
���������	��
��
�������������
�	������������ 
!#"%$'&(�)!*!,+ -/.103254	6/�7���8�9�:�	��6;�<�1$>=>"%$1��6/���9�
=?6
@BA"%��CD.1.10

EGF�H�IKJ�I�L�H�MON7P8H�Q�R1LTSUJ9Q*FWV�J�I�LYX%Z

[]\�^`_`\�a%b%^cb%d�e	fg\�aDhUdjikikl]hUmnfg^`_

o�p;pUq;rUsUtvu
[w^�fg\�dkb%\:fxe	yUfgz|{x}n{5e	fg\�~/�U\:b%z|\:f<�>�����k���U\:a3a%\�}%_`^c~U\��nyk_`dk\�_`\�b%dka%\�b%\U�#�kd��%b%b%\:f
�'���;�U�n�����%ik���U�k�n���ni
�n���k�U������i������G��l���i ���G�¡�¢i��¤£¦¥§z�¨D£g©xªx\�{g{g\«dU^`fxz;¬h­dk�¤an{
z|�k®¯\:b­fg\�{g{°_`^cb8±|\we	�kf°²D³��9��©�´

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

400 450 500 550 600 650 700 750 800 850 900

V
0 

(V
)

f (THz)µD�kfx¬h�e�¬h�_`yUzgfg\��k\�{�\:_c\:~;{¶f|�kb%\�f�e	f¶h�®«\�{�h�_`_`mn_·h�{g\:b5®T¬h�e	�U{g�kb%\�{¶z�\�b%\:f|dk^�¸�� ��¹ºfg\º®«^`bnz|{
_c^`~U\ zO{¶�kf§zg�k®»e	f|^`d
±|ykfg^cb%dkzghUfg�1\:^ca%\�{§¼,³�lj½��U\:b;{¶}%\�_`_¾\:~/z|{gf¶hU\�b%\:f|dk^,dU^`fva%\«_`ykz|fg\��¤b%\
\�_`\:~;{gfg�kb%\�b%\v~/^`b%\�{¶^`z|~�\:bn\:fgdU^�´

¿°ÀG�Á¸1�ÃÂÄ¼,³

ª5h��¤^`_*a%\�{ �n¹ºf|\)\�_`\�~/{gfg�kbn\:f«zg�k®Åb]¬hUf�e	f¶hU®Æ{g^`_ºan\:bBh�b%a%fg\j®«\�{¶hU_`_cm%_·h�{g\:b��K®«\:a
®«^`b%anfg\,an\*�%fg\�®Çz|\:zK�km%m«h
��an\:b m¾¬h�{gf|È¤~;{¶\*zgm1\:bnb%^`b%dU\:bÇ²ÇlKÉ­\:fKzgm1\:z|^c�D~;{:�¤an\:fgz|�k®
m1�U{¶\�b%zg^`hU_ce	�Ufgzg~:±|\�_`_`\�b�®«\:_`_c�k®Êm%_·h�{g\:b%\5\�f�z/¬h z|{¶�Uf�h�{

Ë ²ÍÌÎ¿�À

i



�¤^`_�^`b%dk\�b�\:_`\�~;{¶fg�Ub%\:f5~/}%b%bn\Çb]¬h�e	fghU® {¶^c_�a%\�b>h�b%a%fg\ m%_`h�{¶\�b��#�kd­hU®«mW\�fg\�®Ç\�{¶\:f|\�{
�¤^`z|\:f�b/}%_`_7z|{¶f|yk®­l � {¶�kmnm%zgm1\:b%bn^`b%dk\�b�²D³°\:f°hU_c{gz;¬h��1\:z|{g\:®<{Gh
�Ã_c^`dkb%^cb%dk\�b

Ë ²�³,� ¸���ÂÄ¼,³Æa���zÆ²D³º� ¸
Ë
��Â ¼,³

Ë
É)\�a�hUbna%fg\§�kfga7�1\�b�f|\�{g{°_c^`b8±|\5®«\:a)z|{¶^cdkb%^cb%dkzg~���\��«zg^`\�b;{x¸�� Ë �kdÇz|~:±g¹ºfg^`bndkzgm%}nb%~;{
m]¬h«��� hU~/zg\�b­�U\:a

�8³,� ¼,³
¸ a���zÆ¼,³,� ¸��8³

ªx\�b3f|\�{|{¶\ _`^cb8±|\:b ^��DdU}%fg\�b?d�¬h�f5d�±|\�b%b%�k®»mn}%b%~;{¶\�b%\��	�;�k�n�¶�;©G�kd?�9�k�U�n�
i�� �;©�l�ªx\�{
�1\�{ È¤f°h�{

¸
Ë
� i�� ���	 ��
ki�� £¦¥
� ��� i�
;i�� ¨D£���� z¶���

®«\:b%z*e	f|^`d
±|ykfg^cb%dkz¶h�fg�1\:^`an\�{ \:f

¼,³*� ��� �;�U��
;i�� ¨���� 
��;�k��
;i
� £¦¥ � � �ci���
ki
� ¨D£�� � �(i�� 	 \�[
É)\�a­{gfg\vzg^��7\�fgz�b%yUÈkhU~;{¶^cd��%\�{°\�f

¸
Ë
� ��� �k�U��
ki��¤¨����

i�� �U��
;i�� ¨D£�� �Á��� i
��
;i�� ¨D£���� z¶���
z|�k®¯z|{g\:®«®Ç\�f*�%f¶h�®«\:aj��¬hUf*\:~/zgm1\:f|^`®«\:b;{¶\�_`_c\v�U\:f|a%^�l

o�p;pUq;rUsUt�� ©"!?e	�Ufg\:_c\:z|b%^`b%dU\:b%\B�¤^`zO{¶\Î�¤^jh�{Ä\:b�^ca%\:\�_`_$#&%�� z|�k_('�\:_`_c\)�DhUfTe	yU_`dk\�b%a%\Îz|{gfgyk®*�
z|mW\�b%b%^`bndkzg~8hUfghU~;{¶\:f|^`zO{¶^`~/~�´

+W�9²�©K�,+�-<Â.+:³�/ \10�m32 Ë ²46587:9 ÂÎi<;
½=�W\:~;{¶\�b�zg�U®¯_`\��k\:f|\:z�{¶^c_7\:b­È/{¶fg\v~/fg\�{¶z�\:f�z|�k® ��hUb%_c^`d�dk^ {g{º�U\:a?> � ²@+��Dan�¤z

>¡�9²<©K� ²BA�+�-�ÂC+:³�/ \10�m32 Ë ²46587 9 ÂÎi<;ED
É�h�~¤z|^`®ÇhU_�\��7\�~/{°�1\:zO{¶\:®«®«\:z°h
�GFH>G�IF�²(� �n�Dzg�k® dk^`f

+�-�ÂC+:³ / \10nm 2 Ë ²�J46587 9 ÂÎi ; ÂÄ²�JK+�³ Ë465L7 \�0�m 2 Ë ²�J4H587 9 � �
�



� +�-���+:³+�³ � \10�m32 Ë ²&J465 7 9 2/i�� Ë ²&J46587 9� ²&JÄ� 46587
Ë

_`b�� i���+�-n� +:³
i�� Ë ²&Jº� 46587��

� 46587
Ë

_`b 2�i�� +�-+:³&9 Â 46587
Ë

_`b 2/i�� Ë ²&J465 7 9
� ²
	���Â 465 7

Ë
_`b 2/i�� Ë ²&J46587 9


 ©�É)\:a­}n{gd;hUb%dkz|m%}%b%~;{G^#µ�^cdk}%f � ~8hUbÃ��^�z|~¤f|^c�U\
F��F¤� ��� �������«Â ��³�© e	�kf°�D³�� ���Î�k�D³���9�;�D³¾ÂÄ�W© e	�kf°�U��³�� ���B�;��³

�°\:f \:f��­� � 
9i����������8® ���Î� 
�i
�¤£�� � �8® ��z �kdx��³,� � 
9i��¤¨! �®)l�µ�_c\:fg\]~��kb%z|{¶hUb;{¶\�f
{gfg\:bndk\:fv�¤^ ^c~¤~�\«e	�Uf�¬hj�W\�zg~/fg^ �k\�an\:b%b%\#"|~/}%f|�U\:b%$n���kd)�¤^K�k\�b;{¶\:f<zg\:_ �¤z¶hUdU{�®«\:aY¬h
z|\�{g{g\v^`b%bÃ{�h�_`_c�U\:f|a%^`\�b%\x{¶^c_7�¤^#\:f*e	\:f|a%^`dk\5®«\:a ¬h�fg\�dkb%\�l& b/{¶hU_`_We	�U{¶�kbn\:f*m%f*{¶^ca%zg\�b��%\�{G^#�nyk_`dk\�_`\�b%dka%\��k®Çf;¬hUa%\�{§���#���'��F¤�W©,®T¬h��%_`^

F��]� F¤�
¿�( 
*) 
 F¤��� )

¸D� �
F��F�� F¤�

\�{g{¶\�fgz|�k® F��]� F¤� \:f5\:bn\:fgdU^`\:b mnfw{¶^ca%zg\�b��%\�{vmnf,+�h�{¶\�\:b��n\�{vm%fx�nyk_`dk\�_`\�b%dka%\�\:b��%\�{
�
¿-(5� ¸D���k�Ç\�f \�b%\:f|dk^`\�bÇm%fKe	�U{g�kb��.) \:f hUf|\
hU_c\�{
�;�Ud F¤�¡\�f¾�nyk_`dk\�_`\�b%dka%\�^`b;{¶\�f|��hU_`_c\�{:l! b;{¶\�dkfg\�fg\�fv�¤^�an\:b%b%\ zO{¶ykf|fg\:_czg\�b�e	fghj��³5{g^`_��;��³
�#z|~/}%_`_c\�a%\�{§dk^��kzgz5an\�{v{¶�U{¶hU_`\<hUbE�
{¶hU_`_¾e	�U{¶�kbn\:f«hU�%z|�kfg�1\:fO{¡h
�.�%hU_c�¤_`\�a%\:f|\:bÄm%f�{¶^ca%zg\�b��%\�{
l0/ h �kz|z ~�h�_`_`\¡a%\:b zgyk~;{¶\
zO{¶ykf|fg\:_czg\�b­e	�kf F�1 � F32�´

F�1F32 � �3)��
¸D�54 ¥ (76(86 9 � ¥ ÂÄ��³��
: F¤�'� )��

¸D��4 � (86¥ (86;9 �k��³��«Â � ¥ : F¤�
� �3)��

¸D�=<<<<
¥ (86( 6 � � �� Â �D³�� ¥

� � � )��
¸D��<<<<

� (86
¥ ( 6 � � ��³�� ¥ Â � �� �

� � � �;� �;�>)��W���³� ¸��! b%bnzg\�{|{¶^cb%d¡h
��{¶hU_`_ �k\�fga%^c\:fºdk^cf
F�1F.2 � �;��
;i��¤¨�� 
8��
;i��¤£�� 
���
;i��¤¨¤¥g£� 
��E� �;��� 
;i
� ¨���� 
 � 
Ui���? � i�� �k��
;i�� £ ? z ¨D£

�



��¬hUf<�¤^,�¤^`a%\�fg\Ãh�b/{¶hUf�h�{
�/�U\:fO{¡h
�?a%^`z|zg\�e	�U{g�kb%\�b%\Ãzg~8hUm1\:f�\�{ \:_c\:~;{¶f|�kbE� �/}%_c_,mDh�f:�
an�¤z§_·hUanb%^`b%dU\:f�Â Ë �kd Ë zg�U®»�Uh�b%a%fg\�f �/�U\:f�zg^`b��k\�^ �Ud­�n^`a%fghUf§hUa%a%^ {¶^c�/{5{g^`_�e	�U{g�I�
zO{¶fgyU®Ç®«\:b����DhUfº�¤^ +�-«� F��F32 � � Ë

F�1F32 � ��� � � &
��© /�h��kz|z�z|{¶hUf|{g\¡®«\:a(¬h)�W\�z|{¶\�®Ç®«\¡�U\:fgan^`\:b'm]¬h="|zgm1\:bnb%^`b%dU\:b%$ 465 7 � Ë �k\:aT��¬hUf
{ È¤m%^czg~U\§m]¬hUz|~U\�{¶\:®«m1\:f¶h8{¶}%f��1\�{g{g\:fgz|�k®¯a%\�b��kmnmn{¶f|\:f +D\�fg\§z|{¶\�a%\:f�´

465 7
Ë

� i�� � � 
;i
�¤¨¤¥ � 
8�k� � � i��
i � ��
;i�� ¨D£�� � � � � �U�x® [

ª5h*�DhUfº�¤^°¬hUm1\:b�� ~/fg\�{¶z ��zgm1\:b%bn^`b%dk\�b
² 	 ��� � � � �U�K_`b 2 i � ��� � �

��
;i�� ¨�� 9 � � � �x®«[
/#^`dUb%^`b%dU\:bÃzg�U®¯�W\�z|{g\:®«®Ç\�f°²&J �	^#\:b��n\�{¶\�b�® [v©,\�f°a%h

²&JÄ�Á� � �wÂ � � � �U�K_cb 2 i � ²�J
� � � �U� 9� _c^`~�\5_`^`dUb%^`b%dU\:f,~8hUbj^c~¤~�\�_cykzg\�z�hUbDhU_ È/{¶^`z|~��%®Ç\�b)�Um%mn{¶\�dkb%^cb%d«h��¡e	}%b%~/z	±|�kbn\:b

�¡�9²&Jº©K�Á� � �wÂ ²�JTÂ � � � ���]_cb 2 i�� ²�J
� � � �U� 9

dk^cfºb/}%_`_cm%}%b%~;{��k\�a3':h � � 	 l & _ {¶z;¬h \�f
²�J � � � 	 ® [

� �U_(':\�_`_c\:bÃ®«\:a­hUfg\:hU_ ) � i��*'�®Ç¥°~8hUbj®¡hU~/z|^`®ÇhU_c{,dk^��kz|zG\�b)\��7\�~/{
> JÄ� ²�J.
 +W��²�Jº©]� ��� � � 	 
 / ��� � � ÂÄ��
;i�� ¨�� 2 \�0�m � � � 	� � � ��� ©�ÂBi 9 ; �Á��� i��U���

ªx\�{g{¶\*��hUf]^`~/~�\°fghUfg\�dkf|\:^c\:b%\��¤�%hUfg\ '
h i ��i � �§h
� "Oykb%zg~�\�{ $<\<�W\:~;{ m¾¬h��k���(l�/�hv�kzgz
a%\�f|e	�kf°m%f|yU�k\��kzgzG®Ç\�a�\�{whUf|\
hU_ )��D��i � ��)Y�Y��� i � � ®Ç¥:l�ªx\�{Gdk^`f +��- ��i � � +1-¡�
�k��� � & ��²��	 � ���k�U�¡®«[<��²��J � �;�k��® [��W�kd +W��²��J ©G�Í�k�E� 	 & l#É�hU~/z|^`®ÇhU_�\��7\�~/{
b]¬h�\�fGh�_c{¶z;¬h > �J �Á² �J 
 +7�9² �J ©K� � � �

�



�*^c_`z|È¤b%\�_·h�{g\:b%an\xb%�k~ {¶^c_º¬h<e�¬h<_c\:zO{ºe È¤zg^`~/~/b%�U{¶h�{¶\�f*^Wz|�Ue¦hU~/fg�U~U\:b­m]¬h
�;È/{g{¶h��¾É)\:bÃ��hUf
a%\�{<b]¬h­\�dk\:b;{¶_c^`d­z;¬hj_`}%fO{�¬h­_`hUdk\ z|{gfgyk®«~/^`_`an\:b3hU~/~/}%f¶h�{�m]¬h­a%\:b%bn\Ç®T¬h�{¶\�b��(µ��Uf�¬h
}n{gb;È¤{|{¶\§a%\:bnb%\v\<�W\:~;{¶\�b�^�\:^#_ È¤zgmD¹ºf|\U��®T¬h�m%¹ºf¶h:�Dh«\�b)®«�U{gz|{�h�b%a

���«� ²��J+ �J � �x®��

	Kfg�U�%_`\�®Ç\�{Kb¾¬hx\:f]h8{]\<�W\:~;{¶\�bÇ^%mnf¶hU~/zg^cz]hU_`anfg^/��^c_%~U�U®Ç®«\,e	f¶h�® {g^`_n_`hU®«mDhn��e	�Uf��¾¬hUa%\
®«\�{¶hU_`_ � �DhU_ �¤_`\:an\:f¾~U�kb;{�h�~/{g\:b%\�� �%hU_c�¤_`\�a%\:f|~/f|È¤z|{¶hU_`_c\:bjzg\�_c�1�D�kd�{¶^c_ce	ykf|zg\:_czg_c\:a%b%^cb%dk\�b%\
�¤^`_khU_`_ {¶^`a �Dh*\:b§®Ç��{¶z|{¶hUb%avzg�U® _·hUbndU{#���k\�fgzg~/f|^`a%\�f�a%\�b��1\:f|\:dkbn\:a%\
���1l�ªx\�fg®«\:a5�¤^`_
a%\�{°®Ç\�z|{¶\�h
�j\<�W\:~;{¶\�b�{�h�mW\�z°m]¬hÇhUbna%fg\§z|{g\:a%\�fG\�b%b�^�_cÈ¤z|mD¹ºf¶hnl�/#ykzgbn^`b%dk\�b�_c^`dkdk\�f
^v¬hÃdk\�b%\:f|\:f|\Ç\�b �nyUÈk\�fg\«zgm1\:b%b%^cb%dj�kdja%\:f|®Ç\�a?�Um%m%b]¬hjhU~/zg\�mn{�h��W\�_K}n{¶d;h�b%dkzg\��7\�~;{
®«\:a \�b3_`h
�k\:f|\�z|{gfgyk®«z|{ È¤fg~�\Ul<ª5h�~�h�b ®Ç�U{gz|{¶hUb%a%\�b����)�k\�_`dk\�z5�W\�{ È¤a%\:_c^`dÃz|{gykfgf|\U�
�kd3�%\:_cz|{�z;¬h�zO{¶�kf�h�{�a%\:b>fg\:mnfg\:z|\:b;{¶\�fg\�f�a%\�{<a%�k®«^`b%\�fg\:bna%\Ç�n^`a%fghUdk\�{§{¶^c_K~/fg\�{gzg\�b%z
{g�U{�hU_c\ ®Ç�U{gz|{¶hUb%a�lÃ½KbT®T¬h�{g\>¬hje:¬h­{g^`_Ka%\�{g{¶\Çm¾¬h)~/}%bnb%\Çe�l \:~/z:lÃ��¹ºfg\'¬h)z|\:fg^c\:~��k�%_`\
®ÇhUb%dk\ #�% � ���U\:fgdkhUb%dk\�f:l
	Kf¶h�~/{g^`z|~U\�h�b/�U\:b%an\:_`z|\:f�^cb;�k�k_ �k\:f|\:fve	�kfgy���f|^`djzg�U® f|\:dk\�_]\:b?e	�Ufg®»e	�kfv�km%mn_·hUa%�%hUfg\
�Dh8{g{¶\�fg^c\:f:��zg_c^`~vh�{�zg�k_c\:b%\�fgdk^c\:b�~8hUb�~��kb;�k\�f|{¶\�fg\�z¾{g^`_/~:±|\:®«^`zg~v\�b%\:f|dk^n�kdw_·hUdkf|\:z�^`b%b;{¶^c_
�¤^�e:¬hUf*�%f|}%~¡e	�kf*an\:b��De�l \:~/z:l]�k®¯~;�U\:_`an\:b�\�{g{g\:f°h�{�zg�U_·h*�DhUf*d�¬h8{g{�b%\�a�l

�


