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0HWKRGV� IRU� SUHSDUDWLRQ� RI� SKRWRVHQVLWLYH� VWUXFWXUHV� Q=Q6H�7H�±S=Q7H� DQG=Q6H�7H��S=Q7H±Q&G6H� DUH� FRQVLGHUHG�� 7KH�PHWKRGV� XVH� VROLG�SKDVH� VXEVWLWXWLRQUHDFWLRQV�DQG�VXEVHTXHQW�HSLWD[LDO�JURZWK�RQ�=Q6H�7H��FU\VWDOV��,W�KDV�EHHQ�VKRZQWKDW�PD[LPXP�H�P�I��YDOXH�IRU�LQWHJUDWHG�GHWHFWRUV�LV��������9��DQG�WKHLU�;�UD\�VHQ�VLWLYLW\� UHDFKHV� YDOXHV� XS� WR� ������� Q$�PLQ�5�FP��� '\QDPLF� OLQHDULW\� UDQJH� RIRXWSXW� FKDUDFWHULVWLFV� RI� WKH� GHWHFWRUV� ZDV� QRW� OHVV� WKDQ� ����� DIWHUJORZ� OHYHO� DIWHU�� PV�±�OHVV�WKDQ���������DOORZLQJ�WR�XVH�WKHP�LQ�;�UD\�WRPRJUDSKV�
,QWURGXFWLRQ'HYHORSPHQW� RI� VFLQWLOODWRUV� EDVHG� RQ$,,%9, FRPSRXQGV� KDV� HIILFLHQWO\� ILOOHG� WKHHPSW\� JDS� LQ� WKH� ³VFLQWLOODWRU�SKRWRGLRGH´GHWHFWRU� IDPLO\� IRU� PRGHUQ� UDGLDWLRQ� LQWUR�VFRSHV�� ,Q� IDFW�� VFLQWLOODWRUV� EDVHG� RQ� LVRYD�OHQWO\�GRSHG�=Q6H�FU\VWDOV� VKRZ�FRQYHUVLRQHIILFLHQF\� ��� �� KLJKHU�� DQG� UDGLDWLRQ� VWD�ELOLW\�±�PRUH� WKDQ��������� WLPHV�KLJKHU� WKDQ&V,�7O��>���@�,W� LV�DOVR�NQRZQ�>����@� WKDW�FHUWDLQ�FRP�SOH[� VWUXFWXUHV� EDVHG� RQ� $,,%9, FRPSRXQGVZLWK� SURSHUWLHV� RI� ZLGH� EDQG� JDS� VHPLFRQ�GXFWRUV� GLVSOD\� KLJK� SKRWRVHQVLWLYLW\� LQ� WKHYLVLEOH� UDQJH��FRUUHVSRQGLQJ� WR� WKH� OXPLQHV�FHQFH� PD[LPXP� RI� =Q6H�7H�� FU\VWDOV�OPD[ ������� QP��� $FFRXQWLQJ� IRU� XQLTXHFRPELQDWLRQ� RI� SURSHUWLHV� ±� =Q6H�7H�� FU\V�WDOV� DUH� ERWK� VHPLFRQGXFWRU� PDWHULDOV� DQGKLJKO\�HIILFLHQW�VFLQWLOODWRUV�±�LW�VHHPHG�SRV�VLEOH� WR� REWDLQ� SKRWRVHQVLWLYH� VWUXFWXUHVEDVHG� RQ�$,,%9, FRPSRXQGV� GLUHFWO\� RQ� WKHVXUIDFH�RI�WKH�VHPLFRQGXFWRU�VFLQWLOODWRU�

,Q� WKLV� SDSHU�� SUHSDUDWLRQ� PHWKRGV� DQGSURSHUWLHV� DUH�GHVFULEHG� RI� FRPELQHG� GHWHF�WRUV�RI� LRQL]LQJ�UDGLDWLRQ�RI�=Q6H�7H�±=Q7HDQG�=Q6H�7H��=Q7H±&G6H�W\SHV�
([SHULPHQWDO=Q6H�7H�� FU\VWDOV� ZHUH� JURZQ� E\� YHUWL�FDO�%ULGJPDQ�PHWKRG�LQ�JUDSKLWH�FUXFLEOHV�LQDUJRQ�DWPRVSKHUH��&RQWHQW�RI�DFWLYDWRU�7H�LQ=Q6H� FU\VWDOV� ZDV� ���� PDVV� ��� 7R� REWDLQVFLQWLOODWLRQ� SURSHUWLHV�� =Q6H�7H�� VDPSOHV� RI�����u�u��PP� VL]H�ZHUH� DQQHDOHG� LQ�=Q�YD�SRU�DW�7 ���� .�IRU����KRXUV��%HIRUH�DSSOLFD�WLRQ�RI�=Q7H�DQG�&G6H�OD\HUV��=Q6H�7H��VDP�SOHV�ZHUH�PHFKDQLFDOO\�SROLVKHG�DQG�HWFKHG�LQEURPLQH�PHWKDQRO�� 7KH Q=Q6H�7H�±S=Q7HDQG� =Q6H�7H��S=Q7H±Q&G6H� KHWHURVWUXF�WXUHV�ZHUH�REWDLQHG�E\� WKH�YDSRU�SKDVH� HSL�WD[\�>���@��7R�LQFUHDVH�VHQVLWLYLW\�RI�WKH�KHW�HURVWUXFWXUHV�� GXULQJ� HSLWD[LDO� JURZWK� =Q7HOD\HUV�ZHUH�GRSHG�ZLWK�$V��DQG�&G6H�OD\HUV±�ZLWK�LQGLXP��7KH�LPSXULW\�DWRPV�PRYHG�WRWKH�PL[WXUH�]RQH�GXH�WR�FRQFHQWUDWLRQ�JUDGL�HQW��7KHQ� WKH\�ZHUH� WUDQVSRUWHG� LQ� WKH� IRUP
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RI�DWRPLF� IOX[� WR� WKH�GHSRVLWLRQ�]RQH��6FKH�PDWLF� GLDJUDPV� RI� WKH� FRPELQHG� GHWHFWRUV�ZKLFK�ZHUH�REWDLQHG�DV�DERYH�GHVFULEHG��DUHSUHVHQWHG� LQ�)LJ���� ,W� FDQ�EH� VHHQ� WKDW� WKHVHGHWHFWRUV� RI� ³VFLQWLOODWRU�KHWHURVWUXFWXUH´W\SH�HQVXUHG�PLQLPDO�UHIOHFWLRQ�ORVVHV�0HWDOORJUDSKLF�DQG�;�UD\� VWXGLHV�RI� WKH=Q7H�DQG�&G6H�OD\HU�JURZWK�SURFHVVHV�VKRZWKDW� WKH� RSWLPXP�FRQGLWLRQV� DUH� WKH� IROORZ�LQJ�� =Q7H� VRXUFH� WHPSHUDWXUH� ±� ���� .�=Q6H�7H��VXEVWUDWH�WHPSHUDWXUH�±�����.��IRU&G6H�� WKHVH� YDOXHV� DUH� ���� .� DQG� ���� .�UHVSHFWLYHO\�� )RU� GHWHFWRUV� RI� =Q6H�7H�±=Q7H�W\SH��RSWLPXP�WKLFNQHVV�RI�=Q7H�OD\HUZDV� ��±��� PP�� IRU� =Q6H�7H��=Q7H±&G6HGHWHFWRUV�� WKLFNQHVVHV� RI� =Q7H� DQG� &G6HOD\HUV� ZHUH� ��� PP� DQG� ����� PP�UHVSHFWLYHO\�� 0HDVXUHPHQWV� RI� HOHFWULFDOSDUDPHWHUV� RI� WKH� GHWHFWRU� FRPSRQHQWV� E\WKH� YDQ� GHU� 3DXZ� PHWKRG� KDYH� VKRZQ� WKDWIUHH� HOHFWURQ� FRQFHQWUDWLRQ� QH LQ� =Q6H�7H�FU\VWDOV� DQG�&G6H� OD\HUV�ZHUH�� UHVSHFWLYHO\������u���� FP�� DQG� �����u���� FP���� ZKLOHKROH�FRQFHQWUDWLRQ�LQ�=Q7H�OD\HUV�ZDV�DERXW�u���� FP���� $X� DQG� ,Q� ZHUH� GHSRVLWHG� E\YDFXXP�HYDSRUDWLRQ�WR�PDNH�RKPLF�FRQWDFWVIRU�=Q7H��&G6H�DQG�=Q6H�7H��
5HVXOWV�DQG�GLVFXVVLRQ$PRQJ� WKH� GHWHFWRUV� VWXGLHG�� WKHQ=Q6H�7H�±S=Q7H�V\VWHP�ZDV�WKH�PRVW�HDV\WR�SURGXFH��6SHFWUDO�GLVWULEXWLRQ�RI�WKH�VKRUW�FLUFXLW� SKRWRFXUUHQW� ,6& XQGHU� LOOXPLQDWLRQIURP� WKH� VFLQWLOODWRU� VLGH� LV� SUHVHQWHG� LQ)LJ���� FXUYH� ��� 4XDQWXP� \LHOG� 4 RI� WKHQ=Q6H�7H�±S=Q7H�VWUXFWXUH�DW�7 ��� .�ZDV�����������DQG�WKH�H�P�I��YDOXHV�UHDFKHG�������� 9�� 7KLV� VXJJHVWV� UDWKHU� HIILFLHQW� VHSDUD�WLRQ�RI�WKH�OLJKW�JHQHUDWHG�HOHFWURQ�KROH�SDLUVXQGHU�WKH�EXLOW�LQ�HOHFWULF�ILHOG�IRUPHG�LQ�WKHWUDQVLWLRQ� OD\HU� RI� WKH� Q=Q6H�7H�±S=Q7HVWUXFWXUH���/XPLQHVFHQFH�VSHFWUD�RI�WKH�VFLQ�WLOODWRU� �)LJ�������DQG�SKRWRVHQVLWLYLW\�RI� WKHQ=Q6H�7H�±S=Q7H� VWUXFWXUH� �)LJ���� ��� DUHRQO\� ZHDNO\� RYHUODSSLQJ�� DQG� WKH� VSHFWUDOFRQFRUGDQFH� IDFWRU� GRHV� QRW� H[FHHG� ����+RZHYHU�� GXH� WR� KLJK� OHYHO� RI� OLJKW� FROOHF�WLRQ�LQ�=Q6H�7H�±=Q7H�GHWHFWRUV��WKHLU�;�UD\

VHQVLWLYLW\� UHDFKHV� �� Q$�PLQ�5�FP��� ZKLFKLV�FRPSDUDEOH�WR�SDUDPHWHUV�RI�³VFLQWLOODWRU ±6L�SKRWRGLRGH´� GHWHFWRUV� >�@�� 7KH=Q6H�7H�±=Q7H�GHWHFWRUV�SUHVHUYHG�OLQHDULW\RI� WKH� RXWSXW� VLJQDO� LQ� D� EURDG� GRVH� UDWHUDQJH�RI�;�UD\�UDGLDWLRQ�ZLWK�HQHUJLHV�([ ����� NH9� �)LJ��� ���� 7KH� UHVLGXH� VLJQDO� OHYHOGLG� QRW� H[FHHG� ���� �� LQ� �� PV� DIWHU�;�UD\LUUDGLDWLRQ�

)LJ����6SHFWUDO�GHSHQGHQFHV�RI�VKRUW�FLUFXLW� FX U�UHQW� ,6& ������ DQG� TXDQWXP� HIILFLHQF\� 4 ���� IRUQ=Q6H�7H�±S=Q7H� ���� DQG� Q=Q6H�7H��S=Q7H±Q&G6H� ���� ��� VWUXFWXUHV�� 7KH� LQVHUW� VKRZV� WKHLUVFKHPDWLF�GLDJUDPV�

)LJ���� 6SHFWUDO� GLVWULEXWLRQV� IRU� Q=Q6H�7H�� ±S=Q7H� ���� DQG� =Q6H�7H��S=Q7H±Q&G6H� VWUXF�WXUHV� �IRU� GLIIHUHQW� FRQFHQWUDWLRQV� QH LQ� &G6HOD\HUV��QH ���u���� FP�� ����DQG�QH ���u���� FP�������� DQG� OXPLQHVFHQFH� VSHFWUXP� RI� =Q6H�7H�VFLQWLOODWRU�����
)RU� WKH� =Q6H�7H��S=Q7H±Q&G6H� VWUXF�WXUH��PD[LPD�RI� � ,6&�O� DQG�4�O� SORWV� DUHORFDWHG�LQ�WKH���������� PP�UHJLRQ��)LJ���������� DQG� WKH� YDOXH� RI�4� FDQ� UHDFK� ����������7KH� DEVROXWH� PRQRFKURPDWLF� VHQVLWLYLW\� DW
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����� PP� LV� ��������� $�:�� 7KH� WLPH� FRQ�VWDQW�RI�WKLV�VWUXFWXUH�LV��u������u���� V��7KHVKDSH� RI� WKH� VSHFWUDO� FKDUDFWHULVWLF� GHSHQGVXSRQ� FRQFHQWUDWLRQ� QH LQ� WKH� &G6H� OD\HU�)LJ���� ��� ���� :KHQ� QH LV� LQFUHDVHG� IURP���u����FP�� WR����u����FP����WKH�VSHFWUDO�FRQ�FRUGDQFH� IDFWRU� ULVHV� IURP������ WR� ������'RVL�PHWULF�FKDUDFWHULVWLFV�RI��=Q6H�7H��=Q7H±&G6HGHWHFWRUV�ZHUH�IRXQG�WR�EH� OLQHDU�ZLWKLQ����RUGHUV� RI� PDJQLWXGH�� $V� FDQ� EH� VHHQ� IURP�)LJ��� ���� WKHLU� ;�UD\� VHQVLWLYLW\� LV� QRWLFHD�EO\� KLJKHU� DV� FRPSDUHG� ZLWK� FRQYHQWLRQDOGHWHFWRUV� ³VFLQWLOODWRU� &V,�7O�� ±� 6L�SKRWR�GLRGH´��)LJ��� ���DQG�FDQ�UHDFK�YDOXHV�XS� WR������� Q$�PLQ�5�FP��7KXV�� LW� FDQ� EH� FRQFOXGHG� WKDW�� DV� IRU� WKHIXOO�VHW�RI�WKHLU�RXWSXW�DQG�IXQFWLRQDO�FKDUDFWHU�LVWLFV��LQWHJUDWHG�GHWHFWRUV�EDVHG�RQ�=Q6H�7H�±=Q7H�DQG�=Q6H�7H��=Q7H±&G6H�VWUXFWXUHV�FDQEH� VXFFHVVIXOO\� XVHG� LQVWHDG� RI� FRQYHQWLRQDO³VFLQWLOODWRU�±�6L�SKRWRGLRGH´�GHWHFWRUV�LQ�;�UD\WRPRJUDSKV�DQG�GRVLPHWULF�HTXLSPHQW�

)LJ���� 2XWSXW� VLJQDO� ,6& DV� IXQFWLRQ� RI� ;�UD\�([|�� NH9��GRVH�UDWH�3[ IRU�=Q6H�7H�±=Q7H�����=Q6H�7H��=Q7H±&G6H� ���� DQG� ³VFLQWLOODWRU&V,�7O��±�6L�SKRWRGLRGH´�����GHWHFWRUV�
7KLV� ZRUN� KDV� EHHQ� VXSSRUWHG� E\� WKH,17$6 ������������ DQG� 67&8� �����*UDQWV�
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