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���,1752'8&7,21
7KH� /L�DLU� EDWWHULHV� DUH� WKH PRUH� SURPLVLQJ�
UHFKDUJHDEOH� EDWWHULHV� UDWKHU� WKDQ� RWKHU� HQHUJ\�
VWRUDJH� V\VWHPV� VXFK�DV�/L�LRQ�EDWWHULHV��EHFDXVH�
KDYLQJ�PXFK� KLJKHU� HQHUJ\�GHQVLWLHV� >���@��7KH\�
DUH�WKH�PRVW�SRVVLEOH�FDQGLGDWHV�WR�PHHW�WKH�QHHG�
RI� ORQJ�UDQJHG� HOHFWULILHG� V\VWHPV� ZLWK� KLJK�
HQHUJ\�GHQVLWLHV�DQG�ORQJ�OLIHWLPH�>���@��7KH�UDSLG�
GHSOHWLRQ�RI�ILQLWH�IRVVLO�IXHOV�DQG�JOREDO�ZDUPLQJ�
GXH�WR�WKH�&2� HPLVVLRQ�PDNH�WKH�GHYHORSPHQW�RI�
WKH�FOHDQ��RU�JUHHQ��HQHUJ\�VWRUDJHV�D�ZRUOGZLGH�
LPSHUDWLYH�� $PRQJ� WKH� DOO� HQHUJLHV� VDYLQJ�
V\VWHPV�� WKH� /L�DLU� EDWWHULHV� KDYH� WKH� KLJKHVW�
WKHRUHWLFDO�VSHFLILF�HQHUJ\��DERXW�������:K�NJ����
FRPSDUHG� WR� JDVROLQH� ������ :K� JDOORQ�� >���@��
)XUWKHUPRUH�� WKH� /L�DLU� EDWWHULHV� FRXOG� EH�
SUDFWLFDOO\�JLYH�JUDYLPHWULF�HQHUJ\�RI�WKUHH�WLPHV�
RU� JUHDWHU� WKDQ� RI� WKH� /L�LRQ� EDWWHULHV� >����@��$W�
ILUVWO\�� $EUDKDP� DQG� -LDQJ� UHSRUWHG� WKH� QRQ�
DTXHRXV� HOHFWURO\WHV� LQ� WKH� /L�DLU� EDWWHULHV� >���
��@��$� VLPSOH� GHVLJQ� IRU� WKH� QRQ�DTXHRXV� /L�DLU�
EDWWHULHV� FRQWDLQV� OLWKLXP� PHWDO� DV� DQ� DQRGH�� D�
VXSSRUWHG� FRQGXFWLYH� SRURXV� FDUERQ� SDSHU� DV� D�
FDWKRGH�� DQ� DQRGH�FDWKRGH� VHSDUDWRU� DQG� D�

VXLWDEOH�HOHFWURO\WH�DV�DQ�HOHFWULFDO�FRQQHFWR��7KH�
OLNHO\�VSRQWDQHRXV�GLVFKDUJH�RU�R[\JHQ�UHGXFWLRQ�
UHDFWLRQV� �255�� �DIWHU� VHW� XS� RI� WKH� EDWWHU\�� DUH�
SUHVHQWHG�LQ�HTXDWLRQV���DQG���
�/L�2�ĺ/L�2� �(� �����9���� �(T�����
�/L�2�ĺ�/L�2�������(� �����9����� �(T���
,Q� SUDFWLFH�� GLVFKDUJH� DQG� FKDUJH� SRWHQWLDOV� IRU�
PRVW�RI�WKH�/L�DLU�EDWWHULHV�DUH�DSSUR[LPDWHO\������
9�DQG�����9��UHVSHFWLYHO\��$W�FKDUJH�SURFHVV��WKH�
R[\JHQ� HYDOXDWLRQ� UHDFWLRQ� �2(5�� SURFHVV�
�HTXDWLRQ� ��� ZDV� RFFXUHG� >�����@� DQG� WKH�
RYHUSRWHQWLDO� �GLIIHUHQFH�� EHWZHHQ� WKH� GLVFKDUJH�
DQG� FKDUJH� SURFHVVHV� VHYHUHO\� UHGXFHV� WKH� F\FOH�
HIILFLHQF\�RI�WKH�EDWWHULHV�
/L�2�ĺ�/L�2�� �(T����
)XUWKHUPRUH�� WKH�GLVFKDUJH�SURGXFWV L�H� /L�2� RU�
/L�2� DUH� QRW� VROXEOH� LQ� RUJDQLF� HOHFWURO\WHV� DQG�
FRQVHTXHQWO\�GHSRVLW�RQ� WKH�SRURXV�FDUERQ�SDSHU�
LQ� FDWKRGH�� 7KLV� XQGHVLUHG� FKDQJH�� LQFUHDVHV� WKH�
SRODUL]DWLRQ� DQG� EORFNV� WKH� IXUWKHU� LQWDNH� RI�
R[\JHQ�ZLWK�FDWKRG��ZKLFK�OHDGLQJ�WR�GHFUHDVH�LQ�
WKH� F\FOH� SHUIRUPDQFH� DQG� OLIHWLPH� RI� EDWWHU\��
7KHUH� DUH� PDQ\� RWKHU� REVWDFOHV� WKDW� PXVW� EH�
RYHUFRPH� LQFOXGLQJ� WKH� LQVWDELOLW\� DQG� YRODWLOLW\�
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$EVWUDFW
$� VLPSOH�� QHZ� DQG� ORZ�FRVW� GHVLJQ� RI� /L�DLU� EDWWHU\� ZDV� LQWURGXFHG�� $Q� HIIHFWLYH� V\QWKHVL]HG� QDQRFDWDO\VW� IRU�
PRGLIL\LQJ�RI�DLU� FDWKRGH�� ILOWHU�SDSHU�DV�D� VLPSOH�VHSDUDWRU�DQG�D�FRQGXFWLYH� LRQLF� OLTXLG�QDPHO\���2FW\O���PHWK\O�
LPLGD]ROLXP�KH[DIOXRURSKRVSKDWH� DEEUHYLDWHG� >2PLP@>3)�@� DV� D�QRQ�DTXHRXV� DQG� JUHHQ� HOHFWURO\WH� LQ�EDWWHU\�ZHUH�
XVHG��7KH�0Q)H�2� QDQRSDUWLFOHV� �13�0Q)H�2���ZKLFK� FRQVLVWLQJ RI� WUDQVLWLRQ�PHWDO�PHWDO� R[LGH� FRPSRQHQWV�ZDV�
V\QWKHVL]HG� LQ� RXU� ODERUDWRU\�� +LJK� GLVFKDUJH� FDSDFLW\�� QRQ�IODPPDELOLW\� RI� HOHFWURO\WH�� KLJK� UHYHUVLELOLW\�� ORQJ�
OLIHWLPH�DQG� ORZ�RYHU�SRWHQWLDO�ZHUH�REVHUYHG� LQ� HOHFWURFKHPLFDO� WHVWV� RI� WKH�EDWWHU\��6\QWKHVL]HG�QDQRFDWDO\VW�ZDV�
FKDUDFWHUL]HG�XVLQJ�;5'��)7,5�DQG�6(0�WHFKQLTXHV��;5'�UHVXOWV�VKRZ�WKDW�D�QDQRFDWDO\VW�KDYH�D�SDUWLFOH�VL]HV�RI����
��� QP� WKDW� GLVWULEXWHG� RQ� FDWKRGH� XQLIRUPO\� DQG� SHUIRUPDQFH� RI� EDWWHU\� ZDV� LPSURYHG� WR�PRUH� WKDQ� ����� F\FOHV�
FRPSDUHG� WR� EDWWHU\� ZLWKRXW� DQ\� FDWDO\VW�� 7KH� GLVFKDUJH� FDSDFLW\� DW� FXUUHQW� GHQVLW\� RI� ���� P$� FP�� DQG� FKDUJH�
SRWHQWLDO�UDQJH�RI���������9�IRU�EDWWHU\�ZLWK�FDWDO\VW�JUHHQ�HOHFWURO\WH�DQG�ZLWKRXW�FDWDO\VW�FRPPRQ�RUJDQLF�HOHFWURO\WH�
ZHUH������DQG������P$K�J��� UHVSHFWLYHO\��)XUWKHUPRUH��WKH�XVDJH�RI�DQ�LRQLF�OLTXLG�DV�HOHFWURO\WH�OHDGV�WR WKH�LQFUHDVH�
WKH�VDIHW\�DQG�OLIHWLPH�RI�EDWWHU\��%HFDXVH�RI�XVHG�HOHFWURO\WH�KDYH�KLJK�ERLOLQJ�SRLQW�DPRXQW��!����&HOFLXV���VR�LI�LW�
UHOHDVHG�WR�WKH�HQYLURQPHQW�GXH�WR�WKH�GHVWUXFWLRQ�RU�OLIH�H[SLUHV�RI�EDWWHU\��GRQ¶W�VHULRXVO\�GDPDJH�WR�WKH�HQYLURQPHQW�
EHFDXVH�LW�LV�QRW�HDVLO\�HYDSRUDWHG�����

.H\ZRUGV
/L�DLU�%DWWHU\� 6LPSOH�'HVLJQ� 1DQR�&DWDO\VW�RI�0Q)H�2�� ,RQLF�/LTXLGV��*UHHQ�(OHFWURO\WH� +LJK�'LVFKDUJH�&DSDFLW\�
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RI� WKH� RUJDQLF� HOHFWURO\WHV� GXH� WR� ORZ� ERLOLQJ�
SRLQW�� FRUURVLRQ� RI� OLWKLXP� PHWDO� �R[LGDWLRQ�� LQ�
DQRGH�RZLQJ�WR�GLUHFW�LQWDNH�RI�R[\JHQ�DQG�WKH�DLU�
EUHDWKDEOH� VHSDUDWRUV�� 255�2(5� SURFHVVHV�
GXULQJ� GLVFKDUJH�FKDUJH� DUH� WDNHG SODFH� RQ� DLU�
FDWKRGH� VOXJJLVKO\� LQ� /L��FRQWDLQLQJ� DSURWLF�
HOHFWURO\WHV�ZLWKRXW�FDWDO\VW�>��@��ZKLFK�LQIOXHQFH�
WKH� SURSHUWLHV� RI� WKH� /L�DLU� EDWWHU\� VLJQLILFDQWO\��
7R� LQFUHDVH� WKH�FDSDFLW\�� FDSDELOLW\�DQG�GHFUHDVH�
WKH� RYHUYROWDJH� LQ� WKH� /L�DLU� EDWWHULHV�� WKH�
FDWDO\VWV� VKRXOG� EH� XVHG� WR� DFFHOHUDWH� WKH� 255�
DQG� 2(5� SURFHVVHV� >��@�� ([FHOOHQW� FDWDO\WLF�
DFWLYLW\� DQG� VWDELOLW\� RI� WKH� HOHFWURO\WH� DUH� WKH�
UHTXLUHPHQWV�SDUDPHWHUV� IRU� WKH� FDWDO\VW� RI�255�
DQG�2(5�SURFHVVHV��1REOH�PHWDOV�DQG�DOOR\V >��@
DQG� VRPH� WUDQVLWLRQ� PHWDO� R[LGH� >��@ H[WUHPHO\�
KDYH� EHHQ� XVHG� DV� FDWDO\VWV� LQ� DLU� FDWKRGH�� $�
VWXG\�KDV�HYDOXDWHG�WKH�HIIHFW�RI�VHYHUDO�FDWDO\VWV�
RQ�WKH�SURSHUWLHV�RI�WKH�/L�DLU�EDWWHULHV�DQG�LW�ZDV�
IRXQG� WKDW� WKH� FDWDO\VWV� KDYH� D� ORZ�HIIHFW� RQ� WKH�
GLVFKDUJH� YROWDJH�� DQG� KLJK� HIIHFW� RQ� VSHFLILF�
FDSDFLW\�� FKDUJH� YROWDJH� DQG� F\FOLF� EHKDYLRU��
1DQRSDUWLFOHV�DUH�PRUH�DSSURSULDWH� IRU�255�DQG�
2(5�SURFHVVHV�GXH�WR�KDYLQJ�D�ODUJH�VXUIDFH�DUHD�
FRPSDUHG� WR�EXON�RQHV� >��@��)RU� LQVWDQFH��DOSKD�
0Q2� QDQRZLUHV� DV� WKH� FDWDO\VW� LQFUHDVH� WKH�
FDSDFLW\� RI� /L�DLU� EDWWHU\� WR� ����� P$K� J���� ,Q�
DQRWKHU� UHSRUW�� WKH�PL[HG�$X�3W� QDQRSDUWLFOHV� LQ�
FDWKRGH� KDYH� HIIHFWLYH� FDWDO\VW� EHKDYLRU�� ZKHUH�
$X� DQG� 3W� SDUWLFOHV� ZHUH WDUJHWV� IRU� 255� DQG�
2(5� SURFHVV�� UHVSHFWLYHO\� >��@�� ,W� LV� JHQHUDOO\�
EHOLHYHG� WKDW� WKH� FDWDO\VWV� FRXOG� EH� LQFUHDVH� WKH�
GLVFKDUJH�SRWHQWLDO��GHFUHDVH�WKH�QHFHVVDU\�FKDUJH�
SRWHQWLDO� DQG� WKXV� XOWLPDWHO\� LPSURYH� WKH� F\FOLF�
SHUIRUPDQFH��7KHUHIRUH��WKH�FDWDO\VWV DUH�VWURQJO\�
QHFHVVDU\� WR� LPSURYH� WKH� SHUIRUPDQFH� RI� WKH�
UHFKDUJHDEOH� /L�DLU� EDWWHULHV�� 7KH� LRQLF� OLTXLGV�
�,/V�� DUH� LQWHUHVWLQJ� FRQGXFWLYH� FRPSRXQGV� IRU�
PDQ\�DSSOLFDWLRQV�LQ�WKH�VRIW�PDWWHU�V\VWHPV�IURP�
HOHFWURFKHPLVWU\� WR� HQHUJHWLF� PDWHULDOV� &HUWDLQ�
KLJKOLJKWHG� SURSHUWLHV� FRQDLQLQJ� KLJK� ERLOLQJ�
SRLQW�� ORZ�PHOWLQJ� SRLQW�� ZLGH� OLTXLG� UDQJH�� ORZ�
WR[LFLW\�� QRQ�IODPPDELOLW\�� JRRG�
H[WUDFWDELOLW\�YLVFRVLW\� DQG� QHJOLJLEOH� YDSRU�
SUHVVXUH� KDYH� HQFRXUDJHG� UHVHDUFKHUV� WR� H[SORUH�
WKH� XVDJH� RI� WKH� ,/V� WR� UHSODFH� ZLWK� YRODWLOH�
RUJDQLF� VROYHQWV� �92&V�� LQ� YDULRXV� DSSOLFDWLRQV�
>��@��%HFDXVH�RI�ORZ�WR[LFLW\�RI�LRQLF�OLTXLGV��WKH\�
KDYH� QRW� DQ\� KD]DUGRXV� HIIHFWV� RQ� WKH�
HQYLURQPHQW� >��@�� 7KH� URRP�WHPSHUDWXUH� LRQLF�
OLTXLGV� �57,/V�� DUH� EHLQJ� FRQVLGHUHG� DV� D�
UHSODFHPHQW� IRU� PDQ\� XVXDO� DQG� KD]DUGRXV�
VROYHQWV� �RUJDQLF� RU� LQRUJDQLF�� LQ� WKH� YDULRXV�
DSSOLFDWLRQV� >�����@�� 7KH� LRQLF� OLTXLGV� FRXOG� EH�
XVHG� DV� DQ� HOHFWURO\WH� LQ� /L�DLU� EDWWHULHV� EHFDXVH�
WKH\� DUH� FRQGXFWLYH� PDWHULDOV� ZLWK� ORZ� WR[LFLW\�
DQG� QRQ�IODPPDELOLW\� SURSHUWLHV� >�����@�� 7KH�
FRPPRQ� XVHG� HOHFWURO\WHV� LQ� WKH� /L�DLU� EDWWHULHV�

DUH� GLYLGHG� LQWR� DTXHRXV� DQG� QRQ�DTXHRXV�
HOHFWURO\WHV�� ZKLFK� QRQ�DTXHRXV� RQHV� DUH� PRUH�
DSSURSULDWH�LQ�WKH�/L�DLU�EDWWHULHV�>�����@� EHFDXVH
WKH\� FDQ� QRW� R[LGL]H� DQRGH� DQG� GRHV� QRW� EH�
HYDSRUDWH�HDVLO\� 6RPH FRPPRQ�RUJDQLF�VROYHQWV�
DUH� XVHG� DV� HOHFWURO\WHV� LQ� /L�DLU� EDWWHULHV�
LQFOXGLQJ� FDUERQLF� HVWHUV� �VXFK� DV� HWK\O� DQG�
PHWK\O� FDUERQDWH��� HWKHUV� DQG� DONDQHV� ZKLFK�
VLJQLILFDQWO\� VXIIHU� IURP� ZDWHU� DEVRUEDELOLW\��
YRODWLOLW\�� YLVFRVLW\�� FRQGXFWLYLW\�� R[\JHQ�
VROXELOLW\� DQG� GLIIXVLRQ� UDWH� >��@�� +RZHYHU�� WKH�
VROYHQW�YRODWLOLW\�LV�FRQVLGHUHG�DV�D�PDLQ�SUREOHP�
LQ�WKH�RUJDQLF�HOHFWURO\WHV�HVSHFLDOO\�LQ�WKH�/L�DLU�
EDWWHULHV� KDYLQJ� WKH� VHPL�RSHQ� V\VWHP� WKDW�
R[\JHQ�FRQWLQXRXVO\�IORZV��LQWHU�RU�H[LW�� WKHUHLQ��
'HFUHDVLQJ� RI� WKH� EDWWHU\� SRZHU� GXH� WR� WKH�
YRODWLOLW\�RI� WKH� HOHFWURO\WH� LQ� WKH�SURFHVV� FDQ�EH�
HIIHFWLYHO\� SUHYHQWHG� E\� UHSODFHPHQW� ZLWK� WKH�
VWDEOH� PDWHULDOV� VXFK� DV� LRQLF� OLTXLGV��
)XUWKHUPRUH�� WKH� UHDFWLRQ� RI� ZDWHU� �LQ� DLU� DV�
PRLVWXUH��ZLWK�WKH�OLWKLXP�FDQ�EH�UHPRYHG E\�XVH�
D�QRQ�DTXHRXV�LRQLF�OLTXLG�DV�HOHFWURO\WH�>��@��7KH�
FRQGXFWLYLW\�RI�WKH�/L� LRQV�LV�UHODWLYHO\�ORZ�LQ�WKH�
QRQ�DTXHRXV� HOHFWURO\WH� EHFDXVH� RI� LWV� ORZ�
VROXELOLW\� EXW� LW� LV� KLJKO\� VROXEOH� LQ� WKH� LRQLF�
OLTXLGV�>�����@��7KH�HOHFWURO\WH�QRW�RQO\�VKRXOG�EH�
FRQGXFW� D� /L� LRQV�� EXW� DOVR� VKRXOG� HIIHFWLYHO\�
SURWHFW�WKH�OLWKLXP�DQRGH�IURP�GLUHFW�FRQWDFW�ZLWK�
R[\JHQ�� ,I� WKH� HOHFWURO\WH� DFWV� ZHOO�� SDUWO\�
GLVVROYH� WKH� GLVFKDUJH� SURGXFW L�H�� OLWKLXP� R[LGH�
LPSURYH� WKH� GLVFKDUJH� SHUIRUPDQFH� DQG� WKH�
VWDELOLW\�RI�WKH�F\FOH�RSHUDWLRQ���
,Q� WKH� SUHVHQW� ZRUN�� WKH� 0Q)H�2� QDQRSDUWLFOHV�
ZHUH� V\QWKHVL]HG� DV� DQ� HIILFLHQW� FDWDO\VW� DQG�
ORDGHG�RQ�FDUERQ�SDSHU�DV�WKH�DLU�FDWKRGH��7KH�/L�
DLU�EDWWHU\�ZDV�WKHQ�DVVHPEOHG�DQG�WKH�ILOWHU�SDSHU�
ZDV�XVHG�DV�D�VHSDUDWRU�OD\HU�GXH�WR�WKH�VLPSOLFLW\�
DQG�D�VXLWDEOH�QRQ�DTXHRXV�LRQLF�OLTXLG�ZDV�XVHG�
DV�DQ�HOHFWURO\WH��

���(;3(5,0(17$/
���� &DWDO\VW�V\QWKHVLV�DQG�FKDUDFWHUL]DWLRQ
7KH�0Q)H�2� QDQRSDUWLFOHV�ZHUH� V\QWKHVL]HG� E\�
FR�SUHFLSLWDWLRQ� PHWKRG� WKDW� UHSRUWHG� LQ� WKH�
OLWHUDWXUH�>�����@��$W�EULHIO\�����P/�RI�D�VROXWLRQ�
FRQWDLQLQJ� PDQJDQHVH� �,,�� FKORULGH�PRQRK\GUDWH�
������PRO��DQG�IHUULF��,,,��FKORULGH�������PRO��ZDV�
PL[HG� DW� URRP� WHPSHUDWXUH�� 7KH� S+� RI� WKH�
PL[WXUH�ZDV�DGMXVWHG�WR�����E\�DGGLQJ�WKH�1D2+�
VROXWLRQ� �����PRO� /���� DQG� WKHQ� WKH� VROXWLRQ�ZDV�
VWLUUHG� YLJRURXVO\� IRU� ���PLQ�� 1H[W�� WKH� PL[WXUH�
ZDV� KHDWHG� DW� ��� �&� IRU� �� K�� $IWHU� FRROLQJ�� WKH�
PL[WXUH�ZDV�ILOWHUHG�WR�GLVFDUG�DQ\�SROOXWDQWV�DQG�
XQUHDFWLYH� UHDJHQWV�� 7KH� REWDLQHG� VROLG� SDUWLFOHV�
UHSHDWHGO\�ZDVKHG�ZLWK�GLVWLOOHG�ZDWHU�IRU�VHYHUDO�
WLPHV�DQG� WKHQ�� WKH�UHVXOWHG�SURGXFW�ZDV�GULHG�DW�
���� �&� IRU� �� K�� 7KH� VWUXFWXUH� RI� WKH� SUHSDUHG�
FDWDO\VW� � ZDV� DQDO\]HG� XVLQJ� D� %UXFNHU� '��



,UDQLDQ�-RXUQDO�RI�$QDO\WLFDO�&KHPLVWU\ � ������������ _ ��

DGYDQFHG� ODERUDWRU\� ;�UD\� GLIIUDFWRPHWHU�
HTXLSSHG� ZLWK� D� &X.Į� DV� D� UDGLDWLRQ� VRXUFH�
�Ȝ �������c�� 7KH�;5'� SDWWHUQV� ZHUH� DQDO\]HG�
XVLQJ� ;
SHUW� +LJKVFRUH� 3OXV� VRIWZDUH� DQG� WKH�
JUDSKV� ZHUH� GUDZQ� LQ� 2ULJLQ� /DE� YHUVLRQ� �����
VRIWZDUH�� 7R� GHWHFW� WKH� IXQFWLRQDO� JURXS� RI� WKH�
FDWDO\VW�� )7,5� �3HUNLQ� (OPHU�� 6SHFWUXP� *;��
H[SHULPHQW�ZDV�XVHG�DQG�VSHFWUD�ZHUH�WDNHQ�RYHU�
WKH����±�����FPí� UDQJH�E\�WKH�FR�DGGLWLRQ�RI����
VFDQV�ZLWK�D�UHVROXWLRQ�RI���FPí���7R�HYDOXDWH�WKH�
VWUXFWXUH� DQG� PRUSKRORJ\� RI� WKH� V\QWKHVL]HG�
FDWDO\VW�� 6(0� �9(*$�� 7(6&$1�/08��
WHFKQLTXH�ZDV� HPSOR\HG� DQG� LPDJHV�ZHUH� WDNHQ�
LQ� KLJK� YDFXXP� PRGH� DQG� ZLWK� D� ���N9�
DFFHOHUDWLQJ�YROWDJH�

���� (OHFWURO\WH�SUHSDUDWLRQ
7KH�LRQLF�OLTXLG�RI���2FW\O���PHWK\O�LPLGD]ROLXP�
KH[DIOXRURSKRVSKSKDWH� LQ� DEEUHYLDWHG�
>2PLP@>3)�@� DV� D� QRQ�DTXHRXV� HOHFWURO\WH� ZDV�
V\QWKHVL]HG� LQ� RXU� ODERUDWRU\�� $W� %ULHIO\�� HTXDO�
PRODU� RI� ��PHWK\OLPLGD]ROH� DQG� ��FKORURRFWDQH�
ZHUH� DGGHG� WR� D� WKUHH�QHFNHG� URXQG�ERWWRPHG�
IODVN�HTXLSSHG�ZLWK�D�UHIOX[�FRQGHQVHU��PDJQHWLF�
VWLUUHU� DQG� D� JDV� LQOHW�� 7KH� PL[WXUH� ZDV� KHDWHG�
XQGHU�QLWURJHQ�JDV�DW��������&�ZLWK�VWLUULQJ�IRU����
K��7KH�SURJUHVV�RI� WKH�UHDFWLRQ�ZDV�HYDOXDWHG�E\�
WKLQ� OD\HU� FKURPDWRJUDSK\� �7/&��� 7KH� REWDLQHG�
YLVFRXV�VOLJKWO\�\HOORZ�OLTXLG�ZDV�FRROHG�DW�URRP�
WHPSHUDWXUH� DQG� HWK\O� DFHWDWH� ZDV� DGGHG� WR� LW�
DORQJ� ZLWK� WKH� PL[LQJ� WR� UHPRYH� WKH� LPSXULWLHV�
DQG� XQUHDFWHG� UHDJHQWV�� 7KH� XSSHU� HWK\O� DFHWDWH�
ZDV� GHFDQWHG� DQG� WKH� ZDVKLQJ� ZDV� UHSHDWHG� IRU�
WKUHH� WLPHV�XVLQJ� IUHVK�HWK\O� DFHWDWH��)LQDOO\�� WKH�
UHPDLQHG�HWK\O�DFHWDWH�ZDV�UHPRYHG�E\�KHDWLQJ�DW�
������ �&� XQGHU� YDFXXP� DQG� WKH� ZDWHU�PLVFLEOH�
LRQLF� OLTXLG� >2PLP@>&O@� ZDV� REWDLQHG�� 7R�
SURGXFH� WKH� ZDWHU� LPPLVFLEOH� >2PLP@>3)�@�� WKH�
>2PLP@>&O@� LRQLF� OLTXLG� ZDV� GLOXWHG� LQ� WKH�
PHWKDQRO�GLVWLOOHG� ZDWHU� �������� DQG� WUDQVIHUUHG�
WR� D� IODVN� DQG� D� VROLG� SRZGHU� RI� 1+�3)� LQ� DQ�
HTXDO�PRODU� UDWLR�ZDV� DGGHG��$IWHU� VWLUULQJ� IRU���
K�� WZR� SKDVHV� ZHUH� IRUPHG�� 7KH� XSSHU� SKDVH�
FRQWDLQLQJ� DFLGLF� DTXHRXV� VROXWLRQ� OD\HU� ZDV�
GHFDQWHG� DQG� WKH� ORZHU� SKDVH� FRQWDLQLQJ�
>2PLP@>3)�@� ZDV� ZDVKHG� ZLWK� WKH� GHLRQL]HG�
ZDWHU� XQWLO� WKH� ZDVKLQJ� VROXWLRQ� ZDV� QR� ORQJHU�
DFLGLF�� 7KH� >2PLP@>3)�@� REWDLQHG� ZDV� GULHG�
XQGHU� YDFXXP�� 7R� XVH� >2PLP@>3)�@� DV� DQ�
HOHFWURO\WH�� WKH� SXULILHG� >2PLP@>3)�@�ZDV�PL[HG�
ZLWK� WKH� /L3)� VDOW� WR� LQFUHDVH� WKH� FRQGXFWLYLW\�
DQG�FRQFHQWUDWLRQ�RI�WKH�/L� LRQ�

���� $LU�FDWKRGH�SUHSDUDWLRQ
7KH� DLU� FDWKRGH� ZDV� SUHSDUHG� DV� IROORZLQJ�
SURFHGXUH��$W�ILUVW��D�FDUERQ�SDSHU�LQ�D�GLVF�VKDSH
ZDV� FXWWHG� LQ� WKH� DUHD� RI� ���� FP� DQG� D� WKUHH�
FRPSRQHQWV� VOXUU\� FRQWDLQLQJ� FDWDO\VW�� ELQGHU��
FDUERQ� EODFN� �ZLWK� WKH� ZHLJKW� UDWLR� RI� ���������

PJ�� UHVSHFWLYHO\�� ZDV� VSUD\HG� RQWR� LW� DW� WKH�
GLVWDQFH�RI�DERXW�����PHWHU� IURP�VSUD\HU�XVLQJ�D�
IORZ�RI�FRQGHQVHG�DLU��PDGH�LQ�,UDQ���%HIRUHKDQG��
WKUHH� FRPSRQHQWV� VOXUU\� ZHUH� SUHSDUHG� LQ� WKH�
PL[WXUH� RI� ��SURSDQRO� DQG� ZDWHU� LQ� WKH� UDWLR� RI�
������P/��7KHQ��WKH�VOXUU\�GULHG�RQWR�WKH�FDUERQ�
SDSHU� DW� URRP� WHPSHUDWXUH� DQG� DIWHU� HYDSRUDWLRQ�
RI� WKH� VROYHQWV�� ZDV� XVHG� DV� DLU� FDWKRGH� LQ� WKH�
EDWWHU\�

�����$QRGH�SUHSDUDWLRQ
)RU� SUHSDUDWLRQ� WKH� DQRGH�� WKH� JUDQXODU� OLWKLXP�
FRYHUHG� E\� D� VXSSRUWHG� RLO� ZDV� XVHG�� $Q�
DOXPLQXP�VKHHW��ZLWK�WKH�DUHD�RI�����FP� DQG�WKH�
GLDPHWHU�RI���PP��ZDV�XVHG�DV�D�VXSSRUWHU�DQG�D�
FXUUHQW� FROOHFWRU�� $� IHZ� JUDLQV� RI� WKH� JUDQXODU�
OLWKLXP�ZDV�SUHVVHG�H[DFWO\�XQGHU�WKH�SUHVVXUH�RI�
���EDU�E\�D�SUHVV�GHYLFH��%DVSDU�1RYLQ�RI�,VIDKDQ�
&R���,UDQ��WR�IRUP�D�XQLIRUP�OD\HU�RI�OLWKLXP�RQWR�
WKH� $O�VXSSRUW�� 7R� DYRLG� OLWKLXP� R[LGDWLRQ�� WKH�
OLWKLXP�VXUIDFH�ZDV�FRYHUHG�E\�WZR� OD\HUV�RI�WKH�
:KDWPDQ� ILOWHU� SDSHU� LPSUHJQDWHG� LQ� WKH�
HOHFWURO\WH�DQG�WKHQ�ZDV�SUHVVHG��$FFRUGLQJO\��WKH�
DQRGH� RI� WKH� EDWWHU\� ZDV� VLPSO\� SUHSDUHG� DQG�
ORFDWHG�ZLWKLQ�WKH�VWUXFWXUH�RI�WKH�EDWWHU\�

���� $VVHPEO\�RI�WKH�EDWWHU\�
7KH� EDWWHU\� FHOO�ZDV� GHVLJQHG� E\� RXU� WHDP� �)LJ�
���� 7KH� GHVLJQHG� FHOO� SRVVHVVHV VHYHUDO�
FRPSRQHQWV� WKDW� FDQ� EH� GLYLGHG� LQWR� WKUHH� PDLQ�
FDWHJRUL]HV��

)LJ�� �� &RPSRQHQWV� VWUXFWXUH� RI� WKH� GHVLJQHG� /L�DLU�
EDWWHU\

3DUW��,��FRQWDLQV�D�ZLUH�FRQQHFWHG�WR�WKH�FDWKRGH��
FDWKRGLF� FKDPEHU�� FDWKRGLF� FXUUHQW� FROOHFWRU� DQG�
DLU� FDWKRGH�� SDUW� �,,�� FRQWDLQV� D� FDWKRGH�DQRGH�
VHSDUDWRU��:H� XVHG� WKH�:KDWPDQ� ILOWHU� SDSHU� DV�
DQ�HIIHFWLYH��VLPSOH�DQG�QHZ�VHSDUDWRU�EHFDXVH�LW�
KDV� VXLWDEOH� SURSHUWLHV� VXFK� DV� VWDELOLW\�� KLJK�
SRURVLW\� DQG� SHQHWUDELOLW\�� 7KHQ�� LW� ZDV� GLSSHG�
ZLWKLQ� DQ� HOHFWURO\WH��3DUW�,,,�� FRQWDLQV� D� OLWKLXP�
VKHHW�� DQ� DQRGLF� FXUUHQW� FROOHFWRU� DQG� D� ZLUH�
FRQQHFWHG� WR� WKH� DQRGH�� 7KH� DLU� FDWKRGH� ZDV�
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SURYLVRU\� SUHSDUHG� E\� VRDNLQJ WKH� FDUERQ� SDSHU�
VKHHW�LQWR�WKH�VOXUU\�PL[WXUH�RI�WKUHH�FRPSRQHQWV�
FRQWDLQLQJ� WKH� FDWDO\VW�� SRO\WHWUDIOXRURHWK\OHQH�
�37)(�� DV� WKH� ELQGHU� DQG� .LWFKHQEODFN� FDUERQ�
�.%�� ZLWK� WKH� ZHLJKW� UDWLR� RI� ��������� PJ��
UHVSHFWLYHO\��

���� (OHFWURFKHPLFDO�PHDVXUHPHQWV
7KH� EDWWHU\� SHUIRUPDQFH� ZDV� WHVWHG� EHWZHHQ�
SRWHQWLDO�RI�����IURP�����9�DW�D�FRQVWDQW�FXUUHQW�RI�
���� P$� FP�� LQ� URRP� WHPSHUDWXUH�� XVLQJ� .LPLD�
6WDWH� ���� PXOWL�FKDQQHO� EDWWHU\� WHVWLQJ� V\VWHP�
�0DGH� E\� &KLQD��� %HIRUH� HDFK� WHVW�� WKH� EDWWHU\�
ZDV� UHVWHG� IRU� �� K� WR UHDFK� WKH� HTXLOLEULXP� RI�
R[\JHQ� FRQFHQWUDWLRQV� DQG� PRLVWXUH� RI�
HOHFWURO\WH��

���5(68/7�$1'�',6&866,21�
���� (YROXDWLRQ�RI�WKH�VWUXFWXUH�DQG�PRUSKRORJ\�
RI�WKH�FDWDO\VW
;�UD\� GLIIUDFWLRQ� SDWWHUQ� IRU� WKH� V\QWKHVL]HG�
FDWDO\VW��13�0Q)H�2���ZDV�WKH�VDPH�ZLWK�VHYHUDO�
ZRUNV�>�����@��5HVXOWV�LQ�)LJ� ��LQGLFDWHG�WKH�)H�
2�DQG�0Q�2�R[LGHV�H[LVW�PDLQO\�LQ�WKH�0Q)H�2�

VWUXFWXUH��7KH�)H� DQG�0Q�FRPSRQHQWV�ZHUH DV� D�
FRPSOH[��0Q)H�2���DQG�KDG �ș�GLIIUDFWLRQ�SHDNV�
DW������������������������������������DQG�������DQG�
FRQVHTXHQWO\�� VSLQHO� VWUXFWXUH� RI� 0Q)H�2� ZDV�
YHULILHG�� 7KH� ;5'� GDWD� FOHDUO\� FRQILUPHG WKH�
FU\VWDOOLQH�SKDVH�RI� IHUULWH� �0Q)H�2���YHU\�FORVH�
WR� WKH� -&3'6�1R�� ��������� )RU� WKH� V\QWKHVL]HG�
0Q)H�2��� WKH� PRVW� LQWHQVLYH� OLQHV� ������ DQG�
������ZHUH�REVHUYHG�LQ�WKH�GLIIUDFWLRQ�SHDN�DW����

DQG� ������� 7KH� ;5'� SDWWHUQ� VKRZV� WKDW� WKH�
SUHSDUHG�QDQRSDUWLFOHV�ZHUH�LQ�D�FXELF�VWUXFWXUH�

)LJ���� ;5'�VSHFWUXP�RI�V\QWKHVL]HG�QDQRFDWDO\VW�

,Q� DGGLWLRQ�� LW� ZDV� IRXQG� IURP� )LJ� �D�F WKDW�
�VFDOHV� RI� ��� �P�� �� �P�� DQG� ���� QP�� WKH� 13�
0Q)H�2� VDPSOH�DSSHDUV� WR�EH�D�FRPELQDWLRQ�RI�
QDQRSDUWLFOHV�ZLWK� SDUWLFOHV� VL]H� EHWZHHQ� ��� DQG�
���QP��ZKLFK�DJJUHJDWH�ZLWK�HDFK�RWKHU� WR� IRUP�
WKH� ILOP�OLNH� PRUSKRORJ\�� )XUWKHUPRUH�� XQLIRUP�

GLVWULEXWLRQ�RI�WKH�SRURVLW\� LQ�WKH�SDUWLFOHV� LV�RQH�
RI� WKH� PDLQ� DGYDQWDJHV� RI� WKH� V\QWKHVL]HG�
FDWDO\VW�� ,Q� FDWKRGH�� KLJK� VXUIDFH� DUHD� RI� WKH�
FDWDO\VW� LV� QHFHVVDU\� WR� VDYH� GLVFKDUJH� SURGXFWV�
L�H� /L�2� RU�/L�2��)XUWKHUPRUH��KLJK�SRURVLW\�RI�
FDWKRGH� FDXVH� WR� LQFUHDVH� WKH� SHQHWUDWLRQ� RI�
R[\JHQ�GXULQJ�GLVFKDUJH�FKDUJLQJ�SURFHVVHV��7KH�
6(0� RI� FDWDO\VW� VKRZV� WKDW� WKH� FDWKRGH� KDV� DOO�
PHQWLRQHG�SURSHUWLHV�VLPXOWDQHRXVO\�
)7,5� DQDO\VLV� UHVXOWV� VKRZ� WKH� YLEUDWLRQDO�
IUHTXHQFLHV�RI� WKH� YDULRXV� FKHPLFDO� ERQGV� LQ� WKH�
0Q)H�2� QDQRSDUWLFOHV��7KH� UHVXOWV� FOHDUO\� VKRZ�
WZR� DEVRUSWLRQ� EDQGV� DW� ���� FPí� DQG� ���� FPí�

UHOHYDQW� WR� WKH� YLEUDWLRQV� RI� )H�2� RU� )H�2�)H�
ERQGV�� UHVSHFWLYHO\�� ZKLFK� DUH� LQGLFDWLYH� RI� WKH�
IRUPDWLRQ�RI�VSLQHO�IHUULWH�VWUXFWXUH��)XUWKHUPRUH��
WKH� QRUPDO� PRGH� RI� YLEUDWLRQ� LQ� WKH� WHWUDKHGUDO�
FOXVWHU� DW� ���� FPí� LV� KLJKHU� WKDQ� WKDW� RI� WKH�
RFWDKHGUDO�FOXVWHU������FPí���

)LJ����D� 6(0�LPDJH�RI�WKH�FDWDO\VW�LQ�����P�VFDOH�

)LJ����E� 6(0�LPDJH�RI�WKH�FDWDO\VW�LQ����P�VFDOH�

)LJ����F� 6(0�LPDJH�RI�WKH�FDWDO\VW�LQ�����QP�VFDOH�
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���� (OHFWURFKHPLFDO� SHUIRUPDQFH� RI� WKH� EDWWHU\�
LQ�WKH�SUHVHQFH�DQG�DEVHQFH�RI�WKH�FDWDO\VW�
7KH� HIIHFW� RI� WKH� FDWDO\VW� RQ� WKH� GLVFKDUJH�
SHUIRUPDQFH� RI� WKH� /L�DLU� EDWWHU\�ZDV� H[DPLQHG��
7KH�GLVFKDUJH�YROWDJH�DQG�FDSDFLW\�RI�WKH�EDWWHU\�
ZHUH� WHVWHG� LQ� WKH� SUHVHQFH� DQG� DEVHQFH� RI� WKH�
FDWDO\VW��$V�VKRZQ�LQ�)LJ� ���WKH�DLU�FDWKRGH�ZLWK�
WKH� FDWDO\VW� RI� 13�0Q)H�2� �LQ� WKH� HOHFWURO\WH�
/L3)��>2PLP@>3)�@�� VKRZV� D� GLVFKDUJH� FDSDFLW\�
RI� ����� P$K� J���� )XUWKHUPRUH�� LQ� WKH� FDWKRGH�
ZLWKRXW� WKH� FDWDO\VW� �LQ� WKH� HOHFWURO\WH� RI�
/L3)��'LPHWK\O�FDUERQDWH��WKH�GLVFKDUJH�FDSDFLW\�
LV������P$K�J�� ZKHQ�WKH�FRQVWDQW�FXUUHQW�GHQVLW\�
RI�����P$�FP����,W�LV�FOHDU�WKDW�WKH�EDWWHU\�ZLWK�WKH�
FDWDO\VW� VKRZV� D� FDSDFLW\�RI� DSSUR[LPDWHO\� WKUHH�
WLPHV� FRPSDUHG� WR� WKH� FDWDO\VW�IUHH� RQH�� 7KH�
GLVFKDUJH� YROWDJH� RI� WKH� FDWKRGH� LV� DERXW� ���� 9�
DQG� ���� 9�� DW� WKH� SUHVHQFH� DQG� DEVHQFH� RI� WKH�
FDWDO\VW�� UHVSHFWLYHO\�� 7KH� FDSDFLW\� DQG� WKH�
YROWDJH� GLIIHUHQFH� �DERXW� ���� 9�� FRQILUP� WKH�
HOHFWUR� FDWDO\WLF� DFWLYLW\� RI� WKH QDQR�0Q)H�2���
7KH�DPRXQW�RI�WKH�RYHU�SRWHQWLDO�LQ�WKH�EDWWHU\�LV�
GHFUHDVHG�VOLJKWO\�ZKHQ�WKH�FDWDO\VW�LV�XVHG�LQ�WKH�
EDWWHU\�

)LJ� ���'LVFKDUJH�FKDUDFWHULVWLF�RI�WKH�/L�DLU�EDWWHU\�DW�D�
FXUUHQW�GHQVLW\�RI�����P$�FP���

�����&KDUJH�GLVFKDUJH�F\FOLQJ�
7KHUH�DUH�VRPH�LPSRUWDQW�UHDVRQV�IRU�WKH�XVDJH�RI�
FDWDO\VW�DQG�LRQLF�OLTXLG��DV�D�VXLWDEOH�HOHFWURO\WH��
VXFK� DV� LQFUHDVH� RI� WKH� FKDUJH�GLVFKDUJH� F\FOLQJ�
DQG� VDIHW\� IROOZRLQJ� OLIHWLPH� RI� WKH� EDWWHU\��
UHVSHFWLYHO\�� 7KH� REWDLQHG� FKDUJH�GLVFKDUJH�
FXUYHV� DUH� VKRZQ� LQ� )LJ� �D�E�� 5HVXOWV� LQGLFDWH�
WKDW�WKH�QXPEHU�RI�WKH�FKDUJH�GLVFKDUJH�F\FOLQJ�LV�
LQFUHDVHG� PRUH� WKDQ� ����� F\FOHV� ZKHQ� WKH�
FDWDO\VW�DQG�/L3)��>2PLP@>3)�@�DV�HOHFWURO\WH�DUH�
XVHG��EXW�LW�LV�GHFUHDVHG�XS�WR���F\FOHV�IRU�EDWWHU\�
ZLWKRXW� DQ\� FDWDO\VW� DQG� LRQLF� OLTXLG� HOHFWURO\WH�
�LQ� WKH� ODVW� FDVH� D� FRPPRQ� HOHFWURO\WH� VXFK� DV�
/L3)� VDOW� ZDV� GLVVROYHG� LQ� GLPHWK\OFDUERQDWH�
�'0&�� DV� VROYHQW��� ,Q� F\FOLQJ� WHVW� FXUYHV�� WKH�
YHUWLFDO�DQG�KRUL]RQWDO�D[HV�VKRZ�WKH�SRWHQWLDO��LQ�
P9�� DQG� WKH� WLPH� RI� WKH� F\FOLQJ� SHULRG� �LQ�
VHFRQG���UHVSHFWLYHO\��

)LJ� � D��&KDUJH�GLVFKDUJH�F\FOLQJ�FXUYH�IRU�WKH�/L�DLU�
EDWWHU\� LQ� WKH� SUHVHQFH� RI� WKH� QDQR�0Q)H�2� FDWDO\VW�
DQG�/L3)��>2PLP@>3)�@�HOHFWURO\WH�

)LJ� � E��&KDUJH�GLVFKDUJH�F\FOLQJ�FXUYH�IRU�WKH�/L�DLU�
EDWWHU\� LQ� WKH� SUHVHQFH RI� WKH� /L3)��'0&� HOHFWURO\WH�
DQG�LQ�WKH�DEVHQFH�RI�WKH�FDWDO\VW��

:H� XVHG� DQ� LRQLF� OLTXLG� QDPHO\� ��2FW\O���
PHWK\OLPLGD]ROLXP�KH[DIOXRURSKRVSKDWH� >2PLP@
>3)�@�DV�WKH�QRQ�DTXHRXV�HOHFWURO\WH��EHFDXVH�WKH�
ERLOLQJ�SRLQW�RI�WKH�HOHFWURO\WH�LV�KLJK��PRUH�WKDQ�
���� �&��� 7KHUHIRUH�� WKH� KD]DUG� RI� HYDSRUDWLRQ��
IODPPDELOLW\� DQG� ORVV� RI� HOHFWURO\WH� LV� GHFUHDVHG�
DQG� WKH� VDIHW\� RI� WKH� EDWWHU\� DQG� LWV� UHJXODU�
IXQFWLRQ� LV� LQFUHDVHG� GXULQJ� WKH� ZRUNLQJ� RI� WKH�
EDWWHU\��)RU�WKLV�SXUSRVH��ZH�FRPSDUHG�WKH�EDWWHU\�
SHUIRUPDQFH� XQGHU� WZR� GLIIHUHQW� FRQGLWLRQV�� $W�
ILUVW�� WKH� EDWWHU\� ZDV� GHVLJQHG� DFFRUGLQJ� WR� WKH�
PHQWLRQHG�VWUXFWXUH�LQ )LJ� � ZLWK�DOO�FRPSRQHQWV�
DQG� DLU� FDWKRGH� DORQJ� ZLWK� WKH� FDWDO\VW� �13�
0Q)H�2��� DQG� WKH� LRQLF� OLTXLG� HOHFWURO\WH�
�/L3)��>2PLP@>3)�@��� $IWHU� �� PRQWK� WHVWLQJ� RI�
WKH� EDWWHU\� �HYHU\� GD\� DERXW� �� K�
FKDUJLQJ�GLVFKDUJH� SURFHVV� DQG� ����� F\FOHV��� LW�
ZDV� QRW� REVHUYHG� DQ\� GHFUHDVH� LQ� WKH� GLVFKDUJH�
FDSDFLW\�DQG�YROWDJH��$OWHUQDWLYHO\��LQ�WKH�VHFRQG�
FRQGLWLRQV�� ZH� FKDQJHG� WKH� HOHFWURO\WH� RI� WKH�
EDWWHU\� WR� /L3)��'0&� DQG� GLG� QRW� XVHG� DQ\�
FDWDO\VW�� $IWHU� ��� GD\V�� WKH� DPRXQW� RI� WKH�
GLVFKDUJH�FDSDFLW\�ZDV�GHFUHDVHG�WR�����P$K�J��

DQG�DQ�LUUHJXODU�F\FOLQJ�UHYHUVLELOLW\�EHKDYLRU�ZDV�
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REVHUYHG� IRU� WKH� EDWWHU\�� 7KH� EHKDYLRU� RI� WKH�
EDWWHU\� LQ� WKH� ODVW� FRQGLWLRQV� FDQ�EH�DWWULEXWHG WR�
WKH� ODFN� RI� WKH� FDWDO\VW� DQG� HYDSRUDWLRQ� RI� WKH�
RUJDQLF�VROYHQW��,Q�DGGLWLRQ��WKH�XVLQJ�RI�WKH�LRQLF�
OLTXLG� UHVXOWV� LQ� DQ� LQFUHDVH� LQ� WKH� VDIHW\� RI� WKH�
HOHFWURO\WH� DV� ZHOO� DV� WKH� SHUIRUPDQFH� RI� WKH�
EDWWHU\��

���&21&/86,21
7KH� DSSOLFDWLRQ� RI� 0Q)H�2� QDQRSDUWLFOHV� DV� D�
FDWDO\VW� LQ� WKH� /L�DLU� EDWWHU\� LV� UHSRUWHG� IRU� WKH�
ILUVW� WLPH�� 7KH� QDQRSDUWLFOHV� RI� FDWDO\VW� ZHUH�
VSUD\HG�RQ�WKH�DLU�FDWKRGH�HOHFWURGH�DQG�WKHQ�SXW�
LQ�/L�DLU�EDWWHU\��7KH�FDWKRGH�ZDV�PRGLILHG�XVLQJ�
QDQRFDWDO\VW� ZKLFK� VKRZQ� FDWDO\WLF� DFWLYLWLHV� RQ�
255� DQG� 2(5� UHDFWLRQV�� %\� XVLQJ� WKH� 13�
0Q)H�2� DV� FDWDO\VW� DQG� PL[WXUH� RI�
/L3)��>2PLP@>3)�@� DV� HOHFWURO\WH�� WKH� GLVFKDUJH�
VSHFLILF�FDSDFLW\�RI�EDWWHU\�UHDFKHG�WR������P$K�
J����8VH�RI�LRQLF�OLTXLG�DV�D�FRQGXFWLYH�HOHFWURO\WH�
FRQQHFWRU� OHG� WR�DQ� LQFHQVHPHQW� LQ� WKH� VROXELOLW\�
RI� /L3)� EHWZHHQ� DQRGH� DQG� FDWKRGH��
)XUWKHUPRUH�� WKH� XVDJH� RI� >2PLP@>3)�@� LRQLF�
OLTXLG� DV� D� QRQ�DTXHRXV� HOHFWURO\WH� QRW� RQO\� KDV�
QRW DQ\�QHJDWLYH�HIIHFW�RQ� WKH� OLWKLXP�PHWDO��EXW�
DOVR�SUHYHQW�WKH�IRUPDWLRQ�RI�XQZDQWHG�GLVFKDUJH
SURGXFW� L�H� /L2+�� ,W� DOVR� LQFUHDVHV� WKH� VDIHW\�RI�
WKH�EDWWHU\�EHFDXVH�RI�LWV�KLJK�ERLOLQJ�SRLQW��PRUH�
WKDQ� ���� �&��� 7KLV� LRQLF� OLTXLGV� DQG� VDPH�
VWUXFWXUH� FRPSRXQGV� KDYH� KLJK� ERLOLQJ� SRLQW�
DPRXQG� DQG� ORZ� YDSRU� SUHVVXUH�� VR� ZKHQ� WKH�
EDWWHU\� OLIH� H[SDLUH� RU EUHDN� LW� GRZQ�� UHOHDVHG�
HOHFWURO\WH�FRQWDLQV�WR�WKH�HQYLURQPHQW�DW�DPELHQW�
WHPSHUDWXUH� GRHV� QRW� HYDSRUDWH� HDVLO\� DQG� GRHV�
QRW� GHPDJH� WR� WKH� HQYLURQPHQW�� 7KH� GHVLJQHG�
EDWWHU\� KDV� VHYHUDO� DGYDQWDJHV� VXFK� DV� KLJK�
F\FOLQJ� FKDUJH�GLVFKDUJH� FDSDELOLW\�� KLJK�
GLVFKDUJH�FDSDFLW\��KLJK�VDIHW\�DQG�KLJK�OLIHWLPH��

$FNQRZOHGJHPHQW
7KLV�UHVHDUFK�ZDV�SDUWLDOO\�VXSSRUWHG�E\�WKH�JUDQW�
IURP� $\DWROODK� %RURXMHUGL� 8QLYHUVLW\� ZLWK� 1R��
�������������

5()(5(1&(6
>�@ -�� =KDQJ�� *�� &KHQ�� 0�� $Q� DQG� 3�� :DQJ��

3UHSDUDWLRQ� RI� 3W$X� FDWDO\WLF� SDUWLFOHV� RQ�
SRVLWLYH� HOHFWURGH� RI� /L�DLU� EDWWHU\� XVLQJ�
SXOVH�HOHFWURSODWLQJ��,QW��-��(OHFWURFKHP��6FL��
��������������±������

>�@ 7�� 2JDVDZDUD�� $�� 'HEDUW�� 0�� +RO]DSIHO�� 3��
1RYDN� DQG� 3�*�� %UXFH�� 5HFKDUJHDEOH� /L�2�

HOHFWURGH� IRU� OLWKLXP�EDWWHULHV��-��$P��&KHP��
6RF� ����������������±�����

>�@ 6�6��6DQGKX��-�3��)HOOQHU�DQG�*�:��%UXWFKHQ��
'LIIXVLRQ�OLPLWHG� PRGHO� IRU� D� OLWKLXP�DLU�
EDWWHU\�ZLWK�DQ�RUJDQLF�HOHFWURO\WH��-��3RZHU�
6RXUFHV ��������������������

>�@ -�2�� 3DUN�� 0�� .LP�� -�+�� .LP�� .�+�� &KRL��
+�&�� /HH��:�&KRL�� 6�� %��0D DQG� '�� ,P�� $�
�����:K�NJí� /L±DLU�EDWWHU\��&HOO�GHVLJQ�DQG�
SHUIRUPDQFH�� -��3RZHU� 6FL������ ������� ����
����

>�@ 3�� 7DQ�� +�5�� -LDQJ�� ;�%�� =KX�� /�� $Q�� &�<��
-XQJ�� 0�&�� :X�� /�� 6KL�� :�� 6K\\ DQG� 7�6��
=KDR��$GYDQFHV�DQG�FKDOOHQJHV�LQ�OLWKLXP�DLU�
EDWWHULHV��$SSO��(QHUJ\ ��������������������

>�@ 3��7DQ��:��6K\\��7�6��=KDR��5��+��=KDQJ DQG�
;�%��=KX��(IIHFWV�RI�PRLVW�DLU�RQ�WKH�F\FOLQJ�
SHUIRUPDQFH� RI� QRQ�DTXHRXV� OLWKLXP�DLU�
EDWWHULHV��$SSO��(QHUJ\ �������������������

>�@ <�&�� /X�� +�$�� *DVWHLJHU�� 0�&�� 3DUHQW�� 9��
&KLOR\DQ DQG�<��6KDR�+RUQ��7KH�LQIOXHQFH�RI�
FDWDO\VWV�RQ�GLVFKDUJH�DQG�FKDUJH�YROWDJHV�RI�
UHFKDUJHDEOH� /L±R[\JHQ� EDWWHULHV��
(OHFWURFKHP�� 6ROLG�6WDWH� /HWW� ��� �������
$��±$����

>�@ <�&�� /X�� '�*�� .ZDEL�� .�3�&�� <DR�� -�5��
+DUGLQJ��-��=KRX��/��=XLQ�DQG�<��6KDR�+RUQ��
7KH�GLVFKDUJH�UDWH�FDSDELOLW\�RI�UHFKDUJHDEOH�
/L±2� EDWWHULHV�� (QHUJ\� � (QYLURQ�� 6FL� ��
�����������±������

>�@ =�� ;LQ�<XH�� )�� 6KDR�+XD�� =�� =KHQJ�;L� DQG�
<��/L��/L�/L)H32� EDWWHU\�SHUIRUPDQFH�ZLWK�D�
JXDQLGLQLXP�EDVHG� LRQLF� OLTXLG� DV� WKH�
HOHFWURO\WH�� &KLQHVH� 6FL�� %XOO� ��� �������
����±������

>��@ 6�:��2K��6�7��0\XQJ��6�0��2K��.�+��2K��.��
$PLQH�� %�� 6FURVDWL� DQG� <�.�� 6XQ�� 'RXEOH�
FDUERQ� FRDWLQJ� RI� /L)H32� DV� KLJK� UDWH�
HOHFWURGH� IRU� UHFKDUJHDEOH� OLWKLXP� EDWWHULHV��
$GY��0DWHU� ���������������������

>��@ .�0�� $EUDKDP� DQG� =�� -LDQJ�� $� SRO\PHU�
HOHFWURO\WH�EDVHG� UHFKDUJHDEOH�
OLWKLXP�R[\JHQ� EDWWHU\�� -��(OHFWURFKHP�� 6RF�
������������±���

>��@ 0�� $UPDQG� DQG� -�0�� 7DUDVFRQ�� %XLOGLQJ�
EHWWHU�EDWWHULHV��1DWXUH ��������������±�����

>��@ 3�*�� %UXFH�� (QHUJ\� VWRUDJH� EH\RQG� WKH�
KRUL]RQ��5HFKDUJHDEOH�OLWKLXP�EDWWHULHV��6ROLG�
6WDWH�,RQLFV ��������������±�����

>��@ %�/��(OOLV��.�7��/HH�DQG�/�)��1D]DU��3RVLWLYH�
HOHFWURGH� PDWHULDOV� IRU� /L�LRQ� DQG� /L�
EDWWHULHV��&KHP��0DWHU� �������������±�����

>��@ *��*LULVKNXPDU��%��0F&ORVNH\��$�&��/XQW]��
6�� 6ZDQVRQ DQG :�� :LOFNH�� /LWKLXPíDLU�
EDWWHU\�� 3URPLVH� DQG� FKDOOHQJHV�� -�� 3K\V��
&KHP��/HWW� �������������±������

>��@ ,��.RZDOF]N��-��5HDG�DQG�0��6DORPRQ��/L�DLU�
EDWWHULHV�� $� FODVVLF� H[DPSOH� RI� OLPLWDWLRQV�
RZLQJ� WR� VROXELOLWLHV�� 3XUH� $SSO�� &KHP� ���
����������±�����

>��@ 5�� 3DGEXU\� DQG� ;�� =KDQJ�� /LWKLXP±R[\JHQ�
EDWWHULHV²/LPLWLQJ� IDFWRUV� WKDW� DIIHFW�
SHUIRUPDQFH�� -�� 3RZHU� 6RXUFHV ���� �������
����±������
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>��@ 0�.�� 6RQJ�� 6�� 3DUN�� )�0�� $ODPJLU�� -�� &KR�
DQG� 0�� /LX�� 1DQRVWUXFWXUHG� HOHFWURGHV IRU�
OLWKLXP�LRQ� DQG� OLWKLXP�DLU� EDWWHULHV�� WKH�
ODWHVW� GHYHORSPHQWV�� FKDOOHQJHV�� DQG�
SHUVSHFWLYHV�� 0DWHU�� 6FL�� (QJ�� 5�5HSRUW ���
����������±�����

>��@ $��.UD\WVEHUJ�DQG�<��(LQ�(OL��5HYLHZ�RQ�/L±
DLU� EDWWHULHV²RSSRUWXQLWLHV�� OLPLWDWLRQV� DQG�
SHUVSHFWLYH�� -�� 3RZHU� 6RXUFHV ���� �������
���±�����

>��@ $��'HEDUW�� -��%DR�DQG�*��$UPVWURQJ��$Q�2�

FDWKRGH� IRU� UHFKDUJHDEOH� OLWKLXP� EDWWHULHV��
7KH� HIIHFW� RI� D� FDWDO\VW�� -�� 3RZHU� 6RXUFHV
���������������±������

>��@ '�� =KDQJ�� =�� )X�� =��:HL�� 7�� +XDQJ DQG� $��
<X�� 3RODUL]DWLRQ� RI� R[\JHQ� HOHFWURGH� LQ�
UHFKDUJHDEOH� OLWKLXP� R[\JHQ� EDWWHULHV�� -��
(OHFWURFKHP��6RF� �����������$���±$�����

>��@ :�� ;X�� 9�9�� 9LVPDQDWKDQ�� '�� :DQJ�� 6�$��
7RZQH�� -�� ;LDR�� =�� 1LH�� '�� +X� DQG� *�-��
=KDQJ��,QYHVWLJDWLRQ�RQ�WKH�FKDUJLQJ�SURFHVV�
RI� /L�2��EDVHG� DLU� HOHFWURGHV� LQ� /L±
2� EDWWHULHV� ZLWK� RUJDQLF� FDUERQDWH�
HOHFWURO\WHV�� -�� 3RZHU� 6RXUFHV ���� ��������
����±������

>��@ '�� $XUEDFK�� 0�� 'DURX[�� 3�� )DJX\� DQG� (��
<HDJHU��7KH�HOHFWURFKHPLVWU\�RI�QREOH�PHWDO�
HOHFWURGHV� LQ� DSURWLF� RUJDQLF� VROYHQWV�
FRQWDLQLQJ� OLWKLXP� VDOWV�� -�� (OHFWURDQDO��
&KHP�� ,QW�� (OHFWURFKHP�� ,QWHUIDFLDO�
(OHFWURFKHP����������������������

>��@ -��6XQWLYLFK��+�$��*DVWHLJHU��1��<DEXXFKL��+��
1DNDQLVKL�� -�%�� *RRGHQRXJK� DQG� <�� 6KDR�
+RUQ��'HVLJQ�SULQFLSOHV�IRU�R[\JHQ�UHGXFWLRQ�
$FWLYLW\�RQ�SHURYVNLWH�R[LGH�FDWDO\VWV�IRU�IXHO�
FHOOV�DQG�PHWDO�DLU�EDWWHULHV��1DWXUH�&KHP� ��
����������������

>��@ $��7HJRX��6��3DSDGLPLWULRX��6��$UP\DQRY��(��
9DORYD�� *�� .RNNLQLGLV� DQG� 6�� 6RWLURSRXORV��
2[\JHQ� UHGXFWLRQ� DW� SODWLQXP�DQG� JROG�
FRDWHG� LURQ�� FREDOW�� QLFNHO� DQG� OHDG� GHSRVLWV�
RQ� JODVV\� FDUERQ� VXEVWUDWHV�� -�� (OHFWURDQDO��
&KHP� �������������������

>��@ 7�� 2JDVDZDUD�� $�� 'HEDUW�� 0�� +RO]DSIHO�� 3��
1RYDN� DQG� 3�*�� %UXFH�� 5HFKDUJHDEOH�
/L�2� HOHFWURGH� IRU� OLWKLXP� EDWWHULHV�� -�� $P��
&KHP��6RF� ��������������������

>��@ +��:DQJ��<��<DQJ��<�� /LDQJ��*��=KHQJ��<��
/L�� <�� &XL� DQG� +�� 'DL�� 5HFKDUJHDEOH� /L±
2� EDWWHULHV� ZLWK� D� FRYDOHQWO\� FRXSOHG�
0Q&R�2�±JUDSKHQH� K\EULG� DV� DQ� R[\JHQ�
FDWKRGH� FDWDO\VW�� (QHUJ\� � (QYLURQ�� 6FL� ��
������������������

>��@ $�� 'HEDUW�� $�-�� 3DWHUVRQ�� -�� %DR� DQG� 3�*��
%UXFH� $OSKD�0Q2� QDQRZLUHV�� $� FDWDO\VW�
IRU� WKH� 2� HOHFWURGH� LQ� UHFKDUJHDEOH� OLWKLXP�
EDWWHULHV�� $QJ�� ,QW�� (G�� &KLP� ��� �������
�����������

>��@ 9�� 0D]XPGHU� 0�� &KL� .�/�� 0RUH DQG� 6�-��
6XQ�� &RUH�VKHOO� 3G�)H3W� QDQRSDUWLFOHV� DV� DQ�
DFWLYH� DQG� GXUDEOH� FDWDO\VW� IRU� WKH� R[\JHQ�
UHGXFWLRQ� UHDFWLRQ�� -�� $P�� &KHP�� 6RF�� ����
������������������

>��@ 0�� +RVVHLQL� DQG� 1�� 'DODOL�� 8VH� RI� LRQLF�
OLTXLGV�IRU�WUDFH�DQDO\VLV�RI�PHWK\O�WHUW�EXW\O�
HWKHU� LQ� ZDWHU� VDPSOHV� XVLQJ� LQ� VLWX� VROYHQW�
IRUPDWLRQ� PLFURH[WUDFWLRQ� WHFKQLTXH� DQG�
GHWHUPLQDWLRQ�E\�*&�),'��6HS��6FL��7HFKQRO�
��������������±������

>��@ 0��+RVVHLQL��1��'DODOL�DQG�6��0RJKDGGDVLIDU��
,RQLF� OLTXLG� IRU� KRPRJHQHRXV� OLTXLGíOLTXLG�
PLFURH[WUDFWLRQ� VHSDUDWLRQ�SUHFRQFHQWUDWLRQ�
DQG� GHWHUPLQDWLRQ� RI� FREDOW� LQ� VDOLQH�
6DPSOHV�� -�� $QDO�� &KHP� ��� ������� ����±
������

>��@ 0��+RVVHLQL��1��'DODOL��6��0RKDPPDG�1HMDG�
DQG� 5�� -DPDOL�� �����+\GUR[\QDSKWDOHQH���
\O�HWKDQH�R[LPH�IRU�GHWHUPLQDWLRQ�RI�]LQF��-��
%UD]��&KHP��6RF� ���������������

>��@ 0�� +RVVHLQL�� 1�� 'DODOL� DQG� 6�� 0RKDPPDG�
1HMDG��$�QHZ�PRGH�RI�KRPRJHQHRXV�OLTXLG±
OLTXLG� PLFURH[WUDFWLRQ� �+//0(�� EDVHG� RQ�
LRQLF� OLTXLGV�� ,Q� VLWX� VROYHQW� IRUPDWLRQ�
PLFURH[WUDFWLRQ� �,6)0(�� IRU� GHWHUPLQDWLRQ�
RI� OHDG�� -�� &KLQHVH� &KHP�� 6RF� ��� �������
�������

>��@ *�6��*LULVKNXPDU��%��0FFORVNH\��$�&��/XQW]��
6��6ZDQVRQ��:��:LOFNH��/LWKLXPíDLU�EDWWHU\��
3URPLVH�DQG�FKDOOHQJHV��-��3K\V��&KHP��/HWW�
��������������������

>��@ +�� /LX� DQG� +�� <X�� ,RQLF� OLTXLGV� IRU�
HOHFWURFKHPLFDO� HQHUJ\� VWRUDJH� GHYLFHV�
DSSOLFDWLRQV�� -�� 0DWHU�� 6FL�� 7HFKQRO� ���
���������������

>��@ +�� &KDQ�� /� -XQJ�� 2�� 3DUN� 0�� .LP� +�� -��
.ZRQ� -�+��.LP� .��+��&KRL� .��.LP DQG�'��
,P� +LJK�HQHUJ\�GHQVLW\�/L�2� EDWWHU\�DW�FHOO�
VFDOH� ZLWK� IROGHG� FHOO� VWUXFWXUH�� -RXOH ��
���������������

>��@ ;�� /LQ�� /�� =KRX�� 7�� +XDQJ� DQG� $�� <X��
&HULXP� R[LGHV� DV� R[\JHQ� UHGXFWLRQ� FWDO\VWV�
IRU� OLWKLXP�DLU� EWWHULHV�� ,QW�� -�� (OHFWURFKHP��
6FL� ��������������������

>��@ 7�� .XERNL�� 7�� 2NX\DPD�� 7�� 2KVDNL� DQG 1��
7DNDPL��
/LWKLXP�DLU�EDWWHULHV�XVLQJ�K\GURSKRELF�URRP�
WHPSHUDWXUH�LRQLF�OLTXLG�HOHFWURO\WH��-��3RZHU�
6RXUFHV �������������������

>��@ &�2�� /DRLUH�� 6�� 0XNHUMHH� DQG� .�0�-��
$EUDKDP�� ,QIOXHQFH� RI� QRQDTXHRXV� VROYHQWV�
RQ� WKH� HOHFWURFKHPLVWU\� RI� R[\JHQ� LQ� WKH�
UHFKDUJHDEOH� OLWKLXPíDLU� EDWWHU\�� 3K\V��
&KHP��& ����������������������

>��@ 3�&�� +RZOHWW�� '�5�� 0DF)DUODQH� DQG� $�)��
+ROOHQNDPS�� +LJK� OLWKLXP� PHWDO� F\FOLQJ�
HIILFLHQF\� D� URRP� WHPSHUDWXUH� LRQLF� OLTXLG��
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(OHFWURFKHP��6ROLG�6WDWH�/HWW� ���������$���
$�����

>��@ &�2�� /DRLUH�� 6�� 0XNHUMHH� DQG� .�0��
$EUDKDP�� (OXFLGDWLQJ� WKH� PHFKDQLVP� RI�
R[\JHQ� UHGXFWLRQ� IRU� OLWKLXP�DLU� EDWWHU\�
DSSOLFDWLRQV�� -�� 3K\V�� &KHP� & ���� �������
�������������

>��@ <��/L��-��:DQJ��;��/L��'��*HQJ��0�1��%DQLV��
5�� /L� DQG�;�� 6XQ�� 1LWURJHQ�GRSHG� JUDSKHQH�
QDQRVKHHWV� DV� FDWKRGH� PDWHULDOV� ZLWK�
H[FHOOHQW� HOHFWURFDWDO\WLF� DFWLYLW\� IRU� KLJK�
FDSDFLW\ OLWKLXP�R[\JHQ� EDWWHULHV��
(OHFWURFKHP��&RPPXQ� ����������������

>��@ $�� 5DKPDQL�� *�5�� .DULPL�� $�� 5DKPDQL�� 0��
+RVVHLQL� DQG� $�� 5DKPDQL��
5HPRYDO�VHSDUDWLRQ� RI� &R�,,�� LRQ� IURP�
HQYLURQPHQWDO� VDPSOH� VROXWLRQV� E\�
0Q)H�2��EHQWRQLWH� QDQRFRPSRVLWH� DV� D�
PDJQHWLF�QDQRPDWHULDO��'HVDOLQ��:DWHU�7UHDW�
�������������±�����

>��@ 0�� *XUXPRRUWK\�� .�� 3DUDVXUDPDQ�� 0��
$QEDUDVX�DQG�.��%DODPXUXJDQ��)7�,5��;5'�
DQG�6(0�VWXG\�RI�0Q)H�2� QDQRSDUWLFOHV�E\�
FKHPLFDO� FR�SUHFLSLWDWLRQ� PHWKRG�� 1DQR�
9LVLRQ ���������������
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