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1RYHO�HOHFWURGH�PDWHULDOV�DUH�UHTXLUHG�WR
SURYLGH�KLJK�DQWL�IULFWLRQ�FKDUDFWHULVWLFV�RI
HOHFWULF�VSDUN� FRDWLQJV�� 7KH� HOHFWULF�VSDUN
DOOR\LQJ� �(6$�� LV� XVHG� WR� HQKDQFH� WKH� UHOL�
DELOLW\� DQG�GXUDELOLW\� RI�PDFKLQH�GHWDLOV� >�@�
7KH�(6$� LV� RQH� RI� WKH� FRDWLQJ� OD\LQJ� WHFK�
QLTXHV� DQG� EHORQJV� WR� WHFKQRORJLFDO� SURF�
HVVHV�RI�JRRG�SURPLVH��6KRUW�HOHFWULF�SXOVHV
DW� KLJK� FXUUHQW� VWUHQJWKV� DUH� XVHG� LQ� WKDW
PHWKRG� >�@��7KH�=U1�KHWHUR�SKDVH�PDWHULDOV
DUH� RI� JRRG� SURVSHFWV� DV� (6$� HOHFWURGHV� LQ
SUHSDUDWLRQ� RI� ZHDU�UHVLVWDQW� FRDWLQJV� >�Ü
�@�� 7KHUH� DUH� QR� ZRUNV� GHDOLQJ� ZLWK� VWXG\
RI� WUDQVIHU� PHFKDQLVPV� LQ� WKH� FRXUVH� RI
(6$�ZLWK�=U1�EDVHG�HOHFWURGHV��7KH�SXUSRVH
RI�WKLV�ZRUN�LV�WR�VWXG\�WKH�HURVLRQ�FKDUDF�
WHULVWLFV�RI�=U1±�&U��1L��$O�2���HOHFWURGH�PD�WHULDO� SUHSDUHG� XVLQJ� SRZGHU� PHWDOOXUJ\
WHFKQLTXHV� DQG� WR� HVWDEOLVK� WKH� FRUUHODWLRQ
EHWZHHQ�WKH�VWUXFWXUH��SKDVH�FRPSRVLWLRQ�RI
WKH� FRDWLQJ�� LWV� PHFKDQLFDO� SURSHUWLHV� DQG
WKH� PDWHULDO� WUDQVIHU� LQWHQVLW\� IURP� WKH
DQRGH�WR�WKH�FDWKRGH�

7KH� DOOR\LQJ�PDWHULDOV�ZHUH� SUHSDUHG� E\
FRPSDFWLQJ�DQG�VLQWHULQJ�LQ�D�66K9�IXUQDFH
XQGHU� DUJRQ� DWPRVSKHUH� DW� ����Ü�����&�
7KH� VSDUN� DOOR\LQJ� RI� VWHHO���� ZDV� FDUULHG
RXW� LQ� DQ� (),���$� XQLW� �,S� ������$��&� ����P)�� 8[�[� ���� 9��� )RU� PHWDOORJUDSKLF

H[DPLQDWLRQ�D�0,0���PLFURVFRSH�ZDV�XVHG�
IRU� GXURPHWU\� D� 307��� GHYLFH�� IRU� ;�UD\
SKDVH�DQDO\VLV��;3$���D�'521���DQG�FRSSHU
HPLVVLRQ� ZHUH� DSSOLHG�� 7KH� WULERWHFKQLFDO
FKDUDFWHULVWLFV� RI� WKH� FRPSRVLWLRQV� ZHUH
PHDVXUHG�XVLQJ�D�0���0�XQLW�>�@�WKDW�PDGH
LW� SRVVLEOH� WR� GHWHUPLQH� WKH� IULFWLRQ� FRHIIL�
FLHQW� �I�� DQG� WKH� VDPSOH� ZHDU� LQWHQVLW\� �,�
PP�NP�� LQ� WKH� EXVK�VKDIW� JHRPHWU\�� 7KH
WULERWHFKQLFDO� SDUDPHWHUV� ZHUH� GHWHUPLQHG
LQ�DLU�ZLWKRXW�OXEULFDWLQJ�PHGLXP�LQWURGXF�
WLRQ� LQWR� WKH� FRQWDFW� DUHD�� LQ� FRPELQDWLRQ
ZLWK� WKH�&U90Q� VWHHO�DW�9� ���P�V�����P�V
XQGHU�SUHVVXUH�3� �����DQG�����03D�

7KH� VWUXFWXUH� DQG� SURSHUWLHV� RI� (6$�
PDGH� FRDWLQJV� DUH� NQRZQ� WR� EH� LQIOXHQFHG
VXEVWDQWLDOO\�E\�WKH�JUDQXORPHWU\�DQG�SKDVH
FRPSRVLWLRQ� RI� WKH� HOHFWUR�HURVLRQ� SURGXFWV
DV�ZHOO� DV�E\� WKH�HOHFWURGH�HURVLRQ� >�@��7KH
IRUPDWLRQ�RI�DOOR\HG�OD\HU�DQG�LWV�SURSHUWLHV
DUH� LQIOXHQFHG�� LQ� ILUVW� WXUQ�� E\� WKH� SKDVH
FRPSRVLWLRQ� RI� HOHFWURGH� PDWHULDO�� $FFRUG�
LQJ� WR� ;3$� GDWD�� WKH� =U1±�&U�� 1L�� $O�2��HOHFWURGHV� FRPSULVH�PDLQO\�=U1��=U1L��=U&U�DQG�� DOVR�1L� DQG�=U� VROLG� VROXWLRQV� >�@��:H
KDYH� VWXGLHG� WKH� HIIHFW� RI� WKH� DQRGH� SKDVH
FRPSRVLWLRQ� RQ� WKH� PDLQ� SDUDPHWHUV� RI
VWHHO���� (6$� SURFHVV�� QDPHO\�� WKH� VSHFLILF
HURVLRQ�RI�DQRGH�'D�� WKH� VSHFLILF�PDVV�JDLQ
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RI�FDWKRGH��'N��PHDVXUHG�IRU�HDFK�PLQXWH�RI
WUHDWPHQW� SHU� �� FP�� DUHD�� WKH� WRWDO� DQRGH
HURVLRQ�� 6'D�� DQG� WKH� WRWDO� FDWKRGH� PDVV
JDLQ��6'N��PHDVXUHG�IRU�WKH�DOOR\LQJ�GXUD�
WLRQ� W� ����PLQ�FP��� DQG� DYHUDJH� PDVV
WUDQVIHU� FRHIILFLHQW� .� �6'N�6'D�� DW� W�  
���PLQ�FP���)LJ����VKRZV�WKH�NLQHWLF�FXUYHV
RI� WKH� WRWDO� DQRGH� HURVLRQ�� �6'D�� DQG� WKH
WRWDO� FDWKRGH� PDVV� JDLQ� �6'N�� IRU� ���PLQ�
7KH�DQRGH�HURVLRQ�LV�VHHQ�WR�DWWDLQ�LWV�PD[L�
PXP� YDOXH� DW� WKH� �WK� PLQXWH� RI� DOOR\LQJ
�)LJ����� FXUYH� ���� 7KLV� VHHPV� WR� EH� GXH� WR
WKH� SUHVHQFH� RI� EULWWOH� R[LGHV� =U2�� WKDWIDYRU� WKH� DQRGH� GHVWUXFWLRQ� �7DEOH��� WKXV
LQFUHDVLQJ� WKH� VROLG� SKDVH� DPRXQW� LQ� WKH
HURVLRQ�SURGXFWV��7KH�FDWKRGH�PDVV�JDLQ�LQ�
FUHDVHV�JUDGXDOO\�ZLWK�WKH�DOOR\LQJ�GXUDWLRQ
�)LJ�����FXUYH�����7KH�DYHUDJH�PDVV�WUDQVIHU
FRHIILFLHQW�RI�=U1±�&U��1L��$O�2���PDWHULDO�DWW� ����PLQ�LV������LQVHW�LQ�)LJ�����

,Q� WKH� FRXUVH� RI� VWHHO���� (6$�� WKH� HOHF�
WULF� HURVLRQ� SURGXFWV� LQ� VROLG�� OLTXLG�� DQG
JDVHRXV� SKDVHV� LQWHUDFW� ZLWKLQ� WKH� PHOW
PLFUR�EDWK�DW�WKH�ZRUNLQJ�VXUIDFH�ZLWK�WKH
VXEVWUDWH� PDWHULDO� DQG� WKH� DLU� FRPSRQHQWV
�R[\JHQ� DQG� QLWURJHQ�� >�@�� $V� D� UHVXOW�� D
VXUIDFH�FRDWLQJ� LV� IRUPHG�KDYLQJ�WKH�SKDVH
FRPSRVLWLRQ� GLVWLQFW� IURP� WKDW� RI� HOHF�
WURGHV��8QGHU�XOWUDIDVW�FRROLQJ�RI�WKH�OLTXLG
DQG�WKH�JDVHRXV�SKDVH�FRQGHQVDWLRQ��PHWDV�
WDEOH� FRPSRXQGV� PD\� DULVH� >�@�� $� OD\HU� LV
IRUPHG�DW�WKH�VXUIDFH�FRQVLVWLQJ�RI�=U1]2\�&U�1L�� VROLG� VROXWLRQ��=U1L��� =U&U�� LQWHUPHW�DOOLF� FRPSRXQGV�� =U2��� =U2������ )H�2��&U�2��R[LGHV��7DEOH���WKH�PDLQ�SKDVH�LQ�WKHDOOR\HG� OD\HU� EHLQJ� =U2��� ,Q� WKH� FRXUVH� RIVSDUN� FRDWLQJ�� VHFRQGDU\� SKDVH� VWUXFWXUHV

DUH�IRUPHG�>�@��ZKDW�LV�FRQILUPHG�E\�IRUPD�
WLRQ� RI�)H�2�� LQ� WKH� FRDWLQJ��$FFRUGLQJ� WR;3$� GDWD�� WKH� HURVLRQ� SURGXFWV� FRPSULVH
=U2�� DQG� &U� DV� WKH� PDLQ� SKDVHV�� ,Q� DGGL�
WLRQ�� =U1L��� =U&U�� LQWHUPHWDOOLF� FRPSRXQGV�JÜ1L�2��� DÜ$O�2��� )H�2��� JÜ&U�2�� R[LGHVDUH�SUHVHQW�

7KH� PHWDOORJUDSKLF� VWXGLHV� KDYH� VKRZQ
WKDW�WKH�PLFUR�VWUXFWXUH�RI�(6$�PDGH�=U1±
�&U�� 1L�� $O�2��� FRDWLQJ� LV� D� QRQ�HWFKDEOH�ZKLWH�� OD\HU� RI� DERXW� ��� PP� WKLFNQHVV�
7KH� OD\HU� PLFURKDUGQHVV� DWWDLQV� ���� *3D�
7KH� DOOR\HG� �ZKLWH�� OD\HU� LQFOXGHV� UDWKHU
QXPHURXV� DUHDV� RI� �JUD\�� OD\HU� ZLWK
����*3D�PLFURKDUGQHVV��7KDW�VHHPV�WR�FRQ�
VLVW�RI�=U2�� WKDW� LV�HYLGHQFHG�E\�;3$�GDWDDQG� FRQILUPHG� E\� WKH� =U2�� PLFURKDUGQHVVYDOXHV� UHSRUWHG� LQ� >�@�� 7KH� VWHHO����PLFUR�
VWUXFWXUH� LV� D� IHUULWH�SHUOLWH� RQH� KDYLQJ
�����*3D�PLFURKDUGQHVV��)LJ������8QGHU�WKH
KDUGHQHG� OD\HU�� WKHUH� LV� D� �� WR� ��PP� WKLFN
ILQH�JUDLQ� WKHUPDO� ]RQH� �)LJ������ 7KH� PRU�
SKRORJ\�RI�WKH�HOHFWULF�HURVLRQ�SURGXFW�SDU�
WLFOHV� LV� SUHVHQWHG� LQ� )LJ����� $FFRUGLQJ� WR
;3$� GDWD�� WKHVH� SDUWLFOHV� FRQWDLQ� PDLQO\
LQWHUPHWDOOLF� �=U1L���=U&U���SKDVH�DV�ZHOO�DVR[LGH� �=U2��� RQH�� 7KH� HURVLRQ� SURGXFWV� DUHLUUHJXODUO\�VKDSHG�SDUWLFOHV�DQG�JOREXOHV�RI

)LJ����� .LQHWLF� GHSHQGHQFHV� RI� WRWDO� FDWKRGH
PDVV� JDLQ� 6'N� ���� DQG� WRWDO� DQRGH� HURVLRQ
6'D� DW� WKH� VSHFLILF� DOOR\LQJ� GXUDWLRQ
W� �����V�FP��IRU�VWHHO����XVLQJ�(6$�PDWHULDO
=U1±�&U��1L��$O�2����,QVHW��WUDQVIHU�FRHIILFLHQW�.
DW�W� �����V�FP��

)LJ�����0LFURVWUXFWXUH�RI�(6$�PDGH�=U1±�&U�
1L��$O�2���FRDWLQJ�RQ�VWHHO�����u����

)LJ�����0RUSKRORJ\� RI� HURVLRQ� SURGXFW�SDUWL�
FOHV� DIWHU� (6$� ZLWK� =U1±�&U�� 1L�� $O�2��� HOHF�
WURGH��u���

1HZV�RI�7HFKQRORJ\

��� )XQFWLRQDO�PDWHULDOV�������������



��� WR� ��� PP� VL]H� �)LJ������ WKH� JOREXOHV
DPRXQWLQJ� DERXW� ��� ��� 'HQGULWHV� DUH� RE�
VHUYHG�ZLWKLQ� WKH�JOREXOHV�� WKXV�HYLGHQFLQJ
WKH�SUHVHQFH�RI�D�PHWDOOLF�SKDVH�WKHUHLQ�

7KH�WULERWHFKQLFDO�WHVWV�ZHUH�FDUULHG�RXW
DW� WKH� VOLGLQJ� VSHHG� RI� �� DQG� ��� P�V� DQG
ORDG�3� �����DQG���03D��7KH�ZHDU�LQWHQVLW\
,� IRU� WKH� FRDWLQJ� XQGHU� VWXG\� LV� DERXW
��PP�NP� DW� WKH� VOLGLQJ� VSHHG� RI� �� P�V�
$V�WKH�VOLGLQJ�VSHHG�LV�LQFUHDVHG�WR����P�V�
WKH� ZHDU� LQWHQVLW\� LV� ���� WLPHV� KLJKHU
�,� ����PP�NP� DW� 3� ����� 03D��� 7KH� IXU�
WKHU� ORDG� LQFUHDVH� XS� WR� �� 03D� DW� VOLGLQJ
VSHHG�RI����P�V�UHVXOWV�LQ�D�VKDUS�LQFUHDVHG
ZHDU� LQWHQVLW\� �,� ����PP�NP�� )LJ���D��
7KDW�LV��DV�WKH�VOLGLQJ�VSHHG�LQFUHDVHV�IURP
�� WR� ��� P�V�� WKH� ZHDU� LQWHQVLW\� RI� (6$�
PDGH� =U1±�&U�� 1L�� $O�2��� FRDWLQJ� ULVHV� LQDERXW�����WLPHV��$V�WKH�ORDG�LQFUHDVHV�IURP
����03D�WR���03D��WKH�ZHDU�LQWHQVLW\�ULVHV
E\� D� IDFWRU����� DW� VOLGLQJ� VSHHG�RI����P�V�
7KH� IULFWLRQ� FRHIILFLHQW� IRU�(6$�PDGH�=U1±
�&U�� 1L�� $O�2��� FRDWLQJ� LV� HVVHQWLDOO\� LQGH�

SHQGHQW� RI� VOLGLQJ� VSHHG� DQG� ORDG� DQG
DPRXQWV� DERXW������ �)LJ���E���7KH�SUHVHQFH
RI� =U2��� $O�2�� R[LGHV� DV� ZHOO� DV� RI� =U&U�LQWHUPHWDOOLF� LQ� WKH� DOOR\HG� OD\HU� KDV� EHHQ
VKRZQ� WR� HIIHFW� IDYRUDEO\� WKH� FRDWLQJ�ZHDU
UHVLVWDQFH�� 7KH� IRUPDWLRQ� RI� =U2����� R[LGHKDYLQJ� OD\HUHG� VWUXFWXUH� LQ� WKH� DOOR\HG
OD\HU�LQFUHDVHV�WKH�FRDWLQJ�ZHDU�UHVLVWDQFH�

7KXV�� WKH� HOHFWULF� VSDUN�DOOR\LQJ�SURFHVV
RI� VWHHO���� XVLQJ� =U1±�&U�� 1L�� $O�2��� HOHF�WURGH� SUHSDUHG� E\� SRZGHU� PHWDOOXUJ\� LV
FKDUDFWHUL]HG� E\� VWDEOH� YDOXHV� RI� WKH� FDWK�
RGH� PDVV� JDLQ�� DQRGH� HURVLRQ� DQG� E\� WKH
WUDQVIHU� FRHIILFLHQW� H[FHHGLQJ� ����� ,Q� WKH
(6$�PDGH� =U1±�&U�� 1L�� $O�2��� FRDWLQJ�� WKHPDMRU� SKDVHV� DUH� =U2�� R[LGH� DQG� =U1L��=U&U�� LQWHUPHWDOOLF� FRPSRXQGV�� 7KH� SUH�VHQFH� RI� =U&U�� LQWHUPHWDOOLF� DQG� =U2�R[LGH� LQFUHDVHV� WKH� KDUGHQHG� OD\HU� ZHDU
UHVLVWDQFH��7KH�KLJKHVW�ZHDU�UHVLVWDQFH��,
 �����PP�NP�� LV� DWWDLQHG� LQ� WKH� (6$�PDGH
=U1±�&U�� 1L�� $O�2��� FRDWLQJ� DW� VOLGLQJ� VSHHGRI���P�V�DQG�ORDG�RI�����03D�

7DEOH

�T 'H[S 3KDVH�FRPSRVLWLRQ�
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5HIHUHQFHV
� ���$�'�9HUNKRWXURY�� ,�0�0XNKD��7HFKQRORJ\�RI

(OHFWULF� 6SDUN� &RDWLQJ� RI� 0HWDO� 6XUIDFHV�
7HNKQLND��.LHY��������>LQ�5XVVLDQ@�

� ���$�'�9HUNKRWXURY��,�$�3RGFKHUQ\DHYD��)�)�(JRURY�
(OHFWURGH�0DWHULDOV� IRU�(OHFWULF� 6SDUN�$OOR\�
LQJ��1DXND��0RVFRZ��������>LQ�5XVVLDQ@�

� ���*�9�6DPVRQRY�� 1LWULGHV�� 1DXNRYD� 'XPND�
.LHY��������>LQ�5XVVLDQ@�

� ���)�)�(JRURY�� 2�9�3VKHQLFKQD\D�� 9�3�3RSRY�
9�(�0DWVHUD�� 3RURVKNRYD\D� 0HWDOOXUJLD�
1R��Ü�������������

� ���)�)�(JRURY��9�(�0DWVHUD��3RURVKNRYD\D�0HWDO�
OXUJLD��1R������������������

� ���/�)�.ROHVQLFKHQNR��9�9�3RORWD\��9�9�=DERORWQ\�
3RURVKNRYD\D�0HWDOOXUJLD��1R��������������

� ���9�$�.LP�� '�1�.RURWDHY�� $�9�*ROLN�� )L]�
.KLP��2EUDE��0DWHU���1R��������������

� ���9�6�.RYDOHQNR��$�'�9HUNKRWXURY��1�)�*RORYNR�
,�$�3RGFKHUQ\DHYD��/DVHU�DQG�(OHFWUR�(URVLRQ
+DUGHQLQJ�� 1DXND�� 0RVFRZ� ������� >LQ� 5XV�
VLDQ@�

� ���5�)�9R\WRYLFK�� 2[LGDWLRQ� RI� &DUELGHV� DQG� 1L�
WULGHV��1DXNRYD�'XPND��.LHY��������>LQ�5XVVLDQ@�

pãË}�¯ºL°}¯ºmË�ãË��mÈÓÓ«�ËãË}�¯º�ÓÒä�äÈ�Ë¯LÈãºäÓÈ�º°ÓºmL�=U1
|�{��È�°�ºm°	}Ò®��{�s�sºmL}ºmÈ��s�l�lº¯�ºmË�	

iº°ãL�ÎËÓº�ÏÈãËÎÓº°�L�Ë¯ºÏL®ÓÒ²�²È¯È}�Ë¯Ò°�Ò}�ËãË}�¯º�Óº�º�äÈ�Ë¯LÈã��=U1±�&U��1L�
$O�2��� �È� m°�ÈÓºmãËÓº� Ïm�«Ï}Ò�äLÎ�ÁÈÏºmÒä� °}ãÈ�ºä�� °�¯�}��¯º
� �È� �¯Òº�Ë²ÓL�ÓÒäÒmãÈ°�Òmº°�«äÒ�ËãË}�¯ºL°}¯ºmº�º�¹º}¯Ò��«��º�Ë¯ÎÈÓº�º�äË�º�ºä�p,��

)LJ�����'HSHQGHQFH�RI�ZHDU�UHVLVWDQFH�,��D��DQG�IULFWLRQ�FRHIILFLHQW�I��E��IRU�=U1±�&U��1L��$O�2���FRDWLQJRQ�URWDWLRQ�VSHHG�XQGHU�ORDG�3�

1HZV�RI�7HFKQRORJ\

��� )XQFWLRQDO�PDWHULDOV�������������


