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$EVWUDFW��:LWK� WKH� DLP�RI� ILQGLQJRXW� WKH� DSSURSULDWH�EXIIHU� OD\HUV� IRU RUJDQLF� VRODU� FHOOV �26&���7L2� DQG�=Q2�RQ�
,72�JODVV�ZHUH�SUHSDUHG�DV�QDQRURG�OLNH�WKLQ�ILOPV� 7KH�7L2� ILOPV�ZHUH�FU\VWDOO\]HG�LQ�WKH�DQDWDVH�SKDVH�DQG�WKH�=Q2�
ILOPV� LQ�WKH�ZXUW]LWH�VWUXFWXUH��7KH�QDQRURGV�LQ�ERWK�WKH�ILPV�KDYH�D�VLPLODU�VL]H�RI����WR����QP�LQ�GLDPHWHU�DQG����WR�
���QP� LQ� OHQJWK��7KH�QDQRURGV�KDYH�DQ�RULHQWDWLRQ�QHDUO\�SHUSHQGLFXODU� WR WKH ,72�VXEVWUDWH� VXUIDFH��)URP�89�9LV�
GDWD� WKH�EDQGJDS�RI� WKH�7L2� DQG�=Q2� ILOPV�ZHUH�GHWHUPLQHG WREH����� H9�DQG����� H9�� UHVSHFWLYHO\�� 7KH� ODPLQDU�
RUJDQLF� VRODU� FHOOV ZLWK� DGGHG 7L2� DQG� =Q2�� QDPHO\� ,72�7L2��3�+7�3&%0�/L)�$O� �7%'�� DQG�
,72�=Q2�3�+7�3&%0�/L)�$O �=%'�ZHUH� PDGH� IRU� FKDUDFWHUL]DWLRQ� RI� WKH� HQHUJ\� FRQYHUVLRQ SHUIRUPDQFH� $V� D�
UHVXOW��FRPSDULQJ�WR�7L2��WKH�QDQRURG�OLNH=Q2 ILOPZDV�IRXQG�WR�EH D�PXFK�EHWWHU�EXIIHU�OD\HU�WKDW�PDGH�WKH�ILOO�IDFWRU�
LPSURYH�IURP�D�YDOXH�RI������IRU�7%'�WR����� IRU�=%'� DQG�FRQVHTXHQWO\�WKH3&(�ZDV HQKDQFHG�IURP������IRU�7%'�WR�
����� IRU�=%'�

,1752'8&7,21

,Q� UHFHQW� \HDUV�� SKRWRYROWDLF� GHYLFHV EDVHG� RQ� SRO\PHULF DQG� RUJDQLF� PDWHULDOV� KDYH� EHHQ� LQFUHDVLQJO\�
LQYHVWLJDWHG�EHFDXVH�RI� WKHLU� UHGXFHG�IDEULFDWLRQ�FRVW�DQG� OHVV�FRPSOLFDWHG WHFKQRORJ\� WKDQ� WKH� LQRUJDQLF�GHYLFHV�
3UHSDUDWLRQ�DQG FKDUDFWHUL]DWLRQ�RI�VHYHUDO�QDQRFRPSRVLWH�VRODU�FHOOV�PDGH�IURP EOHQGV RI�SRO\PHUV DQG�IXOOHUHQH�
PDWHULDOV� ZHUH� UHSRUWHGHOVHZKHUH����,W� LV� VHHQ� WKDW� WKH� SKRWRHOHFWULF� FRQYHUVLRQ� HIILFLHQF\� �3&(�� RI� VXFK� RUJDQLF�
VRODU� FHOOV� �26&V� LV VWLOO ORZ� EHFDXVH RI WKH� OLPLWHG� FKDUJH�VHSDUDWLRQ� HIILFLHQF\� RI� WKH� RUJDQLF�IXOOHUHQH� EOHQG�
VWUXFWXUH�� %\� HPEHGGLQJ� LQRUJDQLF� QDQRFU\VWDOOLQH� SDUWLFOHV� OLNH� 7L2� DQG� =Q2� LQWR� RUJDQLF� PDWULFHV� RQH� FDQ�
HQKDQFH WKH�3&(�RI� WKH�GHYLFHV� 7L2� DQG�=Q2�FDQ�EH�FRQVLGHUHG�DV�Q�W\SH�RI ZLGH�EDQGJDS�VHPLFRQGXFWRUV� ,Q�
RUGHU� WR� WDNH�DGYDQWDJH�RI� WKH�DEVRUEDQFH�RI�D�SRO\PHULF�SKRWRDFWLYH�PDWHULDO��7L2� QDQRWXEHV�RU�QDQRURGV�ZHUH�
PL[HG� LQ�FRQMXJDWH�SRO\PHUV�� I�L��SRO\���KH[\OWKLRSKHQH��3�+7�� DQG�3RO\>��PHWKR[\�����
�HWK\O�KH[\OR[\������
SKHQ\OHQH� YLQ\OHQH@� �0(+�339���&RPSDULQJ� ZLWK� LQRUJDQLF� SKRWRDFWLYH� PDWHULDO� OLNH� 6L�� ZKHUH� WKHUH� DUH�
KRPRJHQRXV�S�Q�MXQFWLRQV��SRO\PHULF�SKRWRDFWLYH�PDWHULDOV�FRQWDLQ�DOO�KHWHURMXQFWLRQV�WKDW�FDXVH�WKH�VWURQJ�GHFD\�
RI�WKH�H[FLWRQV�ZKLFK�DUH�JHQHUDWHG�LQ�WKH�GRQRUV�DFFHSWRUV�MXQFWLRQV�XQGHU�WKH�LOOXPLQDWLRQ�RI�VRODU�UDGLDWLRQ��7KLV�
UHVXOWV�LQ�WKH�ORZHULQJ�RI�WKH�3&(�RI�WKH�VRODU�FHOOV��7KH�H[FLWRQ�GHFD\�FDQ�EH�GLPLQLVKHG�E\�DGGLQJ WKH�VR�FDOOHG�
FKDUJH�WUDQVSRUW�EXIIHU�OD\HUV VDQGZLFKHG�EHWZHHQ�HOHFWURGHV�DQG�SKRWRDFWLYH�OD\HUV� :LWK WKH�DSSURSULDWH�HQHUJ\�
EDQGJDSV�FRPSDUHG�WR�WKH�HOHFWURGHV�DQG�SKRWRDFWLYH�OD\HU�LQ�26&V��WKH�EXIIHU�OD\HUV FDQ IDYRU D VWURQJHU�FKDUJH�
VHSDUDWLRQ��FRQVHTXHQWO\� WKH�JHQHUDWHG�FKDUJH�FDUULHUV� �L�H��HOHFWURQV�DQG�KROHV��PRUH�HIILFLHQWO\�PRYH� WR�RSSRVLWH�
GLUHFWLRQV� %\�WKLV�ZD\�WKH�SHUIRUPDQFH�SDUDPHWHUV�RI�WKH�26&V�VXFK�DV�RSHQ�FLUFXLW YROWDJH��Voc���VKRUW�FLUFXLW�
FXUUHQW�(Jsc���ILOO�IDFWRU��FF��DQG�ILQDOO\�PCE FDQ�EH�HQKDQFHG�
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7KLV�ZRUN�SUHVHQWV�UHVXOWV�RI�RXU�UHFHQW�UHVHDUFK�RQ�WKH�SUHSDUDWLRQ�DQG�FKDUDFWHUL]DWLRQ�RI�7L2� DQG�=Q2�WKLQ�
ILOPV�XVHG�DV EXIIHU� OD\HUV LQ�3�+7�EDVHG�26&V��7KH�FRPSDULVRQ�RI� WKH�SKRWRHOHFWULF�FRQYHUVLRQ�SHUIRUPDQFH�RI�
WKH 26&V ZLWK�7L2� DQG�=Q2�EXIIHU�OD\HUV�LV�DOVR�SUHVHQWHG�

(;3(5,0(17$/

$� 3UHSDUDWLRQ�RI�QDQRURG�OLNH�7L2�DQG�=Q2�WKLQ�ILOPV

7R� SUHSDUH�7L2� ILOPV� RQ� ,72� �7L2��,72��DQ� DQRGLF� HOHFWURGHSRVLWLRQ� WHFKQLTXH� KDV� EHHQ� XVHG� IROORZLQJ� WKH�
SURFHVV�UHSRUWHG�LQ��$ ����PP�WKLFN�,72�FRDWHG�JODVV�KDYLQJ�D�VKHHW�UHVLVWDQFH�RI����: DQG�D�WUDQVPLWWDQFH�RI�����
KDV EHHQ� XVHG� DV� VXEVWUDWH�� 7KH� ,72�JODVV� VXEVWUDWHV� ZHUH� XOWUDVRQLFDOO\� FOHDQHG� LQ� GLVWLOOHG� ZDWHU�� IROORZHG� E\�
FOHDQLQJ�LQ�HWKDQRO�DQG�DFHWRQH��$Q�DQRGLF�FXUUHQW�GHQVLW\�RI������P$�FP� ZDV�DSSOLHG�WR�WKH�,72�JODVV�HOHFWURGH��
7KH HOHFWURO\WH�ZLWK�S+� �����ZDV SUHSDUHG�E\�PL[LQJ������VROXWLRQ�RI�7L&O� LQ�����+&O��DGGLQJ�1D�&2� VROXWLRQ
WR�DGMXVW WKH�S+��7KH�GHSRVLWLRQ�WLPH�ZDV IURP��� WR����PLQ� (OHFWURGHSRVLWLRQ�ZDV�FDUULHG�RXW�RQ�D�$872/$%�
3RWHQWLRVWDW� 3*6����� XVLQJ� WKH WKUHH�FRPSDUWPHQW� FHOO ZKHUH� ,72�JODVV� ZDV� XVHG� DV� WKH� ZRUNLQJ� HOHFWURGH�
�:(��� D VDWXUDWHG� FDORPHO� HOHFWURGH� �6&(��ZDV� XVHG� DV� WKH� UHIHUHQFH� HOHFWURGH� DQG� D� SODWLQXP� JULG ZDV� WKH�
FRXQWHU��HOHFWURGH �&(��

'HSRVLWLRQ� RI QDQRURG�OLNH� =Q2� ILOPV RQ� ,72�JODVV� VXEVWUDWHV� ZDV� FDUULHG� RXW� RQ WKH� VDPH� $872/$%�
3RWHQWLRVWDW�3*6��� ZLWK WKH WKUHH DERYH�PHQWLRQHG�HOHFWURGHV��7KH�HOHFWURO\WH� IRU�GHSRVLWLRQ�ZDV�SUHSDUHG�IURP�
D����PO�RI�]LQF�QLWUDWH�=Q��12������+�2 DQG ����PO�RI�KH[DPHWK\OHQHWHWUDPLQH�&�+��1�VROXWLRQ��DGGLQJ�+�2 WR�
DGMXVW�D�WRWDO�YROXPH VROXWLRQ�RI�����PO� 7KH HOHFWURFKHPLFDO�SURFHVV WRRN�SODFH�DW�URRP�WHPSHUDWXUH�ZLWK�DQ�DQRGLF�
FXUUHQW�GHQVLW\�RI������P$�FP���WKH�GHSRVLWLRQ�WLPH�ZDV�IURP����WR����PLQ��$V�GHSRVLWHG�7L2� DQG�=Q2�ILOPV�ZHUH�
ULQVHG�LQ�GH�LRQL]HG�ZDWHU��WKHQ�DQQHDOHG�LQ�DLU�DW����R&�IRU���K�

%� 'HYLFH�SUHSDUDWLRQ

7R�GHSRVLW�WKH�SKRWRDFWLYH�OD\HUV�RQ�7L2��,72�DQG�=Q2�,72��D�PL[WXUH�RI�SRO\���KH[\OWKLRSKHQH� �3�+7��
DQG�>���@�SKHQ\O�&���EXW\ULF�DFLG�PHWK\O�HVWHU �3&%0��DV�����YROXPH�UDWLR��DEEUHYLDWHG�WR�3�+7�3&%0��VROXWLRQ�
XVHG�IRU�VSLQ�FRDWLQJ ZDV�SUHSDUHG�E\�GLVVROYLQJ���PJ�RI�3�+7SRZGHUV�LQ��� PO RI�FKORUREHQ]HQH��WKHQ�DGGLQJ�
��PJ�RI�3&%0� 7R�SUHSDUH�D�KRPRJHQRXV�GLVSHUVLRQ�RI�3&%0�LQ�3�+7��WKH�VROXWLRQ ZDV ZHOO�PL[HG�IRU���K�E\�
XVLQJ�PDJQHWLF�VWLUULQJ� 7KH�FRQGLWLRQV�IRU�VSLQ�FRDWLQJ�3�+7�3&%0�7L2��,72�DQG�3�+7�3&%0�=Q2�,72 ZHUH
VLPLODU� WR� WKDW� UHSRUWHG LQ�� QDPHO\�� D� GHOD\� WLPH�RI� ���� V�� D� UHVW� WLPH�RI� ��V�� D� VSLQ� VSHHG�RI� ����� USP�� DQG� DQ�
DFFHOHUDWLRQ�RI�����USP��DQG�ILQDOO\�D�GU\LQJ�WLPH�RI���PLQ� 7KH�WKLFNQHVV�RI�WKH�3�+7�3&%0 ZDV�DERXW�����QP��
7KH�VDPSOHV�ZHUH�SXW�LQ�D�IORZ�RI�GULHG�JDVHRXV�QLWURJHQ�IRU����KRXUV��$V�HOHFWURGHV��DQ ,72�JODVV RQ�RQH�VLGH�DQG�
D ���QP�WKLFN�/L)�$O�ELOD\HU�FRQWDFW�RQ�WKH�RWKHU�VLGH�ZHUH�XVHG��8VLQJ�D�PDVN�ZLWK�ZLQGRZV�RI���PP�î���PP�LQ�
VL]H��WKH�DFWLYH�DUHD�RI�D�FHOO�ZDV������FP���� WKH /L)�$O�HOHFWURGH��VKDOORZ�FRQWDFW��RQWR�3�+7�3&%0�7L2��,72�
ZDV�VXFFHVVLYHO\HYDSRUDWHGLQ�D�YDFXXP�RI�����u���� 3D��:LWK�D�WKLQ�/L)�OD\HU�RQH�FDQ HQVXUH D�JRRG�RKPLF�FRQWDFW�
EHWZHHQ�WKH�3�+7��SRO\PHU��DQG�$O��LQRUJDQLF��OD\HUV��)LQDOO\� WZR�W\SHV�RI�WKH�GHYLFHV ZLWK�UHVSHFWLYH�VWUXFWXUHV�
RI� ,72�7L2��3�+7�3&%0�/L)�$O DQG� ,72�=Q2�3�+7�37&�/L)�$O ZHUH�SUHSDUHG� DQG� UHVSHFWLYHO\� FDOOHG� ³7%2´�
DQG�³=%2´��IRU�VXEVHTXHQW GLVFXVVLRQ�

7KH� VXUIDFH� PRUSKRORJ\� ZDV� VWXGLHG� XVLQJ� D� +LWDFKL� ³6� ����´� ILHOG�HPLVVLRQ� VFDQQLQJ� HOHFWURQ� PLFURVFRSH�
�)(�6(0�� ;�UD\�GLIIUDFWLRQ�DQDO\VLV��;5'��ZDV�GRQH�RQ�D�%UXFNHU�³$GYDQFH��'´�;�UD\�GLIIUDFWRPHWHU��2SWLFDO�
DEVRUSWLRQ DQG�3KRWROXPLQHVFHQFH�PHDVXUHPHQWV�ZHUH�FDUULHG RXW XVLQJ�D�-$6&2�XOWUDYLROHW±YLVLEOH�QHDU�LQIUDUHG�
�89�9LV�1,5�� ³9����´� VSHFWURSKRWRPHWHU� DQG� D� )ORXURPD[��� VSHFWURIOXRURPHWHU� 0HDVXUHPHQWV� RI� WKH� GHYLFH�
SDUDPHWHUV�VXFK�DV� WKH�RSHQ�FLUFXLW�YROWDJH��Voc� WKH�VKRUW�FLUFXLW�FXUUHQW�GHQVLW\��Jsc��DQG�WKH�ILOO� IDFWRU��FF��ZHUH
FDUULHG�RXW�RQ�DQ�$XWR /DE�3RWHQWLRVWDW�3*6��� HOHFWURFKHPLFDO�XQLW�FRQQHFWHG�WR��6RO��$��1HZSRUW�VRXUFH�ZKLFK�
SURYLGHG DQ�HQHUJ\�VSHFWUXP�VLPLODU�WR�WKH�$0����� ����P:�FP� VRODU�LOOXPLQDWLRQ�
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$� 6WUXFWXUDO�DQG�RSWLFDO�SURSHUWLHV RI�7L2� DQG�=Q2�ILOPV

)LJXUH���VKRZV�W\SLFDO�VFDQQLQJ�HOHFWURQ�PLFURJUDSKV��)(�6(0��RI�QDQRURG�OLNH�7L2� DQG�=Q2�ILOPV�GHSRVLWHG
RQ ,72�JODVV� VXEVWUDWHV��%RWK� WKH� WZR� ILOPV�DUH�QDQR�SRURXV ZLWK�RULHQWDWHG�QDQRURG�DUUD\V��7KH� URGV�RI� WKH� WZR�
GLIIHUHQW�PDWHULDOV�VWDQG�DOPRVW�SHUSHQGLFXODU�WR�WKH�VXEVWUDWH��KDYLQJ D�VLPLODU�GLDPHWHU�LQ�QDQRVFDOH��LQ�WKH�UDQJH�
RI��� WR����QP��DQG�EHLQJ�DERXW �� WR����QP�LQ�OHQJWK� 3RO\PHULF�FRPSRVLWHV�VHUYLQJ DV�D�SKRWRDFWLYH OD\HU�ZHUH�
WKHQ�VSLQ�FRDWHG�RQ�WKHVH�ILOPV�WR�JHW�WKH�26&�GHYLFHV��:LWK�VXFK�SRURXV�VWUXFWXUHV RI�WKH�ILOPV��GXULQJ�WKH�VSLQQLQJ�
SURFHVV��WKH�QDQRURGV�FDQ�DGKHUH�E\�VWURQJ�HOHFWURVWDWLF�IRUFHV�WR�WKH�SKRWRDFWLYH�OD\HU�DQG�EHWZHHQ�WKHPVHOYHV��DQG�
FDSLOODU\�IRUFHV�FDQ�WKHQ�GUDZ�WKH�SRO\PHULF�VROXWLRQ�DURXQG�WKH�QDQRURGV�LQWR�FDYLWLHV�ZLWKRXW�SLQKROHV�WKURXJK�WKH�
OD\HUV� 7KLV� UHVXOWV� LQ� WKH� HOLPLQDWLRQ� RI� QDQR�FUDFNV� DV� FKDUJH� FDUULHUV� WUDSV� WKDW�ZHUH� RIWHQ� IRUPHG� LQ� WKH� SXUH�
FRQMXJDWH�SRO\PHU�ILOPV�GXULQJ�DQQHDOLQJ�DV�REVHUYHG�LQ�D�UHFHQW�ZRUN��

7KH�;�UD\ GLIIUDFWLRQ�SDWWHUQ�RI�7L2� DQG�=Q2�ILOPV�ZHUH�VKRZQ�RQ�)LJ�����7KHUH�DUH�ILYH ODUJH GLIIUDFWLRQ�SHDNV�
DW� ������� �������������� ����� DQG�������DQG� WKUHH�VPDOO SHDNV�DW� ������� ����� DQG�������IRU� WKH�7L2� ILOP��)LJ��D��
)RXU�ODUJH SHDNV�DW�������������� ������ ����� DQG�RQH�SHDN�DW ������ZHUH�REVHUYHG�IRU�WKH�=Q2 ILOP��)LJ��E���7KRVH�
DUH�WKH�FU\VWDO�VWUXFWXUH�RI�WKH�DQDWDVH�7L2�

� DQG�ZXUW]LWH�=Q2�SKDVH����UHVSHFWLYHO\�

�D� �E�
),*85( �� )(�6(0�PLFURJUDSK�RI�WKH�7L2��,72�JODVV��D��DQG�=Q2�,72�JODVV�WKLQ�ILOPV��E���

7KH�WKLFNQHVV�RI�ERWK�ILOPV�LV��� � ���QP�

),*85(� �� ;�UD\�GLIIUDFWLRQ�SDWWHUQV�RI�WKH�7L2��,72��D��DQG�=Q2�,72��E��
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7KH�IDFW�WKDW�WKH�SHDN�ZLGWK�LV�UDWKHU�ODUJH�VKRZV�WKDW�ERWK�WKH�7L2�DQG�=Q2�ILOPV�FRQVLVW�RI VPDOO�SDUWLFOHV��7R�
DYRLG�WKH�HIIHFW�RI�EURDGHQLQJ�SHDNV�GXH�WR�;�UD\�LQVWUXPHQW��ZH�XVHG�D�VFDQQLQJ UDWH�RI�WKH�;�UD\�GHWHFWRU�DV�VPDOO�
DV�����R�V��0RUHRYHU��IRU�WKH�FU\VWDOOLQH�URGV�WKH�ODWWLFH�LV�VLPLODU�WR�WKH�RQH�RI�D�VLQJOH�FU\VWDO��WKH�SHDN�EURDGHQLQJ�
GXH� WR� WKH� ODWWLFH� VWUDLQ� FDQ� EH� HOLPLQDWHG�� 7KXV� RQH� FDQ� XVH� 6FKHUUHU� IRUPXOD� WR� GHWHUPLQH� WKH� VL]H� �R�� IRU� WKH�
FU\VWDOOLQH�URGV�

ܴ ൌ ଴ǤଽO
E�௖௢௦T

���

ZKHUHO LV�ZDYHOHQJWK�RI� WKH�;�UD\� XVHG� �O  ���������QP���E WKH�SHDN�ZLGWK�RI� KDOI� KHLJKW� LQ� UDGLDQV� DQG�T WKH�
%UDJJ�DQJOH�RI�WKH�FRQVLGHUHG�GLIIUDFWLRQ�SHDN���

7KH�YDOXH�E GHWHUPLQHG�IURP�DOO�WKH�SHDNV�RI�WKH�;5'�SDWWHUQV�RI�ERWK�ILOPV��)LJ�����ZDV�IRXQG�WR�EH�LQ�D�UDQJH�
RI�������WR������ UDGLDQ��WKXV�WKH�VL]H�RI�WKH�QDQRURG�OLNH�SDUWLFOHV�RI�ERWK�7L2� DQG�=Q2�ILOPV�GHWHUPLQHG E\�(T��
���ZDV�LQ�UDQJH�RI��� WR��� QP��6LQFH�WKH�;5'�SDWWHUQV�UHYHDOHG�WKH�GLIIUDFWLRQ�RI�WKH�ODWWLFH�RI�FU\VWDOOLQH�JUDLQV�
WKH )(�6(0�VKRZHG�WKH�PRUSKRORJ\�RI�VHSDUDWH�SDUWLFOHV��RU�URGV��WKDW�PD\�FRQWDLQ�D�IHZ�JUDLQV� %XW��LQ�RXU�ZRUN
WKH� JUDLQ� VL]H� GHWHUPLQHG� IURP�;5'� SDWWHUQV�ZDV� FRQVLVWHQW ZLWK� WKH� SDUWLFOH� VL]H�PHDVXUHG� IURP� )(�6(0� WKH�
QDQRURGV�RI�ERWK�WKH�7L2� DQG�=Q2�FDQ�WKXV�EH�VHHQ�DV�PRQRFU\VWDOOLQH�URGV�ZLWK�VOLJKWO\�GLIIHUHQW�RULHQWDWLRQV�

7UDQVPLWWDQFH� VSHFWUD� RI� WKH� 7L2� DQG� =Q2� ILOPV� DUH� VKRZQ� LQ� )LJ�� ��)URP� WKLV� ILJXUH� RQH� FDQ� VHH WKDW� LQ�
FRPSDULVRQ� ZLWK� 7L2� ILOP�� =Q2 ILOP� SRVVHVVHV� KLJKHU� WUDQVPLWWDQFH�� ,QGHHG�� DW� WKH� ZDYHOHQJWK� RI� ���� QP� WKH�
WUDQVPLWWDQFH�RI�=Q2�UHDFKHG�D�YDOXH�a�� ��ZKLFK�LV�DERXW����ODUJHU�WKDQ�WKDW�RI�7L2���0RUHRYHU��=Q2�ILOP�KDV�D�
���QP�ZLGHU�UDQJH�LQ�WKH�VKRUW ZDYHOHQJWKV�ZKHUH�D�SDUW�RI�VRODU�UDGLDWLRQ�FDQ�JR�WKRXJK�

),*85( �� 7UDQVPLWWDQFH�VSHFWUD�RI�D=Q2�QDQRURGV�JODVV VDPSOH��VROLG�OLQH� DQG�D 7L2�
QDQRURGV�JODVV�VDPSOH��GRWWHG�OLQH��

,QGHHG�� WKH�PDLQ�IDFWRUV WKDW�DIIHFW�WKH�DEVRUSWLRQ�RI�WKH�7L2� DQG�=Q2�ILOPV�DUH WKHLU�FRPSRQHQWV�DQG�VWUXFWXUHV��
7KH�UHODWLRQVKLS�EHWZHHQ�WKH�DEVRUSWLRQ�FRHIILFLHQW�DQG�WKH�FRQFHQWUDWLRQ�RI�IUHH�FDUULHV�LV�H[SUHVVHG DV���

D ൌ ሺே೐ሻమఒ೚మ

଼௠כSమ௡௖యW
���

ZKHUHD LV� WKH� DEVRUSWLRQ� FRHIILFLHQW��Ne LV� WKH� FRQFHQWUDWLRQ� RI� IUHH� FDUULHUV�� n LV� WKH� UHIUDFWLYH� LQGH[��m* LV� WKH�
HIIHFWLYH�PDVV�RI�IUHH�FDUULHUV��Ȝ� LV� WKH�DEVRUSWLRQ�ZDYHOHQJWK��Ĳ LV� WKH�UHOD[DWLRQ�WLPH�DQG�c LV� WKH�VSHHG�RI�OLJKW�
6LQFH�WKH�YDOXH�LQ�PDJQLWXGH�RI�n� m* DQG�Ĳ�RI�7L2� DQG�=Q2�DUH�QRW�PXFK�GLIIHUHQW� RQH�FDQ�TXDOLWDWLYHO\VXJJHVW�
WKDW�WKH�DEVRUSWLRQ�FRHIILFLHQW�RI�7L2� DQG�=Q2 WKLQ�ILOPV�LV�VWURQJO\�GHSHQGHQW RQ�WKH FRQFHQWUDWLRQ�RI�IUHH�FDUULHUV��
$W�URRP�WHPSHUDWXUH��WKH�7L2� ILOP�KDV�D IUHH�FDUULHU�FRQFHQWUDWLRQ �����FP����� ODUJHU�WKDQ�WKDW�WKH�=Q2�ILOP������
FP������7KXV WKH�DEVRUSWLRQ�FRHIILFLHQW�RI�WKH�7L2�ILOP�LV�ODUJHU�WKDQ WKH�RQH�RI WKH�=Q2 ILOP��7KLV�UHVXOWV�LQ�ODUJHU�
WUDQVPLWWDQFH�VSHFWUD�RI�=Q2�ILOP�WKDQ�7L2��)LJ ���
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89�9LV� GDWD� DW� VKRUW� ZDYHOHQJWK� FDQ� EH� XVHG� WR� HVWLPDWH� WKH� HQHUJ\� JDS�� Eg, RI� WKH ILOPV� E\� XVLQJ� WKH�
H[SUHVVLRQ���

D݄Q ൌ ��൫݄Qܣ െ ௚൯ܧ�
௡

���

ZKHUH h LV�3ODQFN
V�FRQVWDQW��Ȟ� LV� WKH�IUHTXHQF\�RI� WKH� LQFLGHQW�89�9LV� UDGLDWLRQ��$� LV�D�FRQVWDQW�DQG�Q� LV�����IRU�
GLUHFW�EDQG�VHPLFRQGXFWRUV�DQG���IRU�LQGLUHFW�EDQG�JDS�VHPLFRQGXFWRUV� $�JUDSK�LV�SORWWHG�EHWZHHQ��DhQ�� RU�WKH�
VTXDUH�RI��DhQ��DQG�DhQ �DV�DEVFLVVD���DQG�D�VWUDLJKW�OLQH�LV�REWDLQHG��)URP�WKH�H[WUDSRODWLRQ�RI�WKH�VWUDLJKW�OLQH�WR�
�DhQ�� DQG�RU��DhQ����  ���D[LV�RQH�FDQ�GHWHUPLQH�WKH�EDQGJDS�RI�WKH�LQYHVWLJDWHG�VDPSOH��$V�H[SHFWHG��EHVW� ILWV�
ZHUH� REWDLQHG� IRU�n �� �LQGLUHFW� EDQG�� IRU� ERWK� WKH�7L2� DQG�=Q2��7KXV� IURP�RXU� H[SHULPHQWV�� WKH� HQHUJ\�
JDS� RI� QDQRURG�OLNH� 7L2� DQG� =Q2� ILOPV� ZDV� IRXQG� WR� EH� RI� DSSUR[LPDWHO\� ����� H9� DQG� ����� H9�
UHVSHFWLYHO\ �)LJ�����

),*85( ��%DQGJDS�GHWHUPLQDWLRQ�RI�7L2� DQG�=Q2�ILOPV

7KH�JDS�HQHUJLHV�FDOFXODWHG�IURP�89�9,6�GDWD�ZHUH�QRW�PXFK�ODUJHU�WKDQ�WKH�JDS�HQHUJ\�RI�EXON�VDPSOHV��
ZKLFK�LV�LQ�WKH�UDQJH�RI�����WR���� H9�IRU�7L2�

�� DQG�����WR���� H9�IRU�=Q2���,Q�WKH�QH[W VHFWLRQ ZH�SUHVHQW�WKH
SKRWRHOHFWULF�FRQYHUVLRQ�RI�3�+7�EDVHG�26&�GHYLFHV�ZLWK�DGGHG 7L2� DQG�=Q2�EXIIHU�OD\HUV��DQG�FRPSDULVRQ
RI WKHLU�HIILFLHQF\�SHUIRUPDQFH�

%� 3KRWRHOHFWULF�FRQYHUVLRQ�SHUIRUPDQFH�RI�26&V�ZLWK�EXIIHU�OD\HUV

)LJXUH���VKRZV�SORWV�RI�J-V FKDUDFWHULVWLFV�REWDLQHG�IRU�WZR�GHYLFHV��7%' DQG�=%'��XQGHU�DQ�LOOXPLQDWLRQ�ZLWK�D�
SRZHU�GHQVLW\�RI���� P:�FP�� 7KH�ODUJHU�FF��WKH�PRUH�FKDUJH�FDUULHUV�ZLOO�UHDFK�WKH�HOHFWURGHV��,Q�IDFW��WKHUH�LV�D�
FRPSHWLWLRQ�EHWZHHQ�FKDUJH�FDUULHU�UHFRPELQDWLRQ�DQG�WUDQVSRUW ZKLFK�LV�GHSHQGHQW�RQ�WKH�FKDUJH�VHSDUDWLRQ��7KH�
FF FDQ�EH�GHWHUPLQHG�E\�

ܨܨ ൌ ሺ௃ൈ௏ሻ௠௔௫
௃ೞ೎ൈ௏೚೎

���

ZKHUH��J×V�PD[ LV�WKH�UHFWDQJOH KDYLQJ�WKH�ODUJHVW�DUHD��7KHQ�WKH�3&(�LV�GHWHUPLQHG�E\�

ܧܥܲ ൌ ிிu௃ೞ೎ൈ௏೚೎
௉೔೙

���

ZKHUH PinLV�WKH�LOOXPLQDWLQJ�SRZHU�GHQVLW\��LQ�P:�FP���,Q�RXU�H[SHULPHQWV� Pin ���P:�FP��
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,W�LV�VHHQ�WKDW�Voc DQG�Jsc FDQ�EH�WDNHQ�IURP�WKH�J-V FXUYHV��DV�VKRZQ�E\�WKH�DUURZV�LQ�WKH�SORWV��)LJ������$OO�WKH�
SHUIRUPDQFH�SDUDPHWHUV�RI�WKH�WZR�26&V��QDPHO\�Voc� Jsc� FF DQG�PCE WKDW�ZHUH�FDOFXODWHG�E\�(T������DQG�(T�����
DUH� OLVWHG� LQ� 7DEOH� ��7KH� PCE RI� WKH� =%'� FHOO� DUH� FRPSDWLEOH� WR� WKH� RQH� IRU D� FHOO� XVLQJ� =Q2� EXIIHU� OD\HU�
�,72�=Q2�&���3$7��$X��WKDW�ZDV�REWDLQHG��E\�+RUL�DW�DO��� ,W�LV�VHHQ�WKDW�Voc RI�WKH�=%'�FHOO�LV�QRW�PXFK�ODUJHU�
WKDQ�WKH�RQH�RI�7%'��QDPHO\������9�FRPSDUHG�WR������9���EXW�Jsc RI�7%'�LV�ODUJHU�WKDQ�WKDW�RI�WKH�7%'�FHOO�������
P$�FP� DV�FRPSDUHG� WR������P$�FP����)URP�)LJ����RQH�FDQ�VHH� WKDW� WKH� UHODWLYH� ORZHULQJ�RI� WKH�Jsc RI�=%'�FHOO
�FRPSDUHG�WR�7%'��LV�FRPSHQVDWHG�E\�D�UHODWLYH�LQFUHDVH RI�LWVVoc��7KXV��WKH�ODUJHU�3&(�RI�WKH�=%'�FRPSDUHG�WR�
WKH�7'%�FHOO�FDQ�EH�DWWULEXWHG�WR�WKH�HQKDQFHPHQW RI�LWV�ILOO�IDFWRU��FFZBD �������LV�PXFK�ODUJHU�WKDQ�FFTDB�������

),*85( ��-�9�FKDUDFWHULVWLFV�REWDLQHG�LQ�WKH�LOOXPLQDWLRQ�UHJLPH�IRU�WKH�FHOOV�ZLWK�D�VWUXFWXUH�RI�
,72�3('27�3�+7�3&%0�/L)�$O��26&����DQG�,72�3('27�3�+7�37&�/L)�$O��26&����

7$%/(��� 6RODU�FHOO�GDWD�IRU�7%'�DQG�=%' GHYLFHV�
$UHD��FP�� Voc�P9� Jsc�P$�FP�� FF PCE ���

7%' ���� ��� ���� ���� ����

=%' ���� ��� ���� ���� ����

7KH� LPSURYHPHQW� LQ� WKH�))�RI� WKH�=%'�FHOO� FDQ�EH�H[SODLQHG�GXH� WR�RSWLFDO�SURSHUWLHV�DV�ZHOO� DV� WKH� UHODWLYH�
HQHUJ\�EDQG�VWUXFWXUHV�RI�WKH�PXOWLSOH�OD\HUV�LQ�WKH�GHYLFHV��7KH�VFKHPDWLF�GUDZLQJ�LQ�)LJ����LV�VLPLODU�WR�WKDW�VKRZQ�
E\�+RUL�DW�DO���7KH�HQHUJ\�EDQG�JDS��Eg��RI�3�+7��3&%0��7L2� DQG�=Q2�LV�FD����������������DQG�����H9��UHVSHFWLYHO\��
7KH� GLIIHUHQFH� EHWZHHQ� FRQGXFWLQJ� EDQG� OHYHO� RI� 7L2� DQG� =Q2 DQG� WKH� ORZHVW� XQRFFXSLHG� PROHFXODU� RUELWDO�
�/802��OHYHO�RI�3&%0�LV�VLPLODU�DQG�HTXDO�WR�'E  �����H9��

:KHQ� WKH� SRO\PHU�LQRUJDQLF� KHWHURMXQFWLRQV ZHUH� H[FLWHG� E\� SKRWRQV�� H[FLWRQV� DSSHDUHG� LQ� WKH� SRO\PHU� DV�
JHQHUDWHG�HOHFWURQV�MXPSHG�IURP�WKH�KLJKHVW�XQRFFXSLHG�PROHFXODU�RUELWDO��+202��WR�WKH�/802��,Q�FRPSDULVRQ�
ZLWK�7L2��� WKH�EDQGJDS��Eg�� RI� WKH�=Q2�EXIIHU� OD\HU� LV� ODUJHU�DQG� WKH� WUDQVPLWWDQFH� LV� KLJKHU� LQ�D� ODUJHU� UDQJH�RI�
ZDYHOHQJWKV�VHH�)LJ���DQG�)LJ������'XH�WR�WKH�KLJKHU�WUDQVPLWWDQFH��D�ODUJHU�QXPEHU�RI�WKH�SKRWRQV�IURP�WKH VRODU
LOOXPLQDWLRQ ZHQW� WKURXJK� WKH� EXIIHU� OD\HU� WR� H[FLWH� WKH� SKRWRDFWLYH� OD\HU�� FRQVHTXHQWO\�PRUH� FKDUJHV� JHQHUDWHG��
:LWK� VXFK� D� ODUJH�Eg DQG� D� GHHS� YDOHQFH�EDQG� OHYHO� RI� =Q2� DQG� 7L2�FRPSDUHG� WR� WKH +202� OHYHO� RI� 3&%0��
QDPHO\�'E1 ����H9�DQG�'E2 ����H9��UHVSHFWLYHO\��)LJ�����WKHUH�LV�QR�HQHUJ\�EDUULHU�IRU�HOHFWURQV��EXW�D�KLJK�HQHUJ\�
EDUULHU�IRU�KROHV�H[LVWV�DW�WKH�LQWHUIDFH�RI =Q2�3&%0�DQG�7L2��3&%0��7KLV�UHVXOWV�LQ�IDYRULQJ�JHQHUDWHG�HOHFWURQV�
PRYLQJ� WR� WKH� ,72�HOHFWURGH��ZKHUHDV�KROHV�JHQHUDWHG� LQ� WKH�SKRWRDFWLYH� OD\HU� �3�+7�3&%0��DUH�EORFNHG�DW� WKH�
=Q2�3&%0� LQWHUIDFH� RU� 7L2��3&%0�� 6LQFH�'E1!'E2XSRQ� LQVHUWLQJ� WKH� =Q2� EXIIHU� OD\HU�� WKH� FKDUJH� VHSDUDWLRQ�
EHFRPHV VWURQJHU�ZKHQ�7L2� LV�XVHG�IRU�WKH EXIIHU OD\HU�� 8QGHU�WKH�LQWHQVLYH�LQWHUQDO� HOHFWULFDO�ILHOG�RI�WKH�RUJDQLF
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),*85( �� 6FKHPDWLF�HQHUJ\�OHYHOV�RI�,72��=Q2�RU�7L2���3�+7�3&%0��/L)�$O��7KLV�GLDJUDP�LOOXVWUDWHV�
WKH�EDQG�VWUXFWXUH�RI�=Q2��D��DQG�7L2� �E��UHODWLYH�WR�WKH�+202�DQG�/802�HQHUJ\�OHYHOV�RI�WKH�

3�+7�3&%0 FRPSDUHG�WR�WKH�YDFXXP�OHYHO�

SKRWRDFWLYH� OD\HU�� WKH� VHSDUDWH� HOHFWURQV� DQG�KROHV� HDVLO\�PRYH� WR� WKH�RSSRVLWH� GLUHFWLRQV�� UHDFKLQJ� HOHFWURGHV�� ,Q�
FDVH�RI�WKH�=Q2�EXIIHU�OD\HU��D�ODUJHU�DPRXQW�RI�WKH�FKDUJH�FDUULHUV�UHDFKHG�WKH�HOHFWURGHV�RI�WKH�FHOOV�

,9� &21&/86,21

7KH� QDQRURG�OLNH� 7L2� DQG� =Q2� WKLQ� ILOPV� RQWR� ,72�JODVV ZHUH� SUHSDUHG� E\� D� VRO�JHO� DQG� HOHFWURFKHPLFDO�
PHWKRG�� 7KH� 7L2�ILOPV� ZHUH� FU\VWDOOL]HGLQ� WKH� DQDWDVH� SKDVH� DQG� WKH=Q2� ILOPV� LQ� WKH ZXUW]LWH� VWUXFWXUH� 7KH�
QDQRURGV�LQ�ERWK�ILOPV�KDYH�D�VLPLODU�VL]H RI����WR����QP�LQ�GLDPHWHU�DQG����WR����QP�LQ�OHQJWK��7KH�QDQRURGV KDYH
DQ RULHQWDWLRQ� QHDUO\� SHUSHQGLFXODU� WR� WKH� ,72�VXEVWUDWH� VXUIDFH� :LWK� D� KLJK� WUDQVPLWWDQFH DQG� D� ODUJH� EDQGJDS�
GHWHUPLQHG�IURP�WKH�89�9,6�GDWD��ERWK�WKH�=Q2�DQG�7L2� ILOPV�ZHUH XVHG�IRU�WKH HOHFWURQ EXIIHU�OD\HUV�LQ�ODPLQDU�
RUJDQLF� VRODU FHOOV�� ,72�=Q2�3�+7�3&%0�/L)�$O� �=%'�� DQG� ,72�7L2��3�+7�3&%0�/L)�$O �7%'�� &RPSDULQJ�
ZLWK�7L2�� =Q2 IRUPHG D�PXFK�EHWWHU�HOHFWURQ�EXIIHU�OD\HU�WKDW�PDGH�WKH�ILOO�IDFWRU�LQFUHDVH�WR����� IURP������IRU�
7L2�� DQG�FRQVHTXHQWO\�WKH�SKRWRHOHFWULF�FRQYHUVLRQ�HIILFLHQF\�ZDV�LPSURYHG IURP����� WR������� 7KH�QDWXUH�DQG�
QDQRVWUXFWXUHV�RI�D�EXIIHU�OD\HU�FDQ�WKXV�LQIOXHQFH�JUHDWO\�WKH�SHUIRUPDQFH�RI�26&V�

$&.12:/('*(0(176

7KLV�UHVHDUFK�ZDV�IXQGHG�E\�WKH�9LHWQDP�1DWLRQDO�)RXQGDWLRQ�IRU�6FLHQFH�DQG�7HFKQRORJ\��1$)267('��XQGHU�
JUDQW� QXPEHU� ���������������� ,QIUDVWUXFWXUH� DQG� HTXLSPHQW� SURYLGHG� IRU� VDPSOH� SUHSDUDWLRQ�� )(�6(0�� ;5'�
SDWWHUQV��DEVRUSWLRQ�DQG�3/�VSHFWUD��VRODU�FHOO�SHUIRUPDQFH�PHDVXUHPHQWV�ZHUH�PDGH�SRVVLEOH�LQ�WKH�918�SURMHFW�
RQ�³1DQRWHFKQRORJ\�DQG�$SSOLFDWLRQV´�VXSSRUWHG�E\�WKH�9LHWQDPHVH�*RYHUQPHQW�

5()(5(1&(6

�� *�<X��-�*DR�-�&��+XPPHQOHQ��DQG�)�:XGO��$�-��+HHJHU��6FLHQFH���������±������������
�� 6�(��6KDKHHQ��&�-��%UDEHF��1�6��6DULFLIWFL��)��3DGLQJHU��7�)URPKHU]� DQG -�&� +XPPHQOHQ��$SSO��3K\V�/HWW�����

���±��� �������
�� 3��6FKLOLQVN\��&��:DOGDXI��DQG�&�-��%UDEHF��$SSO��3K\V�/HWW����������±���� �������
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�� 0�0��:LHQN�� -�0� .URRQ��:�-�+� 9HUKHHV�� -�� .QRO�� -�&�� +XPPHQOHQ�� 3�$�� YDQ� +DO�� DQG� 5�$� -� -DQVVHQ�
$QJHZ��&KHP��,QW��(G����������±���� �������

�� 7� 7� 7KDR�� 7� 4� 7UXQJ�� 9�9� 7UXRQJ�� DQG� 1� 1� 'LQK�� -�� 1DQRPDWHULDOV����� $UWLFOH� ,'� ��������S
�������

�� .��.DZDWD��9��0��%XUODNRY��0��-��&DUH\��+��(��$VVHQGHU��*��$��'��%ULJJV��$��5XVHFNDV��DQG�,��'��:��6DPXHO�
6RO��(QHUJ� 0DW��6RO� &HOOV���� ���±��� �������

�� )�� &KHUNDRXL� (O� 0RXUVOL�� $�� 'RXD\U�� )�� +DMML�� .�� 1RXQHK�� $�� *XHVVRXV�� .�� 1DELK�
$��+DGUL� DQG 0��$EG�/HIGLO� 6HQVRUV�	�7UDQVGXFHUV�����6SHFLDO�,VVXH�����±��� �������

�� 1��1��'LQK��/��+��&KL��7��7��&��7KX\��7��4��7UXQJ��DQG�9�9��7UXRQJ��-��$SSO��3K\V��������������y��������
�������

�� +��*��<DQJ DQG +��&��=HQJ��-��3K\V��&KHP��%����������±���� �������
��� 6��)XMLKDUD��&��6DVDNL�� DQG�7��.LPXUD��$SSO��6XUI��6FL������ ���±��� �������
��� %��'��&XOOLW\��(OHPHQWV�RI�;�5D\�'LIIUDFWLRQ���QG��(G���$GGLVRQ�:HVOH\��5HDGLQJ��0$��������S������
��� -��;��)DQJ�DQG�'��/X� 6ROLG�6WDWH�3K\VLFV��6KDQJKDL�7HFKQRORJ\�DQG�6FLHQFH�3UHVV��6KDQJKDL��������S������
��� +��7DQJ��.��3UDVDG��5��6DQMLQqV��3��(��6FKPLG��DQG�)��/pY\� -��$SSO��3K\V����������±���� �������
��� .��7KRQNH��7K��*UXEHU��1��7HRILORY��5��6FK|QIHOGHU��$��:DDJ��5��6DXHU��3K\VLFD�%����±��������±��� �������
��� -��7DXF��LQ��³$PRUSKRXV�DQG�OLTXLG�VHPLFRQGXFWRUV´ HGLWHG�E\�-��7DXF �3OHQXP�3UHVV��/RQGRQ�DQG�1HZ<RUN�

������S������
��� +��/LQ� &��3��+XDQJ��:� /L��&� 1L��6��,��6KDK��DQG�<�+��7VHQJ��$SSOLHG�&DWDO\VLV�%��$SSO��&DWDO��%�(QYLURQ�

��� �±���������
��� 0��0DWVXPXUD�DQG 5��3��&DPDWD��7KLQ�6ROLG�)LOPV���������±��� �������
��� (��%UXV��-��&KHP��3K\V����������±���� �������
��� 7��+RUL��+��0RULWRX��1��)XNXRND��-��6DNDPRWR��$��)XMLL��DQG�0��2]DNL��0DWHULDOV�������±���� �������
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