
5HFRYHU\�RI�WKH�(OHFWULFDO�&KDUDFWHULVWLFV�RI�6L&�026)(7V�,UUDGLDWHG�
ZLWK�*DPPD�UD\V�E\�7KHUPDO�7UHDWPHQWV�

7DNDVKL�<RNRVHNL������D���+LURVKL�$EH���E��7DNDKLUR�0DNLQR���F��6KLQREX�2QRGD���G��
<XNL�7DQDND��H��0LNLR�.DQGRUL��I��7RUX�<RVKLH��J��<DVXWR�+LMLNDWD���K��

DQG�7DNHVKL�2KVKLPD���L�
�6DLWDPD�8QLY��������6KLPRRKNXER��6DNXUDNX��6DLWDPD������������-DSDQ�

�-DSDQ�$WRPLF�(QHUJ\�$JHQF\��������:DWDQXNL��7DNDVDNL��*XPPD������������-DSDQ�
�6DQNHQ�(OHFWULF�&R���/WG����������.LWDQR��1LL]D��6DLWDPD������������-DSDQ�

D\RNRVHNL#RSW�HHV�VDLWDPD�X�DF�MS��EDEH�KLURVKL��#MDHD�JR�MS��FPDNLQR�WDNDKLUR#MDHD�JR�MS��
GRQRGD�VKLQREX#MDHD�JR�MS��H\XWDQDND#PV��VDQNHQ�HOH�FR�MS��IPNDQGRUL#PV��VDQNHQ�HOH�FR�MS��

J\RVKLH#VDQNHQ�HOH�FR�MS�K\DVXWR#RSW�HHV�VDLWDPD�X�DF�MS��LRKVKLPD�WDNHVKL��#MDHD�JR�MS�

.H\ZRUGV��*DPPD�UD\�LUUDGLDWLRQ��026)(7��7KHUPDO�DQQHDOLQJ�
�
$EVWUDFW��(IIHFWV�RI�JDPPD�UD\�LUUDGLDWLRQ�DQG�VXEVHTXHQW�WKHUPDO�DQQHDOLQJ�RQ�WKH�FKDUDFWHULVWLFV�
RI� YHUWLFDO� VWUXFWXUH� SRZHU� 0HWDO�2[LGH�6HPLFRQGXFWRU� )LHOG� (IIHFW� 7UDQVLVWRUV� �026)(7V��
IDEULFDWHG�RQ��+�6L&�ZHUH� VWXGLHG��$IWHU� LUUDGLDWLRQ�DW�����0*\�� WKH�GUDLQ�FXUUHQW�±�JDWH�YROWDJH�
FXUYHV�RI�WKH�026)(7V�VKLIWHG�WR�WKH�QHJDWLYH�YROWDJH�VLGH�DQG�WKH�OHDNDJH�GUDLQ�FXUUHQW�DW�LQYHUVH�
YROWDJH�LQFUHDVHG��1R�VLJQLILFDQW�FKDQJH�LQ�WKH�GHJUDGHG�HOHFWULFDO�FKDUDFWHULVWLFV�RI�6L&�026)(7V�
ZDV�REVHUYHG�E\�URRP�WHPSHUDWXUH�DQQHDOLQJ��7KH�GHJUDGHG�FKDUDFWHULVWLFV�RI�6L&�026)(7V�EHJDQ�
WR� UHFRYHU�E\�DQQHDOLQJ�DERYH�����R&��DQG� WKHLU�FKDUDFWHULVWLFV� UHDFKHG�DOPRVW� WKH� LQLWLDO�RQHV�E\�
DQQHDOLQJ�DW�����R&��

,QWURGXFWLRQ�
6LQFH�6L&�KDV�KLJK�UDGLDWLRQ�UHVLVWDQFH�>���@��LW�LV�UHJDUGHG�DV�D�SURPLVLQJ�FDQGLGDWH�IRU�HOHFWURQLF�
GHYLFHV�XVHG�LQ�KDUVK�UDGLDWLRQ�HQYLURQPHQWV��VXFK�DV�QXFOHDU�DQG�DFFHOHUDWRU�IDFLOLWLHV��(VSHFLDOO\��
H[WUHPHO\�KLJK�UDGLDWLRQ�UHVLVWDQW�GHYLFHV��0*\�RUGHU��DUH�UHTXLUHG�IRU�GHFRPPLVVLRQLQJ�RI�7(3&2�
)XNXVKLPD�'DL�LFKL�QXFOHDU�UHDFWRUV��DQG�6L&�GHYLFHV�DUH�H[SHFWHG�WR�EH�LQVWDOOHG�WR�LQVWUXPHQWV�IRU�
WKH� GHFRPPLVVLRQ�� ,Q� SUHYLRXV� VWXGLHV��7DQDND�HW� DO�� GHPRQVWUDWHG� ���0*\� WROHUDQFH� RI� �+�6L&�
%XULHG�*DWH�6WDWLF�,QGXFWLRQ�7UDQVLVWRUV��%*6,7V��>�@��2QRGD�HW�DO��DOVR�UHYHDOHG����0*\�UDGLDWLRQ�
KDUGQHVV�RI��+�6L&�0HWDO�6HPLFRQGXFWRU�)LHOG�(IIHFW�7UDQVLVWRUV��0(6)(7V��>�@��+RZHYHU��IURP�
SRLQW�RI�WKH�YLHZ�RI�HOHFWULF�FLUFXLW�GHVLJQ��WKH�GHYHORSPHQW�RI�UDGLDWLRQ�UHVLVWDQW�GHYLFHV�EDVHG�RQ�
0HWDO�2[LGH�6HPLFRQGXFWRU�)LHOG�(IIHFW�7UDQVLVWRUV��026)(7V��LV�DOVR�LPSRUWDQW�VLQFH�026)(7V�
FDQ�HDVLO\�UHDOL]H�QRUPDOO\�RII�DQG�ORZ�ORVV�GHYLFHV��,Q�SUHYLRXV�VWXGLHV��WKH�UDGLDWLRQ�UHVSRQVH�RI�
�+�6L&�026)(7V�XS�WR�����N*\�ZDV�LQYHVWLJDWHG�>�@��&KHQ�HW�DO��UHSRUWHG�WKDW�WKH�HIIHFWV�RI�QLWULF�
R[LGH��12��SDVVLYDWLRQ�RQ�UDGLDWLRQ�UHVSRQVH�RI��+�6L&�026�FDSDFLWRUV�XS�WR����N*\��DQG�026�
FDSDFLWRUV�ZLWK�12�SDVVLYDWLRQ�VKRZHG�EHWWHU�UDGLDWLRQ�UHVLVWDQFH�WKDQ�WKRVH�ZLWKRXW�12�SDVVLYDWLRQ�
>�@��2Q�WKH�RWKHU�KDQG��LW�ZDV�DOVR�UHSRUWHG�E\�'L[LW�HW�DO��WKDW��+�6L&�026�FDSDFLWRUV�ZLWK�QLWULGHG�
JDWH�VKRZHG�D�ODUJHU�PLGJDS�YROWDJH�VKLIW�WKDQ�WKRVH�ZLWKRXW�QLWULGHG�JDWH�>�@��,Q�DGGLWLRQ��=KDQJ�HW�DO��
VWXGLHG�;�UD\�LUUDGLDWLRQ�DQG�SRVW�LUUDGLDWLRQ�HIIHFWV�LQ�S�DQG�Q�W\SH��+�6L&�026�FDSDFLWRUV�ZLWK�DQG�
ZLWKRXW� QLWULGHG� JDWH� >�@�� )RU� SRZHU� 026)(7V�� FRPPHUFLDOO\� DYDLODEOH� ����9� �+�6L&� SRZHU�
026)(7V�ZHUH�LUUDGLDWHG�ZLWK�JDPPD�UD\V�XS�WR����N*\�XS�WR�����R&�DQG�WKH�WKUHVKROG�YROWDJH��97��
VKLIW�WR�WKH�QHJDWLYH�YROWDJH�VLGH�ZDV�REVHUYHG�>�@��7KRVH�VWXGLHG�GHPRQVWUDWHG�WKH�KLJK�FDSDELOLW\�RI�
6L&� 026� GHYLFHV� DV� UDGLDWLRQ� UHVLVWDQW� GHYLFHV�� +RZHYHU�� WKH� PD[LPXP� WRWDO� GRVH� ZDV� D� IHZ�
KXQGUHGV� N*\� DQG� WKH� KLJKHVW� DQQHDOLQJ� WHPSHUDWXUH� ZDV� ���� R&� LQ� SUHYLRXV� VWXGLHV�� )RU� WKH�
GHYHORSPHQW�RI�HOHFWURQLF�GHYLFHV�ZLWK�H[WUHPHO\�KLJK�UDGLDWLRQ�UHVLVWDQFH�IRU�QXFOHDU�IDFLOLWLHV��LW�LV�
QHFHVVDU\�WR�FODULI\�WKH�UDGLDWLRQ�UHVSRQVH�XS�WR�0*\�RUGHU�DQG�DOVR�DQQHDOLQJ�EHKDYLRUV�XQGHU�KLJKHU�
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WHPSHUDWXUHV��,Q�WKLV�VWXG\��ZH�LUUDGLDWH�YHUWLFDO�VWUXFWXUH�SRZHU��+�6L&�026)(7V�ZLWK�JDPPD�UD\V�
XS�WR�����0*\��DQG�LQYHVWLJDWH�WKH�UHFRYHU\�RI�WKHLU�GHJUDGHG�FKDUDFWHULVWLFV�GXH�WR�WKHUPDO�DQQHDOLQJ�
XS�WR�����R&���

([SHULPHQWDO�
7KH�VDPSOHV�XVHG�LQ�WKLV�VWXG\�ZHUH�YHUWLFDO�VWUXFWXUH�SRZHU��+�6L&�026)(7V�ZLWK�WKH�EORFNLQJ�

YROWDJH�RI������9��7KH�JDWH�R[LGH�ZDV�IDEULFDWHG�XVLQJ�GU\�R[LGDWLRQ�DQG�VXEVHTXHQW�WUHDWPHQW�LQ�
1�2��7KH�WKLFNQHVV�RI�JDWH�R[LGH�ZDV����QP��7KH�026)(7V�ZHUH�PRXQWHG�LQ�³72�3´�SDFNDJHV��)RU�
FRPSDULVRQ��YHUWLFDO�VWUXFWXUH�SRZHU�6L�026)(7V�ZLWK�WKH�VDPH�UDWHG�FXUUHQW�DV�6L&�026)(7V�����
$��DQG�EORFNLQJ�YROWDJH�RI�����9�ZHUH�DOVR�XVHG�LQ�WKLV�VWXG\��)RU�WKH�6L�026)(7V��WKH�JDWH�R[LGH�
ZDV� IDEULFDWHG� XVLQJ� S\URJHQLF� R[LGDWLRQ� DQG� WKH� WKLFNQHVV� RI� JDWH� R[LGH� ZDV� ���� QP�� 7KH� 6L�
026)(7V�ZHUH�PRXQWHG�LQ�³72���´�SDFNDJHV��7KH�026)(7V�ZHUH�LUUDGLDWHG�ZLWK�JDPPD�UD\V�
IURP� ��&R� VRXUFH� DW� D� GRVH� UDWH� RI� ���� N*\�6L2���K� XS� WR� ����0*\� LQ� D�1�� DWPRVSKHUH� DW� URRP�
WHPSHUDWXUH��57���'XULQJ�WKH�LUUDGLDWLRQ��QR�ELDV�ZDV�DSSOLHG�WR�DOO�HOHFWURGHV�RI�WKH�026)(7V��$IWHU�
WKH�LUUDGLDWLRQ��WKH�VWDELOLW\�RI�WKHLU�GHJUDGHG�FKDUDFWHULVWLFV�ZDV�LQYHVWLJDWHG�IRU�����K�DW�57��7KHQ��
WKH�026)(7V�ZHUH�DQQHDOHG�LQ�WKH�DWPRVSKHUH�XS�WR�����R&��IURP����R&�ZLWK����R&�VWHS�IRU����PLQ��
7KH�FXUUHQW�YROWDJH��,�9��FKDUDFWHULVWLFV�ZHUH�PHDVXUHG�XVLQJ�D�VHPLFRQGXFWRU�SDUDPHWHU�DQDO\]HU�
�$JLOHQW�����%��DQG�SRZHU�GHYLFH�DQDO\]HU��%����$��DW�57��

5HVXOWV�DQG�'LVFXVVLRQ�
)LJXUH���VKRZV�WKH�W\SLFDO�GUDLQ�FXUUHQW��,'��±�JDWH�YROWDJH��9*��FXUYHV�LQ�WKH�VXEWKUHVKROG�UHJLRQ�
�VXEWKUHVKROG�FXUYHV��IRU��D��D�6L&�026)(7��E��D�6L�026)(7�EHIRUH�DQG�DIWHU�LUUDGLDWLRQ��DQG�DIWHU�
DQQHDOLQJ�DW�57�DQG�HOHYDWHG�WHPSHUDWXUHV��)RU�ERWK�6L&�DQG�6L�026)(7V��WKH�,'�±�9*�FXUYHV�VKLIW�WR�
WKH�QHJDWLYH�YROWDJH�VLGH�DQG�WKH�OHDNDJH�FXUUHQW�RI�,'�LQFUHDVHG�E\�LUUDGLDWLRQ�DW�����0*\��7KHVH�
EHKDYLRUV�FDQ�EH�LQWHUSUHWHG�LQ�WHUPV�RI�SRVLWLYH�FKDUJH�JHQHUDWHG�LQ�JDWH�R[LGH�E\�LUUDGLDWLRQ��)RU�WKH�
6L&�026)(7��QR�VLJQLILFDQW�FKDQJH�LQ�WKH�VORSH�RI�,'�ZDV�REVHUYHG�E\�WKH�LUUDGLDWLRQ��7KLV�PLJKW�
VXJJHVW�WKDW�LQWHUIDFH�WUDSV�EHWZHHQ�6L2��DQG�6L&�DFW�DV�IL[HG�FKDUJH�VXFK�DV�R[LGH�WUDSSHG�FKDUJH�
EHFDXVH� WKHLU� HQHUJ\� OHYHO� WHQGV� WR� EH� QHDU� WKH�PLGJDS� �GHHS� OHYHOV� IURP� WKH� FRQGXFWLRQ� EDQG���
%HVLGHV��D�ODUJH�KXPS�ZDV�REVHUYHG�LQ�9*�UDQJLQJ�EHWZHHQ����DQG����9�DIWHU�LUUDGLDWLRQ��7KH�RULJLQ�RI�
WKH�KXPS�KDV�QRW�\HW�EHHQ�FODULILHG��+RZHYHU��VLQFH�WKLFNHU�R[LGH�OHDGV�WR�ODUJHU�,'±9*�VKLIW�DIWHU�
LUUDGLDWLRQ��WKLFN�R[LGH�VXFK�DV�ILHOG�R[LGH�QHDU�WKH�JDWH�PLJKW�DIIHFW�WKH�KXPS��7R�FODULI\�WKLV��ZH�
LQWHQG�WR�FDUU\�RXW�GHWDLOHG�DQDO\VLV�RI�WKH�GHYLFH�VWUXFWXUH��2Q�WKH�RWKHU�KDQG��IRU�WKH�6L�026)(7��
WKH� VORSH� RI� ,'� GHFUHDVHG� E\� WKH� LUUDGLDWLRQ�� 7KLV� LQGLFDWHV� WKDW� LQWHUIDFH� WUDSV� DUH� FUHDWHG� E\�
LUUDGLDWLRQ���
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�
)LJ����7\SLFDO�,'�YV�9*�FXUYHV�LQ�WKH�VXEWKUHVKROG�UHJLRQ�IRU��D��D�6L&�026)(7��E��D�6L026)(7�EHIRUH�DQG�DIWHU�
LUUDGLDWLRQ��DQG�DIWHU�DQQHDOLQJ�DW�57�DQG�HOHYDWHG�WHPSHUDWXUH��
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$IWHU�WKH�LUUDGLDWLRQ��WKH�026)(7V�ZHUH�NHSW�DW�
57� IRU� ���� K� �57�DQQHDOLQJ��� $IWHU� WKH�
57�DQQHDOLQJ��QR�VLJQLILFDQW�FKDQJH�LQ�WKH�GHJUDGHG�
HOHFWULFDO� FKDUDFWHULVWLFV� RI� 6L&� 026)(7V� ZDV�
REVHUYHG� DOWKRXJK� WKH� REYLRXV� UHFRYHU\� RI� WKH�
HOHFWULFDO� FKDUDFWHULVWLFV� ZDV� REVHUYHG� IRU� 6L�
026)(7V�� 7KLV� LQGLFDWHV� WKDW� FKDUJH�WUDSSHG� LQ�
6L2�� RQ� 6L&� DQG�RU� LQWHUIDFH� WUDSV� EHWZHHQ� 6L2��
DQG�6L&�DUH�PRUH�VWDEOH�WKDQ�WKDW�IRU�6L���

%\�DQQHDOLQJ�DW�HOHYDWHG�WHPSHUDWXUH��WKH�,'���9*�
FXUYHV�IRU�WKH�LUUDGLDWHG�6L&�026)(7�VKLIWHG�WR�WKH�
SRVLWLYH� YROWDJH� VLGH� DQG� WKH� ,'� GHFUHDVHG� ZLWK�
LQFUHDVLQJ�DQQHDOLQJ�WHPSHUDWXUH�DERYH�����R&��,Q�
DGGLWLRQ��WKH�KXPS�EHFDPH�VPDOOHU�ZLWK�LQFUHDVLQJ�
DQQHDOLQJ� WHPSHUDWXUH� DERYH� ���� R&�� )RU� WKH� 6L�
026)(7��DOWKRXJK�WKH�WHQGHQF\�RI�WKH�UHFRYHU\�RI�
WKH� ,'� ��9*� FXUYHV� LV� WKH� VDPH� DV� WKDW� RI� WKH� 6L&�
026)(7��WKH�ODUJHU�UHFRYHU\�LQFOXGLQJ�WKH�VORSH�RI�
,'�ZDV�REWDLQHG���

)LJXUH� �� VKRZV� WKH� DQQHDOLQJ� WHPSHUDWXUH�
GHSHQGHQFH�RI�WKH�VKLIW�LQ�97�IURP�WKH�LQLWLDO�YDOXH�
�ǻ9WK�� IRU� 6L&� DQG� 6L� 026)(7V�� 7KH� 9WK� ZHUH�
GHWHUPLQHG� IURP� WKH� YDOXH� DW� WKH� LQWHUVHFWLRQ�
EHWZHHQ�WKH�9*�D[LV�DQG�WKH�OLQH�H[WUDSRODWHG�IURP�
WKH� FXUYH� RI� WKH� VTXDUH� URRW� RI� ,'� YV�� 9*� LQ� WKH�
VDWXUDWLRQ�UHJLRQ��7KH�YDOXHV�RI�9WK�IRU�6L&�DQG�6L�
026)(7V�EHIRUH�LUUDGLDWLRQ�ZHUH������DQG������9��
UHVSHFWLYHO\�� $V� VKRZQ� LQ� )LJ�� ��� WKH� UHFRYHU\� RI�
ǻ9WK�VWDUWV�DURXQG�����R&�IRU�WKH�6L&�026)(7�DQG�
DURXQG� ���� R&� IRU� WKH� 6L� 026)(7�� %\� WKH�
DQQHDOLQJ�DW�����R&��WKH�YDOXH�RI�9WK�ZDV�UHFRYHUHG�
XS�WR�����DQG�����RI�WKH�LQLWLDO�YDOXHV�IRU�6L&�DQG�
6L�026)(7V�� UHVSHFWLYHO\�� 7KHVH� UHVXOWV� LQGLFDWH�
WKDW�DQQHDOLQJ�DW�����R&�FDQ�UHPRYH�ERWK�LQWHUIDFH�
WUDSV� DQG� R[LGH�WUDSSHG� FKDUJHV� JHQHUDWHG� E\�
JDPPD�UD\�LUUDGLDWLRQ���

)LJXUH� �� VKRZV� WKH� DQQHDOLQJ� WHPSHUDWXUH�
GHSHQGHQFH� RI� VXEWKUHVKROG� YROWDJH� VZLQJ� �6�� IRU�
6L&�DQG�6L�026)(7V��,Q�WKLV�VWXG\��WKH�YDOXH�RI�6�
ZDV� HVWLPDWHG� IURP� G9�GORJ,'� EHWZHHQ� ��±�� DQG�
��±��$�EHFDXVH�WKH�KXPS�DSSHDUHG�DIWHU�LUUDGLDWLRQ�
DQG� WKH� YDOXH� RI� 6� FDQQRW� EH� HYDOXDWHG� IURP�
G9�GORJ,'� EHORZ� ��±�� $�� $V� VKRZQ� LQ� )LJ�� ��� QR�
VLJQLILFDQW� FKDQJH� LQ� WKH� YDOXH� RI� 6� IRU� 6L&�
026)(7V�E\� WKH� LUUDGLDWLRQ� DV�ZHOO� DV� DQQHDOLQJ�
ZDV�REVHUYHG��)RU�WKH�6L�026)(7��WKH�YDOXH�RI�6�
LQFUHDVHG�WR�DSSUR[LPDWHO\�VHYHQ�WLPHV�ODUJHU�WKDQ�
WKH�LQLWLDO�YDOXH�E\�WKH�LUUDGLDWLRQ�DW�����0*\��7KHQ��
E\�WKH�DQQHDOLQJ��WKH�6�IRU�6L�026)(7V�GHFUHDVHG�
ZLWK� LQFUHDVLQJ� DQQHDOLQJ� WHPSHUDWXUH� DQG� FRPSOHWHO\� UHFRYHUHG� WR� WKH� LQLWLDO� YDOXH� DIWHU� WKH�
DQQHDOLQJ�DW�����R&��7KHVH�UHVXOWV�LQGLFDWH�WKDW�LQWHUIDFH�WUDSV�EHWZHHQ�6L2��DQG�6L&�DUH�PRUH�VWDEOH�
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ǻ9WK�IRU�6L&�026)(7��7ULDQJOHV��DQG�6L�026)(7�
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)LJ�� �� $QQHDOLQJ� WHPSHUDWXUH� GHSHQGHQFH� RI� WKH��
6XEWKUHVKROG� 6ZLQJ� IRU� 6L&�026)(7� � �7ULDQJOHV��
DQG�6L�026)(7��&LUFOHV���
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�
)LJ�� �� $QQHDOLQJ� WHPSHUDWXUH� GHSHQGHQFH� RI� WKH�
ȝQ�ȝQ��IRU�6L&�026)(7��7ULDQJOHV��DQG�6L�026)(7�
�&LUFOHV���
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WKDQ�WKDW�EHWZHHQ�6L2��DQG�6L��7KXV��WKH�UHVXOW�LV�FRQVLVWHQW�ZLWK�WKDW�REWDLQHG�IURP�57�DQQHDOLQJ�
HIIHFW��

)LJXUH� �� VKRZV� WKH� DQQHDOLQJ� WHPSHUDWXUH� GHSHQGHQFH� RI� FKDQQHO�PRELOLW\�� 7KH� YDOXHV� RI� WKH�
FKDQQHO�PRELOLW\� �ȝQ�� QRUPDOL]HG�E\� WKH� LQLWLDO� YDOXH� �ȝQ��� DUH�SORWWHG� LQ� WKH� ILJXUH��$OWKRXJK� WKH�
026)(7V� LQ� WKLV�VWXG\�KDYH�D�YHUWLFDO� VWUXFWXUH�� WKH�FKDQQHO�PRELOLW\� IRU�026)(7V�ZDV�VLPSO\�
HVWLPDWHG�XVLQJ�D�IROORZLQJ�IRUPXOD�LQ�WKLV�VWXG\���

�

GR[Q
J

G 9&
/
=

9
, P 

w
w ���� � � � � � � � �����

�
ZKHUH�&R[��=�DQG�/�DUH�WKH�R[LGH�FDSDFLWDQFH��WKH�JDWH�ZLGWK�DQG�WKH�JDWH�OHQJWK��UHVSHFWLYHO\��+HUH��LW�
LV�DVVXPHG�WKDW�WKH�HOHFWULFDO�FKDUDFWHULVWLFV�LQ�EXON�6L&�GRHV�QRW�FKDQJH�LQ�WKLV�GRVH�UDQJH�DQG�WKDW�
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