
,Q�UHFHQW�WLPH��OLJKWZHLJKW�VWUXFWXUDO�PDWHULDOV�DUH�EHFRPLQJ�SRSXODU�LQ�DOO�ILHOGV�RI�

HQJLQHHULQJ�DSSOLFDWLRQV��%HFDXVH�RI�VDIHW\�PHDVXUH�� WKH�ZHLJKW�RI�D�YHKLFOH� LQFUHDVHV�

WUHPHQGRXVO\� LQ� WKH� ��VW� FHQWXU\� UHVXOWLQJ� LQ� LQFUHDVHG� IXHO� FRQVXPSWLRQ�� ,Q� RUGHU� WR�

GHFUHDVH�IXHO�FRQVXPSWLRQ��WKHUH�LV�HQRUPRXV�SUHVVXUH�RQ�WKH�GHVLJQ�HQJLQHHU�WR�VHDUFK�

DQG� GHYHORS� QHZ� OLJKWZHLJKW� PDWHULDOV�� 7KH� WUDGLWLRQDOO\� OLJKWZHLJKW� PDWHULDOV� DUH�

PDJQHVLXP�� DOXPLQXP��DQG� WLWDQLXP�GXH� WR� WKHLU� FDSDELOLW\�RI� UHGXFLQJ� WKH�ZHLJKW�RI�

FRPSRQHQW� DQG� GHYLFHV�� ZKLFK� ZDV� HDUOLHU� PDGH� IURP� WKH� VWHHO� EDVHG� PDWHULDO��

0DJQHVLXP�DOOR\�LV�RQH�RI�WKH�OLJKWHVW�VWUXFWXUDO�PDWHULDO��ZKLFK�LV�FDSDEOH�RI�UHSODFLQJ�

VWHHO�� DOXPLQXP� DOOR\� DQG� VRPH� SODVWLF�EDVHG� PDWHULDOV� GXH� WR� LWV� H[FHOOHQW� WKHUPDO�

FRQGXFWLYLW\��7KH�XVH�RI�PDJQHVLXP�DOOR\�FDQ�DOVR�UHGXFH�&2��HPLVVLRQ�E\�VDYLQJ�IXHO�

LQ�DXWRPRELOH�DQG�DHURVSDFH�LQGXVWULHV��ZKLFK�LV�WKH�FXUUHQW�GHPDQG�IRU�HQYLURQPHQWDO�

OHJLVODWLRQ�� 7KH� GHQVLW\� RI� OLJKWZHLJKW� PDJQHVLXP� LV� ORZHVW� DPRQJ� DOO� VWUXFWXUDO�

PDWHULDOV��DQG�LW�LV������J�FF��7KH�PDJQHVLXP�LV�RQH�WKLUG�OLJKWHU�WKDQ�DOXPLQXP��WKUHH�

IRUWK�OLJKWHU�WKDQ�]LQF�DQG�IRXU�ILIWK�OLJKWHU�WKDQ�VWHHOV��,QLWLDOO\��PDJQHVLXP�ZDV�QRW�WKH�

PDWHULDOV�RI�FKRLFH�IRU�GHVLJQ�HQJLQHHUV�GXH�WR�LWV�KLJK�FRVW�XQWLO�DERXW�WZR�DQG�D�KDOI�

GHFDGH� EDFN�� 1RZ� VFLHQWLVWV�� UHVHDUFKHUV�� DQG� HQJLQHHUV� DUH� VKRZLQJ� LQWHUHVW� LQ�

PDJQHVLXP�EDVHG�PDWHULDOV�SULPDULO\�EHFDXVH�RI� LWV�JUDGXDOO\�GHFUHDVLQJ�FRVW� DQG� WKH�

GHFUHDVHG� HQHUJ\� FRQVXPSWLRQ� DORQJ� ZLWK� OHVV� JUHHQKRXVH� JDV� HPLVVLRQV�� +RZHYHU��

PDJQHVLXP�LQ�SXUH�IRUP�KDV�OLPLWHG�DSSOLFDWLRQ�LQ�VWUXFWXUDO�DSSOLFDWLRQ�GXH�WR�LWV�SURQH�

EHKDYLRU�WR�DWPRVSKHULF�R[\JHQ��0DJQHVLXP�ZKHQ�XVHG�ZLWK�DOXPLQXP�DV�DQ�DOOR\LQJ�

HOHPHQW�� WKH� UHVXOWLQJ� DOOR\� LPSURYHV� WKH� PDFKLQDELOLW\� DQG� FRUURVLRQ� UHVLVWDQW��

0DJQHVLXP� LV� DQ� H[FHOOHQW� PDWHULDO� IRU� D� OLJKWZHLJKW� VWUXFWXUDO� DSSOLFDWLRQ� QRW� RQO\�

EHFDXVH�RI�LWV�ORZ�PDVV�GHQVLW\��EXW�LW�DOVR�UHQGHUV�D�KLJK�VSHFLILF�VWUHQJWK�DQG�VWLIIQHVV��



$SDUW� IURP� GHQVLW\� PDJQHVLXP� SRVVHVVHV� KLJK� GDPSLQJ� FDSDFLW\�� JRRG� GLPHQVLRQDO�

VWDELOLW\��KLJK�VWLIIQHVV��H[FHOOHQW�PDFKLQDELOLW\�� H[FHOOHQW�FDVWLQJ�SURSHUWLHV��DQG�JRRG�

KLJK�WHPSHUDWXUH�FUHHS�SURSHUWLHV��7KHUH�DUH�VHYHUDO�PDJQHVLXP�DOOR\�V\VWHPV�VXFK�DV�

0J�$O��0J�$O�=Q��0J�=Q��0J�0Q��0J�=U��0J�5(��DQG�0J�7K�V\VWHPV��$PRQJ�WKHVH�

0J�$O�=Q� �$=�� V\VWHPV� DUH� ZLGHO\� XVHG� LQ� WKH� LQGXVWULDO� DSSOLFDWLRQ� GXH� WR� LWV�

FRQYHQLHQW� LQ� IDEULFDWLRQ� DQG� DYDLODELOLW\�� $=��� LV� RQH� RI� WKH� PRVW� FRPPRQO\� XVHG�

PDJQHVLXP� DOOR\V� LQ� ZKLFK� DOXPLQXP� PDLQO\� LPSURYH� VWUHQJWK�� KDUGQHVV�� DQG�

FDVWDELOLW\��=LQF�LV�DGGHG�WR�LQFUHDVH�FRUURVLRQ�UHVLVWDQFH�DQG�VWUHQJWK�ZLWKRXW�UHGXFLQJ�

GXFWLOLW\�� $=��� LV� H[WHQVLYHO\� XVHG� LQ� DSSOLFDWLRQV� VXFK� DV� LQ� DXWRPRELOH�� DHURVSDFH�

WUDQVSRUWDWLRQ�LQGXVWULHV�DQG�RWKHU�SRUWDEOH�HTXLSPHQW��

&RQYHQWLRQDO�DOOR\LQJ�SUDFWLFHV�LQ�FDVH�RI�PDJQHVLXP�DOOR\�KDYH�QRW�EHHQ�HQRXJK�

WR�IXOILOO�WKH�QDWLRQDO�GHPDQGV�RI�KLJK�VWUHQJWK�OLJKWZHLJKW�PDWHULDOV��7KH�GHYHORSPHQW�

RI�FRPSRVLWH�PDWHULDOV�HVSHFLDOO\�PHWDO�PDWUL[�FRPSRVLWH��00&��KDV�EHHQ�RQH�RI� WKH�

PDMRU� LQQRYDWLRQV� LQ� WKH� PDQXIDFWXULQJ� LQGXVWU\� RYHU� WKH� SDVW� WKUHH� GHFDGHV�� 7KH�

SDUWLFXODWH� UHLQIRUFHG�PHWDO�PDWUL[� FRPSRVLWH� KDV� JRW� D� ZLGH� UDQJH� RI� DSSOLFDWLRQ� LQ�

DXWRPRWLYH� DQG� DHURVSDFH� DSSOLFDWLRQV� E\� MXGLFLRXVO\� VHOHFWLQJ� GLIIHUHQW� W\SHV�

�FHUDPLFV��PHWDOOLF�DQG�FDUERQ���VL]H��PLFURQ��VXEPLFURQ�DQG�QDQR��DQG�DPRXQW�������

WR�����GHSHQGLQJ�RQ�WKH�VL]H��RI�UHLQIRUFHPHQWV��7KH�REMHFWLYH�RI�DGGLQJ�UHLQIRUFHPHQW�

LV�WR�LPSURYH�WKH�PHFKDQLFDO�SURSHUWLHV�DORQJ�ZLWK�ZHDU�UHVLVWDQFH�DQG�FUHHS�UHVLVWDQFH��

7KH� SURSHUWLHV� RI� WKH� 00&V� FDQ� EH� WDLORUHG� WR� PHHW� WKH� UHTXLUHPHQW� RI� WKH� HQG�

DSSOLFDWLRQ��9DULRXV�IDFWRUV��W\SH��VL]H��DPRXQW��GLVWULEXWLRQ�DQG�SURFHVVLQJ�WHFKQLTXHV��

DUH�LQYROYHG�LQ�GHFLGLQJ�WKH�SURSHUWLHV�DQG�WKHLU�RSWLPL]DWLRQ�IRU�GHVLUH�FRPELQDWLRQ�RI�

SURSHUWLHV�LQ�FDVH�RI�00&V�����

7R�DGGUHVV�VRPH�RI� WKHVH�LVVXHV��VLOLFRQ�FDUELGH� �6L&��DQG� WLWDQLXP�FDUELGH��7L&��

SDUWLFXODWHV�UHLQIRUFHG�PDJQHVLXP�DOOR\�FRPSRVLWH�ZHUH�LGHQWLILHG�IRU�WKH�FXUUHQW�VWXG\��



7KH� PDJQHVLXP� DOOR\� $=��� KDV� EHHQ� VHOHFWHG� DV� D� PHWDO� PDWUL[� LQ� WKLV� VWXG\�� 7KH�

SULPDU\�REMHFWLYH�RI�FXUUHQW�UHVHDUFK�ZRUN� &DVWLQJ�DQG�FKDUDFWHUL]DWLRQ�RI�PDJQHVLXP�

OGV�

�� 7R� GHYHORS� WKH� FRQFHSWV� RI� SURFHVVLQJ� PDJQHVLXP� DOOR\� WKURXJK� VWLU� FDVWLQJ�

WHFKQRORJ\�ZLWK�VSHFLDO�DWWHQWLRQ�RI�XQLIRUP�PL[LQJ�RI�WKH�UHLQIRUFHPHQWV�

�� (YDOXDWLRQ� RI�PLFURVWUXFWXUH��PHFKDQLFDO� SURSHUWLHV� DQG� VOLGLQJ�ZHDU� EHKDYLRU�

RI�6L&�SDUWLFXODWHV�UHLQIRUFHG�$=���PHWDO�PDWUL[�FRPSRVLWHV�GHYHORSHG�WKURXJK�

YDFXXP�DVVLVWHG�LQHUW�DWPRVSKHUH��9$,$��VWLU�FDVWLQJ�SURFHVV�

�� (YDOXDWLRQ� RI�PLFURVWUXFWXUH��PHFKDQLFDO� SURSHUWLHV� DQG� VOLGLQJ�ZHDU� EHKDYLRU�

RI�7L&�SDUWLFXODWHV�UHLQIRUFHG�$=���PHWDO�PDWUL[�FRPSRVLWHV�GHYHORSHG�WKURXJK�

9$,$�VWLU�FDVWLQJ�SURFHVV�

7KH�HQWLUH�WKHVLV�KDV�EHHQ�RUJDQL]HG�LQWR�VHYHQ�FKDSWHUV

&KDSWHU���SUHVHQWV�WKH�LQWURGXFWRU\�EDFNJURXQG�RI�PDJQHVLXP�DOOR\��WKH�VFRSH�RI�

WKH�FXUUHQW�ZRUN�DQG�REMHFWLYH�RI� WKH�ZRUN��7KH�FKDSWHU�DOVR�KLJKOLJKWHG� WKH�SRWHQWLDO�

XVH�RI�PDJQHVLXP�DOOR\�EDVHG�PHWDO�PDWUL[�FRPSRVLWH�IRU�WKH�DSSOLFDWLRQ�LQ�DXWRPRWLYH�

LQGXVWULHV� DV� DQ� DOWHUQDWLYH� RI� VWHHO�� DOXPLQXP� DOOR\�� LQFOXGLQJ� VRPH� SODVWLF�EDVHG�

PDWHULDOV��

7KH�LQWURGXFWRU\�UHYLHZ�RI�PDJQHVLXP��PDJQHVLXP�DOOR\�DQG�LWV�DSSOLFDWLRQ�LQ�WKH�

GLIIHUHQW� ILHOG� RI� HQJLQHHULQJ� DQG� WHFKQRORJ\� HVSHFLDOO\� LQ� DXWRPRELOH� DQG� DHURVSDFH�

DSSOLFDWLRQV�KDV�EHHQ�UHSRUWHG�LQ�&KDSWHU����7KH�FKDSWHU�GLVFXVVHG�GLIIHUHQW�VHULHV�RI�

PDJQHVLXP�DOOR\�DQG� WKH�HIIHFW�RI�DOOR\LQJ�HOHPHQWV�RQ� LWV�EHKDYLRUV�� ,W� DOVR� LQFOXGHV�

WKH� GLIIHUHQW� SURFHVVLQJ� WHFKQLTXH� IRU� WKH� PDJQHVLXP� DOOR\� DQG� LWV� FRPSRVLWHV�� 7KLV�

FKDSWHU�DOVR�GLVFXVVHG�GLIIHUHQW�PHOW�SURWHFWLRQ�WHFKQLTXHV�WR�DYRLG�R[LGDWLRQ�RI�PROWHQ�

PDJQHVLXP�� 7KH� FULWHULD� IRU� WKH� VHOHFWLRQ� RI�PDWUL[�PDWHULDOV� DQG� WKH� UHLQIRUFHPHQWV�

KDYH�DOVR�EHHQ�GRQH�LQ�WKLV�FKDSWHU��)XUWKHU��WKLV�FKDSWHU�GHPRQVWUDWHV�PHFKDQLFDO�DQG�



GU\� VOLGLQJ� ZHDU� EHKDYLRUV� RI� WKH� PDJQHVLXP� DOOR\� DQG� FRPSRVLWHV� HYDOXDWHG� E\�

GLIIHUHQW� UHVHDUFKHUV��7KH�PRWLYDWLRQV� IRU�SUHVHQW�ZRUN�EDVHG�RQ� WKH� OLWHUDWXUH� UHYLHZ�

DUH�SUHVHQWHG�LQ�WKH�ODVW�VHFWLRQ�

&KDSWHU���GHDOV�ZLWK�WKH�GHWDLO�H[SHULPHQWDO�SURFHGXUH��PDWHULDOV�SUHSDUDWLRQ��DQG�

LWV� FKDUDFWHUL]DWLRQ� DQG� WHVWLQJ� SURFHGXUHV� XVHG� LQ� WKLV� UHVHDUFK� ZRUN�� 7KH� SUHSDUHG�

FRPSRVLWH� LV� FKDUDFWHUL]HG� E\� GLIIHUHQW� FKDUDFWHUL]DWLRQ� WHFKQLTXH� VXFK� DV� RSWLFDO�

PLFURVFRS\�� VFDQQLQJ� HOHFWURQ� PLFURVFRS\�� DQG� ;�UD\� GLIIUDFWLRQ� WHFKQLTXHV�� 7KH�

PHFKDQLFDO�SURSHUWLHV�VXFK�DV�9LFNHUV�PLFURKDUGQHVV��WHQVLOH�WHVW��DQG�FRPSUHVVLRQ�WHVW�

DUH�SHUIRUPHG�IRU�WKH�IDEULFDWHG�FRPSRVLWHV�DORQJ�ZLWK�PDWUL[�PDWHULDO��)LQDOO\��3LQ�RQ�

GLVN��GU\�VOLGLQJ�ZHDU�EHKDYLRUV�KDYH�EHHQ�HYDOXDWHG�IRU�DOO�WKH�IDEULFDWHG�FRPSRVLWHV�LQ�

WKLV�VWXG\�

&RQFHSWXDO� GHVLJQ� DQG� GHYHORSPHQW� RI� WZR� GLIIHUHQW� W\SHV� RI� VWLU� FDVWLQJ� VHW�XS�

KDYH�EHHQ�GLVFXVVHG�LQ�&KDSWHU����0DJQHVLXP�DOOR\�EDVHG�FRPSRVLWHV�DUH�LQLWLDOO\�WULHG�

WR�SUHSDUH�E\�D�VWLU�FDVWLQJ�SURFHVV�ZKLFK�ZDV�GHYHORSHG�E\�WKH�DXWKRUV� LQ�3URGXFWLRQ�

(QJLQHHULQJ�/DE�RI�,,7��%+8���9DUDQDVL�DQG�IXUWKHU�LPSURYHPHQW�ZHUH�PDGH�E\�XVLQJ�

D�YDFXXP�DVVLVWHG�LQHUW�DWPRVSKHUH��9$,$��VWLU�FDVWLQJ�SURFHVV��7KH�9$,$�VWLU�FDVWLQJ�

SURFHVV� ZDV� GHYHORSHG� ZLWK� WKH� WHFKQLFDO� VXSSRUW� RI� 9�%�� &HUDPLFV� &RQVXOWDQWV��

&KHQQDL� WKDW�ZDV� ILQDQFLDOO\� VXSSRUWHG�E\�:%��7(4,3�,,��7KH�FKDSWHU�DOVR�GLVFXVVHV�

WKH� GLIIHUHQW� PHWKRG� RI� DGGLWLRQ� RI� UHLQIRUFHPHQW� LQ� WKH� PDJQHVLXP� DOOR\� IRU� WKH�

XQLIRUP�GLVWULEXWLRQ�RI�UHLQIRUFHG�SDUWLFOHV�LQWR�WKH�PDWUL[�PDWHULDOV�

7KH� V\QWKHVLV� DQG� FKDUDFWHUL]DWLRQ� RI� 6L&� SDUWLFXODWHV� UHLQIRUFHG� $=��� PHWDO�

PDWUL[�FRPSRVLWH�LV�GLVFXVVHG�LQ�&KDSWHU����7KH�RSWLFDO�PLFURVWUXFWXUH�UHYHDOV�WKDW�WKH�

DOOR\�JUDLQ�KDV�EHHQ�UHILQHG�RQ�WKH�DGGLWLRQ�RI�6L&S KH�VFDQQLQJ�HOHFWURQ�

PLFURJUDSK� VKRZV� WKH� IDLUO\� XQLIRUP� GLVWULEXWLRQ� RI� WKH� UHLQIRUFHPHQW� LQ� WKH� DOOR\�

PDWUL[�� ,Q� WKH�;5'� DQDO\VLV� RI� WKH�PDJQHVLXP� DOOR\� DQG� LWV� FRPSRVLWHV�� WKH� YDULRXV�



SHDNV� DUH� LGHQWLILHG� �SKDVH� 0J� �SKDVH� 0J��$O��� DQG� IHZ� SHDNV� RI� 6L&�

UHLQIRUFHPHQWV�� 7KH� 9LFNHUV� PLFURKDUGQHVV� YDOXHV� IRU� WKH� FRPSRVLWHV� DUH� VKRZLQJ� D�

KLJKHU�YDOXH�WKDQ�WKH�PDWUL[�DOOR\�GXH�WR�WKH�SUHVHQFH�RI�D�KDUG�SDUWLFOH�LQ�WKH�PDWUL[��

7KH�XOWLPDWH�WHQVLOH�VWUHQJWK�DQG�\LHOG�VWUHQJWK�RI�WKH�FRPSRVLWH�DUH�LQFUHDVHV�ZLWK�DQ�

LQFUHDVH� LQ� WKH� SHUFHQWDJH� RI� 6L&S� UHLQIRUFHPHQW�� 7KH� VOLGLQJ� ZHDU� UHVLVWDQW� RI� WKH�

FRPSRVLWH� LV� LPSURYHG� LQ� FRPSDULVRQ� WR� PRQROLWKLF� DOOR\� XQGHU� WKH� JLYHQ� ORDG� DQG�

YHORFLW\��7KH�KDUGQHVV�YDOXH�LV�LQFUHDVHG�E\�����RQ�DGGLWLRQ�RI�����6L&�SDUWLFXODWHV��

7KH� XOWLPDWH� WHQVLOH� VWUHQJWK� DQG� \LHOG� VWUHQJWK� DOVR� LQFUHDVHV� E\� ���� DQG� ��� ��

UHVSHFWLYHO\�ZLWK�DQ�LQFUHDVH�LQ�WKH�SHUFHQWDJH�RI�UHLQIRUFHPHQWV�IURP����WR������7KH�

WHQVLOH�DQG�FRPSUHVVLYH�IDFWRJUDSK�RI� WKH� WHVWHG�VDPSOH� LV�H[DPLQHG�XVLQJ�D�VFDQQLQJ�

HOHFWURQ�PLFURVFRSH�DORQJ�ZLWK�ZRUQ�VXUIDFHV�LQ�ZHDU�WHVW���

&KDSWHU� �� UHSRUWV� RQ� WKH� V\QWKHVLV� DQG� FKDUDFWHUL]DWLRQ� RI� 7L&� SDUWLFXODWH�

UHLQIRUFHG�PDJQHVLXP�DOOR\�PHWDO�PDWUL[�FRPSRVLWH���7KH�RSWLFDO�PLFURVWUXFWXUH�RI�WKH�

FRPSRVLWH�VKRZV�WKH�UHILQHPHQW�LQ�WKH�JUDLQ�RQ�WKH�DGGLWLRQ�RI�7L&S ���7KH�

DFFXPXODWLRQ�RI�UHLQIRUFHPHQW�LV�REVHUYHG�LQ�VRPH�SODFHV�RI�WKH�IDEULFDWHG�FRPSRVLWHV�

ZLWK�WKH�KHOS�RI�VFDQQLQJ�HOHFWURQ�PLFURVFRSH��,Q�WKH�;5'�DQDO\VLV�KDV�EHHQ�SHUIRUPHG�

IRU� WKH� PDJQHVLXP� DOOR\� DQG� LWV� FRPSRVLWHV�� UHLQIRUFHG� ZLWK� 7L&� SDUWLFXODWHV�� 7KH�

YDULRXV�SHDNV�DUH�LGHQWLILHG� �SKDVH�0J� �SKDVH�0J��$O���RQO\��WKH�7L&�SKDVH�LV�QRW�

UHFRJQL]HG�LQ�WKLV�FDVH���7KH�9LFNHUV�PLFURKDUGQHVV�YDOXHV��WKH�XOWLPDWH�WHQVLOH�VWUHQJWK�

RI� WKH�FRPSRVLWHV�VKRZHG�D�VLPLODU� WUHQG�DV�GLVFXVVHG�LQ�&KDSWHU����7KH�VOLGLQJ�ZHDU�

UHVLVWDQW� RI� WKH� 7L&� SDUWLFXODWH� FRPSRVLWHV� LV� IRXQG� WR� EH� ORZHU� WKDQ� 6L&� SDUWLFXODWH�

FRPSRVLWH�XQGHU�WKH�JLYHQ�ORDG�DQG�YHORFLW\��$������LPSURYHPHQW�LQ�PLFURKDUGQHVV�LV�

REVHUYHG�RQ�DGGLWLRQ�RI�����7L&�SDUWLFXODWHV�DV�UHLQIRUFHPHQW��

6LPLODUO\�� WKH� XOWLPDWH� WHQVLOH� VWUHQJWK� DQG� \LHOG� VWUHQJWK� DOVR� LQFUHDVHV� E\�

DSSUR[LPDWHO\� ���� DQG� ��� �� UHVSHFWLYHO\� ZLWK� DQ� LQFUHDVH� LQ� WKH� SHUFHQWDJH� RI�



UHLQIRUFHPHQWV� IURP� ��� WR� �����7KH� IDFWRJUDSK� E\� VFDQQLQJ� HOHFWURQ�PLFURVFRSH� RI�

WHQVLOH� IUDFWXUH� DQG� FRPSUHVVLYH� IUDFWXUH� DUH� H[DPLQHG� DQG� GLVFXVVHG�� 7KH� GLIIHUHQW�

ZHDU�PHFKDQLVPV�EDVHG�RQ�QRUPDO�ORDG�DQG�VOLGLQJ�YHORFLW\�DUH�DOVR�GLVFXVVHG�

&KDSWHU� �� SUHVHQWV� D� VXPPDU\� RI� WKH� FRQFOXVLRQV� DULVLQJ� IURP� WKH� SUHVHQW�

LQYHVWLJDWLRQ�DORQJ�ZLWK�VXJJHVWLRQV�IRU�IXWXUH�ZRUN��


