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quartz substrate 25 nm Cr 10 μm Gd 1 μm Cr
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���� ������� �� ��� ����� -�����-� ��% ��� �$�����% ��� ��� ��� %�����$�% �� )'3 '

456 789:;<=:>?@A B:?C9 @? ?D: EFGH I:@= A<>:
JKL LMNLOPQLRS TUV NLOWXOQLY US SKL Z[\] ^LUQ _PRL US SKL VNU__USPXR RL`SOXR VX`OaLbZ]c US SKL dU`_ baKLOOLO ZRVSPS`Se JKL RL`SOXR f`M YLRVPSg US SKL ^LUQ _PRL PVhij k lmn opqr � sqt TPSK UR UNLOS`OL XW u aQ v̀ VLY Y`OPRw SKL LMNLOPQLRSx yZ[\]zeZR {Pwe|el SKL PRVSU__LY aXQNXRLRSV XW SKL VLS`N US SKL ^LUQ _PRL UOL VKXTRe ZRVLS vUxPR {Pwe|el VKXTV SKL VX`OaL wOUSPRw QX`RSte ZS PV PRVSU__LY UV a_XVL UV NXVVP^_L SX SKL^LUQ LMPS NXOSe JKL OLY N_USL PR PRVLS vUx PV SKL RL`SOXR WUVS VK`SSLOe JKL QX`RS XWSKL VX`OaL wOUSPRw URY PSV W`RaSPXRV UOL LMN_UPRLY PR QXOL YLSUP_ PR V`^VLaSPXR |eleleZRVLS v̂ x PR {Pwe|el VKXTV SKL }L_XaPSg VL_LaSXO PRVSU__LY US SKL ^LUQ _PRLe JKL LMPSTPRYXT XW SKL }L_XaPSg VL_LaSXO KUV U VP~L XW � aQ k � aQe ZRVLS vax PR {Pwe|el VKXTVSKL PRSLOWLOXQLSLO ^XMe ZS PV PRVSU__LY US SKL �OVS LMNLOPQLRSU_ N_UaL XW SKL ^LUQ _PRLeJKL PRSLOWLOXQLSLO ^XM PRa_`YLV SKL OLQUPRPRw aXQNXRLRSV _P�L SKL NKUVL wOUSPRw� SKLURU_g~LO wOUSPRw� SKL X^�LaS URY SKL [[� aUQLOUe JKL UVVLQ^_PRw XW SKLVL aXQNXRLRSVPV PR YLSUP_ YLVaOP^LY PR V`^VLaSPXR |eleue

� ��� ����!� ������� ����� !������� �� ��� ����!� ������� ������# ���� �� ����� �� ��� ���������!���� � ���� ��� ����!� ������� ���� �� ���� ��� !���������� �� ����� �� ������ �� ��� ����!� �������#
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{Pw`OL |el� (�� � �� ��� ������ �������� ���������� �� ��� �!"# $��� ����' ��� ���
���������� �� ��� �� ��� -�����- �� �� ����� �� ��� $��� ���� ����' �$� ������������ ����� �������1 ��������' ��� ������������ �� ��� ������ �������� $�� �� ��� ,��� ������������� �����' +�� %��� � �� ��� $��� ���� �� ��� �/ ������� �� ��-'�'* &���� &��  ��% ��
���� ���� ��� ��� � ���������� ��!"#� '
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phase stepping
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DC  adjustment

2 source grating wafers G0y

z x

phase stepping

rotation of G0

DC  adjustment

2 source grating wafers G0y
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{Pw`OL |eu� (� ��� -�����- �� �� ���������- �� �&� �� ��� -�����- &�� ���' ���� �&���������% ������ ���-�� ��� ��� �%2 �� ��� /! �� ��� �� ��� -�����- ��% ���� ��� ���
�������������-' ���� ��� ��������% �������� �� ��� �� ��� -�����- �� �� ��� �����% ���$� �%2 ���%'
����� ��	
�� �
���� ��	��
� NPaS`OL XW SKL VX`OaL wOUSPRw QX`RS PV VKXTR PR {Pwe|eue JKL STX TUWLOV UOL ^XSKw_`LY TPSK SKL ^Ua� VPYL XW SKL TUWLO XR UR U_`QPR`Q ^OUa�LSe JKL wOUSPRw _PRLV XW^XSK TUWLOV UOL XOPLRSLY NUOU__L_ SX SKL g�UMPVe JKL OLUO ^OUa�LS TPSK SKL w_`LY wOUSPRwXR PV QX`RSLY XR U NOPVQ VSUwLt� ^LSSLO VLLR XR PRVLS vUx XW {Pwe|ele JKL WOXRS ^OUa�LSPV QX`RSLY XR U _PRLUO SOURV_USPXR VSUwLe �PSK SKL QX}LQLRS XW SKPV VSUwL vPR SKLYPOLaSPXR U_XRw SKL V`OWUaL RXOQU_ XW SKL TUWLOx URY SKL �� UY�`VSQLRS NXVVP^P_PSgXW SKL NOPVQ VSUwL ^XSK TUWLOV UOL ^OX`wKS PRSX N_UR NUOU__L_ aXRSUaS SX LUaK XSKLOe
�WSLO SKL N_URL NUOU__L_ UY�`VSQLRS XW SKL wOUSPRwV� XRL XW SKL SP_S UMPV XW SKL NOPVQVSUwL VLO}LV SX UY�`VS SKL wOUSPRw _PRLV XW ^XSK wOUSPRwV NUOU__L_ TPSK OLVNLaS SX LUaKXSKLO TPSKX`S �XPO�L WOPRwLVre �`L SX SKL SOURVNUOLRag XW ^XSK �`UOS~ TUWLOV URY SKLOL_USP}L_g _UOwL NLOPXY SKPV UY�`VSQLRS aUR ^L YXRL QUR`U__g ^g LgLe \RL XW SKL TUWLOV

��� ���������� ���� ��� ������� � �� ��� ��� �������� � ��#� � ���� �� ������� �� ������ �� �� ����������!� � �!� !������ ��� � ����� ���� ��� ����� ��� �!�������� �� �����# ��� !��������!��" #�� ����!���� �� ��� �������� ���� �� ��!� ������� ���!��� �����������������#
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{Pw`OL |e�� /���� �� ��� ��� ���& �� ��� �� ��� -�����- �� ��' �%2 ������ �� ��� /!
&��� ��� �����$�� �� ��� -�����- &�� ���' +�� ����� �� ��� -�����- &�� �� �� ,��%' +��
�������������- �� ���� ����% &��� � ������ ���-� �� &���� $��� &�� ��� ��� �� ���%' +���%2 ������ �� ��� �����% �� �� ��� $� %��� $1 �������- ��� &���� �� ��� -�����- �� ��$1 �� ��-�� �'
PV QX`RSLY XR U QXSXOP~LY _PRLUO VSUwL U_XRw SKL M�UMPV vNLONLRYPa`_UO SX SKL wOUSPRw_PRLV URY SX SKL V`OWUaL RXOQU_xe JKPV QX}LQLRS VLO}LV SX UY�`VS SKL �[ XW SKL VX`OaLwOUSPRw UV PRYPaUSLY PR {Pwe|e�e �g VLSSPRw SKL �[ URY SKLOLWXOL SKL VNUaPRw s XW SKL
V_PSV� XRL aUR PRf`LRaL SKL SOURV}LOVL aXKLOLRaL XW LUaK PRYP}PY`U_ wOUSPRw V_PS vVLaSPXR�e�xe �XSK TUWLOV UOL QX`RSLY SXwLSKLO XR U VLaXRY QXSXOP~LY _PRLUO SOURV_USPXR VSUwLe
�PSK SKPV PV SKL VSUwL SKL NKUVL�VSLNNPRw UV LMN_UPRLY PR VLaSPXR �e� PV NLOWXOQLYe JKL_PRLUO VSUwL WXO SKL NKUVL�VSLNNPRw PV �RU__g QX`RSLY XR U OXSUOg VSUwL UV PRYPaUSLY PR{Pwe|e�e JKPV OXSUSPXR UOX`RY SKL g�UMPV PV U_VX QXSXOP~LYe �PSK SKL OXSUSPXR XW SKLTKX_L VX`OaL wOUSPRw QX`RS UOX`RY SKL g�UMPV XRL aUR UY�`VS SKL NLOPXY XW SKL VX`OaLwOUSPRw TPSKPR U WLT NLOaLRSe JKPV wP}LV VXQL WOLLYXQ WXO SKL UY�`VSQLRS XW SKL NLOPXYSX SKL VLS`N UV YLVaOP^LY PR V`^VLaSPXR �euele �V YLVaOP^LY PR VLaSPXR heleu SKL NLOPXYXW SKL WU^OPaUSLY VX`OaL wOUSPRw PV llum �Qe JKL aU_a`_USLY XNSPQ`Q NLOPXY vVLaSPXR�elx PV lm�| �Qe JKPV NLOPXY aUR ^L UaKPL}LY ^g OXSUSPRw SKL VX`OaL wOUSPRw QX`RS ^gUR URw_L XW l|� SX SKL XNSPaU_ UMPV UV VKXTR PR {Pwe|e�e {XO UR URw_L XW l|� URY U �[XW me� SKL QUMPQ`Q VNUaPRw XW SKL SOURVQPSSPRw V_PSV PV V���m �Qe �PSK SKPV VNUaPRwLRX`wK SOURV}LOVL aXKLOLRaL PV LRV`OLY UV YLQURYLY PR VLaSPXR �e�e
����� 	���

�
�����
 ���
JKL PRSLOWLOXQLSLO ^XM URY SKL aXQNXRLRSV PRVPYL UOL VKXTR PR {Pwe|e�e JKL ^XM TUV^`P_Y WOXQ STX ^OLUY ^XUOYVe \RL VLO}LV UV U ^UVL N_USL URY SKL XSKLO UV aX}LO N_USLeJKL aXQNXRLRSV UOL QX`RSLY XR XNSPaU_ OUP_V QX`RSLY XR SKL ^OLUY ^XUOYVe {Pwe|e� vUxVKXTV U VPYL }PLT PRSX SKL ^XM vRL`SOXRV aXQPRw WOXQ SKL OPwKS VPYLxe ZS VKXTV SKLX^�LaS� TKPaK PV QX`RSLY XR U wXRPXQLSLOe JKL wXRPXQLSLO PSVL_W PV QX`RSLY XR U KLPwKS
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{Pw`OL |e�� ���� ��� �� ��� �������� �� ��� ������ �������� $��' ��� ���& �� ��� �$2 �����% ��� �&� $������� �� &���� �t ��% �r ��� �� ���%' +�� �%-� ���-�� �� ��� $���� �'� �' �$� ���& �� �� ���% �r ��% �$2 ������ �� ��� !!/ ������' ��� ���& ���� ���% �t ��% ��� ������������ ������ �� ���% �� ��� $�����%� �� ��� ���� $������&���� �r �� �� ���%' ���& �� ��� ��������% ������' �%� ��������% �%2 ������� �� ���+��$�� %������� � ��% ��� ���� �� ����-��' ��������% ����������� ���-� � �� ��� ���� �
����������- �� ��� �$2 ���'
UY�`VSU^_L ^_Xa� SX UY�`VS SKL X^�LaS SX SKL ^LUQ aLRSLOe JKL ^_Xa� SKLR PV QX`RSLYXR U QXSXOP~LY SOURV_USPXR VSUwLe �PSK SKPV VSUwL SKL X^�LaS aUR ^L YOP}LR SX SKL PR
URY X`S NXVPSPXR OL_USLY SX SKL ^LUQ UV VKXTR PR {Pwe|e� vYxe JKPV PV OL�`POLY SX SU�LSKL fUS �L_Y PQUwLt WXO SKL YUSU NOXaLVVPRwe JKL TUWLO TPSK SKL NKUVL wOUSPRw vVLLR PR{Pwe|e� vaxx URY SKL TUWLO TPSK SKL URU_g~LO wOUSPRw vVLLR PR {Pwe|e� v̂ xx UOL QX`RSLYXR ^OUa�LSVe JKL ^OUa�LSV KU}L a`SX`SV TPSK SKL VUQL VP~L UV SKL wOUSPRwVe JKL TUWLOVUOL QX`RSLY V`aK SKUS SKL _PRLV UOL }LOSPaU_ �`VS _P�L SKL wOUSPRw _PRLV XW SKL VX`OaLwOUSPRwe JKL ^OUa�LSV SKLQVL_}LV UOL QX`RSLY XR wXRPXQLSLOVe �XSK TUWLOV UOL U_PwRLYNUOU__L_r SX LUaK XSKLO TPSK SKL wXRPXQLSLOVe JKL QXSXOP~LY UY�`VSQLRS WXO SKL JU_^XSYPVSURaL U_XRw SKL ^LUQ aUR ^L YXRL US SKL wXRPXQLSLO XR TKPaK SKL NKUVL wOUSPRw

�	���� ������� ��� ����!� �� ��� ����#� ��� ���������� ��� ��!� ������� ��� ���� ���� � �����# ��� ��
�!��� ������ �� ��!���� ��������� ��� ������� ��� �������� �� ��� ���� !�����#
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{Pw`OL |eh� ��� ������ �������� $�� &��� ��� �� ��� � ����� �����%��- �� �����% ��� ����%����� ��-��' +�� $�� �� �� ���% �� � � � 0����,��� &���� ������ �� �%2 �� ��� $�� �� ���$��� ���-��' �$� ��$��� ���� &���� ���� %�� ��� ������� �! ��% ��� ����� �����������'+�� ���� �� �����% ����%� ��� � ��� % ���- ��� ���������� '
PV QX`RSLY vVLL {Pwe|e� vYxxe JKL XSKLO wXRPXQLSLO XR TKPaK SKL URU_g~LO wOUSPRw PVQX`RSLY SKL QXSXOP~LY �XPO�L WOPRwL UY�`VSQLRS ^LSTLLR �t URY �r UOX`RY SKL ^LUQUMPV aUR ^L YXRLe �`L SX SKL WUaS� SKUS PS PV RXS NXVVP^_L SX YPOLaS_g YLSLaS RL`SOXRPQUwLV TPSK SKL [[� aUQLOU� XRL KUV SX aXR}LOS SKL RL`SOXRV PRSX }PVP^_L _PwKSe JKPV PVYXRL TPSK U VaPRSP__USXO VaOLLRte JKL VaPRSP__USXO VaOLLR PV YPOLaS_g QX`RSLY ^LKPRY SKL
URU_g~LO wOUSPRw XR SKL OLUO VPYL XW SKL ^OUa�LS UV VKXTR PR {Pwe|e� vaxe JKL aOLUSLY}PVP^_L _PwKS PV YLfLaSLY }PU U QPOOXO v{Pwe|e� vaxx SXTUOYV SKL [[� aUQLOUr VKXTR PR{Pwe|e� v̂ xe JKL WX`O LRY TU__V XW SKL ^XM TLOL aX}LOLY TPSK u QQ SKPR U_`QPR`Q
N_USLV TKPaK VKPL_YV SKL PRSLOPXO XW SKL PRSLOWLOXQLSLO ^XM XW _PwKS WOXQ X`SVPYL UVVKXTR PR {Pwe|eh vUxe JKL VKPL_YPRw XW SKL WOXRS VPYL TKLOL SKL RL`SOXRV SOU}L_ SKOX`wKYPY RXS USSLR`USL SKL ^LUQ� Y`L SX SKL WUaS SKUS SKL �� � _LRwSK WXO U_`QPR`Q PV �lelaQe ZR UYYPSPXR SKL PRVPYL XW SKL U_`QPR`Q N_USLV TLOL _Ua�`LOLY PR ^_Ua� SX U}XPYOLfLaSPXR XW _PwKS aOLUSLY WOXQ SKL VaPRSP__USXO VaOLLR XR_ge �S SKL LRSOURaL TPRYXTXW SKL U_`QPR`Q N_USL TKLOL SKL RL`SOXRV NUVV SKOX`wK SKL _Ua�`LO TUV OLQX}LY SX
U}XPY SKL VaUSSLOPRw XW SKL RL`SOXRVe �__ SKL QXSXOP~LY VSUwLV URY wXRPXQLSLOV XW SKLVLS`N UOL aXRRLaSLY SX SKL QXSXO aXRSOX__LOVe JKLVL aXRSOX__LOV UOL PRSLwOUSLY PRSX UQX^P_L OUa� v{Pwe|eh v̂ xxe JKL aXRSOX__LOV UOL _PR�LY SX U d[ }PU PRSLOWUaLVe JKL [[�

����� �� � ��� �� ���!� ������	 !��!����� ���� � 
�����!��!� �!����#�
��" ��� ����!��!� �� ��� !����� �� ����# ��� !����� ������ �� �������� ���� ���� ���� ����"�#
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aUQLOU PV U_VX YPOLaS_g aXRRLaSLY SX SKL d[ PR SKL OUa�e JKL VSLNNLO QXSXOV TLOLYOP}LR ^g PR�KX`VL YL}L_XNLY QXSXO YOP}LOV vb�b umm�� b��x URY YPOLaS_g aXRSOX__LY^g SKL TL__ LVSU^_PVKLY VXWSTUOL bNLa vKSSN���TTTeaLOSPWeaXQxe JKL [[� aUQLOU TUVPRSLwOUSLY PR SKPV VSU^_L URY US SKL VUQL SPQL fLMP^_L VXWSTUOL UV TL__e dOXaLY`OLV_P�L SKL NKUVL VSLNNPRw VaURV TLOL U`SXQUSLY ^g VL_W TOPSSLR bNLa QUaOXVe JKL OUa� PVN_UaLY Y`OPRw SKL LMNLOPQLRS PRVPYL SKL K`SaK XW SKL ^LUQ _PRLe �`OPRw SKL LMNLOPQLRSSKL aXRRLaSPXR SX SKPV d[ TUV QUYL ^g U YPOLaS RLSTXO� aXRRLaSPXR WOXQ URXSKLO d[TKPaK TUV _XaUSLY X`SVPYL SKL K`SaKe JX LRV`OL U VSU^_L XNLOUSPXR� ^XSK d[V TLOLO`RRPRw SKL �PR`M XNLOUSPRw VgVSLQe
45� 789:;<=:>?@A ;:BCA?B
JKL �OVS VSLN PV SX }LOPWg PW X`O aU_a`_USPXRV WXO SKL wOUSPRw NUOUQLSLOV URY SKL VLS`NNUOUQLSLOV aU_a`_USLY PR aKUNSLO � TLOL aXOOLaSe JKPV QLURV SKUS TL VKX`_Y ^L U^_L SXX^VLO}L �XPO�L WOPRwLVe JKL OLV`_S PV wP}LR PR |euel TKLOL WOPRwL }PVP^P_PSg PV QLUV`OLYURY SKLR XNSPQP~LYe �LUV`OLQLRSV XR QLSU_ OXYV KU}PRw SKL VUQL YPQLRVPXRV URYaXQNXVPSPXR UV SKL XRLV VKXTR PR SKL VPQ`_USPXR PR {Pwe�ej UOL VKXTR PR |eueue
����� ����������� �
 ��� 	�
�������
JKL PRSLOWLOXQLSOPa }PVP^P_PSg XO �WOPRwL }PVP^P_PSg� �`URSP�LV SKL aXRSOUVS XW UR PRSLO�WLOLRaL NUSSLORe ZR X`O aUVL TL YL�RL SKL }PVP^P_PSg UV� vv��� � ����x � v��� �����xx�v��� � ����xe ���� PV SKL QLUV`OLY YUO� �L_Y URY aXOOLVNXRYV SX SKL X�VLS XWSKL ��[ vURU_Xw`L�YPwPSU_ aXR}LOSLOx XW SKL [[� aUQLOUe JKLOLWXOL SKL }PVP^P_PSg PVRXOQU_P~LY SX `RPSg� URY PV wP}LR PR NLOaLRS XW SKL QUMPQU UQN_PS`YL XVaP__USPXRe �R YL�SLOQPRUSPXR LMUQN_L XW SKL }PVP^P_PSg XW UR PRSLOWLOLRaL NUSSLOR PV VKXTR PR {Pwe|e|e {XOX`O N`ONXVL SKL }PVP^P_PSg PV V`�aPLRS UV _XRw UV SKL aXRSOUVS }UOPUSPXR PV _UOwL LRX`wKSX NOX}PYL UR PRSLRVPSg XVaP__USPXR UWSLO U NKUVL VSLNNPRw VaURe �R PQNOX}LQLRS XW SKL}PVP^P_PSg PRaOLUVLV SKL �`U_PSg XW SKL NKUVL PQUwLV PR SLOQ XW RXPVL OLY`aSPXRe{POVS TL UOL aKLa�PRw SKL }PVP^P_PSg WXO SKL VLS`N NUOUQLSLOV TL aU_a`_USLY PR aKUNSLO�e bPRw_L PQUwLV UOL SU�LR TPSK SKL [[� aUQLOUe JKL PQUwLV TLOL OLaXOYLY `VPRw U�mm �p SKPa� VaPRSP__USXO TPSK U YLQUwRPWgPRw XNSPaU_ _LRV VgVSLQ URY U aXX_LY [[�aUQLOUe JKL L�LaSP}L VNUSPU_ OLVX_`SPXR XW uhm �p TUV QUPR_g YLSLOQPRLY ^g SKLPRSOPRVPa `RVKUONRLVV XW SKL VaPRSP__USXOe JKL LMNXV`OL SPQL WXO U VPRw_L PQUwL TUV lmVLaXRYVe JKL VP~L XW SKL OLaXOYLY PQUwLV PV |mQQ k |mQQte

� ��� ��!����� #��� �� !��� ���� ��� ��� !����� �� ������� ���� ��� ������� ���� �����������
��� �� ��� ��������"��� ����! ����� ���� � ����� ����!��!�� �� ��� ��� !����� ���!� ��� �  ��!�
� ��!� !���#
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{Pw`OL |e|� ���-� �����%�% &��� ��� !!/ ������ ���� ��' / � �� ��� ������-����� ����� -�����- ����� �� �t ��% �r ���� �� ����-�� ��� ��������' +��1 ����� �� ����1�� �������-� ����$����1 ���&� �� ��� ������� ���� �� ��� ��-�� ��%�' 0��� ��� ����$����1 �� �*�'
ZW U VPRw_L PQUwL PV SU�LR URY SKL wOUSPRw _PRLV XW SKL NKUVL wOUSPRw URY SKL URU_g~LOwOUSPRw UOL RXS U_PwRLY NUOU__L_ SX LUaK XSKLO� XRL TP__ X^VLO}L �XPO�L WOPRwLVt UV VKXTRPR {Pwe|e| XR SKL _LWS VPYLe JKPV QPVU_PwRQLRS URY SKL OLV`_SPRw �XPO�L WOPRwLV aUR ^L`VLY SX aKLa� SKL NLOWXOQURaL XW SKL VLS`N URY SKL wOUSPRwV ^g URU_g~PRw SKL }PVP^P_PSgeJU�PRw U VLaSPXR NOX�_L vU}LOUwPRw X}LO U ^URY UOX`RY U NPML_ }U_`L WXO � TPSK U aLOSUPRTPYSKx U_XRw SKL � NPML_ UMPV� wP}LV SKL WOPRwL }PVP^P_PSg UV VKXTR PR {Pwe|e| XR SKL OPwKS

VPYLeJKL RLMS VSLN TUV SX }LOPWg PW SKL aU_a`_USLY NUOUQLSLOV UOL SKL XNSPQU_ XRLVe JKPVTUV YXRL aKURwPRw NUOUQLSLOV _P�L SKL PRSLO�wOUSPRw YPVSURaL �� SKL NLOPXY XW SKL VX`OaLwOUSPRw �� URY SKL TPYSK s XW SKL VX`OaL wOUSPRwe {XO SKL �OVS aKLa� XW SKL }PVP^P_PSg TLVSUOS TPSK SKL aU_a`_USLY NUOUQLSLOV XW SKL VLS`N� � � hiu� Q� �� � lm�| � v� � l|�x�s � lmj �Q� � � l�i� QQe JKL }PVP^P_PSg WXO SKLVL NUOUQLSLOV PV YLSLOQPRLY SX l��e]XT TL aKLa� PW TL UOL U^_L SX XNSPQP~L SKL }PVP^P_PSg ^g aKURwPRw XRL NUOUQLSLO UWSLOSKL XSKLO URY SKLOLWXOL �RY UR XNSPQ`Q WXO SKL }PVP^P_PSg r e
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��JX �RY X`S SKL ^LVS }PVP^P_PSg TL �OVS aKURwL SKL YPVSURaL U_XRw SKL ^LUQ UMPV UOX`RYSKL aU_a`_USLY }U_`Le JKL XSKLO NUOUQLSLOV VSUg �MLYe � N_XS XW SKL X^SUPRLY }PVP^P_PSgUwUPRVS SKL YPVSURaL PV VKXTR PR {Pwe|e�e JKL ^LVS }PVP^P_PSg PV �l� X^SUPRLY US � � umi�QQe �_OLUYg WXO � � lji� �Q URY � � u�iu �Q SKL }PVP^P_PSg PV ~LOXe JKLOLWXOL TL VLSSKL PRSLO�wOUSPRw YPVSURaL WOXQ RXT XR SX � � umi� QQe
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���� �������!��" �� ������� �� ������� �� �" � ��!��� ��  ����� ������ �� ��� ����������!� ������� ������
 � # � �� ��� �������� ����� ������� ��� ������� ����� ��  � ���  � ������ ��� ���� � ��#� �������� ��� ��������� ����� ��� ����� �� � ������#!����� ��� ��� ������������ �� ��� !��������"#

�� ��� �� ���� ���� �!!���� ���� ��� ���������� ��� ��� ����������� ���� ��!� �����# ��������� ����� �� !������� ��� ��������� �������" ��� ����� ���������� ��!� �� �� ����������#
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{Pw`OL |e�� "����������� �� ��� ����$����1 $1 ����-��- ��� ������-�����- %������� %' +������� � �� ��� ����$����1 �� �*� �� %�3�'� ��'
JKL RLMS VSLN PV SKL aKLa�PRw XW SKL }PVP^P_PSg UV U W`RaSPXR XW �� e JKLOLWXOL SKL }PVP^P_PSgPV URU_g~LY WXO YP�LOLRS OXSUSPRw URw_LV � XW SKL VX`OaL wOUSPRwe JKL OLV`_S PV VKXTRPR {Pwe|eje JKL ^LVS }PVP^P_PSg XW �� � PV X^SUPRLY WXO � � l�� TKPaK aXOOLVNXRYV SX UNLOPXY XW �� � lmhj �Qe JKLOLWXOL TL VLS SKL NLOPXY XW �� SX �� � lmhj �Qe
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�� 	�� ��
	 �
�	� s ������	
����
	�� �� �� ���]XT TL QLUV`OL SKL }PVP^P_PSg UV U W`RaSPXR XW SKL V_PS TPYSK s XW U VPRw_L _PRL VX`OaLXW SKL VX`OaL wOUSPRwe JKL aKURwPRw XW s PV L�`P}U_LRS SX aKURwPRw SKL �[ XW SKL
VX`OaL wOUSPRwe JKLOLWXOL SKL �[ UY�`VSQLRS PV VSLNNLY X}LO XRL NLOPXY XW �� e �SSKL ^LwPRRPRw ^XSK wOUSPRwV UOL N_UaLY PR V`aK U TUg SKUS s � me {XO aKURwPRw s TL
UOL QLUV`OPRw XR SKL XRL KURY SKL }PVP^P_PSg URY XR SKL XSKLO KURY SKL SKL f`M XWRL`SOXRVe JKL aX`RSPRw OUSL vf`Mx PV QLUV`OLY PR WXOQ XW aX`RSV OLwPVSLOLYt TPSK SKL[[� aUQLOUe �XSK a`O}LV UOL N_XSSLY SXwLSKLO PR {Pwe|e�e {OXQ SKL N_XS XRL VLLVSKUS WXO s � m SKL aX`RSPRw OUSL PV ~LOXe JKUS QLURV SKUS SKL SOURVQPVVPXR SKOX`wKSKL U^VXO^PRw _PRLV XW �� PV ~LOXe JKL aX`RSPRw OUSL OLUaKLV U QUMPQ`Q WXO SKL �[
UY�`VSQLRS XW meh QQe JKPV PV SKL NXPRS TKLOL SKL wOUSPRw _PRLV XW SKL STX VX`OaLwOUSPRwV UOL aXRwO`LRS URY SKL �[ KUV PSV QUMPQ`Q XW me�e JKPV aXOOLVNXRYV SX UV_PS TPYSK XW s � �u� �Q e {`OSKLO VSLNNPRw YLaOLUVL SKL aX`RSPRw OUSL Y`L SX SKLWUaS SKUS SKL V_PS TPSK wXLV UwUPR SX ~LOXe JKL }PVP^P_PSg KUV U aXRVSURS }U_`L PR SKLOLwPXR XW miu � s � mi�e JKL VQU__LO s SKL KPwKLO SKL SOURV}LOVL aXKLOLRaL _LRwSKe JKPVVKX`_Y OLV`_S PR UR PQNOX}LQLRS XW SKL }PVP^P_PSg WXO VQU__LO se {OXQ SKL OLV`_SV XW SKPVQLUV`OLQLRS TL VLS s ��u� �Q TKLOL SKL f`M KUV PSV QUMPQ`Q URY SKL }PVP^P_PSg PV�u �e

� ��� ���� #��� !����� ��� ������" ������!���#
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{Pw`OL |e�� "����������� �� ��� ����$����1 $1 ����-��- ��� ���� &�%�� s �����������1 ���/! �� ��� �� ��� -�����-' �� �%%����� ��� �� ���� � � �� ���� ��% �� � ��� �� �� �����-������% &��� ��� !!/' ��� /! �%2 ������ �� �'� �� ��� �3� �� � ��� � � ��� �������� � $ � ��� ����$����1 ��� � ����� %������� % � �� ��� ���� ���� ��� ����-��- �� ����� ������� ��� ���������� ��������� ���-��'
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\NSPQP~LY NUOUQLSLOV WXO SKL ^LVS }PVP^P_PSg URY QUMPQ`Q f`M UOL�
� � umi� pp
�� � lmhj �p v� � l��x
s � �u� �p v�[ UY�`VSQLRS mih pp� �[ � mi�x i

JKL UaKPL}LY }U_`L XW �u � WXO SKL }PVP^P_PSg PV V`�aPLRS SX NLOWXOQ NKUVL VSLNNPRwVaURV TPSK X^�LaSV SX X^SUPR NKUVL PQUwLVe JKL }PVP^P_PSg aX`_Y RXS ^L W`OSKLOQXOLLRKURaLY� VPRaL SKL TU}L_LRwSK YPVSOP^`SPXR UOX`RY SKL YLVPwR TU}L_LRwSK TUV SKL_PQPSPRw WUaSXOe JKL PQNUaS XW SKL TU}L_LRwSK YPVSOP^`SPXR PV SKUS PS VQLUOV X`S SKLPRSLOWLOLRaL NUSSLOR PR SKL �OVS JU_^XS N_URL URY SKLOLWXOL YLaOLUVLV SKL }PVP^P_PSge{XO SKL QLUV`OLQLRS TPSK UR X^�LaS SKL NKUVL wOUSPRw URY SKL URU_g~LO wOUSPRw UOLUY�`VSLY PR SKL TUg SKUS SKL wOUSPRw _PRLV UOL NUOU__L_ URY SKLOLWXOL RX �XPO�L WOPRwLVUOL UNNUOLRSe
����� ��
� ����

� 
����
��� ����

JKL X^�LaSV `VLY WXO SKL LMNLOPQLRS TLOL SKL VUQL UV `VLY WXO SKL VPQ`_USPXRe JKLVLTLOL WX`O QLSU_ vJP� d^� �w��Xx OXYV TPSK U �`UYOUSPa NOX�_Le JKL LYwL _LRwSK XW SKLOXYV PV h QQe JKL OXYV TLOL �MLY XR U SKPR N_USL TKPaK TUV QX`RSLY XR SKL KX_YLOXW SKL wXRPXQLSLOe {Pwe|elm VKXTV SKL OLV`_SV XW SKL RL`SOXR PQUwLVe JX X^SUPR SKLVLSKOLL NPaS`OLV SKL NKUVL VSLNNPRw UNNOXUaK TUV `VLY UV LMN_UPRLY PR VLaSPXR �e�e JLRPQUwLV TLOL SU�LR NLO XVaP__USPXR NLOPXY PR SKL NKUVL VSLNNPRw VaURe JKL LMNXV`OL SPQLWXO U VPRw_L OUT PQUwL TUV lm VLaXRYVe {Pwe|elm vUx VKXTV SKL NOXaLVVLY SOURVQPVVPXRPQUwLe �`L SX SKL YP�LOLRS USSLR`USPXR aXL�aPLRSV XW SKL QUSLOPU_V YP�LOLRaLV PRSKL SOURVQPSSLY PRSLRVPSg UOL X^VLO}LYe {Pwe|elm vYx VKXTV U VLaSPXR NOX�_L SKOX`wKSKL aXOOLVNXRYPRw PQUwL YUSUe {`OSKLOQXOL� PS PV RXS LUVg SX YPVSPRw`PVK QUSLOPU_VTPSK OX`wK_g VUQL USSLR`USPXR aXL�aPLRSV _P�L d^ URY �w PR SKL SOURVQPVVPXR PQUwLe{Pwe|elm v̂ x VKXTV SKL NOXaLVVLY NKUVL wOUYPLRS PQUwLe bPRaL SKL }LaSXO aXQNXRLRS XWSKL NKUVL wOUYPLRS PR SKL YPOLaSPXR NLONLRYPa`_UO SX SKL wOUSPRw _PRLV PV aXRVSURS� ^`SX� XNNXVPSL VPwRV WXO ^XSK VPYLV XW SKL OXYV� SKLg UNNLUO YUO� URY ^OPwKSe �`L SX SKLWUaS SKUS JP KUV U RLwUSP}L aXKLOLRS VaUSSLOPRw _LRwSK SKL OLWOUaSP}L PRYLM PV wOLUSLOSKL `RPSge JKLOLWXOL ^XSK VPYLV XW SKL JP OXY KU}L XNNXVPSL aX_XOV SKUR SKL XSKLO OXYVe{Pwe|elm vLx VKXTV U VLaSPXR NOX�_L SKOX`wK SKL aXOOLVNXRYPRw PQUwL YUSUe JKL LMUaS}U_`LV WOXQ SKL VPQ`_USPXR WXO ����� UOL� � hl vJPx� � jl vd^x� � ll| v�Xx URY �|l v�wx y��QQze ZR SKL aUVL XW JP URY d^� SKPV UwOLLV TL__ TPSK X`O QLUV`OLQLRSVeJKL V_PwKS_g VQU__LO QLUV`OLY }U_`LV WXO �X URY �w aX`_Y ^L aU`VLY ^g SKL NOLVLRaLXW PQN`OPSPLV PR SKL QLSU_ X^�LaSV� YLaOLUVPRw SKL L�LaSP}L VaUSSLOPRw _LRwSK YLRVPSgedUOSPa`_UO_g� WXO TLU�_g U^VXO^PRw QUSLOPU_V _P�L d^ URY �w SKL PRSLwOUSLY NKUVL VKPWSVPwRU_ v{PwVe|elm vax�vWxx gPL_Y U KPwKLO aXRSOUVS PR SKL PQUwLe ZS PV PRSLOLVSPRw SX RXSLSKUS JP KUV U RLwUSP}L aXKLOLRS VaUSSLOPRw _LRwSK URY aXRVL�`LRS_g U NXVPSP}L NKUVLVKPWSe JKLOLWXOL SKL JP OXY UNNLUOV YUO� PRVSLUY XW ^OPwKS UV SKL XSKLO OXYV PR SKL X^�LaSNKUVL VKPWS PQUwL PR {Pwe|elm ae JKL LMUaS }U_`LV WOXQ SKL VPQ`_USPXR OLV`_SV WXO SKL
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{Pw`OL |elm� ������ ����� � ����� ��% ������� ���,��� �� ��������% %��� � �� � ���� �$2 ������������- � +����� � �+��. ���% ��$�. ���1$%�� � ����. ��% ��-���� � ��-������ ��% &��� � � �%����� ���,��' ��� !����������� �� ���� ������������ ���-�' �$�/�� �������� ����� �������� ���-� �����' ��� ����-����% ����� ���� � �v���x ��������%���� ����� $1 ����-������' +�� ���-�� ��� ����������% �� � ������ -��1 �����' �%.�.� �(������ ���,��� ���� -� ��� ���������%��- ���-� %��� ��� �3��)$� '
QUMPQ`Q X^�LaS NKUVL VKPWSV � UOL� ljm vJPx� �uj| vd^x� ��mm v�Xx URY �ul� v�wx y�zeJKLVL OLV`_SV YLQXRVSOUSL a_LUO_g SKUS SKL wOUSPRw PRSLOWLOXQLSLO ^UVLY �`URSPSUSP}LNKUVL aXRSOUVS PQUwPRw PV WLUVP^_L TPSK RL`SOXRVe dUOSPa`_UO_g SKL KPwK L�aPLRag vVKXOSLMNXV`OL SPQLVx XW SKL �d[ SLaKRP�`L NOLVLRS U QU�XO VSLN WXOTUOY PR RL`SOXR NKUVLOUYPXwOUNKge
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�L VKXTLY SKUS X`O wOUSPRw ^UVLY RL`SOXR PRSLOWLOXQLSLO aUR gPL_Y ^XSK �`URSPSUSP}LYP�LOLRSPU_ NKUVL aXRSOUVS v�d[x PQUwLV URY NKUVL VKPWS PQUwLV XW X^�LaSVe JKLVL PQ�UwLV UOL VPQ`_SURLX`V_g X^SUPRLY URY aXQN_LQLRSUOg SX SKL aXR}LRSPXRU_ USSLR`USPXRPQUwLe JKPV SLaKRP�`L OL�`POLV _PSS_L VNUSPU_ URY SLQNXOU_ aXKLOLRaL� SK`V SKL QLSKXYPV VPwRP�aURS_g QXOL L�aPLRS SKUR LMPVSPRw SLaKRP�`LVe �R LMNXV`OL SPQL XW lu K WXO
U VPRw_L NKUVL PQUwL QLUV`OLY US UR L�`P}U_LRS RL`SOXR VX`OaL v]USPXRU_ ZRVSPS`SL XWbSURYUOYVx PV OLNXOSLY PR y�a�umm�ze �L aXRa_`YL SKUS X`O QLSKXY� TKPaK OL�`POLVSgNPaU__g lm PQUwLV XW lm VLa LMNXV`OL SPQL WXO U VPRw_L PQUwL� gPL_YV U YLaOLUVL PRLMNXV`OL SPQLV ^g QXOL SKUR U WUaSXO XW K`RYOLYeJKL OLV`_SV VKXT U_VX SKUS SKL OL�`POLQLRSV XR SKL SKOLL wOUSPRwV aUR ^L OLU_P~LYTPSK SKL YL}L_XNLY WU^OPaUSPXR NOXaLVVLV� LVNLaPU__g SKL WU^OPaUSPXR XW SKL VX`OaL URYSKL NKUVL wOUSPRwe JKL OLV`_S XW SKL WU^OPaUSPXR NOXaLVV XW SKL URU_g~LO wOUSPRw TUVV`�aPLRS WXO SKL LMNLOPQLRS ^`S VSP__ aUR ^L PQNOX}LYe JKL LMNLOPQLRSU_ OLV`_SV UOLPR wXXY UwOLLQLRS TPSK SKL NLOWXOQLY VPQ`_USPXRVe�`L SX SKL WUaS SKUS U__ SKL OLV`_SV TLOL X^SUPRLY Y`OPRw SKL �OVS URY SKL XR_g ^LUQSPQL� SKLOL UOL VXQL PQNOX}LQLRSV SX ^L YXRL aXRaLORPRw SKL VLS`Ne �V TL__ SKLOL UOL`RURVTLOLY �`LVSPXRV SX a_UOPWg� PeLe� TKg SKL }PVP^P_PSg PV VX _XT� TKUS UOL SKL PRf`LRaLVXW SKPV URY TKg SKL }PVP^P_PSg KUV PSV QUMPQU WXO U �[ XW me� XW SKL VX`OaL wOUSPRwe
�RXSKLO UPQ WXO SKL W`S`OL PV SX }LOPWg SKL QLUV`OLY }PVP^P_PSg TPSK VPQ`_USPXRV TKPaKPRa_`YL SKL PRf`LRaL XW SKL RL`SOXR VNLaSO`Q� SKL VKUNL XW SKL U^VXO^PRw _PRLV XW SKLURU_g~LO wOUSPRw URY UV TL__ SKL OLVS SOURVQPVVPXR XW SKPV wOUSPRwe{XO SKL W`S`OL� SKL L�aPLRag XW X`O QLSKXY XNLRV `N U TUg SX NLOWXOQ aXQN`SLYNKUVL SXQXwOUNKg TPSK RL`SOXRV PR U OLUVXRU^_L SPQLe {`OSKLOQXOL X`O SLaKRP�`L PVVLRVPSP}L SX PQUwL XSKLO �`URS`Q�QLaKURPaU_ NKUVL VKPWSVe {XO PRVSURaL SKL QUwRLSP�aU__g PRY`aLY NKUVL VKPWS PRVPYL YXQUPRV aUR ^L PQUwLYe ZS PV U_VX WLUVP^_L SX PQUwL SKLYgRUQPaU__g PRY`aLY NKUVL VKPWSV� _P�L SKL {P~LU` L�LaSe bPRaL SKL WU^OPaUSPXR NOXaLVVTUV YL}L_XNLY SX NOXY`aL SKL wOUSPRwV TPSK XNSPaU_ NKXSX _PSKXwOUNKg� SKLOL PV RX X^�VSUa_L SX `NVaU_L SKL VP~L XW SKL wOUSPRwV SX VSUSL�XW�UOS TUWLO VP~L TPSK U YPUQLSLO XW�mm QQe
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1. cleaning the Quartz substrate (Boron free) with isopropanol

2. Sputtering: ( Cr/Gd /Cr multilayer )
· von Ardenne plant

· pAr = 0.2 mbar

· P = 70 W

· U = 500 V

· vacuum pump: 711 Hz (~ 10
-6

mbar)

· 25 nm Cr (rate: 75 nm/min)

· 10 μm Gd (rate: 150 nm/min)

· 1 μm Cr (rate: 750nm/min)

3. Photolithography:
cleaning of the waver with acetone and isopropanol

Spin coating

· S1813, 4000 rpm, 1000 acc, 30 sec

· Softbake, 90° C, 90 sec, on hot plate

Exposure

· photo mask: grid foil with 1120 μm period glued on mask blank

· hard contact, exp.time = 12 sec, gap = 40 μm , Cl 2 = 20 mW/cm
2

Development

· MF84MX, 25-30 sec

4. Plasma etching of Cr masking layer:
· BMP machine (vertical mask etcher)

· program MASK

· 100 sccm Cl2 + 100 sccm CO2

· p = 200 mTorr

· P = max. power

· 1600 sec (rate: 1 nm/sec)

5. hard bake of photoresist on hot plate, 135° C, 3 min

6. Wet chemical etching of Gd layer:
· H2SO4 : H2O 1 : 100 in Teflon container

· 5 min

· rinse with water and dry with N2

7. Inspection: light microscope, α-step height measurement

{Pw`OL �el� � � ����� � �� ��� ��$�������� �� ��� �� ��� -�����-'
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1. oxidation of a [110] oriented Si wafer for a of 110 nm oxide layer

2. Photolithography:
cleaning of the waver with acetone and isopropanol

Spin coating

· S1805, 4000 rpm, 1000 acc, 30 sec

· softbake, 90° C, 90 sec, on hot plate

Exposure

· mask: ICON_g1_64_64_7.94_0.38

· alignment: Flat parallel to grating lines (done with marks on the

photo mask)

· vacuum contact, exp.time = 4 sec, gap = 40 μm , Cl 2 = 20 mW/cm
2

Development

· MF84MX, 25-30 sec

3. Plasma etching of SiO2 (RIE) :
· Oxford Plasma Lab 100

· program GC62SIO2

· 10 sccm CHF3 + 10 sccm O2

· T = 300 K, p = 100mTorr, P = 100 W

· t = 5 min

4. Plasma etching of photo resist:
· Tepla 300 plasma processor

· program 01

· 550 sccm O2

· P = 700 W

· t = 5 min

Wet chemical etching of Si ( KOH):
BOE dip with the wafer for 5 sec

· KOH bath 76° C, 20 % in H2O

· 24.6 min @ 1,5 μm/min etching rate

· flush with water (4 times)

· rinse with Isopropanol and dry with N2

6. Wet chemical etching (BOE) :
· BOE in Teflon container

· 3 min

· flush with water (4 times)

· rinse with isopropanol and dry with N2

7. Inspection: Light microscope, SEM (topview, crossection)

{Pw`OL �eu� � � ����� � �� ��� ��$�������� �� ��� ����� -�����-'
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1. oxidation of a [110] oriented Si wafer for a of 60 nm oxide layer

2. Photolithography:
cleaning of the waver with acetone and isopropanol

Spin coating

· S1805, 4000 rpm, 1000 acc, 30 sec

· softbake, 90° C, 90 sec, on hot plate

Exposure

· photo mask: Talbot_64_64_4,00_55

· alignment: flat parallel to grating lines (done with marks on the photo

mask)

· vacuum contact, exp.time = 7 sec, gap = 40 μm , Cl 2 = 20 mW/cm
2

Development

· MF84MX, 25-30 sec

3. Plasma etching of SiO2 (RIE) :
· Oxford Plasma Lab 100

· program GC62SIO2

· 10 sccm CHF3 + 10 sccm O2

· T = 300 K, p = 100mTorr, P = 100 W

· t = 3 min

4. Plasma etching of photo resist:
· Tepla 300 plasma processor

· Program 01

· 550 sccm O2

· P = 700 W

· t = 5 min

Wet chemical etching of Si ( KOH):
BOE dip with the wafer for 5 sec

· KOH bath 76° C, 20 % in H2O

· 4 min @ 1,5 μm/min etching rate

· flush with water (4 times)

· rinse with Isopropanol and dry with N2

6. Wet chemical etching of SiO2 (BOE) :
· BOE in Teflon container

· 3 min

· flash with water (4 times)

· rinse with Isopropanol and dry with N2

7. Inspection: light microscope, SEM topview for Si bar width s

8. Evaporation of Gd :
· Balzer BAE 250 thermal evaporator

· mounting of the grating with an angle α = 16° and lines

parallel to the evaporation boat

· l = 30 cm => x = 8.6 cm

· vacuum: ~10
-6

mbar

· power control: 6

· evaporation rate indicated with balance quartz: ~1 nm/sec

· evaporation height h: h = (s-p2(1-DC)) / tan α

· deviation of balance quartz - SEM: 30-40% more on balance quartz

9. Inspection: SEM (topview, cross section)
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�R YPLVLO bSL__L Q�XaKSL PaK U__ �LRLR� YPL ~`Q 
L_PRwLR YPLVLO �PN_XQUO^LPS `RY QLPRLQbS`YP`Q ^LPwLSOUwLR KU^LR� YUR�LRe	LOO dOXWe �Oe ZKOPRwLO Q�XaKSL PaK W �̀O VLPRL VNXRSURL �LOLPSVaKUWS� YPLVL �PN_XQUO�^LPS LMSLOR ~` ^LSOL`LR� YUR�LRe \KRL YPLV T�UOL YUV �`VSURYL�XQQLR YPLVLO �O^LPSRPLQU_V Q�Xw_PaK wLTLVLRe �LP 	LOO dOXWe baKOLP^LO Q�XaKSL PaK QPaK ^LYUR�LR� YUVV LOVPaK U_V �TLPSw`SUaKSLO ^LOLPS LO�_�UOS KUSe
�LPRLR ^LPYLR �LSOL`LOR UQ dbZ� �Oe [KOPVSPUR �U}PY `RY �Oe {OUR~ dWLP�LO�Q�XaKSL PaK KPLOQPS wUR~ ^LVXRYLOV YUR�LRe \KRL PKOL ZYLLR `RY 	P_WL K�USSL YPLVL

�O^LPS PR YLQ LPRLR �UKO `RY PR YLQ U`VW �̀KO_PaKLR �UKQLR RPaKS }LOTPO�_PaKS TLOYLR��XRRLRe�PR wOXVVLV �UR�LVaK�XR wP_S �Oe \_P}LO �`R� W �̀O VLPR PQQLO X�LRLV \KO W �̀O U__LQ�Xw_PaKLR {OUwLR `RY VLPRL U`VYU`LORYL 	P_WL ^LPQ �`VUQQLRVaKOLP^LR YLO �O^LPSe\KRL PKR T�UOL PaK VPaKLO_PaK }LO~TLPWL_Se
�LYUR�LR Q�XaKSL PaK QPaK U`aK ^LP �Oe ZUR �XKRVXR vSKL ^XVVx `RY �Oe �P__PNbUSUNUSKg vSKL aKPLWx W �̀O YUV �XOOL�S`O_LVLR YLO �PN_XQUO^LPS `RY YPL �Rw_PVaK�XOOL��S`OLRe
�LP 
U^OPL_ {OLP Q�XaKSL PaK QPaK ^LYUR�LR W �̀O YPL 	P_WL ^LPQ �`W^U`LR YLV �MNLO�PQLRSLV UR YLO ^LUQ _PRLe�PR wUR~ wOXVVLO �UR� wP_S U`aK QLPRLR wUR~LR bS`YPLR�X__LwLR� YPL QPaK �̀^LOYPL UaKS bLQLVSLO _URw ^Lw_LPSLS KU^LRe �dOXWe� �RYOLUV 
`QURR YUR�L PaK W �̀O YPLTPO�_PaK SX__L �LPS T�UKOLRY YLR dOU�SP�`QV}LOV`aKLR `RY YLO 	P_WL ^LP V�UQS_PaKLR��^`RwV^_�USSLORe �LR�UQPR bX^XSSU� �PaKUL_ bNURRXTV�g� �aKPQ ]XRRLRQUaKLO�

�PaKUL_ {OXQQ� �USSKPUV 	XWQURR `RY �UOPR �UOPURXTV�P YUR�L PaK W �̀O SX__LR }PLO
�UKOL `RY YPL PQQLO TPLYLO _`VSPwLR �PV�`VVPXRLR ^LPQ �PSSUwLVVLRe �LORKUOYJKXQUV~LTV�P YUR�L PaK W �̀O YPL ��LSS`Rw�QLPRLV bS`YP`QV `RY YUV YUQPS }LO^`RYLRL
�PLO U`W YLQ �UO�SN_US~e

�LPRLR �
��X__LwLR U`V J �̀^PRwLR� �PaKUL_ ��PaKL_ YL �Pa�L� �La�LO� �XQLRP�baKR`OO� �UO_ bPNNL_� �LRRPV �XaKQURR `RY �USSKPUV 
O`LR~TLPw }XR YLO {�UVV_L��
vTTTeWULVV_L�TweYLx YUR�L PaK W �̀O YPL PQQLO wLP_L �LPS� YPL TPO ~`VUQQLR QPS YLQLPRLR XYLO URYLOLR {�UVV_L KUSSLRe�^LRVX YUR�L PaK QLPRLR �
��X__LwLR U`V �PRP�LR vJKL �PRP�LR�Vx \R�L_ �`OUS �g�\R�L_ {_XOPUR dPLwVU `RY \R�L_ �URPL_ �XV bURSXV [X}PSU W �̀O YPL SX__L �LPS vLV _L^LYLO dUNVS^U_�XR�xe
�LPRLQ baKR`a�L_N`S~ YUR�L PaK W �̀O YUV VS`RYLR_URwL ��XNWaKLR�OU`_LR T�UKOLRYYLQ �LORLR U`W YPL �PN_XQNO �̀W`RwLRe
�LPR _LS~SLO `RY ~`w_LPaK wO�XVVSLO �UR� wP_S QLPRLR �_SLOR `RY QLPRLQ �O`YLO W �̀O
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ZKOL `RLOQ �̀Y_PaKL 	P_WL `RY �RSLOVS �̀S~`Rw T�UKOLRY YLV bS`YP`QV `RY YUV 	LOSOU`LRPR QPaKe 	XO U__LQ Q�XaKSL PaK QPaK ^LP QLPRLR �_SLOR W �̀O YPL �RUR~PL__L �RSLOVS �̀S~`RwT�UKOLRY YLV bS`YP`QV ^LYUR�LRe ZaK KX�L� YUVV PaK PKRLR QPS YPLVLO �O^LPS LPR �_LPRLV�UR�LVaK�XR ~`O �̀a�wL^LR �URRe �UR�LR Q�XaKSL PaK U`aK RXaK LPRQU_ QLPRLQ dUNU`RY QLPRLQ �O`YLO W �̀O YPL }PL_LR �JUMPWUKOSLR� RUaK J �̀^PRwLR `RY PR YPL baKTLP~e
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�PL }XO_PLwLRYL �PN_XQUO^LPS KU^L PaK `RSLO 	LOTLRY`Rw YLO URwLwL^LR �PSLOUS`OVL_^VS�URYPw }LOWUVVSe �V T`OYLR YU^LP �LPRL URYLOLR U_V YPL URwLwL^LRLR c`L__LR `RY
	P_WVQPSSL_ }LOTLRYLSe

J �̀^PRwLR� YLR uje �NOP_ umm|
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