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(WKDQRO�R[LGDWLRQ�DW�3W�EDVHG�DOOR\V�DQG�83'�PRGLILHG�3W�&�FDWDO\VWV

�� �

,&70�'HSDUWPHQW RI�(OHFWURFKHPLVWU\��8QLYHUVLW\�RI�%HOJUDGH

$EVWUDFW�
�6Q�&� DQG�3W�5X�

FRUUHVSRQGLQJ�DPRXQWV�RI�6Q83'��a������DQG�5X83' �

3W�5X��&�DQG�3W�&�FDWDO\VWV�ZHUH�FKDUDFWHUL]HG�E\�;5'��7R�HVWDEOLVK�WKH�DFWLYLW\�DQG�VWDELOLW\�RI�WKH�
�VWDWH� DQG� FKURQRDPSHURPHWULF� PHDVXUHPHQWV� ZHUH�

SHUIRUPHG��%RWK�DOOR\V�DUH�PRUH�DFWLYH�WKDQ�6Q83' RU�5X83' PRGLILHG�3W�&�FDWDO\VWV��(OHFWURQLF�HIIHFW�
GHWHUPLQLQJ�GRPLQDQWO\� WKH�DFWLYLW\�RI�3W�6Q�&� LV� WKH�PDLQ�UHDVRQ�IRU� LWV�KLJKHU�DFWLYLW\�FRPSDUHG�WR�
3W�5X��&�� 6LQFH� 6Q83' DQG� 5X83' GR� QRW� SURYRNH� DQ\� VLJQLILFDQW� PRGLILFDWLRQ� RI� HOHFWURQLF�

SURQRXQFHG�GLIIHUHQFH� LQ�DFWLYLW\�EHWZHHQ�3W�6Q�&�DQG�6Q83' PRGLILHG�3W�&� WKDQ�EHWZHHQ�3W�5X��&�
DQG�5X83' PRGLILHG�3W�&� LV�FDXVHG�E\ HOHFWURQLF�HIIHFW� LQ�3W�6Q�&��+LJK�DFWLYLW\�RI�3W�6Q�&�PRGLILHG�
ZLWK�VPDOO�DPRXQW�RI�6Q83'

VWURQJO\�ERQGHG�DGVRUEDWH�RQ�3W�VLWHV�DQG�HDVLHU�PRELOLW\�RI�6Q83' R[\JHQ�
FRQWDLQLQJ�VSHFLHV�RQ�6Q�VLWHV�UHVXOWLQJ�ILQDOO\�LQ�UHLQIRUFHPHQW�RI�ELIXQFWLRQDO�PHFKDQLVP�

,QWURGXFWLRQ

ODFN�RI�DQ�HIILFLHQW�DQG�VHOHFWLYH�DQRGH�FDWDO\VW�DEOH�WR�EUHDN�&�&�ERQG�SURYLGLQJ�FRPSOHWH�R[LGDWLRQ�
WR�&2� ZLWK�H[FKDQJH�RI����H

� SHU�PROHFXOH�DQG�WR�R[LGL]H�DGVRUEHG�IUDJPHQWV�SURGXFHG�E\�HWKDQRO�

'HVSLWH�RI�IDFW�WKDW�SODWLQXP�LV�JHQHUDOO\�NQRZQ�DV�RQH�RI�WKH�EHVW�HOHFWURFDWDO\VW�IRU�DOFRKRO�R[LGDWLRQ�
�&�ERQG�VFLVVLRQ�DQG�HDVLO\�SRLVRQHG�E\�&2�DQG�RWKHU�

FDUERQHRXV�LQWHUPHGLDWHV��

LQWHUHVW��( �FRQWDLQLQJ
VSHFLHV�DW�ORZ�SRWHQWLDOV�DQG�IDFLOLWDWH�WKH�R[LGDWLYH�UHPRYDO�RI�SRLVRQLQJ�VSHFLHV�WKURXJK�ELIXQFWLRQDO�
PHFKDQLVP��� $GGLWLRQ� RI� WKH� VHFRQG� PHWDO� WR� SODWLQXP� �E\� XQGHUSRWHQWLDO� GHSRVLWLRQ� RU� DOOR\LQJ��
FUHDWHV� WKH� ELPHWDOOLF� FDWDO\VWV� DQG� FKDQJHV� WKH� HOHFWURQLF� DQG� VWUXFWXUDO� SURSHUWLHV� RI� WKH� EDVHG�
PDWHULDO� LQIOXHQFLQJ� LWV� FDWDO\WLF� SURSHUWLHV�� ,W� DOVR� DOWHUV� WKH� QXPEHU� RI� ODUJH� 3W� HQVHPEOHV� RQ�

�&�ERQG�FOHDYDJH��
$OO�WKLV�HIIHFWV�LQIOXHQFH�WKH�HWKDQRO�R[LGDWLRQ�RQ�ELPHWDOOLF�FDWDO\VW�
$PRQJ� WKH� RWKHU� ELPHWDOOLF� FDWDO\VWV� 3W6Q�&� DQG� 3W5X�&� FDWDO\VWV� GHPRQVWUDWHG� WKH� EHVW�
SHUIRUPDQFH�LQ�HWKDQRO�R[LGDWLRQ��

�6Q�&�DQG�3W�5X�
FDWDO\VW�PRGLILHG�ZLWK� WKH�FRUUHVSRQGLQJ�DPRXQWV�RI�6Q83' �������DQG�5X83'
LQYHVWLJDWLRQ� EDVHG� RQ� WKH� HIIHFWV� LQIOXHQFLQJ� WKH� FDWDO\WLF� SURSHUWLHV� RI� WKHVH� HOHFWURGHV� HQDEOHV�
EHWWHU� XQGHUVWDQGLQJ� RI� GLIIHU

DWHG�E\�
PRGLILFDWLRQ�RI�3W�6Q�&�ZLWK�VPDOO�DPRXQW�RI�6Q83'�
GHDOV�ZLWK�WKH�DFWLYLW\�RI�WKH�FDWDO\VWV�LQ�RYHUDOO�HWKDQRO�R[LGDWLRQ�EXW�QRW�ZLWK�WKHLU�VHOHFWLYLW\�

([SHULPHQWDO
(OHFWURGH�SUHSDUDWLRQ
$�FRPPHUFLDOO\�DYDLODEOH�3W�EDVHG�FDWDO\VWV�SURYLGHG�E\�(� �6Q�DOOR\�DQG�E\�7DQDND�

�5X�
VXSSRUWHG� RQ� KLJK� VXUIDFH� DUHD� FDUERQ�ZHUH� XVHG�� 7KH� FDWDO\VWV�ZHUH� DSSOLHG� WR D� JODVV\� FDUERQ�
VXEVWUDWH�LQ�WKH�IRUP�RI�D�WKLQ�ILOP��(UURU��%RRNPDUN�QRW�GHILQHG�
7R�DYRLG�WKH�FRQWULEXWLRQ�RI�DQ\�RWKHU�DQLRQV�6Q�RU�5X�DGOD\HUV�ZHUH�SUHSDUHG�E\�KROGLQJ�WKH�IUHVKO\�
SUHSDUHG� HOHFWURGHV� DW� �
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�6Q�&� DQG� 3W�5X��&�
RU�5X�PRGLILHG�HOHFWURGH�ZDV�WKHQ�ULQVHG�ZLWK�

ZDWHU�DQG�WUDQVIHUUHG�WR�HOHFWURFKHPLFDO�FHOO��

&KDUDFWHUL]DWLRQ�RI�WKH�FDWDO\VWV
�5X��&�DQG�3W�6Q�&�FDWDO\VWV�ZHUH�FKDUDFWHUL]HG�E\�;�UD\�GLIIUDFWLRQ �7DEOH�����

&DWDO\VWV
1RPLQDO�
FRQWHQW

0HDQ�FU\VWDOOLWH�
GLDPHWHU��QP�

/DWWLFH�
SDUDPHWHU�

�QP�

$WRPLF�
IUDFWLRQ
;0

0DOOR\����

���
�����ZW��3W�5X��&

�6Q�& ���

5HVXOWV�DQG�GLVFXVVLRQ
(WKDQRO�R[LGDWLRQ�DW�3W� 83' PRGLILHG�3W�&�DQG�3W�6Q�&�FDWDO\VWV DUH�GLVSOD\HG� LQ�
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)LJ���� 3RWHQWLRG\QDPLF�FXUYHV�IRU�WKH�R[LGDWLRQ�RI�
����0�&�+�2+�LQ�����0�+&O2� DW�3W�&��FXUYH�D���
DW�3W�&�PRGLILHG�ZLWK�����6Q83' �FXUYH�D¶���DW�
3W�6Q�&��FXUYH�F��DQG�DW�3W�6Q�&�PRGLILHG�ZLWK�

����6Q83' �FXUYH�F¶���  ���P9�V���

)LJ�����3RWHQWLRG\QDPLF�FXUYHV�IRU�WKH�R[LGDWLRQ�RI�
����0�&�+�2+�LQ�����0�+&O2� DW�3W�&��FXUYH�D���DW�
3W�&�PRGLILHG�ZLWK�����5X83' �FXUYH�D¶¶��DQG�DW�

3W�5X��&��FXUYH�E��� � ����P9�V
����

7KH�DFWLYLW\�RI�3W�&�FDWDO\VW�LV�LPSURYHG�E\�6Q83' OD\HU D¶
D���

&RPSDULVRQ�RI�3W�6Q�&�FRQWDLQLQJ�a���DW��RI�6Q��FXUYH�F��ZLWK�3W�&�PRGLILHG�E\�WKH�VDPH�DPRXQW�RI�
6Q83'��FXUYH�D¶��UHYHDOV�FOHDUO\�WKDW�WKH�DOOR\�LV�FRQVLGHUDEO\�PRUH�DFWLYH��7KH�RQVHW�RI�WKH�UHDFWLRQ�DW�
3W� LYH� SRWHQWLDOV� DQG� WKH� FXUUHQW� GHQVLWLHV� DUH�
HQKDQFHG��6SHFWURVFRSLF�DQDO\VLV�RI�6Q83' RQ�3W�&�VKRZV�WKDW�6Q83' LQWHUDFWV�ZLWK�R[\JHQ�VSHFLHV�
VLPLODU�DV�LQ�3W�
FKDQJHV�LQ�3W�&�WKDQ�LQ�3W�6Q�&� ,W�PHDQV�WKDW�6Q83' GRHV�QRW�LQWHUIHUH�UHPDUNDEO\�ZLWK�DELOLW\�RI�3W�

PDLQ�UHDVRQ�IRU�WKH�ORZHU�DFWLYLW\�RI�6Q83' PRGLILHG�3W�&�LQ�UHVSHFW�WR�3W�6Q�&��
�6Q�&� SURPRWHV WKH� DFWLYLW\� RI� DOOR\� �FXUYH� F¶��

FUHDWLQJ�SRZHUIXO�FDWDO\VW�IRU�HWKDQRO�R[LGDWLRQ�DV�LW�ZDV�VKRZQ�LQ�5HI�����+LJK�DFWLYLW\�RI�WKLV�FDWDO\VW�
FDQ�EH�H[SODLQHG�E\�FRPELQLQJ� WKH�H
VLWHV�DQG�HDVLHU�PRELOLW\�RI�6QDG

�� ZLWK�HQKDQFHG�DPRXQW�RI�R[\JHQ�FRQWDLQLQJ�VSHFLHV�RQ�6Q�VLWHV�
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8VLQJ�WKH�VDPH�DSSURDFK�HWKDQRO�R[LGDWLRQ�ZDV�H[DPLQHG�DW�3W�5X��& ��
83'

�FXUYHV�E DQG�D¶¶
,QVSHFWLRQ RI� WKH� UHVXOWV� JLYHQ� LQ� )LJ�� � VKRZV� WKH� VLJQLILFDQW� GLIIHUHQFH� UHJDUGLQJ� WR� WKH�
FRUUHVSRQGLQJ�UHVXOWV�REWDLQHG�DW�3W�6Q�&�DQG�6Q83'�PRGLILHG�3W�&�FDWDO\VWV��)LJ������7KH�VXEVWDQWLDO�
FRQWUDVW�HDVLO\�UHFRJQL]HG�LV�D�VPDOO�GLIIHUHQFH�EHWZHHQ�DFWLYLW\�RI�3W�5X��&��FXUYH�E��DQG�WR�WKH�3W�&
PRGLILHG� E\� WKH� VDPH� DPRXQW� XQGHUSRWHQWLDO� GHSRVLWHG�5X� �FXUYH�D¶¶��� 7KLV� LV� D� UHOLDEOH� SURRI� WKDW�
HOHFWURQLF� RU� VWUXFWXUDO� HIIHFWV� GR� QRW� SURYRNH� VLJQLILFDQW� LQIOXHQFH� RQ� WKH� DFWLYLW\� RI� 5X� DOOR\HG�3W�
FDWDO\VWV�� ,Q� WKDW� FRQWH[W� WKH� KLJK� DOOR\LQJ� GHJUHH� R
HVWLPDWLRQ� RI� WKH� FDWDO\WLF� SURSHUWLHV� RI� 3W�5X��&� DV� LW� LV� LQ� D� FDVH� RI� 3W�6Q�&� FDWDO\VW�� 6LQFH�
XQGHUSRWHQWLDO� GHSRVLWHG�RI�5X�RQ�3W�&�GRHV�QRW�SURYRNH�VLJQLILFDQW�HOHFWURQLF� FKDQJHV� LQ�3W�&��

HWKDQRO� R[LGDWLRQ� RQ� UHVSHFWLYH� FDWDO\VWV� REH\V� WKH� FRQGLWLRQV� UHOHYDQW� IRU� WKH� ELIXQFWLRQDO�

LQ�3W�5X� 83' SURYLGH�WKH�EHVW�FDWDO\WLF�SHUIRUPDQFH���

7KH�DFWLYLW\�RI�WKH�FDWDO\VWV�VWXGLHG�LQ�HWKDQRO�R[LGDWLRQ�REWDLQHG�XQGHU�TXDVL�VWHDG\�VWDWH�FRQGLWLRQ�LV�
JLYHQ�LQ�)LJV����DQG� ��7KH�3W�6Q�&�LV�PRUH�DFWLYH�WKDQ�3W�&�PRGLILHG�E\�6Q83' �a�����FDWDO\VWV��)LJ��
��� DQG� FRQVLGHUDEO\� PRUH� DFWLYH� WKDQ� 3W�&�� 7KH� DFWLYLW\� RI� 3W�5X��&� DQG� 3W�&� PRGLILHG� E\� 5X83'

���3W�6Q�&�PRGLILHG�
6Q83' LV�WKH�EHVW�FDWDO\VW�VWXGLHG�
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)LJ�����7DIHO�SORWV�IRU�R[LGDWLRQ�RI�����0�&�+�2+�LQ�
��� 0�+&O2� VROXWLRQ�DW��3W�&��FXUYH�D���3W�&�
PRGLILHG�ZLWK�����6Q83' �FXUYH�D¶���3W�6Q�&�

�FXUYH�F��DQG�3W�6Q�&�PRGLILHG�ZLWK�����6Q83'
�FXUYH�F¶���  �� P9 V±��

)LJ�����7DIHO�SORWV�IRU�R[LGDWLRQ�RI�����0�&�+�2+�LQ�
��� 0�+&O2� VROXWLRQ�DW��3W�&��FXUYH�D���3W�&�

PRGLILHG�ZLWK�����5X83' �FXUYH�D¶¶��DQG�3W�5X��&�
�FXUYH�E���  ���P9�V±���

&RQFOXVLRQV
$FFRUGLQJ�WR�WKH�UHVXOWV�REWDLQHG�LQ�WKLV�ZRUN�GHDOLQJ�ZLWK�WKH�HIIHFWV�LQIOXHQFLQJ�WKH�RYHUDOO�HWKDQRO�

� 3W�6Q�&�LV�PRUH�DFWLYH�WKDQ�3W�5X��&�RU�FRUUHVSRQGLQJ�6Q83' RU�5X83' PRGLILHG�3W�&�FDWDO\VWV�
DV� UHYHDOHG� IURP� SRWHQWLRG\QDPLF� DQG� TXDVL� VWHDG\� VWDWH� PHDVXUHPHQWV�� ,WV� KLJK� DFWLYLW\�
RULJLQDWHV�PDLQO\�IURP�WKH�HOHFWURQLF�HIIHFW�FDXVLQJ�WKH�ZHDN�ERQGHG�DGVRUEDWH�JHQHUDWHG�E\�

R[\JHQ�

5HJDUGOHVV� ZKHWKHU� HOHFWURQLF� HIIHFW� H[LVWV� RU� QRW� LQ� 3W�5X��&� WKH� ERQG� EHWZHHQ� 3W� DQG�
DGVRUEDWH� UHPDLQV�VWURQJ�DQG� WKDW� LV� WKH�PDLQ� UHDVRQ� IRU� WKH� LWV� ORZHU�DFWLYLW\� WKDQ�3W�6Q�&�
DOWKRXJK�5X�LV�FDSDEOH�DV�ZHOO�DV�6Q�WR�GLVVRFLDWH�ZDWHU�DW�ORZ�SRWHQWLDOV�
6LQFH�XQGHUSRWHQWLDO�GHSRVLWLRQ�RI�6Q�RU�5X�GRHV�QRW�SURYRNH�DQ\�VLJQLILFDQW�HOHFWURQLF�HIIHFW�
ERWK� PRGLILHG� 3W�&� FDWDO\VWV� DUH� OHVV� DFWLYH� WKDQ� FRUU
SURQRXQFHG� GLIIHUHQFH� EHWZHHQ� 3W�6Q�&� DQG� 6Q83' PRGLILHG� 3W�&� ����� 6Q�� WKDQ� EHWZHHQ�
3W�5X��&�DQG�5X83' �6Q�&��
0RGLILFDWLRQ� RI� 3W�6Q�&� ZLWK� D� VPDOO� DPRXQW� RI� 6Q83'�

RYHUDOO�HWKDQRO�R[LGDWLRQ�
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$FNQRZOHGJHPHQW��7KLV�ZRUN�ZDV�ILQDQFLDOO\�VXSSRUWHG�E\�WKH�0LQLVWU\�RI�6FLHQFH�DQG�7HFKQRORJLFDO�
'HYHORSPHQW��5HSXEOLF�RI�6HUELD��&RQWUDFW�1R��+��������

5HIHUHQFHV
�� -�(OHFWURDQDO�&KHP ���
�� -��3K\V��&KHP��%�����
�� (OHFWURFKLP��$FWD ��

� (OHFWURFKLP��$FWD
��

�� -��3K\V��&KHP��&� ���
�� -�(OHFWURDQDO�&KHP �� �����������
�� -��3RZHU�6RXUFHV ���

(OHFWURFKLP��$FWD ��
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