐ©�ÝXÛ, î�A

CN�
L¡� Ge þf:��m©Ù, ¿�±3
�½��. ÏLéV�þf:)��ïÄ, �lf
åí� Ge þf:�A^C½Ä:.
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Abstract

The quantum-dot samples with single Ge layer and twofold stacked Ge layers are prepared by ion beam sputtering deposition.

The different sizes and morphologies of quantum-dots are characterized using atomic force microscope technique. The effects of strain

from the capped Ge quantum-dots on the upper Ge wetting layer and the nucleation are also investigated by the buried strain model.

The results show that the non-uniform strain in the Si spacing layer which caps the buried quantum-dot layer, leads to the decrease of

Ge critical thickness in the upper layer, which increases the upper dot size. The strain intensity increases with the decrease of Si spacer

thickness, which results in the changes of dot shape and size in the upper layer. Furthermore, the strain also modulates the distribution

of upper quantum-dot layer.

Keywords: Ge quantum dots, strain, ion beam sputtering
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