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�

8VLQJ� QDQRVL]HG� SRZGHUV�� VLOLFD� DQG�PXOWL�FRPSRQHQW� JODVVHV� FDQ� EH� PDQXIDFWXUHG� DW� VLJQLILFDQWO\�
UHGXFHG�WHPSHUDWXUHV��+LJK�SXULW\�VLOLFD�JODVV�FDQ�EH�VLQWHUHG�WR�IXOO�GHQVLW\�DW�WHPSHUDWXUHV�EHWZHHQ������

DQG�������&��GHSHQGLQJ�RQ�WKH�SDUWLFOH�VL]H��H�J��'HJXVVD�$HURVLO�2;����$������6LQFH�VKDSLQJ�LV�FDUULHG�

RXW�DW�URRP�WHPSHUDWXUH��FRPSOH[�VKDSHG�FRPSRQHQWV�ZLWK�VWUXFWXUHG�VXUIDFHV�FDQ�EH�PDQXIDFWXUHG��'XH�

WR� UHGXFHG� WHPSHUDWXUHV�GXULQJ�SURFHVVLQJ�GRSLQJV�ZLWK� ORZHU� WKHUPDO� VWDELOLW\� FDQ�EH� LQFRUSRUDWHG��%\�

PHDQV�RI�HOHFWURSKRUHWLF�GHSRVLWLRQ�IURP�DTXHRXV�VXVSHQVLRQV�FRQWDLQLQJ�QDQRVL]HG�SRZGHUV�JODVVHV�FDQ�

EH� SUHSDUHG� IDVW� DQG� FRVW� HIIHFWLYH�� 7KXV�� D� VLOLFD� JUHHQ� ERG\�ZLWK� D�ZDOO� WKLFNQHVV� RI� H�J�� ���PP�ZDV�
REWDLQHG� ZLWKLQ� �� PLQXWHV�� *UHHQ� ERGLHV� RI� GLIIHUHQW� JHRPHWULHV� ZHUH� SURGXFHG� ZLWK� FRQWUROOHG� JUHHQ�

GHQVLW\� �§���� WR� ���ZW���� DQG� SRUH� VL]H� �§��� WR� ���QP�� DQG� VLQWHUHG� WR� IXOO\� WUDQVSDUHQW� JODVVHV�

VXEVHTXHQWO\�� $� JUHHQ� GHQVLW\� XS� WR� ����7'� ZDV� REWDLQHG� E\� GHSRVLWLRQ� RI� PL[WXUHV� RI� FRDUVH� DQG�

QDQRVL]HG�SDUWLFOHV��ZLWKRXW�VLJQLILFDQW�LQFUHDVH�LQ�VLQWHULQJ�WHPSHUDWXUH��7KXV�D�QHDU�VKDSH�PDQXIDFWXUH�RI�

FRPSOH[�JODVV�FRPSRQHQWV�LV�SRVVLEOH�GXH�WR�WKH�VLJQLILFDQWO\�GHFUHDVHG�VKULQNDJH�RI�VXFK�JUHHQ�ERGLHV��

,QWURGXFWLRQ�

,Q� FRPPRQ� PDQXIDFWXULQJ� RI� VLOLFD� JODVVHV� E\� PHOWLQJ� WHFKQRORJ\�� VKDSLQJ� RI�
FRPSRQHQWV�ZLWK�FRPSOH[�JHRPHWU\�DQG�VKDUS�HGJHV�LV�DJJUDYDWHG�E\�WKH�KLJK�WHPSHUDWXUHV�
QHFHVVDU\��LQ�WKH�UDQJH�RI������WR�������&���)XUWKHUPRUH��DW�VXFK�HOHYDWHG�WHPSHUDWXUHV�WKH�
SUREDELOLW\�RI� LQFRUSRUDWLRQ�RI� LPSXULWLHV� LV� VLJQLILFDQWO\� LQFUHDVHG�� ,Q�FRQWUDVW��SURGXFWLRQ�
RI�VLOLFD�JODVVHV�E\�VKDSLQJ�DQG�VLQWHULQJ�RI�QDQRVL]HG�IXPHG�VLOLFD�SRZGHUV�HQDEOHV�D�QHDU�
VKDSH�PDQXIDFWXULQJ�RI�YHU\�SXUH�VLOLFD�JODVV�FRPSRQHQWVL��'XH�WR�WKH�HQKDQFHG�VLQWHUDELOLW\�
RI� WKH� QDQRVL]HG� SDUWLFOHV�� VLQWHULQJ� RFFXUV� DW� VLJQLILFDQWO\� UHGXFHG� WHPSHUDWXUHV� DV� ORZ� DV�
����� WR� ������&� GHSHQGLQJ� RQ� WKH� SRZGHUV� XVHG� �H�J�� 'HJXVVD� $HURVLO� 2;���� $������
7KHUHIRUH� SRZGHU�PDQXIDFWXULQJ� RI� VLOLFD� JODVVHV� LV� D� ZHOO�HVWDEOLVKHG�PHWKRG� IRU� RSWLFDO�
FRPSRQHQWV��OLNH�SODQDU�ZDYH�JXLGHV�RU�RSWLFDO�ILEUHVLL�LLL��0DQXIDFWXULQJ�RI�VLOLFD�JODVVHV�IURP�
QDQRVL]HG�SRZGHUV�FRPELQHV�IXUWKHU�DGYDQWDJHV�FRPSDUHG�WR�FRPPRQ�PHOWLQJ�WHFKQRORJ\��
6LQFH�VKDSLQJ�LV�SHUIRUPHG�DW�URRP�WHPSHUDWXUH��DOO�FRQYHQWLRQDO�VKDSLQJ�WHFKQLTXHV�NQRZQ�
IURP� FHUDPLF� PDQXIDFWXULQJ� FDQ� EH� XVHG�� 7KXV�� HYHQ� PLFURVWUXFWXUHG� VLOLFD� JODVV�
FRPSRQHQWV� ZLWK� FRPSOH[� JHRPHWU\� DQG� VKDUS� HGJHV� FDQ� EH� DFKLHYHG�� )XUWKHUPRUH�� WKH�
RSHQ� SRURXV� VWUXFWXUH� RI� WKH� JUHHQ� ERGLHV� FDQ� EH� XVHG� IRU� D� KRPRJHQHRXV� RU� ORFDOLVHG�
GRSLQJLY��
%XW� PRVW� RI� WKH� VKDSLQJ� WHFKQLTXHV� NQRZQ� IURP� FHUDPLF� SURFHVVLQJ� GRHV� QRW� IXOILOO� WKH�
UHTXLUHPHQWV� WKDW� DULVH� GXH� WR� WKH� XVH� RI� QDQR�SRZGHUV�� $OWKRXJK� GU\� SUHVVLQJ� LV� ZLGHO\�
XVHG� IRU� FRPSDFWLRQ� RI� QDQR�SRZGHUV� RQ� D� ODERUDWRU\� VFDOH�� LW� LV� QRW� VXLWDEOH� IRU�
PDQXIDFWXULQJ� RQ� DQ� LQGXVWULDO� VFDOH� GXH� WR� WKH� YHU\� ORZ� EXON� GHQVLW\� RI� QDQR�SRZGHUV��
)XUWKHUPRUH�� GU\� SUHVVLQJ� RI� QDQR�SRZGHUV�� ZKLFK� QRUPDOO\� VKRZ� D� KLJK� GHJUHH� RI�
DJJORPHUDWLRQ��XVXDOO\�UHVXOWV� LQ�JUHHQ�ERGLHV�ZLWK�SRRU�PLFURVWUXFWXUDO�KRPRJHQHLW\��7KLV�
LV� XQIDYRXUDEOH� EHFDXVH� WKLV� LQKRPRJHQHLW\� FDQ� EH� IRXQG� ZLWKLQ� WKH� VLQWHUHG� JODVV� DQG�
IXUWKHUPRUH�� VLQWHULQJ� EHKDYLRXU� LV� GLUHFWO\� UHODWHG� WR� PLFURVWUXFWXUHY�� 7KHUHIRUH� RQO\�
VXVSHQVLRQ�EDVHG� WHFKQLTXHV� DUH� VXLWDEOH� IRU� VKDSLQJ�RI�JODVV� FRPSRQHQWV� IURP�QDQRVL]HG�
SRZGHUV�� $V� KLJK� D� JUHHQ� GHQVLW\� DV� SRVVLEOH� FRPELQHG� ZLWK� D� VPDOO� SRUH� VL]H� DQG�
KRPRJHQHRXV�PLFURVWUXFWXUH�LV�GHVLUDEOH�WR�DFKLHYH�GHQVH�VLOLFD�JODVVHV�ZLWK�DGHTXDWH�RSWLFDO�



SURSHUWLHV�� ,Q� FDVH� RI� VOLS� FDVWLQJ� WKH� GHSRVLWLRQ� UDWH� GHFUHDVHV� VWURQJO\� ZLWK� GHFUHDVLQJ�
SDUWLFOH�VL]H��)XUWKHUPRUH��VXVSHQVLRQV�ZLWK�KLJK�VROLGV�FRQWHQW�KDYH�WR�EH�XVHG��WR�DFKLHYH�D�
VXIILFLHQW�JUHHQ�GHQVLW\��$QG�LQKRPRJHQHLW\�ZLWKLQ�WKH�VXVSHQVLRQ�FDQ�UHVXOW�LQ�JUHHQ�ERGLHV�
ZLWK�LQKRPRJHQHRXV�PLFURVWUXFWXUH��
,Q� FRQWUDVW�� GHSRVLWLRQ� UDWH� LV� LQGHSHQGHQW� RI� SDUWLFOH� VL]H� LQ� FDVH� RI� HOHFWURSKRUHWLF�
GHSRVLWLRQ� �(3'��� 6LQFH� WKH� HOHFWURSKRUHWLF� PRELOLW\� RI� GLVSHUVHG� SDUWLFOHV� LV� GLUHFWO\�
SURSRUWLRQDO�WR�SHUPLWWLYLW\��SDUWLFXODUO\�KLJK�GHSRVLWLRQ�UDWHV�FDQ�EH�DFKLHYHG�E\�(3'�IURP�
DTXHRXV� VXVSHQVLRQV�� )XUWKHUPRUH�� QR� VHYHUH� VDIHW\� SUHFDXWLRQV� KDYH� WR� EH� WDNHQ� DQG� QR�
RUJDQLF�DQG�RIWHQ�KD]DUGRXV�ZDVWH�KDV�WR�EH�GLVSRVHG��7KXV��JUHHQ�ERGLHV�FDQ�EH�VKDSHG�IDVW�
DQG� FRVW�HIIHFWLYH� IURP� QDQRVL]HG� SDUWLFOHV� E\� PHDQV� RI� (3'�� 6LOLFD� JODVVHV� FRXOG� EH�
PDQXIDFWXUHG�ZLWK�D�GHSRVLWLRQ�UDWH�DV�KLJK�DV�����J�FP�ÃPLQ�IURP�DTXHRXV�VXVSHQVLRQV�RI�
QDQRVL]HG� IXPHG� VLOLFD� SDUWLFOHVYL�� ,Q� FRQWUDVW� WR� VOLS� FDVWLQJ� KLJK� JUHHQ� GHQVLWLHV� FDQ� E\�
DFKLHYHG�E\�(3'�IURP�VXVSHQVLRQV�ZLWK�UHODWLYHO\�ORZ�VROLGV�FRQWHQW��'XH�WR�WKH�ORZ�VROLGV�
FRQWHQW�DQG�WKH�KLJK�HOHFWURVWDWLF�VWDELOLVDWLRQ�RI�WKH�SDUWLFOHV��QRUPDOO\�DGMXVWHG� IRU�(3'��
YHU\� KRPRJHQHRXV� JUHHQ� ERGLHV� ZLWK� QDUURZ� DQG� PRQRPRGDO� SRUH� VL]H� GLVWULEXWLRQ� DUH�
REWDLQHG��*UHHQ�GHQVLW\�DQG�SRUH�VL]H�GLVWULEXWLRQ�RI�VXFK�VLOLFD�JUHHQ�ERGLHV�FDQ�EH�WDLORUHG�
E\�DGMXVWLQJ�WKH�SURFHVVLQJ�SDUDPHWHUVYLL��
%XW�WKH�PDQXIDFWXULQJ�RI�VLOLFD�JODVV�FRPSRQHQWV�IURP�QDQR�SRZGHUV�LV�FRPSOLFDWHG�E\�WKH�
KLJK� LQWULQVLF� VKULQNDJH� RI� WKH� UHVXOWLQJ� JUHHQ� ERGLHV� GXULQJ� VLQWHULQJ� �XS� WR� ����� OLQHDU�
VKULQNDJH��� 7KXV�� QHDU�VKDSH� PDQXIDFWXULQJ� LV� QRW� SRVVLEOH� DQG� VRSKLVWLFDWHG� GU\LQJ� DQG�
VLQWHULQJ�SURJUDPV�KDYH� WR�EH� FDUULHG�RXW� WR� DYRLG�FUDFNLQJ�RU�GHIRUPDWLRQ�� HVSHFLDOO\� IRU�
ODUJHU�FRPSRQHQWV��%\�XVLQJ�PL[WXUHV�RI�QDQRVL]HG�IXPHG�VLOLFD�SDUWLFOHV�DQG�FRDUVHU�VLOLFD�
JODVV�SRZGHUV�D�PLQLPLVDWLRQ�RI�WKH�VKULQNDJH�GXULQJ�GU\LQJ�DQG�VLQWHULQJ�LV�SRVVLEOH��*UHHQ�
ERGLHV�ZLWK�YHU\�KLJK�JUHHQ�GHQVLWLHV�XS�WR������RI�WKH�WKHRUHWLFDO�YDOXH�FRXOG�EH�DFKLHYHG�
E\� FDVWLQJ� RI� DTXHRXV� VXVSHQVLRQV� RI� VXFK� SRZGHU� PL[WXUHV� ZLWK� RSWLPLVHG� SDUWLFOH� VL]H�
GLVWULEXWLRQYLLL��%XW�WKH�VROLGV�FRQWHQW�RI�WKH�VXVSHQVLRQV�KDV�WR�EH�YHU\�KLJK��KLJK�YLVFRVLW\��
WR� DYRLG� VHSDUDWLRQ� RI� QDQRVL]HG� DQG� FRDUVHU� SDUWLFOHV� GXULQJ� FDVWLQJ� DQG�GU\LQJ��'XH� WKH�
KLJK�YLVFRVLW\�WKH�UHPRYDO�RI�JDV�EXEEOHV�IURP�WKH�VXVSHQVLRQ�LV�GLIILFXOW�DQG�WKH�UHVXOWLQJ�
VLQWHUHG�JODVV�RIWHQ�VKRZV�SRRU�RSWLFDO�SURSHUWLHV��,Q�FRQWUDVW��QR�SDUWLFOH�VHSDUDWLRQ�RFFXUV�
GXULQJ�HOHFWURSKRUHWLF�GHSRVLWLRQ�EHFDXVH�WKHUH�LV�QR�GHSHQGHQF\�RI�HOHFWURSKRUHWLF�PRELOLW\�
IURP� SDUWLFOH� VL]H� DV� PHQWLRQHG� DERYH�� &RPSUHKHQVLYH� UHYLHZV� DERXW� (3'� DV� VKDSLQJ�
WHFKQLTXH�IRU�FHUDPLFV�FDQ�EH�IRXQG�LQL[�[��

([SHULPHQWDO�VHW�XS�

$TXHRXV�VXVSHQVLRQV�RI�ERWK�QDQRVL]HG�DQG�FRDUVHU�VLOLFD�SRZGHUV�ZHUH�SUHSDUHG�IRU�
HOHFWURSKRUHWLF�GHSRVLWLRQ��7KH�QDQRVL]HG�IXPHG�VLOLFD�SRZGHUV�XVHG�ZHUH�'HJXVVD�$HURVLO�
2;����DQG�$����ZLWK�D�PHDQ�SDUWLFOH�VL]H�RI����DQG���QP�UHVSHFWLYHO\��7KH�DYHUDJH�VL]H�RI�
FRDUVHU� VLOLFD�SDUWLFOHV�ZDV�DERXW���� WR�����P��7KH�GLIIHUHQW� VLOLFD�SRZGHUV�ZHUH�GLVSHUVHG�
JUDGXDOO\� LQ� ELGLVWLOOHG�ZDWHU� XQGHU� FRQVWDQW� WRUTXH� E\�PHDQV� RI� D� GLVVROYHU��9DFXXP�ZDV�
DSSOLHG� WR� DYRLG� WKH� LQFRUSRUDWLRQ� RI� DLU� EXEEOHV� LQWR� WKH� VXVSHQVLRQ�� 7R� DFKLHYH� DQ�

HOHFWURVWDWLF�VWDELOLVDWLRQ�RI�WKH�SDUWLFOHV�DQG�WR�DGMXVW�WKH�ζ�SRWHQWLDO��GLIIHUHQW�DPRXQWV�RI�
WHWUDPHWK\ODPPRQLXPK\GUR[LGH� �70$+�� ZHUH� DGGHG�� 6XVSHQVLRQV� ZLWK� GLIIHUHQW� VROLGV�
FRQWHQW�� IURP� ��� WR� ���ZW��� IRU� QDQRVL]HG� IXPHG� VLOLFD� SRZGHUV� DQG� XS� WR� ���ZW��� IRU�
SRZGHU�PL[WXUHV�ZHUH�XVHG��5KHRORJLFDO�EHKDYLRXU�RI� WKH�VXVSHQVLRQV�ZDV� LQYHVWLJDWHG�E\�

URWDWLRQDO� YLVFRVLPHWU\� DQG�ζ�SRWHQWLDO� RI� WKH� VLOLFD� SDUWLFOHV�ZDV�PHDVXUHG� E\�PHDQV� RI� D�
=HWD�6L]HU��0DOYHUQ���,Q�$GGLWLRQ�HOHFWULFDO�FRQGXFWLYLW\�DQG�S+�ZHUH�PHDVXUHG�WR�JXDUDQWHH�
UHSURGXFLELOLW\���



(OHFWURSKRUHWLF� GHSRVLWLRQ� ZDV� FDUULHG� RXW� XQGHU� FRQVWDQW� DSSOLHG� YROWDJH� EDVHG� RQ� WKH�
PHPEUDQH�PHWKRG[L�� ZKHUH� WKH� HOHFWURSKRUHVLV� FHOO� LV� VXEGLYLGHG� E\� DQ� LRQ�SHUPHDEOH�
PHPEUDQH� LQWR� WZR� FKDPEHUV�� 7KXV�� GHSRVLWLRQ� RI� SDUWLFOHV� �RQWR� WKH� PHPEUDQH�� DQG�
UHFRPELQDWLRQ�RI�LRQV��DW�WKH�HOHFWURGHV��ZHUH�VHSDUDWHG�DQG�QR�JDV�EXEEOHV�RFFXUUHG�ZLWKLQ�
WKH�GHSRVLW��2QH�FKDPEHU�ZDV�ILOOHG�ZLWK�WKH�VXVSHQVLRQ��WKH�RWKHU�ZLWK�ELGLVWLOOHG�ZDWHU�DQG�
70$+�ZKHUH�QHFHVVDU\��7KH�ZLGWK�RI�WKH�GLIIHUHQW�FKDPEHUV�ZDV�RSWLPLVHG�DIWHU�PHDVXULQJ�
WKH�HIIHFWLYH�HOHFWULF�ILHOG�VWUHQJWK�ZLWKLQ�WKH�HOHFWURSKRUHVLV�FHOO[LL���
$IWHU� VKDSLQJ�� WKH� JUHHQ� ERGLHV� ZHUH� GULHG� LQ� DLU� XQGHU� DPELHQW� KXPLGLW\�� QR� FUDFNLQJ�
RFFXUUHG�� *UHHQ� GHQVLW\� RI� WKH� GHSRVLWHG� FRPSDFWV� ZDV� GHWHUPLQHG� DFFRUGLQJ� WR�
$UFKLPHGHV� PHWKRG� DQG� SRUH� VL]H� GLVWULEXWLRQ� ZDV� PHDVXUHG� E\� PHUFXU\� SRURVLPHWU\��
6LQWHULQJ�RI� WKH� FRPSDFWV�ZDV� FDUULHG�RXW� HLWKHU�XQGHU� YDFXXP�� DWPRVSKHUH�RU� LQ� D� ]RQH�
VLQWHULQJ� IXUQDFH� DW� WHPSHUDWXUHV� EHWZHHQ� ����� DQG� ������&� GHSHQGLQJ� RQ� WKH� SRZGHUV�
XVHG�DQG�WKH�GHSRVLWLRQ�SDUDPHWHUV��

5HVXOWV�DQG�'LVFXVVLRQ�

6XVSHQVLRQV�ZLWK� GLIIHUHQW� DPRXQW� RI� D� QDQRVL]HG� IXPHG� VLOLFD� SRZGHU� �2;����ZHUH�
SUHSDUHG� DQG� HOHFWURSKRUHWLFDOO\� GHSRVLWHG� DV� GHVFULEHG� DERYH�� 7KH� LQIOXHQFH� RI� VROLGV�
FRQWHQW�RQ�GHSRVLWLRQ�UDWH��JUHHQ�GHQVLW\�DQG�VROLGV�FRQWHQW�ZDV�LQYHVWLJDWHG�DV�D�IXQFWLRQ�RI�
WKH�SDUDPHWHUV�RI�WKH�(3'��)LJXUH���VKRZV�WKH�GHSRVLWLRQ�UDWH��J�FP�ÃPLQ��DV�D�IXQFWLRQ�RI�
2;����FRQWHQW�DQG�DSSOLHG�HOHFWULF�ILHOG��7KH�VXVSHQVLRQV�XVHG�ZHUH�VWDELOLVHG�E\������ZW���
70$+�FRUUHODWHG�WR�WKH�DPRXQW�RI�2;����,W�FDQ�EH�VHHQ�WKDW�WKH�GHSRVLWLRQ�UDWH�LQFUHDVHV�
ERWK� ZLWK� LQFUHDVLQJ� VROLGV� FRQWHQW� RI� WKH� VXVSHQVLRQ� DQG� DSSOLHG� HOHFWULF� ILHOG�� 7KXV��
GHSRVLWLQJ�D�VXVSHQVLRQ�ZLWK�H�J�����ZW���2;���HOHFWURSKRUHWLFDOO\�DW���9�FP�D�GHSRVLWLRQ�
UDWH�RI�§������J�FP�ÃZDV�PHDVXUHG��$V�D�UHVXOW�D�JUHHQ�ERG\�ZLWK�D�ZDOO�WKLFNQHVV�RI����PP�
DQG�D�JUHHQ�GHQVLW\�RI������RI�WKH�WKHRUHWLFDO�YDOXH�ZDV�DFKLHYHG�ZLWKLQ�����PLQXWHV��
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6L2��FRQWHQW���ZW���
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�����ZW���70$+�
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�
)LJXUH����'HSRVLWLRQ�UDWH�DV�IXQFWLRQ�RI�VLOLFD��2;����FRQWHQW�ZLWKLQ�WKH�VXVSHQVLRQ�DQG�

DSSOLHG�HOHFWULF�ILHOG�GXULQJ�(3'�
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)XUWKHUPRUH�� WKH� LQIOXHQFH� RI� LPSRUWDQW� SURFHVV� SDUDPHWHUV� OLNH� DSSOLHG� HOHFWULF� ILHOG�� S+�
DQG�VROLGV�FRQWHQW�RI�WKH�VXVSHQVLRQV�RQ�SRUH�VL]H�GLVWULEXWLRQ�DQG�JUHHQ�GHQVLW\��PHDVXUHG�
E\�$UFKLPHGHV�PHWKRG��ZDV�LQYHVWLJDWHG��$OO�JUHHQ�ERGLHV�VKDSHG�E\�(3'�VKRZHG�D�QDUURZ�
PRQRPRGDO� SRUH� VL]H�GLVWULEXWLRQ� �PHDVXUHG� E\�PHUFXU\� SRURVLPHWU\���*UHHQ�GHQVLW\� DQG�
PHDQ�SRUH� VL]H�RI�2;����JUHHQ�ERGLHV�SUHSDUHG�E\�(3'�IURP�DTXHRXV� VXVSHQVLRQV�ZLWK�
GLIIHUHQW�VROLGV�FRQWHQW�DUH�JLYHQ�LQ�WDEOH����

� ZW���2;��� ��� ��� ��� ��� ���

JUHHQ�GHQVLW\��

���7'��
����� ����� ����� ����� �����

PHDQ�SRUH�VL]H�

�QP��
��� ��� ��� ��� ���

7DEOH����5HODWLYH�GHQVLW\�DQG�PHDQ�SRUH�VL]H�RI�HOHFWURSKRUHWLFDOO\�GHSRVLWHG�VLOLFD�JUHHQ�

ERGLHV�DV�IXQFWLRQ�RI�2;���FRQWHQW��W� ���PLQ��(� ���9�FP�������ZW���70$+��

,Q�ILJXUH���VRPH�VLOLFD�JUHHQ�ERGLHV�DUH�VKRZQ�WKDW�ZHUH�HOHFWURSKRUHWLFDOO\�GHSRVLWHG�IURP�
DQ�DTXHRXV�VXVSHQVLRQ�RI�D�PL[WXUH�RI�QDQRVL]HG�2;���DQG�FRDUVHU�SDUWLFOHV��$�FRPSDUDEO\�
ORZ� VROLGV� FRQWHQW� RI� ��� ZW���ZDV� FKRVHQ� WR� JXDUDQWHH� D� ORZ� YLVFRVLW\� DQG� WKXV� D� JRRG�
KRPRJHQHLW\�RI�WKH�VXVSHQVLRQ��2Q�WKH�EDVLV�RI�6(0�LPDJHV�QR�VHSDUDWLRQ�LQ�WHUPV�RI�VL]H�
FRXOG�EH�IRXQG��,W�FRXOG�EH�VKRZQ�HDUOLHU�� WKDW�E\�RSWLPLVLQJ�WKH�UDWLR�RI�VPDOO�DQG�ELJJHU�
SDUWLFOHV�WKH�OLQHDU�VKULQNDJH�GXULQJ�VLQWHULQJ�FDQ�EH�GHFUHDVHG�GRZQ�WR�������
�

�

)LJXUH����(OHFWURSKRUHWLFDOO\�GHSRVLWHG�VLOLFD��PL[WXUH�2;���FRDUVH��JUHHQ�ERGLHV�

7KH�VLQWHULQJ�EHKDYLRXU�RI�VLOLFD�JUHHQ�ERGLHV�VKDSHG�E\�(3'�DQG�FROORLGDO�JHO�PHWKRG�IURP�
GLIIHUHQW�SRZGHUV�ZLWK�GLIIHUHQW�SDUWLFOH�VL]H�LV�FRPSDUHG�LQ�ILJXUH����)XUWKHUPRUH��D�VPDOO�
VLOLFD�JODVV�VDPSOH�LV�VKRZQ�WKDW�ZDV�HOHFWURSKRUHWLFDOO\�GHSRVLWHG�IURP�DQ�2;���VXVSHQVLRQ�
ZLWK����ZW���VROLGV�FRQWHQW�DQG�VLQWHUHG�DW�������&��)LUVW��WKH�LQIOXHQFH�RI�SDUWLFOH�FDQ�EH�
VHHQ��7KH�VPDOOHU�WKH�SDUWLFOH�VL]H��WKH�ORZHU�WKH�VLQWHULQJ�WHPSHUDWXUH��ZLWK�D�PLQLPXP�IRU�
'HJXVVD�$�������QP��RI�������&��
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VLQWHULQJ�WHPSHUDWXUH���&�

$������QP���FROORLGDO�JHO

2;�������QP���(3'

2;�������QP���FROORLGDO�JHO

PL[WXUH�FRDUVH�2;����(3'
JUHHQ�GHQVLW\��
������7'

JUHHQ�GHQVLW\��
������7'

JUHHQ�GHQVLW\��
������7'

JUHHQ�GHQVLW\��
������7'

�
)LJXUH����6LQWHULQJ�EHKDYLRXU�RI�VLOLFD�JUHHQ�ERGLHV�VKDSHG�E\�(3'�DQG�FROORLGDO�JHO�

PHWKRG�IURP�GLIIHUHQW�SRZGHUV�DQG�VPDOO�VLOLFD�JODVV�VDPSOH��2;����IRUPHG�E\�(3'�

)XUWKHUPRUH�� LW� FDQ� EH� VHHQ� WKDW� WKH� VKDSLQJ� WHFKQLTXH� KDV� DQ� LPSRUWDQW� LQIOXHQFH� RQ�
VLQWHULQJ�EHKDYLRXU��7KH�2;���VDPSOH�SUHSDUHG�E\�(3'�FDQ�EH�VLQWHUHG� WR� D� IXOO\�GHQVH��
WUDQVSDUHQW�VLOLFD�JODVV�DW�������&��ZKHUHDV�LQ�WKH�FDVH�RI�WKH�VDPSOH�VKDSHG�E\�FROORLGDO�JHO�
PHWKRG� D� VLQWHULQJ� WHPSHUDWXUH� RI� ������&� LV� QHFHVVDU\�� 6LQFH� WKLV� LV� QRW� UHODWHG� WR� D�
GLIIHUHQFH� LQ� JUHHQ� GHQVLW\�� WKH� GLVFUHSDQF\� LQ� VLQWHULQJ� WHPSHUDWXUH� LV� GXH� WR� WKH� PRUH�
KRPRJHQHRXV�VWUXFWXUH�RI�WKH�(3'�VDPSOH���

&RQFOXVLRQV�

%\� PHDQV� RI� HOHFWURSKRUHWLF� GHSRVLWLRQ� RI� QDQRVL]HG� IXPHG� VLOLFD� SDUWLFOHV� IURP�
DTXHRXV� VXVSHQVLRQV� FRPSOH[� VKDSHG� VLOLFD� JODVV� FRPSRQHQWV� FDQ� EH� PDQXIDFWXUHG� RQ� D�
FRPSHWLWLYH�VFDOH��*UHHQ�ERGLHV�ZLWK�D�ZDOO�WKLFNQHVV�RI����PP�FDQ�EH�GHSRVLWHG�ZLWKLQ�OHVV�
WKDQ���PLQXWHV��'HQVLW\�DQG�SRUH�VL]H�RI� WKH�JUHHQ�ERGLHV�FDQ�EH�WDLORUHG�E\�DGMXVWLQJ�WKH�
SDUDPHWHUV� RI� WKH�(3'��6XFK�JUHHQ�ERGLHV� FDQ� EH� VLQWHUHG� WR� IXOO\� GHQVH� DQG� WUDQVSDUHQW�
VLOLFD� JODVVHV� DW� DERXW� ����� WR� ������&�� 6LQWHULQJ� WHPSHUDWXUH� LV� GHFUHDVHG� FRPSDUHG� WR�
FROORLGDO�JHO�PHWKRG�LQ�WKH�UDQJH�RI�DERXW������&��%\�HOHFWURSKRUHWLF�GHSRVLWLRQ�RI�PL[WXUHV�
RI�QDQRVL]HG�DQG�FRDUVHU�VLOLFD�SDUWLFOHV�JUHHQ�ERGLHV�ZLWK�KRPRJHQHRXV�PLFURVWUXFWXUH�DQG�
KLJK�GHQVLW\�FRXOG�EH�SUHSDUHG�WKDW�VKRZHG�D�YHU\�ORZ�VKULQNDJH�RI�DERXW���WR�������$V�D�
UHVXOW�QHDU�VKDSH�PDQXIDFWXULQJ�RI�FRPSOH[�JHRPHWULHV�LV�SRVVLEOH�DW�VLQWHULQJ�WHPSHUDWXUHV�
RI�DERXW������WR�������&��GHSHQGLQJ�RQ�WKH�UDWLR�RI�QDQRVL]HG�WR�FRDUVHU�SDUWLFOHV��
�
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LL�-��%��0DF&KHVQH\�DQG�'��'L*LRYDQQL��-��$P��&HUDP��6RF������SS��������������������
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LLL�5��&ODVHQ�LQ�)XQGDPHQWDOV�RI�*ODVV�6FLHQFH�DQG�7HFKQRORJ\���������*ODVV�5HVHDUFK�,QVWLWXWH��
9l[M|��6ZHGHQ���������SS�����������

LY�-��7DEHOOLRQ��.��6PHHWV�DQG�5��&ODVHQ��.H\�(QJ��0DWHU�����������SS��������������������

Y
�/��%HUJVWU|P��.��6KLQR]DNL�LQ�)RXUWK�(XUR�&HUDPLFV���9RO����'HYHORSPHQWV�LQ�SURFHVVLQJ�RI�DGYDQFHG�
FHUDPLFV��������HGLWHG�E\�&��*DODVVL���*UXSSR�(GLWRULDOH�)DHQ]D�(GLWULFH��,WDO\���SS��������

YL�5��&ODVHQ��LQ�6FLHQFH��7HFKQRORJ\�DQG�$SSOLFDWLRQV�RI�&ROORLGDO�6XVSHQVLRQV��HGLWHG�E\�-��+��$GDLU��-��
$��&DVH\��&��$��5DQGDOO��6��9HQLJDOOD��$P��&HUDP��6RF���:HVWHUYLOOH��86$���������SS�����������

YLL�-��7DEHOOLRQ��5��&ODVHQ��LQ�,QQRYDWLYH�3URFHVVLQJ�DQG�6\QWKHVLV�RI�&HUDPLFV��*ODVVHV�DQG�&RPSRVLWHV�
,9��HGLWHG�E\�1��3��%DQVDO��-��3��6LQJK��$P��&HUDP��6RF���:HVWHUYLOOH��86$���������SS�����������

YLLL�5��&ODVHQ��.H\�(QJ��0DWHU�����������SS������������������

L[�0��6��-��*DQL��,QGXVWULDO�&HUDPLFV�����SS������������������

[�3��6DUNDU�DQG�3��6��1LFKROVRQ��-��$P��&HUDP��6RF������SS��������������������

[L�5��&ODVHQ�LQ��QG�,QW��&RQIHUHQFH�RQ�3RZGHU�3URFHVVLQJ�6FLHQFH��������HGLWHG�E\�+��+DXVVQHU��*��/��
0HVVLQJ��6��+LUDQR���'.*��.|OQ��*HUPDQ\���������SS�����������

[LL�-��7DEHOOLRQ��5��&ODVHQ��LQ�,QQRYDWLYH�3URFHVVLQJ�DQG�6\QWKHVLV�RI�&HUDPLFV��*ODVVHV�DQG�FRPSRVLWHV�

,9��HGLWHG�E\�1��3��%DQVDO��-��3��6LQJK��$P��&HUDP��6RF���:HVWHUYLOOH��86$���������SS�����������
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