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(OHFWULF� FDSDFLWDQFH� v DQG� GLHOHFWULFORVVHV� WJδ KDYH� EHHQ� GHWHUPLQHG� IRU�PHWDO�VHPLFRQGXFWRU�PHWDO� VWUXFWXUHV� EDVHG� RQLVRYDOHQWO\�GRSHG�=Q6H FU\VWDOV��,W�KDV�EHHQVKRZQ�WKDW�DQQHDOLQJ�RI�WKH�JURZQ�FU\VWDOVLQ�]LQF�DWPRVSKHUH�FDXVHV�WKH�LQFUHDVH�RI�vE\� �Ü�� RUGHUV� RI� PDJQLWXGH�� 7KLV� SDUDPH�WHU��DV�ZHOO�DV�WJδ EHFRPHV�GHSHQGHQW�XSRQWKH�ELDV�YROWDJH�8��ZLWK�UHJLRQV�RI�QHJDWLYHDQG� RI� SRVLWLYH� VORSH� REVHUYHG� RQ� WKH�&�8�SORWV�� ,W� KDV� EHHQ� VKRZQ� WKDW� GHSHQGHQFHV&�8�� DQG� WJδ�8�� DUH�GHWHUPLQHG�E\�FKDQJHVZLWK�YROWDJH�LQ�WKH�WZR�RSSRVLWHO\�VZLWFKHG6FKRWWN\�EDUULHUV��

,VRYDOHQW� GRSDQWV� LQWURGXFHG� LQWR� ]LQFVHOHQLGH� FU\VWDOV� DUH�NQRZQ� WR� IRUP�DVVRFL�DWHV� ZLWK� WKH� LQWULQVLF� VWUXFWXUH� GHIHFWV�7KLV�FDXVHV�VXEVWDQWLDO�FKDQJHV�LQ�WKH�VSHF�WUXP�RI�FKDUJH�FDUULHU�ORFDOL]HG�VWDWHV�DQG�DV�D�FRQVHTXHQFH��LPSURYHPHQW�RI�WKH�OXPL�QHVFHQW� SURSHUWLHV� >�@�� &ORVHO\� UHODWHG� WRSRLQW� VWUXFWXUH� GHIHFWV� DUH� DOVR� GLHOHFWULFSURSHUWLHV� RI� WKH� FU\VWDOV�� H�J��� GLHOHFWULFORVVHV�>�@�RU�GLHOHFWULF�UHOD[DWLRQ�>�@��7KHUH�IRUH� LW� FRXOG� EH� H[SHFWHG� WKDW� LQWURGXFWLRQRI� LVRYDOHQW�GRSDQWV�ZRXOG�DOORZ�FRQWURO�RIHOHFWURSK\VLFDO�DQG��LQ�SDUWLFXODU��RI�GLHOHF�WULF� SDUDPHWHUV� RI� WKH� VDLG� FU\VWDOV�� FRQGL�WLRQLQJ� WKHLU� DSSOLFDWLRQ� LQ� YDULRXV� WHFKQL�
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FDO� GHYLFHV�� +RZHYHU�� HIIHFWV� RI� LVRYDOHQWGRSDQWV�XSRQ�WKH�GLHOHFWULF�UHVSRQVH��DV�IDUDV�ZH�DUH� LQIRUPHG��KDV�QRW�\HW�EHHQ�VWXG�LHG��&DUU\LQJ�RXW�VXFK�VWXGLHV�ZDV�WKH�SULQ�FLSDO�SXUSRVH�RI�WKH�SUHVHQW�ZRUN�:H� KDYH� VWXGLHG� =Q6H�� =Q6H�7H� DQG=Q6H�2�7H��� JURZQ� IURP� WKH� PHOW� XQGHUKLJK� DUJRQ� SUHVVXUH� XVLQJ� WZR� GLIIHUHQWWHFKQRORJLHV��7KLV�HQDEOHG�XV�WR�REWDLQ�VFLQ�WLOODWRUV� RI� WZR� W\SHV�� 6FLQWLOODWRUV� RI� WKHILUVW� W\SH� �,�� ZHUH� SUHSDUHG� IURP�=Q6H�7H�FU\VWDOV�� DV� ZHOO� DV� =Q6H FU\VWDOV� JURZQXVLQJ� WKH� VWDQGDUG� WHFKQRORJ\�� 7KH\� DUHFKDUDFWHUL]HG� E\� KLJK� OLJKW� RXWSXW� �XS� WR���� �� ZLWK� UHVSHFW� WR� &V-�7O���� OXPLQHV�FHQFH� VSHFWUD� ZLWK� PD[LPXPV� DW� ���Ü����QP��DQG�GHFD\�WLPHV�UHDFKLQJ�a����PV�7KH� SUHSDUDWLRQ� WHFKQRORJ\� RI� =Q6H�EDVHGVFLQWLOODWRUV� RI� WKH� VHFRQG� W\SH� �,,�� LV� UH�ODWHG� WR� FU\VWDO� JURZWK� XQGHU� DGGLWLRQDOGRSLQJ�ZLWK�R[\JHQ��6XFK�VFLQWLOODWRUV�KDYHORZHU�OLJKW�RXWSXW�DQG�VPDOOHU�GHFD\�WLPHV�7KH�PD[LPXP�RI�WKH�OXPLQHVFHQFH�VSHFWUXPLV� VKLIWHG� WRZDUGV� VKRUWHU� ZDYHOHQJWKV�λPD[  ����Ü���� QP��� $IWHU� JURZWK�� VRPHRI�WKH�VDPSOHV�ZHUH�DQQHDOHG�LQ�]LQF�DWPRV�SKHUH� LQ�YDFXXP�VHDOHG�TXDUW]� DPSRXOHV� DW�����z�GXULQJ���Ü���KRXUV�7KH� FRQFHQWUDWLRQ� RI� WHOOXULXP� ZDV� GH�WHUPLQHG� E\� VFDQQLQJ� HOHFWURQ� PLFURVFRS\ZLWK�;�UD\�PLFURDQDO\VLV�XVLQJ�DQ�,60����HOHFWURQ�PLFURVFRSH�ZLWK�D�=LQN�$1�����6PLFURDQDO\VLV� V\VWHP� �(03$�HOHFWURQ�SUREHPLFURDQDO\VLV��� 7KH� GHWHUPLQDWLRQ� DFFXUDF\ZDV����÷����PDVV����(OHFWURSK\VLFDO�PHDV�XUHPHQWV� ZHUH� FDUULHG� RXW� RQ� �×�×��PP�ODUJH�VDPSOHV��2QWR�WKH�ODUJH�VLGHV��HOHFWULFFRQWDFWV�ZHUH�DSSOLHG� LQ� WKH� IRUP�RI�,Q±*DHXWHFWLFV��WKXV�IRUPLQJ�D�PHWDO�VHPLFRQGXF�WRU�PHWDO� �060�� VWUXFWXUH�� 0HDVXUHPHQWVRI� WKH� FDSDFLWDQFH� v DQG� GLHOHFWULF� ORVVHVWJδ RI�WKH�VWUXFWXUH�ZHUH�FDUULHG�RXW�LQ�WKHORZ�IUHTXHQF\� UDQJH� XVLQJ� D� 5���� $&

EULGJH�� DQG� LQ� WKH�KLJK�IUHTXHQF\� UDQJH�ÛD�%0�����4�PHWHU�:LWK� DQ\� GRSDQW� FRPSRVLWLRQ�� LQ� WKHORZ�IUHTXHQF\� UDQJH� HOHFWULF� FDSDFLWDQFH� RI060�VWUXFWXUHV� EDVHG� RQ� QRQ�DQQHDOHG=Q6H FU\VWDOV� GLG� QRW� H[FHHG� VHYHUDO� S)�ZKLFK� LV� LQ�DJUHHPHQW�ZLWK� WKH�NQRZQ�YDO�XHV� RI� WKH� GLHOHFWULF� FRQVWDQW� IRU� XQGRSHGFU\VWDOV�>�@��'LHOHFWULF�ORVVHV�DUH�DOVR�UDWKHUORZ��WJδa��Ü����%RWK�SDUDPHWHUV�DUH�ZHDNO\GHSHQGHQW� XSRQ� WHPSHUDWXUH� DQG� WKH� HOHF�WULF�ILHOG�IUHTXHQF\��$Q�HVVHQWLDO�IHDWXUH�RIWKH� GLHOHFWULF� UHVSRQVH� RI� VWUXFWXUHV� EDVHGRQ� DQQHDOHG�=Q6H�7H� DQG�=Q6H�2�7H� FU\V�WDOV� LV�XQH[SHFWHGO\�KLJK�YDOXH�RI�WKHLU�FD�SDFLWDQFH�� ZKLFK� UHDFKHG� �� Q)� LQ� VHYHUDOVDPSOHV��:LWK�WKDW��DYHUDJH�YDOXHV�RI�v IRU=Q6H�2�7H� Û� EDVHG� VWUXFWXUHV� ZHUH� PXFKODUJHU� WKDQ� WKRVH� REVHUYHG� IRU� =Q6H�7H�FU\VWDOV��+RZHYHU��WKH�DYHUDJH�WJδ YDOXHV�RIWKH�VDLG�VWUXFWXUHV�DUH�UHODWHG�E\�DQ�LQYHUVHUHODWLRQVKLS���7R� FOHDU� XS� WKH� QDWXUH� RI� KLJK� SR�ODUL]DELOLW\� RI� 060�VWUXFWXUHV�� ZH� KDYHPHDVXUHG� WKHLU� YROW�FDSDFLWDQFH� FKDUDF�WHULVWLFV� �9&&��� 'HSHQGHQFH� RI� v DQG� WJδXSRQ�WKH�DSSOLHG�YROWDJH�8 ZRXOG�LQGLFDWH�DVXEVWDQWLDO�UROH�RI�HOHFWURGH�DGMDFHQW�SRWHQ�WLDO� EDUULHUV� LQ� WKH� SURFHVV� RI� HOHFWULF� SR�ODUL]DWLRQ�RI�WKH�VWUXFWXUH�� ,Q�IDFW��HOHFWULFFDSDFLWDQFH� DQG� GLHOHFWULF� ORVVHV� RI� WKHVWUXFWXUHV� RQ� WKH� EDVLV� RI� DQQHDOHG=Q6H�7H� DQG� =Q6H�2�7H� VDPSOHV� GHSHQGXSRQ� WKH� YDOXH� DQG� SRODULW\� RI� WKH� DSSOLHGELDV� YROWDJH�� $� W\SLFDO� DSSHDUDQFH� RI� VXFKSORWV� IRU� WKH�RSSRVLWH�SRODULWLHV�RI� WKH�ELDVYROWDJH� LV� VKRZQ� LQ� )LJ����� &KDUDFWHULVWLFIHDWXUHV� RI� WKH� VKRZQ� v�8�� GHSHQGHQFH� LVWKH� SUHVHQFH� RI� UHJLRQV� ZLWK� SRVLWLYH� RUQHJDWLYH� VORSH� DW� ORZ� DQG� UHODWLYHO\� KLJKYROWDJHV�� UHVSHFWLYHO\�� DV� ZHOO� DV� GLIIHUHQWGHSHQGHQFHV� IRU� RSSRVLWH� GLUHFWLRQV� RI� WKHDSSOLHG� ILHOG�� +RZHYHU�� WKH� WJδ�8�� GHSHQG�

)LJ�����7\SLFDO�GHSHQGHQFHV�RI�HOHFWULF�FDSDFLWDQFH� ����DQG�GLHOHFWULF� ORVVHV� ����RI�060�VWUXFWXUHVRQ�WKH�EDVLV�RI�FU\VWDOV�=Q6H �È��DQG�=Q6H�7H� �E��XSRQ�WKH�ELDV�YROWDJH�
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HQFH� LV� QRW� VXEVWDQWLDOO\� FKDQJHG�ZKHQ� SR�ODULW\� RI� WKH� ELDV� YROWDJH� ILHOG� LV� UHYHUVHG�2QH�VKRXOG�QRWH�WKDW�DV\PPHWU\�RI�WKH�v�8�SORWV� LV� UHSURGXFHG� XSRQ� UHPRYDO� DQG� VXE�VHTXHQW�QHZ�DSSOLFDWLRQ�RI�WKH�HOHFWULF�FRQ�WDFWV� XSRQ� WKH� VDPSOHV�� WKLV� DV\PPHWU\� LVFKDUDFWHULVWLF�IRU�DOO�VWUXFWXUHV�RQ�WKH�EDVLVRI�DQQHDOHG�FU\VWDOV��,W�LV�LPSRUWDQW�WR�QRWHWKDW�WKH�FDSDFLWDQFH�DQG�GLHOHFWULF�ORVVHV�RI060�VWUXFWXUHV� EDVHG� RQ� DQQHDOHG� =Q6HFU\VWDOV� DUH� DOVR� GHSHQGHQW� XSRQ� WKH� ELDVYROWDJH��)LJ����E���+RZHYHU��LQ�WKLV�FDVH�WKHREVHUYHG�FKDQJHV�LQ�WKHVH�SDUDPHWHUV�DUH�E\QHDUO\� WZR�RUGHUV� RI�PDJQLWXGH� ORZHU� WKDQLQ� WKH� FDVH� RI� WKH� DERYH�GHVFULEHG� VWUXF�WXUHV��7KH� VXUIDFH� RI� ]LQF� VHOHQLGH� FU\VWDOV� LVNQRZQ� WR� EH� FRYHUHG� E\� D� WKLQ� R[LGH� ILOP�7KHUHIRUH�� ZKHQ� WKH� VDPSOH� LV� SODFHG� EH�WZHHQ� WKH� WZR� HOHFWURGHV�� WKH� UHVXOWLQJVWUXFWXUH� FDQ� EH� FDOOHG� �PHWDO�GLHOHFWULF�VHPLFRQGXFWRU�GLHOHFWULF�PHWDO�� �0'6'0��,Q�VXFK�VWUXFWXUHV��9&&�PLQLPXP�KDV�EHHQUHSRUWHG�DW�8  ���>�@��ZKLFK�GRHV�QRW�DJUHHZLWK�RXU�H[SHULPHQWV��+HQFH��WKH�HIIHFWV�RIWKH� R[LGH� ILOPV� XSRQ� WKH� DERYH� PHDVXUH�PHQW� UHVXOWV�PD\�EH�QHJOHFWHG�� DQG�ZH�FDQWUHDW�=Q6H�2� DQG�=Q6H�2�7H� FU\VWDOV�ZLWKHOHFWURGHV� DV� VWUXFWXUHV��PHWDO�VHPLFRQGXF�WRU�PHWDO�� �060��� ,Q� RWKHU� ZRUGV�� WKHVWUXFWXUHV� VWXGLHG� DUH�� LQ� IDFW�� WZR� 6FKRW�WN\�GLRGHV�VZLWFKHG�LQ�PXWXDOO\�RSSRVLWH�GL�UHFWLRQV�7KH� $&� EULGJH� 5���� XVHG� LQ� RXU� PHDV�XUHPHQWV� LQYROYHG� WKH� SDUDOOHO� VXEVWLWXWLRQVFKHPH�RI�WKH�REMHFW��)LJ����D���7KH�GLUHFWO\PHDVXUHG� YDOXHV� DUH� HOHFWULF� FDSDFLWDQFHDQG�WJδ RI�WKH�REMHFW
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ZRXOG� DOVR�GHFUHDVH��6XFK�EHKDYLRU� RI�v�8�ZDV�DFWXDOO\�REVHUYHG�LQ�WKH�UHJLRQ�RI�ZHDNELDV� YROWDJH� ILHOGV� �VHH� )LJ������ +RZHYHU�XSRQ� IXUWKHU� ULVH� RI�8�� WKH� FDSDFLWDQFH� RIWKH� 060� VWUXFWXUH� LQFUHDVHV�� 7KLV� FDQ� EHH[SODLQHG�E\�WKH�HIIHFWV�RI�UHVLVWLYLW\�RI�WKHGHSOHWHG� OD\HUV��ZKLFK��GHFUHDVLQJ�ZLWK�ULV�LQJ�8��VKXQWV�WKH�ORZHVW�FDSDFLWDQFH�RI�WKH060�VWUXFWXUH��7R� FKHFN� XS� WKH� DERYH� DVVXPSWLRQ�PDWKHPDWLFDO�PRGHOLQJ�RI�WKH�&�8��IXQFWLRQZDV�FDUULHG�RXW�IRU�D�060�VWUXFWXUH��,W�ZDVDVVXPHG� WKDW� WKH� UHVLVWDQFH� RI� HDFK� RI� WKHGHSOHWHG� OD\HUV� LV� D� IXQFWLRQ�RI�YROWDJH�GH�WHUPLQHG�E\�WKH�H[SUHVVLRQ����5 = 5�H[S(E8)�� ���ZKHUH�E LV�D�FRQVWDQW�$V�8 LV� DQ� DOJHEUDLF� YDOXH�� WKH� YROWDJHIDOO� RQ� HDFK� RI� WKH� EDUULHUV� �8� DQG� 8��UHVSHFWLYHO\�� ZDV� FDOFXODWHG� E\� LWHUDWLRQVFDUULHG� RXW� IRU� HDFK� YDOXH� RI� WKH� DSSOLHGYROWDJH�8��8� DQG�8� WKDW� KDG� EHHQ� WKXVGHWHUPLQHG�ZHUH�XVHG�LQ�FDOFXODWLRQV�RI�WKHGHSOHWHG�OD\HU�FDSDFLWDQFH�>�@
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ZKHUH�Ë LV�WKH�HOHFWURQ�FKDUJH��ε� Û�GLHOHF�WULF�FRQVWDQW��ε Û�GLHOHFWULF�SHUPLWWLYLW\�RIWKH� FU\VWDO�� 1G Û� FRQFHQWUDWLRQ� RI� WKHGRQRU�GRSDQW��9E Û�EHQGLQJ�RI�]RQHV�LQ�WKHGHSOHWHG� OD\HU� UHJLRQ�� N LV� WKH� %ROW]PDQQFRQVWDQW��DQG�� LV�WKH�DEVROXWH�WHPSHUDWXUH�

)LJ����� (TXLYDOHQW� HOHFWULF� VXEVWLWXWLRQ� GLD�JUDPV� RI� WKH� PHDVXUHPHQW� REMHFW� �È�� DQG060�VWUXFWXUH��E��
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7KH�HTXLYDOHQW�FDSDFLWDQFH�RI�D�060�VWUXF�WXUH�LV�GHVFULEHG�E\�H[SUHVVLRQ
& = ω�







&��5�� + ω�&�� +
&��5�� + ω�&��







−��� ���
7KH� H[SUHVVLRQ� IRU� WKH� HTXLYDOHQW� UHVLV�WDQFH�RI�D�060�VWUXFWXUH�KDV�WKH�IRUP�

5 =
5�−�5�−� + ω�&�� +

5�−�5�−� + ω�&��� ���
7KH� PRGHOHG� IXQFWLRQV� &�8�� DQG� WJδ�8�DUH�VKRZQ�LQ�)LJ�����$SDUW�IURP�WKH�ORZHVWYROWDJH� UHJLRQ� IRU� &�8�� DQG� WKH� KLJKHVWYROWDJH� UHJLRQ� IRU� WJδ�8��� WKHVH� IXQFWLRQVDUH� TXDOLWDWLYHO\� VLPLODU� WR� WKRVH� REVHUYHGH[SHULPHQWDOO\� �FI�� )LJ���� DQG� )LJ�����$PRQJ� SRVVLEOH� UHDVRQV� IRU� WKH� ULVH� RI� WJδLQ�WKH�KLJKHVW�YROWDJH�UHJLRQ�DUH�LRQL]DWLRQORVVHV��ZKLFK�ZHUH�QRW�DFFRXQWHG�IRU�LQ�WKHPRGHOLQJ��7KH�TXHVWLRQ�RI�GLVFUHSDQFLHV�EH�WZHHQ�H[SHULPHQWDO�DQG�FDOFXODWHG�&�8��GH�SHQGHQFHV� DW� WKH� ORZHVW� YROWDJHV� UHTXLUHVIXUWKHU�VWXGLHV��LQFOXGLQJ�VWXGLHV�RI�WKH�GL�HOHFWULF�UHVSRQVH�RI�WKH�FU\VWDO�,Q� RXU� RSLQLRQ�� D� VXEMHFW� RI� D� VHSDUDWHVWXG\� FDQ� EH� WKH� DV\PPHWU\� RI� &�8�� DQGWJδ�8�� �VHH�)LJ������$V� VKRZQ�E\� DGGLWLRQDOVWXGLHV�� WKH� DV\PPHWU\� RI� WKHVH� FXUYHV� LVDFFRPSDQLHG�E\�WKH�GHSHQGHQFH�RI�WKH�YROW�DJH�FXUUHQW�FKDUDFWHULVWLFV�XSRQ�SRODULW\�RIWKH� DSSOLHG� YROWDJH� �)LJ������ ,Q� SULQFLSOH�WKHVH� DV\PPHWULHV� FDQ� EH� H[SODLQHG� DVVXP�LQJ�WKH�SUHVHQFH�RI�JUDGLHQWV�RI�VRPH�SK\VL�FDO�SDUDPHWHUV�GLUHFWHG�QRUPDOO\�WR�WKH�VXU�IDFH�� +RZHYHU�� WKLV� DVVXPSWLRQ� GRHV� QRWDJUHH� ZLWK� WKH� UHVXOWV� RQ� =Q GLVWULEXWLRQ
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)LJ�����(OHFWULF�FDSDFLWDQFH� ����DQG�GLHOHFWULFORVVHV� ���� DV� IXQFWLRQ� RI� WKH� ELDV� YROWDJH�REWDLQHG�DV�D�UHVXOW�RI�PRGHOLQJ�
)LJ����� $� W\SLFDO� YROWDJH�FXUUHQW� FKDUDF�WHULVWLF� RI� 060� VWUXFWXUHV� RQ� WKH� EDVLV� RI=Q6H�7H�2� FU\VWDOV��
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