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3R� GHSHQGHQFH RI σ VXJJHVWV WKDW WKH SUHGRPLQDQW DWRPLF GHIHFWV LQ SXUH 7L2� DUH R[\JHQ YDFDQFLHV �9R

��� DQG LQ�

WHUVWLWLDO WLWDQLXP LRQV �7L
L

������ EXW WKH GRPLQDQW GHIHFW LV FKDQJHG ZLWK 3R� DQG WHPSHUDWXUH� 7KH SKRWRH[FLWHG HOHF�

WURQV LQ UHGXFHG DQG�RU Q�W\SH GRSHG 7L2� HQKDQFH ERWK WKH SKRWRFRQGXFWLYLW\ DQG WKH SKRWRFDWDO\WLF UHDFWLYLW\ E\ WKH
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.H\ ZRUGV� 'HIHFW 7\SH� 3KRWRFRQGXFWLYLW\� 3KRWRUHDFWLYLW\� &KDUJH &RPSHQVDWLRQ� 'RSLQJ (IIHFW

,1752'8&7,21

1RQVWRLFKLRPHWULF WLWDQLXP GLR[LGH� ZKLFK LV FODVVLILHG DV DQ R[\�

JHQ�GHILFLHQW Q�W\SH VHPLFRQGXFWRU� LV RQH RI WKH PRVW H[WHQVLYHO\

VWXGLHG PHWDO R[LGHV� EHFDXVH LW LV RQH RI WKH SURPLVLQJ PDWHULDOV

DV D SKRWRFDWDO\VW >)XMLVKLPD� DQG+RQGD� ����� .DVXJH HW DO�� �����

-RQJK HW DO�� ����� 1DNDWR HW DO�� ����� &KDL HW DO�� ����@� R[\JHQ

VHQVRU >7LHQ HW DO�� ����� %DHN HW DO�� ����@� YDULVWRU� DQG R[LGH HOHF�

WURGH >=DEDQ HW DO�� ����� :DWDQDEH HW DO�� ����@� 7KH SKRWRFDWD�

O\WLF PHFKDQLVP LV VWLOO FRQWURYHUVLDO� DOWKRXJK WKHUH DUH PDQ\ DUWL�

FOHV UHSRUWLQJ WKH FRUUHODWLRQ RI SKRWRFDWDO\WLF DFWLYLW\ ZLWK WKH SK\V�

LFDO SURSHUWLHV RI 7L2� VXFK DV FU\VWDO VWUXFWXUH� VXUIDFH DUHD� SDU�

WLFOH VL]H� DQG VR RQ >2KWDQL HW DO�� ����@� 7KH SXUSRVH RI WKLV UH�

VHDUFK LV WR LQYHVWLJDWH WKH FRUUHODWLRQ EHWZHHQ WKH SKRWRFRQGXFWLY�

LW\ DQG WKH SKRWRFDWDO\WLF UHDFWLYLW\ LQ XQGRSHG DQG GRSHG SRO\�

FU\VWDOOLQH WLWDQLXP GLR[LGH�

,Q WKLV ZRUN� WKH HOHFWULFDO FRQGXFWLYLW\� WKH SKRWRFRQGXFWLYLW\�

DQG WKH SKRWRFDWDO\WLF UHDFWLYLW\ LQ FU\VWDOOLQH UXWLOH DUH PHDVXUHG

DQG GLVFXVVHG DV D IXQFWLRQ RI WKH R[\JHQ SDUWLDO SUHVVXUH� WHPSHU�

DWXUH� GRSLQJ W\SH DQG 89 LUUDGLDWLRQ WLPH�

(;3(5,0(17$/

�� 6DPSOH 3UHSDUDWLRQ

5HDJHQW�JUDGHV RI 7L2�� 1E�2�� 7D�2�� 0Q2� DQG $O�2� ZHUH

XVHG DV WKH VWDUWLQJ PDWHULDOV� 7KH SRZGHUV ZHUH PL[HG ZLWK =U2�

EDOOV� GULHG DQG SUHVVHG LQWR D UHFWDQJXODU IRUP DW ����� NJI�FP��

7KHVH SHOOHWV ZHUH VLQWHUHG DW ����� R& IRU �� KUV LQ DLU� 7KH VLQWHUHG

SHOOHWV RI WKH UXWLOH VWUXFWXUH ZHUH JURXQG WR WKH WKLFNQHVV RI �PP�

HOHFWURGHG ZLWK 3W SDVWH DQG KHDW WUHDWHG DW ����� R& IRU ��PLQ�

�� (OHFWULFDO &RQGXFWLYLW\

$IWHU WKH VDPSOH ZDV SULQWHG E\ 3W SDVWH �+HUDHXV &R�� DQG DQ�

QHDOHG IRU ��PLQ DW ����� R&� WKH VDPSOH IRU WKH HOHFWULFDO FRQGXF�

WLYLW\ ZDV DWWDFKHG WR 3W ZLUHV �Φ���PP� IRU WKH IRXU SRLQW�SUREH

PHWKRG WR HOLPLQDWH QRQRKPLF FRQWDFW HIIHFWV� )LJ� � VKRZV WKH DS�

SDUDWXV IRU PHDVXULQJ HOHFWULFDO FRQGXFWLYLW\� 7KH ORZ R[\JHQ SDU�

WLDO SUHVVXUH �3R�� ZDV HVWDEOLVKHG E\ XVLQJ &2�&2� RU +��+�2�$U

PL[WXUH DV VKRZQ LQ )LJ� �� 7KH HVWDEOLVKHG 3R� ZDV PRQLWRUHG ZLWK

D<�2� VWDELOL]HG ]LUFRQLD �<6=� R[\JHQ VHQVRU� 7KH UHVLVWLYLW\ RI WKH

VDPSOHZDVPHDVXUHG DV D IXQFWLRQ RI WHPSHUDWXUH ���� R&������ R&�

DQG SDUWLDO SUHVVXUH RI R[\JHQ �������−�� DWP�� 7KDW ZDV FRQYHUWHG

LQWR HOHFWULFDO FRQGXFWLYLW\ E\ WKH IROORZLQJ HTXDWLRQ

���

ZKHUH 5 LV UHVLVWDQFH� $ LV WKH DUHD RI WKH VDPSOH� DQG / LV SUREH

VSDFLQJ�

�� 3KRWRFRQGXFWLYLW\

)RU WKH PHDVXUHPHQW RI WKH SKRWRFRQGXFWLYLW\ E\ WKH VL[ SUREH

PHWKRG� RQH IDFH RI WKH VDPSOHZDV LOOXPLQDWHG E\ 89 ODPS ���Z�

��� QP� DV VKRZQ LQ )LJ� �� 7KH SKRWRFRQGXFWLYLW\ ZDV FDOFXODWHG

IURP (T� ���

3KRWRFRQGXFWLYLW\ �/�$���5�−5�� ���

ZKHUH 5� LV UHVLVWDQFH DIWHU WKH 89 LUUDGLDWLRQ DQG 5� LV GDUN UH�

VLVWDQFH EHIRUH WKH 89 LUUDGLDWLRQ�

�� 3KRWRUHDFWLYLW\

,RGLGH R[LGDWLRQ UHDFWLRQ ZDV XVHG LQ RUGHU WR PHDVXUH WKH SKR�

WRUHDFWLYLW\ RI WKH SKRWRFDWDO\VWV >.RUPDQQ HW DO�� ����@� 7KH YDO�

HQFH EDQG KROHV RU K\GUR[\O UDGLFDOV JHQHUDWHG RQ LOOXPLQDWHG 7L2�

VXUIDFH R[LGL]H LRGLGH �,−� WR ,Â UDGLFDOV� ZKLFK VXEVHTXHQWO\ WUDQV�
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7KH WULLRGLGH SURGXFWLRQ FDQ EH VSHFWURSKRWRPHWULFDOO\ PRQLWRUHG

E\ PHDVXULQJ WKH DEVRUEDQFH DW ��� QP�

7KH SKRWRUHDFWLYLW\ WHVW ZDV SHUIRUPHG DV IROORZV� (DFK SKRWR�

FDWDO\VW SUHSDUHG ZDV FRDWHG RQ D VOLGH JODVV DQG LPPHUVHG LQ ��

PO RI ����01D, VROXWLRQ� 7KH VROXWLRQ S+ZDV DGMXVWHG WR �� 7KH

SKRWRFDWDO\WLF R[LGDWLRQ RI ,− RFFXUV RQO\ LQ WKH DFLGLF S+ UHJLRQ

DQG YLUWXDOO\ QR LRGLQH RU WULLRGLGH LV IRUPHG DW S+!� >.RUPDQQ HW

DO�� ����@� 7KH DFLGLF FRQGLWLRQ LV UHTXLUHG IRU ,− WR EH HOHFWURVWDWL�

FDOO\ DWWUDFWHG RQWR WKH SRVLWLYHO\ FKDUJHG 7L2� VXUIDFH� /LJKW IURP

D ���: ;H�DUF ODPS �2ULHO� ZLWK λ!��� QP ZDV LOOXPLQDWHG WR

WKH UHDFWRU� 7KHQ� WKH DEVRUEDQFH DW ��� QP ZDV PHDVXUHG DIWHU ��

KU LOOXPLQDWLRQ ZLWK D 89�9LV VSHFWURSKRWRPHWHU �6KLPDG]X�� 7KH

DEVRUEDQFH FKDQJH FRUUHVSRQGHG WR WKH SKRWRFDWDO\WLFDOO\ JHQHU�

DWHG ,�
−�
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�� (OHFWULFDO &RQGXFWLYLW\ RI 8QGRSHG 7L2�

)LJ� � VKRZV WKH R[\JHQ SDUWLDO SUHVVXUH �3R�� GHSHQGHQFH RI WKH

HOHFWULFDO FRQGXFWLYLW\ �σ� LQ WKH WHPSHUDWXUH UDQJH EHWZHHQ ��� R&

DQG ����� R&� ,W LV ZLGHO\ GLVFXVVHG LQ WKH OLWHUDWXUH WKDW WKH GRPL�

QDQW SRLQW GHIHFWV LQ 7L2� DUH R[\JHQ YDFDQFLHV DQG�RU LQWHUVWLWLDO

WLWDQLXP LRQV >%DODFKDQGUDQ DQG (URU� ����� 7DQL DQG %DXPDUG�

����� 'LUVWLQH DQG 5RVD� ����@�

$V VKRZQ LQ )LJ��� WKHUH LV WKH FKDQJHRI WKH VORSH �σ ORJ�δ ORJ3R��
EHWZHHQ −��� DQG −��� LQ WKH ORZ 3R� UDQJH� 7KH HOHFWULFDO FRQ�

GXFWLYLW\ DW WHPSHUDWXUHV DERYH ����� R& LV SURSRUWLRQDO WR 3R�

−��� LQ

WKH LQWULQVLF UDQJH �UHJLRQ ,�� 7KH VORSH RI −��� PHDQV WKDW WHWUDYD�
OHQW FKDUJHG LQWHUVWLWLDO WLWDQLXP LRQV DUH GRPLQDQW DWRPLF GHIHFWV

DERYH ����� R& E\ WKH UHDFWLRQV�
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ZLWK WKH HTXLOLEULXP FRQVWDQW DW FRQVWDQW WHPSHUDWXUH�

)LJ� �� $SSDUDWXV IRU PHDVXULQJ WKH HOHFWULFDO FRQGXFWLYLW\ LQ R[\JHQ SDUWLDO SUHVVXUH�

)LJ� ��0HDVXUHPHQW RI SKRWRFRQGXFWLYLW\ E\ WKH � SRLQW�SUREH

PHWKRG�

)LJ� �� 2[\JHQ SDUWLDO SUHVVXUH GHSHQGHQFH RI HOHFWULFDO FRQGXF�

WLYLW\ RI XQGRSHG 7L2��
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7KH HOHFWURQHXWUDOLW\ FRQGLWLRQ DQG WKH 3R� GHSHQGHQFH RI DQ HOHF�

WURQ DUH JLYHQ E\
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ZKHUH Q DQG 7LL
���� UHSUHVHQW DQ HOHFWURQ DQG D WHWUDYDOHQW FKDUJHG

WLWDQLXP LQWHUVWLWLDO LRQ� UHVSHFWLYHO\�

2Q WKH RWKHU KDQG� WKH σ YDOXHV DW WHPSHUDWXUHV EHORZ ����� R&

KDYH WKH 3R� GHSHQGHQFH RI −���� 7KH VORSH RI −��� VKRZV WKDW GRX�
EO\ FKDUJHG R[\JHQ YDFDQFLHV DUH SUHGRPLQDQW SRLQW GHIHFWV LQ WKH

UHJLRQ ,,� 7KH IRUPDWLRQ RI WKH GRXEO\ FKDUJHG R[\JHQ YDFDQFLHV

FDQ EH GHVFULEHG DV IROORZV�

���

ZLWK WKH HTXLOLEULXP FRQVWDQW DW FRQVWDQW WHPSHUDWXUH
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7KH HOHFWURQHXWUDOLW\ FRQGLWLRQ DQG WKH 3R� GHSHQGHQFH RI DQ HOHF�

WURQ DUH JLYHQ E\

Q �>92

��@ ��.��
−���3R�

−��� ����

ZKHUH 92

�� LV D GRXEO\ FKDUJHG R[\JHQ YDFDQF\�

��(OHFWULFDO &RQGXFWLYLW\ RI Q�7\SH 'RSHG 7L2� �Q�7\SH 'RS�

LQJ (IIHFW�

)LJV� ��� VKRZ WKH HOHFWULFDO FRQGXFWLYLW\ RI 7L2� GRSHGZLWK0�2�

�0 7D RU 1E� LQ GHSHQGHQFH RI WKH 3R� DQG WHPSHUDWXUH� :LWK WKH

LQFUHDVLQJ 0�2� GRSLQJ FRQWHQW� WKH VORSHV �δ ORJ�δ ORJ3R�� FKDQJH

FRQWLQXRXVO\ EHWZHHQ −���� �� DQG −���� 7KH VORSH FKDQJH PHDQV
WKDW GLIIHUHQW NLQGV RI SRLQW GHIHFW W\SH DQG FKDUJH FRPSHQVDWLRQ

LQ0�2��GRSHG 7L2� RFFXU DFFRUGLQJ WR WKH 3R� DQG WKH GRSLQJ FRQ�
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)LJ� �� 2[\JHQ SDUWLDO SUHVVXUH GHSHQGHQFH RI HOHFWULFDO FRQGXF�

WLYLW\ ZLWK WKH GRSLQJ FRQWHQW RI0�2� �0 7D RU 1E� DW �D�
����� R&� �E� ����� R&� DQG �F� ����� R&�

)LJ� �� 2[\JHQ SDUWLDO SUHVVXUH GHSHQGHQFH RI HOHFWULFDO FRQGXF�

WLYLW\ ZLWK WHPSHUDWXUH DW �D� ���PRO� DQG �E� ���PRO�
0�2� �0 7D RU 1E� GRQRU�GRSHG 7L2��
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7KH HOHFWULFDO EHKDYLRU LQ UHJLRQ % FDQ EH LQWHUSUHWHG DV IRO�

ORZV�

����

7KH HOHFWURQHXWUDOLW\ FRQGLWLRQ DQG WKH GRSLQJ FRQWHQW GHSHQGHQFH

RI WKH HOHFWULFDO FRQGXFWLYLW\ DUH ZULWWHQ E\

����

ZKHUH 0�

7L LV D WDQWDOXP RU QLRELXP LRQ RFFXS\LQJ D WLWDQLXP ODW�

WLFH VLWH�

7KH FRQGXFWLYLW\ LQ UHJLRQ % LV LQGHSHQGHQW RI WHPSHUDWXUH DQG

3R�� EXW VWURQJO\ GHSHQGHQW RQ WKH 0�2� GRSLQJ FRQWHQW�

,Q UHJLRQ & ZKHUH WKH 3R� GHSHQGHQFH RI σ VKRZV −���� WKH IRU�
PDWLRQ RI WKH WLWDQLXP YDFDQF\ LV VXJJHVWHG DV IROORZV�
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7KH HOHFWURQHXWUDOLW\ FRQGLWLRQ LQ UHJLRQ & LV JLYHQ E\
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ZKHUH 9





7L LV D WLWDQLXP YDFDQF\�

$FFRUGLQJ WR WKH H[SHULPHQWDO UHVXOWV LQ UHJLRQ%DQG&� WKHPHFK�

DQLVP RI WKH FKDUJH FRPSHQVDWLRQ FKDQJHV IURP HOHFWURQLF FRP�

SHQVDWLRQ �UHJLRQ %� WR LRQLF FRPSHQVDWLRQ �UHJLRQ &� ZLWK WKH LQ�

FUHDVLQJ 3R��

'HWDLOV RI WKH FKDUJH FRPSHQVDWLRQ DQG WKH GHIHFW UHDFWLRQV LQ

UHJLRQ % DQG & ZHUH UHSRUWHG HOVHZKHUH >/HH HW DO�� ����� &KLDQJ

HW DO�� ����@�

��(OHFWULFDO &RQGXFWLYLW\ RI S�7\SH 'RSHG 7L2� �S�7\SH 'RS�

LQJ (IIHFW�

$V VKRZQ LQ )LJ� �� WKH HOHFWULFDO FRQGXFWLYLW\ RI $O�2� GRSHG

7L2� GHFUHDVHV VOLJKWO\ ZLWK WKH LQFUHDVLQJ $O�2� GRSLQJ FRQWHQW�

7KH HOHFWULFDO EHKDYLRU LQ )LJ� � FDQ EH GHVFULEHG E\ WKH GHIHFW UHDF�

WLRQ DQG WKH HOHFWURQHXWUDOLW\ FRQGLWLRQ�
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ZKHUH $O
7L UHSUHVHQWV DQ DOXPLQXP FDWLRQ RFFXS\LQJ D WLWDQLXP ODW�

WLFH VLWH�

7KH HOHFWURQ FRQFHQWUDWLRQ IURP (T� ���� LV JLYHQ E\ (TV� ���

DQG ��� DV IROORZV�

Q >$O
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,Q WKLV FDVH� WKH FRQGXFWLRQ HOHFWURQ LV LQYHUVHO\ SURSRUWLRQDO WR

WKH GRSLQJ FRQWHQW RI $O�2�� DQG FRUUHVSRQGLQJO\ WKH HOHFWULFDO FRQ�

GXFWLYLW\ RI $O�2� GRSHG 7L2� ZLOO EH GHFUHDVHG >/HH� ����@�

�� 3KRWRFRQGXFWLYLW\ DQG 3KRWRFDWDO\WLF 5HDFWLYLW\ LQ 7L2�

7KH SKRWRFRQGXFWLYLW\ YDOXHV REWDLQHG LQ GHSHQGHQFH RQ WKH GRS�

LQJ W\SH� WKH GRSLQJ FRQWHQW� DQG WKH UHGR[ WUHDWPHQW DUH VXPPD�

UL]HG LQ 7DEOH �� 7KH SKRWRFRQGXFWLYLW\ RI ERWK WKH UHGXFHG 7L2�

DQG Q�W\SH GRSHG 7L2� VDPSOHV VKRZV KLJKHU YDOXHV WKDQ WKDW RI

WKH R[LGL]HG 7L2� DQG S�W\SH GRSHG 7L2�� 7KHPHDVXUHG YDOXH DOVR

LQFUHDVHV FRQWLQXRXVO\ ZLWK WKH Q�W\SH GRSLQJ FRQWHQW�

,Q WKH FDVH RI WKH DFFHSWRU GRSHG 7L2�� KRZHYHU� WKH UHVLVWLYLW\

GLIIHUV E\ VHYHUDO RUGHUV RI PDJQLWXGH� 7KHUHIRUH� WKH SKRWRFRQ�

GXFWLYLW\ FDQ¶W EH PHDVXUHG ZLWK WKH LQVWUXPHQW �.,(7+/< (/(&�

7520(7(5�����ZKLFK FDQPHDVXUH RKPV XS WR JLJD RKP UDQJHV

���� Ω��

7KH HOHFWULFDO EHKDYLRU LQ $O�2� GRSHG 7L2� FDQ EH LQWHUSUHWHG

E\ (TV� ���� DQG ����� DV GHVFULEHG LQ WKH S�W\SH GRSLQJ HIIHFW�

7KH SKRWRFDWDO\WLF UHDFWLYLW\ RI XQGRSHG DQG GRSHG 7L2� VDP�
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)LJ� ��2[\JHQ SDUWLDO SUHVVXUH GHSHQGHQFH RI HOHFWULFDO FRQGXF�

WLYLW\ ZLWK WKH$O�2� GRSLQJ FRQWHQW DW �D� �����
R&� �E� �����

R&� DQG �F� ����� R&�
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SOHV ZKLFK ZDV FDUULHG RXW E\ WKH SKRWRFDWDO\WLF R[LGDWLRQ RI LRGLGH

LV OLVWHG LQ 7DEOH �� 7KH Q�W\SH GRSHG 7L2� VKRZV WKH KLJKHVW YDOXH

RI WKH SKRWRFDWDO\WLF UHDFWLYLW\ DIWHU WKH 89 LUUDGLDWLRQ�

2Q WKH RWKHU KDQG� WKH UHDFWLYLWLHV RI ERWK XQGRSHG DQG S�W\SH

GRSHG 7L2� DUH VLPLODU�

)URP WKH H[SHULPHQWDO UHVXOWV� LW LV VXJJHVWHG WKDW WKH SKRWRH[�

FLWHG HOHFWURQ LQ D UHGXFHG DQG�RU Q�W\SH GRSHG 7L2� FDQ HQKDQFH

WKH SKRWRFRQGXFWLYLW\ DQG DOVR WKH SKRWRFDWDO\WLF UHDFWLYLW\ E\ WKH

UHGXFWLRQ SURFHVV� VLQFH WKH GHIHFW 7LL
���� DQG�RU 92

�� IRU UHGXFHG VDP�

SOHV DQG TXDVL�IUHH HOHFWURQ E\ 0�

7L IRU Q�W\SH GRSHG VDPSOHV SOD\

D VLJQLILFDQW UROH DV FKDUJH WUDQVIHU DJHQW DQG DQ HOHFWURQ GRQRU� ,W

LV H[SHFWHG WKDW WKH SKRWRFRQGXFWLRQ SURSHUW\ E\ GHIHFW VWUXFWXUH LV

VLPLODU WR WKDW RI HOHFWULFDO FRQGXFWLYLW\� ,Q RWKHU ZRUGV� WKH SKRWR�

FDWDO\WLF UHDFWLYLW\ E\ WKH R[LGDWLRQ SURFHVV LQ D S�W\SH GRSHG DQG�

RU R[LGL]HG 7L2� LV QHJOLJLEOH EHFDXVH WKH KROH FRQFHQWUDWLRQ LV GH�

FUHDVHG E\ WKH FKDUJH FRPSHQVDWLRQ VXFK DV HOHFWURQ WUDSSLQJ RI

$O�� VLWH SURKLELWHG WKH 7L���2− SDLU >+HUUPDQQ HW DO�� ����� <DPDVK�

LWD HW DO�� ����@� DOWKRXJK WKH R[LGL]LQJ SRZHU RI WKH KROH LV JUHDWHU

WKDQ WKH UHGXFLQJ SRZHU RI WKH H[FLWHG HOHFWURQ� ,W LV REVHUYHG WKDW

ERWK WKH FRQGXFWLYLW\ DQG WKH SKRWRFDWDO\WLF UHDFWLYLW\ LQ WKLV VWXG\

DUH VWURQJO\ GHSHQGHQW RQ WKH SKRWRH[FLWHG HOHFWURQ FRQFHQWUDWLRQ�

7KH PHDVXUHG GDWD LQFOXGLQJ WKH GRPLQDQW SRLQW GHIHFWV� SKRWR�

FRQGXFWLYLW\� SKRWRUHDFWLYLW\� DQG WKH GRSLQJ W\SH DUH VXPPDUL]HG

LQ 7DEOH ��

&21&/86,216

,Q RUGHU WR LQYHVWLJDWH WKH FRUUHODWLRQ DPRQJ WKH GRPLQDQW SRLQW

GHIHFW� WKH SKRWRFRQGXFWLYLW\ DQG WKH SKRWRFDWDO\WLF UHDFWLYLW\� ZH

PHDVXUHG WKH HOHFWULFDO FRQGXFWLYLW\� WKH SKRWRFRQGXFWLYLW\ DQG WKH

SKRWRFDWDO\WLF UHDFWLYLW\ DV D IXQFWLRQ RI WKH 3R�� WHPSHUDWXUH� GRS�

LQJ W\SH� DQG 89 LUUDGLDWLRQ�

7KH UHVXOWV REWDLQHG LQ WKLV VWXG\ DUH VXPPDUL]HG DV IROORZV�

�� 7KH GRPLQDQW DWRPLF GHIHFW LV FKDQJHG ZLWK 3R� DQG WHPSHU�

DWXUH� DQG WKH WHWUDYDOHQW FKDUJHG LQWHUVWLWLDO WLWDQLXP LRQV �7LL
����� DQG

WKH GRXEO\ FKDUJHG R[\JHQ YDFDQFLHV �92

��� DUH VXJJHVWHG LQ QRQ�

VWRLFKLRPHWULF WLWDQLXP GLR[LGH�

�� 7KH FRQGXFWLYLW\ LQ Q�W\SH GRSHG 7L2� LV VWURQJO\ GHSHQGHQW

RQ WKH GRSLQJ FRQWHQW� DQG WKH PHFKDQLVP RI WKH FKDUJH FRPSHQ�

VDWLRQ FKDQJHV IURP HOHFWURQLF FRPSHQVDWLRQ WR LRQLF FRPSHQVD�

WLRQ ZLWK WKH LQFUHDVLQJ 3R��

�� 7KH FRQGXFWLYLW\ RI S�W\SH GRSHG 7L2� GHFUHDVHV ZLWK WKH LQ�

FUHDVLQJ GRSLQJ FRQWHQW�

�� 7KH SKRWRH[FLWHG HOHFWURQ LQ UHGXFHG DQG�RU Q�W\SH GRSHG 7L2�

HQKDQFHV ERWK WKH SKRWRFRQGXFWLYLW\ DQG WKH SKRWRFDWDO\WLF UHDFWLYLW\

E\ WKH UHGXFWLRQ SURFHVV� 7KHUHIRUH� WKHVH EHKDYLRUV DUH VWURQJO\ GH�

SHQGHQW RQ WKH HOHFWURQ FRQFHQWUDWLRQ LQ WKH GHIHFW VWUXFWXUH RI 7L2��

$&.12:/('*(0(17

7KLV ZRUN ZDV VXSSRUWHG E\ .RUHD 5HVHDUFK )RXQGDWLRQ *UDQW

7DEOH �� 3KRWRFRQGXFWLYLW\ GDWD RI 7L2� LQ GHSHQGHQFH RQ WKH GRSLQJ FRQWHQW� WKH GRSLQJ W\SH� DQG WKH UHGR[ WUHDWPHQW

%XON VDPSOH
5� �Ω�
�89 RII�

5� �Ω�
�89 RQ�

3KRWRFRQGXFWLYLW\

σSKRWR /��5�−5��î$

3KRWR�HIILFLHQF\

<SKRWR �5�−5���5�î���

2[LGL]HG XQGRSHG�7L2� QG QG Â Â

5HGXFHG XQGRSHG�7L2� �����N �����N ����î��−� ������

��� PRO� 0Q2 �S�W\SH� QG QG

��� PRO� $O�2� �S�W\SH� QG QG

��� PRO� 7D�2� �Q�W\SH� ���N ���N ����î��−� �����

��� PRO� 7D�2� �Q�W\SH� ���N ���N ����î��−� �����

QG QRW GHWHFWHG �!!� *Ω��

7DEOH �� 7KH SKRWRUHDFWLYLW\ RI XQGRSHG DQG GRSHG 7L2�� $EVRU�
EDQFH DW ��� QP ZDV PHDVXUHG DIWHU � KU LOOXPLQDWLRQ

%XON VDPSOH $���

8QGRSHG 7L2� �2[LGL]HG DW ���� DWP� ������

8QGRSHG 7L2� �5HGXFHG DW ��
−�� DWP� ������

��� PRO� $O�2��GRSHG 7L2� ������

��� PRO� 0Q2�GRSHG 7L2� ������

��� PRO� 1E�2��GRSHG 7L2� ������

7DEOH �� 7KH GHIHFW W\SHV� HOHFWULFDO SURSHUWLHV� DQG SKRWR�SURSHUWLHV RI 7L2�

6DPSOH 5HJLRQ 'RPLQDQW GHIHFW (OHFWULFDO FRQGXFWLYLW\ 3KRWR�FRQGXFWLYLW\ 3KRWR�UHDFWLYLW\

8QGRSHG 7L2� , 7LL
���� σ∝Q∝3R�

−���

,, 92

�� σ∝Q∝3R�

−���

5HGXFHG 7L2� ,� ,, 7LL
����� 92

�� KLJK KLJK KLJK

2[LGL]HG 7L2� QRW GHWHFWHG QRW GHWHFWHG ORZ

'RSHG 7L2�

'RQRU ,, H
 σ∝Q >0�

7L@ KLJK KLJK

,,, 9





7L σ∝Q∝3R�

−���

$FFHSWRU ,, 7LL
���� σ∝Q∝32�

−���

σ∝S∝3R�

���

QRW GHWHFWHG ORZ
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%DHN� 6� %�� /HH� 6� ,� DQG .LP� 0�+�� ³0LFURVWUXFWXUH DQG (OHFWULFDO

3URSHUWLHV RI:�GRSHG7L2��́ .RUHDQ -�0DWHU� 5HV���� �� �������

%DODFKDQGUDQ� 8� DQG (URU� 1�*�� ³(OHFWULFDO &RQGXFWLYLW\ LQ 1RQVWR�

LFKLRPHWULF 7LWDQLXP 'LR[LGH DW (OHYDWHG 7HPSHUDWXUHV�́ -� 0DWHU�

6FL�� ��� ���� �������

&KDL� <� 6�� /HH� -� &� DQG .LP� %�:�� ³3KRWRFDWDO\WLF 'LVLQIHFWLRQ RI

(� FROL LQ D 6XVSHQGHG 7L2��89 5HDFWRU�́ .RUHDQ -� &KHP� (QJ��

��� ��� �������

&KLDQJ� <�0��%LUQLH� '� DQG.LQJHU\�:�'�� ³3K\VLFDO &HUDPLFV�́ -RKQ

:LOH\ DQG 6RQV� ,QF�� ��� �������

'LUVWLQH� 5� 7� DQG5RVD� &� -�� ³'HIIHFW 6WUXFWXUH DQG5HODWHG 7KHUPR�

G\QDPLF 3URSHUWLHV RI1RQVWRLFKLRPHWULF 5XWLOH �7L2�−[� DQG1E�2�

'RSHG 5XWLOH�́ =� 0HWDOONXQGH� %G�� ��� +� �� ��� �������

)XMLVKLPD� $� DQG +RQGD� .�� ³(OHFWURFKHPLFDO 3KRWRO\VLV RI:DWHU DW

D 6HPLFRQGXFWRU (OHFWURGH�́ 1DWXUH� ��� ��� �������

+HUUPDQQ� -�0�� 'LVGLHU� -� DQG 3LFKDW� 3�� ³(IIHFW RI &KURPLXP 'RS�

LQJ RQ WKH(OHFWULFDO DQG&DWDO\WLF 3URSHUWLHV RI 3RZGHU 7LWDQLD XQGHU

89DQG9LVLEOH ,OOXPLQDWLRQ�́ &KHP�3K\V� /HWWHUV����� ��� �������

-RQJK� 3� (� DQG 9DQPDHNHOEHUJK� '�� ³,QYHVWLJDWLRQ RI WKH (OHFWULF

7UDQVSRUW 3URSHUWLHV RI 1DQRFU\VWDOOLQH 3DUWLFXODWH 7L2� (OHFWURGHV

E\ ,QWHQVLW\�PRGXODWHG 3KRWRFXUUHQW 6SHFWURVFRS\�́ -� 3K\V� &KHP�

%� ���� ���� �������

.DVXJD� 7�� +LUDPDWVX� 0�� +LUDQR� 0�� +RVRQ� $� DQG 2\DPDGD� .��

³3UHSDUDWLRQ RI 7L2��%DVHG 3RZGHUV ZLWK 3KRWRFDWDO\WLF $FWLYLWLHV�́

-� 0DWHU� 5HV�� ��� ��� �������

.LP� 0�+�� %DHN� 6�%� DQG 3DLN� 8�*�� ³(OHFWULFDO &RQGXFWLYLW\ DQG

2[\JHQ 'LIIXVLRQ LQ 1RQVWRLFKLRPHWULF 7L2�−[�́ -� .RUHDQ 3K\V�

6RF�� ��� 6���� �������

.RUPDQQ� &�� %DKQHPDQQ� '�:� DQG +RIIPDQQ� 0�5�� ³3UHSDUDWLRQ

DQG &KDUDFWHUL]DWLRQ RI 4XDQWXP�6L]H 7LWDQLXP 'LR[LGH�́ -� 3K\V�

&KHP�� ��� ���� �������

/HH� 6� ,�� %DHN� 6�%� DQG .LP� 0�+�� ³(OHFWULFDO 3URSHUWLHV DQG 'H�

IHFW 7\SHV RI 1E�GRSHG 7L2��́ 7KH .RU� &HUDP� 6RF�� ��� ����

�������

/HH� 6� ,�� ³$6WXG\ RQ WKH'HIHFW7\SHV DQG(OHFWULFDO 3URSHUWLHV RI7L2�

'RSHGZLWK'RQRU DQG$FFHSWRU�́ 0�6�7KHVLV�&KDQJZRQ1DWLRQDO

8QLYHUVLW\ �������

1DNDWR�<��$NDQXPD�+��0DJDUL�<�� <DH� -� ,� DQG0RUL�+�� ³3KRWROX�

PLQHVFHQFH IURP D %XON 'HIHFW QHDU WKH 6XUIDFH RI Q�7L2� �UXWLOH�

(OHFWURGH LQ5HODWLRQ WR DQ ,QWHUPHGLDWH RI 3KRWRR[LGDWLRQ5HDFWLRQ

RI:DWHU�́ -� 3K\V� &KHP� %� ���� ���� �������

7DQL� (� DQG %DXPDUG� -� )�� ³(OHFWULFDO 3URSHUWLHV DQG'HIHFW 6WUXFWXUH

RI 5XWLOH 6OLJKWO\ 'RSHG ZLWK &U DQG 7D�́ -� 6ROLG 6WDWH &KHP�� ���

��� �������

7LHQ�7�<�� 6WDGOHU�+� /��*LEERQV�(� )� DQG=DFPDQLGLV� 3� -�� ³7L2� DV

DQ$LU�WR )XHO 5DWLR 6HQVRU IRU $XWRPRELOH ([KDXVWV�́ &HUDPLF %XO�

OHWLQ���� ��� �������

:DWDQDEH�7�� )XMLVKLPD�$� DQG+RQGD�.�� ³3KRWRHOHFWURFKHPLFDO5H�

DFWLRQV DW 6U7L2� 6LQJOH &U\VWDO (OHFWURGH�́ %� &KHP� 6RF� -DS�� ���

��� �������

<DPDVKLWD� +�� .DZDVDNL� 6�� ,FKLKDVKL� <�� 7DNHXFKL� 0�� +DUDGD� 0��

$QSR�0�� /RXLV� &� DQG&KH�0�� ³&KDUDFWHUL]DWLRQ RI 7L�6L %LQDU\

2[LGHV 3UHSDUHG E\ WKH 6RO�*HO 0HWKRG DQG 7KHLU 3KRWRFDWDO\WLF

3URSHUWLHV� WKH+\GURJHQDWLRQ DQG+\GURJHQRO\VLV RI&+�&&+ZLWK

+�2�́ .RUHDQ -� &KHP� (QJ�� ��� ��� �������

=DEDQ� $�� 0HLHU� $� DQG *UHJJ� $�� ³(OHFWLUFDO 3RWHQWLDO 'LVWULEXWLRQ

DQG 6KRUW�UDQJH 6FUHHQLQJ LQ1DQRSRURXV 7L2� (OHFWURGHV�́ -� 3K\V�

&KHP� %� ���� ���� �������


