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���,QWURGXFWLRQ
3LH]RHOHFWULF�FHUDPLFV�LV�DPRQJ�PDWHULDOV

RI� KLJK� LPSRUWDQFH� IRU� GLIIHUHQW� DUHDV� RI
WHFKQLFDO� DSSOLFDWLRQV� VXFK� DV� HOHFWURQLFV�
WHOHSKRQ\�� K\GURDFRXVWLFV�� DWRPLF� HQJLQHHU�
LQJ�� DXWRPDWLFV�� WKH� VSDFH� DQG�DYLDWLRQ� HQ�
JLQHHULQJ�� PHGLFLQH�� HWF�� $PRQJ� H[LVWLQJ
SLH]RHOHFWULF� FHUDPLF� PDWHULDOV�� WKH� PRVW
ZLGHO\�XVHG�LV�WKDW�EDVHG�RQ�WKH�OHDG�]LUFRQ�
DWH�WLWDQDWH� �3=7�� VROLG�VROXWLRQV�GXH�WR� LWV
XQLTXH�SURSHUWLHV�DQG�KLJK�WHFKQRORJLFDO�HI�
IHFWLYHQHVV�� ,WV� RQO\� GLVDGYDQWDJH� LV� WKH
OHDG�SUHVHQFH�LQ�FRPSRVLWLRQ�

7KH� V\VWHP� RI� VRGLXP�SRWDVVLXP� QLREDWH
�.1E2�±1D1E2��� VROLG� VROXWLRQV� LV� FRQVLG�HUHG� DV� RQH� RI� WKH� PRVW� SURVSHFWLYH� OHDG�
IUHH�V\VWHPV�>�Ü�@���.�1D�1E2��EDVHG�SLH]R�FHUDPLFV� VKRZV� QXPHURXV� YDOXDEOH� SURSHU�

WLHV� FRQFHUQLQJ� ILUVW� RI� DOO� WR� KLJK� &XULH
SRLQW� �a� ����&�� DQG� D� FRPELQDWLRQ� RI� ORZ
GLHOHFWULF�FRQVWDQW�YDOXH�DQG�UHODWLYHO\�KLJK
SLH]RHOHFWULF�PRGXOHV�

8QOLNH� 3=7� VROLG� VROXWLRQV�� WKH� .1E2�±1D1E2�� V\VWHP� LV� OHVV� FRPSUHKHQVLYHO\VWXGLHG�� ,W� LV� OHVV� SUDFWLFDOO\� IHDVLEOH� EH�
FDXVH� RI� WKH� QDWXUDO� WUHQG� WR� IRUPDWLRQ� RI
VHFRQGDU\� SKDVHV� >�@�� YHU\� QDUURZ� �DERXW
���&�� VLQWHULQJ� WHPSHUDWXUH� LQWHUYDO� DQG
KLJK�YRODWLOLW\�RI�SRWDVVLXP�R[LGH�UHVXOWLQJ
LQ�SRRU�UHSURGXFLELOLW\�RI�WKH�FHUDPLFV�SURS�
HUWLHV�DQG� OHYHO� WKHUHRI��7KHUHIRUH��QRZ� LQ�
YHVWLJDWLRQV� DUH� FDUULHG� RXW� GLUHFWHG� WR
HOLPLQDWLRQ�RI� VDLG� GLVDGYDQWDJHV��2QH�ZD\
WR�FRQWURO�WKH�FHUDPLFV�SURSHUWLHV�LV�PRGLIL�
FDWLRQ�RI�LWV�FKHPLFDO�FRPSRVLWLRQ��7KH�SXU�
SRVH� RI� WKLV�ZRUN� LV� WR� VWXG\� WKH� LQIOXHQFH
RI�RQH���ELYDOHQW�GRSLQJ�HOHPHQWV�DV�ZHOO�DV
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HOHPHQWV� ZLWK� YDULDEOH� YDOHQFH� RQ� WKH
�.���1D����1E2�� VROLG� VROXWLRQ� �.11�� V\Q�WKHVLV� SURFHVV�� VLQWHUDELOLW\� RI� WKH� V\QWKH�
VL]HG� SRZGHUV�� DQG� HOHFWURSK\VLFDO� SURSHU�
WLHV�RI�SLH]RFHUDPLFV�REWDLQHG�

���([SHULPHQWDO
7R�SUHSDUH� WKH�XQPRGLILHG� DQG�PRGLILHG

VRGLXP�SRWDVVLXP� QLREDWH� ��.���1D����1E2��WKH� VROLG� VWDWH� V\QWKHVLV� WHFKQLTXH� ZDV
XVHG�� 7KH� R[LGHV� DQG� FDUERQDWHV� RI� FRUUH�
VSRQGLQJ�PHWDOV�ZHUH�XVHG�DV�VWDUWLQJ�PDWH�
ULDOV��7KH�V\QWKHVLV�ZDV�FDUULHG�RXW�DW����Ü
�����&� GXULQJ� �Ü��� K�� GHSHQGLQJ� RQ� WKH
PDWHULDO� FRPSRVLWLRQ�� $IWHU� V\QWKHVLV�� WKH
VSHFLILF� VXUIDFH� RI�SRZGHUV�ZDV�GHWHUPLQHG
E\�WKH�%(7�PHWKRG�>�@��7KH�HIIHFWLYH�GLDPH�
WHU�RI�SRZGHU�SDUWLFOHV�ZDV�GHWHUPLQHG�IURP
WKH�IRUPXOD��

GFS� � �
U���6XG

ZKHUH�U� LV� WKH�SRZGHU�GHQVLW\� �J�P����6XG�WKH�VSHFLILF�VXUIDFH��P��J��
7KH� �� PP� WKLFN� FHUDPLF� VDPSOHV� RI

���PP� GLDPHWHU� ZHUH� VLQWHUHG� LQ� WKH� WHP�
SHUDWXUH� UDQJH� RI� ����Ü�����&� �GHSHQGLQJ
RQ� GRSLQJ� HOHPHQWV�� GXULQJ� �Ü�� K� DW� WKH
KHDWLQJ� UDWH� ����&�K�� 7KH� TXDOLW\� RI� FH�
UDPLF�HOHPHQWV�ZDV�FRQWUROOHG�E\�GHWHUPLQ�
LQJ� WKH� JHRPHWULFDO� GHQVLW\�� DV� ZHOO� DV� WKH
DSSDUHQW� GHQVLW\� DQG� SRURVLW\� E\� K\GUR�
VWDWLF�ZHLJKLQJ��/L��0J��6U��0Q�ZHUH�XVHG�DV
GRSLQJ�HOHPHQWV�LQ�WKH�DPRXQW�RI���DW�����

7KH�;�UD\�DQDO\VLV�ZDV�FDUULHG�RXW�XVLQJ
D� '521��� GLIIUDFWRPHWHU� LQ� ILOWHUHG� &X.D
UDGLDWLRQ�� 0LFURVFRSLF� UHVHDUFKHV� ZHUH� FDU�
ULHG�RXW�XVLQJ�WUDQVPLVVLRQ�HOHFWURQ�PLFURV�
FRS\� �7(0�� �-(0����PLFURVFRSH�� DQG� VFDQ�
QLQJ� HOHFWURQLF� PLFURVFRS\� �6(0�� �-60�
����/9� PLFURVFRSH�� -(2/�� -DSDQ��� 7KH
GLHOHFWULF� FRQVWDQW� DQG� GLHOHFWULF� ORVVHV� LQ
ZHDN� $&� HOHFWULF� ILHOGV� ZHUH� PHDVXUHG� DW
��N+]�IUHTXHQF\��7KH�SLH]RHOHFWULF�SDUDPH�
WHUV� ZHUH� PHDVXUHG� E\� WKH� UHVRQDQFH
PHWKRG� DFFRUGLQJ� WR� >�@�� 7KH� SLH]RHOHFWULF
PRGXOH� G��� ZDV� GHWHUPLQHG� E\� WKH� VWDWLF�%HUOLQFRXUW��PHWKRG�DFFRUGLQJ� WR�WKH�VDPH
VWDQGDUG�>�@��

���5HVXOWV�DQG�GLVFXVVLRQ
7KH�;5'�DQDO\VLV�VKRZV�WKH�SUHVHQFH�RI

1D�&2���.�&2��� DQG�1E�2�� �LQLWLDO� FRPSR�QHQWV�� LQ� WKH� UHDFWLRQ�PL[WXUHV� VLQWHUHG� DW
WHPSHUDWXUHV�ORZHU�WKDQ�����&��$W�WKH�IXU�
WKHU�VLQWHULQJ�WHPSHUDWXUH�HOHYDWLRQ��WKH�LQ�
GLYLGXDO�FRPSRXQGV�.1E2��DQG�1D1E2��DS�SHDU��$W�����&� �)LJ������ D� UHDFWLRQ�PL[WXUH

FRQWDLQV� FRQVLGHUDEOH� DPRXQWV� RI� WKH� VROLG
VROXWLRQ� ZLWK� SVHXGR�FXELF� SHURYVNLWH
.1E2��EDVHG�VWUXFWXUH�ZLWK�WKH�ODWWLFH�SH�
ULRG� D� ������c�� $QRWKHU� 1D1E2�� EDVHGVROLG�VROXWLRQ� �ZLWK�SVHXGR�FXELF�SHURYVNLWH
VWUXFWXUH��WRR��ZLWK�WKH�ODWWLFH�SHULRG�D� ������c
DSSHDUV�DOVR��6LJQLILFDQW�DPRXQWV�RI�1E�2�DUH� VWLOO� SUHVHQW� DV� ZHOO� DV� 1D�&2�� �LQVPDOOHU�DPRXQWV���$W�����&��WKH�IUDFWLRQ�RI
SHURYVNLWH� FRPSRQHQWV� LQ� WKH� UHDFWLRQ�PL[�
WXUH� LQFUHDVHV�� ,Q� WKH� WHPSHUDWXUH� LQWHUYDO
���Ü����&��FKHPLFDO�LQWHUDFWLRQ�SURFHVV�EH�
WZHHQ� WZR� VROLG� VROXWLRQV� LV� FRQWLQXHG�� $W
�����&�� WKH� IUDFWLRQ� RI� .1E2�� EDVHG� VROLGVROXWLRQ�LQFUHDVHV�DW�WKH�H[SHQVH�RI�1D1E2�EDVHG� RQH�� 7KH� FXELF� VWUXFWXUH� RI� FU\VWDO
ODWWLFH� WXUQV�WR�RUWKRUKRPELF��7KH�VROLG�VR�
OXWLRQ�RQ�WKH�EDVH�RI�1D1E2��VWLOO�UHPDLQV�EXW� LWV� DPRXQW� LV� UDWKHU� VPDOO��$W������&�
LQWHUDFWLRQ� EHWZHHQ� WZR� VROLG� VROXWLRQ� V\V�
WHPV� EHFRPHV� FRPSOHWHG�� 7KH� VLQJOH�SKDVH
SURGXFW� RI� WKH� �1D���.����1E2�� FRPSRVLWLRQZLWK�ZHOO�H[SUHVVHG�FU\VWDO�VWUXFWXUH�DQG�WKH
RUWKRUKRPELF� ODWWLFH� SDUDPHWHUV� D� �������c�
E� �������c��F� �������c� LV�REWDLQHG��7DEOH
�� SUHVHQWV� FKDUDFWHULVWLFV� RI� REWDLQHG�.11
SRZGHU� DQQHDOHG� DW� WZR� GLIIHUHQW� WHPSHUD�

)LJ�����;�UD\�SDWWHUQV� RI�.11�SRZGHUV� V\Q�
WKHVL]HG�DW�GLIIHUHQW� WHPSHUDWXUHV��6LQWHULQJ
WHPSHUDWXUHV� DUH� PDUNHG� QHDU� WKH� SDWWHUQV�
7KH� VLQWHULQJ� WLPH� LV� �� K�� 1RWDWLRQV�� R�
.1E2��EDVHG�VROG� VROXWLRQ��[��1D1E2��EDVHGVROLG�VROXWLRQ��Y���1D�&2��
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WXUHV��(OHFWURQLF�7(0�LPDJHV�RI�WKH�SRZGHU
DQQHDOHG�DW������&�DUH�VKRZQ�LQ�)LJ�����

$V�;�UD\�DQDO\VLV�KDV�VKRZQ��GXULQJ�WKH
V\QWKHVLV� RI� �.���1D����1E2�� EDVHG� VROLG� VR�OXWLRQ�PRGLILHG�ZLWK� /L��0J��6U� RU�0Q�� WKH
VDPH�VHTXHQFH�RI�VROLG�VWDWH�UHDFWLRQV�LV�RE�
VHUYHG� DV� LQ� WKH� FDVH� RI� XQPRGLILHG� VROLG
VROXWLRQ�� 7KH� SRZGHUV� V\QWKHVL]HG� DW
�����&� DUH� VLQJOH�SKDVH� SURGXFWV� ZLWK
UKRPELF� SHURYVNLWH� FU\VWDO� VWUXFWXUH�� 7KH
GHQVLW\� DQG� PLFURVWUXFWXUH� RI� XQPRGLILHG
DQG� PRGLILHG� SRWDVVLXP�VRGLXP� QLREDWH� FH�
UDPLFV� VLQWHUHG� DW� �����&� DUH� SUHVHQWHG� LQ
7DEOH���DQG�LQ�)LJ�����UHVSHFWLYHO\��

7KH�PD[LPXP�FHUDPLFV�GHQVLW\�DIWHU�VLQ�
WHULQJ�LV�DWWDLQHG�LQ�FDVH�RI�6U�DQG�0Q�GRS�
LQJ�� ZKHUHDV�� LQ� FRQWUDVW��0J� UHGXFHV� GHQ�
VLW\� RI� VLQWHUHG� FHUDPLFV�� $V� IROORZV� IURP
)LJ�����WKH�FHUDPLFV�JUDLQV�VKRZ�D�PRUSKRO�
RJ\�FORVH� WR� FXELF�DQG�DUH�DUUDQJHG�FKDRWL�
FDOO\�� 7KH� ODUJHVW� DQG� ZHOO� IRUPHG� JUDLQV�
FU\VWDOOLWHV� DUH� REVHUYHG� LQ� WKH� FDVH� RI� FH�
UDPLFV�PRGLILHG�E\�6U�DQG�0Q���

7KH� HOHFWURSK\VLFDO� FKDUDFWHULVWLFV� RI
SXUH� DQG� PRGLILHG� �.���1D����1E2�� EDVHGSLH]RHOHFWULF�FHUDPLFV�DUH�SUHVHQWHG�LQ�7DEOH
���,W�LV�VHHQ�WKDW�VWURQWLXP�LV�D�W\SLFDO�VRIW
IHUURHOHFWULF� GRSLQJ� HOHPHQW�� ,W� UDLVHV� WKH
GLHOHFWULF� FRQVWDQW� H�� SLH]RHOHFWULF� PRGXOHV
G���DQG�G����WKH�HOHFWURPHFKDQLFDO�IDFWRU�NU�

)LJ����� 7(0� LPDJHV� RI�.11�SRZGHU� V\QWKH�
VL]HG�DW������&�

7DEOH����6\QWKHVLV�FRQGLWLRQV�DQG�SURSHUWLHV�RI�.11�SRZGHUV

6\QWKHVLV�FRQGLWLRQV 0HWKRG�RI�PHDVXUHPHQW�
7HPSHUDWXUH���& 7LPH��K %(7 7(0

6XG��P��J GFS��PP GFS��PP�
��� � ���� ���� ����
���� � ���� ���� ����

7DEOH����'HQVLW\�RI�.11�FHUDPLFV�ZLWK�GLIIHUHQW�GRSLQJ�HOHPHQWV
'RSLQJ�HOHPHQW /L 0J 6U 0Q :LWKRXW�GRSLQJ

HOHPHQWV�
'HQVLW\��J�FP� ���� ���� ���� ���� ����

5HODWLYH�GHQVLW\��� ���� ���� ���� ���� ����

7DEOH����(OHFWURSK\VLFDO�SURSHUWLHV�RI��.���1D����1E2��EDVHG�SLH]RHOHFWULF�FHUDPLFV
&RPSRVL�
WLRQ H���H����N+]�

WJG���
���N+]�

G����S&�1 NU G����S&�1 J���P9�P�1Ü�
9VRXQG��P�V

7F���& U��J�FP�

/HDG�IUHH�SLH]RHOHFWULF�FHUDPLFV��UHVXOWV�IURP�WKLV�ZRUN�
.11 ��� ���� �� ���� ��� �� ���� ��� ����

.11�/L ��� ���� �� ���� ��� �� ���� ��� ����

.11�6U ��� ���� �� ���� ��� �� ���� ��� ����

.11�0Q ��� ���� �� ���� ��� ��� ���� ��� ����
/HDG�FRQWDLQHG�SLH]RHOHFWULF�FHUDPLFV��FRPPHUFLDO�

&�vv���VRIW�)( ����r��� d� t��� t���� t��� ��Ü�� ���� t��� t���
&�vv���KDUG�)( ����r��� d���� t��� t���� ���Ü��� ��Ü�� ���� ��� t���
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SLH]RVHQVLWLYLW\� J���� DV� ZHOO� DV� UHGXFHV� WKH&XULH�SRLQW��6U���FDWLRQ�KDV�D�KLJKHU�YDOHQF\
WKDQ� WKH� LRQV� EHLQJ� UHSODFHG� �.��� 1D��� DQG
UHVXOWV�LQ�IRUPDWLRQ�RI�YDFDQFLHV�LQ�$�VXEODW�
WLFH� RI� SHURYVNLWH� FU\VWDO� FHOO� ZLWK� JHQHUDO
IRUPXOD�$%2���JLYLQJ�WKH�JHQHUDO�IRUPXOD�RIVXEVWDQFH�DV��.���1D�����±�[6U[�[1E2��7KH� LVRYDOHQW�/L�� DOVR� SURPRWHV� VRIW� IHU�
URHOHFWULF�SURSHUWLHV�RI�FHUDPLFV��%XW�LQ�WKLV
FDVH�� WKH� VDLG� SURSHUWLHV� DUH� OHVV� SUR�
QRXQFHG�� 8QOLNH� 6U���� OLWKLXP� FDWLRQ� KDV
�6��HOHFWURQ�VWUXFWXUH��7KH�HQWU\�RI�OLWKLXP
LRQV� LQWR� WKH� FU\VWDO� ODWWLFH� FDXVHV� IRUPD�
WLRQ�RI�WKH�VROLG�VROXWLRQ�ZLWK�WKH�FKHPLFDO
IRUPXOD��.���1D�����±[/L[1E2���0Q�LRQV�LQFUHDVH�WKH�SLH]RHOHFWULF�PRGXOH
G��� DV� D� VRIW� IHUURHOHFWULF� DGGLWLYH�� EXW� UH�GXFH�H�DQG�WJ�G�DV�D�KDUG�IHUURHOHFWULF�RQH�
$W�PDQJDQHVH� R[LGDWLRQ�GHJUHH����Ü���� WKH
VXEVWLWXWLRQ� RI� QLRELXP� LRQV� ZLWK� PDQJD�
QHVH� RQHV� LV�PRVW� SUREDEOH� �RQ� WKH� EDVLV� RI
FU\VWDO� FKHPLVWU\��� 7KH� PDQJDQHVH� GLVVROX�
WLRQ� SURFHVV� LQ� D� SRWDVVLXP�VRGLXP�QLREDWH
FU\VWDO� ODWWLFH� FDQ� EH� H[SUHVVHG� E\� WKH� IRU�
PXOD� �.���1D����1E�±[0Q[±D��0QD��2�±G�� $QLQWHUVWLWLDO� SRVLWLRQ�RI�0Q��� LV�DOVR�SRVLLEOH
GXH�WR�LWV�VPDOO�LRQLF�UDGLXV�

7KH�PDQJDQHVH�GRSHG��.���1D����1E2��FH�UDPLFV� VKRZV� WKH� SLH]RHOHFWULF� PRGXOH� G��ODUJHU�WKHQ�IRU�IRUHLJQ�DQDORJV�>�@��7KH�SLH�
]RHOHFWULF� VHQVLWLYLW\� J��� H[FHHGV� DOPRVW�� WLPHV� WKDW� RI� ERWK� WKH� EHVW� IRUHLJQ� OHDG�
IUHH�DQDORJV�DQG�WKH�EHVW�SLH]RHOHFWULF�PDWH�
ULDOV� RQ� WKH� EDVH� RI� 3=7� VROLG� VROXWLRQV� >�@�
7KH� REWDLQHG� UHVXOWV� DUH� RI� D� KLJK� SUDFWLFDO
LPSRUWDQFH��7KH�OHDG�IUHH�SLH]RHOHFWULF�FHUDP�
LFV� ZLWK� KLJK� VHQVLWLYLW\� LQ� D� FRPELQDWLRQ
ZLWK� WKH� KLJK� GHJUHH� RI� HFRORJLFDO� VDIHW\� LV
HVSHFLDOO\� SURVSHFWLYH� IRU� DSSOLFDWLRQ� LQ� WKH
PHGLFDO� GLDJQRVWLF� WHFKQLTXHV� DV� ZHOO� DV� LQ
GHYLFHV� IRU�QRQGHVWUXFWLYH�FRQWURO��KLJK�WHP�
SHUDWXUH� VHQVRUV�� KLJK�IUHTXHQF\� FRQYHUWHUV
DQG�RWKHU�HQJLQHHULQJ�GHYLFHV�

���&RQFOXVLRQV�
7KH� IHDWXUHV� RI� WKH� SRWDVVLXP�VRGLXP

QLREDWH� IRUPDWLRQ� SURFHVV� KDYH� EHHQ� VSHFL�
ILHG�DQG�WHPSHUDWXUH�LQWHUYDOV�RI�IRUPDWLRQ
RI� LQGLYLGXDO� VROLG� VROXWLRQ� FRPSRQHQWV
KDYH� EHHQ� IRXQG�� 7KH� LQIOXHQFH� RI� GRSLQJ
HOHPHQWV�VXFK�DV�/L��0J��6U��DQG�0Q�RQ�WKH
VLQWHULQJ� WHPSHUDWXUH� DQG� GHQVLW\� RI
�.���1D����1E2��EDVHG�FHUDPLFV�KDV�EHHQ�HV�WDEOLVKHG�� 7KH�PD[LPDO� GHQVLILFDWLRQ� RI� FH�
UDPLFV�LV�DWWDLQHG�DW�LQWURGXFWLRQ�RI�6U�DQG
0Q�DV�GRSLQJ�HOHPHQWV��ZKHUHDV�0J��RQ�WKH
FRQWUDU\��UHGXFHV�WKH�GHQVLW\�RI�VLQWHUHG�FH�
UDPLFV�� 6DLG� GRSLQJ� HOHPHQWV� HQWHU� LQWR
SHURYVNLWH� FU\VWDO� VWUXFWXUH� RI� SRWDVVLXP�

)LJ����� 0LFURVWUXFWXUH� RI� .11� FHUDPLFV� RE�
WDLQHG� E\� 5(0�PHWKRG�� ZLWKRXW� GRSLQJ� HOH�
PHQWV��D���GRSHG�ZLWK�Ü�ZLWK�/L��E���0J��F���6U
�G���0Q��H��

/�*�*XVDNRYD�HW�DO����0RGLILHG�SRWDVVLXP�VRGLXP����

)XQFWLRQDO�PDWHULDOV������������� ���



VRGLXP� QLREDWH�� /L�� DQG� 6U��� RFFXS\� PRVW
SUREDEO\� WKH� ODWWLFH� $�VLWHV�� 0Q� LRQV� PD\
RFFXS\�ERWK�$��DQG�%�SRVLWLRQ��GHSHQGLQJ�RQ�R[L�
GDWLRQ�GHJUHH��RU� LQWHUVWLWLDOV��7KH�SRWDVVLXP�VR�
GLXP� QLREDWH� FHUDPLFV� ZLWK�6U��� DV� GRSLQJ� HOH�
PHQW�VKRZV�VRIW�IHUURHOHFWULF�SURSHUWLHV��DQG�WKLV
LRQ�UHGXFHV�WKH�&XULH�SRLQW��/L��LRQV��RQ�WKH�FRQ�
WUDU\�� UDLVH� WKH� IHUURHOHFWULF� KDUGQHVV�� ,QWURGXF�
WLRQ�RI�0Q�LRQV�SURPRWHV�GHFUHDVLQJ�H�DQG�WJ�G�
LQFUHDVLQJ� SLH]RHOHFWULF� PRGXOXV� G��� DQG� SLH]R�HOHFWULF�VHQVLWLYLW\�J����7KH�SLH]RHOHFWULF�PRGXOXVG��� H[FHHGV� WKH� YDOXHV� REWDLQHG� LQ� RWKHU� UH�VHDUFKHV�� DQG� SLH]RHOHFWULF� VHQVLWLYLW\� J��� LV� DO�PRVW���WLPHV�KLJKHU�WKDQ�WKDW�IRU�WKH�EHVW�VDP�
SOHV�RI�3=7�FHUDPLFV��

5HIHUHQFHV
� ���%�<DIIH�� 8�&RRN�� *�<DIIH�� 3LH]RHOHFWULF� &H�

UDPLFV�� /RQGRQ� 1<� $FDGHPLF� 3UHVV� �������
%�<DIIH�� 8�&RRN�� *�<DIIH�� 3LH]RHOHFWULF� &H�
UDPLFV��0LU��0RVNRZ�������>LQ�5XVVLDQ@��

� ���)�)DLUEURWKHUV��7KH�&KHPLVWU\�RI�1LRELXP�DQG
7DQWDOXP���(OVHYLHU�3XEO��&R��/RQGRQ��������

� ���(�5LQJJDDUG��7�:XUOLW]HU��-��(XURS��&HUDP��6RF��
����������������

� ���-�3�3DXOD�� 5�3DUUD�� $�0DULD�� 6ROLG� 6WDWH
&RPPXQ��������������������

� ���6�%UXQDXHU�� 3�+�(PPHWW�� (�7HOOHU�� -��$PHU�
&HU��6RF������������������

� ���,(((� 6WDQGDUG� RQ� 3LH]RHOHFWULFLW\�� ,(((
6WDQGDUG���������

� ���<�6DLWR�� +�7DNDR�� 7�7DQ�� 1DWXUH�� ����� ��
�������

rËÏ°mÒÓ�ËmÈ�¹�¼ÏºËãË}�¯Ò�ÓÈ�}Ë¯ÈäL}ÈÓÈ�º°ÓºmL�äº�ÒÁL}ºmÈÓº�º�ÓLº­È���}ÈãL
�ÓÈ�¯L

������°È}ºmÈ��{�l�,��}��l���zÒ°Lã	�i�{�z�ÏËÓ}º��l�k�v¹L¯L�ºÓºm�

iº°ãL�ÎËÓº�m¹ãÒm�ãË��
�Ò²�ËãËäËÓ�Lm�/L��0J��6U��0Q�ÓÈ��äºmÒ�°ÒÓ�ËÏ���°¹L}ãÒmL°�	
�È� ËãË}�¯ºÁLÏÒ�ÓL� mãÈ°�Òmº°�L� ­ËÏ°mÒÓ�Ëmº��¹�¼ÏºËãË}�¯Ò�Óº��}Ë¯ÈäL}Ò�ÓÈ� º°ÓºmL��mË¯�
�º�º� ¯ºÏ�ÒÓ�� �.���1D����1E2��� |�¯ÒäÈÓL� ËÁË}�Ò� �º­¯Ë� �Ï�º�Î�
�	°«� Ï� °��È°ÓÒäÒ� �«m�ãËÓÓ«äÒ�¹¯º� °Ë�ÓË�ºÎº¯°�}L� L� °Ë�ÓË�ºä�«}L�²LäL�ÓL� ËãËäËÓ�Ò��sÈ�­ÈÏL�äº�ÒÁL}ºmÈÓº�º
äÈ¯�ÈÓ�Ëä� �mË¯�º�º� ¯ºÏ�ÒÓ�� ÓLº­È��� }ÈãL
�ÓÈ�¯L
� º�Ë¯ÎÈÓº� ­ËÏ°mÒÓ�Ëm�� ¹�¼ÏºËãË}��
¯Ò�Ó�� }Ë¯ÈäL}�� Ï� mÒ°º}º
� �º�}º
� z
¯L� �����&��� ¹�¼ÏºËãË}�¯Ò�ÓÒä� äº��ãËä� G���� �º¹Ë¯ËmË¯��¼� ¹º}ÈÏÓÒ}Ò� m��ºäÒ²� ÈÓÈãº�Lm�� �È� ¹�¼ÏºËãË}�¯Ò�Óº
� ���ãÒmL°�
� J���� �º� ��º�Ò¯Ò� ¯ÈÏÒ� ¹Ë¯ËmË¯��¼� ���ãÒmL°�	� }¯È�Ò²� Ï¯ÈÏ}Lm� }Ë¯ÈäL}Ò� ÓÈ� º°ÓºmL� �Ò¯}ºÓÈ���
�Ò�ÈÓÈ���°mÒÓ�
��

/�*�*XVDNRYD�HW�DO����0RGLILHG�SRWDVVLXP�VRGLXP����

��� )XQFWLRQDO�PDWHULDOV�������������


