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)LJXUH� ��� 6LJQ� GHWHFWLRQ� RI� WKH� WUDSSHG� FKDUJHG� LQIXQFWLRQ� RI�9()0�� D�� VXUIDFH� GLVWULEXWLRQ� RI�9T SRWHQWLDOFUHDWHG� E\� SRVLWLYH� FKDUJH�� E�� 9()0 !�� WKHQ� WKH� SKDVHVLJQDO� LQFUHDVHV�� F�� 9()0��� WKHQ� WKH� SKDVH� VLJQDOGHFUHDVHV�� G�� 9()0 KDV� WKH� VLJQ� DV� 9T EXW~9()0~�~9TPD[~ WKHQ� D� FRPSOH[� SURILO� DSSHDUV� ZLWK� DKROH�LQ�WKH�PLGGOH�

)LJXUH����7RSRJUDSK\��WRS��DQG�SKDVH��ERWWRP��PDSV�RQD� WKLQ� 6L2�ILOP� RI� ��QP� RQ� 6L�VXEVWUDWH�� 6FDQ� VL]H� LV��[��� �P��� &KDUJH� LQMHFWLRQ� SDUDPHWHUV�ZHUH� ±��9���V�7KH�SKDVH�LV�UHFRUGHG�DW�D�OLIW�KHLJKW�RI�����QP��%RWWRPILJXUH�� WKH� WLS�YROWDJH GXULQJ� OLIW PRGH� LV�9()0 ��9�RQWKH�XSSHU�KDOI�RI�WKH�LPDJH��WKHQ�9()0 ��9�RQ�WKH ORZHU
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KDOI�� 7KH� SKDVH� VKLIWV� MXPSV� IURP� ±�� GHJUHHV� WR� ��GHJUHHV�
� 4XDQWLILFDWLRQ�RI�WKH�WUDSSHG�FKDUJHG7R�GHGXFH�WKH�VXUIDFH�FKDUJH�T IURP�WKH���D��RU��E��HTXDWLRQV�XVLQJ�()0�LPDJHV�� WKH�PRGHOLQJ�RIWLS�VDPSOH�FDSDFLWDQFH�LV�UHTXLUHG�EHFDXVH�WKH�IRUFHJUDGLHQW� YDULHV� ZLWK� LWV� VHFRQG� GHULYDWLYH�� 7KHFDSDFLWDQFH� RI� WKH� V\VWHP� UHOLHV� RQ� �D�� WKH� VDPSOHFKDUDFWHULVWLFV� DV� WKH� QDWXUH� DQG� QXPEHU� RI� R[LGHOD\HUV� GHSRVLWHG� RQ� WKH� FRQGXFWLYH� EXON� DQG� LWVURXJKQHVV�� �E�� WKH� DYHUDJH� WLS�VXUIDFH� GLVWDQFH� WRFKRRVH� WKH�DGDSWHG�VXUIDFH�JHRPHWU\� IRU� PRGHOOLQJWKH� $)0� HOHFWURGH�� ,QGHHG�� WKUHH� SDUWV� FRPSRVHGWKH�$)0�SUREH�� WKH� FDQWLOHYHU� PRGHOOHG� E\� D� SODQDUHD�� WKH� WLS� UHSUHVHQWHG� E\� D� WUXQFDWHG� FRQH� >��@DQG� WKH� WLS�DSH[�UHSUHVHQWHG�DV�D� VPDOO�VSKHUH�>��@RU�WKH�WLS�DQG�LWV�DSH[�E\�D�FRQH�>��@��0RGHOOLQJ�WKHVXUIDFH�DV�D�SODQH��HDFK�$)0�SDUW�FRQWULEXWHV�WR�WKHSUREH�VXUIDFH� FDSDFLWDQFH� ZLWK� D� VSHFLILFH[SUHVVLRQ�
���SODQH�SODQH��� ��
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7R� GLVWLQJXLVK� HDFK� FRQWULEXWLRQ�� WKH� YDULDWLRQRI� WKH� VHFRQG� GHULYDWLYH� FDSDFLWDQFH� &¶¶�]��� LQIXQFWLRQ� RI� WKH� DYHUDJH� WLS�VXUIDFH� GLVWDQFH� ]� LVSORWWHG� LQ� ILJXUH� �� FRQVLGHULQJ� PHWDOOLF� SUREH�VXUIDFH�V\VWHP�LQ�DLU��7KH�FXUYHV�ZHUH�REWDLQHG�E\DVVXPLQJ� WKDW� WKH� FDQWLOHYHU� OHQJWK� DQG� ZLGWK� RIUHVSHFWLYHO\� ���PP� DQG� ��PP�� WKH� WLS� DSH[� KDV� DUDGLXV�5 RI����QP��D�FRQH�KHLJKW�+ RI���PP�ZLWK�DWLS�RSHQLQJ�DQJOH�T RI�����)LJXUH� ��� GHPRQVWUDWHV� WKDW� WKH� FDQWLOHYHUFRQWULEXWLRQ�LV�QHJOLJLEOH��,I�WKH�WRWDO�FDSDFLWDQFH�RIWKH� FDQWLOHYHU� LV� ODUJH�� LWV� YDULDWLRQ� ZLWK� WKH� WLS�VXUIDFH� GLVWDQFH� LQ� ()0� RSHUDWLRQ� LV� YHU\� OLPLWHG�DQG�VR�LV�WKH�VHFRQG�GHULYDWLYH��7KLV�UHVXOW�KDV�DOVREHHQ�HPSKDVL]HG�LQ�5HI�>��@�)RU� W\SLFDO� µLQWHUOHDYH¶� GLVWDQFHV� ]� �>������QP@� UDQJH��� WKH� EDVLF� SODQH�SODQH� FDSDFLWRUPRGHO� RI� WKH� WLS�VDPSOH� V\VWHP� LV� D� UHOHYDQWDSSUR[LPDWLRQ�� ,QGHHG� DQ� DGMXVWPHQW� RI� WKH� SODWH

DUHD�RI�WKH�SODQH�FDSDFLWRU�LV�PDGH��VR�WKDW�YDOXHV�RIWKLV�PRGHO�ZLWK� WKH�PRUH� UHDOLVWLF�RQH�RI� WUXQFDWHGFRQH�SODQH� FRLQFLGH� DW� WKH� FKRVHQ� OLIW� KHLJKW�� KHUH���QP�� ,Q� WKLV�FRQGLWLRQ�D�����u��� QPð�VXUIDFH� LVIRXQG�FRUUHVSRQGLQJ�WR�D����QP�GLDPHWHU�GLVF��7KLVDSSURDFK� OHDGV� WR� DQ� HIIHFWLYH� WLS� DUHD� ZKHUH� RQO\WKH� WLS� DSH[� DXJPHQWHG� RI� D� SDUW� RI� WKH� FRQHLQWHUDFWV� ZLWK� WKH� VXUIDFH�� ,I� ZH� DSSO\� WKLV� EDVLFPRGHO� WR�TXDQWLI\� WKH�WRWDO�FKDUJH� TW RI�DQ�HOHFWURQFORXG�LQ�D�6L2� OD\HU�ZLWK�D�WKLFNQHVV�G RQ�D�6L EXON�WKH� FKDUJH� T� ORFDWHG� XQGHU� WKH� HIIHFWLYH� WLS� DUHDLQGXFHV� DQ� LPDJH� FKDUJH� T�� LQ� WKH� 6L VXEVWUDWH�FDXVLQJ�D�IRUFH�GHILQHG�E\����� ) �T�T��T����6H��ZKHUH�6 LV�WKH�HIIHFWLYH�SUREH�DUHD�GHSHQGLQJ�RIWKH�WLS�VXUIDFH�GLVWDQFH�]� DQG�T� LV�WKH�FKDUJH�LPDJHLQ�WKH�VXEVWUDWH�

)LJXUH��� 6HFRQG�GHULYDWLYH�RI�WKH�FDSDFLWDQFH�&´�]�YV��SODWH�GLVWDQFH� IRU� WKUHH� WLS�VDPSOH�PRGHOV��7KH�SODWHDUHD� RI� WKH� SODQH�FDSDFLWRU� PRGHO� KDV� EHHQ� VHW� VR� DV� WRFRLQFLGH�ZLWK�WKH�YDOXH�RI�WKH�WUXQFDWHG�FRQH�SODQH�PRGHODW�D�VHSDUDWLRQ�RI����QP�)URP�DQ�HOHFWURVWDWLF�DQDO\VLV�RI�WKH�WLS�VDPSOHV\VWHP� PRGHOOHG� XVLQJ� WKH� VLPSOH� SDUDOOHO�SODWHJHRPHWU\��WKH�IRUFH�LV�IRXQG�WR�EH�JLYHQ�E\�
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ZKHUH� H6L2� LV� WKH� GLHOHFWULF� FRQVWDQW� RI� WKHVLOLFRQ�R[LGH�OD\HU�)RU�9()0  ��� WKH�FRPELQDWLRQ�RI�HTXDWLRQ���E�DQG�WKH�GHULYDWLYH�RI������OHDGV�WR�
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ZKHUH�4�LV�WKH�TXDOLW\�IDFWRU�RI�WKH�$)0�SUREH2QFH� WKH� T� FKDUJH� LV� NQRZQ�� D� UHODWHG� FKDUJHGHQVLW\�'�FDQ�EH�GHILQHG�DQG�WKH�WRWDO�HOHFWURQ�FORXGFDQ�EH�TXDQWLI\�E\����� TW  'u$�ZLWK�' T�6$ LV� WKH� HOHFWURQ� FORXG� GLDPHWHU� PHDVXUHG� DWKDOI�KHLJKW�RI�WKH�SKDVH�VLJQDO�RQ�()0�LPDJH�(YHQ� LI� WKLV� VLPSOH�PRGHO�KDV�EHHQ�XVHG�RIWHQWR� TXDQWLI\� WUDSSHG� FKDUJHV� LQ� R[LGH� OD\HU� RU� LQHPEHGGHG� FRQGXFWLYH� QDQRVWUXFWXUHV� >���@�� WKLVPRGHOOLQJ� WLS�VXUIDFH� FDSDFLWDQFH� LV� YDOLG� RQO\� IRU
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IODW�VXUIDFH�DQG�()0�OLIW�KHLJKWV�KLJKHU�WKDQ���QP�)RU� VPDOOHU� WLS�VXUIDFH� GLVWDQFHV� DQG�RU� IRU� WLS�QDQR�VWUXFWXUH� LQWHUDFWLRQ�� D� PRUH� FRPSOH[JHRPHWU\� LV� UHTXLUHG� IRU� UHOLDEOH� TXDQWLILFDWLRQ� DVGHVFULEHG�LQ�UHI�>������@�7R� TXDQWLI\� WKH� WUDSSHG� FKDUJH�� WKHUH� LV� DVHFRQG� PHWKRG� EDVHG� RQ� WKH� YDULDWLRQ� RI� WKH� WLSYROWDJH�ZKHUH� WKH�GLUHFW�PHDVXUHPHQW�RI� WKH�SKDVHVKLIW�LV�QRW�QHHGHG��7KH�SULQFLSOH�LV�WR�VFDQ�DW�D�IL[HGDOWLWXGH�DOO�WKH�WLPH�WKH�VDPH�OLQH�ZKHUH�FKDUJHG�DQGXQFKDUJHG�UHJLRQV�DUH�LQFOXGHG�DQG�UHFRUG�WKH�SKDVHVKLIW� �RU� IUHTXHQF\� VKLIW�� LQ� IXQFWLRQ� RI� WKH� WLS�VXUIDFH� YROWDJH� 9()0�� %\� PHDVXULQJ� WKH� SKDVH� �RUIUHTXHQF\�� VKLIWV� RQ� ()0� LPDJH�� WZR� FXUYHV� DUHREWDLQHG�� RQH� IRU� WKH� FKDUJHG� UHJLRQ� DQG� RQH� IRUXQFKDUJHG� UHJLRQ� �ILJXUH� ���� 7KHVH� WZR� FXUYHV� DUHSDUDEROLF��ZKLFK�FRQILUPV�D�SURSRUWLRQDO�LQWHUDFWLRQYDULDWLRQ� ZLWK� 9�()0 EXW� WKHLU� PLQLPXP� DUH� QRWUHDFKHG�ZKHQ�9()0 HTXDOOHG�]HUR��2Q�WKH�XQFKDUJHGUHJLRQ�� WKLV� PLQLPXP� VKLIW� LV� GXH� WR� WKH� SRWHQWLDOFRQWDFW� 9& EHWZHHQ� WKH� :�&� WLS� DQG� WKH� VLOLFRQVXUIDFH�� ,Q� WKLV� FDVH�� WKH� SKDVH� VKLIW� LV� YHU\� VPDOODQG�DV�LW�LV�QHDU�WR�WKH�UHVROXWLRQ�RI�WKH�WHFKQLTXH�LQDLU�� WKH� PHDVXUHPHQW� RI� WKLV� YDOXH� LV� QRW� UHOLDEOH�$ERYH�WKH�FKDUJH�UHJLRQ�� LW� LV�GXH�WR�WKH�DGGLWLRQDOSRWHQWLDO�9T SURGXFHG�E\�WKH�WUDSSHG�FKDUJHV�

)LJXUH����()0�SKDVH�VLJQDO�LQ�IXQFWLRQ�RI�WKH�WLS�VDPSOHYROWDJH� �9()0�� DW� ]� ���QP� IRU� FKDUJHG� DQG� XQFKDUJHGUHJLRQV��7KH�WZR�FXUYHV�GR�QRW�KDYH�WKH�VDPH�PLQLPXP�$V� WKH� SKDVH� LV� SURSRUWLRQDO� WR� WKH� IRUFHJUDGLHQW�� WKH\� UHDFKHG� WKHLU�PLQLPXP� IRU� WKH� VDPHYDOXH� RI� 9()0PLQ WKHQ� WKH� FDOFXODWLRQ� RI� T LVVWUDLJKWIRUZDUG����� )¶�]��� �� IRU� �� PLQ�� &()0G 6 99T 6L2 � HH
,Q� WKH� ILJXUH� ��� WKH� SKDVH� LV� PLQLPDO� DERYH� WKHFKDUJHG�UHJLRQ�ZKHQ�9()0 HTXDO�����9�OHDGLQJ�WR�DQXPEHU�RI������WUDSSHG�FKDUJHV��)RU�WKLV�HVWLPDWLRQDQ� R[LGH� OD\HU� WKLFNQHVV� RI� ��QP� DQG� DQ� HIIHFWLYHWLS� DUHD� RI� ����u��� QP� ����QP� GLDPHWHU� GLVF�KDYH� EHHQ� XVHG�� 7KH� HIIHFWLYH� WLS� DUHD� LV� ODUJHEHFDXVH� WKH� SKDVH� VLJQDO� KDV� EHHQ� UHFRUGHG� DW� DQDOWLWXGH�RI����QP�7KHUH� LV� RQH� PRUH� PHWKRG� WR� TXDQWLI\� WKHWUDSSHG� FKDUJH�� ZKLFK� LV� EDVHG� RQ� WKH� DSSURDFK�

UHWUDFW�FXUYHV� LQ�G\QDPLFV�PRGH�>��@��7KLV�PHWKRGLV� QRW� H[SODLQHG� LQ� WKLV� SDSHU� EXW� LW� KDV� EHHQVXFFHVVIXOO\� XVHG� WR� VWXG\� WKH� VWDWLF� FKDUJHGLVWULEXWLRQ� LQ� DQ� LQGLYLGXDO� VLQJOH�ZDOOHG� FDUERQQDQRWXEH�>��@�1RZ�WKDW�WKH�PHWKRG�RI�FKDUJH�TXDQWLILFDWLRQ�LVHVWDEOLVKHG�� WKH� QH[W� FKDOOHQJH� LV� WR� GHWHUPLQH� WKHVSDWLDO�DQG�FKDUJH�UHVROXWLRQV�RI�WKH�()0�WHFKQLTXH�
� 6SDWLDO�DQG�FKDUJH�UHVROXWLRQV�RI�()0,Q�()0�OLNH�LQ�$)0��WKHUH�LV�WKH�ODWHUDO�DQG�WKHYHUWLFDO� UHVROXWLRQ�� $W� URRP� WHPSHUDWXUH�� WKH%URZQLDQ�PRWLRQ�GXH�WR�WKH�WKHUPDO�QRLVH�OLPLWV�WKHYHUWLFDO� UHVROXWLRQ�EHFDXVH� LW� LQGXFHV� DQ�RVFLOODWLQJPRYHPHQW� RI� WKH� FDQWLOHYHU�� 7KLV� SHUPDQHQWPRYHPHQW� IL[HV� WKH� PLQLPXP� YDOXH� RI� WKH� IRUFHJUDGLHQW�WKDW�WKH�V\VWHP�FDQ�PHDVXUH�>��@�

���� 47%NN$]) %
��PLQ

��� Z wwZKHUH�$� LV� WKH�RVFLOODWLQJ�DPSOLWXGH�� N% LV� WKH%ROW]PDQ� FRQVWDQW�� 7� LV� WKH� WHPSHUDWXUH�� N WKHFDQWLOHYHU� VWLIIQHVV�� % LV� WKH� EDQGZLGWK�� Z� WKHUHVRQDQFH� IUHTXHQF\� DQG� 4 WKH� TXDOLW\� IDFWRU�� $WURRP�WHPSHUDWXUH�N%7 ��PH9��IRU�D�FDQWLOHYHU�ZLWKD�UHVRQDQFH�IUHTXHQF\�RI����N+]�DQG�DQ�RVFLOODWLQJDPSOLWXGH�$� ��QP�DQG�D�EDQGZLGWK�RI����+]��WKHIRUFH� JUDGLHQW� RI� WKH� WKHUPDO� QRLVH� �w)�w]�PLQ LVDERXW�������1�P��7KH�FRPELQDWLRQ�RI�HTXDWLRQV�����DQG� ����� OHDGV� WR� D� PLQLPXP� QXPEHU� RI� WUDSSHGFKDUJH�TPLQ�
���� � �� ����
PLQ
PLQ ��G 6])T 6L2G6L2 HHH� 
)RU�D���QP�VLOLFRQ�R[LGH�OD\HU��D� ]� WLS�VXUIDFHGLVWDQFH�RI���QP�OHDGLQJ�WR�DQ�HIIHFWLYH�WLS�VXUIDFHDUHD� RI� LQWHUDFWLRQ 6� RI ����QP��� D� PLQLPXPQXPEHU�RI�FKDUJH�RI�DERXW����LV�IRXQG��7R�LPSURYHWKLV� FKDUJH� WKUHVKROG� D� VROXWLRQ� LV� WR� ZRUN� DW� ORZWHPSHUDWXUH��WKH�VHFRQG�RQH�LV�WR�ZRUN�LQ�XOWUD�KLJKYDFXXP� ZKHUH� WKH� TXDOLW\� IDFWRU� 4 LV� LPSURYH� DWOHDVW�E\�D�IDFWRU�RI�����,Q� ()0�� WKH� ODWHUDO� UHVROXWLRQ� GHILQHV� WKHFDSDELOLW\� RI� WKH� WHFKQLTXH� WR� GHWHFW� LQGHSHQGHQWO\WZR� VHSDUDWHG� HOHFWULF� FKDUJHV�� ,Q� WKH� PRGHO� RIHOHFWURVWDWLF� JDWH� >��@� D� OLQH� RI� HOHFWULFDO� FKDUJHVVHSDUDWHG�E\�D�GLVWDQFH�D��SURGXFHV�DQ�HOHFWULF�ILHOG�,W�KDV�EHHQ�FDOFXODWHG�WKDW�WKH�HOHFWULF�ILHOG�EHFRPHVXQLIRUP� IRU� DQ� DOWLWXGH� ]t� D�� ,I� ZH� UHYHUVH� WKHVLWXDWLRQ�� GXULQJ� WKH� HOHFWULFDO� PDSSLQJ�� WKH� WLS� LVOLIWHG� DURXQG� ��QP� WKHQ� WZR� FKDUJHV� FRXOG� EHLPDJHG� LQGHSHQGHQWO\� LI� WKH\� DUH� VHSDUDWHG� E\� DPLQLPXP� RI� ��QP�� 7R� LPSURYH� WKH� ODWHUDOUHVROXWLRQ� WKH� WLS�VDPSOH� GLVWDQFH� FDQ� EH� UHGXFHGEXW� LW� VKRXOG� EH� NHSW� LQ�PLQG� WKDW� ZKHQ� WKH� WLS� LVFORVHG�WR�WKH�VXUIDFH��LW�ZLOO�SUREH�WKH�VXUIDFH�IRUFHDW�WKH�VDPH�DV�WKH�HOHFWURVWDWLF�RQH�OHDGLQJ�WR�DOWHUHGPHDVXUHPHQWV�
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� 6WXG\� RI� VSDFH�WLPH� EHKDYLRU� RI� HOHFWULFFKDUJHV�LQ�6L�QDQRVWUXFWXUHV�E\�()07KH� EHKDYLRU� RI� HOHFWULF� FKDUJH� KDV� EHHQVWXGLHG� E\� ()0� LQ� WKUHH� W\SHV� RI� VDPSOH�� WKHXQFRQILQHG�� WKH� VHPL�FRQILQHG� DQG� WKH� FRQILQHGVDPSOHV��$�OD\HU�RI�R[LGH�RQ�D�FRQGXFWLYH�VXEVWUDWHLV�DQ�XQFRQILQHG�VDPSOH�EHFDXVH�WKH�LQMHFWHG�FKDUJHDUH�IUHH�WR�SURSDJDWH�LQ�DOO�WKH�YROXPH�RU�VXUIDFH�RIWKH� OD\HU�� 'XULQJ� WKH� ODVW� WHQ� \HDUV�� WKLV� W\SH� RIVDPSOH� KDV� EHHQ� LQWHQVLYHO\� VWXGLHG� LQ� RUGHU� WRGHWHUPLQH� LI� WKH� FKDUJHV� DUH� WUDSSHG� LQ� YROXPHDQG�RU� VXUIDFH� >���� ��@� DQG� KRZ� WKH\� HYDFXDWH�� $UHFHQW� ZRUN� XVLQJ� ()0� WR� UHFRUG� WKH� VSDFH�WLPHHYROXWLRQ�RI�WKH�FKDUJHV�LQ�D�VLOLFRQ�R[LGH�OD\HU�>�@�GHPRQVWUDWHG� WKDW� WZR� PDLQ� PHFKDQLVPV� DUHLQYROYHG�� WKH� RKPLF� FRQGXFWLRQ� WKDQNV� WR� WKHFRXORPELF� UHSXOVLYH� IRUFH� DQG� WKH� GLIIXVLRQ� DW� WKHVXUIDFH�DFFRUGLQJ�WR�D�)LFN�ODZ�&RQGXFWLYH�TXDQWXP�GRWV�ZLWK�D� VL]H� OHVV� WKDQ��QP� HPEHGGHG� LQ� DQ� R[LGH� OD\HU� GHSRVLWHG� RQ� DFRQGXFWLYH� VXEVWUDWH� LV� D� VHPL�FRQILQHG� VDPSOHEHFDXVH� WKH� LQMHFWHG� FKDUJH� FDQ� SURSDJDWH� LQ� WKHYROXPH�RU� VXUIDFH� XQGHU� FHUWDLQ� HQHUJ\� FRQGLWLRQV�,QGHHG� VHYHUDO� VWXGLHV� >�����@� KDYH� GHPRQVWUDWHGWKDW� WKH� TXDQWXP�GRWV� DFW� DV� SRZHUIXO� WUDSV�ZLWK� DOLPLWHG� QXPEHU� RI� FKDUJHV� SHU� GRW�� $� PHFKDQLVPEDVHG�RQ�&RXORPE�EORFNDGH�HIIHFW�>��@�JRYHUQV�WKHFKDUJH� SURSDJDWLRQ� LQ� OLQN� ZLWK� WKH� TXDQWXP� GRWVGLVWULEXWLRQ�LQ�WKH�R[LGH�OD\HU�>��@�)RU� FRQILQHG� VDPSOHV� DV� LQGLYLGXDO� FRQGXFWLYHQDQR�VWUXFWXUHV� GHSRVLWHG� RQ� DQ� R[LGH� OD\HU�� IHZVWXGLHV� KDYH� EHHQ� FDUULHG� RXW� DW� URRP� WHPSHUDWXUH>��� ���� ��@�� +RZHYHU�� VXFK� VWUXFWXUHV� KDYH� D� JUHDWLQWHUHVW�EHFDXVH�WKH�LQMHFWHG�FKDUJHV�DUH�FRQVWUDLQHGWR� SURSDJDWH� DQG� LQWHUDFW� LQ� D� ILQLWH� JHRPHWU\�� 7RFKDUDFWHULVH�FKDUJH� EHKDYLRXU� LQ� VXFK�HQYLURQPHQW�PRQRFU\VWDOOLQH�VLOLFRQ�QDQRVWUXFWXUHV�VXSSRUWHG�RQD� VLOLFRQ� R[LGH� OD\HU� RI� WKLFNQHVV� G� RQ� WRS� RI� DVLOLFRQ�VXEVWUDWH�KDYH�EHHQ�FKDUJHG�E\�WKH�$)0�WLS�7KH� QDQRVWUXFWXUHV� DUH� FRYHUHG� E\� D� WKLQ� OD\HU� RIVLOLFRQ�R[LGH� ��QP��DV� LOOXVWUDWH� LQ� ILJXUHV���ZKHUHWZR� QDQRVWUXFWXUHV� JHRPHWU\� DUH� SUHVHQWHG�� DUHFWDQJXODU�RQH�ZLWK�RI���QP�LQ�KHLJKW�DQG���QP�LQZLGWK�DQG�D�UDPLILHG�RQH��ERWK�VXSSRUWHG�RQ��QP�RU���QP� R[LGH� OD\HU�� 7KHVH� VWUXFWXUHV� KDYH� EHHQIDEULFDWHG� IURP� 62,� VDPSOH� XVLQJ� ),%� �)RFXV� ,RQ%HDP�� WR� LQVXODWH� WKH� UHVLJQ� EHIRUH� WKH� OLIW� RIISURFHVV��7KH�UDPLILHG�VWUXFWXUHV�KDYH�EHHQ�REWDLQHGGXULQJ� DQ� XQH[SHFWHG� VSUHDGLQJ� RI� WKH� UHVLJQ�QHYHUWKHOHVV� WKLV� VDPSOH� KDV� EHHQ� YHU\� XVHIXO� IRUVWXG\LQJ� FKDUJH� SURSDJDWLRQ�� $IWHU� WKLV� SDWWHUQLQJVWHS�� WKH� VWUXFWXUHV� DUH� FRYHUHG� E\� D� WKLQ� OD\HU� RIVLOLFRQ� R[LGH� ��QP��� 7ZR� TXDOLWLHV� RI� R[LGH� ZHUHXVHG��D�+LJK�7HPSHUDWXUH�2[LGH��+72��DQG�D�5DSLG7HPSHUDWXUH� 2[LGH� �572��� 7KH� +72� H[KLELWV� DKLJK� FRQFHQWUDWLRQ� RI� GHIHFW�ZKLOH� WKH� 572� D� ORZRQH�6XEVHTXHQW�H[SHULPHQWDO�LVVXHV�ZLOO�EH�DW� OHDVWWZRIROG��L��D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�LQIOXHQFH�RIWKH� R[LGH� OD\HU� WKLFNQHVV� LQ� WKH� LQMHFWLRQ� DQGGHWHFWLRQ�SURFHVV��LL��WKH�LQYHVWLJDWLRQ�RI�WKH�FKDUJHORFDOLVDWLRQ� DQG� G\QDPLFV� LQ� IXQFWLRQ� RI� VWUXFWXUHJHRPHWU\�DQG�TXDOLW\�RI�WKH�FRYHUHG�R[LGH�

7KH�WRS�RI�WKH�ILJXUH���UHSUHVHQWV�WKH�VDPSOH��WKDW�FRQVLVWV�RI�VHYHUDO�LQGLYLGXDO�UHFWDQJXODU� QDQR�VWUXFWXUHV�GHSRVLWHG�RQ�D��QP�R[LGH�OD\HU�ZKLOH�WKHERWWRP� RI� ILJXUH� �� UHSUHVHQWV� WKH� VDPSOH� �� WKDWFRQVLVWV� RI� VLPLODU� UHFWDQJXODU� QDQR�VWUXFWXUHVGHSRVLWHG� RQ� ���QP� R[LGH� OD\HU�� 7KH� ODWHUDOVHSDUDWLRQ�EHWZHHQ� WZR� UHFWDQJXODU� GRWV� LV� ���QP�)RU� HDFK� VDPSOH� DQ� LQGLYLGXDO� QDQR�VWUXFWXUH� KDYHEHHQ� FKDUJHG� XVLQJ� WKH� VDPH� LQMHFWLRQ� SDUDPHWHUV���9����V���,Q�ERWK�FDVHV��WKH�()0�LPDJH�H[KLELWV�DSKDVH�VKLIW�RI���GHJUHHV��)RU�D�FRQVWDQW�SKDVH�VKLIWDQG� ]� ��QP�� T� FDQ� EH� VWUDLJKWIRUZDUG� FDOFXODWHIURP�HTXDWLRQ������EXW�WR�FDOFXODWH�T���WKH�GRW�KHLJKW���QP�� PXVW� EH� WDNHQ� LQWR� DFFRXQW� OHDGLQJ� WR� WKHIROORZLQJ�H[SUHVVLRQ�
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)URP�WKH�T� DQG�T� YDOXHV��D�FKDUJH�UDWLR��T��T��RI���LV�IRXQG��ZKLFK�PHDQV�� L��7KHUH�LV�VHYHQ�WLPHVOHVV�RI�LQMHFWHG�FKDUJH�LQ�WKH�GRW�RI�VDPSOH����WKLFNR[LGH� OD\HU�� WKDQ� LQ� WKH� GRW� RI� VDPSOH� ��� LL�� 7KHPLQLPDO�QXPEHU�RI� FKDUJH� WKDW� WKH�()0�WHFKQLTXHFDQ�GHWHFW��UHOLHV�RQ�WKH�R[LGH�WKLFNQHVV�

)LJXUH� ��� 7RS�� YHUWLFDO� VDPSOH� JHRPHWU\�� 6LQDQRVWUXFWXUHV�FRYHUHG�E\�DQ��QP�R[LGH�OD\HU�VXSSRUWHGRQ� DQ� G R[LGH� OD\HU� GHSRVLWHG� RQ� VLOLFRQ� VXEVWUDWH�%RWWRP� OHIW�� VDPSOH� �� JHRPHWU\�� UHFWDQJXODU� QDQRGRW�%RWWRP�ULJKW��VDPSOH���JHRPHWU\��UDPLILHG�QDQRVWUXFWXUH�$W� WKH� OLJKW� RI� WKHVH� UHVXOWV�� WKH� HOHFWULF� ILHOGDSSHDUV�DV�D�NH\�SDUDPHWHU�LQ�WKH�LQMHFWLRQ�SURFHVV�([SHULPHQWV� KDYH� EHHQ� UHDOLVHG� WR� GHWHUPLQH� WKHHOHFWULF� ILHOG� WKUHVKROG� QHHGHG� WR� LQMHFW� WKHPLQLPXP� YDOXH� RI� FKDUJH� DERYH� WKH� RQH� WKH� ()0WHFKQLTXH� LV� DEOH� WR� GHWHFW�� 2Q� WKH� VDPSOH� �� �WKLQR[LGH�OD\HU���ILYH�QDQRVWUXFWXUHV�KDYH�EHHQ�FKDUJHGXVLQJ� ILYH� GLIIHUHQW� YROWDJHV� ���9�� ��9�� ��9�� ��9DQG���9��IRU���V���)RU�WKH�YROWDJHV�EHWZHHQ�±�9�DQG±�9�� D� YHU\� VPDOO� SKDVH� VKLIW� LV� GHWHFWHG� RQ� WKH()0� LPDJH� �ILJXUH����� WKLV� VKLIW� LV� VR� VPDOO� WKDW� LWIDOOV�GRZQ�WKH�GHWHFWLRQ�OLPLW�RI�WKH�WHFKQLTXH�LQ�DLU�
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)LJXUH� ��� ,QIOXHQFH� RI� R[LGH� WKLFNQHVV� RQQDQRVWUXFWXUH� FKDUJLQJ�� ,QMHFWLRQ� SDUDPHWHUV� ±�9���V�7RS��VDPSOH���ZLWK��QP�RI�R[LGH�OD\HU��/HIW��WRSRJUDSK\LPDJH�� FHQWHU�� ()0� LPDJH�� OHIW�� SKDVH� FURVV� VHFWLRQ�%RWWRP�� VDPSOH� �� ZLWK� ���QP� RI� R[LGH� OD\HU�� OHIW�WRSRJUDSK\�LPDJH��FHQWHU��()0�SKDVH�LPDJH��ULJKW��SKDVHFURVV�VHFWLRQ2Q�WKH�RWKHU�KDQG��IRU��±�9��D�SKDVH�VKLIW�RI��GHJUHH� LV�PHDVXUHG� OHDGLQJ� WR� HVWLPDWH� WKH� HOHFWULFILHOG�WKUHVKROG�DERXW����u���9�P��7KLV�WKUHVKROG� LVUDWKHU� VXUSULVLQJ� VLQFH� WKLV� YDOXH� LV� RQH� RUGHU� RIPDJQLWXGH� KLJKHU� WKDQ� WKH� RQH� QHHGHG� WR� LQMHFWFKDUJH� LQ� QDQRVWUXFWXUH RQ� D� WKLFN� OD\HU� RI� R[LGH�1HYHUWKHOHVV� WKLV� LQMHFWLRQ� WKUHVKROG� LV� UHODWLYH� WRWKH� GHWHFWLRQ� RQH��ZKLFK� LV� GHSHQGHQW� RI� WKH� R[LGHOD\HU�WKLFNQHVV��L�H��HTXDWLRQ�������,Q�IDFW�LW�FDQ�QRWEH� DVVXPHG� WKDW� QR� FKDUJH� DUH� LQMHFWHG� IRU� YROWDJHORZHU� WKDQ� «��9«�� WR� VROYH� WKLV� TXHVWLRQ�� VLPLODUPHDVXUHPHQW� KDYH� WR� EH� FDUULHG� RXW� RQ� XOWUD� KLJKYDFXXP� ZKHUH� WKH� IRUFH� JUDGLHQW� UHVROXWLRQ� LVLPSURYHG�7R� ORFDOLVH� ZKHUH� WKH� FKDUJHV� DUH� WUDSSHG�LQMHFWLRQ� H[SHULPHQWV� KDYH� EHHQ� SHUIRUPHG� LQWR� DUDPLILHG�6L�VWUXFWXUH�VXSSRUWHG�RQ��QP�R[LGH� OD\HUDQG� FRYHUHG� E\� �QP� RI� +72�� 7KH� LQMHFWLRQ� WDNHVSODFH�DW�WKH�PLGGOH�RI�WKH�VWUXFWXUH�E\�DSSO\LQJ���9IRU� ��V�� ,Q� )LJXUH� ���� WKH� FKDUJHG� UHJLRQ� LV� HDVLO\GLVWLQJXLVKHG� WR� WKH� XQFKDUJHG� RQHV� EHFDXVH� LWH[KLELWV� D� KRPRJHQRXV� SKDVH� VLJQDO� LQ� DOO� LW�� 7KLVKRPRJHQRXV� VLJQDO� LV� WKH� VLJQDWXUH� RI� WKH� FKDUJHSURSDJDWLRQ� LQ� DOO� WKH� VWUXFWXUH�� 7KLV� REVHUYDWLRQGHPRQVWUDWHV� WKDW� WKH�VLOLFRQ� QDQRVWUXFWXUH�EHKDYHVOLNH�D�PHWDO�DQG�EHFRPHV�LVR�SRWHQWLDO�:KHQ� WKH� VLOLFRQ� UDPLILHG� VWUXFWXUH� LV� FRYHUHGE\�D��QP�572�OD\HU��DV�WKH�ILJXUH�����D�ODUJHU�SKDVHVKLIW�DSSHDUV�DW� WKH� LQMHFWLRQ�SRLQW�FRPSDUHG� WR� WKHUHVW� RI� WKH� VWUXFWXUH�� 7KLV� VSHFLILF� VSRW� GRHV� QRWSUHVHQW� WKH� VDPH� WLPH�GHSHQGHQFH� WKDW� WKH� FKDUJHVLQ� WKH� QDQRVWUXFWXUH�� ,QGHHG� DIWHU� VHYHUDO� PLQXWHV�WKLV� VSRW� LV� VWLOO� YLVLEOH� LQ� ()0� LPDJH� ZKLOH� WKHVLOLFRQ�FKDUJH�LV�JRQH��7KLV�UHVXOW�GHPRQVWUDWHV�WKDWWKH�FKDUJHV�DUH�WUDSSHG�GLIIHUHQWO\�DQG�DUH� ORFDOLVHGLQ� WKH�572� OD\HU�� ,Q� WKH� FDVH�RI�D�+72� OD\HU�� WKLVHIIHFW� LV�QRW�REVHUYHG��7KH�KLJK� OHYHO�RI�GHIHFWV� LQ+72�OD\HU�FRPSDUHG�WR�572�RQH�FDQ�H[SODLQHG�WKHRULJLQ� RI� WKLV� GLIIHUHQFH� E\� PDNLQJ� HDVLHU� WKHUHFRPELQDWLRQ�RI�WKH�FKDUJHV�7KH� ODVW� LVVXH� WR� DGGUHVV� WKURXJK� WKHVHH[SHULPHQWV�LV�WKH�WHPSRUDO�HYROXWLRQ�RI�WKH�FKDUJHV

LQ� VXFK� FRQILQHG� VWUXFWXUH� DQG� KRZ� WKH\� LQWHUDFW�:KHQ� HOHFWULF� FKDUJHV� DUH� FRQILQHG� LQ� VPDOOQDQRVWUXFWXUH�� WKHLU� GHQVLW\� LV� KLJK� DQG� FUHDWHV� DVWURQJ� UHSXOVLYH� HIIHFW� EHWZHHQ� WKH� FKDUJHV�� ,I� ZHFRQVLGHU�WKDW�����HOHFWURQV�DUH�FRQILQHG�LQ�D�GRW�RI���QP�LQ�GLDPHWHU�� WKH�FKDUJH�GHQVLW\� LV����� FP���,Q�WKLV�FRQILJXUDWLRQ�� WKH�HOHFWURQV�DUH�WU\LQJ� WR�JHWRXW� RI� WKH� GRW� EXW� WKH� R[LGH� OD\HU� SUHYHQWV� WKHLUHVFDSH��,Q�RUGHU�WR�LOOXVWUDWH�WKLV�UHSXOVLYH�HIIHFW��WKHIROORZLQJ� H[SHULHQFH� KDV� EHHQ� UHDOLVHG�� DIWHU� DFKDUJH�LQMHFWLRQ�RI���9���V�LQ�D�UHFWDQJXODU�GRW��WKHWLS�LV�JURXQGHG�DQG�SXW�LQ�FRQWDFW�ZLWK�WKH�FKDUJHGGRW� IRU� ��V�� 7KH� UHVXOW� RI� WKLV� H[SHULPHQW� LVSUHVHQWHG�LQ�ILJXUH�����%HWZHHQ�WKH�WRS�RI�WKH�()0LPDJH� �ILJ����� UHFRUGHG�EHIRUH� WKH� WLS� FRQWDFW�� DQGWKH� ERWWRP� UHFRUGHG� DIWHU�� D� SKDVH� VLJQDO� GHFUHDVHDERXW� ���� GHJUHH� LV� PHDVXUHG�� 7KLV� LQGLFDWHV� WKDWVRPH�FKDUJHV�KDYH�EHHQ�UHPRYHG�IURP�WKH�GRW��WKH\SDVVHG�WKURXJK�WKH��QP�R[LGH�FRYHU�WR�UHDFK�WKH�WLS�7KLV�PHDQV� WKDW� WKH�YROWDJH�GLIIHUHQFH�EHWZHHQ�WKHJURXQGHG� WLS� DQG� WKH� GRW� LV� KLJK�� SUREDEO\� VHYHUDOKXQGUHG� RI�P9� IRU� DOORZLQJ� WXQQHOLQJ� HIIHFW�� 6WHSE\�VWHS�ZKHQ�WKH�FKDUJHV�DUH� WXQQHOLQJ� WKURXJK� WKHR[LGH�� WKH� GRW� SRWHQWLDO� GLPLQLVKHV� XQWLO� WKHWXQQHOLQJ� SUREDELOLW\� EHFRPHV� QHJOLJLEOH�� $V� WKHWXQQHOLQJ�WLPH�RI�WKH�FKDUJHV�FDQ�EH�QHJOLJLEOH���� ��� WR������ V��FRPSDUHG�WR�WKH���V�RI�WLS�GRW�FRQWDFW�WKH�OLPLWHG�IDFWRU�LV�WKHQ�WKH�WLS�GRW�YROWDJH�GHFUHDVHH[SODLQLQJ�ZK\� WKHUH� DUH� VWLOO� VRPH� FKDUJHV� LQ� WKHGRW�DIWHU���V�7KH� FRQILQHPHQW� RI� D� JUHDW� QXPEHU� RI� HOHFWULFFKDUJH� LQ� VPDOO� YROXPH�� SURGXFHV� D� KLJKHOHFWURVWDWLF� HQHUJ\� (& WKDW� VKRXOG� RYHUFRPHV� WKHRWKHUV�HQHUJLHV�DW�URRP�DQG�ORZ�WHPSHUDWXUHV��7KLVH[SUHVVLRQ�RI�(& LV����� &T&( ��� ZKHUH�T LV� WKH� WRWDO�FKDUJH�DQG�& LVWKH�FDSDFLWDQFH�RI�WKH�6L�GRW7R�FDOFXODWH�&��ZH�DSSUR[LPDWH�WKH�UHFWDQJXODU�GRWE\� D� VSKHUH� ZLWK� D� UDGLXV� 5 FRYHUHG� E\� DQ� R[LGHOD\HU��7KH�YDOXH�RI�5 LV�DGMXVWHG�WR�REWDLQ�D�VSKHUHYROXPH� HTXDO� WR� WKH� GRW� YROXPH� RI� �����P��� ,I� ZHFRQVLGHU� WKDW� ���� FKDUJHV� �ORZ� HVWLPDWLRQ�� DUHSUHVHQW�LQ�WKH�GRW��D�UHSXOVLYH�&RXORPELF�HQHUJ\�RI���PH9� SHU� FKDUJH� LV� IRXQG�� 7KLV� HQHUJ\� LV� IDUKLJKHU� WKDQ� WKH� WKHUPDO� RQH� ���PH9� DW� URRPWHPSHUDWXUH���,Q�WKLV�HQHUJ\�FRQILJXUDWLRQ��ZH�FRXOGVXSSRVH�WKDW�WKH�FKDUJH�IRUPHG�D�:LJQHU�FU\VWDO� LQWKH�QDQR�GRW�
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)LJXUH� ��� (OHFWULF� ILHOG� WKUHVKROG� IRU� LQMHFWLRQ�� 7RS�LQMHFWLRQ� SDUDPWHUV� ±�9���V�� D�� 7RSRJUDSK\� LPDJH�� E�()0� VLJQDO�� F�� 3KDVH� FURVV� VHFWLRQ�� %RWWRP�� LQMHFWLRQSDUDPHWHUV� �� ��9���V�� G�� 7RSRJUDSK\� LPDJH�� H�� ()0SKDVH�LPDJH��I��3KDVH�FURVV�VHFWLRQ7KH� GLVWULEXWLRQ� RI� LQGLYLGXDO� FKDUJH� LQ� DQRUJDQLVHG� FU\VWDO�� FDOOHG� :LJQHU� FU\VWDO�� KDV� EHHQREVHUYHG� DW� ORZ� WHPSHUDWXUH� IRU� TXDQWXP� V\VWHPVZKHQ�WKH�HOHFWURQLF�GHQVLW\�LV�ORZ�>��@��,Q�WKDW�FDVH�WKH�&RXORPELF�UHSXOVLYH� IRUFH�EHWZHHQ�WKH�FKDUJHVEHFRPHV�IDU�KLJKHU� WKDQ� WKH� WKHUPDO�RQH� OHDGLQJ� WRWKH�GLVWULEXWLRQ�RI�FKDUJHV�RQ�D�JUDWLQJ�WR� PLQLPLVHWKH�LQWHUDFWLRQ�HQHUJ\��7KLV�HIIHFW�YHULILHG�E\�0RQWH&DUOR� VLPXODWLRQ�� KDV� QHYHU� EHHQ� REVHUYHGH[SHULPHQWDOO\�RQ�V\VWHP�FRQWDLQHG�D�JUHDW�QXPEHURI� HOHFWURQ�� 7R� YDOLGDWH� WKLV� K\SRWKHVLV�� VLPLODUH[SHULPHQW�VKRXOG�EH�FDUULHG�RQ�YDFXXP�DQG�DW�ORZWHPSHUDWXUH�ZKHUH�()0�WHFKQLTXH�LV�PRUH�DFFXUDWHDQG�KDV�D�JUHDWHU�UHVROXWLRQ�LQ�FKDUJH�GHWHFWLRQ�7KH�VWURQJ�&RXORPELF�UHSXOVLYH�HIIHFW� OHDGV�WRDQ�RWKHU�SKHQRPHQRQ��WKH�HYDFXDWLRQ�RI�WKH�FKDUJHIURP� WKH� QDQRVWUXFWXUH�� � ,QGHHG� LQ� ILJXUH� ��� ZHREVHUYH�WKDW�WKH�FKDUJHV�WUDSSHG�LQ�WKH�QDQRVWUXFWXUHGLVDSSHDUV� DIWHU� ��PLQV�� 7KH� FKDUJH� HYDFXDWLRQ� LVKRPRJHQRXV� ZKLFK� LQGLFDWHV� WKDW� WKHUH� LV� QRSUHIHUHQWLDO� SDWK�� 7KH� PHFKDQLVP� LV� QRW� ZHOOXQGHUVWRRG� DQG� LW� PD\� RFFXU� E\� FKDUJH� GLIIXVLRQWKURXJK�WKH�R[LGH�WUDSV�DFFRUGLQJ�WR�)LFN�ODZ�DQG�RURKPLF�FRQGXFWLRQ�>�@�

)LJXUH�����&KDUJH�SURSDJDWLRQ�LQ�UDPLILHG�QDQRVWUXFWXUH�,QMHFWLRQ�DW�WKH�PLGGOH�RQ�WKH�VWUXFWXUH�E\�DSSO\LQJ�±��9���V���D��7RSRJUDSK\�LPDJH��E��()0�SKDVH�LPDJH�=�SKDVH�VFDOH��>����@�GHJUHH

)LJXUH� ���� 7LPH� HYROXWLRQ� RI� LQMHFWHG� FKDUJHV� LQUDPLILHG�QDQRVWUXFWXUH�FRYHUHG�E\�D��QP�572� OD\HU��$WWKH� LQMHFWLRQ� SRLQW� ���9���V��� WKH� ()0� SKDVH� VLJQDO� LVKLJKHU�WKDQ�LQ�WKH�UHVW�RI�WKH�VWUXFWXUH�

)LJXUH�����'LVFKDUJH�H[SHULPHQW��WKH�WLS�LV�JURXQGHGDQG� FRPHV� LQ� FRQWDFW� WR� WKH� FKDUJHG� GRW� GXULQJ� ��V�� D�7RSRJUDSK\�LPDJH��E��()0�3KDVH�LPDJH��F��3KDVH�FURVVVHFWLRQ�
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� &RQFOXVLRQ$� OLQHDU� WUHDWPHQW� RI� WKH� RVFLOODWLQJ� FDQWLOHYHUPRYHPHQW� SURELQJ� D� ORQJ�UDQJH� IRUFH� SRWHQWLDO� LVVXIILFLHQW� IRU� H[SODLQLQJ� ()0� WHFKQLTXH� LQ� FODVVLFLPDJH� PRGH� IRU� OLIW� KHLJKW� LQ� WKH� >������@QP�7KDQNV�WR�WKLV� WUHDWPHQW��D�VLPSOH�UHODWLRQ�EHWZHHQWKH� SKDVH� WKH� IRUFH� JUDGLHQW� DQG� WKH� WLS�VXUIDFHYROWDJH�� LV� IRXQG�� $� TXDOLWDWLYH� DQDO\VLV� RI� WKLVUHODWLRQ� OHDGV� WR� WKUHH� SRVVLEOH� FRQILJXUDWLRQV� RI()0� SKDVH� VKLIW� DFFRUGLQJ� WR� WKH� WLS� SRODULVDWLRQDQG� VLJQ� RI� WUDSSHG� FKDUJH�� 7KLV� DQDO\VLV� JLYHV� DFOHDU� LQWHUSUHWDWLRQ� RI� ³EXPS´�RU� ³KROH´� DSSDULWLRQLQ�()0�LPDJH��$QDO\WLF�FDOFXODWLRQ�RI� WKH�PHWDOOLFWLS�VDPSOH� FDSDFLWDQFHV� DQG� WKHLU� IRUFH� JUDGLHQWVZDV� FDUULHG� RXW� WR� TXDQWLI\� WUDSSHG� FKDUJH� IURPSKDVH� VKLIW� PHDVXUHPHQWV� LQ� ()0� LPDJH� PRGH� RUYROWDJH� VSHFWURVFRS\�� 1H[W� WKH� VSDWLDO� DQG� FKDUJHUHVROXWLRQ�RI�WKH�()0�WHFKQLTXH�KDYH�EHHQ� WUHDWHG�,W� KDV� EHHQ� XQGHUOLQHV� WKDW� WKH� FKDUJH� UHVROXWLRQ� LVOLPLWHG�E\� WKH� WKHUPDO�QRLVH�� OHDGLQJ� WR�D�GHWHFWLRQWKUHVKROG� DW� URRP� WHPSHUDWXUH� RI� DERXW� ��� IRUWUDSSHG� FKDUJHV� LQ� D� ��QP�VLOLFRQ� R[LGH� OD\HU�� 2QWKH�RWKHU�KDQG��XVLQJ�WKH�PRGHO�RI�HOHFWURVWDWLF�JDWH�LW� KDV� EHHQ� IRXQG� WKDW� WKH� ODWHUDO� UHVROXWLRQ� LVGHSHQGHQW� RI� WKH� OLIW� KHLJKW�� WKH� WLS� FDQ� GHWHFWLQGLYLGXDOO\�WZR�FKDUJHV�LI� WKHUH�DUH�VHSDUDWHG�E\�DGLVWDQFH�HTXDO�WR�WKH�OLIW�KHLJKW�)LQDOO\�� FKDUJH� LQMHFWLRQ� H[SHULPHQWV� ZHUHFDUULHG� RXW� RQ� LQGLYLGXDO� VLOLFRQ� QDQRVWUXFWXUHV� WRFRUUHODWH��WKH�FKDUJLQJ�OHYHO�ZLWK�WKH�R[LGH�WKLFNQHVVWKDW� VXSSRUWV� WKH� QDQRVWUXFWXUHV�� WKH� FKDUJHORFDOLVDWLRQ�ZLWK�WKH�TXDOLW\�RI� WKH�FRYHU�R[LGH�� WKHG\QDPLFV�RI�WKH�FKDUJH�SURSDJDWLRQ�DQG�GLVWULEXWLRQZLWK�WKH�VWUXFWXUH�JHRPHWU\�,Q� WKH� VDPH� LQMHFWLRQ� FRQGLWLRQV�� H[SHULPHQWVKDYH� VKRZQ� WKDW� WKH� FKDUJLQJ� OHYHO� LV� VHYHQ� WLPHKLJKHU� IRU� GRWV� VXSSRUWHG� E\� �QP�R[LGH� OD\HU� WKDQIRU� WKH� RQHV� RQ� D� ���QP�R[LGH� OD\HU�� 7KLV� UHVXOWKLJKOLJKWV�WKH�HOHFWULF�ILHOG�DV�D�NH\�SDUDPHWHU�LQ�WKHLQMHFWLRQ� PHFKDQLVP�� %\� SHUIRUPLQJ� LQMHFWLRQV� LQVLOLFRQ� GRW� FRYHUHG� E\� D� +72� OD\HU� DQG� RQ� GRWFRYHUHG� E\� 572� OD\HU�� LW� KDV� EH� GHWHUPLQHG� WKDWFKDUJH� DUH� WUDSSHG�PDLQO\� LQ� WKH� VLOLFRQ� GRW� UDWKHUWKDQ� WKH� R[LGH� OD\HU�� ,QMHFWLRQ� H[SHULPHQWV� LQUDPLILHG� QDQRVWUXFWXUHV� KDYH� GHPRQVWUDWHG� WKDW� WKHFKDUJHV� SURSDJDWH� LQ� DOO� WKH� VWUXFWXUH� OHDGLQJ� WR� DKRPRJHQRXV� FKDUJH� GLVWULEXWLRQ�� )URP� WKLV� FKDUJHEHKDYLRXU��ZH�FDQ�FRQFOXGH� WKDW�VXFK�VLOLFRQ� QDQR�VWUXFWXUHV� DFW� DV� D� PHWDO�� +RZHYHU�� IXUWKHUH[SHULPHQWV� VKRXOG� EH� FDUULHG� RXW� WR� YDOLGDWH� WKHIRUPDWLRQ�RI�D�:LJQHU�FU\VWDO�LQ�VXFK�QDQRVWUXFWXUH�
5()(5(1&(6>�@�-��/DPEHUW�DQG�DO�������� -�� $SSO��3K\V�� YRO��������>�@�.��'RPDQVN\�DQG�DO��������$SSO��3K\V��/HWW�YRO��������>�@� .�� .LPXUD� DQG� DO�� ������ $SSO�� 6XUI�� 6FL�� YRO�������>�@� 0�� 1RQQHQPDFKHU�� ������ $SSO�� 3K\V�� /HWWYRO��������>�@� '�� 6FKDDGW� DQG� DO�� ������ $SSO�� 3K\V�� /HWW� YRO������

>�@�&��*XLOOHPRW�DQG�DO�������� (XURSK\V��/HWW���YRO�������>�@�&��<��1J�DQG�DO��������$SSO��3K\V��/HWW���YRO��������>�@�*��%XVK�DQGDO��������$SSO��3K\V��/HWW���YRO��������>�@�7��0HOLQ�DQG�DO��������$SSO��3K\V��/HWW���YRO��������>��@�0�-��*RUGRQ�DQG�7�� %DURP��3K\V��5HY��%�� YRO����������>��@�+��)DQ�DQG�DO��������6FLHQFH���������>��@�+��*UDI�DQG�DO��������$SSO��3K\V��/HWW���YRO��������>��@�/��.OHLQ� DQG� DO�� ������ $SSO�� 3K\V�� /HWW��� YRO��������>��@� (�� %XVVPDQ� DQG� DO�� ������ $SSO�� 3K\V�� /HWW��YRO���������>��@�.��.��/LNKDUHY��������3URF��,(((��������>��@�$��1DNDNLPD� DQG� DO�� ������ $SSO�� 3K\V�� /HWW��YRO��������>��@�0��0L]XWD� DQG� DO�� ������ 1DQRWHFKQRORJ\�� YRO�������>��@�)��0DUFKL�DQG�DO���������-��9DF��6FL��7HFKQRO��%��������>��@�3��$YRXULV��������$SSO��3K\V��/HWW���YRO��������>��@� %�� %KXVEDQ� DQG� DO�� ������ +DQGERRN� RI1DQRWHFKQRORJ\ 6SULQJHU�SUHVV>��@� 6�� 6DULG�� ������ 6FDQQLQJ� )RUFH� 0LFURVFRS\�1HZ�<RUN��2[IRUG�8QLYHUVLW\�3UHVV>��@� 6�� -HIIUH\� DQG� DO�� ������ $SSO�� 6XUI�� 6FL�� �������>��@� -�� &ROFKHUR� DQG� DO�� ������ 3K\V�� 5HY� %� ���������>��@� /�� .OHLQ� DQG� DO�� ������ $SSO�� 3K\V�� /HWW��� �������>��@� &�� +�� /HL� DQG� DO�� ������ 1DQRWHFKQRORJ\� ������>��@�6��+XGOHW�DQG�DO��������(XU��3K\V��-��%����>��@� (�� 'XUDQG�� (OHFWURVWDWLTXH�� YRO� ,,��0DVVRQ� HW&LH�������>��@�%��7HUULV�DQG�DO��������3K\V��5HY��/HWW���YRO��������>��@� 7�� 0HOLQ� DQG� DO�� ������ 3K\V�� 5HY�� %�� ���������>��@� 5�� 'LDQRX[� DQG� DO�� ������ 3K\V�� 5HY�� %�� ���������>��@�0�� 3DLOOHW� DQG� DO�� ������ 3K\V�� 5HY�� /HWW�� ���������>��@�<��0DUWLQ�DQG�DO��������-��$SSO��3K\V����������>��@� 5�� )H\QPDQ� DQG� DO�� ������ 7KH� )H\QPDQOHFWXUHV� RQ� SK\VLFV�� YRO� ,,�� $GGLVRQ� :HVOH\3XEOLVLQJ�&RPSDQ\��5HDGLQJ��0$�>��@� -�� /DPEHUW� DQG� DO�� ������ -�� $SSO\�� 3K\V��� YRO��������>��@�1��)HOLGM�DQG�DO��������(XURSK\V�3K\V��-��������>��@�5��'LDQRX[�DQG�DO��������3K\V��5HY�%�� YRO����������>��@�$�� )LOLQRY� DQG�DO�� ������ 3K\V��5HY�� /HWW��� YRO��������


	Introduction
	Injection procedure of electric charge
	Theory of EFM
	Quantification of the trapped charged
	Spatial and charge resolutions of EFM
	Study of space-time behavior of electric charges in Si nanostructures by EFM
	Conclusion

