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/DUJH�JODVV\�GRPDLQV�KDYH�EHHQ�REVHUYHG�DW�����&�ZLWKLQ�WKH�7H2��7O)��IURP���WR����PRO��RI�7O)��

DQG� 7O�7H�2��7O)� �IURP� �� WR� ��� PRO�� RI� 7O)� FRQWHQW�� V\VWHPV�� 7KH� GHQVLW\�� JODVV� WUDQVLWLRQ� DQG�

FU\VWDOOLVDWLRQ� WHPSHUDWXUHV� RI� JODVV\� VDPSOHV� KDYH� EHHQ� GHWHUPLQHG�� 7KH� PDLQ� IHDWXUHV� RI� D� VWUXFWXUDO�

HYROXWLRQ�ZLWKLQ� WKH�7O)�7H2�� JODVVHV� KDYH� EHHQ� LQWHUSUHWDWHG� E\� DQDO\VLQJ� WKH� UHOHYDQW�5DPDQ� VSHFWUD��

DQG�FRPSDULQJ�WKHP�ZLWK�WKRVH�SUHYLRXVO\�REVHUYHG�IRU�WKH�7O2�7H2��V\VWHP��

�

,QWURGXFWLRQ�

:KHUHDV�WKH�H[FHSWLRQDO�GLHOHFWULF�DQG�RSWLFDO�SURSHUWLHV�RI�7H2�� �DQG�UHODWHG��JODVVHV�
DUH�XVXDOO\�DVVRFLDWHG�ZLWK�WKH�(�SDLUV�RI�7H�,9��� WKH�PHFKDQLFDO�DQG�WKHUPDO�SURSHUWLHV�RI�
WKRVH� JODVVHV�� HYLGHQWO\�� PXVW� EH� JRYHUQHG� E\� WKH� VKRUW�UDQJH� LQWHUDFWLRQV� EHWZHHQ� WKH�
´HOHPHQWDU\µ�7H2Q�VWUXFWXUDO�XQLWV��7KHVH�LQWHUDFWLRQV�FDQ�EH�GHVFULEHG�LQ�WHUPV�RI�WKH�7H�
HT2D[�7H� EULGJHV� ZKLFK� DOZD\V� H[LVW� LQ� WKH� FRQGHQVHG� 7H2��� DQG� LQ� WHOOXULWH� VWUXFWXUHV�

KDYLQJ�FRPSOH[�7HQ2P� DQLRQV� �Q�≥�����7KRVH�EULGJHV�� DV�D� UXOH��DUH�HVVHQWLDOO\� DV\PPHWULF�
VLQFH� WKH� HTXDWRULDO� 7H�2� ERQGV� DUH� PDLQO\� FRYDOHQW�� DQG� WKH� D[LDO� RQHV� DUH� PDLQO\�

HOHFWURVWDWLF��WKH�ERQG�RUGHU�RI�WKH�IRUPHU�ERQGV�LQ�SDUDWHOOXULWH��α�7H2���EHLQJ�ILYH�WLPHV�
JUHDWHU� WKDQ� WKDW� RQ� WKH� ODWWHU� ERQGV��7KLV� IDFW� DOORZV�XV� WR� VSHDN� DERXW� WKH�7H2�� TXDVL�
PROHFXOHV�DV�EDVLF�VWUXFWXUDO�XQLWV�LQ�7H2��DQG�WHOOXULWHV

�������,W�DSSHDUV��WKDW�WKH�7H�2�ERQGV�
LQ� WKRVH� PROHFXOHV� DUH� ´RYHU� VDWXUDWHGµ� E\� HOHFWURQV� DQG� WKHUHIRUH� VXFK� ERQGV� FDQ� QRW�
SRO\PHULVH�DQG�IRUP�7H�2�7H�EULGJHV�VLPLODU�WR�6L�2�6L�RQHV�LQ�6L2��DQG�VLOLFDWHV��$FWXDOO\��
WKH�7H�2�ERQGV�LQ�VXFK�EULGJHV�PXVW�EH�´RUGLQDU\µ��L�H��VLPSOH���WR�SURYLGH�WKH�H[LVWHQFH�RI�
DQ� HOHFWURQ� RFWHW� DURXQG� 2�DWRPV�� ,W� LV� KLJKO\� OLNHO\�� WKDW� WKLV� SRLQW� LV� D� FHQWUDO� RQH� LQ�
XQGHUVWDQGLQJ�WKH�FU\VWDO�FKHPLVWU\�RI�7H2��DQG�´FODVVLFDOµ�WHOOXULWHV��:KHQ�IOXRU�DWRPV�DUH�
LQWURGXFHG� LQWR� VXFK� D� VWUXFWXUH�� WKH� WZR�)� DWRPV� FDQ� DSSURDFK� HDFK�7H2��PROHFXOH� DQG�
�EHLQJ�PRUH�HOHFWURQHJDWLYH�WKDQ�2��IRUP�WKH�7H2)��XQLWV��7KLV�ZRXOG�DOORZ�WR�HDFK�7H�WR�
IRUP�WKH�WZR�VLPSOH�7H�2�ERQGV�ZLWK�QHLJKERXULQJ�R[\JHQ�DWRPV��7KRVH�ZRXOG�QHFHVVDU\�
SRO\PHULVH�LQWR�WKH�7H�2�FKDLQV��KDYLQJ�WKH�7H�2�7H�EULGJHV�VLPLODU�WR�6L�2�6L�EULGJHV��,Q�
WKRVH� FKDLQV�� WKH� 7H2�� XQLWV� FDQ� EH� UHDGLO\� GLVWLQJXLVKHG� OLNH� WKH� 6L2�� XQLWV� FDQ� EH�
GLVWLQJXLVKHG� LQ� 6L2�� IUDPHZRUN�� 7KXV�� ZKHUHDV� WKH� SXUH� WHOOXULXP� GLR[LGH� �DQG� UHODWHG��
V\VWHPV�ZRXOG�KDYH�WKH�7H2��XQLWV�ZKLFK�FDQ�QRW�SRO\PHULVH�� LW�DSSHDUV�WKDW�WKH�H[LVWHQFH�
RI�SRO\PHULVHG�7H�2�FKDLQV� LV� LQWULQVLF�IRU�)�7H�2�V\VWHPV��7R�RXU�RSLQLRQ�� VXFK�D�VKDUS�
GLIIHUHQFH�LQ�WKH�HOHFWURQLF�VWUXFWXUH�DQG�FU\VWDO�FKHPLVWU\�RI�WKRVH�REMHFWV�PXVW�EH�UHIOHFWHG�
RQ�WKHLU�IXQGDPHQWDO�SK\VLFDO�SURSHUWLHV��7KLV�VHHPV�WR�XV�KLJKO\�LQWHUHVWLQJ�ILHOG�RI�UHOHYDQW�
VWXGLHV� DLPLQJ� DW� WKH� EDVLF� VFLHQWLILF� JRDOV� DV� ZHOO� DV� WKH� UHVHDUFKHV� RI� QHZ� SURPLVLQJ�
PDWHULDOV�IRU�QRQ�OLQHDU�RSWLFV��
$�SUHYLRXV�VWXG\�RI�WKH�7H2��7H)��V\VWHP�KDV�FOHDUO\�VKRZQ�WKH�LQIOXHQFH�RI�)�DWRPV�ZKLFK�
DOORZ�WR�HQODUJH�WKH�JODVV�IRUPLQJ�GRPDLQ�DQG�IDYRXUV�WKH�VWUXFWXUDO�HYROXWLRQ�IURP�D�WKUHH�
GLPHQVLRQDO� QHWZRUN� �7H2��� LQWR� D� FKDLQV�OLNH� RQH� �7H2)��� YLD� D� VKHHWV�OLNH� IUDPHZRUN�
�7H�2�)��

�����)URP�WKHVH�SRLQWV�RI�YLHZ��ZH�DUH�QRZ�LQYHVWLJDWLQJ�WKH�7H2��7O�2�7O)�V\VWHP��
2XU�SUHYLRXV�VWXG\�DW�WKH�7H2��7O�2�V\VWHP�FOHDUO\�GHPRQVWUDWHG�WKDW�QRQ�OLQHDU�UHIUDFWLYH�
LQGLFHV�RI�WKDOOLXP�WHOOXULWH�JODVVHV�FRXOG�EH�XS�WR�����WLPHV�DV�ODUJH�DV�WKDW�RI�6L2��DQG�WKDW�



LQFUHDVLQJ� WKDOOLXP� FRQWHQW� OHDGV� WR� WKH� WUDQVIRUPDWLRQ� RI� 7H2�� GLVSKHQRLGV� LQWR� LVRODWHG�
7H2�� WULJRQDO� S\UDPLGV� DQG� WR� WKH� GHFUHDVH� RI� WKH� QXPEHU� RI� 7H�2�7H� OLQNDJHV

��� ,Q� WKLV�
ZRUN�ZH�KDYH�HYLGHQFHG� WKH�JODVV�IRUPLQJ�GRPDLQ�ZLWKLQ�WKH�7H2��7O)�DQG�7O�7H�2��7O)�
V\VWHPV�� 7KH� GHQVLWLHV� DQG� WKH� WKHUPDO� EHKDYLRXU� RI� WKH� JODVVHV� �JODVV� WUDQVLWLRQ� DQG�
FU\VWDOOLVDWLRQ� WHPSHUDWXUHV�� KDYH� EHHQ� GHWHUPLQHG�� $� VWUXFWXUDO� VWXG\� RI� WKDOOLXP�
IOXRURWHOOXULWH�JODVVHV�KDV�DOVR�EHHQ�DSSURDFKHG��
�

([SHULPHQWDO�

*ODVV\�VDPSOHV�ZHUH�SUHSDUHG�E\�ILUVW�PHOWLQJ�DW������&�IRU����PLQXWHV�LQ�VHDOHG�JROG�
WXEHV��DQG�WKHQ�DLU�²�TXHQFKLQJ��LQWLPDWH�PL[WXUHV�RI�7O)��$OGULFK���������DQG�7H2���IRU�WKH�
VWXG\� RI� WKH� 7H2��7O)� V\VWHP�� RU� 7O)� DQG� 7O�7H�2�� �IRU� WKH� VWXG\� RI� WKH� 7O�7H�2��7O)�
V\VWHP��� 7H2�� ZDV� SUHSDUHG� E\� GHFRPSRVLWLRQ� DW� ���� �&� XQGHU� IORZLQJ� R[\JHQ�� RI�
FRPPHUFLDO�+�7H2���$OGULFK���7O�7H�2��ZDV�REWDLQHG�E\�KHDWLQJ��DW������&�IRU����K�WKHQ�DW�
�����&� IRU� ���K�� LQ� D� JROG�FUXFLEOH�XQGHU�SXUH� IORZLQJ�QLWURJHQ�� YDULRXV�PL[WXUHV�RI�KLJK�
SXULW\�7O�&2���$OGULFK�������DQG�7H2���*ODVV�IRUPDWLRQ�GRPDLQV�ZHUH�GHWHUPLQHG�E\�XVLQJ�

;�UD\�GLIIUDFWLRQ��*XLQLHU�²�'H�:ROII�FDPHUD��&X���.α�UDGLDWLRQ���*ODVV�WUDQVLWLRQ��7J��DQG�
FU\VWDOOLVDWLRQ��7F��WHPSHUDWXUHV�ZHUH�PHDVXUHG�E\�KHDW�IOX[�GLIIHUHQWLDO�VFDQQLQJ�FDORULPHWU\�

�1HWVFK� 67$� ������ 7KH� SRZGHUHG� VDPSOHV� �≈��� PJ�� ZHUH� LQWURGXFHG� LQWR� QRQ� VHDOHG�
SODWLQXP� FUXFLEOHV� DQG� WKH�'6&� FXUYHV�ZHUH� UHFRUGHG� EHWZHHQ� ��� DQG� ���� �&�PD[LPXP�
XVLQJ�D�KHDWLQJ�UDWH�RI�����&�PLQ�²��DQG�XQGHU�SXUH�QLWURJHQ�DWPRVSKHUH��7KH�GHQVLWLHV�RI�
JODVV\� VDPSOHV�ZHUH�PHDVXUHG� RQ� ILQHO\� JURXQG�SRZGHUV� E\� KHOLXP�S\FQRPHWU\� �$FFXS\F�
�������$�VWUXFWXUDO�DSSURDFK�RI�WKH�JODVVHV�ZDV�UHDOLVHG�XVLQJ�5DPDQ�GLIIXVLRQ��7KH�UDPDQ�
VSHFWUD� ZHUH� UHFRUGHG� LQ� WKH� �������� FP��� UDQJH� XVLQJ� D�'LORU� VSHFWURPHWHU� �;<�PRGHO��
HTXLSSHG�ZLWK�D�&&'�GHWHFWRU�DQG�DQ�$U��ODVHU��������QP�H[FLWLQJ�OLQH��LQ�D�EDFNVFDWWHULQJ�
JHRPHWU\��:LWK�VXFK�D�GHWHFWRU��D�JRRG�VLJQDO�QRLVH�UDWLR�QHHGHG�RQH�RU�DW�PRVW�WZR�VFDQV�

�GXULQJ� ���� V��� 7KH� VDPSOHV�ZHUH� YLVXDOO\� FRQWUROOHG� WKURXJK� D�PLFURVFRSH� �×������ ZKLFK�
KDG�HQDEOHG�XV�WR�DQDO\VH�D�VXUIDFH�ZLWK�GLDPHWHU�RI�DERXW����P��7KH�GLDPHWHU�RI�WKH�ODVHU�
VSRW�IRFXVHG�RQ�WKH�VDPSOH�ZDV�DERXW����P��5HSURGXFLELOLW\�RI�WKH�UHVXOWV�WKXV�REWDLQHG�ZDV�
D�SURRI�RI�LGHQWLW\�DQG�KRPRJHQHLW\�RI�WKH�VDPSOHV��0HDVXUHPHQWV�ZHUH�PDGH�DW�ORZ�SRZHU�
������P:��RI�WKH�H[FLWDWLRQ�OLQH�LQ�RUGHU�WR�DYRLG�DQ\�GDPDJH�RI�WKH�VDPSOHV��7KH�VSHFWUDO�
UHVROXWLRQ�ZDV�DERXW�����FP���DW�WKH�H[FLWLQJ�OLQH��

5HVXOWV�DQG�GLVFXVVLRQ�

)RUPDWLRQ�DQG�WKHUPDO�EHKDYLRXU�RI�JODVVHV�

8QGHU� RXU� H[SHULPHQWDO� FRQGLWLRQV�� PHOWLQJ� DW� ����&� DQG� WKHQ� DLU�TXHQFKLQJ�� ODUJH�
JODVV\�GRPDLQV�KDYH�EHHQ�HYLGHQFHG�ZLWKLQ�WKH�7H2��7O)��IURP���WR����PRO��RI�7O)��DQG�
7O�7H�2��7O)� �IURP��� WR����PRO��RI�7O)�FRQWHQW��SVHXGR�ELQDU\�V\VWHPV� �ILJXUH�����:LWK�
UHVSHFW� WR� WKH� JODVV\� GRPDLQ� REVHUYHG� ZLWKLQ� WKH� 7H2��7O�2� V\VWHP

�� XQGHU� WKH� VDPH�
FRQGLWLRQV�RI�HODERUDWLRQ�����WR����PRO��RI�7O2�����LW�LV�FOHDUO\�VHHQ�WKDW�DGGLWLRQ�RI�)�DWRPV�
DOORZV�WR�HQODUJH�WKH�JODVV�IRUPLQJ�GRPDLQ��:LWKLQ�WKH�7H2��7O)�V\VWHP��WKH�JODVVHV�DUH�DOO�
KRPRJHQHRXV� DQG� ZKLWH�� WKHLU� GHQVLW\� LQFUHDVHV� IURP� ���� J�FP�� WR� ����� J�FP�� ZLWK�
LQFUHDVLQJ�7O)�FRQWHQW��:LWKLQ�WKH�7O�7H�2��7O)�V\VWHP��WKH�JODVVHV�DUH�DOVR�KRPRJHQHRXV��
7KHLU� FRORXU� FKDQJHV� IURP� \HOORZ� WR� ZKLWH� ZLWK� LQFUHDVLQJ� 7O)� FRQWHQW� DQG� WKHLU� GHQVLW\�
LQFUHDVHV�IURP������J�FP��WR������J�FP��ZLWK�LQFUHDVLQJ�7O)�FRQWHQW��7KH�HYROXWLRQV�ZLWKLQ�
WKHVH�WZR�V\VWHPV�RI�WKH�JODVV�WUDQVLWLRQ�DQG�FU\VWDOOLVDWLRQ�WHPSHUDWXUHV��DV�D�IXQFWLRQ�RI�WKH�



FRPSRVLWLRQ�� DUH� VKRZQ� LQ� ILJXUH� ���$V� D� FRPSDULVRQ�� WKH� HYROXWLRQ� REVHUYHG�ZLWK�7H2��
7O�2�JODVVHV�LV�DOVR�JLYHQ��
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)LJXUH����(YROXWLRQV�ZLWK�FRPSRVLWLRQ�RI�WKH�JODVV�WUDQVLWLRQ��7J��DQG�FU\VWDOOLVDWLRQ��7F��

WHPSHUDWXUHV�ZLWKLQ�WKH��D��7H2��7O)���E��7O�7H�2��7O)�DQG��F��7H2��7O�2�V\VWHPV�

:LWKLQ�RXU�WZR�IOXRURWHOOXULWH�V\VWHPV��7J�DQG�7F�WHPSHUDWXUHV�FRQWLQXRXVO\�GHFUHDVH�ZLWK�
LQFUHDVLQJ�7O)�FRQWHQW�DV�SUHYLRXVO\�REVHUYHG�ZLWK�LQFUHDVLQJ�7O2����FRQWHQW��7KLV�GHFUHDVH�
FDQ�EH�DWWULEXWHG�WR�WKH�WKDOOLXP�DGGLWLRQ��,W�LV�LQWHUHVWLQJ�WR�QRWH�WKDW�WKH�GLIIHUHQFH�EHWZHHQ�
7F�DQG�7J��ZKLFK�FKDUDFWHULVHV�WKH�WKHUPDO�VWDELOLW\�RI�WKH�JODVV��UHPDLQV�SUDFWLFDOO\�FRQVWDQW�
ZLWK�LQFUHDVLQJ�7O)�FRQWHQW��IRU�DOO�WKH�FRPSRVLWLRQDO�UDQJH�ZLWKLQ�WKH�7H2��7O)�V\VWHP�DQG�
DW�OHDVW�XS�WR�DERXW����PRO��RI�7O)�ZLWKLQ�WKH�7O�7H�2��7O)�V\VWHP���+RZHYHU�WKH�WKHUPDO�
VWDELOLW\� RI� 7H2��7O)� JODVVHV� LV� VOLJKWO\� ORZHU� WKDQ� WKDW� REVHUYHG� ZLWK� WKDOOLXP� WHOOXULWH�
JODVVHV��7KLV� FDQ� LQGLFDWH� WKDW� WKH� VXEVWLWXWLRQ� RI�2� DWRPV� E\�)� RQHV�ZRXOG� GHFUHDVH� WKH�
WKHUPDO�VWDELOLW\�RI�JODVV\�VDPSOHV��$ERYH����PRO��RI�7O)�FRQWHQW��7O�7H�2��7O)�JODVVHV�DUH�
FKDUDFWHULVHG� E\� D� VKDUS� GHFUHDVH� RI� WKHLU� 7F� WHPSHUDWXUH� ZKHUHDV� WKHLU� 7J� WHPSHUDWXUH�
GHFUHDVHV�VORZO\�WKXV�UHGXFLQJ�WKHLU�WKHUPDO�VWDELOLW\��+RZHYHU�VXFK�JODVVHV�H[KLELW�D�WKHUPDO�
VWDELOLW\�LQ�WKH�UDQJH�������&�FRQVLGHUDEO\�VXSHULRU�WR�WKDW�RI�7H2��7O)�RQHV��$�VWXG\�RI�WKH�
FU\VWDOOLVDWLRQ� �HVSHFLDOO\� WKH�QDWXUH�RI� WKH� ILUVW� SKDVH�ZKLFK�FU\VWDOOLVH� IURP�JODVV�� RI� VXFK�
VDPSOHV� LV�QRZ� LQ�SURJUHVV�XVLQJ� LQ�VLWX�SRZGHU�;5'��3UHOLPLQDU\� UHVXOWV�KDYH�FRQILUPHG�

WKH�H[LVWHQFH�RI�WKH�PHWDVWDEOH�γ�7H2��SRO\PRUSK
����IRU�ULFK�7H2��VDPSOHV��

6WUXFWXUDO�DSSURDFK�RI�WKH�7H2��7O)�JODVVHV�
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)LJXUH����5DPDQ�VSHFWUD�RI��D��7H2��7O)�JODVVHV�DQG��E��7H2��7O�2�JODVVHV��IRU�WKH�ODWWHU�

V\VWHP��WKH�JODVV\�GRPDLQ�KDV�EHHQ�H[WHQGHG�IURP���PRO��7O2����XS�WR������PRO��

7O2����XQGHU�WKH�H[WUHPH�FRQGLWLRQV�RI�ILUVW�PHOWLQJ�DW�����&�DQG�WKHQ�LFH�TXHQFKLQJ��



7KH� VWUXFWXUDO� DVSHFWV� RI� RXU� VWXG\� ZHUH� PDLQO\� UHODWHG� WR� WKH� HYROXWLRQ� RI� WKH� 5DPDQ�
VSHFWUD� RI� WKH� [7H2�����[�7O)� V\VWHP�ZLWK� WKH� [� YDOXH� YDULDWLRQ�� DQG� LWV� FRPSDULVRQ�ZLWK�
WKDW�RI�WKH�[7H2�����[�7O�2�V\VWHP��5DPDQ�VSHFWUD�RI�WKH�ODWWHU��ILJXUH��E��VKRZ�WKDW�ZLWK�
GHFUHDVLQJ�[�WKH�VROLG�7H2��FRQVLVWLQJ�RI�WKH�FRQGHQVHG�7H2��PROHFXOHV�FRQWLQXRXVO\�HYDOXDWH�
LQWR� WKH� 7O�7H2�� V\VWHP� LQ� ZKLFK� DOO� WKH� 7H2�� PROHFXOHV� EHFRPH� WKH� LVRODWHG� >7H2�@

���
RUWKRDQLRQV�KDYLQJ�WKH�WZR�SULQFLSDO�YLEUDWLRQV��D�VWUHWFKLQJ�SXOVDWLRQ��QHDU�����FP����DQG�D�

V\PPHWULF� ERQGLQJ� RI� WKH� 7H2�� S\UDPLGV� �≈���� FP����� 7KH� RWKHU� W\SH� RI� WKH� VWUXFWXUDO�
HYROXWLRQ�FDQ�EH�SURSRVHG� IURP� WKH� DQDO\VLV� RI� WKH�5DPDQ�VSHFWUD�RI� WKH� [7H2�����[�7O)�
V\VWHP��$FWXDOO\��IRU�������[������WKH�5DPDQ�VSHFWUXP�NHHSV�LWV�YLHZ�W\SLFDO�IRU��SXUH��JODVV\�
7H2���%HJLQQLQJ�IURP�[ ������ WKH�TXDQWLW\�RI�JODVV\�7H2�� VKDUSO\�GURSV�� WKH� LQWHQVH�EDQG�
QHDU�����FP����LQGLFDWLQJ�7H�2�7H�EULGJHV��GLVDSSHDUV��DQG�D�VWURQJ�EDQG�DSSHDUV�DERYH�����
FP����ZKLFK�LQGLFDWHV�WKH�IRUPDWLRQ�RI�LVRODWHG�JURXSV�KDYLQJ�VKRUW��HVVHQWLDOO\�QRQ�EULGJLQJ��
7H�2�ERQGV��D�YHU\�ZHDN�EDQG�DURXQG�����FP���FDQ�EH�DWWULEXWHG�WR�WKH�ERQGLQJ�YLEUDWLRQV�
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