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VWXGLHG� XVLQJ� PDVV� VSHFWURPHWU\�� :DWHU� KDV� EHHQ� IRXQG� WR� EH� UHOHDVHG� DW� ��Ü���� DQG
���Ü����&�GXH� WR�GHFRPSRVLWLRQ�RI� WKH� UHVLGXDO�K\GUDWH�DV�ZHOO� DV�R[\JHQ�DERYH�����&�
7KH� R[\JHQ� UHOHDVH� PD\� EH� FDXVHG� E\� GHFRPSRVLWLRQ� RI� DQ� LPSXULW\� IRUPHG� GXH� WR� WKH
K\GUDWH�GHK\GUDWLRQ�
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/L,�(X��FU\VWDOV�ILQG�XVH�DV�QHXWURQ�GHWHF�
WRUV�>�@��7KH�SXULW\�JUDGH�RI�WKH�LQLWLDO�VDOW
LV�DPRQJ�WKH�PDLQ�IDFWRUV�DIIHFWLQJ�WKH�SHU�
IRUPDQFH� RI� WKH� FU\VWDOV�� 7KLV� LV� WUXH�� LQ
SDUWLFXODU�� IRU� WKH� FRQWHQW� RI� R[\JHQ�FRQ�
WDLQLQJ� LPSXULWLHV� �&2��±�� 2+±�� DQG� 2�±�
WKDW� LV� GHILQHG� E\� WKH� VDOW� SURGXFWLRQ� SUH�
KLVWRU\��/LWKLXP�LRGLGH�LV�SURGXFHG�FRQYHQ�
WLRQDOO\� E\� WUHDWPHQW� RI� SXUH� OLWKLXP� FDU�
ERQDWH� VROXWLRQ� ZLWK� K\GURLRGLF� DFLG� DW� D
WHPSHUDWXUH� EHORZ����&�RU�E\� WUHDWPHQW�RI
OLWKLXP�VXOIDWH�VROXWLRQ�ZLWK�EDULXP�LRGLGH�
/LWKLXP�LRGLGH�LV�UHOHDVHG�IURP�DTXHRXV�VR�
OXWLRQV�DV�/L,��+�2� FU\VWDO�K\GUDWH��7KH�GH�K\GUDWLRQ� WKHUHRI� LQWR� DQK\GURXV� KLJK�SX�
ULW\�SURGXFW�LV�DQ�H[WUHPHO\�GLIILFXOW�RSHUD�
WLRQ�� :DWHU� UHPRYDO� RFFXUV� DW� HOHYDWHG
WHPSHUDWXUHV�DQG� LV� FRPSOLFDWHG�E\� WKH�K\�
GURO\VLV� UHVXOWLQJ� LQ� OLWKLXP� K\GUR[LGH� RU
OLWKLXP� R[LGH� IRUPDWLRQ� >����@�� 7KH� ILQDO
SURGXFW�REWDLQHG�E\�GHK\GUDWLRQ�LQ�DLU�RU�LQ
YDFXXP� FRQWDLQV� WKH� /L2+� LPSXULW\�� 7KH
PHOWLQJ� LQ� WKH� SUHVHQFH� RI� H[FHVV� LRGLQH
GRHV� QRW� SUHYHQW� WKH� K\GURO\VLV�� 7KH� GHK\�

GUDWLRQ�LQ�D�K\GURJHQ�LRGLGH�IORZ�GXULQJ����
WR���K�UHVXOWV�LQ�IRUPDWLRQ�RI�D�SURGXFW�FRQ�
WDLQLQJ� ZDWHU� LQ� DQ� DPRXQW� RI� �� WR� �
PDVV�� ��� 7KH� YDFXXP� VXEOLPDWLRQ
������ 7RUU�� ���Ü����&�� SURYLGHV� WKH� ZDWHU
FRQWHQW� ORZHULQJ� GRZQ� WR� ����� RU
�����PDVV����>�@��0RUHRYHU��D�FRQWDFW�ZLWK
ZDWHU�YDSRU�FDXVHV�IRUPDWLRQ�RI�WKH�K\GUDWH
GXH� WR� D� KLJK�K\JURVFRSLFLW\� RI� OLWKLXP� LR�
GLGH�

7KXV�� LW� LV� MXVW�ZDWHU�PROHFXOHV� DQG�K\�
GUR[\O�JURXSV�WKDW�DUH�WR�EH�H[SHFWHG�DV�WKH
PDLQ� R[\JHQ�FRQWDLQLQJ� LPSXULWLHV� LQ� OLWK�
LXP� LRGLGH�� $FFRUGLQJO\�� LQ� WKH� FRXUVH� RI
WKH� VDOW� SUHSDUDWLRQ� WR� FU\VWDO� JURZLQJ� �LWV
KHDWLQJ�XS� WR�PHOWLQJ��� WKH�K\GUDWH�GHFRP�
SRVLWLRQ� LV� SRVVLEOH� UHVXOWLQJ� LQ� IRUPDWLRQ
RI� ZDWHU� PROHFXOH� DFFRPSDQ\LQJ� ZLWK� WKH
VDOW� K\GURO\VLV� DQG�K\GURLRGLF� DFLG� UHOHDVH�
7KH� IRUPHU�EDULF� DQG� VSHFWURPHWULF� VWXGLHV
RI� WKH� LQLWLDO� UDZ� PDWHULDO� IRU� WKH� FU\VWDO
JURZLQJ�KDYH�VKRZQ�>�@�WKDW�WKH�KHDWLQJ�LQ
YDFXXP� FDXVHV� ZDWHU� UHOHDVH� ZLWKLQ� WZR
WHPSHUDWXUH�UDQJHV��QDPHO\����Ü���&��ZLWK
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D�PD[LPXP�DW����&��DQG����Ü����&��ZLWK�D
PD[LPXP�DW�����&���$W�WKH�VDPH�WLPH��WKH
SUHVVXUH�LQ�WKH�YDFXXP�V\VWHP�LQFUHDVHV�DV
WKH� VDOW� LV� KHDWHG� XS� WR� DERYH� ����&�� WKDW
LQFUHDVH�EHLQJ�QRW�FRQQHFWHG�ZLWK�WKH�ZDWHU
UHOHDVH�� 7KDW� LV�� DQRWKHU� JDVHRXV� VSHFLHV
PD\�EH�UHOHDVHG��7KDW�VXEVWDQFH�LV�SUHVXP�
DEO\�K\GURJHQ� LRGLGH� WKDW� LV� IRUPHG�GXH� WR
OLWKLXP� LRGLGH� K\GURO\VLV� LQ� ZDWHU� YDSRU�
7KLV�ZRUN�LV�DLPHG�DW�WKH�VWXG\�RI�SURFHVVHV
RFFXUULQJ� GXULQJ� OLWKLXP� LRGLGH� KHDWLQJ� LQ
YDFXXP�

,Q� WKH�ZRUN�� IXVHG� OLWKLXP� LRGLGH� DYDLO�
DEOH� LQ� VHDOHG� DPSRXOHV� DQG� EHLQJ� XVHG� WR
JURZ� VLQJOH� FU\VWDOV� ZDV� VWXGLHG� XVLQJ� WKH
PDVV� VSHFWURPHWU\� >�@�� $� VDPSOH� RI� ��� WR
���J�ZHLJKW�ZDV�SODFHG�LQ�D�TXDUW]�DPSRXOH
WKDW�ZDV� WKH�HYDFXDWHG�GRZQ�WR�WKH�XOPRVW
YDFXXP������Ü��7RUU���7KHQ�WKH�VDPSOH�ZDV
KHDWHG� WR� ����&� DW� WKH� KHDWLQJ� UDWH� RI
����&�K�� 'XULQJ� WKH� KHDWLQJ�� WKH� SUHVVXUH
FKDQJHV� DV�ZHOO� WKH�JDV�DWPRVSKHUH� FRPSR�
VLWLRQ�ZHUH�UHFRUGHG�XVLQJ�DQ� ,3'2���PDVV
VSHFWURPHWHU��,W�IROORZV�IURP�WKH�PDVV�VSHF�
WURPHWULF�GDWD�WKDW�WKHUH�DUH�WZR�ZDWHU�UH�
OHDVH� SHDNV�ZLWKLQ���Ü���&�DQG����Ü����&
UDQJHV��)LJ������7KH�UHVXOWV�DJUHH�ZHOO�ZLWK
WKH� IRUPHU� VSHFWURPHWULF� GDWD� >�@� DQG� DUH
PRVW�OLNHO\�GXH�WR�WKH�GHFRPSRVLWLRQ�RI�WKH
K\GUDWH� LPSXULW\� WKDW� ZDV� IRUPHG� LQ� WKH
FRQWDFW�ZLWK� ZDWHU� YDSRU�� $W� WHPSHUDWXUHV
H[FHHGLQJ� ����&�� WKH� R[\JHQ� UHOHDVH� LQWR
WKH� JDV� SKDVH� LV� IRXQG� WKDW� LV� LQWHQVLILHG
FRQVLGHUDEO\� DERYH� ����&�� 1R� K\GURLRGLF
DFLG�ZDV�VHHQ�WR�EH�UHOHDVHG��

7KH�R[\JHQ�UHOHDVH�PD\�EH�GXH�WR�GHFRP�
SRVLWLRQ� RI� LRGDWH� LPSXULW\� IRUPHG� DFFRUG�
LQJ�WR�WKH�UHDFWLRQ�VFKHPH�>�@

��/L,����2��o��/L,2�����/L�2��-��
/LWKLXP�LRGDWH�LV�NQRZQ�WR�PHOW�DW�����&

>�@�� $� SXUH� WUDQVSDUHQW� PHOWHG� OLWKLXP� LR�

GDWH�VWDUWV�WR�GHFRPSRVH�DERYH�����&�XQGHU
UHOHDVH�RI�R[\JHQ�EXEEOHV��DERYH�����&�� LR�
GLQH� YDSRU� LV� UHOHDVHG�� WRR�� 0RUHRYHU�� D
ZHLJKW�ORVV�KDV�EHHQ�UHSRUWHG�WR�EH�REVHUYHG
ZLWKLQ� ���Ü����&� UDQJH� WKDW� LV� GXH� WR� D
SDUWLDO�GHFRPSRVLWLRQ�RI�WKH�VDOW��7KXV��LW�LV
MXVW�WKH�OLWKLXP�LRGDWH�LPSXULW\�GHFRPSRVL�
WLRQ� WKDW� FRXOG� H[SODLQ� WKH� R[\JHQ� UHOHDVH
GXULQJ� OLWKLXP� LRGLGH� KHDWLQJ�� 7R� FKHFN
WKDW� K\SRWKHVLV�� WKH� OLWKLXP� LRGDWH� GHFRP�
SRVLWLRQ� LQ�YDFXXP�ZDV�VWXGLHG�XVLQJ�PDVV
VSHFWURPHWU\� �)LJ������ ,WV�GHFRPSRVLWLRQ�DF�
FRPSDQLHG� E\� R[\JHQ� IRUPDWLRQ� KDV� EHHQ
IRXQG� WR� SURFHHG� DW� ����&��1R� JDVHRXV� VSH�
FLHV� ZHUH� UHOHDVHG� ZLWKLQ� WKH� ���Ü����&
UDQJH�� 1R� ZDWHU� YDSRU� ZDV� REVHUYHG� WR� EH
UHOHDVHG�� WRR�� 7KH� UHVXOWV� REWDLQHG� LQGLFDWH
WKDW�WKH�R[\JHQ�UHOHDVH�IURP�WKH�VWXGLHG�OLWK�
LXP� LRGLGH� VDPSOHV� DERYH� ����&� FDQQRW� EH
DVVRFLDWHG�ZLWK�OLWKLXP�LRGDWH�GHFRPSRVLWLRQ�

7KXV�� ZKHQ� WKH� IXVHG� OLWKLXP� LRGLGH� LV
KHDWHG� LQ� YDFXXP�� ZDWHU� YDSRU� LV� UHOHDVHG
ZLWKLQ� ��Ü���&� �ZLWK� D�PD[LPXP�DW� ���&�
DQG����Ü����&��ZLWK�D�PD[LPXP�DW�����&�
UDQJHV�GXH�WR�GHFRPSRVLWLRQ�RI�WKH�K\GUDWH
LPSXULW\�� PRUHRYHU�� R[\JHQ� LV� UHOHDVHG
DERYH� ����&�� 7KH� R[\JHQ� UHOHDVH� LV� DVVRFL�
DWHG� PRVW� OLNHO\� ZLWK� GHFRPSRVLWLRQ� RI� DQ
LPSXULW\� WKDW� ZDV� IRUPHG� LQ� WKH� FRXUVH� RI
OLWKLXP�LRGLGH�K\GUDWH�GHFRPSRVLWLRQ��,GHQ�
WLILFDWLRQ� RI� WKDW� LPSXULW\� UHTXLUHV� D
IXUWKHU� LQYHVWLJDWLRQ� DQG� LV� QHFHVVDU\� WR
SURYLGH� WKH� KLJK� TXDOLW\� RI� OLWKLXP� LRGLGH
FU\VWDOV�
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)LJ����� 9DULDWLRQ� RI� WKH� WRWDO� SUHVVXUH� ����
SDUWLDO� SUHVVXUH� RI� +�2� ���� DQG� R[\JHQ� ���GXULQJ�KHDWLQJ�RI�OLWKLXP�LRGLGH�

)LJ�����9DULDWLRQ�RI�WKH�WRWDO�SUHVVXUH�����DQG
R[\JHQ�SDUWLDO�SUHVVXUH�����GXULQJ�KHDWLQJ�RI
OLWKLXP�LRGDWH�
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3URSHUWLHV� DQG� $SSOLFDWLRQV�� 1DXND�� 1RYRVL�
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lÈ°�°¹Ë}�¯ºäË�¯Ò�Ó���º°ã��ÎËÓÓ«�¹¯º�Ë°�m�Ë¯äº�Ë°º¯­����¹¯Ò�ÓÈ�¯�mÈÓÓ����mÈ}��ä���®º�Ò��ã���
��mÒ}º¯Ò°��¼äº�º���ã«�mÒ¯º��mÈÓÓ«äºÓº}¯Ò°�Èã�m�/L-�(X�
i�v��vºÁ¯ºÓºm��|����{ºãº�}º��|�{��bÒ�}�Ó�

�¯ºmË�ËÓº�äÈ°�°¹Ë}�¯ºäË�¯Ò�Ó���º°ã��ÎËÓÓ«�¹¯º�Ë°���Ë¯äº�Ë°º¯­����¹¯Ò�ÓÈ�¯�mÈÓÓ�
¹ãÈmãËÓº�º� ®º�Ò��� ã���
�� ¹¯Ò�È�Óº�º� �ã«� mÒ¯º��mÈÓÓ«� äºÓº}¯Ò°�Èã�m�� {°�ÈÓºmãËÓº�
�º�¹¯Ò�ÓÈ�¯�mÈÓÓ��®º�º���mÈ}��ä��m��­�mÈ¼�	°«�mÒ��ãËÓÓ«�mº�Ò�¹¯Ò���������È��������Åv�
«}Ë� ¹ºm�«ÏÈÓË� Ï� ¯ºÏ}ãÈ�ÈÓÓ«ä� ÏÈãÒ�}�m� ���¯È���� È� �È}ºÎ� mÒ��ãËÓÓ«� }Ò°Ó
� ¹¯Ò
ÓÈ�¯�mÈÓÓ��­�ã	�����Åv��{Ò��ãËÓÓ«�}Ò°Ó
�äºÎãÒmº�¹ºm�«ÏÈÓº�Ï�¯ºÏ}ãÈ�ÈÓÓ«ä��ºä��}Ò�
«}È���mº¯ÒãÈ°«�m�¯ËÏ�ã	�È���ÏÓËmº�ÓËÓÓ«����¯È�����

1HZV�RI�7HFKQRORJ\

)XQFWLRQDO�PDWHULDOV������������� ���


