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WXUDO� DQDO\VLV�� 7KH� RSWLPDO� FRQGLWLRQV� IRU� WKH� V\QWKHVLV� RI� WKH� VWXGLHG� PDWHULDOV� DQG
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���,QWURGXFWLRQ
3LH]RHOHFWULF� FHUDPLFV� LV� ZLGHO\� XVHG� LQ

YDULRXV�DUHDV�RI�WHFKQRORJ\��$W�WKH�SUHVHQW
WLPH� WKH� OHDG� ]LUFRQDWH�WLWDQDWH� �3=7� Û
3E�=U�±[7L[�2���EDVHG�VROLG�VROXWLRQV�DUH�WKHOHDGHUV� LQ� SURGXFWLRQ� RI� SLH]RHOHFWULF� FH�
UDPLF�PDWHULDOV��7KH\�KDYH�WKH�KLJK�OHYHO�RI
SURSHUWLHV�� WKHLU� SURGXFWLRQ� WHFKQRORJ\� LV
YHU\�VLPSOH�DQG�WKH�FRVW�RI�ILQDO�SURGXFW�LV
ORZ�� %XW� DV� D� UHVXOW� RI� UHVWULFWLRQV� RQ� WKH
XVH�RI�PDWHULDOV�FRQWDLQLQJ�OHDG�LQ�HOHFWURQ�
LFV�DGRSWHG�E\�D�QXPEHU�RI�FRXQWULHV���-XO\
��� ������ WKH� (XURSHDQ� GLUHFWLYH� 5R+6� Û
5HVWULFWLRQ� RI� +D]DUGRXV� 6XEVWDQFHV�
��������&(��� WKH� LQYHVWLJDWLRQV� UHODWHG� WR
WKH� VXEVWLWXWLRQ�RI�3=7� IRU� OHDG�IUHH�PDWH�
ULDOV�LQ�D�SURGXFWLRQ�RI�SLH]RHOHFWULF�FHUDP�
LFV�DUH�FDUULHG�RXW�LQWHQVLYHO\��

7KH� PRVW� SHUVSHFWLYH� IRU� SUDFWLFDO� XVH
DUH�OHDG�IUHH�PDWHULDOV�EDVHG�RQ�VRGLXP�ELV�
PXWK�WLWDQDWH��1D���%L����7L2��Û�1%7��1%7
VKRZV� D� VWURQJ� IHUURHOHFWULFLW\

�3U� ����P&�FP��� DQG� KLJK� &XUH� WHPSHUD�
WXUH� �7F� �����&�� >��� �@�� 7KH� WHFKQRORJ\� RIWKHVH�FHUDPLF�HOHPHQWV�SURGXFWLRQ�LV�DOPRVW
VLPLODU� WR� WKH� RQH� RI� PDWHULDOV� EDVHG� RQ
3=7�� 7KH� FRVW� RI� WKH� UHTXLUHG� HTXLSPHQW
DQG�VWDUWLQJ�PDWHULDOV�LV�YHU\�ORZ��

+RZHYHU�� WKH� EDVHG� RQ� QR� DOOR\HG� 1%7
FHUDPLFV� KDYH� VRPH� GLVDGYDQWDJHV� VXFK� DV
KLJK� FRQGXFWLYLW\� DQG� KLJK� YDOXHV� RI� FRHU�
FLYH� ILHOG� �(F� UHDFKHV� WKH� YDOXH� RI
���N9�FP��ZKLFK�FDXVH�SUREOHPV�LQ�WKH�SR�
ODUL]DWLRQ�RI�ZRUNLQJ� HOHPHQWV��$V� D� UHVXOW
WKH� OHYHO� RI� WKH� SLH]RHOHFWULF� SURSHUWLHV� LV
ORZ��7KDW� LV�ZK\�YHU\� LQWHQVLYH� VHDUFK�DQG
VWXG\LQJ� RI� QHZ� V\VWHPV� RI� �1D���%L����7L2�EDVHG� VROLG� VROXWLRQV� ZLWK� LPSURYHG� SLH]R�
HOHFWULF� SURSHUWLHV� KDYH� EHHQ� FDUULHG� RXW
>�Ü�@��:H� KDYH� FKRVHQ� WKH� DSSURDFK�ZKLFK
XQWLO�WKH�SUHVHQW�WLPH�KDV�QRW�EHHQ�XVHG�E\
RWKHU� UHVHDUFKHUV�Û�WKH� VHDUFK�RI� VROLG� VR�
OXWLRQV� RI� WKH� V\VWHP� �1D���%L����7L2�� Û�1D���%L����=U2�� �1%7=U��� ZKLFK� LV� D� VWUXF�WXUDO� DQDORJ� RI�3=7�� ,W� LV� H[SHFWHG� WKDW� LQ
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WKLV� V\VWHP� RI� VROLG� VROXWLRQV� WKH� OHYHO� RI
SLH]RHOHFWULF� SURSHUWLHV� ZLOO� EH� H[FHHG� WKH
SURSHUWLHV�OHYHO�RI�3=7�

:H� KDYH� VROYHG� WKH� SUREOHPV� RI� VROLG
VWDWH� V\QWKHVLV� RI� 1%7=U�� 7KLV� SDSHU� FRQ�
VLGHUV� WKH� UHVXOWV� RI� WKH� LQYHVWLJDWLRQ� RI
SK\VLFDO�DQG�FKHPLFDO�SURFHVVHV�RI�V\QWKHVLV
RI� VRGLXP�ELVPXWK� WLWDQDWH�DQG�EDVHG�RQ� LW
VROLG�VROXWLRQV�

7KH�PDLQ�WDVNV�RI�WKH�ZRUN�ZHUH�IROORZLQJ�
Û� WR� VWXG\� WKH� SKDVH� IRUPDWLRQ� GXULQJ

VROLG� VWDWH� V\QWKHVLV�RI� WKH�VRGLXP�ELVPXWK
WLWDQDWH�DQG�EDVHG�RQ�LW�VROLG�VROXWLRQV�

Û�WR� LGHQWLI\�WKH�RSWLPDO�FRQGLWLRQV�IRU
WKH� V\QWKHVLV� RI� WKH� VWXGLHG� PDWHULDOV� DQG
WKHLU�HOHFWUR�FKHPLFDO�FKDUDFWHULVWLFV�

,Q� WKH� QH[W� SDSHU� WKH� UHVXOWV� RI� WKH� LQ�
YHVWLJDWLRQ� RI� VRGLXP�ELVPXWK� ]LUFRQDWH
V\QWKHVLV�ZLOO� EH� FRQVLGHUHG��7KH�UHVXOWV�RI
WKH�UHVHDUFK�RI�WKH�SKDVH�WUDQVIRUPDWLRQ�LQ
WKH�V\VWHP�RI�VROLG�VROXWLRQV��1D���%L����7L2�Û��1D���%L����=U2���SURYLGLQJ�WKH�KLJK�SURS�HUWLHV� OHYHO��ZLOO� EH� UHSUHVHQWHG� LQ� WKH� VXE�
VHTXHQW�SDSHUV�

���([SHULPHQWDO�
)RU� REWDLQLQJ� WKH� VRGLXP�ELVPXWK� WL�

WDQDWH��1D���%L����7L2��DQG�VROLG�VROXWLRQV�RQLW�EDVH�ZH�KDYH�XVHG�WKH�WUDGLWLRQDO�PHWKRG
RI� VROLG� VWDWH� V\QWKHVLV�� 5HDJHQW� JUDGH� R[�
LGHV�DQG�FDUERQDWHV�RI�FRUUHVSRQGLQJ�PHWDOV
ZHUH� XVHG� DV� VWDUWLQJ� PDWHULDOV�� $OO� WKH
VWDUWLQJ�PDWHULDOV�ZHUH�PL[HG�LQ�WKH�DSSUR�
SULDWH� VWRLFKLRPHWU\� E\� EDOO� PLOOLQJ�� 7KH
PL[WXUH� ZDV� FDOFLQHG� DW� ���Ü�����&�� 7KH
V\QWKHVL]HG�SRZGHUV�ZHUH�XQLD[LDOO\�SUHVVHG
LQWR� GLVNV� DQG� VLQWHUHG� DW� ���Ü�����&�� ;�
UD\�DQDO\VLV�ZDV�FDUULHG�RXW�RQ�GLIIUDFWRPH�
WHU� '521��� XVLQJ� ILOWHUHG�&X.D� UDGLDWLRQ�7KH� SLH]RFHUDPLFV� HOHPHQWV�ZHUH� FRQWUROOHG
DFFRUGLQJ� WR� WKH� VWDQGDUG� WHFKQLTXH�� WKH
SLH]RHOHFWULF�PRGXOXV�G��� ZDV�PHDVXUHG� E\WKH�VWDWLF�PHWKRG�>�@�

���5HVXOWV�DQG�GLVFXVVLRQ
$V� D� UHVXOW� RI� ;�UD\� SKDVH� DQDO\VLV� LQ

WKH� SRZGHU� PL[WXUH� ����1D�&2�������%L�2���� �7L2�� VRGLXP�ELVPXWK� WLWDQDWH�1D���%L����7L2��ZLWK� FXELF�SHURYVNLWH� VWUXF�WXUH��D� �������c��LV�IRXQG�DIWHU�FDOFLQDWLRQ
DW� D� WHPSHUDWXUH� RI� ����&�� ,QWHUPHGLDWH
SKDVHV� LQ� WKH� IRUP� RI� VRGLXP� WLWDQDWHV
1D�7L�2��� DQG� 1D�7L�2��� DQG� DOVR� ELVPXWKWLWDQDWH� %L��7L2��� �ZKLFK� LV� RQ� WKH� SKDVHGLDJUDP� >�@�� DUH� DOVR� SUHVHQWHG� DPRQJ� WKH
UHDFWLRQ�SURGXFWV��7KH�WHPSHUDWXUH�LQFUHDVH
OHDGV�WR�GHFUHDVLQJ�WKH�VKDUH�RI�WKH�VRGLXP
WLWDQDWHV�DQG�%L��7L2���FRPSRXQG�GLVDSSHDU

IURP� UHDFWLRQ� PL[WXUH� DW� 7� �����&�� )RU
7�!�����&� WKH� QHZ� LQWHUPHGLDWH� SKDVH
�%L�2���7L2�� Û� ELVPXWK� WLWDQDWH� %L�7L�2��DSSHDUV�H[LVWLQJ�LQ�WKH�UHDFWLRQ�SURGXFWV�XS
WR� ����&�� 6LQJOH�SKDVH� �1D���%L����7L2�� RQO\ZLWK� SVHXGR�FXELF� SHURYVNLWH� VWUXFWXUH
�D� �������c��LV�IRUPHG�DV�D�UHVXOW�RI�FDOFL�
QDWLRQV� SURFHVV� DW� WKH� WHPSHUDWXUH� ����&
GXULQJ�ORQJ�WLPH��)LJ������7KH�WLPH�RI�1%7
IRUPDWLRQ�LV�GHFUHDVHG�ZLWK�WHPSHUDWXUH�LQ�
FUHDVLQJ�

;�UD\�SDWWHUQV� LQ�WKH�)LJ���� LQGLFDWH�SH�
FXOLDULW\� RI� WKH� VROLG�VWDWH� UHDFWLRQV� LQ� WKH
R[LGHV�V\VWHP��$W�WKH�WRS�RI�WKH�)LJ����GLI�
IUDFWLRQ� SDWWHUQV� DUH� SUHVHQWHG� ZKLFK� KDYH
EHHQ� REWDLQHG� XVLQJ� OHVV� WHPSHUDWXUH
�����&�� SULPDU\� FDOFLQDWLRQV� RI� WKH� LQLWLDO
PL[WXUH�RI�WKH�FRPSRQHQWV��7KH�VHFRQG�GLI�
IUDFWLRQ� SDWWHUQ� KDV� EHHQ� REWDLQHG� XVLQJ
XVXDO�SULPDU\�FDOFLQDWLRQ�DW�����&��7KH�;�UD\
SDWWHUQV� IRU� WKH� FDVHV� V\QWKHVLV� DW� ����&
DQG� DW� ����&� RQO\� VKRZ� OHVV� WLPH� RI� WKH
SURFHVV� LQ� WKH� VHFRQG� FDVH�� ,W� LV� GHWHUPLQHG
E\� WKH� IRUPDWLRQ� RI� WKH� VWDEOH� ORZ� WHPSHUD�
WXUH� SKDVHV� DW� WKH� ORZ� WHPSHUDWXUHV�� ,WV
WUDQVIRUPDWLRQ� LQWR�KLJK� WHPSHUDWXUH�SKDVHV
GHPDQGV� DGGLWLRQ� HQHUJ\� DQG� RFFXUV� XQGHU
PRUH�ORQJ�WLPH�DJLQJ�XQGHU�����&��

$W�TXLFN�FURVVLQJ�WKH�WHPSHUDWXUH�LQWHU�
YDO�RI� ����Ü�����&��LQ�SDUWLFXODU�VXFK�WHP�
SHUDWXUH� UHJLPH� FRUUHVSRQGV� WR� VHFRQG� GLI�
IUDFWLRQ� SDWWHUQ�� ORZ� WHPSHUDWXUH� SKDVHV

)LJ�����;�UD\�SDWWHUQV�DIWHU�GLIIHUHQW�FDOFLQD�
WLRQ� WHPSHUDWXUHV��$W�WKH�WRS��7FDO�� �&����Û�������K�����Û���������������K�����Û������
���� ���� K���$W� WKH� GRZQ��7FDO�� �&�� ��Û����
���K�����Û���������K��
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DUH�QRW�DEOH�WR�IRUP�EHFDXVH�LRQLF�GLIIXVLRQ
DW�WKHVH�WHPSHUDWXUHV�LV�YHU\�ORZ�

����&�LV�VWDUWLQJ�WHPSHUDWXUH�IRU�IRUPD�
WLRQ� RI� �.���%L����7L2�� ZLWK� SVHXGRFXELFVWUXFWXUH� �D� ������c��� 7KH� SURFHVV� WDNH
SODFH� GXULQJ� WKH� FDOFLQDWLRQV� XQGHU� WKLV
WHPSHUDWXUH� LQ� DSSURSULDWH� VWRLFKLRPHWULF
PL[WXUH�RI�R[LGHV��FDUERQDWHV���7KH�RQO\�LQ�
WHUPHGLDWH�FRPSRXQG�DW�WKLV�WHPSHUDWXUH�LV
ELVPXWK�WLWDQDWH�ZLWK�IRUPXOD�%L��7L2����,QWKH�WHPSHUDWXUH�LQWHUYDO�IURP�����WR�����&
WLWDQDWH� ZLWK� IRUPXOD� %L�7L�2��� LV� IRUPHG�6LQJOH�SKDVH� SRWDVVLXP�ELVPXWK� WLWDQDWH
�D� �������c�� LV� IRUPHG� DW� ����&� GXULQJ
PRUH�ORQJ�WLPH��)LJ�����RI�H[SRVXUH�LQ�FRP�
SDULVRQ�WR��1D���%L����7L2���$V�ZHOO�DV�LQ�WKHFDVH� RI� �1D���%L����7L2�� IRU� �.���%L����7L2�WKHUH� DUH� SDUWLFXODULWLHV� ZKLFK� DUH� WKH� UH�
VXOWV�RI�SULPDU\�H[SRVXUH�XQGHU�����&��

1RZ� OHW� XV� FRQVLGHU� WKH� V\QWKHVLV� RI
>�1D���.�������%L���@7L2���,Q� WKH� FDVH� RI� VXEVWLWXWLRQ� VRPH� VRGLXP
LRQV� WR� SRWDVVLXP� RQHV� LQ� WKH� VWUXFWXUH� RI
VRGLXP�ELVPXWK� WLWDQDWH� �VXEVWLWXWLRQ� LQ
VXEODWWLFH� $�� ZLWK� IRUPDWLRQ� RI� VROLG� VROX�
WLRQ� >�1D���.�������%L���@7L2��� WKH� QDWXUH� RISKDVH�WUDQVIRUPDWLRQV�GLIIHUV�LQ�UHODWLRQ�WR
SXUH� �1D���%L����7L2��� ,Q� VWDUWLQJ� SRZGHU�VPL[WXUH� VRGLXP�SRWDVVLXP�ELVPXWK� WLWDQDWH
>�1D���.�������%L���@7L2�� ZLWK� WKH� SDUDPHWHURI� SVHXGR�FXELF� ODWWLFH� ������ c� DOVR� LV
IRUPHG�DIWHU�FDOFLQLQJ�DW�����&��,QWHUPHGL�
DWH� WLWDQDWHV� 1D�7L�2��� DQG� 1D�7L�2�� DUHQRW�IRUPHG�XQOLNH� WKH�SXUH� �1D���%L����7L2��7KH� RQO\� LQWHUPHGLDWH� FRPSRXQG� DW� WKLV
WHPSHUDWXUH�� OLNH� LQ� FDVH� ZLWK
�1D���%L����7L2��� LV� ELVPXWK� WLWDQDWH
%L��7L2���� ZKLFK� FDQ� EH� IRXQG� LQ� UHDFWLYHPL[WXUH� LQ� ODUJH� TXDQWLW\� WRJHWKHU�ZLWK� RI
7L2���UXWLOH���$IWHU�LQFUHDVH�RI�WKH�FDOFLQLQJWHPSHUDWXUH� XS� WR� ����&�� ELVPXWK� WLWDQDWH
ZLWK�IRUPXOD�%L�7L�2���LV�IRUPHG�DQG�H[LVWVLQ�WKH�UHDFWLRQ�SURGXFWV�XS�WR�����&�DV�ZHOO
DV�LQ�SUHYLRXV�WR�FDVHV��)RUPDWLRQ�RI�VLQJOH�
SKDVH�VROLG�VROXWLRQ�>�1D����.��������%L���@7L2�FRPHV�WR�DQ�HQG�DIWHU�FDOFLQLQJ�DW�����&�

7KH�PDLQ�SUHGRPLQDWH�SKDVH� LQ�WKH�PL[�
WXUH�RI�WKH�LQLWLDO�FRPSRQHQWV�ZLWK�WKH�FRP�
SRVLWLRQ� >�1D���%L��������%D����@7L2�� DIWHU� FDO�FLQLQJ� DW� ����&� LV� VROLG� VROXWLRQ� ZLWK

WHWUDJRQDO�GLVWRUWHG�VWUXFWXUH�RI�SHURYVNLWH
W\SH�ZLWK�WKH�ODWWLFH�SDUDPHWHUV�D� ������c
DQG�F� ������c�� ,Q� VPDOO�TXDQWLW\� WKH� VROLG
VROXWLRQ� RQ� WKH� EDVH� RI� %L�7L�2�� ZLWKSHURYVNLWH� VWUXFWXUH� �D� ������c�� LV� IRXQG
DOVR�� 6LQJOH�SKDVH� SURGXFW� �ZLWK� SHUYRVNLWH
VWUXFWXUH�LV�IRUPHG�DW������&�

$V�LW�KDV�EHHQ�QRWLFHG�EHIRUH��WKH�DLP�RI
D� JUHDW� QXPEHU� RI� ZRUNV� RQ� SLH]RHOHFWULF
PDWHULDOV� LV� UHSODFHPHQW� RI� 3=7� EDVHG� FH�
UDPLFV� E\� OHDG� IUHH� PDWHULDOV�� $W� SUHVHQW
WKH�OHYHO�RI�SLH]RHOHFWULF�SURSHUWLHV�OHDG�IUHH
PDWHULDOV�LV�ORZHU�WKHQ�3=7�SDUDPHWHUV��5H�
O\LQJ� RQ� WKH� UHVXOWV� REWDLQHG� LQ� WKLV� ZRUN
E\�DOOR\LQJ�WKH�VROLG�VROX�WLRQV�ZH�SURGXFHG
SLH]RHOHFWULF� FHUDPLFV� ZLWK� WKH� OHYHO� RI
FKDUDFWHULVWLFV��SUHVHQWHG�LQ�WKH�7DEOH�

$V� \RX� FDQ� VHH�� RQ� WKLV� VWDJH� WKH� RE�
WDLQHG� OHDG�IUHH� SLH]RHOHFWULF� FHUDPLFV� KDYH
WKH� SLH]RVHQVLWLYLW\�J���Û�RQH� RI� WKH�PDLQ
FKDUDFWHULVWLFV� RI� SLH]RHOHFWULF�PDWHULDOV�Û
FRPSDUDEOH� ZLWK� RQH� RI� 3=7� FHUDPLFV��:H

)LJ�����;�UD\�SDWWHUQV�DIWHU�GLIIHUHQW�FDOFLQD�
WLRQ� WHPSHUDWXUHV��$W�WKH�WRS��7FDO�� �&����Û���� ����� ��Û� ���������� ���� K����� Û� �����
���� ���� K���$W� WKH� GRZQ��7FDO�� �&�� ��Û����
���K�����Û���������K���

7DEOH��3DUDPHWHUV�RI�1%7�EDVHG�SLH]RHOHFWULF�FHUDPLFV�
&RPSRVLWLRQ H��7�H� WJG��� 7F���& 3U��P&�FP� (F��N9�FP G��������&�1

J�������9�P�1
�1D���%L����7L2� ��� ���� ��� ����� ���� �� ����

>�1D���%L��������%D����@7L2� ��� ���� ��� ����� ���� ��� ����
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UHDFKHG� VXFK� UHVXOWV� LQ� WKLV� ZRUN� RQ� WKH
VDPSOHV� RI� VROLG� VROXWLRQV� RI� WKH� V\VWHP
�1D�%L�7L2�� �VXEVWLWXWLRQ� RI� LRQV� LV�PDGH� LQ$�VXEODWWLFH� RI� SHURYVNLWH� VWUXFWXUH�� E\
PHDQV�RI�VXSSUHVVLRQ�RI�LQWHUPHGLDWH�SKDVH
IRUPDWLRQ� LQ�WKH�SURFHVV�RI� VROLG�VWDWH�V\Q�
WKHVLV��$V�D�UHVXOW�RI�VLQWHULQJ�ZH�KDYH�RE�
WDLQHG� FHUDPLFV� ZLWK� JRRG� TXDOLW\� DQG� SD�
UDPHWHUV�� )XUWKHU� LPSURYHPHQW� RI� WKH� SLH�
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