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(OHFWURFKHPLFDO�%HKDYLRU�RI�WKH�&RPSRVLWH�RI�3DQL�0:&17�
'RSHG�ZLWK�'LIIHUHQW�$QLRQV�

.HVKDE�.RLUDOD�DQG�$PDU�3UDVDG�<DGDY

&HQWUDO�'HSDUWPHQW�RI�&KHPLVWU\��7ULEKXYDQ�8QLYHUVLW\��.LUWLSXU��.DWKPDQGX��1HSDO�
(PDLO��DPDU�\#\DKRR�FRP

$EVWUDFW�

3RO\DQLOLQH��3$1,��ZDV�V\QWKHVL]HG�IURP�����0�DQLOLQH�VROXWLRQ�GLVVROYHG�LQ�������0�+�62��VROXWLRQ�
E\�FKHPLFDO�R[LGDWLYH�SRO\PHUL]DWLRQ�PHWKRG�XVLQJ�DPPRQLXP�SHUVXOSKDWH�DV�DQ�R[LGDQW��3$1,�VDPSOH�
ZDV� GRSHG� ZLWK� YDULRXV� DFLGV� OLNH� +&O�� +12��� &+�&22+�� &+&O�&22+� DQG� FRPSRVLWH� RI� YDULRXV�
VDPSOH�RI�3$1,�ZDV�PDGH�ZLWK�0:&17�E\�PHFKDQLFDO�PL[LQJ�PHWKRG��(OHFWURFKHPLFDO�EHKDYLRU�RI�WKH�
FRPSRVLWH� ZHUH� VWXGLHG� DQG� DQDO\]HG� E\� REVHUYLQJ� F\FOLF� YROWDPPHWU\� DQG� FKDUJH� GLVFKDUJH� F\FOH��
&RQGXFWLYLW\�RI�3$1,�GRSHG�ZLWK�+12��ZDV�IRXQG�WR�EH�PD[LPXP�RI����î��

���6�FP����7KH�FRQGXFWLYLW\�RI�
3$1,�GRSHG�ZLWK�+�62��SUHSDUHG�DW� WKUHH�GLIIHUHQW� WHPSHUDWXUHV�VKRZHG�WKDW�3$1,�SUHSDUHG�DW�����&�
KDV�KLJKHVW�FRQGXFWLYLW\�LQ�FRPSDULVRQ�WR�3$1,�SUHSDUHG�DW�RWKHU�WHPSHUDWXUH��&9�FXUYH�VKRZHG�WKDW�WKH�
FRPSRVLWH�RI�3$1,�0:&17�GRSHG�ZLWK�+�62��SUHSDUHG�DW�����&�KDV�KLJKHVW�VSHFLILF�FDSDFLWDQFH�YDOXH�
RI��������)�JP���LQ�FRPSDULVRQ�WR�WKH�FRPSRVLWH�GRSHG�ZLWK�RWKHU�DQLRQV��&RPSRVLWH�RI�3$1,�GRSHG�ZLWK�
+�62��SUHSDUHG�DW�����&�KDV�KLJKHVW�F\FOLF�VWDELOLW\�LQ�FRPSDULVRQ�WR�RWKHUV���

.H\�ZRUGV��&RQGXFWLQJ�3RO\PHU��3RO\DQLOLQH��&DUERQ�QDQRWXEHV��0XOWL�ZDOOHG�FDUERQ�QDQRWXEHV�

,QWURGXFWLRQ�

&RQGXFWLQJ�3RO\PHU
7KH� WHUP�SRO\PHU� LV�D�*UHHN�ZRUG�PHDQLQJ�PDQ\�SDUWV��7KH�SRO\PHU� LV�PDGH�XS�RI�PDQ\�VLPSOHU�

XQLWV� �PROHFXOHV� KDYLQJ� ORZ� PROHFXODU� PDVV�� FDOOHG� PRQRPHUV�� LGHQWLFDO� WR� HDFK� RWKHU� RU� DW� OHDVW�
FKHPLFDOO\�VLPLODU��MRLQHG�WRJHWKHU�LQ�D�UHJXODU�ZD\��&RQGXFWLQJ�SRO\PHUV�ZHUH�ILUVW�GLVFRYHUHG�LQ�������
,Q� WKH� PLG�����V�� WKH� ILUVW� SRO\PHU� FDSDEOH� RI� FRQGXFWLQJ� HOHFWULFLW\�� SRO\DFHW\OHQH�� ZDV� UHSRUWHGO\�
SUHSDUHG�DFFLGHQWO\�E\�6KLUDNDZD��

,Q� ������ $ODQ� 0DF'LDUPLG�� +LGHNL� 6KLUDNDZD�� DQG� $ODQ� +HHJHU�� DORQJ� ZLWK� D� JURXS� RI� \RXQJ�
VWXGHQWV�IRXQG�WKDW�FRQGXFWLYLW\�RI�SRO\DFHW\OHQH�LQFUHDVHG�E\�XS�WR���RUGHUV�RI�PDJQLWXGH�ZKHQ�UHDFWHG�
ZLWK�LRGLQH��IURP������6�FP���WR�����6�FP�����WKLV�SKHQRPHQRQ��NQRZQ�DV�GRSLQJ��LV�DV�D�UHVXOW�RI�FKDUJH�
FDUULHUV��,Q�DGGLWLRQ��LW�ZDV�GLVFRYHUHG�WKDW�YDU\LQJ�WKH�OHYHO�RI�GRSLQJ�\LHOGHG�SRO\PHUV�H[KLELWLQJ�ZLGH�
UDQJH�RI�HOHFWULFDO�SURSHUWLHV��IURP�LQVXODWRU��RU�VHPL�FRQGXFWRU��WR�PHWDO���7KH�LPSRUWDQFH�RI�FRQGXFWLQJ�
SRO\PHUV�LV�H[HPSOLILHG�E\�DZDUGLQJ�WKH�1REHO�3UL]H�&KHPLVWU\�LQ������WR�0DF'LDUPLG��6KLUDNDZD��DQG�
+HHJHU��IRU�WKH�GLVFRYHU\�DQG�GHYHORSPHQW�RI�FRQGXFWLQJ�SRO\PHUV���

3RO\PHUV� DUH� NQRZQ� VR� IDU� DV� D� FODVV� RI� KHDW� VHQVLWLYH�� IOH[LEOH�� HOHFWULFDOO\� LQVXODWLQJ� DPRUSKRXV�
PDWHULDOV��EXW�DIWHU�WKH�GLVFRYHU\�RI�FRQGXFWLQJ�SRO\PHU�WKH�VFRSH�DQG�DSSOLFDWLRQ�RI�SRO\PHU�KDV�EHHQ�

&RUUHVSRQGLQJ�DXWKRU
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ZLGHQHG��7KHVH�SRO\PHUV�PXVW�EH�GRSHG��XVXDOO\�PHDQLQJ�DOWHULQJ�WKH�QXPEHU�RI�SL�HOHFWURQV��LQ�RUGHU�WR�
UHQGHU�WKH�SRO\PHUV�WUXO\�FRQGXFWLQJ���

6RPH� UHFHQW� UHVXOWV� LQGLFDWH� WKDW� QDQR� HQJLQHHUHG� FRQGXFWLQJ� SRO\PHU� FRPSRVLWHV� ZLWK� FDUERQ�
QDQRWXEHV�� ZKLFK� SRVVHVV� D� KLJK� DVSHFW� UDWLR� DQG� KLJK� FRQGXFWLYLW\�� PD\� KDYH� VLJQLILFDQWO\� LPSURYHG�
HOHFWURQLF�DQG�PHFKDQLFDO�SURSHUWLHV�DV�FRPSDUHG�WR�SXUH�FRQGXFWLQJ�SRO\PHU�ILOPV���

(OHFWURQLFDOO\�&RQGXFWLQJ�3RO\PHUV��(&3V��DOVR�FDOOHG�DV�µ6\QWKHWLF�0HWDOV¶�KDYH�EHHQ�WKH�VXEMHFW�RI�
JUHDW� LQWHUHVW� LQ� UHFHQW� SDVW� EHFDXVH� RI� WKHLU� HQRUPRXV� LQWHUHVWLQJ� SURSHUWLHV� OLNH� KLJK� HOHFWULFDO�
FRQGXFWLYLW\�� HQYLURQPHQWDO� DQG� FKHPLFDO� VWDELOLW\�� ORZ� FRVW�� HDV\� V\QWKHVLV� DQG� IDVW� UHYHUVLEOH� GRSLQJ�
DQG�GHGRSLQJ��'XH�WR�WKHLU�H[FHOOHQW�SURSHUWLHV�WKH\�FDQ�EH�XVHG�LQ�YDULRXV�DSSOLFDWLRQV�OLNH��LQ�WHOHYLVLRQ�
VHWV�� FHOOXODU� WHOHSKRQHV�� DXWRPRWLYH� GDVKERDUG� GLVSOD\V� DQ� OLJKW� HPLWWLQJ� GLRGHV�� SRO\PHU� DUWLILFLDO�
FRFNSLW�GLVSOD\V��/LJKW�(PLWWLQJ�'LRGHV��/('V���VRODU�FHOOV�� OLJKW�ZHLJKW�EDWWHULHV�� �DFWXDWRUV��FRUURVLRQ�
SURWHFWLRQ�DJHQWV��VHQVRUV�DQG�PROHFXODU�HOHFWURQLF�GHYLFHV��ELRPHGLFDO�OLNH�WLVVXH�HQJLQHHULQJ�VFDIIROGV�
DQG�VXSHUFDSDFLWRUV���

7KH� PRVW� FRPPRQO\� VWXGLHG� FODVVHV� RI� FRQGXFWLQJ� SRO\PHU� ZHUH�� SRO\DFHW\OHQH�� SRO\WKLRSKHQH��
SRO\S\UROH�� SRO\DQLOLQH� DQG� GHULYDWLYHV�� WKHVH� SRO\PHUV� EHLQJ� LQYHVWLJDWHG� DV� FRQGXFWLQJ� PDWULFHV� IRU�
HOHFWURFDWDO\WLF�DSSOLFDWLRQV����$PRQJVW�WKH�IDPLO\�RI�FRQGXFWLQJ�SRO\PHUV�SRO\DQLOLQH��3$1,��LV�RQH�RI�
WKH� PRVW� SURPLVLQJ� HOHFWULFDOO\� FRQGXFWLQJ� SRO\PHUV� GXH� WR� LWV� XQLTXH� HOHFWULFDO�� HOHFWURFKHPLFDO�
SURSHUWLHV��KLJK�HQYLURQPHQWDO�VWDELOLW\�DQG�ORZ�FRVW�RI�PRQRPHU�DQG�HDVH�RI�V\QWKHVLV�E\�FKHPLFDO�DQG�
HOHFWURFKHPLFDO�PHWKRG�RI�SRO\PHUL]DWLRQ�����

'RSLQJ�RI�3RO\DQLOLQH�ZLWK�$QLRQV�
1RQ�FRQGXFWLYH� 3$1,� FDQ� EH� UHQGHUHG� FRQGXFWLYH� HLWKHU� E\� DFLG� GRSLQJ� RU� R[LGDWLRQ�� 'XULQJ� WKH�

GRSLQJ�SURFHVV��DQ�RUJDQLF�SRO\PHU�ZLWK� LQVXODWLQJ�SURSHUWLHV� LV�FRQYHUWHG� LQWR�D�SRO\PHU�DSSURDFKLQJ�
PHWDOOLF�FRQGXFWLYLW\����'RSLQJ�LV�WKH�SURFHVV�ZKLFK�FRQYHUWV�WKH�QHXWUDO�SRO\PHU�EDFNERQH�WR�D�FKDUJHG�
� FRQMXJDWHG� V\VWHP�� 7KLV� DOORZV� HOHFWURQV� WR� IORZ� WKURXJK� � FRQMXJDWHG� V\VWHP� RI� WKH� FRQGXFWLQJ�

SRO\PHUV�GXH�WR�WKH�IRUPDWLRQ�RI�FRQGXFWLRQ�EDQGV��9DULRXV�GRSDQWV�DUH�XVHG�IRU�GRSLQJ�RI�SRO\DQLOLQH�
ZKLFK� LQFOXGH� S�WROXHQH� VXOSKRQLF� DFLG� �376��� GRGHF\O� EHQ]HQH� VXOSKRQLF� DFLG� �'%6$��� SRO\YLQF\O�
VXOIRQLF�DFLG��39$���K\GURFKORULF�DFLG��QLWULF�DFLG��DFHWLF�DFLG��VXOSKXULF�DFLG�HWF���

3URSHUWLHV�RI�&17�3RO\PHU�1DQRFRPSRVLWHV�
,QFRUSRUDWLRQ� RI� &DUERQ� QDQRWXEHV� �&17�� LQ� SRO\PHU� PDWUL[� UHVXOWHG� LQ� D� VLJQLILFDQW� FKDQJH� LQ�

PHFKDQLFDO��HOHFWULFDO�DQG�WKHUPDO�SURSHUWLHV�RI�SRO\PHU�PDWULFHV��9DULRXV�IDFWRUV�WKDW�LQIOXHQFH�SURSHUW\�
PRGLILFDWLRQ� DUH� SURFHVVLQJ� WHFKQLTXHV�� W\SH� RI� &17�� DVSHFW� UDWLR� DQG� &17� FRQWHQW�� ,W� LV� JHQHUDOO\�
REVHUYHG�WKDW�D�SDUWLFXODU�SURFHVVLQJ�PHWKRG�ZKLFK�LV�JRRG�IRU�RQH�SURSHUW\�PD\�QRW�EH�JRRG�IRU�DQRWKHU��
6R� LW� LV� YHU\� LPSRUWDQW� WR� RSWLPL]H� WKH� YDULRXV� FRQGLWLRQV� WR� REWDLQ� WKH� QDQRFRPSRVLWHV� ZLWK� GHVLUHG�
SURSHUWLHV���

,QFRUSRUDWLRQ�RI�YHU\� VPDOO� DPRXQW�RI�&17V� LQWR�D�SRO\PHU�PDWUL[�FDQ� OHDG� WR� VWUXFWXUDO�PDWHULDOV�
ZLWK�VLJQLILFDQWO\�KLJK�PRGXOXV�DQG�VWUHQJWK��6LJQLILFDQW�DGYDQFHPHQW�KDV�EHHQ�PDGH�LQ�LPSURYLQJ�WKH�
PHFKDQLFDO�SURSHUWLHV�RI�SRO\PHU�PDWUL[�E\�PL[LQJ�VPDOO�IUDFWLRQ�RI�&17V���

:LWK�H[FHSWLRQDO�PHFKDQLFDO�SURSHUWLHV��&17V�DOVR�SRVVHVV�YHU\�KLJK�LQWULQVLF�HOHFWULFDO�FRQGXFWLYLW\��
7KH�HOHFWULFDO�FRQGXFWLYLW\�RI�LQGLYLGXDO�&17V�UDQJHV�IURP�����WR�����6�FP���WKDW�LV�FRPSDUDEOH�WR�PHWDOV��
&17�KDV�KHOSHG�WR�LPSDUW�FRQGXFWLYLW\�LQ�KLJKO\�LQVXODWLQJ�PDWHULDO�OLNH�SRO\PHU�E\�IDEULFDWLQJ�SRO\PHU�
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QDQRFRPSRVLWHV��7KH�HQKDQFHPHQW� LQ�HOHFWULFDO�FRQGXFWLYLW\�RI� LQVXODWLQJ�SRO\PHU�E\�VHYHUDO�RUGHUV�RI�
PDJQLWXGH� KDV� EHHQ� DFKLHYHG� ZLWK� D� YHU\� VPDOO� ORDGLQJ� ������� ZW�� ��� RI� QDQRWXEHV� LQ� WKH� SRO\PHU�
PDWULFHV���

7KHUPDO�SURSHUWLHV�RI� D� FRPSRVLWH� DUH� HTXDOO\� LPSRUWDQW� DV� LWV�PHFKDQLFDO� DQG� HOHFWULFDO� SURSHUWLHV�
EHFDXVH�LW�JLYHV�PRUH�IUHHGRP�LQ�VHOHFWLQJ�SURFHVVLQJ�FRQGLWLRQV�DQG�DOVR�DSSOLFDWLRQ�DUHD��,W�LV�REVHUYHG�
WKDW�LQFRUSRUDWLRQ�RI�&17V�LQ�SRO\PHU�PDWULFHV�UHVXOWV�LQ�LQFUHDVH�RI�JODVV�WUDQVLWLRQ��PHOWLQJ�DQG�WKHUPDO�
GHFRPSRVLWLRQ�WHPSHUDWXUHV�GXH�WR�KLQGHUHG�FKDLQ�DQG�VHJPHQWDO�PRELOLW\�RI�WKH�SRO\PHUV��

([SHULPHQWDO�0HWKRGV

0DWHULDOV��
0XOWL� ZDOOHG� FDUERQ� QDQRWXEHV� �0:&17�� �VSHFLILF� VXUIDFH� DUHD� ����P�� J���� GLDPHWHU� ��� QP� DQG�

OHQJWK��������P��ZHUH�NLQGO\�SURYLGHG�E\�%D\WXEHV��%D\HU�$*��*HUPDQ\��$QLOLQH�PRQRPHU��PROHFXODU�
ZW�� ������ J��� GHQVLW\� ������ J�� /���� ZDV� GRXEOH� GLVWLOOHG� IRU� WKH� XVH� DQG� FKHPLFDOV� OLNH� $PPRQLXP�
SHUVXOSKDWH��1��1�GLPHWK\O�IRUPDPLGH��'0)���1+������1���+&O�������1���+�62������1���+12������1���
&+�&22+�������1��DQG�&+�&O&22+�ZHUH�XVHG��$OO�WKHVH�FKHPLFDOV�ZHUH�RI�DQDO\WLFDO�JUDGH��

3UHSDUDWLRQ�RI�3RO\DQLOLQH��3$1,��E\�&KHPLFDO�2[LGDWLRQ�0HWKRG��

� ����P/��RI ����0�DQLOLQH�VROXWLRQ�LQ�������0�+�62��VROXWLRQ�ZDV�SUHSDUHG�

� ����P/��RI�������0��1+���6�2��ZDV�SUHSDUHG���

����P/��RI�����0�DQLOLQH�VROXWLRQ�DQG�����P/�RI�������0�DPPRQLXP�SHUVXOSKDWH�ZDV�SUHSDUHG�DQG�
WKH�VROXWLRQV�ZHUH�NHSW�IRU���KU��DW�URRP�WHPSHUDWXUH��a�������&���WKHQ�WKH�WZR�VROXWLRQV�ZHUH�PL[HG�E\�
GURSSLQJ�DPPRQLXP�SHUVXOSKDWH�IURP�EXUHWWH�LQWR�DQLOLQH�VROXWLRQ�LQ�D�EHDNHU�FRQWLQXRXVO\�VWLUULQJ��WKHQ�
WKH�PL[WXUH�ZDV� OHIW�RYHU�QLJKW� IRU�SRO\PHUL]DWLRQ��1H[W�GD\� WKH� UHVXOWLQJ�GDUN�JUHHQ�3$1,�SUHFLSLWDWH�
ZDV� FROOHFWHG� LQ� D� ILOWHU� SDSHU� E\� ILOWUDWLRQ� DQG� ZDV� ZDVKHG� ZLWK� ������0� +�62�� VROXWLRQ� DQG� ZLWK�
DFHWRQH��3RO\DQLOLQH��HPHUDOGLQH�VDOW��SRZGHU�ZDV�GULHG�LQ�DLU�DQG�WKHQ�LQ�YDFXXP�DW�����&��3RO\DQLOLQH�
SUHSDUHG�XQGHU�WKHVH�UHDFWLRQ�DQG�SURFHVVLQJ�FRQGLWLRQV�DUH�IXUWKHU�UHIHUUHG�WR�DV�³VWDQGDUG´�VDPSOHV��7KH�
GULHG� VDOW� VDPSOH�ZDV�NHSW� LQ� DLU� WLJKW�SODVWLF�ERWWOH��$QLOLQH�ZDV�SRO\PHUL]HG�E\� WKH�DERYH�SURFHVV�DW�

WKUHH�GLIIHUHQW�WHPSHUDWXUHV��DW���������DQG�����&�VR�DV�WR�SUHSDUH�WKUHH�3$1,�VDOW�VDPSOHV��

3UHSDUDWLRQ�RI�3RO\DQLOLQH��3$1,��%DVH
7KH�3$1,�VDOW�VDPSOH�SUHSDUHG�XVLQJ�WKH�DERYH�SURFHGXUH�ZDV�GHGRSHG�XVLQJ�WKH�ODUJH�H[FHVV�RI�����

0� 1+�� VROXWLRQ� WR� REWDLQ� WKH� FRUUHVSRQGLQJ� EDVH�� 7KH� 1+�� VROXWLRQ� FRQWDLQLQJ� 3$1,� VDOW� ZDV� NHSW�
RYHUQLJKW�XQGHU�YLJRURXV�VWLUULQJ�DQG�WKHQ�ILOWHUHG��7KH�3$1,�EDVH�ZDV�DLU�GULHG�DQG�WKHQ�GULHG�LQ�DQ�RYHQ�
DW�DERXW�����&�IRU����KUV��

3UHSDUDWLRQ�RI�3RO\DQLOLQH��3$1,��6DOW�'RSHG�ZLWK�'LIIHUHQW�$FLGV�
7KH 3$1,� EDVH� SUHSDUHG� LQ� WKH� DERYH�SURFHGXUH�ZDV� SRZGHUHG� DQG� LV�PDJQHWLFDOO\� VWLUUHG� LQ� ����0�

VROXWLRQ�RI�WKH�UHVSHFWLYH�DFLG�IRU�����KRXUV��OHIW�IRU����KRXUV�DQG�WKHQ�ILOWHUHG��ZDVKHG�DQG�HTXLOLEUDWHG�ZLWK�
WKH�UHVSHFWLYH�DFLGV�LQ������0�FRQFHQWUDWLRQ�DQG�ILQDOO\�ILOWHUHG�DQG�GULHG��

3UHSDUDWLRQ�RI�3$1,�&17�&RPSRVLWHV�E\�0HFKDQLFDO�0L[LQJ�0HWKRG�
3$1,�SUHSDUHG�E\�FKHPLFDO�R[LGDWLRQ�PHWKRG�GRSHG�ZLWK�GLIIHUHQW�DFLGV�ZHUH�VHSDUDWHO\�PL[HG�ZLWK�

0:&17�LQ�GLIIHUHQW�UDWLRV��3$1,�0:&17�UDWLRV�ZHUH�����DQG������LQ�'0)�VROYHQW��7KH�PL[WXUH�ZDV�
XOWUDVRQLFDWHG�IRU�����KRXUV�WR�GLVSHUVH�WKH�0:&17�EXQGOHV�DQG�IRU�EHWWHU�LQFRUSRUDWLRQ�RI�WKH�0:&17�
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LQ� WKH�SRO\PHU�PDWUL[��$IWHU�VRQLFDWLRQ� WKH�PL[WXUH�ZDV�PDJQHWLFDOO\�VWLUUHG�IRU�����KRXUV��)LQDOO\�� WKH�
PL[WXUH�ZDV� ILOWHUHG� DQG�ZDVKHG� VHYHUDO� WLPHV�ZLWK� GLVWLOOHG�ZDWHU� DQG�PHWKDQRO��7KH�3$1,�0:&17�
FRPSRVLWHV�ZHUH�FROOHFWHG�E\�GU\LQJ�WKH�SRZGHU�LQ�YDFXXP�RYHQ�DW�����&�IRU����KUV�

0HDVXUHPHQW�RI�(OHFWULFDO�&RQGXFWLYLW\�
)RU�WKH�PHDVXUHPHQW�RI�FRQGXFWLYLW\��������J��RI�HDFK�FRPSRVLWH�VDPSOH�ZDV�SODFHG�EHWZHHQ�WZR�LURQ�

PHWDO� SODWH� DQG� WKH� SODWHV� ZHUH� SUHVVHG� WLJKWO\� ZLWKRXW� WRXFKLQJ� HDFK� RWKHU�� 7KHQ� FRQGXFWLYLW\� ZDV�
PHDVXUHG�E\�WZR�SUREH�PXOWLPHWHU���

(OHFWURFKHPLFDO�7HVWV
9DULRXV� HOHFWURFKHPLFDO� SURSHUWLHV� OLNH� HOHFWULFDO� FRQGXFWLYLW\�� F\FOLF� YROWDPPHWU\�� DQG� FKDUJH�

GLVFKDUJH�F\FOH�RI�GLIIHUHQW��3$1,�0:&17��FRPSRVLWHV�ZHUH�PHDVXUHG����

)LJXUH����(OHFWURGHV�RI� WKH� FRPSRVLWH�PDWHULDO�PDGH�RQ� V\ULQJH�� �D��'RSHG�ZLWK�+�62��DW� ��� �&�� �E��
GRSHG�ZLWK�+�62��DW�����&�DQG��F��ZRUNLQJ�HOHFWURGH�PDGH�RQ��P/�V\ULQJH�

7KH�JDOYDQRVWDWLF�FKDUJH�GLVFKDUJH�WHVWV�ZHUH�SHUIRUPHG�DW�D�FXUUHQW�GHQVLW\�RI�������P$�FP���LQ�WKH�
SRWHQWLDO�ZLQGRZ�UDQJLQJ�IURP� ����WR�����9�LQ���0�+�62��VROXWLRQ�XVLQJ�WKUHH�HOHFWURGHV�V\VWHP��

5HVXOWV�DQG�'LVFXVVLRQ�

�0HDVXUH�RI�&RQGXFWLYLW\�RI�3RO\DQLOLQH�'RSHG�ZLWK�'LIIHUHQW�$QLRQV�
7KH�FRQGXFWLYLW\�RI�SRO\DQLOLQH� VDPSOH�GRSHG�ZLWK�GLIIHUHQW� DQLRQV�ZDV�PHDVXUHG�XVLQJ� WZR�SUREH�

PXOWLPHWHU��0D[LPXP�FRQGXFWLYLW\�RI����î�����6�FP���ZDV�IRXQG�WKH�IRU�3$1,�VDPSOH�GRSHG�ZLWK�+12���
7KLV�YDOXH�LV�PDQ\�RUGHUV�RI�PDJQLWXGH�KLJKHU�WKDQ�WKDW�RI�RWKHU�FRPPRQ�SRO\PHU�ZKLFK�LV������6�FP��

EXW�ORZHU�WKDQ�WKDW�RI�PHWDOV��7KH�FRQGXFWLYLW\�YDULHG�ZLWK�WKH�QDWXUH�RI�GRSDQW��7KLV�PD\�EH�GXH�WR�KLJK�
GHJUHH�RI�SURWRQDWLRQ�RU� R[LGDWLRQ� L�H�� GRSLQJ�RI�3$1,�ZLWK�+12�� LQWURGXFHV� ODUJH�QXPEHU�RI� FKDUJH�
FDUULHU�LQ�WKH�IRUP�RI�H[WUD�HOHFWURQV�RU�KROHV�LQ�FRPSDULVRQ�WR�RWKHUV��

&9�RI�&RPSRVLWH�RI�3$1,�'RSHG�ZLWK�'LIIHUHQW�$QLRQV�
7KH� JUDSK� VKRZV� WKDW� WKH� FRPSRVLWH� GRSHG� ZLWK� +�62�� KDV� JRRG� UHGR[� FXUUHQW� LQ� FRPSDULVRQ� WR�

RWKHUV�WKLV�LV�SUREDEO\�GXH�WR�KLJK�GRSLQJ�HIIHFW�RI�+�62��WKDQ�RWKHUV���

7KH�JUDSK�VKRZV�WKDW�WKH�HOHFWURFKHPLFDO�EHKDYLRU�RI�WKH�FRPSRVLWH�PDWHULDOV�GHSHQGV�RQ�WKH�QDWXUH�
RI�GRSDQW�XVHG�

;ĂͿ� ;ďͿ� ;ĐͿ�
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�)LJXUH��� &9�RI���D��0:&17�RQO\���E��3$1,�RQO\�

)LJXUH����&9�RI�WKH�FRPSRVLWH��GRSHG�ZLWK�GLIIHUHQW�DQLRQV����F��+�62����G��+&O�
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)LJXUH����&9�RI�WKH�FRPSRVLWH��GRSHG�ZLWK�GLIIHUHQW�DQLRQV�����H��+12����I��&+�&22+�

&DSDFLWLYH�6WXG\��

7KH� FDSDFLWLYH� FKDUDFWHULVWLF� RI� WKH� 0:&17�� 3$1,� DQG� WKH� 3$1,�0:&17� FRPSRVLWHV� ZHUH�
LQYHVWLJDWHG�E\�PHDQV�RI�F\FOLF�YROWDPPHWU\��

&DSDFLWDQFH�RI�YDULRXV�FRPSRVLWH�VDPSOHV�ZDV�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�IRUPXOD��������

&DSDFLWDQFH��&�� �$YHUDJH�FXUUHQW�VFDQ�UDWH��

6SHFLILF�&DSDFLWDQFH��6&�� �&DSDFLWDQFH�ZHLJKW�RI�WKH�DFWLYH�PDWHULDO��

0D[LPXP�VSHFLILF�FDSDFLWDQFH�RI��������)�J���ZDV�IRXQG�IRU�WKH�FRPSRVLWH�PDWHULDO�GRSHG�ZLWK�+�62�

SUHSDUHG�DW�����&��

&9�RI�&RPSRVLWH��GRSHG�ZLWK�+�62���3UHSDUHG�DW�'LIIHUHQW�7HPSHUDWXUHV�

7KH� HOHFWURFKHPLFDO� EHKDYLRU� RI� FRPSRVLWH� �GRSHG� ZLWK� +�62��� SUHSDUHG� DW� WKUHH� GLIIHUHQW�
WHPSHUDWXUHV��������DQG�����&��ZDV�VWXGLHG�E\�PHDVXULQJ�F\FOLF�YROWDPPHWU\�RI�WKH�FRPSRVLWH�VDPSOH�DW�
WKH�VFDQ�UDWH�RI����P9�V���EHWZHHQ�WKH�SRWHQWLDO�UDQJHV�RI������WR�����9��7KH�VDPSOH�SUHSDUHG�DW����&�KDV�
KLJKHVW�FXUUHQW�YDOXH��

*DOYDQRVWDWLF�&KDUJH��'LVFKDUJH�&XUYH
7KH�JDOYDQRVWDWLF�FKDUJH�GLVFKDUJH�F\FOH�RI�3$1,��0:&17�DQG�3$1,�0:&17�FRPSRVLWHV��GRSHG�

ZLWK� GLIIHUHQW� DQLRQV�� DW� D� FXUUHQW� GHQVLW\� RI� ������ P$� FP��� LQ� WKUHH� HOHFWURGH� V\VWHP� EHWZHHQ� WKH�
SRWHQWLDO� UDQJHV�RI� ����� WR�����9�ZDV�SHUIRUPHG��7KH�6&�RI� WKH�HOHFWURGH�PDWHULDO� LV� FDOFXODWHG�E\� WKH�
IROORZLQJ�UHODWLRQ���

6SHFLILF�&DSDFLWDQFH� ��,î W���� 9î�P��

:KHUH��,�LV�FKDUJH�GLVFKDUJH�FXUUHQW�� W�LV�WKH�GLVFKDUJH�WLPH�� 9�LV�WKH�YROWDJH�GLIIHUHQFH�����9���DQG�
P�LV�WKH�PDVV�RI�WKH�DFWLYH�FRPSRVLWH�PDWHULDO����������J���

7KH� VSHFLILF� FDSDFLWDQFH� YDOXHV� RI� DOO� WKH� FRPSRVLWH� GHWHUPLQHG� XVLQJ� WKH� JDOYDQRVWDWLF� FKDUJH�
GLVFKDUJH�PHWKRG�IROORZHG�WKH�WUHQG�GHWHUPLQHG�E\�WKH�&9�PHDVXUHPHQWV��6&�ZDV�IRXQG�WR�EH�PD[LPXP�
IRU�WKH�FRPSRVLWH�PDWHULDO�GRSHG�ZLWK�+�62��DW�URRP�WHPSHUDWXUH��L�H������&���+HUH�LW�ZDV�REVHUYHG�WKDW�
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WKH�6&�RI�0:&17�LV� OHVV� LQ�FRPSDULVRQ�WR� WKH�FRPSRVLWH�RI�3$1,�0:&17��WKLV�HQKDQFHPHQW� LQ� WKH�
6&�RI�FRPSRVLWH�PD\�EH�GXH�WR�WKH�V\QHUJHWLF�HIIHFW�RI�0:&17�RQ�3$1,���

)LJXUH�����&KDUJH�GLVFKDUJH�FXUYH�RI�WKH�FRPSRVLWH�PDWHULDOV���D��+�62��GRSHG�����&���E��+�62��GRSHG����
�&��

)LJXUH����&KDUJH�GLVFKDUJH�FXUYH�RI�WKH�FRPSRVLWH�PDWHULDOV���F��+�62��GRSHG�����&���G��&+�&O&22+�
GRSHG��
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)LJXUH����&KDUJH�GLVFKDUJH�FXUYH�RI�WKH�FRPSRVLWH�PDWHULDOV���H��+&O�GRSHG���I��+12��GRSHG

)URP�WKH�VWXG\�RI�FKDUJH�GLVFKDUJH�F\FOH��WKH�3$1,�GRSHG�ZLWK�+�62���SUHSDUHG�DW�����&�VKRZV�D�KLJKHU�
6&��ZKLOH�0:&17�VKRZV�OHVV�6&�YDOXH���

&RQFOXVLRQV�

,Q�WKLV�ZRUN�DQLOLQH�ZDV�SRO\PHUL]HG�E\�FKHPLFDO�R[LGDWLRQ�PHWKRG�E\�XVLQJ�DPPRQLXP�SHUVXOSKDWH�
DV� DQ� R[LGDQW� LQ� ������ 0� +�62�� VROXWLRQ�� 7KH� R[LGDWLYH� SRO\PHUL]DWLRQ� RI� DQLOLQH� ZDV� IRXQG� WR� EH�
H[RWKHUPLF�LQ�QDWXUH��7KH�SRO\DQLOLQH�ZDV�GHGRSHG�ZLWK�����0�1+��VROXWLRQ�DQG�ZDV�DJDLQ�GRSHG�ZLWK�
GLIIHUHQW�DQLRQV�WR�VWXG\�WKH�HIIHFW�RI�DQLRQV�RQ�FRQGXFWLYLW\��VSHFLILF�FDSDFLWDQFH�DQG�FKHPLFDO�VWDELOLW\�
RI�FRPSRVLWH�PDWHULDOV��0HDVXUHPHQWV�RI�WKH�FRQGXFWLYLW\�RI�3$1,�GRSHG�ZLWK�GLIIHUHQW�DQLRQV�VKRZ�WKDW�
WKH�3$1,�GRSHG�ZLWK�+12��KDV�KLJK�FRQGXFWLYLW\�LQ�FRPSDULVRQ�WR�WKH�RWKHUV��&RPSRVLWH�PDWHULDOV�ZHUH�
SUHSDUHG�E\�PL[LQJ�3$1,�ZLWK�0:&17�E\�PHFKDQLFDO�PL[LQJ�PHWKRG��7KH�VSHFLILF�FDSDFLWDQFH�IRU�WKH�
FRPSRVLWH��GRSHG�ZLWK�+�62��DW�����&��KDV�KLJKHVW�YDOXHV�RI��������)�J

���REWDLQHG�IURP�&9��WKLV�PD\�EH�
GXH�WR�IRUPDWLRQ�RI�PRUH�DFWLYH�VLWHV�RYHU�WKH�VXUIDFH�RI�FRPSRVLWH�PDWHULDO�LQ�FRPSDULVRQ�WR�RWKHUV��7KH�
FKDUJH� GLVFKDUJH� FXUYH� VKRZV� D� UHJXODU� V\PPHWULF� FKDUJLQJ� DQG�GLVFKDUJLQJ� OLQH�ZKLFK� H[SODLQV�JRRG�
UHYHUVLEOH� QDWXUH� RI� WKH� FRPSRVLWH� PDWHULDO�� � 7KH� VSHFLILF� FDSDFLWDQFH� YDOXHV� IRU� FRPSRVLWH� PDWHULDOV�
FDOFXODWHG�IURP�FKDUJH�GLVFKDUJH�FXUYH�KDYH�VDPH�WUHQG�DV�WKRVH�FDOFXODWHG�IURP�&9�FXUYH��6WXG\�RI�&9�
FXUYH� VKRZV� WKDW� WKH� FRPSRVLWH� RI� 3$1,� GRSHG�ZLWK�+�62�� SUHSDUHG� DW� ��Û&� KDV� KLJKHVW� VWDELOLW\� LQ�
FRPSDULVRQ�WR�RWKHUV��+RZHYHU�WKH�FRPSRVLWH��GRSHG�ZLWK�+�62��DW�����&��KLJKHVW�UHGR[�FXUUHQW��KLJKHVW�
6&�� DQG� KDV� VWDELOLW\� VOLJKWO\� OHVV� WKDQ� WKH� FRPSRVLWH� �GRSHG� ZLWK� +�62�� DW� ��� �&��� 7KXV�� RI� DOO� WKH�
PDWHULDOV�VWXGLHG�FRPSRVLWH�RI�3$1,��GRSHG�ZLWK�+�62��DW�����&��0:&17�FRXOG�EH�WKH�EHVW�PDWHULDO�
IRU�VXSHUFDSDFLWRU�DSSOLFDWLRQ���
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$FNQRZOHGJHPHQWV

7KH� DXWKRUV� DUH� WKDQNIXO� WR� WKH� XQLYHUVLW\� JUDQWV� FRPPLVVLRQ� IRU� ILQDQFLDO� VXSSRUW� DQG� +HDG� RI� WKH�
&HQWUDO� 'HSDUWPHQW� RI� &KHPLVWU\�� 7ULEKXYDQ� 8QLYHUVLW\�� .DWKPDQGX�� 1HSDO� IRU� SURYLGLQJ� WKH� DYDLODEOH�
UHVHDUFK�IDFLOLWLHV�WR�FRQGXFW�WKLV�UHVHDUFK�ZRUN��

5HIHUHQFHV��

�� 5��)DH]��,��0��0DUWLQ��0��$��'H�3DROL��0��&��5H]HGHQH��6\QWK��0HW�������� ��������������
�� +��6KLUDNDZD���-��/RXLV�(��$��*��0DF'LDUPLG��&��.��&KLDQJ���$��+HHJHU���-��&KHP��&RPPXQ����������������

������
�� 0��6��5DP��3��6ULQLYDVDQ��-RXUQDO�RI�0ROHFXODU�&DWDO\VLV������� ��������������
�� $�� .�� 6KDUPD�� <�� 6KDUPDE�� 6�� *DQGKL�� $Q� ,QWHUQDWLRQDO� -RXUQDO� 8QLYHUVDO� 5HVHDUFK�

3XEOLFDWLRQV����������������������
�� 2OJXQ�*X��YHQ��5DGLDWLRQ�3K\VLFV�DQG�&KHPLVWU\������� ��������±�������
�� 3��'��*DLNZDG��'��-��6KLUDOH��9��.��*DGH��3��$��6DYDOH��.��3��.DNGH��+��-��.KDUDW��0��'��6KLUVDW��

%XOO��0DW��6FL���������������±�����


