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$EVWUDFW
$ VHULHV RI ORZ PROHFXODU ZHLJKW VLGH�FKDLQ OLTXLG FU\VWDO SRO\HVWHUV ZLWK

D]REHQ]HQH VLGH FKDLQ PHVRJHQLF XQLWV ZHUH V\QWKHVLVHG E\ WUDQVHVWHULILFDWLRQ RI GLPHWK\O

WHUHSKWKDODWH DQG D�>ELV���K\GUR[\HWK\O�DPLQR@�Z����PHWKR[\D]REHQ]HQH��
�R[\� DONDQHV

�&Q�GLRO� Q �� ��� ���� 0RQRWURSLF ORZ PROHFXODU ZHLJKW OLTXLG FU\VWDOOLQH SRO\HVWHUV ZHUH

V\QWKHVL]HG XVLQJ D UHDFWDQW PRODU UDWLR RI ������ XSRQ FRROLQJ IURP WKH LVRWURSLF SKDVH WKH\

IRUP D VPHFWLF SKDVH� :LWK UHDFWDQW PRODU UDWLRV RI ����� DQG ����� RQO\ ROLJRPHUV ZHUH

IRUPHG� ZKLFK PHOW RYHU D EURDG WHPSHUDWXUH UDQJH� WKXV SUHYHQWLQJ WKH GHWHUPLQDWLRQ RI

SRVVLEOH PHVRSKDVH WUDQVLWLRQV�

�

,QWURGXFWLRQ

6LGH�FKDLQ� OLTXLG� FU\VWDOOLQH� SRO\PHUV� �6&/&3�� KDYH� EHHQ� WKH� VXEMHFW� RI

LQWHQVLYH�UHVHDUFK�ZRUN�GXULQJ�WKH�ODVW�GHFDGH��7KHLU�XQLTXH�SURSHUWLHV�DQG�DSSOLFDWLRQV

DUH�GXH�WR�WKHLU�VSHFLILF�VWUXFWXUH�DQG�WKH�SRVVLELOLW\�RI�UHDUUDQJLQJ�WKHLU�VWUXFWXUDO�XQLWV�

6&/&3V�FRQVLVW�RI�SRO\PHU�EDFNERQHV�RQWR�ZKLFK�WKH�ORZ�PROHFXODU�ZHLJKW�PHVRJHQLF

XQLWV� DUH� DWWDFKHG� E\� IOH[LEOH� VSDFHUV�� 6LQFH� 6&/3V� FRPELQH� WKH� PHFKDQLFDO� DQG

SURFHVVLQJ� SURSHUWLHV� RI� SRO\PHUV� ZLWK� WKH� DQLVRWURSLF� SURSHUWLHV� RI� ORZ� PROHFXODU

ZHLJKW�/&V�� WKH\�FDQ�EH�DSSOLHG� LQ�PDQ\�GLIIHUHQW�DUHDV�� LQ�QRQOLQHDU�RSWLFV�����RSWLFDO

LQIRUPDWLRQ�GDWD�VWRUDJH�GHYLFHV�����DV�VWDWLRQDU\�SKDVHV� LQ�FKURPDWRJUDSK\��*&��6)&�

+3/&������ IRU� WKH� SUHSDUDWLRQ� RI� VHSDUDWLRQ� PHPEUDQHV��� DQG� DV� VROLG� SRO\PHU

HOHFWURO\WHV����WR�QDPH�D�IHZ�DUHDV�

6&/&3V�KDYH�EHHQ�V\VWHPDWLFDOO\�VWXGLHG�HYHU�VLQFH�)LQNHOPDQQ�ILUVW�LQWURGXFHG

SRO\PHUV�RI� WKLV� W\SH� LQ�������7KH� OLTXLG� FU\VWDOOLQH�SURSHUWLHV� RI�6&/&3V�GHSHQG�RQ

WKH�SRO\PHU
V�FKHPLFDO�VWUXFWXUH��WKH�QDWXUH�RI�WKH�SRO\PHU�EDFNERQH��WKH�IOH[LEOH�VSDFHU

DQG� LWV� OHQJWK�� DQG� WKH�PHVRJHQLF�XQLW���PROHFXODU�ZHLJKW��SRO\GLVSHUVLW\� DQG� WDFWLFLW\�
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6HYHUDO� V\VWHPDWLF� LQYHVWLJDWLRQV� LQWR� WKH� FRUUHODWLRQ� EHWZHHQ� WKH� DERYH�PHQWLRQHG

YDULDEOHV�DQG�OLTXLG�FU\VWDOOLQH�EHKDYLRXU�KDYH�EHHQ�UHSRUWHG��0RVW�RI�WKH�UHVHDUFK�ZRUN

UHIHUV� WR�6&/&3V�ZLWK� DQ� DFU\OLF��PHWKDFU\OLF� RU� VLOR[DQH� EDFNERQH�������ZKLOH� RQO\� D

IHZ� VWXGLHV� KDYH� GHDOW� ZLWK� 6&/&� SRO\XUHWKDQHV� �6&/&�38��� 6&/&�38V� DUH� XVXDOO\

SUHSDUHG�E\�DGGLWLRQ�SRO\PHUL]DWLRQ�RI�GLLVRF\DQDWH�DQG�PHVRJHQLF�GLROV�XVLQJ�YDULRXV

VSDFHU�OHQJWKV�������RU�E\�DWWDFKLQJ�WKH�PHVRJHQLF�XQLWV�WR�WKH�&22+�IXQFWLRQDOL]HG�38

EDFNERQH� YLD� FRYDOHQW� ERQGV���� 6&/&�38V�ZLWKRXW� IOH[LEOH� VSDFHUV� LQ� WKH�PHVRJHQLF

GLRO� KDYH� DOVR� EHHQ� V\QWKHVL]HG��� RU� SUHSDUHG� E\� VHOI�DVVHPEO\� RI� WKH� 38� EDFNERQH

�FRQWDLQLQJ� D� SHQGDQW� S\ULG\O� XQLW�� DQG� ��GRGHF\OR[\EHQ]RLF� DFLG� YLD� K\GURJHQ

ERQGLQJ���

7KH�6&/&�38V�PHQWLRQHG�DERYH�FRQVLVW�RI�RQO\�KDUG�VHJPHQWV��%\�LQWURGXFLQJ

D�QRQ�OLTXLG�FU\VWDOOLQH�SRO\HWKHU�LQWR�WKH�38�EDFNERQH�WR�REWDLQ�D�VHJPHQWHG�6&/&�38

WKH�OLTXLG�FU\VWDOOLQLW\�FRXOG�EH�ORVW����7KHUHIRUH��ZH�V\QWKHVL]HG�ORZ�PROHFXODU�ZHLJKW

6&/&�SRO\HVWHUV�WKDW�FRXOG�EH�IXUWKHU�XVHG�WR�SUHSDUH�QRYHO�VHJPHQWHG�6&/&�38V�

6&/&� SRO\HVWHUV� ZHUH� V\QWKHVL]HG� YLD� WUDQV�HVWHULILFDWLRQ� RI� GLPHWK\O

WHUHSKWKDODWH� XVLQJ� D�>ELV���K\GUR[\HWK\O�DPLQR@�Z����PHWKR[\D]REHQ]HQH��
�R[\�

DONDQHV�ZLWK�GLIIHUHQW�VSDFHU�OHQJWKV��&Q�GLRO��Q �����������

([SHULPHQWDO

6\QWKHVLV�RI�&Q�GLROV

D�>ELV���K\GUR[\HWK\O�DPLQR@�Z����PHWKR[\D]REHQ]HQH��
�R[\�� DONDQHV� �&Q�

GLRO��Q �����������ZHUH�V\QWKHVLVHG�DFFRUGLQJ�WR�WKH�SURFHGXUH�GHVFULEHG�LQ�RXU�SUHYLRXV

SDSHUV������

6\QWKHVLV�RI�6&/&�SRO\HVWHUV

3RO\HVWHUV� ZHUH� V\QWKHVL]HG� DFFRUGLQJ� WR� WKH� PHWKRG� GHVFULEHG� E\� 5HFN���

'LPHWK\O� WHUHSKWKDODWH� �'07���&Q�GLRO� DQG� WLWDQLXP� �,9�� EXWR[LGH� DV� D� FDWDO\VW�ZHUH

PL[HG� XQGHU� D� QLWURJHQ� DWPRVSKHUH� DQG� KHDWHG� WR� ���� R&� IRU� RQH� KRXU� WR� REWDLQ� D
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KRPRJHQRXV�PHOW� RI� GLRO� DQG�'07�� 7KH� WHPSHUDWXUH� ZDV� WKHQ� UDLVHG� WR� ���� R&� DQG

PDLQWDLQHG�WKHUH�IRU����KRXUV��0RODU�UDWLRV�RI�'07�DQG�GLRO�ZHUH��������������DQG�������

$IWHU�FRROLQJ�WR�URRP�WHPSHUDWXUH�SRO\HVWHUV�ZHUH�GLVVROYHG� LQ�FKORURIRUP�DQG

SXULILHG�E\�SUHFLSLWDWLRQ�LQ�HWKDQRO��7KH�SXULILFDWLRQ�SURFHGXUH�ZDV�UHSHDWHG�WKUHH�WLPHV�

7KH�UHDFWLRQ� LV�VKRZQ� LQ�6FKHPH����3RO\HVWHUV�ZHUH�GHVLJQDWHG�DV�3(6�Q��Q�EHLQJ� WKH

QXPEHU�RI�PHWK\OHQH�JURXSV�LQ�WKH�GLROV�
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6FKHPH����7UDQV�HVWHULILFDWLRQ�RI�GLPHWK\O�WHUHSKWKDODWH�ZLWK�D�>ELV���K\GUR[\HWK\O�
DPLQR@�Z����PHWKR[\D]REHQ]HQH��
�R[\��DONDQHV�

0HWKRGV

$YHUDJH�PROHFXODU�ZHLJKWV� DQG�PROHFXODU� ZHLJKW� GLVWULEXWLRQV� ZHUH� GHWHUPLQHG

E\� VL]H� H[FOXVLRQ� FKURPDWRJUDSK\� �6(&�� RQ� D� PRGXODU� 3HUNLQ� (OPHU� OLTXLG

FKURPDWRJUDSK� HTXLSSHG�ZLWK� D� '$'� GHWHFWRU� ZRUNLQJ� DW� D� ZDYHOHJWK� RI� ���� QP�� D

3/JHO�0L[HG�'�FROXPQ�ZLWK�D�SUHFROXPQ�XVLQJ�7+)�DV�DQ�HOXHQW�ZLWK�D�IORZ�UDWH�RI��

PO�PLQ�ZDV�XVHG��7KH�FDOLEUDWLRQ�ZDV�SHUIRUPHG�XVLQJ�QDUURZ�GLVWULEXWLRQ�SRO\VW\UHQH

VWDQGDUGV�

)RXUULHU� WUDQVIRUP� LQIUDUHG� �)7,5��PHDVXUHPHQWV�ZHUH�PDGH� RQ� D� 3HUNLQ�(OPHU

VSHFWURPHWHU�)7,5�����;�E\�FDVWLQJ�ILOPV�IURP�VDPSOH�VROXWLRQV� LQ�&+&O��RQWR�1D&O

SODWHV�

7KHUPDO� FKDUDFWHUL]DWLRQ� ZDV� SHUIRUPHG� XVLQJ� GLIIHUHQWLDO� VFDQQLQJ� FDORULPHWU\

�'6&��RQ�D�3HUNLQ�(OPHU�'6&����(DFK�VDPSOH�ZDV�SODFHG�LQWR�D�'6&�KHDWLQJ�FHOO�DW���

R&��FRROHG� WR�±��� R&��PDLQWDLQHG�DW� ��� R&�IRU���PLQ��KHDWHG� WR����� R&��PDLQWDLQHG�DW
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����R&�IRU���PLQ��FRROHG�WR�±���R&��PDLQWDLQHG�DW� ��� R&�IRU���PLQ��DQG�WKHQ�UHKHDWHG

RQFH�DJDLQ���DOO�DW�D�VFDQ�UDWH�RI����R&�PLQ�

2SWLFDO� WH[WXUHV� ZHUH� REWDLQHG� XVLQJ� D� &DUO� =HLVV� 6WHPL� 69� SRODULVLQJ� RSWLFDO

PLFURVFRSH� �320�� HTXLSSHG� ZLWK� D� 0HWWOHU� 7ROHGR� )3��� KRW� VWDJH� DQG� 0&� ��

PLFURVFRSH�FDPHUD�

;�UD\�GLIIUDFWLRQ�SDWWHUQV�ZHUH� WDNHQ�RQ� D�6LHPHQV�'������ GLIIUDFWRPHWHU� XVLQJ

&X�.DUDGLDWLRQ��O ����c��LQ�����
R�VWHSV�IURP�����R��LQ��T��ZLWK���V�SHU�VWHS�

5HVXOWV�DQG�GLVFXVVLRQ

7KH� WUDQVHVWHULILFDWLRQ� UHDFWLRQ� ZDV� IROORZHG� E\� )7,5� VSHFWURVFRS\�� )7,5

VSHFWUD�RI�&��GLRO�DQG�WKH�FRUUHVSRQGLQJ�SRO\HVWHU��3(6����DUH�VKRZQ�LQ�)LJXUH����7KH

FKDUDFWHULVWLF� &22� EDQG� IRU� SRO\HVWHU� FDQ� EH� REVHUYHG� DW� ����� FP��� DQG� LV� FOHDUO\

GLVWLQJXLVKHG�IURP�WKH�VDPH�EDQG�LQ�GLPHWK\O�WHUHSKWKDODWH�DW������FP����7KH�LQWHQVLW\

RI� WKH� 2+� EDQG� DW� ����� FP��� LV� PXFK� VPDOOHU� LQ� WKH� SRO\HVWHU� WKDQ� LQ� WKH� &��GLRO

LQGLFDWLQJ�WKH�GLVDSSHDUDQFH�RI�2+�JURXSV�

'XULQJ� WKH� WUDQVHVWHULILFDWLRQ� PRVWO\� ORZ� PROHFXODU� ZHLJKW� SRO\HVWHUV� DQG

ROLJRPHUV�ZHUH� IRUPHG�� DV� FRQILUPHG�E\�6(&��7KH�PROHFXODU�ZHLJKWV� RI� WKH�SURGXFWV

ZHUH� LQ� WKH� UDQJH� IURP� ������ WR� �������� 7KH� 6(&� FKURPDWRJUDPV� RI� WKH� SRO\HVWHUV

V\QWKHVL]HG�XVLQJ�GLIIHUHQW�PRODU�UDWLRV�RI�&��GLRO�WR�'07�DUH�VKRZQ�LQ�)LJXUH����7KH

KLJKHVW�PROHFXODU�ZHLJKWV�ZHUH�DFKLHYHG�XVLQJ�WKH�PRODU�UDWLR��������
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7KH� WKHUPDO� SURSHUWLHV� RI� WKH� SRO\HVWHUV� ZHUH� GHWHUPLQHG� E\� '6&�� 7KH� '6&

FXUYHV�RI� ORZ�PROHFXODU�ZHLJKW�ROLJRPHUV��ZKLFK�ZHUH�PRVWO\� IRUPHG�DW�KLJK� UHDFWDQW

UDWLRV� �������� �������� H[KLELW�PXOWLSOH� SHDNV� WKDW� DUH� QRW�ZHOO� UHVROYHG��0XOWLSOH� SHDNV

KDYH�EHHQ�DVFULEHG�WR�WKH�PHOWLQJ�SRLQWV�RI�ROLJRPHUV�ZLWK�GLIIHUHQW�PROHFXODU�ZHLJKWV�

,W� LV�NQRZQ�WKDW�WKH�PHOWLQJ�SRLQWV�RI�SRO\PHUV�DUH�GHSHQGHQW�RQ�WKH�PROHFXODU�ZHLJKW

XS�WR�D�FHUWDLQ�YDOXH��,Q�DGGLWLRQ��ROLJRPHUV�PLJKW�IRUP�OLTXLG�FU\VWDOOLQH�SKDVHV��ZKLFK

FRXOG�QRW�EH�GHWHFWHG�GXH�WR�FRPSOH[�PHOWLQJ�SDWWHUQV�

7KH� PROHFXODU� ZHLJKWV� RI� WKH� SRO\HVWHUV� V\QWKHVL]HG� DW� D� ORZ� UHDFWDQW� UDWLR

��������VHHP�WR�EH�KLJK�HQRXJK�QRW� WR� LQIOXHQFH� WKH� WUDQVLWLRQ� WHPSHUDWXUHV� WR� VXFK�DQ

H[WHQW��+RZHYHU��PHOWLQJ�SURFHHGV�RYHU�D� UHODWLYHO\�EURDG� WHPSHUDWXUH� UDQJH� �|��� R&�

DQG��WKHUH�ZDV�QR�RWKHU�SHDN�REVHUYHG�ZKLFK�ZRXOG�LQGLFDWH�DQ�/&�LVRWURSLF�WUDQVLWLRQ�

'6&� FXUYHV�� REWDLQHG� RQ� FRROLQJ�� H[KLELW� WZR� SHDNV� DV� VKRZQ� LQ� )LJXUH� ��

([RWKHUPLF�WUDQVLWLRQV�IURP�WKH�LVRWURSLF�WR�OLTXLG�FU\VWDOOLQH�SKDVH�DUH�DW����R&��3(6�

�������R&��3(6�����DQG���R&��3(6������7KH�SHDN�DW�WKH�ORZHU�WHPSHUDWXUH�����R&��3(6�

���� ��� R&� �3(6����� DQG� ��� R&� �3(6����LV� DVFULEHG� WR� WKH� WUDQVLWLRQ� IURP� WKH� OLTXLG

FU\VWDOOLQH�WR�FU\VWDOOLQH�VWDWH��%RWK�SHDNV�DUH�ZHOO�UHVROYHG�LQ�3(6����DQG�3(6����ZKLOH

LQ�3(6���WKH�WUDQVLWLRQ�SHDN�IURP�WKH�LVRWURSLF�WR�OLTXLG�FU\VWDOOLQH�VWDWH�LV�D�VKRXOGHU�RQ

D�FU\VWDOOL]DWLRQ�SHDN��)URP�WKH�GDWD�REWDLQHG�E\�'6&�PHDVXUHPHQWV�ZH�FDQ�FRQFOXGH

WKDW�SRO\HVWHUV�V\QWKHVLVHG�XVLQJ�D�������PRODU� UDWLR�RI� UHDFWDQWV�DUH�PRQRWURSLF� OLTXLG

FU\VWDOV�

7KH� QDWXUH� RI� WKH� PHVRSKDVHV� ZDV� DOVR� LQYHVWLJDWHG� E\� SRODUL]HG� OLJKW

PLFURVFRS\��:KHQ� WKH� LVRWURSLF�PHOW� RI�3(6���ZDV� FRROHG� WR� ��� R&�D� VDQGHG� VPHFWLF

VWUXFWXUH�ZDV�IRUPHG��)LJXUH�����7KH�VPHFWLF�VWUXFWXUHV�RI�3(6����DQG�3(6�����)LJXUH

���GLIIHU�IURP�WKH�VWUXFWXUH�RI�3(6���
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)LJXUH����'6&�FRROLQJ� FXUYHV�RI�3(6��� �D��� 3(6���� �E�� DQG�3(6���� �F��� N�FU\VWDOOLQH
SKDVH��V�VPHFWLF�SKDVH��L�LVRWURSLF�SKDVH�

)LJXUH����6PHFWLF�SKDVH�RI�3(6���DW����R&�

7HPSHUDWXUH�� &���
R

�� �� �� �� �� ��

+
HD
W�
)
OR
Z
��
P
:
�



$FWD�&KLP��6ORY��������������������

$� 0LUþHYD� 0� +XVNLü� 0� äLJRQ� /LTXLG FU\VWDOOLQH SRO\HVWHUV ZLWK D]REHQ]HQH VLGH FKDLQ PHVRJHQLF���

���

)LJXUH����6PHFWLF�SKDVH�RI�3(6����DQG�3(6����DW����R&�

$OO�SRO\HVWHUV�H[KLELW�VLPLODU�;�UD\�GLIIUDFWRJUDPV��D�GLIIUDFWRJUDP�RI�3(6����LV

SUHVHQWHG�DV�D�UHSUHVHQWDWLYH�H[DPSOH�LQ�)LJXUH����,Q�D�VPDOO�DQJOH�UHJLRQ�WKHUH�DUH�WZR

%UDJJ� UHIOHFWLRQV� RI� WKH� ILUVW� DQG� VHFRQG� RUGHU� FRUUHVSRQGLQJ� WR� WKH� VPHFWLF� OD\HU

VSDFLQJ� �G��� ZKLFK� LV� ���� QP� IRU� 3(6���� ���� QP� IRU� 3(6���� DQG� ���� QP� IRU� 3(6����

7KHVH�OD\HU�VSDFLQJV�DUH�����WLPHV��3(6����DQG�����WLPHV��3(6�����3(6�����WKH�OHQJWKV

RI� WKH� IXOO\� H[WHQGHG�PHVRJHQLF� XQLWV� �)(08�� WRJHWKHU� ZLWK� WKH� VSDFHU� �WUDQV�SODQDU

FRQIRUPDWLRQ��WKXV�LQGLFDWLQJ�WKH�SDUWLDOO\�LQWHUGLJLWDWHG�ELOD\HU�VWUXFWXUH�RI�WKH�VPHFWLF

SKDVH�

7KH� GLIIHUHQFHV� LQ� OD\HU� VSDFLQJ�)(08� LQGLFDWH� WKDW� 3(6��� IRUPV� D� GLIIHUHQW

VPHFWLF�SKDVH�WKDQ�WKH�RWKHU�WZR�SRO\HVWHUV�DV�DOUHDG\�REVHUYHG�E\�320���,Q�WKH�ZLGH�

DQJOH�UHJLRQ��WKH�GLIIUDFWRJUDPV�VKRZ�WZR�VWURQJ�VKDUS�VLJQDOV��ZKLFK�DUH�UHODWHG�WR�WKH

KLJK� GHJUHH� RI� RUGHU�ZLWKLQ� VPHFWLF� OD\HUV�� 7KH�PD[LPD� RI� WKH� WZR�%UDJJ� UHIOHFWLRQV

FRUUHVSRQG�WR�D�SHULRGLFLW\�RI�����QP�DQG������QP��UHVSHFWLYHO\�
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)LJXUH����;�UD\�GLIIUDFWRJUDP�RI�3(6����

&RQFOXVLRQV

$� VHULHV� RI� ORZ� PROHFXODU� ZHLJKW� VLGH�FKDLQ� OLTXLG� FU\VWDO� SRO\HVWHUV� ZHUH
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