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2[LGDWLRQ�UHGXFWLRQ� HTXLOLEULD� LQ� JODVVHV� KDYH� EHHQ� H[WHQVLYHO\� VWXGLHG���� LQ� YDULRXV�
R[LGH�JODVVHV�FRQWDLQLQJ�WUDQVLWLRQ�PHWDO� LRQV�� VXFK�DV�FRSSHU��7KHVH�JODVVHV�DUH� LQWHUHVWLQJ�
EHFDXVH�RI�WKHLU�VHPLFRQGXFWLQJ�SURSHUWLHV�������,QGHHG�FRSSHU�H[LVWV�LQ�JODVV�IRUPLQJ�R[LGH�
PHOWV�DV�PHWDOOLF�FRSSHU��&X����FXSURXV��&X���DQG�FXSULF��&X����LRQV��6R�WKH�FRQGXFWLRQ�FDQ�
WDNH�SODFH�E\�WKH�WUDQVIHU�RI�HOHFWURQV�IURP�WKH�ORZ�WR�KLJK�YDOHQFH�VWDWHV���

,Q�WKH�SUHVHQW�VWXG\��ZH�KDYH�SUHSDUHG���&X2[���3�2���PRODU����JODVVHV�ZLWK�GLIIHUHQW�
FRSSHU� YDOHQFHV�XVLQJ� JOXFRVH� LQ� RUGHU� WR� LQFUHDVH� DQG� WR� FRQWURO� WKH�&X�� FRQWHQW��7KHVH�
JODVVHV�ZHUH�VWXGLHG�E\�LQIUDUHG�DQG�HOHFWULFDO�FRQGXFWLYLW\��:H�KDYH�VWXGLHG�WKH�PHFKDQLVP�
RI�FRQGXFWLRQ�YHUVXV�WKH�&X��FRQWHQW�DQG�WKH�WHPSHUDWXUH�RI�WKHVH�JODVVHV��

([SHULPHQWDO�SURFHGXUH�

3UHSDUDWLRQ�RI���&X2[���3�2��JODVVHV�

0L[WXUHV� RI� &X2� DQG� 1+�+�32�� DUH� KHDWHG� IURP� ���&� WR� �����&� LQ� DQ� DOXPLQD�
FUXFLEOH�LQ�DQ�HOHFWULF�IXUQDFH�ZLWK�D�PHOWLQJ�WLPH�RI����KRXUV��WKH�PHOWV�DUH�SRXUHG�RQWR�DQ�
LURQ�SODWH��7KH�FRSSHU�LQ�WKHVH�JODVVHV�H[LVWV�RQO\�DV�FXSULF�LRQV��&X�����,Q�RUGHU�WR�LQFUHDVH�
DQG� FRQWURO� WKH� >&X�@� UDWLR� ZLWK� >&X�@ >&X�@��>&X�@�>&X���@ >&X�@�>&X7RWDO@�� WKH� JODVVHV�
ZHUH� JURXQG� DQG� JOXFRVH� ���� ��� ��� ��� �� DQG� �� ZW��� ZDV� DGGHG�� 7KHQ� WKH� PL[WXUHV� ZHUH�
UHPHOWHG� DW� �����&� IRU� ��� PLQXWHV�� 7KH� PHOWV� ZHUH� FDVWHG� RQ� DQ� LURQ� SODWH� DW� URRP�
WHPSHUDWXUH��7KH�JODVVHV�ZHUH�NHSW�LQ�DQ�GHVLFFDWRU�WR�SUHYHQW�UHDFWLRQV�ZLWK�PRLVWXUH��

&KHPLFDO�DQDO\VLV�

3KRVSKRUXV�FRQWHQW�ZDV�GHWHUPLQHG�E\�D�FRORULPHWULF�PHWKRG�ZLWK�WKH�\HOORZ�YDQDGR�
PRO\EGDWH� FRPSOH[��7RWDO�FRSSHU� �DV�&X����ZDV�GHWHUPLQHG�E\� LRGRPHWULF�XVLQJ�+12�� DV�
R[LGLVLQJ� DJHQW��7KH�&X�� FRQWHQW�ZDV�HYDOXDWHG�E\� FHUDWH� WLWUDWLRQ�PHWKRG�XQGHU�QLWURJHQ�
DWPRVSKHUH�� 7KH� DOXPLQD� FRQWHQW� ZDV� REWDLQHG� E\� ,&3�� WKH��� ZW� LV� LQIHULRU� DW� ����� 7KH�
FRPSRVLWLRQV�RI�JODVVHV�DUH�UHSRUWHG�LQ�7DEOH����

�



$�F��FRQGXFWLYLW\�

7KH� VDPSOHV� XVHG� IRU� HOHFWULFDO� FRQGXFWLYLW\�PHDVXUHPHQWV�ZHUH� JURXQG� DQG� SROLVKHG�
ZLWK�6L&�GLVFV��(OHFWULFDO� FRQQH[LRQV�ZHUH�REWDLQHG�E\� JROG� VSXWWHULQJ�RQ�ERWK� VLGHV��7KH�
FRQGXFWLYLW\�ZDV�PHDVXUHG�E\�XVLQJ�WKH�FRPSOH[�LPSHGDQFH�PHWKRG��6RODUWRQ�������DQG�WKH�
PHDVXUHPHQWV�ZHUH�WDNHQ�LQ�WKH�IUHTXHQF\�UDQJH����WR������+]�DQG�WHPSHUDWXUH�UDQJH������
WR����.��ZLWK�WZR�KHDWLQJ�DQG�FRROLQJ�SURFHVVHV��

)7,5�DQDO\VHV�

)7,5� VSHFWUD� ZHUH� UHFRUGHG� ZLWK� D� 3HUNLQ� (OPHU� VSHFWURPHWHU� LQ� WKH� ZDYH� QXPEHU�
UDQJH�����WR������FP���DW�URRP�WHPSHUDWXUH��6DPSOHV�ZHUH�SUHSDUHG�E\�PL[LQJ�DQG�JULQGLQJ�
JODVV�SRZGHU�ZLWK�VSHFWURVFRSLF�JUDGH�GU\�.%U�SRZGHU��DQG�WKHQ�FRPSUHVVHG�WR�IRUP�WKLQ�
SHOOHWV�IRU�PHDVXUHPHQWV��

�

5HVXOWV�DQG�GLVFXVVLRQ�

6\QWKHVLV�

7KH�YDULDWLRQ�LQ�>&X�@�UDWLR�ZLWK�JOXFRVH�LV�VKRZQ�LQ�)LJ�����7KH�FRQFHQWUDWLRQ�RI�&X��
LQFUHDVHV�ZLWK�JOXFRVH�DGGLWLRQ��:KHQ�WKH�>&X�@�UDWLR�LQFUHDVHV��WKH�FRORXU�RI�JODVVHV�FKDQJHV�
IURP� JUHHQ� WR� WDQ��:H� KDYH� REWDLQHG� WKH� VDPH� HYROXWLRQ� LQ� FRORXU� WKDW� %DH� HW� DO��� 7KH�
R[LGL]HG�JODVVHV�DUH�EOXH�JUHHQ�ZKHUHDV�WKH�UHGXFHG�JODVVHV�DUH�WDQ��

&KHPLFDO�DQDO\VLV�

7KH� DFWXDO� FRPSRVLWLRQV� RI� JODVVHV�GLIIHU� YHU\� VOLJKWO\� IURP� WKH� QRPLQDO� FRPSRVLWLRQ�
GXH�WR�YDSRUL]DWLRQ�RI�SKRVSKRUXV��7KH�FRQWDPLQDWLRQ�IURP�DOXPLQD�FUXFLEOH�ZDV�REVHUYHG��
EXW�WKH���ZW�$O�EHLQJ�LQIHULRU�DW������ZH�FDQ�VXJJHVW�WKDW�WKH�HIIHFW�RI�$O�RQ�SURSHUWLHV�RI�
JODVVHV�LV�QHJOLJLEOH��

)7,5�DQDO\VHV�

)7,5�VSHFWUD�RI���&X2[���3�2��JODVVHV�LQ�WKH�IUHTXHQF\�UDQJH�EHWZHHQ�����DQG������
FP���ZHUH�REWDLQHG��7KH�VSHFWUD�FRQWDLQ�D�VHW�RI�EDQGV�LQ�WKH����������FP���UHJLRQ�WKDW�DUH�

GXH� WR� WKH� VWUHWFKLQJ�YLEUDWLRQV�RI�PHWDSKRVSKDWH� JODVVHV� YL]�� �� ���������� FP��� �νDV�32����
����������FP����νV32���VKRXOGHU�����������FP

����νDV3�2�3���WZR�PRGHV�����DQG�����FP����νV�
3�2�3��� ZKHUH� νDV� DQG� νV� DUH� WKH� DV\PPHWULF� DQG� V\PPHWULF� VWUHWFKLQJ� IUHTXHQFLHV�
UHVSHFWLYHO\� ��7KH� DEVRUSWLRQ� EDQG� QHDU� ���������� FP��� LV� DVVLJQHG� WR�3�2��JURXSV� �FKDLQ�
HQG���7KH�EDQG�DURXQG���������FP���LV�DWWULEXWHG�WR�GHIRUPDWLRQ�PRGHV�RI�32�

���JURXSV��$OO�
WKH�VSHFWUD�DUH�TXLWH�VLPLODU��ZKLFK�VXJJHVWV�WKDW�JODVV�VWUXFWXUH�GRHV�QRW�FKDQJH�VLJQLILFDQWO\�
LQ�WKH�H[DPLQHG�UDQJH�RI�FKHPLFDO�FRPSRVLWLRQV��

$�F��FRQGXFWLYLW\�

7KH� WHPSHUDWXUH� GHSHQGHQFH� RI� WKH� FRQGXFWLYLW\� REWDLQHG� �IURP� WKH� FRPSOH[�
LPSHGDQFH��SORWV��RI�JODVV�$�LV�VKRZQ�LQ�)LJ�����:H�FDQ�REVHUYH�WKDW�WKH�FRQGXFWLYLW\�GXULQJ�
WKH� ILUVW� GHVFHQW� LV� QRW� VXSHUSRVHG� DW� WKHVH� ILUVW� ULVH�� DQG� WKHQ� WKH� FRQGXFWLYLW\� VWDELOL]HV��
$IWHU� WKH�PHDVXUHPHQWV� RI� FRQGXFWLYLW\�� ZH� KDYH� DQDO\]HG� WKH� JODVV� VXUIDFH� DQG�ZH� KDYH�
GHWHFWHG�WKH�SUHVHQFH�RI�FRSSHU�R[LGH�E\�;�UD\�'LIIUDFWLRQ��6R��ZH�FDQ�VXSSRVH�HLWKHU�WKH�
H[LVWHQFH� D� VXSHUILFLDO� FRQGXFWLYLW\� EHFDXVH� &X2� LV� D� HOHFWURQLF� FRQGXFWRU� JRRG�� RU� D�



UHRUJDQL]DWLRQ� RI� JODVV� GXULQJ� WKH� ILUVW� ULVH�� 7KLV� EHKDYLRXU� KDV� DOUHDG\� EHHQ� REVHUYHG� E\�
'XUDQ�HW�DO���
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7DEOH�����FRPSRVLWLRQV�RI���&X2[���3�2��JODVVHV�
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)LJXUH�����HYROXWLRQ�RI�&X��UDWLR�LQ���&X2[���3�2��JODVVHV�ZLWK�JOXFRVH�DGGLWLRQ�
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)LJXUH�����HYROXWLRQ�RI�JODVV�$�HOHFWULFDO�FRQGXFWLYLW\�ZLWK�LQYHUVH�WHPSHUDWXUH�
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)LUVW�ULVH

)LUVW�GHVFHQW

6HFRQG�ULVH

VHFRQG�GHVFHQW
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