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TRUWVYX�VBZ\[]X^UW[$_\`badcWef`bgW[^hdhW`fij[-Z\[^klXl`fVBe�m�VYnpo�[^ebefqb_�[^rtsWV1X^`buvkW_�wxuBZ�y�z|{^sWZ\Z}[^klXl_~VvkWh�_�X^V1Xl`f{
{1UWVBZ}�B[^_}��� O 0

TRUWVYXPVvZ\[]XlUW[$_}`badcWeb`fgW[^h�hW`fi�[^Z\[^klXl`fVBe&m�V1nto�[^efebqb_�[^rtsWVYXl`buvkW_�wxuBZ�_\`fkps�_\uB`fhWVBe�_}uBsWZ}{^[^_}��� O 0

TGZ\`�X^[�hWu�o�kdX^UW[�ktsWa���[^Z�uBw�XlU�[�Vv_\_}u�{^`bVYXl[^h�[^rps�V1Xl`fuBk�wxZ}uBa�X^UW[$VB��u��j[$eb`b_�X~X^UWV1X�`b_�VB_\_}u1�
{^`fV1Xl[-h�o�`�XlUPXlU�[�wxuvebefu�o�`fkW��_�X^V1X^[^a=[-k�X^_\��� �1Av0
� UW[$hW`f_\cWefVB{^[^ad[^klX�gW[-ebh�kWuBZ}a=Vve�Xlu�VdhW`b[-eb[^{}X^Z\`f{}��h�`b[^ef[�{}X^Z\`�{���uBsWk�hWVBZ���`b_�{-uBklXl`bktsWuvsW_\�

� UW[$adVB�Bk�[}Xl`f{�g�[^ebhPXlVvkW�B[-k�X^VBe�XludV�hW`f[^eb[^{�XlZ\`f{}�\hW`b[^ef[�{�XlZ\`f{���uBsWkWh�VBZ��!`f_�{^uBklXl`fkpsWuvsW_\�

� `bad[��pVBZ���`fkW�d{^sWZ\Z}[^klXl_~c�Z\u�hWsW{-[�VBk�[^eb[-{}XlZ}`b{�gW[^ebh�`bkPo�`bZ}[�efu�uBcW_}�

� UW[^Z}[$VBZ\[$kWudadVB�Bk�[}Xl`f{�aduBk�uBc�uBef[^_\�
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�10 � UW[]�juBe�XlVv�B[$`bk�V��Bu�u�h	{^uvkWhWsW{}X^uBZ�`f_�VBe�o�V���_�kW[-VBZ�¥^[^Z\uv�

AB0�¦ eb[^{�XlZ\`f{3g�[^ebh�eb`fkW[^_�cjuv`bklXP`fk)XlU�[�h�`bZ\[-{}Xl`fuBk�uBw§`bkW{-Z\[^Vv_\`bk��¨�juBe�X^VB�v[^�

HB0 z�VBc�VB{^`�XlVBk�{^[$VBkWh�`bkWhWs�{}XlVvkW{^[$uBkWe��©hW[^c�[^k�hªuBk«XlUW[$adV1X^[^Z\`fVBe�c�Z\uBc�[^Z�Xl`f[^_3VvkWhdX^UW[$�B[}�
uBad[}X^Z��¬�

O 0 y�`fVBadVB�Bk�[}Xl`f{�a=VYXl[^Z}`bVveb_�UWV��j[$V�Z\[^efV1X^`��j[�c�[^Z}a=[^Vv�W`bef`�X��eb[-_\_®XlU�VBkªuvkW[^�

¯ 0�° uvebhW`fkW�$X^UW[${�U�VBZ\�v[�{^uvkW_�X^VBklXP`fk�V�{^VBc�VB{^`�XluBZ�VBk�hªVBh�hW`bkW�dVdhW`b[^ef[^{}X^Z\`b{¨a=VYXl[^Z}`bVBef±tX^UW[
[^ef[^{}XlZ}`b{�gW[^efh`fkPXlUW[${^VvcWVB{^`�XluvZ®o�`bebe&��[�Z}[^hWsW{-[^hW�

²B0¨³ w�XlU�[�`bk�cWsvX�`badcj[-hWVBkW{-[�uBw®V�ebuv_\_\ef[^_\_´XlZ}VBkW_}a=`f_\_}`buBk�ef`bkW[$`f_3Vd_\UWuvZ�X«{-`bZ\{-sW`�X^±�XlUW[)ebuBVvh
a�sW_�X��j[$Vvkª_\U�uBZ�X�{^`fZ\{^sW`�Xl�

µ 0�¶ X3V)cjuv`bklX�_}`b�Bk�`bgW{^Vvk�X^e��wxVvZ~wxZ\uva·Vvk�VBklXl[-kWkWVB±&ebu�{^Vvebe��¬±¸XlUW[�cWZ\uvcWVB�vV1X^`bkW�dgW[^efh={^Vvk���[
{^uvkW_\`fhW[^Z\[-hc�ebVBk�VBZ\�

¹B0�³ o�uvsWebh�eb`bº�[´Xlud_\[-[��j[-{}XluvZ~{^Vveb{^sWefsW_~`fk�VBebe�a¨�ª{^efVB_\_}[^_\�
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10 mm

15 mm

β

¶ cWVBZ}VBebef[^eWcWefV1X^[®XlZ\VvkW_\ad`b_}_\`fuBk�ef`bkW[�`b_�_\UWu�o�k�`fk¨XlUW[�gW�vsWZ\[^±¸o�`�XlU�XlUW[�hW`bZ}[^{}X^`buBk�uvw�cWZ}uBcWVY�
�BVYXl`fuBk�`bkWh�`b{^VYXl[^h��l��À��~y¨Z\V�oRV�{^Z}uB_}_~_\[-{}Xl`fuBkWVve���`b[�o:uBw�X^UW[�ef`bkW[�VBkWh�ebVB��[^e¸X^UW[��juBe�XlVv�B[^±
{^sWZ}Z\[^klXl±�[-eb[^{}X^Z\`f{�gW[^efhef`bkW[-_�VBkWh�adVB�vkW[}Xl`f{$gW[^ebh�eb`fkW[^_�V1X�VBkªVvZ\�W`�XlZ}VBZ��!c�uB`fk�X^�$Á�k�e���X^UW[
wxuBZ�o�VvZ\h�cWZ}uBcWVv�BVYXl`bk��¨o�V��j[�_\UWuvsWebh��j[�{^uvkW_\`fhW[^Z\[-hW� ¶ efev�j[^{}X^uBZÂa�s�_�X3UWV��j[�VBk�Vv_\_}u�{^`bVYXl[^h
hW`fZ\[^{}X^`buvkW� ³ kWhW`f{^V1X^[�XlU�[�h�`bZ\[-{}Xl`fuBk�uvwÃcWZ}uBcWVv�BVYXl`buvk�`bk)�juvsWZ�gW�vsWZ\[=��`fk�X^u¨XlUW[$cWVv�B[$uBZ�uBsÄX
uBwjXlUW[$cWVv�B[ 0 � ¹B0

� UW[$eb`fkW[�_\UWuvsWebh�UWV��j[�V¨�j[^efu�{^`�X��uvw A �bS ¦�¹ adÅB_�VvkWh�V�{�UWVvZ\Vv{}Xl[^Z}`b_�Xl`b{�`badc�[^hWVvkW{^[�uvw � ¯ S
Æ ��y�[}X^[^Z\ad`bk�[�XlUW[${^VvcWVB{-`�XlVvkW{^[$VBk�hª`bk�hWsW{}X^VBkW{^[¨cj[-Z3sWk�`�X�eb[-kW�1X^Uuvw�X^UW[$eb`fkW[^��� ²B0



O

TRUWVYX«`b_�X^UW[�Z}[^ebVYXl`��j[�c�[^Z}a=[-VB�W`feb`�X��ªVBkWh�Z}[^ebVYXl`��j[�c�[^Z}a=`�X\X^`���`�X��Çuvw�XlUW[�`fkW_\sWefV1X^`bkW�da=VYXl[}�
Z\`fVBef��� ¯ 0

� UW[�`fkW_\s�ebV1X^`bkW�$adV1X^[^Z\`fVBe�UWVB_�V)hW`b[-eb[^{}X^Z\`f{~�WZ}[^VBºthWu�o�k�uBw �YA ¯ ºlÈ«ÅBad� ³ w¬XlUW[�ef`bkW[�`f_§X^u���[
sW_}[^h!wxuvZ�UW`f�BU	cju�o�[^Z]o�`�XlU�V � º�ÈÉwxuvZ�o�VvZ\h	cWZ\uvcWVB�vV1X^`bkW�«o�V��j[^±&o�UWVYX=`b_�X^UW[=adV1n�`ba�s�a
adVB�Bk�`�Xls�hW[$uBw&X^UW[$Z\[^ÊW[-{}Xl`fuBk�{^u�[-Ë={^`f[^klXl��� ²B0

TRUWVYXP`f_®XlUW[$Z\VvkW�B[)uBw§c�uB_\_}`b�Wef[�Z}[^_\`f_�Xl`��j[3efuBVvhW_3wxuvZ�X^UW`b_�Z}[^ÊW[^{�Xl`buvk�{^u�[^Ëd{^`f[^k�X^��� ¯ 0
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³ k$X^UW[�gW�BsWZ}[3_}UWu�o�kW±tX�o�u�_�XlsW��_~VBZ}[3VYX\X^VB{1UW[^h)X^u�X^UW[´XlZ\VvkW_\ad`b_}_\`fuBk�ef`bkW[^��Î�uYXlU�XlUW[�_�X^sW�W_
VBk�h¨XlUW[�eb`bk�['VvZ\[�efuB_\_}eb[^_}_\±WU�V��j[�X^UW[~_}VBad[�{�UWVvZ\Vv{}Xl[^Z}`b_�Xl`b{�`fa=c�[^hWVvkW{^[^±tVBk�h�UWV��j['V'�j[^ebu�{^`�X��
uBw Av¦�¹ a=Åv_\��Á$kW[�_�XlsW�Ï`b_�uvc�[^kÐVBkWh�X^UW[�uYXlUW[^Z)`b_)_\UWuvZ�Xl±�Vv_�`bkWh�`b{^VYXl[^h	uBk�X^UW[�gW�vsWZ\[-�
TRUWVYXPwxZ}[^rps�[^kW{}�´��_ 0 o�`befe���[$�Webu�{1º�[^h�VYX3X^UW[$ebuvVBhW��� � ¯ 0
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� o�u�[^rps�VBeÂVvkWh�uBcWc�uv_\`�X^[={-sWZ\Z}[^k�X�hW`f_�XlZ}`b�WsÄXl`buvkW_�[}n�`f_�X«`fkªV�{���ef`bkWhWZ}`b{^Vve�{^u�uBZ}hW`bk�V1Xl[d_���_��
Xl[-a=�ÓK¸Ô&9 �WÕÖ ¶ ÅBa�×�wxuBZ3Ø�ÙÛÚÄ×�Ù|Ü1�ÓK¸Ý�9";�K¸Þ ÕÖ ¶ ÅBaßV1X�Z�9¢{^����Ø�ÙDÜ~ÙDà 0 �

TRUWVYXP`f_ÓK Þ `fw�X^UW[$kW[}X�{^sWZ}Z\[^klX�`b_�¥-[^Z\uv��� ¯ 0

y�Z}V�o|XlUW[$gW�vsWZ\[]�juBsPo�uBsWefhªsW_}[�X^u�VBcWc�e�� ¶ adcj[-Z\[^qf_~á�V�o��P� ¯ 0



µ

y�[}X^[^Z\ad`bk�[R6Iâ[}�j[^Z��po�UW[-Z\[^��� ¹B0

TRUW`f{�U�uvw&XlU�[�wxuvebefu�o�`fkW�¨o�`befe�{^VvsW_\[$Vvkª`bk�{^Z\[^Vv_\[$`bk�`fkWhWsW{}X^VBkW{-[^��� AB0

�10 y�[^{-Z\[^Vv_\`bk���VB±�UWuvebhW`fkW���ªVvkWhª{${^uvkW_�X^VBklXl�
AB0 y�[^{-Z\[^Vv_\`bk����W±�UWuBefhW`bk���V=VvkWhª{${^uvkW_�X^VBklXl�
HB0 y�[^{-Z\[^Vv_\`bk���{^±�UWuvebhW`fkW�dV�VBkWh��ª{^uvkW_�X^VBklXl�
O 0�³ kW{-Z\[^Vv_\`bk��dXlU�[�{^sWZ}Z\[^klX=hW[^kW_}`�Xl`f[^_\±�º�[-[^cW`bk���X^UW[)X^u1XlVve�{^sWZ}Z\[^klXl_$[^rtsWVBe�VBkWhÐuvcWc�uB_\`�Xl[
VBk�hªUWuvebhW`fkW��VB±��W±�VvkWhª{${^uvkW_�X^VBklXl�
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¶ {�UWVvZ\�v[�hW`b_�XlZ}`b�WsvX^`buvk�F�9"ãÄäBå\æ�z�Åva)ç�[�n�`f_�Xl_���[}X�o�[-[^k$X�o�u�cWVvZ\VBefeb[^e�cWefV1X^[^_~efu�{^V1X^[^h�V1X�¥
9è� � a=aéVBkWh�¥�9 � adad� � UW[�eb[-wêX�cWefV1Xl[¨`b_~�vZ\uvsWkWhW[^h�VvkWhPXlUW[$Z\`f�BUlX�cWefV1X^[�`b_�_\[}X�Xlu¨È59
SB� µ È��
TRUWVYXP`f_®XlUW[]�juBe�XlVv�B[$hW`b_�XlZ}`b�WsvX^`buvk`fkPXlUW`f_�Z\[^�v`buBk���� ¹v0

TRUWVYXP`f_®XlUW[$[^ef[^{}XlZ}`b{�gW[^efhW��� ¹B0



ë

z�uBk�gWZ\aìXlU�V1X�XlU�`b_�gW[^efh�`b_�{^uvkW_\`f_�Xl[-k�X�o�`�XlUPXlUW[${1UWVBZ}�B[$hW`f_�XlZ}`b�WsÄXl`buvkW��� ²v0

TRUWVYXP`f_®XlUW[$_�X^uBZ}[^h�[^kW[^Z}�1�©c�[^Z�sWkW`�X�VBZ\[-VB��� ¹v0
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V

ps
100 200 300 400

2.00 V 2.60 V 2.78 V 2.83 V 2.85 V

� UW[��juve�X^VB�B[$VYX�XlUW[�efuBVvhuvw�V�_\UWuvZ�X�X^Z\VBk�_\ad`b_\_}`buvkef`bkW[¨`b_~_}UWu�o�k�`bk)X^UW[�gW�vsWZ\[^� � UW[�ef`bkW[
UWVv_3V��j[^ebu�{-`�X��uBw � SvS ¦�² adÅB_�VBkWh«XlUW[$_\uvsWZ\{-[�`f_�y�zDVvkWhª_�o�`�Xl{1UW[^_ñXlu ¯ È»V1X�X�9¢SB�
³ w�X^UW[$ebuvVBh�`badc�[^hWVBk�{^[$`b_ � SvS Æ ±�o�U�V1X�`b_®XlU�[�_}uBsWZ}{^[�`fa=c�[^h�VBkW{^[-��� ¯ 0

� ³ w��juBs�VBZ}[$_�Xls�{�º�U�[^Z\[^±&sW_\[ � ¯ S Æ 0

TRUWVYXP`f_®XlUW[]XlU�[�ef[^kW�YXlU�uBw�XlUW[$ef`bkW[^��� ¯ 0



�B�

TRUWVYXP`f_®XlUW[$eb`fkW[�`fa=c�[^hWVvkW{^[^��� ¯ 0

¶ X µ ¯ cW_�o�UWVYXP`f_®XlUW[]�juve�XlVv�B[$V1X�X^UW[$_\uvsWZ\{^[-��� ¯ 0

¶ X �1A ¯ cW_'o�UWV1X�`b_®X^UW[]�juBe�X^VB�v[�VYX3X^UW[$_\uvsWZ\{^[-��� ¯ 0
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Region 1 Region 2

−100−200−300−400

V

nm

2.5

1.5

¶ cWefVBkW[�o�V��j[d`b_)kWuBZ}a=Vvebe���`fkW{^`fhW[^klX�uvk�V�hW`f[^eb[^{�XlZ\`f{}�\VB`bZ���uBsWk�hWVBZ��¬�ÐÎ�u1XlUÏZ\[^�v`buBk�_�VBZ}[
ebuv_\_}eb[^_}_\� � UW[)_�X^VBkWhW`fkW�)o�V��j[$cWVYX\X^[^Z\k�`b_�_\UWu�o�kª`fkdX^UW[�gW�vsWZ\[-�«� � UW[)cWV1X}Xl[^Z}kª{^uvk�X^`bktsW[^_
`bkPX^UW[]�õn©h�`bZ\[-{}Xl`fuBkW� 0



�1H

TRUWVYXP`f_®XlUW[$_�X^VBkWh�`bkW��o�V��j[�Z}V1Xl`fuB±�övTR÷��� Hv0

TRUW`f{�U�Z}[^�B`fuBk�`b_�hW`f[^eb[^{�XlZ\`f{�VBkWh«o�UW`b{1U�Z\[^�v`buvk`f_�VB`fZ\��� Hv0

TRUWVYXP`f_®XlUW[$Z\[-ÊW[^{}X^`buBk�{^u�[^Ëd{^`b[^klXl�!� O 0

TRUWVYXP`f_®XlUW[$Z\[-ebV1X^`��j[�c�[^Z\ad`�X}Xl`���`�X��`fk�X^UW[$hW`b[-eb[^{}X^Z\`f{3Z}[^�B`fuBkW��� O 0

� UW[�`fkW{^`fhW[^klX¨[-eb[^{}X^Z\`f{�gW[^ebh�`b_~c�uvebVBZ}`b¥^[-h�`bk�XlUW[ Õø hW`fZ\[^{�Xl`buvk=VvkWh�`b_�cWZ\uvcWVB�vV1Xl`fkW�d`bk)X^UW[ ÕÖ
hW`fZ\[^{}X^`buvkW�

TRUWVYXP`f_®XlUW[${^uva=cWef[}Xl[¨[}n�c�Z\[^_}_\`buvk�wxuBZ"6Iù`bk�Z\[^�v`buvk � `bk�cWU�VB_\uvZ3wxuvZ\ad��� ²v0



� O

TRUWVYXP`f_®XlUW[${^uva=cWef[}Xl[¨[}n�c�Z\[^_}_\`buvk�wxuBZ"6Iù`bk�Z\[^�v`buvk A `bk�cWU�VB_\uvZ3wxuvZ\ad��� ²v0

TRUWVYXPc�[^Z}{^[^klXlVB�v[$uBw�XlUW[$`bk�{^`bhW[-k�X�cju�o�[^Z�`b_®X^Z\VBk�_\ad`�X\X^[^hPXludZ\[^�v`buvk A ��� O 0


