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ABSTRACT

:KHQ WKH FROOHFWLYH RVFLOODWLRQ RI HOHFWULF GLSROHV RQ WKH VXUIDFH RI FRQGXFWLQJ PDWHULDOV
FRXSOHV ZLWK IUHH-VWDQGLQJ HOHFWURPDJQHWLF ZDYH� WKH\ IRUP D QHZ NLQG RI TXDVL-SDUWLFOHV� FDOOHG
VXUIDFH SODVPRQ SRODULWRQV �633V�. 633V SURSDJDWH RQ PDWHULDO VXUIDFH DV WKH IRUP RI HYDQHVFHQW
ZDYH� DQG WKHVH SODVPRQV PRGHV DUH ZHOO-NQRZQ IRU WKHLU H[FHOOHQW SURSHUWLHV RI FRQFHQWUDWLQJ DV
ZHOO DV HQKDQFLQJ HOHFWURPDJQHWLF HQHUJ\ DW H[WUHPHO\ VPDOO VFDOH. :LWK WKH GHYHORSPHQW RI
VFDQQLQJ QHDU-ILHOG RSWLFDO PLFURVFRS\ �6120� WHFKQRORJ\ WKHVH \HDUV� ZKLFK EUHDNV WKH
WUDGLWLRQDO GLIIUDFWLRQ OLPLW RI IDU-ILHOG OLJKW� WKH FOHDU LPDJHV RI 633V DUH QRZ DYDLODEOH. ,Q WKLV
H[SHULPHQWDO ZRUN� ZH VWXGLHG WKH EDVLF SURSHUWLHV RI 633V LQ JUDSKHQH� ZKLFK LV RQH RI WKH PRVW
UHSUHVHQWDWLYH ORZ-GLPHQVLRQDO FDUERQ PDWHULDOV. :H ILUVW VWXGLHG WKH ZDYH SURILOH RI 633V LQ
PRQROD\HU JUDSKHQH� DQG KRZ LWV ZDYHOHQJWK HYROYHG ZLWK FDUULHU GHQVLW\. :H JDYH D UHDVRQDEOH
H[SODQDWLRQ IRU ZK\ WKH H[SHULPHQWDOO\ REVHUYHG SODVPRQ ZDYHOHQJWKV ZHUH ORZHU WKDQ WKH
WKHRUHWLFDO SUHGLFWHG RQHV XQGHU KLJK ELDV. %DVHG RQ WKDW� ZH PDGH VRPH VDQGZLFK-OLNH
KHWHUR-VWUXFWXUHV WR IXUWKHU VWXG\ WKH SURSHUWLHV RI 633V ZKHQ WZR OD\HUV RI JUDSKHQH FRXSOHG ZLWK
HDFK RWKHU. :H IRXQG WKDW WKH ZDYH SURILOH RI 633V LQ WKH RYHUODSSLQJ UHJLRQ ZDV VHQVLWLYH WR WKH
SRVLWLRQ RI )HUPL VXUIDFH RI WRS DQG ERWWRP JUDSKHQH OD\HUV. :H DQDO\]HG WKH FRPSOH[ ZDYH IRUP
LQ WKH RYHUODSSLQJ UHJLRQ YLD )RXULHU WUDQVIRUP ZKHQ WKH )HUPL HQHUJ\ RI ERWK JUDSKHQH OD\HUV
ZHUH PRVW FORVH WR HDFK RWKHU� DQG JDYH RXU FRQMHFWXUH DERXW ZKLFK HLJHQ PRGHV WKH\ ZHUH. $IWHU
WKDW� ZH GLVFXVVHG LQ GHWDLOV WKH SURFHVV RI PDNLQJ WKH VDQGZLFK-OLNH KHWHUR-VWUXFWXUHV XVHG LQ RXU
ZRUN� DQG H[SRXQGHG KRZ WR LPSURYH WKH VXFFHVV UDWH DQG JHW JRRG VDPSOHV. 7KH VWXGLHV RI 633V
LQ JUDSKHQH HTXLS XV ZLWK WKH DELOLWLHV WR FRQWURO DQG VWRUH HOHFWURPDJQHWLF HQHUJ\� ZKLFK LV
VLJQLILFDQW IRU WKH GHYHORSPHQW RI SODVPRQLFV DQG QDQR-RSWLFV LQ WKH IXUWKHU.

Key words: JUDSKHQH� 633V� 6120� KHWHURVWUXFWXUH
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SODVPRQV UHYHDOHG E\ SKRWRFXUUHQW QDQRVFRS\>-@� 1DWXUH QDQRWHFKQRORJ\� �����

������ ���

>��@6KHQ 3� /XR ;� /\X %� HW DO� 6FDOLQJ DQG 5HIOHFWLRQ %HKDYLRUV RI 3RODULWRQV LQ

/RZ ϋ 'LPHQVLRQDO 0DWHULDOV>-@� $GYDQFHG 2SWLFDO 0DWHULDOV� ����� �����

��������

>��@$WNLQ - 0� %HUZHJHU 6� -RQHV $ &� HW DO� 1DQR�RSWLFDO LPDJLQJ DQG VSHFWURVFRS\

RI RUGHU� SKDVHV� DQG GRPDLQV LQ FRPSOH[ VROLGV>-@� $GYDQFHV LQ 3K\VLFV� �����

������ ��������

>��@:RRGV & 5� %ULWQHOO /� (FNPDQQ $� HW DO� &RPPHQVXUDWH̢LQFRPPHQVXUDWH WUDQVLWLRQ

LQ JUDSKHQH RQ KH[DJRQDO ERURQ QLWULGH>-@� 1DWXUH SK\VLFV� ����� ������ ��������

>��@1L * ;� 0F/HRG $ 6� 6XQ =� HW DO� )XQGDPHQWDO OLPLWV WR JUDSKHQH SODVPRQLFV>-@�

1DWXUH� ����� ���������� ��������

>��@$ORQVR�*RQ]jOH] 3� 1LNLWLQ $ <� *ROPDU )� HW DO� &RQWUROOLQJ JUDSKHQH SODVPRQV

ZLWK UHVRQDQW PHWDO DQWHQQDV DQG VSDWLDO FRQGXFWLYLW\ SDWWHUQV>-@� 6FLHQFH�

����� ���������� ����������
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>��@1L * ;� :DQJ +� :X - 6� HW DO� 3ODVPRQV LQ JUDSKHQH PRLUl VXSHUODWWLFHV>-@� 1DWXUH

PDWHULDOV� ����� ������� ����������

>��@-LDQJ /� 6KL =� =HQJ %� HW DO� 6ROLWRQ�GHSHQGHQW SODVPRQ UHIOHFWLRQ DW ELOD\HU

JUDSKHQH GRPDLQ ZDOOV>-@� 1DWXUH PDWHULDOV� ����� ������ ��������

>��@-LDQJ /� :DQJ 6� 6KL =� HW DO� 0DQLSXODWLRQ RI GRPDLQ�ZDOO VROLWRQV LQ EL�DQG

WULOD\HU JUDSKHQH>-@� 1DWXUH QDQRWHFKQRORJ\� ����� ������ ��������

>��@-X /� 6KL =� 1DLU 1� HW DO� 7RSRORJLFDO YDOOH\ WUDQVSRUW DW ELOD\HU JUDSKHQH

GRPDLQ ZDOOV>-@� 1DWXUH� ����� ���������� ��������

>��@-LDQJ % <� 1L * ;� $GGLVRQ =� HW DO� 3ODVPRQ UHIOHFWLRQV E\ WRSRORJLFDO HOHFWURQLF

ERXQGDULHV LQ ELOD\HU JUDSKHQH>-@� 1DQR OHWWHUV� ����� ������� ����������

>��@+DVGHR ( +� 6RQJ - & :� /RQJ�OLYHG GRPDLQ ZDOO SODVPRQV LQ JDSSHG ELOD\HU

JUDSKHQH>-@� 1DQR OHWWHUV� ����� ������� ����������

>��@/\X %� /L +� -LDQJ /� HW DO� 3KRQRQ SRODULWRQ�DVVLVWHG LQIUDUHG QDQRLPDJLQJ RI

ORFDO VWUDLQ LQ KH[DJRQDO ERURQ QLWULGH>-@� 1DQR OHWWHUV� ����� ������

����������

>��@:DQJ 6� =KDR 6� 6KL =� HW DO� 1RQOLQHDU /XWWLQJHU OLTXLG SODVPRQV LQ

VHPLFRQGXFWLQJ VLQJOH�ZDOOHG FDUERQ QDQRWXEHV>-@� 1DWXUH 0DWHULDOV� ����� ����

>��@7LDQ ;� *X 4� 'XDQ -� HW DO� ,PSURYLQJ /XWWLQJHU�OLTXLG SODVPRQV LQ FDUERQ

QDQRWXEHV E\ FKHPLFDO GRSLQJ>-@� 1DQRVFDOH� ����� ������� ����������

>��@)DON $ /� &KLX . &� )DUPHU ' %� HW DO� &RKHUHQW SODVPRQ DQG SKRQRQ�SODVPRQ

UHVRQDQFHV LQ FDUERQ QDQRWXEHV>-@� 3K\VLFDO UHYLHZ OHWWHUV� ����� ��������

�������

>��@-RVKL 7� .DQJ - +� -LDQJ /� HW DO� &RXSOHG RQH�GLPHQVLRQDO SODVPRQV DQG

WZR�GLPHQVLRQDO SKRQRQ SRODULWRQV LQ K\EULG VLOYHU QDQRZLUH�VLOLFRQ FDUELGH

VWUXFWXUHV>-@� 1DQR OHWWHUV� ����� ������ ����������

>��@6KL =� +RQJ ;� %HFKWHO + $� HW DO� 2EVHUYDWLRQ RI D /XWWLQJHU�OLTXLG SODVPRQ

LQ PHWDOOLF VLQJOH�ZDOOHG FDUERQ QDQRWXEHV>-@� 1DWXUH 3KRWRQLFV� ����� �����

��������

>��@=KDQJ <� +X &� /\X %� HW DO� 7XQDEOH &KHUHQNRY UDGLDWLRQ RI SKRQRQ SRODULWRQV

LQ VLOYHU QDQRZLUH�KH[DJRQDO ERURQ QLWULGH KHWHURVWUXFWXUHV>-@� 1DQR /HWWHUV�

����� ������ ����������

>��@1LNLWLQ $ <� /RZ 7� 0DUWLQ�0RUHQR /� $QRPDORXV UHIOHFWLRQ SKDVH RI JUDSKHQH

SODVPRQV DQG LWV LQIOXHQFH RQ UHVRQDWRUV>-@� 3K\VLFDO 5HYLHZ %� ����� ������

�������

>��@.DQJ - +� :DQJ 6� 6KL =� HW DO� *RRV�+ЏQFKHQ 6KLIW DQG (YHQ̢2GG 3HDN

2VFLOODWLRQV LQ (GJH�5HIOHFWLRQV RI 6XUIDFH 3RODULWRQV LQ $WRPLFDOO\ 7KLQ

&U\VWDOV>-@� 1DQR OHWWHUV� ����� ������ ����������

>��@/XR ;� +X &� /\X %� HW DO� 5HIOHFWLRQ SKDVH VKLIW RI RQH�GLPHQVLRQDO SODVPRQ

SRODULWRQV LQ FDUERQ QDQRWXEHV>-@� 3K\VLFDO 5HYLHZ %� ����� ������� �������

>��@/L /� .LP -� -LQ &� HW DO� 'LUHFW REVHUYDWLRQ RI WKH OD\HU�GHSHQGHQW HOHFWURQLF

VWUXFWXUH LQ SKRVSKRUHQH>-@� 1DWXUH QDQRWHFKQRORJ\� ����� ������ ���

>��@1L * ;� :DQJ /� *ROGIODP 0 '� HW DO� 8OWUDIDVW RSWLFDO VZLWFKLQJ RI LQIUDUHG

SODVPRQ SRODULWRQV LQ KLJK�PRELOLW\ JUDSKHQH>-@� 1DWXUH 3KRWRQLFV� ����� ������

��������
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>��@&DR <� )DWHPL 9� 'HPLU $� HW DO� &RUUHODWHG LQVXODWRU EHKDYLRXU DW KDOI�ILOOLQJ

LQ PDJLF�DQJOH JUDSKHQH VXSHUODWWLFHV>-@� 1DWXUH� ����� ���������� ���

>��@&DR <� )DWHPL 9� )DQJ 6� HW DO� 8QFRQYHQWLRQDO VXSHUFRQGXFWLYLW\ LQ PDJLF�DQJOH

JUDSKHQH VXSHUODWWLFHV>-@� 1DWXUH� ����� ���������� ������

>��@.LP -� -LQ &� &KHQ %� HW DO� 2EVHUYDWLRQ RI XOWUDORQJ YDOOH\ OLIHWLPH LQ :6H��0R6�

KHWHURVWUXFWXUHV>-@� 6FLHQFH DGYDQFHV� ����� ����� H��������

>��@-LQ &� .LP -� 8WDPD 0 , %� HW DO� ,PDJLQJ RI SXUH VSLQ�YDOOH\ GLIIXVLRQ FXUUHQW

LQ :6��:6H� KHWHURVWUXFWXUHV>-@� 6FLHQFH� ����� ���������� ��������

>��@+ZDQJ ( +� 6DUPD 6 '� 'LHOHFWULF IXQFWLRQ� VFUHHQLQJ� DQG SODVPRQV LQ

WZR�GLPHQVLRQDO JUDSKHQH>-@� 3K\VLFDO 5HYLHZ %� ����� ������� �������

>��@,UDQ]R ' $� 1DQRW 6� 'LDV ( - &� HW DO� 3URELQJ WKH XOWLPDWH SODVPRQ FRQILQHPHQW

OLPLWV ZLWK D YDQ GHU :DDOV KHWHURVWUXFWXUH>-@� 6FLHQFH� ����� ����������

��������

>��@=KDR 6� :DQJ 6� :X )� HW DO� &RUUHODWLRQ RI (OHFWURQ 7XQQHOLQJ DQG 3ODVPRQ

3URSDJDWLRQ LQ D /XWWLQJHU /LTXLG>-@� 3K\VLFDO UHYLHZ OHWWHUV� ����� �������

�������

>��@<X * /� -DOLO 5� %HOOH %� HW DO� ,QWHUDFWLRQ SKHQRPHQD LQ JUDSKHQH VHHQ WKURXJK

TXDQWXP FDSDFLWDQFH>-@� 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV� �����

������� ����������

>��@:RHVVQHU $� 0LVUD $� &DR <� HW DO� 3URSDJDWLQJ SODVPRQV LQ D FKDUJH�QHXWUDO

TXDQWXP WXQQHOLQJ WUDQVLVWRU>-@� $&6 3KRWRQLFV� ����� ������ ����������

>��@:DQJ %� =KDQJ ;� <XDQ ;� HW DO� 2SWLFDO FRXSOLQJ RI VXUIDFH SODVPRQV EHWZHHQ

JUDSKHQH VKHHWV>-@� $SSOLHG 3K\VLFV /HWWHUV� ����� �������� �������

>��@:DQJ /� 0HULF ,� +XDQJ 3 <� HW DO� 2QH�GLPHQVLRQDO HOHFWULFDO FRQWDFW WR D

WZR�GLPHQVLRQDO PDWHULDO>-@� 6FLHQFH� ����� ���������� ��������

>��@)LOH�:LUHERQGLQJ��VYJ� ������ 'HFHPEHU ���� :LNLPHGLD &RPPRQV� WKH IUHH PHGLD

UHSRVLWRU\� 5HWULHYHG ������ 0D\ ��� ����

IURP KWWSV���FRPPRQV�ZLNLPHGLD�RUJ�Z�LQGH[�SKS"WLWOH )LOH�:LUHERQGLQJ��VYJ

	ROGLG ����������
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STUDIES ON SURFACE PLASMON POLARITONS OF

GRAPHENE

:KHQ WKH FROOHFWLYH RVFLOODWLRQ RI HOHFWULF GLSROHV RQ WKH VXUIDFH RI PDWHULDOV FRXSOHV ZLWK
IUHH-VWDQGLQJ HOHFWURPDJQHWLF ZDYH� WKH\ IRUP D QHZ NLQG RI TXDVL-SDUWLFOHV� FDOOHG VXUIDFH
SODVPRQ SRODULWRQV �633V�. 633V XVXDOO\ SURSDJDWH DORQJ WKH VXUIDFH RI ORZ-GLPHQVLRQDO PDWHULDOV.
,W LV D NLQG RI HYDQHVFHQW ZDYH� PHDQLQJ WKDW LWV HQHUJ\ LV VWRUHG LQ WKH QDUURZ QHDU-ILHOG VSDFH
DORQJ WKH VXUIDFH EXW FDQ QRW SURSDJDWH WRZDUGV WKH IDU-ILHOG. 7KXV LW LV TXLWH KDUG WR GLUHFWO\
YLVXDOL]H 633V. 6FLHQWLVWV DUH LQWHUHVWHG LQ WKH VWXGLHV RI 633V EHFDXVH WKHVH SODVPRQV PRGHV DUH
ZHOO-NQRZQ IRU WKHLU H[FHOOHQW SURSHUWLHV RI FRQFHQWUDWLQJ DV ZHOO DV HQKDQFLQJ HOHFWURPDJQHWLF
HQHUJ\ DW H[WUHPHO\ VPDOO VFDOH� HYHQ EHORZ WKH WUDGLWLRQDO GLIIUDFWLRQ OLPLW. 5HFHQWO\ \HDUV� ZLWK
WKH UDSLG GHYHORSPHQW RI VFDQQLQJ QHDU-ILHOG RSWLFDO PLFURVFRS\ �6120� WHFKQRORJ\� ZKLFK
EUHDNV WKH WUDGLWLRQDO GLIIUDFWLRQ OLPLW RI IDU-ILHOG OLJKW LPDJLQJ� WKH FOHDU DQG GLUHFW LPDJHV RI
633V DUH QRZ DYDLODEOH FRQYHQLHQWO\� ZKLFK SURPRWHV WKH UHVHDUFKHV RQ 633V DV ZHOO DV WKH
LQYHQWLRQV RI SODVPRQLF QDQR-GHYLFHV LQ WKH ZRUOG. )RU LQVWDQFH� WKH GRPDLQ ZDOOV LQ ELOD\HU DQG
WULOD\HU JUDSKHQH KDYH EHHQ GLVFRYHUHG� WKH ORFDO VWUDLQ RI KH[DJRQDO ERURQ QLWULGH �K%1� KDV EHHQ
GHWHFWHG. $OVR VRPH QRYHO SKHQRPHQD LQ ORZ-GLPHQVLRQDO PDWHULDOV KDYH EHHQ UHSRUWHG� VXFK DV
WKH TXDQWL]HG 1' 633V LQ FDUERQ QDQRWXEHV� WKH VXSSHUODWWLFH VWUXFWXUHV LQ JUDSKHQH� WKH FRXSOLQJ
EHWZHHQ 633V LQ 1' VLOYHU QDQRZLUH DQG WKH SKRQRQ SRODULWRQV LQ K%1� DQG VR RQ. ,Q WKLV
H[SHULPHQWDO ZRUN� ZLWK WKH KHOS RI 6120 WHFKQRORJ\� ZH VWXGLHG WKH EDVLF SURSHUWLHV RI 633V RI
JUDSKHQH� ZKLFK LV RQH RI WKH PRVW ZHOO-NQRZQ ORZ-GLPHQVLRQDO FDUERQ PDWHULDOV. :H ILUVWO\
SUREHG LQWR WKH EDVLF SURSHUWLHV RI 633V LQ PRQROD\HU JUDSKHQH GHYLFH� DQG WKHQ ZH IXUWKHU
H[SORUHG WKH QRYHO SKHQRPHQD RI QHZ 633V PRGHV ZKHQ WZR LQGLYLGXDO JUDSKHQH OD\HUV LQWHUDFW
ZLWK HDFK RWKHU.

:H ILUVW VWXGLHG WKH ZDYH IRUP RI 633V LQ PRQROD\HU JUDSKHQH. :H PDGH D JUDSKHQH GHYLFH
GHSRVLWHG RQ WKH XOWUD-VPRRWK VXUIDFH RI K%1. 7KH 633V ZDYHIRUP REVHUYHG QHDU WKH JUDSKHQH
HGJH IROORZHG WKH 6LQ ZDYH IXQFWLRQ ZLWK JUDGXDOO\ ZHDNHQ HQHUJ\. :H SRLQWHG RXW WKDW WKH 633V
REVHUYHG LQ H[SHULPHQW ZDV WKH VXP RI ERWK WKH VWDQGLQJ ZDYH DQG HGJH-LJQLWHG ZDYH. 7KH
VWDQGLQJ ZDYH ZDV LJQLWHG E\ $)0 WLS DQG WKHQ IRUPHG E\ WKH UHIOHFWLRQ RI JUDSKHQH HGJH. ,WV
ZDYHOHQJWK ZDV KDOI RI WKDW RI WKH 633V DQG LWV LQWHQVLW\ ZDV KLJK. :KLOH WKH HGJH-LQVSLUHG 633V
ZDYH KDG QRUPDO ZDYHOHQJWK HTXDO WR WKDW RI 633V EXW WKH VLJQDO ZDV UHODWLYHO\ ZHDN. $QG WKHQ
ZH VWXGLHG KRZ WKH 633V ZDYHOHQJWK HYROYHV ZLWK FDUULHU GHQVLW\ RI JUDSKHQH� DQG FRQILUPHG WKDW
WKH 633V ZDYHOHQJWK ZDV SURSRUWLRQDO WR WKH VTXDUH URRW RI JUDSKHQH FDUULHU GHQVLW\� NQRZQ DV WKH
VFDOLQJ EHKDYLRU RI JUDSKHQH 633V. %XW WKLV SRLQW ZDV RQO\ FRUUHFW IRU ORZ ELDV LI LQ DLU DQG LQ
URRP WHPSHUDWXUH. )RU KLJK EDFN YROWDJH� WKH DFWXDO 633V ZDYHOHQJWK ZDV PXFK VPDOOHU WKDQ WKH
WKHRU\-SUHGLFWHG RQH ZKHQ WKH EDFNJDWH YROWDJH ZDV IL[HG. 7KLV ZDV GXH WR D JUHDW QXPEHU RI LRQV
LQ WKH DLU� ZKLFK RFFXSLHG WKH VSDFH RI HOHFWULF �RU KROH� FDUULHUV RI WKH WRS JUDSKHQH OD\HU GXH WR
WKH DWWUDFWLRQ HIIHFWV RI HOHFWULF ILHOG. 7KHUHIRUH� WKH WRWDO FDUULHU GHQVLW\ ZDV UHGXFHG� DQG WKH
633V ZDYHOHQJWK GHFUHDVHG DFFRUGLQJO\. $OVR ZH XVHG WZR GLIIHUHQW PHWKRGV WR FDOFXODWH WKH
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FDUULHU GHQVLW\ RI JUDSKHQH� WKH ZDYHOHQJWK-PHWKRG DQG FDSDFLWDQFH-PHWKRG� DQG WKH\ ZHUH LQ
JRRG DJUHHPHQW ZLWK HDFK RWKHU� PHDQLQJ WKDW ERWK PHWKRGV ZHUH UHOLDEOH. 7KH PHWKRGV IRU
FDOFXODWLQJ FDUULHU GHQVLW\ ZHUH DOVR XVHIXO IRU RWKHU VWXGLHV LQ WKH IXWXUH.

2Q WKH EDVLV RI WKH VWXG\ RI PRQROD\HU JUDSKHQH ILHOG HIIHFW WUDQVLVWRU PHQWLRQHG DERYH� ZH
PDGH IXUWKHU HIIRUWV WR VWXG\ WKH SURSHUWLHV RI QHZ 633V PRGHV ZKHQ WZR OD\HUV RI JUDSKHQH ZHUH
FORVH WR HDFK RWKHU EXW VHSDUDWHG E\ DQ XOWUD-WKLQ K%1 OD\HU. :H PDGH VHYHUDO VDQGZLFK-IRUP
KHWHUR-VWUXFWXUHV� FRQVLVWHG RI D WRS JUDSKHQH OD\HU� D K%1 LQVXODWLQJ OD\HU ZLWK GLIIHUHQW
WKLFNQHVV DQG D ERWWRP JUDSKHQH OD\HU. 7KH ZKROH KHWHUR-VWUXFWXUHV ZHUH GHSRVLWHG RQ VLOLFRQ
VXEVWUDWHV ZLWK 2�5QP VLOLFRQ GLR[LGH RQ LWV VXUIDFH. :H IRXQG WKDW WKH SURILOH RI WKH 633V LQ WKH
RYHUODSSLQJ UHJLRQ RI WZR JUDSKHQH OD\HUV ZDV GLVWLQFWO\ GLIIHUHQW IURP WKDW RI LQWULQVLF PRQROD\HU
JUDSKHQH. 1RZ WKH 633V SURILOH ZDV QRW D VLPSOH 6LQ IXQFWLRQ EXW VKRZHG DQ LUUHJXODU IRUP� OLNH
WKH FRPELQDWLRQ RI VHYHUDO EDVLF 6LQ IXQFWLRQ PRGHV� ZKHUH HDFK PRGH KDG LWV RZQ XQLTXH ZDYH
YHFWRU. ,Q RUGHU WR ILJXUH RXW KRZ WKH 633V ZDYHIRUP JUDGXDOO\ HYROYHG ZLWK WKH )HUPL OHYHO RI
WZR JUDSKHQH OD\HUV� ZH VWXGLHG WKH SURILOH RI 633V LQ WKH RYHUODSSLQJ UHJLRQ DV ZHOO DV WKH
ZDYHOHQJWK RI WZR JUDSKHQH OD\HUV� DQG DW WKH VDPH WLPH JUDGXDOO\ FKDQJLQJ WKH HOHFWULFDO
SRWHQWLDO RI QRW RQO\ ERWWRP JUDSKHQH OD\HU EXW DOVR WKH VLOLFRQ VXEVWUDWH. ,W LV ZRUWK WR PHQWLRQ
WKDW WKH WRS OD\HU JUDSKHQH ZDV NHSW JURXQGHG IRU WKH ZKROH H[SHULPHQW LQ RUGHU WR SURWHFW WKH
DWRPLF IRUFH PLFURVFRSH �$)0� WLS. $OO RI WKH GDWD ZHUH VXPPDUL]HG LQ D VLPSOH )HUPL VXUIDFH
HYROXWLRQ SLFWXUH� VKRZLQJ XV WKH µHYROXWLRQ ODZ¶ EHKLQG WKH VHHPLQJO\ LQWULFDWH SKHQRPHQD RQ WKH
VXUIDFH. ,W ZDV SUHGLFWHG WKDW WKH 633V RI WZR LQGLYLGXDO JUDSKHQH FRXSOLQJ ZLWK HDFK RWKHU ILUPO\
LI WKHLU )HUPL HQHUJLHV ZHUH HTXDO. $QG WKH FRPSOLFDWHG FRXSOLQJ 633V FDQ EH GHFRPSRVHG LQWR
WZR EDVLF PRGHV� WKH V\PPHWULF RQH DQG WKH DQWL-V\PPHWULF RQH. )RU WKH VLWXDWLRQ RI RXU
H[SHULPHQW� ZKHUH WKH FDUULHU W\SHV RI WRS DQG ERWWRP JUDSKHQH ZHUH GLIIHUHQW �L.H. RQH ZDV WKH
KROH GRSLQJ ZKLOH WKH RWKHU RQH ZDV HOHFWURQ GRSLQJ�� WKH V\PPHWU\ RQH ZDV DOVR WKH DFRXVWLF
PRGH� ZKLOH WKH DQWL-V\PPHWU\ RQH IROORZV WKH RSWLFDO PRGH. :KLOH WKLV VLWXDWLRQ LV RSSRVLWH LI
FDUULHU W\SH ZDV XQLILHG LQ WRS DQG ERWWRP JUDSKHQH OD\HU. %XW WKH ODWWHU FDVH ZDV QRW LQFOXGHG LQ
RXU H[SHULPHQW. 7R YHULI\ ZKHWKHU WKLV WKHRU\ LV ULJKW RU QRW� ZH PDGH )RXULHU WUDQVIRUP IRU WKH
6120 LQWHQVLW\ LPDJLHV ZKHUH WKH )HUPL OHYHOV �DEVROXWH YDOXH� RI WZR JUDSKHQH OD\HUV ZHUH
PRVW FORVH WR HDFK RWKHU. 7R RXU VXUSULVH� WKHUH H[LVWHG WZR REYLRXV SHDNV LQ HDFK )RXULHU
WUDQVIRUP LPDJH� LQGLFDWLQJ WKDW WKH\ ZHUH SHUKDSV WKH WZR EDVLF PRGHV LQ HDFK SURILOH.
&RPSDULQJ RXU H[SHULPHQWDO GDWD ZLWK WKH IRUPXOD LQ WKH WKHRU\ UHSRUWHG SUHYLRXVO\� ZH IRXQG
WKDW RQH RI WKH SHDN ZDYH YHFWRUV ZDV WKH RSWLFDO PRGH �RU WKH DQWL-V\PPHWU\ PRGH�. +RZHYHU� LW
LV SUREDEO\ WKDW WKH RWKHU PRGH ZDV MXVW WKH LQWULQVLF 633V RI WRS JUDSKHQH OD\HU� ZKLFK KDG QRW
FRXSOHG ZLWK WKDW RI ERWWRP OD\HU JUDSKHQH. %XW ZH FDQ QRW UXOH RXW WKH SRVVLELOLW\ WKDW WKLV RQH
ZDV SRVVLEO\ WKH DFRXVWLF PRGH �RU WKH V\PPHWU\ PRGH�.

1HDU WKH HQG RI WKLV ZRUN� ZH VXPPDUL]HG WKH EDVLF SURFHVV IRU PDNLQJ VXFK VDQGZLFK-OLNH
KHWHUR-VWUXFWXUHV XVHG IRU RXU ZRUN� LQFOXGLQJ ORZ-GLPHQVLRQDO PDWHULDO H[IROLDWLRQ� GU\-WUDQVIHU�
DQQHDOLQJ ZLWK SODVD HQKDQFHG FKHPLFDO YDSRU GHSRVLWLRQ �3(&9'� RYHQ� DGMXVWLQJ WKH SRVLWLRQ
RI VKDGRZ PDVNV� $X-HOHFWURGHV HYDSRUDWLRQ� XOWUDVRQLF ZLUH ERQGLQJ� FOHDQLQJ WKH VXUIDFH RI
VDPSOH E\ $)0 WLS� 6120 V\VWHP PHDVXUHPHQWV� DQG VR RQ. $IWHU WKDW� ZH H[SRXQGHG KRZ WR
LPSURYH WKH VXFFHVV UDWH DQG JHW VDPSOHV ZLWK JUHDW SURSHUWLHV� VXFK DV KLJK PRELOLW\� IHZ DLU
EXEEOHV� DQG VWUDLJKW JUDSKHQH HGJH. :H VXPPDUL]HG D JUHDW QXPEHU RI LPSRUWDQW DQG YDOXDEOH
H[SHULPHQWDO WLSV IRU HDFK VWHS� ZKLFK ZLOO FRPH LQ KDQG\ IRU WKH IXUWKHU VWXGLHV LQ WKH QHDU IXWXUH.
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)RU LQVWDQFH� KRZ WR JHW JUDSKHQH VDPSOHV ZLWK ODUJH DUHD DQG VWUDLJKW HGJH� KRZ WR UHGXFH WKH
EUHDNLQJ SRVVLELOLW\ ZKHQ GRLQJ WKH GU\ WUDQVIHU �WKH PHWKRGV IRU JUDSKHQH DQG K%1 VDPSOHV DUH
GLIIHUHQW�� KRZ WR UHGXFH DLU EXEEOHV WUDSSHG LQ GLIIHUHQW ORZ-GLPHQVLRQDO PDWHULDOV OD\HUV� KRZ WR
DYRLG WKH VLWXDWLRQ WKDW WKH FOHDQ VDPSOH EHFRPHV JUDGXDOO\ GLUW\ EHFDXVH RI WKH HOHFWURVWDWLF
DEVRUSWLRQ� DQG PRVW LPSRUWDQWO\� WKH SURWHFWLRQ IRU HOHFWURVWDWLF EUHDNGRZQ. 7KH PDNLQJ SURFHVV
RI WKH ORZ GLPHQVLRQDO KHWHUR-VWUXFWXUHV XVHG LQ RXU H[SHULPHQWV LV QRW DQ HDV\ WKLQJ� DQG WKHVH
H[SHULHQFH DUH TXLWH YDOXDEOH DQG XVHIXO WR LPSURYH HIILFLHQF\ DQG UHGXFH IDLOXUH UDWH IRU WKH
IXWXUH UHVHDUFKHV.

7KH VWXGLHV RQ JUDSKHQH 633V� HTXLS XV ZLWK WKH DELOLWLHV WR FRQWURO DQG VWRUH HOHFWURPDJQHWLF
HQHUJ\� DQG DUH TXLWH VLJQLILFDQW DQG PHDQLQJIXO IRU WKH GHYHORSPHQW RI SODVPRQLFV DQG
QDQR-RSWLFV LQ WKH IXUWKHU.
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