
7UDQVYHUVH�PDJQHWLF�PRGH�QRQOLQHDUZDYHJXLGH�VODE�RSWLFDO�VHQVRU�XWLOL]LQJOHIW�KDQGHG�PDWHULDOV
6RI\DQ�$�7D\D��+DOD�-�(O�.KR]RQGDU�0RKDPPHG�0�6KDEDW��(PDG�0�0HKMH]
3K\VLFV�'HSDUWPHQW��,VODPLF�8QLYHUVLW\��*D]D�
3�2�%R[������*D]D�6WULS��3DOHVWLQLDQ�$XWKRULW\��(QJLQHHULQJ�'HSDUWPHQW��,VODPLF�8QLYHUVLW\��*D]D�
3�2�%R[������*D]D�6WULS��3DOHVWLQLDQ�$XWKRULW\

5HFHLYHG�-XQH��������
,Q�WKH�VWXG\�LW�ZDV�FRQVLGHUHG�WKDW�VODE�ZDYHJXLGH�VWUXFWXUH�KDV�D�OHIW�KDQGHG�PDWHULDO
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���,QWURGXFWLRQ
7KH�FRQFHSW�RI�QHJDWLYH�UHIUDFWLYH� LQGH[

�5,��PDWHULDOV�SURSRVHG�E\�9HVHODJR�>�@�DQG
YHULILHG�H[SHULPHQWDOO\�E\�6PLWK�>�@�KDV�DW�
WUDFWHG� UHPDUNDEOH� LQWHUHVW� GXH� WR� GHPRQ�
VWUDWLRQ�RI�XQXVXDO� HOHFWURPDJQHWLF�SURSHU�
WLHV��7KHVH�PDWHULDOV�DUH�NQRZQ�DV�0HWDPD�
WHULDOV� �070V��� GRXEOH� QHJDWLYLW\� �QHJDWLYH
H�DQG�P��PDWHULDOV�RU�/HIW�+DQGHG�0DWHULDOV
�/+0��� 7KH� SKHQRPHQD� RI� QHJDWLYH� 5,� DUH
REVHUYHG�LQ�PLFURZDYH��PLOOLPHWHU�ZDYH��DQG
RSWLFDO�IUHTXHQF\�EDQGV��7KH�/+0�LV�D�KDQG�
PDGH� VWUXFWXUH� WKDW� FDQ� EH� GHVLJQHG� WR� H[�
KLELW� VSHFLILF� SKHQRPHQD� QRW� FRPPRQO\
IRXQG�LQ�QDWXUH��

$� KRPRJHQHRXV� IODW� VODE� RI� D� PDWHULDO
ZLWK�QHJDWLYH�5,�FDQ�EHKDYH�DV�D�SHUIHFW�OHQV
>�@�� IRU� ZKLFK� QXPHURXV� DSSOLFDWLRQV� LQ� VFL�
HQFH� FDQ� EH� H[SHFWHG�� ,W� LV� VKRZQ� WKDW� OHIW�
KDQGHG�PDWHULDOV�FDQ�HQKDQFH�WKH�HYDQHVFHQW
ILHOG� LQ� VODE�ZDYHJXLGHV� >�@�� ,Q� ������ 6DEDK
HW�DO�� >�@�VWXGLHG�WKH�HIIHFWV�RI�VWUXFWXUH�SD�
UDPHWHUV�� LQFLGHQFH� DQJOH�� DQG� IUHTXHQF\� RQ
WKH�UHIOHFWHG�DQG� WUDQVPLWWHG�SRZHUV�IRU� WKH
ORVVOHVV�/+0�VWUXFWXUH��(OHFWURPDJQHWLF�ZDYH
SURSDJDWLRQ�WKURXJK�IUHTXHQF\�GLVSHUVLYH�DQG
ORVV\� GRXEOH�QHJDWLYH� VODE� HPEHGGHG� EHWZHHQ
WZR� GLIIHUHQW� VHPL�LQILQLWH� PHGLD� ZDV� SUH�
VHQWHG� LQ� ����� >�@�� (O�.KR]RQGDU� HW� DO�� >�@
XVHG� /+0� WR� HQKDQFH� WKH� SHUIRUPDQFH� RI
2SWLFDO�:DYHJXLGH�,VRODWRU��
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2SWLFDO�VHQVLQJ�LV�D�UDSLGO\�JURZLQJ�DUHD
RI� UHVHDUFK�� 6RPH� RI� WKH�PDLQ� DSSOLFDWLRQV
DUH�UHODWHG� WR�HYDOXDWLRQ�RI�SURWHLQ�DGVRUS�
WLRQ�� DIILQLW\�EDVHG� UHFRJQLWLRQ� DQG� DWWDFK�
LQJ� EDFWHULD� RU� OLYLQJ� FHOOV�� 7KH� RSWLFDO
ZDYHJXLGH� VHQVRUV� PDNH� XVH� RI� JXLGHG
PRGHV� LQ� VODE�ZDYHJXLGHV� IRU� FKHPLFDO� DQG
ELRORJLFDO�DSSOLFDWLRQV�>�Ü��@��,Q�SDUWLFXODU�
WKH� IXQGDPHQWDO� PRGHV� 7(�� DQG� 70�� LQYHU\�WKLQ�SODQDU�ZDYHJXLGHV�RI�KLJK�5,�DUH
XVHG� LQ� WKLV� DWWUDFWLYH� ILHOG�� 7KH� SULQFLSOH
RI� RSWLFDO� ZDYHJXLGH� VHQVRUV� LV� DV� IROORZV�
7KH� HYDQHVFHQW� ILHOG� RI� WKH� JXLGHG� PRGH
LQWHUDFWV� ZLWK� WKH� VDPSOH� WR� EH� GHWHFWHG
�DQDO\WH��DQG�LW�VHQVHV�FKDQJHV�LQ�WKH�5,�RI
WKH� VXSHUVWUDWH� �FODGGLQJ���7KXV�FKDQJHV� LQ
WKH�HIIHFWLYH�5,��1��RI�WKH�JXLGHG�PRGH�DUH
LQGXFHG�� 7KH� VHQVLWLYLW\� 6� RI� WKH� RSWLFDO
ZDYHJXLGH� VHQVRU� LV� GHILQHG� DV� D� UDWLR� RI
FKDQJH� RI� WKH� HIIHFWLYH� 5,� �1�� DQG� FKDQJH
RI� WKH� FODGGLQJ� LQGH[�QF�� L�H���6� �w1�e�wQF�
7D\D�HW�DO��>��@�KDV�VKRZHG�DQDO\WLFDOO\�WKDW
WKH�VHQVLWLYLW\�RI�DQ�RSWLFDO�ZDYHJXLGH�VHQ�
VRU� FDQ� EH� GUDPDWLFDOO\� HQKDQFHG� E\� XVLQJ
/+0��,Q�DQRWKHU�VWXG\��(O�.KR]RQGDU�HW�DO�
>��@�VKRZHG�WKDW�WKH�EHKDYLRU�RI�/+0�RSWL�
FDO� ZDYHJXLGH� VXEMHFWHG� WR� VWUHVV� FDQ� EH
FRQWUROOHG� E\� DGMXVWLQJ� WKH� GRXEOH�QHJDWLYH
PDWHULDOV�SDUDPHWHUV���

$XWKRUV� WDNH� D� IXUWKHU� VWHS� WR� VWXG\� D
QHZ� VHQVRU� LQ� ZKLFK� WKHLU� SURSRVHG� VHQVRU
FRQVLVWV� RI� ERWK� QRQOLQHDU� PDWHULDOV� DQG
/+0��8VLQJ�WKLV�FRPELQDWLRQ�D�VHQVRU�ZLWK
HQKDQFHG�FKDUDFWHULVWLFV�FDQ�EH�FUHDWHG��7KH
SURSRVHG� VWUXFWXUH� FRQVLVWV� RI� WKLQ� ILOP
FRPSRVHG�RI�/+0�ZLWK�WKLFNQHVV�W��7KH�WKLQ
ILOP�LV�VDQGZLFKHG�EHWZHHQ�D�OLQHDU�VXEVWUDWH
RI� SHUPLWWLYLW\� HV� DQG� D�.HUU�W\SH� QRQOLQHDU
FODGGLQJ�RI�QRQOLQHDU�SHUPLWWLYLW\�HQO��

���7KHRUHWLFDO�EDFNJURXQG
,Q� FXUUHQW� VWXG\� S�SRODUL]HG� ZDYHV� WKDW

SURSDJDWH� LQ� WKH� ]�GLUHFWLRQ� �70� ZDYHV�
ZHUH� FRQVLGHUHG��7KH� ILHOGV� FRPSRQHQWV�DUH
+\��([��DQG�(]��7R�VROYH�WKH�QRQOLQHDU�ZDYHHTXDWLRQ�LQ�WKH�FODGGLQJ�PHGLXP��ZH�GHILQH
HQO� �HF���Dc_+\_��� ZKHUH� Dc� �D�HFF�H���� D� LV
WKH� QRQOLQHDU� FRHIILFLHQW�� HF� LV� WKH� OLQHDU
SDUW� RI� WKH� SHUPLWWLYLW\�� H�� LV� IUHH� VSDFHSHUPLWWLYLW\� DQG�F� LV� VSHHG�RI� OLJKW� LQ�YDF�
XXP� >������@�� 7KH� /+0� LQ� WKH� ILOP� LV� DV�
VXPHG� WR� KDYH� QHJDWLYH� HI� DQG� QHJDWLYH� PIDQG� WKH� VXEVWUDWH� LV� OLQHDU�GLHOHFWULF�PHGLD
ZLWK�SHUPLWWLYLW\�HV�7KH� VROXWLRQ� RI� WKH� ZDYH� HTXDWLRQ� LQ
HDFK�OD\HU�LV�IRXQG�WR�EH�
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OD\HU�DW�[� �[��>��@���7KH� PDJQHWLF� ILHOG� +�� DW� WKH� FODG�ILOPLQWHUIDFH� LV� REWDLQHG� E\� VXEVWLWXWLQJ� [� ��
LQ�+\��UHODWLRQ�LQ�(T������7KLV�JLYHV

Dc+��
� � �TF������WDQK��N�TF[����

���

ZKHUH� Dc+���e��� LV� FDOOHG� FODG�ILOP� LQWHUIDFH
QRQOLQHDULW\�>��@��7KH�WDQJHQWLDO�FRPSRQHQW
RI� WKH� HOHFWULF� ILHOG�(]� LV� FDOFXODWHG� XVLQJ
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ZKHUH�P� ��������������LV�WKH�PRGH�RUGHU��
6HQVLWLYLW\�LV�GHILQHG�DV�WKH�YDULDWLRQ�RI

WKH� HIIHFWLYH� UHIUDFWLYH� LQGH[� �1�� ZLWK� UH�
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VSHFW�WR�WKH�FKDQJHV�RI�WKH�FODGGLQJ�UHIUDF�
WLYH� LQGH[� �QF��� 'LIIHUHQWLDWLQJ� WKH� GLVSHU�VLRQ� UHODWLRQ� JLYHQ� E\� (T�� ���� ZLWK� UHVSHFW
WR� 1�� WKH� VHQVLWLYLW\� 6� RI� WKH� SURSRVHG
ZDYHJXLGH� VHQVRU� WR� FKDQJHV� LQ� WKH� 5,� RI
WKH�FODGGLQJ�LV
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7KH�SRZHU�IORZ�WKURXJK�WKH�OD\HUV�RI�WKH
VWUXFWXUH�LV�D�FULWLFDO�SDUDPHWHU�IRU�WKH�VHQ�
VLWLYLW\�RI�WKH�RSWLFDO�ZDYHJXLGH�VHQVRU��)RU
70�PRGHV� WKH� WRWDO� HQHUJ\� IOX[� SHU� OHQJWK
XQLW�LV�JLYHQ�E\�
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ZKHUH�3V��3I�DQG�3F�DUH�WKH�HQHUJ\�IOX[�SHUOHQJWK�XQLW� DV� FDOFXODWHG� IRU� WKH� VXEVWUDWH�
ILOP�DQG�FODGGLQJ�PHGLD��UHVSHFWLYHO\��7KHQ
ZH�UHSODFH�+\� LQ�(T������E\�WKHLU�YDOXHV�DVGHILQHG� E\� (T������ (T����� DQG� (T������ 7KH
IUDFWLRQ� RI� WKH� WRWDO� SRZHU� WKDW� LV� IORZLQJ
LQWR�WKH�FODGGLQJ�LV�JLYHQ�E\�
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7KH� VHQVLWLYLW\� RI� WKH� SURSRVHG� VHQVRU
VWURQJO\� GHSHQGV� RQ� WKH� SDUDPHWHUV� RI� WKH
VWUXFWXUH�� )RU� D� JLYHQ� FRQILJXUDWLRQ� ZLWK
FRQVWDQW�HF��HI�� DQG�HV�� WKH�PD[LPXP�VHQVL�WLYLW\� RI� WKH� SURSRVHG� RSWLFDO� ZDYHJXLGH
VHQVRU� LV� UHDFKHG�DW� WKH�RSWLPXP�WKLFNQHVV
RI� WKH� JXLGLQJ� OD\HU�� 7KXV� WKH� PD[LPXP
VHQVLWLYLW\�LV�GHILQHG�ZKHQ�WKH�GHULYDWLYH�RI

6�ZLWK�UHVSHFW�WR�W��WKH�ILOP�ZLGWK��YDQLVKHV
>������@�RU�w6wW � �����

���5HVXOWV��
7R� FDOFXODWH� WKH� VHQVLWLYLW\� EHKDYLRU� IRU

WKH� SURSRVHG� VHQVRU� LQ� WHUPV� RI� LWV� VWUXF�
WXUH� SDUDPHWHUV�� ZH� VROYHG� (T����� QXPHUL�
FDOO\�IRU�WKH�HIIHFWLYH�5,��1���7KHQ��ZH�DS�
SOLHG� WKH� UHVXOW� LQWR�(T����� WR� FDOFXODWH� WKH
VHQVLWLYLW\�� )RU� RSWLPDO� VHQVRU� GHVLJQ�� DOO
QHFHVVDU\� LQIRUPDWLRQ� FDQ� EH� IRXQG� RQ� WKH
VXUIDFH�UV�DV��DF��DQG�WKH�DERYH�VHW�RI�HTXD�WLRQV��7KLV�FDQ�EH�SHUIRUPHG�DV�IROORZV��7KH
PDWHULDOV� WR� EH� XVHG� LQ� WKH� VHQVRU� SURGXF�
WLRQ�DUH�GHWHUPLQHG�DFFRUGLQJ�WR�WKH�VHQVRU
DSSOLFDWLRQ��WHPSHUDWXUH��PHFKDQLFDO�VWDELO�
LW\�� FRVW� FULWHULD� DQG� RSWLFDO� DQG� FKHPLFDO
VWDELOLW\�� 7KHQ�� WKH� RSWR�JHRPHWULFDO� SD�
UDPHWHUV�DV� DQG�DF� DUH� FDOFXODWHG� IURP� WKHSHUPLWWLYLWLHV�RI�WKHVH�PDWHULDOV��7KH�YDOXH
RI� WKH� HIIHFWLYH� UHIUDFWLYH� LQGH[�1� IRU� WKH
RSWLPDO�VHQVRU�LV�FDOFXODWHG�IURP�WKH�FRUUH�
VSRQGLQJ�YDOXH�RI�UV��7KHQ��WKH�YDOXH�RI�W�DWZKLFK� WKH� VHQVRU� LV� FKDUDFWHUL]HG� E\�PD[L�
PXP� VHQVLWLYLW\� FDQ� EH� HYDOXDWHG� IURP
(T������7KH�PD[LPXP�VHQVLWLYLW\�FDQ�EH�FDO�
FXODWHG� E\� VXEVWLWXWLQJ� WKH� SDUDPHWHUV� RI
WKH� RSWLPDO� VHQVRUV�ZKLFK� HYDOXDWHG� DV� GH�
VFULEHG�LQWR�(T������

)LJ����H[KLELWV�WKH�UHODWLRQ�EHWZHHQ�IUDF�
WLRQ�RI�WRWDO�SRZHU�SURSDJDWLQJ�LQ�WKH�FRYHU
PHGLXP� �3F�3WRWDO�� DQG� VHQVLWLYLW\� RI� WKHVHQVRU�� ,Q� WKH�PRVW� FDVHV�� WKH\� DUH� WUHDWHG
HTXDOO\��7KXV��WKH�HQKDQFHPHQW�RI�WKH�IUDF�
WLRQ� RI� SRZHU� IORZLQJ� LQ� WKH� FODG� LV� HVVHQ�
WLDO�IRU�VHQVLQJ�DSSOLFDWLRQV�

)LJ���� VKRZV� WKH� VHQVLWLYLW\� RI� WKH� SUR�
SRVHG� VHQVRU� YHUVXV� WKH�/+0�SDUDPHWHU� RI
_PI�P�_��)URP�)LJ�����ZH�QRWLFH�WKDW�IRU�VPDOOYDOXHV� RI� _PI�P�_�� WKH� VHQVLWLYLW\� DSSURDFKHV]HUR��7KLV�LV�GXH�WR�WKH�KLJK�FRQILQHPHQW�RI

)LJ����� 6HQVLWLYLW\� RI� WKH� SURSRVHG� RSWLFDO
ZDYHJXLGH�VHQVRU�YHUVXV�WKH�IUDFWLRQ�RI�WRWDO
SRZHU�IORZLQJ�LQ�WKH�FODGGLQJ�

6RI\DQ�$�7D\D�HW�DO����7UDQVYHUVH�PDJQHWLF�PRGH����

��� )XQFWLRQDO�PDWHULDOV�������������



WKH� JXLGHG� PRGH� LQ� WKH� JXLGLQJ� ILOP�� )DU
IURP� WKLV� SRLQW� DW� WKH� RWKHU� HQG� RI� WKH
FXUYH��WKH�VHQVLWLYLW\�DSSURDFKHV�]HUR�DJDLQ
EHFDXVH� WKLV� UHJLRQ� FRUUHVSRQGV� WR� WKH� FXW�
RII�DW�ZKLFK�WRWDO�SRZHU�RI�WKH�PRGH�SURSD�
JDWHG� LQ� WKH� VXEVWUDWH�DQG�WKH�VHQVLQJ�HYD�
QHVFHQW� ILHOG� LQ� WKH� FODGGLQJ� YDQLVKHV�� ,Q
WKLV�FDVH��WKH�ILHOG�GRHV�QRW�VHQVH�YDULDWLRQV
LQ� WKH� 5,� RI� WKH� FODGGLQJ�� %HWZHHQ� WKHVH
WZR� OLPLWV�� WKHUH� LV�D�PD[LPXP�DW�ZKLFK�D
UHODWLYHO\� ODUJH� SDUW� RI� WKH� WRWDO� SRZHU
SURSDJDWHV�LQ�WKH�FODGGLQJ��

,Q�)LJ���� WKH�YDULDWLRQ�RI� WKH� VHQVLWLYLW\
RI� WKH� SURSRVHG� VHQVRU� ZLWK� WKH� FODG�ILOP
LQWHUIDFH� QRQOLQHDULW\� LV� LOOXVWUDWHG�� 7KH
VHQVLWLYLW\� LQFUHDVHV� ZLWK� LQFUHDVLQJ� WKH
FODG�ILOP� LQWHUIDFH� QRQOLQHDULW\�� ,Q� RXU
DQDO\VLV� ZH� FRQVLGHU� WKH� QRQOLQHDU� FRHIIL�
FLHQW� D� WR� EH� SRVLWLYH�� 7KXV� LQFUHDVLQJ� D
ZLOO� LQFUHDVH� WKH� 5,� RI� WKH� QRQOLQHDU� FODG�
GLQJ��$V�WKH�UDWLR�RI�WKH�5,�RI�WKH�FODGGLQJ
WR� WKH� 5,� RI� WKH� JXLGLQJ� OD\HU� �QF�QI�� LQ�FUHDVHV� WKH� FRQILQHPHQW� RI� WKH� ZDYH� JHWV
VPDOOHU� DQG� WKH� SHQHWUDWLRQ� RI� WKH� HYDQHV�
FHQW� ILHOG� LQWR� WKH� FODGGLQJ� EHFRPH� ODUJHU�
7KHUHIRUH�� WKH� VHQVLWLYLW\� RI� WKH� VHQRU� LQ�
FUHDVHV��

,Q� )LJ���� DQG� )LJ���� WKH� VHQVLWLYLW\� LV
SORWWHG�YHUVXV�WKH�DV\PPHWU\�SDUDPHWHUV�DVDQG� DF�� ,W� LV� FOHDU� WKDW� WKH� VHQVLWLYLW\� GH�FUHDVHV�ZLWK�LQFUHDVLQJ�DV�DQG�ZLWK�GHFUHDV�LQJ� DF�� $V� DV� LQFUHDVHV� WKH� JXLGHG� ILHOGVKLIWV� WRZDUGV� WKH� VXEVWUDWH� DQG� WKHUHIRUH
WKH� IUDFWLRQ� RI� WRWDO� SRZHU� IORZLQJ� LQ� WKH
VXEVWUDWH� LV� HQKDQFHG� UHGXFLQJ� WKH� HYDQHV�
FHQW� ILHOG� LQ� WKH� FODGGLQJ� DQG� WKH� IUDFWLRQ
RI� WRWDO� SRZHU� IORZLQJ� LQ� WKH� FODGGLQJ�� 7R
REWDLQ�KLJK�VHQVLWLYLW\��LW�LV�HVVHQWLDO�WR�JHW
DV�PXFK�RI�WKH�RSWLFDO�SRZHU�DV�SRVVLEOH�WR
SURSDJDWH� LQ� WKH� QRQOLQHDU� FODGGLQJ� PH�
GLXP��7KXV�GHFUHDVLQJ�DV�DQG� LQFUHDVLQJ�DF

ZLOO�HQKDQFH�WKH�VHQVLWLYLW\�RI�WKH�SURSRVHG
RSWLFDO�ZDYHJXLGH�VHQVRU��

���&RQFOXVLRQV
7KH� RSWLPDO� GHVLJQ� IRU� QRQOLQHDU�/+0�

/LQHDU� VODE� ZDYHJXLGH� VWUXFWXUH� VHQVRU� LV
VWXGLHG� DV� D� IXQFWLRQ� RI� WKH� /+0� SDUDPH�
WHUV� DQG� WKH� QRQOLQHDU� FRHIILFLHQW�� :H
HYDOXDWHG� WKHRUHWLFDOO\� WKH� SURSDJDWLRQ� RI
70�PRGHV�LQ�WKH�VWUXFWXUH�IRU�KRPRJHQHRXV
RSWLFDO�VHQVLQJ�DSSOLFDWLRQV��7KH�/+0�PDWH�
ULDO�LV�HPEHGGHG�EHWZHHQ�D�VHPL�LQILQLWH�OLQ�

)LJ�����6HQVLWLYLW\�RI�WKH�SURSRVHG�VHQVRU�YHU�
VXV� WKH� DEVROXWH� YDOXH� RI� Q� ZKHUH� PI� �QP�IRU�DF� �Ü�����DQG�DV� �Ü�����

)LJ�����6HQVLWLYLW\�DV�D�IXQFWLRQ�RI�WKH�DEVR�
OXWH�YDOXH�RI�WKH�DV\PPHWU\�SDUDPHWHU�_DV_�RIWKH�SURSRVHG�VHQVRU�

)LJ�����6HQVLWLYLW\�YHUVXV�WKH�FODG�ILOP�LQWHU�
IDFH�QRQOLQHDULW\�IRU�DF� �Ü�����DV� �Ü�����

)LJ�����6HQVLWLYLW\�DV�D�IXQFWLRQ�RI�WKH�DEVR�
OXWH�YDOXH�RI�WKH�DV\PPHWU\�SDUDPHWHU�_DF_�RIWKH�SURSRVHG�VHQVRU�
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HDU� VXEVWUDWH� DQG� D� VHPL�LQILQLWH� QRQOLQHDU
FODGGLQJ�ZLWK�DQ�LQWHQVLW\�GHSHQGHQW�UHIUDF�
WLYH� LQGH[� RI�.HUU� W\SH��5HVXOWV� VKRZ� WKDW
WKH�VHQVLWLYLW\�GHSHQGV�RQ�WKH�/+0�SDUDPH�
WHUV� DQG� WKH� QRQOLQHDU� SDUDPHWHUV�� 7KH� UH�
VXOWV�DUH�LPSRUWDQW�IRU�GHVLJQHU�WR�FRQVLGHU
WKH�SDUDPHWHUV�IRU�JHWWLQJ�PD[LPXP�VHQVL�
WLYLW\� RI� IXWXUH� VHQVRUV� VXFK� DV� WKH� ILOP
WKLFNQHVV�� WKH� SDUDPHWHUV� RI� HDFK� OD\HU� RI
WKH�VHQVRU��
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