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5HFHLYHG�2FWREHU���������
7KH� VWUXFWXUH�� PDJQHWLF� SURSHUWLHV� DQG� WKH� WHPSHUDWXUH�WLPH� VWDELOLW\� RI� QDQRFU\V�

WDOOLQH�VRIW�PDJQHWLF�DOOR\V�KDYH�EHHQ�VWXGLHG��7KH�LQIOXHQFH�RI�WKH�SUHOLPLQDU\�ORZ�WHP�
SHUDWXUH�DQQHDOLQJ�GXULQJ�QDQRFU\VWDOOL]DWLRQ� RQ� WKH� VWUXFWXUH�DQG� WKH�PDJQHWLF�SURSHU�
WLHV�RI�WKH�QDQRFU\VWDOOLQH�DOOR\V�XQGHU�VWXG\�KDV�EHHQ�UHYHDOHG��,W�KDV�EHHQ�VKRZQ�WKDW�WKH
FKHPLFDO� FRPSRVLWLRQ� RI� WKH� SUHFLSLWDWLQJ� SKDVHV� LQIOXHQFHV� QRW� RQO\� WKH� DOOR\�PDJQHWLF
SURSHUWLHV� EXW� DOVR� WKH� WHPSHUDWXUH� VWDELOLW\�� 7KH� QDQRFU\VWDOOLQH� DOOR\
)H����&X�1E���0R���6L����%��VKRZV�WKH�KLJKHVW�WHPSHUDWXUH�WLPH�VWDELOLW\�
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���,QWURGXFWLRQ
0XFK�VXFFHVV�KDV�EHHQ�DFKLHYHG�UHFHQWO\�LQ

GHYHORSPHQW� DQG� SUHSDUDWLRQ� RI� QDQRFU\V�
WDOOLQH�VRIW�PDJQHWLF�DOOR\V�KDYLQJ�KLJK�PDJ�
QHWLF� SURSHUWLHV� >�Ü�@�� 7RGD\�� WKH� XVH� RI
QDQRFU\VWDOOLQH� VRIW� PDJQHWLF�PDWHULDOV� ZLWK
SUHVHW�IXQFWLRQDO�FKDUDFWHULVWLFV�LV�DPRQJ�WKH
ZD\V� WR� LPSURYH� WKH� HOHFWULFDO� DQG� UDGLR
HTXLSPHQW��H[SHQGLQJ�WKH�DSSOLFDWLRQ�ILHOG�RI
QDQRFU\VWDOOLQH� DOOR\V� LQ� KLJK�IUHTXHQF\� GH�
YLFHV�� WKXV� SURYLGLQJ� DQ� HQKDQFHG� HOHFWULFDO
UHVLVWDQFH��0RUH� LQWHUHVW� LV�UHYHDOHG�VLPXOWD�
QHRXVO\� LQ� D� EHWWHU� XQGHUVWDQGLQJ� RI� WKH
VWUXFWXUH� DQG� SDUDPHWHU� VWDELOLW\� RI
QDQRFU\VWDOOLQH�DOOR\V�>����@�

7KH� QDQRFU\VWDOOLQH� DOOR\� )H����&X��1E�6L����%��VKRZV�KLJK�VWDWLF�PDJQHWLF�SURS�HUWLHV�� ,WV�G\QDPLF� FKDUDFWHULVWLFV�ZHUH� LP�
SURYHG�LQ�>�@�E\�D�SDUWLDO�VXEVWLWXWLRQ�RI�&R
IRU�)H�DWRPV��6PDOO�0R�DGGLWLYHV�ZHUH�XVHG
WR� HQKDQFH� LWV� WHPSHUDWXUH� VWDELOLW\�� +RZ�
HYHU�� WKH� GDWD� FRQFHUQLQJ� WKH� LQIOXHQFH� RI

&R�DQG�0R�DGGLWLRQV�RQ�WKH�PLFURVWUXFWXUH
DQG� WKH�PDJQHWLF�SURSHUWLHV�RI�WKH�)H±&X±
1E±6L±%�DOOR\�DUH�VFDUFH��ZKLOH�WKH�FRUUHOD�
WLRQ� EHWZHHQ� WKH� VWUXFWXUH� DQG� WKH� PDJ�
QHWLF�SURSHUWLHV�KDV�EHHQ�QRW�VWXGLHG�LQ�HV�
VHQFH�

7KH� QDQRVWUXFWXUH� SDUDPHWHUV� DUH� GH�
WHUPLQHG� PDLQO\� E\� WKH� VL]H� RI� QDQR�
SKDVHV�� WKHLU� FKHPLFDO� FRPSRVLWLRQ�� WKH
SUHVHQFH� RI� WKH� IUHH� YROXPH�� DQG� WKH
OHYHO�RI� LQWHUQDO�HODVWLF�VWUHVVHV�

7KH� PDJQHWLF� FKDUDFWHULVWLFV� RI
QDQRFU\VWDOOLQH� PDWHULDOV� GHSHQG� WR� D
ODUJH�H[WHQW�RQ�WKH�QDQRVWUXFWXUH�SDUDPH�
WHUV� DQG�DUH�GHILQHG�E\�VWUXFWXUDO�KRPRJ�
HQL]DWLRQ� DQG� VWDELOL]DWLRQ� RI� WKH� GRPDLQ
VWUXFWXUH��ZKLFK� LV� FDXVHG�E\� WKH� LQGXFHG
PDJQHWLF� DQLVRWURS\� >�@�� 7KHUHIRUH�� LW
ZRXOG�EH�RI�LQWHUHVW�WR�VWXG\�WKH�YDULDWLRQ
RI� WKH� QDQRVWUXFWXUH� DQG� WKH� PDJQHWLF
SURSHUWLHV� DQG� H[DPLQH� WKH� WHPSHUDWXUH�
WLPH� VWDELOLW\� RI� PRGLILHG� QDQRFU\VWDOOLQH
DOOR\V� DIWHU� WKHUPDO� DQG� WKHUPRPDJQHWLF
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�70�� WUHDWPHQWV� DLPHG� DW� RSWLPL]DWLRQ� RI
IXQFWLRQDO�FKDUDFWHULVWLFV�WKHUHRI�

���([SHULPHQWDO�
$PRUSKRXV� ULEERQV� RI� WKH

)H����&X�1E�6L����%��� )H����&X�1E���0R����6L����%��� DQG� )H��&X�1E���0R���&R���6L����%�DOOR\V�ZHUH�PDGH�E\�WKH�PHOW�VSLQQLQJ�RQ�D
FRSSHU� GLVN�� 7KH� ULEERQV� ZHUH� ��Ü��� PP
WKLFN� DQG� �� PP� ZLGH�� 7KH� VDPSOHV� ZHUH
VKDSHG� DV� WRURLGV� ZLWK� RXWHU� DQG� LQQHU� GL�
DPHWHUV�RI����PP�DQG����PP��UHVSHFWLYHO\�
7R�UHPRYH�WKH�TXHQFKLQJ�VWUHVVHV��WKH�DPRU�
SKRXV� VDPSOHV� ZHUH� DQQHDOHG� LQ� YDFXXP� DW
����&�IRU����PLQ��7R�IRUP�D�QDQRFU\VWDOOLQH
VWUXFWXUH��WKH�VDPSOHV�ZHUH�DQQHDOHG� LQ�YDF�
XXP� DW� ���Ü����&��ZLWK� WKH� DQQHDOLQJ� WLPH
EHLQJ�YDULHG�IURP���PLQ�WR���K�

7KH� 70� WUHDWPHQWV� ZHUH� SHUIRUPHG� LQ
ORQJLWXGLQDO� FRQVWDQW� RU� DOWHUQDWLQJ
�I� ����+]�DQG�I� ����N+]��PDJQHWLF�ILHOGV�
7KH� 70� WUHDWPHQW� LQFOXGHG� WKH� IROORZLQJ
RSHUDWLRQV�� DQ� DPRUSKRXV� VDPSOH� ZDV
KHDWHG�WR�����&�RU�����&��GHSHQGLQJ�RQ�WKH
DOOR\� FKHPLFDO� FRPSRVLWLRQ�� H[SRVHG� WR� D
ILHOG� IRU� ��� PLQ� DW� WKH� VDPH� WHPSHUDWXUH�
DQG� FRROHG� LQ� WKH� PDJQHWLF� ILHOG� WR� URRP
WHPSHUDWXUH�DW�D�UDWH�RI�����&�K��7KH�PDJ�
QHWLF� ILHOG� LQWHQVLW\� GXULQJ� WKH� 70� WUHDW�
PHQW�ZDV���Ü���+F��ZKHUH�+F�LV�WKH�VDPSOHFRHUFLYH�IRUFH��7KH�70�WUHDWPHQW�ZDV�FRP�
ELQHG� ZLWK� WKH� DOOR\� WUDQVLWLRQ� IURP� WKH
DPRUSKRXV�VWDWH�WR�WKH�QDQRFU\VWDOOLQH�RQH�
7KH� 70� WUHDWPHQW� RI� WKH� DOOR\
)H����&X�1E�6L����%���LV�PRUH�HIILFLHQW�ZKHQWKH�PDJQHWLF� ILHOG� LV� DSSOLHG� WR� WKH� VDPSOH
GXULQJ� LWV� WUDQVLWLRQ� IURP� WKH� DPRUSKRXV
VWDWH�WR�WKH�QDQRFU\VWDOOLQH�RQH�>�@��

7KH� LQLWLDO�PDJQHWLF�SHUPHDELOLW\�P��DQGWKH�VWDWLF�DQG�G\QDPLF�K\VWHUHVLV�ORRSV�ZHUH
PHDVXUHG�RQ�WRURLGDO�VDPSOHV��7KH�G\QDPLF
K\VWHUHVLV� ORRSV� ZHUH� UHFRUGHG� XVLQJ� WKH
VWURERVFRSLF� PHWKRG� >�@�� 7KH� LQLWLDO� PDJ�
QHWLF�SHUPHDELOLW\�ZDV�GHWHUPLQHG�DW�D�IUH�
TXHQF\� RI� ��� +]� LQ� D� ILHOG� RI� ����� $�P�
7KH� &XULH� WHPSHUDWXUH� 7F� DQG� WKH� FU\VWDO�OL]DWLRQ�RQH�7[�RI�WKH�QDQRFU\VWDOOLQH�DOOR\VZHUH� PHDVXUHG� XVLQJ� VWDQGDUG� WHFKQLTXHV�
7F��IURP�WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�WKHVDWXUDWLRQ�PDJQHWL]DWLRQ��DQG�7[��IURP�WKHWHPSHUDWXUH� WUHQG� RI� WKH� HOHFWULFDO� UHVLV�
WDQFH�� WKH� VDPSOHV� KHDWLQJ� UDWH� EHLQJ
��&�PLQ�� 7KH� ULEERQ� VWUXFWXUH�ZDV� VWXGLHG
E\� WKH� WUDQVPLVVLRQ� HOHFWURQ� PLFURVFRS\
XQGHU� D� -(0����.;� PLFURVFRSH� LQ� WKH
KLJK�UHVROXWLRQ� PRGH�� 7KH� IRLOV� ZLWK� WKH
WKLQQHVW� SRUWLRQV� EHLQJ� ���Ü���� QP� WKLFN
ZHUH� SUHSDUHG� E\� HOHFWURO\WLF� SROLVKLQJ� IRU
H[DPLQDWLRQ�LQ�WKH�HOHFWURQ�PLFURVFRSH��7KH

&XULH� WHPSHUDWXUHV� 7F� DQG� WKH� FU\VWDO�OL]DWLRQ� WHPSHUDWXUHV� 7[� RI� WKH� QDQRFU\V�WDOOLQH� VRIW� PDJQHWLF� DOOR\V� )H����&X��1E�6L����%��� )H����&X�1E���0R���6L����%�� DQG)H��&X�1E���0R���&R���6L����%�� DUH� SUH�
VHQWHG�LQ�7DEOH���

���5HVXOWV�DQG�'LVFXVVLRQ
,W� LV� NQRZQ� WKDW� VWUXFWXUDO� IHDWXUHV� RI

DPRUSKRXV� DOOR\V� DUH� YHU\� LPSRUWDQW� ZKHQ
D� QDQRFU\VWDOOLQH� VWUXFWXUH� LV� IRUPHG
WKURXJK� FU\VWDOOL]DWLRQ� RI� WKH� DPRUSKRXV
VWDWH� >�@�� 7KHUHIRUH�� WKH� HIIHFW� RI� SUHOLPL�
QDU\� ORZ�WHPSHUDWXUH� DQQHDOLQJ� RI
)H����&X�1E�6L����%��� )H����&X�1E���0R����6L����%�� DQG� )H��&X�1E���0R���&R���6L����%�DPRUSKRXV�ULEERQV�RQ�WKH�PDJQHWLF�SURSHU�
WLHV� RI� QDQRFU\VWDOOLQH� VDPSOHV� SUHSDUHG� RI
WKHVH�ULEERQV�ZDV�VWXGLHG��

)LJ����SUHVHQWV�WKH�VWDWLF�K\VWHUHVLV�ORRSV
IRU� VDPSOHV� RI� WKH� )H����&X�1E����0R���6L����%�� DOOR\�� ,W� LV� VHHQ� WKDW� WKH� SUH�OLPLQDU\� ORZ�WHPSHUDWXUH� DQQHDOLQJ� DQG
VXEVHTXHQW�WKHUPDO�WUHDWPHQW�DW�����&�HYHQ
IRU�DV� VKRUW� WLPH�DV���PLQ�UHVXOW� LQ�D� FRQ�
VLGHUDEOH� GHFUHDVH� LQ� WKH� FRHUFLYH� IRUFH� DV
FRPSDUHG�ZLWK�+F�DIWHU�DQQHDOLQJ�DW�����&�+F� EHFRPHV� ���� WLPHV� ORZHU���:LWKRXW� WKH
SUHOLPLQDU\� DQQHDOLQJ� DW� ����&�� WKH� FRHU�
FLYH�IRUFH�GHFUHDVHV�LQVLJQLILFDQWO\�DIWHU�WKH
WKHUPDO�WUHDWPHQW�DW�����&�IRU���PLQ�

,Q� 7DEOH���� SUHVHQWHG� LV� WKH� GHSHQGHQFH
RI�+F� IRU� D� QDQRFU\VWDOOLQH� )H����&X�1E����0R���6L����%�� DOOR\� VDPSOH� �PHDVXUHG� LQVWDWLF� DQG� G\QDPLF� PDJQHWL]DWLRQ� UHYHUVDO
PRGHV�� RQ� WKH� KROGLQJ� WLPH� GXULQJ
QDQRFU\VWDOOL]LQJ� DQQHDOLQJ� SUHFHGHG� E\
ORZ�WHPSHUDWXUH� DQQHDOLQJ� DW� ����&�� ,W� LV
VHHQ�WKDW�WKH�DQQHDOLQJ�DW�����&�GXULQJ�WKH
SHULRG� IURP� �� PLQ� WR� ���� K� LQ� WKH� VWDWLF
PDJQHWL]DWLRQ�UHYHUVDO�PRGH�SURYLGHV�PLQL�
PXP� +F� YDOXHV�� +RZHYHU�� WKH� G\QDPLFSURSHUWLHV�RI�WKH�DOOR\�DIWHU�QDQRFU\VWDOOL]D�
WLRQ�DW�����&�IRU���PLQ�DUH�QRW�RSWLPDO�DV
FRPSDUHG�WR�WKRVH�DIWHU�DQQHDOLQJ�DW�����&
IRU� ���Ü���� K�� 1DQRFU\VWDOOL]DWLRQ� RI� WKH
)H����&X�1E���0R���6L����%�� DOOR\� DW� ����&

7DEOH���� &XULH� WHPSHUDWXUH� �7F�� DQG� WKHQDQRFU\VWDOOL]DWLRQ� WHPSHUDWXUH� �7[�� IRULURQ�EDVHG�QDQRFU\VWDOOLQH�DOOR\V
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IRU� ���Ü���� K� SURYLGHV� WKH� EHVW� VWDWLF� DQG
G\QDPLF�PDJQHWLF�SURSHUWLHV��,I�WKH�KROGLQJ
WLPH�H[FHHGV�����K��ERWK� WKH�VWDWLF�DQG�G\�
QDPLF�PDJQHWLF� SURSHUWLHV� RI� WKH�QDQRFU\V�
WDOOLQH� DOOR\� )H����&X�1E���0R���6L����%�� DUHLPSDLUHG�� 7KH� DQDO\VLV� RI� WKH� DOOR\� PLFUR�
VWUXFWXUH� KDV� VKRZQ� WKDW� WKH� REVHUYHG� LP�
SDLUPHQW� RI� WKH� SURSHUWLHV� LV� GXH� WR� WKH
JURZLQJ�VL]H�RI�WKH�D±)H±6L��)H�6L�DQG�)H�%

QDQRSKDVHV� DQG� WKH� SUHFLSLWDWLRQ� RI� WKH
)H�%�QDQRSKDVH��)LJ����SUHVHQWV�WKH�VWDWLF�K\VWHUHVLV�ORRSV
RI� WKH�)H����&X�1E���0R���6L����%��QDQRFU\V�WDOOLQH�DOOR\�DIWHU�D�FRPSOH[�WUHDWPHQW� �DQ�
QHDOLQJ� DW� ����&� IRU� ��� PLQ� IROORZHG� E\
DQQHDOLQJ� DW� ����&� IRU� ��� PLQ� LQ� D� PDJ�
QHWLF�ILHOG��L�H��WKH�QDQRFU\VWDOOL]LQJ�DQQHDO�
LQJ� DQG� WKH�70�WUHDWPHQW�EHLQJ�SHUIRUPHG
FRQFXUUHQWO\��� 7KH� FRPSDULVRQ� RI� WKH� K\V�
WHUHVLV� ORRSV� DIWHU� WKH� 70� WUHDWPHQW� LQ� DQ
DOWHUQDWLQJ� PDJQHWLF� ILHOG� �D��� D� KLJK�IUH�
TXHQF\� PDJQHWLF� ILHOG� �E��� DQG� D� FRQVWDQW
PDJQHWLF� ILHOG� �F�� VKRZV�ZKDW� IROORZV�� 7KH
70� WUHDWPHQW� LQ� D�PDJQHWLF� ILHOG� DOWHUQDW�
LQJ� DW� D� IUHTXHQF\� RI� ��� N+]� LV� VHHQ� WR
UHVXOW� LQ� DSSHDUDQFH� RI� URXQGHG� K\VWHUHVLV
ORRSV�ZLWK�WKH�ORZHVW�+F��7KH�70�WUHDWPHQWLQ�D�FRQVWDQW�PDJQHWLF�ILHOG�LQFUHDVHV�+F�DVFRPSDUHG� WR� LWV� YDOXH� DIWHU� WKH� 70� WUHDW�
PHQW� LQ� WKH� DOWHUQDWLQJ� �I� ����+]�DQG� I� 
��� N+]�� PDJQHWLF� ILHOGV�� 7KH� REVHUYHG
FKDQJH� RI� WKH� PDJQHWLF� SURSHUWLHV� RI� WKH
VDPSOHV� FDQ� EH� H[SODLQHG� DV� IROORZV�� 7KH
DQQHDOLQJ� LQ� D� KLJK�IUHTXHQF\� PDJQHWLF
ILHOG� GRHV� QRW� FDXVH� DQ\� PDJQHWLFDOO\� LQ�

)LJ����� 6WDWLF� K\VWHUHVLV� ORRSV� IRU� )H����&X�1E���0R���6L����%�� DOOR\� VDPSOHV� DIWHU� GLIIHUHQW� WKHU�PRPDJQHWLF� WUHDWPHQWV�� �D�� LQ� DOWHUQDWLQJ� ILHOG� �I� ���� +]���E�� LQ� KLJK�IUHTXHQF\� ILHOG� �I� 
���N+]���F��LQ�'&�PDJQHWLF�ILHOG�

)LJ�����+\VWHUHVLV� ORRSV� IRU� VDPSOHV�RI�)H����&X�1E���0R���6L����%��DOOR\�DQQHDOHG�� �D��DW�����&�IRU���PLQ������DW�����&�IRU����PLQ�DQG�WKHQ�DW�����&�IRU���PLQ�������E��DW�����&�IRU���PLQ�����

7DEOH���� 'HSHQGHQFH� RI� +F� �$�P�� RQ� WKHDQQHDOLQJ� WLPH� �W�� DW� ����&� �ZLWK�SUHOLPL�
QDU\� ORZ�WHPSHUDWXUH� DQQHDOLQJ�� LQ� VWDWLF
DQG� G\QDPLF� FRQGLWLRQV� RI� PDJQHWL]DWLRQ�
$OOR\�)H����&X�1E���0R���6L����%�
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�7KH�IRUFH�+F�ZDV�PHDVXUHG�DW�%P� �����7�LQWKH� VWDWLF� UHJLPH� DQG� %P� ����� 7� LQ� WKH� G\�QDPLF�UHJLPH�RI�WKH�PDJQHWL]DWLRQ�UHYHUVDO�
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GXFHG� DQLVRWURS\� EHFDXVH� DW� PDJQHWL]DWLRQ
UHYHUVDO� IUHTXHQFLHV� RYHU� ��� N+]� WKH�PDJ�
QHWL]DWLRQ�UHYHUVDO�RFFXUV� WKURXJK�DQ� LQKR�
PRJHQHRXV� URWDWLRQ� RI� WKH� PDJQHWL]DWLRQ�
DQG�WKH�GRPDLQ�VWUXFWXUH�LV�QRW�VWDELOL]HG�>�@�
7KHUHIRUH�� WKLV� WUHDWPHQW� UHVXOWV� LQ� IRUPD�
WLRQ�RI�D�URXQGHG�K\VWHUHVLV� ORRS�ZLWK�D� ORZ
FRHUFLYH� IRUFH�� 7KH� 70� WUHDWPHQW� RI� WKH
)H����&X�1E���0R���6L����%�� QDQRFU\VWDOOLQH
DOOR\�LQ�D�FRQVWDQW�PDJQHWLF�ILHOG�RI���Ü��+FLQWHQVLW\�FDXVHV�D�XQLD[LDO�PDJQHWLF�DQLVRW�
URS\� DQG� LQFUHDVHG� SLQQLQJ� RI� GRPDLQ
ERXQGDULHV��7KH�GRPDLQ�VWUXFWXUH�VWDELOL]D�
WLRQ� GHFUHDVLQJ� WKH�PRELOLW\� RI� WKH� GRPDLQ
ERXQGDULHV�GXULQJ� WKH�PDJQHWL]DWLRQ�UHYHU�
VDO� LQIOXHQFHV� QHJDWLYHO\� WKH� K\VWHUHVLV
SURSHUWLHV�� ,W� IROORZV� IURP� )LJ���� WKDW� WKH
K\VWHUHVLV� ORRS� IRU� WKH� VDPSOH� VXEMHFWHG� WR
WKH�70�WUHDWPHQW�LQ�DQ�DOWHUQDWLQJ�����+]�
ILHOG� GHYLDWHV� PRUH� IURP� WKH� UHFWDQJXODU
VKDSH�DQG�+F�LV�OHVV�DV�FRPSDUHG�WR�FKDUDF�WHULVWLFV�RI�WKH�VDPSOH�70�WUHDWHG�LQ�D�FRQ�
VWDQW� ILHOG�� 7KLV� FDQ� EH� H[SODLQHG� UDWKHU
OLNHO\�E\�GLIIHUHQW�XQLD[LDO�PDJQHWLF�DQLVRW�
URSLHV�DULVLQJ�LQ�WKHVH�70�WUHDWPHQW�FRQGL�
WLRQV��6LPLODU�UHVXOWV�ZHUH�REWDLQHG�IRU�WKH
QDQRFU\VWDOOLQH� DOOR\V� )H����&X�1E�6L����%�DQG�)H��&X�1E���0R���&R���6L����%���7KH� WHPSHUDWXUH� DQG� WLPH� VWDELOLW\� RI
WKH� PDJQHWLF� SURSHUWLHV� IRU� WKH� QDQRFU\V�
WDOOLQH� DOOR\V� )H����&X�1E�6L����%��)H����&X�1E���0R���6L����%�� DQG� )H��&X��1E���0R���&R���6L����%�� ZDV� VWXGLHG�� ,W� ZDVIRXQG� WKDW� WKH� )H����&X�1E���0R���6L����%�DOOR\� VKRZV� WKH� KLJKHVW� WHPSHUDWXUH�WLPH
VWDELOLW\�� 7KH�PDJQHWLF� SURSHUWLHV�� QDPHO\�
WKH� LQLWLDO� PDJQHWLF� SHUPHDELOLW\� DQG� WKH

FRHUFLYH� IRUFH� RI� WKH� )H����&X��1E���0R���6L����%�� QDQRFU\VWDOOLQH� DOOR\
FKDQJH�RQO\�LQVLJQLILFDQWO\�DIWHU�WHVWLQJ�WKH
WHPSHUDWXUH�WLPH� VWDELOLW\� DW� ����&� IRU
���K� LQ�GLIIHUHQW�PHGLD� �LQ�YDFXXP�DQG� LQ
DLU��� )LJ���� VKRZV� WKH� +F� RI� WKH
)H����&X�1E���0R���6L����%�� DOOR\� �FXUYH� ��DV�D�IXQFWLRQ�RI�WKH�KROGLQJ�WLPH�LQ�YDFXXP
DW�����&��7KH�+F� LV� VHHQ� WR�UHPDLQ�HVVHQ�WLDOO\� FRQVWDQW� HYHQ�DW�D� UDWKHU�KLJK� WHP�
SHUDWXUH�� )RU� FRPSDULVRQ�� )LJ���� SUHVHQWV
WKH� FRHUFLYH� IRUFH� GHSHQGHQFHV� RQ� WKH
KROGLQJ� WLPH� W� IRU� WKH� QDQRFU\VWDOOLQH
DOOR\V� )H����&X�1E�6L����%�� �FXUYH� ��� DQG)H��&X�1E���0R���&R���6L����%�� �FXUYH� ��� DW

)LJ�����'HSHQGHQFHV�RI�FRHUFLWLYLW\�RQ�WKH�H[�
SRVXUH� WLPH� LQ� YDFXXP� DW� ����&� IRU
QDQRFU\VWDOOLQH� DOOR\V� SUHOLPLQDULO\� DQQHDOHG
DW�����&�����PLQ�DQG�WKHQ�DW�����&�����PLQ�
���)H����&X�1E�6L����%��
���)H����&X�1E���0R���6L����%��
��� )H��&X�1E���0R���&R���6L����%�� �DQQHDOLQJDW�����&�����PLQ�DQG�WKHQ�DW�����&�����PLQ��

)LJ����� (OHFWURQ� PLFURJUDSK� RI� VWUXFWXUH� �D�� DQG� HOHFWURQ� GLIIUDFWLRQ� SDWWHUQ� �E�� IRU
)H����&X�1E���0R���6L����%��QDQRFU\VWDOOLQH�DOOR\�DIWHU�DQQHDOLQJ�DW�7� �����&�����PLQ�DQG�WKHQ�DW7� �����&�����PLQ��,Q�WKH�VWUXFWXUH�PLFURJUDSK��LW�LV�VHHQ�DQ�HOHFWURQ�FRQWUDVW�LQ�WKH�IRUP�RI�ULQJV
DQG� RQ� GLIIUDFWLRQ� SDWWHUQ�� WKH� UHIOH[HV� ZLWKLQ� WKH� SRVLWLRQ� RI� WKH� ILUVW� GLIIXVH� KDOR� GXH� WR
)H�1E�0R�%�SKDVH�
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WKH� VDPH� WHVW� WHPSHUDWXUH� �����&��� ,W� IRO�
ORZV� IURP� )LJ���� WKDW� WKH� QDQRFU\VWDOOLQH
DOOR\� )H����&X�1E���0R���6L����%�� LV� PRUHWKHUPDOO\� VWDEOH� WKDQ� WKH
)H����&X�1E�6L����%��DQG�)H��&X�1E���0R����&R���6L����%��RQHV��7KH� QDQRVWUXFWXUH� VWXG\� RI� WKH
)H����&X�1E���0R���6L����%��DOOR\�VKRZV�WKDWWKH� KLJK� WHPSHUDWXUH�WLPH� VWDELOLW\� RI� WKH
PDJQHWLF�SURSHUWLHV� LV�GXH�WR�WKH�SUHFLSLWD�
WLRQ�RI�WKH�)H�1E�0R�%�QDQRSKDVH��)LJ�����DW
WKH��DÜ)HÜ6L�SKDVH�PDWUL[��LQWHUIDFH�LQ�WKH
DOOR\�� 7KLV� QDQRSKDVH� KDV� D� KLJK� WKHUPDO
VWDELOLW\�DQG�LPSHGHV�WKH�IXUWKHU�JURZWK�RI
WKH�DÜ)HÜ6L�QDQRSKDVH����

1RWH� WKDW� WZR� QDQRFU\VWDOOL]DWLRQ� WHP�
SHUDWXUHV������&�DQG�����&�DUH�XVHG�IRU�WKH
)H��&X�1E���0R���&R���6L����%�� DOOR\� >�@�
7KH� QDQRFU\VWDOOL]DWLRQ� DW� WKH� ORZHU� WHP�
SHUDWXUH� �����&�� �)LJ����� GRHV� QRW� SURYLGH
KLJK� WKHUPDO� VWDELOLW\� RI� WKH�SURSHUWLHV� EH�
FDXVH� WKH� SUHFLSLWDWLRQ� RI� D� )H�GHSOHWHG
)H�&R�1E�0R�%� QDQRSKDVH� �)LJ������ZKLFK� LV
OHVV� WKHUPDOO\� VWDEOH� TDV� FRPSDUHG� WR� WKH
)H�1E�0R�%� SKDVH�� 1DQRFU\VWDOOL]DWLRQ� DW
����&� LPSURYHV� WKH� WKHUPDO� VWDELOLW\�� EXW
WKH�FRHUFLYH�IRUFH�LQFUHDVHV�FRQVLGHUDEO\�>�@�
7KH� FDXVH� LV� WKDW� WKH� WKHUPDOO\� VWDEOH
)H�1E�0R�%� DQG� &R�%� QDQRSKDVHV� SUHFLSL�WDWH� DW� WKH� KLJK� QDQRFU\VWDOOL]DWLRQ� WHP�
SHUDWXUH�� 1RWH� WKDW� WKH� &R�%� QDQRSKDVHFDXVHV�WKH�LQFUHDVH�RI�+F��

���&RQFOXVLRQ
6WXGLHG�KDV�EHHQ�WKH�LQIOXHQFH�RI�VSHFLILF

QDQRVWUXFWXUH� IHDWXUHV� RQ� WKH� PDJQHWLF
SURSHUWLHV� RI� PRGLILHG� )H�EDVHG� QDQRFU\V�
WDOOLQH� VRIW�PDJQHWLF� DOOR\V� DIWHU� QDQRFU\V�
WDOOL]DWLRQ� LQ� GLIIHUHQW� FRQGLWLRQV�� ,W� KDV
EHHQ� IRXQG� WKDW� SUHOLPLQDU\� ORZ�WHPSHUD�
WXUH� �����&�� DQQHDOLQJ� LPSURYHV� WKH� PDJ�
QHWLF�SURSHUWLHV�RI�WKH�)H����&X�1E�6L����%��)H����&X�1E���0R���6L����%��� DQG� )H��&X��1E���0R���&R���6L����%�� DOOR\V� GXULQJ� VXE�VHTXHQW� QDQRFU\VWDOOL]DWLRQ�� 7KH� HIIHFW� RI
SUHOLPLQDU\�ORZ�WHPSHUDWXUH�DQQHDOLQJ�GXU�
LQJ�VXEVHTXHQW�QDQRFU\VWDOOL]DWLRQ�LV�GXH�WR
WKH�UHOD[DWLRQ�RI�LQWHUQDO�HODVWLF�VWUHVVHV�DV
ZHOO�DV�WR�DFFHOHUDWHG�QXFOHDWLRQ�RI�FU\VWDO�
OL]DWLRQ� FHQWHUV�� 7KH� HIIHFW� RI� WKHUPRPDJ�
QHWLF� WUHDWPHQW� FRQGLWLRQV� RQ� WKH�PDJQHWLF
FKDUDFWHULVWLFV� RI� WKH�QDQRFU\VWDOOLQH� DOOR\V
XQGHU� VWXG\� KDV� EHHQ� FRQVLGHUHG�� ,W� KDV
EHHQ� VKRZQ� WKDW� PDWHULDOV� ZLWK� GLIIHUHQW
IXQFWLRQDO� SURSHUWLHV� FDQ� EH� REWDLQHG� E\
YDU\LQJ� WKH� WKH� PDJQHWLF� ILHOG� IUHTXHQF\
GXULQJ�WKH�70�WUHDWPHQW��7KH�WHPSHUDWXUH�
WLPH� VWDELOLW\� RI� WKH� QDQRFU\VWDOOLQH� DOOR\V

)H����&X�1E�6L����%��� DQG� )H��&X�1E����0R���&R���6L����%�� KDV� EHHQ� VWXGLHG�� 7KHKLJKHVW� WHPSHUDWXUH�WLPH� VWDELOLW\� ZDV� RE�
VHUYHG� LQ� WKH� )H����&X�1E���0R���6L����%�DOOR\�DIWHU�WKH�WKHUPDO�WUHDWPHQW�FRQVLVWLQJ
LQ� DQQHDOLQJ� DW� ����&� IRU� ��� PLQ� DQG
QDQRFU\VWDOOL]DWLRQ� DQQHDOLQJ� DW� ����&� IRU
���PLQ��7KH�KLJK�WHPSHUDWXUH�WLPH�VWDELOLW\
RI� WKH� )H����&X�1E���0R���6L����%�� DOOR\� LVGXH� WR� WKH� SUHFLSLWDWLRQ� RI� WKH� )H�1E�0R�%
QDQRSKDVH�LQ�WKH�DOOR\��ZLWK�WKLV�QDQRSKDVH
KDYLQJ�D�KLJK� WKHUPDO� VWDELOLW\� DQG� LPSHG�
LQJ� WKH� JURZWK� RI� WKH�PDLQ� DÜ)HÜ6L�QDQR�
SKDVH�� 7KH�PDJQHWLF� FKDUDFWHULVWLFV� RI� WKLV
DOOR\�KDYH�EHHQ�VKRZQ�WR�EH�VWDEOH�RYHU�WKH
WHPSHUDWXUH�LQWHUYDO�RI����&�WR�����&�

7KLV� VWXG\�ZDV�VXSSRUWHG�E\� WKH�3UHVLG�
LXP�5$6��JUDQW�1R���������
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� ���9�$�/XNVKLQD��1�9�'PLWULHYD��1�,�1RVNRYD�HW
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$EVWU��RI� (XUR$VLDQ� 6\PS��0DJQHWLVP� RQ� D
1DQRVFDOH� �($670$*�������� .D]DQ�� ����
2NHL�3XEO���.D]DQ���������S������

)LJ�����(OHFWURQ�PLFURJUDSK�RI�VWUXFWXUH�DQG
HOHFWURQ� GLIIUDFWLRQ� SDWWHUQ� IRU
)H��&R���&X�1E���0R���6L����%��QDQRFU\VWDOOLQHDOOR\� DIWHU� DQQHDOLQJ� DW� 7� �����&�� ���PLQ
DQG�WKHQ�DW�7� �����&�����PLQ��,Q�WKH�VWUXF�
WXUH�PLFURJUDSK��LW�LV�VHHQ�DQ�HOHFWURQ�FRQWUDVW
DW� WKH�ERXQGDU\�RI�SUHFLSLWDWLQJ�SKDVHV� LQ�WKH
IRUP� RI� GLIIXVH� ULQJV� DQG� LQ� GLIIUDFWLRQ� SDW�
WHUQ��UHIOH[HV�SUDFWLFDOO\�FORVH�WKH�ILUVW�GLIIXVH
KDOR��GXH�WR�)H�&R�1E�0R�%�SKDVH�
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� ���(�<X�0HGYHGHY�� %�(�/HVQLN�� $�0�2VWHUQ�
<X�,�'HU\DELQ��$Q�$XWRPDWHG�,QVWDOODWLRQ�IRU
,QYHVWLJDWLRQ� RI� '\QDPLF� +\VWHUHVLV� /RRSV�
'HS��1R�����������9,1,7,��0RVFRZ��������

� ���1�,�1RVNRYD�� LQ�� 1DQRVWUXFWXUHG� 0DWHULDOV�
.OXZHU� $FDGHPLF� 3XEO��� 1HWKHUODQGV� �������
S����
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