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$EVWUDFW

7KH QHHG IRU PRUH HIILFLHQW� FKHDSHU� HDVLO\ SURGXFLEOH VRODU FHOOV LV JURZLQJ DV WKLV FRPELQDWLRQ RI
DWWULEXWHV FDQ GHFUHDVH WKH OHYHOL]HG FRVW RI HQHUJ\ �/&2(�� $ WZR�WHUPLQDO ��7� 3HURYVNLWH DQG JDOOLXP�
LQLGLXP�JDOOLXP�VHOHQLGH �3YN�&,*6� WDQGHP FHOO LV DQ H[FHOOHQW FDQGLGDWH� DV LW FDQ KDYH D SRZHU
FRQYHUVLRQ HIILFLHQF\ �3&(� RI ����� FDQ EH IOH[LEOH �PDNLQJ LW VXLWDEOH IRU UROO�WR�UROO SURGXFWLRQ�� DQG
WKH GHSRVLWLRQ RI D 3YN VRODU FHOO �36&� RQ WRS RI HVWDEOLVKHG WHFKQLTXHV OLNH &,*6 ZLOO RQO\ DGG RQH
H[WUD VWHS WR WKH SURGXFWLRQ SURFHVV� WKHUHE\ LPSURYLQJ WKH 3&( VLJQLILFDQWO\

7KLV WKHVLV LV SDUW RI /$)/(;��7 SURMHFW ZKLFK DLPV WR GHVLJQ DQG HQJLQHHU D KLJKO\ HIILFLHQW IOH[LEOH
�7 WKLQ�ILOP VRODU GHYLFH EDVHG RQ WKH 3YN�&,*6 WDQGHP FRQILJXUDWLRQ� 7KH DLP RI WKLV WKHVLV LV WR
GHYHORS DQ RSWR�HOHFWULFDO PRGHO RI WKH WDQGHP FRQILJXUDWLRQ ZKLFK UHSOLFDWHV WKH LQQHU SK\VLFV RI D
UHIHUHQFH VRODU FHOO� 7KLV FDQ EH XVHG WR JLYH LQVLJKWV RQ WKH FXUUHQW ORVVHV RFFXUULQJ LQ WKH FHOO DQG RQ
WKH OLPLWDWLRQV LQ WKH FKDUJH FDUULHU WUDQVSRUW WRZDUGV WKH HOHFWURGHV� %DVHG RQ WKLV DQDO\VLV� D URXWH
RI LPSURYHPHQWV LV SURSRVHG ZLWK FRXOG UHVXOW LQ PRUH HIILFLHQW VRODU FHOOV�

7KH VLPXODWLRQ WHPSODWH XVHV RSWLFDO DQG HOHFWULFDO VLPXODWLRQV EDVHG RQ *(1352� DQG 7&$' 6HQ�
WDXUXV� UHVSHFWLYHO\� $Q H[WHQVLYH PRGHO IRU 3YN�&,*6 WDQGHP FHOOV LV SUHVHQWHG DQG YDOLGDWHG XVLQJ
H[SHULPHQWDOO\ REWDLQHG -�9 FXUYH PHDVXUHPHQWV� ,W ZDV IRXQG WKDW FKDUJH WUDQVSRUW LQ WKH WXQQHO
UHFRPELQDWLRQ MXQFWLRQ �75-� GHSHQGV RQ GLUHFW HQHUJ\ DQG LQ�GLUHFW HQHUJ\ WUDQVIHU� LQ WHUPV RI WZR
WXQQHOLQJ PHFKDQLVPV� EDQG WR EDQG WXQQHOLQJ �%�%7� DQG WUDS DVVLVWHG WXQQHOLQJ �7$7�� )RU 7$7� D
QRQ�ORFDO PRGHO IDFLOLWDWHG E\ WUDS VWDWHV LV VXFFHVVIXOO\ LPSOHPHQWHG�

6LPXODWLRQ UHVXOWV UHYHDO WKDW WKH WUDQVSRUW LQ WKH 75- RI WKH UHIHUHQFH VRODU FHOO LV EDVHG RQ 7$7� 7KH
ORVV DQDO\VLV SRLQWV RXW WKDW UHIOHFWDQFH ORVVHV DUH UHVSRQVLEOH IRU D ORVV RI ����� ൫െ�ൢ൫ኼ� 6LPLODUO\�
ORVVHV GXH WR SDUDVLWLF DEVRUSWLRQ DUH HTXDO WR ���� ൫െ�ൢ൫ኼ� 7KH &,*6 ERWWRP ZDV LGHQWLILHG DV WKH
FXUUHQW OLPLWLQJ OD\HU� 7KH GRPLQDQW UHFRPELQDWLRQ PHFKDQLVPV LQ WKH 3YN DQG &,*6 DEVRUEHU OD\HU DUH
6KRFNOH\�5HDG�+DOO �65+� DQG VXUIDFH UHFRPELQDWLRQ FDOFXODWHG DV ���� ൫െ�ൢ൫ኼ DQG ���� ൫െ�ൢ൫ኼ
IRU WRS 3YN DQG ERWWRP &,*6� UHVSHFWLYHO\� $Q LQFUHDVH LQ ORVVHV LQ WKH DEVRUEHU OD\HUV LQ PD[LPXP
SRZHU SRLQW �033� FRPSDUHG WR VKRUW FLUFXLW �6&� FRQGLWLRQV H[SRVHG FKDUJH WUDQVSRUW LVVXHV LQ WKH
FROOHFWLQJ SDWK RI FKDUJH FDUULHUV�

$IWHU DVVHVVLQJ WKH ORVV PHFKDQLVPV� D URDG�PDS IRU HIILFLHQF\ LPSURYHPHQWV LV SURSRVHG� $IWHU
LPSOHPHQWDWLRQ� DQ LQFUHDVH LQ WKH 3&( RI WKH UHIHUHQFH WDQGHP FHOO ZDV REVHUYHG IURP ������ WR
�������
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$FNQRZOHGJPHQWV

$OWKRXJK D WKHVLV LV PRVWO\ GRQH DORQH� LQ WKH ODVW QLQH PRQWKV LW QHYHU IHOW OLNH LW ZDV� ,W KDV EHHQ D
KHFWLF SHULRG ZLWK PDQ\ UHVWULFWLRQV LQ RXU QRUPDO ZD\ RI GRLQJ� %XW E\ DGDSWDWLRQ WR WKH VLWXDWLRQ VWLOO�
D ORW RI RSSRUWXQLWLHV DURVH� &RPSOHWLQJ WKH ILQDO KXUGOH LQ WKH SDWK WR UHFHLYLQJ WKH PDVWHUঅV GHJUHH
LQ 6XVWDLQDEOH (QHUJ\ 7HFKQRORJ\ KDV EHHQ DQ LPSRUWDQW DFFRPSOLVKPHQW LQ P\ OLIH�

7KLV DFFRPSOLVKPHQW FRXOG QRW KDYH EHHQ UHDFKHG ZLWKRXW WKH KHOS RI D VSHFLILF JURXS RI SHRSOH� )LUVW�
, ZDQW WR WKDQN 3URI� 'U� 2OLQGR ,VDEHOOD IRU QRW RQO\ SURYLGLQJ PH ZLWK WKLV UHVHDUFK VXEMHFW EXW DOVR
DFWLYHO\ KHOSLQJ PH ZLWK WKH VHDUFK IRU D WRSLF WKDW ZRXOG ILW P\ LQWHUHVWV�

1DVLP 5H]DHL� IRU EHLQJ WKH VXSHUYLVRU RWKHU SHRSOH FDQ RQO\ ZLVK IRU� , ORRNHG IRUZDUG WR RXU DOPRVW
GDLO\ H[FKDQJHV� ZKLFK FRYHUHG WRSLFV IURP HOHFWURQ WUDQVSRUW WR IDPLO\� IURP OLQHV RI FRGH WR WKH 7RPE
RI +DIH]� 1RW RQFH DIWHU VWDUWLQJ� KDYH , UHJUHWWHG P\ FKRLFH WR VZLWFK IURP P\ ILUVW WR WKLV VXEMHFW�
7KDQN \RX IRU JLYLQJ PH WKH RSSRUWXQLW\ WR ZRUN WRJHWKHU RQ WKLV WRSLF�

3DXO 3URFHO� IRU \RXU ZLOOLQJQHVV WR WHDFK PH HYHU\WKLQJ , DVNHG IRU DQG \RXU XQOLPLWHG NQRZOHGJH
RQ WKH QRW�VR XVHU�IULHQGO\ SURJUDPV WKDW ZH KDYH XVHG� <RX JDYH PH WKH WRROV WR WKULYH LQ WKH ODVW
PRQWKV DIWHU \RX WRRN RYHU IURP 1DVLP� %RWK \RX DQG 1DVLP KDYH VKRZQ PH WKDW UHVHDUFK LV D WHDP
HIIRUW DQG QHZ WKLQJV DUH EXLOW RQ WRS RI WKH ROG�

'DDQ� IRU ZRUNLQJ DORQJVLGH HDFK RWKHU WRZDUGV WKH HQG RI RXU PDVWHU GHJUHHV� ,W KDV KHOSHG PH D
ORW� 7KDQN \RX IRU UHPLQGLQJ PH DERXW ZKDW WKH LPSRUWDQW WKLQJV LQ OLIH DUH�

3DS DQG PDP� IRU EHLQJ WKHUH ZKHQ QHHGHG� PRWLYDWLQJ PH DQG SURYLGLQJ PH ZLWK D SODFH ZKHUH ,
FRXOG IXOO\ IRFXV RQ WKH SURMHFW ZLWKRXW DQ\ GLVWUDFWLRQ� XQWLO WKH HQG DQG DOZD\V�

0\ IULHQGV DW KRPH� IRU JLYLQJ PH WKH PXFK�QHHGHG GLVWUDFWLRQ IURP WKLV WKHVLV LQ WKH IRUP RI FRRNLQJ�
GULQNV� DQG WDONV� $QG VSHFLILFDOO\ 9LFWRU :LMQ IRU GHVLJQLQJ WKH IURQW FRYHU�
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� ,QWURGXFWLRQ �
��� 7KH SRWHQWLDO DQG D EULHI KLVWRU\ RI VRODU FHOOV � � � � � � � � � � � � � � � � � � � � � � �
��� 7KH SHURYVNLWH�&,*6 WDQGHP� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 7KH EDVHOLQH WDQGHP VWDFN � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 0RGHOOLQJ RI WDQGHP FHOOV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 3URMHFW GHVFULSWLRQ DQG RXWOLQH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� 7KHRUHWLFDO %DFNJURXQG �
��� )XQGDPHQWDO SK\VLFV IRU D VRODU FHOO � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� S�Q MXQFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
����� 3RLVVRQ HTXDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 'ULIW DQG 'LIIXVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� *HQHUDWLRQ DQG 5HFRPELQDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 7UDQVSRUW LQ KHWHURMXQFWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 6LPXODWLRQ DSSURDFK DQG &DOLEUDWLRQ ��
��� *HQHUDO VLPXODWLRQ DSSURDFK� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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����� ,QFOXGHG SK\VLFV PRGHOV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� %DQGJDS JUDGLQJ &,*6 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 0RGHOOLQJ RI GHIHFWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� +HWHURMXQFWLRQ WUDQVSRUW PRGHOOLQJ � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH WXQQHO UHFRPELQDWLRQ MXQFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 0RGHO FDOLEUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 3HURYVNLWH FDOLEUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� &,*6 FDOLEUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 7DQGHP FDOLEUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 2SWLFDO DQG (OHFWULFDO ERWWOHQHFNV ��
��� 9DOLGDWLRQ VLQJOH�MXQFWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 3HURYVNLWH VLQJOH�MXQFWLRQ YDOLGDWLRQ � � � � � � � � � � � � � � � � � � � � � � � ��
����� &,*6 VLQJOH�MXQFWLRQ YDOLGDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5HVXOWV RI 7$7 LPSOHPHQWDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 7DQGHP FHOO YDOLGDWLRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� %DVHOLQH FHOO ORVV DQDO\VLV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 3KRWRFXUUHQW GLVWULEXWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 3DUDVLWLF DEVRUSWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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����� 7RS FHOO ORVVHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� %RWWRP FHOO ORVVHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7UDQVSRUW HYDOXDWLRQ RI WKH 75- � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� &RQFOXVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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� 7KH URDG WR LPSURYHPHQW ��
��� 7KH 75- RSWLPL]DWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 2SWLFDO HQKDQFHPHQW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� &DUULHU FROOHFWLRQ LPSURYHPHQW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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/LVW RI )LJXUHV

��� 3RVVLEOH WDQGHP FHOO FRQILJXUDWLRQV >�@ � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 0D[LPXP GHYLFH SHUIRUPDQFH RI D SHURYVNLWH�&,*6 VRODU FHOO >�@ � � � � � � � � � � � � �
��� /D\HU VWDFN RI WKH EDVHOLQH SHURYVNLWH�&,*6 WDQGHP FHOO � � � � � � � � � � � � � � � � � �

��� 7KH S�Q MXQFWLRQ DQG WKH UHODWHG HOHFWULF ILHOG DQG IRUFHV >�@ � � � � � � � � � � � � � � � ��
��� 7UDS RFFXSDWLRQ G\QDPLFV >�@ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH JHQHUDO PRGHOLQJ DSSURDFK IORZFKDUW � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 7KH RYHUDOO WKHVLV DSSURDFK IORZFKDUW � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� &RPSOH[ UHIUDFWLYH LQGH[ RI ,72 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� *HRPHWULFDO IHDWXUHV DQG PHVKLQJ RI WKH EDVHOLQH WDQGHP FHOO � � � � � � � � � � � � � � ��
��� 6SDWLDO GLVWULEXWLRQ RI WUDS VWDWHV LQ WKH SHURYVNLWH OD\HU >�@ � � � � � � � � � � � � � � � ��
��� $Q H[DPSOH RI D QRQ�ORFDO PHVK DW DQ KHWHURMXQFWLRQ LQWHUIDFH >�@ � � � � � � � � � � � ��
��� 7KH WXQQHOLQJ PHFKDQLVPV DFWLYH LQ WKH 75-� �D� 7KH EDQG WR EDQG WXQQHOLQJ PHFKDQLVP

DQG �E� 7KH WUDS DVVLVWHG WXQQHOLQJ PHFKDQLVP � � � � � � � � � � � � � � � � � � � � � � ��
��� 9LVXDOLVDWLRQ RI QHHGHG PRGHOOHG QRQ�ORFDO PHVKHV IRU WUDS DVVLVWHG WXQQHOLQJ � � � � � ��

��� 3HURYVNLWH VLQJOH�MXQFWLRQ� �D� 7KH UHIHUHQFH SHURYVNLWH VRODU FHOO OD\HU VWDFN DQG �E� WKH
PRGHOOHG -�9 FXUYH LQ FRPSDULVRQ WR WKH H[SHULPHQWDOO\ REWDLQHG GDWD � � � � � � � � � ��

��� 7KH SHUYRVNLWH VLQJOH�MXQFWLRQ PRGHOOHG EDQG GLDJUDP UHVXOW � � � � � � � � � � � � � � � ��
��� &,*6 VLQJOH�MXQFWLRQ� �D� 7KH UHIHUHQFH &,*6 VRODU FHOO OD\HU VWDFN DQG �E� WKH PRGHOOHG

-�9 FXUYH LQ FRPSDULVRQ WR WKH H[SHULPHQWDOO\ REWDLQHG GDWD � � � � � � � � � � � � � � � ��
��� 7KH 75- EDQG GLDJUDP IRU GLIIHUHQW YDOXHV IRU EDQG PLVDOLJQPHQW� �D� ́ൊ  � ���� �E�

́ൊ  ���� DQG �F� ́ൊ  ���� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� &RPSDULVRQ RI -�9 FXUYH UHVXOWV IRU GLIIHUHQW EDQG PLVDOLJQPHQWV� �D� ZLWKRXW WKH 7$7

LPSOHPHQWDWLRQ DQG �E� ZLWK WKH 7$7 LPSOHPHQWDWLRQ � � � � � � � � � � � � � � � � � � � ��
��� 3HURYVNLWH�&,*6 WDQGHP� �D� 7KH UHIHUHQFH SHURYVNLWH�&,*6 VRODU FHOO OD\HU VWDFN DQG

�E� WKH REWDLQHG PRGHOOHG -�9 FXUYH LQ FRPSDULVRQ WR WKH H[SHULPHQWDOO\ REWDLQHG GDWD ��
��� (OHFWULF ILHOG DQG FRQFHQWUDWLRQ JUDGLHQW LQ WKH 75- RI WKH EDVHOLQH WDQGHP FHOO � � � � � ��
��� ([WUDFWHG SKRWR�FXUUHQW GHQVLW\ RI WKH EDVHOLQH WDQGHP FHOO � � � � � � � � � � � � � � � ��
��� %UHDNGRZQ RI WKH REWDLQHG FXUUHQW ORVVHV LQ WKH SHURYVNLWH�&,*6 WDQGHP FHOO� �D� 7KH

SDUDVLWLF DEVRUSWLRQ ORVVHV DQG �E� WKH UHIOHFWDQFH ORVVHV � � � � � � � � � � � � � � � � � ��
���� %UHDNGRZQ RI WKH SHURYVNLWH WRS FHOO FXUUHQW ORVVHV �D� LQ VKRUW�FLUFXLW FRQGLWLRQV DQG �E�

DW WKH PD[LPXP SRZHU SRLQW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� %UHDNGRZQ RI WKH &,*6 ERWWRP FHOO FXUUHQW ORVVHV �D� LQ VKRUW�FLUFXLW FRQGLWLRQV DQG �E�

DW WKH PD[LPXP SRZHU SRLQW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� 9LVXDOLVDWLRQ RI WKH WZR EDQG DOLJQPHQW SDUDPHWHUV LQ WKH 75- � � � � � � � � � � � � � � ��
���� 7KH FRQWRXUSORWV UHODWLQJ WKH ൊፂ ࢿ ൊፅ RI WKH Q�W\SH UHJLRQ WR WKH ൊፅ ࢿ ൊፕ RI WKH S�W\SH

UHJLRQ LQ WKH 75- ZLWK �D� WKH HIIHFW RQ ൏ፒፂ� �E� WKH HIIHFW RQ ൛ፎፂ� �F� WKH HIIHFW RQ ))�
DQG �G� WKH HIIHFW RQ 3&( � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� %DQG GLDJUDP IRU GLIIHUHQW EDQG DOLJQPHQWV� �D� 7KH EDQG GLDJUDP IRU ́ൊ፧  ��� DQG
́ൊ፩  ��� %�%7 PHFKDQLVP SRVVLEOH �E� 7KH EDQG GLDJUDP IRU ́ൊ፧  � DQG ́ൊ፩  ����
FKDUJH WUDQVIHU GHSHQGDQW RQ 7$7 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH UHVXOW RI WKH LPSOHPHQWDWLRQ RI 1LFNHO 2[LGH LQ WKH 75-� �D� 7KH EDQG GLDJUDP UHVXOW
IRU 3('27�366 DQG �E� WKH EDQG GLDJUDP UHVXOW IRU WKH 1L2 LPSOHPHQWDWLRQ � � � � � � ��

��� $ FRPSDULVRQ RI WKH -�9 FXUYHV IRU WKH WDQGHP VWDFN ZLWK 3('27�366 RU $/' 1L2 � � � ��
��� 2SWLPL]DWLRQ RI WKH SHURYVNLWH OD\HU WKLFNQHVV UHVXOWLQJ LQ FXUUHQW PDWFKLQJ FRQGLWLRQV

IRU WKH SHURYNVLWH�&,*6 WDQGHP FHOO � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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[LY /LVW RI )LJXUHV

��� 7KH HIIHFW RI DQ DQWL�UHIOHFWLYH FRDWLQJ DGGHG RQ WRS RI WKH FXUUHQW PDWFKHG EDVHOLQH
WDQGHP � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH WRS FHOO EDQG GLDJUDP LQ WKH WDQGHP FHOO � � � � � � � � � � � � � � � � � � � � � � � ��
��� $ ]RRP RI WKH 6Q2� OD\HU LQ WKH EDVHOLQH SHURYVNLWH�&,*6 WDQGHP � � � � � � � � � � � � ��
��� 7KH -�9 FXUYH LPSURYHPHQW E\ DOWHULQJ WKH 6Q2� OD\HU LQ WKH SHURYVNLWH VLQJOH�MXQFWLRQ

PRGHO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 7KH HIIHFW RI WKLFNQHVV FKDQJH RI WKH 6Q2�� �D� WKH HIILFLHQF\ RI WKH WDQGHP FHOO YV� WKH

WKLFNQHVV RI WKH 6Q2� OD\HU DQG �E� WKH EDQG GLDJUDP RI WKH 6Q2� OD\HU IRU YDU\LQJ OD\HU
WKLFNQHVVHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� (IIHFW RI WUDS SDVVLYDWLRQ RQ -�9 FXUYH LQ WKH SHURYVNLWH VLQJOH�MXQFWLRQ PRGHO � � � � � ��
���� 7KH HIIHFW RI WKH GLIIHUHQW RSWLPL]DWLRQ WHFKQLTXHV RQ WKH EDVHOLQH WDQGHP -�9 FXUYH � ��

��� 7KH -�9 FXUYH RI WKH ILQDO RSWLPL]HG SHURYVNLWH�&,*6 WDQGHP FHOO ZLWK ������ � � � � � ��



/LVW RI 7DEOHV

��� 3XEOLVKHG ZRUN RQ SHURYVNLWH�&,*6 VRODU FHOOV � � � � � � � � � � � � � � � � � � � � � � � �

��� 6XPPDU\ RI PRVW UHOHYDQW SK\VLFDO PRGHOV DQG SDUDPHWHU LQ WKH HOHFWULFDO PRGHO � � � ��
��� 7UDS GHQVLW\ SDUDPHWHUV IRU WKH PRGHOOLQJ RI GHIHFWV LQ WKH VLQJOH�MXQFWLRQV DQG WDQGHP

PRGHO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 7UDS VWDWH FRQFHQWUDWLRQV IRU WKH EXON DQG LQWHUIDFHV LQ WKH SHURYVNLWH DEVRUEHU OD\HU � ��
��� 2YHUYLHZ RI HOHFWULFDO SDUDPHWHUV XVHG IRU WKH WRS OD\HU LQ WKH RSWR�HOHFWULFDO PRGHO RI

WKH EDVHOLQH WDQGHP FHOO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 2YHUYLHZ RI HOHFWULFDO SDUDPHWHUV XVHG IRU WKH ERWWRP OD\HU LQ WKH RSWR�HOHFWULFDO PRGHO

RI WKH EDVHOLQH WDQGHP FHOO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 2YHUYLHZ RI HOHFWULFDO SDUDPHWHUV XVHG IRU WKH WXQQHO UHFRPELQDWLRQ OD\HU LQ WKH RSWR�

HOHFWULFDO PRGHO RI WKH EDVHOLQH WDQGHP FHOO � � � � � � � � � � � � � � � � � � � � � � � � ��

��� $ FRPSDULVRQ RI WKH H[WHUQDO SDUDPHWHUV RI WKH VLQJOH�MXQFWLRQ PRGHO UHVXOWV WR WKH
H[SHULPHQWDO GDWD � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� $ FRPSDULVRQ RI WKH H[WHUQDO SDUDPHWHUV RI WKH WDQGHPPRGHO UHVXOWV WR WKH H[SHULPHQWDO
GDWD � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� $ FRPSDULVRQ RI 3('27�366 DQG 1L2 SDUDPHWHUV IRU WKH 75- � � � � � � � � � � � � � � ��
��� $ FRPSDULVRQ RI WKH H[WHUQDO WDQGHP FHOO SDUDPHWHUV ZLWK 3('27�366 RU 1L2 LQ WKH 75- ��
��� 7KH HOHFWULFDO SDUDPHWHUV IRU 6Q2� PDWHULDOV DW GLIIHUHQW $/' WHPSHUDWXUHV >�@ � � � � � ��
��� 7KH ILQDO FRPSDULVRQ RI WKH EDVHOLQH WDQGHP ZLWK WKH RSWLPL]HG SHURYVNLWH�&,*6 FHOO � ��
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/RQJ KDV WKH ZRUOG ORRNHG IRU D ZD\ WR FUHDWH HQHUJ\ RXW RI QRWKLQJ >�@� :LWK WKH GLVFRYHU\ RI WKH
SKRWRYROWDLF HIIHFW� WKLV GUHDP KDV FRPH DZIXOO\ FORVH WR EHFRPLQJ D UHDOLW\� :LWK WHFKQLTXHV WKDW FDQ
XWLOL]H WKH VXQ DV DQ HQHUJ\ SURYLGHU� WKH ORRPLQJ WKUHDW RI D UDSLG LQFUHDVH LQ HQHUJ\ FRQVXPSWLRQ SHU
FDSLWD DQG WKH ULVH LQ WKH QXPEHU RI SHRSOH ZDONLQJ RQ WKLV HDUWK� HQVXLQJ LQ JURZWK LQ WRWDO HQHUJ\
QHHGHG� FDQ EH FRYHUHG E\ D PRUH ORQJ�WHUP VXVWDLQDEOH HQHUJ\ VROXWLRQ >�@� 7R IXUWKHU LQFUHDVH WKH
LPSDFW RI VRODU HQHUJ\� LW LV RI JUHDW LPSRUWDQFH WKDW FKDOOHQJHV UHJDUGLQJ WKH FRQYHUVLRQ IURP VXQOLJKW
WR HOHFWULFLW\ LQ DQ HIILFLHQW DQG FRVW�HIIHFWLYH ZD\ ZLOO EH WDFNOHG�

,Q WKLV WKHVLV WKH RSWLFDO DQG HOHFWULFDO SURSHUWLHV RI D SURPLVLQJ VRODU FHOO� FRQWDLQLQJ D FRPELQDWLRQ
RI PHWDO KDOLGH SHURYVNLWHV DQG FRSSHU LQGLXP JDOOLXP VHOHQLGH �&,*6�� ZLOO EH PRGHOOHG DQG VWXGLHG�
WKHUHE\ FUHDWLQJ D JXLGH IRU WKH HYHQWXDO H[SHULPHQWDO IDEULFDWLRQ RI WKH FHOO�

,Q VHFWLRQ ���� WKH SRWHQWLDO DQG KLVWRU\ RI VRODU FHOOV ZLOO EH KLJKOLJKWHG� *HQHUDO LQIRUPDWLRQ RQ
WDQGHP FHOOV DQG DQ LQWURGXFWLRQ WR WKH DEVRUEHU OD\HU PDWHULDOV LV GRQH LQ VHFWLRQ ���� 6HFWLRQ ���
JLYHV DQ RYHUYLHZ RI SUHYLRXV ZRUN GRQH RQ SHURYVNLWH�&,*6 VRODU FHOOV DQG H[SODLQV WKH FRQILJXUDWLRQ
RI WKH EDVHOLQH WDQGHP FHOO XVHG LQ WKLV WKHVLV� 7KH UHDVRQ IRU VLPXODWLQJ VRODU FHOOV DQG DQ RYHUYLHZ RI
WKH PRGHOOLQJ DSSURDFK LV PHQWLRQHG LQ VHFWLRQ ���� 7R FRQFOXGH� WKH RXWOLQH� REMHFWLYH� DQG VWUXFWXUH
RI WKH SURMHFW DUH VXPPDULVHG �VHFWLRQ �����

���� 7KH SRWHQWLDO DQG D EULHI KLVWRU\ RI VRODU FHOOV
$V PHQWLRQHG LQ WKH VHFWLRQ DERYH� VRODU SRZHU FDQ SOD\ D VLJQLILFDQW UROH LQ WKH WUDQVLWLRQ IURP IRVVLO
IXHOV WRZDUGV D VRFLHW\ UXQ SULPDULO\ RQ UHQHZDEOH HQHUJLHV� LQFOXGLQJ ZLQG� ELRPDVV� JHRWKHUPDO� HWF�
$FFRUGLQJ WR WKH ,QWHUQDWLRQDO 5HQHZDEOH (QHUJ\ $JHQF\� ��� RI WKH WRWDO HQHUJ\ FRQVXPSWLRQ E\
���� ZLOO EH SURYLGHG E\ HOHFWULFLW\� ��� RI WKLV ZLOO EH VRXUFHG IURP UHQHZDEOH HQHUJ\ VRXUFHV ZKLFK
HTXDO DERXW ��� (- >�@� $V RI ����� DURXQG ��� *: RI VRODU SRZHU FDSDFLW\ LV LQVWDOOHG ZRUOGZLGH�
EXW ZLOO FRQWLQXRXVO\ JURZ IRU WKH FRPLQJ \HDUV� ,Q ����� VRODU 39 DQG ZLQG ZLOO OHDG WKH ZD\� WKH
LQVWDOOHG 39 FDSDFLW\ ZLOO UHDFK RYHU ������ *:� FRPSDUHG WR ZLQG ZLWK RYHU ����� *: >�@� 7KH UDSLG
LQFUHDVH LQ LQVWDOOHG 39 SRZHU FDQ EH FRQWULEXWHG WR WKH UDSLG GHYHORSPHQWV LQ WKLV VHFWRU� OHDGLQJ WR
FRPSHWLWLYH OHYHOL]HG FRVWV RI HOHFWULFLW\ �/&2(� FRPSDUHG WR WKDW RI IRVVLO IXHOV >��@�

:KHQ FRQVLGHULQJ WKHVH QXPEHUV� LW LV HYHQ PRUH UHPDUNDEOH WKDW WKH ILUVW SUDFWLFDO VRODU FHOO ZDV
RQO\ SXEOLFO\ GHPRQVWUDWHG D IHZ GHFDGHV DJR� ZLWK DQ HIILFLHQF\ PHDVXUHG RI �� >��@� 7KH ZRUNLQJ
SULQFLSOH RI D VRODU FHOO ZDV ILUVW REVHUYHG E\ %HFTXHUHO LQ ���� DW WKH DJH RI ��� E\ IDEULFDWLQJ DQ
HOHFWURO\WLF FHOO� PDGH RXW RI WZR SODWLQXP HOHFWURGHV� SODFHG LQ DQ HOHFWURO\WH �DQ HOHFWULFDOO\ FRQGXFWLQJ
VROXWLRQ� >��@� $IWHU DQ HDUOLHU EUHDNWKURXJK ZLWK D MXQFWLRQ EDVHG RQ SODWLQXP DQG VHOHQLXP� WKH ILUVW
SURSHUO\ ZRUNLQJ VRODU FHOO ZLWK DQ HIILFLHQF\ RI �� ZDV GHYHORSHG LQ ���� E\ &KDUOHV )ULW] EDVHG RQ
D JROG�VHOHQLXP MXQFWLRQ�

7KH UHDO GHYHORSPHQW RI VRODU FHOOV DV ZH NQRZ LW� VWDUWHG ZLWK WKH VLOLFRQ�EDVHG VRODU FHOO PDGH
DW WKH %HOO /DERUDWRU\ LQ WKH 8QLWHG 6WDWHV E\ 'DU\O &KDSLQ� &DOYLQ )XOOHU� DQG *HUDOG 3HDUVRQ LQ ����
>��@� )URP WKHQ RQ� PXOWLSOH DFDGHPLF LQVWLWXWHV DQG LQGXVWULHV VWDUWHG WR GHYHORS VLOLFRQ�EDVHG VRODU
FHOO ZLWK WKH PDLQ IRFXV LQ VSDFH DSSOLFDWLRQ� SURSHOOLQJ WKH SURJUHVV OHDGLQJ WR WKH GRPLQDQFH RI
VLOLFRQ�EDVHG VRODU FHOOV ZH VHH WRGD\ >��@� 7KH IRXQGDWLRQ IRU WKH VXEMHFW RI WKLV WKHVLV ZDV VHHQ
LQ ���� ZKHQ WKH ILUVW WKLQ�ILOP VRODU FHOOV EDVHG RQ D FRSSHU�VXOILGH�FDGPLXP�VXOILGH MXQFWLRQ ZHUH
GHPRQVWUDWHG ZLWK D FRQYHUVLRQ HIILFLHQF\ DERYH ��� DW WKH 8QLYHUVLW\ RI 'HODZDUH� /DWHU LQ WLPH� D
G\H�VHQVLWL]HG VRODU FHOO �'66&� ZLWK KLJK HIILFLHQF\ ZDV SXEOLVKHG E\ WKH �FROH SRO\WHFKQLTXH I©G©UDOH
GH /DXVDQQH LQ 6ZLW]HUODQG E\ 0LFKDHO *U¤W]HO LQ ���� >��@ RSHQLQJ XS WKH QHZ UHVHDUFK ILHOG ZKLFK
ZRXOG HYHQWXDOO\ OHDG WR WKH GHYHORSPHQW RI WKH SHURYVNLWH VRODU FHOO LQ ���� >��@�

$OWKRXJK WKH 39 PDUNHW LV SULPDULO\ GRPLQDWHG E\ VLOLFRQ�EDVHG ZDIHUV �DERXW ���� >��@� VRPH

�



� �� ,QWURGXFWLRQ

PDWHULDOV KDYH WKH SRWHQWLDO WR EHFRPH WKH QH[W ELJ WKLQJ� 7ZR RI WKRVH� ZKLFK DUH WKH IRFXV RI WKLV
WKHVLV� DUH VRODU FHOOV EDVHG RQ WKH SUHYLRXVO\ PHQWLRQHG SHURYVNLWHV DQG &,*6� ZKLFK LI FRPELQHG LQ D
WDQGHP DUFKLWHFWXUH� SRWHQWLDOO\ FRXOG RXWSHUIRUP VWDQGDUG VLQJOH�MXQFWLRQ VLOLFRQ FHOOV >�@�

���� 7KH SHURYVNLWH�&,*6 WDQGHP
7DQGHP FHOOV DUH LQWHUHVWLQJ IRU WKLQ�ILOP WHFKQRORJLHV� DV WKH\ FDQ RYHUFRPH WKH SUDFWLFDO HIILFLHQF\
OLPLWDWLRQV RI D VLQJOH�MXQFWLRQ VRODU FHOO ZKLFK LV ������ >��@� 7KLV FRXOG SRWHQWLDOO\ LQFUHDVH WR ���
LQ WDQGHP� ,Q WKH WRWDO FRVW RI D VRODU SDQHO� RQ DYHUDJH� WKH PRGXOH RQO\ DFFRXQWV IRU ��� >��@� 0RVW
FRVW LV UHODWHG WR WKH EDODQFH RI V\VWHP �%26� ZKLFK LQFOXGHV ZLULQJ� LQYHUWHUV DQG WKH PRXQWLQJ� $
PRGXOH ZLWK D KLJK HIILFLHQF\ ZLOO WKHUHIRUH GLUHFWO\ DIIHFW WKH /&2( DV WKH %26 IRU LQVWDOOHG SRZHU ZLOO
VLJQLILFDQWO\ UHGXFH�

1H[W WR SRWHQWLDO KLJK HIILFLHQF\ IRU WKH SHURYVNLWH�&,*6 VRODU FHOO� WKHUH DUH PRUH UHDVRQV WR GLYH
LQWR WKLV VXEMHFW� 5HVHDUFK KDV VKRZQ WKDW SHURYVNLWH FDQ UHODWLYHO\ HDVLO\ DQG FRVW�HIIHFWLYHO\ EH
GHSRVLWHG RQ WRS RI DOUHDG\ H[LVWLQJ DQG ZHOO�SHUIRUPLQJ WHFKQRORJLHV OLNH &,*6 DQG VLOLFRQ VLQJOH�
MXQFWLRQ VRODU FHOOV YLD ORZ�WHPSHUDWXUH VROXWLRQ PHWKRGV >��@ DGGLQJ MXVW VRPH H[WUD VWHSV LQ WKH
SURGXFWLRQ SURFHVV� $OVR� PRQROLWKLF SHURYVNLWH�&,*6 WDQGHP FHOOV ZLOO EH FRPSDWLEOH ZLWK OLJKWZHLJKW
IOH[LEOH SODVWLF RU PHWDO IRLO IRU UROO�WR�UROO PDQXIDFWXULQJ� ZKLFK ZLOO UHGXFH SURGXFWLRQ FRVW HYHQ IXUWKHU�

7KLV VHFWLRQ ZLOO JLYH VRPH PRUH LQVLJKWV RQ WDQGHP FHOOV LQ JHQHUDO� DV ZHOO DV WKH WZR XVHG
DEVRUEHU OD\HUV�

7DQGHP FHOO FRQILJXUDWLRQV
7R HQKDQFH WKH SRZHU FRQYHUVLRQ HIILFLHQF\ �3&(� DQG PDNH EHWWHU XVH RI WKH VRODU VSHFWUXP� WZR
DEVRUEHU PDWHULDOV ZLWK GLIIHUHQW EDQGJDS HQHUJLHV FDQ EH FRPELQHG LQ RQH VWDFN� DOVR NQRZQ DV D
WDQGHP FHOO >��@� %\ FRYHULQJ WKH OLJKW VSHFWUXP LQ WZR SDUWV� DQG RSWLPL]LQJ WKH OD\HUV IRU WKHLU DV�
VLJQHG ZDYHOHQJWKV� WKH 3&( FDQ EH LQFUHDVHG� 7KH WRS OD\HU LV WKH DEVRUEHU ZLWK WKH KLJKHVW EDQGJDS�
DEVRUELQJ WKH KLJK�HQHUJ\ SKRWRQV �ZKLFK LV HTXDO WR OLJKW ZLWK D VKRUW ZDYHOHQJWK�� 7KH ERWWRP FHOO
ZLOO WKHUHIRUH DEVRUE WKH ORZHU HQHUJ\ SKRWRQV �ODUJHU ZDYHOHQJWK� DQG FRQVHTXHQWO\ KDV WKH VPDOOHU
EDQGJDS >��@� )XUWKHUPRUH� WKH PDWHULDO LQ WKH WRS QHHGV WR EH WUDQVSDUHQW IRU WKH SKRWRQV RI ORZ
HQHUJ\ WR DOORZ WKHP WR SDVV WR WKH ORZHU DEVRUEHU >��@� 7KLV FDQ UHGXFH WKH VR�FDOOHG WKHUPDOL]DWLRQ
ORVV RI WKH FKDUJH FDUULHU ZKLFK LV WKH H[FHVV SKRWRQ HQHUJ\ ORVW DV KHDW�

$Q LPSRUWDQW DVSHFW RI D WDQGHP FHOO LV WKH FXUUHQW PDWFKLQJ� 7KH ORZHVW JHQHUDWHG FXUUHQW GHQVLW\
LQ WKH WRS RU ERWWRP OD\HU ZLOO GHWHUPLQH WKH WRWDO FXUUHQW GHQVLW\ RI WKH FRPSOHWH VWDFN� 7KLV ZLOO OLPLW
WKH SRVVLEOH KLJKHU FXUUHQW GHQVLW\ WKDW FRXOG EH UHDFKHG DQG WKLV ZLOO WKHUHIRUH GLUHFWO\ DIIHFW WKH
HIILFLHQF\ RI WKH FHOO� ,I WKH FXUUHQW GHQVLWLHV FDQ EH PDWFKHG� D EHWWHU GLVWULEXWLRQ RI WKH JHQHUDWHG
FXUUHQW FRXOG EH UHDFKHG� ,W FRXOG LQFUHDVH WKH HYHQWXDO FXUUHQW GHQVLW\ RI WKH FHOO WRJHWKHU ZLWK WKH
FRQYHUVLRQ HIILFLHQF\ >��@� $ WDQGHP FDQ EH VHHQ DV WZR VRODU FHOOV FRQQHFWHG LQ VHULHV� $FFRUGLQJ WR
.LUFKKRIIঅV ODZ� WKH WDQGHP YROWDJH LV WKH VXP RI WKH YROWDJHV JHQHUDWHG E\ WKH WZR VXEFHOOV�

�D� 7ZR�WHUPLQDO PRQROLWKLF VWDFN ZKHUH WKH DEVRUEHU
OD\HUV DUH GHSRVLWHG RQ WRS RI HDFK RWKHU� UHVXOWLQJ LQ WKH

QHHG IRU FXUUHQW PDWFKLQJ >�@�

�E� )RXU WHUPLQDO DUFKLWHFWXUH ZLWK WZR VHSDUDWH VXEFHOOV�
$OWKRXJK OHVV VHQVLWLYH WR VSHFWUDO YDULDWLRQ� H[WUD OD\HUV

DQG FDEOLQJ DUH QHHGHG >��@�

)LJXUH ���



���� 7KH SHURYVNLWH�&,*6 WDQGHP �

%DVHG RQ WKH QXPEHU RI WHUPLQDO FRQQHFWLRQV� WDQGHP FHOOV DUH GLYLGHG LQWR WKUHH W\SHV� WZR�
WHUPLQDO ��7�� WKUHH�WHUPLQDO ��7�� DQG IRXU�WHUPLQDO ��7� WDQGHP VRODU FHOOV >�@� �7 DQG �7 DUH WKH
PRVW FRPPRQ LQ OLWHUDWXUH IRU SHURYVNLWH�&,*6 VRODU FHOOV� :KHQ WZR FHOOV DUH LQGHSHQGHQWO\ ZLUHG� LW LV
FDOOHG D �7 DUFKLWHFWXUH� $V WKH FHOOV GR QRW KDYH WR EH FXUUHQW�PDWFKHG� WKH\ ZLOO EH OHVV VHQVLWLYH ZLWK
UHVSHFW WR VSHFWUDO YDULDWLRQV� EXW LW UHTXLUHV H[WUD WUDQVSDUHQW FRQGXFWLQJ OD\HUV �7&2� DQG DGGLWLRQDO
FDEOLQJ DQG SRZHUSRLQW WUDFNHU >�@� )LJXUHV ���D DQG ���E VKRZ WKH GLIIHUHQFH LQ WKH PRVW FRPPRQ
FRQILJXUDWLRQV DQG YLVXDOL]H WKH QHHG IRU H[WUD OD\HUV LQ �7 FHOOV�

%\ GHVLJQ� WKH �7 DUFKLWHFWXUH ZLOO QHHG WR VHSDUDWH FHOOV ZLWK DQ DVVHPEO\ VRPHZKHUH DORQJ WKH
SURGXFWLRQ OLQH� 0HDQLQJ� LW FRXOG EH FRQVLGHUHG DV WZR VHSDUDWH GHYLFHV ZKLFK� ZLWKRXW EHLQJ FRQ�
QHFWHG DQG MXVW SODFHG VLGH E\ VLGH� FRXOG SHUIRUP EHWWHU DQG GHOLYHU PRUH SRZHU WKDQ VWDFNHG� 7KH
�7 DUFKLWHFWXUH KRZHYHU LV RQH PRQROLWKLF XQLW� SURGXFHG DV RQH LQWHU�FRQQHFWHG FHOO LQ VHULHV� ZKHUH
HYHU\ OD\HU LV GHSRVLWHG RQ WRS RI WKH RWKHU >�@� $OVR� WKHRUHWLFDOO\� WKH �7 FRQILJXUDWLRQ KDV WKH VDPH
SHUIRUPDQFH DV WKH �7 ZKHQ WKH FHOO LV DW WKH RSWLPXP EDQGJDS >�@�

7KH 7DQGHP 5HJLRQ
7KH HQJLQHHULQJ DQG SURGXFWLRQ RI D �7 WDQGHP FHOO EULQJ D ORW RI FKDOOHQJHV WR WKH WDEOH� 1RW RQO\
GR WKH FHOOV QHHG WR EH FXUUHQW�PDWFKHG� EXW WKH ERWWRP FHOO PXVW EH HQJLQHHUHG WR EH D VXEVWUDWH IRU
WKH WRS�FHOO GHSRVLWLRQ� 7KH HYHQWXDO SRZHU RXWSXW LV GHSHQGDQW RQ EDQGJDSV� TXDQWXP HIILHQFLHV�
WKH ൛፨፜ ORVV WKDW FDQ RFFXU DW ERWK FHOOV DQG WKH VSHFWUDO WUDQVPLVVLRQ RI WKH WRS FHOO� $Q HVWLPDWH RI
WKH PD[LPXP HIILFLHQF\ IRU SHURYVNLWH�&,*6 VRODU FHOOV DV D IXQFWLRQ RI WZR EDQGJDSV LV VHHQ LQ ILJXUH
���� $IWHU DQ DQDO\VLV GRQH E\ -DFREVVRQ HW DO� >�@ LW ZDV FRQFOXGHG WKDW 3&( RI ���� LV DWWDLQDEOH�
FRQVLGHULQJ WKH VWDWH�RI�WKH�DUW WHFKQRORJLHV IRU LQGLYLGXDO SHURYVNLWH DQG &,*6 FHOOV� DQG DOO WKH OD\HUV
LQ WKH GHYLFH VWDFN DUH RSWLPL]HG�

)LJXUH ���� (VWLPDWH RI PD[LPXP GHYLFH SHUIRUPDQFH RI D SHURYVNLWH�&,*6 WDQGHP FHOO DV D IXQFWLRQ RI WKH WZR EDQGJDSV�
WDNLQJ LQ WR DFFRXQW WKH VWDWH�RI�WKH�DUW IRU ERWK WHFKQRORJLHV >�@

7KH ILJXUH FOHDUO\ VKRZV WKDW WKH IHDWXUH RI KDYLQJ D WXQDEOH EDQGJDS IRU ERWK FHOOV LV EHQHILFLDO
IRU UHDFKLQJ WRS HIILFLHQFLHV� $FFRUGLQJ WR HTXDWLRQV ��� DQG ���� WKHUH LV D SHURYVNLWH FRPSRVLWLRQ IRU
HYHU\ SRVVLEOH &,*6 EDQGJDS� 0DNLQJ LW WKHUHE\ SRVVLEOH WR DGMXVW WKH PDWHULDOV WR RQH DQRWKHU VR D
FXUUHQW�PDWFKLQJ WDQGHP FHOO LV DFKLHYHG� 0RUH LQIRUPDWLRQ RQ WKH WZR DEVRUEHU OD\HUV FDQ EH IRXQG
LQ WKH VXEVHFWLRQ ����
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� �� ,QWURGXFWLRQ

&,*6
&,*6 FDQ EH FODVVLILHG DV SDUW RI WKH FKHPLFDO IDPLO\ FDOOHG FKDOFRS\ULWHV� 7KHVH PDWHULDOV DUH FRPSRVHG
RI HOHPHQWV IURP JURXSV ,� ,,,� 9, IRXQG LQ WKH SHULRGLF WDEOH� 7RJHWKHU� WKH\ IRUP D WHWUDJRQDO FU\VWDOOLQH
VWUXFWXUH� LQ ZKLFK HDFK JURXS�, DQG ,,, DWRP ERQGV ZLWK IRXU JURXS�9, DWRPV LQ D WHWUDKHGUDO IRUPDW�
DQG HDFK JURXS�9, DWRP ERQGV ZLWK WZR JURXS�, DQG WZR JURXS�,,, DWRPV >��@� %\ FKDQJLQJ WKH
FRPSRVLWLRQ RI &,*6� WKH EDQGJDS RI WKH PDWHULDO FDQ EH WXQHG� 7KH HTXDWLRQ IRU WKH FRPSRVLWLRQ LV
JLYHQ E\ HTXDWLRQ ���� LQ ZKLFK [ WDNHV YDOXHV EHWZHHQ � DQG �� &,6 DQG &*6 FDQ KDYH EDQGJDSV
EHWZHHQ � DQG ���� H9� UHVSHFWLYHO\ >��@� &,*6 LV FRQVLGHUHG WR EH D GLUHFW EDQGJDS PDWHULDO�

$V WKH SURMHFW LV SHUIRUPHG LQ FORVH FROODERUDWLRQ ZLWK 712 DQG WKH HYHQWXDO FHOO ZLOO EH IDEULFDWHG
E\ WKHP� WKHLU VWDQGDUG FRQILJXUDWLRQ RI &,*6 VRODU FHOOV ZLOO EH XVHG� ,W FRQVLVWV RI D JODVV VXEVWUDWH�
PRO\EGHQXP �0R� EDFN FRQWDFW� &,*6 DEVRUEHU DQG &G6 EXIIHU OD\HU ZKLFK ZLOO EH EULHIO\ WDONHG DERXW�

7KH PRVW FRPPRQ VXEVWUDWH XVHG LV VRGD�OLPH JODVV �6/*�� ,W LV IDYRUDEOH IRU LWV KLJK WKHUPDO
VWDELOLW\� VLPLODU WKHUPDO H[SDQVLRQ FRHIILFLHQW DV &,*6� DQG WKH VRGLXP �1D� FRQWHQW WKDW FDQ GLIIXVH
LQWR WKH &,*6 >��@�

7KH PRVW SRSXODU EDFN FRQWDFW IRU &,*6 FHOOV LV 0R EHFDXVH RI LWV VWDELOLW\ GXULQJ KLJK�WHPSHUDWXUH
JURZWK RI WKH &,*6 OD\HU ZKHQ IDEULFDWLQJ WKH FHOO� ,W DOVR IRUPV DQ RKPLF FRQWDFW ZLWK &,*6 >��@�
%HFDXVH RI LWV ORZ UHVLVWDQFH� WKH FKDUJH IORZV HDVLO\ ERWK ZD\V� +RZHYHU� GXH WR WKH KLJK DEVRUSWLRQ
FRHIILFLHQW DQG WKH ORZ UHIOHFWLYLW\� WKH PDWHULDO LV XQIDYRXUDEOH IRU WKH RSWLFDO SHUIRUPDQFH� 7KHVH
DVSHFWV UHVXOW LQ DEVRUSWLRQ RI OLJKW ZLWKRXW UHIOHFWLQJ LW EDFN LQWR WKH VRODU FHOO ZKLFK KDV D QHJDWLYH
LQIOXHQFH RQ WKH HIILFLHQF\� 2Q WRS RI WKH 0R OD\HU� WKH &,*6 LV GHSRVLWHG� ZKLFK LV IROORZHG E\ WKH
VR�FDOOHG EXIIHU OD\HU� ,Q D QRUPDO &,*6 FHOO� WKH EXIIHU OD\HU ZRXOG EH SRVLWLRQHG EHWZHHQ WKH DEVRUEHU
DQG WKH 7&2 OD\HU� %XW LQ WKH WDQGHP FHOO� WKH EXIIHU LV VLWXDWHG EHWZHHQ &,*6 DQG WKH UHFRPELQDWLRQ
OD\HU ZKLFK ZLOO EH GHVFULEHG LQ VHFWLRQ ���� 7KH EXIIHU OD\HU �Q�W\SH� LV XVHG WR IRUP WKH S�Q MXQFWLRQ
DQG KDV PXOWLSOH UROHV� ,W JLYHV D EHWWHU ODWWLFH PDWFK EHWZHHQ WKH DEVRUEHU DQG WKH WUDQVSDUHQW PLG�
OD\HU �PLG 7&2�� ,W DOVR SURWHFWV WKH &,*6 VXUIDFH GXULQJ WKH VSXWWHULQJ RI WKH PLG WUDQVSDUHQW OD\HU
DQG FUHDWHV D EXULHG MXQFWLRQ WR SUHYHQW ORVVHV YLD UHFRPELQDWLRQ RI PLQRULW\ FDUULHUV >��@�

7KH OD\HU FRQVLVWV RI D IHZ QDQRPHWHUV RI &G6� $V &G LV D WR[LF PDWHULDO DQG &G6 KDV KLJK SDUDVLWLF
DEVRUSWLRQ� WKH UHVHDUFK ZRUOG KDV VSDUNHG LQWHUHVW LQ RWKHU UHOHYDQW PDWHULDOV WKDW FRXOG EH XVHG VXFK
DV ൟ൬�ൔ� ൘�� ൑൬ኼ൘ኽ� �ൟ൬�൒൦�ൔ DQG �ൟ൬� ൘൬�ൔ >��@�

3HURYVNLWH
3HURYVNLWHV DUH RUJDQLF�LQRUJDQLF K\EULG PDWHULDOV ZLWK WKH JHQHUDO FKHPLFDO HTXDWLRQ RI െേ൝ኽ� অ$অ LV WKH
PRQRYDOHQW RUJDQLF FDWLRQ OLNH PHWK\ODPPRQLXP �0$� ൈ്ኽ൓്ዄኽ � DQG IRUPDPLGLQLXP �)$�ൈ്�൓്ኼ�ዄኼ ��
ZKLFK LV DOVR RIWHQ PL[HG >�@� 7KH % LV WKH PHWDO FDWLRQ� VXFK DV OHDG�LRQ 3E�,,� DQG WLQ�LRQ 6Q�,,��
ZKHUH % LV VPDOOHU WKDQ $� 7KH ; LV WKH KDOLGH �L�H� ൈ൪ዅ� േ൰ዅ� ൎዅ�� 7KH � FRPSRQHQWV IRUP WKH JHQHUDO
FXELF FU\VWDO VWUXFWXUH RI SHURYVNLWH >��@� 7KH EHVW SHUIRUPLQJ SHURYVNLWHV WRGD\ KDYH D FRPSRVLWLRQ
FRPSDUDEOH WR &Vኺ�ኺ኿)$ኺ�዁ዃ0$ኺ�ኻዀ3E%Uኺ�ኾዃ,ኼ�኿ኻ >��@� 7KH EDQGJDS RI WKLV PDWHULDO LV DURXQG ��� H9
ZKLFK PDNHV LW VXLWDEOH DV D WRS FHOO OD\HU LQ WKH WDQGHP FRQILJXUDWLRQ� 7KH EDQGJDS FDQ EH LQFUHDVHG
E\ LQFUHDVLQJ WKH UDWLR RI %U� $OWKRXJK� LQ DFFHVV RI ������ D SKDVH LQVWDELOLW\ ZKHUH SKDVH VHSDUDWLRQ
LV REVHUYHG LQWR , DQG %U ULFKHU UHJLRQV� ZKLFK GHFUHDVH WKH FHOO SHUIRUPDQFH >��@� 1RW RQO\ WKH WXQDEOH
EDQGJDS LV UHDVRQ IRU WKH LQWHUHVW LQ WKH PDWHULDO� 7KHUH DUH RWKHU GHVLUDEOH SURSHUWLHV RI SHURYVNLWH
OLNH KLJK FDUULHU PRELOLWLHV� KLJK DEVRUSWLRQ FRHIILFLHQW DQG ORQJ FKDUJH FDUULHU GLIIXVLRQ OHQJWK� 7KH
SHURYVNLWH VRODU FHOO �36&� H[LVWV LQ WZR W\SHV RI VRODU FHOOV� WKLQ�ILOP VRODU FHOOV DQG PXOWL�MXQFWLRQ VRODU
FHOOV�

$Q LPSRUWDQW SKHQRPHQRQ WR PHQWLRQ LV WKH VR�FDOOHG K\VWHUHVLV� 'HSHQGLQJ RQ WKH YROWDJH VFDQ
GLUHFWLRQ �IRUZDUG RU UHYHUVH� DQG VFDQ UDWH� WKH -�9 FXUYH FDQ KDYH VLJQLILFDQW GLIIHUHQFHV� 7KLV
FDQ FDXVH RYHU� RU XQGHUHVWLPDWLRQV RI WKH GHYLFH SHUIRUPDQFH� +\VWHUHVLV LV D ZHOO�GRFXPHQWHG
SKHQRPHQRQ EXW WKH XQGHUO\LQJ SURFHVVHV DUH QRW ZHOO XQGHUVWRRG DQG PXOWLSOH VXJJHVWLRQV DERXW
WKH RULJLQ DUH PDGH� 6RPH H[DPSOHV DUH WUDSSLQJ RU GH�WUDSSLQJ RI FKDUJH FDUULHUV� LRQ�PLWLJDWLRQ
RU IHUURHOHFWULF EHKDYLRXU RI WKH SHURYVNLWH >��� ��@� 6RPH UHVHDUFK KDV VKRZQ WKDW GHIHFWV QHDU WKH
HOHFWURQ WUDQVSRUW OD\HU DQG SHURYVNLWH �(7/�SHURYVNLWH� LQWHUIDFH SRWHQWLDOO\ FDXVH WKH DQRXPDORXV
K\VWHUHVLV >��@� 7KH K\VWHUHVLV HIIHFW ZLOO QRW EH UHVHDUFKHG LQ WKLV WKHVLV DV LW LV RXW RI WKH VFRSH RI
WKLV WKHVLV�

3UHYLRXV ZRUN RQ SHURYVNLWH�&,*6 WDQGHPV
7KH FRPELQDWLRQ RI D SHURYVNLWH�&,*6 VRODU FHOO ZDV ILUVW SURSRVHG LQ <DQJ HW DO� LQ ���� >��@ DQG
KDV EHHQ WRSLF RI UHVHDUFK IURP WKHQ RQ >��ঀ��@� :KHQ FHOOV FRQVLVW RI WZR GLIIHUHQW DEVRUEHU PDWH�



���� 7KH EDVHOLQH WDQGHP VWDFN �

ULDOV� WKHUH FDQ EH PXOWLSOH ZD\V RI HQJLQHHULQJ WKH HYHQWXDO DUFKLWHFWXUH RI WKH FHOO >��@� 7DEOH ���
VXPPDUL]HV WKH ZRUN WKDW KDV EHHQ GRQH RQ WKH SHURYVNLWH�&,*6 VRODU FHOOV IRU ERWK WKH �7 DQG �7
FRQILJXUDWLRQ� )RU WKH �7� WKH FHOO FKDUDFWHULVWLFV FDQ EH PHDVXUHG IRU HDFK DEVRUEHU OD\HU� VR RQO\
WKH WRWDO FHOO HIILFLHQF\ LV PHQWLRQHG� )RU WKLV WKHVLV� RQO\ D PRQROLWKLF �7 SHURYVNLWH�&,*6 VRODU FHOO LV
FRQVLGHUHG�

6RXUFH 7\SH ൏፬፜ ൛፨፜ )) 3&(
�൫െ�ൢ൫ኼ� �൛� � �࿹� �
��WHUPLQDO
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>��@ ([SHULPHQWDO � � � ����
>��@ ([SHULPHQWDO � � � ����
>��@ ([SHULPHQWDO � � � ����
>��@ ([SHULPHQWDO � � � ����
>��@ ([SHULPHQWDO � � � ����
>��@ ([SHULPHQWDO � � � ����

7DEOH ���� &KDUDFWHULVWLFV RYHUYLHZ RI SXEOLVKHG ZRUN RQ SHURYVNLWH�&,*6 VRODU FHOOV� ERWK PRGHOOHG DQG H[SHULPHQWDO� $V
K\VWHUHVLV FDXVHV GLIIHUHQW IRUZDUG DQG UHYHUVH YDOXHV� WKH DYHUDJH LV WDNHQ�

���� 7KH EDVHOLQH WDQGHP VWDFN
7KLV WKHVLV SURMHFW LV EDVHG RQ D YHU\ VSHFLILF FRQILJXUDWLRQ RI D SHURYVNLWH�&,*6 VRODU FHOO� ZKLFK
ZDV GHYHORSHG LQ FROODERUDWLRQ ZLWK 78 (LQGKRYHQ� 78 'HOIW� 712� 8+DVVHOW� ZLWKLQ /$)/(;��7 SURMHFW
FRQVRUWLXP� 7KH /$)/(;��7 SURMHFW KDV WKH JRDO WR GHOLYHU D KLJO\ HIILFLHQW PRQROLWKLF �7 IOH[LEOH SHU�
RYVNLWH�&,*6 WDQGHP FHOO ZLWK D 3&( RI DERYH ���� 7KLV VHFWLRQ ZLOO JLYH PRUH LQVLJKW LQWR WKH ZRUN
GRQH RQ SHURYVNLWH�&,*6 VRODU FHOOV DQG JLYH D OD\HU�E\�OD\HU FRQILJXUDWLRQ RI WKH EDVHOLQH WDQGHP�
1H[W WR WKH VWDQGDUG FRQILJXUDWLRQ RI WKH VXEFHOOV GLVFXVVHG LQ HDUOLHU VHFWLRQV� PRUH OD\HUV LQ WKH WDQ�
GHP FHOO DUH QHHGHG WR FUHDWH D IXOO\ HQHUJ\�DOLJQHG VWDFN� )RU WKH QHHGHG H[WUD OD\HUV� WKH IXQFWLRQ
DQG SRVVLEOH PDWHULDOV DUH EULHIO\ PHQWLRQHG LQFOXGLQJ WKH RQH XVHG IRU WKH EDVHOLQH WDQGHP FRQILJX�
UDWLRQ LQ WKLV WKHVLV�

)LJXUH ��� VKRZV WKH FRQILJXUDWLRQ RI WKH SHURYVNLWH�&,*6 VRODU FHOO� 7KH FHOO FDQ EH GLYLGHG LQ WKUHH
PDLQ SDUWV� WKH SHURYVNLWH WRS OD\HU� WKH &,*6 ERWWRP OD\HU� DQG WKH FRQQHFWLQJ WXQQHOLQJ UHFRPELQDWLRQ
MXQFWLRQ �75-�� 7KH SHURYVNLWH WRS OD\HU FRQVLVWV RI WKH DEVRUEHU PDWHULDO� SHURYVNLWH� D KROH WUDQVSRUW
OD\HU �+7/�� DQG DQ HOHFWURQ WUDQVSRUW OD\HU �(7/�� ZKLFK PDNH VXUH JHQHUDWHG FKDUJH FDUULHUV DUH
VHSDUDWHG DQG PRYH LQ RSSRVLWH GLUHFWLRQ WRZDUGV HLWKHU DQ HOHFWURGH �WKH HOHFWURQV� RU WKH WRZDUGV
WKH 75- �WKH KROHV�� ZKLFK FRQVLVW RI WKH 3('27�366 DQG V$/' 6Q2� OD\HU� 7KLV MXQFWLRQ PDNHV VXUH
WKDW QRQ�FROOHFWLEOH JHQHUDWHG FDUULHUV LQ ERWK DEVRUEHU OD\HUV FDQ UHFRPELQH� 1RQ�FROOHFWLEOH FKDUJH
FDUULHUV DUH WKH FKDUJH FDUULHUV WKDW DUH QRW FROOHFWHG DW RQH RI WKH HOHFWURGHV� 7KH &,*6 ERWWRP
OD\HU FRQVLVWV RI WKH HDUOLHU PHQWLRQHG &,*6 DEVRUEHU OD\HU� &G6 +7/ DQG WKH QHHGHG PLG 7&2� ,Q WKH
IROORZLQJ VXEVHFWLRQV� WKH UHPDLQLQJ OD\HUV DUH GLVFXVVHG LQ PRUH GHSWK�

7KH PLG 7&2
2Q WKH WRS RI WKH EXIIHU OD\HU RI &,*6 D WUDQVSDUHQW FRQGXFWLYH R[LGH �7&2� LV GHSRVLWHG� 7KLV OD\HU
QHHGV WR EH FRQGXFWLQJ� WUDQVSDUHQW� DQG PXVW ILW WKH HQHUJ\ DOLJQPHQW� 7KH 7&2 OD\HU LV RQO\ UHTXLUHG
WR FRQGXFW LQ D YHUWLFDO PDQQHU DV LW RQO\ WUDQVSRUWV FKDUJH FDUULHUV WRZDUGV WKH WRS RU ERWWRP� QR ODWHUDO
FRQGXFWLRQ LV QHHGHG� 'HFUHDVLQJ WKH SDUDVLWLF DEVRUSWLRQ LQ WKH 1,5�,5�UHJLRQ �1HDU LQIUDUHG�LQIUDUHG�
RI OLJKW LV LPSRUWDQW DV WKHVH DUH WKH ZDYHOHQJWKV WKDW UHDFK WKH ERWWRP FHOO� 7ZR PDWHULDOV WKDW KDYH
SURSHUWLHV WKDW PHHW WKH UHTXLUHPHQWV DUH DOXPLQLXP GRSHG ]LQF R[LGH �$=2�� LQWULQVLF =Q2 �L�=Q2��



� �� ,QWURGXFWLRQ

)LJXUH ���� 7KH PRQROLWKLF 3HURYVNLWH�&,*6 WDQGHP FHOO VWDFN FRQILJXUDWLRQ XVHG LQ WKLV WKHVLV� LQFOXGLQJ DQ LQYHUVH 3VF RQ WRS
RI D VWDQGDUG &G6�&,*6 VWDFN FRQQHFWHG YLD WKH 75-�

DQG LQWULQVLF 6Q2� �,72� >�@� 7KH XVHG PLG 7&2 LQ WKH WKHVLV EDVHOLQH WDQGHP LV L�=Q2 LQ FRPELQDWLRQ
ZLWK 6Q2��

7KH +7/
'XH WR WKH SRODULW\ RI WKH &,*6� WKH FRQILJXUDWLRQ RI SHURYVNLWH QHHGV WR EH LQ WKH উLQYHUWHGউ FRQILJ�
XUDWLRQ �S�L�Q� >��@� 7KLV PHDQV DQ +7/ OD\HU PXVW EH GHSRVLWHG ILUVW RQ WRS RI WKH PLG�7&2 OD\HU�
7KLV UHFRPELQDWLRQ OD\HU EHWZHHQ WKH FHOOV QHHGV WR EH WUDQVSDUHQW� HQHUJHWLFDOO\ DOLJQHG ZLWK QHDUE\
OD\HUV DQG DFW DV KROH�VHOHFWLYH FRQWDFW ZLWK UHVSHFW WR WKH SHURYVNLWH� DQG DFW DV D JRRG VXEVWUDWH IRU
GHSRVLWLRQ RI WKH SHURYVNLWH PDWHULDO�

7\SLFDO +7/ IRU WKLV FRQILJXUDWLRQ DUH SRO\�WULDU\O�DPLQH �37$$� � 3('27�366 RU D PHWDO R[LGH VXFK
DV 1LFNHO 2[LGH �1L2[� DQG 7LQ 2[LGH �6Q2�� >��@� -RVW HW DO� ������ VXJJHVW D GRXEOH +7/ FRPSRVHG
RI 1L2[ DQG 37$$ ZRXOG EH EHQHILFLDO IRU SHURYVNLWH WDQGHP FHOOV ZKLFK LQFUHDVHG WKH ൛፨፜ GXH WR
UHGXFWLRQ RI UHFRPELQDWLRQ DW WKH +7/�SHURYVNLWH LQWHUIDFH ZKLFK LV UHIHUUHG WR DV D ELOD\HU� ,Q OLWHUDWXUH�
PRUH FRPELQDWLRQV RI WKH +7/ PDWHULDOV XVHG IRU ELOD\HUV DUH VXJJHVWHG OLNH 3('27�366�37$$ >��@�
7KLV FRPELQDWLRQ GRHV QRW QHHG WKH XVH RI DQ\ PHWDO R[LGHV� ZKLFK LV EHQHILFLDO DV WKHLU FKHPLVWU\ LV
FRPSOLFDWHG ZLWK D ORW RI YDULHW\ LQ WKHLU VWRLFKLRPHWU\ >��@� KDYH GLIIHUHQW SKDVHV >��@ DQG D QXPEHU
RI GLIIHUHQW SRVVLEOH VXUIDFH R[LGHV >��@� 7KH EDVHOLQH WDQGHP FHOO KDV D 37$$�3('27�366 DV WKH +7/�
LQ ZKLFK 3('27�366 DOVR SOD\V D UROH LQ WKH WXQQHO UHFRPELQDWLRQ MXQFWLRQ�

7KH (7/
)RU WKH IXQFWLRQLQJ RI D SHURYVNLWH WDQGHP FHOO� WKHUH LV D QHHG IRU DQ (7/ OD\HU ZKLFK QHHGV WR KDYH
WKH ULJKW HQHUJ\ DOLJQPHQW� HOHFWURQ VHOHFWLYH IRU FKDUJH FDUULHUV� DQG EH WUDQVSDUHQW IRU ,5 WR 89� )RU
WKH S�L�Q FRQILJXUDWLRQ IXOOHUHQH 3KHQ\O�&���EXW\ULF DFLG PHWK\O HVWHU �3&%0� LV PRVW XVHG� $QRWKHU
PDWHULDO WKDW LV RIWHQ VHHQ LV &�� ZKLFK LV FKHPLFDOO\ YHU\ VLPLODU WR 3&%0� $OVR� 6Q2� FDQ EH XVHG EXW
EULQJV VLPLODU SUREOHPV DV ZDV VHHQ IRU RWKHU PHWDO R[LGHV IRU +7/ >�@�

7KH RSWLPL]DWLRQ RI WKH (7/ OD\HU LV DQ RQJRLQJ WRSLF� 7KH SRVVLELOLW\ RI DGGLQJ D KLJK EDQGJDS
LQVXODWRU OLNH /L) RU 0J)� LQ WKH (7/ LV PHQWLRQHG LQ OLWHUDWXUH >��@� /L) DQG 0J)� DUH RIWHQ XVHG DV DQ
DQWL�UHIOHFWLYH FRDWLQJ EXW FRXOG SRVVLEO\ SDVVLYDWH VKXQWV DQG UHGXFH VXUIDFH UHFRPELQDWLRQ >�@� )RU
WKH EDVHOLQH WDQGHP PDWHULDO FRPELQDWLRQ RI 3&%0 DQG 6Q2� LV XVHG�

7XQQHOLQJ 5HFRPELQDWLRQ -XQFWLRQ
7R DFKLHYH D PRQROLWKLF VRODU FHOO� D WXQQHOLQJ UHFRPELQDWLRQ MXQFWLRQ �75-� LV VDQGZLFKHG EHWZHHQ WKH
WRS DQG ERWWRP FHOO DQG FRQQHFWV WKH FHOOV LQ VHULHV� 7KLV LQWHUIDFH EHWZHHQ WKH WZR DEVRUEHU OD\HUV�



���� 0RGHOOLQJ RI WDQGHP FHOOV �

VKRXOG QH[W WR HOHFWURQLFDOO\ FRXSOH WKHVH OD\HUV� DOVR HQVXUH HIILFLHQW FKDUJH UHFRPELQDWLRQ RI PLQRULW\
FDUULHUV� VDQV LQGXFLQJ PDMRULW\ FDUULHU UHFRPELQDWLRQ LQ WKH WRS RU ERWWRP OD\HU� 5HFRPELQDWLRQ RI
PDMRULW\ FDUULHUV ZRXOG UHGXFH WKH FROOHFWHG FXUUHQW DQG HTXDO FXUUHQW ORVVHV� 5HFRPELQDWLRQ LQ WKH
75- LV IDFLOLWDWHG E\ WKH SRVVLELOLWLHV RI FKDUJH FDUULHUV WXQQHOLQJ WKURXJK HPSW\ VWDWHV DFFRUGLQJ WR
TXDQWXP PHFKDQLFV >��@� $FFRUGLQJ WR WKH FXUUHQW PDWFKLQJ SULQFLSOH� H[SODLQHG LQ VHFWLRQ ���� DQ
HYHQ DPRXQW RI HOHFWURQV DQG KROHV VKRXOG EH FROOHFWHG DW HDFK VXEFHOOঅV FRQWDFW LQWHUIDFH WKHUHE\
FUHDWLQJ WKH FXUUHQW PDWFKLQJ FRQGLWLRQV� 7KH SURSHUWLHV RI LWV 75- DUH DQ DGGLWLRQDO IDFWRU WKDW VWURQJO\
GHWHUPLQHV WKH RYHUDOO WDQGHP SHUIRUPDQFH� ,W FDQ VLPXOWDQHRXVO\ DIIHFW LWV ൏ፒፂ� )) DQG ൛ፎፂ�

,Q WDQGHPV� WKH WZR OD\HUV WKDW PDNH XS WKH 75- IRU SHURYVNLWH�&,*6 DUH PRVWO\ WKH (7/ DQG +7/
RI WKH UHVSHFWLYH VXEFHOOV� 7KHUHE\ LW FRXOG EH VDLG WKDW WKH FDUULHU WUDQVSRUW OD\HUV IXOILOO WZR UROHV� ��
FROOHFWLQJ FKDUJH FDUULHUV DQG �� HQDEOLQJ HIILFLHQW PLQRULW\�FDUULHU UHFRPELQDWLRQ >��@� $V PHQWLRQHG
DERYH� WKH PLG 6Q2� OD\HU WRJHWKHU ZLWK WKH 3('27�366 OD\HU ZLOO IXQFWLRQ DV WKH 75-�

���� 0RGHOOLQJ RI WDQGHP FHOOV
7KH SUHYLRXV VHFWLRQ VKRZHG WKH OD\HU FRQILJXUDWLRQ DQG WKH UROH RI WKH GLIIHUHQW OD\HUV LQ WKH SHU�
RYVNLWH�&,*6 WDQGHP FHOO� $V V\QWKHVL]LQJ DQG WHVWLQJ GLIIHUHQW PDWHULDOV ZLWK GLIIHUHQW SURSHUWLHV FDQ
EH YHU\ WLPH�FRQVXPLQJ� PRGHOOLQJ RI WKH FHOO FRQWDLQLQJ UHDOLVWLF VHPLFRQGXFWRU SK\VLFV DQG PDWH�
ULDO SURSHUWLHV FRXOG EH D VROXWLRQ� $V PRUH OD\HUV DUH DGGHG WR WKH FRQILJXUDWLRQ RI D VRODU FHOO� WKH
FRPSOH[LW\ RI XQGHUVWDQGLQJ WKH HYHQWXDO HIIHFW RI FHUWDLQ PDWHULDOV FDQQRW EH GHVFULEHG DQDO\WLFDOO\
RU EH H[SODLQHG E\ VLPSOH UHDVRQLQJ� /XFNLO\� QXPHULFDO VLPXODWLRQ FDQ EH XVHG WR VLPXODWH XQGHUO\LQJ
SK\VLFV ZLWKLQ VHPLFRQGXFWRUV WR FRPSDUH DQG DQDO\]H SURSRVHG GHYLFHV� %\ PRGHOOLQJ� WKH HIIHFW RI
FHUWDLQ FKDQJHV WR D FRQILJXUDWLRQ FDQ EH SUHGLFWHG� UHVXOWLQJ LQ JXLGHOLQHV IRU WKH HYHQWXDO IDEULFDWLRQ
RI WKH FHOO LQ WKH ODE� 7KLV FRXOG VSHHG XS UHVHDUFK VLJQLILFDQWO\�

2SWR�HOHFWURQLF PRGHOOLQJ RI WDQGHP FHOOV KDV SUHYLRXVO\ EHHQ UHSRUWHG >��ঀ��@� 7KH PRGHOV PRVWO\
UHGXFH WKH FHOO WR D RQH�GLPHQVLRQDO ��'� PRGHO� QHJOHFWLQJ WKH HOHFWURQ DQG KROH IOX[HV LQWR \� DQG
]�GLUHFWLRQ DQG PRVWO\ FRQVLGHU VLQJOH WUDS OHYHO DQG GHQVLW\ GLVWULEXWLRQ IRU SHURYVNLWH OD\HUV >��@�
6HFRQGO\� WKH 75- LV RIWHQ PRGHOOHG DV D GLUHFW HQHUJ\ DOLJQHG MXQFWLRQ� PDLQO\ EDVHG RQ EDQG WR EDQG
WXQQHOLQJ ZLWKRXW FRQVLGHULQJ DOO WKH SRVVLEOH WXQQHOLQJ PHFKDQLVPV WKDW FDQ RFFXU >��@�

7KLV WKHVLV SUHVHQWV D XQLTXH WZR�GLPHQVLRQDO ��'� PRGHO� XVLQJ D FRPELQDWLRQ RI DFFXUDWH DQG
IDVW RSWLFDO JHQHUDWLRQ SURILOH PRGHOOLQJ E\ XVLQJ WKH *HQ3UR� VRIWZDUH >��@ DQG WKH IXQGDPHQWDO
VHPL�FRQGXFWRU SK\VLFV PRGHOOLQJ ZLWK WKH 7&$' 6HQWDXUXV VRIWZDUH� %\ QRW RQO\ VROYLQJ WKH VWDQGDUG
SDUWLDO GLIIHUHQWLDO HTXDWLRQV� EXW DOVR LQFOXGLQJ GHWDLOHG UHFRPELQDWLRQ PRGHOV LQGXFHG E\ GHIHFW VWDWHV
LQ PDWHULDO EXON DQG LQWHUIDFHV� DQG DFFXUDWH WXQQHOLQJ PHFKDQLVPV LQ WKH WRS DQG ERWWRP FRQQHFWLQJ
75- EDVHG RQ GLUHFW �%�%7� DQG LQGLUHFW �7$7� WXQQHOLQJ PHFKDQLVPV� WKH LQQHU SK\VLFV RI D WDQGHP
VRODU FHOO FDQ DFFXUDWHO\ EH UHSURGXFHG� 7KLV FDQ OHDG WR D GHHS XQGHUVWDQGLQJ RI WKH RI WKH ORVVHV LQ
WKH FHOO� 7KLV LQIRUPDWLRQ FDQ WKHQ EH XVHG IRU WDUJHWHG RSWLPL]DWLRQ DSSURDFKHV� 1RW RQO\ ZLOO WKLV EH
XVHIXO IRU SHURYVNLWH�&,*6 WDQGHP FHOOV� EXW IRU DOO GLIIHUHQW WDQGHP PDWHULDO FRPELQDWLRQV� RU HYHQ
PXOWL�MXQFWLRQ GHYLFHV�

���� 3URMHFW GHVFULSWLRQ DQG RXWOLQH
7KH DLP RI WKLV WKHVLV LV WR VWXG\ WKH SK\VLFDO PHFKDQLVPV UXOLQJ WKH SHUIRUPDQFH RI WKLQ ILOP SHU�
RYVNLWH�&,*6 WDQGHP VRODU FHOOV E\ XVLQJ RSWLFDO DQG HOHFWULFDO PRGHOOLQJ DSSURDFKHV� $Q H[DPSOH
WDQGHP FHOO FRQILJXUDWLRQ GHYHORSHG ZLWKLQ WKH /$)/(;��7 SURMHFW� ILJXUH ���� ZDV XVHG DV EDVHOLQH IRU
WKH PRGHO� )URP WKLV VWXG\� WKH RSWLFDO DQG HOHFWULFDO ERWWOHQHFNV UHJDUGLQJ WKH FXUUHQW ORVVHV LQ WKH FHOO
FDQ EH LGHQWLILHG DQG RSWLPL]DWLRQV DUH VXJJHVWHG UHJDUGLQJ OLJKW PDQDJHPHQW WHFKQLTXHV� PDWHULDO
FKRLFHV� DQG SDUDPHWHUV� 7KLV FDQ WKHQ EH XVHG DV D JXLGHOLQH IRU WKH H[SHULPHQWDO RSWLPL]DWLRQ RI WKH
VDPH VWDFN� ZKLFK FDQ UHVXOW LQ VSHHGLQJ XS WKH SURJUHVV RI UHDFKLQJ D KLJK�HIILFLHQF\ SHURYVNLWH�&,*6
IOH[LEOH WKLQ�ILOP WDQGHP FHOO�

7KH REMHFWLYHV RI WKLV WKHVLV FDQ EH GLYLGHG LQ WKUHH PDLQ SRLQWV�

�� 'HYHORS D UHDOLVWLF PRGHOOLQJ WHPSODWH IRU WKH SHURYVNLWH�&,*6 EDVHOLQH WDQGHP FHOO

�� 3HUIRUP DQ RSWLFDO DQG HOHFWULFDO ORVV DQDO\VLV RI WKH EDVHOLQH WDQGHP FHOO

�� 3URSRVH UHFRPPHQGDWLRQV DQG JXLGHOLQHV IRU WKH RSWLPL]DWLRQ RI WKH EDVHOLQH WDQGHP FHOO



� �� ,QWURGXFWLRQ

&KDSWHU � ZLOO JLYH DQ LQWURGXFWLRQ WR WKH WKHRUHWLFDO EDFNJURXQG� ,Q FKDSWHU �� WKH VLPXODWLRQ
DSSURDFK DQG DGGLWLRQV WR WKH WDQGHP PRGHO DUH H[SODLQHG� LQFOXGLQJ WXQQHOLQJ PHFKDQLVPV LQ WKH
WXQQHO UHFRPELQDWLRQ MXQFWLRQ� $IWHU YDOLGDWLRQ RI WKH SURSRVHG WDQGHPPRGHO� WKH HOHFWULFDO DQG RSWLFDO
ERWWOHQHFNV DUH H[WUDFWHG DQG SUHVHQWHG LQ FKDSWHU �� LQFOXGLQJ DQ DQDO\VLV RI WKH FDUULHU WUDQVSRUW LQ
WKH 75-� )LQDOO\� LQ FKDSWHU �� WKH RSWLFDO DQG HOHFWULFDO RSWLPL]DWLRQ JXLGHOLQHV DUH SUHVHQWHG ZKLFK
FRXOG UHVXOW LQ D KLJK HIILFLHQF\ SHURYVNLWH�&,*6 WDQGHP VRODU FHOO�



�
7KHRUHWLFDO %DFNJURXQG

7KH IROORZLQJ FKDSWHU ZLOO SURYLGH EDFNJURXQG LQIRUPDWLRQ UHJDUGLQJ WKH IXQGDPHQWDO ZRUNLQJV RI D
VRODU FHOO DQG JLYH PRUH LQVLJKWV LQ XQGHUVWDQGLQJ WKH PRGHOOLQJ SULQFLSOHV� H[SODLQHG LQ FKDSWHU �� ,Q
VHFWLRQ ��� WKH EDVLF VHPLFRQGXFWRU SK\VLFV FRQFHSWV ZLOO EH H[SODLQHG� 6HFWLRQ ��� ZLOO JLYH DQ RYHUYLHZ
RI WKH PRVW LPSRUWDQW UHFRPELQDWLRQ PHFKDQLVPV� /DVWO\� VHFWLRQ ��� ZLOO JLYH PRUH LQIRUPDWLRQ RQ
WKH WUDQVSRUW LQ KHWHURMXQFWLRQV DQG WKH GLIIHUHQW WXQQHOLQJ PHFKDQLVPV�

���� )XQGDPHQWDO SK\VLFV IRU D VRODU FHOO
6LPXODWLRQ PRGHOV RI VHPLFRQGXFWRU GHYLFHV OLNH VRODU FHOOV GR QRW KDYH WKH FRPSXWDWLRQDO FDSDFLW\
WR FDOFXODWH WKH PRYHPHQW RI HYHU\ SDUWLFOH LQ D GHYLFH� +RZHYHU� LW FDQ XVH VHPL�FODVVLFDO PRGHOV WR
GHVFULEH WKH SK\VLFV RI VRODU FHOOV� 7KH PRYHPHQW RI FKDUJH FDUULHUV FDQ EH GHVFULEHG XVLQJ 1HZWRQঅV
ODZV� DQG WKH SURSHUWLHV RI SDUWLFOHV DUH GHWHUPLQHG E\ WKH TXDQWXP WKHRU\ RI VROLGV� 6RPH FRQFHSWV
DUH EULHIO\ GHVFULEHG� )RU D GHWDLOHG H[SODQDWLRQ RI VHPLFRQGXFWRU SK\VLFV� ZH UHIHU WR 1HDPHQ >�@�

������ S�Q MXQFWLRQ
7R XQGHUVWDQG WKH EHKDYLRXU RI FKDUJH FDUULHUV LQ VHPLFRQGXFWRU GHYLFHV� WKH WKHRU\ EHKLQG GRSLQJ
VKRXOG EH H[SODLQHG� $W WKH DEVROXWH ]HUR SRLQW �� .�� QR HOHFWURQV IURP WKH YDOHQFH EDQG ZLOO EH
VLWXDWHG LQ WKH FRQGXFWLRQ EDQG� $W WHPSHUDWXUHV DERYH WKLV SRLQW� WKHUPDO H[FLWDWLRQ ZLOO WDNH SODFH
ZKHQ VXIILFLHQW WKHUPDO HQHUJ\ LV SURYLGHG E\ WKH LQWHUDFWLRQ RI HOHFWURQV ZLWK WKH YLEUDWLRQ RI WKH ODWWLFH
RI DWRPV DQG PROHFXOHV LQ WKH VHPLFRQGXFWRU PDWHULDO� 7KH HOHFWURFKHPLFDO SRWHQWLDO RI HOHFWURQV LQ
PDWHULDOV LV GHVFULEHG E\ WKH )HUPL OHYHO �()�� ZKLFK LQGLFDWHV WKH DYHUDJH HOHFWURQ HQHUJ\� ,W FDQ EH
XVHG DV D PHDVXUH WR GHWHUPLQH WKH RFFXSDQF\ RI HQHUJ\ VWDWHV� )RU LQWULQVLF PDWHULDOV� WKH )HUPL OHYHO
LV SRVLWLRQHG DURXQG WKH PLGGOH RI WKH EDQGJDS� ,I WKH HIIHFWLYH PDVV RI HOHFWURQV DQG KROHV DUH QRW
H[DFWO\ HTXDO� WKH HIIHFWLYH GHQVLW\ RI VWDWHV �'26� ZLOO QRW EH V\PPHWULFDO DQG D VKLIW IRU WKH )HUPL
OHYHO DZD\ IURP WKH PLGGOH ZLOO RFFXU >�@�

7KH FRQFHQWUDWLRQ RI HLWKHU KROHV RU HOHFWURQV LQ VHPLFRQGXFWRU PDWHULDOV FDQ EH DOWHUHG YLD GRSLQJ�
:KHQ GRSLQJ D PDWHULDO� WKH LQWULQVLF DWRPV DUH UHSODFHG E\ VR�FDOOHG GRSDQWV ZKLFK H[KLELW D GLIIHUHQW
FRQFHQWUDWLRQ RI HOHFWURQV LQ WKH YDOHQFH EDQG WKDQ WKH LQWULQVLF PDWHULDO WKHUHE\ DOWHULQJ WKH )HUPL
OHYHO SRVLWLRQ� 7KH SURFHVV RI VZDSSLQJ LQWULQVLF DWRPV ZLWK WKH GRSDQW LPSXULWLHV LV FDOOHG GRSLQJ� ,I
WKH DGGHG LPSXULWLHV KDYH PRUH YDOHQFH EDQG HOHFWURQV� WKH PDWHULDO EHFRPHV ൬�W\SH� DQG WKH )HUPL
OHYHO PRYHV FORVHU WR WKH FRQGXFWLRQ EDQG� :KHQ LQWULQVLF PDWHULDO LV VXEVWLWXWHG ZLWK PDWHULDOV ZLWK
OHVV HOHFWURQV LQ WKH YDOHQFH EDQG� WKH PDWHULDO EHFRPHV ൮�W\SH DQG WKH )HUPL OHYHO HQHUJ\ PRYHV
FORVHU WR WKH YDOHQFH EDQG�

7KHVH ൬�W\SH DQG ൮�W\SH PDWHULDO FDQ IRUP D S�Q MXQFWLRQ ZKLFK IDFLOLWDWHV WKH FKDUJH FDUULHU WUDQV�
SRUW DQG VHSDUDWLRQ QHHGHG WR KDYH D IXQFWLRQLQJ VRODU FHOO� :KHQ FRQVLGHULQJ RQH W\SH RI PDWHULDO
�ZLWK VLPLODU ́ൊ፠� WKH MXQFWLRQV LV FDOOHG KRPRMXQFWLRQ� )RU GLIIHUHQW PDWHULDOV �ZKLFK LV PRVW FRPPRQ
LQ D WDQGHP VRODU FHOO FRQVLVWLQJ RI �� OD\HUV� D KHWHURMXQFWLRQ LV IRUPHG� VXEVHFWLRQ ��� ZLOO JLYH PRUH
LQIRUPDWLRQ RQ WKLV WRSLF� 7KH GLIIHUHQFH LQ IUHH FKDUJH FDUULHU FRQFHQWUDWLRQ QHDU WKH MXQFWLRQ UHVXOWV
LQ GLIIXVLRQ� (OHFWURQV ZLOO GLIIXVH IURP WKH ൬�W\SH UHJLRQ WR WKH ൮�W\SH UHJLRQ DQG YLFH YHUVD IRU KROHV�
7KH GHSOHWLRQ RI WKH PDMRULW\ FKDUJH FDUULHUV UHVXOWV LQ WKH IRUPDWLRQ RI DQ HOHFWULF ILHOG� DFWLQJ DV
D VHFRQG GULYLQJ IRUFH LQ WKH RSSRVLWH GLUHFWLRQ RI GLIIXVLRQ� 7KH MXQFWLRQ EHFRPHV DOPRVW GHSOHWHG
IURP IUHH FKDUJH FDUULHUV� D VR�FDOOHG GHSOHWLRQ UHJLRQ LV IRUPHG� )LJXUH ��� JLYHV DQ RYHUYLHZ RI WKH
GLIIHUHQW PHFKDQLVPV DQG UHJLRQV LQ D S�Q MXQFWLRQ LQ HTXLOLEULXP�

�



�� �� 7KHRUHWLFDO %DFNJURXQG

)LJXUH ���� 7KH VSDFH FKDUJH UHJLRQ� WKH HOHFWULF ILHOG� DQG WKH IRUFHV DFWLQJ RQ WKH FKDUJH FDUULHUV IRU DQ H[DPSOH S�Q MXQFWLRQ
>�@

������ 3RLVVRQ HTXDWLRQV
7KH 3RLVVRQ HTXDWLRQ UHODWHV YROXPH GHQVLW\ RI HOHFWULF FKDUJHV ဃ WR WKH EXLOG�LQ SRWHQWLDO ൛�൰�� 7KH
FKDUJH GHQVLW\ LV GHSHQGDQW RQ PRELOH DQG LPPRELOH FKDUJHV� 7KH PRELOH FKDUJH FDUULHUV DUH HOHFWURQV
�൬� DQG KROHV �൮�� 7KH VWDWLRQDU\ FKDUJHV RULJLQDWH IURP WKH GRSLQJ FRQFHQWUDWLRQ RI WKH PDWHULDOV�
0DWHULDOV DQG UHJLRQV FDQ EH GRSHG ZLWK GRQRU �Q�W\SH� RU DFFHSWRU �S�W\SH� DWRPV� ൓ፃ DQG ൓ፀ DUH
WKH FRQFHQWUDWLRQ RI WKHVH LRQLVHG GRQRU DQG DFFHSWRU DWRPV� 7KH FRQWULEXWLRQ RI SRVVLEOH WUDS VWDWHV
ZLWKLQ WKH VRODU FHOO WR WKH GHQVLW\ RI FKDUJHV LV LQGLFDWHG ZLWK ဃ፭፫ፚ፩� VHH HTXDWLRQ ���� 7KH HOHPHQWDO
HOHFWULFDO FKDUJH �൯  ����� ࣄ ��ዅኻዃൈ� LV WKH FKDUJH FRQWULEXWLRQ RI HYHU\ GRSDQW DQG FDUULHU�

ဃ  ൯ ࣄ ᓊ൮ ࢿ ൬ � ൓ዄፃ ࢿ ൓ዅፀ ᓎ ࢿ ဃ፭፫ፚ፩ �����

7KH FKDUJH GHQVLW\ LV UHODWHG YLD WKH SHUPLWWLYLW\ ဍ፫ RI WKH PDWHULDOV WR WKH HOHFWULF ILHOG ൊ DQG FDQ
EH XVHG� DFFRUGLQJ WR WKH 3RLVVRQ HTXDWLRQ ��� WR FDOFXODWH WKH HOHFWURVWDWLF SRWHQWLDO ည� )RU VLPSOLFLW\�
WKH RQH�GLPHQVLRQDO IRUPXOD LV JLYHQ� 7KH YDFXXP SHUPLWWLYLW\ ဍኺ LV YDOXH RI WKH DEVROXWH GLHOHFWULF
SHUPLWWLYLW\ LQ YDFXXP DQG HTXDOV ������ ࣄ ��ዅኻኼോ�൫�

ൣኼည�൶�
ൣ൶ኼ

ࢿ 
ൣൊ�൶�
ൣ൶

 
�൶�ဃࢿ
ဍ፫ဍኺ

�����

6ROYLQJ WKH 3RLVVRQ HTXDWLRQ UHVXOWV LQ WKH HYHQWXDO SURILOH DQG VKDSH RI HOHFWURVWDWLF SRWHQWLDO�
ZKLFK LV WKH EDQG GLDJUDP RI WKH SURSRVHG VRODU VWDFN� LQFOXGLQJ WKH ZLGWK RI WKH GHSOHWLRQ UHJLRQ DQG
WKH EXLOG�LQ YROWDJH ൛፛።�

������ 'ULIW DQG 'LIIXVLRQ
7ZR PDLQ WUDQVSRUW PHFKDQLVPV DUH FRQVLGHUHG� GULIW DQG GLIIXVLRQ� ZKLFK DUH SDUW RI WKH VR�FDOOHG GULIW�
GLIIXVLRQ PRGHO� 'ULIW LV WKH PRYHPHQW RI FDUULHUV FDXVHG E\ DQ HOHFWULF ILHOG DQG GLIIXVLRQ LV FDXVHG E\
D JUDGLHQW LQ FDUULHU GHQVLW\� &KDUJH FDUULHU WUDQVSRUW LQ VHPLFRQGXFWRUV IROORZ WKH FRQWLQXLW\ HTXDWLRQ�
DV FKDUJH FRQVHUYDWLRQ QHHGV WR EH PDLQWDLQHG� (TXDWLRQ ��� LV XVHG IRU HOHFWURQV� DQG HTXDWLRQ ���
IRU KROHV�

൏፧ࢴ  ൯ൗ፧፞፭�፧ � ൯
ဌ൬
ဌ൲

�����

ࢿ ൏፩ࢴ  ൯ൗ፧፞፭�፩ � ൯
ဌ൮
ဌ൲

�����

7KH ൗ፧፞፭ LV WKH QHW UHFRPELQDWLRQ UDWH� 7KH FKDUJH FDUULHU WUDQVSRUW �GULYHQ E\ GULIW DQG GLIIXVLRQ�
GHWHUPLQHV WKH FXUUHQW GHQVLW\ REVHUYHG LQ WKH VHPLFRQGXFWRU�



���� *HQHUDWLRQ DQG 5HFRPELQDWLRQ ��

$ FRQFHQWUDWLRQ JUDGLHQW FDQ FDXVH D GULYLQJ IRUFH IRU FKDUJH FDUULHUV WR PRYH WKURXJK D VHPLFRQ�
GXFWRU GHYLFH� 7KLV FXUUHQW LV GULYHQ E\ WKH VL]H RI WKH JUDGLHQW DQG WKH GLIIXVLRQ FRHIILFLHQW �൉�� 7KLV
JLYHV WZR HTXDWLRQV� ERWK UHODWHG WR WKH HOHFWURQV DQG KROHV� UHVSHFWLYHO\�

൏፝ ።፟፟�፧  ൯൉፧ࢴ൬ �����

൏፝ ።፟፟�፩ ൮ࢴ൯൉፩ࢿ  �����

,I DQ HOHFWULF ILHOG LV SUHVHQW� LW FDQ FDXVH WKH PRYHPHQW RI FKDUJH FDUULHUV� DFFHOHUDWLQJ WKHP LQ
WKH GLUHFWLRQ GHSHQGDQW RQ WKH FKDUJH RI WKH FDUULHU DQG WKH GLUHFWLRQ RI WKH ILHOG� +ROHV PRYH ZLWK
WKH HOHFWULF ILHOG� DQG HOHFWURQV GR WKH RSSRVLWH� 7KH PRELOLW\ �࿾� UHODWHV WKH PRYHPHQW RI WKH FDUULHUV
WR WKH HOHFWULF ILHOG YLD HTXDWLRQV ��� DQG ���� DQG LV PDWHULDO GHSHQGDQW�

൏፝ ፫።፟፭�፧ ൯ࢿ  ॲ ൬ ॲ ࿾፧ ॲ ൊ �����

൏፝ ፫።፟፭�፩  ൯ ॲ ൮ ॲ ࿾፩ ॲ ൊ �����

���� *HQHUDWLRQ DQG 5HFRPELQDWLRQ
$V PHQWLRQHG LQ WKH SUHYLRXV FKDSWHU� YDULRXV UHFRPELQDWLRQ PHFKDQLVPV DUH SUHVHQW LQ D VRODU FHOO�
7KLV FDQ EH ERWK EHQHILFLDO DQG XQIDYRXUDEOH IRU WKH ZRUNLQJ RI WKH VRODU FHOO� ,Q WKH IROORZLQJ VHFWLRQ
WKH PRVW LPSRUWDQW PHFKDQLVPV ZLOO EH H[SODLQHG� LQFOXGLQJ JHQHUDO JHQHUDWLRQ RI FKDUJH FDUULHUV
DQG UDGLDWLYH� $XJHU DQG 6KRFNOH\�5HDG�+DOO UHFRPELQDWLRQ� ,I D VRODU FHOO LV LQ HTXLOLEULXP� DQG QR
LOOXPLQDWLRQ LV WDNLQJ SODFH� WKH JHQHUDWLRQ UDWH LV HTXDO WR WKH UHFRPELQDWLRQ UDWHV� 'XULQJ LOOXPLQDWLRQ�
DQ H[FHVV RI FKDUJH FDUULHUV LV JHQHUDWHG� UHVXOWLQJ LQ WZR RSWLRQV� 7KH ILUVW LV WKH FROOHFWLRQ RI D FKDUJH
FDUULHU DW DQ HOHFWURGH DQG VHFRQGO\� WKH UHFRPELQDWLRQ RI WKH FDUULHU� DV QR DFFXPXODWLRQ RI FDUULHUV LQ
WKH GHYLFH LV SRVVLEOH �FRQWLQXLW\ HTXDWLRQ�� 7KHUH DUH PXOWLSOH ZD\V RI UHFRPELQDWLRQ� ZKLFK ZLOO EH
EULHIO\ H[SODLQHG EHORZ�

'LUHFW UHFRPELQDWLRQ
7KLV GLUHFW UHFRPELQDWLRQ PHFKDQLVP RU EDQG�WR�EDQG UHFRPELQDWLRQ LV WKH SURFHVV RI FKDUJH FDUULHUV
GLUHFWO\ UHFRPELQLQJ DQG UHOHDVLQJ HQHUJ\ LQ WKH IRUP RI UDGLDWLRQ �SKRWRQ HPLVVLRQ�� 7KLV PHFKDQLVPV
LV PRVW UHOHYDQW IRU WKH GLUHFW EDQGJDS PDWHULDOV OLNH WKH PDLQ DEVRUEHU PDWHULDOV XVHG LQ WKLV WKHVLV
�SHURYVNLWH DQG &,*6�� 7KH UHFRPELQDWLRQ UDWH LV GLUHFWO\ SURSRUWLRQDO WR WKH QXPEHU RI DYDLODEOH HPSW\
VWDWHV ZKHUH ࿴ LQ HTXDWLRQ ��� LV WKH FRQVWDQW RI SURSRUWLRQDOLW\ ZKLFK DUH RIWHQ LQ WKH RUGHU RI ��ዀ IRU
GLUHFW EDQGJDS PDWHULDOV� DQG ൬።�፞፟፟ LV WKH LQWULQVLF FDUULHU GHQVLW\ >�@�

ൗ፧፞፭  ࿴ ᗕ൬൮ ࢿ ൬ኼ።�፞፟፟ᗖ �����

$XJHU UHFRPELQDWLRQ
$XJHU UHFRPELQDWLRQ LV D WKUHH�SDUWLFOH SURFHVV DQG LV PRVW SUHGRPLQDQW LQ LQGLUHFW EDQGJDS PDWHULDOV�
7KH SURFHVV LV EDVHG RQ WKH FRQVHUYDWLRQ RI HQHUJ\ DQG PRPHQWXP RI WKH KROHV DQG HOHFWURQV ZKHQ
UHFRPELQLQJ� 'XULQJ UHFRPELQDWLRQ� SDUW RI WKH PRPHQWXP DQG HQHUJ\ LV WUDQVIHUUHG WR D WKLUG FDUULHU
�HLWKHU DQ HOHFWURQ RU KROHV�� H[FLWLQJ WKH FKDUJH FDUULHU GHHSHU LQWR WKH YDOHQFH EDQG �IRU D KROH�
RU GHHSHU LQWR WKH FRQGXFWLRQ EDQG �IRU D HOHFWURQ�� 7KH WKLUG H[FLWHG FKDUJH FDUULHU ZLOO HYHQWXDOO\
UHOD[ WR WKH HGJH RI WKH EDQG HGJH DQG WUDQVIHU LWV HQHUJ\ DV D SKRQRQ LQWR WKH ODWWLFH RI WKH DWRP
RU PROHFXOH >��@� $V WKLV PHFKDQLVP LV PRVWO\ GRPLQDQW LQ LQGLUHFW EDQGJDS PDWHULDOV� LW LV RI OHVV
UHOHYDQFH IRU WKH SHURYVNLWH�&,*6 PRGHO�

6KRFNOH\ 5HDG +DOO UHFRPELQDWLRQ
'XH WR WKH PLVDOLJQPHQW RI DWRPV LQ WKH PDWHULDO VWUXFWXUH� GHIHFWV FDQ RFFXU� 7KHVH GHIHFWV H[LVW
ZLWKLQ WKH EXON RU DURXQG WKH LQWHUIDFH RI D MXQFWLRQ� PRVWO\ LQ WKH IRUP RI LPSXULW\ DWRPV DQG ODWWLFH
GHIHFWV� 7KHVH GHIHFWV FDQ DOORZ HQHUJ\ VWDWHV ZLWKLQ WKH IRUELGGHQ EDQGJDS� ZKLFK FDQ SRWHQWLDOO\
DFW DV VWHSSLQJVWRQHV IRU WUDQVIHU PHFKDQLVPV RU DV UHFRPELQDWLRQ FHQWHUV� DQG DUH RIWHQ UHIHUUHG
WR DV WUDSV� 7KH HQHUJ\ OHYHO DW ZKLFK WKH UHFRPELQDWLRQ FHQWHUV DUH VLWXDWHG LV UHIHUUHG WR DV ൊፓ�
$ SUREDELOLW\ H[LVWV WKDW WKH WUDSV FDSWXUH ERWK HOHFWURQV DQG KROHV� ZKLFK LV PRVWO\ UHODWHG WR WKH



�� �� 7KHRUHWLFDO %DFNJURXQG

FDSWXUH FURVV�VHFWLRQ� 2QH FDQ DVVXPH WKDW WKH SUREDELOLW\ RI FDSWXULQJ WKH GLIIHUHQW FKDUJH FDUULHUV LV
DSSUR[LPDWHO\ HTXDO >�@� 7KLV SURFHVV RI UHFRPELQDWLRQ YLD WUDS VWDWHV ZLWKLQ WKH EDQGJDS LV UHIHUUHG
WR DV 6KRFNOH\ 5HDG +DOO �65+� RU LQGLUHFW UHFRPELQDWLRQ�

7ZR W\SHV RI WUDSV FDQ EH FRQVLGHUHG� GRQRU� DQG DFFHSWRU�W\SH� 7KH GRQRU W\SH LV QHXWUDO DQG
WKH DFFHSWRU LV QHJDWLYHO\ FKDUJHG ZKHQ ILOOHG ZLWK DQ HOHFWURQ� &KDUJH FDUULHUV FDQ EH FDSWXUHG DQG
HPLWWHG� UHVXOWLQJ LQ IRXU SURFHVVHV WKDW FDQ FRQWULEXWH WR 65+ UHFRPELQDWLRQ� 7KLV LV WUDS RFFXSDWLRQ
G\QDPLFV DQG FDQ EH VHHQ LQ ILJXUH ���� )RXU SURFHVVHV FDQ EH FRQVLGHUHG�

�� &DSWXUH RI DQ HOHFWURQ IURP WKH FRQGXFWLRQ EDQG

�� (PLVVLRQ RI DQ HOHFWURQ WR WKH FRQGXFWLRQ EDQG

�� &DSWXUH RI DQ HOHFWURQ IURP WKH YDOHQFH EDQG

�� (PLVVLRQ RI DQ HOHFWURQ WR WKH YDOHQFH EDQG

)LJXUH ���� 7UDS RFFXSDWLRQ G\QDPLFV� RQ WKH OHIW HOHFWURQ DQG RQ WKH ULJKW KROH FDSWXUH DQG HPLVVLRQ G\QDPLFV >�@�

7KH RFFXSDWLRQ RI WUDSV E\ DQ HOHFWURQ FDQ EH H[SUHVVHG E\ HTXDWLRQ ����� ZKHUH ൈ፧ፂ LV WKH HOHFWURQ
FDSWXUH�UDWH IURP WKH FRQGXFWLRQ EDQG RI DQ HPSW\ GHIHFW� DQG ൤፧ፂ LV WKH HOHFWURQ HPLVVLRQ UDWH WR WKH
FRQGXFWLRQ EDQG RI DQ RFFXSLHG GHIHFW� 7KH ൛ GHQRWDWLRQ UHIHUV WR WKH YDOHQFH EDQG� 7KH HOHFWURQ
RFFXSDWLRQ RI GHIHFW �൥፭� FDQ EH UHSUHVHQWHG E\ D YDOXH EHWZHHQ � RU � �HPSW\ RU IXOO� UHVSHFWLYHO\��

ဌ൥W
ဌ൲

 �� ࢿ ൥W� ൢ፧& ࢿ ൥W൤፧& � �� ࢿ ൥W� ൢ፧9 ࢿ ൥W൤፧9 ������

7KH FDSWXUH UDWH FDQ EH H[SUHVVHG DV D SURGXFW RI WKH WKHUPDO YHORFLW\ �൴፭፡�� WKH FDSWXUH FURVV
VHFWLRQ �စ� DQG WKH FKDUJH FDUULHU GHQVLW\ DW WKH GHIHFW� UHVXOWLQJ LQ WKH IROORZLQJ HTXDWLRQV IRU HOHFWURQ
FDSWXUH�

ൢ፧&  စ፧൴፧WK൬ ������

:KHQ DOO SURFHVVHV DUH FRPELQHG� DQ HTXDWLRQ IRU WKH UHFRPELQDWLRQ UDWH FDQ EH IRXQG� 5HFRPEL�
QDWLRQ RFFXUV ZKHQ ERWK DQ HOHFWURQ DQG KROH DUH DWWUDFWHG LQ WKH VDPH WUDS� (TXDWLRQ ���� JLYHV WKH
UHFRPELQDWLRQ UDWH� ZKHUH WKH စ፧ DQG စ፩ DUH WKH FDSWXUH FURVV�VHFWLRQV IRU HOHFWURQV DQG KROHV� ൓ፓ WKH
GHIHFW GHQVLW\� ൦ LV WKH GHJHQHUDF\ IDFWRU� DQG ൛፭፡ WKH WKHUPDO YHORFLW\� 7KH ൊፅ DQG ൊፓ DUH WKH )HUPL
HQHUJ\ DQG WUDS HQHUJ\� UHVSHFWLYHO\�

ൗ፧፞፭  
൓ኺ൴፧፭፡൴

፩
፭፡စ፧စ፩ ᗕ൬൮ ࢿ ൬ኼ።�፞፟፟ᗖ
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ZLWK�

൬ኻ  ൬L�HII H[Sᗛ
ൊ7
൩፛൙

ᗜ

൮ኻ  ൬L�HII H[Sᗛ
ൊ7ࢿ
൩፛൙

ᗜ
������

:KHQ QR WUDSV DUH PRGHOOHG LQ WKH PDWHULDO� 65+ LV HVWLPDWHG E\ XVLQJ WKH FDUULHU OLIHWLPH ဆ�



���� 7UDQVSRUW LQ KHWHURMXQFWLRQV ��

6XUIDFH UHFRPELQDWLRQ
6XUIDFH UHFRPELQDWLRQ RFFXUV GXH WR GDQJOLQJ ERQGV DW WKH GLIIHUHQW PDWHULDO LQWHUIDFHV DQG FDQ EH
YLHZHG DV GHIHFWV� 7KHVH GDQJOLQJ ERQGV FDXVH WUDS VWDWHV DQG UHFRPELQDWLRQ FHQWHUV WR EH IRUPHG�
9LD WKH HDUOLHU H[SODLQHG 65+ UHFRPELQDWLRQ� WKLV PHFKDQLVP FRQWULEXWHV WR WKH FXUUHQW ORVVHV LQ VRODU
FHOOV�

$OWKRXJK YHU\ VLPLODU� WKH UHFRPELQDWLRQ UDWH LV PDLQO\ GHSHQGDQW RQ WKH VXUIDFH UHFRPELQDWLRQ
YHORFLW\� 7KLV SDUDPHWHU LV GHSHQGDQW RQ WKH GRSLQJ FRQFHQWUDWLRQ DW WKH VXUIDFH >�@� 7KLV UHVXOWV LQ
DQ DGGLWLRQDO IRUPXOD�

ൗ65+VXUI� QHW  
൬൮ ࢿ ൬ኼL�HII

�൬ � ൬ኻ� �൱፩ � �൮ � ൮ኻ� �൱፧
������

ZKHUH ൱፧ DQG ൱፩ DUH WKH VXUIDFH UHFRPELQDWLRQ YHORFLW\�

���� 7UDQVSRUW LQ KHWHURMXQFWLRQV
:LWKLQ OD\HU VWDFN FRQILJXUDWLRQV ZLWK GLIIHUHQW PDWHULDOV� KHWHURMXQFWLRQV H[LVW� 7KH KHWHURMXQFWLRQ
UHIHUV WR D VLWXDWLRQ ZKHUH WKH WZR PDWHULDOV WKDW PDNH XS WKH MXQFWLRQ KDYH GLIIHUHQW EDQGJDSV DQG�RU
HOHFWURQ DIILQLWLHV �ဉ�� 7KLV UHVXOWV LQ DQ RIIVHW EHWZHHQ WKH FRQGXFWLRQ DQG YDOHQFH EDQGV RIWHQ GH�
QRWHG DV ́ൊፂ DQG ́ൊፕ� 7KHVH GLVFRQWLQXLWLHV DW WKH HGJHV FDQ UHVXOW LQ WKH IRUPDWLRQ RI EDUULHUV WKDW
FRXOG QHJDWLYHO\ DIIHFW WKH WUDQVSRUW RI FKDUJH FDUULHUV LQ WKH VRODU FHOO� 7KH WUDQVSRUW LQ KHWHURMXQFWLRQV
LV EDVHG RQ GLIIXVLRQ� WKHUPLRQLF HPLVVLRQ �7(� >�@ DQG GLIIHUHQW WXQQHOLQJ PHFKDQLVPV >�� ��@ ZKLFK
ZLOO EH GLVFXVVHG PRUH WKRURXJKO\ DV LW LV RI JUHDW LPSRUWDQFH LQ WKH ZRUNLQJV RI WKH 75-�

7KH FXUUHQW UHODWHG WR WKH WKHUPLRQLF HPLVVLRQ LV D IXQFWLRQ RI WKH FRQFHQWUDWLRQV RI HOHFWURQV
ZKLFK KDYH VXIILFLHQW [�GLUHFWHG YHORFLW\� )RU HOHFWURQV� WKH GLVWULEXWLRQ ZLWK UHVSHFW WR HQHUJ\ LQ WKH
FRQGXFWLRQ EDQG UHVXOWV LQ D IUDFWLRQ RI WKH HOHFWURQV KDYLQJ WKH QHHGHG HQHUJ\ WR RYHUFRPH WKH EDUULHU
�ൊፁ� LQ KHWHURMXQFWLRQV� 7KH WKHUPLRQLF HPLVVLRQ FXUUHQW FDQ EH H[SUHVVHG LQ D PRGHO E\ HTXDWLRQ ����
ZKHUH WKH တፁ፧ LV WKH EDUULHU KHLJKW� 2IWHQ WKH OHIW SDUW RI WKH HTXDWLRQV LV UHIHUUHG WR DV WKH UHYHUVH
VDWXUDWLRQ FXUUHQW �൏፬፭��

൏  ᗝെࣄ൙ኼ H[Sᗛ
൯တፁ፧ࢿ
൩፛൙

ᗜᗞ ᗝH[Sᗛ
൯൛ፚ
൩፛൙

ᗜ ࢿ �ᗞ ������

7KH HIIHFWLYH 5LFKDUGVRQ FRQVWDQW IRU WKHUPLRQLF HPLVVLRQ �െࣄ� LV JLYHQ E\ WKH IROORZLQJ HTXDWLRQ
ZKHUH ൫ࣄ፧ LV WKH HIIHFWLYH HOHFWURQ PDVV�

െࣄ ऎ
�ဂ൯൫ࣄ፧൩ኼ፛

߶ኽ
������

)RU D PRUH WKRURXJK DQG FRPSUHKHQVLYH GHULYDWLRQ RI WKH FRQVWDQW RQH FDQ ORRN DW 1HDPHQ >�@�

7XQQHOLQJ
7XQQHOLQJ LV WKH SKHQRPHQRQ ZHUH D FKDUJH FDUULHUঅV WRWDO NLQHWLF HQHUJ\ LV ORZHU WKDQ WKH QHFHVVDU\
HQHUJ\ WR RYHUFRPH D EDUULHU� EXW FDQ VWLOO SHQHWUDWH DQG DSSHDU RQ WKH RWKHU VLGH RI WKH EDUULHU�
4XDQWXP PHFKDQLFV H[SODLQV WKDW WKHUH LV D ILQLWH SUREDELOLW\ RI WXQQHOLQJ KDSSHQLQJ� :LWKLQ VHPLFRQ�
GXFWRUV� WKUHH GLIIHUHQW PHFKDQLVPV DUH IRXQG� GLUHFW WXQQHOLQJ �'7�� EDQG WR EDQG WXQQHOLQJ �%�%7�
DQG WUDS DVVLVWHG WXQQHOLQJ �7$7��

'LUHFW WXQQHOLQJ UHIHUV WR WKH SULQFLSOH RI FKDUJH FDUULHUV WXQQHOLQJ WKURXJK D EDUULHU EXW UHPDLQLQJ
LQ WKH VDPH HQHUJ\ EDQG �H�J� FRQGXFWLRQ EDQG WR FRQGXFWLRQ EDQG�� 7KH WUDQVSRUW RI KROHV IURP WKH
YDOHQFH EDQG LQ D S�W\SHG UHJLRQ WR D FRQGXFWLRQ EDQG LQ DQ Q�W\SH UHJLRQ RU YLFH YHUVD IRU HOHFWURQV
DQG KROHV LV EDVHG RQ WKH %�%7 RU WKH 7$7� 7KH %�%7 PHFKDQLVP LV RQO\ SRVVLEOH ZKHQ WKH PHQWLRQHG
EDQGV DUH SURSHUO\ HQHUJHWLF DOLJQHG� 7KH FRQGLWLRQ� DFWLYDWLRQ HQHUJ\ �ൊፚ� RI WKH S�W\SH UHJLRQ QHHGV
WR EH VPDOOHU WKDQ WKH HQHUJ\ JDS EHWZHHQ WKH )HUPL HQHUJ\ DQG FRQGXFWLRQ EDQG RI WKH Q�W\SH UHJLRQ�
ZKLFK QHHGV WR EH VDWLVILHG� 7$7 RFFXUV ERWK ZLWK D HQHUJHWLF DOLJQHG DQG PLVDOLJQHG EDQGV DV WUDSV
IDFLOLWDWH HQHUJ\ VWDWHV ZLWKLQ WKH EDQGJDS� LQFUHDVLQJ WKH WXQQHOLQJ SUREDELOLW\� 9LMD\DQ HW DO� >��@
VXJJHVW '7 DQG %�%7 PHFKDQLVPV EHLQJ GRPLQDQW IRU HQHUJHWLF EDQG�DOLJQHG MXQFWLRQV� EXW DUJXH WKDW
WKH 7$7 PHFKDQLVP GRPLQDWHV WKH WUDQVSRUW ZKHQ WKH EDQG DOLJQPHQW JHWV ZRUVH�
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)LQGLQJ WKH SUREDELOLW\ RI WXQQHOLQJ WKURXJK D EDUULHU UHTXLUHV VROYLQJ WKH 6FKU¶GLQJHUঅV HTXDWLRQ
IRU WKH HOHFWURQ ZDYH IXQFWLRQ >��@� 7R VLPSOLI\ WKH HTXDWLRQ� WKLV LV PRVWO\ GRQH LQ WKH SHUSHQGLFXODU
GLUHFWLRQ RI WKH LQWHUIDFH DQG ZLWK WKH DSSUR[LPDWLRQ RI WKH HIIHFWLYH FKDUJH FDUULHU PDVV� ,I WKH
SRWHQWLDO RI WKH EDUULHU FKDQJHV VORZO\ ZLWK SRVLWLRQ �PHDQLQJ WKH FKDQJH LQ SRWHQWLDO RQ HDFK HOHFWURQ
ZDYHOHQJWK VKRXOG EH VPDOO FRPSDUHG WR WKH HQHUJ\ RI WKH SDUWLFOH�� DQ DSSUR[LPDWH VROXWLRQ WR WKH
6FKU¶GLQJHUঅV SRVLWLRQ FDQ EH IRXQG� 7KLV LV FDOOHG WKH :HQW]HO�.UDPHUV�%ULOORXLQ DSSUR[LPDWLRQ �:.%�
DQG LV WKH EDVLV RI FDOFXODWLRQ RI WKH WXQQHOLQJ FXUUHQW LQ WKH PRGHO� 7KH IXOO GHULYDWLRQ FDQ EH IRXQG
LQ 0HU]EDFKHU HW DO� >��@�

7R PRGHO WKH WXQQHOLQJ LQ D 75- WKURXJK D EDUULHU� WKH WXQQHOLQJ FXUUHQW LV FRQYHUWHG LQWR D ORFDO
JHQHUDWLRQ RU UHFRPELQDWLRQ SURFHVV� ൌፓ፮፧�൰�� ZKLFK LV PRVWO\ GHSHQGDQW RQ WKH )HUPL OHYHO� ZRUN�
IXQFWLRQ DQG SRWHQWLDO SURILOH DORQJ WKH WXQQHOLQJ SDWK >��@� 7KH ORFDO ൏ፓ፮፧ LV UHODWHG WR WKH ൌፓ፮፧ YLD
HTXDWLRQ ����� ZKHUH ည� ࿷ DQG ൊ DUH WKH HOHFWURVWDWLF SRWHQWLDO� WKH HQHUJ\ OHYHO DQG WKH HOHFWULF ILHOG�

ൌ7XQ �൰�  
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ZKHUH ̀ LV WKH WXQQHOLQJ SUREDELOLW\� DQG ൩፛ WKH %ROW]PDQQ FRQVWDQW� 7KH RWKHU SDUDPHWHUV DUH
DOUHDG\ PHQWLRQHG HDUOLHU LQ WKLV FKDSWHU� 7KH HTXDWLRQV LQGLFDWHV WKDW WKH WXQQHOLQJ JHQHUDWLRQ LV
GLUHFWO\ SURSRUWLRQDO WR WKH SUREDELOLW\�

7KH :.% DSSUR[LPDWLRQ IRU WKH WXQQHOLQJ SUREDELOLW\�

̀�൰�  H[S ᗝࢿ
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ZKHUH ߷ LV WKH 3ODQFN FRQVWDQW� ൫ LV WKH WXQQHOLQJ PDVV� ,W FDQ EH VHHQ IURP WKH HTXDWLRQ WKDW
WKH WXQQHOLQJ SUREDELOLW\ ZLOO GHFUHDVH ZLWK LQFUHDVHG HQHUJ\ EDUULHUV� 'LIIHUHQW ZD\V WR RYHUFRPH WKLV
EDUULHU DUH WKH %�%7 DQG WKH 7$7 PHFKDQLVP�

7UDS DVVLVWHG WXQQHOLQJ
$V PHQWLRQHG EHIRUH� QH[W WR %�%7� 7$7 H[LVWV� ,Q WKLV SURFHVV� VXEJDS HQHUJ\ VWDWHV �OLNH GHIHFWV
RU GDQJOLQJ ERQGV� FDQ DFW DV WZR WKLQJV� )LUVW DV D FKDUJH WUDSSHU DQG VHFRQGO\ IRU FKDUJH WUDQVIHU�
ZLWKLQ WKH UHFRPELQDWLRQ PHFKDQLVP UHIHUUHG WR DV WKH FDSWXUH DQG HPLVVLRQ SURFHVVHV� 7KLV G\QDPLFV
RI SURFHVVHV LV PRVWO\ GHWHUPLQHG E\ WKH GHIHFW HQHUJ\ GLVWULEXWLRQ FORVHO\ VLWXDWHG WR WKH )HUPL OHYHO
DV WKH SUREDELOLW\ RI FDSWXUH DQG HPLVVLRQ RI FKDUJH FDUULHUV LV RQ SDU� 7KXV WKH HQHUJ\ RI WKH VXEJDS
VWDWHV GHWHUPLQHV LI D VWDWH FRQWULEXWHV WR WKH FKDUJH RU GLVFKDUJH� :KHQ FORVHO\ VLWXDWHG WR WKH )HUPL
OHYHO� WKH SUREDELOLW\ RI FDSWXULQJ RU HPLVVLRQ RI D FKDUJH FDUULHU LV DURXQG ���PDNLQJ WKH WUDS VXLWDEOH
WR FRQWULEXWH WR WKH 7$7 PHFKDQLVP >��@�

7KH PRVW LPSRUWDQW SDUDPHWHUV IRU WKH 7$7 SURFHVV DUH WKH IROORZLQJ >��@�

঎ 7UDS GHQVLW\

঎ 7UDS GLVWULEXWLRQ

঎ 7UDS RFFXSDQF\ G\QDPLFV

঎ 7XQQHOLQJ (QHUJ\ EDUULHU

:KHQ WKLQNLQJ DERXW VXEJDS VWDWHV� LW VKRXOG EH FRQVLGHUHG WKDW WKHVH HQHUJ\ VWDWHV SOD\ D UROH LQ
WZR PHFKDQLVPV� 65+ UHFRPELQDWLRQ �VHH VXEVHFWLRQ ���� DQG WKH 7$7�

7KH 7$7 FDQ EH GLYLGHG LQ WR WZR GLIIHUHQW PHFKDQLVPV� LQHODVWLF DQG HODVWLF 7$7� :KHQ WKH QHHGHG
HQHUJ\ WR UHDFK D VXEJDS VWDWH LV SDLUHG ZLWK WKH HPLVVLRQ RI D SKRQRQ �WKH RVFLOODWLRQ RI WKH ODWWLFH
RI DQ DWRP RU PROHFXOH >�@� WKH PHFKDQLVP LV UHIHUUHG WR DV LQHODVWLF� 7KH SKRQRQ LV HPLWWHG DIWHU
UHOD[DWLRQ RI WKH FKDUJH FDUULHU LQ WR WKH WUDS VWDWH DQG HYHQWXDOO\ ZLOO EH FRQYHUWHG LQ WR WKHUPDO HQHUJ\
>��@� 7KH HODVWLF 7$7 KRZHYHU GRHV QRW VHH DQ\ FKDQJH RI HQHUJ\ OHYHO IRU WKH FKDUJH FDUULHUV DQG LV



���� 7UDQVSRUW LQ KHWHURMXQFWLRQV ��

PRVWO\ FRQVLGHUHG WR EH WKH GRPLQDQW PHFKDQLVP IRU GLUHFW EDQGJDS PDWHULDOV >��@� )RU WKLV PRGHO�
WKH LQHODVWLF 7$7 DQG WKXV SKRQRQ HPLVVLRQ LV QRW FRQVLGHUHG�

7&$' 6HQWDXUXV LV DEOH WR FDOFXODWH WKH QHW UHFRPELQDWLRQ UDWH RI WKH QRQ�ORFDO WXQQHOLQJ PRGHO
DQG WKH IXOO GHULYDWLRQ FDQ EH IRXQG LQ WKH PDQXDO >�@�





�
6LPXODWLRQ DSSURDFK DQG

&DOLEUDWLRQ

%HIRUH DQ RSWLFDO DQG HOHFWULFDO ORVV DQDO\VLV RI WKH EDVHOLQH 3HURYVNLWH�&,*6 WDQGHP FHOO FDQ EH GRQH� D
FRPSUHKHQVLYH PRGHO RI WKH VRODU GHYLFH ILUVW QHHGV WR EH GHYHORSHG WKDW ZLOO UHSOLFDWH WKH LQQHU SK\VLFV
RI WKH FHOO� 7KH PHWKRGRORJ\ IRU GRLQJ VR LV SUHVHQWHG LQ WKLV FKDSWHU� )LUVW WKH JHQHUDO PRGHOOLQJ
DSSURDFK LV H[SODLQHG �VHFWLRQ ���� FRQWDLQLQJ DQ RSWLFDO SDUW �VHFWLRQ ���� DQG HOHFWULFDO SDUW VHHQ
LQ VHFWLRQ ���� $IWHU GHWDLOLQJ WKH LQFOXGHG SK\VLFV PRGHOV LQ WKH HOHFWULFDO PRGHO� WKH DSSURDFK RI
PRGHOOLQJ WKH 75- LV H[SODLQHG LQ VHFWLRQ ���� 7KH ODVW VHFWLRQ GHWDLOV WKH FDOLEUDWLRQ DSSURDFK RI WKH
PRGHO ����

���� *HQHUDO VLPXODWLRQ DSSURDFK
7R UHVHDUFK WKH PRQROLWKLF WDQGHP 3HURYVNLWH�&,*6 VHPLFRQGXFWRU GHYLFH� D JHQHUDO PRGHOOLQJ DS�
SURDFK ZDV XVHG� 7KH *(1352� >��@ VRIWZDUH LV XWLOLVHG WR REWDLQ WKH RSWLFDO JHQHUDWLRQ SURILOH IRU
D SURSRVHG OD\HU VWDFN� 7KLV ZDV XVHG DV LQSXW IRU WKH 6HQWDXUXV 7&$' WR SHUIRUP WKH HOHFWULFDO
VLPXODWLRQV�

GENPRO4
Ray and wave 

optics

TCAD
Sentaurus

Electrical
Properties

Optical
Properties Absorptance

Generation
Profile

Electrical performance
And loss analyses

)LJXUH ���� 7KH JHQHUDO PRGHOLQJ DSSURDFK PDNHV XVH RI WKH RSWLFDO SURILOH JHQHUDWHG E\ WKH *(1352� VRIWZDUH >��@� 7KLV
RSWLFDO JHQHUDWLRQ SURILOH LV XVHG LQ FRPELQDWLRQ ZLWK WKH HOHFWULFDO PRGHO EXLOW LQ 7&$' 6HQWDXUXV WR REWDLQ WKH HOHFWULFDO

SHUIRUPDQFH�

$V WKH FRPSOH[LW\ RI WKH 6HQWDXUXV PRGHO LQFUHDVHV ZLWK HYHU\ GLIIHUHQW OD\HU� WKH DPRXQW RI SRVVLEOH
YDULDEOH FRPELQDWLRQV DQG WKHLU HIIHFW RQ WKH HOHFWULFDO SURSHUWLHV DQG SHUIRUPDQFH EHFRPHV KDUGHU WR
VWXG\� :KHQ GHDOLQJ ZLWK D VWUXFWXUH RI HOHYHQ OD\HUV RI GLIIHUHQW PDWHULDOV DQG HOHFWULFDO SURSHUWLHV�
WKH ILWWLQJ RI WKH FHOO SDUDPHWHUV ZLWK H[SHULPHQWDO YDOXHV LV WRR FRPSOH[� 7KHUHIRUH� LW ZDV GHFLGHG
WR VSOLW WKH WDQGHP FHOO LQWR WZR VLQJOH�MXQFWLRQV PRGHOV �3HURYVNLWH DQG &,*6�� $IWHU YDOLGDWLRQ ZLWK
H[SHULPHQWDO -�9 FXUYH GDWD REWDLQHG IURP LQ�KRXVH PHDVXUHPHQWV >��@� WKH WZR PRGHOV FRXOG EH
FRPELQHG� NHHSLQJ WKH HOHFWULFDO SDUDPHWHUV FRQVWDQW� $IWHU FRPELQLQJ WKH WZR PRGHOV� WKH WDQGHP
PRGHO ZDV YDOLGDWHG E\ FDOLEUDWLQJ WKH HOHFWULFDO SDUDPHWHUV LQ WKH OD\HUV WKDW IRUP WKH FRQQHFWLRQ

��



�� �� 6LPXODWLRQ DSSURDFK DQG &DOLEUDWLRQ

EHWZHHQ WKH WRS DQG ERWWRP FHOOV� WKH WXQQHO UHFRPELQDWLRQ MXQFWLRQ �75-�� ,Q IORZFKDUW ��� WKH
RYHUDOO SURFHVV LV VXPPDUL]HG�

CIGS single junction
• Optical material data
• Electrical parameter  

• Inhouse measurent
• Literature values

Perovskite single junction
• Optical material data
• Electrical parameter  

• Inhouse measurent
• Literature values

Perovksite single 
junction simulation

Experimental JV curve 

Exp JV curve corresponds
to Sim JV curve?

No – Tweak parameter input

CIGS single junction 
simulation

Experimental JV curve 

No – Tweak parameter input
Perovskite + CIGS model
• Optical material data
• Electrical parameter  

• CIGS model
• Perovskite model
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Tandem
simulation

TR Junction
• TAT model
• Optical and electrical data

Experimental JV curve 

No – Tweak TRJ parameter input
Baseline tandem cell

Yes

Exp JV curve corresponds
to Sim JV curve?

Exp JV curve corresponds
to Sim JV curve?

)LJXUH ���� $ IORZFKDUW WKDW GHVFULEHV WKH RYHUDOO WKHVLV DSSURDFK WR UHDFK WKH HYHQWXDO EDVHOLQH WDQGHP FHOO XVHG IRU
RSWR�HOHFWULFDO DQDO\VLV�

$V WKH PHWKRGRORJ\ GHVFULEHG LQ WKLV WKHVLV FRQWDLQV WKUHH GLIIHUHQW PRGHOV �3HURYVNLWH� &,*6� DQG
WDQGHP PRGHO�� WKH FRQFHSWV RI RSWLFDO DQG HOHFWULFDO PRGHOLQJ DUH H[SODLQHG LQ D PRUH JHQHUDO VHQVH
DV ZHOO DV WKH FHOO JHRPHWU\ DQG GRSLQJ� 7KH PRGHO�GHSHQGDQW DGGLWLRQV OLNH VSDWLDO WUDS GLVWULEXWLRQ
�3HURYVNLWH� DQG EDQGJDS JUDGLQJ �&,*6� DUH H[SODLQHG IRU VSHFLILF PDWHULDOV� *HQHUDO DGGLWLRQV OLNH
KHWHURMXQFWLRQ WUDQVSRUW LQFOXGLQJ WKHUPLRQLF HPLVVLRQ DQG WXQQHOLQJ� ZKLFK LV REVHUYHG LQ ERWK PRGHOV
DUH GHVFULEHG IURP WKH JHQHUDO PRGHOOLQJ SHUVSHFWLYH�

7R SURSHUO\ H[SODLQ WKH JHQHUDO DSSURDFK RI WKH SURMHFW� RQH VKRXOG ILUVW XQGHUVWDQG WKH WRROV EHLQJ
XVHG DV ZHOO DV WKH PRGHOOLQJ DSSURDFK IRU WKH PRVW LPSRUWDQW DVSHFWV RI WKH WDQGHP GHYLFH�

���� 2SWLFDO PRGHOOLQJ
$V PHQWLRQHG� IRU WKH RSWLFDO JHQHUDWLRQ SURILOH ZLWKLQ WKH VRODU FHOO GHYLFHV WKH VRIWZDUH *(1352� ZDV
XVHG ZKLFK ZDV GHYHORSHG DW WKH 78 'HOIW� 7KH VRIWZDUH FRPELQHV ZDYH DQG UD\�RSWLFV E\ WDNLQJ LQWR
DFFRXQW WKH OLJKW VFDWWHULQJ DQG SRWHQWLDO OLJKW WUDSSLQJ DW WKH LQWHUIDFHV RI PDWHULDOV� %\ NQRZLQJ WKH
ZDYHOHQJWK GHSHQGDQW UHIUDFWLYH LQGH[ RI HDFK PHGLXP GHQRWHG E\ ൬፱� WKH OLJKW WUDSSLQJ DQG VFDWWHULQJ
FDQ EH FDOFXODWHG� 7KH VRIWZDUH GRHV DOVR WDNHV WKH %HHU�ODPEHUW ODZ LQWR DFFRXQW >��@ ZKLFK LQGLFDWHV
WKDW ZLWK SHQHWUDWLRQ GHSWK LQ D PDWHULDO� WKH LQFLGHQW OLJKW LQWHQVLW\ ൎኺ DWWHQXDWHV H[SRQHQWLDOO\ ZKHQ
WUDYHOOLQJ WKURXJK DEVRUELQJ PHGLXP� 7KH HTXDWLRQ ���� DOVR NQRZQ DV %HHU�/DPEHUWঅV HTXDWLRQ� LV
GHSWK GHSHQGDQW �]�� 7KH DEVRUSWLRQ FRHIILFLHQW ࿳ LV PDWHULDO DQG ZDYHOHQJWK GHSHQGDQW DQG FDQ EH
FDOFXODWHG XVLQJ WKH H[WLQFWLRQ FRHIILFLHQW ൩�

ൎ�൸�  ൎኺ൤൶൮�ࢿ࿳൸� �����
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൓  ൬ � ൧൩ �����

)RU HYHU\ PDWHULDO� WKH FRPSOH[ UHIUDFWLYH LQGH[ �൓� DQG WKLFNQHVV DUH QHHGHG DV LQSXW� )RU WKLV
VRODU FHOO� WKH LQWHUIDFHV ZHUH DVVXPHG WR EH IODW� PHDQLQJ WKH FRQYHQWLRQDO QHW�UDGLDWLRQ PHWKRG
>��@ ZDV XVHG WR FDOFXODWH UHIOHFWDQFH� WUDQVPLWWDQFH� DQG DEVRUSWDQFH �ൗ� ൙� െ UHVSHFWLYHO\�� )LJXUH
��� LV DQ H[DPSOH RI D XVHG FRPSOH[ UHIUDFWLYH LQGH[ IRU WKH IURQW ,72 OD\HU LQ WKH EDVHOLQH WDQGHP
FRQILJXUDWLRQ�

)LJXUH ���� $Q H[DPSOH RI WKH ZDYHOHQJWK�GHSHQGHQW ፧ DQG ፤ YDOXHV IRU WKH IURQW ,72 LQ WKH PRGHO WKDW DUH XVHG DV LQSXW IRU
WKH *(1352� VRIWZDUH ZLWK WKH UHDO SDUW �5H� EHLQJ ፧ DQG LPDJLQDU\ SDUW �,P� EHLQJ ፤�

7KH WRWDO LQFLGHQW SKRWRFXUUHQW GHQVLW\ ൏፩፡ LV WKH VXPPDWLRQ RI DOO FDOFXODWHG FXUUHQW GHQVLWLHV LQ
HYHU\ OD\HU� LQFOXGLQJ WKH ൗ DQ ൙ RYHU WKH ZDYHOHQJWKV ��� QP WR ���� QP� *(1352� XVHV D VWHSVL]H
RI DERXW �� QP DQG DQ LQFLGHQW SKRWRQ IOX[ IURP $0��� OLJKW VSHFWUXP� 7KH LQWHJUDWLRQ RI WKH WDQGHP
FHOO DGGV XS WR D GHQVLW\ RI ����� ൫െ�ൢ൫ኼ� 7KH JHQHUDWLRQ SURILOH WKURXJKRXW WKH GHSWK RI WKH FHOO
VWUXFWXUH IRU DOO GLIIHUHQW OD\HUV LV WKH LQSXW IRU WKH HOHFWULFDO PRGHO�

���� (OHFWULFDO PRGHOOLQJ
)RU WKLV VWXG\� WKH 6\QRSV\V 6HQWDXUXV �YHUVLRQ ������� ZDV XVHG IRU WKH HOHFWULFDO VLPXODWLRQ PRGHO�
7KLV SURJUDP FRQWDLQV PXOWLSOH WRROV WKDW FDQ EH XVHG WR VLPXODWH WKH LQQHU SK\VLFV RI VHPLFRQGXFWRU
GHYLFHV� $ WZR�GLPHQVLRQDO VLPXODWLRQ DSSURDFK ZDV XVHG IRU WKLV WKHVLV� 7KH PRGHO LV EXLOW LQ GLIIHUHQW
VWHSV ZKLFK ZLOO EH H[SODLQHG LQ WKH IROORZLQJ VXEVHFWLRQV� )LUVW� WKH GHYLFH VWUXFWXUH QHHGV WR EH
JHQHUDWHG ZKLFK LV GRQH XVLQJ 6HQWDXUXV 6WUXFWXUH (GLWRU �6'(� DV ZLOO EH H[SODLQHG LQ VHFWLRQ ������

7KH DFWXDO GHYLFH VLPXODWLRQ LV SHUIRUPHG LQ 6HQWDXUXV 'HYLFH �6'(9,&(�� :LWKLQ 6'(9,&(� RSWL�
FDO� WKHUPDO� DQG HOHFWULFDO VLPXODWLRQV FDQ EH H[HFXWHG� 7KLV WKHVLV IRFXVHV RQ WKH HOHFWULFDO PRGHO
FDSDELOLWLHV DV WKH WHPSHUDWXUH LV NHSW FRQVWDQW DQG WKH RSWLFDO GDWD LV SURYLGHG E\ *(1352�� 7R VROYH
WKH VHPLFRQGXFWRU HTXDWLRQV GHVFULEHG LQ FKDSWHU �� LQFOXGLQJ UHFRPELQDWLRQ DQG JHQHUDWLRQ PRGHOV�
WKHUPLRQLF HPLVVLRQ� DQG WXQQHOLQJ DW LQWHUIDFHV DQG MXQFWLRQV� DQ LQLWLDO JXHVV LV PDGH� 7KLV LV FDOOHG
1HZWRQঅV PHWKRG� %HFDXVH RI WKH KLJK FRPSOH[LW\ RI WKH PRGHO� RIWHQ� LW GRHV QRW FRQYHUJH DQG GRHV
QRW UHVXOW LQ D VROXWLRQ� 7KHUHIRUH WKH PHVK UHILQHPHQW� VWHS VL]H RI WKH VROYH VWHSV� RU GHYLFH SDUDPH�
WHUV QHHG WR EH DGMXVWHG PDQXDOO\� 6HQWDXUXV 9LVXDO �69,68$/� LV XVHG WR DQDO\VH WKH UHVXOWV HQVXLQJ
IURP VLPXODWLRQV� $ GHWDLOHG DQDO\VLV FDQ EH PDGH RI WKH SURSRVHG GHYLFH VWUXFWXUH� LQFOXGLQJ HQHUJ\
EDQG GLDJUDP� GLIIHUHQW UHFRPELQDWLRQ FXUUHQWV� WUDS LQGXFHG UHFRPELQDWLRQ� WXQQHOLQJ FXUUHQWV� DQG
FDUULHU GHQVLWLHV�

������ 6RODU FHOO JHRPHWU\ DQG GRSLQJ
7KH JHRPHWULFDO PRGHO� EXLOW LQ 6'(� LV EDVHG RQ WKH IHDWXUHV REWDLQHG IURP WKH UHIHUHQFH VRODU FHOOV�
LQFOXGLQJ ZLGWK DQG FRQWDFW DUHD� 7KH PRGHOOLQJ ZDV GRQH LQ D ��' VLPXODWLRQ WR VDYH FRPSXWDWLRQDO
WLPH DV UHVHDUFK KDV VKRZQ QR VLJQLILFDQW GLIIHUHQFH FDQ EH REVHUYHG ZKHQ FRPSDULQJ UHVXOWV WR D
��' PRGHO >��@� 7KH ZLGWK RI WKH VLPXODWLRQ LV EDVHG RQ WKH V\PPHWU\ SODQH IRXQG LQ WKH WDQGHP
UHIHUHQFH FHOO DQG LV VHW WR DQ HLJKWK RI WKH DFWXDO ZLGWK �DERXW ��� ࿾൫�� 7KH UHIHUHQFH WDQGHP FHOO



�� �� 6LPXODWLRQ DSSURDFK DQG &DOLEUDWLRQ

FRQWDLQV FRQWDFW ILQJHUV LQ D X�VKDSH� $V RQO\ WKH V\PPHWU\ SODQH LV XVHG� WKH UHVXOWLQJ FRQWDFW LV RQO\
IRXQG LQ WKH WRS OHIW FRUQHU� $V WKH ZLGWK RI WKH ILQJHUV LV HTXDO WR ��� ൬൫ RQ D WRWDO FHOO ZLGWK RI ���
൫൫� WKH UDWLR FRQWDFW�ZLGWK LV ���� UHVXOWLQJ LQ D FRQWDFW ZLGWK RI �� ࿾൫ IRU WKH ��� ࿾൫ ZLGH FHOO�

Width
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h

Front Contact

)LJXUH ���� 2Q WKH OHIW WKH JHRPHWULFDO IHDWXUHV RI WKH ��' VRODU WDQGHP FHOO LV VHHQ� LQFOXGLQJ WKH ZLGWK DQG GHSWK� 7KH IURQW
FRQWDFW LV SODFHG LQ WKH OHIW WRS FRUQHU� 2Q WKH ULJKW� D FORVH XS RI WKH PHVK LV VKRZQ� LQFOXGLQJ WKH UHILQHPHQWV ZKHQ PRYLQJ

WRZDUGV LQWHUIDFHV�

7R VLPSOLI\ WKH PRGHO� DOO LQWHUIDFHV DUH FRQVLGHUHG IODW� $OO GRSLQJ SURILOHV LQ WKH PDWHULDOV ZHUH
FRQVLGHUHG XQLIRUP DQG FDQ EH IRXQG LQ VHFWLRQ ���� 7KH PDWKHPDWLFDO PRGHOV LQVLGH WKH GHYLFH DUH
VROYHG XVLQJ QXPHULFDO GLVFUHWL]DWLRQ VFKHPHV� PHDQLQJ WKH PRGHO QHHGV D VXEGLYLVLRQ ZLWK JHRPHWULFDO
VKDSHV RQ WRS RI WKH JHQHUDWHG VWUXFWXUH WR VROYH WKH HTXDWLRQV� 7KHVH JHRPHWULF VKDSHV DUH UHIHUUHG
WR DV D PHVK� ,Q WKH VLPXODWLRQ� WKH PHVK EHFRPHV PRUH UHILQHG DQG VPDOOHU QHDU WKH LQWHUIDFHV
WR DFFXUDWHO\ FDOFXODWH FKDUJH WUDQVSRUW �DV WKH JUDGLHQWV RI FDUULHU GHQVLW\ EHFRPH ODUJHU� DQG WKH
SRVVLEOH LQWHUIDFH UHFRPELQDWLRQ� 7KH PHVKLQJ LV RI JUHDW LPSRUWDQFH IRU WKH FRQYHUJHQFH RI WKH VRODU
FHOO PRGHO� 0DWHULDOV WKDW ZHUH FRQVLGHUHG WR EH RI PRUH LPSRUWDQFH �OLNH WKH DEVRUEHU OD\HUV� DQG
QHHGHG PRUH GHWDLOHG PRGHOOLQJ� KDG ILQHU GHILQHG PHVKHV LQ WKH EXON� $V DOO LQWHUIDFHV FRXOG EH
YLHZHG DV KHWHURMXQFWLRQV� ZKHUH SRVVLEOH UHFRPELQDWLRQ RU WXQQHOLQJ PHFKDQLVPV FRXOG RFFXU� D YHU\
ILQH PHVK ZDV GHILQHG� )RU WXQQHOLQJ PHFKDQLVPV LQ WKH 75-� QRQ�ORFDO PHVKHV ZHUH QHHGHG� 7KLV
ZLOO EH H[SODLQHG LQ PRUH GHSWK LQ VXEVHFWLRQ ������

������ ,QFOXGHG SK\VLFV PRGHOV
$V WKH SXUSRVH RI WKH PRGHO ZLOO EH WR DQDO\VH WKH RSWLFDO DQG HOHFWULFDO ERWWOHQHFNV RI WKH SHU�
RYVNLWH�&,*6 WDQGHP FHOO� LW LV QHHGHG WR LQFOXGH WKH PRVW LPSRUWDQW SK\VLFV PRGHOV GHVFULEHG LQ
FKDSWHU � WR PDNH WKH PRGHO UHSOLFDWH WKH LQQHU SK\VLFV RI WKH H[SHULPHQWDOO\ REWDLQHG VRODU FHOO� 7DEOH
��� VXPPDUL]HV WKH XVHG PRGHOV�

7DEOH ���� 6XPPDU\ RI PRVW UHOHYDQW SK\VLFDO PRGHOV DQG SDUDPHWHU XVHG LQ WKH HOHFWULFDO PRGHO

0RGHO SDUDPHWHUV ,PSOHPHQWHG PRGHO
6HPLFRQGXFWRU
)UHH FDUULHU VWDWLVWLFV )HUPL�'LUDF
0RELOLW\ &DQDOL >��@
,QWULQVLF UHFRPELQDWLRQ� UDGLDWLYH 3DUDPHWHUV SHURYNVLWH LQ >��@

3DUDPHWHUV &,*6 LQ >��@
7KHUPLRQLF HPLVVLRQ
,QWULQVLF FDUULHU GHQLVW\ 1R EDQGJDS QDUURZLQJ
65+ UHFRPELQDWLRQ 6FKDUIHWWHU >��@
&URVV VHFWLRQ PRGHO 3RROH�)UHQNHO
,QWHUIDFHV
6XUIDFH 65+ 6FKDUIHWWHU >��@
%DQG WR EDQG 7XQQHOLQJ 1RQ�ORFDO WXQQHOLQJ PRGHO >�@
7$7 WXQQHOLQJ ,HRQJ >��@



���� (OHFWULFDO PRGHOOLQJ ��

������ %DQGJDS JUDGLQJ &,*6
,Q WKH &,*6 PDWHULDO WKH EDQGJDS FDQ EH HQJLQHHUHG E\ YDU\LQJ WKH **, DFFRUGLQJ WR WKH HQHUJ\ VKLIW
PRGHO >��@� 7KH **, ZDV PRGHOOHG ZLWK WKH IROORZLQJ DSSURDFK� D OLQHDU GHFUHDVH IURP WKH &G6�&,*6
LQWHUIDFH ZLWK D **, YDOXH RI ���� WRZDUGV WKH VR�FDOOHG WLSSLQJ SRLQW �73� DW ��� ൬൫ ZLWK D **, RI
����� IURP WKLV 73 WKH **, LQFUHDVHV OLQHDUO\ WR ��� DW WKH ERWWRP LQWHUIDFH >��@� 7KH OLQHU SURILOH LV D
VLPSOLILHG DSSURDFK WR WKH EDQGJDS JUDGLQJ HIIHFW RQ WKH SHUIRUPDQFH RI WKH &,*6 VLQJOH�MXQFWLRQ�

ൌൌൎ  >ൌെ@��>ൌെ@ � >൑൬@� �����

$ GHHSHU LQVLJKW LQ WKH RYHUDOO &,*6 PRGHO FDQ EH IRXQG LQ 5H]DHL >��@�

������ 0RGHOOLQJ RI GHIHFWV
,Q FKDSWHU � WKH UROH RI WUDS VWDWHV LQ WKH ZRUNLQJ RI D VRODU FHOO ZHUH H[SODLQHG� 7KH JRDO LQ WKLV WKHVLV
ZDV QRW WR PRGHO WKH H[DFW FRPSOLFDWHG QDWXUH RI GHIHFWV LQ WKH ERWK DEVRUEHU OD\HUV� EXW UDWKHU PLPLF
WKH SHUIRUPDQFH RI WKH VLQJOH�MXQFWLRQ VRODU FHOOV UHJDUGLQJ SRWHQWLDO UHFRPELQDWLRQ SURFHVVHV DQG WR
SRWHQWLDOO\ UHVHDUFK WKH HQKDQFLQJ HIIHFW RI SDVVLYDWLQJ WKH LQWHUIDFH VLWXDWHG GHIHFWV >��@� $OVR� WKH
LPSOHPHQWHG WUDS GLVWULEXWLRQ ZDV XVHG WR FDOLEUDWH WKH VLQJOH�MXQFWLRQV ZLWK WKH H[SHULPHQWDO REWDLQHG
-�9 FXUYH E\ DOWHULQJ WKH GHIHFW FRQFHQWUDWLRQ >��@� ,Q WKH VLPXODWLRQ IRU WKH &,*6 VLQJOH�MXQFWLRQ� WKH
GHIHFWV LQ WKH &,*6 ERWWRP OD\HU LV PRGHOOHG DV GRQRU�W\SH PLG�JDS HQHUJ\ VWDWHV WKDW IXQFWLRQ DV
UHFRPELQDWLRQ FHQWUHV � $ VHFRQG DFFHSWRU�OLNH GHIHFW GLVWULEXWLRQ ZDV DGGHG LQ WKH &,*6 OD\HU DW ���
൤൛ IURP WKH 9% >��@�

7DEOH ���� $ SUHVHQWDWLRQ RI WKH GLIIHUHQW LPSOHPHQWHG WUDS GHQVLWLHV LQ WKH VLQJOH DQG WDQGHP PRGHOV� 7KH VSDWLDO
FRQFHQWUDWLRQ LQ SHURYVNLWH UHIHUV WR WKH PRGHOOLQJ RI WUDS GHQVLW\ LQFUHDVH ZKHQ PRYLQJ IURP WKH EXON WR ERWK LQWHUIDFHV� )RU

WKH LQWHUIDFH WUDSV RI &,*6�&G6 LQWHUIDFH� D OHYHO HQHUJ\ GLVWULEXWLRQ LV XVHG�

7UDSV
/D\HU SDUDPHWHUV 6\PERO >XQLW@ &,*6 &,*6 &G6 &,*6�&G6 L�=Q2 3HURYVNLWH
&RQFHQWUDWLRQ ൓ፓ >ൢ൫ዅኽ@ ��ኻኽࣄ� ��ኻኼࣄ� ��ኻ኿ࣄ� ��ኻኼࣄ� ��ኻዀࣄ� VSDWLDO
7\SH � ' $ $ $ $ '
(QHUJ\ OHYHO ൊፓ ൊ። ��� ൤൛�9%� ൊ። ൊ። ൊ። ൊ።
6WDQGDUG GHYLDWLRQ ൊፒ >൤൛@ ��� ��� ��� ��� ��� �
&DS� FURVV�VHF စ፞ >ൢ൫ኼ@ ��ዅኻኽࣄ� ��ዅኻኽࣄ� ��ዅኻኽࣄ� ��ዅኻ኿ࣄ� ��ዅኻ኿ࣄ� ��ዅኻ዁ࣄ�

စ፡ >ൢ൫ኼ@ ��ዅኻ኿ࣄ� ��ዅኻ኿ࣄ� ��ዅኻ኿ࣄ� ��ዅኻኽࣄ� ��ዅኻኽࣄ� ��ዅኻ዁ࣄ�

)RU WKH PRGHOOLQJ RI WKH PLG�JDS VWDWHV LQ SHURYVNLWH� DOVR GHVFULEHG DV GHHS�OHYHO VWDWHV� WKH SURILOH
IRXQG LQ 1L HW� DO >�@ ZDV XVHG IRU WKH VSDWLDO GLVWULEXWLRQ� 7KLV SDSHU GHVFULEHV D FOHDU LQFUHDVH LQ WUDS
VWDWH GHQVLW\ ZKHQ PRYLQJ WRZDUGV WKH LQWHUIDFHV� 7ZR W\SHV RI GHIHFWV DUH FRQVLGHUHG LQ WKH PRGHO�
DFFHSWRU� DQG GRQRU�OLNH GHIHFWV ZKLFK DUH GHVFULEHG LQ VHFWLRQ ���� )RU WKH PRGHOOLQJ RI GHHS�OHYHO
GHIHFWV LQ SHURYVNLWH DQ H[SRQHQWLDO HTXDWLRQ LV XVHG� UHVHPEOLQJ WKH GRFXPHQWHG GHQVLW\ SURILOH LQ
3VF WKLQ ILOPV >�@�

൓7  ൓7� EXON � ൓7�(7/ H[Sᗛ
൶(7/ ࢿ ൶
࿶(7/

ᗜ � ൓7�+7/ H[Sᗛ
൶ ࢿ ൶+7/
࿶+7/

ᗜ �����

7DEOH ���� 7UDS VWDWH FRQFHQWUDWLRQV IRU WKH EXON DQG LQWHUIDFHV

5HJLRQ 6\PERO &RQFHQWUDWLRQ
3HURYVNLWH�37$$ ൓ፓ�ፇፓፋ ��ኻ዁ࣄ� ൢ൫ዅኽ
3HURYVNLWH�3&%0 ൓ፓ�ፄፓፋ ��ኻ኿ࣄ� ൢ൫ዅኽ >��@
3HURYVNLWH %XON ൓ፓ�ፁ፮፥፤ ��ኻኾࣄ� ൢ൫ዅኽ

7KH YDOXHV IRU WKH WUDS VWDWH FRQFHQWUDWLRQ SDUDPHWHUV DUH JLYHQ LQ WDEOH ���� 7KH ࿶ JLYHV D YDOXH
WR WKH GHSWK RI GHIHFW GHQVLW\ DW WKH LQWHUIDFHV ZKLFK LV HTXDO WR ��� ࿾൫� 7KH ൝ፄፓፋ DQG ൝ፇፓፋ DUH WKH
GHSWK RI WKH LQWHUIDFHV LQ ࿾൫� 7KH PRGHOOHG UHVXOW LV VHHQ LQ ILJXUH ����



�� �� 6LPXODWLRQ DSSURDFK DQG &DOLEUDWLRQ

)LJXUH ���� 7KH VSDWLDO GLVWULEXWLRQ RI WUDS VWDWHV LQ WKH SHURYVNLWH OD\HU DGDSWHG IURP >��@ DQG EDVHG RQ WKH ZRUN RI 1L HW DO�
>�@� %OXH DUHD UHSUHVHQWV WKH 37$$ OD\HU ZKLOH WKH UHG DUHD UHSUHVHQWV 3&%0� 7KH WUDS GHQVLW\ LQFUHDVHV ZKHQ DSSURDFKLQJ

ERWK LQWHUIDFHV FRPSDUHG WR WKH EXON YDOXH�

)RU WKH HQHUJHWLF GLVWULEXWLRQ RI WUDSV LQ WKH PRGHO� D *DXVVLDQ GLVWULEXWLRQ LV XVHG� ,Q HTXDWLRQ ���
WKH ൓ፓ UHSUHVHQWV WKH PD[LPXP WUDS VWDWH GHQVLW\ JLYHQ LQ WDEOH ���� 7KH ൊፓ LV WKH PD[LPXP HQHUJ\
OHYHO RS WUDSV� DQG ൊ፬ LV WKH VWDQGDUG GHYLDWLRQ�

൓ፓ�ፄ  ൓ፓ H[Sᓌࢿ
�ൊ ࢿ ൊፓ�

ኼ

�ൊኼ6
ᓐ �����

������ +HWHURMXQFWLRQ WUDQVSRUW PRGHOOLQJ
$V WKH PRGHO FRQWDLQV PXOWLSOH FRPELQDWLRQV RI PDWHULDOV ZLWK GLIIHUHQW EDQGJDSV DQG HOHFWURQ DIILQLWLHV
�VHH VHFWLRQ ����� YDULRXV KHWHURMXQFWLRQV DUH IRUPHG� &RQYHQWLRQDO WUDQVSRUW HTXDWLRQV FDQ QRW EH
DSSOLHG WKXV WKH QHHG IRU GLIIHUHQW WUDQVSRUW PHFKDQLVPV DULVHV >�@� 7KH IROORZLQJ WUDQVSRUW PHFKD�
QLVPV LQ KHWHURMXQFWLRQV DUH LPSOHPHQWHG� WKHUPLRQLF HPLVVLRQ DQG WXQQHOLQJ >�@� $V WKH VHOHFWLRQ IRU
WXQQHOLQJ PRGHOV LV TXLWH H[WHQVLYH IRU 6HQWDXUXV� WKH QRQ�ORFDO WXQQHOLQJ PRGHO LV FKRVHQ DV LW WDNHV
LQWR DFFRXQW WKH FRPSOLFDWHG EDQG HGJH SURILOH� ZKLFK GLUHFWO\ UHODWHV WR WKH WXQQHOLQJ FXUUHQW DQG LWV
OHVV QHHGHG FRPSXWDWLRQDOO\ SRZHU >�@� 7KH PHWKRG LV GHVFULEHG LQ VHFWLRQ ����

length Permeation

PEDOT:PSS SnO2

)LJXUH ���� $Q H[DPSOH RI D QRQ�ORFDO PHVK PRGHOOHG DW D KHWHURMXQFWLRQ LQWHUIDFH LQFOXGLQJ WKH OHQJWK DQG SHUPHDWLRQ�

7KH WXQQHOLQJ FXUUHQW GHSHQGV RQ WKH EDQG HGJH SURILOH WKDW LV VLWXDWHG EHWZHHQ WZR FRXSOHG SRLQWV
WKDW DUH FRQQHFWHG YLD WXQQHOLQJ� $V WKH VKDSH LV RIWHQ FRPSOH[� E\ VROYLQJ WKH WUDQVSRUW DQG 3RLVVRQ
HTXDWLRQV� 6'(9,&( LV DEOH WR FRPSXWH WKH FXUUHQW� $V WKLV GRHV QRW KDSSHQ ORFDOO\� EXW IRU WKH HQWLUH



���� 7KH WXQQHO UHFRPELQDWLRQ MXQFWLRQ ��

EDQG HGJH SURILOH� WKH WXQQHOLQJ SURFHVV LV FRQVLGHUHG WR EH QRQ�ORFDO�
7KH FRQQHFWHG WZR SRLQWV RQ HLWKHU VLGH RI WKH LQWHUIDFH DUH GHILQHG E\ D QRQ�ORFDO PHVK ZKLFK

DUH QRQ�ORFDO OLQHV WKDW LQGLFDWH WKH SRVVLEOH WXQQHOLQJ SDWK IRU KROHV DQG HOHFWURQV� ,Q WKH PRGHO� LW LV
QHFHVVDU\ WR VSHFLI\ WKLV QRQ�ORFDO PHVK IRU HYHU\ LQWHUIDFH RU MXQFWLRQ �ZKLFK ZLOO EH H[SODLQHG LQ PRUH
GHWDLO LQ WKH QH[W VHFWLRQ� ZKHUH SRWHQWLDO WXQQHOLQJ FRXOG WDNH SODFH� ,Q WKH WDQGHP PRGHO WKLV ZDV
GRQH DW DOO LQWHUIDFHV WR LQFUHDVH WKH DFFXUDF\ RI WKH REWDLQHG UHVXOWV� 7KH QRQ�ORFDO PHVK LV GHILQHG
DW DQ LQWHUIDFH DQG FRQVLVWV RI WZR SDUWV� D OHQJWK� ZKLFK LV WKH WXQQHOLQJ SDWK LQ WR WKH EXON RI RQH RI
PDWHULDOV DW WKH LQWHUIDFH� 7KH VHFRQG SDUW LV WKH SHUPHDWLRQ� ZKLFK LV WKH GLVWDQFH WKH WXQQHOLQJ SDWK
SHQHWUDWHV LQ WR WKH RWKHU PDWHULDO� $Q H[DPSOH LV JLYHQ IRU WKH 3('27�366�6Q2� MXQFWLRQ LQ ILJXUH
����

���� 7KH WXQQHO UHFRPELQDWLRQ MXQFWLRQ
,Q FKDSWHU � WKH QHHG IRU 7$7 DQG WKH FRQFHSW EHKLQG LW ZDV H[SODLQHG� 7KLV FKDSWHU H[SODLQHG WKH
FKRLFH IRU WKH QRQ�ORFDO WXQQHOLQJ PRGHO WKDW FDQ EH XVHG IRU GLUHFW WXQQHOLQJ DQG %�%7� $OWKRXJK D
ELW PRUH FRPSOH[ WR PRGHO� WKH 7$7 FDQ EH PRGHOOHG DV D QRQ�ORFDO SURFHVV WRR� 7KLV UHVXOWV LQ DQ
PHFKDQLVP ZKHUH WKH SRVVLEOH WXQQHOLQJ FXUUHQW LV QRW RQO\ GHSHQGDQW RQ WKH HQHUJ\ OHYHO FKDQJH RI
WKH FKDUJH FDUULHU EXW DOVR RQ WKH EDUULHUV WKDW QHHG WR EH RYHUFRPH ZKHQ FDUULHUV KRS LQ WR LQWUDEDQG
VLWXDWHG WUDS VWDWHV >�@� VHH ILJXUH ���D DQG ILJXUH ���E IRU D FRPSDULVRQ RI WKH PHFKDQLVPV�

$V WKH MXQFWLRQ FDQ EH VHHQ DV DQ DEUXSW KHWHURMXQFWLRQ� PRVW PRGHOV WKDW UHTXLUH 7$7� PDNH XVH
RI ORFDO YDULDEOHV� 7KLV PDNHV WKHP QRW VXLWDEOH IRU WKH PRGHOOLQJ RI WKH 75- >��� ��@� 7KH QRQ�ORFDO
7$7 PRGHO XVHV WKH :.% PHWKRG �VHH VHFWLRQ ���� WR H[DFWO\ FDOFXODWH WKH HQHUJ\ EDUULHU DORQJ WKH
SURILOH� WKXV UHVXOWLQJ LQ DQ DFFXUDWH FRPSXWDWLRQ RI WKH 7$7 LQ WKH 75-� ,Q WKH '\QDPLF QRQ�ORFDO SDWK
7$7� FKDUJH FDUULHUV DUH FDSWXUHG E\ RU HPLWWHG IURP GHIHFW VWDWHV�

hB2BT

eB2BT

�D� $ YLVXDOL]DWLRQ RI WKH H%�%7 DQG K%�%7 PHFKDQLVPV� 7KLV SURFHVV
LV SRVVLEOH ZLWK SURSHU EDQG DOLJQPHQW RI WKH 9% RI 3('27�366 �EOXH
DUHD� DQG WKH &% RI 6Q2� �UHG DUHD� DFURVV WKH HTXLYDOHQW HQHUJ\

VWDWHV�

eTAT

hTAT

�E� $ YLVXDOL]DWLRQ RI WKH H7$7 DQG K7$7 PHFKDQLVP ZKHUH VXEJDS
HQHUJ\ VWDWHV �WUDSV� DFW DV FDUULHU UHVHUYRLUV IRU FKDUJH WUDQVIHU RU

FKDUJH WUDSSLQJ�

)LJXUH ���

7UDSV FDQ EH FRXSOHG WR QHDUE\ VLWXDWHG LQWHUIDFHV YLD WKH QRQ�ORFDO PHVKHV� SURYLGLQJ D WXQQHOLQJ
SDWK WR DQG IURP WKH WUDS VWDWHV� 7R PRGHO 7$7 WKURXJK D EDUULHU� WZR VHSDUDWH QRQ�ORFDO PHVKHV QHHG
WR EH FUHDWHG� SURYLGLQJ D WXQQHOLQJ SDWK IRU HDFK VLGH RI WKH WUDSV� ,Q WKH WDQGHP PRGHO WKH VXEJDS
HQHUJ\ VWDWHV ZLOO EH VLWXDWHG LQ WKH 3('27�366 OD\HU� UHVXOWLQJ LQ QRQ�ORFDO PHVKHV DW WKH 37$$�3('27
DQG 3('27�6Q2� LQWHUIDFHV� VHH ILJXUH ���� 7KH SHQHWUDWLRQ GHSWK RI QRQ�ORFDO PHVK SRVLWLRQHG DW WKH
3('27�6Q2� LQWHUIDFH ZDV VHW WR WKH WKLFNQHVV RI WKH 3('27�366 PDWHULDO� WKHUHE\ PDNLQJ VXUH WKDW
WKH WXQQHOLQJ PHFKDQLVP FRXOG KDSSHQ IRU GLIIHUHQW EDQG DOLJQPHQWV� $V GLIIHUHQW YROWDJH ELDVHV DUH
DSSOLHG GXULQJ WKH -�9 FXUYH VZHHS LQ WKH PRGHO� GLIIHUHQW DOLJQPHQWV DQG EDQG EHQGLQJ RI WKH 9% DQG
&% LQ WKH 75- RFFXU� %\ FKRRVLQJ DQ RYHUHVWLPDWLRQ RI WKH SURSRVHG WXQQHOLQJ SDWK LQ WR 3('27�366�
WKH PRGHO ZLOO VWLOO EH DEOH WR FRQYHUJH�

$V PHQWLRQHG� WKH QRQ�ORFDO 7$7 LV IDFLOLWDWHG E\ WUDS FRQWDLQLQJ PDWHULDO� 7KH JRDO RI WKH WUDS VWDWH
GLVWULEXWLRQ LQ 3('27�366 ZDV QRW WR PLPLF WKH DFWXDO VXEJDS HQHUJ\ VWDWHV LQ WKH PDWHULDO� DV QRW



�� �� 6LPXODWLRQ DSSURDFK DQG &DOLEUDWLRQ

PEDOT:PSS SnO2PTAA

NLM 2NLM 1

)LJXUH ���� $Q H[DPSOH RI WKH WZR QHHGHG QRQ�ORFDO PHVKHV WKDW FRQWULEXWH WR WKH QRQ�ORFDO 7$7 PHFKDQLVP >�� ��@� (DFK LV
LPSOHPHQWHG RQ WKH OD\HUঅV LQWHUIDFHV ZKHUH WKH 7$7 RFFXUV �3('27�366�� /HQJWK DQG SHUPHDWLRQ QRW WR VFDOH�

PXFK LV NQRZQ IRU WKLV PDWHULDO VSHFLILFDOO\� EXW UDWKHU WR IDFLOLWDWH WKH 7$7 PHFKDQLVP ZLWK D SRVVLEOH
UHDOLVWLF HQHUJ\ GLVWULEXWLRQ�

,Q WKH PRGHO D XQLIRUP GLVWULEXWLRQ ZDV DGGHG� DFFHSWRU�OLNH DQG GRQRU�OLNH WR EULQJ FRPSXWLQJ
WLPH DQG FRPSOH[LW\ GRZQ� $IWHU D VXFFHVVIXO 7$7 LPSOHPHQWDWLRQ ZDV REVHUYHG� D PRUH QDWXUDOO\
RFFXUULQJ GLVWULEXWLRQ ZDV XVHG� JDXVVLDQ� $ WUDS VWDWH HQHUJ\ FORVH WR WKH TXDVL )HUPL OHYHO LQ 3('27
ZDV FKRVHQ WR HQKDQFH WKH HIIHFW RI WKH WUDS VWDWHV RQ WKH FDSWXUH DQG HPLVVLRQ PHFKDQLVP GHVFULEHG
LQ FKDSWHU �� 6'(9,&( PRGHOV WKH QRQ�ORFDO WXQQHOLQJ WR WUDSV DV WKH VXP RI DQ HODVWLF >��@ DQG
LQHODVWLF� SKRWRQ�DVVLVWHG SURFHVV >��@ ZKHUH RQO\ WKH ILUVW RQH LV FRQVLGHUHG DV H[SODLQHG LQ VHFWLRQ
����

���� 0RGHO FDOLEUDWLRQ
,Q WKH IROORZLQJ VHFWLRQ� WKH SDUDPHWHU FDOLEUDWLRQV RI WKUHH GLIIHUHQW PRGHOV DUH GHVFULEHG� 7R ILW WKH
PRGHOOHG -�9 FXUYHV ZLWK H[SHULPHQWDO YDOXHV� FKDQJHV LQ WKH LQSXW SDUDPHWHUV FDQ EH PDGH� KRZHYHU�
WKH FKDQJHV VKRXOG EH LQOLQH ZLWK OLWHUDWXUH RU H[SHULPHQWDOO\ REWDLQHG YDOXHV�

������ 3HURYVNLWH FDOLEUDWLRQ
)RU WKH FDOLEUDWLRQ RI WKH SHURYVNLWH VLQJOH�MXQFWLRQ PXOWLSOH YDULDEOHV QHHGHG WR EH H[SORUHG DV OLWHU�
DWXUH DQG H[SHULPHQWDO LQ�KRXVH PHDVXUHPHQWV FRXOG UHVXOW LQ FRQIOLFWLQJ YDOXHV IRU SDUDPHWHUV� $Q
LPSRUWDQW QRWH IRU WKH SHURYVNLWH VLQJOH�MXQFWLRQ LV WKDW WKH LOOXPLQDWLRQ GXULQJ H[SHULPHQWDO PHDVXUH�
PHQWV DQG IRU WKH RSWR�HOHFWULFDO PRGHO LV GRQH IURP WKH 6/* VLGH� PDNLQJ WKH FHOO LQ TXHVWLRQ D S�L�Q
DUFKLWHFWXUH� VHH FKDSWHU ��

7KH VWDUWLQJ SRLQW RI WKH FDOLEUDWLRQ ZHUH WKH H[SHULPHQWDO REWDLQHG YDOXHV IRU WKH XVHG PDWHULDOV
OLNH DSSUR[LPDWH WKLFNQHVVHV RI HDFK OD\HU DQG LQ�KRXVH PHDVXUHG HOHFWULFDO SDUDPHWHUV LQ WKH VLQJOH�
MXQFWLRQ� 7KH RSWLFDO PHDVXUHPHQWV RI WKH FRPSOH[ UHIUDFWLYH LQGH[ ZHUH H[WUDFWHG LQ�KRXVH� /LWHUDWXUH
UHVHDUFK ZDV QHHGHG IRU HOHFWULFDO SDUDPHWHUV WKDW FRXOG QRW REWDLQHG ZLWK WKH LQ�KRXVH PHDVXUHPHQWV�
)RU DOO PDWHULDOV LQ WKH WDQGHP FRQILJXUDWLRQ� D GDWDEDVH IRU WKH HOHFWULFDO SDUDPHWHUV ZDV FUHDWHG� 7KH
PRVW LPSRUWDQW SDUDPHWHUV ZHUH ͓� ൊ፠� ဍፑ� ൓፜� ൓፯ DQG ࿾� $V PDQ\ PDWHULDO SURSHUWLHV DUH GHSHQGDQW
RQ WKHLU SURGXFWLRQ PHWKRG� H[DFW FRPSRVLWLRQ DQG PHDVXUHPHQW WHFKQLTXH� IOXFWXDWLQJ YDOXHV ZHUH
IRXQG�

7R UHGXFH WKH FRPSOH[LW\ RI PRGHOOLQJ� WKH ILUVW VLPXODWLRQ ZHUH EDVHG RQ DQ LGHDO RSHUDWLQJ VLQJOH�
MXQFWLRQ� QRW LQFOXGLQJ WUDS VWDWH GHQVLWLHV� 6WHS RQH ZDV FRQYHUJHQFH RI WKH PRGHO� 8VLQJ WKH VLPX�
ODWHG EDQG GLDJUDP LQ HTXLOLEULXP� FRQYHUJHQFH LVVXHV FRXOG RIWHQ EH FRQWULEXWHG WR EDQG RIIVHW IRUPLQJ
D EDUULHU SURKLELWLQJ FKDUJH FDUULHU FROOHFWLRQ UHVXOWLQJ LQ D QRQ�IXQFWLRQLQJ VRODU FHOO� 7KLV LVVXH ZDV
RIWHQ UHVROYHG E\ DOWHULQJ WKH SDUDPHWHU YDOXHV IRU EDQGJDS RU HOHFWURQ DIILQLW\ E\ RWKHU IRXQG YDOXHV
LQ WKH FUHDWHG GDWDEDVH� 7KH PDWHULDOV UHODWHG WR WKH PDLQ LVVXHV ZHUH IRXQG WR EH 37$$ DQG 3&%0�
$GMXVWPHQWV HYHQWXDOO\ UHVXOWHG LQ D SURSHU EDQG DOLJQPHQW ZLWK JRRG FKDUJH FDUULHU VHSDUDWLRQ DQG
FROOHFWLRQ�



���� 0RGHO FDOLEUDWLRQ ��

7DEOH ���� 0DWHULDO DQG GHYLFH SDUDPHWHUV RI WKH WRS OD\HU RI WKH RSWR�HOHFWULFDO WDQGHP PRGHO ZKLFK LQFOXGHV WKH SHURYVNLWH
DEVRUEHU OD\HU� 7KH DEEUHYLDWLRQ I 6Q2� UHIHUV WR WKH IURQW ፒ፧ፎᎴ OD\HU� &% '26 DQG 9% '26 UHSUHVHQW WKH GHQVLW\ RI VWDWHV RI

FRQGXFWLRQ EDQG PLQLPXP DQG YDODQFH EDQG PD[LPXP� UHVSHFWLYHO\�

7RS /D\HU
/D\HU SDUDPHWHUV 6\PERO >XQLW@ ,72 I 6Q2� 3&%0 3HURYVNLWH 37$$
7KLFNQHVV G >൬൫@ ��� �� �� ��� ��
%DQGJDS ൊ፠ >൤൛@ ��� ��� ��� ��� ���
(OHFWURQ DIILQLW\ ဉ >൤൛@ ��� ���� ��� ��� ���
5HO� SHUPLWWLYLW\ ဍፑ ��� �� ��� ��� �
'RSLQJ ൓ፀ�൓ፃ >ൢ൫ዅኽ@ ��ኼኺࣄ��� ��ኻዂࣄ��� ��ኻ዁ࣄ��� ��ኻዀࣄ��� ��ኻዂࣄ���
&% '26 ൓ፂ >ൢ൫ዅኽ@ ��ኻዂࣄ��� ��ኻዂࣄ��� ��ኻዃࣄ��� ��ኼኺࣄ��� ��ኻዂࣄ���
9% '26 ൓ፕ >ൢ൫ዅኽ@ ��ኻዃࣄ��� ��ኻዂࣄ��� ��ኻዂࣄ��� ��ኻዃࣄ��� ��ኻዃࣄ���
0RELOLW\ ࿾፞� ࿾፡ >ൢ൫ኼ�൛൱@ ����� �(������� �(����(�� ����� �(����(��
6RXUFH � >��� ��@ >�� ��@ >��@ >�� ��� ��@ >��� ��@

7KH LQWHJUDWLRQ RI WKH GHVFULEHG VSDWLDO GLVWULEXWLRQ RI WUDS VWDWHV GHQVLW\ �VXEVHFWLRQ ������ ZDV
GRQH LQ WKH ODVW VWHS� 7KLV LQFUHDVHG WKH FRPSOH[LW\ RI WKH VLQJOH�MXQFWLRQ PRGHO DQG UHVXOWHG LQ HIIHFW
RQ WKH H[WHUQDO SDUDPHWHUV RI WKH VRODU FHOO DQG ZDV XVHG WR FDOLEUDWH WKH FHOO� $V WKH UHVXOWV RI 1L HW DO�
>�@ ZDV EDVHG RQ WKLQ�ILOP 3VF VLQJOH�MXQFWLRQ ZLWK GLIIHUHQW PDWHULDOV� FRPSRVLWLRQV DQG SURGXFWLRQV
PHWKRGV� VRPH IUHHGRP FRXOG EH WDNHQ LQ LQWHUSUHWLQJ WKH WUDS GHQVLWLHV LQ WKH EXON DQG LQWHUIDFHV
ZKLOH UHPDLQLQJ LQ WKH RUGHU RI PDJQLWXGH IRXQG LQ WKH SDSHU� $ VXPPDU\ RI WKH HYHQWXDOO\ XVHG
SDUDPHWHUV FDQ EH VHHQ LQ WDEOH ��� DQG VXEVHFWLRQ ������

������ &,*6 FDOLEUDWLRQ
7KH &,*6 ERWWRP OD\HU XVHG LV D FRPPHUFLDOO\ IDEULFDWHG VRODU FHOO� $V WKH H[DFW SURGXFWLRQ PHWKRG LV
XQLGHQWLILHG� SDUDPHWHUV OLNH WKH WKLFNQHVVHV RI WKH PDWHULDOV DUH XQNQRZQ� 7KXV� D VOLJKWO\ GLIIHUHQW
DSSURDFK ZDV XVHG IRU WKH FDOLEUDWLRQ RI WKH FHOO� )LUVW� DQ LGHDO FHOO ZDV PRGHOOHG� XVLQJ WKH VDPH
SDWK DV GHVFULEHG IRU WKH SHURYVNLWH VLQJOH�MXQFWLRQ� $IWHU HOHFWULFDO SDUDPHWHUV ZHUH FKRVHQ WKDW ZHUH
FRPSDUDEOH WR OLWHUDWXUH YDOXHV DQG UHVXOWHG LQ D IXQFWLRQLQJ &,*6 VLQJOH�MXQFWLRQ� WKH VSDWLDO EDQGJDS
JUDGLHQW PRGHO ZDV LQWURGXFHG LQWR WKH &,*6 DEVRUEHU OD\HU�

7DEOH ���� $ VXPPDU\ RI WKH PRVW LPSRUWDQW PDWHULDO DQG GHYLFH SDUDPHWHUV RI WKH ERWWRP OD\HU RI WKH RSWR�HOHFWULFDO EDVHOLQH
WDQGHP PRGHO LQFOXGLQJ WKH &,*6 DEVRUEHU OD\HU� 7KH JUDGHG EDQGJDS DQG HOHFWURQ DIILQLW\ DUH H[SODLQHG LQ VXEVHFWLRQ ������

%RWWRP /D\HU
/D\HU SDUDPHWHUV 6\PERO >XQLW@ L�=Q2 &G6 &,*6
7KLFNQHVV G >൬൫@ �� �� ��ኽࣄ���
%DQGJDS ൊ፠ >൤൛@ ��� ��� *UDGHG
(OHFWURQ DIILQLW\ ဉ >൤൛@ ��� ��� *UDGHG
5HO� SHUPLWWLYLW\ ဍፑ � �� ����
'RSLQJ ൓ፀ�൓ፃ >ൢ൫ዅኽ@ ��ኻ዁ࣄ��� ��ኻዀࣄ��� ��ኻዀࣄ���
&% '26 ൓ፂ >ൢ൫ዅኽ@ ��ኻዂࣄ��� ��ኻዂࣄ��� ��ኻ዁ࣄ���
9% '26 ൓ፕ >ൢ൫ዅኽ@ ��ኻዃࣄ��� ��ኻዃࣄ��� ��ኻዃࣄ���
0RELOLW\ ࿾፞� ࿾፡ >ൢ൫ኼ�൛൱@ ������ ����� ��������
6RXUFH � >��@ >��� ��� ��@ >��� ��@

7KH FDOLEUDWLRQ RI WKH &,*6 VLQJOH�MXQFWLRQ ZDV PRVWO\ DFKLHYHG E\ DGMXVWLQJ WKH WKLFNQHVVHV RI
OD\HUV UHVXOWLQJ LQ DGDSWLRQ RI WKH IRXQG H[WHUQDO SDUDPHWHU YDOXHV� 'XH WR SRVVLEOH GLIIHUHQW GHSRVLWLRQ
SDUDPHWHUV DQG IOXFWXDWLQJ DEVRUEHU WKLFNQHVVHV� WKH EDQGJDS JUDGLQJ ZDV XQNQRZQ� 7KXV� E\ DOWHULQJ
WKH YDOXHV DQG SDUDPHWHUV GHVFULEHG LQ VXEVHFWLRQ ����� D ILWWLQJ ZLWK WKH H[SHULPHQWDO GDWD FRXOG EH
PDGH� 7KH HYHQWXDO SDUDPHWHUV FDQ EH IRXQG LQ WDEOH ��� DQG VXEVHFWLRQ ������



�� �� 6LPXODWLRQ DSSURDFK DQG &DOLEUDWLRQ

7DEOH ���� 0DWHULDO DQG GHYLFH SDUDPHWHUV RI WKH WXQQHO UHFRPELQDWLRQ OD\HU RI WKH RSWR�HOHFWULFDO EDVHOLQH WDQGHP PRGHO� 7KH
P 6Q2� UHIHUV WR WKH PLGGOH ፒ፧ፎᎴ OD\HU�

7XQQHOLQJ 5HFRPELQDWLRQ /D\HU
/D\HU SDUDPHWHUV 6\PERO >XQLW@ 3('27�366 P 6Q2�
7KLFNQHVV G >൬൫@ �� ��
%DQGJDS ൊ፠ >൤൛@ ��� ���
(OHFWURQ DIILQLW\ ဉ >൤൛@ ��� ���
5HO� SHUPLWWLYLW\ ဍፑ � ��
'RSLQJ ൓ፀ�൓ፃ >ൢ൫ዅኽ@ ��ኻዂࣄ��� ��ኻዃࣄ���
&% '26 ൓ፂ >ൢ൫ዅኽ@ ��ኻዂࣄ��� ��ኻዂࣄ���
9% '26 ൓ፕ >ൢ൫ዅኽ@ ��ኻዃࣄ��� ��ኻዂࣄ���
0RELOLW\ ࿾፞� ࿾፡ >ൢ൫ኼ�൛൱@ ������� �����
6RXUFH � >��� ��@ >�� ��@

������ 7DQGHP FDOLEUDWLRQ
$V ZDV VKRZQ LQ VHFWLRQ ���� WKH EDQG DOLJQPHQW ZKLFK LV PRVWO\ GHSHQGDQW RQ WKH GRSLQJ FRQFHQWUDWLRQ
RI WKH PDWHULDOV WKDW DUH SDUW RI WKH 75- FDQ KDYH D VLJQLILFDQW LQIOXHQFH RQ WKH UHVXOW RI WKH WDQGHP
PRGHO DIWHU WKH LPSOHPHQWDWLRQ RI 7$7� )LJXUH ��� VKRZV WKH IORZFKDUW XVHG IRU PRGHOOLQJ WKH WDQGHP
FHOO� DQG VWDWHV WKDW PDWHULDO SDUDPHWHUV XVHG LQ WKH YDOLGDWLRQ RI WKH VLQJOH�MXQFWLRQV DUH GLUHFW LQSXW
IRU WKH WDQGHP FHOO�

7KLV OHDYHV RQO\ WKH DGGHG 3('27�366 PDWHULDO DV XQNQRZQ LQSXW LQ WKH ODVW SDUW RI FDOLEUDWLRQ� 7KH
DSSURDFK XVHG LV DV IROORZLQJ� )LUVW D WDQGHP PRGHO WHPSODWH ZDV PDGH LQ 7&$' 6HQWDXUXV LQFOXGLQJ
WKH VLQJOH�MXQFWLRQV PRGHOV FRQWDLQLQJ WKH DGGHG WUDS GLVWULEXWLRQV LQ ERWK OD\HU DQG EDQGJDS JUDGLQJ LQ
WKH &,*6 DEVRUEHU OD\HU DQG WKH DGGLWLRQ RI WKH 3('27�366 PDWHULDO� 6HFRQGO\� 3('27�366 ZDV DGGHG
WR WKH PDWHULDO GDWDEDVH DQG UHVHDUFK ZDV GRQH RQ WKH SRVVLEOH GLIIHUHQW YDOXHV IRU WKH HOHFWULFDO
SDUDPHWHUV� $IWHU WKDW� WKH 7$7 PRGHO ZDV LPSOHPHQWHG LQ WKH 3('27�366 OD\HU� /DVWO\� WKH HOHFWULFDO
SDUDPHWHUV� PDLQO\ WKH GRSLQJ FRQFHQWUDWLRQ �൓ፀ�� ZDV WZHDNHG UHVXOWLQJ LQ WDEOH ���� 7KH UHVXOWV RI
WKH FDOLEUDWLRQ ZLOO EH VKRZQ LQ WKH QH[W FKDSWHU ��



�
2SWLFDO DQG (OHFWULFDO ERWWOHQHFNV

,Q &KDSWHU � WKH PHWKRGRORJ\ WR REWDLQ WKH EDVHOLQH WDQGHP FHOO ZDV H[SODLQHG ZKLFK ZLOO EH XVHG IRU
WKH ORVV DQDO\VLV LQ WKH WKH SHURYNVLWH�&,*6 WDQGHP FHOO� ,Q RUGHU RI WKH SURSRVHG WKHVLV DSSURDFK� ILUVW
WKH VLQJOH�MXQFWLRQV VRODU FHOOV ZLOO EH YDOLGDWHG LQ VHFWLRQ ���� 6HFRQGO\� WKH UHVXOWV IRU WKH WUDS DVVLVWHG
WXQQHOLQJ LPSOHPHQWDWLRQ LQ WKH 75- FDQ EH YLHZHG LQ VHFWLRQ ���� 7KLV ZDV XVHG IRU WKH YDOLGDWLRQ RI
WKH EDVHOLQH WDQGHP FHOO �VHFWLRQ ����� $OO YDOXHV UHJDUGLQJ UHFRPELQDWLRQ PHFKDQLVPV ZHUH H[WUDFWHG
IURP WKH 6HQWDXUXV 7&$' PRGHO� 7KLV UHVXOWHG LQ D EUHDNGRZQ RI WKH GLIIHUHQW ORVVHV LQ WKH FHOO LQ
VHFWLRQ ���� /DVWO\� D WKRURXJK DQDO\VLV LV GRQH RQ WKH WUDQVSRUW LVVXHV LQ WKH 75- �VHFWLRQ �����

���� 9DOLGDWLRQ VLQJOH�MXQFWLRQV
7KLV VHFWLRQ SUHVHQWV WKH YDOLGDWLRQ RI WKH VLPXODWLRQ WHPSODWH WR FRQILUP WKDW WKH PRGHOV UHSURGXFH
WKH LQQHU SK\VLFV RFFXUULQJ LQ WKH IDEULFDWHG EDVHOLQH VRODU FHOOV� )RU ERWK FHOOV WKH -�9 FXUYHV ZHUH
SURGXFHG DQG FRPSDUHG WR H[SHULPHQWDO PHDVXUHG GDWD�

������ 3HURYVNLWH VLQJOH�MXQFWLRQ YDOLGDWLRQ
7KH 3HURYVNLWH VLQJOH�MXQFWLRQ OD\HU VWDFN XVHG IRU WKH RSWLFDO DQG HOHFWULFDO PRGHO LV VHHQ LQ ILJXUH
���D� 7KH LOOXPLQDWLRQ RI WKH VRODU FHOO FDPH IURP WKH 6/* VLGH RI WKH VWDFN� WKXV WKH FHOO WHFKQLFDOO\
KDV D S�L�Q RULHQWDWHG FRQILJXUDWLRQ� 2QFH LQWURGXFHG DV WRS OD\HU LQ WKH WDQGHP VWDFN� WKH FHOO UHVLGHV
DV D Q�L�S FRQILJXUDWLRQ ZLWK LOOXPLQDWLRQ IURP WKH (7/ �3&%0� VLGH� )LJXUH ���E VKRZV WKH FRPSDULVRQ
EHWZHHQ WKH PHDVXUHG DQG VLPXODWHG -�9 FXUYH IRU WKH UHIHUHQFH VDPSOH XQGHU $0��� LOOXPLQDWLRQ�
7DEOH ��� JLYHV DQ RYHUYLHZ RI WKH IRXQG H[WHUQDO SDUDPHWHUV �൏ፒፂ� ൛ፎፂ� 3&( DQG ))�� 2YHUDOO D JRRG
FRUUHVSRQGLQJ ILW EHWZHHQ WKH H[SHULPHQWDO DQG VLPXODWLRQ ZDV DFKLHYHG� +RZHYHU� WKH VLPXODWLRQ
VKRZV D VOLJKWO\ XQGHUHVWLPDWHG FXUUHQW GHQVLW\ ���� ൫െ�ൢ൫ኼ� DQG RYHUHVWLPDWHG )) RI DERXW ������

�D� 7KH 3HURYVNLWH VLQJOH�MXQFWLRQ OD\HU VWDFN XVHG IRU FDOLEUDWLRQ RI WKH
RSWR�HOHFWULFDO 3HURYVNLWH PRGHO� 7KH OD\HU WKLFNQHVVHV DQG PDWHULDOV
FRPSRVLWLRQV DUH VLPLODU WR WKH RQHV XVHG LQ WKH WDQGHP FHOO WRS OD\HU�

7KH LOOXPLQDWLRQ LV FRPLQJ IURP 6/* VLGH�

�E� 7KH -�9 FXUYH REWDLQHG IURP WKH RSWR�HOHFWULFDO VLQJOH�MXQFWLRQ
3HURYVNLWH PRGHO YV� WKH H[SHULPHQWDO -�9 FXUYH�

)LJXUH ���

7KH EDQG GLDJUDP LQ ILJXUH ��� VKRZV VLPLODU FKDUDFWHULVWLFV DQG EDQG DOLJQPHQWV DV UHSRUWHG LQ
WKH OLWHUDWXUH IRU WKH 37$$�SHURYVNLWH�3&%0 V\VWHP >��@� 7KH 6Q2� OD\HU LQ ILJXUH ��� �JUHHQ OD\HU�
H[KLELWV EDQG RIIVHWV DW ERWK LQWHUIDFHV RI ���� ൤൛ DW 3&%0�6Q2� DQG ���� ൤൛ DW 6Q2��,72� )XUWKHU

��
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GLVFXVVLRQV DERXW WKH HIIHFW RI WKHVH EDQG RIIVHWV RQ WKH IXQFWLRQLQJ RI VRODU FHOO DUH SUHVHQWHG LQ
FKDSWHU ��

7KH PRGHO UHSURGXFHV PHDVXUHG -�9 FXUYHV ZLWK RQO\ PLQRU GLIIHUHQFHV IRU WKH H[WHUQDO SDUDPHWHUV
DQG WKHUHIRUH JLYHV D UHSUHVHQWDWLRQ RI WKH LQQHU SK\VLFV LQ WKH SHURYVNLWH VRODU FHOO�

)LJXUH ���� 7KH REWDLQHG EDQG GLDJUDP RI WKH SHUYRVNLWH VLQJOH�MXQFWLRQ PRGHO LQ WKH GDUN ZLWK QR DSSOLHG YROWDJHV� 1RWH WKH
LOOXPLQDWLRQ LV FRPLQJ IURP WKH ,72�37$$ VLGH RQ WKH OHIW�

������ &,*6 VLQJOH�MXQFWLRQ YDOLGDWLRQ
)RU WKH VLQJOH�MXQFWLRQ� WKH OD\HU VWDFN� VHHQ LQ ILJXUH ���D ZDV PRGHOOHG� 7KLV &,*6 VWDFN ZDV XOWLPDWHO\
XVHG DV WKH ERWWRP FHOO IRU WKH WDQGHP PRGHO�

)LJXUH ���E VKRZV WKH FRPSDULVRQ RI WKH REWDLQHG -�9 FXUYHV IRU H[SHULPHQWDO DQG VLPXODWHG UHVXOWV�
$ UHDVRQDEOH PDWFK EHWZHHQ WKH VLPXODWHG DQG PHDVXUHG FXUYHV FDQ EH LGHQWLILHG� ZKLFK LV DOVR
VHHQ LQ WKH VLPXODWHG DQG H[WHUQDO SDUDPHWHUV IRXQG LQ WDEOH ���� 7KH ൛ፎፂ RI ����� KDV D QHJOLJLEOH
RYHUHVWLPDWLRQ RI ����� ൛� $ VLPLODU GHYLDWLRQ RI ����� ൫െ�ൢ൫ኼ LV REWDLQHG IRU WKH ൏ፒፂ� :H FRQFOXGHG
WKDW WKH VLPXODWLRQ WHPSODWH DFFXUDWHO\ UHSURGXFHV H[SHULPHQWDOO\ REWDLQHG -�9 FXUYHV DQG WKXV WKH
SK\VLFDO PHFKDQLFV LQ WKH &,*6 ERWWRP FHOO� 7KLV LQGLFDWHV D YDOLG PRGHO WKDW FDQ EH XVHG DV WKH ERWWRP
SDUW RI WKH WDQGHP PRGHO�

�D� 7KH &,*6 VLQJOH�MXQFWLRQ OD\HU VWDFN XVHG IRU FDOLEUDWLRQ RI WKH
&,*6 RSWR�HOHFWULFDO PRGHO� 7KH OD\HU WKLFNQHVVHV DQG PDWHULDOV

FRPSRVLWLRQV DUH VLPLODU WR WKH RQHV XVHG LQ WKH WDQGHP FHOO ERWWRP
OD\HU�

�E� 7KH -�9 FXUYH REWDLQHG IURP WKH RSWR�HOHFWULFDO VLQJOH�MXQFWLRQ
&,*6 PRGHO YV� WKH H[SHULPHQWDO -�9 FXUYH�

)LJXUH ���

���� 5HVXOWV RI 7$7 LPSOHPHQWDWLRQ
$IWHU YDOLGDWLRQ RI WKH SK\VLFDO PHFKDQLVPV LQVLGH WKH SHURYVNLWH DQG &,*6 VLQJOH�MXQFWLRQ PRGHO WHP�
SODWHV� WKH QH[W VWHS LV WKH YDOLGDWLRQ RI WKH SHURYVNLWH�&,*6 WDQGHP PRGHO� 7R IXUWKHU GHYHORS WKH
VLPXODWLRQ PRGHO� RQH VKRXOG ILUVW DQDO\]H WKH WUDQVSRUW PHFKDQLVPV LQ WKH 75-� 7KH SUHYLRXV FKDSWHU
KLQWHG DW WKH SRVVLELOLW\ RI WKH 7$7 PHFKDQLVP RFFXULQJ LQ WKH 75-� DQG KRZ WR LPSOHPHQW WKLV LQ WKH



���� 5HVXOWV RI 7$7 LPSOHPHQWDWLRQ ��

7DEOH ���� $ FRPSDULVRQ RI WKH PRVW LPSRUWDQW H[WHUQDO SDUDPHWHUV �ፉ፬፜�ፕ፨፜� )) DQG 3&(� RI WKH VLQJOH�MXQFWLRQ PRGHO UHVXOWV
WR WKH H[SHULPHQWDO GDWD� 7KH H[SHULPHQWDO YDOXHV ZHUH REWDLQHG IURP LQ�KRXVH PHDVXUHPHQWV >��@�

([WHUQDO SDUDPHWHUV ൛፨፜ >൛@ ൏፬፜ >൫െ@ )) 3&( >�@
3HURYVNLWH H[S ����� ����� ����� �����
3HURYVNLWH VLP ����� ����� ����� �����
&,*6 H[S ����� ����� ����� �����
&,*6 VLP ����� ����� ����� �����

PRGHO� ,Q WKLV VHFWLRQ WKH UHVXOWV DUH VKRZQ�

$ 75- FRQVLVWV RI WZR UHJLRQV� D S�W\SH UHJLRQ DQG D Q�W\SH UHJLRQ� 7KH 7$7PHFKDQLVP LV GHSHQGDQW
RQ WKH EDQG DOLJQPHQW ZLWKLQ WKLV WZR UHJLRQV� 7KLV EDQG DOLJQPHQW FDQ EH GHVFULEHG DV WKH HQHUJ\
GLIIHUHQFH LQ WKH EDQG GLDJUDP EHWZHHQ WKH 9% LQ WKH S�W\SH UHJLRQ DQG WKH &% LQ WKH Q�W\SH UHJLRQ�
ZKLFK LV UHIHUUHG WR DV ́ൊ� ,Q WKH EDVHOLQH WDQGHP FHOO WKLV LV GHILQHG DV WKH HQHUJ\ OHYHO RI WKH 6Q2�
OD\HUঅV &% �ൊፂፁ�ፒ፧ፎᎴ� PLQXV WKH HQHUJ\ OHYHO RI 3('27�366 �ൊፕፁ�ፏፄፃፎፓࣣፏፒፒ��

$ KLJKHU YDOXH RI ́ൊ LQGLFDWHV D KLJKHU HQHUJ\ EDUULHU IRU WKH WUDQVSRUW RI FKDUJH FDUULHUV >��@� ,Q
ILJXUHV ���D� ���E DQG ���F GLIIHUHQW EDQG GLDJUDPV DUH VKRZQ� HDFK ZLWK D GLIIHUHQW YDOXH RI ́ൊ� )RU
WKLV VHFWLRQ� WKH ́ൊ LV DOWHUHG E\ FKDQJLQJ WKH GRSLQJ FRQFHQWUDWLRQ LQ WKH 6Q2� OD\HU ZKLOH NHHSLQJ
WKH 3('27�366 GRSLQJ FRQVWDQW� )LJXUHV ���D DQG ���E VKRZ D SRVLWLYH YDOXH �����൤൛ DQG ���൤൛�
UHVSHFWLYHO\� LQGLFDWLQJ D PLVDOLJQPHQW RI WKH &% DQG 9%�

)LJXUH ���D VKRZV WKH -�9 FXUYH IRU WKH FDVHV� D� ́ൊ  ����� E� ́ൊ  ����� DQG F� ́ൊ  ������ 7KH
UHVXOW RI WKLV LV VKRZQ LQ ILJXUH ���D� 7KH VLPXODWLRQ UHVXOWV DQG WKH H[SHULPHQWDOO\ REWDLQHG -�9 FXUYH
DUH VKRZQ� 7KH -�9 FXUYH IRU WKH YDOXHV ���� DQG ��� ൤൛ SUHVHQW VLPLODU UHVXOWV� ZLWK ൏፬፜ EHLQJ �����
൫െ�ൢ൫ኼ YHUVXV WKH H[SHULPHQWDO ����� ൫െ�ൢ൫ኼ DQG D FOHDUO\ ORZHU ൛፨፜ FRPSDUHG WR WKH UHIHUHQFH
FHOO ����� ൛ YV� ���� ൛�� )RU WKH QHJDWLYH YDOXH RI ́ൊ  ����൤൛� WKH UHVXOWV VKRZ D YDOXH RI �����
൫െ�ൢ൫ኼ DQG ����� ൛� 7KH -�9 FXUYH REVHUYHG IRU ���� DQG ��� ൤൛ �ILJXUH ���D� \HOORZ OLQH� VKRZ D
PLQRU IXQFWLRQLQJ FHOO ZKHQ FRPSDUHG WR ́ൊ  ���� ����D� EOXH OLQH��

ΔE =  0.15

PEDOT:PSS SnO2

ΔE

�D�

ΔE =  0.1

PEDOT:PSS SnO2

ΔE

�E�

ΔE

PEDOT:PSS SnO2

ΔE = - 0.1

�F�

)LJXUH ���� 7KH 75- IRU GLIIHUHQW YDOXHV RI ጂፄ

)LJXUH ���D VKRZV WKDW GLUHFW WXQQHOLQJ� ZKLFK LV WKH GLUHFW HQHUJ\ WUDQVLWLRQ RI FKDUJH FDUULHU YLD
%�%7� LV QRW DEOH WR DFFXUDWHO\ UHSURGXFH WKH H[SHULPHQWDOO\ REWDLQHG UHVXOWV� &RQVHTXHQWO\� 7$7 LV
LPSOHPHQWHG� ZKLFK IDFLOLWDWHV LQGLUHFW HQHUJ\ WUDQVLWLRQV YLD WUDS VWDWHV �WKH PHFKDQLVPV DUH YLVXDOLVHG
LQ ILJXUHV ���D DQG ���E��

)LJXUH ���E VKRZV WKH UHVXOWV IRU WKH PRGHO ZLWK WKH VDPH WKUHH EDQG DOLJQPHQWV ������ ���� DQG
���� ൤൛� RI WKH ൈേፒ፧ፎᎴ DQG ൛േፏፄፃፎፓࣣፏፒፒ DIWHU WKH LPSOHPHQWDWLRQ RI WKH PLG�JDS *DXVVLDQ WUDS GLVWUL�
EXWLRQ LQ 3('27�366 DQG WKH 7$7� 7R LOOXVWUDWH WKH HIIHFW RI WKH 7$7 PHFKDQLVP� WKH RXWFRPH RI WKH
VLPXODWLRQ IRU ́ൊ  ���� ൤൛ LQ ERWK ILJXUH ���D DQG ���E DUH FRPSDUHG� 7KH SRVVLELOLW\ RI WKH 7$7
PHFKDQLVP KDSSHQLQJ LQ WKH PRGHO LQ ILJXUH ���E LV HYLGHQW DV WKH -�9 FXUYH LV VLJQLILFDQWO\ LPSURYHG�
HYHQ ZKHQ %�%7 LV QRW SRVVLEOH DQ\PRUH GXH WR PLVDOLJQPHQW RI WKH ൈേፒ፧ፎᎴ DQG ൛േፏፄፃፎፓ� :KHQ
FRPSDULQJ WKH FHOO FKDUDFWHULVWLFV IRU ́ൊ  ���� ൤൛� WKH ൏፬፜ LPSURYHG IURP ����� ൫െ�ൢ൫ኼ WR �����
൫െ�ൢ൫ኼ� ൛፨፜ IURP ����� ൛ WR ����� ൛ DQG WKH ോോ IURP ����� WR ������ 7KH -�9 FXUYHV IRU GLIIHUHQW
́ൊ YDOXHV� VKRZ D OHVV SHUIRUPLQJ FHOO ZLWK LQFUHDVLQJ ́ൊ ZKLFK ZLOO EH IXUWKHU GLVFXVVHG LQ VHFWLRQ ����
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Without TAT

�D� 7KH RXWFRPH RI VLPXODWLRQ PRGHO IRU GLIIHUHQW ጂፄ YDOXHV ZLWKRXW
WKH LPSOHPHQWDWLRQ RI WUDS DVVLVWHG WXQQHOLQJ FRPSDUHG WR WKH

H[SHULPHQWDO YDOXHV RI WKH WDQGHP FHOO�

With TAT

�E� 7KH RXWFRPH RI WKH VLPXODWLRQ PRGHO IRU GLIIHUHQW ጂፄ YDOXHV ZLWK
WKH LPSOHPHQWDWLRQ RI WUDS DVVLVWHG WXQQHOLQJ FRPSDUHG WR WKH

H[SHULPHQWDO YDOXHV RI WKH WDQGHP FHOO�

)LJXUH ���

7KLV VHFWLRQ VKRZHG WKH VXFFHVVIXO LPSOHPHQWDWLRQ RI 7$7 PHFKDQLVPV YLD GHIHFWV GLVWULEXWHG DV D
*DXVVLDQ FXUYH LQ WKH IRUELGGHQ HQHUJ\ GRPDLQ LQ WKH 3('27�366 OD\HU� UHVXOWLQJ LQ WKH SRVVLELOLW\ WR
DOWHU WKH UHVXOWV IRU WKH FHOO FKDUDFWHULVWLFV RI WKH WDQGHP FHOO PRGHO E\ RQO\ FKDQJLQJ 75- SDUDPHWHUV� ,W
ZDV GHPRQVWUDWHG WKDW WUDQVSRUW RI FKDUJH FDUULHUV WKURXJK WKH 75- LV EDVHG RQ WZR GLIIHUHQW WXQQHOLQJ
PHFKDQLVPV� %�%7 DQG 7$7� ,Q WKH QH[W VHFWLRQ WKLV ZLOO EH XVHG WR YDOLGDWH WKH WDQGHP PRGHO�

���� 7DQGHP FHOO YDOLGDWLRQ
$IWHU YDOLGDWLRQ RI WKH WZR VLQJOH�MXQFWLRQ DQG WKH VXFFHVVIXO 7$7 LPSOHPHQWDWLRQ� ZH PRYH WR WKH
YDOLGDWLRQ RI WKH SHURYVNLWH�&,*6 WDQGHP FHOO� 7KH PRGHOOHG OD\HU VWDFN LV VHHQ LQ ILJXUH ���D ZKLFK
VKRZV WKH VLPLODULW\ ZLWK WKH WZR VLQJOH�MXQFWLRQ OD\HU VWDFNV XVHG LQ SUHYLRXV VHFWLRQV�

�D� 7KH PDWHULDO OD\HU VWDFN RI WKH EDVHOLQH SHURYVNLWH�&,*6 WDQGHP
FHOO�

�E� )RXU WHUPLQDO DUFKLWHFWXUH ZLWK WZR VHSDUDWH VXEFHOOV� $OWKRXJK OHVV
VHQVLWLYH WR VSHFWUDO YDULDWLRQ� H[WUD OD\HUV DQG FDEOLQJ DUH QHHGHG >��@�

)LJXUH ���

$JDLQ� WKH -�9 FXUYHV XQGHU ���$0 LOOXPLQDWLRQ IRU WKH H[SHULPHQWDO DQG PRGHOOHG UHVXOWV ZHUH
FRPSDUHG LQ ILJXUH ���E� )RU WKH H[SHULPHQWDO UHVXOWV WKH IRUZDUG DQG UHYHUVH VFDQ FDQ EH REVHUYHG
�ILJXUH ���E� EOXH DQG UHG OLQH� UHVSHFWLYHO\�� VKRZLQJ D GLIIHUHQFH LQ REWDLQHG FXUYHV GXH WR WKH



���� 7DQGHP FHOO YDOLGDWLRQ ��

7DEOH ���� $ FRPSDULVRQ RI WKH PRVW LPSRUWDQW H[WHUQDO SDUDPHWHUV �ፉ፬፜�ፕ፨፜� )) DQG 3&(� RI WKH WDQGHP PRGHO UHVXOWV WR WKH
H[SHULPHQWDO GDWD� 7KH H[SHULPHQWDO YDOXHV ZHUH REWDLQHG IURP LQ�KRXVH PHDVXUHPHQWV >��@�

([WHUQDO SDUDPHWHUV ൛፨፜ >൛@ ൏፬፜ >൫െ@ )) 3&( >�@
7DQGHP H[S UHYHUVH ����� ����� ����� �����
7DQGHP H[S IRUZDUG ����� ����� ����� ����
7DQGHP VLP ����� ����� ����� �����

K\VWHUHVLV HIIHFW LQ WKH SHURYVNLWH WRS OD\HU� 7KH PRGHO ZDV FDOLEUDWHG WR WKH UHYHUVH VFDQ� 7KH UHYHUVH
VFDQ DQG VLPXODWLRQ VKRZ D VLPLODU VKDSH SURILOH IURP � WR ��� ൛� 7KHUHDIWHU� DQ V�VKDSH EHKDYLRXU LV
REVHUYHG ZKHQ PRYLQJ FORVHU WR WKH ൛ፎፂ�

7DEOH ��� JLYHV DQ RYHUYLHZ RI WKH REWDLQHG H[WHUQDO SDUDPHWHUV� 7KH YDOXHV IRU WKH IRUZDUG VFDQ
DUH VWDWHG� EXW RQO\ WKH FRPSDULVRQ EHWZHHQ WKH H[SHULPHQWDO DQG UHYHUVH VFDQ ZLOO EH XVHG IRU WKH
YDOLGDWLRQ� $Q RYHUHVWLPDWLRQ RI WKH ൛ፎፂ E\ ����� ൛ ZDV VHHQ IRU WKH PRGHO� ZKLFK FRXOG PDLQO\ EH
FRQWULEXWHG WR WKH V�VKDSH RI WKH -�9 FXUYH QHDULQJ WKH ൛ፎፂ� $ GLIIHUHQFH LQ ൏ፒፂ� ����� YHUVXV �����
൫െ�ൢ൫ኼ� ZDV VHHQ� $V WKH ൏ፒፂ LV PRVWO\ GHSHQGDQW RQ WKH RSWLFDO JHQHUDWLRQ DQG WR OHVV H[WHQW RQ WKH
HOHFWULFDO SDUDPHWHUV DQG FDUULHU WUDQVSRUW� WKH GLIIHUHQFH LQ YDOXHV ZDV FRQVLGHUHG WR EH DFFHSWDEOH
DV WKH WRS DQG ERWWRP OD\HU WKLFNQHVVHV FDQ QRW EH DOWHUHG� &KDQJLQJ WKH WKLFNQHVV RI DQ DEVRUEHU
OD\HU ZRXOG KDYH HIIHFW RQ WKH YDOLGDWHG VLQJOH�MXQFWLRQ PRGHOV� 7KH )) ZDV IRXQG WR EH � SHUFHQWDJH
SRLQWV ORZHU WKDQ WKH H[SHULPHQWDO UHYHUVH VFDQ� DQG FDQ PDLQO\ EH FRQWULEXWHG WR WKH V�VKDSH QHDU
WKH ൛ፎፂ�

Diffusion
Drift

PEDOT:PSS SnO2

)LJXUH ���� 7KH HOHFWULF ILHOG �ፄ� DQG KROH FRQFHQWUDWLRQ �፡� LQ WKH 3('27�366 OD\HU RI WKH EDVHOLQH WDQGHP FHOO� 7KH
PDJQLWXGH RI ERWK SDUDPHWHUV DUH QRUPDOLVHG YDOXHV DQG QRW WR VFDOH�

7KH WDQGHPPRGHO LV YDOLGDWHG DV LW FDQ UHDVRQDEO\ UHSURGXFHV WKH -�9 FXUYH� 7KHUHIRUH� LW UHSOLFDWHV
WKH SK\VLFDO PHFKDQLVPV RI WKH SHURYVNLWH�&,*6 WDQGHP FHOO� 7KH PRGHO FDQ WKXV EH XVHG WR FDOFX�
ODWH WKH ORVVHV DQG DQDO\]H WKH FKDUJH FDUULHU WUDQVSRUW LQ WKH 75- RI WKH UHIHUHQFH EDVHOLQH WDQGHP FHOO�

+RZHYHU� DQ V�VKDSH ZDV REVHUYHG LQ WKH -�9 FXUYH SURGXFHG E\ WKH PRGHO WHPSODWH� 7KH V�VKDSH
FRXOG UHVXOW IURP WZR UHDVRQV� �� 7KH LQFUHDVHG HQHUJ\ EDUULHU IRU FKDUJH FDUULHUV WR WXQQHO WKURXJK
WKH 75- YLD 7$7� DV HQHUJ\ OHYHO FKDQJH QHHGV WR RFFXU ZKHQ KRSSLQJ IURP WUDS WR WUDS� �� 6WURQJ
EDQG EHQGLQJ LQ WKH 3('27�366 OD\HU WRZDUGV WKH 3('27�6Q2� LQWHUIDFH OHDGLQJ WR D RSSRVLQJ GULIW
FXUUHQW IRU KROHV DZD\ IURP WKH 75-� VHH ILJXUH ���� 7KH ILJXUH VKRZV WKH HOHFWULF ILHOG RQ D QRUPDOLVHG
H[SRQHQWLDO VFDOH� 7KH HOHFWULF ILHOG LQFUHDVH H[SRQHQWLDOO\ WRZDUGV WKH 3('27�6Q2� LQWHUIDFH ZRUNLQJ
DJDLQVW WKH KROH WUDQVSRUW WRZDUGV WKH 75-� $V WKH H[DFW GLIIHUHQFH LQ SK\VLFDO PHFKDQLVP EHWZHHQ
WKH UHIHUHQFH EDVHOLQH WDQGHP FHOO DQG WKH PRGHO LV XQFOHDU LQ WKLV UHJLRQ� IXUWKHU UHVHDUFK ZRXOG
EH QHHGHG WR LPSURYH WKH UHSURGXFWLRQ RI WKH H[SHULPHQWDO -�9 FXUYH E\ WKH PRGHO DQG UHPRYH WKLV
V�VKDSH�



�� �� 2SWLFDO DQG (OHFWULFDO ERWWOHQHFNV

���� %DVHOLQH FHOO ORVV DQDO\VLV
7KH REWDLQHG EDVHOLQH WDQGHP FHOO ZDV XVHG DV UHIHUHQFH IRU WKH ORVV DQDO\VLV� 7KH DQDO\VLV ZHUH PDGH
DW VKRUW FLUFXLW �6&� DQG PD[LPLXP SRZHU SRLQW �033� FRQGLWLRQV WR EHWWHU XQGHUVWDQG WKH DULVLQJ HIIHFW
RI FHUWDLQ UHFRPELQDWLRQ PHFKDQLVPV ZKHQ RSHUDWLQJ WKH FHOO� 7KLV ZLOO JLYH PRUH LQVLJKW LQ WKH H[LVWLQJ
ORVVHV �ERWK RSWLFDO DQG HOHFWULFDO��

������ 3KRWRFXUUHQW GLVWULEXWLRQ
7KH FKDUJH FRQVHUYDWLRQ SULQFLSOH VWDWHV WKDW WKH WRWDO DPRXQW RI HOHFWULF FKDUJH LQ D V\VWHP GRHV QRW
FKDQJH ZLWK WLPH� WKXV DOO FKDUJH SDUWLFOHV WKDW DUH FUHDWHG PXVW EH FROOHFWHG DW WKH HOHFWURGHV RU
UHFRPELQHG LQ WKH FHOO� :KHQ HYHU\ LQFRPLQJ SKRWRQ IURP WKH LQFLGHQW OLJKW ZRXOG FUHDWH RQH FKDUJH
FKDUJH FDUULHU VHSDUDWLRQ� WKH SRVVLEOH SKRWR�FXUUHQW �൏፩፡� ZRXOG DGG XS WR ����� ൫െ�ൢ൫ኼ� )ROORZLQJ
WKH FKDUJH FRQVHUYDWLRQ SULQFLSOH� WKH WRWDO DEVRUSWLRQ DQG ORVVHV H[WUDFWHG IURP WKH WDQGHP PRGHO
VKRXOG HYHQWXDOO\ DGG XS WR ൏፩፡� )LJXUH ��� VKRZV WKH GLVWULEXWLRQ RI WKH ൏፩፡ LQ WKH UHIHUHQFH WDQGHP
DQG VKRZV WKH WRWDO SKRWR�FXUUHQW DFFXPXODWHV WR ����� ൫െ�ൢ൫ኼ�

7R JLYH SURSHU LQVLJKWV LQ WKH EUHDNGRZQ RI WKH SKRWR�FXUUHQW� D GLYLVLRQ ZDV PDGH LQ WRS FHOO�
ERWWRP FHOO� SDUDVLWLF DEVRUSWLRQ DQG UHIOHFWDQFH� ,W LV LPSRUWDQW WR PHQWLRQ WKDW WKH YDOXHV IRU WRS FHOO�
ERWWRP FHOO DQG SDUDVLWLF DEVRUSWLRQ DUH QRW GLUHFWO\ H[WUDFWHG IURP *(1352� EXW WDNH LQ WR DFFRXQW
VKDGLQJ ORVVHV IURP WKH IURQW FRQWDFW �VHH WKH QH[W VXEVHFWLRQ IRU PRUH H[SODQDWLRQ��

)LJXUH ���� %UHDNGRZQ RI WKH WRWDO H[WUDFWHG SKRWR�FXUUHQW GHQVLW\ DQG WKH UHODWHG UHIOHFWLRQ DQG SDUDVLWLF DEVRUSWLRQ DW VKRUW
FLUFXLW FRQGLWLRQV IRU WKH EDVHOLQH 3HURYVNLWH�&,*6 WDQGHP GHVFULEHG LQ FKDSWHU �� 7KH WRS FHOO DQG ERWWRP FHOO SDUW LQFOXGH WKH

ፉᑤᑔ DQG RWKHU ORVV PHFKDQLVPV� $OO YDOXHV DUH JLYHQ LQ ፦ፀ�፜፦Ꮄ�

)LJXUH ��� SUHVHQWV D JHQHUDWHG FXUUHQW GHQVLW\ RI ����� ൫െ�ൢ൫ኼ LQ WKH WRS FHOO DQG ����� ൫െ�ൢ൫ኼ
LQ WKH ERWWRP FHOO� ZKLFK PDNH XS ����� RI WKH ൏፩፡� 5HIOHFWDQFH FRQWULEXWHV WR WKH ORVV RI ����� RI
WKH ൏፩፡� 7KLV LV DERXW WZR WLPHV D KLJK DV WKH SDUDVLWLF DEVRUSWLRQ� ZKLFK WRWDOV WR ���� ൫െ�ൢ൫ኼ�
WKLV ZLOO EH EURNHQ GRZQ IXUWKHU LQ VHFWLRQ ������ 7KH WRS DQG ERWWRP FHOO FXUUHQW PLVPDWFK LQGLFDWHV
DQ VXE�RSWLPDO FXUUHQW GHQVLW\ IRU WKH WDQGHP FHOO DV WKH ORZHVW FXUUHQW GHQVLW\ LQ WRS RU ERWWRP FHOO
GLFWDWHV WKH PHDVXUHG FXUUHQW GHQVLW\ DW WKH HOHFWURGHV� 7ZR IDFWRUV KDYH WR EH WDNHQ LQWR DFFRXQW
ZKHQ GLVFXVVLQJ WKLV SKHQRPHQRQ� )LUVW LV WKH PLVPDWFK GXH WR DEVRUEHU WKLFNQHVVHV DQG VHFRQGO\�
WKH PLVPDWFK GXH WR EDQGJDS ZLGWKV� %RWK ZLOO EH GLVFXVVHG LQ PRUH GHSWK LQ VHFWLRQ ������ 7KH
UHIOHFWDQFH ORVVHV DUH YHU\ KLJK� H[FHHGLQJ WKH DYHUDJH IRXQG UHIOHFWDQFHV IRU SHURYVNLWH�EDVHG FHOOV�
ZKLFK LV DURXQG ��� RQ DYHUDJH >��@ DQG ZLOO IXUWKHU EH GLVFXVVHG LQ VHFWLRQ ������

������ 3DUDVLWLF DEVRUSWLRQ
3DUDVLWLF DEVRUSWLRQ UHIHUV WR WKH DEVRUSWLRQ RI SKRWRQV LQ QRQ�DEVRUEHU PDWHULDOV ZKLFK GR QRW HYHQ�
WXDOO\ FRQWULEXWH WR FXUUHQW GHQVLW\ RI WKH VRODU FHOO DQG FDQ EH FRQVLGHUHG DV ORVVHV� ,Q ILJXUH ���D WKH



���� %DVHOLQH FHOO ORVV DQDO\VLV ��

FRQWULEXWRUV WR WKH SDUDVLWLF ORVVHV DUH YLVXDOLVHG� 7KH SDUDVLWLF DEVRUSWLRQ KDV IRXU PDLQ FRQWULEXWRUV
WKDW DUH UHVSRQVLEOH IRU ��� RI WKH WRWDO SDUDVLWLF DEVRUSWLRQ� 7KH SDUDVLWLF DEVRUSWLRQ GXH WR WKH EDFN
FRQWDFW RI 0RO\EGHQXP �0R� LV WKH ODUJHVW FRQWULEXWRU ZLWK �����൫െ�ൢ൫ኼ� IROORZHG E\ IURQW 7&2 �,72�
ZLWK ����� ൫െ�ൢ൫ኼ� 3&%0 ������ ൫െ�ൢ൫ኼ� DQG 3('27�366 ������ ൫െ�ൢ൫ኼ�� $ SRVVLEOH LQFUHDVH RI
������ RI WKH ൏ፒፂ FRXOG EH REWDLQHG E\ UHGXFLQJ WKHVH FXUUHQW GHQVLW\ ORVVHV�

7KH 0RO\EGHQXP KDV D KLJK DEVRUSWLRQ FRHIILFLHQW� FRPELQHG ZLWK WKH ORZ UHIOHFWLYLW\ RI WKH PD�
WHULDO� UHVXOWLQJ LQ VLJQLILFDQW DEVRUSWLRQ RI WKH LQFRPLQJ SKRWR�FXUUHQW� 7KLV DEVRUEHG OLJKW FDQQRW
FRQWULEXWH WR FKDUJH FDUULHU JHQHUDWLRQ LQ WKH DEVRUEHU OD\HUV >��@� 7KLV LV D NQRZQ LVVXH DQG VHDUFK
IRU GLIIHUHQW PDWHULDOV LV RQJRLQJ >��@� KRZHYHU� VR IDU 0R H[KLELWV WKH EHVW SURSHUWLHV�

$V WKH IURQW 7&2 OD\HU DFWV DV WUDQVSRUW PHGLXP� ZLQGRZ OD\HU DQG DQWL�UHIOHFWLRQ FRDWLQJ� FRQ�
FHVVLRQV KDYH WR EH PDGH UHJDUGLQJ PDWHULDO FKRLFH DV D PDWHULDO LV QRW DEOH WR SHUIRUP RSWLPDO RQ
DOO WKUHH DVSHFWV� %DQGJDS DEVRUSWLRQ LV REVHUYHG IRU ZDYHOHQJWKV EHORZ ��� ൬൫ >��@ DQG FDQ EH
RSWLPL]HG E\ DOWHULQJ WKH SRWHQWLDO GRSLQJ� SXVKLQJ WKH DEVRUSWLRQ WR ORZHU ZDYHOHQJWKV GXH WR ILOOLQJ
RI VWDWHV LQ WKH ERWWRP RI WKH FRQGXFWLRQ EDQG GXH WR WKH %XUVWHLQ�0RVV HIIHFW >��@� 7KLV ZRXOG UHVXOW
LQ UHGXFWLRQ RI SDUDVLWLF DEVRUSWLRQ DV OHVV SKRWRQV ZLOO EH DEVRUEHG GXH WR DQ LQFUHDVHG EDQGJDS� 7KLV
FRXOG SRWHQWLDOO\ OHDG WR DQ LQFUHDVH LQ FXUUHQW GHQVLW\ FUHDWHG LQ WKH SHURYVNLWH WRS OD\HU DV LW DEVRUEV
OLJKW LQ WKH VSHFWUXP EHWZHHQ ������� QP�

3DUDVLWLF OLJKW DEVRUSWLRQ LQ WKH VXQ�IDFLQJ IURQW PROHFXODU OD\HU LV NQRZQ WR FDXVH ORZHU 3&(� 7KH
3&%0 OD\HU DEVRUSWLRQ VSHFWUXP LV VLWXDWHG EHWZHHQ � DQG ��� ൬൫� $V DQ LPSRUWDQW UROH RI 3&%0 LV
WKH HOHFWULFDO WUDQVSRUW RI FUHDWHG FKDUJH FDUULHUV LQ WKH SHURYVNLWH EXON OD\HU� FKDQJLQJ WKH PDWHULDO
IRU D PDWHULDO ZLWK OHVV SDUDVLWLF DEVRUSWLRQ FRXOG KDYH D QHJDWLYH HIIHFW RQ WKH IXQFWLRQLQJ RI WKH VRODU
FHOO� $ PDWHULDO ZLWK D ODUJHU EDQGJDS FRXOG UHGXFH WKH SDUDVLWLF DEVRUSWLRQ� KRZHYHU� WKH FKDQJH LQ
HOHFWULFDO SDUDPHWHUV FRXOG DIIHFW WKH FKDUJH FDUULHU WUDQVSRUW� 7UDQVSRUW LVVXHV FRXOG RFFXU GXH WR
FKDQJHV LQ WKH HQHUJ\ DOLJQPHQW LQ WKH EDQG GLDJUDP� SRWHQWLDOO\ FUHDWLQJ EDQG RIIVHWV� $FFRUGLQJ
WR -DFREVVRQ HW DO� >�@� 3&%0 UHPDLQV WKH PRVW SURPLQHQW FDQGLGDWH DV LW LV WKH PRVW IUHTXHQWO\
XVHG PDWHULDO LQ SHURYVNLWH VWDFNV� +RZHYHU� D VLPLODU PDWHULDO� &��� WKDW FRXOG SRWHQWLDOO\ OHDG WR DQ
HOHFWULFDO HQKDQFHPHQW RI WKH FHOO� VHHPV WR UHVXOW LQ KLJKHU SDUDVLWLF DEVRUSWLRQ >��@�

�D� $Q RYHUYLHZ RI WKH OD\HUV FRQWULEXWLQJ WR WKH SDUDVLWLF DEVRUSWLRQ LQ
WKH EDVHOLQH WDQGHP FHOO� 0R UHIHUV WR WKH 0RO\EGHQXP EDFN FRQWDFW�
7KH I LQGLFDWHV WKH OD\HU LV VLWXDWHG RQ WKH IURQW VLGH RI WKH FHOO� $OO

YDOXHV DUH JLYHQ LQ ፦ፀ�፜፦Ꮄ�

�E� $Q RYHUYLHZ RI WKH UHIOHFWDQFH ORVVHV LQFOXGLQJ RSWLFDO UHIOHFWDQFH
�2SWLFDO 5� DQG VKDGLQJ ORVVHV GXH WR WKH PHWDO FRQWDFW RQ WKH IURQW RI

WKH FHOO� $OO YDOXHV DUH JLYHQ LQ ፦ፀ�፜፦Ꮄ�

)LJXUH ���

������ 5HIOHFWDQFH
7KH ORVVHV GXH WR UHIOHFWDQFH DUH GLYLGHG LQWR WZR SDUWV� RSWLFDO UHIOHFWDQFH DQG VKDGLQJ ORVVHV �DOVR
NQRZQ DV PHWDOLVDWLRQ�� 1RW DOO LQFRPLQJ OLJKW FDQ UHDFK WKH FHOO DV D PHWDO IURQW FRQWDFW EORFNV DQ
DUHD IURP WKH LUUDGLDQFH� 7KH LOOXPLQDWLRQ ZLQGRZ �,:� LV WKH DUHD RI WKH FHOO WKDW FDQ EH UHDFKHG E\
WKH LQFRPLQJ OLJKW�



�� �� 2SWLFDO DQG (OHFWULFDO ERWWOHQHFNV

7R FDOFXODWH WKH RSWLFDO UHIOHFWDQFH� HTXDWLRQ ��� ZDV XVHG� 7KH RSWLFDO UHIOHFWDQFH HTXDOV WKH
UHIOHFWDQFH REWDLQHG IURP *(1352� PXOWLSOLHG E\ WKH LOOXPLQDWLRQ ZLQGRZ �,:� UDWLR WR WKH WRWDO ZLGWK
RI WKH FHOO �൜ፈፖ�൜፭፨፭� DV WKH FHOO LV PRGHOOHG LQ ��'� DQG HTXDOV ���� �VHH VHFWLRQ ���� 7KLV UHVXOWV LQ
D ൗ፨፩፭።፜ፚ፥ RI ���� ൫െ�ൢ൫ኼ�

൜፭፨፭  ൜ፈፖ �൜፜፨፧፭ፚ፜፭ �����

ൗ፨፩፭።፜ፚ፥  ൏ፑ�ፆ፞፧ፏ፫፨ ࣄ
൜ፈፖ
൜፭፨፭

�����

ൗ፬፡ፚ፝።፧፠  ൏፩፡ ࣄ
൜፜፨፧፭ፚ፜፭
൜፭፨፭

�����

7KH VKDGLQJ ORVV LV GHSHQGDQW RQ WKH ZLGWK RI WKH FRQWDFW LQ UDWLR WR WKH WRWDO ZLGWK� 7KH VKDGLQJ
ORVV HTXDOV WKH LUUDGLDQFH WKDW FDQQRW UHDFK WKH FHOO DQG LV WKXV GHSHQGDQW RQ WKH ZLGWK RI WKH FRQWDFW
DQG WKH LQFRPLQJ ൏፩߶� (TXDWLRQ ��� LV XVHG WR FDOFXODWH WKH VKDGLQJ ORVV� 7KH VKDGLQJ ORVV LV IRXQG E\
PXOWLSO\LQJ WKH FRYHUDJH IDFWRU �൜፜፨፧፭ፚ፜፭�൜፭፨፭�� WLPHV WKH ൏፩፡� 7KLV LV UHVXOWV WR ���� ൫െ�ൢ൫ኼ� 7KH
VKDGLQJ ORVVHV FDQ EH UHGXFHG E\ PDNLQJ WKH IURQW FRQWDFW DUHD DV VPDOO DV SRVVLEOH�

,Q 6DQWEHUJHQ HW DO� >��@ LW ZDV VKRZQ IRU D 3HURYVNLWH�F�6L WDQGHP WKDW WKH LQWHUIDFHV LQ WKH IURQW
OD\HUV RI WKH FHOO FDXVH D VLJQLILFDQW UHIOHFWDQFH LQ WKH ZKROH ZDYHOHQJWK VSHFWUXP� 7KLV UHIOHFWDQFH
RULJLQDWLQJ IURP WKH LQWHUIDFHV FDQ EH UHGXFHG E\ DSSO\LQJ D VWDQGDUG DQWL�UHIOHFWLYH FRDWLQJ RQ WRS
RI WKH ,72 >��@� $ VLJQLILFDQW LPSURYHPHQW LQ DEVRUSWLRQ RI SKRWRQV ZDV VHHQ IRU SHURYVNLWH�&,*6
WDQGHP FHOOV ZLWK WKH DGGLWLRQ RI GLHOHFWULF QDQR�FRQH VWUXFWXUHV RQ WKH WRS OD\HU >��@� 7KLV UHVHDUFK
VXJJHVWV WKDW DQ DGGLWLRQ WR WKH IURQW VLGH RI WKH WDQGHP FHOO FRXOG UHVXOW LQ VLJQLILFDQW FKDQJHV LQ WKH
UHIOHFWDQFH�

������ 7RS FHOO ORVVHV
)RU DQ DVVHVVPHQW RI WKH ORVVHV LQ WKH WRS �SHURYVNLWH� DQG ERWWRP FHOO �&,*6�� DQ DQDO\VLV ZDV GRQH
LQ 6& FRQGLWLRQ DQG DW WKH 033� 7KH GLIIHUHQFH LQ YDOXHV IRU UHFRPELQDWLRQ FXUUHQW LQ 6& FRQGLWLRQV
DQG 033 VKRZV WKH HIIHFW RI UHFRPELQDWLRQ PHFKDQLVPV RQ WKH )) RI WKH GHYLFH� 7KH LQFUHDVH RI
UHFRPELQDWLRQ ZKHQ FRPSDULQJ 6& ZLWK 033� FDQ EH UHODWHG WR FKDUJH WUDQVSRUW LVVXHV LQ WKH FROOHFWLQJ
SDWK RI FKDUJH FDUULHUV�

�D� 2YHUYLHZ RI WKH PDLQ UHFRPELQDWLRQ PHFKDQLVPV FRQWULEXWLQJ WR
WKH UHFRPELQDWLRQ FXUUHQW GHQVLW\ LQ WKH WRS FHOO LQ 6& FRQGLWLRQV� $OO

YDOXHV DUH JLYHQ LQ ፦ፀ�፜፦Ꮄ�

�E� %UHDNGRZQ RI WKH FXUUHQW GHQVLW\ GLVWULEXWLRQ RQ WKH WRS FHOO DW
033� $OO YDOXHV DUH JLYHQ LQ ፦ፀ�፜፦Ꮄ�

)LJXUH ����

)LJXUHV ����D DQG )LJXUH ����E SUHVHQW WKH UHVXOWV IRU WKH WRS FHOO UHFRPELQDWLRQ ORVVHV LQ 6& DQG
033 FRQGLWLRQV� UHVSHFWLYHO\� %RWK ILJXUHV VKRZ WKH FRQWULEXWLRQ WR WKH ORVVHV LQ WKH WRS FHOO FDQ PDLQO\
EH FRQWULEXWHG WR 65+ UHFRPELQDWLRQ� ZKLFK LQFUHDVHV ZKHQ RSHUDWLQJ LQ 033 ������ ൫െ�ൢ൫ኼ WR �����
൫െ�ൢ൫ኼ�� 7KLV LV ��� RI WKH WRWDO DEVRUEHG FXUUHQW GHQVLW\ LQ WKH WRS FHOO� 5DGLDWLYH UHFRPELQDWLRQ



���� %DVHOLQH FHOO ORVV DQDO\VLV ��

�5DG�� DOWKRXJK SHURYVNLWH FDQ EH GHVFULEHG DV D GLUHFW EDQGJDS PDWHULDO� VHHPV WR EH DQ LQVLJQLILFDQW
FRQWULEXWLRQ WR WKH UHFRPELQDWLRQ ORVVHV �DURXQG ���� 7KH ODVW PDLQ FRQWULEXWRU WR UHFRPELQDWLRQ LQ
WKH WRS OD\HU LV VXUIDFH UHFRPELQDWLRQ �6XUI� DW WKH LQWHUIDFHV RI WKH SHURYVNLWH OD\HU ZLWK WKH +7/ DQG
(7/ ZKLFK LV HTXDO WR ����� ൫െ�ൢ൫ኼ IRU ൏ፒፂ DQG ����� ൫െ�ൢ൫ኼ LQ WKH 033 �OLJKW EOXH� ILJXUHV ����D
DQG ����E��

,W LV UHSRUWHG WKDW WUDS�DVVLVWHG UHFRPELQDWLRQ �65+ UHFRPELQDWLRQ� LV WKH PDLQ FRQWULEXWLQJ ORVV
PHFKDQLVP LQ SHURYVNLWH VRODU FHOOV �36&V�� ZKLFK LV LQ OLQH ZLWK WKH REWDLQHG UHVXOWV >��� ��@� $V
WKH 65+ UHFRPELQDWLRQ RFFXUV WKURXJK VWDWHV ZLWKLQ WKH EDQGJDS� WKH )HUPL OHYHO RI WKH DEVRUEHU
OD\HU KDV D VLJQLILFDQW LQIOXHQFH RQ WKH UHFRPELQDWLRQ UDWH� DV KLJKO\ GRSHG PDWHULDOV UHVXOW LQ KLJKHU
UHFRPELQDWLRQ UDWHV� 7UDSSLQJ LQ PDWHULDOV ZLWK DQ H[FHVV RI FKDUJH FDUULHUV ZLOO UHVXOW LQ LPPHGLDWH
UHFRPELQDWLRQ DV WKH WUDS VWDWHV PD\ DOUHDG\ EH ILOOHG ZLWK RSSRVLQJ FDUULHUV GXH WR WUDSSLQJ�

$ VHFRQG QRQ�UDGLDWLYH UHFRPELQDWLRQ �VXUIDFH UHFRPELQDWLRQ� WDNHV SODFH DW WKH LQWHUIDFHV RI WKH
SHURYVNLWH OD\HU ZKHUH� DFFRUGLQJ WR RXU PRGHO �VHH VHFWLRQ ������� DQ LQFUHDVH LQ WUDS VWDWH GHQVLW\
LV REVHUYHG� ERWK DW WKH +7/ DQG (7/ LQWHUIDFH� ,QWHUIDFH UHFRPELQDWLRQ LV ZHOO NQRZQ WR LPSDFW WKH
H[WHUQDO SURSHUWLHV RI SHURYVNLWH VRODU GHYLFHV >��� ��@� 1RQ�UDGLDWLYH UHFRPELQDWLRQ ORVVHV FDQ OHDG
WR QRQ�UDGLDWLYH ൛ፎፂ ORVVHV ZKLFK FDQ GLUHFWO\ HIIHFW WKH ))�

7KH SDWK IRU D FKDUJH FDUULHU WR DQ HOHFWURGH FDQ EH VHHQ DV D VHULHV UHVLVWDQFH� OHVV UHVLVWDQFH
UHVXOWV LQ IDVWHU WUDQVSRUW WRZDUGV WKH HOHFWURGHV� PLQLPL]LQJ WKH FKDQJH RI UHFRPELQDWLRQ� $V WKH
DSSOLHG YROWDJH LQFUHDVHV� OHVV FKDUJH FDUULHUV DUH DEOH WR PHHW WKH UHTXLUHG YROWDJH WR EH FROOHFWHG DW
WKH HOHFWURGHV �൛፜ፚ፫።፞፫ ! ൛፞ ፥፞፜፭፫፨፝፞�� 7KH DSSOLHG ELDV �SRWHQWLDO� VKULQNV WKH FROOHFWLRQ RI IUHH FDUULHUV�
DFFRUGLQJO\ WKH IUHH FDUULHUVঅ GHQVLW\ LQVLGH WKH FHOO LQFUHDVHV ZLWK WKH FRQVHTXHQW UHGXFWLRQ RI WKH EDQG
EHQGLQJ OHDGLQJ WR UHFRPELQDWLRQ RI WKH FKDUJH FDUULHUV LQ WKH DEVRUEHU PDWHULDO� 7KXV DQ LPSURYHG
FKDUJH WUDQVSRUW WRZDUGV WKH HOHFWURGHV UHGXFHV WKH UHVLVWDQFH� UHVXOWLQJ LQ OHVV UHFRPELQDWLRQ DQG D
EHWWHU IXQFWLRQLQJ FHOO�

7KH ILJXUHV ����D DQG ����E VKRZ WKH LPSRUWDQFH RI PLQLPL]LQJ WKH VXUIDFH DQG EXON QRQ�UDGLDWLYH
UHFRPELQDWLRQ ORVVHV� 6HYHUDO WHFKQLTXHV FDQ EH XVHG WR UHGXFH WKH VXUIDFH DQG EXON UHFRPELQDWLRQ� ��
5HGXFLQJ DQG SDVVLYDWLQJ WKH WUDS VDWHV DW WKH LQWHUIDFH DQG EXON DQG �� LPSURYLQJ WKH FDUULHU WUDQVSRUW
WRZDUGV WKH HOHFWURGHV� $ UHGXFWLRQ LQ UHFRPELQDWLRQ ZLOO SRVLWLYHO\ DIIHFW WKH H[WHUQDO SDUDPHWHUV RI
WKH UHIHUHQFH VRODU FHOO >��� ��@�

������ %RWWRP FHOO ORVVHV

�D� %UHDNGRZQ RI WKH FXUUHQW GHQVLWLHV WKH &,*6 ERWWRP FHOO LQ 6&
FRQGLWLRQV� $OO YDOXHV DUH JLYHQ LQ ፦ፀ�፜፦Ꮄ

�E� 6XPPDU\ RI WKH IRXQG FXUUHQW GHQVLWLHV LQ WKH &,*6 ERWWRP FHOO DW
033� $OO YDOXHV DUH JLYHQ LQ ፦ፀ�፜፦Ꮄ

)LJXUH ����

)LJXUH ����D DQG ����E VKRZ WKH REWDLQHG ORVV DQDO\VLV LQ WKH ERWWRP FHOO RI WKH WDQGHP VWDFN� $V
H[SHFWHG� WKH ൏ፒፂ DQG ൏ፌፏፏ DUH VLPLODU WR WKH YDOXHV LQ WKH WRS FHOO DV WKH FXUUHQWV DUH PDWFKHG LQ ERWK
OD\HUV� ����� DQG ���� ൫െ�ൢ൫ኼ UHVSHFWLYHO\� 7KH SRO\FU\VWDOOLQH QDWXUH RI WKH &,*6 OHDG ZLWKLQ WKH
PRGHO WR WKH LQWURGXFWLRQ RI D VLJQLILFDQW FRQFHQWUDWLRQ RI WUDS VWDWHV� ��ኻኽࣄ� �ൢ൫ኽ� 7KLV IDFLOLWDWHV 65+
UHFRPELQDWLRQ LQ WKH EXON ZKLFK FDQ EH VHHQ LQ WKH UHVXOWV DV WKH GRPLQDQW UHFRPELQDWLRQ PHFKDQLVP
������ ൫െ�ൢ൫ኼ� DQG LV LQ OLQH ZLWK OLWHUDWXUH >��@� 6XUIDFH UHFRPELQDWLRQ LV REVHUYHG ����� ൫െ�ൢ൫ኼ��



�� �� 2SWLFDO DQG (OHFWULFDO ERWWOHQHFNV

ZKLFK LV DOVR D GHIHFW�LQGXFHG UHFRPELQDWLRQ PHFKDQLVP E\ GDQJOLQJ ERQGV DW WKH LQWHUIDFHV RI WKH
DEVRUEHU OD\HU� FDXVHG E\ WKH GHIHFWV DW WKH &G6�&,*6 LQWHUIDFH >��@�

7KH FRQWULEXWLRQ RI WKH UHFRPELQDWLRQ ORVVHV LQ &,*6 LV ���� �� FRPSDUHG WR WKH ���� � LQ WKH WRS
FHOO� 7KLV GLIIHUHQFH LQ QRQ�UDGLDWLYH UHFRPELQDWLRQ ORVVHV LV FRQWULEXWHG WR WKH GLIIHUHQFH LQ WUDS VWDWH
GHQVLWLHV LQ ERWK OD\HUV ZKLFK LV �� WLPHV KLJKHU LQ WKH EXON RI SHURYVNLWH DQG HYHQ PRUH WRZDUGV WKH
LQWHUIDFHV �� WR � RUGHUV RI PDJQLWXGH��

7KH ILJXUHV ����D DQG ����D VKRZ WKH FXUUHQW OLPLWLQJ FKDUDFWHULVWLFV RI WKH ERWWRP FHOO� DV WKH WRWDO
JHQHUDWHG FXUUHQW LQ WKH WRS OD\HU LV ���� ൫െ�ൢ൫ኼ KLJKHU� 7KH RYHUDOO WDQGHP FXUUHQW ZLOO WKXV EH
OLPLWHG E\ WKH &,*6 ERWWRP FHOO� 7KLV FRXOG EH VROYHG E\ DOWHULQJ WKH WKLFNQHVVHV RI WKH DEVRUEHU OD\HUV
ZKLFK ZLOO EH GLVFXVVHG LQ FKDSWHU � RU D SRWHQWLDO EDQGJDS PRGLILFDWLRQ LQ WKH &,*6 OD\HU E\ ORZHULQJ
WKH **, YDOXH�

���� 7UDQVSRUW HYDOXDWLRQ RI WKH 75-
5HVXOWV LQ VHFWLRQ ��� VKRZ WKH HIIHFW RI WKH EDQG DOLJQPHQWV LQ WKH 75- RQ WKH IXQFWLRQLQJ RI WKH FHOO�
,Q WKLV VHFWLRQ� WKH HIIHFW RI WKH WUDQVSRUW WKURXJK WKH 75- RQ WKH H[WHUQDO SDUDPHWHUV RI WKH VRODU FHOO
ZLOO EH SUHVHQWHG� %\ DGMXVWLQJ SDUDPHWHUV WKDW FRQWULEXWH WR WKH DOLJQPHQW LQ WKH 75-� LQVLJKWV RQ WKH
FKDUJH FDUULHU WUDQVSRUW DQG LQGXFHG UHFRPELQDWLRQ LQ WKH 75- DUH H[WUDFWHG�

7R HYDOXDWH WKH 75- FKDUJH FDUULHU WUDQVSRUW� WKH SDUDPHWHUV WKDW DUH UHODWHG WR WKH DOLJQPHQW RI
WKH 9% LQ WKH S�W\SH PDWHULDO DQG WKH &% LQ WKH Q�W\SH OD\HU DUH VWXGLHG� $V H[SODLQHG EHIRUH LQ VHFWLRQ
���� WKH EDQG DOLJQPHQW FDQ EH GHVFULEHG ZLWK SDUDPHWHU ́ൊ� ́ൊ FDQ EH H[SODLQHG LQ WHUPV RI WZR
SDUDPHWHUV UHODWHG WR WKH )HUPL OHYHO LQ WKH 75-�

)LJXUH ���� YLVXDOLVHV WKHVH SDUDPHWHUV LQ WKH 3('27�366 DQG 6Q2� MXQFWLRQ� ,Q WKH 3('27�366
DQG 6Q2� OD\HUV� WKH HQHUJ\ GLIIHUHQFH EHWZHHQ WKH )HUPL OHYHO DQG WKH FORVHVW HQHUJ\ EDQG LV DVFULEHG
WR WKH WRWDO HQHUJ\ PLVDOLJQPHQW YLD HTXDWLRQ ���� )ROORZLQJ HTXDWLRQV ��� IRU WKH ൬�W\SH UHJLRQ �6Q2��
DQG ��� IRU WKH ൮�W\SH UHJLRQ �3('27�366�� D UHODWLRQVKLS EHWZHHQ WKLV EDQG DOLJQPHQW SDUDPHWHUV
DQG WKH GRSLQJ FDQ EH IRXQG� +LJK GRSLQJ FRQFHQWUDWLRQV UHVXOW LQ ORZ YDOXHV IRU WKH SDUDPHWHUV� 7R
VWXG\ WKH HIIHFW RI ́ൊ� WKH GRSLQJ LQ ERWK OD\HUV DUH FKDQJHG UHVXOWLQJ LQ GLIIHUHQW EDQG DOLJQPHQWV�

́ൊ  �ൊፅ ࢿ ൊፕ� � �ൊፂ ࢿ ൊፅ� �����

́ൊ፧  ൊፂ ࢿ ൊፅ  ൩ፁ൙ OQᗛ
൓ፂ
൓ፃ
ᗜ �����

́ൊ፩  ൊፅ ࢿ ൊፕ  ൩ፁ൙ OQᗛ
൓ፕ
൓ፀ
ᗜ �����

(EC – EF)(EF – EV)

PEDOT:PSS SnO2

)LJXUH ����� 9LVXDOLVDWLRQ RI WZR EDQG DOLJQPHQW SDUDPHWHUV WKDW ZHUH DGMXVWHG� ፄᐽ ዅ ፄᑍ �ጂፄᑡ� IRU 3('27�366 DQG ፄᐺ ዅ ፄᐽ
�ጂፄᑟ� RU IRU 6Q2��



���� 7UDQVSRUW HYDOXDWLRQ RI WKH 75- ��

�D� 7KH HIIHFW RI EDQG DOLJQPHQW SDUDPHWHUV RQ WKH ፉᑊᐺ �E� 7KH HIIHFW RI EDQG DOLJQPHQW SDUDPHWHUV RQ WKH ፕᑆᐺ

�F� 7KH HIIHFW RI EDQG DOLJQPHQW SDUDPHWHUV RQ WKH )) �G� 7KH HIIHFW RI EDQG DOLJQPHQW SDUDPHWHUV RQ WKH 3&(

)LJXUH ����� 7KH FRQWRXUSORWV UHODWLQJ WKH YDOXH IRU ጂፄᑟ �ፄᐺ ዅ ፄᐽ� LQ WKH 6Q2� UHJLRQ WR WKH ጂፄᑡ �ፄᐽ ዅ ፄᑍ� LQ WKH 3('27�366
UHJLRQ WR H[WHUQDO FHOO SDUDPHWHUV RI WKH WDQGHP FHOO�

7R XQGHUVWDQG WKH HIIHFW RI GLIIHUHQW HQHUJ\ DOLJQPHQWV RQ WKH H[WHUQDO SDUDPHWHUV RI WKH PRGHOOHG
WDQGHP� WKH GRSLQJ OHYHOV ZHUH FKDQJHG EHWZHHQ FRQFHQWUDWLRQV WKDW UHVXOWHG LQ DFFHSWDEOH YDOXHV
IRU ́ൊ፧ DQG ́ൊ፩� )RU WKH Q�W\SH UHJLRQ� WKH ERXQGDULHV ZHUH VHW WR ��� ൫൤൛ DQG ��� ൫൤൛ �6Q2��
DQG IRU WKH S�W\SH� � ൫൤൛ WR ��� ൫൤൛ �3('27�366�� VHH ILJXUHV ����� )RU WKH GLIIHUHQW HQHUJ\ YDOXHV�
VLPXODWLRQV ZHUH UXQ DQG WKH H[WHUQDO SDUDPHWHUV ZHUH H[WUDFWHG UHVXOWLQJ LQ FRQWRXU SORWV LQGLFDWLQJ
WKH LPSDFW RI WKH 75- DOLJQPHQW RQ WKH ൛ፎፂ� ൏ፒፂ� ))� DQG 3&(�

)LJXUH ���� UHSRUWV WKH VLPXODWHG H[WHUQDO SDUDPHWHUV DV D IXQFWLRQ RI WKH EDQG DOLJQPHQW� )RU
WKH H[WHUQDO SDUDPHWHUV D PLQLPXP DQG PD[LPXP FDQ EH IRXQG� 7KH ORZHVW YDOXH IRU ൏ፒፂ LV �����
൫െ�ൢ൫ኼ DQG WKH RSWLPXP LV ����� ൫െ�ൢ൫ኼ� )RU ൛ፎፂ DQG WKH ))� WKH ORZHVW YDOXHV DUH ����� ൛ DQG
������� UHVSHFWLYHO\� 7KH KLJKHVW IRXQG YDOXH IRU ൛ፎፂ LV ���� ൛� QHDULQJ WKH WKHRUHWLFDO REWDLQDEOH ൛ፎፂ
EDVHG RQ WKH VLQJOH�MXQFWLRQ FHOOV �ZKLFK LV ����� ൛�� )RU WKH ))� WKH RSWLPXP LV ������

7KH SORWV LQ ILJXUH ���� VKRZ WKH EDQG GLDJUDPV IRU WKH 3('27�6Q2� MXQFWLRQ IRU WZR GLIIHUHQW
SRLQWV LQ WKH FRQWRXU SORW� D� $ SRLQW LQ WKH RSWLPXP UHJLRQ RI WKH FRQWRXU SORW �UHG DUHD� ILJXUH �����
DQG E� D SRLQW LQ FRQWRXU SORW UHVXOWLQJ LQ PLQLPXP YDOXHV IRU WKH H[WHUQDO SDUDPHWHUV �EOXH DUHD�
ILJXUH ������

)LJXUH ����D VKRZV WKH EDQG GLDJUDP IRU ́ൊ፧  ��� ൫൤൛ DQG ́ൊ፩  �� ൫൤൛� ZKLFK LV VLWXDWHG LQ
WKH RSWLPXP UHJLRQ� 7KH DOLJQPHQW RI WKH ൛േፏፄፃፎፓࣣፏፒፒ DQG WKH ൈേፒ፧ፎ� LV REVHUYHG� 7KLV PHDQV GLUHFW
HQHUJ\ WUDQVIHU RI FKDUJH FDUULHUV LV SRVVLEOH GXH WR WKH %�%7� 7KLV HIILFLHQW FKDUJH WUDQVSRUW PHFKDQLVP
UHVXOWV LQ RSWLPDO YDOXHV IRU WKH H[WHUQDO SDUDPHWHUV� )LJXUH ����E VKRZV WKH EDQG GLDJUDP IRU ́ൊ፧  
� ൫൤൛ DQG ́ൊ፩  ��� ൫൤൛� 2Q WKH FRQWUDU\ WR ILJXUH ����D� D PLVDOLJQPHQW RI RI WKH ൛േፏፄፃፎፓࣣፏፒፒ DQG



�� �� 2SWLFDO DQG (OHFWULFDO ERWWOHQHFNV

ΔEn = - 50 meV

ΔEp = 25 meV

PEDOT:PSS SnO2

B2BT

�D� 7KH EDQG GLDJUDP IRU ጂፄᑟ  ��� DQG ጂፄᑡ  ��� %�%7 PHFKDQLVP
SRVVLEOH�

ΔEn = 0 meV

ΔEp = 125 meV

PEDOT:PSS SnO2

TAT

TAT

�E� 7KH EDQG GLDJUDP IRU ጂፄᑟ  � DQG ጂፄᑡ  ���� FKDUJH WUDQVIHU
GHSHQGDQW RQ 7$7

)LJXUH ����

WKH ൈേፒ፧ፎ� LV REVHUYHG� 7KH FKDUJH WUDQVIHU WKURXJK RU LQWR WKH IRUELGGHQ JDS EHFRPHV GHSHQGDQW
RQ WKH LQGLUHFW HQHUJ\ WUDQVIHU YLD WUDS�VWDWHV ZLWK 7$7� $V WKLV PHFKDQLVP LV OHVV HIILFLHQW IRU FKDUJH
WUDQVSRUW� LW UHVXOWV LQ ORZHU YDOXHV IRU WKH H[WHUQDO SDUDPHWHUV FRPSDUHG WR WKH RSWLPXP�

,Q WKH FRQWRXU SORW� WKH HIIHFW RI WUDQVLWLRQ IURP WKH 7$7�GRPLQDWHG WUDQVSRUW WR %�%7 PHFKDQLVP
FDQ EH REVHUYHG IRU ORZ YDOXHV RI ́ൊ፩ ����� ൫൤൛ � ́ൊ፩ � �� ൫൤൛�� 7KLV LQGLFDWHV KLJKO\ S�W\SH
PDWHULDOV ZLWK WKH )HUPL OHYHO FORVH WR WKH 9%� )RU WKH Q�W\SH PDWHULDO LQ WKH 75-� D KLJKO\ GRSHG
PDWHULDO UHVXOWLQJ LQ D QHJDWLYH YDOXH IRU ́ൊ፧ LV QHHGHG� 7KLV PHDQV WKDW WKH )HUPL OHYHO LV LQVLGH WKH
&%� ZKLFK WUDQVODWHV WR KLJKO\ FRQGXFWLYH PDWHULDOV DOVR NQRZQ DV D GHJHQHUDWH VHPLFRQGXFWRU� 7KH
6Q2� DOUHDG\ VHHPV WR H[KLELW WKHVH SURSHUWLHV �VHH VHFWLRQ �����

/DVWO\� ZKHQ FRPELQJ WKH REVHUYHG WUHQGV IRU WKH WKUHH SUHYLRXV H[WHUQDO SDUDPHWHUV� ORJLFDOO\ DQ
RYHUDOO LPSURYHPHQW RI WKH WDQGHP GHYLFH LQ WKH HIILFLHQF\ FDQ EH REWDLQHG� 7KH UHVXOWV LQ ILJXUH ����G
VKRZ VLJQLILFDQW GLIIHUHQFHV LQ RSHUDWLRQDO SURSHUWLHV RI WKH GLIIHUHQW 75- FRQILJXUDWLRQV� 7KH 3&( IRU
�ൊፂ �ൊፅࢿ ! ����� ൫൤൛ DQG �ൊፅ ൊፕ��YDOXHVࢿ EHWZHHQ � DQG �� ൫൤൛ LV DURXQG ��� ZKLOH D SRWHQWLDO RI
������ LV DWWDLQDEOH� ,Q ILJXUH ����G WKLV LV HPSKDVLVHG E\ WKH DGGLWLRQ RI WKH EDVHOLQH WDQGHP SRLQW�
7KH EDVHOLQH SRLQW VKRZV WKH GHJHQHUDWH QDWXUH RI 6Q2� ZKLFK LV� DV SUHYLRXVO\ GLVFXVVHG LQ VHFWLRQ
���� D SRVLWLYH DWWULEXWH� +RZHYHU� WKH 9% SRVLWLRQLQJ WR WKH )HUPL�OHYHO RI 3('27�366 VKRZV URRP IRU
LPSURYHPHQW DQG VKRXOG EH UHGXFHG E\ LQFUHDVLQJ GRSLQJ RU XVLQJ D GLIIHUHQW PDWHULDO�

,W VKRXOG EH QRWHG WKDW WKH DQDO\VLV ZDV GRQH IRU D 75- ZLWK D 3('27�366 DQG 6Q2� OD\HU� 7KH
FRQWRXU SORWV JLYH D UHODWLRQ EHWZHHQ ́ൊ YDOXH DQG WKH IXQFWLRQLQJ WKH WDQGHP FHOO IRU WKHVH VSHFLILF
PDWHULDOV� ,QWURGXFLQJ RWKHU PDWHULDOV FRXOG UHVXOW LQ GLIIHUHQW RSWLPD DV EDUULHU SRWHQWLDOV� EDQG RII�
VHWV DQG WUDQVSRUW WRZDUGV WKH 75- LQGXFHG E\ GLIIHUHQW HOHFWULFDO SDUDPHWHUV FDQ KDYH HIIHFW RQ WKH
WUDQVSRUW LQ WKH 75-� 0HDQLQJ� D GLIIHUHQW RSWLPXP FDQ EH IRXQG IRU GLIIHUHQW PDWHULDO FKRLFHV� 7KLV
ZLOO EH IXUWKHU GLVFXVVHG LQ FKDSWHU �

���� &RQFOXVLRQV
,Q WKLV &KDSWHU� ERWK VLQJOH�MXQFWLRQ PRGHOV ZHUH VXFFHVVIXOO\ YDOLGDWHG� ,W ZDV IRXQG WKDW WUDQVSRUW LQ
WKH 75- RI WKH WDQGHP PRGHO RI WKH UHIHUHQFH WDQGHP FHOO ZDV EDVHG RQ WZR PHFKDQLVPV� %�%7 DQG
7$7� $IWHU XVLQJ D QRQ�ORFDO 7$7 PRGHO IDFLOLWDWHG E\ WKH LPSOHPHQWDWLRQ RI D PLG�JDS *DXVVLDQ WUDS
GLVWULEXWLRQ LQ WKH 3('27�366 OD\HU LQ WKH 75-� WKH SHURYVNLWH�&,*6 WDQGHP PRGHO ZDV YDOLGDWHG XVLQJ
WKH UHIHUHQFH WDQGHP FHOO� 7KH ORVVHV LQ WKH UHIHUHQFH FHOO ZHUH DVVHVVHG DQG OLPLWLQJ DVSHFW RI WKH
EDQG DOLJQPHQW LQVLGH WKH 75- ZDV UHVHDUFKHG� 7KLV LQIRUPDWLRQ ZLOO EH XVHG IRU SRVVLEOH LPSURYHPHQWV
WKDW ZLOO IXUWKHU LPSURYH WKH IXQFWLRQLQJ RI WKH WDQGHP FHOO DQG LV IRXQG LQ FKDSWHU ��



�
7KH URDG WR LPSURYHPHQW

,Q FKDSWHU �� WKH EDVHOLQH WDQGHP FHOO ZDV DQDO\VHG DQG IODZV LQ WKH IXQFWLRQLQJ RI WKH FHOO ZHUH
LGHQWLILHG� 7KLV FKDSWHU ZLOO SURSRVH LPSURYHPHQWV WKDW FDQ SRWHQWLDOO\ OHDG WR KLJKHU HIILFLHQFLHV IRU
WKH SHURYVNLWH�&,*6 WDQGHP FHOO� 7KH IROORZLQJ IRXU SRLQWV ZLOO EH DGGUHVVHG�

�� ,PSURYLQJ FDUULHU WUDQVSRUW LQ WKH 75-

�� ,PSURYLQJ WKH RSWLFDO SURSHUWLHV RI WKH UHIHUHQFH FHOO

�� ,PSURYLQJ FDUULHU WUDQVSRUW LQ WKH WRS OD\HU

�� 5HGXFLQJ WUDS�VWDWH LQGXFHG 65+ UHFRPELQDWLRQ LQ WKH SHURYVNLWH OD\HU

,Q WKH ILUVW VHFWLRQ ������ DQ DOWHUQDWLYH IRU WKH 3('27�366 PDWHULDO LQ WKH 75- LV SUHVHQWHG� ,Q
VHFWLRQ ���� DQ RSWLFDO FXUUHQW PDWFK DQG RYHUDOO RSWLFDO LPSURYHPHQW LQ WKH DEVRUEHU OD\HUV DUH H[�
SORUHG� ,Q VHFWLRQ ���� DQ RSWLPL]DWLRQ LV SURSRVHG IRU WKH FKDUJH FDUULHU WUDQVSRUW LQ WKH WRS OD\HU E\
DOWHULQJ WKH IURQW 6Q2� PDWHULDO� 7KH GRPLQDQW UHFRPELQDWLRQ PHFKDQLVP LQ WKH SHURYNVLWH LV WULHG
WR EH UHGXFHG LQ VHFWLRQ ���� ,Q WKH ODVW VHFWLRQ RI WKLV FKDSWHU� DOO FKDQJHV DUH LPSOHPHQWHG LQ WKH
EDVHOLQH WDQGHP FHOO WR VHH WKH HIIHFW RQ WKH H[WHUQDO SDUDPHWHUV DQG LPSURYH WKH HIILFLHQF\ RI WKH
FHOO�

���� 7KH 75- RSWLPL]DWLRQ
&KDSWHU � VKRZHG WKH EDVHOLQH WDQGHP GRHV QRW RSHUDWH RSWLPDOO\ GXH WR OLPLWDWLRQ LQ WKH FKDUJH
WUDQVSRUW LQVLGH WKH 75-� 7KH FRQWRXU SORWV LQGLFDWHG SRVVLEOH LPSURYHPHQWV LQ WKH S�W\SH UHJLRQ�
ZKLFK LV GLVFXVVHG LQ VHFWLRQ ���� $FFRUGLQJO\� WKLV VHFWLRQ DQDO\VHV WKH XVH RI D GLIIHUHQW PDWHULDO IRU
WKH S�W\SH UHJLRQ�

7DEOH ���� $ FRPSDULVRQ RI 3('27�366 DQG 1L2 SDUDPHWHUV IRU WKH 75-

0DWHULDO FRPSDULVRQ
/D\HU SDUDPHWHUV 6\PERO >XQLW@ 3('27�366 $/' 1L2
%DQGJDS ൊ፠ >൤൛@ ��� ����
(OHFWURQ DIILQLW\ ဉ >൤൛@ ��� ���
5HO� SHUPLWWLYLW\ ဍፑ � ����
'RSLQJ ൓ፀ�൓ፃ >ൢ൫ዅኽ@ ��ኻዂࣄ��� ��ኻዃࣄ����
&% '26 ൓ፂ >ൢ൫ዅኽ@ ��ኻዂࣄ��� ��ኻዂࣄ���
9% '26 ൓ፕ >ൢ൫ዅኽ@ ��ኻዃࣄ��� ��ኻዃࣄ���
0RELOLW\ ࿾፞� ࿾፡ >ൢ൫ኼ�൛൱@ ������� �(����(��
6RXUFH � >��� ��@ >��� ��ঀ��@

$WRPLF OD\HU GHSRVLWLRQHG 1LFNHO 2[LGH �$/' 1L2� KDV RIWHQ EHHQ UHSRUWHG DV D SRWHQWLDO FDQGLGDWH
IRU WKH S�W\SH PDWHULDO LQ WKH 75- RI SHURYVNLWH�&,*6 WDQGHP FHOOV >�� ��� ��@� $/' 1L2 LV SURGXFHG
ZLWKLQ WKH /$)/(;��7 SURMHFW� 7KH LQ�KRXVH HOHFWULFDO PHDVXUHPHQWV UHVXOWHG LQ ൊ፠ YDOXH RI ���� ൤൛� ဉ
RI ���� ൤൛ DQG D GRSLQJ RI ���� ��ኻዃࣄ ൢ൫ዅኽ IRU WKH 1L2 PDWHULDO� VHH WDEOH ��� � 7KH PDWHULDO H[KLELWV
LQWHUHVWLQJ IHDWXUHV� LW LV D S�W\SH PDWHULDO� LW KDV D KLJK ZRUNIXFWLRQ �တ  ��� ൤൛��� DQG LW KDV D KLJK
�7KH LQ�KRXVH PHDVXUHG ZRUNIXQFWLRQ �Ꭻ� LV ���� ፞ፕ >��@� DOWKRXJK PRVW OLWHUDWXUH RQ 1L2 VWDWHG YDOXHV DERYH ��� ፞ፕ >��� ��@�
7KLV LV PRUH LQOLQH ZLWK WKH IRXQG GRSLQJ FRQFHQWUDWLRQ� 7KH PHDVXULQJ RI ZRUNIXQFWLRQ ZDV GRQH ZLWK XOWUDYLROHW SKRWRHOHFWURQ
VSHFWURVFRS\ �836�� 836 LV IRXQG QRW WR EH UHOLDEOH IRU GHWHUPLQLQJ Ꭻ� DV WKH PHDVXUHPHQW FUHDWHV FKDUJH LQVLGH WKH VDPSOH�
ZKLFK FDQ OHDG WR )HUPL OHYHO VKLIWLQJ >��@

��



�� �� 7KH URDG WR LPSURYHPHQW

EDQG RIIVHW IRU WKH FRQGXFWLRQ EDQG LQ D MXQFWLRQ ZLWK 6Q2�� 7KH IHDWXUHV ZLOO EH DGGUHVVHG LQ UHODWLRQ
WR WKH REWDLQHG EDQG GLDJUDP �ILJXUH ���E��

7KH 1L2 HOHFWULFDO SDUDPHWHUV ZHUH LPSOHPHQWHG DQG UHVXOWV FDQ EH VHHQ LQ ILJXUHV ���D DQG ���E�
7KH HIIHFW RI WKH KLJKHU GRSLQJ RI 1L2 EHFRPHV DSSDUHQW ZKHQ FRPSDULQJ ILJXUH ���D DQG ���E� ,Q
WKH EDVHOLQH WDQGHP VWDFN ZLWK 3('27�366� D PLVDOLJQPHQW LV REVHUYHG IRU ൛േፏፄፃፎፓࣣፏፒፒ DQG ൈേፒ፧ፎ��
7KH LQWURGXFWLRQ RI 1L2 VKRZV D ൛േፍ።ፎ VLWXDWHG FORVH WR WKH )HUPL HQHUJ\� 7KLV UHVXOWV LQ DQ DOLJQPHQW
RI WKH ൛േፍ።ፎ DQG ൈേፒ፧ፎ�� 'XH WR WKH DOLJQPHQW HIILFLHQW GLUHFW HQHUJ\ WUDQVSRUW RI FKDUJH FDUULHUV YLD
%�%7 EHFRPHV GRPLQDQW �VHH ILJXUHV ����D DQG ����E�� ,PSURYLQJ WKH WUDQVSRUW LQ WKH 75- OHDGV WR
D EHWWHU IXQFWLRQLQJ WDQGHP FHOO� 7KLV FDQ EH REVHUYHG LQ ILJXUH ��� DV LW VKRZV DQ LPSURYHPHQW RI
H[WHUQDO SDUDPHWHUV LQ WKH -�9 FXUYH� VLPLODU WR WKH SUHYLRXV REVHUYHG WUHQGV LQ VHFWLRQ ���� ,W HYHQ
H[FHHGV WKH KLJKHVW IRXQG YDOXH RI ������ 3&(�

PEDOT:PSS

�D� 7KH EDQG GLDJUDP RI WKH 75- ZLWK 3('27�366 �EOXH DUHD�� 6Q2�
�UHG DUHD�� DQG 37$$ �JUHHQ DUHD�

ALD NiO

�E� 7KH EDQG GLDJUDP RI WKH 75- ZLWK $/' 1L2 �EOXH DUHD�� 6Q2� �UHG
DUHD�� DQG 37$$ �JUHHQ DUHD�

)LJXUH ���

6HFRQGO\� WKH LPSOHPHQWDWLRQ RI 1L2 UHVXOWHG LQ D KLJKHU EDQG RIIVHW LQ WKH FRQGXFWLRQ EDQG DW WKH
6Q2� LQWHUIDFH� (OHFWURQV PRYH IURP WKH &,*6 DEVRUEHU OD\HU WRZDUGV WKH 75- LQ 6Q2� DQG HQFRXQWHU
WKH EDQG RIIVHW DW WKH LQWHUIDFH� 7KH ODUJHU EDUULHU UHVXOWV LQ OHVV WKHUPLRQLF HPLVVLRQ� 7KHUPLRQLF
HPLWWHG HOHFWURQV ZLOO QRW FRQWULEXWH WR UHFRPELQDWLRQ RI QRQ�FROOHFWDEOH FKDUJH FDUULHU LQ WKH 75-�
ZKLFK LV GLVDGYDQWDJHRXV IRU WKH IXQFWLRQLQJ RI WKH FHOO� :KHQ WKHUPLRQLF HPLVVLRQ LV WKXV UHGXFHG�
DQ LPSURYHPHQW RI WKH FHOO SDUDPHWHUV LV H[SHFWHG�

)LJXUH ���� $ FRPSDULVRQ RI WKH -�9 FXUYHV IRU WKH WDQGHP VWDFN ZLWK 3('27�366 RU $/' 1L2



���� 2SWLFDO HQKDQFHPHQW ��

7DEOH ���� $ FRPSDULVRQ RI WKH H[WHUQDO WDQGHP FHOO SDUDPHWHUV ZLWK 3('27�366 RU 1L2 LQ WKH 75-

([WHUQDO SDUDPHWHUV ൛፨፜ >൛@ ൏፬፜ >൫െ@ )) 3&( >�@
3('27�366 ����� ����� ����� �����
$/' 1L2 ����� ����� ����� �����

7KH LQWURGXFWLRQ RI 1L2 UHVXOWHG LQ DQ LPSURYHPHQW RI ����� IRU WKH ൛ፎፂ ������ ൛ WR ����� ൛�
FRPSDUHG WR WKH UHIHUHQFH WDQGHP FHOO� 7KH )) LPSURYHG IURP ����� WR ������ ZKLFK LV ��������
7KH LPSURYHPHQW RI WKH ൏ፒፂ LV ������� 7KH ൏ፒፂ LV PRVWO\ GHSHQGDQW RQ OLJKW PDQDJHPHQW DQG UHGXF�
WLRQ RI SDUDVLWLF DEVRUSWLRQ DQG QRW VR PXFK RQ WKH WUDQVSRUW PHFKDQLVPV� 1L2 KDV KLJKHU EDQGJDS
WKDQ 3('27�366 DQG UHVXOWV LQ ORZHU SDUDVLWLF DEVRUSWLRQ >��@� 7KH RYHUDOO LPSURYHPHQW RI WKH 3&(
IURP ������ DQG ������ LV REVHUYHG� 1L2 ZDV IRXQG WR EH DQ H[FHOOHQW FDQGLGDWH WR VXEVWLWXWH WKH
3('27�366 OD\HU LQ WKH 75- WR LPSURYH WKH IXQFWLRQLQJ RI WKH SHURYVNLWH�&,*6 WDQGHP FHOO�

���� 2SWLFDO HQKDQFHPHQW
,Q VHFWLRQV ����� DQG ������ WKH GLIIHUHQFH LQ JHQHUDWHG FXUUHQW LQ ERWK DEVRUEHU OD\HUV ZDV VKRZQ
DV ZHOO DV WKH ODUJH UHIOHFWDQFH ORVVHV WKDW RFFXU ZLWK WKH UHIHUHQFH WDQGHP VWDFN� ,Q WKLV VHFWLRQ ZH
HYDOXDWH WKH SHUIRUPDQFH E\ UHGXFLQJ WKH RSWLFDO ORVVHV�

)RU FXUUHQW PDWFKLQJ� WKH WKLFNQHVV RI WKH SHURYVNLWH OD\HU ZDV XVHG DV DGMXVWDEOH SDUDPHWHU DV WKH
&,*6 ERWWRP OD\HU ZDV REWDLQHG IURP D FRPPHUFLDO SDUW\ DQG FDQQRW EH DOWHUHG� )LJXUH ��� VKRZV WKH
UHVXOW RI WKH RSWLPL]DWLRQ� $Q RSWLPDO WKLFNQHVV IRU SHURYVNLWH ZDV IRXQG WR EH ��� ൬൫� 7KLV UHGXFWLRQ
LQ SHURYVNLWH WKLFNQHVV RI ��� ൬൫ UHVXOWHG LQ D GHFUHDVH LQ WRS OD\HU FXUUHQW �EOXH GRWWHG DUURZ� EXW
DQ LQFUHDVH LQ WKH &,*6 DEVRUEHG SKRWRQV �RUDQJH GRWWHG DUURZ�� 7KLV LV GXH WR OHVV DEVRUSWLRQ RI
OLJKW LQ WKH ��� � ��� ൬൫ ZDYHOHQJWK UDQJH LQ SHURYVNLWH DQG DQ LQFUHDVH LQ DEVRUSWLRQ LQ &,*6� 7KH
WUHQG RI GHFUHDVHG DEVRUSWLRQ LQ WKH SHURYVNLWH OD\HU ZLWK UHGXFHG WKLFNQHVV FDQ EH H[SHFWHG� DV WKH
DEVRUSWDQFH LV GHSWK GHSHQGDQW� 'XH WR RYHUODS LQ DEVRUEDQFH VSHFWUXP� DV FDQ EH VHHQ LQ ILJXUH ����
WKH SKRWRQV ZLOO WKHQ EH DEVRUEHG E\ WKH &,*6 OD\HU�

7KH UHVXOW LV DQ LQFUHDVH RI ����� ������ ൫െ�ൢ൫ኼ� IRU WKH JHQHUDWHG FXUUHQW LQ WKH OLPLWLQJ DE�
VRUEHU OD\HU DQG WKXV ZLOO UHVXOW LQ DQ LQFUHDVH LQ WKH ൏ፒፂ RI WKH SHURYVNLWH�&,*6 WDQGHP FHOO� 7KH
VXUIDFH URXJKQHVV RI WKH ERWWRP FHOO KRZHYHU OLPLWV WKH SRVVLEOH SHURYVNLWH WKLFNQHVV� DV D PLQLPXP
RI WKLFNQHVV LV QHHGHG WR IXOO\ FRYHU WKH OD\HU DQG QRW FUHDWH DQ\ VKXQWV� 7KLV WKLFNQHVV ZDV IRXQG
WR EH ��� ൬൫ PLQLPDO� PHDQLQJ WKH FXUUHQW PDWFKLQJ WKLFNQHVV H[FHHGV WKLV PLQLPXP OD\HU WKLFNQHVV
���� ൬൫ ! ��� ൬൫��

)LJXUH ���� 2SWLPL]DWLRQ RI WKH SHURYVNLWH OD\HU WKLFNQHVV UHVXOWLQJ LQ FXUUHQW PDWFKLQJ FRQGLWLRQV IRU WKH SHURYNVLWH�&,*6
WDQGHP FHOO� $ YDOXH RI ��� ፧፦ IRU WKH SHURYVNLWH OD\HU ZDV IRXQG�



�� �� 7KH URDG WR LPSURYHPHQW

)LJXUH ���� 7KH HIIHFW RI DQ DQWL�UHIOHFWLYH FRDWLQJ DGGHG RQ WRS RI WKH FXUUHQW PDWFKHG EDVHOLQH WDQGHP� $ ��� ፧፦ RI 0J)�
ZDV DGGHG�

6HFWLRQ ����� VKRZHG D ���� ൫െ�ൢ൫ኼ FXUUHQW ORVV GXH WR UHIOHFWLRQ� 7R LQFUHDVH WKH DEVRUEHG
OLJKW LQ WKH WDQGHP� DQ DQWL�UHIOHFWLYH FRDWLQJ �$5&� FDQ EH DGGHG� $ WRS OD\HU RI 0J)� RI ��� ൬൫
ZDV LQFOXGHG RQ WRS RI WKH EDVHOLQH WDQGHP OD\HU VWDFN� 0J)� LV D ZHOO GRFXPHQWHG� FRQYHQWLRQDO
$5& RIWHQ XVHG IRU ODE�VFDOH &,*6 >��@� DQG LV VXJJHVWHG IRU PLQLPL]LQJ RSWLFDO ORVVHV LQ PRQROLWKLF
SHURYVNLWH�F�6L WDQGHP FHOOV >��@� $OVR� WKH LQ�KRXVH SURGXFHG SHURYVNLWH FHOO XVHG IRU WKH YDOLGDWLRQ
RI WKH VLQJOH�MXQFWLRQ PRGHO KDV D 0J)� OD\HU� )LJXUH ��� VKRZV WKH HIIHFW RI VXFK DQ DGGLWLRQ� 7KH
DEVRUEHG FXUUHQW LQ ERWK DEVRUEHU OD\HUV LQFUHDVHV ������ ZKLFK WUDQVODWHV WR ���� ൫െ�ൢ൫ኼ� 7KH
LQFUHDVH LQ DEVRUEHG FXUUHQW FDQ EH VHHQ IURP ��� ൬൫ WR ���� ൬൫�

$Q RYHUDOO RSWLFDO LPSURYHPHQW RI ��� LQ WKH JHQHUDWHG FXUUHQW GHQVLW\ FDQ EH DFKLHYHG �IURP ����
൫െ�ൢ൫ኼ WR ����� ൫െ�ൢ൫ኼ� E\ UHGXFLQJ WKH WKLFNQHVV RI SHURYVNLWH WR ��� ൬൫ DQG DGGLQJ D ��� ൬൫
0J)� OD\HU�

$ VHFRQG RSWLRQ WR UHDFK D FXUUHQW PDWFK LQ WKH WDQGHP LV E\ ORZHULQJ WKH EDQGJDS RI &,*6 WR ���
൤൛� 7KLV FDQ WKHRUHWLFDOO\ OHDG WR D EHWWHU FXUUHQW PDWFKLQJ DQG KLJKHU \LHOG LQ FRPELQDWLRQ ZLWK WKH
��� ൤൛ EDQGJDS YDOXH IRU SHURYVNLWH >�@� $OWKRXJK DQ LQWHUHVWLQJ LQVLJKW� QR PRUH UHVHDUFK ZDV GRQH
RQ WKLV PDWWHU DV LW ZDV RXWVLGH WKH VFRSH RI WKLV WKHVLV�

���� &DUULHU FROOHFWLRQ LPSURYHPHQW
7KH EDQG GLDJUDP RI WKH VLQJOH�MXQFWLRQ 3HURYVNLWH WRS FHOO LQ VHFWLRQ ��� VKRZHG WZR EDQG RIIVHWV�
RQH DW WKH 3&%0�6Q2� LQWHUIDFH RI ���� ൤൛ DQG RQH DW WKH 6Q2��,72 LQWHUIDFH ����� ൤൛�� 7KLV FDQ
EH REVHUYHG LQ WKH EDQG GLDJUDP LQ ILJXUH ���� 7KHVH EDQG RIIVHW DFW DV D EDUULHU IRU WKH WUDQVSRUW
RI WKH PDMRULW\ FKDUJH FDUULHUV ZKHQ PRYLQJ IURP WKH SHURYVNLWH DEVRUEHU OD\HU WRZDUGV WKH IURQW
FRQWDFW� $OVR� D EDUULHU SRWHQWLDO LQVLGH WKH 6Q2� OD\HU FDQ EH REVHUYHG� 7KLV KDV HIIHFW RQ WKH H[WHUQDO
SDUDPHWHUV�

7DEOH ���� 9DULHG SDUDPHWHUV GLIIHUHQFHV IRU WKH 6Q2� OD\HU EDVHG UHVHDUFK FRQGXFWHG E\ 78 (LQGKRYHQ >�@

$/' WHPSHUDWXUH 7 @ൈࣅ< �� ���
(OHFWURQ DIILQLW\ ဉ >൤൛@ ���� ����
%DQGJDS ൊ፠ >൤൛@ ���� ����
&DUULHU FRQFHQWUDWLRQ ൓ፀ @��ኻዃൢ൫ኽࣄ< ��� ���
0RELOLW\ ࿾ >ൢ൫ኼ�൛൱@ ����� ��

7KH XVHG PDWHULDO LV $/' 6Q2� DW �� �ൈࣅ 7KH HOHFWULFDO SDUDPHWHUV ZHUH IRXQG LQ .XDQJ HW DO� >�@
DQG DUH VXPPDULVHG LQ WDEOH ���� 7KH VDPH UHVHDUFK VKRZV WKH SRVVLELOLW\ RI WZHDNLQJ WKH EDQGJDS
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)LJXUH ���� 7KH WRS FHOO EDQG GLDJUDP LQ WKH WDQGHP FHOO� 7KH FDUULHU WUDQVSRUW OD\HU IRU HOHFWURQV FDQ EH LGHQWLILHG DV WKH IURQW
6Q2� �\HOORZ�� 3&%0 �SLQN� DQG ,72 �OLJKW EOXH��

YDOXHV IURP ���� WR ���� ൤൛ DQG DQ LQFUHDVH RI ဉ ZLWK ���� ൤൛� 7R GR WKLV� WKH $/' WHPSHUDWXUH ZDV
LQFUHDVHG WR ��� �ൈࣅ

)LJXUH ���� $ ]RRP RI WKH EDQG GLDJUDP LQ LQ WKH 6Q2� OD\HU �\HOORZ� DQG 3&%0 OD\HU �SLQN�� &RPSDULQJ WKH EDQG RIIVHWV RI
$/' 6Q2� DW �� ፂࣅ DQG ��� �ፂࣅ

)LJXUH ��� VKRZV WKH EDQG GLDJUDP IRU LPSOHPHQWDWLRQ RI WKH GLIIHUHQW 6Q2� PDWHULDOV� 7KH EDQG
GLDJUDP VKRZV WKDW WKH EDQG DOLJQPHQW IRU WKH $/' 6Q2� DW ൈࣅ��� GRHV QRW FUHDWH D EDQG RIIVHW DW WKH
WKH 6Q2��3&%0 LQWHUIDFH �\HOORZ DQG SLQN DUHD�� $OVR D UHGXFWLRQ LQ WKH EDQG RIIVHW DW WKH ,72�6Q2�
LQWHUIDFH LV REVHUYHG �IURP ���� WR ���� ൤൛�� 7KLV FDQ EH FRQWULEXWHG WR WKH LQFUHDVHG HOHFWURQ DIILQLW\
DV WKH &% LV SXVKHG GRZQ� ,Q WKH EDQG GLDJUDP IRU 6Q2� �ൈࣅ��� DQ SRWHQWLDO EDUULHU FDQ EH VHHQ QHDU
WKH ,72�6Q2� LQ WKH 6Q2� OD\HU� 7KLV HOHFWULF ILHOG DFWV DV D EDUULHU IRU HOHFWURQV PRYLQJ WRZDUGV WKH
IURQW HOHFWURGH� 7KLV EDUULHU SRWHQWLDO LV VLJQLILFDQWO\ GHFUHDVHG IRU 6Q2� DW ��� �ൈࣅ

7KH 6Q2� PDWHULDO KDV D VHFRQG UROH� EORFNLQJ KROHV IURP PRYLQJ WR WKH IURQW VLGH RI WKH FHOO� 7KH
EDQG GLDJUDP LQ ILJXUH ��� IRU WKH ൈࣅ��� $/' 6Q2� VWLOO GLVSOD\V WKLV DWWULEXWH DV WKH EDQG RIIVHW RI WKH
YDOHQFH EDQG DW WKH 6Q2��3&%0 LQWHUIDFH LV VWLOO RI VLJQLILFDQW KHLJKW �� ൤൛� HQVXULQJ QR KROH WUDQVSRUW
WRZDUGV WKH FDWKRGH HOHFWURGH�

)LJXUH ��� SRLQWV RXW WKH HIIHFW RI WKH EHWWHU EDQG DOLJQPHQW DQG UHGXFWLRQ RI WKH EDUULHU SRWHQWLDO
RQ WKH H[WHUQDO SDUDPHWHUV� $V H[SHFWHG� D EHWWHU IXQFWLRQLQJ FHOO ZDV REVHUYHG� 7KH PDLQ FKDQJH LV
VHHQ LQ WKH -�9 FXUYH VKDSH� LQGLFDWLQJ DQ LPSURYHG )) IURP ����� WR ������ 7KLV FDQ EH H[SODLQHG E\
WKH LPSURYHG FDUULHU WUDQVSRUW RI HOHFWURQV� UHGXFLQJ WKH UHFRPELQDWLRQ LQ WKH DEVRUEHU OD\HU� 7KLV LV
LQOLQH ZLWK WKH REVHUYHG UHVXOWV LQ .XDQJ HW DO� >�@�

$OWKRXJK WKH UHVXOWV FOHDUO\ LQGLFDWH WKH EHQHILFLDO HIIHFW RI WKH GHSRVLWLQJ 6Q2� DW ��� �ൈࣅ RQH KDV WR
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)LJXUH ���� 7KH -�9 FXUYH LPSURYHPHQW E\ FKDQJLQJ WKH $/' 6Q2� OD\HU DW �� ፂࣅ DQG ��� ፂࣅ LQ WKH SHURYVNLWH VLQJOH�MXQFWLRQ�

NHHS WKH SURGXFWLRQ SURFHVV RI WKH WDQGHP FHOO LQ PLQG� 7KH WRS OD\HU LV GHSRVLWHG RQ WKH &,*6 ERWWRP
OD\HU� PHDQLQJ WKH 6Q2� OD\HU LV GHSRVLWHG ZKHQ WKH SHURYVNLWH OD\HU LV DOUHDG\ LPSOHPHQWHG� ,Q UHDO
GHYLFHV WKH WHPSHUDWXUH RI SURFHVVLQJ FRXOG EH GHWULPHQWDO IRU WKH ILQDO WDQGHP� EHFDXVH GHFUHDVHV
LQ GHYLFH SHUIRUPDQFH IRU SHURYVNLWH VRODU FHOOV KDYH EHHQ REVHUYHG IRU KLJKHU WHPSHUDWXUHV DERYH
��� ൈࣅ GXH WR DQ LQFUHDVH LQ IRUPDWLRQ RI GHIHFWV DQG ORZHULQJ RI WKH EDQGJDS >���@� 7KH GHSRVLWLRQ
WHPSHUDWXUH VKRXOG WKHUHIRUH EH NHSW EHORZ ��� �ൈࣅ $OWKRXJK .XDQJ HW DO� UHSRUWV 6Q2� PDWHULDOV DW
$/' WHPSHUDWXUHV EHWZHHQ �� DQG ��� �ൈࣅ D VLJQLILFDQW LQFUHDVH LQ HOHFWURQ PRELOLW\ LV RQO\ UHSRUWHG
DW WHPSHUDWXUHV RI ��� ൈࣅ DQG KLJKHU� 7KLV GHSRVLWLRQ WHPSHUDWXUH ZRXOG UHVXOW LQ WKH GHJUDGDWLRQ RI
WKH SHURYVNLWH PDWHULDO�

�D� 7KH HIIHFW RI WKLFNQHVV FKDQJH LQ WKH 6Q2� OD\HU RQ WKH HIILFLHQF\
RI WKH WDQGHP FHOO� )RU WKH FLUFOHG SRLQWV WKH EDQG GLDJUDP LV SORWWHG LQ

VXE�ILJXUH ���E�

SnO2

�E� 7KH HIIHFW RI 6Q2� RQ WKH EDQG RIIVHWV DURXQG ERWK LQWHUIDFHV LQ
WKH WDQGHP FHOO� 7KH FRORUV FRUUHVSRQG WR WKH HIILFLHQF\ ILJXUH ���D�

)LJXUH ���

)LJXUH ���D SRLQWV RXW WKH HIIHFW RI WKH WKLFNQHVV RI WKH 6Q2� OD\HU RQ WKH HIILFLHQF\ RI WKH WDQGHP
FHOO E\ YDU\LQJ WKH WKLFNQHVV IURP ����� WR ����� ࿾൫� )RU WKH ��� ൈࣅ $/'� D VPDOO LQFUHDVLQJ WUHQG LV
REVHUYHG IRU WKLQQHU OD\HU WKLFNQHVVHV ������ WR ������� :KHQ FRPSDULQJ �� ൈࣅ ZLWK ��� ൈࣅ $/'� WKH
HIIHFW RI D EHWWHU EDQG DOLJQPHQW DQG GHFUHDVHG EDUULHU SRWHQWLDO LV VKRZQ� DV SUHYLRXVO\ GLVFXVVHG�
+RZHYHU� ZKHQ UHGXFLQJ WKH WKLFNQHVV IRU WKH �� ൈࣅ $/' 6Q2�� D GHFUHDVH LQ 3&( LV VHHQ IRU WKLFNQHVVHV
EHORZ ����� ࿾൫� HYHQ UHVXOWLQJ LQ D EDUHO\ IXQFWLRQLQJ FHOO IRU ����� ࿾൫�

7KLV SKHQRPHQRQ FDQ EH H[SODLQHG E\ ORRNLQJ DW ILJXUH ���E� )RU WKH LQGLFDWHG SRLQWV LQ ILJXUH
���D� WKH &% EDQG GLDJUDP ZDV SORWWHG� 7KH WZR EDQG RIIVHWV UHVXOWLQJ LQ WZR EDUULHUV DUH REVHUYHG DW
D WKLFNQHVV RI ����� ࿾൫� 7KH ZLGWK RI WKH EDUULHUV GHFUHDVHV ZLWK KHLJKW� 7KLV LQFUHDVHV WKH WXQQHOLQJ
SUREDELOLW\� $OWKRXJK WKHUH DUH WZR� WKH FKDUJH FDUULHUV FDQ VWLOO WUDQVSRUW WKURXJK WKHVH KHWHURMXQFWLRQV
E\ WKHUPLRQLF HPLVVLRQ DQG GLUHFW WXQQHOLQJ UHVXOWLQJ LQ D 3&( RI ������



���� 5HFRPELQDWLRQ UHGXFWLRQ ��

$V WKH WKLFNQHVV RI 6Q2� LV UHGXFHG� WKH WZR HOHFWULF ILHOGV LQ WKH SRWHQWLDO EDUULHUV DUH SXVKHG
WRZDUGV HDFK RWKHU� 7KH WZR HOHFWULF ILHOGV SRLQW LQ WKH RSSRVLWH GLUHFWLRQ� DQG ZLOO FDQFHO HDFK RWKHU RXW�
7KLV UHVXOWV LQ D UHGXFWLRQ RI WKH EDUULHU SRWHQWLDO LQ WKH 6Q2� OD\HU� 7KLV UHVXOWV LQ RQH WKLFNHU EDUULHU
�EOXH OLQH� LQVWHDG RI WZR WKLQQHU RQHV �JUHHQ OLQH�� 7KLV QHJDWLYHO\ DIIHFWV WKH WXQQHOLQJ SUREDELOLW\
DQG UHVXOWV LQ D ORZHU IXQFWLRQLQJ WDQGHP FHOO �3&( LV ������ :H FRQFOXGH WKDW UHGXFLQJ WKH WKLFNQHVV
RI 6Q2� ZLOO QRW EH EHQHILFLDO IRU WKH VRODU FHOO�

&RLQFLGHQWDOO\� LW ZDV UHSRUWHG KRZHYHU� WKDW D WKLQ ����� ࿾൫ OD\HU RI �� ൈࣅ $/' 6Q2� KDG QR QHJ�
DWLYH HIIHFW RQ WKH HOHFWURQ WUDQVSRUW DW WKH LQWHUIDFHV >�@� $FFRUGLQJ WR RXU PRGHOOLQJ UHVXOWV� QHJDWLYH
WUDQVSRUW SURSHUWLHV ZHUH IRXQG IRU �� ൈࣅ $/' 6Q2� � 7KH FRQIOLFWLQJ UHVXOWV FDQ EH UHODWHG WR GLIIHUHQW
FHOO FRQILJXUDWLRQ� 7KH FRQFOXVLRQ RI WKH SDSHU ZDV EDVHG RQ D FHOO FRQILJXUDWLRQ ZLWKRXW WKH DGGLWLRQ
RI 3&%0� 7KH &% LQ ILJXUH ��� VKRZV D GURS RI ���� ൤൛ LQ HQHUJ\ OHYHO ZKHQ PRYLQJ IURP SHURYVNLWH WR
3&%0� 7KH EDQG RIIVHW DW WKH 6Q2��3&%0 LQWHUIDFH ZDV HDUOLHU GLVFXVVHG DQG HTXDOV ���� ൤൛� :KHQ
WKH SHURYVNLWH OD\HU LV GLUHFWO\ GHSRVLWHG RQ WKH 6Q2� OD\HU� WKH EDQG RIIVHW EHWZHHQ SHURYVNLWH DQG
6Q2� LV SRWHQWLDOO\ PXFK VPDOOHU ����� ൤൛� ZKHQ FRPSDUHG WR WKH EDQG RIIVHW DW 6Q2��3&%0 LQWHUIDFH�
7KH UHGXFWLRQ RI WKH EDQG RIIVHW DW WKH 6Q2� LQWHUIDFH UHGXFHV WKH OLPLWDWLRQ IRU HOHFWURQ WUDQVSRUW� 7KLV
FDQ H[SODLQ WKDW QR QHJDWLYH HIIHFW IRU WKH HOHFWURQ WUDQVSRUW ZDV IRXQG LQ .XDQJ HW DO�� 7KH DGGHG
3&%0 OD\HU IRU 6Q2� ZDV KRZHYHU QHHGHG WR SUHYHQW WKH GHJUDGLQJ RI WKH FHOO RYHU WLPH >�@� 7KLV
DGGLWLRQ RI 3&%0 EHWZHHQ 6Q2� DQG SHURYVNLWH WKXV UHVXOWV LQ WKH WZR HDUOLHU GLVFXVVHG EDQG RIIVHWV
DQG EDUULHU SRWHQWLDO� ZRUVHQLQJ WKH FDUULHU WUDQVSRUW �ILJXUH �����

7KH FRPELQDWLRQ RI WKH 6Q2� DQG 3&%0 LV GLVDGYDQWDJHRXV IRU WKH WDQGHP FHOO� EXW WKH 3&%0
LV QHHGHG WR SUHYHQW WKH GHJUDWLRQ RI WKH 3&( ZKHQ XVLQJ 6Q2�� 6HFRQGO\� WKH EDQG DOLJQPHQW RI
3&%0 ZLWK ,72 DQG SHURYVNLWH VKRZV YHU\ SURPLVLQJ FKDUDFWHULVWLFV IRU HOHFWURQ WUDQVSRUW WRZDUGV WKH
FDWKRGH HOHFWURGH ZLWKRXW 6Q2�� VHH ILJXUH ���� 7KLV UHDVRQLQJ VXJJHVWV WKDW D SRVVLEOH DGMXVWPHQW
ZRXOG EH WR OHDYH WKH 6Q2� RXW RI WKH WDQGHP OD\HU VWDFN DQG XVH 3&%0 DV WKH RQO\ (7/ FRQQHFWLRQ
WR WKH ,72 >���@ DQG VKRXOG EH VWXGLHG LQ IXWXUH ZRUN�

���� 5HFRPELQDWLRQ UHGXFWLRQ
7KH PDLQ UHFRPELQDWLRQ PHFKDQLVP LQ WKH WRS FHOO ZDV LGHQWLILHG LQ VHFWLRQ ����� DV 65+� PRVWO\
IDFLOLWDWHG E\ WKH GHIHFWV SUHVHQW LQ WKH SHURYVNLWH DEVRUEHU OD\HU DQG DFFRXQWHG IRU ����� ൫െ�ൢ൫ኼ
LQ 6& FRQGLWLRQ� $ SRVVLEOH VROXWLRQ IRU WKLV ORVV LV WKH SDVVLYDWLRQ RI WKH WUDS VWDWHV� 3DVVLYDWLRQ RI
WUDSV KDV UHVXOWHG LQ WKH VXFFHVVIXO HQKDQFHPHQW RI REWDLQHG HIILFLHQFLHV LQ SHURYVNLWH VLQJOH�MXQFWLRQ
VRODU FHOOV >��� ���� ���@� 7R UHVHDUFK WKH HIIHFW RI SDVVLYDWLRQ� WKH VLQJOH�MXQFWLRQ SHURYVNLWH PRGHO
ZDV UXQ ZLWK D UHGXFWLRQ RI WKH WUDS VWDWH GHQVLW\ IRU WKH +7/ �37$$�SHURYVNLWH LQWHUIDFH�� WKH (7/
�SHURYVNLWH�3&%0 LQWHUIDFH�� DQG WKH EXON� 7KH VLPXODWLRQ UHVXOWV DUH SUHVHQWHG LQ ILJXUH ���� 7KH
UHGXFWLRQ LQ WKH (7/ DQG EXON JDYH VLPLODU UHVXOWV DV WKH WDQGHP FHOO ZLWK EDVHOLQH WUDS GLVWULEXWLRQ
GHVFULEHG LQ FKDSWHU � DQG VKRZ QR VLJQLILFDQW GLIIHUHQFH LQ WKH -�9 FXUYH� )RU WKH SDVVLYDWLRQ RI WKH
WUDSV DW WKH +7/� DQ LQFUHDVH LQ WKH ൛ፎፂ LV REVHUYHG RI ����� ൛�

)LJXUH ���� (IIHFW RI WUDS SDVVLYDWLRQ RQ -�9 FXUYH LQ WKH SHURYVNLWH VLQJOH�MXQFWLRQ� 7KH WUDS FRQFHQWUDWLRQ ZDV UHGXFHG WR
ኻኺᎴࣄ� ፜፦ᎽᎵ IRU WKH EXON� +7/ DQG (7/�



�� �� 7KH URDG WR LPSURYHPHQW

7KH HIIHFW RI +7/ SDVVLYDWLRQ RQ WKH ൛ፎፂ FDQ EH UHODWHG WR WKH KLJKHU GHIHFW FRQFHQWUDWLRQ WKDW
ZDV PRGHOOHG DW WKH 37$$�SHURYVNLWH LQWHUIDFH� +LJKHU WUDS VWDWH FRQFHQWUDWLRQ GLUHFWO\ WUDQVODWHV WR
D KLJKHU DPRXQW RI UHFRPELQDWLRQ FHQWHUV� $V WKH UHFRPELQDWLRQ UDWH KDV D GLUHFW LQIOXHQFH RQ WKH
൛ፎፂ DQG WKH 3&(� UHGXFLQJ WKH FRQFHQWUDWLRQ LV UHIOHFWHG LQ WKH -�9 FXUYH� 6HFRQGO\� DW WKH +7/� WKH
PLG EDQGJDS WUDS VWDWHV DUH VLWXDWHG FORVHU WR WKH )HUPL OHYHO �VHH ILJXUH ���� ULJKW VLGH RI SHURYVNLWH�
WKDQ DW WKH (7/ �VHH ILJXUH ���� OHIW VLGH RI SHURYVNLWH� GXH WR EDQG EHQGLQJ� UHVXOWLQJ LQ PRUH DFWLYH
UHFRPELQDWLRQ FHQWHUV FRQWULEXWLQJ WR WKH UHFRPELQDWLRQ SURFHVV� $V WKH FDSWXUH UDWH RI FKDUJH FDUULHUV
LV GULYHQ E\ WKH )HUPL HQHUJ\ OHYHO UHODWLYH WR WKH WUDS VWDWH GLVWULEXWLRQ� DW WKH +7/ PRUH WUDS VWDWHV DUH
DEOH WR FRQWULEXWH WR WKH UHFRPELQDWLRQ SURFHVV� :KHQ UHGXFLQJ WKH DFWLYH WUDS VWDWHV YLD SDVVLYLDWLRQ
WHFKQLTXHV� DQ LPSURYHPHQW RI WKH FHOO SHUIRUPDQFH LV REVHUYHG�

���� (IILFLHQF\ RSWLPL]DWLRQ
7KLV VHFWLRQ DLPV WR LQYHVWLJDWH WKH SRVVLEOH LPSURYHPHQWV WKDW FDQ EH GRQH WR WKH EDVHOLQH SHU�
RYVNLWH�&,*6 WDQGHP WKDW ZDV LQWURGXFHG LQ WKH ILUVW FKDSWHU RI WKLV WKHVLV� 7KH IROORZLQJ LPSURYH�
PHQWV ZHUH EDVHG RQ WKH ORVV DQDO\VLV DQG WUDQVSRUW DQDO\VLV RI WKH EDVHOLQH WDQGHP FHOO LQ FKDSWHU ��
:H KDYH IRXU SURSRVLWLRQV IRU WKH LPSURYHPHQW WKH FHOO� �� ,PSURYLQJ FDUULHU WUDQVSRUW E\ LPSOHPHQW�
LQJ 1L2 DV WKH S�W\SH OD\HU LQ WKH 75-� �� 2SWLFDO HQKDQFHPHQW RI WKH FHOO E\ UHGXFLQJ WKH SHURYVNLWH
WKLFNQHVV DQG DGGLQJ D 0J)� $5&� �� ,PSURYLQJ WKH FDUULHU WUDQVSRUW LQ WKH WRS FHOO WKH E\ FKDQJLQJ
WKH IURQW 6Q2� DW �� ൈࣅ WR 6Q2� DW ��� �ൈࣅ �� 5HGXFH 65+ UHFRPELQDWLRQ LQ WKH SHURYVNLWH OD\HU E\
GHIHFW SDVVLYDWLRQ�

3URSRVLWLRQ �� VXEVWLWXWH 3('27�366 ZLWK $/' 1L2 DV WKH S�W\SH PDWHULDO LQ WKH 75-� 7KLV SURSR�
VLWLRQ LV UHODWHG WR UHVXOWV IRXQG LQ WKH DQDO\VLV RI WKH WXQQHO UHFRPELQDWLRQ MXQFWLRQ� 7KH 3('27�366
PDWHULDO ZDV OLPLWLQJ WKH FKDUJH FDUULHU WUDQVSRUW WKDQNV WR LWV HOHFWULFDO SDUDPHWHUV WKDW UHVXOWHG LQ D
VXE�RSWLPDO EDQG DOLJQPHQW RI WKH &% LQ WKH PLGGOH 7LQ 2[LGH �P 6Q2�� DQG WKH 9% RI 366�3('27� 7KH
HOHFWULFDO SDUDPHWHUV RI 1LFNHO 2[LGH �1L2� UHVXOWHG LQ WKH EDQG DOLJQPHQW RI ൛േፍ።ፎ DQG ൈേፒ፧ፎ� DQG D
KLJKHU EDQG RIIVHW DW WKH 6Q2��LQWHUIDFH� 7KH 1L2 ZDV LPSOHPHQWHG LQ WKH EDVHOLQH WDQGHP VWDFN DQG
WKH 3&( LQFUHDVHG IURP ����� WR ������ �ILJXUH ������

)LJXUH ����� 7KH HIIHFW RI WKH RSWLPL]DWLRQ WHFKQLTXHV RQ WKH EDVHOLQH WDQGHP -�9 FXUYH�

3URSRVLWLRQ �� UHGXFH WKH WKLFNQHVV RI WKH SHURYVNLWH DEVRUEHU OD\HU DQG DGG DQ $5& RQ WRS RI WKH
WDQGHP OD\HU VWDFN� 7KH ORVV DQDO\VLV VKRZHG WKH OLPLWLQJ FXUUHQW RI &,*6 RQ WKH WRWDO WDQGHP� %\
UHGXFLQJ WKH SHURYVNLWH OD\HU WKLFNQHVV WR ��� ൬൫� D FXUUHQW PDWFK EHWZHHQ WRS DQG ERWWRP OD\HU LV
DFKLHYHG� LQFUHDVLQJ WKH FXUUHQW GHQVLW\ LQ &,*6 IURP ���� WR ����� ൫െ�ൢ൫ኼ ZKLOH UHPDLQLQJ DERYH
WKH PLQLPDO RI ��� ൬൫ WKLFNQHVV WR SUHYHQW VKXQWLQJ� $V WKH UHIOHFWDQFH ORVVHV ZHUH IRXQG WR EH
VLJQLILFDQW� D 0DJQHVLXP )OXRULGH �0J)�� $5& ZDV DGGHG� LQFUHDVLQJ WKH FXUUHQW GHQVLW\ FUHDWHG E\
SKRWRQ DEVRUSWLRQ IURP ����� WR �����൫െ�ൢ൫ኼ� )LJXUH ���� VKRZV HIIHFW RI WKH LPSOHPHQWDWLRQ RI WKH
RSWLFDO LPSURYHPHQWV RQ WKH WDQGHP FHOO� 7KH HYHQWXDO ൏ፒፂ LV LQFUHDVHG IURP ����� ൫െ�ൢ൫ኼ WR �����



���� (IILFLHQF\ RSWLPL]DWLRQ ��

൫െ�ൢ൫ኼ� 7KH YDOXH LV ORZHU WKDQ WKH HDUOLHU PHQWLRQHG ����� ൫െ�ൢ൫ኼ GXH WR PHWDOLVDWLRQ ORVVHV� $Q
LQFUHDVH LQ ൛ፎፂ LV REVHUYHG IURP ����� WR ����� ൛� 7KLV UHVXOWV LQ D VLJQLILFDQW LQFUHDVH LQ WKH IXQFWLRQ�
LQJ RI WKH WDQGHP FHOO �EOXH OLQH YV� UHG OLQH� ILJXUH �����

3URSRVLWLRQ �� DOWHU WKH IURQW 6Q2� E\ XVLQJ ��� ൈࣅ $/' 6Q2� LQVWHDG RI �� ൈࣅ $/' 6Q2�� 'XH WR LWV
VPDOOHU EDQGJDS DQG ODUJHU HOHFWURQ DIILQLW\� D EHWWHU EDQG DOLJQPHQW ZLWK ,72 DQG 3&%0 DQG VPDOOHU
EDUULHU SRWHQWLDO LV IRUPHG� 7KLV UHVXOWV LQ EHWWHU WUDQVSRUW RI FKDUJH FDUULHUV WR WKH IURQW HOHFWURGH�
&RQVHTXHQWO\� D KLJKHU HIILFLHQF\ IRU WKH WDQGHP FHOO ����� WR ������ DQG EHWWHU )) IRU WKH WRS FHOO
LV REVHUYHG� )LJXUH ���� VKRZV WKH HIIHFW RI WKH LPSURYHG FKDUJH FDUULHU WUDQVSRUW RQ WKH )) RI WKH
WDQGHP FHOO �UHG YV� SXUSOH OLQH�� 7KH )) LV LPSURYHG IURP ����� WR ����� LQ WKH WDQGHP FHOO DIWHU WKH
VXEVWLWXWLRQ RI �� ൈࣅ $/' 6Q2� ZLWK ��� ൈࣅ $/' 6Q2��

3URSRVLWLRQ �� UHGXFH WKH GHIHFWV LQ WKH SHURYVNLWH DEVRUEHU OD\HU E\ GHIHFW SDVVLYDWLRQ� 7KH QRQ�
UDGLDWLYH 65+ UHFRPELQDWLRQ LQ WKH SHURYVNLWH OD\HU ZDV IRXQG WR WKH GRPLQDQW ORVV PHFKDQLVP LQ WKH
DEVRUEHU OD\HU� 7KH GHIHFWV DW WKH 37$$�SHURYVNLWH LQWHUIDFH ZHUH IRXQG WR EH PRVW OLPLWLQJ LQ WKH
IXQFWLRQLQJ RI WKH FHOO GXH WR KLJK FRQFHQWUDWLRQ RI WUDS VWDWHV ��ኻ዁ࣄ�� ൢ൫ዅኽ�� 7KH UHGXFWLRQ RI WUDSV
LQ WKH DEVRUEHU OD\HU UHVXOWHG LQ DQ LQFUHDVH LQ WKH ൛ፎፂ LQ WKH VLQJOH�MXQFWLRQ� 7KH UHVXOWV IRU WKH WDQGHP
FHOO DUH REVHUYHG LQ ILJXUH ����� $ ൛ፎፂ LQFUHDVH IURP ����� ൛ WR ����� ൛ LV VHHQ �SXUSOH YV� JUHHQ OLQH��

7KH VWHS�ZLVH LPSOHPHQWDWLRQ RI WKH IRXU SURSRVLWLRQV UHVXOWHG LQ DQ LPSURYHPHQW RI WKH H[WHUQDO
SDUDPHWHUV RI WKH SHURYVNLWH�&,*6 WDQGHP FHOO FRPSDUHG WR WKH UHIHUHQFH WDQGHP� VHH WDEOH ���� 7KH
RYHUDOO LQFUHDVH RI WKH HIILFLHQF\ LV ���� SHUFHQWDJH SRLQWV� ���� WR ������ 7KLV H[FHHGV WKH PLQLPXP
HIILFLHQF\ JRDO RI WKH /$)/(;��7 SURMHFW RI ������ $OO LPSURYHPHQWV ZHUH UHODWHG WR WKH SHURYVNLWH
WRS FHOO OD\HU VWDFN� PHDQLQJ WKH LPSOHPHQWDWLRQ FRXOG EH DFKLHYDEOH ZLWKRXW WKH QHHG RI PRGLILFDWLRQ
RI WKH &,*6 OD\HU VWDFN� 7KH ���� � LV FRPSDUDEOH WR WKH KLJKHVW IRXQG YDOXHV IRU PRGHOOLQJ UHVXOWV RI
SHURYVNLWH�&,*6 WDQGHP VRODU FHOOV �WDEOH ��� � DQG LV QHDULQJ WKH PD[LPXP REWDLQDEOH HIILFLHQF\ IRU
�7 SHURYVNLWH�&,*6 WDQGHP FHOOV RI ���� � >�@�

7DEOH ���� 7KH ILQDO FRPSDULVRQ RI WKH EDVHOLQH WDQGHP ZLWK WKH RSWLPL]HG SHURYVNLWH�&,*6 FHOO�

([WHUQDO SDUDPHWHUV ൛፨፜ >൛@ ൏፬፜ >൫െ@ )) 3&( >�@
%DVHOLQH 7DQGHP ����� ����� ����� �����
2SWLPL]HG 7DQGHP ����� ����� ����� �����





�
&RQFOXVLRQ

$Q RSWLFDO DQG HOHFWULFDO ORVV DQDO\VLV RI D SHURYVNLWH�&,*6 WDQGHP FHOO ZDV SUHVHQWHG LQ WKLV WKHVLV�
7KURXJK *(1352� RSWLFDO VLPXODWLRQV� WKH FKDUJH FDUULHU JHQHUDWLRQ SURILOH IRU HDFK OD\HU ZDV RE�
WDLQHG� 7&$' 6HQWDXUXV PRGHOOLQJ VRIWZDUH ZDV XVHG IRU WKH HOHFWULFDO VLPXODWLRQ� ZKLFK VROYHV WKH
IXQGDPHQWDO VHPLFRQGXFWRU SK\VLFV HTXDWLRQV� :LWK WKH HOHFWULFDO SDUDPHWHUV RI HDFK OD\HU DV LQSXW�
WKH FXUUHQW ORVVHV DQG WUDQVSRUW OLPLWLQJ OD\HUV FRXOG EH LGHQWLILHG� 7KHVH LQVLJKWV FDQ EH XVHG WR LP�
SURYH WKH H[LVWLQJ OD\HU VWDFN DQG WKHUHE\ HQKDQFLQJ WKH IXQFWLRQLQJ RI WKH VRODU FHOO� ,Q WKLV FKDSWHU�
ZH FRQFOXGH WKLV UHVHDUFK E\ ORRNLQJ EDFN DW WKH WKHVLV REMHFWLYHV�

2EMHFWLYH �� 'HYHORS D UHDOLVWLF PRGHOOLQJ WHPSODWH IRU WKH SHURYVNLWH�&,*6 EDVHOLQH WDQGHP FHOO

,Q FKDSWHU �� DQ RSWR�HOHFWULFDO PRGHO IRU WKH SHURYVNLWH�&,*6 EDVHOLQH WDQGHP FHOO ZDV SUHVHQWHG�
DQG VXFFHVVIXOO\ YDOLGDWHG LQ FKDSWHU � XVLQJ H[SHULPHQWDOO\ REWDLQHG GDWD IRU WKH -�9 FXUYH� 7KH RYHU�
DOO DSSURDFK PDGH XVH RI WZR VHSDUDWH PRGHOV RI D VLQJOH�MXQFWLRQ SHURYVNLWH FHOO DQG D VLQJOH�MXQFWLRQ
&,*6 FHOO� ZKLFK ILUVW ZHUH YDOLGDWHG XVLQJ H[SHULPHQWDOO\ REWDLQHG GDWD� )RU ERWK PRGHOV� WUDS VWDWH
GLVWULEXWLRQV ZHUH DGGHG LQ WKH DEVRUEHU OD\HUV� ZKLFK FRXOG SRWHQWLDOO\ IDFLOLWDWH WKH UHFRPELQDWLRQ RI
FKDUJH FDUULHUV� 7KH -�9 FXUYH UHVXOWV IURP WKH PRGHOV ZHUH ERWK LQ JRRG DJUHHPHQW ZLWK H[SHULPHQWDO
-�9 FXUYH GDWD RI ERWK VLQJOH MXQFWLRQV� 7KH HOHFWULFDO SDUDPHWHUV IURP WKH PDWHULDOV LQ ERWK PRGHOV
ZHUH LPSOHPHQWHG LQ D WDQGHP PRGHO ZLWK WKH SHURYVNLWH DV WKH WRS FHOO DQG &,*6 DV WKH ERWWRP FHOO�
,Q WKH WDQGHP PRGHO� WKH GHSHQGHQF\ RQ GLUHFW DQG LQGLUHFW HQHUJ\ FDUULHU WUDQVSRUW LQ WKH WXQQHO UH�
FRPELQDWLRQ MXQFWLRQ EHFDPH DSSDUHQW� )RU GLUHFW HQHUJ\ WUDQVSRUW RI WKH FKDUJH FDUULHUV� WKH EDQG WR
EDQG WXQQHOLQJ �%�%7� PHFKDQLVP ZDV XVHG� )RU WKH LQGLUHFW HQHUJ\ WUDQVSRUW� WUDS DVVLVWHG WXQQHOLQJ
�7$7� ZDV VXFFHVVIXOO\ LPSOHPHQWHG XVLQJ WKH QRQ�ORFDO ORFDO 7$7 PRGHO IDFLOLWDWHG E\ WUDS VWDWHV LQ
PLG EDQGJDS RI 3('27�366 IROORZLQJ D *DXVVLDQ HQHUJ\ GLVWULEXWLRQ� 7KH WDQGHP PRGHO ZDV YDOL�
GDWHG XVLQJ H[SHULPHQWDO -�9 FXUYH GDWD� 7KH PRGHO ZDV DEOH WR UHDVRQDEO\ UHSURGXFH H[SHULPHQWDO
-�9 FXUYHV� ,W FDQ WKXV DFFXUDWHO\ UHSURGXFH WKH SK\VLFDO PHFKDQLVPV LQ WKH EDVHOLQH WDQGHP FHOO� 7KLV
PRGHO ZDV XVHG IRU WKH QH[W REMHFWLYH�

2EMHFWLYH �� 3HUIRUP DQ RSWLFDO DQG HOHFWULFDO ORVV DQDO\VLV RI WKH EDVHOLQH WDQGHP FHOO

&KDSWHU � SUHVHQWHG DQ H[WHQVLYH DQDO\VLV RI WKH ORVVHV LQ WKH EDVHOLQH SHURYVNLWH�&,*6 WDQGHP
FHOO DQG DQDO\VHG WKH WUDQVSRUW RI FKDUJH FDUULHUV WKURXJK WKH 75-� )LUVW� D EUHDNGRZQ RI WKH LQFRPLQJ
SKRWR�FXUUHQW �൏፩፡  ����� ൫െ�ൢ൫ኼ� ZDV REWDLQHG IURP WKH HOHFWULFDO PRGHO� 7KLV VKRZHG WKDW� GXH
WR SDUDVLWLF DEVRUSWLRQ� ���� ൫െ�ൢ൫ኼ LV ORVW� 7KH 0RO\EGHQXP �0R� EDFN�FRQWDFW ZDV LGHQWLILHG DV WKH
PDLQ FRQWULEXWRU WR WKH SDUDVLWLF ORVVHV DQG ZDV UHVSRQVLEOH IRU D ORVV RI ���� ൫െ�ൢ൫ኼ� 5HIOHFWDQFH
ORVVHV DUH UHVSRQVLEOH IRU ORVLQJ ����� RI WKH LQFRPLQJ FXUUHQW LQ WKH WDQGHP FHOO ������ ൫െ�ൢ൫ኼ��
7KH EUHDNGRZQ RI WKH SKRWR�FXUUHQW DOVR UHYHDOHG WKH FXUUHQW PLVPDWFK EHWZHHQ WKH WRS DQG ERWWRP
OD\HU RI WKH WDQGHP FHOO ������ ൫െ�ൢ൫ኼ YV� ����� ൫െ�ൢ൫ኼ IRU WKH WRS DQG ERWWRP FHOO� UHVSHFWLYHO\��
7KH UHFRPELQDWLRQ ORVVHV LQ WKH WRS DQG ERWWRP FHOOV ZHUH H[WUDFWHG� VKRZLQJ WKH QRQ�UDGLDWLYH UH�
FRPELQDWLRQ SURFHVVHV UHODWHG WR GHIHFWV LQ WKH PDWHULDO DV WKH GRPLQDQW UHFRPELQDWLRQ PHFKDQLVP LQ
ERWK DEVRUEHU OD\HUV� 7KLV LQFOXGHV 6KRFNOH\�5HDG�+DOO DQG WKH VXUIDFH UHFRPELQDWLRQ� 7KH ORVVHV LQ
WKH WRS FHOO ZKHQ RSHUDWLQJ DW VKRUW FLUFXLW �6&� FRQGLWLRQV ZHUH ���� ൫െ�ൢ൫ኼ� )RU WKH ERWWRP FHOO�
WKH ORVVHV ZHUH HTXDO WR ���� ൫െ�ൢ൫ኼ� 7KH QRQ�UDGLDWLYH ORVVHV LQ 6& FRQGLWLRQV ZHUH DWWULEXWHG WR
WKH GHIHFW VWDWHV LQ WKH DEVRUEHU PDWHULDOV� 7KH UHFRPELQDWLRQ ORVVHV LQ WKH WRS DQG ERWWRP FHOO DW
6& FRQGLWLRQV ZHUH DOVR FRPSDUHG WR WKH UHFRPELQDWLRQ ORVVHV DW PD[LPXP SRZHU SRLQW �033�� 7KH
LQFUHDVH LQ UHFRPELQDWLRQ ORVVHV RI ���� ൫െ�ൢ൫ኼ ZDV DWWULEXWHG WR OLPLWHG WUDQVSRUW RI FKDUJH FDUULHUV
WRZDUGV WKH HOHFWURGHV UHVXOWLQJ LQ D ORZ ILOO IDFWRU �))��

��



�� �� &RQFOXVLRQ

$Q H[WHQVLYH DQDO\VLV RI FDUULHU WUDQVSRUW WKURXJK WKH 75- UHYHDOHG WKH GHSHQGHQF\ RQ LQ�GLUHFW
HQHUJ\ WUDQVSRUW RI FKDUJH FDUULHUV LQ WKH EDVHOLQH WDQGHP FHOO� 7KLV LQGLFDWHG WKDW WKH FKDUJH FDU�
ULHU WUDQVSRUW ZDV GRPLQDWHG E\ WKH 7$7 PHFKDQLVP� 7KH PRGHOOLQJ RI WKH 75- IRU GLIIHUHQW GRSLQJV
RI WKH S�W\SH DQG Q�W\SH PDWHULDO VKRZHG WKDW RSWLPDO YDOXHV IRU WKH H[WHUQDO VRODU FHOO SDUDPHWHUV
ZHUH IRXQG IRU EDQG DOLJQPHQW RI WKH ൛േፏፄፃፎፓࣣፏፒፒ DQG ൈേፒ፧ፎ�� 'XH DOLJQPHQW RI WKH EDQGV� GLUHFW
HQHUJ\ WUDQVSRUW RI FDUULHUV LV SRVVLEOH� 7KLV UHVXOWHG LQ WKH PRUH HIILFLHQW %�%7 PHFKDQLVP EHFRPLQJ
GRPLQDQW� ,W ZDV FRQFOXGHG WKDW IRU WKH EDVHOLQH WDQGHP FHOO� DQ LPSURYHPHQW LQ WKH S�W\SH UHJLRQ
FRXOG EH PDGH E\ UHGXFLQJ WKH HQHUJ\ GLIIHUHQFH EHWZHHQ WKH 9% DQG WKH )HUPL OHYHO� UHVXOWLQJ LQ EDQG
DOLJQPHQW LQ WKH 75-�

2EMHFWLYH �� 3URSRVH UHFRPPHQGDWLRQV DQG JXLGHOLQHV IRU WKH RSWLPL]DWLRQ RI WKH EDVHOLQH WDQGHP FHOO

&KDSWHU � XVHG WKH LQVLJKWV IURP FKDSWHU � WR FRPH XS ZLWK IRXU SURSRVLWLRQV WR LPSURYH WKH
IXQFWLRQLQJ RI WKH EDVHOLQH WDQGHP FHOO� �� 6XEVWLWXWH 3('27�366 LQ WKH 75- ZLWK $/' 1L2� 'XH 1L2অV
HOHFWULFDO SDUDPHWHUV DQ LPSURYHG EDQG DOLJQPHQW RI WKH ൛േ፩ዅ፭፲፩፞ ZLWK WKH ൈേፒ፧ፎᎴ ZDV REVHUYHG�
UHVXOWLQJ LQ DQ LQFUHDVH LQ 3&( IURP ������ WR ������� �� 5HGXFH WKH WKLFNQHVV RI WKH SHURYVNLWH
DEVRUEHU OD\HU WR ��� ൬൫ DQG DGG D ��� ൬൫ 0J)� $5& RQ WRS RI WKH OD\HU VWDFN� 7KLV UHVXOWHG LQ
DQ LQFUHDVH RI WKH ൏ፒፂ IURP ����� ൫െ�ൢ൫ኼ WR ����� ൫െ�ൢ൫ኼ GXH WR FXUUHQW PDWFKLQJ RI WKH WRS DQG
ERWWRP FHOO DQG WKH LPSURYHG WUDSSLQJ RI WKH LQFRPLQJ OLJKW� �� &KDQJH WKH PDWHULDO IRU WKH IURQW 6Q2�
IURP �� ൈࣅ $/' 6Q2� WR ��� ൈࣅ $/' 6Q2�� 7KLV ZLOO LPSURYH FKDUJH WUDQVSRUW WR WKH IURQW HOHFWURGH DV
OLPLWLQJ EDQG RIIVHWV DW WKH LQWHUIDFHV RI WKH 6Q2� DQG EDUULHU SRWHQWLDO LQ WKH 6Q2� OD\HU DUH UHGXFHG�
UHVXOWLQJ LQ D KLJKHU )) ������ WR ������� �� 5HGXFH WKH GHIHFWV LQ WKH SHURYVNLWH DEVRUEHU OD\HU E\
GHIHFW SDVVLYDWLRQ� 7KLV ZLOO UHGXFH WKH 65+ DQG VXUIDFH UHFRPELQDWLRQ LQ WKH SHURYVNLWH WRS FHOO�
LPSURYLQJ WKH ൛ፎፂ IURP ���� ൛ WR ����� ൛� :H FRQFOXGH WKDW D 3&( RI ������ LV REWDLQDEOH IRU WKH
EDVHOLQH SHURYVNLWH�&,*6 WDQGHP FHOO ZKHQ LPSOHPHQWLQJ WKH IRXU SURSRVLWLRQV� VHH ILJXUH ����

)LJXUH ���� 7KH -�9 FXUYH RI WKH ILQDO RSWLPL]HG SHURYVNLWH�&,*6 WDQGHP FHOO ZLWK �������
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>�@ 7� 7RGRURY� 2� *XQDZDQ� DQG 6� *XKD� $ URDG WRZDUGV ��� HIILFLHQF\ DQG EH\RQG� 3HURYVNLWH
WDQGHP VRODU FHOOV� 0ROHFXODU 6\VWHPV 'HVLJQ DQG (QJLQHHULQJ �� ��� �������

>�@ 7� -� -DFREVVRQ� $� +XOWTYLVW� 6� 6YDQVWU¶P� /� 5LHNHKU� 8� %� &DSSHO� (� 8QJHU� +� 5HQVPR� (� 0�
-RKDQVVRQ� 0� (GRII� DQG *� %RVFKORR� ��7HUPLQDO &,*6�SHURYVNLWH WDQGHP FHOOV� $ OD\HU E\
OD\HU H[SORUDWLRQ� 6RODU (QHUJ\ ���� ��� �������

>�@ '� $� 1HDPHQ� %� %XUU� 5� /O� '� /D 0DGࣩVRQ� :� 1HZ� <� 6DQ� )� 6W� /� %� %RJRWD� &� .XDODOXUQ�
SXU� /� /RQGRQ� 0� 0H[ࣩFRFOW\� 0� 0RQWUHDO� 1� 6DQWࣩDJR� 6� 6LQJDSRUH� DQG 6� 7� 7RURQWR�
6HPLFRQGXFWRU 3K\VLFV DQG 'HYLFHV %DVLF 3ULQFLSOHV 7KLUG (GLWLRQ� 7HFK� 5HS� �������

>�@ ,QF� 6\QRSV\V�� 6HQWDXUXV 'HYLFH 8VHU *XLGH YHUVLRQ .��������� �������

>�@ =� 1L� 6� ;X� DQG -� +XDQJ� 5HVROYLQJ VSDWLDO DQG HQHUJHWLF GLVWULEXWLRQV RI WUDS VWDWHV LQ PHWDO
KDOLGH SHURYVNLWH VRODU FHOOV� 6FLHQFH ���� ���� �������

>�@ <� .XDQJ� 9� =DUGHWWR� 5� 9DQ *LOV� 6� .DUZDO� '� .RXVKLN� 0� $� 9HUKHLMHQ� /� (� %ODFN� &� :HLMWHQV�
6� 9HHQVWUD� 5� $QGULHVVHQ� :� 0� .HVVHOV� DQG 0� &UHDWRUH� /RZ�7HPSHUDWXUH 3ODVPD�$VVLVWHG
$WRPLF�/D\HU�'HSRVLWHG 6Q2� DV DQ (OHFWURQ 7UDQVSRUW /D\HU LQ 3ODQDU 3HURYVNLWH 6RODU &HOOV�
$&6 $SSOLHG 0DWHULDOV DQG ,QWHUIDFHV ��� ����� �������

>�@ 0� (� (EHUKDUW� )HHGLQJ WKH ILUH� 7KH ORVW KLVWRU\ DQG XQFHUWDLQ IXWXUH RI PDQNLQGঅV HQHUJ\
DGGLFWLRQ� � �� �������

>�@ 0� 9LFWRULD� 1� +DHJHO� ,� 0� 3HWHUV� 5� 6LQWRQ� $� -¤JHU�:DOGDX� &� GHO &D±L]R� &� %UH\HU�
0� 6WRFNV� $� %ODNHUV� ,� .DL]XND� .� .RPRWR� DQG $� 6PHWV� 6RODU SKRWRYROWDLFV LV UHDG\ WR
SRZHU D VXVWDLQDEOH IXWXUH� -RXOH ������� ��������M�MRXOH�������������

>�@ ,QWHUQDWLRQDO 5HQHZDEOH (QHUJ\ $JHQF\� :25/' (1(5*< 75$16,7,216 287/22. ���p &
3$7+:$< �������

>��@ ,QWHUQDWLRQDO 5HQHZDEOH (QHUJ\ $JHQF\� 5HQHZDEOH SRZHU JHQHUDWLRQ FRVWV LQ ���� �������

>��@ '� 0� &KDSLQ� &� 6� )XOOHU� DQG *� /� 3HDUVRQ� $ QHZ VLOLFRQ S�Q MXQFWLRQ SKRWRFHOO IRU FRQYHUWLQJ
VRODU UDGLDWLRQ LQWR HOHFWULFDO SRZHU� �������

>��@ $� 6PHWV� 6RODU HQHUJ\� 7KH SK\VLFV DQG HQJLQHHULQJ RI SKRWRYROWDLF FRQYHUVLRQ� WHFKQRORJLHV
DQG V\VWHPV� 9RO� � �������

>��@ $� .RMLPD� .� 7HVKLPD� <� 6KLUDL� DQG 7� 0L\DVDND� 2UJDQRPHWDO KDOLGH SHURYVNLWHV DV YLVLEOH�OLJKW
VHQVLWL]HUV IRU SKRWRYROWDLF FHOOV� -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\ ���� ���� �������

>��@ :� 6KRFNOH\ DQG +� -� 4XHLVVHU� 'HWDLOHG EDODQFH OLPLW RI HIILFLHQF\ RI S�Q MXQFWLRQ VRODU FHOOV�
-RXUQDO RI $SSOLHG 3K\VLFV ��� ��� �������

>��@ )� )X� 7� )HXUHU� 7� 3� :HLVV� 6� 3LVRQL� (� $YDQFLQL� &� $QGUHV� 6� %XHFKHOHU� DQG $� 1� 7LZDUL�
+LJK�HIILFLHQF\ LQYHUWHG VHPL�WUDQVSDUHQW SODQDU SHURYVNLWH VRODU FHOOV LQ VXEVWUDWH FRQILJXUDWLRQ�
1DWXUH (QHUJ\ �� ����� �������

>��@ +� /L DQG :� =KDQJ� 3HURYVNLWH 7DQGHP 6RODU &HOOV� )URP )XQGDPHQWDOV WR &RPPHUFLDO 'HSOR\�
PHQW� &KHPLFDO 5HYLHZV� ���� ���� �������

>��@ *� +DQ� 6� =KDQJ� 3� 3� %RL[� /� +� :RQJ� /� 6XQ� DQG 6� <� /LHQ� 7RZDUGV KLJK HIILFLHQF\ WKLQ
ILOP VRODU FHOOV� 3URJUHVV LQ 0DWHULDOV 6FLHQFH� ��� ��� �������

��
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>��@ 0� 0RXVD� 0� 0� 6DODK� )� =� $PHU� $� 6DHHG� DQG 5� ,� 0XEDUDN� +LJK (IILFLHQF\ 7DQGHP
3HURYVNLWH�&,*6 6RODU &HOO� ,QVWLWXWH RI (OHFWULFDO DQG (OHFWURQLFV (QJLQHHUV ,QF� �� ���� �������

>��@ 0D[LPL]LQJ WDQGHP VRODU FHOO SRZHU H[WUDFWLRQ XVLQJ D WKUHH�WHUPLQDO GHVLJQ� 6XVWDLQDEOH (QHUJ\
DQG )XHOV �� ���� �������

>��@ 6� 5� .RGLJDOD� &X�,Q��[*D[�6H� %DVHG 7KLQ )LOP 6RODU &HOOV �$FDGHPLF 3UHVV� ����� S� ����

>��@ 6� 0LQRXUD� 7� 0DHNDZD� .� .RGHUD� $� 1DNDQH� 6� 1LNL� DQG +� )XMLZDUD� 2SWLFDO FRQVWDQWV RI
&X�,Q� *D�6H� IRU DUELWUDU\ &X DQG *D FRPSRVLWLRQV� -RXUQDO RI $SSOLHG 3K\VLFV ��� �������
������������������

>��@ 1� 5H]DHL� 2SWR�HOHFWULFDO 0RGHOOLQJ RI &,*6 6RODU &HOOV �������

>��@ 0� $� *UHHQ� $� +R�%DLOOLH� DQG +� -� 6QDLWK� 7KH HPHUJHQFH RI SHURYVNLWH VRODU FHOOV� �������

>��@ )� %HOOD� 3� 5HQ]L� &� &DYDOOR� DQG &� *HUEDOGL� &DHVLXP IRU 3HURYVNLWH 6RODU &HOOV� $Q 2YHUYLHZ�
�������

>��@ 7� -HVSHU -DFREVVRQ� -� 3� &RUUHD�%DHQD� 0� 3D]RNL� 0� 6DOLED� .� 6FKHQN� 0� *U¤W]HO� DQG
$� +DJIHOGW� ([SORUDWLRQ RI WKH FRPSRVLWLRQDO VSDFH IRU PL[HG OHDG KDORJHQ SHURYVNLWHV IRU KLJK
HIILFLHQF\ VRODU FHOOV� (QHUJ\ DQG (QYLURQPHQWDO 6FLHQFH �� ���� �������

>��@ (� /� 8QJHU� (� 7� +RNH� &� '� %DLOLH� :� +� 1JX\HQ� $� 5� %RZULQJ� 7� +HXP¼OOHU� 0� *� &KULVWR�
IRUR� DQG 0� '� 0F*HKHH� +\VWHUHVLV DQG WUDQVLHQW EHKDYLRU LQ FXUUHQW�YROWDJH PHDVXUHPHQWV
RI K\EULG�SHURYVNLWH DEVRUEHU VRODU FHOOV� (QHUJ\ DQG (QYLURQPHQWDO 6FLHQFH �� ���� �������

>��@ :� 7UHVV� 1� 0DULQRYD� 7� 0RHKO� 6� 0� =DNHHUXGGLQ� 0� .� 1D]HHUXGGLQ� DQG 0� *U¤W]HO� 8QGHU�
VWDQGLQJ WKH UDWH�GHSHQGHQW -�9 K\VWHUHVLV� VORZ WLPH FRPSRQHQW� DQG DJLQJ LQ &+�1+�3E,�
SHURYVNLWH VRODU FHOOV� 7KH UROH RI D FRPSHQVDWHG HOHFWULF ILHOG� (QHUJ\ DQG (QYLURQPHQWDO 6FL�
HQFH �� ��� �������

>��@ 5� 9� +HHUGHQ� 6ORZ VXE�JDS HQHUJ\ VWDWHV DV WKH RULJLQ RI K\VWHUHVLV LQ SHURYVNLWH VRODU FHOOV�
�������

>��@ <� <DQJ 0LFKDHO� 4� &KHQ� <� 7� +VLHK� 7� %� 6RQJ� 1� '� 0DUFR� +� =KRX� DQG <� <DQJ� 0XOWLOD\HU
7UDQVSDUHQW 7RS (OHFWURGH IRU 6ROXWLRQ 3URFHVVHG 3HURYVNLWH�&X�,Q�*D��6H�6�� )RXU 7HUPLQDO
7DQGHP 6RODU &HOOV� $&6 1DQR �� ���� �������

>��@ 6HPL�WUDQVSDUHQW SHURYVNLWH VRODU FHOOV IRU WDQGHPV ZLWK VLOLFRQ DQG &,*6� (QHUJ\ DQG (QYLURQ�
PHQWDO 6FLHQFH �� ��� �������

>��@ 4� +DQ� <� 7� +VLHK� /� 0HQJ� -� /� :X� 3� 6XQ� (� 3� <DR� 6� <� &KDQJ� 6� +� %DH� 7� .DWR�
9� %HUPXGH]� DQG <� <DQJ� +LJK�SHUIRUPDQFH SHURYVNLWH� &X�,Q�*D�6H� PRQROLWKLF WDQGHP VRODU
FHOOV� 6FLHQFH ���� ��� �������

>��@ 0� -RġW� 7� %HUWUDP� '� .RXVKLN� -� $� 0DUTXH]� 0� $� 9HUKHLMHQ� 0� '� +HLQHPDQQ� (� .¶KQHQ�
$� $O�$VKRXUL� 6� %UDXQJHU� )� /DQJ� %� 5HFK� 7� 8QROG� 0� &UHDWRUH� ,� /DXHUPDQQ� &� $� .DXIPDQQ�
5� 6FKODWPDQQ� DQG 6� $OEUHFKW� ������(IILFLHQW 0RQROLWKLF 3HURYVNLWH�&X�,Q�*D�6H � 7DQGHP
6RODU &HOOV ZLWK 7KLQ &RQIRUPDO +ROH 7UDQVSRUW /D\HUV IRU ,QWHJUDWLRQ RQ 5RXJK %RWWRP &HOO
6XUIDFHV� $&6 (QHUJ\ /HWWHUV �� ��� �������

>��@ $� .XPDU� 6� '� 6DXUDEK� DQG +� 6KDUPD� 3HURYVNLWH�&,*6 PDWHULDOV EDVHG WDQGHP VR�
ODU FHOO ZLWK DQ LQFUHDVHG HIILFLHQF\ RI ������ 0DWHULDOV 7RGD\� 3URFHHGLQJV �������
��������M�PDWSU�������������

>��@ 7� 7RGRURY� 7� *HUVKRQ� 2� *XQDZDQ� <� 6� /HH� &� 6WXUGHYDQW� /� <� &KDQJ� DQG 6� *XKD� 0RQR�
OLWKLF 3HURYVNLWH�&,*6 7DQGHP 6RODU &HOOV YLD LQ 6LWX %DQG *DS (QJLQHHULQJ� $GYDQFHG (QHUJ\
0DWHULDOV � ������� ��������DHQP�����������

>��@ 0� 1DNDPXUD� .� 7DGD� 7� .LQRVKLWD� 7� %HVVKR� &� 1LVKL\DPD� ,� 7DNHQDND� <� .LPRWR� <� +LJDVKLQR�
+� 6XJLPRWR� DQG +� 6HJDZD� 3HURYVNLWH�&,*6 6SHFWUDO 6SOLWWLQJ 'RXEOH -XQFWLRQ 6RODU &HOO ZLWK
��� 3RZHU &RQYHUVLRQ (IILFLHQF\� L6FLHQFH ��� ������ �������
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>��@ '� +� .LP� &� 3� 0X]]LOOR� -� 7RQJ� $� )� 3DOPVWURP� %� :� /DUVRQ� &� &KRL� 6� 3� +DUYH\� 6� *O\QQ�
-� %� :KLWDNHU� )� =KDQJ� =� /L� +� /X� 0� )� YDQ +HVW� -� -� %HUU\� /� 0� 0DQVILHOG� <� +XDQJ� <� <DQ�
DQG .� =KX� %LPROHFXODU $GGLWLYHV ,PSURYH :LGH�%DQG�*DS 3HURYVNLWHV IRU (IILFLHQW 7DQGHP 6RODU
&HOOV ZLWK &,*6� -RXOH �� ���� �������

>��@ +� 6KHQ� 7� 'XRQJ� -� 3HQJ� '� -DFREV� 1� :X� -� *RQJ� <� :X� 6� .� .DUXWXUL� ;� )X� .� :HEHU�
;� ;LDR� 7� 3� :KLWH� DQG .� &DWFKSROH� 0HFKDQLFDOO\�VWDFNHG SHURYVNLWH�&,*6 WDQGHP VRODU FHOOV
ZLWK HIILFLHQF\ RI ����� DQG UHGXFHG R[\JHQ VHQVLWLYLW\� (QHUJ\ DQG (QYLURQPHQWDO 6FLHQFH ���
��� �������

>��@ $� *XFKKDLW� +� $� 'HZL� 6� :� /HRZ� +� :DQJ� *� +DQ� )� %� 6XKDLPL� 6� 0KDLVDONDU� /� +� :RQJ�
DQG 1� 0DWKHZV� 2YHU ��� (IILFLHQW &,*6�3HURYVNLWH 7DQGHP 6RODU &HOOV� $&6 (QHUJ\ /HWWHUV ��
��� �������

>��@ 8� :� 3DHW]ROG� 0� -D\VDQNDU� 5� *HKOKDDU� (� $KOVZHGH� 6� 3DHWHO� :� 4LX� -� %DVWRV� /� 5DNRFHYLF�
%� 6� 5LFKDUGV� 7� $HUQRXWV� 0� 3RZDOOD� DQG -� 3RRUWPDQV� 6FDODEOH SHURYVNLWH�&,*6 WKLQ�ILOP
VRODU PRGXOH ZLWK SRZHU FRQYHUVLRQ HIILFLHQF\ RI ������ -RXUQDO RI 0DWHULDOV &KHPLVWU\ $ ��
���� �������

>��@ &� ;X� =� /LX� DQG (� &� /HH� +LJK�SHUIRUPDQFH PHWDO R[LGH�IUHH LQYHUWHG SHURYVNLWH VRODU FHOOV
XVLQJ SRO\�ELV���SKHQ\O��������WULPHWK\OSKHQ\O�DPLQH� DV WKH KROH WUDQVSRUW OD\HU� -RXUQDO RI
0DWHULDOV &KHPLVWU\ & �� ���� �������

>��@ 0� %� ,VODP� 0� <DQDJLGD� <� 6KLUDL� <� 1DEHWDQL� DQG .� 0L\DQR� 1L2[ +ROH 7UDQVSRUW /D\HU IRU
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>��@ -� &LUR� '� 5DP­UH]� 0� $� 0HM­D (VFREDU� -� )� 0RQWR\D� 6� 0HVD� 5� %HWDQFXU� DQG )� -DUDPLOOR�
6HOI�)XQFWLRQDOL]DWLRQ EHKLQG D 6ROXWLRQ�3URFHVVHG 1L2[ )LOP 8VHG $V +ROH 7UDQVSRUWLQJ /D\HU
IRU (IILFLHQW 3HURYVNLWH 6RODU &HOOV� $&6 $SSOLHG 0DWHULDOV DQG ,QWHUIDFHV �� ����� �������

>��@ *� /L� <� -LDQJ� 6� 'HQJ� $� 7DP� 3� ;X� 0� :RQJ� DQG +� 6� .ZRN� 2YHUFRPLQJ WKH /LPLWDWLRQV
RI 6SXWWHUHG 1LFNHO 2[LGH IRU +LJK�(IILFLHQF\ DQG /DUJH�$UHD 3HURYVNLWH 6RODU &HOOV� $GYDQFHG
6FLHQFH �� ������� �������

>��@ .� $� %XVK� 6� 0DQ]RRU� .� )URKQD� =� -� <X� -� $� 5DLIRUG� $� )� 3DOPVWURP� +� 3� :DQJ� 5� 3UDVDQQD�
6� )� %HQW� =� &� +ROPDQ� DQG 0� '� 0F*HKHH� 0LQLPL]LQJ &XUUHQW DQG 9ROWDJH /RVVHV WR 5HDFK
��� (IILFLHQW 0RQROLWKLF 7ZR�7HUPLQDO 3HURYVNLWH�6LOLFRQ 7DQGHP 6RODU &HOOV� $&6 (QHUJ\ /HWWHUV
�� ���� �������

>��@ )� $� 5XELQHOOL� -� .� 5DWK� DQG 5� (� 6FKURSS� 0LFURFU\VWDOOLQH Q�L�S WXQQHO MXQFWLRQ LQ D�6L�+�D�
6L�+ WDQGHP FHOOV� -RXUQDO RI $SSOLHG 3K\VLFV ��� ���� �������

>��@ 0� 'H %DVWLDQL� $� 6� 6XEELDK� (� $\GLQ� )� +� ,VLNJRU� 7� *� $OOHQ� DQG 6� 'H :ROI� 5HFRPELQD�
WLRQ MXQFWLRQV IRU HIILFLHQW PRQROLWKLF SHURYVNLWH�EDVHG WDQGHP VRODU FHOOV� 3K\VLFDO SULQFLSOHV�
SURSHUWLHV� SURFHVVLQJ DQG SURVSHFWV� 0DWHULDOV +RUL]RQV �� ���� �������

>��@ 0� )LOLSLF� 3� /RSHU� %� 1LHVHQ� 6� 'H :ROI� -� .UF� &� %DOOLI� DQG 0� 7RSLF� &+�1+�3E,� SHURYVNLWH
VLOLFRQ WDQGHP VRODU FHOOV� FKDUDFWHUL]DWLRQ EDVHG RSWLFDO VLPXODWLRQV� 2SWLFV ([SUHVV ��� $���
�������

>��@ +� 4� 7DQ� ;� =KDR� (� %LUJHUVVRQ� )� /LQ� DQG +� ;XH� 2SWRHOHFWURQLF PRGHOLQJ DQG VHQVLWLYLW\
DQDO\VLV RI D IRXU�WHUPLQDO DOO�SHURYVNLWH WDQGHP VRODU FHOO ঀ ,GHQWLI\LQJ SDWKZD\V WR LPSURYH
HIILFLHQF\� 6RODU (QHUJ\ ���� ��� �������

>��@ 4� =KDR� 5� :X� =� =KDQJ� -� ;LRQJ� =� +H� %� )DQ� =� 'DL� %� <DQJ� ;� ;XH� 3� &DL� 6� =KDQ�
;� =KDQJ� DQG -� =KDQJ� $FKLHYLQJ HIILFLHQW LQYHUWHG SODQDU SHURYVNLWH VRODU FHOOV ZLWK QRQGRSHG
37$$ DV D KROH WUDQVSRUW OD\HU� 2UJDQLF (OHFWURQLFV ��� ��� �������

>��@ 8� $HEHUKDUG� 5� +DXVHUPDQQ� $� 6FKLOOHU� %� %OXOOH� DQG %� 5XKVWDOOHU� $QDO\VLV DQG RSWLPL]DWLRQ
RI SHURYVNLWH�VLOLFRQ WDQGHP VRODU FHOOV E\ IXOO RSWR�HOHFWURQLF VLPXODWLRQ� 3URFHHGLQJV RI WKH
,QWHUQDWLRQDO &RQIHUHQFH RQ 1XPHULFDO 6LPXODWLRQ RI 2SWRHOHFWURQLF 'HYLFHV� 1862'� �� ��
�������
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>��@ 5� 6DQWEHUJHQ� $� +� 6PHWV� DQG 0� =HPDQ� 2SWLFDO PRGHO IRU PXOWLOD\HU VWUXFWXUHV ZLWK FR�
KHUHQW� SDUWO\ FRKHUHQW DQG LQFRKHUHQW OD\HUV� 2SWLFV ([SUHVV� 9RO� ��� ,VVXH 6�� SS� $����$���
��� $��� �������

>��@ )� -LP©QH]�0ROLQRV� )� *¡PL]� $� 3DOPD� 3� &DUWXMR� DQG -� $� /³SH]�9LOODQXHYD� 'LUHFW DQG WUDS�
DVVLVWHG HODVWLF WXQQHOLQJ WKURXJK XOWUDWKLQ JDWH R[LGHV� -RXUQDO RI $SSOLHG 3K\VLFV ��� ����
�������

>��@ 5� $� 9LMD\DQ� 6� (VVLJ� 6� 'H :ROI� %� *� 5DPDQDWKDQ� 3� /RSHU� &� %DOOLI� DQG 0� 9DUDGKDUDMDSH�
UXPDO� +ROH�&ROOHFWLRQ 0HFKDQLVP LQ 3DVVLYDWLQJ 0HWDO�2[LGH &RQWDFWV RQ 6L 6RODU &HOOV� ,QVLJKWV
IURP 1XPHULFDO 6LPXODWLRQV� ,((( -RXUQDO RI 3KRWRYROWDLFV �� ��� �������

>��@ -� &� 5DQX¡UH]� 0� -� 'HHQ� DQG &� +� &KHQ� $ UHYLHZ RI JDWH WXQQHOLQJ FXUUHQW LQ 026 GHYLFHV�
0LFURHOHFWURQLFV 5HOLDELOLW\ ��� ���� �������

>��@ (� 0HU]EDFKHU� -� :LOH\� 1� <RUN� � &KLFKHVWHU� � :HLQKHLP� DQG %� � 6LQJDSRUH� 2XDQWXP 0H�
FKDQLFV 7+,5' (',7,21 �������

>��@ 0� .� ,HRQJ� 3� 0� 6RORPRQ� 6� (� /DX[� +� 6� 3� :RQJ� DQG '� &KLGDPEDUUDR� &RPSDULVRQ
RI UDLVHG DQG 6FKRWWN\ VRXUFH�GUDLQ 026)(7V XVLQJ D QRYHO WXQQHOLQJ FRQWDFW PRGHO� 7HFKQLFDO
'LJHVW � ,QWHUQDWLRQDO (OHFWURQ 'HYLFHV 0HHWLQJ � ��� �������

>��@ )� 6PROH DQG -� )XUODQ� (IIHFWV RI DEUXSW DQG JUDGHG D�6L�&�+�D�6L�+ LQWHUIDFH RQ LQWHUQDO SURS�
HUWLHV DQG H[WHUQDO FKDUDFWHULVWLFV RI S�L�Q D�6L�+ VRODU FHOOV� -RXUQDO RI $SSOLHG 3K\VLFV ��� ����
�������

>��@ $� *HKULQJ DQG 6� 6HOEHUKHUU� 0RGHOLQJ RI WXQQHOLQJ FXUUHQW DQG JDWH GLHOHFWULF UHOLDELOLW\ IRU
QRQYRODWLOH PHPRU\ GHYLFHV� ,((( 7UDQVDFWLRQV RQ 'HYLFH DQG 0DWHULDOV 5HOLDELOLW\ �� ��� �������

>��@ &� 0HVVPHU� 0� %LYRXU� -� 6FKRQ� 6� :� *OXQ]� DQG 0� +HUPOH� 1XPHULFDO 6LPXODWLRQ RI 6LOLFRQ
+HWHURMXQFWLRQ 6RODU &HOOV )HDWXULQJ 0HWDO 2[LGHV DV &DUULHU�6HOHFWLYH &RQWDFWV� ,((( -RXUQDO RI
3KRWRYROWDLFV �� ��� �������

>��@ 5� 6DQWEHUJHQ� 5� 0LVKLPD� 7� 0HJXUR� 0� +LQR� +� 8]X� -� %ODQNHU� .� <DPDPRWR� DQG 0� =HPDQ�
0LQLPL]LQJ RSWLFDO ORVVHV LQ PRQROLWKLF SHURYVNLWH�F�6L WDQGHP VRODU FHOOV ZLWK D IODW WRS FHOO�2SWLFV
([SUHVV� 9RO� ��� ,VVXH ��� SS� $�����$���� ��� $���� �������

>��@ 712� ,QKRXVH PHDVXUHPHQWV SHUIRUPHG ZLWKLQ WKH /$)/(;�7� �������

>��@ 5� 6DQWEHUJHQ� 7� 0HJXUR� 7� 6XH]DNL� *� .RL]XPL� .� <DPDPRWR� DQG 0� =HPDQ� *HQ3UR� 2SWLFDO
0RGHO IRU 6RODU &HOO 6LPXODWLRQ DQG ,WV $SSOLFDWLRQ WR 0XOWLMXQFWLRQ 6RODU &HOOV� ,((( -RXUQDO RI
3KRWRYROWDLFV �� ��� �������

>��@ $� $� $O�6KRXT DQG $� %� *RXJDP� 5HYLHZ RI LQWHUGLJLWDWHG EDFN FRQWDFWHG IXOO KHWHURMXQFWLRQ
VRODU FHOO �,%&�6+-�� $ VLPXODWLRQ DSSURDFK� �' 6WDFNHG &KLSV� )URP (PHUJLQJ 3URFHVVHV WR
+HWHURJHQHRXV 6\VWHPV � ��� �������

>��@ &� &DQDOL� *� 0DMQL� 5� 0LQGHU� DQG *� 2WWDYLDQL� (OHFWURQ DQG +ROH 'ULIW 9HORFLW\ 0HDVXUHPHQWV
LQ 6LOLFRQ DQG 7KHLU (PSLULFDO 5HODWLRQ WR (OHFWULF )LHOG DQG 7HPSHUDWXUH� ,((( 7UDQVDFWLRQV RQ
(OHFWURQ 'HYLFHV ��� ���� �������

>��@ '� -� 5RXOVWRQ� 1� '� $URUD� DQG 6� *� &KDPEHUODLQ� 0RGHOLQJ DQG 0HDVXUHPHQW RI 0LQRULW\�
&DUULHU /LIHWLPH YHUVXV 'RSLQJ LQ 'LIIXVHG /D\HUV RI Q ��S 6LOLFRQ 'LRGHV� ,((( 7UDQVDFWLRQV RQ
(OHFWURQ 'HYLFHV ��� ��� �������

>��@ &� )ULVN� &� 3ODW]HU�%M¶UNPDQ� -� 2OVVRQ� 3� 6]DQLDZVNL� -� 7� :¤WMHQ� 9� )M¤OOVWU¶P� 3� 6DORP©� DQG
0� (GRII� 2SWLPL]LQJ *D�SURILOHV IRU KLJKO\ HIILFLHQW &X�,Q� *D�6H� WKLQ ILOP VRODU FHOOV LQ VLPSOH
DQG FRPSOH[ GHIHFW PRGHOV� -RXUQDO RI 3K\VLFV '� $SSOLHG 3K\VLFV ��� ������ �������

>��@ -� <XDQ� /� =KDQJ� &� %L� 0� :DQJ� DQG -� 7LDQ� 6XUIDFH 7UDS 6WDWHV 3DVVLYDWLRQ IRU +LJK�
3HUIRUPDQFH ,QRUJDQLF 3HURYVNLWH 6RODU &HOOV� 6RODU 55/ �� ������� �������
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>��@ $� $� 0DPXQ� 7� 7� $YD� .� =KDQJ� +� %DXPJDUW� DQG *� 1DPNRRQJ� 1HZ 3&%0�FDUERQ EDVHG
HOHFWURQ WUDQVSRUW OD\HU IRU SHURYVNLWH VRODU FHOOV� 3K\VLFDO &KHPLVWU\ &KHPLFDO 3K\VLFV ��� �����
�������

>��@ $� 6FKHQN� $ PRGHO IRU WKH ILHOG DQG WHPSHUDWXUH GHSHQGHQFH RI 6KRFNOH\�5HDG�+DOO OLIHWLPHV LQ
VLOLFRQ� 6ROLG�6WDWH (OHFWURQLFV ��� ���� �������

>��@ *� $� +XUN[� '� %� .ODDVVHQ� DQG 0� 3� .QXYHUV� $ 1HZ 5HFRPELQDWLRQ 0RGHO IRU 'HYLFH 6LPX�
ODWLRQ ,QFOXGLQJ 7XQQHOLQJ� ,((( 7UDQVDFWLRQV RQ (OHFWURQ 'HYLFHV ��� ��� �������

>��@ 3� 3URFHO� +� ;X� $� 6DH]� &� 5XL]�7RERQ� /� 0D]]DUHOOD� <� =KDR� &� +DQ� *� <DQJ� 0� =HPDQ� DQG
2� ,VDEHOOD� 7KH UROH RI KHWHURLQWHUIDFHV DQG VXEJDS HQHUJ\ VWDWHV RQ WUDQVSRUW PHFKDQLVPV LQ
VLOLFRQ KHWHURMXQFWLRQ VRODU FHOOV� 3URJUHVV LQ 3KRWRYROWDLFV� 5HVHDUFK DQG $SSOLFDWLRQV ��� ���
�������

>��@ $� 3DOPD� $� *RGR\� -� $� -LP©QH]�7HMDGD� -� (� &DUFHOOHU� DQG -� $� /³SH]�9LOODQXHYD� 4XDQ�
WXP WZR�GLPHQVLRQDO FDOFXODWLRQ RI WLPH FRQVWDQWV RI UDQGRP WHOHJUDSK VLJQDOV LQ PHWDO�R[LGHঀ
VHPLFRQGXFWRU VWUXFWXUHV� 3K\VLFDO 5HYLHZ % ��� ���� �������

>��@ (� $\GLQ� 0� '� %DVWLDQL� ;� <DQJ� 0� 6DMMDG� )� $OMDPDDQ� <� 6PLUQRY� 0� 1� +HGKLOL� :� /LX� 7� *�
$OOHQ� /� ;X� (� 9� .HUVFKDYHU� 0� 0RUDOHV�0DVLV� 8� 6FKZLQJHQVFKO¶JO� DQG 6� '� :ROI� =U�'RSHG
,QGLXP 2[LGH �,=52� 7UDQVSDUHQW (OHFWURGHV IRU 3HURYVNLWH�%DVHG 7DQGHP 6RODU &HOOV� $GYDQFHG
)XQFWLRQDO 0DWHULDOV ��� ������� �������

>��@ 0� =KDQJ� 4� &KHQ� 5� ;XH� <� =KDQ� &� :DQJ� -� /DL� -� <DQJ� +� /LQ� -� <DR� <� /L� /� &KHQ�
DQG <� /L� 5HFRQILJXUDWLRQ RI LQWHUIDFLDO HQHUJ\ EDQG VWUXFWXUH IRU KLJK�SHUIRUPDQFH LQYHUWHG
VWUXFWXUH SHURYVNLWH VRODU FHOOV� 1DWXUH &RPPXQLFDWLRQV ���� ���� ��� � �������

>��@ 5� 3DQGH\ DQG 5� &KDXMDU� 7HFKQRORJ\ FRPSXWHU DLGHG GHVLJQ RI ����� HIILFLHQW SHU�
RYVNLWH�LQWHUGLJLWDWHG EDFN FRQWDFW VLOLFRQ KHWHURMXQFWLRQ PHFKDQLFDOO\ VWDFNHG WDQGHP VRODU FHOO
IRU HQHUJ\�HIILFLHQW DSSOLFDWLRQV� -� RI 3KRWRQLFV RI (QHUJ\ �� ������ �������

>��@ :� 5HKPDQ� '� 3� 0F0HHNLQ� -� %� 3DWHO� 5� /� 0LORW� 0� %� -RKQVWRQ� +� -� 6QDLWK� DQG /� 0�
+HU]� 3KRWRYROWDLF PL[HG�FDWLRQ OHDG PL[HG�KDOLGH SHURYVNLWHV� OLQNV EHWZHHQ FU\VWDOOLQLW\� SKRWR�
VWDELOLW\ DQG HOHFWURQLF SURSHUWLHV� (QHUJ\ 	 (QYLURQPHQWDO 6FLHQFH ��� ��� �������

>��@ <� .LP� (� +� -XQJ� *� .LP� '� .LP� %� -� .LP� DQG -� 6HR� 6HTXHQWLDOO\ )OXRULQDWHG 37$$ 3RO\PHUV
IRU (QKDQFLQJ 92& RI +LJK�3HUIRUPDQFH 3HURYVNLWH 6RODU &HOOV� $GYDQFHG (QHUJ\ 0DWHULDOV ��
������� �������

>��@ 5� .RWLSDOOL� 2� 3RQFHOHW� *� /L� <� =HQJ� /� $� )UDQFLV� %� 9HUPDQJ� DQG '� )ODQGUH� $GGUHVVLQJ
WKH LPSDFW RI UHDU VXUIDFH SDVVLYDWLRQ PHFKDQLVPV RQ XOWUD�WKLQ &X�,Q�*D�6H� VRODU FHOO SHUIRU�
PDQFHV XVLQJ 6&$36 ��' PRGHO� 6RODU (QHUJ\ ���� ��� �������

>��@ 7� 0� )ULHGOPHLHU� 3� -DFNVRQ� $� %DXHU� '� +DULVNRV� 2� .LRZVNL� 5� :XHU]� DQG 0� 3RZDOOD�
,PSURYHG 3KRWRFXUUHQW LQ &X�,Q�*D�6H� 6RODU &HOOV� )URP ����� WR ����� (IILFLHQF\ ZLWK &G6
%XIIHU DQG ����� &G�)UHH� ,((( -RXUQDO RI 3KRWRYROWDLFV �� ���� �������

>��@ 7� +DUD� 7� 0DHNDZD� 6� 0LQRXUD� <� 6DJR� 6� 1LNL� DQG +� )XMLZDUD� 4XDQWLWDWLYH DVVHVVPHQW RI
RSWLFDO JDLQ DQG ORVV LQ VXEPLFURQ�WH[WXUHG &X,Q��[*D[6H� VRODU FHOOV IDEULFDWHG E\ WKUHH�VWDJH
FRHYDSRUDWLRQ� 3K\VLFDO 5HYLHZ $SSOLHG � ������� ��������3K\V5HY$SSOLHG����������

>��@ +� 7DQJ� <� 6KDQJ� :� =KRX� =� 3HQJ� DQG =� 1LQJ� (QHUJ\ /HYHO 7XQLQJ RI 3('27�366 IRU +LJK
3HUIRUPDQFH 7LQ�/HDG 0L[HG 3HURYVNLWH 6RODU &HOOV� 6RODU 55/ �� � �������

>��@ $� -� 2OLYDUHV� ,� &RVPH� 0� (� 6DQFKH]�9HUJDUD� 6� 0DQVXURYD� -� &� &DUULOOR� +� (� 0DUWLQH]�
DQG $� ,W]PR\RWO� 1DQRVWUXFWXUDO 0RGLILFDWLRQ RI 3('27�366 IRU +LJK &KDUJH &DUULHU &ROOHFWLRQ
LQ +\EULG )URQWDO ,QWHUIDFH RI 6RODU &HOOV� 3RO\PHUV ����� 9RO� ��� 3DJH ���� ��� ���� �������

>��@ 5� %HUQDO�&RUUHD DQG $� 0RUDOHV�$FHYHGR� 6SHFWUDO UHIOHFWDQFH RSWLPL]DWLRQ IRU SODQDU SHURYVNLWH
VRODU FHOOV� 2SWLN ��� ������� ��������M�LMOHR�������������
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>��@ .� 2UJDVVD� +� :� 6FKRFN� DQG -� +� :HUQHU� $OWHUQDWLYH EDFN FRQWDFW PDWHULDOV IRU WKLQ ILOP
&X�,Q�*D�6H� VRODU FHOOV� 7KLQ 6ROLG )LOPV �������� ��� �������

>��@ '� /� :DQJ� +� -� &XL� *� -� +RX� =� *� =KX� 4� %� <DQ� DQG *� 6X� +LJKO\ HIILFLHQW OLJKW PDQDJH�
PHQW IRU SHURYVNLWH VRODU FHOOV� 6FLHQWLILF 5HSRUWV ���� ��� �� � �������

>��@ =� &� +ROPDQ� $� 'HVFRHXGUHV� /� %DUUDXG� )� =� )HUQDQGH]� -� 3� 6HLI� 6� 'H :ROI� DQG &� %DOOLI�
&XUUHQW ORVVHV DW WKH IURQW RI VLOLFRQ KHWHURMXQFWLRQ VRODU FHOOV� ,((( -RXUQDO RI 3KRWRYROWDLFV ��
� �������

>��@ ,� 3� 5RPDQRYD� $� 9� %RJGDQRY� ,� $� ,]GHOLHYD� 9� $� 7UXNKDQRY� *� 5� 6KDLNKXWGLQRYD� '� *�
<DNKYDURY� 6� .� /DW\SRY� 9� )� 0LURQRY� 9� $� '\DNRY� ,� 9� *RORYQLQ� '� <� 3DUDVFKXN� DQG 2� *�
6LQ\DVKLQ� 1RYHO LQGROLQ���RQH�VXEVWLWXWHG PHWKDQRIXOOHUHQHV EHDULQJ ORQJ 1�DON\O FKDLQV� 6\Q�
WKHVLV DQG DSSOLFDWLRQ LQ EXON�KHWHURMXQFWLRQ VRODU FHOOV� %HLOVWHLQ -RXUQDO RI 2UJDQLF &KHPLVWU\
��� ���� �������

>��@ +� :DQJ� %� &DL� DQG ;� <XDQ� 6LJQLILFDQW OLJKW DEVRUSWLRQ LPSURYHPHQW LQ SHURYVNLWH�&,*6
WDQGHP VRODU FHOOV ZLWK GLHOHFWULF QDQRFRQH VWUXFWXUHV� -RXUQDO RI 3K\VLFV� &RQIHUHQFH 6HULHV
��� ������� �������������������������������

>��@ &DUULHU WUDSSLQJ DQG UHFRPELQDWLRQ� WKH UROH RI GHIHFW SK\VLFV LQ HQKDQFLQJ WKH RSHQ FLUFXLW
YROWDJH RI PHWDO KDOLGH SHURYVNLWH VRODU FHOOV� (QHUJ\ 	 (QYLURQPHQWDO 6FLHQFH �� ���� �������

>��@ :� (� 6KD� +� =KDQJ� =� 6� :DQJ� +� /� =KX� ;� 5HQ� )� /LQ� $� .� -HQ� DQG :� &� &KR\� 4XDQWLI\LQJ
(IILFLHQF\ /RVV RI 3HURYVNLWH 6RODU &HOOV E\ D 0RGLILHG 'HWDLOHG %DODQFH 0RGHO� $GYDQFHG (QHUJ\
0DWHULDOV �� ������� �������

>��@ -� :DQJ� :� )X� 6� -DULZDOD� ,� 6LQKD� $� .� -HQ� DQG '� 6� *LQJHU� 5HGXFLQJ 6XUIDFH 5HFRPELQDWLRQ
9HORFLWLHV DW WKH (OHFWULFDO &RQWDFWV :LOO ,PSURYH 3HURYVNLWH 3KRWRYROWDLFV� $&6 (QHUJ\ /HWWHUV ��
��� �������

>��@ -� ,G­JRUDV� /� &RQWUHUDV�%HUQDO� -� 0� &DYH� 1� (� &RXUWLHU� �� %DUUDQFR� $� %RUUDV� -� 5� 6¡QFKH]�
9DOHQFLD� -� $� $QWD� DQG $� %� :DONHU� 7KH 5ROH RI 6XUIDFH 5HFRPELQDWLRQ RQ WKH 3HUIRUPDQFH
RI 3HURYVNLWH 6RODU &HOOV� (IIHFW RI 0RUSKRORJ\ DQG &U\VWDOOLQH 3KDVH RI 7L2� &RQWDFW� $GYDQFHG
0DWHULDOV ,QWHUIDFHV � ������� ��������$'0,�����������

>��@ '� *ĂRZLHQND� '� =KDQJ� )� 'L *LDFRPR� 0� 1DMDIL� 6� 9HHQVWUD� -� 6]P\WNRZVNL� DQG <� *DODJDQ�
5ROH RI VXUIDFH UHFRPELQDWLRQ LQ SHURYVNLWH VRODU FHOOV DW WKH LQWHUIDFH RI +7/�&+�1+�3E,�� 1DQR
(QHUJ\ ��� ������ �������

>��@ &� =KDQJ� +� :DQJ� +� /L� 4� =KXDQJ� &� *RQJ� ;� +X� :� &DL� 6� =KDR� -� &KHQ� DQG =� =DQJ�
6LPXOWDQHRXV SDVVLYDWLRQ RI EXON DQG LQWHUIDFH GHIHFWV WKURXJK V\QHUJLVWLF HIIHFW RI DQLRQ DQG
FDWLRQ WRZDUG HIILFLHQW DQG VWDEOH SODQDU SHURYVNLWH VRODU FHOOV� -RXUQDO RI (QHUJ\ &KHPLVWU\
������� ��������-�-(&+(0�������������

>��@ 6� 6LHEHQWULWW� :KDW OLPLWV WKH HIILFLHQF\ RI FKDOFRS\ULWH VRODU FHOOV" 6RODU (QHUJ\ 0DWHULDOV DQG
6RODU &HOOV ��� ���� �������

>��@ '� .RXVKLN� 0� -RġW� $� 'XÍLQVNDV� &� %XUJHVV� 9� =DUGHWWR� &� :HLMWHQV� 0� $� 9HUKHLMHQ� :� 0� 0�
.HVVHOV� 6� $OEUHFKW� DQG 0� &UHDWRUH� 3ODVPD�DVVLVWHG DWRPLF OD\HU GHSRVLWLRQ RI QLFNHO R[LGH DV
KROH WUDQVSRUW OD\HU IRU K\EULG SHURYVNLWH VRODU FHOOV� -RXUQDO RI 0DWHULDOV &KHPLVWU\ & �� �����
�������

>��@ 0� 7� *UHLQHU� 0� *� +HODQGHU� =��%� :DQJ� :��0� 7DQJ� DQG =��+� /X� (IIHFWV RI 3URFHVVLQJ
&RQGLWLRQV RQ WKH :RUN )XQFWLRQ DQG (QHUJ\�/HYHO $OLJQPHQW RI 1L2 7KLQ )LOPV� -RXUQDO RI
3K\VLFDO &KHPLVWU\ & ���� ����� �������

>��@ .� 9� 5DR DQG $� 6PDNXOD� 'LHOHFWULF 3URSHUWLHV RI &REDOW 2[LGH� 1LFNHO 2[LGH� DQG 7KHLU 0L[HG
&U\VWDOV� -RXUQDO RI $SSOLHG 3K\VLFV ��� ���� �������
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>��@ 0� .¶KOHU� 0� 3RPDVND� 3� 3URFHO� 5� 6DQWEHUJHQ� $� =DPFKL\� %� 0DFFR� $� /DPEHUW]� :� 'XDQ�
3� &DR� %� .OLQJHELHO� 6� /L� $� (EHUVW� 0� /X\VEHUJ� .� 4LX� 2� ,VDEHOOD� )� )LQJHU� 7� .LUFKDUW]�
8� 5DX� DQG .� 'LQJ� $ VLOLFRQ FDUELGH�EDVHG KLJKO\ WUDQVSDUHQW SDVVLYDWLQJ FRQWDFW IRU FU\VWDOOLQH
VLOLFRQ VRODU FHOOV DSSURDFKLQJ HIILFLHQFLHV RI ���� 1DWXUH (QHUJ\ �� ��� �������
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