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3DVW�GHFDGH�KDV�ZLWQHVVHG� WKH�GHPDQGLQJ�UHVHDUFK�RI�FRQGXFWLQJ�SRO\PHUV�DV�ZHOO�DV�

WKHLU�QDQRFRPSRVLWHV�DV�SRWHQWLDO�PDWHULDOV�IRU�ODUJH�DUHD�IDEULFDWLRQ�RI YDULRXV�GHYLFHV�

VXFK� DV� EDWWHULHV�� FDSDFLWRUV�� ELRVHQVRUV�� FKHPLFDO� VHQVRUV�� HQHUJ\� KDUYHVWLQJ GHYLFHV

DQG� VXSHUFDSDFLWRUV�� ,Q� DGGLWLRQ� WR� DERYH� GHYLFHV�� RUJDQLF� SRO\PHU� EDVHG� HOHFWURQLF�

GHYLFHV VXFK�DV�)(7V�DQG�2/('V�LQ�SDUWLFXODU�KDYH�DWWUDFWHG�PDMRU VFLHQWLILF DWWHQWLRQ�

7KH�PDMRU�JURXQGV�IRU�WKHLU�SUHIHUHQFH RYHU�LQRUJDQLF�FRXQWHUSDUWV�DUH�WKHLU�VWXSHQGRXV�

DUFKLWHFWXUDO�IOH[LELOLW\��OLJKW�ZHLJKW��SRWHQWLDOO\�ORZ�FRVW��HQYLURQPHQWDO�VWDELOLW\� WKLQ�

ILOP� SURFHVVLELOLW\� DQG� IOH[LEOH� GHYLFH� IDEULFDWLRQ�� ,Q� RUJDQLF� SRO\PHUV�� WKH� FKHPLFDO�

VWUXFWXUH� �IXQFWLRQDOLW\� DQG� VLGH� FKDLQ� DQG� PROHFXODU� LQWHUDFWLRQV� �LQWHUFKDLQ� DQG�

LQWUDFKDLQ�� DUH� WKH� LQKHUHQW� SURSHUWLHV� WKDW FDQ� EH� WXQHG �RUGHUHG� IRU� WKHLU PROHFXODU�

VHOI�DVVHPEO\� DQG� FKDLQ� DOLJQPHQW� WKURXJK� GLIIHUHQW� RUGHULQJ WHFKQLTXHV�� 9DULHW\� RI�

RUGHULQJ�WHFKQLTXHV�ERWK�DW�V\QWKHVLV�DQG�DW�SRVW�V\QWKHVLV��ILOP�IRUPDWLRQ��OHYHOV�KDYH�

EHHQ� GHYHORSHG� WR� PRGLI\� DQG� WXQH� WKH� DVVHPEO\� �RUGHULQJ�� RI� WKHVH� FRQGXFWLQJ�

SRO\PHUV LQ� RUGHU� WR� HPEUDFH� DQG� LQWHUIDFH� WKHP� LQWR� WKLQ� ILOP� SDUWLFXODUO\� IRU� ODUJH�

DUHD� EDVHG� HOHFWURQLF� DSSOLFDWLRQV� $W� V\QWKHVLV� OHYHO�� SRO\PHULF� DVVHPEO\� KDV� EHHQ�

HQKDQFHG�HLWKHU�E\�HPSOR\LQJ�V\QWKHWLF�SURFHGXUHV�WKDW�\LHOG�UHJLRUHJXODU�VWUXFWXUHV�RU�

E\�LQFRUSRUDWLQJ�FRQGXFWLQJ�QDQRPDWHULDOV� WKDW�FDQ�WHPSODWH�WKH�SRO\PHUL]DWLRQ��6XFK�

GHYHORSPHQWV� DUH� KLJKO\� GHVLUDEOH� DV� WKH\� FRXOG� SRWHQWLDOO\� SURYLGH� WKH� ORQJ� UDQJH�

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

SHUIRUPDQFHV��

7KH�HPSKDVLV RI�WKH�SUHVHQW�ZRUN�LV�RQ�WKH�SRO\PHU�DVVHPEO\ DQG LWV�FKDLQ�DOLJQPHQW

GXULQJ� V\QWKHVLV� VWHSV� DQG� LWV� RUGHUHG� ILOP� IRUPDWLRQ� DW� SRVW� V\QWKHVLV� OHYHO��

3UHRUJDQLVHG� SRO\PHU� DQG� LWV� FRPSRVLWHV� IRUPHG� KDYH� EHHQ WKHQ RUGHUHG� WKURXJK DQ�

H[FHOOHQW QDQRVWUXFWXUH� DVVHPEO\� WHFKQLTXH ³/DQJPXLU�%ORGJHWW RU� /DQJPXLU�



[LY

6FKDHIHU´��7KLV�WHFKQLTXH�RIIHUV�SUHFLVH�FRQWURO�RYHU�WKH�PROHFXODU� OHYHO�RUGHULQJ �YLD�

QRQ�FRYDOHQW� LQWHUDFWLRQV��DW�DLU�ZDWHU� LQWHUIDFH��0XOWLSOH� UHSRUWV�KDYH�EHHQ�SXEOLVKHG�

XWLOL]LQJ� WKLV� WHFKQLTXH�� EXW�PRVW�RI� WKHP�DUH� IRU� DPSLSKLOLF� �FRQWDLQLQJ�K\GURSKRELF�

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

FRQGXFWLQJ� SRO\PHU LV� H[SORUHG� IRU� LWV� RUGHULQJ� DW� DLU�ZDWHU LQWHUIDFH�� LW� LV� XVXDOO\�

PL[HG�ZLWK�VXUIDFWDQWV��LQVXODWRU��WR�IDFLOLWDWH�WKHLU�VSUHDGLQJ�RQWR�ZDWHU�VXESKDVH�WKXV�

FRPSURPLVLQJ� ZLWK� WKHLU� HOHFWULFDO� SURSHUWLHV�� 7KHUHIRUH�� LQ� WKLV� ZRUN� /DQJPXLU�

WHFKQLTXH� KDV� EHHQ� VWDQGDUGL]HG� IRU� RUGHULQJ� RI� QRQ�DPSLSKLOLF� SRO\PHUV DQG� LWV�

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

HOHFWURQLFV�

3RO\LQGROH �3,Q� DQG� LWV� GHULYDWLYHV SRVVHVV H[FHOOHQW� HOHFWURDFWLYLW\��

HQYLURQPHQW�VWDELOLW\��H[FHOOHQW�WKHUPDO�VWDELOLW\��HDV\�GHJUDGDWLRQ��HWF��$PRQJ�YDULRXV�

ʌ�FRQMXJDWHG�SRO\PHUV��SDUWLFXODUO\�WKLV�SRO\PHU�JURXS�DWWUDFWHG�RXU�DWWHQWLRQ�GXH�WR�LWV�

ORVW�VLJQLILFDQFH�LQ�WKH�HOHFWURQLF�LQGXVWU\�GHVSLWH�RI�DERYH�PHQWLRQHG�SURSHUWLHV��7KLV�

LV� SUREDEO\� GXH� WR� LWV� SRRU� VROXWLRQ� SUFHVVDELOLW\� IRU� ILOP� IRUPDWLRQ� DQG� ORZ�

FRQGXFWLYLW\� DV� FRPSDUHG� WR� RWKHU� RUJDQLF� SRO\PHUV�� 7KHVH� SUREOHP� VWDWHPHQWV� KDYH

EHHQ DGGUHVVHG�IRU�WKH ILUVW�WLPH�VXFFHVVIXOO\�LQ�WKLV�ZRUN�E\�IRUPLQJ�RUHGHUG�SRO\PHU�

WKLQ�ILOPV�DQG�LQFRUSRUDWLQJ FRQGXFWLQJ�QDQRPDWHULDOV�LQ�SRO\PHU�PDWUL[�DQG�RUGHULQJ�

WKHP�WKURXJK�/DQJPXLU�WHFKQLTXH�� 1DQRPDWHULDOV�VXFK�DV�0R6� QDQRVKHHWV�DQG�VLOYHU�

QDQRSDUWLFOHV KDYH� EHHQ V\QWKHVL]HG� DQG� XWLOL]HG� IRU� FRPSRVLWH� IRUPDWLRQ�� 7KHLU VHOI�

RUJDQL]LQJ� SURSHUWLHV� WRJHWKHU� ZLWK� /DQJPXLU� WHFKQLTXH� KDYH� EHHQ� H[SORUHG� IRU�

REWDLQLQJ�RUGHUHG�ILOPV�RI�3,Q�

7KH� ZKROH� ZRUN� KDV� EHHQ� SUHVHQWHG� LQ� WKH� IRUP� RI� VHYHQ FKDSWHUV�� 7KH�

LQWURGXFWRU\� FKDSWHU� &KDSWHU±��� RXWOLQHV� EULHIO\� RQ� WKH� VLJQLILFDQFH� RI� RUGHULQJ� RI�

FRQGXFWLQJ�SRO\PHUV�DW�DOO�OHYHOV�RI�KLHUDUFK\��9DULRXV�RUGHULQJ�WHFKQLTXHV�HPSOR\HG�DW�
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V\QWKHVLV� OHYHO� DQG� SRVW� V\QWKHVLV� OHYHO� KDV� EHHQ� GLVFXVVHG� KHUH�� 7KH� FKDSWHU� DOVR�

GHVFULEHV� DERXW LQWHUIDFLDO� VWUDWHJLHV� �/�/��*�/�YL]��/DQJPXLU� WHFKQLTXH�� IRU�SRO\PHU�

RUGHULQJ�DW�PROHFXODU� OHYHO��7KLV�FKDSWHU� IXUWKHU�GHWDLOV�DERXW� WKH�SUHYLRXV�ZRUNV�DQG�

DGYDQFHV� LQ� WKH� /DQJPXLU� WHFKQLTXH� DQG YDULRXV� SDUDPHWHUV� IRU� LWV� VWDQGDUGL]DWLRQ��

&KDSWHU±� SUHVHQWV�D�EULHI�GHVFULSWLRQ�DERXW�WKH�PDWHULDO�V\QWKHVLV��VDPSOH�SUHSDUDWLRQ�

DQG� FKDUDFWHUL]DWLRQ� WHFKQLTXHV� YL]�� 89�9LV�� )7�,5�� 5DPDQ�� 7*$�� 6(0�� 7(0�

�6$('���$)0��SKDVH�LPDJLQJ��DQG�FKDUJH�WUDQVSRUW�SDUDPHWHUV��&KDSWHU±� LOOXVWUDWHV�

WKH� DLU�ZDWHU LQWHUIDFH DVVLVWHG� DVVHPEO\� RI� XQVXEVWLWXWHG� 3,Q� YLD� /DQJPXLU�%ORGJHWW

V\VWHP��6XUIDFH�SUHVVXUH�YV��DUHD�LVRWKHUP�REWDLQHG�IRU�3,Q�ZDV�MXVWLILHG�YLD�$)0�DQG�

6(0� FKDUDFWHUL]DWLRQ� SULRU� WR� GHSRVLWLRQ� RI ILOPV�� 7KLV VWXG\� SUHVHQWV� LQWHUDFWLRQ�

SURSHUW\�RI�3,Q�RYHU�ZDWHU� VXUIDFH�� DWWDLQPHQW�RI� VWDEOH�DQG� ODUJH� DUHD� WKLQ� ILOPV�DQG�

OD\HU� GHSHQGHQW� FKDUJH� WUDQVSRUW� ZLWK� LPSURYHPHQW� LQ� GHYLFH� SHUIRUPDQFH� ,Q� WKLV�

VHULHV��FKDSWHU�� KLJKOLJKWV� WKH� OLTXLG�OLTXLG� LQWHUIDFH� DVVLVWHG�PRUSKRORJ\� FRQWUROOHG�

V\QWKHVLV� RI� SRO\���DPLQRLQGROH��� ��$3,Q� DQG� LWV� /DQJPXLU� DVVLVWHG� DVVHPEO\� DW� DLU�

ZDWHU� LQWHUIDFH�� /DUJH� DUHD�� RUGHUHG� DQG� FRPSDFW� ILOP� RI� ��$3,Q� ZDV� REWDLQHG� YLD�

/DQJPXLU�6FKDHIHU�PHWKRG�DQG�YDOLGDWHG�WKURXJK�6(0�DQG�$)0�DQG�LQYHVWLJD\WHG�IRU�

LWV�FKDUJH� WUDQVSRUW�SURSHUW\� &KDSWHU±� H[SORUHV�DLU�ZDWHU� LQWHUIDFH� IRU�KRPRJHQRXV�

GLVSHUVLRQ� RI�0R6� QDQRVKHHWV� IRUPLQJ� ODUJHU� LQWHUIDFH� ZLWK� KLJKHU� VXUIDFH� WR� PDVV�

UDWLR�RQ�WKH 3,Q�PDWUL[�DVVLVWHG�E\�/DQJPXLU�7HFKQLTXH��7KH�UHVXOWV�ZHUH�YDOLGDWHG�E\�

7(0� DQG� $)0� UHVXOWV�� 7KHVH� RUGHUHG� ILOPV H[KLELWHG� VLJQLILFDQW� HQKDQFHPHQW� LQ�

HOHFWULFDO� SURSHUWLHV� RI� WKH� SRO\PHU�� &KDSWHU�� GHWDLOV� DERXW� WKH� XWLOL]DWLRQ� RI�

OLTXLG�OLTXLG� LQWHUIDFH� IRU� REWDLQLQJ� XQLIRUP� VL]H� $J13V� DQG� WKHLU GHFRUDWLRQ� LQ� 3,Q�

PDWUL[�DW�DLU�ZDWHU�LQWHUIDFH�YLD�/DQJPXLU�WHFKQLTXH���1RQ�FRYDOHQW�LQWHUDFWLRQ�EHWZHHQ�

WKHP�ZDV�WKH�GULYLQJ�IRUFH�IRU�XQLIRUP GLVWULEXWLRQ�DQG�DVVHPEO\ DQG�HQKDQFHPHQW�LQ�

FKDUJH�WUDQVSRUW�SURSHUW\��&KDSWHU���FRPSLOHV�D�FKDSWHU�ZLVH�VXPPDU\�RI�WKH�ZRUN��
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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�


