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5HFHLYHG�0D\���������
7KH� QHZ� SRURXV� ELRFRPSRVLWHV� KDYH� EHHQ� REWDLQWHG� XVLQJ� FDOFLXP� SKRVSKDWHV� �6&3�

JODVV��V\QWKHVL]HG�E\�FKHPLFDO�SUHFLSLWDWLRQ�DQG� WKH�ELRJHQLF�K\GUR[\DSDWLWH� �%+$�JODVV�
H[WUDFWHG� IURP� DQLPDO� ERQHV�� 7KH� FRPSRVLWHV� SUHSDUHG� DW� WKH� VDPH� FRQGLWLRQV� KDYH� D
GHQVLW\� RI� DERXW� ����� J�FP�� �6&3�JODVV�� DQG� ����� J�FP�� �%+$�JODVV�� DQG� VKRZ� JRRG
FRPSUHVVLRQ�VWUHQJWK�RI�DERXW�����03D��6&3�JODVV��DQG����03D��%+$�JODVV���7KH�UHFU\V�
WDOOL]DWLRQ� RI� SKRVSKDWHV� LQ� FRPSRVLWHV� GXH� WR� WKHLU� OLTXLG� SKDVH� VLQWHULQJ� KDV� EHHQ
UHYHDOHG�
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7KH� K\GUR[\DSDWLWH� &D���32����2+���+$��LV�RQH�RI�WKH�PRVW�SURPLVLQJ�PDWHULDOV
IRU� FOLQLFDO�XVH�GXH� WR� LWV� KLJK�ELRFRPSDWL�
ELOLW\� DQG� JRRG� ELRDIILQLW\� WKDW� VWLPXODWHV
RVWHRFRQGXFWLYLW\� DQG� LV� JUDGXDOO\� UHSODFHG
E\� WKH� KRVW� ERQH� DIWHU� LPSODQWDWLRQ� >�@�� ,Q
UHFHQW� \HDUV�� +$�� ELRDFWLYH� JODVVHV�� WULFDO�
FLXP�SKRVSKDWH��7&3���+$�]LUFRQLD�FRPSRV�
LWHV�DQG�ELRDFWLYH�FHUDPLFV�SRO\PHU�FRPSRV�
LWHV� KDYH� EHHQ� XVHG� ZLGHO\� LQ� WKH� RUWKRSH�
GLFV�ILHOG�GXH�WR�WKHLU�ERQH�OLNH�FRPSRVLWLRQ
DV� ZHOO� DV� JRRG� ELRORJLFDO� DQG� PHFKDQLFDO
SHUIRUPDQFHV� >�Ü�@�� ,W�KDV�EHHQ� IRXQG�WKDW
GHQVH�+$� FHUDPLFV�ZLWK� D� KLJK�PHFKDQLFDO
VWUHQJWK� KDV� RIWHQ� D� ORZ� ELRGHJUDGDWLRQ�
7KH�SRURXV�PDWHULDOV�EDVHG�RQ�WKH�+$�VKRZ

D� JRRG� ELRGHJUDGDWLRQ� EXW� ORZ� PHFKDQLFDO
SURSHUWLHV� UHVWULFW� WKHLU� ELRPHGLFDO�DSSOLFD�
WLRQV� WR� IHZ� FLUFXPVWDQFHV� >�@�� 7KHUHIRUH�
WKHUH�LV�D�QHHG�WR�SUHSDUH�LPSODQW�PDWHULDOV
ZLWK� FRPELQHG� WKH� KLJK� ELRDFWLYLW\� ZLWK
JRRG� PHFKDQLFDO� SURSHUWLHV�� 3KRVSKDWH
JODVVHV�KDYH�EHHQ�XVHG�E\�VRPH�UHVHDUFKHUV
WR�VWUHQJWKHQ�WKH�+$�FHUDPLFV�>�Ü��@�
0RVW�DXWKRUV�UHSRUW�WKH�SDUWLDOO\�WUDQVIRU�

PDWLRQ� RI�+$� WR�7&3�GXULQJ� VLQWHULQJ�ZLWK
JODVV�SKDVH�>��Ü��@��,W�KDV�EHHQ�VKRZQ�LQ�RXU
SUHYLRXV� VWXGLHV� WKDW� 1D�2±%�2�±6L2�JODVVHV� FDQ� EH� XVHG� WR� VWUHQJWKHQ� +$� DQG
LPSURYH� LWV� ELRDFWLYLW\� >�����@�� 7KH� RULJL�
QDOLW\�RI�RXU�ZRUN�FRQVLVWV�LQ�XVLQJ�JODVVHV
ZLWKRXW� 3�2�� DQG�&D2� WR� SUHSDUH� WKH� FDO�
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FLXP� SKRVSKDWH� FRPSRVLWH�� 2XU� WHFKQRORJ\
LV� SURWHFWHG� E\� DQ� 8NUDLQLDQ� 3DWHQW� >��@
DQG�SURYLGHV�WKH�SUHVHUYDWLRQ�RI�FU\VWDOOLQH
SKDVH� RI� FDOFLXP� SKRVSKDWH� LQ� FRPSRVLWHV
GXULQJ� VLQWHULQJ�� )RU� WKH� PDWHULDOV� SUH�
SDUHG� E\� WZR�VWDJH� VLQWHULQJ�� WKH�+$�JODVV
FRPSRVLWHV� VKRZ� KLJK� ELRDFWLYLW\� DQG� PH�
FKDQLFDO�VWUHQJWK�VXIILFLHQW�IRU�VXEVWLWXWLRQ
RI�ERQH�GHIHFWV�>��@�
7KH� DLP� RI� WKLV� ZRUN� LV� WR� REWDLQ� QHZ

ELRDFWLYH� FRPSRVLWH� PDWHULDOV� EDVHG� RQ� FDO�
FLXP�SKRVSKDWHV�Û�JODVV�SKDVH�DQG�WR�VWXG\
WKH� PRUSKRORJ\�� PHFKDQLFDO� SURSHUWLHV� DQG
VROXELOLW\� LQ�YLWUR�GHSHQGLQJ�RQ�WKH�W\SH�RI
XVHG�SKRVSKDWHV��QDPHO\�� V\QWKHWLF� FDOFLXP
SKRVSKDWHV� �6&3�� DQG� ELRJHQLF� K\GUR[\DSD�
WLWH��%+$��
7KH�VWDUWLQJ�6&3�SRZGHUV�ZHUH�SUHSDUHG

E\� FKHPLFDO� SUHFLSLWDWLRQ� IURP� DTXHRXV� VR�
OXWLRQ� DW� t���&� XVLQJ� FDOFLXP� QLWUDWH
&D�12�����+�2� DQG� DPPRQLXP� SKRVSKDWH1+�+�32�� DV� UDZ� PDWHULDOV�� 7KH� VROXWLRQS+�ZDV�YDULHG�EHWZHHQ��Ü���XVLQJ�1+�2+�7KH� UHDFWLRQ�PL[WXUH�ZDV� ILOWHUHG�� WKH�SUH�
FLSLWDWH� ZDV� ZDVKHG� ZLWK� GLVWLOOHG� ZDWHU�
DQG�WKHQ�GULHG�IRU���K�DW�����&��7KH�VWDUW�
LQJ� %+$� SRZGHUV� ZHUH� REWDLQHG� IURP� DQL�
PDO�ERQHV�E\�VLQWHULQJ�DW�7d����&�

7KH�6&3�JODVV�DQG�%+$�JODVV�FRPSRVLWHV
ZHUH�REWDLQHG�E\�WZR�VWDJH�OLTXLG�SKDVH�VLQ�
WHULQJ� XQGHU� DGGLWLRQ� RI� 1D�2±%�2�±6L2�JODVV� FRPSRQHQWV� WR� 6&3� RU� %+$� SRZGHU�
7KH� ELRPDWHULDO� LQLWLDO� FRPSRVLWLRQ� FDQ� EH
SUHVHQWHG� ZLWK� WKH� IROORZLQJ� IRUPXOD
�PRO�������6L2����1D�2����%�2�����%+$�RU6&3�
,Q� WKH�JUHHQ�FRPSRVLWHV�� WKH�SDUWLFOHV�RI

JODVV�IRUPLQJ�FRPSRQHQWV�DQG�ERWK�W\SHV�RI
SKRVSKDWH� SRZGHUV� KDYH� GLIIHUHQW� VL]H
DFKLHYHG� PD[LPXP� ���� PP� DIWHU� VLHYLQJ�
7KH� PL[WXUHV� RI� 6&3� RU� %+$� SRZGHU� DQG
JODVV�IRUPLQJ�FRPSRQHQWV�ZHUH�SUH�VLQWHUHG
DW������&�IRU����PLQ��7KH�SUH�VLQWHUHG�PD�
WHULDOV� ZHUH� JURXQG� WR� SDUWLFOH� VL]H� RI
d����PP� DQG� FRPSUHVVHG� DW� ���� 03D� WR
IRUP�WDEOHWV�RI����PP�GLDPHWHU�DQG�VTXDUH
EORFNV� RI� ���u���u�����PP�� VL]H�� 7KH
SUHVVHG� VDPSOHV�ZHUH� VLQWHUHG� DW�����&� IRU
����PLQ�
7KH� SKDVH� FRPSRVLWLRQV� RI� VWDUWLQJ� 6&3

DQG�%+$� SRZGHUV� DQG� FRPSRVLWHV�ZHUH� GH�
WHUPLQHG� E\� ;�UD\� GLIIUDFWLRQ� DQDO\VLV
�;5'��� 7KH� WUDQVPLVVLRQ� HOHFWURQ� PLFURV�
FRS\��7(0��ZDV�XVHG�WR�VWXG\�WKH�PRUSKRO�
RJ\��FU\VWDO�VKDSH�DQG�VL]H�RI�6&3�DQG�%+$
SDUWLFOHV��7KH�VFDQQLQJ� HOHFWURQ�PLFURVFRS\

)LJ�����7(0�PLFURJUDSKV�RI�VWDUWLQJ�6&3��D��E��DQG�%+$��F��G��SRZGHUV�
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�6(0��ZDV�XVHG�WR�H[DPLQH�WKH�VXUIDFH�PRU�
SKRORJ\� DQG� HOHPHQW� GLVWULEXWLRQ� LQ� WKH
VWUXFWXUH� RI� WKH� FRPSRVLWH� VDPSOHV�� 7KH
SRUH�DQG�JUDLQ�VL]HV�ZHUH�GHWHUPLQHG�XVLQJ
WKH�6(0�LPDJH�DQDO\VLV� VRIWZDUH��7KH�GHQ�
VLW\� RI� SUHSDUHG� FRPSRVLWHV� ZDV� PHDVXUHG
LQ� WROXHQH� XVLQJ� WKH� $UFKLPHGHV� SULQFLSOH�
7KH�LQ�YLWUR�VROXELOLW\�ZDV�DVVHVVHG�E\�VRDN�
LQJ�FRPSRVLWHV�LQ�SK\VLRORJLFDO�VROXWLRQV�IRU
��� ��� DQG� �� GD\V� DW� ���&�� 7KH� PHFKDQLFDO
FRPSUHVVLRQ� VWUHQJWK� ZDV� GHWHUPLQHG� RQ
GLVF�VKDSHG� VDPSOHV� DQG� EHQGLQJ� VWUHQJWK�
RQ�VTXDUH�EORFNV�
7KH�6&3�SRZGHUV�FRQVLVW�RI�+$��E�WULFDO�

FLXP� SKRVSKDWH� �7&3��� WHWUDFDOFLXP� SKRV�
SKDWH� �7H&3��� E�FDOFLXP� S\URSKRVSKDWH
�&33��� DV� GHWHUPLQHG� E\� ;5'�� 7KH� E�&33
EHFRPHV�XQVWDEOH�DQG�WHQGV�WR�GHFRPSRVH�DW
WKH� FRPSRVLWH� VLQWHULQJ� WHPSHUDWXUH�� DV� LV
FRQILUPHG� E\� WKH� ,5�VSHFWURVFRS\� UHVXOWV�
7KH�6&3�DQG�%+$�SRZGHUV�PRUSKRORJ\�SUH�
VHQWHG� LQ�)LJ����VKRZV�FU\VWDOOLQH�JUDLQ�DJ�
JUHJDWHV�RI����Ü����QP�VL]H�IRU�ERWK�SKRV�
SKDWH�DQG�DJJORPHUDWHV�IURP�����WR�����PP
ZLWK�DYHUDJH�JUDLQ�VL]H�RI����Ü����QP�IRU
6&3� DQG� ��Ü���� QP� IRU� %+$� SRZGHUV�
ZKLFK� ZHUH� XVHG� WR� SUHSDUH� WKH� FRPSRVLWH
JUHHQ�ERG\�

)LJ���� VKRZV� WKH�6(0�VXUIDFH�PLFURSKR�
WRV� RI� WKH� 6&3� DQG� %+$� FRPSRVLWHV�� ,W� LV
VHHQ�WKDW�LPDJHV�RI�ERWK�W\SH�RI�FRPSRVLWHV
H[KLELW� WKH� SUHVHQFH� RI� FU\VWDOOLQH� EORFNV
�ZKLWH�JUDLQV���DPRUSKRXV�JODVV�SKDVH��GDUN
EDFNJURXQG��DQG�SRUHV��LQWHQVH�GDUN�VSRWV��
7KH� FRPSXWHU� DQDO\VLV� RI� WKH� 6(0� LPDJHV
LQGLFDWHG� WKDW� DYHUDJH� VL]H� RI� FU\VWDOOLQH
EORFNV� ZDV� DSSUR[LPDWHO\� ���Ü���� PP� LQ
FURVV�VHFWLRQ� DQG� ���Ü����PP� LQ� OHQJWK� IRU
WKH�6&3�JODVV�VDPSOHV�DQG����Ü����LQ�FURVV�
VHFWLRQ����Ü�����PP�LQ�OHQJWK�IRU�WKH�%+$�
JODVV� VDPSOHV�� )LJV���D� DQG� �E� VKRZ� WKH
FU\VWDOOLQH� EORFNV� VL]H� GLVWULEXWLRQ� IRU� WKH
6&3�JODVV�FRPSRVLWH�
7KH� SRUH� VL]H� GLVWULEXWLRQ� LQ� WKH� 6&3�

JODVV� DQG� %+$�JODVV� FRPSRVLWH� VDPSOHV� LV
SUHVHQWHG� LQ� )LJV���D� DQG� �E�� UHVSHFWLYHO\�
7KHUH�DUH�VRPH�GLIIHUHQFHV� LQ�WKH�SRUH�VL]H
GLVWULEXWLRQ� LQ� ERWK� FRPSRVLWHV�� ,W� LV� VHHQ
WKDW� WKH� 6&3�JODVV� FRPSRVLWHV� KDYH� WZR
PD[LPD� RI� WKH� SRUH� VL]H� GLVWULEXWLRQ�ZKLOH
WKH� %+$�JODVV� FRPSRVLWHV�� RQO\� RQH�� 7KH
WRWDO� SRUH� YROXPH�GHWHUPLQHG� IRU� WKLV� SRUH
VL]HV�LV�����WKDW�LV�RQO\�D�VPDOO�IUDFWLRQ�RI
WKH�WRWDO�FRPSRVLWH�SRURVLW\�FDOFXODWHG�IURP
ERWWOH� DQG� DSSDUHQW� GHQVLWLHV�� 7KH� ERWWOH
GHQVLW\� RI� WKRVH� 6&3�JODVV� DQG� %+$�JODVV
FRPSRVLWHV� LV� ����� DQG������J�FP��� UHVSHF�

)LJ�����6(0�PLFURJUDSKV�RI�6&3�JODVV��D��E��DQG�%+$�JODVV��F��G��FRPSRVLWHV�
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WLYHO\�� DV� PHDVXUHG� XVLQJ� WKH� $UFKLPHGHV
SULQFLSOH�� %\� FRPSDULVRQ� RI� WKRVH� YDOXHV
ZLWK� WKH� FRPSRVLWH� DSSDUHQW� GHQVLW\�� WKH
PD[LPXP� VDPSOH� SRURVLW\� ZDV� GHWHUPLQHG
SUHVHQWHG�LQ�7DEOH�
7KXV�� LW� LV� WKH�SUHVHQFH�RI�!���PP�ZLGH

SRUHV� �6&3�� DQG� !���� PP� RQHV� �%+$�� WKDW
SURYLGHV� LQ� SDUW� WKH� WRWDO� SRURVLW\� RI� WKH
VWXGLHG� PDWHULDOV�� ,Q� RXU� SUHYLRXV� VWXGLHV
RI� FRPSRVLWHV�� LW� KDV� EHHQ� HVWDEOLVKHG� WKDW
WKUHH�PDLQ�SRUH�JURXSV�ZLWK�PD[LPXP�VL]HV
FORVH� WR� ��� ��� DQG� ��� PP� FDQ� EH� GLVWLQ�
JXLVKHG�� 7KH� PD[LPXP� SRUH� VL]H� LQ� WKH
%+$�JODVV� FRPSRVLWHV� PD\� DWWDLQ� ���� PP
>��@�� 7KH� 6&3�JODVV� FRPSRVLWHV� SUHSDUHG
DOVR� E\� WZR�VWDJH� VLQWHULQJ� FDQ� KDYH� ODUJH
SRUHV�RI�����PP�DYHUDJH�VL]H�>��@�
,Q� )LJ����� WKH� LQ� YLWUR� H[DPLQDWLRQ� UH�

VXOWV�DUH�SUHVHQWHG��7KRVH�KDYH�VKRZQ�WKDW
WKH� VROXELOLW\� LQ� SK\VLRORJLFDO� VROXWLRQ� DUH
GLIIHUHQW�IRU�WKH�WZR�FRPSRVLWH�W\SHV�GXH�WR
WKHLU� GLIIHUHQW� FRPSRVLWLRQ�� 7KH� 6&3�JODVV
FRPSRVLWHV�VKRZ�D�FRQVLGHUDEO\�KLJKHU�VROX�
ELOLW\� WKDQ�%+$�JODVV� RQHV� SUHSDUHG� LQ� WKH
VDPH�FRQGLWLRQV��,W�ZDV�HVWDEOLVKHG�WKDW�WKH
ELRVROXELOLW\� RI� 6&3�JODVV� FRPSRVLWHV� LV
KLJKHU� WKDQ� WKDW� RI�%+$�JODVV� RQHV� GXH� WR
FRQVLGHUDEOH� KLJKHU� VROXELOLW\� RI� WKHLU� FRP�
SRQHQWV��LQ�SDUWLFXODU��RI�7&3�DQG�7H&3�

6RPH� SK\VLFDO� SDUDPHWHUV� RI� 6&3�JODVV�
%+$�JODVV� DQG� RWKHU� ELRPDWHULDOV� DUH� FRP�
SDUHG�LQ�7DEOH��GDWD�WDNHQ�IURP�>������Ü��@��
7KH�FRPSDULVRQ�RI�6&3�JODVV�DQG�%+$�JODVV
FRPSRVLWHV�LQGLFDWHG�WKDW�WKH�SRURVLW\��FRP�
SUHVVLRQ� VWUHQJWK� WKHUHRI� DUH� VLPLODU�� 7KH
FRPSUHVVLRQ� VWUHQJWK� RI� +$�SKRVSKDWH� JODVV
FRPSRVLWHV�ZLWK� ���ZW���RI�+$� LV� SUHVHQWHG
DOVR� LQ� 7DEOH�>��@�� 2XU� %+$�JODVV� DQG� 6&3�
JODVV� FRPSRVLWHV� VKRZ� PXFK� KLJKHU� FRPSUHV�
VLRQ�VWUHQJWK��,W�KDV�EHHQ�HVWDEOLVKHG�WKDW�PH�
FKDQLFDO� VWUHQJWK� RI� 6&3�JODVV� FRPSRVLWHV
DIWHU�LPPHUVLRQ�LQ�SK\VLRORJLFDO�VROXWLRQ�IRU��
GD\V� GHFUHDVHV� IURP� ���� WR� ��� 03D�� $W� WKH
VDPH� WLPH�� WKHUH� DUH� QR� PHFKDQLFDO� VWUHQJWK
GHFUHDVH�RI�%+$�JODVV� FRPSRVLWHV�GXH� WR�FRQ�
VLGHUDEOH� ORZHU� ELRVROXELOLW\�� ,Q� >��@�� WKH� LQ�
FUHDVLQJ� VWUHQJWK� RI� ELRDFWLYH� JODVV�FHUDPLFV
DIWHU� �� ZHHNV� LPPHUVLRQ� LQ� 7ULV� EXIIHU� ZDV
HVWDEOLVKHG�
7KH� PHFKDQLVP� RI� %+$�JODVV� FRPSRVLWH

VLQWHULQJ� FDQ� EH�SUHVHQWHG� DV� WKH� IROORZLQJ
VWDJHV�� D�� SDUWLFOHV� RI� 1D+&2�� DQG� +�%2�GHFRPSRVH� DQG� IRUP� ZLWK� 6L2�� D� OLTXLGJODVV� SKDVH� GXULQJ� SUH�VLQWHULQJ� RI� IUHHO\
SRXUHG�JUHHQ�FRPSRVLWHV�DW�ORZ�KHDWLQJ�UDWH
�����PLQ�� WR� 7�� ������&� DQG� KROGLQJ� IRU���PLQ� DW� WKLV� WHPSHUDWXUH��$� OLTXLG� JODVV
SKDVH� FDQ� IORZ� LQWR� VPDOO� SRUHV� RI� %+$
SDUWLFOHV� IRUPLQJ�DJJUHJDWHV�DQG�DJJORPHU�
DWHV� E\� FDSLOODU\� IRUFHV�� E�� WKH� OLTXLG� JODVV

)LJ����� 7KH� OHQJWK� �D�� DQG� WKH� FURVV�VHFWLRQ� �E�� GLVWULEXWLRQ� RI� FU\VWDOOLQH� EORFNV� LQ� 6&3�JODVV
FRPSRVLWH��u�������

)LJ�����7KH�SRUH�VL]H�GLVWULEXWLRQ�LQ�6&3�JODVV��D��DQG�%+$�JODVV��E��FRPSRVLWH�VDPSOHV��u���������
DQG������IRU�D��u�����DQG������IRU�E��
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SKDVH� LV� IORZLQJ� LQWR� VPDOO� SRUHV� RI� %+$
DJJUHJDWHV� GXULQJ� VHFRQGDU\� VLQWHULQJ� RI
SUHVVHG�FRPSRVLWH�EORFNV��$�VPDOO�%+$�SDU�
WLFOHV�DUH��IUHHO\��PRYLQJ�DW�WKH�VDPH�WLPH
WKURXJK� WKH� OLTXLG� JODVV� DQG� �VHWWOLQJ�� RQ
PRUH�ODUJH�SDUWLFOHV�ZLWK�D�GLUHFWHG�FU\VWDO�
OLQH� RULHQWDWLRQ� VLPLODU� WR� FU\VWDOOLQH� %+$
JUDLQV� RI� WKH� KXPDQ� ERQH� UHVHDUFKHG� E\
;5'�>��@��F��ODUJH�SRUHV�DQG�VRPH�SRUHV�RI
PHGLXP�VL]H�DUH�PDLQWDLQHG�LQ�FRPSRVLWHV�DV
D�UHVXOW�RI�SRUH�FRQVROLGDWLRQ�W\SLFDO�IRU�WKH
OLTXLG�SKDVH�VLQWHULQJ�>��@�
7KH� VLQWHULQJ� PHFKDQLVP� RI� 6&3�JODVV
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,Q� WKLV� ZRUN�� WKH� IDEULFDWLRQ� DQG� VWXG\

RI�ELRDFWLYH�FDOFLXP�SKRVSKDWH�FRPSRVLWHV�LV
SUHVHQWHG��7KH�LQIOXHQFH�RI�SKRVSKDWH�W\SH�
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WHULQJ� LQ�WKH�SUHVHQFH�RI� OLTXLG�JODVV�SKDVH
LQ�ERWK�FRPSRVLWH�W\SHV�FDQ�EH�DWWULEXWHG�WR
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