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=XVDPPHQIDVVXQJ

,RQHQOHLWHU�� G�K�� 0DWHULDOLHQ�� LQ� GHQHQ� VSH]LILVFKH� ,RQHQ� HLQH
P|JOLFKVW� KRKH� %HZHJOLFKNHLW� DXIZHLVHQ�� VLQG� ZLFKWLJ� I�U
HOHNWURFKHPLVFKH� 0HVVXQJHQ� VRZLH� I�U� %DXWHLOH� ZLH
+RFKWHPSHUDWXUEDWWHULHQ�XQG��%UHQQVWRII]HOOHQ��FKHPLVFKH�)LOWHU�XQG
6HQVRUHQ�� 'LH� LRQLVFKH� /HLWIlKLJNHLW� LQ� )HVWHOHNWURO\WHQ� NDQQ� GXUFK
GDV� (LQEULQJHQ� JHHLJQHWHU� 9HUXQUHLQLJXQJHQ� LQ� GLH� 6WUXNWXU�� DEHU
DXFK� GXUFK� *UHQ]IOlFKHQ�� GLH� ]X� HLQHU� 8PYHUWHLOXQJ� GHU� ,RQHQ� LQ
5DXPODGXQJV]RQHQ�I�KUHQ��YHUEHVVVHUW�ZHUGHQ�

'HQ� 6FKZHUSXQNW� GLHVHU� 8QWHUVXFKXQJ� ELOGHW� GLH� '\QDPLN� YRQ
PLWWHOV� 0ROHNXODUVWUDKOHSLWD[LH� KHUJHVWHOOWHQ� LRQHQOHLWHQGHQ
hEHUJLWWHUQ�� LQ�GHQHQ�GLH�*UHQ]IOlFKHQ�N�QVWOLFK�YHUlQGHUW�VLQG��'DV
=LHO� LVW�GLH�6FKDIIXQJ�YHUEHVVHUWHU�,RQHQOHLWHU�GXUFK�.RQWUROOH�GLHVHU
*UHQ]IOlFKHQ�� ,Q� NULVWDOOLQHQ� ,RQHQOHLWHUQ� ZDQGHUQ� GLH� ,RQHQ� �EHU
*LWWHUSOlW]H�RGHU�=ZLVFKHQJLWWHUSOlW]H��'DKHU�NDQQ�GLH�,RQHQG\QDPLN
DXFK�YRQ�GHU�.ULVWDOOVWUXNWXU�EHHLQIOX�W�ZHUGHQ��'D�GLH�hEHUJLWWHU�HV
]X� HLQHP� JHZLVVHQ� *UDG� DXFK� HUODXEHQ�� GLH� .ULVWDOOVWUXNWXU� ]X
PRGLIL]LHUHQ�� ZLUG� DXFK� GLH� $EKlQJLJNHLW� GHU� ,RQHQOHLWIlKLJNHLW� YRQ
VWUXNWXUHOOHQ� 3DUDPHWHUQ� LQ� GLHVHU� $UEHLW� XQWHUVXFKW�� (V� LVW� ]X
HUZDUWHQ�� GDVV� GLH� *UHQ]IOlFKHQ� *LWWHUVSDQQXQJHQ� DXIJUXQG� YRQ
*LWWHU�)HKOSDVVXQJ� YHUXVDFKHQ�� XQG�RGHU� GLH� /DGXQJVYHUWHLOXQJ� LQ
GHU� 5DXPODGXQJV]RQH� YHUlQGHUQ�� ZHQQ� hEHUJLWWHU� DXV� ,RQHQOHLWHUQ
PLW� HLQHU� 3HULRGL]LWlW� YRQ� HLQLJHQ� KXQGHUW� 1DQRPHWHUQ� KHUJHVWHOOW
ZHUGHQ��'D�GLH�EHZHJOLFKHQ�,RQHQ�XQWHU�%UHFKXQJ�GHU�%LQGXQJHQ�]X
GHQ�*LWWHULRQHQ�ZDQGHUQ��ZLUG�GLH� ,RQHQG\QDPLN�GXUFK�bQGHUXQJHQ
LQ� GHU� 5DXPODGXQJVYHUWHLOXQJ� DQ� GHQ� *UHQ]IOlFKHQ� VRZLH� GXUFK
LRQLVFKH�(IIHNWH�HUQVWKDIW�EHHLQIOX�W�

�+HWHURMXQFWLRQV�� LQ� ]ZHLSKDVLJHQ� 6\VWHPHQ� N|QQHQ� I�U� GLH
9HUEHVVXQJ� GHU� ,RQHQOHLWIlKLJNHLW� EHVRQGHUV� HIIL]LHQW� VHLQ�� (LQ
TXDOLWDWLY� YHUlQGHUWHV� /HLWIlKLJNHLWVYHUKDOWHQ� LVW� ]X� HUZDUWHQ�� ZHQQ
GHU� *UHQ]IOlFKHQ�$EVWDQG� YHUJOHLFKEDU� RGHU� NOHLQHU� DOV� GLH
$XVGHKQXQJ� GHU�5DXPODGXQJV]RQH� LQ� YHUJOHLFKEDU� JUR�HQ�.ULVWDOOHQ
LVW� >����0D�@�>����0D@��9RU�NXU]HP�ZXUGH�HLQH�HUK|KWH� ,RQHQOHLWIlKLJNHLW
SDUDOOHO� ]X� GHQ� *UHQ]IOlFKHQ� LQ� HEHQHQ� &D)��%D)��+HWHURVWUXNWXUHQ
HQWGHFNW��GLH�DXIWULWW��ZHQQ�GLH�LQGLYLGXHOOH�6FKLFKWGLFNH�XQWHU����QP
OLHJW�� %HL� GLHVHQ� 'LFNHQ� YHUOLHUHQ� GLH� (LQ]HOVFKLFKWHQ� LKUH
,QGLYLGXDOLWlW� XQG� HLQ� N�QVWOLFKHV� LRQHQOHLWHQGHV� 0DWHULDO� PLW
DQRPDOHQ� 7UDQVSRUWHLQJHQVFKDIWHQ� ZLUG� HU]HXJW�� 'LHVH� (UJHEQLVVH
GHPRQVWULHUHQ�PHVRVNRSLVFKH�,RQHQOHLWXQJVHIIHNWH� LQ�1DQRV\VWHPHQ
�H[WUHP�G�QQH�)LOPH��QDQRNULVWDOOLQH�0DWHULDOLHQ��>����6DWD@�
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'LH� 0RUSKRORJLH� XQG� 'HIHNWVWUXNWXU� YRQ� &D)��%D)��
0XOWLVFKLFKWHQ� ZXUGHQ� V\VWHPDWLVFK� PLW� YHUVFKLHGHQHQ
HOHNWURQHQPLNURVNRSLVFKHQ� 7HFKQLNHQ� HLQVFKOLH�OLFK� $)0� XQG
4+57(0� XQWHUVXFKW� >����6DWD@�� 'LH� 6FKLFKWVWUXNWXU� XQG� GLH� %LOGXQJ
DXVJHGHKQWHU� .ULVWDOOGHIHNWH� KDEHQ� HLQHQ� VWDUNHQ� (LQIOX�� DXI� GLH
'LFKWH� XQG� %HZHJOLFKNHLW� GHU� /DGXQJVWUlJHU� LQ� GHQ
0HKUIDFKVFKLFKWHQ��GHU�]X�GHQ�UHLQ�FKHPLVFKHQ�(IIHNWHQ�KLQ]XNRPPW�

)�U� HLQ� WLHIHUJHKHQGHV� JUXQGOHJHQGHV� 9HUVWlQGQLV� GHU
/HLWIlKLJNHLWVHIIHNWH�P�VVHQ�HLQLJH�3XQNWH�QRFK�JHNOlUW�ZHUGHQ�XQG
ZHUGHQ�LQ�GLHVH�$UEHLW�EHKDQGHOW������HLQ�GHWDLOOLHUWHV�9HUVWlQGQLV�GHU
GHIHNWFKHPLVFKHQ�6LWXDWLRQ�XQG�GHU�/HLWIlKLJNHLWVHIIHNWH�SDUDOOHO�XQG
VHQNUHFKW� ]X� GHQ� *UHQ]IOlFKHQ�� ���� (IIHNWH� GHU� WKHUPLVFKHQ
%HKDQGOXQJ�� ���� WKHRUHWLVFKH� %HVFKUHLEXQJ� XQG� QXPHULVFKH
$XVZHUWXQJ�LP�%HUHLFK�GHU�PHVRVNRSLVFKHQ�5HJLPHV��G�QQHU�DOV���
QP���8P�GLHVH�(IIHNWH�WLHIJUHLIHQG�]X�YHUVWHKHQ��ZHUGHQ�HOHNWULVFKH
0HVVXQJHQ� LQ�SDUDOOHOHU� �HQWODQJ�GHU�*UHQ]IOlFKHQ��XQG� VHQNUHFKWHU
�UHODWLY� ]X� GHQ� *UHQ]IOlFKHQ�� .RQILJXUDWLRQ� GHU� +HWHURVWUXNWXUHQ
GXUFKJHI�KUW�VRZLH�WKHUPRG\QDPLVFKH�0RGHOOLHUXQJHQ�DQJHVWHOOW�

$X�HUGHP� ZXUGH� GLH� LRQLVFKH� /HLWIlKLJNHLW� YRQ� &D)�� XQG� %D)�
�EHLGH�PLW�)OXRULW�7\S��EHVWLPPW�XQG�DXV�GHU�$QSDVVXQJ�GHU�HIIHNWLYH
*HKDOW�YRQ�9HUXQUHLQLJXQJHQ�EHUHFKQHW�

)�U� GLH� VWUXNWXUHOOH� 8QWHUVXFKXQJ� GHU� *UHQ]IOlFKHQ� XQG� GHU
0RUSKRORJLH� GHU� HLQ]HOQHQ� 6FKLFKWHQ� ZXUGHQ� 'RSSOHVFKLFKWHQ� PLW
YHUVFKLHGHQHU�'LFNH�YRQ�&D)��DXI�HLQHU�%D)��6FKLFKW�NRQVWDQWHU�'LFNH
GXUFK� 0ROHNXODUVWUDKOHSLWD[LH� KHUJHVWHOOW�� 'LH� 8QWHUVXFKXQJ� GHU
*HVDPWOHLWIlKLJNHLW�DOV�)XQNWLRQ�GHU�'LFNH�HUODXEW�GLH�$XIWUHQQXQJ�LQ
9ROXPHQOHLWIlKLJNHLW�YRQ�&D)��XQG�*UHQ]IOlFKHQHIIHNWH�]ZLVFKHQ�&D)�
XQG�%D)��

&D)��%D)�� 0XOWLVFKLFKWHQ� ZXUGHQ� PLW� 0ROHNXODUVWUDKOHSLWD[LH
�0%(�� DXI� XQWHUVFKLHGOLFKHQ� 6XEVWUDWHQ� �$O�2��� 6L�� 1E�GRWLHUWHV
6U7L2��� PLW� JHQDX� GHILQLHUWHU� *HRPHWULH�� 3HULRGL]LWlW�
*UHQ]IOlFKHQDEVWDQG�XQG�6FKLFKWUHLKHQIROJH�KHUJHVWHOOW�

'LH� 2ULHQWLHUXQJ� XQG� GLH� 2EHUIOlFKHQPRUSKRORJLH� GHU� 3UREHQ
ZXUGHQ�PLW� ;5'� XQG� $)0� XQWHUVXFKW�� 'LH� )LOPH� DXI� YHUVFKLHGHQHQ
6XEVWUDWHQ�ZHLVHQ�GLH�VHOEH�*HVDPWGLFNH�YRQ�HWZD�����QP�DXI��XQG
GLH�LQGLYLGXHOOH�QRPLQHOOH�6FKLFKWGLFNH�ZXUGH�LQ�HLQHP�ZHLWHQ�%HUHLFK
YRQ� ���·���� QP� GXUFK� FRPSXWHUJHVWUHXHUWH� 9HUVFKO�VVH� GHU
(IIXVLRQV]HOOHQ� YDULLHUW�� 'LH� *HVDPWOHLWIlKLJNHLW� ZXUGH� PLW
,PSHGDQ]VSHNWURVNRSLH� LP� 7HPSHUDWXUEHUHLFK� YRQ� ��������&� XQG
)UHTXHQ]EHUHLFK� YRQ� ����� ELV� ���� +]� JHPHVVHQ�� (LQ� W\SLVFKHV
,PSHGDQ]VSHNWUXP� HLQHU� &D)��%D)��+HWHURVWUXNWXU� DXI� ������� $O�2�
]HLJW� HLQHQ� ZRKOGHILQLHUWHQ� +DOENUHLV�� ZDV� DXI� UHLQ� LRQLVFKH
/HLWIlKLJNHLW�KLQZHLVW�
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;5'�0HVVXQJHQ� ]HLJHQ� JXW� GHILQLHUWH� HSLWDNWLVFKH
+HWHURVFKLFKWHQ� PLW� >���@�2ULHQWLHUXQJ�� 'LHVH� 2ULHQWLHUXQJ� KlQJW
YRQ� GHU� HUVWHQ� DXI� GHP� 6XEVWUDW� DEJHVFKLHGHQHQ� 6FKLFKW� DE�� GLH
HUVWH�6FKLFKW�DXI��������RULHQWLHUWHP�$O�2��ZDU�LPPHU�%D)���7\SLVFKH
$)0�%LOGHU�GHU�2EHUIOlFKH�YRQ�&D)��DXI�������RULHQWLHUWHQ�&D)��%D)�
+HWHURVWUXNWXUHQ� DXI� HLQHP� �������$O�2��6XEVWUDW� ZHLVHQ� LQ� ]ZHL
'LPHQVLRQHQ�HLQH�GUHLHFNLJH�2EHUIOlFKHQWRSRJUDSKLH�DXI��GLH�PLW�GHU
LQ� 3ROILJXUPHVVXQJHQ� EHREDFKWHWHQ� 9HU]ZLOOLJXQJ� ]XVDPPHQKlQJHQ
N|QQHQ�� $OOH� %LOGHU� ]HLJHQ� HLQHQ� GLFKWHQ� )LOP� XQG� VHKU� JODWWH
2EHUIOlFKHQ�PLW�HLQHU�5DXLJNHLW�XP���QP�

'LH� JHPHVVHQH� HIIHNWLYH� SDUDOOHOH� /HLWIlKLJNHLW� �G�K�� DXV� HLQHU
0HVVXQJ�GHU�SDUDOOHOHQ�/HLWIlKLJNHLW�XQG�GHU�*HVDPWGLFNH�YRQ�a����
QP�EHUHFKQHW�� VWHLJW� HUKHEOLFK�PLW� GHU�*UHQ]IOlFKHQGLFKWH� DQ��=ZHL
*U�QGH�GDI�U�HUVFKHLQHQ�SODXVLEHO�

²� WKHUPRG\QDPLVFKH� 8PYHUWHLOXQJ� YRQ� −) �,RQHQ� YRQ� HLQHU
3KDVH�LQ�GLH�DQGHUH��HQWVSUHFKHQG�GHQ�YHUVFKLHGHQHQ�(QHUJLHQLYHDXV
LQ� GHQ� EHLGHQ� 3KDVHQ�� 'DV� I�KUW� ]X� HLQHP� $QVWLHJ� GHU� )OXRULG�
/HHUVWHOOHQNRQ]HQWUDWLRQ� LP� HLQHQ� XQG� HLQHU� =XQDKPH� GHU� )OXRULG�
=ZLVFKHQJLWWHUWHLOFKHQ�LP�DQGHUHQ�,RQHQOHLWHU�

²�HLQ��RGHU�EHLGVHLWLJHU�7UDQVIHU�YRQ� −) �]X�RGHU�YRP�.HUQ�GHU
*UHQ]IOlFKH��XP�GHVVHQ�)UHLH�(QHUJLH�DQ]XVHQNHQ�

'DV� =LHO� GHU� ([SHULPHQWH� ]XU� WKHUPLVFKHQ� %HKDQGOXQJ� LVW�� GHQ
DQRPDOHQ�$QVWLHJ�GHV�3UREHQZLGHUVWDQGV��E]Z��$EIDOO�GHU�SDUDOOHOHQ
/HLWIlKLJNHLW�� ]X�EHVWLPPHQ��GHU�PLW� VWHLJHQGHU�7HPSHUDWXU�DXIWULWW�
'LH� 9HUVFKOHFKWHUXQJ� GHU� /HLWIlKLJNHLW� ILQGHW� EHLP� HUVWHQ� $XIKHL]HQ
]ZLVFKHQ�����&�XQG�����&�VWDWW��'LH�/HLWIlKLJNHLW�ZLUG�DOV�)XQNWLRQ
YRQ�7HPSHUDWXU�XQG�*UHQ]IOlFKHQDEVWDQG�XQWHUVXFKW��XQG�NRQQWH�DOV
,RQHQOHLWIlKLJNHLW��ZLH�LP�9ROXPHQ��LGHQWLIL]LHUW�ZHUGHQ�

'LH�H[SHULPHQWHOOHQ�'DWHQ�]HLJHQ�IROJHQGH�(IIHNWH�GHV�7HPSHUQV
EHL�QLHGULJHQ�7HPSHUDWXUHQ�

²� HUK|KWH� SDUDOOHOH� /HLWIlKLJNHLW� �XP� PHKU� DOV� HLQH
*U|�HQRUGQXQJ�

²�YHUULQJHUWH�$NWLYLHUXQJVHQHUJLH��(D��DEJHVHQNW�DXI�����H9�
²�ZRKO�GHILQLHUWH�9HUlQGHUXQJ�PLW�GHU�*UHQ]IOlFKHQ�'LFKWH
'DV�NDQQ�PLW�GHU�([LVWHQ]�YRQ�LQVWDELOHQ�9HUVHW]XQJHQ��QLFKW�QXU

DQ� GHU� *UHQ]IOlFKH�� VRQGHUQ� DXFK� LQQHUKDOE� GHU� 6FKLFKWHQ�� LQ
9HUELQGXQJ� JHEUDFKW� ZHUGHQ�� GLH� GXUFK� 7HPSHUDWXUEHKDQGOXQJ
DXVJHKHLOW� ZHUGHQ� N|QQHQ�� 'DUDXV� HUJLEW� VLFK� HLQ� NODUHV� %LOG�� LQ
DXVJHODJHUWHQ�3UREHQ�ZHUGHQ�)OXRULG�,RQHQ� −) �YRQ�HLQHU�3KDVH�LQ�GLH
DQGHUH� XPYHUWHLOW�� 'DV� I�KUW� ]X� HLQHU� HUK|KWHQ� )OXRULG�
/HHUVWHOOHQNRQ]HQWUDWLRQ� LQ� GHU� HLQHQ� XQG� HLQHU� HUK|KWHQ
=ZLVFKHQJLWWHUWHLOFKHQNRQ]HQWUDWLRQ� LQ� GHU� DQGHUHQ� 3KDVH�� ,Q� QLFKW
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DXVJHODJHUWHQ�3UREHQ�RGHU�7HPSHUQ�EHL�QLHGULJHQ�7HPSHUDWXUHQ�ZLUG
GLHV� GXUFK� HLQH� $XIODGXQJ� YRQ� 9HUVHW]XQJHQ� �EHUODJHUW�� GLH
/HHUVWHOOHQ�LQ�GHU�8PJHEXQJ�]XU�FNODVVHQ�

+HWHURVWUXNWXUHQ� DXI� OHLWIlKLJHQ� 6XEVWUDWHQ� �6L�� 1E�GRWLHUWHV
6U7L2���ZXUGHQ� HEHQIDOOV�PLW� GHILQLHUWHU� 2ULHQWLHUXQJ� DOV� JODWWH� XQG
GLFKWH� )LOPH� SUlSDULHUW�� &D)��%D)�� +HWHURVFKLFKWHQ� ZXUGHQ
HSLWDNWLVFK� DXI� OHLWIlKLJHQ� HLQNULVWDOOLQHQ� 672�1E� 6XEVWUDWHQ
KHUJHVWHOOW�� ZDV� /HLWIlKLJNHLWVPHVVXQJHQ� VHQNUHFKW� ]X� GHQ
*UHQ]IOlFKHQ� HUODXEW�� 0HVRVNRSLVFKH� *U|�HQHIIHNWH� VDJHQ� HLQH
9HUULQJHUXQJ� GHV� 8QWHUVFKLHGV� ]ZLVFKHQ� SDUDOOHOHU� XQG� VHQNUHFKWHU
/HLWIlKLJNHLW� PLW� ]XQHKPHQGHU� =DKO� GHU� *UHQ]IOlFKHQ� YRUDXV�� 'LH
VHQNUHFKWH� /HLWIlKLJNHLW� IULVFK� KHUJHVWHOOWHU� 3UREHQ� LVW� XP
*U|�HQRUGQXJQHQ�K|KHU�DOV�GHU�DXV�(LQNULVWDOOGDWHQ�HUZDUWHWH�:HUW�

,QWHUHVVDQWHUZHLVH�EHVFKUHLEHQ�GLH�VHOEHQ�.RQ]HQWUDWLRQVSURILOH�
GLH� GLH� SDUDOOHOHQ� /HLWIlKLJNHLWHQ� HUNOlUHQ�� DXFK� GLH� (IIHNWH� LQ� GHU
VHQNUHFKWHQ� /HLWIlKLJNHLW�� 'DV� LVW� QLFKW� VHOEVWYHUVWlQGOLFK�� GD� GLH
SDUDOOHOH� /HLWIlKLJNHLW� GXUFK� GLH� KRFKOHLWIlKLJHQ� %HUHLFKH� EHVWLPPW
ZLUG�� ZlKUHQG� GLH� VHQNUHFKWH� /HLWIlKLJNHLW� GLH� VFKOHFKWOHLWHQGHQ
%HUHLFKH�ZLGHUVSLHJHOW�

,Q� GLHVHU� 8QWHUVXFKXQJ� ZLUG� GLH� 'LFNHQDEKlQJLJNHLW� GHU
6FKLFKWOHLWIlKLJNHLW�QXPHULVFK�VRZRKO�QDFK�GHP�*RX\�&KDSPDQ��DOV
DXFK� QDFK� GHP� 0RWW�6FKRWWN\�0RGHOO� EHUHFKQHW�� ,P� GLUHNWHQ
9HUJOHLFK� ]X� GHQ� 0H�GDWHQ� ]HLJW� VLFK�� GD�� QXU� GDV� 0RWW�6FKRWWN\�
0RGHOO�DOOH�%HIXQGH�GHU�0HVVXQJHQ�ZLHGHUJHEHQ�NDQQ��ZLH�YRU�DOOHP
GDV� DQRPDOH� 9HUKDOWHQ� LP� PHVRVNRSLVFKHQ� 5HJLPH� �HIIHNWLYH
/HLIlKLJNHLW�YV��LQYHUVH�'LFNH���'LH�EHUHFKQHWHQ�.RQ]HQWUDWLRQVSURILOH
VLQG� MHGRFK� QXU� GDQQ� NRQVLVWHQW� PLW� GHU� /DGXQJVGLFKWH� LP� 0RWW�
6FKRWWN\�0RGHOO��ZHQQ�GDV� HLQJHIURUHQH� 3URILO� GHU� 9HUXQUHLQLJXQJHQ
DQ�GHQ�*UHQ]IOlFKHQ�OHLFKW�HUK|KW�ZLUG�

(LQH�VROFKH�9HUWHLOXQJ�ZLUG�UHDOLVWLVFKHUZHLVH�HUZDUWHW�ZHQQ�PDQ
GLH� 3UREHQSUlSDUDWLRQ� ZLH� DXFK� GLH� 9RUEHKDQGOXQJ� YRU� GHQ
0HVVXQJHQ��$XVODJHUQ�EHL�HUK|KWHU�7HPSHUDWXU��LQ�%HWUDFKW�]LHKW�

=XVDPPHQJHID�W�NDQQ�PDQ�VDJHQ�
��� &D)��%D)��+HWHURVFKLFKWHQ� ZXUGHQ� PLW� 0ROHNXODUVWUDKOHSLWD[LH

�0%(��DXI�YHUVFKLHGHQHQ�6XEVWUDWHQ��$O�2���1E�GRWLHUWHV�6U7L2���PLW
JHQDX� GHILQLHUWHU� *HRPHWULH�� 3HULRGL]LWlW�� *UHQ]IOlFKHQDEVWDQG� XQG
6FKLFKWUHLKHQIROJH�KHUJHVWHOOW�

��� ;5'�� XQG� $)0�0HVVXQJHQ� ]HLJHQ�� GD�� GHILQLHUWH�� KRFKJUDGLJ
RULHUWLHUWH�&D)��%D)��+HWHURVWUXNWXUHQ�DXI�YHUVFKLHGHQHQ�6XEVWUDWHQ
KHUJHVWHOOW�ZHUGHQ�N|QQHQ�

��� 'LH� /HLWIlKLJNHLWVHIIHNWH� N|QQHQ� DOV� LRQLVFKH
5DXPODGXQJVHIIHNWH� LQ� )ROJH� GHU� WKHUPRG\QDPLVFK� EHVWLPPWHQ� )��
8PYHUWHLOXQJ�LP�*OHLFKJHZLFKW�YHUVWDQGHQ�ZHUGHQ�
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��� 'HU� (LQIOX�� GHU� WKHUPLVFKHQ� $XVODJHUXQJ� DXI� GHU� :LGHUVWDQG
GHU� 3UREH�ZXUGH� XQWHUVXFKW�� ,QVWDELOH� 9HUVHW]XQJHQ� VFKHLQHQ� GXUFK

−) �$GVRUSWLRQ�HOHNWULVFK�DXIJHODGHQ�]X�VHLQ�
��� ,Q� GLHVHU� 8QWHUVXFKXQJ� ZLUG� GLH� 'LFNHQDEKlQJLJNHLW� GHU

6FKLFKW�/HLWIlKLJNHLW�QXPHULVFK�QDFK�GHP�*RX\�&KDSPDQ��XQG�GHP
0RWW�6FKRWWN\�0RGHOO� EHUHFKQHW�� ,P� GLUHNWHQ� 9HUJOHLFK� PLW� GHQ
0H�GDWHQ� NDQQ� GDV� PRGLIL]LHUWH� 0RWW�6FKRWWN\�0RGHOO
�9HUXQUHLQLJXQJVSURILO�PLW� HLQHP� $QVWHLJ� QDKH� GHU� *UHQ]IOlFKH�� GLH
%HIXQGH� GHU� 0HVVXQJHQ� VRJDU� LP� PHVRVNRSLVFKHQ� 5HJLPH
ZLHGHUJHEHQ�



=XVDPPHQIDVVXQJ10
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$EVWUDFW

,RQLF� FRQGXFWRUV�� PDWHULDOV� LQ� ZKLFK� VSHFLILF� LRQV� FDQ� PLJUDWH
SUHIHUHQWLDOO\� ZLWK� KLJK� PRELOLW\�� DUH� RI� SULPH� LPSRUWDQFH� IRU
HOHFWURFKHPLFDO� PHDVXUHPHQWV�� DQG� IRU� GHYLFHV� VXFK� DV� KLJK�
WHPSHUDWXUH� EDWWHULHV� DQG� IXHO� FHOOV�� FKHPLFDO� ILOWHUV� DQG� VHQVRUV�
,RQLF�FRQGXFWLYLW\�LQ�VROLG�HOHFWURO\WHV�FDQ�EH�LPSURYHG�E\�GLVVROYLQJ
DSSURSULDWH� LPSXULWLHV� LQWR� WKH� VWUXFWXUH� EXW� DOVR� E\� LQWURGXFLQJ
LQWHUIDFHV� WKDW� FDXVH� WKH� UHGLVWULEXWLRQ� RI� LRQV� LQ� WKH� VSDFH�FKDUJH
UHJLRQV�

7KLV�UHVHDUFK�VWXG\�LV�IRFXVHG�RQ�WKH�G\QDPLFV�RI�LRQ�FRQGXFWLQJ
VXSHUODWWLFHV�V\QWKHVL]HG�E\�PROHFXODU�EHDP�HSLWD[\��0%(�� LQ�ZKLFK
WKH�LQWHUIDFHV�DUH�DUWLILFLDOO\�WXQHG��ZLWK�WKH�DLP�RI�GHVLJQLQJ�VXSHULRU
LRQLF�FRQGXFWRUV�E\�FRQWUROOLQJ�WKHLU�LQWHUIDFHV��,Q�WKH�FU\VWDOOLQH�LRQLF
FRQGXFWRUV�� WKH� LRQV�PLJUDWH� DURXQG� ODWWLFH� VLWHV�LQWHUVWLWLDO� VLWHV� LQ
WKH�FU\VWDOV��&RQVHTXHQWO\�� WKH� LRQ�G\QDPLFV�FDQ�EH�DIIHFWHG�E\�WKH
FU\VWDO� VWUXFWXUH�DV�ZHOO��6LQFH� WKH� VXSHUODWWLFH� VWUXFWXUH�HQDEOHV� WR
WXQH� WKH� FU\VWDO� VWUXFWXUH� WR� VRPH� H[WHQW�� WKH� LRQLF� FRQGXFWLYLW\
GHSHQGHQFH�RQ�WKH�VWUXFWXUDO�SDUDPHWHUV�ZLOO�DOVR�EH�LQYHVWLJDWHG�LQ
WKLV� VWXG\�� 7KH� LQWHUIDFH� LV� DOVR� H[SHFWHG� WR� LQWURGXFH� ODWWLFH� VWUDLQ
GXH�WR�ODWWLFH�PLVPDWFKHV�DQG�RU�WR�FKDQJH�VSDFH�FKDUJH�GLVWULEXWLRQ
DW�WKH� LQWHUIDFHV�ZKHQ�VXSHUODWWLFHV�RI�GLIIHUHQW� LRQLF�FRQGXFWRUV�DUH
IDEULFDWHG� ZLWK� D� SHULRG� RI� D� IHZ� WR� D� IHZ� KXQGUHG� QDQRPHWUHV�
0RELOH� LRQV�PLJUDWH�E\�EUHDNLQJ�WKH�ERQGV�ZLWK�WKH�ODWWLFH� LRQV��DQG
WKHUHIRUH�� WKH� LRQ�G\QDPLFV� DUH� VHULRXVO\� DIIHFWHG�E\� WKH� FKDQJH� LQ
WKH� VSDFH� FKDUJH� GLVWULEXWLRQ� DW� WKH� LQWHUIDFHV� DV� ZHOO� DV� E\� LRQLF
HIIHFWV�

+HWHURMXQFWLRQV� LQ� WZR�SKDVH� V\VWHPV� FDQ� EH� SDUWLFXODUO\
HIILFLHQW� DW� LPSURYLQJ� LRQLF� FRQGXFWLRQ�� $� TXDOLWDWLYHO\� GLIIHUHQW
FRQGXFWLYLW\� EHKDYLRXU� LV� H[SHFWHG� ZKHQ� WKH� LQWHUIDFH� VSDFLQJ� LV
FRPSDUDEOH�WR�RU�VPDOOHU�WKDQ�WKH�ZLGWK�RI�WKH�VSDFH�FKDUJH�UHJLRQV
LQ�FRPSDUDWLYHO\� ODUJH�FU\VWDOV� >����0D�@�>����0D@��5HFHQWO\�� LQFUHDVHV� LQ
LRQLF� FRQGXFWLYLW\� SDUDOOHO� WR� WKH� LQWHUIDFHV� RI� &D)��%D)�� SODQDU
KHWHURVWUXFWXUHV� KDYH� EHHQ� GLVFRYHUHG� ZKHQ� WKH� LQGLYLGXDO� OD\HU
WKLFNQHVV� LV� OHVV� WKDQ� ��QP�� $W� VXFK� WKLFNQHVV�� VLQJOH� OD\HUV� ORVH
WKHLU� LQGLYLGXDOLW\� DQG� DQ� DUWLILFLDO� LRQLFDOO\� FRQGXFWLQJ�PDWHULDO�ZLWK
DQRPDORXV� WUDQVSRUW� SURSHUWLHV� LV� JHQHUDWHG�� 7KHVH� UHVXOWV
GHPRQVWUDWH� PHVRVFRSLF� LRQ� FRQGXFWLYLW\� HIIHFW� LQ� QDQRV\VWHPV
�H[WUHPHO\�WKLQ�ILOPV��QDQRFU\VWDOOLQH�PDWHULDOV��>����6DWD@�

7KH� PRUSKRORJ\� DQG� WKH� GHIHFW� VWUXFWXUHV� RI� &D)��%D)�
PXOWLOD\HUV� KDYH� EHHQ� VWXGLHG� V\VWHPDWLFDOO\� ZLWK� YDULRXV� HOHFWURQ
PLFURVFRS\� WHFKQLTXHV�� LQFOXGLQJ� $)0� DQG� 4+57(0� >����6DWD@�� 7KH
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OD\HU� VWUXFWXUH� DQG� WKH� IRUPDWLRQ� RI� H[WHQGHG� FU\VWDO� GHIHFWV� KDYH
VWURQJ�LQIOXHQFHV�RQ�WKH�GHQVLW\�DQG�WKH�PRELOLW\�RI�FKDUJH�FDUULHUV�LQ
WKH�PXOWLOD\HUV�WKDW�DGG�WR�WKH�SXUHO\�FKHPLFDO�HIIHFWV�

,Q�RUGHU�WR�REWDLQ�PRUH�IXQGDPHQWDO�LQVLJKW�LQWR�WKH�FRQGXFWLYLW\
HIIHFWV��VRPH�SRLQWV�VWLOO�QHHG�WR�EH�FODULILHG�DQG�DUH�DGGUHVVHG�LQ�WKLV
VWXG\������WKH�GHWDLOHG�XQGHUVWDQGLQJ�RI�WKH�GHIHFW�FKHPLFDO�VLWXDWLRQ
DQG�WKH�FRQGXFWLYLW\�HIIHFWV�LQ�SDUDOOHO�DQG�LQ�SHUSHQGLFXODU�GLUHFWLRQ
WR�WKH�LQWHUIDFHV������WKH�DQQHDOLQJ�HIIHFWV������WKHRUHWLFDO�PRGHO�DQG
QXPHULFDO� HYDOXDWLRQ� LQ�SHULRGV�RI� WKH�PHVRVFRSLF� VLWXDWLRQ� �WKLQQHU
WKDQ� ��QP��� 7R� XQGHUVWDQG� WKHVH� HIIHFWV� LQ� GHSWK�� HOHFWULFDO
PHDVXUHPHQWV� RQ� SDUDOOHO� �DORQJ� WKH� LQWHUIDFHV�� DQG� SHUSHQGLFXODU
�WR� WKH� LQWHUIDFHV�� FRQILJXUDWLRQ� RI� WKH� KHWHURVWUXFWXUHV� DV� ZHOO� DV
WKHUPRG\QDPLF�PRGHOOLQJ�DUH�SHUIRUPHG�

$OVR��WKH�LRQLF�FRQGXFWLYLW\�RI�IOXRULWH�W\SH�FU\VWDOV�&D)��DQG�%D)�
ZDV�GHWHUPLQHG�DQG�IURP�ILWWLQJ�WKH�HIIHFWLYH� OHYHO�RI� LPSXULWLHV�KDV
EHHQ�FDOFXODWHG�

)RU� WKH� VWUXFWXUDO� LQYHVWLJDWLRQ� RI� WKH� LQWHUIDFLDO� DQG� LQGLYLGXDO
OD\HU�PRUSKRORJLHV��ELOD\HU�VDPSOHV�ZLWK�YDULRXV�WKLFNQHVVHV�RI�&D)�
RQ� WRS�RI�FRQVWDQW� OD\HU�RI�%D)���ZHUH�SUHSDUHG�E\�PROHFXODU�EHDP
HSLWD[\�WHFKQLTXH��7KH� LQYHVWLJDWLRQ�RI� WKH�RYHUDOO�FRQGXFWDQFH�DV�D
IXQFWLRQ� RI� WKH� WKLFNQHVV� SHUPLWV� WKH� GHFRQYROXWLRQ� RI� EXON
FRQGXFWLYLW\�RI�&D)��DQG�LQWHUIDFH�HIIHFWV�EHWZHHQ�&D)��DQG�%D)��

0XOWLOD\HUV�RI�&D)��%D)��KDYH�EHHQ�SUHSDUHG�E\�PROHFXODU�EHDP
HSLWD[\� �0%(�� RQ� GLIIHUHQW� VXEVWUDWHV� �$O�2��� 6L�� 1E�GRSHG� 6U7L2���
ZLWK� KLJKO\� GHILQHG� JHRPHWU\�� SHULRGLFLW\�� LQWHUIDFLDO� VSDFLQJV� DQG
OD\HU�VHTXHQFH�

7KH�RULHQWDWLRQ�DQG�WKH�VXUIDFH�PRUSKRORJ\�RI�WKH�VDPSOHV�KDYH
EHHQ� LQYHVWLJDWHG� E\� ;5'� DQG� $)0�� 7KH� ILOPV� JURZQ� RQ� GLIIHUHQW
VXEVWUDWHV�H[KLELW�WKH�VDPH�WRWDO�WKLFNQHVV�RI�DERXW�����QP��DQG�WKH
LQGLYLGXDO�QRPLQDO�OD\HU�WKLFNQHVV�ZDV�YDULHG�LQ�D�ZLGH�UDQJH�RI�����
���QP� E\� FRPSXWHU�FRQWUROOHG� HIIXVLRQ� FHOO� VKXWWHUV�� 7KH� RYHUDOO
FRQGXFWLYLW\� ZDV� PHDVXUHG� E\� D�F�� LPSHGDQFH� VSHFWURVFRS\� LQ� WKH
WHPSHUDWXUH�UDQJH�RI����±���&��ZLWK� IUHTXHQFLHV� UDQJLQJ� IURP�����

WR� ���� +]�� $� W\SLFDO� LPSHGDQFH� VSHFWUXP� IRU� WKH� &D)��%D)�
KHWHURVWUXFWXUH� JURZQ� RQ� $O�2�� ������� VKRZV� D� ZHOO� GHILQHG
VHPLFLUFOH��LQGLFDWLQJ�WKDW�WKH�FRQGXFWLRQ�LV�RQO\�LRQLFDOO\�

;5'�PHDVXUHPHQWV�VKRZ�ZHOO�GHILQHG�HSLWD[LDO�KHWHUROD\HUV�ZLWK
>���@� RULHQWDWLRQV�� 7KLV� RULHQWDWLRQ� GHSHQGV� RQ� WKH� ILUVW� OD\HU
GHSRVLWHG�RQ�WKH�VXEVWUDWH��WKH�ILUVW� OD\HU�RQ�WRS�RI��������RULHQWHG
$O�2��ZDV�DOZD\V�%D)���7\SLFDO�$)0� LPDJHV� IRU� WKH�VXUIDFHV�RI�&D)�
RQ�WKH�WRS�RI�������RULHQWHG�&D)��%D)��KHWHURVWUXFWXUHV�RQ�DQ�$O�2�
������� VXEVWUDWH� VKRZ� D� WULDQJXODU� VXUIDFH� WRSRJUDSK\� LQ� WZR
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GLUHFWLRQV��ZKLFK�PD\�UHIHU�WR�D�WZLQQLQJ�DV�REVHUYHG�E\�SROH�ILJXUH
PHDVXUHPHQWV�� $OO� LPDJHV� VKRZ� D� GHQVH� ILOP� DQG� YHU\� VPRRWK
VXUIDFHV�ZLWK�URXJKQHVV�DURXQG��QP�

7KH� PHDVXUHG� HIIHFWLYH� SDUDOOHO� FRQGXFWLYLW\� �L�H�� GHULYHG� IURP
WKH� PHDVXUHPHQW� RI� SDUDOOHO� FRQGXFWDQFH� YLD� WKH� WRWDO� WKLFNQHVV
a���QP�� SURJUHVVLYHO\� LQFUHDVHV� ZLWK� LQWHUIDFLDO� GHQVLW\�� 7ZR
UHDVRQV�IRU�WKH�FRQGXFWLYLW\�HIIHFWV�DSSHDU�SODXVLEOH�

• 7KHUPRG\QDPLFDOO\�UHGLVWULEXWLRQ�RI� −) �LRQV�IURP�RQH�SKDVH
WR� WKH�RWKHU� DFFRUGLQJ� WR� WKH�GLIIHUHQW� HQHUJ\� OHYHOV� LQ� WKH
WZR�SKDVHV��7KLV�OHDGV�WR�DQ�LQFUHDVH�RI�WKH�IOXRULGH�YDFDQF\
FRQFHQWUDWLRQ�LQ�RQH�FRQGXFWRU�DQG�RI�WKH�IOXRULGH�LQWHUVWLWLDO
LQ�WKH�RWKHU�FRQGXFWRU�

• 8QLODWHUDO� RU� ELODWHUDO� −) � WUDQVIHU� WR� RU� IURP� WKH� LQWHUIDFH
FRUH�OD\HU�LQ�RUGHU�WR�ORZHU�WKH�LQWHUIDFLDO�FRUH�IUHH�HQHUJ\�

7KH� SXUSRVH� RI� WKH� DQQHDOLQJ� H[SHULPHQW� LV� WR� GHWHUPLQH� WKH
DQRPDORXV� LQFUHDVH� LQ� WKH� UHVLVWDQFH� RI� WKH� VDPSOH� �RU� GHFUHDVH� RI
WKH�SDUDOOHO�FRQGXFWLYLW\�RI�WKH�VDPSOH��DV�WKH�DQQHDOLQJ�WHPSHUDWXUH
LQFUHDVHV��&RQGXFWLYLW\�GHJUDGDWLRQ�RFFXUV�EHWZHHQ�����&�DQG�����&
GXULQJ� WKH� ILUVW�KHDWLQJ��7KH�FRQGXFWLYLW\� LV� VWXGLHG�DV�D� IXQFWLRQ�RI
WHPSHUDWXUH�DQG�LQWHUIDFLDO�VSDFLQJ�DQG�KDV�EHHQ�YHULILHG�WR�EH�LRQLF
�DV�LQ�WKH�EXON��

7KH� H[SHULPHQWDO� GDWD� VKRZV� WKDW� WKH� ORZ� WHPSHUDWXUH
WUHDWPHQW�OHDGV�WR�

• +LJKHU� SDUDOOHO� FRQGXFWLYLW\� �PRUH� WKDQ� RQH� RUGHU� RI
PDJQLWXGH��

• /RZHU�DFWLYDWLRQ�HQHUJ\��(D��GRZQ�WR�����H9��
• :HOO�EHKDYHG�LQWHUIDFLDO�GHQVLW\�GHSHQGHQFH�

7KLV�FDQ�EH�DVVRFLDWHG�ZLWK�WKH�H[LVWHQFH�RI�XQVWDEOH�GLVORFDWLRQV
QRW� RQO\� DW� WKH� LQWHUIDFH�� EXW� DOVR� LQVLGH� WKH� OD\HUV� WKDW� FDQ� EH
DQQHDOHG�RXW�E\�WKHUPDO�WUHDWPHQW��7KLV�UHVXOWV�LQ�D�FOHDU�SLFWXUH��LQ
DQQHDOHG� VDPSOHV� WKHUH� LV� D� IOXRULWH� � −) �LRQV�� WUDQVIHU� IURP� RQH
SKDVH� WR� WKH� RWKHU�� 7KLV� OHDGV� WR� DQ� LQFUHDVH� RI� IOXRULGH� YDFDQF\
FRQFHQWUDWLRQ�LQ�RQH�SKDVH�DQG�RI�WKH�IOXRULGH�LQWHUVWLWLDO�LQ�WKH�RWKHU�
,Q� D� QRQ�DQQHDOHG� VDPSOHV� WKLV� LV� VXSHULPSRVHG� E\� FKDUJLQJ� RI
GLVORFDWLRQV�OHDYLQJ�YDFDQFLHV�LQ�WKH�YLFLQLW\�

7KH� KHWHURVWUXFWXUHV� RQ� FRQGXFWLYH� VXEVWUDWHV� �6L�� 1E�GRSHG
6U7L2���ZHUH�DOVR�SUHSDUHG�ZLWK�ZHOO�GHILQHG�RULHQWDWLRQ��VPRRWK�DQG
GHQVH� ILOP�� &D)��%D)�� KHWHUROD\HUV� KDYH� EHHQ� HSLWD[LDOO\� JURZQ� RQ
WKH�FRQGXFWLYH�VLQJOH�FU\VWDO�672�1E�VXEVWUDWHV��ZKLFK�HQDEOHV�XV�WR
FDUU\�RXW�WKH�FRQGXFWLYLW\�PHDVXUHPHQW�LQ�WKH�SHUSHQGLFXODU�GLUHFWLRQ
WR� WKH� LQWHUIDFHV�� 0HVRVFRSLF� VL]H� HIIHFWV� SUHGLFW� D� GHFUHDVH� LQ� WKH
GLIIHUHQFH� EHWZHHQ� SDUDOOHO� DQG� SHUSHQGLFXODU� FRQGXFWLYLW\� ZLWK� WKH
LQFUHDVH� LQ�WKH�QXPEHU�RI� LQWHUIDFHV��$V�SUHSDUHG�VSHFLPHQV�H[KLELW
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SHUSHQGLFXODU� FRQGXFWLYLWLHV�KLJKHU�E\�RUGHUV�RI�PDJQLWXGH� WKDQ� WKH
H[SHFWHG�YDOXH�IURP�VLQJOH�FU\VWDO�

,QWHUHVWLQJ� WKH� VDPH� SURILOHV� WKDW� H[SODLQ� WKH� SDUDOOHO
FRQGXFWLYLWLHV�DUH�DOVR�DEOH�WR�H[SODLQ�WKH�SHUSHQGLFXODU�HIIHFWV��7KLV
LV� YHU\� VDWLVIDFWRU\� DV� D� SDUDOOHO� FRQGXFWLYLW\� SURQRXQFHV� WKH� KLJKO\
FRQGXFWLYH�UHJLRQV��ZKLOH�WKH�SHUSHQGLFXODU�RQH�HPSKDVL]HV�WKH� OHVV
FRQGXFWLYH�UHJLRQV�

,Q� WKLV� VWXG\�� WKH� WKLFNQHVV� GHSHQGHQFH� RI� WKH� OD\HU
FRQGXFWLYLWLHV�LV�QXPHULFDOO\�FDOFXODWHG�XVLQJ�ERWK�WKH�*RX\�&KDSPDQ
DQG� WKH� 0RWW�6FKRWWN\� PRGHV�� ,Q� GLUHFW� FRPSDULVRQ� WR� WKH
H[SHULPHQWDO� GDWD�� ZH� ILQG� WKDW� RQO\� WKH� 0RWW�6FKRWWN\� PRGHO� FDQ
UHSURGXFH� DOO� WKH� IHDWXUHV� RI� WKH� H[SHULPHQWV�� OLNH� WKH� DQRPDORXV
EHKDYLRXU� �HIIHFWLYH� FRQGXFWLYLW\� YHUVXV� LQYHUVH� WKLFNQHVV�� LQ� WKH
PHVRVFRSLF� UDQJH�� +RZHYHU�� WKH� FDOFXODWHG� FRQFHQWUDWLRQ� SURILOH
WXUQV�RQO\�RXW� WR�EH�FRQVLVWHQW�ZLWK�WKH�FKDUJH�GHQVLW\�RI� WKH�0RWW�
6FKRWWN\� PRGHO� LI� WKH� IUR]HQ�LQ� LPSXULW\� SURILOH� LV� DVVXPHG� WR� EH
PRGHUDWHO\�LQFUHDVHG�

6XFK�D�GLVWULEXWLRQ�LV�UHDOLVWLFDOO\�H[SHFWHG�LQ�YLHZ�RI�WKH�VDPSOH
SUHSDUDWLRQ�DV�ZHOO�DV�RI�WKH�FRQGLWLRQLQJ�SULRU�WR�WKH�PHDVXUHPHQWV
�DQQHDOLQJ�DW�HOHYDWHG�WHPSHUDWXUHV��

,Q�VXPPDU\�
���+HWHUROD\HUV� RI� &D)��%D)�� KDYH� EHHQ� SUHSDUHG� E\�PROHFXODU

EHDP�HSLWD[\��0%(��RQ�GLIIHUHQW�VXEVWUDWHV��$O�2���1E�GRSHG�6U7L2���
ZLWK� KLJKO\� GHILQHG� JHRPHWU\�� SHULRGLFLW\�� LQWHUIDFLDO� VSDFLQJV� DQG
OD\HU�VHTXHQFH�

��� ;�UD\� DQG� $)0� PHDVXUHPHQWV� GHPRQVWUDWH� WKDW� GHILQHG
KLJKO\� RULHQWHG�KHWHURVWUXFWXUHV� RI�&D)��%D)����� FDQ� EH� SUHSDUHG� RQ
GLIIHUHQW�VXEVWUDWHV�

��� 7KH� FRQGXFWLYLW\� HIIHFWV� FDQ�EH�XQGHUVWRRG� LQ� WHUPV�RI� LRQLF
VSDFH�FKDUJH�HIIHFWV�RFFXUULQJ�DV�D�FRQVHTXHQFH�RI�D�WKHUPRG\QDPLF

−) �UHGLVWULEXWLRQ�DW�HTXLOLEULXP�
��� 7KH� LQIOXHQFH� RI� DQQHDOLQJ� HIIHFWV� RQ� WKH� UHVLVWDQFH� RI� WKH

VDPSOH�KDV�EHHQ�VWXGLHG�DQG�DQDO\VHG��8QVWDEOH�GLVORFDWLRQV�DSSHDU
WR�EH�FKDUJHG�E\� −) �DGVRUSWLRQ�

��� ,Q� WKLV� VWXG\�� WKH� WKLFNQHVV� GHSHQGHQFH� RI� WKH� OD\HU
FRQGXFWLYLWLHV� LV� QXPHULFDOO\� FDOFXODWHG� XVLQJ� ERWK� WKH� *RX\�
&KDSPDQ��DQG�WKH�0RWW�6FKRWWN\�PRGHOV��,Q�GLUHFW�FRPSDULVRQ�WR�WKH
H[SHULPHQWDO�GDWD��WKH�PRGLILHG�0RWW�6FKRWWN\�PRGH��LPSXULW\�SURILOH
ZLWK�D�JUDGLHQW�FORVH�WR�WKH�LQWHUIDFH��FDQ�UHSURGXFH�WKH�IHDWXUHV�RI
WKH�H[SHULPHQWV�HYHQ�LQ�WKH�PHVRVFRSLF�UDQJH�
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,QWURGXFWLRQ�DQG�0RWLYDWLRQ

7KLQ�ILOP�VWUXFWXUHV�DQG�VHOI�DVVHPEOHG�QDQR�SDUWLFOHV�VXSSRUWHG
RQ� YDULRXV� VXEVWUDWHV� EHFDPH� LQ� UHFHQW� \HDUV� RI� IXQGDPHQWDO
LPSRUWDQFH�LQ�VR�IDU�DV�WKHVH�KDYH�GLPHQVLRQV�ORZ�HQRXJK�WR�UHYHDO
XQXVXDO� SK\VLFDO� SURSHUWLHV� ZLWK� UHVSHFW� WR� WKRVH� RI� WKH� EXON�
(OHFWURQLF�GHYLFHV��VROLG�VWDWHV�EDWWHULHV��JDV�VHQVRUV��KHWHURJHQHRXV
FDWDO\VLV�DQG�RWKHU�QXPHURXV�WHFKQRORJLHV�DUH�VWURQJO\�GHSHQGHQW�RQ
WKH�TXDOLW\�RI�WKLQ�ILOPV��PDQ\�RI�WKHP�RI�QDQR�VL]HG�WKLFNQHVV�

(OHFWULFDO�SURSHUWLHV�RI�LQWHUIDFHV�LQ�PDWHULDOV�ZLWK�PRELOH�LRQLF�RU
FKDUJH� FDUULHUV� �GHIHFWV�� GLIIHU� IURP� WKH� EXON� SURSHUWLHV�� ,Q
HTXLOLEULXP�� WKH� PRELOH� FKDUJH� FDUULHUV� WKHUHIRUH� GLVWULEXWH
WKHPVHOYHV�EHWZHHQ�WKH�EXON�DQG�WKH�LQWHUIDFH�UHJLRQ��VXFK�WKDW�WKH
WRWDO� IUHH�HQHUJ\� LV�PLQLPL]HG��7KH�H[WHQW�RI� UHGLVWULEXWLRQ�GHSHQGV
RQ� WKH� FKHPLFDO� GULYLQJ� IRUFH� WR� DEVRUE� FKDUJH� FDUULHUV� LQ� WKH
LQWHUIDFH��ZKLOH�WKH�WKLFNQHVV�RI�WKH�VSDFH�FKDUJH�UHJLRQ�GHSHQGV�RQ
WKH�GHQVLW\�RI�PRELOH�FKDUJH�FDUULHUV�LQ�WKH�PDWHULDO�DQG�PD\�H[WHQG
IURP�RQH�DWRPLF�VSDFLQJ�XS�WR�WKH�VHYHUDO�PP�DQG�PRUH�

(OHFWULFDO� SURSHUWLHV� RI� WKH� LQWHUIDFH� DUH�� LQ� JHQHUDO�� KLJKO\
DQLVRWURSLF�� )RU� WKLV� UHDVRQ� ZH� GHVFULEH� WKH� SURSHUWLHV� RI� WKH
LQWHUIDFHV�VHSDUDWHO\� LQ�D�GLUHFWLRQ�SDUDOOHO�DQG�SHUSHQGLFXODU� WR� WKH
LQWHUIDFH�� &RQVLGHULQJ� WKH� PDWHULDOV�� LQ� ZKLFK� RQH� W\SH� RI� FKDUJH
FDUULHUV� DOUHDG\� FRQWULEXWHV� GHFLVLYHO\� WR� RYHUDOO� FRQGXFWDQFH�� WKHUH
H[LVW� VSDFH� FKDUJH� UHJLRQV� ZLWK� DQ� DFFXPXODWLRQ� RU� GHSOHWLRQ� RI
PDMRULW\�FKDUJH�FDUULHUV�� ,Q�FDVH�RI� WKH�DFFXPXODWLRQ�� WKH�HQKDQFHG
FRQGXFWLYLW\� LV�SDUWLFXODUO\�SHUFHSWLEOH�SDUDOOHO� WR�WKH� LQWHUIDFH��ZKLOH
LQ� WKH� GHSOHWLRQ� FDVH� WKH� LQFUHDVHG� UHVLVWLYLW\� LV� PHDVXUDEOH
SHUSHQGLFXODU� WR� WKH� LQWHUIDFH�� %RWK� SDUDOOHO� DQG� SHUSHQGLFXODU
LQWHUIDFLDO� HIIHFWV� KDYH� EHHQ� LQYHVWLJDWHG�� PDLQO\� LQ� WKH� ILHOG� RI
VHPLFRQGXFWRUV�>����6]H@�

7KH� SURSHUWLHV� RI� LQWHUIDFHV� LQ� VROLG� LRQLF� FRQGXFWRU� DUH�� LQ
FRQWUDVW� WR� LQWHUIDFHV� LQ� VHPLFRQGXFWRUV� DQG� OLTXLG� HOHFWURO\WHV�� VWLOO
SRRUO\�FKDUDFWHUL]HG��7KH�VWXGLHV�RI�WKH�LQWHUIDFHV�LQ�PDWHULDO�VFLHQFH
FRPPXQLW\� ZHUH� LQVSLUHG� E\� WKH� SRWHQWLDO� XVH� RI� VROLG� LRQLF
FRQGXFWRUV� DV� HOHFWURO\WHV� LQ� EDWWHULHV� ZLWK� D� KLJK� HQHUJ\� GHQVLW\�
'XH� WR� WKH� KLJK� GHQVLW\� RI� LQWHUIDFHV�� VSDFH� FKDUJH� HIIHFWV� DUH
HVSHFLDOO\�SURQRXQFHG� LQ�FHUDPLF�DQG�FRPSRVLWH�PDWHULDOV��RU� LQ� WKH
HSLWD[LDOO\� JURZQ� ILOPV� ZLWK� ZHUH� ZHOO� GHILQHG� LQWHUIDFHV� DQG
JHRPHWU\�
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7KH�SXUSRVH�RI�WKLV�ZRUN�ZDV�WR�REWDLQ�PRUH�IXQGDPHQWDO�LQVLJKW
LQWR�LRQLF�SURFHVVHV�LQ�&D)��%D)��KHWHUROD\HUV�

��� WKH� XQGHUVWDQGLQJ� RI� WKH� PHVRVFRSLF� VLWXDWLRQ� �L�H�� IRU� ILOP
WKLFNQHVVHV�WKLQQHU�WKDQ����QP��ERWK�LQ�SDUDOOHO�DQG�LQ�SHUSHQGLFXODU
GLUHFWLRQ�WR�WKH�LQWHUIDFHV��

��� WKH� VWUXFWXUDO� LQYHVWLJDWLRQ� RI� WKH� LQWHUIDFLDO� DQG� LQGLYLGXDO
OD\HU�PRUSKRORJLHV�

���WR�XQGHUVWDQG�DQQHDOLQJ�HIIHFWV�� LQ�SDUWLFXODU��WKH�DQRPDORXV
LQFUHDVH� LQ� WKH�UHVLVWDQFH�RI� WKH�VDPSOH��RU�GHFUHDVH�RI� WKH�SDUDOOHO
FRQGXFWLYLW\�RI�WKH�VDPSOH��DV�WKH�DQQHDOLQJ�WHPSHUDWXUH�LQFUHDVH�

���WR�ILQG�D�WKHRUHWLFDO�PRGHO�ZKLFK�FDQ�H[SODLQ�WKH�EHKDYLRXU�RI
WKH�WRWDO�FRQGXFWLYLW\�RI�WKH�KHWHUROD\HUV�

7KH�WKHVLV�LV�VWUXFWXUHG�DV�IROORZV�
,Q� &KDSWHU� �� LV� SUHVHQWHG� WKH� OLWHUDWXUH� EDFNJURXQG� RI� WKH

H[SHULPHQWV�FDUULHG�RXW�IRU�WKH�VLQJOH�FU\VWDOV�&D)��DQG�%D)���IRU�WKH
KHWHURVWUXFWXUHV�&D)��%D)�� DQG� IRU� WKH�GHSRVLWLRQ�RI�&D)�� RQ� WKH�6L
FRQGXFWLYH�VXEVWUDWH�

&KDSWHU���FRPSULVHV�WKH�JHQHUDO�GHIHFW�FKHPLFDO�WKHRU\�RI�VSDFH
FKDUJH� UHJLRQ� LQYROYLQJ� LQWHUIDFHV�� DQG�� LQ� SDUWLFXODU�� DSSOLFDWLRQ� RI
WKH�WKHRU\�IRU�&D)��%D)��LQWHUIDFHV�

,Q�&KDSWHU� �� WKH� SK\VLFDO� DQG� HOHFWULFDO� SURSHUWLHV� RI� &D)�� DQG
%D)��DUH�VXPPDUL]HG��DQG�WKH�EDVLF�GHIHFW�VWUXFWXUHV�LQ�WKH�LQWULQVLF
DQG�H[WULQVLF�UHJLRQV�VKRUWO\�RXWOLQHG�

,Q�&KDSWHU���WKH�EDVLFV�RI�JURZWK�SURFHVVHV��WKHUPRG\QDPLF�DQG
NLQHWLF� DVSHFWV��� DV�ZHOO� DV� H[SHULPHQWDO� VHWXSV� �0%(�PDFKLQH� DQG
HOHFWULFDO� VHWXS� IRU� SDUDOOHO� DQG� SHUSHQGLFXODU� PHDVXUHPHQWV�� DUH
GHVFULEHG��7KH�H[SHULPHQWDO�GHYLFHV�FRQVLVW�LQ�WKH�WHFKQLTXH�XVHG�IRU
SUHSDUDWLRQ� RI� WKH� KHWHURVWUXFWXUHV�� WKH� SK\VLFDO� PHDVXUHPHQW
GHVFULSWLRQ��DQG�WKH�HOHFWULFDO�PHDVXUHPHQW�VHWXS�

&KDSWHU���SUHVHQWV�WKH�H[SHULPHQWDO�UHVXOWV�REWDLQHG�IRU�
���VLQJOH�FU\VWDO�PHDVXUHPHQWV�RI�&D)��DQG�%D)��
���WKLFNQHVV�DQG�WHPSHUDWXUH�GHSHQGHQFH�RI�WKH�FRQGXFWLYLW\�RI

WKH� VDPSOHV� ZLWK� YDULRXV� WKLFNQHVVHV� RI� &D)�� RQ� WRS� RI� D� FRQVWDQW
OD\HU�RI�%D)���FDOFXODWLRQ�RI�WKH�FRQWULEXWLRQ�RI�WKH�LQWHUIDFH�EHWZHHQ
&D)��%D)��DQG�RI�WKH�EXON�FRQGXFWLYLW\�RI�WKH�&D)��

���DQQHDOLQJ�HIIHFWV��WKH�DQRPDORXV�LQFUHDVH�LQ�WKH�UHVLVWDQFH�RI
WKH�VDPSOH�DV�WKH�DQQHDOLQJ�WHPSHUDWXUH�LQFUHDVH�

��� SHUSHQGLFXODU�PHDVXUHPHQWV�RQ� WKH� VDPSOHV�JURZQ�RQ�6L� RU
1E�GRSHG�VXEVWUDWHV�DV�FRPSOHPHQWDU\�UHVXOWV�WR�WKH�VWXG\�RI�ODWHUDO
HIIHFWV�
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&KDSWHU� �� GHDOV� ZLWK� WKH� WKLFNQHVV� GHSHQGHQFH� RI� WKH� OD\HU
FRQGXFWLYLWLHV�QXPHULFDOO\� FDOFXODWHG�XVLQJ�ERWK� WKH�*RX\�&KDSPDQ�
DQG� WKH�0RWW�6FKRWWN\�PRGHV�� $V�ZHOO� D� QHZ�PRGHO� LV� SURSRVHG� WR
H[SODLQ�WKH�DQRPDORXV�VWHHS�LQFUHDVH�RI�FRQGXFWLYLW\��DQG�WKH�DEUXSW
WUDQVLWLRQ� EHWZHHQ� VHPL�LQILQLWH� VSDFH� FKDUJH� WR� PHVRVFRSLF
VLWXDWLRQ�

7KH� WKHVLV� HQGV� ZLWK� D� VXPPDU\� LQ� ZKLFK� WKH�PRVW� LPSRUWDQW
UHVXOWV�DUH�FRPSLOHG�
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&KDSWHU��
/LWHUDWXUH�6XUYH\��%DFNJURXQG�
RQ�&D)��DQG�%D)��,RQ�&RQGXFWRUV

%\� WKH� WLPH�� D� ODUJH� QXPEHU� RI� H[SHULPHQWDO� DQG� WKHRUHWLFDO
VWXGLHV� RI� WKH� GHIHFW� SURSHUWLHV� RI� FU\VWDOV� ZLWK� WKH� IOXRULWH�UHODWHG
VWUXFWXUH� KDYH� EHHQ� FDUULHG� RXW�� 7KH� PDMRU� FKDUDFWHULVWLF� RI� PRVW
IOXRULGHV� LV� D� ODUJH� HQHUJ\� JDS�� KHQFH� D� ORZ� HOHFWURQLF� FRQGXFWLYLW\
ZLWK� KLJK� DFWLYDWLRQ� HQHUJ\�� DQG� KHQFH� DQ� HPSW\� FRQGXFWLRQ� EDQG�
GXH� WR� WKH� VWURQJ� HOHFWURQHJDWLYLW\� RI� IOXRULQH�� 6LQFH� WKH� ����V
UHVHDUFK�RQ�IOXRULQH�LRQ�FRQGXFWRUV�KDV�GHYHORSHG�WR�D�JUHDW�H[WHQW�
SDUWLDOO\�EHFDXVH�RI� LQGXVWULDO�DSSOLFDWLRQ��EXW�DOVR�DV�D�UHVXOW�RI�WKH
H[LVWHQFH� RI� PDQ\� IOXRULWH�W\SH� PDWHULDOV� WKDW� DUH� HOHFWURQLF
LQVXODWRUV�

,Q� WKH�HDUOLHU� LQYHVWLJDWLRQV�RI� WKH�&D)��FU\VWDOV�� IURP�HOHFWULFDO
PHDVXUHPHQWV�WKH�FRQGXFWLYLW\�ZDV�IRXQG�WR�EH�LRQLF��ZLWK�WKH�PDMRU
GLVRUGHU�EHLQJ�RI�DQWL�)UHQNHO�W\SH��L�H��FKDUDFWHUL]HG�E\� −) �YDFDQFLHV
� •

)9 ��DQG�LQWHUVWLWLDOV�� 

L) ��>����8UH@�>����%ROO�@��6LPLODUO\�UHVXOWV�KDYH�EHHQ

IRXQG� DOVR� IRU� %D)�� FU\VWDOV� >����%DUV��>����%DUV��>����%ROO�@�� 7KHVH� DXWKRUV
FDOFXODWHG�WKH�QXPEHU�RI�DQWL�)UHQNHO�GHIHFWV�LQ�WKH�SXUH�FU\VWDO��WKH
PRELOLWLHV� RI� WKH� LQWHUVWLWLDOV� DQG� YDFDQFLHV�� 7KH� HOHFWURQLF
FRQGXFWLYLW\� ZDV� DOVR� VWXGLHG� E\� D� QXPEHU� RI� UHVHDUFKHUV�� 8VLQJ� D
SRODUL]DWLRQ� WHFKQLTXH� GHYHORSHG� E\� :DJQHU� >����:DJ@�>����:DJ@� DQG
PHDVXUHPHQWV�RI�WKH�WRWDO�HOHFWULFDO�FRQGXFWLYLW\�DV�D�IXQFWLRQ�RI�WKH
SDUWLDO� SUHVVXUH� RI� IOXRULQH� >����+LQ@� WKH\� KDYH� FRQFOXGHG� WKDW� &D)�
H[KLELWV�QHJOLJLEOH�HOHFWURQLF�FRQGXFWLYLW\� >����'HO@��7KH�PHDVXUHPHQWV
RI� HOHFWURQLF� FRQGXFWLYLW\� RI� VLQJOH� FU\VWDO� %D)�� ZHUH� GRQH� E\
SRODUL]DWLRQ�PHWKRG��DQG�VKRZHG�WKDW�WKH�HOHFWURQLF�FRQGXFWLYLW\�LV�DW
OHDVW� WZR� RUGHUV� RI� PDJQLWXGH� ORZHU� WKDW� WKH� LRQLF� FRQGXFWLYLW\� IRU
WHPSHUDWXUH�ORZHU�WKDW�����&�>����5HG@�

,Q�UHFHQW�\HDUV��QDQRPHWHU�VFDOH� LRQ�FRQGXFWRUV�KDYH�DWWUDFWHG
LQFUHDVLQJ�LQWHUHVW�>����0D�@�>����7XOOHU@��,RQLF�FRQGXFWLYLW\�SURSHUWLHV�PD\
EH� WXQHG� E\� LQWURGXFLQJ� LQWHUIDFHV� LQWR� LRQLFDOO\� FRQGXFWLQJ� V\VWHP�
ZKLFK� OHDGV� WR� DQ� DOWHUHG� GHIHFW� FKHPLVWU\� LQ� WKH� VSDFH�FKDUJH
UHJLRQV� >����0D�@�>����0D@�>����0D�@�>����6DLWR@�>����0D�@�>����0D@�>����6DWD@�>����-DP@�
7KH� LPSRUWDQFH� RI� VSDFH� FKDUJH� UHJLRQV� DQG� FKDUJHG� QRQ�
VWRLFKLRPHWULHV� LQ� LRQLF� FRQGXFWRUV�ZKLFK� LQWHUDFW�ZLWK� QHLJKERXULQJ
SKDVHV�KDV�EHHQ�DQDO\]HG�LQ�WKUHH�W\SHV�RI�KHWHURJHQHRXV�V\VWHPV�
�L�� DQ� LRQLF� FRQGXFWRU�VXUIDFH�DFWLYH� LQVXODWRU� V\VWHP� >����0D�@�� �LL�� D
WZR� LRQLF� FRQGXFWRU� V\VWHP� >����0D�@�� �LLL�� D� SRO\FU\VWDOOLQH�� LRQLFDOO\
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FRQGXFWLQJ�PDWHULDOV� V\VWHP� >����0D@�� ,Q� DOO� WKHVH� FDVHV� WKH� LRQV� DUH
UHGLVWULEXWHG� DW� ERXQGDU\� UHJLRQV� VXFK� WKDW� WKH� HOHFWURFKHPLFDO
SRWHQWLDO�JUDGLHQW�RI�WKH�GHIHFWV�YDQLVKHV�

,Q� 5HI�� >����:LO@� WKHRUHWLFDO� VLPXODWLRQV� RI� WKH� VXSHULRQLF
FRQGXFWRU�&D)��KDYH�EHHQ�XQGHUWDNHQ��ZLWK�D�PRGHO�IRU�WKH�LQWHULRQLF
LQWHUDFWLRQV� GHULYHG� GLUHFWO\� IURP� HOHFWURQLF� VWUXFWXUH� FDOFXODWLRQV�
7KH�PRGHO� LQFOXGHV� VXFK�PDQ\�ERG\� HIIHFWV� DV� SRODUL]DWLRQ� DQG� WKH
DGDSWDWLRQ�RI�WKH�VL]H�RI�WKH�DQLRQ�WR� LWV� LQVWDQWDQHRXV�HQYLURQPHQW
�FRPSUHVVLRQ��� 3K\VLFDO� SURSHUWLHV� RI� &D)�� WKDW� DUH� DFFXUDWHO\
UHSURGXFHG� LQFOXGH� SKRQRQ� IUHTXHQFLHV�� DQG� VROLG�VWDWH� GLIIXVLRQ�
$QDO\VLV�VKRZV�WKDW�WKH�FRPSUHVVLRQ�HIIHFW�LV�PXFK�OHVV�LPSRUWDQW�IRU
IOXRULGHV�WKDQ�R[LGHV��3RODUL]DWLRQ�HIIHFWV��SDUWLFXODUO\�RI�WKH�FDWLRQV�
SOD\�D�FUXFLDO�UROH�LQ�DOORZLQJ�IRU�DQLRQ�GLIIXVLRQ��DQG�WKH�LPSRUWDQFH
RI�D�VKRUW�UDQJH�FRQWULEXWLRQ�WR�WKH�FDWLRQ�SRODUL]DWLRQ�LV�KLJKOLJKWHG�
,Q�5HI�>����/LQ@�VLPLODU�VLPXODWLRQ�VWXGLHV�KDYH�EHHQ�FDUULHG�RXW��7KH
UHVXOWV� UHSURGXFH� WKH� REVHUYHG�PRELOLW\� GDWD� DQG� WKH� KHDW� FDSDFLW\
DQRPDO\�DVVRFLDWHG�ZLWK�WKH�RQVHW�RI�LRQLF�FRQGXFWLRQ��%\�H[DPLQLQJ
WKH� LRQLF� FRQILJXUDWLRQV� LQ� GHWDLO�� LW� KDV� EHHQ� VKRZQ� WKDW� WKH� LRQLF
FRQGXFWLRQ�LQYROYHG�WKH�IRUPDWLRQ�RI�)UHQNHO�SDLUV�RQ�WKH�DQLRQ�VXE�
ODWWLFH�DQG�WKH�PLJUDWLRQ�RI�WKH�LQWHUVWLWLDO�LRQ�

5HFHQWO\�� DUWLILFLDO� LRQ� FRQGXFWRUV� KDYH� EHHQ� SUHSDUHG� IRU� WKH
ILUVW� WLPH� E\� JURZLQJ� HSLWD[LDO� KHWHUROD\HUV� FRQVLVWLQJ� RI� %D)�±&D)�
XVLQJ�PROHFXODU� EHDP� HSLWD[\� �0%(��� DQG� KDYH� VKRZQ� D� VLJQLILFDQW
GHSHQGHQFH�RI�WKH�FRQGXFWLYLW\��HIIHFWLYH�LRQLF�FRQGXFWLYLW\�SDUDOOHO�WR
WKH� LQWHUIDFH�� RQ� WKH� OD\HU� WKLFNQHVV� � >����6DWD@�� 7KH� SURSRVHG� GHIHFW
LQGXFLQJ�PHFKDQLVP�LV�D�WUDQVIHU�RI� )− �IURP�%D)��WR�&D)�� OHDGLQJ�WR
DQ� LQFUHDVHG� YDFDQF\� FRQFHQWUDWLRQ� LQ� %D)�� GRPLQDWLQJ� WKH� ORZ
WHPSHUDWXUH� FRQGXFWDQFH� DQG� WR� DQ� LQFUHDVHG� LQWHUVWLWLDO
FRQFHQWUDWLRQ� LQ� &D)�� SUREDEO\� GRPLQDWLQJ� WKH� FRQGXFWDQFH� DW� KLJK
WHPSHUDWXUHV�� 3URJUHVVLYHO\� HQKDQFHG� LRQLF� FRQGXFWLYLWLHV� DQG
DQRPDORXV� WUDQVSRUW� SURSHUWLHV� ZHUH� REVHUYHG� DV� WKH� SHULRGV� RI
KHWHUROD\HUV�YDULHG�IURP�����WR������QP��6HPL�LQILQLWH�VSDFH�FKDUJH
FDOFXODWLRQV�� DVVXPLQJ� D� UHGLVWULEXWLRQ� RI� IOXRULGH� LRQV� DW� WKH
LQWHUIDFHV�� FDQ� TXDQWLWDWLYHO\� H[SODLQ� WKH� UHVXOWV� IRU� FRPSDUDWLYHO\
ODUJH�VSDFLQJV��!���QP��

7KH� LQYHVWLJDWLRQV� RI� SXUH� %D)�� VLQJOH�OD\HU� ILOPV� JURZQ� RQ
VDSSKLUH� VXEVWUDWHV� ZHUH� DOVR� FDUULHG� RXW� LQ� RUGHU� QRW� RQO\� WR
LQYHVWLJDWH�WKH�GHIHFW�FKHPLFDO�DQG�LQWHUIDFLDO�SURSHUWLHV�RI�%D)��ILOPV
EXW� DOVR� WR� XQGHUVWDQG� WKH� VSDFH� FKDUJH� FRQWULEXWLRQ� RI� VXEVWUDWH
LQWHUIDFH� LQ� WKH� KHWHURVWUXFWXUHV�� 6SDFH� FKDUJH� HIIHFWV� LQ� &D)�� DQG
3E)�� GXH� WR� WKH� FRQWDFW� WR� R[LGH� SKDVHV� �H�J�� 6L2��� KDYH� EHHQ
REVHUYHG� LQ� WZR�SKDVH�PL[WXUHV� DQG�DWWULEXWHG� WR� WKH�DGVRUSWLRQ�RI
)− � WR�WKH�VXUIDFH�RI�WKH�R[LGH� >����*XR�@�� ,W�ZDV�IRXQG�WKDW� WKH�VHPL�
LQILQLWH�VSDFH�FKDUJH�UHJLRQV�VHHP�WR�EH�UHVSRQVLEOH�IRU�WKH�LQFUHDVHG
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FRQGXFWLYLW\� RI� WKH� ILOPV� LQGXFHG� E\� LQWHUDFWLRQ� ZLWK� WKH� VXEVWUDWH�
'HE\H� OHQJWKV� KDYH� EHHQ� HVWLPDWHG� IURP� WKH� DQDO\VLV� RI� GHIHFW
FKHPLVWU\� RI� WKH� EXON� FRQWULEXWLRQ� DQG� IRXQG� WR� EH� FRQVLVWHQW� ZLWK
VHPL�LQILQLWH� FRQGLWLRQV� DVVXPHG� KHUH�� DQG� DOVR� ZLWK� SUHYLRXV
PHDVXUHPHQWV� RQ� KHWHURVWUXFWXUHV� IURP� 5HI�� >����6DWD@�� $W� ORZ
WHPSHUDWXUHV�� DQ� DGGLWLRQDO� FRQGXFWDQFH� LQFUHDVH� LV� REVHUYHG� DQG
DVFULEHG�WR�VWUDLQ�HIIHFWV�

,Q� RUGHU� WR� REWDLQ�PRUH� IXQGDPHQWDO� LQVLJKW� LQWR� LRQLF� FRQWDFW
SURFHVVHV�� LQ� 5HI� >����*XR�@� WKH� FRQWULEXWLRQ� RI� HOHFWURQLF� FDUULHUV
KDV� EHHQ� LQYHVWLJDWHG�� DV� ZHOO� DV� WKH� HIIHFWV� RI� VXEVWUDWH� DQG
RULHQWDWLRQ� RQ� WKH� FRQGXFWLYLW\� RI� KHWHURVWUXFWXUH�� )RU� WKLV� UHDVRQ�
KHWHURVWUXFWXUHV� KDYH� EHHQ� SUHSDUHG� ZLWK� YDULRXV� VXEVWUDWHV� DQG
GLIIHUHQW� RULHQWDWLRQV�� ,W�ZDV� IRXQG� WKH� LRQLF� FRQGXFWLYLW\� LV� DW� OHDVW
RQH�RUGHU�RI�PDJQLWXGH�ODUJHU�WKDQ�WKH�HOHFWURQLF�FRQWULEXWLRQ�ZKLFK
LV� QRW� D� VXUSULVLQJ� UHVXOW� LQ� YLHZ� RI� WKH� UHGR[� VWDELOLW\� RI� WKH� LRQLF
FRPSRXQG�DQG� WKH� UHGR[�SRWHQWLDO�RI� WKH�DPELHQW� �$U�DWPRVSKHUH��
7KHVH� UHVXOWV� DUH� LQ� D� JRRG� DJUHHPHQW�ZLWK� SUHYLRXV� LQYHVWLJDWLRQV
ZKLFK� KDYH� VKRZQ� WKDW� WKH� LRQLF� FRQGXFWLYLW\� LV� DERXW� RQH� RUGHU� RI
PDJQLWXGH�ODUJHU�WKDQ�WKH�HOHFWURQLF�FRQGXFWLYLW\�LQ�WKLV�WHPSHUDWXUH
UDQJH�HYHQ�IRU�YHU\�UHGXFLQJ�FRQGLWLRQV�>����+LQ@�>����'HO@��,W�ZDV�VKRZQ
WKDW��KRZHYHU��WKH�GLIIHUHQFH�LQ�FRQGXFWLYLW\�IRU�WKH�KHWHURVWUXFWXUHV
ZLWK� GLIIHUHQW� RULHQWDWLRQ� LV� YHU\� VPDOO�� 7KLV� PHDQV� WKDW� WKH
FRQGXFWLYLW\�RI�D�&D)�������%D)�������LQWHUIDFH�DSSUR[LPDWHO\�HTXDOV
WR� WKDW� RI� D� &D)�������%D)������� LQWHUIDFH�� ,Q� DQRWKHU� ZRUG�� WKH
FRQGXFWLYLW\� LV� QRW� VXEVWDQWLDOO\� LQIOXHQFHG� E\� WKH� LQWHUIDFLDO
VWUXFWXUH�� ,I� WKH� )− �LRQV�ZHUH�DFFXPXODWHG� LQ� WKH� LQWHUIDFLDO� FRUH�RI
WKH� &D)��%D)�� LQWHUIDFHV� WKH� FRQGXFWLYLW\� VKRXOG� EH� VHQVLWLYH� WR� LWV
VWUXFWXUH��7KHUHIRUH�� WKH� UHVXOWV�VXSSRUW� WKH�FRQFOXVLRQ� WKDW� )− �LRQV
DUH�WUDQVIHUUHG�IURP�RQH�IOXRULGH�WR�WKH�RWKHU�LQ�WKH�KHWHURVWUXFWXUHV
DV�SRLQWHG�RXW�HDUOLHU�LQ�5HI��>����6DWD@�

$OVR�� WKH� PRUSKRORJ\� DQG� LQWHUIDFH� VWUXFWXUHV� RI� %D)��&D)�
PXOWLOD\HUV�ZLWK�YDULRXV�OD\HU�WKLFNQHVVHV�KDYH�EHHQ�LQYHVWLJDWHG�E\
FRQYHQWLRQDO� WUDQVPLVVLRQ� HOHFWURQ� PLFURVFRS\� �&7(0��� KLJK�
UHVROXWLRQ� WUDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\��+57(0�� >����1<-@�� ,Q� WKH
SDSHU�� WKH�GHSHQGHQFH�RI� WKH� OD\HU�VWUXFWXUH�RQ� WKH� OD\HU� WKLFNQHVV
KDV� EHHQ� DQDO\]HG�� )RU� ODUJH� WKLFNQHVVHV�� WKH� VWUXFWXUH� LV� FORVH� WR
LGHDO��'�PXOWLOD\HUV��DQG�PRVW�LQWHUIDFH�GLVORFDWLRQV�DUH�O\LQJ�RQ�WKH
LQWHUIDFHV�� LQ� WKH� PHGLXP� UDQJH� RI� WKLFNQHVVHV�� ZDY\� LQWHUIDFHV
DVVRFLDWHG� ZLWK� D� VSHFLDO� FRQILJXUDWLRQ� RI� LQWHUIDFH� GLVORFDWLRQV� DUH
REVHUYHG�� LQ� FDVH� RI� VPDOO� WKLFNQHVVHV� FROXPQ�OLNH� VWUXFWXUHV� IRUP�
DQG�HOHPHQWV�&D�DQG�%D� WHQG� WR�VHSDUDWH� LQ�GLIIHUHQW� FROXPQV��7KH
OD\HU� VWUXFWXUH� DQG� WKH� IRUPDWLRQ� RI� H[WHQGHG� FU\VWDO� GHIHFWV� PD\
KDYH� VWURQJ� LQIOXHQFHV� RQ� WKH� GHQVLW\� DQG� WKH� PRELOLW\� RI� FKDUJH
FDUULHUV�LQ�WKH�PXOWLOD\HUV�WKDW�DGG�WR�WKH�SXUHO\�FKHPLFDO�HIIHFWV�
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'XH�WR�WKH�LQVXODWLQJ�SURSHUWLHV�RI�&D)��DQG�%D)��HSLWD[LDO�JURZQ
OD\HUV� RQ� 6L� KDYH� D� QXPEHU� RI� SRWHQWLDO� DSSOLFDWLRQV� LQ� WKH
VHPLFRQGXFWRU�LQGXVWU\��VHPLFRQGXFWRU�RQ�LQVXODWRU�VWUXFWXUHV��WKUHH
GLPHQVLRQDO� RU� KLJK�GHQVLW\� LQWHJUDWHG� FLUFXLWV�� LPSURYHG� JDWH
LQVXODWRUV�� RSWRHOHFWURQLF� DSSOLFDWLRQV� �ZDYH� JXLGHV��� 6R� IDU�� XQWLO
QRZ� DOO� WKH� PHDVXUHPHQW� ZHUH� PDGH� LQ� RUGHU� WR� SURYH� D� JRRG
LQVXODWLQJ� SURSHUWLHV� DQG� WKHUH� DUH� QR� SXEOLFDWLRQV� ZKLFK� GHDO� ZLWK
WKH�LRQLF�FRQGXFWLRQ�SHUSHQGLFXODU�WR�WKH�LQWHUIDFH�

7KH� ILUVW� UHSRUWHG�KLJK�TXDOLW\�HSLWD[L\�RI�&D)��RQ�6L�ZDV�PDGH
E\�,VKLZDUD�HW�DO��>����,VKL@��6RPH�RI�WKH�HDUOLHVW�UHVXOWV�ZHUH�REWDLQHG
E\�$VDQR�HW�DO�� >����$VD@��ZKR�KDYH� VXFFHVVIXOO\�JURZQ�HSLWD[LDO�&D)�
RQ�WKH��������������DQG�������VXUIDFHV�RI�6L�E\�HYDSRUDWLRQ�RI�&D)�
IURP� 7D� ERDW�� /DWHU� ZRUN� ZLWK� &D)�� HSLWD[\� RQ� 6L� XVLQJ� 0%(�
WHFKQLTXH�KDV�FRQILUPHG�SUHYLRXV�UHVXOWV� >����6FKR@��,Q�IDLU�DJUHHPHQW
ZLWK� WKH� UHVXOWV� RI� $VDQR� HW� DO�� WKH\� IRXQG� RSWLPXP� JURZWK
WHPSHUDWXUHV�WR�EH�!����&�IRU�WKH�������RULHQWDWLRQ����������&�IRU
WKH�������RULHQWDWLRQ�DQG�!����&�IRU�WKH�������RULHQWDWLRQ��7KH�EHVW�
TXDOLW\�JURZWK�ZDV�REWDLQHG�IRU�������RULHQWHG�VXEVWUDWHV��7KH�&D)�
KDV�EHHQ� IRXQG�WR�EH�XQGHU�D� ODUJH�WHQVLOH�VWUDLQ��EHFDXVH�RI�PXFK
ODUJHU�WKHUPDO�FRHIILFLHQW�RI�&D)��WKDQ�6L��LQ�WKH�SODQH�SDUDOOHO�WR�WKH
LQWHUIDFH� IRU� YHU\� WKLQ� HSLWD[LDO� OD\HUV�� 7KH� WHQVLOH� SODQDU� VWUHVV
DSSHDUV� DV� WKH� ILOP� LV� FRROHG� GRZQ� GXH� WR� PLVILW� GLVORFDWLRQV
LQWURGXFHG� DW� JURZWK� WHPSHUDWXUH� WR� UHGXFH� WKH� VWUDLQ� DW� WKDW
WHPSHUDWXUH�� 7KH� PHFKDQLVP� E\� ZKLFK� VWUDLQ� LV� UHOLHYHG� ZLWK
LQFUHDVLQJ�ILOP�WKLFNQHVV�FDQ�EH�XQGHUVWRRG�LI� LW� LV�DVVXPHG�WKDW�WKH
GHIHFWV�UHVSRQVLEOH� IRU�VWUDLQ�DW� WKH�JURZWK�WHPSHUDWXUH�DUH�³IUR]HQ
LQ´� >����6FKR@�� $OVR� LQ� 5HI�� >����6FKR@� LW�ZDV� UHSRUWHG� FUDFNLQJ� LQ� DOO
OD\HUV�JURZQ�E\�0%(�XVLQJ�D�S\URO\WLF�ERURQ�QLWULGH��3%1��FUXFLEOH�WR
HYDSRUDWH� &D)��� 7KLV� ZDV� DWWULEXWHG� WR� FRQWDPLQDWLRQ� RI� WKH� &D)�
OD\HUV�ZLWK�ERURQ�

7KH�DWRPLF�VWUXFWXUH�RI�&D)��6L� LQWHUIDFH�KDV�EHHQ�VWXGLHG�E\�D
QXPEHU�RI�DQDO\WLFDO�WRROV��7KHVH�LQFOXGH�KLJK�UHVROXWLRQ�WUDQVPLVVLRQ
HOHFWURQ�PLFURVFRS\��+57(0�� >����3RQ@��DQG�YDULRXV�VSHFWURVFRSLHV�� ,W
ZDV�VKRZQ�WKDW�RQ�ERWK�RI�WKH�������DQG�������&D)��6L�LQWHUIDFHV�WKH
ERQGLQJ� LV� GXH� WR� WKH� &D�6L� ERQG� DW� WKH� LQWHUIDFH�� $OVR�� LQ� 5HI�
>����5LHJ@�KDV�EHHQ�GHWHUPLQHG� WKH�&D�6L�ERQGLQJ�DW� WKH� LQWHUIDFH
XVLQJ� KLJK�UHVROXWLRQ� FRUH� OHYHO� DQG� $XJHU�HOHFWURQ� VSHFWURVFRS\�
DQJOH�UHVROYHG� SKRWRHPLVVLRQ� DQG� SRODUL]DWLRQ�GHSHQGHQW� QHDU�HGJH
;�UD\�DEVRUSWLRQ�

$V� GHWDLOHG� SUHYLRXVO\�� PDWHULDOV� FKDUDFWHUL]DWLRQ� RI� HSLWD[LDO
&D)�� JURZQ�RQ�6L� KDV� EHHQ� UHODWLYHO\� H[WHQVLYH��+RZHYHU�� HOHFWULFDO
FKDUDFWHUL]DWLRQ�� ZKLFK� LV� FUXFLDO� IRU� PRVW� RI� WKH� SRWHQWLDO
DSSOLFDWLRQV�� KDV� EHHQ� OHVV� FRPSOHWH�� (OHFWULFDO� FKDUDFWHUL]DWLRQ� RI
HSLWD[LDO�&D)��RQ�6L�KDV�EHHQ�FDUULHG�RXW�XVLQJ�FXUUHQW�YROWDJH��,�9��
FDSDFLWDQFH±YROWDJH� �&�9�� DQG� FRQGXFWDQFH�YROWDJH� �*�9�
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PHDVXUHPHQWV�RQ�0,6�FDSDFLWRUV��7KHUHIRUH��XQWLO�QRZ�WKHUH�DUH�QR
PHDVXUHPHQWV� WR� GHWHUPLQH� WKH� LRQLF� FRQGXFWLYLW\� RI� WKH� V\VWHP� LQ
WKH�SHUSHQGLFXODU�PRGH�
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&KDSWHU��
'HIHFW� &KHPLFDO� 7KHRU\� RI� 6SDFH�&KDUJH
5HJLRQV�,QYROYLQJ�,QWHUIDFHV

�����*HQHUDO�&RQVLGHUDWLRQV

7KH�LQWURGXFWLRQ�RI�LQWHUIDFHV�LQWR�VXEVWDQFHV�KDV�EHHQ�SURYHQ�WR
EH� D� SRZHUIXO� WRRO� WR� WXQH� WKH� SURSHUWLHV� RI� WKH� PDWHULDOV�� 7KH
LQIOXHQFH�RI�LQWHUIDFHV�RQ�WKH�SRLQW�GHIHFW�FRQFHQWUDWLRQ�LQ�LPPHGLDWH
QHLJKERXUKRRG�FDQ�EH�GHVFULEHG�E\�WKH�FRQFHSW�RI�VSDFH�FKDUJH��7KLV
FRQFHSW�SURYLGHV�D�QDWXUDO�EULGJH�EHWZHHQ�EXON�SURSHUWLHV�DQG�WKRVH
RI� WKH�QHLJKERXULQJ�SKDVH�DQG�SRVVHVVHV�JHQHUDO� LPSRUWDQFH�DQG� LV
DEOH� WR� H[SODLQ� PDQ\� DVSHFWV� RI� FRQGXFWLYLW\� LQ� KHWHURJHQHRXV
V\VWHPV� >����0DLHU@��7KH�PDMRU�SXUSRVHV�ZHUH�WR�HOXFLGDWH�WKH�JHQHUDO
VLJQLILFDQFH� RI� WKH�GHIHFW� FKHPLVWU\� LQ� VSDFH� FKDUJH� UHJLRQV� DQG� LWV
UHOHYDQFH�� HVSHFLDOO\� IRU� WUDQVSRUW� SURSHUWLHV�� ,Q� WKH� QH[W�ZH� IROORZ
WKH�5HI��>����0DLHU@�

,Q� FDVH� RI� WKH� FRQWDFW� RI� WZR� VXEVWDQFHV�� WKH� ERXQGDU\� HIIHFWV
IUHTXHQWO\� H[FHHG� WKH� YROXPH� HIIHFWV� LQ� WKHLU� LPSRUWDQFH�� S�Q
MXQFWLRQV�� WUDQVLVWRUV�� SKRWR�HOHPHQWV�� YDULVWRUV�� 6FKRWWN\� GLRGHV� RU
HOHFWURGH�OLTXLG� HOHFWURO\WH� MXQFWLRQV� RU� FROORLG� FKHPLVWU\�� 7R
H[HPSOLI\�WKLV�OHW�WDNH�D�IHZ�H[DPSOHV�
��� 7KH� ILUVW� H[DPSOH� LQYROYHV� GLSSLQJ� D� VROLG� LQWR� DTXHRXV� VDOW
VROXWLRQV�� WKXV�� FUHDWLQJ� D� VROLG�OLTXLG� LQWHUIDFH�� ,Q� WKLV� FDVH�� HLWKHU
FDWLRQV�RU�DQLRQV�ZLOO�EH�SUHIHUHQWLDOO\�DGVRUEHG�RQ�WKH�VXUIDFH��DQG
DV�UHVXOW�DQ�H[FHVV�RI�VXUIDFH�FKDUJH�ZLOO�DSSHDU��7KH�FRXQWHUFKDUJH
LV� GLVWULEXWHG� LQ� WKH� ]RQH� RI� WKH� VROXWLRQ� LQ� WKH� YLFLQLW\� RI� WKH
LQWHUIDFH�� DQG� WKH�ZLGWK� RI� WKLV� UHJLRQ� LV� GHWHUPLQHG� E\� WKH� 'HE\H
OHQJWK��ZKLFK�LV�LQYHUVH�SURSRUWLRQDO�WR�WKH�VTXDUH�URRW�RI�WKH�FKDUJH
FDUULHU� FRQFHQWUDWLRQ� LQ� WKH� EXON� VROXWLRQ�� �)LJXUH� ���D��� )RU� D
FRQFHQWUDWHG�VROXWLRQ�D� ULJLG�GRXEOH�OD\HU� LV� IRUPHG��DQG� IRU�GLOXWHG
VROXWLRQ� D� H[WHQGHG� GLIIXVH� OD\HU� DSSHDU�� 6XFK� HOHFWURVWDWLF� HIIHFWV
DUH�UHVSRQVLEOH�IRU�WKH�NLQHWLF�VWDELOLW\�RI�GLVSHUVHG�V\VWHPV�LQ�FROORLG
FKHPLVWU\�
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)LJXUH������ )RUPDWLRQ�RI�HOHFWULFDO�SRWHQWLDO�GLIIHUHQFH�RI� LQWHUIDFHV
DQG�VSDFH�FKDUJH�UHJLRQ�ZLWK�'HE\H�OHQJWK�ZLGWK�

���7KH�VHFRQG�H[DPSOH�VKRZV�WKH�FRQWDFW�EHWZHHQ�WKH�PHWDO�$O�DQG
WKH� VHPLFRQGXFWRU� 6L�� %HFDXVH� RI� WKH� GLIIHUHQFH� LQ� WKH
HOHFWURQHJDWLYLW\� WKH� HOHFWURQ� SDVV� IURP� WKH� $O� WR� WKH� 6L� DQG� DQ
HOHFWULF�ILHOG�LV�SURGXFHG�RQ�DFFRXQW�RI�WKH�FKDUJH�ZKLFK�E\�VFUHHQLQJ
OLPLWV� WKH� H[WHQVLRQ� RI� WKH� VSDFH� FKDUJH� UHJLRQ�� 'XH� WR� WKH� KLJK
HOHFWURQ� FRQFHQWUDWLRQ� LQ� PHWDOOLF� $O� WKH� FKDUJH� LV� FRQILQHG� DW� WKH
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VXUIDFH��ZKLOH� WKH� FKDUJHG� ]RQH� LQ� 6L� LV� H[WHQGHG� WR� D�ZLGWK�ZKLFK
GHSHQGV� RQ� WKH� SXULW\�� �)LJXUH� ���E�� 'HSHQGLQJ� RQ� WKH� W\SH� RI
FRQGXFWLRQ� LQ� 6L� �Q� RU�S��� HQULFKPHQW�� GHSOHWLRQ� RU� LQYHUVLRQ� OD\HUV
FDQ� EH� IRUPHG�� 7KHVH� ERXQGDU\� OD\HUV� LQ� VHPLFRQGXFWRU� SOD\� DQ
LPSRUWDQW�UROH�LQ�HOHFWURQLF�GHYLFHV��VXFK�DV�GLRGHV��WUDQVLVWRUV��VRODU
FHOOV�
���$QRWKHU�H[DPSOH�LV�WKH�VROLG�JDV�FRQWDFW�DV�VKRZQ�LQ�)LJXUH����F
�OHW�XV�FRQVLGHU�WKH�FRQWDFW�EHWZHHQ�WKH�VHPLFRQGXFWRU�6Q2��DQG�2�
JDV���$W�ORZ�WHPSHUDWXUHV�WKH�DGVRUEHG�R[\JHQ�FDQQRW�SHQHWUDWH�DQG
UHPDLQ�RQ�WKH�VXUIDFH��,W�WUDSV�HOHFWURQV�IURP�WKH�ERXQGDU\�OD\HU�DQG
PDNHV� WKLV� SRVLWLYHO\� FKDUJHG�� SURGXFLQJ� D� GHSOHWLRQ� OD\HU� RI
LQFUHDVHG�UHVLVWDQFH�

7KH�FUHDWLRQ�RI�DQ� LQWHUIDFH�PHDQV�D�EUHDN�RI�V\PPHWU\�RI� WKH
KRPRJHQHRXV�LQLWLDO�VLWXDWLRQ��,I�WKH�FKDUJH�FDUULHUV�KDYH�D�VXIILFLHQW
PRELOLW\�WKHQ�D�FKDUJLQJ�RI�WKH�LQWHUIDFH�FDQ�RFFXU�

7KH� ILQDO� DLP� LV� WR� VKRZ� KRZ� WR� FDOFXODWH� WKH� GHIHFW
FRQFHQWUDWLRQV� LQ� ERXQGDU\� OD\HUV� DV� D� IXQFWLRQ� RI� WKH� FRQWURO
SDUDPHWHUV��WHPSHUDWXUH��DFWLYLW\�DQG�GRSLQJ�FRQWHQW�� WKH�PDWHULDOV
SDUDPHWHUV�RI�ERWK�EXON�DQG�LQWHUIDFH�FRUH��7KH�VLPSOHVW�DVVXPSWLRQ
LV�WKDW�RI�DQ�DEUXSW�VWUXFWXUDO�WUDQVLWLRQ�

'LIIHUHQW�DSSOLFDWLRQV�FDQ�EH�H[SHFWHG�LQ�FDVH�RI�FRQWDFW�EHWZHHQ
WZR�LRQLF�FRQGXFWRUV��7KH�PRVW�LPSRUWDQW�RQHV�DUH�

�� &ORVH� WR� WKH� LQWHUIDFH� WKH� PDWHULDOV� SDUDPHWHUV� PD\� FKDQJH
PRUH� VPRRWKO\� GXH� WR� D� VWUXFWXUDO� DGMXVWPHQW� RU� WR� JUDGLHQW
HQHUJ\�HIIHFWV��7KLV�LQFOXGHV�DOVR�HODVWLF�HIIHFWV�

�� +LJKHU�GLPHQVLRQDO�GHIHFWV�VXFK�DV�GLVORFDWLRQV�PD\�EH�IRUPHG
WR� FRPSHQVDWH� WKH� LQWHUIDFLDO� PLVILW� RU� VLPSO\� GXH� WR� QRQ�
HTXLOLEULXP�FRQGLWLRQV�

�� 7KLQ� OD\HUV�RI�D�WKLUG�SKDVH�PD\�DSSHDU��ZLWK�UHVWULFWHG�ZLGWK
�K��GXH�WR�WKHUPRG\QDPLF�RU�NLQHWLF�UHDVRQV�

$OO�WKHVH�FDVHV�FDQ�KDYH�DQ�LQIOXHQFH�RQ�WKH�FRQGXFWLYLW\� LQ�WKH
DGMDFHQW�ERXQGDU\�]RQH��E\�DIIHFWLQJ�WKH�SRLQW�GHIHFW�FRQFHQWUDWLRQ�
RU� FDQ� SURYLGH� D� QHZ� NLQHWLF� SDWK� WKHPVHOYHV�� 7KH� UHJLRQ� RI
DGMXVWPHQW� LV� WKH� VSDFH� FKDUJH� OD\HU�� ZKLFK� FRQVLVW� RI� D� UHJLRQ� RI
UHGLVWULEXWLRQ� RI� LRQLF� DQG�RU� HOHFWURQLF� GHIHFWV�� 7KH� VSDFH� FKDUJH
FRQFHSW�LV�RI�JHQHUDO�QDWXUH�DQG�UHSUHVHQWV�WKH�H[WHQVLRQ�RI�YROXPH�
GHIHFW�WKHUPRG\QDPLFV�EDVHG�RQ�WKH�SULQFLSOH�RI�ORFDO�QHXWUDOLW\�

,Q� WKH� IROORZLQJ� FKDSWHU� LW� LV� VKRZQ� KRZ� WR� FDOFXODWH
TXDQWLWDWLYHO\�SURILOH�RI�GHIHFW�FRQFHQWUDWLRQV��WKH�SDUWLDO�FRQGXFWLYLW\
DQG� WKH� HIIHFWLYH� �PHDVXUHG�� VSHFLILF� FRQGXFWLYLW\� IURP� ORFDO
WKHUPRG\QDPLF�DQG�HOHFWURVWDWLF�UHODWLRQV��7KHVH�UHODWLRQV�UHIOHFW�WKH



'HIHFW�&KHPLFDO�7KHRU\�RI�6SDFH�&KDUJH�5HJLRQV�,QYROYLQJ�,QWHUIDFHV28

GHSHQGHQFH� RQ� JHRPHWULF� SDUDPHWHUV�� RQ� WHPSHUDWXUH� DQG� RQ
LQWHUIDFLDO�DFWLYLW\�

�����'HIHFW�&KHPLVWU\

,Q� D� )UHQNHO� GLVRUGHUHG� FRQGXFWRUV� �0�;��� GLVRUGHU�PHDQV� WKDW
VRPH� RI� WKH� FDWLRQV� KDYH� OHIW� WKHLU� UHJXODU� SRVLWLRQV� �00��� KDYH
RFFXSLHG� LQWHUVWLWLDO� SRVLWLRQV� �YDFDQW� LQWHUVWLWLDO� 9L�� RFFXSLHG
LQWHUVWLWLDO�SRVLWLRQV� L0< ��DQG�KDYH�OHIW�EHKLQG�YDFDQFLHV�� 
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PXVW� EH� HTXDO� DQG� IL[HG� E\� WKH� PDVV� DFWLRQ� FRQVWDQW� �.)�)UHQNHO
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%D)��� GLVRUGHU� PHDQV� WKDW� VRPH� RI� WKH� DQLRQV� PRYH� IURP� WKHLU
UHJXODU� SRVLWLRQV� �))��� RFFXS\� LQWHUVWLWLDO� SRVLWLRQV� �IUHH� YDFDQW
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$QG�DOVR�D�PDVV�DFWLRQ�ODZ�FDQ�EH�ZULWWHQ�LQ�VDPH�ZD\��
$W� WKH� LQWHUIDFH� EHWZHHQ� WKH� WZR� LRQ� FRQGXFWRUV�� LRQ

UHGLVWULEXWLRQ� LQ� WKH� VSDFH� FKDUJH� UHJLRQ� LV� UHTXLUHG� IURP� WKH
WKHUPRG\QDPLF� SRLQW� RI� YLHZ�� ,Q� WKH� FDVH� RI� ORFDO� HTXLOLEULXP� LW� LV
VXIILFLHQW�WR�WUDQVSRUW�RQH�GHIHFW�W\SH�IURP�WKH�EXON�RI�HDFK�SKDVH�WR
WKH� FRPPRQ� LQWHUIDFH�� 7KLV� FDQ� EH� GHVFULEHG� E\� DQ� HOHFWURFKHPLFDO
UHDFWLRQ� RI� WKH� IRUP� $�[� %�[¶�� DQG� WKH� VSDWLDO� HTXLOLEULXP� LV
UHSUHVHQWHG�E\�WKH�HTXDOLW\�RI�WKH�HOHFWURFKHPLFDO�SRWHQWLDO�
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HOHFWULFDO� SRWHQWLDO� GLIIHUHQFH� LQIOXHQFHV� DOO� PRELOH� FKDUJH� FDUULHUV
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SRVLWLYH� YDOXH� RI� WKH� HOHFWULFDO� SRWHQWLDO� GLIIHUHQFH� � ( )[φ φ∞− �� ZLOO
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)LJXUH� ����� 7KH� GHIHFW� FRQFHQWUDWLRQ� SURILOH� IRU� SRVLWLYH� HOHFWULFDO
LQWHUIDFH�SRWHQWLDO� LQ�D� LRQLF�FRQGXFWRU�FRQWDLQLQJ�D��)UHQNHO�GHIHFWV
�$J&O��$J%U«��0 $J��DQG�E��DQWL�)UHQNHO�GHIHFWV��&D)���%D)�«��

7KH� YDOXH� RI� WKH� LQWHUIDFH� SRWHQWLDO� LV� GHWHUPLQHG� E\� FKHPLFDO
LQWHUDFWLRQ�DQG�ZLOO�EH�VWURQJO\�GHSHQGHQW�RQ�WKH�QHLJKERXULQJ�SKDVH
DQG�RQ�WHPSHUDWXUH��7DNLQJ� LQWR�DFFRXQW�WKH�ILUVW�0D[ZHOO�HTXDWLRQ�
WKH� FXUO� RI� WKH� HOHFWULFDO� ILHOG� LV� ]HUR� LQ� DEVHQFH� RI� WLPH� GHSHQGHQW
PDJQHWLF�ILHOG�

[( �∇ = �����
7KH�VHFRQG�0D[ZHOO�HTXDWLRQ�VWDWHV�WKDW�FKDUJHV�DUH�VRXUFHV�RI

WKH� GLHOHFWULF� GLVSODFHPHQW� ILHOG�� DQG� ZH� DVVXPH� WKDW� WKH� GLHOHFWULF
FRQVWDQW� �εε �LV�XQLIRUP�LQ�DOO�GLUHFWLRQV��DOVR�RI�WKH�HOHFWULFDO�ILHOG�

�
( ρ

εε
∇ = − �����



'HIHFW�&KHPLFDO�7KHRU\�RI�6SDFH�&KDUJH�5HJLRQV�,QYROYLQJ�,QWHUIDFHV 31

ZKHUH� ρ � GHQRWH� FKDUJH� GHQVLW\� �ZKLFK� LV� REWDLQHG� IURP� WKH� GHIHFW
FRQFHQWUDWLRQ� XVLQJ� N NN ] HFρ = ∑ ��� ε � DQG� 0ε � DUH� WKH� UHODWLYH
SHUPLWWLYLW\�DQG�WKH�GLHOHFWULF�FRQVWDQW�RI�IUHH�VSDFH�� N]  LV�WKH�FKDUJH
QXPEHU�RI�WKH�GHIHFW�N �

%\� FRPELQDWLRQ� RI� WKH� WZR� 0D[ZHOO� HTXDWLRQV�� HT�� ������ DQG
������� ZH� REWDLQHG� WKH� HOHFWULFDO� SRWHQWLDO�� ZKLFK� LV� UHODWHG� WR� WKH
FKDUJH�GHQVLW\�YLD�WKH�3RLVVRQ�HTXDWLRQ�
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�����&RQFHQWUDWLRQ�3URILOHV�LQ�WKH�6SDFH�&KDUJH�=RQHV

7KH�VROXWLRQ�RI�3RLVVRQ�%ROW]PDQQ�HTXDWLRQ�IRU�WKH�VHPL�LQILQLWH
ERXQGDU\�FRQGLWLRQV�OHDGV�WR�*RX\�&KDSPDQ�SURILOHV�RI�FRQFHQWUDWLRQ
RI� WKH� FKDUJH� FDUULHUV�� ,I� FRQWUDULO\� ZH� KDYH� WR� DVVXPH� WKDW� WKH
FKDUJH�GHQVLW\� ρ � LV� IUR]HQ�DQG�FRQVWDQW��ZH�REWDLQ�D�0RWW�6FKRWWN\
SURILOH�

�������*RX\�&KDSPDQ�3URILOHV

,Q�WKH�IROORZLQJ�ZH�FRQVLGHU�WKH�FDVH�WKDW�RQO\�WZR�PDMRU�FKDUJH
FDUULHUV� DUH� UHOHYDQW�� 7KH\� DUH� HTXLYDOHQWO\� EXW� RSSRVLWHO\� FKDUJHG
�VXEVFULSWV���DQG����� ] ] ]+ −= = ��7KLV�LV�LPSRUWDQW�IRU�WKH�GLVFXVVLRQ
RI�WKH�LQWULQVLF�UHJLPH�LQ�LRQ�FRQGXFWRUV��DQG�WKHUH�DUH�QR�SUREOHPV�LQ
WKH�DSSOLFDWLRQ�WR�RWKHU�FKDUJH�FDUULHUV�VR�ORQJ�DV�WKH�DEVROXWH�FKDUJH
QXPEHUV� DUH� WKH� VDPH�� )RU� UHDVRQV� RI� HOHFWURQHXWUDOLW\� WKH� EXON
FRQFHQWUDWLRQV�DUH�HTXDO�� � �F F F+ ∞ − ∞ ∞= = ��,Q�WHUP�RI�WKH�FRQFHQWUDWLRQ
HQKDQFHPHQW� ζ � ZH� REWDLQ� WKH� GLIIHUHQWLDO� HTXDWLRQ� ZKLFK� FDQ� EH
ZULWWHQ�DV�
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7KH� HTXDWLRQ� ������� FDQ� EH� LQWHJUDWHG� XVLQJ� WKH� ERXQGDU\
FRQGLWLRQ�
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7KLV�SDUDPHWHU�UHSUHVHQWV�WKH�GHJUHH�RI�LQIOXHQFH�>����0D�@��,Q�WKH
IROORZLQJ� ZH� IROORZ� 5HI�� >����0D�@�� )RU� �ϑ = � �L�H�� � �ζ ± = �� LQ� WKH
VSDFH�FKDUJH�UHJLRQ�WKH�GHIHFW�FKHPLVWU\�LV�WKH�VDPH�DV� LQ�WKH�EXON
�WKLV� LV� NQRZQ� DV� WKH� IODW� EDQG� FDVH� RU� ]HUR� FKDUJH� FDVH� LQ� WKH
VHPLFRQGXFWRU� SK\VLFV� RU� HOHFWURFKHPLVWU\� UHVSHFWLYHO\��� ,W
DSSURDFKHV� ��� IRU� WKH� PD[LPXP� HQULFKPHQW� � � �ζ ± >> �� DQG� ��� IRU
PD[LPXP�GHSOHWLRQ�� � �ζ ± << ���)LJXUH������



'HIHFW�&KHPLFDO�7KHRU\�RI�6SDFH�&KDUJH�5HJLRQV�,QYROYLQJ�,QWHUIDFHV34

�� �� � � �����

����

���

���

���
 

ϑ

ORJ�ζ�

)LJXUH� ����� 7KH� UHODWLRQ� EHWZHHQ� WKH� GHJUHH� RI� LQIOXHQFH� DQG� WKH
FRQFHQWUDWLRQ�LQFUHDVH�DW�WKH�LQWHUIDFH�>����0D�@�

7KH�FKDQJHV�LQ�GHIHFW�FRVQFHQWUDWLRQV�DV�D�UHVXOW�RI�VSDFH�FKDUJH
HIIHFWV�DUH�RI�GLUHFW�DQG�FUXFLDO�LPSRUWDQFH�LQ�TXHVWLRQV�RI�UHDFWLYLW\�
FDWDO\VLV� DQG� LQWHUIDFLDO� NLQHWLFV�� DQG� WKH\� DUH� RI� SDUWLFXODU
VLJQLILFDQFH�ZLWK�UHVSHFW�WR�HOHFWULFDO�HIIHFWV�

'HSHQGLQJ� RI� WKH� VSDFH� FKDUJH� VLWXDWLRQ� WKH� FRQGXFWLYLW\� W\SH
�LRQLF�HOHFWURQLF�� FDQ� FKDQJH� DV� D� IXQFWLRQ� RI� WKH� VSDFH� FKDUJH
SRWHQWLDO��7KLV� LV�WKH�FDVH� LQ�ZKLFK�DQ� LRQLF�DQG�DQ�HOHFWURQLF�GHIHFW
DUH�WKH�PDMRULW\�FKDUJH�FDUULHUV��PL[HG�FRQGXFWRUV��

�������0RWW�6FKRWWN\�3URILOHV

:KLOH� *RX\�&KDSPDQ� SURILOHV� VHUYH� DV� D� QDWXUDO� SLFWXUH� IRU
DFFXPXODWLRQ� OD\HUV�� HQULFKPHQW� HIIHFWV� FDQ� DOVR� EH� IRXQG� LQ� 0RWW�
6FKRWWN\�VLWXDWLRQV��7KHQ�WKH�FRQGXFWLYLW\�GHWHUPLQLQJ�FDUULHU�KDV�WR
EH�D�PLQRULW\�FDUULHU�ZLWK�KLJK�PRELOLWLHV�LQ�RUGHU�WR�VXUSDVV�WKH�EXON
YDOXH�VLJQLILFDQWO\��1RZ�ZH�UHIHU�WR�DQ�H[WULQVLF�VLWXDWLRQ�LQ�ZKLFK�WKH
PRELOH� PDMRULW\� VSHFLHV� DUH� LPSXULW\� FRPSHQVDWHG�� ZLWK� D� IODW
LPSXULW\� SURILOH� �)LJXUH� ������ 7KH� LPSXULW\� LV� DVVXPHG� WR� EH
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)LJXUH� ����� 7KH� GHIHFW� FRQFHQWUDWLRQ� SURILOHV� IRU� SRVLWLYH� LPPRELOH
LPSXULWLHV� LQ� D� LRQLF� FRQGXFWRU� FRQWDLQLQJ� D�� )UHQNHO� GHIHFWV� �$J&O�
$J%U«��0 $J��DQG�E��DQWL�)UHQNHO�GHIHFWV��&D)���%D)�«��

(YHQ�LQ�H[WULQVLF�VLWXDWLRQV� LQ�ZKLFK�WKH�PRELOH�PDMRULW\�GHIHFWV
DUH�DFFXPXODWHG��WKH�3RLVVRQ�%ROW]PDQQ�HTXDWLRQ��������LV�VWLOO�YDOLG�
,I�LW�LV�KRZHYHU�GHSOHWHG�DV�DVVXPHG�LQ�WKH�0RWW�6FKRWWN\�PRGHO��WKH
FRQVWDQW� TXDQWLW\� LPS�F ∞ � GRPLQDWHV� WKH� FKDUJH� GHQVLW\� DQG� KHQFH
3RLVVRQ¶V�HTXDWLRQ�EHFRPHV�
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:KHQ� WKH� UDWLR� λ λ � EHFRPHV� ODUJHU� WKH� LQWHUIDFLDO� HIIHFW
LQFUHDVHV�� ,Q� WKH�*RX\�&KDSPDQ� FDVH�� WKH� VSDFH� FKDUJH� HIIHFW�ZDV
FRQFHQWUDWHG� VWURQJO\� DW� [ �= �� HYHQ� IRU� ODUJH� SRWHQWLDOV�� DQG� WKH
OD\HU� FRXOG� QRW� SHQHWUDWH� LQWR� WKH�PDWHULDO� EHFDXVH� RI� WKH� VWURQJHU
VFUHHQLQJ��)LJXUH�����FRPSDUHV�WKH�WZR�FDVHV�DQG�VKRZV�WKDW�IRU�WKH
VDPH�YDOXH�RI�WKH�LQWHUIDFLDO�SRWHQWLDO�WKH�VSDFH�FKDUJH�UHJLRQ�LQ�WKH
0RWW�6FKRWWN\�FDVH� LV�VLJQLILFDQWO\�PRUH�H[WHQGHG�WKDQ� LQ�WKH�*RX\�
&KDSPDQ�FDVH�
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$V�WKH�GHSOHWLRQ�LQFUHDVHV�� �ϑ → ��WKH�ERXQGDU\�OD\HU�LV�DOPRVW
FOHDQHG� RXW�� $W� WKH� SRLQW� [ λ= � WKH� FRQFHQWUDWLRQ� UHDFKHV� WKH� EXON
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�λ∗��� � WKH� HOHFWURQHXWUDOLW\� LV� QRW� REH\HG� DQG� WKH� OD\HU� LV� FKDUJHG
WKURXJKRXW�� 5DWKHU� LQ� WKLV� FDVH�� WKH� ERXQGDU\� FRQGLWLRQV� DUH
��[ �� �φ = =A � DQG� ��[ ��φ φ= = � 7KHUHIRUH�� WKH� LQWHJUDWLRQ� RI
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6LQFH�WKH�PRELOH�PDMRULW\�FDUULHU�LV�GHSOHWHG��0RWW�6FKRWWN\�FDVH
XVXDOO\� GHDOV� ZLWK� UHVLVWLYH� ERXQGDULHV�� ,I� D� PLQRULW\� FDUULHU� RI� WKH
VDPH� VLJQ� DV� WKH� LPSXULW\� KDV� D� YHU\� KLJK� PRELOLW\� � PL

PD
X

X UDWLR
VKRXOG�EH�YHU\�KLJK��� LW� FDQ�EH� FRQFHLYHG� WKDW� LWV� DFFXPXODWLRQ� FDQ
OHDG� WR� DQ� LQFUHDVH� LQ� WKH� RYHUDOO� FRQGXFWDQFH�� HYHQ� WKRXJK� WKH
LPSXULW\�OHYHO�LV�QRW�H[FHHGHG�
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�����&RQGXFWLYLW\�(IIHFWV

:KHQ�FRQGXFWLYLW\�PHDVXUHPHQWV�DUH�SHUIRUPHG�LQ�WKH�GLUHFWLRQ
SHUSHQGLFXODU� WR� WKH� DFWLYH� LQWHUIDFH�� WKH� PRVW� VWURQJO\� LQVXODWLQJ
SDUW� RI� WKH� SURILOH� LV� UHVSRQVLEOH� IRU� WKH� HOHFWULFDO� SURSHUWLHV�� ZKLOH
PHDVXUHPHQWV� SDUDOOHO� WR� WKH� DFWLYH� LQWHUIDFH� VHQVHV� WKH� KLJKO\
FRQGXFWLQJ� SDUWV�� (OHFWULFDO� GHSOHWLRQ� OD\HUV� DUH� SUHIHUDEO\
LQYHVWLJDWHG�LQ�WKH�ILUVW�PRGH��HQULFKPHQW�OD\HUV�LQ�WKH�VHFRQG�PRGH�

7KH� ODWHUDO� FRQGXFWLYLW\� LV� WKH� VXP�RI� DOO� WKH�PRELOH� FDUULHUV� LQ
WKH�OD\HU�
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SRWHQWLDO�

)RU� ODUJH� LQWHUIDFLDO� VSDFLQJV� � λ4>A �� WKH� FRQFHQWUDWLRQ� SURILOH
FDQ�EH� LQWHJUDWHG�DQDO\WLFDOO\�DQG� LV� IRXQG� WKDW� WKH� FRQWULEXWLRQV�RI
WKH�WZR�GHIHFWV�FDQ�EH�GLYLGHG�LQ�WKH�FRQWULEXWLRQ�RI�WKH�EXON��ZKLFK
H[WHQG�WKURXJK�WKH�ZKROH�VDPSOH�DV�D�EDFNJURXQG�YDOXH�ULJKW�XS�WR
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DQ� HIIHFWLYH� WKLFNQHVV�� 7KH� JHRPHWULF� PHDQ� RI� WKH� WZR� H[WUHPH
FRQFHQWUDWLRQV�� �F F− −∞ ��SOD\V�WKH�UROH�RI�DQ�HIIHFWLYH�FRQFHQWUDWLRQ�
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�F± �DQG� A �YLD�HOOLSWLFDO�LQWHJUDOV�RI�WKH�ILUVW�NLQG�

&RPSDULQJ� ||
A±∆σ LQ�FDVH�RI� λ4<A �� IURP�HTXDWLRQ�������ZLWK� WKDW

IRU� λ4=A � LQ� HTXDWLRQ� �������� ZH� FDQ� VHH� WKDW� WKH� VSDFH� FKDUJH
FRQGXFWLYLW\�LV�LQFUHDVHG�E\�D�IDFWRU�RI�
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7KLV� UHSUHVHQWV� WKH� VR�FDOOHG� QDQRVL]H� IDFWRU� >����0D�@
FRUUHVSRQGLQJ�WR�WKH�RYHUODS�VLWXDWLRQ�LQ�WKH�QDQRVL]HG�V\VWHPV��DQG
LW� FDQ� EH� FDOFXODWHG� QXPHULFDOO\�� 7KLV� IDFWRU� FRPSDUHV� WKH
FRQGXFWLYLW\�ZLWK�WKH�YDOXH�DW� �λ �ZKHUH�WKH�VSDFH�FKDUJH�]RQHV�DUH
DVVXPHG�WR�WRXFK�DQG�VWDUW�RYHUODSSLQJ��7KH�FRQGXFWLYLW\�FDOFXODWHG
LQ�WKLV�VLWXDWLRQ�JLYHV�UHVXOWV�ZKLFK�DUH�DOZD\V�VPDOOHU�WKDQ�WKH�YDOXH
H[WUDSRODWHG� IURP� VHPL�LQILQLWH� OD\HU�� IURP� HTXDWLRQ� ������
�H[WUDSRODWHG� YDOXHV� DVVXPHG� IRU� WKH� VHPL�LQILQLWH� OD\HUV� WR� ILQLWH
VLWXDWLRQV�DQG�KHQFH�LV�EH\RQG�LWV�UDQJH�RI�YDOLGLW\��
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7KH�DQDO\WLFDO�LQWHJUDWLRQ�RI�WKLV�W\SH�RI�LQWHJUDO�LV�QRW�SRVVLEOH�
EXW� HTXDWLRQ� ������� DOUHDG\� LQGLFDWHV� WKDW� WKH� FRQGXFWLYLW\� LV
SURSRUWLRQDO� WR� WKH� LQYHUVH� LQWHUIDFLDO� VSDFLQJ� �� A ��� WDNLQJ� LQWR
DFFRXQW� WKDW�  �λ λ � LV� D� FRQVWDQW� GHWHUPLQHG� E\� WKH� VSDFH� FKDUJH
SRWHQWLDO�GLIIHUHQFH�DV�GHILQHG�LQ�HTXDWLRQ��������

,Q� WKH� FDVH� RI� VPDOO� VSDFLQJV� � �λ<A ��� WKH� FDOFXODWLRQV� VKRXOG
XVH�HTXDWLRQ���������7KH�WRWDO� ODWHUDO�FRQGXFWLYLW\�RI�HDFK�VSHFLHV� LV
JLYHQ�E\�
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7R� FDOFXODWH� WKH� WRWDO� FRQGXFWLYLW\�� QXPHULFDO� LQWHJUDWLRQ� RI� WKH
FRQWULEXWLRQ�RI�HDFK�GHIHFW�KDV�EHHQ�FRPSXWHG��7KH�QXPHULFDO�UHVXOWV
ZLOO�EH�GLVFXVVHG�LQ�&KDSWHU���

����� ([DPSOH� RI� 6SDFH� &KDUJH� =RQHV�� &D)��%D)�
+HWHUROD\HUV

7KH� FRQWDFW� RI� WZR� KHWHURJHQHRXV� LRQLF� V\VWHPV� FDQ� OHDG� WR� D
FUHDWLRQ� RI� D� VSDFH� FKDUJH� ]RQH� DW� WKH� LQWHUIDFH�� ,Q� VXFK� FDVH
GLIIHUHQW�HIIHFWV�FDQ�RFFXU�DW�WKH�LQWHUIDFH�DQG�DIIHFW�WKH�FRQGXFWLYLW\
RI� WKH� PDWHULDOV�� 2QH� UHDVRQ� IRU� FRQGXFWLYLW\� HIIHFWV� LV� GXH� WR� WKH
WKHUPRG\QDPLF�UHGLVWULEXWLRQ�RI� IOXRULGH� LRQV� IURP�RQH�SKDVH� WR� WKH
RWKHU�DFFRUGLQJ�WR�WKH�GLIIHUHQW�IUHH�HQHUJ\�OHYHOV�LQ�WKH�WZR�SKDVHV�
7KLV�OHDGV�WR�DQ�LQFUHDVH�RI�WKH�IOXRULGH�YDFDQF\�FRQFHQWUDWLRQ�LQ�RQH
FRQGXFWRU� DQG� RI� WKH� IOXRULGH� LQWHUVWLWLDO� FRQFHQWUDWLRQ� LQ� WKH� RWKHU
FRQGXFWRU��7KH�VHFRQG�PHFKDQLVP�LV�D�XQLODWHUDO�RU�ELODWHUDO�WUDQVIHU
RI� )− WR� RU� IURP� WKH� LQWHUIDFH� OD\HU� LQ� RUGHU� WR� WKH� ORZHU� LQWHUIDFLDO
FRUH�IUHH�HQHUJ\�

$FFRUGLQJ� WR� WKH� VSDFH� FKDUJH� SURILOH� IURP� )LJXUH� ���E� �*RX\�
&KDSPDQ�FDVH��DQG�IURP�H[SHULPHQWDO�HYLGHQFH�ZH�FDQ�DVVXPH�WKDW



L) DQG� )9< � FDUULHUV� VKRXOG� EH� HQULFKHG� LQ� WKH� VSDFH� FKDUJH� ]RQHV� RI

&D)�� DQG� %D)��� UHVSHFWLYHO\�� )LJXUH� ���� VKRZV� WKH� GHIHFW
FRQFHQWUDWLRQ� SURILOH� DW� WKH� LQWHUIDFH� EHWZHHQ� &D)�� DQG� %D)�
UHJDUGLQJ�WKH�DERYH�PHFKDQLVP�LQ�VSDFH�FKDUJH�UHJLRQV�
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)LJXUH������7KH�GHIHFW�FRQFHQWUDWLRQ�SURILOH�DW�WKH�LQWHUIDFH�EHWZHHQ
&D)�� DQG� %D)��� HQULFKPHQW� RI� WKH� 


L) � DQG� )9< � FDUULHUV� LQ� WKH� VSDFH
FKDUJH�]RQHV�RI�&D)��DQG�%D)��UHVSHFWLYHO\�

8VLQJ�(T�������D��DQG������E���LQ�FDVH�RI�RQO\���OD\HUV��RQH�&D)�
DQG�RQH�%D)���WKH�WRWDO�FRQGXFWLYLW\�FDQ�EH�H[SUHVVHG�DV�
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,Q�FDVH�RI�Q�OD\HUV��WRWDO�QXPEHU�RI�OD\HUV�RI�&D)��DQG�%D)���WKH
WRWDO�FRQGXFWLYLW\�SDUDOOHO�WR�WKH�LQWHUIDFH�FDQ�EH�ZULWWHQ�DV�IROORZ�
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FRQWULEXWLRQ� IURP� WKH� VXEVWUDWH�ZHUH� QHJOHFWHG�� 7KH� FRQWULEXWLRQ� RI
WKH� JDV�VROLG� LQWHUIDFH� LV� YHU\� VPDOO� EHFDXVH� LW� LV� RQO\� D� VLQJOH
LQWHUIDFH� DQG� WKLV� HIIHFW� LV� H[SHFWHG� WR� EH� PXFK� ZHDNHU� WKDQ� WKH
HIIHFW�RI�WKH�VXEVWUDWH�ZLWK�LWV�VSHFLILF�LQWHUDFWLRQ�

,I�ZH�DVVXPH�D�PD[LPXP� LQWHUIDFLDO�HIIHFW� �DOO�SRVVLEOH�VLWHV�DW
WKH� LQWHUIDFH�DUH�RFFXSLHG�E\�GHIHFWV�� LQ�D� VLPSOH� FRQWLQXXP�PRGHO
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7KH�(T�������������������������DQG��������ZDV�XVHG�WR�FDOFXODWH

WKH� WRWDO� FRQGXFWLYLW\� RI� &D)��%D)�� KHWHUROD\HUV�� DQG� DOVR� IRU� ILWWLQJ
WKH� H[SHULPHQWDO� UHVXOWV�� 7KH� QXPHULFDO� SDUDPHWHUV� DQG� ILWWLQJ
UHVXOWV�ZLOO�EH�GLVFXVVHG�LQ�&KDSWHU���

)RU�WKH�0RWW�6FKRWWN\�FDVH��WKH�HTXDWLRQV�XVHG�WR�FDOFXODWH�WKH
WRWDO� FRQGXFWLYLW\� RI� &D)��%D)�� KHWHUROD\HUV�� ������� DQG� �������
FDQQRW�EH�JLYHQ�DV�DQ�DQDO\WLFDO�H[SUHVVLRQ��,QWHJUDWLRQ�RI�WKLV�W\SH
RI�LQWHJUDO�LV�GRQH�QXPHULFDOO\�DQG�WKH�UHVXOWV�RI�ILWWLQJ�DUH�GHWDLOHG�LQ
&KDSWHU���
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&KDSWHU��
3K\VLFDO� DQG� (OHFWULFDO� 3URSHUWLHV� RI
&DOFLXP�DQG�%DULXP�)OXRULGH

,Q� UHFHQW� \HDUV� DQ� LQFUHDVLQJ� QXPEHU� RI� SK\VLFDO� SURSHUWLHV� RI
GLIIHUHQW� VROLG� LQRUJDQLF� IOXRULGHV� KDYH� EHHQ� VWXGLHG�� 7KH� HOHFWURQLF
ORFDOL]DWLRQ� WKDW�FKDUDFWHUL]HV� WKH� IOXRULGHV�DOORZV�EHWWHU� LQVLJKW� LQWR
VROLG�VWDWH�UHVHDUFK��DQG�WKH�DSSOLFDWLRQV�RI�VROLG�IOXRULGHV�DUH�YDULRXV
�H�J�� UHODWHG� WR�RSWLFDO��HOHFWULFDO��DQG�HQHUJHWLF�SURSHUWLHV��� VLOLFRQ�
RQ�LQVXODWRU� WHFKQRORJ\�� HSLWD[LDO� JDWH� GLHOHFWULFV�� DQG� WKUHH�
GLPHQVLRQDO� LQWHJUDWHG� FLUFXLWV�� )RU� WKHVH� PDWHULDOV� PDQ\� IXWXUH
GHYHORSPHQWV�FDQ�EH�SUHGLFWHG�EDVHG�RQ�VXFK�VSHFLILF�IHDWXUHV�DV�ORZ
UHIUDFWLYH� LQGH[�� ORZ� ERLOLQJ� RU� PHOWLQJ� SRLQW�� DQG� KLJK� LRQLF
FRQGXFWLYLW\�� ,RQLF� FRQGXFWRUV�� PDWHULDOV� LQ� ZKLFK� VSHFLILF� LRQV� FDQ
PLJUDWH�SUHIHUHQWLDOO\�ZLWK�KLJK�PRELOLW\��DUH�RI�SULPH�LPSRUWDQFH�IRU
HOHFWURFKHPLFDO� PHDVXUHPHQWV�� DQG� IRU� GHYLFHV� VXFK� DV� KLJK�
WHPSHUDWXUH� VROLG�VWDWH� EDWWHULHV� DQG� IXHO� FHOOV�� FKHPLFDO� ILOWHUV� DQG
JDV�VHQVRUV�>����8UH@�>����%ROO�@�>����%ROO�@�>����%DUV�@�>����%DUV�@�>����+DJ@�

$PRQJ�VROLG�HOHFWURO\WHV��IOXRULQH�LRQ�FRQGXFWRUV�KDYH�EHFRPH�D
UHVHDUFK� ILHOG� RI� JURZLQJ� LPSRUWDQFH�� 0DWHULDOV� ZLWK� YHU\� JRRG
SHUIRUPDQFH� KDYH� EHHQ� FKRVHQ� DV�PRGHOV� RI� VXSHULRQLF� FRQGXFWRUV
GXH� WR� WKHLU� VWUXFWXUDO� VLPSOLFLW\� DQG� DYDLODELOLW\� DV� ODUJH� VLQJOH
FU\VWDOV��7KH�IOXRULQH�FRQGXFWRUV�KDYH�D�VLJQLILFDQW�DQLRQLF�FRQGXFWLRQ
DW� UHODWLYHO\� ORZ� WHPSHUDWXUHV� DV� D� FRQVHTXHQFH� RI� WKH� KLJKHU
PRELOLW\�RI�)− �GXH�WR�WKH�VPDOOHU�VL]H��DV�ZHOO�DV�LWV�VLQJOH�FKDUJH��EXW
HYHQ� PRUH� EHFDXVH� RI� OHVV� FRYDOHQW� ERQGLQJ�� $V� D� FRQVHTXHQFH�
WKHVH�PDWHULDOV�DUH�DPRQJVW�WKH�EHVW�DQLRQLF�FRQGXFWRUV��'XH�WR�WKH
KLJK� HOHFWURQHJDWLYLW\� RI� IOXRULQH�� PRVW� IOXRULGHV� KDYH� ODUJH� HQHUJ\
JDS�DQG�RIWHQ� WKHVH�PDWHULDOV� DUH� HOHFWURQLF� LVRODWRUV�� )XUWKHUPRUH�
WKH� VPDOO� VL]H� RI� )− �PDNHV� LW� D� JRRG� FDQGLGDWH� DV� D�PRELOH� LRQ� LQ
VROLGV��0DQ\� LQYHVWLJDWLRQV� RI� &D)�� DQG� %D)�� KDYH� EHHQ� FDUULHG� RXW
DQG�SURYHG�WKDW�WKHVH�PDWHULDOV�DUH�LRQLF�FRQGXFWRUV��VHH�H�J��LQ�5HI�
>����8UH@�� >����%ROO�@�� >����%ROO�@�� >����%DUV�@�� >����%DUV�@�
>����+DJ@��
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�����6WUXFWXUDO�DQG�3K\VLFDO�3URSHUWLHV

7KH�SK\VLFDO�SURSHUWLHV�RI�LRQLF�FRQGXFWRUV�DUH�RI�JUHDW�WHFKQLFDO
LPSRUWDQFH� DQG� KDYH� EHHQ� D� PDMRU� UHDVRQ� IRU� VWXG\LQJ� WKHVH
V\VWHPV��'HWDLOHG�SURSHUWLHV�RI�WKH�IOXRULGHV�LRQ�FRQGXFWRUV�DUH�JLYHQ
LQ�5HI��>����+DJ@�DV�ZH�FRQVLGHU�LQ�WKH�IROORZLQJ�

,Q�WKLV�VWXG\�&D)��DQG�%D)��LRQ�FRQGXFWRUV�ZHUH�DQDO\]HG�GXH�WR
WKH�UHODWLYH�ORZ�PHOWLQJ�SRLQW��KLJK�FDWLRQ�SRODUL]DELOLW\�DQG�KLJK�LRQLF
FRQGXFWLYLW\� DW� ORZHU� WHPSHUDWXUH� FRPSDUHG� WR� RWKHU� IOXRULGHV
>����%ROO�@�>����%ROO�@�>����%DUV�@�>����%DUV�@�>����6DLWR@�>����3XLQ@�

&D)�� DQG� %D)�� KDYH� ERWK� WKH� VDPH� FXELF� IOXRULWH� VWUXFWXUHV� DV
VKRZQ� LQ� )LJXUH� ����� ,Q� WKH� IOXRULWH� VWUXFWXUH� WKH� FDWLRQV� �&D��� RU
%D���� IRUP� D� IDFH�FHQWUHG� FXELF� DUUD\� DQG� WKH� IOXRULQH� DQLRQV� �)− �
RFFXS\�WKH�HLJKW�WHWUDKHGUDO� LQWHUVWLFHV�IRUPHG�E\�WKH� ODUJH�FDWLRQV�
7KHVH� DQLRQV� FDQ� DOVR� EH� UHSUHVHQWHG� DV� IRUPLQJ� D� VLPSOH� FXEH
SHQHWUDWLQJ� WKH� IDFH�FHQWUHG� FXELF� DUUD\�RI� FDWLRQV�� ,Q�RWKHU�ZRUGV�
ZH� FDQ� DOVR� YLHZ� WKH� VWUXFWXUH� DV� D� VLPSOH� FXELF� DUUD\� RI� IOXRULQH
DWRPV�ZLWK�D�FDOFLXP�DWRP�LQ�WKH�FHQWUH�RI�DOWHUQDWH�FXEHV�

7KH�FU\VWDOORJUDSKLF�XQLW�FHOO�GLPHQVLRQV�DQG�SK\VLFDO�SURSHUWLHV
DUH�VXPPDUL]HG�LQ�7DEOH�����

)LJXUH������8QLW�FHOO�RI�&D)���RU�%D)���ZLWK�IOXRULWH�VWUXFWXUH�
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&RPSRXQG %D)� &D)�&U\VWDO�6WUXFWXUH &XELF�IOXRULWH &XELF�IOXRULWH
/DWWLFH�FRQVWDQW�c� ����� �����

7KHUPDO�H[SDQVLRQFRHIILFLHQW�DW����.�.��� ��[���� ��[����

5HODWLYH�SHUPLWWLYLW\
(εU� ��� ���

0HOWLQJ�SRLQW��&� ���� ����
%DQG�JDS�H9� ���� ����

7DEOH������6WUXFWXUDO�DQG�SK\VLFDO�SURSHUWLHV�RI�&D)��DQG�%D)��KDYLQJWKH�FXELF�IOXRULWH�VWUXFWXUH

&RPSRXQG %D)� &D)�,QWULQVLF�'LVRUGHU�7\SH DQWL�)UHQNHO DQWL�)UHQNHO
K)�H9� ����D����������E� �����D�

KL�H9� �����D�����������E� �����D�

KY�H9� �����D�
����������E� �����D�

7DEOH������'HIHFW�SURSHUWLHV�RI� LRQLF�FRQGXFWRUV�&D)��DQG�%D)�� ��D�IURP�5HI��>����%ROO�@�DQG�>����%ROO�@�DQG��E��IURP�5HI��>����%DUV�@DQG�>����%DUV�@��
ZKHUH�K)�IRUPDWLRQ�HQWKDOS\�RI�WKH�DQWL�)UHQNHO�GHIHFWV��KL�DFWLYDWLRQHQWKDOS\� RI� WKH� PRELOLW\� RI� WKH� LQWHUVWLWLDO� IOXRULQH� LRQV�� DQG� KYDFWLYDWLRQ�HQWKDOS\�RI�WKH�PRELOLW\�RI�WKH�IOXRULQH�LRQ�YDFDQFLHV����H9LV�HTXLYDOHQW�WR�����N-�PRO�
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�����%DVLF�'HIHFW�6WUXFWXUHV

�������,QWULQVLF�5HJLRQ

7KH�DONDOLQH�HDUWK� IOXRULGHV�&D)�� DQG�%D)�� DUH�YHU\� VLPLODU�DQG
ERWK� VKRZ� DQ� DQLRQ�)UHQNHO� GLVRUGHU� �DOVR� FDOOHG� DQWL�)UHQNHO
GLVRUGHU���7KLV�PRGH�RI�GLVRUGHU� LQYROYHV�WKH�GLVSODFHPHQW�RI� ODWWLFH
DQLRQV� �KHUH� WKH� )− � IOXRULQH� DQLRQV� DUH� VPDOO� HQRXJK�� WR� WKH
LQWHUVWLWLDO� VLWHV� �)LJXUH� ������ 7KLV� OHDGV� WR� IRUPDWLRQ� RI� DQLRQ
YDFDQFLHV� DQG� LQWHUVWLWLDO� DQLRQV� ZLWK� DQLRQ� WUDQVSRUW� RFFXUULQJ� YLD
WKH�PLJUDWLRQ�RI�WKHVH�GHIHFWV�

,Q�WKH�VWUXFWXUH�HOHPHQW�QRWDWLRQ�WKLV�UHDGV�
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ZKHUH� �
P)6∆ IRUPDWLRQ�HQWURS\�RI�DQWL�)UHQNHO�GHIHFWV��LQ�XQLWV�RI�5��

�
P)+∆ � IRUPDWLRQ� HQWKDOS\� �LQ� N-�PRO��� 7� WHPSHUDWXUH�� 


L)  
FRQFHQWUDWLRQ�RI�LQWHUVWLWLDO�LRQV�� )9  

< �FRQFHQWUDWLRQ�RI�YDFDQFLHV��DQG
( )). 7 �LV�WKH�)UHQNHO�FRQVWDQW�

$QG�� WKXV�� WKH� HOHFWULFDO� FRQGXFWLYLW\� LQ� WKH� LQWULQVLF� UHJLRQ
� ( )


L ) ) )) 9 . 7 Q   = = =   
< ��LV�WDNHQ�WR�EH�

L Y)HQ �X X �σ = + �����

ZKHUH��H�LV�WKH�HOHPHQWDU\�FKDUJH��H ������[�����&��� LX �DQG� YX
DUH� WKH�PRELOLW\� RI� WKH� LQWHUVWLWLDO� IOXRULQH� LRQV� DQG�� UHVSHFWLYHO\�� RI
WKH�IOXRULQH�YDFDQFLHV�

7KHVH�ODUJH�LQWHUVWLWLDO�VLWHV�LQ�WKH�IOXRULQH�VWUXFWXUH�GHWHUPLQH�D
UHODWLYHO\� ORZ� HQHUJ\� IRU� WKH� FUHDWLRQ� RI� DQLRQ� LQWHUVWLWLDOV�� ,Q
FRQWUDVW��WKH�OHYHOV�RI�FDWLRQ�GLVRUGHU�LQ�WKHVH�DONDOLQH�HDUWK�IOXRULGHV
DUH� ORZ� DQG� DQ� LPSRUWDQW� FRQVHTXHQFH� LV� WKDW� WKH� UDWHV� RI� FDWLRQ
GLIIXVLRQ��ZKLFK�DUH�DIIHFWHG�E\�FDWLRQLF�GHIHFWV��DUH�ORZ�
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)LJXUH� ����� 7KH� IRUPDWLRQ� RI� DQWL�)UHQNHO� GHIHFWV� LQ� D� IOXRULWH
VWUXFWXUH�E\�PRYHPHQW�RI� )− �WR�LQWHUVWLWLDO�VLWH�DQG�OHDYLQJ�EHKLQG�D
YDFDQF\�

7UDQVSRUW� SURSHUWLHV� LQ� LRQLF� FRQGXFWRUV�� ERWK� FRQGXFWLYLW\� DQG
GLIIXVLRQ�� DUH� GHWHUPLQHG� E\� WKH� PLJUDWLRQ� RI� SRLQW� GHIHFWV� �ZKLFK
FRUUHVSRQG�WR�GHYLDWLRQV� IURP�WKH�SHUIHFW� WUDQVODWLRQDO�SHULRGLFLW\�RI
WKH� VROLG��� 7KHUHIRUH�� WKH� WKHUPRG\QDPLF� DQG� NLQHWLF� EHKDYLRXUV� RI
WKHVH�PDWHULDOV�DUH�LQIOXHQFHG�E\�WKHLU�GHIHFW�VWUXFWXUH�

)URP� DQDO\VLV� RI� WUDQVSRUW� GDWD� �IURP� PHDVXUHPHQWV� RI
FRQGXFWLYLW\�RU�GLIIXVLRQ��WKH�GHIHFW�VWUXFWXUH�FDQ�EH�GHGXFHG��GXH�WR
WKH�IDFW�WKDW�WKH�FRQGXFWLYLW\�DQG�GLIIXVLRQ�DUH�FRQWUROOHG�E\�ERWK�WKH
FRQFHQWUDWLRQ�DQG�PRELOLW\�RI�GHIHFWV�

,QWHUVWLWLDO
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7DEOH� ���� VXPPDUL]HV� WKH� QDWXUH� DQG� HQHUJHWLFV� RI� LQWULQVLF
GLVRUGHU�LQ�&D)��DQG�%D)��LRQLF�FRQGXFWRUV�

1XPHURXV� H[SHULPHQWDO� LQYHVWLJDWLRQV�� LQYROYLQJ� VWDWLF
WHFKQLTXHV� VXFK� DV� RSWLFDO� VSHFWURVFRS\� DV� ZHOO� DV� G\QDPLF
WHFKQLTXHV� VXFK� DV� HOHFWULFDO� FRQGXFWLYLW\�� WKHUPDO� GHSRODUL]DWLRQ�
GLHOHFWULF� UHOD[DWLRQ�� QXFOHDU� PDJQHWLF� UHVRQDQFH� ���)� 105�� KDYH
EHHQ� XVHG� IRU� VWXG\LQJ� LRQ� FRQGXFWRUV� &D)�� DQG� %D)��� 7KH� VWDWLF
PHWKRGV�SURYLGH�LQIRUPDWLRQ�DERXW�WKH�QDWXUH�DQG�VLWH�V\PPHWU\�RI
WKH�GHIHFWV��ZKHUHDV� WKH�G\QDPLF� RQHV�PHDVXUH�SURSHUWLHV� VXFK� DV
GLIIXVLRQ�FRQVWDQW�DQG�DFWLYDWLRQ�HQHUJ\��7KH�VWUXFWXUDO�DQG�WUDQVSRUW
SURSHUWLHV�ZHUH�LQYHVWLJDWHG�DOVR�E\�FRPSXWHU�VLPXODWLRQ�PHWKRGV�

7KH� UHVXOWV� REWDLQHG� E\� WKHVH� WHFKQLTXHV� DUH� IDU� IURP� EHLQJ
LGHQWLFDO��,Q�WKLV�VWXG\�WKH�YDOXHV�JLYHQ�LQ�7DEOH�����ZHUH�DVVXPHG�WR
EH�WKH�PRVW�UHOLDEOH�RQH�

�������([WULQVLF�5HJLRQ

,Q�DGGLWLRQ�WR�WKH�LQWULQVLF�DQWL�)UHQNHO�GLVRUGHU��GHIHFWV�FDQ�DOVR
EH�FUHDWHG�DV�³FKDUJH�FRPSHQVDWRUV´�IRU�LPSXULW\�LRQV�ZLWK�D�FKDUJH
WKDW�LV�GLIIHUHQW�IURP�WKDW�RI�WKH�KRVW�ODWWLFH�IRU�ZKLFK�WKH\�VXEVWLWXWH�
)RU� H[DPSOH�� WKH� UHSODFHPHQW� RI� &D��� RU� %D��� E\� D� VLQJOH� FKDUJHG
FDWLRQ��ZLWK�D�FRQFHQWUDWLRQ�&��OHDGV�WR�WKH�LQFUHDVH�LQ�FRQFHQWUDWLRQ
RI� FKDUJH�FRPSHQVDWLQJ� QHJDWLYH� IOXRULGH� LQWHUVWLWLDOV�� ZKLOH� WKH
FRQFHQWUDWLRQV� RI� SRVLWLYHO\� FKDUJHG� YDFDQFLHV� DUH� UHGXFHG�� 7KH
RSSRVLWH�RFFXUV�IRU�QHJDWLYHO\�FKDUJHG�LPSXULWLHV�

$W� ORZ� WHPSHUDWXUHV�� GHIHFWV� LQGXFHG� E\� VLQJOH� FKDUJHG
LPSXULWLHV�GRPLQDWH�WKH�GHIHFW�FRQFHQWUDWLRQ�DQG�KHQFH�WKH�WUDQVSRUW
SURSHUWLHV� RI� WKH� PDWHULDO�� ZKHUHDV� DW� KLJKHU� WHPSHUDWXUHV� WKH
LQWULQVLF�EHKDYLRXU�EHFDPH�SUHGRPLQDQW�

7KH� LPSXULWLHV� DUH� LQFRUSRUDWHG� DW� WHPSHUDWXUHV� �DERYH� WKH
PHOWLQJ�SRLQW�GXULQJ�WKH�SUHSDUDWLRQ�RI�VLQJOH�FU\VWDO�RU�IRU�WKLQ�ILOPV
GXH�WR�WKH�FRQWDPLQDWLRQ�RI�WKH�HTXLSPHQW��WKDW�DUH�KLJKHU�WKDQ�WKH
PHDVXUHPHQW� WHPSHUDWXUHV� DW� ZKLFK� WKH� IRUHLJQ� DWRPV� DUH� WKHQ
LPPRELOH�� ,Q� WKLV� FDVH� WKHUH� DUH� QR� FRPSHQVDWLRQ� HIIHFWV� IRU� WKH
PRELOH�GHIHFWV��EXW�RYHUDOO�HOHFWURQHXWUDOLW\�LV�SUHVHUYHG��DV�IROORZ�



L )) 9 &   = +   
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)URP� (T�� ������ DQG� (T�� ������ D� QHZ� TXDGUDWLF� HTXDWLRQ� LV
REWDLQHG�
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ZLWK�WKH�VROXWLRQV�
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7KH�H[WULQVLF�FRQGXFWLYLW\�LV�JLYHQ�E\�

( ) ( )� �
L Y) )) X & � & � . X & � & � .σ = + + + − + +

�����
)URP�(T�����WZR�H[WUHPH�FDVHV�FDQ�EH�GLVFXVVHG�
��� ( )). 7 & �� ��7KLV�FDVH�FRUUHVSRQGV�WR�DQ�H[WULQVLF�PDWHULDO

ZLWK�KLJK�LPSXULW\�FRQWHQW��,Q�WKLV�FDVH�WKH�FRQFHQWUDWLRQ�RI�IOXRULQH
LQWHUVWLWLDO�LRQV�LV�DW�WKH�VDPH�OHYHO�DV�WKH�FRQFHQWUDWLRQ�RI�LPSXULW\�



L) &  =  �ZKLOH�WKH�FRQFHQWUDWLRQ�RI� IOXRULQH�YDFDQFLHV� LV�PXFK� ORZHU�



) L9 )      
<

� ��DQG��WKXV��FDQ�EH�QHJOHFWHG�

��� ( )). 7 & �� � LQ� ZKLFK� WKH� PDWHULDO� FDQ� EH� FRQVLGHUHG
LQWULQVLF�
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&KDSWHU��
*URZWK� 3URFHVVHV� DQG� ([SHULPHQWDO
6HWXS

7KH�TXHVWLRQ�RI�WKH�UHODWLYH�UROH�RI�NLQHWLFV�DQG�WKHUPRG\QDPLFV
LQ�PRGHUQ�HSLWD[LDO�JURZWK� WHFKQLTXHV� LV�RI�SULQFLSDO� LPSRUWDQFH�� WR
XQGHUVWDQG�WKH�FRQWURO�RI�FRPSRVLWLRQ��SRLQW�GHIHFW�FRQFHQWUDWLRQ�DQG
JURZWK�UDWH�� ,W� SOD\V� DQ� LPSRUWDQW� UROH� LQ� RSWLPL]LQJ� WKH� JURZWK
SDUDPHWHUV�DV�ZHOO�DV�REWDLQLQJ�KLJK�TXDOLW\�VWUXFWXUHV�ZLWK�SODQDU�RU
SHULRGLFDOO\�PRGXODWHG�LQWHUIDFHV��KLJKO\�GHILQHG�JHRPHWU\��DQG�OD\HU
VHTXHQFH�

�����*URZWK�3URFHVVHV

2QH�RI�WKH�FODVVLFDO�PHWKRGV�RI�SUHSDULQJ�D�FOHDQ�VXUIDFH�LQ�8+9
LV� HYDSRUDWLRQ� DQG� FRQGHQVDWLRQ� RI� WKLQ� ILOPV�� 'HSHQGLQJ� RQ� WKH
VXUIDFH� DQG� RQ� WKH� HYDSRUDWLRQ� FRQGLWLRQV�� VXEOLPHG� ILOPV� FDQ� EH
SRO\FU\VWDOOLQH�RU�PRQRFU\VWDOOLQH�

�������7KHUPRG\QDPLFV�RI�*URZWK

7KH� WKHUPRG\QDPLF� FODVVLILFDWLRQ� RI� JURZWK� PRGHV� GLYLGHV� WKH
ILOP� PRUSKRORJ\� LQWR� WKUHH� FODVVHV� GHWHUPLQHG� E\� WKH� EDODQFH� RI
LQWHUIDFLDO�DQG�VXUIDFH�IUHH�HQHUJLHV��,W�ZDV�QRWHG�WKDW�JURZWK�PRGHV
RI� WKLQ� ILOPV� FRXOG� EH� FRQVLGHUHG� DV� D� ZHWWLQJ� SUREOHP�� ZKLFK� ZDV
GHWHUPLQHG�E\�

f i sε ε ε ε∆ = + −

ZKHUH�εV��εI�DQG�εL�DUH�WKH�IUHH�VXUIDFH�HQHUJLHV�RI�WKH�VXEVWUDWH��WKH
JURZLQJ�ILOP�DQG�WKH�LQWHUIDFH�HQHUJ\��UHVSHFWLYHO\���0RUH�DFFXUDWHO\
RQH� VKRXOG� XVH� VXUIDFH� WHQVLRQV��� 7KLV� HTXDWLRQ� JLYHV� D� IRUPDO
GLVWLQFWLRQ�RI�WKH�WKUHH�JURZWK�PRGHV�GHSHQGLQJ�RQ�WKH�VLJQ�RI�∆ε�

7KHUH�DUH�WKUHH�PDLQ�PRGHV�RI�HSLWD[LDO�JURZWK���D��PRQROD\HU�
�E��QXFOHDWHG�DQG��F��PRQROD\HU�IROORZHG�E\�QXFOHDWLRQ�
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�D� �E� �F�
)LJXUH��������6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�WKUHH�WKHUPRG\QDPLF
JURZWK�PRGHV�

7KH� ILUVW� PRGH� LV� FDOOHG� )UDQN�YDQ� GHU� 0HUZH� �)0�� RU� WZR�
GLPHQVLRQDO� ��'�� JURZWK� �)LJXUH� �����D�� >����0HUZH@�� ,Q� WKLV� PRGH�
HDFK�OD\HU�WHQGV�WR�EH�FRPSOHWHG�EHIRUH�D�QHZ�OD\HU�EHJLQV�WR�JURZ
RQ�WRS�RI�LW��0RQROD\HU�JURZWK�RFFXUV�ZKHQ�WKH�GHSRVLWHG�DWRPV�DUH
PRUH� VWURQJO\� ERXQG� WR� WKH� VXEVWUDWH� WKDQ� WKH\� DUH� WR� HDFK� RWKHU�
7KH� DWRPV� DJJUHJDWH� WR� IRUP� PRQROD\HU� LVODQGV� RI� GHSRVLW� ZKLFK
HQODUJH�DQG�HYHQWXDOO\�RQH�FRPSOHWH�PRQROD\HU�FRYHUDJH�KDV�WDNHQ
SODFH��7KH�SURFHVV� LV�UHSHDWHG�IRU�VXEVHTXHQW� OD\HU�JURZWK��)RU�WKLV
UHDVRQ�WKH�)0�PRGH�LV�DOVR�FDOOHG�OD\HU�E\�OD\HU�JURZWK��,Q�WHUPV�RI
VWDWLF� WKHUPRG\QDPLFV�� LW� RFFXUV�ZKHQ�∆ε������ L�H�� �ZHWWLQJ�� RI� WKH
VXUIDFH�E\�WKH�GHSRVLWHG�ILOP�WDNHV�SODFH�

7KH� RSSRVLWH� FDVH� LV� FDOOHG� WKH� 9ROPHU�:HEHU� �9:�� RU� WKUHH�
GLPHQVLRQDO� ��'�� JURZWK� �VHH� )LJXUH� �����E�� >����9ROPHU@�� ,Q� FDVH� RI
QXFOHDWHG�JURZWK��WKH�LQLWLDO�GHSRVLW�DWRPV�DJJUHJDWH�DV�VPDOO�WKUHH�
GLPHQVLRQDO���'��LVODQGV�ZKLFK�LQFUHDVH�LQ�VL]H�DV�IXUWKHU�GHSRVLWLRQ
FRQWLQXHV�XQWLO�WKH\�WRXFK�DQG�LQWHUJURZWK�WR�IRUP�D�FRQWLQXRXV�ILOP�
7KLV� PRGH� LV� IDYRXUHG� ZKHUH� WKH� IRUFHV� RI� DWWUDFWLRQ� EHWZHHQ� WKH
GHSRVLWHG� DWRPV� DUH� JUHDWHU� WKDQ� WKDW� EHWZHHQ� WKHP� DQG� WKH
VXEVWUDWH�� ,Q� WKLV� FDVH� WKH� �ZHWWLQJ�� FRQGLWLRQ� LV� QR� ORQJHU� IXOILOOHG
( )�≥∆ε �

7KH� WKLUG�� LQWHUPHGLDWH�PRGH�DULVHV� LI� WKH� ILUVW� IHZ�PRQROD\HUV
VDWLVI\� WKH� OD\HU�E\�OD\HU� FRQGLWLRQ� DQG� WKH�9:� FRQGLWLRQ� DSSOLHV� WR
DOO� VXEVHTXHQW� OD\HUV�� 7KLV� LV� FDOOHG� WKH� 6WUDQVNL�.UDVWDQRY� PRGH
�)LJXUH������F��>����6WUD@��7KLV�VLWXDWLRQ�DULVHV�RQO\�LQ�KHWHURHSLWD[\�LI�D
ODWWLFH� PLVPDWFK� EHWZHHQ� WKH� VXEVWUDWH� DQG� WKH� GHSRVLW� PDWHULDO
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FDXVHV�WKH�JURZLQJ� OD\HUV�WR�EH�VWUDLQHG��,Q�VXFK�D�FDVH�� LW� LV�RIWHQ
HQHUJHWLFDOO\�IDYRXUDEOH�IRU�WKH�ILUVW�IHZ�OD\HUV�WR�JURZ�LQ�WKH�OD\HU�
E\�OD\HU�IDVKLRQ��EXW�DIWHU�WKDW��WKH�VWUDLQ�LV�UHOLHYHG�PRUH�HIILFLHQWO\
E\�WKH��'�PRGH�

�������.LQHWLFV�RI�$WRPLF�3URFHVVHV

,Q� WKH� NLQHWLF� SLFWXUH�� EDVHG� RQ� DWRPLVWLF� PRGHOV�� WKH� JURZWK
PRGH�LV�D�FRPSOH[�EDODQFH�RI�PDQ\�FRPSHWLQJ�SURFHVVHV��ZKLFK�DUH
VNHWFKHG�VFKHPDWLFDOO\�LQ�)LJXUH����������7KH�ILOP�PRUSKRORJ\��DV�WKH
RXWFRPH� RI� WKLV� FRPSHWLWLRQ�� LV� VWURQJO\� LQIOXHQFHG� E\� WKH
H[SHULPHQWDO�FRQGLWLRQV��L�H��WKH�VXUIDFH�WHPSHUDWXUH�DQG�V\PPHWU\�
WKH� IOX[� RI� DGDWRPV� LPSLQJLQJ� RQ� WKH� VXUIDFH� �GHSRVLWLRQ� UDWH�� DQG
WKH�FKRLFH�RI�PDWHULDO��(DFK�RI�WKH�DWRPLF�SURFHVVHV�LV�FKDUDFWHUL]HG
E\�DQ�DFWLYDWLRQ�HQHUJ\�DQG�D�SUHIDFWRU��$W�D�JLYHQ�WHPSHUDWXUH�DQG
GHSRVLWLRQ� UDWH� FHUWDLQ� SURFHVVHV� PLJKW� EH� NLQHWLFDOO\� LQKLELWHG�
ZKHUHDV�RWKHUV�DUH�UDWH�GHWHUPLQHG��$UUKHQLXV�W\SH�H[SRQHQWLDO�ODZV
GHVFULEH�PDWKHPDWLFDOO\�WKHVH�DFWLYDWHG�SURFHVVHV��7KH�EDVLF�DWRPLF
SURFHVVHV� WDNLQJ� SODFH� GXULQJ� JURZWK� DUH�� GHSRVLWLRQ�� VXUIDFH
GLIIXVLRQ�DQG�GHVRUSWLRQ��$�SURFHVV�FRPSHWLQJ�ZLWK�WKH�GHSRVLWLRQ� LV
WKH� GHVRUSWLRQ�� 7KH� GHVRUSWLRQ� SUREDELOLW\� GHSHQGV� RQ� WZR� IDFWRUV�
WKH� HQHUJ\� EDUULHU� QHFHVVDU\� IRU� WKH� DWRP� WR� RYHUFRPH� LQ� RUGHU� WR
OHDYH�WKH�VXUIDFH�DQG�WKH�WHPSHUDWXUH�7�

Figure 4.1.2.1. Atomic processes in the kinetics of 2-D film growth

7KH� GHVRUSWLRQ� UDWH� LQFUHDVHV� LI� WKH� WHPSHUDWXUH� LV� LQFUHDVHG�
HYHQWXDOO\� UHDFKLQJ� D� SRLQW� ZKHUH� WKH� VXUIDFH� DWRPV� EHJLQ� WR
HYDSRUDWH�� 8QGHU� 0%(� JURZWK� FRQGLWLRQV� WKDW� SURGXFH� TXDOLW\
FU\VWDOV�� WKH� GHVRUSWLRQ� IUHTXHQF\� LV� XVXDOO\� YHU\� ORZ� FRPSDUHG� WR
WKH� GHSRVLWLRQ� UDWH�� DQG� LW� FDQ� WKHUHIRUH� EH� WUHDWHG� DV� QHJOLJLEOH
>����%DUD@�
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7KH�DGDWRPV�PRYH�RQ� WKH� VXUIDFH� E\� GLIIXVLRQ� HYHQWV�� VXFK� DV
WHUUDFH�� LQWHUOD\HU� DQG� HGJH�GLIIXVLRQ� >����0HLZ@�� 7KHVH� DWRPLF� HYHQWV
DUH� WKHUPDOO\� DFWLYDWHG� DQG� WKHLU� UDWHV� GHSHQG� RQ� WKH� ORFDO
VXUURXQGLQJV� DQG� FDQ� XVXDOO\� EH� GHVFULEHG� E\� %ROW]PDQQ� VWDWLVWLFV�
2QFH� DGVRUEHG�� WKH� DWRPV� PRYH� DFURVV� WKH� VXUIDFH� GHSHQGLQJ� RQ
WKHLU�GLIIXVLRQ�FRHIILFLHQW�

,I� GHIHFWV� DUH� SUHVHQW� RQ� WKH� VXUIDFH�� WKH� DGDWRPV� PD\� EH
WUDSSHG�DW�WKHVH�VLWHV�IRUPLQJ�QXFOHL�IRU�VXEVHTXHQW�JURZWK�SURFHVV�
ZKLFK� LV� FDOOHG� KHWHURJHQHRXV� QXFOHDWLRQ�� 7KH� RWKHU� FDVH� LV
KRPRJHQHRXV� QXFOHDWLRQ� ZKHUH� D� VWDEOH� QXFOHXV� LV� JHQHUDWHG� E\
PRUH�RU�OHVV�VWDWLVWLFDO�DJJUHJDWLRQ�RI�VHYHUDO��DW�OHDVW�WZR��DGDWRPV
RQ�UHJXODU�VLWHV��%\�DGGLWLRQ�RI�IXUWKHU�DGDWRPV��WKHVH�QXFOHL�ZLOO�WKHQ
JURZ��,Q�FRQWUDVW��LVODQGV�XS�WR�WKDW�VL]H�FDQ�GLVVROYH�DJDLQ�

:KHQ�DQ�DGDWRP��ZDQGHULQJ�RQ�D�WHUUDFH��UHDFKHV�D�GHVFHQGLQJ
VWHS��LW�HQFRXQWHUV�DQ�DGGLWLRQDO�HQHUJ\�EDUULHU�IRU�KRSSLQJ�GRZQ�WKH
VWHS�NQRZQ�DV�WKH�(UOLFK�6FKZRHEHO��(6��EDUULHU�>����%DUD@��7KLV�LV�GXH
WR� WKH� IDFW� WKDW� WKH� DGDWRP� LV�PRUH�ZHDNO\� ERXQG� WR� WKH� VXEVWUDWH
DWRPV�ZKHQ�LW�LV�DW�WKH�XSSHU�VWHS�HGJH��$�PRGLILFDWLRQ�WR�WKLV�SLFWXUH
KDV� DOVR� EHHQ� SURSRVHG�� ,Q� WKLV� PRGHO�� WKHUH� LV� DOVR� D� EDUULHU� IRU
KRSSLQJ� XSZDUGV� DQG� WKH� GHVFHQGLQJ� VWHS� EDUULHU� LV� HQFRXQWHUHG
VOLJKWO\� EHIRUH� WKH� DGDWRP� UHDFKHV� WKH� DFWXDO� HGJH�� 7KH� HGJH�
WKHUHIRUH�� DFWV� UHIOHFWLYHO\� WRZDUGV� DWRPV� DSSURDFKLQJ� IURP� DERYH�
7KLV�HIIHFW�LV�DOVR�NQRZQ�DV�GLIIXVLRQ�ELDV�

,Q�IDU�IURP�HTXLOLEULXP�JURZWK�WKH�JURZWK�PRGH�XVXDOO\�FKDQJHV
IURP� �'� JURZWK� DW� ORZ� WHPSHUDWXUHV� WR� OD\HU�E\�OD\HU� DW� KLJKHU
WHPSHUDWXUHV��$W� ORZ�WHPSHUDWXUHV� WKH� ORFDO�HQHUJ\�EDUULHUV�DW�VWHS
HGJHV� SUHYHQW� WKH� VXUIDFH� DGDWRPV� IURP� MXPSLQJ� GRZQ� D� VWHS�� $W
KLJKHU�WHPSHUDWXUHV�WKH�VXUIDFH�DGDWRPV�EHFRPH�VR�PRELOH�WKDW�WKH\
FDQ�RYHUFRPH�WKHVH�EDUULHUV�DQG�WKH�ILOP�JURZV�DFFRUGLQJ�WR�WKH�WZR�
GLPHQVLRQDO�PRGH��/DUJHU� ODWWLFH�PLVPDWFKHV�JHQHUDOO\� IDYRU� LVODQG�
OLNH�JURZWK��DQG�KLJKHU�GHSRVLWLRQ�UDWHV��RQ�WKH�RWKHU�KDQG��OHDG�WR�D
JUHDWHU�WHQGHQF\�WRZDUGV�OD\HU�OLNH�JURZWK��8QGHU�FHUWDLQ�FRQGLWLRQV�
ZKHQ�WKH�DGDWRPV�DUH�PRELOH�EXW�WKH�EDUULHUV�DW�VWHS�HGJHV�VXSSUHVV
WKH� LQWHU�OD\HU�WUDQVSRUW��WKH�JURZWK�UHVXOWV� LQ�WKH�FUHDWLRQ�RI� ODUJH�
RUGHUHG�� S\UDPLG�OLNH� IRUPDWLRQV� RQ� WKH� VXUIDFH�� 7KLV� LV� FDOOHG� WKH
XQVWDEOH�0%(�JURZWK�PRGH�� ,W�ZDV� ILUVW� GHWHFWHG�E\�9LOODLQ� LQ�����
>����9LOOD@�

8VLQJ�WKH�0%(�WHFKQLTXH�WR�SUHSDUH�WKLQ�ILOPV��VRPH�EDVLF�PRGHOV
DQG� SULQFLSOHV� WXUQHG� RXW� WR� EH� YHU\� XVHIXO� LQ� SUHGLFWLQJ� DQG
XQGHUVWDQGLQJ�HSLWD[LDO�JURZWK�PRGHV�DQG�ILOP�VWUXFWXUHV�
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6XSHUVDWXUDWLRQ�DQG�)RUFHG�/D\HU�*URZWK

%HFDXVH� RI� WKH� KLJK� VXSHUVDWXUDWLRQ� RI� WKH� FRQGHQVLQJ� DWRPLF
EHDP�� WKH� UHDO� JURZWK� SURFHVV� LV� GHWHUPLQHG� WR� D� ODUJH� H[WHQW� E\
NLQHWLF�SULQFLSOHV��)RU�HSLWD[LDO�DQG�SRO\FU\VWDOOLQH�ILOPV��JHQHUDOO\��E\
FRQGHQVDWLRQ� DW� ORZ� WHPSHUDWXUH� UHVXOW� VPDOO� JUDLQ� VL]HV�� ZKLOH� E\
FRQGHQVDWLRQ�DW�KLJK�WHPSHUDWXUHV�OHDGV�WR�ODUJH�JUDLQV��$FFRUGLQJO\�
PRQROD\HU� QXFOHDWLRQ� FDQ� EH� LQGXFHG� E\� KLJK� VXSHUVDWXUDWLRQ� �ORZ
WHPSHUDWXUH��KLJK�JURZWK�UDWH���UHVXOWLQJ�LQ�D�TXDVL�YDQ�GHU�0HUZH�RU
IRUFHG�OD\HU�JURZWK�PRGH��ZKLFK�HQDEOH�RQH�WR�SURGXFH�PRUH�RU�OHVV
OD\HU�E\�OD\HU�JURZQ�HSLWD[LDO�ILOPV��HYHQ�LQ�QRQZHWWLQJ�V\VWHPV�QHDU
WKH�ZHWWLQJ�OLPLW�

0LVILW�DQG�0LVILW�'LVORFDWLRQV

7KH� ODWWLFH�PLVILW� I� LV� D� YHU\� LPSRUWDQW� SDUDPHWHU� WR� GHWHUPLQH
HSLWD[LDO�JURZWK��,Q�D�RQH�GLPHQVLRQDO�PRGHO�LW�LV�GHILQHG�E\

a

ab
f

−=

ZKHUH� E� DQG� D� DUH� WKH� ODWWLFH� SDUDPHWHUV� RI� ILOPV� DQG� VXEVWUDWHV�
UHVSHFWLYHO\��,I�WKH�FRQWDFWLQJ�ODWWLFH�SODQHV�RI�ERWK�FU\VWDOV�VKRZ�WKH
VDPH� WZR�GLPHQVLRQDO� V\PPHWU\� �KRPRV\PPHWULF� LQWHUIDFHV��� WKLV
GHILQLWLRQ�DOVR�DSSOLHV�IRU� LQWHUIDFH��,Q�WKH�JURZLQJ�ILOP�WKH�PLVILW� WR
WKH� VXEVWUDWH� FDQ� EH� DFFRPPRGDWHG� E\� HODVWLF� VWUDLQ� RU� E\� PLVILW
GLVORFDWLRQV�� )RU� VPDOO�PLVILW�� LW�PD\� EH� HQHUJHWLFDOO\� IDYRXUDEOH� IRU
WKH�ILOP�WR�DFFRPPRGDWH�FRPSOHWHO\�WR�WKH�VXEVWUDWH�E\�HODVWLF�VWUDLQ�
IRUPLQJ� D� SVHXGRPRUSKLF� ILOP� ZLWKRXW� DQ\� GLVORFDWLRQV�� 7KHUH� LV� D
FULWLFDO� PLVILW�� EHORZ� ZKLFK� WKH� PRQROD\HU� LV� SVHXGRPRUSKLF�� ,Q
JHQHUDO�LWV�RUGHU�LV�DERXW�����

)RU�I�����WKH�ILOP�LV�XQGHU�H[SDQVLYH�VWUDLQ�DQG�WKH�FULWLFDO�PLVILW
EHFRPHV�ODUJHU��:KLOH�IRU�I�!���WKH�ILOP�LV�XQGHU�FRPSUHVVLYH�VWUDLQ
DQG�WKH�FULWLFDO�PLVILW�EHFRPHV�VPDOOHU�

,Q� SDUWLFXODU�� WKH� KHWHUROD\HUV� RI� &D)��%D)�� KDYH� D� ODWWLFH
PLVPDWFK� DURXQG� ���� DQG� OHDGV� WR� GLVORFDWLRQV� DW� WKH� LQWHUIDFH�
7KHVH�GLVORFDWLRQV� IRUP�DOUHDG\�GXULQJ�JURZWK�RI� WKH� ILUVW�RU�VHFRQG
PRQROD\HU�
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�����([SHULPHQWDO�6HWXS

�������'HSRVLWLRQ�0HWKRG��0ROHFXODU�%HDP�(SLWD[\��0%(�

0ROHFXODU�EHDP�HSLWD[\��0%(��ZDV�GHYHORSHG�LQ�WKH�HDUO\�����V
DV� D� PHDQV� RI� JURZLQJ� KLJK�SXULW\� HSLWD[LDO� OD\HUV� RI� FRPSRXQG
VHPLFRQGXFWRUV� >����&KR@�>����&KR@��6LQFH�WKDW�WLPH�LW�KDV�HYROYHG�LQWR�D
SRSXODU� WHFKQLTXH� IRU� JURZLQJ� YDULRXV� FRPSRXQG� VHPLFRQGXFWRUV
PDWHULDOV�� DV� ZHOO� DV� VHYHUDO� RWKHU� PDWHULDOV� �PHWDOV�� R[LGHV� «��
$PRQJ� WKH� GLIIHUHQW� FU\VWDO� JURZWK� WHFKQLTXHV�� PROHFXODU� EHDP
HSLWD[\��0%(��UHSUHVHQWV� WKH�EHVW�RQH� LQ�RUGHU�WR�JURZ�PHWDVWDEOH�
YHU\�WKLQ�DQG�KLJKO\�FRQWUROOHG�HSLWD[LDO�OD\HUV�

7KH�ZRUG��HSLWD[\��LV�GHULYHG�IURP�*UHHN�PHDQLQJ��DUUDQJHPHQW
RQ�� DQG� WKHUHIRUH� D� ILOP� RI� PDWHULDO� GHSRVLWHG� XSRQ� D� FU\VWDOOLQH
VXEVWUDWH�LV�VDLG��HSLWD[LDO��LI�LW�UHSHDWV�WKH�FU\VWDOORJUDSKLF�VWUXFWXUH
RI�WKH�VXEVWUDWH�

(SLWD[\�UHIHUV�WR�WKH�RUGHUHG�JURZWK�RI�RQH�FU\VWDO�XSRQ�DQRWKHU
FU\VWDO��%HFDXVH�RI�WKH� ODUJH�UDQJH�RI�SRVVLEOH�FRPSRXQGV�DQG�WKHLU
DOOR\V��LW�LV�UDUH�LQ�GHYLFH�IDEULFDWLRQ�WR�JURZ�EXON�FU\VWDOV�RI�DOO�WKHVH
PDWHULDOV��,QVWHDG��LW�LV�PRUH�DWWUDFWLYH�WR�UHDOL]H�WKH�ZLGHU�UDQJH�RI
PDWHULDOV� E\� HSLWD[LDO� JURZWK�� 7KLV� LV� SDUWO\� GXH� WR� WKH� GLIILFXOWLHV
LQYROYHG� LQ�GHYHORSLQJ�HDV\�EXON� FU\VWDO�JURZWK� WHFKQLTXHV� IRU�HDFK
QHZ�PDWHULDO�DQG�DOVR�EHFDXVH�RI�KLVWRULFDO�UHDVRQV�

0%(�FDQ�SURGXFH�KLJK�TXDOLW\�OD\HUV�ZLWK�YHU\�DEUXSW�LQWHUIDFHV
DQG�JRRG� FRQWURO� RI� WKLFNQHVV��GRSLQJ�� DQG� FRPSRVLWLRQ��%HFDXVH�RI
WKH�KLJK�GHJUHH�RI�FRQWURO�SRVVLEOH�ZLWK�0%(�� LW� LV�D�YDOXDEOH�WRRO� LQ
WKH� GHYHORSPHQW� RI� VRSKLVWLFDWHG� HOHFWURQLF� DQG� RSWRHOHFWURQLF
GHYLFHV�� 8VLQJ� 0%(� DOORZV� RQH� WR� SUHSDUH� WKLQ� FU\VWDOOLQH� ILOPV� RQ
FU\VWDOOLQH�VXEVWUDWHV�XQGHU�XOWUDKLJK�YDFXXP��8+9��FRQGLWLRQV��7KH
ILUVW�LRQ�FRQGXFWRU�KHWHUROD\HUV�ZHUH�SUHSDUHG�E\�6DWD�HW�DO��>����6DWD@�

,Q� WKLV� FKDSWHU�ZH�GLVFXVV�0%(�JURZWK�RI�&D)�� DQG�%D)�� OD\HUV
QHFHVVDU\� IRU� XQGHUVWDQGLQJ� RI� LRQLF� FRQGXFWLYLW\�� ,Q� SDUWLFXODU�� ZH
XVH� WKH� 0%(� WHFKQLTXH� WR� UHDOL]H� WKH� KHWHUROD\HUV� RI� &D)��%DI�� RQ
YDULRXV� VXEVWUDWHV� �$O�2��� 6L�� 1E�GRSHG� 6U7L2��� DQG� GLIIHUHQW
RULHQWDWLRQ� RI� WKH� VXEVWUDWHV�� HSLWD[LDO� JURZQ� ILOPV�ZKRVH� WKLFNQHVV
DQG� HOHPHQWDO� FRPSRVLWLRQ� FDQ� EH� YDULHG� ZLWKLQ� D� YHU\� IHZ� DWRPLF
OD\HUV�� 7KH� LQWHUIDFHV� DUH� DUWLILFLDOO\� WXQHG�� ZLWK� WKH� DLP� RI
XQGHUVWDQGLQJ�WKH�HIIHFWV�RI�WKH�RYHUDOO�LRQ�FRQGXFWLRQ�
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%DVLF�3ULQFLSOHV�RI�0%(

8VLQJ� WKH� 0%(� WHFKQLTXH� WR� SUHSDUH� WKLQ� ILOPV�� VRPH� EDVLF
PRGHOV�DQG�SULQFLSOHV�WXUQHG�RXW�WR�EH�YHU\�XVHIXO� LQ�SUHGLFWLQJ�DQG
XQGHUVWDQGLQJ�HSLWD[LDO�JURZWK�PRGHV�DQG�ILOP�VWUXFWXUHV�

7KH� PROHFXODU� EHDP� FRQGLWLRQ� �ZKHUH� WKH� IUHH� SDWK� RI� WKH
SDUWLFOH�LV�ODUJHU�WKDQ�WKH�JHRPHWULFDO�VL]H�RI�WKH�FKDPEHU��LV�HQVXUHG
IRU� W\SLFDO� GLVWDQFHV� EHWZHHQ� WKH� VRXUFHV� DQG� WKH� VXEVWUDWH�� LI� WKH
WRWDO�SUHVVXUH�GRHV�QRW�H[FHHG������PEDU��+RZHYHU��DOO�0%(�V\VWHPV
DUH�SURYLGHG�ZLWK�D�PHDQV�RI�UHDFKLQJ�DQG�PDLQWDLQLQJ�DQ�XOWUDKLJK
YDFXXP� �DURXQG� ������ PEDU�� DQG� WKH� RSHUDWLRQ� LV� XVXDOO\� RLO�IUHH�
2QH�RI�WKH�UHDVRQV�ZK\�0%(�V\VWHPV�KDYH�WR�EH�RLO�IUHH�LV�WKH�QHHG
WR� HQVXUH� WKDW� WKH� VXEVWUDWH� LV� DWRPLFDOO\� FOHDQ� EHIRUH� JURZWK�� $Q
XOWUDKLJK� YDFXXP� �8+9�� LV� HVVHQWLDO� IRU� JURZLQJ� KLJK�TXDOLW\� ILOPV�
EXW� LW� LV� QRW� D� VXIILFLHQW� FRQGLWLRQ�� WZR� RWKHU� FRQGLWLRQV� QHHG� WR� EH
DSSOLHG�

)LUVW��WKH�LQWHUQDO�SUHVVXUH�UHVXOWV�IURP�FRPSHWLWLRQ�EHWZHHQ�WKH
UDWH�RI�JDV�HYROXWLRQ�DQG�WKH�UDWH�RI�SXPSLQJ��VR�WKDW�LV�QHFHVVDU\�WR
XVH� FRQVWUXFWLRQ� DQG� FUXFLEOH�PDWHULDOV� ZLWK� WKH� ORZHVW� UDWH� RI� JDV
HYROXWLRQ�� 7KH� FUXFLEOH�PDWHULDO� XVHG� IRU� GHSRVLWLRQ� LV� ERURQ� QLWULGH
IRU�%D)�� DQG�JUDSKLWH� IRU�&D)���ZLWFK� FRPELQHV�D� ORZ� UDWH�RI� JDVHV
HYROXWLRQ�ZLWK�ZHDN�FKHPLFDO�DFWLYLW\�LQ�WKH�UDQJH�RI�WHPSHUDWXUH�OHVV
WKDQ������&�

6HFRQG��LW�LV�LPSRUWDQW�WR�HQVXUH�FU\RJHQLF�VFUHHQLQJ�DURXQG�WKH
VXEVWUDWH�VR�DV�WR�PLQLPL]H�VWUD\�IOX[HV�RI�DWRPV�DQG�PROHFXOHV�IURP
WKH�ZDOOV� RI� WKH� FKDPEHU��ZKLFK� DUH� DW� WKH� URRP� WHPSHUDWXUH�� DQG
IURP�WKH�KHDWHG�FRPSRQHQWV�RI�WKH�DSSDUDWXV�
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�������6XEVWUDWH�3UHSDUDWLRQ

$� FOHDQ� VXEVWUDWH� VXUIDFH� LV� DQ� LPSRUWDQW� SUHUHTXLVLWH� IRU
HSLWD[LDO� JURZWK�� VLQFH� FRQWDPLQDQWV� IURP� WKH� DWPRVSKHUH� RU� RWKHU
VRXUFHV�FDQ�HDVLO\�FRQWDPLQDWH�WKH�VRXUFHV�RI�&D)��RU�%D)��DQG�FDXVH
FU\VWDO�GHIHFWV�RU�GHJUDGH�WKH�HOHFWULFDO�FKDUDFWHULVWLFV�RI�WKH�HSLWD[LDO
OD\HU�

7KH�PRXQWHG�VXEVWUDWHV�RQ� WKH�PRO\EGHQXP�EORFN�DUH�SXW� LQWR
WKH� ORDGLQJ� FKDPEHU� DQG� NHSW� LQ� KLJK� YDFXXP� IRU� VHYHUDO� KRXUV� WR
RXWJDV�EHIRUH�PRYLQJ�WKHP�LQWR�WKH�GHSRVLWLRQ�FKDPEHU�

7KH� VXEVWUDWHV� DUH� RXWJDVVHG� DJDLQ� LQ� WKH� PDLQ� FKDPEHU� DW
GLIIHUHQW� WHPSHUDWXUHV��GHSHQGLQJ�RQ�WKH�W\SH�RI�VXEVWUDWHV��EHIRUH
VWDUWLQJ�WKH�GHSRVLWLRQ��7KLV�KDQGOLQJ�ZLOO�UHVXOW�LQ�VRPH�GXVW�RQ�WKH
ZDIHU� VXUIDFH� WKDW� ZLOO� SURGXFH� GHIHFWV�� EXW� ZLWK� SURSHU� FDUH�� WKH
DPRXQW�RI�GXVW�FDQ�EH�UHGXFHG�

7KH�VXEVWUDWH�WHPSHUDWXUH�LV�UDPSHG�XS��DQG�LV�PRQLWRUHG�XVLQJ
D� VSULQJ�ORDGHG� WKHUPRFRXSOH� LQ� YLFLQLW\� RI� WKH�PRO\EGHQXP� KROGHU
7KH� V\VWHP� KDV� D� ZLQGRZ� IDFLQJ� WKH� VDPSOH�� WKHQ� DQ� RSWLFDO
S\URPHWHU� FDQ� EH� XVHG� WR� PHDVXUH� WKH� UHDO� WHPSHUDWXUH� RI� WKH
VXEVWUDWH�

0DWHULDOV�DQG�2ULHQWDWLRQ

7KH�KHWHUROD\HUV�RI�&D)��%D)��ZLWK�GLIIHUHQW� LQWHUIDFLDO�VSDFLQJV
DQG�QXPEHU�RI�LQWHUIDFHV�KDV�EHHQ�SUHSDUHG�RQ�GLIIHUHQW�VXEVWUDWHV�
$O�2�� ������� 6L� ������� 1E�GRSHG� 6U7L2�� ������ 7KHVH� WZR� PDWHULDOV
ZHUH�FKRVHQ�GXH�WR�VRPH�DGYDQWDJHV�

���6DSSKLUH�6XEVWUDWH
,W� KDV� EHHQ� VKRZQ� WKDW� WKH� LRQLF� FRQGXFWLYLW\� RI� &D)��%D)�

KHWHUROD\HUV� ZDV� GRPLQDWHG� E\� LQWHUIDFLDO� HIIHFWV� DQG� FKDUDFWHUL]HG
E\�KLJK�FRQGXFWLYLW\�YDOXHV��SDUWLFXODUO\�LI�WKH�LQWHUIDFLDO�VSDFLQJ�LV�LQ
WKH�VXE�'HE\H�UDQJH�>����6DWD@��7KH�H[FHVV�FRQGXFWLYLW\�FDXVHG�E\�WKH
&D)��%D)��LQWHUIDFH�GRHV�QRW�GHSHQG�XSRQ�WKH�RULHQWDWLRQ�RI�WKH�ILOPV
RU�WKH�VXEVWUDWH�>����*XR�@��7KH�VXEVWUDWH�LWVHOI�FDXVHV�D�VSDFH�FKDUJH
HIIHFW� ZKLFK� DGGV� WR� WKH� RYHUDOO� FRQGXFWDQFH� DV� D� FRQVWDQW
FRQWULEXWLRQ� DQG� LV� RI� WKH� RUGHU� RI� WKH� HIIHFW� RI� D� VLQJOH� &D)��%D)�
LQWHUIDFH� �RU� OHVV��� DQG� KHQFH� WRWDOO\� QHJOLJLEOH� LI� WKH� QXPEHU� RI
&D)��%D)��LQWHUIDFHV�LV�KLJK�



*URZWK�3URFHVVHV�DQG�([SHULPHQWDO�6HWXS 61

,W� ZDV� DOVR� IRXQG� WKDW� WKH� KHWHUROD\HUV� JURZQ� RQ� $O�2�� �����
H[KLELW� D� PD[LPXP� LQWHUIDFLDO� FRQFHQWUDWLRQ� ZKLOH� WKH� RWKHU
KHWHUROD\HUV��JURZQ�RQ�DQRWKHU�$O�2��RULHQWDWLRQ�RU�0J2�VXEVWUDWHV�
VKRZ� GLVWLQFWO\� VPDOOHU� YDOXHV� �DW� ����&�� H�J�� WKH� FRQFHQWUDWLRQ� DW
WKH� $O�2�� ������ VXEVWUDWH� LV� VPDOOHU� E\� RQH� RUGHU� RI� PDJQLWXGH�
>����*XR�@�

1RZ�ZH� DUH� LQ� WKH� SRVLWLRQ� WR� FKRRVH� WKH� VXEVWUDWH� IRU� IXUWKHU
GHSRVLWLRQV�� )URP� QRZ� RQ� DOO� WKH� KHWHUROD\HUV� IRU� SDUDOOHO
PHDVXUHPHQW� KDYH� EHHQ� SUHSDUHG� RQO\� RQ� $O�2�� ������ VXEVWUDWH
�&U\V7HF� .ULVWDOOWHFKQRORJLH�� *HUPDQ\�� DQG� WKH� %D)�� ZDV� WKH� ILUVW
GHSRVLWHG� OD\HU�EHFDXVH�JURZWK�RFFXUV�H[FOXVLYHO\� LQ�������GLUHFWLRQ
DQG�FDQ�EH�REWDLQHG�YHU\�WLQ\�ILOPV�ZLWK�YHU\�VPRRWK�DQG�FRQWLQXRXV
VXUIDFH�

���6LOLFRQ�6XEVWUDWH

7KH�JURZWK�RI�VLQJOH�FU\VWDO�LQVXODWLQJ�ILOPV�RQ�VHPLFRQGXFWRUV�LV
RI� LQWHUHVW�IRU�D�QXPEHU�RI�UHDVRQV�� LQFOXGLQJ�XVH�DV�JDWH� LQVXODWRUV
RU�DV�D�EXIIHU�OD\HU�IRU�RYHUJURZWK�ZLWK�GLIIHUHQW�VHPLFRQGXFWRU�ILOPV�
DQG�EHFDXVH�RI�LQWHUHVWLQJ�VWUXFWXUDO�DQG�HOHFWURQLF�SURSHUWLHV�RI�WKH
LRQLF�FRYDOHQW�LQWHUIDFH�

,Q� WKLV� VWXG\� WKH� ������ RULHQWHG� 6L� VXEVWUDWHV� �:DFNHU�
&KHPLWURQLF�*PE+��ZHUH�XVHG�GXH�WR�WKH�IDFW�WKDW�ILOPV�JURZQ�DUH�RI
EHWWHU�TXDOLW\� WKDQ�RWKHU�RULHQWHG� VXEVWUDWH��SUHVXPDEO\�GXH� WR� WKH
ORZHU�VXUIDFH�HQHUJ\�RI�WKLV�RULHQWDWLRQ�>����5:)@��$W�URRP�WHPSHUDWXUH
WKH�ODWWLFH�FRQVWDQW�RI�&D)��LV�RQO\������KLJKHU�WKDQ�WKDW�RI�6L�������
ZKLOH� WKDW� RI� %D)�� LV� ���� KLJKHU�� 7KH� VXEVWUDWH� VXUIDFH� LV� �����
RULHQWHG�ZLWK�DQ�DFFXUDF\�EHWWHU�WKDQ������

7KH�IOXRULWH�FU\VWDO�VWUXFWXUH�LV�YHU\�VLPLODU�WR�WKH�VWUXFWXUH�RI�6L�
SRWHQWLDOO\� DOORZ� HSLWD[LDO� JURZWK� IRU� ������ VXEVWUDWH� RULHQWDWLRQ�
+RZHYHU�� WKH� WKHUPDO� H[SDQVLRQ� FRHIILFLHQWV� RI� WKH� IOXRULGHV� DUH
DERXW� �� WLPHV� ODUJHU� WKDQ� LQ� 6L� DQG� WKH� ODWWLFH� PLVPDWFK� EHWZHHQ
&D)�� DQG� 6L� LV� DV� KLJK� DV� ����� DW� ����&�� D� W\SLFDO� JURZWK
WHPSHUDWXUH�LQ�0%(�

���6U7L2��&RQGXFWLYH�6XEVWUDWH

7KH�����ZW��1E�GRSHG�6U7L2�� ������ VXEVWUDWHV� �672�1E��ZHUH
XVHG� GXH� WR� WKH� IDFW� WKDW� WKLV� PDWHULDO� KDYH� YHU\� ORZ� UHVLVWLYLW\
FRPSDUHG� WR� &D)�� RU� %D)��� DQG� LW� FDQ� EH� XVHG� DV� WKH� FRXQWHU
HOHFWURGH� IRU� WKH� SHUSHQGLFXODU� PHDVXUHPHQWV�� 7R� HQVXUH� WKDW� ZH
REWDLQ�D�JRRG�HOHFWULFDO�FRQWDFW�RQH�VLGH�RI�WKH�VXEVWUDWH�ZDV�FRYHUHG
E\�&U�$X�
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&OHDQLQJ�3URFHGXUH
7KH� VXUIDFH� SUHSDUDWLRQ� RI� WKH� VXEVWUDWHV� GLIIHUV�� DQG� GLIIHUHQW

FOHDQLQJ� SURFHGXUHV� EHIRUH� ORDGLQJ� VXEVWUDWHV� LQWR� WKH� YDFXXP� DUH
QHFHVVDU\�� )RU� WKLV� FKHPLFDO� DQG� WKHUPDO� FOHDQLQJ�ZHUH� SHUIRUPHG�
7KLV� VHFWLRQ� ZLOO� GLVFXVV� WKH� SDUWV� RI� WKH� SURFHGXUH� ZKLFK� DUH
GLIIHUHQW�

���7KH�VDSSKLUH�VXEVWUDWHV�$O�2��������ZHUH�RSWLFDOO\�SROLVKHG�RQ
RQH� VLGH� DQG� FRDWHG� ZLWK� 7L� ILOPV� RQ� WKH� RWKHU� WR� VWDELOL]H� DQG
KRPRJHQL]H�WKH�WHPSHUDWXUH�

3ULRU�WR�WKH�GHSRVLWLRQ��WKH�VXEVWUDWHV�ZHUH�FOHDQHG�ZLWK�DFHWRQH
LQ�XOWUDVRQLF�EDWK�IRU����PLQ��DW�URRP�WHPSHUDWXUH��GULHG�LQ�QLWURJHQ
LQHUW�DWPRVSKHUH�DQG�PRXQWHG�LQ�WKH�ORDGLQJ�FKDPEHU��$IWHU�UHDFKLQJ
D� JRRG� YDFXXP� WKH� VXEVWUDWHV� DUH� WUDQVIHUUHG� LQWR� WKH� JURZWK
FKDPEHU�DQG�PRYHG�WR�IDFH�WKH�VRXUFHV��7KH�VDPSOHV�WHPSHUDWXUH�LV
LQFUHDVHG�DW�����&�IRU�RXW�JDVVLQJ�DQG�NHSW�IRU�VHYHUDO�KRXUV�LQ�RUGHU
WR�UHPRYH�DOO�WUDFHV�RI�R[\JHQ�RU�RUJDQLF�LPSXULWLHV�IURP�WKH�VXUIDFH�

$IWHU�WKLV�WUHDWPHQW�WKH�VXEVWUDWH�WHPSHUDWXUH�LV�LQFUHDVHG�XQWLO
WKH� GHSRVLWLRQ� WHPSHUDWXUH� DQG� WKH� GHSRVLWLRQ� RI� &D)�� RU� %D)�� KDV
EHHQ�VWDUWHG�

7KH�VDPH�SURFHGXUH�RI�FOHDQLQJ�ZDV�XVHG�IRU�672�1E�VXEVWUDWHV�

��� 7KH� S��W\SH� ������±������ ΩFP�� %�GRSHG� �� DQG� Q��W\SH
��������������� ΩFP�� 3�GRSHG�� ������ RULHQWHG� 6L� VXEVWUDWHV� ZLWK
RIIFXW�DQJOHV�OHVV�WKDQ������DQG�RQH�VLGH�SROLVKHG�ZHUH�XVHG��%HIRUH
FOHDQLQJ� DOO� WKH� 6L� VXEVWUDWHV� ZHUH� FRDWHG� ZLWK� $X� ILOPV� RQ� WKH
XQSROLVKHG� VLGH� LQ� RUGHU� WR� REWDLQ� D� JRRG� FRQWDFW� IRU� WKH� HOHFWULFDO
PHDVXUHPHQWV�

7KHQ�� WKH� VXEVWUDWHV� DUH� FKHPLFDOO\� FOHDQHG� XVLQJ� D� PRGLILHG
5&$�SURFHVV�GHYHORSHG�E\�,VKL]DND�HW�DO�>����,VK@��ZKLFK�OHDYHV�D�WKLQ
SURWHFWLYH�R[LGH�RQ�WKH�VXUIDFHV��$IWHU�WKDW�WKH�VDPSOHV�ZHUH�FOHDQHG
ZLWK�GHLRQLVHG�ZDWHU� IROORZHG�E\�GLSSLQJ� LQ�D�K\GURIOXRULF�DFLG� �+)�
VROXWLRQ� IRU� VXUIDFH� SDVVLYDWLRQ�� 7KH� 6L� ������ VXEVWUDWHV� DUH� WKHQ
LPPHGLDWHO\�LQWURGXFHG�LQ�WKH�ORDGLQJ�FKDPEHU�DQG�RXWJDVVHG�IRU���K
EHIRUH� ORDGLQJ� LQWR� WKH� JURZWK� FKDPEHU�� 1R� FDUERQ� WUDFHV� ZHUH
REVHUYHG�DIWHU�WKH�K\GURJHQ�SDVVLYDWHG�OD\HU�ZDV�GHVRUEHG�IURP�WKH
6L�VXUIDFH�DW� WKH�WHPSHUDWXUHV�RI�����&��3ULRU� WR�JURZWK�� LQVLGH�WKH
XOWUD� KLJK� YDFXXP� �8+9�� V\VWHP�� 6L� ������ VXUIDFHV� DUH� FOHDQHG� E\
DQQHDOLQJ�WKH�VXEVWUDWHV�DW�����&�IRU����PLQ���LQ�RUGHU�WR�UHPRYH�WKH
SURWHFWLYH�R[LGH�OD\HU�DQG�HYDSRUDWH�FRQWDPLQDQWV�IURP�WKH�VXUIDFH�
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$OO� WKH� FKHPLFDOV� XVHG� LQ� WKH� FOHDQLQJ� SURFHGXUH� ZHUH� 9/6,
6HOHFWLSXU�

�������([SHULPHQWDO�6HWXS�RI�WKH�0%(�&KDPEHU

,Q�WKLV�ZRUN�D�VWDWLRQDU\�0%(�FKDPEHU�ZDV�XVHG�WR�SUHSDUH�WKH
&D)��%D)��KHWHUROD\HUV��7KH�JURZWK�FKDPEHU�RI�WKH�0%(�V\VWHP�DQG
VHYHUDO�RI� LWV�VXEV\VWHPV�DUH�VFKHPDWLF� LOOXVWUDWHG�LQ�)LJXUH���������
ZKLOH� LQ� )LJXUH� �������� D� VKRUW� SUHVHQWDWLRQ� RI� WKH� HIIXVLRQ� FHOO
PRXQWHG�LQ�V\VWHP�LV�VKRZQ�

7KH� 0%(� V\VWHP� FRQVLVWV� RI� WZR� PDLQ� YDFXXP� FKDPEHUV�� D
JURZWK� FKDPEHU� DQG� D� ORDG� ORFN� FKDPEHU�� 7KH� ORDGLQJ� FKDPEHU� LV
XVHG�WR�EULQJ�VDPSOHV�LQWR�DQG�RXW�RI�WKH�YDFXXP�HQYLURQPHQW�ZKLOH
PDLQWDLQLQJ� WKH� YDFXXP� LQWHJULW\� RI� WKH� RWKHU� FKDPEHUV� PDFKLQH
ZLWKRXW�RSHQLQJ�WKH�PDLQ�FKDPEHU�WR�DLU��6XEVWUDWHV�DUH�ORDGHG�RQWR
WKH�JURZWK�FKDPEHU�YLD�D�PDJQHWLFDOO\� FRXSOHG� WUDQVIHU� URG� ORFDWHG
LQ� WUDQVSRUW� WXEH�� 7KH� VDPSOH� KROGHU� LV� SRVLWLRQHG� VR� WKDW� WKH
VXEVWUDWH�IDFHV�WKH�PDWHULDO�VRXUFHV�

)LJXUH����������'LDJUDP�RI�WKH�0%(�V\VWHP�JURZWK�FKDPEHU

7KH�FKDPEHUV�DUH�SXPSHG�LQ�VHULHV�ZLWK�WXUER�PROHFXODU�SXPSV
�703��9DULDQ�7XUER�9���/3���ZKLFK�LV�SUHSXPSHG�E\�D�URWDU\�SXPS�

Cryogenic
Pump
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$GGLWLRQDOO\� D� FU\RJHQLF� SXPS� �&U\R�7RUU� +LJK� 9DFXXP� 3XPS�� &7,�
&U\RJHQLFV�� LV� XVHG�� LQ� RUGHU� WR� DFKLHYH� DQ� XOWUDKLJK� YDFXXP�� 7KH
FU\RSXPS�FRQVLVWV�RI�D�FROG�KHDG�ZKLFK�LV�FRROHG�WR���.�E\�PHDQV�RI
D� FORVHG� F\FOH� +H� UHIULJHUDWLRQ� V\VWHP�� $W� WKH� ORZ� WHPSHUDWXUH� RI
DURXQG���.�PRVW�JDVHV��H�J��2���1���&2���FRQGHQVH�DW�WKH�FROG�KHDG�
7KLV�SXPSLQJ�DUUDQJHPHQW�FDQ�NHHS�WKH�SDUWLDO�SUHVVXUH�RI�XQGHVLUHG
JDVHV��WR�OHVV�WKDQ�a������PEDU�

7KH� VXEVWUDWH� KROGHU� SURYLGHV� D�PHFKDQLFDO� VXSSRUW� RI� KROGLQJ
DQG� WUDQVSRUWLQJ� WKH�VXEVWUDWH� LQ�DQG�RXW�RI� WKH�0%(�FKDPEHU��7KH
PDWHULDO�XVHG�LV�0R�ZKLFK�LV�FKDUDFWHUL]HG�E\�D�ORZ�SUHVVXUH�DQG�OLWWOH
RXWJDVVLQJ�� $OO� RWKHU� SDUWV� WKDW� DUH� KHDWHG� DUH� PDGH� RI� PDWHULDOV
VXFK�DV�:��7D��0R��S\URO\WLF� ERURQ�QLWULGH� �3%1��� S\URO\WLF� JUDSKLWH
�3*5�� ZKLFK� GR� QRW� GHFRPSRVH� RU� RXWJDV� LPSXULWLHV� HYHQ� ZKHQ
KHDWHG�WR������&�

7R�PRQLWRU�WKH�UHVLGXDO�JDVHV��WR�DQDO\]H�WKH�VRXUFH�EHDPV��DQG
WR� FKHFN� IRU� OHDNV�� D� TXDGUXSROH�PDVV� VSHFWURPHWHU� �406�� %DO]HUV
3ULVPD�� LV� PRXQWHG� LQ� WKH� YLFLQLW\� RI� HIIXVLRQV� FHOOV�� 7KH� UDWH� RI
HYDSRUDWLRQ� LV� PRQLWRUHG� E\� D� FDOLEUDWHG� TXDUW]� FU\VWDO� WKLFNQHVV
PRQLWRU��$�VKXWWHU�FDQ�EH�XVHG� WR�FRYHU� WKH�VXEVWUDWH�SDUWO\�GXULQJ
WKH�VDPSOH�SUHSDUDWLRQ��7KLV�LV�SDUWLFXODUO\�XVHIXO�IRU�WKH�SUHSDUDWLRQ
RI�ZHGJH�VKDSHG�VDPSOHV�

$Q� LPSRUWDQW�SDUW�RI�DQ�0%(�V\VWHP� LV�HIIXVLRQ�FHOOV�ZKLFK�DUH
XVHG�WR�HYDSRUDWH�WKH�PDWHULDOV��LQ�RXU�FDVH���HIIXVLRQ�FHOOV��RQH�IRU
&D)�� DQG� DQRWKHU� IRU� %D)���� 7KH� HIIXVLRQ� FHOOV� DUH� GHVLJQHG� LQ� D
JHRPHWU\�ZKLFK�DOORZV�PXFK� OHVV� IUHTXHQW�FROOLVLRQV�EHWZHHQ�DWRPV
RI�PDWHULDO�WKDQ�FROOLVLRQV�EHWZHHQ�DWRPV�DQG�WKH�FUXFLEOH�ZDOO��$V�D
UHVXOW�� WKH� IOX[�GLVWULEXWLRQ�RI�HYDSRUDWHG�PDWHULDO� IURP�D�F\OLQGULFDO
HIIXVLRQ�FHOO�LV�D�MHW�OLNH�DQG�FDQ�EH�GHVFULEHG�E\�D�FRVLQH�IXQFWLRQ�



*URZWK�3URFHVVHV�DQG�([SHULPHQWDO�6HWXS 65

)LJXUH� ��������� �D�� 7RS� YLHZ� DQG� �E�� VLGH� YLHZ� RI� DQ� HIIXVLRQ� FHOO
ZLWK�F\OLQGULFDO�S\URO\WLF�ERURQ�QLWULGH��3%1��FUXFLEOH��7KH�FUXFLEOH� LV
KHDWHG� E\�:�ZLUHV� DQG� KHDW�VKLHOGHG� E\� 7D� IRLO�� $� WKHUPRFRXSOH� LV
XVHG�WR�PHDVXUH�WKH�WHPSHUDWXUH�RI�WKH�FUXFLEOH��7KH�HIIXVLRQ�FHOO�LV
PRXQWHG� RQ� D� FRQWDFW� IODQJH�ZLWK� IHHGWKURXJKV� IRU� WKH� KHDWHU�� WKH
WKHUPRFRXSOH�DQG�VKXWWHU�>����6FKX@�

$�VPDOO�GLDJUDP�RI�DQ�HIIXVLRQ�FHOO�PRXQWHG�RQ�D�IODQJH�LV�VKRZQ
LQ�)LJXUH���������

7KH�HVVHQWLDO�SDUWV�RI�VXFK�HIIXVLRQ�FHOO�DUH�WKH�FUXFLEOH��KHDWLQJ
ZLUH��KHDW�VKLHOG�DQG�WKHUPRFRXSOH��,Q�RXU�0%(�V\VWHP��WKH�FUXFLEOH
LV�PDGH�RXW�RI�S\URO\WLF�ERURQ�QLWULGH��3%1��IRU�%D)��GHSRVLWLRQ�DQG�RI
S\URO\WLF�JUDSKLWH��3*5��IRU�&D)���ERWK�ZLWK�F\OLQGULFDOO\�VKDSH

7KH� KHDWHU� RI� WKH� HIIXVLRQ� FHOO� FRQVLVWV� RI� WXQJVWHQ� ZLUH�
PHFKDQLFDOO\�NHSW� LQ�SODFH�E\�ERURQ�QLWULGH�VSDFHUV��'XH� WR� WKH� ORZ
LQGXFWDQFH�RI� WKH�KHDWHU� ILODPHQW� WKH�DOWHUQDWLQJ� FXUUHQW� VXSSOLHV� LV
XVHG� DQG� DOVR� UHGXFH� WKH� PDJQHWLF� ILHOG� ZKLFK� ZRXOG� SHUWXUE� WKH
EHDP�RI�HYDSRUDWHG�PDWHULDO�
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7KH� HIIXVLRQV� FHOOV� DUH� LQGHSHQGHQWO\� KHDWHG� XQWLO� WKH� GHVLUHG
PDWHULDO�IOX[�LV�DFKLHYHG��7KH�FKDQJHV�LQ�WKH�WHPSHUDWXUH�RI�D�FHOO�DV
VPDOO�DV�����&�FDQ�OHDG�WR�IOX[�FKDQJHV�LQ�WKH�RUGHU�RI�RQH�SHUFHQW�
7R�FRQWURO�WHPSHUDWXUHV�WR�DERXW�����KLJKO\�VWDEOH�FRQWURO�ORRSV�ZLWK
7XQJVWHQ�5KHQLXP� WKHUPRFRXSOHV� DQG� SURSRUWLRQ�� LQWHJUDO�� DQG
GHULYDWLYH��3,'��FRQWUROOHUV�DUH�XVHG��7KH�PDWHULDO�VRXUFHV�LQ�WKH�0%(
V\VWHP� DUH� ORFDWHG� DSSUR[LPDWHO\� ��� FP� IURP� WKH� VXEVWUDWH� LQ� WKH
JURZWK�SRVLWLRQ��,Q�SURGXFWLRQ�V\VWHPV��ZKLFK�DUH�GHVLJQHG�IRU�ODUJHU
ZDIHUV�DQG�JUHDWHU�XQLIRUPLW\��WKLV�GLVWDQFH�LV�ODUJHU�

&RPSXWHU� FRQWUROOHG� VKXWWHUV� DUH� SRVLWLRQHG� LQ� IURQW� RI� HDFK� RI
WKH�HIIXVLRQ�FHOOV� WR�EH�DEOH� WR�VKXWWHU� WKH� IOX[�UHDFKLQJ� WKH�VDPSOH
ZLWKLQ�D� IUDFWLRQ�RI�D�VHFRQG��6LQFH�VKXWWHUV� LQ� IURQW�RI� WKH�HIIXVLRQ
FHOOV� UHIOHFW� VRPH� RI� WKH� SRZHU� EDFN� LQWR� WKH� FHOO�� RSHQLQJ� WKH
VKXWWHUV� LV� NQRZQ� WR� FDXVH� IOX[� WUDQVLHQWV� RQ� WKH� RUGHU� RI� D� IHZ
SHUFHQW��7KHVH�WUDQVLHQWV�DUH�GLIILFXOW�WR�PHDVXUH�DQG�GHSHQG�RQ�FHOO
DQG� V\VWHP�VSHFLILF� IDFWRUV� VXFK� DV� WKH� VKXWWHU� W\SH� DQG� ORFDWLRQ�
KHDWHU�HOHPHQW�GHVLJQ��DQG�WKHUPRFRXSOH�SODFHPHQW��$V�D�UHVXOW��WKH
WLPH�UHTXLUHG� WR�RSHQ�DQG� WR�FORVH�D�VKXWWHU�PXVW�EH�PXFK�VKRUWHU
WKDQ�WKH�WLPH�UHTXLUHG�IRU�JURZLQJ�D�PRQROD\HU�RI�WKH�PDWHULDO��7KLV
FRQGLWLRQ�LV�UHTXLUHG�WR�JURZ�VKDUS�LQWHUIDFHV�DQG�YHU\�WKLQ�ILOPV�

������� ;�5D\� 'LIIUDFWLRQ� �;5'�� DQG� $WRPLF� )RUFH� 0LFURVFRS\
�$)0�

,Q� RUGHU� WR� XQGHUVWDQG� JURZWK� SURFHVVHV� DQG� WR� JHW� D� EHWWHU
FKDUDFWHUL]DWLRQ� RI� WKH� ILOPV� REWDLQHG�� DIWHU� GHSRVLWLRQ� WKH� VDPSOHV
ZHUH� DQDO\VHG� E\� ;�UD\� GLIIUDFWLRQ� �;5'�� DQG� DWRPLF� IRUFH
PLFURVFRS\��$)0��

&RQYHQWLRQDO� θθ −2 �VFDQV�ZHUH�SHUIRUPHG�XVLQJ�WKH�&X� αK � OLQH
IRU� ;5'� DQG� UHFRUGHG� E\� 3+,/,36� 3:����� ;5'� VSHFWURPHWHU�� $)0
ZDV�FDUULHG�RXW�RQ�D�72320(75,;�70;�����PLFURVFRSH�RSHUDWHG�LQ
DLU�

$)0� FDQ� SURGXFH� KLJK�UHVROXWLRQ� LPDJHV� RI� WKH� VXUIDFH� RI� WKH
VDPSOH�� 7KH� WLS�VDPSOH� IRUFH� LQ� $)0� LV� W\SLFDOO\� GHWHFWHG� E\
PHDVXULQJ� WKH� EHQGLQJ� RI� D� IOH[LEOH� FDQWLOHYHU� RQ� ZKLFK� WKH� WLS� LV
DWWDFKHG�� $V� WKH� WLS� DSSURDFKHV� WKH� VDPSOH� VXUIDFH�� LW� ILUVW
H[SHULHQFHV�ORJ�UDQJH�IRUFHV��VXFK�DV�YDQ�GHU�:DDOV�DQG�HOHFWURVWDWLF
LQWHUDFWLRQV�� WKHQ� VSHFLILF� ERQGV� EHWZHHQ� WKH� WLS� DQG� WKH� VDPSOH
VXUIDFH��IROORZHG�E\�D�UDSLG�LQFUHDVH�LQ�WKH�UHSXOVLYH�IRUFH��$)0�FDQ
RSHUDWH�LQ�HLWKHU�DWWUDFWLYH�RU�UHSXOVLYH�IRUFH�PRGHV��,Q�WKH�UHSXOVLYH
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PRGH�� RU� FRQWDFW�PRGH� $)0�� WKH� IRUFH� LV� KLJKO\� VWDEOH� DQG� LPDJHV
WKDW�VKRZ�WKH�SHULRGLF�ODWWLFH�VWUXFWXUH�RI�WKH�VDPSOHV�DUH�REWDLQHG�

7KH� LPDJHV� FDQ� VKRZ� SHUIHFWO\� RUGHUHG� DWRPLF� VWUXFWXUHV� RU
HYHQ� GHIHFWV� WKDW� DUH� PXFK� JUHDWHU� WKDQ� DQ� DWRP�� ZKHQ� WKH� QHW
UHSXOVLYH�IRUFH�DSSOLHG�RQ�WKH�VDPSOH�VXUIDFH�E\�WKH�WLS�LV�����Q1�RU
VPDOOHU�

,QFUHDVLQJ�WKH�UHSXOVLYH�IRUFH��WKH�FRQWDFW�DUHD�EHWZHHQ�WKH�WLS
DQG� WKH� VDPSOH� LV� PXFK� JUHDWHU� WKDQ� DQ� DWRP�� 7KH� $)0� LPDJHV�
QHYHUWKHOHVV��VWLOO�VKRZ�ZHOO�RUGHUHG�WZR�GLPHQVLRQDO�ODWWLFH�VWUXFWXUH
RZLQJ�WR�WKH�SHULRGLF�PRGXODWLRQ�RI�WKH�IRUFH�E\�WKH�SHULRGLF�ODWWLFH�RI
WKH� VDPSOH� VXUIDFH�� 7KH� $)0� H[SHULPHQWV� RSHUDWHG� ZLWK� D� FRQWDFW
IRUFH� PXFK� JUHDWHU� WKDQ� ���� Q1� FDQQRW� WUXO\� H[KLELW� DWRPLF
UHVROXWLRQ�

,Q� WKLV� VWXG\� WKH� $)0�PHDVXUHPHQWV�ZHUH� SHUIRUPHG� LQ� DLU� DW
WKH�URRP�WHPSHUDWXUH�DQG�WKH�DSSOLHG�IRUFH�RQ�WKH�WLS�ZDV�RI�RUGHU��
Q1�

�������([SHULPHQWDO�6HWXS�IRU�(OHFWULFDO�0HDVXUHPHQWV

)RU� SDUDOOHO�PHDVXUHPHQWV� WKH� FRQGXFWLYLW\�ZDV� GHWHUPLQHG� E\
D�F�� LPSHGDQFH� VSHFWURVFRS\� DW� GLIIHUHQW� WHPSHUDWXUHV�� XQGHU
FRQVWDQW�IORZ�RI�$UJRQ�DV�VKRZQ�VFKHPDWLFDOO\�LQ�)LJXUH����������7KH
LPSHGDQFH�DQDO\]HU�XVHG�WR�PHDVXUH�WKH� LPSHGDQFH�RI� WKH�VDPSOHV
ZLWK�IUHTXHQFLHV�UDQJLQJ�IURP������WR�����+]�ZDV�1RYRFRQWURO�$OSKD�
$�KLJK�GLHOHFWULF�DQDO\VHU�
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)LJXUH����������6FKHPDWLF�GUDZLQJ�RI�WKH�VHWXS�XVHG�IRU�WKH�SDUDOOHO
PHDVXUHPHQWV�

,Q�)LJXUH���������LV�VFKHPDWLFDOO\�UHSUHVHQWHG�WKH�VHWXS�XVHG�IRU
SDUDOOHO� PHDVXUHPHQWV�� 7KH� WHPSHUDWXUH� FRQWUROOHU� IRU� WKH� KHDWLQJ
V\VWHP�ZDV�(XURWKHUP�������DQG�WR�FRQWURO�WKH�IORZ�RI�$U���������
SXULW\�� LQ� WKH� TXDUW]� WXEH� D� $HUD� 52'��� IORZ� FRQWUROOHU� KDV� EHHQ
XVHG�� ,Q� RUGHU� WR� PHDVXUH� ZLWK� DFFXUDF\� DQG� EHWWHU� FRQWURO� WKH
WHPSHUDWXUH� LQ� V\VWHP�D�1L&U�1L� WKHUPRFRXSOH�ZDV� DWWDFKHG� WR� WKH
EDFN�VLGH�RI�WKH�VDPSOH�

)RU� WKH� SHUSHQGLFXODU� PHDVXUHPHQWV� D� WXQJVWHQ� SUREH� WLS� LQ
FRQQHFWLRQ�ZLWK�D�PLFURPDQLSXODWRU�ZDV�FRPELQHG�ZLWK�DQ�LPSHGDQFH
DQDO\]HU�IRU�WKH�LPSHGDQFH�PHDVXUHPHQWV��ZKLFK�ZHUH�FDUULHG�RXW�DW
YDULHG� WHPSHUDWXUHV� XQGHU� DQ� DUJRQ� DWPRVSKHUH�� 7KH� VFKHPDWLF
GLDJUDP�RI�WKH�PHDVXUHPHQW�VHWXS�LV�VKRZQ�LQ�)LJXUH���������

,PSHGDQFH
DQDO\]HU

6DPSOH 7KHUPRFRXSOH
3W�ZLUHV

+HDWLQJ�V\VWHP

7HPSHUDWXUH
FRQWUROOHU

$UJRQ
IORZ�FRQWUROOHU

&RPSXWHU

4XDUW]�WXEH
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)LJXUH����������6FKHPDWLF�VHWXS�IRU�SHUSHQGLFXODU�PHDVXUHPHQW�
8VLQJ� WKH� SURSHU� HTXLYDOHQW� FLUFXLW� IRU� HDFK� W\SH� RI

PHDVXUHPHQW�� WKH� UHVLVWDQFH� RI� WKH� KHWHUROD\HUV� LV� REWDLQHG� DQG
FRQYHUWHG�WR�WKH�FRQGXFWLYLW\�� Pσ ��

�������,PSHGDQFH�6SHFWURVFRS\�LQ�6ROLG�6WDWH�(OHFWURFKHPLVWU\

,PSHGDQFH� VSHFWURVFRS\� LV� D� SRZHUIXO� PHWKRG� WR� FKDUDFWHULVH
WKH�HOHFWULFDO� SURSHUWLHV�RI�PDWHULDOV� DQG� LQWHUIDFHV� >����0DF@�� ,Q� VROLG
VWDWH�HOHFWURFKHPLVWU\��RQH�W\SLFDOO\�HQFRXQWHUV�VLWXDWLRQV�ZKHUH�WKH
HOHFWULFDO� UHVSRQVH� RI� D� V\VWHP� LV� GHWHUPLQHG� E\� VHYHUDO� VLQJOH
SURFHVVHV�� ,Q� D� JDOYDQLF� FHOO�� IRU� H[DPSOH�� ERWK� WKH� HOHFWURGHV� DQG
WKH� HOHFWURO\WH� FRQWULEXWH� WR� WKH� WRWDO� UHVLVWDQFH�� ,Q� FDVH� RI� D
SRO\FU\VWDOOLQH� HOHFWURO\WH�� WKH� HOHFWURO\WH� UHVLVWDQFH� FRPSULVHV� EXON
DQG�JUDLQ�ERXQGDU\�FRQWULEXWLRQV��DQG�WKH�HOHFWURGH�UHVLVWDQFHV�PD\
EH� FDXVHG� E\� EXON� DV� ZHOO� DV� LQWHUIDFLDO� HIIHFWV�� ,Q� D� FRQYHQWLRQDO�
VWDWLRQDU\� WZR�HOHFWURGH� G�F�� PHDVXUHPHQW�� RQH� RQO\� REWDLQV� WKH
RYHUDOO� VDPSOH� UHVLVWDQFH�� L�H�� WKH� VXP� RYHU� DOO� WKHVH� LQGLYLGXDO
SURFHVVHV�� ,Q� D� IRXU�HOHFWURGH� DUUDQJHPHQW�� WKH� XVH� RI� GLIIHUHQW
HOHFWURGHV�IRU�FXUUHQW�VXSSO\�DQG�YROWDJH�PHDVXUHPHQW�FDQ�HOLPLQDWH
WKH� LQIOXHQFH� RI� WKH� HOHFWURGHV�� 0RUH� GHWDLOHG� LQIRUPDWLRQ� RQ� WKH
HOHFWULFDO�SURSHUWLHV�RI�D�V\VWHP�LV�JHQHUDOO\�SURYLGHG�E\�D�IUHTXHQF\
GHSHQGHQW� PHDVXUHPHQW� RI� WKH� D�F�� UHVLVWDQFH�� ,Q� DQ� LPSHGDQFH
VSHFWURVFRS\� H[SHULPHQW�� D� VPDOO�� DOWHUQDWLQJ� HOHFWULFDO� VLJQDO� LV
DSSOLHG� WR� WKH� VDPSOH�� DQG� LWV� UHVSRQVH� �WKH� UHVXOWLQJ� FXUUHQW� RU
YROWDJH�� LV� PHDVXUHG�� %\� YDU\LQJ� WKH� IUHTXHQF\�� �� RYHU� VHYHUDO
RUGHUV� RI� PDJQLWXGH�� RQH� FDQ� LQ� PDQ\� FDVHV� GLVWLQJXLVK� LQGLYLGXDO
UHVLVWLYH� SURFHVVHV� GXH� WR� GLIIHUHQFHV� LQ� WKHLU� UHOD[DWLRQ� WLPHV�� 7KH
WLPH�UHTXLUHG� IRU�D�SRODULVHG� UHJLRQ� WR�HTXLOLEUDWH�DIWHU�DQ�HOHFWULFDO
SHUWXUEDWLRQ�LV�FKDUDFWHULVWLF�IRU�WKH�VSHFLILF�HOHFWURFKHPLFDO�SURFHVV�
DQG�JLYHQ�WKDW�WKH�UHOD[DWLRQ�WLPHV��RU�IUHTXHQFLHV��RI�WZR�SURFHVVHV
DUH� VXIILFLHQWO\� GLIIHUHQW� WKH\� FDQ� EH� VHSDUDWHO\� PHDVXUHG� E\
LPSHGDQFH�VSHFWURVFRS\��7KH�ODWWHU�FRQGLWLRQ�LV�RIWHQ�IXOILOOHG�LQ�VROLG

&RXQWHU�HOHFWURGH

0LFUR�
PDQLSXODWRU

0LFURVFRSH

0LFURHOHFWURGH

+HDWLQJ�WDEOH
0HWDO�SODWH

6DPSOH
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VWDWH� HOHFWURFKHPLVWU\�� VLQFH� WKH� UHOHYDQW� FKDUDFWHULVWLF� UHOD[DWLRQ
WLPHV� �H�J�� IRU�HOHFWURGH�SURFHVVHV�DV�FRPSDUHG� WR� WUDQVSRUW�DFURVV
JUDLQ� ERXQGDULHV�� W\SLFDOO\� GLIIHU� E\� VHYHUDO� RUGHUV� RI� PDJQLWXGH�
(YHQ� LI� D� VHSDUDWLRQ� LV� LQLWLDOO\� QRW�SRVVLEOH�� RQH� FDQ�RIWHQ� VKLIW� WKH
UHOD[DWLRQ�IUHTXHQFLHV�LQ�D�IDYRUDEOH�ZD\�E\�YDU\LQJ�WKH�H[SHULPHQWDO
FRQGLWLRQV�

7KH� SRWHQWLDO� RI� LPSHGDQFH� VSHFWURVFRS\� LQ� WKH� ILHOG� RI� VROLG
VWDWH� LRQLFV�ZDV� UHDOL]HG� DIWHU� %DXHUOH� >����%DX@� KDG� GHPRQVWUDWHG� LQ
����� WKDW� WKH� WHFKQLTXH� FDQ� GLIIHUHQWLDWH� EHWZHHQ� EXON�� JUDLQ
ERXQGDU\�DQG�HOHFWURGH�UHVLVWDQFHV��7RGD\�� LPSHGDQFH�VSHFWURVFRS\
LV� SUREDEO\� WKH� PRVW� LPSRUWDQW� WRRO� IRU� LQYHVWLJDWLQJ� HOHFWULFDO
WUDQVSRUW� DQG� HOHFWURFKHPLFDO� SURSHUWLHV� RI� LRQLF� VROLGV� >����)OH@�� 7R
GLVSOD\� H[SHULPHQWDO� LPSHGDQFH�GDWD�� GLIIHUHQW� NLQGV� RI� SORWV� EDVHG
RQ� LPSHGDQFH� =� �DGPLWWDQFH� =í��� PRGXOXV� L � =� RU� FRPSOH[
FDSDFLWDQFH��L �=�����DUH�XVHG��0RVW�FRPPRQ�LQ�VROLG�VWDWH�LRQLFV�DUH
UHSUHVHQWDWLRQV� LQ� WKH�FRPSOH[� LPSHGDQFH�SODQH��LPDJLQDU\�YV�� UHDO
SDUW� RI� =� �� RIWHQ� UHIHUUHG� WR� DV� &ROH�&ROH� SORW�� DQG� %RGH�SORWV
�ORJ�=UHDO��RU�ORJ�=LPDJ��YV��ORJ� ���

7KH� LQWHUSUHWDWLRQ� RI� PHDVXUHG� LPSHGDQFH� VSHFWUD� PD\� EH
VLPSOH� WR� H[WUHPHO\� GLIILFXOW�� GHSHQGLQJ� RQ� WKH� FRPSOH[LW\� RI� WKH
LQYHVWLJDWHG� V\VWHP�� 7KH� PRVW� SRSXODU� DSSURDFK� LV� EDVHG� RQ
FRQVWUXFWLQJ� DQ� HOHFWULFDO� QHWZRUN� UHSUHVHQWDWLRQ�� D� VR�FDOOHG
HTXLYDOHQW� FLUFXLW�� 6XFK� D� QHWZRUN� PRGHO�� ZKLFK� PD\� FRQVLVW� RI
UHVLVWRUV�5��FDSDFLWRUV�&�DQG�RWKHU�HOHPHQWV��KDV�WR�DSSUR[LPDWH�WKH
PHDVXUHG�=�� ���ZHOO�RYHU�WKH�ZKROH�IUHTXHQF\�UDQJH��7KH�VLPSOHVW
FDVH� LV� D� VLQJOH� 5&�HOHPHQW�� L�H�� RQH� UHVLVWRU� DQG� RQH� FDSDFLWRU� LQ
SDUDOOHO��ZLWK�LPSHGDQFH�

5&L�
5=5&
ω+

= �����

,Q� WKH� FRPSOH[� LPSHGDQFH� SODQH�� VXFK� LPSHGDQFH� \LHOGV� D
VHPLFLUFOH�ZLWK�GLDPHWHU�5��)LJ��������D���,W� LV�FOHDU�WKDW� LQ�WKH�OLPLW

�→ω � WKH� LQIOXHQFH� RI� WKH� FDSDFLWDQFH� KDV� WR� YDQLVK�� DQG� WKH� G�F�
UHVLVWDQFH�5� LV� REWDLQHG��$W� KLJKHU� IUHTXHQFLHV�� WKH� UHDO� SDUW� RI� WKH
LPSHGDQFH� =UHDO� GHFUHDVHV� GXH� WR� WKH� GLHOHFWULF� ³RSHQLQJ´� RI� WKH
FDSDFLWDQFH��GLVSODFHPHQW�FXUUHQW���ZKHUHDV�WKH�LPDJLQDU\�SDUW�=LPDJ
�RU� WKH�SKDVH� VKLIW� EHWZHHQ� WKH� FXUUHQWV�JRLQJ� WKURXJK� WKH� UHVLVWRU
DQG�WKH�FDSDFLWRU��LQFUHDVHV��7KH�IUHTXHQF\�ZKHUH�WKHVH�WZR�FXUUHQWV
DUH� HTXDO� DQG� WKH� LPDJLQDU\� SDUW� RI� WKH� LPSHGDQFH� UHDFKHV� LWV
PD[LPXP� LV� WKH� UHOD[DWLRQ� IUHTXHQF\�� 5�� RI� WKH� 5&� HOHPHQW�� ,W� LV
JLYHQ�E\�

5&
�

5 =ω �����
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7ZR�VHULDO�5&�HOHPHQWV�OHDG�WR�WZR�ZHOO�VHSDUDWHG�VHPLFLUFOHV�LQ
WKH� FRPSOH[� LPSHGDQFH� SODQH� LI� WKHLU� UHOD[DWLRQ� IUHTXHQFLHV� DUH
VXIILFLHQWO\� GLIIHUHQW� �)LJ��������E��� ,Q� D� UHDO� V\VWHP�� WKLV� PD\� IRU
H[DPSOH� EH� UHDOL]HG� E\� D� ODUJH� GLIIHUHQFH� LQ� WKH� PDJQLWXGH� RI� WKH
FDSDFLWDQFHV� DQG� VLPLODU� YDOXHV� IRU� WKH� UHVLVWDQFHV�� +HQFH�� LI� D
PHDVXUHPHQW� \LHOGV� RQH� RU� VHYHUDO� ZHOO�VHSDUDWHG� VHPLFLUFOHV�� WKH
UHVLVWDQFHV� DQG� UHOD[DWLRQ� IUHTXHQFLHV� RI� WKH� XQGHUO\LQJ� SURFHVVHV
FDQ� LPPHGLDWHO\� EH� UHDG� IURP� WKH� &ROH�&ROH� SORW�� DQG� WKXV� D
FDSDFLWDQFH�FDQ�EH�FDOFXODWHG� IRU�HDFK�SURFHVV��7KH�PDJQLWXGH�RI�D
FDSDFLWDQFH�LV�RIWHQ�DOUHDG\�D�VWURQJ�LQGLFDWLRQ�RI�LWV�SK\VLFDO�RULJLQ�

)LJ����������6LPXODWHG�LPSHGDQFH�VSHFWUD�RI�RQH�5&�HOHPHQW��D��DQG
WZR� VHULDO� 5&� HOHPHQWV� ZLWK� VXEVWDQWLDOO\� GLIIHUHQW� UHOD[DWLRQ� WLPHV
�E���SDUDPHWHUV��5� �����N ��&� ��� )��5�� ����N ��5�� ����N ��&�
 ���Q)��&�� ���� )��IUHTXHQF\�UDQJH�������������+]�

,Q� PDQ\� VLWXDWLRQV�� KRZHYHU�� WKH� UHTXLUHG� HTXLYDOHQW� FLUFXLW
UHSUHVHQWDWLRQ� DQG� WKXV� WKH� LQWHUSUHWDWLRQ� RI� LPSHGDQFH� VSHFWUD� LV
PRUH� FRPSOLFDWHG�� 6RPH� RI� WKH� GLIILFXOWLHV� IUHTXHQWO\� HQFRXQWHUHG
ZKHQ�LQWHUSUHWLQJ�LPSHGDQFH�VSHFWUD�VKDOO�EULHIO\�EH�PHQWLRQHG�LQ�WKH
IROORZLQJ�

2EYLRXVO\��GLIILFXOWLHV�HPHUJH�LI�WZR�VHULDO�SURFHVVHV�KDYH�VLPLODU
UHOD[DWLRQ� IUHTXHQFLHV�� ,Q� VXFK� D� FDVH� WKH� WZR� VHPLFLUFOHV� RYHUODS�
DQG� WKH� UHVXOWLQJ� LPSHGDQFH� EHKDYLRXU� PD\� DSSHDU� DV� D� VLQJOH�
GLVWRUWHG�DUF�LQ�WKH�FRPSOH[�LPSHGDQFH�SODQH�>����)OH@��7KH�GHFLVLRQ�RQ
ZKHWKHU� RU� QRW� VXFK� D� GLVWRUWHG� VHPLFLUFOH� FRQVLVWV� RI� WZR
FRPSRQHQWV� LV� DJJUDYDWHG� E\� WKH� HPSLULFDO� IDFW� WKDW� H[SHULPHQWDO
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VHPLFLUFOHV�DUH�DOZD\V�³QRQ�LGHDO´�WR�VRPH�GHJUHH�� L�H��PRUH�RU� OHVV
GHSUHVVHG�� HYHQ� LI� WKH\� DUH� FDXVHG� E\� D� ³VLQJOH´� HOHFWURFKHPLFDO
SURFHVV��$SSDUHQWO\��DQ�5&�HOHPHQW�JHQHUDOO\�RYHUVLPSOLILHV�WKH�UHDO
VLWXDWLRQ��$�SDWK�IUHTXHQWO\�IROORZHG�LQ�RUGHU�WR�GHDO�ZLWK�GHSUHVVHG
VHPLFLUFOHV�LV�WR�UHSODFH�WKH�FDSDFLWRU�RI�DQ�5&�HOHPHQW�E\�D�VR�FDOOHG
FRQVWDQW�SKDVH�HOHPHQW�4��ZLWK�LPSHGDQFH�

( )Q4 L4
�=
ω

= �����

$� FRQVWDQW� SKDVH� HOHPHQW� PD\� WKXV� EH� UHJDUGHG� DV� D
JHQHUDOL]DWLRQ� RI� D� FDSDFLWDQFH�� ZKLFK� WDNHV� DFFRXQW� RI� WKH� ³QRQ�
LGHDOLW\´�RI�H[SHULPHQWDOO\�REVHUYHG�VHPLFLUFOHV��7KH�SDUDPHWHU�Q��D
FRQVWDQW�GHILQHG�E\�(T�������� LV�HVVHQWLDOO\�D�PHDVXUH�RI�WKH�GHJUHH
RI�³GHSUHVVLRQ´�RI�VXFK�DQ�DUF��)RU�Q� ����WKH�FRQVWDQW�SKDVH�HOHPHQW
LV�LGHQWLFDO�WR�D�FDSDFLWDQFH��FRUUHVSRQGLQJ�WR�D�SHUIHFW�VHPLFLUFOH�LQ
WKH� &ROH�&ROH� SORW�� )RU� Q� �� ��� RQH� REWDLQV�PRUH� RU� OHVV� GHSUHVVHG
DUFV��%\� LQWURGXFLQJ�FRQVWDQW�SKDVH�HOHPHQWV�RQH�FDQ�RIWHQ�DFKLHYH
DQ�DFFXUDWH�ILWWLQJ�DOVR�IRU�QRQLGHDO�LPSHGDQFH�DUFV��)URP�WKH�ILWWLQJ
SDUDPHWHUV� 4� DQG� Q�� D� FDSDFLWDQFH� &� FDQ� WKHQ� EH� FDOFXODWHG
DFFRUGLQJ�WR�

( ) Q�Q� 45& −= �����

,W� PLJKW� EH� LQWHUHVWLQJ� WR� QRWH� WKDW� WKH� LPSHGDQFH� RI� DQ� 54
HOHPHQW�FDQ�EH�H[SUHVVHG�DV�DQ�LQWHJUDO�RYHU�ZHLJKWHG�5&�HOHPHQWV
>����&ROH@�>����-DP@

∫
∞

∞− +
= GV�V�)�V�5&L�

5=54
ω

�����

ZLWK� ( ) VQ�Q� H45�V�& −= �DQG
( ) �����Q�FRV���QV��FRVK��V��Q�VLQ����V�) � πππ −−−= −

7KH� ZHLJKW� IXQFWLRQ� )�V�� KDV� LWV� PD[LPXP� DW� V�  � ��� L�H�� WKH
FDSDFLWDQFH� RI� (T������� FRUUHVSRQGV� WR� WKH� 5&� HOHPHQW� ZLWK� WKH
KLJKHVW�ZHLJKW�LQ�WKH�LQWHJUDO��(T�������LV�WKHUHIRUH�DQ�DSSUR[LPDWLRQ�
ZKLFK�EHFRPHV�PRUH�DFFXUDWH�DV� �Q → �

5HYLHZLQJ�WKH�OLWHUDWXUH�LQ�WKH�ILHOG�RI�VROLG�VWDWH�LRQLFV��RQH�ILQGV
WKDW�HTXLYDOHQW�FLUFXLWV�DUH�IUHTXHQWO\�SURSRVHG�µDG�KRF¶�DQG�WHVWHG�LQ
WHUPV� RI� WKHLU� DSSDUHQW� DJUHHPHQW� ZLWK� WKH� PHDVXUHG� VSHFWUD�
,QWXLWLYHO\��D�JRRG�FRUUHVSRQGHQFH�EHWZHHQ�H[SHULPHQWDO�GDWD�DQG�ILW
FXUYH�PD\�WKHQ�EH�WDNHQ�DV�D�FRQILUPDWLRQ�WKDW�WKH�SURSRVHG�FLUFXLW
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SURYLGHV�D�JRRG�GHVFULSWLRQ�RI�WKH�V\VWHP�XQGHU�LQYHVWLJDWLRQ��6XFK�D
FRXUVH� RI� DFWLRQ�� KRZHYHU�� PD\� EH� SUREOHPDWLF� VLQFH� HYHQ� DQ
H[FHOOHQW� ILW�� L�H�� YHU\� FORVH� DJUHHPHQW� RI� H[SHULPHQWDO� GDWD� DQG� ILW
FXUYH�RYHU�D�ZLGH�IUHTXHQF\�UDQJH��LV�LQ�JHQHUDO�LQVXIILFLHQW�SURRI�IRU
WKH�FRUUHFWQHVV�RI�D�PRGHO��7KH�UHDVRQ�LV�WKDW�HTXLYDOHQW�FLUFXLWV�DUH
RIWHQ� QRW� XQLTXH�� :HOO�NQRZQ� DUH� WKH� FDVHV� ZKHUH� WZR� �RU� PRUH�
SK\VLFDOO\�GLIIHUHQW�HTXLYDOHQW�FLUFXLWV�DUH�µPDWKHPDWLFDOO\�HTXLYDOHQW¶
LQ� WHUPV� RI� WKHLU� RYHUDOO� UHVSRQVH�� L�H�� WKH� VDPH� IUHTXHQF\
GHSHQGHQFH� RI� WKH� LPSHGDQFH� ��L=��=��= LPDJUHDO ωωω += FDQ� EH
REWDLQHG�ZLWK�ERWK�FLUFXLWV��KRZHYHU� LQ�JHQHUDO�ZLWK�GLIIHUHQW�YDOXHV
IRU� WKH� LQGLYLGXDO� FLUFXLW� HOHPHQWV�� $Q� H[DPSOH� LV� VKRZQ� LQ� )LJ���
2EYLRXVO\�� VXFK�D� VLWXDWLRQ�HDVLO\� OHDGV� WR�PLVLQWHUSUHWDWLRQV��7KHVH
ODVW� UHPDUNV� DUH� LQWHQGHG� WR� VKRZ� WKDW� JUHDW� FDUH� KDV� WR� EH� WDNHQ
ZKHQHYHU� LQWHUSUHWDWLRQV�RI�H[SHULPHQWDO� LPSHGDQFH�GDWD�DUH�EDVHG
RQ� DG�KRF� LQWURGXFHG� HTXLYDOHQW� FLUFXLWV�� ,W� LV� DOZD\V� QHFHVVDU\� WR
YDOLGDWH� VXFK� LQWHUSUHWDWLRQV� E\� DGGLWLRQDO� FRQVLVWHQF\� FKHFNV�
LQFOXGLQJ�D�ZLGH�SDUDPHWHU�YDULDWLRQ��WR�VHH�ZKHWKHU�WKH�GHSHQGHQFH
RI�WKH�REWDLQHG�ILWWLQJ�SDUDPHWHU�YDOXHV�RQ�H[SHULPHQWDO�FRQGLWLRQV�LV
UHDVRQDEOH�� ,GHDOO\��RQH� ILQGV�D�ZD\� WR�GHULYH� UDWKHU� WKDQ�SRVWXODWH
DQ�HTXLYDOHQW�FLUFXLW�IURP�D�PRUH�JHQHUDO�GHVFULSWLRQ�

)LJ����������([DPSOH�IRU�WZR�³PDWKHPDWLFDOO\�HTXLYDOHQW´�FLUFXLWV
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&KDSWHU��
([SHULPHQWDO�5HVXOWV

'LIIHUHQW�H[SHULPHQWDO�LQYHVWLJDWLRQV��LQYROYLQJ�VWDWLF�WHFKQLTXHV
VXFK�DV�RSWLFDO� VSHFWURVFRS\�DV�ZHOO�DV�G\QDPLF� WHFKQLTXHV�VXFK�DV
HOHFWULFDO� FRQGXFWLYLW\�� WKHUPDO� GHSRODUL]DWLRQ�� GLHOHFWULF� UHOD[DWLRQ�
QXFOHDU�PDJQHWLF� UHVRQDQFH� ���)�105��KDYH�EHHQ�XVHG� IRU� VWXG\LQJ
LRQ�FRQGXFWRUV�&D)��DQG�%D)���7KH�VWDWLF�PHWKRGV�SURYLGH�LQIRUPDWLRQ
DERXW� WKH� QDWXUH� DQG� VLWH� V\PPHWU\� RI� WKH� GHIHFWV�� ZKHUHDV� WKH
G\QDPLF� RQHV� PHDVXUH� SURSHUWLHV� VXFK� DV� GLIIXVLRQ� FRQVWDQW� DQG
DFWLYDWLRQ� HQHUJ\�� 7KH� VWUXFWXUDO� DQG� WUDQVSRUW� SURSHUWLHV� ZHUH
LQYHVWLJDWHG�DOVR�E\�FRPSXWHU�VLPXODWLRQ�PHWKRGV�

:KLOH� WKH� LQFUHDVH�RI� WKH�SDUDOOHO� FRQGXFWLYLW\� RI� WKH�&D)��%D)�
KHWHUROD\HUV�ZLWK� SHULRGV� ODUJHU� WKDQ���QP�FRXOG� EH� LQWHUSUHWHG� E\
VHPL�LQILQLWH� VSDFH� FKDUJHV�� WKH� HIIHFWV� DUH� PRUH� VXEWOH� ZKHQ� WKH
LQGLYLGXDO�OD\HU�WKLFNQHVV�LV�OHVV�WKDQ���QP��$W�VXFK�WKLFNQHVV��VLQJOH
OD\HUV� ORVH� WKHLU� LQGLYLGXDOLW\� DQG� DQ� DUWLILFLDO� LRQLFDOO\� FRQGXFWLQJ
PDWHULDO� ZLWK� DQRPDORXV� WUDQVSRUW� SURSHUWLHV� LV� JHQHUDWHG� >����-DP@�
7KH� UHVXOWV� GHPRQVWUDWH� PHVRVFRSLF� LRQ� FRQGXFWLYLW\� HIIHFW� LQ
QDQRV\VWHPV� �H[WUHPHO\� WKLQ� ILOPV�� QDQRFU\VWDOOLQH� PDWHULDOV��� 7KH
RULJLQ� RI� HQKDQFHG� LRQLF� FRQGXFWLRQ� LV� QRW� ZHOO� XQGHUVWRRG�� EXW� DQ
LQWHUIDFLDO�PHFKDQLVP�LV�FOHDUO\�LPSOLHG��$V�UHJDUGV�WKH�VSDFH�FKDUJH
LQGXFLQJ�PHFKDQLVP�WZR�FDQ�DSSO\���L��D� −) �WUDQVIHU�IURP�RQH�SKDVH
WR� WKH� DQRWKHU�� �LL�� D� FKDUJLQJ� RI� WKH� LQWHUIDFH� RI� RI� RWKHU� KLJKHU
GLPHQVLRQDO�GHIHFWV��VXFK�DV�GLVORFDWLRQV�

7KH�OD\HU�VWUXFWXUH�DQG�WKH�IRUPDWLRQ�RI�H[WHQGHG�FU\VWDO�GHIHFWV
KDYH� VWURQJ� LQIOXHQFHV� RQ� WKH� GHQVLW\� DQG� WKH� PRELOLW\� RI� FKDUJH
FDUULHUV�LQ�WKH�PXOWLOD\HUV�WKDW�DGG�WR�WKH�SXUHO\�FKHPLFDO�HIIHFWV��,Q
RUGHU� WR� REWDLQ� PRUH� IXQGDPHQWDO� LQVLJKW� LQWR� FRQGXFWLYLW\� HIIHFWV�
WKHUH� DUH� VWLOO� VRPH� SRLQWV� WR� EH� FODULILHG�� ���� WKH� GHWDLOHG
XQGHUVWDQGLQJ� RI� WKH� PHVRVFRSLF� VLWXDWLRQ�� ���� WKH� FRQWULEXWLRQ� RI
HOHFWURQLF� FDUULHUV�� ���� WKH� DQQHDOLQJ� HIIHFWV�� 7R� XQGHUVWDQG� WKHVH
HIIHFWV�LQ�GHSWK��HOHFWULFDO�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�RQ�SDUDOOHO
�DORQJ� WKH� LQWHUIDFHV�� DQG� SHUSHQGLFXODU� �WR� WKH� LQWHUIDFHV�
FRQILJXUDWLRQ� RI� WKH� KHWHURVWUXFWXUHV�� DQG� DOVR� PHDVXUHPHQWV� RQ
VLQJOH�FU\VWDOV�
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�����6LQJOH�&U\VWDO�0HDVXUHPHQW

7KH�SXUSRVH�RI�WKLV�H[SHULPHQW�LV�WR�VWXG\�WKH�LRQLF�FRQGXFWLYLW\
RI�IOXRULWH�W\SH�FU\VWDOV�&D)��DQG�%D)��DQG�WR�GHWHUPLQH�WKH�HIIHFWLYH
OHYHO�RI�LPSXULWLHV��$V�WKH�ODWHU�LV�GLIILFXOW�WR�REWDLQ�RWKHUZLVH��WKLV�LV�D
QDWXUDO�SDUDPHWHU�IRU�ILWWLQJ�WKH�H[SHULPHQWDO�UHVXOWV�REWDLQHG�RQ�WKLQ
ILOPV��7KH�FRQGXFWLYLW\�PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�RQ�VSHFLPHQV
ZKR� ZHUH� FXW� IURP� D� SDUW� RI� VLQJOH� FU\VWDOV� FRPPHUFLDOO\� DYDLODEOH
ZLWK���������SXULW\��&U\VWDO�*PE+��*HUPDQ\��

7KH�VDPSOHV�ZHUH�SROLVKHG�DQG�FOHDQHG�LQ�DFHWRQH�E\�XOWUDVRXQG
EDWK��7KH�WKLFNQHVV�DQG�VXUIDFH�DUHD�RI�WKH�VDPSOHV�ZHUH���PP�DQG
�[��PP��� UHVSHFWLYHO\�� 2Q� ERWK� VLGHV� RI� WKH� VDPSOHV� 3W� HOHFWURGHV
ZHUH� GHSRVLWHG� E\� G�F�� VSXWWHULQJ� DW� URRP� WHPSHUDWXUH�� 7KH
FRQGXFWLYLW\� ZDV� GHWHUPLQHG� E\� D�F�� LPSHGDQFH� VSHFWURVFRS\� DW
GLIIHUHQW� WHPSHUDWXUHV�EHWZHHQ�����&±����&�ZLWK� IUHTXHQFLHV� IURP
��WR�����+]��XQGHU�FRQVWDQW�IORZ�RI�$UJRQ�

)LJXUH��������$UUKHQLXV�SORWV�RI�WKH�FRQGXFWLYLW\�IRU�VLQJOH�FU\VWDOV�RI
%D)��DQG�&D)��

7KH� VSHFLILF� HOHFWULFDO� FRQGXFWLYLW\� RI� &D)��� DQG� %D)�� LQ� WKH
FU\VWDOOLQH� VWDWH� LV� VKRZQ� LQ� )LJXUH� ������� )RU� FRPSDULVRQ� WKH
PHDVXUHG� SDUDOOHO� FRQGXFWLYLW\� RI� WZR� WKLQ� ILOPV� ����QP� WKLFNQHVV�
%D)��DQG��UHVSHFWLYHO\��&D)���DUH�DOVR�GUDZQ�
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,Q�RUGHU�WR�GHWHUPLQH�WKH�FRQFHQWUDWLRQ�RI�LPSXULWLHV�LQ�H[WULQVLF
UHJLRQ� WKH� FDOFXODWLRQ� XVHV� SXEOLVKHG� GDWD� RQ� GHIHFW� IRUPDWLRQ� DQG
PRELOLW\� IRU� %D)�� IURP� 5HI�� >����%ROO�@�� >����%ROO�@�� >����%DUV�@
DQG�>����%DUV�@�DQG�IRU�&D)��IURP�5HI��>����%ROO�@�DQG�>����%ROO�@
DV�VKRZQ�LQ�7DEOH������%RWK�VHWV�RI�WKH�OLWHUDWXUH�GDWD�ZHUH�XVHG�LQ
RUGHU�WR�REWDLQ�WKH�FRQWHQW�RI�LPSXULWLHV�DQG�WR�PDNH�D�FRPSDUDWLRQ
EHWZHHQ�WKHP�

)RU� ERWK� PDWHULDOV�� %D)�� RU� &D)��� WKH� PDMRU� LPSXULWLHV� FDQ� EH
DVVXPHG�WR�EH�R[\JHQ�GHIHFWV��Q 


)2 ���7KLV�LV�D�UHDOLVWLF�DVVXPSWLRQ
IRU� WKH� VLQJOH� FU\VWDOV�� EXW� IRU� WKH� FDVH� RI� WKLQ� ILOPV�� GXULQJ
SUHSDUDWLRQ� LQ� PDLQ� FKDPEHU� RI� WKH� 0%(�� RWKHU� LPSXULWLHV� FDQ� EH
LQFRUSRUDWHG�DV�ZHOO��,Q�WKLV�FDVH�WKH�FRQGXFWLYLW\�LV�JLYHQ�E\�

LLYY QHXQHX +=σ

ZKHUH�QY�DQG�QL�UHSUHVHQW�FRQFHQWUDWLRQV�RI�IOXRULQH�LRQ�YDFDQFLHV
DQG�LQWHUVWLWLDO�IOXRULQH�LRQV��UHVSHFWLYHO\�

)URP�WKH�HOHFWURQHXWUDOLW\�FRQGLWLRQ�LQFOXGLQJ� 

)2 �

Y LQ  Q�Q
DQG�IURP�)UHQNHO�UHODWLRQ�

)LY .QQ =⋅

ZKHUH�.)�LV�WKH�)UHQNHO�FRQVWDQW�
7KH�FRQGXFWLYLW\�FDQ�QRZ�EH�ZULWWHQ�

( ) ( )( )σ = + + + − + +� �
Y ) L )H X Q �� Q � � . X Q �� Q � � .

)LJXUH�������VKRZV�WKDW�LQ�WKH�FDVH�RI�%D)��WKH�ILW�XVLQJ�WKH�GDWD
IURP�5HI��>����%ROO�@�DQG�>����%ROO�@��EOXH�FXUYH��LV�DOPRVW�SHUIHFW
LQGLFDWLQJ�D��VLQJO\�FKDUJHG��LPSXULW\�FRQWHQW�RI����[�����FP����8VLQJ
WKH� GDWD� IURP�5HI�� IURP�5HI�� >����%DUV�@� DQG� >����%DUV�@� D� JRRG
DJUHHPHQW� ZLWK� WKH� PHDVXUHG� FRQGXFWLYLW\� LV� REWDLQHG�� 7KH
GLIIHUHQFHV� FDQ� RFFXU� GXH� WR� GLIIHUHQW� YDOXHV� LQ� WKH�PRELOLW\� RI� WKH
FDUULHUV�

,Q� WKH� FDVH� RI� &D)�� WKH� ILW� LV� JRRG� RQO\� IRU� WKH� WHPSHUDWXUHV
DERYH� ����&� �JUHHQ� FXUYH� LQ� )LJ�� �������� %HORZ� ����&� LPSXULW\
DVVRFLDWLRQ�PD\�FRPSOLFDWH�WKH�VLWXDWLRQ�
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&RPSRXQG %D)� &D)�
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7DEOH� ����� 7KH� OLWHUDWXUH� GDWD� RQ� WKH� FRQFHQWUDWLRQ� RI� WKH� LQWULQVLF
GHIHFWV��WKH�GHIHFW�IRUPDWLRQ�HQHUJ\�DQG�PRELOLW\�IRU�%D)��DQG�&D)��
�D�� IURP� 5HI�� >����%ROO�@� DQG� >����%ROO�@�� DQG� �E�� IURP� 5HI�
>����%DUV�@�DQG�>����%DUV�@�
ZKHUH�Q)� LV�GHQVLW\�RI�DQWL�)UHQNHO�GHIHFWV��XY�DQG�XL�PRELOLW\�RI� WKH
IOXRULQH�LRQ�YDFDQFLHV�DQG�RI�WKH�LQWHUVWLWLDO�IOXRULQH�LRQV��UHVSHFWLYHO\�
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BaF
2
 single crystal

)LJXUH� ������� 7HPSHUDWXUH� GHSHQGHQFH� RI� WKH� PHDVXUHG� DQLRQLF
FRQGXFWLYLW\� RI� WKH� %D)�� �RSHQ� VTXDUHV��� WRJHWKHU� ZLWK� UHVXOW� IURP
ILWWLQJ�ZLWK� DQ� LPSXULW\� FRQWHQW� RI� �[����� FP��� XVLQJ� WKH� GDWD� IURP
5HI��>����%ROO�@�DQG�>����%ROO�@��EOXH�OLQH���DQG�DQ�LPSXULW\�OHYHO�RI
�����XVLQJ�GDWD�IURP�5HI��>����%DUV�@�DQG�>����%DUV�@��UHG�OLQH��
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1.0 1.5 2.0 2.5
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10-4
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103 T-1 (K-1)

CaF
2
 single crystal

)LJXUH� ������� 7HPSHUDWXUH� GHSHQGHQFH� RI� WKH� PHDVXUHG� DQLRQLF
FRQGXFWLYLW\� RI� WKH� &D)�� �RSHQ� FLUFOHV��� WRJHWKHU� ZLWK� UHVXOW� IURP
ILWWLQJ�ZLWK� DQ� LPSXULW\� FRQWHQW� RI� �[����� FP��� XVLQJ� WKH� GDWD� IURP
5HI��>����%ROO�@�DQG�>����%ROO�@��JUHHQ�OLQH��
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�����+HWHUROD\HUV�RI�&D)��%D)�

�������3DUDOOHO�0HDVXUHPHQWV

)RU�DOO�SDUDOOHO�PHDVXUHPHQWV�&D)��%D)��VDPSOHV�ZHUH�JURZQ�RQ
$O�2��������VXEVWUDWHV�E\�0%(�WHFKQLTXH�LQ�D�KLJK�YDFXXP�FKDPEHU
ZLWK�D�EDVH�SUHVVXUH�RI������PEDU��3ULRU� WR�GHSRVLWLRQ��DOO� WKH�$O�2�
VXEVWUDWHV� ZHUH� RSWLFDOO\� SROLVKHG� RQ� RQH� VLGH� DQG� FRDWHG� ZLWK� 7L
ILOPV�RQ�WKH�RWKHU�VLGH�WR�VWDELOL]H�DQG�KRPRJHQL]H�WKH�WHPSHUDWXUH�
6LQJOH�FU\VWDOV�RI�&D)��DQG�%D)��ZHUH�VXEOLPHG�DW�������&�DQG������
&�� UHVSHFWLYHO\��)RU�DOO� WKH�VDPSOHV��%D)��ZDV�GHSRVLWHG�DV� WKH� ILUVW
OD\HU�EHFDXVH��LQ�FRQWUDVW�WR�&D)���JURZWK�RFFXUV�H[FOXVLYHO\�LQ�>���@
GLUHFWLRQ�� 'XULQJ� JURZWK�� WKH� VXEVWUDWH� WHPSHUDWXUH� ZDV� NHSW� DW
����&��DQG�WKH�JURZWK�UDWH�ZDV�DERXW���QP�PLQ�>����6DWD@�>����6DWD@�

���������7KLFNQHVV�DQG�7HPSHUDWXUH�'HSHQGHQFH

,Q�RUGHU�WR�REWDLQ�PRUH�IXQGDPHQWDO�LQVLJKW�LQWR�LRQLF�SURFHVVHV�
WKHUH� DUH� VWLOO� VRPH� SRLQWV� WR� EH� LQYHVWLJDWHG� LQ� PRUH� GHWDLO�� WKH
XQGHUVWDQGLQJ� RI� WKH�PHVRVFRSLF� VLWXDWLRQ� �L�H�� IRU� ILOP� WKLFNQHVVHV
WKLQQHU�WKDQ����QP���WKH�VWUXFWXUDO�LQYHVWLJDWLRQ�RI�WKH�LQWHUIDFLDO�DQG
LQGLYLGXDO� OD\HU�PRUSKRORJLHV�� )RU� WKLV� UHDVRQ�� ELOD\HU� VDPSOHV�ZLWK
YDULRXV� WKLFNQHVVHV� RI� &D)�� RQ� WRS� RI� FRQVWDQW� OD\HU� RI� %D)��� ZHUH
SUHSDUHG�E\�PROHFXODU�EHDP�HSLWD[\� WHFKQLTXH��7KH� LQYHVWLJDWLRQ�RI
WKH� RYHUDOO� FRQGXFWDQFH� DV� D� IXQFWLRQ� RI� WKH� WKLFNQHVV� SHUPLWV� WKH
GHFRQYROXWLRQ� RI� EXON� FRQGXFWLYLW\� RI� &D)�� DQG� LQWHUIDFH� HIIHFWV
EHWZHHQ� &D)�� DQG� %D)��� ,Q� 5HI�� >����*XR�@� WKH� DXWKRUV� KDYH
DQDO\]HG�DQG�GHFRQYROXWHG�WKH�FRQWULEXWLRQV�RI�EXON�DQG�LQWHUIDFHV�WR
WKH�FRQGXFWLYLW\�RI�%D)���6SDFH�FKDUJH�FRQWULEXWLRQV�RI�VXUIDFH�OD\HU
DQG�$O�2��VXEVWUDWH�FRQWDFW�FRXOG�EH�LGHQWLILHG�

([SHULPHQWDO

7KH�WKLFNQHVV�RI� WKH� ILUVW� OD\HU�%D)��ZDV�NHSW�FRQVWDQW��DURXQG
���QP���DQG�WKH�WKLFNQHVV�RI�VHFRQG�OD\HU�&D)��ZDV�YDULHG�IURP����
QP�WR����QP��)LJXUH��������LQ�RUGHU�WR�WXQH�WKH�FRQFHQWUDWLRQ�SURILOH
IURP� WKH� VHPL�LQILQLWH� VSDFH� FKDUJH� WR� VLWXDWLRQ� LQ�ZKLFK� WKH� VSDFH
FKDUJH�UHJLRQV�RYHUODS�LQ�WKH�WRS�OD\HU�
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)LJXUH� ������� 6FKHPDWLF� GUDZLQJ� RI� VDPSOHV� DQG� VSDFH� FKDUJH
VLWXDWLRQ�

$IWHU�JURZWK��WKH�ILOPV�ZHUH�FRROHG�GRZQ�WR�URRP�WHPSHUDWXUH�DW
D�UDWH�RI����&�PLQ��7KHQ�HYHU\�VDPSOH�ZDV�FXW�LQWR�WZR�KDOYHV��7ZR
���� QP� WKLFN� UHFWDQJXODU� 3W� HOHFWURGHV� ZLWK� D� VSDFLQJ� RI� �PP� LQ
��PP� OHQJWK�ZHUH� GHSRVLWHG� RQ� RQH� KDOI� RI� WKH� VDPSOH� VXUIDFH� E\
G�F��VSXWWHULQJ�DW�URRP�WHPSHUDWXUH��)LJXUH��������

)LJXUH���������&RQILJXUDWLRQ�RI�3W�HOHFWURGHV�RQ�WRS�RI�&D)��OD\HU�

$IWHU� DQQHDOLQJ� WKH� VDPSOH� DW� ����&� IRU� ��� K� LQ� DUJRQ
DWPRVSKHUH����������SXULW\���WKH�ODWHUDO�FRQGXFWLYLW\�ZDV�PHDVXUHG
E\� D�F�� LPSHGDQFH� VSHFWURVFRS\� LQ� WKH� WHPSHUDWXUH� UDQJH� RI� ���±
����&� ZLWK� IUHTXHQFLHV� UDQJLQJ� IURP� �� WR� ���� +]� �ZLWK� WKH
H[SHULPHQWDO�VHWXS�VKRZQ�LQ�)LJXUH�����������7KH�RWKHU�KDOI�ZDV�XVHG
IRU�WKLFNQHVV�PHDVXUHPHQW��;�UD\�GLIIUDFWLRQ��;5'��DQG�DWRPLF�IRUFH
PLFURVFRS\��$)0��PHDVXUHPHQWV�

Al2O3 substrate

BaF2 ~ 200nm

CaF2 ~ 200nm
Decreasing thickness

of CaF2

Al2O3 substrate

BaF2 ~ 200nm

CaF2 ~ 25nm

&D)�
%D)�
$O�2��VXEVWUDWH

3W�HOHFWURGHV
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5HVXOWV�DQG�'LVFXVVLRQ
;5'� PHDVXUHPHQWV� ZHUH� FDUULHG� RXW� IRU� DOO� WKH� ILOPV� E\

FRQYHQWLRQDO� θθ �� �VFDQV�XVLQJ�WKH�&X�.α� OLQH�DW�URRP�WHPSHUDWXUH�
$V� VKRZQ� LQ� )LJXUH� ������� DOO� WKH� LQYHVWLJDWHG� VDPSOHV� H[FOXVLYHO\
H[KLELW� >���@� RULHQWDWLRQV�� 6XUIDFH� PRUSKRORJLHV� RI� WKH� ILOPV� ZHUH
GHWHFWHG� E\� $)0�� $� W\SLFDO� LPDJH� ��[�� µP�� LV� GLVSOD\HG� E\� )LJXUH
������ VKRZLQJ� WKDW� WKH� VXUIDFHV� DUH� VPRRWK�ZLWK� D� XQLIRUP� RXW�RI�
SODQH�RULHQWDWLRQ�
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)LJXUH��������;5'�SDWWHUQV�IRU�WKH����QP�DQG���QP�&D)��JURZQ�RQ
WRS�RI�WKH����QP�%D)��RQ�$O�2��������VXEVWUDWH�
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)LJXUH��������6XUIDFH�PRUSKRORJ\�RI�WKH�WRS�OD\HU�IRU�&D)��%D)��ILOP
JURZQ�RQ�$O�2���������VXEVWUDWH�LQYHVWLJDWHG�E\�$)0�WHFKQLTXH�LQ�DQ
DUHD�RI��[��µP�

,Q� D�F�� LPSHGDQFH� VSHFWURVFRS\� PHDVXUHPHQWV�� WKH� VDPSOHV
W\SLFDOO\� H[KLELWHG� RQH� VHPL�FLUFXODU� DUF� DQG� RQH� LQFRPSOHWH� DUF
DWWULEXWHG� WR� WKH� HOHFWURGH� HIIHFWV� �)LJXUH� �������� 7KH� HIIHFWLYH
FDSDFLWDQFH� RI� WKH� KLJK� IUHTXHQF\� DUF� LV� GHWHUPLQHG� E\� VWUD\
FDSDFLWDQFHV� DQG� GRHV� QRW� DOORZ� RQH� WR� VHSDUDWH� SRVVLEOH� GRPDLQ
ERXQGDU\� UHVLVWDQFHV� LQ� WKH� LPSHGDQFH� VSHFWUXP��:H� H[WUDFWHG� WKH
RYHUDOO� ILOP�UHVLVWDQFH� IURP�WKH� LQWHUVHFWLRQ�RI� WKLV�DUF�ZLWK� WKH�UHDO
D[LV�� )URP� HOHFWURGH� GLVWDQFH� DQG� DUHD�� WKH� QRUPDOL]HG� SDUDOOHO
FRQGXFWDQFH� � OO< �� FRXOG� EH� FDOFXODWHG� ZKLFK� DIWHU� GLYLVLRQ� WKURXJK
WKH� WRWDO� ILOP� WKLFNQHVV� �/�� \LHOGV� WKH� HIIHFWLYH� RYHUDOO� ILOP
FRQGXFWLYLW\�� OO

Pσ ��
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Measuring temperature: 600°C
Measuring frequence: 1-106 Hz
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)LJXUH� ������� $� W\SLFDO� LPSHGDQFH� VSHFWUXP� IRU� WKH� &D)��%D)�
ELOD\HU�JURZQ�RQ�$O�2�� ������� 7KH�PHDVXUHG� WHPSHUDWXUH� LV� ����&�
IUHTXHQF\�UDQJHV�IURP���WR�����+]�
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 200nm
 175nm
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   50nm
   25nm
 BaF

2

  pure CaF
2
 crystal

)LJXUH��������$UUKHQLXV�SORWV�IRU�&D)��ILOPV�ZLWK�GLIIHUHQW�WKLFNQHVVHV
���·���� QP�� JURZQ� RQ� WRS� RI� ���� QP� %D)�� RQ� $O�2�� �����
VXEVWUDWHV�� 7KH� EXON� FRQGXFWLYLW\� RI� D� SXUH� VLQJOH� FU\VWDO� &D)�>����%ROO�@�DQG�WKH�FRQGXFWLYLW\�RI�VLQJOH�OD\HU�%D)��$O�2��������DUH�DOVR
GUDZQ�KHUH�IRU�FRPSDULVRQ�
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)LJXUH� ������ GLVSOD\V� WKH� WKLFNQHVV� GHSHQGHQFH� RI� OO
Pσ∆ � IRU� DOO

WKH�ILOPV�WRJHWKHU�ZLWK�WKH�WKHRUHWLFDO�FDOFXODWHG�FRQGXFWLYLW\�RI�SXUH
VLQJOH� FU\VWDO� &D)�� >����%ROO�@� DQG� FRQGXFWLYLW\� RI� D� VLQJOH� OD\HU� RI
���QP� %D)�� RQ� $O�2�� ������� 7KH� PHDVXUHG� SDUDOOHO� FRQGXFWLYLW\� RI
WKH�ILOPV�LV�ODUJHU�WKDQ�WKH�FRQGXFWLYLW\�RI�VLQJOH�FU\VWDO�&D)���7DNHQ
LQWR� DFFRXQW� WKH� FRQGXFWLYLW\� FRQWULEXWLRQ� IURP� DOO� WKH� LQWHUIDFHV
�EHWZHHQ�%D)��DQG�VXEVWUDWH�DQG�%D)��&D)���DQG�EXON�SDUWV�RI�HDFK
OD\HU�� WKH� QRUPDOL]HG� SDUDOOHO� FRQGXFWDQFH� ZLWK� UHVSHFW� WR� WKH
GLPHQVLRQV�SHUSHQGLFXODU�WR�WKH�[�D[LV� ( )OO< �FDQ�EH�H[SUHVVHG�E\�

⋅+++= ∞ �&D)�<<<< �LQW%D)VXE
OO

� σ

ZKHUH�� VXE< � LV� WKH�FRQWULEXWLRQ�RI� WKH�VXEVWUDWH�%D)�� LQWHUIDFH�� �%D)<
UHIHUV�WR�WKH�FRQWULEXWLRQ�IURP�WKH�EXON�%D)��OD\HU�� LQW< �LV�WKH�H[FHVV
YDOXH� GXH� WR� WKH� &D)��%D)�� LQWHUIDFH�� �&D)� �∞σ � LV� WKH� EXON
FRQGXFWLYLW\�RI�WKH�&D)��OD\HU�DQG� �LV�WKH�WKLFNQHVV�RI�WKH�WRS�OD\HU
RI�&D)���7KH�FRQWULEXWLRQ�RI�WKH�JDV�VROLG� LQWHUIDFH�FDQ�EH�QHJOHFWHG
EHFDXVH�WKH�HIIHFW�RI� WKH�JDV�SKDVH� LV�H[SHFWHG�WR�EH�PXFK�ZHDNHU
WKDQ� WKH� HIIHFW� RI� WKH� R[LGH� VXEVWUDWH� ZLWK� LWV� VSHFLILF� LQWHUDFWLRQ
>����0D�@�� 7KH� FRQWULEXWLRQ� RI� WKH� VXEVWUDWH�%D)�� LQWHUIDFH� DQG� RI� WKH
EXON�%D)�� OD\HU�LV�DVVXPHG�FRQVWDQW�IRU�DOO�WKH�VDPSOHV�VLQFH�DOO�WKH
ELOD\HUV� KDYH� WKH� VDPH� %D)�� WKLFNQHVV� DQG� ZHUH� JURZQ� RQ� WKH
VXEVWUDWHV�ZLWK�WKH�VDPH�RULHQWDWLRQ��7KH�HIIHFWV�RI�WKH�EXON�&D)��DQG
WKDW�RI�&D)��%D)�� LQWHUIDFH�FDQ�EH� VHSDUDWHG�E\� VXEVWUDFWLQJ�� IRU�RI
HDFK�LQGLYLGXDO�VDPSOH��WKH�YDOXHV�RI�WKH�QRUPDOL]HG�FRQGXFWDQFH�RI
WKH�����QP�WKLFN�%D)��OD\HU�RQ�$O�2��VXEVWUDWH�

⋅+=+−= ∞ �&D)�<�<<�<< �LQW%D)VXE
OOOO

&D) �� σ

,Q�)LJXUH�������WKH�QRUPDOL]HG�FRQGXFWDQFH�RI�WKH�&D)��RQ�WRS�RI
WKH� ���QP� %D)��$O�2�� OD\HU� JURZQ� RQ� $O�2�� ������ DW� JLYHQ
WHPSHUDWXUHV�LV�SORWWHG�DV�D�IXQFWLRQ�RI�WKLFNQHVV�
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)LJXUH� ������� 1RUPDOL]HG� FRQGXFWDQFH� OO
&D)�< � RI� ������ &D)�� DV� D

IXQFWLRQ�RI�WKLFNQHVV�DW�JLYHQ�WHPSHUDWXUHV�
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7KH� EXON� FRQGXFWLYLW\� RI� WKH� &D)�� OD\HU� � )CaF( 2∞σ �� FDQ� EH� QRZ
FDOFXODWHG� IURP� WKH� VORSH� RI� WKH� OLQHDU� SDUW�� DQG� IURP� LQWHUFHSWLRQ
ZLWK�<�D[LV�WKH�&D)��%D)��LQWHUIDFH�FRQWULEXWLRQ�FDQ�EH�HVWLPDWHG�

)LJXUH� ������ VKRZ� WKH� WHPSHUDWXUH� GHSHQGHQFH� RI� WKH� EXON
FRQGXFWLYLW\�RI�&D)��DV�FDOFXODWHG�IURP�WKH�VORSH�� )CaF( 2∞σ ���DQG�WKH
WKHRUHWLFDO� HVWLPDWLRQ� LQ� H[WULQVLF� UHJLRQ� � thσ �� ZLWK� DQ� LPSXULW\
FRQWHQW�RI�a���[�����FP����
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0.5 eV

1.15 eV

)LJXUH� ������� $UUKHQLXV� SORW� RI� WKH� EXON� FRQGXFWLYLW\� RI� &D)�� DV
FDOFXODWHG� IURP� WKH� VORSH� � )CaF( 2∞σ ��� DQG� IURP� WKH� WKHRUHWLFDO
HVWLPDWLRQ� LQ� H[WULQVLF� UHJLRQ� � thσ �� ZLWK� DQ� LPSXULW\� FRQWHQW� RI
a���[�����FP����

$� JRRG� DJUHHPHQW� EHWZHHQ� HVWLPDWHG� )CaF( 2∞σ � DQG� WKH
WKHRUHWLFDO�FDOFXODWLRQ�LQ�WKH�H[WULQVLF�UHJLRQ�LV�RQO\�DFKLHYHG�DW�ORZHU
WHPSHUDWXUH��'XH�WR�WKH�JURZWK�RI�WKH�VDPSOHV�LQ�0%(�FRQGLWLRQV�DQG
WKH�XVH�RI�YHU\�SXUH�VWDUWLQJ�FKHPLFDOV� WKH�PDMRU� LPSXULWLHV�FDQ�EH
DVVXPHG� WR� EH� R[\JHQ� GHIHFWV� � ’

FO ��,Q� WKLV� FDVH� D� YDOXH� RI� DQ
LPSXULW\� FRQWHQW� RI� a���[����� FP��� LV� DOPRVW� WKH� VDPH� OLNH� DV
SUHYLRXV�ZRUNV�>����6DWD@�>����*XR�@�
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,Q� )LJXUH� ������ LV� SORWWHG� WKH� &D)��%D)�� LQWHUIDFH� FRQWULEXWLRQ
IURP� WKLV� DQDO\VLV�� DQG� FRPSDUHG� WR� SUHYLRXV� VWXGLHV�� 7KHUH� DUH�QR
PDMRU�GLIIHUHQFHV�EHWZHHQ�WKH�YDOXHV�RI�WKH�QRUPDOL]HG�FRQGXFWDQFH
IRU�RQH�LQWHUIDFH�

,Q� WKH� KLJK� WHPSHUDWXUH� UHJLRQ�� WKH� GLIIHUHQFH� EHWZHHQ� WKH
�&D)� �∞σ �DQG�WKH�WKHRUHWLFDOO\�FDOFXODWHG�EXON�FRQGXFWLYLW\�FDQQRW�EH

H[SODLQHG�\HW�DQG�IXUWKHU�LQWHQVLYH�H[SORUDWLRQ�LV�QHFHVVDU\�
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)LJXUH��������1RUPDOL]HG� FRQGXFWDQFH�RI�&D)��%D)�� LQWHUIDFH� �<LQW��
%OXH�FRORXU�UHIHUV�WR�ZRN�GRQH�LQ�5HI��>����6DWD@��EODFN�RQH�LV�WDNHQ
IURP�5HI��>����*XR�@��DQG�UHG�UHIHUV�WR�WKLV�VWXG\�
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���������$QQHDOLQJ�(IIHFWV

,W� LV� YHU\� ZHOO� NQRZQ� WKDW� E\� LQWURGXFLQJ� LQWHUIDFHV� LQ� LRQLF
V\VWHPV�WKH�RYHUDOO�SDUDOOHO�LRQLF�FRQGXFWLYLW\�WR�WKH�LQWHUIDFHV�FDQ�EH
LPSURYHG�� EXW� DOVR� UHSUHVHQWV� D� SRZHUIXO� WRRO� WR� WXQH� GHIHFW
FKHPLVWU\�DQG�LRQ�FRQGXFWLYLW\�SURSHUWLHV�

7KH� SXUSRVH� RI� WKLV� H[SHULPHQW� LV� WR� XQGHUVWDQG� DQQHDOLQJ
HIIHFWV��LQ�SDUWLFXODU��WKH�DQRPDORXV�LQFUHDVH�LQ�WKH�UHVLVWDQFH�RI�WKH
VDPSOH��RU�GHFUHDVH�RI�WKH�SDUDOOHO�FRQGXFWLYLW\�RI�WKH�VDPSOH��DV�WKH
DQQHDOLQJ�WHPSHUDWXUH� LQFUHDVH��'HSHQGLQJ�E\�WKH�QXPEHUV�RI�SDLUV
RI� &D)��%D)�� OD\HUV� WKH� FRQGXFWLYLW\� GHJUDGDWLRQ� RFFXUV� EHWZHHQ
����&�DQG�����&�RQ�ILUVW�KHDWLQJ�

)LJXUH� ������� VKRZV� WKH� FRQILJXUDWLRQ� RI� WKH� VDPSOHV� ZLWK
GLIIHUHQW� WKLFNQHVVHV� RI� LQGLYLGXDO� OD\HU� DQG� WKH� LRQLF� FRQGXFWLYLW\
SURILOHV� IURP�D� VHPL�LQILQLWH� VSDFH� FKDUJH� VLWXDWLRQ� WR� D�PHVRVFRSLF
VLWXDWLRQ��LQ�ZKLFK�WKH�VSDFH�FKDUJH�OD\HUV�RYHUODS�

7KH� ILOPV� XVHG� IRU� WKLV� VWXG\�ZHUH� JURZQ� LQ� WKH�0%(� FKDPEHU
ZLWK�WKH�VDPH�SDUDPHWHUV�GHVFULEHG�EHIRUH��EXW�DOO�VDPSOHV�H[KLELW�D
WRWDO� WKLFNQHVV� RI� DERXW� ���� QP�� DOVR� WKH� QXPEHU� RI� LQWHUIDFHV� LV
GLIIHUHQW� IURP� VDPSOH� WR� VDPSOH�� 3HULRGLFLW\� DQG� WKLFNQHVV� ZHUH
YDULHG�RYHU�D�ZLGH�UDQJH��LQGLYLGXDO� OD\HU� WKLFNQHVVHV����������QP�
E\�FRPSXWHU�FRQWUROOHG�HIIXVLRQ�FHOO�VKXWWHUV�>����6DWD@�>����6DWD@�

7KH�HOHFWURGHV�ZHUH�GHSRVLWHG�IURP�WKH�VDPH�PDWHULDO��3W��DQG
LQ�WKH�VDPH�FRQILJXUDWLRQ�DV�LQ�SUHYLRXV�H[SHULPHQW�
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)LJXUH� �������� 7KH� FRQILJXUDWLRQV� RI� WKH� JURZQ� VDPSOHV� ZLWK
GLIIHUHQW� WKLFNQHVVHV� RI� LQGLYLGXDO� OD\HU� UDQJLQJ� IURP� ���QP� WR� ���
QP� �XS�� DQG� FRQGXFWLYLW\� SURILOHV� LQ� WKH� VHPL�LQILQLWH� VSDFH�FKDUJH
DQG�PHVRVFDOH�VLWXDWLRQV��GRZQ��

$OVR��;5'�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�IRU�DOO�WKH�VDPSOHV�E\
FRQYHQWLRQDO�θ/�θ�VFDQV�XVLQJ�WKH�&X�.α�OLQH�DW�URRP�WHPSHUDWXUH��$V
VKRZQ� LQ� )LJXUH� �������� DOO� WKH� LQYHVWLJDWHG� VDPSOHV� H[FOXVLYHO\
H[KLELW�>���@�RULHQWDWLRQV��LQGHSHQGHQW�RI�QXPEHUV�RI�OD\HUV�

$� W\SLFDO� LPDJH� ��[�� µP�� LV� GLVSOD\HG� E\� )LJXUH� ������� DQG
VKRZV�D�VPRRWK�VXUIDFH��URXJKQHVV�a�QP���ZLWK�D�YHU\�JRRG�RXW�RI�
SODQH�RULHQWDWLRQ�

BaF2 ~ 6.5nm

CaF2 ~ 6.5nm

Al2O3 substrate

BaF2 ~ 200nm

CaF2 ~ 200nm

Al2O3 substrate
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)LJXUH� �������� ;�5D\� 'LIIUDFWLRQ� SDWWHUQ� IRU� &D)��%D)�
KHWHURVWUXFWXUHV� �a���QP�� RQ� $O�2�� VXEVWUDWH� ZLWK� GLIIHUHQW
WKLFNQHVVHV��RQH�SDLU�RI�����QP�HDFK�OD\HU��XS��DQG����SDLUV�ZLWK���
QP�WKLFNQHVV�RI�HDFK�OD\HU��GRZQ��
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)LJXUH� �������� 6XUIDFH�PRUSKRORJ\� RI� WKH� WRS� OD\HU� IRU� &D)��%D)�
KHWHURVWUXFWXUH� ZLWK� ��� SDLUV�� JURZQ� RQ� $O�2�� ������ VXEVWUDWH
LQYHVWLJDWHG�E\�$)0�WHFKQLTXH�LQ�DQ�DUHD�RI��[��µP�

7KH� VDPSOHV� ZHUH� DQQHDOHG� DW� WZR� GLIIHUHQW� WHPSHUDWXUHV�
����&� DQG� ����&� IRU� ��� K� LQ� DUJRQ� DWPRVSKHUH� ��������� SXULW\��
/DWHU� RQ�� WKH� ODWHUDO� FRQGXFWLYLW\� ZDV�PHDVXUHG� E\� D�F�� LPSHGDQFH
VSHFWURVFRS\� ZLWK� IUHTXHQFLHV� UDQJLQJ� IURP� �� WR� ���� +]� DQG� LQ� D
WHPSHUDWXUH� UDQJH� WKDW� GLG� QRW� H[FHHG� WKH� DQQHDOLQJ� WHPSHUDWXUH�
RQH�VDPSOH�IURP����&�WR�����&��DQG�D�VHFRQG�IURP����&�WR�����&
�VHH�WKH�H[SHULPHQWDO�VHWXS�LQ�)LJXUH����������



([SHULPHQWDO�5HVXOWV 95

)LJXUH� �������� $UUKHQLXV� SORW� RI� WKH� KHWHURVWUXFWXUHV� DQQHDOHG� DW
����&�

&RQGXFWLYLW\� UHVXOWV� GHWHUPLQHG� IURP� LPSHGDQFH� VSHFWURVFRS\
IRU� WKH� VDPSOHV� DQQHDOHG� DW� ����&� DUH� JLYHQ� LQ� )LJXUH� �������� 7KH
PHDVXUHG� HIIHFWLYH� SDUDOOHO� FRQGXFWLYLW\� LQFUHDVHV� ZLWK� LQFUHDVLQJ
LQWHUIDFLDO�GHQVLW\��GHFUHDVLQJ�SHULRG��LQ�WKH�SHULRG�UDQJH�����QP�WR
���QP��WKH�SHULRG� UHIHUV� WR� WKH� WKLFNQHVV�RI� D�SDLU��&D)�� SOXV�%D)�
OD\HU��
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)LJXUH� �������� $UUKHQLXV� SORW� RI� WKH� KHWHURVWUXFWXUHV� DQQHDOHG� DW
����&��FORVHG�V\PEROV��DQG�DW�����&��RSHQ�V\PEROV��

With Tmax ≈ 250oC which is much lower than the previous annealing
temperature (600oC), as-grown conductivity values from the first heating are
reproducible in thermal cycles. 7KH�KHWHUROD\HUV�VKRZ�FRQGXFWLYLWLHV�WKDW
DUH�KLJKHU�WKDQ�WKRVH�RI�SXUH�&D)��RU�%D)��ILOPV��)LJXUH���������

/RZ� WHPSHUDWXUH�DQQHDOLQJ� OHDGV� WR�DQ� LQFUHDVH� LQ� FRQGXFWLYLW\
YDOXHV� E\� DW� OHDVW� RQH� RUGHU� RI� PDJQLWXGH�� EXW� DOVR� WKH� DFWLYDWLRQ
HQHUJLHV� LV� ORZHUHG�E\�PRUH� WKDQ����H9��GHFUHDVLQJ�ZLWK� LQFUHDVLQJ
LQWHUIDFLDO�GHQVLWLHV��,Q�WKLV�ORZ�WHPSHUDWXUH�DQQHDOHG�VDPSOH�YDOXHV
RI� WKH� DFWLYDWLRQ� HQHUJ\�� FDOFXODWHG� IURP� WKH� VORSH� RI� WKH
FRQGXFWLYLW\�� VXJJHVW� WKDW� WKH� FDUULHUV� UHVSRQVLEOH� IRU� FRQGXFWLYLW\
DUH��PDLQO\��WKH�YDFDQFLHV�LQ�ERWK�PDWHULDOV�� •

)9 )�
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)LJXUH� �������� 6FKHPDWLF� UHSUHVHQWDWLRQ� RI� WKH� FRQGXFWLRQ
PHFKDQLVP� LQ� �D�� WKH� DQQHDOHG� VDPSOHV� DQG� �E�� QRQ�DQQHDOHG
VDPSOHV�

7KLV�FDQ�EH�DVVRFLDWHG�ZLWK�WKH�H[LVWHQFH�RI�XQVWDEOH�GLVORFDWLRQV
QRW� RQO\� DW� WKH� LQWHUIDFH�� EXW� DOVR� LQVLGH� WKH� OD\HUV� WKDW� FDQ� EH
DQQHDOHG� RXW� E\� WKHUPDO� WUHDWPHQW�� 7KHVH� GLVORFDWLRQV� DW� WKH
LQWHUIDFHV� IRUP� DOUHDG\� GXULQJ� JURZWK� RI� WKH� ILUVW� RU� VHFRQG
PRQROD\HU� GXH� WR� H[WUHPO\� KLJK� ODWWLFH� PLVPDWFK�� ,QWHUQDO
GLVORFDWLRQV� OHDGLQJ� WR� HQKDQFHG� QRQ�HTXLOLEULXP� FRQGXFWLYLWLHV� KDV
EHHQ� REVHUYHG� LQ� GLIIHUHQW� LRQLF� V\VWHP� >����6DLWR@�>����3XLQ@�>����0DLHU�@�
>����)OH@�� 7KHVH� XQVWDEOH� GLVORFDWLRQV� KDYH� WR� EH� GLVWLQJXHVKHG� IURP
WKH� PLVILW� GLVORFDWLRQV� WKDW� DEVRUE� PLVILW� VWUDLQ� DQG� DUH� VWDEOH
FRQVWLWXHQWV�RI�WKH�LQWHUIDFHV���)LJXUH�������E�

,Q� DVVXPSWLRQ� RI� PD[LPXP� LQWHUIDFLDO� FRQFHQWUDWLRQV�� WKH
FRQGXFWLYLW\� UHODWLRQ� EDVHG� RQ� VHPL�LQILQLWH� VSDFH� FKDUJH� ZKLFK
GHVFULEHV�ERWK�WHPSHUDWXUH�DQG�WKLFNQHVV�GHSHQGHQFH�LV�JLYHQ�E\�(T�
�������

8VLQJ�HTXDWLRQ� ������� IRU� ILWWLQJ� WKH�GDWD��DQG�ZLWK�DVVXPSWLRQ
WKH�WKDW�IRU�ORZ�WHPSHUDWXUH�DQQHDOHG�VDPSOHV�WKH�PDLQ�FDUULHUV�DUH
YDFDQFLHV�LQ�ERWK�OD\HUV��DQG�IRU�KLJK�WHPSHUDWXUH�DQQHDOHG�VDPSOHV
WKDW�WKH�PDLQ�FDUULHUV�DUH�YDFDQFLHV�LQ�%D)��DQG�LQWHUVWLWLDOV�LQ�&D)���D
JRRG�DJUHHPHQW�LV�REWDLQHG�IRU�WKLFN�VDPSOHV��)LJXUH���������

7KLV� UHVXOWV� LQ� D� FOHDU� SLFWXUH�� LQ� DQQHDOHG� VDPSOHV� WKHUH� LV� D
IOXRULWH�� −) �LRQV��WUDQVIHU�IURP�RQH�SKDVH�WR�WKH�RWKHU��7KLV�OHDGV�WR
DQ�LQFUHDVH�RI�IOXRULGH�YDFDQF\�FRQFHQWUDWLRQ�LQ�RQH�SKDVH�DQG�RI�WKH
IOXRULGH� LQWHUVWLWLDO� LQ� WKH� RWKHU� �)LJXUH�������D��� ,Q� D� QRQ�DQQHDOHG
VDPSOHV� WKLV� LV� VXSHULPSRVHG� E\� FKDUJLQJ� RI� GLVORFDWLRQV� OHDYLQJ
YDFDQFLHV�LQ�WKH�YLFLQLW\��)LJXUH�������E��

−
L)•

)9

D� E�

−) −)
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Low Temperature Annealing

)LJXUH���������9DULDWLRQ�RI�LRQLF�FRQGXFWLYLW\�ZLWK�1�/�DW�7 �����&�

)LJXUH��������VKRZV�WKDW�WKH�WKLFNQHVV�GHSHQGHQFH�7KH�XSZDUGV
EHQGLQJ� UHPLQGV� RI� WKH� DQRPDO\� VHHQ� LQ� 6DWD� HW� DO�� >����6DWD@�� 7KLV
SRLQW�ZLOO�EH�REVHUYHG�DJDLQ�LQ�&KDSWHU���

$SDUW�IURP�WKDW��WKH�GLIIHUHQWO\�DQQHDOHG�VDPSOHV�VKRZ�D�VLPLODU
EHKDYLRXU�DV�UHJDUGV��WKH�WKLFNQHVV�GHSHQGHQFH�RI�DQQHDOHG�VDPSOHV
FRUHVSRQGLQJ�WR�(T��������

7KH�FRQGXFWLYLW\�VWDELOL]DWLRQ�RZLQJ�WR�WKH�GLVORFDWLRQV�DQQHDOLQJ
RFFXUV�EHWZHHQ�����&�DQG�����&�RQ�ILUVW�KHDWLQJ��,Q�SDUWLFXODU��WKH
ILUVW� F\FOHV� VXIIHU� IURP�QRQ�HTXLOLEULXP�HIIHFWV�� )LJXUH�������� VKRZV
DQ�H[DPSOH�RI�WKH�DQRPDORXV�GHFUHDVH�RI�WKH�SDUDOOHO�FRQGXFWLYLW\�RI
WKH� VDPSOH� DV� WKH� DQQHDOLQJ� WHPSHUDWXUH� LQFUHDVH�� IURP� ����&� WR
����&�� 7KH� VDPSOH� ZDV� NHSW� DW� GLIIHUHQW� WHPSHUDWXUHV� IRU� ��� K� LQ
DUJRQ� DWPRVSKHUH�� 7KH� H[SHULPHQWDO� UHVXOWV� EHFDPH� VWDEOH� LQ� WLPH
DIWHU�DQQHDOLQJ�DW�����&�
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)LJXUH� �������� 'HFUHDVLQJ� RI� WKH� SDUDOOHO� FRQGXFWLYLW\� DV� WKH
DQQHDOLQJ�WHPSHUDWXUH�LQFUHDVH�
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�������3HUSHQGLFXODU�0HDVXUHPHQWV

$V�VKRZQ�LQ�WKH�SUHYLRXV�FKDSWHUV��WKH�ODWHUDO�LRQLF�FRQGXFWLYLW\
LQFUHDVH� OLQHDU�ZLWK� LQYHUVH� LQWHUIDFH� VSDFLQJ� A� �ZKHQ� A � LV� JUHDWHU
WKDQ� WKH� VSDFH� FKDUJH� WKLFNQHVV�� $V� A � GHFUHDVHV� IXUWKHU�� WKH
FRQGXFWLYLW\�GLG�QRW�MXVW�OLQHDUO\�LQFUHDVH��LW�HYHQ�EHQW�XSZDUGV�

Extremely useful information is now also expected from conductivity
results perpendicular to the interface which requires an appropriate substrate.

���������6L�6XEVWUDWH

)RU� WKLV� H[SHULPHQW� ZH� QHHG� FRQGXFWLYH� VXEVWUDWHV� DQG� &D)�
ILOPV�ZHUH�JURZQ�RQ�6L������VXEVWUDWHV��ERWK�Q��DQG�S��PRXQWHG�RQ
WKH�VDPH�KROGHU��E\�0%(�WHFKQLTXH�LQ�D�KLJK�YDFXXP�V\VWHP�ZLWK�D
EDVH�SUHVVXUH�LQ�WKH������PEDU�UDQJH�DQG�D�SUHVVXUH�LV��[�����PEDU
GXULQJ�GHSRVLWLRQ��6LQJOH�FU\VWDO�RI�&D)��LV�VXEOLPHG�DW�������&�IURP
D� JUDSKLWH� FUXFLEOH�� $IWHU� DQQHDOLQJ� 6L� ������ VXEVWUDWHV� LQ� WKH�0%(
FKDPEHU�DW�����&� IRU����PLQ�� WKH�VKXWWHU�RI�HIIXVLRQ�FHOO�ZDV�RSHQ
IRU� DQRWKHU� �� PLQ�� ZLWK� &D)�� HYDSRUDWLQJ� DW� D� UDWH� RI� ���
PRQROD\HU�PLQ��$IWHU�GHSRVLWLRQ�WR�DQ�LQLWLDO�OD\HU�RI�&D)��DURXQG����
QP� ����� PRQROD\HUV�� WKH� VXEVWUDWHV� ZHUH� FRROHG� GRZQ� WR� WKH
GHSRVLWLRQ�WHPSHUDWXUH�

:KHQ� &D)�� PROHFXOHV� DUH� GHSRVLWHG� DW� D� ORZHU� UDWH�� WKH� WLPH
WKH\�VWD\�DV�VXUIDFH�PROHFXOHV� LV� ORQJHU�WKDQ�DW�D�KLJKHU�GHSRVLWLRQ
UDWH�� %HFDXVH� WKH� PRELOLW\� RI� VXUIDFH� PROHFXOHV� LV� KLJKHU� WKDQ� WKH
PRELOLW\�RI�EXON�PROHFXOHV��DW�D�ORZ�GHSRVLWLRQ�UDWH��GXH�WR�WKH�ORQJHU
UHVLGHQFH� WLPH� DV� VXUIDFH� PROHFXOHV�� &D)�� PROHFXOHV� KDYH� JUHDWHU
FKDQFH� WR�PLJUDWH� WR� WKH� SURSHU� HSLWD[LDO� SRVLWLRQV�� 7KLV� SURFHVV� LV
LQIOXHQFHG�QRW�RQO\�E\�WKH�GHSRVLWLRQ�UDWH�RU�WKH�TXDOLW\�RI�WKH�VXUIDFH
RI�6L�������DQG��DOVR��E\�WKH�WHPSHUDWXUH�RI�WKH�VXEVWUDWH�

,Q� WKLV� VWXG\�� WKH� VDPSOHV� KDYH� EHHQ� SUHSDUHG� ZLWK� GLIIHUHQW
VXEVWUDWHV� WHPSHUDWXUH�� ZKLFK� OHDGV� WR� WKH� GLIIHUHQW� JURZWK� UDWHV�
DQG� KDYH� GHWHUPLQHG� WKH� LQIOXHQFH� RQ� WKH� HSLWD[LDO� TXDOLW\� RI� &D)�
OD\HU��7KH�WKLQ�ILOPV�ZHUH�SUHSDUHG�ZLWK�WKH�VXEVWUDWHV�WHPSHUDWXUHV
LQ�UDQJH�RI����������&��$IWHU�WKH�GHSRVLWLRQ�WKH�VDPSOHV�ZHUH�FRROHG
GRZQ�WR�URRP�WHPSHUDWXUH�ZLWK�D�UDWH�ORZHU�WKDQ���&�PLQ��7KH�&D)�
LV�XQGHU�D�ODUJH�WHQVLOH�VWUDLQ�LQ�WKH�SODQH�SDUDOOHO�WR�WKH�LQWHUIDFH�IRU
YHU\� WKLQ� HSLWD[LDO� OD\HUV� EHFDXVH� RI� ODUJH� WKHUPDO�H[SDQVLRQ
FRHIILFLHQW� EHWZHHQ� &D)�� DQG� VXEVWUDWH� �WKH� OLQHDU� H[SDQVLRQ
FRHIILFLHQW����[�����.���IRU�&D)���FRPSDUHG�ZLWK����[�����.���IRU�6L�DW
URRP� WHPSHUDWXUH�� >����+DVK@�� 7KH� WHQVLOH� SODQDU� VWUDLQ� FDQ� UHVXOW� DW
URRP�WHPSHUDWXUH� LI� LQWHUIDFLDO�GHIHFWV��ZKLFK�DFFRPPRGDWHG� ODWWLFH
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PLVPDWFK� DW� JURZWK� WHPSHUDWXUH�� DUH� QRW� DQQHDOHG� RXW� GXULQJ
FRROLQJ��,I�WKH�FRROLQJ�UDWH�LV�WRR�KLJK��WKH�ODUJH�WHQVLOH�VWUDLQ�LQ�WKLQ
ILOPV� ZLOO� UHVXOW� LQ� FUDFNLQJ� RI� WKLFNHU� ILOPV�� %XW� IRU� KLJK�TXDOLW\
WKLFNHU�ILOPV�GR�QRW�FUDFN�EHFDXVH�WKH�VWUDLQ�FDQ�DQQHDO�RXW�>����6FKR@�

7R�GHWHUPLQH�WKH�HSLWD[LDO�TXDOLW\��WKH�;�5D\�'LIIUDFWLRQ�DQG�$)0
PHDVXUHPHQWV�ZHUH�SHUIRUPHG�

7KH�;�5D\�'LIIUDFWLRQ�SDWWHUQ�RI�WKH�WKLQ�ILOPV�JURZQ�RQ�6L������
VXUIDFH��ZLWK�GLIIHUHQW�VXEVWUDWH�WHPSHUDWXUH������&������&������&�
����&���LV�VKRZQ�LQ�)LJXUH���������)RU�DOO�WKH�WKLQ�ILOPV�JURZQ�RQ�6L
������ VXEVWUDWH�� WKH� ;5'� PHDVXUHPHQWV� VKRZ� D� YHU\� ZHOO� �����
RULHQWDWLRQ�RI�&D)��WKLQ�ILOP�DQG�ORZ�WUDFHV�RI�6L2���SUHVXPDEO\�GXH
WR�LQVXIILFLHQW�DQQHDOLQJ�RI�WKH�VXEVWUDWH�IRU�UHPRYLQJ�WKH�SURWHFWLYH
OD\HU�IURP�WKH�VXUIDFH��
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)LJXUH���������7\SLFDO�;�5D\�'LIIUDFWLRQ�SDWWHUQ�IRU�&D)���a���QP�
RQ�6L�������VXEVWUDWH�JURZQ�E\�0%(�WHFKQLTXH�

:KLOH� XVLQJ� RQO\� WKH� ;5'� PHDVXUHPHQWV� WR� GHPRQVWUDWH� WKH
KLJK�TXDOLW\�VLQJOH�FU\VWDO�JURZWK�RI�&D)��RQ�������6L��LW�GRHV�QRW�JLYH
WKH� ZKROH� SLFWXUH�� ,Q� DGGLWLRQ�� VFDQQLQJ� HOHFWURQ�PLFURVFRS\� �6(0�
ZDV�XVHG� WR�H[DPLQH� WKH� VXUIDFH�PRUSKRORJ\�RI� WKH�HSLWD[LDO� ILOPV�
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8VLQJ� WKLV�PHWKRG� WR� VWXG\� WKH� VXUIDFH� RI� WKH� OD\HUV� UHYHDOV� XVHIXO
LQIRUPDWLRQ�DERXW�JURZWK�NLQHWLFV�

)LJXUH��������VKRZV�$)0� LPDJHV�RI� WKH�VXUIDFHV�RI�DURXQG����
QP�WKLFN�&D)��WKLQ�ILOPV�JURZQ���D��DW�����&��D����E��DW�����&���F��DW
����&� DQG� �G�� DW� ����&� RQ� ������RULHQWHG� 6L�� 7KH� VXUIDFH
PRUSKRORJ\� RI� WKH� VDPSOHV�� ZKLFK� ZHUH� JURZQ� LQ� VDPH� FRQGLWLRQV�
EXW�RQ�GLIIHUHQW�6L�VXEVWUDWHV��Q��W\SH�DQG�S��W\SH��LV�YHU\�VLPLODU�
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����D�

����E�
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����F�

����G�
)LJXUH���������$)0�LPDJHV�RI�WKH�VXUIDFHV�RI�DURXQG�����QP�WKLFN
HSLWD[LDO� &D)�� ILOPV� JURZQ� RQ� ������ RULHQWHG� 6L� VXEVWUDWH�� �D�� DW
����&��D����E��DW�����&���F��DW�����&�DQG��G��DW�����&�
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$V� VKRZQ� LQ� )LJXUH� ������� WKH� JURZWK� PHFKDQLVP� LV� FKDQJLQJ
ZLWK�VXEVWUDWH�WHPSHUDWXUH�

D�� $W� ����&� WKH� JURZWK� PRGH� LV� WKUHH�GLPHQVLRQDO� �9ROPHU�
:HEHU� JURZWK��� ,Q� WKLV� FDVH�� WKH� LQLWLDO� GHSRVLW� DWRPV�DJJUHJDWH� DV
VPDOO�WKUHH�GLPHQVLRQDO���'��LVODQGV�ZKLFK�LQFUHDVH�LQ�VL]H�DV�IXUWKHU
GHSRVLWLRQ� FRQWLQXHV� XQWLO� WKH\� WRXFK� DQG� LQWHUJURZWK� WR� IRUP� D
FRQWLQXRXV� ILOP�� 7KH� $)0� LPDJH� VKRZV� WKDW� WKH� URXJKQHVV� RI� WKH
������ &D)�� VXUIDFH� LV� YHU\� KLJK� GXH� WR� WKH� IRUPDWLRQ� RI� D� ELJ
S\UDPLGV�� DQG� DOVR� VRPH� ODUJH� PLVRULHQWHG� FU\VWDOOLWHV� �)LJXUH
������D��

E�� $W� ����&� WKH� VDPH� WKUHH�GLPHQVLRQDO� JURZWK�PRGH� RFFXUV�
EXW�WKH�JUDLQV�VL]H�LV�GHFUHDVHG�DQG�WKH�QXPEHU�RI�QXFOHDWLRQ�FHQWUHV
LV� LQFUHDVHG�� 7KLV� OHDGV� WR� D� GHFUHDVH� LQ� WKH� URXJKQHVV� �)LJXUH
������E��

F��$W�����&�WKH�JURZWK�PRGH�FKDQJHV�WR�D�WZR�GLPHQVLRQDO�RU
OD\HU�E\�OD\HU�JURZWK��)UDQN�YDQ�GHU�0HUZH�JURZWK���7KH�VXUIDFH� LV
VPRRWK�DQG�WKH�URXJKQHVV�WKDW�LV�REVHUYHG�LQ�LPDJH�LV�WRR�ILQH�WR�EH
UHVROYHG�DW�WKLV�VFDOH��)LJXUH�������F��

G��$W�����&�D�WZR�GLPHQVLRQDO�JURZWK�LV�DOVR�REVHUYHG��ZLWK�WKH
VXUIDFH�URXJKQHVV�D�OLWWOH�LQFUHDVHG��)LJXUH�������G��

7KH� PRVW� LPSRUWDQW� IHDWXUH� RFFXUV� DW� ����&�� ZKHUH� WKH� WKUHH
VHWV�RI�SDUDOOHO� VWUDLJKW�VWHSV�ZLWK�����DQJOHV�EHWZHHQ�HDFK�VHW�DUH
REVHUYHG�� 7KH� VWUDLJKW� VWHS� OLQHV� UHVXOW� IURP� GLVORFDWLRQ� JOLGH� WR
UHOLHYH� WKH� WKHUPDO� PLVPDWFK� VWUDLQ� RQ� FRRO�GRZQ� IURP� JURZWK� WR
URRP�WHPSHUDWXUH�

$)0� PHDVXUHPHQWV� VKRZ� WKDW� HSLWD[LDOO\� &D)�� OD\HUV� FDQ� EH
JURZQ� RQ� ������ RULHQWHG� 6L� �ERWK� Q�� DQG� S��W\SH�� LI� WKH� VXEVWUDWH
WHPSHUDWXUH�LV�LQ�WKH�����&�����&�UDQJH��7KLV�UHVXOWV�DUH�LQ�D�JRRG
DJUHHPHQW�ZLWK�SUHYLRXV�ZRUNV�>����=RJJ@�>����%OXQ@�
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)LJXUH�� �������� &RQILJXUDWLRQ� RI� WKH� 0%(� JURZQ� VDPSOHV� XVHG� IRU
SHUSHQGLFXODU�PHDVXUHPHQW�ZLWK�$X�HOHFWURGHV�RQ� WRS�RI�&D)�� OD\HU
RQ�6L�������VXEVWUDWH�

0,0 3,0x107 6,0x107 9,0x107 1,2x108 1,5x108
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0,0 4,0x105 8,0x105
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)LJXUH� �������� 7KH� LPSHGDQFH� VSHFWUD� IRU� WKH� &D)�� JURZQ� RQ� 6L
�������UHG�SRLQWV�UHIHU�WR�WKH�VDPSOHV�JURZQ�RQ�S��W\SH�6L��DQG�EODFN
SRLQWV� IRU�Q��W\SH� 6L�� 7KH�PHDVXUHPHQWV�ZHUH� FDUULHG� RXW� DW� URRP
WHPSHUDWXUH��DQG�IUHTXHQF\�UDQJHV�IURP���WR�����+]�

&D)�

6L�VXEVWUDWH

&U�$X�PLFUR�HOHFWURGHV

&U�$X�HOHFWURGH
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$IWHU�JURZWK��WKH�ILOPV�ZHUH�FRROHG�GRZQ�WR�URRP�WHPSHUDWXUH�DW
D� UDWH�RI���&�PLQ�� )RU� HOHFWULFDO�PHDVXUHPHQWV�DQ�DUUD\�RI����[���
PP�ZLWK� D� VSDFLQJ� RI� ����PP�RI� ����QP� WKLFNQHVV�&U�$X� FRQWDFWV
ZHUH� GHSRVLWHG� RQ� WKH� VDPSOH� VXUIDFH� E\� G�F�� VSXWWHULQJ� DW� URRP
WHPSHUDWXUH��)LJXUH���������

7KH�SHUSHQGLFXODU�FRQGXFWLYLW\�ZDV�PHDVXUHG�E\�D�F��LPSHGDQFH
VSHFWURVFRS\�DW�WKH�URRP�WHPSHUDWXUH�ZLWK�IUHTXHQFLHV�UDQJLQJ�IURP
�� WR� ���� +]� �VHH� WKH� H[SHULPHQWDO� VHWXS� LQ� )LJXUH� ���������� )RU
HOHFWULFDO� PHDVXUHPHQWV� VRIW� PLFUR�WLSV� ZHUH� XVHG� DQG� WKH� IRUFH
DSSOLHG�RQ�WKH�$X�FRQWDFWV�RQ�WRS�RI�WKH�VDPSOHV�VXUIDFH�ZDV�FKRVHQ
LQ�RUGHU� WR�QRW�SHQHWUDWH� WKH� WKLQ� ILOPV��$OO� WKH�PHDVXUHPHQWV�ZHUH
SHUIRUPHG�LQ�DLU�

)LJXUH��������VKRZV�WKH�PHDVXUHG�LPSHGDQFH�VSHFWUXP�IRU�&D)�
WKLQ�ILOPV�JURZQ�RQ�ERWK�������RULHQWHG�Q��W\SH�DQG�S��W\SH�6L�

)RU�WKH�&D)��VDPSOHV�GHSRVLWHG�RQ�������S��W\SH�6L�VXEVWUDWH�D
IXOO� VHPLFLUFOH� LV� REWDLQHG�� ZLWKRXW� DQ\� HYLGHQFH� RI� WKH� EORFNLQJ
HOHFWURGH� RU� FRQWULEXWLRQ� IURP� WKH� LQWHUIDFH�&D)��6L�� 7R� DQDO\]H� WKH
GDWD�RQO\�D�VLPSOH�5&�SDUDOOHO�PRGHO�ZDV�XVHG��GXH�WR�WKH�IDFW�WKDW
WKH�UHVLVWDQFH�RI�WKH�6L�VXEVWUDWH�LV�YHU\�VPDOO�DQG�FDQ�EH�QHJOHFWHG�

R_bulk

C_bulk

)URP� WKH� YDOXHV� RI� UHVLVWDQFH� DQG� FDSDFLWDQFH� REWDLQHG�� WKH
SHUSHQGLFXODU� FRQGXFWLYLW\� DQG� GLHOHFWULF� FRQVWDQW� ZHUH� FDOFXODWHG�
7KH� UHODWLYH�GLHOHFWULF� FRQVWDQW�ZDV� IRXQG� WR�EH� ε ����ZKLFK� LV� LQ�D
JRRG� DJUHHPHQW� ZLWK� OLWHUDWXUH� GDWD� RI� ���� �DW� �� .+]��� 7KH
SHUSHQGLFXODU�FRQGXFWLYLW\�ZDV��[������Ω��FP���DQG�LV� LQ�VDPH�UDQJH
ZLWK� H[WUDSRODWHG� GDWD� WR� WKH� URRP� WHPSHUDWXUH�� IURP� WKH� VLQJOH
FU\VWDO�PHDVXUHPHQWV�

)RU�WKH�VDPSOHV�RQ�Q��W\SH�6L�DQ�RYHUODSSLQJ�RI�WZR�VHPLFLUFOHV
ZDV�IRXQG��,Q�RUGHU�WR�ILW�WKH�H[SHULPHQWDO�GDWD�D�VLPSOH�PRGHO�ZDV
DVVXPHG�

R_bulk

C_bulk

R

C
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%HFDXVH� WKH� ILUVW� VHPLFLUFOH� �IURP� KLJK� IUHTXHQF\� UDQJH�� LV� RQ
WKH�VDPH�RUGHU�RI�PDJQLWXGH�DV�S��W\SH�6L��WKH�ILUVW�5&�FLUFXLW�UHIHUV
WR� WKH�EXON�SURSHUWLHV�RI�&D)�� OD\HU�DQG�VHFRQG� LV�DVVXPHG� WR�EH�D
FRQWULEXWLRQ� GXH� WR� WKH� LQWHUIDFH� EHWZHHQ� WKH� LRQLF� FRQGXFWRU� DQG
VXEVWUDWH�� 7KH� YDOXHV� REWDLQHG� IRU� UHVLVWDQFH� DQG� FDSDFLWDQFH� DUH
VLPLODU�ZLWK�WKH�YDOXHV�IRU�S��W\SH�6L��7KH�ILWWLQJ�GDWD�IRU�WKH�VHFRQG
VHPLFLUFOH� LQGLFDWH� WKH� H[LVWHQFH� RI� D� ERXQGDU\� ]RQH� RI� D� ZLGWK� RI
DURXQG�����QP�

7KLV�LV�D�YHU\�LQWHUHVWLQJ�UHVXOW�DQG�FDQQRW�EH�H[SODLQHG�E\�QRZ�
0RUH�GHWDLOHG� LQYHVWLJDWLRQV�DUH�QHFHVVDU\� LQ�RUGHU� WR�HOXFLGDWH� WKLV
EHKDYLRXU�� 2ZLQJ� WR� WKHVH� FRPSOLFDWLRQV� ZH� WXUQHG� WR� 6U7L2�
HOHFWURGHV�

���������6U7L2��6XEVWUDWH

&D)��%D)�� KHWHUROD\HUV� ZHUH� JURZQ� RQ� 672�1E� VXEVWUDWHV� E\
0%(�LQ�D�KLJK�YDFXXP�V\VWHP�ZLWK�D�EDVH�SUHVVXUH�LQ�WKH�������PEDU
UDQJH� DQG� D� SUHVVXUH� RI� �[����� PEDU� GXULQJ� GHSRVLWLRQ� >;�;�*XR�
,�0DWHL�� <�*�*XR�� -��6�/HH�� -�0DLHU�� LQ� SUHSDUDWLRQ@�� %HIRUH
GHSRVLWLRQ��DOO� WKH�672�1E�VXEVWUDWHV�ZHUH�RSWLFDOO\�SROLVKHG�RQ�RQH
VLGH�DQG�FRYHUHG�ZLWK�&U�$X�ILOPV�RQ�WKH�RWKHU�VLGH�LQ�RUGHU�WR�REWDLQ
D�JRRG�HOHFWULFDO�FRQWDFW� IRU� WKH�ERWWRP�HOHFWURGH��6LQJOH�FU\VWDOV�RI
&D)��DQG�%D)��ZHUH�VXEOLPHG�DW�������&�DQG�������&��UHVSHFWLYHO\�

+HWHURVWUXFWXUHV� FRPSRVHG� RI� DOWHUQDWH� &D)��%D)�� WKLQ� OD\HUV
ZHUH� HSLWD[LDOO\� JURZQ�� )RU� DOO� WKH� VDPSOHV�� %D)�� ZDV� GHSRVLWHG� DV
WKH� ILUVW� OD\HU� EHFDXVH� JURZWK� RQ� WKLV� VXEVWUDWH� RFFXUV� DOVR
H[FOXVLYHO\� LQ� >���@� GLUHFWLRQ�� 'XULQJ� JURZWK�� WKH� VXEVWUDWH
WHPSHUDWXUH� ZDV� NHSW� DW� ����&�� DQG� WKH� JURZWK� UDWH� ZDV� DERXW� �
QP�PLQ�

$OO� WKH� KHWHUROD\HUV� SUHSDUHG� IRU� SHUSHQGLFXODU� PHDVXUHPHQWV
H[KLELW�WKH�VDPH�WRWDO�WKLFNQHVV��KRZHYHU�WKH�QXPEHU�RI�LQWHUIDFHV�LV
YDULHG�IURP�VDPSOH�WR�VDPSOH��3HULRGLFLW\�DQG�WKLFNQHVV�ZHUH�YDULHG
RYHU�D�ZLGH�UDQJH��WKH�LQGLYLGXDO�OD\HU�WKLFNQHVVHV�UDQJLQJ�IURP����
QP�WR�����QP��E\�FRPSXWHU�FRQWUROOHG�HIIXVLRQ�FHOO�VKXWWHUV�

$IWHU�JURZWK��WKH�ILOPV�ZHUH�FRROHG�GRZQ�WR�URRP�WHPSHUDWXUH�DW
D� UDWH� RI� ���&�PLQ�� )RU� HOHFWULFDO�PHDVXUHPHQWV�PLFURHOHFWURGHV� RI
&U�$X� RI� ����PP� GLDPHWHU� ZLWK� D� VSDFLQJ� RI� ����PP� DQG� ���� QP
WKLFNQHVV�ZHUH�GHSRVLWHG�RQ�WKH�VDPSOH�VXUIDFH�LQ�RUGHU�WR�KDYH�WKH
WRS�HOHFWURGHV��)RU�WKH�EDFN�HOHFWURGH��WKH�ERWWRP�VLGH�RI�WKH�VDPSOH
ZDV� FRYHUHG� E\� &U�$X� DQG� WKHQ� DWWDFKHG� WR� D� PHWDO� SODWH� E\� D
FRQGXFWLQJ�$J�SDVWH�DV�VKRZQ�LQ�)LJXUH���������
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7KH� PHDVXUHPHQWV� SHUIRUPHG� LQ� WKH� SHUSHQGLFXODU� GLUHFWLRQ
\LHOG�WKH�LPSHGDQFH�VSHFWUD�DV�GLVSOD\HG�LQ�)LJXUH���������8VLQJ�WKH
HTXLYDOHQW� FLUFXLW� VKRZQ� LQ� WKH� ILJXUH� IRU� ILWWLQJ� WKH� H[SHULPHQWDO
GDWD�� WKH�UHVLVWDQFH�RI� WKH�KHWHUROD\HU� LV�REWDLQHG�DQG�FRQYHUWHG� WR
WKH�SHUSHQGLFXODU� FRQGXFWLYLW\� � ⊥

Pσ ��� ,Q� WKLV�PRGHO� WKH� UHVLVWDQFH�RI
WKH�VXEVWUDWH��56��ZDV�WRR�VPDOO�FRPSDUHG�WR�WKH�WRWDO�UHVLVWDQFH�RI
WKH�KHWHUROD\HUV��DQG�WKHUHIRUH�ZDV�QHJOHFWHG�

7KH�KLJK� IUHTXHQF\�VHPLFLUFOH� UHIHUV� WR� WKH�FRQWULEXWLRQV�RI� WKH
KHWHUROD\HUV� DQG� WKH� ORZ� IUHTXHQF\� SDUW� UHSUHVHQWV� WKH� EORFNLQJ
HOHFWURGH� �LQ� WKLV� FDVH� WKH� 672�1E� VXEVWUDWH� ZKLFK� LV� EORFNLQJ� IRU
IOXRULQH�LRQV��
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)LJXUH���������7KH�W\SLFDO�LPSHGDQFH�VSHFWUXP�IRU�WKH�KHWHUROD\HU
DQG�WKH�PRGHO�XVHG�IRU�ILWWLQJ�WKH�SHUSHQGLFXODU�H[SHULPHQWDO�GDWD
�DIWHU�;�;�*XR�HW�DO���
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7KH� UHVXOWLQJ� $UUKHQLXV� SORWV� �VHH� )LJXUH� �������� IRU� WKH
KHWHUROD\HUV�ZLWK�GLIIHUHQW�VSDFLQJV��A��UHYHDO�GLIIHUHQW�UHJLPHV��DIWHU
;�;�*XR�HW�DO����)RU�PRGHUDWH�VSDFLQJV� ⊥

Pσ �RQO\�VOLJKWO\�LQFUHDVHV�ZLWK
1−

A �DV�EORFNLQJ�EXON�FRQWULEXWLRQV�GHWHUPLQH�WKH�RYHUDOO�YDOXH�DQG�WKH
LQWHUIDFLDO�HIIHFWV�DUH�WRR�VPDOO�WR�KDYH�D�PDMRU�LQIOXHQFH��7DNLQJ�LQWR
DFFRXQW�WKH�YDOXH�RI�WKH�DFWLYDWLRQ�HQHUJ\�RI�WKH�FDUULHUV���FDOFXODWHG
IURP�WKH�VORSH�RI�WKH�FXUYH�LQ�$UUKHQLXV�SORW��ZH�DVVXPH�WKDW�LQ�WKLV
UHJLPH�WKH�PDLQ�FRQWULEXWLRQ�WR�WKH�UHVLVWDQFH�RI�WKH�VDPSOHV�LV�JLYHQ
E\� WKH� EXON� SDUWV� RI� &D)�� �H[SHULPHQWDO� REWDLQHG� YDOXH� RI� ���H9
FRPSDUHG� WR� WKH� GDWD� RI� WKH� WKLFN� &D)�� ILOPV��� ,W� VHHPV� WR� EH� D
UHDOLVWLF� DVVXPSWLRQ� GXH� WR� WKH� IDFW� WKDW� 


&D)�L �) � UHSUHVHQW� PLQRULW\
FDUULHUV� DQG� WKH� PRELOLW\� LV� VPDOOHU� WKDQ� LQ� %D)��� ,Q� WKLV� UHJLPH�

OO
PP σσ <<⊥ �

$JDLQ�� IRU� H[WUHPHO\� VPDOO� VSDFLQJV�� WKH� DFWLYDWLRQ� HQHUJ\� RI
����H9� FOHDUO\� LQGLFDWH� WKDW� WKH� LQWHUVWLWLDO� IOXRULQH� LQ� &D)�� SOD\� WKH
PDLQ� UROH� LQ� UHVLVWDQFH�RI� WKH�KHWHUROD\HUV��7KLV� FDQ�EH�H[SODLQHG� LI
ZH�DVVXPH�D� IUR]HQ�LQ�GLIIXVLRQ�RI� WKH� LPSXULW\�DV�ZLOO�EH�VKRZQ� LQ
&KDSWHU���
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)LJXUH���������$UUKHQLXV�SORW�RI� WKH�KHWHURVWUXFWXUHV�ZLWK�GLIIHUHQW
VSDFLQJV�PHDVXUHG�LQ�SHUSHQGLFXODU�GLUHFWLRQ�WR�WKH�LQWHUIDFHV��DIWHU
;�;�*XR�HW�DO���

)RU�PRGHUDWH�LQWHUIDFLDO�VSDFLQJV�WKH�REWDLQHG�DFWLYDWLRQ�HQHUJ\
RI� ����H9� FDQQRW� LQGLFDWH� ZKLFK� FDUULHU� LV� UHVSRQVLEOH� IRU� WKH
UHVLVWDQFH��,W�FDQ�EH�D�PL[WXUH�RI�WKH�FRQWULEXWLRQV�IURP�FDUULHUV�IURP
ERWK�PDWHULDOV�

7KHVH� UHVXOWV� FOHDUO\� UHIHU� WR� WKH� VHPL�LQILQLWH� DQG� WKH� RYHUODS
VLWXDWLRQV�DV�GLVFXVVHG� IRU� WKH� ODWHUDO� FRQGXFWLYLWLHV�� )XUWKHUPRUH��D
VSDFH� FKDUJH� WKLFNQHVV� RI� ��� QP�H[WUDFWHG� IURP� WKH� ILUVW� UHJLPH� LV
FRQVLVWHQW�ZLWK�SUHYLRXV�VWXGLHV�

,Q�VKRUW��&D)��%D)��KHWHUROD\HUV�KDYH�EHHQ�HSLWD[LDOO\�JURZQ�RQ
WKH�FRQGXFWLYH�VLQJOH�FU\VWDO�672�1E�VXEVWUDWHV��ZKLFK�HQDEOHV�XV�WR
FDUU\�RXW�WKH�FRQGXFWLYLW\�PHDVXUHPHQW�LQ�WKH�SHUSHQGLFXODU�GLUHFWLRQ
WR�WKH�LQWHUIDFHV��7KH�REWDLQHG�SDUWLDO�UHVXOWV�DUH�FRQVLVWHQW�ZLWK�RXU
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SUHYLRXV� LQWHUSUHWDWLRQV� IRU� WKH� ODWHUDO�FRXQWHUSDUW��7KLV�SURYLGHV�DQ
LPSRUWDQW� LQGHSHQGHQW� VXSSRUW� DV� KHUH�� LQ� FRPSDUH� WR� WKH� ODWHUDO
PHDVXUHPHQWV��WKH�PRVW�UHVLVWLYH�SDUWV�RI�WKH�SURILOH�DUH�SURYLGHG�
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&KDSWHU��
1XPHULFDO� 0RGHOOLQJ� RI� WKH� 0HVRVFRSLF
%HKDYLRXU

8VLQJ�WKH�VSDFH�FKDUJH�PRGHO�EDVHG�RQ�*RX\�&KDSPDQ�SURILOHV�
WKH� FKDUDFWHULVWLFV� RI� WKH� OLQHDU� GHSHQGHQFH� IRU� ODUJH� LQWHUIDFLDO
VSDFLQJV� DUH� LQ� DJUHHPHQW� ZLWK� WKH� H[SHULPHQWDO� GDWD� >����6DWD@�
>����6DWD@�� +RZHYHU�� WKLV� LV� GLIIHUHQW� IRU� WKH� ILOPV� RI� YHU\� VPDOO
VSDFLQJV�� WKDW� KDV� EHHQ� LQYHVWLJDWHG� LQ� 5HI�� >����6DWD@�� WKH
DQRPDORXV� VWHHS� LQFUHDVH� RI� FRQGXFWLYLW\�� DQG� WKH� DEUXSW� WUDQVLWLRQ
EHWZHHQ�WZR�OLPLWV�FDOO�IRU�D�UHILQHPHQW�RI�WKH�GHIHFW�FKHPLVWU\�DW�WKH
&D)��%D)�� LQWHUIDFHV�� 1RWH� WKDW� LQGLFDWLRQV� IRU� DQ� XSZDUGV� EHQGLQJ
DUH� DOVR� VHHQ� LQ� QRQ�DQQHDOHG� VDPSOHV� LQ� WKLV� ZRUN� DW� ORZ
WHPSHUDWXUH� �VHH� )LJXUH� ��������� SRVVLEO\� GXH� WR� D� GLPLQLVKHG
VSDFLQJ�RI�GLVORFDWLRQV�QHWZRUN�DQG�LQWHUIDFHV�

,Q� WKLV� VWXG\�� WKH� WKLFNQHVV� GHSHQGHQFH� RI� WKH� OD\HU
FRQGXFWLYLWLHV� LV� QXPHULFDOO\� FDOFXODWHG� XVLQJ� ERWK� WKH� *RX\�
&KDSPDQ��DQG�WKH�0RWW�6FKRWWN\�PRGHV�DQG�WKH�QXPHULFDO�UHVXOW�DUH
FRPSDUHG� � ZLWK� H[SHULPHQWDO� GDWD� IURP� VWXGLHV� ZKLFK� KDYH� EHHQ
GRQH�RQ�WKLV� LRQLF�V\VWHP� >����6DWD@�>����6DWD@�>����*XR�@�>����*XR�@��,Q�GLUHFW
FRPSDULVRQ�WR�WKH�H[SHULPHQWDO�GDWD��ZH�ILQG�WKDW�WKH�0RWW�6FKRWWN\
PRGH� FDQ� LQGHHG� UHSURGXFH� WKH� TXDQWLWDWLYH� IHDWXUHV� RI� WKH
H[SHULPHQWV�

7KH� FDOFXODWLRQ� RI� WKH� GHIHFW� FRQFHQWUDWLRQ� SURILOHV� LPSOLHV� WKH
NQRZOHGJH� RI� WKH� HOHFWULFDO� SRWHQWLDO� SURILOH�� DQG� DGGLWLRQDOO\� WKH
UHODWLRQVKLS� EHWZHHQ� FRQFHQWUDWLRQ� DQG� HOHFWULFDO� SRWHQWLDO� EHLQJ
JLYHQ�E\�3RLVVRQ¶V�HTXDWLRQ��(T���������VHH�DOVR�5HI��>����-DP@��
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�����*RX\�&KDSPDQ�3URILOH

$V�SUHVHQWHG�LQ�&KDSWHU����DFFRUGLQJ�WR�WKH�VSDFH�FKDUJH�SURILOH
IURP� )LJXUH� ���E� DQG� IURP� H[SHULPHQWDO� HYLGHQFH� ZH� FDQ� DVVXPH
WKDW� 


L) DQG� )9< �FDUULHUV�VKRXOG�EH�HQULFKHG�LQ�WKH�VSDFH�FKDUJH�]RQHV
RI�&D)��DQG�%D)��UHVSHFWLYHO\��)LJXUH������

:LWK� WKLV� DVVXPSWLRQ�� WKH� WRWDO� FRQGXFWLYLW\� SDUDOOHO� WR� WKH
LQWHUIDFH�FDQ�EH�ZULWWHQ�DV�IROORZ�

� �
� � � � � �

%D) &D)
%D) %D) %D) &D) &D) &D)__ P P

P Y � % Y�� L � % L��
� Q � X � N 7F X � N 7F� � Q

σ σσ ε ε ε ε−  ≅ + + ⋅ ⋅ +  A

�����
ZKHUH��X��PRELOLW\� RI� WKH� UHVSHFWLYH� IOXRULGH� GHIHFW� LQ� WKH� LQGLFDWHG
SKDVH�� �εε ��GLHOHFWULF�FRQVWDQW��9P��PRODU�YDOXH��WKH�VXSHUVFULSWV�&D)�
�RU�%D)���UHIHU�WR�WKH�GHIHFW�HQULFKHG�LQ�&D)���RU�%D)����Q��QXPEHU�RI
OD\HUV��

,I�ZH�DVVXPH�D�PD[LPXP� LQWHUIDFLDO�HIIHFW� �DOO�SRVVLEOH�VLWHV�DW
WKH� LQWHUIDFH� DUH� RFFXSLHG� E\� GHIHFWV�� ZLWK� WKH� PD[LPXP�PDMRULW\
FDUULHU� FRQFHQWUDWLRQV� LQ� ERWK� PDWHULDOV�� � �%D) %D)

� PF � 9= DQG
� �&D) &D)

� PF � 9= ��LQ�D�VLPSOH�FRQWLQXXP�PRGHO��ZH�REWDLQ�WKH�HTXDWLRQ�

� �� �
� �

� �

%D) &D)%D) &D)
%D) &D)__ � % � %P P

P Y L%D) &D)
P P

� N 7 � N 7� Q � X X� � Q 9 9
ε ε ε εσ σσ

 −  = + + ⋅ ⋅ +
  A

�����
,Q�WKH�FDOFXODWLRQV��WKH�WKHUPRG\QDPLF�DQG�GHIHFW�FKHPLFDO�GDWD

IURP� %DUVLV� DQG� 7D\ORU¶V� SXEOLFDWLRQV� >����%DUV�@� DQV� >����%DUV�@
DUH� XVHG� IRU� %D)�� DQG� WKRVH� IURP� %ROOPDQQ� IRU� &D)�� >����%ROO�@�
)LJXUH�����VKRZV�WKH�FDOFXODWHG�UHVXOWV�EDVHG�RQ�WKH�*RX\�&KDSPDQ
PRGHO�DQG�H[SHULPHQWDO�UHVXOWV�IURP�5HI��>����6DWD@�

7KH�GRWWHG�OLQH�UHIHUV�WR�WKH�FDOFXODWLRQ�IURP�(T���������ZKLFK�FDQ
ILW�WKH�H[SHULPHQWDO�GDWD�IRU�ODUJH�LQWHUIDFLDO�VSDFLQJV�� nm50>A ���)RU
VPDOO� VSDFLQJV� � nm30<A ��� WKH� FRQGXFWLYLW\� IROORZV� WKH� UHODWLRQVKLS
GHVFULEHG�LQ�(T����������,Q�RWKHU�ZRUGV��WKH�FRQGXFWLYLW\�LV�LQFUHDVHG
E\� WKH� *&J � IDFWRU�JLYHQ�E\�(T�� �������FRPSDUHG�ZLWK� UHVSHFW� WR� WKH
QRQ�RYHUODS�VLWXDWLRQ�DW� λ4 ��DV�WKH�VROLG�OLQH�VKRZQ�LQ�)LJXUH�����
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)LJXUH� ����� (IIHFWLYH� ODWHUDO� FRQGXFWLYLW\� LQ� WKH� FDVH� RI� *RX\�
&KDSPDQ� VSDFH� FKDUJH� SURILOH� DV� D� IXQFWLRQ� RI� WKH� LQYHUVH� VSDFLQJ
EHWZHHQ� WKH� LQWHUIDFHV�� 7KH� GRWWHG� OLQH� UHIHUV� WR� FDOFXODWLRQ� RI� WKH
FRQGXFWLYLW\� IRU� PD[LPXP� LQWHUIDFLDO� FRQFHQWUDWLRQ�� DQG� UHG� OLQH
UHIHUV� WR� WKH� QXPHULFDOO\� LQWHJUDWLRQ� RI� FRQFHQWUDWLRQ� SURILOH�� JUHHQ
SRLQWV�UHSUHVHQWV�WKH�H[SHULPHQWDO�UHVXOWV�IURP�5HI��>����6DWD@�

,W� FDQ� EH� FOHDUO\� VHHQ� WKDW� WKH� *RX\�&KDSPDQ� PRGHO� FDQ� QRW
GHVFULEH� WKH� VWHHS� LQFUHDVH� RI� WKH� FRQGXFWLYLWLHV� IRU� VPDOO� VSDFLQJV
DQG�WKH�IHDWXUHV�RI�WKH�DEUXSW�WUDQVLWLRQ�
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�����0RWW�6FKRWWN\�0RGHO

7KH� 0RWW�6FKRWWN\�PRGHO� GHVFULEHV� DQ� H[WULQVLF� VLWXDWLRQ� ZKHQ
LPPRELOH�LPSXULWLHV�DUH�SUHVHQW�LQ�WKH�ILOP�DQG�WKH�FRQFHQWUDWLRQV�RI
LPSXULWLHV�LV�FRQVWDQW�LQ�DOO�WKLFNQHVV�UDQJH�RI�WKH�OD\HUV���)LJXUH�����
,Q� WKLV� FDVH� WKH� PRELOH� PDMRULW\� FDUULHUV� DUH�� LQ� WKH� EXON�
FRPSHQVDWHG� E\� LPSXULWLHV�� 7KH�0RWW�6FKRWWN\�PRGHO� DVVXPHV� WKDW
WKH�PRELOH�PDMRULW\� GHIHFWV� DUH� GHSOHWHG� DW� WKH� LQWHUIDFH��ZKLOH� WKH
PLQRULW\�DUH�DFFXPXODWHG�

6LQFH�WKH�PRELOH�PDMRULW\�FDUULHU� LV�GHSOHWHG��WKH�0RWW�6FKRWWN\
FDVH�XVXDOO\�GHDOV�ZLWK� UHVLVWLYH�ERXQGDULHV�� ,I� D�PLQRULW\� FDUULHU� RI
WKH� VDPH� VLJQ� DV� WKH� LPSXULW\�� KRZHYHU�� KDV� D� YHU\� KLJK� PRELOLW\
� PL

PD
X
X UDWLR� VKRXOG� EH� YHU\� KLJK��� LW� FDQ� EH� FRQFHLYHG� WKDW� LWV

DFFXPXODWLRQ� OHDGV� WR� D� LQFUHDVH� LQ� FRQGXFWDQFH�� HYHQ� WKRXJK� WKH
LPSXULW\�OHYHO�LV�QRW�H[FHHGHG�

/HW� FRQVLGHU�D�VLQJOH�FKDUJHG� LPSXULW\� �]LPS ���ZLWK�D�FRQVWDQW
FRQFHQWUDWLRQ� DQG� FDOFXODWH� FRQFHQWUDWLRQ� SURILOH� LQ� WKH� OD\HUV�� 7KLV
DVVXPSWLRQ�LV�UHDOLVWLF�EDVHG�RQ�WKH�IDFW�WKDW�LQGXFHG�FRXSOHG�SODVPD
�,&3��PHDVXUHPHQWV�RI�WKH�HYDSRUDWHG�PDWHULDOV� LQGLFDWHG�LQ�%D)��D
VLQJOH�SRVLWLYH�FKDUJHG� LPSXULW\� �%�ERURQ�� LQ� FRQFHQWUDWLRQ�RI�DERXW
�����FP���LQ�WKH�VDPSOHV��DIWHU�;�;�*XR�HW�DO����,Q�IDFW��WUHDWPHQW�RI
WKH� VDPSOHV� LQ� R[\JHQ� DOZD\V� OHDGV� WR� D� GHFUHDVH� RI� FRQGXFWLYLWLHV
DQG�D�VKLIW�RI�WKH�WUDQVLWLRQ�NQHH�WR�WKH�ODUJH�YDOXH�RI��� A ��,Q�YLHZ�RI
WKLV� SRLQW�� WKH� UHTXLUHG� KLJK� PRELOLW\� UDWLR� RI� DFFXPXODWHG� DQG
GHSOHWHG�FDUULHUV�DQG�LQ�YLHZ�RI�WKH�REVHUYHG�DFWLYDWLRQ�HQHUJLHV��ZH
DVVXPH�WKH�IROORZLQJ�VLWXDWLRQ��,Q�%D)��OD\HUV� L)��DV�PDMRULW\�FDUULHUV
FRPSHQVDWHG�E\�SRVLWLYH�GRSDQWV�LQ�WKH�EXON�DUH�GHSOHWHG�DQG� )9• �DV
PLQRULW\�FDUULHUV�HQULFKHG�LQ�WKH�VSDFH�FKDUJH�]RQH��7KLV�LV�FRQVLVWHQW
ZLWK� D� WUDQVIHU� RI� )− � IURP� %D)�� WR� &D)�� DV� WKH� PHFKDQLVP� IRU� LRQ
GLVWULEXWLRQ�DW�WKH�LQWHUIDFHV�DVVXPHG�LQ�5HI��>����6DWD@��$V�D�UHVXOW�
WKH�IOXRULGH�YDFDQFLHV�� )9• ��DUH�DFFXPXODWHG�DW�WKH� LQWHUIDFH�RI�%D)�
DQG�WKH� LQWHUVWLWLDOV�� L)��� LQ�&D)���6LQFH�WKH�PRELOLW\�RI� )9• � LQ�%D)�� LV
RQH�RUGHU�RI�PDJQLWXGH�ODUJHU�WKDQ�WKDW�RI� L)��LQ�&D)��DW�WKH�FXUUHQW
LQYHVWLJDWHG� WHPSHUDWXUH� UHJLPH� ������ °&��� WKH� FRQWULEXWLRQ� IURP
&D)�� OD\HUV� WR� WKH� WRWDO� FRQGXFWLYLW\� FDQ� EH� QHJOHFWHG�� 7KHUHIRUH� LQ
WKH�IROORZLQJ�ZH�QHJOHFW�WKH�FRQWULEXWLRQV�IURP�&D)��DQG�H[FOXVLYHO\
UHIHU� WR� %D)�� IRU� ZKLFK� ZH� DGRSW� D� 0RWW�6FKRWWN\� PRGHO�� $V� D
FRQVHTXHQFH� RI� WKH� FKDUJH� WUDQVIHU� DQG� WKH� FRQWULEXWLRQ� RI� FKDUJH�
WKHUH�ZLOO�EH�D�VLJQLILFDQW�LQFUHDVH�RI� L)��LQ�&D)��ZKLOH�WKH� )9• �FDUULHUV
DUH�GHSOHWHG�
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8VLQJ� SDUDPHWHUV� IURP� 7DEOH� ��� WKH� HOHFWULFDO� SRWHQWLDO� SURILOH
DQG� GHIHFW� FRQFHQWUDWLRQ� SURILOHV� KDV� EHHQ� FDOFXODWHG�ZLWK� HTXDWLRQ
������� DQG� ������� UHVSHFWLYHO\� DQG� SORWWHG� LQ� )LJXUH� ���� DQG� )LJXUH
����

∞,impc

,PSXULW\
FRQFHQWUDWLRQ�LQ

EXON���FP���

7HPSHUDWXUH
��&�

|||| 0 ∞−=∆ φφφ �6SDFH
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���� ��� ��� ��� ��

7DEOH� ����� 3DUDPHWHUV� XVHG� IRU� FDOFXODWLRQV� LQ� WKH� FDVH� RI� 0RWW�
6FKRWWN\�PRGHO�
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)LJXUH������7KH�GHIHFW�FRQFHQWUDWLRQ�SURILOH�DW�WKH�LQWHUIDFH�EHWZHHQ
&D)��%D)��LQ�%D)��

7KH� LQWHJUDWLRQ� RI� (T�� ������� DQG� ������� KDV� EHHQ� GRQH
QXPHULFDOO\�� )LJXUH� ���� VKRZV� WKH� UHVXOWV� FDOFXODWHG� EDVHG� RQ� WKH
0RWW�6FKRWWN\� PRGHO� ZLWK� WKH� FRQVWDQW� LPSXULW\� SURILOHV�� )URP� WKH
ILJXUH�� LW� FDQ� EH� VHHQ� WKDW� QRZ� QRW� RQO\� WKH� OLQHDU� SDUW� IRU� ODUJH
VSDFLQJV�EXW�DOVR�WKH�EHKDYLRXU�DW�VPDOO�VSDFLQJV�FDQ�EH�ZHOO�ILWWHG�
7KH� WUDQVLWLRQ� EHWZHHQ� WZR� UHJLPHV� RFFXUV� DW� DERXW� ��� QP� �≈ ∗λ2 ��
$OVR� WKH� VDWXUDWLRQ� IRU� H[WUHPHO\� WKLQ� ILOPV� LV� LQ� OLQH� ZLWK� WKH
PRGHOOLQJ�
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       Mott-Schottky Model
 Numerical Integration

 
 Experimental Data

Ω
-1

-1

N/L (cm-1)

)LJXUH������(IIHFWLYH�FRQGXFWLYLW\�LQ�WKH�FDVH�RI�0RWW�6FKRWWN\�VSDFH
FKDUJH�SURILOH�DV�D�IXQFWLRQ�RI�LQYHUVH�VSDFLQJ�EHWZHHQ�WKH�LQWHUIDFHV�
6SDFH�FKDUJH�SRWHQWLDO�XVHG�LQ�WKH�FDOFXODWLRQV�ZDV������9�

+RZHYHU�� WKH� FDOFXODWHG� FRQFHQWUDWLRQ� SURILOH� WXUQV� RXW� WR� EH
LQFRQVLVWHQW�ZLWK� WKH� FKDUJH� GHQVLW\� RI� WKH�0RWW�6FKRWWN\�PRGHO� DV
WKH�REWDLQHG�FRQFHQWUDWLRQ�RI�WKH�PLQRULW\�FDUULHU� •

FV �H[FHHGV�WKDW�RI
WKH�FRQVWDQW�LPSXULW\�OHYHO�E\�WZR�RUGHUV�RI�PDJQLWXGH�

7KH�VLWXDWLRQ�LV�UHOLHYHG�LI�ZH�DVVXPH�KLJKHU�YDFDQF\�PRELOLWLHV�
,I�ZH�DVVXPH�WKH�PRELOLW\�WR�EH�JUHDWHU�E\�D�IDFWRU�RI����ZKLFK�ZRXOG
EH�ZHOO�ZLWKLQ�WKH�DFFXUDF\� OLPLW��DQG� ILW� WKH�H[SHULPHQWDO�GDWD��VWLOO
WKH� SURILOH� LV� LQFRQVLVWHQW�� )LWWLQJ� WKH� H[SHULPHQWDO� GDWD� ZLWK
SDUDPHWHUV� ZKLFK� OHDG� WR� D� FRQFHQWUDWLRQ� RI� PLQRULW\� FDUULHU� )9•

VPDOOHU�WKDQ�WKH�FRQVWDQW�LPSXULW\�OHYHO�UHVXOWV�LQ�DQ�LQFUHDVH�LQ�WKH
PRELOLW\� RI� WKH� FDUULHU� DW� OHDVW� �� RUGHU� RI� PDJQLWXGH�� 7KLV� LV� LQ
GLVDJUHHPHQW�ZLWK�DOO�OLWHUDWXUH�GDWD�DQG�LV�QRW�D�UHDOLVWLF�FDVH�
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����)UR]HQ�LQ�,PSXULW\�'LIIXVLRQ�3URILOHV

�������([SRQHQWLDO�3URILOH�RI�WKH�,PSXULW\

,Q� WKH� IROORZLQJ� ZH� DVVXPH� PRUH� UHDOLVWLF� WKDW� WKH� LPSXULW\
FRQWHQW�LV�QRW�FRQVWDQW�LQ�WKH�OD\HU��EXW�GHFUHDVHV�H[SRQHQWLDOO\�IURP
D�KLJKHU�YDOXH�DW�WKH�LQWHUIDFH�XQWLO�UHDFK�WKH�EXON�YDOXH�

,0 exp = −  imp imp

x
c c

b �����

E� GHQRWHV� WKH� GLVWDQFH� IURP� WKH� LQWHUIDFH� ZKHQ� WKH� LPSXULW\
FRQFHQWUDWLRQ�LV�HTXDO�ZLWK�WKH�EXON�YDOXH��
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7DEOH� ����� 3DUDPHWHUV� XVHG� IRU� FDOFXODWLRQV� LQ� WKH� FDVH� RI
H[SRQHQWLDO�GHFUHDVH�RI�LPSXULW\�PRGHO�
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8VLQJ�(T��������DQG�(T��������DQG� LQLWLDO�SDUDPHWHUV� IRUP�7DEOH
�����WKH�GHIHFW�FRQFHQWUDWLRQ�SURILOHV�KDV�EHHQ�FRPSXWHG��7KH�UHVXOWV
DUH�GLVSOD\HG�LQ�)LJXUH�����
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D� E�
)LJXUH� ����� D�� 7KH� VSDFH� FKDUJH� SRWHQWLDO� DQG� E�� WKH� GHIHFW
FRQFHQWUDWLRQ� SURILOHV� LQ� FDVH� RI� H[SRQHQWLDO� IRUP� RI� WKH� LPSXULW\
FRQFHQWUDWLRQ�

7KH� FRPSXWDWLRQ� DFFRUGLQG� WR� (T�� ������� DQG� ������� KDV� EHHQ
GRQH� QXPHULFDOO\�� )LJXUH� ���� VKRZV� WKH� UHVXOWV� FDOFXODWHG� EDVHG� RQ
WKLV�PRGHO� ZLWK� LQFUHDVLQJ� OHYHO� RI� WKH� LPSXULW\� QHDU� WKH� LQWHUIDFH�
:LWK� SDUDPHWHUV� IURP� 7DEOH� ���� WKH� EHKDYLRXU� RI� WKH� H[SHULPHQWDO
GDWD�FDQ�DJDLQ�EH�SHUIHFWO\�ILWWHG�
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    Exponential decrease model
 Numerical Integration

 
 Experimental Data

Ω
-1

-1

N/L (cm-1)

)LJXUH������(IIHFWLYH�FRQGXFWLYLW\�LQ�WKH�FDVH�RI�H[SRQHQWLDO�GHFUHDVH
RI� WKH� LPSXULWLHV� DV� D� IXQFWLRQ� RI� LQYHUVH� VSDFLQJ� EHWZHHQ� WKH
LQWHUIDFHV��6SDFH�FKDUJH�SRWHQWLDO�XVHG�LQ�WKH�FDOFXODWLRQV�ZDV�����9�

+RZHYHU�� WKH� FDOFXODWHG� FRQFHQWUDWLRQ� SURILOH� LV� DJDLQ
LQFRQVLVWHQW� ZLWK� WKH� FKDUJH� GHQVLW\� RI� LPSXULWLHV�� 7KH� REWDLQHG
FRQFHQWUDWLRQ�RI�WKH�PLQRULW\�FDUULHU� )9• �H[FHHGV�WKDW�RI�WKH�FRQVWDQW
LPSXULW\�OHYHO�ZLWK�WZR�RUGHUV�RI�PDJQLWXGH��([SRQHQWLDO�SURILOH�OHDGV
WR�D�YHU\�VPDOO�VFUHHQLQJ�OHQJWK�

7KLV�GLVDJUHHPHQW�LV�SUDFWLFDOO\�UHPRYHG�LI�ZH�WDNH�LQWR�DFFRXQW
D�PRUH�UHDO�VLWXDWLRQ�LQ�WKH�VDPSOHV��7R�UHPRYH�WKLV�GLVFUHSDQF\�ZH
DVVXPH�WKDW�WKH�LPPRELOH�LPSXULW\�PD\�QRW�EH�FRQVWDQW�LQ�WKH�OD\HUV�
EXW�LQFUHDVHG�QHDU�WR�WKH�LQWHUIDFH�
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�������/LQHDU�3URILOHV�RI�WKH�,PSXULWLHV

$V� D� SULPH� WULDO� ZH� DVVXPH� D� OLQHDU� GHFUHDVH� RI� WKH� LPSXULW\
FRQFHQWUDWLRQ�>����*XR@�

( )LPS LPS��F [ D[ F= − + IRU� LPS�� LPS�F F� [ D
∞−

≤ ≤

�����
DQG�

( ) LPS�F [ F ∞= IRU� LPS�� LPS�F F[ D
∞−

≥ � �����

7KLV�SURILOH� LV� VKRZQ�E\� WKH�VROLG� OLQH� LQ�)LJXUH����E� �1RWH� WKDW
WKH� ORJDULWKP�RI� FRQFHQWUDWLRQ��DQG�DOVR� WKH�FRQFHQWUDWLRQ�SURILOH� LQ
FDVH� RI� FRQVWDQW� LPSXULW\� OHYHO� LV� SORWWHG� LQ� )LJXUH� ���D�� IRU
FRPSDULVRQ���6WDUWLQJ�IURP�(T����������WKH�SRWHQWLDO� ( )[φ �LV�REWDLQHG�
ZLWK� WKH� KHOS� RI� ZKLFK� ZH� WKHQ� QXPHULFDOO\� FDOFXODWH� WKH� FDUULHU
FRQFHQWUDWLRQV� DQG� FRQGXFWLYLWLHV� XVLQJ� WKH� VDPH� PHWKRG� DV
GLVFXVVHG�DERYH�

�:LWK�WKLV�FRPSRVLWH�LPSXULW\�SURILOHV��WKH�H[SHULPHQWDO�GDWD�IRU
VPDOO� VSDFLQJV� FDQ� DOVR� EH� SHUIHFWO\� ILWWHG�� DV� VKRZQ� LQ� )LJXUH� ����
7KH�FRUUHVSRQGLQJ�ILWWLQJ�SDUDPHWHUV�DUH�VKRZQ�LQ�7DEOH�����

,I� ZH� YDU\� OLWHUDWXUH� PRELOLWLHV� �IURP� 5HI�� >����%DUV�@� DQG
>����%DUV�@�� RQO\� E\� D� IDFWRU� RI� �� IDU�UHDFKLQJ� DJUHHPHQW� LV
DFKLHYHG� DQG� QR� LQFRQVLVWHQF\� RFFXUV�� ,I� ZH� DVVXPH� WKH�PRELOLW\� D
IDFWRU�RI���JUHDWHU��WKH� )9• �FRQFHQWUDWLRQ�ZLOO�EH�FRPSOHWHO\�EHORZ�WKH
LPSXULW\�OHYHO��DV�VKRZQ�LQ�)LJXUH����E��
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FRQVWDQW� LPSXULW\� SURILOHV� DQG� �E�� WKH� FRPSRVLWH� LPSXULW\� SURILOHV
>����*XR@�� ,Q� �D�� WKH�YDFDQF\�PRELOLW\� LV� DVVXPHG� WR�EH�D� IDFWRU� RI� �
JUHDWHU�WKDQ�WKH�YDOXH�IURP�5HI��>����%DUV�@�DQG�>����%DUV�@��ZKLOH
�E��VKRZV�WKH�UHVXOWV�ZLWK�WKH�YDFDQF\�PRELOLW\�LQFUHDVHG�E\�D�IDFWRU
RI�ERWK���DQG���
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7DEOH� ����� 7KH� SDUDPHWHUV� XVHG� IRU� FDOFXODWLRQV� LQ� WKH� FDVH� RI
IUR]HQ�LQ�GLIIXVLRQ�PRGHO��0RELOLW\�YDOXHV�RI�%D)��DUH�WDNHQ�IURP�5HI�
>����%DUV�@�DQG�>����%DUV�@�
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Frozen-in diffusion model

 Numerical integration 
 Experimental Data

Ω
-1

-1

N/L (cm-1)

)LJXUH� ����� (IIHFWLYH� FRQGXFWLYLW\� LQ� WKH� FDVH� RI� IUR]HQ�LQ� GLIIXVLRQ
PRGHO�DV�D�IXQFWLRQ�RI�LQYHUVH�VSDFLQJ�EHWZHHQ�WKH�LQWHUIDFHV��6SDFH
FKDUJH�SRWHQWLDO�XVHG�LQ�WKH�FDOFXODWLRQV�ZDV�����9�

7KH�DYHUDJH�GLIIHUHQFH�EHWZHHQ�WKH�DVVXPHG�DQG�WKH�FRUUHFWHG
FKDUJH�GHQVLW\�LV�RQO\�������2QH�VKRXOG�SRLQW�RXW�WKDW�WKH�OLWHUDWXUH
GDWD� IRU� WKH� YDFDQF\�PRELOLW\� DW� ���°&� DUH� VWURQJO\� VFDWWHUHG� �VHH
GDWD� IURP�5HI�� >����%ROO�@�DQG�>����%DUV�@���7KHUH� LV�RQH�RUGHU�RI
PDJQLWXGH� GLIIHUHQFH� LQ� WKH� GDWD� RI� %DUVLV� DQG� 7D\ORU¶V� >����%DUV�@

FRPSDUHG� ZLWK� %ROOPDQQ¶V� >����%ROO�@�� (YHQ� WKRXJK� WKH� ODWWHU� YDOXHV
ZRXOG�EH�HYHQ�PRUH�XQIDYRXUDEOH�� WKH�DVVXPHG� IOH[LELOLW\� LV�ZHOO� LQ
WKH�UHDOLVWLF�UDQJH�

2EYLRXVO\�� WKH� 0RWW�6FKRWWN\� PRGHO� DOORZV� IRU� D� UHDOLVWLF
LQWHUSUHWDWLRQ�RI�WKH�PHVRVFRSLF�EHKDYLRXU�

,Q�VKRUW��WKH�0RWW�6FKRWWN\�PRGHO�FDQ�UHSURGXFH�WKH�TXDQWLWDWLYH
IHDWXUHV� RI� WKH� H[SHULPHQWDO� GDWD� �IURP� >����6DWD@�� HYHQ� DW� YHU\
VPDOO� WKLFNQHVVHV� �DV� ORQJ� DV� WKH� ILOPV� DUH� VWLOO� LQWDFW��� 7KH� EHVW
DJUHHPHQW�ZLWK�GHIHFW� FKHPLFDO�GDWD� IURP� WKH� OLWHUDWXUH� LV�REWDLQHG
XVLQJ�D�PRGLILHG�0RWW�6FKRWWN\�PRGHO�LQ�ZKLFK�DQ�LPSXULW\�SURILOH�LV
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DVVXPHG� QRW� WR� EH� KRUL]RQWDO� WKURXJKRXW� EXW� WR� H[KLELW� D� GLVWLQFW
JUDGLHQW� FORVH� WR� WKH� LQWHUIDFH�� 6XFK� D� GLVWULEXWLRQ� LV� UHDOLVWLFDOO\
H[SHFWHG� LQ� YLHZ� RI� WKH� VDPSOH� SUHSDUDWLRQ� DV� ZHOO� DV� RI� WKH
FRQGLWLRQLQJ� SULRU� WR� WKH� PHDVXUHPHQWV� �DQQHDOLQJ� DW� HOHYDWHG
WHPSHUDWXUHV��
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&KDSWHU��
6XPPDU\

7KH�SXUSRVH�RI�WKLV�ZRUN�ZDV�WR�REWDLQ�PRUH�IXQGDPHQWDO�LQVLJKW
LQWR� LRQLF�SURFHVVHV� LQ�&D)��%D)��KHWHUROD\HUV�� WKH�XQGHUVWDQGLQJ�RI
WKH� PHVRVFRSLF� VLWXDWLRQ� �L�H�� IRU� ILOP� WKLFNQHVVHV� WKLQQHU� WKDQ� ��
QP��ERWK�LQ�SDUDOOHO�DQG�LQ�SHUSHQGLFXODU�GLUHFWLRQ�WR�WKH�LQWHUIDFHV��
WKH� VWUXFWXUDO� LQYHVWLJDWLRQ� RI� WKH� LQWHUIDFLDO� DQG� LQGLYLGXDO� OD\HU
PRUSKRORJLHV�� WR� XQGHUVWDQG� DQQHDOLQJ� HIIHFWV�� LQ� SDUWLFXODU�� WKH
DQRPDORXV� LQFUHDVH� LQ� WKH� UHVLVWDQFH� RI� WKH� VDPSOH� �RU� GHFUHDVH� RI
WKH�SDUDOOHO�FRQGXFWLYLW\�RI�WKH�VDPSOH��DV�WKH�DQQHDOLQJ�WHPSHUDWXUH
LQFUHDVH��$OVR�WKH�IOXRULWH�W\SH�FU\VWDOV�&D)��DQG�%D)��ZHUH�DQDO\]HG
DQG� WKH� HIIHFWLYH� OHYHO� RI� LPSXULWLHV� ZDV�PHDVXUHG�� $V� WKH� ODWHU� LV
GLIILFXOW�WR�REWDLQ�RWKHUZLVH��WKLV�LV�D�QDWXUDO�SDUDPHWHU�IRU�ILWWLQJ�WKH
H[SHULPHQWDO�UHVXOWV�REWDLQHG�RQ�WKLQ�ILOPV�

7KH�PDMRU�UHVXOWV�DUH�WKH�IROORZLQJ�
��� ,Q� WKLV� ZRUN� WKH� KHWHURVWUXFWXUHV� FRPSRVHG� RI� DOWHUQDWH

&D)��%D)�� WKLQ� OD\HUV� ZLWK� WKH� GLIIHUHQW� LQGLYLGXDO� WKLFNQHVVHV
HSLWD[LDOO\�JURZQ�E\�0%(�RQ�YDULRXV�VXEVWUDWHV��$O�2���6L��1E�GRSHG
6U7L2���ZLWK�GLIIHUHQW�RULHQWDWLRQV�ZHUH�SUHSDUHG�DQG� FKDUDFWHUL]HG�
6XUIDFH�FKDUDFWHUL]DWLRQ�VKRZV�WKDW�WKH�ILOPV�JURZ�LQ�������GLUHFWLRQ�
7KH�ILOPV�H[KLELW�VPRRWK�VXUIDFHV�LQGLFDWLQJ�KLJK�TXDOLW\�KHWHUROD\HUV
ZKLFK�DOORZ�XV�WR�XVH�WKHP�DV�D�PRGHO�IRU�VWXG\LQJ�GHIHFW�FKHPLVWU\
DQG�VL]H�HIIHFWV�

��� ,W� LV� FRQILUPHG� WKDW� WKH� SDUDOOHO� FRQGXFWLYLW\� HIIHFWV� LQ
DQQHDOHG�VDPSOHV�FDQ�EH�H[SODLQHG�E\�IOXRULQH�LRQV� )− �WUDQVIHU�IURP
%D)��WR�&D)���OHDGLQJ�WR�DQ�H[FHVV�RI�LQWHUVWLWLDOV�LQ�RQH�SKDVH�DQG�DQ
H[FHVV�RI�YDFDQF\�LQ�WKH�DQRWKHU�SKDVH�

��� ,Q� DGGLWLRQ� WR� WKDW�� LQ� QRQ�DQQHDOHG� VDPSOHV�� XQVWDEOH
GLVORFDWLRQV� DSSHDU� WKDW� DUH� REYLRXVO\� FKDUJHG� E\� )− � DEVRUSWLRQ
UHVXOWLQJ� LQ� LQFUHDVLQJ� YDFDQF\� FRQFHQWUDWLRQ�� 7KHVH� XQVWDEOH
GLVORFDWLRQV�H[LVW�QRW�RQO\�DW�WKH�LQWHUIDFH��EXW�DOVR�LQVLGH�WKH�OD\HUV�
7KLV�HIIHFW�GLVDSSHDUV�XQGHU�WKHUPDO�WUHDWPHQW�ZKHQ�WKH�GLVORFDWLRQV
FDQ�EH�DQQHDOHG�RXW�

��� ,Q� H[WUHPHO\� WKLQ� ILOPV� D� FRQGXFWLYLW\� DQRPDO\� KDV� EHHQ
REVHUYHG�WKDW�KDV�QRW�EHHQ�H[SODLQHG�VR�IDU��,W�LV�VKRZQ�WKDW�LQGHHG
LQ� 0RWW�6FKRWWN\� D� PRGHO�� WKH� DEUXSW� LQFUHDVH� LQ� WKH� PHDVXUHG
SDUDOOHO�FRQGXFWLYLW\��LI�SORWWHG�DV�D� IXQFWLRQ�RI� LQYHUVH�VSDFLQJ��FDQ
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EH� H[SODLQHG�� ,Q� RUGHU� WR� DFKLHYH� FRQVLVWHQW� GHIHFW� FRQFHQWUDWLRQV�
RQH�KDV�WR�DVVXPH�WKDW�WKH�IUR]HQ�LPSXULW\�SURILOH�LV�QRQ�KRUL]RQWDO�
UDWKHU�LW�FRUUHVSRQGV�WR�D�IUR]HQ�LQ�SURILOH�

��� 6XFK� SURILOHV� DUH� DOVR� FRQVLVWHQW� ZLWK� ILW� UHVXOWV� RI
SHUSHQGLFXODU�PHDVXUHPHQWV�ZKLFK�QRZ�HPSKDVLV�WKH�PRUH�UHVLVWLYH
SDUWV�RI�WKH�KHWHUROD\HUV�
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5HIHUHQFHV

>����&KR@�$��&KR���)LOP�'HSRVLWLRQ�E\�0ROHFXODU�%HDP�7HFKQLTXHV��
-��9DF��6FL��7HFK���9RO������������6���6���
>����&KR@�$��&KR��-��$UWKXU���0ROHFXODU�%HDP�(SLWD[\���3URJ��6ROLG�
6WDWH�&KHP���9RO���������������������
>����,VK@�$��,VKL]DND��.��1DNDJDZD�DQG�<��6KLUDNL��&ROOHFWHG�3DSHUV
RI� 0%(�&67���� ������ 7RN\R� �-DSDQHVH� 6RFLHW\� RI� $SSOLHG� 3K\VLFV�
7RN\R������������
>����0D�@�-��0DLHU��3URJ��6ROLG�6WDWH�&KHP������������������
>����1<-@� 1�<�-LQ�3KLOOLSS�� 1�6DWD�� -�0DLHU�� &�6FKHX�� .�+DKQ�
0�5�KOH��6WUXFWXUHV�RI�%D)�±&D)��KHWHUROD\HUV�DQG�WKHLU�LQIOXHQFHV�RQ
LRQLF�FRQGXFWLYLW\��-RXUQDO�2I�&KHPLFDO�3K\VLFV�������������
>����+DVK@� 6�+DVKLPRWR�� -��/�3HQJ�:�0�*LEVRQ�� /�-�6FKROZDOWHU�
5�:�)DWKDXHU��6WUDLQ�0HDVXUHPHQW� RI� (SLWD[LDO� &D)�� RQ�6L� ������ E\
0H9�,RQ�&KDQQHOLQJ��$SSO��3K\V��/HWW������������������������
>����6FKR@�/�-�6FKRZDOWHU��5�:�)DWKDXHU��5�3�*RHKQHU��/�*�7XUQHU�
5�:�'H%ORLV�� 6�+DVKLPRWR�� -��/�3HQJ�� :�0�*LEVRQ�� -�3�.UXVLXV�
(SLWD[LDO�*URZWK�DQG�&KDUDFWHUL]DWLRQ�RI�&D)��RQ�6L��-�$SSO�3K\V����
����������������

>����6FKR@� /�-�6FKRZDOWHU�� )�$�3RQFH�� *�$QGHUVRQ�� 6�+DVKLPRWR�
0DWHULDOV�5HVHDUFK�6RFLHW\�6\PS��3URF�������-�&�&�)DQ�DQG�-�0�3RDWH�
0DWHULDOV�5HVHDUFK�6RFLHW\��3LWWVEXUJK��������������

>����3RQ@� )�$�3RQFH�� *�%�$QGHUVRQ�� 0�$�2¶.HHIH�� /�-�6FKRZDOWHU�
-�9DF�6FL�7HFK���%���������������

>����5LHJ@� '�5LHJHU�� )�-�+LPSVHO�� 8�2�.DUOVRQ�� )�5�0F)HHO\�
-�)�0RUDU��-�$�<DUPRII��3K\V��5HY���%����������������

>����%OXQ@�6�%OXQLHU��+�=RJJ��&�0DLVVHQ��$�1�7LZDUL��5�0�2YHUQH\�
+�+DHINH�� 3�$�%XIIDW�� *�.RVWRU]�� /DWWLFH� DQG� 7KHUPDO� 0LVILW
'LVORFDWLRQV� LQ� (SLWD[LDO� &D)��6L������ DQG� %D)��&D)��6L�����
6WUXFWXUHV��3K\V��5HY��/HWW������������������������
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>����=RJJ@� +�=RJJ�� &�0DLVVHQ�� 6�%OXQLHU�� 6�7HRGRURSRO�
5�0�2YHUQH\��7�5LFKPRQG��+�+DHINH��6WUDLQ�5HOD[DWLRQ�0RUSKRORJLHV
RI�,,D�)OXRULGHV�DQG�/HDG�&KDOFRJHQLGH�/D\HUV�RQ�6L�������-RXUQDO�RI
&U\VWDO�*URZWK���������������������
>����6DWD@�1��6DWD��.��(EHUPDQ��.��(EHUO��-��0DLHU��0HVRVFRSLF�IDVW
LRQ� FRQGXFWLRQ� LQ� QDQRPHWUH�VFDOH� SODQDU� KHWHURVWUXFWXUHV�� 1DWXUH�
���������������
>����6DWD@�1�� 6DWD��1�<�� -LQ�3KLOOLSS��.�� (EHUO�� -��0DLHU��(QKDQFHG
LRQLF� FRQGXFWLYLW\�DQG�PHVRVFRSLF� VL]H�HIIHFWV� LQ�KHWHURVWUXFWXUHV�RI
%D)��DQG�&D)���6ROLG�6WDWH�,RQLFV����±����������������±����
>����%DUV�@� (�� %DUVLV�� DQG� $�� 7D\ORU�)�� 9DFDQF\� &RQGXFWLYLW\� LQ
%D)��&U\VWDOV��-��&KHP��3K\V������������������
>����%DUV�@�(��%DUVLV��DQG�$��7D\ORU��,QWHUVWLWLDO�&RQGXFWLRQ�LQ�%D)�
&U\VWDOV��-��&KHP��3K\V������������������

>����%ROO�@�:�� %ROOPDQQ�� 5�� 5HLPDQQ��&RQFHQWUDWLRQ� DQG�0RELOLW\
RI� ,QWHUVWLWLDO� )OXRULQH� ,RQV� LQ�&D)��� 3K\V�� 6WDW�� 6RO�� �D����� �������
��������

>����%ROO�@�:��%ROOPDQQ��,RQLF�FRQGXFWLRQ�2I�3XUH�DQG�'RSHG�%D)�
&U\VWDOV��3K\V��6WDW��6RO���D���������������������

>����-DQ@� -�� -DPQLN�� ,PSDFW� RI� SDUWLFOH� VL]H� RQ� FRQGXFWLYLW\� DQG
VWRUDJH�FDSDFLW\�DV�GHULYHG�IURP�WKH�FRUH±VSDFH�FKDUJH�PRGHO��6ROLG
6WDWH�,RQLFV������������������±������

>����+DJ@� 3�� +DJJHQPXOOHU�� ,QRUJDQLF� 6ROLG� )OXRULGHV�� $FDGHPLF
3UHV�,QF�������

>����8UH@�5�:�8UH�� ,RQLF�&RQGXFWLYLW\�RI�&DOFLXP�)OXRULGH�&U\VWDO�
-��&KHP��3K\V������������������

>����6DLWR@� <�� 6DLWR�� -�� 0DLHU�� ,RQLF� &RQGXFWLYLW\� RI� WKH� )OXRULGH
&RQGXFWRU� &D)�� E\� *UDLQ� %RXQGDU\� $FWLYDWLRQ� XVLQJ� /HZLV� $FLGV�� -�
(OHFWURFKHP��6RF�������������������

>����3XLQ@�:��3XLQ��6��5RGHZDOG��5��5DPODX��3��+HLWMDQV��-��0DLHU�
/RFDO� DQG� 2YHUDOO� ,RQLF� &RQGXFWLYLW\� LQ� 1DQRFU\VWDOOLQH� &D)��� 6ROLG
6WDWH�,RQLFV����������������������
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>����0D@� -��0DLHU��3K\VLFDO�&KHPLVWU\�RI� ,RQLF�0DWHULDOV�� ,RQV�DQG
(OHFWURQV�LQ�6ROLG��-RKQ�:LOH\�DQG�6RQV��/WG��������

>����+LQ@� -�:�+LQ]H�� -�:�3DWWHUVRQ�� -�� (OHFWURFKHP�� 6RF��� ���
����������

>����'HO@� -�'HOFHW�� 5�-�+HXV�� -�-�(JDQ�� -�� (OHFWURFKHP�� 6RF�������
������������

>����:DJ@�&�:DJQHU��=�(OHFWURFKHP���������������

>����:DJ@�&�:DJQHU��3URF��&,7&(����������������
>����5HG@� 6�1�6�5HGG\�� 5�$�5DSS�� -�� (OHFWURFKHP�� 6RF��� ���
�������������
>����7XOOHU@�+�/�7XOOHU��6ROLG�6WDWH�,RQLFV������������������
>����0D@�-�0DLHU��%HU��%XQVHQJHV�3K\V�&KHP�������������������
>����0D�@�-�0DLHU��6ROLV�6WDWH�,RQLFV����������������
>����0D�@�-�0DLHU��/�(OHFWURFKHP�6RF��������������������
>����0D�@� -�0DLHU�� 0DWHULDOV� &KHPLVWU\� DQG� 3K\VLFV�� ��� �������
���
>����0D�@�-�0DLHU��%HU��%XQVHQJHV�3K\V�&KHP������������������
>����0D�@�-�0DLHU��-�3K\V�&KHP�6ROLGV�����������������
>����0D@�-�0DLHU��%HU��%XQVHQJHV�3K\V�&KHP�����������������
>����0D@�-�0DLHU��6ROLG�6WDWH�,RQLFV��������������������
>����:LO@� 1�7�:LOVRQ�� 0�:LOVRQ�� 3�$�0DGGHQ�� 1�13\SHU�� ,QWHULRQLF
,QWHUDFWLRQV� DQG� )DVW�LRQLF� &RQGXFWLRQ� LQ� &D)��� -�&KHP�3K\V�� ���
��������������
>����/LQ@�3�-�'�/LQGDQ�0�-�*LOODQ��-�3K\V������������������
>����,VKL@�+�,VKLZDUD��7�$VDQR��$SSO�3K\V�/HWW�����������������
>����$VD@�7�$VDQR��+�,VKLZDUD��7KLQ�6ROLG�)LOPV�����������������
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>����-DP@� -�-DPQLN�� -�0DLHU�� 'HIHFW� FKHPLVWU\� DQG� FKHPLFDO
WUDQVSRUW� LQYROYLQJ� LQWHUIDFHV�� 6ROLG� 6WDWH� ,RQLFV����� �������� ���±
����
>����6]H@�6�0�6]H�� 3K\VLFV� RV�6HPLFRQGXFWRU�'HYLFHV��:LOH\��1H\
<RUN��������
>����0D@�-�0DLHU��)DUDGD\�'LVFXVV������������������
>����6FKX@� (�)�6FKXEHUW�� 'RSSLQJ� LQ� ,,,�9� 6HPLFRQGXFWRUV�
&DPEULGJH�8QLYHUVLW\�3UHVV�������
>����)OH@�-��)OHLJ�DQG�-��0DLHU��/RFDO�&RQGXFWLYLW\�0HDVXUHPHQWV�RQ
$J&O� 6XUIDFHV�8VLQJ�0LFURHOHFWURGHV�� 6ROLG� 6WDWH� ,RQLFV����� �������
�±���
>����*XR@�;�;�*XR��,�0DWHL��-�-DPQLN��-��6�/HH��-�0DLHU��VXEPLWWHG�
>����0DF@�,PSHGDQFH�6SHFWURVFRS\���(PSKDVL]LQJ�6ROLG�0DWHULDOV
DQG�6\VWHPV��HGLWHG�E\�-��5��0DFGRQDOG��-RKQ�:LOH\�	�6RQV��,QF��
1HZ�<RUN��86$��������
>����%DX@�-��(��%DXHUOH��-��3K\V��&KHP��6ROLGV�����������������
����

>����)OH@�-��)OHLJ��+DELOLWDWLRQ�7KHVLV��8OP��*HUPDQ\�������

>����&ROH@�.��6��&ROH�DQG�5��+��&ROH��-��&KHP��3K\V�����������
��������
>����-DP@�-��-DPQLN��0��*DEHUVFHN��DQG�6��3HMRYQLN��(OHFWURFKLP�
$FWD��������������������
>����*XR�@�;�;��*XR��-��0DLHU��,RQLF�FRQGXFWLYLW\�RI�HSLWDFWLF�0%(�
JURZQ�%D)��ILOPV��6XUIDFH�6FLHQFH����������������±����
>����*XR�@�;�;��*XR��1��6DWD��-��0DLHU��(IIHFWV�RI�RULHQWDWLRQ�DQG
VXEVWUDWH� RQ� LRQ� WUDQVSRUW� LQ� IOXRULGH� KHWHURVWUXFWXUHV� JURZQ� E\
PROHFXODU�EHDP�HSLWD[\��(OHFWURFKLPLFD�$FWD����������������±�����
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$FNQRZOHGJHPHQWV

$W� WKLV� SRLQW� ,� ZRXOG� OLNH� WR� WKDQN� DOO� WKRVH� ZKR� �� GLUHFWO\� RU
LQGLUHFWO\���FRQWULEXWHG�WR�WKH�VXFFHVV�RI�WKLV�ZRUN�

)RUHPRVW� ,� ZRXOG� OLNH� WR� H[SUHVV� P\� GHHSHVW� JUDWLWXGH� WR� P\
DGYLVRU��3URI��'U��-��0DLHU��IRU�KLV�H[SHUW�DGYLVHV��FRQWLQXRXV�VXSSRUW�
LQVLJKW�� XQGHUVWDQGLQJ� DQG� YDOXDEOH� JXLGDQFH� WKURXJKRXW�P\� ZKROH
3K'�VWXG\��,� WKDQN�KLP�IRU�JLYLQJ�PH�WKH�RSSRUWXQLW\�WR�DFFRPSOLVK
P\�3K'�LQ�D�YHU\�VWLPXODWLQJ�ZRUNLQJ�HQYLURQPHQW�

,�DP�YHU\�JUDWHIXO�WR�3URI��'U��(ULF�-��0LWWHUPHLMHU�DQG�3URI��'U�
)ULW]�$OGLQJHU�IRU�EHLQJ�RQ�P\�H[DPLQDWLRQ�FRPPLWWHH�

6SHFLDO� WKDQNV� WR� WKH�,QWHUQDWLRQDO�0D[�3ODQFN�5HVHDUFK�6FKRRO
IRU�$GYDQFHG�0DWHULDOV��IRU�SURYLGLQJ�WKH�IXQGLQJ�DQG�VXSSRUW�IRU�WKLV
VWXG\��'U��+DQV�*HRUJ�/LEXGD�PXVW�EH�DFNQRZOHGJHG� IRU�RUJDQL]LQJ
DQG� FRRUGLQDWLQJ� QRW� RQO\� WKH� ,0356�$0�� EXW� DOVR� IRU� KLV� FRQVWDQW
DVVLVWDQFH� ZLWK� GD\�WR�GD\� SUREOHPV�� 0DQ\� WKDQNV� WR� DOO� RWKHU
PHPEHUV� RI� WKH� 5HVHDUFK� 6FKRRO� IRU� HQMR\DEOH� VFLHQWLILF� DQG� QRQ�
VFLHQWLILF�GLVFXVVLRQV�

0DQ\� WKDQNV� WR� 'U�� ;LDQJ[LQ� *XR� IRU� WKH� KHOS� ZLWK� WKH
SUHSDUDWLRQ�DQG�WKH�PHDVXUHPHQWV�RI�WKH�VDPSOHV��DQG�WKH�VFLHQWLILF
GLVFXVVLRQV� ZHUH� RI� JUHDW� KHOS� WR� P\� WKHVLV�� ,� WKDQN� KLP� IRU� KLV
FRQVWDQW� UHDGLQHVV� WR�GLVFXVV�SUREOHPV� UHODWHG� WR� WKLV�ZRUN�DQG� IRU
KLV�IULHQGO\�FRRSHUDWLRQ�

0\� VSHFLDO� WKDQNV� WR� 'U�� -RQJ�6RRN� /HH� IRU� DOO� KHU� VXSSRUW�
DGYLFH� DQG� YHU\� LQWHUHVWLQJ� GLVFXVVLRQV�� ,� GHHSO\� DSSUHFLDWH� KHU
FULWLFDO�UHDGLQJ�RI�DQ�HDUOLHU�YHUVLRQ�RI�WKLV�WKHVLV�

3URI�� 'U�� -DQH]� -DPQLN� ZDV� DOZD\V� DQ� H[FHSWLRQDOO\� FRPSHWHQW
DQG�LQWHUHVWHG�FRQWDFW�SHUVRQ�IRU�DOO�NLQGV�RI�VFLHQWLILF�FRQYHUVDWLRQV�
,�DP�JUDWHIXO�IRU�KLV�FRQWLQXRXV�VXSSRUW�

,�ZRXOG� OLNH� WR�DFNQRZOHGJH�'U��5RWUDXW�0HUNOH� DQG�'U�� -XUJHQ
)OHLJ� IRU� EHLQJ� LQWHUHVWHG� LQ� DQ� H[SHULPHQWDO�WKHRUHWLFDO� GLVFXVVLRQ�
:LWKLQ� RXU� PHHWLQJV� WKH\� KDYH� SURYLGHG� PDQ\� LGHDV� DQG� DVNHG
GLIILFXOW� TXHVWLRQV� WKDW� LQVSLUHG� PXFK� RI� WKH� H[SHULPHQWV� DQG
QXPHULFDO�FDOFXODWLRQV��,W�ZDV�D�JUHDW�SOHDVXUH�WR�ZRUN�WRJHWKHU�

,� IXUWKHU�WKDQN�*DEL�*|W]�IRU�PHDVXULQJ�DQ�DSSUHFLDEOH�QXPEHU
RI� ;�UD\� GLIIUDFWRJUDPV�� $QHWWH� )XFKV� IRU� WDNLQJ� 6(0�SLFWXUHV�� 8ZH
7UDXE�IRU�KLV�IULHQGO\�KHOS�ZLWK�DOO�FRPSXWHU�UHODWHG�SUREOHPV��'U��<X�
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*XR�*XR�IRU�KLV�KHOS�LQ�SHUIRUPLQJ�WKH�$)0�PHDVXUHPHQWV��DQG�6RILD
:HLJOHLQ� IRU� KHU� HIILFLHQW� DGPLQLVWUDWLYH� ZRUN�� ,� ZRXOG� DOVR� OLNH� WR
WKDQN� WR� .DUO� :LOKHOP� .XVVPDXO� IRU� WKH� WHFKQLFDO� KHOS� ZLWK� DOO� WKH
GHYLFHV�ZKLFK�ZDV�YLWDO�IRU�WKH�VXFFHVVIXO�FRPSOHWLRQ�RI�WKLV�ZRUN�

,�WKDQN�DOO�RI�P\�FROOHDJXHV�LQ�WKH�JURXS�RI�3URI��0DLHU�DV�ZHOO�DV
IURP� RWKHU� GHSDUWPHQWV� IRU� WKH� IULHQGO\� DWPRVSKHUH� DW� WKH� 0D[
3ODQFN� ,QVWLWXWH� IRU� 6ROLG� 6WDWH� 5HVHDUFK� DQG� IRU� DOO� WKH� LQVSLULQJ
GLVFXVVLRQV�� WKHLU�KHOS�DQG�ZRQGHUIXO�FRPSDQ\�WKH\�SURYLGHG�GXULQJ
WKH�ODVW�ILYH�\HDUV�

0\�VWD\� LQ�6WXWWJDUW�ZRXOG�QRW�KDYH�EHHQ�KDOI� DV�SOHDVDQW�DQG
SURGXFWLYH�LI�LW�ZHUHQ¶W�IRU�WKH�ZRQGHUIXO�IULHQGV�ZKLFK�,�KDYH�PDGH�
7KH\�KDYH�EHHQ�D�FRQVWDQW�VXSSRUW�DQG�D�VRXUFH�RI�JRRG�WLPH�

/DVW�EXW�QRW�OHDVW��,�WKDQN�P\�ZLIH�'DQL�IRU�KHU�ORYLQJ�VXSSRUW
DQG� XQGHUVWDQGLQJ� ZKHQHYHU� WKLV� ZRUN� DEVRUEHG� D� VXEVWDQWLDO
DPRXQW� RI� P\� WLPH� DQG� HQHUJ\�� DV� ZHOO� DV� P\� HQWLUH� IDPLO\�� ,
GHGLFDWH�WKLV�3K'��WKHVLV�WR�WKHP�
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Curriculum vitae

1DPH� ,21�0$7(,
1DWLRQDOLW\� 5RPDQLDQ
'DWH�RI�%LUWK�� -DQXDU\���WK������
3ODFH�RI�%LUWK�� 'RPQHúWL��520$1,$
0DULWDO�6WDWXV� 0DUULHG

EDUCATION

6LQFH����� 3K'�LQ�,0356�$0�DQG�0D[�3ODQFN�,QVWLWXW�IRU�6ROLG
6WDWH�5HDVHDUFK��6WXWWJDUW
�(OHFWURFKHPLFDO�VWXGLHV�RI�0%(�JURZQ�&D)��%D)�
KHWHUROD\HUV�
ZLWK�3URI��'U��-RDFKLP�0DLHU�

,Q����� ,�ZDV�SURPRWHG�E\�FRPSHWLWLRQ�DV�D��UG�'HJUHH
3ULQFLSDO�5HVHDUFKHU�

��������� ,�ZDV� SURPRWHG�E\� FRPSHWLWLRQ� DQG�ZRUNHG� DV� D
6FLHQWLILF�5HVHDUFKHU�

��������� ,� ZRUNHG� DW� WKH� 1DWLRQDO� ,QVWLWXWH� RI� 0DWHULDOV
3K\VLFV� �1,03�� DV� -XQLRU� 5HVHDUFKHU�� LQ� WKH� ILHOG
RI�VXSHUFRQGXFWRU�DQG�IHUURHOHFWULF�PDWHULDOV�

���������� 0DVWHU�RI�6FLHQFH�LQ��3K\VLFV�DW�)DFXOW\�RI�3K\VLFV�
8QLYHUVLW\�RI�%XFKDUHVW��520$1,$�

���������� /LFHQWLDWH�'HJUHH�'LSORPD�LQ�3K\VLFV�DW�)DFXOW\�RI
3K\VLFV��8QLYHUVLW\�RI�%XFKDUHVW��520$1,$�

��������� 0LOLWDU\�VHUYLFH

��������� +LJK�6FKRRO���/LFHXO�GH�0DWHPDWLFD�)L]LFD�1U�����
3LWHVWL��5RPDQLD�

��������� (OHPHQWDU\�DQG�6HFRQGDU\�6FKRRO��'RPQHVWL��
5RPDQLD


