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7KH� LQWHUHVW� LQ� UHVHDUFK� RI� WKLQ� R[LGH
ILOPV� RQ� WKH� QLRELXP�DQG� WDQWDOXP� VXUIDFH
LV�GHILQHG�E\�WKHLU�ZLGH�DSSOLFDWLRQ�LQ�PDQ\
EUDQFKHV��6R�� LQ� HOHFWURQLFV�� WKRVH�DUH�XVHG
DV�GLHOHFWULF�OD\HUV��EHFDXVH�KLJK�EUHDNGRZQ
YROWDJH�DQG�KLJK�GLHOHFWULF�SHUPHDELOLW\�>�@�
LQ� PHFKDQLFDO� HQJLQHHULQJ�� DV� SURWHFWLYH
FRDWLQJV� ZLWK� KLJK� VWDELOLW\� DJDLQVW� FKHPL�
FDO� DQG� HOHFWURFKHPLFDO� FRUURVLRQ� >�@�� LQ
PHGLFLQH�� DV� VXUIDFH� VWLPXODWRUV� ZLWK� HOHF�
WUHW�SURSHUWLHV�LPSURYLQJ�LQWHJUDWLRQ�RI�LP�
SODQW� LQ� ELRORJLFDO� WLVVXHV� >�@�� 6XFK� ZLGH
DSSOLFDWLRQ� ILHOGV� DUH� GHILQHG� E\� XQLTXH
SURSHUWLHV�RI�R[LGH�ILOPV��%HVLGHV�RI�HOHFWULF
DQG�FKHPLFDO�FKDUDFWHULVWLFV��WKH�PHFKDQLFDO
SURSHUWLHV� RI� R[LGHV� DUH� DOVR� RI� LPSRUWDQFH
EHFDXVH� WKH\� GHILQH� WKH� R[LGH� GXUDELOLW\
XQGHU�YDULRXV�H[WHUQDO�LQIOXHQFHV�RU�DW�GHIRU�
PDWLRQV�RI�REMHFWV�ZLWK�R[LGL]HG�VXUIDFHV�

7KH�UHVHDUFK�RI�PHFKDQLFDO�SURSHUWLHV�RI
WKLQ����Ü����QP��R[LGH�ILOPV�ZDV�KDPSHUHG
IRU� ORQJ� WLPH� GXH� WR� DEVHQFH� RI� WHFKQLTXHV
DOORZLQJ� WR� FDUU\� RXW� VXFK� UHVHDUFKHV�� IRU

H[DPSOH�� WR� PHDVXUH� WKH� HODVWLFLW\� PRGXOH
DQG� R[LGH� KDUGQHVV� >�@�� 7KH� VWDQGDUG� WHFK�
QLTXHV�RI�VLPLODU�WHVWV�FDQ�EH�XVHG�RQO\�IRU
REMHFWV�RI�PXFK�ODUJHU�WKLFNQHVV��7KH�GHYHO�
RSPHQW� RI� QDQRLQGHQWHUV� FRPELQHG� ZLWK
DQDO\WLFDO�SURFHVVLQJ�SURFHGXUHV�RI�VXFK�H[�
SHULPHQWDO�UHVXOWV�KDV�RSHQHG�QHZ�RSSRUWX�
QLWLHV� LQ� UHVHDUFK� ERWK� PLFUR�� DQG� QDQRRE�
MHFWV� >�@�� 6R�� LQ� PRGHUQ� GHYLFHV�� WKH� LQ�
GHQWHU� GLVSODFHPHQW� LV� PHDVXUHG� WR� ZLWKLQ
����QP��WKXV�DOORZLQJ�WR�FDUU\�RXW�WKH�WHVW
XQGHU� ORDGLQJ� OHVV� WKDQ� ��� P1� DQG� SULQW
GHSWKV�DERXW�VHYHUDO�QDQRPHWHUV�>�@�

7KH� SXUSRVH� RI� WKLV� ZRUN� ZDV� WR� VWXG\
WKH�HODVWLFLW\�PRGXOH�DQG�KDUGQHVV�RI�R[LGH
ILOPV�REWDLQHG�E\�DQRGLF�R[LGDWLRQ�RI�����PP
WKLFN� QLRELXP� DQG� WDQWDOXP� IRLOV�� 3ULRU� WR
IRUPLQJ� WKH� R[LGH� FRDWLQJV�� WKH� PHWDO� IRLOV
ZHUH� DQQHDOHG� LQ� YDFXXP� �����Ü��3D�� DW
����� .� IRU� ��� PLQ�� $IWHU� DQQHDOLQJ�� WKH
PHWDO�VXEVWUDWHV�KDG�PRQREORFN�JUDLQ�VWUXF�
WXUH�ZLWK�JUDLQ�VL]H�RI�����WR������PP��7KH
WH[WXUH�ZLWK�������RULHQWDWLRQ�ZDV�IRXQG�LQ
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IRLOV�RI�ERWK�PHWDOV�XVLQJ�;�UD\�GLIIUDFWLRQ�
2[LGDWLRQ�RI�QLRELXP�DQG�WDQWDOXP�ZDV�FDU�
ULHG� RXW� FRQVHTXHQWO\� LQ� JDOYDQRVWDWLF� DQG
YROWDJHVWDWLF�PRGHV�LQ�������DTXHRXV�SKRV�
SKRULF� DFLG� >�@�� ,Q� WKH� ILUVW�PRGH�� WKH� FRQ�
VWDQF\� RI� R[LGH� JURZWK� UDWH�ZDV� FRQWUROOHG
E\�PDLQWHQDQFH�RI�FRQVWDQW�FXUUHQW�GHQVLW\
RI���k�P��DW�LQFUHDVLQJ�YROWDJH�LQ�WKH�HOHF�
WURFKHPLFDO�FHOO��7KH�R[LGH�JHRPHWULF�WKLFN�
QHVV�ZDV� FDOFXODWHG� XVLQJ� WKH� ILQDO� YROWDJH
DSSOLHG� WR� WKH� HOHFWURFKHPLFDO� FHOO�� $W� WKH
VHFRQG� VWDJH� RI� R[LGH� ILOP� JURZWK�� WKH
UHDFKHG� YROWDJH� GLG� QRW� FKDQJH� ZKLOH� WKH
FXUUHQW� GURSSHG� H[SRQHQWLDOO\� EHFDXVH
RI�HOHFWULF�UHVLVWDQFH�LQFUHDVH�DW�UHVWRUDWLRQ
RI�R[LGH�ILOP�VWRLFKLRPHWU\�DQG�LQFUHDVH�LWV
HOHFWULF� WKLFNQHVV� XS� WR� WKH� JHRPHWULF� RQH�
7KH�R[LGH�IRUPLQJ�ZDV�FDUULHG�RXW�WR�WKLFN�
QHVV� ���� ���� DQG� ���� QP�� 7KH� REWDLQHG
0H�2�� ILOPV� KDG� DPRUSKRXV� VWUXFWXUH� DQG
WKH�ZLGWK�RI�WKH�R[LGH�PHWDO�WUDQVLWLRQ�]RQH
GLG�QRW�H[FHHG���QP�>�@�

7KH� KDUGQHVV� RI� VDPSOHV� ZDV� PHDVXUHG
XVLQJ� 1DQR� ,QGHQWHU� ,,� RI� 076� 6\VWHP
�86$�� ZLWK� %HUNRYLFK� GLDPRQG� LQGHQWHU
VKDSHG� DV� D� WULKHGUDO� S\UDPLG��$� FDSDFLWRU
JDXJH�ZDV�XVHG�WR�PHDVXUH�WKH�SULQW�GHSWK�
WKH�ORDG�ZDV�DSSOLHG�XS�WR����P1��WKH�ORDG�
LQJ� UDWH� ZDV� ������� WR� ��� P1�V�� %HIRUH
PHDVXUHPHQW�� WKH� WHPSHUDWXUH� RI� GHYLFH
DQG�VDPSOH�ZDV�HTXDOL]HG�

7KH� WHVW� UHVXOWV� IRU� DPRUSKRXV� QLRELXP
R[LGH��1E�2���ILOPV�RI���������DQG�����QP
WKLFNQHVV� DW� ORZ� LQGHQWHU� ORDGLQJ� �XS� WR
����P1��DUH�SUHVHQWHG�LQ�)LJ�����)RU����QP
WKLFN� R[LGH�� WKH� KLJK� HODVWLF� UHVWRUDWLRQ
DIWHU�GHIRUPDWLRQ�ZDV�REVHUYHG��WKDW�LV�QRW
W\SLFDO�RI�FHUDPLF�PDWHULDOV��)LJ������6XFK�D
UHVXOW�IRU�WKLQ�DPRUSKRXV�R[LGH�ILOP�FDQ�EH
H[SODLQHG�E\�LWV�KLJKHU�GXUDELOLW\��KDUGQHVV
DQG�HODVWLFLW\�DV�FRPSDUHG�WR�WKH�PHWDO�VXE�

VWUDWH��$Q�HODVWLF�PHPEUDQH�IL[HG�RQ�D�VRIW
EDVLV� WKDW� GRHV� QRW� KLQGHU� WKH� PHPEUDQH
IOH[XUH� FDQ� EH� WDNHQ� DV� DQ� DQDORJXH� IRU
VXFK� EHKDYLRU�� :KHQ� WKH� R[LGH� WKLFNQHVV
ZDV� JURZQ�� WKH� LQIOXHQFH� RI� VRIW� QLRELXP
VXEVWUDWH� ZDV� UHGXFHG�� 7KH� HODVWLFLW\� PRG�
XOH� RI� WKLFN� R[LGH� ILOPV�ZDV� GHFUHDVHG� DQG
FRQWULEXWLRQ� RI� SODVWLF� FRPSRQHQW� WR� WKH
R[LGH� GHIRUPDWLRQ� ZDV� LQFUHDVHG�� 7KLQ
R[LGH�ILOPV�KDYH�VKRZQ�WKH�HODVWLF�VWUDLQLQJ
XS� WR� UDWKHU� KLJK� YDOXHV�� 7KH� REVHUYDEOH
YDOXHV� RI� R[LGH� IOH[XUH�ZLWKRXW� IDLOXUH� H[�
FHHGHG�DOPRVW�WZLFH�LWV�WKLFNQHVV�

7KH� SODVWLF� VWUDLQLQJ� RI� D� VDPSOH� ZLWK
WKLQ�1E�2�� OD\HU� ZDV� QRW� REVHUYHG� EXW� LWVORDGLQJ� FXUYH� DW� WKH� FKRVHQ� ORDGLQJV� ZDV
QRQOLQHDU�� WKDW� ZDV� DVVRFLDWHG� ZLWK� WKH
%HUNRYLFK� LQGHQWHU� URXQGHG� VKDSH�� WKDW� LV�
ZLWK� WUDQVLWLRQ� IURP� LQGHQWDWLRQ� RI� VSKHUL�
FDO�ERG\� �U�a�����QP��GXULQJ�WKH�LQLWLDO�GH�
IRUPDWLRQ� WR� LQGHQWDWLRQ� RI� WULKHGUDO� S\UD�
PLG�DW�WKH�IROORZLQJ�VWDJHV�

7KH� LQFUHDVH� RI� R[LGH� WKLFNQHVV� WR
���� QP� DQG� HVSHFLDOO\� XS� WR� ���� QP� UH�
GXFHG� WKH� HIIHFW� FRQQHFWHG� ZLWK� WKH� R[LGH
KLJK� HODVWLFLW\� DQG� HDV\� VWUDLQLQJ� RI� VRIW
PHWDO�VXEVWUDWH�DQG�ZDV�DFFRPSDQLHG�E\�LQ�
FUHDVH� RI� SODVWLF� VWUDLQ� �)LJ����E�� F�� DS�
SURDFKLQJ� WR� WKH� WHVW� UHVXOWV� IRU� FHUDPLF
PDWHULDOV�

:KHQ�WKH�ORDG�ZDV�LQFUHDVHG�WR�YDOXHV�RI
���� WR� �� P1�� D� SODWHDX� WKDW� FKDUDFWHUL]HG
WKH�LQGHQWHU�IUHH�GLVSODFHPHQW�ZLWKRXW�ORDG
LQFUHDVH� ZDV� REVHUYHG� LQ� DOO� WKUHH� GHSHQG�
HQFHV� �)LJ������ ,WV� RQVHW� FRUUHVSRQGHG� DS�
SUR[LPDWHO\�WR�LQLWLDO�R[LGH�WKLFNQHVV��HVSH�
FLDOO\� IRU� VDPSOHV�ZLWK� WKLFN� R[LGH� FRDWLQJ
ZKHQ� WKH� HIIHFW� RI� R[LGH� IOH[XUH� LQWR� WKH
PHWDO� VXEVWUDWH� GHFUHDVHG� HVVHQWLDOO\�� $S�
SHDUDQFH�RI� WKH�SODWHDX�RQ�WKH�GHSHQGHQFHV
LV� FRQQHFWHG�ZLWK� IDLOXUH� RI� R[LGH� OD\HU� E\

)LJ����� /RDG�GLVSODFHPHQW� FXUYHV� XQGHU
���� P1� ORDG� IRU� QLRELXP� R[LGH� ILOPV� RI
WKLFNQHVV��QP�������D��������E��������F��

)LJ����� /RDG�GLVSODFHPHQW� FXUYHV� XQGHU
���P1�ORDG�IRU�QLRELXP�R[LGH�ILOPV�RI�WKLFN�
QHVV��QP�������D��������E��������F��
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LQGHQWHU� DQG� DGYDQFHPHQW� RI� LQGHQWHU� LQWR
WKH�PHWDO�VXEVWUDWH�ZLWK�JUDGXDO�KDUGHQLQJ
RI�PHWDO�LQ�WKH�FRQWDFW�ZLWK�LQGHQWHU�

7KH� IROORZLQJ� VWUDLQLQJ� DQG� WKH� IXUWKHU
EHKDYLRU� RI� VDPSOHV� XQGHU� XQORDGLQJ� ZHUH
FKDUDFWHULVWLF�IRU�PHWDOV�DQG�GHILQHG�PDLQO\
E\� SURSHUWLHV� RI�PHWDO� VXEVWUDWHV� RQ�ZKLFK
WKH�R[LGHV�KDYH�EHHQ�IRUPHG��$W�WKH�HQG�RI
XQORDGLQJ�� D� EHQG� ZDV� REVHUYHG� LQ� WKH� GH�
SHQGHQFH�FRQQHFWHG�ZLWK�IDVW�LQGHQWHU�SXVK�
LQJ� RXW� RI� WKH� VDPSOH�� 7KLV� HIIHFW� SUDFWL�
FDOO\� ZDV� DEVHQW� LQ� WKH� VDPSOHV� ZLWK� WKLQ
R[LGH� OD\HU� �)LJ���D�� EXW� DSSHDUHG� DQG� DP�
SOLILHG� DW� LQFUHDVH� RI� VXUIDFH� R[LGH� WKLFN�
QHVV��)LJ���E���6XFK�EHKDYLRU�RI�PHWDO�R[LGH
ELOD\HUV� ZDV� DFFRXQWHG� WR� VHSDUDWLRQ� RI
WKLFN� R[LGH� ILOPV� IURP� PHWDO� VXEVWUDWH� DW
WKH�VDPSOH�VWUDLQLQJ�

7HVWLQJ�RI�VLPLODU�V\VWHPV�RQ�WKH�EDVH�RI
WDQWDOXP�7D±7D�2��ZLWK�WKH�VDPH�WKLFNQHVV
RI� R[LGH� OD\HUV� KDV� VKRZQ� UHVXOWV� TXDOLWD�
WLYHO\� VLPLODU� WR� WKH�DERYH�RQHV�DQG�GLIIHU�
LQJ�RQO\�TXDQWLWDWLYHO\��7KH�UHVXOWV�RI�HODV�
WLFLW\�PRGXOH�p�DQG�KDUGQHVV�s�GHWHUPLQD�
WLRQ� IRU� R[LGH� ILOPV� 1E�2�� DQG� 7D�2�� DUHSUHVHQWHG� LQ� WKH� 7DEOH� IRU� GLIIHUHQW� WKLFN�
QHVV� RI� VXUIDFH� R[LGH� LQ� FRPSDULVRQ� ZLWK
WKH�GDWD�REWDLQHG�IRU�1E�DQG�7D�FRDWHG�ZLWK
�� QP� WKLFN� QDWXUDO� R[LGH� ILOPV� IRUPHG
XQGHU�FRQWDFW�RI�WKHVH�PHWDOV�ZLWK�DLU�R[\�
JHQ�� ,W� LV� VHHQ� WKDW� HODVWLFLW\� PRGXOHV� RI
R[LGH� DQG� PHWDO� ZHUH� FORVHV� ERWK� IRU� QLR�
ELXP� DQG� WDQWDOXP� ELOD\HUV�� 7KH� KDUGQHVV
RI� WKLQ� DQRGLF� R[LGH� ILOPV� LV� FORVH� WR� WKH
PHWDO�KDUGQHVV��WRR��7KH�GLIIHUHQFH�LQ�KDUG�
QHVV�DUH�REVHUYHG�RQO\�DW� HVVHQWLDO� LQFUHDVH
RI� WKH� R[LGH� WKLFNQHVV�� %HVLGHV�� IRU� WKLFN
R[LGH�LQ�FRPSDULVRQ�ZLWK�WKLQ�RQH��D�GLVSHU�
VLRQ�RI�KDUGQHVV�YDOXHV�RYHU�WKH�VDPSOH�VXU�
IDFH�LV�REVHUYHG�WKDW�WHVWLILHV�WR�WKLFN�R[LGH
KHWHURJHQHLW\��7KH�KDUGQHVV�LQFUHDVHV�LQ�WKH
R[LGH�EXON��ZKLOH�WKH�VXUIDFH�VKRZV�SURSHU�
WLHV� WKDW�ZHUH�FKDUDFWHULVWLF� IRU�PRUH� ORRVH
OD\HU�

7KXV��WKH�UHVHDUFK�RI�PHFKDQLFDO�SURSHU�
WLHV� RI� WKLQ� R[LGH� ILOPV� E\�PHDQV� RI� 1DQR
,QGHQWHU� DOORZV� WR� REWDLQ� UHOLDEOH� GDWD� RQ
WKH� HODVWLFLW\� DQG� KDUGQHVV� RI� VXFK� REMHFWV
DQG� DOVR� WR� PRQLWRU� WKH� WUDQVIRUPDWLRQ� RI
PHFKDQLFDO� SURSHUWLHV�XQGHU� H[WHUQDO� LQIOX�
HQFHV�� $PRUSKRXV� R[LGH� FRDWLQJV� RI� VPDOO
WKLFNQHVV�DUH�FDSDEOH�WR�ZLWKVWDQG�DEQRUPDO

KLJK� HODVWLF� GHIRUPDWLRQV� ZLWKRXW� R[LGH
IDLOXUH�� 7KLV� DELOLW\� LV� ORVW� DW� LQFUHDVH� RI
R[LGH�ILOP�WKLFNQHVV��7KH�SODWHDX�IRUPDWLRQ
LQ� WKH� ORDGLQJ� FXUYH� LV� FRQQHFWHG� ZLWK� WKH
SXQFWXUH� RI� VXUIDFH� R[LGH� E\� LQGHQWHU��7KH
VWHS�RQVHW�DQG�H[WHQW�GHSHQG�RQ� LQWHJUDWHG
SURSHUWLHV� RI�PHWDO�R[LGH� ELOD\HUV��7KH� YDO�
XHV� RI� HODVWLFLW\� PRGXOH� DQG� KDUGQHVV� IRU
DQRGLF�QLRELXP�DQG�WDQWDOXP�R[LGH�ILOPV�RI
YDULRXV�WKLFNQHVV�KDYH�EHHQ�REWDLQHG�IRU�WKH
ILUVW�WLPH�
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