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3KRWRLQLWLDWHG� WUDQVPHPEUDQH� HOHFWURQ� WUDQVIHU� WR� \LHOG� ORQJ�OLYHG� FKDUJH�VHSDUDWHG�VWDWHV�LV�WKH�EDVLF�HQHUJ\�FRQYHUVLRQ�SURFHVV�RI�QDWXUDO�SKRWRV\QWKHVLV�� ,Q�WKH�SURWHLQ�HQYLURQPHQW�RI�SKRWRV\QWKHWLF�UHDFWLRQ�FHQWHUV�D�VHULHV�RI�VKRUW�UDQJH�� IDVW��DQG�HIILFLHQW� HOHFWURQ�WUDQVIHU� VWHSV� DUH� FDUULHG� RXW�� ZKLFK� PRYH� HOHFWURQV� DQG� KROHV� WR�RSSRVLWH� VLGHV� RI� WKH�PHPEUDQH� >��@�� ,W� KDV� EHHQ� GHVFULEHG� WKDW� SKRWRLQGXFHG� HOHFWURQ�WUDQVIHU�LQYROYLQJ�F\FOLF�WHWUDS\UUROH�PROHFXOHV��WKH�VSHFLDO�SDLU�RI�EDFWHULRFKORURSK\OOV��LV�WKH�SULPDU\�VWHS�LQ�WKH�PHFKDQLVP�RI�SKRWRV\QWKHWLF�EDFWHULD��EXW�PRVW�RI�WKH�DEVRUEHG�OLJKW�LV�VXSSOLHG�WR�WKH�UHDFWLRQ�FHQWHU�RI�WKH�SKRWRV\QWKHWLF�DSSDUDWXV�E\�VLQJOHW�VLQJOHW�HQHUJ\� WUDQVIHU� IURP� DQWHQQD� V\VWHPV�� ZKHUH� FDURWHQRLGV� SOD\� D� YHU\� LPSRUWDQW� UROH��7KH\�VWURQJO\�DEVRUE�OLJKW�LQ�WKH���������QP�UHJLRQ��DQG�WKHLU�VLQJOHW�VWDWHV�FDQ�WUDQVIHU�H[FLWDWLRQ�HQHUJ\�WKURXJK�VLQJOHW�VLQJOHW�PHFKDQLVP�WR�FKORURSK\OO�PROHFXOHV�>��@��*LYHQ� WKH�FUXFLDO� UROH�RI�SKRWRV\QWKHVLV� LQ�QDWXUDO�VRODU�HQHUJ\�FRQYHUVLRQ�� LW� LV�QRW� VXUSULVLQJ� WKDW� JUHDW� HIIRUW� KDV� EHHQ� PDGH� WR� PLPLF� WKLV� VRODU� HQHUJ\� KDUYHVWLQJ�GHYLFH�>�����@��6\QWKHWLF�PXOWLFRPSRQHQW�PROHFXOHV�WKDW�PLPLF�ERWK�HQHUJ\�DQG�HOHFWURQ�WUDQVIHU� KDYH� EHHQ� UHSRUWHG� >��@� DQG� UHFHQWO\� HYHQ� DUWLILFLDO� SKRWRV\QWKHWLF�PHPEUDQH�KDYH� EHHQ� GHVLJQHG� DQG� FRQVWUXFWHG� >�����@�� ,Q� WKHVH� PHPEUDQHV� D� YHFWRULDO�SKRWRLQGXFHG�HOHFWURQ� WUDQVIHU� LV�SURGXFHG� LQ�D�FDURWHQH�SRUSK\ULQ�QDSKWKRTXLQRQH��&�3�4��PROHFXODU�WULDG��ZKLFK�LV�DEOH�WR�JHQHUDWH�SURWRQ�>��@�RU�FDOFLXP�>��@�SXPSV��7KH�SKRWRJHQHUDWHG�&x ��3�4x � VWDWH�LV�FRXSOHG�WR�SURWRQ�RU�FDOFLXP�WUDQVORFDWLRQ�E\�VSHFLILF�TXLQRQHV�WKDW�DOWHUQDWH�EHWZHHQ�UHGXFHG�DQG�R[LGL]HG�IRUPV�$QRWKHU� DSSURDFK� WR� PLPLF� WKH� SKRWRV\QWKHWLF� HQHUJ\� FRQYHUVLRQ� V\VWHP� LQ�QDWXUH�LV�WKH�XVH�RI�WKH�HQHUJ\�VWRUHG�LQ�WKHVH�V\QWKHWLF�PROHFXODU�DUUD\V�DV�SKRWRLQGXFHG�LQWUDPROHFXODU� FKDUJH� VHSDUDWLRQ� VWDWH� IRU� WR� JHQHUDWH� DQ� HOHFWULF� ZRUN� WKURXJK� DQ�H[WHUQDO�FLUFXLW�LQ�D�VXLWDEOH�SKRWRHOHFWURFKHPLFDO�FHOO�>���@��$V�LW�KDV�EHHQ�SRLQWHG�RXW�>�@�WKHUH�DUH�VHYHUDO�DQDORJLHV�EHWZHHQ�WKH�QDWXUDO�SKRWRV\QWKHVLV�DQG�WKH�G\H�VHQVLWL]HG�QDQRFU\VWDOOLQH� VHPLFRQGXFWRU� HOHFWURGHV� XVLQJ� HOHFWURQ� GRQRU�DFFHSWRU� PROHFXODU�DVVHPEOLHV� >��@��1DWXUH�XVHV� D� VLPLODU�ZD\� RI� DEVRUSWLRQ� HQKDQFHPHQW� E\� VWDFNLQJ� WKH�FKORURSK\OO�FRQWDLQLQJ� WK\ODNRLG� PHPEUDQHV� RI� WKH� FKORURSODVW� WR� IRUP� WKH� JUDQD�VWUXFWXUH�>��@�,Q� RXU� VWXGLHV� ZH� KDYH� IRFXVHG� RXU� LQWHUHVW� LQ� WKH� VWXG\� RI� KHWHURJHQHRXV�SKRWRLQGXFHG�FKDUJH�WUDQVIHU�SURFHVV�LQYROYLQJ�RUJDQLF�V\QWKHWLF�PROHFXOHV�UHODWHG�WR�WKH�QDWXUDO�SKRWRV\QWKHVLV��7KHVH�PROHFXOHV�DUH�VSHFLDOO\�IXQFWLRQDO\]HG�FDURWHQRLGV�>�����@�SRUSK\ULQ�SRUSK\ULQ� PROHFXODU� G\DGV� >�����@� DQG� FRYDOHQW� OLQNHG� SRUSK\ULQ�&��IXOOHUHQH�VXSUDPROHFXODU�V\VWHPV�>�����@��)LJXUH�����7KH�IRUPDWLRQ�RI�RUJDQLF�PROHFXODU�DVVHPEOLHV� �VHOI� DGVRUSWLRQ�RU�/DQJPXLU�%ORGJHWW� ILOPV��RYHU� VHPLFRQGXFWRU�HOHFWURGHV�DOORZHG�XV�WKH�DQDO\VLV�RI�WKH�JHQHUDWLRQ�RI�SKRWRHOHFWULF�HIIHFWV�SURGXFHG�E\�H[FLWDWLRQ�RI� WKH� GLIIHUHQW� G\HV�� 2XU� UHVXOWV� VKRZHG� WKDW� HIILFLHQW� OLJKW� KDUYHVWLQJ� DQG� FKDUJH�WUDQVIHU� \LHOG� FDQ� EH� UHDFKHG� XVLQJ� PROHFXODU� DUUD\V� LQVSLUHG� LQ� WKH� QDWXUDO�SKRWRV\QWKHWLF�DSSDUDWXV��([SHULPHQWDO3UHSDUDWLRQ�RI�6Q2� 1DQRFU\VWDOOLQH�ILOPV�3KRWRHOHFWURGHV�2SWLFDOO\� WUDQVSDUHQW� HOHFWURGHV� ZHUH� FXW� IURP� LQGLXP� WLQ� R[LGH� �,72�� FRDWHG�JODVV� SODWHV�� ,72�6Q2� HOHFWURGHV� ZHUH� SUHSDUHG� E\� VSLQ� FRDWLQJ� XVLQJ� D� ����� 6Q2�
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3KRWRHOHFWURFKHPLVWU\ RI�&DURWHQRLGV�8VHG�LQ�$UWLILFLDO�3KRWRV\QWKHVLV,Q�RUGHU�WR�DQDO\]H� WKH�SDUWLFLSDWLRQ�RI�FDURWHQRLGV� LQ�HQHUJ\� WUDQVIHU�DQG� UHGR[�SURFHVVHV�� LW� LV� QHFHVVDU\� WR� H[SORUH� FRQGLWLRQV� XQGHU� ZKLFK� SKRWRSK\VLFV� SURFHVV� RI�FDURWHQRLGV� FDQ� EH� HOLFLWHG�� %RWK� WKH� ORZHVW� H[FLWHG� VLQJOHW� VWDWH� �6��� DQG� WKH� VHFRQG�H[FLWHG�VLQJOHW�VWDWH��6���DUH�RI�YHU\�VKRUW�OLIHWLPHV��WKH�6� GHFD\�WLPH�UDQJHV�IURP����WR������SV�DQG�WKH�6� OLIHWLPH�LV�a����IV�>�����@��,Q�YLHZ�RI�WKLV�IDFW��RQH�ZD\�WR�RYHUFRPH�WKH�NLQHWLF�OLPLWDWLRQV�LQ DUWLILFLDO�V\VWHPV�LV�WR�LQFRUSRUDWH�WKH�FDURWHQRLG�LQWR�D�VWUXFWXUH�LQ� ZKLFK� XOWUDIDVW� SKRWRLQLWLDWHG� UHDFWLRQV� ZRXOG� EH� SVHXGR� XQLPROHFXODU�� 7KXV��SKRWRLQGXFHG� HOHFWURQ� WUDQVIHU� LQYROYLQJ� FDURWHQRLG� FRPSRXQGV� FDQ� EH� VWXGLHG� LQ�RUJDQL]HG� DVVHPEO\� RI� WKH� SLJPHQW� LQ� FRQWDFW� ZLWK� D� VHPLFRQGXFWRU� HOHFWURGH�� ZKHUH�UDSLG� HOHFWURQ� WUDQVIHU� IURP� WKH� FDURWHQRLG� H[FLWHG� VWDWH� HIIHFWLYHO\� FRPSHWHV� ZLWK�LQWHUQDO� FRQYHUVLRQ� >�����@��:H�KDYH� UHSRUWHG� WKH�SKRWRHOHFWURFKHPLVWU\� RI� /DQJPXLU�%ORGJHWW� ILOPV� RI� V\QWKHWLF� DPSKLSDWKLF� FDURWHQRLV� �¶±DSR��¶����FDUER[\SKHQ\O��E�FDURWHQH� �$&&�� >��@�����)LJXUH����DQG��¶�DSR��¶����DPLQRSKHQ\O��E�FDURWHQH� �+�$3&���>��@�����)LJXUH����VKRZLQJ� WKDW� WKHVH�SRO\HQLF�PROHFXOHV�EHKDYHV�DV�D�SKRWRFRQGXFWRU��DQG�ZH�KDYH�VKRZQ�WKDW�XSRQ�LOOXPLQDWLRQ�WKH�V\QWKHWLF�FDURWHQRLGV�SURGXFH�REVHUYDEOH�SKRWRFXUUHQWV�LQ�PRQROD\HU�ILOPV�LQ�WKH�SUHVHQFH�RI�VDFULILFLDO�HOHFWURQ�DFFHSWRUV�7KH� study showed that the synthetic carotenoids are able to form stable 
monolayers at an air-water interface and forms a photoactive electrode when are 
deposited on an ITO substrate. The match between absorption and photocurrent action 
spectrum implicates that the aggregates of carotenoid are the photoactive species. A 
suggested mechanism for the photocurrent starts with the transfer of an electron from the 
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excited carotene aggregate to benzoquinone sacrificial acceptor, followed by electron 
transfer from the conduction band of ITO to the hole in the aggregate (Figure 3). :H�UHSRUWHG�D�FKDUDFWHUL]DWLRQ�RI�WKH�SKRWRHOHFWURFKHPLFDO�EHKDYLRU�RI�WKH�FDURWHQRLGV�EDVHG�RQ� WKH�R[LGDWLRQ�SURFHVVHV�RI�FDURWHQRLGV� LQ�VROXWLRQ�>�����@ DQG� LQ� WKH�VROLG� VWDWH�>������@��7KH� UHGR[�SRWHQWLDOV� DUH� WKH�EDVLV� IRU� WKH� FDOFXODWLRQ�RI� WKH� UHGR[�SRWHQWLDO�RI� WKH�FDURWHQRLG�H[FLWHG�VWDWHV�>����@��ZKLFK�GULYHV�VHTXHQWLDO�UHGR[�SURFHVVHV�ZKHQ�RUJDQL]HG�ILOPV� DUH� GHSRVLWHG� RQ� WKH� VXUIDFH� RI� VHPLFRQGXFWLQJ� HOHFWURGHV� LQ� WKH� SUHVHQFH� RI�H[WHUQDO�HOHFWURQ�DFFHSWRUV�2XU� UHVXOWV� IXUWKHU� VXSSRUW� WKH� REVHUYDWLRQ� WKDW� FDURWHQRLG� FRPSRXQGV� FDQ�SDUWLFLSDWH� LQ� HOHFWURQ� WUDQVIHU� SURFHVVHV� IURP� WKHLU� H[FLWHG� VWDWHV� ZKHQ� DUH� LQFOXGHG� LQ�RUJDQL]HG�DVVHPEOLHV�DQG�LQ�FORVH�SUR[LPLW\�WR�HOHFWURQ�DFFHSWRUV��
3KRWRVHQVLWL]DWLRQ� RI� 7KLQ� 6Q2� 1DQRFU\VWDOOLQH� 6HPLFRQGXFWRU� )LOP� (OHFWURGHV�ZLWK�6XSUDPROHFXODU�2UJDQLF�'\HV3RUSK\ULQ�%XFNPLQVWHUIXOOHUHQH�'\DG��3�&���$Q�DSSURDFK� WR�PLPLF� WKH�SKRWRV\QWKHWLF�HQHUJ\�FRQYHUVLRQ�V\VWHP�LQ�QDWXUH� LV�WKH�XVH�RI�FRPSOH[�V\QWKHWLF�PROHFXODU�DUUD\V�FRQWDLQLQJ�FKURPRSKRUHV��HOHFWURQ�GRQRUV�DQG� HOHFWURQ� DFFHSWRUV� OLQNHG� E\� FRYDOHQW� DQG� QRQ� FRYDOHQW� ERQGV� >���� ��@�� 7KH�IXQFWLRQDOL]DWLRQ� RI� &��� EXFNPLQVWHUIXOOHUHQH� >���� ��@� DOORZV� WKH� OLQNDJH� RI� WKLV� JRRG�HQHUJ\� DQG�HOHFWURQ�DFFHSWRU� WR�PDQ\�FKURPRSKRUHV�� DQG�KDV�RSHQHG� WKH�SRVVLELOLW\� RI�FRQVWUXFWLQJ�DUWLILFLDO�SKRWRV\QWKHWLF�V\VWHPV�LQ�ZKLFK� WKHUH� LV�D�SKRWRLQGXFHG�HOHFWURQ�RU�HQHUJ\�WUDQVIHU�SURFHVV�IURP�D�FKURPRSKRUH�GRQRU�WR�D�IXOOHUHQH�DFFHSWRU��7KXV��LW�LV�QRW� VXUSULVLQJ� WKDW� JUHDW� HIIRUW� KDV� EHHQ� PDGH� LQ� WKH� V\QWKHVLV� DQG� SKRWRSK\VLFDO�FKDUDFWHUL]DWLRQ� RI� &�� FRYDOHQWO\� DQG� QRQFRYDOHQWO\� OLQNHG� WR� SRUSK\ULQV�� IRU� ZKLFK�TXDQWXP� \LHOGV� RI� SKRWRLQGXFHG� FKDUJH� VHSDUDWLRQ� VWDWH� IRUPDWLRQ� DSSURDFKLQJ� WR� RQH�KDYH� EHHQ� UHSRUWHG� >�����@�� 0RUHRYHU�� VROLG�VWDWH� GRXEOH�OD\HU� SKRWRHOHFWURFKHPLFDO�FHOOV�ZHUH�GHYHORSHG�XVLQJ�WKLQ�OD\HUV�RI�VROLG�&�� DQG�SRUSK\ULQV�>��@��DQG�VKRZHG�WKDW�WKH� SKRWRLQGXFHG� HOHFWURQ� WUDQVIHU� IURP� SRUSK\ULQ� WR� &�� LV� WKH� SULPDU\� SURFHVV� RI�SKRWRFXUUHQW�JHQHUDWLRQ�DW�WKH�SRUSK\ULQ�&�� LQWHUIDFH�8QWLO�WKH�SUHVHQW��WKH�SKRWRHOHFWULFDO�VWXGLHV�RI�IXOOHUHQH�ILOPV�GHPRQVWUDWHG�YHU\�ZHDN�DFWLYLW\��PDQO\�GXH� WR� WKH�SUREOHPV�UHODWHG� WR� WKH�FRQVWUXFWLRQ�RI� UHODWLYHO\� WKLFN�ILOPV� DEOH� WR� DEVRUE� PRVW� RI� WKH� LQFLGHQW� OLJKW� >��@�� 1HYHUWKHOHVV�� WKH� SURSHUWLHV� RI�GHYLFHV� LQYROYLQJ� WKH� JHQHUDWLRQ� RI� H[FLWHG� VWDWH� RI� IXOOHUHQH� DUH� VWLOO� H[WHQVLYHO\�DQDO\]HG�GXH�WR�WKHLU�SRWHQWLDO�XVH�LQ�RSWRHOHFWURQLF�DQG�SKRWRYROWDLF�DSSOLFDWLRQV��,Q�RXU�ZRUN� ZH� XVHG� D� QRYHO� 3RUS\ULQ�&�� G\DG� �G\DG� ��� )LJXUH� ��� DV� OLJKW� UHFHSWRU� LQ� WKH�VSHFWUDO� VHQVLWL]DWLRQ� RI� QDQRVWUXFWXUHG� 6Q2� VHPLFRQGXFWRU� HOHFWURGH� >�����@�� :H�REWDLQHG� DQ� HIILFLHQW� JHQHUDWLRQ� RI� SKRWRHOHFWULFDO� HIIHFWV� IURP� WKH� H[FLWDWLRQ� RI� ERWK�SRUSK\ULQ� DQG� IXOOHUHQH� PRLHWLHV� LQ� G\DG� ��� DQG� WKH� IRUPDWLRQ� RI� DQ� LQWUDPROHFXODU�SKRWRLQGXFHG� FKDUJH� WUDQVIHU� VWDWH� 3���&���� ZDV� SURSRVHG�� EDVHG� RQ� WKH� IROORZLQJ�HYLGHQFHV�7KH� HQHUJ\� RI� WKH� FKDUJH� VHSDUDWLRQ� VWDWH� LQ� 3���&���� KDV� EHHQ� HVWLPDWHG� IURP�F\FOLF�YROWDPPHWULF�H[SHULPHQWV�RI�WKH�G\DG�� �)LJXUH�����7KH�HOHFWURFKHPLFDO�UHGXFWLRQ�VKRZV�WKUHH�RQH�HOHFWURQ�SURFHVVHV��FRUUHVSRQGLQJ�WKH�ZDYHV�,�DQG�,,�WR�WKH�IRUPDWLRQ�RI�PRQR�DQG�GLDQLRQ�RI�&�� PRLHW\�UHVSHFWLYHO\�>��@��DQG�WKH�ODVW�RQH��ZDYH�,,,��)LJXUH����WR�WKH� IRUPDWLRQ�RI�SRUSK\ULQ�DQLRQ��2Q� WKH�RWKHU�KDQG��R[LGDWLRQ�RI�G\DG�FRUUHVSRQGV� WR�



3KRWRHOHFWURFKHPLVWU\�RI�ELRPLPHWLF�PROHFXOHV��VSHFWUDO�VHQVLWL]DWLRQ�RI�ZLGH�EDQG�JDS ���
WKH�SRUSK\ULQ� UDGLFDO�FDWLRQ��ZDYH� ,9��DQG�GLFDWLRQ�IRUPDWLRQ� �ZDYH�9���7KH�UHGXFWLRQ�DQG� R[LGDWLRQ� SRWHQWLDOV� RI� WKH� G\DG� DUH� VLPLODU� WR� WKRVH� RI� WKH� FRPELQHG� LQGLYLGXDO�PRQRPHULF�XQLWV��DQG�WKH�UHVXOWV�DOORZ�HVWLPDWLQJ�WKH�HQHUJ\�RI�WKH�3���&���� VWDWH��ZKLFK�LV������H9�DERYH�RI�WKH�G\DG�JURXQG�VWDWH� ���������������(QHUJ\�H9�

9%

&%

,72

+�$3& ��+�$3& ��

+�$3&
��+�$3& ��
4���4KQ

)LJXUH����&DURWHQRLG¶V�JHQHUDWHG�SKRWRHOHFWULF�HIIHFW�VKRZHG�LQ�D�VFKHPDWLF�GLDJUDP�RI�WKH�HOHFWURQ�WUDQVIHU�SURFHVVHV��7KH�DUURZV�LQGLFDWH�WKH�HOHFWURQ�IORZ�IRU�WKH�FDWKRGLF�SKRWRFXUUHQW�2Q�WKH�RWKHU�KDQG��WKH IOXRUHVFHQFH�HPLVVLRQ�VSHFWUD�LQ�WROXHQH�VKRZHG�WKDW�G\DG�� SURGXFHV�D�ZHDNHU�HPLVVLRQ�IURP�LWV�SRUSK\ULQ�PRLHW\��IOXRUHVFHQFH�TXDQWXP�\LHOG�I  ����� [� ������� LQ� FRPSDULVRQ�ZLWK� WKH� SRUSK\ULQH� PRLHW\�� �I  � ������ LQGLFDWLQJ� D� VWURQJ�TXHQFKLQJ�RI�WKH�SRUSK\ULQ�H[FLWHG�VLQJOHW�VWDWH��TXHQFKLQJ�HIILFLHQF\��KTt ������E\�WKH�DWWDFKHG� IXOOHUHQH��2YHU� WKH�EDVLV�RI�RXU� VSHFWURVFRSLFV�DQG�HOHFWURFKHPLFDO� UHVXOWV�ZH�FRQFOXGHG�WKDW�D�SKRWRLQGXFHG�LQWUDPROHFXODU�HOHFWURQ�WUDQVIHU�RFFXUV�LQ�G\DG�� DULVLQJ�IURP� �3�&�� VWDWH�� $0�� FDOFXODWLRQ� SHUIRUPHG� IRU� G\DG��� �)LJXUH� ��� VKRZHG� WKDW� WKH�FHQWHU�WR�FHQWHU�VHSDUDWLRQ�LV�DERXW����c��7KLV�LV�GLVWDQFH�ODUJHU�WKDQ�LQ�WKRVH�SRUSK\ULQ�IXOOHUHQH� G\DGV� ZKHUH� HQHUJ\�WUDQVIHU� TXHQFKLQJ� RI� WKH� SRUSK\ULQ� IOXRUHVFHQFH� ZDV�REVHUYHG�>�����@�� ,Q� WKHVH�V\VWHPV�WKH�VWURQJ�HOHFWURQLF�FRXSOLQJ�EHWZHHQ� WKH�PRLHWLHV�SURGXFH�GHIRUPDWLRQ�DQG�VKLIW�RI�WKH�DEVRUSWLRQ�EDQGV�LQ�WKH�89�YLVLEOH�VSHFWUXP�2Q�WKH�RWKHU�KDQG��WKH�LQFLGHQW�SKRWRQ�WR�SKRWRFXUUHQW�HIILFLHQFLHV��,3&(��IRU�WKH�,72�6Q2��G\DG�� HOHFWURGHV�ZHUH�HYDOXDWHG�WKURXJK�HTXDWLRQ���>��@�,3&(����� ������LVF �������,LQF O�����������������������������������������������ZKHUH�LVF LV�WKH�VKRUW�FLUFXLW�SKRWRFXUUHQW��$�FP�����,LQF LV�WKH�LQFLGHQW�OLJKW�LQWHQVLW\��:�FP����� DQG� O LV� WKH� H[FLWDWLRQ� ZDYHOHQJWK� �QP��� $IWHU� VXEWUDFWLRQ� RI� WKH� SKRWRFXUUHQW�UHVSRQVH� RI� EDUH� ,72�6Q2� HOHFWURGHV�� UHFRUGHG� EHIRUH� G\H� PRGLILFDWLRQ�� WKH� DFWLRQ�VSHFWUXP� IRU� WKH� G\DG�PRGLILHG� HOHFWURGHV� FORVHO\�PDWFKHV� WKH� DEVRUSWLRQ� VSHFWUXP�RI�WKH� FRUUHVSRQGLQJ� G\H�� DV� LV� VKRZQ� LQ� )LJXUH� ��� ,Q� FRQWUDVW�� WKH� SKRWRFXUUHQW� VSHFWUD�REWDLQHG� ZLWK� ,72�6Q2��&�� HOHFWURGHV� VKRZHG� RQO\� VPDOO� GLIIHUHQFH� ZLWK� WKRVH�UHVXOWLQJ� IURP� WKH� EDQG�JDS� H[FLWDWLRQ� RI� WKH� 6Q2� ILOP�� LQGLFDWLQJ� WKDW� LQ� WKHVH�H[SHULPHQWDO� FRQGLWLRQV� GLUHFW� H[FLWDWLRQ� RI� IXOOHUHQH� DORQH� LV� QRW� DEOH WR� SURGXFH�VLJQLILFDQW�SKRWRHOHFWULF�HIIHFWV�>������@�
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(���9�YV�$J�$J&/)LJXUH����'\DG�� F\FOLF�YROWDPPRJUDP�DW�D�SODWLQXP�HOHFWURGH��$ �������FP���RI������P0�VROXWLRQ�RI�G\H�LQ�����GLFKORURHWKDQH�FRQWDLQLQJ�����0��7HWUD�Q�EXW\ODPPRQLXP�KH[DIOXRURSKRVSKDWH DV�VXSSRUWLQJ HOHFWURO\WH��6ZHHS�UDWH� �������9�V�
,Q� WKH� DFWLRQ� VSHFWUXP� REWDLQHG� ZLWK� ,72�6Q2��G\DG� � HOHFWURGH�� HIILFLHQW�JHQHUDWLRQ� RI� SKRWRFXUUHQW� DW� DURXQG� O� � ���� QP� LV� REVHUYHG� �)LJXUH� ���� 7KLV�SKRWRFXUUHQW� LV�PDLQO\� SURGXFHG�E\� H[FLWDWLRQ� RI� WKH�&�� PRLHW\��DV� FDQ� EH� FRQFOXGHG�IURP�WKH�DQDO\VLV�RI�WKH�DEVRUSWLRQ�VSHFWUXP�RI�WKH�G\DG�>��@�7KH�FKDUJH�LQMHFWLRQ�\LHOG��)LQM��IURP�WKH�H[FLWHG�G\HV�WR�WKH�VHPLFRQGXFWRU�WLPHV�WKH�FKDUJH�FROOHFWLRQ�HIILFLHQF\��KF��RI�WKH�V\VWHPV�>��@�FDQ�EH�REWDLQHG�IURP�,3&(�DQG�WKH�OLJKW�KDUYHVWLQJ�HIILFLHQF\��/+(� ������$��RI�WKH�G\H��HTXDWLRQ���)LQM� KF  �,3&(���/+(������������� ����7KH� SURGXFW� )LQM� KF LQ� G\DG� � PRGLILHG� HOHFWURGHV� LV� DURXQG� WZLFH� WKH� RQH�REWDLQHG� ZLWK� WKH� SRUSK\ULQ�� GHVSLWH� WKH� IDFW� WKDW� LQ� WKH� G\DG� � PRVW� RI� WKH� OLJKW� LV�DGVRUEHG�E\�WKH�SRUSK\ULQ�PRLHW\��+RZHYHU��WKH�ODFN�RI�IOXRUHVFHQFH�IURP�WKH�SRUSK\ULQ�LQ�WKH�G\DG�� �ERWK�LQ�VROXWLRQ�DQG�LQ�DGVRUEHG�VWDWH��LQGLFDWHV�WKDW�LQWUDPROHFXODU�FKDUJH�WUDQVIHU�FDQ�FRPSHWH�ZLWK� WKH�HOHFWURQ�WUDQVIHU�SURFHVV� WR� WKH�VHPLFRQGXFWRU��7KXV��ZH�SURSRVHG�WKDW�WKH�SKRWRFXUUHQW�LV�EHLQJ�JHQHUDWHG IURP�WKH 3���&���� SKRWRLQGXFHG�FKDUJH�VHSDUDWLRQ� VWDWH� >������� ��@� DV� IROORZV�� ZKHUH� +�4� UHSUHVHQWV� WKH� VDFULILFLDO� GRQRU�K\GURTXLQRQH�SUHVHQW�LQ�WKH�VROXWLRQ�3�&�� KQ �3�&���3�&�� 3���&����3���&���� ��6Q2� 3���&�� ��6Q2� �H���������������������3���&�� ��+�4�� 3�&�� ���+4� �� +�3���&���� ��+�4�� 3�&���� ���+4� �� +�3�&���� ��6Q2� 3�&�� ��6Q2� �H��������������������������
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)LJXUH����'\DG�� VSDWLDO�DUFKLWHFWXUH�REWDLQHG�E\�$XVWLQ�0RGHO���PHWKRG�
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:DYHOHQJWK���QP)LJXUH����,72�6Q2��G\H���DFWLRQ�VSHFWUXP�DV�LQFLGHQW�SKRWRQ�WR�FXUUHQW�HIILFLHQF\���x� ���DQG�DEVRUEDQFH�VSHFWUXP�� ���RI��HOHFWURGHV�DIWHU�QRUPDOL]DWLRQ�DW�WKH�6RUHW�EDQGV�
/LNH�WKH�SKRWRV\QWKHWLF�UHDFWLRQ�FHQWHU��PDQ\�DUWLILFLDO�SKRWRV\QWKHWLF�DVVHPEOLHV�LQFRUSRUDWH�PHWDOORSRUSK\ULQV�EHFDXVH�WKH\�FDQ�EH�UHYHUVLEO\�UHGXFHG�DQG�R[LGL]HG�>������@�� &KORURSK\OO� GHULYDWLYHV� DQG� VHYHUDO� UHODWHG� SRUSK\ULQV� KDYH� EHHQ� XVHG� DV� OLJKW�UHFHSWRUV� LQ� HQHUJ\� FRQYHUVLRQ� GHYLFHV� >������� �����@�� RIWHQ� LQ� DFKLHYLQJ� VSHFWUDO�VHQVLWL]DWLRQ� RI� ZLGH� EDQG� JDS� VHPLFRQGXFWRUV�� 2Q� WKH� RWKHU� KDQG�� DQ� ³DQWHQQD�VHQVLWL]HU´�PROHFXODU�GHYLFH�FRXOG�EH�XVHG�LQ�RUGHU�WR�LPSURYH�WKH�RYHUDOO�HIILFLHQF\�RI�G\H�VHQVLWL]HG�VRODU�FHOOV�>��@��,Q�SULQFLSOH��WKLV�GHYLFH�ZRXOG�XVH�LQWHUFRPSRQHQW�HQHUJ\�WUDQVIHU�IURP�DQ�³DQWHQQD´�FKURPRSKRULF�XQLW�WR�D�VSHFLILF�FKURPRIRULF�XQLW�WKDW�EHKDYHV�DW�WKH�VDPH�WLPH�DV�DQ�HQHUJ\�FROOHFWRU�DQG�DV�FKDUJH�LQMHFWLRQ�VHQVLWL]HU��,Q� RXU� VWXGLHV� ILUVW� ZH� KDYH� IRFXVHG� RQ� D� SRUSK\ULQ� G\DG� DQG� LWV� VWUXFWXUDO�FRPSRQHQWV� �VWUXFWXUH� ��� )LJXUH� ���� DV� SKRWRVHQVLWL]LQJ� DGVRUEDWHV� RQ� QDQRFU\VWDOOLQH�6Q2� ILOPV�� LQ�RUGHU� WR�H[WHQG� WKH�SKRWRUHVSRQVH�RI� WKLV� ODUJH�EDQG� JDS�VHPLFRQGXFWRU�
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>������@��7KLV�SRUSK\ULQ�G\DG� FRQWDLQLQJ� VWUXFWXUDO�PRLHWLHV�ZLWK�ERWK�GLIIHUHQW� VLQJOHW�VWDWH�HQHUJLHV�DQG�UHGR[�SURSHUWLHV�FDQ�XQGHUJR�VLQJOHW�VLQJOHW�HQHUJ\�WUDQVIHU�RU�SKRWR�LQGXFHG�HOHFWURQ�WUDQVIHU�>�����@�1HDUO\� FRPSOHWH� VLQJOHW�VLQJOHW� HQHUJ\� WUDQVIHU� IURP� WKH� 3=Q WR 3� KDV� EHHQ�REVHUYHG�LQ�G\DG����ERWK�LQ�VROXWLRQ�DQG�ZKHQ�WKH�G\H�LV�LQ�WKH�DGVRUEHG�VWDWH�RYHU�6Q2�QDQRVWXFWXUHG�SKRWRHOHFWURGHV��)LJXUH�����2Q�WKH�RWKHU�KDQG��6Q2� ILOPV�PRGLILHG�ZLWK�SRUSK\ULQ�G\DG�DQG�KLV�PRLHWLHV H[KLELW�SKRWRUHVSRQVH� LQ� WKH�YLVLEOH� UHJLRQ��7KH� FORVH�PDWFK� EHWZHHQ� WKH� SKRWRFXUUHQW� DFWLRQ� VSHFWUXP� DQG� WKH� DEVRUSWLRQ� VSHFWUXP� VKRZHG�WKDW� WKH� SKRWRVHQVLWL]DWLRQ� PHFKDQLVP� LV� RSHUDWLYH� LQ� H[WHQGLQJ� WKH� SKRWRFXUUHQW�UHVSRQVH�RI�,72�6Q2��G\H�HOHFWURGH�WR WKH�YLVLEOH��)LJXUH����
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:DYHOHQJWK���QP)LJXUH����&RUUHFWHG�)OXRUHVFHQFH�HPLVVLRQ�VSHFWUXP�RI 3�� ��DQG��3=Q �������� ��PRLHWLHV�RI�G\DG�� LQ�VROXWLRQ��)OXRUHVFHQFH�HPLVVLRQ�VSHFWUXP�RI�G\DG�� LQ�ERWK��VROXWLRQ��x x x x x��DQG�DGVRUEHG�RYHU�,72�6Q2���HOHFWURGHV��� x ���DUH�DOVR�VKRZQ���OH[  �����QP��7KH�VSHFWUD�KDYH�EHHQ�QRUPDOL]HG�WR�RQH�
:H�IRXQG�WKDW�WKH�SKRWRFXUUHQW�HIILFLHQF\�LQ�WKH�G\DG�� DQG�3=Q DUH�ORZHU�WKDQ 3�PRLHW\�� LQ� VSLWH� RI� WKH� IDFW� WKDW� WKH� (R[
 YDOXH� LV� PRUH� QHJDWLYH� IRU� WKH� PHWDOOL]HG�SRUSK\ULQ��ZKLFK�VKRXOG�IDFLOLWDWH�WKH�HOHFWURQ�WUDQVIHU�IURP�WKH�H[FLWHG�VWDWH�RI�WKH�G\H�WR�WKH�VHPLFRQGXFWRU��2Q�WKH�RWKHU�KDQG��3=Q LV�OHVV�HIILFLHQW�WKDQ�3�LQ�WKH�KHWHURJHQHRXV�FKDUJH�WUDQVIHU�SURFHVV��EXW�LV�D�VXLWDEOH�HQHUJ\�GRQRU��DFWLQJ�DV�³DQWHQQD´�LQ�WKH�G\DG��PROHFXOH�� +RZHYHU�� WKH� SKRWRFXUUHQW� HIILFLHQF\� LQ� WKH� G\DG� ZDV� ORZHU� WKDQ� WKH� RQH�SURGXFHG�E\�WKH�IUHH�EDVH�PRLHW\��7KLV�IDFW�ZDV�H[SODLQHG�FRQVLGHULQJ�WKDW�WKH�PHWDOOL]HG�SRUSK\ULQ�HQKDQFHV�WKH�EDFN�HOHFWURQ�WUDQVIHU�SURFHVV��SURGXFLQJ�ORZ�SKRWRFXUUHQW�\LHOG�>���������������@��:H�FRQFOXGHG�WKDW�WKH�ODFN�RI�SUHIHUHQWLDO�RULHQWDWLRQ�RI�WKH�G\DG�RYHU�WKH�6Q2� VXUIDFH��L�H���ZKHWKHU�LW�LV�WKH�IUHH�EDVH�PRLHW\�RU�WKH�=Q�SRUSK\ULQ�PRLHW\�WKDW�JHWV�DWWDFKHG�WR�6Q2� VXUIDFH��SOD\�D�UROH�LQ�GHWHUPLQLQJ�WKH�SKRWRFXUUHQW�TXDQWXP�\LHOG�RI�WKH�G\DG�>���@��,Q� YLHZ� RI� WKLV� IDFW�� ZH� GHVLJQHG� DQG� V\QWKHVL]HG� D� QHZ� QRYHO� SRUSK\ULQ�SRUSK\ULQ� VXSUDPROHFXODU� DUUDQJHPHQW� ZLWK� SDUWLFXODU� VWUXFWXUDO� DQG� HOHFWURQLFV�SURSHUWLHV�� 7KH� DV\PPHWULFDO� G\DG��� �)LJXUH� ��� ZDV� GHVLJQHG� LQ� RUGHU� WR� LQFUHDVH� WKH�LQWUDPROHFXODU� HOHFWURQ� WUDQVIHU� FDSDFLW\�� RQH� SRUSK\ULQ� PRLHW\� �3=Q�� EHDUV� HOHFWURQ�GRQDWLQJ�PHWKR[\� JURXSV�DQG�D�]LQF� LRQ��ZKLFK�KHOS� WR�VWDELOL]H� WKH� UDGLFDO�FDWLRQ�� WKH�



3KRWRHOHFWURFKHPLVWU\�RI�ELRPLPHWLF�PROHFXOHV��VSHFWUDO�VHQVLWL]DWLRQ�RI�ZLGH�EDQG�JDS ���
VHFRQG� SRUSK\ULQ� PRLHW\� �3�� IHDWXUHV HOHFWURQ�ZLWKGUDZLQJ� QLWUR� VXEVLVWHQW�� ZKLFK�VWDELOL]H� WKH� SRUSK\ULQ� UDGLFDO� DQLRQ�� %RWK� PRLHWLHV� DUH� OLQNHG� E\� DPLGH� ERQG�� ZKLFK�DOORZV�HOHFWURQLF�LQWHUDFWLRQ�EHWZHHQ�WKH�S V\VWHPV�RI�WKH�WZR�FKURPRSKRUHV�>��������@��2Q�WKH�RWKHU�KDQG��G\DG�� EHDUV�D�UHPQDQW�FDUER[\OLF�DFLG�JURXS�RQ�WKH�3 PRLHW\��7KLV�JURXS�ZDV�FRQYHQLHQWO\�ORFDWHG�LQ�WKH�HOHFWURQ�ZLWKGUDZLQJ�SRUSK\ULQ�PRLHW\�WR�EHQHILW�WKH�RULHQWDWLRQ�RI�WKH�3=Q�3 G\DG�RQ�WKH�EDVLF�VHPLFRQGXFWRU�R[LGH�HOHFWURGH��LQ�RUGHU�WR�SURGXFH�HIILFLHQW�FKDUJH�LQMHFWLRQ�DQG�WR�NHHS�WKH�SKRWRR[LGL]HG�SRUSK\ULQ�PRLHW\�DZD\�IURP�WKH�SKRWRLQMHFWHG�HOHFWURQV�>�������@�
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:DYHOHQJWK���QP)LJXUH����,72�6Q2��G\H���DFWLRQ�VSHFWUXP�DV�LQFLGHQW�SKRWRQ�WR�FXUUHQW�HIILFLHQF\���x� ���DQG�DEVRUEDQFH�VSHFWUXP�� ���RI��HOHFWURGHV�DIWHU�QRUPDOL]DWLRQ�DW�WKH�6RUHW�EDQGV�
7KH� SKRWRFXUUHQW� DFWLRQ� VSHFWUXP� DQG� WKH� DEVRUSWLRQ� VSHFWUXP� VKRZ� WKDW� WKH�SKRWRVHQVLWL]DWLRQ� PHFKDQLVP� LV� RSHUDWLYH� LQ� H[WHQGLQJ� WKH� SKRWRFXUUHQW� UHVSRQVH� RI�,72�6Q2��� HOHFWURGH�WR�WKH�YLVLEOH�UHJLRQ��)LJXUH�����DQG�GHPRQVWUDWH�WKDW�WKH�H[FLWDWLRQ�RI� HLWKHU� PRLHW\� UHVXOWV� LQ� HOHFWURQ� LQMHFWLRQ� LQWR� 6Q2� FRQGXFWLRQ� EDQG�� ZLWK� VLPLODU�HOHFWURQ�KDUYHVWLQJ�FDSDFLW\��,W�LV�SURSRVHG�WKDW��LQ�WKH�SUHVHQW�FDVH��WKH�LQKLELWLRQ�RI�EDFN�HOHFWURQ�WUDQVIHU�LV�IDYRUHG�E\�WKH�VORZHU�FKDUJH�UHFRPELQDWLRQ�NLQHWLF�LQ�WKH 3=Q���3���6Q2� �H��VWDWH�ZLWK�UHVSHFW�WR�WKH�FDVH�ZKHUH�WKH�R[LGL]HG�FDWLRQ�LV�LQ�GLUHFW�FRQWDFW�ZLWK�WKH�VHPLFRQGXFWRU��SURGXFLQJ�KLJKHU�SKRWRFXUUHQW�TXDQWXP�\LHOG� WKDQ�HLWKHU�FRPSRQHQW�PRLHW\��0RUHRYHU�� IOXRUHVFHQFH� DQDO\VLV� RI�G\DG�� DQG�KLV�3 PRLHW\� DGVRUEHG�RQ�ERWK�6Q2� DQG�WKH�LQVXODWRU�6L2� VKRZV�WKDW�WKH�FKDUJH�LQMHFWLRQ�\LHOG��)LQM��IURP�WKH�H[FLWHG�G\H� WR� WKH� WLQ� R[LGH� VHPLFRQGXFWRU� LQ� ERWK� FDVHV� DUH� VLPLODU� >���@�� 7KXV� SKRWRFXUUHQW�HQKDQFHPHQW� LV� LQWHUSUHWHG� LQ� WHUPV�RI� LQWUDPROHFXODU� HOHFWURQ� WUDQVIHU�DQG�SUHIHUHQWLDO�VSDWLDO� RULHQWDWLRQ� RI� WKH� G\DG� RQ� WKH� WLQ� R[LGH� VXUIDFH� WKDW� SUHFOXGH� EDFN� HOHFWURQ�WUDQVIHU�� 7KH� DUFKLWHFWXUH� RI� WKLV� G\DG� LV� D� SURPLVLQJ� RUJDQLF� PDWHULDO� IRU� VSHFWUDO�VHQVLWL]DWLRQ�RI�G\H�VHPLFRQGXFWRU�VRODU�FHOOV�



*HUYDOGR��0� HW�DO���

��� ��� ��� ��� ������
���
���
���
���
���

$UELW
UDU\�8

QLWV

:DYHOHQJWK���QP)LJXUH����1RUPDOL]HG�WR�RQH�DW�����QP�SKRWRFXUUHQW�� ��DQG�DEVRUSWLRQ�����������VSHFWUD�RI�G\DG�� LQ�4�EDQG�ZDYHOHQJWK�UHJLRQ������± ����QP��&RQFOXVLRQV$� QHZ� VHULHV� RI� V\QWKHWLF� RUJDQLF� G\HV� KDV� EHHQ� XVHG� DV� OLJKW� UHFHSWRU� LQ� WKH�JHQHUDWLRQ� RI� SKRWRHOHFWULF� HIIHFWV�� :H� GHPRQVWUDWHG� WKH� SDUWLFLSDWLRQ� RI� FDURWHQRLGV�FRPSRXQGV�DV�H[FLWHG�VWDWH�HOHFWURQ�GRQRUV��DQG�³DQWHQQD�HIIHFW´�PROHFXODU�GHYLFHV�ZHUH�GHVLJQHG�DQG�XVHG�LQ�RUGHU�WR�LPSURYH�WKH�RYHUDOO�HIILFLHQF\�RI�G\H�VHQVLWL]HG�VRODU�FHOOV�8QWLO� QRZ�� WKH� XVH� RI� PROHFXODU� V\VWHP� WKDW� PLPLFV� VRPH� DVSHFWV� RI� WKH� QDWXUDO�SKRWRV\QWKHWLF� DSSDUDWXV�GLG�QRW� UHVXOW� LQ�D� FRPPHUFLDO� FRPSHWLWLYH�HQHUJ\� FRQYHUVLRQ�GHYLFH��EXW�SURJUHVV�LQ�WKLV�DUHD�RI�UHVHDUFK�LV�LPSUHVVLYH��DQG�ZH�DUH�RSWLPLVWLF�WKDW�WKH�ELRORJLFDO�PRGHO�ZLOO� KDYH� D� VLJQLILFDQW� LPSDFW� RQ� WKH� GHVLJQ� DQG� GHYHORSPHQW� RI� WKH�QH[W�JHQHUDWLRQ�RI�VRODU�FHOOV�$FNQRZOHGJPHQWV7KH� DXWKRUV� JUDWHIXO� DFNQRZOHGJH� WR� WKH� LQVWXWLRQV� WKDW� PDNH� SRVVLEOH� WKHILQDQFLDO�VXSSRUW�RI�WKLV�UHVHDUFK�SURJUDP��6HFUHWDUtD�GH�&LHQFLD�\�7pFQLFD�8QLYHUVLGDG�1DFLRQDO� GH� 5tR� &XDUWR�� &RQVHMR� 1DFLRQDO� GH� ,QYHVWLJDFLRQHV� &LHQWtILFDV� \� 7pFQLFDV��&21,&(7��� $JHQFLD� &yUGRED� &LHQFLD�� $JHQFLD� 1DFLRQDO� GH� 3URPRFLyQ� &LHQWtILFD� \�7HFQROyJLFD��DQG�)XQGDFLyQ�$QWRUFKDV�5HIHUHQFHV>�@� 0HPPLQJ�� 5�� &RPSUHKHQVLYH� 7UHDWLVH� RI� (OHFWURFKHPLVWU\�� 3OHQXP� 3UHVV�� 1HZ�<RUN��������&KDS�����SJ������>�@�*HULVFKHU��+���:LOOLJ��)��7RS��&XUU��&KHP� �������������>�@�2
5HJDQ��%���*UlW]HO��0��1DWXUH��/RQGRQ�� ���������������>�@�1D]HHUXGGLQ��0�.���.D\��$���5RGLFLR��,���+XPSKU\�%DNHU��5���0XOOHU��(���/LVND��3���9ODFKRSRXOXV��1���*UlW]HO��0��-��$P��&KHP��6RF� ����������������>�@�6PHVWDG��*��6RO��(QHUJ\�0DWHU��6RO��&HOOV� ��������������



3KRWRHOHFWURFKHPLVWU\�RI�ELRPLPHWLF�PROHFXOHV��VSHFWUDO�VHQVLWL]DWLRQ�RI�ZLGH�EDQG�JDS ���
>�@�0RVHU��-�(���%RQK{WH��3���:DOGHU��/���*UlW]HO��0��&KLPLD� �������������>�@�+DJIHOG��$���*UlW]HO��0��&KHP��5HY� �������������>�@�.DPDW��3�9��3URJ��5HDFWLRQ�.LQHWLFV����������������>�@�%HGMD��,���+RWFKDQGDQL��6���.DPDW��3�9��-��3K\V��&KHP� ���������������>��@�.DPDW��3�9��&+(07(&+� �������������>��@�.DPDW�� 3�9���%HGMD�� ,��� +RWFKDQGDQL�� 6��� 3DWWHUVRQ�� /�� -�� 3K\V��&KHP� ����������������>��@�%HGMD��,���.DPDW��3�9���+XD��;���/DSSLQ��$�*���+RWFKDQGDQL��6��/DQJPXLU� ���������������>��@�0F&RQQHOO��5�'���5HQHZDEOH�DQG�6XVWDLQDEOH�(QHUJ\�5HYLHZV� �������������>��@�.D\��$���*UDW]HO��0���&KHP��0DWHU� ��������� ����>��@�.D\��$���*UlW]HO��0��-��3K\V��&KHP� ���������������>��@�.D\��$���+XPSKU\�%DNHU��5���*UlW]HO��0��-��3K\V��&KHP� ��������������>��@�+RWFKDQGDQL��6���.DPDW��3�9��&KHP��3K\V��/HWW� ���������������>��@�%HGMD��,���+RWFKDQGDQL��6���&DUSHQWLHU��5���)HVVHQGHQ��5���.DPDW��3�9��-��$SSO��3K\V����������������>��@�%HGMD��,���.DPDW��3�9���+RWFKDQGDQL��6��-��$SSO��3K\V� ���������������>��@�'HQJ��+���0DR��+���/X��=���/L��-���;X��+��-��3KRWRFKHP��3KRWRELRO��$��&KHP� ��������������>��@�%RVFKORR��*�.���*RRVVHQV��$��-��3K\V��&KHP� �����������������>��@�2WHUR�� /��� 2VRUD��+��� /L��:��� )R[��0�$�� -�� 3RUSK\ULQV� 3KWKDORF\DQLQHV� ��������������>��@�'HQJ��+�+���/X��=�+��6XSUDPRO��6FL� �������������>��@�:LHQNH�-���6FKDDIVPD�7-���*RRVVHQV�$��-��3K\V��&KHP��%������������������>��@�)HKHU��*���$OOHQ��-�3���2NDPXUD�0��,���5HHV��'��&��1DWXUH�����������������>��@� :DOOD�� 3�-��� /LQGHQ�� 3�$��� 2KWD�� .��� )OHPLQJ�� *�5�� -�3K\V�&KHP�� $�� ������ ����������>��@�*XVW��'���0RRUH��7��7RS��&XUU��&KHP� ���������������>��@�*XVW��'���0RRUH��7��$GY��3KRWRFKHP� ������������>��@�:DVLHOHZVNL��0�5��&KHP��5HY� ����� ��������>��@�6WHLQEHUJ�<IUDFK��*���5LJDXG�� -���'XUDQWLQL��(�1���0RRUH��$�/���*XVW��'���0RRUH��7�$���1DWXUH� ���������������>��@�%HQQHWW��,�0���9DQHJDV��+���3ULPDN��$���/LGGHOO��3�$���2WHUR��/���6HUHQR��/���6LOEHU��-�-���0RRUH��$�/���0RRUH��7�$���*XVW��'��1DWXUH� ���������������>��@�&RJGHOO��5�-���*RUGRQ�/LQGVD\��-�*���7LEWHFK������� ��������>��@� 6HUHQR�� /��� 6LOEHU�� -�-�� %RKRUTXH]��0���*XVW�� '���0RRUH��$���0RRUH�� 7�� -�� 3K\V��&KHP� ���������������>��@� 0RRUH�� $��� 0RRUH�� 7��� *XVW�� '��� 6LOEHU�� -�-��� 6HUHQR�� /��� )XQJR�� )��� 2WHUR�� /���6WHLQEHUJ�<IUDFK��*���/LGGHOO��3�$���+XQJ��6�&���,PDKRUDL��+���&DUGRVR��6���7DWPDQ��'���0DFSHUVRQ��$�1��3XUH�DQG�$SSOLHG�&KHPLVWU\�����������������>��@�)XQJR�� )���2WHUR�� /���'XUDQWLQL��(�1��� 6LOEHU�� -�-���6HUHQR�� /���0DULxR�2FKRD��0���0RRUH��7�$���0RRUH��$�/���*XVW��'��-��3K\V��&KHP��%� ����������������>��@�)XQJR��)���2WHUR��/���6HUHQR��/���6LOEHU��-�-���'XUDQWLQL��(�1��-��0DWHU��&KHP����������������>��@�)XQJR��)���2WHUR��/���'XUDQWLQL��(�1���6LOEHU��-�-���6HUHQR��/��-��3K\V��&KHP��%��������
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����������>��@ 0LODQHVLR��0�(���*HUYDOGR��0�� 2WHUR��/���6HUHQR��/���6LOEHU��-�-���'XUDQWLQL��(�1��-�3RUSK\ULQV�DQG�3KWKDORF\DQLQHV� ������������>��@�)XQJR�� )���2WHUR�� /��� 6HUHQR�� /��� 6LOEHU�� -�-���'XUDQWLQL��(�1��'\HV� DQG�3LJPHQWV���������������>��@� )XQJR�� )��� 2WHUR�� /��� %RUVDUHOOL�� &�'��� 'XUDQWLQL�� (�1��� 6LOEHU�� -�-��� 6HUHQR�� /�� -��3K\V��&KHP�%�����������������>��@�0LODQHVLR��0�(���*HUYDOGR��0�� 2WHUR��/���6HUHQR��/���6LOEHU��-�-���'XUDQWLQL��(�1� -��3K\V��2UJ��&KHP������� ��������>��@�'XUDQWLQL��(�1���6LOEHU��-�-��6\QWK��&RPPXQ�����������������>��@ 'XUDQWLQL��(�1� 0ROHFXOHV� ����� �������>��@�,VDDFV��/���'LHGHULFK��)��+HOY��&KLP��$FWD�����������������>��@�.DQGRUL��+���6DVDEH��+���0LPXUR��0��-��$P��&KHP��6RF� ����������������>��@�0RRUH��7�$���*XVW��'���0RRUH��$�/��3XUH�$SSO��&KHP�����������������>��@�:DVLHOHZVNL��0���.LVSHUW��/�'��&KHP��3K\V��/HWW�����������������>��@� *LOEUR�� 7��� $QGHUVRQ�� 3�$��� /LX�� 5�6�+��� $VDWR�� $�(��� 7DNDLVKL�� 6��� &RJGHOO�� 5�-��3KRWRFKHP��3KRWRELRO���������������>��@� *UDQW�� -�/���.UDPHU��9�-��� 'LQJ�� 5��� .LVSHUW�� /�'�� -�� $P�� &KHP�� 6RF� ������ ����������>��@�.KDOHG��0���+DGMLSHWURX��+���.LVSHUW��/�'��-��3K\V��&KHP� ���������������>��@�.KDOHG��0���+DGMLSHWURX��+���.LVSHUW��/�'���$OOHQGRHUIHU��5�'��-�3K\V��&KHP� ���������������>��@�-HHYDUDMDQ��$�6���.KDOHG��0���.LVSHUW��/�'��-��3K\V��&KHP�����������������>��@ -HHYDUDMDQ��$�6���.KDOHG��0���.LVSHUW��/�'� &KHP��3K\V��/HWW� ���������������>��@�-HHYDUDMDQ��-�$���-HHYDUDMDQ��$�6���.LVSHUW��/�'��-��&KHP��6RF��)DUDGD\�7UDQV�����������������>��@�-HHYDUDMDQ��-�$���.LVSHUW��/�'��-��(OHFWURQDO��&KHP����������������>��@ *DR��*���-HHYDUDMDQ��-�$���.LVSHUW��/�'��-��(OHFWURQDO��&KHP����������������>��@�2WHUR��/���6LOEHU��-�-��6HUHQR��/��-��(OHFWURDQDO��&KHP�����������������>��@� 6XDUH]�)HUQDQGH]�� $�-��� $ODUQHV�9DUHOD�� *��� &RVWD�*DUFLD�� $�� (OHFWURFKHP�� $FWD����������������>��@�)XQJR��)���2WHUR��/���'XUDQWLQL��(�1���7KRPSVRQ��:�)���6LOEHU�� -�-�� 0RRUH��7�$���0RRUH��$�/���*XVW��'���6HUHQR��/��3K\VLFDO�&KHPLVWU\�&KHPLFDO�3K\VLFV� ����� �������>��@�:X��<���3LHNDUD�6DG\��/���.LVSHUW��/�'���&KHP��3K\V��/HWW� ���������������>��@� 3OHNDUD�6DG\�� /��� -HHYDUDMDQ�� $�6��� .LVSHUW�� /�'��� %UDGIRUG�� (�*��� 3ODWR�� 0�� -��&KHP��6RF��)DUDGD\�7UDQV������� ���������>��@�.XFLDXVNDV��'���/LGGHOO��3�$���/LQ��6���-RKQVRQ��7�(���:HJKRUQ��6�-���/LQGVH\��-�6����0RRUH��$�/���0RRUH��7��$���*XVW��'��-��$P��&KHP��6RF�� ����������������>��@�6SULQJV��6�/���*RV]WROD��'���:DVLHOHZVNL��0�5���.UiO��9���$QGULHYVN\��$���6HVVOHU��-�/��-��3K\V��&KHP� ����������������>��@�+LUVFK��$���7KH�&KHPLVWU\�RI� WKH�)XOOHUHQHV� *HRUJ�7KLHPH�9HUODJ�6WXWWJDUW��1HZ�<RUN��������>��@�'LHGHULFK��)���,VDDFV�/���3KLOS��'��&KHP��6RF��5HY����������� ����>��@� .XFLDXVNDV�� '��� /LQ�� 6��� 6HHO\�� *�5��� 0RRUH�� $�/��� 0RRUH�� 7�$��� *XVW�� '���'URYHWVND\D��7���5HHG��&�$���%R\G��3�'��-��3K\V��&KHP� �����������������
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