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abstract � �"!$#"%'&)("* +-,'.'/$0 1'2"3$4 5"6$7'8'9$:';'<$= >"?'@$A B"C$D'E'F G$H"<'='I)5"6
7�8KJML�NKJMO�PKQM@�RSAKBMCUTWVSJM<�=�XKYMO�PK+M@�RK5MZ�7�8�[S\�8�7KBMCU]K^�_M`Ua�bKcM?KdMeWf�Bg$h i-j k-l'm n)o %$& (-*'p'.)>"q)r sut B-C�v$w'X)Y"<$= +-L'x';)H"y)Y l v'w'/$0 5$z'B-{'7)5"Z
7$8'|$}'A)B"CK~$~-e'��s�t$�'�$� J o-��� @'R$� +-O'P'?$@ +-� �$5"�)�"t)B"C�O$P$?'@)5"6)�'B h'�
# h #�1 k 1�2"3�4K+M�����KQM�K� j 1��M�M#"��E��K1�2M3�4 l DRAM 3��K+��M�M#M�K�S�M�K���M,�.K1
2"3�4 +Mp'.KQ"��7�8'��AUCS '¡K+ � hK¢'£ ��5�z'BMO'P�@'RK+M¤'¥K5"Z�7'8K¦"§�t BMCW¨M�'` TEM 5'z
BM©�ªK5�zS«¬8S`UO�PKQM?�@�¯®KB�1�2M3�4�°�±KQM��²�³�ZW�M²K�MeKHK´µ`¶zK·¯¸�´M+M¹�ºKQM�KB�~K»¬>�¼½ B�~ »MQ"��A¾C TEM ©'ª�»�<�='¿�À QMÁ�Â'ÃK�"®KB'~K»"5�zS«"8�`SO'PKQ"Ä�Å��®KB"<�='ÆKQ'ÇMÈ'eKG
B"É'Ê QM�'AUC

1 Ë�Ì
Í <S=W5�zÎ«Ï8S@ÑÐ¬BMOSPWJMÒSÓK+W� jKÔ `-ÒSÕS;K�×Ö j �¯QSØ�G¬XW~KÙÚ� gSh 4K5W»Ï«Ï8SÛSÜ�;SeWf�B¬C
IC ,�.'/'0 5"6K�'B"<'='?�@'Æ 5'JMÝ V'H'¦�+'>'f'B"C�7�´�ZKÞ'+"�'� HM] J"`�ß'à'á'â >Mã H'B"ä'å
+MæKçMè�Â�`Ué���<�=KQMê�Z�ëK+M� i `Uì�í�eKHM7�î�íK+Mv�wKH ï¯eKf�BMCUð�ñK+ Hu[3] +M}�òK5�zS«¬8K~
t�sM+"<'=Kó"ôK5"Z'7�8 J"³�õ 5�¨ »"çKs�t�8'7 BMC�ö'}�ò'eKJ"ð'÷K+ g�h i"jKk ` MOS %'&K("*',�. 5
6K��BM<�=�XKY�+MO�PS@�RK+M]KQM��AUC ð�ñK+M%�&K(M*K5M6S7�8KJM`U�Ñø¬1�fM��·M+�(M*K+Mù�ú�û�üW>Mýþ Ù¯`¾ �¡K+MFKGKM>Mÿ��´MHSB�����>�f�BMC ÙMÞWÙ¯`����KH�>KsM~�+	��ZK+�����J�1�2M3�4K+M<�=���
S�
Q"ý þ ¯® B"É��'5'f'B"CÍ û�üSù�úK5M6�7�8KJM`¾ �¡��+����K>Mÿ��´MHSBM�KçM`U �¡�ME��K5�z�B����K>����K5SH�BMC����K5M 
¡�ME��K5����KHMí�&K+����KJML�NK5MFKG�HM<�=KQS¦M��s¯AUC �sM5M`U �¡����K+����KJM`U S¡K>M �¡�E��
��� 5��'ñ$A B'~)»"5$H'B-� ç-`��)+���� 5$J"F)G'H-<'= >��'Ó��t)B'~)»"5$H'B"C' $¡ +�� h� J���
;)5'¦-L'N)+"<'=)Q"ý þ u® B-C� $¡ +-F G)"Q-ÿ�$´�A B-� ç$5'J-`"! j � #��u+�#�$&%�' >��'�$e f
B-CK~-t)5'J�(&)'w)>�*$¤ H�+&,$e f$B"C�Ù"Þ)Ù�`'v$w'/$0 5-6'7$8 J�(�)'w)J Í <'=)Q"@$Â ¼)Ù�8�Ù-¨- C¶~MtKJM`.(�)�wK5�/K«¬8�`Îv�w�ëK>�0�´"H�BM�KçMeKf�BMC×zS«¬8&(�)�wK>�1�2 5MZ�t�`Îv�w�/�0K+M���
� J"F GK´"H'B"e f&3 - C
<$= J-O'P)+"?$@ +"y)Y »-H'B$+"²)>"`&��4�ï-+"0$ü +-<'=)¨"e'L$N J�5 ^-� B$+"e)f&3 - Þ�6"~'+$ó
ô)5�7)Ù�8�8�9)H�:)^$J'H-7$C'¸�´-+-a$b +$d-e)J 106[Pa] Þ-`&�$t&;�<�»>=)^)sut$8'7)B$>-` �)�-!$#£.?Ïj�@ +�ASüKJM¸Ñ´M+	BK+¬�� W5�CED�AKBGFIH	JK5¬v� �`-ß�KEL�M C ¨M��`-<�=SXKY�+¬O�PWJ 2 ZK+¬4�N ø
1�>�f�BMCÎð�OK5MO�PKJM@�R�¯t�`.�St ÞKs¯`ÎREP'`UÄ�Å�Ù¯`Î �¡K5�Q�RKQ�S�TMAUCUO�PKQ"@�R�AKB�+�5��
� HM<'= JM@'RK+�U�0 5"FKG ´�C&D�A B"CS@'R�V J as-grown

£�?"j&@ 5'f�B'Þ"`W¦ Ù�´"J�1'2"3�4 d�5�WX ¯tKBMC¾O�P�@�RKQ ¢ �M4 � AKB�zK´Mf�B�1�2M3�4KJM`¾v�w�» h #�1 k eKf�BMC¾v�wKJ�Y�¡���K�M!�#SQ
@'R�Ù�`��'t�s"J�Z�['Â QMêK«M�)�K�"!'#�d"e&\�]'; 5�^'%'eKG'B"C Vanhellemont J�Y'¡��� �"!�#'+�^_ 5�z�B¬O�PK+�`���@�RW5MZ�7�8�a�bK5�cS\�8�7KBMC h�� # h #�1 k J�Y�¡�p�.KQ	d�Ù¯`eU�fKH�g�h�iKQ�j
BMC h #�1 k 5�zS«¬8�XK~�BMO�P�@�RK+�a�bKJ���ÞS«¬8�7KHM7K>M` h #�1 k +�k�l j�m 5�zS«¬8SO�PK>M@�R
¯tKB�~K»"J���ÞS«M8�7KB"C×~Mt�sM+M]KJ 4,5 nK5�c�\KB"C.��ü�O�PK>M@'R�¯tKB »¯`.��t�sMJ��'Ó�¯t�8
7 B"<'=)5'z'B"A$\�·"5$z'«"8'F G ´�Ä$Å'A BoF O$P +"Ä$Å'ü J"@$R�»"Ç-Ý'`'v'  l ß&K&L 5�C&D'A)B�M C
z'«"8'`�ð&O J'f'B�p'E +�q�r'; H"<'='e&j�s¯t'�'O'P ¦"`' '¡ +�B +��&� 5�s >'B'~K»">"e G'B"C
}�òWd�+M]WJ�cM?Wd�+ IC 1�2M3�4W5M�W�Mt�8S7KBMpS.KÞKsS»Ï«Ï��C <�=W+ML�xÑ»MH�B	t j 4WQM]��ÑÙ¯`
ï"+'z - 5"O'P >"?'@�Ù�`�ï - +'z - 5"¿&u�¯t B'Þ'Q"��Ù��'C
2 v v'w'X Y"<�=wFx)'ü'`&y'='`&z�{"Õ&C&D'�&M
3 vG(E)Sw×5SzSB	h.iS?S@×+¬]Ñ»SÙ 8S` STI 1S2Ï3S4WQÏqWrSB¬C þ ^¬8S`W� h×¢S£ �|CEDS�W5ÏZS7S8EcÎ\WB¬C
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4 v h #'1 k 5�z'B�h&i'@'R 1'2"3�4 5"Z'7'8
5 v O'P'?'@ +M<'='¿'À +�a&b
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v'w J�� �"!'#"L'N 5 2 	�
 +"É'Ê'e'<'= Q�W X A BMC&�'Z J SiO2 +�4'&'à'á'e f'B"C 2.2 �'0'ü 5Mà
á�AKBMC¶¦KÙ¯`¾v�w�ëK>����5Mà�á�eKG�HM7K+�HKs¯`��K+MR�PKQ�����Ù¯8�7KBMä�åKQ���AK~K»M5�H�BMC¶~¬t
J IC ,$.'/$0 5-6'7$8 z)´"f)· `'])^$_ PolySi e$æ ç-è ¨-t'� �"�-#"�)+�� h ! £��"j �)5�� «"�'v$wl ` Si3N4 e��'4 Ô �t'����ø m p'EK+"v'wK>'f'BMC��'Z��MJ"ì'í�e H"7�p'. +Mv'w +�� +�Z�['Â'eKf'B"C
ì'í'e HM7'v'w 5"6'7'8 J"`�v'w'ë J'Ø'«"á�s¯t'��·�� _ �t�s�t���·�A B"C
ï-+"0$ü +"<$= >-v'w$ë Þ)s"�)�"!'#��! )�'B$Þ'J-`�v$w'ë)>"R�P&U$0 5-6'7'8�ï"+-0'ü#"!$�Ù l A'7
Þ�5�zS«¬8�uK¨SBMC�;�IK+�nK5�JMì�í�eKHM7�L�N�<KQMR�P�AKBMv�w�ëW+�"�$KQ�=K^�BMC�JK5M`Uv�w�ëK+¬<�=
+"v'w!%�<!� +�Q&R 5"Z'7'8�='ª'A B"C

2.1 SiO2 &�')(
v'w 5"6'7'8 J"` Si * SiO2 +'í +"v$w'ë +"R&P J"v'w'ë)Q Si î'í Þ s < 5���Ù>< r'B"C-,"° +"î'í&<
eKJM`Uv�w�ëKJ���.�É���+�ØMá�<�=KQ�/K� `10M°K+Mî�íK+�<�eKJ�y _ <�=KQ�/K��BMCÎTWVS+�2�3KJM`Uv�w�/
0K5M6�7�8�ï¬+�z - 5M<�=K>M@�ÐMB�ÞMeKf�BMC ~MtK5�JM`¾ðK¦M���KH�~K»�»�Ù¯8�`¾R�P��K5M@�ÐMBM<�=K5Sz
B"v�w'ë +�"!$ 5�4'A B�5'¿ >��'�'eKf'B"CW~"t 5�7"A BMTKV�+-��� J"D�E�»"J�6 ^�[¾`�a'b!7�ô'e f�B"C
Ù"Þ Ù"H'> su` ~'~�8!9 +"a'b)5"6'7'8 J"` SiO2 Q�:#.!$!;!<'�&4�»�Â H"A ~ »ue&�'Û�Ù�8'7)B [13,14] C
Rafferty,Hu[13,15] > SiO2 +�;=<��S;��SåK+?>�tS��ù�@WQ�¼WÙ¯8S7KB¬CBAÑsMJ¬` �K�¬!�#S+�C?DK+¬v�wÑ»¯7- 8�9 H�E'�'�KQ�=K^"8'7KB"CW~'+�ó"ôKJ"`E8&9'eKf'B�>"v�w'X YM<'=K+"ö�å'; H�J!FKQ'Ø�G'¼ Ù¯8'7KB"C
Hu J�G V�H'1'2M3'4!H!I�I +"v'w�<'= Q�E��'�'w�Ù¯�'C Rafferty J Hu z ·"¦�J s�t'��H!I'I'e�E'�'�'w
Q�KK«M8S7KB'>M`×zK·ML'ù�;KH�E����K5'H�«¬8�7KBMCE;�IK+�N�·MO�7KJ Rafferty +�E��'�KQM��7'` Hu +�E
�'�K+�P�Q Q�GWV�H$1�2"3�4!H�I'I'e�R'[�S'AKB"C=E'��� +"[�S�»�Ù�8�v'w�¯t B�C�DK+�E'��� QM�'7KB"C
î'í 5�T$7'v'w$ë Q"ê'ZUC�D +�V'í Q�= ^'B-C'v'w'ë +�W!X J�Y!Z r0 eKf$B"C-C�D)>"v'w��t'��»"G"`
÷�Ù�´�$'R�¯t'�'v�w'ë J'¦K»"¦ »M+"v'w�ë Q���Ù�< r'BMCKf'B"v'w���"e�ð!W!X +�Y!Z > r0 Þ s r ��»[!\ ��»¯A BMCW~'+�U'0K5"6�7'8���.'É��'+�Z&[�Â ε = (r − r0)/r0 >���� 5�H�B"CW¦KÙ�`Sv�w'ëK> ˙Xox +
R�P�]�ü HKsM_"` ṙ = (1− β) ˙Xox »MH�BMC β=0.44 J�f�B"v�w�ë +MR�P�^�M5�4'AKB�� �M!�#'+�_�`�a'eKf
B"C z'«"8�`'ð!W!X +"v'w'ëK+�Z&['Â!]'ü J�;�I +�b'e'î'® B"C

ε̇ =
(1 − β)

r0

˙Xox (1)

ó-ô J)ï"+$z - 5$~'+�Z&[$Â >-R!c$A B$Þ"e f$B"C ¦)Ù�v$w'ë)>�"#$ 5�4�Ù�8 Í 7#d!e)Q"ê$Z H)s�`'F
G$H"<$= >-v'w$ë d-`�f$¥)� �-!'#$5'¦-@�Ð-B'J�['e)f'B-C��$É$`�v$w$ë >�g&8)5'Ø'«"á�sut B$H)s�`'v
w)d'5#h »�i ïu<'=)J"@�Ð"H-7 J�[$e f$B"C&��� 5-`�<$=)J�<$�!"!$�»�;$�!j$Å +-Á'Â$Ã �-® 5$z�«"8$Z
·"f - C Hu

l
Rafferty +�O�7K5�k�7'`l;!<���"!$K1'2M3�4 Q�_�m�»�kKøM�=n i øK��+�f'Ã�e�î'A¾CW~"tKJ

Maxwell E'�'��»'Ù¯8'��s�t'8'7 B"C
O�o�°S±�eKJM<�=�pK2�Q�=W^�BMCU<�=WJ�_�mK+�qKQMÅKÞMAS=KQ�rK^�B�~K»M5�zS«Ï8�W X ¯tKB¬Cts�Z�[�Â
J ε = (A − A0)/A0 e f'B"CK¦ Ù�` _�mK+�q >�]'ü v e'Å�´"H s"_M`!u +�Z�['Â!]'ü J ε̇ = v/A0 e f'B"C
s&Z&['ÂKJ�<'�!"!$�»�;'�!"�$ +�v 5'H'B ε = εelastic + εviscous C!<'�&Z�['Â J

εelastic =
(A − B)

A0

=
σ

G
(2)

G J'_�m'È�8'e f'B"`!;'�!j'ÅK+"<'=�H�Z&['Â�7�w J
˙εviscous =

Ḃ

A0

=
σ

η
(3)

2



η J&k ø"��n i ø ��+�;'�!w!8�e f'B"C ~"t z ·
σ̇

G
+

σ

η
= ε̇ (4)

b (4) J�8�9'eKf'B�>"`Îv'wK+"<�= Q�u ç�B"¸�´M+"��� HM�' K+"¿�� 5�*��'eKf'BMC G, η Q SiO2 5����
A B��KQ"�'7'`!b (1) + ε̇ Q"� - ~K»"5'z'«"8'`�ã H'«"�'v'w�H!I 5"6 �'B���4'; H"<'=���
'� >'�'Þ'B"C
]K^�_M` f�B�)�üK5M6K��BMãKHS«¬��^ÑM+Mv�w�ëK+���4�;KHM<�= l `¾ãKHS«¬��)�üK5M6K��B�f�BMë�^K+MvSw
ë +"<'=KH ï�e f'B"C
ðK¦�8�9KH�t j 4�»�Ù¯`ÎR�P�� j �M»M;���w�8 >���ÈK+���Ã Q�=K^�BMC×~�+���Ã'`tb (4) J	;'IK+�z - 5
¿ Þ"t BMC

σ = ηε̇
(

1 − e−Gt/η
)

(5)

~'+�b 5�z'BK»�`Îv'w'ëKJ�pK2"<�= ÞKs"¼M?�Ù¯8
	�ñ';K5 ηε̇ +��K5"ñ���´ CSä!5';K5'JM`W~"tKJ"v�w'ë
JMR�P�O�oK5�J�<���;K5��KB��7�`¾ëK>MR�P�AKB�5MZ�t�`t;���j�Å�e���v�AKB�~K»MQM��AUCUÈ���°�±�eKJM<
= J"v'w�]'ü × ;'�!w�8 5��']'A B"C � sMÞ'5"`&('7!;'�!w!8KJ"<'= Q�(&���® B"C�v'w'ë +�;'�!w!8 JÍ ) 5�H'B'5"Z't'` ¨M�
�'v'L (-OH) >�� ¨Mt B'5"Z't'ÿ��´"H'B"C z'«"8�` ¼ ½ B!J · Í ) + wet z�{
Õ�e�v�w�A B�+�>��K¨KÙ�7�C ÙMÞKÙMH�>Ks�`Uv�w�� j �¯J�)�ü�»�»M¦�]�´"HK·µ` wet z�{MÕK+�h - > dry z
{"ÕKz ·M¦�]'7�C=]'7'v�w'ë'R�P J�Z&[�Â!]'üKQ"ý þ ¯®'`S<'=
��& Q�� ��B'z - 5�;��!j�Å >"ý þ AKB"C
~'+'z - H����!H!I (trade-offs) J�b (4) 5'z'«"8'��s�t)B"C ~'+$~ »"5-Z'7'8)J"`!b (5) J"` Í ) + wet

z�{MÕ'e�j�s�tKB"v�w'ëK+M<'=K>"ð�ÿK5'H�B'~K»"Q�P�Q�Ù¯8'7KB"C Hu J Í y�4�� j�� v�wK> �s"5M<'=KQ
('I��®KB »�P!Q�Ù�8'7 B"C
;�<K+M¿�ÀKJ¬`t;���w�8K>MR�PKdMe���È�»���È�Ù¯8KB¬C¶¨M��` SiO2 Q�)�ü�»���v�LK+�7�8�»�=K^M8�7KB¬C
Ù-Þ Ù-H'>)s�`�ù��$; 5$J�;$�!w#8 J Í <'=$I'e)J�($I'A B-C�ð$ñ)+"v$w'X)Y"<'=)+�O$7 J$~'+�g +�=
�
Q��'Â'8'7KB"C Sutarjda[19,20],Rafferty[13],Stiffer[14] J Eyring E'�'� [21] Q"� «"8�7 B"C Eyring E'���
e J�;'��w!8 J Í <'='e J'Þ�H · (�´"H'B"C&;�I +�b'e'î��t B"C

η = η0

(σVm/2kT )

sinh(σVm/2kT )
(6)

η0 J�p 2"<'= +�;'�#w!8'` Vm J� '�&4'&'e)f'B"C Eyring J�;'�!w!8 +-<'=&C&D'� Q��#4!%'<!]'ü'} +
³�! Þ)s�¿$À�Ùu�'C�Ù"Þ)Ù"H$> su`�y$¡$; H ¢ 1$2 j � 5$z'B-È!a';#P!Q)J"ù�� 5$J'z)´ �$Û�Ù-H'Þ'«"�
[16] C��'Û��®KB�" 5 Vm Q�#'�¬ø N #
$"� k l j � »'Ù��'C Donnadieu[18] s"J�% 180Å3 QM�'8'7 B"C
v�w�<�=K>�1�2M3�4�"�wK5�zK·�ï - "K��BSÞ�Q fig.2 5M��AUC¶~MtKJ 1µm Y�ZK+�C�DK+S�K�M!�#�+Mv�w�e
f'B"C ~'+
&'+�j'R 5'J"`!b (4) Q�b (6) e!r ^ s�t B�;'�!w!8)Q"�'7'8
' ç"�'C G=3× 1010 [MPa] Q"�
7'`!;'��w!8 J Stiffer[14] +�� Q"�'7'�'C'v'w�� j ��J Deal-Grove +�b Q [24] ��È�Ù��'C

X2

ox
kp

+
Xox
kl

= t (7)

kp, kl J�(�ä�.'°�R�P�� j � È!8�»¯`=.�$�R�P�� j � È!8�eKf�B"C wet v�wKJ Razouk[25] +���` dry v�wKJ
Hess,Deal[26,27] +��KQ"�'7'�'C

Fig.2(a) 5SJ"ãKH�B�)�ü�I�eK+M<�=K+Më�^�C&D��KQM��AUC�)�üK>�<K>�BM0K5M<�= J�(�I�AKBMC¶~MtKJ�;��
w!8K>�('I�A B'ÞKs�e f�B"C Hu +�� J"`S<'=!:�C&D +�;'�!j�4!E'��� Q"�W«"8'7 B�+"e'` Fig.2(a) z ·'
sM5�)�ü�C&DK>MFKG"7�C 2 ))�M+M¤'¥KJ Í )'0�`l.�$�R�P�� j �¯ÞKs*(�ä�.�R&P�� j � � +�+�ÄK>�,�´MH�B
~)»"5$z$B-C�;$�#j'Å$I)5-6'7$8)J"`'<$=)J�Z�[$Â!]$ü)+����)5)»"¦$H-7'ÿ�$´"H$B)» =)^)s�t)B-C z�«
8'`�(�ä!.'°�R&PKd'5M6'7�8 JMv'w�]'üK>����'AKB'5MZ't�8'`S<'=K¦����'AKB"CE�K+"¤�¥ J 1100 -'e�ð ¦
A�[�¯t�8�7WBMC Rafferty 5�z�B�f�¥KJ�~�+�z - H	����JMÂ�s¯tKHM7�C��StKJ�8�9�wK+M�Kç�(�ä�.����KQ/.0 Ù¯8�7KB�ÞWs¯eKf�BMCU<�=KJ�1 jKÔ �KQMê�ZK>M`¶~S+M<�=�e�O�PK>M@�ÐMH��MtK_M` ïM+�^�M+Mv�w�ë�eW¦
$$R
2�3'e)f'B »u7 - ~ »-5'H$B"C!^'7$v'w$ë J$~"t�;&<'F)G'H-<'=)>"@�Ð"H-7'e f�3 - >"`!T$7'v$w'ë
5"6'7'8KJ�� +�4!@ J'H"7'C��'t Q�5
6'A B"ù��!f'¥ > 3 n 5"���t B"C
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Fig.2(b) J"v'w�z�{"ÕK5'z�B"¤'¥KQ"�'A¾C�y'=K+"¤'¥KJ�=
��A BM� ç"` kp, kl Q�y�= 5�.!$ 5M4&t j ��Ù
��C dry ÞKs wet v�w��K+"<�=�(�I�»¯` ��yKÞKs Í y�v�w��K+M<�=�(�IKJ�;���w!8K+�(�IK5K»M¦�H - ¦�+Me
f'B"C Í y £&? ø � v'w +"<'=�(&� J��&y 5��'\!:�� 5"F G"7'C

5-atm v'w 5M6'7�8'`S<'=K5�<'�K+ � r >MF G ´MH"7�`SZ ¨ · ` 1-atm + ! kMh v�w lK£�? øK� v'w�e J
f'B�z - H"`=T'7'v�w'ë�^ 5"6K�'B�O!oK+"<'=�ý þ >"³�s�t HM7'CW~"tKJ�;��!w!8K>��K5�(�7 ~ »M5'z�B"C
Ù"Þ Ù�`K~"t J�P��'² �"e f�B"C'ù
�'e J"`&��t-h ï�<'=
�!v�Ù"HM7�»�7 - � j �'¦'f�B"C
¨-�'`'v$w!	)+-E&y)Q���suA'¤$¥)5"Z$7$8 +����)Q�KK«"�$C!;$�!w#8 J�")� s>[U`!%'<�� j �u+-Â >-ÿ
�´MH�BMCWzÎ«M8�`S<S= JMÿ��´"H�B�J�[�e f�BMC 0.1atm + dry vSw J 1atm + wet vSw�»�h�T��'Û�AKBMC
F 0.1atm +�f$¥)J 1atm + wet »>�'Û$A)B'+-e 1$2 ø �"Ùu8$7 H-7�MK~$+��
�$v$w +�h&g)J-v'w$� '>�P
´µ`	��
 ¼ ½ BMß���KQ��K^"8�ÙM¨ - ~ »¯eKf�B"C wet v�wK+�����v�wKJ�s�´¯ãKH�B�f�¥K5�H'BMC	���K5�z
·uv'w$ë +-R&P�� j �u>"ÿ�'´-H'B$>"`'v$w'ë)+�;'�)¦"ÿ�'´-H�«"8�Ù-¨ - C 0.1atm + wet v$w)J 1atm

+ dry v�w�»���Û�AKBMC�y�=KQ�(�I�Ú®KBK»¯<�=K>Mý þ Ù¯8�ÙM¨ - +MeKf�BMC ~�+���ZK+M]KzK·µ`UðK¦��S7
H!IKJ Í y'=�` dry v'w'eKf'B�~ »M>'��Þ'BMC dry v'wK+�y�= +"ý þ JMv'w�� j ��QMý þ �®KB'>"`l;'�!w
8 J�('I�Ù"H"7'� ç Í <'=�»MH'B"C
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! +M|�}'e SiO2 d�+���"�<'=KQ�u ç�BML'ö�;KHM�' K5MZ'7�8��
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�'��w >'Þ�H ·��'��»MH'B"CSy�'�; 5"`�( �'H�1'2M3'4!E��'� QM�K«M� !'#
1=n j �'�*)�nK� j �KÖM#'J"`
H!iKs"Þ�+�L'ù�; HM°�+ +M<'=�E�&K+����K5"�K�"tKB"CSö'}'ò�e JM`S<'=�,�- Q�8�9 HM¿'À�;'ñ�.K5�/KB"C
TWVS>�\�iM²�<�=�?�@K+M]KJM`�� - 7W«¬��N�·MO�7K5�0�c*1M`32�4KH�1�2M3�4K�*)?nW� j �WÖ¬#�ÞKsM+�:K^
zK·M5�¿�Ù65�7�C¶~�~Me�`¶1�2M3�4K�*)?nW� j �WÖM#�+ ¢ 1�2 j �K5MZ�7�8K+�7�7���8?n j Q X tKBMCUv�w
E$�'�)+��$�'� Q�5'¿$A B$~ »-J"`'v'w�»�<$= + �'&)Q�%&'$A B-ä!5$; H$1'2-3'4!�)+"`�$s"H$B�9$ª Q
r ^'B"CK¨"�'`'v'w!E'�'� +�L'°�»�`'v'w'X YM<'= +�E'�'�'w!� +�:'� 5"Z'7'8 +"�
%K5"Z'7'8&c'\ B"C
1 2 3 4 �;)�n � j � JB8 �<�=� + Ê=> +¾{ 7 J f¾t ` ¢ �;? �  � J ² 7 � 7 Ç Ð e f B C # 2 j
�W� j �¯Q fig.3 5M��AUC×~¬t JMTWVS+�1�2M3�4K��)?nW� j � FEDSS(Finite Element Diffusion Simulation

System[28]) e'� �"t'8'7 B ¢ ��? �  � e f'B"C f'B"���@"e + SiO2 d'+"v'  +�#&$ Q'��)�n � j � A
B"CK~"t >'� �M!'#"î'í!� +Mv'  +�j!�KQ�u ç"` Deal-Grove b z ·�%'<�� j ��>�uK¨'B"C&Z�['Â!]'ü J��
t�A�tK+M�� K5MZ�7'8�9�BKH�;���j�4�E����KQ"�W«¬8�'KçKs¯tKBMC Si3N4 ¦�;���j�4�»�Ù¯8�OK�MtKB�H�~Mt
J Griffin, Rafferty[29] +�C'õ 5'z'«"8
5'ê��t'8'7 B"C Si/SiO2 +�+'í +-<'=�H�Z&['Â J�D!+
� ó"ô�»'Ù
8�N�·MOK�Mt�` �K�M!�#�EK+��KJ�<�F���E��S�KQM�W«¬8�uKçKs¯tKBMC ~�+�1�2M3�4KJ�GK+M��M4�NÑø¬1��Ñ»H ·JI�¯t B"C
~�+�1�2M3�4�E����K+'1�2�$ k�� +�h�gKJ"`Uv�wKQ�K�G�L�e �*)?nW� j �WÖM#KÙMHM7�»M~�3Me f�BMC¶zS«
8�`×�*)?nW� j �WÖ¬#�f�¥K+�+�M �M�KJM`.��G�L�e�NW«¬�'ì�í�¿�À�ñ�.'e*OM7KÞKï - Þ�5�¦�C&D�AKBMCÎTWV
JM`¾ö�}�òK5M6�7�8K¦M`QP�ü�»MHK´¯<�=K+�K�G�L�;S��åKQ���4K5M��R�AKBMC¾ö�E����K+�K�G�L��K+�#�áKJTS
Ù�7 >M¿&u'e G'HM7 ó"ô'e J�H"7'C IC +"p'.K5"6 �'B�K�G�L!E'�'�K+��'�'� >Mý�Ù�`K!'#
1!n j �'+����
3�=K+�1�UK5�zS«¬8�����V=`K> _ ÿ�¯tKB�~K»M5SzK·µ`3(�NWH�1�2�$ k�� >�cM?K5SzK·6W�7K>MZ�´M~K»MJ�
{'7 H"7�C

��G%L'e)f&3 - »JK%G�L$e f�3 - »�`'v'w$ë +-<'=)+�2�Ù�7#E'�$�'w J-`��)+-v'w)1'2-3'4#� +�Q�R
+"�Kç"`WÞ'H ·¯�'��e&���'e f�B"CSv'w�<'=K+"v'w�� j � �K+�Q&RKJ"ù��';K5"¸�´M+"a�b >�H �t�8'7KB"C
Marcus[31] J"ð&O)5"v'w'R&P >!0!,'+�$ +"î'í'e�X't B'~)»"Q Ù"ç Ù��'C'O'P >"@$R��t H ´'»"¦"` ~'+
z - H"v'w'ë +�T'ë'w ( �'#�Y #
$ ) J Í Ò!+'%)d'+"� ç'5�Z�/'� +'ó"ô 5$H'B'~ »">"��s�t'8'7 B"C#GKV
H�$K+Mv�w�ë�R�PKJ Kao [34-36] sM5�zS«¬8�a�b�¯t���C Sheung[37] JMv�w�ë�E������K+�q�ñ�´¯e�v�wK>�X
t B'~ »MQ"��Ù��'C
~�+MvSwK>�X�tKB��E�KJM`¾<�=�¤�¥K>�5�[�;�eKf�BK»6ZÑÐ�s¯t�8�7KB¬C10=,�! j�\ 5M6K�SBMv�w�� j �¯+

X$t'É)J'~'+�= ^"É�» �$Û'A B-C�])^'_-` Yamabe[33] J��-�"#-� ! j%\ +-v'w J-`�(�) z)· Í ) +"É)>"`
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dry vSwKzK· wet v�wK+MÉ�` ��yK+ dry vSwKzK·6��� dry v�wK+MÉK>�X�tKHM7K~K»MQM��Ù¯��C¶~MtKJ Í 7�v
w'ë +"<'=)>'! j�\ +'�'#�Y)#
$'Q'Ø$G"X ~ Ùu8'7 B'~)»"Q"�'AÎC�ð'ñ)+ Imai[38] s"+�f$¥ 5'z ·-�'#�Y
#�$�>��!aK+ NF3 +�� þ 5�zK·������tKB�~ »M>��'Þ�«M8S7 BMC NF3 J¬v'w�� j �¯Q�< r�B�+"e�`W~MtKJ
NF3 >�;��!w�8KQ�(�´¯AKB'~K»MQM��Ù¯8�7 BMC Kouvatsos[39] sM+Mù
�K5�zS«¬8 ~�+M¤�¥KJ�4���¯t�8�7KB
>"`'ì'í�v'w 5'z'B"é'�'<'=�»�`!:'ì'í +"v'wK5'z'B"<'=�»"+&7��K5"Z'7'8 J"¸&� +��Kó'>�� B"C
ð'÷K+"ù��!f�¥ ÞKs�`W! j�\ v'wK+'��#�YK#
$�+"0�ü JMv'w'ëKd'+M<'=K+�a�e&uK¨'B'~K»">M³ ^M8�´MB"C
T V¾J¬ðSñS` Í yÎ=S4S� j � vSwW+ÏvSwS<S=l�W+	QER×Q¬[=SÎAWB¬�Wç
	EpSvSw×+¬ù��WQ K « ��C 800 - 10atm

+ wet v$w)J���y'e + wet v$w)z ·uv'w�� j ��+�X�� >-F G-7'C ~"t)J Hu E$�$��»�'7${ - C'T V'+�f
¥KJM` Í y�=�I�eKJKï?i�H�5Mv�w�ëK+�;���w�8K+	(�IK>MXK~S«¬8K¦¬`Uý þ Ù¯��%S<�� j �¯5�z�BMv�wKÞKs¯X
~'B Í <�= J����'e G'H"7 ~K»"Q"��Ù�8'7 B"C
<'=�¤'¥ J
#'� j � ! v'wK+'�'#�Y #
$MÆ�»"¦'H'BMC 1µm z ·�ÿ��7'v�w�� + LOCOS 1'2M3'4 5"6'7
8�`Sv�wK+�X��K>"³�s¯t'��CW~MtKJ"v�w�	 +�#�$���' +����'eKf�B »��t��K>"`Sð�ñK+Ma'b Lutze[41] e�<
='¤'¥'eKf'B'~ »">'�'Þ'«"8�7 B"C
v'w +�E'�'�'w +"� ç'5'J"`�ï"+�z - 5"<'= >"v'w 5�Q&R�Ù¯8'7 B'Þ'Q�5'¿�Ù"H ´�8 J�H s"H"7'C Fig.3

+�#�2 j �W� j �¯zK·µ`¶¦KÙ¯<�=K>Mv�w�	K+�#�$�w�8 l î�í�%�<�� j �¯5�Q�RKQ�S�TMAKHKs¯`Uv�wK>M<S=K+
Q&RKQ�/ �'B�~ »">��'Þ'BMC�<'= J'¨M�'` SiO2 d'+Mv'w!	K+�����ü 5'¦�Q�R'A BMCK~'+��'ôK+'�'ÞK· l A
7���8�n j > Rafferty[42] 5'z'«"8 H �t'8�7 B"C!A +�f'}KJ�;'I +���·�e f�B"C 1 M'v�w!	 +�#&$!w!8 J
y _ <'='I�e&(�I'A BMCKØMá 5"6�7'8KJ�" �Ks"HM7'C 2 MSî'í!%'<�� j ��J"î�í 5���� H�y _ <'= 5�z�«M8
('I�A B"C 3 MSv'w!	K+����'ü 5M6 ��B"� j �'JMD'E'eKH"7�C�v'w�	 +�#&$!w�8 +�"'w 5�z�«M8'È'�';K5"�
� ¯t'8�7 B"7�´�ZKÞ'+�f'¥K+"7�´'s"Þ�J"`�����ü�»�#&$�w!8K+��'ÉK+�"�w Q�%���Ù�8'7KB'Þ�¦ Ù¯t HM7'C
L��K¨Me'`×1�2M3'4K�*)�nW� j � Ö¬#�+�1'2�$ k�� J Chin[43-45] sM5�z�«M8�X�/��t���C'õKÞKs��'7�8
7)B"C ~-t J�;#<'�#j't)z · ;'�#j&4 5$z'B�E'�$� Q �'È�Ùu8'7)B"C'v$w'ë)J�:&y _ j�4�»$Ù�8#N�· O �
tKBMC¶_�m�»�kWøM�=n i øW�¯+�uK5'z�B�
��K5M6�7�8KJM`×_�mKQ� �sKH�!�4�»MO - ~K»M5�>�Ù¯7�C¶¦KÙ¯`l<
��Z�[�ÂK>/. 0 eKG�HM7KHKs¯` <���"�$�ÙMHM7��WçM`¶~�+�z - H�E����KJ���&�<�=KQ�UEfK5M³�&K¦S«¬8�ÙM¨- C¶~S+�óMôKJM`t;���w�8KQ Í <�=K5M6�7�8�(�I�¯®KHM7���Ã�`UZK¨K·M:�.�$�;���j�4�E����WzK·M.�$�;��
j&4!E'��� Q��'È�Ù��
�'Ã'`�7 «�� - F G ´"H�B"C
;'�!w!8 η >"<'=)5�C&D$A B » �'È'A)B »�`#:!.!$';$q'Å Q�;!<'�$;!N�· O'7!��W �'B-C&�'È!;'�#w!8
E�����»¯ãKHK·µ`¾<�=�C�DKJ�1�2M3�4�H�I�»¯<�=���
��K+MÈ���;KH�7�wK5�J�Q�R�ÙMHM7�C ÙMÞKÙ¯`UÈ=a�;KH
f�¥K5�"�´�Q&R�AKBMCÎ7�´¯ZKÞ�+"]K> Fig.4 5M���tKBMC×~Mt�sMJM<�=&C�DK+�;��!w�8�»�Z�[�Â +�<���R�E
+�#�$KQMEK�¬8���Ù¯8�7KBMCt;S��j�4�E�����eKJM`�ZE[�ÂK+�<���R�EKJ�. 0 Ù¯8�7KB¬Ct.�$�E�����eKJ�;S�
w!8 J"<$= 5�C&D�Ù"H"7'C Fig.4(a) J 800 - + wet v'w +�P#Q +���%'e f'B-C!.!$!;'�#j&4!E'�$�'e J G

>�.-J"FK5'H ·µC σ = η0ε̇ »"H ·µ`!b (1) » (7) Q"�'7'8'`
ε̇ =

1 − β

2r0

kp

(kp/2kl + Xox)
(8)

<�=�C�D J�b (6) 5�zK·MN�·¯èK¨Mt BMC Fig.4(a) zK·M:�.�$!;���j&4�E���� JM`=.�$�;���j&4�E��'�KzK·
Þ'H ·�('7'<'= 5'H�B (40 �'0'ü )C!<'�&Z�['Â +�Q&R > X B »�<'= JMð&O J"ë!^ 5�z'«"8'ý þ Ù�`!;'�!j
4�E�������	Sñ�AKBK»MP���¯tKBMC :�.�$�;�<���E����K+M¿K>M`¾�W«¬�K+ 80nm R�P�&K5�:�.�$�;���j�4=E
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�)>�P#Q'A)B"q$Å J�.!$#;!<$�!E$�'�)z ·-¦'z)·*,�´�;$�!j�4 +��&�)5"ñ���´-+"e)f'B-C Fig4(b) J 1000

-)+ wet z�{-Õ)+�P#Q Q-��Ù��)¦'+-e f$B-C�È$�$; 5-`�f$¥)J Fig4(a) »>�$Û'A)B'>-`�E$�$� '+��'Û)J
1000 - +!h - >�)�*'e f'BMC ~'+��'Û J"v�w'ë +�;'�!w!8K>�(�´"H'«"�!f�¥'e f'B"C f'B�r ^ s�t'�'v'w
ë�^�¯eKJM`t;��K>�(�7�hKï¯`U?�@�AKBM<�=K¦�(�7�C¶~MtK5�zS«¬8�`U<�=K5�C�D�Ù¯��;���w�8KQ���2�¤�¥K>
ð'ÿK5'H · `�:!.!$�»�.!$�;'��j&4!E��'� >�+'7 5Mñ
��´M~ »M5'H'BMC�v'w�ë +�;�� >"ÿ�'´"H�B'5"Z�t'`
<$� +-¤'¥)J-�'�$e J$H)´"H)· `'v$w�O!o)Q�,�-�.0/(1�:#.�2!;#<�3#E�4�576�1!:#.�2#;�3#j�8!E�4�509:�; /�<�=�>@?�A 1100 B�CD/�1�E�F�G@9�H�3�I�J@K�L@M�N�O�>@?�P@Q�1 :�; 9�R�-@/�S@6�T@U�V�W�C@X�Y

5
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ê Fig.10(b) ��M � M�Y�?�A � Q�]DT�� subcollector �
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ê�Ñ�Ò���ùDM�M
�$� E�K
��6%�@5 P�î�'�*
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'�*�2 H�"  �P�î�'�*�j�K�Y�¥�B�L�*�O�C�A�Y
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© _ N
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� ô �Ä3Å Æ y�� [Fig.13(a)] R RIE

�L3� H Î "ÊÿrJ R ó�� ô ������� 3 � S oxide/nitride/oxide �
	�� i���� ¬ H R�� X y X�z ô i�� U���� R�ç���T ®1`�a�� ±�� m Q semirecessed(
w N��

)
µ�T ¶�·�¸��

(SROX)�L�� H�[ëÿ0J ` [Fig.13(b)] a oxide/nitride � R S�� ��� S������ ��� k X
� ��� m R���s ¬0H m ` y X
z ô S�� {�Q�µ�T ÿrJ`�a ó�� ô � Q�µ�T �  � ���� nitride i � M J`�a ¶�·�¸�� S��� -Q Fig.13(c)

i KÊÿrJ` � � ��¶ i �b�`�a"! ¦ �
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� { A1-A2 i K�® )
 &�e i Q�N I R � ¦�]�¦� » � ó�¼ S
]�
���f�g ¬:h m `
a L3� h R l I�i��D¬�h m `�� � Q�J�j Nk�Õ�O�P S�] P� å�m (Fig.15 § m h R b S � { Q p:h ¹ l I R õ ±�?�@�A è ¡�lS�m � T� § m h�n {:8 W J�hD¬ !�� � )a�� ¦�]�¦� » � ó ¼ S�o�p Q z ô » ô�y�- r ¼ N ]�q�r�s ^ �L�� h M�W `�a¹ ¬ R�OuP_[ R_g,tS3�,u  
 � h_v_w�®¤` N�÷ R ( b�J Q�OuP ��Ë3Ì P�n�! i�Ò � u ò �u� pyx3& S � )

R
O�P S � V p N3� � Ã�z�R M�W ` Q � i ��` R } ¬�h R } S P�nQ���ô�¶�� �\ � � ���  ���`�a�Ë3ÌÊÿ
J�� Î�Õ ��{�|�®`p R d�� S} � � L{ RoO�P p�z�{ R�p�q ®`p�b�% 
R OuP�[���� ��z�{ S � � �¶ ù ~ � R gÊÉ `�bp �N `�a�Ë�ÌÊÿrJ���� ¦�]�¦ � » � ó ¼ So�p �L `p R � { ��� h�z�{�� D Ir®
` LM
N�� � ��¶ R � �Dp N{´R }�J Q�Ç�� R gÊÉ h m `�bp���K�® a¤b S � � ��¶�Q Fig.16 S A1-A2

�
{�����® a

5.2 �������
ÛLf ¬ ����� Ù�Ú Q
R�	�������� � �1N�� `1�0»�¼ i [�Ï�® `�b p R�� � ��� i ��`
a O�P Q ®�� { �
� b
®����Dp R }�JDp:x�& S � R f { � M Ã�z  � ÿ0J�h m `�a�®�� { ��� b�®���� Q �

111 	�®�� { { R
� ¦�]�¦ � » � ó ¼ ]�
�S � Ù ���� ��� i ��`�aSx�& 
 _ S � Q�RM��� ��� RM[ Q������ RM� S O�P p S��� ³�Ï uL `���� i ��`�a Fig.15 S��� � S O�PQ�Rc¹3� p ¹ l I�� < ¬�h�§ {´RS� S O�P���� ÿrJu�
� _ R © _ N gt w�x �! i���R � ��a L�� h R_��� ��� S � R ®�� { �� � ¬:h m ` ¹ S p�Ô Ý�i _�`
aO�P�[ S Î�Õ Q
R ¶�·
¸�� �1� S � �
� ��� R ��� ��� ! i I���® ` P�n �   2�® ` S  [ � `
a �1�
�
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��� S�� ²���� Q
R�� W�N Ù�Ú � å # L { � ÷�� ��ñ�S�¼ / � p )�* i _�`
a½ S
Ù�Ú Q
R J.Vanhellemont[59,60]
÷
�L ` y X
z ô
'�( S ��� ¼��
k �
l � � O�P S�	 " b S º m�Ù

Ú p�#�h m `
a�æ ÷�Q
R 	�
 N Peach � Koehler S â��� ��[ m R O�P� $��0� S
Ù�Ú � ��� ¬�h m `�a��
Ö�×  § m h Q�R�I�J�T R����i ��`�a Peach-Koehler K Q ®�� { { S � Ù ���� ��� �) B ¬r��®�� { �
��� �
R } S � S � Q ®�� { {  ' ��� " � i ��`
a N�� S � Q�R���P l ��®�� { { �  ��� Ò �ëÿ � `
a
b ���Q�- .�/ S��� #���s R � � i ��`�a b �Q�R � �Y�Z R� ���ºW3� � {´R�- .�/ S�E�F�G�R ��`
p�_  S ���1b�`�a��!� N1Q
R���P Q#"ëÉ$� � Î�Õ i�� { R ®�� { { R ®�� { ] 
�S�%'&�� ��� �â } ¬
� o�Í�� � ��� i Q @ Ð i _ � � � ` (Fig.16(a)

 � ® )a�� Ù�Ú Q�R ®�� { � S ��n {)( & a�®�� _�b pQ�R ñ3S�¼ S ��� V p�¬�h S* 	 p R Ë�ÌÊÿ � `�®�� {,+� § � ` ���� ��� S � s i ��`�a Ä3Å Æ y3� ó
� ô � �Q
R 2 f S ñ�S�¼ R�- ��÷)� h m `
a+ f�U S ñ�S�¼ Q�Û�.�/ % {�¹0 �  ©_ ��12�3�i ��` (Fig.17) acb S ñ�S�¼ S�£ 	Q�¶�·�¸��y ¦¥ ô�� W�÷)4 U ÷)� ��au¯ +�
R�5 R '�(��6ë÷���R m�m ��	�� i��� � ÿ � `
au} S N�R CVD

� X y X
z ô� % � h � U�� !�� a�7D¬�h�S ��¶�·�¸��Q y���n������ ��� ����� Î "�®`
a CVD

� X y X
z ô�¹B ��i Q ��m a98�:�� S�Ö�×�Rm�m � X y X�z ô � � ç { '�(� S � ¬r�qp�_ S y��u���  f m h�[Êÿ � h
_�� [61-66] a � X y X�z ô�Q
Ç�� S y�������� � f�au�u� S Ç�� S ��Ó Q��P S TEM Ù�Ú p ¹�+�; ®`�aL f�U S ñ�S�¼ Q + f�U�� O�� � ¹ S�i ��`�a 3S �
� S ��� Û�.  & ¬�h�©_ m p * 	 ¬r��acb S ñ
S�¼ Q ó
� ô � R � � 
µ�T ÿ � h m'� �#� \ R���ô�¶��
N i ¹#��P QLgëÉ �
m p m<&wA�  � -!= ¬4h��> ¬0��a ¿�� � ��3 S ��� S? Q Q
R y X
z ô�
Ç�� ��@���® `
z�{ µ�T S � e � å #�® ` Q � i ��`
aÛ�.L & ¬4h�A +� © _ m!3 S ñ�S�¼ SLÙ�Ú � m � ÷
W#B!C� � ®oa I�J�T S ��U R�D'E © S ç { �
S�1 Î S3 � - � ` (

ç {���� )a  �F S ó
� ô ��G 1 Î i�� �IH e�^ ¦ ~�J ®���h  G 6ë÷)� h m��
m�R H
Saint-Venant’s K F�L  % � \H b�K�ñ�Su¼�G ��M R Ë�ÌÊÿ � `Êó�� ô ��K Û�. ��K ���  & ¬�h�G � ä �
å # i ��`�a���� ¿���N K
z�{�O ÷ H�z�{ i K���K O�P ��� K * � � 
) ��h�©1_��wm � � M�n i G�H ¹
¬�H �   K + p�H L�Q P ÿ � O���� N K À�k K v � RR ¬ ���S Ho��� ��� G���� N K À � � Î�Õ�T�UWV
��X�Y

Timoshenko KZ�[�\�K]�O ÷ [67] H9Z � ��^�_�` Ka X �b�c ^�_�`�d�e�fg�h�i�j�kl %�m h�Hn[
\�o�p�q d�f�i Y�1�2�r�s +�d G�H�t�u ��v�w G�x�y�K�z�{�|�[�\ k�} m�~<� K������[�\ d���i Y

σr = A/r2 (9)

σφ = A/r2

A =
1

2
εER2

ε ����on��� l �#������� i����nl xny���� i���f b�c ^�_n`nd��ni Y�� �����n��� ( �¡ �¢n� d � 1.6×1012

dynes/cm2)£ R ����¤�¥!z�£ j �'� j ¤#]�¤���¦ ��l�§!¨<V)� DRAM ©�ª�¤�«!¬���!®<��¯#��°�¤#±�²³
(R=0.85µm)

k�´ ¦ l�V)� YVµ�Vµ £�[�\�¶�¤·�¸�ª�¤ r�s�¹ �º�» ¹ d ��¼ X £ r�s�¹ ��½�¾¿��À�¤¿�®���{�| lÁ m � r�s�¹l�Â�g ����¼�Ã� µ ¼�Ä¼ X�Y j ¤ r�s�¹�Å Fig.18
l�Æ � Y j ¤�Ç���È d ��£ 3 É�¤[�\ v�w o�Ê<¦ i Y 2

É�¤�Ë�º�[�\ k 1 É�¤�Ì�Í�±�[�\ d���i Y

σxx = A(y2 − x2)/(x2 + y2)2, (10)

σyy = A(x2 − y2)/(x2 + y2)2,

τxy = −2Axy/(x2 + y2)2,

Î!Ï l £ j �ÐÄ#¤ v!wÒÑ Ä$£!Ó'¼ i#ÔÒÕ ¤Ö{'|#×ÙØ ÅÖÚ!Û kÙV$� wÙÜ ÌÒÍ#±![Ù\ Å#Ý �!i Y j!j#d �#£
Fig.18

d�Æ �)��Þ X i�ß�à ¼�á!â�{�ã�ä s ¤�å�æ�¤!¼ X�ç `!è�é Ì�o#ê l�ë É Y Fig.18
l�Æ � ß�à ¼�£!�� � ²�¤ì�í�{�| ([111])

k�î ��ï���È�ð�ñ��òª�¤�{�| ([101]
k

[011])
l�ß m Þ�£ w�Ü Ì�Í�±�[�\���ó���ô

��õ�ö�¤ ß�à�l ¼ i Y
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τb1 = (−σxx + τxy)/
√

6, (11)

τb2 = (−σxx − τxy)/
√

6,

� ²�[!\����'¤���� l!ß � á�� l
	 ����'��¼ X�Y�w!Ü Ì�Í#±�[!\ τb1 ¤�¢!��®#� ³ Å Fig.19
l �����

�ò� i (����¤�È�Ç���ª )Y ó���ô���¤�¢��!®���� x
Ô<k

22.5 ��¤�� Å�� ����í k ¤�»�� d £�[�\�¶�¤����
Ñ Ä�¤�����o Î�� l ¼ i Y j ¤�»�� l�Á m Þ w�Ü Ì�Í�±�[�\���õ�ö�¤�� k ¼ i Y

τb1i =
A

√
3r2

(12)

j�j¿d
r ��¡¤¥�z d���i Y τb2

l�� � � i ³ � � ² y ! 0(Fig.16 ¤±�² A1-A2)
l�"$# Þ�¤&%�' k ¼ i Yj �WÄ¤�¢���®¿� ³ �Ì¡Í±�[�\�(¡¤�½�¾¿��À*)�² l �*+ ¼¿²�,�¤&-�. ³ k0/21�i�j�k o�3&4 i Y TEM 5£6 ã�¤�� � � ² Ñ Ä7)�² l ��+ ¼�²�,�¤�-�. d���i Y ß m Þ�£ Fig.15

k
Fig.19 ��º�8�9�: d�f�i Y

¢���®��¤ y ! 0
� ² l�;2# Þ�¤�< "�= c�� Fig.16 ¤���>�² A1-A2

l�; � i 6 ã�í�¤�?2@�¤�< "�=�A ÅB�C l�D�EF# Þ X i Y j ¤á����£HG�c�I l £HJ�G���� � [�\�¶�¤�K � c Å�L�M � i Y G�N*I�¼�O�P � 5�Q��R�S�d���i�T õ�U�¤ §�¨�l�ß � µ £V5 m k 5�W*X #�� 6 ã�¤�Y k ã e �£����©�È�Z2[�¤�\�\�o�]�^*\�\l�_a`�b �)� i ¢���®�� Å p�� T Î 5 	�c�d w ¤�¢���®� k ]�^�\�\ τc Å�e #7c<k � i�j�kl�ß m Þ�£�\
\�¶�¤ A = εER2/2 ¤�( Å O�Pa5�� i�T A

l Î 5�f�g�� i 5�¤!��£ ��¯���° Å�h � Þ c�i�i�j ¤�b�c�\�\
ε
d���i�T � (12)

l�ß�i�k

τc =
εE

2
√

3

(

R

r

)2

(13)

Î 5�kml7,�� � m � ����� Fig.15 ¤ ß�à ¼�n�b Ñ Ä7o�p<����£ r = 1.9µm o�g 1 Ä)� i�T�j ¤�( Å�q àk � (13)
ß � õ�ö�¤�(�o�r<Ä)� i�T

τc = 0.9 × 1011ε dynes/cm
2

(14)

]s^s\Ù\ ¤t( �tuvl9¤9xwsy9� ®I£�zs{ £�|~}sN £��  9¢ �t�~� ¤t�s�s� l �sÙ� itT Îs� ¤ /s� �
Vanhellemont[59,60] Ä l!ß m ÞaQ k#� Ä$��Þ c'i
T τc ¤
('� 0.1-1×108dynes/cm2 ¤
����� l
� �
Q i
Tj ¤�( Å � (14)

l���� � i�k £ 6 ã Å�� � ã e�l Q d��m# 3�� ����l ��¯���°2� l���i���f x�y�¤�b�c ^_�`
ε Å O�Pa5 i�j�k o d�f�i
T��a� � ε � 0.1-1×10−3 � k O�Pa5 m ��T�j ¤�('����¤
��� 2

k�ß l7���
� i�T�ß m Þ�£ ��¯���°�����¤�\���¶ Å�� Ä�Í��a����¤�� d ·�¸�ª���� i�j�k ��K ��k á ¨�d�f�i�T
½�¾���À�)!² l ��~ ���'o���� #)� 5 à ��É'¤�·!¸�ª l É c Þ ´ ¦ Ü���Å + ¼ à T Ü�� ¼ Ü � Nowacki

¤�¡�c�¥�¢ Õ ¤���¡!c�£ _�` ¤
¤�¤�\���� [68]
ß � r<Ä)� i�T'j ¤�·�¸�ª l!ß�i�k ��~ #)� ��·!¸�ª ß �

5�� � � ²�¥�¤Ì�Í�±�\�����¦�§ l�¨�© � i�T )�²�o ��~ ��� d���i ·�¸�ª�� 1/r3 �� d £ ��~ #)� ��·
¸�ª�� 1/r2 �� d���i�T Q � £nÌ�Í±�\���¤�?2@ #�� ¢���®��� Fig.19 ¤�¢���®� l 9 � £ ��~ ����·�¸
ª�¤�ª à o&«�¬ d ��¼ c�T )�² d �2�� i ��~ �&� Å J�G�� i�j�kl�ß m Þ��p���� i ¦�®�¼ ¨�© �£ � �
�)� i 6 ã�¤�¯�° 	 � Å�±a² d�f ¼ c�T

SROX È�³<����o�¼ c�´�è � 6 ã�o�Y v �)��¼ c�j�k Å /a1�i�k £ ��~ #)� �!·�¸�ª�¤
µ d<à Q�l c l
¤���¶ # ��· d���i
T ¼�¸�¼�Ä$£ j ¤�·�¸�ª'�<��¯��#° Å�h �
¹�º�»�¼ \���¤�µ Å /�½m# £ SROX ����©
È Å /�½m# ¼ c Ñ Ä7¾ ��i
T �!Ä l�¿�À'l o�Á�¤!¢��!®���¤
Y�Â k 6 ã�¤
Y�Â Å 9 �'i�k £ �#¯#��°�Ã��
¾��£ Fig.19 ¤ ��~ ��·�¸�ª�¤��p�o TEM � ��kÅÄ ��Þ c�i�j�k o é Ñ i�T 6 ã��·�¸�ª�¤��p ß � 5��
¯�°�² l ��+ l�Æ {�|�, ß �ÅÇ o m Þ c�i�T ·�¸�ª�¤��p Ñ Ä¤ Ä ��� ��i�È {��p R�S ¾ ��i�T ��Y�¤
�'¤������Ð��¯��#°�É��ml#¤ B�C � Å�Ê l j�k#l ¼ i £�¼�¸'¼�Ä$£ j ¤
���'¤�\�� w�Ë'Å�Ì ��i ¤��
Í�Î
¤��¯�°�Y*Â�o�Ï�u k ¼ i Ñ ÄÅ¾ ��i�TÐ# Ñ # £ 6 ã�¤ Æ {�|�¤ Ç o � �£ �¯�°�)�²��Fl l �2�� i
\���¶�¤��Ñ k 5�å�æ # ¼ c�T�j ����5 `�Ò Í SROX |�� Ñ Ä�Ê<¦ i \���¾ ��i�T
\�� Ü�� k TEM � � Å á�Ó�Ã�Ã i�j�kß m Þ�£ �¯�°�¤�Ô� �� ¢���¤ »�¼ \���o£ 6 ã Å 	 lÅÕ� �)Ì!Þ c'i�k á ¨ � i�T �#¯��#° Ñ Ä#¤�Ö�×�Â'¤�x!y�\��'� 6 ã�¤
Y�Â Å k Þa5�Ø�Ù l �p!� i
TF# Ñ

2J.V.Niccoli,unpublished work,March 1988

13



# ¼�o�Ä�£ j ¤�\���¤&µ�o 6 ã�¤���� l�; g # Þ c�i�é Ã�¾�¼ c�j�k o é Ñ�m Þ c�i�T |���Z2[�¤�\��25�.� � i � Ä ¾ ��i�T SROX ���©�È l�ß�i |���Za[�\�� (������\�� ) o��¾ l �¯���°��a� l �Ñ # £ 6
ã Å �#¯��#°��<�
	 Ñ Ä7Ö�3�� i \�� l�� Á<�$� i
T Î� I�¼ 6 ã'¤�Y�� k Õ ��	 ���Ð��¯#��°'¤ h �
¹
µ Ñ Ä)Ê�¦ i
� ����\���� ß�� Þ Ì Q�� T

5.3 ���������
DRAM ©�ª�¤ 6 ã�Ê v ¤�� ¨ ¤ ��� ����£H����I�� 2 É�¤��������°�� � � T! �" ¤�\�� Å � ¨ ���#�$�$ £ 6 ã�Ê v ¶ Å ¼2l�� #�$ ¾ � � T Í�Î����£ ß �&%�' ��(�)�¾�*����������°���+�,������ T

|���Z�[�\��'¤
� ¨ ��|���z�- Å ¥/.�� #�$ � ß�� Þ � �$��� T�¿�À � 2 0/� §�¨ # Þ c � T�1�2 ¾/*��Î�� z�-�� 1�2 ¾�*��43 �������¤65�7�¾ Ì Q�� T ó�¤�8�£��*�©�È�9 È ¤�� � * � # Þ c ¼ c (�)�5�\��
Å ¨ Ä���¤��6, c Ä���� T;:21�µ £;<�È�ñ�¤�=�> �0w�>?3�¤�@��&A�£�¡®����Y v�B ��<�È�ñ�=�> �Åw�>C3
¤�ö�¤�|���D���Ê�¦
������E���F��Å³�������N Å Âa1 � #�$ ¾ � � T FEDSS ¤ ß�à ¼�����©�È���G�H�¯)�
�JI¿���£ # ��Ä¿¤�®�>���¤����©�È�(�)K�£ML¤ ß�à �  �" ¤ Î� I�¼�\���NJ��. � ��� Ñ�Å�N � ��¤��O # Þ c � T ���©�È���G6H¡¯����JI¿���£VQ � £�Ó�¼�����P�>�ñª Ñ ÄÅZ # �43 �������¤�5�7�N Å O�P
5���¤�� $ Þa5
Q�R�¾ � � T

TEM Ü�� ��Ô� #�� #¢!� Ñ Ä)ÊÐ¦���\���� 6 ã!Ê v ¤
Ï�u'¼#ua[
¾ � � #/$ Å ´ G��/�!¤�� q é ���T Û uFl�¤���� [61 S 66] ¾�£J��T�¸2Ô�¤�Ô� �� �¢��
D�¤ »�¼ \���N��¸aÔ{�ì�£ Ô� �� ¢���¤�3 �U ����¯�ð�ª�£;D�¤�|�}�N�¼�L�£;V � ¼u�}��������� #�$ � Æ ����Þ c � T # ��Ä¤�����¾��£ } *�WFl
��X��!ª�¾/�
T�¸�Ô�¤
( Ñ Ä7\���(/� Â �!��� #�$ 5 Æ �)�!Þ c � T�Y�Z ¼ #/$ ��£ Û uml#¤�Ó'¼���[�\
¤¸2Ô£C3 � U ����£]�6X���ª�� � � £ # ��Ä��£ Î� I�¼�«�¬¿���®���¯�� � $ # Þ�X�^�����Î�¤
_�`�I
¼#u Ý � " # Þ���a�b ¼ � � � T Í�Î��#£ Î 5�c�\���¤�Ô' ��' �¢!� h ��¹ µ ��¯#��° Å ^/������©!È�de ������I���Í�f�� ß�� Þ�O�É�Ã�� #�$ ��¾�*�� T
>�g'�
>��!��w�� ß � Ê�h Ê v ��Ø�i�¼ 6 ã Å Ê v ���!¤���j�u�¼
\��Ð¯)ð!ª Å�Ñ ¼ � c�öÐ�)Ì/� #$ ��¾�*�� T 5 # £ c l�Ä Ñ ¤�>�����wÈ�³W�¿� Å�k Ã�� #�$ ��3�4 � ¼�Ä�£����©�È�d e ¤���G�� �*c Þß � � *�¼�l�m ¼ Å�M É #�$ � R�S ¾ � � #�$ � ² Ä Ñ ¾ � � TÐ# Ñ # ¼���Ä�£n>�g���>¡����w�� Î ��¾��

�� ¢���¤43 � U ����� L�o I�� q é ���6p�ì�¾ � � £ %�' ����� Ä Ì�¼ c ¾ ��Ò�à T °�q�¤�>¡����w $ �
X���ª�r�s�¤�t�u 	�c 5�¤��£H)�²�¤�v c�w�x A��� &P�>?3zy�,�¤43 �������¤�>�����w)£  K" ��,�¤�·�{
5�7�� � � T�w�x A��� &P�>{3���3ò������)¤
| c�A�} � $ ¼ � £?3ò������)�
>�����w�E�y���	 $ ´�~ £
y�¤�� d ���¡¦ ¹�� Ä���� T # �2Q�¾��£��� &P�>C3 Ñ Ä¤�·�{�5�7�¤�����¤�����¤&X����£H<�q���� c 8è Å ^����*�©�È���� Ñ Ä¤u Ý ¾ �K�¿��T \���Z2[�¤ 6 ã�¤�� ¨ � " ������Ñ����£ # ¤43 � U ����r�s
Å ����������Ä�¼��
��X�� $ ¼�� #�$ �
� ² �)� ��T # ¤ ß�à ¼���� Å
� W�������É���£ IC ����©�È�u Ý$ a�b ¼ � � ����¤
5�7�¤���������°�� Õ
��c ¼al�3�Þml
��¾ ��Ò�à T

6 ���
\���Za[ 6 ã�¤�Ø�i�¼�Ù���¤�� k �£!��� � ¤ IC ����©�È�� ��c Þ�£ ß � A � � c ¤ � �
������¼���¾��Ò�à T °W�¿��� ß � |���-���}�� Å Í�� # £���ñ�³¡�K����� $ }�� w ����� Å�� ��l���� $ £ ß � � *�¼
\�������P��J� #�$ ��¼�� T;� 1 Þ�£�3 �������¤65�7 Å Î � �����c�z����©�È�, $ | à �É���£����¿�
����©�È�� ß ��\���� ¨ � q ,<�)��� i�j ¤�Ù�, Å �a1�¹�º #�$ ��¼�� T
��{�£ � � ¤&|���Z2[�\�� $ ó�¤����©�È�d e $ ¤ ; Ú �É c Þ�¤�� Ü �£ #�# Û�� ¾ � *2l&(��������T Q#��Q������ $ ¼��
|��!·�¸!ª�� ß � £�|��a�!¤
\��/��L#¤ ß'à �!�' �¢!��¢#��=!� d ¤
|���D��!�

X'���
Ù�� Å } *�Z # # Þ c � Ñ ��£ ß � � Ü ¾/*�� ß�à �!¼ ����T # ���
U�|�*�¼�����¾ � � T |�\��´ ö�� � Ã���|���D�¤
Y�Â Å B�C �
�p!���#·�¸!ª��  �" ¤
\��'¤��pa5
¾�*�� $ ��<�$��� T��a� � '
��Í�f�¤
< � �ñÈ Å # ¼ # £ TEM � � ¾ 6 ã���O�É Ñ Ä�¼ c ���©�È�d e Å O�É�Ã�� ß�à ¼
 �¡ Ñ Ä&¢
Ã�3 # É�É � � T #�# ¾���£ Ô� ��� �¢���¾ h ��¹ Í�� ��¯��°�¤�\�� $ 6 ã�¤
£�� Å á�Ó�Ã�Ã�� ��� ��£
L¤ ß�à � TEM � � $ \�� Ü�� ��Ø�Ù�� q 1 � Ñ ¤ ¿�À ¼ : Å ÆF#���TH"�= I��£ML¿¤����©�È�d e ¾ 6

14



ã���� é � � Ñ�Å `�� Ñ Ã�����Ã�¾�£*|���Z2[�\���¤�µ�¾�� 6 ã Å Ê���¾�*�¼ c $ � � * � $ á ¨ ¾�* ��T
W c Þ'¤�����¾'��£�¸�Ô #)� Ô� #�� #¢���� ß �
\�� Å Î � �#���#¸aÔ�d e�� ��X!��ª�d e Å�q à #�$ �ß�� Þ�£ 6 ã���- Å�Ñ ¼ � ¨ Ä)� #�$ ��¾�*�� #�$ Å Æm#���T # ¤ ß�à ¼�Y�¤���� Ñ Ä)£ IC ¤�\���¶�£�¸î >�È � ���	�	
��ó�����L¤ ß�à ��� é ��� Ñ £����©�È�¤ Â	� A i�j ¤�� ¼ ¤�(�� Å ° # Þ�¤JL¤ ß�à
��\�����c ¨ ¾�*�� Ñ � ; ���� Ç c����� �� ���
�<�)� ��T

��Ñ'¤������ 6 ã��!Ê�¤ ß � 	�c � Ü ¤ �'� �!|�Ã'Ä)�/� T��2� ��>'����w
A�|��'���#©�È������ �
�$��� ß�à ¼������ Ê�h �/L à 5 6 ã�¤�¤ Å Y�� # Þ c ��¤
¾���¼ c Ñ $�� ¦)Þ c � Tm# Ñ # ¼��'Ä)£�ó
��� ; ��� ¿�À ����� é Ñ � Þ c ¼ c�TK:a1�µ £*°�q�������3zg���¯��	 3 ¤ 6 ã�ª���� Å Y	������� Ê�h
�#£�\��!ö�¾!£4L#¤ ß�à ��� � � 6 ã/� Â'é � Ñ � é Ñ � Þ c ¼ c�T�} ~ \�� ´ ¾'��£���� Õ � Ê�h � 2� ����� # Þ TEM ¾ � � �$�/� ß'à ¼���� Õ�� � ¼ ¤ 6 ã Å Y��!�/����5 Ñ�Ñ é Ä Ä £ ##µ�#�µ £�� �
� 6 ã��x�y�\�� ´ ¾�O�Ä)��� T Fig.15 ¤<��¯��° Ñ ÄÅÖa3��)���� � � 6 ã��ó�¤ : ¾ � � T ² Ä Ñ �£
����� Ê�h�Ñ Ä�� � � 6 ãa3���,�¤���W�¤
� Ü ��j���¾ � � T ��Ê�¤ ¿�À � ; ������Ä�¼�� �	� � � � µ £
L¤ ß�à � 6 ã�¤�Y	� Å� i�¾�*�� Ñ ¤ � #Åc �
>�¸¡�K��� é l Ñ 5 # ��¼ c�T Q � £ 5 # Ñ ��� $ £ � �
¤��p�¤�� Å |�¥�¾�*�� Ñ 5 # ��¼ c�T ó����£ � ����G�¤����©�È�A�����¤�¯&>���½�� Å µ�Þ�£ML¤�d e
� 6 ã�Ê	��¤ R�S�¼ Å Î � ��¾�*�� Ñ�Å�Ì � � S ��¾ � � T
�� ¢��  �" ¤�\���Za[ 6 ã�� ; ��� #�$ ��£¡�� ¢�����P�����¤ w�! ¾�� Ì # Þ � #Åc #�$ ¾���¼ c�T# Ñ # £"� Ï 5�|���-�Í���, $ £�����WFl¼�Ä�£�ó�¤ ß¡à ¼ 6 ã�� ; ��� � � ¤ �	� �£ w	! ¤�� Ý �&\ 1

Þ c l&j	��� � ��� Ò�à TH� � �£H\���Z2[ 6 ã�¤ A	# ��� Ï 5�$���I�¼�%	&�¾ � � W�Ã����£'� #)( .�Ä
���+*�,�¾ � � $ /a1 Þ c � T

3 -�.�/1032�4�5�687�9�:3;�<>=3?�0�2�@�A�B15�C3D�E�D3F�G�<�HJI�K�-3.�/1L�M�N>5�O�A�B15�PRQ�I�D�SUT)V�W�X3@�Y�Z�N�A�/4�[�\>T

15


