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5HFHLYHG��0D\���������
7KH�VWUXFWXUH�DQG�WKH�SURSHUWLHV�RI�WKH�R[LGH�ILOPV�IRUPHG�RQ�7L�E\�PHDQV�RI�HOHFWUR�

FKHPLFDO�SODVPD�WUHDWPHQW�DW�DSSOLFDWLRQ�RI�YDULHG�LQWHUHOHFWURGH�SRWHQWLDO�LQ�WKH�VSHFLDOO\
VHOHFWHG�HOHFWURO\WHV�KDYH�EHHQ�VWXGLHG��7KH�FKHPLFDO�DQG�SKDVH�FRPSRVLWLRQ�DV�ZHOO�DV�WKH
WRSRJUDSK\�� WKH� PLFURVWUXFWXUH� DQG� WKH� JUDLQ� VL]H� RI� WKH� IRUPHG� OD\HUV� GHSHQG� RQ� WKH
DSSOLHG�YROWDJH��7KH�IRUPHG�ILOPV�LQFUHDVH�WKH�UHVLVWDQFH�RI�7L�WR�FRUURVLRQ�LQ�WKH�DONDOLQH
DQG�LQ�WKH�5LQJHU�VROXWLRQ��
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���,QWURGXFWLRQ
7KH� PRVW� LPSRUWDQW� FKDUDFWHULFWLFV� RI

PDWHULDOV� IRU� ERQH� LPSODQWV� LQFOXGH� WKH
JRRG� FKHPLFDO� FRPSDWLELOLW\�ZLWK� WKH� ERQHV
HQDEOLQJ� WKH� GHSRVLWLRQ� RI� FHOOV� DQG� WKH
JURZWK� � RI� WLVVXH� RQ� WKH� LPSODQW� VXUIDFH
DQG� WKH� PHFKDQLFDO� SURSHUWLHV� DV� FORVH� WR
WKRVH� RI� ERQHV� DV� SRVVLEOH�� HQVXULQJ� WKH
VLPLODU�EHKDYLRU�RI�LPSODQW�DQG�ERQH�XQGHU
D� VWUHVV�� ,W� LV� FRPPRQ�NQRZOHGJH�� WKH� WLWD�
QLXP�DQG� LWV�DOOR\V�DUH�WKH�PRVW�SURPLVLQJ
ELRPDWHULDOV� IRU� SURGXFLQJ� RI� WKH� LPSODQWV
>�@��,Q�RUGHU�WR�SURPRWH�WKH�JURZWK�RI�ERQH
WLVVXH�� WKH�ELRFHUDPLF� OD\HUV�DUH� IRUPHG�RQ
WLWDQLXP�VXUIDFH��)RU� WKLV� SXUSRVH�� VXUIDFH
WUHDWPHQWV�WR�PRGLI\�WKH�FKHPLFDO�FRPSRVL�
WLRQ��URXJKQHVV�DQG�SRURVLW\�RI�WKH�LPSODQW
VXUIDFH� KDYH� EHHQ� DSSOLHG� >�@�� 7KH� IRUPD�
WLRQ� RI� GLIIHUHQW� R[LGH� OD\HUV� KDV� EHHQ
DFKLHYHG�E\� WKH�DQRGLF�R[LGDWLRQ�� ODVHU�DQG
SODVPD� VXUIDFH� WUHDWPHQW� DQG� VSDUN� GLV�
FKDUJH� >����@�� 7KH� DQRGLF� R[LGDWLRQ� LQ� WKH
VSDUNOLQJ�UHJLPH��PLFURDUF�DQRGLF�R[LGDWLRQ
Û�0$2��VHHPV�WR�EH�D�YHU\�SURPLVLQJ�WHFK�

QLTXH� WR� IRUP� D� FHUDPLF� FRDWLQJ� RQ� WKH� 7L
VXUIDFH� VLQFH� LW�GRHV�QRW�QHHG�DQ\�VRSKLVWL�
FDWHG�IDFLOLWLHV��DOORZV�WR�IRUP�YDULRXV�W\SHV
RI�7L�R[LGHV�>����@�DQG�WR�LQFRUSRUDWH�GLIIHU�
HQW�VSHFLHV�LQWR�WKH�OD\HU�E\�PRGLILFDWLRQ�RI
HOHFWURO\VLV�UHJLPH�>�@�DQG�RI�HOHFWURO\WH�QD�
WXUH�>�@��&DOFLXP�DQG�SKRVSKDWH�FDQ�EH�SUH�
FLSLWDWHG� RQ� R[LGH� ILOPV� LQ� DQ� HOHFWURO\WH
FRQWDLQLQJ�&D� DQG� 3� HOHPHQWV�� 'XULQJ� WKH
0$2�SURFHVV�� VSDUNV�DSSHDU�DQG�PRYH�UDS�
LGO\�DFURVV�WKH�WUHDWHG�VXUIDFH��DQG�WKH�WHP�
SHUDWXUH� DQG� SUHVVXUH� LQVLGH� D� GLVFKDUJH
FKDQQHO� FDQ� UHDFK� ���Ü���� .� DQG� ���Ü
���� 03D�� UHVSHFWLYHO\�� ZKLFK� DUH� VXIIL�
FLHQWO\�KLJK�WR�LQGXFH�D�WKHUPRFKHPLFDO�LQ�
WHUDFWLRQ�EHWZHHQ�WKH�VXEVWUDWH�DQG�HOHFWUR�
O\WH� >�@�� 7KHUHIRUH�� WKH� R[LGH� ILOPV� DUH
FRPSRVHG� RI� VXEVWUDWH�PDWHULDOV�� R[LGH� DQG
HOHFWURO\WH�PDWHULDOV��

,Q�WKLV�ZRUN��VRPH�UHVXOWV�FRQFHUQLQJ�WKH
FKHPLFDO�DQG�SKDVH�FRPSRVLWLRQ��WRSRJUDSK\
DQG� FRUURVLRQ� UHVLVWDQFH� RI� WKH� WLWDQLXP
R[LGH� OD\HUV� IRUPHG� E\�PLFURDUF� WUHDWPHQW
DUH�SUHVHQWHG����
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���0DWHULDOV�DQG�H[SHULPHQWDO
SURFHGXUH

7LWDQLXP�VKHHWV�RI� WHFKQLFDO�SXULW\�ZLWK
WKH� WRWDO� FRQWHQW� RI� LPSXULWLHV� �)H�� 6L�� $O�
0Q�� ORZHU� WKDQ� �� ZW����ZHUH� VXEMHFWHG� WR
WKH� PLFURDUF� R[LGDWLRQ�� %HIRUH� WKH� WUHDW�
PHQW�� 7L� DQRGH� ZDV� SROLVKHG�� GHJUHDVHG�
HWFKHG� LQ� +)���+12�� PL[WXUH�� ZDVKHG� LQ
GLVWLOOHG� ZDWHU� DQG� GULHG�� WKHQ� SODFHG� LQWR
WKH� HOHFWURFKHPLFDO� FHOO� �����PO�YROXPH��DW
FRQVWDQW� R[LGDWLRQ� WHPSHUDWXUH� ����Ü
����.���,Q�RUGHU�WR�DYRLG�RI�WKH�PHWDO�VXE�
VWUDWH� GHWHULRUDWLRQ� E\� WKH� HIIHFW� RI� PL�
FURDUF�� D� VSHFLDO� R[LGDWLRQ� SURFHGXUH� ZDV
DSSOLHG� >����@�� 7KH� HOHFWURGH� ZDV� SRODUL]HG
JDOYDQRVWDWLFDOO\�E\�LQFUHDVHG�FXUUHQW�XS�WR
WKH� VSDUNOLQJ�UHJLPH�DQG� WKHQ�SRODUL]HG�E\
FRQVWDQW�LQWHUHOHFWURGH�YROWDJH��IURP�����WR
����9��IRU����PLQ��7KH�SURFHVV�ZDV�FDUULHG
RXW� LQ� WKH� DONDOLQH� SRO\SKRVSKDWH� VROXWLRQ
>�@�� 7KH� VXUIDFH� RI� WKH� DQRGL]HG� VDPSOHV
ZDV� REVHUYHG� LQ� D�+LWDFKL�6������VFDQQLQJ
HOHFWURQ� PLFURVFRSH� DW� PDJQLILFDWLRQ� XS� WR
������;� ZLWK� DWWDFKHG� (6(0���� 3KLOLSV
('6�DQDO\]HU��7KH�HQHUJ\�GLVSHUVLRQ�DQDO\�
VLV� ZDV� GRQH�� 7KH� &DOORWWH� WHVWV� >��@� ZHUH
GRQH�E\�URWDWLQJ�D����PP�EHDULQJ�VWHHO�EDOO
DJDLQVW� WKH� VWXGLHG�VXUIDFH� IRU�XS� WR����K�
7KH�WKLFNQHVV�RI�WKH�PRGLILHG�VXUIDFH�OD\HU
ZDV� FDOFXODWHG� IURP� WKH� GLDPHWHUV� RI
IRUPHG� ULQJV� DW� DQ� HUURU� RI� r�����7KH�;�
UD\� GLIIUDFWLRQ� VSHFWUD� ZHUH� UHFRUGHG� E\� D
6LHPHQV� '����� GLIIUDFWRPHWHU� XVLQJ� &X.DUDGLDWLRQ�� 7KH� REWDLQHG� VSHFWUD� ZHUH� DQD�
O\]HG� XVLQJ� WKH� -&3'6� 3')�������� GDWD�
EDVH�>��@��

7KH� VXVFHSWLELOLW\� WR� FRUURVLRQ� ZDV
FKHFNHG� LQ� QRQ�GHDHUDWHG� �� 0� 1D2+� DQG
5LQJHU� �����J�O�1D&O�� ����J�O�.&O�������J�O
&D&O���VROXWLRQV�E\�FRPSDULQJ�WKH�YDOXHV�RI
RSHQ�FLUFXLW�SRWHQWLDOV��(RFS��

���5HVXOWV�DQG�GLVFXVVLRQ
$V�LV�VHHQ�LQ�)LJ�����WKH�OD\HU�IRUPHG�E\

PLFURDUF� WUHDWPHQW� LQFOXGHV� ODUJH� URXQGHG
JUDLQV� ZLWK� KROHV� �GRXJKQXW�OLNH�� DQG� WKH
PL[WXUH� RI� WKH� ILQH� DFLFXODU� JUDLQV�� 6RPH�
WLPHV��WKH�KROHV�DUH�ILOOHG�ZLWK�VPDOO�JUDLQV�
6XFK� D� URXQGHG� JUDLQV� SURYLGH� WKH� JRRG
VOLGLQJ�DELOLW\�RI�WKH�VXUIDFH�WKDW� LV� LPSRU�
WDQW� IRU�KLS� MRLQWV��$V� IROORZV�IURP�)LJ����
WKH� LQWHUHOHFWURGH� YROWDJH� DIIHFWV� VWURQJO\
WKH�VXUIDFH� OD\HU� VWUXFWXUH��$V� LV� VHHQ�� WKH
PD[LPXP� VL]H� RI� GRXJKQXW�OLNH� JUDLQV� GH�
FUHDVHV� ZLWK� WKH� LQFUHDVLQJ� YROWDJH� �)LJ�
�D��� EXW� WKH� OD\HU� WKLFNQHVV� LQFUHDVHV� ZLWK
LQWHUHOHFWURGH� YROWDJH� XS� WR� DERXW� ���� 9
�)LJ���E��

$V� IROORZV� IURP� WKH� ('6� UHVXOWV
�)LJ���D���WKH�;�UD\�FKDUDFWHULVWLF�VSHFWUXP
WDNHQ� IURP� WKH� VXUIDFH� �)LJ����� UHYHDOV� WKH
SUHVHQFH� RI� RWKHU� HOHPHQWV� EHVLGH�7L� DQG�2
LQ� WKH� OD\HU�� 7KH� DWRPLF� FRQWHQW� RI� 3�� .
HYDOXDWHG� IURP� WKH� REWDLQHG� VSHFWUD� QRW
WDNLQJ� LQWR� DFFRXQW� WKH� SUHVHQFH� RI� 2�� +
DQG�%� DUH� VKRZQ� LQ�)LJ���E�� ,W� LV� VHHQ� WKDW
ZLWK� LQFUHDVLQJ� YROWDJH� WKH� DPRXQW� RI� 3
LQFUHDVH�� ZKHUHDV� WKH� DPRXQW� RI� .� GH�
FUHDVHV�� ,W� VKRXOG�EH�QRWHG�WKDW� LQ�WKH�FDVH
RI� DQRGLF� R[LGDWLRQ� LQ� +�32��� WKH� DPRXQW
RI� 3� UHDFKHG� DERXW� ��� DW��� >��@�� ,W� LV� WR
QRWH� WKDW� WKH� DQDO\VLV� RI� WKH�;�UD\� VSHFWUD

)LJ����� 6FDQQLQJ� HOHFWURQ� LPDJH� RI� PLFURDUF
WUHDWHG�VXUIDFH�RI�7L������9��

)LJ����� (IIHFW� RI� YROWDJH� RQ� JUDLQ� VL]H� DQG
WKLFNQHVV�RI�IRUPHG�R[LGH�OD\HUV�
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REWDLQHG�E\�WKH�URXWLQH�SURFHGXUH�VKRZV�WKH
SUHVHQFH� RI� GLIIHUHQW� NLQGV� RI� WLWDQLXP
R[LGH�DQG�WLWDQLXP�SKRVSKDWH��GHSHQGLQJ�RQ
WKH�DSSOLHG�LQWHUHOHFWURGH�YROWDJH��7L�2�DQG7L2�� DW� ���� 9�� 7L�2�� 7L�2� R[LGHV� DQG
7L�+32���[Q+�� DW� ���Ü���� 9�� 7KH� SUHVHQFHRI�7L2�� DQG�7L2�� LV�GXH�WR�R[\JHQ�RUGHULQJLQ� WKH�KH[DJRQDO�D�7L� DQG� FDQ�EH� H[SODLQHG
E\� R[\JHQ� GLIIXVLRQ� LQ� WKH� D�7L� LQLWLDO� ODW�
WLFH�� ,Q� >��@�� LW� KDV� EHHQ� VKRZQ� WKDW� WKH
KLJKHU�WKH�DFFXPXODWHG�ODVHU�IOXHQFH�LV��WKH
KLJKHU�LV�WKH�R[LGDWLRQ�GHJUHH��L�H��DW�D�KLJK
R[\JHQ� GLIIXVLRQ�� VDPSOHV� ZLOO� WUDS� PRUH
R[\JHQ�LQ�WKH�PHOWHG�SKDVH��

$W�EUHDNLQJ��WKH�REWDLQHG�R[LGH�OD\HU�H[�
KLELWHG� WKH� GXFWLOH� IUDFWXUH� DQG� WKH� JRRG
DGKHVLRQ�WR�WKH�VXEVWUDWH��)LJ�����UHJDUGOHVV
RI� WKH� DSSOLHG� LQWHUHOHFWURGH� YROWDJH�� 7KLV
SURYLGHV�QR�VSOLQWHUV�WR�EH�FKLSSHG�RII�IURP
LPSODQW�

7KH� UHVXOWV� RI� WKH� HOHFWURFKHPLFDO�PHDV�
XUHPHQWV�GRQH�LQ�WKH���0�1D2+�DQG�5LQJHU
VROXWLRQV� DUH� SUHVHQWHG� LQ�7DEOH�� ,W� LV� VHHQ
WKDW� WKH� PLFURDUF� R[LGDWLRQ� LQFUHDVHV� VXE�
VWDQWLDOO\� WKH� FRUURVLRQ� UHVLVWDQFH�� DV� IRO�
ORZV� IURP� WKH� VKLIW� RI� WKH� RSHQ� FLUFXLW� SR�
WHQWLDO� �(RFS�� LQWR�WKH�DQRGLF�GLUHFWLRQ��7KHORZHVW�FRUURVLRQ�UHVLVWLYLW\�LQ�ERWK�VROXWLRQV

UHYHDO� R[LGH� OD\HUV� IRUPHG� DW� ����9�� 6RPH
FRQFOXVLRQV� PD\� EH� GUDZQ� IURP� WKH� FRP�
SDULVRQ� RI� WKH� REWDLQHG� HOHFWURFKHPLFDO� UH�
VXOWV� ZLWK� WKH� WRSRJUDSK\� RI� WKH� IRUPHG
VXUIDFH� OD\HUV�� ,Q� WKH� FDVH� RI� R[LGH� OD\HUV
IRUPHG� DW� ���� 9�� WKH� KLJKHVW� DQRGLF� YDOXH
RI�WKH�RSHQ�FLUFXLW�SRWHQWLDO�PD\�EH�DVVRFL�
DWHG� ZLWK� WKH� FORVH� SDFNHG� GRXJKQXW�OLNH
JUDLQV�ILOOHG�ZLWK�WKH�VPDOO�JUDLQV��7KH�ORZ�
HVW� FRUURVLRQ� UHVLVWDQFH� RI� R[LGH� OD\HU
IRUPHG�DW�����9�PD\�EH�DVVRFLDWHG�ZLWK�WKH
FUDFNLQJ� RI� WKH� IRUPHG� OD\HU� ZKLFK� SUR�
PRWHV� WKH� SHQHWUDWLRQ� RI� HOHFWURO\WH� WR� WKH
VXEVWUDWH��,Q�WKH�FDVH�RI�DUWLILFLDO�KLS�MRLQW�
WKH� FUXFLDO�SDUDPHWHUV� DUH� WKH�JRRG�VOLGLQJ
DELOLW\�DQG�WKH�SUHYHQWLQJ�RI�IDOOLQJ�RII�WKH
FKLSV�ZKLFK� LV� SURYLGHG� E\� WKH� ORZ� VXUIDFH
URXJKQHVV�� ,Q� DOO� WKH� FDVHV�� QR� VSOLQWHUV� RI
WKH� LPSODQW� VKRXOG� EH� FKLSSHG� RII�� 7KH
GRXJKQXW�OLNH�� FRPSDFW� VWUXFWXUH� RI� R[LGH
OD\HU�� HVSHFLDOO\� IRUPHG� DW� ���� 9��PD\� DF�
FRPPRGDWH�WKH�DERYH�GHPDQGV��

���&RQFOXVLRQV
7KH� R[LGH� OD\HUV� �XS� WR� ���PP�� FRQWDLQ�

LQJ� WKH� DOOR\LQJ� HOHPHQWV� �3�� .�� FDQ� EH
IRUPHG�RQ�7L�E\�PHDQV�RI�WKH�DQRGLF�SRODUL�
]DWLRQ� LQ� WKH� VSDUN�GLVFKDUJH� UHJLPH� �LQ�
WHUHOHFWURGH� YROWDJH� ���� WR� ���� 9��� 7KH
FKHPLFDO� DQG�SKDVH�FRPSRVLWLRQ�� WKH� WRSRJ�

)LJ����� D�� ;�UD\� VSHFWUXP� WDNHQ� IURP� WKH� PL�
FURDUF�WUHDWHG�VXUIDFH�RI�7L������9���E��(IIHFW�RI
YROWDJH�RQ�3�DQG�.�FRQWHQW�LQ�WKH�VXUIDFH�OD\HU�

)LJ�����)UDFWXUH�VXUIDFH�RI�R[LGH�OD\HU�
7DEOH�� 2SHQ� FLUFXLW� SRWHQWLDO� YDOXHV� �(RFS�RI�REWDLQHG�R[LGH�OD\HUV�

,QWHUHOHFWURGH
YROWDJH��9

(RFS��P9���0�1D2+
(RFS��P95LQJHU�VROXWLRQ
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UDSK\�� WKH� JUDLQ� VL]H� RI� WKH� IRUPHG� OD\HUV
FDQ�EH�DGMXVWHG�E\�YDU\LQJ�WKH�DSSOLHG�YROW�
DJH�� $OO� WKH� R[LGH� OD\HUV� IRUPHG� E\� PL�
FURDUF� WHFKQLTXH� LQFUHDVH� VXEVWDQWLDOO\� WKH
FRUURVLRQ�UHVLVWDQFH�RI�7L�LQ�WKH�DONDOLQH�DQG
LQ� WKH� 5LQJHU� VROXWLRQV�� 7KH� REWDLQHG� QRQ
EULWWOH� R[LGH� OD\HUV� RI� JRRG� DGKHVLRQ� DUH
SURPLVLQJ�IRU�ELR�DSSOLFDWLRQV�RI�YDULRXV�GH�
PDQGV�

$FNQRZOHGJHPHQW�� 7KLV� ZRUN� KDV� EHHQ
VXSSRUWHG�E\� WKH�3ROLVK�&RPPLWWHH�IRU�6FL�
HQWLILF� 5HVHDUFK� XQGHU� JUDQW�.%1� �� 7��$
���� ���� 7KH� DXWKRUV� WKDQN� DOO� RI� SDUWLFL�
SDQWV�RI�WKH�JUDQW�

5HIHUHQFHV
� ���0�/RQJ�� +�-�5DFN�� %LRPDWHULDOV�� ���� ����

�������
� ���0�7DNHPRWR�� 6�)XMLED\DVKL�� 0�1HR� HW� DO��

%LRPDWHULDOV������������������
� ���5�0�7URPPHU�� /�$�6DQWRV�� &�3�%HUJPDQQ�

6XUIDFH� 	� &RDWLQJV� 7HFKQRORJ\�� ����� ����
�������

� ���/RQJ�+DR�/L��<RQJ�0LQ�.RQJ��+DH�:RQ�.LP
HW�DO���%LRPDWHULDOV������������������

� ���9�&KHUQHQNR�� /�6QH]KNR�� ,�3DSDQRYD�� .�/L�
WRYFKHQNR��7KHRU\�DQG�7HFKQRORJ\�RI�$QRGLF
3URFHVVHV�DW�+LJK�9ROWDJHV��1DXNRYD�'XPND�
.\LY��������>LQ�5XVVLDQ@��

� ���0�9HG��9RSU��.KLP��L�.KLP��7HNKQ�����������������
� ���)X� /LX�� <LQJ� 6RQJ�� )XSLQJ�:DQJ� HW� DO���-��

%LRVFL��DQG�%LRHQJLQ�������������������
� ���3DWHQW�8$��������������
� ���2�&KHUQ\D\HYD�� (�/XQDUVND�� 0�6DNKQHQNR�

0�9HG��,Q]\QLHULD�0DWHULDORZD����������������
����(�/XQDUVND�� 0�%HWLXN�� -�0LFKDOVNL�� -��0DWHU�

6FL��/HWW�������������������
����-&3'6�3')��������GDWDEDVH�
����(�.UDVLFND�&\G]LN��,�*OD]RZVND��$�.LHU]NRZVND�

0�0LFKDOVNL��LQ��3UDFH�9,,,�2JROQRSROVNLHM�.RQI�
7\WDQ� L� -HJR�6WRS\�� HG�� E\�7�:LHU]FKRQ�DQG
-�6RELHFNL��3ROLWHFKQLND��:DUV]DZVND��������
S�����

����)�-�&�%UDJD��5�)�&�0DUTXHV��(GVRQ�GH�$�)LOKR�
$�&�*XDVWDOGL��$SSO��6XUI��6FL��������������������
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