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7\SH�,,�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV��HYLGHQFH�

RI�HQKDQFHG�SKRWR�LQGXFHG�FKDUJH�VHSDUDWLRQ�HIILFLHQF\�

/L�&KLD�7LHQ�DQG�-KLK�/LQ�6KLK�

'HSDUWPHQW�RI�0DWHULDOV�6FLHQFH�DQG�(QJLQHHULQJ��1DWLRQDO�'RQJ�+ZD�8QLYHUVLW\��

6KRXIHQJ��+XDOLHQ������7DLZDQ�

$EVWUDFW�

6HSDUDWLRQ� RI� SKRWR�LQGXFHG� FKDUJHV� LV� FUXFLDO� LQ� FRQWUROOLQJ� WKH� SHUIRUPDQFH� RI�

SKRWRFDWDO\VWV�� SKRWRFKHPLFDO� FHOO�� DQG� SKRWRYROWDLF� GHYLFHV�� :H� GHYHORSHG� D�

FRQWUROOHG� V\QWKHVLV�RI�.�,Q�6��,Q�2�� QDQRZLUH�KHWHURVWUXFWXUHV�E\� D�K\GURWKHUPDOO\�

DVVLVWHG� VXOIXUL]DWLRQ� SURFHVV�� 6WUXFWXUDO� FKDUDFWHUL]DWLRQ� UHYHDOV� WKDW� WZR� GLVWLQFW�

QDQRZLUH� KHWHURVWUXFWXUHV�� .�,Q�6�� QDQRSDUWLFOHV� GHFRUDWHG� ,Q�2�� QDQRZLUHV� DQG� .�

,Q�6��,Q�2��FRUH�VKHOO�QDQRZLUHV�ZHUH�REWDLQHG�E\�FRQWUROOLQJ�WKH�S+�FRQGLWLRQ�GXULQJ�

VXOIXUL]DWLRQ� SURFHVV�� 2SWLFDO� FKDUDFWHUL]DWLRQ� UHVXOWV� VKRZ� .�,Q�6��,Q�2�� QDQRZLUH�

KHWHURVWUXFWXUHV�H[KLELW�D�VLJQLILFDQWO\�GHFUHDVHG�YLVLEOH�OLJKW�HPLVVLRQ�DQG�HQKDQFHG�

YLVLEOH�OLJKW�DEVRUSWLRQ�FRPSDUH�ZLWK�WKH�SXUH�,Q�2��QDQRZLUHV��UHYHDOLQJ�DQ�HIILFLHQW�

SKRWR�LQGXFHG�FKDUJH�VHSDUDWLRQ�HIILFLHQF\�H[LVWV��7KH�EDQG�RIIVHWV�RI�.�,Q�6��,Q�2��

QDQRZLUH�KHWHURVWUXFWXUHV�ZHUH�GHWHUPLQHG�E\�;�UD\�SKRWRHPLVVLRQ�VSHFWURVFRS\�DQG�

D�W\SH�,,�EDQG�DOLJQPHQW�DW�LQWHUIDFH�LV�FRQILUPHG��7LPH�UHVROYHG�SKRWROXPLQHVFHQFH�

UHVXOWV�UHYHDO�WKDW�WKH�.�,Q�6��QDQRSDUWLFOHV�,Q�2��QDQRZLUHV�H[KLELW�VLJQLILFDQW�SKRWR�

LQGXFHG�FDUULHU�OLIH�WLPH�LPSURYHPHQW�FRPSDUH�ZLWK�.�,Q�6��,Q�2��FRUH�VKHOO�QDQRZLUH��

GXH�WR�D�VKRUWHU�FKDUJH�FDUULHU�WUDQVSRUW�SDWK��ZKLFK�HQVXUHV�UDSLG�FKDUJH�VHSDUDWLRQ�DW�

LQWHUIDFH�� %HFDXVH� RI� WKH� VWDJJHUHG� EDQG� RIIVHW� ZKLFK� SURPRWHG� HIIHFWLYH� FKDUJH�

VHSDUDWLRQ�� WKH� .�,Q�6��,Q�2�� QDQRZLUH� KHWHURVWUXFWXUHV� H[KLELWHG� HQKDQFHG�

SKRWRFDWDO\WLF�DFWLYLWLHV�XQGHU�YLVLEOH�OLJKW�LOOXPLQDWLRQ��GHPRQVWUDWLQJ�WKHLU�SURPLVLQJ�

SRWHQWLDOV�LQ�UHOHYDQW�SKRWR�FRQYHUVLRQ�DSSOLFDWLRQV��
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.H\ZRUGV��KHWHURVWUXFWXUH��QDQRZLUHV��FKDUJH�VHSDUDWLRQ��R[LGHV��VXOILGHV�

�7R�ZKRP�FRUUHVSRQGHQFH�VKRXOG�EH�DGGUHVVHG��OFWLHQ#PDLO�QGKX�HGX�WZ�

7(/������������������)$;������������������
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��� ,QWURGXFWLRQ�

2ZLQJ� WR� WKH� KLJK� GHJUHH� RI� FRPSOH[LW\�� VHPLFRQGXFWRU� KHWHURVWUXFWXUHV� H[KLELW�

VXSHULRU� SURSHUWLHV�ZKLFK� DUH�GLIILFXOW� WR� DFKLHYH� IURP� VLQJOH�PDWHULDO��(IIRUWV� KDYH�

EHHQ�PDGH�LQ�GHYHORSLQJ�YDULRXV�VHPLFRQGXFWRU�KHWHURVWUXFWXUHV�����7KH�IRUPDWLRQ�RI�

VHPLFRQGXFWRU�KHWHURVWUXFWXUHV�LV�DQ�HIIHFWLYH�ZD\�WR�LQFUHDVH�WKH�SKRWR�LQGXFHG�FKDUJH�

VHSDUDWLRQ�HIILFLHQF\�DQG�WKH�SKRWRFDWDO\WLF�SHUIRUPDQFH��$FFRUGLQJ�WR�WKH�DOLJQPHQW�

RI�WKH�EDQGV��W\SH�,,�VHPLFRQGXFWRU�KHWHURVWUXFWXUHV�FRPSRVHG�RI�WZR�FRPSRQHQWV�ZLWK�

D� VWDJJHUHG� EDQG� RIIVHW�� 7KH� SRVLWLRQ� RI� YDOHQFH� DQG� FRQGXFWLRQ� EDQGV� RI� RQH�

VHPLFRQGXFWRU�LV�KLJKHU�WKDQ�WKDW�RI�WKH�RWKHU�VHPLFRQGXFWRU��7KH�GLIIHUHQFH�LQ�EDQG�

DOLJQPHQW� FDXVH� WKH� VSDWLDO� VHSDUDWLRQ� RI� WKH� HOHFWURQ� DQG� KROH� SDLUV��PD\� UHVXOW� LQ�

ORQJHU�FDUULHU�OLIHWLPH�WKDW�KDV�GHVLUDEOH�FKDUDFWHULVWLFV�IRU�SRWHQWLDO�DSSOLFDWLRQV�VXFK�

DV�KLJKO\�HIILFLHQW�SKRWRFDWDO\VWV��SKRWRFKHPLFDO�FHOO��DQG�SKRWRYROWDLF�GHYLFHV���

$� ZLGH� EDQG� JDS� VHPLFRQGXFWRU� PDWHULDO� FRXSOHG� ZLWK� D� QDUURZ� EDQG� JDS�

VHPLFRQGXFWRU�PDWHULDO�FDQ�HIIHFWLYHO\�LPSURYH�LWV�VRODU�HQHUJ\�XWLOL]DWLRQ�HIILFLHQF\�

VLQFH�WKH�DGVRUSWLRQ�VSHFWUXP�FDQ�EH�H[WHQGHG�WR�WKH�ZKROH�VRODU�VSHFWUXP������)RU�WKLV�

SXUSRVH�� WKH� RXWHU� VKHOO� VHPLFRQGXFWRU� VKRXOG� EH� D� VWURQJ� YLVLEOH� OLJKW� DEVRUSWLRQ�

PDWHULDO�� DQG� WKH� EDQG� DOLJQPHQW� EHWZHHQ� WKH� RXWHU� VKHOO� DQG� WKH� LQQHU� FRUH�

VHPLFRQGXFWRU�VKRXOG�EH�ZLWK�D�VWDJJHUHG�EDQG�RIIVHW�LQ�WKH�LGHDO�W\SH�,,�VHPLFRQGXFWRU�

KHWHURVWUXFWXUHV��&RQVHTXHQWO\��WKH�SKRWR�LQGXFHG�HOHFWURQV�DQG�KROHV�ZRXOG�WUDQVIHU�

WRZDUG� RSSRVLWH� VLGH� RI� WKH� KHWHURMXQFWLRQV�� FDUULHU� OLIHWLPH� FDQ� EH� VXEVWDQWLDOO\�

LQFUHDVHG��5HFHQWO\��RQH�GLPHQVLRQDO���'��VHPLFRQGXFWRU�QDQRVWUXFWXUHV�ZLWK�W\SH�,,�

KHWHURVWUXFWXUHV� KDYH� GUDZQ� PXFK� DWWHQWLRQ� GXH� WR� WKHLU� HQKDQFHG� SKRWRFDWDO\WLF�

DFWLYLW\�DQG�YLVLEOH�OLJKW�DEVRUSWLRQ�DELOLW\��9DULRXV�QDQRVWUXFWXUHV�ZLWK�W\SH�,,�EDQG�

DOLJQPHQW�KDYH�EHHQ�V\QWKHVL]HG�DQG�GHPRQVWUDWHG��VXFK�DV�FRUH�VKHOO�QDQRSDUWLFOHV��

QDQRSDUWLFOHV� GHFRUDWHG� QDQRZLUHV�� FRUH�VKHOO� QDQRZLUHV�� HWF������ 7KH� �'� FRUH�VKHOO�

QDQRZLUHV�SURYLGH�D�GLUHFW�HOHFWULFDO�SDWKZD\�IRU�WKH�UDSLG�WUDQVSRUW�RI�SKRWR�LQGXFHG�
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FDUULHUV��ZKLFK�HQVXUHV�UDSLG�FKDUJH�VHSDUDWLRQ�DW�LQWHUIDFH��)XUWKHUPRUH��WKH�IRUPDWLRQ�

RI�QDQRZLUH�KHWHURVWUXFWXUHV�FDQ�EH�IRUPHG�E\�GHFRUDWLQJ�WKH�QDQRZLUH�VXUIDFH�ZLWK�

QDQRSDUWLFOHV��ZKLFK�KDV�EHHQ�FRQILUPHG�DV�DQ�HIILFLHQW�DSSURDFK�WR�LQFUHDVH�YLVLEOH�

OLJKW� DEVRUSWLRQ� DQG� HQKDQFH� WKH� SKRWR�LQGXFHG� FDUULHU� VHSDUDWLRQ� HIILFLHQF\�� )RU�

SKRWRFDWDO\WLF� DSSOLFDWLRQV�� WKH� QDQRSDUWLFOH� VL]H� DQG� LWV� VXUIDFH� SURSHUWLHV� DUH� WZR�

LPSRUWDQW�IDFWRUV�LQIOXHQFLQJ�WKH�SKRWRFDWDO\WLF�DFWLYLW\�DQG�WKH�VHSDUDWLRQ�HIILFLHQF\�

RI�SKRWR�LQGXFHG�HOHFWURQ�KROH�SDLUV�EHFDXVH�WKH�SKRWRFDWDO\WLF�UHDFWLRQV�WDNH�SODFH�DW�

RU�QHDU�WKH�VXUIDFH����)RU�SKRWRYROWDLF�GHYLFHV��QDQRZLUH�KHWHURVWUXFWXUHV�DUH�SUHGLFWHG�

WR� IDFLOLWDWH� ODUJH� LPSURYHPHQWV� LQ� HIILFLHQF\� RYHU� SODQDU� JHRPHWULHV� E\� FRPELQLQJ�

RSWLPDO�DEVRUSWLRQ�RI�SKRWRQV�ZLWK�HIILFLHQW�FROOHFWLRQ�RI�JHQHUDWHG�FDUULHUV��������

,QGLXP�R[LGH��,Q�2���QDQRZLUHV�KDYH�EHHQ�ZLGHO\�XVHG� LQ�FKHPLFDO�VHQVRUV�DQG�

ILHOG�HPLWWHUV�������&RPELQLQJ�,Q�2��QDQRZLUHV�ZLWK�QDUURZ�EDQG�JDS�VHPLFRQGXFWRU�

FDQ� HIILFLHQWO\� LPSURYH� WKHLU� YLVLEOH� OLJKW� UHVSRQVH� DQG� LQFUHDVH� FKDUJH� VHSDUDWLRQ�

HIILFLHQF\�E\�UHGXFLQJ�WKH�SUREDELOLW\�RI�HOHFWURQ�KROH�UHFRPELQDWLRQ��,QGLXP�VXOILGH�

�,Q�6���LV�DQ�LPSRUWDQW�,,,�9,�VHPLFRQGXFWRU�ZLWK�EDQG�JDS�RI����±����H9�WKDW�KDV�EHHQ�

H[WHQVLYHO\� VWXGLHG� GXH� WR� LWV� DSSOLFDELOLW\� LQ� VRODU� FHOOV�� YLVLEOH�OLJKW�DFWLYH�

SKRWRFDWDO\VWV�� DQG� RSWRHOHFWURQLF� GHYLFH� DSSOLFDWLRQV���� 2ZLQJ� WR� WKHLU� GLYHUVH�

DSSOLFDWLRQV��HIIRUWV�KDYH�EHHQ�GHYRWHG�WR�WKH�V\QWKHVLV�RI�QDQRVWUXFWXUHG�,Q�6��VXFK�DV�

QDQRWXEHV�� QDQRFU\VWDOV�� QDQRIODNHV�� DQG� QDQRSODWHV������� ,Q� SDUWLFXODU�� IXUWKHU�

FRPELQLQJ� ,Q�2�� DQG� ,Q�6�� E\� IRUPLQJ� KHWHURVWUXFWXUHG� QDQRVWUXFWXUHV�ZRXOG� EH�RI�

JUHDW� LQWHUHVWV� LQ� UHJDUG� WR�DFKLHYLQJ�GHVLUHG�SURSHUWLHV��)RU�H[DPSOH��/L�HW�DO��KDYH�

VKRZQ� ,Q�2��,Q�6�� FRUH�VKHOO� QDQRFXEHV� ZLWK� HQKDQFHG� SKRWR�HOHFWURFKHPLFDO�

SHUIRUPDQFH���� 7KH� ,Q�2��,Q�6�� FRUH�VKHOO� QDQRURGV� KDYH� EHHQ� GHPRQVWUDWHG� IRU�

SKRWRFDWDO\WLF� K\GURJHQ� JHQHUDWLRQ���� ,Q� WKHVH� FDVHV�� WKH� ,Q�2��,Q�6�� QDQRZLUH�

KHWHURVWUXFWXUHV�KDYH�VKRZQ�EHWWHU�FKDUJH�FROOHFWLRQ��HQKDQFHG�OLJKW�DEVRUSWLRQ��DQG�

VORZ�SKRWR�LQGXFHG�FKDUJH�FDUULHU�UHFRPELQDWLRQ�UDWH��+RZHYHU��WKHLU�EDQG�DOLJQPHQW�
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LV�VWLOO�FRQWURYHUVLDO��GLYHUVH�EDQG�DOLJQPHQW�VXFK�DV�W\SH�,�DQG�W\SH�,,�EDQG�DOLJQPHQW�

KDV�EHHQ�UHSRUWHG�������7KH�LQFRQVLVWHQF\�IRU�WKH�EDQG�DOLJQPHQW�LV�PDLQO\�EH�DWWULEXWHG�

WR� WKH� ODFN�RI�ZHOO�GHILQHG� ,Q�6��,Q�2�� LQWHUIDFHV� WKDW� DUH� DPHQDEOH� WR� H[SHULPHQWDO�

WHFKQLTXHV�� 7KHUHIRUH�� D� IXQGDPHQWDO� VWXG\� WKDW� FDQ� YHULI\� WKH� EDQG� DOLJQPHQW� DQG�

FRUUHODWLRQ�EHWZHHQ�EDQG�DOLJQPHQW�DQG�SKRWR�LQGXFHG�FKDUJH�VHSDUDWLRQ�HIILFLHQF\�RI�

,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV�LV�RI�JUHDW�LPSRUWDQFH�WR�EH�VWXGLHG��

� ,Q� WKLV� ZRUN�� WZR� GLVWLQFW� W\SH�,,� VHPLFRQGXFWRU� QDQRZLUH� KHWHURVWUXFWXUHV�� .�

,Q�6��QDQRSDUWLFOHV� GHFRUDWHG� ,Q�2�� QDQRZLUHV� �.�,Q�6�� 13�,Q�2�� 1:�� DQG� .�,Q�6��

�,Q�2�� FRUH�VKHOO� QDQRZLUHV� �.�,Q�6��,Q�2�� &�6�1:��ZHUH� V\QWKHVL]HG� E\� D� VLPSOH�

K\GURWKHUPDOO\� DVVLVWHG� VXOIXUL]DWLRQ� SURFHVV�� 7KHLU� VWUXFWXUDO�� RSWLFDO�� DQG�

SKRWRFDWDO\WLF�SURSHUWLHV�ZHUH�FDUHIXOO\�H[DPLQHG�E\�D�YDULHW\�RI�FKDUDFWHUL]DWLRQ�WRROV��

7KH�EDQG�RIIVHWV�RI�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV�ZHUH�LGHQWLILHG�DV�D�W\SH�

,,�EDQG�DOLJQPHQW�DQG�WKH�GLUHFW�HYLGHQFH�RI�HQKDQFHG�SKRWR�LQGXFHG�FKDUJH�VHSDUDWLRQ�

HIILFLHQF\� ZHUH� REVHUYHG� E\� SKRWROXPLQHVFHQFH�� WLPH�UHVROYHG� SKRWROXPLQHVFHQFH��

DQG� YLVLEOH�OLJKW� SKRWRFDWDO\WLF� DFWLYLW\� PHDVXUHPHQWV�� &RQVHTXHQWO\�� ERWK� .�

,Q�6��,Q�2�� QDQRZLUH� KHWHURVWUXFWXUHV� VKRZ� HQKDQFHG� YLVLEOH� OLJKW� DEVRUSWLRQ� DQG�

YLVLEOH�OLJKW�GULYHQ�SKRWRFDWDO\WLF�DFWLYLW\�GXH�WR�HIILFLHQW�FKDUJH�VHSDUDWLRQ�DQG�KLJK�

FKDUJH�WUDQVIHU�HIILFLHQF\�RI�SKRWR�LQGXFHG�HOHFWURQV��2I�SDUWLFXODU�LQWHUHVW�LV�WKH�WLPH�

UHVROYHG� SKRWROXPLQHVFHQFH� UHVXOWV� VKRZ� WKDW� WKH� .�,Q�6�� 13�,Q�2�� 1:� H[KLELW�

VLJQLILFDQW�FDUULHU�OLIH�WLPH�LPSURYHPHQW�FRPSDUHG�WR�.�,Q�6��,Q�2��&�6�1:��GXH�WR�D�

VKRUWHU�FKDUJH�FDUULHU�WUDQVSRUW�SDWK��ZKLFK�HQVXUHV�UDSLG�FKDUJH�VHSDUDWLRQ�DW�LQWHUIDFH��

3UDFWLFDOO\�� WKH� VWXG\�ZLOO� EH�RI� IXQGDPHQWDO� LPSRUWDQFH� WR�XQGHUVWDQG� WKH�HIIHFW� RI�

VXUIDFH�JHRPHWU\�RQ�WKH�SKRWR�LQGXFHG�FDUULHU�VHSDUDWLRQ�HIILFLHQF\�RI�W\SH�,,�QDQRZLUH�

KHWHURVWUXFWXUHV��

��� ([SHULPHQWDO�

����6\QWKHVLV�RI�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV�
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6\QWKHVLV� RI� ,Q�2�� QDQRZLUHV�� .�,Q�6��,Q�2�� QDQRZLUH� KHWHURVWUXFWXUHV� ZHUH�

V\QWKHVL]HG�XVLQJ�D�WKHUPDO�HYDSRUDWLRQ�PHWKRG�IROORZHG�E\�D�K\GURWKHUPDOO\�DVVLVWHG�

VXOIXUL]DWLRQ� SURFHVV�� )LUVW�� WKH� JURZWK� RI� ,Q�2�� QDQRZLUHV�ZDV� FDUULHG� RXW� XVLQJ� D�

WKHUPDO�HYDSRUDWLRQ�SURFHVV��,Q�EULHI��D�KRUL]RQWDO�WXEH�IXUQDFH��/LQGEHUJ�%OXH��ZLWK�

WKUHH�LQGHSHQGHQW�KHDWLQJ�]RQHV�ZDV�XVHG�IRU�WKH�VDPSOH�JURZWK��,QGLXP�SRZGHU������

J����������$OID�$HVDU��ZDV�XVHG�DV�VRXUFH�PDWHULDO��SXW�LQ�DQ�DOXPLQD�ERDW�DQG�SODFHG�

DW�FHQWHU�RI�WKH�TXDUW]�WXEH��7KLQ�OD\HUV����QP��RI�$X�ZHUH�GHSRVLWHG�RQ�WKH�VLOLFRQ�������

VXEVWUDWHV� E\�'&� VSXWWHULQJ�� 7KH� VXEVWUDWHV�ZHUH� SXW� LQ� DQRWKHU� ERDW� DQG� SODFHG� DW�

GRZQVWUHDP��7KH�IXUQDFH�ZDV�WKHQ�KHDWHG�WR�����&�DW�D�UDWH�RI����&�PLQ��2QFH�IXUQDFH�

UHDFKHV�JURZWK�WHPSHUDWXUH��WKH�R[\JHQ�DQG�DUJRQ�PL[WXUHV�������6&&0��ZHUH�IHG�LQWR�

TXDUW]� WXEH�� 7KH� JURZWK� WHPSHUDWXUH� ZDV� HVWLPDWHG� WR� EH� ����&� LQ� D� EDFNJURXQG�

SUHVVXUH�RI�����7RUU�GXULQJ�JURZWK��7KH�W\SLFDO�JURZWK�WLPH�ZDV���K��

+\GURWKHUPDOO\�DVVLVWHG�VXOIXUL]DWLRQ�SURFHVV��7KH�DV�JURZQ�,Q�2��QDQRZLUHV�

RQ�VLOLFRQ�������VXEVWUDWH�ZDV�SODFHG�LQ�D�7HIORQ�OLQHG�VWDLQOHVV�VWHHO�DXWRFODYH�����P/���

,Q�D�W\SLFDO�SURFHVV������J�RI�WKLRDFHWDPLGH��7$$�������$OID�$HVDU��ZDV�VXVSHQGHG�LQ�

���P/�RI�GHLRQL]HG�ZDWHU��7KH�S+�YDOXHV�RI�WKH�VXVSHQVLRQ�ZDV�DGMXVWHG�WR�S+ �����

DQG���E\�DGGLQJ�VPDOO�DPRXQW�RI�+&O�����0��VROXWLRQ��$IWHU�DGGLQJ�WKH�7$$�VROXWLRQ��

WKH�DXWRFODYH�ZDV�WKHQ�VHDOHG�DQG�PDLQWDLQHG�DW�����&�IRU���K�WKHQ�FRROHG�WR�URRP�

WHPSHUDWXUH�QDWXUDOO\��7KH�VDPSOHV�ZHUH�ZDVKHG�ZLWK�HWKDQRO�DQG�GHLRQL]HG�ZDWHU�IRU�

WKUHH�F\FOHV�WR�UHPRYH�LRQLF�UHPQDQWV��WKHQ�GULHG�DW����&�IRU��K��

����6DPSOH�FKDUDFWHUL]DWLRQ�

$OO� VDPSOHV� ZHUH� FKDUDFWHUL]HG� XVLQJ� D� ILHOG� HPLVVLRQ� VFDQQLQJ� HOHFWURQ�

PLFURVFRS\� �)(�6(0�� -(2/�� -60�����)��� HQHUJ\�GLVSHUVLYH� ;�UD\� VSHFWURVFRS\�

�(';��� ;�UD\� GLIIUDFWRPHWHU� �;5'�� 5LJDNX�� '�0D[� ����9��� ;�UD\� SKRWRHOHFWULF�

VSHFWURVFRS\� �;36�� 7KHUPR� 6FLHQWLILF�� .�$OSKD��� DQG� KLJK�UHVROXWLRQ� WUDQVPLVVLRQ�

HOHFWURQ� PLFURVFRS\� �+5�7(0�� 3KLOLSV�� )(,� 7HFQDL� *���� ;36� PHDVXUHPHQWV� ZHUH�
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PDGH�XVLQJ�DQ�$O�..��K�� ��������H9��VRXUFH�WKDW�ZDV�HTXLSSHG�ZLWK�D�PLFUR�IRFXVHG�

PRQRFKURPDWRU��VSRW�VL]H����±�����P���7KH�VSHFWUD�DUH�SUHVHQWHG�LQ�WHUPV�RI�ELQGLQJ�

HQHUJ\�ZLWK�UHIHUHQFH�WR�WKH�ELQGLQJ�HQHUJ\�RI�FDUERQ��V���������H9���)RU�+5�7(0�

REVHUYDWLRQ��WKH�VDPSOHV�ZHUH�XOWUDVRQLFDOO\�GLVSHUVHG�LQ�PHWKDQRO��DQG�WKHQ�VHYHUDO�

GURSV�RI�WKH�VXVSHQVLRQ�ZHUH�SODFHG�RQ�DPRUSKRXV�FDUERQ�ILOPV��ZKLFK�ZHUH�VXSSRUWHG�

E\�FRSSHU�JULGV�DQG�GULHG�LQ�DLU��6WHDG\�VWDWH�SKRWROXPLQHVFHQFH��3/��PHDVXUHPHQWV�RI�

VDPSOHV�ZHUH�PDGH�XVLQJ�D�VSHFWURPHWHU��+RULED�-�<��L+5������DV�WKH�RSWLFDO�GLVSHUVLRQ�

XQLW�DQG�D�&&'��+RULED�-�<��6\QDSVH��ZDV�XVHG�IRU�RSWLFDO�GHWHFWLRQ��$Q�+H�&G��� ����

QP��ODVHU�ZDV�XVHG�DV�WKH�H[FLWDWLRQ�VRXUFH��7LPH�UHVROYHG�3/�VSHFWUD�RI�VDPSOHV�ZHUH�

UHFRUGHG�DW�����QP�ZLWK�����QP�H[FLWDWLRQ�DW�URRP�WHPSHUDWXUH�XVLQJ�D�PXOWLIXQFWLRQ�

VWHDG\� VWDWH� DQG� WUDQVLHQW� VWDWH� IOXRUHVFHQFH� VSHFWURPHWHU� �(GLQEXUJK� ,QVWUXPHQWV��

)/63������$OO�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�DW�URRP�WHPSHUDWXUH��

����3KRWRFDWDO\WLF�DFWLYLW\�WHVW�

7KH� SKRWRFDWDO\WLF� DFWLYLW\� RI� VDPSOHV� ZHUH� HYDOXDWHG� E\� WKH� GHJUDGDWLRQ� RI�

RUJDQLF�G\H�LQ�DTXHRXV�VROXWLRQ�XQGHU�YLVLEOH�OLJKW�LUUDGLDWLRQ�XVLQJ�D����:�;H�ODPS�

ZLWK� D� FXWRII� ILOWHU� ��!���� QP��� 7KH� SKRWRFDWDO\WLF� DFWLYLW\� ZDV� HYDOXDWHG� E\� WKH�

GHFRPSRVLWLRQ� RI� PHWK\O� EOXH� �0%�� LQ� D� GHLRQL]HG� ZDWHU� VROXWLRQ� ZLWK� DQ� LQLWLDO�

FRQFHQWUDWLRQ�RI��î�����0��$�VDPSOH�VL]H�RI���FP��ZDV�DGGHG�WR����P/�RI�G\H�VROXWLRQ�

LQ�D�EHDNHU�FRYHUHG�ZLWK�D�TXDUW]�SODWH��%HIRUH�LUUDGLDWLRQ��WKH�VDPSOHV�ZHUH�SXW�LQ�WKH�

GDUN� IRU� ��� PLQ� WR� HQVXUH� VWDEOH� DGVRUSWLRQ�� $IWHU� GHVLUHG� WLPH� LQWHUYDOV�� WKH�

FRQFHQWUDWLRQ�RI� VROXWLRQ�ZDV� DQDO\]HG�E\� UHFRUGLQJ� WKH�FKDUDFWHULVWLF�DEVRUSWLRQ�RI�

0%������QP��XVLQJ�DQ�8OWUDYLROHW�YLVLEOH�VSHFWURPHWHU��89�9LV��+LWDFKL��8��������7KH�

HVWLPDWHG�ZHLJKW�RI�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV�ZDV�LQ�WKH�UDQJH�RI������

WR������PJ�IRU�WKH�VDPSOHV�FRQVLGHUHG��

�� 5HVXOWV�DQG�GLVFXVVLRQ�

����6WUXFWXUDO�FKDUDFWHUL]DWLRQ�RI�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV�
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7KH�VXUIDFH�PRUSKRORJLHV�RI�VDPSOHV�ZHUH�FKDUDFWHUL]HG�XVLQJ�)(�6(0��)LJXUH�

��D��VKRZV�WRS�YLHZ�)(�6(0�LPDJH�RI�DV�JURZQ�,Q�2��QDQRZLUHV�RQ�VLOLFRQ�VXEVWUDWH��

7KH� DV�V\QWKHVL]HG� SURGXFW� FRQVLVW� RI� D� ODUJH� TXDQWLW\� RI� �'� QDQRVWUXFWXUHV� ZLWK�

UHODWLYHO\� XQLIRUP� GLDPHWHU� DQG� KLJK� DVSHFW� UDWLR�� 7KH� ,Q�2�� QDQRZLUHV� DUH�

DSSUR[LPDWHO\���±����QP�LQ�GLDPHWHU�DQG�DSSUR[LPDWHO\��±���P�ORQJ��7KHVH�,Q�2��

QDQRZLUHV� ZHUH� XVHG� DV� WHPSODWHV� IRU� WKH� V\QWKHVLV� RI� .�,Q�6��,Q�2�� QDQRZLUH�

KHWHURVWUXFWXUHV� E\� D� K\GURWKHUPDOO\� DVVLVWHG� VXOIXUL]DWLRQ� SURFHVV�� )LJXUH� ��E��

GLVSOD\V�)(�6(0�LPDJH�RI�,Q�2��QDQRZLUHV�DIWHU�VXOIXUL]DWLRQ�DW�S+�YDOXH�RI����7KH�

VL]H� RI� WKH� REWDLQHG� QDQRZLUHV� GHFUHDVHV� VOLJKWO\� DQG� D� PL[WXUH� RI� QDQRZLUHV� DQG�

QDQRZKLVNHUV�DUH�REVHUYHG��'HFUHDVLQJ�WKH�S+�YDOXH�WR���� WKH�VL]H�RI� WKH�QDQRZLUHV�

GHFUHDVHV�IXUWKHU�LQ�GLDPHWHU�DV�VKRZQ�LQ�)LJ����F���)RU�IXUWKHU�GHFUHDVH�LQ�S+�YDOXH�WR�

���ODUJH�TXDQWLW\�RI�KLHUDUFKLFDO�QDQRVWUXFWXUHV�ZHUH�IRUPHG���)LJ����G���7KH�LQVHW�VKRZV�

RSWLFDO�LPDJH�RI�VDPSOH�SUHSDUHG�DW�GLIIHUHQW�S+�YDOXHV��,W�FDQ�EH�VHHQ�WKDW�WKHUH�ZDV�D�

VWULNLQJ�FRORU�FKDQJH�IURP�\HOORZ�WR�RUDQJH�DV�WKH�S+�YDOXH�FKDQJHG�IURP���WR����)URP�

WKH�DERYH�REVHUYDWLRQV��WKH�PRUSKRORJLFDO�FKDUDFWHULVWLFV�RI�WKH�.�,Q�6��,Q�2��QDQRZLUH�

KHWHURVWUXFWXUHV�DUH�FRQWUROOHG�E\�WKH�S+�FRQGLWLRQ�RI�VROXWLRQ�GXULQJ�K\GURWKHUPDOO\�

DVVLVWHG�VXOIXUL]DWLRQ�SURFHVV��

7KH� VWUXFWXUDO� SURSHUWLHV� RI� WKH� VDPSOHV� KHUHLQ� ZHUH� FKDUDFWHUL]HG�ZLWK�;5'��

)LJXUH���VKRZV�WKH�;�UD\�GLIIUDFWLRQ�SDWWHUQV�RI�DV�JURZQ�,Q�2��QDQRZLUHV�DQG�,Q�2��

QDQRZLUHV�DIWHU�VXOIXUL]DWLRQ�DW�GLIIHUHQW�S+�YDOXHV��$OO�SDWWHUQV�RI�DV�JURZQ�VDPSOH�

ZHUH� LQGH[HG� WR� WKH� ,Q�2�� FXELF� EL[E\LWH� VWUXFWXUH� ZLWK� D� ODWWLFH� FRQVWDQW� RI� D�

 E F �����c��-&3'6�3')�����������)ROORZLQJ�VXOIXUL]DWLRQ�DW�S+�YDOXH�RI���� WKH�

SHDNV�DW����YDOXHV�RI�������������������������������DQG������FDQ�EH�LQGH[HG�WR��������

����������������������������DQG�������FU\VWDO�SODQHV�RI�FXELF�.�,Q�6���-&3'6�3')����

�������UHVSHFWLYHO\��7ZR�VHWV�RI�;5'�GLIIUDFWLRQ�SHDNV�RI�FXELF�,Q�2��DQG�FXELF�.�,Q�6��

FDQ�EH�FOHDUO\�REVHUYHG��7KH�GLIIUDFWLRQ�SHDN�LQWHQVLW\�UDWLR�FRUUHVSRQGLQJ�WR�,Q�2��DQG�
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.�,Q�6��GHFUHDVH�JUDGXDOO\�ZLWK�GHFUHDVLQJ�S+�YDOXH��1R�LPSXULW\�SHDNV�ZHUH�REVHUYHG��

FRQILUPLQJ� WKH� KLJK� SXULW\� RI� WKH� SURGXFWV�� )XUWKHUPRUH�� WKH� LQWHQVLW\� RI� ,Q�2��

GLIIUDFWLRQ� SHDNV� GHFUHDVHV� VLJQLILFDQWO\� DV� WKH� S+� YDOXH� GHFUHDVHV� IURP� �� WR� ���

VXJJHVWLQJ�WKH�UHDFWLRQ�UDWH�IRU�WKH�VXOIXUL]DWLRQ�RI�,Q�2��QDQRZLUHV�KDV�EHHQ�LQFUHDVHG�

XQGHU�ORZ�S+�FRQGLWLRQV��,Q�DGGLWLRQ��LW�LV�ZRUWK�QRWLQJ�WKDW�WKH�,Q�2��GLIIUDFWLRQ�SHDNV�

ZHUH�HOLPLQDWHG�ZKHQ�S+�YDOXH�FKDQJHG� WR����ZKLFK� LQGLFDWHV� WKDW� WKH�IRUPDWLRQ�RI�

SXUH�.�,Q�6�� SKDVH�ZDV� FRPSOHWHG�E\�K\GURWKHUPDOO\� DVVLVWHG� VXOIXUL]DWLRQ�SURFHVV��

%DVHG�RQ�WKH�DERYH�REVHUYDWLRQ��WKH�IRUPDWLRQ�SURFHVV�RI�.�,Q�6��RQ�,Q�2��QDQRZLUHV�

FDQ�EH�DFKLHYHG�E\�XVLQJ�7$$�DV�D�UHGXFLQJ�DJHQW�DQG�VXOIXU�VRXUFH��ZKLFK�FRQWULEXWH�

WR�WKH�IRUPDWLRQ�RI�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV��

� 7(0� ZDV� XWLOL]HG� WR� SURYLGH� IXUWKHU� VWUXFWXUDO� FKDUDFWHUL]DWLRQ� RI� VDPSOHV��

)LJXUH���D��VKRZV�D�ORZ�PDJQLILFDWLRQ�LPDJH�RI�KLHUDUFKLDO�QDQRVWUXFWXUHV�REWDLQHG�DW�

S+�YDOXH�RI����UHYHDOLQJ�WKH�QDQRVWUXFWXUHV�WR�EH�D�FROOHFWLRQ�RI�PDQ\�DVVHPEOHG�.�

,Q�6�� QDQRIODNHV�� )LJXUH� ��E�� VKRZV�7(0� LPDJH� RI� D� VLQJOH�.�,Q�6�� QDQRIODNH�� WKH�

ODWHUDO� GLPHQVLRQ� RI� VLQJOH� QDQRIODNH�ZDV� HVWLPDWHG� WR� EH� DERXW� ���±���� QP�� 7KH�

VHOHFWHG�DUHD�HOHFWURQ�GLIIUDFWLRQ��6$('��ZDV�XVHG�WR�FRQILUP�WKH�FU\VWDO�VWUXFWXUH�RI�

.�,Q�6�� QDQRIODNHV�� )LJXUH� ��F�±�G�� VKRZV� WKH� 6$('� SDWWHUQ� RI� D� VLQJOH� .�,Q�6��

QDQRIODNH�WDNHQ�DW�GLIIHUHQW�]RQH�D[LV��WKH�VKDUS�GLIIUDFWLRQ�SDWWHUQV�LQGLFDWH�WKDW�WKHVH�

QDQRIODNHV�DUH�VLQJOH�FU\VWDO�FXELF�.�,Q�6��VWUXFWXUH��7KHUHIRUH��WKH�SKDVH�SXULW\�RI�.�

,Q�6��LV�FRQILUPHG��

7KH�JURZWK�RI�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV�LV�EDVHG�RQ�WKH�UHODWLYHO\�

FRPSOH[�VHTXHQFH�RI�HTXLOLEULXP�SURFHVVHV�ZKLFK�RFFXU�LQ�WKH�VROXWLRQ��DV�GHVFULEHG�

EHORZ��$�VHULHV�RI�FRQVHFXWLYH�UHDFWLRQV��ZKLFK�OHDG�WR�JHQHUDWLRQ�RI�VXOILGH�LRQV�LQ�WKH�

UHDFWLRQ�EHJLQV�ZLWK�WKH�K\GURO\VLV�RI�WKLRDFHWDPLGH�XQGHU�DFLGLF�S+�FRQGLWLRQV����

&+�&61+��DT����+�2�O�� �� &+�&21+��DT����+�6�DT�� � � � � � � � � � ����

+\GURJHQ�VXOILGH�GLVVRFLDWHV�LQ�WKH�IROORZLQJ�VWHSV��
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+�6�DT����+�2�DT���� +6��DT����+�2�
�DT�� � � � � � � � � � � � � � � � � � � � � � ����

+6��DT��+�2�O���� 6���DT����+�2�
�DT�� � � � � � � � � � � � � � � � � � � � � � � � � � � ����

7KH�GHVFULEHG�FRQVHFXWLYH�UHDFWLRQ�HQDEOHG�XV�WR�FRQWURO�WKH�FRQFHQWUDWLRQ�RI�VXOILGH�

DQLRQV�LQ�WKH�UHDFWLRQ��DQG�FRQVHTXHQWO\�WR�SURYLGH�FRQGLWLRQV�IRU�FRQWUROOHG�QXFOHDWLRQ��

7KH�FU\VWDO�JURZWK�RI�.�,Q�6��RQ�,Q�2��QDQRZLUHV�VXUIDFH�E\�IROORZLQJ�UHDFWLRQ��

�,Q���DT�����6���DT���� ,Q�6��V�� � � � � � � � � � � � � � � � � � � � ����

7R�FRQWURO�WKH�JURZWK�UDWH�RI�,Q�6���DQRWKHU�PDLQ�FRQFHUQ�LV�WKH�PHWDO�LRQ�FRQFHQWUDWLRQ�

LQ� WKH� VROXWLRQ�� 6LQFH� ,Q�2�� FDQ� EH� GLVVROYHG� LQ� DFLGLF� VROXWLRQV�� WKHUHIRUH�� WKH�

FRQFHQWUDWLRQ�RI�,Q���LRQV�LQ�WKH�UHDFWLRQ�FDQ�EH�FRQWUROOHG�E\�DGMXVWLQJ�WKH�S+�YDOXH�RI�

VROXWLRQ��$FFRUGLQJ�WR�WKH�;5'�UHVXOWV��LW�ZDV�FRQFOXGHG�WKDW�WKH�JURZWK�UDWH�RI�,Q�6��

SURFHVV�DUH�SUHGRPLQDWHO\�FRQWUROOHG�E\�DGMXVWLQJ�S+�YDOXHV�RI�VROXWLRQ��

&RQWUROOLQJ� WKH� VKHOO� WKLFNQHVV� DQG� PRUSKRORJ\� LV� DQ� LPSRUWDQW� LVVXH� LQ� WKH�

SUHSDUDWLRQ�RI�FRUH�VKHOO�KHWHURVWUXFWXUH�QDQRVWUXFWXUHV�EHFDXVH�LW�PD\�FUXFLDOO\�DIIHFWV�

WKH� HOHFWULFDO� DQG� RSWLFDO� SURSHUWLHV� RI� WKH� KHWHURVWUXFWXUHV���� ��� &RPSUHKHQVLYH�

LQYHVWLJDWLRQV�RQ�WKH�PRUSKRORJLFDO�DQG�FRPSRVLWLRQDO�SURSHUWLHV�RI�WKH�.�,Q�6��,Q�2��

QDQRZLUH� KHWHURVWUXFWXUHV� ZDV� IXUWKHU� FRQILUPHG� E\� 7(0� DQG� 67(0�� )LJXUH� ��D��

VKRZV�D�7(0�LPDJH�RI�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUH�REWDLQHG�DW�S+�RI����7KH�

QDQRZLUH� H[KLELWHG� D� GLDPHWHU� DSSUR[LPDWHO\� ���� QP��7KH�7(0� LPDJH� VKRZV� WKDW�

RFFDVLRQDO�.�,Q�6��QDQRSDUWLFOHV�KDYH�EHHQ�GHSRVLWHG�RQ�WKH�QDQRZLUH�VXUIDFH�DORQJ�WKH�

D[LDO�GLUHFWLRQ��7KH�PHDQ�GLDPHWHU�RI�.�,Q�6��QDQRSDUWLFOHV� LV� W\SLFDOO\��±���QP� LQ�

GLDPHWHU�DQG�WKH�GLVWULEXWLRQ�RI�.�,Q�6��QDQRSDUWLFOHV�RQ�WKH�,Q�2��QDQRZLUH�VXUIDFH�LV�

PLFURVFRSLFDOO\� GLVFRQWLQXRXV�� 6SDWLDO� HOHPHQWDO� GLVWULEXWLRQV� RI� ,Q��2�� DQG� 6�ZHUH�

FRQILUPHG�E\�67(0�HOHPHQWDO�PDSSLQJ�DQG�(';�OLQH�SURILOLQJ�RI�WKH�QDQRZLUH��(';�

OLQH�VFDQQLQJ�DFURVV�WKH�QDQRZLUH�KHWHURVWUXFWXUH�UHYHDOV�WKDW�WKH�SURILOHV�RI�,Q�DQG�2�

KDYH�D�EURDG�VSHFWUXP�WKURXJKRXW�WKH�HQWLUH�GLDPHWHU�ZKHUHDV�WKH�SHDNV�IRU�6�DUH�RQO\�

SURPLQHQW�DW�VSHFLILF�UHJLRQ��)LJ����E����ZKHUH�.�,Q�6��QDQRSDUWLFOHV�ZHUH�ORFDWHG��7KH�
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HOHPHQWDO�PDSV��LQ�)LJ����F���FODULI\�WKH�GLVWULEXWLRQ�IRU�HDFK�FRQVWLWXWLQJ�HOHPHQW��,Q��

2�� DQG� 6�� LQ� WKH� .�,Q�6��,Q�2�� QDQRZLUH� KHWHURVWUXFWXUH�� ,W� LV� FRQFOXGHG� WKDW� WKH�

REWDLQHG�VDPSOH�DUH�.�,Q�6��QDQRSDUWLFOHV�GHFRUDWHG�,Q�2��QDQRZLUHV��.�,Q�6��13�,Q�2��

1:��� )LJXUH� ��G�� VKRZV� D� 7(0� LPDJH� RI� .�,Q�6��,Q�2�� QDQRZLUH� KHWHURVWUXFWXUH�

REWDLQHG�DW�S+�RI����7KH�QDQRZLUH�H[KLELWHG�D�VOLJKWO\�VPDOOHU�GLDPHWHU�DURXQG�����QP��

SUREDEO\� EHFDXVH�RI� WKH� KLJK� HWFKLQJ� UDWH�RI� ,Q�2�� QDQRZLUH� VXUIDFH�XQGHU� ORZ�S+�

FRQGLWLRQV�� 8QOLNH� WKH� QDQRZLUHV� REWDLQHG� DW� S+� YDOXH� RI� ��� WKH� QDQRZLUH� SUHVHQW�

UHODWLYHO\�VPRRWK�VXUIDFHV�LQGLFDWLQJ�WKH�OD\HU�JURZWK�GRPLQDWHV��7KH�SUHVHQFH�RI�WKH�

.�,Q�6��OD\HU�LV�FRQILUPHG�E\�ERWK�FKHPLFDO�DQG�VWUXFWXUDO�DQDO\VHV�DERYH��%RWK�(';�

OLQH�VFDQ��)LJ����H���DQG�HOHPHQWDO�PDSSLQJ��)LJ����I���UHVXOWV�FRQILUP�D�KLJKO\�XQLIRUP�

.�,Q�6��FRDWLQJ�RYHU�,Q�2��QDQRZLUHV�ZDV�REWDLQHG�DW�S+�RI����7KH�QDQRZLUH�H[KLELW�D�

FRUH�VKHOO� QDQRZLUH� KHWHURVWUXFWXUH� DQG� WKH� VKHOO� WKLFNQHVV� LV� HVWLPDWHG� WR� EH�

DSSUR[LPDWHO\���±���QP�E\�PDVV�FRQWUDVW�RI�+5�7(0�LPDJH��,W�LV�ZRUWK�QRWKLQJ�WKDW�

ZKLOH�WKH�EXON�.�,Q�6��,Q�2��KHWHURVWUXFWXUHV�DUH�GLIILFXOW�WR�JURZ�GXH�WR�WKH�ODUJH�ODWWLFH�

PLVPDWFK��a�������KRZHYHU��WKH�IHDVLELOLW\�WR�JURZQ�KHWHURVWUXFWXUHV�QDQRZLUHV�ZLWK�

ODUJH� ODWWLFH� PLVPDWFK� KDV� EHHQ� GHPRQVWUDWHG������� ,Q� JHQHUDO�� WKH� JURZWK� RI�

KHWHURVWUXFWXUHG�PDWHULDOV�LV�OLPLWHG�E\�ODWWLFH�PLVPDWFKHV�LQ�SODQDU�V\VWHP��ZKLFK�PD\�

UHVXOW�LQ�SRRU�TXDOLW\�LQWHUIDFHV�ZLWK�KLJK�GHQVLW\�RI�GHIHFWV��7KH�QDQRZLUH�JHRPHWU\�

SURYLGHV� VWUDLQ�PRGLILFDWLRQV� RU� UHGXFWLRQV� WR� WKH� JURZWK� RI�PDWHULDOV� WKDW�PD\� EH�

XQVWDEOH� ZKHQ� JURZQ� RQ� WKLQ� ILOP� RU� EXON� VXEVWUDWHV�� 7KHUHIRUH�� WKH� QDQRZLUH�

KHWHURVWUXFWXUHV�SURYLGH�DQ�LGHDO�SODWIRUP�WR�UHOLHYH�VWUDLQ�DW�LQWHUIDFHV��UHGXFLQJ�WKH�

JHQHUDWLRQ�RI�GHIHFWV����:H�DWWULEXWH�WKH�IRUPDWLRQ�RI�.�,Q�6��,Q�2��FRUH�VKHOO�QDQRZLUH�

KHWHURVWUXFWXUH�KHUHLQ�WR�WKH�DELOLW\�RI�WKH�VWUDLQ�UHOD[DWLRQ�RI�QDQRZLUH�JHRPHWU\��

����2SWLFDO�SURSHUWLHV�RI�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV�

7KH�RSWLFDO�SURSHUWLHV�RI�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV�ZHUH�H[DPLQHG�

XVLQJ�3/� DQG�89�YLV� DEVRUSWLRQ� VSHFWURVFRS\� DW� ���.��)LJXUH���D��GLVSOD\V� WKH�3/�
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VSHFWUD�RI�SXUH�,Q�2��QDQRZLUHV��.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV��DQG�SXUH�.�

,Q�6�� QDQRIODNHV� DW� ���.�� 7KH� SXUH� ,Q�2�� QDQRZLUHV� H[KLELWV� DQ� LQWHQVH� YLVLEOH�

HPLVVLRQ�UDQJLQJ�IURP�����QP�WR�����QP��RULJLQDWHV�IURP�WKH�UHFRPELQDWLRQ�RI�GRQRU�

IURP�R[\JHQ�YDFDQF\�EDQG��92��WR�WKH�DFFHSWRU�EDQG�FRQVLVWV�RI�LQGLXP�YDFDQF\��9,Q��

RU�R[\JHQ�LQGLXP�YDFDQF\�SDLUV��92�9,Q�����7KH�SXUH�.�,Q�6��QDQRIODNHV�UHYHDO�D�VWURQJ�

UHG�HPLVVLRQ�FHQWHUHG�DW�����QP��DWWULEXWH�WR�GHIHFW�HPLVVLRQ�SRVVLEO\�RULJLQDWHV�IURP�

WUDQVLWLRQV� EHWZHHQ� GLIIHUHQW� GHIHFW� OHYHOV� VXFK� DV� VXOIXU� YDFDQF\� �96�� DQG� LQGLXP�

YDFDQF\��9,Q�����$V�WR�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUH��D�VLJQLILFDQW�GHSUHVVLRQ�

LQ�3/�HPLVVLRQ�ZDV�REVHUYHG��,W�KDV�EHHQ�UHSRUWHG�WKDW�WKH�W\SH�,,�EDQG�DOLJQPHQW�LQ�

KHWHURVWUXFWXUHV� ZRXOG� IDFLOLWDWH� WKH� VHSDUDWLRQ� RI� SKRWR�LQGXFHG� FKDUJH� FDUULHUV��

UHVXOWLQJ� LQ� TXHQFKLQJ� RI� 3/� LQWHQVLW\����� ��� :H� DWWULEXWH� WKH� SKRWR�LQGXFHG� FKDUJH�

WUDQVIHU� IURP� .�,Q�6�� WR� ,Q�2�� LV� UHVSRQVLEOH� IRU� WKH� HPLVVLRQ� TXHQFKLQJ� RI� .�

,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV��

)LJXUH� ��E�� GHSLFWV� WKH�89�YLV� DEVRUSWLRQ� VSHFWUD� RI� SXUH� ,Q�2�� QDQRZLUHV��.�

,Q�6��,Q�2�� QDQRZLUH� KHWHURVWUXFWXUHV�� DQG� SXUH�.�,Q�6�� QDQRIODNHV��7KH� SXUH� ,Q�2��

QDQRZLUHV�KDYH�QR�DEVRUEDQFH�LQ�WKH�YLVLEOH�OLJKW��ZLWK�DQ�DEVRUSWLRQ�HGJH�RI�DERXW�����

QP��ZKLFK�LV�FRQVLVWHQW�ZLWK�WKH�RSWLFDO�EDQG�JDS�RI�,Q�2���+RZHYHU��WKH�.�,Q�6��,Q�2��

QDQRZLUH�KHWHURVWUXFWXUHV�VKRZ�D�UHG�VKLIW�RI�WKH�DEVRUSWLRQ�HGJH�WR�a����QP��7KH�.�

,Q�6��QDQRIODNHV�H[KLELW�D�VWURQJ�DEVRUEDQFH�LQ�WKH�YLVLEOH�OLJKW�ZLWK�DQ�DEVRUSWLRQ�HGJH�

DURXQG� ���� QP�� ZKLFK� LV� FRUUHVSRQGLQJ� ZHOO� ZLWK� WKH� EDQG� JDS� RI� .�,Q�6�� LQ� WKH�

OLWHUDWXUH����7KH�UHVXOWV�KHUHLQ�DUH�LQ�DFFRUGDQFH�ZLWK�WKH�FRORU�FKDQJLQJ�IURP�\HOORZ�

WR�RUDQJH�VKRZQ�LQ�)LJ�����FRQILUPLQJ�WKH�YLVLEOH�OLJKW�DEVRUSWLRQ�FDQ�EH�LQFUHDVHG�E\�

GHSRVLWLRQ�RI�.�,Q�6��RQ�,Q�2��QDQRZLUHV��

����%DQG�RIIVHWV�RI�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV�

)RU� VHPLFRQGXFWRU� KHWHURVWUXFWXUHV�� NQRZOHGJH� RI� WKH� YDOHQFH� DQG� FRQGXFWLRQ�

EDQG�RIIVHWV� LV�RI�SDUWLFXODU� LPSRUWDQFH��7KH�EDQG�RIIVHWV�RI�.�,Q�6��,Q�2��QDQRZLUH�
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KHWHURVWUXFWXUHV�ZHUH�GHWHUPLQHG�E\�;36��7KH�;36�VXUYH\�VSHFWUD�LQ�)LJ����D��UHYHDO�

RQO\�,Q��2��6��DQG�&��LQGLFDWLQJ�WKH�KLJK�SXULW\�RI�WKH�VDPSOHV��)LJXUHV���E�±�G��SUHVHQW�

KLJK�UHVROXWLRQ�;36� VSHFWUD� RI� ,Q� �G��2� �V�� DQG� 6� �S�� UHVSHFWLYHO\�� )RU� SXUH� ,Q�2��

QDQRZLUHV��WKH�HPLVVLRQ�IURP�,Q��G�FRUH�OHYHOV��H[KLELWLQJ�WZR�LQWHQVH�SHDNV�DW�������

DQG��������H9�IRU�,Q��G����DQG��G�����UHVSHFWLYHO\��LV�KLJKO\�FRQVLVWHQW�ZLWK�WKH�KLJKHVW�

R[LGDWLRQ�VWDWH�RI�LQGLXP��,Q�����7KH�SHDNV�VKLIWHG�VOLJKWO\�WRZDUG�KLJK�ELQGLQJ�HQHUJ\�

ZKHQ� .�,Q�6�� ZDV� IRUPHG� RQ� ,Q�2�� QDQRZLUHV�� 7KLV�PD\� GXH� WR� WKH� FKDQJH� LQ� WKH�

FKHPLFDO�HQYLURQPHQW�RI� WKH� LQGLXP�DWRPV� LQYROYLQJ�D�UHGLVWULEXWLRQ�RI� WKH�YDOHQFH�

HOHFWURQ�FKDQJHV��ZKLFK�LQIOXHQFHG�WKH�SRWHQWLDO�RI�WKH�FRUH�HOHFWURQV�WKDW�UHVXOWV�LQ�WKH�

VKLIW�RI�WKH�ELQGLQJ�HQHUJLHV��7KH�2��V�DQG�6��S�FRUH�OHYHO�VSHFWUD�ZHUH�ILWWHG�XVLQJ�

6KLUOH\�DQG�9RLJW�IXQFWLRQV��7KH�R[\JHQ�DWRPV�WKDW�DUH�ERXQG�WR�LQGLXP�DWRPV�LQ�WKH�

VWUXFWXUH� JLYH� ULVH� WR� DQ�2��V� SHDN� FORVH� WR� ������ H9�� DQG� D�KLJKHU�ELQGLQJ� HQHUJ\�

FRPSRQHQW��FHQWHUHG�DW�������H9�LV�DWWULEXWHG�WR�DGVRUEHG�K\GUR[\OV��)LJ����F����7KH�6�

�S� FRUH�OHYHO� VSHFWUD� VKRZQ� LQ� )LJ�� ��G�� ZHUH� GHFRQYROXWHG� LQWR� WZR� FRPSRQHQWV��

ORFDWHG� DW� ������ DQG� ������� H9�� UHVSHFWLYHO\�� 7KH� ORZHU� ELQGLQJ� HQHUJ\� SHDN� LV�

DWWULEXWHG�WR�,Q�6�RI�.�,Q�6���ZKHUHDV�WKH�KLJKHU�HQHUJ\�SHDN�LV�DVVLJQHG�WR�WKH�6�2�GXH�

WR� VXUIDFH� R[LGDWLRQ�� 0RUHRYHU�� DQ� DGGLWLRQDO� ORZ� LQWHQVLW\�� KLJK� ELQGLQJ� HQHUJ\�

FRPSRQHQW�FHQWHUHG�DW�������H9�ZDV�DOVR�UHTXLUHG��7KH�H[WUD�FRPSRQHQW�LV�DWWULEXWHG�

WR�WUDFH�DPRXQW�RI�6��RQ�WKH�VXUIDFH��7KH�ELQGLQJ�HQHUJLHV�IRU�,Q��G�DQG�6��S�RI�.�,Q�6��

QDQRIODNHV�ZHUH�LQ�DFFRUGDQFH�ZLWK�WKH�GDWD�UHSRUWHG�IRU�,Q�6��LQ�WKH�OLWHUDWXUH����

� � � � 7KH�YDOHQFH�EDQG�;36�VSHFWUD�DUH�VKRZQ�LQ�)LJ����H���7KH�SRVLWLRQ�RI�WKH�YDOHQFH�

EDQG� PD[LPXP� �9%0�� ZLWK� UHVSHFW� WR� WKH� )HUPL� OHYHO� ZDV� GHWHUPLQHG� E\� WKH�

LQWHUVHFWLRQ�RI�OLQHDU�ILWV�WR�WKH�OHDGLQJ�HGJH�RI�WKH�YDOHQFH�EDQG�SKRWRHPLVVLRQ�DQG�WKH�

EDFNJURXQG��7KH�YDOHQFH�EDQG�RIIVHWV�RI�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV�ZHUH�

GHWHUPLQHG� IURP� WKH� HQHUJ\� VHSDUDWLRQ� EHWZHHQ� WKH� FRUH�OHYHOV� LQ� WKH�.�,Q�6��,Q�2��

VDPSOH�DQG�WKH�9%0�WR�FRUH�OHYHO�VHSDUDWLRQ�LQ�SXUH�,Q�2��DQG�.�,Q�6��QDQRIODNHV��DV�
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8VLQJ�WKH�RSWLFDO�EDQG�JDS�HQHUJ\�RI������DQG������H9��GHWHUPLQHG�IURP�DEVRUSWLRQ�

VSHFWUD��)LJ����E���RI�SXUH�,Q�2��QDQRZLUHV�DQG�.�,Q�6��QDQRIODNHV��ERWK�.�,Q�6��,Q�2��

QDQRZLUH�KHWHURVWUXFWXUHV�DUH�IRXQG�WR�KDYH�D�W\SH�,,�EDQG�DOLJQPHQW�DV�VKRZQ�LQ�)LJ��

���ZLWK�D�FRUUHVSRQGLQJ�YDOHQFH�EDQG�RIIVHW�RI������DQG������H9��UHVSHFWLYHO\��

$OWKRXJK�WKH�FDUULHU�FRQFHQWUDWLRQ�RI�.�,Q�6��LV�FUXFLDO�WR�H[SODLQ�WKH�GLIIHUHQFHV�

LQ�EDQG�RIIVHW��WKH�QDQRVFDOH�JHRPHWU\�PDNHV�WKHP�LQKHUHQWO\�GLIILFXOW�WR�FKDUDFWHUL]H��

+HUH��ZH�DWWULEXWH�WKH�YDULDWLRQ�RI�EDQG�RIIVHW�WR�GLIIHUHQW�FDUULHU�FRQFHQWUDWLRQ�RI�.�

,Q�6��GXH�WR�GLIIHUHQW�VXUIDFH�JHRPHWU\�RI�QDQRZLUH�KHWHURVWUXFWXUHV��,W�LV�ZHOO�NQRZQ�

WKDW�WKH�VXUIDFH�WR�YROXPH�UDWLR�RI�QDQRSDUWLFOHV�LV�ODUJHU�WKDQ�QDQRZLUHV��DQG�WKH�FDUULHU�

FRQFHQWUDWLRQ�RI�.�,Q�6��LV�DOWHUHG�E\�WKH�DGVRUSWLRQ�DQG�GHSOHWLRQ�RI�VXUIDFH�DGVRUEHG�

PROHFXOHV��'XH�WR�WKH�GLIIHUHQFH�LQ�JHRPHWU\�DQG�VXUIDFH�DUHD��WKH�VXUIDFH�GHSOHWLRQ�

UHJLRQ�RI�.�,Q�6��13�,Q�2��1:V�LV�VOLJKWO\�ODUJHU�WKDQ�WKRVH�RI�.�,Q�6��,Q�2��&�6�1:��

7KHUHIRUH��D�ORZHU�FDUULHU�FRQFHQWUDWLRQ�RI�.�,Q�6��QDQRSDUWLFOHV�RQ�,Q�2��QDQRZLUH�ZDV�

IRXQG��ZKLFK�OHDGV�WR�D�VPDOOHU�YDOHQFH�EDQG�RIIVHW�LQ�.�,Q�6��13�,Q�2��1:��

����0HDVXUHPHQW�RI�SKRWR�LQGXFHG�FKDUJH�VHSDUDWLRQ�HIILFLHQF\�

7KH� DERYH� UHVXOWV� LQGLFDWH� ERWK� .�,Q�6��,Q�2��QDQRZLUH� KHWHURVWUXFWXUHV� DUH� RI�

W\SH�,,�EDQG�DOLJQPHQW��:H�H[SHFW�WKDW�WKH�SKRWR�LQGXFHG�FKDUJH�VHSDUDWLRQ�HIILFLHQF\�

FRXOG� EH� HQKDQFHG� VLJQLILFDQWO\� LQ� .�,Q�6��,Q�2�� QDQRZLUH� KHWHURVWUXFWXUHV�� 7LPH�

UHVROYHG�3/�KDV� EHHQ�ZLGHO\� HPSOR\HG� WR� LQYHVWLJDWH� WKH� NLQHWLFV� RI�SKRWR�LQGXFHG�

SURFHVV�RFFXUULQJ�LQ�PDWHULDOV�������7KH�LQWHUIDFLDO�FKDUJH�WUDQVIHU�SURSHUW\�RI�W\SH�,,�.�

,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUH�KDV�EHHQ�LQYHVWLJDWHG�E\�WLPH�UHVROYHG�3/��)LJXUH�

�� UHSUHVHQWV� WKH� WLPH�UHVROYHG�3/�VSHFWUD�RI�SXUH� ,Q�2�� DQG�.�,Q�6��,Q�2��QDQRZLUH�

KHWHURVWUXFWXUHV�� ([SRQHQWLDO� GHFD\� WLPH� FRQVWDQWV� ZHUH� REWDLQHG� XVLQJ� QRQ�OLQHDU�
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ILWWLQJ� WR� D� PRGHO� IXQFWLRQ� WKDW� FRPSRVHG� E\� WKH� FRQYROXWLRQ� RI� D� *DXVVLDQ�ILWWHG�

LQVWUXPHQW�UHVSRQVH�IXQFWLRQ��,5)��DQG�DQ�H[SRQHQWLDO�GHFD\�IXQFWLRQ��,Q�WKH�FDVH�RI�

SXUH�,Q�2��QDQRZLUHV��WKH�ILWWHG�GHFD\�FRQVWDQW�LV������QV��ZKLFK�LV�IDU�VKRUWHU�WKDQ�WKH�

IXOO� ZLGWK� KDOI� PD[LPXP� �):+0�� RI� ,5)� ������ QV��� LQGLFDWLQJ� WKH� SKRWR�LQGXFHG�

FDUULHU�UHFRPELQDWLRQ�OLIHWLPH�LV�VKRUWHU�WKDQ�WKH�UHVROXWLRQ�RI�LQVWUXPHQW��+RZHYHU��WKH�

GHFD\�FRQVWDQWV�RI�.�,Q�6��,Q�2��&�6�1:V��S+ ���DQG�.�,Q�6��13�,Q�2��1:V��S+ ���

DUH����� DQG�����QV�� UHVSHFWLYHO\�� WKDW� LV� RQH� IRXUWK�RI� WKH�):+0�RI� ,5)��7KLV� VORZ�

UHFRPELQDWLRQ�SURFHVV�FDQ�EH�XQGHUVWRRG�EDVHG�RQ�WKH�VSDWLDOO\�VHSDUDWHG�HOHFWURQV�DQG�

KROHV�LQ�D�W\SH�,,�EDQG�DOLJQPHQW��1RWDEO\��WKHUH�LV�D�FOHDU�WLPH�GHOD\��a�����QV��LQ�WKH�

OXPLQHVFHQFH�SHDN�IRU�.�,Q�6��13�,Q�2��1:V��LQGLFDWLQJ�WKH�UHFRPELQDWLRQ�UDWH�KDV�

EHHQ�GHFUHDVHG��7KH�.�,Q�6��13�,Q�2��1:V�H[KLELW�VLJQLILFDQW�SKRWR�LQGXFHG�FDUULHU�

OLIH�WLPH�LPSURYHPHQW�FRPSDUHG�WR�.�,Q�6��,Q�2��&�6�1:V��SRVVLELOLW\�GXH�WR�D�VKRUWHU�

FKDUJH�FDUULHU�WUDQVSRUW�SDWK��ZKLFK�HQVXUHV�UDSLG�FKDUJH�VHSDUDWLRQ�DW�LQWHUIDFH��)XUWKHU�

VWXG\�LV�QHHGHG�WR�HOXFLGDWH�WKH�HIIHFW�RI�PRUSKRORJ\�DQG�JHRPHWU\�RI�RXW�VKHOO�PDWHULDO�

RQ�LQWHUIDFH�FKDUJH�WUDQVIHU�HIILFLHQF\��

����9LVLEOH�OLJKW�GULYHQ�SKRWRFDWDO\WLF�DFWLYLW\�

7R�YHULI\�WKH�SKRWR�LQGXFHG�FKDUJH�VHSDUDWLRQ�HIILFLHQF\�RI�.�,Q�6��,Q�2��QDQRZLUH�

KHWHURVWUXFWXUHV��ZH�SHUIRUPHG�SKRWR�GHJUDGDWLRQ�H[SHULPHQWV�E\�XVLQJ�0HWK\O�%OXH�

�0%��DV�WKH�SUREH�PROHFXOH��7KH�GHFRORUL]DWLRQ�RI�0%�XQGHU�YLVLEOH�OLJKW�LOOXPLQDWLRQ�

FDQ�EH�XVHG�WR�HYDOXDWH�WKH�SKRWR�LQGXFHG�FKDUJH�VHSDUDWLRQ�HIILFLHQF\�DQG�YLVLEOH�OLJKW�

UHVSRQVHV�RI�WKH�VDPSOH��)LJXUH���D��VKRZV�WKH�SKRWR�GHJUDGDWLRQ�RI�0%�DV�D�IXQFWLRQ�

RI�LUUDGLDWLRQ�WLPH�RYHU�GLIIHUHQW�VDPSOHV��)RU�WKH�DGVRUSWLRQ�LQ�WKH�GDUN��DOO�VDPSOHV�

H[KLELWHG�FRPSDUDEOH�DGVRUSWLRQ�FDSDFLW\��ZKLFK�LV�SUREDEO\�DWWULEXWH�WKH�VPDOO�DPRXQW�

RI�FDWDO\VWV������±�����PJ���,W�LV�FOHDUO\�VHHQ�WKDW�WKH�SXUH�,Q�2��QDQRZLUHV�GR�QRW�VKRZ�

DQ\�SKRWRFDWDO\WLF�DFWLYLW\�XQGHU�YLVLEOH� OLJKW� LOOXPLQDWLRQ�GXH� WR� LWV� UHODWLYHO\�ZLGH�

EDQG� JDS� HQHUJ\� ������ H9��� 7KH� .�,Q�6�� QDQRIODNHV� VKRZ� YLVLEOH�OLJKW� GULYHQ�
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SKRWRFDWDO\WLF�DFWLYLW\�RQ�DFFRXQW�RI�WKHLU�VPDOO�RSWLFDO�EDQG�JDS�������H9��DQG�ODUJH�

VXUIDFH� DUHD�� 7KH� UHVXOWV� LV� QRW� VXUSULVLQJ� EHFDXVH� ,Q�6�� QDQRVWUXFWXUHV� KDYH� EHHQ�

UHSRUWHG� ZLWK� YLVLEOH�OLJKW� SKRWRFDWDO\WLF� DFWLYLW\������� %RWK� .�,Q�6��,Q�2�� QDQRZLUH�

KHWHURVWUXFWXUHV� H[KLELW� HQKDQFHG� SKRWRFDWDO\WLF� DFWLYLW\� XQGHU� YLVLEOH� OLJKW�

LOOXPLQDWLRQ��ZKLFK�FDQ�EH�DFFRXQWHG�IRU�WKH�HIIHFWLYH�FKDUJH�VHSDUDWLRQ�HIILFLHQF\�DQG�

HQKDQFHG�YLVLEOH�OLJKW�DEVRUSWLRQ�RI�W\SH�,,�KHWHURVWUXFWXUH��8QGHU�OLJKW�LUUDGLDWLRQ��WKH�

SKRWR�LQGXFHG�HOHFWURQV�IURP�WKH�FRQGXFWLRQ�EDQG�RI�.�,Q�6��WUDQVIHU�LQWR�,Q�2���DQG�

KROHV�LQ�WKH�YDOHQFH�EDQG�RI�,Q�2��WUDQVIHU�WR�.�,Q�6���7KH�SKRWR�LQGXFHG�KROHV�ZHUH�

WUDSSHG�E\�VXUIDFH�K\GUR[\O�RU�ZDWHU�PROHFXOHV�WR�IRUP�KLJK�UHDFWLYH�K\GUR[\O�UDGLFDO�

VSHFLHV���2+���ZKLFK�ZLOO�R[LGL]H�G\H�WR�&2���0HDQZKLOH��WKH�HOHFWURQV�ZHUH�FDSWXUHG�

E\�2�� RQ� WKH� VXUIDFH��ZKLFK� UHVXOWV� LQ� WKH� IRUPDWLRQ� RI� UHDFWLYH� SHUR[LGH�2�
��� 7KH�

WUDQVIHU�RI�HOHFWURQV�DQG�KROHV�LQ�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV�LQFUHDVHV�WKH�

\LHOG�DQG�OLIHWLPH�RI�FKDUJH�FDUULHUV��DV�ZHOO�DV�UHGXFHV�WKH�UHFRPELQDWLRQ�RI�HOHFWURQV�

DQG�KROHV��7KH�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV�QRW�RQO\�H[WHQG�WKH�YLVLEOH�OLJKW�

DEVRUSWLRQ�EXW�DOVR�VORZ�GRZQ�WKH�HOHFWURQ�KROH�SDLU� UHFRPELQDWLRQ�UDWH��%RWK� WKHVH�

WZR�HIIHFWV�FRQWULEXWHG�WR�HQKDQFHG�YLVLEOH�OLJKW�SKRWRFDWDO\WLF�DFWLYLW\��)XUWKHUPRUH��

WKH�.�,Q�6��QDQRSDUWLFOHV�FRXOG�SURYLGH�D�VKRUWHU�SDWKZD\�IRU�WKH�PLJUDWLRQ�RI�SKRWR�

LQGXFHG� FKDUJH� FDUULHUV��ZKHUHDV� WKH�KHWHURMXQFWLRQ� DW�.�,Q�6��,Q�2�� LQWHUIDFH� FRXOG�

UHGXFH�WKH�UHFRPELQDWLRQ�SUREDELOLW\�RI�SKRWR�LQGXFHG�HOHFWURQV�DQG�KROHV�WKURXJK�DQ�

LQWHUQDO�HOHFWULF�ILHOG�DQG�WKXV�OHDGV�WR�D�KLJKHU�SKRWRFDWDO\WLF�HIILFLHQF\��6SHFLILFDOO\��

WKH� .�,Q�6�� QDQRSDUWLFOHV� GHFRUDWHG� ,Q�2�� QDQRZLUH� KHWHURVWUXFWXUH� VKRZV� D� KLJKHU�

SKRWRFDWDO\WLF�DFWLYLW\�FRPSDUHG�WR�.�,Q�6��,Q�2��FRUH�VKHOO�QDQRZLUH��DWWULEXWHG�WR�WKH�

VLJQLILFDQW�FDUULHU�OLIH�WLPH�LPSURYHPHQW�REVHUYHG�LQ�75�3/�UHVXOWV��

)RU� VXVWDLQDELOLW\� FRQFHUQ�� WKH� .�,Q�6�� QDQRSDUWLFOHV� GHFRUDWHG� ,Q�2�� QDQRZLUH�

KHWHURVWUXFWXUH� VDPSOH� ZDV� H[DPLQHG� IRU� WKHLU� DQWL�SKRWRFRUURVLRQ� SURSHUWLHV�� 7KH�

SKRWRFDWDO\WLF� VWDELOLW\� WHVW� XQGHU� YLVLEOH� OLJKW� LUUDGLDWLRQ� RI� .�,Q�6�� QDQRSDUWLFOHV�
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GHFRUDWHG� ,Q�2��QDQRZLUH�KHWHURVWUXFWXUH� VDPSOH� LV� VKRZQ� LQ�)LJ����E���7KH�VDPSOH�

H[KLELWHG�JRRG�SKRWR�VWDELOLW\�DQG�VKRZHG�QR�QRWLFHDEOH�ORVV�RI�SKRWRFDWDO\WLF�DFWLYLW\�

DIWHU���F\FOHV��7KH�UHVXOWV�VXJJHVW�WKDW�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV�H[KLELW�

D�VWDEOH�DFWLYLW\�WRZDUG�GHJUDGDWLRQ�RI�RUJDQLF�SROOXWDQW��

�� &RQFOXVLRQV�

7KLV� ZRUN� GHPRQVWUDWHG� D� K\GURWKHUPDOO\� DVVLVWHG� VXOIXUL]DWLRQ� SURFHVV� IRU�

V\QWKHVL]LQJ� .�,Q�6��,Q�2�� QDQRZLUH� KHWHURVWUXFWXUHV�� 7ZR� GLVWLQFW� QDQRZLUH�

KHWHURVWUXFWXUHV��.�,Q�6��QDQRSDUWLFOHV� GHFRUDWHG� ,Q�2�� QDQRZLUHV� DQG�.�,Q�6��,Q�2��

FRUH�VKHOO�QDQRZLUHV�ZHUH�REWDLQHG�UHVSHFWLYHO\��E\�FRQWUROOLQJ�WKH�S+�FRQGLWLRQ�GXULQJ�

VXOIXUL]DWLRQ� SURFHVV�� 7KH� .�,Q�6��,Q�2�� QDQRZLUH� KHWHURVWUXFWXUHV� H[KLELW� D�

VLJQLILFDQWO\� GHFUHDVHG� YLVLEOH� OLJKW� HPLVVLRQ� DQG� HQKDQFHG� YLVLEOH� OLJKW� DEVRUSWLRQ�

FRPSDUHG� ZLWK� WKH� SXUH� ,Q�2�� 1:V�� UHYHDOLQJ� DQ� HIILFLHQW� SKRWR�LQGXFHG� FKDUJH�

VHSDUDWLRQ�HIILFLHQF\��7KH�EDQG�RIIVHW�RI�.�,Q�6���,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV�ZDV�

LGHQWLILHG� DV� D� W\SH�,,� EDQG� DOLJQPHQW�� 7LPH�UHVROYHG� SKRWROXPLQHVFHQFH� UHVXOWV�

LQGLFDWHV� WKDW� WKH� W\SH�,,�.�,Q�6��,Q�2��QDQRZLUH� KHWHURVWUXFWXUHV� H[KLELW� VLJQLILFDQW�

SKRWR�LQGXFHG�FDUULHU� OLIH� WLPH�LPSURYHPHQW��ZKLFK�LV�FDXVHG�E\�SURPRWHG�HIIHFWLYH�

FKDUJH� VHSDUDWLRQ� RI� VWDJJHUHG� EDQG� RIIVHW�� %\� PHDVXULQJ� WKH� YLVLEOH�OLJKW� GULYHQ�

SKRWRFDWDO\WLF� DFWLYLW\� RI� VDPSOHV�� ZH� GHPRQVWUDWHG� WKDW� WKH� .�,Q�6�� QDQRSDUWLFOHV�

GHFRUDWHG�,Q�2��QDQRZLUH�KHWHURVWUXFWXUH�VKRZV�D�KLJK�SKRWRFDWDO\WLF�DFWLYLW\��ZKLFK�

FDQ�EH�ZHOO�DFFRXQWHG� IRU�E\� WKH�FDUULHU� OLIH� WLPH� LPSURYHPHQW�RI� VDPSOH��:LWK� WKH�

VLJQLILFDQW�SKRWR�LQGXFHG�FKDUJH�VHSDUDWLRQ�SURSHUW\�DQG�YLVLEOH�DEVRUSWLRQ�FDSDELOLW\��

WKH� SUHVHQW� .�,Q�6��,Q�2�� QDQRZLUH� KHWHURVWUXFWXUHV� PD\� EH� SURPLVLQJ� LQ� UHOHYDQW�

SKRWR�FRQYHUVLRQ�DSSOLFDWLRQV��

$FNQRZOHGJPHQWV�

7KH�DXWKRUV�ZRXOG�OLNH�WR�WKDQN�WKH�0LQLVWU\�RI�6FLHQFH�DQG�7HFKQRORJ\�RI�WKH�

5HSXEOLF�RI�&KLQD��7DLZDQ��IRU�ILQDQFLDOO\�VXSSRUWLQJ�WKLV�UHVHDUFK�XQGHU�&RQWUDFW�1R��
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��� )��$��3RQFH�DQG�'��3��%RXU��1DWXUH����������������������

��� <��2KQR��'��.��<RXQJ��%��%HVFKRWHQ��)��0DWVXNXUD��+��2KQR�DQG�'��'��

$ZVFKDORP��1DWXUH����������������������

��� -��.��+\XQ��6��=KDQJ�DQG�/��-��/DXKRQ��LQ�$QQXDO�5HYLHZ�RI�0DWHULDOV�

5HVHDUFK��9RO�����HG��'��5��&ODUNH��������YRO������SS�����������

��� <��:DQJ��4��:DQJ��;��=KDQ��)��:DQJ��0��6DIGDU�DQG�-��+H��1DQRVFDOH��������

��������������

��� $��.XGR�DQG�<��0LVHNL��&KHPLFDO�6RFLHW\�5HYLHZV���������������������

��� =��=KDQJ��:��:DQJ��/��:DQJ�DQG�6��6XQ��$FV�$SSOLHG�0DWHULDOV�	�,QWHUIDFHV��

������������������

��� <��7DN��+��.LP��'��/HH�DQG�.��<RQJ��&KHPLFDO�&RPPXQLFDWLRQV��������'2,��

��������E������J�������������

��� 3��:X��7��6XQ��<��'DL��<��6XQ��<��<H�DQG�/��'DL��&U\VWDO�*URZWK�	�'HVLJQ��

���������������������

��� '��6DUNDU��&��.��*KRVK��6��0XNKHUMHH�DQG�.��.��&KDWWRSDGK\D\��$FV�$SSOLHG�

0DWHULDOV�	�,QWHUIDFHV��������������������

���� 0��%DVX��1��*DUJ�DQG�$��.��*DQJXOL��-RXUQDO�RI�0DWHULDOV�&KHPLVWU\�$��������

��������������

���� &��&KHQJ��$��$PLQL��&��=KX��=��;X��+��6RQJ�DQG�1��:DQJ��6FLHQWLILF�5HSRUWV��

���������������

���� &��-��/LQ��<��+��<X�DQG�<��+��/LRX��$SSOLHG�&DWDO\VLV�%�(QYLURQPHQWDO��������

�������������

���� <��%��7DQJ��=��+��&KHQ��+��6��6RQJ��&��6��/HH��+��7��&RQJ��+��0��&KHQJ��:��-��

=KDQJ��,��%HOOR�DQG�6��7��/HH��1DQR�/HWWHUV����������������������

���� .��:DQJ��-��-��&KHQ��=��0��=HQJ��-��7DUU��:��/��=KRX��<��=KDQJ��<��)��<DQ��&��

6��-LDQJ��-��3HUQ�DQG�$��0DVFDUHQKDV��$SSOLHG�3K\VLFV�/HWWHUV������������

��������

���� &��/L��'��+��=KDQJ��;��/��/LX��6��+DQ��7��7DQJ��-��+DQ�DQG�&��:��=KRX��

$SSOLHG�3K\VLFV�/HWWHUV�����������������������

���� 6��4��/L��<��;��/LDQJ�DQG�7��+��:DQJ��$SSOLHG�3K\VLFV�/HWWHUV�����������������

������

���� '��+��=KDQJ��=��4��/LX��&��/L��7��7DQJ��;��/��/LX��6��+DQ��%��/HL�DQG�&��:��

=KRX��1DQR�/HWWHUV����������������������

���� 6��.DU��6��&KDNUDEDUWL�DQG�6��&KDXGKXUL��1DQRWHFKQRORJ\�����������������

������

���� � � $��7LPRXPL��+��%RX]RXLWD��0��.DQ]DUG�DQG�%��%H]LJ��7KLQ�6ROLG�)LOPV��������

������������������
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���� � � .��+��3DUN��.��-DQJ�DQG�6��8��6RQ��$QJHZ��&KHP��,QW��(G������������������

������

���� � � 3��=KDR��7��+XDQJ�DQG�.��+XDQJ��-��3K\V��&KHP��&���������������������������

���� � � <��+H��'��/L��*��;LDR��:��&KHQ��<��&KHQ��0��6XQ��+��+XDQJ��;��)X��-��3K\V��

&KHP��&�������������������������

���� � � <��+��.LP��-��+��/HH��'��:��6KLK��6��0��3DUN��-��6��0RRQ��-��*��1DP��-��%��<RR��

&KHP��&RPPXQ������������������������

���� +��/L��&��&KHQ��;��+XDQJ��<��/HQJ��0��+RX��;��;LDR��-��%DR��-��<RX��:��

=KDQJ��<��:DQJ��-��6RQJ��<��:DQJ��4��/LX�DQG�*��$��+RSH��-RXUQDO�RI�3RZHU�

6RXUFHV����������������������

���� ;��<DQJ��-��;X��7��:RQJ��4��<DQJ�DQG�&��6��/HH��3K\VLFDO�&KHPLVWU\�

&KHPLFDO�3K\VLFV�������������������������

���� =��6XQ��$��.XPEKDU��.��6XQ��4��/LX�DQG�-��)DQJ��&KHPLFDO�&RPPXQLFDWLRQV��

������'2,����������E������I�������������

���� 7��1RPXUD��<��.RXVDND��0��$ORQVR�DQG�0��)XNXQDJD��-RXUQDO�RI�&ROORLG�DQG�

,QWHUIDFH�6FLHQFH����������������������

���� 0��/HH�DQG�.��<RQJ��1DQRWHFKQRORJ\��������������������

���� 1��6NROG��/��6��.DUOVVRQ��0��:��/DUVVRQ��0��(��3LVWRO��:��6HLIHUW��-��7UDJDUGK�

DQG�/��6DPXHOVRQ��1DQR�/HWWHUV����������������������

���� 3��&DURII��0��(��0HVVLQJ��%��0��%RUJ��.��$��'LFN��.��'HSSHUW�DQG�/��(��

:HUQHUVVRQ��1DQRWHFKQRORJ\��������������������

���� ;��)DQ��0��/��=KDQJ��,��6KDILT��:��-��=KDQJ��&��6��/HH�DQG�6��7��/HH��

$GYDQFHG�0DWHULDOV�����������������������

���� <��0\XQJ��'��0��-DQJ��7��.��6XQJ��<��-��6RKQ��*��%��-XQJ��<��-��&KR��+��6��

.LP�DQG�-��3DUN��$FV�1DQR����������������������

���� (��(UWHNLQ��3��$��*UHDQH\��'��&��&KU]DQ�DQG�7��'��6DQGV��-RXUQDO�RI�$SSOLHG�

3K\VLFV��������������������

���� &��+��+R��&��+��&KDQ��/��&��7LHQ�DQG�<��6��+XDQJ��-RXUQDO�RI�3K\VLFDO�

&KHPLVWU\�&��������������������������

���� &��+��+R�DQG�<��3��:DQJ��2SWLFDO�0DWHULDOV�([SUHVV����������������������

���� <��)��/LQ�DQG�<��-��+VX��$SSOLHG�&DWDO\VLV�%�(QYLURQPHQWDO��������������������

���� ;��:DQJ��+��=KX��<��;X��+��:DQJ��<��7DR��6��+DUN��;��;LDR�DQG�4��/L��$FV�

1DQR����������������������

���� %��3HMRYD�DQG�,��%LQHYD��-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�&������������������

������

���� )��<H��*��'X��=��-LDQJ��<��=KRQJ��;��:DQJ��4��&DR�DQG�-��=��-LDQJ��1DQRVFDOH��

��������������������

���� +��3��6RQJ��$��/��<DQJ��+��<��:HL��<��*XR��%��=KDQJ��*��/��=KHQJ��6��<��<DQJ��
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;��/��/LX��4��6��=KX��=��*��:DQJ��7��<��<DQJ�DQG�+��+��:DQJ��$SSOLHG�3K\VLFV�

/HWWHUV��������������������

���� &��-��'RQJ��:��;��<X��0��;X��-��-��&DR��&��&KHQ��:��:��<X�DQG�<��'��:DQJ��

-RXUQDO�RI�$SSOLHG�3K\VLFV���������������������

���� 5��'��6FKDOOHU��0��6\NRUD��6��-HRQJ�DQG�9��,��.OLPRY��-RXUQDO�RI�3K\VLFDO�

&KHPLVWU\�%��������������������������

���� &��+��:DQJ��7��7��&KHQ��<��)��&KHQ��0��/��+R��&��:��/DL�DQG�3��7��&KRX��

1DQRWHFKQRORJ\��������������������

���� .��+DQWNH��-��'��+HEHU��&��6FKOLFKHQPDLHU��$��7KUDQKDUGW��7��0HLHU��%��

.XQHUW��.��9RO]��:��6WRO]��6��:��.RFK�DQG�:��:��5XKOH��3K\VLFDO�5HYLHZ�%��

������������������

���� :��'X��-��=KX��6��/L�DQG�;��4LDQ��&U\VWDO�*URZWK�	�'HVLJQ����������������

������

���� <��+H��'��/L��*��;LDR��:��&KHQ��<��&KHQ��0��6XQ��+��+XDQJ�DQG�;��)X��

-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�&������������������������

���� ;��)X��;��:DQJ��=��&KHQ��=��=KDQJ��=��/L��'��<��&��/HXQJ��/��:X�DQG�;��)X��

$SSOLHG�&DWDO\VLV�%�(QYLURQPHQWDO���������������������

���� 6��5HQJDUDM��6��9HQNDWDUDM��&��:��7DL��<��.LP��(��5HSR�DQG�0��6LOODQSDD��

/DQJPXLU�����������������������
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)LJXUH�&DSWLRQV�

)LJXUH����)(�6(0�LPDJHV�RI��D��DV�JURZQ�,Q�2��QDQRZLUHV��,Q�2��QDQRZLUHV�DIWHU�

VXOIXUL]DWLRQ�E\�7$$�DW�JLYHQ�S+�VROXWLRQV���E��S+ ����F��S+ ����G��S+ ���,QVHW�

VKRZV�RSWLFDO�LPDJH�RI�VDPSOH��

)LJXUH����;5'�SDWWHUQV�RI�DV�JURZQ�,Q�2��QDQRZLUHV�DQG�,Q�2��QDQRZLUHV�DIWHU�

VXOIXUL]DWLRQ�E\�7$$�SUHFXUVRU�DW�GLIIHUHQW�S+�YDOXHV��

)LJXUH�����D��7(0�LPDJH�RI�.�,Q�6��KLHUDUFKLDO�QDQRVWUXFWXUHV�V\QWKHVL]HG�DW�S+ ���

�E��7(0�LPDJH�RI�D�VLQJOH�,Q�6��KLHUDUFKLDO�QDQRVWUXFWXUH���G��VHOHFWHG�DUHD�

GLIIUDFWLRQ�SDWWHUQV�RI�VLQJOH�,Q�6��KLHUDUFKLDO�QDQRVWUXFWXUH�WDNHQ�DORQJ�>���@�DQG��G��

>���@�]RQH�D[LV��

)LJXUH�����D��7(0�LPDJH���E��(';�OLQH�VFDQ�SURILOH��DQG��F��(';�HOHPHQWDO�PDSSLQJ�

RI�D�VLQJOH�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUH�V\QWKHVL]HG�DW�S+ ����G��7(0�

LPDJH���H��(';�OLQH�VFDQ�SURILOH��DQG��I��(';�HOHPHQWDO�PDSSLQJ�RI�D�VLQJOH�.�

,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUH�V\QWKHVL]HG�DW�S+ ���

)LJXUH�����D��3/�DQG��E��89�YLVLEOH�DEVRUSWLRQ�VSHFWUD�RI�DV�JURZQ�,Q�2��QDQRZLUHV�

DQG�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV��

)LJXUH�����D��)XOO�VXUYH\���E��,Q��G���F��2��V���G��6��S��DQG��H��YDOHQFH�EDQG�;36�

VSHFWUD�RI�DV�JURZQ�,Q�2��QDQRZLUHV�DQG�.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV��

)LJXUH����6FKHPDWLF�GLDJUDP�IRU�WKH�EDQG�RIIVHW�LQ��D��.�,Q�6��QDQRSDUWLFOH�,Q�2��

QDQRZLUH�DQG��E��.�,Q�6���,Q�2��FRUH�VKHOO�QDQRZLUH��

)LJXUH����7LPH�UHVROYHG�SKRWROXPLQHVFHQFH�VSHFWUD�RI�,Q�2��QDQRZLUHV�DQG�

.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV��

)LJXUH�����D��9LVLEOH�OLJKW�GULYHQ�SKRWRFDWDO\WLF�SHUIRUPDQFH�RI�,Q�2��QDQRZLUHV�DQG�

.�,Q�6��,Q�2��QDQRZLUH�KHWHURVWUXFWXUHV���E��3KRWRFDWDO\WLF�VWDELOLW\�WHVW�RQ�.�,Q�6��

QDQRSDUWLFOH�,Q�2��QDQRZLUH�KHWHURVWUXFWXUH��
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Type-II α-In2S3/In2O3 nanowire heterostructures exhibit significant photo-induced 

carrier life time improvement and visible-light-driven photocatalytic activity. 
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