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1 Ú ó

3y�8¤>´��ó²¥, �X��5�8
¤>´�uÐÚA��°�ü$ [1], é8¤>´¤
^�ü¬7¡�þJÑ
�p��¦. 7¡�"�
ÚËÀé8¤>´�5�Ø|K���5�wÍ,

Ù¥LÞx7á�ËÀK�c�wÍ. duØC
g����þ¦^¦�LÞx7áéN´ËÀ7
¡ [2], ¿�7¥LÞx7á��MÝ�§Ý�ü$

×�eü, Ïdp§9?n�?\7¡�LÞx
7á,�éN´3���e%L§¥�De5½
/¤EÜN, ù¬3é�§Ýþü$á��>Æ5
U. �,�X���U?, 7¥LÞx7á,��
ßÝ��
wÍ�ü$, �´E,Ã{����;
�ÙËÀ. 3y���5�8¤>´���ó²¥,

7¡L¡�7áËÀßÝÑ�¦��3 1010cm−2

±e [3].

Ô���­��LÞ7á��, duÙ37¥

k�~��*ÑXêÚ�MÝ, �Ù�MÝ�§Ý
�ü$
×�eü, Ïd3e%L§¥, éN´±
�D�/ªà8e5 [4−7]. �C, ��ÿ� [8] uy
� ½gmY7�fU�mYÔ�f(Ü/¤E
ÜN, ��7¥Ñy#�Ô�'�U?. Istratov[5]

Ú Andrei � [6] ïÄuy, �Ù¦/��3�Ô�
', Ô�D¬37�B�Ú\�U?, wÍ/ü$
7á��ê16f�*Ñ�Ý, î­K�ì��>
Æ5U. ¤±, XÛk�/áØÔ,���É�2
��'5.

�´�.7ü¬¥�­��,�, §´3ü¬
.�L§¥, LK7��=l��p�^
Ú\
�. ��@�, 37�LK§Ý (1414 ◦C), Ú\m
Y��f�²ïßÝ�� 2.75×1018 cm−3. Ïd3
;.�ì���ó²§Ý (��$u 1200 ◦C), m
Y��f?uL�ÚG�, ¬3���9?nL§
¥/¤��D [9], ½ö�Ù¦�f(Ü/¤EÜ
Ô [10,11]. ÄumY��f�	*Ñ±9��DÅ
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n, ó²þÏ~æ^p - $ - pnÚ9ò»5¼�
'À« [2,3]. K�'À«�/¤Ï�éõ, XÐ©
�ßÝ!9?n{¤Ú%ßÝ� [12,13]. Cc, {
I MEMC úiJÑ
 MDZ ó² [14−16]. |^¯�
9?n��DÚSá,ó²�1�Úp§9?n,

ÏL3�¬¥/¤� ©Ù­�, 5����DÚ
'À«�/¤ [17]. Akhmetov � [18] ÏL¯�9?
nó²ïÄuy� U�7¥��(Ü/¤�½
ßÝ� VO4 EÜÔ, ù«EÜÔ�±3���9
?nL§¥¤���D�/ØØ%. �~59?n
ó²�', ¯�9?nó²äk,§Úü§�Ý¯,

37¥�)ØÓ�:"�©Ù�A:. ¿�3¯�
9?nó²¥'À«�)¤�7¡÷�»�©Ù
±99?n{¤�Ï�Ã'.

8c, �XÔÚ��¦^, �O\
Ôé7¡
ËÀ��x5. Ïd, ÃØ´lÆâþ�´ó�
A^þ5w, ïÄ'À«)¤L§¥�Ô�DÅ
nÑké­��¿Â. �©ÏL@¡Ú1Æw�
º (OM) *	, 5ïÄÔ,��Ú\^Sé'À«
)¤�K�. ïÄuy, éu~59?nÚ¯�9
?n, 31�Úp§9?ncé�¬ÔËÀ, �¬
¥Ñvk'À«)¤. 
31�Ú!1nÚ9?n
L§¥Ú\Ô,�[ÀKØK�'À«�)¤. ,
	, 3¢�¥UØÓ^Sé�¬Ú\Ô,�, �¬
�'À«�°Ý�¬k¤ØÓ.

2 ¢ �

¢ � À � 3 � í � o í ¨ e ) � � �
» 100 mm, p . <100> ¬��ü¡�1 CZ 7
ü¬���¬. ò�¬©�¤ 2×2 cm2 ��, ,�
^ CP4 @¡�?1zÆ�1, 2ò�¬?1 RCA

IO�W. ò�¬©� A1, A2, A3 Ú M1, M2, M3

8|©O�~59?n (CFA) Ú¯�9?n (RTP).

3¢�L§¥, UìØÓ�ÔËÀ^S, ò�¬E
\� CuCl2 M�¥¿ËÀ 5 min. CuCl2 M��ß
Ý� 0.5 mol/L, ��u 1100 ◦C �Ô37¥��Ú
ßÝ. Ô�±3�S�ØÓ9?nÚ½¥�Ú\�
7¬N¥. z�Ú�¬9?n�¤�, ¦�¬3�
í¥e%, e%�Ç��� 30 K/s.

ò»Ú½�¤�, ò7¡?1)n, ¿§e
^ Sirtl @¡�@¡ 5 min, ,�31Æw�ºe*
	Ù�¡�"�©Ù.

3 (J�?Ø

3.1 111���ÚÚÚppp§§§999???nnn���cccééé���¬¬¬ÔÔÔ,,,���
ËËËÀÀÀ

òO�Ð��¬ A1-1, A1-2, A1-3 Ú M1-1,

M1-2, M1-3 E\� CuCl2·2H2O M�¥é�¬Ô,
�ËÀ, ,�©O3~5\9¬¥ 1150 ◦C ò» 4 h

Ú¯�\9¬¥ 1250 ◦C 9?n 60 s, p§9?n
�¤�, �Ñ A1-1 Ú M1-1, ò A1-2, A1-3 Ú M1-

2, M1-3 �å3~5\9¬¥ 750 ◦C ò» 8h, �
Ñ A1-2 Ú M1-2, UYé A1-3 Ú M1-3 ?1~59
?n 1050 ◦C ò» 16 h(�L 1).

ã 1 �¬�N�"�©Ùã (a) A1-1; (b )M1-1

L 1 �¬ÔËÀgS�9?nÚ½

�¬ Ú½

1 2 3 4

A1-1 ÔËÀ 1150 ◦C/4 h

M1-1 ÔËÀ 1250 ◦C/60 s

A1-2 ÔËÀ 1150 ◦C/4 h 750 ◦C/8 h

M1-2 ÔËÀ 1250 ◦C/60 s 750 ◦C/8 h

A1-3 ÔËÀ 1150 ◦C/4 h 750 ◦C/8 h 1050 ◦C/16 h

M1-3 ÔËÀ 1250◦C/60 s 750 ◦C/8 h 1050 ◦C/16 h

ã 1(a),(b) ©O��¬ A1-1 Ú M1-1 39?n
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ã 2 �¬�N�"�©Ùã (a) A1-2; (b) M1-2

ã 3 �¬�N�"�©Ùã (a) A1-3; (b) M1-3

�¤�1Æw�ºe*	��7¡)n¡þ�Ô
�DÚ��D�©Ù�¹. lã 1 �±uy, �
¬ A1-1 Ú M1-1 ��¡Ù÷
N�"�, ¿vk
'À«)¤, 
� M1-1 �¬�N�"��Ý�
' A1-1 ����
. ùÌ�´Ï�¯�9?n3
�¬ M1-1 ¥Ú\
�þ�� , K�
Ô�D�
)¤.

ã 2(a),(b) ©O��¬ A1-2 Ú M1-2 39?
n�¤�1Æw�ºe*	��7¡)n¡þ
N�"��©Ù�¹. lã 2 �±w��¬ A1-2

Ú M1-2 ��¡Ó�Ù÷
N�"�, vk/¤'
À«.

ã 3(a), (b) ©O��¬ A1-3 Ú M1-3 39?
n�¤�1Æw�ºe*	��7¡)n¡þ
N�"��©Ù�¹. lã 3 �±w��¬ A1-3

Ú M1-3 ��¡�c¡��¬��, N�"�Ù÷

���¡, �vk'À«/¤.

3.2 111���ÚÚÚ$$$§§§999???nnncccééé���¬¬¬ÔÔÔ,,,���
ËËËÀÀÀ

òO�Ð��¬ A2-2, A2-3 Ú M2-2, M2-3 ©
O3~5\9¬¥ 1150 ◦C ò» 4 h Ú¯�\9¬
¥ 1250 ◦C 9?n 60 s, ,�E\� CuCl2·2H2O M
�¥é�¬?1ÔËÀ, 2ò A2-2, A2-3 Ú M2-2,

M2-3 3~5\9¬¥ 750 ◦C ò» 8 h, �Ñ A2-

2 Ú M2-2, UYé A2-3 Ú M2-3 ?1~59?
n 1050 ◦C ò» 16 h(�L 2).

L 2 �¬ÔËÀgS�9?nÚ½

�¬ Ú½

1 2 3 4

A2-2 1150 ◦C/4 h ÔËÀ 750 ◦C/8 h

M2-2 1250 ◦C/60 s ÔËÀ 750 ◦C/8 h

A2-3 1150 ◦C/4 h ÔËÀ 750 ◦C/8 h 1050 ◦C/16 h

M2-3 1250 ◦C/60 s ÔËÀ 750 ◦C/8 h 1050 ◦C/16 h

ã 4(a), (b) ©O��¬ A2-2 Ú M2-2 39?
n�¤�1Æw�ºe*	��7¡)n¡þN
�"���Ý9©Ù�¹. lã 4 ¥�±w�, 3
7¡CL¡�/�k�½þÝ�Ã"�«/¤, �
�¬ A2-2 �Ã"�«� M2-2 ���
.

ã 5(a), (b) © O � � ¬ A2-3 Ú M2-3 3 9
?n�¤�1Æw�ºe*	��7¡)n¡þ
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ã 4 �¬�N�"�©Ùã (a) A2-2; (b) M2-2

ã 5 �¬�N�"�©Ùã (a) A2-3; (b) M2-3

N�"���Ý9©Ù�¹. dã 5 �±uy, �
¬ A2-3 Ú M2-3 SÜÑÑy
p�Ý��"�, �
¬CL¡Ñk'À«)¤, �'À«�°ÝÄ��
Ó. 'À«°Ý�� 40 µm �m.

3.3 111nnnÚÚÚppp§§§999???nnncccééé���¬¬¬ÔÔÔËËËÀÀÀ

òO�Ð��¬ A3-3 Ú M3-3 ©O3~5\
9¬¥ 1150 ◦C ò» 4 h Ú¯�\9¬¥ 1250 ◦C

9?n 60s, ,�3~5\9¬¥ 750 ◦C ò» 8 h,

��E\� CuCl2·2H2O M�¥é�¬?1ÔË
À, ��é A3-3 Ú M3-3 ?1~59?n 1050 ◦C

ò» 16 h(�L 3).

L 3 �¬ÔËÀgS�9?nÚ½

�¬ Ú½

1 2 3 4

A3-3 1150 ◦C/4 h 750 ◦C/8 h ÔËÀ 1050 ◦C/16 h

M3-3 1250 ◦C/60 s 750 ◦C/8 h ÔËÀ 1050 ◦C/16 h

ã 6 �¬�N�"�©Ùã (a) A3-3; (b) M3-3

ã 6(a), (b) ©O��¬ A3-3 Ú M3-3 39?
n�¤�1Æw�ºe*	��7¡)n¡þN
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�"���Ý9©Ù�¹. lã 6 ¥�±w�, 3
�¬ A3-3 Ú M3-3 SÜkp�Ý��"�/¤, Ó
�37¡CL¡k�½þÝ�'À«/¤, �üö
'À«�°Ý���Ó, � 35 µm. � A2-3 Ú M2-3

�¬�', 'À«�°Ý�Ä�
. ùL², 3ØÓ
§ÝeÚ\Ô,�éÔ�D�©Ùk�½�K�.

duÔ37¥��MÝ�X§Ý�ü$
:
ìeü, Ïd, p§9?n�*Ñ�7¡¥�Ô�
f¬3���e%L§¥�7u)XeuA [6,19],

)¤Ô�D, ¿��Aå��)µ

xSi + 3CuI = Cu3Si + (x −−1)SiI + δ, (1)

Ù¥ δ Ú SiI ©O��´Ô�DéÄN�)�Aå
Úu��gmY7�f. ·���3Ô�DL§¥
��@�)¤�Ô�D´ η′′-Cu3Si �, �éuÄN
7���NÈ (20 Å3)[5,19,20], η′′-Cu3Si ���NÈ
��, �� 46 Å3, ùÒ¿�Xz)¤��Ô�D,

Ò¬k 1.3 �gmY7�f�), Ó�é7ÄN�
)é��ØAå.

7á�f37¬N¥��±ü«�ª?1*
Ñ: mY*ÑÚO *Ñ. ùü«*Ñ�ª©O�
� ÚmY7�f�*Ñ¤��, ÏdmY*Ñ�
'O *Ñ¯. LÞx7á37¥�Ñ?3mY
�, ±mY�ª?1*Ñ, ¤±LÞx7á���
*Ñ�Ý�~¯, �ØÓ�mY�7á37¥�*
Ñ1�ØÓ, ùÌ�d*ÑXêÚ7á¤�d�û
½ [4,6]. LÞx7áÔÚqäk���*ÑXê, 

c�*ÑXêK�é��, ùÌ�´du7á¤?
�mY �ØÓ. ÔÚq38¡NmY �­½,

Ïdäk�$�[£ó. 
c3o¡NmY �
�­½, *ÑKI��Ñé��[£ó. ,��¡,

mYÔ�f37¥´±��>Ö�/ª*Ñ�, ù
�LÞx7ácÚq�3XwÍ��É. ÏdÔ3
7¥äk��*ÑXê [6,21,22]. ,	, *ÑXêé
§Ý�~¯a, �ânØO�, *ÑXê3 750 ◦C

�� 3.6×10−5 cm2/s , 3 1250 ◦C �� 1.8×10−4

cm2/s. 3¿§e§�±3 1 h S37¥*ÑA�
$�A��Î�, 
3p§eÔ�±3 10 s SB
ß 650 µm þ�7¡. Ïd, �â·�¢�¤æ^�
9?n�mÚ§Ý�±��, Ô,�37¡¥�*
Ñ�Ý���u7¡�þÝ, mYÔ�f37¡¥
�±é¯�*Ñ���7¡¿���ÚßÝ.

7áÌ�±þ!/ØÚ�þ!/Øü«�ª

)¤�D. þ!/ØI�7áä��¯�*Ñ�
ÝÚ�p�ßÝ, �þ!/ØKI�7áØäk�
¯�*Ñ�Ý	�IkÉ�/ØØ%. Ô37¥
Ì�±þ!/Ø��ª)¤�D, �Ù�D1�Ì
�Éü�Ï���, zÆ°ÄåÚ³^. Ô�D�
zÆ°Äå´du§Ý×�eü
���7¥L
Þx7áÔ�4��L�ÚÝ, 
K��D?1�
³^KÌ��) η′′-Cu3Si /¤�.¡UÚÔ�D
�7ÄN�m�)�ØAå. ïÄL², �.7ü
¬¥�L�ÚÔ�f3e%L§¥Ì�kü«�
Aå»µ37ÄNS/¤�D½ö*Ñ�7L¡.

duÔäké��*Ñ�Ç, �¬ A1-1 Ú M1-1

©O3 1150 ◦C �§ 4 h Ú 1250 ◦C �§ 60 s �,

mYÔ�f�Ú\�7ÄNS¿��Ù�ÚßÝ.

ïÄL², ��¬3 1100◦C �éA��MÝ��
3 1018 cm−3, 
3¿§e=�A�Ô�fzá�
f�. ¤±39?n���íe%L§¥ (e%�
Ç�� 30 K/s), mYÔ�f��ÚßÝ×�È\
��°ÄåwÍO�, 4��L�ÚÝ°¦gm
YÔ�fà8
�7u)�«"��A, )¤�«
EÜN½Ô�D. Ïd3�¬����¡�)7¡
CL¡«�¬Ù÷p�Ý�Ô�D½ÔEÜÔ, X
ã 1(a), (b) ¤«.

ïÄL², *Ñ?\7¥�mYÔ�f¬�D
3NS½ö*Ñ�L¡, ¿��¤�U?ké�'
X. �Ä�Ô37¥�*Ñ´����>Ö, ù¬
��Ô,��*ÑØ=�6§Ý, ��6�>a.
Ú�,Y². p .7¥, Ô�D��>Ö, Ïd¬é
mYÔ�f�)ü½, 3�½§Ýþ³��D. ù
«>Ö�m��pü½�^¦�7¥mYÔ�f
Ø
37¡SÜ/¤Ô7zÔ, �¬	*Ñ�7¡
L¡. Ó�, 3�¬e%L§¥, 7L¡�,�Ô¬
�7u)�A/¤Ô7zÔ, 
mYÔ�f3Ô7
zÔ¥�M)Ý'37¥�M)Ý��. Ïd, �
Ü©L�Ú�mYÔ�f3*Ñ�7L¡�¬�
Ô7zÔÓ¼, ù�L§Ò´gá,�A, §é*
Ñ��¬SÜ�7á,��f�áØå
�'­
���^ [18,23,24].

l¢�¥�±wÑ, 31�Úp§ò»L§¥
/¤�Ô�DØU3���9?nL§¥�ÜM
), ��Ô�D��Ý9©Ù3��7¡�¡¥A
��±ØC [20,21]. ¤±nÜ·�±þ�©Û�±
��, 3���9?nL§¥, �¤±3�¬¥v
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k/¤'À«, ´du37¡L¡9ÙSÜ�Ô�
DÚp�"�¿vk����Ø, Xã 2 Ú 3 ¤«.

�.7ü¬¥Ô�D�§Ý�� 800 ◦C, XJ
�¬ò»§Ý$u 800 ◦C(X 750 ◦C), Ô37¥K
Ì�±mY��3½ö�Ù¦�f/¤ØÓa.
�EÜÔ [25]. é�¬ A2-2 Ú M2-2 ©O3~5\
9¬¥ 1150 ◦C �§ 4 h Ú¯�\9¬¥ 1250 ◦C

�§ 60 s �, ¬3�¬S/¤�	*Ñ­�Ú� 
©Ù­� [12,26]. â�� [27,28], mYÔ�fé��
DA�vk?ÛK�
Ô�D%UéwÍ�Or
��D. éu�.7ü¬¥�mY��f,750 ◦C ´
��D/Ø��Z§Ý [29], ùÒ¿�X��DØ
%�±��á,:áØÜ©mYÔ�f. ,	7L
�Ñ�´��DØ%=�3u7¡SÜ
Ø¬Ñ
y3CL¡«. ¤±, �Ä��D§ÝÚþ¡J�
���DØ%�K�, ·��±JÑ��Ün�í
Ø, �¬ A2-2 Ú M2-2 3 750 ◦C ò»Ú\Ô,�
�l\9¬¥�Ñ, Ø¬37¡CL¡«/¤�D,


´¬*Ñ£��¬L¡½ö���DØ%Ó¼,

Xã 4 ¤«. ��²L 1050 ◦C �§ 16 h 3�¬S
Ü/¤�p�Ý���D9Ùp��)�*Ð"
�, �âc¡©Û, Ô,�kv
���m*Ñ�
ù
á,¥%
�Ó¼, Ïd��D9Ùp��)
�*Ð"�U
��á,:v
k�/áØÔ,
�. �Ä�Sá,L§�Ò´	*Ñ�L¡Ú��
�DØ%Ó¼�L§, ·��±éN´���, �
,���9?n§Ý (1050 ◦C) �puÔ�Dm©
/¤�§Ý (800 ◦C), �´Ô,�*Ñ�7CL¡

/¤�Ô�Dì�êþ�±�ÑØO, l
3�
¬CL¡«/¤
'À«, Xã 5 ¤«.

3�¬ A3-3 Ú M3-3 ¥�k'À«/¤, �
´'À«�°Ý�'�¬ A2-3 Ú M2-3 �Ä�
.

ùÌ�´Ï��¬ A3-3 Ú M3-3 �,�Ú\§Ý
� 1050 ◦C, Ïd A3-3 Ú M3-3 ¥�Ô,�²ïß
Ý�pu�¬ A2-3 Ú M2-3 �Ô,�²ïßÝ.

�umYÔ�M)Ýé§Ý�r��65, é²
w, 3 1050 ◦C Ú\�¬ A3-3 Ú M3-3 �mYÔ�
f�ßÝ (� 1.0×1018/cm3) '�¬ A2-3 Ú M2-3

3 750 ◦C �mYÔ�f�ßÝ (2.0×1016/cm3) p
Ñü�êþ?. 39?nL§¥, 7¥pßÝ�m

YÔ�fU
¦Ô��DEÜÔoz, ��3�½
§Ýþ~�
'À«�°Ý. Ó��, ��¬ A1,

M1 �', �¬ A2, M2 Ú A3, M3 �Ô,�Ú\§
Ý©O� 750 ◦C Ú 1050 ◦C Ñ$u 1150 ◦C, ù�
3�½§Ýþk|u'À«�/¤.

·�|^1Æw�º*	
�¬3A½9?
n�¤�, �¬�¡�N�"���ÝÚ©Ù�
¹. ù
ã¡�±éÐ/)º±þ¤?Ø�SN.

(1) ªL²K�Ô�D�³^Ú°Äå´d Cu3Si

�ÄN�NÈ�É�)�ØåÚ,�Ô�L�Ú
Ý©O�)�. T�§ª£ã�Ô�D�L§Ú�
D�Aåº�L²mY7�f3Ô�D)�L§
¥å
�~­���^. 3¯�9?n�¬¥, d
u� ��3, Ô�D�7ÄN�m�Øå��º
�, k|uÔ�D�)¤. â�� [30−32], 37¡¥
���Øå¬�)ÀÑ. ��, Ô�D¬3ù

#�D:þÛÑ, �AØä�­E?1���)�
ØåØä�O�, Ô�D¬�XØå�O�
Øä
����/¤#� �, ù��õ��DB/¤
.

Ïd, �±íäÑÔ�D��Ý�Ð©�ã�/Ø
�Ý�'. Ô�Däkp­½5, dã 1 �±uy,

�¬ M1-1 �Ô�D�Ýpu A1-1 �Ô�D�Ý,

3²L���üÚ9?n�, ù«�/E,Ø¬C
z. Xã 2, 3 ¤«, �¬ M1-2, M1-3 ¥�Ô�D�
Ý©Opu A1-2 Ú A1-3 ¥�Ô�D�Ý.

4 ( Ø

ÏL@¡Ú1Æw�º*	, XÚïÄ
ÔË
À^SÚÔ�Dé'À«/¤�K�. ïÄuy,

31�Úp§9?ncé�¬ÔËÀ, �¬¿vk
'À«)¤. 
31�Ú$§9?ncÚ���Ú
p§9?ncé�¬ÔËÀ, K¬k'À«)¤,

ù`²Ô�D�/¤3é�§ÝþÉ§Ý���.

Ïd·��±JÑ��Ün�(Ø, �
Uõ IC

ì���þ, A�¦þ;�ÔËÀ, cÙ´3p§
9?nL§¥. Äu¢�(J, ·��uy, 3¢�
¥UØÓ^Sé�¬Ú\Ô,�, �¬�'À«�
°Ý�k¤ØÓ, ùL²Ú\�mYÔ�f�²ï
ßÝé'À«�/¤ké��K�.
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Abstract

The influence of copper precipitation on the formation of denuded zone (DZ) in Czochralski silicon has been systematically in-

vestigated by means of optical microscopy. It was found that, for conventional furnace high-low-high annealing, the copper precipitates

colonies generated along the whole crosssection in the specimens contaminated by copper impurity at the first step of the heat treat-

ment, thus no DZ generated. While in other specimens, DZ formed. Additionally, it was found that the contamination temperature can

influence significantly the thermodynamics and kinetic process of the formation of copper precipitates. The phenomena also occurred

in the specimens underwent rapid thermal-low-high annealing. On the basis of the step by step investigation, it was revealed that the

copper precipitates temperature and point defects type can influence the formation of DZ to a great extent.
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