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,Q� UHFHQW� \HDUV�� K\SHUEUDQFKHG� FRQMXJDWHG� SRO\PHUV� KDYH� DWWUDFWHG� PXFK�
DWWHQWLRQ� IRU� WKHLU� DSSOLFDWLRQV� LQ� PDQ\� RUJDQLF HOHFWURQLF� DSSOLFDWLRQ� VXFK� DV� WKH�
HIILFLHQW� KROH�HOHFWURQ� WUDQVSRUW� OD\HU� LQ� RUJDQLF� VRODU� FHOOV� �26&V��� RUJDQLF� ILHOG�
HIIHFW� WUDQVLVWRUV� �2)(7V��� RUJDQLF� OLJKW� HPLWWLQJ� GLRGHV� �2/('V��� HOHFWURFKURPLF�
GHYLFHV� �(&��GXH�WR� WKHLU�JRRG�VROXELOLW\�� WKHUPDO�VWDELOLW\�� ODUJH�DUHD�SURFHVVLQJ����

$PRQJ� WKH� EXLOGLQJ� XQLWV� IRU� V\QWKHVLV� RI� FRQMXJDWHG� SRO\PHUV�� WULSKHQ\ODPLQH�
�73$��DQG�LWV�GHULYDWLYHV�KDYH�EHHQ�H[WHQVLYHO\�XVHG�LQ�FRQMXJDWHG�SRO\PHU�IRU�KROH�
WUDQVSRUWLQJ�SRO\PHU�OD\HU�LQ�SKRWR�HOHFWURQLF�DSSOLFDWLRQ�LQFOXGLQJ�26&V��2/('V��
(&�GHYLFHV����� <DQJ�/LX�HW��DO UHSRUWHG�WKH�V\QWKHVLV�DQG�SKRWRYROWDLF�FKDUDFWHULVWLFV�
RI�FRSRO\PHUV�FRQWDLQLQJ�SRO\�SKHQ\OHQHYLQ\OHQH��DQG�WULSKHQ\ODPLQH�PRLHWLHV�ZLWK�
PROHFXODU�ZHLJKWV�0Q  �������J�PRO��� -LQTLQJ�4X�HW��DO DOVR�UHSRUWHG�WKH�V\QWKHVLV�
RI� K\SHUEDQFKHG� FRSRO\PHUV� YLD� 6RQRJDVKLUD� FRXSOLQJ� SRO\FRQGHQVDWLRQ� RI� 1�
RFWDGHF\O� DQG� 1�RFW\O�����GLHWK\Q\OFDUED]ROHV� ZLWK� WULV���LRGRSKHQ\O�DPLQH� DQG�
������WULEURPREHQ]HQH��7KH�REWDLQHG�SRO\PHUV�KDYH�D�PROHFXODU�ZHLJKWV��0Q��LQ�WKH
UDQJH� RI� ������ � �������J�PRO� DQG� H[KLELWHG� WKDW� WKH� SRO\PHUV�ZHUH� HOHFWURQLFDOO\�
UHGR[�DFWLYH� ZKLFK� FDQ� EH� DSSOLHG� IRU� WXQDEOH� OLJKW�HPLWWLQJ� PDWHULDOV� EDVHG� RQ�
FDUED]ROH�FRQWDLQLQJ�SRO\PHUV��� 2Q�WKH�RWKHU�KDQG��WKH�FRQMXJDWHG�SRO\PHUV�EDVHG�
RQ�EHQ]R>F@>�����@WKLDGLD]ROH� �%7'���SKHQR[D]LQH �32=��DOVR�H[KLELWHG� WKH�QDUURZ�
EDQG�JDS�DQG�UHG�VKLIW�DEVRUSWLRQ�DQG�WKH�LQ�WKH�R[LGL]HG�VWDWH�RZLQJ�WR�WKH�HOHFWURQ�
ULFK�1�DWRP�LQ�WKHLU�VWUXFWXUH������ 0DUUL�$QLO�5HGG\�HW��DO UHSRUWHG�WKH�V\QWKHVLV�DQG�
IDEULFDWLRQ�RI�RUJDQLF�VRODU�FHOOV�EDVHG�RQ�EDVHG�RQ�SKHQRWKLD]LQH�DQG�SKHQR[D]LQH�
PRLHWLHV�ZLWK�3&(�XS�WR������������ ,QWHUHVWLQJO\��+DLQLQJ�7LDQ�HW��DO KDV�UHSRUWHG�WKH�
VPDOO� PROHFXODU� RI� SKHQR[D]LQHFKURPRSKRUHV� EDVHG� RQ� WULSKHQ\ODPLQH� ZLWK�
SKHQR[D]LQH� FRQWDLQLQJ� WKH� YLQ\O� DQG� &1� HQG� JURXS� WKDW� XVHG� LQ� RUJDQLF� G\H�
VHQVLWL]HG�VRODU�FHOOV�ZLWK�3&(�RI�������� -HQHNKH¶V�JURXS�KDV�IDEULFDWHG�WKH�2)(7V�
EDVHG� RQ� WKH� DOWHUQDWLQJ� SKHQR[D]LQH�IOXRUHQH� FRSRO\PHU� �32)��� DV� D� S�FKDQQHO�
VHPLFRQGXFWRU� ZLWK� D� KROH�PRELOLW\� RI� �� [� ���� FP���9� V���� /LFKHQJ� 6XQ� DQG� KLV�
FRZRUNHUV�KDYH�V\QWKHVL]HG�WZR�QRYHO�$FFHSWRU�'RQRU�$FFHSWRU��$�'�$��VWUXFWXUHG�
VPDOO�PROHFXODU� �60���PDWHULDOV�FRQWDLQLQJ�DQ�HOHFWURQ�ULFK�SKHQRWKLD]LQH�ZLWK� WKH�
HOHFWURQ�GHILFLHQW� EHQ]RWKLD]ROH� �%7=�� DV� OLQNHU� WR� REWDLQ� WKH� KROH� WUDQVSRUW� OD\HUV�
PDWHULDOV�IRU�26&V�RI��������� 0RUH�UHFHQWO\��-RQJ�+\XN�%DH�HW��DO V\QWKHVL]HG�WKH�
SKHQR[D]LQH�G\HV�ZLWK�D�KH[\OR[\�FKDLQ�DQG�IXUDQ�PRLHW\�DQG�XVHG�LQ�G\H�VHQVLWL]HG�
VRODU�FHOOV�WKDW�VKRZHG�WKH�EHVW�FRQYHUVLRQ�HIILFLHQF\�RI��������� ,W�LV�ZRUWK�QRWLQJ�
WKDW� D� SKHQR[D]LQH� PRLHW\� LQFOXGHV� HOHFWURQ�ULFK� R[\JHQ� DQG� QLWURJHQ� DWRPV� LQ� D�
KHWHURF\FOLF�ULQJ�DQG�DOVR�GLVSOD\V�KLJK�HOHFWURQ�GRQDWLQJ�FDSDELOLW\�WKHUHIRUH�LW�DOVR�
KDV�VXLWDEOH�DV�EXLOGLQJ�PRLHWLHV�IRU�D�SURPLVLQJ�RUJDQLF�VRODU�FHOOV�DSSOLFDWLRQ��
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,Q�WKLV�VWXG\��IRU�HIILFLHQW�RUJDQLF�VRODU�FHOOV�SHUIRUPDQFH��DQ�DON\O�VLGH�FKDLQ�
ZDV�LQWURGXFHG�WR�WKH�SKHQR[D]LQH�QLWURJHQ�DWRP�WKDW�ZRXOG�LQFUHDVH�WKH�VROXELOLW\�
RI� REWDLQHG� FRQMXJDWHG� FRSRO\PHUV�� )ROORZLQJ�� WKH� K\SHUEUDQFKHG� GRQRU�DFFHSWRU�
FRQMXJDWHG� SRO\PHUV� FRQWDLQLQJ� 73$�� %7'� DQG� 32=� PRLHWLHV� KDYH� EHHQ�
V\QWKHVL]HG� DQG� FKDUDFWHUL]HG� YLD� GLUHFW� KHWHURDU\ODWLRQ� SRO\PHUL]DWLRQ�� 7KH�
VWUXFWXUHV� RI� SRO\PHUV� ZHUH� LQYHVWLJDWHG� E\� )7�,5�� �+�105�� *3&� DQG� ;5'�
VSHFWURVFRSLHV��,Q�DGGLWLRQ��WKH�RSWLFDO�SURSHUWLHV�RI�SRO\PHUV�ZHUH�FKDUDFWHUL]HG�YLD�
SKRWROXPLQHVFHQFH��3/��DQG�89�YLV�VSHFWURVFRSLHV�

���(;3(5,0(17$/

�����0DWHULDOV

��+�SKHQR[D]LQH� ������ ZDV� SXUFKDVHG� IURP� $UN� 3KDUP� �86$���
7ULSKHQ\ODPLQH�� EHQ]R� >F@� >��� ��� �@� WKLDGLD]ROH�� WHWUDK\GURIXUDQ� �������� DQG� 1�
EURPRVXFFLQLPLGH� ZHUH� SXUFKDVHG� IURP� $FURV� 2UJDQLFV�� ��HWK\OKH[\O� EURPLGH�
������� SDOODGLXP�,,�� DFHWDWH� �3G�2$F���� ������ WULF\FORKH[\OSKRVSKLQH�
WHWUDIOXRURERUDWH� �3&\�ā+%)��� ������ ���ƍGLEURPR����ƍELWKLRSKHQH� DQG� SLYDOLF� DFLG�
�3LY2+�� ����� ZHUH� SXUFKDVHG� IURP� 6LJPD�$OGULFK�.DQWRFKHP� DQG� XVHG� DV�
UHFHLYHG�� 3RWDVVLXP� FDUERQDWH� �.�&2��� ������ VRGLXP� FKORULGH� �1D&O�� �����ZHUH�
SXUFKDVHG� IURP�$FURV�0HUFN��&KORURIRUP��&+&O����������DQG�GLPHWK\ODFHWDPLGH�
�'0$F�������ZHUH�SXUFKDVHG�IURP�)LVKHU�$FURV�DQG�GULHG�XVLQJ�PROHFXODU�VLHYHV�
XQGHU�1���'LFKORURPHWKDQH����������Q�KH[DQH��������PHWKDQRO� ��������DQG�HWK\O�
DFHWDWH�������ZHUH�SXUFKDVHG�IURP�)LVKHU�$FURV�DQG�XVHG�DV�UHFHLYHG�

�����&KDUDFWHUL]DWLRQ�PHWKRGV
�+�105�VSHFWUD�ZHUH�UHFRUGHG� LQ�GHXWHUDWHG�FKORURIRUP��&'&O���ZLWK�706�

DV� VWDQGDUG�� RQ� D� %UXNHU� $YDQFH� ���� 0+]�� )RXULHU� WUDQVIRUP� LQIUDUHG� �)7�,5��
VSHFWUD�� FROOHFWHG� DV� WKH� DYHUDJH� RI� ���� VFDQV� ZLWK� D� UHVROXWLRQ� RI� �� FP���� ZHUH�
UHFRUGHG� IURP� .%U� GLVN� RQ� WKH� )7�,5� %UXNHU� 7HQVRU� ���� *HO� SHUPHDWLRQ�
FKURPDWRJUDSK\��*3&��PHDVXUHPHQWV�ZHUH�SHUIRUPHG�RQ�D�3RO\PHU�3/�*3&����JHO�
SHUPHDWLRQ�FKURPDWRJUDSK�V\VWHP�HTXLSSHG�ZLWK�D�5,�GHWHFWRU��ZLWK�WHWUDK\GURIXUDQ�
DV� WKH� HOXHQW� �IORZ� UDWH�� ����PO�PLQ���0ROHFXODU� ZHLJKW� DQG�PROHFXODU� ZHLJKW� LWV�
GLVWULEXWLRQ� ZDV� FDOFXODWHG� ZLWK� UHIHUHQFH� WR� SRO\VW\UHQH� VWDQGDUGV�� (OHPHQWDO�
DQDO\VHV�ZHUH�SHUIRUPHG�E\� WKH�'XPDV�FRPEXVWLRQ�PHWKRG��XVLQJ�D�&RVWHFK�(&6�
�����(OHPHQWDO�$QDO\]HU

89�YLV�DEVRUSWLRQ�VSHFWUD�RI�SRO\PHUV�LQ�VROXWLRQ�DQG�SRO\PHU�WKLQ�ILOPV�ZHUH�
PHDVXUHG�RQ�D�$6(4�/5��VSHFWURPHWHU�RYHU�D�ZDYHOHQJWK�UDQJH�RI����������QP��
)OXRUHVFHQFH�VSHFWUD�ZHUH�UHFRUGHG�RQ�DQ�2FHDQ�2SWLFV�63�������

'LIIHUHQWLDO�VFDQQLQJ�FDORULPHWU\��'6&��PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�ZLWK�D�
'6&�����)�� 1(7=6&+�LQVWUXPHQWV�XQGHU�QLWURJHQ�IORZ��KHDWLQJ�UDWH����&�PLQ�����
7KHUPRJUDYLPHWULF� DQDO\VLV� �7*$��PHDVXUHPHQWV� ZHUH� SHUIRUPHG� XQGHU� QLWURJHQ�
IORZ� XVLQJ� D� 67$� ���� 3&� ,QVWUXPHQWV� ZLWK� D� KHDWLQJ� UDWH� RI� ���&�PLQ�� IURP�
DPELHQW�WHPSHUDWXUH�WR������&�
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�����6\QWKHVLV�RI�������HWK\OKH[\O����+�SKHQR[D]LQH

��+�SKHQR[D]LQH�������PJ�������PPRO��ZDV�GLVVROYHG�LQ�7+)�����P/��LQ�D�
����P/� IODVN� XQGHU� QLWURJHQ� IROORZLQJ� E\� VWLUULQJ� IRU� VHYHUDO�PLQXWHV��7KHQ�� WKH�
FRPSRXQG�LV�FRROHG�GRZQ�WR��R&����(WK\OKH[\O�EURPLGH�������PJ�������PPRO��DQG�
1D2W�%X������PJ�������PPRO��ZHUH�DGGHG��DQG�WKH�PL[WXUH�ZDV�GHJDVVHG�YLD�IUHH�
SXPS�WKDZ� F\FOH� WKUHH� WLPHV��7KHQ�� WKH� UHDFWLRQ�ZDV� FDUULHG� RXW� DW� ��R&� IRU� ��K��
$IWHU�FRPSOHWLRQ�RI�WKH�UHDFWLRQ��WKH�FRPSRXQG�ZDV�H[WUDFWHG�ZLWK����P/�RI�&+&O���
ZDVKHG�ZLWK�GLVWLOOHG�ZDWHU��GULHG�RYHU�DQK\GURXV�.�&2���7KH�PL[WXUH�HYDSRUDWHG�WR�
REWDLQ� WKH� FUXGH� SURGXFW�� ZKLFK� ZDV� SXULILHG� E\� VLOLFD� FROXPQ� FKURPDWRJUDSK\�
�HOXHQW��Q�KH[DQH��DQG�GULHG�XQGHU�YDFXXP�DW���R&�LQ���K�WR�REWDLQ�WKH�FRPSRXQG�
DV�D�GDUN�JUHHQ�RLO�������J��5I� ������\LHOG�������

�+�105������0+]��&'&O����į��SSP���������P���+���������P���+���������G���+���
������V���+���������P���+���������P���+���$QDO\VLV�FDOFXODWHG�IRU�&��+��126��&���������
+��������1��������2��������6��������)RXQG��&���������+��������1��������2��������6�������

�����6\QWKHVLV�RI�WULV���EURPRSKHQ\O�DPLQH

7ULSKHQ\ODPLQH������PJ�������PPRO��DQG�1�EURPRVXFFLQLPLGH������PJ�������
PPRO�� ZHUH� DGGHG� WR� DQK\GURXV� 7+)� ���� P/�� DW� �R&� XQGHU� QLWURJHQ�� 7KHQ�� WKH�
FRPSRXQG� ZDV� VWLUUHG� DW� URRP� WHPSHUDWXUH� IRU� ��K��$IWHU� WKDW�� WKH� UHDFWDQW� ZDV�
H[WUDFWHG� E\� FKORURIRUP�� ZDVKHG� ZLWK� 1D&O� VROXWLRQ� DQG� GLVWLOOHG� ZDWHU� VHYHUDO�
WLPHV��$IWHU�VROYHQW�KDG�EHHQ�UHPRYHG�E\�URWDU\�HYDSRUDWLRQ��WKH�FUXGH�SURGXFW�ZDV�
SXULILHG�E\�VLOLFD�JHO�FKURPDWRJUDSK\�ZLWK�Q�KH[DQH�DV�HOXHQW��$�\LHOG�RI�����PJ�RI�
WULV���EURPRSKHQ\O�DPLQH��5I  �������\LHOG������ZDV�REWDLQ�DV�D�ZKLWH�VROLG��

�+�105������0+]��&'&O����į��SSP���������P���+���������P���+���$QDO\VLV�
FDOFXODWHG�IRU�&��+��%U�1��&���������+��������%U���������1��������)RXQG��&���������
+��������%U���������1������

����� 6\QWKHVLV� RI� K\SHUEUDQFKHG� SRO\PHU� EDVHG� RQ� SKHQR[D]LQH� DQG�
WULSKHQ\ODPLQH�PRLHWLHV��3(++373$���3��

������HWK\OKH[\O����+�SKHQR[D]LQH� ����� PJ�� ����� PPRO�� DQG� WULV���
EURPRSKHQ\O��DPLQH������PJ�������PJ��ZHUH�GLVVROYHG� LQ����P/�'0$F�LQ�D�����
P/�IODVN�XQGHU�QLWURJHQ��7KHQ��3G�2$F�� ������PJ�������PPRO���3&\��+%)� �������
PJ�������PPRO���3LY2+��������PJ�������PPRO��DQG�.�&2� ��������PJ�������PPRO��
ZHUH� DGGHG� LQWR� WKH� IODVN�� WKH� VROXWLRQ� ZDV� KHDWHG� DW� ���R&� DQG� VWLUUHG� IRU� ��K��
7KHQ�� WKH� PL[WXUH� ZDV� FRROHG� GRZQ� WR� URRP� WHPSHUDWXUH� DQG� WKH� SRO\PHU� ZDV�
SUHFLSLWDWHG�E\�DGGLWLRQ�RI����PO�RI�PHWKDQRO�DQG�ILOWHUHG�WKURXJK�D�6R[KOHW�WKLPEOH��
ZKLFK� ZDV� WKHQ� VXEMHFWHG� WR� 6R[KOHW� H[WUDFWLRQ� ZLWK� PHWKDQRO�� Q�KH[DQH�� DQG�
FKORURIRUP�� 1H[W�� WKH� UHVXOWLQJ� VROXWLRQ� IURP� WKH� FKORURIRUP� IUDFWLRQ� ZDV�
SUHFLSLWDWHG� LQ� ���PO� RI�PHWKDQRO��7KH� SRO\PHU�ZDV� UHFRYHUHG� DV� D� JUH\LVK� VROLG�
VDPSOH� E\� ILOWUDWLRQ� DQG� GULHG� XQGHU� YDFXXP� DW� ��R&� IRU� ��K� WR� REWDLQ� WKH� ILQDO�
SURGXFW�3������PJ��\LHOG������

�+�105������0+]��&'&O����į� �SSP����������� �P� ��+�������� �V���+��������
������P����+���)7�,5��FP���������������������������������������������������������
�����*3&��0Q  ��������J�PRO��Ĉ��0Z�0Q�� ������
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����� 6\QWKHVLV� RI� K\SHUEUDQFKHG� SRO\PHU� EDVHG� RQ� SKHQR[D]LQH��
WULSKHQ\ODPLQH�DQG�EHQ]R�>F@�������WKLDGLD]ROH�PRLHWLHV��3(++373$%7���3��

������HWK\OKH[\O����+�SKHQR[D]LQH� ����� PJ�� ����� PPRO��� WULV���
EURPRSKHQ\O��DPLQH������PJ�������PJ��DQG�����GLEURPREHQ]R�>F@�������WKLDGLD]ROH�
���� PJ�� ����� PPRO�� ZHUH� GLVVROYHG� LQ� ��� P/� '0$F� LQ� D� ���� P/� IODVN XQGHU�
QLWURJHQ�� 7KHQ�� 3G�2$F�� ������ PJ�� ����� PPRO��� 3&\��+%)� ������� PJ�� �����
PPRO��� 3LY2+� �������PJ�� �����PPRO�� DQG�.�&2� ��������PJ�� �����PPRO��ZHUH�
DGGHG�LQWR�WKH�IODVN��WKH�VROXWLRQ�ZDV�KHDWHG�DW����R&�DQG�VWLUUHG�IRU���K��7KHQ��WKH�
PL[WXUH�ZDV�FRROHG�GRZQ�WR�URRP�WHPSHUDWXUH��DQG�WKH�SRO\PHU�ZDV�SUHFLSLWDWHG�E\�
DGGLWLRQ�RI����P/�RI�PHWKDQRO� DQG� ILOWHUHG� WKURXJK�D�6R[KOHW� WKLPEOH��ZKLFK�ZDV�
WKHQ�VXEMHFWHG�WR�6R[KOHW�H[WUDFWLRQ�ZLWK�PHWKDQRO��Q�KH[DQH��DQG�FKORURIRUP��1H[W��
WKH�UHVXOWLQJ�VROXWLRQ�IURP�WKH�FKORURIRUP�IUDFWLRQ�ZDV�SUHFLSLWDWHG�LQ����P/�RI�FROG�
PHWKDQRO��7KH�SRO\PHU�ZDV�UHFRYHUHG�DV�D�GDUN�EURZQ�VROLG�E\�ILOWUDWLRQ�DQG�GULHG�
XQGHU�YDFXXP�DW���R&�IRU���K�WR�REWDLQ�WKH�ILQDO�SURGXFW�3������PJ��\LHOG������

�+�105������0+]��&'&O����į��SSP���������P���+������������P����+���������V��
�+��������������P����+���)7�,5��FP�����������������������������������������������
���������������������*3&��0Q  �������J�PRO��Ĉ��0Z�0Q�� ������

���5(68/76�$1'�',6&866,21

�����6\QWKHVLV�RI�K\SHUEUDQFKHG�FRQMXJDWHG�SRO\PHUV

7KH�SRO\PHU�3��DQG�3��ZDV�V\QWKHVL]HG�YLD�GLUHFW�DU\ODWLRQ�SRO\FRQGHQVDWLRQ�
ZKLFK� FDUULHG� RXW� E\� FDWDO\VW� V\VWHP� RI� 3G�2$F�� DQG� 3&\��+%)� DV� OLJDQG��7KH�
UHDFWLRQ�ZDV�SHUIRUPHG� LQ�'0$F�VROYHQW�DW�����&� ,Q� WKH�FDVH�RI�3���DW� WKH�HDUO\�
VWDJH�RI�WKH�UHDFWLRQ��WKH�FRORU�RI�PL[WXUH�ZDV�OLJKW�\HOORZ�WKHQ�FKDQJHG�WR�WKH�JUHHQ�
DIWHU���K�DQG�WXUQHG�WR�GDUN�JUHHQ�DIWHU���K��$IWHU�UHDFWLRQ�ILQLVKHG��SRO\PHU�3��ZDV�
GLVVROYHG� LQ�&+&O� DQG�ILOWUDWHG�YLD�D�FHOLWH� OD\HU� WR�HOLPLQDWH� WKH�3G�FDWDO\VW��DQG�
WKHQ� WKH� SRO\PHUV�ZHUH� REWDLQHG� E\� SUHFLSLWDWLRQ� LQ� FROG�PHWKDQRO��7KH� \LHOGV� RI�
SRO\PHUL]DWLRQV�ZHUH�REWDLQHG�DERXW������ ,Q� WKH� FDVH�RI�3��� WKH� FRORU�RI�PL[WXUH�
DOVR�ZDV�OLJKW�\HOORZ�WKHQ�FKDQJH�WR�GDUN�EURZQ�DIWHU���K� 7KH�3��ZDV�DOVR�REWDLQHG�
E\� SUHFLSLWDWLRQ� LQ� FROG� PHWKDQRO�� ILOWUDWHG� DQG� GULHG� LQ� RYHQ�� 7KH� \LHOG� RI�
SRO\PHUL]DWLRQV�ZDV�REWDLQHG�DERXW������7KH�V\QWKHVLV� URXWH�RI�SRO\PHUV�3��DQG�
3��ZDV�GHVFULEHG�LQ�6FKHPH����7KH�K\SHUEUDQFKHG�'�$�FRQMXJDWHG�SRO\PHU�3��DQG�
3�� H[KLELWHG� WKH� JRRG� VROXELOLW\� LQ� FRPPRQ� VROYHQWV� VXFK� DV� FKORURIRHP�� 7+)��
GLFKORURPHWKDQH� DQG� WROXHQH��7KH� SRO\PHUV�3�� DQG�3��ZHUH� FKDUDFWHUL]HG� YLD� WKH�
JHO�SHUPHDWLRQ�FKURPDWRJUDSK\��*3&��WR�GHWHUPLQH�WKH�UHODWLYH�QXPEHU�PROHFXODU�
ZHLJKWV� RI� SRO\PHUV�� 3�� H[KLELWHG� WKH� DYHUDJH�PROHFXODU�ZHLJKW� RI� ������� J�PRO�
ZLWK� SRO\GLVSHULW\� LQGH[� �Ĉ�� RI� ����� ZKLOH� 3�� H[KLELWHG� WKH�PROHFXODU� ZHLJKW� RI�
������ J�PRO�ZLWK�Ĉ� RI� ������ ,W� LV� QRWHG� WKDW� WKH�PROHFXODU�ZHLJKW� RI� 3�� LV�PXFK�
KLJKHU� WKDQ� 3�� DOWKRXJK� LQ� WKH� VDPH� SRO\PHUL]DWLRQ� FRQGLWLRQ��7KLV� UHVXOW� FDQ� EH�
H[SDLQHG� WKDW� WKH�3��ZKLFK�FRQWDLQV�EHQ]R>F@>�����@WKLDGLD]ROH�PRLHWLHV� WKDW�FDXVH�
WKH� ULJLG� RI� SRO\PHU� VWUXFWXUH� RI� 3�� UHVXOWLQJ� WKH� GHFUHDVLQJ� RI� SRO\PHUL]DWLRQ�
GHJUHH�� ,Q�DGGLWLRQ��WKH�SRO\PHU�3��KDV�D�ODUJHO\�LQVROXEOH�SDUW�LQ�WKH�7+)�VROYHQW�
WKDW�FRQWULEXWHG�WR�KLJK�PROHFXODU�ZHLJKW�IUDFWLRQ�RI�SRO\PHUV��)LJXUH���VKRZV�WKH�
*3&�WUDFHV�RI�3��DQG�3��LQ�7+)�
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7KH� VWUXFWXUHV� RI� 3�� DQG� 3�� ZHUH� FKDUDFWHUL]HG� E\� )7,5� DQG� �+� 105�
VSHFWURVFRSLHV��7KH�)7,5�VSHFWUD�RI�3��DQG�3��GLVSOD\HG�WKH�EDQGV�EHWZHHQ������DQG�
�����FP�� GXH� WR�& &�VWUHWFKLQJ�RI�DURPDWLF�VWUXFWXUH��7KH�SHDNV�DW������FP�� DQG�
���������� FP�� DUH� DVFULEHG� WR� WKH� DURPDWLF� & &� VWUHWFKLQJ� DQG� DURPDWLF� &�+�
GHIRUPDWLRQ�YLEUDWLRQV��UHVSHFWLYHO\��,Q�DGGLWLRQ��WKH�SHDNV�DW������FP�� DQG������FP��

DUH�DVFULEHG�WR�WKH�&�1�VWUHWFKLQJ�RI�WULSKHQ\ODPLQH�XQLWV��7KH�EDQGV�DW������FP���DQG�
�����FP���LQGLFDWHV�WKH�SUHVHQFH�RI�&�2�VWUHWFKLQJ�YLEUDWLRQ��7KH�EDQGV�EHWZHHQ�����
FP�� DQG�����FP�� DUH�DVFULEHG�WR�WKH�ORQJ�FKDLQV�PHWK\O�URFNLQJ�YLEUDWLRQ��

)LJXUH����7KH�*3&�WUDFH�RI�WKH�K\SHUEUDQFKHG�FRQMXJDWHG�SRO\PHUV�3��DQG�3�

6FKHPH��� 6\QWKHVLV�RI�K\SHUEUDQFKHG�SRO\PHUV�'�$�SRO\PHUV�3��DQG�3�
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7KH� PRQRPHUV� DQG� SRO\PHUV� VWUXFWXUHV� ZHUH� FKDUDFWHUL]HG� E\� �+� 105��
)LJXUH� �� H[KLELWHG� WKH� �+� 105� VSHFWUXP� RI� PRQRPHU� (++3�� WKH� SHDNV� IURP�
����í�����SSP�WKDW�DWWULEXWHG�WR�WKH�DURPDWLF�UHJLRQ�DQG�WKH�SHDN�DW������SSP�DQG�
IURP� ���������� SSP� DVFULEHG� WR� DOLSKDWLF� UHJLRQ�� 7KH� �+� 105� VSHFWUD� RI� ERWK�
SRO\PHU� 3�� DQG� 3�� VKRZHG� DOO� FKDUDFWHULVWLF� SHDNV� RI� WKH� DURPDWLF� DQG� DOLSKDWLF�
UHJLRQ��,Q�WKH��+�105�VSHFWUXP�RI�SRO\PHU�3���WKH�SHDNV�IURP�����WR�����SSP�DUH�
FRUUHVSRQGLQJ� WR� DURPDWLF� ULQJV� LQ� SRO\PHU� VWUXFWXUH� LQFOXGLQJ� RI� WULSKHQ\O� DPLQH�
DQG�SKHQROR[D]LQH�ULQJ��7KH�SHDN�DW������SSP�DQG� WKH�SHDNV� IURP����� WR�����SSP�
FRUUHVSRQGHG�WR�DON\O�VLGH�FKDLQ��,Q�WKH�FDVH�RI�SRO\PHU�3���WKH�DURPDWLF�UHJLRQ�ZDV�
REVHUYHG� IURP� ���� WR� ���� SSP� ZKLFK� FRQWULEXWHG� WR� VLJQDOV� RI� EHQ]R� >F@�������
WKLDGLD]ROH��WULSKHQ\O�DPLQH�DQG�SKHQR[D]LQH�PRLHWLHV��,Q�DGGLWLRQ��WKH�VLJQDO�DW������
SSP� DQG� WKH� EURDG� SHDN� DW� �������� SSP� H[KLELWHG� IRU� WKH� DON\O� VLGH� FKDLQ��7KHVH�
UHVXOWV�LQGLFDWHG�WKDW�WKH�QHZ�FRQMXJDWHG�SRO\PHUV�ZHUH�VXFFHVVIXOO\�V\QWKHVL]HG�YLD�
GLUHFW�KHWHURDU\ODWLRQ�SRO\PHUL]DWLRQ��,Q�DGGLWLRQ��WKH�VROXELOLW\�RI�SRO\PHUV�FDQ�EH�
SHUIRUP� LQ� VHYHUDO� VROYHQWV� VXFK� DV� FKURORIRUP�� GLFKURPHWKDQH�� WROXHQH� DQG�
WHWUDK\GURIXUDQH��

)LJXUH��� � +�105�RI�WKH�K\SHUEUDQFKHG�FRQMXJDWHG�SRO\PHU�3���$��DQG�3���%�
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�����2SWLFDO�SURSHUWLHV�RI�WKH�K\SHUEUDQFKHG�FRQMXJDWHG�SRO\PHUV

7KH� DEVRUSWLRQ� SURSHUWLHV� RI� WKHVH� K\SHUEUDQFKHG� FRQMXJDWHG�SRO\PHUV�ZHUH�
LQYHVWLJDWHG� E\� 89�9LV� VSHFWURVFRS\� LQ� 7+)� VROYHQW� DQG� LQ� VROLG� VWDWH� ILOP�� ,Q�
VROXWLRQ�� SRO\PHU� 3�� H[KLELWHG� WKH� PD[LPXP� DEVRUSWLRQ� SHDN� DW� ���� QP� ZKLOH�
SRO\PHU�3��SUHVHQWHG�WKH�PD[LPXP�DEVRUSWLRQ�SHDN�DW�����QP��,Q�WKH�FDVH�RI�VROLG�
VWDWH� ILOP�� WKH� SRO\PHU� 3�� H[KLWHG� WKH�PD[LPXP� DEVRUSWLRQ� SHDN� DW� ���� QP� DQG�
RQVHW�DEVRUSWLRQ�DW�����QP�WKDW�FRUUHVSRQGLQJ�WR�WKH�RSWLFDO�EDQG�JDSV��(J

RSW��RI�����
H9��7KH�SRO\PHU�3��H[KLELWHG� WKH�PD[LPXP�DEVRUSWLRQ�SHDN�DW�����QP�DQG�RQVHW�
DEVRUSWLRQ�DW�����QP�LQ�VROLG�VWDWH�ILOP�WKDW�FRUUHVSRQGLQJ�WR�WKH�RSWLFDO�EDQG�JDSV�
�(J

RSW��RI������H9��7KH�RQVHW�DEVRUSWLRQ�RI�3��LV�PXFK�KLJKHU�WKDQ�WKRVH�3��FDQ�EH�
H[SODLQHG�E\�WKH�FRRSHUDWLRQ�RI�WKLDGLD]ROH�XQLWV�ZKLFK�UHIHUUHG�WR�VWURQJO\�DFFHSWRU�
PRLHWLHV��7KH�89�9LV�DEVRUSWLRQ�RI�K\SHUEUDFQKHG�FRQMXJDWHG�SRO\PHUV�3��DQG�3��
KDYH�DVFULEOHG�LQ�)LJXUH����

)LJXUH��� 89�YLV�DEVRUSWLRQ�VSHFWUD�RI�SRO\PHUV�3��DQG�3��LQ�7+)�VROXWLRQ��$�
DQG�LQ�VROLG�VWDWH�ILOP��%�

7KH�K\SHUEUDQFKHG�FRQMXJDWHG�SRO\PHUV�LQ�VROXWLRQV�ZHUH�LQYHVWLJDWHG�E\�WKH�
SKRWROXPLQLVFHQW� �3/�� VSHFWUD� LQ� )LJ�� �� WKDW� H[FLWHG� DW� WKH� DEVRSWLRQ�PDPLPD�� ,Q�
FKORUREHQ]HQH� �&%���SRO\PHU�3��GLVSOD\HG�GRXEOHW�HPLVVLRQ�SHDNV�DW�����QP�DQG�
����QP��)LJ���$��ZKHUHDV� LW�H[KLELWHG�GRXEOHW�SHDNV�DW�����QP�DQG�����QP�XSRQ�
H[FLWDWLRQ�DW�����QP��)LJ���%���3RO\PHU�3��DOVR�GLVSOD\HG�GRXEOHW�HPLVVLRQ�SHDN�DW�
����QP������QP��)LJ���$��LQ�FKORUREHQ]HQ�DQG�GRXEOHW�HPLVVLRQ�SHDNV�DW�����QP��
����QP�LQ�7+)��)LJ���%���
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)LJXUH��� 3/�VSHFWUD�RI�WKH�K\SHUEUDQFKHG�FRQMXJDWHG�SRO\PHUV�3� DQG�3�
LQ�&%��$��DQG�LQ�7+)��%��

7KH� WKHUPDO� SURSHUWLHV� RI� SRO\PHU� 3�� DQG� 3�� ZHUH� LQYHVWLJDWHG� E\�
WKHUPRJUDYLPHWULF�DQDO\VLV� �7*$���7*$�XQGHU�QLWURJHQ�IORZ�ZDV�XVHG� WR�HYDOXDWH�
WKH�WKHUPDO VWDELOLW\�RI�WKH�SXULILHG�K\SHUEUDQFKHG�FRQMXJDWHG�SRO\PHUV�LQ�WKH�UDQJH�
IURP� URRP� WHPSHUDWXUH� WR� ���R&�� %RWK� SRO\PHUV� 3�� DQG� 3�� VKRZHG� WKH� WKHUPDO�
WKUHVKROG� GHFRPSRVLWLRQ� WHPSHUDWXUH� ����ZHLJKW� ORVV�� DURXQG� ���R&� �VHH� )LJ�� ���
DQG�D�ORVV�RI�DERXW�����ZW��DW����R&��7KHVH�UHVXOWV�VXJJHVWHG�WKDW�WKH�SRO\PHU�3��
DQG� 3�� KDYH� D� JRRG� WKHUPDO� VWDELOLW\� ZKLFK� FRXOG� EH� XVHG� LQ� KLJK� WHPSHUDWXUH�
DSSOLFDWLRQ��

)LJXUH��� 7*$�FXUYHV�RI�VSHFWUD�RI�3��DQG�3��ZLWK�KHDWLQJ�UDWH�RI���R&�PLQ�� XQGHU�
QLWURJHQ�DWPRVSKHUH
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���&21&/86,216

,Q� FRQFOXVLRQ�� WKH� QRYHO� K\SHUEUDQFKHG� FRQMXJDWHG� SRO\PHUV� KDYH� EDVHG� RQ�
SKHQR[D]LQH�� EHQ]R>F@� >�����@� WKLDGLD]ROH� DQG� WULSKHQ\O� DPLQH� KDYH� EHHQ�
V\QWKHVL]HG�VXFFHVVIXOO\�YLD�GLUHFW�KHWHURDU\ODWLRQ�SRO\PHUL]DWLRQ�LQ�WKH�\LHOG�RI����
�����7KH�FRQMXJDWHG�SRO\PHUV� FRQWDLQLQJ� WKH�GRQRU� DFFHSWRU�XQLWV� DQG�H[KLELWHG�
WKH� JRRG� VROXELOLW\� LQ� FRPPRQ� VROYHQWV� WKDW� OHG� WR� SURFHVVDEOH� RI� WKLQ� ILOP�
FRPSRQHQW� LQ� WKH� HOHFWURQLF� GHYLFHV�� 7KH� SRO\PHUV� DOVR� H[KLELWHG� WKH� WKHUPDO�
VWDELOLW\�XS� WR����R&�� ,Q� DGGLWLRQ�� WKH K\SHUEUDQFKHG�SRO\PHUV�3��DQG�3�� VKRZHG�
WKH�EDQG�JDS�HQHUJ\�OHYHOV�RI�����H9�DQG������H9��UHVSHFWLYHO\�ZKLFK�DUH�SRQHQWLDO�
PDWHULDOV�IRU�RUJDQLF�VRODU�FHOO�DSSOLFDWLRQ��

$FNQRZOHGJPHQWV��7KLV�UHVHDUFK�ZDV�IXOO\�VXSSRUWHG�E\�WKH�9LHWQDP�1DWLRQDO�
)RXQGDWLRQ IRU� 6FLHQFH� DQG� 7HFKQRORJ\� 'HYHORSPHQW� �1$)267('�� XQGHU� JUDQW�
QXPEHU�³���������������´

5()(5(1&(6

��� .LP�<��+���:HEVWHU�2��:���:DWHU� VROXEOH� K\SHUEUDQFKHG� SRO\SKHQ\OHQH�� µµD�
XQLPROHFXODU�PLFHOOH´��-��$P��&KHP��6RF�����������������������

��� +DZNHU�&�� -���/HH�5���)UpFKHW� -��0�� -���2QH�VWHS�V\QWKHVLV�RI�K\SHUEUDQFKHG�
GHQGULWLF�SRO\HVWHUV� -��$P��&KHP��6RF�����������������������

��� 0DOPVWU|P� (��� -RKDQVVRQ�0��� +XOW�$���+\SHUEUDQFKHG� DOLSKDWLF� SRO\HVWHUV��
0DFURPROHFXOHV���������������������

��� *XR�7���*XDQ��5���=RX�-���/LX�-���<LQJ�/���<DQJ�:����:X�+���&DR�<���5HG�OLJKW�
HPLWWLQJ� K\SHUEUDQFKHG� IOXRUHQH�DOW�FDUED]ROH� FRSRO\PHUV� ZLWK� DQ� LULGLXP�
FRPSOH[�DV�WKH�FRUH��3RO\PHU�&KHPLVWU\���������������������

��� *XR�7���<X�/���<DQJ�<���/L��<���7DR�<���+RX�4���<LQJ�/���<DQJ�:���:X�+���&DR�
<��� +\SHUEUDQFKHG� UHG� OLJKW�HPLWWLQJ� SKRVSKRUHVFHQW� SRO\PHUV� EDVHG� RQ�
LULGLXP�FRPSOH[�DV�WKH�FRUH� -��/XPLQ����������������������

��� +ZDQJ� 6�� +��� 6KUHLQHU� &�� '��� 0RRUHILHOG� &�� 1��� 1HZNRPH� *�� 5��� 5HFHQW�
SURJUHVV� DQG� DSSOLFDWLRQV� IRU� PHWDOORGHQGULPHUV�� 1HZ� -�� &KHP��� ������
��������������

��� /LX�)���/LX�-��4���/LX�5��5���+RX�;��<���;LH�/��+���:X�+��%���7DQJ�&���:HL�:���
&DR� <��� +XDQJ� :��� +\SHUEUDQFKHG� IUDPHZRUN� RI� LQWHUUXSWHG� ʌఆFRQMXJDWHG�
SRO\PHUV� HQGఆFDSSHG� ZLWK� KLJK� FDUULHUఆPRELOLW\� PRLHWLHV� IRU� VWDEOH� OLJKWఆ
HPLWWLQJ� PDWHULDOV� ZLWK� ORZ� GULYLQJ� YROWDJH�� -�� 3RO\P�� 6FL�� 3DUW�$�� 3RO\P��
&KHP�����������������������

��� :X�<���/L�-���/LDQJ�:���<DQJ�-���6XQ�-���:DQJ�+���/LX�;���;X�%���+XDQJ�:���
+\SHUEUDQFKHG� IOXRUHQH�DOW�FDUED]ROH� FRSRO\PHUV� ZLWK� VSLUR>���@KHSWDQH�
����GLVSLURIOXRUHQH� DV� WKH� FRUH� DQG� WKHLU� DSSOLFDWLRQ� LQ�ZKLWH� SRO\PHU� OLJKW�
HPLWWLQJ�GHYLFHV��56&�$GYDQFHV����������������������

��� 6XQ� -���<DQJ� -��� =KDQJ�&���:DQJ�+��� /L� -��� 6X� 6���;X�+��� =KDQJ�7���:X�<���
:RQJ�:��<���;X�%���$�QRYHO�ZKLWH�OLJKW�HPLWWLQJ�FRQMXJDWHG�SRO\PHU�GHULYHG�
IURP� SRO\IOXRUHQH� ZLWK� D� K\SHUEUDQFKHG� VWUXFWXUH�� 1HZ� -�� &KHP��� ������
�������������
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���� =KHQJ� 0��� %DL� )��� =KX� '��� 1HZ� OLJKW� HPLWWLQJ� PDWHULDOV�� $OWHUQDWLQJ�
FRSRO\PHUV�ZLWK� KROH� WUDQVSRUW� DQG� HPLWWLQJ� FKURPRSKRUHV�� -��$SSO�� 3RO\P��
6FL�����������������������

���� /LX�<���<DQJ�&���/L�<RQJMXQ��/L�<XOLDQJ��:DQJ�6���=KXDQJ�-���/LX�+���:DQJ�1���
+H� ;��� /L� <RQJIDQJ�� =KX� '��� 6\QWKHVLV� DQG� SKRWRYROWDLF� FKDUDFWHULVWLFV� RI�
QRYHO� FRSRO\PHUV� FRQWDLQLQJ� SRO\�SKHQ\OHQHYLQ\OHQH�� DQG� WULSKHQ\ODPLQH�
PRLHWLHV�FRQQHFWHG�DW�����ED\�SRVLWLRQV�RI�SHU\OHQH�ELVLPLGH��0DFURPROHFXOHV��
�����������������

���� 4XD� -��� 6KLRWVXNL� 0��� .RED\DVKL� 1��� 6DQGD� )��� 0DVXGD� 7��� 6\QWKHVLV� DQG�
SURSHUWLHV�RI� FDUED]ROH�EDVHG�K\SHUEUDQFKHG�FRQMXJDWHG�SRO\PHUV��3RO\PHU��
��������������������

���� 1HWR� %�� $�� '��� /DSLV� $�� $�� 0��� 'D� 6LOYD� -~QLRU� (�� 1��� 'XSRQW� -��� ������
%HQ]RWKLDGLD]ROH� DQG� GHULYDWLYHV�� 6\QWKHVLV�� SURSHUWLHV�� UHDFWLRQV�� DQG�
DSSOLFDWLRQV�LQ�OLJKW�WHFKQRORJ\�RI�VPDOO�PROHFXOHV��(XU��-��2UJ��&KHP���������
����������

���� 7LDQ�+���<DQJ�;���&RQJ�-��<���&KHQ�5���/LX�-���+DR�<���+DJIHOGW�$���6XQ�/��&���
7XQLQJ�RI�SKHQR[D]LQHFKURPRSKRUHV�IRU�HIILFLHQW�RUJDQLF�G\H�VHQVLWL]HG�VRODU�
FHOOV��&KHP��&RPPXQ�����������������������

��� 7LDQ�+���%RUD�,���-LDQJ�;���*DEULHOVVRQ�(���.DUOVVRQ�.��0���+DJIHOGW�$���6XQ�/��
0RGLI\LQJ�RUJDQLF�SKHQR[D]LQH�G\HV�IRU�HIILFLHQW�G\H�VHQVLWL]HG�VRODU�FHOOV� -��
0DWHU��&KHP������������������������

���� 5HGG\�0��$���9LQD\DN�%���6XUHVK�7���1LYHGLWKD�6���%KDQXSUDNDVK�.���6LQJK�6��
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7KH� QRYHO� K\SHUEUDQFKHG� FRQMXJDWHG� SRO\PHUV� FRQWDLQLQJ� SKHQR[D]LQH��
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