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Niveau métal 2 : aluminium (Al)
Niveau métal 1 : tungstène (W)

Trou de contact (W) Via 2 (W)TiN/TiARC (Ti)

Niveau métal 2 : aluminium (Al)
Niveau métal 1 : tungstène (W)

Trou de contact (W) Via 2 (W)TiN/TiARC (Ti)
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dépôt diélectrique + masque dur 
+ couche anti-reflets (ARC)

(voies CVD, PECVD, tournette…)

Diélectrique

Niveau métallique inférieur

ARCmasque dur

dépôt résine, suivi de la
photo UV ou e-beam

Diélectrique

Niveau métallique inférieur

UV
développement :
masque résine + ARC + masque dur

Diélectrique

Diélectrique

gravure plasma du diélectrique,
nettoyage résidus,

et dépôt d’une couche barrière

masque dur

Diélectrique

dépôt métal

Diélectrique

polissage mécano-chimique (CMP)

a) b) c)

d) e) f)
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Pression dans le réacteur en fonction du 
pourcentage d'ouverture de la vanne papillon
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S = 3 x CD 50 nm

S = 1,5 x CD 50 
nm

S = 3 x CD 75 nm
S = 1,5 x CD 75 nm
S = 3 x CD 100 nm
S = 1,5 x CD 100 nm

S = 3 x CD 125 nm

S = 1,5 x CD 125 nm

S = 3 x CD 150 nm

S = 1,5 x CD 150 nm

S = 3 x CD 175 nm

S = 1,5 x CD 175 nm 

S = 3 x CD 200 nm 

S = 1,5 x CD 200 nm

S = 1,5 x CD 250 nm

S = 1,5 x CD 300 nm

S = 3 x CD 250 nm

S = 3 x CD 300 nm

E
-B

eam
 M

ask

Z
one C

A
L

G
 6.1

S = 3 x CD 50 nm

S = 1,5 x CD 50 
nm

S = 3 x CD 75 nm
S = 1,5 x CD 75 nm
S = 3 x CD 100 nm
S = 1,5 x CD 100 nm

S = 3 x CD 125 nm

S = 1,5 x CD 125 nm

S = 3 x CD 150 nm

S = 1,5 x CD 150 nm

S = 3 x CD 50 nm

S = 1,5 x CD 50 
nm

S = 3 x CD 75 nm
S = 1,5 x CD 75 nm
S = 3 x CD 100 nm
S = 1,5 x CD 100 nm

S = 3 x CD 125 nm

S = 1,5 x CD 125 nm

S = 3 x CD 150 nm

S = 1,5 x CD 150 nm

S = 1,5 x CD 150 nm

S = 3 x CD 150 nm

S = 1,5 x CD 175 nm

S = 3 x CD 175 nm

S = 1,5 x CD 200 nm

S = 3 x CD 200 nm

S = 1,5 x CD 225 nm

S = 3 x CD 225 nm

S = 1,5 x CD 250 nm

S = 3 x CD 250 nm 

S = 1,5 x CD 275 nm 

S = 3 x CD 275 nm

S = 3 x CD 300 nm

S = 3 x CD 350 nm

S = 1,5 x CD 300 nm

S = 1,5 x CD 350 nm
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a)

b)

S = 3 x CD 50 nm

S = 1,5 x CD 50 
nm

S = 3 x CD 75 nm
S = 1,5 x CD 75 nm
S = 3 x CD 100 nm
S = 1,5 x CD 100 nm

S = 3 x CD 125 nm

S = 1,5 x CD 125 nm

S = 3 x CD 150 nm

S = 1,5 x CD 150 nm

S = 3 x CD 175 nm

S = 1,5 x CD 175 nm 

S = 3 x CD 200 nm 

S = 1,5 x CD 200 nm

S = 1,5 x CD 250 nm

S = 1,5 x CD 300 nm

S = 3 x CD 250 nm

S = 3 x CD 300 nm

E
-B

eam
 M

ask

Z
one C

A
L

G
 6.1

S = 3 x CD 50 nm

S = 1,5 x CD 50 
nm

S = 3 x CD 75 nm
S = 1,5 x CD 75 nm
S = 3 x CD 100 nm
S = 1,5 x CD 100 nm

S = 3 x CD 125 nm

S = 1,5 x CD 125 nm

S = 3 x CD 150 nm

S = 1,5 x CD 150 nm

S = 3 x CD 50 nm

S = 1,5 x CD 50 
nm

S = 3 x CD 75 nm
S = 1,5 x CD 75 nm
S = 3 x CD 100 nm
S = 1,5 x CD 100 nm

S = 3 x CD 125 nm

S = 1,5 x CD 125 nm

S = 3 x CD 150 nm

S = 1,5 x CD 150 nm

S = 1,5 x CD 150 nm

S = 3 x CD 150 nm

S = 1,5 x CD 175 nm

S = 3 x CD 175 nm

S = 1,5 x CD 200 nm

S = 3 x CD 200 nm

S = 1,5 x CD 225 nm

S = 3 x CD 225 nm

S = 1,5 x CD 250 nm

S = 3 x CD 250 nm 

S = 1,5 x CD 275 nm 

S = 3 x CD 275 nm

S = 3 x CD 300 nm

S = 3 x CD 350 nm

S = 1,5 x CD 300 nm

S = 1,5 x CD 350 nm

S = 3 x CD 50 nm

S = 1,5 x CD 50 
nm

S = 3 x CD 75 nm
S = 1,5 x CD 75 nm
S = 3 x CD 100 nm
S = 1,5 x CD 100 nm

S = 3 x CD 125 nm

S = 1,5 x CD 125 nm

S = 3 x CD 150 nm

S = 1,5 x CD 150 nm

S = 3 x CD 50 nm

S = 1,5 x CD 50 
nm

S = 3 x CD 75 nm
S = 1,5 x CD 75 nm
S = 3 x CD 100 nm
S = 1,5 x CD 100 nm

S = 3 x CD 125 nm

S = 1,5 x CD 125 nm

S = 3 x CD 150 nm

S = 1,5 x CD 150 nm

S = 3 x CD 175 nm

S = 1,5 x CD 175 nm 

S = 3 x CD 200 nm 

S = 1,5 x CD 200 nm

S = 1,5 x CD 250 nm

S = 1,5 x CD 300 nm

S = 3 x CD 250 nm

S = 3 x CD 300 nm

S = 3 x CD 175 nm

S = 1,5 x CD 175 nm 

S = 3 x CD 200 nm 

S = 1,5 x CD 200 nm

S = 1,5 x CD 250 nm

S = 1,5 x CD 300 nm

S = 3 x CD 250 nm

S = 3 x CD 300 nm

E
-B

eam
 M

ask

Z
one C

A
L

G
 6.1

S = 3 x CD 50 nm

S = 1,5 x CD 50 
nm

S = 3 x CD 75 nm
S = 1,5 x CD 75 nm
S = 3 x CD 100 nm
S = 1,5 x CD 100 nm

S = 3 x CD 125 nm

S = 1,5 x CD 125 nm

S = 3 x CD 150 nm

S = 1,5 x CD 150 nm

S = 3 x CD 50 nm

S = 1,5 x CD 50 
nm

S = 3 x CD 75 nm
S = 1,5 x CD 75 nm
S = 3 x CD 100 nm
S = 1,5 x CD 100 nm

S = 3 x CD 125 nm

S = 1,5 x CD 125 nm

S = 3 x CD 150 nm

S = 1,5 x CD 150 nm

S = 3 x CD 50 nm

S = 1,5 x CD 50 
nm

S = 3 x CD 75 nm
S = 1,5 x CD 75 nm
S = 3 x CD 100 nm
S = 1,5 x CD 100 nm

S = 3 x CD 125 nm

S = 1,5 x CD 125 nm

S = 3 x CD 150 nm

S = 1,5 x CD 150 nm

S = 3 x CD 50 nm

S = 1,5 x CD 50 
nm

S = 3 x CD 75 nm
S = 1,5 x CD 75 nm
S = 3 x CD 100 nm
S = 1,5 x CD 100 nm

S = 3 x CD 125 nm

S = 1,5 x CD 125 nm

S = 3 x CD 150 nm

S = 1,5 x CD 150 nm

S = 1,5 x CD 150 nm

S = 3 x CD 150 nm

S = 1,5 x CD 175 nm

S = 3 x CD 175 nm

S = 1,5 x CD 200 nm

S = 3 x CD 200 nm

S = 1,5 x CD 225 nm

S = 3 x CD 225 nm

S = 1,5 x CD 250 nm

S = 3 x CD 250 nm 

S = 1,5 x CD 275 nm 

S = 3 x CD 275 nm

S = 3 x CD 300 nm

S = 3 x CD 350 nm

S = 1,5 x CD 300 nm

S = 1,5 x CD 350 nm

S = 1,5 x CD 150 nm

S = 3 x CD 150 nm

S = 1,5 x CD 175 nm

S = 3 x CD 175 nm

S = 1,5 x CD 200 nm

S = 3 x CD 200 nm

S = 1,5 x CD 225 nm

S = 3 x CD 225 nm

S = 1,5 x CD 250 nm

S = 3 x CD 250 nm 

S = 1,5 x CD 275 nm 

S = 3 x CD 275 nm

S = 3 x CD 300 nm

S = 3 x CD 350 nm

S = 1,5 x CD 300 nm

S = 1,5 x CD 350 nm

��
����
��
��
�

�
�
�

�
�	
�

�

�
�
�

�
�	
�

�

� � �

� � 	 � 
 �

� � �

� � 	 � 
 �

�
�




�


�
��



��

�
��



��

�
��

�
�	

�
�	

�
��



�	



��



��



�	

�

	��

��
����
��
��
�

�
�
�

�
�	
�

�

�
�
�

�
�	
�

�

� � �

� � 	 � 
 �

� � �

� � 	 � 
 �

�
�
�

�
�	
�

�

�
�
�

�
�	
�

�

� � �

� � 	 � 
 �

� � �

� � 	 � 
 �

�
�




�


�
�




�


�
��



��

�
��



��

�
��



��

�
��



��

�
��

�
�	

�
�	

�
��



�	



��



��



�	

�
��

�
�	

�
�	

�
��



�	



��



��



�	

�

	��

a)

b)

�:%(©*<.Ap0
�:%(©*<.Ap0
�:%(©*<.Ap0
�:%(©*<.Ap0J��� �¨¨¨ ¨��� ��     1�l?r'*;e<>0G'9<.�:%,-�%�'5�G'9+>~B<.AL-�0

�l?r'*;e<>0G'9<.�:%,-�%�'5�G'9+>~B<.AL-�0
�l?r'*;e<>0G'9<.�:%,-�%�'5�G'9+>~B<.AL-�0
�l?r'*;e<>0G'9<.�:%,-�%�'5�G'9+>~B<.AL-�0e'L�G)(6>?B/c�:%,-�-�~B/1'L~��8�H.0
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Salle Blanche Classe 10 

Sas de chargement  
pour plaques 200mm

Chambre de
gravure

HELICON

Chambre de
gravure Electrotech

Chambre 
d’analyse XPS

Chambre de
transfert  

(plaques 200 mm)

Sas de chargement  
Chambre Electrotech

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0J�� �� ¨¨ ¨¨ �� ���    &�c)(6>����c)(6>����c)(6>����c)(6>��� ?�H.0[-�?1+.-�?B�*0?�H.0[-�?1+.-�?B�*0?�H.0[-�?1+.-�?B�*0?�H.0[-�?1+.-�?B�*05¨¨ ¨¨ �5~BA*�l03H.03©*Ap?BFG<.Ap0�$�5~BA*�l03H.03©*Ap?BFG<.Ap0�$�5~BA*�l03H.03©*Ap?BFG<.Ap0�$�5~BA*�l03H.03©*Ap?BFG<.Ap0�$�47�_��M��e�47�_��M��e�47�_��M��e�47�_��M��e� %% %%

¡�?�'*~B<.Ap)P0[¥¦��-�%()P~B/�<.�:%,-�%('*�G03H.?B/1'L)P0[�:Ap?BF9?B%,-�£5Ap0�+.Ap�G'*0R/c�*�G0��:%(©*<.Ap03�p¨���0��LH.~B/c�a-�0��*~B/1)(�:%(~B/c/10��l0�/.�L0G':�LH.�G)(A*%��
'*0G)(�:%(~B/ ���#���#���#��£e?&���*���*?B�.A*%(;=<>�G0L+>?BA -�0G'9-�?B�>~BAp?B�*~B%,Ap0G'9¡1<>)P?r'���� � ��� �B¡�0L+.-�?r':�l?�8�0G':� ©p��/1��Ap�L+>?BA -���? )(�:%(~B/
H.� <./�)(6>?B��+��l?r©*/1����%(;=<>03)P~B/1':�:%,�:<>�3H.03H.0�<&� )P~B��+>~r'*?B/c�*0G'L2

• 
<./X)(6>?B��+E�l? ©*/1���:%(;=<>0�? � %(?B-a� � )P~B/1':�*?B/c� � 0�/cFG%,Ap~B/ �����&?B<>'*' �,£ ©p��/1��Ap�>+>?BA�H.0�<&��'*~B-���/1~��(H.0G'�� �0�� � � 0�� �*0�A*/10G' 0�/ +>~r':%,�:%(~B/ H.0L¥¦0�-���6>~B-����P��¡�0C)(6>?B��+��l?r©*/1���:%(;=<>0C0G':� ?B� <>':�*?B�.-�0L+>?BA +.%,-�~B�*?r©p0CH=<)P~B<.Ap?B/c�LH.?B/1'L)P0G'LH.0�<&� '*~P-���/1~��(H.0G'*�

• 
<./ )(6>?B��+Z?B-#�*0�A*/1? �:%
��Ap?rHp%(?B->� ��� )(Ap�G�&+>?BA�<./10n?B/.��0�/c/10�� H.0�<&���.A*%,/1'�0��e�*��A�%(0�<.Ap0�� -���0�/>)P0�%,/c�*0H=%(��-�0G)(�:A*%(;=<>0 )P~B/.�*0�/1?B/c��- 0�+.-�?r':�l? � �:<.�>0 0�/ ;=<>?BA*��� �,£&H.~B/c��-�0�+.A*%,/1)(%,+>0 ? ���*��+.Ap~B+>~r'*��+>?BA
��~r'���0�-�-�� � ��� �_��0��:�*0kH.0�A*/.%(§�AG0k0G':��?B-#%,�l0�/.�*�G0�+>?BA�<./ ©p��/1��Ap? �*0�<.A�N�� IC� � ����� �
� ��¥��P£�H.� <./10
+.<.%('*'*?B/1)P0[�l?�� %,�l? -�03H.03��� � � 	

¡�?nH.0�/1':%,�*�J%(~B/c%(;=<>0J�l0G':<.Ap�G0�H.?B/1'7-�?&Ap�G©*%(~B/ H.0�H=%
���:<>':%(~B/ 0G':�@H.0J-���~BApH=Ap0�H.0���� ���@%(~B/1'��e)(����;=<>?B/1H - ?
+.<.%('*'*?B/1)P0J%,/c��0G)(�*�G0�H.?B/1'7-�?n'*~B<.Ap)P0�0G':�@H.0���£ � � 	 � ¡�� %,��+>�GH.?B/1)P0���-�0G)��:A*%(;=<>0�H=< +.-�?r':�l?r£�;=<.%[F9?BA*%(0�0�/
�*~B/1)(�:%(~B/ H.0�-�?X+.Ap0G'*':%(~B/1£_H.0G' ©p?!��<.�:%,-�%('*�G' 0�� H.0�-�0�<.Ap' H.���.%,�*'*£_0G':� )P~B<.+.-��G0 �l<./10��>~�",�*0 H.��?r)B)P~BApH
?B<.�*~B�l?B�:%(;=<>0���%���+>�GH.?B/1)B0 F9?BA*%(?B�.-�0G£e)P~B/c�:A �B-��G0 +>? AJ~BApH=%,/1?B�*0�<.Ap� ��0G)(%r+>0�A*�l0R� H.0 Ap�G©*-�0�A -�� %,��+>�GH.?B/1)P0CH.0
-���0�/1'*0����.-�0#��0�/cFG%,Ap~B/+�����>6.�l'L0��LH.03H=%,��%,/c<>0�AL-�?>+.<.%('*'*?B/1)P0[Ap���:-��G)(6.%(0[+>?BAL-�?�'*~B<.Ap)P0G�
¡�0�+.-�?r':�l?¦)(Ap�G��H.?B/1'C-�?¦'*~B<.Ap)P0�H=%
���:<>'*0�H.?B/1'C-�? )(6>?B���.Ap0�H.0�H=%
���:<>':%(~B/ ~'� %,-�0G':��)P~B/��:%,/1��+>?BA�H.0�<��
'*~B-���/1~��(H.0G'>� � 0��7� � � ¡�0 +1~BA*�*0J':<.�>':�:Ap?B�*£ ;=<>?B/1H ��-�<.%(£ 0G':��+>~B-�?BA*%('*� %,/1H.��+>0�/1H.?P���l0�/c�7H.0 -�?_'*~B<.Ap)P0J©�A! r)B0
�n<./ ©p��/1��Ap?B�*0�<.A�N�� IC� � ����� �
� ��¥��P£�Hc~B/c�@-�?n+.<.%('*'*?B/1)P0��l?�� %,�X?B-�0�0G':��H.0 ����� 	 ����0�©p��/1��Ap?B�*0�<.A
H.��F90�-�~B+.+>0�H.0G'[�*0�/1':%(~B/�'3Hc0�+>~B-�?BA*%('*?B�:%(~B/ H=<k':<c�>':�:Ap?B�[F9?BA*%(?B/.�3H.0_� � ���.� 	�' <.A3-�0_':<.�1':�:Ap?B�*£�0��[+>0�A*�l0R�



��� ����� ��� � � �;��� ������� � � � ��� �4� � � � � ��� ����� � � ���
	���� ����� � �

<./ �>~B/ )P~B/c�:A �B-�0nH.0�-�����/10�Ap©*%(0nH.0G'3%(~B/1'*�.¡�0�+>~B��+1?r©p0nH.0_-�? )(6>?B���.Ap0n0G':��? '*':<.Ap�_+>?BA�H.0�<&� +>~B��+>0G'
�:<.A*�>~B¨ �l~B-��G)(<.-�?B%,Ap0G'�MC- )P?B��0�- � H.0 	����k-��#' 
�� �&?r'*':%(':�*�G0G'�H.� <./10�+>~B��+>0�+.A*%,�l?B%,AG0��l�G)P?B/.%(;=<>0G�>$E?B/1'�)P0G'
)P~B/1H=%,�:%(~B/1'*£�-�0LFG%(H.0L-�%,��%��*03~B�.�*0�/c<�0G':� H.0����#����
 � ��~BA*Ap��K&/10LF9?B/c/10G£e':%,�:<>�G0C0�/ ? �l~B/c� H.0G' �J+>~B��+>0G'9�:<.A*�>~
�l~B-��G)(<.-�?B%,Ap0G'@0��7+.%,-�~B�*�G0��&-���?B%(H.0�H.� <./10@��?B<>©p0�H.0J�:8G+>0J��?BAp?B�:Ap~B/1£ +>0�A*�l0R�@H.0@Ap�G©*<.-�0�A@-�?_+.Ap0G'*':%(~B/ H.0@-�?
H.�G)(6>?BAp©p030�/c�:Ap03����
 �C0R�L����
��a��~BA*Ap�
$E?B/1'3/1~B�:Ap0n���:<>H.0G£�-�0G'3+.AG0G'*':%(~B/1'�H.0_�:Ap?BF9?B%,-7�:8G+.%(;=<>0G'�'*~B/c��H.0n;=<>0�-�;=<>0p'3����~BA*A�?��:%,/ H.0_+.Ap�G'*0�A*F90�A_-�0
)P?BAp?r)��*§�Ap0@/1~B/c¨1)P~B-�-#%(':%(~B/c/10�-3H.0@-�?�©p?B%,/10�0R��?B�l�R-�%(~BAG0�A ?B%,/1':%L-���?B/c%('*~B�:Ap~B+.%(0�H.0�©*Ap?BFG<.Ap0G�r¡�0G'�©p?!�C<.�:%,-�%('*�G'
H.?B/1'l)P0��:�*0T'*~B<.Ap)P0T?B< )V~B<.Ap'lH.0l/1~B�:Ap0T���:<>H.0 '*~P/c�L2@MCAp£@¥¦0G£�� � £�� � ��¥¦0 � ���!�e�������,£�¥ � £@� � �@¡�?�*0���+>��Ap? �:<.Ap0CH=<�+>~BA*�*0�¨ ':<.�>':�:Ap?B� 0G':�L)P~B/c��A �B-��G0L+>?BAL<./10C)(%,AG)(<.-�?B��%(~B/ H.� ¥¦��-�%,<.� ':%,�:<>�G0C0�/c�:Ap0[-�?,�*?r)P03?BA*A�%(§�AG0
H=<�+1~BA*�*0C':<.�1':�:Ap?B� 0��9-����G)(67?B/c�:%,-�-�~B/1�e��0�+>0�/1H.?B/c�*£e)P0LAp0��:Ap~B%(H=%('*'*0��l0�/c� ���*?B%,�9%,/1':<&���:%('*?B/c�9+>~B<.AJH.0p'9�*0���+>' Hc0
+.Ap~r)P�GH.�J':<.+>��A*%(0�<.Ap')�_����'*£ H.��~'� -�?�/1�G)P0G'*':%,�*�JH.0J©*A=?BF90�A7-����G)(6>?B/c�:%�-�-�~B/¦�e%,¡)� +1?BA@���*?B+>0G'7H.� <./10 �:Ap0�/c�*?B%,/10
H.0�'*0G)P~B/1H.0G'�?��:%,/lH.01/101+7?r'�H.��+>?r'*'*0�A�-�?J�*0R��+>��Ap?B�:<�Ap0�H.01��Ap?B/1':%,�:%(~B/�FG%��:Ap0�<>'*0�H=<X�e%,¡)� � )P~B���l01%,-�-�<>':��Ap�
'*0G)(�:%(~B/ �7�#���#�
�,�
¡�?�)(6>?B���.Ap03H.��?B/1?B-�89'*0 ��4@��'*0�Ap?�H.�G)(A*%,�*03)(%,¨ ?B+.Ap§G'*£='�0G)(�:%(~B/����#���#���#���

 

�������������

 �:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0��� ��e¨¨ ¨¨ �� �� ¨¨ ¨¨1�c)(6>���l?EH.0C-�?E'5~B<.Ap)P03¥¦��-�%()P~B/¦¡1<>)P?r' � �E©p?B<>)(6>0��f0��JH.0C-���0�/1'50��n��c)(6>���l?EH.0C-�?E'5~B<.Ap)P03¥¦��-�%()P~B/¦¡1<>)P?r' � �E©p?B<>)(6>0��f0��JH.0C-���0�/1'50��n��c)(6>���l?EH.0C-�?E'5~B<.Ap)P03¥¦��-�%()P~B/¦¡1<>)P?r' � �E©p?B<>)(6>0��f0��JH.0C-���0�/1'50��n��c)(6>���l?EH.0C-�?E'5~B<.Ap)P03¥¦��-�%()P~B/¦¡1<>)P?r' � �E©p?B<>)(6>0��f0��JH.0C-���0�/1'50��n��-(0�H.0C-�?-(0�H.0C-�?-(0�H.0C-�?-(0�H.0C-�?
)(6>?B���.Ap0 � �&H=Ap~B%,�*0��)(6>?B���.Ap0 � �&H=Ap~B%,�*0��)(6>?B���.Ap0 � �&H=Ap~B%,�*0��)(6>?B���.Ap0 � �&H=Ap~B%,�*0��

��� �����
� � � �����
����
 � �����	
�� � � ��� � � � ��������� �
¡�0G'�0���+.%,-�0��l0�/c�*'��*0G)(6./1~B- ~r©*%(;=<>0G'�H.0p'��G)(6>?B/c�:%,-�-�~B/1'��e%,¡)� '5~B/c��'*0����.-�?B�.-�0G'�?B<����G)(6>?B/c�:%,-#-�~B/1'�~�� 89H.0�?P<
/c%,F90G?B<�H.0G'a�l?r'*;=<>0p'a<.�:%,-�%('*�G' � ) �*� �:%(©*<.Ap03�p¨ �
�,�5¡ � 0���+.%,-�0��l0�/c�L':�*?B/1H.? ApH�0G':�L)P~B/1':�:%,�:<>�3H.0 2

- 
�l?r'*;=<>0[Ap�G':%,/103H.03��£�� �=� � Ap�G':%,/10G'a$&K 	 ��~P<�0�¨ �>0G?P�D�_��� ���CFG<>0G'L'*0G)(�:%(~B/��.�#���#�
�

- 
�l?r'*;=<>03~�� 89H.03H.03��£��
� �=� � H.��+��B�a�1�_���@+>?BAL47�_� 	�$ � �7�����P� �

- 
H.��+��B�L�e%,¡)� H.03��£�� �=� ~B<����#� �=� H.����+>?B%('*'*0�<.A

- 
':<.�1':�:Ap?B�L':%,-�%�)(%,<.�

M��:%,/ H.����F9?B-�<>0�A�-�0nA �B-�0lH.0�-�?¦+.Ap�G'*0�/1)P0X~B< /1~B/ H�0�-�? Ap�G':%,/10lH.?B/1'�-�? +>?r'*':%,F9?B�:%(~B/ H.0G'��:-�?B/1)P'*£�H.0G'
�G)(6>?B/c�:%,-�-�~B/1'_'*?B/1'_~B<Z?BF90p)�Ap0��:Ap? %,� � $L':�:A*%,+.+.%,/1©�% �>H=<l�l?r'*;=<>0&Ap�G':%,/10n~B/c�_���*�&Ap�G?B-�%('*�G'*� ��0&+.Ap~r)P�GH.�nH.0
Ap0��:Ap?B%��@'*��-�0G)��:%
�JH.0J-�?_Ap�G':%,/>0J+>?BA@Ap?B+.+>~BA*�J?B< �e%,¡)� ?E���*�C��%('@?B< +>~B%,/c�@?B< ����MC¨ ¡1���1¢_?B< �l~B890�/ H.� <./
�:Ap?B%��*0��l0�/.� -�%(;=<.%(H.0�+>?BA �
� � �������3¡�� �
� � ���.��£�H.��F90�-�~B+.+>� +>?BA -�? �:%,A*�X0��
� ��£_0G':� <./10 '*~B-,<.�:%(~B/
?r;=<>0�<>'*0�)P~B/c�*0�/1?B/c��H.0�-�� 6.89H=Ap~�� 8G-�?B��%,/10�0R��H.0�-�� 6�89H=Ap~�� 89)(6>~B-�%,/10�;=<.%�~B/c�@AG0G':+>0G)(�:%,F90��l0�/c�@+>~B<.A�A �B-�0
-���~�� 89H.~BAp�GH=<>)(�:%(~B/ H.0G'>+>~B-,8G�l§�Ap0G'@0��7-�0J/10��:�*~B89?r©p0�H=< )(<.%,FGAp0G� $&<.Ap?B/c�@)P0J�:Ap?B%,��0��l0�/c�*£ -�0G'7�:Ap?B/1)(6>0G'@'*~B/c�



� � ��� ��� � ����� �����
� ��� � ��� ��������� � ��������� � � ��� �4�

%,���l0�AG©p�G0G'&H.?B/1'�<./l�>?B%,/ )(6>?B<&���*���������P��£a+.<.%('�-�0G'��:Ap?B/1)(6>0G'&'*~B/c��A�%,/1)P�G0G'�0��&'*�G)(6>�G0G'�+>?BAE�R�:<.F9?r©p0��
�
�����P� +>0�/�H.?B/c�L�
�C��%,/1� � ��� �
��/��:%,/1£ %,- �*?B<.��+.Ap�G)(%('*0�A@;=<>0 -�0 Ap�G?r)(�*0�<.A76>��-�%()P~B/�<.�:%,-�%�'*�J���*?B%,�7~BA*%(©*%,/10�-�-�0R�l0�/c�7H.�VH=%(� ��-�?_©*Ap?BFG<.Ap0JH.0J©*A*%,-�-�0G'
0�/ +>~B-�8G¨ ':%,-�%()(%,<.�l£�0�/ +>?BAp?B-�-�§�-�0�H.0�-�?X©*Ap?BFG<.Ap0�H.0G'@�l?B�*��A�%(?B<&� ~BAp©p?B/c%(;=<>0G'*����0G)(%3/1�G)P0G'*':%,�*?B%,��H.~B/1)�<./
/10��:�*~B89?r©p0_+>?BA�+.-�?r':�l? H.��~�� 89©p§�/10n?BF9?B/c�3-�? ©*Ap?BFG<.AG0n©*A*%,-�-�0G£7?��:%,/ H.����FG%,�*0�A��*~B<��*0_+.Ap�G'*0�/1)P0nH.0_+.Ap~rHe<.%,�*'
)P?BA*�>~B/1�G'[-�~BAp'CH.0_)P0��:�*0_©*Ap?BFG<.Ap0 � )P?BA3-�?�+.Ap�G'*0�/1)P0_Hc0_)P?BA*�>~B/10_H.?B/1'L-�0�+.-�?r':�k? 0G':�3)(A*%,�:%(;=<>0�+>~B<.A3-���?BA*A!"��
H.0C©*Ap?BFG<.Ap0C':<.A -���~�� 89H.0CH.0J©*A*%,-�-�0��,��4@~B<.A -�?&©�Ap?BFG<.Ap0CH=<��e%,¡)� £�/�~B<>'9/�~B<>'7'*~B���l0G' ?B+.+.-�%(;=<>�G' � �*?B%,Ap0L�*~B<.�
-�0 )P~B/c�:Ap?B%,Ap0 0�/ )P~B/1H=%,�:%(~ /c/1?B/c��-�0G'�+>?BAp~B%('¦He<DAp�p?r)(�*0�<.A ?B<D�l~B890�/ H.0 -�?Z©*Ap?BFG<.Ap0 H.� <./10 �:Ap?B/1)(6>0
Ap0G)P~B<.F90�A*�*0CH.�����=� H.0LAp�G':%,/10L$&K 	 ��?BF9?B/c�9�*~B<.�*0C©*Ap?BFG<.Ap0CH=< �e%,¡)� 2�-�0 �.<.� ���*?B%,� H.0CH.��+>~ '*0�A <./10C)P~B<>)(6>0
H.0�Ap�G':%(H=<>'EH.0¦©*Ap?BFG<.Ap0¦)P?BA*�>~B/1�G'E':<.AE-�0G'&+>?BAp~B%('nH=<TAp�G?r)(�*0�<.Ap�C��0¦)P~B/1H=%,��%�~B/c/10��l0�/c�E?��*~B<.��~B<.Ap'E���*�
?B+.+.-�%(;=<>�3?B+.Ap§G'a/10��:�*~B89?r©p0f+>?BAL+.-�?r':�l?�H.��~�� 89©p§�/10G�

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

¡�?&)(6>?B���.Ap03H.�¡�?&)(6>?B���.Ap03H.�¡�?&)(6>?B���.Ap03H.�¡�?&)(6>?B���.Ap03H.� ?B/1?B-�89'*0CH.0C':<.A �*?r)P0[+>?BAC' +>0G)(�:Ap~r'*)P~B+.%(0CH.0[+.61~B�*~?B/1?B-�89'*0CH.0C':<.A �*?r)P0[+>?BAC' +>0G)(�:Ap~r'*)P~B+.%(0CH.0[+.61~B�*~?B/1?B-�89'*0CH.0C':<.A �*?r)P0[+>?BAC' +>0G)(�:Ap~r'*)P~B+.%(0CH.0[+.61~B�*~?B/1?B-�89'*0CH.0C':<.A �*?r)P0[+>?BAC' +>0G)(�:Ap~r'*)P~B+.%(0CH.0[+.61~B�*~V¨¨ ¨¨ ��-�0G)(�:Ap~B/1'����-�0G)(�:Ap~B/1'����-�0G)(�:Ap~B/1'����-�0G)(�:Ap~B/1'��

¡�?C�*0G)(6./c%(;=<>0���4@�n)P~B/1':%R':�*0 ��?B/1?B-�89'*0�A�0�/X��/10�Ap©*%(07-�0G'1��-�0G)(�:Ap~B/1'1����%('c+>?BA1<./n�l?B�*��A*%�?B<E%,A*Ap?rH=%(�>+>?BA1<./
Ap?B89~B/c/10��l0�/c���R-�0G)(��Ap~B�l?r©�/1���:%(;=<>0 ������-�-�0_+>0�A*�l0��_H.��?r)P)P�GH.0�A�H=%,Ap0G)(�*0R�l0�/c����-�����/10�Ap©*%(0nH.0_-�%(?B%('*~B/ H.0G'
/c%,F90G?B<&� ��-�0G)��:Ap~B/c%(;=<>0G'XH.0 ) �C<.AT0R�XH.0 F9?B-�0�/>)P0G�C¡�����/10�Ap©*%(0 H.0 -�%(?B%('*~B/ H.� <./|/c%,F90G?B< H.0 ) �C<.AT0G':�
':+>�G)(%
�:%(;=<>0EH.� <./Z?B�*~B�l0 � )P0�-�?�+>0�A*�l0R�_?B%,/1':%�'*~B/k%(H.0�/c�:%
�:%()B?B�:%(~B/Z0���-�?��l0G':<.Ap0�H.0E'*?�)P~B/1)P0�/c�:Ap?B�:%(~B/,�,£ 0��
Ap0�/1'*0�%(©*/10 ?B<>'*':%�' <.A '*~B/ 0�/cFG%,Ap~B/c/10��l0�/c� )(6.%,�n%(;=<>0 � �.%(0�/ ;e<>0¦-�? +>0�A*�:<.A*�>?B�:%(~B/ H=<>0 � -�? -�%(?B%('*~B/
)(6.%,��%(;=<>03'*~B%,�LH.?B/1'L)P03)P?r' +.-�<>' �*?B%,�.-�03;=<>03' <.AL-�0G'a/c%,F90G?B<&� H.0[F9?B-�0�/1)P0��,�
¡�?�)P~B/1'*0�A*F9?B�:%(~B/�H.����/10�Ap©*%�0[+>0�A*�l0��LH.���G)(A�%,Ap032

( )l c videh E Eν = +
?BF90G)

( ) ( )c vide éch ch c sp spE Eφ φ φ+ + = +
� $L?B� <>':�*0��l0�/c��%LH.0G'a/c%,F90G?P<&� H.0[IC0�A*��%�H.0[-����G)(6>?B/c��%,-#-�~B/�0��LH=<�':+>0G)(�:Ap~B�l§��:Ap0��

~���2
hν 0G':�a-�����/10�Ap©*%(03H=<��:-�<&� H.0[+.6>~B�*~B/1' � �l~B/1~B¨ ��/10�Ap©p���:%(;=<>0G'

lE
£5-�����/10�Ap©*%(03H.0[-�%(?B%('*~B/�H=<�+.6>~B�*~B¨ ��-�0G)(�:Ap~B/�����%('L?BF90G)c-�0[/c%,F90G?B<�H.0[IC0�A*��% +.A*%('L)B~B���l0[Ap���*��Ap0�/>)P0

( )c videE
£e'*~B/ ��/10�Ap©*%(0C)(%,/1���:%(;=<>0CH.?B/1'9-�0L�l?B�*��A�%(?B<>£e~B<�H.?B/1'�-�0LFG%(H.0C0�/ +.Ap0�/1?B/c�9-�0L/c%,F90G?B<�H.0LIC0�A*��%
H.0[-����G)(6>?B/c�:%,-�-�~B/�)P~ ���l0[AG���*��Ap0�/1)P03H.0[+>~B�*0�/c�:%(0�-

( )c spE
£='*~B/���/10�Ap©*%(03)(%,/1���:%(;=<>0[�X0G':<.Ap�G03H.?B/1'a-�03':+>0G)(�:Ap~B�l§��:Ap0

spφ £5-�0[�:Ap?BF9?B%,-cH.03'*~BA*�:%(03H.0[-���? /1?B-�89'*0�<.AC0�/���/10�Ap©*%(0

échφ £5-�0[�:Ap?BF9?B%,-cH.03'*~BA*�:%(03H.0[-����V)(6>?B/c�:%,-�-�~B/

chφ £a-�0��:Ap?BF9? %,-J':<.+.+.-����l0�/c�*? %�Ap0�H.0�'*~BA*�:%(0�H.0�-����G)(6>?B/.�:%,-#-�~B/ H=< ��-�?�)(6>?BAG©p0���-�0G)���Ap~r':�*?B�:%(;=<>0�H.0�-�?':<.A �*?r)P03H.03)P0�-�<.%,¨ )(%(�
��~B���l0

0.1sp éch eVφ φ− <
£ �,��£ �.��£#�
�.� �r0�� ;=<10L-���0�A*Ap0�<.AJ':<.A -�0G'9�l0G':<.Ap0G' H.0G' ��/10�Ap©*%(0G' H.0L-�%(?B%('*~B/ 0G':� H.��?B<

�l~B%,/1'
0.1eV

£�-�? )P~B/1'*0�A*F9?B�:%(~B/ H.0�-�����/10�Ap©*%(0�+>0�<.� '*�:�G)(A*%,Ap0
( )l c sp chh E Eν φ= + −

����-�-�0�+>0�A*�l0R�
H.� %(H.0�/c�:%
�:%(0�A1-�0G'1��-����l0�/c�*'.+.Ap�G'*0�/c�*' � F9?B-�0�<.Ap'1H.0p'

lE
�9H.?B/1'c-�?�)P~B<>)(6>0�?B/1?B-�89'*�G0 �C+>?BA*�:%,A�H.0>-�?C�l0G':<.Ap0�H.0

-�����/10�Ap©*%(0�)(%,/1�R�:%(;=<>0�H.0G'�+.6>~B�*~B¨ ��-�0G)(�:Ap~B/1'�����%('*���n~B<>'�F90�A*Ap~B/1'�?B< ��6>?B+.%,�:Ap0 � ;=<>0�-�?n+.Ap�G'*0�/1)P0�H.� <c/
�:Ap?BF9?B%,-7':<.+.+.-����l0�/c�*?B%�Ap0_H�0_'*~BA*�:%(0_H=<��@-�?�)(6>?BAG©p0_��- 0G)(�:Ap~r':�*? �:%(;=<>0_H.0�-�?�':<.A �*? )P0_H.0�-����V)(6>?B/c�:%,-#-�~B/ 0G':�[<./
��-����l0�/c�c%���+>~BA*�*?B/.�,�C+.Ap0R/1H=Ap0�0�/X)P~B��+.�*0>-�~BAp'*;=<>0>- 0G'c�l?B�*��A*%�?B<&�����:<>H=%(�G'1'*~B/c�c%('*~B-�?B/c�*'1)P~B�n�l0�H.?B/1'c-�0
)P?r'LH=<��e%,¡)� £�+.<.%('*;e<>0

chφ +>0�<.�L?B�:�*0R%,/1H=Ap0[+.-�<>':%(0�<.Ap'L0 	&�



��� ����� ��� � � �;��� ������� � � � ��� �4� � � � � ��� ����� � � ���
	���� ����� � �

¡�����/10�Ap©*%(0&H.0�-�%(? %('*~B/kH.� <./�/c%,F90G?B<lH.0&) �C<.A�Ap0�/1'*0�%�©*/10&?B<>'*':%>':<.A�-���0�/cFG%,Ap~B/c/10R�l0�/c��)(6.%,�n%(;=<>0&©*A! )P0&?B<
�
�l~rH=%
�:%()P?B��%(~B/1'>H.0G'1��/10�Ap©*%(0G'>H.0>/c%,F90G?B<&�nH.0@) �C<.A>%,/�H=<.%,�*0G'.+>?BA�)P0��>0�/cFG%,Ap~B/c/10��l0�/c�L2r��0��:�*07+>0�A��:<.A*�>?B�:%(~ /
0G':�c-�0>Ap�G':<.-��*?B�1H.0>-�?3�l~rH=%
�:%()P?B��%(~B/XH.0>+>~B�*0�/c�:%(0�-L':<.�.%(0>+>?BA1-�0G'1��-�0G)(�:Ap~B/1'1H.0�) �3<.Ap£ 0��10G':�10�� +.A*%,�l�G0>+>? A1-�?
F9?BA*%(?B�:%(~B/ H.0@-�����/10�Ap©*%(0�H.0@-�%(?B%('*~B/

( ) ( )l l mes l ref R FE E E E Eε∆ = − = ∆ + ∆ + ∆
+>?BA�Ap?B+.+>~BA*� ��-�����/10�Ap©*%(0�H.0

-�%(?B%('*~B/ H.0_Ap���*��Ap0�/1)P0
( )l refE

� ~'��2 ε∆
Ap0�+.Ap�G'*0�/c�*0_-�����/10�Ap©*%(0nHe<ZH.��+.-�?r)P0��l0�/c��)(6.%,��%(;=<70n)P?B<>'*�_+>?BA�-�?

H=%
���*��Ap0�/1)P0ZH.����-�0G)��:Ap~B/1�G©p? �:%,FG%,�*� 0�/c�:Ap0l-���? �*~B�l0Z)P~B/>':%(H.��Ap� �
Aχ �n0���-�0G' ? �*~B�l0G'�F9~B%(':%,/1' �

Vχ �_¨�?BF90G)
( ) ( )sgn sgn V Aε χ χ∆ = −

¨ £
RE∆
-�����/10�Ap©*%(0 H.0¦Ap0�-�?���?B�:%(~B/ -�%(�G0 � -�? Ap�G~BAp©p?B/c%('*?B�:%(~B/ H.0G' ~BA*�.%,�*?B-�0G'

?B�*~B��%(;=<>0G'LH.0[-���?B�*~B�l0[%(~B/.%('*�G£=0��
FE∆
-�����/10�Ap©*%(03H.03H.��+.-�? )P0��l0�/c�LH=<�/c%,F90G?B<�H.0[IC0�A���% �,�

$E?B/1'�-�0J)B?r'7H.0 -�?&©*Ap?BFG<.Ap0CH=< �e%,¡)� £ ':% -���~B/¦'*� %,/c�*��Ap0G'*'*0J?B<&�&+.%()P'7)P? A*�>~B/10J����'*£ � 0G':��+.-�<>'7��-�0G)��:Ap~B/1�G©p? �:%
�
;=<>0J�n£ -�<.%,¨ � "��l0J+.-�<>'@��-�0G)(�:Ap~B/1�G©p? �:%
�@;=<>0�� 2 %,-�0�/ Ap�G':<.-��*0�;=<>0

0ε∆ >
?BF90G)

R FE E∆ + ∆
/1�G©*-�%(©p0G?B�.-�0

H.0�F9?B/c� ε∆
£10��J<./�H.�*+.-�?r)P0��l0�/c��?B+.+>?BAp0�/c��H.0�-�����/10RAp©*%(0�H.0�-�%(?B%('*~B/ F90�Ap'J-�0G'�+.-�<>' �*~BA*�*0G'���/10�Ap©*%(0G'�H.0

-�%(?B%('*~B/ 0G':�>)P~B/1':�*?B�*�7+>?BA7AG?B+.+>~BA*�)�3-�����/10�Ap©�%(0@H.07-�%(?B%�'*~B/ H.07Ap���*��Ap0�/1)P0@H.07-�?3-�%(? %('*~B/ ��¨ � �
( ) ( )l mes l refE E>

�,�
��03H.��+.-�?r)P0��l0�/c�L0G':�a-�~r©*%(;p<>0��l0�/c�a+.-�<>'a%,��+>~BA*�*?B/.�LH.?B/1'a-�03)P?r'LH.� <./10[-�%(?B%('*~B/�?BF90G)�� ;=<>��?BF90G)��n�

Analyseur d’énergie

monochromateur

Al Kα

Iris
electrostatiques

Canon à 
électrons

Position de 
l’échantillon

Channeltrons

Al/Mg Kα
Sources Twin Anode 

Source Mono

Partie Twin

Partie Mono

Analyseur d’énergie

monochromateur

Al Kα

Iris
electrostatiques

Canon à 
électrons

Position de 
l’échantillon

Channeltrons

Al/Mg Kα
Sources Twin Anode 

Source Mono

Analyseur d’énergie

monochromateur

Al Kα

Iris
electrostatiques

Canon à 
électrons

Position de 
l’échantillon

Channeltrons

Al/Mg Kα
Sources Twin Anode 

Al/Mg Kα
Sources Twin Anode 

Source Mono

Partie Twin

Partie Mono

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0J�� �� ¨¨ ¨¨ �� ���¨¨¨¨=-�?�)(6>?B���.Ap03H�� ?B/1?B-�89'*0
��4@� ���_��M-�?�)(6>?B���.Ap03H�� ?B/1?B-�89'*0
��4@� ���_��M-�?�)(6>?B���.Ap03H�� ?B/1?B-�89'*0
��4@� ���_��M-�?�)(6>?B���.Ap03H�� ?B/1?B-�89'*0
��4@� ���_��MZ�.������.������.������.�����

¡�? )(6>?B���.Ap0�H.��?B/1?B-�89'*0�+.Ap�G'*0�/c�*�G0��:%(©*<.Ap0��p¨ � 0G':���G;=<.%,+>�G0�H.� <./ ':+>0G)(�:Ap~B�l§��:Ap0�H.0�+.6>~B�*~B¨ ��-�0G)(�:Ap~B/1'#�
� IL%('*~B/1'@�e<.A �*?r)P0�':89':�*0��l' �_�c��MC¡1MC� �����p% �f0��JH.� <./ )P?B/1~B/ �E��-�0G)(�:Ap~B/1' � 	&� �l~rH.§�-�0 �7�
�,� ¡�?E)(6>?B���.Ap0
� �*?B�.A*%(;=<>�G0@+>?BA��k0G)P?��������
�L0G':�>+>~B��+>�G0@+>?BA�<./10J+>~B��+>0@%(~B/c%(;=<>0�H.� <./10�)P?B+>?r)(%,�*��H.0������C- �e'*£f0��><./10
+>~B��+>0���':<.�.-�%,�l?B��%(~B/ZH.0&�:%��*?B/10�Ap0��:Ap~B%(H=%(0&+>? An0G?B<T;=<.%>�l? %,/c�:%(0�/.��- ?�)(6>? �n�.Ap0E'*~B<>'�<.-��:Ap?BFG%(H.0���<./10
+.Ap0G'*':%(~B/ H.0��>?r'*0�H.0�����
 � � ��~BA*Ap��K&/10�?B<.�:Ap0�+>~B�n+>0�%(~B/c%(;=<>0 � 	&?BA*%(?B/1£�H.� <./10�)P?B+>?r)(%��*��H.0��C- �e' �30G':�



� � ��� ��� � ����� �����
� ��� � ��� ��������� � ��������� � � ��� �4�

-�~r)P?B-�%('*�G0_0�/c�:Ap0�-�? '*~B<.Ap)P0��k~B/1~
AlKα
0��[-�0��l~B/1~r)(6.Ap~B�l?B�*0�<.Ap�p¡�?�+.Ap0G'*':%(~B/ H=<.Ap?P/c�[-�0G'3?B/1?B-�89'*0G' ��4��

H.0��l0�<.Ap0�)P~B/1':�*?B/c�*0�0��J'*0�':%,�:<>0�?B<.�*~B<.A�H.0����#����
�� � ��~BA*Ap�e¡�?E)(6>?B���.Ap0C+>0RA*�X0�� -�03�:Ap?B/1'��*0�A��J0R� -���?B/1? -�89'*0
H.0G'a�:Ap?B/1)(6>0G'LH.03':%,-�%()(%,<.� H.03�����C��� H.03H=%(?B�l§��:Ap0G�
$E0�<&� '*~B<.Ap)P0G'LH.0[Ap?B89~B/1'�� +>0�<.F90�/c��"��:Ap0[<.�:%,-�%('*�G0G'a%,/1H.��+>0�/1H.?B���l0�/c�L2

- 
K&/10J'*~B<.Ap)P0 /1~B/c¨ �l~B/1~r)(6cAp~B�l?B�:%(;=<>0G£ ~�� -���?B/1~rH.0J0G':�7)P~B/1':�:%,�:<>�G0JH.� <./10J?B/1~rH.0J':�*?B/1H.?BApH H.~B<.�.-�0G£
H=%,�*0 $a�)�3%,/¦?B/1~ H.0#%*£ 0�/ ?P-�<.��%,/c%,<.� 0��70�/��l?r©*/1�G':%�<.�l� ��-�-�0 +>0�A*�l0��7H.0 �:Ap?BF9? %,-�-�0�A@?BF90G)[-�� <./10J~B<
-���?B<.�:Ap0 '*~B<.Ap)P0 H.0 Ap?B89~ /1' � �

AlKα
� ���7�
��£�� 0 	&£ ~B<

MgKα
� ���
����£�� 0 	 �X/1~B/c¨

�l~B/1~r)(6.Ap~B�l?B�:%(;=<>0G'*�
- 
K&/10E'*~B<.Ap)P0&�l~B/1~r)(6.Ap~B�l?B�:%(;=<>0G£ ?BF90G)�<./10E?B/1~rH.0E0�/Z?B-�<.��%,/c%,<.�l£ H=%��*0 � �k~B/1~�?B/1~rH.0G���9¢B)(%(£9-�0
�*?B%('*)P0G?B<�H.0[Ap?B89~B/1' � �l~B/1~r)(6.Ap~B�l?B�:%(;=<>030G':�L~B�.�*0�/.<�+>?BALAp���:-�0�� %(~B/�':<.AL<./���%�Ap~B%,ACH.0[�>Ap?r©G©p�

$E?B/1'L)P0[�:Ap?BF9? %,-�£5/1~B<>'L?BF9~P/1'a<./c%(;=<>0��l0�/c�a<.�:%,-�%('*�[-�0G'LH.0�<&� '*~B<.Ap)P0G'L?B-�<.��%,/c%,<.� H=%(':+>~B/c%,�.-�0p'*�
¡�?�Ap�G'*~B-�<.�:%(~B/ 0�/ ��/10�Ap©�%(0 H.� <./10�'*~B<.Ap)P0

AlKα
0G':�&0G':�:%��X�G0�0�/l<.�:%,-#%('*?B/c��<./ �V)(6>?B/.�:%,-�-�~B/ H.��?BAG©p0�/c�*�a¡�?

Ap�G'*~B-�<.�:%(~B/ 0G':�CH.���:%,/c%(0�)P~ ���l03- ?�-�?BAG©p0�<.A�����%,¨ 6>? <.�*0�<.A � ~B< � IL<.-�- 	l%(H=�:6 ?B�[¥¦?B- �L�k?�� %���<.�l��£=I�	l¥ ���
H=< +.%()3M�©��.H �!� ��2�'5~B%,�@��£#��0�	D?BF90G)3<./10�'*0�/�':%,�.%,-�%,�*� � H.���:%,/c%(0�0�/ )P~B<.+>'>+>?BA�'*0G)P~B/1H.0 � )(+>' �
�LH.��0�/cFG%,Ap~P/
�
�����.���n)(+>'f+>~B<.A�-�?�'*~B<cAp)P0�/1~B/��l~B/1~r)(6.Ap~B�X?B�:%(;p<>0G�G¡�?@Ap�G'*~B-�<.�:%(~B/k0�/k��/10�Ap©*%(0&H=<�+.%()7M�©_��H �!�e��£90�/
<.�:%,-�%('*?B/c��-�? '*~B<.Ap)P0n�l~B/>~r)(6.Ap~B�l?B�:%(;=<>0

AlKα
£�0G':���l0�%,-#-�0�<.Ap0l;=<>0l��£ �|0 	&£�?BF90G)�<./10l'*0�/1':%,�.%,-�%,�*�lH.0

�
�����.��)(+>'a+>~P<.AL<./10[Ap�G'5~B-�<.�:%(~B/�':+>?B�:%(?B-�0 � F9~B%,AL+.-�<>'a�>?r' � H.03�&��� �=�l�
¡�?��*?B%,-�-�0JH.0 -�? �P~B/10J?B/1?B-�89'*�G0J0G':�7H.���*0�A*��%,/1�G0 +>?BA7<./10J'*��A*%(0JH.0 -�0�/c�:%,-�-�0G'7��-�0G)(�:AG~r':�*?B�:%(;=<>0G'7)P~B/c�:A �B-��G0G'�+>?BA
~BApH=%,/1?B�*0�<.A 0��XH.� %,A*%('l)P~B/.�:A �B-��G'��l�V)P?B/c%(;=<>0��l0�/c�*�C¡�? Ap�G'*~B-�<.�:%(~B/ ':+>?B�:%(?B-�0G£J+>~B<.A H.0G'�+>0��:%,�*0G' �P~B/10G'
?B/1?B-�89'*�G0G'*£�0G':�¦H.���:%,/c%(0 )V~B���l0 -�?ZH=%(':�*?B/1)P0 H.0 Hc��+.-�?r)P0��l0�/.�¦H.� <./10 -�?B�l0 H.��?BAp©p0�/c��+>~B<.A¦-�?r;=<>0�-�-�0
-�� %,/c�*0�/1':%,�*�CH=<�+.%()fM�©J��H �!�e�J+>?r'*'*0JH.0C�.��� �&�����THc0C'*?�F9?B-�0�<.A �l?�� %,��<.�l����/ �*~B/1)(�:%(~B/ H.0L-���~B<.F90�A*�:<.Ap0
H.0G'f%,A*%('�0���H.0G'f�*0�/1':%(~B/1'�? +.+.-�%(;=<>�G0G'�?B<&��-�0�/c�:%,-�-�0G'���- 0G)(�:Ap~r':�*? �:%(;=<>0G'*£9H.0G'fAp�G'*~B-�<c�:%(~B/1'�':+>?B�:%(?B-�0G'�H.0�-���~BApH=Ap0
H.0&�
�.� �=� � M�©_��H��!�e��2�'*0�/1':%,�.%,-�%,�*�&2*���.���n)(+1'*£GI 	l¥�� 2����#�n0�	 �c~B< ��� �e� � M�©_��H �!� �n2�'*0�/1':%,�.%,-�%,�*�
��������)(+>'L0��aI�	l¥�� 2=��� ��0 	 � +>0�<.F90�/c��"��:Ap03~B�.�*0�/c<>0G'L?BF90G)�-�?�'*~B<.Ap)P0[/1~B/��l~B/1~r)(6.Ap~B�l?B�:%(;=<>0G�
¡�? '*~B<.Ap)P0��l~B/1~r)(6.Ap~B�l?B�:%(;=<>0

AlKα
;=<>?B/c��� 0�-�-�0G£L+>0R<.� �*~B/1)(�:%(~B/c/10�A ':<.%,F9?B/c��+.-�<>':%(0�<.Ap'&�l~rH.0G'nH.0

Ap�G'*~B-�<.�:%(~B/1'7':+>?B�:%(?B-�0G'72 ��������£ �
����£ �&����0�� ��� �=�l� ��/��*~B/1)(�:%(~B/¦H.0 - ?���?B%,-�-�0JH=< �*?B%('*)P0G?B<���£ -�?_'*0�/1':%,�.%,-�%,���
H.�G)(Ap~�",�.Ap?B+.%(H.0R�l0�/c�>2 H.0@�
�����.� )(+>')���
��� �=� H.0 Ap�G'*~B-�<.�:%(~B/ ':+>?B�:%(?B-�0 � M�©��9H��!�e� 2BI�	l¥�� H.0@��£ � 0 	��
� <>'*;e<>��� ��������)(+>'#� �.� �=� H.0�Ap�G'*~B-�<.�:%(~B/ ':+>?B�:%(?B-�0 � M�©���H��!�e��2pI�	l¥�� H.0_��£ ��0 	 �,�p¡�0_H=%(?B�l§��:Ap0_H=<
�*?B%('*)P0G?B< H.0&Ap?B89~B/1'
� ?B<X/c%,F90G?B< H.0E�G)(6>?B/c��%,-�-�~B/Z0V':�_H.��0�/cFG%,Ap~B/Z��£ �X)(� 0�/X<.�:%,-�%('*?B/c��-�0G'_'*~B<.Ap)P0G'�/1~B/
�l~B/1~r)(6.Ap~B�l?B�:%(;=<>0G'

AlKα
0��

MgKα
?B-�~BAp' ;=<>� %,- 0G':� H.0 �l~B%,/1' H.0 � ��� +>~B<�A -�?w'*~B<.Ap)P0

�l~B/1~r)(6.Ap~B�l?B�:%(;=<>0
AlKα
�:Ap?BFa?B%,-�-�?B/c��� ������� �=� H.0�AG�G'*~B-�<.�:%(~B/ ':+>?B�:%(?B-�0G�L¡�0G' �V~B/10G' ��4@� ~B/c�E���*�

H.���:%,/c%(0G'�':<.A�-�01�l?r'*;=<>0��&4@��+>~B<.A�+1~B<.F9~B%,A��:Ap?BF9?B%,-�-�0�A �J<./101Ap�G'*~B-�<.�:%(~B/l':+>?B�:%(?B-�0�H.0������.� �=�w0�/��l~rH.0
$a�k~B/1~ %5£=)P03;=<.% +>0�A*�l0�� <./103?B/1?B-�89'*03?BF90G)�-�?�'*0�/1':%,�.%,-�%,�*�[�l? � %,�X?B-�0G�



��� ����� ��� � � �;��� ������� � � � ��� �4� � � � � ��� ����� � � ���
	���� ����� � �

R Rayon moyen de la trajectoire 

R1, R2   Rayon intérieur et extérieur de           
l’ hémisphére. 

RT Potentiel retardateur 

V1, V2 Potentiels appliqués aux armatures 

de l’ hémisphère

W Largeur des fentes

V2

V1

R

R1

R2

Faisceau d’électrons

W
W

Fenteshν

+

-
Lentilles 
retardatrices

Echantillon Signal

Spectre
RT

Fonctionnement d’un analyseur hémispherique

R Rayon moyen de la trajectoire 

R1, R2   Rayon intérieur et extérieur de           
l’ hémisphére. 

RT Potentiel retardateur 

V1, V2 Potentiels appliqués aux armatures 

de l’ hémisphère

W Largeur des fentes

V2

V1

R

R1

R2

Faisceau d’électrons

W
W

Fenteshν

+

-
Lentilles 
retardatrices

Echantillon Signal

Spectre
RT

Fonctionnement d’un analyseur hémispherique

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0J�� �� ¨¨ ¨¨ �� ���¨¨ ¨¨=�l~rH.0CH.0��5~B/1)��:%(~B/c/10��l0�/c�LH�� <c/�?B/1?B-�89'*0�<.AC0*/���/10�Ap©*%(0[6>����%(':+c6>��A*%�;e<>0�l~rH.0CH.0��5~B/1)��:%(~B/c/10��l0�/c�LH�� <c/�?B/1?B-�89'*0�<.AC0*/���/10�Ap©*%(0[6>����%(':+c6>��A*%�;e<>0�l~rH.0CH.0��5~B/1)��:%(~B/c/10��l0�/c�LH�� <c/�?B/1?B-�89'*0�<.AC0*/���/10�Ap©*%(0[6>����%(':+c6>��A*%�;e<>0�l~rH.0CH.0��5~B/1)��:%(~B/c/10��l0�/c�LH�� <c/�?B/1?B-�89'*0�<.AC0*/���/10�Ap©*%(0[6>����%(':+c6>��A*%�;e<>0

¡���?B/1?B-�89'*0�<.A�0�/X��/10�Ap©*%(0�Hc0G'1��-�0G)(�:Ap~B/1'10G':�c<./�6>����%(' +.6>§�Ap0�H.0��
���C��� H.01Ap?B89~B/n�l~B890�/1�P¡�? �:%(©*<.Ap0��p¨ �
Ap�G':<.�l0n-�0n+.A*%,/1)(%,+>0XH.0��5~B/1)(�:%(~B/c/10��l0�/c��H.0X)P0n�:8V+>0XH.��?B/1?B-�89'*0�<.AC27-�0XH.���*0p)(�*0�<.Al0G':��0�/ ©p��/1��Ap?B-�<./
��<.-��:%,+.-�%�)P?B�*0�<.A_H�� ��-�0G)��:Ap~B/>' � H.0��:8G+>0&��6>?B/c/10�-��:Ap~B/,�e+.-�?r)P�&?B+.Ap§G'f-�? �*0�/c�*0&H.0&'5~BA*�:%(0&H.0�-���?B/1?B-�89'*0�<.Ap�G$E?B/1'
)P0k':89':�*§��l0G£�':%
� ��6>?B/c/10�-��:Ap~B/1'�+>0�A*�l0����*0�/c��H.0kH.���*0G)(�*0RA�-�0G'�+.6>~B�*~B¨ ��-�0G)(�:Ap~B/1'*£ � �*~B<.A H.0�A �B-�0 � �G)P?BA*�
H.��0�/cFG%,Ap~B/ ��0 	|0�/c�:Ap0�)(6>?r;=<>0�)(6>?B/c/10�-��:Ap~B/,�,£L0�/X�l~rH.0�':+>0G)(�:Ap~r'*)P~B+.%(;=<>0G�a¡�0��>?B-�?B89?r©p0�0�/ ��/10�AG©*%(0 0G':�
~B�.�*0�/c<l+>?BA_-���?B+.+.-�%()P?B��%(~B/ZH.� <./k+>~B�*0�/c�:%(0�-7Ap0���?BApH.?B��0�<.A_N

�
0�/c�:Ap0&-����G)(6>?B/.�:%,-#-�~B/Z0���-�? �*0�/.�*0EH.��0�/c�:Ap�G0�H.0

-�� 6>����%(':+.6>§�Ap0G£=;=<.%�0G':�a�l?B%�/c�*0�/c< ����� 	&�
K&/¦)P?B/1~B/ �&��-�0G)��:Ap~B/1'7H.0��*?B%,�.-�0J��/10�Ap©�%(0 � %,/��*�RA*%(0�<.Ap0��_����0 	 �,£ �*~B<.A*/c%('*'*?B/c��� <>'5;=<>��� ���@��MZH.0C)P~B<.Ap?B/c� �
-�? ':<.A �*?r)P0�H.0�-����G)(6>?B/c��%,-�- ~B/1£10G':��?B<>'*':%�%,/1':�*?B-�-���':<.A�-�? )(6>? ���.Ap0�H.��?B/1?B-#89'*0G�>��0�)P?B/1~B/ +>0�A*�l0R�*£10�/ />0
)(6>?BAp©p0G?B/.��;=<>0�-�0G'(�P~B/10G'J%('*~B-�?B/c�*0G'*£1H.0�'*��+>?BAp0�A�-�0V'�)P~B/c�:A*%,�.<.�:%(~B/1'J+.Ap~BF90�/1? /c��H.0G'(�P~B/10G'J%('*~B-�?B/c�*0G'�0R�
)P~B/1H=<>)(�:A*%()P0G'*�
MC+.Ap§G'>©*Ap?BFG<.Ap0G£ -�0G'.�:AG?B/1)(670G'>'*~B/c�.�:Ap?B/1'��*��Ap�G0G'.FG%�?3-�?&)(6>?B���.Ap0@H.0 �:Ap?B/1'��*0�A��>H.? /1'.-�?�)(6>? ���.Ap0@H.��?B/1?B-�89'*0G�
¡�?@�:Ap?B/>)(6>0&0G':�f+.-�? )P�G0&':<.A��:Ap~B%('f+.-�~B�*'�H.?B/1'f-�?J+>?BA��:%�0��>?r'*'*0&H.0�-�?�)(6>?B���.Ap0&H.��?B/1?B-�89'*0G�G��-�-�0�0G':��? �l0�/1�G0
0�/1':<.%,�*0�H.?B/1'L-�03+.-�?B/+�*~r)B?B-1H.03-���?B/1?B-�89'*0�<.A�H.����/10�AG©�%(0�0��CH.03-�? '*~B<.Ap)P0�H.03Ap?B8a~B/1':¨ ���=¡����G)(6>?B/c�:%,-�-�~B/�+>0�<c�
?B-�~BAp' "��:Ap0�H.��+.-�?r)P��H.?B/1'�- 01+.-�?B/�6>~BA*% �P~B/c�*?B- ��£ 8�0R��+�%,F9~B�*0�A&?B<.�*~B<.A&H.� <./l?���0>Fa0�A*�:%()B?B-��VK&/10�)P?B�l�RAp?����c$
0G':�L?B-�%(©*/1�G03?BF90G)c-�0[+>~B%,/c� ��~r)P?B-cH=<��*?B%('*)P0G?B<(� ?��:%,/�H.0[FG%(':<>?B-�%('*0�AL-�? �P~B/10#��?B/1?B-�89'*0�Ap�

�k? '*;=<10 ��4@� 0��a+.Ap~r)P�GHe<.AG0CH.��?B/1?B-�89'*0G��k? '*;=<10 ��4@� 0��a+.Ap~r)P�GHe<.AG0CH.��?B/1?B-�89'*0G��k? '*;=<10 ��4@� 0��a+.Ap~r)P�GHe<.AG0CH.��?B/1?B-�89'*0G��k? '*;=<10 ��4@� 0��a+.Ap~r)P�GHe<.AG0CH.��?B/1?B-�89'*0G�
¡���~B�c��0G)(�:%
��+.A*%,/1)�%,+>?B-@H.0E)P0��:�*0&%,/1':�*? -�-�?B��%(~B/Z0G':�_?BF9?B/c���*~B<.�_H.0E)P?BAp?r)��*��A*%('*0�AE)(6.%,��%(;=<>0��l0�/c��-�0G'_':<.A �*?r)P0G'
0�� +>~r'*�G0G')�3<./E+.-�?r':�l?�H.0@©*Ap?BFG<.Ap0G�B¡�?�)P? Ap?r)��*��A*%('*? �:%�~B/ H.0G'>0G':+>§G)P0G'>)(6.%,��%(;=<>0p'.+.Ap�G'*0�/c�*0G'>':<.A>�*~B<.�*0G'.-�0G'
':<.A �*?r)P0G'>H.0G'1':�:A*<>)(�:<.Ap0G'>©*AG?BF9�G0G'*£B+>0�A*�l0��>0�/ 0����*0��>H�� ? )P)P�GH.0�A ��H.0G'.%,/��*~BA*�l?B�:%(~B/>'>':<.A>-�0G'c�l�G)P?B/c%(':�l0G'>H.0
©*Ap?BFG<.Ap0G�kK&/10 �l���:6>~rH.0 0�� +>��A*%,�l0�/.�*?B-�0G£ ?B+.+>0�-��G0 $L?B/1?B-�89'*0 �*~B+>~r©*Ap?B+.6.%�;=<>0 )(6.%,��%(;=<>0#% ?i�����
H.��F90�-�~B+.+>�G0 ?��:%,/TH.0 '*�*+>?BAp0�A�-�0G'�)P~B/c�:A*%,�.<.�:%(~B/1'1+.Ap~ F90�/1?B/c��H.0G',�:-�?B/1)P'*£[H.0G',�*~P/1H.'�0���H.0G'&'*~B���l0��*'�H.0G'
':�:A*<>)(�:<.Ap0G'*� � ��� �c47-�<>':%(0�<.Ap'3�*0V)(6./c%(;=<>0G'�'*~B/c��)P~B���.%,/1�G0G'3+>~B<.A�+>0�A*�l0��:�:Ap0EH.0_Ap�G? -�%('*0�A�<./10_�*0�-�-�0E?B/1?B-�89'*0
�*~B+>~r©*Ap?B+.6.%(;=<>0@)(6.%,��%(;=<>0@H.0G'1':<.A �*?r)P0G'>H.0p'1':�:A*<>)(�:<.AG0G'*�B$E?B/1'.<./n+.Ap0���%(0�A>�*0��n+>'*£B-�07�l?r'*;e<>0 ��4@�n?����*�
':+>�G)(%
�:%(;=<>0��l0�/c�@H.0G'*':%,/1�@+>~B<.A�)P0G'@?B/1?B-�89'*0G'���4@�c�[��0J�l?r'*;=<>0�0p':�7<./ ?r'5'*0*���.-�?r©p0�H.0J+.-�<>':%(0�<.Ap'��P~B/�0G'
Ap�G©*<.-�%(§�Ap0G'3H.0��:Ap?B/1)(6>�G0G'*£.H.0��:Ap~B<>'*£.H.0 �P~B/10p'3~P<.F90�A5�*0G'3':<.�1':�:Ap?B�30��3H.0 �P~B/10p'C~B<.F90�A*�*0G'[Ap�G':%,/10G�=¡���?B%,Ap0_Hc0
)(6>?r;=<>0 �P~B/10�0G':��H.��?B< �l~B%,/1'���� ����� �p£>)P0�;=<.%�+10�A*�l0���H.0.�*~r)P?B-�%('*0�A�-�0.��?B%�'*)P0G?B< H.0�Ap?B89~B/1' � H.0�-�?



��� ��� ��� � ����� �����
� ��� � ��� ��������� � ��������� � � ��� �4�

'*~B<.Ap)P03�l~B/1~r)(6.Ap~B�l?B�:%(;=<70�H.?B/1'L<./10 �P~B/103+.Ap�G)(%('*0G�e¡�0�':%(©*/1?B-10�/cAp0G©*%(':�:Ap��0G':�[<./103�l~B890�/c/10�':�*?B�:%(':�:%(;=<>0
)P?BAp?r)��*��A*%('��:%(;=<>0&H.0G'f+.6>~B�*~B¨ ��-�0G)(�:Ap~B/1'�����%('f+>?BA�- � 0�/1'*0����.-�0&H.0G'�':�:A*<>)(�:<.Ap0G'f%(H.0�/c�:%(;=<>0G'f+.Ap�G'*0�/c�*0G'�H.?B/1'f-�?
�P~B/101FG%('*�G0G�9��0&':%(©*/1?B-9Ap0�+.Ap�G'*0�/c�*01-�?�'*~B���l0�H.0G'�)P~P/c�:A*%,�.<.�:%(~B/1'�+.Ap~BF90�/1?B/c��H.0p' �:-�?B/1)P'*£aH.0p' �*~B/1Hc'�0���H.0G'
'*~B���l0��*'LH.0G'L':�:A*<>)(�:<.Ap0G'*�5K&/10[FG%,/1©*�*?B%,/103H.0 �P~B/10G'LHe%
���*��Ap0�/c�*0G'L'*~B/c�a+.Ap�G'*0�/c�*0G'[':<.AC)P0[�l?r'*;=<>032

- 
H.0G' �P~B/10G'>H.0 �:Ap?B/1)(6>�G0G'�+7~B<.A7-�0G'*;=<>0�-�-�0G'�-�?�-�?BAp©p0�<.ACH.0G'�-�%(©*/10G'70G':�7�G©p?B-�0���-���0G'�+>?r)P0J0�/c��Ap0J)(6>?r;=<>0
-�%(©*/10 � �P~B/10 � -�%(©*/10G' � 0G':+>?r)P0G'*��0�/1)P~BAp0n?B<.��Ap0��l0�/.�_?B+.+>0�-��G0G' � ¡�2#� � ��2#����~B< � ¡,�e� � �����,£7?BF90G)�H.0G'-�?BAp©p0�<.Ap'LH.0[-�%(©*/10G'LH.03��� �.��£=���#����£e���#����£e��� �7��0��L�����.� �=�

- 
H.0G'��P~B/10p'¦H.0 �:Ap?B/1)(6>�G0G' � -�%(©*/10G'��e0G':+>?r)P0G'�F9?BA*%(?B�.- 0G'*� )P~B/1':�:%,�:<>�G0G'¦H.0 -�%(©*/10G'¦H.0 ��� �.� �=� 0��
H.��0G':+>?r)P0G'LH.0C��� ����£e�����
��£e���#����£=��� 	
��£=��������£=�����
��£=��� �7��£=��� �&��0��L������� �=�l�

- 
H.0G' �P~B/10G'�H.0��:Ap~B<>'*£>H.?B/�'3-�0G'*;e<>0�-�-�0G'�)(6>?r;=<>0��:Ap~B<Z0G':��0G':+>?r)P��H.0�'*0G'CF9~B%(':%,/�'�H�� <./10�H=%(':�*?B/1)P0
�G©p?B-�03?B<�H=%(?B�l§R�:Ap03H=<��:Ap~ < � ���#�
��£e��� ����£e�����
��£e���#����£e��� 	
��£=��������£=�����
��0��L��� �
� �e� �,�

MCF9?B/c� )(6>?r;=<>0C?B/1?B-�89'*0G£�-�0V'9+.Ap~��:%,-�' 0��9-�0G' ��+>?B%('*'*0�<.Ap'7H.0LAp�G':%,/10C?B+.Ap§G' ©*Ap?BFG<.Ap0C'*~B/c�9�l0G':<.Ap�G' ?B<������ ':<.A
<./ �G)(6>?B/c�:%,-#-�~B/ �*�R�l~B%,/ ���������l�7��0����*0_+.Ap~r)P�GH=<.AG0_+>0�A*�l0���-�?�'*��-�0G)(�:%(~B/ H.0&-�? �P~B/10n?rH.�G;=<>?B�*0n':<.A�-�0
�l?r'*;=<>0 ��4@� � �P~B/10 � -�%(©*/10G'��e0G':+>?r)P0G'*��?rH.?B+.�*�G0���;=<.%k)P~BA*Ap0G':+>~B/1H.£n0�/ �*~B/�)(�:%(~B/ H.0 -�? +�Ap~��*~B/1H.0�<.A
�l?�� %��l?B-�0@H.0G'>':�:A*<>)(�:<.Ap0G'>?B+.Ap§G'>©*Ap?BFG<.Ap0G£ �3-�?�':<.A �*?r)P0@H.0��:-�?B/1)P'>?B/1?B-�89'*�G07-�?3+.-�<>'>©*Ap?B/1H.07+>~r'5':%,�.-�0@H.?B/1'
-�0G'@':�:A*<>)(�:<.Ap0G'@0�/ �l~rH.0J+70�A*+>0�/1H=%()(<.-�?B%,Ap0G£�'*?B/1'@;=<>� %�-f8�?B%,�J?B+.+>?BA*%��:%(~B/ H.0�)P~B/c�:A*%,�.<.�:%(~B/1'7+.Ap~BF90�/1?B/c�JH=<
�*~B/1H�H.0G' ':�:A*<>)(�:<.Ap0G' � ) �*� �:%�©*<.Ap03�p¨ 	
�,�

12°

MasqueMasqueMasque

Rayons-X

SiLK

Substrat

Analyseur d’energie

Zone analysée

12°

MasqueMasqueMasque

Rayons-X

SiLK

SubstratSubstrat

Analyseur d’energie

Zone analysée

12°

45°

Angle  
d’acceptance +/- 6°

MasqueMasqueMasque

Rayons-X

SiLK

Substrat

Analyseur d’energie

Zone analysée

12°

45°

Angle  
d’acceptance +/- 6°

MasqueMasqueMasque

Rayons-X

SiLK

SubstratSubstrat

Analyseur d’energie

Zone analysée

45°

x

y

z

Analyseur d'énergie

90°

Analyseur d'énergie

x

y

z

a) analyse en mode paralléle b) analyse en mode perpendiculaire

45°

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0J�� �� ¨¨ ¨¨ 		 		�¨¨¨¨.?B/1?B-�89'*0p' ��4���0�/��l~ H.03? �B+>?BAp?B-�-���-�030��a�)�B+>0�A*+>0�/�H=%()(<.-�?B%,Ap0?B/1?B-�89'*0p' ��4���0�/��l~ H.03? �B+>?BAp?B-�-���-�030��a�)�B+>0�A*+>0�/�H=%()(<.-�?B%,Ap0?B/1?B-�89'*0p' ��4���0�/��l~ H.03? �B+>?BAp?B-�-���-�030��a�)�B+>0�A*+>0�/�H=%()(<.-�?B%,Ap0?B/1?B-�89'*0p' ��4���0�/��l~ H.03? �B+>?BAp?B-�-���-�030��a�)�B+>0�A*+>0�/�H=%()(<.-�?B%,Ap0



��� ����� ��� � � �;��� ������� � � � ��� �4� � � � � ��� ����� � � ���
	���� ����� � �

¡�0EH.��+��B�_H.0p'_0G':+>§G)P0G'�%('5' <>0G'_H=<k+.-�?r':�l?�/1�����*?B/c��+>?r'_H=%,Ap0G)(�:%(~B/c/10�- � -�0G'_0G':+>§G)P0G'�/10�<.�:Ap0G'_'*0EH.��+>~r'*0�/c�
/1~B�*?B���l0�/.� ':<.A �*~B<.�*0G' -�0G' ':<.A �*?r)P0G' �,£_%,- �*?B<.�*£_<./10 �*~B%(' -�? �P~B/10 H.��?B/1?B-,89'*0 )(6>~B%(':%(0G£n'*��+>?BAp0�A -�0G'
)P~B/c�:A*%,�.<.�:%(~B/1'J+.Ap~BF90�/1?B/c��H.0G'�H=%
���*��Ap0�/c�*0G'J+>?BA*�:%(0G'�H.0�-�? ':�:A*<>)(�:<.Ap0G�cK&/10�+>? A*�:%(0�H.0�-���? ���.%(©*< �,�*��-�%(�G0 �
-���~BA*%(©*%,/10CH=<�':%(©*/1?B- +>0�<.� "*�:Ap0L-�0�F9�G0C©*A! r)P0C?B<&��+.Ap~B+.A*%(���*�G' ©p�G~B�l���:A*%(;=<>0G' H.0L/1~P�:Ap0C':89':�*§��l0G��¡�? �:%(©*<.Ap0C�p¨ 	
�l~B/c�:Ap0_)P~ ���l0�/.�[-�0_':89':�*§R�l0�<.�:%,-�%('*��Ap0�/1H�+>~r'*':%,�.-�03-���?B/1?B-�89'*0_H.0�-�?�+>~BA*�:%(~B/ H.�G':%,Ap�G0_H.0G'3':�:A*<>)(�:<.Ap0G'*£p%(�#0G�
�*~B/1H.' � '*~B���l0��*'�H.0G'�':� A*<>)(�:<.Ap0G'�0�/T�l~rH.0 +>?BAp? -#-�§�-�0 ':<.A�-�?��:%�©*<.Ap0 �p¨ 	�?r£30�� �:-�?B/>)P' � '*~B���l0��*'�H.0V'
':�:A*<>)(�:<.Ap0G'L0�/��l~rH.0[+>0�A*+>0�/1H=%()(<.-�?B%,Ap03':<.AL-�?,�:%(©*<.Ap0��p¨ 	p��2
¡�? '*~B<.Ap)P0 H.0 Ap?B89~B/1':¨ �"�l~B/1~r)(6.Ap~B�l?B�:%(;=<>0 0��¦-���?B/1?B-�89'*0�<.AD'*~B/c� �*~B<>' -(0G' H.0�<&� H.?B/1'X<./ +.-�?B/
+>0�A*+>0�/1H=%()(<.-�?B%,Ap0���)P0�-�<.%�H.0_-�? �:Ap?B/>)(6>0G��¡���?���0n)P0R/c�:Ap?B-�H.0_-���?B/>?B-�89'*0�<.A�0�/Z��/10�Ap©*%(0n0G':�#��%
����� ������+7?BA
Ap?B+.+>~BA*���1-�?1/1~BA*�l?B-�0#�1-�?1�:Ap?B/1)(6>0G£=0��a-���?���03)P0�/c��Ap?B-cH.0[-�?�'5~B<.Ap)P03H.0LAp?B89~B/1':¨ � 0G':� �:%
���#�������f+>?BALAp?B+.+>~BA*�
�X)P0��:�*0�/1~BA��l?B-�0 � �n-���~B+.+>~r'*��H.0�-���?B/1?B-�89'*0�<.Ap£�?BF90G)�<./ ?B/1©*-�0�H.0 � ����0�/c�:Ap0�-�?X'*~B<.Ap)P0�0��@-���?B/1?B-�89'*0�<.A
H.����/10�Ap©*%(0��,�7�c0�<.-�'3-�0G'3+.6>~P�*~B¨ ��-�0G)(�:Ap~B/1'����n%('.� ������F90�Ap'3-���?B/1?B-�89'*0�<.A�H.����/10�Ap©*%�0n'*~B/c��H.���*0G)(�*�G'*£7?BF90V)�<./
?B/1©*-�0�H.��?r)P)P0�+.�*?B/>)P0�H.0@-���?B/1?B-�89'*0�<.A H.0��
���P� ¡�?�+1~ '*':%,�.%,-�%,�*��H.0@�*~B<.A*/10�A�-�?��:Ap?B/1)(6>0�?B<.�*~B<.A H.0�'5~B/ ?���0
F90�A*�:%()P? -e+>0�A*�l0R�LH�� ~BA*%(0�/c�*0RA30��LH.��?B/1?B-�89'*0�AL-�0G'L':�:A*<>)��:<.AG0G'L'*0�-�~B/�H.0*<&� � �l~rH.0G'*� 2

- 
-�0>�l~rH.0 � +>?BAp?B-�-�§�-�0G�=Ap0�+.Ap�V'*0�/c�*�)�:%(©*<.Ap0��p¨ 	�?r£aH.?B/1'c-(0G;=<>0�-a-�0G'c�:Ap?B/1)(6>�G0G'1'*~B/c��+>?BAp?B-�-�§�-�0G'1?B<E+.-�?B/
H.0[-���?B/1?B-�89'*0�<.Ap�=�c0�<.-�'a-�0G' �5~B/1H.'L0��a-�0G'L'5~B���l0��*'LH.0G'a�:Ap?B/1)(6>�G0G'L'*~B/c�L?B/1?B-�89'*�G'LH.?B/1'L)P0[�l~rH.0G�

- 
-�0D�l~rH.0 � +>0�A*+>0�/1H=%()(<.-�? %,Ap0G� Ap0�+.Ap�G'*0�/c�*� �:%�©*<.Ap0 �p¨ 	 �>£ H.?B/1'T-�0G;=<>0�- -�0G'T�:Ap?B/1)(6>�G0G' '*~B/c�
+>0�A*+>0�/1H=%()(<.-�?B%,Ap0G' ?B<�+.-�?B/�H.0L-���?B/1?B-�89'*0�<.Ap��¢B)(%(£='*0�<.-�'9-�0G'*�:-�?B/1)P' 0R�9-�0G' '*~B���l0R�*'LH.0L�:Ap?B/1)(6>�G0G' '*~B/c�
?B/1?B-�89'*�G'*��¡�? 6>?B<.�*0�<.A�H.0��:-�?B/1)�?B/>?B-�89'*�_+>0�<.�."���Ap0&Ap�G©*-��G0�� +>? A*�:%�A�H=<Z)(6>~B%
� H.0_-�? �P~B/10 ��4@�
?B/1?B-�89'*�G0G£r)P?BA�)P0����*076>?B<.�*0�<.A�H.��+>0�/1HEH.0>-���~B���.Ap?r©p0@H.0G'.+c6>~B�*~B¨ ��-�0G)(�:Ap~B/1'>����%('c+>?BA>-�0G'>':�:A*<>)(�:<.Ap0G'
F9~B%(':%,/10G'*£�0��3H.~B/1)�H.0�- � 0G':+1?r)P0��l0�/.�30�/c�:Ap0�-�0G'3':�:A*<>)(��<.Ap0G'3)P~B���l0�%,->0G':�f+>~r'*':%,�c-�0_H.0�-�0�F9~B%,A�':<.A3-�?
�:%(©*<.Ap03�p¨ 	C�>�

��/D<.�:%,-�%('*?B/.� -���0����*0�� H.��~ ���.Ap?r©p0 H.0G' +.6>~B�*~B¨ ��-�0G)(�:AG~B/1' 0�� -�?XAp~B�*?B��%(~B/ H.0�- ?l�:AG?B/1)(6>0G£�<./10�+>?BA��:%(0 H�0
-���?B���.%(©*< �,�*�3+.Ap~BF90�/1?B/c�JH�0C-���~BA*%(©*%,/10�H=< ':%(©*/1?B-�0G':�L- 0�F9�G0 �e-�0G'J)P~B/c�:A*%,�.<.�:%(~B/1'JH�0G' �*~B/1H.'J0��JH.0G'J'*~B���l0��*'
H.0G'C':�:A*<>)(�:<.Ap0G'[+>0�<.F90�/c�#"��:Ap0_'*��+>?BAp�G0G'CH.0G'3)P~B/c�:A*%,�.<c�:%(~B/1'[+.Ap~BF90�/1?B/c�3H.0G'��:-�?B/1)P'30��3H.0G'C'*~B���l0��*'*���e%c-�0p'
�*~B/1H.'*£��:-�?B/1)P'�0���'5~B���l0���'�'*~B/c�EH.0 /1?B�:<.Ap0 H=%
���*��Ap0�/c�*0G'*£3)P0��:�*0 �*0V)(6./c%(;=<>0 +.<cAp0��l0�/c��©p�G~B�l�R�:A*%(;=<>0 0G':�
� "��l0�':<&���:%('*?B/c�*0�+>~B<.A&%('*~B-�0�A&-�0G'&)P~B/c�:A*%,�.<.�:%(~B/1'&H.0G'&H=%
���*��Ap0�/c�*0G'&':<.A �*?r)P0G'&H.0G'&':�:A*<>)(�:<.Ap0G'*�a$E?B/1'�-�0�)P?r'
)P~B/c�:Ap?B%�Ap0G£f-�?XH.���*0�A*�n%,/1?B��%�~B/ +.Ap�G)(%('*0�H.0�-���~BA*%(©*%,/10�H=< ':%(©*/1?B-3%('*':< H.0G' �:-�?B/1)P'*£�'*~B���l0��*' 0�� �*~B/1H.' H.0G'
':�:A*<>)(�:<.Ap0G' /1�G)P0G'*':%,�*0�-�� <.�:%�-�%('*?B�:%(~B/ H.� <./10��*0G)(6./c%(;=<>0 H.0 '*��+>?BAp?B�:%(~B/ H.0G' ':%(©5/1?B<&� H.0 )P0G' H=%
���*��Ap0�/c�*0G'
)P~B/c�:A*%,�.<.�:%(~B/1'�+>?BA <./10�)(6>?BAp©p0���-�0G)(��Ap~r':�*?B�:%(;=<>0�H=%
���*��Ap0�/c�*0�H.0G' '*~B���l0��*'�+>?PA Ap?B+.+>~BA*� ?B<&� �:-�?B/1)P' ~B<
�*~B/1H.'�H.0G'�':�:A*<>)(�:<.Ap0G'*�a����0G':� ��)P01/c%,F90G?B<X;=<>� %,/c�*0�A*FG%(0�/c��-�0�)P?B/1~B/ ����-�0G)(�:Ap~B/1'�+>0�A*�l0����*?B/c��H.0�)(6>?BAp©p0RA�-�0G'
':<.A �*?r)P0G'a%('*~B-�?B/c�*0G'L2
$E?B/1' -�0�)P?r'JH.� <./10�':<.A �*?r)P0C%('*~B-�?B/c�*0�'*~B<.��%('*0��_<./ �:-�<&�¦H.0CAp?B89~B/1':¨ ��£ - � �G;=<>?B�:%(~B/

( )l c videh E Eν = +
FG<10

'*0G)(�:%(~B/����#���#���#��H.0�FG%(0�/c�L2

argl iaison cinétique ch eE h Eν φ= − −
~�� φch earg

�:%(0�/c��)P~B��+��*0kH=< +1~B�*0�/c�:%(0�-E��-�0G)��:Ap~r':�*? �:%(;=<>0k)(Ap�G��� -�? ':<.A �*?r)P0kH=< �l?B�*��A*%(?B< %('*~B-�?B/c��+>? A
-�������%('*':%(~B/kH.0G'f+.6>~B�*~B¨ ��-�0G)R�:Ap~B/1'*�G¡�?@+.Ap�G'*0�/1)P0&H.� <./10&)(6>?BAp©p0�+>~r':%,�:%,F90 �J-�?�':<.A ��?r)P0&H.0�-�� %('*~B-�?B/c��)(Ap�G0�<./10
�>?BA*A*%(§�Ap0 H.0 +>~B�*0�/c�:%(0R-�+>~B<.A -�0G' +.6>~B�*~B¨ ��-�0G)(�:Ap~B/1' ����%(' 0�� -�����/10RAp©*%(0 )�%,/1�R�:%(;=<>0 �l0G':<.Ap�G0 0G':� H.~B/1)
H=%,��%,/c<>�G0G�=�>/�+>?BA*-�03?B-�~BAp'[H.��0����*0��LH.03)(6>?BAp©p0 � �J)(6>?BAG©*%,/1©C0����*0V)(�
�(� +>~r':%,�:%
�*� � ��� �
$E0,�*?!�P~B/ �C+>?BA �*? %,�*0R�l0�/c�1'*��+>?BAp0�A�-�0G'�)P~B/c�:A�%,�.<.�:%(~B/1'�+.Ap~BF90�/1?B/c��H.0G'��P~B/10G'�%('*~P-�?B/c�*0G'�0��1)P~B/1H=<>)(�:A*%�)P0G'*£V-�0
':<.�1':�:Ap?B� +>0�<.�J�G©p? -�0��l0�/.��"��:Ap0�?BA��:%
�:%�)(%(0�-�-�0R�l0�/c�C)(6>?BAG©p���&- � ?B%(H.0�H�� <./ )P?B/1~B/ ����-�0G)(�:Ap~B/1' � � �:-�~r~rH�©*<./ �(�
���l0��:��?B/c�>H.0G'>��-�0G)(��Ap~B/1'>H.0��*?B%,�.-�0@��/10�Ap©*%(0@0�/E%,/>)(%(H.0R/1)P07Ap0�-�? �:%,F90��l0�/.�.Ap?r'*?B/c�*0G� � �
� � � ¡ � ?B/1©*-�0@H�� %,/1)(%(H.0�/1)P0
H=< )P?B/1~B/ ����-�0G)(�:Ap~B/1'10p':�1H.0������ � �:%(©*<.Ap0��p¨ �.�
�90��c-���?P/1©*-�0�?!�(%,��<.�*?B-L?BF90G) -�0>+.-�? /n�l��A*%(H=%(0�/XH.��?B/1?B-�89'*0�H.0
�����P� ��¡�0��l~rH.0�+>?BAp?B-�-�§�-�0 � ?���0lH=< )P?B/1~B/ � ��-�0G)(��Ap~B/1'�':%,�:<>� � ����� H.0�-�? /1~BA*�l?B-�0l?B<&� �:- ?B/1)P'�H.0G'
�:Ap?B/1)(6>�G0G' H.?B/1' <./i+.-�?B/i6>~BA*% �P~B/c�*?B-�£ '*~B%,� ;=<>?r':% +>0�A*+>0�/1H=%()(<.-�?B%,Ap0��l0�/.� ?B<&� �:-�?B/>)P' �¦%,/1H=<.%,� - 0
�>~B���>?BApH.0��l0�/c����-�0V)(�:Ap~B/c%�;=<>0&H=<l'*~B���l0���H.0G'�':�:A*<7)(�:<.Ap0G'�0���H=<�6>?B<.��H.0G' �:- ? /1)P' � 0�/cFG%,Ap~B/k����� �=� +>~B<.A
<./ 0G':+>?r)P0��l0�/c� H.0 � �=� 0�/.�:Ap0 -�0G' -�%(©*/10G' �,£ ?B-�~BAp' ;=<>0|-�0|�l~rH.0|+70�A*+>0�/1H=%()(<.-�?B%,Ap0|%,/1H=<.%,�Z- 0
�>~B���>?BApH.0��l0�/c�C��-�0V)(�:Ap~B/c%�;=<>0�H=< '*~B���l0��CH.0G'C':�:A*<7)(�:<.Ap0G'*£.H.03-�?��*~B��?B-�%��*��H.0G'��:-�?B/1)P'C0R�CH.� <./103+>?BA��:%(0�H=<



� � ��� ��� � ����� �����
� ��� � ��� ��������� � ��������� � � ��� �4�

�*~B/1H�H.0G' ':�:A*<>)(�:<.Ap0G'*�
$E?B/1'�-�0�)P?r'�H.� <./10����:<>H.01�*~B+>~r©*Ap?B+.6.%(;=<>0�)(6.%,��%(;=<>0)��4@��~��n-�0G' �:-�?B/1)P'�'*~B/c��)P~B/1H=<>)(�*0�<.Ap'�0���-�01�l?r'*;=<>0
%('*~B-�?B/c�*£r-���~BA*%(©*%,/10�H.0G'�)P~B/��:A*%,�.<.�:%(~B/1'>+>0�<.��?B%,/1':%�"��:Ap0 �*?r)(%,-�0��l0�/.��H.���*0�A*��%,/1�G0J+>?BA ':%,��+.-�0�)P~B��+>?BAp?B%('*~B/
H.0G'n':+>0G)(�:Ap0G'n?BF90G) 0��E'*? /1'_�>~B���>?BApH.0��l0�/c�n��-�0G)���Ap~B/c%(;=<>0G�J��0E�>~B���>?BApH.0��l0�/c�n�R-�0G)(��Ap~B/c%(;=<>0E+>0�A*�X0��
-���?r)P)(<.��<.-�? �:%(~B/ H.� <./10 )�6>?BAp©p0 ��-�0V)(�:Ap~r':�*? �:%(;=<>0�/1�V©p?B�:%,F90 ':<.A�-�0��X?r'*;=<>0 ~�� 89H.0�� <>'*;=<>���l<./DAp�G©*%,�l0
H.���G;=<.%,-�%,�.Ap0 0�/c�:Ap0 )(6>?BAp©p0�0��,�:<.%,�*0 H.0 )(6>? Ap©p0G'*�[��0��:��0 )(6>?BAp©p0�%,/1H=<.%,� ��'*~B/X�*~B<.A�<./10 ?B<>©*�l0�/c�*? �:%(~B/TH.0
-�����/10�Ap©*%(0 )�%,/1���:%(;=<>0 H.0G'_+.6>~B�*~B¨ ��-�0G)(�:Ap~B/1'_%('*':<1'nH.0p'n':<.A �*?r)P0G'_%('*~B-�?B/c�*0G'*£J0��nH.~B/1) <./10 H=%,��%,/c<.�:%(~B/|Hc0
-�����/10�Ap©*%(0�H.0C-�%(? %('*~B/ ?B+.+>?BAp0�/c�*0�H.0G'J':+>0G)(�:Ap0G'J?r'*'*~r)(%(�G' �&-�?E':<.A �*?r)P0�)(6>? Ap©p�G0G£.)P~B/c�:Ap?B%�Ap0��l0�/.�J?B<&���P~B/10G'
)P~B/1H=<>)(�:A*%()P0G'�;=<.%�'*~B/c�3%,/>'*0�/1':%,�.-�0G'.� -���0����*0���H.0n)(6>?BAp©p0G����/Z)P~B���.%,/1?B/c��-�0G'3�*0G)(6./c%(;=<>0G'�©p�G~B�l���:A�%(;=<>0G'
+.Ap�G)P�GH.0�/c�*0G' 0���-���0����*0�� H.0�)(6>?BAp©p0G£f%�-�0G':� ? -�~BAp'�+>~r'5':%,�.-�0�H.0�)P~B��+.-�§��*0��l0�/.� '*��+>?BAp0�A -�0G' )P~B/c��A*%,�.<.�:%(~B/1'
+.Ap~BF90�/1?B/c�LH.0G'LH=%
���*��Ap0�/c�*0G'L':<.A �*?r)P0G'L)P~B/1':�:%,�:<>?B/c�a- ?�':��A*<>)(�:<.Ap0G� � �
� �
4@~B<.A�-������:<>H.0�;=<.%�/1~B<>'J%,/c�*��Ap0G'*'*0G£c�*~B<>'J-�0G'J�l?B�*�RA*%�?B<&� ?B/1?B-�89'*�G'*£1;=<>0�)P0�'*~B%��J-�0��e%,¡)�w~B< -�0��l?r'*;=<>0
~�� 89H.0G£a'*~B/c��%('*~B-�?B/c�*'*�V����<c/10�'*��+>?BAp?B�:%(~B/lH.0G'�)P~B/c�:A*%,�.<.�:%(~B/1'�+.Ap~BF90�/1?B/c��H.0G' �:-�?B/1)P'�0���H.0G'�'*~B���l0��*'*£V+>?BA
0���0���+.-�0G£=/1��0G':�L+.-�<>'L+>~r'*':%��.-�0G�=�n~B<>'LF90�A*Ap~B/1'C'*0G)(�:%(~B/ �7�#���#���#��;=<>03-�?�+>~ ':%,�:%(~B/ H=< ':<c�>':�:Ap?B�LAp0G;=<.%(§�Ap03<./
Ap�G©*-�?r©p07+.-�<>'>':<.�.�:%,-[;=<>07-�0 �l~rH.07+>0�A*+>0�/1H=%()(<.-�?B%,Ap0@)�- ?r'*':%(;=<>0G�r��?BAp£ �3-�� %,/1':�*?BA�Hp<��l?r'*;=<>0G£B-�0G'&�:-�?B/1)P'>'*~B/c�
?BA*Ap~r'*�G' H.����-�0G)(�:Ap~B/1' 0�� ? <>)(<./10 H=%
���*��Ap0�/1)(%(? �:%(~B/ />��0G':��+>~r'*':%,�.-�0 0�/c�:Ap0 )P0G' H.0�<&� ':<.A �*?r)P0G' H.?B/1'�-�?
)P~B/��:%(©*<.Ap?B��%(~B/�':�*?B/1H.?BApH.�

masque  résine

substrat

30°
70°

12°

45°

Rayonnement X
à 1486.6 eV

Analyseur  en énergie

Canon à électrons

masque  résine

substrat

30°
70°

12°

45°

Rayonnement X
à 1486.6 eV

Analyseur  en énergie

Canon à électrons

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0J�� �� ¨¨ ¨¨ �.��.��.��.�@¨¨ ¨¨.)P~B/��:%(©*<.Ap?B�:%(~B/ H=<�':89':�*§��l0)P~B/��:%(©*<.Ap?B�:%(~B/ H=<�':89':�*§��l0)P~B/��:%(©*<.Ap?B�:%(~B/ H=<�':89':�*§��l0)P~B/��:%(©*<.Ap?B�:%(~B/ H=<�':89':�*§��l0JH�� ?B/1?B-�89'*0
��4@�H�� ?B/1?B-�89'*0
��4@�H�� ?B/1?B-�89'*0
��4@�H�� ?B/1?B-�89'*0
��4@�

MC+.Ap§G'�?BF9~B%,A�'*��+>?BAp� )P0G'�H=%
���*��Ap0�/c�*0G'�)P~B/.�:A*%,�.<.�:%(~B/1'*£ - � ?B%,Ap0 H.0G'1+.%()P'�0G':��?B+.+.Ap~r)�6>�G0�+>?BA�<./X+.Ap~r©*Ap?B���l0
%,/��*~BA*�l? �:%(;=<>0DH.0DH.�G)P~B/.F9~B-�<.�:%(~B/ � +.Ap~r)P�GH=<.Ap0DH.����?B%,-�-��G0D'*0G)��:%(~B/ ��� ��� 0�/ ��~B/1)(�:%(~B/ H.0G'TH=%
���*��Ap0�/.�*0G'
)P~B��+>~r'*?B/c�*0G'CH=<�+.%() � )P~B���l0�H.?B/1'L-�0�)P?r'CH=< H.~B<c�.-�0��C�e%(�p+>�!�e��0��C�e%(�p+>�!� ��H=<�/c%,F90G?B< �p+ H.0�':%,-�%()(%,<.�
+>?BA�0���0���+.-�0��,�[��0G'�)P~B��+>~r'*?B/c�*0G'�'*~B/c�1Ap��+>0�A*�*~BA*%(�G0G'&H.?B/1'1-�?�-�%,�:�*��Ap?B�:<.Ap0�+>?BA ��/10�Ap©*%(0 H.0�-�%(?B%('*~B/T0��1+>?BA
-�?BAp©p0�<.A �J�n%,¨ 6>?B<.�*0�<.Ap£a)P? AG?r)(�*��A�%(':�:%(;=<>0G'�%,/c�:A�%,/1'*§G;=<>0G'�H=<n/c%,F90G?B<X��-�0G)(�:Ap~B/c%(;=<>0�'*~B/1H.�G�V4@~B<.A&~B�.�*0�/c%,A&H.0G'
�l0G':<.Ap0G'�;=<>?B/c�:%,�*?B�:%,F90G'*£�-�0G'�?B%,Ap0G'�0�� +>��A*%,�l0�/c�*?B-�0G'�H.0 )(6>?r;=<>0�+.%()l'*~B/c��H=%�FG%('*�G0G'�+>?BA�-�0 �*?r)(�*0�<.A H.0
�c)P~��:%(0�-�H H.0 -�����-����l0�/.�7? �*~B��%(;=<>0J)P~BA*Ap0G':+>~B/1H.?B/c�*� �10 �*?r)��*0�<.A@0G':� ?r'*':%,��%,-�� ��<�/10J'*0G)(�:%(~B/¦0�����%()P? )P0 Ap0R-�?B�:%,Fa0
H�� ����%('*':%(~B/ H.0G'@+.6>~B�*~B¨ ��-�0p)(�:Ap~B/1'�0���H.��+>0�/1H H.0�-�?E/1?B�:<.Ap0�H.0�-����R-����l0�/.��)P~B/1':%(H.��Ap��0���H.0�- ?n-�~B/1©*<>0�<.A
H.��~B/1H.0�H=< Ap?B89~B/c/10��l0�/c� � <.�:%,-�%('*� � -�0��*?r)(�*0�<.A�H.0��c)P~��:%(0�-�H H.0�Ap���*��Ap0�/1)P0�0G':��)P0�-�<.%&H=< /c%,F90G?P< �.'�H=<
)P?BA*�>~B/10G£ ;=<.% F9?B<.�7�
�,� � ��� �PK&/10 �*~B%('7)P0G'7~B+>��Ap?B�:%(~B/1'70����*0G)(�:<>�G0G'*£ -�0G'7?B%,Ap0G'�/1~BA*�l?B-�%�'*�G0G'7H.0p'�+.%()P'7'*~B/c�7?B-�~BAp'
Ap0�+.Ap�G'*0�/c�*?B�:%,F90G' H.0 -�? )B~B/1)P0�/c�:Ap? �:%(~B/ H.0G' ��-����l0R/c�*'¦+.Ap�G'*0�/c�*' ':<.A -�0G' ':<cA �*?r)P0G' ?B/1?B-#89'*�G0G'*��¡�0�<.Ap'
)P~B��+>~r':%,�:%(~B/1'C'*~B/c�CH.�GH=<.%��*0G'C0�/��*0�/1?B/.�C)P~B��+��*0�H.03-���0�/1'*0����.-�0�H.0G'C0G':+>§G)P0G'CHc���*0G)(�*�G0G'C':<.A�)P0G'C':<.A �*?r)P0G'
?B/1?B-�89'*�G0G'*£L0��&0�/ ':<.+.+>~r'*?P/c��-�?�'*~B�n�l0�H.0G'&)P~B/1)P0�/.�:Ap?B��%(~B/1'&H.0G'&H=%
���*��Ap0�/c�*'&��- ���l0�/c�*'&H.���*0G)��*�G'&H.?B/1'�-�0
�:%,-�� ?B/1?B-�89'*�X�G©G?B-�0X�������_�7¡�� 6.89H=Ap~r©p§�/10n/10��*?B%,�_+>?r'�+>?BA*�:%(0XH.0 )P0G'�)P~B�n+>~r':%,�:%(~B/1'*£@)P?BA�%,-�/1��0G':�_+>?r'
H.���*0G)(�*?B�.-�0C+>?BA#��4@� H=<+�*?B%,�J;=<>0C-�0�'*0�<.-���-�0G)(�:Ap~B/ H.0�'*~B/ /c%,F90G?B< H.0�) �C<.A�0G' � +>?BA*�*? ©p��H.?B/1' -�?&-�%(?B%('*~B/
�l~B-��G)(<.-�?B%,Ap0G�
¡�?3+.A*%,/1)(%,+>?B-�0@'*~B<.Ap)P0@H�� 0RA�Ap0�<.A�H.0@;=<>?B/c�:%
�:%�)P?B�:%(~B/E+�AG~BFG%(0�/c�>H.0G'&�*?r)(�*0�<.Ap'��:6>�G~BA*%�;=<>0G'>H.0@�c)P~��:%(0�-�H�<.�:%,-�%('*�G'5�



��� ����� ��� � � �;��� ������� � � � ��� �4� � � � � ��� ����� � � ���
	���� ����� � �

$E0G'C;=<>?B/c�:%
�:%()P? �:%(~B/1'LAp�G0�-�- 0G'L/1�G)P0G'*':%,�*0�/c�L-�?�H.���*0RA*��%�/1?B�:%(~B/�+.Ap�G)(%('*0�H.0�)P0G'���?r)��*0�<.Ap'L+>~B<.AC/1~B�:Ap0�':89':�*§��l0
0�� +>��A*%,�l0�/.�*?B-��c��~B���l0C/>~B<>' /10C/�~B<>' %,/c�*��Ap0G'*'5~B/1'@;=<>��?B<&��F9?BA*%(?B�:%(~B/1' Ap0�-�?B�:%,Fa0G'JH.0�)P~B/1)P0�/c�:Ap?B�:%(~B/1'JH.0G'
H=%
���*��Ap0�/c�*0G'&0G':+>§G)P0G'�+>~B<.A&<./l� "��l0��V)(6>?B/c�:%�-�-�~B/1£ /1~B<>'&?BF9~B/�'�<.�:%,-�%('*��-�0G' �*? )(�*0�<.Ap'��:6>�G~BA*%(;=<>0G'�-�0G'�+.-�<>'
)P~B����<./1���l0�/.�[<.�:%,-�%('*�G'*� � ��� �e¡ � 0�A*Ap0�<.A�H.0��l0G':<.Ap0�H=<k':8�':�*§��l0�+>0�<.�#"��:Ap0_0G':�:%��l�G0�� ����� � )P0��:�*0�F9?B-�0�<.A_?
���*�_H.���*0�A���%,/1�G0_0�/��l0G':<.AG?B/c�30R�30�/k)P~B��+>?BAG?B/c�f-�0G'[%�/c�*0�/1':%,�*�G'3H=<�+.%())�:-�<>~BA3IC�9'3H.?B/1'3H=%
���*��Ap0�/c�*0G' �P~B/10G'
Ap�G':%,/10G'LH.0[�*?B%,-�-�0[%(H.0�/c�:%(;=<7030�� +>~r'*�G0G'��1<./�+.-�?r':�l?,�:-�<>~BAp~r)P?BA*�>~B/1��� �,� �,�
¡�? +.Ap~��*~B/1H.0�<.A�'*~B/�H.�G0n0G':��;=<>?B/c�.� 0�-#-�0nH.��+>0�/1H.?B/c�*0nH=<k-�%,�.Ap0_+>?BAp)P~B<.Ap'3�X~B890�/ H.0G'3+.6>~B�*~r��-�0G)(�:Ap~B/1'
����%(' H.?B/1'E-�0G' )P~B<>)(6>0G' ?B/1?B-�89'*�G0G'*�C¡�0¦-�%,�.Ap0¦+>?BAG)P~B<.Ap'E�l~B890�/ � ~B< -�~B/1©*<>0�<.A H.���G)(6>?B+.+>0��l0�/c� ��0G':�
H.��+>0�/1H.?B/c��H.01-�����/10�Ap©*%(0�)�%,/1���:%(;=<>0�H=<n+.6>~B�*~r��-�0G)(�:Ap~ /l����%('�? %,/1':%7;=<>01-�?�H.0�/1':%��*��H=<n�l? �*��A*%�?B<X;=<>� %,- H.~B%,�
�:Ap?BF90�Ap'*0�Ap� � N�0R�l?BAp;=<>032�- ����+>?B%('*'*0�<.A '*~B/�H.�G0�+>?BA ��4@�DH.��+>0�/1H ?B%,/1':%�H.0�-(����-����l0�/c��?B/1?B-�89'*�G£_)P? A - ?
-�~B/1©*<>0�<.AEH.���G)(6>?B+.+>0��l0�/c�&H.0G'�+.61~B�*~B¨ ��-�0G)(�:Ap~B/1'�%('*' <>'&H.0E)P0��&��-����l0�/c�&0G':��+.AG~B+>~BA*�:%(~B/c/10�-�-�0���-�?�Ap?r)(%,/10
)P?BA*Ap�G0�H.01-�0�<.Ap'���/10�Ap©�%(0G'1)(%,/1���:%(;=<>0G'*�V��/�<��:%,-�%('*?B/.��- ?J�l�R�:6>~rH.0�H.0�)P~BA*Ap0G)��:%(~B/X?BF90G)��*? )(�*0�<.Ap'�H.0��c)P~��:%(0�-�H�£
)P0��:�*0¦H.�G)(Ap~B%('*'*?B/1)P0 H=< ':%(©*/1?B-���4@�ZH=<>0 ��-�?�-�~B/>©*<>0�<.AXH.���G)(6>?B+.+>0��l0�/c�n0V':�n)P~B/c�:Ap0��>?B-�?B/>)P�G0E+>?BAn- ?
�*~B/1)(�:%(~B/¦H.0 �:AG?B/1':��%('*':%(~B/¦H.0 -�� %,/1':�:A*<.�l0�/c�*£ ;=<.%[0G':�9%�/cF90�Ap'*0��l0�/c��+.Ap~B+>~BA*�:%(~B/c/>0�-�-�0 ��-�?�Ap?r)�%,/10J)P? A*Ap�G0JH.0G'
��/10�Ap©*%(0G'�)(%,/1�R�:%(;=<>0G'*�cMC%,/>':%(£c-�0G'�':%(©*/1?B<&����4@� +.Ap~BF90�/1?B/c��H.0�H.0�<&� ��-����l0�/.��'�H=%
���*��Ap0�/c�*'�'*~B/c��)P~BA�A*%(©p�G'
)P~B���l0n'*� %,-�'3+.Ap~BF90�/1?B%(0�/c�_H.� <./10_� "��l0n��+>?B%('*'*0�<.A�'*~B/1H.�G0G£�� "��l0n':%1-�? Ap�G?B-#%,�*�n0G':��H=%
���*��Ap0�/.�*0G£7)P0n;=<.%
+>0�A*�l0��|H.��~B�.�*0�/c%,A|-�? )B~B��+>~r':%,�:%(~B/ )(6.%,��%(;=<>0 H.� <./10 )P~B<>)(6>0 H.����+>?B%('5'50�<.A H.~B/c/1�G0|-�~BAp'*;=<>0|-�0G'
)P~B/1)P0�/c�:Ap? �:%(~B/1'L'*~B/c�a6>~B�k~r©p§�/10G'LH.?B/1'9-�?�)P~B<>)(6>03?B/�?B-�89'*�G0G�5¡���0�/1'*0����.-�0CH.03)P0p' �*~B/1)(�:%(~B/1'L'5~B/c�a+.A*%('*0G' 0�/
)(6>?BAp©p03?B<�)P~B<.Ap'LH.0[-�?�H.�G)B~B��+>~r':%,�:%(~B/�':+>0G)(�:Ap?B-�0G� �
$E?B/1'�-�0�)P?r'�H.� <./lH.�*+��B��Hc01Ap�G':%(H=<>'�H.0�©*Ap?BFG<.Ap0��e%,¡�� H.����+>?B%('*'*0*<.A&H���':<.A�-�0��l?r'*;=<>0�~�� 89H.0G£V-�� %,/c�*0�/1':%,�*�
�l0G':<.Ap�G0[+.Ap~BF90�/1?B/c�LH.0[-���~�� 89H.030G':�LH.~B/c/1�G0[+>?BAC2

( ) ( )2 2

2 2 2

cos( ) cos( )
( ) ( ).

S

S SiO S SiO

S

d dd
E E

SiO SiO SiO

d d

I I e I e
λ θ λ θθ θ

=+∞ −−
∞ ∞

=

� �
= − =� �

� �� �

~��
2
( )SiOI θ∞ 0G':��-�� %,/c�*0�/1':%,�*�1+.Ap~BF90�/>?B/c��H.� <./l':<.�>':�:Ap?B��~�� 89H.01FG%(0�Ap©p0G£ ( )

2S SiOEλ -�01-�%,�.Ap01+>?BAp)P~B<.Ap'c�l~B890�/
H.� <./ +.6>~B�*~r��-�0G)(�:Ap~B/wH.����/10�Ap©*%(0

2SiOE
%('*':< H.0l-���~�� 89H.0 � �:Ap?BF90�Ap'�-�?�)P~B<>)(6>0 H.0lAp�G':%(H=<>'k)P?BA*�>~B/1�G'

H.����+>?B%('*'*0�<.A�H��e£�H�-�?�+.Ap~��*~B/1H.0�<.A.��-�?r;=<>0�-�-�0_0p':�3����%('[-�0�+.6>~B�*~B¨ ��-�0G)(�:Ap~B/1£�0�� θ Ap0�+.Ap�G'*0�/c�*0�-���?B/1©*-�0_0�/c�:Ap0-���?B/1?B-�89'*0�<.A�0�/ ��/10�Ap©*%(0�0��L-�?&/1~BA*�l?B-�0.�&-����G)(6>?B/.�:%,-�- ~B/1�e$E0C-�?&Ap0�-�? �:%(~B/ +.Ap�G)P�VH.0�/c�*0G£e/1~B<>'J0�/ H.�pH=<.%('*~B/�'
;=<>0�-�����+>?B%('*'*0�<.A��l?�� %,�X? -�0 '*~B/1H.�G0�+>?BA���4@� 0G':��H.��0�/cFG%,Ap~B/ ( )3 cosSλ θ £�+.<.%('*;=<>0 	&��� H=< ':%(©*/1?B-+.Ap~BFG%(0�/c� H.� <./10 +.Ap~��*~B/�Hc0�<.A %,/��*��A*%(0�<.Ap0 ~B< �G©p?B-�0 � )P0��:�*0 ��+>?B%('*'*0�<.Ap�&¡���0*/1'*0����.-�0 H.0G' -�~B/1©*<>0�<.Ap'
H.���G)(6>?B+.+>0��l0�/c�LH.0G'a�l?B�*�RA*%(?B<&��+>0�<.��"��:Ap0f�:Ap~B<.F9�3H.?B/1'a-�?1-�%,�:�*�RAp?B�:<.Ap0G� � ��� �

¡&��0�-�-�%,+>'5~B�l���:A*%(0¡&��0�-�-�%,+>'5~B�l���:A*%(0¡&��0�-�-�%,+>'5~B�l���:A*%(0¡&��0�-�-�%,+>'5~B�l���:A*%(0
K&/�0�-�-�%,+>'*~B�l§��:Ap03':+>0G)(�:Ap~r'*)P~B+.%(;=<>0#�1�l~rHe<.-�?B�:%(~B/�H.0L+.6>?r'*0G£eH.0L�l?BAp;=<>0#$aK 	�¢P�e��¡ %L)P~B���l0�Ap)(%(?B-�%('*�[+>?BA
¢B�eM �R~B�.%,/c¨ � F9~B/1£>0p':��?B<>'5':%�%,/1':�*?B-�-���':<.A�-�?¦)(6>? ���.Ap0�H.0�©*Ap?BFG<.Ap0G£>)P~B���l0_- 0��l~B/c�:Ap0�-�? �:%(©*<.Ap0��p¨����.¢�-
�:Ap?BF9?B%,-#-�0�H.?B/1'C<./10�-�?BAp©p0�©p?B���l0�H.0�-�~B/1©*<>0�<.Ap'�Hc��~B/1H.0�?B-�-�?B/c��H.0�-�� <.-��:Ap?�FG%(~B-�0�� � �
���C/c� ��?B< FG%(':%,�.-�0
� �����C/c� �,£e'*~B%,�9<./10C��/10�Ap©*%(0C�G;=<.%,F9?B-�0�/c�*0CH.0����&��� ��0 	&��¢�-�0G':�9+.-�?r)P����<./ ?B/>©*- 0CH.0 ����� ��+>?BA Ap?B+.+>~BA*� ��- ?
/1~BA*�l?B-�0 � -�? ':<.A �*? )P0 H.0 - � �G)(6>?B/c��%,-�-�~B/1�J$E?B/1'n-����R�:<>H.0 H.0 -�? ©*Ap?BFG<.Ap0 H=< �e¢�¡)� £J-���0�-�-�%,+>'5~B�l§��:Ap0 ?
<./c%(;=<>0��l0�/c�3'*0�A*FG%1?B<k)P~B/c�:A �B-�0_H.0G'3)(%,/1���:%(;=<>0G'3H.0_©*Ap?BFG<.Ap0G£�0��[/1��? H.~B/1)����*��<.�:%,-�%('*�_;=<>��0�/��l~rH.0��l~B/1~B¨
-�~B/1©*<>0�<.A�H.��~B/1H.0G£&����� 	
��0 	&£.;=<.%�Ap0�+.Ap�G'*0�/c�*03-�����/10�AG©*%(0�':�*?B/1H.?BApH � -�~B/1©*<>0�<.A�H���~B/1H.0�H.0 ���������C/c� ��H.0G'
0�-�-�%,+>'*~B�l§��:Ap0G'a¥¦0�¨ �n0G�

��� �����
� � � � � ��� � 
���� � � � � � ������� ��� ����� ����� � ��� �
¡�0G'�+.Ap~��:%,-�' H.0w©*Ap?BFG<.A=0w'*0�Ap~B/c� ~B�1'*0�A*F9�G' +>?BA ��%()(Ap~r'*)P~B+.%(0w��-�0G)(�:Ap~B/c%�;=<>0G£T;=<.% ? ���*�wH.�G)(A*%,�*0
+.Ap�G)P�GH.0����l0�/.�*£(�1-�?,�:%,/�H�0[-�?�'*0G)(�:%(~B/����#���#� � +>� �
���,�



� � ��� ��� � ����� �����
� ��� � ��� ��������� � ��������� � � ��� �4�

��������� ��!"����� �!
����
	 �	��� � � � � & 	���� � ��& 	 � 
 � ��� ���

��� ��� ����� � � ��� ��� � ��� �����	
���� ��� ������� � � �
��� ��� ��� � � ��� �
¡�0��) B�:%�H.0¦©*Ap?BFG<.Ap0�$&4J� �����.��£C)P~B���l0�Ap)(%(? -�%('*��+>?BAE-�? '*~r)(%(���*��MC+.+.-�%(0GH �k?B�*0�A*%(?B-�'*£C0G':�E)P~B/1':�:%��:<>� �
-���~BA*%(©*%,/1032

- 
H.� <./ '*?r'¦H.0 )(6>?BAp©p0��l0�/c�L2�+>0�A*�l0����*?B/c� H.0 )(6>?BAp©G0�A 0�� H.�G)(6>?BAp©p0�A � <>'*;=<>���Z�
� �:Ap?B/1)(6>0G'¦H.0
':%,-�%()(%,<.� H.03�����C��� H.03H=%(?B�l§���Ap0 � ��'*?r'LH=%(':+>~B/c%��.-�0G' �

- 
H.� <./10 )(6>?B���.Ap0 H.0��:Ap?B/1'��*0�A*�L2&)P~B/1':�:%,�:<>�G0 H.� <./ �.Ap?r'�Ap~B�>~B�:%('*��+>0�A*�l0��:�*?B/.��-�0��:Ap?B/1'��*0�A���H.0G'
�:Ap?B/1)(6>0G'CH.� <./10�)(6>?B���.Ap0.��<./10�?B<.�:Ap0G�=¡�03FG%RH.0�H.?P/1'L-�0�'*?r'JH.0�)(6>?BAp©p0��l0�/c�C0��L-�?�)(6>?B���.Ap0�H.0
�:Ap?B/1'��*0�A��*£=?B<�F9~B%(':%,/1?r©p03H=<�����~BA*Ap£=0G':�L?r'*':<.Ap�[+>?BAL<./10[+>~B��+>0[+.A*%,�l?B%,Ap0G�

- 
H.� <./|~BA*%(0�/c�*0�<.AXH.0X':<.�1':�:Ap?B�L2J�G;=<.%,+>� H.� <./Z-�?r'*0�A�+>0�A*�l0����*?B/c�_-�0EAp0�+>��AG?r©p0¦H.0E-���0�/1)P~r)(6>0 H.0p'
�:Ap?B/1)(6>0G'3':%,-�%()�%,<.�l�p¢�-.+>0�A��l0��[-�� %,/.�:Ap~rH=<>)(�:%(~B/ H.0_)P0�-#-�0G':¨ )(%1H.?B/1'[-�? )(6>?B���.Ap0_H.0_©*Ap?BFG<.Ap0��*~B<.��~B<.Ap'
':<.%,F9?B/c�a-�?1� "��l03~BA�%(0�/c�*? ��%(~B/1�

- 
H.� <./10�)(6>?B���.Ap0�H.0�©*Ap?BFV<.Ap032��G;=<.%,+>�G0�H.� <./10�'*~B<cAp)P0�¢B��4�Ap�G'*0�A*F9�G0+�n-�?X©*AG?BFG<.Ap0�©*A*%,-�-�0�+>~B-�8G¨
':%,-�%()(%,<.�l�P¡�07Ap�G?r)��*0�<.A1+.- ? ':�l?�H.0>-�?3$&4@����������£ � �
	�£���� �GAp0�+.Ap�G'*0�/c�*�)�:%(©*<.Ap0@�p¨ ����£ 0G':�c<./nAp�G? )(�*0�<.A
+.-�?r':�l?�6>?B<.�*0CH.0�/1':%,�*� � ��� � �:¨ ��� ��� %(~B/�'*�#)(��
 �!� �
��� �B��<./c%fH.0CH.0*<&��©p��/1��Ap?B�*0�<.Ap'9Ap?rH=%(~��:Ap�G;=<>0�/1)P0G'L2
<./ �_-�?��:Ap�G;=<>0�/1)P0�H.0������ �
�C��6��C+>~B<.A@-�?n)(Ap�G?B�:%(~B/ H=< +.-�?r':�l?_FG%(?_<./ )P~B<.+.-(?r©p0J%,/1H=<>)(�:%
�*£�;=<.%
+>0�A*�l0���H.0�)P~B/c�:A �B-�0�A�- ?EF9?B-�0�<.A�H=< �:-�<&�¦%(~B/c%(;=<>0��>~B���>?BApH.?B/c�J-�0�':<.�>':�:Ap?B�*£10��J-�0�'*0G)P~B/1H �E-�?
�:Ap�G;=<>0�/1)P0@H.0@�.��� �
�C��6��P£ )P~B<.+.-���H.07�l?B/c%(§�Ap0@)P?B+>?r)(%,�:%,F90@?B<¦':<.�>':�:Ap?B�*£r;=<.%a+>0*A*�l0��>H.0@)P~B/c�:A �B-�0�A
-�����/10�Ap©*%(0�H.0G'c%(~B/1'c�>~B���>?BApH.?B/c�1)P0@H.0�A*/c%(0�Ap�P¡�0G'c+.<.%�'*'*?B/1)P0G'c�l?�� %,�X?B-�0G'1H.��-�%,FGAG�G0G'c+>?BA�)P0G'1H.0�<&�
©p��/1��Ap?B�*0�<.Ap'�'*~B/c��Ap0G':+>0G)��:%,F90��l0�/c��H.0k������� 	 0����
	�� 	 �1M -�� %,/1':�*?BA H.0�-�? '*~B<.Ap)P0�¥¦��-�%()P~B/
$a4@0G©p?r'*0#%*£.-�0�©p��/1��Ap?B�*0�<.A�'*~B<.Ap)P0�?¦���*��)P~B/)�(< H.0��*?!�P~B/ ���*~B/1)(�:%(~B/c/10�A�?BF90V)&<./10�%,��+>�GH.?B/1)P0
?rH.?B+.�*�G0 ?B<�+.-�?r':�l?T©p��/>��Ap�G£�+>?BA�-�� %,/.�*0�A*�l�GH=%(?B%�Ap0kH.� <./10��>~�",�*0 H.��?r)P)P~BApH�?B<.�*~B�l?B�:%(;=<>0G��¡�0G'
©p��/1��Ap?B�*0�<.Ap'�H.01+.<.%('*'*?B/1)V01NJI H.01-�?�'*~P<.Ap)P0�0���H=<X' <.�>':�:Ap?B��'*~B/c��H.0,�:Ap�G;=<>0�/1)V0G'�H=%
���*��Ap0�/c�*0G'�?��:%,/
H.����FG%,�*0�A �*~B<>'9+.6>��/1~B�l§�/10G' H.� %,/c�*0�A �*��Ap0�/1)P0G'*£e)P? AJ)P0G'LH.0�<&��'*~B<.Ap)P0G' '5~B/c�9+.6.89':%(;e<>0��l0�/c�9+.-�?r)P�G0G' �
<./10CH=% �P?B%,/10CH.0J)P0�/c�:%,�l§���AG0G'9-�� <./10CH.0 -���?B<.�:Ap0 � )P~B/��:%(©�<.Ap?B�:%(~B/ +.-�<>' )(A*%,�:%(;=<>0C;=<>0C)P0�-�-�0CH.0L-�� 6>��-�%()P~B/
H.0n-�? +.-�?B�*0�¨ �*~BA*�l0 $a4@0G©G?r'*0#%*£@~��Z-�0G'�H.0�<&� �P~B/10p'�H.0X©p��/1��Ap?B�:%(~B/1'�NJI '*~B/c���>0G?B<>)P~B<.+Z+.-�<>'
��-�~B%(©*/1�G0G'a-�� <./103H.0[-���?B<.�:Ap0[+>?BAL-�?1+.Ap�G'*0�/1)P03H.0[-�?�)(6>? ���.Ap03H.03H=%
���:<>':%(~B/,�,�
¡�0�':<.�1':�:Ap?B�J0G':�L�l?B%,/.�*0�/.<�+>?BAJ<./ +>~BA*�*0�¨ ':<.�>':�:Ap?B�J��-�0G)(�:Ap~r':�*? �:%(;=<>0��&<./10C�*0R��+>��Ap?B�:<.Ap0�H.0������P�
+>?BA�)P~B/c�*? )(��?BF90G)E)P0�H.0�A�/c%(0�Ap�c¡�0�)P~B/c��A �B-�0�0�/ �*0R��+>��Ap?B�:<.Ap0�0G':��~B�.�*0�/c< +7?BA�)(%�Ap)(<.-�? �:%(~B/�H.� <./
-�%(;=<.%(H.03�:6>0�A*�l~r':�*? �*��H.?B/1'L-�03+>~BA*�*0�¨ ':<.�>':�:Ap?B�*£.0��[-�0G'L��Ap?B/1'��*0�A*�*'CH.����/10�Ap©*%(0_0�/c�:Ap0�-�03+>~BA*�*0�¨ ':<.�>':�:Ap? �
0��a-����G)(6>?B/.�:%,-�-�~B/�'*~B/c�L?r'*':<.Ap�G'a+>?BAL<./ �:%,-�� H.� 6>��-�%,<.�l� �
��� �
¡�0>FG%(H.0�H.?B/1'c-�01Ap�G?r)(�*0�<.A�0G':�1?r'*':<.Ap�>+>?BA1-���?r'5'*~r)(%(?B�:%�~B/XH.� <./101+>~B��+>0>+.A*%,�l?B%,Ap0�0��1H.� <./10>+1~B��+>0
�:<.A*�>~B¨ �l~B-��G)(<.-�?B%,Ap0 � �������J- �e' �,£J;=<.% �*~B<.A*/c%,�_<./ZFG%(Hc0 '*0G)P~B/1H.?B%,Ap0E-�%,��%,�*0 H.0¦;=<>0�-�;=<>0G' ��� ���#�.��
 �
����~BA*Ap�7¡�? +.<.%('*'*?B/1)P0XHc0X)P0G'�©*Ap~B<.+>0G'�H.0n+>~B��+1?r©p0n+>0�A*�l0���H.0n�:AG?BF9?B%,-�-�0RAl?BF90G)¦H.0G'�H.���.%,�*'
©p?!�P0�<&����-�0�F9�G'*£9)P0&;=<.%>?P<1©*�l0�/c�*0�-�0G'fFG%,�*0G'*'*0G'�H.0&©*A=?BFG<.Ap0��*~B<.��0�/��l?B%,/c�*0�/1?B/.��H.0G'f+.Ap0G'5':%(~B/1'3H.0
�:Ap?BF9?B%,-7?rH.?B+.�*�G0G'#�@-�?�©*AG? FG<.Ap0G�p¡�0_)P~B/c�:A �B-�0&H.0�-�?@+.Ap0G'*':%(~B/ 0G':�[+>0�A*��%('[+>? A3<�/10�F9?B/c/10�+>?B+.%,-�-�~B/
?r'*'*0�A*FG%(0�?B<.�*~B�l?B�:%(;=<>0��l0R/c�*£>?��:%,/ H.0�)P~B/1'*0�A*F90�A�<./�0�+.Ap0G'*':%(~B/ )P~B/�':�*?B/c�*0�H.?B/1'C-�0�Ap�G?r)(�*0�<.A�0�/
)P~B<.Ap'�H.0�+.Ap~r)P�GH.�G�G��/��:%,/1£G-�0G'f�l��-�?B/1©p0G'�©p?!�P0�<&��%,/c��0G)(�*�G'�H.?B/1'f-�0�Ap�G? )(�*0�<.A_'*~ /c��?r'*':<.Ap�G' �@-���?B%(H.0
H.0G'�)P~B/c�:A �B-�0�<.Ap'�H.0nH.���.%,�3�l?r'*':%(;=<>0G£70��3-�0G'_©p?!��H=%(':+>~B/c%,�.-�0G'�'*~B/c�L27��- � £�¥��>AG£7� � £�� � £9¥¦0�¨ � � £��I � £=�eI � 0��aMCAp�



��� ����� ��� � � �;��� ������� � � � ��� �4� � � � � ��� ����� � � ���
	���� ����� � �

 

 

Throttle 

Injection des gaz 

Chargement 
des wafers 

Pompe 
turbo 

ascenseur 

Chambre de 
diffusion 

Evacuation des 
produits de gravure 

Fig 2 : Réacteur de gravure DPS 5200 

Vanne papillon

 

 

Throttle 

Injection des gaz 

Chargement 
des wafers 

Pompe 
turbo 

ascenseur 

Chambre de 
diffusion 

Evacuation des 
produits de gravure 

Fig 2 : Réacteur de gravure DPS 5200 

Vanne papillon

 

 

Throttle 

Injection des gaz 

Chargement 
des wafers 

Pompe 
turbo 

ascenseur 

Chambre de 
diffusion 

Evacuation des 
produits de gravure 

Fig 2 : Réacteur de gravure DPS 5200 

Vanne papillon

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0J�� �� ¨¨ ¨¨ �.��.��.��.��     ��c)(6>���l?�H.0[-�?�'5~B<.Ap)P0[+.-�? ':�l?1¥�$&4kH�0[-�?1$&4@� ���.������c)(6>���l?�H.0[-�?�'5~B<.Ap)P0[+.-�? ':�l?1¥�$&4kH�0[-�?1$&4@� ���.������c)(6>���l?�H.0[-�?�'5~B<.Ap)P0[+.-�? ':�l?1¥�$&4kH�0[-�?1$&4@� ���.������c)(6>���l?�H.0[-�?�'5~B<.Ap)P0[+.-�? ':�l?1¥�$&4kH�0[-�?1$&4@� ���.�����

¡�?&'*~P<.Ap)P0L6>��-�%()P~B/ H.0L-�?�+c-�?B�*0�¨ �*~BA*�l0�$a4@0G©p?r'*0#% ���*? /c� 0�� +>��A*%,�l0�/.�*?B-�0G£�-�?�F9~B-�~B/c�*�C?&���*�CH.��?r'*'*0����.-�0�Ap£e':<cA
-�0�':%,�*0�����MC¨ 47¡1MC����£ <./10@+.-�?B�*0�¨ �*~BA*�l0�?B-�-�%(?B/.� �_-�?��*~B%('7<./ �) B�:%3H.0�©*Ap?BFG<.Ap0J%�/1H=<>':�:A*%(0�-�0��7-�0G'@~B<.�:%,-�'�H.0
H=%(?r©*/1~r':�:%() +>0�A �*~BA��l?B/c�*' +.Ap�G'*0�/c�*'T':<.AT-�? +.Ap�G)P�VH.0�/c�*0 +.-�?B�*0�¨ �*~BA*�l0 $a4@0G©G?r'*0#%*£�?��:%,/ H.�����:<>H=%(0�AT-�0V'
�l�G)P?B/c%(':�l0G'3H.0&©*Ap?BFG<.Ap0&H.?B/1'[<./10_'*~B<.Ap)P0�%,/1H=<>':�:A*%(0�-�-�0_)P~B<.Ap?B/.�*0G����0G)(%>? ?B�>~ <.�:%,��-���?r'*'*0����.-�?r©p0_H.� <./10
+.-�?B�*0�¨ �*~BA*�l0@0�� +>�RA*%,�l0�/.�*?B- 07Ap0G'*'*0����.-�?B/c�)�3-�?3+.-�? �*0�¨ ��~BA*�l0 $a4@0G©p?r'*0#%*�B¡�07�) B�:%a$&4@����������%,/c%,�:%(?B-[?�H.~B/1)
���*�[�l~rH=%
�:%(�[+>~B<.ALAp0G)P0�F9~B%,AG£(�1-�� %,/1':�*?BACH.0[-�?1+.-�? �*0�¨ �*~BA��l0#$a4@0G©p?r'*0#%*£5-�0G'L~B<.�:%,-�'LHc03H=%(?r©*/1~r':�:%()P'L':<.%,F9?B/c�*'L2

- 
-�? )(6>?B���.Ap0�H.��?B/1?B-�89'*0 ��4@� $a�k0G)P?������.��%��G;e<.%,+1�G0�H=<�':+>0G)(�:Ap~B�l§��:Ap0�H.0�+.6>~B�*~B¨ ��-�0G)(�:Ap~B/1'#�
$aIL%('*~B/1' � <.A �*?r)P0 ':89':�*0��X'E�_�c��MC¡1MC� �����p% %*£�H.�*��� H.�G)(A*%,�*0 '*0G)(��%(~B/ ���#���#���#��£�0��EAp0�-�%(�G0 �k-�?
)(6>?B���.Ap0�H.0J�:Ap?B/1'��*0�A*�@H=< �) B�:%[$&4@� ������� +>?BA@<./10�'*0G)P~B/1H.0�)(6>?B���.Ap0JAp~B�1~B�:%('*�G0J�l?B%,/c�*0�/c<>0��
����
 � ��~BA*A

- 
<./ 0�-�-�%,+>'*~B�l§��:Ap0 H.0 �l? AG;=<>0 $aK 	�¢B�e��¡ � 	l¡ % )P~B���l0�AG)(%(?B-#%('*� +>?BA¦¢B�eM �R~B�.%,/c¨ � F9~B/1£�;=<.%
+>~r'*'*�pH.0�H.0G'C)P?BAp?r)(�*��A*%('��:%(;p<>0G'L+.Ap~r)(6>0G'CH.0�)P0�-�-�0G'CH.�p)(A*%,�*0G'���-�? ��%,/ H.03-�?�'*0G)��:%(~ / ���#���#���#��+>~P<.AC-�0
$aK 	�¢P�e��¡ %*�

- 
<./�':+>0G)(�:Ap~B�l§��:Ap0�H.0��l?r'�'*0�$aMC/1?B-�8G�:%()P? -���'>4�%�)P~ ���l0�AG)(%(?B-�%('*��+>?BA�-�? '*~r)(%(�R�*��¥�%(H.0�/1£1H.�G)(A*%,�
'*0G)(�:%(~B/����#���#���#���

¡�0[�l~B/c�*?r©p03H.� <./103'*~B/1H.0L%(~B/c%(;=<>030G':�L?B<>'*':% +1~r'*':%��.-�030�/�-�%(0�<�0��a+.-�?r)P03H=<�':+>0G)(�:AG~B�l§��:Ap03H.0[�l?r'*'*0G�



� � ��� ��� � ����� �����
� ��� � ��� ��������� � ��������� � � ��� �4�

Sas de chargement et 
déchargement des substrats

Chambre 
d’analyse XPS

Bâti de 
gravure

Chambre de 
transfer tOr ienteur  des 

substrats

Spectromètre 
de masse

Ellipsomètre 
spectroscopique

Sas de chargement et 
déchargement des substrats

Chambre 
d’analyse XPS

Bâti de 
gravure

Chambre de 
transfer tOr ienteur  des 

substrats

Spectromètre 
de masse

Ellipsomètre 
spectroscopique

Sas de chargement et 
déchargement des substrats

Sas de chargement et 
déchargement des substrats

Chambre 
d’analyse XPS

Chambre 
d’analyse XPS

Bâti de 
gravure
Bâti de 
gravure

Chambre de 
transfer t

Chambre de 
transfer tOr ienteur  des 

substrats
Or ienteur  des 

substrats

Spectromètre 
de masse

Spectromètre 
de masse

Ellipsomètre 
spectroscopique
Ellipsomètre 

spectroscopique
Ellipsomètre 

spectroscopique

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0J�� �� ¨¨ ¨¨ �.��.��.��.��     1476>~B�*~r©*Ap?B+.6.%(0CH.0[-�?1+.-�?B�*0476>~B�*~r©*Ap?B+.6.%(0CH.0[-�?1+.-�?B�*0476>~B�*~r©*Ap?B+.6.%(0CH.0[-�?1+.-�?B�*0476>~B�*~r©*Ap?B+.6.%(0CH.0[-�?1+.-�?B�*05¨¨ ¨¨ �*~BA*�l0[$&4@��*~BA*�l0[$&4@��*~BA*�l0[$&4@��*~BA*�l0[$&4@�

��� ��� ��� � � �����
����
 � �����	
�� � � ��� � � � ��������� �
¡�0G' 0���+.%,-�0��l0�/c�*' <.�:%,-�%('*�G' +>~P<.A -�0G' �G)(6>?B/c�:%,-�-�~B/1' �e%,¡)� '*~B/c� %(H.0�/c�:%(;=<>0G' � )P0�<&� H.�G)(A*%,�*' '*0G)(�:%(~B/
���#���#���#� � +>� ��	
� 2P¡�0p'c�l~B�:%
��'1'*~B/c�1H.���:%,/c%('1?B<��l~B890�/ H=<E�l?r'*;=<>0���MC¡�� 0��>H.� <./10>-�%,�:6>~r©*AG?B+.6.%(0�':�*?B/1H.?BApH
$&K 	 �������7�C/c�l£5+.Ap�G)P�GHc0����l0�/c�a+�Ap�G'*0�/c�*�G'L'*0G)(�:%(~ /����#���#���

��� ��� ��� � � � � ��� � 
���� � � � � � ������� ��� ����� ����� � ��� �
��~B���l0�%,-�FG%(0�/.��H.��"��:Ap0�H=%,�*£c-�?E+.- ?B�*0�¨ �*~BA��l0�$a$&4@����������%J+>~r'5'*§GH.0�/c�J-�0G'J�*0G)�6./c%(;=<>0G'�H.��?B/1?B-�89'*0G'*£c+>?BA
0�-�-�%,+>'*~B�l���:A*%(0�%,/c¨ ':%,�:<T0���+7?BA ��4@�l;=<>?r':%7%,/c¨ ':%,�:<>£LH.0�-���?B/1)(%(0�/c/10�+.-�?B�*0�¨ �*~BA��l0 $a4@0G©p?r'*0#% � H.������0�� +>~r'*�G0G'
'*0G)(�:%(~B/����#���#���#�
�,��MT)P0G' H.0*<&���*0G)(6./c%(;=<>0G'LH.��?B/1?B-�89'*0CH.03' <.A �*?r)P03'*��?B��~B<.�*0[-�?�' +>0p)(�:Ap~B�l�R�:A*%(03H.0[�l?r'*'*0[+>~B<cA
<./103?B/1?B-�89'*03H.0[-�?�)P~B��+>~r':%,�:%(~B/�H.0[-�?1+.6>?r'*03©p?!�P0�<>'503H=<�+.-�?r':�l?�2
� +>0G)(�:Ap~B�l���:A�%(03H.0[�l?� +>0G)(�:Ap~B�l���:A�%(03H.0[�l?� +>0G)(�:Ap~B�l���:A�%(03H.0[�l?� +>0G)(�:Ap~B�l���:A�%(03H.0[�l?a'5'*0'5'*0'5'*0'5'*0

¡�? ':+>0G)(�:Ap~B�l���:A*%(0_H.0��l?r'*'*0_0G':�[<./ ~B<.�:%,->H.0�H=%(?r©*/1~ ':�:%()�H.0G'[+.-�?r':�l?r'��:Ap~B%(Hc'[-(?BAp©p0��l0�/.�[<.�:%,-�%('*�_H.?B/1'[-�0G'
-�?B�>~BAp?B�*~B%,Ap0G'>H.07Ap0G)(6>0�AG)(670G'>0��.-�0G'>0�/c�:Ap0�+�A*%('*0G'*£r)P?BA�0R-�-�07+>0�A*�l0R�>H.0@H.���*0G)��*0�A7�*~ <.�*0G'.-�0G'>0G':+>§G)P0G'.+.Ap�G'*0�/c�*0G'
H.?B/1'L-�03+.-�?r':�l? � %(~B/1'C~B<�/10�<.�:Ap0G'*£.?BF90G)�<./103+.-�?r©p0&0�/��l?r'*'*0G'CH.���*0G)(�*?B�.-�0G'L+7~B<.F9?B/c�C)P~B<.Ap?B���l0�/.�C? -�-�0RA
� <>'*;e<>��� �7���J<>� �l�#?r� �,£e0�� 0G'��9Ap0�- ?B�:%,F90R�l0�/c� �*?r)�%,-�0��1�l0R�:�:Ap030�/ �C<.FGAp0G�5$E0L+.-�<>'*£�-�03':<.%,FG%fH.��0G':+>§G)P0G' ?B<�)P~B<.Ap'
H.0�-�? ©*Ap?BFG<.Ap0�+>0�<.� "��:Ap0l0�/cFG%('*?r©p0G?B�.-�0G�1¢�-E0�� %(':�*0kH=%
���*��Ap0�/c�*'��:8G+>0G'�H.0k':+>0G)(�:Ap~B�l§���Ap0G'�H.0��l?r'*'*0321-�0
':+>0G)(�:Ap~B�l§���Ap0��l?r©*/1�R�:%(;=<>0G£.-�0�':+>0G)(�:Ap~B�l§��:Ap0 ���*0R�n+>'�H.0�F9~B-�0��C-�0�' +>0G)(�:Ap~B�X§��:Ap0�;=<>?rH=A*%,+��B-�?B%,Ap0G£.�*~B<>'
�>?r'*�G'�':<.A�-�0��:A*%JH.0G'1%(~B/1'�0�/ �*~B/1)(�:%(~B/TH.0@-�0�<.Ap'1Ap?B+�+>~BA*�*' m

q

� ?BF90G)C� -�?��l?r'*'*0�H.0�-���0G':+>§G)P0 )(6.%,��%(;=<>0
)P~B/1':%(H.��Ap�G030��L;J-�?�)(6>?BAp©p0�H.03)P0��:�*030G':+>§G)P03)(6.%���%(;=<>0��,�
$E0�+.<.%('�-�0�H.���c<.�&H.0G'&?B/�/1�G0G' 	���£9-�?��l?B��~BA*%,�*��H.0G'&���:<>H.0G'�+.-�?r':�l?�+>?BAE':+>0G)R�:Ap~B�l����A*%(0�H.0��l?r'*'*0�?����*�
Ap�G?B-�%('*�G0C0�/ <.��%,-�%('*?B/c�LH.0G' ':+>0G)(�:Ap~B�l§R�:Ap0G' H.0L�X?r'*'*0C;=<>?rH=A*%,+>~B-�?B%,Ap0G' � $�'>�k� % �,£eH.�G)(A*%,�*' �1-�?,�:%,/ H.0G' ?B/c/1�G0V'
���_+>?BA�4@?B<.-70���?B-�� � ����£���� �,�G¡�0��l~rH.§�-�0�<.�:%,-�%('*�&?B<l)P~B<.Ap'�H.0�/1~B�:Ap0&���:<>H.0G£9'*)(6>���l?B�:%�'*� �:%(©*<.Ap0&�p¨ ����£90G':��Hc0
)P0 H.0�A*/c%(0�A��:8G+>0G£&H.0 H.��/>~B��%,/1?B�:%(~B/ $a¥ MC¡1¨ ��'>4 ������%*£&)P~B���l0�Ap)(%(?B-#%('*��+>?BA�-�? '*~r)(%(���*��¥�%(H.0�/1��¡�0G'
0G':+>§G)P0G'JH=<�+.-�?r':�l?E'*~B/c�J)P~B-�-�0G)(�*�G0G' +>? AJ<./ ~BA*%
�:%�)P0�H.��0�/c�:Ap�G0�H.0������ �=� H.0�H=%(?B�l§��:Ap0�0�� -�� %,/c�*��A�%(0�<.A�Hp<



��� ����� ��� � � �;��� ������� � � � ��� �4� � � � � ��� ����� � � ���
	���� ����� � �

':+>0G)(�:Ap~B�l§���Ap0@0G':���l?B%,/.�*0R/c< ��0�/cFG%,Ap~B/ ���#����
 �L����~ A*A>+>?BA7<./107+>~B��+>0 �:<.A*�>~B¨ �l~B-��G)(<.-�?B%,Ap0JH.0 ���C-��#' 
��*�B¡�?
� "��*0�H.��0��e�:Ap? )(�:%(~B/ 0G':�7�l? %�/c�*0�/c<>0 ��<./ +>~B�*0�/.�:%(0�-3H.0�  � 	T+>~B<.A �*?BF9~BA*%('*0�A�-�?n)B~B-�-�0G)(�*0�H.0G'>%(~B/1'*� �
�
� �a¡�0G'
%(~B/1'7'*~B/c�
�:%,-��:Ap�G'70�/¦��/10�Ap©*%�0 +>?BA7<./¦?B/1?B-�89'*0�<.A@��-�0G)��:AG~r':�*?B�:%(;=<>0 � �����3?BF9?B/c�7H.��"��:Ap0J'*��+>?BAp�G'70�/��l?r'*'*0 +>? A
-�03;=<>?rH=A*%,+��B-�0G�

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� ��e¨¨ ¨¨�������������       �c)(6>���l? H=< ' +>0G)(�:Ap~B�l§R�:Ap0 H.0 �l? '*'*0 $�c)(6>���l? H=< ' +>0G)(�:Ap~B�l§R�:Ap0 H.0 �l? '*'*0 $�c)(6>���l? H=< ' +>0G)(�:Ap~B�l§R�:Ap0 H.0 �l? '*'*0 $�c)(6>���l? H=< ' +>0G)(�:Ap~B�l§R�:Ap0 H.0 �l? '*'*0 $�¥�%(Hc0�/ MC/1?B-�8G�:%()P?B-¥�%(Hc0�/ MC/1?B-�8G�:%()P?B-¥�%(Hc0�/ MC/1?B-�8G�:%()P?B-¥�%(Hc0�/ MC/1?B-�8G�:%()P?B-
¥�MC¡¥�MC¡¥�MC¡¥�MC¡3¨¨ ¨¨#��'>4��'>4��'>4��'>4 �������������������� %*� �%*� �%*� �%*� � �
��
��
��
� �� ��

¡�0 �:%,-��:Ap0 ;=<>?rH=A*%,+>~B-�?B%,Ap0 0G':��)P~B/1':�:%,�:<>� H.0 ;=<>?B�:Ap0¦��-�0G)(�:Ap~rH.0G'�)(8G-�%,/1H=A*%(;=<>0G'�+.-�?r)P�G0G'�?B<D'*~B���l0���H.� <c/
)P?BA*Ap�G�5��-�-�0G' '*~B/c�9+>~B-�?BA*%('*�V0G'9+>?BAJ':<.+>0�A*+>~r':%,�:%(~B/ H.� <c/ +>~B�*0�/c�:%(0�-c)P~B/c�:%,/c<

U
0�� ?B-#��0�A*/1?B�:%
�

sin( )V tω 6>?B<.�*0
�:Ap�G;=<>0�/1)P0 �

ω
H.0���������¥�� �9)P~B���l0>%,-L0G':�c%,/1H=%(;=<>�)�:%(©*<.Ap0��p¨ ���7�P¡�0p'c�>?BA*Ap0G'�0�/nFG%(':¨ �B¨ FG%('�H.���:%,/c%('*'*0�/c�c-�0G'

+.-�?B/1'�� 0��>�J£f~��¦-�0G'>+>~B��0�/c�:%(0�-�'�?B+.+.-�%(;=<>�G'�'*~B/c�>Ap0V':+>0G)(�:%,F90��l0�/c�
cos( )U V tω−

0�� ( )cos( )U V tω− −
�

¡�0@+.-�?B/ � '*0�)P~B��+>~BA*�*0�)P~B���l0@<./ �:%,-#�:Ap0@+>?r'*'*0@6>?B<.��0�/ �l?r'*'*032r-�0@+>~B�*0�/c�:%�0�-3?B-��*0�A*/>?B�:%
�>/1��?�;=<>0@+>0�<
H.� %,/��:-�<>0�/1)P0&':<.A�-�0G'f%(~B/�'f-(~B<.ApH.' � )P?B<>'*0&H.0�-�0�<.Ap'�©5Ap?B/1H.0G'f%,/10�A*�:%(0G'*£90��f-�0�<.Ap'f�:Ap?B��0G)(�*~B%,Ap0G'fAp0G':�*0�/c��':�*?B�.-�0G'
?B-�~BAp'1;=<>0>-�0G'c%(~B/1'c-�0G'c+.-�<1'c-��G©p0�Ap'1':<.%,F90�/c�c-�0>+>~B�*0�/c��%�0�-L)P~B/1':�*?B/c�>0��1'*~B/c�c+>0�ApH=<7'*�P¡�0>+.-�?B/n� '*0�)P~B��+>~BA*�*0
-�<.%J)P~B���l0�<./ �:%�-��:Ap0@+>?r'*'*0�¨ �>?r'L2 -�0G'1%(~B/1'1-�0p'1+.-�<>'1-(�G©p0�Ap'�~B/c�1-�0�<.A���Ap?B��0G)(�*~B%,Ap0�':�*?B�.%,-�%('*�G0�+>?BA�-�0 )(6>? ��+
?B-��*0�A*/1? �:%
�1?B-�~BAp'�;=<>01-�0G'�%(~B/1'�-�~B<.ApH.'�'5~B/c��+>0�ApH=<>'*�VMJ%,/1':%(£V-�?�)P~B���.%,/1?B%('*~B/lH.0�)B0G'�H.0�<&��+.-�?B/1'�+>0�A*�l0���H.0
Ap�G?B-�%('*0�AC<./+�:%,-#�:Ap03+>?r'*'*0�¨ �>?B/1H.0�0�/��l?r'*'*0G£.0��L<./ )(67~B%
� � <>H=%()(%(0�<&� H.0G'L+>?BAp?B�X§��:Ap0G'LKE£ 	�0�� ω ?B�>~B<.�:%,���/1��?B<.�*~BA*%('*0�AC-�03+>?r'*'*?r©p0�;p<>��?B<&� 0G':+>§G)P0G'CH.03�l?r'*'*0C� H.~B/c/1�G0G£=-�0G'C?B<.�:Ap0G'C0G':+>§G)P0G'C'*03/10�<.�:Ap?B-�%('*?B/c�3?B-�~BAp'
':<.AL-�0G'L��-�0G)(�:Ap~rH.0G'*� �
�
� �,�



� � ��� ��� � ����� �����
� ��� � ��� ��������� � ��������� � � ��� �4�

Electrodes

U-V.cos(ωt)

-U+V.cos(ωt)

Electrodes

U-V.cos(ωt)

-U+V.cos(ωt)

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0J�� �� ¨¨ ¨¨ �������������¨¨¨¨c��~B<c+>03H.0p'L��-�0G)(�:Ap~rH.0p'LH.���~B<c+>03H.0p'L��-�0G)(�:Ap~rH.0p'LH.���~B<c+>03H.0p'L��-�0G)(�:Ap~rH.0p'LH.���~B<c+>03H.0p'L��-�0G)(�:Ap~rH.0p'LH.� <./�;e<>?rH=A*%,+)�B-�030��L)P~B/c/10G)(�:%(~B/�'L��-�0G)(�:A*%(;=<>0G'<./�;e<>?rH=A*%,+)�B-�030��L)P~B/c/10G)(�:%(~B/�'L��-�0G)(�:A*%(;=<>0G'<./�;e<>?rH=A*%,+)�B-�030��L)P~B/c/10G)(�:%(~B/�'L��-�0G)(�:A*%(;=<>0G'<./�;e<>?rH=A*%,+)�B-�030��L)P~B/c/10G)(�:%(~B/�'L��-�0G)(�:A*%(;=<>0G'

¡�0�':+>0G)(�:Ap~B�l§��:Ap0�H.03�X?r'*'*03+>0�<.�C?B<>'*':% "��:Ap03<.�:%,-�%('*�3+>~B<.A�?B/1?B-�89'*0�AC-�0G'L/10�<.�:Ap0V'*£.?B+.Ap§G'L%(~B/c%('*?B�:%(~B/ H.0�)P0G'
H.0�A*/c%(0�Ap'_+>?BAn<./ �*?B%('*)P0G? < H.����-�0G)(�:Ap~B/1'nH.?B/1'_-�? $L)P?r©p0 ��%(~B/1'�% � ) �*� �:%�©*<.Ap0¦)(%,¨ H.0G'*'*~B<1' �,� ¡������:<1H.0 H.0p'
/10�<.�:Ap0G'3���*?B/c�[�>0G?B<>)P~B<.+�+.-�<>'3H.��-�%()P?B�*0_0�/ ;=<>?B/c�:%
�:%�)P?B�:%(~B/1£p/1~B<>'[/1��?BF9~B/1'[+>?r'C���:<>H=%(�_)P0G'3H.0�A*/c%(0�Ap'3H.?B/1'
/1~r'30�� +>��A*%,�l0�/c�*?B��%(~B/1'
�p-������:<>H.0_H.0G'[%(~B/�'3'*0*<.-�'[/1~P<1'3?B+.+>~BA*�*?B/c�3H.����� H.0G'[Ap��+1~B/1'*0G'C':<.A3-�? )P~B��+>~r':%,�:%(~B/
H.0[-�?1+.6>?r'*03©p?!�P0�<>'*030�/�)V~B<.Ap'LH.03©*Ap?BFG<.Ap0G�

Extracteur d’ ion

Cage à ion

Filament

-

Caisson d’ isolation 
à la masse

Electrodes du 
quadripole

Extracteur d’ ion

Cage à ion

Filament

-

Caisson d’ isolation 
à la masse

Electrodes du 
quadripole

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0J�� �� ¨¨ ¨¨ �&��&��&��&��    ��c)(6>���l?�H.0[-�?�'5~B<.Ap)P03Hc� %(~B/1' H.0[-�?1� "��*0CH.��0�� �:Ap?r)��:%(~B/�He<�¥�MC¡�c)(6>���l?�H.0[-�?�'5~B<.Ap)P03Hc� %(~B/1' H.0[-�?1� "��*0CH.��0�� �:Ap?r)��:%(~B/�He<�¥�MC¡�c)(6>���l?�H.0[-�?�'5~B<.Ap)P03Hc� %(~B/1' H.0[-�?1� "��*0CH.��0�� �:Ap?r)��:%(~B/�He<�¥�MC¡�c)(6>���l?�H.0[-�?�'5~B<.Ap)P03Hc� %(~B/1' H.0[-�?1� "��*0CH.��0�� �:Ap?r)��:%(~B/�He<�¥�MC¡�¨¨ ¨¨#��'>4��'>4��'>4��'>4 �.����.����.����.���

4@?BAC?B%,-�-�0�<.Ap'a-�0G'a�l~B890�/1'LH.03)P?BAp?r)��*��A*%('*? �:%(~B/�0�� ¨ ':%,�:<�'*~B/c�a%(H.0�/c�:%(;=<>0G'���)P0�<&��FG<>' '*0G)(�:%(~B/����#���#��� �7�

��������� !"� ���
�������
& � � � 	�� ����� �
	 ��
 � � � � ���
��~B���l03-�?�$&4@�+��������0��L-�?�'*~B<.Ap)P03¥¦��-�%()P~B/ $a4@0G©p? '*0#%*£.)P03Ap�G?r)(�*0�<.A�0G':�L<./ ':89':�*§��l036>?B<.�*0�¨ H.0�/1':%,�*�G£.H.0
H.��/1~B��%,/1?B�:%(~B/ )P~B�n�l0�AG)�%(?B-�0 $a����4 ¡�?B� 	�������%*£�H.�GH=%(� � -�? ©�Ap?BFG<.Ap0¦+>~B-�8G¨ ':%,-�%()(%,<.�l����0 Ap�G?r)��*0�<.Ap£
%,��+.-�?B/c�*��H.?B/1' -�?E'*?B-�-�0C�.- ?B/1)(6>0�H=< ����MC¨ ¡1���1¢B£c?n���*�C<.�:%,-�%('*�C+>~B<.AJ-�?E©*Ap?BFG<.AG0�H.0C�:Ap~B<>'JH.0�)P~B/c�*?r)(�JH.0
H=%,�l0�/1':%(~B/1' H=%,��%,/c<>?B/c�9� <>'*;=<>��� �
�C/c� � -�%,�:6>~r©*Ap?B+.6.%(0C0�¨ �>0G?B� �,£eH.?B/1'9-�0C)P?rH=Ap0CH.� <./10C)P~B-�-�?B�>~BAp?B�:%(~B/ ?BF90G)
-�01¡1���1¢@':<.A�-������:<>H.0&H.0p'f�l�G)P?B/c%(':�l0G'�H.0�©*Ap?BFG<.Ap0�H=<l�e%,¡)� +>~B<.A_H.01�:Ap§G'f+>0*�:%,�*0G'�H=%,�l0�/1':%(~B/1'�)(A*%,�:%(;=<>0G'*�
¡�0G'�)P?BAp?r)(�*��A*%('��:%(;=<>0G'>%,/c�:A*%�/1'*§G;=<>0G'�H.0�)P0@Ap�G?r)(�*0�<.A '*~B/c�>F9~B%(':%,/10G'�H.0�)P0�-�-�0G'�H.0�-�?�$&4@� ��������£[?BF90G)C<./10
+.<.%('*'*?B/1)P0�'*~B<.Ap)P0�0��C<./10�+.<.%('*'*?B/1)P0�H.0�+>~B-�?BA*%('*?B�:%(~B/ H=< ' <.�>':�:Ap?B�CF9?B-�?B/c�3Ap0V':+>0G)(�:%,F90��l0�/c���
����� 	 0��
�
��� 	��l?�� %,��<.�l��¡�? +�Ap0G'*':%(~B/ H.0_�:Ap?BF9?B%,-�0G'���)P~ ��+.A*%('*0n0�/c��Ap0��l0��_���C�n��~BA*Ap��¡�0G'�©p?!��H=%(':+>~B/c%,�.-(0G'
'*~B/c�L2=��- � £5¥��>Ap£=� � £5� � £*¥¦0�¨ � � £=��I � £=�eI � £=��¥ � 0��aMCAp�



����� ���#� ��� � � �

¡�?Z+.A*%,/1)(%,+>?B-�0�H=%
���*��Ap0�/>)B0 +>?BA Ap?B+.+>~BA*� ?B< Ap�G?r)��*0�<.A ¥�$&4�H.� MC+.+.-�%(0GH �k?B�*0�A*%(?B-�'¦Ap�G':%(H.0�H.?B/1'¦-�?
)P~B/��:%(©*<.Ap?B��%(~B/lH.01-���?B/c�*0�/c/10�'*~B<.Ap)P0G£a?BF90G)><./l)P~B<c+.-�?r©p0 �J+.-�?B��?B<XH.0G'5':<>'�H.0�-(��0�/1)P0�%,/c�*01+>~B<.A�-�0�':89':�*§��l0
¡�?B� � �:%(©*<.Ap0&�p¨ �
����H=Ap~B%,�*0��,£9?B<�-�%(0�<lH.� <./k)P~B<.+.-�?r©p0&?B<.�*~B<.A_H.0�-���0�/1)P0�%,/c�*0�+>~ <.A�-�0&':89':�*§��l0�$&4@� � �:%(©*<.AG0
�p¨ �
����©p?B<>)(6>0��,�

TCP (LAM)

Plasma

polar isation RF bias

polar isation RF source
diélectr ique

HDP (Applied Mater iels)

Plasma

polar isation RF bias

polar isation 
RF source

TCP (LAM)

Plasma

polar isation RF bias

polar isation RF source

TCP (LAM)

Plasma

polar isation RF bias

polar isation RF source

Plasma

polar isation RF bias

polar isation RF source
diélectr iquediélectr ique

HDP (Applied Mater iels)

Plasma

polar isation RF bias

polar isation 
RF source

HDP (Applied Mater iels)

Plasma

polar isation RF bias

polar isation 
RF source

Plasma

polar isation RF bias

Plasma

polar isation RF bias

polar isation 
RF source

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0_�� ��e¨¨ ¨¨��
��
��
��
�n    ��c)(6>���l?r'�':%,��+.-�%
�:%(�G'�H.0p'�'*~B<.Ap)P0p'c6>?P<.�*0G'�H.0�/�':%,�*�G'*£a?BF�c)(6>���l?r'�':%,��+.-�%
�:%(�G'�H.0p'�'*~B<.Ap)P0p'c6>?P<.�*0G'�H.0�/�':%,�*�G'*£a?BF�c)(6>���l?r'�':%,��+.-�%
�:%(�G'�H.0p'�'*~B<.Ap)P0p'c6>?P<.�*0G'�H.0�/�':%,�*�G'*£a?BF�c)(6>���l?r'�':%,��+.-�%
�:%(�G'�H.0p'�'*~B<.Ap)P0p'c6>?P<.�*0G'�H.0�/�':%,�*�G'*£a?BF.0G) -�0*<.A�)P~B/��:%(©*<.Ap?B�:%(~B/0G) -�0*<.A�)P~B/��:%(©*<.Ap?B�:%(~B/0G) -�0*<.A�)P~B/��:%(©*<.Ap?B�:%(~B/0G) -�0*<.A�)P~B/��:%(©*<.Ap?B�:%(~B/
0��a-�0�<.AJH.��/1~B��%,/1?B�:%(~B/�)P~B���l0�Ap)(%(?B-�00��a-�0�<.AJH.��/1~B��%,/1?B�:%(~B/�)P~B���l0�Ap)(%(?B-�00��a-�0�<.AJH.��/1~B��%,/1?B�:%(~B/�)P~B���l0�Ap)(%(?B-�00��a-�0�<.AJH.��/1~B��%,/1?B�:%(~B/�)P~B���l0�Ap)(%(?B-�0J2($2($2($2($�¥�$&4¥�$&4¥�$&4¥�$&4 %���©p? <>)(61030���$%���©p? <>)(61030���$%���©p? <>)(61030���$%���©p? <>)(61030���$��&��4�&��4�&��4�&��4 %��&H=Ap~B%,�*0G�%��&H=Ap~B%,�*0G�%��&H=Ap~B%,�*0G�%��&H=Ap~B%,�*0G�

¡�0G'J0���+.%,-�0��l0�/c�*' <.�:%,-�%('*�G'L+>~B<.AJ-�0G'J�G)(6>?B/c�:%,-�-�~B/1'J�e%,¡)� '*~B/c� %(H.0�/c�:%(;=<>0G' �E)P0�<&�¦H.�G)(A*%,�*'J'*0G)(�:%(~B/ ���#���#���#�
� +>� ��	
�,£70��3-�0G'3�l~B890�/1'�H.0E)P?BAG?r)(�*�RA*%('*?B�:%(~B/Z0�� ¨ ':%,�:<Z'�~B/c�3-�0G'3� "R�l0G'�;=<>0n)P0�<&��+.Ap�G'*0�/c�*�G'�'*0G)(�:%(~B/ ���#���#�
� +>� �
���,�

¡�03)(6>~B%
� H.03'*~B<.Ap)P0G'a+.-�?r' �l?16>?B<.�*03H.0�/1':%,�*�G£(�1-�?,�*~B%�'a+>~B<.AL-�?�©*Ap?BFG<.Ap03~�� 89H.030��a-�?�©*AG?BFG<.Ap03�e%,¡)� £5Ap0G':�*0[-�0
��%(0�<&��?rH.?B+.�*�_?��:%,/ H.���R�:<>H=%(0�A3-�0G'3H.���*?B<.�*'3H.0_©*Ap?BFG<cAp0_0��[-�0�<.Ap'[�l�G)B?B/c%(':�l0G'3H.0 �*~BA*�l?B��%(~B/���)P0G'3'*~B<.Ap)P0G'
+>0�A*�l0����*0�/c�7H.0L�:Ap?BF9?B%,-#-�0�AJ?BF90G)3H.0G'7©p?B%,/10G'�/1~B/¦)P~B-�-�%�':%(~B/c/10�-�-�0G'*£ H.0G'7��/10�Ap©*%(0G'7Hc0 �>~B���>?BApH.0��l0�/c��%(~B/c%(;=<>0
H.�G)P~B<.+.-��G0G' H.0�-�?l©p��/1��Ap?B�:%(~B/DH=< +.-�?r':�l?l0�� H.0G' )�%,/1���:%(;=<>0G' H.0�©*Ap?BFG<.Ap0���-�0RF9�G0G'*£�?BF90G)�H.0G'�Ap�G':<.-��*?B�*'
�:Ap?B/1':+>~r'*?B�.-�0G'L?B<&��Ap�G?r)(�*0R<.Ap'L;=<.%�'*~B/c�a<.�:%,-�%('*�G'LH.?B/�'9-�� %,/1H=<>':�:A*%(0[��%()�Ap~B¨ ��-�0G)(�:Ap~B/.%(;=<>0G�
¡�0G'��G)(6>?B/c�:%,-�-�~B/1'�<.�:%,-�%('*�G'c+>0�A*�l0����*0�/c�*£a?BF90V)7-�?�H.���:%,/.%,�:%(~B/lH.01�l~B��%
�*'�+>?BA�-#%,�:6>~r©�Ap?B+.6.%(0�0�¨ �>0G?B�l£aH.�����:<>H=%(0�A
-�?�H.���*~BA*�l?B�:%(~B/�H.0G'a+.Ap~��:%,-�'LH.03©*Ap?BFG<.Ap03H.0p'L':�:A*<>)(�:<.Ap0G'a+>~B<.AL-�0p'a+.-�<1'a+>0��:%,�*0G'LH.�:0�/c�:Ap030�-�-�0G' � ��$ � ���#� �=� �,£
- ��~���)P0G'LH.���*~BA*�l?B�:%(~B/1'L'*~B/c�a-�0G'a+.-�<>'L)(A*%,�:%(;=<>0G'LH.?B/1'a-�0G'L���*?B+>0G'LH.� %,/c�*�G©*Ap?B��%(~B/�<.-��*��A*%(0�<.Ap0G'*�
��/��:%,/1£_-�0G' �l~B890�/1' H.0�)P?BAp?r)��*��A*%('*? �:%(~B/ '*~B/c� ?rH.?B+.�*�G' ?B<&� ���:<>H.0G' H.0 �l~rH=%
�:%()P?B��%(~B/1' H.0 ':<.A �*?r)P0G£
H.����F9~B-�<.�:%(~B/XH.0G'c+.Ap~��:%,-�'10���H.����F9~B-�<.�:%(~B/XH.0>-�?�)P~B��+>~r':%,�:%(~B/XH.0>-�?C+.6>?r'*0�©p?!�P0�<>'50�H=<E+.-�?r':�l?�?B< )P~B<.Ap'1H.0
-�?�©*Ap?BFG<.Ap0G£=?BF90G)�-���0R��+.-�~B%eAp0G':+>0G)(�:%
�LH.0[-�?1�*0V)(6./c%(;=<>0 ��4@�c£=H.0[-�?1��%()(Ap~r'*)P~B+.%(03��-�0G)(�:Ap~B/c%(;=<>0#�1�>?B-�?B89? ©p030��
H.0[-�?�':+>0G)(�:Ap~B�l����A*%(03H.0[�X?r'*'*0G�
¡���0�/1'*0����.-�0 H.0 )P0G' �:Ap~B%('¦��-����l0�/c�*' F9~B/c� +>0�A*�l0�����Ap0��l?B%,/.�*0�/1?B/c� -�0G' +.Ap�G'*0�/c�*?B�:%(~B/1' H.0G' )P?BAp?r)��*§�Ap0G'
+.Ap~B+.Ap0G'���-�?_©*AG?BFG<.Ap0 +.-�?r':�l?_~�� 89H.0 � ��6>?B+.%,�:Ap0C�
� 0�� ��-�?_©�Ap?BFG<.Ap0J�e%,¡)� � ��6>?B+.%,�:Ap0 ���,� ��0G'�+.Ap�G'*0�/c�*?B��%(~B/1'
F9~B/c�@0�� +>~r'*0�A@�*~B<.�@)P0�;=<.%C~B+.+>~ '*0�)P0G'�H.0�<&�E�:8G+>0G'�H.0�©*Ap?BFG<.Ap0G£�0��@H.~B/1)3-�?_A*<.+.�:<.Ap0J�*0G)(6./1~B-�~r©*%(;=<>0�;=<10
Ap0�+.Ap�G'*0�/c�*0[-�� %,/c�*�V©*Ap? �:%(~B/�H.0[/1~B<.F90G?B<&���l?B�*��A*%(?B<&��%('�~B-�?B/c�*'a�*0�-�'L;=<>0[-�03�e%,¡)� �



���



� �

¡�0��:Ap?BF9?B%,-�0�� +>��A*%,�l0�/.�*?B- '*0�-�%,��%,�*0�%()(%��¦<./10l���:<>H.0lH.0�-�? ©*Ap?BFG<.Ap0lH.0��:A=~B<>'�H.0l)P~B/c�*?r)(��H.0�+>0��:%,�*'
H=%(?B�l§��:Ap0G' � %,/��*��A�%(0�<.Ap' �������C/c� � 2r-�0@�.<.�>+.A*%,/1)(%,+>?B-�H.0�)P0��:�*0@+>?BA��:%(0�0G':��H.0@F9�RA*%
�:%(0�A�- ?�F9?B-�%(H=%,�*��H.0G'>-�~B%('
H.� MCNJ$&������>+>~B<.A�-�? ©*Ap?BFG<.Ap0�H.0�)P0G'�)P~B/c�*?r)(�*'�H.0�+>0���%,�*'�H=%(?B�l§���Ap0G'*�1��~B���l0�+>~B%,/c��H.0�H.��+>?BA*��H.0�)P0�����0
F9��A*%
�:%()P? �:%(~B/1£�)P0&)(6>?B+.%,��Ap0�AG?r'*'*0����.-�0_':<.A*�*~B<.�[-�0G'[Ap�G':<.-��*?B�*'3H.�����:<>H.0G'3?B/c�*��A*%(0�<.AG0G' � )P~B/c�*?r)(�*'3H.0_H=%(?B�l§R�:Ap0V'
+.-�<>'.%,��+>~BA*�*?B/c�*'*£r)P~ ��+.A*%('70�/c�:Ap0@� �=� 0R�>���#�
� �=� �,£ ?��:%,/ H.��0�� +>~r'*0�A>-�0G'>)P?BAG?r)�����A*%(':�:%(;=<>0G'>©p��/1��Ap?B-�0G'>H.07-�?
©*Ap?BFG<.Ap0�~�� 89H.0G�f��0G'�H.0�A*/�%(§�Ap0G'�'*0�A*FG%,Ap~B/c�>+>?BA ?B%,-�-�0�<.Ap'�H.0��>?r'*0 ��-�?�)P~B��+>?BAp?B%('*~B/ 0�/c�:Ap0@-�?�©*Ap?BFG<.Ap0�H.0
-���~�� 89H.03H.03':%,-�%()(%,<.� 0��a-�?�©�Ap?BFG<.Ap03H.0G'a+>~B-�8G�l§�Ap0G'L~BAp©p?B/c%(;=<>0G'a�*0�-c;=<>0[-�03�e%,¡)� �

�

¡���~�� 89H.0 H.0Z':%,-�%()(%,<.� Ap0V':�*0l-�0 H=%(��-�0G)(�:A*%(;=<>0l-�0l+.-#<>'�<.�:%,-�%('*� H.?B/1'�-�0G'�%,/c�*0�Ap)P~B/c/10�� %(~B/1'k0��kH.?B/1'�-�?
�*?B�.A*%()P? �:%(~B/ H.0n�l?r'*;=<>0X~B+.�:%(;=<>0n+>~B<.A�-�0G'�+.6>~B�*~P¨ Ap��+>���*0�<.Ap'�<.�:%,-�%('*�G'�0�/ -�%,��6>~r©*Ap?B+.6.%(0X~B+.�:%(;=<>0G�@��0��:��0
+>?BA*�:%(0@F9?�+.Ap�G'*0�/c�*0�A�-�0G'�©�Ap?B/1H.0G'>-�%(©*/10G'�H.0@-�?�©*Ap?BFG<.Ap0@+.-�?r':�l?�H.0@-���~�� 89H.0�Hc0�':%,-�%()(%,<.� � ;=<.%C'*0�Ap?�?B<>'*' %
?B�.<>':%,F90��l0�/c�l?B+.+>0�-�� $*~�� 89H.0�%lH.?B/1'�-�?�':<.%,�*0TH.0 )P0 �l?B/c<>'*)(A*%�� �,�@$E0 +.-�<>'l?B��+.-�0G'lH.���*?B%,-�'l':<.AX-�0V'
�l�G)P?B/c%(':�l0G'�H.0k©*AG?BFG<.Ap0�+.-�?r':�l? H.0�-���~�� 89H.0kH.0k':%,-�%()(%,<.� '*0�Ap~B/c��?B+.+>~BA��*�G'�H.?B/1'�-�? H=%('*)(<>'*':%(~B/ H=<
��6>?B+.%,�:Ap03���
¡�?¦©*Ap?BFG<.Ap0�H.0��:Ap~B<>'�H.0�)P~B/c�*?r)������*~BA*���*?r)��*0�<.A�H.��?r':+>0G)(�CAp0G':�*0�<./10�H.0G'����*?B+>0G'C-�0G'J+.-�<>'�H=%
���:%()(%,-�0G'L0�/
��%()(Ap~r��-�0V)(�:Ap~B/c%(;=<>0�':%,-�%()�%,<.� 2a-�0G'&)(6.%,��%(0G'&0���+.-�~B89�V0G'&'*~B/c�&)P~B��+.-�0���0G'&0���-�0G'��l�G)P?B/c%(':�l0G'&H.0�©*Ap?BFG<.Ap0
0�/1)P~BAp0��l?B-J)P~B��+.A�%('*�a¡�0p'&':+>�G)(%
�:%()P?B�:%(~B/1'�%,/1H=<>':�:A*%(0�-�-�0G'*£aAp?r'*'*0����.-��G0G'_H.?B/1'�-�0&�*?B�.-�0G?B<T���#��£ � ��� �7':%@0�-�-�0G'
H.0��l0�<.Ap0�/c�3%(H.0�/c�:%(;=<>0G'�;=<>0�-�-�0G'�;=<>0n'*~B%(0�/c�3-�0G'�H=%��l0�/1':%(~B/1'�)(A*%,�:%(;=<>0G'*£70�� %(©G0�/c�3<./ )P~B/c�:A �B-�0n? )P)�A*<ZH.0G'
)P~B/1H=%,�:%(~B/1'LH.0[+.Ap~r)P�GH.�[-�~BA='*;=<>03)P0G'LH=%,�l0�/1':%(~B/�'L)(A*%,�:%�;=<>0G'LH=%,��%,/c<>0�/c�*�

�� �� 1���;�+���1� #��9	+ 1�+ )  H�$ "%+�3<3<+ 1�+ *��! #H�,��!+  #H�+�9�) + �  79	"%+�,�� 1��  #3<;�+�9	".' I����
	 ;��!& � &#��1�+�,�� * �! #H���+5J 1�$ -0+���3<$ &#�(9	�<$ "%$ ��,�+�� 6�1�+ )  
3<"%�!,�9	"%,��!+�
�* �! #H�+����



� � ��� ��� � ������� �
� � ����� � � ��� 	�� ��� ����� 	�� 	��=��� ��� �D�	���

¢�-10G':�CHc~B/1)�/1�G)P0G'*'*?B%,Ap0�H.0C��%(0�<&� )P~B��+.Ap0�/1H=Ap03-�0G' �l�G)P?B/c%(':�l0G'CH.0�©*Ap?BFG<.Ap0�H=< �e%(� � £.0��C0�/�+>?BA*�:%()(<.-�%(0RA-�0G'1�l�G)P?B/c%(':�l0G'�H.0 ©*Ap?BFG<.Ap0 ?B< �*~B/�H H.0p'1�:Ap~B<1'�Hc0 )P~B/c�*?r)(�*� ¡�?�+>?BA*�:%(0 0�� +7��A*%,�l0�/c��?B-�0 H.0 )P0��:�*0 ���:<>H.0
�l~B/c�:Ap0�;=<>0�-�0G'@�l�V)P?B/c%('��l0G'�H.0�©*Ap?BFG<.Ap0�+.<.�.-�%(�G'�H.?B/1'�H.0G'����:<>H.0G'�?B/c�*��A*%�0�<.Ap0G' �,�
��£#����� � � +>~B<.A�H.0p'
H=%,�l0�/1':%(~B/1'1)(A*%,�:%(;=<>0G' � ��$ �� ����9H=%,��%,/c<>?B/c�c� <>'*;=<>�������.�C/c� 0��1H.0G'��*?r)��*0�<.Ap'1H.��?r':+>0G)(�1)P~B��+�A*%('10�/c�:Ap0����.�*�
Ap0G':�*0�/c�3F9?B-�%(H.0G'3+>~B<.A�H.0G'�H=%,�l0�/1':%(~B/1'�)(A*%,�:%(;=<>0G'�':<.�.¨ ���#� �=� � ��$ � <>'*;e<>��� �&�C/c��0��#�*? )(�*0�<.A�H.��?r':+>0G)(�
� <>'*;e<>�������
�,�

�e+>�G)(%
�:%()P?B��%(~B/1'a%,/1H=<>':�:A*%(0�-�-�0G' �><.�
FG%,�*0G'*'*03H.03©*Ap?BFG<.Ap0 . � �=� �7��%,/
/1~B/�<./c%
�*~BA*��%,�*�3H.03©*Ap?BFG<.AG0 � �

σ
� � ��%()(Ap~B-�~r?rH=%,/1©!� � �����

'*��-�0G)(�:%,FG%,�*�3H.03©�Ap?BFG<.Ap0 �e%(� � �e�e% 
 �7��2#�
'*��-�0G)(�:%,FG%,�*�3H.03©�Ap?BFG<.Ap0iAp�V':%,/10��e�e% 
&����2#�
'*��-�0G)(�:%,FG%,�*�3H.03©�Ap?BFG<.Ap0i�1%��e% � £ 	Z�e% � �e�e% 
&����2#�
'*��-�0G)(�:%,FG%,�*�3H.03©�Ap?BFG<.Ap0i�1%��n£=�e% � � � �e�e% 
&����2#�
+.Ap~��:%,-�'LH.03©*Ap?BFG<.Ap0 �
	�� � � 	����
MCNJ$&� � �>+>0�/�?BAp0V?,�7M3N � �72#�
� � �����
�*~B-���Ap?B/1)P03H.0[F9?BA*%�?B�:%(~B/��c$ � �����

�*?B�.-�0G?B<�*?B�.-�0G?B<�*?B�.-�0G?B<�*?B�.-�0G?B<¦�� ��c�� ��,�� ���¨¨ ¨¨&'><>0�-�;e<>0G' )P? Ap?r)(�*��A*%(':�:%(;=<>0G'9+.A*%,/1)(%,+>?B-�0G'a+1~B<.AL-�?�©*Ap?BFG<.Ap0C~�� 89H.0'><>0�-�;e<>0G' )P? Ap?r)(�*��A*%(':�:%(;=<>0G'9+.A*%,/1)(%,+>?B-�0G'a+1~B<.AL-�?�©*Ap?BFG<.Ap0C~�� 89H.0'><>0�-�;e<>0G' )P? Ap?r)(�*��A*%(':�:%(;=<>0G'9+.A*%,/1)(%,+>?B-�0G'a+1~B<.AL-�?�©*Ap?BFG<.Ap0C~�� 89H.0'><>0�-�;e<>0G' )P? Ap?r)(�*��A*%(':�:%(;=<>0G'9+.A*%,/1)(%,+>?B-�0G'a+1~B<.AL-�?�©*Ap?BFG<.Ap0C~�� 89H.0
0�/��l~ H.0[+.-�? ':�l?1�>?r'5'*030��a6>?P<.�*03H.0�/�':%,�*�G�0�/��l~ H.0[+.-�? ':�l?1�>?r'5'*030��a6>?P<.�*03H.0�/�':%,�*�G�0�/��l~ H.0[+.-�? ':�l?1�>?r'5'*030��a6>?P<.�*03H.0�/�':%,�*�G�0�/��l~ H.0[+.-�? ':�l?1�>?r'5'*030��a6>?P<.�*03H.0�/�':%,�*�G�

��������� � � #
�����
& ��� ����� � � � ��
�	�!"�
	����
�������
& ��	 � ���

�����
���
��� � ��� 
 ������� ������� ��� ��������� � � �������������
M|-���~BA*%(©�%,/10G£�-�? ©*Ap?BFG<.Ap0�H.0�-���~�� 89H.0�?X�R�*��Ap�V?B-�%('*�G0�?B< �l~B890�/ H.0�©G?!��)P~B/c�*0R/1?B/c��H.0G'@6>?B-�~r©p§�/10G'*£�;=<.%
�*?BF9~BA*%('*0�/c��-�?�©*Ap?BFG<.Ap0�H=<T':%,-�%()(%,<.�w+.Ap�G'*0�/c�&H.?B/1'�-��:~�� 89H.0G£L?BF90G)@-�?��*~BA*�l?B�:%(~ / H.0�+.Ap~ H=<.%,�*'&H.0E©*Ap?BFG<.Ap0
F9~B-�?B�:%,-�0G'��*0�-�'�;=<>0 �e%(��- ��~B<D�e%,I���/1~B�*?B���l0�/c�*�3��~B���l0 '*0�<.-�'�-�0G'�+.-�?r':�l?r'����>?r'*0 H.0��:-�<>~BA¦©*Ap?BF90�/c�
':<&���:%('*?B���l0�/c�LFG%��*03-���~��e89H.0G£.H.0G'C©p?!���*0�-�'C;=<>0���I �p£��eI � ~B<��_I � ~B/c�L/>?B�:<.Ap0�-�- 0��l0�/c�C�R�*�3<.��%,-�%('*�G'*�.�e%�<./10�>~B/c/10�'*��-�0G)(�:%,FG%,�*��0�/c�:Ap0��e%(� � 0��1�e% � ~B<X�e%(� � 0��c�1%,�Z+>?BA�0���0���+.-�0��G/1��0G':�c+>?r'c/��G)P0G'*'*?B%,Ap0G£ �eI � £P�_I � £ ��I �~B< ��I � �e� � '*~B/c� -�0G'C©p?!�&?rH.�G;=<>?B�*'*�e$E0C+.-�<>'*£e-�0G'J����<>H.0G'J?B/c�*��A*%(0�<.Ap0G' �l~B/c��Ap0R/c�J;=<>0C-�03�>~B���>?BApH.0��l0�/.�%(~B/c%(;=<>0���~P<>0�<./�A �B-�0��l?B� 0�<.A�H.?B/1'[-�? ©*Ap?BFG<.Ap0_H.0�-��:~�� 89H.0G�p¡�? �:%(©*<.Ap0_�p¨ ��%,/�H=%(;=<>0�+>?BA�0���0���+.-�0_;=<>0�-�?
)(6.%,��%(0_H.0&©*Ap?BFG<.Ap0�/1��0G':��+>?r'[-�0 �*?r)��*0�<.A�H.~B��%,/1?B/.�f-�?�FG%,�*0G'*'*0_H.0_©*Ap?BFG<.Ap0&)P~ ��+>?BAp?B��%,F90��l0�/c� �@-�����/10�Ap©�%(0
H.0G'>%(~B/�'*� � ��� �a¡�0 �*?B%,��;=<>0�-�?�©*Ap?BFG<.Ap0�H=< �e%(� � /10 '*~B%,�>+>?r'>+c<.Ap0��l0�/c��)(6.%,��%(;=<>0V£r�l?B%('>�:Ap§G')�*~BA*�*0��l0�/c�?r'*':%(':�*�G0�+>?BA3-�0��>~B���>?BApH.0��l0�/c�[%(~B/c%(;=<>0_H=<�+.-�?r':�l? £�0G':�[-�0�+>~B%,/c�3)�-�0��3;=<.%c+>0�A��l0��3H.��~B�.�*0�/c%,A�H.0G'��:-�?B/>)P'
H.0 ©*Ap?BFG<.Ap0 F90�A*�:%()B?B<&� � 0��c)P0�-�-�0�/c�*0�?B/c%('*~B�:Ap~B+.%(0 H.0 ©*Ap?BFG<.Ap0��,�3��A! )P0 �l)P0����*0�+.Ap~B+.A*%(���*�G£[-�0G' �:-�?B/1)P'�H.0G'
�l~B�:%
�*' /10Z+>0�<.F90�/c� ;=<>0 H=%
���:%()(%,-�0��l0�/.� "���Ap0|)(Ap0R<>'*�G' +>?BA ©*Ap?BFG<.Ap0|)(6.%,�n%(;=<>0|~B< +>?BA <./ �*?B%,�.-�0
�>~B���>?BApH.0��l0�/c�>%(~B/c%(;=<>0@-�?B�*��Ap? -�£f0��>- ?�©*Ap?BFG<.Ap0J-�?B�*�RAp?B-�0�0G':��'*~B<.F90�/c�>/1�G©*-�%(©p0V? �.-�0@+>~B<.A�-�0G'�H=%,�l0�/1':%(~B/1'
)(A*%,��%(;=<>0G'a<>':<>0�-�-�0G' � 
_��£#�
� �=� �,�

�� �� C�� ;�&#,���� C �!$ " $ 9	 #)51�$ -0+���3<$ &=������9 � +�3<" )  1�$ -0+���3<$ &#� 9	�<$ "%$ ��,�+ 1�+�3 3<"%�<,�9	"%,��!+�3 * �! #H���+�3	��3K&#$ " )  )  #�!*�,�+�,�� 1�+�3 ) $ *���+�3
-0��"% #) ) $ ��,�+�34' &#,G"%�! #��9�����+�34*��! =H���+�34 #H� #��"=�!+�-0;�) $ 3<3< #*�+5-0��"% #) ) $ ��,�+�6 ? 3<&#$ "=) +51�$  #- 	�"%�!+51�+�34"%�!&#,�341�+59	&#��"% #9	"=*��! #H���3 �



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

��0�+>0�/1H.?B/c�*£e-�0G' +.Ap~P�.-�§��l0G'JH.0�'*��-�0G)(�:%,FG%,�*��H.0�©*Ap?BFG<.Ap0�0�/c�:Ap0��e%(� � 0��J�e%�'*0�'*~P/c� �:Ap§G' FG%,�*0C+>~r'*�G'JH.?B/�' -�?Ap�G?B-�%('*?B�:%(~B/�H.03)(%�Ap)(<.%,�*'a%,/.���G©*Ap�G'a+>~B<.AL-�0G'LH.0�<&��Ap?B%('*~P/1'L':<.%,F9?B/c�*0G'L2
- 
-�?k©*Ap?BFG<.Ap0 H.0 -���~�� 89H.0 +>?BA�-�0 �:-�<>~BA¦?B�*~ ��%(;=<>0 Ap0G':�*0 ':%(©*/c%
�:%�)P?B�:%,F90R�l0�/c��%,/&�*�RA*%(0�<.Ap0 �k)P0�-�-�0 H=<
':%,-�%()(%,<.� H.?B/1'a-�0G'aAp�G?r)��*0�<.AG'aNJ¢�� � -�?,�:%(©*<.Ap03�p¨ �C�l~B/c�:Ap03;=<>��0�-�-�030G':�L0�/cFG%,Ap~B/�;=<>0�-�;=<>0G'LH=% �P?B%,/10G' H.0
�*~B%('7%,/��*��A*%(0�<.Ap0��E)P0�-#-�0�H=< ':%,-�%()(%,<.� +>~B<.A@<./10J�*0R��+>��Ap?B�:<.Ap0�H.0J+.Ap~r)P�GH.��)P~B�n+.A*%('*0�0�/c�:Ap0�������0R�
������� � �,� � �
	 �

- 
$E0�+.-�<>'*£>-�0G'�FG%,�*0G'*'*0G'�H.0�+.Ap~r)P�GH.�G'�Ap0G;=<.%R'*0G'�/1�G)P0p'*':%,�*0�/c��-�� <.�:%,-�%('*?B��%(~B/ H.0 �5~BA*�*0G'���/10�Ap©*%(0G'�H.0
�>~B���>?BApH.0��l0�/c� %(~B/c%(;=<>0G£c;=<.%f+>0�<cF90�/c�J?B�:�*0�%,/1H=Ap0C+.-�<>':%(0�<.Ap'J)P0�/c�*?B%,/10G'JH.��0 	 H.?B/1' -�0G' Ap�G?r)(�*0�<.Ap'
NJ¢�� 2B%,-[0�/XH.�G)P~B<.-�0@;e<>07-��:?BA*A!"��>H.07-�?�©*Ap?BFG<.Ap0@':<.A><c/10@)P~B<>)(6>0@'5~B<>' ¨ ��?r)P0�/c�*0@Hc07-����G)(6>?B/c�:%,-�-�~B/1£rH.0
)P~B��+>~r':%,�:%(~B/�)(6.%,��%(;=<>03H=%
���*��Ap0�/c�*0[+>?BALAp?B+.+>~BA*�L?B<��l?B�*��A�%(?B<�%,/c%,�:%(? -�0��l0�/.�L©*AG?BF9�G£=0G':�L0�/1)P~BAp0[+.-�<>'
+.Ap~B�.-����l?B�:%(;=<>03H=<��*?B%,�LH.0[-�� %,��+>~BA*�*?B/>)P03H.0[-�?1+.<.-�F9��A*%('*?B�:%(~B/�+.6.89':%(;=<>0 � ) �*� �:%(©*<�Ap03�p¨ �
�,�

4@~B<.A_)P0G'�H.0�<&��Ap?B%('*~B/1'*£9~P�.�*0�/c%,A_H.0G'�'*��-�0G)(�:%,FG%,�*�G'�H.0�©*Ap?BFG<.Ap0&?rH.�G;=<>?B�*0G'�0�/c�:Ap0��e%(� � 0����e% � ~B<l0�/c�:Ap0G�e%(� �0��&�e% � � �&+>?BAE0 ��0���+.-�0��9AG0G':�*0�-�� <./10�H.0G'�+.A*%,/1)(%,+>?B-�0V'&H=%
���:%()(<.-��*�G'&H.0�-�?�©*AG?BFG<.Ap0�~�� 89H.0�H.?B/1'&)P0��:8G+>0�H.0Ap�G?r)(�*0�<.Ap�

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0J�� �� ¨¨ ¨¨ �� ���¨¨ ¨¨=$E��+>0�/�H.?B/1)P03Hc0[-�?1FG%,�*0G'5'*0$E��+>0�/�H.?B/1)P03Hc0[-�?1FG%,�*0G'5'*0$E��+>0�/�H.?B/1)P03Hc0[-�?1FG%,�*0G'5'*0$E��+>0�/�H.?B/1)P03Hc0[-�?1FG%,�*0G'5'*0JH.03©*Ap?BFp<.Ap030�/ �5~B/1)(�:%(~B/�H.0[-�����/10�Ap©*%(0CH.0G'9%(~B/�'H.03©*Ap?BFp<.Ap030�/ �5~B/1)(�:%(~B/�H.0[-�����/10�Ap©*%(0CH.0G'9%(~B/�'H.03©*Ap?BFp<.Ap030�/ �5~B/1)(�:%(~B/�H.0[-�����/10�Ap©*%(0CH.0G'9%(~B/�'H.03©*Ap?BFp<.Ap030�/ �5~B/1)(�:%(~B/�H.0[-�����/10�Ap©*%(0CH.0G'9%(~B/�'
0��LH.0L-�?�)(6.%,��%(0[<.�:%,-�%('*�G03H.?B/�'a<./�Ap�G?r)(�*0�<.ALNJ¢��_�
�0��LH.0L-�?�)(6.%,��%(0[<.�:%,-�%('*�G03H.?B/�'a<./�Ap�G?r)(�*0�<.ALNJ¢��_�
�0��LH.0L-�?�)(6.%,��%(0[<.�:%,-�%('*�G03H.?B/�'a<./�Ap�G?r)(�*0�<.ALNJ¢��_�
�0��LH.0L-�?�)(6.%,��%(0[<.�:%,-�%('*�G03H.?B/�'a<./�Ap�G?r)(�*0�<.ALNJ¢��_�
� ������������ �� ��

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� ��e¨¨ ¨¨��� ��       	�%,�*0G'5'*0G'�H.0�©*Ap?BFp<.Ap0 H.0�-��:~�� 89H.0 0�� He<D':%,-�%()(%,<.� +>?BA -(0 �:-�<1~BA�?B�*~	�%,�*0G'5'*0G'�H.0�©*Ap?BFp<.Ap0 H.0�-��:~�� 89H.0 0�� He<D':%,-�%()(%,<.� +>?BA -(0 �:-�<1~BA�?B�*~	�%,�*0G'5'*0G'�H.0�©*Ap?BFp<.Ap0 H.0�-��:~�� 89H.0 0�� He<D':%,-�%()(%,<.� +>?BA -(0 �:-�<1~BA�?B�*~	�%,�*0G'5'*0G'�H.0�©*Ap?BFp<.Ap0 H.0�-��:~�� 89H.0 0�� He<D':%,-�%()(%,<.� +>?BA -(0 �:-�<1~BA�?B�*~V��%(;e<>0 0�/��%(;e<>0 0�/��%(;e<>0 0�/��%(;e<>0 0�/
�*~B/1)(�:%(~B/ H.0[-�?1�*0���+>��Ap?B�:<�Ap0CH.0[+.Ap~r)P�pH.�G� ��*~B/1)(�:%(~B/ H.0[-�?1�*0���+>��Ap?B�:<�Ap0CH.0[+.Ap~r)P�pH.�G� ��*~B/1)(�:%(~B/ H.0[-�?1�*0���+>��Ap?B�:<�Ap0CH.0[+.Ap~r)P�pH.�G� ��*~B/1)(�:%(~B/ H.0[-�?1�*0���+>��Ap?B�:<�Ap0CH.0[+.Ap~r)P�pH.�G� � �&	�&	�&	�&	 �� ��



� � ��� ��� � ������� �
� � ����� � � ��� 	�� ��� ����� 	�� 	��=��� ��� �D�	���

�����
���
� � 
 ����������� ��� �����	
�� � � ��� ��� � � � � ��� �
4@~B<.A�~B�.�*0�/c%,A1<./10>�>~B/c/10�'*��-�0G)(�:%,FG%,�*��H.0�©�Ap?BFG<.Ap0��e%(� � �e�e%(£P-�?�'*0�<.-�0�'*~B-�<.�:%(~B/n+cAp?B�:%(;=<>0�)P~B/1':%(':�*0G£ ?B< )P~B<.AG'H.0[-�?�©*Ap?BFG<.Ap0G£(��H.��+>~ '*0�A <./103)P~B<>)(6>0[+.Ap~B�*0G)(�:A*%()P03'�<.AL-�?�':<.A �*?r)P03H=<�':%,-�%()(%,<.� �1+.Ap�G'*0�A*F90�Ap£=?��:%,/�H.0[-�%,��%,��0�A
?B<E�l?�� %���<.� '*?�©*AG?BFG<.Ap0G�P4@~B<.A1-�%,��%��*0�A1-�?�)P~B/1'*~B���l?B�:%(~B/XH=< ':%,-�%()(%,<.�|+>?BA1- 0)�:-�<>~BAp£P-�0>+.Ap0���%(0�A>-�0�FG%(0�A�?
H.~B/1)&���*��H.03Ap�GH=<.%,Ap03-�?�+.Ap�G'*0�/1)P0�H=< �:-�<>~BA�?B�*~B��%(;p<>0�H.?B/1'L-�03+.-�?r':�l?�+>?BAC-���0���+.-�~B%�H.0�)(6.%,��%(0G'��:-�<>~BAp~ ¨
)P?BA*�>~B/1�G0G'.+.-�<>'.+>?B<.FGAp0G'>0*/��:-�<>~BAp�r��0��:�*07%(H.�G0G£ �3-���? )(��%
�>H.07N��BM��B¥¦0�%,/10G) �f0G£r?������@)P~B/1)(Ap����%('*�G07+>?BA>-���?B��~B<.�
H.� 6.89H=Ap~r©p§�/10#�1-�?�)(6.%,��%(0���I �p£=;=<.% +>0�A*�l0����1-�?,�*~B%('[2 �,����£#��� �

• 
H.0kH=%,��%,/c<>0�A�-�?¦+.Ap�G'*0�/1)B0lH.0 �:-�<1~BA�+>?BA�Ap0G)P~B���.%,/1?B%('*~B/ 0����*~BA*�l?B�:%(~B/ H.0�¥�IC£�0�/ +c6>?r'*0
©p?!�P0�<>'*030��L':<.AL-�03':<.�1':�:Ap?B�

• 
H.0��*~BA*�l0�A�<./ �:%,-#� �:-�<>~BAp~r)P?BA*�>~B/1����+>?B%('���-�? ':<.A ��?r)P0�H=< ':<.�>':�:Ap?B��':%,-#%()(%,<.�X£1)P0�;=<.%�Ap�GH=<.%��
/1~B�*?B�.-�0��l0�/c�L'*?1FG%,�*0G'*'*03H.03©*Ap?BFG<.Ap0G£=0��L?B<>©��l0�/c�*030R/1)P~BAp0[-�?�'*��-�0G)(��%,FG%,�*�3H.03©*AG? FG<.Ap03�e%(� � �e�e%

MC%,/1':%(£P-�0G'c+.Ap0R��%(§�Ap0G'1)(6.%���%(0G'1?B+.+>?B<.FGA*%(0G'10�/���-�<>~BAp£P�>?r'*�G0G'1':<.A1-���0���+.-�~B% H.0@��¥�I � ~B< ��I � ��¥ � £ ? ©*%('*'*0�/c�0�/¦� "��l0C�*0R��+>'@':<.A�H.0�<&�E�l�V)P?B/c%(':�l0G'@H.0J-#%,��%��*? ��%(~B/ H.0J-�?E)P~B/1'*~B���l?B��%(~B/ H=< ':<.�>':�:Ap?B�@�e%30�/ �:%,/ H.0
©*Ap?BFG<.Ap0G�c��0G'JH.0�<&���l�G)P? /c%(':�l0G' +>?BAp?B-�-�§�-�0G'J'*~B/c� ��-�?&�>?r'*0�H.0C-���~B�.�*0�/c�:%(~B/ H.0J-�?E'*��-�0G)(�:%,FG%��*��H.0�©*Ap?BFG<.Ap0
�e%(� � �e�e%>0���'*0�Ap~B/c��H.����?B%,-�-��V'�H.?B/1'f-�0�+>?BAp?r©*Ap?B+.6>0&���#�9�#���#�_+>� �����GM�)(�:<>0�-�-�0��l0�/.�*£G-�0G'f+.Ap~r)P�GH.�G'�H.0&©*Ap?BFG<.Ap0~�� 89H.0�H.?B/1' <./10�'*~B<.Ap)P0�H.0C�:8G+>0CNJ¢�� <.�:%�-�%('*0�/c�C)P~B<.Ap?B���l0�/.�JH.0G' �l��- ?B/1©p0G'JH=<��:8G+>0����*I � �e���)�e� � �5M3Ap£;=<.%CH.~B/c/10�/c��H.0G'>FG%,�*0G'*'*0G'�H.0�©*Ap?BFG<.Ap0��e%(� � H.0@-���~BAGH=Ap0�H.0 ��������������%,/ 0���H.0G'�'*��-�0G)(�:%,FG%,�*�G'�H.0�©*AG?BFG<.Ap0�e%(� � �e�e%�':<.+>��A*%(0�<.Ap0G'�� ���.�

�����
���
� � ��������� ��� � � ��� �������� !��� � ���
¡�?�©*Ap?BFG<.Ap0&?B/.%('*~B�:Ap~B+>0&H.0&':�:A*<>)(�:<.Ap0G'�~��e89H.0&':<.�.¨ ��%()(Ap~B/c%(;=<>0G' �@-���? %(H.0&H.0�Ap�V?r)(�*0�<.Ap'fNJ¢�� /1��?@+>?r'f+>~r'*�
H.0�+.Ap~B�.-�§��l0G' H.0�)P~B/c�:A �P-�0�H=%,�l0�/1':%(~B/c/10�-3� <>'*;=<>��?P< H.���.<.� H.0p' ?B/c/1�G0G' 	.���[4@?BA -�?l':<.%,�*0G£f-�?lH.0�/1':%,�*�
H.� %,/c�*�G©*Ap? �:%(~B/ ?B<>©*�l0�/.�*?B/.�>?BF90G)L-�0G'>©p��/1�RAp?B��%(~B/1'>H.0@)(%,Ap)(<.%��*'.%,/c�*�G©�Ap�G'*£B-�?�©�Ap?BFG<.Ap0@H.0@':�:A*<>)(�:<.Ap0G'>?BF90G)3H.0G'
H=%(?B�l§��:Ap0G'CH.03-���~BApH=Ap0�H=<kH.0���%,¨ ��%()(Ap~B/ 0R�C?BF90G)�H.0G'��*?r)��*0�<.Ap'CH.��?r':+>0G)(� � MCN��c)B~B��+.A*%('C0�/c�:Ap0���0R���k?��R�*�
/1�G)P0G'*'*?B%,Ap0G�LM )P0��:�*0¦��+>~ ;=<>0G£L-�� %,��+>~BA*�*?B/1)P0¦H.0G'E0 ���*0��*'�$:NJ¢�� -�?r©!% �� ���0��&MCNJ$&�_£CH.���*?B%,-�-��G'E'*0G)(�:%(~B/ ���#��� �
� +>�=���
	
�,£ 0p':�_H.0�F90�/c<>0E)(A*%,�:%(;=<>0 �,��� �>0���-�0G'�FG%��*0G'*'*0G'_H.0n©*Ap?BFG<.Ap0EH.?B/1'�-�0G'_':�:A*<>)���<.Ap0G'�� �*~BA*��MCN ����?B%(0�/c�
�>0G?B<>)P~B<.+n�:Ap~B+��*?B%,�.-�0G'�+>~P<.A&?r'*':<.Ap0�A�-�0�)P~B/c�:A �B-�0�H=%,�l0�/1':%(~B/c/10�- H.01-���0�/1'*0����.-�0�H.0G'��l~B�:%
�*' ��©*Ap?BF90�Ap�V¡�?
;=<>0G':�:%(~B/�H.0[-���~BA*%(©*%,/103H.03)P0G'a+.6>��/1~B�l§�/10G'L'*��0p':�L?B-�~BAp'a+>~r'*�G0G�
¡���?B/1©*-�0C'*~B-�%(H.0CH.0C)P~B-�-�0G)(�:%(~B/ H.0G'9/10*<.�:Ap0G' ���*?B/c�9+.-�<>'*�*?B%,�.-�0CH.?B/1'9-�0G' ':�:A*<>)(�:<.Ap0G' � �*~BA*�9MCN�£�-�0G'9/10�<.�:Ap0G'9/10
+>0�<.F90�/c��+>?r' "��:Ap0�Ap0�/1H=<>'�Ap0G':+>~B/1'*?B�.-�0p' H.� <./10�;=<10�-�)P~B/1;=<>0�?B<>©*�l0�/c�*?B��%(~B/DH.0�FG%,�*0G'*'*0 H.0�H.��+)�B� ;=<.%
Ap?B-�0�/c�:%�Ap?B%��c-�?�©*Ap?BFG<.Ap0�H.0>-���~�� 89H.0�?B<��*~B/1HnH.0G'��l~B�:%
��'*�PMC%,/1':%(£P-�?�H=%,��%,/c<.�:%(~B/XH.0�)P0��:�*0>FG%,�*0G'*'*0�H.0�©*Ap?BFG<.Ap0
?BF90G)L-�0��*?r)��*0�<.A�H.��?r':+>0G)(�./>07+>0�<.�)"��:Ap07%���+.<.�*�G0@;=<>��?B<&�nH=%,��%,/c<.�:%(~B/1'>H.07-�����/10�Ap©*%(0@~B<¦H=<�/1~B���.Ap0@H.� %(~B/�'
)P~B-�-�0G)(�*�G'L?B<��*~B/1H�H.0G'L':�:A*<>)(�:<.Ap0G'*�5$E0�<&���l�V)P?B/c%(':�l0V'L~B/c�L���*�3?BF9?B/1)P�G'a+>~B<.AC0�� +.-�%(;=<>0�AC)P0[+.6>��/1~B�l§�/1032

- 
-�?X+.Ap�G'*0�/1)P0 H.� <./10 H=%
���*��Ap0�/1)P0 H.0 )(6>?BAp©p0 ��-�0V)(��Ap~r':�*?B�:%(;=<>0 0�/c�:Ap0�-�0 '*~B�n�X0���0���-�0 �*~B/1H�H.0G'
':�:A*<>)(�:<.Ap0G'*£�H=<>0���<./10�F9?PA*%(?B�:%(~B/ H.0 �:-�<&����-�0G)��:Ap~B/c%(;p<>0G£p+.-�<>'��*?B%,�.-�0_?B<��*~B/1H�;e<>��?B<k'*~B���l0��3H.0G'
�l~B�:%
�*' � )P0[+>~B%,/c�L'*0�Ap?1+.-�<>'[?B��+.-�0��l0�/.�LH.��F90�-�~B+.+>�3?B<���6>?B+.%,�:Ap0#�
�

- 
-�?&H=%(':�:A*%,�.<.�:%(~B/ ?B/1©*<.-�?B%�Ap03H.0G'9%(~B/1'9/1��0G':�9+.-�<1'9+>?BA �*?B%,�*0��l0�/c�L?B/c%('*~B�:Ap~B+>0L-�~BAp'*;=<>0L-�?&©p?B%,/10CH.0�FG%(0�/.�
)P~B-�-�%(':%(~B/c/10�-�-�0G£�0�/ +>?BA*�:%()(<�-�%(0�A ��6>?B<.�*0�+.Ap0G'*':%(~B/ � ?P< F9~B%(':%,/1?r©p0 H=< �&~BA*A 0�� ?B< H.0�- ��+>~P<.A -�0p'
Ap�G?r)(�*0�<.Ap'aNJ¢����

$E0l)P0G'�H.0�<&� +>~B%,/c�*'*£>-�0�+.Ap0���%(0�AkH.0��l0�<.Ap0��*~B<.��~B<.Ap'�-�?BAp©p0��l0�/c��H=%('*)(<.�*��������� �&0���'*0����.-�0 "��:Ap0�<./�0
-�%,��%��*?B�:%(~B/�%,/.�:A*%,/1'*§G;=<>0[�:Ap§V'LH=%
���:%()(%,-�0#��)P~B/.�*~B<.A*/10�Ap�

�� �� "%+��!-0+ *��������!$ ��,�+ 1���3<$ *��� #��" "%&7,�"%+�3�) +�341���9	�!&#$ 3<3< #��9	+�3�1�+ H�$ " +�3<3<+�3�1�+ *��! #H�,��!+ ) $ ��+�34 #,���;�) ,�3�;�+�"%$ "%+�3�"  #$ ) ) +�3�1�+53<"%�!,�9	"%,��!+�3 

*��! #H�+���� C +�"  #9	�!&#����-0+ �!+�*��!&#,�;�+ ) � I�� ��� +�" ) +�3 + ��� +�"%3 9	&7��	 ,�*�,���3 &#, ��&#� 1�+ )  )  #�!*�+�,��(+�" 1�+ )  ;��!& � &#��1�+�,��(1�+�3
3<"%�!,�9	"%,��!+�34* �! #H���+�343<,��4)  �H�$ "%+�3<3<+51�+5*��! #H�,��!+ �



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

4@~B<.A -�0 '*0G)P~B/�H +>~B%,/c�*£�-�? )P~B/1':%(H.��Ap?B�:%(~B/ H.0G' F9?B-�0�<.Ap' H.0p' +>?BAp?B�l§��:AG0G' +.-�?r':�l?|NJ¢�� <>':<>0�-�-(0G'
�

0en � ��� � ��)(��
 �p£ �r��� � ��0 	D0��L4 � �p��~BA*A!��H.~B/c/10C<./10C-�~B/1©*<>0�<.A�H.0�©p?B%,/103- �@H.��0�/cFG%,Ap~B/ ��£ �C���l£.0��L<./-�%,�.Ap0l+>?BAp)P~B<.Ap'��l~B890�/
≈�
��£#�C��� %,/��*��A*%(0�<.A � - � � '*0G)(�:%(~B/ ���#���#��� � +>�=� ���
�,��¡�? ©p?B%,/10 0G':� H.~B/1)

)P~B-�-�%(':%(~B/c/10�-�-�0G£ )P0J;=<.%[)P~B/>H=<.%,����<./10JH=%(':�:A*%,�.<.�:%(~B/¦H.0G'�%(~B/1'�+.-�<1'�%('*~B�:Ap~B+>0G� ��~P���l0 +>~B<.A7-�0G'7��-�0G)(��Ap~B/1'*£ -�0
�:-�<&�k%(~B/c%(;=<>0¦0G':�E?B-�~BAp'_+.-�<>' �*?B%,�.-�0¦?B< �*~B/1H H.0G'n' �:A*<>)(�:<.Ap0G'�� �*~BA*�&MCN ;=<>��?B< '*~B���l0��*�L$E0G'E���:<>H.0G'
)P~B��+.-����l0�/.�*?B%,Ap0G'a+>?BAL+.-�? ':�l?1��%()�Ap~B¨ ~B/1H.0G' H.���l~B/c�:Ap0�/c�L;=<>0[-�?�©*Ap?BFG<.Ap0#�,�*?B%,��-�0[+.Ap0G'*':%(~B/ � �C����~BA*A!� H.0
':�:A*<>)(�:<.Ap0G'�H.0nH=%
���*��Ap0�/c�*'�MCN /10_+.Ap�G'*0�/c�*0_+>?r'�H.��0����*0��*'.$aNJ¢���-�?r©�%�':%(©*/c%
�:%()P? ��%
�*'*£7)P~B/c�:Ap?B%,Ap0R�l0�/c��� H.0G'
+.Ap0G'*':%(~B/1'kH.0l�:Ap?BF9?B%,-�+.-�<>'��*~BA*�*0G' � �C��~BA*AZ0������C����~BA*A!�,£ ~�� -�? FG%,�*0G'*'*0TH.0 ©*Ap?BFG<.Ap0 H.0l-�%(©*/10G'kH�0
+.Ap~��*~B/1H.0�<.A3%(H.0�/c�:%(;=<>0_0p':���*~BA*�*0��l0�/c�3H.��+>0�/1H.?B/c�*0_H.0�-�0�<.A3MCN�� �,��� �e4@?BA3-�? ':<.%,�*0G£p-�0_H.��F90�-�~B+.+>0��l0�/c�3H.0
'*~B<.Ap)P0G'�6>?B<.�*0�¨�H.0�/1':%,�*�G£�;e<.%��:Ap?BF9?B%,-�-�0�/.� �k+.-�<>'��*?B%��.-�0 +.Ap0G'*':%(~B/�£�?��*?B%,��-���~P�.��0��¦H.0 H.��F90�-�~B+c+>0��l0�/c�*'
%,/c�*0�/1':%
�*'C+>~B<.A�-�?¦©*Ap?BFG<.AG0�~�� 89H.0�':<.�.��%()(Ap~B/c%(;=<>0G�.��/ +>?BAp?B-�-�§�-�0G£7)P0�A��*?B%,/10G'�'*~B<.Ap)P0G'CNJ¢�� ��+.-�<>'��*~BA*�*0
H.0�/1':%,�*� )P~B���l0 -�0G' '*~B<.Ap)P0G' ����NJ¢�� � /1~B�*?B�n�l0�/c��)P0�-�-�0G' )P~ ���l0�AG)(%(? -�%('*�G0G' +>?BA �1��¡ � ~B/c� �R�*�
H.��F90�-�~B+.+>�G0p'L270�-�-�0G'3+>0�A*�l0��:�*0�/c�_H.��~B�.�*0�/c%,A�H.0G'3+.Ap~��:%,-�'�H.0n©*Ap?BFG<.Ap0n)P~B��+>? �:%,�.- 0G'�?BF90G)�-�0G'3�*0G)(6./1~B-�~r©*%(0G'
��£#� �=�l�G�>%(0�/k;=<>0&)P0G'�'5~P<.Ap)P0G'f+>~r'5'*§GH.0�/c��H.0p'fFG%,�*0G'5'*0G'3H.0&©*Ap?BFG<.Ap0��l~B%,/1'f%,��+>~BA*�*?B/c�*0G'�;=<>0�-�0G'3'*~B<.Ap)P0p'
6>?B<.�*0kH.0�/1':%,�*� � 0�/cFG%,Ap~B/ ��£ � �=� ����%,/ )P~B/c�:Ap0k� �p� ����%,/,�,£�0�-#-�0G'���FG%,�*0�/c��-�0V'�+.Ap~B�.-�§��l0G'�+.Ap~B+.Ap0G'�?B<��
'*~B<.Ap)P0G'.6>?B<.�*0@H.0�/1':%,�*�G£r)P~B���l07-�0G'>? A*A!"��*'>H.0@©�Ap?BFG<.AG0@H.?B/1'.-�0G'.�:Ap~B<>'>H.0@)P~B/c�*?r)(�)� �*~BA*��MCN +>?BA�0 ��0���+.-�0
� � ���#��� �7�#��+>� ���
�,£r0��.Ap0�+.Ap�p'*0�/c�*0�/c�>H.~B/1)C?r)(�:<>0�-�-�0��l0R/c�.-�0G'>'*~B<.Ap)P0G'.-�0G'c+.-�<>'1?rHc?B+.�*�G0G')�3-�?�©*Ap?BFG<.Ap0@~�� 89H.0
0�/���%,-�%(0�<�%,/1H=<>':�:A*%(0�-��

��������� 
 �����
& ��� ����� � ��� � ��� 
������ !"� � ���
	�	���� 
 ��� 	 � ����� �
¡�0G'>+.-�?r':�l?r'�H.0@�:8G+>0@NJ¢(�_£f;=<.%L+.Ap�G'*0�/c�*0�/c��H.0 �*?B%��.-�0G'>�*?B<&�XH.0 H=%('*'5~r)(%(?B�:%(~B/>£f©p��/1§�Ap0�/c��H.��?r'*'*0����*?B%,�.-�0p'
)P~B/1)P0�/c�:Ap? �:%(~B/1'�H.0 �:-�<>~BA¦?B�*~B��%(;=<>0G£3;=<.%�'*~B/c��?B%('*���l0�/c��)P~B/.�:A �B-�?B�.-�0G'�+>?BA�-���?rH=��~B/1)(�:%(~B/ H.� 6.89H=Ap~r©p§�/10
H.?B/1'�-�?k)(6.%,�n%(0 H.0 ©*AG?BFG<.Ap0 � ) �*�3'*0G)��:%(~B/ ���#���#���#�
�,�[��-�-�0G'�+.Ap�G'*0�/c�*0�/.��H.~B/1)�/1?B�:<.Ap0�-�-�0R�l0�/c��H.0 �>~B/c/10V'
'*��-�0G)(�:%,FG%,�*�G'1H.0�©*AG?BFG<.Ap0>FG%(':¨ �B¨ FG%('1H=<E�l?r'*;e<>0>Ap�G':%,/10�~B< H=<X':<.�1':�:Ap?B�1':%,-�%�)(%,<.�l�B¡�0>+>?r'*'*?r©p0 �C<./10�©*Ap?BFG<.Ap0
6>?B<.�*0�H.0�/1':%,�*�G£c'*� %,-���FG%,�*0�H.��?BF9~B%,AJ<./10�©p?B%,/10�)P~B-�-�%(':%�~B/c/10�-�-�0G£c?B<>©*�l0�/c�*0�)P0�+>0�/1H.?B/c�J)P~B/1':%(H.��Ap?B�.-�0��l0�/c� - 0
Ap?B+.+>~BA*��%(~B/1'���/10�<.�:Ap0G' � ?BF�0G)�H.0G'��*?B<&� H.0�H=%R'*'*~r)(%(?B�:%(~B/ +.Ap~r)(6>0G'�H.0 �������_£3)P~B���l0�H.�G)(A*%,� �:%(©*<.Ap0 �p¨ 	
+>�=�����
�,��¡�0G'L)P~B/1'*�p;=<>0�/1)P0G'L'*~B/c�L2

- 
<./103?B<>©*�l0�/c�*? �:%(~B/�H.0[-�?1+.Ap~B+>~BA*�:%(~B/�H.0��:-�<>~BAC?B�*~B�n%(;=<>03H.?B/1'a-�?1+.6>?r'*03©p?!�P0�<1'*0

- 
<./10�H=%,��%,/c<.�:%(~B/�H.0�-�?��*0R/1H.?B/1)P0��E-�?�+>~B-�8G�l��A*%('*? ��%(~B/�':<.A�':%,-�%()(%,<.� H=< �*?B%���H.0�-�?E+.-�<>' �*?B%,�.-�0
+.Ap0G'*':%(~B/ � ~��l-�0G'�%(~B/1'���~P<10�/c��<./kA �B-�0�+.A*%,�l~BApH=%(? -JH.?B/1'�-�?�)(Ap~B%('*'*?B/1)P0EH=< �:%�-#� �:-�<>~BAp~r)P? A*�>~B/1�G£
)P~B���l0[/1~B<>'a-�0[F90�A*Ap~B/1' �����#���#���#�
�

- 
<./10��*~BA*�*0Z?B<>©��l0�/c�*? �:%(~B/wH.0k-�?DH.0�/1':%,�*�l%(~B/c%(;=<>0Z;=<.%n�*0�/1H /1? �:<.Ap0�-�-�0��l0�/.� �DH=%���%,/c<>0�A - ?
'*��-�0G)(�:%,FG%,�*�3�e%(� � �e�e%(�

¢�-�0�/ Ap�G':<.-��*0C<./10��*~BA*�*0�H=%,��%,/c<.�:%(~B/ H.0C-�?E'*��-�0G)(��%,FG%,����H.0�©*Ap?BFG<.Ap0��e%,¨ �e%(� � �e$E��?B<.�*?B/c�J;=<>0G£��&-�� %,/1':�*? A�H.0G'Ap�G?r)(�*0�<.Ap' NJ¢��_£e-�?E©*Ap?BFG<.Ap0�~�� 89H.0�H.?B/�' -�0G'@':89':�*§��l0G' ¥�$&4 /1�G)P0G'*':%,�*0�H.0p'J��/�0�Ap©*%(0G'JH.0C�1~B���>?BApH.0��l0�/c�
%(~B/c%(;=<>0&H.0�+.-�<>':%(0�<.Ap'3)P0�/c�*?B%,/10G'�H.��0 	&£90��f-���?B� <1':�*0��l0�/c��H.0�-�?@�*0�/1':%(~B/kH.0�+>~B-�?PA*%('*?B�:%(~B/kH=<l':<c�>':�:Ap?B�f/1��0G':�
+>?r'><./ +>?BAp?B�l§��:Ap0@<��:%,-�%('*? �.-�0@+>~B<.A�-���?B<>©*�l0�/c�*? �:%(~B/ H.0�)P0��:�*0�'*��-�0G)��:%,FG%��*�G�r��/��:%�/1£f0�/ +.-�<>'�H.0@-�?�©*Ap?BFG<.Ap0
H.0G'��:Ap?rH=%,�:%(~B/c/10�-�'7)P~B/.�*?r)���'7©*A*%,-�-�0��e'*~B<.Ap)P0��eH=Ap?B%,/ ���k����Ap0�+.Ap�G'*0�/c�*�G'
�:%�©*<.Ap0J�p¨ � �_©G?B<>)(6>0G£ -�� <.�:%�-�%('*?B�:%(~B/¦H.0
':�:A*<>)(�:<.Ap0G'�+.-�<>'&)P~B��+.-�0��c0G' ��©*Ap?BF90�Ap£[)P~B�n�l0�-�0G'�':�:A*<>)(�:<.Ap0G'&?B<.�*~B¨ ?B-�%�©*/1�G0G' � ��0�A&/c%,F90G?B<X�l�R�*?B- � � �:%�©*<.AG0
�p¨ ��£ � H=Ap~B%,�*0���0���H.?B�l?r'*)P§�/10 � ��§��l0n/c%,F90G?B<Z�l����?B- 0���':<.+>��A*%(0�<.Ap£@) �*���:%(©*<.AG0X�p¨ �Z+>�=�
�
�,£�~B�.-�%(©p0�/c��-�0
H.��F90�-�~B+.+>0��l0�/c�LH.0[+.Ap~r)P�GH.�G'a+.Ap�G'*0�/c�*?B/c�a<./10[+.-�<>' �5~BA*�*03'*��-�0G)(�:%,FG%��*�3H.03©*Ap?BFG<.Ap0V�
¡���?B�l��-�%(~BAp?B��%(~B/XH.0>-�?�'*��-�0G)(�:%,FG%��*��H.0�©*Ap?BFG<.Ap0�?�H.~B/1)J���*� �C/1~B<.F90G?B<E-�� <./10�H.0G'�+.A*%,/1)(%,+>?B-�0G'1H=%
���:%()(<.-#�*�G'1H.0
-�? ©*AG?BFG<.Ap0 ~�� 89H.0 +>~B<.A -�0G' ':89':�*§��l0G' ¥ $&4@£ ? F90G) -�� <.�:%,-#%('*?B�:%(~B/i/1�V)P0G'*'*?B%,Ap0 H.0 ©G?!� �*~BA*�*0R�l0�/.�
+>~B-�8G�l��A*%('*?B/c�*'a+>~B<.ALAp0��:Ap~ <.F90�ACH.0G'aF9?B-�0�<.Ap' H.03'*��-�0G)(�:%,FG%,�*�3':<&���:%('*?B/c�*0G'*�



��� ��� ��� � ������� �
� � ����� � � ��� 	�� ��� ����� 	�� 	��=��� ��� �D�	���

H1 H2

D D

TiSi2Grille
Zone active

SiO2Al

Grille

SiO2

SiO2

SiO2

Espaceur Couche d’arrêt 
Nitrure de Silicium

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0J�� �� ¨¨ ¨¨ �� ���¨¨ ¨¨=�1Ap~P<>' H.03)P~B/c�*?r)(�LH.?B/1'9<./ H=%(':+1~r':%,�:%
�L���k����)P~B/cF90�/c�:%(~B/�/10�- � ��©p?B<>)(610���1Ap~P<>' H.03)P~B/c�*?r)(�LH.?B/1'9<./ H=%(':+1~r':%,�:%
�L���k����)P~B/cF90�/c�:%(~B/�/10�- � ��©p?B<>)(610���1Ap~P<>' H.03)P~B/c�*?r)(�LH.?B/1'9<./ H=%(':+1~r':%,�:%
�L���k����)P~B/cF90�/c�:%(~B/�/10�- � ��©p?B<>)(610���1Ap~P<>' H.03)P~B/c�*?r)(�LH.?B/1'9<./ H=%(':+1~r':%,�:%
�L���k����)P~B/cF90�/c�:%(~B/�/10�- � ��©p?B<>)(610��
0��L©*Ap?BFG<.Ap0CH.� <./10C':�:A*<>)(�:<.AG0�$*?B<.�*~0��L©*Ap?BFG<.Ap0CH.� <./10C':�:A*<>)(�:<.AG0�$*?B<.�*~0��L©*Ap?BFG<.Ap0CH.� <./10C':�:A*<>)(�:<.AG0�$*?B<.�*~0��L©*Ap?BFG<.Ap0CH.� <./10C':�:A*<>)(�:<.AG0�$*?B<.�*~V¨¨ ¨¨ ?B-�%(©*/1�G0!%LH.?B/�'a<./�+.Ap0���%(0�ACH.�*+��B�L~�� 89H.0 � ��H=Ap~B%,�*0��,�?B-�%(©*/1�G0!%LH.?B/�'a<./�+.Ap0���%(0�ACH.�*+��B�L~�� 89H.0 � ��H=Ap~B%,�*0��,�?B-�%(©*/1�G0!%LH.?B/�'a<./�+.Ap0���%(0�ACH.�*+��B�L~�� 89H.0 � ��H=Ap~B%,�*0��,�?B-�%(©*/1�G0!%LH.?B/�'a<./�+.Ap0���%(0�ACH.�*+��B�L~�� 89H.0 � ��H=Ap~B%,�*0��,�

$E0�<&� +>?BAp?B�l§R�:Ap0G'�+>0�A��X0��:�*0�/c��H.��?B<>©*�l0�/c�*0RA�-�? '*��-�0G)(�:%,FG%��*�kH.0k©*AG?BFG<.Ap0kH.0�-���~�� 89H.0�+>?BA�Ap?B+.+>~BA���? <
':%,-�%()(%,<.� 2

- 
-���?B<>©*�l0�/c��?B�:%(~B/ H.0 -�����+>?B%('*'*0�<.A H=< +>~B-�8G�l§�Ap0�;e<.% '*0 �*~BA*�l0�':<.AD�e%(£��*~P<.� 0�/ H=%,��%,/c<>?B/c�
-�����+>?B%('*'*0�<.ACH.03)P0�-�<.%�;=<.% +1~B<.A*Ap?B%,�L'*0��*~BA*�l0�AC':<.AC�e%(� �

- 
0�� -���?B<>©*�l0�/.�*?B�:%(~B/ H=<�Ap?B+.+>~BA*�J0�/c�:Ap0C-�0G' �:-�<&�¦H.0CA=�G?r)(�*?B/.�*'J©*Ap?BF9?B/c� -�0��e%(� � 0��J)P0�<&�¦©*Ap?BF9?B/c� - 0':%,-�%()(%,<.�l�

¡�?l+.Ap0���%(§�Ap0 '*~B-�<.�:%(~B/D/���0G':� +>?r' FG%(?B�.-�0 H.� <./ +>~P%,/c� H.0�FG<>0 �*0G)(6./1~B-�~r©*%(;=<>0 ':%�0�-�-�0 0G':� +>~P<>'*'*�G0 �
-���0�� �:A!"R�l0G�V��/l0����*0R�*£V-�01+>~B-�8G�l§�Ap0�'*0�H.��+>~r'*?B/c��+>?BA*��~B<.��H.?B/1'�-�01Ap�G?r)(�*0�<.A&H.0�©�Ap?BFG<.Ap0G£V%,-9+>0�<.��?B+.+>?BAp?�"��:AG0
?B<�)P~B<.Ap' H=<��*0���+>'9<./10CH���A*%,F90CH.0G'9+.Ap~r)P�GH.�G' H.0C©*Ap? FG<.Ap0C0�� H.0G'9+>~B-�-�<.�:%(~B/1' H.0[-�?&)(6>? ���.Ap0G� �����7£��
� �B$E?B/1'
-�?E+.Ap?B�:%(;=<>0G£c-�0G'JAp�G?r)(�*0�<.AG'�H.0�©*Ap?BFG<.Ap0�¥�$&4 ~�� 89Hc0�+>~r'5'*§GH.0�/c��H.0G'@+>?BAp~B%(0G'�)(6>?B<&���*�G0G'*£10�/c�:Ap0����.� 0��
�������P��£=?��:%,/�H.0[-�%,��%,�*0�AL-�0G'[H.��+��B�*'L' <.AC)P0�-�-�0G':¨ )(% � ) �*� �:%�©*<.Ap03�p¨ �C+>� �7�&�,�
4@~B<.A <./ +.Ap~r)P�GH.�ZH.~B/c/��G£�%,- 0�� %(':�*0l+>?BA ? %,-�-�0�<.Ap'�+.-�<>':%(0�<.Ap'�+>~r'5':%,�.%,-�%,�*�G'�+>0�A*�l0����*?B/c�kH.��?B<>©*�l0�/c�*0RA
-�����+>?B%('*'*0�<.ACH=<�+1~B-�8G�l§�Ap0�H.��+>~r'*�C':<.AL-�03�e%�2

- 
-�?�H=%,��%,/c<.�:%(~B/�H.0[-�����/10�Ap©�%�03H.0G'a%(~B/1'L?BA*A*%,F9?B/c�L':<.AL-�03':<.�1':�:Ap?B�

- 
-�?k'*��-�0G)��:%(~B/ H.� <./T�l��-�?B/>©p0 H.0 ©p?!���:-�<>~BAp~r)P?BA*�>~B/1�G'�+.-�<>'�+>~B-�8G�l��A*%('*?B/c�*�f��/D0����*0��*£�)P~B�n�l0 - ?
FG%,�*0G'*'*0_H.0_H.��+��B�3H=<�+>~B-�8p�l§�Ap0_H.��+>0�/1H�H.0�-�?�/1? �:<.AG0_H.0G'[+.Ap�G)(<.Ap'*0�<.Ap'3� � I��5£9)(6>?r;=<>0_©p?!��?�<./10
)P?B+>?r)(%��*���1+>~B-�8G�l��A�%('*0�AJ':+>�G)(%
�:%(;=<>0CH.?B/1'9<./10C'*~B<.Ap)P0[+.-�?r':�l?�6>?B<.�*0CH.0�/1':%,�*�325-�0V'9+>?BAp?B�l§���Ap0G'9�*0�-�'
;=<>07-�07Ap?B+.+>~BA*�.IL-�<>~BA �e��?BA*�>~B/10 � I��e� �,£B-�0�'*0�<.%,-[H.0�H=%('*'*~r)(%(?B�:%(~B/ 0�/ ��/10�Ap©*%(0G£r0��.- ?�'*0G)(�:%(~B/ 0����:%()B?r)P0
H.0 H=%('*'5~r)(%(?B�:%(~B/wH.0l-�? �l~B-��G)(<.-�0l�l§RAp0l��~B<>0�/c��<./ A �B-�0l+.A*%,�l~BApH=%(?B-¦H.?B/>'�-�? )P?B+>?r)(%��*� H.0G'
+.Ap�G)(<.Ap'*0�<.Ap' �@+>~B-�8G�l��A*%('*0�Ap�GK&/10&H.���*0�A*��%,/1?B��%(~B/k0�� +>��A*%,�l0�/.�*?B-�0&':%,��+.-�0&H.0&)P0��:�*0�)P?B+>?r)(%��*�&H.� <./
©p?!� �1+>~B-�8G�l��A*%('*0�Ap£=H.?B/1'a<./103'*~B<.Ap)P0[¥�$&4kH.~B/c/1�G0G£e)P~B/1':%(':�*0[+.Ap?B�:%(;=<>0��l0�/c���>�l0G':<.Ap0�AL-�?1FG%,�*0G'*'*0
H.0@H.��+)�B�>':<.A��e% '*?B/1'>?B+c+c-�%(;=<>0�A�H.07+>~B-�?BA*%('*?B�:%(~B/ ?B< ':<.�1':�:Ap?B�*�BMC%,/1':%(£B+>?BA�0���0R��+.-�0G£r�R~B<.�>0�A*�>0��>?B-
�l~B/c�:Ap0G£C�*?B�.-�0G?B< ���#��£�;=<>0 ��¥�I � +>~B-�8G�l��A*%('*0 �X~B%,/1'X;=<>0 � � I � £�0��n-�<.%,¨ � "��l0¦�l~B%,/1'X;=<>0� � I �p� �,�
� �¡���?B��~B<.�LH.� ¥ � +>0�A*�l0��L?B<>'*':%�H.��?r)P)(Ap~�",�:Ap0f-�?1+>~B-�8G�l��A�%�'*?B�:%(~B/�H.?B/1'L)P0�A*�*?B%,/10G'L)P~B/>H=%,�:%(~B/1'*� �,��� �

¡�? �:%(©*<.Ap0��p¨ � ����� � �l~B/c�:Ap0��.%(0�/�-�� %,/��:-�<>0�/1)P0�H.0�)P0G'CHc0�<&� +>~r'5':%,�.%,-�%,�*�G'C?BF90G)�-�03+1?r'*'*?r©p0�H.� <./�Ap�G©*%,�l0�Hc0
H.��+��B����<./TAp�G©*%,�l0�H.0 ©�Ap?BFG<.Ap0 ��-�? �*~B%('�-�~BAp'*;=<>0 -�����/10�Ap©*%(0 H.0 �>~B���>?BApH.0R�l0�/c��H.0G'�%(~B/1' � -�%(�G0 ��- ?
+.<.%('*'*?B/1)P0¦H.0�+>~B-�?BA*%('*?B�:%(~B/ H=< ':<.�1':�:Ap?B� �@0���-�0�Ap?B+�+>~BA*�&I��e�|H.0�-�?��l~B-��G)(<.- 0��l§�Ap0¦?B<>©��l0�/c�*0�/.�*�L¡�?
)P?B+>?r)(%��*��H.� <./�©p?!���:-�<>~BAp~r)P?BA*�>~B/1���E+>~B-�8G�l��A*%('*0�A�?¦H.~B/1)_<./10�%,/��:-�<>0�/1)P0�H=%,Ap0G)(�*0�':<.A�'*~B/�?B+.�:%,�:<>H.0��
©*Ap?BF90�AC�e%(� � '*��-�0G)��:%,F90��l0�/.�a+>?BALAp?B+.+>~BA*�����e%(�



� ������� ������	��
��� ��� ��� � ����� � � ��� ����� 	������ �����	� �>�

¢�-e/10��*?B<.�L)P0�+>0�/1H.?B/c�a+>?r'7~B<.�.-�%(0�AC;=<>0L-�?�)P~B��+>~r':%,�:%(~B/�H.0C)P0[+>~B-�8G�l§�Ap0[��~B<>0C?P<>'*':%r<./�A �B-�0[%,��+>~BA*�*?B/c�L':<cA
-�?�©*AG?BFG<.Ap0@2 -�?�H.0�<&� %(§R�l0J'*~B-�<.�:%(~B/ )P~B/1':%(':�*0@H.~B/1)��_?rH.?B+.�*0�A>-�0 Ap?B+.+>~BA*��I��e� ? �:%,/ H.��~B�.�*0�/c%,A ��-�? �*~B%('.<./>0
�>~B/c/10�'*��-�0G)(�:%,FG%,�*�7FG%(')�3FG%('1H=< ':%,-�%()(%,<.� 0��.<./107FG%,�*0G'*'50@H.0@©*Ap?BFG<.Ap0@��-�0�F9�G0�H.0>-���~�� 89H.0G�B¢�-[0p':�>?B-�~BAp')�C+.A*%(~BA*%
%,/c�*��Ap0G'*'*?B/c�L;=<>032

- 
-�0�+>~B-�8G�l§�Ap0�H.��+>~r'*� �n-�?X':<.A �*?r)P0�H=<�':%,-�%()(%,<.��'*~B%,�J+>?B<.FGAp0�0�/ �:-�<>~BAp£�+.<.%('*;e<>0�-�0��:-�<>~BA�©*Ap?BF90
':+>~B/c�*?B/1���l0�/c��-�0Z':%,-�%�)(%,<.�l��K&/10k�>~B/c/10Z'*��-�0G)(�:%,FG%,�*�kFG%(' � FG%(' H=<w':%,-�%()(%,<.� /1�G)P0G'*':%,�*0ZH.~B/1)
-�� <.�:%,-�%('*?B�:%(~B/ H.0�)(6.%���%(0G'��:-#<>~BAp~r)P?BA*�>~B/1�G0G'L+>0�A*�l0��:�*? /c�CH.0�H.��+>~r'*0�AC<./�+>~B-�8G�l§�Ap03+.Ap�G'*0�/c�*?B/c�L<./
Ap?B+.+>~BA*�aI��e� -�0[+.-�<>' �*?B%,�.-�0[+>~r'*':%��.-�0G�

- 
-�? '*~B���l0nH.0G'3+.Ap�G)(<.Ap'*0�<cAp'3Ap�G?r©*%('*'*?B/c��?BF90G)��e%(� � '*~B%,�3-�? +.-�<>'3+.Ap~r)(6>0�+>~r'5':%��.-�0nH.0G'CAp?B+.+>~BA*�*'':�*~r�G)(6.%(~B�l���:A*%(;=<>0G'LH.0[-�?�'*~B���l03H.0G'aAp�G?r)(�:%(~B/1'LH.03©�Ap?BFG<.Ap03�e%(� �

�l��-�?B/1©p03©G?!�P0�<&� FG%,�*0G'*'*03H.03H.��+)�B�
� /c� ����%,/,�

�l?r©*/c%��:<>H.0[NJ¢��¦-�?r©
� MCN � �
�

MCN )P~B/c�*? )(�a+>~B<.AL-�0G;=<>0�-
-�?�©*Ap?BFG<.Ap03'*��?BA*A!"R�*0

��¥�I � ���7� ����� �
� � I � ����� ����� �����
� � I � ����� ����� ���#�

� � I �
�e�
���n¥ � ����� ¨ ��£#�
�*?B�.-�0G?B<�*?B�.-�0G?B<�*?B�.-�0G?B<�*?B�.-�0G?B<¦�� ��c�� ��,�� ���¨¨ ¨¨.��?B+>?r)(%,�*�#�1+1~B-�8G�l��A*%('*0�ACH.0CH=%
���*��Ap0�/c�*'a�l��-�?B/1©p0G'L©p?!�P0*<&���?B+>?r)(%,�*�#�1+1~B-�8G�l��A*%('*0�ACH.0CH=%
���*��Ap0�/c�*'a�l��-�?B/1©p0G'L©p?!�P0*<&���?B+>?r)(%,�*�#�1+1~B-�8G�l��A*%('*0�ACH.0CH=%
���*��Ap0�/c�*'a�l��-�?B/1©p0G'L©p?!�P0*<&���?B+>?r)(%,�*�#�1+1~B-�8G�l��A*%('*0�ACH.0CH=%
���*��Ap0�/c�*'a�l��-�?B/1©p0G'L©p?!�P0*<&�E2222
�l0G' <.Ap03H.0[-�?�FG%,�*0G'*'*0CH.0CH.��+)�B�L':<.AJ�e%�'*?B/�'L?B+.+.-�%R;=<>0�ACHc0[+>~B-�?BA*%('*?B�:%(~B/�?P<�' <.�1':�:Ap?B��l0G' <.Ap03H.0[-�?�FG%,�*0G'*'*0CH.0CH.��+)�B�L':<.AJ�e%�'*?B/�'L?B+.+.-�%R;=<>0�ACHc0[+>~B-�?BA*%('*?B�:%(~B/�?P<�' <.�1':�:Ap?B��l0G' <.Ap03H.0[-�?�FG%,�*0G'*'*0CH.0CH.��+)�B�L':<.AJ�e%�'*?B/�'L?B+.+.-�%R;=<>0�ACHc0[+>~B-�?BA*%('*?B�:%(~B/�?P<�' <.�1':�:Ap?B��l0G' <.Ap03H.0[-�?�FG%,�*0G'*'*0CH.0CH.��+)�B�L':<.AJ�e%�'*?B/�'L?B+.+.-�%R;=<>0�ACHc0[+>~B-�?BA*%('*?B�:%(~B/�?P<�' <.�1':�:Ap?B�
� ��~B/�H=%,�:%(~B/1'�~P+>��Ap?B�*~B%,Ap0G'�He<n+.-�? ':�l?� ��~B/�H=%,�:%(~B/1'�~P+>��Ap?B�*~B%,Ap0G'�He<n+.-�? ':�l?� ��~B/�H=%,�:%(~B/1'�~P+>��Ap?B�*~B%,Ap0G'�He<n+.-�? ':�l?� ��~B/�H=%,�:%(~B/1'�~P+>��Ap?B�*~B%,Ap0G'�He<n+.-�? ':�l?_2a'*~P<.Ap)P0>����N �.� ���2a'*~P<.Ap)P0>����N �.� ���2a'*~P<.Ap)P0>����N �.� ���2a'*~P<.Ap)P0>����N �.� ������¥��V£V4��¥��V£V4��¥��V£V4��¥��V£V4 �� �� �� �� �� ��c�.����.����.����.��� 	 £V4	 £V4	 £V4	 £V4 �� �� �� ��@����~BA*Ap£����~BA*Ap£����~BA*Ap£����~BA*Ap£
�>��>��>��>��'*)P)(� H.0��:-�<&� ©p?!�V0�<&� �,� �'*)P)(� H.0��:-�<&� ©p?!�V0�<&� �,� �'*)P)(� H.0��:-�<&� ©p?!�V0�<&� �,� �'*)P)(� H.0��:-�<&� ©p?!�V0�<&� �,� ��� �� �� �� � �� ��

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0J�� �� ¨¨ ¨¨��� �� ¨¨ ¨¨=� ���*0��LH=<�Ap?B+c+>~BA*�aI��e�¦H=<��l��-�?B/1©p03©p?!�P0�<&� 0�� H.0[-�?1+>~B-�?BA*%('*?B�:%(~B/ H=<�':<c�>':�:Ap?B�� ���*0��LH=<�Ap?B+c+>~BA*�aI��e�¦H=<��l��-�?B/1©p03©p?!�P0�<&� 0�� H.0[-�?1+>~B-�?BA*%('*?B�:%(~B/ H=<�':<c�>':�:Ap?B�� ���*0��LH=<�Ap?B+c+>~BA*�aI��e�¦H=<��l��-�?B/1©p03©p?!�P0�<&� 0�� H.0[-�?1+>~B-�?BA*%('*?B�:%(~B/ H=<�':<c�>':�:Ap?B�� ���*0��LH=<�Ap?B+c+>~BA*�aI��e�¦H=<��l��-�?B/1©p03©p?!�P0�<&� 0�� H.0[-�?1+>~B-�?BA*%('*?B�:%(~B/ H=<�':<c�>':�:Ap?B�
' <.AL-�?�©*Ap?BFG<.Ap03Hc03�e% +>?BAL-�0��:-�<1~BAp� �' <.AL-�?�©*Ap?BFG<.Ap03Hc03�e% +>?BAL-�0��:-�<1~BAp� �' <.AL-�?�©*Ap?BFG<.Ap03Hc03�e% +>?BAL-�0��:-�<1~BAp� �' <.AL-�?�©*Ap?BFG<.Ap03Hc03�e% +>?BAL-�0��:-�<1~BAp� ���.��.��.��.� �� ��



� � ��� ��� � ������� �
� � ����� � � ��� 	�� ��� ����� 	�� 	��=��� ��� �D�	���

¡�� %,/c�:Ap~rH=<>)(�:%(~B/ H.0 ':<.A �*?r)P0G' H.0 ':%,-�%()(%,<.� )(6>?B<&���*�V0G' ?B< '*~B���l0�� H.0�-�? )(6>?B���.Ap0�+.-�?r':�l? � $:�*~B%,� H=<
Ap�G?r)(�*0�<.A!%*£a) �*� ��%(©*<.Ap0��p¨ �&+1� �7�
�p+>0�A*�l0���?B<>'*':%7H.0 $:+>~P��+>0�A!%�-�0,�:-�<>~BA&?B�*~B��%(;=<>0�H=<n+.-�?r':�l?r£VAp0G':+>~B/�'*?B�.-�0
H.0�-�? ©*Ap?BFG<.Ap0_':%,-�%�)(%,<.� '*? /1'[+>~B<.A�?B<.�*?B/c�3H=%,��%,/c<>0�A�-�0G'[Ap?rH=%()P?B<&����I � ;=<.%c+>0�A*�l0����*0�/c�3H.0&©*Ap?BF90�A��e%(� � ��n~B<>' F90�A*Ap~B/1'*£ '*0G)(�:%(~B/ ���#���#���#��£ )P~B���l0�/c� - ? H=%,��%,/c<.�:%(~B/ H=< �:-�<>~BA ?B�*~B��%(;=<>0 ?B<>©��l0�/c�*0 -�?
+>~B-�8G�l��A*%('*?B�:%(~B/ � ~B-�%(©p~ �l��A�%('*?B�:%(~B/�0�/�+.6>?r'*03©p?!�P0�<>'*0��r0��a+>0�A*�l0R�LH.��?B� <>':�*0�AL-�0[Ap? +.+>~BA*�aI��e���
M�)(�:<>0�-�-�0R�l0�/c�*£G-�0G'[+.Ap~r)P�GH.�G'[¥�$&4l<.�:%,-#%('*0�/c�3)P~B<.Ap? �n�l0�/c�3H.0G'[�l��- ?B/1©p0G'#���>? '*0_H.0_� � I � £�H.~B/c/1?B/c�3H.0G'FG%,�*0G'*'*0G'�H.0�©*Ap?BFG<.Ap0�H.0�-���~BApH=Ap0�H.0����=� ����%,/1��$E0_+>?BA�'*?�/1?B�:<.Ap0_�:Ap§G'C+>~B-�8V�l��A*%('*?B/c�*0G£.<./10�'*��-�0G)��:%,FG%����
':<.+>��A*%(0�<.Ap0#� ����0G':�L~B�.�*0�/�<>0[+>?BAC)(Ap~B%('*'*?B/1)P03H.� <./�+1~B-�8G�l§�Ap03;=<>?B/1HJ-�?�':<.A �*?r)P0�H=<�':%,-�%()(%,<.� 0G':�L?B���*0�%,/c�*0G�

��������� � �
����
���	 	 �
	 #
�

��
����& � � � #
�����
& ��� ������� �

�����
� ����� � � � � ����� ����� 
��  !� � � � ����� � � ��� � ��� � � �
��� 
 � ���������=� � ��� 
 � ��� �����=� � � �
4@~B<.An?B�>~BApH.0�A�+.-�<>'�0�/ZHc���*?B%,-7-�0G'��l�G)P?B/c%(':�l0G'_H.0E©*Ap?BFG<.Ap0E;=<.%>%,/��:-�<>0�/1)P0�/c��+.-�<>'�+>?BA*�:%()(<.-�%(§�Ap0��l0�/.��-�?
'*��-�0G)(�:%,FG%,�*�G£P%,-L0G':��%,/.�*��Ap0G'*'*?B/c��H.01+.Ap�G'*0�/c�*0�A1-�0G'1)P~BA*Ap��- ?B�:%(~B/1' �J-���~BA�%(©*%,/10�H.01-�?J+�AG�G'*0�/1)P0�~B<n/1~B/lH=<XH.��+��B�
H.� <./ �:%,-�� �:-�<>~BAp~r)P? A*�>~B/1�G� ¢�-�'*��?r©*%,�JH.0�'*?BF9~B%,A�;=<>0�-�'@'*~B/c�7-�0G'7+.A*%,/1)(%,+>?B<&�E+�Ap�G)�<.Ap'*0�<.Ap' �_-���~BA*%(©*%,/10�H.0�)P0
H.��+��B�*£=0��L;=<>0�-�'L'*~B/c�a-�0G'a�k�G)P?B/c%(':�l0G'L;=<.% -�0G'a+.Ap~rH=<.%R'*0�/c�L~B<�%,/c6.%,�>0�/c�a-�0�<.AL+.Ap~rH=<>)(�:%(~B/1�
4@~B<.A1-�0G'c+.Ap�G)(<.Ap'*0�<.Ap'*£P<./n-�?BAp©p0@)P~B/1'*0�/1':<>'1'*0�H.�G©p?r©=0�':<.A1-�?C��Ap§G'��*~BA*�*0@)P~BA*Ap��-�? ��%(~B/X0�/c�:Ap0>- ?C+.Ap�G'*0�/1)P0�H.0
Ap?rH=%()P?B<&����I � £ 0��c+.-�<>'c+>?PA*�:%()(<.-�%(§RAp0��l0�/.�1��I � £ H.?B/1'�-�?C+.6>?r'*0�©p?!�P0�<1'*0�0��c-�0�Hc��+��B�1H.� <./�+>~B-�8G�l§�Ap0���+>?B%('
��-�?�':<.A �*?r)P0�H.� <./ ':<.�>':�:Ap?B�&�e%(� �,�
	�£ 	���£ 	���£ 	���£ 	���£ 	��7£ 	
��£ 	
� ����/ )P0�;=<.%@)P~B/1)P0�A*/10�-�?�+.Ap~rH=<>)(�:%(~B/ H.0E)V0p'
+.Ap�G)(<.Ap'*0�<.Ap'*£eH.0G' ���:<>H.0p'9+1?BA �:-�<>~BAp0G'*)P0�/1)P0L%,/1H=<.%,�*0[+>?BA -�?r'*0�A � ¡1¢�I��r0�� ':+>0G)(��Ap~B�X���:A*%(0CH.0L�X?r'*'*0L�l~B/c�:Ap0�/.�
;=<>0@':% H.0@©*Ap?B/1H.0G'1;=<>?B/c�:%,�*�G'>H.07Ap?rH=%()P?B<&�n��I � '*~B/c�c+.Ap~rH=<.%,�*0G'.+>?BA>-�?3Ap���:-�0�� %(~B/ H.� %(~B/1'1��I ��� /10�<.�:Ap?B-�%('*�G'
~B< H=%('*'5~r)(%(�G'�':<.A�-�?�':<.A �*? )P0 H.0�-����G)(6>?B/.�:%,-�-�~B/1£r-�0G'1AG�G?r)(�:%(~B/1'�)B?B�*?B-#8G�:%(;=<>0G'�H.0�H.0G':�:A*<>)(�:%(~B/TH.0G'1Ap?rH=%()P?B<&�
��I � ':<.Ak-�0G'��:-�?B/1)P'kH=< Ap�G?r)(�*0�<.AZ'*~B/c�k'*~B<.F90�/c��-�0l�l�G)P?B/c%(':�l0 H.~B��%,/1?B/.�lH.0 H.0G':�:A*<>)(�:%(~B/wH.0 )P0G'
Ap?rH=%()P?B<&��� � 	���£ 	���£ 	
	�£�������£#����� ����0G' ���:<>H.0p'E�l~B/c�:Ap0�/c� ?B<>'*':%�;=<>0 ;=<>?B/1HT-�? )P~B/1)P0�/c�:Ap? �:%(~B/ 0�/ �:-�<1~PA
?B�*~B��%(;=<>0 0G':� ©*AG?B/1H.0G£�-�0G' Ap?rH=%()P?B<&� '*~B/c� ��-�%,�n%,/1�V' +>?BA Ap0G)P~B���.%,/1?B%('*~B/1��M -�� %,/cF90�Ap'*0G£_;=<>?B/1H )P0��:�*0
)P~B/1)P0�/c�:Ap? �:%(~B/ 0G':� �*?B%,�.- 0 � )P~B���l0 +>~B<.A � � I � +>?BA 0���0���+.-�0��,£n-�����-�%,��%�/1?B�:%(~B/ H.0G' Ap?rH=%()P?B<&� +>?BAAp0G)P~B���.%,/1?B%('*~B/kH.0�FG%(0�/c�f+.-�<>' �*?B%,�.-�0G£G-�0G'�)P~B/1)P0�/c�:Ap?B�:%�~B/1'�H.0p'fAp?rH=%()P?B<&����I 0��3��I � ?B<>©*�l0�/c�*0�/c� � ':<.A*�*~B<.�+>~B<.A_��I � �.0��f-�01/1~B���.Ap0�H.0�Ap�G?r)(��%(~B/1'�H.��~B-�%(©p~B�l��A*%('�?B�:%(~B/k?B<>©��l0�/c�*0�/.�*£G%,/1H=<.%�'*?B/c�f-�? �*~BA*�l? �:%(~B/kH.0�©*Ap~ '+>~B-�8G�l§�Ap0G'1� � I�� � � 
 	
�9;=<.%L'*~B/c�c-�0G'c+.A*%,/1)(%,+>?B<&�_+.Ap�G)�<.Ap'*0�<.Ap',�C-���~BA*%(©*%,/10�H=< H.��+��B�1':<.A1-�?C��Ap?B/1)(6>0G�BMC%,/1':%(£
��I � +>?BA*�:%()�%,+>0J�l~B%,/1' �_-�? �*~BA*�l?B��%(~B/ H=< H.��+��B�7+>~B-,8G�l§�Ap0J+.Ap~B+.Ap0��l0�/.�@H=%,�@;p<>���_-�?��*~BA*�l? �:%(~B/ H.0�©*Ap~r'
+>~B-�8G�l§�Ap0G'>� � I��1H.?B/1'.-�0L+.-�?r':�l?r£r~���%,-[0G':��<./10@0G':+>§G)P0�¨ )(-�0��*�B¢�-f?����*� F9��A*%
��%(�@0�/¦~B<.�:Ap0@;=<>07-�0 �*0���+>'>H.07FG%�0
H=<�Ap?rH=%()P?B-[��I � H.0�FG%(0�/c�>0 � �:A!"R�l0��l0�/.�.-�~B/1©�H.?B/1'.-�0V'.+.-�?r':�l?r'.�:Ap§G'.+>~B-�8G�l��A*%('�?B/c�*'*£r)P0@;=<.%a%,��+.-�%(;=<>0@;=<70'*?�+.Ap~B�>?B�.%,-�%,�*��H.0@Ap�G?r)(�:%(~ / ':<.A�-�0G')�:-�?B/1)P'�H=<¦Ap�G?r)(�*0�<.A 0���':<.A�-�?�':<.A �*?r)P0�H.0@-����G)(6>?B/c�:%,-�-�~B/ H.0�FG%(0�/c�7�:Ap§G'
�*?B%,�.-�0G����0�-�? )P~B/��*~BA*�*0�-�� %(H��G0_;=<>0_��I � /10�'*� %,/1)P~BA*+>~PAp0�+>?r'3H=%,Ap0G)(�*0��l0�/c�3?B<��:%�-#� H.��+>~r'*��':<.A3-�0_' <.�>':�:Ap?B�*£�l?B%('a+>?BA*�:%�)(%,+>0#�1-�?�)(Ap�G? �:%�~B/�H.0[+>~B-�8G�l§�Ap0G'L0�/�+.6>?r'503©p?!�P0�<>'*0G� ��������£#������£#����� �
4@?BA&?B%,-�-�0�<.Ap'*£V-�~BAp'*;=<>01-�0G'f%(~B/1'�H.0,�*?B%,�.-�0G'���/10�Ap©*%(0G'�'5~B/c��Ap0��*~B<.-��G'*£V+>?BA_H.0G'�©*A*%,-�-�0G'�)(6>?BAp©p�G0G'�+>~ ':%,�:%,F90��l0�/c�
~B<k+>?BA�H.0G'�?BA*Ap?B/1©p0��l0�/.��'�H.��?B%,�l?B/c�*'3+>?BA�0���0���+.- 0 � ?��:%,/ H.0_/10_-�?B%('*'*0�A�;=<>0�-�0G'3/10�<.�:Ap0G'�?B�:�*0�%,/1H=Ap0_-�0
':<.�1':�:Ap?B� �,£r-�?�FG%,�*0G'*'*0�H.0�Hc��+��B��0G':�>Ap?B-�0�/c�:%(0G£rF9~B%,Ap0�':��~B+.+>�G0G� �����
��£#���
��£#����� �.��0G)(%L�l~B/c�:Ap0�;p<>0�':%L-�0G'>%(~P/�'
�*~BA*�*0��l0�/.����/10�Ap©p�R�:%(;=<>0G'@+>0�A*�l0����*0�/c��H.����FG%,�*0�A�-�0�H.��+>~B��H.0�+>~B-�8G�l§�Ap0G'�� � I��5£�-�0G'@%(~B/1'�H.0�+.-�<>' �*?B%,�.-�0p'
��/10�Ap©*%(0G'a��~B<>0�/c�a<./�A �B-�030G'5'*0�/c�:%(0�-cH.?B/1'a-�?�)(Ap�G? �:%(~B/�H.03)P03H.��+��B�*�
��/��:%,/1£B-�07�:8G+>0@H.07�l?B�*�RA*%(? <¦0��.-�?3�*0���+>��Ap? �:<.Ap0@H.0G'.+1?BAp~B%('>H=<�Ap�G?r)(�*0�<.A>��~B<>0�/c�1H.0G'.A �B-�0G'.�:Ap§G'.%,��+>~BA*�*?B/c�*'
':<.A3-�? )P~B/1)P0�/c�:Ap?B�:%(~B/ H.0�Ap?rH=%()P?B<&����I � H.?B/1'[-�03+.-�?r':�l? � -�? )P~B/1)P0�/c�:Ap? �:%(~B/ 0�/ ��I � +>0�<.�3?B<>©*�l0�/c�*0�A�H.0H.0�<&�n~BApH=Ap0G'>H.0@©*Ap?B/1H.0�<.A�?BF90G)CH.0G'.+>?BAp~B%(0G'>)(6>?B<&���*�G0G')�3+.-�<>'>H.0@�.�����P�n+>?BA>A=?B+.+>~BA*�)�3<./EAp�G?r)��*0�<.A �3-�?
�*0���+>��Ap? �:<.Ap03?B���.%(?B/.�*0�� 0R�LH.~B/1)�':<.AL-�?�©*Ap?BFG<.Ap0 � H=%,��%,/c<.�:%(~B/�H.03)P0����*0[FG%,�*0G'*'*0��,� �,������£#���
	 �



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

�k�G)P?B/c%R':�l0G'LH.0C©*Ap?BFG<.Ap03?B<&��%,/c�*0�A �*?r)P0G'a+.-�? ':�l?��e�e%(��k�G)P?B/c%R':�l0G'LH.0C©*Ap?BFG<.Ap03?B<&��%,/c�*0�A �*?r)P0G'a+.-�? ':�l?��e�e%(��k�G)P?B/c%R':�l0G'LH.0C©*Ap?BFG<.Ap03?B<&��%,/c�*0�A �*?r)P0G'a+.-�? ':�l?��e�e%(��k�G)P?B/c%R':�l0G'LH.0C©*Ap?BFG<.Ap03?B<&��%,/c�*0�A �*?r)P0G'a+.-�? ':�l?��e�e%(� �� ��
¡�0G'�Ap�G?r)(�:%(~B/1'�H.0X©*Ap?BFG<.AG0XH.��+>0�/1H.0�/c��H.0n-�? +.Ap�G'*0�/1)P0XH.� <./ H.��+��B�.�:-�<>~BAp~r)P?BA*�>~B/1� � -�? ':<.A �*?r)P0XH.0
-���~�� 89H.0G£ )P~B���l0>%�-L'*0�Ap?CFV< ?B< '*0G)(�:%(~B/X���#���#���#���PMC%,/1':%(£ 0�/n-���?B�>'*0�/1)P0�H.0�H.��+��B�*£a)P~B���l0�H.?B/1'c-�0@)P?r'1H.0>-�?
©*Ap?BFG<.Ap07NJ¢��_£B-�?�':<.A �*?r)P0@�e%(� � 0G':�>)P~B/c�:%,/c<>0�-�-�0��l0�/.�7H=%(':+>~B/c%,�.-�0>+>~B<.A)�*~BA*�l0�A�H.0G'>0G' +>§G)P0G'.F9~B-�?B�:%,-�0G'.�*0�-�-�0G';=<>0|�e%,I � £¦�e%,I �p£¦�e%(�>I � £¦����£¦��� � ~B< ���>I � £ ;=<.%(£��*?B%,�.-�0��l0�/c�k-�%(�G0G' � -�? ':<.A �*?r)P0G£ H.�G'*~BA*�>0�/c�
�*?r)(%,-�0R�l0�/c�*� ������� �
$E?B/1'�-���?B<.�:Ap0�)P?r'*£a0�/n+.Ap�G'�0�/1)P0�H.� <./�+>~B-�8G�l§�Ap0 �C-�?�':<.A �*?r)P0�H.0��e%(� � £ )P0�-�<.%,¨ )(%L0G':� �*~BA*�l�>+>?BA1-����G;=<.%,-�%,�.Ap00�/c�:Ap0�H.��+��B� ��+>?BA��:%,AEH=< �:-�<&�kH.0�Ap?rH=%()P?B<&�k� � I �_0���©*Ap?BFG<.Ap0�+>?BA&�>~B���>?BApH.0R�l0�/c��%(~B/c%(;=<>0�;=<.%7�*0�/1H �
��Ap~rH.0�AE0�� ��-�%,�>��Ap0�A�-�0G'&0G':+>§G)P0G'�Ap�G?r)��:%,F90G'&H.?B/1'�-�?�+.6>?r'*0�©p?!�P0�<>'*0G�aMC<TH.��+>?BA*�*£a-�0G'1Ap?rH=%()P?B<&�k� � I��_;=<.%
+>?BA*FG%(0�/c/10�/c� �X'*0��:%
��0�A�' <.A�-�0G'�':%,�*0G'�Ap�G?r)(�:%
�*'�)(Ap�G�V'@+>?BA�-�0��>~B���>?BApH.0��l0�/c�@%(~B/c%(;=<>0 �n-�?l':<.A �*?r)P0�H.0
-���~�� 89H.0G£ F9~B/c�7'*��?rH.'*~BA*�>0�A�0��
�*~BA*�l0RA7<./¦H.��+��B�7?BF90G)[- 0G'�/1~B<.F90G?B<&�&Ap?rH=%()P?B<&�&%,/>)(%(H.0�/c�*'*� �c~B<.��%('���<./��:-�<&�
)P~B/1':�*?B/c��H.� %(~B/1'���/10�Ap©p���:%(;=<>0G'*£r%,-30p':��)P~B<.Ap?B���l0�/c�7+.Ap~B+>~ '*��;=<>0�-�0@�:Ap?B/1'��*0�A*��H.0 �:-�<>~BA�F90�Ap'1-���~�� 89H.0 Hc0
':%,-�%()(%,<.�i'*��0����*0G)��:<>0 0�/1':<.%,��0 ��+>?BA*�:%�A�H.0G'1Ap?rH=%()P?B<&�X��I � +.Ap�G'*0�/c�*'�H.?B/1'1-�0 �:%,-��iH.��+>~r'*��+>?BA�-�?�Ap�G?r)(��%(~B/

2 'x z y ySiO CF SiO F CF+ +�
� � 
P8*�,����0 �l~rH.§�-�0G£3Ap0�+.A=�G'*0�/c�*� �:%(©*<.Ap0 �p¨ �D?r£3+.A=�GH=%,�¦H.~B/1)�-���0�� %(':�*0�/1)P0

H.� <./10�)P~B<>)(6>0��e%(� � I�� �C-�� %,/c�*0�A �*? )P0�0�/c�:Ap07-���~�� 89H.0�0��.-�0>+>~B-�8G�l§�Ap0G� ��0��:�*0@)P~B<>)(6>0�?����*�>��%('*0�0�/X��FG%(H.0�/1)P0
+>?BA@?B/1?B-�89'*0 ��4@��0R�7'*~B/¦�R+>?B%('*'*0�<.A7�l~B890�/c/10J0G':�7��Fa?B-�<>�G0 �_0�/cFG%,Ap~B/¦��� ��� �,������£#����� �B¡���~�� 89©p§�/10 +.Ap�G'*0�/��
H.?B/1'7-���~�� 89H.0�0G':�@;=<>?B/c� ��-�<.%3��-�%,��%,/1��H.0J-�?n':<.A �*?r)B0J+>?BA�H.0G'7Ap�G?r)(�:%(~B/1'@?BF90G)3-�0�)P?BA*�>~B/10�H.0G'7Ap?rH=%()P?B<&�
��I � � �,����� �a��/��:%,/1£r-�0G'>%(~B/1'�H=< +.-�?r':�l?�~B/c�><./ A �B-�0�H=%,Ap0V)(��':<.A�-�?n)P~B��+>~r':%,�:%(~B/ )(6.%���%(;=<>0�H=<¦+>~B-�8G�l§�Ap0
H.��+>~r'*� �J-�?�':<.A �*?r)P0�H.01-���~�� 89H.0G�V��/l0����*0��*£V-�0>�*?B<&��H.0,�:-�<>~BA&H.?B/1'�-�01+>~B-�8G�l§�Ap0�0G':� �*~BA*�*0��l0�/.��H.��+>0�/1H.?B/c�
H.0J-�����/10�Ap©*%(0�H=< �>~B���>?BAGH.0��l0�/c�7%(~B/c%(;=<>0G£�0��J)P0R�:�*0���/10�Ap©*%(0�0G':�@��-�0�F9�G0G£e�l~B%,/>'7-�0J+>~B-�8G�l§�Ap0�)P~B/c�:%(0�/.�@H�0
�:-�<>~BAp� �,�����7£#���
��£#���
� �
$E?B/1'[-�0G'3H.0*<&��)P?r'*£p-�? ©*Ap?BFG<.Ap0_0G':���*~BA*�*0��l0�/c�3?r'*':%(':�*�G0�+>?BA3-�0��1~B���>?BApH.0��l0�/c�f%(~B/c%(;=<>0G£p/1�G)P0G'5'*?B%,Ap0���-�?
A*<.+.�:<.Ap0CH.0G'9-�%(?B%('*~B/1' )P~BF9?B-�0�/c�*0G' �e%,¨ ����¡�0G'9-�%(?B%('*~B/1'9+>0�/1H.?B/c�*0G' )(Ap�G�G0G' H.?B/1'9-���~�� 89H.0C'*~B/c� ?B-�~BAp' ?B<.�*?B/.� H�0
':%,�*0G'aAp�G?r)(�:%(~B/c/10�-�'L;=<>0[-�0G'aAp?rH=%()P?B<&� ��I � F9~B/c�L)P~B/cF90RA*�:%,AC0�/�©*Ap~B<.+>0��l0�/c�L�e%,I � �

SiF4, SiF2
CO, CO 2, 

COF2

+

Silicium

SiO 2

SiO j Fk

CxFy

F
F

FFC

F

C

+

Si
F F

O

C

+

F

F

FC

C

C

C

C

SiSi SiSi

FCF

Si cristal

Si amorphisé
(couche 3)

SiFy (Couche 2)

Polymère fluorocarboné (F, C)
(Couche 1)Epaisseur limite

sondée par XPS
(∼100Å)

Ions Radicaux CFx

SiF4

a) b)

SiF4, SiF2
CO, CO 2, 

COF2

+

Silicium

SiO 2

SiO j Fk

CxFy

F
F

FFC

F

C

+

Si
F F

O

C

+

F

F

FC

C

C

C

C

SiSi SiSi

FCF

Si cristal

Si amorphisé
(couche 3)

SiFy (Couche 2)

Polymère fluorocarboné (F, C)
(Couche 1)Epaisseur limite

sondée par XPS
(∼100Å)

Ions Radicaux CFx

SiF4

a) b)

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0J�� �� ¨¨ ¨¨ �� ���¨¨¨¨=�l�G)P?B/c%(':�l03H.03©*Ap?BFG<.Ap0C0�/�+.-�?r':�l?,�:-�<1~BAp~r)P?BA*�1~B/1�#�1-�?�' <.A �*?r)P032�l�G)P?B/c%(':�l03H.03©*Ap?BFG<.Ap0C0�/�+.-�?r':�l?,�:-�<1~BAp~r)P?BA*�1~B/1�#�1-�?�' <.A �*?r)P032�l�G)P?B/c%(':�l03H.03©*Ap?BFG<.Ap0C0�/�+.-�?r':�l?,�:-�<1~BAp~r)P?BA*�1~B/1�#�1-�?�' <.A �*?r)P032�l�G)P?B/c%(':�l03H.03©*Ap?BFG<.Ap0C0�/�+.-�?r':�l?,�:-�<1~BAp~r)P?BA*�1~B/1�#�1-�?�' <.A �*?r)P032
? �rH.0[-���~�� 8�H.03H.0C':%,-�%()(%,<.�l£7�)� He<�':%,-�%()(%,<.�l�? �rH.0[-���~�� 8�H.03H.0C':%,-�%()(%,<.�l£7�)� He<�':%,-�%()(%,<.�l�? �rH.0[-���~�� 8�H.03H.0C':%,-�%()(%,<.�l£7�)� He<�':%,-�%()(%,<.�l�? �rH.0[-���~�� 8�H.03H.0C':%,-�%()(%,<.�l£7�)� He<�':%,-�%()(%,<.�l�



� � ��� ��� � ������� �
� � ����� � � ��� 	�� ��� ����� 	�� 	��=��� ��� �D�	���

�k�G)P?B/c%R':�l0G'LH.0C©*Ap?BFG<.Ap03?B<&��%,/c�*0�A �*?r)P0G'a+.-�? ':�l?��e�e%�k�G)P?B/c%R':�l0G'LH.0C©*Ap?BFG<.Ap03?B<&��%,/c�*0�A �*?r)P0G'a+.-�? ':�l?��e�e%�k�G)P?B/c%R':�l0G'LH.0C©*Ap?BFG<.Ap03?B<&��%,/c�*0�A �*?r)P0G'a+.-�? ':�l?��e�e%�k�G)P?B/c%R':�l0G'LH.0C©*Ap?BFG<.Ap03?B<&��%,/c�*0�A �*?r)P0G'a+.-�? ':�l?��e�e%
¡�~BAp'*;=<>0J-�?E©*Ap?BFG<.Ap0�~�� 89Hc0�H.?B/1' -�0G'7�:Ap~B<>'@H.0�)P~B/c�5?r)(�J~B< H.?B/1' -�0G'7�:Ap?B/1)(6>�G0V'J0G':� �*0�A*��%,/1�G0G£e-�0C+.-�?r':�l?
H.���>~B<>)(6>0�':<.A>-�0@':<c�>':�:Ap?B�>':%,-�%()(%,<.� � )P0G'.�l�V)P?B/c%(':�l0G'7'*��?B+.+.-�%(;=<>0�/c�>?B<>'*':%L?B<&�n)V~B<>)(6>0G'.�>?BA*A*%(§�Ap0G'>�e%,� ~B<
�e% � � � +>?BA 0���0R��+.-�0��,�rM|)B0@�l~B�l0�/c�*£ -�?�'*~B<.Ap)P0�H.��~�� 89©p§�/10@+.Ap~BF90�/1?B/c�@H.0@-�?n©*Ap?BFG<.Ap0�H.0��e%(� � /1��0�� %('��*0+.-�<>'*�JK&/ +>~B-�8G�l§�Ap0 '*0 �5~BA*�l0 H.~B/1) +.<.%('*;e<>0 -�0T)P?BA*�>~B/10G£J%('*':< H.0G'�+.Ap�G)(<.Ap'*0�<.Ap'X��I��B£J/1��0p':�n+.-�<>'
)P~B/1'*~B���l�>FG%(?C-�?#�*~BA*�l? �:%�~B/XH.0>+.Ap~rH=<.%,�*'cF9~B-�?B�:%,-�'c�*0�-�'1;=<>0���� ~B< ��� � �PM -�� %,/>':�*?BA�H.0>-�?�©�Ap?BFG<.Ap0�~�� 89H.0G£-�0G'.%,/c�*0�Ap? )(��%(~B/1'>0�/c�:Ap0 -�?_)B~B<>)(6>0@H.07+>~B-�8G�l§�Ap0���-�<>~BAp~r)P?BA*�>~B/1�@0��.-�0J':<.�>':�:Ap?B�>':%�-�%()(%,<.� +>0�<.F90�/c�>'*0@H.�G)(A*%�Ap0
+>?BA�<./�':89':�*§��l0�0�/ +.-�<>':%(0�<.Ap'�)P~B<>)(6>0G'JAp0�+.Ap�G'*0�/c�*���:%(©*<.Ap0��p¨ ��� � �:%,/�H.0�-�?¦©*Ap?BFG<.Ap0�~�� 89H.0��,� ������� �f��/
Ap�G©*%,�l0 ':��?B�:%(~B/c/1?B%�Ap0G£ H.0G'k���:<>H.0G' ��4�� ~B/c���l~B/c�:Ap� ;=<>� <./10 )P~B<>)(6>0 � )P~B<>)(6>0l/��[��£ �:%(©*<.Ap0 �p¨ �Z�,�
H.���G)(6>?B/1©p0�H.0��:8G+>0��e%,I�� � 0�/cFG%,Ap~B/ ��� ����'*0.�*~BA*�l0�0�/c�:Ap0�<./ �:%,-#� �:-�<>~BAp~r)P? A��>~B/1� � )P~B<>)(6>0�/��[�
��0��C-�?
':<.A �*?r)P0 ?B�l~BA*+.6.%('*�G0 H=< ':%,-�%()(%,<.� � )P~B<>)(6>0E/��[�
�,� �,������£����
	�£#����� �>¡�0EA �B-�0 H.0E-�?�+�Ap0���%(§RAG0 )P~B<>)(6>0 0G' �
%,��+>~BA*�*?B/.�C+.<.%('*;=<>0�)P��0G':��0�-�-�0�;=<.%�F9?�Ap�G©�-�0�A�- ?�FG%,��0G'*'*0�H.0�©*Ap?BFG<.Ap0�H=< ':%,-�%()(%,<.� 0���H.~B/1)&-�? '*��-�0G)(�:%,FG%��*�
�e%(� � �e�e%(��47-�<>'�)P0��:�*0E)P~B<>)(6>0n0G':�3A*%()(6>0n0�/ �:-�<>~BA � Ap? +.+>~BA*�3I��e� ��-�0�F9���,£�+.-�<>'3-�? ©*Ap?BFG<.Ap0nH=<Z':%,-�%()(%,<.��Hp<':<.�1':�:Ap?B�&0G':�1%,��+>~BA��*?B/c�*0G£[)P?BA&- ?�)P~B<>)(6>0�H.0�+>?r'*':%,F9?B�:%(~B/l+.Ap~B�*�G©p0G?B/.��-�0 ':%,-�%()(%,<�� ?r©*%��&?B<>'*':%@)P~B�n�l0�<�/
$:Ap�G'*0�A*F9~B%,A!% H.0��:-�<>~BAJH.~B/c�a-�?�-�%,�>��Ap? �:%(~B/ 0R�9-�?�H=%
���:<>':%(~B/ F90�Ap'9-�� %,/c�*0RA �*?r)P03�e%f? �l~BA�+.6>0 � 0�/c�:Ap0L-�?�)P~B<>)(6>0L/��[�
0��a/��[�
� ?B<>©*�l0�/c�*03?BF90G)�-�����/10�Ap©*%(03H.0[�>~B���>?BApH.0��l0�/c�a%(~B/c%(;=<>0G� �,������£������ �
��/kAp�G':<.�l�G£9+>~B<.An©*Ap?BF90�A�-�0E':%,-�%()(%,<.� H=< ' <.�1':�:Ap?B�*£a-�0G'_?B�*~B�l0G'_H.0��:-�<>~BAnHc~B%,F90�/c�_H=%
���:<>'*0�A����:Ap?BF90�Ap'�-�?
)P~B<>)(6>03H.0[+>~B-�8G�l§�Ap032

• 
+.-�<>'L)P0��:�*03)P~B<>)(6>030G':�aA*%�)(6>030�/ �:-�<>~BAp£5+.-�<>'a-�?�©*Ap?BFG<.Ap03H=<�':%,-�%()(%,<.� H=<�':<c�>':�:Ap?B�[0G':�aAp?B+.%(H.0

• 
+.-�<>'a-�?�)P~B<>)(6>030G':�L��+>?B%('*'*0p£5�l~B%,/1'a-�?�©*Ap?BFG<.Ap03H=<�':%,-�%()(%,<.� 0G':�aAp?B+.%(H.0

�>%(0�/Z0�/c�*0�/1H=<>£9-�����+>?B%('*'*0�<cAnH.0E)P0��:�*0�)P~B<>)(6>0EH.��+>0�/1HlH.0&-�?�)(6.%,��%(0EH.0E©*Ap?BFG<.Ap0&<.�:%,-�%('*�G0E?B%,/1':%�;=<>0EH.0G'
)P~B/1H=%,�:%(~B/1'f+.-�?r':�l?r£9)P~ �n�l0�/1~B<>'f-���?BF9~B/1'�H.�����@FG<>£�0��f<./10��>~B/c/10&'*��-�0G)��:%,FG%,�*��H.0&©*Ap?BFG<.Ap0&�e%(� � �e�e%.+>?r'*'*0+>?BAL<./103)P~B<>)(6>03�C-�?1+.-�<>' ��+>?B%('*'*030��a-�?1�l~B%,/1'aA*%()(6>0�0�/ �:-�<>~BAL+>~r'*':%,�.-�0G�

�����
� ��� � � ��� � ������� � �� !������� 
��  �� � � � ��� ���	
 � ��� ��� � � � � ��
���� � ��� �
¡�0�)P~B/c�:A �B-�03%,/1H.��+>0�/1H.?B/c�3H.03-�����/10�Ap©*%(0�H.0G'L%(~B/1'C0��3H.03-�?�+.<.%('*'*?B/1)P03%,/c��0G)(�*�G0_H.?B/1'L-�?�'*~B<.Ap)P0�?�+>0�A*��%('*£
H.?B/1'.-�0G'>':89':�*§��l0G'.¥�$&4@£ H.07�l0��:��Ap0@0�/ ��FG%(H.0�/1)P0 ��AG~B%('.Ap�G©*%,�l0G'>H.0@©�Ap?BFG<.Ap0@H=% ���*��Ap0�/c�*'*£BAp0�+.Ap�G'*0�/.�*���:%�©*<.AG0
�p¨���£=0�/ �*~B/1)(�:%(~B/�H.0[-�?1�*0�/1':%(~B/�H.0[+>~B-�?BA*%('*?B�:%(~B/ 	�

�L?B+.+.-�%(;=<>�G03?B<�':<c�>':�:Ap?B�L2
���X-�0�Ap�G©*%,�l0&H.0&H.��+��B� � 	�

� %,/��*��A*%(0�<.Ap0&?B<l'*0�<.%,-7H.0&©*Ap?BFG<.Ap0�%(~B/c%(;=<>0�Ap�G?r)(�:%,F90 	�� �(� 2&-�?@FG%,�*0G'*'*0&H.0
H.��+��B��H=< +1~B-�8G�l§�Ap0 0G':��':<.+>��A*%(0�<.Ap0 ��'*?�FG%,�*0G'*'*0 Hc0 ©*Ap?BFG<.Ap0G� ¡�����/10�Ap©*%(0 H=< �>~B���>?BApH.0��l0�/.�
%(~B/c%(;=<>0@0G':�.%,/1':<&���:%('*?B/c�*07+1~B<.A�0���+)"G)(6>0�A>-�?�)(Ap~B%('*'*?B/1)P0@H.� <./��:%,-����:-�<>~BAp~r)P?BA*�>~B/1�@��+>?B%('*�B¢�- /1� 8
?�?B-�~BAp'L+>?r'JH.0�©*Ap?BFG<.Ap03+1~r'*':%,�.-�0�H.03-���~�� 89H.0G£c)P?BAC<./10#�:Ap?r)(�:%(~B/���Ap~B+�%,��+>~BA*�*? /c�*0�H.03-�����/10�Ap©*%(0
H.0G'@%(~B/�'�0G':� H=%('*':%,+>�G0�H.?P/1'@-�0��:%,-�� +>0�/1H.?B/c�@-�0�<.A��:Ap?BF90�Ap'*�G0�H.0�)P0�H.0�A*/c%(0�Ap£�0��@-�0G'@%(~B/1'�/10
+>0�<.F90�/c�>+>?r'�)P?r'*'*0�A�-�0G'>-�%�?B%('*~B/1'��e%,¨ � ?��:%,/ H.0�)(Ap�G0RA�H.0G'�':%,�*0G'>Ap�G?r)��:%(~B/c/10�-�'*� $E0G'>�l0G':<.Ap0G'�H.0
FG%,�*0G'*'*0JH.0JH.��+��B��+>~B<.A@H.0G'>)(6.%,��%(0G'7H.0C©*Ap?BFG<.Ap0J��I �J0��7��¥�I � ~B/.���l~B/.�:Ap�J;=<>0C)P0��:�*0LFG%,�*0G'*'*0JH.0H.��+��B�70G':��+.Ap~B+>~BA*�:%(~B/c/10�-�-�0J?B< )P~B<.Ap?B/c�9%(~B/c%(;=<>0J?BA*A*%,Fa?B/c�7':<.A7-�0J':<.�>':�:Ap?B�*���,���
� �'	�� ��H.��+>0�/1H H.0
-�?�)(6.%,��%(0[<��:%,-�%('*�G030��[?B<>©*�X0�/c�*03?BF90G)�-�?�)P?B+>?r)(%��*�3H=<�©G?!� �1+>~B-�8G�l��A*%('*0�Ap�

���X-�0 Ap�G©*%,�l0 H.0 ':<.+.+.Ap0G'*':%R~B/ H.0 H.��+)�B� � 	�� � � 	�

� � 	���� � '*0�<.%,-lH.0 +c<.-�F9��A*%('5?B�:%(~B/,� 2_%,-�8 ?)P~B��+>���:%��:%(~B/|0�/c�:Ap0E-�? ©*AG?BFG<.Ap0 0��_-�0 H.��+)�B�nH=<Z+1~B-�8G�l§�Ap0G� K&/10��:%,/10 )P~B<>)(6>0 H.0n+>~B-�8G�l§�Ap0
�:-�<>~BAp~r)P?BA*�>~B/1��0G':�c+.Ap�G'*0�/��*0 �C-�?�':<.A �*?r)P0�H.0>-���~�� 89H.0�0��cAp?B-�0�/c�:%��c-�?CFG%,�*0G'*'*0�H.0�©*Ap?BFG<.Ap0G�PNJ<>0G©p0�A
0��J?B-�~B/.�J?B%,/1':%��l~B/c�:Ap��;p<>� %,-�0�� %(':�*0C<./103�:Ap§G' �*~BA*�*0_)P~BA*Ap��-�? �:%(~B/ 0�/c��Ap0C-�� %,/cF90�Ap'�0�H.0C-�����+>?B%('*'*0�<.A
H=< �:%,-�� �:-�<>~BAp~r)P?BA*�>~B/1�¦H.��+>~r'*� ':<.AE-���~�� 89H.0¦0��&-�?�FG%,�*0G'*'*0¦H.0¦©*Ap?BFG<.Ap0¦H.0 )P0�-�<.%,¨ )(%(£C)P~B�n�X0
%,-�-�<>':�:Ap� �:%(©*<.Ap0��p¨ ��� �,����� ��476.89':%(;=<>0��l0�/c�*£ �Z+>?BA*��%,A H�0 	�

��
�	�� �=£�H.0p' ':%,�*0G'¦Ap�G?r)(�:%(~B/c/10�-�'
)P~B���l0�/1)P0�/.� ��"��:Ap0�)(Ap�G�G'��&-�?E':<.A �*? )P0�H.0C-���~�� 89H.0�0�� -�?&FG%��*0G'*'*0�H.0�©*Ap?BFG<.Ap0�~�� 89H.0�0G':� �&+>0�<
+.Ap§G' %,/cF90�Ap'*0��l0�/c� +.Ap~B+>~BA*�:%(~B/c/10�-�-�0 � -�����+>?B%('*'*0R<.A H=< �:%,-�� � ��I � � ��0G)�% )P~B/��:%,A*�l0 -�?
+.Ap�GH.~B��%,/1?B/1)P03H=<��>~B���1?BApH.0��l0�/c�a%(~B/c%(;=<>03H.?B/1'a-�?�©*Ap?BFG<.Ap03~�� 89H.0G� �,����� �



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

���X-�0�Ap�G©*%��l0�H.0�©�Ap?BFG<.Ap0 � 	 ��� � 	�

��� 2f-�?�FG%,�*0G'*'*0�H.����AG~r':%(~B/DH=< +>~B-�8G�l§�Ap0�0G':� ':<.+>��A*%(0�<.Ap0+�l'*?
FG%,�*0G'*'*0 H.0 H.��+��B� )P?BA -�0 �>~B���>?BApH.0��l0�/c��%(~B/c%(;=<10 0G':� ':<&���:%('*?B���l0�/c� ��/10�Ap©p���:%(;=<>0 +>~B<.A
0���+)"G)(6>0�A�-�?n)(Ap~B%('*'*?B/1)P0�H.� <./ �:%,-�� �:-�<>~BAp~r)P?BA*�>~B/1�G� ¢�-[8�?�'*?B�:<.Ap? �:%(~B/ H.0@-�?n©�Ap?BFG<.Ap0@%(~B/c%(;=<>0
Ap�G?r)(��%,F90�H.0@-���~�� 89H.0�?BF90G)3-�0 �:-�<&�XH.0G'>Ap?rH=%()P?B<&� � � I �5�rM -�?n)P~B��+>~r'*?B/c�*0�H.0�©�Ap?BFG<.Ap0@%(~B/c%(;=<>0
Ap�G?r)(��%,F90�'*��?B��~B<.�*03<./10�)P~B��+>~r'*?B/c�*0�H.03+.<.-�F9��A*%('*?B�:%�~B/�+>~B<.A 	�

��
�	����=�=$E?B/1'C)P0�)P?r'*£=-�?�FG%,�*0G'*'*0
H.0 ©*Ap?BFG<.Ap0 H.0�-���~�� 89H.0G£[0 � �:A!"R�l0��l0�/.��H.��+>0�/1H.?B/c�*0 H=< �1~B���>?BApH.0��l0�/c�1%(~B/c%�;=<>0G£[?B<>©*�l0�/c�*0
+.Ap~B+>~BA*�:%(~B/c/10�-�-�0��l0�/c�>?BF90V) -�0@)P~B<.Ap?B/c�.%(~B/c%(;=<>0�0��.-�?3Ap?r)�%,/10�)B?BA*Ap�G0@H.0>-�����/10�Ap©�%�0�)(%,/1�R�:%(;=<>0�H.0G'
%(~B/1'*£�)P~B���l0XAp0�+.Ap�G'*0�/c�*� �:%(©*<.Ap0T�p¨ � � ©p?B<>)(6>0��,��¢�-��*?B<.�l)P0�+>0�/1H.?B/c��/1~B�*0�A ;=<>0X+>~P<.A H.0G'
+.Ap0G'*':%(~B/1'7H.0L�:Ap?BF9?B%,- %,/��*�RA*%�0�<.Ap0G' � �p����~BA*A � ) �*� �:%�©*<.AG0C�p¨ ��£ �&H=Ap~B%,�*0��,£�-�0LAp0�/1H.0��l0�/c� H.0C©*AG?BFG<.Ap0
H=%,��%,/c<>0�?BF90G)&-���?B<>©*�l0�/.��?B�:%(~B/�H=< )P~B<.Ap?B/.�J%(~B/c%(;=<70�H=< �*?B%,��H.0�-�?��:Ap? ©*�l0�/.��?B�:%(~B/�H.0G'J%(~B/1'
��I ��� 0�/�%(~B/1'�H.0�+.-�<>' �*?B%��.-�0G'��l?r'*'*0p'*£a;e<.%7'*~B/c���l~P%,/1'���/10�Ap©p���:%(;=<>0G'�0���H.~B/1)>�l~B%,/1'�0����:%()P?r)P0G'
+>~B<.AL-�?�©*Ap?BFG<.Ap03~�� 89H.0G� �,���
	 �

V th V spV th V sp

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0J�� �� ¨¨ ¨¨��� ���¨¨¨¨=$E��+>0�/�H.?B/1)P03Hc0[-�?1FG%,�*0G'5'*0$E��+>0�/�H.?B/1)P03Hc0[-�?1FG%,�*0G'5'*0$E��+>0�/�H.?B/1)P03Hc0[-�?1FG%,�*0G'5'*0$E��+>0�/�H.?B/1)P03Hc0[-�?1FG%,�*0G'5'*0JH.03©*Ap?BFp<.Ap03�e%(�H.03©*Ap?BFp<.Ap03�e%(�H.03©*Ap?BFp<.Ap03�e%(�H.03©*Ap?BFp<.Ap03�e%(� �� �� ?BF90G)�-�?1�*0�/1':%(~P/�H.0L+>~B-�?BA*%('*?B�:%(~B/ H=<�':<c�>':�:Ap?B�*�?BF90G)�-�?1�*0�/1':%(~P/�H.0L+>~B-�?BA*%('*?B�:%(~B/ H=<�':<c�>':�:Ap?B�*�?BF90G)�-�?1�*0�/1':%(~P/�H.0L+>~B-�?BA*%('*?B�:%(~B/ H=<�':<c�>':�:Ap?B�*�?BF90G)�-�?1�*0�/1':%(~P/�H.0L+>~B-�?BA*%('*?B�:%(~B/ H=<�':<c�>':�:Ap?B�*�
? � Ap�G©*%,�l03H.0CH.��+)�B� � 	 � 	? � Ap�G©*%,�l03H.0CH.��+)�B� � 	 � 	? � Ap�G©*%,�l03H.0CH.��+)�B� � 	 � 	? � Ap�G©*%,�l03H.0CH.��+)�B� � 	 � 	 � �� �� �� � �,£��)� Ap�G©*%,�l03H.0C':<.+c+.Ap0G'5':%�~P/�H.0CH.��+)�B� � 	�,£��)� Ap�G©*%,�l03H.0C':<.+c+.Ap0G'5':%�~P/�H.0CH.��+)�B� � 	�,£��)� Ap�G©*%,�l03H.0C':<.+c+.Ap0G'5':%�~P/�H.0CH.��+)�B� � 	�,£��)� Ap�G©*%,�l03H.0C':<.+c+.Ap0G'5':%�~P/�H.0CH.��+)�B� � 	 � �� �� �� � � 	 � 	� 	 � 	� 	 � 	� 	 � 	 ������������ �,£=) � Ap�G©*%,�l03H.03©*Ap?BFG<.Ap0�,£=) � Ap�G©*%,�l03H.03©*Ap?BFG<.Ap0�,£=) � Ap�G©*%,�l03H.03©*Ap?BFG<.Ap0�,£=) � Ap�G©*%,�l03H.03©*Ap?BFG<.Ap0

� 	� 	� 	� 	 ������������ � 	 �,�
�� 	 �,�
�� 	 �,�
�� 	 �,�
���.�
	�.�
	�.�
	�.�
	 �� ��



� � ��� ��� � ������� �
� � ����� � � ��� 	�� ��� ����� 	�� 	��=��� ��� �D�	���

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0J�� �� ¨¨ ¨¨ �� ���¨¨¨¨.��~BA*Ap��-�?B�:%(~B/�0R/c�:Ap0[-�?1FG%,�*0G'5'*03H.03©*Ap?BFp<.Ap03Hc0[-���~�� 89H.0C0��a-�� %,/cF90�Ap'*0CH.0[-�����+>?B%R'*'*0*<.A��~BA*Ap��-�?B�:%(~B/�0R/c�:Ap0[-�?1FG%,�*0G'5'*03H.03©*Ap?BFp<.Ap03Hc0[-���~�� 89H.0C0��a-�� %,/cF90�Ap'*0CH.0[-�����+>?B%R'*'*0*<.A��~BA*Ap��-�?B�:%(~B/�0R/c�:Ap0[-�?1FG%,�*0G'5'*03H.03©*Ap?BFp<.Ap03Hc0[-���~�� 89H.0C0��a-�� %,/cF90�Ap'*0CH.0[-�����+>?B%R'*'*0*<.A��~BA*Ap��-�?B�:%(~B/�0R/c�:Ap0[-�?1FG%,�*0G'5'*03H.03©*Ap?BFp<.Ap03Hc0[-���~�� 89H.0C0��a-�� %,/cF90�Ap'*0CH.0[-�����+>?B%R'*'*0*<.A
He<��:%,-�� �:-�<>~BAp~r)P?BA*�1~B/1�[+.Ap�p'*0�/c����'*?&':<.A �*?r)P0G£=?B<�)P~P<.Ap' H=<�Ap�G©*%,�l03H.0C':<c+.+.Ap0G'5':%(~B/ H.0He<��:%,-�� �:-�<>~BAp~r)P?BA*�1~B/1�[+.Ap�p'*0�/c����'*?&':<.A �*?r)P0G£=?B<�)P~P<.Ap' H=<�Ap�G©*%,�l03H.0C':<c+.+.Ap0G'5':%(~B/ H.0He<��:%,-�� �:-�<>~BAp~r)P?BA*�1~B/1�[+.Ap�p'*0�/c����'*?&':<.A �*?r)P0G£=?B<�)P~P<.Ap' H=<�Ap�G©*%,�l03H.0C':<c+.+.Ap0G'5':%(~B/ H.0He<��:%,-�� �:-�<>~BAp~r)P?BA*�1~B/1�[+.Ap�p'*0�/c����'*?&':<.A �*?r)P0G£=?B<�)P~P<.Ap' H=<�Ap�G©*%,�l03H.0C':<c+.+.Ap0G'5':%(~B/ H.0

Hc��+��B�*� �Hc��+��B�*� �Hc��+��B�*� �Hc��+��B�*� �:���.����.����.����.� �� ��

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� �� ¨¨ ¨¨ �� �� ¨¨ ¨¨&N�0�/1H.0��l0�/c��Hc0 ©*Ap?BFG<.Ap0 H.0�-��:~�� 89H.0 0�/ �5~B/1)(�:%(~B/ H.0�-�?XAp?r)(%�/10 )P?BA*Ap�G0 H.0N�0�/1H.0��l0�/c��Hc0 ©*Ap?BFG<.Ap0 H.0�-��:~�� 89H.0 0�/ �5~B/1)(�:%(~B/ H.0�-�?XAp?r)(%�/10 )P?BA*Ap�G0 H.0N�0�/1H.0��l0�/c��Hc0 ©*Ap?BFG<.Ap0 H.0�-��:~�� 89H.0 0�/ �5~B/1)(�:%(~B/ H.0�-�?XAp?r)(%�/10 )P?BA*Ap�G0 H.0N�0�/1H.0��l0�/c��Hc0 ©*Ap?BFG<.Ap0 H.0�-��:~�� 89H.0 0�/ �5~B/1)(�:%(~B/ H.0�-�?XAp?r)(%�/10 )P?BA*Ap�G0 H.0
-�����/10�Ap©*%(0CH.0G'a%R~B/1' � ��©p?P<>)�6>0!�,£=0��LH.0[-�?�+.Ap0G'5':%(~B/ H.0[��Ap?BF9?B%,- � �&H=Ap~B%,�*0��,� �-�����/10�Ap©*%(0CH.0G'a%R~B/1' � ��©p?P<>)�6>0!�,£=0��LH.0[-�?�+.Ap0G'5':%(~B/ H.0[��Ap?BF9?B%,- � �&H=Ap~B%,�*0��,� �-�����/10�Ap©*%(0CH.0G'a%R~B/1' � ��©p?P<>)�6>0!�,£=0��LH.0[-�?�+.Ap0G'5':%(~B/ H.0[��Ap?BF9?B%,- � �&H=Ap~B%,�*0��,� �-�����/10�Ap©*%(0CH.0G'a%R~B/1' � ��©p?P<>)�6>0!�,£=0��LH.0[-�?�+.Ap0G'5':%(~B/ H.0[��Ap?BF9?B%,- � �&H=Ap~B%,�*0��,� ���.�
	�.�
	�.�
	�.�
	 �� ��

��������� � 
 
�!�& �

����
	 � �
	 � ����� 	��
�����
	 � !"��	 	 � �
� 	 � 	�& � !"�
	 � ��
���& ��	 ���
#
�����
& ���

$E?B/1'[-�0G'[+>?BAp?r©*Ap?B+.6>0G'[+.A=�G)P�GH.0�/c�*'*£p-�0G'3)P?BAp?r)(�*��A*%(':��%�;=<>0G'3©p��/1��Ap?B-�0G'CH.0�-�? ©*Ap?BFG<.Ap0_~�� 89H.0G£.~B�.�*0�/c<>0G'L+>?PA
©*Ap?BFG<.Ap0�H.���G)(6>?B/c�:%�-�-�~B/1'>+.-�0�%,/10@�:AG?B/1)(6>0G£f~B/c���R�*��?B�>~BApH.�G0G'*�r¡�0p'>�l�G)P?B/c%(':�l0G'7+.Ap~B+.Ap0G' ��-�?�©*Ap?BFG<.Ap0�H.0
':�:A*<>)(�:<.Ap0G'�~�� 89H.0�F9~B/c�f�l?B%,/c�*0�/1?B/.� "��:Ap0&H.��F90�-�~B+.+>�G'*£G�*~B<.��0�/ '*��?B+.+.<.89?B/c��':<.A3-�0G'�)P?BAp?r)(�*��A�%(':�:%(;=<>0G'fFG<>0G'
+.Ap�G)P�GH.0����l0�/.�*�e$E?B/1' -�0�)P?rH=Ap0�H.0�)P0����*0��R�:<>H.0G£e-�?&F9?B-�%(H=%,�*��H.0�)P0G' �l�V)P?B/c%('��l0G'J'*0�Ap?&F9��A*%
�:%(�G0C+>~B<.A�H�0G'
)P~B/c�*?r)��*'��1�:Ap§G' �*~BA�� �*?r)��*0�<�ACH.0��*~BA*�l030��a+>~B<.ACH.0G'LH=%,�l0�/1':%(~B/1'L)(A*%,�:%(;=<>0G'a%,/��*��A*%�0�<.Ap0G'��������C/c�l�



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

�����
� ����� 
 ��� � � � � 
���
 � ��� ��� � 
 ����
 ����� � � �  !� � � � ��� � � ��
��
¡�?�©*Ap?BFG<.Ap0�~�� 89H.0����*?B/.�c��Ap§G' �*~BA*�*0��l0�/.��?r'*':%(':�*�G01+>? A�-�01�>~B���>?BApH.0��l0�/c�c%(~B/c%�;=<>0G£V-�?�©*Ap?BFG<.Ap0�H.0G' �:-�?B/1)B'
H.0G'C':�:A*<>)(�:<.Ap0G'[/1��0G':�[+>?r'L+>~r'*':%��.-�0��*?B/c�3;=<>0�-�����/10�Ap©*%(0�-�?B�*��Ap?B-�0_H.0G'[%(~B/1'30G':�[%,/ �*��A*%(0�<.Ap0���	�� � � FG< '*0G)(�:%(~B/
���#���#���#�
�,�PMC%,/1':%(£P+>~B<.A1-�0G'1©p��/1��Ap?B�:%(~B/1'c�*0V)(6./1~B-�~r©*%(;=<>0G'1':<.+>��A*%(0�<.Ap0G',����£#�
� �=�l£ )P0��:�*0@��/10�Ap©�%(0>/1��?C��? �l?B%('
���*�3':<&���:%('*?B/c�*0[+>~B<.AL%,/1H=<.%,Ap03H.0G'LH.���*?B<.�*' H.0[+.Ap~��:%,-�'a�*0*-�'L;=<>0[-���$:<./�H.0�Ap)(<.� % �� ���£5-�0#$:�1~��3%,/1©!%L~B< $9�>~�� % � �� �� �� ��~B<�- 0
$��*?r)P0��:��%,/1©!% � � �� � �� � �� � ��£r;=<.%L)P~BA*Ap0G':+1~P/1H.0�/c�)��H.0G'1H.���*?B<.�*'>?B89?B/c�.+>~B<.A�~BA*%(©*%,/107-�?�H.���:-�0�� %(~B/ H.0G'.%R~B/1'1':<.A>-�0G'��:-�? />)B'
H.0G'>�l~B�:%
�*' � F9~B%,A '*0G)(�:%(~B/ ���#��� � +>�=� �
	
�,�f��0p'�H.���*?B<.�5'>/10@Ap0�+.Ap�G'*0�/c�*0�/c��H.~B/1)C+>?r'><./ +.Ap~B�.-�§��l0@+>~P<.A�-�0
)P~B/c�:A �B-�0 H.0G'�+.Ap~��:%,-�' H.0 ©*Ap?BFG<.Ap0 ~�� 89H.0G�&¡�0G'�+cA*%,/1)(%,+>?B<&� H.���*?B<.�*'�Ap0�/>)B~B/c�:Ap�G'�Ap0G':�*0�/c��-�0 $:�n%()(AG~B¨
�:Ap0�/1)(6.%,/1©!% ������������@0��a-�0G'a+.Ap~B�.-�§��k0G'LH.0�$:NJ¢��¦-�?r©!%*��¡�0#$:�:Ap0�/�)(6.%,/1©!%��� ��e£=;=<.% +.Ap�G'*0�/c�*0[<./10 +.Ap~��*~B/1H.0�<.ACH.0C©*Ap? FV<�AG0
�:8G+.%(;=<>0��l0�/c�JH.0������D':<.+>��A*%(0�<.Ap0�0�/ �>~BApH=<.Ap0�H.0G'@':�:A*<>)(�:<.Ap0G' +>?BACAp?B+.+>~BA*����-�?&+.Ap~��*~B/1H.0�<.A�©*Ap?BF9�G0�? <
)P0�/c�:Ap0 H.0G'�':�:A*<>)��:<.Ap0G'*£[/>0 )P~B/1':�:%,�:<>0 ?B�>'*~B-�<.�l0�/c��+>?r'�<./T+.Ap~B�.-�§��l0 ':%J-�?k'���-�0G)(�:%,FG%��*� H.0 ©�Ap?BFG<.Ap0 0G':�
?B+.+.Ap~B+.A*%(�G0&0�/c�:Ap0&�e%�� � 0���-�0��X?B�*��A�%(?B<l'*~B<>':¨ ��?r)P0�/c� � H.?B/1'�':�:A*<>)(�:<.Ap0G'�H.?B�l?r'*)P§R/10G'�~B<l?B<.�*~B¨ ?B-�%(©*/1�G0G'f+>?BA0���0���+.-�0��,�V¡�0G'�+.Ap~B�.-�§��l0G'�H.0 $:NJ¢�� -�?r©!%�0R��H.��?BA�A!"��1H.0�©*Ap?BFG<.Ap0�~�� 89H.0�H.?B/1'�-�0G'�':�:A*<>)(�:<.Ap0G',� �*~BA����*?r)��*0�<�A
H.��?r':+>0G)(�CAp0G':�*0�/c��? %,/1':%�-�0V'C+>~B%,/c�*'�)(A*%,�:%(;=<>0G'�H.0�-�? ©*Ap?BFG<.Ap0�~�� 89H.0G�.$E?B/1'�)P0nH.~B�l?B%,/10G£.-�0G'C�:Ap?BF9?B<&� H.0
�R~B<.�>0�A*�L0��L?B-��#£=H.��F90�-�~B+.+>�G' )(%,¨ H.0G'*'*~P<>'*£='5~B/c�a-�0G'a+.-�<>' ' %(©*/c%
�:%()B?B�:% �*'*� �,�
��£������ �

�����
� ��� � ! � � � � � ��������� ��� � ��� 
 � �V����� � �  	 ����� �
��� � � � ���  !� � � � ��� � � ��
��
�R~B<.�>0�A*�&���:<>H=%(0�-�� %,/��:-�<>0�/1)B0�H.0�;=<>?B�:Ap0�+>? Ap?B�l§R�:Ap0G'�':<.A&-�?�FG%,�*0G'*'*0�H.0�©�Ap?BFG<.Ap0 H.0G'&':�:A*<>)(�:<.Ap0G'&~�� 89H.0G�a¢ -
'*��?r©*%,�L2

• 
H.0[-�?�)(6.%,��%(03H.03©*Ap?BFG<.Ap0

• 
H.0[-�?�H=%,�l0�/1':%(~B/�)(A*%,�:%(;=<>0�H=<��l~B�:%
�L0��LH=<��:8G+>03H.03':�:A�<>)(�:<.Ap0

• 
H.0[-�?1�*0�/1':%(~B/�H.0[+>~B-�?BA*%('*?B�:%(~B/�H=<�' <.�>':�:Ap?B� � ��/10�Ap©*%(0�H.0G'a%(~B/1' �

• 
H.0[-�?1+.Ap0G'*':%(~B/�H.0[�:Ap?BF9?B%,- � �l~rH=%
�:%()P?B��%(~B/�H.0[-�?�H.0�/1':%,�*�3H.03)P~B<.Ap?B/c�a%(~B/c%(;=<>0��

��/k)P0&;=<.%>)P~B/1)P0�A*/10�-�� %,/���-#<>0�/1)P0&H.0�-�?�)(6.%,��%(0&H.0&©*AG?BFG<.Ap0G£G-�? �:%(©*<.Ap0&�p¨ 	�? � )(6.%,��%(0&� � I � �,£G-�? �:%(©*<.Ap0&�p¨ 	p�
� )(6.%,��%(03� � I �!� 0�� -�?,�:%�©*<.Ap0��p¨ 	�) � )(6.%,��%(03� � I � �e�
����¥ � � �l~B/c�:Ap0�/.�L;=<>032

���X-�?C+.Ap~��*~B/1H.0�<.A�©*Ap?BF9�G0�0G':��H.��?B<.�*?B/c�c+.-�<>'��*?B%,�.-�0�;=<>0�-�?�H=%,�l0�/1':%(~B/X)(A*%,�:%(;=<>0�H.0G'c�l~B�:%
�*'
0G':� �*?B%,�.-�0 � �:%(©*<.Ap03�p¨ 	�?r£5��0��L) �

���X-�?�FG%,�*0G'*'*0_H.0�©*Ap?BFG<.Ap0_H=%,��%,/c<>0_?BF90G)1-�0��*0���+>'3H.0�©*Ap?BFG<.Ap0 � ~B<�-�?�+.Ap~��*~B/1H.0*<.A�©*Ap?BF9�G0��
� �:%(©*<.Ap03�p¨ 	�H&�

�� �� *��! #H�,��!+ 1�,/-0 #"%���!$  #,/3<&#,�35) + -0 #3 ��,�+ 1�,��!?�1�,�+ 
 )  *��! #H�,��!+ 9���$ -0$ ��,�+ �!�� #9	"%$ H�+ 1�,/-0 #"%���!$  #,/;� #� ) +�35+�3<;�	�9	+�35��+�,�"%�!+�3
;��!��3<+���"%+�341� #��34)  �;��� #3<+5*� ��	+�,�3<+51�,G;�)  #3<-0 �

� �� �� �� � *��! #H�,��!+ 9	&#��9	 #H�+ 1�+�3 � )  #��9	3G1�+�3 3<"%�!,�9	"%,��!+�3<? *��������! #) +�-0+���" �!��;� #�!"%$ + 3<,��() � +���3<+�-0N�) + 1�+ )  �� #,�"%+�,��(1�+�3 � )  #��9	3 1�+�3
-0&#"%$ � 3 �

� � �� � �� � �� � � ���!&#3<$ &#� 1�, N�&=�!1 1�, -0 #3 ��,�+�? ��,�$ 3 �  #-0;�) $ � $ + ;� #���! #;�;�&#�!" 
 )  *��! #H�,��!+ H�+��!"%$ 9	 #) + 1�, -0 #3 ��,�+ ' � ) ,�� $ &#��$ ��,�+ +��
$ ��9	$ 1�+���9	+(��&#�!-0 #) +�6 ?�1�, �  #$ "�1 � ,�� �!+���1�+�-0+���" 1�+(;�,�) H����<$ 3< #"%$ &#� $ &#��$ ��,�+(3<,�;�� �!$ +�,�� 
/A�������,�� +�� $ ��9	$ 1�+���9	+(��&#�!-0 #) +
;� #� �! #;�;�&#�!" 
 )  3<,�� �  #9	+ 1�,/-� #3 ��,�+ ��>� �  79	+�" "%+ 1�,/-0 #3 ��,�+ ;�+�,�".+���"%�! �� ��+�� 
()  � &#$ 35)  (1�� � &#�!-0 #"%$ &#� 1�+�3 � )  #��9	351�+�3
-0&#"%$ � 3<?�;� #�G�!� � ) + �7$ &#� 3<;���9	,�)  #$ �!+ &#, ��&#� 1�+�3G+�3<;�	�9	+�3(3<,��G9F+�"%"%+ �  #9F+�"%"%+/1�, -0 #3 ��,�+ 1�+/*��! #H�,��!+�?�+�" )  ;�+��!"%+ 1�+/)  
1�$ -0+���3<$ &#�(9	�<$ "%$ ��,�+5' C�� 671�+�3�-0&#"%$ � 34* �! #H���3 �

������������ *��! #H�,��!+5;��!� � ���!+���"%$ +�) ) +51�, � &#��1G1�+�343<" �!,�9	"%,��!+�3<?  #,(;�$ +�1(1�+�3 � )  #��9	34+�"=1� #��34) +5;��!&#) &#��*�+�-0+���"#1�+59	+�,��	� 9	$ �
�� �� $ 1�� �#-0$ 9��!&�� "%�!+���9���$ ��* �



� � ��� ��� � ������� �
� � ����� � � ��� 	�� ��� ����� 	�� 	��=��� ��� �D�	���

���X+>~B<.A�<./10nH=%,�l0�/1':%(~B/ H.~P/c/1�G0G£�-���?BA*A!"R��H.0_-�?�©*Ap?BFG<�Ap0n'*0_+.Ap~rH=<.%,�.� <./10_+.Ap~���~B/1H.0�<.A
+.-�<>' �*?B%,�.-�03;=<>?B/1HJ-�?�)(6.%,��%(030G':�a+.-�<>'a+>~B-�8G�l��A*%('*?B/.�*0 � ) �*�5��?B�.-�0G?B<����#�C+>� ���
�

� ¡�0G'�Ap�G':<.-��*?B�*'&H.0�-�?��:%(©*<.Ap0��p¨ 	X~B/c�&���*��~B�.�*0�/c<>'&0�/k<.�:%,-�%('*?B/c��<./lAp�G?r)��*0�<.A&��%�)(Ap~B¨ ~B/1H.0G'_H.0��:8G+>0��_��N
�*~B/1)(�:%(~B/c/1?B/c� � ��� ������¥��P£�?BF90G)�-�0G' )P~B/�H=%,�:%(~B/1' ':�*?B/1H.?BApH H.0 +.<.%('5'*?B/1)P0¦%,/c��0G)(�*�G0 H.?B/1'E-�? '*~B<.Ap)V0
4�� � ������� 	 0���H.0_+.<.%('*'*?B/1)P0nH.0_+>~B-�?BA*%('*? �:%(~B/ H=<Z':<.�>':�:Ap?B�34�� � �	� � ����� 	�+>~B<.A�-�0G'3�:Ap~B%('�)(6.%���%(0G'�H�0©*Ap?BFG<.Ap0[<.�:%,-�%('*�G0G'*� �

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0T����e¨¨ ¨¨ 		 		 ¨¨ ¨¨�47Ap~��5~B/1H.0*<.A ©*Ap?BF9�G0 0�/ �*~B/1)(�:%(~B/ H=<D�*0���+>' H.0 ©*Ap?BFp<.Ap0 +1~47Ap~��5~B/1H.0*<.A ©*Ap?BF9�G0 0�/ �*~B/1)(�:%(~B/ H=<D�*0���+>' H.0 ©*Ap?BFp<.Ap0 +1~47Ap~��5~B/1H.0*<.A ©*Ap?BF9�G0 0�/ �*~B/1)(�:%(~B/ H=<D�*0���+>' H.0 ©*Ap?BFp<.Ap0 +1~47Ap~��5~B/1H.0*<.A ©*Ap?BF9�G0 0�/ �*~B/1)(�:%(~B/ H=<D�*0���+>' H.0 ©*Ap?BFp<.Ap0 +1~V<.A H=%
���*��Ap0�/c�*0G'<.A H=%
���*��Ap0�/c�*0G'<.A H=%
���*��Ap0�/c�*0G'<.A H=%
���*��Ap0�/c�*0G'
H=%,�l0�/�':%(~B/�'3)(A*%,�:%(;=<>0G'CH.03�:Ap~B<1'CH.0_)P~B/c�*?r)(�H=%,�l0�/�':%(~B/�'3)(A*%,�:%(;=<>0G'CH.03�:Ap~B<1'CH.0_)P~B/c�*?r)(�H=%,�l0�/�':%(~B/�'3)(A*%,�:%(;=<>0G'CH.03�:Ap~B<1'CH.0_)P~B/c�*?r)(�H=%,�l0�/�':%(~B/�'3)(A*%,�:%(;=<>0G'CH.03�:Ap~B<1'CH.0_)P~B/c�*?r)(�72�? �c)(6.%,��%(0_�2�? �c)(6.%,��%(0_�2�? �c)(6.%,��%(0_�2�? �c)(6.%,��%(0_� �� �� II II �� �� £p�,�c)(6.%,��%(0_�£p�,�c)(6.%,��%(0_�£p�,�c)(6.%,��%(0_�£p�,�c)(6.%,��%(0_� �� �� II II �� ��e£.0��3) �c)(6.%,��%(0£.0��3) �c)(6.%,��%(0£.0��3) �c)(6.%,��%(0£.0��3) �c)(6.%,��%(0
�� �� �� �� II II �� �� � �
���� �
���� �
���� �
����¥¥¥¥ �� �� �� ��
0�/ �>?r' ��H=A=~B%,�*00�/ �>?r' ��H=A=~B%,�*00�/ �>?r' ��H=A=~B%,�*00�/ �>?r' ��H=A=~B%,�*0J2�	�%,�*0G'*'50TH.0T©*Ap?BFG<.Ap0T0�/ �*~P/1)(��%(~B/wH=<|�*0���+>'kH.0T©*Ap?BFV<.Ap0l+>~B<.A )P0G'2�	�%,�*0G'*'50TH.0T©*Ap?BFG<.Ap0T0�/ �*~P/1)(��%(~B/wH=<|�*0���+>'kH.0T©*Ap?BFV<.Ap0l+>~B<.A )P0G'2�	�%,�*0G'*'50TH.0T©*Ap?BFG<.Ap0T0�/ �*~P/1)(��%(~B/wH=<|�*0���+>'kH.0T©*Ap?BFV<.Ap0l+>~B<.A )P0G'2�	�%,�*0G'*'50TH.0T©*Ap?BFG<.Ap0T0�/ �*~P/1)(��%(~B/wH=<|�*0���+>'kH.0T©*Ap?BFV<.Ap0l+>~B<.A )P0G'
H=%
���*��Ap0�/c�*0p'L)(6.%,��%(0G'L0�/�)P~B/�':%(H.��Ap?B/c�a<./��:Ap~B<�H.03)P~B/c�*?r)(�LH.03��� �H=%
���*��Ap0�/c�*0p'L)(6.%,��%(0G'L0�/�)P~B/�':%(H.��Ap?B/c�a<./��:Ap~B<�H.03)P~B/c�*?r)(�LH.03��� �H=%
���*��Ap0�/c�*0p'L)(6.%,��%(0G'L0�/�)P~B/�':%(H.��Ap?B/c�a<./��:Ap~B<�H.03)P~B/c�*?r)(�LH.03��� �H=%
���*��Ap0�/c�*0p'L)(6.%,��%(0G'L0�/�)P~B/�':%(H.��Ap?B/c�a<./��:Ap~B<�H.03)P~B/c�*?r)(�LH.03��� � �=�l� ��=�l� ��=�l� ��=�l� ���������������������� �� ��



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

¡�?��:%(©*<.Ap0��p¨ �����l~B/c�:Ap0�H.0��l?B/c%(§�Ap0�+.-�<>'�0�� +.-�%()(%,��0�-�? H=%,��%,/c<.�:%(~B/�H.0�-�?EFG%��*0G'*'*0�H.0�©*Ap?BFG<.Ap0�?BF90G)_-�?
H=%,�l0�/1':%(~B/ H.0G'J':�:A*<>)(�:<.Ap0G'*£.0�/+�*~B/1)(�:%(~B/ H=<��*0���+>'JH.0�©*Ap?BFG<.Ap0G£.0��L�l~B/c�:Ap0�H=%,Ap0G)(�*0R�l0�/c�L-�03A �B-�0�)(A�%,�:%(;=<70
H.0�-�?�H=%,�l0�/1':%(~B/ H.0G'��l~B�:%
�*'*� � ¡�0G'1Ap�G' <.-��*?B�*'�H.0�-�?��:%(©*<.Ap0 �p¨ ��� ~B/c�����*� ~B�.�*0*/c<>'�0�/l<.�:%,-�%('*?B/c�1-�0�� "��X0
Ap�G?r)(�*0�<.A �_��N ;=<>0 +.Ap�G)P�GH.0����l0�/c� � �:%�©*<.Ap0 �p¨ 	
��£�?BF90G) -�0G' )P~B/�H=%,�:%(~B/1' ' �*?B/1H.?BApH ����'*)P)(� � � I � £4�� � ������� 	 0��a4�� � �	� � ���.� 	 � �

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0J�� �� ¨¨ ¨¨ �.��.��.��.�@¨¨ ¨¨ 	�%,�*0G'*'*0CH.03©*Ap?BFp<.Ap030�/ �*~B/1)(�:%(~B/ H=<��*0��n+1'*£5+1~B<.AJH=%
���*��Ap0�/c�*0G'LH=%,�l0�/�':%(~B/�'	�%,�*0G'*'*0CH.03©*Ap?BFp<.Ap030�/ �*~B/1)(�:%(~B/ H=<��*0��n+1'*£5+1~B<.AJH=%
���*��Ap0�/c�*0G'LH=%,�l0�/�':%(~B/�'	�%,�*0G'*'*0CH.03©*Ap?BFp<.Ap030�/ �*~B/1)(�:%(~B/ H=<��*0��n+1'*£5+1~B<.AJH=%
���*��Ap0�/c�*0G'LH=%,�l0�/�':%(~B/�'	�%,�*0G'*'*0CH.03©*Ap?BFp<.Ap030�/ �*~B/1)(�:%(~B/ H=<��*0��n+1'*£5+1~B<.AJH=%
���*��Ap0�/c�*0G'LH=%,�l0�/�':%(~B/�'
Hc0�':�:A*<>)(�:<.Ap0G' � ��~B/�H=%,�:%(~B/1'�~B+>��Ap?B�*~B%,Ap0G'�H=<�+.-�?r':�l?Hc0�':�:A*<>)(�:<.Ap0G' � ��~B/�H=%,�:%(~B/1'�~B+>��Ap?B�*~B%,Ap0G'�H=<�+.-�?r':�l?Hc0�':�:A*<>)(�:<.Ap0G' � ��~B/�H=%,�:%(~B/1'�~B+>��Ap?B�*~B%,Ap0G'�H=<�+.-�?r':�l?Hc0�':�:A*<>)(�:<.Ap0G' � ��~B/�H=%,�:%(~B/1'�~B+>��Ap?B�*~B%,Ap0G'�H=<�+.-�?r':�l?_2V42V42V42V4 �� �� �� �� �.������.������.������.����� 	 £V4	 £V4	 £V4	 £V4 � � �	�� � �	�� � �	�� � �	� �� �� �.����.����.����.��� 	 £*���	 £*���	 £*���	 £*��� '*)P)��'*)P)��'*)P)��'*)P)��
�� �� �� �� II II �� �� �,� ��,� ��,� ��,� ���.����.����.����.��� �� ��

$E��?B<.�:Ap0&+>?BA��*£ 0�/Z)P0E;=<.%�)P~B/1)P0�A*/10&-�0&A �B-�0EH.0G'�%(~B/�'*£9-�? �:%(©*<.Ap0E�p¨ ���X? �10���-�? �:%(©*<.Ap0E�p¨ �����)�.�l~B/c�:Ap0�/c�
Ap0G':+>0G)(�:%,F90��l0�/.� ;=<>� <./10 ?B<>©*�l0�/c�*? �:%(~B/DH.0�-�?��*0�/1':%(~B/DH.0 +>~B-�?BA*%('*?B�:%(~B/DH=<D':<.�1':�:Ap?B� � )P��0G':�:¨ �B¨ H=%,Ap0�<./10
?B<>©*�l0�/c�*? �:%(~B/¦H.0 -�����/10�Ap©*%�0JH.0G'�%R~B/1' � 0��7;e<>� <./10@H=%,��%,/c<.�:%(~B/¦H.0 -�?�+.Ap0G'*':%(~B/ H.07�:Ap?BF9?B%,-fH=%,��%,/c<>0�/c��-���0 ���*0��
$:NJ¢��X-�?r©!%*� 4@~B<.A7-�0 A �B-�0@Hc0 -�?�+.Ap0G'*':%(~B/1£ %,- �*?B<.��+.Ap�G)(%('*0�A@;=<>0 -�?�FG%,�*0G'*'*0@H.0@H.��+)�B�70G':���:Ap§G'�F9~B%(':%,/10 +1~B<.A7-�0p'
H.0�<&� +.Ap0G'*':%(~B/�'�)P~B/1':%RH.��Ap�G0G' � ���.�C/c� ����%,/ �T�C����~BA*A 0��������C/c� ����%,/ � �C����~BA*A!�,£&?B-�~BAp'�;=<>0�-�0
)P~B<.Ap?B/c�3%(~B/c%(;=<>0nH=%,��%,/c<>0nH.0 ����� +>~B<.A�<./10�+.Ap0G'*':%(~B/ H.0 �C����~BA*A�+>?BA�Ap?B+.+>~BA*�.� <./10_+.Ap0G'*':%(~B/ H.0
�C����~BA*Ap�eMC%,/1':%(£e<./10�?B<>©��l0�/c�*? �:%(~B/ H.0C-�?&+.Ap0G'*':%(~B/ H.0C�:Ap?BF9?B%,-�H=%���%,/c<>0��*~BA��*0R�l0�/c� -�0�)P~B<.Ap?B/c�L%(~B/c%(;=<>0
':<.AJ-�0�':<.�>':�:Ap?B�*£c)P0�;=<.%�)P~B/1H=<.%,� �&<./10�?B<>©*�l0�/.�*? �:%(~ / /1~B�*?B�.-�0�H.0C-���? ��+.-�%,�:<>H.0�H=< $:NJ¢�� -�?r©!%*£c?BF90G)�+>?BA
0���0���+.-�0�<./ Ap? -�0�/c�:%('*'*0��X0�/c� H.0�-�?�FG%��*0G'*'*0�H.0�©*Ap? FG<.Ap0�;=<>?B�:Ap0 �*~B%('�+.-�<>'�%���+>~BA*�*?B/c� � �C����~BA*A�;=<>���
�C����~BA*A@+>~B<.A@<c/ �*?r)(�*0�<.A�H.��?r':+>0G)(�@H.0���)P~B/�':%(H.��Ap�G� ¢�-�0p':�@?B<>'*':%��_/1~B�*0�A �:%(©*<.Ap0��p¨ �.� �)�[;e<>0J-�0G'�0����*0��*'
$:NJ¢���-�?r©!%�'*~B/c�3+.-�<1'3%,��+>~BA*�*?B/c�*'3+>~B<.A�-�0G'3�:Ap~B<>'�Hc0n)P~B/c�*?r)(��;=<>0_+>~B<.A�-�0G'3�:Ap?B/1)(6>�G0G'*£7?BF90G)�<./ ;=<>?r':%
H.~B<.�.-�0��l0�/c�@H=<¦Ap?B-�0�/c�:%('*'*0��l0�/c�@H.0J-�?_FG%,�*0G'*'*0�H.0�©*Ap?BFG<.Ap0�H.?B/1'7-�0G'>�:Ap~B<>'�H.0�)P~B/c�*?r)(�7+>?BA@Ap?B+.+>~BA*�@?B<&�
�:Ap?B/1)(6>�G0G'*�



� � ��� ��� � ������� �
� � ����� � � ��� 	�� ��� ����� 	�� 	��=��� ��� �D�	���

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� �� ¨¨ ¨¨ �.��.��.��.� ¨¨ ¨¨n? �C47Ap~��*~B/1Hc0�<.A ~�� 8�H.0 ©*Ap?BF9�G0 0�/ �*~P/1)(�:%(~B/ H=< �*0���+1' H.0 ©*Ap?BFG<.Ap0p£�+>~P<.A? �C47Ap~��*~B/1Hc0�<.A ~�� 8�H.0 ©*Ap?BF9�G0 0�/ �*~P/1)(�:%(~B/ H=< �*0���+1' H.0 ©*Ap?BFG<.Ap0p£�+>~P<.A? �C47Ap~��*~B/1Hc0�<.A ~�� 8�H.0 ©*Ap?BF9�G0 0�/ �*~P/1)(�:%(~B/ H=< �*0���+1' H.0 ©*Ap?BFG<.Ap0p£�+>~P<.A? �C47Ap~��*~B/1Hc0�<.A ~�� 8�H.0 ©*Ap?BF9�G0 0�/ �*~P/1)(�:%(~B/ H=< �*0���+1' H.0 ©*Ap?BFG<.Ap0p£�+>~P<.A
H=%
���*��Ap0�/c�*0p'wH=%,�l0�/1':%R~B/1'w)(A*%,�:%(;=<>0G' H.0 �:Ap~B<>'wHc0i)P~B/c�*?r)(� 0�� +>~B<.A Hc0�<&� �*0�/1':%(~B/�'H=%
���*��Ap0�/c�*0p'wH=%,�l0�/1':%R~B/1'w)(A*%,�:%(;=<>0G' H.0 �:Ap~B<>'wHc0i)P~B/c�*?r)(� 0�� +>~B<.A Hc0�<&� �*0�/1':%(~B/�'H=%
���*��Ap0�/c�*0p'wH=%,�l0�/1':%R~B/1'w)(A*%,�:%(;=<>0G' H.0 �:Ap~B<>'wHc0i)P~B/c�*?r)(� 0�� +>~B<.A Hc0�<&� �*0�/1':%(~B/�'H=%
���*��Ap0�/c�*0p'wH=%,�l0�/1':%R~B/1'w)(A*%,�:%(;=<>0G' H.0 �:Ap~B<>'wHc0i)P~B/c�*?r)(� 0�� +>~B<.A Hc0�<&� �*0�/1':%(~B/�'
Hc��?B<.+1~B-�?BA*%('*?B�:%(~B/�H=%R':�:%,/1)���0p' � )(6.%,��%(03�Hc��?B<.+1~B-�?BA*%('*?B�:%(~B/�H=%R':�:%,/1)���0p' � )(6.%,��%(03�Hc��?B<.+1~B-�?BA*%('*?B�:%(~B/�H=%R':�:%,/1)���0p' � )(6.%,��%(03�Hc��?B<.+1~B-�?BA*%('*?B�:%(~B/�H=%R':�:%,/1)���0p' � )(6.%,��%(03� �� �� II II �� ��@?BF90G)�4?BF90G)�4?BF90G)�4?BF90G)�4 �� �� �� �� �����.������.������.������.� 	 ���	 ���	 ���	 ����� �� �� �� � � �� �� �� �
�,� 	�%,�*0G'5'*0&H.0&©*Ap?BFp<.Ap0�/1~BA*�l?B-�%('*�G0 �@-�?@FG%,�*0G'*'*0�-�?@+.-�<1'���-�0�F9�G0&0*/ �5~B/1)(�:%(~B/kH=<��*0���+>'*£p+>~B<.A�,� 	�%,�*0G'5'*0&H.0&©*Ap?BFp<.Ap0�/1~BA*�l?B-�%('*�G0 �@-�?@FG%,�*0G'*'*0�-�?@+.-�<1'���-�0�F9�G0&0*/ �5~B/1)(�:%(~B/kH=<��*0���+>'*£p+>~B<.A�,� 	�%,�*0G'5'*0&H.0&©*Ap?BFp<.Ap0�/1~BA*�l?B-�%('*�G0 �@-�?@FG%,�*0G'*'*0�-�?@+.-�<1'���-�0�F9�G0&0*/ �5~B/1)(�:%(~B/kH=<��*0���+>'*£p+>~B<.A�,� 	�%,�*0G'5'*0&H.0&©*Ap?BFp<.Ap0�/1~BA*�l?B-�%('*�G0 �@-�?@FG%,�*0G'*'*0�-�?@+.-�<1'���-�0�F9�G0&0*/ �5~B/1)(�:%(~B/kH=<��*0���+>'*£p+>~B<.A
Hc0�<&� +.Ap0G'5':%(~B/1'�Hc0��:Ap?BF9?B%,-EH=%(':�:%,/1)(�*0G' � �Z0�� �k���&~BA*A!� � �:Ap?B/1)(6>�G0G'�©*Ap?BF9�G0G'�?PF90G) )(6.%,��%(0Hc0�<&� +.Ap0G'5':%(~B/1'�Hc0��:Ap?BF9?B%,-EH=%(':�:%,/1)(�*0G' � �Z0�� �k���&~BA*A!� � �:Ap?B/1)(6>�G0G'�©*Ap?BF9�G0G'�?PF90G) )(6.%,��%(0Hc0�<&� +.Ap0G'5':%(~B/1'�Hc0��:Ap?BF9?B%,-EH=%(':�:%,/1)(�*0G' � �Z0�� �k���&~BA*A!� � �:Ap?B/1)(6>�G0G'�©*Ap?BF9�G0G'�?PF90G) )(6.%,��%(0Hc0�<&� +.Ap0G'5':%(~B/1'�Hc0��:Ap?BF9?B%,-EH=%(':�:%,/1)(�*0G' � �Z0�� �k���&~BA*A!� � �:Ap?B/1)(6>�G0G'�©*Ap?BF9�G0G'�?PF90G) )(6.%,��%(0
��¥�I��¥�I��¥�I��¥�I �� �� � �
���� �
���� �
���� �
����¥¥¥¥ �� �� 0��a40��a40��a40��a4 �� �� �� �� �����.������.������.������.� 	 �,� �	 �,� �	 �,� �	 �,� ���.����.����.����.��� �� ��

��/��:%,/1£9/1~B<>'�~B�1'*0�A*F9~B/1'�;e<>0&-�?�FG%,�*0G'*'*0nH.0E©*Ap?BFG<.Ap0nH=%,��%,/c<>0���-�? �*~B%('_?BF90G)�-(?�+.Ap~��*~B/1H.0�<.An0��_?BF90G)�-�?
H=%,�l0�/1':%(~B/�)(A*%,�:%(;=<>03H.0G'L':�:A*<>)(�:<.Ap0G'L©*Ap?BF9�G0G'*�('><>��0�/�0V':�:¨ %,-c?B-�~BAp'LH.0[-�����F9~B-�<.�:%(~B/�Hc03)P0G'aFG%,�*0G'*'*0G'L0�/ �*~B/1)(�:%(~B/
H.0G'��*?r)(�*0�<.Ap'CH.��?r' +>0G)(�
�7¡&?�Ap0�+.Ap�G'*0�/c�*?B�:%(~B/1£(�:%(©*<.Ap0��p¨ ����£ �:%(©*<.Ap0��p¨ �.��?�0����:%(©*<cAp0��p¨ ���=� H.03-�?�FG%,�*0G'*'*0�H.0
©*Ap?BFG<.Ap0_0�/ �*~B/1)(�:%(~B/ H=<��5?r)(�*0�<.A�H.��?r':+>0G)(�*£p+>~B<.A�H=%
� �*��Ap0�/c�*0G'[-�?BAp©p0�<.Ap'3H.0��:Ap?B/1)(6>�G0G'30��3H=%
���*��Ap0�/c�*'[�*0���+>'
H.0C©*Ap?BFG<.Ap0G£��l~B/c�:Ap0C;=<>0C;=<>0�-�-�0C;=<>0C'5~B%,�9-�?�-�?BAp©p0�<.ACH.0G'9�:Ap?B/1)(6>�G0G' 0�� ;=<>0�-�;=<>0J'*~B%,�9-�0L�*0���+>' H.0C©*Ap?BFG<.Ap0G£
-�? FG%,�*0G'*'*0XH.0X©*Ap?BFG<.Ap0XHc?B/1'�-�0G'�':�:A*<>)(�:<.Ap0G'�H.��+>0*/1HZH=< �*?r)(�*0�<.AlH.��?r':+>0G)(� � 0���/1~B/ H.0n-�? H=%,�l0�/1':%(~B/
)(A*%,��%(;=<>0��=+>~B<.A�<./10&)(6.%,��%(0&0���H.0G'�)P~B/1H=%,�:%(~B/1'f+.-�?r' �l?�H.~B/c/1�G0G'*� �,�
��£9�.��� �.��0G)(%>H.���l~B/c�:Ap0��.%(0�/k;=<>0�-�0V'
H.���*?B<.�*'7H.0 $:NJ¢��X-�?r©!%70�/ ©�Ap?BFG<.Ap0J~�� 89H.0J'*~B/c�70�/ �*?B%,�LH.0G'7H.���*?B<.�*'7H.�*$:MCNJ$&��% � ;=<.%[0G':��<./¦)P?r'�+>? A*�:%�)(<.-�%(0�A
H.0#$:NJ¢��¦-�?r©!%*£=) �*�='*0G)(�:%(~B/ ���#��� ��+>�=���&	
�,� �����
� �

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0J�� �� ¨¨ ¨¨ �.��.��.��.�@¨¨ ¨¨ 	�%,�*0G'*'*0CH.03©*Ap?BFp<.Ap030�/ �*~B/1)(�:%(~B/ H=<��*?r)(��0*<.ACH.��?r' +>0G)(�*£5+>~P<.ACH=%
���*��Ap0�/c�*0G'	�%,�*0G'*'*0CH.03©*Ap?BFp<.Ap030�/ �*~B/1)(�:%(~B/ H=<��*?r)(��0*<.ACH.��?r' +>0G)(�*£5+>~P<.ACH=%
���*��Ap0�/c�*0G'	�%,�*0G'*'*0CH.03©*Ap?BFp<.Ap030�/ �*~B/1)(�:%(~B/ H=<��*?r)(��0*<.ACH.��?r' +>0G)(�*£5+>~P<.ACH=%
���*��Ap0�/c�*0G'	�%,�*0G'*'*0CH.03©*Ap?BFp<.Ap030�/ �*~B/1)(�:%(~B/ H=<��*?r)(��0*<.ACH.��?r' +>0G)(�*£5+>~P<.ACH=%
���*��Ap0�/c�*0G'
H=%,�l0�/�':%(~B/�'LH.0[�:Ap?B/1)(6>�G0p'L0��LH=%
���*��Ap0�/c�*'a�*0���+>' H.03©*Ap?BFp<.Ap0 � �.��'*)P)(� �H=%,�l0�/�':%(~B/�'LH.0[�:Ap?B/1)(6>�G0p'L0��LH=%
���*��Ap0�/c�*'a�*0���+>' H.03©*Ap?BFp<.Ap0 � �.��'*)P)(� �H=%,�l0�/�':%(~B/�'LH.0[�:Ap?B/1)(6>�G0p'L0��LH=%
���*��Ap0�/c�*'a�*0���+>' H.03©*Ap?BFp<.Ap0 � �.��'*)P)(� �H=%,�l0�/�':%(~B/�'LH.0[�:Ap?B/1)(6>�G0p'L0��LH=%
���*��Ap0�/c�*'a�*0���+>' H.03©*Ap?BFp<.Ap0 � �.��'*)P)(� � �� �� II II �� ��e£54£54£54£54 �� �� �� �� �.���.��.���.��.���.��.���.� 	 0��	 0��	 0��	 0��

44 44 � � �	�� � �	�� � �	�� � �	� �� �� ���.����.����.����.� 	 �	 �	 �	 ��� �� �� �� ���.����.����.����.��� �� ��



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

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0J�� �� ¨¨ ¨¨ �.��.��.��.�@¨¨ ¨¨ 	�%,�*0G'*'*0CH.03©*Ap?BFp<.Ap030�/ �*~B/1)(�:%(~B/ H=<��*?r)(��0*<.ACH.��?r' +>0G)(�LH.0G'a�:Ap?B/1)(6>�G0p'	�%,�*0G'*'*0CH.03©*Ap?BFp<.Ap030�/ �*~B/1)(�:%(~B/ H=<��*?r)(��0*<.ACH.��?r' +>0G)(�LH.0G'a�:Ap?B/1)(6>�G0p'	�%,�*0G'*'*0CH.03©*Ap?BFp<.Ap030�/ �*~B/1)(�:%(~B/ H=<��*?r)(��0*<.ACH.��?r' +>0G)(�LH.0G'a�:Ap?B/1)(6>�G0p'	�%,�*0G'*'*0CH.03©*Ap?BFp<.Ap030�/ �*~B/1)(�:%(~B/ H=<��*?r)(��0*<.ACH.��?r' +>0G)(�LH.0G'a�:Ap?B/1)(6>�G0p'722 22
? �B+>~B<.AJH=%
���*��Ap0�/c�*0G'L)(6.%,��%�0p' � �.�? �B+>~B<.AJH=%
���*��Ap0�/c�*0G'L)(6.%,��%�0p' � �.�? �B+>~B<.AJH=%
���*��Ap0�/c�*0G'L)(6.%,��%�0p' � �.�? �B+>~B<.AJH=%
���*��Ap0�/c�*0G'L)(6.%,��%�0p' � �.��'*)P)(�l£54'*)P)(�l£54'*)P)(�l£54'*)P)(�l£54 �� �� �� �� �����.������.������.������.� 	 0��a4	 0��a4	 0��a4	 0��a4 � � �	�� � �	�� � �	�� � �	� �� �� ���.����.����.����.� 	 ���	 ���	 ���	 �����.����.����.����.��� �!��!��!��!�
�,�B+>~P<.AJH=%
���*��Ap0�/c�*0G'9�*0�/1':%R~B/�' H.0L+1~B-�?BA*%('*?B�:%(~B/ He<�':<.�1':�:Ap?B� � �.��,�B+>~P<.AJH=%
���*��Ap0�/c�*0G'9�*0�/1':%R~B/�' H.0L+1~B-�?BA*%('*?B�:%(~B/ He<�':<.�1':�:Ap?B� � �.��,�B+>~P<.AJH=%
���*��Ap0�/c�*0G'9�*0�/1':%R~B/�' H.0L+1~B-�?BA*%('*?B�:%(~B/ He<�':<.�1':�:Ap?B� � �.��,�B+>~P<.AJH=%
���*��Ap0�/c�*0G'9�*0�/1':%R~B/�' H.0L+1~B-�?BA*%('*?B�:%(~B/ He<�':<.�1':�:Ap?B� � �.��'*)P)(�l£e��¥�I'*)P)(�l£e��¥�I'*)P)(�l£e��¥�I'*)P)(�l£e��¥�I �� �� £�4£�4£�4£�4 �� �� �� �� �.������.������.������.����� 	 0��	 0��	 0��	 0��
44 44 � � �	�� � �	�� � �	�� � �	� �� �� ���.����.����.����.� 	 �,� �	 �,� �	 �,� �	 �,� ��� �� �� �� � �� ��

��/k)P~B/1)(-�<>':%(~B/kH.0_)P0��:�*0&���:<>H.0��.%,�.-�%(~r©*Ap?B+.6.%(;=<>0G£p<./��:Ap§G' �*~BA*� $:MCNJ$&��%�0G':��~P�1'*0�A*F9�&;=<>?B/�H�H.0p'�)(6.%,��%(0G'
�:Ap§G' +>~B-�8G�l��A*%('*?B/.�*0G'J'*~B/c�J0���+.-�~B89�G0G'*�c��0�-�<.%,¨ )(%�'*0����.-�0C�.%(0�/ )P~BA*Ap��-���?B<&��FG%,�*0V'*'*0G'@H.0�H.��+��B�J;=<.%3~B/c�J���*�
�l0G':<.Ap�G0G'�':<.A�+.-�0�%,/10��:Ap? /1)(6>0 � -�%(':�*�G0���?B�.-�0G?B< ���#�
�,�>¢�-�'*0����.-�0lH.~B/1) H.���l~B/c�:Ap�l;=<>0�-�0�+.6>��/1~B�l§�/10
H.��$:MCNJ$&��%7H.��+>0�/1H �5~BA*�*0��l0�/c�7H.0 -�����+>?B%('*'*0�<.A@H=<¦Hc��+��B�7H.?B/1'�-�0G'>':�:A*<>)(�:<.Ap0G'7©*Ap?BF9�G0G'L2 +.-�<>'�-�?_)(6.%,��%(0J0G':�
+>~B-�8G�l��A*%('*?B/c�*0@+.-�<>'>-�0�'*0*<.%,- 	�� ��0�/c�:Ap0@-�0@Ap�G©*%,�l0�H.0�H.��+��B��0��>-�0@Ap�G©*%,�l0�H.0 ':<.+.+.Ap0G'5':%(~B/ H.0 H.��+)�B��0G' �
��-�0�F9�G£e)P~B���l0LFG< �:%(©*<.Ap0C�p¨���£e0��9�l~B%,/1'9-�?�+.Ap~��*~B/1H.0�<cAJ©*Ap?BF9�G0C0G':�9%,��+>~BA*��?B/c�*0C? F9?B/c�9-���?BA*A!"R� H.0L-�?&©*Ap?BFG<.Ap0
~�� 89H.0G� ��0G)(% 0G':��H.��?B%,-�-�0�<.Ap'1)P~B/��:%,A*�l��0�/X?B�>?B%('*'*?B/c�cF�~B-�~B/c�*?B%,Ap0��l0�/.�c-�?�)P?B+>?r)(%�����H.01+>~B-�8G�l��A*%('*?B�:%(~B/XH.0>-�?
)(6.%,��%(0�H.0�©�Ap?BFG<.Ap01+>?BA�?B��~B<.��H.��~�� 89©p§�/10G�V4@?BA&0 ��0��n+.-�0G£ �J+>?BA*�:%�A&H.0G'��l0G':<.Ap0G'�H.01FG%,�*0G'*'*0�H.0�©*Ap?BFG<.Ap0�0�/
�*~B/1)(�:%(~B/ H=<+�*?r)(�*0�<.A�H.��?r':+>0G)(�*£e+.Ap�G'*0�/c�*�G0G' �:%(©*<.Ap0��p¨ ���7£c�R~P<.�>0�A*�J0��J?B-��cH.���l~B/c�:Ap0�?B<>'*':%�;=<>� <./¦�l��-�?B/1©p0
� � I � � ���X� � +>0�A*�l0���H.0��*~BA*�*0��l0�/.��H=%,��%,/c<>0�Ap£.F9~B%,Ap0�H.0�':<.+.+.A*%,�l0�Ap£.-�� MCNJ$&�_� $E0�+.-�<1'*£c+.<.%('*;e<>0�-�0G'+.6>��/1~B�l§�/10G'1H.��$:MCNJ$&��%10��1H.0�H.��+)�B�1'*~B/c�c-�%(�G'�H.?B/�'c-�0G'�':�:A*<>)(�:<.Ap0G',���*~BA*���*?r)(��0�<.A�H.��?r':+>0G)(�*£P-�0G'cA �B-�0p'1He<
)P~B<.Ap?B/c� %(~B/c%(;=<>0�0��JH.0C-����*/10�Ap©*%(0�)(%,/1����%(;=<>0�H.0G'7%(~B/1'@?B+.+>?BAp?B%('*'*0�/c� -�~r©*%(;=<>0G'
�r<./10�?B<>©*�l0�/c�*?B�:%(~B/ H.0C-�?
H.0�/1':%,�*��0���H.0@-�����/10�AG©*%(0�)�%�/1���:%(;=<>0�H.0G'>%(~B/1'>+>0�A*�l0��@H.0@+>?r'*'*0�A H.� <./ Ap�G©*%,�l0�H.0�H.��+��B� ��<./ Ap�G©*%,�l0�H.0
':<.+.+.Ap0G'5':%(~B/ H.0�H.��+��B�*�pMC<��:%,/1?B-�£p%,-.Ap0G':�*0���)P~B��+.Ap0R/1H=Ap0�-�? �*~BA*�*0_H.��+>0�/1H.?B/1)P0_H.0�-�?�FG%,�*0G'*'*0_H.0_©*Ap?BFG<.Ap0
?BF90G)�-�?1+.Ap~��*~B/1H.0�<.AC©*Ap?BF9�V0G�5¡�0G'L;=<>0p':�:%(~B/1'L;=<.% Ap0G':�*0*/c�����G)(-�? %,Ap)�%,AC'*~B/c�L2

- 
-���~BA*%(©*%,/103H.03)P0[+.6>��/1~B�l§�/>0G£

- 
)P~B���l0�/.��-�0n+>?r'*'*?r©p0XH.� <./ Ap�G©*%,�l0XH.0X©*Ap?BFG<.Ap0 ��<./ Ap�G©*%,�l0XH.0X':<.+.+.Ap0G'*' %(~B/ H.0XH.��+��B�*£@0��
�:%,/1?B-�0��l0�/.���1<./�Ap�G©*%��l03H�03H.��+��B�*£=0G':�:¨ %,-e+>~r'5':%,�.-�030�/ �*~B/1)(�:%(~B/�H=<��*?r)(�*0�<.ACH.0��*~ A*�l0G£

- 
0���+>~B<.Ap;=<>~B%�)P0n+c6>��/1~B�l§�/10X0G':�:¨ %,-�+.-�<>'��l?BAp;=<>�lH.?B/1'�-�0G'��:Ap~B<1'�H.0l)P~B/c�*?r)(�*'�;=<>0XH.?B/1'�-�0G'
�:Ap?B/1)(6>�G0G'*�



� � ��� ��� � ������� �
� � ����� � � ��� 	�� ��� ����� 	�� 	��=��� ��� �D�	���

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� ��e¨¨ ¨¨�������������T¨¨¨¨ 	�%,�*0	�%,�*0	�%,�*0	�%,�*0e'*'*0 H.0�©*Ap?BFp<.Ap0 /1~BA*�l?B-�%('*�G0+��-�?�FG%,�*0G'*'50 H.0 ©*Ap?BFG<.Ap0��l0G' <.Ap�G0 -�?�+.-,<>''*'*0 H.0�©*Ap?BFp<.Ap0 /1~BA*�l?B-�%('*�G0+��-�?�FG%,�*0G'*'50 H.0 ©*Ap?BFG<.Ap0��l0G' <.Ap�G0 -�?�+.-,<>''*'*0 H.0�©*Ap?BFp<.Ap0 /1~BA*�l?B-�%('*�G0+��-�?�FG%,�*0G'*'50 H.0 ©*Ap?BFG<.Ap0��l0G' <.Ap�G0 -�?�+.-,<>''*'*0 H.0�©*Ap?BFp<.Ap0 /1~BA*�l?B-�%('*�G0+��-�?�FG%,�*0G'*'50 H.0 ©*Ap?BFG<.Ap0��l0G' <.Ap�G0 -�?�+.-,<>'
%,��+>~BA*�*?B/c�*0G£�0�/ �*~B/1)(�:%(~B/ H=< �*?r)(�*0�<.ADH.��? ':+>0G)(� +1~B<.A -�0p' )(6.%,��%(0G'TH.0D©*Ap?BFG<.Ap0D�%,��+>~BA*�*?B/c�*0G£�0�/ �*~B/1)(�:%(~B/ H=< �*?r)(�*0�<.ADH.��? ':+>0G)(� +1~B<.A -�0p' )(6.%,��%(0G'TH.0D©*Ap?BFG<.Ap0D�%,��+>~BA*�*?B/c�*0G£�0�/ �*~B/1)(�:%(~B/ H=< �*?r)(�*0�<.ADH.��? ':+>0G)(� +1~B<.A -�0p' )(6.%,��%(0G'TH.0D©*Ap?BFG<.Ap0D�%,��+>~BA*�*?B/c�*0G£�0�/ �*~B/1)(�:%(~B/ H=< �*?r)(�*0�<.ADH.��? ':+>0G)(� +1~B<.A -�0p' )(6.%,��%(0G'TH.0D©*Ap?BFG<.Ap0D� �� �� II II �� �� ££ ££�� �� �� �� II II �� �� � ���_�� ���_�� ���_�� ���_� �� �� £��£��£��£�� �� �� II II �� �� � �
����¥� �
����¥� �
����¥� �
����¥ �� �� � �:Ap?B/1)(6>�G0G'k©*Ap?BF9�G0p'k?BF90G)X4� �:Ap?B/1)(6>�G0G'k©*Ap?BF9�G0p'k?BF90G)X4� �:Ap?B/1)(6>�G0G'k©*Ap?BF9�G0p'k?BF90G)X4� �:Ap?B/1)(6>�G0G'k©*Ap?BF9�G0p'k?BF90G)X4 �� �� �� �� �����.������.������.������.� 	 0���4	 0���4	 0���4	 0���4 � � �	�� � �	�� � �	�� � �	� �� �� �.����.����.����.��� 	 �,�	 �,�	 �,�	 �,�
�� ��:�������������������� �� ��

�����
� ��� � ����� � ���	� � ��
���� �
��
 � ��� � ��� � 
������ � �� !������� � � ������� ��� ��� � ��� � �
� � � � 
�� � �  !� � � � ���
�e%>/1~B<1'�/1~P<>'�Ap0�+>~BA*�*~B/1'���)P0E;=<.%�?����*�&FG<Z'*0G)(�:%(~B/Z���#���#����� � +>� �����1':<.A_-�0G'��nAp�G©*%,�l0G'_H.0E©*Ap?BFG<.Ap0G£9-�0
+>?r'*'*?r©p0_H.� <./�Ap�G©*%,�l0_H.0_©*Ap?BFG<.Ap0���<./�Ap�G©*%��l0_H.0_':<.+.+.Ap0G'5':%(~B/ H.0�H.��+��B�*£p+c<.%('#��<./�Ap�G©*%,�l0_H.0_H.��+��P�*£
/101+>0�<.� "���Ap0�H=<X;=<>���J-�?�Hp%,��%,/c<.�:%(~B/lH.0�H.0�/1':%,�*��H.0>+.<.%('*'*?B/1)P0�H.0G'�%(~B/1'�;=<>?B/�H_-�0,�*?r)��*0�<.A&H.0,�*~BA��l0�H.0G'
':�:A*<>)(�:<.Ap0G'l?B<>©*�l0�/.�*0G�@¨���/ 0����*0��*£@-�0G'X)P?BAp? )(�*��A�%(':��%(;=<>0G'lH.0T©*Ap?BFG<.Ap0 � H.0�/1' %,�*�X%(~B/c%(;=<>0X/1~B�*?B�n�l0�/c� �
�l0G':<.Ap�G0G'�':<.A�+.-�0�%,/10���Ap?B/>)(6>0�Ap0G)P~B<.F90�A*�*0�~�� 89H.0&H.~B%,F90�/c��?B<�+.Ap0R��%(0�A&~BApH=Ap0 "���Ap0�-�0G'f� "R�l0G'f-�~BAp'*;=<>0�-�0G'
':<.�1':�:Ap?B�*'�+.Ap�G'*0�/c�*0�/c��H.0�-�?¦�*~B+>~r©*Ap?B+.6.%(0G£>+.<.%('5;=<10�-�0G'�%(~B/�'�~B/c��<./10��:Ap?B��0G)(�*~B%,Ap0��:Ap§G'�+.Ap~r)(6>0lH.0�-�?
/1~BA*�l?B-�0�?B< ':<.�>':�:Ap?B�*�P$E0 +.-�<>'*£P-�0)�:-�<&��H.0G'c/10�<.�:Ap0G'10G':�c+.-�<>'��*?B%,�.-�0�?B<��*~B/1HEHc0G'1':�:A*<>)(�:<.Ap0G' � ?B/1©*-�0�'*~B-�%(H.0
H.0C)P~B-�-�0G)(�:%(~B/ +.-�<>'9Ap�GH=<.%,� �,£ H.��~�� <./¦H.��+��B�9�:6>�G~BA*%(;=<>0*�l0�/c�9+.-�<>'*�*?B%,�.-�0G� '><>0�-�-�0G'7'*~B/c� ?B-�~BAp'9-�0G'9Ap?B%('*~B/�'7H=<
Ap?B-�0�/c�:%('*'*0��l0�/.� H.0¦-�? FG%,�*0G'*'*0 H.0 ©*Ap?BFG<.Ap0 ~B<&�e0��XH.0¦-�? H=%,��%,/c<.�:%(~B/ H.0 )P~P<.Ap?B/c�E%(~B/c%(;=<>0 H.?B/1'E-�0G'
':�:A*<>)(�:<.Ap0G'�©*Ap?BF9�G0G'*£>0��C+>~ <.Ap;=<>~B%�-�0�+.6>��/1~B�l§�/10�0G' �:¨ %,-1+.-�<>'C�l?BAp;=<>��H.?B/1'C-�0G'�)P~B/c�*?r)(�*'�;=<>0�H.?B/1'C-�0G'
�:Ap?B/1)(6>�G0G'
�[47-�<>':%(0�<.Ap'��l�G)P?B/c%(':�l0G'�'*~B/c��?BF9?B/1)P�G'�+>~B<.A&0�� +.-�%(;=<>0�A �J-�? �*~B%('�-�?JAp�GH=<>)(�:%(~B/lH=<��:-�<&��H.� %(~B/�'
0��a-�0[Ap?B-�0�/.�:%('*'*0��l0�/c�LH.0G'a%�~B/1'LH.?B/1'a-�0p'L':�:A*<>)(�:<.Ap0G'L2

• 
-�?�Ap�GH=<>)(��%(~B/ H=<��:-�<&��%(~B/c%�;=<>0_?B<��*~B/1H�H.0G'3':�:A*<>)(�:<.AG0G'[+>0�<.�#"��:Ap0&?B���:A*%,�.<>�G0��@- ? H.���:-�0�� %(~B/ H.0G'
%(~B/1'[F90�Ap'[-�0��l?r'*;=<>0�0�/�Ap�G':%,/10_0��[F90�Ap'[-�0G'��:-�?B/1)P'3Hc0G'3':�:A*<>)(�:<.Ap0G'3~�� 89H.0G£
� )P?B<>'*0_H.0p'3)(6>?BAp©p0G'
��-�0G)(�:Ap~r':�*? �:%(;=<>0G' /1�G©p?B�:%,F90V' ;=<.%k'*��?r)P)(<.��<.-�0�/c� ':<.A�)P0G' �:-�?B/1)P' �����
� ��~B< ' <.A -�0 �l?r'*;=<>0
�,������£#����� �,�e¡���?r)P)(<.��<.-�?B�:%(~B/ H.0�)�6>?BAp©p0G' /1�G©p?B��%,F90G'J?B< '*~B���l0��JH.0G'J':�:A*<>)��:<.Ap0G'J0��JH.0�)(6>?BAp©p0G'
+>~r':%,�:%,F90G'7?B< �*~B/1H H.0G'7':�:A*<>)(�:<.Ap0G'7'*0 +.Ap~rH=<.%,�7?B<&��+.AG0���%(0�Ap'�%,/1':��?B/c�*'7H.0 - ?_©�Ap? FG<.Ap0 � H=< �*?B%,�7H.0G'
H=%(':�:A*%,�.<.�:%(~B/1' %('*~B�:Ap~B+>0DHc0G' ��-�0G)(�:Ap~B/1' 0�� ?B/c%('*~B�:Ap~B+>0 H.0p' %(~B/�' �,��K&/10 Ap0pH=%(':�:A*%,�.<.�:%(~B/ H=<
+>~B�*0�/c�:%(0�-�'*������?B�.-�%,� 0�/1':<.%,��0 Ap?B+.%(H.0��l0�/.��� <>'*;=<>����<./TAp�G©*%��l0 ':��?B�:%(~B/c/1?B%�Ap0 H�0 H=%
���*��Ap0�/1)P0�H.0
)(6>?BAp©p0G£a+>?BAE�G;=<.%,-�%,�.Ap0�0�/.�:Ap0�-����G)P~B<.-�0R�l0�/c�&H.0G'&)(6>? Ap©p0G'&H.0G' �P~B/10p'�/1�G©p?B�:%,F90G'�F90�Ap'�-�0G' �P~B/10G'
+>~r':%,�:%,F90G' � )P~B/1H=%,�:%(~B/�H.0[/10*<.�:Ap?B-�%��*��� 0��a-�?�)(6>?BAp©p03H.03)B0G'a� "��l0G'
�P~B/10G'*�

• 
-�0@Ap?B-�0�/c��%('*'*0��l0�/c��H.0G'>%(~B/1'�H.?B/1'>-�0G'�':�:A*<>)(�:<.Ap0G'�0G':��0�� +.-�%(;=<>�@+>?BA�-�?�H=%
���*�RAp0R/1)P0�H.0@+>~B�*0�/c�:%(0�-
0�/c�:Ap0�-�0 '*~B���l0�� 0R� -�0+��~B/1H H.0p' �l~B�:%
�*'*�5¡���0�/1'*0*���.-�0 H.0G' +.6>��/�~B�l§�/10G'¦H.0 )(6>?BAp©p0 '*~B/c�
?B�:�:A�%,�.<>�G'J?B<�+.Ap0���%(0�A�~BApHeAp0��&-�?EH=%
���*��Ap0�/1)P0�H.0�H=%(':� A*%,�.<.�:%(~B/ H=%,Ap0G)(�:%(~B/c/10�-�-�0�0R/c�:Ap0C-�0G' %(~B/1'J0��
-�0G'���-�0G)(�:Ap~B/1'
�1-�0��:-�<&� ��- 0G)(�:Ap~B/c%(;=<>0k0���-�0���-�<&� %(~ /c%(;=<>0k���*?B/c��Ap0G':+>0G)(��%,F90��X0�/c��%('*~B�:Ap~B+>0k0��
?B/c%('*~B�:Ap~B+>0G£�-�0��*~B/1H�H.0G'9�X~B�:%
�*' '*0C)(6>?BAp©p0[+>~r':%,�:%,F90��X0�/c� � ~B���.Ap?r©p03H.0G' ��-�0G)(��Ap~B/1'9+>?BA -�0G'9�>~BApH.'



� ������� ������	��
��� ��� ��� � ����� � � ��� ����� 	������ �����	� �)�

H=< �l?r'*;=<>0�H.��?B<.�*?B/c�@+.-�<>'@%,��+>~BA*�*?B/c��;=<>0�-�0��*?r)��*0�<.A�H.��?r':+>0G)(��H.0G'�':�:A*<>)(��<.Ap0G'�?B<>©*�l0�/c�*0��,£
?B-�~BAp'1;=<>0>-�0>�>~BApHEH=<E�l?r'*;=<>0>Ap�G':%,/10�0��c-�0@'*~B���l0R�>H.0G'1':�:A*<>)(�:<.Ap0G'1'*0�)(6>?BAp©p0�/.�c/1�G©p? �:%,F90��l0�/��
� �:-�<&����-�0G)(��Ap~B/c%(;=<>0l':<.+>��A5%(0�<.Ak?B< �:-�<&� %(~B/c%(;=<>0G£�) �*�)�:%(©*<.Ap0l�p¨ �
�
�,� �����
	�£#������£#����� �&��0G)(%&+>0�<c�
0�� +.-�%(;=<>0�A7+>~B<.Ap;=<>~B%a-�0G'�+c6>��/1~B�l§�/10G'7H.0@)(6>?BAp©p0J'*~P/c��+.-�<>'�%,��+>~BA*�*?B/c�*'7H.?B/1'�-(0G'7)P~B/c�*?r)(�*'7;=<>0
H.?B/1'�-�0G'��:Ap?B/1)(6>�G0G'*£�)P?BA�-�0G'�)P~B/c�*?r)��*'�+.Ap�G'*0�/c�*0�/c��<./10�-�~B/1©*<>0�<.AkH.0��>~BApHe<.Ap0lH.0��l?r'*;=<>0
':<.+>��A*%(0�<.Ap0��&)P0�-�-�0CH.0G'��:Ap?B/1)(6>�G0G'9+>?BA Ap?B+.+>~BA*� ?B<�F�~P-�<.�l0CH.0L�l?B�*��A*%(?B<+��8�©*Ap? F90�A � ~B< ':<.A �*?r)P0
H.0[�l?B�*��A*%(?B< ��©*Ap?BF90�AC0 � +>~r'*�G03?B<�+.-�?r':�l? �,�

Charge négative
sur les flancs du masque
(flux électrons > ions 
par isotropie électronique)

Charge positive
sur les fonds des contacts
(flux ions > électrons
anisotropie ions / 
ombrage électrons isotropes)

Charge négative
sur les flancs du masque
(flux électrons > ions 
par isotropie électronique)

Charge positive
sur les fonds des contacts
(flux ions > électrons
anisotropie ions / 
ombrage électrons isotropes)

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0_�� ��e¨¨ ¨¨��
��
��
��
��¨¨¨¨ �c)(6>���l?�Hc0>-������*?B�.-�%R'*'*0��l0�/c��H.0G'�)(6>?BAp©p0p'1��-�0G)(�:Ap~r':�*?B�:%(;=<>0p'�H.?B/1'�-�0p'�':�:A*<>)(�:<.Ap0G'�c)(6>���l?�Hc0>-������*?B�.-�%R'*'*0��l0�/c��H.0G'�)(6>?BAp©p0p'1��-�0G)(�:Ap~r':�*?B�:%(;=<>0p'�H.?B/1'�-�0p'�':�:A*<>)(�:<.Ap0G'�c)(6>���l?�Hc0>-������*?B�.-�%R'*'*0��l0�/c��H.0G'�)(6>?BAp©p0p'1��-�0G)(�:Ap~r':�*?B�:%(;=<>0p'�H.?B/1'�-�0p'�':�:A*<>)(�:<.Ap0G'�c)(6>���l?�Hc0>-������*?B�.-�%R'*'*0��l0�/c��H.0G'�)(6>?BAp©p0p'1��-�0G)(�:Ap~r':�*?B�:%(;=<>0p'�H.?B/1'�-�0p'�':�:A*<>)(�:<.Ap0G'
�*~B�*?B-�0��l0�/c�a%('*~B-�?B/c�*0G' � �e%,¡)� �l?r'5;=<>�C~�� 89H.0�� ?P<�)P~B<.Ap' H.0[-�?�©*Ap?BFG<.Ap0G��*~B�*?B-�0��l0�/c�a%('*~B-�?B/c�*0G' � �e%,¡)� �l?r'5;=<>�C~�� 89H.0�� ?P<�)P~B<.Ap' H.0[-�?�©*Ap?BFG<.Ap0G��*~B�*?B-�0��l0�/c�a%('*~B-�?B/c�*0G' � �e%,¡)� �l?r'5;=<>�C~�� 89H.0�� ?P<�)P~B<.Ap' H.0[-�?�©*Ap?BFG<.Ap0G��*~B�*?B-�0��l0�/c�a%('*~B-�?B/c�*0G' � �e%,¡)� �l?r'5;=<>�C~�� 89H.0�� ?P<�)P~B<.Ap' H.0[-�?�©*Ap?BFG<.Ap0G�

4@~B<.AE)P~B/��*~BA*�*0�AE)P0G'�6.8G+>~B�:6>§G'*0G'*£a+.-�<>':%(0*<.Ap'&���:<>H.0G'_H.���l~B/c�:Ap0�/c�&0�� +>��A�%,�l0�/.�*? -�0��l0�/c�&;=<>0�-�0G'&0����*0��*'&H.0
)(6>?BAp©p01��~B<>0�/c��<./�A �B-�01%��n+>~BA*�*?B/c��H.?B/1'�-�?CAp�GH=<>)(�:%(~ /lH=<X)P~B<.Ap?B/c��%(~B/c%(;=<>0�0��1H.01-�����/10�Ap©*%(0�)�%,/1���:%(;=<>0�H.0V'
%(~B/1'�?B< �5~B/1H H.0G'�':�:A*<>)(�:<.Ap0G'�©*Ap?BF9�G0G'*�r4@?BA 0���0���+.-�0G£!��<.A*%,6>?BAp? �D�c0 �r%,/10@+.A=~B+>~r'*0�/c�*£f?B< �l~B890�/ H.� <./
':+>0G)(�:Ap~B�l§���Ap0&H.0��l?r'*'*0G£aH.0��l0G':<.Ap0�A�-�0&)P~B<.Ap?B/.�f%(~ /c%(;=<>0&?B+.Ap§G'f-�?@��Ap?BF90�Ap'*�G0�H.0G'f%(~B/1'�?B<��:Ap?BF90�Ap'�H.� <./10
+.-�?r;=<>0 ~�� 89H.0�+>0�Ap)P�G0 H.0 )P?B+.%,-�-�?B%�Ap0G'*� �,����� �C¡�? �:%(©*<.AG0 �p¨ �
��H.���l~B/c�:Ap0 ;=<>� <./�0+�*~BA*�*0�Ap�GH=<>)(��%(~B/ He<
)P~B<.Ap?B/c�C%(~B/c%(;=<>0�0G':��H.���*0V)(�*�G0�-�~BAp'*;=<>0�-�0.�*?r)��*0�<.A�H���?r':+>0G)(��H.0G'�)P?B+.%,-�-�?B%�Ap0G'�?B<>©*�l0�/c�*0G�.4@? A�)P~B/c��Ap0G£.-�?
Ap�GH=<>)(�:%(~B/ H=<¦)P~B<.Ap?B/c�.%(~B/.%(;=<>0@0G':�./10��:�*0R�l0�/c�.+.-�<>'&��?B%,�.-�0@0�/��*~B/1)(�:%(~B/ H=<��*? )(��0�<.A�H.��?r':+>0G)(�>':%a-�?3��Ap?B/1)(6>0
~�� 89H.0�0G':��Ap0G)P~B<.F90�A*�*0�H.0�)(<.%,FGAp0G£aH.���l~B/c�:Ap?B/c��? %,/1':%7;=<>0�H.� %,��+>~BA*�*?B/c�*'�0����*0��*'1H.0�)(6>?BAp©p0�?B<X'*~B���l0���H.0V'
�l~B�:%
�*'9%,/1H=<.%('*0�/c�9<./10JH.���:-�0�� %(~B/ H.0G'�%(~B/1' 0��7H.~B/1)[<c/10LAp�GH=<>)(�:%(~B/ H=< )P~B<.Ap?B/c�9%(~B/c%(;=<>0CH.?B/1'�-�?&':�:A*<>)(�:<.Ap0G�
$E0G'@Ap�G':<.-��*?B�*'�':%,��%,-�?B%�Ap0G'�'*~B/c��~B�.�*0�/c<>' ':%3<./ +.-�?r' �l?XH.��~�� 89©p§�/10�0G':�@<.�:%,-�%('*��+>~B<.A�/10�+>?r' �*~BA*�l0�A�H.0
)P~B<>)(6>0[%('*~B-�?B/c�*0 � ;=<.% +>~B<.A5Ap?B%,�[)P~BA*Ap0G':+>~B/1H=Ap0#�1<./��l?r'*;=<>0[Ap�G':%,/10�� ':<.AL-�?�':<.A �*? )P03H.0[-�?1�:Ap?B/>)(6>0G�



� � ��� ��� � ������� �
� � ����� � � ��� 	�� ��� ����� 	�� 	��=��� ��� �D�	���

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0&�� ��e¨¨ ¨¨��
��
��
��
�_¨¨¨¨rN�0�+.Ap�G'*0�/c�*?B�:%(~B/XHe<¦)P~P<.Ap?B/c�.%(~B/c%(;e<>07/1~BA*�l?B-�%('*��H.0p'.%R~B/1'1��IN�0�+.Ap�G'*0�/c�*?B�:%(~B/XHe<¦)P~P<.Ap?B/c�.%(~B/c%(;e<>07/1~BA*�l?B-�%('*��H.0p'.%R~B/1'1��IN�0�+.Ap�G'*0�/c�*?B�:%(~B/XHe<¦)P~P<.Ap?B/c�.%(~B/c%(;e<>07/1~BA*�l?B-�%('*��H.0p'.%R~B/1'1��IN�0�+.Ap�G'*0�/c�*?B�:%(~B/XHe<¦)P~P<.Ap?B/c�.%(~B/c%(;e<>07/1~BA*�l?B-�%('*��H.0p'.%R~B/1'1��I �� �� 0��1�0��1�0��1�0��1� �� �� �� �� � �l0G':<.Ap�� �l0G':<.Ap�� �l0G':<.Ap�� �l0G':<.Ap�
+>?BAJ':+>0G)(�:Ap~B�l§��:Ap03H.0[�l?r'*'50�� 0�/ �5~B/1)(�:%(~B/�H=<��*?r)(�*0�<.AJH.��?r':+10G)(�LH.0G'a�:Ap~B<1'*� �+>?BAJ':+>0G)(�:Ap~B�l§��:Ap03H.0[�l?r'*'50�� 0�/ �5~B/1)(�:%(~B/�H=<��*?r)(�*0�<.AJH.��?r':+10G)(�LH.0G'a�:Ap~B<1'*� �+>?BAJ':+>0G)(�:Ap~B�l§��:Ap03H.0[�l?r'*'50�� 0�/ �5~B/1)(�:%(~B/�H=<��*?r)(�*0�<.AJH.��?r':+10G)(�LH.0G'a�:Ap~B<1'*� �+>?BAJ':+>0G)(�:Ap~B�l§��:Ap03H.0[�l?r'*'50�� 0�/ �5~B/1)(�:%(~B/�H=<��*?r)(�*0�<.AJH.��?r':+10G)(�LH.0G'a�:Ap~B<1'*� �:�������������������� �� ��

4@~B<.An)(%,�*0�A&<./Z?B<.�:Ap0E0 ��0R��+.-�0G£9¢ �f0G©p?B�n%�0��&?B-�� ~B/c���l~B/c�:Ap�E;=<>� %,-@0G':��+>~r'*':%,�.-(0EH.0E©*Ap?BF90�AnH.0G'��:Ap~B<>'_H.0
)P~B/c�*?r)�� ~�� 89H.0+��+.-�<>' �*~PA*� �*?r)��*0�<.A H.��?r':+>0G)(��-�~BAp'*;=<>� <./ �l?r'*;=<>0�)P~B/�H=<>)(�*0�<.A 0�/D':%,-�%()(%,<.�"0G':��<.�:%,-�%('*�G£
+.Ap~B<.F9?B/c��;=<>0�-���?B��+.-�%��:<>H.0 H.0G'�0����*0��*'�H.0 )(6>?BAG©p0���~B<>0 '*?B/1'�H.~B<.�*0�<./XA �B-�0 H.?B/1'1-���?BA*A!"R��H.0�-�?�©*Ap?BFG<.Ap0
� 0����*0��aMCNC$&���,� �,����� �
��0�+>0�/1H.?B/c�*£r-�?�Ap�G?B-�%,�*��H.0�)P0G'>+.6>��/�~B�l§�/10G'�H.0 )(6>?PAp©p0�0G':��0�/1)P~BAp0�H=%('*)(<.�*�G0G£[0��><./10@+>?BA*�:%(0�H=< +.Ap�G'*0�/c�
�:Ap?BF9?B%,-�H.0L�:6>§G'*0C?&���*�CH.����F9?B-�<>0�A -�� %,��+>~BA*�*?B/>)P0CH.0G' )P0G'9+.6>��/1~B�l§�/10G'7H.?B/1'9-�?_H.� �*~BA*�l?B��%(~B/ H.0G'9+.Ap~��:%,-�'7H.0
©*Ap?BFG<.Ap0lH.0G'�)P~B/c�*? )(�*'��+�*~BA*���*? )(�*0�<.AlH.��?r':+>0G)(�*�>¡�0G'�~BA*%(©*%,/10G'�H.0l)P0G'�H.���:-�0V)(�:%(~B/1'�%(~B/c%(;=<>0G'�H.?B/1'�-�0G'
':�:A*<>)(�:<.Ap0G'L?B<�)P~B<.Ap'LH.0[-�?�©*Ap?BFG<.Ap0[+.-�?r':�l?�'*0�Ap~B/c�LH.�RF90�-�~B+.+>�G0G' H.?B/1'a-�03��6>?B+.%,�:Ap0#���

��������� ����������� �
	�& ����!���	��
	
K&/¦+.Ap~r)P�GH.��H.0�©*Ap?BFG<.Ap0�)P~B/c�*?r)��@H.?B/1'7-�0JAp�G?r)(�*0�<.A�H.0�©*Ap?BFG<.Ap0���0�/c�:<.Ap?������.��?BF9?B%,�@H.�����n���*��~B+.�:%,��%('*�
+>?BAL-����G;=<.%,+>03©*Ap?BFG<.Ap03H=<�����MC¨ ¡1���1¢B�5¡�0[+.Ap~r)P�GH.�CHc03©*Ap?BFG<.Ap03~B+.�:%,��%('*�30G':�a-�0�':<.%,F9?B/c�L2

- 
47<.%('*'*?B/1)P0[%,/c��0G)(�*�G03H.?B/1'a-�?�'*~B<.Ap)P03254@' � �
	.��� 	

- 
47Ap0G'*':%(~B/�H.0[�:Ap?BF9?B%,-c254 � � ���C����~BA*A � ����� H.�:~B<.F90*A*�:<.Ap03H.0[-�?1F9?B/c/10[+>?B+.%,-�-�~ /,�

- 
IL-�<&� H.03©p?!��+.Ap�G)(<.Ap'*0�<.Ap'L2=�
��'*)P)(� � � I �

- 
��0���+>��Ap?B�:<.Ap03H.03':<.�>':�:Ap?B�[25� � �����P�

- 
47<.%('*'*?B/1)P03H.0[+>~B-�?BA*%('*?B�:%(~B/�H=<�':<c�>':�:Ap?B�L254 � � �	� � �
����� 	

��0��:�*0��R�:<>H.0�'*��0G':� ?B+.+.<.89�G0�':<.A )P0�+.Ap~r)P�GH.��0�/ �*? %('*?B/c��F9?BA*%(0�A�-�����/10�AG©*%(0�H.0��>~B���>?BApH.0��l0�/c��%(~B/c%(;=<>0
� +.<.%('*'*?B/1)P0�H.0>+>~B-�?BA*%('*?B�:%(~B/X':<.�>':�:Ap?B� �,£ ;=<.%9Ap0�+.Ap�G'*0�/c�*0>-�0>+>?BAp? �l§���Ap0>+.-�?r':�l?3- 0>+.-�<>'c%,��+>~BA*�*?B/c�1H.?B/1'c-�0V'
�l�G)P?B/c%(':�l0G'lH.0T©*Ap?BFG<.Ap0TH.?B/1'�-�0p'��:Ap~B<>'kH.0T)P~B/��*?r)�� � �*~BA*� �*?r)��*0�<.A H.��?r':+>0G)(�*�@$E0G'��l0G':<.Ap0G'�+>?BA



� � �����!������� � �D���-�	� � 	��
��� ��� � �!� ��� � �D�
	��
��� ��� � � 	�� � �;��� � � � � ��� � ��� � � � � � � �

��%()(Ap~r'*)P~B+.%(0���-�0V)(�:Ap~B/c%(;=<70 � ����� �C~B/c��+>0�A���%('�-�����Fa?B-�<>?B�:%(~B/DH.0�-�?�+.Ap~��*~B/1H.0R<.A ©*Ap?BF9�G0�?B+.Ap§G' ©�Ap?BFG<.Ap0
+>?BA*�:%(0�-�-�0G£J0�/Z�*0���+>'.�:% ��0G£JH.0n�:Ap~B<>'�H.0X)P~B/c��?r)(�nH.0XH=%,�l0�/1':%(~B/1'�F9?BA*%(?B�.-�0G'*�J��0X':<.%,FG%�? ?B<>'*':%�+>0�A*��%('
H.����F9?B-�<>0�AJ-�0G'7FG%,�*0G'*'*0G'@H.0�©*Ap?BFG<.Ap0�H.0C-���~�� 89H.0�H.?B/1'7-�?E��0�/c�:<.Ap?���������£�0��JH.0JF���A*%
�:%(0�A�H.0C-�?&F9?B-�%(H=%,�*��H.0G'
�l�G)P?B/c%(':�l0G'&H.0�©�Ap?BFG<.Ap0 ~�� 89H.0�+>~B<.AEH.0G'&)P~B/c�*?r)(�*'&H.~B/c��-�0G'&H=%,�l0�/1':%(~B/1'&'*~P/c�&)P~B��+.A�%('*0G'&0�/c�:Ap0���� 0��
�����C/c�l�.¢�-,�*?B<.��0�/���%,/ +.AG�G)(%('*0�A�;=<>0�-�? �l0G':<.Ap0�H.0V'��*?r)(�*0�<.Ap'�H.��?r':+>0G)(��H.0G'�)B~B/c�*?r)(�*'3�:%(0�/.��)P~ ��+.�*0�H.0
-�����+>?B%('*'*0�<.ACH=<��l?r'*;=<>0[Ap�p':%,/10[Ap0G':�*?B/c�L?B+.Ap§G'L©*AG?BFG<.Ap0G�

��������� � �
	�& !"������	�� � ���

 & 	 � � ��	�� & 	�	�����

¡�0G'LAp�G':<.-��*?B�*'CH.03�l0G':<.Ap0G'J'*~B/c�C0�� +>~r'*�G'CH.03-�?�� "��l03�l?B/c%(§�Ap0�;=<>03-�?�'*0G)��:%(~B/ ���#���#���=¡�0p'C��-����l0�/c�*':¨ )(-�0��
%,-�-�<>':�:Ap?B/c� -�0G'a�l�G)P?B/c%('��l0G'LH.03©*Ap?BFG<.Ap0[+.Ap�G'*0�/c�*�G'LH.?B/1'a-�� 6.%(':�*~BA*%(;=<>0 � '*0G)(�:%(~B/����#���#�
�,£='5~B/c�LH.~B/1)�2

- 
-�?�+.Ap~��*~B/1H.0�<.A ©*Ap?BF9�G0¦0R/ �*~B/1)(�:%(~B/ H=< �*0���+>'*£L+>~B<.A H=%
���*��Ap0�/c�*0G'&��?B%,-�-�0G'EH�0¦)P~B/c�*? )(�*'E0���+>~B<.A
H=%
���*��Ap0�/c�*0G'L)P~B/1H=%,�:%(~B/1'LH.0[+>~B-�?BA*%('*?B�:%(~B/�H=<�':<.�1':�:Ap?B� � ) �*� �:%(©*<.Ap03�p¨ 	
�

- 
-�?�H.��+>0�/1H.?B/1)P0�H.0G'cFG%,�*0G'*'50G'1H.0�©*Ap?BFG<.Ap0�H.0>-���~�� 89H.0�?BF90G) -�0)�*? )(�*0�<.A�H.��?r':+>0G)(�>H.0G'1)P~B/c�*?r)(�*'*£P+>~B<.A
H=%
���*��Ap0�/c�*0G'L)P~B/1H=%,�:%(~B/1'LH.0[+>~B-�?BA*%('*?B�:%(~B/�H=<�':<.�1':�:Ap?B� � ) �*� �:%(©*<.Ap03�p¨ ���
�

��0G)(%3H.~B%,�7+>0�A��l0����:Ap0�H.0JF9��A*%
�:%(0�A�':%[-�0G' �l�G)P?B/c%(':�l0G'JH.0JAp?B-�0�/.�:%('*'*0��l0�/c�@0R�@H.��? A*A!"��JH.0J-�?E©*Ap?BFG<.Ap0�~��e89H.0
� +>?r'*'*?r©p0 +>?BA7-�0G'9�:Ap~B%('�Ap�G©�%��l0G'7H.0J©*Ap?BFG<.Ap0G£�FG< '*0G)(�:%(~ /¦���#���#���#�
� H.?B/1'�-�0G'7)P~B/c�*? )(�*'7H.0 �*? %,�.-�0G'7H=%,�l0�/1':%(~B/1'
)P~B/1':%(H.��Ap�G'�'*~B/c�>-�0G'1� "��l0G'�;=<>0�-C;=<>0 '*~B%,�>-�0 �*?r)(�*0R<.A H.��?r':+>0G)(�*£f~P< �.%(0�/ ':%J)P0�)P~B��+>~BA*�*0��l0�/c��0G':�>+.-�<>'
�l?BAp;=<>�[+>~B<.ACH.0G'L)P~B/c�*?r)(��'LH.0[�:Ap§G'a+>0��:%,�*0G'LH=%,�l0�/1':%(~B/1'*�

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

¡�?��:%(©*<.Ap0��p¨ � ��£a-�?��:%(©*<.Ap0E�p¨ �.� 0���-�?��:%(©*<.Ap0��p¨��
	n+cAp�G'*0�/c�*0�/c��-�0G'�+.Ap~��*~B/1H.0�<.A='&©*Ap?BF9�G0G'&~P�.�*0�/c<>0G'&?BF90G)
-�� <.�:%,-�%('*?B�:%(~B/XH.0G'1)P~B/1H=%,�:%(~B/1'c+.-�?r':�l?C<.�:%,-�%('*?B/c�c-�0>+.Ap~r)P�GH.��H.�G)(A*%,�c+.Ap�G)P�GH.0����X0�/c�*£P+>~B<.A1�:Ap~B%('c�*0�/1':%(~B/1'�Hc0
+>~B-�?BA*%('*?B�:%(~B/�H=<�':<.�1':�:Ap?B�[H=%
���*��Ap0�/c�*0G'*�
¡�0�©*Ap?B+.6.%(;=<>0�H.0@-�?.�:%�©*<.AG0��p¨ ��� �l~B/c�:Ap0�;=<>�����
����� 	"H.0@+.<.%('5'*?B/1)P0�H.0@+>~B-�?BA*%('*?B�:%(~B/ H=< ':<.�>':�:Ap?B�*£r-�0
�>~B���>?BApH.0��l0�/c�9%(~B/c%(;=<>030G':� ':<&���:%('*?B/c�9+>~B<.AJ��FG%,�*0RA <�/10L�:Ap?B/1':%��:%(~B/ H=<�Ap�G©*%��l0CH�0C©*Ap?BFG<.Ap0LF90�Ap'9<./�Ap�G©*%��l0
H.0E':<c+.+.Ap0G'*':%(~B/ H.0nH.��+��B�5£ )P?BA_-�0G'�FG%,�*0G'*'*0G'_H.0E©*Ap?BFp<.Ap0E'*~B/c�_;=<>?r':%>%RH.0�/c�:%(;=<>0G'_;=<>0�-�-�0G'_;e<>0E'5~B%(0�/c��-�0G'
�*?B%,-�-�0G'@H.0G'@)P~B/c�*?r)(�*'@)P~B/1':%�H.��Ap�G0G'*� ¡�?n©*Ap?BFG<.Ap0�'*0@+>~P<.Ap':<.%,�@H.~B/1)�H.?B/1'>-�����+>?B%('5'*0�<.A�H.0J-�?n)P~B<>)(6>0�~�� 89H.0
?BF90G)�H.0G'L0����*0��*'�$aNJ¢��¦-�?r©�% �*?B%,�.-�0G'*�



� � ��� ��� � ������� �
� � ����� � � ��� 	�� ��� ����� 	�� 	��=��� ��� �D�	���

0

2000

4000

6000

8000

0

2000

4000

6000

8000

0 10 20 30 40 50 60 70 80

100 nm CD

150 nm CD

200 nm CD

250 nm CD

300 nm CD

Open Area

E
tc

he
d 

de
pt

h 
(n

m
)

Time (s)

CD 100 nm

CD 150 nm

CD 200 nm

CD 250 nm

0

2000

4000

6000

8000

0

2000

4000

6000

8000

0 10 20 30 40 50 60 70 80

100 nm CD

150 nm CD

200 nm CD

250 nm CD

300 nm CD

Open Area

E
tc

he
d 

de
pt

h 
(n

m
)

Time (s)

CD 100 nm

CD 150 nm

CD 200 nm

CD 250 nm

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0_�� ��e¨¨ ¨¨ � �� �� �� �n    C�1Ap?r)P��H.01-�?3+.A=~��*~B/�H.0�<.A�©*Ap?BF9�G0�0*/��*~B/1)(�:%(~B/lH=<E�*0���+>'�H.0�©*Ap?BFG<.Ap0p£P+>~P<.A�H.0p'�1Ap?r)P��H.01-�?3+.A=~��*~B/�H.0�<.A�©*Ap?BF9�G0�0*/��*~B/1)(�:%(~B/lH=<E�*0���+>'�H.0�©*Ap?BFG<.Ap0p£P+>~P<.A�H.0p'�1Ap?r)P��H.01-�?3+.A=~��*~B/�H.0�<.A�©*Ap?BF9�G0�0*/��*~B/1)(�:%(~B/lH=<E�*0���+>'�H.0�©*Ap?BFG<.Ap0p£P+>~P<.A�H.0p'�1Ap?r)P��H.01-�?3+.A=~��*~B/�H.0�<.A�©*Ap?BF9�G0�0*/��*~B/1)(�:%(~B/lH=<E�*0���+>'�H.0�©*Ap?BFG<.Ap0p£P+>~P<.A�H.0p'
�:Ap~B<1'LH.0C)P~B/c�*?r)(�LH.03H=%
���*��AG0�/c�*' H=%(?B�l§��:Ap0G'�:Ap~B<1'LH.0C)P~B/c�*?r)(�LH.03H=%
���*��AG0�/c�*' H=%(?B�l§��:Ap0G'�:Ap~B<1'LH.0C)P~B/c�*?r)(�LH.03H=%
���*��AG0�/c�*' H=%(?B�l§��:Ap0G'�:Ap~B<1'LH.0C)P~B/c�*?r)(�LH.03H=%
���*��AG0�/c�*' H=%(?B�l§��:Ap0G' � 4� 4� 4� 4 � � �	�� � �	�� � �	�� � �	�

�� �� �
�.��� 	 �,��
�.��� 	 �,��
�.��� 	 �,��
�.��� 	 �,�

4@~B<.AJ<./10C+.<.%('*'*?B/1)P0�H.0J+>~B-�?BA*%('*?B�:%(~B/ H=< ':<.�1':�:Ap?B�CH.0����
�.� 	 £e/1~P<>' +>~P<.F9~P/1' F9~B%,A �:%(©*<.Ap0��p¨ ����;=<>0C-(0
Ap�G©*%,�l0�H.0�©*Ap?BFG<.Ap0�H.0G'J)V~B/c�*?r)(�*'JH.0�����0��@�����C/c� �>?r'*)(<.-�0CF90�Ap'7<./¦Ap�G©*%,�l0�H.0�' <.+.+.Ap0G'*':%R~B/ H.0�H.��+)�B�
H.§G' -�0G' +.Ap0���%(§�Ap0G'J'*0G)P~B/1Hc0G'JH.0�©*Ap?BFG<.Ap0G£c0��J)P0C� <>'*;e<>��������'@H.0�©*Ap?BFG<.Ap0G£c?BF90G)_H.0G' FG%,�*0G'*'*0G'@H.0�©*Ap?BFG<.Ap0
+>~B<.F9?B/c� "��:Ap0��:Ap~B%('��*~B%('�%,/��*��A*%(0�<.Ap0G'�?B<&� FG%,�*0G'*'*0G'�H.0k©*Ap?BFG<.Ap0kH.0G'�)P~B/c�*?r)(�*'�H.0kH=%(?B�l§��:Ap0G' � ~B< ��$��
':<.+>��A*%(0�<.Ap'C~P< �G©p?B<&� ���&���C/c� � ;=<.%�0�<&� Ap0G':�*0�/c�CHc?B/1'L<./�Ap�G©*%,�l0�H.0�©*Ap?BFG<.Ap0��,�.��0G)(%�+>0�<.�C'*��0�� +.-�%(;=<>0�A
+>?BAJH.0G'9+c6>��/1~B�l§�/10G' H.0@)(6>?BAp©p0C��-�0G)��:Ap~r':�*? �:%(;=<>0C)(A*%��:%(;=<>0G' H.§G'�-�0G'9+.Ap0���%(§�Ap0G' '50G)P~B/1H.0G' H.0J©*Ap?BFG<.Ap0L+>~B<.A
)P0G'1H=%,�l0�/1':%(~B/1'�H.0�)P~B/c�*?r)(�*' � ) �*� '*0G)(�:%(~B/1'1���#��� �7�#��0������#��� �7�#�&�,�P4@?BA1-�?�':<.%,�*0G£ 0�/��:Ap0 ����0����
��'�H.0�©*Ap?BFG<.Ap0G£
/1~B<>' +>~P<.F9~B/�' Ap0��l?BAp;=<>0�A�;=<>0G£e/1~B/ '*0�<.-�0��l0�/c� -�0G'J)P~B/c�*?r)��*'JH.0�����0��J�����C/�� H.0���$E£e�l?B%('J?B<>'*':%f-�0G'
)P~B/c�*?r)��*'3H.0_H=%,�l0�/1':%(~B/1'[%�/��*��A*%(0�<.Ap0G'3~B<k�G©p?B-�0G'#� �.���C/c� ':<.�.%R'*'*0�/c�[<./10��:Ap?B/1':%,�:%(~B/�F90�Ap'[<./�Ap�G©*%,�l0_H.0
H.��+��B�*� ¢�- +>0�<.��+>?BAp?�",�:Ap0J����~B/c/1?B/c�7;=<>0 -�0JH.�*+��B�7'*~B%,�>H.��?B<.�*?B/c��+.-�<>'�%,��+>~BA*�*?B/c� ;=<>0 -�0JH=%(?B�l§��:Ap0JH.0G'��:Ap~B<1'
H.0@)P~B/c�*?r)(�70G':�>©*AG?B/1H.£B�l?B%�'.%,- /10��*?B<.�.+>?r'>~B<.�.-�%(0�A�;=<>0G£r)P~B���l07/1~B<>'.+>~B<.F9~B/�'.-�07F9~B%,A�':<.A>-�0G'.+.6>~B�*~r'>H.0
-�?,�:%(©*<.Ap03�p¨ ����£5-�0G' �*?r)(�*0�<.Ap'LH.��?r':+>0G)(�L?B�:�*0�%,/c�*'a+>~B<.AL-�0G'L��$��
����0��L�����C/c� '*~B/c� ?B-�~BAp'L0�/cFG%,Ap~B/�%(H.0�/c�:%(;=<>0G'
�_)P0�<&�E?B�:�*0�%,/.�*'�+>~B<.A7-�0J�f$ ����0��7�.���C/c� � +.<.%('5;=<>07-�?_©*Ap?BFG<.Ap0JH.0G'7��$ �
��� 0*�7�����C/c� 8�0G':�7� �*~B%('.+.-�<>'
Ap?B+.%(H.0&0�/c�:Ap0&�n0�� ����' �,���>Ap£G/1~B<>'�?BF�~B/1'[FG<k'*0G)(�:%(~B/k���#���#�����n;e<>0�-�0_H.��+��B��0p' � �*~BA*�*0��l0�/.��?r'*':%(':�*��+>?BA�-�0p'
%(~B/1'��,�*?B%,�.-�03��/10�Ap©*%(03)(%,/1����%(;=<>0G£=0��a-�0��*?r)(�*0�<.ACH.��?r':+>0G)(�aAp0G':�*0[��Ap§G'a%,��+>~BA*�*?B/.�a+>~B<.AL-�0G'a�:Ap~B<>' H.03)P~B/c�*?r)(�LH.0
��$ �
��� 0�� �����C/c� +1?BA Ap?B+.+>~BA*� ?B<&� )P~B/c�*? )(��' H.0 ��$ )P~B��+.A*%(' 0�/c�:AG0 ��� 0�� �����C/c� �l~B%,/1'
+.Ap~��*~B/1H.���l0�/c��©*Ap?BF9�G'L27H.?B/1'�)P0n)P?r'*£�-�? FG%,�*0G'*'*0nH.0nH.��+��B��H.0G'�0p':+>§G)P0G'#�:-�<>~BA=~r)P?BA*�>~B/1�G0G'�?B<��*~B/1HkH.0p'
)P~B/c�*?r)��*'J0G':� -�?&� "��l0�;=<>0C+>~B<.AJ-�0p'J?B<.�:Ap0G'J)P~B/c�*?r)(��'*£e�l?B%('J)P��0G':� -�?&+.-�<>'��*?B%,�.-�0�H=%,��%,/c<.�:%(~B/ H=<+�*?r)(�*0�<.A
H.��?r':+>0G)(�LH.?B/1'a-�0G'L)P~B/c�*?r)(��'a+.-�<>'a+.Ap~��*~B/�H.'L;e<.%�0�� +.-�%(;=<>0[<./10[+.-�<1'L©*Ap?B/1H.0[FG%,�*0G'*'*03H.0CH.��+��B�*�



� � �����!������� � �D���-�	� � 	��
��� ��� � �!� ��� � �D�
	��
��� ��� � � 	�� � �;��� � � � � ��� � ��� � � � � � � �

0

2000

4000

6000

8000

0

2000

4000

6000

8000

0 10 20 30 40 50 60 70 80

50 nm CD

100 nm CD

150 nm CD

200 nm CD

250 nm CD

300 nm CD

E
tc

he
d 

de
pt

h 
(n

m
)

Time (s)

CD 100 nm

CD 150 nm

CD 200 nm

CD 250 nm

0

2000

4000

6000

8000

0

2000

4000

6000

8000

0 10 20 30 40 50 60 70 80

50 nm CD

100 nm CD

150 nm CD

200 nm CD

250 nm CD

300 nm CD

E
tc

he
d 

de
pt

h 
(n

m
)

Time (s)

CD 100 nm

CD 150 nm

CD 200 nm

CD 250 nm

CD 100 nm

CD 150 nm

CD 200 nm

CD 250 nm

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0��� �� ¨¨ ¨¨ �������������¨¨ ¨¨9�1Ap?r)P�&H.01-�?@+.A=~��*~B/1Hc0�<.A_©*Ap?BF9�G0&0�/ �5~B/1)(�:%(~B/kHe<n�*0���+>'3H.0&©*Ap?BFG<.Ap0p£G+>~B<.A�H.0G'�1Ap?r)P�&H.01-�?@+.A=~��*~B/1Hc0�<.A_©*Ap?BF9�G0&0�/ �5~B/1)(�:%(~B/kHe<n�*0���+>'3H.0&©*Ap?BFG<.Ap0p£G+>~B<.A�H.0G'�1Ap?r)P�&H.01-�?@+.A=~��*~B/1Hc0�<.A_©*Ap?BF9�G0&0�/ �5~B/1)(�:%(~B/kHe<n�*0���+>'3H.0&©*Ap?BFG<.Ap0p£G+>~B<.A�H.0G'�1Ap?r)P�&H.01-�?@+.A=~��*~B/1Hc0�<.A_©*Ap?BF9�G0&0�/ �5~B/1)(�:%(~B/kHe<n�*0���+>'3H.0&©*Ap?BFG<.Ap0p£G+>~B<.A�H.0G'
�:Ap~B<1'LH.0C)P~B/c�*?r)(�LH.03H=%
���*��AG0�/c�*' H=%(?B�l§��:Ap0G' � 4�:Ap~B<1'LH.0C)P~B/c�*?r)(�LH.03H=%
���*��AG0�/c�*' H=%(?B�l§��:Ap0G' � 4�:Ap~B<1'LH.0C)P~B/c�*?r)(�LH.03H=%
���*��AG0�/c�*' H=%(?B�l§��:Ap0G' � 4�:Ap~B<1'LH.0C)P~B/c�*?r)(�LH.03H=%
���*��AG0�/c�*' H=%(?B�l§��:Ap0G' � 4 � � �	�� � �	�� � �	�� � �	�

�� �� ���&��� 	 �,����&��� 	 �,����&��� 	 �,����&��� 	 �,�

��/��:%,/1£�-�? �:%(©*<.Ap0|�p¨ �
	 �l~B/c�:Ap0|;=<>��� ������� 	 H.0Z+.<.%('5'*?B/1)P0|H.0Z+>~B-�?BA5%('*?B�:%(~B/ H=< ':<c�>':�:Ap?B�*£�-�0G'
+.6>��/1~B�l§�/10G'@H.0@�:Ap?B/1':%,�:%(~B/ H.0J-�?n©*Ap?BFG<.Ap0JF90�Ap'�H.0p'>Ap�G©*%,�l0G'@H.0�' <.+.+.Ap0G'*':%R~B/ H.0�H.��+��B�@0��@H.0�H.�*+��B�@'*0
+.Ap~rH=<.%('*0�/c�¦-�~BAp'*;=<>0 -�?Z+.Ap~��*~B/1H.0�<.A ©*Ap?BF9�G0�0G':�¦+.-�<>'¦+>0��:%,�*0 +>?BA Ap?B+.+>~BA*� �Z4 � � �	� � ���
��� 	 ��¡�0p'�>?r'*)(<.-�0��l0�/c�*'7F90�Ap'@H.0p'7A=�G©*%,�l0G'@H.0�':<c+.+.Ap0G'*':%(~B/ Hc0�H.��+��B�@0���H.0�H.�*+��B�@'*0@+cAp~rH=<.%('*0�/c�@Hc~B/1)3+>~B<.A H.0G'
�*?r)(�*0�<.Ap'3H.��?r':+>0G)(�[%,/��*��A�%(0R<.Ap'[+>?BA3Ap?B+.+>~BA*�#��4 � � �	� � ���
��� 	 �p¡���?B/1?B-�89'*0_H.0p'L�l�G)P?B/c%(':�l0G'[Ap0G':+>~B/1'*?B�.-�0G'0G':�a%(H.0�/c�:%(;=<>0#��)P0�-�-�0��*? %,�*0f+.Ap�G)P�GH.0����l0�/.�*�

0

2000

4000

6000

8000

0

2000

4000

6000

8000

0 10 20 30 40 50 60 70 80

75 nm CD

100 nm CD

150 nm CD

200 nm CD

250 nm CD

300 nm CD

E
tc

he
d 

de
pt

h 
(n

m
)

Time (s)

CD 100 nm

CD 150 nm

CD 200 nm

CD 250 nm
0

2000

4000

6000

8000

0

2000

4000

6000

8000

0 10 20 30 40 50 60 70 80

75 nm CD

100 nm CD

150 nm CD

200 nm CD

250 nm CD

300 nm CD

E
tc

he
d 

de
pt

h 
(n

m
)

Time (s)

CD 100 nm

CD 150 nm

CD 200 nm

CD 250 nm

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0��� �� ¨¨ ¨¨ �
	�
	�
	�
	�¨¨¨¨9�1Ap?r)P�&H.01-�?@+.A=~��*~B/1Hc0�<.A�1Ap?r)P�&H.01-�?@+.A=~��*~B/1Hc0�<.A�1Ap?r)P�&H.01-�?@+.A=~��*~B/1Hc0�<.A�1Ap?r)P�&H.01-�?@+.A=~��*~B/1Hc0�<.A�©*Ap?BF9�G0&0�/ �5~B/1)(�:%(~B/kHe<n�*0���+>'3H.0&©*Ap?BFG<.Ap0p£G+>~B<.A�H.0G'©*Ap?BF9�G0&0�/ �5~B/1)(�:%(~B/kHe<n�*0���+>'3H.0&©*Ap?BFG<.Ap0p£G+>~B<.A�H.0G'©*Ap?BF9�G0&0�/ �5~B/1)(�:%(~B/kHe<n�*0���+>'3H.0&©*Ap?BFG<.Ap0p£G+>~B<.A�H.0G'©*Ap?BF9�G0&0�/ �5~B/1)(�:%(~B/kHe<n�*0���+>'3H.0&©*Ap?BFG<.Ap0p£G+>~B<.A�H.0G'
�:Ap~B<1'LH.0C)P~B/c�*?r)(�LH.03H=%
���*��AG0�/c�*' H=%(?B�l§��:Ap0G' � 4�:Ap~B<1'LH.0C)P~B/c�*?r)(�LH.03H=%
���*��AG0�/c�*' H=%(?B�l§��:Ap0G' � 4�:Ap~B<1'LH.0C)P~B/c�*?r)(�LH.03H=%
���*��AG0�/c�*' H=%(?B�l§��:Ap0G' � 4�:Ap~B<1'LH.0C)P~B/c�*?r)(�LH.03H=%
���*��AG0�/c�*' H=%(?B�l§��:Ap0G' � 4 � � �	�� � �	�� � �	�� � �	�

�� �� ���.��� 	 �,����.��� 	 �,����.��� 	 �,����.��� 	 �,�



� � ��� ��� � ������� �
� � ����� � � ��� 	�� ��� ����� 	�� 	��=��� ��� �D�	���

Mw)P0 ':�*?rH.0G£[/1~B<>'�+1~B<.F9~P/1'�)P~B/1)(-�<.Ap0 ;=<>0 -�0G'�+.6>�*/1~B�l§�/10G'�H.��?BA*A!"���H.0 ©*Ap? FG<.Ap0 '*~B/c��H.��?B<.�*?B/c��+.-�<1'
%,��+>~BA*�*?B/.�*'�;=<>0�-�?@+.<.%('*'*?P/1)P0&H.0�+>~B-�?BA*%('*?B�:%(~B/kH=<l' <.�>':�:Ap?B��H=%,��%,/c<>0G�G��/k~B<.�:Ap0G£G+.-�<>'f-�0G'�H=%(?B�l§��:Ap0G'�H.0G'
)P~B/c�*?r)��*'�'*~B/c�J+>0��:%��*'*£c+.-�<>'J-�0G'JFG%,�*0G'*'*0G'�H.0�©*Ap?BFG<.Ap0�Ap?B-�0�/c��%('*'*0�/c�JAp?B+.%(H.0��l0�/.��?B< )P~B<.Ap'�H=< �*0���+>'*�c¡�0
)P~B��+>~BA*�*0��l0�/.�>H.0@©*Ap?BFG<.Ap0@~�� 89H.0@H.?B/�'1H.0G'.�:Ap~B<1'>Hc0@)P~B/c�*?r)(�>H.0@H=%(?B�l§��:Ap0G'.%,/&�*��A*%(0�<.Ap')�������C/c� 0p':�>0�/
?r)P)P~BApH�?BF90G)�)P03;=<.%f?&�R�*�[+.Ap�G'*0�/c�*�C'*0G)(�:%(~B/ ���#��� �7�#��£�+>~B<.AJH.0G' )P~B/c�*?r)(�*' H.0CH=%(? �l§��:Ap03)P~B��+.A�%(' 0�/c�:Ap03��£ ��0R�
� �=�l�e¢�-�0G':�J~P�>'*0�A*F9��;=<>0J-�0G' +.6>��/1~B�l§�/10G'@H.��?BA*A!"��J0��JH.0CAp?B-�0�/c�:%('*'*0��l0�/c�JH.0�©*Ap?BFG<.Ap0�?B<>©*�l0�/c�*0�/.� �&-�?
�*~B%('�?BF90G)E-�? H=%,��%,/c<.�:%(~B/ H.0�-�?¦+.<.%('*'*?B/1)P0lH.0�+1~P-�?BA*%('*?B�:%(~B/ H=< ':<.�>':�:Ap?B��0���?BF90G)E-�? H=%���%,/c<.�:%(~B/ H=<
H=%(?B�l§��:Ap03H.0G'L)P~B/c�*? )(�*'*�
��0�+>0�/1H.?B/c�*£a)P0G'�Ap0�+.Ap�G'*0�/c�*?B�:%(~B/1'�/101+>0�A*�l0R�:�*0�/.��+>? '�H.01F9��A*%
�:%(0�A&H.?B/1'�;=<>0�-�-�0��l0G':<.Ap01-�0�)P~B��+>~BA*�*0R�l0�/c�
H.0Z©*Ap?BFG<.Ap0k+>0�<.� "��:Ap0ZHe%
���*��Ap0�/c� H.?B/1'�-�0G' )P~B/c�*?r)(�*'�-�0G'�+.-�<>' ���:Ap~B%,�*' � � �.���C/c� �_+>?BA Ap?B+.+>~BA*� ?B<
)P~B��+>~BA*�*0��l0�/.�>)P~B/1':�*? �*�7+>~B<.A>-�0G'>)P~B/c�*?r)(�*'>H.0@H=%(?B�l§��:Ap0J)P~B��+.A*%('>0�/c�:Ap0@��£ � 0��>� �=���:%�©*<.Ap0@�p¨ 	 0��&�:%(©*<.Ap0
�p¨ ������¢�-eAp0G':�*0#�����:<>H=%(0�AC':% -�0��*?r)(�*0�<.ACH.��?r':+>0G)(�[)P~B/1':�:%,��<>0[-�0[+>?BAp?B�l§���Ap030G'*'*0�/c�:%(0�-.H.03)P0G'a+.6>��/1~B�l§�/10G'*�

CD = 150 nm

0

100

200

300

400

500

600

700

800

900

0 20 40 60 80

temps de gravure (s)

P
ro

fo
n

d
eu

r 
g

ra
vé

e 
(n

m
)

1500 W

1250 W

1000 W

CD = 200 nm

0

100

200

300

400

500

600

700

800

0 20 40 60 80

temps de gravure (s)

P
ro

fo
n

d
eu

r 
g

ra
vé

e 
(n

m
)

1500 W

1250 W

1000 W

CD = 250 nm

0

100

200

300

400

500

600

700

800

900

0 20 40 60 80

temps de gravure (s)

P
ro

fo
n

d
eu

r 
g

ra
vé

e 
(n

m
)

1500 W

1250 W

1000 W

CD = 150 nm

0

100

200

300

400

500

600

700

800

900

0 20 40 60 80

temps de gravure (s)

P
ro

fo
n

d
eu

r 
g

ra
vé

e 
(n

m
)

1500 W

1250 W

1000 W

CD = 200 nm

0

100

200

300

400

500

600

700

800

0 20 40 60 80

temps de gravure (s)

P
ro

fo
n

d
eu

r 
g

ra
vé

e 
(n

m
)

1500 W

1250 W

1000 W

CD = 250 nm

0

100

200

300

400

500

600

700

800

900

0 20 40 60 80

temps de gravure (s)

P
ro

fo
n

d
eu

r 
g

ra
vé

e 
(n

m
)

1500 W

1250 W

1000 W

�:%(©*<�:%(©*<�:%(©*<�:%(©*<�Ap0Ap0Ap0Ap0��� �� ¨¨ ¨¨ �������������¨¨ ¨¨9�1Ap?r)P�&H.01-�?@+.A=~��*~B/1Hc0�<.A_©*Ap?BF9�G0&0�/ �5~B/1)(�:%(~B/kHe<n�*0���+>'3H.0&©*Ap?BFG<.Ap0p£G+>~B<.A�H.0G'�1Ap?r)P�&H.01-�?@+.A=~��*~B/1Hc0�<.A_©*Ap?BF9�G0&0�/ �5~B/1)(�:%(~B/kHe<n�*0���+>'3H.0&©*Ap?BFG<.Ap0p£G+>~B<.A�H.0G'�1Ap?r)P�&H.01-�?@+.A=~��*~B/1Hc0�<.A_©*Ap?BF9�G0&0�/ �5~B/1)(�:%(~B/kHe<n�*0���+>'3H.0&©*Ap?BFG<.Ap0p£G+>~B<.A�H.0G'�1Ap?r)P�&H.01-�?@+.A=~��*~B/1Hc0�<.A_©*Ap?BF9�G0&0�/ �5~B/1)(�:%(~B/kHe<n�*0���+>'3H.0&©*Ap?BFG<.Ap0p£G+>~B<.A�H.0G'
H=%(?B�l§��:Ap0G' Hc0 )V~B/c�*?r)��DHc0 �
�.��£ �.��� 0�� �
�.�H=%(?B�l§��:Ap0G' Hc0 )V~B/c�*?r)��DHc0 �
�.��£ �.��� 0�� �
�.�H=%(?B�l§��:Ap0G' Hc0 )V~B/c�*?r)��DHc0 �
�.��£ �.��� 0�� �
�.�H=%(?B�l§��:Ap0G' Hc0 )V~B/c�*?r)��DHc0 �
�.��£ �.��� 0�� �
�.�@/c�l£ ?BF90G) H=%
���*��Ap0�/c�*0G'T+c<.%('5'*?B/1)P0G' H.0/c�l£ ?BF90G) H=%
���*��Ap0�/c�*0G'T+c<.%('5'*?B/1)P0G' H.0/c�l£ ?BF90G) H=%
���*��Ap0�/c�*0G'T+c<.%('5'*?B/1)P0G' H.0/c�l£ ?BF90G) H=%
���*��Ap0�/c�*0G'T+c<.%('5'*?B/1)P0G' H.0
+1~B-�?BA*%('*?B�:%(~B/�He<�' <.�1':�:Ap?B�*�+1~B-�?BA*%('*?B�:%(~B/�He<�' <.�1':�:Ap?B�*�+1~B-�?BA*%('*?B�:%(~B/�He<�' <.�1':�:Ap?B�*�+1~B-�?BA*%('*?B�:%(~B/�He<�' <.�1':�:Ap?B�*�

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

� � �
¡�? �:%(©*<.Ap0C�p¨ ���JAp?r'*'*0����.-�0 -�0G'9FG%,�*0G'*'*0G' H.0C©*Ap?BFG<.Ap0CHc0L-���~�� 89H.0C?B< �*~B/1H�H.0G' )P~B/��*?r)��*' 0�/ �*~B/1)(�:%(~B/ H.0L-�0�<.Ap'
�*?r)(�*0�<.Ap'3H.��?r':+>0G)(� � ?BF90G)>�:AG~B%('3H=<.Ap�G0G'CH.0_©*Ap?BFG<.Ap0_H=%
���*��Ap0�/c�*0G'L2��
��£
����0�� �
��' �,£=+>~B<.A�H.0G'[+c<.%('*'*?B/1)P0G'3H.0
+>~B-�?BA*%('*?B�:%(~B/ H=< ':<.�>':�:Ap?B��H.0��
������£>�.�
���k0��������.� 	 �>��0G'C�:Ap~B%('��:%(©*<.Ap0G'C�X~B/c�:Ap0�/c��;=<>0�-�? FG%,�*0G'*'*0�H.0
©*Ap?BFG<.Ap0 Ap0G':�*0¦+.A*%,/1)(%,+>? -�0R�l0�/c�XH.��+>0�/1H.?B/c�*0 H=< ��?r)(�*0�<.ATH.��?r':+>0G)(�*�CMC%,/1':%(£C-�� %,��+>~BA*�*?B/>)P0 H=< �*?r)��*0�<.A
H.��?r':+>0G)(�>H.?B/1'.-�0G'.+.6>��/�~P�l§�/10G'>H.� MCNJ$&�_£r)P~B/1':�*?B�*�V07+>~B<.A�H.0G'1H=%,�l0�/1':%(~B/1'>Hc0@)P~B/c�*?r)��>)P~B��+.A�%('*0G'>0�/c�:Ap0
��£ ��0��7� �=�l£ Ap0G':�*0 -�����-��R�l0R/c�7H.���*0�A*�n%,/1?B/c��+>~B<.A7-�0G'���Ap~B<>'7H.0J)P~B/c�*?r)(�7H.0JH=%(?B�l§R�:Ap0J)P~B��+�A*%('70�/c�:Ap0J�
����0��
�
�C/c� � ?B<��l~B%,/1' �,�
4@~B<.A )P~B��+.-����*0RA )P0R�:�*0 ����<>H.0G£C-�? �:%(©*<.Ap0 �p¨ ��� Ap0G©�Ap~B<.+>0G£�'*~B<1'��*~BA*�l0 H.0¦AG�G©*Ap0G'*':%(~B/1'E-�%,/1�G?B%,Ap0G'*£C-�0G'
H=%
���*��Ap0�/c�*'�Ap�G':<.-��*? �*'&0�� +>��A�%,�l0�/c�*?B<&�lH.0�FG%,�*0G'*'*0�H.0�©*Ap?BFG<.Ap0�0�/ �*~B/1)��:%(~B/ H=< ��?r)(�*0�<.AEH.��?r':+>0G)(�1+>~B<.A&-�0G'
�:Ap~B%('�+.<.%('*'*?B/1)P0G'�H.0�+>~B-(?BA*%('*?B�:%(~B/ H=< ':<c�>':�:Ap?B��Ap0�+.Ap�G'*0�/c�*�G0G'��:%(©*<.Ap0l�p¨ �.��� � ¡�? �*~BA*�*0lH=%(':+>0�Ap':%(~B/ H.0p'
F9?B-�0�<.Ap'�H.01�l0G':<.Ap0G£a)P~B/1':��?B�*�G01+>?BA�0���0R��+.-�0�H.?B/1'�-�0�)P?r'�H.� <./101+.<.%('*'*?B/1)P014 � � �	� � �
����� 	 � ��H=Ap~B%,�*0�':<.A
-�? �:%(©*<.Ap03�p¨ ���
�,£e0G':� '*?B/1' H.~B<.�*0CH=<>0C?B<�H.���*?B<.� H.0LAp�R+>���*?B�.%,-�%,�*�3H.0L-�?�F9?B-�0�<.ALAp�G0R-�-�0CH.0L-�?1+.<.%('*'*?B/1)P0C'*~B<.Ap)P0
+>?BA Ap?B+.+>~BA*����-�?�F9? -�0�<.AJ?����:%()(6>�G0G��¢�- Ap0G':�*03;=<>0G£�� "��X0C':%f)P0L+.Ap~B�.-�§��l0C0 � %(':�*?B%��*£5-�0G'9Ap�G':<.-��*?B�*' H.~B/c/10�/c�9<./10



� � �����!������� � �D���-�	� � 	��
��� ��� � �!� ��� � �D�
	��
��� ��� � � 	�� � �;��� � � � � ��� � ��� � � � � � � �

�*0�/1H.?B/1)P0�;=<.%9+>0�<.�,"��:Ap0>� <>©p�G0�)P~BA*Ap0G)��*0�':%9-�?C+>0�A*�:<.A*�7?B�:%(~B/XH.0>-�?C+.<.%('*'*?B/1)P0�'*~B<cAp)P0>Ap0G':�*0�?B-��G? �*~B%,Ap0�':<.A1-�0
/1~B���.Ap0kH.��0�� +>��A*%(0�/1)P0G'�AG�G?B-�%('*�G0G' � 
&���
�,£1-�0G'�?B<.�:Ap0G'�+>?BAp?B�l§���Ap0G'�+.-�?r':�l? /1�����*?B/c��+>?r'��l~rH=%
�:%(�G'�+>? A
?B%,-�-�0�<.Ap'*� �,�C¡�? Ap0�+.Ap�G'*0�/c�*? �:%(~B/ H.0¦-�? �:%�©*<.Ap0 �p¨ ��� �l~B/c�:Ap0 ;=<>0¦-�? H=%���%,/c<.��%(~B/ H.0¦-�? +.<.%('*'*?B/1)P0 H.0
+>~B-�?BA*%('*?B�:%(~B/l?r)B)P0�/c�:<>01-�?�H.��+>0�/1H.?B/1)P0�H.01-�?JFG%,�*0G'*'*0&H.0�©*Ap?BFG<.Ap0�?BF90G)7-�0,�*?r)��*0R<.A&H.��?r':+>0G)(�*£a)P~B���l01/1~B<>'
-���?BF9~B/1'3H.�������l~B/c�:Ap�_?BF90G)1-�? �:%(©*<.Ap0_�p¨ ����'*0G)(�:%(~B/ ������� �7�#������0�;=<.%1? ���*�_)P~B/1':�*?B�*��+>~B<.A�H.0G'CH=%,�l0�/1':%(~B/1'
��£ � �=�DAp0G':�*0[FGAp?B% +>~B<.ACH.0G'LH=%,�l0�/1':%(~B/1'L' <.+>��A*%(0�<.Ap0G' ����£#� �=�l�

400

500

600

700

800

900

400

500

600

700

800

900

0 2 4 6 8 10

20s
40s
75s

E
tc

h 
ra

te
 (n

m
/m

n)

Aspect ratio

400

500

600

700

800

900

400

500

600

700

800

900

0 2 4 6 8 10

50s

75s

E
tc

h 
ra

te
 (

nm
/m

n)

Aspect ratio

400

500

600

700

800

900

400

500

600

700

800

900

0 2 4 6 8 10

25s

50s
75s

E
tc

h 
ra

te
 (

nm
/m

n)

Aspect ratio

1000 W 1250 W 1500 W

400

500

600

700

800

900

400

500

600

700

800

900

0 2 4 6 8 10

20s
40s
75s

E
tc

h 
ra

te
 (n

m
/m

n)

Aspect ratio

400

500

600

700

800

900

400

500

600

700

800

900

0 2 4 6 8 10

50s

75s

E
tc

h 
ra

te
 (

nm
/m

n)

Aspect ratio

400

500

600

700

800

900

400

500

600

700

800

900

0 2 4 6 8 10

25s

50s
75s

E
tc

h 
ra

te
 (

nm
/m

n)

Aspect ratio

1000 W 1250 W 1500 W

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0��� ��e¨¨ ¨¨�������������&¨¨ ¨¨ �1Ap?r)P�@H.0 -�?3FG%,��1Ap?r)P�@H.0 -�?3FG%,��1Ap?r)P�@H.0 -�?3FG%,��1Ap?r)P�@H.0 -�?3FG%,��0G'5'*0@H.0J©*Ap?BFp<.Ap0J0�/��5~B/1)(�:%(~B/ H=< �*?r)(�*0�<.A�H.��?r' +>0G)(� ��%,/1':�*?B/c�*?B/1���0G'5'*0@H.0J©*Ap?BFp<.Ap0J0�/��5~B/1)(�:%(~B/ H=< �*?r)(�*0�<.A�H.��?r' +>0G)(� ��%,/1':�*?B/c�*?B/1���0G'5'*0@H.0J©*Ap?BFp<.Ap0J0�/��5~B/1)(�:%(~B/ H=< �*?r)(�*0�<.A�H.��?r' +>0G)(� ��%,/1':�*?B/c�*?B/1���0G'5'*0@H.0J©*Ap?BFp<.Ap0J0�/��5~B/1)(�:%(~B/ H=< �*?r)(�*0�<.A�H.��?r' +>0G)(� ��%,/1':�*?B/c�*?B/1���
Hc0G' ':�:A*<>)(�:<.Ap0G'*£5+1~B<.ACH=%
���*��Ap0�/c�*0G'9+.<.%('5'*?B/1)P0G' H.0[+1~B-�?BA*%('*?B�:%(~B/ H=<�':<c�>':�:Ap?B�Hc0G' ':�:A*<>)(�:<.Ap0G'*£5+1~B<.ACH=%
���*��Ap0�/c�*0G'9+.<.%('5'*?B/1)P0G' H.0[+1~B-�?BA*%('*?B�:%(~B/ H=<�':<c�>':�:Ap?B�Hc0G' ':�:A*<>)(�:<.Ap0G'*£5+1~B<.ACH=%
���*��Ap0�/c�*0G'9+.<.%('5'*?B/1)P0G' H.0[+1~B-�?BA*%('*?B�:%(~B/ H=<�':<c�>':�:Ap?B�Hc0G' ':�:A*<>)(�:<.Ap0G'*£5+1~B<.ACH=%
���*��Ap0�/c�*0G'9+.<.%('5'*?B/1)P0G' H.0[+1~B-�?BA*%('*?B�:%(~B/ H=<�':<c�>':�:Ap?B�

400

500

600

700

800

900

400

500

600

700

800

900

0 2 4 6 8 10

V
it

es
se

 d
e 

gr
av

ur
e 

(n
m

/m
n)

Facteur  d’aspect

1500 W

1250 W

1000 W

400

500

600

700

800

900

400

500

600

700

800

900

0 2 4 6 8 10

V
it

es
se

 d
e 

gr
av

ur
e 

(n
m

/m
n)

Facteur  d’aspect

1500 W

1250 W

1000 W

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0&�� ��e¨¨ ¨¨ �.��.��.��.�&¨¨ ¨¨[':<c+>0�A*+>~ ':%,�:%(~B/XH.07-�?3Ap�G©*Ap0G'5':%(~B/XH.0G'.�:Ap?r)P�G'1H.0>FG%,�*0G'*'*0p'1H':<c+>0�A*+>~ ':%,�:%(~B/XH.07-�?3Ap�G©*Ap0G'5':%(~B/XH.0G'.�:Ap?r)P�G'1H.0>FG%,�*0G'*'*0p'1H':<c+>0�A*+>~ ':%,�:%(~B/XH.07-�?3Ap�G©*Ap0G'5':%(~B/XH.0G'.�:Ap?r)P�G'1H.0>FG%,�*0G'*'*0p'1H':<c+>0�A*+>~ ':%,�:%(~B/XH.07-�?3Ap�G©*Ap0G'5':%(~B/XH.0G'.�:Ap?r)P�G'1H.0>FG%,�*0G'*'*0p'1H�0@©*Ap?BFG<.Ap0�H.07-�?#�:%(©*<.Ap00@©*Ap?BFG<.Ap0�H.07-�?#�:%(©*<.Ap00@©*Ap?BFG<.Ap0�H.07-�?#�:%(©*<.Ap00@©*Ap?BFG<.Ap0�H.07-�?#�:%(©*<.Ap0
+.Ap�G)P�pH.0�/c�*0G£=0�/ �*~B/1)(�:%(~B/�He<��*?r)(�*0�<.ACH.��? ':+>0G)(�
�5%,/1':�*?B/c�*?B/1���@H.0G' ':�:A*<>)(�:<.Ap0G'*�+.Ap�G)P�pH.0�/c�*0G£=0�/ �*~B/1)(�:%(~B/�He<��*?r)(�*0�<.ACH.��? ':+>0G)(�
�5%,/1':�*?B/c�*?B/1���@H.0G' ':�:A*<>)(�:<.Ap0G'*�+.Ap�G)P�pH.0�/c�*0G£=0�/ �*~B/1)(�:%(~B/�He<��*?r)(�*0�<.ACH.��? ':+>0G)(�
�5%,/1':�*?B/c�*?B/1���@H.0G' ':�:A*<>)(�:<.Ap0G'*�+.Ap�G)P�pH.0�/c�*0G£=0�/ �*~B/1)(�:%(~B/�He<��*?r)(�*0�<.ACH.��? ':+>0G)(�
�5%,/1':�*?B/c�*?B/1���@H.0G' ':�:A*<>)(�:<.Ap0G'*�



� � ��� ��� � ������� �
� � ����� � � ��� 	�� ��� ����� 	�� 	��=��� ��� �D�	���

��������� 	 ��
���!�& 	�����

�n~B<>'1?BF9~B/1'�F9��A*%
�:%(��;=<>0>-�0G'1)P~B��+>~BA*�*0��l0�/c�*'10��.�l�G)B?B/c%(':�l0G'1H.0�©*Ap?BFG<.Ap0�0�� +>~r'*�G'c+>?BA��R~B<c�>0�A*�10��1?B-��,�
��£
����� �c'5~B/c�3?B+.+.-�%()P?B�.-�0G'[� <>'5;=<>��?B<&��H=%,�l0�/1':%(~B/1'3)(A*%,�:%(;p<>0G'3��£#� �=�l�p¡�?�FG%,�*0G'*'*0_Hc0_©*Ap?BFG<.Ap0_~�� 89H.0_H.��+>0�/1H
�*~BA*�*0��l0�/.�3H=<��*?r)��*0�<.A�H.��?r':+>0G)(�3H.0G'3':�:A*<>)(�:<.Ap0G'[+>~B<.A3-���0�/1'*0����.-�0_H.0G'3H=%,�l0�/1':%(~B/1'3)P~B��+.A*%('*0G'30�/c�:Ap0_�
���
0�� �
�C/c�D�:Ap?B%,�*�G0G'*£=)P03;=<.%�)P~B/��:%,A*�l03;=<>0[-�� MCNJ$&� 0G':� F9��A*%,�*?B�.-�0��l0�/c�a-�0[+.6>��/1~B�l§�/103)P?BAp? )(�*��A�%(':�:%(;=<>03H.0[-�?
©*Ap?BFG<.Ap03~�� 89H.0G�
$E0G'����:<>H.0G'�?B/c�*��A*%(0�<.Ap0G' �,������£a���.��£a���.� �p�l~B/c�:Ap0�/c�1;=<>01-�0G'�0����*0��*'�H.� MCNJ$&� +70�<.F90�/c� "��:Ap0�? �:��A*%,�.<>�G'�?B<&�
+.6>��/1~B�l§�/10G'�H.0 )(6>?BAp©p0k��-�0G)(�:Ap~r':�*?B��%(;=<>0kH.?B/1'�-�0p'�':�:A*<>)(�:<.Ap0G' � ~����*~B<.�*0G'�-(0G'�' <.A �*?r)P0G'�0�� +>~r'*�G0G'�?B<
+.-�?r':�l?r£3H=< �l?r'*;=<>0 Ap�G':%,/10 ��-���~�� 89H.0G£3'*~B/c��%('*~B-�? /c�*0G' �,�[4@~B<.A�%,-�-�<>':�:Ap0�A )P0G'�+.6>��/1~B�l§�/10G'*£[¥���?B/1©¦0��
��%(?B+.%('�~B/c�C�l~B/.�:Ap��;=<>0nH.0G'�)P~B/1H=%,�:%(~B/1'�0�� +>��A*%,�l0�/c�*?B-�0G'C+>0�A*�l0R�:�*0�/.��H.0G'�©*AG?BFG<.Ap0G'�~�� 89H.0 ���:Ap§G'��*~BA*�
�*?r)(�*0�<.A�H.��?r':+>0G)(�*£�':%3-������*? �.-�%('*'*0��l0�/c��H.0�)P~B<.Ap?B/c�*' H.0�':<.A �*?r)P0�':<.A�-�0p' �:-�?B/1)P'�0G':� �*?BF9~BA*%('*��H.§p'�;=<>0�-�?
H=%
���*��Ap0�/1)P03H.0[+>~B�*0�/c�:%(0�-c0�/.�:Ap0[-�03'*~B���l0R�L0��a-�0 �*~B/1H�H.0G'a�l~B�:%
�*'L?B�:�*0R%,/c�a<./�'*0�<.%,-.)(A*%,��%(;=<>0G� �,����� �
�n~B<>'�F90�A*Ap~B/1'�)P0�+>0�/1H.?B/���?B< ��6>?B+.%,�:Ap0 �Z;=<>0G£�Hc?B/1'�-�0l)P?r'�+>?BA*�:%()(<.-�%(0�AkH�0�-�? �*~BA*�l?B��%(~B/ H=< �>~'��£
-�� %,��+>~BA*�*?B/>)P0�H.0 )P0G'�+.6>��/1~B�l§�/10G'&H.0�)(6>?BAp©p0 0G':��0�/1)P~BAp0�-�?BAG©p0��l0�/.�&H=%('*)(<.���G0G�a¡�0��.<.�&H.0�)P0 )(6>?B+.%,��AG0
'*0�Ap?�H.~B/1)�H.����F9?B-�<>0�AL-�0�<.AL%,��+>~BA*�*?B/1)P03H.?B/1'a-�03)B?r'LH.0[-�?�©*Ap?BFG<.Ap03�e%,¡)� �
¡���0�/1'*0����.-�0@H.0G'>)P?BAp?r)(�*��A*%�':�:%(;=<>0G'.+.Ap~B+.Ap0G')�3-�?�©*Ap?BFG<.Ap0@~�� 89H.0@'*0�Ap~B/c�>)P~B��+>?BAG�G0G')��)P0�-�-�0G'>H.07-�?�©*Ap?BFG<.Ap0
�e%,¡)� H.?B/1'a-�03�f6>?B+.%,�:Ap0 �7�



���

¡�0G'��:Ap?BF9?B<&� ':<.A -�?D©*Ap?PFG<.Ap0k+.-�?r':�l?DH.0G'�Ap�G':%,/10p' ~BAp©p?B/c%(;=<>0G'�+.6>~B�*~r'*0�/�' %,�.-�0G' '*~B/c� )P0�<&� ;=<.%X'*0
Ap?B+.+.Ap~r)(6>0�/c�.-�0 +.-�<>'>H.07-�?_©*Ap?BFG<.Ap07+.- ?r':�l?�H=<¦�e%,¡)� �B$E?B/1'>)P0JH.~B�l?B%,/10G£B-�0G'��l?B�*��A�%(?B<&�_-�0G'.+.-�<>'.F9~B%(':%,/>'
H=< �e%�¡)� £�0���-�0G'�+.-�<1' )P~P<.Ap?B/c�*' H.?B/1'�-�0G' ?B+.+.-�%()P?B�:%(~B/1'���%()(Ap~B¨ ��-�0G)(�:Ap~B/c%(;=<>0G'*£�'*~B/c��-�0G'�Ap�G':%,/10p'�+.6>~B�*~P¨
'*0�/1':%,�.-�0G'7<.�:%,-�%('*�G0G'@)P~B���X0J�l?r'*;=<>0�H.0�©*Ap?BFG<.Ap0G�c��0G'7Ap�G':%,/10G'@'*~B/c�@©*Ap?BF9�G0G'@0R/¦<.�:%,-�%('*?B/c�JH.0G'7+.-�?r':�l?r' �
�>?r'*0�H.��~�� 89©p§�/10G�c¡�? ©*Ap?BFV<.Ap0�H.0�)P0G'J�l? �*��A*%(?B<&� 0G':����-�?��*~B%('�H.0���8G+>0�)(6.%���%�;=<>0�Ap�G?r)(�:%,F90�0��C%(~B/c%(;=<>0
Ap�G?r)(��%,F90 � ) �*�='*0G)(��%(~B/ ���#���#�
���

��������� � �
	 � ��� 	 ���
��	 ����	
MC<��*~B<.�3H.���c<.�3H.0�-�?�+.Ap~ H=<>)(�:%(~B/ H.0G'C)(%,Ap)(<.%,�*'[%,/c�*�G©�Ap�G'*£p-�0G'[Ap�G':%,/10p'[+c6>~B�*~r'*0�/�':%,�.-�0G'3���*?B%(0�/c�30�/c-�0�F9�G0G'3?P<
�l~B890�/�H.0�'*~B-�F9?B/c�*' � ���*?B+10�H.��/1~B���l�G0�$:Ap0G':%(':��':�:A*%,+.+.%,/1©!% �,�1��0G'�H.0�A*/c%(0�Ap'J+>0*ApH=%,Ap0�/c�JAp?B+.%(H.0��l0�/.�J-�0�<�A
%,/c�*��A!"��3H.?B/1'[-�0G'3?B/c/1�G0G'3���.�*?r)P0_?B<�Ap0��:AG?B%,�3H.0�-�?@Ap�V':%,/10�+>?BA3+.-�?r':�l? H.��~�� 89©p§R/10 � $:+.-�?r':�l? ?r':6.%,/1©!% �,����0
Ap0��:Ap?B%�� ���*? %,� ?B-�~BAp' 0����*0G)��:<>�3'*~B<1'9+.-�?r':�l?&H.��~�� 89©p§�/10C'5?B/1'9+>~B-�?BA*%('*?B�:%(~B/ H.0L-����G)(6>?B/c�:%,-�-�~B/ � Ap0���Ap?B%��9%('*~B�:Ap~B+>0��,£
0�� '*0�<.- -���~�� 8a©p§�/10C? �*~B��%(;p<>0LAp�G?r©*%('*'*?B%,�L?BF90G)�-�?1Ap�G':%,/>0L+>~B<.AJ)P~B/1H=<.%,Ap0��1-�?,�*~BA��l?B�:%(~B/�H.0L+.Ap~rH=<.%,�*'9F9~B-�?B�:%�-�'
H=<��:8G+>0@����£r��� � ~P<�¥ � ���r��0�+>0�/1H.?B/c�*£B-�����/10�Ap©*%(0@H.��?r)(�:%,F9?B��%(~B/ H.07-�?3Ap�G?r)(�:%(~ / H.0@©*Ap?BFG<.Ap0 � 0�/E-���?B�>'*0�/1)V0H.0��>~B���>?BApH.0��l0�/c��%(~B/c%(;=<>0��&���*?B/c��H.0l�����#�&�f)P?B- ���l~B-�0�/ +.-�?r':�l? H.��� � +�<.Ap£><./10��*0���+>��Ap? �:<.Ap0lH.0+.Ap~r)P�GH.��H.0������ �X�������V�D���*?B%��@/1�G)P0G'*'*?B%,Ap0G�c4@~B<.A�-�%,��%��*0�A�-�0��.<>H.©p0��J�:6>0�A*�n%(;=<>0�H=< +.Ap~r)P�GH.�G£�-���?B��~B<.�
H.� <./10,�*?B%,�.-�0�;=<>?B/c�:%,�*��H.0 �:-�<>~BA �J-���~�� 89©p§�/10 � �:8G+.%(;=<>0��l0�/c������� H.0���I �p£a� � I � ~B<X�eI � )P~B��+.A*%('�H.?B/1'�-(0�l��-�?B/1©p0��e+>0�A��l0��3H.��?B�>?B%('�'*0�A3-�����/10�Ap©*%(0_H.��?r)��:%,F9? �:%(~B/ H=<�$:+.-�?r':�l? ?r':6.%,/1©!%#� 0�/cFG%,Ap~B/ ��£��
� �f)P?B- ���l~B-��p¡�0
�:-�<>~BAL��~B<>0[%()(%�H.0�<&��A �B-�0G'L2
���X%,-�+>0�A*�l0���<./10�+.-�<>' ©*Ap?B/1H.0�+.Ap~rH=<>)(�:%(~B/ H.��~�� 89©p§�/10 ?B�*~B��%(;=<>0 H.?B/1' -�0��l��-�?B/1©p0 ©G?!�P0�<&�
-�~BAp'*;=<>� %,-c0G':�L?r'*'*~r)(%(�#�1<./ +.-�?r':�l?�H.��~�� 89©p§�/10[+.<.A

���X-�0 �:-�<>~BAZ)(Ap�G0TH.0G'k':%,�*0G'kH.��?rH.'*~BA*+.�:%(~B/w':<.Ak-�0G'��l~B-��G)(<.-�0G'kH.0lAp�G':%,/10 0�/ AG�G?r©*%('*'*?B/c�k?BF90G)
-�� 6.89H=Ap~r©p§�/10�H.0�)P0�-�-�0�¨ )�% � ��~BA*�l?B�:%(~B/XH.07¥�I�F9~B-�? �:%,- �,£B+>0�A*�l0����*?B/c�>?B%,/1':%9- ?��:% ��?B��%�~B/XH.0>-���~�� 89©p§�/10



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

?B�*~B��%(;=<>0l;=<.%&+.Ap�G'*0�/c�*0n<./10 �*~BA*�*0l?�����%,/c%,�*�X?BF90G)E- 0G'�-�%(?B%('*~B/1'�+>0�/1H.?B/c�*0G'�He< )P?BA*�>~B/10G����0
+.6>��/1~B�l§�/10 0G':� H.��?B%,-�-�0�<cAp' Ap0G':+>~B/�'*?B�.-�0 He< )(-�%,F9?r©p0 0�� H.0�-�? $*)P~B���.<1':�:%(~B/,% H.0p' )(6>?�",/10G'
+>~B-�8G�l§�Ap0G�

¡�� <.�:%,-�%('*?B�:%(~B/ H.� <./10 �*?B%,�.-�0���/10�Ap©*%(0�H.0@�>~B���>?BApH.0*�l0�/c�>%(~B/c%(;=<>0 � H.����/10�Ap©*%(0��G©p?B-�0�?B<¦+>~B�*0�/c�:%(0�-��:-�~B���*? /c�
H.?B/1'�<./ Ap�G?r)(�*0�<.A +.- ?r':�X?�6>?B<.�*0�H.0�/1':%,�*���L+>0�A��l0�� ��-�?��*~B%(' H.��?B�>?B%('*'*0�A -�����/10�Ap©*%(0�H.��?r)��:%,F9?B��%(~B/DH.0�-�?
Ap�G?r)(��%(~B/ � � ��£ � �f)P?B- ���l~B- ��0���H.��?B+.+>~BA*�*0�A�-�����/10�Ap©*%(0n/1�G)P0G'*'*?B%,Ap0 �¦-�? ©*Ap?BFG<.Ap0�%(~B/c%(;=<>0�Ap�G?r)(�:%,F90lH.0�-�?
Ap�G':%,/10G� �,����� �e¡�0G'L+.-�?r':�l?r'3�eI � �e� � ~B/c�3���*��-�?BAp©p0��l0�/.�[<.�:%,-�%('*�G'[+>~B<.A�©*Ap?BF90�A3-�0G'[Ap�G' %,/10G'*�p$E0G'[FG%,�*0G'*'*0p'3Hc0©*Ap?BFG<.Ap0L%,��+>~BA*�*?B/.�*0G'*£eH.0L-(��~BApH=Ap0CH=< ��%()(Ap~B/ +>?BA ��%�/c<.�*0G£�+>0�<.F90�/c� ?B%,/1':% "��:Ap0C?P�:�*0�%,/.�*0G' ?BF90G)f<./ �l��-�?B/1©p0
�����X�eI � � 	����X� � +>?BAC0���0���+.-�0G� �,���
� ���/��:%,/1£�-���?rH.'*~BA*+.�:%(~B/ H.0�- ��~�� 89©p§�/10 �X- ?T':<.A �*?r)P0kH.0�-�?XAp�G':%,/10k?B< )P~B<.Ap'�H.0�-�?T©�Ap?BFG<.Ap0 0�/ +.-�?r':�X?
H.��~�� 89©p§�/10�0G':�CH.03�:8G+>03�l~B/1~B¨ )P~B<>)(6>0G£ �����
� ��)P~B/c�:Ap?B%,Ap0R�l0�/c����-�?�©�Ap?BFG<.Ap0�H=< ':%,-�%()(%,<.� +>?BAC<./��l��-�?B/1©p0
©p?!�P0�<&� � �>?r'*0ZH.0��:-�<>~PA ~�� -���?rH.'*~BA*+.�:%(~B/ 0G':����<.-��:%()P~B<>)(6>0 � ��8G+.%(;=<>0��l0�/c� ?B<.�*~B<.A H.0 � )P~B<>)(6>0p'
?B�*~B��%(;=<>0G' ��0�/c�:Ap03-�0�':%,-�%()(%�<.� 0��L-�03+.-�?r':�l?�H.0�©*Ap?BFG<.Ap0G� �,����� � ¢�-10G':�JH.~B/1)�+.Ap~P�>?B�c-�0�;=<>03-�?�©*Ap?BFG<.Ap0�H.0p'
�l?B�*��A�%(?B<&��+.<.Ap0��l0�/.�3~BAp©G?B/c%(;=<>0G'[+>?BA3+.-�?r':�l? ~�� 8a©p��/1�G'3'*0�+.Ap~rH=<.%('*0�+.A*%,/1)(%,+>?B-�0��l0�/c��?B<�/c%,F90G?B<kH.0�- ?
H.0�A*/c%(§�Ap0�)P~B<>)(6>0�? �*~B��%(;p<>0�H.0�-�? ':<.A �*?r)P0G�c¢�-�0�/ AG�G':<.-��*0�;=<>0�-�0G'J+.Ap~B�.-�§��l0G'�H.��?BA*A!"���H.0�©�Ap?BFG<.Ap0�+>?BA
)(Ap~B%('*'*?B/1)P03H.� <./ �:%,-��D+>?r'*':%,F9?B/c�L0��LH.0#$:NJ¢��¦-�?r©!%a/103H.~B%,F90�/c�a+>?r'�"��:Ap03H.0G'L��-����l0�/c�*'L)(A*%,��%(;=<>0G'L)P~B���l0[-�~BAp'
H.0L-�?&©*Ap?BFG<.Ap0CH.0L-���~�� 89H.03H.0C':%,-�%()(%,<.�l�e��~B/c�:Ap? %,Ap0��l0R/c� ��-�?�©*Ap?BFG<.Ap0CH.0L-���~�� 89H.0V£e;=<.%r+.Ap�G'*0�/c�*0L<./ '*0�<.%,-�H.0
©*Ap?BFG<.Ap0 � %(~B/c%(;=<>03Ap�G?r)(�:%,F90 ����-�0�F9��0�/ ��/10�Ap©*%(0G£=�*~B<1'L-(0G'CH.���*?B<.�*'JH.03+.A=~��:%,-�'L-�%(�G' ��-�?�©*Ap?BFG<.Ap03-�?B�*��Ap?B-�0�H.0G'
':�:A*<>)(�:<.Ap0G' � $:�>~��3%,/1©!%*£ $:<./�H.0�Ap)(<.� %10��,$��*?r)P0����:%,/1©!% �9'*~B/c�1?B-�~BAp'c-�0G'1��-����l0�/c�*'1)(A*%��:%�;=<>0G'c+1~B<.A1-�?�©*Ap?BFG<.Ap0�H.0G'
�l?B�*��A�%(?B<&� ;=<.%�+.Ap�G'*0�/c�*0�/.�L<./���Ap§G'��*?B%,�.-�0�'*0�<.%,-1H.0_©�Ap?BFG<.Ap03%(~B/c%(;=<>03Ap�G?r)��:%,F90 � )P~B���l0_)P��0G':�L-�0_)P?r'L+>~B<.A
-�0G'9+>~B-�8G�l§�Ap0G' ~BAp©p?B/c%(;=<>0G' �,����/ )P~B/1'*�G;=<>0�/1)P0G£�-�0G' )P?BAp?r)(�*�RA*%(':�:%(;=<>0G'9+.A*%,/1)(%,+>?B-�0G'L;=<.%f~B+.+>~r'*0�/c�9-�?&©*Ap?BFG<.Ap0
H.0G'@�l?B�*��A*%(?B<&� ~BAG©p?B/c%(;=<70G' �X)P0�-�-�0G'�H.0�-���~�� 89H.0�H.0�':%,-�%()(%,<.��'*~B/c�J-�0G'�':<.%,F9?B/c�*0G'*£�Ap0G©*Ap~B<.+>�G0G'�H.?B/1'@-�0
�*?B�.-�0G?B<�)(%,¨ H.0G'*'*~B<1'L2

�k?B�*��A*%(?B<&� �e%,¡)� �e%(� �)(6.%,��%(03H.03©*Ap?BFG<.Ap0[+.A�%,/1)(%�+>?B-�0 � � � � I��
'*0�<.%,-cH.0[+.<.-�F9��A*%('*?B�:%(~B/ � ����0 	 �7��  ����0 	
?BA*A!"��LH.03©*AG?BFG<.Ap0 /1~B/ )(A*%,��%(;=<>0[+>~B<.A��*~BA*�aMCN
NJ¢��¦-�?r© /1~B/ ~B<.% � )(A*%,�:%(;=<>0��
�>~��3%,/1© ~B<.% � )(A*%,�:%(;=<>0�� /1~B/
<./1H.0�Ap)(<.� ~B<.% /1~B/
�>~�� %,/1H=<.%,�a+>?BA��*?r)P0��:��%,/1© ~B<.% /1~B/
+>?r'*':%,F9?B�:%(~B/ /1�G)P0G'*'*?B%,Ap0 /1~B/
'*��-�0G)(�:%,FG%,�*� ;=<>?r':% %,/��:%,/c%(03?BF90G)

�l?r'*;=<>03H=<.AC~�� 89H.0
�*~BA*� �*?r)P0R�:��?r©p03H=<��l?r'*;=<>0[Ap�G':%,/10
?BF90G)�-�0[�>~B���>?BApH.0��l0�/c�a%(~ /c%(;=<>0

�*?B�.-�0G?B<�*?B�.-�0G?B<�*?B�.-�0G?B<�*?B�.-�0G?B< �� ��1����,�� ���¨¨ ¨¨.��~B��+>?BAp?B%('*~B/ H.0G'L)P?BAp?r)(�*��A*%(':�:%(;=<>0G' H.03©*Ap?BFG<.Ap0CH=<��e%,¡)� 0��LH=<��e%(���~B��+>?BAp?B%('*~B/ H.0G'L)P?BAp?r)(�*��A*%(':�:%(;=<>0G' H.03©*Ap?BFG<.Ap0CH=<��e%,¡)� 0��LH=<��e%(���~B��+>?BAp?B%('*~B/ H.0G'L)P?BAp?r)(�*��A*%(':�:%(;=<>0G' H.03©*Ap?BFG<.Ap0CH=<��e%,¡)� 0��LH=<��e%(���~B��+>?BAp?B%('*~B/ H.0G'L)P?BAp?r)(�*��A*%(':�:%(;=<>0G' H.03©*Ap?BFG<.Ap0CH=<��e%,¡)� 0��LH=<��e%(� �� �� �� ��

��/�Ap�p':<.�l�3He<��*?B�.-�0G?B<�)(%��/�Ap�p':<.�l�3He<��*?B�.-�0G?B<�)(%��/�Ap�p':<.�l�3He<��*?B�.-�0G?B<�)(%��/�Ap�p':<.�l�3He<��*?B�.-�0G?B<�)(%�¨¨ ¨¨ Hc0G'5':<1'L2Hc0G'5':<1'L2Hc0G'5':<1'L2Hc0G'5':<1'L2
4@~B<.A�-�?k©*Ap?BFG<.Ap0 ~�� 89H.0G£f-�?��*~BA*�*0 ��/10�AG©*%(0 H.0 �>~B���>?BApH.0��l0�/c��%(~B/c%(;=<>0 Ap0G;=<.%('*0 0G':��Ap0G':+>~B/1'*?P�.-�0 H.0G'
+.Ap~B�.-�§��l0G'CH.��?BA*A!"��CH.0�©*Ap? FG<.Ap0�H.?B/1'L-�0G'C)P~B/c�*?r)(�*'�� �*~BA*�LMCN�£p�l?B%('C?BF9?B/.�*?r©p03- 03�l?B%,/c��%(0�/ H.03+.Ap~��:%,-�'CH.0
©*Ap?BFG<.Ap03?B/c%('*~B�:Ap~B+>0G'L?B<�)P~B<.Ap'LH.03)P0�-�-�0�¨ )(%(�
4@~B<.A -�?&©*Ap?BFG<.Ap0C�e%,¡)� £e?B<�)P~B/c�:Ap?B%�Ap0CH.0L-�?&©*Ap?BFG<.Ap0C~ � 89H.0G£�-�? �*?B%,�.-�0C��/10�Ap©�%(0CH.0L�>~B���>?BApH.0��l0�/c�9%(~B/c%(;=<>0
/1�G)P0G'*'*?B%,Ap0.��- ?�©*AG?BFG<.Ap0�0V':�LAp0G':+>~B/1'*?B�.-�0�H.03-�?�H.���*~BA*�l?B��%(~B/ H.0G'L+.Ap~��:%,-�'CH.0�©*AG?BFG<.Ap0G£=�l?B%('C?BF9?B/.�*?r©p0�-�?
©*Ap?BFG<.Ap03H.03':�:A*<>)(�:<.Ap0G'��,�*~ A*�aMCN��
4@~B<.A�)P~B��+.-����*0RA�)P0@�.%,-�?B/>£ %,-��*?B<.�>+.Ap�G)(%('*0�A ;=<>0�-�0G'����:<>H.0G'�'*0 '*~B/c��':<.A*�*~B<.��)P0�/c�:Ap�G0G'�H.?B/1'1<./X+.Ap0���%(0�A
�*0���+>' ':<.A -���?B/1?B-�89'*0|H.0G' +>?BAp?B�l§��:Ap0G' +.-�?r':�l?DAG0G':+>~B/1'*?P�.-�0G' H.0p' �l�G)P?B/c%(':�l0G' H.0|©*Ap?BFG<.Ap0|H.0G'
Ap�G':%,/10G'*� �,������£����
	�£#���7��£#���7��£#���7� �1¡�0G'��l~rH=%
�:%()B?B�:%(~B/1'�H.0G'�+.Ap~B+.A*%(���*�G'�+.6.89':%(;=<>0G'�0���)(6.%,��%(;=<>0G'nH.0k)V0p'



� ������� ������	��
��� ��� ��� � ����� � � ���
	�� � �!� � �������
� �!����� � ��� � � � �)�

Ap�G':%,/10G'*£e?B%,/1':%f;=<>0L-�0LA �B-�0�H.0L-�� %,/c�*0�Ap? )(�:%(~B/�+.-�?r':�l?���AG�G':%,/10G'*£�%,/��:-�<>0�/c� ?B<>'*':%f':<.A -�0G' )(%,/1���:%(;=<>0G' H.0C©�Ap?BFG<.Ap0G�
��0G'LH.0�A*/c%(0�Ap'L?r':+>0G)(�L'*~B/c�a+.Ap�G'*0�/c�*�G'a�l?B%,/c�*0�/1?B/.�LH.? /1'a-�0[+>?BAp?r©*Ap?B+.6>03':<.%,F9?B/c�*�

��������� 	 � 	 � ������� 	 �

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

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

 � � � � ��
�� � � � � �����

��~B<.�n+>~B-�8G�l§�Ap0 +>~r'*'*§pH.0X<./10 +.Ap~B+.A*%(���*� %,/c�:A*%,/1'*§G;=<>0 H.0 )(6>?B/1©p0��l0�/c�XH.�����*?B�L2�'*? �*0R��+>��Ap?B�:<.Ap0 H�0
�:Ap?B/1':%,�:%(~B/�FG%,��Ap0�<>'*0���©p£�?P<kH.0�- � H.03-�?r;=<>0�-�-�0�%,->H.0*FG%(0�/c�3;=<>?r':%,¨ -�%(;=<.%(H.0G�=¡�~BAp'*;e<>� <./�+>~B-�8G�l§�Ap0_0G':�3'5~B<.��%('
?B< �>~B���>?BApH.0��l0�/c�T%(~B/c%(;=<>0G£�%,- ':<.�.%,�T<./10 ��-���F9?B�:%(~B/"H.0D�*0���+>��Ap? �:<.Ap0 0�/"':<.A �*?r)P0G£��l?B- ©*Ap�D- 0
Ap0��:Ap~B%(H=%('*'*0��l0�/c� H=< +>~BA*�*0�¨ ':<.�>':�:Ap?B�*��MC%,/1':%(£�-�0T�7~B���>?BApH.0��l0�/c�l%(~B/c%(;=<>0D':�:%,��<.-�0T-�? �l~B�.%,-�%,�*� H.0G'
�l~B/1~B�l§�Ap0G'1)P~B/1':�:%,�:<>?B/.�c- ?CAp�G':%,/10G£P� <>'*;=<>���C-�0G'cAp0�/1HeAp0>-�%,�.Ap0G'1H.����F9~B-�<>0�A1-�0G'c<./�'c+>?BA1Ap?B+.+>~BA*�1?B<&��?B<��:Ap0G'
-�~BAp'*;=<>03-�?��*0���+>��Ap? �:<.Ap0�Hp<�+>~B-�8G�l§�Ap0�0G':�C':<.+>��A*%(0�<.AG0.����©p� �����7� ����03+.6>��/1~B�l§�/10G£c)P~B/c/c< '*~B<>'L-�03/1~P�
H.��$L?B<.�*~B¨ H=%
���:<>':%R~B/+%*£ �����
�7£#����� �9'*��? )P)P~B��+>?r©*/10�H.� <./10>�.A*<>'*;e<>0�H=%,��%,/c<.�:%(~B/XH.0>-�?JFG%('*)P~r':%,�*��H=<n+>~B-�8G�l§�A=0
+>~B<.A � 
���©p£�?BF90G)�<./10 ?B<>©*�l0�/c�*? �:%(~B/ �.A*<.�*? -�0 H�0¦-�? Ap�V?r)��:%,FG%,�*� )(6.%���%(;=<>0 H.0 )P0 H.0�A*/c%(0RA � 0��¦H.0G'
)(%,/1���:%(;=<>0G'LH.03©*Ap?BFG<.Ap0�� +>?BAL<./10[�l~B�.%,-�%,�*�3?r)B)(A*<>03H.0G'L)(6>?�",/10G'L)P?BA*�>~B/1�G0G'LH.?B/1'9-�0��:%,-��D+>~B-�8V�l§�Ap0G� ����� � �
¢�-�0G':�J?B<>'*':%�)P~B/c/c< ;=<>0C+.-,<>' -�0G'J)(6>?�",/10G'JH=<�+1~B-�8G�l§�Ap0�'*~B/c� -�~B/1©*<>0G'J0�� �l?r'*':%,F90G' � ?B<>©*�l0�/c�*?B��%(~B/ H.0C-�?
�l?r'*'*0��l~B-�?B%,Ap0��,£G+.-�<>'f-�?@�*0���+>��Ap?B�:<.Ap0&H.0��:Ap?B/1':%��:%(~B/�FG%,�:Ap0�<>'*0�� � H=<�+>~B-�8G�l§�Ap0&0G':����-�0�F9�G0&0���'*?@FG%R'*)P~r':%,�*�
%,��+>~BA*�*?B/.�*0 � � "��l0C?B<.¨ H.0�- �&H.0L� � �,��¡�0J�e%,¡)� 0p':� H.?P/1' )P0C)P?r'*£e?BF90G)f<./10L� � H.0 �������P����MC<�)P~P<.Ap' H.0J)P0��:�*0
���:<>H.0G£P/1~B<>'c/1~P<>'c+.-�?r)P0�Ap~B/1'c�*~B<.��~B<.Ap'�H.?B/1'1H.0p'1)P~B/1H=%,�:%(~B/1'1H.0�©*Ap?BFG<.Ap0�H=< �e%,¡)�D~��E-�?C�*0���+>��Ap?B�:<.Ap0@H.0
+.Ap~r)P�GH.�30G':�a%,/��*��A*%(0�<.Ap0#�>� � �

�����
� ��� � � � ������� ������
�� � � �� !� ��
 � ��� ������� ����� 	 
���� ��� � ������� � � � �� � ����� � ���
¡�~BAp'*;=<>0�<./��l?B�*��A*%(?B<l~BAp©p?B/c%(;=<>0&0G':��'*~B<.��%('#�@<./�+.-�?r':�l?�H.~B/c�f-�?�)P~B��+>~r'*?P/c�*0&H.0&©*Ap?BFG<.Ap0&)(6.%,��%(;=<>0
0G':�
�*?B%,�.-�0J0����e~B< ��<./10J��/10RAp©*%(0JH.0 �>~B���>?BApH.0��l0�/c�9%�~B/c%(;=<>0 %,/c�*0�/1'*0G£ %,-f0G':��+>~r'*':%,�.-�0JH.��~B�1'*0�A*F90�A7<./10 �*~BA*�*0
H.�G©*Ap?rH.?B�:%(~B/ +.6.89':%(;=<>0 H=< �l?B�*��A�%(?B< ~BAp©p?B/c%(;=<>0G�34@?BA 0���0R��+.-�0G£�H.0G' H.�G©*AG?rH.?B�:%(~B/1' H.0¦Ap�G':%,/10 '*~B/c�
~B�.�*0�/c<>0G'�0�/ -�0G' '*~P<.�l0��:�*?B/.� � <./ +.-�?r':�l? H.��?BAp©p~B/1£X~���'*0�<.-�0 -�? )P~P��+>~r'*?B/c�*0 H.����/10�Ap©*%(0 H.0
�>~B���>?BApH.0��l0�/c�C%(~B/c%(;=<>0�%,/c�*0�A*FG%(0�/c�*£7)P?BA�)P0�H.0�A*/c%(0RA�%,/1H=<.%,�C<./ �*~BA*�C�>~B���>?BApH.0��l0�/c�C%(~B/c%(;=<>0��*~B<.��0�/
Ap0G':�*?B/c�[�*~B�*? -�0��l0�/.�L/10�<.��AG0�)(6.%,�n%(;=<>0��l0�/c�L+>? ACAG?B+.+>~BA*����-�?�Ap�G':%,/10G� �,��� � � ¡�?�H.�G©�Ap?rH.?B�:%(~B/ H.03- ?�Ap�G':%,/10
0G':��)P?BAp? )(�*��A�%('*�G0�+>?BA�<./10��l~rH=%
�:%()P?B��%(~B/ H.0k'*? )P~B��+>~r':%,�:%(~B/ 0�/ ':<.A �*?r)P0 � �l~rH=%
�:%()P?B��%(~B/ H.0G'�)(6>?�",/10G'
)P?BA*�>~B/1�G0G'3+>?BA�H.��+.-�?r)P0��l0�/c�*'�?B�*~B��%(;=<>0G' �,�7��0��:�*0nH.�G©*Ap?rH.?B�:%(~B/ ? ���*�nH.�G)�A*%,�*0&+>?BA���?r)(6.�X?B/ � 	&?r':%,-�0
)P~B���l0[<./10#$*©*Ap?B+.6.%��:%('*?B�:%�~B/,%LH.0[-�?1Ap�G':%,/1032 �����7� �

• 
��-�-�0�'*0��:AG?rH=<.%,�@+>?BA�-���?B+�+>?B<.FGA*%('*'*0��l0�/c��0�/ ~�� 89©p§R/10�0���0�/ 6.89H=Ap~r©p§�/10�H.0�- ?X':<.A �*?r)P0�H.0�- ?
Ap�G':%,/10G£a0���?B�>~B<.�:%,� �J-�?��*~BA��l?B�:%(~B/lH.� <./101�l? �:A*%()P0�)P? A*�>~B/1�G0�?B�l~BA*+.6>0�0�/l':<.A �*?r)P0G£a)P?B+>?B�.-�0�H.0
'*�����*0�/1H=Ap030�/�+.Ap~��*~B/1H.0�<.AJ':<.AL+.-�<>':%(0�<.Ap'L)P0�/c�*?B%,/10G'LHc��?B/1©p':�:A��B�l'*�

• 
¡�0��*0�A*�l0 $*©*Ap?B+.6.%,�:%('*?B�:%(~B/)%C+.Ap~BFG%(0�/c��He< �*?B%,��;=<>0�-��:?B/1?B-�89'*0 ��4@� H.0�-�?¦' <.A �*?r)P0��l~B/c�:Ap0�<./
H.��+.-�?r)P0��l0�/c�XH=< +.%() )P~BA*Ap0G':+>~B/1H.?B/c�X?B<&� -�%(?B%('*~B/1'X��¨ �w~B< ��¨ ¥ � ���
��0�	 ��H=< +1~B-�8G�l§�Ap0
H.��~BA*%(©*%,/10@F90�Ap'>-�����/10�Ap©*%(0�H.0@-�?�-�%(?B%('*~B/ ��¨ �X+.Ap~B+.Ap0�?B< ©*Ap?B+.6.%,�*0J�l~B/1~B¨ )(A*%(':�*? -�-�%,/ � H.0�������� � �
������0 	 ��£T)P~B���l0 Ap0�+.Ap�G'*0�/c�*� �:%(©*<.Ap0 ��¨ ��� ��0��:�*0w©*Ap?B+.6.%,�:%('*?B�:%(~B/ '*��?r)P)P~ ��+>?r©*/10wH.� <./10
H.�G'*~BA*+.�:%(~B/ +.Ap���*��Ap0�/c�:%(0�-�-�0 H.0 -�� 6.89H=Ap~r©p§�/10 )P~B/c�*0�/c< H.?B/1'�-�0¦+>~B-�8G�l§�Ap0 � -�?Z':+>0G)(�:Ap~B�l���:A�%(0
H.������%('*':%(~B/k+>0�A*�l0��_H.��~B�>'50�A*F90�A_<./10E)P~B/1)P0�/c��Ap?B��%(~B/ZH.� 6.89H=Ap~r©p§�/10&�:Ap§G'�%,��+>~BA��*?B/c�*0�?B< )P~B<.Ap'
H.0G'.+.Ap0���%(§�Ap0G'>'*0G)P~B/1H.0G'1H.0@©*Ap?BFG<.Ap0@H.07-�?3Ap�G':%,/10@?B+.Ap§G'>H.��+��B�.+>?BA>Ap?B+.+>~BA*�>?B<��l~B�l0�/c�>~���-�?
Ap�G':%,/1030G':�L©*Ap?B+.6.%,�*�G0G£5/1~B/�Ap0�+.Ap�G'*0�/c�*�[%()(% �,�

$E?B/1'c-�0�)P?rH=Ap0�H.0�)P0>�:Ap?BFa?B%,-�£P-�� <.�:%,-�%('*? �:%(~B/XH=<E�*0�A*�l0 $*©*Ap?B+.6.%,�:%('*?B�:%(~B/,%1?B+.+.-�%(;=<>��?B< �e%,¡)�D)P~BA*Ap0G':+>~B/�HE?P<
� "��l0[+.6>��/1~B�l§�/10G�



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

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� ���¨¨¨¨ �� ��E     3��/cAp0G©��/cAp0G©��/cAp0G©��/cAp0G©�%(':�:Ap0��X0�/c� ��4��EHe<�+.%()C����'1H.07-�?3Ap�G':%,/�07¥�47N �.���%(':�:Ap0��X0�/c� ��4��EHe<�+.%()C����'1H.07-�?3Ap�G':%,/�07¥�47N �.���%(':�:Ap0��X0�/c� ��4��EHe<�+.%()C����'1H.07-�?3Ap�G':%,/�07¥�47N �.���%(':�:Ap0��X0�/c� ��4��EHe<�+.%()C����'1H.07-�?3Ap�G':%,/�07¥�47N �.����2r? �9?BF9?B/c�.�:Ap?B%,�*0R�l0�/c�2r? �9?BF9?B/c�.�:Ap?B%,�*0R�l0�/c�2r? �9?BF9?B/c�.�:Ap?B%,�*0R�l0�/c�2r? �9?BF9?B/c�.�:Ap?B%,�*0R�l0�/c�
+.-�? ':�l?r£5�)� ?B+.Ap§p'a+.-�? ':�l?�?BAp©p~B/1� �+.-�? ':�l?r£5�)� ?B+.Ap§p'a+.-�? ':�l?�?BAp©p~B/1� �+.-�? ':�l?r£5�)� ?B+.Ap§p'a+.-�? ':�l?�?BAp©p~B/1� �+.-�? ':�l?r£5�)� ?B+.Ap§p'a+.-�? ':�l?�?BAp©p~B/1� �:��� ���� ���� ���� � �

�����
� ��� � � ������
 ��� ����� � ��� � ��� ��� 
��  !� � � � ��� � ��� ������� � �
���
¡���0���0���+.-�0�H.�����:<>H.0@-�0@+.-�<>'>%,-�-�<>':�:Ap?B�:%
��?��R�*�@+.<.�.-�%(�@+>?BA �R~B<.�>0�A*��0���?B-�£f?BF90G)3<./10����:<>H.0�)P~B/1'*?r)(Ap�G0 ��- ?
©*Ap?BFG<.Ap0@H.07Ap�G':%,/10@~BAp©p?B/c%(;=<>0 � ¥�47N �.���¦H.07¥�<./c�1��6>0���%()P?B- �aH.?B/1'.<./EAp�G?r)(�*0�<.A>�_��N ~B+>��Ap?B/c�)� ���.� 	
H.01+.<.%('*'*?B/1)P0�'5~B<.Ap)P0�0���<./101+.Ap0G'*':%(~B/lH.0������p����~BA*Ap£ �J+>?BA*�:%,A�H.0G'�H.0�<&��©p?!�@� � 0���� � ���PM��:%,/lH.� %,-#-�<>':�:Ap0�A-�0¦)(<.��<.-J+>~r'*':%,�.-�0¦H.0G'&+c6>��/1~B�l§�/10G'&+.Ap�G'*0�/c�*�G'E)(%,¨ H.0G'*' <>'*£L-������:<>H.0�+>~BA*�*0¦H.��?B�>~BApHT':<.AE-���?B/1?B-�89'*0¦H.0G'
)(%,/1���:%(;=<>0G'7H.0J©*Ap?BFG<.Ap0 +>~B<.A7� � ��©@0�/��*~B/1)(�:%(~B/¦H.0L-�����/10�Ap©*%(0JH.0G'�%(~B/1'*£ )P~B���X0 Ap0�+>~BA*�*� �:%�©*<.Ap0 ��¨ ��� MCF90G)
)P0G' H.0�<&��©p?!�P£�+1~B<.A <./10J�*/10�Ap©*%(0L%(~B/c%(;=<>0L%,/��*��A*%(0�<.Ap0#�&������0�	&£�-�0G'7)(%,/1���:%(;=<>0G'7H.0C©*Ap?BFG<.Ap0C'*0C)P~B��+>~BA*�*0�/c�
�C-�� %,/1':�*?BA�H.0�)P0�;=<.% ?����*�1FG< �C-�?�'*0G)(�:%(~B/n+.Ap�G)P�GH.0�/c�*0G£ ?BF90G) <./10>FG%,�*0G'*'*0�H.0�©*Ap?BFG<.Ap0>�l~B%,/1H=Ap0>+>~B<.A�� � �H=< �*?B%,� H.� <./10L+.Ap0G'5':%(~B/ +>?PA*�:%(0�-�-�0CH.��~�� 89©p§�/10C? �*~B��%(;p<>0C���&� �*~B%('9%,/��*��A*%(0�<.Ap0L+1~B<.AJ)P0L+.-�?r':�l?&H.0C©*Ap?BFG<.Ap0G�
$E§G'J;=<>0C-�����/10�Ap©*%(0C%(~B/c%(;=<70�0G':�J':<.+>��A*%(0�<.Ap0��E������0 	&£e-�0C+.Ap~r)P�GH.��H.0�©*Ap?BFG<.Ap0�0�/ � � � �>?r'*)(<.-�0CF90�Ap' <./Ap�G©*%,�l0nH.0�©*AG?B+.6.%,�:%('*?B��%(~B/ H.0�-�?¦':<.A �*? )P0�H=<k�l?B�*�RA�%(?B< ;=<.%&H.0�FG%(0�/c�C+.Ap��+>~B/1H.��Ap?B/c��H.0�F9?B/.�C-�? ©�Ap?BFG<.Ap0
)(6.%,��%(;=<>0G� ��0G)(%['*��?r)P)P~B��+7?r©*/10JH.� <./10J)(6.<.�*0@H.0 -�?�FG%��*0G'*'*0JH.0@©*Ap?BFG<.Ap0JH=<��l?B�*�RA*%(?B<>� 4@~B<.A7-�0 +.Ap~r)P�GH.�J0*/
� � +.<.Ap£.-�? ':<.+>0�A*+>~r':%,�:%(~B/ H.� <./10�©*Ap?BFG<.Ap0�)(6.%���%(;=<70�0��C+.6.89':%(;=<>0�'*0�+>~B<.Ap':<.%,�*�.��/���%,/1£>':%�-�����/10RAp©*%(0nH=<�>~B���>?BApH.0��l0�/c� %(~B/c%(;=<>0�?B<>©*�l0�/c�*0�0�/1)P~BAp0G£c~B< ':%[<./ �G)(6>?B<&���*0��l0�/c�JH=< ':<c�1':�:Ap?B� %,/c�*0RA*FG%(0�/c� -�~BAp'JH.0C-�?
+>~B<.Ap':<.%,�*0�H.0�-�?�©*Ap?BFG<.Ap0&H.01�*0�-�-�0�'*~BA*�*0�;=<>0�-�?J�*0���+>��Ap?B�:<.Ap0�H=<n�l?B�*��A*%(?B<X'*~B%,��':<.+>��A*%(0�<.Ap0 �J��©p£a?B-�~BAp'f-(0
+.6>��/1~B�l§�/10�H.��?B<.�*~rH=%
���:<>' %(~B/ '*��?B�l~BAp)P0�0R� - ?&FG%,�*0G'*'�0�H.0�©*Ap?BFG<.Ap0�?B<>©*�l0�/.�*0G�=4@~B<.AJ-�0C+.Ap~r)P�GH.�3� � ��£e-�0V'+>?BA*�:%(0G' $*©*Ap?B+.6.%��*�G0G' % '*~P/c� ?B-�~BAp'lAp0R��+.-�?r)P�G0G' � -�? ':<.A �*?r)P0T+>?BA H.��?B<.�:AG0G'l�l~B/1~B�l§�Ap0G'*£�;=<.% '*~P/c�
$*©*Ap?B+.6.%,�*�G' %#��-�0�<.A3�*~B<.Ap�p¡�? H=%,��%,/c<.�:%(~B/ H.0�-�?�FG%('*)P~r':%,�*�_H=<�+>~B-�8G�l§�Ap0_?B�>~B<.�:%,�3?B%,/1':%,��-�? ©*AG?B+.6.%,�:%('*?B��%(~B/
0�/�+.Ap~��*~B/1H.0�<.ACH.0[-�?�)P~B<>)R6>03H.0[+>~B-�8G�l§�Ap03H.��+>~r'*� � H.�G©*Ap?rH.?B�:%(~B/��*~B�*? -�03H.0[-�?1AG�G':%,/10��,� �,����	 �



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

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� ���¨¨¨¨ �� ���¨¨ ¨¨.)(%,/1���:%(;=<>0G' H.03©*Ap?BF)(%,/1���:%(;=<>0G' H.03©*Ap?BF)(%,/1���:%(;=<>0G' H.03©*Ap?BF)(%,/1���:%(;=<>0G' H.03©*Ap?BF=<.Ap0CH.0[-�?1Ap�G':%,/10[¥�47NZ������0�/ �*~B/1)(�:%(~B/�Hc0[- � ��/10�AG©*%(03Hc0G'a%(~P/1'<.Ap0CH.0[-�?1Ap�G':%,/10[¥�47NZ������0�/ �*~B/1)(�:%(~B/�Hc0[- � ��/10�AG©*%(03Hc0G'a%(~P/1'<.Ap0CH.0[-�?1Ap�G':%,/10[¥�47NZ������0�/ �*~B/1)(�:%(~B/�Hc0[- � ��/10�AG©*%(03Hc0G'a%(~P/1'<.Ap0CH.0[-�?1Ap�G':%,/10[¥�47NZ������0�/ �*~B/1)(�:%(~B/�Hc0[- � ��/10�AG©*%(03Hc0G'a%(~P/1'
� 4� 4� 4� 4 �� �� ��£����£����£����£��@����~BA*A!�,� �����~BA*A!�,� �����~BA*A!�,� �����~BA*A!�,� �:���7����7����7����7� �� ��

��������� � � �
�
!"��� � � 	 �

�� 	��
� � �
	����
	���
��
	 � ��� � !���	 	 ��	 ��� ��� � �
��~B/1)P0�A*/1?B/c�J-���~B�.�*0�/c�:%(~B/ H.0�+.Ap~��:%,-�'�H.0�©*Ap?BFG<.Ap0�?P/c%('*~B�:Ap~B+>0G'*£1H.0p'�'5~B-�<.�:%(~B/1'�0�� %(':�*0�/c�J+>~B<.A�?r'*':<.Ap0�A�-�?
+>?r'*':%,F9?B�:%(~B/ZH.0G' �:-�?B/1)P'_H.0G'�/1~B<.F90G?B<&���l?B�*��A�%(?B<&�kH=%(��-�0G)(�:A*%(;=<>0G'����*?B%,�.-�0E'*0R<.%,-@H.0E©*Ap?BFG<.Ap0��*0�-�'_;=<>0&- 0
�e%,¡)� 2
K&/10�+.Ap0���%(§�Ap0&'*~B-�<.�:%(~B/ )B~B/1':%(':�*0���<.�:%,-�%('*0�A�<./�+>~BA*��0�¨ ':<.�1':�:Ap?B�3)�A*89~r©p��/c%(;=<>0G£�)B~B���l0_)P0R-�? 0G':��H.�G)(A*%��#�@-�?
'*0G)(�:%(~B/ ���#���#�C+>�=���.��£5�l?B%('a-�0�<.AL%,/1H=<>':�:A*%(?B-�%('*?B�:%(~B/�0G':�a�:Ap~B+�)P~B��+.-�0 ��03':<.AL-�0[+.-�? /�+.Ap?B�:%(;=<>0G�
K&/10 H.0�<&� %(§��l0 '*~B-�<.�:%(~B/ )P~B/1':%(':�*0 �T?B��~B<.�*0�A <./ ?r©p0�/c� +>?r'*':%,F9?B/c��H.?B/1' -�?T)(6.%,�n%(0 H.0 ©�Ap?BFG<.Ap0G�_��0
)P~B��+>~r'*��+>?BA*�:%()(%,+>0�<./c%(;=<>0��l0�/c� �@-�? �*~BA*�l? �:%(~B/kH.� <./10&)P~B<>)(6>0_H.0�+>?r'5':%,F9?B�:%(~B/k?B<l)P~B<.Ap'3H.0�-�?�©*Ap?BFG<.Ap0
+.-�?r':�l?r£7;=<.%1Ap�G':%(':�*0E?B-�~BAp'�?B<k�>~B���>?BApH.0��l0�/c��%(~B/c%�;=<>0nH.?B/1'3-�0G' �P~B/10G'#�*?B%,�.-�0��l0�/c��'*~B<.��%('*0G'�?B<��:-�<&�
%(~B/c%(;=<>0G£5/1~B�*?B���l0�/c� -�0G' �:-�?B/1)P'LH.0G'L':�:A*<>)(�:<.Ap0G'L)P~B�n�l0[-�� %,-�-�<>':�:Ap0f-�?,�:%(©*<.Ap0 ��¨ ���

Masque résine

Substrat

Matériau à
graver  

(SiLK™)

CxHyNz , O

Passivation  
des flancs

Masque oxyde

CxHyNz , O

CxNyOz 

Masque résine

Substrat

Matériau à
graver  

(SiLK™)

CxHyNz , O

Passivation  
des flancs

Masque oxyde

CxHyNz , O

CxNyOz 

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� ���¨¨¨¨ �� ���¨¨ ¨¨=� ��0���+.-�03H.0[�l�G)P?B/c%(':�l03H.0L+>?r'5':%,F9?B�:%(~B/ H.0G' �:-�?B/1)P'5�� ��0���+.-�03H.0[�l�G)P?B/c%(':�l03H.0L+>?r'5':%,F9?B�:%(~B/ H.0G' �:-�?B/1)P'5�� ��0���+.-�03H.0[�l�G)P?B/c%(':�l03H.0L+>?r'5':%,F9?B�:%(~B/ H.0G' �:-�?B/1)P'5�� ��0���+.-�03H.0[�l�G)P?B/c%(':�l03H.0L+>?r'5':%,F9?B�:%(~B/ H.0G' �:-�?B/1)P'5�



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

¡���0���0���+.-�0�H.0�)(6.%,��%(0C+>? '*':%,F9?B/c�*0C-�?&+.-�<>'J)P~B/c/c<>0G£e%,/c�*��Ap0G'*'*?B/c� -�?�©*Ap?BFG<.Ap0�H.0V' �l?B�*��A*%�?B<&�¦~BAp©p?B/c%(;=<>0G'*£
0G':�.-�?�)(6.%,��%(0@�c� � �e� � <.�:%�-#%('*�G0@H.?B/1'.-�0G'c+.Ap~r)P�GH.�G'.��<.-��:%,¨ )P~B<>)(6>0G'.Ap�G':%,/10 �3%,�l?r©p0�A*%(0@H.0@':<.A �*?r)P032rH.?B/1'>)P0)P?r'*£P-�?CAp�G?B-#%('*?B�:%(~B/XH.� <./n�l?r'*;=<>0>Ap�G':%,/10���+>?B%('10G':�1~B�.�*0�/c<>0>+>?BA1�:Ap?B/1'��*0�A��1?B/c%�'*~B�:Ap~B+>0�0�/X)(6.%,��%(0��c� � �e� �H.� <./D�l?r'*;=<>0+�:%,/1£�~B�.�*0*/c< +>?BA %,�l?r©p0�A*%(0 H.0 ':<.A �*?r)P0 H.?B/1' <./10�Ap�G':%,/10 )P~B/cF90�/c�:%(~B/c/10�-�-�0G� ���
��� �C¡�0p'
?B/1?B-�89'*0G' ��4@� H=< �*~B/1HZ0���H.0G'.�:-�?B/1)P'�H.0G'�':�:A*<>)���<.Ap0G'�©*Ap?BF9�G0G'*£7�l~B/c�:Ap0�/.�n;=<>� <./ �:%,-���+>?r'*':%,F9?B/c��H.0
H=%(':<.- �:<.Ap0_H.0_)P?BA*�>~B/10��:Ap§G'LAp�G':%(':�*?B/c�#��-�? ©*AG?BFG<.Ap0_0G':�30�/1':<.%,�*0_'*~B%,�3H.��+>~r'*��'*~B%,���*~BA*�l�_':<.A3-�0G'��:-�?B/1)P'3H.0G'
':�:A*<>)(�:<.Ap0G'*�p¡�? �:%(©*<.Ap0 ��¨ ���l~B/c�:Ap0_;=<>� <./10��:Ap§G'[�>~B/c/10_?B/c%('*~B�:Ap~B+.%(0_H.0_©*Ap?BFG<.Ap0�+>0�<.�#"��:Ap0_~B�.�*0�/c<>0_H.?B/1'
)P0G'L)P~B/1H=%,�:%(~B/1'*� �,�
��� �
$E��?B<.�:Ap0G'�?B<.�*0�<.Ap'�~B/c��?B<>'*':%��l~B/c�:Ap��;=<>0�-�� <.�:%�-�%('*?B�:%�~B/�H.0�)(6.-�~BAp0�~B< H.0��:-�<>~BA�+>?BA�0���0R��+.-�0�? �l��-�%(~BAG0
/1~B�*?B�.-�0��l0�/c�c-�0G'c+.Ap~��:%�-�'1H.0�©*Ap?BFG<.Ap0�H.0G'c�l?B�*��A�%(?B<&�_-�~��3¨ �D~BAp©p?B/c%(;=<>0G'*� ���
����£#�
��� �G$E0>� "��l0G£P-�0>�>~�� 0G':�
�*~BA*�*0��l0�/.�3Ap�GH=<.%,�_?B<Z)P~B<.Ap'�H.0_-�? ©*Ap?BFG<.Ap0nH.0G'#����AG~r©p0�-�'.� �>?r'*0n~�� 89H.0_+>?BA�- � <.�:%,-�%('*?B�:%(~B/ H.� <./ +.-�?r':�X?
�:-�<>~BAp~r)P?BA*�>~B/1�G'*� ���
��� �

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� ���¨¨¨¨��� �� ¨¨ ¨¨=� ��0���+.-�03H.03©*Ap?BFG<.Ap0L+>~B-�8G�l§�Ap030�/�)(6.%,�n%(0C�c�� ��0���+.-�03H.03©*Ap?BFG<.Ap0L+>~B-�8G�l§�Ap030�/�)(6.%,�n%(0C�c�� ��0���+.-�03H.03©*Ap?BFG<.Ap0L+>~B-�8G�l§�Ap030�/�)(6.%,�n%(0C�c�� ��0���+.-�03H.03©*Ap?BFG<.Ap0L+>~B-�8G�l§�Ap030�/�)(6.%,�n%(0C�c� �� �� �e��e��e��e� �� �� �� ��

�k?B-�6>0�<.Ap0�<>'*0��l0�/c�*£L-�0G'&/�~B<.F90G?B<&�ZH=%(��-�0G)(�:A*%(;=<>0G'E'5~B/c�&+>~BAp0�<&��£C)P~B/c�:Ap?B%,Ap0��l0R/c����-���~�� 89H.0 � ~��T-�?�/�~B/c¨
+>~BAp~r':%,�*�J+>0�A*�l0�� <./10���-�%���%,/1?B��%(~B/ ?B%('*�G0�H.0G'7+>~B-�8G�l§�Ap0G'��:-�<>~BAp~B¨ )P?BA*�>~B/1�G'@H.��+>~r'*�G'@' <.A@-�0G'@':<.A �*?r)P0G'@H.0G'
':�:A*<>)(�:<.Ap0G'*£�?B< �l~B890�/DH.� <./10�':%,��+.-�0����*?B+>0�H.0 +.A=~r)P�GH.��0�/ +.-�?r':�l?kH.��~�� 89©p§�/10�?B+.Ap§G' ©*Ap?BFG<.Ap0��,����0p'
/1~B<.F90G?B<&� H=%(��-�0G)(�:A*%(;=<>0G'E+>0�<.F90�/c�¦H.~B/1)�Ap0��*0�/c%,A Hc� %,��+>~BA*�*?B/.�*0G'¦;=<>?B/c�:%,�*�G'¦H.��?r©p0�/c�*'¦)P~BA*Ap~r':%
�*'¦?B+.Ap§G'
©*Ap?BFG<.Ap0��*0�-�'&;=<>0�-�0G'�6>?B-�~ ©p§�/10G'&~B<X-�0�'*~B<&�:Ap0G�a¡�0G'�+.Ap~B�.-�§��l0G'&H.0�)P~BA*Ap~r':%(~B/T;=<.%7+>0�<.F90�/c�&'*0�+.Ap~rH=<.%,Ap0
H.?B/1'@-�0G'����*?B+>0G'@<.-��*��A�%(0�<.Ap0G'�H.� %,/c�*�G©*Ap? �:%(~B/ � �l���*? -�-#%('*?B�:%(~B/ /1~B�*? ���l0�/.� ���*~B/.��;=<>0�)P0G'�)(6.%���%(0G' �E�>?r'*0
H.� 6>?B-�~r©p§�/10G' ~B< H.0 '*~B<&� Ap0 '*~B/c���:%,/1?B-�0R�l0�/c� � +.Ap~r'*)(A*%,Ap0¦+>~B<.A -���~B�.�*0�/c�:%(~ / H.0¦+.Ap~��:%,-�' H.0 ©*Ap?BFG<.Ap0
?B/c%('*~B�:Ap~B+>0G'*�



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

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

�����
������
	
¡�0G'[+.Ap~P�.-�§��l0G'3H.0_)P~BA*Ap~ ' %(~B/ )P~B/1':�:%,�:<>0�/c�[<./ H.0G'L61?B/1H=%()P?B+��l?B��0�<.Ap'3H.0�-�?��l���*?B-#-�%('*?B�:%(~B/�-�~BAp'*;=<>0_)P0����*0
H.0�A*/c%(§�Ap0�0G':��0����*0G)��:<>�G0�?B+�Ap§G'�-���0���+.-�~B%7H.0�)(6.%,��%(0G'�H�0�©*Ap?BFG<.Ap016>?B-�~r©p��/1�G0G' � )(6�-�~BAp0�0�� �:-�<>~BA�/1~B�*? ���l0�/.� �
~B<¦'*~B<&�:Ap�G0G'*�P¡�?�)P~BA*Ap~r':%(~B/ 0G':�>H.0G':�:A*<>)(�:%,F907+>~B<.A>-�0G'7)(%,Ap)(<.%��*'.%,/c�*�V©*Ap�G'.+.<.%('*;=<>�:0�-�-�0@'*07�:Ap?rH=<.%,���3-�?#�*~B%('.+>? A
H.0G'�)P~B<.+.<.Ap0G'�H.01-�%(©*/10G'�0��c+>?BA&H.0G'�)P~B<.A*�:¨ )(%,AG)(<.%,�*'*£a;p<.%�Ap0�+.Ap�G'*0�/c�*0�/c��H.0G'�H.�G©*AG?rH.?B�:%(~B/1'�%,A*Ap��F90�Ap':%,�.-�0G'*�V¡�?
)P~BA*Ap~r':%(~B/ H.0�-���?B-�<.��%,/c%,<��l£L+>?BA 0���0R��+.-�0G£C0G':�&�.%(0R/ )P~B/c/c<>0¦0��E'*0�+.Ap~rH=<.%,����-�? '*~BA*�:%(0 H.0G'&�) B�:%('EH.0
©*Ap?BFG<.Ap0G£p-�~BAp'*;=<>0�-�0G'3)P~B��+>~r'*�G'3)(6.-�~BAp�G'LAp�G?r©*%('*'*0�/c�3?BF90G)1-�� 6.<.��%(H=%,�*��+.Ap�G'*0�/c�*0&H.?B/1'[-���?B%,A�?B���.%(?B/c�[+>~B<.A
+.Ap~rH=<.%,Ap03H.0[-���?r)(%(H.03)(6.-�~BA*6.89H=A*%(;=<>0[+>?BAL6.89H=Ap~B-�89'*03' <.%,F9?B/c�a-����G;=<>?B�:%(~B/�2

( )3 2 3( ) 3 ( ) 3Al Cl H O Al OH HCl+ +�

K&/10 �*~B%('�-���?r)(%(H.0 )(6.-�~BA*6.89H=A*%(;=<>0 +.Ap�G'*0�/c�*£&-�?TAp�G? )(�:%(~B/ ?B<.�*~B¨ 0�/c�:Ap0R�*0�/c<>0 H.0 )P~BA*Ap~r':%(~B/ +.Ap~rH=<.%,� H.0
-���?B-�<.��%,/103':<.%,F9?B/c�a-����G;=<>?B��%(~B/�2

( )( )3 2 3 2 2 3 22 ( ) 6 6 2 ( ) 6 9 6Al OH HCl H O Al Cl H O Al O H O HCl+ + • + +� �
£

0��L?B�>~B<.�:%,���1-�?�H.0G':�:A*<7)(�:%(~ /�H.0G'a%,/c�*0�Ap)P~B/c/10�� %(~B/1'*£=)P~B���l0[%,-#-�<>':�:Ap���:%(©*<.Ap0 ��¨ ��� �,� �
¢�- �*?B<.��?B<>'*':%3+.Ap�G)(%('*0�A�;=<70�-�?n+.Ap�G'*0�/1)P0�H.0��l?r'*;=<>0�Ap�G':%,/10�)P~B/c��A*%,�.<>0�©*Ap?B/>H.0��l0�/c��?B< +.Ap~B�.-�§��l0�H.0
)P~BA*Ap~r':%(~B/k0�/k?B�>'*~BA*�>?B/c�f<./10&©*Ap?B/1H.0&;=<>?B/c�:%,�*�&H.��0G'�+>§G)P0G'f6>?B-�~r©p��/1�G0G'�~B<l'*~P<��:Ap�G0G'�H=<.Ap?B/c�f-�0G'f+.Ap~r)P�GH.�G'
H.0_©*Ap?BFG<.Ap0G�p¡�0G'3���:<>H.0G'3' <.A3-�0_H.��F90�-�~B+.+>0��l0�/c�3H.0��l?r'*;=<>0G'[Ap�G':%,/10G'[�.%()P~B<>)(610G'#��%,�l?r©p0RA*%(0_H.0_':<.A �*?r)P0G£
?B< �l~B890�/TH.0 )(6.%,��%(0G'���� � �e� � £ �l~B/c�:Ap0�/.��;=<>0 ':%@)P0�-�-�0G':¨ )(% +>0�A*�l0R�:�*0�/.��H.��~B�c�*0�/c%,A�H.0G'�?B/c%('*~B�:Ap~B+.%(0G'�H.0©*Ap?BFG<.Ap0J0���)P0�-�-�0�/.�*0G'*£ �,�
�
� � H.0@©*Ap?B/1H.0G'7;=<>?B/c�:%,�*�G'7H.0@'*~B<��:Ap0J'*~B/c�7H.��+>~ '*�G0G'>':<.A7-�0p'&�:-�?B/1)P'7H.0 -�?�Ap�G':%,/10J?P<
)P~B<.Ap'3H.0�-�?�+>? '*':%,F9?B�:%(~B/ 0*�[+>0�<.F90�/c�[%,/1H=<.%,Ap0�<./10 �*~PA*�*0_)P~BA*Ap~r':%(~B/ H.0G'[%,/c�*0�Ap)P~B/c/10�� %(~B/1'3H.?B/1'[-�0p'3���*?B+>0G'
H.0@�l���*?B-�-�%('*? �:%(~B/ <.-��*��A*%(0�<�Ap0G'*�r¡�0��e%,¡)� £[;=<.%C0G':�><./X�l?B�*��A�%(?B<¦+>~BAp0�<&��£ �:%,/1?B-�0R�l0�/c�>+.Ap~r)(6>0�H.0G'>Ap�G':%,/10G'
<.�:%,-�%('*�G0G' 0�/ +.6>~B�*~B-�%,�:6>~r©*Ap? +.6.%(0G£e0G':�9�.%(0�/ 0�/c�*0�/1H=<�)P?B+>?B�.-�0CH.��?B�>'*~BA5�>0�AJH.0C©*Ap?B/1H.0G' ;=<>?B/c�:%,�*�G' H.0LAp�G':%(H=<1'
6>?B-�~r©p��/1�G' ~B<�'*~P<&�:Ap�G' ?B<�)P~B<.Ap' H.0L-�?&©*Ap?BFG<.Ap0G��MC%,/1'�%(£�� "��l0C':%fH.0G'9�:AG?B%,�*0R�l0�/c��' ?B/c�:%,¨ )P~BA*Ap~r':%(~B/ '*0����.-�0�/c�
"��:Ap0X0����:%�)P?r)P0G'�0�/ ':<.A �*?r)P0 H.0G'�)P~B<>)(6>0p'�H.0�+>?r'*':%,F�?B�:%(~B/ +.Ap�G'*0�/c�*0G'�':<.A�-�0G'��:-�?B/1)P'�H.0G'�':�:A*<>)(�:<.Ap0G'�0�/
?B-�<.��%,/c%,<.� � %,/1':+>0G)(�:%(~B/ +>?BA�?B/1?B-�89'*0(��4@���,£ ���
�
� �3H.0��50�-�'@�:Ap?B%,�*0R�l0�/c�*'�H.0��l0�<.Ap0�/c� �n-�?��*~B%('@-�~B<.ApHc' �
�l0��:��Ap0 0�/X+.-�? )P0 0���H=%
���:%()�%�-�0��l0�/c��?B+.+.-�%()P?B�.-�0G'�?BF90G)�H.0G'1�l?B�*��A*%(?B<&��+>~BAp0�<&�n�*0R-�'�;=<>0�-�0 �e%,¡)� � $E?B/1'1-�0
)P?rH=Ap0&H.0�-������:<>H.0�+.Ap�G'*0�/c��0G£9?B<>)(<./10&)(6.%,�n%(0�6>?B-�~r©p�R/1�G0&~B<l'*~B<&�:Ap�G0�/1��0G':�f<.�:%,-�%�'*�G0G£90���H.0G'�©p?!��H.0&©*Ap?BFG<.AG0
�*0�-�'1;=<>0>� � £ � � £ ��¥ ��0��c¥ � ~B/c�1���*��)(6>~B%(':%('c+>~B<.A1-(0�<.A1/10�<.�:Ap?B-�%,�*�>FG%(':¨ �B¨ FG%('1H.0p'c+.Ap~B�.-�§��l0G'1H.0�)P~BA*Ap~r':%(~B/����0 )(6>~B%
�l)P~BA*Ap0G':+>~B/1H ?B<��l':+>�G)(%
�:%()P? �:%(~B/1'�H.� %,/c�*�G©*AG?B�:%(~B/TH=< �e%,¡)� H.?B/�'1-�0G'&?B+.+.-�%()P?B�:%(~B/1'1%,/1H=<>':�:A*%(0�-�-�0G'��
�,����£��
��� �

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� ��c¨¨¨¨ �� �� ¨¨ ¨¨�� ��0���+.-�0G' Hc0ZH.�G©*Ap?rH.?B�:%(~B/�' H.0k-�%(©�/10p' H�� ?B-�<.��%,/c%,<.� 0�/1©p0�/1H=Ap�p0G'�+>?BAk-�?� ��0���+.-�0G' Hc0ZH.�G©*Ap?rH.?B�:%(~B/�' H.0k-�%(©�/10p' H�� ?B-�<.��%,/c%,<.� 0�/1©p0�/1H=Ap�p0G'�+>?BAk-�?� ��0���+.-�0G' Hc0ZH.�G©*Ap?rH.?B�:%(~B/�' H.0k-�%(©�/10p' H�� ?B-�<.��%,/c%,<.� 0�/1©p0�/1H=Ap�p0G'�+>?BAk-�?� ��0���+.-�0G' Hc0ZH.�G©*Ap?rH.?B�:%(~B/�' H.0k-�%(©�/10p' H�� ?B-�<.��%,/c%,<.� 0�/1©p0�/1H=Ap�p0G'�+>?BAk-�?
)P~BA*Ap~ ':%(~B/1� �)P~BA*Ap~ ':%(~B/1� �)P~BA*Ap~ ':%(~B/1� �)P~BA*Ap~ ':%(~B/1� �:�� �� �� ��



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

�n~B<>'3?BF9~B/�'[FG< ;=<>0�-�0p'3)V~B/c�:Ap?B%,/c�*0G'3H.� %,/c�*�G©�Ap?B�:%(~B/�%���+>~r'*0�/c�[-�� <.�:%,-�%('*?B�:%(~B/ H.0_©p?!�1/1��0�/1©p0�/1H=Ap?B/c�[+>?r'3H.0
)P~BA*Ap~r':%(~B/n+>?BA,�*~BA*�l?B�:%(~B/XH.��?r)(%(H.0�?B< )P~B/c�*?r)(�1H.0>-�� 6.<.��%(H=%,�*��H.0>-���?B%,Ap�P¡������:<>H.0�H.0>-�?�©*Ap?BFG<.Ap0�H=<X�e%,¡)� ?
���*��+.A*%,/1)(%,+>? -�0��l0�/.�1�l0�/>�G0 ?B< ��� �n� �_� ��� �k0�8G-�?B/ � '*?B<&�1+>~B<.A�-������:<>H.0�+>?BA�':+10G)(�:Ap~B�l�R�:A*%(0 H.0@�l?r'*'*0��,£��
-���?B%(H.0 H.0 -�?T+.-�?B�*0�¨ �*~BA��X0 $a4@0G©p?r'*0#% H.�G)(A*%,�*0 '*0G)��:%(~B/ ���#���#��£&+>� � ���&¡�0p' ©p?!� H=%(':+>~B/c%,�.-�0G'�+1~B<.A -�?
Ap�G?B-�%('*?B�:%(~B/�H.03)P0R�:�*03©�Ap?BFG<.Ap03���*?B%(0�/.�L25� � £=� � £*MCAC0R� ¥ � �
¡�?&+.Ap0���%(§�Ap0����*?B+>0�?E)P~B/1':%(':�*���E'*?BF9~B%,A�':%f-�?E©*Ap?BFG<.Ap0�H=< �e%,¡)��+.Ap�G'*0�/c�*?B%(0�/c�JH.0G'J)P?BAp?r)(�*��A*%(':��%(;=<>0G' �:Ap§G'
F9~B%(':%,/10G'CH.0_)P0�-�-�0G'3H.03-�? ©*Ap?BFG<.Ap0_H=<�+1~B-�8G%,��%(H.0 � <./ ?B<.�:Ap0�-�~��3¨ � £pFp<k'*0G)(�:%(~B/ �7�#���#�
�,� �,�.�
��£#���7��£#��� ��£#����	 �
MC%,/1':%(£@H.0G'����:<1H.0G'�':%,��%,-�?B%,Ap0G'�?B<&� ���:<>H.0G'�+.Ap�G'*0�/c�5�G0G'�'*0G)(�:%(~B/ �7�����#�Z~B/c��H.�:?B�>~BApHZ���*�n�l0�/1�G0G'�+>~B<.A
)P~B/c/1?�",�:Ap0�-�0G'�)(%,/1�R�:%(;=<>0G'�H.0l©*Ap?BFG<.Ap0l0���'*?BF9~B%,Ak':%_-�0l�e%,¡)�i0p':��':<c��0����¦-�? ©*Ap?B+.6.%,�:%('*?B��%(~B/ '*~B<>'��*~BA5�
�>~B���>?BApH.0��l0�/c��%(~B/c%(;=<>0G�a��01�:Ap?BF9?B%,- ?����*�>Ap�G?B-�%('*�G£aH.?B/1'�-�?�'*~B<.Ap)P01¥¦��-�%()P~B/1£ �J-�? �*~B%('�?BF90G)@H.0G'��:Ap?B/1)(6>0G'
':%,-�%()(%,<.��H.0n�����C����H.0EH=%(?B�l§��:Ap0&Ap0G)P~B<.F90�A*�*0G'3<./.%(;=<>0��l0�/c��H.0n�e%,¡)� � �e%,¡�� H.��+>~r'*�_+.-�0�%,/10_�:Ap?B/1)(6>0
'*?B/1'��l?r'*;=<>0EH.0E©*Ap?BFG<.Ap0!�,£ 0��_?BF90G) H.0G'_�G)(6>?B/c�:%,-�-�~ /1'_)P~B��+.Ap0�/1?B/c��<./ZH.��+��B�_�e%,¡)� �l?r'*;=<>� � �l?r'*;=<>0
��MC¡��D~�� 89H.0 � ) �*��H.0G'*)(A*%,+.�:%
�*'@���#���#���#��£ +>� �
���,£�0�/ -�?B%('*'*?B/c�7-�?_Ap�G':%,/10�;=<.%3?n'*0�A5FG%3?B< H.��F90�-�~B+c+>0��l0�/c�@H=<
�l?r'*;=<>03H=<.AC?B<�'*~B���l0��LH.0[-���~�� 89H.0��,�

��������� ����� 	 � �
���
	���
 �
�
	�����# ��������
�	��

 #
�����
& ��� ��� � �

��� �����
��� ! ��� ��� ��� � ��� 
��  !� � � � � ��
 ����������� � � � ��� �
¡�0G' ���:<>H.0G' H.0C©*Ap?BFG<.Ap0L+.-�0�%,/10L�:AG?B/1)(6>03)P~B/1':�:%,�:<>0�/c� <./10L+.Ap0���%(§�Ap03?B+.+.Ap~r)(6>0C':%,��+.-�0CH.0G'9�l�V)P?B/c%(':�l0G' H�0
©*Ap?BFG<.Ap0�H=< �e%,¡)� �e¡�? �:%(©*<.Ap0 ��¨���£e-�? �:%(©*<.Ap0 ��¨ ��0�� -�? �:%(©*<.Ap0 ��¨ ��Ap0�+.Ap�G'*0�/c�*0�/c�L-�0G' Ap�G':<.-��*?B�*'JH.0C�l0G':<.Ap0G'
H.0G'L)(%,/1���:%(;=<>0G'LH.03©*Ap?BFG<.Ap03?BF90G)�-�0G'a�:Ap~B%('L)(6.%,�n%(0G'LH.03©*Ap?BFG<.Ap03':<.%,F9?B/c�*0G'L2

- 
����'*)P)(� � �

- 
����'*)P)(�D� �

- 
����'*)P)(�DMCA

¡�0X)(6>~B%
� H.0X)P0G'�)(6.%,��%(0V'�)P~BA*Ap0G':+>~B/1H.£@H.?B/1'�-���~BA=H=Ap0X~��|0�-�-�0G'�'*~B/c��+.Ap�G'*0*/c�*�G0G'*£ � H.0G'�©*Ap?BFG<.Ap0G'�~��
-�� %,��+>~BA*�*?B/>)P0&H.0�-�?�)P~ ��+>~r'*?B/c�*0�+.6.89':%(;=<>0&H.0&©*Ap?BFp<.Ap0&?B<>©*�l0�/c�*0G�G¡�0G'�)P~B/1H=%,�:%(~B/1'�H.0�+.Ap~r)P�GH.�&H.0��>?r'*0
0���+.-�~B89�G0G'XH.?B/1'n-�? '*~B<.Ap)P0 ¥¦�R-�%()P~B/ '*~B/c�L2J<./10 +.<.%('*'*?B/1)P0 '*~B<.Ap)P0 H.0 �
�.��� 	 £J<./10 +.Ap0G'*':%(~B/ H.0
�C����~BA*Ap£f0��><./10@�*0���+>��AG?B�:<.Ap0�H.0������P���r¡�0�+>~B�*0�/c�:%(0�-3H.0�©p?B%,/10�?B<¦+>~B�*0�/c�:%(0R-��:-�~B�:�*?B/.�*£fH.���*?B%,-#-���'*0G)(�:%(~B/
���#���#���#� � +>�=�
� �
�,£c0G':�J0p':�:%,�l�C%()(%�0�/c��Ap0��
��0��J����0 	 � ?BF90G)�<./10C�*0���+>��Ap?B�:<.Ap0���-�0G)(�:Ap~B/c%(;=<>0C� � F9~B%(':%,/10�H.0
�p¨ ��0 	 0��EH.0G'&�l?r'*'*0p'&%(~P/c%(;=<>0G'&� � )P~B��+.A*%('*0G'E0�/��:Ap0¦��� � � � �@0�� �7�C<>� �l�#?r� � MCA!�
�,�L¡�0G'&�l0G':<.Ap0G'nH.0p'FG%,�*0G'*'*0G'LH.03©*Ap?BFG<.Ap03'*~B/c�L0 ���*0G)(�:<>�G0G'L0�/��*0R��+>'aAp�G0�-e+>?BAC0�-�-�%,+>'*~B�l���:A�%(0G�
4@~B<.A�-�? ©*Ap?BFG<.Ap0n0�/ ?BAp©p~B/ +.<.Ap£�-�? )P~B��+>?BAp?B%('*~B/ � %(©*<.Ap0 ��¨����l~B/c�:Ap0n;=<>0�-�? ©*Ap?BFG<.Ap0n':<.%,�3<./10_-�~B%&H.0
+.<.-�F9��A*%('*?B�:%(~B/�+.6.89':%(;=<>0_0*/ ( ).

thi i iE E J−
£�0��[+.-�<>'30���?r)(�*0R�l0�/c�[<�/10�-�~B%1H.0�+.<.-�F9��A*%('*?B�:%(~B/�+.Ap~r)(6>0_H.0

.i iJ E
H.§G'a-�0p'a+.-�<1' �*?B%,�.-�0G'L��/10�Ap©*%(0G'LH.0L�>~B���>?BApH.0��l0�/c�a%(~B/c%(;=<>0G�=��0G)(% /1~B<>'9%,/1H=%(;=<>0CH.� <./10[+>?BA*�L;=<>0L-�0

'*0�<.%,-3H.0@+c<.-�F9��A*%('*?B�:%(~B/ H=< �e%,¡)� 0G':��;e<>?r':%L/c<.-�£f?BF90p)
( ) 0

thi SiLKE ≅
�r$E?B/1'�)P0�)P?r'*£r-�?�©*Ap?BFG<�Ap0�H=< �e%,¡��

Ap�G':<.-��*0�<./c%(;=<>0��l0�/c�&H.0�- ?�+.<.-�F9��A*%('*?B�:%(~B/1£L?BF90G)J<./10�-�~B%@H.0�+.<.-�F9��A*%('*?B�:%(~B/ �V©G?B-�0��
.i iJ E
?B<X+.Ap0R��%(0�A

~BApH=Ap0G�



� � ��� �6����� � �-����� � ����� � �
� ��� � ���������
�;	��
��� ����� � � ���
	���� ����� � �

Vitesse de gravure du SiLK en chimie argon

0

5

10

15

20

25

0 50 100 150 200 250 300

Energie de bombardement ionique (eV)

V
ite

ss
e 

d
e 

g
ra

vu
re

 (n
m

/m
in

)

Vitesse gravure SiLK

Racine carré énergie des ions

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� ��c¨¨¨¨ �� ��@¨¨¨¨ 	�%,�*0G'5'*0CH.03©*Ap?BFp<.Ap0CH=<��e%,¡�� 0�/ ?BAp©p~B/�+.<.AJ0�/ �5~B/1)(�:%(~B/�H.0L-�����/10�Ap©*%(0CH.0p'a%(~P/1'*£e0��	�%,�*0G'5'*0CH.03©*Ap?BFp<.Ap0CH=<��e%,¡�� 0�/ ?BAp©p~B/�+.<.AJ0�/ �5~B/1)(�:%(~B/�H.0L-�����/10�Ap©*%(0CH.0p'a%(~P/1'*£e0��	�%,�*0G'5'*0CH.03©*Ap?BFp<.Ap0CH=<��e%,¡�� 0�/ ?BAp©p~B/�+.<.AJ0�/ �5~B/1)(�:%(~B/�H.0L-�����/10�Ap©*%(0CH.0p'a%(~P/1'*£e0��	�%,�*0G'5'*0CH.03©*Ap?BFp<.Ap0CH=<��e%,¡�� 0�/ ?BAp©p~B/�+.<.AJ0�/ �5~B/1)(�:%(~B/�H.0L-�����/10�Ap©*%(0CH.0p'a%(~P/1'*£e0��
)P~B��+>?BAp?B%('*~P/�?BF90G)�-�?1-�~B%�Hc0[+.<.-,F9��A*%('*?B�:%(~B/�0�/�Ap?r)(%,/10CH.03)P0��:�*03��/10�Ap©*%(0G�)P~B��+>?BAp?B%('*~P/�?BF90G)�-�?1-�~B%�Hc0[+.<.-,F9��A*%('*?B�:%(~B/�0�/�Ap?r)(%,/10CH.03)P0��:�*03��/10�Ap©*%(0G�)P~B��+>?BAp?B%('*~P/�?BF90G)�-�?1-�~B%�Hc0[+.<.-,F9��A*%('*?B�:%(~B/�0�/�Ap?r)(%,/10CH.03)P0��:�*03��/10�Ap©*%(0G�)P~B��+>?BAp?B%('*~P/�?BF90G)�-�?1-�~B%�Hc0[+.<.-,F9��A*%('*?B�:%(~B/�0�/�Ap?r)(%,/10CH.03)P0��:�*03��/10�Ap©*%(0G�

4@~B<.A_-�?�©*Ap?BFG<.Ap0E0�/Z?!�P~B��0&+.<.Ap£9/1~B<>'3F9~B89~B/1'�':<.A_-(?�)P~B��+>?BAp?B%('*~B/ZH.0&-�? �:%(©�<.Ap0 ��¨ ��£ ��H=Ap~B%,�*0G£ ;=<>0&-�?
©*Ap?BFG<.Ap0>/10�':<.%,�.+.-�<>'10���?r)��*0��l0�/c�.<./10>-�~B%LH.0>+.<.-�F9��A*%�'*?B�:%(~B/n+.6.89':%(;=<>0�0�/

.i iJ E
£P�l?B%�'1H.0�FG%(0�/c�c%(~B/c%(;=<>0

Ap�G?r)(��%,F90G�c¡�0G'JAp�G':<.-��*?B�*'JAp0R+>~BA*�*�G' �:%(©*<.Ap0 ��¨ ���l~B/c��AG0�/c��;=<>0�-�?¦©*Ap?BFG<.Ap0�?!�P~B�*0�0G':�J+.-�<>'�?r'*':%(':�*�G0�+>?BA�- 0
�>~B���>?BApH.0��l0�/c� %(~B/c%(;=<>032e-�0C+>?r'*'*?r©p0��&<./ Ap�G©*%��l03%(~B/c%(;=<>0CAp�G?r)(�:%
�L%,/1H=%(;=<>0�?B<>'*':%�;=<>0C-�0G'7+.Ap~rH=<.%,�*'JH.0
©*Ap?BFG<.Ap0 � H.01�:8G+>0�� ��� � £ �J+.A*%(~BA*% ��H.~B%,F90�/c� "��:Ap01�>0G?B<1)P~B<.+n�l~B%,/1'�F�~B-�?B�:%,-�'�;=<>0&H.?B/1'�-�0�)P?r'�H.01-�?�©*Ap?BFG<.Ap0
~�� 89©p§�/103H.�G)(A*%,�*0�)(%,¨ ?B+.Ap§G'*�

Vitesse de gravure du SiLK en chimie azote " pur"

0

20

40

60

80

100

120

140

0 100 200 300 400 500

Energie de bombardement ionique (eV)

V
ite

ss
e

 d
e 

gr
av

ur
e

 (n
m

/m
in

)

Vitesse de gravure du SiLK en chimie azote "pur"

0

20

40

60

80

100

120

0 50 100 150 200 250 300

Energie de bombardement ionique (eV)

V
ite

ss
e 

d
e 

g
ra

vu
re

 (n
m

/m
in

)

Vitesse gravure SiLK

Racine carré énergie des ions

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� ��c¨¨¨¨ �� ���¨¨¨¨ 	�%,�*0G'5'*0EH.0E©*Ap?BFG<.Ap0nH=< �e%�¡)� 0�/ ? �P~B�*0&+c<.AE0�/��*~B/1)(�:%(~B/ZH.0&-�����/10�Ap©*%(0EH.0p'�%R~B/1'	�%,�*0G'5'*0EH.0E©*Ap?BFG<.Ap0nH=< �e%�¡)� 0�/ ? �P~B�*0&+c<.AE0�/��*~B/1)(�:%(~B/ZH.0&-�����/10�Ap©*%(0EH.0p'�%R~B/1'	�%,�*0G'5'*0EH.0E©*Ap?BFG<.Ap0nH=< �e%�¡)� 0�/ ? �P~B�*0&+c<.AE0�/��*~B/1)(�:%(~B/ZH.0&-�����/10�Ap©*%(0EH.0p'�%R~B/1'	�%,�*0G'5'*0EH.0E©*Ap?BFG<.Ap0nH=< �e%�¡)� 0�/ ? �P~B�*0&+c<.AE0�/��*~B/1)(�:%(~B/ZH.0&-�����/10�Ap©*%(0EH.0p'�%R~B/1'722 22
FG%,�*0G'5'*0 H.0 ©*Ap?BFG<.Ap0 '50�<.-�0 � ©p?B<>)(6>0G£�0�� )P~B��+>?BAp?B%('5~B/ H.0 )P0��FG%,�*0G'5'*0 H.0 ©*Ap?BFG<.Ap0 '50�<.-�0 � ©p?B<>)(6>0G£�0�� )P~B��+>?BAp?B%('5~B/ H.0 )P0��FG%,�*0G'5'*0 H.0 ©*Ap?BFG<.Ap0 '50�<.-�0 � ©p?B<>)(6>0G£�0�� )P~B��+>?BAp?B%('5~B/ H.0 )P0��FG%,�*0G'5'*0 H.0 ©*Ap?BFG<.Ap0 '50�<.-�0 � ©p?B<>)(6>0G£�0�� )P~B��+>?BAp?B%('5~B/ H.0 )P0����*0 FG%,�*0G'*'50 ?BF90G) -�?Z-�~B% H.0�*0 FG%,�*0G'*'50 ?BF90G) -�?Z-�~B% H.0�*0 FG%,�*0G'*'50 ?BF90G) -�?Z-�~B% H.0�*0 FG%,�*0G'*'50 ?BF90G) -�?Z-�~B% H.0
+c<.-�F9��A*%('*?B�:%(~B/�0�/ Ap?r)(%,/103H.03)P0��:�*03��/10�Ap©*%(0#��H=Ap~B%,�*0G�+c<.-�F9��A*%('*?B�:%(~B/�0�/ Ap?r)(%,/103H.03)P0��:�*03��/10�Ap©*%(0#��H=Ap~B%,�*0G�+c<.-�F9��A*%('*?B�:%(~B/�0�/ Ap?r)(%,/103H.03)P0��:�*03��/10�Ap©*%(0#��H=Ap~B%,�*0G�+c<.-�F9��A*%('*?B�:%(~B/�0�/ Ap?r)(%,/103H.03)P0��:�*03��/10�Ap©*%(0#��H=Ap~B%,�*0G�

4@~B<.AC-�?�©*Ap?BFG<.Ap0�0�/ ~�� 89©p§�/103+.<.Ap£=/�~B<>' +>~B<cF9~B/1' F�~B%,A��:%(©*<.Ap0���¨ ��;=<>0�)P0��:�*0�©*Ap?BFG<.Ap03/1��0G':�C?B�>'*~B-,<.�l0�/c�
+>?r'1+.6.89':%(;=<>0p£ +.<.%('5;=<>��0�-�-(0�/10 ':<.%,�1+>?r'1<./10�-(~B%J0�/ ( ).

thi i iE E J−
£ �l?B%('�'*��?B+.+>?BAp0�/c�*0�+.-�<.���B� ��<./10

©*Ap?BFG<.Ap01%(~B/c%(;=<>01Ap�G? )(��%,F90G�V¢B)(%70�/1)P~BAp0G£ �J-�� %,/1':�*?BA�H.01- ?�©*Ap?BFG<.Ap0�?!�P~B�*0G£a)P~B�n�l0>-�01+>~B�*0�/c�:%(0�-a-�01+.-�<>' �*? %,�.-�0
?r)P)P0G'*':%,�.-�0J0G':��-�0 +>~B�*0�/c�:%(0�- �:-�~B�:�*?B/c�*£ %�-r/1��0G':��+>?r'�+>~ '*' %,�.-�0JH.0J'*?BF�~B%,A@':% <./10@©*Ap?BFG<.Ap0J':+>~B/c�*?B/1�G0J'*07+.Ap~rH=<.%,�



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

<./c%(;=<>0��l0�/c�J?BF90G)_H.0G' /10*<.�:Ap0G' Ap�G?r)(��%
�*'J~B< ':%f-�?E©*Ap?BFG<.Ap0�'*0C+.Ap~ H=<.%,� �&+>?BA*�:%,A�H.� <./ '*0*<.%,-�0�/ ��/10�Ap©*%(0�H.0
�>~B���>?BApH.0��l0�/c��%(~B/c%(;=<>0 � %,/��*��A*%(0�<.A ?B< +>~B�*0�/c�:%(0�- �:-�~B�:�*?B/.� �,�1¡�? '*0�<.-�0�+.Ap�G)(%(':%(~B/ ;=<>0�/1~B<1'�+>~P<.F9~B/�'
?B+.+>~BA*�*0�AX0G':�n;=<>0 )P0��:�*0¦©�Ap?BFG<.Ap0 ':+>~B/c�*?B/1�G0G£J':% 0�-�-�0 0�� %(':�*0G£J0G':�n'*?B/1'nH.~B<.�*0nF9~B%(':%,/10 H.0 �.�����#' 
��_+>?BA
0�� �:Ap?B+>~B-�? �:%(~B/1� $E?B/1'7)P0J)B?r'*£ )P0��:�*0J©*AG?BFG<.Ap0J':+>~B/c�*?B/1�G0J0G':�7H.�������:Ap§G'�%,��+>~BA*�*?B/c��0G£ 0���%,-f0G':�7H.~B/1)[�*~B<.��� �*?B%,�
+.Ap~B�>?B�.-�0�;=<>0�)P0��:�*0�©�Ap?BFV<.Ap0�':+>~B/c�*?B/1�G0C%,/1H=<.%('*0�?B-�~BAp' <./10�'*��F9§�Ap0�H.���*~BA*�l?B�:%�~B/ H.0C+.Ap~��:%,-�'J0�� /1�G)P0G'*':%,�*0
<./10�+>?r'*':%,F9?B�:%(~B/kH.0p' �:-�?B/1)P'�0�/k)P~B<.Ap'�H.0&©*Ap?BFG<.Ap0G�p�n~B<>'f+>~B<cF9~B/1'�?P<>'*':%.Ap0��l?BAp;=<>0�A_;=<>0�+>~B<.A�-�����/10�Ap©*%(0
�l?�� %��l?B-�0L+>~r'*':%,�.-�0CH.0G'9%(~B/1' � �
�7�p¨ ������0�	 � ����� 	 H.0L+.<.%('*'*?B/1)P0CH.0L+>~B-�?BA*%('*?B��%(~B/ H=<�':<.�1':�:Ap?B� �,£�-�0[+>~B%,/c�
~��E-�0>Ap�G©*%,�l0�H.0>+.<.-�F9��A*%('*? �:%(~B/X'*��?B��~B<.�*0�?B<EAp�G©*%,�l0�H�0�©*Ap?BFG<.Ap0>Ap�G? )(�:%,F90>/1��0G':�.+>?r'1~B�>'*0�A*F9��)P~B���l0�H.?B/1'
-�0�)P?r'�H.0�-�?¦©*Ap?BFG<.Ap0�0�/ ?!�P~B�*0�+.<.A�%,-�-�<>':��Ap���:%�©*<.Ap0 ��¨ ���1��0�H.0�A*/c%(0�A�+>~B%,/c�J/>~B<>'J%,/1H=%(;=<>0�H.����� ;=<>0�-�?
©*Ap?BFG<.Ap030�/�~�� 89©p§�/10[+.<.AL+>~r'*'*§pH.0[<./10��5~BA*�*03)P~B/c/1~B�*?B�:%(~B/�)(6.%,��%(;=<>0G£=?BF90G)��l?B� ~BA*%,�*?B%,Ap0R�l0�/c�a- ?,�*~BA*�l? �:%(~ /
H.0[+.Ap~rH=<.%,�*'LH.03©*Ap?BFG<.Ap0[�:Ap§G'aF9~B-�?B�:%,-�' � H=<��:8G+>03����£=���>¥ ~B<���� � �,�

Vitesse de gravure du SiLK en chimie oxygène pur

0

100

200

300

400

500

600

700

800

900

1000

0 100 200 300 400 500

Energie de bombardement ionique (eV)

V
it

es
se

 d
e 

g
ra

vu
re

 (
n

m
/m

in
)

Vitesse gravure SiLK

Racine carré énergie des ions

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� ��c¨¨¨¨��� ���     �	�%,�*0G'*'*0CHc03©*Ap?BFp<.Ap0CH=<��e%,¡�� 0�/ ~�� 89©p§�/10L+.<.AJ0�/ �5~B/1)(�:%(~B/ H.0[-�����/10�Ap©*%(0CH.0G'9%(~B/�'	�%,�*0G'*'*0CHc03©*Ap?BFp<.Ap0CH=<��e%,¡�� 0�/ ~�� 89©p§�/10L+.<.AJ0�/ �5~B/1)(�:%(~B/ H.0[-�����/10�Ap©*%(0CH.0G'9%(~B/�'	�%,�*0G'*'*0CHc03©*Ap?BFp<.Ap0CH=<��e%,¡�� 0�/ ~�� 89©p§�/10L+.<.AJ0�/ �5~B/1)(�:%(~B/ H.0[-�����/10�Ap©*%(0CH.0G'9%(~B/�'	�%,�*0G'*'*0CHc03©*Ap?BFp<.Ap0CH=<��e%,¡�� 0�/ ~�� 89©p§�/10L+.<.AJ0�/ �5~B/1)(�:%(~B/ H.0[-�����/10�Ap©*%(0CH.0G'9%(~B/�'
0��L)P~B��+>?BAp?B%('*~B/�?PF90G)�-�?1-�~B%fH.0[+.<.-,F9��A*%('*?B�:%(~B/�0�/�Ap?r)(%,/10CH.03)P0��:�*03��/10�A0��L)P~B��+>?BAp?B%('*~B/�?PF90G)�-�?1-�~B%fH.0[+.<.-,F9��A*%('*?B�:%(~B/�0�/�Ap?r)(%,/10CH.03)P0��:�*03��/10�A0��L)P~B��+>?BAp?B%('*~B/�?PF90G)�-�?1-�~B%fH.0[+.<.-,F9��A*%('*?B�:%(~B/�0�/�Ap?r)(%,/10CH.03)P0��:�*03��/10�A0��L)P~B��+>?BAp?B%('*~B/�?PF90G)�-�?1-�~B%fH.0[+.<.-,F9��A*%('*?B�:%(~B/�0�/�Ap?r)(%,/10CH.03)P0��:�*03��/10�Ae©*%(0G�©*%(0G�©*%(0G�©*%(0G�

��/ �.%,-�?B/1£�H.?B/1'X-�0D)P?r' H.0 -�? ©*Ap?BFG<.Ap0DH=< �e%�¡)� £�/1~B<1'T?BF9~B/�'T)P~B/1':�5?B�*�D;=<>� %,- 0�� %(':�*0 <./10 �:AG§G'
�*~BA*�*03)P~BA*Ap�R-�?B�:%(~B/ 0�/.�:Ap0 -���?B<>©*�l0�/c�*? �:%(~B/ H.0 -�?D)P~B��+>~r'*?B/c�*0 +.6.89':%(;=<>0 � �>? '*)(<.-�0��l0�/c� H.� <./ Ap�G©*%��X0
%(~B/c%(;=<>0JAp�G?r)(��%
�7F90�Ap'7<./ AG�G©*%,�l0�H.0J+.<.-�F9��A*%('*? �:%(~B/¦+�6.89':%(;=<>0��,£ -���?B�>?B%('*'*0��l0�/c�@H=< '*0�<.%,-�H.0J+.<.-�F9��A*%('*?B�:%(~B/
+.6.89':%(;=<>0G£B-�?�H=%,��%,/c<.�:%(~B/XH.07-�?3FG%,�*0G'*'*0@H.0@©*Ap?BFG<.Ap0@0*�.-�?3+.-�<>'>©*Ap?B/1H.0��*~BA*�l?B�:%(~ / H.07+.Ap~rHe<.%,�*'>H.0@©*Ap?BFG<.Ap0
/1~B/ F9~B-�?B�:%,-�'�-�%(�G'+�X<./10k)(6.%,��%(0 H.0 ©�Ap?BFG<.Ap0 H.~B/c/1�G0G���n~B<>'�?BF9~B/1'�H.0�+.-,<>'�%(H.0�/c�:%
�:%(��-�0G'���-����l0�/.��'
':<.%,F9?B/c�*'L2

- 
-�03�e%,¡)� ?1<./�'*0�<.%,-cH.0L+.<.-,F9��A*%('*?B�:%(~B/��:Ap§G' �*?B%,�.-�0G£5F9~B%,AG0[%,/10�� %(':�*?B/c� � �:%(©*<.Ap0 ��¨��
�

- 
-�? +.Ap�G'*0�/1)P0XH.��~�� 89©p§�/10XH.?B/1'�-�? )(6.%,��%(0XH.0X©*Ap?BFV<.Ap0n+>0�A*�l0���H.��?B<>©*�l0�/.�*0RA�/1~B�*?B�.-�0��l0�/c�_-�0G'
)(%,/1���:%(;=<>0G'LH.03©*Ap?BFG<.Ap0G£=?BF90G)�-�?,�*~BA*�X?B�:%(~B/�H.0[+.Ap~rH=<.%,�*'LH.03©*Ap?BFG<.Ap0[F9~B-�?B�:%,-�' � �:%(©�<.Ap0 ��¨ �
�

- 
-���~�� 89©p§�/10@+>0�<.� "���Ap0@Ap0G':+>~B/1'*?B�.-�0�H.0@-�?�H.���*~BA*�l?B�:%�~B/ H.0G'>+.Ap~��:%,-�'*£fHe< �*?B%,��H.0@-���0�� %(':�*0�/1)P0�H.� <./10
©*Ap?BFG<.Ap03':+>~B/c�*?B/1�G03H=<��e%�¡)� +>?BAL-���~�� 89©p§�/10

- 
-�?&+.Ap�G'*0�/1)P0�H.��?!�P~B�*0�'*0��n�.-�0C+>0�A*�l0����:Ap0�H.0��*~BA*�l0RA�H.0G' +.Ap~rHe<.%,�*'JH.0�©*Ap?BFG<.Ap0C/1~B/ F9~B-�?B�:%,-�'*£c?BF90G)
H.0[FG%,�*0G'*'*0G' H.03©*Ap?BFG<.Ap0[+.-�<>' �*?B%,�.-�0G'L;=<>��0�/ ~�� 89©p§�/10



� � ��� �6����� � �-����� � ����� � �
� ��� � ���������
�;	��
��� ����� � � ���
	���� ����� �����

4@~B<.A )P~B��+.-����*0�A )P0R�:�*0�+7?BA*�:%(0G£�-�0G'��l0G':<.Ap0G'�H.0G'�)R%,/1���:%(;=<>0G'�H.0 ©*Ap?BFG<.Ap0 He< �e%,¡)� 0�/ �*~B/1)(�:%(~B/ H.0G'
�l��-�?B/1©p0G'c� � ¨ ¥ � 0��c� � ¨ � � '*~B/c�cAp0�+>~BA*�*�G0G'cAp0G':+>0G)(�:%,F�0��l0�/c���:%(©*<.Ap0 ��¨ 	�0����:%(©*<.Ap0 ��¨ �.���P¡�0p'1)P~B/1H=%,�:%(~B/1'�H.0+.Ap~r)P�GH.�n+.-�?r':�l? 0R��+.-�~B8a�G0G'�H.?B/1'�-�? '*~B<.Ap)P0n¥¦��-#%�)P~B/ )P~B/1H=<.%('*?B/c��?B<&� +.Ap~��:%,-�'�H.0X©*AG?BFG<.Ap0n-�0G'�+.-�<>'
?B/c%('*~B�:Ap~B+>0G' � +>~B<.A1-�0G'�':�:A*<>)(�:<.Ap0G'1��MC¡�� �9'*~B/c�L2 �
����� 	iH.01+.<.%('*'*?B/1)P0�'5~B<.Ap)P0G£ ����� 	 H.0>+.<.%('5'*?B/1)P0�Hc0
+>~B-�?BA*%('*?B�:%(~B/kH=<l':<c�>':�:Ap?B�*£G<./10�+.Ap0G'5':%(~B/kH.0_�C����~BA5A_0��f<./10��*0���+>��Ap?B�:<.Ap0�� � �����P��£9?BF90G)><./ �:-�<&���*~B�*?B-H=<¦�l��-�?B/1©p0�©p?!�P0�<&�n%,/c��0G)��*��H.?B/1'>-�?n'*~B<.Ap)P0@¥¦��-�%�)P~B/ �l?B%,/.�*0�/c< 0�/c��Ap0 �7� 0�� ����'*)P)(�l�f��~B���l0J-�0 ��-�<&�
�l?�� %���<.� H.��?!�P~B�*0�0G':�JH.0�����'*)P)(�l£e-�0G' �l��-�?B/1©p0G' � � �e� � )P~B/c�*0�/1?B/.� -�0G' +.-�<>' �*?B%,�.-�0G' +>~B<.Ap)P0�/c�*?r©p0G'J0�/~�� 89©p§�/10 � � ����� H.��~�� 89©p§�/10 H.?B/1'�-�0 �l��-�?B/1©p0�� '*~B/c� ~B�.�*0�/c<>'�+>?BA -�� <.�:%,-�%('*?B�:%(~B/ H.0 �l��-�?B/1©p0V'
�����¦¥¦0��@����� � � ?B< -�%(0�< H.��~�� 89©p§�/10J+.<.Ap����0�'5~B/��@)P0G'@)P~B/1H=%,�:%(~B/1'@;=<.%3'*~B/c�><.�:%,-�%('*�G0G'7+>~B<.A@-�?_�l0G':<.Ap0H.0G'L)(%,/1���:%(;=<>0G'LH.03©*Ap?BFG<.Ap030�/ �*~B/1)(�:%(~B/�H.0G'a�l��-�?B/1©p0V'a� � ¨ ¥ � 0��a� � ¨ � � �

0

50

100

150

200

0 20 40 60 80 100

Pourcentage de H2 dans le mélange N2-H2 

V
it

es
se

 d
e 

g
ra

vu
re

 d
u

 S
iL

K
  (

n
m

.m
in

-1
)

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� ��c¨¨¨¨ 		 		�    �	�%,�*0G'5'*0_H.0&©*Ap?BFp<.Ap0&He<k�e%,¡)�|0�/��*~B/1)(�:%(~P/kHe<�+1~B<.Ap)P0�/c�*?r©p0&H.� 6.89H=A=~r©p§�/10_H.?B/1'	�%,�*0G'5'*0_H.0&©*Ap?BFp<.Ap0&He<k�e%,¡)�|0�/��*~B/1)(�:%(~P/kHe<�+1~B<.Ap)P0�/c�*?r©p0&H.� 6.89H=A=~r©p§�/10_H.?B/1'	�%,�*0G'5'*0_H.0&©*Ap?BFp<.Ap0&He<k�e%,¡)�|0�/��*~B/1)(�:%(~P/kHe<�+1~B<.Ap)P0�/c�*?r©p0&H.� 6.89H=A=~r©p§�/10_H.?B/1'	�%,�*0G'5'*0_H.0&©*Ap?BFp<.Ap0&He<k�e%,¡)�|0�/��*~B/1)(�:%(~P/kHe<�+1~B<.Ap)P0�/c�*?r©p0&H.� 6.89H=A=~r©p§�/10_H.?B/1'
-�0[�l��-�?B/1©p0[¥-�0[�l��-�?B/1©p0[¥-�0[�l��-�?B/1©p0[¥-�0[�l��-�?B/1©p0[¥ �� �� ������������ �� �� � 4� 4� 4� 4 �� �� �� �� �
�.����
�.����
�.����
�.��� 	 £54	 £54	 £54	 £54 � � �	�� � �	�� � �	�� � �	�

�� �� �.����.����.����.��� 	 £5�	 £5�	 £5�	 £5� �� �� ������������ �� ��p��£54��£54��£54��£54 �� �� �� ��@����~BA*A!�,�����~BA*A!�,�����~BA*A!�,�����~BA*A!�,�

�e<.AX-�? �:%(©*<.Ap0 ��¨ 	�£J/1~B<>'nF9~B89~B/1'X;=<>0 -�0G'nFG%,�*0G'*'*0p'XH.0 ©*Ap?BFG<.Ap0 '*~B/c�n�l?��e%,�l?B-�0G'n+>~B<.A ��� � �����
H.� 6.89H=Ap~r©p§�/10�H.?B/1'f-�01�l��-�?B/1©p01¥ � ��� � £V�l? %('�;=<>0�)P0G'�FG%,�*0G'*'*0G'fAp0G':�*0�/c��?r'*'*0����5?B%,�.-�0G'�?BF90G)7<./��l?�� %,��<��H.03'*0�<.-�0��l0�/c�L���#� �=�l� ��%�/�
��*�
4@~B<.A7-�0 �l��-�?B/1©p0C� � ��� � £�- ? �:%(©*<.Ap0 ��¨ ���@�l~B/c�:Ap0J;=<>0 -�?�+.Ap�G'*0�/1)P0JH.0J'*0�<.-�0��l0�/c�7�����TH.��~�� 89©p§�/10 +>0�A*�l0R�H.������H.01��<.-��:%,+.-�%(0�A&0�/cFG%,Ap~ /�+>?BA � � ��� � �=�l� ��%,/�
�� �p- ?CFG%,�*0G'*'*0�H.0�©*Ap?BFG<.Ap0�H=<X�e%�¡)�T+>?BA�Ap?B+.+>~BA*� �J-���?!�P~B�*0
+.<.A � ���#� �=�l� ��%,/�
�� �,�a4@?BA&-�?�':<.%,�*0G£ ?B<>©*�l0�/.�*0�A&-�?�+�Ap~B+>~BA*�:%(~B/ZH.��~�� 89©p§�/10EH.? /1'�-�0&�l��-�?B/1©p0�%,/1H=<.%,��<./>0
?B<>©*�l0�/c�*? �:%(~B/ +.-�<>'#�*?B%,�.- 0nH.0G'�)(%,/1���:%(;=<>0G'�H.0n©*Ap?BFG<.Ap0G£7;=<.%�?B�:�*0�%�©*/10�/c������� �p�l� ��%,/�
���+>~B<.A������ H.��� �H.?B/1'7-�0J�l��-�?B/1©p0G� $E0J� "R�l0G£ -�� %,/c�:Ap~rH=<>)(��%(~B/ H.0�'*0*<.-�0��l0�/c�@����� H.��?!�P~B�*0�H.?P/1'7-�0J�l��-�?B/1©p0�� � ��� � ��?B%��)(6.<.�*0�AC-�?�FG%,�*0G'*'*0�H.0�©*Ap?BFV<.Ap0�H.0���� 	�������� �=�l� ��%,/�
 �L+>?BACAp?B+.+>~BA*�#��<./10�)(6.%���%(0�H.0�©*AG?BFG<.Ap03+.<.Ap0��l0�/.�
~�� 89©p§�/10G�Z��0G'DAp�G':<.-��*?B�*' �,�
��� � '*~B/c� ':%,��%,-�?B%�Ap0G' � )P0�<&� Ap?B+.+>~BA*�*�G'D+>? A H.��?B<.�:Ap0G' �G;=<.%,+>0G' Hc0
Ap0G)(6>0�Ap)(6>0G� ���
�
	�£#�
��� �,� � ¡�0G'@H.0�<&�n6.8G+>~B�:6>§G'*0G' � �_F9��A*%
�:%(0�A!� +7~B<.F9?B/c�7Ap0G':+>0G)(�:%,F90��l0�/.�@0 � +.-�%(;=<>0�A�)P0G'@H.0�<&�
)P~B��+>~BA*�*0��l0�/.�*'�'*~B/c�J-�?���~BA*�*0�?r)B)P��-���Ap? �:%(~B/�H.0�-�?�FG%,�*0G'*'*0�H.0�©*Ap?BFG<.Ap0�+>?BA��*~BA*�l?B��%(~B/�H.0�+.Ap~rH=<.%,�*'�H.0
©*Ap?BFG<.Ap0JF9~B-�?B�:%�-�'@?BF90G)3-���?rH.H=%,�:%(~B/ H.��~�� 89©p§�/10G£�0�� -�?&�l~rH=%
�:%()P?B��%(~B/ H.0J-�?_+>~BA*��%�~B/ H.0�':<.A �*?r)P0�?r)P)P0G'*':%,�.-�0��
-���~�� 89©p§�/10>+>?BA1-�?C+.Ap�G'*0�/1)P0�H.0>Ap�G':%RH=<>'�H.0�©*Ap?BFG<.Ap0�;=<.%9Ap?B-�0�/c�:%('*'*0�/c�c-�?CFG%,�*0G'*'*0�H.0�©*Ap?BFG<.Ap0�H=<X�e%,¡)� ?BF90G)
-���?rH.H=%,�:%(~B/�H.��?!�P~B�*0G� �
�n~B<>'�H=%(':+1~r'*~B/�'3�l?B%,/c�*0R/1?B/c��H.� <./10_+.Ap0���%(§�Ap0n?B+�+.Ap~r)(6>0nH.0G'3�l�G)P?B/c%(':�l0G'�H.0n©*Ap?BFG<.Ap0n�e%,¡)�|-�~BAp'�Hc0
-�� <.�:%,-�%('*?B�:%(~B/�H.� <./103)(6.%,�n%(0�H.03©*Ap?BFG<.Ap0#�1�>?r'*0[� � �e� � £='*~B%,�L2

- 
-�03�e%,¡)� ?1<./�'*0�<.%,-cH.0L+.<.-,F9��A*%('*?B�:%(~B/��:Ap§G' �*?B%,�.-�0



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

- 
-�? +.Ap�G'*0�/1)P0XH.��~�� 89©p§�/10XH.?B/1'�-�? )(6.%,��%(0XH.0X©*Ap?BFV<.Ap0n+>0�A*�l0���H.��?B<>©*�l0�/.�*0RA�/1~B�*?B�.-�0��l0�/c�_-�0G'
)(%,/1���:%(;=<>0G'LH.03©*Ap?BFG<.Ap0 � ?BF90G)�'*?B/1'LH.~B<.�*0[-�?,�*~BA*�l?B�:%(~ /�H.0[+.Ap~rH=<.%,�*'LH.03©*Ap?BFG<.Ap0LF9~B-�?B�:%,-�' �

- 
-���~�� 89©p§�/101+>0�<.� "���Ap01Ap0G':+>~B/1'*?B�.-�0�H.01-�?�H.���*~BA*�l?B�:%(~B/XH.0G'�+.Ap~��:%,-�'�H=<��*?B%,��H.0�'*?�)P?B+>?r)(%��*� �JAp�V?r©*%,A
':+>~B/c�*?B/1���l0�/c�L?BF90G)�-�03�e%�¡)�

- 
-�0G'�)(%,/1���:%(;=<>0G'�H.0�©*Ap?BFG<.Ap0�0�/l)(6.%,��%(01¥ � ��� � /10�'*~B/c��+>?r'�':<&���:%('*?B/c�*0G'�0�/�FG<>0&H.� <./10�?B+.+.-�%()P?B�:%(~B/%,/1H=<>':�:A*%(0�-�-�0

- 
-�0G' )(6.%,��%(0G' H.0�©*Ap?BFG<.Ap0 ���>?r'*0�� � �e� � '*~B/c� )P0�-�-�0V' ;=<.%�~����:Ap0�/c��-�0G'��l0�%,-#-�0�<.Ap0G' )(%,/1���:%(;=<>0G' H.0©*Ap?BFG<.Ap0G£='*0[Ap?B+.+.Ap~r)(6>?B/c�a- 0[+.-�<>'LH.0p'L)(%,/1���:%(;=<>0G'aAp0G;=<.%('*0G'LH.?B/�'a-�0G'L?B+.+.-�%()P?B�:%(~B/1'a%,/1H=<>':�:A*%(0�-�-�0G'

0

200

400

600

800

1000

0 20 40 60 80 100

Pourcentage de O2 dans le mélange N2-O2 

V
it

es
se

 d
e 

g
ra

vu
re

 d
u

 S
iL

K
  (

n
m

.m
in

-1
)

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� ��c¨¨¨¨ �.��.��.��.�_¨¨ ¨¨ 	�%,�*0G'5'*0�H.0�©*Ap?BFG<.Ap0�H=<X�e%�¡)�D0�/��5~B/1)(�:%�~P/XHe<E+1~B<.Ap)P0�/c�*?r©p0�H.��~�� 89©p§�/10�H.?B/1'�-�0	�%,�*0G'5'*0�H.0�©*Ap?BFG<.Ap0�H=<X�e%�¡)�D0�/��5~B/1)(�:%�~P/XHe<E+1~B<.Ap)P0�/c�*?r©p0�H.��~�� 89©p§�/10�H.?B/1'�-�0	�%,�*0G'5'*0�H.0�©*Ap?BFG<.Ap0�H=<X�e%�¡)�D0�/��5~B/1)(�:%�~P/XHe<E+1~B<.Ap)P0�/c�*?r©p0�H.��~�� 89©p§�/10�H.?B/1'�-�0	�%,�*0G'5'*0�H.0�©*Ap?BFG<.Ap0�H=<X�e%�¡)�D0�/��5~B/1)(�:%�~P/XHe<E+1~B<.Ap)P0�/c�*?r©p0�H.��~�� 89©p§�/10�H.?B/1'�-�0
�l��-�?B/1©p03��l��-�?B/1©p03��l��-�?B/1©p03��l��-�?B/1©p03� �� �� ������������ �� �� � 4@'� 4@'� 4@'� 4@' �� �� �
���.��
���.��
���.��
���.� 	Z£547�.%(?r'	Z£547�.%(?r'	Z£547�.%(?r'	Z£547�.%(?r' �� �� �.����.����.����.��� 	 £5�	 £5�	 £5�	 £5� �� �� ������������ �� ��p��£54��£54��£54��£54 �� �� �� ��@����~BA*A!�,�����~BA*A!�,�����~BA*A!�,�����~BA*A!�,�

4@~B<.AJ?B+.+.Ap~��*~B/1H=%,A -�0G'��l�G)P?B/c%(':�l0G' H.0C©*Ap?BFG<.Ap0CH.?B/�'9-�0G'7':�:A*<>)(�:<.Ap0G'*£�%,- Ap0G':�*0��_���:<>H=%(0�AJ;=<>0�-�0G':�9-�0LA �B-�0JH.0
-�? )(6.%,��%(0nH.0n©�Ap?BFG<.Ap0n':<.A�-�0G'�H.���*~BA*�l?B�:%(~B/1'�H.0_+.Ap~��:%,-�'*£70���;=<>0�-�0G':�3-�0_A �B-�0nH.0_-�? �l~rH=%
�:%()P?B��%(~B/ H.0_-�?
':<.A �*?r)P0�H=<¦�l?B�*�RA*%(?B< � $L©�Ap?B+.6.%,�:%('*?B�:%(~B/+%�H=< �e%,¡)� £rFG<>0�'*0G)(�:%(~B/ �7�#���#���#�
�L':<.A�-�?�+>?r'*':%,F9?B�:%(~B/ H.0G')�:-�?B/1)B'
H.0G'L':�:A*<>)(�:<.Ap0G'L?B<�)P~B<.Ap'LHc0[-�?�©*Ap?BFG<.Ap032

��� �����
� � � � � � � ����
�� ������� ��� � !�
 � �
¡�0C+.Ap~r)P�GH.��H.0C�>? '*0G£e<.�:%,-�%('*�C+.Ap�G)P�GH.0����l0�/c�JH.?B/1' -�?E'*~B<.Ap)P0C6>��-�%()P~B/1£c?E���*�J��%('J?B<�+>~B%,/c� +>?BA�©*Ap?BFG<.Ap0
H.��?r)(6>?B/c�:%,-�-�~B/1'��e%,¡)� �l?r'*;=<>�G'���MC¡��&£9H.�G)(A*%,�*'�'*0G)(�:%(~B/k���#���#�����_+>� ��	�£90�/��*?B%('*?P/c�fF9?BA*%(0�A�-�0G'f+>?BAG?B�l§R�:Ap0G'
+.<.%('*'*?B/1)P0_'*~B<.Ap)P0�4 � £p+.<.%('*'*?B/1)P0_H.0�+>~B-�?BA*%('*?B�:%(~B/ Hp<k':<.�>':�:Ap?B�[4 � � �	� £p+.Ap0G'*':%(~B/�4 0R�3)(6.%���%(0G'3H.0_©�Ap?BFG<.Ap0G�
¡�0G'l+.Ap~��:%,-�'ZH.0 ©*Ap?BFG<.Ap0T-�0G'l+.-�<1' ?B/c%('5~B�:Ap~B+>0G'Z'*~B/c� ~B�.�*0�/c<1' ?BF90G) 4 � � �
����� 	 £�4 � � �	� � �.��� 	Z£4 � �C����~BA*Ap£�0��7-�?_�*0���+>�RAp?B�:<.Ap0�H=< ':<.�1':�:Ap?B�7��%,/.%���<.�l£�'*~B%,�7� � �����P��� 4@?BA ?B%,-�-�0�<.Ap'*£�':%[-�0G'@)(6.%,��%(0G' ��>?r'*0�H.��?BAp©p~B/l+>0�A*�l0����*0�/c�1-�?�©�Ap?B+.6.%,�:%('*?B��%(~B/ H=<T�e%,¡)� £L0�-�-�0G'&0�/c�:Ap?�",/10�/.��<./10 ��Ap~r':%(~B/l�:Ap~B+X%,��+>~BA��*?B/c�*0
H.0G'a�1~BApH.'LH.0p'a�l~B�:%
�*'L©*Ap?BF9�G'L0��a/103'*0�Ap~B/c�a+>?r'LH.��F90�-�~P+.+>�G0G'a%()(%(�
4@~B<.A_?B+.+.Ap��6>0�/1H.0�A�-�0G'f+.A=~��:%,-�'�H.0&©*Ap?BFG<.Ap0&H.?B/1'f-�0G'3)P~B/c�*?r)��*'*£G-�? �:%(©*<.Ap0 ��¨ ����£G-�? �:%(©*<.Ap0 ��¨ ���n0��f-�? �:%(©*<.AG0
��¨ ����+>0�A*�l0��:�*0�/c�7H.07FG%(':<>?B-�%('*0�A�H=%,Ap0G)��*0��l0�/.�.-�0G'.A �B-�0V'>H.07-�?3+.<.%('*'*?B/1)P0@H.07+>~B-�?BA*%('*?B�:%(~B/ H=<¦':<.�>':�:Ap?B�>0��7H.0
-�?&)(6.%,�n%(0L<.�:%,-�%('*�G0G��¡�? �:%(©*<�Ap0���¨ ���J+>0�A*�l0�� ?B<>'*':%fH.0LFp%(':<>?B-�%('*0�A -�0��:%,-�� H.0L-�����F9~B-#<.�:%(~B/ H.0G'9+.Ap~��:%,-�' ?B<�)P~B<.Ap'
H.0[-�?�©*Ap?BFG<.Ap032



� � ��� �6����� � �-����� � ����� � �
� ��� � ���������
�;	��
��� ����� � � ���
	���� ����� ���)�

��� � ¡�?��:%(©*<.Ap0���¨ �����l~B/c�:AG0�;=<>� <./10J+.<.%('*'*?B/1)P0�H.0J+>~B-�?BA*%('*?B�:%(~B/ H=< ':<.�>':�:Ap?B�7%�/1':<&���:%('*?B/c�*0J/10�©�Ap?BF90J+>?r'
?r'*'*0��fFG%,�*0L-�0��*~B/1H�H.0p' ':�:A*<1)(�:<.Ap0G'*£e)P0C;=<.%f)P~B/1H=<.%,� ��<./ Ap?B+.+>~BA*� ©*Ap?BFG<.Ap0[- ?B�*��Ap? - 0��@©*Ap?BFG<.Ap0[F90�A*�:%�)P?B-�0[�:Ap~B+
%,��+>~BA*�*?B/.�L0����1<./10[+.-�<>' ��~BA*�*03H.���*~BA*�l?B��%(~B/�H.0G'a+.Ap~ �:%,-�'*�

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� ���¨¨¨¨ �.��.��.��.��     1� ��0���+.-�03H.03©*Ap?BFG<.Ap0#�,�*?B%��.-�0[�.%(?r' 0�/�)(6.%,��%(0[�� ��0���+.-�03H.03©*Ap?BFG<.Ap0#�,�*?B%��.-�0[�.%(?r' 0�/�)(6.%,��%(0[�� ��0���+.-�03H.03©*Ap?BFG<.Ap0#�,�*?B%��.-�0[�.%(?r' 0�/�)(6.%,��%(0[�� ��0���+.-�03H.03©*Ap?BFG<.Ap0#�,�*?B%��.-�0[�.%(?r' 0�/�)(6.%,��%(0[� �� �� ��¥��¥��¥��¥ �� �� � 	_H.)� 	_H.)� 	_H.)� 	_H.) �� �� 	.�	.�	.�	.��0�	 �0�	 �0�	 �0�	 �� ¥¦��-�%()P~B/� ¥¦��-�%()P~B/� ¥¦��-�%()P~B/� ¥¦��-�%()P~B/¦2�4@'2�4@'2�4@'2�4@' �� �� �
�.����
�.����
�.����
�.��� 	 £547�.%(? '	 £547�.%(? '	 £547�.%(? '	 £547�.%(? ' �� �� ������������ 	 £54	 £54	 £54	 £54 �� �� �� ��@����~BA*Ap£ �>�����~BA*Ap£ �>�����~BA*Ap£ �>�����~BA*Ap£ �>��'*)P)(�'*)P)(�'*)P)(�'*)P)(� ¥¥ ¥¥ �� �� £=���£=���£=���£=��� '*)P)(�'*)P)(�'*)P)(�'*)P)(� �� �� �� ��

��� � ¡�? �:%(©*<.Ap0���¨ �����l~B/c�:AG0�;=<>� <./10�)(6.%,��%(0��:Ap~B+�A�%()�6>0�0�/ ~�� 89©p§�/10G£.':%10�-�-�0_?B<>©*�l0�/c�*0�-�0G'C)(%,/1�R�:%(;=<>0G'CH.0
©*Ap?BFG<.Ap0@F90�A��:%()P? -�0G£f)P~B/1H=<.%,� ��<./10�H.���*~BA��l?B��%(~B/ H.0G'>+.Ap~��:%,-�'�;=<.%C?B+.+>?BAp?�"��>+.-�<7'>%,��+>~BA*�*?B/.�*0 �_+>?BA*�:%�A H.0
�7��� H.��~�� 89©p§�/103H.?B/1'a-�0L�l��-�?B/1©p0f� � ¨ � � �

a) b)

c) d)

a) b)

c) d)
�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� ���¨¨¨¨ �.��.��.��.�       ��F�~B-�<.�:%(~B/ H.0G'�+.Ap~��:%,-�' H.0Z©*Ap?BFG<.Ap0Z0�/ �*~P/1)��F�~B-�<.�:%(~B/ H.0G'�+.Ap~��:%,-�' H.0Z©*Ap?BFG<.Ap0Z0�/ �*~P/1)��F�~B-�<.�:%(~B/ H.0G'�+.Ap~��:%,-�' H.0Z©*Ap?BFG<.Ap0Z0�/ �*~P/1)��F�~B-�<.�:%(~B/ H.0G'�+.Ap~��:%,-�' H.0Z©*Ap?BFG<.Ap0Z0�/ �*~P/1)��:%(~B/ H.0k-�?D)�6.%,��%(0k<.�:%,-�%('*�G0�:%(~B/ H.0k-�?D)�6.%,��%(0k<.�:%,-�%('*�G0�:%(~B/ H.0k-�?D)�6.%,��%(0k<.�:%,-�%('*�G0�:%(~B/ H.0k-�?D)�6.%,��%(0k<.�:%,-�%('*�G0
� )P~B/�H=%,�:%(~B/1'�H.0�+.A=~r)P�GH.�&':�*?B/�H.?BApH&�� )P~B/�H=%,�:%(~B/1'�H.0�+.A=~r)P�GH.�&':�*?B/�H.?BApH&�� )P~B/�H=%,�:%(~B/1'�H.0�+.A=~r)P�GH.�&':�*?B/�H.?BApH&�� )P~B/�H=%,�:%(~B/1'�H.0�+.A=~r)P�GH.�&':�*?B/�H.?BApH&� ?BF90G)�2a? �.�.�����?BF90G)�2a? �.�.�����?BF90G)�2a? �.�.�����?BF90G)�2a? �.�.�����X���� �� �� £G�)�.�.���£G�)�.�.���£G�)�.�.���£G�)�.�.���X���� �� ��      ��.����.����.����.���T���� �� �� £9) � �����£9) � �����£9) � �����£9) � �����X���� �� ��      �>����>����>����>���T���� �� �� £eH&� �.�����£eH&� �.�����£eH&� �.�����£eH&� �.�����T���� �� �� �� ��



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

��� �.��/��:%,/1£9-�? �:%(©*<.Ap0 ��¨ �.��+.Ap�G'*0�/c�*0&<./10E©*Ap?BFG<.Ap0nHc0G'_':�:A*<>)(�:<.Ap0G'�+>?BAn���*?B+>0G'*���n~B<>'�~B�>'*0�A*F�~B/1'�;=<>0&-�?
©*Ap?BFG<.Ap01Ap0G':�*0>�*~B<.�1H.��?B�>~BApHn?B/c%('*~B�:Ap~B+>01� <>'*;=<>���J-�? �:%�/lH.01-�?�©*Ap?BFG<.Ap0�H=<E�l?r'*;=<>01Ap�G':%,/10 � �:%(©*<.Ap0 ��¨ �����#? �,�
M )P03':�*?rH.0G£�-�0��*?r)��*0�<.AJH.��?r'�+>0G)(� 0G':�aAp0G':�*0�AC0�/cFG%,Ap~B/�)P~B/1':�*?B/c�*��4J?BAL-�?&':<.%,�*0G£5-�~BAp'*;=<>0L-�?&©�Ap?BFG<.Ap0C'*0L+>~B<.Ap':<.%,�
0�/�-���?B�>'*0�/1)P0JHe< �l?r'*;=<>0>Ap�G':%,/10G£ -�? �:%(©*<.Ap0 ��¨ ����� � �k~B/c�:Ap0J;=<>0 -�07�>~�� )P~B���l0�/1)P0 �_'*0 �*~BA*�l0�AC2 H.?B/1'>)P0
)P?r'*£9-�?�+.Ap~B+>~BA*�:%(~B/ZH.0&+.Ap~rH=<.%,�*'_~BAp©p?B/c%(;=<>0G'_0�� +>~ '5�G0E?B<l+.-�?r':�l?�H.0E©*Ap?BFG<.Ap0&/1��0G':��+.-�<>'_;=<>0nH.0E�.���
� �*?B<&��H.0&)P~B<.F90�A*�:<.Ap0&)P~BA*AG0G':+>~B/1H.?B/c� �@-�?�':<.A �*?r)P0&H.0G' �*~B/1H.'3H.0G'�)P~B/c�*?r)(�*'��e%,¡)� Ap?B+.+>~BA*�*�G0 �@-�?�':<.A �*?r)B0
�*~B�*?B-�0 H.0 -�?��:Ap?B/1)(6>0 0�� +7~r'*�G0 ?B< +.-�?r':�l? �,£3)P~B��+>?BAp�G0 ?B<&� ������� � �*~B/1H.'�)V~B/c�*?r)(�*'��e%,¡)� � �l?r'*;=<>0
Ap�G':%,/10��.H=<l)P?r'f+.Ap�G)P�GH.0�/c�*�V¢�-70�/�Ap�G':<.-��*0&;=<>0�-�?�'*~B<.AG)P0&H.0&)P?BA*�>~B/10&H=%(':+>~B/c%,�.-�0G£9;=<.%.Ap0G':�*0�-�0�)P~B/1':�:%,�:<>?B/c�
H.0>�>?r'*0�H.0>�*~B<>'c-�0p'cAp�G':%(He<>'c+>~P<.F9?B/c�c+>?BA*�:%()(%,+>0�A �3- ?C+>?r'*':%,F9?B�:%(~B/XH.0G'��:-�?B/1)P'*£a0G':�c/10��:�*0��l0�/.�cAp�GH=<.%,�*0G�P$�0
+.-�<>'*£�-���~�� 89©p§�/10 He< +.-�?r' �l?l/1�����*?B/.� +.-�<>' � +>~B��+1�G�@+>?BA )P0��l?r'*;=<>0�Ap�G':%,/�0G£�%,-�'*0�Ap? H.��?B<.�*?B/c� +.-�<>'
H=%(':+>~B/c%,�.-�0�+>~B<.A�-�?�©*Ap?BFG<.Ap0 H=<T�e%,¡)� £ 8 )P~B��+.A*%('�-�0G',�:-�?B/1)P'�H.0G'1�l~B�:%
�*'*� ¡&?��:%(©*<.Ap0 ��¨ ����)�)P~BA*Ap0G':+>~B/�H
0�/��:%,/ ��<./10�~B�>'*0�A*F9?B�:%(~B/ 0�/ ':<.A*¨ ©*Ap?BFG<.Ap0G£r� <>':�*0�?B+.AG§G'>-�?.�:%,/ H.0@-�?n©*Ap?BFG<.Ap0��e%�¡)� H.0G'>�l~B�:%
�*'*�r¢B)(%(£r+.-�<>'
?B<>)(<./ +.Ap~rH=<.%,��)P?BA*�>~B/1��+>0�<.��"��:Ap0���-���~BA*%(©*%,/10�H.0�-�?E+.Ap~rH=<>)(�:%(~B/�H.0�Ap�G':%(H=<>'�H.0�©*Ap?BFG<.Ap0�F9~B-�?B�:%,-�'*£1~B<
)P~B/1'*~B���l0�An-���~�� 89©p§�/10 H�0E-�?�+.6>?r'*0 ©p?!�P0�<>'*032 -�0E�>~�� 0G':�n?B-�~BAp'_/10��:�*0��l0�/c�E?r)P)P0�/.�:<>� )P~B���l0�%,-�0G':�
+>~r'*':%��.-�03H.0[-�03)P~B/1':�*?B�*0�AC':<.AL-�?1+.6>~B�*~r©*Ap?B+.6.%(03H.03H=Ap~B%,�*0G�

a) b) c)a) b) c)
�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� ���¨¨¨¨ �������������     J476>~B�*~r©*Ap?B+.6.%(0&H.01-�����F9~B-,<.�:%(~B/lH=<n+.A=~��:%,- H.0�©*Ap?BFG<.Ap0�0�/ �*~B/1)(�:%(~B/lHe<n�*0���+>'�H.0476>~B�*~r©*Ap?B+.6.%(0&H.01-�����F9~B-,<.�:%(~B/lH=<n+.A=~��:%,- H.0�©*Ap?BFG<.Ap0�0�/ �*~B/1)(�:%(~B/lHe<n�*0���+>'�H.0476>~B�*~r©*Ap?B+.6.%(0&H.01-�����F9~B-,<.�:%(~B/lH=<n+.A=~��:%,- H.0�©*Ap?BFG<.Ap0�0�/ �*~B/1)(�:%(~B/lHe<n�*0���+>'�H.0476>~B�*~r©*Ap?B+.6.%(0&H.01-�����F9~B-,<.�:%(~B/lH=<n+.A=~��:%,- H.0�©*Ap?BFG<.Ap0�0�/ �*~B/1)(�:%(~B/lHe<n�*0���+>'�H.0
©*Ap?BF©*Ap?BF©*Ap?BF©*Ap?BF=<.Ap0 � -�0 �5~B/1Hk0���-�0n'*~B���l0��_H.0G'�':�:A*<>)(�:<.Ap0G'_'5~B/c�_?B-�%(©*/1�G'�':<.A_-�0G'�� "��l0G'�/c%,F90G?P<&� �<.Ap0 � -�0 �5~B/1Hk0���-�0n'*~B���l0��_H.0G'�':�:A*<>)(�:<.Ap0G'_'5~B/c�_?B-�%(©*/1�G'�':<.A_-�0G'�� "��l0G'�/c%,F90G?P<&� �<.Ap0 � -�0 �5~B/1Hk0���-�0n'*~B���l0��_H.0G'�':�:A*<>)(�:<.Ap0G'_'5~B/c�_?B-�%(©*/1�G'�':<.A_-�0G'�� "��l0G'�/c%,F90G?P<&� �<.Ap0 � -�0 �5~B/1Hk0���-�0n'*~B���l0��_H.0G'�':�:A*<>)(�:<.Ap0G'_'5~B/c�_?B-�%(©*/1�G'�':<.A_-�0G'�� "��l0G'�/c%,F90G?P<&� � 2 ? �2 ? �2 ? �2 ? �
�#<>':�*0E?B+.Ap§G'�-�? �:%,/ZH.0�-�?�©*Ap?BFG<.Ap0EHe<X�l?r'5;=<>0&Ap�G':%,/10G£��)�>0�/c�:Ap0�-�?��:%,/ZHc0�-�?�©*Ap?BFG<.Ap0EH.0&-�?�#<>':�*0E?B+.Ap§G'�-�? �:%,/ZH.0�-�?�©*Ap?BFG<.Ap0EHe<X�l?r'5;=<>0&Ap�G':%,/10G£��)�>0�/c�:Ap0�-�?��:%,/ZHc0�-�?�©*Ap?BFG<.Ap0EH.0&-�?�#<>':�*0E?B+.Ap§G'�-�? �:%,/ZH.0�-�?�©*Ap?BFG<.Ap0EHe<X�l?r'5;=<>0&Ap�G':%,/10G£��)�>0�/c�:Ap0�-�?��:%,/ZHc0�-�?�©*Ap?BFG<.Ap0EH.0&-�?�#<>':�*0E?B+.Ap§G'�-�? �:%,/ZH.0�-�?�©*Ap?BFG<.Ap0EHe<X�l?r'5;=<>0&Ap�G':%,/10G£��)�>0�/c�:Ap0�-�?��:%,/ZHc0�-�?�©*Ap?BFG<.Ap0EH.0&-�?
Ap�G':%,/�0E0���-�? �:%,/ H.0&-�?�©*Ap? Fp<.Ap0E�e%�¡)� £ 0��_) �)��-�? �:%,/ZHc0&-�?�©*Ap?BFG<.Ap0EHe< �e%�¡)� � H.?B/1'�$&4@�Ap�G':%,/�0E0���-�? �:%,/ H.0&-�?�©*Ap? Fp<.Ap0E�e%�¡)� £ 0��_) �)��-�? �:%,/ZHc0&-�?�©*Ap?BFG<.Ap0EHe< �e%�¡)� � H.?B/1'�$&4@�Ap�G':%,/�0E0���-�? �:%,/ H.0&-�?�©*Ap? Fp<.Ap0E�e%�¡)� £ 0��_) �)��-�? �:%,/ZHc0&-�?�©*Ap?BFG<.Ap0EHe< �e%�¡)� � H.?B/1'�$&4@�Ap�G':%,/�0E0���-�? �:%,/ H.0&-�?�©*Ap? Fp<.Ap0E�e%�¡)� £ 0��_) �)��-�? �:%,/ZHc0&-�?�©*Ap?BFG<.Ap0EHe< �e%�¡)� � H.?B/1'�$&4@�E22 22
44 44�'' '' �� �� �.���.��.���.��.���.��.���.� 	 £�47�.%(?r'	 £�47�.%(?r'	 £�47�.%(?r'	 £�47�.%(?r' �� �� �&	
��&	
��&	
��&	
� 	 £54	 £54	 £54	 £54 �� �� �� ��@���&~BA*Ap£(����&~BA*Ap£(����&~BA*Ap£(����&~BA*Ap£(� '*)P)��'*)P)��'*)P)��'*)P)�� �� �� �� �� £=�.�£=�.�£=�.�£=�.��'*)P)(�'*)P)(�'*)P)(�'*)P)(� �� �� �� �� �,��,��,��,�

��/ )P~B/1)(-�<>':%(~B/ H.0�)P0��:�*0�+>?BA*�:%(0�~B�>'*0�A*F9?B�:%(~B/ �����@£�/1~B<>'�)P~B/1':�*?B�*~B/1'�;=<>0�-��:~B�.�*0�/c�:%(~B/ H.0G'@+.Ap~��:%,-�'�H.0
©*Ap?BFG<.Ap0[-�0G'a+.-�<>'L?B/c%('*~B�:Ap~B+>0G'L0G':�a-�%(�G0#��2

- 
<./103��/10�Ap©*%(03H.0[�>~B���>?BApH.0��l0�/c�a%(~B/c%(;=<>03':<&���:%('*?B/c�*0 � 
&������0 	��,£

- 
-�� <.�:%,-�%('*?B�:%(~B/�H.� <./103)(6.%,�n%(0�H.03©*Ap?BFG<.Ap0[� � ¨ � � ?B+.+>?B<.FGA*%(030�/�~�� 89©p§�/10 � � �7�����,£

- 
0��7-�?_+�Ap�G'*0�/1)P0�H.� <./¦�l?r'�;=<>0JAp�G':%,/10 � ;=<.%[Ap0�+.Ap�G'*0�/c�*0��_- ?��*~B%('7<./10�':<.A �*?r)P0�~ � -���~�� 89©p§�/10�H.0J-�?
+.6>?r'*0E©p?!�P0�<>'*0n0G':� �*~BA*�*0��l0�/c�_)P~B/1'*~B���l�E0�/Z)P~B<.Ap'_H.0&+.Ap~r)P�GH.�n0���<./10n'*~P<.Ap)P0EH.0E)P?BA*�>~B/10��
-���~BA*%(©*%,/103H.0[-�?1+.Ap~rH=<>)(�:%(~B/�H.0[Ap�G':%(H=<>' H.03©*Ap?BFG<.Ap03)P?BA*�>~B/1�G' �,�

��0�H.0�A*/c%(0�A1+>~B%,/c�*£ H.�G)P~B<.F�0�A*�,�C+>?BA��:%,A�H.0G'1~B�>'*0�A*F9?B�:%(~B/1'c+>?BA1��%()(Ap~r'*)P~B+.%(0���-�0G)��:Ap~B/c%(;=<>0G£P�l~B/c�:Ap0�;=<>� <./10
'*~B<.Ap)P0�H.0�)P?BA*�>~B/10�0G':��<�/ ��-����l0�/.��%���+>~BA*�*?B/.��+>~B<.A&-�?�+>?r'*':%,F9?B�:%(~B/ 0R��- ?�Ap�VH=<>)(�:%(~B/ H=<X�>~���£L0��&;=<>� %,-
+>0�<.�¦H.~B/1) "��:Ap0 %,/c�*��Ap0G'*'�?B/c�¦H.� <.�:%,-�%('*0�A H.0 /1~B<.F90�-�-�0G'¦'*~B<.Ap)P0G'¦H.0 )P?BA*�>~B/10G£�)P~B���l0 %,-�'*0�AG?ZH=%('*)(<.�*�
��6>?B+.%,�:Ap0#���



� � ��� �6����� � �-����� � ����� � �
� ��� � ���������
�;	��
��� ����� � � ���
	���� ����� ��� �

��� �����
� � � � � 
�� 
�� � �  !� ��
 � ��� ��� ��� �����	
 � � � ��� �
4@~B<.An)P0��:�*0E���:<>H.0G£ )P0E'*~B/���-�0G'_?B/1?B-�89'*0G'
��4@� H.0_-�?�':<.A �*?r)P0EH=<Z�e%,¡)� £7?B+.Ap§G'3�:Ap?B%,�*0R�l0�/c��+.-�?r':�l?r£ ;=<.%
+>0�A*�l0����*0�/c�1H.0�'*?BF9~B%,A�'*� %,-f'*0>+.Ap~rH=<.%,�c-�0>+.6>��/1~B�l§�/10�H.0 $L©*Ap?B+.6.%,�:%('*?B��%(~B/+%1H=<E�l?B�*��A�%(?B< )P~B�n�l0�H.?B/1'c-�0
)P?r'1H=<E+1~B-�8G%,��%(H.0�0�� +>~r'*��'*0G)(�:%(~B/ �7�#���#���#���VMCF9?B/c�1H.�:���:<>H=%(0�A�)P0��:�*0�©�Ap?B+.6.%,�:%('*?B��%�~B/n+>~B<.A�-�?�)(6.%,��%(0>� � �e� �� )(6.%,��%(0 H.0 �>?r'*0 +1~B<.A�-�? ©*Ap?BFG<.Ap0 H.0G'��l~B�:%
�*'���MJ¡�� �,£[%,-�0G':��%,/c�*��Ap0G'*'*?B/c��Hc0 Ap0G©p?BApH.0�A¦;=<>0�-�-�0 0G':��-�?
':%(©*/1?B�:<.Ap0 ��4@� � 0�/|�l~ H.0 $a�)�3%,/ %nMC-��

α 
� )P?BAp? )(�*��A*%(':��%(;=<>0 H=<|+.%() )P?BA*�>~B/10 ���.'XHe< �e%�¡)��?BF9?P/c�

�:Ap?B%��*0��l0�/.�@+.-�?r':�l?r£�0R��'*~B/ ��F9~B-�<.�:%(~B/ ?B+.Ap§G'@+.-�?r':�l?nMCA � 4 � � �
����� 	 £�4 � � �	� � ����� 	 £�4 � �C����~BA*Ap£����'*)P)(�DMCAp£1� � �����P� �_~�� -�0k�e%,¡)� 0G':��'*~B<.��%(' � <./ �*~BA*���>~B���>?BApH.0��l0�/.��%(~B/c%(;=<>0 � +.<.-�F9��A*%('*?B�:%(~B/
+.<.Ap0��l0�/c��+.6.89':%(;=<>0�FG<>0 �:%(©*<.Ap0 ��¨��
�,����0��:�*0�H.���l? Ap)(6>0�0G':� ':%,��%,-�? %,Ap0+�l)P0R-�- 0�H.�G)(A*%,�*0�H.?B/1'�-�0�)P?r' H=<
+>~B-�8G%,��%(H.0G£=0�� +>~r'*�3'*0G)(�:%(~B/ �7�#���#��2

280285290295
Binding Energy (eV)

In
te

ns
it

y 
(A

rb
it

ra
ry

 U
ni

t) Pic C1s du
SiLK vierge

Pic C1s du 
SiLK graphité

Pic C1s 
« shake-up 
satellite »

Energie de liaison (eV)

295        290        285         280

In
te

ns
it

é 
(u

ni
té

 a
rb

it
ra

ir
e)

280285290295
Binding Energy (eV)

In
te

ns
it

y 
(A

rb
it

ra
ry

 U
ni

t) Pic C1s du
SiLK vierge

Pic C1s du 
SiLK graphité

Pic C1s 
« shake-up 
satellite »

Energie de liaison (eV)

295        290        285         280

In
te

ns
it

é 
(u

ni
té

 a
rb

it
ra

ir
e)

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� ��c¨¨¨¨�������������       � <.+>0�A*+1~r':%,�:%(~B/ H.0p'�':+>0G)(�:Ap0G'��� <.+>0�A*+1~r':%,�:%(~B/ H.0p'�':+>0G)(�:Ap0G'��� <.+>0�A*+1~r':%,�:%(~B/ H.0p'�':+>0G)(�:Ap0G'��� <.+>0�A*+1~r':%,�:%(~B/ H.0p'�':+>0G)(�:Ap0G'��_4@� ����'�He< )P?BA*�1~B/10 � 0�/cAp0G©*%�':�:Ap�p'�0�/ �l~rH.04@� ����'�He< )P?BA*�1~B/10 � 0�/cAp0G©*%�':�:Ap�p'�0�/ �l~rH.04@� ����'�He< )P?BA*�1~B/10 � 0�/cAp0G©*%�':�:Ap�p'�0�/ �l~rH.04@� ����'�He< )P?BA*�1~B/10 � 0�/cAp0G©*%�':�:Ap�p'�0�/ �l~rH.0
$$ $$.�)�3%,/�)�3%,/�)�3%,/�)�3%,/ %>MC-%>MC-%>MC-%>MC-��� ��

αααα
�L' <.A �G)(6>?B/c�:%,-�-�~B/T�e%,¡)� ?BF9?B/c�>�:Ap?B%,�*0R�l0�/c�>+.-�?r':�l? � �:Ap?B%�� � �l?BAG;e<>0G' �L0���?B+.Ap§p'�L' <.A �G)(6>?B/c�:%,-�-�~B/T�e%,¡)� ?BF9?B/c�>�:Ap?B%,�*0R�l0�/c�>+.-�?r':�l? � �:Ap?B%�� � �l?BAG;e<>0G' �L0���?B+.Ap§p'�L' <.A �G)(6>?B/c�:%,-�-�~B/T�e%,¡)� ?BF9?B/c�>�:Ap?B%,�*0R�l0�/c�>+.-�?r':�l? � �:Ap?B%�� � �l?BAG;e<>0G' �L0���?B+.Ap§p'�L' <.A �G)(6>?B/c�:%,-�-�~B/T�e%,¡)� ?BF9?B/c�>�:Ap?B%,�*0R�l0�/c�>+.-�?r':�l? � �:Ap?B%�� � �l?BAG;e<>0G' �L0���?B+.Ap§p'

©*Ap?BFG<.Ap030�/ ?BAp©p~B/�+.<.A � �:Ap?B%,�L)P~B/c�:%,/c<)�,�©*Ap?BFG<.Ap030�/ ?BAp©p~B/�+.<.A � �:Ap?B%,�L)P~B/c�:%,/c<)�,�©*Ap?BFG<.Ap030�/ ?BAp©p~B/�+.<.A � �:Ap?B%,�L)P~B/c�:%,/c<)�,�©*Ap?BFG<.Ap030�/ ?BAp©p~B/�+.<.A � �:Ap?B%,�L)P~B/c�:%,/c<)�,�

¡�? �:%(©*<.Ap0 ��¨ ���n�l~B/c�:Ap0�-�?�':<.+>0�A*+>~r':%,�:%(~B/kH.0&)P0G'�H.0*<&��':%(©*/1?B�:<.Ap0G'*£9?BF90G)>-�0G'f+.%�)P'�����'�H=<k�e%,¡)� FG%(0�Ap©p0&0��
����'�H=< �e%,¡)� ?B+.Ap§p'�©*Ap?BFG<.Ap0�MCAp£.Ap0G':+>0G)(�:%,F90��l0�/c�3-�~r)P?B-�%('*�G'��¦���&������0 	 0���������� ��0�	&�.�n~B<1'C+>~P<.F9~B/�'
)P~B/1':�*?B�*0�AC;=<>032

- 
H.?B/1' H.0G' )P~B/�H=%,�:%(~B/1' H.0 ©*Ap?BFG<.Ap0�+.6.89':%(;=<>0G£f-�0��e%,¡)� 0G':� ':<c��0�� ��-�?l©*Ap?B+.6.%��:%('*?B�:%(~B/D'*~B<>' �*~BA*�
�>~B���>?BApH.0��l0�/c�a%(~B/c%(;=<>0G�

- 
+>~B<.AT-�0D�e%�¡)��FG%(0�Ap©p0G£�-(0 +.%() +.A*%,/1)(%,+>?B- 0G':�T?r)P)B~B��+>?r©*/1�DH.� <./ +.%()����.'T'*0G)P~B/1H.?B%,Ap0DH=%,�
$L�e6>?��f0�¨ K&+��c?B�*0�-�-�%,�*0#%*£ /1~BA*�l?B-�0��l0�/.�7-�~ )P?B-�%('*���E�
	���� � �.��� ��0 	&£�;=<.%3)P~BA*Ap0G':+1~B/1H �_-�?_+.Ap�G'*0�/1)B0
H.0@©*Ap~B<.+>0��l0�/c�*'>?BAp~B�l? �:%�;=<>0G'>H.?B/1'.-�?3�l?B�:A*%()P0@H=< �e%,¡)� � �� �����07+.%()CH=%(':+>?BAp?�",��-�~BAp'*;=<>07-�0@�e%,¡)� 0G':�
'*~B<.��%('�?B<k+.-�?r':�l? H.��?BAp©p~B/1£�%,/1H=%(;=<>?B/c�3<./10��*~BA*�*0nH.�G©*Ap?rH.?B�:%(~B/ H.0_-�? ':<.A �*?r)B0G£7;=<.%�H.~B%,��?B-�~BAp'
'*��?B+.+>?BAp0�/c�*0�A7+.-�<.���B����<./>0J)P~B<>)(6>0JH.0J)P?BA*�>~B/10J?B�l~BA*+.6>0J)P~B���l0JH.?B/1'�-�0J)P?r'7H=<�+>~B-�8G%,��%(H.0G� ¡�?
H=%(':+>?BA*%,�:%(~B/�H.03)P0[+.%()�+>0*<.�LH.~B/1)�?B<1'*':% "��:Ap0[<./10L%,/1H=%R)P?B�:%(~B/�H.0[-�?�©*Ap?B+.6.%,�:%('*?B�:%(~ /�H.0[-�?&':<.A �*?r)P03H=<
�e%,¡)� ��$E0L+.-�<>'*£�-�0G'7':<.%,FG%('7H.0L+.Ap~r)P�GH.�G' H.0C©*Ap?BFG<.Ap0C0*/ ����%('*':%(~B/ ~B+.�:%(;=<>0 � )P?B-��G' ':<.A -�������%('*':%(~B/ H.0

�� �� C + ;�$ 9  ;�&=,��4&=�!$ *�$ ��+ ;� #��)  �<+�)  �E #"%$ &#� 1�+�3���) +�9	"%�!&#��3�1�+ H� #) +���9	+ 1�+�3�1�+�,���&#�!N�$ "% #) +�3�-0&#) ��9	,�)  #$ �!+�3�3< #"%,��!��+�3
1bπ

+�"
2a π

H�+��!3 ) � &#N�$ "% #) +($ ��&#9	9	,�;���+ *
2b π

' "%�! #��3<$ "%$ &#� *π π→ 1�+(D 
0� + B�6 ?�9	+ ��,�$.3<+ "%�! #1�,�$ "�;� #� ,���+(;�+��!"%+(1�+(D 
0� +�B 3<,��
) � ����+��!*�$ + 9	$ ����"%$ ��,�+ 1�+�3�;���&#"%&�� ��) +�9F"%�!&#��3�� 	 +�9	"%��3�1�+ )  3<,�� �  #9	+ 1�,��E$ >�� ?#1�&#��9 
 ,���1���9	 #)  #*�+ 1�+ D 
 �G+�B H�+��!3�) +�3�;�) ,�3
� &#�!"%+�34����+��!*�$ +�3�1�+5) $  #$ 3<&#� 3<,��4) +53<;�+�9	"%�!+ C ��349	&=�!�!+�3<;�&#��1� #��" �



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

-�� 6.89H=Ap~r©p§�/10��e%,/1H=%(;=<>0�/c�[<./10 �*~BA*�*0_H.�G':6.89H=Ap~r©p��/1?B�:%(~ / H.0�-�? ':<.A �*?r)P0&H.0�-�?@�l? ��A*%()P0_0�/kH.���.<.�3H.0
©*Ap?BFG<.Ap030�/�+.-�?r':�l?�H.��?BAp©G~B/�+.<.Ap�

- 
0�/��:%,/1£B%,-[0�� %(':�*07<./ H.�G)P?B-�?r©p0@0�/c�:Ap07-�?3+>~r':%,�:%(~B/ 0�/ ��/�0�Ap©*%(0@H.07-�%(?B%('*~B/ H=<E+.%()C����'>He< �e%,¡)� FG%(0�Ap©p0
� -�~r)P?B-�%('*�G0 �����
������0 	 �a0��>)B0�-�-�0@H=<�+.%()C����'>H.� <./E+>~B-�8G�l§�Ap0@~BAp©G?B/c%(;=<>07+.<.Ap0��l0R/c�.6.89H=Ap~r)P?BA*�>~B/1�G£
-�~r)P?B-�%('*�G0��&���
���#��0�	&�
���
��� �r�>A <./ �*0�-�H.�G)P?B-�?r©p0L/1��0G':�9+>?r' )P~B/1':�*?B�*�CH.?B/1'9-�0C)P?r'7H=<¦�e%,¡)� ?B/1?B-�89'5�
?B+.Ap§G'n©*Ap?BFG<.Ap0 0�/Z+.-�?r':�l? H.��?BAp©p~B/1£J~�� -�0E+.%() ���.'nH=<|�e%,¡)� 0p':�_-�~r)P?B-�%('*� � ������� ��0�	&£ �,��� � �
)P~B���l03H.?B/1'a-�03)P?r'LH.� <./�+>~B-�8G�l§�Ap03~BAp©p?B/c%(;=<>03©*AG?B+.6.%,�*�3?B+.Ap§G'L©*Ap?BFG<.Ap0[M3Ap�
4@~B<.AX0�� +.-�%(;=<>0�AX)P0R�:�*0 H=%
���*��Ap0�/1)P0G£ /1~B<>'n'*?BF9~B/1'nH.�:?B<.�:Ap0E+>?BA��L;=<>��0�/Z�l~rH.0 $a�)�3%,/+%*£ -�? �P~B/10
?B/1?B-�89'*�G0�0G':��-�?BAp©p0��l0�/.�1+.-�<>'�+>0��:%,�*0�;=<>0�-�? �P~B/�0�%�A*Ap?rH=%(�G0G�a¡�? �P~B/10�?B/1?B-�89'5�G0�'*0�':%,�:<>0EH.~B/1) �
-�� %,/c�*��A*%(0�<.Ap0TH.� <./10 �P~B/10l+.Ap�G'*0�/c�*?B/c��<./ H.���*?B<.�lH.0T)(6>?BAp©p0T��-�0G)(�:Ap~r':�*? �:%(;=<70G£@+.Ap~BF9~r;e<>�X+>?BA
-�������%('*':%(~B/ H.0G' +.6>~B�*~B¨ �*-�0G)(�:Ap~B/1'*£ ;=<.% ? �*0�/1H.?B/1)P0 � '*0 )(6>?BAp©p0�A +>~r':%,�:%,F90��l0�/c� ?BF9?B/.�
-������*?B�.-�%('*'*0��l0�/c�7H.0J)P~B<.Ap?B/c�*'7H.0@':<.A �*?r)P0J':�*?B�.%,-�%('*?B/c��-�?_H=%
���*��Ap0�/1)P0JH.0J)(6>?BAp©p0J0*/c�:Ap0#�P~B/10 %,A*Ap?rH=%(�G0
� 0��7/1~B/¦%,A*Ap?rH=%(�G0G� ¡���0�� %(':�*0�/1)P0�H.0�)P0�H.���*?B<.�@H.0�)(6>?BAp©p0G'7/1�G©p?B��%,F90G'@)P~B/1':�:%,�:<>0J<./10J�>?BA*A*%(§�Ap0�H.0
+>~B�*0�/c�:%(0�-7':<.+.+.-����l0�/c�*?B%,Ap01+>~B<.A�-�0G'[+.6>~B�*~B¨ ��-�0G)(�:Ap~B/1'3����%('*£9;=<.%>~B/c��?B-�~BAp'[<./10_��/10�Ap©*%(0&)(%,/1�R�:%(;=<>0
+.-�<>'&�*?B%,�.-�0@0��>Hc~B/1)L<./10@�*/10�Ap©*%(0@H.07-�%(?B%('*~B/ ?B+.+>?BAp0�/c�*0@H.�G)P?B-��G07F90�Ap'.-�0G'>��/10�A=©*%(0G'>H.07-�%(?B%('*~B/n+.-�<1'
©*Ap?B/1H.0G'*�
�e<.A�-�? �:%(©*<.Ap0 ��¨ ���7£�/�~B<>'CF9~B89~B/1'�;=<>0�-�0_+.%()����.'�?B+.Ap§G'�©*Ap?BFG<.Ap0_MCA�0G':��':%,�:<>��� �.����� ��0�	&£70��
)P~B���l0�-�0�H.�G)B?B-�?r©p0�0�/ �R/10�Ap©*%(0�/10�+>0�<.��'*0�+.Ap~rH=<.%,Ap0�;=<>0�F90�Ap'@-�0G'���/10�Ap©*%(0G'�H.0�-�%(?B%('*~B/ +.-�<>'
©*Ap?B/1H.0G'*£5-���0�/cAp0G©*%(':�:Ap0R�l0�/.�LH.03)P0[+.%()P£=)P~BA*Ap0V)(�*0R�l0�/c� +>~r':%,�:%(~B/c/1�#��������� ��0�	&£5�l~B/c�:Ap03;=<>032
¨ -�0[+.%()�����'L?B+.Ap§G'L©*Ap?BFG<.Ap0[MCAC)P~BA�Ap0G':+>~B/1HJ�.%(0�/+�1-�?�':%(©*/1?B�:<.Ap03H=<�)P?BA*�>~B/103©�Ap?B+.6.%,�*�G£
¨D-�����+>?B%('*'*0�<.A�H.03-�?�)P~B<7)(6>0��e%,¡)� ©*Ap?B+.6.%,�*�G0_0G':�C? <��l~B%,/1'C':<.+>��A*%(0�<.Ap0.��-����R+>?B%('*'*0�<.A�?B/1?B-�89'*�G0
+>?BA
��4@� � ( )3 .coscλ θ � �
�����,£
¨ -�?¦)P~B<>)(6>0�©*Ap?B+.6.%,�*�G0�/10�'*0�)(6>?BAp©p0�+>?r'C/1�G©p?B�:%�F90��l0�/c�*£>)P0�;=<.%�%,/1H=%(;=<>0�;=<>��0�-�-�0�0G':�C+.-�<.���B�
)P~B/1H=<>)(�:A*%()P03��-�0V)(��A*%(;=<>0��l0R/c�*�
4@~B<.AE-�0�+.%()����.'nH=< �e%,¡�� FG%(0�Ap©p0G£L/1~B<1'E'*?BF�~B/1'�;=<>0�-�?��l?B�:A*%()P0¦H=< �e%,¡�� 0G':�&<./c%(;e<>0��l0�/c�
)P~B��+>~r'*�G0 H.0�-�%(?B%('*~B/1' �f¨ � ~B< ��¨ ¥¦£_?BF90G)�-�?l+.Ap�G'*0�/1)P0 H.0 ©*Ap~B<.+>0��l0�/c�*'�?BAp~B�l?B��%(;=<>0G'*��¡�?
':%(©*/1?B�:<.Ap0���4@� H=<T+.%()�����'&+.A*%,/1)(%,+>?B-�H.~B%,�EH.~B/1)�/1~BA*�l?B-�0R�l0�/c�E'*0¦':%,�:<>0�A � ���
���#��0 	&£C0��&-�?
':%(©*/1?B�:<.Ap0�H=<�+.%()&?BAp~B�X?B�:%�;=<>0�����'J'*0G)P~B/1H.?B%,Ap0 � $L� 6>?��f0�¨ K&+��c?B�*0�-�-�%,�*0#% ��H.~B%,�[/1~BA*�l?B-�0��l0�/.��"���Ap0
-�~r)P?B-�%('*�G0�� �
	���� � ����� ��0�	&�.�>A�)P0G'3H.0�<&��+.%()P'3'*~B/c�30R/cFG%,Ap~B/ H.�G)P?B-��G'3H.0_��� � ��������0 	 F90�Ap'[-�0G'[+.-�<1'
�*~BA*�*0G'���/10�Ap©*%(0G'�H.01-�%(? %('*~B/1£a)P0�;=<.%�%,/1H=%(;=<>0�;=<>� <./lHc���*?B<.��H.0�)(6>?BAG©p0���-�0G)��:Ap~r':��?B�:%(;=<>01-�~r)P?B-�%('*��':<.A
-�? �P~B/103?B/1?B-�89'*�G030�� %(':�*0[<./c%(;=<>0��l0�/c�LH.?B/1'a-�03)P?r'L~���-�03�e%,¡)� /1��0G':�a+>?r'L©*Ap?B+.6c%,�*�30�/�':<.A �*?r)P0G�
4@~B<.AL%,-�-�<>':�:Ap0�AC)P0G'a+.6>��/1~P�l§�/10G'LH.03)(6>?BAp©p03':<.AL-�0G' �V~B/10G'L?B/1?B-�89'*�G0G'*£5-���0�/cAp0G©*%(':�:Ap0��l0�/c�LH=<�':+>0G)(�:Ap0
+.Ap�G)P�GH.0�/c� � ':<.A��e%,¡)� FG%(0*Ap©p0G£�H.~B/1)�/1~B/ ©*Ap?B+.6.%,�*��0��@+.-�<.���B�@%('*~B-�?B/c�*£�?BF90G)�<./ �G)P~B<.-�0��l0�/c��H.0
)(6>?BAp©p0G'7/1�G©p? �:%,F90G'@H.0J-�? �B~B/10J/1~B/¦%,A*Ap?rH=%(�G0#� F90�Ap' -�? �P~B/10J%,A*Ap?rH=%(�G0��G©G?B-�?B/.� -�0 �:-�<&� H.0J+.6>~B�*~B¨
��-�0G)(�:Ap~B/1'�0���%('��E+>?BA*�:%,A�H.0�)P0��:�*0 �P~B/10�+>~P<.A�<./10�H=%
���*��Ap0�/1)P0�H.0�+>~B�*0�/c�:%(0�-&H.~B/c/1�G0���0�/ �l~rH.0
$a�k~B/1~ %cMC-��

α
£r0G':�.Ap0�+.Ap�G'*0�/c�*���:%(©*<.Ap0 ��¨ �
��2rH.?B/1'>)P0�)P?r'*£B-�? �P~B/10@�e%,¡)� ?B/1?B-�89'5�G0@0G':�>0�/cFG%,Ap~B/ H.0

-�?1� "��l0[�*?B%�-�-�03;=<>0[-�? �P~B/�0[%,A*Ap?rH=%(�G0[+>?BAL-�03':+1~B� � � )V~B/c�:Ap?B%,Ap0R�l0�/c�L?B<��l~rH.0#$9�)�3%,/+%L~'��-�? �V~B/10
?B/1?B-�89'*�G0�0G':�C-�?BAp©p0R�l0�/c�3+.-�<>'C+>0��:%,�*0�;=<>0�-�?��P~B/10�%,A*Ap?rH=%(�G0��,£>0��C-�?�+.Ap�G'*0�/1)P0nH.0�H=%
���*��Ap0�/1)P0G'�H.0
)(6>?BAp©p0��&-�� %,/c�*�RA*%(0�<.A@� "R�l0�H.0J-�? �P~B/10�?B/1?B-�89'*�G0�)P~B/1H=<.%,� �_<./10�H.���*~BA*�l?B��%�~B/ H=< ':+>0G)(�:Ap0�����'*£
;=<.%3/10�+>0�<.��?B-�~BAp' "��:Ap0�<.�:%,-�%('*��+>~B<.A�'*?XH.�G)P~B��+>~r':%,�:%(~B/ ':+>0G)(�:AG?B-�0G��¡�?X)(6>? AG©p0���-�0G)��:Ap~r':�*?B��%(;=<>0
+>~r':%,�:%,F90CH=<��e%,¡)� 0�/ �>~BApHe<.Ap0CH.0 �P~B/10C?B/1?B-�89'*�G0C0G':�L0�/ 0����*0��9+.-�<>'*�*? %,�.-�0C;=<>��?B<�)P0�/c�:Ap03H.0L-�? �P~B/10
%,A*Ap?rH=%(�G0 ��£c)P0�;=<.%�'*0C�:AG? H=<.%,� +>?BAJ<./ ��Ap?BF9?B%,-1H.0�'*~BA*�:%(0�H.0G' +.6>~B�*~r��-�0G)(��Ap~B/1' �l~B%,/1' %,��+>~BA*�*?B/.� �
)P0���0�/1H=Ap~B%,�*�.¡�����/10�Ap©*%(0n)(%�/1���:%(;=<>0�0G':��?B%,/1':%�+.-�<>'��*~PA*�*0�0��C-�����/10RAp©*%(0�H.0�-�%(?B%('*~ / ?B+.+>?BAp0�/c�*0�+.-�<>'
�*?B%,�.-�0G£3H.��~�� -���?B+.+>?BA*%,�:%(~B/DH.� <./10 H.���*~BA*�l?B�:%(~B/ H=< +.%()�����'�F90�Ap'�-�0G'�+.-�<>' �*?B%,�.-�0G'���/10�Ap©*%(0G'�H.0
-�%(?B%('*~B/1£ )P~B���l0 %,-#-�<>':�:Ap� �:%�©*<.Ap0 ��¨ �
��� ��~P<.�*0G'�-�0G'7H.�G)V~B��+>~r':%,�:%(~B/1'7':+>0G)(�:Ap?B-�0G'7H.0 +.%()P'7'*0�Ap~B/c�7H.~B/1)
~B�.-�%(©p?B�*~B%,Ap0��l0�/.���l0�/1�G0G' ��+>?BA*�:%�A@H.��0�/cAp0G©*%(':��Ap0��l0�/.��'70�/��l~rH.0 $a�)�3%,/+%�+>~P<.A7-�0G'7':<.A �*?r)P0G'7�e%,¡)�
/1~B/D©*Ap?B+.6.%,�*�G0G' H.?B/1'�-�0�)P?r' H.0G' ���:<>H.0G'�+.-�0�%,/10��:AG?B/1)(6>0G'*�f$E?B/1'�-�0�)P?r' H.0�-������:<>H.0�0�/ �l~rH.0
$a�k~B/1~ %�H.0G'�':<c�>':�:Ap?B�*'��e%,¡)� ?BF90G)&�l~B��%
�*'*£.-�0G'��G)(67?B/c�:%,-�-�~B/1'�'*~B/c���*~BAG)P���l0�/.��©*Ap?BF9�G' � -�0��e%,¡)�
/1��0G':��+.-�<>'�FG%(0�Ap©p0XH.0n�:Ap?B%,�*0��l0�/c��+.-�?r'��l? �,£@0���+>~r'*'5§GH.0�/c��'*?B/1'�Hc~B<.�*0n<./10X)V~B<>)(6>0X©*Ap?B+.6.%,�*�G0
)P~B/1H=<>)(�:A*%()P0325<./10[�*0R-�-�03H.���*~BA*�l?B��%(~B/�H=<�':+>0G)(�:Ap0[/1��0G':�L?B-�~BAp'a+>?r'L)P~B/1':�*?B�*�G0G�



� � ��� �6����� � �-����� � ����� � �
� ��� � ���������
�;	��
��� ����� � � ���
	���� ����� ��� �

278280282284286288290292

1

2

3

4

5

6

x 10
4 C1s

Energ ie de liaison (eV)

N
o

m
b

re
 d

e 
co

u
p

s 
(a

.u
.)

�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0�:%(©*<.Ap0 �� ��c¨¨¨¨��
��
��
��
�¦¨¨¨¨&�e+>0G)(�:Ap0 ��4@� ����'�H=<��e%�¡)� FG%(0�Ap©p0G£10*/cAp0G©*%(':�:Ap��' <.A��G)(6>?B/c�:%,-�- ~P/��e%�¡)� /1~B/�e+>0G)(�:Ap0 ��4@� ����'�H=<��e%�¡)� FG%(0�Ap©p0G£10*/cAp0G©*%(':�:Ap��' <.A��G)(6>?B/c�:%,-�- ~P/��e%�¡)� /1~B/�e+>0G)(�:Ap0 ��4@� ����'�H=<��e%�¡)� FG%(0�Ap©p0G£10*/cAp0G©*%(':�:Ap��' <.A��G)(6>?B/c�:%,-�- ~P/��e%�¡)� /1~B/�e+>0G)(�:Ap0 ��4@� ����'�H=<��e%�¡)� FG%(0�Ap©p0G£10*/cAp0G©*%(':�:Ap��' <.A��G)(6>?B/c�:%,-�- ~P/��e%�¡)� /1~B/
�l?r'*;e<>�G£=0�/��l~ H.0�$�l?r'*;e<>�G£=0�/��l~ H.0�$�l?r'*;e<>�G£=0�/��l~ H.0�$�l?r'*;e<>�G£=0�/��l~ H.0�$��k~B/1~�k~B/1~�k~B/1~�k~B/1~.%aMC-%aMC-%aMC-%aMC-��� ��

αααα

��F9?B-�<>?B�:%(~B/ H.0 -�? +>~ ':%,�:%�~P/ H.0p' +.%()P' ����' +1~B<.A -�? H.�G)P~B��+1~r':%,�:%(~B/ ':+>0G)(�:Ap?B-�0 0�� )P?B-�)(<.-lH=<��F9?B-�<>?B�:%(~B/ H.0 -�? +>~ ':%,�:%�~P/ H.0p' +.%()P' ����' +1~B<.A -�? H.�G)P~B��+1~r':%,�:%(~B/ ':+>0G)(�:Ap?B-�0 0�� )P?B-�)(<.-lH=<��F9?B-�<>?B�:%(~B/ H.0 -�? +>~ ':%,�:%�~P/ H.0p' +.%()P' ����' +1~B<.A -�? H.�G)P~B��+1~r':%,�:%(~B/ ':+>0G)(�:Ap?B-�0 0�� )P?B-�)(<.-lH=<��F9?B-�<>?B�:%(~B/ H.0 -�? +>~ ':%,�:%�~P/ H.0p' +.%()P' ����' +1~B<.A -�? H.�G)P~B��+1~r':%,�:%(~B/ ':+>0G)(�:Ap?B-�0 0�� )P?B-�)(<.-lH=<
+1~B<.Ap)P0�/c�*?r©p03H.03)P?BA*�>~B/�03Hc0[�:8G+>0#$+1~B<.Ap)P0�/c�*?r©p03H.03)P?BA*�>~B/�03Hc0[�:8G+>0#$+1~B<.Ap)P0�/c�*?r©p03H.03)P?BA*�>~B/�03Hc0[�:8G+>0#$+1~B<.Ap)P0�/c�*?r©p03H.03)P?BA*�>~B/�03Hc0[�:8G+>0#$7©*Ap?B+.6.%,�*0©*Ap?B+.6.%,�*0©*Ap?B+.6.%,�*0©*Ap?B+.6.%,�*0 % H.?B/�'a-�?�)P~B<>)(6103?B/1?B-�89'*�G0[+>?BA ��4@�% H.?B/�'a-�?�)P~B<>)(6103?B/1?B-�89'*�G0[+>?BA ��4@�% H.?B/�'a-�?�)P~B<>)(6103?B/1?B-�89'*�G0[+>?BA ��4@�% H.?B/�'a-�?�)P~B<>)(6103?B/1?B-�89'*�G0[+>?BA ��4@�E22 22

MC< �:%,/1?B-�£p/1~B<>'LF90�/1~B/1'CHc03F9~B%,A�;=<>03-�0��e%,¡)� +>0�<.� "��:Ap0_©*Ap?B+.6.%,�*�_':%�<./10_)(6.%���%(0.� �*~BA*�*0_)P~ ��+>~r'*?B/c�*0_H.0
+.<.-�F9��A*%('*?B�:%(~B/ )P~B���l0n-���? Ap©p~B/ 0G':��<.�:%,-�%('*�G0G�74@~B<.Ak��F9?B-�<>0�A�-�0n+>~B<.Ap)P0�/c�*?r©p0XH.0X�e%,¡�� ©*Ap?B+.6.%,�*�G£7/1~B<1'
+>~B<.F9~B/�' Ap0��*0�/c%,A�H.0�<&��+.%�)P'J)P?BA*�>~B/10C+>~B<.AJ-�?EH.�G)P~ ��+>~r':%,�:%(~B/ ':+>0G)(�:Ap?B-�0�H.0�����'L2e-�0C+.%()_��¨ � ©*Ap?B+.6.%,�*0��
������� ��0�	 0��c-�01+.%()J��¨ �k~B<X��¨ ¥ H.0>-�?C�l?B�:A*%()P0��e%,¡)� �����
��0�	&� ��~B���l0>-�?�H.�G)P~B��+>~r':%,�:%(~B/X':+>0G)(�:Ap?B-�0�H=<
+.%()�����' '*0C)P~B��+.-�%(;=<>0L/1~ ��?B�.-�0��l0�/c�a-�~BAp'*;=<>0L<./10C)(6�%,��%(0CH.03©*Ap?BFG<.Ap0[� � �e� � 0G':�9<.�:%�-�%('*�G0G£�-�����F9?B-�<>? �:%(~B/ H=<+>~B<.Ap)P0�/c�*?r©p0&H.0&�e%,¡)� ©*AG?B+.6.%,�*�&H.?B/1'f-�?�':<.A �*?r)P0�? /1?B-�89'*�G0&0G':���l~B%,/1'���FG%(H.0�/c�*�GK&/10�+.Ap0R��%(§�Ap0�?B+.+.Ap~r)(670
)P~B/1':%(':�*03?B-�~BAp'���)P~B/1':%(H.��Ap0�AL-�?1+>~r':%,�:%(~B/�H.0G'a+.%()P'L����' 2
��~B���l01-�?J+>~r':%,�:%(~B/lH=<n+.%()@����'�0�/cAp0G©*%(':�:Ap��0�/��l~rH�0 $a���3%,/+%�H.��+>0�/1HnH.01-�?�©*Ap?B+.6.%,�:%('*?B�:%(~B/lH=<X�e%,¡)� £a0��
;=<>0�-�0_H.��+.-�?r)P0��l0�/c�f+>?BA_0����*0��3H.0_)(6>? Ap©p0_��-�0V)(��Ap~r':�*? �:%(;=<>0_H.0�-�?�+>~r':%,�:%(~B/ H=<�+.%()�����'[/1~B/ ©*Ap?B+.6.%,�*��F90�Ap'
-�0G'�+.-�<>'��*~BA*�*0G'���/10�Ap©*%(0G'�H.0�-�%(?B%('*~B/�F9? H.?B/1'�-�0k'50�/1'�H.� <./10��l0�%,-�-�0�<.Ap0kH=%('*)(A*%,�n%,/1?B�:%(~B/ 0�/.�:Ap0k�e%,¡)�
©*Ap?B+.6.%,�*�@0R�./1~B/¦©*Ap?B+.6.%,�*�G£ <./10@':%,��+.-�0@':<.+>0�A*+>~r':%,�:%(~B/ H.07-���0�/1'*0����.-�0@H.0G'.+.%()P'7����'>0�/cAp0G©*%(':�:Ap�G'.+>~B<.A><./10
)P~B/1)P0�/c�:Ap? �:%(~B/X)(Ap~B%('*'*?B/c�*0@H.��~�� 89©p§�/10�H.?B/1'c-�0>�l��-�?B/1©p0>� � �e� � H.~B%,�c+>~B<.F9~B%,A�Hc~B/c/10�A1<./10>%,/1H=%()P?B�:%(~B/X':<.A-������*?B� H.0C©*Ap?B+.6.%,�:%('*? �:%(~B/ H=<��l?B�*��A*%(?B<�H.?B/1' )P0G'7H=%,F90*Ap'*0G' )P~B/1H=%,�:%(~B/1'*� ¡�? �:%(©*<.Ap0 ��¨ � �J�l~B/c�:Ap0C;=<>��0�/¦0����*0��*£
<./lH.��+.-�?r)P0��l0�/c�1H.01-�?J+>~ ':%,�:%(~B/lH=<n+.%()@����'�F90�Ap'�-�0G'�+.-�<>' �*~BA*�*0G'���/10�Ap©�%(0G'�H.01-�%�?B%('*~B/ � ����'�H=<X�e%,¡��T/1~B/
©*Ap?B+.6.%,�*���@0G':�E~B�>'*0�A*F9��-�~PAp'*;=<>0�-�? )P~B/1)P0�/c�:Ap?B�:%(~B/ 0�/ ~�� 89©p§�/10¦H=< �l��-�?B/1©p0 � � �e� � ?B<>©*�l0�/c�*0G�L�n~B<7'+>~B<.F9~B/�'E?B<>'5':%@Ap0��l?BAp;=<>0�A ;=<>0�-�?�+>~r':%,�:%(~B/|H=<T+c%()�����'EHe< �e%,¡)� ?B+.Ap§G'n©*Ap?BFG<.Ap0G£C?B<T�l~B890�/ H.� <c/
�l��-�?B/1©p0@����� � � �@�����¦� � £r':%,�:<>�G0 �������7�#��0 	&£ 0G':�c�:Ap§G'.+.Ap~r)(6>0@H.0>-�?3+>~ ':%,�:%(~B/ ����'1H=< �e%�¡)� +c<.Ap0��l0�/c�
©*Ap?B+.6.%,�*�G� MC-�~BAp' ;=<>0 -�? +>~r':%,�:%(~B/ H=<�+.%() ����' H=< �e%,¡)� ?B+.Ap§G' ©*Ap?BFG<.Ap0w?BF90G)|<./ �l��- ?B/1©p0
����� � � �@�����¦� � £ ':%,�:<>�G0 �_���
���#��0�	&£ 0G':���:Ap§G'�+.Ap~r)R6>0JH.0 -�?�+>~ ':%,�:%(~B/¦����'>H=< �e%,¡)� /1~B/¦©*Ap?B+.6.%,�*�G� �n~B<>'
+>~B<.F9~B/�'&Hc~B/1)�H.�*����H=%,Ap0E;=<>� %,-J0G':�&)P0�A*�*?B%,/ ;=<>0�-�?�©*Ap?BFG<.Ap0�?!�P~B�*0�%,/1H=<.%,��<./�0�©*Ap?B+.6.%,�:%('*?B�:%(~B/ H=<T�e%,¡��
�*?B/1H=%('J;=<>0C-�?E©*Ap?BFG<.Ap0�~�� 89©p§�/10C/10C-�� %,/1H=<.%,�J?B+.+>?BAp0R���l0�/c� +>?r'*�c��~B���l0C-�0G'L%(~B/1'J� � � 0��J� � '*~B/c� +.-�<>'-�~B<.ApH.'7;e<>0 -�0G'�%(~B/1'.� � � 0���� � £ -�0�<.A@��/10�Ap©�%(0JH.0 �>~B���>?BApH.0��l0�/c��%(~B/c%(;=<>0J0G':����+.A*%(~BA*% �*~B<.�7?B<>'*':%[)P?B+>?B�.-�0H.� %,/1H=<.%,Ap0 -�?_©*Ap?B+.6.%,�:%('*? �:%(~ /¦H=< �e%,¡)� �B¢�-f0G':��+>~r'*':%��.-�0J;=<>0 -�?�/1~B/¦H.���*0G)(�:%(~B/¦H.� <./10J)P~B<>)(6>0J©*Ap?B+.6.%,�*�G0J'*~B%,�
H=<>0 ��'*?�©*Ap?BFG<.Ap0@?B+.Ap§G'1'�?��*~BA*�X?B�:%(~B/1£ H=<��*? %,�>H.0G'1)�%,/1���:%(;=<>0G'1H.0�©*Ap?BFG<.Ap0@��-�0�F9�G0G'10��1H.0>-�?#�*~BA��l?B�:%(~B/ H.0
Ap�G':%(H=<>'LH.03©*Ap?BFG<.Ap0[F9~B-�?B�:%,-�'*£5+.Ap~B+.Ap0G'��1-�?�©*Ap?BFG<.Ap03~�� 89©p§�/10G�



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

Superposition des pics C1s normalisés à 1, 
pour différents mélanges N2-O2
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Positions des pics C1s calibrées à partir  des positions N1s et O1s
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C1s calibré avec N1s à 399 eV
C1s calibré avec O1s à 533 eV
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Comparaison entre vitesses de gravure 
du SiLK graphité et non graphité
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Nombre d'espèces détectées en fonction de la puissance de polarisation 
du substrat (SiLK pleine plaque avec un mélange 80%O2-20%N2)
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Bombardement ionique
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sur la facette du masque oxyde
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Charge négative
sur les flancs du masque
(flux électrons > ions 
par isotropie électronique)

Charge positive
sur les fonds des contacts
(flux ions > électrons
anisotropie ions / 
ombrage électrons isotropes)

Charge négative
sur les flancs du masque
(flux électrons > ions 
par isotropie électronique)

Charge positive
sur les fonds des contacts
(flux ions > électrons
anisotropie ions / 
ombrage électrons isotropes)
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CD contact = 200 nm

CD contact = 100 nm

CD contact =   50 nm
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Facteur d'aspect des trous de contact
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« RIE lag »

Zone ouverte

« ARDE »

« Inverse RIE lag »

Zone ouverte

surface gravée < surface totale

« macro-loading »

surface gravée << surface totale

« micro-loading »

zone dense de motifs

« RIE lag »

Zone ouverte

« RIE lag »

Zone ouverte

« ARDE »« ARDE »

« Inverse RIE lag »

Zone ouverte

« Inverse RIE lag »

Zone ouverte

surface gravée < surface totale

« macro-loading »

surface gravée << surface totale

surface gravée < surface totale

« macro-loading »

surface gravée << surface totale

« macro-loading »

surface gravée << surface totale

« micro-loading »

zone dense de motifs

« micro-loading »« micro-loading »

zone dense de motifs
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Gravure concave des flancs
(« bowing »)

Micro-perçage
(« trenching »)

facettage du masque
(« facetting »)

Gravure au pied des motifs
(« notching »)

Gravure anisotrope Gravure spontanée
(absence passivation 
+ gravure chimique)

Gravure en pente
(forte passivation des flancs)

Absence de gravure 
au pied des motifs

(« pied »)

Gravure en pente
(passivation des flancs par
voie gazeuse majoritaire)

Défauts liés à la distorsion de la trajectoire des ions :
(réflexion sur  les sur faces des motifs ou déflection au voisinage de celles-ci) 

Défauts liés à des considérations chimiques :
(passivation par  des résidus de gravure non volatiles (provenant du fond des motifs ou du plasma), 
angle solide de collection des neutres réactifs ou non) 
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