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5HFHLYHG�1RYHPEHU���������
7KH� SURSRVHG� RUJDQLF� FRPSRVLWH� VFLQWLOODWRUV� FRQWDLQ� FU\VWDOOLQH� JUDLQV� RI� VWLOEHQH� RU

S�WHUSKHQ\O�LQFRUSRUDWHG�LQWR�D�WZR�FRPSRQHQW�QRQ�VFLQWLOODWLQJ�SRO\PHU�PDWUL[��'LVFXVVHG
DUH� WKH� WHFKQRORJLFDO� DVSHFWV� RI� WKH� PDNLQJ� RI� VXFK� VFLQWLOODWRUV�� WKH� VHOHFWLRQ� RI� WKH
FU\VWDOOLQH�JUDLQ�VL]H��WKH�RSWLPXP�UDWLR�RI�WKH�VFLQWLOODWLRQ�PDWHULDO�DQG�WKH�RUJDQRVLOLFRQ
PDWUL[� DPRXQWV�� WKH� VHDUFK� IRU� RSWLPXP� OLJKW� FROOHFWLRQ� FRQGLWLRQV�� HWF�� 7KH� SURSRVHG
WHFKQRORJ\�PDNHV� LW� SRVVLEOH� WR� REWDLQ� ODUJH�GLDPHWHU� RUJDQLF� FRPSRVLWH� VFLQWLOODWRUV� IRU
GHWHFWLRQ�RI�VKRUW�UDQJH�LRQL]LQJ�UDGLDWLRQ�DQG�VSHFWURPHWU\�RI�ORZ�DFWLYLW\�IOX[HV�RI�IDVW
QHXWURQV�

�¯Ë�ãºÎËÓÓ©®�º¯�ÈÓÒ�Ë°}Ò®�}ºä¹ºÏÒ�Ó©®�°�ÒÓ�Òãã«�º¯�¹¯Ë�°�Èmã«Ë��°º­º®�}¯Ò°�
�ÈããÒ�Ë°}ÒË� ÏË¯ÓÈ� °�Òã	­ËÓÈ� ÒãÒ� Q��Ë¯ÁËÓÒãÈ�� mmË�ËÓÓ©Ë� m� ¹ºãÒäË¯Ó�
� �m�²}ºä¹º�
ÓËÓ�Ó�
� ÓË°�ÒÓ�ÒããÒ¯�
��
� äÈ�¯Ò���� |­°�Î�È
�°«� �Ë²Óºãº�Ò�Ë°}ÒË� È°¹Ë}�©� ¹ºã��
�ËÓÒ«� }ºä¹ºÏÒ�Ó©²� °�ÒÓ�Òãã«�º¯ºm�� ¹º�­º¯� ¯ÈÏäË¯È� }¯Ò°�ÈããÒ�Ë°}Ò²� ÏË¯ËÓ�� º¹�Ò�
äÈã	Óº�º� °ºº�Óº�ËÓÒ«� }ºãÒ�Ë°�m� °�ÒÓ�ÒããÒ¯�
�Ë�º� äÈ�Ë¯ÒÈãÈ� Ò
}¯ËäÓÒ®º¯�ÈÓÒ�Ë°}º®�äÈ�¯Ò�©��¹ºÒ°}�º¹�ÒäÈã	Ó©²��°ãºmÒ®�°mË�º°­º¯È�Ò���¹���¯Ë�ãº�
ÎËÓÓÈ«��Ë²Óºãº�Ò«�¹ºÏmºã«Ë��¹ºã��È�	�ªÁÁË}�ÒmÓ©Ë�º¯�ÈÓÒ�Ë°}ÒË�}ºä¹ºÏÒ�Ó©Ë�°�ÒÓ�
�Òãã«�º¯©�­ºã	�º�º��ÒÈäË�¯È��ã«��Ë�Ë}�Ò¯ºmÈÓÒ«�}º¯º�}º¹¯º­ËÎÓ©²�ÒºÓÒÏÒ¯�
�Ò²
ÒÏã��ËÓÒ®�Ò�°¹Ë}�¯ºäË�¯ÒÒ�ÓÒÏ}Ò²�¹º�º}ºm�­©°�¯©²�ÓË®�¯ºÓºm��

'XH� WR� ORZ� DWRPLF� PDVV� DQG�� FRQVH�
TXHQWO\�� ORZ� EDFN� VFDWWHULQJ� SUREDELOLW\� RI
SDUWLFOHV�WR�EH�UHJLVWHUHG��RUJDQLF�PROHFXODU
VFLQWLOODWLRQ�PDWHULDOV�DUH�WKH�EHVW�GHWHFWRUV
RI�VKRUW�UDQJH�UDGLDWLRQ��D��DQG�E�SDUWLFOHV�
H[WUHPHO\�KDUPIXO� IRU�KXPDQ�RUJDQLVP��,Q
K\GURJHQ�FRQWDLQLQJ�RUJDQLF�PDWHULDOV��IDVW
QHXWURQV�JHQHUDWH�UHFRLO�SURWRQV�ZLWK�PD[L�
PXP� HQHUJ\� HTXDO� WR� WKH� QHXWURQ� HQHUJ\�
WKHUHIRUH�� RUJDQLF� VFLQWLOODWRUV� DQG� GHWHF�
WRUV� EDVHG� WKHUHRQ� DUH� DOVR� XVHG� IRU� IDVW
QHXWURQ�VSHFWURVFRS\�>�@�
2QH� RI� WKH� PRVW� LPSRUWDQW� SUREOHPV� LQ

WKH� GHWHFWLRQ� RI� LRQL]LQJ� UDGLDWLRQ�� LQFOXG�
LQJ�IDVW�QHXWURQV�� LV� WKH�QHFHVVLW\�WR�UHJLV�
WHU� UDGLDWLRQ� RI� YHU\� ORZ� DFWLYLW\�� 7KHUH�
IRUH�� VXFK� D� GHWHFWRU� PD\� EH� UDWKHU� WKLQ�
EXW� LWV� GLDPHWHU� LV� WR� EH� ODUJH� HQRXJK� WR
LQFUHDVH� WKH� VROLG� DQJOH� RI� GHWHFWLRQ� DQG�
FRQVHTXHQWO\��WKH�GHWHFWLRQ�HIILFLHQF\�

7R� REWDLQ� HIILFLHQW� ODUJH�GLDPHWHU� RU�
JDQLF�VFLQWLOODWRUV��ZH�KDYH�GHYHORSHG�D�QHZ
FODVV�RI�RUJDQLF�PDWHULDOV��QDPHO\��FRPSRV�
LWH�VFLQWLOODWRUV�EDVHG�RQ�VWLOEHQH�DQG�S�WHU�
SKHQ\O�� 7KH� SURSRVHG� PDWHULDO� FRQVLVWV� RI
FU\VWDOOLQH�VWLOEHQH�RU�S�WHUSKHQ\O�JUDLQV�LQ�
FRUSRUDWHG� LQWR� D� WZR�FRPSRQHQW� SRO\PHU
PDWUL[�� 7KH� FU\VWDOOLQH� JUDLQV� ZHUH� SUR�
GXFHG� E\� FUXVKLQJ� VWLOEHQH� DQG� S�WHUSKHQ\O
SHUIHFW�VWUXFWXUH�VLQJOH�FU\VWDOV�ZHUH�JURZQ
IURP�WKH�PHOW��WKH�FUXVKLQJ�ZDV�SHUIRUPHG
LQ� OLTXLG� QLWURJHQ�� 7KH� JUDLQV� RI� GLIIHUHQW
VL]H� ZHUH� REWDLQHG� E\� VLIWLQJ� WKH� FUXVKHG
FU\VWDOV� WKURXJK� VLHYHV� RI� GLIIHUHQW� PHVK
VL]HV�� 7KH� OLQHDU� JUDLQ� VL]H� /� YDULHG� IURP
���� XS� Wº� ����PP��7KH� SUHSDUHG� FRPSRVLWH
PDWHULDO�ZDV�SODFHG�LQWR�RSWLFDOO\�WUDQVSDU�
HQW�RUJDQLF�JODVV�FRQWDLQHU�
'HVFULEHG� EHORZ� LV� WKH� PHWKRG� ZH� KDYH

GHYHORSHG� WR� REWDLQ� FU\VWDOOLQH� JUDLQV� RI
VWLOEHQH� DQG� S�WHUSKHQ\O� GRSHG�ZLWK� �����
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����GLSKHQ\O�����EXWDGLHQH�� $W� ILUVW�� D� VLQ�
JOH� FU\VWDO� RI� KLJK� VWUXFWXUH� SHUIHFWLRQ
�ZLWK� WKH� URRW�PHDQ�VTXDUH� PLVRULHQWDWLRQ
RI� PRVDLF� EORFNV� QRW� H[FHHGLQJ� ��c�� ZDV
JURZQ�IURP�WKH�PHOW�>�@��7KHQ�WKH�REWDLQHG
VLQJOH� FU\VWDO� ZDV� FUXVKHG� LQ� OLTXLG� QLWUR�
JHQ�� 6XFK� D� SURFHGXUH�PLQLPL]HV� WKH� ORDGV
ZKLFK� LQIOXHQFH� QHJDWLYHO\� WKH� VWUXFWXUH
SHUIHFWLRQ� RI� WKH� JUDLQV� UHVXOWLQJ� LQ� GH�
FUHDVHG� WUDQVSDUHQF\�� 7KH� JUDLQV� REWDLQHG
ZHUH� GULHG� DW� URRP� WHPSHUDWXUH� LQ� D� GDUN
URRP�IRU�DW�OHDVW����KRXUV��$IWHUZDUGV��WKH
JUDLQV� ZHUH� VLIWHG� WKURXJK� D� FDOLEUDWLQJ
VLHYH�ZKLFK�VHSDUDWHV�WKHP�LQWR�IUDFWLRQV�RI
GLIIHUHQW�VL]H�>�@��
:KLOH�VHOHFWLQJ�WKH�FU\VWDOOLQH�JUDLQV�IRU

FRPSRVLWH� VFLQWLOODWRUV�� LQ� SDUWLFXODU�� IRU
IDVW� QHXWURQ� GHWHFWRUV�� LW� LV� QHFHVVDU\� WR
SURFHHG� IURP� WKH� IDFW� WKDW� WKH� JUDLQ� VL]H
PXVW� EH� FRPSDUDEOH� ZLWK� WKH� UHFRLO� SURWRQ
IUHH�SDWK�LQ�WKH�PDWHULDO�>�@��$V�HVWDEOLVKHG
LQ� WKH� FRXUVH� RI� RXU� VWXGLHV�� WKH� JUDLQV� RI
���� WR� ���� PP� OLQHDU� VL]H� SURYLGH� D� KLJK
KRPRJHQHLW\�RI�WKH�GHWHFWRU�VHQVLWLYLW\�RYHU
WKH� ZKROH� RXWSXW� ZLQGRZ� DUHD� GXH� WR� WKH
WRWDO� OLJKW�FROOHFWLRQ�RQ�WKH�ZKROH�VFLQWLOOD�
WRU� VXUIDFH� DQG�� FRQVHTXHQWO\�� KLJK� OLJKW
\LHOG� DQG� HIILFLHQF\� RI� IDVW� QHXWURQ� GHWHF�
WLRQ��$V�WKH�DYHUDJH�OLQHDU�JUDLQ�VL]H�GLPLQ�
LVKHV�� WKH� QXPEHU� RI� WKH� JUDLQV� SHU� XQLW
VFLQWLOODWRU�YROXPH�LQFUHDVHV��VR�WKH�QXPEHU
RI� UHIOHFWLQJ� VXUIDFHV� SHU� XQLW� YROXPH
JURZV�� WKXV� KLQGHULQJ� WKH� OLJKW� WUDQVPLV�
VLRQ�WKURXJK�WKH�VFLQWLOODWRU��,QFUHDVH�LQ�WKH
VL]H�RI�WKH�VFLQWLOODWRU�SDUWLFOHV�PD\�UHGXFH
WKH� HIILFLHQF\� RI� IDVW� QHXWURQ� UHJLVWUDWLRQ
E\�WKH�SURSRVHG�FRPSRVLWH�GHWHFWRU�>�@�
7R� HVWDEOLVK� WKH� VFLQWLOODWRU� RSWLPXP

FRPSRVLWLRQ�� WKH� FRPSRVLWH� VFLQWLOODWRUV
ZHUH�VWXGLHG�ZLWK�GLIIHUHQW�JOXH�EDVHV��FRQ�
FHQWUDWLRQV� RI� FU\VWDOOLQH� JUDLQV� DQG� RU�
JDQRVLOLFRQ� PDWULFHV�� :H� KDYH� SURGXFHG� D
VHULHV� RI� FRPSRVLWH� VWLOEHQH� VFLQWLOODWRUV
ZLWK�WKH�OLQHDU�JUDLQ�VL]H�/�YDU\LQJ�IURP��
WR���PP��$V�D�PDWUL[��DQ�RUJDQRVLOLFRQ�UXE�
EHU� ZDV� FKRVHQ� SRVVHVVLQJ� LQHUWQHVV�� QRQ�
K\JURVFRSLFLW\� DQG� PD[LPXP� WUDQVSDUHQF\
LQ� WKH� VWLOEHQH� OXPLQHVFHQFH� UHJLRQ�� 7KLV
PDWHULDO� SURYLGHV� VWDELOLW\� RI� WKH� GHWHFWRU
OXPLQHVFHQFH� SDUDPHWHUV� GXULQJ� LWV� RSHUD�
WLRQ�� WKDW� FRPSOLHV� ZLWK� WKH� UHTXLUHPHQWV
LPSRVHG� RQ� VFLQWLOODWRUV�� 7KH� VHOHFWHG� IUDF�
WLRQ� RI� FU\VWDOOLQH� JUDLQV� ZDV� LQFRUSRUDWHG
LQWR� GLIIHUHQW� RUJDQRVLOLFRQ� EDVHV� VXFK� DV
6.71� �WKH� YLVFRVLW\� K� ����� SRLVHV��� 6\O�
JDUG����� �K� ������ SRLVHV��� 6\OJDUG����
�K�  ����� SRLVHV��� 7KH� LQYHVWLJDWLRQV� KDYH
VKRZQ�WKDW�WKH�FRPSRVLWH�VFLQWLOODWRU�ZLWK�/
RI� �Ü��PP� DQG� WKH� RUJDQRVLOLFRQ� EDVH� 6\O�

JDUG�����KDG�WKH�EHVW�UHODWLYH�HIILFLHQF\�RI
IDVW� QHXWURQ� GHWHFWLRQ�� 7KH� UHSHDWHG�PHDV�
XUHPHQWV� UHVXOWV� RI� WKH� IDVW� QHXWURQ� UHJLV�
WUDWLRQ�HIILFLHQF\�DQG�WKH�GHWHFWRU�OLJKW�RXW�
SXW� SHUIRUPHG� LQ� WKH� FRXUVH� RI� ���PRQWKV
KDYH� WHVWLILHG� WKDW� WKH� PDLQ� SK\VLFRFKHPL�
FDO� FKDUDFWHULVWLFV� RI� WKH� VFLQWLOODWRUV� UH�
PDLQHG� XQFKDQJHG�� 7KXV�� LQ� IXUWKHU� VWXG�
LHV�� 6\OJDUG����� >����@� ZDV� XVHG� DV� D� QRQ�
VFLQWLOODWLQJ�JOXH�EDVH�
$Q�DGGLWLRQDO�VHULHV�RI�FRPSRVLWH�VWLOEHQH

VFLQWLOODWRUV� ZLWK� GLIIHUHQW� FRQWHQW� RI� VWLO�
EHQH� JUDLQV� LQFRUSRUDWHG� LQWR� RUJDQRVLOLFRQ
EDVH�ZDV�SURGXFHG�DQG�H[DPLQHG��7KH�VWXG�
LHV�KDYH�VKRZQ�WKDW�DV� WKH� VWLOEHQH�FRQFHQ�
WUDWLRQ� LQFUHDVHV�IURP�DSSUR[LPDWHO\����XS
WR�������WKH�UHODWLYH�HIILFLHQF\�RI�IDVW�QHX�
WURQ�GHWHFWLRQ�LQFUHDVHV��WRR�>�@��7KH�H[SHUL�
PHQWDO� GDWD� KDYH� VKRZQ� WKDW� WKH� RSWLPXP
FRQWHQW�RI�VWLOEHQH�JUDLQV� LQ�WKH� LPPHUVLRQ
PHGLXP� ZKLFK� SURYLGHV� KLJK� HIILFLHQF\� RI
IDVW�QHXWURQ�UHJLVWUDWLRQ�LV�DW�OHDVW������RI
WKH�PDWUL[�PDVV��$�IXUWKHU�LQFUHDVH�RI�WKLV
FRQWHQW� LV� QRW� H[SHGLHQW�� DV� LW� UHVXOWV� LQ� D
ZRUVHQHG�GHWHFWRU�RSWLFDO�FRQWDFW�KRPRJHQH�
LW\�DQG�FDXVHV�GHWHULRUDWLRQ�RI�WKH�VFLQWLOOD�
WLRQ� FKDUDFWHULVWLFV�� $� GHFUHDVH� RI� WKH� VWLO�
EHQH� FRQWHQW� UHGXFHV� WKH� HIILFLHQF\� RI� IDVW
QHXWURQ� GHWHFWLRQ� GXH� WR� ORRVH� SDFNLQJ� RI
WKH�FU\VWDOOLQH�JUDLQV�LQ�WKH�PDWUL[�>����@�
7KH� UHIOHFWLYH� FRDWLQJ� LQIOXHQFH� RQ� WKH

GHWHFWRU� FKDUDFWHULVWLFV� LV� FRQVLGHUDEOH� DQG
GHSHQGV�RQ�WKH�SLJPHQW�FRQFHQWUDWLRQ�LQ�WKH
SRO\PHU� EDVH� DV� ZHOO� DV� RQ� WKH� UHIOHFWLYH
OD\HU� WKLFNQHVV� W�� ,Q� WKLV� FRQQHFWLRQ�� WKH
VWXG\� LQFOXGHG�D� VHDUFK� IRU� WKH�PRVW�HIIHF�
WLYH� UHIOHFWLQJ� FRDWLQJ� IRU� WKH� FRPSRVLWH
VFLQWLOODWRUV�� :H� KDYH� H[DPLQHG� D� QXPEHU
RI� FRDWLQJV�� VXFK� DV� 6LJPDFDYHU� ����� (F�
FRERQG���� &OHDU���0J2�� (FFRERQG���� &OHDU

)LJ����� 5HIOHFWLRQ� IDFWRU� 5� YV� ZDYHOHQJWK� O
IRU�GLIIHUHQW�W\SHV�RI� UHIOHFWLYH�FRDWLQJV�� ���
6LJPDFDYHU� ����� ���� (FFRERQG���� &OHDU��
0J2�� ���� (FFRERQG���� &OHDU���7L2��� ���� 9/�����HQDPHO������7HWUDWHN�

1�/�.DUDYDHYD��2�$�7DUDVHQNR���'HYHORSPHQW�RI�QHZ�����

)XQFWLRQDO�PDWHULDOV������������� ��



��7L2���9/�����HQDPHO��DQG�7HWUDWHN��ZKLFKZHUH� VSUHDG� RQ� WKH� .��� JODVV� VXEVWUDWHV�
7KH�UHIOHFWLQJ�FRDWLQJ�WKLFNQHVV�ZDV�YDULHG
IURP������WR������PP��7KH�UHIOHFWLRQ�VSHF�
WUD�ZHUH�PHDVXUHG�XVLQJ�D�+LWDFKL�����VSHF�
WURPHWHU� LQ� WKH� ZDYHOHQJWK� UHJLRQ� RI� ���Ü
�����QP��)LJ����SUHVHQWV�WKH�GHSHQGHQFHV�RI
WKH�UHIOHFWLRQ�FRHIILFLHQW�5�RQ�WKH�ZDYHOHQJWK
IRU�GLIIHUHQW�UHIOHFWRU�W\SHV��7KH�REWDLQHG�UH�
VXOWV� WHVWLI\� WKDW� WKH� GLIIXVH� UHIOHFWRU
7HWUDWHN� SRVVHVVHV� WKH� EHVW� FKDUDFWHULVWLFV�
7KHUHIRUH�� WKH� FRQWDLQHUV� IRU� WKH� FRPSRVLWH
VFLQWLOODWRUV� ZHUH� FRDWHG� ZLWK� WZR� OD\HUV� RI
VDLG�UHIOHFWRU�DW�D�����Ü�����PP�WKLFNQHVV��
:KHQ�PDNLQJ�WKH�FRQWDLQHUV��WKH�IROORZ�

LQJ� UHTXLUHPHQWV� ZHUH� WDNHQ� LQWR� DFFRXQW�
)LUVW�� WKH�VFLQWLOODWRU�KHLJKW�KDV�WR�SURYLGH
HIILFLHQW�GHWHFWLRQ�RI�IDVW�QHXWURQV�ZLWK�IHZ
0H9� HQHUJ\� �IRU� LQVWDQFH�� WKH� FDOFXODWHG
UHJLVWUDWLRQ� HIILFLHQF\� IRU� ��0H9� QHXWURQV
IRU�D�����PP�KLJK�VWLOEHQH�VLQJOH�FU\VWDO�LV
DERXW� ��� �� >�@��� 6HFRQG�� WKH� VFLQWLOODWRU
VKRXOG� UHWDLQ� D� VXIILFLHQW� WUDQVSDUHQF\� WR
VHOI�HPLVVLRQ�� 6XFK� UHTXLUHPHQWV� DUH� IXO�
ILOOHG�IRU�D����PP�KLJK�FRQWDLQHU��7KH�FRQ�
WDLQHUV�IRU�WKH�H[SHULPHQWDO�FRPSRVLWH�VFLQ�
WLOODWRUV� RI� ��� PP� GLDPHWHU� ZHUH� PDGH
IURP� VWUXFWXUDO� RUJDQLF� JODVV�� ,Q� RXU� FDVH�
WKH�FRQWDLQHU�ZDV�DOVR�XVHG�DV�D�OLJKW�JXLGH�
0RUHRYHU�� WKH� FRQWDLQHU� GHVLJQ�ZDV� FKRVHQ
VR� WKDW� LW� SURYLGHG� WKH� XVH� RI� WKH� GHWHFWRU
WR� UHJLVWHU� VKRUW�UDQJH� D�� DQG� E�UDGLDWLRQ�
)RU� WKLV� SXUSRVH�� WKH� FRQWDLQHU� ZDV� IXU�
QLVKHG� ZLWK� DGGLWLRQDO� FRYHUV� ZKLFK� KDG
WKURXJK�KROHV�RI����PP�GLDPHWHU�
:H�KDYH�SURGXFHG�DQG�VWXGLHG�FRPSRVLWH

VFLQWLOODWRUV� REWDLQHG� IURP� VWLOEHQH� JUDLQV
RI� ��� IUDFWLRQV� ZLWK� WKH� IROORZLQJ� OLQHDU
VL]HV� /�� ���Ü���� PP�� ���Ü���� PP�� ���Ü
���� PP�� ���Ü���� PP�� ���Ü���� PP�� ���Ü

���� PP�� ���Ü���� PP�� ���Ü���� PP�� ���Ü
����PP�����Ü����PP��7KH�VDPSOHV�RI�VLPL�
ODU� FRPSRVLWH� VFLQWLOODWRUV� ZHUH� DOVR� PDGH
IURP� WKH� JURXQG� DFWLYDWHG� S�WHUSKHQ\O� VLQ�
JOH� FU\VWDOV�� ,Q� WKH� FRXUVH� RI� ZRUN�� ODUJH
GLDPHWHU�FRPSRVLWH�GHWHFWRUV�ZHUH�SUHSDUHG�
QDPHO\�������PPu���PP�FRPSRVLWH�GHWHF�
WRU� EDVHG� RQ� VWLOEHQH� JUDLQV� DQG
�����PPu��� PP� RQH� EDVHG� RQ� DFWLYDWHG
S�WHUSKHQ\O�JUDLQV��
:H�KDYH�VWXGLHG�D�VHULHV�RI����FRPSRVLWH

VWLOEHQH� VFLQWLOODWRUV� RI� �u���PPu���PP
VL]H�REWDLQHG�XVLQJ�VWLOEHQH�JUDLQV�RI�GLIIHU�
HQW�IUDFWLRQV��DQG�VLPLODU�VHULHV�RI����FRP�
SRVLWH� VFLQWLOODWRUV� EDVHG� RQ� S�WHUSKHQ\O
JUDLQV� DFWLYDWHG� ZLWK� ���� �� ����GLSKHQ\O�
����EXWDGLHQH�� ,Q� DGGLWLRQ�� WKHUH� FRPSRVLWH
VFLQWLOODWRUV� RI� ���� PP� GLDPHWHU� EDVHG� RQ
WKH�VDPH�PDWHULDOV�ZHUH� VWXGLHG��3UHVHQWHG
EHORZ� DUH� WKH� H[SHULPHQWDO� UHVXOWV� ZKLFK
GHPRQVWUDWH� WKH� VFLQWLOODWLRQ� SURSHUWLHV� RI
WKH� VWXGLHG� FRPSRVLWH� PDWHULDOV� XVHG� DV
VKRUW�UDQJH�D��DQG�E�UDGLDWLRQ�GHWHFWRUV��DV
ZHOO�DV�IDVW�QHXWURQ�GHWHFWRUV�
7KH� FDOFXODWHG� OLJKW� \LHOG� YDOXHV� IRU� D

VHULHV�RI�FRPSRVLWH�VFLQWLOODWRUV�EDVHG�RQ�DF�
WLYDWHG� S�WHUSKHQ\O� JUDLQV� H[FLWHG� ZLWK
JDPPD� SKRWRQV� IURP� ���&V� DQG�D�SDUWLFOHV
IURP� ���3X� VRXUFH� DUH� SUHVHQWHG� LQ� )LJV���
DQG� ��� UHVSHFWLYHO\�� 7KH� VRXUFH� RI� D�SDUWL�
FOHV�ZDV�SODFHG� LQWR���PP�KLJK�FROOLPDWRU�
)RU� WKH� PHDVXUHPHQWV� ZLWK� JDPPD� UDGLD�
WLRQ� �)LJ������ WKH� OLJKW� \LHOG� YDOXHV� DUH
JLYHQ� LQ� DEVROXWH� XQLWV�� ZKHUHDV� IRU� WKH
PHDVXUHPHQWV� ZLWK� VKRUW�UDQJH� D�UDGLDWLRQ
�)LJ������ WKHVH� GDWD� DUH� SUHVHQWHG� LQ� SHU�
FHQW�� WKH� OLJKW� \LHOG� RI� VWDQGDUG� DFWLYDWHG
S�WHUSKHQ\O� VLQJOH� FU\VWDO� EHLQJ� WDNHQ� DV
������� 7KH� DYHUDJH� YDOXHV� RI� WKH� SDUDPH�

)LJ�����/LJKW�\LHOG�RI�GRSHG�S�WHUSKHQ\O�FRP�
SRVLWH� VFLQWLOODWRUV� ZLWK� GLIIHUHQW� JUDLQ� VL]H
LUUDGLDWHG�ZLWK�������0H9�JDPPD�SKRWRQV�

)LJ�����/LJKW�\LHOG�RI�GRSHG�S�WHUSKHQ\O�FRP�
SRVLWH� VFLQWLOODWRUV� ZLWK� GLIIHUHQW� JUDLQ� VL]H
LUUDGLDWHG�ZLWK������0H9�DOSKD�SDUWLFOHV�
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WHU�/� DUH�JLYHQ�IRU�HDFK�JUDLQ� IUDFWLRQ��$V
VHHQ� IURP� )LJV���� DQG� ��� WKH� OLJKW� \LHOG
UHDFKHV�LWV�PD[LPXP�DW�/�a�����PP�DQG�UH�
PDLQV� SUDFWLFDOO\� XQFKDQJHG� DW� IXUWKHU� LQ�
FUHDVH�RI�WKH�DYHUDJH�JUDLQ�VL]H�>�@��
:KHQ� VWXG\LQJ� WKH� FRPSRVLWH� VFLQWLOOD�

WRUV�EDVHG�RQ�VWLOEHQH�DQG�S�WHUSKHQ\O�ZLWK
IDVW� QHXWURQV�� D� ���3X±%H� VRXUFH� ZDV� XVHG
ZLWK� ���� QHXWURQV�V� IOX[��7KH�VHOHFWLYH�GH�
WHFWLRQ� RI� IDVW� QHXWURQV� DJDLQVW� JDPPD
EDFNJURXQG�ZDV�UHDOL]HG�LQ�DFFRUGDQFH�ZLWK
>�@��7KH�UHFRQVWUXFWLRQ�PHWKRG�RI�IDVW�QHX�
WURQ� HQHUJ\� VSHFWUD� IURP� VFLQWLOODWLRQ� DP�
SOLWXGH� VSHFWUD� RI� UHFRLO� SURWRQV� ZDV� GH�
VFULEHG�LQ�RXU�SDSHU�>�@��3UHVHQWHG�DV�DQ�H[�
DPSOH� LQ� )LJ���� LV� D� UHFRQVWUXFWHG� QHXWURQ
VSHFWUXP�RI�WKH����3X±%H�VRXUFH�IRU�WKH�FRP�
SRVLWH� VWLOEHQH� VFLQWLOODWRU� ZLWK� WKH� OLQHDU
JUDLQ�VL]H�YDU\LQJ�IURP�����WR�����PP��,Q�WKLV

)LJXUH�� RQO\� WKRVH� ���3X±%H� HQHUJLHV� DUH� LQ�
GLFDWHG�ZKLFK�DUH�UHSRUWHG�LQ�WKHRUHWLFDO�DQG
H[SHULPHQWDO� SDSHUV� �VHH� WKH� UHIHUHQFHV� LQ
>�@���QDPHO\�����������������������������������
����DQG�����0H9��DUURZV��Ü���UHVSHFWLYHO\��
7R� HVWLPDWH� WKH�GHJUHH�RI� OLJKW�\LHOG� LQ�

KRPRJHQHLW\�IRU�WKH�REWDLQHG�ODUJH�GLDPHWHU
FRPSRVLWH� VFLQWLOODWRUV�� ZH� PHDVXUHG� WKH
OLJKW�\LHOG�LUUDGLDWLQJ�GLIIHUHQW�SDUWV�RI�WKH
VFLQWLOODWRUV�� LQ� SDUWLFXODU�� WKH� FHQWHUV� DQG
IRXU� DGGLWLRQDO� ]RQHV� �VHH� )LJ����E���� 7KH
ODWWHU�ZHUH�ORFDWHG�DW�IRXU�RSSRVLWH�VLGHV�RI
WKH� VFLQWLOODWRU�� WKH� GLVWDQFH� EHWZHHQ� WKH
VFLQWLOODWRU�FHQWHU�DQG�DQ\�RI�WKH�DGGLWLRQDO
]RQHV� EHLQJ� ���PP�� 7KH� OLJKW� \LHOG� YDOXHV
ZHUH� PHDVXUHG� DFFRUGLQJ� WR� WKH� VWDQGDUG
SURFHGXUH�XVLQJ�D����&V�VRXUFH��
:H� FKDUDFWHUL]HG� WKH� GHJUHH� RI� OLJKW

\LHOG�LQKRPRJHQHLW\�E\�'/<�SDUDPHWHU��

'/<� �°°
°
-����-L
-����-L

°
°
°

���

ZKHUH� -�� DQG� -L� DUH� WKH� OLJKW� \LHOG� YDOXHVPHDVXUHG� DW� WKH� VFLQWLOODWRU� FHQWHU� DQG� DW� D
SRLQW� L�� UHVSHFWLYHO\��)RU� L� ���� WKH�'/<�ZDV
DVVXPHG�WR�EH����)LJ����D��SUHVHQWV�WKH�UHVXOWV
RI� OLJKW� \LHOG� PHDVXUHPHQWV� DQG� WKH� FDOFX�
ODWHG� '/<� YDOXHV� IRU� ILYH������PPu���PP
FRPSRVLWH� VFLQWLOODWRUV� REWDLQHG� IURP�FU\VWDO�
OLQH�VWLOEHQH�JUDLQV��,Q�WKLV�)LJXUH��WKH�GRWWHG
OLQH� VKRZV� WKH�DEVROXWH� OLJKW�\LHOG� IRU� UHIHU�
HQFH�VWLOEHQH�VLQJOH�FU\VWDO��7KH�RSHQ�V\PEROV
FRUUHVSRQG�WR�WKH�FDOFXODWHG�OLJKW�\LHOG�YDOXHV
DW� WKH� PHDVXUHPHQW� SRLQWV�� WKH� KDOI�FORVHG
RQHV�DUH�WKH�FDOFXODWHG�'/<�YDOXHV��
&RQVLGHUDWLRQ�RI�WKHVH�GDWD�WHVWLILHV�WKDW

WKH�PD[LPXP�VFDWWHU�RI�WKH�OLJKW�\LHOG�YDO�

)LJ����� 5HFRQVWUXFWHG� QHXWURQ� VSHFWUXP� RI
���3X±%H�VRXUFH�IRU�����PPu���PP�FRPSRV�
LWH� VWLOEHQH� VFLQWLOODWRU�ZLWK�JUDLQ� VL]H� UDQJ�
LQJ�IURP�����WR�����PP�

)LJ����� $EVROXWH� OLJKW� \LHOG� YDOXHV�PHDVXUHG� DW� WKH� SRLQWV� �Ü�� IRU� D� VHULHV� RI������PPu���PP
FRPSRVLWH�VWLOEHQH�VFLQWLOODWRUV��WKH�XSSHU�IDPLO\�RI�RSHQHG�V\PEROV��DQG�WKH�FRUUHVSRQGLQJ�FDOFX�
ODWHG�YDOXHV�RI�'/<�SDUDPHWHU������WKH�ORZHU�IDPLO\�RI�KDOI�FORVHG�V\PEROV���)LJ����E��VFKHPDWLFDOO\
SUHVHQWV�WKH�OLJKW�\LHOG�PHDVXUHPHQW�SURFHGXUH�IRU�ODUJH�GLDPHWHU�VFLQWLOODWRUV��
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XHV� PHDVXUHG� IRU� GLIIHUHQW� SDUWV� RI� WKH
ODUJH�GLDPHWHU� VFLQWLOODWRUV�GRHV�QRW�H[FHHG
�� ��� L�H�� WKH� VWDQGDUG� HUURU� RI� WKH� OLJKW
\LHOG�PHDVXUHPHQW�PHWKRG��7KXV�� LW�VKRXOG
EH� FRQFOXGHG� WKDW� WKH� SURSRVHG� WHFKQLTXH
JLYHV�UHSURGXFLEOH�UHVXOWV�DQG�PDNHV�LW�SRV�
VLEOH� WR� SURGXFH� KRPRJHQHRXV� ODUJH� GLDPH�
WHU�FRPSRVLWH�GHWHFWRUV��
7KXV�� FRQVLGHULQJ� WKH� SURGXFWLRQ� WHFK�

QRORJ\� DVSHFWV� RI� QHZ� RUJDQLF� FRPSRVLWH
VFLQWLOODWRUV�EDVHG�RQ�FU\VWDOOLQH�VWLOEHQH�RU
S�WHUSKHQ\O�JUDLQV�LQFRUSRUDWHG�LQWR�D�SRO\�
PHU� WZR�FRPSRQHQW� PDWUL[�� DV� ZHOO� DV� WKH
UHVXOWV� RI� VWXG\LQJ� WKHLU� VFLQWLOODWLRQ� FKDU�
DFWHULVWLFV��WKH�IROORZLQJ�FRQFOXVLRQV�FDQ�EH
GUDZQ�� $Q� HIILFLHQW� VWDUWLQJ� PDWHULDO� IRU
WKH� FRPSRVLWH� VFLQWLOODWRU� LV� FUXVKHG� VWLO�
EHQH�RU�S�WHUSKHQ\O�VLQJOH�FU\VWDO�ZLWK�KLJK
VWUXFWXUH� SHUIHFWLRQ�� 7KH� XVH� RI� 6\OJDUG�
����RUJDQRVLOLFRQ�UXEEHU�DV�D�JOXH�SURYLGHV
WKH� PDQXIDFWXULQJ� RI� FRPSRVLWH� VFLQWLOOD�
WRUV� ZLWK� KLJK� VFLQWLOODWLRQ� FKDUDFWHULVWLFV�
7KH�RSWLPXP�FRQWHQW�RI�FU\VWDOOLQH�VWLOEHQH
DQG� S�WHUSKHQ\O� JUDLQV� LQ� WKH� LPPHUVLRQ
PHGLXP� LV� RI� WKH� RUGHU� RI� ������ 7KH� GLI�
IXVH� UHIOHFWRU� 7HWUDWHN� RI� ����í�����PP
WKLFNQHVV�SURYLGHV�WKH�KLJKHVW�RSWLFDO�FKDU�
DFWHULVWLFV�IRU�WKH�RUJDQLF�FRPSRVLWH�VFLQWLO�
ODWRUV� HQFORVHG� LQ� RUJDQLF� JODVV� FRQWDLQHUV�
7KH� VFLQWLOODWLRQ� FKDUDFWHULVWLFV� RI� WKH� SUR�
SRVHG�FRPSRVLWH� VFLQWLOODWRUV�DUH�RQO\�D� OLW�
WOH�ZRUVH�WKDQ�WKRVH�RI�WKH�VWDQGDUG�VLQJOH�
FU\VWDO�VFLQWLOODWRUV��,Q�FRQWUDVW�WR�PRVW�HI�
ILFLHQW� OLTXLG� VROXWLRQV� RI� RUJDQLF
OXPLQRSKRUV�� FRPSRVLWH� VFLQWLOODWRUV� RQ� WKH
EDVH� RI� VWLOEHQH� RU� S�WHUSKHQ\O� JUDLQV� DUH
QRQ�WR[LF��GR�QRW�FDXVH�ILUH�KD]DUG�DQG�PD\
EH� XVHG� ZLWKRXW� FRQWDLQHU�� 7KH� SURSRVHG
WHFKQRORJ\� \LHOGV� UHSURGXFLEOH� UHVXOWV� DQG

SURYLGHV� WKH� SURGXFWLRQ� RI� KRPRJHQHRXV
FRPSRVLWH� GHWHFWRUV� RI� ODUJH� GLDPHWHUV� DQG
GLIIHUHQW�JHRPHWULF�FRQILJXUDWLRQV�
7KH�SURSRVHG�DSSURDFK�PD\�ILQG�ZLGH�DS�

SOLFDWLRQ� LQ� UDGLRHFRORJ\�� UDGLRELRORJ\� DQG
PHGLFLQH�� 7KH� GHYHORSHG� GHWHFWRUV� IRU� UHJLV�
WUDWLRQ� DQG� VSHFWURPHWU\� RI� IDVW� QHXWURQV
PD\�EH�DOVR�XVHG�WR�UDLVH�WKH�UHOLDELOLW\�RI�WKH
FRQWURO� V\VWHPV� RI� YDULRXV� QXFOHDU� VHWV�� LQ�
FUHDVH� WKH� VDIHW\� RI� QXFOHDU� SRZHU� VWDWLRQV
DQG�LPSURYH�WKHLU�HFRORJLFDO�HQYLURQPHQW��
7KH� DXWKRUV� DUH� JUDWHIXO� WR� 6�9�%XGDN�

RYVN\�IRU�WKH�VDPSOHV�RI�RUJDQLF�VLQJOH�FU\V�
WDOV� KH� KDV� SUHVHQWHG� IRU� WKLV� VWXG\�� DQG� WR
1�9�3RJRUHORYD�IRU�KHU�KHOS�DQG�YDOXDEOH�UHF�
RPPHQGDWLRQV� FRQFHUQLQJ� WKH� SUHSDUDWLRQ
SURFHVV�RI�WKH�FRPSRVLWH�VFLQWLOODWRUV��

5HIHUHQFHV
� ���1�=�*DOXQRY��9�3�6HP\QR]KHQNR��7KH�7KHRU\

DQG�$SSOLFDWLRQ� RI� WKH�5DGLROXPLQHVFHQFH� RI
2UJDQLF� &RQGHQVHG� 0HGLD�� 1DXNRYD� 'XPND�
.LHY��������>LQ�5XVVLDQ@�

� ���,�3�.UDLQRY�� 1�=�*DOXQRY�� 6�9�%XGDNRYVN\�
&U\VW��5HV��DQG�7HFKQ������������������

� ���'HFLVLRQ�RI�*UDQW�1R����������6HSW���������
�$SSOLFDWLRQ� 8����� ������ ILOHG� -XQH� ���
������IRU�'HFODUHG�3DWHQW��0HWKRG�IRU�3UHSD�
UDWLRQ� RI� 6WLOEHQH�EDVHG� 2UJDQLF� 6FLQWLOODWRU
IRU� )DVW� 1HXWURQ� 5HJLVWUDWLRQ�
�1�/�.DUDYDHYD��1�=�*DOXQRY��2�$�7DUDVHQNR��

� ���6�9�%XGDNRYVN\�� 1�=�*DOXQRY�� %�9�*ULQ\RY
HW�DO���5DGLDW��0HDV������������������

� ���9�,�.XNKWHYLFK�� /�$�7U\NRY�� 2QH�FU\VWDO
6FLQWLOODWLRQ�6SHFWURPHWHU��ZLWK�2UJDQLF�3KRV�
SKRU���$WRPL]GDW��0RVFRZ��������>LQ�5XVVLDQ@�

� ���6�9�%XGDNRYVN\�� 1�=�*DOXQRY�� 1�/�.DUDYDHYD
HW�DO���7UDQV��1XFO��6FL�������������������

� ���-�+�%DNHU�� 1�=�*DOXQRY�� $�0�6WHSDQHQNR�
2�$�7DUDVHQNR��5DGLDW��0HDV������������������

v�mº¯ËÓÓ«�ÓºmÒ²�}ºä¹ºÏÒ�L®ÓÒ²�°�ÒÓ�Òã«�º¯LmÓÈ�º°ÓºmL�ÏË¯ËÓ�º¯�ÈÓL�ÓÒ²�äºÓº}¯Ò°�ÈãLm
s���zÈ¯ÈmÈ¼mÈ��|�k��È¯È°ËÓ}º

~È¹¯º¹ºÓºmÈÓÒ®� º¯�ÈÓL�ÓÒ®� }ºä¹ºÏÒ�L®ÓÒ®� °�ÒÓ�Òã«�º¯� «mã«¼� °º­º
� }¯Ò°�ÈãL�ÓL
ÏË¯ÓÈ�°�Òã	­ËÓ��È­º�Q��Ë¯ÁËÓLã���mmË�ËÓL���¹ºãLäË¯Ó���mº}ºä¹ºÓËÓ�Ó��ÓË°�ÒÓ�Òã

��
äÈ�¯Ò�
�� |­�ºmº¯

�	°«� �Ë²Óºãº�L�ÓL� È°¹Ë}�Ò� º�¯ÒäÈÓÓ«� }ºä¹ºÏÒ�L®ÓÒ²� °�ÒÓ�Òã«�
�º¯Lm���º­L¯�¯ºÏäL¯��}¯Ò°�ÈãL�ÓÒ²�ÏË¯ËÓ��º¹�ÒäÈã	ÓË�°¹LmmL�Óº�ËÓÓ«�}Lã	}º°�Ë®�°�ÒÓ�
�Òã«�L®Óº�º�äÈ�Ë¯LÈã���È�}¯ËäÓL®º¯�ÈÓL�Óº��äÈ�¯Ò�L��¹º��}�º¹�ÒäÈã	ÓÒ²��äºm�Ï­º¯�
°mL�ãÈ�L���LÓ��~È¹¯º¹ºÓºmÈÓÈ��Ë²Óºãº�L«��ºÏmºã«¼�º�¯Òä�mÈ�Ò�ËÁË}�ÒmÓL�º¯�ÈÓL�ÓL�}ºä�
¹ºÏÒ�L®ÓL� °�ÒÓ�Òã«�º¯Ò� mËãÒ}º�º� �LÈäË�¯È� �ã«� ¯Ë¼°�¯È�L�� }º¯º�}º¹¯º­LÎÓÒ²� LºÓLÏ��

�Ò²�mÒ¹¯ºäLÓ
mÈÓ	��È��ã«�°¹Ë}�¯ºäË�¯L��ÓÒÏ	}Ò²�¹º�º}Lm��mÒ�}Ò²�ÓË®�¯ºÓLm�

1�/�.DUDYDHYD��2�$�7DUDVHQNR���'HYHORSPHQW�RI�QHZ�����

�� )XQFWLRQDO�PDWHULDOV�������������


