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'XULQJ� UHFHQW� IHZ�\HDUV� �&D���&X����7L2��&&�2�� FRPSRVLWH� FHUDPLF� FRPSRXQG� ZLWK
SHURYVNLWH� FU\VWDO� ODWWLFH� KDV� HYRNHG� NHHQ
LQWHUHVW� GXH� WR� LWV� KLJK� YDOXH� RI� GLHOHFWULF
SHUPLWWLYLW\�H�a�������ZKLFK�UHPDLQV�VWDEOH
DW�WHPSHUDWXUHV�XS�WR�����z�>�Ü�@�

)RU� WKH� GHYHORSPHQW� RI� FRQGHQVHU�PDWH�
ULDOV� EDVHG� RQ� &&�2� LW� LV� QHFHVVDU\� WR
DFKLHYH� GLIIXVLRQ� RI� WKH� PD[LPXP� RI� WKH
GHSHQGHQFH� H���� DQG� LWV� VKLIW� WRZDUGV�URRP
WHPSHUDWXUHV��7KHUH�DUH�NQRZQ�WKH�PHWKRGV
IRU� FKDQJLQJ� WKH� &XULH� SRLQW� RI� WKH� FRP�
SRXQGV� ZLWK� SHURYVNLWH� VWUXFWXUH�� LQ� SDU�
WLFXODU�� RI� �%D7L2�� >�@�� )LUVW� RI� DOO�� WKLV� LVPRGLILFDWLRQ�RI�WKH�VWUXFWXUH�E\�YDU\LQJ�WKH
VXEVWLWXWLQJ�FRPSRQHQWV�DQG�WKHLU�FRPSRVL�
WLRQ�� 6XFK� VXEVWLWXWLRQV�PD\�EH� UHDOL]HG� LQ
WKH� VLWH� k� DQG�RU� {� E\� ERWK� LVRYDOHQW� DQG
QRQ�LVRYDOHQW�LRQV��

&RQVLGHUDEOH� TXDQWLWLHV� RI� LVRYDOHQW� LRQV
PD\�EH�LQFRUSRUDWHG�LQWR�WKH�SHURYVNLWH�ODW�
WLFH� DQG� JUDGXDOO\� FKDQJH� LWV� SURSHUWLHV�
1RQ�LVRYDOHQW� VXEVWLWXWLRQ� IDYRUV� PRUH� QR�
WLFHDEOH�FKDQJHV�LQ�WKH�GLHOHFWULF�SURSHUWLHV�
,Q�WKH�FDVH�ZKHQ�WKH�YDOHQFHV�RI�WKH�VXEVWL�
WXWHG� DQG� VXEVWLWXWLQJ� LRQV� GLIIHU�� WKH� UH�
JLRQ� RI� WKH� H[LVWHQFH� RI� WKH� VROLG� VROXWLRQV
EHFRPHV�QDUURZHU��

7KH�JRDO�RI�WKH�SUHVHQW�SDSHU�ZDV�WR� LQ�
YHVWLJDWH� WKH� SRVVLELOLW\� RI� WKH� REWDLQLQJ
RI� D� FRQGHQVHU� PDWHULDO� EDVHG� RQ

�&D���&X����7L2�� ZLWK� KLJK� WHPSHUDWXUH� VWD�ELOLW\�DQG�KLJK�YDOXH�RI�GLHOHFWULF�SHUPLWWLY�
LW\��H[FHHGLQJ����������

)RU�WKLV�SXUSRVH�WKHUH�ZHUH�REWDLQHG�DQG
LQYHVWLJDWHG� FHUDPLF� �&D���&X����7L2�� VDP�SOHV� GRSHG� ZLWK� LVRYDOHQW� LRQV� �6Q� DQG�+I�
LQ�WKH�VLWH�{�DQG�ZLWK�QRQ�LVRYDOHQW�LRQV��%L
DQG�/D��LQ�WKH�VLWH�$��7KH�LQIOXHQFH�RI�VSH�
FLDO� IXVLEOH� WHFKQRORJLFDO� DGGLWLRQV� RQ� WKH
GLHOHFWULF�SURSHUWLHV�DQG�WHPSHUDWXUH�VWDELO�
LW\� RI� WKH� GLHOHFWULF� SURSHUWLHV� RI� FHUDPLFV
ZDV�VWXGLHG��WRR��

7KH� UHJLPHV� RI� WKH� V\QWKHVLV� RI� WKH� FH�
UDPLF� VDPSOHV� ZHUH� FKRVHQ� RQ� WKH� EDVH� RI
WKH� UHVXOWV� RI� LQYHVWLJDWLRQV� SHUIRUPHG� E\
WKH�PHWKRGV�RI�GHULYDWRJUDSK\��'7$���WKHU�
PRJUDYLPHWU\� �7*��� GLODWRPHWU\� �'/$�� DQG
;�UD\� GLIIUDFWLRQ� DQDO\VLV� �;5'$��� 6LQWHU�
LQJ� RI� WKH� FHUDPLF� VDPSOHV� ZDV� UHDOL]HG
ZLWKLQ� ����Ü������&� WHPSHUDWXUH� LQWHUYDO�
WKH� VLQWHULQJ� GXUDWLRQ� EHLQJ� IURP� �� WR
���KRXUV���

7KH� YDOXH� RI� WKH� UHDO� SDUW� RI� GLHOHFWULF
SHUPLWWLYLW\� Hc� ZDV� GHWHUPLQHG� E\� PHDVXU�
LQJ�WKH�HOHFWULF�FDSDFLW\�E\�PHDQV�RI�/�&�5
p���� PHWHU� DW� D� IUHTXHQF\� RI� �� N+]�� 7KH
PD[LPXP�$&�YROWDJH�DPSOLWXGH�RQ�WKH�VDP�
SOH� ZDV� ����r�����9�� 7KH� WHPSHUDWXUH�ZDV
FRQWUROOHG�E\� FKURPHO�DOXPHO� WKHUPRFRXSOH�
7KH�WHPSHUDWXUH�GHSHQGHQFH�Hc����ZDV�IL[HG
XQGHU�WKH�FRQGLWLRQV�RI�FRQWLQXRXV�WHPSHUD�
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WXUH�YDULDWLRQ��7KH�DLP�RI�WKH�ILUVW�VWDJH�RI
RXU� UHVHDUFK� � ZDV� WR� REWDLQ� WKH� RQH�SKDVH
FHUDPLF�PDWHULDO��&&72��3UHVHQWHG�LQ�)LJ���
DUH� WKH� '7$� DQG� 7*� FXUYHV� IRU� WKH
VWRLFKLRPHWULF� PL[WXUH� RI� WKH� FRPSRQHQWV
&D&2���&X2�DQG�7L2����7KH� HQGRHIIHFW� DW� ����v� DFFRPSDQLHG
ZLWK�WKH� ORVV�RI�WKH�PDVV�RQ�7*�FXUYH�FRU�
UHVSRQGV� WR� &D&2�� GHFRPSRVLWLRQ�� WKH� H[�SHULPHQWDO�DPRXQW�RI�WKH� ORVV�RI�&2��FRLQ�FLGHV�ZLWK�WKH�FDOFXODWHG�RQH��7KH�HQGRWKHU�
PDO� SHDN� DW� ����v� FKDUDFWHUL]HG� E\� D� ORZ
KHDW� HIILFLHQF\�� FRUUHVSRQGV� WR� WKH� VROLG�
SKDVH� LQWHUDFWLRQ� DQG� WKH� IRUPDWLRQ� RI
�&D���&X����7L2��� )XUWKHU� ULVH� RI� WKH� WHP�SHUDWXUH� �DQ� LQWHQVH� HQGRHIIHFW� DW� �����&�
OHDGV� WR� WKH�UHGXFWLRQ�RI�&X���DFFRUGLQJ� WR
WKH� UHDFWLRQ�� �&X2o�&X�2���2�� DQG� WKHQWR�PHOWLQJ�RI�WKH�PL[WXUH�

7KH�ORVV�RI�WKH�PDVV�REVHUYHG�RQ�WKH�7*
FXUYH�LQ�WKLV�WHPSHUDWXUH�LQWHUYDO�LV�FDXVHG
E\� WKH� ORVV� RI� R[\JHQ� DV� D� UHVXOW� RI� WKH
SURFHVV� RI� FRSSHU� R[LGH� �,,�� UHGXFWLRQ�� $V
HVWDEOLVKHG� E\� ;5'$�� DIWHU� FDUU\LQJ� RXW
WKH� SURFHVV� RI� VROLG�SKDVH� V\QWKHVLV� DW
�����&� GXULQJ� �� KRXUV�� SUDFWLFDOO\� RQH�
SKDVH� SURGXFW� &&72� ZDV� IRUPHG�� ,W� FRQ�
WDLQHG�����r�������RI�DGPL[WXUHV�DQG�FU\V�
WDOOL]HG� DV� FXELF� SHURYVNLWH�OLNH� VWUXFWXUH
�,P�� VWUXFWXUH� JURXS�� ZLWK� WKH� ODWWLFH� SD�
UDPHWHU�D� �������c�

7KH� YDOXH� RI� GLHOHFWULF� SHUPLWWLYLW\� RI
WKH� RQH�SKDVH� �&D���&X����7L2�� VDPSOHV
UHDFKHG� ��� ���� DQG� KDG� D� VWURQJO\� SUR�
QRXQFHG�PD[LPXP�DW����&��)LJ���D��FXUYH����
,W� VKRXOG�EH�QRWHG� WKDW� WKH� LQWURGXFWLRQ�RI

DQ� HDVLO\� IXVLEOH� DGGLWLRQ� LQWR
�&D���&X����7L2�� VDPSOHV� ZKLFK� FRQWDLQ
�����DQG������RI�WKH�PDLQ�SKDVH�OHDGV�WR
WKH� DSSHDUDQFH� RI� D� VWURQJO\� SURQRXQFHG
PD[LPXP� RQ� WKH� FXUYH� RI� WKH� GHSHQGHQFH
HÜ�� ZLWK� H[WUHPH� YDOXHV� RI� H� LQ� WKH�PD[L�
PXP� SRLQW�� ������ �)LJ���E�� FXUYH� ��� DQG
�������UHVSHFWLYHO\��

7KH�GRSLQJ� FDWLRQV�ZHUH� LQWURGXFHG� LQWR
�&D���&X����7L2�� DV� 6Q2��� +I2��� %L�2��/D�2��R[LGHV�LQ�DPRXQWV�RI��Ü���PRO���LQ
WKH�SURFHVV�RI�V\QWKHVLV��

$V� VKRZQ� ZKLOH� VWXG\LQJ� WKH� GLHOHFWULF
SURSHUWLHV�� WKH� JURZWK� RI� WKH� GHJUHH� RI
LVRYDOHQW� VXEVWLWXWLRQ� LQ� WKH� WLWDQLXP� VXE�
ODWWLFH�E\� WLQ� LRQV� LQ�TXDQWLWLHV� IURP���� WR
��� PRO� �� UHVXOWHG� LQ� WKH� GHFUHDVH� RI� WKH
YDOXH�RI�GLHOHFWULF�SHUPLWWLYLW\�IURP�������
WR� �� ����� 7KH� YDOXH� RI� H� � HTXDO� WR� �����
UHPDLQHG� XQFKDQJHG� ZLWKLQ� ���Ü�����&

)LJ�����,QIOXHQFH�RI�GLIIHUHQW�VXEVWLWXWLRQV�LQ
�&D���&X����7L2�� RQ� WKH� WHPSHUDWXUH� GHSHQG�HQFH�RI�GLHOHFWULF�SHUPLWWLYLW\� LQ�WKH�DEVHQFH
RI� D� IXVLEOH� DGGLWLRQ� �D�� DQG� LQ� WKH� SUHVHQFH
RI� LW��E���7KH�VXEVWLWXWLQJ�HOHPHQWV����Û�+I�
�� Û� 6Q�� �� Û� /D�� �� Û� %L�� �� Û� ZLWKRXW
VXEVWLWXWLRQ�

)LJ����� '7$� DQG� 7*� FXUYHV� IRU� WKH
VWRLFKLRPHWULF� PL[WXUH� RI� &D&2��� &X2� DQG7L2��FRPSºQHQWV�
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WHPSHUDWXUH� LQWHUYDO� RQO\� IRU� WKH� VDPSOHV
�&D���&X����7L���6Q���2���)LJ���D��FXUYH�����,Q� WKH� SURFHVV� RI� VXFFHVVLYH� VXEVWLWXWLRQ
RI� WLWDQLXP� E\� KDIQLXP� LRQV� WKH� YDOXH� RI
GLHOHFWULF� SHUPLWWLYLW\� ZDV� FKDQJLQJ� PR�
QRWRQRXVO\� LQ� WKH� LQYHVWLJDWHG� WHPSHUDWXUH
LQWHUYDO��)LJ���D��FXUYH�����$W�WKH�VXEVWLWX�
WLRQ�RI�FDOFLXP�DQG�FRSSHU�LRQV�LQ�WKH�VXE�ODW�
WLFH� $� E\� /D� RU� %L� LRQV� ���� PRO� ���� WKHUH
ZHUH� REVHUYHG� SURQRXQFHG�PD[LPD�RI�GLHOHF�
WULF�SHUPLWWLYLW\�Ü������DQG�������Û�DW�����&
DQG�����&�� UHVSHFWLYHO\� �)LJ���D�FXUYHV������
)XUWKHU� LQFUHDVH� RI� WKH� FRQFHQWUDWLRQV� RI
WKH� GRSLQJ� LRQV� OHG� WR� WKH� GHFUHDVH� RI� WKH
YDOXH� RI� H�� DQG� LWV� PD[LPXP� ZDV� VKLIWHG
WRZDUGV�KLJKHU�WHPSHUDWXUHV��

3UHVHQWHG�LQ�)LJ���E�DUH�WKH�WHPSHUDWXUH
GHSHQGHQFHV� RI� GLHOHFWULF� SHUPLWWLYLW\� IRU
WKH� VDPSOHV� �&D���&X��������%L���7L2�� DQG
�&D���&X��������/D���7L2��� ZKLFK� FRQWDLQ� DIXVLEOH�DGGLWLRQ��7KH�YDOXH�RI�H�IRU�/D��DQG
%L�FRQWDLQLQJ� VDPSOHV� LQFUHDVHG� DSSUR[L�
PDWHO\� E\� �� WLPHV� �FXUYHV� ��� ���� ZLWK� H���
PD[LPD� DW� ����&� DQG� ����&�� UHVSHFWLYHO\�
�&D���&X����7L���6Q���2�� VDPSOHV� REWDLQLQJ� DIXVLEOH� DGGLWLRQ� WXUQHG� RXW� WR� KDYH� WKH
KLJKHVW� VWDELOLW\�� 7KH� YDOXH� RI� H� HTXDO� WR
������ UHPDLQHG� SUDFWLFDOO\� XQFKDQJHG�� LWV
GHYLDWLRQ� IURP� WKH� DYHUDJH� PDJQLWXGH� LQ
WKH� LQWHUYDO� ���Ü�����&�ZDV� OHVV� WKDQ� ���
�)LJ���E��FXUYH����

3UHVHQWHG� LQ�)LJ���D�DQG��E�DUH�WKH�FRQ�
FHQWUDWLRQ� GHSHQGHQFHV� RI� H� DW� URRP� WHP�
SHUDWXUH� DQG� WKH� &XULH� SRLQWV� IRU
�&D���&X����7L�±[6Q[2�� VDPSOHV�ZLWK� D� IXVLEOHDGGLWLRQ��FXUYH����DQG�ZLWKRXW�LW��FXUYH�����

7KXV�� LQ� WKH� V\VWHP� RI� VROLG� VROXWLRQV
EDVHG� RQ� �&D���&X����7L2�� WKHUH� DUH� IRXQGWKH� FRPSRXQGV� ZKLFK� KDYH� H[WUHPHO\� KLJK
YDOXHV�RI�GLHOHFWULF�SHUPLWWLYLW\��DQG�HVWDE�
OLVKHG�DUH�WKH�FRQGLWLRQV�XQGHU�ZKLFK�D�KLJK
GHJUHH�RI�WHPSHUDWXUH�VWDELOLW\�RI�GLHOHFWULF
SDUDPHWHUV�LV�DFKLHYHG�
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)LJ�����&RQFHQWUDWLRQ�GHSHQGHQFH�RI�GLHOHFWULF
SHUPLWWLYLW\� �D�� DQG� WKH� &XULH� SRLQW� �E�� DW
URRP�WHPSHUDWXUH�IRU��&D���&X����7L2��VXEVWL�WXWHG� E\� WLQ�� ZLWK� D� PRGLI\LQJ� DGGLWLRQ
�FXUYH����DQG�ZLWKRXW�LW��FXUYH����
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