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,QWURGXFWLRQ�	�/LWHUDWXUH�6XUYH\�

��� ,QWURGXFWLRQ

&RQGXFWLYH� SRO\PHUV� �&3V�� DUH� FRQVLGHUHG� DV� D� FODVV� RI� RUJDQLF� VHPLFRQGXFWLQJ

PDWHULDOV� SRVVHVVLQJ� XQLTXH� RSWLFDO� DQG� HOHFWULFDO� SURSHUWLHV� VLPLODU� WR� WKRVH� RI�

LQRUJDQLF�FRXQWHUSDUWV��&3V�LQ�YDULRXV�DSSOLFDWLRQV�KDYH�JDLQHG�VLJQLILFDQW�DWWHQWLRQ�GXH�

WR�WKHLU�WXQDEOH�HOHFWULFDO�FRQGXFWLYLW\��HFRQRPLFDOO\�IDYRUDEOH V\QWKHVLV�DSSURDFK��OLJKW�

ZHLJKW�� KLJK� PHFKDQLFDO� GXUDELOLW\� DQG� HDVH� LQ� WKHLU� PDWHULDO� SURFHVVLQJ >���@�� 3DVW�

GHFDGH�KDV�ZLWQHVVHG�WKH�GHPDQGLQJ�UHVHDUFK�RI�&3V�DV�ZHOO�DV�WKHLU�QDQRFRPSRVLWHV�DV�

SRWHQWLDO�PDWHULDOV�IRU� ODUJH�DUHD�IDEULFDWLRQ�RI�YDULRXV�VHPLFRQGXFWRU�GHYLFHV�VXFK�DV�

EDWWHU\�� FDSDFLWRU�� ELRVHQVRU��(0,� VKLHOGLQJ�� DQWLVWDWLF� DJHQW�� FKHPLFDO� VHQVRU�� HQHUJ\�

KDUYHVWLQJ� DQG� VXSHUFDSDFLWRUV� �DV� GLVSOD\HG� LQ� )LJXUH� ����� >���@�� :LWK� UHJDUG� WR�

RUJDQLF�SRO\PHU�EDVHG�HOHFWURQLF�GHYLFHV�VXFK�DV�RUJDQLF�ILHOG�HIIHFW�WUDQVLVWRUV��2)(7��

DQG�RUJDQLF�OLJKW�HPLWWLQJ�GLRGHV��2/('�� PRGLILFDWLRQ�LQ�WKH�VWUXFWXUDO�GHVLJQ�RI�WKH�

SRO\PHU�FRQMXJDWHG�EDFNERQH LV�D�GHPDQGLQJ�UHVHDUFK�DUHD��,Q�YLHZ�RI�WKLV� VLGH�FKDLQ�

VXEVWLWXWLRQ�� DQG� DXJPHQWLQJ� WKH� OD\HU� �ILOP�� SURSHUWLHV� �VXFK� DV� XQLIRUPLW\� DQG�

WKLFNQHVV�� KDV� XSUDLVHG� WKH� SRWHQWLDO� RI� WKHVH� PDWHULDOV� WR� VWDQGDUGV� �PRELOLWLHVa����

FP�9��V����FRPSDUDEOH�WR�WKDW�RI�LQRUJDQLF�FRXQWHUSDUWV��DPRUSKRXV�VLOLFRQ�� )LJXUH ����

�L��VKRZV� WKH�FKHPLFDO� UHSHDW�XQLWV� �LQ�SULVWLQH�IRUP��RI�YDULRXV� W\SHV�RI�&3V VXFK�DV�

SRO\DFHW\OHQH� �3$��� SRO\DQLOLQH� �3$1��� SRO\S\UROH� �33\��� SRO\WKLRSKHQH� �37�� DQG�

SRO\LQGROH��3,Q�� +RZHYHU��IRU�DQ�H[WHQVLYH�DSSOLFDWLRQ�RI�WKHVH�RUJDQLF�SRO\PHU�EDVHG�

GHYLFHV� WKHUH� DUH� VRPH� LPSRUWDQW� IHDWXUHV� RI� VHPLFRQGXFWLQJ� SRO\PHU� OD\HU� WKDW� DUH�

SUHUHTXLVLWH� WR� EH� FRQVLGHUHG� 7KH\� DUH HQYLURQPHQWDO� VWDELOLW\�� PDWHULDO� FRVWV� DQG�

SURGXFWLRQ��HFRORJLFDO IULHQGOLQHVV�DQG PRVW�LPSRUWDQW�RI�DOO��RUGHULQJ�RI ʌ�FRQMXJDWHG�
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EDFNERQH�RI�SRO\PHU�FKDLQV��&KDLQ�RUGHULQJ LQ�FDVH�RI�SRO\PHUV�LV�DVVRFLDWHG�ZLWK�WKHLU

DVVHPEO\�LQWR�VXSUDPROHFXODU VWUXFWXUHV�YLD�QRQ�FRYDOHQW��VHFRQGDU\��LQWHUDFWLRQV DW�DOO�

)LJXUH���� /DUJH�DUHD�EDVHG�DSSOLFDWLRQ�RI�&3V�DQG�LWV�FRPSRVLWHV >�@�

OHYHOV�RI�KLHUDUFK\� 9DULHW\�RI� WHFKQLTXHV�ERWK�DW�V\QWKHVLV�DQG�DW�SRVW�V\QWKHVLV��ILOP�

IRUPDWLRQ��OHYHOV KDYH�EHHQ�GHYHORSHG�WR�WXQH�WKH�DVVHPEO\��RUGHULQJ��RI�WKHVH�&3V�WR�

HPEUDFH� DQG� LQWHUIDFH� WKHP� LQWR� WKLQ� ILOP�SDUWLFXODUO\� IRU� ODUJH� DUHD� EDVHG� HOHFWURQLF�

DSSOLFDWLRQV��6XFK�GHYHORSPHQWV�DUH�KLJKO\�GHVLUDEOH�LQ�YDULRXV�DSSOLFDWLRQ�ILHOGV�VXFK�

DV�RSWRHOHFWURQLFV��WUDQVSDUHQW�GLVSOD\V��ILHOG�HIIHFW�WUDQVLVWRUV �)(7V���HOHFWURFKURPLFV��

VXSHUFDSDFLWRUV��VHQVRUV��EDWWHULHV��HWF� DV�WKH\�FRXOG�SRWHQWLDOO\�SURYLGH�WKH�ORQJ�UDQJH�

RUGHUHG�DUUD\�RI�SRO\PHU�EDFNERQH�OHDGLQJ�WR�HQKDQFHPHQW�LQ�GHYLFH�SHUIRUPDQFH��

����+LVWRULFDO�EDFNJURXQG DQG�FRQGXFWLRQ�PHFKDQLVP RI��ʌ�FRQMXJDWHG� &3�

7KH�PDMRU�EUHDNWKURXJK� LQ� WKH�ILHOG�RI�&3V�ZDV� LQ� WKH�\HDU������ZKHQ�GRSLQJ�RI�3$

ZLWK� ,RGLQH� �VWURQJ� R[LGLVLQJ� DJHQW�� HQKDQFHG� LWV� FRQGXFWLYLW\� ZLWK� VHYHQ� RUGHUV� RI�
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PDJQLWXGH��IURP���������� WR�������� 6FP�� >���@��,Q�WKH�ODWH�����V��3$ FRQGXFWLYLW\�ZDV�

UHSRUWHG�DURXQG�WKDW�RI�FRSSHU�PHWDO��7KHVH�VLJQLILFDQW�ILQGLQJV�ZHUH�SLRQHHUHG�E\�$��-��

+HHJHU��$��*��0DF'LDUPLG��+��6KLUDNDZD�IRU�ZKLFK�WKH\�ZHUH�DZDUGHG�QREOH�SUL]H�LQ�

FKHPLVWU\��LQ�WKH�\HDU����� >�@��&3V�LQ�WKHLU�XQGRSHG��SULVWLQH��IRUP�DUH�NQRZQ�IRU�WKHLU�

EDVLF�HOHFWURQLF�IHDWXUH��WKH�ʌ�FRQMXJDWHG�V\VWHP��7KLV�V\VWHP�LV�IRUPHG�E\�WKH�RYHUODS�

RI� FDUERQ� S] RUELWDOV� FRQWDLQLQJ� DOWHUQDWLQJ� VLQJOH� DQG� PXOWLSOH� �GRXEOH�� ERQGV��

VRPHWLPHV� KHWHURDWRP� LQ� FRQMXJDWLRQ� �LQ� FDVH� RI� 3$1�� 3,Q�� 33\�� 37��� LQ� ZKLFK� ʌ�

HOHFWURQV� GHORFDOL]H� DORQJ� WKH� HQWLUH� EDFNERQH� RI� WKH� SRO\PHU� FKDLQ�� )LJXUH� ���� �LL��

GLVSOD\V�D�FRPSDULVRQ�EHWZHHQ�WKH�FRQGXFWLYLWLHV�RI�3$��3$1 DQG�33\�LQ WKHLU�XQGRSHG�

�SULVWLQH�� DQG� GRSHG� IRUPV�� 7KH� VLJQLILFDQW� HQKDQFHPHQW� RI� QHDUO\� ��� RUGHUV� RI�

PDJQLWXGH� LQ� WKHLU� FRQGXFWLYLWLHV� XSRQ� GRSLQJ� KDYH� EHHQ� UHSRUWHG� LQ� WKH� SDVW� IHZ�

GHFDGHV�>�����@��$FWXDOO\�GRSLQJ�LQ�FDVH�RI�FRQMXJDWHG�SRO\PHUV�LV�D�MXVW�UHGR[�UHDFWLRQ�

WKURXJK�ZKLFK�SULVWLQH�SRO\PHU�LV�R[LGLVHG�RU�UHGXFHG�WR�LWV�SRO\PHULF�FDWLRQ�RU�DQLRQ��

IRUPLQJ� DQ� LRQLF� FRPSOH[� ZLWK� UHGXFHG� RU� R[LGLVHG� IRUP� RI� WKH� GRSDQW� ,Q� VXFK�

DOWHUQDWLQJ�VLQJOH��ı��DQG�GRXEOH��ʌ��ERQGHG�FDUERQ�DWRPV��WKHUH�LV�SRVVLELOLW\�RI�3HLHUOV�

LQVWDELOLW\��L�H��FRXSOLQJ�DPLG�HOHFWURQLF�DQG�HODVWLF�SURSHUWLHV���GXH�WR�ZKLFK�WKH�ʌ�EDQG�

LV�GLYLGHG� LQWR�ʌ�ERQGLQJ�RUELWDO� �ILOOHG�� IRUPLQJ� ORZHVW�XQRFFXSLHG�PROHFXODU RUELWDO�

�/802��EDQG�DQG�ʌ
�DQWL�ERQGLQJ�RUELWDO��HPSW\��IRUPLQJ�KLJKHVW�RFFXSLHG PROHFXODU�

RUELWDO��+202��EDQG�ZLWK�D�JDS��(J��LQ WKH�HOHFWURQLF�H[FLWDWLRQ�VSHFWUXP�>���@� 7KLV�

EDQG� OLNH� HQHUJ\� GLVWULEXWLRQ� LQWR� /802� DQG� +202� UHVHPEOH� YDOHQFH EDQG� DQG�

FRQGXFWLRQ� EDQG� OLNH� WKDW� LQ� WUDGLWLRQDO� LQRUJDQLF� VHPLFRQGXFWRUV�� 'HORFDOL]DWLRQ� RI�

WKHVH�ʌ�HOHFWURQV�GRHV�QRW� LPSDUW VXIILFLHQW�FRQGXFWLYLW\�WR� WKHVH�SRO\PHUV��VR�LQ� WKHLU�

SULVWLQH�VWDWH�WKH\�EHKDYH�DV�LQVXODWLQJ�PDWHULDOV� 7KHVH�SRO\PHUV�ZKHQ GRSHG�ZLWK�
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)LJXUH� ��� �L�� &KHPLFDO� VWUXFWXUH� RI� &3V�� �LL�� FRQGXFWLYLW\� FRPSDULVRQ� RI� XQGRSHG�

�SULVWLQH��DQG�GRSHG�SRO\PHUV >�@�

)LJXUH� ���� �D�� *HQHUDWLRQ� RI� SRODURQ�� ELSRODURQ� DQG� ELSRODURQ� EDQGV� DV� D� UHVXOW� RI�

GRSLQJ� OHYHO� LQ�YDULRXV�&3V �E��)RUPDWLRQ�RI�QHXWUDO��SRVLWLYH�DQG�QHJDWLYHO\�FKDUJHG�

VROLWRQ���F��IRUPDWLRQ�RI�WZR�FKDUJHG�VROLWRQV�RQ�D�FKDLQ�RI�WUDQV�3$�>�@�
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HOHFWURQ�GRQDWLQJ��Q�W\SH��DQG�HOHFWURQ�DFFHSWLQJ� �S�W\SH��GRSDQWV�FDQ�EH� WUDQVIRUPHG�

LQWR� FRQGXFWLQJ� ZLWK� LQFUHDVLQJ� GRSLQJ� OHYHOV�� $V� D� UHVXOW� RI� SHLHUOV� GLVWRUWLRQ� LQ�

SRO\PHU� ��'�� FKDLQV�� GRSHG� FKDUJHV� DUH� VWRUHG� LQ� HQHUJ\� OHYHOV� RU� VWDWHV� VXFK� DV�

VROLWRQV��SRODURQV�DQG�ELSRODURQV��ZKLFK�DVFULEH�WR�FKDUJH�DQG�WKHLU�VXUURXQGLQJ�ODWWLFH�

GLVWRUWLRQ�� )LJXUH� ���� �D�� VKRZV� WKH� JHQHUDWLRQ� RI� SRODURQ�� ELSRODURQ� DQG� ELSRODURQ�

EDQGV�DV�D� UHVXOW�RI�GRSLQJ� OHYHO� LQ�YDULRXV�&3V�� ,Q�FDVH�RI�GRSLQJ��RQ�UHPRYDO�RI�DQ�

HOHFWURQ� IURP� SRO\PHU� EDFNERQH�� SRODURQ� �ò� VSLQ�� LV� IRUPHG�� WKHQ� RQ� UHPRYDO� RI�

VHFRQG� HOHFWURQ� ZLWK� LQFUHPHQW� LQ� GRSLQJ�� ERWK� SRODURQV� IRUPHG� UHFRPELQH� WR� IRUP�

VSLQOHVV� ELSRODURQV��:LWK� IXUWKHU� HQKDQFHPHQW� LQ� GRSLQJ� OHYHOV�� WKH� ELSRODURQ� OHYHOV�

RYHUODS�DQG�HYHQWXDOO\�IRUP�FRQWLQXRXV�EDQGV��

3$ ZLWK� D� GHJHQHUDWHG� JURXQG� VWDWH� KDV� VOLJKWO\� GLIIHUHQW� FRQGXFWLRQ�

PHFKDQLVP�� $V� VKRZQ� LQ� )LJXUH� ���� �E��� VROLWRQ� H[LVWV� DV� FKDUJH� FDUULHUV� ZKLFK� DUH

FUHDWHG�GXH�WR�WKH�VROLWDU\�ZDYH�GHIHFW��,Q�SULVWLQH�WUDQV�3$��QHXWUDO�VROLWRQ��XQSDLUHG�ʌ�

HOHFWURQ�RU�UDGLFDO��H[LVWV�ZKLFK�OHDGV�WR�DSSHDUDQFH�RI�ORFDOL]HG�HOHFWURQ�VWDWHV�DW� WKH�

PLGGOH� RI� EDQG� JDS� ZKLFK� LV� KDOI� RFFXSLHG� �QHXWUDO� VROLWRQ�� DQG� HPSW\� LQ� FDVH� RI�

FKDUJHG� VROLWRQ� �SRVLWLYHO\� DQG� QHJDWLYHO\� FKDUJHG��� )LJXUH� ���� �F�� GLVSOD\V� WKH�

IRUPDWLRQ�RI�WZR�FKDUJHG�VROLWRQV�RQ�D�FKDLQ�RI�WUDQV�3$��$V�D�UHVXOW�RI�WKH�GHJHQHUDF\��

WKH�WZR�FKDUJHV�IRUPLQJ�LQ�WUDQV�3$ FDQ�UHDGLO\�VHSDUDWH >���@�

3$ WKRXJK�UHPDLQV�WKH�PRVW�FU\VWDOOLQH�FRQGXFWLYH�SRO\PHU�WLOO�GDWH��+RZHYHU�

LWV�HDV\�R[LGDWLRQ�LQ�DLU��VHQVLWLYH�WR�KXPLGLW\�DQG�UHTXLUHPHQW� WR�EH�GRSHG�H[WHUQDOO\�

GLPLQLVKHV� LWV� DSSOLFDELOLW\� IRU� DPELHQW� GHYLFH� WHVWLQJ�� )RU� WKHVH� UHDVRQV�� LW� ZDV�

QHFHVVDU\�WR�IRFXV�RQ�WKH�SRO\PHUV�WKDW�FDQ�EH�GRSHG�GXULQJ�V\QWKHVLV�DQG�DUH�VWDEOH LQ�
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DLU�� 6RPH�� KHWHURDWRP� FRQWDLQLQJ� SRO\PHUV� OLNH� 33\�� 37�� 3$1 ZHUH� V\QWKHVL]HG� DQG�

WKHLU�FRQGXFWLYLWLHV�ZHUH�IRXQG�WR�EH���� 6FP���DIWHU�WKH\�ZHUH�RUGHUHG�YLD�DQ\�VXLWDEOH�

PHWKRG�RI�ILOP�IRUPDWLRQ�WHFKQLTXH >�������@��7KHVH�SRO\PHU�ILOPV�ZLWKRXW�FRPSHWLQJ�

ZLWK�LQRUJDQLF�FRXQWHUSDUWV��DUH�EHLQJ�XWLOL]HG�LQ�IOH[LEOH�DQG�ODUJH�DUHD�EDVHG�GHYLFHV��

&3V� DUH� LQWULQVLFDOO\� DPRUSKRXV� LQ� QDWXUH�� VR� WKHLU� DVVHPEO\� RU� RUGHULQJ� IURP� WKHLU�

LVRWURSLF�PHOW��VROXWLRQ�VWDWH��WR�WKHLU�VROLG��ILOP��VWDWH�LV�YHU\�HVVHQWLDO�WR EH�XWLOL]HG�LQ�

WKHVH�ODUJH�DUHD�EDVHG�GHYLFHV�

��� &RQGXFWLQJ�SRO\PHU�FRPSRVLWHV

1DQR� VFLHQFH� ILHOG� KDV� EORVVRPHG� GXH� WR� GHYHORSPHQW� RI� YDULRXV� QDQRPDWHULDOV� LQ�

YDULRXV� DSSOLFDWLRQ� DUHDV� GXH� WR� WKHLU� VWUXFWXUDO� IHDWXUHV�� 7KH� DGYHQW� RI� SRO\PHU�

QDQRFRPSRVLWH� IRUPDWLRQ� SDUWLFXODUO\� WKH� LQFRUSRUDWLRQ� RI� LQRUJDQLF� QDQRPDWHULDOV� DV�

FRQGXFWLQJ�ILOOHUV�KDV�DWWUDFWHG�UHVHDUFK�DWWHQWLRQ�GXH�WR�WKHLU�LPSURYHG�SURSHUWLHV�DQG�

IRUWKFRPLQJ� DSSOLFDWLRQV� LQ� WKH� DHURVSDFH�� FRQVWUXFWLRQ� EDVHG�� DXWRPRWLYH� DQG�

HOHFWURQLF� LQGXVWULHV >���@�� ,Q� WKLV� UHJDUG��FRPSRVLWH� IRUPDWLRQ�RI�&3V�DQG�FRQGXFWLQJ�

QDQRPDWHULDOV� KDYH� UHFHQWO\� H[KLELWHG� UHDVRQDEO\� KLJK� HOHFWULFDO� FKDUJH� WUDQVSRUW�

SURSHUWLHV�� RIWHQ� H[FHHGLQJ� WKH� DQDORJRXV� UHVXOWV� ZKHQ� PHDVXUHG� DORQH� IRU� SULVWLQH�

VHPLFRQGXFWLQJ� SRO\PHU� OD\HUV� �ILOP��� $V� WKH� VLJQLILFDQW� IROG� HQKDQFHPHQW� LQ� WKH�

GHYLFH� SHUIRUPDQFH� FRXOG� EH� REWDLQHG� HYHQ� IRU� D� PLQXWH� FRQFHQWUDWLRQ� RI� WKH�

FRQGXFWLQJ� ILOOHU� DGGHG� LQWR� VHPLFRQGXFWLQJ� SRO\PHU� PDWUL[�� WKHVH� QDQRPDWHULDOV�

�ILOOHU��HQKDQFH� WKH�FKDUJH� WUDQVSRUW�SURSHUWLHV�DV�ZHOO�DV�XQLIRUPLW\�RI� WKH� ODUJH�DUHD�

ILOP� RI� WKH� SRO\PHU�� 7KHVH� QDQRPDWHULDOV� DFWXDOO\� HQKDQFH� WKH� SHUIRUPDQFH� RI� WKH�

DFWLYH�VHPLFRQGXFWLQJ�SRO\PHU�OD\HU�E\�HQKDQFLQJ�WKH�SRO\PHU�FU\VWDOOLQLW\��RUGHULQJ�
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>���@�� 7KH\� DFW� DV� LQ�VLWX� WHPSODWH� IRU RUGHULQJ� �ʌ�ʌ� VWDFNLQJ�� RI� SRO\PHULF� FKDLQV�

GXULQJ� ILOP� IRUPDWLRQ�� 7KLV� SURSHUW\� HOLFLWHV� LQWHQVH� UHVHDUFK� RQ� YDULRXV� SRWHQWLDO�

QDQRPDWHULDOV� WKDW� FDQ� PXOWLSO\� SRO\PHU� SHUIRUPDQFH�� $PRQJVW� WKH� PDMRULW\� RI�

LQRUJDQLF� QDQRPDWHULDOV� GHYHORSHG�� �'� QDQRPDWHULDOV� SDUWLFXODUO\� WUDQVLWLRQ� PHWDO�

GLFKDOFRJHQLGHV��70'V��DQG�WUDQVLWLRQ�PHWDO�QDQRSDUWLFOHV��13V��KDYH�EHHQ�GHVFULEHG�

KHUH�ZLWK�WKHLU�UHZDUGV >����@��

�������0RGLILHG�SRO\PHUV�ZLWK��'�70'�QDQRPDWHULDOV

/D\HUHG�PDWHULDOV�DUH�DQ�XQH[SORLWHG�IRXQGDWLRQ�RI��'�V\VWHPV�WKDW�SRVVHVV�GLVWLQFWLYH�

PDWHULDO� SURSHUWLHV� VXFK� DV� H[FHOOHQW� HOHFWURQLF� SURSHUWLHV� DORQJ� ZLWK� KLJK� VSHFLILF�

VXUIDFH� DUHDV� ZKLFK� DUH� SUHUHTXLVLWH� IRU� VHQVLQJ�� HQHUJ\� VWRUDJH�� FDWDO\VLV�� DQG� ODUJH�

DUHD� GLVSOD\� HOHFWURQLF� GHYLFH� DSSOLFDWLRQV >����@�� $OWKRXJK� JUDSKHQH� LV� WKH� PRVW�

UHQRZQHG� OD\HUHG�PDWHULDO��70'V� DQG�RWKHU� �'� FRPSRXQGV� KDYH� DOVR� HPHUJHG� WKHLU�

LPSRUWDQFH���+RZHYHU��WKH�VFDUFLW\�RI�VLPSOH�SURFHGXUHV�IRU�WKHLU�H[IROLDWLRQ�LQWR�PRQR�

RU�IHZ�VWDFNHG�OD\HUV�KDV�KLQGHUHG�WKH�SURJUHVV�RI�WKHVH��' PDWHULDOV��$PRQJ�70'V��

PRO\EGHQXP� GLVXOILGH� �0R6��� GLVSOD\V� KLJKHVW� FRQGXFWLYLW\� EXW� DVVRFLDWHG� ZLWK� WKH�

VFDODELOLW\�FRVW�LVVXHV�WR�D�PDMRU�H[WHQW >�@��7LOO�GDWH�WKHUH�DUH�YDULRXV�UHSRUWHG�V\QWKHWLF�

SURFHGXUHV� IRU� 0R6� QDQRVKHHW� PRUSKRORJ\� VXFK� DV� PLFURPHFKDQLFDO� H[IROLDWLRQ��

OLTXLG� SKDVH� H[IROLDWLRQ�� SK\VLFDO� YDSRU� GHSRVLWLRQ�� FKHPLFDO� YDSRU� GHSRVLWLRQ��

FKHPLFDO� VROXWLRQ�SURFHVV�� HWF�� WKDW� UHTXLUH� VHYHUH� H[SHULPHQWDO� FRQGLWLRQV >����@��7R�

RYHUFRPH� WKLV�� K\GURWKHUPDO� URXWH� WKDW� LV� D� VROXWLRQ�EDVHG� SURFHVV� \LHOGV� 0R6�

QDQRVKHHW�PRUSKRORJ\�LQ�PLOG�FRQGLWLRQV�ZLWK�EHVW�FRQWURO�DQG�PD[LPXP�H[IROLDWLRQ�LQ�

WKH�OLTXLG�SKDVH��7KH�GHWDLOV�RI�LWV�V\QWKHVLV�DUH�GLVFXVVHG�LQ�FKDSWHU �� 7KHUH�DUH�SOHQW\�



&KDSWHU��

�

UHSRUWV�DYDLODEOH�RQ�FRPSRVLWH�IRUPDWLRQ�RI�&3V�ZLWK�0R6���IRU�LQVWDQFH��.DQDW]LGLV�HW�

DO�� KDYH� UHSRUWHG� HQFDSVXODWLRQ� RI� SRO\DQLOLQH� LQ�0R6� UHVXOWLQJ� LQ� HQKDQFHG� FKDUJH�

WUDQVSRUW� SURSHUWLHV� >��@�� 5HFHQWO\�� 7DQJ� HW� DO�� KDYH� XWLOL]HG� 0R6� QDQRVKHHWV� DV�

WHPSODWH� IRU� R[LGDWLYH� SRO\PHUL]DWLRQ� RI� S\UUROH� �3\�� IRU� VXSHUFDSDFLWRU� DSSOLFDWLRQ�

>��@��7KHVH�UHSRUWV�FOHDUO\�GHPRQVWUDWH�WKH�LQFUHDVLQJ�LQWHUHVW�WRZDUGV�0R6� QDQRVKHHWV�

SRO\PHU�FRPSRVLWH��,Q�WKLV�UHJDUG��ZH�KDYH�HPSOR\HG�DQRWKHU�1�FRQWDLQLQJ�SRO\PHU�L�H��

SRO\LQGROH� �3,Q�� LQ� ZKLFK� 0R6� QDQRVKHHWV� DUH� GLVSHUVHG� XQLIRUPO\� YLD� /DQJPXLU�

%ORGJHWW��/%��XWLOL]HG�IRU�WKH�ILUVW�WLPH >��@��7KLV�LV�GLVFXVVHG�LQ�GHWDLO�LQ�FKDSWHU ��

�������0RGLILHG�SRO\PHUV�ZLWK�WUDQVLWLRQ�PHWDO�EDVHG�13V

'XH�WR�WKHLU�LQWHJUDWLRQ�RI�WKH�SK\VLFRFKHPLFDO�FKDUDFWHULVWLFV�RI�RUJDQLF�SRO\PHUV�ZLWK�

WKH�HOHFWULFDO� FKDUDFWHULVWLFV�RI�PHWDO�13V��&3V�KDYH�DWWUDFWHG�D� VLJQLILFDQW�DPRXQW�RI�

DWWHQWLRQ� LQ� WKH� UHFHQW� GHFDGH >�����@�� 1REOH� PHWDO�EDVHG� FRQGXFWLQJ� ILOOHUV� SRVVHVV�

LQWULQVLFDOO\�KLJK�HOHFWULFDO�FRQGXFWLYLW\��9DULRXV�PRUSKRORJLHV�RI�13V�REWDLQHG�XQGHU�

GLIIHUHQW� ZHW� FKHPLFDO� V\QWKHWLF� FRQGLWLRQV� LV� RQH� RI� WKH� PRVW� LPSRUWDQW� IDFWRU� WKDW�

DIIHFWV� WKH� FRQGXFWLYLW\� RI� WKH� SRO\PHU� FRPSRVLWH� WKURXJK� SHUFRODWLRQ� QHWZRUNV >���

��@��0RUHRYHU��WKHVH�13V�FDQ�EH�WUDQVIHUUHG�IURP�DTXHRXV�WR�RUJDQLF�VROYHQWV�DQG�YLFH�

YHUVD� DFFRUGLQJ� WR� WKH� SRO\PHU� GLVSHUVHG� SKDVH >��������@�� 7KLV� FDQ� VXEVHTXHQWO\�

IDFLOLWDWH�WKHLU�VROXWLRQ�EDVHG�SURFHVVLQJ�IRU�HOHFWURGHV�DQG�GHYLFH�IDEULFDWLRQ��5HFHQWO\��

PHWDO�13V� OLNH�JROG �$X��� VLOYHU �$J��� HWF�� LQFRUSRUDWHG� LQ�SRO\PHU�PDWUL[�KDYH�EHHQ�

ZLGHO\�VWXGLHG�IRU�SRWHQWLDO�DSSOLFDWLRQV�LQ�IXHO�FHOOV��EDWWHULHV��FDSDFLWRUV��SKRWRYROWDLF��

HOHFWUR� FDWDO\VLV�� ELR�VHQVLQJ�� DQG� DQWL�FRUURVLRQ� FRDWLQJV� EHFDXVH� RI� WKHLU� XQLTXH�

SURSHUWLHV� DW� QDQR� OHYHO >�@�� 'HYHORSPHQW� RI� RUGHUHG� QDQRVWUXFWXUH� RI� SRO\PHU�
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FRPSRVLWH� PDWHULDOV� HIIRUWOHVVO\� E\� VXVWDLQDEOH� RUGHULQJ� PHWKRGV� LV� EHLQJ� SULPDULO\�

IRFXVHG�>�����@��13V�ZKHQ�LQFRUSRUDWHG�LQWR�&3�PDWUL[��WKHLU�DVVHPEO\�DQG�PROHFXODU�

SDFNLQJ� �ʌ�ʌ� VWDFNLQJ�� YLD� FRQWUROOHG� RUGHULQJ� WHFKQLTXH� VXFK� DV� /DQJPXLU�%ORGJHWW�

PHWKRG� KDYH� GUDVWLFDOO\� LPSURYHG�� WKXV� OHDGLQJ� WR� DXJPHQWHG� FKDUJH� WUDQVSRUW�

SURSHUWLHV� YLD� FKDUJH� WUDQVIHU� LQWHUDFWLRQ >�@�� 13V�� HVSHFLDOO\� $X DQG� $J�� SRVVHVV�

XQXVXDO�SURSHUWLHV�LQ�WKH�PHVRVFRSLF�DVVHPEO\�WKDW�GLIIHU�ODUJHO\�IURP�WKHLU�LVRODWHG�DQG�

WKH�EXON�SKDVH�>�����@��7KH�PRODU�H[WLQFWLRQ�FRHIILFLHQW�RI�$J�13V�LV�IDU�JUHDWHU������

IROG��WKDQ�WKDW�RI�WKH�$X�13V��LQ�VSLWH�RI�WKH�IDFW�WKDW��LQ�FRPSDULVRQ WR�$X��$J�13V�DUH�

VOLJKWO\�VXVFHSWLEOH�WR�FKHPLFDO�GHJUDGDWLRQ�DQG�VXUIDFH�R[LGDWLRQ�LQ�DTXHRXV�PHGLXP��

7KLV� DGYDQWDJHRXV� SURSHUW\� RI� $J�13V� KDV� EHHQ� H[SORUHG� IRU� QDQRK\EULG� IRUPDWLRQ�

ZLWK�&3V�LQ�PDQ\�UHSRUWV�>�������@�

��� $VVHPEOLQJ�RUGHULQJ�WHFKQLTXHV�IRU�SRO\PHU�DQG�LWV�FRPSRVLWHV

����� (OHFWURQLF� GHYLFH� VWUXFWXUH� DQG� DVVHPEOLQJ�RUGHULQJ� RI� WKH�

VHPLFRQGXFWLQJ�OD\HU

$�VLPSOH�HOHFWURQLF�GHYLFH�VWUXFWXUH�W\SLFDOO\�FRQVLVWV�RI�D�PXOWLOD\HU�VWUXFWXUH�

ZKHUH� HDFK� OD\HU� LQ� WKH� VWDFN� LV� IRUPHG�E\� D� VHSDUDWH� ILOP� IRUPLQJ�PHWKRGRORJ\��7R�

VWDUW�ZLWK�� WKH� ERWWRP�PRVW� OD\HU� LQGLXP� WLQ� R[LGH� �,72�� FRYHUHG� JODVV� VXEVWUDWH� LV� D�

WUDQVSDUHQW�DQRGH�ZLWK�KLJK�HOHFWULFDO�FRQGXFWLYLW\��6HFRQG�OD\HU�LV�WKH�VHPLFRQGXFWLQJ�

SRO\PHU�OD\HU�DQG�WKLUG�WRS�PRVW�OD\HU�LV�WKH�PHWDO��XVXDOO\�DOXPLQLXP��FDWKRGH�OD\HU��

7KH�OD\HU�RI�LQWHUHVW�KHUH�LV� WKH�VHPLFRQGXFWLQJ�SRO\PHU�OD\HU�WKDW�VKRZV�YDULDWLRQ�LQ�

FKDUJH� WUDQVSRUW� SURSHUWLHV� ZKHQ� DVVHPEOHG� RU� IDEULFDWHG� YLD� GLIIHUHQW� VROXWLRQ�

SURFHVVDEOH�ILOP�IRUPLQJ�WHFKQLTXHV��$W�SUHVHQW��D�OHYHO�KDV�EHHQ�DWWDLQHG�DW�ZKLFK�DQ�

LQLWLDO�SURGXFW�DSSOLFDWLRQ�RI�RUJDQLF�&3V�FDQ�EH�FRQVLGHUHG >�������@��,Q�SDUWLFXODU��&3V�
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GHSRVLWHG�E\�KLJKO\�FRQWUROODEOH�GHSRVLWLRQ�PHWKRG�UHPDLQ� WKH�EHVW�SHUIRUPHUV�GXH� WR�

WKHLU� VSHFLILF� PROHFXODU� HOHFWURQLF� SURSHUWLHV� DQG� WKHLU� ZHOO�RUGHUHG� ILOPV�� +RZHYHU��

WKHUH� KDYH� EHHQ� VXEVWDQWLDO� LPSURYHPHQWV� LQ� VROXWLRQ� SURFHVVHG� &3V� DQG� WKHLU�

PRELOLWLHV� DW� SUHVHQW� DUH� RQO\� IHZ�RUGHUV� �a�� RU� ��� EHKLQG� WKDQ� WKRVH� RI� WKHLU� YDSRXU�

GHSRVLWHG� ILOPV >�������������@�� 7KHVH� VROXWLRQ� SURFHVVLQJ WHFKQLTXHV� DUH� DVVRFLDWHG�

ZLWK�FRVW�DGYDQWDJH�DV� WKH\�HOLPLQDWH�WKH�XVH�RI�H[SHQVLYH�DV�ZHOO�DV� WLPH�FRQVXPLQJ�

YDFXXP� FKDPEHUV�� ,W� LV� HYLGHQW� WKDW� WLOO� GDWH� WKHUH� DUH� VR� PDQ\� GHYHORSHG� VROXWLRQ�

SURFHVVDEOH� ILOP� IRUPLQJ� DQG� RUGHULQJ� WHFKQLTXHV�� KRZHYHU� IHZ RI� WKHP� KDYH� SDYHG�

WKHLU�ZD\�LQWR�WKH�ORQJ�UDQJH�RUGHUHG�DQG�ODUJH�DUHD�EDVHG�HOHFWURQLFV�ZRUOG >��@��7KUHH�

UHDVRQV�FDQ�EH�DFFRXQWHG�IRU�WKLV��)LUVW��WHFKQLTXHV�VXFK�DV�VSLQ�FRDWLQJ��GURS�FDVWLQJ�

GRFWRU� EODGLQJ� HWF�� GHPDQG� PDWHULDO� LQ� ODUJH� TXDQWLWLHV�� 6HFRQG�� SUREDELOLW\� RI�

REWDLQLQJ�KLJKO\�RUGHUHG�DQG�VDPH�TXDOLW\��XQLIRUPLW\�DQG�WKLFNQHVV��RI�ILOP�HDFK�WLPH�

GHFUHDVHV� DQG� WKLUG��PRVW� WHFKQLTXHV� GHYHORSHG� LQ� ODERUDWRU\� WULDOV� DUH� XQVXLWDEOH� IRU�

ODUJH�VFDOH�XQLIRUP�ILOP�SURGXFWLRQ��$OO�WKHVH�IDFWRUV�OHG�WR�H[SORUDWLRQ�RI�PRUH�IDFLOH�

WHFKQLTXHV�WKDW�PD\�RYHUFRPH�WKH�DERYH�LVVXHV��

%HIRUH� GLVFXVVLQJ� YDULRXV� NLQGV� RI� ILOP� IRUPLQJ� WHFKQLTXHV�� LW� LV� RI� XWPRVW�

LPSRUWDQFH�WR�XQGHUVWDQG�WKH�RULHQWDWLRQ�RI�WKH�SRO\PHU�FKDLQV�LQ�RUGHU�WR�H[SORLW�WKHLU�

LQWULQVLF� FKDUJH� WUDQVSRUW� SURSHUWLHV� DQG� DQLVRWURS\� DVVRFLDWHG�ZLWK� WKHP��'XULQJ� WKH�

GHYLFH� PDQXIDFWXUH�� LW� PXVW� EH� NHSW� LQ� PLQG� WKDW� WKHUH� VKRXOG� EH� PLQLPXP� OHDNDJH�

FXUUHQW�DQG�PD[LPXP�FXUUHQW�HIILFLHQF\��7KLV�FDQ�RQO\�EH�DFFRPSOLVKHG�ZKHQ�WKHUH�LV�

UHGXFWLRQ� LQ� SDUDVLWLF� FXUUHQW� SDWKZD\V� ZKLFK� LQ� WXUQ� FDQ� EH� DFKLHYHG� E\� SURSHU�

RULHQWDWLRQ�DQG�DOLJQPHQW�RI�WKH�SRO\PHU�FKDLQV�ZLWK�HQKDQFHG�PROHFXODU�LQWHUDFWLRQV��

$W� PROHFXODU� OHYHO�� FKDUJH� WUDQVSRUW� LQWHUDFWLRQV� ZLWKLQ� FU\VWDOOLQH� GRPDLQV� DUH�
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RSHUDWLRQDO� DW� WZR� OHYHOV� L�H�� DW� LQWUDFKDLQ� DQG� LQWHUFKDLQ� OHYHOV�� ,QWUDFKDLQ� FKDUJH�

WUDQVSRUW� LV�PDLQO\�LQIOXHQFHG�E\�WKH�H[WHQW�RI�FRQMXJDWLRQ�L�H��PRUH�WKH�SODQDULW\�DQG�

OHVVHU�WKH�FKHPLFDO�GHIHFWV�LQ�SRO\PHU�EDFNERQH��KLJKHU�LV�LWV�UHJLRUHJXODULW\�DQG�WKXV�

HIILFLHQW� ʌ�RUELWDO� RYHUODSSLQJ� OHDGLQJ� WR� HQKDQFHG� FRQMXJDWLRQ >��@�� :KHUHDV��

LQWHUFKDLQ� FKDUJH� WUDQVSRUW� �FKDUJH� KRSSLQJ�� UHOLHV� UHPDUNDEO\� RQ� WKH� ʌ�ʌ� VWDFNLQJ�

EHWZHHQ�DGMDFHQW�SRO\PHULF�FKDLQ�VHJPHQWV��

7R� XQGHUVWDQG� WKH� VLJQLILFDQFH� RI� RUGHULQJ� RQ� WKH� GHYLFH� SHUIRUPDQFH�� PRVW�

LPSURYHPHQWV�RI�RUGHULQJ�WKH�SRO\PHU�FKDLQV�KDYH�EHHQ�FDUULHG�RXW� WKURXJK�PDWHULDOV�

WKDW� UHSUHVHQW� WKH�VWDWH�RI�WKH�DUW�VXFK�DV�SRO\� ���KH[\OWKLRSKHQH�� �3�+7���2QH�RI� WKH�

SLRQHHU� ZRUNV� RQ� 3�+7� DV� VROXWLRQ� SURFHVVDEOH� �DON\O� FKDLQ� HQKDQFHV� VROXELOLW\��

VHPLFRQGXFWLQJ�DFWLYH�OD\HU�GHPRQVWUDWHG�PRELOLWLHV�LQ�WKH�UDQJH�RI���������� ZKHQ�VSLQ�

FDVWHG� RQ VXEVWUDWH� >��@�� � /DWHU� LQ� WKH� \HDU� ��������� UHVHDUFK� JURXS� OHG� E\� 5�� '��

0F&XOORXJK�GHVLJQHG�D� UHJLRVHOHFWLYH� V\QWKHVLV�PHWKRG� WR� FRQWURO� WKH� UHJLRUHJXODULW\�

RI�3�+7�>�����@��,Q�VLPSOH�WHUPV��UHJLRUHJXODULW\�LQ�D�SRO\PHU�RFFXUV�ZKHQ�LW�FRQWDLQV�

RQO\�KHDG�WR�WDLO��+�7�����¶��FRXSOLQJV��ZKHUHDV�WKRVH�FRQWDLQ�KHDG�WR�KHDG��+�+������¶�

FRXSOLQJ�� RU� WDLO�WR�WDLO� �7�7�� ���¶� FRXSOLQJ�� DUH� GHQRWHG� DV� UHJLRUDQGRP� �UU���

5HJLRUHJXODU� �55�� 3�+7� SRO\PHU� EDFNERQH� GLVSOD\V� PRUH� SODQDULW\� DQG� EHWWHU�

FRQMXJDWLRQ� H[WHQW� GXH� WR� QHJOLJLEOH� VWHULF� LQWHUIHUHQFH� IURP� WKH� VLGH� JURXS� �DON\O�

FKDLQV�� DGMDFHQW� WR� HDFK� RWKHU�� :KLOH�� UU�3�+7V� SRVVHVV� UDQGRPO\� WZLVWHG� SRO\PHU�

EDFNERQHV� GXH� WR� WKH� VWHULF� KLQGUDQFH� DULVLQJ� IURP� QHLJKERXULQJ� DON\O� FKDLQV�

LQWHUDFWLRQV��7KH�PRELOLW\�RI�55�3�+7�GURS�FDVWHG�RQ�VXEVWUDWH�ZDV�UHSRUWHG�DV�������

FP��9V�ZKLFK�ZDV� FRPSDUDWLYHO\� KLJKHU� WKDQ� WKH� UU�3�+7 >��@�� /DWHU�55�3�+7�ZDV�

VSLQ�FRDWHG�RQ�VXEVWUDWHV E\�6LUULQJKDXV�HW�DO��DQG�REVHUYHG�WKDW�WKHUH�ZDV�HQKDQFHPHQW�
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LQ� WKH� PRELOLW\� WR� ����� ���� FP��9V� >��@�� 3DQGH\� HW� DO�� KDYH� VKRZQ� WKH� PRELOLW\�

HQKDQFHPHQW�RI�3�+7�IURP����� �UU�� WR����� �55��FP��9V�E\�DGRSWLQJ�WKH�DSSURSULDWH�

RUGHULQJ�WHFKQLTXH >��@��+RZHYHU�GURS�FDVWLQJ��VSLQ�FRDWLQJ��SULQWLQJ�DQG�RWKHU�VROXWLRQ�

FDVWLQJ�WHFKQLTXHV�DUH�SHUKDSV�WKH�PRVW�SURPRWHG��XVHU�IULHQGO\�SURFHVVLQJ�WHFKQLTXHV�

DW� LQGXVWULDO� OHYHO� IRU� IDEULFDWLQJ�VROXEOH�SRO\PHULF� VHPLFRQGXFWRUV�� WKH�/%� WHFKQLTXH�

KDV�DOVR�EHHQ�LQYHVWLJDWHG�IRU�WKH�ILOP�IRUPDWLRQ�RI�3�+7�EDVHG�)(7V�>��@��7KH�FKDUJH�

FDUULHU� PRELOLW\� REVHUYHG� IRU� UU�3�+7� /%� ILOPV� ZDV� YHU\� ORZ� ���������� FP�9��V����

ZKHUHDV�PD[LPXP�PRELOLW\�IRU�55�3�+7�ZDV�REWDLQHG�DV������FP�9��V����7KHVH�UHVXOWV�

GHPRQVWUDWH�D�UHPDUNDEOH�GLIIHUHQFH�LQ�PRELOLW\�LQGLFDWLQJ�WKH�VLJQLILFDQFH�RI�SRO\PHU�

RUGHULQJ�GXULQJ�V\QWKHVLV�DV�ZHOO�DV�WKH�ILOP�IRUPLQJ�WHFKQLTXH�DGRSWHG�WR�IDEULFDWH�WKH�

DFWLYH�OD\HU��2YHUDOO��LI�WKH�SRO\PHU�LV�UDQGRPQO\�RUJDQLVHG�L�H��LQ�GLVRUGHUHG�VWDWH��WKHQ�

GHYLFH�SHUIRUPDQFH� LV�SRRU��:KHUHDV��ZKHQ� WKH� VDPH�SRO\PHU� LV�RUGHUHG�YLD� VXLWDEOH�

RUGHULQJ� WHFKQLTXH�� ʌ�ʌ� VWDFNLQJ� RI� WKH� FKDLQV� LV� IDFLOLWDWHG� WKDW� OHDGV� WR� EHWWHU�

FRQQHFWLYLW\�DQG�EHWWHU�SHUIRUPDQFH��

5HVHDUFK�JURXS�OHG�E\�%ULQNPDQQ�KDYH�LQWHQVLYHO\�LQYHVWLJDWHG�WKH�RULHQWDWLRQ�

RI� 3�+7� DQG� LWV� PRUSKRORJ\� YLD� WUDQVPLVVLRQ� HOHFWURQ� PLFURVFRS\� �7(0�� DGRSWLQJ�

GLUHFWLRQDO�HSLWD[LDO�FU\VWDOOL]DWLRQ�PHWKRG�>��@��,Q�WKLV�WKLV�DSSURDFK��WKH\�KDYH�XVHG�D�

FU\VWDOOLVDEOH� DURPDWLF� VROYHQW�� ������WULFKORUREHQ]HQH� �7&%��� LQ� ZKLFK� WKH� SRO\PHU�

ZDV� GLVVROYHG� DQG� VSUHDG� RQWR� 37)(� WKDW� JXLGHG� WKH� RULHQWDWLRQ� RI� 7&%� RQ�

FU\VWDOOL]DWLRQ�� 6FKHPDWLF� VKRZQ� LQ� )LJXUH� ��� �D�� GHPRQVWUDWHV� WKH� VHPLFU\VWDOOLQH�

QDWXUH�RI�RULHQWHG�3�+7��EDFNERQHV�VKRZQ�LQ�EORFNV��ZLWK�DOWHUQDWLQJ�FU\VWDOOLQH�]RQHV�

VHSDUDWHG� E\� LQWHUODPHOODU� DPRUSKRXV� ]RQHV�� 6DPH� UHVXOW� LV� VKRZQ� LQ� )LJXUH� ���� �E��

7(0�PLFURJUDSK� LQ� ZKLFK� IULQJHV� UHYHDOLQJ� ILOP� FU\VWDOOLQLW\� �HQFLUFOHG� LQ� UHG�� DUH�
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VHSDUDWHG� E\� DPRUSKRXV� ]RQHV�� ,Q� UHSRUWV� E\� -LPLVRQ� DQG� FRZRUNHUV�� WKH� FKDUJH�

WUDQVSRUW�DQLVRWURS\�LQ�WKHVH�RULHQWHG�3�+7�ILOPV�ZDV�H[SORUHG�DQG�IRXQG�WKDW�FKDUJH�

PRELOLW\� LQ� WKH� GLUHFWLRQ� �SDUDOOHO�� RI� WKH� SRO\PHULF� FKDLQV� ZDV� DURXQG� ȝ� ۅ !� ��í�

FP��9V��KRZHYHU�PRELOLW\�REVHUYHG�LQ�WKH�SHUSHQGLFXODU�GLUHFWLRQ�WR�WKH�SRO\PHU�FKDLQV�

SURGXFHG�ȝ ٣ ����í� FP��9V� >��@��7KH� UHDVRQ� RI� WKLV� DQLVRWURS\�ZDV� DVFULEHG� WR� WKH�

SUHVHQFH� RI� JUDLQ� ERXQGDULHV� DPRQJ� ILEHU�OLNH� GRPDLQV� 7KHVH� UHSRUWV� FOHDUO\�

GHPRQVWUDWH� WKDW� WKH� RULHQWDWLRQ� RI� &3V� UHPDLQV� D� FULWLFDO� LVVXH� IRU� EHWWHU� GHYLFH�

SHUIRUPDQFH�WKDW�QHHGV�PRUH�DWWHQWLRQ�SDUWLFXODUO\�LQ WKLQ�ILOPV�SODVWLF�HOHFWURQLFV�

)LJXUH���� �D��6FKHPDWLF� UHSUHVHQWDWLRQ�RI� WKH� VHPL�FU\VWDOOLQH� VWUXFWXUH�RI�3�+7��E�

+LJK� UHVROXWLRQ� �+5��7(0�PLFURJUDSK VKRZLQJ� WKH� SDFNLQJ� RI� 3�+7� FKDLQV� �LQVHW��

6$('�SDWWHUQ��>��@�

����� 6HOI�DVVHPEO\�RI�SRO\PHUV

&3V DUH� EDVLFDOO\� WKH� ʌ�FRQMXJDWHG� VWUXFWXUHV� LQVFULEHG� ZLWK� YDULRXV�

IXQFWLRQDOLWLHV�WKDW�SURPRWHV�LQWHUQDO��ZHDN�EXW�VSHFLILF�QRQ�FRYDOHQW�LQWHUDFWLRQV��H�J��

+�ERQGLQJ�� K\GURSKRELF�� ʌ�ʌ� LQWHUDFWLRQV�� DPRQJ� WKHPVHOYHV� WR� IRUP� RUJDQL]HG�

KLHUDUFKLFDO� DUFKLWHFWXUH�� ,QLWLDOO\� LQ� WKH� VROXWLRQ� VWDWH� �LVRWURSLF� PHOW�� DV� VKRZQ� LQ�
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)LJXUH� ����� SRO\PHU� FKDLQ� RU� EDFNERQH� �UHSUHVHQWHG� DV� EORFN�� DUH� UDQGRPO\�RULHQWHG��

LVRODWHG� IURP� RQH� DQRWKHU� DQG� GR� QRW� FU\VWDOOL]H��*UDGXDOO\�� WKH� SRO\PHU� FKDLQV� VWDUW�

RUJDQL]LQJ� RU� DVVHPEOLQJ� WKHPVHOYHV� LQWR� VPDOOHU� UHJLRQV� RI� KLJK� RUGHU�PRUH� FOHDUO\�

GHILQHG� DV� PROHFXODU� VHOI�DVVHPEO\ >�����@�� 0ROHFXODU� VHOI�DVVHPEO\� LV� WKH�

³6SRQWDQHRXV� DVVRFLDWLRQ� RI� PROHFXOHV� XQGHU� HTXLOLEULXP� FRQGLWLRQV� LQWR� VWDEOH��

VWUXFWXUDOO\� ZHOO�GHILQHG� DJJUHJDWHV� MRLQHG� E\� QRQ�FRYDOHQW� ERQGV´ DV� GHILQHG� E\

:KLWHVLGHV� >��@�� /DWHU�� LI� H[WHUQDO� VWLPXOL� �RUGHULQJ� WHFKQLTXH�� LV� SURYLGHG� WR� WKHVH�

FU\VWDOOLWHV��WKH\�DUUDQJH�WKHPVHOYHV�LQWR�ORQJ�UDQJH�RI�RUGHU��7KHVH�IRUFHG�DVVHPEO\�RU�

H[WHUQDOO\�JXLGHG�WHFKQLTXHV�DUH�LQ�RUGHU�HPSOR\HG�DW�V\QWKHVLV�DQG�SRVW�V\QWKHVLV�OHYHO�

WKDW�DUH�GLVFXVVHG�LQ�VHFWLRQ�������

2UGHULQJ�RI�SRO\PHUV�DW� LQWHUIDFHV�KDV�GLIIHUHQW� IHDWXUHV� WR� WKRVH�REVHUYHG� LQ�EXON��DV�

WKH� LQWHUIDFH� FRQILQHV� WKH� VHOI�DVVHPEO\� SURFHVV� LQ� �'� VSDFH� DQG� LV� UHVSRQVLEOH IRU�

DQLVRWURS\� REVHUYHG� LQ� RSWLFDO� DQG� HOHFWULFDO� SURSHUWLHV� >��@�� ,Q� WKLV� UHJDUG�� ZH� KDYH�

HPSOR\HG� RUGHULQJ� RI� SRO\PHUV� DW� WKUHH� LQWHUIDFHV� OLNH� OLTXLG�OLTXLG�� OLTXLG�VROLG� DQG�

JDV�OLTXLG� LQWHUIDFHV�� /LTXLG�� OLTXLG� LQWHUIDFH� EHWZHHQ� WZR LPPLVFLEOH� VROYHQWV� LV�

XWLOL]HG� DW� WKH� V\QWKHVLV� OHYHO� IRU� LQWHUIDFLDO� SRO\PHUL]DWLRQ� DQG� SKDVH� WUDQVIHU� RI�

YDULRXV�QDQRPDWHULDOV�IURP�DTXHRXV�WR�RUJDQLF�SRO\PHU�VROXWLRQV�>�����@��

+H� HW� DO�� GHPRQVWUDWHG� WKH� V\QWKHVLV� RI� $J13V� YLD� OLTXLG�OLTXLG� �ZDWHU�FKORURIRUP��

LQWHUIDFLDO�PHWKRG� LQ�ZKLFK� �'� RUGHUHG� VXSHUODWWLFHV�ZHUH� IRUPHG� DV� VKRZQ� LQ�7(0�

LPDJH� �)LJXUH� ����� >��@�� /LTXLG�VROLG� LQWHUIDFH� GHDOV�ZLWK� WKH� XWLOL]DWLRQ� RI� WHPSODWHV�

VXFK� DV� PHWDO� VXUIDFH�� �'� PDWHULDOV� �70'V��� QDQRSDUWLFOHV�� HWF�� SUHVHQW� LQ� VROXWLRQ

JXLGLQJ�WKH�JURZWK�RI�RUGHUHG�DUUD\�RI�SRO\PHUV�RQWR�WKHP�>�����@��7KHVH�NLQG�RI�
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)LJXUH���� $UUDQJHPHQW�RI�SRO\PHU�EDFNERQH IURP�VROXWLRQ �EXON� WR�RUGHUHG�DUUD\�

)LJXUH� ��� �D�� 7(0� LPDJH� RI�$J13� VXSHUODWWLFH� KLVWRJUDP� �36' ��������� QP� �E��

+5�7(0� �LQWHUSDUWLFOH GLVWDQFH ����� QP� �F� ��'� )RXULHU� WUDQVIRUP� VSHFWUXP� RI� �E�

>��@�
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LQWHUIDFHV�KDYH�EHHQ�GLVFXVVHG�LQ�GHWDLO�LQ�FKDSWHU����7KH�WKLUG�RQH�ZKLFK�LV�JDV�OLTXLG�

LQWHUIDFH� LV� XVXDOO\� HPSOR\HG� SRVW� V\QWKHVLV� IRU� RUGHULQJ� DQG� ILOP� IRUPDWLRQ� RI� WKH�

SRO\PHU�DQG� LWV�FRPSRVLWHV��%HVW�H[DPSOH� LV� WKH�/% WHFKQLTXH� WKDW�HPSOR\V�DLU�ZDWHU�

LQWHUIDFH�WR�DVVHPEOH�YDULRXV�PDWHULDOV�SURYLGLQJ�WKHLU�ODUJH�RUGHUHG�DUHD�ILOP >�����@��

����� $VVHPEOLQJ WHFKQLTXHV�DW�V\QWKHVLV�OHYHO

3RO\PHU� DVVHPEO\� WHFKQLTXHV� DW� V\QWKHVLV� OHYHO� LQFOXGHV� VLPSOH� ERWWRP�XS�� DQG� FRVW�

HIIHFWLYH� V\QWKHWLF� DSSURDFKHV� VXFK� DV� FKHPLFDO�� WHPSODWH�� HOHFWURFKHPLFDO� DQG�

LQWHUIDFLDO� SRO\PHUL]DWLRQ� HDFK� KDYLQJ� LWV� RZQ� DGYDQWDJHV� DQG� VRPH� GUDZEDFN

>�������������������@��&KHPLFDO�PHWKRG�RI�SRO\PHUL]DWLRQ�\LHOGV�ORQJ FKDLQ�SRO\PHU�LQ�

EXON�ZLWK�SUREOHP�RI�UHPRYDO�RI�H[WUD�LRQ�LPSXULW\�DIWHU�V\QWKHVLV��ORZ�FU\VWDOOLQLW\�RI�

SRO\PHUV�ZLWK�PLQLPXP�SRVVLELOLW\�RI�WKHLU�VHOI�DVVHPEO\�>�����@��6HFRQG�WHFKQLTXH�LV�

WKH� WHPSODWH�EDVHG� WHFKQLTXH� WKDW�\LHOGV�DUUD\�RI�DOLJQHG�SRO\PHULF�FKDLQV�ZLWK�EHWWHU�

SRVVLELOLW\�RI� VHOI�DVVHPEO\�DQG�FU\VWDOOLQLW\��5HPRYDO�RI� WHPSODWH�SRVW�V\QWKHVLV� LV� D�

SUREOHPDWLF� MRE�� 1H[W� PHWKRG� LV� WKH� HOHFWURFKHPLFDO� PHWKRG� WKDW� RIIHUV� SRWHQWLDOO\�

FRQWUROOHG� DQG� FU\VWDOOLQH�SRO\PHU�ZLWK�EHWWHU�SRVVLELOLW\�RI VHOI�DVVHPEO\��/RZ� \LHOG�

DQG� ORVV� LQ� UHGR[� DFWLYLW\� �L�H�� RYHU� SRWHQWLDO�� DIWHU� GHSRVLWLRQ� RQ� HOHFWURGHV� DIWHU�

SRO\PHUL]DWLRQ� DUH� WKH� GUDZEDFNV� UHODWHG� WR� WKLV� PHWKRG�� ,QWHUIDFLDO� V\QWKHVLV� LV� WKH�

PRUSKRORJ\�FRQWUROOHG� V\QWKHVLV� DW� LQWHUIDFH� RI� WZR� LPPLVFLEOH� VROYHQWV� WKDW� \LHOGV�

XQLIRUP�PRUSKRORJ\�ZLWK�PD[LPXP�SRVVLELOLW\�RI�VHOI�DVVHPEO\�>����@��7KH�RQO\�LVVXH�

UHODWHG�ZLWK�LW�LV�ORZ�\LHOG�LQ�FRPSDULVRQ�WR�FKHPLFDO�PHWKRG���

������3RO\PHU�DVVHPEO\�DQG�RUGHULQJ�DW�SRVW�V\QWKHVLV�OHYHO

,Q�WKH�SUHYLRXV�VHFWLRQ��������VLJQLILFDQFH�RI�RUGHULQJ�DIWHU�SRO\PHUL]DWLRQ KDV�EHHQ�
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GLVFXVVHG�ZLWK�UHIHUHQFH�WR�SXEOLVKHG�UHSRUWV��+HUH�LQ�WKLV�VHFWLRQ��EHIRUH�LQGXOJLQJ�LQWR�

GHWDLOHG�H[SODQDWLRQV�RI� LQGLYLGXDO� VROXWLRQ�SURFHVVDEOH� ILOP� IRUPLQJ� WHFKQLTXHV�� LW� LV�

PXVW� WR� XQGHUVWDQG� WKH� VLJQLILFDQW� UROH� RI� WKH� VXEVWUDWH� LQ� RULHQWDWLRQ� RI� WKH� SRO\PHU�

OD\HU >�����������@��3ULRU�WR�ILOP�IRUPDWLRQ��SRO\PHU�LV�GLVVROYHG�LQ�DQ�RUJDQLF�YRODWLOH�

VROYHQW� VR� WKDW� LW� FDQ�HYDSRUDWH�RQ� WKH�VXEVWUDWH� IROORZLQJ� LWV�SDWWHUQ� OHDYLQJ� WKH� ILOP�

EHKLQG�� %DVHG� RQ� WKLV�� VXEVWUDWHV� XWLOL]HG� IRU� ILOP� IRUPDWLRQ� FDQ� EH� GLYLGHG� LQWR� WZR�

W\SHV�� KDUG� �VWDWLF�� DQG� VRIW� �PRELOH�� VXEVWUDWHV��+DUG� �VWDWLF�� VXEVWUDWHV� DUH� JHQHUDOO\�

DVVRFLDWHG� ZLWK� WKH� WHFKQLTXHV� OLNH� GURS� FDVWLQJ�� VSLQ� FRDWLQJ�� GRFWRU� EODGLQJ�� VSUD\�

FRDWLQJ�� HWF�� LQ� ZKLFK� WKH� SRO\PHU� VROXWLRQ� LV� VSUHDG�GHSRVLWHG� GLUHFWO\� RQWR� KDUG�

VXEVWUDWHV� OLNH� ,72�� JODVV�� TXDUW]�� HWF�� DQG� WKHQ� DOORZHG� WR� GU\�� :KHUHDV�� DQRWKHU

FODVVLILFDWLRQ� LV� VRIW VXEVWUDWH� LQ�ZKLFK� WKH� SRO\PHU� VROXWLRQ� LV� ILUVW� VSUHDG� RQ� OLTXLG�

VXUIDFH��DOORZHG� WR�GU\� IRUPLQJ�D� ILOP�RYHU� LW� DQG� WKHQ� OLIWHG�RQWR�KDUG�VXEVWUDWHV�� ,Q�

ERWK�WKHVH�SURFHGXUHV��SRO\PHU�RULHQWV�LWVHOI�DFFRUGLQJ�WR�WKH�QDWXUH�DQG�RULHQWDWLRQ�RI�

WKH�VXEVWUDWH��7KH�IRUPHU�PHWKRGV�DUH�QR�GRXEW�XVHU�IULHQGO\�EXW� WKH\� LQYROYH� ORVV�RI�

PDWHULDO� DQG� PRVWO\� UHVXOW� LQ� QRQ�XQLIRUP� ILOP� WKLFNQHVV�� 6R�� WKH� ODWWHU� DSSURDFK� RI�

XWLOL]LQJ�VRIW�VXEVWUDWHV�ILUVW�DQG�WKHQ�WUDQVIHUULQJ�RQ�KDUG�VXEVWUDWHV�JLYHV�DPSOH�RI�WLPH�

WR�SRO\PHU�PROHFXOHV� WR�RSHQ�DQG�DVVHPEOH� WKHPVHOYHV�YLD�QRQ�FRYDOHQW� LQWHUDFWLRQV��

7KHVH� PHWKRGV� XWLOL]H LQWHUIDFLDO� VXUIDFH� WHQVLRQ� IDFLOLWDWLQJ� WKH� SRO\PHU� ILOP�

RULHQWDWLRQ�� 6RPH�RI� WKH� WHFKQLTXHV� WKDW�ZRUN�RQ� WKLV� SULQFLSOH� DUH�/%� RU�/DQJPXLU�

6FKDHIHU��/6��DQG�IORDWLQJ�ILOP�WUDQVIHU�PHWKRG��))70��>�����������������@�

��������$LU�ZDWHU�LQWHUIDFH�EDVHG�/% PHWKRG

3RO\PHU�VROXWLRQ�GURS�FDVWHG�RQ�WKH�OLTXLG�VXUIDFH�IORDWV�DW�DLU�ZDWHU�LQWHUIDFH�IRUPLQJ�D
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ILOP�WKDW�LV�FDOOHG�/DQJPXLU�ILOP��7KH�ILOP�ZKHWKHU�OLIWHG�YHUWLFDOO\�RU�KRUL]RQWDOO\�RQWR�

VXEVWUDWH�JRW�LWV�QDPH�DV�/%�RU�/6 GHSRVLWLRQ�SURFHVV���/%�V\VWHP�ILUVW�GHYHORSHG�E\�,��

/DQJPXLU� DQG� .�� %ORGJHWW� �DZDUGHG� QREOH� SUL]H� LQ� ������ RIIHUV� PROHFXODU� OHYHO�

RUGHULQJ�DQG�IRUPDWLRQ�RI�ODUJH�DUHD�DQG�XQLIRUP�WKLFNQHVV��QP�WR�ȝP��ILOPV >�����@��

7KLV�WHFKQLTXH�EDVHG�RQ�DLU�ZDWHU�LQWHUIDFH�DVVHPEO\�RI�SRO\PHU�PRQLWRUV�LWV�ILOP�OD\HU�

XQLIRUPLW\�DQG� WKLFNQHVV�SUHFLVHO\�ZLWK� WKH�KHOS�RI�:LOKHP\�SODWH� �VHQVRU�� ILWWHG� WR�D�

EDODQFH��7KH�SODWH�VHQVHV�WKH�GLIIHUHQWLDO�VXUIDFH�WHQVLRQ��%HIRUH�JRLQJ�LQWR�LWV�ZRUNLQJ�

SULQFLSOH��WHUPLQRORJLHV�UHODWHG�WR�LW�DUH�PXVW�WR�EH�XQGHUVWRRG��7KH\�DUH�DV�IROORZV�

����������7HUPLQRORJLHV

$PSKLSKLOHV��$PSKLSKLOHV� DUH� FKHPLFDO� FRPSRXQGV� WKDW� SRVVHVV� ERWK� K\GURSKRELF�

�ZDWHU�UHSHOOLQJ��DQG�K\GURSKLOLF��ZDWHU�ORYLQJ��SDUWV�DQG�JHQHUDOO\�LQVROXEOH�LQ�ZDWHU��

7KH K\GURSKRELF� JURXS� LV� XVXDOO\� D� ODUJH� K\GURFDUERQ� FKDLQ� ��&+���Q ZLWK� Q!�� DQG�

K\GURSKLOLF�JURXS�LV�D�SRVLWLYH��QHJDWLYH�RU�QHXWUDO��]ZLWWHULRQLF��FKDUJHG�PRLHW\�VXFK�

DV� DQLRQLF� FDUER[\ODWHV� �5&2�
���� FDWLRQLF� DPLQHV� �1+�

���� QHXWUDO� SKRVSKROLSLGV��

HQ]\PHV��HWF�

/DQJPXLU�PRQROD\HU��$�/DQJPXLU�PRQROD\HU�LV�GHILQHG�DV�D�RQH�PROHFXOH�WKLFN�OD\HU�

RI� DQ� RUJDQLF� PDWHULDO� �LQVROXEOH�� VSUHDG� RQWR� ZDWHU� VXESKDVH� WKDW� DUH� H[WHQVLYHO\�

VWXGLHG�SULRU�WR�GHSRVLWLRQ�RI�/%��RU�/6��ILOPV�RQ�VROLG�VXEVWUDWHV�

*LEEV� PRQROD\HU��*LEEV� PRQROD\HU� LV� GLIIHUHQW� IURP� /DQJPXLU� PRQROD\HU� RQO\� LQ�

WHUPV� RI� SDUWLDOO\� VROXELOLW\� RI� WKH� DPSKLSKLOH� DQG� UHVW� LV� VWUXFWXUDOO\� VLPLODU� LQ� ERWK�

FDVHV�� ,Q� /DQJPXLU� PRQROD\HUV�� PROHFXOHV� DUH� WUDSSHG� �VXVSHQGHG�� DW� WKH� DLU�ZDWHU�
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LQWHUIDFH�� :KHUHDV�� LQ� *LEEV� PRQROD\HU� PROHFXOHV� MXPSV� LQ� DQG� RXW� RI� WKH� ZDWHU�

VXESKDVH�PRVWO\�LQ�WKH�FDVH�RI�WKH�VXUIDFWDQWV�DQG�SURWHLQV��

6XUIDFH�WHQVLRQ��6XUIDFH WHQVLRQ��Ȗ�� LV�D�XQLTXH�SURSHUW\�RI� OLTXLGV� WKDW�DULVHV�GXH� WR�

XQHTXDO� FRKHVLYH� IRUFHV� EHWZHHQ�PROHFXOHV� RQ� RU� QHDU� WKH� VXUIDFH�� 7KLV� XQEDODQFHG�

IRUFH�WHQGV�WR�FRQWUDFW�WKH�ZDWHU�VXUIDFH�UHVHPEOLQJ�D�VWUHWFKHG�HODVWLF�PHPEUDQH�

6XUIDFH�3UHVVXUH��6XUIDFH�SUHVVXUH��63 �ʌ��LV�GHILQHG�DV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�Ȗ�RI�

XOWUDFOHDQ�DLU�ZDWHU�LQWHUIDFH�DQG�WKH�PDWHULDO��LPSXULW\��RUJDQLF�PDWHULDO�VSUHDG�RQWR�LW��

,Q�RWKHU�ZRUGV��LW�GHVFULEHV�WKH�FKDQJH�LQ�Ȗ�RI�ZDWHU�RQ�DGGLWLRQ�RI�DQ\�DW�WKH�LQWHUIDFH���

ʌ� �Ȗ �± Ȗ I� ZKHUH�Ȗ � DQG�Ȗ I DUH�WKH�LQLWLDO�DQG�ILQDO�VXUIDFH�WHQVLRQ�RI�WKH�ZDWHU�VXUIDFH�

/% ILOP�GHSRVLWLRQ�RQ�VXEVWUDWH��$Q�/% ILOP�FRQVLVWV�RI�RQH�RU�PDQ\�PRQROD\HUV�RI�

DQ� RUJDQLF� PDWHULDO� �DPSKLSKLOH�� IORDWLQJ� RQ� ZDWHU� VXESKDVH�� GHSRVLWHG� RQ� D� VROLG�

VXEVWUDWH�E\�YHUWLFDO�GLSSLQJ��DQG�OLIWLQJ��WKH�VXEVWUDWH�LQ�WKH�ZDWHU�VXESKDVH��0ROHFXODU�

RULHQWDWLRQ� RQ� WKH� ILOP� WUDQVIHUUHG� RYHU� VROLG� VXEVWUDWH�PD\�YDU\� DV� SHU� LWV� QDWXUH� L�H��

K\GURSKLOLF�RU�K\GURSKRELF��%DVHG�RQ�WKLV��WKHUH�DUH�WKUHH�W\SHV�RI�ILOP�VWUXFWXUHV��L�H��

=� <�DQG�;�W\SH��VKRZQ�LQ�)LJXUH���� �D�F��WKDW�DUH�IRUPHG�RQ�YHUWLFDO�GLSSLQJ�RI�WKH�

VXEVWUDWH�

)LJXUH���� 'HSRVLWLRQ� W\SH�RQ�K\GURSKLOLF� DQG� K\GURSKRELF VXEVWUDWHV� IRU� WUDQVIHU�RI�

/DQJPXLU�PRQROD\HUV���D��=�W\SH���H��<�W\SH���I��;�W\SH�
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7KH�VXEVWUDWH��PXVW�EH�K\GURSKRELF�LQ�QDWXUH��ZKHQ�VWDPSHG�KRUL]RQWDOO\�RQ�WKH�ZDWHU�

VXUIDFH�� LW� WRXFKHV� WKH� PRQROD\HU� DQG�ZKHQ�PRYHG� KRUL]RQWDOO\� XSZDUGV�� LW� OLIWV� WKH�

PRQROD\HU�DORQJ�ZLWK�LW��7KLV�LV�6FKDHIHU�VW\OH�RI�GHSRVLWLRQ�DQG�WKH�ILOP�LV�WHUPHG�DV�

/6�ILOP >�����@�

7UDQVIHU�UDWLR��7KH�/DQJPXLU�ILOPV�EHLQJ�WUDQVIHUUHG�RQWR�WKH�VXEVWUDWHV�LV�PRQLWRUHG�

E\� DQRWKHU� WHUP�FDOOHG� WUDQVIHU� UDWLR� �WU��ZKLFK� LV�GHILQHG� DV� UDWLR�RI�GHFUHDVH� LQ� DUHD�

�$P��RI�PRQROD\HU�GXULQJ�GHSRVLWLRQ�WR�WKH�DUHD��$V��RI�VXEVWUDWH�WR�EH�FRYHUHG��6R��WU� �

$P��$V�DQG�WU� ��IRU�LGHDO�FDVH�

����������/DQJPXLU�IORDWLQJ�ILOP�SUHVVXUH��ʌ�±DUHD��$��LVRWKHUP�VWXGLHV

)RU�PRQROD\HU� ILOP�GHSRVLWLRQ� LQ� WKH�/DQJPXLU�PHWKRG�� LW� LV�YHU\�FUXFLDO� WR�XQGHU� LWV�

IRUPDWLRQ� PHFKDQLVP�� )LJXUH� ��� GHVFULEHV� WKH PHFKDQLVP� RI� VROYHQW� VSUHDGLQJ�

SKHQRPHQRQ�DW� WKH�DLU�ZDWHU� LQWHUIDFH� LQ�/DQJPXLU� WHFKQLTXH� WKDW� OHDGV� WR�PRQROD\HU�

IRUPDWLRQ��)RU�VWHS����ZKHQ�WKH�PDWHULDO��SRO\PHU�� LV�GLVSHUVHG�LQ� ORZ�VXUIDFH�HQHUJ\�

VROYHQW��K\GURSKRELF�RUJDQLF�VROYHQW���LW�VSUHDGV�HDVLO\�RQ�KLJK�VXUIDFH�HQHUJ\�VROYHQW�

�ZDWHU�� GXH� WR� VXUIDFH� WHQVLRQ� JUDGLHQW� �ǻȖ�� GHYHORSHG� DW� WKH� LQWHUIDFH�� 7KLV�

SKHQRPHQRQ� LV� NQRZQ� DV� WKH�0DUDQJRQL� HIIHFW� >�����@�� $V� VKRZQ� LQ� �&�� VSUHDGLQJ�

VSHHG�RI�K\GURSKRELF�VROYHQW�LV�GHILQHG�E\�D�WHUP�VSUHDGLQJ�FRHIILFLHQW��6��WKDW�LV�HTXDO�

WR� Ȗ��Ȗ��Ȗ�� �Ȗ� DQG� Ȗ� GHQRWH� VXUIDFH� WHQVLRQV� RI� ZDWHU� ���� DQG� VDPSOH� GLVSHUVHG� LQ�

K\GURSKRELF�VROYHQW������Ȗ�� LV�WKH�VXUIDFH�WHQVLRQ�DW�WKH�LQWHUIDFH�RI�ERWK���DQG�����,I�

WKLV�TXDQWLW\��6��FRPHV�RXW�WR�EH�SRVLWLYH�WKHQ�WKH�VROYHQW�VSUHDGV�XQLIRUPO\�IRUPLQJ�D�

PDWHULDO�PRQROD\HU�RQ�WKH�ZDWHU�VXESKDVH��HOVH�WKH�VROYHQW�UHPDLQV�LQ�VWDJQDWHG�IRUP��

+HQFH�VROYHQW�����VHOHFWHG�IRU�PDWHULDO�GLVVROXWLRQ�LV�RI�NH\�DWWHQWLRQ�WKDW�LV�FKORURIRUP�
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LQ�WKLV�HQWLUH�ZRUN��7KHQ�YDOXHV�RI�6�LV�IRXQG WR�EH������P1�P��Ȗ� �ZDWHU�� ���P1�P��

Ȗ�� �FKORURIRUP��  ����� P1�P� DQG� Ȗ��  ����� P1�P�� ZKLFK� MXVWLILHV� FKORURIRUP� DV� DQ�

DSSURSULDWH� VROYHQW� IRU� GLVSHUVLQJ� WKH� VDPSOH�� 6ROYHQW� VSUHDGLQJ� SKHQRPHQD� LV�

DFFRPSDQLHG�E\�VLPXOWDQHRXV� VROYHQW�GLVVROXWLRQ� �VWHS���%�� WKXV� OHDYLQJ� WKH�PDWHULDO�

VXVSHQGHG�DW� WKH� LQWHUIDFH��7KXV�VWHS���� LV� WKH�SKDVH�ZKHQ�PDWHULDO�RULHQWV� LWVHOI�ZLWK�

VLPXOWDQHRXV�VROYHQW�HYDSRUDWLRQ�DQG�GLVVROXWLRQ��,W�LV�WKH�SLYRWDO�VWHS�WKDW�PDNHV�WKLV�

DLU�ZDWHU� LQWHUIDFH� WHFKQLTXH� VXSUHPH� RYHU� RWKHU� VROXWLRQ� SURFHVVLQJ�PHWKRGV�� 2WKHU�

VWHSV������� LQFOXGH�EDUULHU�FRPSUHVVLRQ� WR�D�FHUWDLQ�RSWLPXP�SUHVVXUH��YDOLGDWHG�IURP�

LVRWKHUP��DW�D�YHU\�VORZ�UDWH��WKHQ�DIWHU�YHUWLFDO�GHSRVLWLRQ�RU�KRUL]RQWDO�VWDPSLQJ�RI�WKH�

VXEVWUDWH� WR�EH�FRDWHG� >�����@��$�JDS�RI�DURXQG ���PLQ� LV�HQFRXUDJHG�EHWZHHQ�VWHS���

DQG���DV�LW�DOORZV�WKH�PROHFXOHV�WR�UHDUUDQJH�WKHPVHOYHV�DW�WKH�LQWHUIDFH�

)LJXUH� ��� 9DULRXV� VWHSV� LQYROYHG� LQ� /DQJPXLU� WHFKQLTXH�� 6WHS� ��� $�&�� VROYHQW�

VSUHDGLQJ�� 6WHS� ��� %DUULHU� FRPSUHVVLRQ�� 6WHS� ��� 6XEVWUDWH� VWDPSLQJ �6FKDHIHU� VW\OH���

6WHS����6XEVWUDWH�OLIWLQJ�
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%HIRUH�JRLQJ�IRU�ILOP�GHSRVLWLRQ��VWHS�������LW�LV�RI�XWPRVW�LPSRUWDQFH�WR�LQYHVWLJDWH�WKH�

ILOP� SURSHUW\� YLD� VWXG\LQJ� LWV� SUHVVXUH� �ʌ�� YV�� DUHD� �$�� LVRWKHUP� �ʌ�$�� DW� DLU�ZDWHU�

LQWHUIDFH� 3UHFLVH�FRQWURO�RI�WKH�63��EDUULHU�FRPSUHVVLRQ�VSHHG�DQG�GHSRVLWLRQ�VSHHG�DUH�

YHU\�LPSRUWDQW�LQ�FHUWLI\LQJ�XQLIRUP�DQG�KRPRJHQRXV�OD\HU�GHSRVLWLRQ���,VRWKHUP�LV WKH�

FXUYH�REWDLQHG�EHWZHHQ�63�DJDLQVW�DUHD�SHU�PROHFXOH��DW�IL[HG�WHPSHUDWXUH��RQ�VORZO\�

FRPSUHVVLQJ��aUDWH�RI����PP�PLQ��WKH�PRQROD\HU�ILOP�IRUPHG�DW�LQWHUIDFH >��������@��

$V� WKH� PRQROD\HU� LV� FRPSUHVVHG� VORZO\�� LW� XQGHUJRHV� YDULRXV� SKDVH� WUDQVIRUPDWLRQV�

�VORSH�FKDQJHV��DQDORJRXV�WR�JDVHV��OLTXLGV�DQG�VROLGV�PDUNHG�E\�NLQNV�RU�VKDUS�EHQGV�

VKRZQ�LQ�)LJXUH������3KDVH�WUDQVLWLRQ�LV�UHFRJQL]HG�E\�PRQLWRULQJ�WKH�63�DV�D�IXQFWLRQ�

RI� WKH� DUHD� RFFXSLHG� E\� WKH� ILOP�� 2Q� WKLV� EDVLV�� GLIIHUHQW� IRXU� UHJLRQV� KDYH� EHHQ�

LGHQWLILHG��)LUVW��DW�ORZ�63V��WKH�PRQROD\HU�FRQVLVWLQJ�RI�IDU�DSDUW�PROHFXOHV�EHKDYLQJ�

OLNH�JDVHRXV�SKDVH�ZLWK�QHJOLJLEOH� LQWHUDFWLRQ�PDUNHG� DV�5HJLRQ� ,��5HJLRQ� ,,�GHQRWHV�

OLTXLG�SKDVH�LQ�ZKLFK�PROHFXOHV�DSSURDFK�HDFK�RWKHU�DQG�DVVHPEOH�WKHPVHOYHV��)XUWKHU

)LJXUH���� 63�YV��DUHD��ʌ�$��LVRWKHUP�GHSLFWLQJ�YDULRXV�PRQROD\HU�SKDVH�WUDQVLWLRQV��



&KDSWHU��

��

ZLWK� LQFUHDVH� LQ� 63�� D� FOHDU� WUDQVLWLRQ� IURP� OLTXLG� WR� OLTXLG� FRQGHQVHG� LQ� ZKLFK�

PROHFXOHV� DUH� MXVW� FORVH� HQRXJK� IRUPLQJ� FRPSDFW� DUUDQJHPHQW� LQ� 5HJLRQ� ,,,�� 7KHQ�

5HJLRQ� ,9� GHILQHV� WKH� VROLG� SKDVH� LQ�ZKLFK�PRQROD\HUV� MXVW� VWDUW� RYHUODSSLQJ� GXH� WR�

H[FHVV�SUHVVXUH��:LWK�IXUWKHU�LQFUHPHQW�LQ 63��PRQROD\HU�ILOP�EHFRPHV�XQVWDEOH�DQG D�

NLQN� LV� REVHUYHG� ZLWK� VXGGHQ� GHFUHDVH� LQ� SUHVVXUH� $� YHU\� NHHQ� REVHUYDWLRQ� RI� ʌ�$�

LVRWKHUP�LV�YHU\�LPSRUWDQW�DV�LW�LV�WKH�VLJQDWXUH�RI�PROHFXOH�ZKRVH�ILOP�LV�EH�GHSRVLWHG��

,W�LV�LPSRUWDQW�WR�QRWH�WKDW�DOO�WKHVH�SKDVHV�IRU�D�SDUWLFXODU�PROHFXOH�PD\�QRW�EH�FOHDUO\�

GHILQHG�DV�WKH\�VWURQJO\�UHO\�RQ�WKH�FRPSUHVVLRQ�UDWH�DQG�WHPSHUDWXUH�

��������� 6WDELOLW\ �FRPSUHVVLRQ�UHOD[DWLRQ��FXUYH

/DQJPXLU�ILOPV�GHSRVLWHG�IURP�VLQJOH�FRPSUHVVLRQ�VWHS�RQ�VROLG�VXEVWUDWHV�LPPRELOL]H�

WKH�PRQROD\HU� VWUXFWXUHV� WKDW�PD\� QRW� EH� VRPHWLPHV� VWDEOH� DW� WKH� DLU�ZDWHU� LQWHUIDFH��

7KH� VWDELOLW\� RI� WKHVH� ILOPV� FDQ� EH� LQYHVWLJDWHG� ZKHQ� WKH� ILOP LV� PRQLWRUHG� XQGHU�

FRQVWDQW� DUHD� RYHU� WLPH�� 6WDELOLW\� RI� WKH� ILOPV� IRUPHG� LV� WKH� GHFLGLQJ� SDUDPHWHU� IRU�

XQLIRUP�ILOP�IRUPDWLRQ�EHIRUH�LWV�GHSRVLWLRQ��ZKLFK�LV�GRQH�E\�PRQLWRULQJ�WKH�VXUIDFH�

SUHVVXUH� FRPSUHVVLRQ�UHOD[DWLRQ� SURFHVV� >�����@� 6WDELOLW\� FXUYH� KHOSV� WR� SUHGLFW KRZ�

VWDEOH�LV� WKH�ILOP�IRUPHG��,I� WKH�DUHD�XQGHU�FXUYH�LV� OHVVHU�WKDQ�WKH�RWKHU�PDWHULDO�� WKLV�

GHQRWHV� WKDW� IRUPHU� WDNHV� OHVVHU� WLPH� WR� FRPH�EDFN� WR� LWV� RULJLQDO� VWDWH�� VR� LW� LV�PRUH�

FRPSUHVVLEOH�DV�FRPSDUHG�WR� ODWWHU�ZKLFK�FDQ�EH�DFFRXQWHG�WR�VWURQJHU�LQWHUPROHFXODU�

�QRQ�FRYDOHQW��LQWHUDFWLRQV�EHWZHHQ�PROHFXOHV >��������@��

/%� PHWKRG� LV� DPRQJVW� WKH� EHVW� PHWKRGV� ZKLFK� LQYROYHV� FRPSUHVVLRQ� RI� WKH�

IORDWLQJ�PRQROD\HU�XQLD[LDOO\�OHDGLQJ�WR�QDQRVWUXFWXUHV�DVVHPEO\�DQG�SDFNLQJ�RYHU�WKH�

ZDWHU� VXESKDVH�� RYHUFRPLQJ� WKH� GUDZEDFNV� RI� RWKHU� SRSXODU� SRO\PHU� SURFHVVLQJ�
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WHFKQLTXHV��7KLV�WHFKQLTXH�LV�QRW�RQO\�IRU DPSKLSKLOLF�PROHFXOHV EXW�DOVR�YDULRXV�RWKHU�

RUJDQLF�DQG LQRUJDQLF�QDQRPDWHULDOV�KDYH�EHHQ�RUGHUHG�DQG�GHSRVLWHG�YLD�WKLV�WHFKQLTXH

>��������@�� 0RUHRYHU�� VRPH� SUHYLRXV� UHSRUWV� VWDWH� WKDW� WKH ILOP� XQLIRUPLW\� RI QRQ�

DPSKLSKLOLF�SRO\PHU��VWDEOH��ILOPV�IRUPHG�DW�WKH�DLU�ZDWHU�LQWHUIDFH�FDQ�EH�LPSURYHG�E\�

YDU\LQJ� WKH� VXEVWUDWH� QDWXUH� DQG� OLIWLQJ� VW\OH� HPSOR\LQJ� 6FKDHIHU� VW\OH� PHWKRG

>�����������@�� /6� PHWKRG� PLQLPL]HV� WKH� GLVUXSWLYH� IRUFH� WKDW� PD\� GLVWXUELQJ� WKH�

XQLIRUPLW\�RI�ULJLG�PRQROD\HU�GXULQJ�YHUWLFDO�XSOLIWPHQW�

����������6HOI�DVVHPEO\�DW�DLU�ZDWHU�LQWHUIDFH

6HOI�DVVHPEO\� LV� UHFRJQLVHG� E\� PROHFXODU� LQWHUDFWLRQV� �QRQ�FRYDOHQW�� DQG� WKHLU�

RULHQWDWLRQV� WKDW� DUH� KLJKO\� FRQWUROOHG� DW� DLU�ZDWHU� LQWHUIDFH� LQ� WKLV� IORDWLQJ� ILOP�

PHWKRGRORJ\�DQG�FRQILQHG�LQ��'�VSDFHV >��������@��&RQVHTXHQWO\��SRO\PHU�RULHQWDWLRQ�

DW�WKH�LQWHUIDFH�GLVSOD\V�GLIIHUHQW�IHDWXUHV�WKDW�FDQQRW�EH�REVHUYHG�GXULQJ�VHOI�DVVHPEO\�

LQ�WKH�EXON�SKDVH��,Q�WKH�SURFHVV�RI�IRUPLQJ�IORDWLQJ�/DQJPXLU�PRQROD\HUV�RI�&3V��L�H��

DIWHU� VSUHDGLQJ� RQWR� VXESKDVH��� YDULRXV� VHFRQGDU\� LQWHUDFWLRQV� �ʌ�ʌ� LQWHUDFWLRQ��

K\GURSKRELF�� HOHFWURVWDWLF�� +�ERQGLQJ�� HWF��� DPRQJ� FRPSRQHQW�PROHFXOHV� EULQJ� WKHP�

FORVHU�IRUPLQJ DQ�DVVHPEOHG�VWUXFWXUH�LQ�WKH�IRUP�RI�VPDOO�QDQRVWUXFWXUHG�LVODQGV��7KLV�

RUGHULQJ� LV� GXH� WR� VHOI�DVVHPEOLQJ� SURSHUWLHV� RI� WKH� PDWHULDO�� /DWHU� WKH� EDUULHU�

FRPSUHVVLRQ�� ZKLFK� LV� YHU\� VORZ� HQRXJK� WR� GLVWXUE� WKH� DVVHPEOHG� VWUXFWXUHV�� IRUFHV�

WKHVH� QDQRVWUXFWXUHG� LVODQGV� WR� DVVHPEOH� LQWR� ODUJH� DUHD� RUGHUHG� ILOPV�� )LQDOO\�� WKH�

/DQJPXLU�ILOPV�DUH�OLIWHG�RQ�WKH�VROLG�VXEVWUDWHV�

��� (OHFWURQLF GHYLFH�DSSOLFDWLRQV�RI�&3V�DQG�WKHLU�FRPSRVLWHV

7KH�HOHFWULFDO�FRQGXFWLYLW\�RI�RUJDQLF�VHPLFRQGXFWRUV�LV�RQH�RI�WKH�FUXFLDO SDUDPHWHUV
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WKDW�GLUHFWO\�LQIOXHQFHV�WKH�SHUIRUPDQFH�RI�WKH�ILQDO�HOHFWURQLF�GHYLFHV >�����@�� ,Q�WKLV�

VHFWLRQ��ZH�DUH�FRQFHUQHG�ZLWK� WKH�EDVLF�SK\VLFDO�SULQFLSOHV��HOHFWULFDO�SURSHUWLHV��DQG�

DSSOLFDWLRQV� RI� WKH� PHWDO�VHPLFRQGXFWRU� FRQWDFWV� DQG� GHYLFHV�� ,W� LV� ZHOO� NQRZQ� WKDW�

GHYLFH�WHFKQRORJ\�PDLQO\�GHSHQGV�RQ�PHWDO�VHPLFRQGXFWRU��0�6��MXQFWLRQV��IRU�ZKLFK�

6FKRWWN\�EDUULHU�KHLJKW�LV�D�NH\�HOHFWURQLF�SDUDPHWHU�WR�EH�XQGHUVWRRG��6FKRWWN\�FRQWDFW�

GHILQHV�WKH�MXQFWLRQ�RI�PHWDO�DQG�VHPLFRQGXFWRU�ZKRVH�SURSHUWLHV�VWURQJO\�UHO\�RQ�WKH�

LQWHUIDFH� RI� WKH� WZR� HOHFWURGHV� XWLOL]HG� LQ� GLRGH� IDEULFDWLRQ� DQG� WKHLU� ZRUN� IXQFWLRQ�

GLIIHUHQFHV� OHDGLQJ� WR� IRUPDWLRQ� RI� UHFWLI\LQJ� FRQWDFW >�����@�� 6FKRWWN\� FRQWDFWV� DUH�

EHLQJ�XWLOL]HG�DV�³WHVW�YHKLFOHV´�WR�LQYHVWLJDWH�WKH�SK\VLFDO�DQG�HOHFWULFDO�SDUDPHWHUV�RI�

WKH� VHPLFRQGXFWRU� OD\HU� IRU� D�ZLGHVSUHDG� GHYLFH� DSSOLFDWLRQV�� 7R� LOOXVWUDWH�� HOHFWULFDO�

SDUDPHWHUV�GHULYHG�IURP�D�6FKRWWN\�GLRGH�KHOSV�WR�SUHGLFW�WKH�GHIHFWV�LQ�WKH�EXON�DV�ZHOO�

DV�LQWHUIDFLDO�SURSHUWLHV�RI�DQ�0�6�VWUXFWXUH��)RU WKDW�UHDVRQ��LW�LV�FUXFLDO�WR�JHW�WKH�EDVLF�

FRQFHSWV�RI�WKH�0�6 LQWHUIDFH�VR�WKDW�LPSURYHPHQWV�FDQ�EH�PDGH�LQ�IDEULFDWLQJ�PHWKRGV�

RI� SRO\PHU� IRU� GHYHORSLQJ� 6FKRWWN\� FRQWDFWV� IRU� GHYLFH� DSSOLFDWLRQV�� &RQGXFWLRQ� LQ�

FDVH� RI� 6FKRWWN\� GLRGH� LV� PDLQO\� FRQWUROOHG� E\� WKH� WKHUPLRQLF� HPLVVLRQ� RI� PDMRULW\�

FDUULHUV� SURGXFHG� E\� GLIIHUHQFH� LQ� ZRUN� IXQFWLRQV� RI� WKH� PHWDO� DQG� VHPLFRQGXFWRU�

FRQWDFW >���@��'LIIHUHQFHV� LQ�ZRUN� IXQFWLRQ�DW�0�6� LQWHUIDFH� OHDGV� WR� FODVVLILFDWLRQ�RI�

6FKRWWN\�EDUULHU�LQWR�WKUHH�W\SHV�

7\SH�,��0HWDO�ZRUN�IXQFWLRQ��ĭP��LV�JUHDWHU�WKDQ�VHPLFRQGXFWRU��Q�W\SH��ZRUN�IXQFWLRQ�

�ĭV����ĭP�!�ĭV��

:KHQ� VHPLFRQGXFWRU� �Q�W\SH�� FRPHV� LQ� FRQWDFW� ZLWK�PHWDO�� WKHUH� LV� IORZ� RI� HOHFWURQ�

IURP� WKH� VHPLFRQGXFWRU� FRQGXFWLRQ� EDQG� �&%�� �DW� KLJKHU� HQHUJ\� OHYHO�� LQWR�PHWDO� WR�
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DOLJQ� WKH� )HUPL� HQHUJ\� OHYHOV� RI� WKH� WZR�� 7KLV� UHVXOWV� LQ� EHQGLQJ� RI�&%� DQG� YDOHQFH�

EDQG� �9%�� RI� VHPLFRQGXFWRU� DW� WKH� 0�6� LQWHUIDFH� DV� VKRZQ� LQ� )LJXUH� ������ &%� RI�

VHPLFRQGXFWRU�GLVSOD\V�XSZDUG�EHQGLQJ�DW�LQWHUIDFH�GXH�WR�PRYHPHQW�RI�HOHFWURQ�IURP�

)LJXUH����� (QHUJ\�OHYHO�GLDJUDP�RI�0�6 �Q�W\SH��LQWHUIDFH��D��EHIRUH�DQG��E��DIWHU�WKH�

FRQWDFW�

VHPLFRQGXFWRU� WR� PHWDO� HVWDEOLVKLQJ� WKHUPDO� HTXLOLEULXP�� ZKLFK� OHDGV� WR� FUHDWLRQ� RI�

GHSOHWLRQ�UHJLRQ��,Q�EDVLF�WHUPV��WKH�ZRUN IXQFWLRQ�GLIIHUHQFH�LV�GHSLFWHG�E\�WKH�EXLOW�LQ�

SRWHQWLDO�GLIIHUHQFH��T9EL��GHYHORSHG�DFURVV�WKH�GHSOHWLRQ�UHJLRQ�

�����

7KH�EDUULHU�KHLJKWࢥ�E LV�WKHQ�GHILQHG�DV�

�����

6LQFH����������������� �����

7\SH�,,�6HPLFRQGXFWRU��S�W\SH��ZRUN�IXQFWLRQ��ĭV��LV�JUHDWHU�WKDQ�PHWDO�ZRUN�IXQFWLRQ�

�ĭP����ĭV�!�ĭP��

,Q�WKLV�W\SH��ZKHQ�D�VHPLFRQGXFWRU��S�W\SH��FRPHV�LQ�FRQWDFW�ZLWK�D�PHWDO��WKH�IORZ�RI�

HOHFWURQV�IURP�PHWDO� WR�VHPLFRQGXFWRU� WLOO� WKH�)HUPL� OHYHOV� LQ� WKH�WZR�JHW�DOLJQHG��$V�
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WKH� HOHFWURQ� PRYHV� WR� VHPLFRQGXFWRU�� LW� HOLPLQDWHV� WKH� KROH� IURP� 9%�� WKXV� OHDYLQJ�

EHKLQG�LRQL]HG�FKDUJH�RI�DFFHSWRU��7KHVH�QHJDWLYH�FKDUJHV�DFFXPXODWH�XSWR�D�WKLFNQHVV�

RI�:� LQ� WKH�VHPLFRQGXFWRU��:KHUHDV�� WKH�SRVLWLYH�FKDUJH�RQ�PHWDO� LV� FRQILQHG�XSWR�D�

GLVWDQFH� RI� DQ� DWRPLF� OD\HU� EHKDYLQJ� DV� D� VXUIDFH� FKDUJH�� 7KH� GLSROH� IRUPHG� GXH� WR�

OD\HU�RI� FKDUJHV� IRUP�DQ�HOHFWULF� ILHOG DV� VKRZQ� LQ�)LJXUH�������7KH�EDUULHU�KHLJKWࢥ�E

DQG�EXLOW�LQ�SRWHQWLDO�LV�WKHQ�GHILQHG�DV��

�����

�����

)LJXUH����� (QHUJ\�OHYHO�GLDJUDP�RI�0�6 �S�W\SH��LQWHUIDFH��D��EHIRUH�DQG��E��DIWHU�WKH�

FRQWDFW�

7\SH�,,,� 2KPLF�FRQWDFW�:KHQ�VHPLFRQGXFWRU��Q�W\SH��ĭV!ĭP�DQG�VHPLFRQGXFWRU��S�

W\SH��ĭV�ĭP

:KHQ�D�VHPLFRQGXFWRU��Q�W\SH��PDNHV�D�FRQWDFW�ZLWK�D�PHWDO�VXFK�WKDW�ĭV!ĭP��WKH�IORZ�

RI�HOHFWURQ�RFFXUV�IURP�PHWDO�WR�VHPLFRQGXFWRU�WLOO�WKH�)HUPL�OHYHOV�JHW�DOLJQHG�LQ�WKH�

WZR�� 1HJDWLYHO\� FKDUJHG� HOHFWURQV� DFFXPXODWH� LQ� WKH� VHPLFRQGXFWRU� UHJLRQ� ZLWKLQ� D�

'HE\H�OHQJWK�WKLFNQHVV�EDVLFDOO\�DV�D�VXUIDFH�FKDUJH��$V�D�UHVXOW��QR�GHSOHWLRQ�UHJLRQ�LV�

IRUPHG�LQ�WKH�VHPLFRQGXFWRU�UHJLRQ�WKXV�HOHFWURQV�IORZ�IURP�VHPLFRQGXFWRU�WR�PHWDO�RU�
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YLFH�YHUVD� ZLWKRXW� DQ\� EDUULHU� DV� GLVSOD\HG� LQ� )LJXUH� ������ 2QFH� D� SRWHQWLDO� ELDV� LV�

DSSOLHG�WR WKLV�VWUXFWXUH��DOPRVW�WRWDO�YROWDJH�DSSOLHG�DSSHDUV�DFURVV�WKH�VHPLFRQGXFWRU�

�QHXWUDO���7KLV�NLQG�RI�PHWDO�VHPLFRQGXFWRU�FRQWDFW�GLVSOD\LQJ�QRQ�UHFWLI\LQJ�EHKDYLRXU�

LV�WHUPHG�DV�RKPLF�FRQWDFW�

)LJXUH� ���� (QHUJ\� OHYHO� GLDJUDP� RI� PHWDO�VHPLFRQGXFWRU� LQWHUIDFH� IRU� RKPLF�

EHKDYLRXU��D��EHIRUH�DQG��E��DIWHU�WKH�FRQWDFW��

����� &KDUJH�WUDQVSRUW�SURSHUW\�DQG�PHFKDQLVP�RI�6FKRWWN\�GLRGH�DQG�HOHFWULFDO�

SDUDPHWHUV�H[WUDFWLRQV�IURP�-�9�FKDUDFWHULVWLFV

7KH�IORZ�RI�FXUUHQW�LQ�6FKRWWN\�EDUULHU�RFFXUV�GXH�WR�DSSOLHG�YROWDJH�RU�WKHUPDO�HIIHFW��

&KDUJH� WUDQVSRUW�PHFKDQLVP�DFURVV� WKH�0�6� LQWHUIDFH�RFFXUV�YLD�IRXU�PDLQ�SDWKZD\V��

7KH\�DUH�����HOHFWURQ�WUDQVSRUW�IURP�VHPLFRQGXFWRU�LQWR�WKH�PHWDO�DFURVV�WKH�SRWHQWLDO�

EDUULHU� ZKLFK� LV� DOVR� WKH� PDLQ� SURFHVV� LQ� FDVH� RI� PRGHUDWHO\ GRSHG� VHPLFRQGXFWRUV�

RSHUDWLQJ� DW� URRP� WHPSHUDWXUH� �a���� .��� ���� FKDUJH� FDUULHU� WXQQHOOLQJ� DFURVV� WKH�

SRWHQWLDO�EDUULHU��PDLQ�SURFHVV�IRU�KLJKO\�GRSHG�VHPLFRQGXFWRUV�DQG�RKPLF�FRQWDFW�������

UHFRPELQDWLRQ�RI�FKDUJH�FDUULHU�LQ�WKH�GHSOHWLRQ�UHJLRQ��DQG�����UHFRPELQDWLRQ�RI�FKDUJH�

FDUULHU� LQ� WKH� QHXWUDO� UHJLRQ�� WKDW� FDQ� DOVR� EH� UHODWHG� WR� LQMHFWLRQ� RI�PLQRULW\� FKDUJH�

FDUULHUV�� ,W� LV�ZHOO� NQRZQ� WKDW� WKH� HOHFWULFDO� FKDUDFWHULVWLFV�RI�6FKRWWN\�GLRGH� MXQFWLRQ�
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FDQ� EH� HOXFLGDWHG� XVLQJ� VWDQGDUG� WKHUPLRQLF� HPLVVLRQ�GLIIXVLRQ� WKHRU\� >��������@� $V�

SHU�WKLV�WKHRU\��-�YDULHV�ZLWK�9�DFFRUGLQJ�WR�WKH�H[SUHVVLRQ�

�����

ZKHUH� -� DQG� -� GHQRWH� FXUUHQW� GHQVLW\� IORZLQJ� WKURXJK� WKH� GLRGH� UHYHUVH� VDWXUDWLRQ�

FXUUHQW� GHQVLW\�� T�� 9�� 7�� Ș�� N�� UHSUHVHQW� WKH� HOHFWURQLF� FKDUJH�� DSSOLHG� ELDV� YROWDJH��

DEVROXWH�WHPSHUDWXUH��LGHDOLW\�IDFWRU��%ROW]PDQQ�FRQVWDQW��UHVSHFWLYHO\��)XUWKHUPRUH��-��

LV�GLUHFWO\�FRQQHFWHG�WR�EDUULHU�KHLJKWࢥ�% DV�

-� �$
7��H[S� ������� �����

ZKHUH�$
 GHQRWHV�HIIHFWLYH�5LFKDUGVRQ�FRHIILFLHQW�DQG�FDOFXODWHG�WR�EH�����$�FP�� .����

ĭ% GHQRWHV� WKH� EDUULHU� KHLJKW�� 8WLOL]LQJ� DERYH� UHODWLRQV�� ZH� KDYH� H[WUDFWHG� YDULRXV�

HOHFWULFDO� SDUDPHWHUV� VXFK� DV� EDUULHU� KHLJKW ĭ%�� VDWXUDWLRQ� FXUUHQW� GHQVLW\� -��� DQG�

LGHDOLW\�IDFWRU�Ș�RI�WKH�GHYLFHV�IDEULFDWHG�

����3RO\LQGROH

������6WUXFWXUH�DQG�SURSHUWLHV

,QGROH� LV� DQ� DURPDWLF� QLWURJHQ� DWRP� FRQWDLQLQJ� KHWHURF\FOLF� PROHFXOH� ZLWK� VWUXFWXUH�

FRQVLVWLQJ� RI� D� ILYH�PHPEHUHG� S\UUROH� ULQJ� IXVHG� ZLWK� VL[�PHPEHUHG� EHQ]HQH� ULQJ��

+LVWRULFDOO\��LW�ZDV�ILUVW�V\QWKHVL]HG�IURP�LQGLJR�G\H�DQG�ROHXP�VR�JRW�LWV�QDPH�LQGROH��

,W� LV� DQ�DEXQGDQWO\� IRXQG�FRPSRXQG� LQ�QDWXUH� VXFK�DV� LQ�QDWXUDO� MDVPLQH�RLO� ���������

SURGXFW�RI�EDFWHULDO�SK\VLRORJLFDO�SURFHVV��NH\�FRPSRQHQW�RI�DX[LQV�DQG�PDQ\�DONDORLGV

>��@�� �&RQVHTXHQWO\�� SOHQW\� RI� UHVHDUFK� KDV� EHHQ� GRQH� WRZDUGV� WKH� SRO\PHUL]DWLRQ� RI�
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LQGROH� DQG� LWV� GHULYDWLYHV� IRU� YDULRXV� DSSOLFDWLRQV� LQ� DUHDV� RI� GUXJ� GHOLYHU\�� VHQVRU�

DSSOLFDWLRQV��EDWWHU\� HOHFWURGH��HOHFWURFDWD\OVLV�� DQWLFRUURVLRQ�FRDWLQJV��DQG�HOHFWURQLFV�

>�����@�� 7KH� NH\� DGYDQWDJHV� RI� SRO\LQGROH� RYHU� RWKHU� FRQGXFWLQJ� SRO\PHUV� DUH� LWV�

H[FHOOHQW� SKRWROXPLQHVFHQW� SURSHUWLHV�� H[FHOOHQW� HOHFWURDFWLYLW\�� TXLFN� VZLWFKDEOH�

HOHFWURFKURPLF� DFWLYLW\�� KLJK� WKHUPDO� VWDELOLW\�� VORZ� GHJUDGDWLRQ� UDWH�� DQG� DLU� VWDEOH�

FRQGXFWLYLW\�� HWF�� 7KHVH� DERYH� VDLG� SURSHUWLHV�� LI� XWLOL]HG� DORQJ� ZLWK� XQLIRUP� ILOP�

IRUPDWLRQ�� FRXOG� EH� DSSOLFDEOH� LQ� ODUJH� DUHD� EDVHG� HOHFWURQLF� GHYLFHV�� 'HVSLWH� RI�

SRVVHVVLQJ� WKHVH� DERYH� VDLG�SURSHUWLHV�� LW� ODFNV�EHKLQG� LQ� LWV� XWLOL]DWLRQ� IRU� ODUJH� DUHD�

IOH[LEOH� HOHFWURQLF� GHYLFHV� RQO\� GXH� WR� SDUWLDO� VROXELOLW\� LQ� FRPPRQ�RUJDQLF� VROYHQWV��

7KLV� LVVXH�KDV�EHHQ� DGGUHVVHG�E\� DGRSWLQJ� FR�VROYHQW�PHWKRGRORJ\� ODWHU�GLVFXVVHG� LQ�

WKH�WKHVLV��

������3RO\LQGROH�V\QWKHVLV

������� &KHPLFDO�R[LGDWLYH�V\QWKHVLV

3RO\LQGROH� FDQ� EH� V\QWKHVL]HG� YLD� R[LGDWLYH� SRO\PHUL]DWLRQ� RI� DQ� LQGROH�PRQRPHU� LQ�

SUHVHQFH� RI� R[LGL]LQJ� DJHQW� OLNH� )H&���� �1+���6�2��� .,2� DQG� +�2� LQ� D� VXLWDEOH�

VROYHQW� OLNH� DFHWRQLWULOH� �&+�&1��� FKORURIRUP� �&+&O���� HWKDQRO� �&�+�2+���PHWKDQRO�

�&+�2+� RU�ZDWHU�HWKDQRO�PLVFLEOH�VROYHQWV�>�����@��2WKHU�SDUDPHWHUV�WKDW�SOD\�FUXFLDO�

UROH� GXULQJ� FKHPLFDO� V\QWKHVLV� DUH� UHDFWDQW� FRQFHQWUDWLRQV�� WHPSHUDWXUH�� QDWXUH� RI� WKH�

R[LGDQW��VROYHQW�DQG�WHPSHUDWXUH��7KLV�PHWKRG�RIIHUV�EXON�V\QWKHVLV�RI�WKH�SRO\PHU�DW�

ORZ� FRVW�� )LJXUH� ���� GLVSOD\V� WKH� SRO\PHUL]DWLRQ� PHFKDQLVP� RI� LQGROH� YLD� UDGLFDO�

UDGLFDO�PHFKDQLVP��,QLWLDOO\�D�PRQRPHU�LV�R[LGL]HG��SURGXFLQJ�D�FDWLRQ�UDGLFDO�VSHFLHV�

WKDW�FRPELQHV�ZLWK�DQRWKHU�UDGLFDO�FDWLRQ�\LHOGLQJ�D�GLPHU�GLFDWLRQ��&RQVHTXHQWO\��ORVV�
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RI�WZR�SURWRQV�RFFXUV�WR�SURGXFH�D�QHXWUDO�GLPHU�WKDW�XQGHUJRHV�IXUWKHU�R[LGDWLRQ�VWHSV�

UHVXOWLQJ�LQ�SRO\PHU�DV�WKH�HQG�SURGXFW >�����@�

��������(OHFWURFKHPLFDO�V\QWKHVLV

(OHFWURFKHPLFDO�PHWKRGV� IRU� 3,Q� V\QWKHVLV� DUH�PDLQO\� SHUIRUPHG� LQ� D� WKUHH�HOHFWURGH�

FHOO�DVVHPEO\�V\VWHPV�FRQVLVWLQJ�RI�ZRUNLQJ��FRXQWHU�DQG�UHIHUHQFH�HOHFWURGHV�GLSSHG�LQ

PRQRPHU�VROXWLRQV�RI�&+�&1��GLFKORURPHWKDQH��&+�&O����LRQLF�OLTXLGV� HWF�>��������@�

)LJXUH����� 2[LGDWLYH�SRO\PHUL]DWLRQ�PHFKDQLVP�RI�LQGROH�

7KRXJK�WKH�PHWKRG�SURGXFHV�SRO\PHU�LQ�ORZ�\LHOG�EXW�DVVRFLDWHG�ZLWK�WKH PHULWV VXFK�

DV�KLJK�FKHPLFDO�SXULW\��UHGR[�DFWLYLW\��WKHUPDO�VWDELOLW\�DQG�VORZ�GHJUDGDWLRQ�UDWHV��

��������,QWHUIDFLDO�V\QWKHVLV

7KH� LQWHUIDFLDO�SRO\PHUL]DWLRQ�RI�3,Q� LV�FDUULHG�RXW�DW� WKH� LQWHUIDFH�RI� WZR� LPPLVFLEOH�

OLTXLGV� �DTXHRXV�RUJDQLF� VROYHQW�� ZKHUH� PRQRPHU� LV� GLVVROYHG� LQ� RUJDQLF� SKDVH� DQG�

R[LGDQW�VXFK�DV�)H&�� DQG��1+���6�2��LV�SUHVHQW� LQ� WKH�DTXHRXV�SKDVH��7KH�PRQRPHU�

DQG� R[LGDQW� UHDFW� DW� WKH� LQWHUIDFH� SURGXFLQJ� DVVHPEOHG� SRO\PHU� OD\HU >�����������@��
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7KLV�PHWKRG�IDFLOLWDWHV�WKH�PRUSKRORJ\�FRQWURO�RI�WKH�SRO\PHU�IRUPLQJ�DW�WKH�LQWHUIDFH��

.RLU\�HW�DO��KDYH�UHSRUWHG�ORQJ�3,Q�ILEHUV�IRUPDWLRQ�DW�WKH�VWDWLRQDU\�DTXHRXV� &+�&O�

LQWHUIDFH��KRZHYHU��ZKHQ�WKH�VROXWLRQ�ZDV�VWLUUHG�DQG�WKHQ�DOORZHG�WR�SRO\PHUL]H��WKH\�

REWDLQHG�VSKHULFDO�PRUSKRORJ\�RI�3,Q�>��@��3UDNDVK�HW�DO�JURXS�DOVR�V\QWKHVL]HG�3,Q�YLD�

LQWHUIDFLDO� SRO\PHUL]DWLRQ� DW� WKH� LQWHUIDFH� RI� DTXHRXV�GLFKORURPHWKDQH�� XQLIRUP�

QDQRURGV�RI�GLDPHWHU�DURXQG�����QP�DQG�IHZ�ȝP�ORQJ�ZHUH�REWDLQHG�>��@�

������&RPSRVLWHV�RI�SRO\LQGROH

7KHUH�KDYH�SOHQW\�RI�UHSRUWV WKDW�GHPRQVWUDWH�HQKDQFHPHQW�LQ�SURSHUWLHV�RI�SRO\LQGROH�

YLD� FRPSRVLWH� IRUPDWLRQ� >�����@� +DVVDQLHQ�HW� DO�� KDYH� UHSRUWHG� WKH� IRUPDWLRQ�RI�3,Q

QDQRZLUHV�FKHPLFDOO\�V\QWKHVL]HG�RQ�'1$�WHPSODWH�ZLWK�HQKDQFHG�FRQGXFWLYLW\ >��@��

5DM� HW� DO�� KDYH� GHPRQVWUDWHG� UHPDUNDEOH� FDSDFLWLYH� SHUIRUPDQFH� RI� FREDOW� R[LGH�

�&R�2���3,Q� FRPSRVLWH� ZKHQ� WDNHQ� DV� HOHFWURGH PDWHULDO >��@�� (ODQJR� HW� DO�� KDYH�

UHSRUWHG� GHFRUDWLRQ� RI� ]LQF� R[LGH� �=Q2�� DQG� $J13V RQ� WKH� VXUIDFH� RI� SRO\LQGROH�

�3,Q�$J�=Q2�� IRU� DQWLEDFWHULDO� DFWLYLW\��+HUH�� 3,Q� EHLQJ� HDV\� WR� SUHSDUH� DQG� LWV� ORQJ�

WHUP�HQYLURQPHQW�VWDELOLW\�KDYH�EHHQ�IRFXVVHG�PDLQO\ >��@��

����� 3RO\LQGROH�HOHFWULFDO�SURSHUWLHV

3UHYLRXV� VWXGLHV� RQ� HOHFWULFDO� SURSHUWLHV� RI�3,Q� �EXON�� KDYH� UHSRUWHG� FRQGXFWLYLWLHV� LQ�

WKH�UDQJH�RI����� WR����� 6�FP�� >�����������@� 7KHVH�ZLGH�YDULDWLRQV�DUH�PRVW�OLNHO\�GXH�

WR� DOWHUDWLRQV� LQ� PDLQO\� WKUHH� IDFWRUV� ���� GRSLQJ� OHYHO�� ���� GHIHFW� GHQVLW\�� DQG� ����

VWUXFWXUDO�IDFWRUV��,QFRUSRUDWLRQ�RI�GLIIHUHQW�PDWHULDOV��GRSDQW��ZLWK�3,Q�WR�LPSURYH�LWV�

FRQGXFWLYLW\� LQFOXGH� QDQRPDWHULDOV� ��'���PHWDO� DQG� FDUERQ� EDVHG� 13V RU� EOHQGLQJ� LW�

ZLWK� RWKHU� SRO\PHUV�� HWF�� 7KHVH� DFW� DV� FRQGXFWLQJ� ILOOHUV� DQG� KDYH� VKRZQ� VLJQLILFDQW�
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LPSURYHPHQW� LQ� 3,Q� FRQGXFWLYLW\�ZKHQ� IDEULFDWHG� YLD� DSSURSULDWH� RUGHULQJ� WHFKQLTXH�

>��@��

��� 6FRSH�RI�WKH�ZRUN DQG REMHFWLYHV�RI�WKH�WKHVLV

7KHUH� DUH� QXPHURXV� UHSRUWV� DYDLODEOH� RQ� RUGHULQJ� RI� WKH�PROHFXOHV� DQG� SRO\PHUV� YLD�

DSSURSULDWH� SRVW� V\QWKHVLV� IDEULFDWLQJ� WHFKQLTXHV >��������@��+RZHYHU�� IRU�&3V� D IHZ

UHSRUWV� DUH� DYDLODEOH�� DPRQJ� ZKLFK� PRVW� RI� WKHP� DUH� IRU� DPSLSKLOLF �FRQWDLQLQJ�

K\GURSKRELF� DON\O� FKDLQ� DQG� K\GURSKLOLF� SDUW�� PROHFXOHV� DQG� SRO\PHUV�� ,I DQ\� QRQ�

DPSKLOLF� &3 LV� H[SORUHG� IRU� RUGHULQJ� DW� DLU�OLTXLG� LQWHUIDFH�� LW LV� XVXDOO\�PL[HG�ZLWK�

VXUIDFWDQWV �LQVXODWRU� WR� IDFLOLWDWH� WKHLU� VSUHDGLQJ� RQWR� ZDWHU� VXESKDVH WKXV�

FRPSURPLVLQJ�ZLWK�WKHLU�HOHFWULFDO�SURSHUW\ >�����@� 7KHUHIRUH��WKHUH�LV�QHHG�WR�SURYLGH�

D� IDFLOH� WHFKQLTXH� IRU� RUGHULQJ� RI� QRQ�DPSLSKLOLF SRO\PHUV �VXEVWLWXWHG� DQG�

XQVXEVWLWXWHG� IRU� YDULRXV� WHFKQRORJLFDO� DSSOLFDWLRQV� LQFOXGLQJ� ODUJH� DUHD� RUJDQLF�

HOHFWURQLFV��6R�LQ�YLHZ�RI�DERYH IROORZLQJ�VSHFLILF�REMHFWLYHV�DUH�SURSRVHG�IRU�VWXG\�

¾ $LU�ZDWHU� LQWHUIDFH� WHFKQLTXH� �/%�� IRU�XQVXEVWLWXWHG�3,Q DQG���$3,Q� IRU� ODUJH�

DUHD�RUGHULQJ�

¾ &KDUDFWHUL]DWLRQ�RI�RUGHUHG�SRO\PHU�ILOP�IRU�LWV�DSSOLFDWLRQV�

)XUWKHU�� DLU�OLTXLG� LQWHUIDFH WHFKQLTXH� LV� QRW� NQRZQ� H[WHQVLYHO\� IRU� RUGHULQJ� RI�

QDQRPDWHULDOV� RU� XQLIRUP� GLVWULEXWLRQ� RI� QDQRPDWHULDOV� LQ� RUGHUHG� SRO\PHU� ILOPV� WR�

IRUP�KRPRJHQRXV�SRO\PHU�QDQRFRPSRVLWH� WLOO� WKLV�ZRUN >��@��$� IHZ� WHFKQLTXHV�KDYH�

EHHQ� UHFHQWO\� UHSRUWHG� IRU� DVVHPEO\� DW� DLU�ZDWHU� LQWHUIDFH� IURP� RXU� JURXS >�����@��

+RZHYHU�� WKHUH� LV� D� QHHG WR� IXUWKHU� VWDQGDUGL]H� WKLV� SURFHVV� �/%�� IRU� SRO\PHU�

QDQRFRPSRVLWH��,Q�YLHZ�RI�WKLV� VSHFLILF�REMHFWLYHV�DUH�SURSRVHG�DV�EHORZ�
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¾ $LU�ZDWHU� LQWHUIDFH� WHFKQLTXH� �/DQJPXLU�� IRU� 0R6��SRO\LQGROH� DQG� $J13�

SRO\LQGROH�FRPSRVLWH�IRU�ODUJH�DUHD�RUGHULQJ�

¾ )XUWKHU��FKDUDFWHUL]DWLRQ�RI�RUGHUHG�SRO\PHU FRPSRVLWH ILOP�IRU�LWV�DSSOLFDWLRQV�

$SDUW�IURP�WKHVH��JURZWK�DQG�RUGHULQJ�RI�WKHVH�SRO\PHUV�DW�OLTXLG�OLTXLG �/�/� LQWHUIDFH�

LV� DOVR� LPSRUWDQW� DQG� UHFHQWO\� UHSRUWHG� IRU� FRQGXFWLQJ� SRO\PHUV >�����������@�� 7KLV�

WHFKQLTXH�LV�KDYLQJ�SRWHQWLDO�QRW�RQO\�IRU�RUGHULQJ�EXW�D�FRQWUROOHG�PRUSKRORJ\�FDQ�EH�

DFKLHYHG� DW� WKH� LQWHUIDFH� HLWKHU� GXULQJ� SRO\PHUL]DWLRQ� RU� E\� XVLQJ� VXUIDFWDQW� IRU� VL]H�

VRUWLQJ� RI� QDQRPDWHULDOV� GHYHORSHG� LQ� RQH� SKDVH� WR� DQRWKHU� SKDVH�� 7KLV� LV� D� QHZ�

DSSURDFK� IRU� PRUSKRORJ\� FRQWURO� RI� FRQGXFWLQJ� SRO\PHUV� RU� XQLIRUP� VL]H� VRUWLQJ� RI�

QDQRPDWHULDOV��,Q�YLHZ�RI�WKLV��VSHFLILF�REMHFWLYHV�DUH�SURSRVHG�DV�EHORZ�

¾ ,QWHUIDFLDO�V\QWKHVLV��/�/��RI���$3,Q�ZLWK�FRQWUROOHG�PRUSKRORJ\�

¾ 6L]H�VRUWLQJ�RI�$J13V DW�/�/�LQWHUIDFH�


