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¦�R@T ¦A� Yj\`�AR@^�c;Z�XAY,dVYjd�\`R ���¤dVYjdVYj��\]^]\`¦[\]TV« Y[X�^�c�¦�R@T ¦A� Y,dVY)Q�c@�3��\]¥@c;X�\`R@Z�Y[Z!ZV\]X�U�TVUAYñdVYj��\]^]\`¦[\]TV« M�¦�Y��
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Groupe de 
dépôt

Gaz de 
gravure

Débit du gaz 
(sccm)

Débit d'02 

(sccm)
Pression (Pa)

Puissance 
(W)

Vitesse de 
gravure (Å/s)

SF6 36 2 1,7 60 12 ± 1
CF4 35 2 1,7 60 7,2 ± 0,7

usineur * * * * 4 ± 0,5
60 11,3 ± 1
30 5,3

CF4 35 2 1,7 60 6 ± 0,7
usineur * * * * 3,7 ± 0,5

2 1,7
Alcatel 450

Puma

SF6 36
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2
Kep³5m;<�/E�B">1:�U���U
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E�;&(2!-;<��!m�)#<!"E^>@!$#&5$#�4W!m�2.�%2!m;H.¨!$#&;&#<:��/#&,F,GU��)#H.�5"�+,G�+%V5G.�E�B"J�!-;H.'?@BT.�7d(�B"�/���/;H.'5$B$#<:�>�(2:TI2�@KH�R% E^>�(�B$BT.�#&5
.�;<>�B"!Q:+BT.�#&%2�)B"��;6\4�_O)EN>@!$#&5$#<>�% �)(�E^U+B$#&,GJ+5$B"������;H./r�.�B$B$#<J+B"��E^�+%2�2.�%15];H.G?@BT.871(�B"�F����;H.¯r�#<:�>�(2:"I2�@K  ².�#<!
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01(�#e. 62%�.�;<�+,G�+%15RU+5"UQB"�+5"�+%1(2�@K��[.H62?2K 2)Kq����#&;&;&(2!$5$B"�]:��+5$5"�Q#&%179�+B"!$#<>�%o����!�U+5T.�EN��!3¦/�+5C�)K
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e| )nw��8���n{ �^z[{�&e|f!"(�B¯!$(�r2!$5$BT.�5a!T.�E�I�#&Bu�2.�%2!/;<�g?@B">�(�E^�y¬�L  � ¤@¤ Jk:&4m!"��:@K 2)Kq�)Kq¥H9<8
­e.

abs
J*�8¥ ¤@¤ 1 ��
 9 ! %R;ti %C;Y�

x
i %R;�J*��� ¤@¤ 1 9 !�­e.

sup
J*�8� ¤@¤ 1 9

�)K��'����' �H���+� ' 
�|V�
� �*'e{@���+�*'e�7Jk�+5R.�(�5$B"�Q,G>�5$#�4W!��+%'5$B$#<:�>�(2:"I2��9 8
% ��#&5$I2>�?@BT.�E�I�#<�-���Q;H.�B"U�!$#&%2�m.879��:Q;<���<:�Y�����Gu�@K
% 0=BT.871(�B"�m�)(¨­e.

sup
.�( 0><�-mK

% 0=BT.871(�B"�m��� %C;ti %R;Y�
x
i %C;[P¨Z ��� �
� � G =�����Z�K

% 0=BT.871(�B"�m�)(¨­e.
abs

.�( 0><�-mK
% � U+;H.�01(�.�?9�]��� ;H.�B"U�!$#&%2�].�(<0 <4- �+5C%2�+5$5">8bV.�?9�m�2.�%2!�(�%¨r�.�#&%g��\q.�:�U+5">�%2� ���Q!">�(2!�(�;&5$BT.�!">�%2!8K
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% 0=BT.871(�B"�m�)(¨­e.

sup
.�( 0><�-mK

% 0=BT.871(�B"�m��� %C;ti %R;Y�
x
i %C;[P¨Z ��� �
� � G =�����Z�K
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¦2K��'�Vx	�2� 
�| )nwy{ ��ze{�&e| 
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% � U+E /�5��)(²¬1#Y�
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% � U�:8.�E�.�?9�C�)(a­e.
sup
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% � U+E /�5��)( !CrLJW§ ¤@¤@¤ i � ¤@¤@¤ 1 9_K
% �³I2>�5">�,/.�!T0V(�.�?9�-�)( �<:�Y�� �/G �9K
% 0=BT.871(�B"�m�)(B!Crg.�(<0 <4--K
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% � U+E /�5�­D#"! %C(o.�( ��(�,/. J*�8� ¤@¤ 1 9_K
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�dK-,mz �n�Fx ��ze�-��'(�n�:8
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% � U+79�+;<>�E�E^�+,G�+%15RE�BT.�5$#<01(2�]�)('E�B">d:�U���U@K
�Q.�%2!�;6\4U+5T.�5¯.�:+5$(2�+;C����!G:TI2>@!"��!8h
;<�uE�B">d:�U���U'E^�+B$,G�+5G���uB"U8.�;&#<!T�+B/����!FE�;H.�01(2�+5$5"��!FB"��:�>�(�79�+B$5"��!¯���

¢$>�%2:+5$#<>�%2!F��>�%V5F;<��!�:8.�BT.�:+5"U+B$#<!$5$#<01(2��!G!">�%15�B"�+;H.�5$#&79�+,G�+%V5G(�%�#�4W>�B$,G��!8h³.�79��:u(�% 4W.�#&r�;<�aEN>�(�B":��+%V5T.�?9�¨���
¢$>�%2:+5$#<>�%2!F��U&4W��:+5$(2�+(2!"��!3J�� §

%
9_Ke��\q.�(�5$B"�¯EN>�#&%V5H4W>�B$5��)(fE�B">d:�U���Ua��!"5m;H.gB"U�!$#<!$5T.�%2:��u����!��)#<!$E^>@!"#&5$#�4k!

.�()O/:+b):+;H.�?9��!�5$I2�+B$,F#<01(2��!M�+5M.�(/7d#<�+#&;&;&#<!"!"�+,G�+%158K��R%¯%2��EN�+(�5�:��+E^�+%2�2.�%15SE�.�!S�+%2:�>�B"�CE�.�B$;<�+BM��\ (�%2��79U+B$#ti
5T.�r�;<�RB"�+E�B">d�)(2:+5$#&r�#&;&#&5"U=����!�B"U8.�;&#<!T.�5$#<>�%2!ME�(�#<!"01(2�C:��+5$5"�RE^�+B�4W>�B$,/.�%2:���%�\q.mE�.�!��+%2:�>�B"�=U+5"UC!$(��/!�.�,F,G�+%V5
B"�+%2>�(�79�+;<U��@K ��.�BM.�#&;&;<�+(�B"!��+5³:�>�,F,G�3%2>�(2!³;<�M79�+B$B">�%2!�E�;&(2!
;<>�#&%�h�;<��!N¢$>�%2:+5$#<>�%2!�>�r�5"�+%1(2��!�!">�%15³E^>�(�B³;6\ #&%2!*i
5T.�%15R#&%2!"(��/!T.�,F,G�+%V5 5$BT.�%2!$E�.�B"�+%15"��! JW.�(�5">�(�B ��� 2@§

µΩ · cm2 93E^>�(�B=>�r�5"�+%�#&BC;H.G!T�+%2!$#&r�#&;&#&5"U-!"(��/!T.�%V5"�
P'(�% :�>�,FE�5T.�?9�/���FE�I2>�5">�%2!-���F0V(�.�;&#&5"UF,/.�#<!m:���!]5$BT.�%2!$E�.�B"�+%2:���!-:�>�B$B"��!$E^>�%2���+%15mr�#<�+% Pa;6\4>8Odb)�2.�5$#<>�%
!TU�:+(�B$#<!"U���(�5$#&;&#<!"U��R�2.�%2!�(�%/E�B"�+,F#<�+BS5"�+,FE2!SE^>�(�BS��U�:�>�B$B"U+;<�+BS;H.]E�B">�r�;<U+,/.�5$#<0V(2�=����;6\4>�E�5$#&,F#<!T.�5$#<>�%u����;H.
r�.�B$B$#<J+B"�����m:��+;&;<�-���Q;H.F,F#<!T�-.�(¨EN>�#&%V5 �)(¨E�B">d:�U���U@K��[.G���+B$%�#<J+B"�mE�;H.�01(2�+5$5"�mB"U8.�;&#<!TU��m:��+5CU+5"U-�2.�%2!R����!
:�>�%2�)#&5$#<>�%2!���\4>8Odb)�2.�5$#<>�%AB"U��)(�#&5"� J*� ¤ ,mr�.�B8h
� ¤ \ 9=EN>�(�BmE�.�;&;&#<�+B�:��F,/.�%20V(2�¯���G5$BT.�%2!$E�.�B"�+%2:��/%�\q.'E�.�!
��U+rN>�(2:"I2U/!$(�B]����;H.u��U+5"��:+5$#<>�% ;&(�,F#&%2�+(2!"�@K�p³% �_s��+5]!$(�B ;H.u0V(�#&%�l�.�#&%2�F���F�)#<!"E^>@!$#&5$#�4W! 5"��!$5"U�!8h^;H.u!"�+(�;<�
¢$>�%2:+5$#<>�%G01(�#1%�\4U+5T.�#&5
E�.�!³:�>�(�B$5*ic:+#&B":+(�#&5"U��C.RU+5"UME^�+B"�)(2�MEN�+%2�2.�%V5³;<��!�E�B"�+,F#<J+B"��!
,G��!$(�B"��!�P � � Jn;<�D­e.

abs. 4W>�%2�)(y�2.�%2!Q;H.¯r�.�%2���+;<�+5$5"�G���F:�>�%V5T.�:+5mPa;6\q.�r2!T>�B$r^�+(�BT9=!$(�#&5"�FPa(�%2��#&,FE�(�;<!$#<>�%AU+;<��:+5$B$#<01(2��E�.�BT.�!$#&5"�@K
LM�+EN�+%2�2.�%V58h
;H.g7@.�;<�+(�B����¯B"U�!$#<!$5T.�%2:��¯%2>�B$,/.�;<�u>�r�5"�+%V(2�u���N2

µΩ · cm2 ��!"5mE�;&(2!�0V(�\4�+%2:�>�(�BT.�?9�8.�%15"�@K
�[��!DBT.�#<!">�%2!30V(�#N�_O)E�;&#<0V(2�+%153;<�=:�>�(�B$5*ic:+#&B":+(�#&5R���C;6\4��!"!T�+%V5$#<�+;�����!3�)#<!$EN>@!$#&5$#�4W!S��� :�� !$(�r2!$5$BT.�5D%2� !">�%V5DE�.�!
U+7d#<���+%V5"��!].�(o71(²�)(²��U+B">�(�;<�+,G�+%15Q���m;H. 4W.�r�B$#<:8.�5$#<>�%�K�%R(g,F#&;&#<�+(�����!R:8.�(2!"��!R#&%2�)#<!":��+B$%�.�r�;<��!8hN>�%²E^�+(�5
.�(2!T!$#�#<!">�;<�+B�;<��!CE�B">�r�;<J+,G��!CB"�+%2:�>�%15$B"U�!=E^�+%2�2.�%15C;H.�?@BT.871(�B"�-:"I�#&,F#<01(2�-���Q;6\q.�;&(�,F#&%�#&(�,9Jk:&4$K
2)Kq§)KM2H9 8�;H.
!"(�B"�_OdEN>@!$#&5$#<>�%¨P¯Z ��� �
� � G =�����Z .]E�(N4kBT.�?@#&;&#<!"�+BS;H.mr�.�B$B$#<J+B"�Q�)( 4W.�#&5D���C;6\ #<!T>�5$B">�E�#<�=���=;H.m?@BT.�7d(�B"� JnE^>�5"�+%)i
5$#<�+;&;<�+,G�+%15 ¤ hq�

µ
, ���R?@BT.�7d(�B"�R;H.�5"U+BT.�;<�Q.�(a;&#<�+(a��� ¤ h&�

µ
, E�(�#<!T0V(2�R;<�C5"�+,FE2!D��\ #&,F,G�+B"!$#<>�%g.-��>�(�r�;<U�9_K

�R(2>�#20V(�\ #&;��+%G!">�#&58h�;<��!�>�r)¢$��:+5$#�4k!�����B">�r�(2!$5"��!"!"�3�+5���\ (�%�#�4W>�B$,F#&5"U�>�%15�U+5"U��+%F?@BT.�%2���3E�.�B$5$#<�C.�5$5"�+#&%15"!8K
�e.u!$5T.�r�#&;&#<!T.�5$#<>�%y����;H./?@BT.871(�B"�F:TI�#&,F#<0V(2�F����;6\ %R;³�+5=;6\4>8Odb)�2.�5$#<>�% ����;H.¯r�.�B$B$#<J+B"��!"(�B=(�%2���)(�B"U���E�;&(2!
;<>�%�?@(2��Jn,?@+,G��PFE�B"��!"!$#<>�%oE�;&(2! 46.�#&r�;<��93���+7dBT.�#<�+%V5 EN�+B$,G�+5$5$B"�-��\4>�r�5"�+%�#&B ����!�¢*>�%2:+5$#<>�%2!=­e. ! %R;
.879��:m;H.
5$BT.�%2!"E�.�B"�+%2:��Q!$(��/!T.�%V5"�@K2¬1#N:��+;H.�!8\q.�79U+BT.�#&5D#&%2!$(��/!T.�%158h);6\q.�(�5$B"�Q.�;&5"�+B$%�.�5$#&79�Q��!$5�;H.-,F#<!"�=�+%¯E�;H.�:�� ��\ (�%2�
>8Odb)�2.�5$#<>�%g����!Mª�.�%2:�!�.�E�B"J�!D;H.�E�B"�+,F#<J+B"�QU+5T.�EN�@K����=E�;&(2!3�5�/:8.�:��]!"�+BT.�#&5D;H.-,F#<!"� �+%'E�;H.�:��Q��\ (�%2� U+5T.�E^�
��\4>8Odb)�2.�5$#<>�%¨E�.�B�.�%2>d�)#<!T.�5$#<>�%¨�+%u79>�#<�RI1(�,F#<���:JkU+79�+%V5$(2�+;&;<�+,G�+%15R!">�(2!D;H.-B"U�!$#&%2� 2  ²�+%�?G�+5 I .�% �=(�l8�+B8h
� ¤@¤ 2�6V9�,/.�#<!3:��+;H.-#&,FEN>@!"�+BT.�#&5����=B"������!"!$#&%2�+BD;<��!��m,/.�!"0V(2��!D#&%15"�+B$79�+%�.�%V5=!$(�BS;H.-5$B$#<:�>�(2:TI2�@K�¬1#&%2>�%�h);6\4�_O1i
EN>@!$#&5$#<>�%uE�B">�;<>�%�?9U��mPm;6\4>�O)b1?9J+%2�Q�2.�%2!D;<� 0><�- #&,F,GU��)#H.�5"�+,G�+%V5 .�E�B"J�!D;H.m?@BT.871(�B"� � ( ���=;6\q.�r2!">�B$rN�+(�B Jk:&4
E�K � ��9ME^>�(�B$BT.�#&5R:�>�%2!$5$#&5$(2�+B�(�%2�]!">�;&(�5$#<>�%g#&%V5"�+B$,GU��)#H.�#&B"��!$(��/!T.�%V5"�@K
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R293K − R10K

R10K
=

ρ293K − ρ10K

ρ10K

ª ¨ `0§Yo
.�/C43P<1�SL13=�SKWJSK=3P\43P<1�SL>	8�69BKBL6;4369]:43P<1369@X=36;BD/CA<25@X=�4�SK�:8:=�SL25@{>:6<1cSKUV]:8:4369=3P<1h69=c]:4369@�>VBD/ �i254�Uf6?>�N 8:@f]�/HBKSL694

A<25@�13=!/H@X=�>:6�43P<1�SL1�=!/H@�A<6lIX8:SM/H]:]�/H4!/��L=[69@ >:6<131!258�1�>:6 ° ��� >�/H@�1�BL6<1jA<258:4��76<1{ Zª��;o_`e.�/ >	S��7P94369@�A<6
ρ293K − ρ10K

4369]:43P<1369@X=36M69@�]:4369UVSLr9436M/H]:]:432<^	SKUv/H=�SL25@�z	BD/GA<25@J=�4�SK�:8:=�SL25@�>:6<1h]:F�25@�25@�1e=�F�694�UVSLIJ8�6<1*IX8:S
1
N0/5>:>	SK=�SL25@:@�6GtZBD/G43P<13SL1�=�SKWJSK=3P¬43P<1�SL>	8�69BKBL6 ¶ ATNQ6<1�=\8:@�6MA<25@�1�=!/H@J=36MAd/H4!/5A9=3P94�SL1�=�SLIX8�6C]7258:4\8:@[Uv/H=3P94�SD/H8�IX8�6
BONQ25@�@�25UVUf6qA<25@�1�=!/H@X=36Z>:6 � /H=�=�F:SL6<1!1369@ ��� ª�P9WT/HBK8�P<6Gt

14, 5 µΩcm
]7258:4*BL6qm��[69=

12.5 µΩcm
]7258:4

BL6G��/[� � 6d/5>:69@�z °d± � � © o_`
K�@�25�:=�SL69@X=�BL6MBKSK�:436C]�/H43A<258:431;Uf2
~Y69@�tE]�/H4�=�SK4;>:6CBD/���254�UZ8:BL6q>:6 �¬4�8�>:6f���CSK=�=369BOz °d±T± ��© ¶

l =
m∗vf

ne2ρ

ª ¨ ` ð o
2�� ¶
� m∗

6<1�=ZBD/�Uv/51!136j6_��6<A9=�SKWY6�>:6vBONQP9BL6<A9=�4325@ ª�IJ8:SeP<IJ8:SKW5/H8:=Vt�BD/�Uv/5131!6v>:6jBONQP9BL6<A9=�4325@ >�/H@�1k@�25=�436
Ad/51Èo_z

� n
BD/M>:69@�1�SK=3P;>:6<1hP9BL6<A9=�4325@�1u>:6�A<25@�>	8�A9=�SL25@lª

n = 5, 5×1022cm−3 ]7258:4um��f69=u��/v���CSK=�=369BOz °d±T± ��© o
� 69=

vf
BD/kW�SK=36<13136C>:6C­�694�UVShª

vf (Nb) = 0, 56 × 106 ms−1 � �¬8:4�W�SK=3A3F�z °d± A � © 69= vf (Ta) = 0, 38 ×
106 ms−1 � WT/H@�>:69@!E\694�R�z °d±T±T± © o_`

K�@�8:=�SKBKSL13694!/V69@�]:4!/H=�SLIJ8�6 ¶

ρl =

{

3, 75 × 10−12Ω · cm2 ]g258:4*BL6Gm;� � �¬8:4�W�SK=3A3F�z °d± A � © 69=
2, 5 × 10−12Ω · cm2 ]g258:4*BL6q=!/H@X=!/HBL6f�QWT/H@�>:69@9E\694�R�z °d±T±T± © ` ª ¨ ` ¨ o

� 258:4G/dWY25SK4G/5A<A<r<1q/H8u�$�$� SKB�1�8#;f=q>:6 �O/HSK436kBD/vUf6<138:436k>:6kBD/j43P<1�SL1�=!/H@�A<6E69@ �i25@�A9=�SL25@«>:6ZBD/j=369UEî
]7P94!/H=�8:436T` } NQ6<1�=�>:25@�AG8:@�6q=36<A3F:@:SLIJ8�6Z4369BD/H=�SKWY69Uf69@X=M1�SKUV]:BL6ZtfUf69=�=�436Z69@��C8:WJ436T`�.�/fUfP9=�F�2�>:6G>:6GW5/H@
>:694 � /dì � ¨ A<25@X=!/5A9=31 �¬6<1�=uBD/MUf69SKBKBL698:436�UfP9=�F�2J>:6;]g258:4hUf6<1�8:43694uBD/q43P<1�SL1�=!/H@�A<6?]�/H4eAd/H4�43P;>�N 8:@�6�A<258�A3F�6
UVSK@�A<6�� WT/H@�>:694 � /<ìqz °d± �)A © ¶ 8:@9�O/HSK�:BL6qA<258:4!/H@X=MAd/HBKSK�:43PG6<13=?SK@�	�6<A9=3PG]�/H4;BL6<1¬§fA<25@X=!/5A9=31C6_^	=3P94�SL698:431�69=
BD/jUf6<1�8:436E>:6k=369@�1�SL25@«136 �O/HSK=C138:4�BL6<1C]725SK@X=36<1CSK@J=3P94�SL698:436<1d`�K�@$1dN0/��74!/H@�A3F:SK=G/HSK@�1�S�>:6<1C43P<1�SL1�=!/H@�A<6<1M>:6<1
ñ�BL1;69=\>:6<1*A<25@J=!/5A9=31d` � 258:4;/HUfP9BKSL2543694?BD/Z]:43P<A9SL1�SL25@�>:6CBD/ZUf6<1�8:436M25@[SK@�	�6<A9=36C/HBK=3694�@�/H=�SKWY69Uf69@J=�BL6¬Ufs9Uf6
A<258:4!/H@J=e>�/H@�1c8:@v1369@�1-]:8:SL1h>�/H@�1cBON0/H8:=�436?69=u25@vUf2d~Y69@:@�6?BL6<1h>:698	^kWT/HBL698:431u>:6?43P<1�SL1�=!/H@�A<6<1u25�:=369@J8�6<1d`��JS
BL6<1\A<25@J=!/5A9=31?1325@X=*P<IJ8:SL>	SL1�=!/H@X=31*69=\1�SK=�8�P<1\1�8:4e8:@�6¬Ufs9Uf6¬>	4325SK=36C25@[/

R� = πU
ln(2)I

`5�M/H@�1\@�25=�436�Ad/51*2��
1!698:BL1\BL6<1\4!/H]:]g254�=31\43P<1�SL13=�S ��1\@�258�1\SK@J=3P9436<131369@X=dz�25@{1!6¬A<25@J=369@X=3694!/V>:6<1\WT/HBL698:431*>:6

R = U/I
69@ �i25@�A9=�SL25@

>:6qBD/k=369UV]gP94!/H=�8:436T`
~ ��
+�
�>��
�
.�
������
:�������y��
:���?�������������

.�6<1�Uf6<1�8:436<1�>:6Z ; �  ª�69=¬>:6qBKSK�:436Z]�/H43A<258:431�Uf2
~Y69@|/51!132JA9SLP
o?1�8:4;BL6<1;ñ�BKUf1¬>:6G��/jA<25@	ñ�4�Uf69@X=CBL6<1
43P<138:BK=!/H=31;25�:=369@X8�1¬69@�>	S��74!/5A9=�SL25@�`�.�6<1?>	S���P94369@X=31�>:P9]
:5=31�Ad/H4!/5A9=3P94�SL13P<1;1!25@X=?]:43P<1369@J=3P<1?=!/H�:BL6d/H8 ¨ `0§	`

a(B7~[/V>:698	^{Uv/H@:SLr9436<1;>�NQ6_^	=�4!/HSK436qBL6CBKSK�:436M]�/H43A<258:431;Uf2d~Y69@�>	8 �L�$� ¶
° `?.�/E]:4369UVSLr9436Z8:=�SKBKSL136MBD/VW5/HBL698:4¬>:6MBONQP9]�/HSL1313698:4�Uf6<1�8:43P<6jªi/dWY6<Aq8:@�1�=b~JBL69=��_Uf6<1�8:43698:4�>:6qUv/H43A3F�6��
258

α− step
69@[/H@:RTBD/HSL1Èoh69=hBD/GUf6<1�8:436C>:6�BD/q43P<1�SL13=!/H@�A<6�]�/H4\Ad/H4�43P

R�

`��-BKBL6�>:25@:@�6C>:25@�AC1�8�A<A<6<1�î
1�SKWY69Uf69@J= ¶
� ρ293K = R� E

2��
E
>:P<1�SKRT@�6MBONQP9]�/HSL1!13698:4;>:6MBD/EA<258�A!F�6T`

� b ý � N � �
ý � ��� N ýPb<ùOø�ý�ù��
ø �ãüeù3n�O��0ø
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ρ293K (µΩ · cm
\

V ��i��
� � i<i
o
f �Oü
��� i � V(f V]R<i ��S � U

V ��iWV V ü
�$ZHÿãü
�<ûOø � O a �<^ iWU ���<i ��V
V ��i<R i � i<i

o
f �Oü
��� i ^ U(f Q0fWi ��S

V ��i<R(f � i<i
o
f �Oü
��� i ^ Q � fWQ i R � U

V ��i<R R �<U i
o
f X	Z i ����V � S<i ��i � Q

� � 8:SL1
ρ10K = ρ293K/(RRR + 1)

ª ¨ `0§Yo\69=?69@	ñ�@
l10K

ªi/dWY6<AqBONQP<IJ8�/H=�SL25@ ¨ ` ¨ o_`
§	`?.�/*1!6<A<25@�>:6-8:=�SKBKSL136-BD/*A<25@�13=!/H@X=36u>:6 � /H=�=�F:SL6<131!69@ � ª

ρ293K−ρ10K
o_` K�@ZAd/HBLA98:BL6u1�8�A<A<6<1313SKWY69Uf69@X= ¶

� ρ10K = MTa/RRR
69=

l10K
/<WY6<AqBONQP<IX8�/H=�SL25@ ª ¨ ` ¨ o_`

� � 8:SL1
ρ293K

/<WY6<AqBD/EA<25@�1�=!/H@X=36Z>:6 � /H=�=�F:SL6<1!1369@
� K�@[]7698:=�/HBL25431?P9WT/HBK8�694?BONQP9]�/HSL1313698:4 ¶

E = ρ293K/R� = (ρ10K + RRR)/R�

`
} 6<1c§;UfP9=�F�2�>:6<1c>:25@:@�69@J=c>:25@�A*A3F�/5A98:@�6*8:@�6*13P94�SL6\>:6eWT/HBL698:431cA<25UV]�/H4!/H�:BL6<1cIJ8:S	1!25@X=c6_^	]g2T13P<6<1->�/H@�1�BL6
=!/H�:BL6d/H8 ¨ ` ð ` } 6�>:694�@:SL694eUf25@X=�436¬BL6<1hUf6<1�8:436<1\>:6 �$�L� 6_�76<A9=�8�P<6<1\1�8:4\>	SKWY69431eP<A3F�/H@X=�SKBKBL25@�1;>:6���/H@X=!/HBL6T`
.�6M>:P9]
:5=�>:6qm;��/d~X/H@X=¬>:25@:@�PMBL6CUf69SKBKBL698:4� � ;  6<1�=;/�	�258:=3PM]7258:4*BD/EA<25UV]�/H4!/HSL1325@�`

.�/E]:43P<A9SL1�SL25@|1�8:4?BD/VUf6<1�8:436G>�NQP9]�/HSL131!698:4�/H8.�_Uf6<1�8:43698:4¬>:6qUv/H43A!F�6��q6<1�=;>:6GBONQ2543>	436G>:6 ° �
	 1�S�BL6
1�8:��1�=�4!/H=*@�6M136¬RT4!/<WY6q]�/51Gª�ATNQ6<1�=?IJ8�/51�SKUf69@X=?BL6MAd/51�/<WY6<AM8:@�1�8:��13=�4!/H=?1!/H]:F:SK4Èoe69=?>:25UVSK@�6MBON SK@�A<694�=�SK=�8�>:6
1�8:4GBL6<1ZW5/HBL698:431EIJ8:Sh69@ >:P<A<258:BL69@X=d`h�C6fBON0/H8:=�436{A<25=3PjBD/�A<25@�1�=!/H@J=36�>:6 � /H=�=�F:SL6<131369@ @�6f]:4369@�>�]�/51k69@
A<25UV]:=36fBONQP9=!/H=Z13SK@:RT8:BKSL694Z>:6fBD/�A<258�A3F�6|ªy]�/H4�=�SLA98:BKSLr94369Uf69@X=V136<1GA<25@J=�4!/HSK@X=36{69=G1325@ P9]�/HSL1313698:4Èo_z�69=ZW5/H8:=
]g258:4MBL6VUv/H=3P94�SD/H8�Uv/5131�S ��`�n;SK@�13ScBD/{WT/HBL698:4qUf6<1�8:43P<6V]�/H4k�C8:4�WJSK=3A!F � �¬8:4�W�SK=3A3F�z °d± A � © ]g258:4GBL6Vm;��69@
A<258�A3F�6CUVSK@�A<6C6<1�=\>:6 ° �	z ¨

µΩ · cm /H8�BKSL698{>:6<1 ° ¨ z��
µΩ · cm >	8{Uv/H=3P94�SD/H8[Uv/5131�S ��`#K�@{WY25SK=*>�N0/HSKBKBL698:431

>�/H@�1uBL6;=!/H�:BL6d/H8�IJ8�6*BD/q>	S���P94369@�A<6¬69@X=�436
ρ293K

69=
ρ10K

SL13138�6?>:6?BD/qUf6<1�8:436�>:6;BONQP9]�/HSL1313698:4e69=h>	8
R�

t
BON0/HUG�:SD/H@X=36Tz	WT/H4�SL6¬69@X=�436 °dð z ° 69= °T° z �

µΩ · cm ªy8:@�6�WT/HBL698:4e=�43r<1hSK@�A<694�=!/HSK@�6Mt > z >
µΩ · cm IJ8:S�]:432
WJSL69@J=

>�N 8:@�6jUv/H8:WT/HSL136{Uf6<1�8:436{>:6�BONQP9]�/HSL1313698:4ÈoZBDtl2�� BD/�W5/HBL698:4V4!/H]:]7254�=3P{6<1�=V>:6 ° §	z��
µΩ · cm

� � 6d/5>:69@�z
°d± � � © ` } 6<1 �_SK@�A<694�=�SK=�8�>:6<1 �q>�/H@�1?BD/E>:P9=3694�UVSK@�/H=�SL25@�>:6CBONQP9]�/HSL1313698:44��25@J=?IX8�NQ25@[8:=�SKBKSL136CRYP9@�P94!/HBL69Uf69@J=�BL6
 ; ;  >	SK436<A9=369Uf69@J=¬A<25UVUf6qBL6 �i/5A9=3698:4�>:6MIX8�/HBKSK=3Pq>:6q=�4!/H@�1�]g254�=?P9BL6<A9=�4�SLIJ8�6G>�/H@�1?BD/EBKSK=�=3P94!/H=�8:436T`

n�WY6<A�A<6<1uUf6<138:436<1hP9BL6<A9=�4�SLIJ8�6<1\25@jA<25UV]:BLr9=36�BL6<1hA<25@�A9BK8�1�SL25@�1\>:6;BONQP9=�8�>:6;]�/H4\>	S��g4!/5A9=�SL25@{>:6<1h4!/<~Y25@�1
�k`��¢1È/<WY25SK4?IJ8�6�BL6MA!F�/H8	��/HRY6G>	8{138:��1�=�4!/H=*@�6C]g694�Uf69=*]�/51?tZBK8:S�13698:B�>�NQ25�:=369@:SK4?8:@�6MA<258�A!F�6q>:6M��/E>:6
=�43r<1��725@:@�6\IX8�/HBKSK=3PhUfs9Uf6e]g258:4�>:6<1 �i254�=36<1�P9]�/HSL1313698:431d`)K�@kWY25SK=�]�/H4c/HSKBKBL698:431�IX8�6hBD/�IX8�/HBKSK=3Pe>:6<1�A<258�A3F�6<1
/H8:RTUf69@X=36q/<WY6<A¬BONQP9]�/HSL131!698:4\>:P9]72T13P<6¬Ufs9Uf6M/H8	î(>:69BDtE>:6 �T�T�T� @ ¶ A<69BD/kA<25@	ñ�4�Uf6MIX8�6�BD/Z4369BD/�^:/H=�SL25@[>:6<1
A<25@X=�4!/HSK@X=36<1�>�/H@�1\8:@�6CA<258�A3F�6M>:6M��/k136 �O/HSK=*>:6�Uv/H@:SLr9436C�76d/H8�A<258:][]:BK8�1\]:4325RT436<131�SKWY6CIJ8�6¬]g258:4\BL6Cm;��`
 �/H]:]769BL25@�1GIJ8�6VBD/[=369UV]7P94!/H=�8:436j>:6G�y8�1�SL25@ >:6fm���6<1�=G]:BK8�1 �i/HSK�:BL6T` } 69BD/�136f4369=�43258:WY6�/H8�1313Su>�/H@�1qBL6<1
W5/HBL698:431*>:6¬=369UV]7P94!/H=�8:436qA94�SK=�SLIX8�6M25�:=369@J8�6<1;IJ8:S�1325@X=*]�/H4��i25SL1\SK@#��P94�SL698:436<1�tZA<69BKBL6<1*IJ8:S�1325@J=e4!/H]:]7254�=3P<6<1
>�/H@�1cBD/CBKSK=�=3P94!/H=�8:436Eª ± z0§ � ]7258:4cBL6?m��v69= ¨ z ¨?> � ]7258:4cBL6;��/f�Q� }e� z °d±T±T± © o_zYA<6?IJ8:S�=�4!/5>	8:SK=uBONQ6_^	SL1�=369@�A<6
>:6fA<25@X=�4!/HSK@J=36<1V69@�=369@�1�SL25@ >�/H@�1qBL6<1qUv/HSKBKBL6<1
` K�@«WY25SK=Z�:SL69@�IJ8�6fBL6<1qñ�BKUf1G>:6v��/�>:P9]72T13P<1G1È/H@�1G13258�1
A<258�A3F�6l>:6�m�� 1325@J=�A<25@J=�4!/HSK@X=31{BDt�258 BL6�>:P9]
:5={1�8:4vBD/�13258�1�A<258�A3F�6|>:6�m��x]:43P<1369@J=36lBD/

TC
>:6�BD/

BKSK=�=3P94!/H=�8:436jª�69@[]:4369@�/H@X=¬69@�A<25UV]:=36MBON SK@�A<694�=�SK=�8�>:6Z>:6MUf6<1�8:436q>	8�6GtkBD/kBD/H4�RY698:4¬>:6CBD/E=�4!/H@�1�SK=�SL25@�o_`
.�6Eñ�BKU >:P9]72T13Pvt{A!F�/H8�>�1�8:4G8:@�6f13258�1qA<258�A!F�6v>:6fm��xª�>:25@X=ZBD/[A<258:4��g6v Zª��;o¬6<1�=q]:43P<1!69@X=3P<6Vñ�R�`

¨ ` ¨ oq/�8:@�6_^:A<69BKBL69@X=V ; � �>:6 ¨ ��Ufs9Uf6jUf69SKBKBL698:4kIJ8�6vA<69BK8:S\>:6vBD/�A<258�A3F�6{>:6vm���A<69]769@�>�/H@X=EUf25SK@�1
P9]�/HSL13136VªyUv/HSL1\BONQP9]�/HSL1313698:4 	�258�6C]g698[1�8:4\BL6<1*A<258�A!F�6<1?>:6Mm;��o_`	.�6CBKSK�:436C]�/H43A<258:431?Uf2d~Y69@�>:6 ± � @:UÜIX8:S
69@�>:P<A<258:BL6G6<1�=*=�43r<1�1!/H=�SL1��O/HSL1!/H@X=?69=?Uf69=;Ufs9Uf6MBD/VA<258�A3F�6Z>:6M��/ftVBD/EBKSKUVSK=36q>:6CBD/V1�8:]:4!/5A<25@�>	8�A9=�SKW�SK=3P
1!/HBL6M69=*]:4325]:436q]:8:SL13IJ8�6CBD/EBL25@:RT8�698:4;>:6GA<25F�P94369@�A<6G>	8���/VUv/5131�S �-6<1�=;/H8�131�S�>:6 ± � @:U�`
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²e³y´\µ ¨ ` °T°T¶ � � #�? ���I� # 
 ? ��� ��� � ���I�-6 �-��� ? ���.6 �����-* �-�������$� ? � ������
������/� � ���.6!��

�>��
 6 ����4 � 

�	6D����
F��
 ���:�	�����	��� �7� ���J*%���0�1�����
�����1� ? � � �06 *:�����������/� � A9� � � ���>� 6����$6 �EG-����� �F��
F�	���:������� ? � ��� 
!�-��� ���J2 ��; 8 �-�.�0� ?
? ��� *:�����������/� H � � ���>� 6 �EG-�����
� �D� ���/��� ���L6 ��� 

*$6D�-����
 # 
 ? 
F�	� � � �0��6�6!��

*%��� ? �N���I�������>� � ������6 �����-�C�0�1
F�	�N2 � �.6!
M� � � � � � � ��� ��4 *:� � ���-��
������ �

WY69Uf69@X=q>:6 �_@�/H@�2HîO]g25@J=31 �f/H8|]7P94�SKUfr9=�436V>:6EBD/v��/H4�4�SLr9436E]:BK8:=�:5=qIJ8�6E>:6 �_@�/H@�2HîO=�43258�1 �E8:@:S �i254�UfP9Uf69@X=
43P9]�/H4�=�SL1k>�/H@�1ZBD/�1�8:4��i/5A<6j>:6vBON0/HBK8:UVSK@�6{69BKBL6jUfs9Uf6 ¶ >�/H@�1ZBL6v]:4369UVSL694EAd/51kBD/[43P<1�SL1�=!/H@�A<6�>	~�@�/HUVSLIX8�6
>	SKUVSK@X8�694!/HSK=M69@9�i25@�A9=�SL25@l>:6GBD/f>	SKUf69@�1�SL25@lBD/H=3P94!/HBL6k>:6<1�	�25@�A9=�SL25@�1¬/HBL25431¬IJ8�6G>�/H@�1�BL6G136<A<25@�>lAd/51dz�69BKBL6
P9WY25BK8�694!/HSu/<WY6<AEBL6EAd/H4�43PV>:6EA<69=�=36k>	SKUf69@�13SL25@�` } 69]g69@�>�/H@J=dz�BL6 �i/HSK=MIJ8�6ZBONQ2d^�~	>�/H=�SL25@«1325SK=C43Pd/HBKSL13P<6E13258�1
��254�=36E]:436<1313SL25@«>�NQ2<^	~JRYr9@�6V]7694�Uf69=q>�NQs9=�436fA<25@	ñ�/H@J=Z>�/H@�1MBON 8:@:S �i254�UVSK=3Pf>:6EBD/���/H4�4�SLr9436����f69=MBD/�4369BD/H=�SKWY6
@�25@	îO8:@:S ��254�UVSK=3P[>:6<1EA<258:4!/H@X=31v>:6���8:SK=36jUf6<1�8:43P<1V1369UG�:BL6�=�4!/5>	8:SK436{BON0/H]:]�/H4�SK=�SL25@ >:6{>:P<�O/H8:=31ZBL2�Ad/HBKSL13P<1
]g69@�>�/H@J=?BD/��O/H�:4�SLAd/H=�SL25@�z�ATNQ6<1�=�tE>	SK436GtkBD/V]gP94�SK]:F�P94�SL6q>:6qBD/ 	�25@�A9=�SL25@�`

�-@	ñ�@�z�25@ ]g698:=E@�25=3694VIX8�6jBD/ 	�25@�A9=�SL25@ > >:6j^ � ~ � î � ð � 69=EBD/ 	�25@�A9=�SL25@ ¨ >:6j^ ° ~ ¨ î ��¨X� 25@X=V8:@
�i/5A9=3698:4q>:6VIJ8�/HBKSK=3Pf/H8«>:6<131�8�1q>:6EBD/jUf2
~Y69@:@�6Tz�BON 8:@�6VRT4! 5A<6ft{1325@ �O/HSK�:BL6VA<258:4!/H@X=Z>:6��y8:SK=36V69=MBON0/H8:=�436
/<WY6<A\1!/;=�4!/H@�1�]�/H4369@�A<6T` } NQ6<1�=�BD/�1!6<A<25@�>:6eIJ8:S:/;>:25@:@�P\>:6<1�43P<1�8:BK=!/H=31-69@E>:P9=36<A9=�SL25@f>:6h]:F�25=325@�1
z�Uv/HSL1�]�/51
@�P<A<6<131!/HSK4369Uf69@X=-]7258:4�>:6<1�4!/HSL1325@�1�SK@X=�4�SK@�13r<IJ8�6<1d`5.cNQ69@XW�SK4325@:@�69Uf69@X=e69=�BL6<1�]�/H4!/HUfr9=�436<1->:6eBD/;Uf6<1�8:436\25@X=
]:8 	�258�694d`1K�@�]7698:=�136q4369]g254�=3694C/H8�=!/H�:BL6d/H8 ° ` ¨ ªy]�` ± o*]g258:4�436<A<69@X=�43694CA<6<1;WT/HBL698:431;>�/H@�1�8:@�A<25@J=36_^�=36
SK@X=3694�@�/H=�SL25@�/HB�43P<A<69@X=dz�/dWY6<AqBL6<1*43P<1�8:BK=!/H=31�69@�>:P9=36<A9=�SL25@�IJ8:S�69@�>:P<A<258:BL69@X=d`
�c������� �k�h-$,3"��m�)(
�T��"
*¢�h�  #"Tv -X" 0)�T�yv � *��?v ( ��*Iq7�Y�`s��u�

} 69=�=36?P9=�8�>:6?1dN0/H]:]:8:SL6�1�8:4-BL6<1-]�/H4!/HRT4!/H]:F�6<1 �W�CP9]g69@�>�/H@�A<6�69@vA3F�/HUV]jUv/HRT@�P9=�SLIX8�6��;69=F�9 ;P<1325@�/H@�A<6
>:6f­�SL1��Y6��V]�` ð ¨ >	8�A3F�/H]:SK=�436{§	` � ]�/H4�=�SK4Z>:6vBD/�ñ�RT8:436v>:6v>:P9]g69@�>�/H@�A<6 ¨ ` ° §�69@�A!F�/HUV] >	8�A<258:4!/H@X=
�Y2T1369]:F�1325@�25�:=369@J8�6Z/dWY6<AM8:@�6 	�25@�A9=�SL25@���/V>:6 � � UVSLA94325@�1;>:6qA<25=3PTz�25@�P9WT/HBK8�6MBL6C]�/H4!/HUfr9=�436Z> ¶
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 �ãü$l N ÿ���ü!ý �iø�ÿ�� ��a ý��Hø # N ���ÏûOÿ N �Dk<ýHø�ú N ý�ù�û N ý�ûOø �ãü\ú%�ãü kdý�øÏûiûOø �
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��32 � (�(3* ; 8��-� ���-�1���	��� 6 �-�3�1�%��
<����� � ��� � 

�!� ?L�

d = 2λL + t = Φ0/∆BL = 103 nm
ª�6_^	]:436<131�SL25@�1�§	` °T° 69=?1�8:SKWT/H@X=36<1Èo

a(B�4369]:43P<1369@J=36\BD/;]:432\�i25@�>:698:4c>:6e]gP9@�P9=�4!/H=�SL25@f>	8VA!F�/HUV]VUv/HRT@�P9=�SLIX8�6?>�/H@�1�BD/ 	�25@�A9=�SL25@v/H8:=3258:4c>:6hBD/
��/H4�4�SLr9436�SL1325BD/H@J=36 ¶ =u6<13=cBONQP9]�/HSL1313698:4e6_�76<A9=�SKWY6�>:6*BD/MA<258�A3F�6�SL1325BD/H@J=36;69=

λL
BD/qBL25@:RT8�698:4h>:6*]7P9@�P9=�4!/H=�SL25@

>:6G.�25@�>:25@ ª�>	8�A!F�/HUV]�o*>�/H@�1?BD/k�:SLA<258�A!F�6G��/�'Hn;BO`
n ]�/H4�=�SK4?>:6¬BD/Z]:4369UVSLr9436CUv/H43A3F�6M>:6C­�SL1��Y6¬WJSL1�SK�:BL6C1�8:4\BL6¬RT4!/H]:F:SLIJ8�6�4369]:43P<1!69@X=3PCñ�R�` ¨ ` °dð z:25@{]g698:=

>:P9=3694�UVSK@�694kBONQP9]�/HSL1313698:4Z>�NQ2<^	~�>:6v]�/H4qBD/ �i254�UG8:BL6j§	` ° §	`	K�@�25�:=�SL69@X=
t = 1, 2 nm

z�A<6VIX8:ShA<254�436<1�]g25@�>
/H8	^|WT/HBL698:431C=(~�]:SLIX8�6<1q>:6E=C]7258:4qA<6<1 	�25@�A9=�SL25@�1
`
K�@�/�/HBL25431Z/5A<A<r<1G/H8

λL
>�/H@�1MBD/j�:SLA<258�A3F�6f��/�'Hn;B ¶

� � @:U ª�IX8:S�A<254�436<13]g25@�>�tkBONQP9]�/HSL1!13698:4;>:6MBD/EA<258�A!F�6G>�NQn�Bpo_` } 6<1?>:698	^{W5/HBL698:431�25�:=369@X8�1?SK@�>	SK436<A9=369Uf69@J=
/H8x=�4!/<WY69431�>	8xA<25UV]g254�=369Uf69@J=jUv/HRT@�P9=�SLIJ8�6�1!25@X=v>:6<1vW5/HBL698:431f6_��6<A9=�SKWY6<1d`hn;SK@�1�S*BD/$��/H4�4�SLr9436�>�NQn�B�K

xA<254�436<13]g25@�>�tV8:@�6qA<258�A3F�6M]�/H4��O/HSK=369Uf69@X=¬SL1325BD/H@J=36q>:6 ° z0§k@:Uï>�NQP9]�/HSL131!698:4d`
� /H4GBD/ ��254�UZ8:BL6fP9BLP9Uf69@X=!/HSK436{§	` °dð z�25@$]7698:=Z/H8�131�ScAd/HBLA98:BL694GBD/[Ad/H]�/5A9SK=3Pf>:6VBD/ 	�25@�A9=�SL25@«]�/H4q8:@:SK=3P

>:6¬1�8:4��O/5A<6T`5K�@�=�43258:WY6
70 fF/µm2 `�m�25=325@�1eIX8�NQ25@�4369=�43258:WY6¬6_^:/5A9=369Uf69@J=eBL6<1hUfs9Uf6<1eW5/HBL698:431*/dWY6<A;BL6<1

	�25@�A9=�SL25@�1;m��!'Hn�B�>�/H@�1?BD/k=�F�r<136q>:6DE\694�=�4!/H@�>9�C69BD/
�9=G� �¬69BD/
�9=dz�§ �T�T��© z:A<6MIX8:S�=369@�>�tEUf25@X=�43694¬IX8�NQ69BKBL6<1
@�6G>:P9]g69@�>:69@J=�]�/51?>:6qBON0/H��13254��g698:4kª�m;��258���/Yo\Uv/HSL1?8:@:SLIX8�69Uf69@J=¬>:6<1*]�/H4!/HUfr9=�436<1¬>:6MBD/ 	�25@�A9=�SL25@�69@
/HBK8:UVSK@:SK8:U ªyUfs9Uf6GA<25@�>	SK=�SL25@�>:6G>:P9]
:5=;>�/H@�1;A<6MAd/51?BDtE69=;2d^�~	>�/H=�SL25@�tV§ �T� UZ��/H4;]7258:4 ¨X� UVSK@�o_`

K�@�Ad/HBLA98:BL6Z/H8�1313S�BD/kBL25@:RT8�698:4�>:6C]7P9@�P9=�4!/H=�SL25@��Y2T1369]:F�1!25@�>:6<1?A<258:4!/H@X=31¬>�/H@�1*BD/ 	�25@�A9=�SL25@�ªyWY25SK4?BL6
1!A3F�P9Uv/q§	` � o ¶

λJ = 90 µm
RT4! 5A<6?t;BONQP<IJ8�/H=�SL25@�ªi§	` ° � o_` } 69BD/CA<25@	ñ�4�Uf6*IJ8�6eBONQ25@V]g698:=�8:=�SKBKSL13694-BL6eUf2�>:r9BL6

>:6<1 	�25@�A9=�SL25@�1*A<258:4�=36<1e]:8:SL13IX8�6¬A<69=�=36¬BL25@:RT8�698:4*>:6;]7P9@�P9=�4!/H=�SL25@[6_^	A<r<>:6¬BD/G]:BK8�1hRT4!/H@�>:6C>	SKUf69@�1�SL25@[>:6<1
P9BL6<A9=�432�>:6<1dz	BD/GBD/H4�RY698:4?>:6<1\A<25=3P<1*. ��� `	n�SK@�1�SOz�A<25UVUf6�BL6¬BD/HSL131È/HSK=e69@J=�4369WY25SK4?BD/D�i254�Uf6C69@[1�SK@X8�1*Ad/H43>	SK@�/HB
]�/H4��O/HSK=36Cñ�R�` ¨ ` ° §	z�BL6qA<258:4!/H@X=;6<13=?8:@:S ��254�Uf6G>�/H@�1*BD/ 	�25@�A9=�SL25@�`
öiö NJø �bùOÿ0û3nbùOø��?ü3û��%���?ü3ûOÿ kdý�ø�ø���û	Ny[ �

50 µm) < 2λJ
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