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8OWUDVRQLF�H[DPLQDWLRQ�PHWKRGV�DUH�XVHG
ZLGHO\� IRU� GLDJQRVWLF� SXUSRVHV� LQ� FDUGLRO�
RJ\�� VXUJHU\�� REVWHWULFV�� RSKWKDOPRORJ\�
GHQWLVWU\�� DQG� RWKHU� ILHOGV� RI� PHGLFLQH�
6XFK� PHWKRGV� DUH� UHDOL]HG� XVLQJ� YDULRXV
W\SHV� RI� XOWUDVRQLF� DSSDUDWXVHV� EDVHG� RQ
PDJQHWRVWULFWLYH� RU� SLH]RHOHFWULF� WUDQV�
GXFHUV��7KH�PDLQ�UHTXLUHPHQW�WR�XOWUDVRQLF
PHGLFDO� GLDJQRVWLF� HTXLSPHQW� LV� PLQLPL]D�
WLRQ�RI�WKH�XOWUDVRXQG�DFWLRQ�RQ�KXPDQ�RU�
JDQLVP��7KH�VDIHW\�GHJUHH�RI�XOWUDVRQLF�DS�
SDUDWXVHV�LV�GHILQHG�E\�WKH�WHFKQLFDO�FKDUDF�
WHULVWLFV� WKHUHRI�� $V� WR� GHYLFHV� EDVHG� RQ
SLH]RHOHFWULF� WUDQVGXFHUV�� VXFK� FKDUDF�
WHULVWLFV� LQFOXGH� SLH]RHOHFWULF� VHQVLWLYLW\�
J���� RI� ZRUNLQJ� SLH]RFHUDPLF� HOHPHQWV
�3&(��� 7KH� KLJKHU� LV� WKH� J��� YDOXH�� WKHZHDNHU� DFRXVWLF� VLJQDO� FDQ� EH� XVHG� IRU� XO�
WUDVRQLF�H[DPLQDWLRQ�

7KH�SLH]RHOHFWULF� WUDQVGXFHUV�XVHG� LQ�GL�
DJQRVWLF�XOWUDVRQLF�HTXLSPHQW��EHORQJ�WR�UH�
YHUVLEOH� GHYLFHV�� L�H�� WR� WKH� RQHV�ZKLFK� FDQ
DFW�ERWK�DV�HPLWWHUV�DQG�UHFHLYHUV�RI�UDGLD�
WLRQ�� 7KH� PDQXIDFWXULQJ� RI� 3&(� UHTXLUHV
PDWHULDOV�ZLWK�ORZ�PHFKDQLFDO�TXDOLW\�4P�DVZHOO� DV� ZLWK� KLJK� YDOXHV� RI� SLH]RHOHFWULF
PRGXOXV�GLM� DQG� SLH]RHOHFWULF� VHQVLWLYLW\�JLMVLPXOWDQHRXVO\�� VXFK� DV� WKH� FHUDPLFV
¡�vv���l�� ¡�vv���� �SURGXFHG� E\� 5HDN�
WLYHOHNWURQ��8NUDLQH��>�@���zc�����¡�vs{�
���PDGH� LQ�5XVVLD�� >�@��7KH�GHYHORSPHQW�RI
PDWHULDOV�FKDUDFWHUL]HG�E\�WKH�DERYH�PHQWLRQHG
FRPELQDWLRQ�RI�SURSHUWLHV�LV�D�FRPSOH[�WDVN��DV
WKH� SDUDPHWHUV� G� DQG� J� �G�a�H����� J�a�HÜ��� DUH
DQWDJRQLVWLF�� 7KH� H[LVWLQJ� 3&(� KDYH� SLH]R�
HOHFWULF� VHQVLWLYLW\� YDOXHV� J��� RI� DW� PRVW���P9�3D�>�@��7R�REWDLQ�WKH�UHTXLUHG�VHW�RI
SURSHUWLHV��VSHFLDO�DWWHQWLRQ�LV�EHLQJ�SDLG�WR
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WKH� GHYHORSPHQW� RI� QHZ� PHWKRGV� IRU� WKH
PDNLQJ� RI� FHUDPLF� HOHPHQWV� DQG� WR� WKH
VWXG\�RI� WKH�PDWHULDO� VWUXFWXUH�VWDWH� LQIOX�
HQFH� RQ� WKH� SHUIRUPDQFH� FKDUDFWHULVWLFV� RI
FHUDPLF�PDWHULDOV��$V�VKRZQ�UHFHQWO\��QDQR�
VFDOH� VWUXFWXUHV� JLYH� ULVH� WR� WKH� HIIHFWV
FKDQJLQJ� UDGLFDOO\� WKH� SK\VLFDO� SURSHUWLHV
RI� PDWHULDOV�� WKH� FKHPLFDO� FRPSRVLWLRQ� UH�
PDLQLQJ�XQFKDQJHG�>�Ü�@��
,Q�WKLV�ZRUN��UHSRUWHG�DUH�WKH�UHVXOWV�RI

WKH�VWXGLHV�DLPHG�DW�WKH�REWDLQLQJ�RI�SLH]R�
FHUDPLF�HOHPHQWV�ZLWK�KLJK�J���YDOXHV��7KHLQYHVWLJDWHG� 3&(� ZHUH� SURGXFHG� IURP� LQ�
GXVWULDO� PDWHULDOV� EDVHG� RQ� OHDG� ]LUFRQDWH�
WLWDQDWH� �3=7�� VROLG� VROXWLRQV� VXFK� DV
¡�vv���l�� ¡�v����� DV� ZHOO� DV� WKH� PRGHO
VROLG� VROXWLRQ� RI� WKH�3E�=U����7L�����2�� FRP�SRVLWLRQ�ZLWK�VPDOO�DPRXQWV�RI�GRSLQJ�DGGL�
WLYHV��3=7���������7KH�HOHFWURSK\VLFDO�SURS�
HUWLHV� RI� WKHVH� 3&(� ZHUH� RSWLPL]HG� XVLQJ
WUDGLWLRQDO� DSSURDFKHV� �H�J�� GRSLQJ� RI� WKH
PDWHULDO�� DQG� QHZ� PHWKRGV� EDVHG� RQ� WKH
FKDQJH� RI� WKH� PDWHULDO� VWUXFWXUH� VWDWH�� LQ
SDUWLFXODU�� GLVSHUVLW\� DQG� PRUSKRORJ\� RI
WKH�V\QWKHVL]HG�SRZGHU��DV�ZHOO�DV�SHFXOLDUL�
WLHV�RI�LWV�FRPSDFWLQJ�
7KH� 3=7� SRZGHUV� ZHUH� SUHSDUHG� E\� WKH

VHPL�FHUDPLF� V\QWKHVLV� �6&6��� $W� ILUVW�� WKH
FR�SUHFLSLWDWLRQ� PHWKRG� ZDV� DSSOLHG� WR� RE�
WDLQ�SUHFXUVRUV�LQ�WKH�IRUP�RI�WLWDQLXP�DQG
]LUFRQLXP� K\GUR[LGHV� ZKLFK� ZHUH� KHDW
WUHDWHG� WR� REWDLQ� FU\VWDOOLQH� SRZGHU�� 7KHQ
WKH� REWDLQHG� SRZGHU� ZDV� PL[HG� ZLWK� OHDG
R[LGH� DQG� WKH� GRSLQJ� DGGLWLYH� R[LGHV�� 7KH
UDZ� PDWHULDO� VR� SUHSDUHG� ZDV� JURXQG� LQ� D
YLEUDWRU\� PLOO� DQG� VXEMHFWHG� WR� WKH� ILQDO
KHDW�WUHDWPHQW�WR�REWDLQ�D�PRQRSKDVH�SURG�
XFW�� 7KH� FRQGLWLRQV� IRU� WKH� UDZ� PDWHULDO
V\QWKHVLV�DQG�VLQWHULQJ�RI�WKH�FHUDPLF�VDP�
SOHV� ZHUH� FKRVHQ� EDVLQJ� RQ� WKH� UHVXOWV� RI
WKHUPRJUDYLPHWULF�� GLODWRPHWULF�� DQG� ;�UD\
LQYHVWLJDWLRQV�� 7KH� SRZGHUHG� SURGXFWV� RI
KHDW� WUHDWPHQW� ZHUH� FRQWUROOHG� E\� RI� ;�UD\
SKDVH� DQDO\VLV� XVLQJ� D�'521��� GLIIUDFWRPH�
WHU��ILOWHUHG�&X.D�UDGLDWLRQ��DQG�WUDQVPLVVLRQ
HOHFWURQ�PLFURVFRS\��7KH�GHWHUPLQDWLRQ�DFFX�
UDF\�RI�TXDQWLWDWLYH�SKDVH�DQDO\VLV�ZDV�����
7KH� V\QWKHVL]HG� SRZGHUV� ZHUH� XVHG� WR

SURGXFH� 3&(� VKDSHG� DV� ����� WR� ����� PP
WKLFN� GLVNV� RI� �Ü��� PP� GLDPHWHU�� 7KH� FH�
UDPLF� SUHIRUPV� ZHUH� VKDSHG� E\� XQLD[LDO
FRPSDFWLQJ� XQGHU� D� SUHVVXUH� RI� �Ü�� W�FP�
XVLQJ� VXUIDFH�DFWLYH� VXEVWDQFHV� �6$6�� DQG
RUJDQLF�ELQGHU��7KH�SUHIRUPV�ZHUH�VLQWHUHG
DW� WHPSHUDWXUHV� UDQJLQJ� EHWZHHQ� ���� DQG
�����&� WRJHWKHU� ZLWK� OHDG�FRQWDLQLQJ
FKDUJH� LQ� FORVHG� DOXQGXP� FRQWDLQHUV�� 7KH
LVRWKHUPDO�KROGLQJ�GXUDWLRQ�ZDV����PLQXWHV
WR� �� KRXUV�� )RU� FRPSDULVRQ�� WKH� VLPLODU

VDPSOHV�ZHUH�DOVR�REWDLQHG�XVLQJ�WKH�WUDGL�
WLRQDO�FHUDPLF�WHFKQRORJ\��&7���
7KH� HOHFWURSK\VLFDO� SURSHUWLHV� RI� WKH

VDPSOHV� ZHUH� VWXGLHG� XVLQJ� HOHFWURGHV
IRUPHG� E\� EXUQLQJ�LQ� WKH� VLOYHU� SDVWH� LQWR
WKH�VDPSOH�VXUIDFH��7KH�VDPSOHV�ZHUH�SRODU�
L]HG� LQ�'&� HOHFWULF� ILHOG�ZLWK� WKH� LQWHQVLW\
p� ��� N9�PP� E\� KROGLQJ� DW� ����&� IRU� RQH
KRXU��7KH�HOHFWURSK\VLFDO�SDUDPHWHUV�RI�WKH
3&(�ZHUH�FRQWUROOHG�DFFRUGLQJ�WR�WKH�VWDQG�
DUG�WHFKQLTXH��WKH�SLH]RHOHFWULF�PRGXOXV�G��ZDV�PHDVXUHG�E\�WKH�VWDWLF�PHWKRG�>�@��7KH
3&(�ZHUH�WHVWHG�LQ�PHGLFDO�XOWUDVRQLF�DSSD�
UDWXVHV� DW� D� QXPEHU� RI� HQWHUSULVHV� VXFK� DV
�(VNXODS�8=7��� �.YDQW�� �.HLY�� 8NUDLQH�
DQG�RWKHU�3&(�XVHUV�
6KRZQ� LQ� )LJ���� DUH� WKH� GLODWRPHWULF� LQ�

YHVWLJDWLRQ� UHVXOWV� RI� WKH�¡�vv���l�PDWH�
ULDO� V\QWKHVLV� E\� WKH� WUDGLWLRQDO� FHUDPLF
PHWKRG� IURP� WKH� PHFKDQLFDO� PL[WXUH� RI
3E2��7L2���=U2���DQG�%L�2���FXUYH����DQG�E\WKH� 6&6� PHWKRG� IURP� WKH� PHFKDQLFDO� PL[�
WXUH� RI� WKH�7L� DQG�=U� K\GUR[LGHV�ZLWK�3E2
DQG� %L�2�� �FXUYH� ���� &XUYH� �� LV� FKDUDF�WHUL]HG� E\� D� SURQRXQFHG� PD[LPXP� DW� DS�
SUR[LPDWHO\� ����&�� ZKLFK� LV� GXH� WR� WKH
VROLG�SKDVH� UHDFWLRQ� RI� WKH� VROLG� VROXWLRQ
IRUPDWLRQ�� 7R� REWDLQ� WKH� PRQRSKDVH� SURG�
XFW�� WKH� V\QWKHWLF� SURFHVV� LV� WR� EH� UHDOL]HG
DW� WHPSHUDWXUHV� DW� OHDVW� �����&�� &XUYH� �
VKRZV� DQ� LQVLJQLILFDQW� DQRPDORXV�ZLGHQLQJ
DW� ���Ü����&� ZKLFK� LV� FRQQHFWHG� ZLWK� GH�
FRPSRVLWLRQ� RI� WKH� LQLWLDO� SUHFXUVRUV� DQG
WKH� IRUPDWLRQ� RI� WKH� ILQDO� SURGXFW�� $W
����&�� WKH� FXUYH� UHDFKHV� D� SODWHDX�� WKXV

)LJ�����'LODWRPHWU\�FXUYHV�IRU�GLIIHUHQW�SURF�
HVVHV� RI� ¡�vv���l� V\QWKHVLV�� ��� WUDGLWLRQDO
FHUDPLF�PHWKRG�� ��� VHPL�FHUDPLF�PHWKRG�� ��
FR�SUHFLSLWDWLRQ�RI�WKH�FRPSRQHQWV�

1�$�6SLULGRQRY�HW�DO����+LJK�VHQVLWLYLW\�SLH]RFHUDPLF����

��� )XQFWLRQDO�PDWHULDOV�������������



HYLGHQFLQJ� WKH� FRPSOHWLRQ� RI� WKH� PDWHULDO
V\QWKHVLV��7KH�SRZGHU�V\QWKHVL]HG�DW�����&
ZDV�H[DPLQHG�E\�;3$��7KH�DQDO\VLV�VKRZHG
WKH� DEVHQFH� RI� DQ\� LQLWLDO� DQG� LQWHUPHGLDWH
SKDVHV�� WKH�;�UD\� GLIIUDFWLRQ� SDWWHUQV� FRQ�
WDLQHG� RQO\� WKH� OLQHV� FRUUHVSRQGLQJ� WR� WKH
3=7� VWUXFWXUH�� 7KH� DYHUDJH� VL]H� RI� WKH� FR�
KHUHQW� VFDWWHULQJ� UHJLRQV� �&65�� LV
GDY|�����QP��7KH�SRZGHUHG�PDWHULDOV�¡�v���� DQG� 3=7� ������ DOVR� KDYH� KLJKO\� GLV�
SHUVHG� &65�� ��� QP� DQG� ����� QP�� UHVSHF�
WLYHO\��$FFRUGLQJ�WR�WKH�GDWD�RI�PLFURVFRSLF
H[DPLQDWLRQ��WKH�DYHUDJH�JUDLQ�VL]H�IRU�WKH
SRZGHU� V\QWKHVL]HG� E\� WKH� WUDGLWLRQDO
PHWKRG� LV� ����� QP�� WKH� &65� VL]H� EHLQJ
����QP��6R��WKH�REWDLQHG�UHVXOWV�SRLQW�HYHQ
DW� WKLV� VWDJH� WR� DGYDQWDJHV� RI� WKH� 6&6
PHWKRG�RYHU�WKH�WUDGLWLRQDO�FHUDPLF�PHWKRG
IRU� WKH� REWDLQLQJ� RI� 3=7� V\VWHP� SLH]RHOHF�
WULF�PDWHULDOV��
7KH� VWDJH� RI� SRZGHU� FRPSDFWLRQ� LV� YHU\

LPSRUWDQW� IRU� WKH� IRUPDWLRQ� RI� WKH� ILQDO
PDWHULDO� VWUXFWXUH�� 7KH� ILQHO\� GLVSHUVHG
SRZGHUV�DUH�HVSHFLDOO\�VHQVLWLYH�WR�WKH�FRP�
SDFWLRQ�FRQGLWLRQV��LQ�SDUWLFXODU��WR�WKRVH�RI
SUHVVLQJ��7KLV�LV�H[SODLQHG�E\�WKHLU�VSHFLILF
IHDWXUHV�� H�J�� GRPLQDWLRQ� RI� WKH� VXUIDFH
SURSHUWLHV� RYHU� RWKHU�SK\VLFRFKHPLFDO� FKDU�
DFWHULVWLFV�� $V� WKH� GLVSHUVLW\� GHJUHH� ULVHV�
WKH� LQWHUDFWLRQ� RI� WKH� SRZGHU� SDUWLFOHV� EH�
FRPHV�PRUH�LQWHQVH�DQG�UHVXOWV�LQ�WKHLU�DJ�
JUHJDWLRQ� DQG� WKH� IRUPDWLRQ� RI� D� VNHOHWRQ
VWUXFWXUH�ZKLFK�KLQGHUV�WKH�SRZGHU�FRPSDF�
WLRQ�ZKHQ�WKH�DSSOLHG�H[WHUQDO�SUHVVXUH� LQ�
FUHDVHV�� 7KH� SUHVVLQJ� SUREOHP� RI� ILQH�GLV�
SHUVHG� SRZGHUV�PD\� EH� VROYHG� E\� FKDQJLQJ
WKH� VXUIDFH� SURSHUWLHV� RI� WKH� SRZGHU� SDUWL�
FOHV�� H�J�� XVLQJ� 6$6�� 7KH� LQIOXHQFH� RI
XQLD[LDO�SUHVVLQJ�RI�¡�vv���l�SRZGHUV�RE�
WDLQHG�E\�WKH�WZR�PHWKRGV�PHQWLRQHG�DERYH
LV�LOOXVWUDWHG�E\�7DEOH���DV�ZHOO�DV�WKH�LQIOX�
HQFH�RI�6$6�RQ�WKH�TXDOLW\�RI�WKH�SUHVVLQJV�
7KH�SUHVHQWHG�GDWD�WHVWLI\�WKDW�WKH�WHFK�

QLTXH� ZH� KDYH� GHYHORSHG� IRU� SUHVV�SRZGHU
SUHSDUDWLRQ� PDNHV� LW� SRVVLEOH� WR� LQFUHDVH
WKH� WROHUDEOH� SUHVVXUHV� RI� SRZGHU� FRPSDF�

WLRQ� IURP�����XS� WR����� W�FP�� DQG� WR� UDLVH
WKH�TXDOLW\�RI�WKH�SUHVVLQJV��
7R�HVWDEOLVK�WKH�VLQWHULQJ�UHJLPHV�IRU�WKH

FHUDPLF� HOHPHQWV�� WKH� GLODWRPHWULF� VWXGLHV
ZHUH� SHUIRUPHG�XQGHU� SURJUDPPHG�KHDWLQJ
�WKH� KHDWLQJ� UDWH� RI� ���&�PLQ��� )LJ���� SUH�
VHQWV� WKH� VKULQNDJH� FXUYHV� IRU� WKH�¡�vv��
�l� SRZGHUV� SUHSDUHG� E\� WKUHH� GLIIHUHQW
PHWKRGV�� $V� VHHQ� IURP� WKHVH� GHSHQGHQFHV�
IRU� WKH� VDPSOHV� REWDLQHG� E\� WKH� VHPL�FH�
UDPLF� WHFKQRORJ\� WKH�VLQWHULQJ� WHPSHUDWXUH
LV� HVVHQWLDOO\� �E\� ���Ü����&�� ORZHU� WKDQ
WKDW� IRU� WKH� VDPSOHV� SUHSDUHG� DFFRUGLQJ� WR
WKH� VWDQGDUG� FHUDPLF� WHFKQRORJ\�� DQG� LV
SUDFWLFDOO\� HTXDO� WR� WKH� VLQWHULQJ� WHPSHUD�
WXUH�IRU�WKH�SRZGHUV�SUHSDUHG�E\�FR�SUHFLSL�
WDWLRQ�� +HUH� LW� VKRXOG� EH� QRWHG� WKDW� WKH
WKLUG�PHWKRG�LV�H[WUHPHO\�GLIILFXOW�WR�XVH�LQ
REWDLQLQJ� RI� PXOWLFRPSRQHQW� �ZLWK� UHVSHFW
WR�FDWLRQLF�FRPSRVLWLRQ��SURGXFWV��7KH�VHPL�
FHUDPLF�WHFKQRORJ\�DOORZV�WR�FRSH�ZLWK�WKLV
SUREOHP�HDVLO\��7KH�JUDLQ�VL]H�RI�WKH�FHUDP�
LFV�SUHSDUHG�E\�WKH�VHPL�FHUDPLF�WHFKQRORJ\
UDQJHV�EHWZHHQ������DQG������QP��)LJ�����
7KLV�SURYLGHV�KLJK�PHFKDQLFDO�VWUHQJWK�DQG
ORQJ�VHUYLFH�OLIH�RI�WKH�FHUDPLF�HOHPHQWV�>�@�

7DEOH����5HVXOWV�IRU�¡�vv���l�SRZGHU�FRPSDFWLQJ

3RZGHU�W\SH 3UHVV�SRZGHU�FRPSRVLWLRQ &RPSDFWLQJ�SUHVVXUH�
������1�FP� 3RURVLW\���

7UDGLWLRQDO�FH�
UDPLF�PHWKRG
�GDY� �����PP�

3RZGHU�ELQGHU ��� �����
3RZGHU�ELQGHU�VXUIDFH�DFWLYDWRU ��� �����

6HPL�FHUDPLF
PHWKRG

�G&65� ����QP�
3RZGHU�ELQGHU ��� �����

3RZGHU�ELQGHU�VXUIDFH�DFWLYDWRU ��� �����

)LJ�����'LODWRPHWU\�FXUYHV�IRU�GLIIHUHQW�SURF�
HVVHV� RI� ¡�vv���l� VLQWHULQJ�� ��� WUDGLWLRQDO
FHUDPLF�PHWKRG�� ��� VHPL�FHUDPLF�PHWKRG�� ��
FR�SUHFLSLWDWLRQ�RI�WKH�FRPSRQHQWV�
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7DEOH���SUHVHQWV�WKH�HOHFWURSK\VLFDO�FKDU�
DFWHULVWLFV� RI� WKH� 3&(� VKDSHG� DV� GLVNV� RI
��� PP� GLDPHWHU� DQG� ����� PP� WKLFNQHVV
SURGXFHG� E\� WKH� VHPL�FHUDPLF� WHFKQRORJ\�
$V� VHHQ� IURP� WKLV� 7DEOH�� WKH� 3&(� SRVVHVV
HOHYDWHG�J���DW�KLJK�G���YDOXHV�DV�FRPSDUHGWR� WKH� HOHPHQWV� REWDLQHG� E\� WKH� WUDGLWLRQDO
WHFKQRORJ\� DQG� WKRVH� SURGXFHG� DW� RWKHU
FRPSDQLHV�LQ�8NUDLQH�DQG�DEURDG���
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