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7KHUPRHOHFWULF�SURSHUWLHV�DQG�KLJK�WHPSHUDWXUH�VWDELOLW\�RI�WKH�7L��[9[&R6E��[6Q[�KDOI�

+HXVOHU�DOOR\V�

0��$VDDG�D�-��%XFNPDQ�E�5��,��6PLWKF�DQG�-�:�*��%RVD��

D�,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG�&HQWUH�IRU�$GYDQFHG�(QHUJ\�6WRUDJH�DQG�5HFRYHU\��6FKRRO�RI�

(QJLQHHULQJ�DQG�3K\VLFDO�6FLHQFHV��+HULRW�:DWW�8QLYHUVLW\��(GLQEXUJK��(+����$6��8.��

E�,QVWLWXWH�RI�3HWUROHXP�(QJLQHHULQJ��6FKRRO�RI�(QHUJ\��*HRVFLHQFH��,QIUDVWUXFWXUH�DQG�6RFLHW\��

+HULRW�:DWW�8QLYHUVLW\��(GLQEXUJK��(+����$6��8.�

F�,6,6�)DFLOLW\��5XWKHUIRUG�$SSOHWRQ�/DERUDWRU\��+DUZHOO�2[IRUG��'LGFRW��2;����4;��8.�

M�Z�J�ERV#KZ�DF�XN�

�

+DOI�+HXVOHUV��++V��DUH�DWWUDFWLQJ�ZLGHVSUHDG�LQWHUHVW�IRU�WKHUPRHOHFWULF�ZDVWH�KHDW�UHFRYHU\��7KLV�

PDQXVFULSW�H[WHQGV�WKH�NQRZQ�7L&R6E�EDVHG�++�FRPSRVLWLRQV�DQG�SURYLGHV�QHZ�LQVLJKW�LQWR�WKHLU�

KLJK�WHPSHUDWXUH�VWDELOLW\��;�UD\�SRZGHU�GLIIUDFWLRQ�UHYHDOHG�DQ�XSSHU�VROXELOLW\�OLPLW�QHDU�[� �����

IRU�WKH�7L��[9[&R6E��[6Q[�VHULHV��5LHWYHOG�DQDO\VLV�RI�QHXWURQ�SRZGHU�GLIIUDFWLRQ�GDWD�LQGLFDWHG�WKDW�

7L&R6E�LV�VWRLFKLRPHWULF��DQG�FRQILUPHG�WKDW�9�DQG�6Q�DUH�VXFFHVVIXOO\�FR�VXEVWLWXWHG��6FDQQLQJ�

HOHFWURQ�PLFURVFRS\�UHYHDOHG�VPDOO�JUDLQ�VL]HV�������P��ZLWK�XS�WR��������7D�DORQJ�WKH�ERXQGDULHV�

GXH�WR�UHDFWLRQ�ZLWK�WKH�VDPSOH�FRQWDLQPHQW�PDWHULDO��5HSHDWHG�PHDVXUHPHQW�RI�WKH�HOHFWULFDO�

UHVLVWLYLW\��!��DQG�6HHEHFN�FRHIILFLHQW��6��LQ�D�+H�DWPRVSKHUH�GHPRQVWUDWHG�WKDW�7L&R6E�GHJUDGHV�

UDSLGO\�DW�HOHYDWHG�WHPSHUDWXUHV��6FDQQLQJ�HOHFWURQ�PLFURVFRS\�DQG�;�UD\�GLIIUDFWLRQ�UHYHDO�WKH�

IRUPDWLRQ�RI�DPRUSKRXV�7L2��DQG�FU\VWDOOLQH�&R6E��VXJJHVWLQJ�WKDW�WKH�GHJUDGDWLRQ�LV�GULYHQ�E\�

H[SRVXUH�WR�WUDFH�DPRXQWV�RI�R[\JHQ��7KH�XQLQWHQWLRQDO�LQFRUSRUDWLRQ�RI�7D�OHDGV�WR�Q�W\SH�GRSLQJ�

DQG�PD[LPXP�SRZHU�IDFWRUV�6��U� ������P:�P���.���DW�����.�DQG�6��U� �����P:�P���.���DW�����.�

ZHUH�REVHUYHG�IRU�7L&R6E�DQG�WKH�[� �����VDPSOH��UHVSHFWLYHO\�� �
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,QWURGXFWLRQ�

7KH�ZLGHVSUHDG�LPSOHPHQWDWLRQ�RI�WKHUPRHOHFWULF�JHQHUDWRUV�KDV�EHHQ�OLPLWHG�E\�WKH�ODFN�RI�

FRVW�HIIHFWLYH�PDWHULDOV���7KLV�KDV�OHG�WR�DQ�RQJRLQJ�UHVHDUFK�HIIRUW�WR�ILQG�HIILFLHQW��ORZ�FRVW��DQG�

HQYLURQPHQWDOO\�IULHQGO\�WKHUPRHOHFWULF�PDWHULDOV������7KH�HIILFLHQF\�RI�D�WKHUPRHOHFWULF�PDWHULDO�LV�

JLYHQ�E\�WKH�ILJXUH�RI�PHULW��]7� ��6��UN�7��ZKHUH�6�LV�WKH�6HHEHFN�FRHIILFLHQW��U�WKH�HOHFWULFDO�

UHVLVWLYLW\��N�LV�WKH�VXP�RI�WKH�ODWWLFH��NODW��DQG�HOHFWURQLF��NHO��WKHUPDO�FRQGXFWLYLWLHV��DQG�7�LV�WKH�

DEVROXWH�WHPSHUDWXUH��+DOI�+HXVOHUV��++V��KDYH�DWWUDFWHG�H[WHQVLYH�LQWHUHVW�IRU�WKHUPRHOHFWULF�

DSSOLFDWLRQV�GXH�WR�WKHLU�QDWXUDOO\�ODUJH�6�DQG�ORZ�U�EXW�DUH�XVXDOO\�OLPLWHG�E\�ODUJH�N�YDOXHV�����7KH�

PRVW�KHDYLO\�LQYHVWLJDWHG�FRPSRVLWLRQV�DUH�S�W\SH�;&R6E�DQG�Q�W\SH�;1L6Q�ZLWK�;� �7L��=U��+I������

7KH�++�FU\VWDO�VWUXFWXUH�FRQVLVWV�RI�D�IDFH�FHQWUHG�FXELF�ODWWLFH�RI�D�PDLQ�JURXS�HOHPHQW��=��ZLWK�

WKH�;�PHWDOV�RFFXS\LQJ�WKH�RFWDKHGUDO�VLWHV��DQG�WKH�ODWH�WUDQVLWLRQ�PHWDOV��<��LQ�KDOI�WKH�DYDLODEOH�

WHWUDKHGUDO�VLWHV��7KH�<�DQG�=�HOHPHQWV�WKHUHIRUH�PDNH�XS�D�]LQFEOHQGH�VXEVWUXFWXUH��ZKLFK�LV�

VHPLFRQGXFWLQJ�IRU����YDOHQFH�HOHFWURQV���)LOOLQJ�RI�DOO�WKH�WHWUDKHGUDO�VLWHV�UHVXOWV�LQ�D�;<�=�IXOO�

+HXVOHU��)+��VWUXFWXUH��,W�LV�ZHOO�HVWDEOLVKHG�WKDW�WKH�SURSHUWLHV�RI�;1L6Q�++�PDWHULDOV�DUH�VHQVLWLYH�

WR�VDPSOH�SURFHVVLQJ��ZKLFK�FDQ�VWURQJO\�DIIHFW�WKH�FKHPLFDO�FRPSRVLWLRQ�DQG�PLFURVWUXFWXUH���)RU�

H[DPSOH��7L1L6Q�FDQ�VSRQWDQHRXVO\�IRUP�ZLWK�H[FHVV�1L�ZKLFK�VHJUHJDWHV�LQWR�7L1L�6Q�GRPDLQV������

UHVXOWLQJ�LQ�D�UHGXFHG�NODW����+HUH��ZH�SUHVHQW�DQ�LQYHVWLJDWLRQ�LQWR�WKH�VWUXFWXUH�DQG�SURSHUWLHV�RI�WKH�

7L��[9[&R6E��[6Q[�VROLG�VROXWLRQ��ZKLFK�FRQQHFWV�WKH����HOHFWURQ�++�FRPSRXQGV��7L&R6E�DQG�

9&R6Q��7KH�ODWWHU�KDV�EHHQ�VXEMHFW�WR�WKHRUHWLFDO�LQYHVWLJDWLRQ������EXW�KDV�QRW�EHHQ�FRQYLQFLQJO\�

LVRODWHG����,W�LV�XQFOHDU�IURP�WKH�OLWHUDWXUH�LI�7L&R6E�LV�SURQH�WR�VLPLODU�VSRQWDQHRXV�SKDVH�

VHJUHJDWLRQ�LQWR�++�DQG�)+�SKDVHV��7KH�DEVHQFH�RI�D�)+�7L&R�6E�SKDVH�VXJJHVWV�WKDW�WKLV�URXWH�IRU�

SKDVH�VHJUHJDWLRQ�PD\�QRW�EH�DYDLODEOH��,Q�DGGLWLRQ��WKH�UHSRUWHG�WKHUPRHOHFWULF�GDWD�RQ�7L&R6E�DUH�

VLPLODU�LQ�PDQ\�LQVWDQFHV�������VXJJHVWLQJ�WKDW�WKLV�FRPSRVLWLRQ�LV�LQGHHG�OHVV�VXVFHSWLEOH�WR�QRQ�

VWRLFKLRPHWU\��7R�DGGUHVV�WKH�LVVXH�RI�SKDVH�VHJUHJDWLRQ�ZH�KDYH�XVHG�QHXWURQ�SRZGHU�GLIIUDFWLRQ�

�13'��DQG�VFDQQLQJ�HOHFWURQ�PLFURVFRS\��6(0��WR�GHWHUPLQH�WKH�H[SHULPHQWDO�FRPSRVLWLRQV�RI�WKH�

7L��[9[&R6E��[6Q[�++�DOOR\V��$QRWKHU�XQUHVROYHG�LVVXH�LV�WKH�KLJK�WHPSHUDWXUH�VWDELOLW\�RI�7L&R6E�
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EDVHG�++V��7\SLFDOO\��WKHVH�SKDVHV�VKRZ�SRRUHU�WKHUPDO�VWDELOLW\�WKDQ�7L1L6Q�EDVHG�FRPSRXQGV����

$�YDULDEOH�WHPSHUDWXUH�V\QFKURWURQ�;�UD\�GLIIUDFWLRQ�VWXG\�RI�7L&R6E�UHYHDOHG�WKH�RQVHW�RI�VDPSOH�

GHJUDGDWLRQ�DERYH�����.��DQG�WKH�IRUPDWLRQ�RI�PHWDOOLF�&R6E�LPSXULW\�SKDVHV����1R�RWKHU�LPSXULW\�

SKDVHV�ZHUH�REVHUYHG�LQ�GLIIUDFWLRQ�DQG�LW�UHPDLQV�XQFOHDU�ZKDW�KDSSHQV�WR�7L�GXULQJ�VDPSOH�

GHFRPSRVLWLRQ��2Q�WKH�RWKHU�KDQG��7L&R6E�EDVHG�VDPSOHV�VKRZ�H[FHOOHQW�F\FOLQJ�VWDELOLW\�LQ�

YDFXXP�ZLWK�QR�GLVFHUQLEOH�GHJUDGDWLRQ�RI�WKH�WKHUPRHOHFWULF�SURSHUWLHV�HYHQ�DIWHU����V�RI�

WHPSHUDWXUH�F\FOHV����

�

([SHULPHQWDO�

$�SUHOLPLQDU\�7L��[9[&R6E��[6Q[�VHULHV��[� ����������������������������������DQG����ZDV�V\QWKHVLVHG�

WR�HVWDEOLVK�WKH�VROXELOLW\�OLPLW�RI�9&R6Q�LQWR�7L&R6E��7KHVH�VDPSOHV�ZHUH�V\QWKHVLVHG�RQ�D���JUDP�

VFDOH�YLD�FRQYHQWLRQDO�VROLG�VWDWH�UHDFWLRQV��0HWDO�SRZGHUV�RI�7L�������PHVK��$OID�$HVDU�����������

9�������PHVK��$OID�$HVDU����������&R������PLFURQ��$OID�$HVDU����������6E��SRZGHUHG�VKRWV��$OID�

$HVDU����������DQG�6Q�������PHVK��$OID�$HVDU����������ZHUH�XVHG�DV�VWDUWLQJ�PDWHULDOV��

6WRLFKLRPHWULF�DPRXQWV�RI�WKH�SUHFXUVRUV�ZHUH�PL[HG�XVLQJ�PRUWDU�DQG�SHVWOH��FROG�SUHVVHG�LQWR�

SHOOHWV�DQG�ZUDSSHG�LQ�7D�IRLO��7KH�VDPSOHV�ZHUH�VLQWHUHG�LQ�HYDFXDWHG�VHDOHG�TXDUW]�WXEHV�DW�����

q&�IRU���GD\V�ZLWK�RQH�LQWHUPHGLDWH�KRPRJHQLVDWLRQ�DIWHU����KRXUV��7KUHH���JUDP�VDPSOHV�RI�

7L&R6E�DQG�WZR���JUDP�VDPSOHV�RI�7L���9���&R6E���6Q����ZHUH�SUHSDUHG�LQ�DQ�LGHQWLFDO�PDQQHU�DQG�

VXEVHTXHQWO\�KRW�SUHVVHG�DW����03D�DQG�����q&�IRU����PLQXWHV��7KH�GHQVLWLHV�RI�WKH�KRW�SUHVVHG�

VDPSOHV�ZHUH�GHWHUPLQHG�XVLQJ�WKH�$UFKLPHGHV�PHWKRG�DQG�ZHUH�!����RI�WKH�WKHRUHWLFDO�GHQVLW\��

%\�FRQWUDVW��WKH�GHQVLWLHV�IRU�WKH�FROG�SUHVVHG�SUHOLPLQDU\�VHULHV�ZHUH�EHWZHHQ���������7DEOH�6��LQ�

WKH�(OHFWURQLF�6XSSOHPHQWDU\�,QIRUPDWLRQ���/DERUDWRU\�;�UD\�SRZGHU�GLIIUDFWLRQ�GDWD�ZHUH�

FROOHFWHG�IURP�DOO�VDPSOHV�RQ�D�%UXNHU�'��$GYDQFH�GLIIUDFWRPHWHU�XVLQJ�&X�.D��UDGLDWLRQ�RYHU�WKH�

UDQJH�����d��T�d������IRU�SHULRGV�RI�WLPH�XS�WR���KRXUV��,Q�DGGLWLRQ��WLPH�RI�IOLJKW�QHXWURQ�SRZGHU�

GLIIUDFWLRQ�GDWD�ZHUH�FROOHFWHG�IURP�SRZGHUHG�SLHFHV�RI�KRW�SUHVVHG�7L&R6E�DQG�

7L���9���&R6E���6Q����XVLQJ�WKH�3RODULV�LQVWUXPHQW�DW�WKH�,6,6�SXOVHG�VSDOODWLRQ�QHXWURQ�VRXUFH��
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5XWKHUIRUG�$SSOHWRQ�/DERUDWRU\��8.��ZLWK�GDWD�FROOHFWLRQ�WLPHV�RI�a����KRXUV�HDFK��3KDVH�

LGHQWLILFDWLRQ�DQG�FU\VWDO�VWUXFWXUH�UHILQHPHQW�IURP�WKH�GLIIUDFWLRQ�GDWD��;�UD\�DQG�QHXWURQ��ZDV�

FDUULHG�RXW�E\�WKH�5LHWYHOG�PHWKRG�XVLQJ�WKH�*6$6�DQG�(;3*8,�SURJUDPV��������7KH�HOHFWULFDO�

UHVLVWLYLW\�DQG�6HHEHFN�FRHIILFLHQW�ZHUH�PHDVXUHG�XVLQJ�D�/LQVHLV�/65���LQVWUXPHQW��7KH�FKDPEHU�

ZDV�HYDFXDWHG�GRZQ�WR������PEDU��DQG�SXUJHG�ZLWK���������+H�JDV��7KH�VDPSOHV�ZHUH�WDNHQ�RXW�RI�

WKH�LQVWUXPHQW�EHWZHHQ�LQGLYLGXDO�PHDVXUHPHQWV��7KH�PLFURVWUXFWXUH�DQG�FKHPLFDO�FRPSRVLWLRQ�RI�

WKH�KRW�SUHVVHG�7L&R6E�DQG�7L���9���&R6E���6Q����VDPSOHV�ZHUH�DQDO\VHG�EHIRUH�DQG�DIWHU�WKH�

WKHUPRHOHFWULF�PHDVXUHPHQWV�XVLQJ�D�4XDQWD�����)(*�VFDQQLQJ�HOHFWURQ�PLFURVFRSH��7KH�ZRUNLQJ�

GLVWDQFH��RSHUDWLQJ�YROWDJH�DQG�VSRW�VL]H�ZHUH����PP����N9�DQG������UHVSHFWLYHO\��3ULRU�WR�DQDO\VLV�

WKH�VDPSOHV�ZHUH�SROLVKHG�GRZQ�WR�����PLFURQ�URXJKQHVV��

�

5HVXOWV�

)RUPDWLRQ�RI�WKH�7L��[9[&R6E��[6Q[�++�DOOR\V��7KH�;�UD\�SRZGHU�GLIIUDFWLRQ�SDWWHUQV�IRU�WKH�

SUHOLPLQDU\�7L��[9[&R6E��[6Q[�VHULHV�DUH�VKRZQ�LQ�)LJ�����)RU�����[��������WKH�PDMRU�UHIOHFWLRQV�DUH�

PDWFKHG�ZLWK�WKRVH�IRU�D�FXELF�++�SKDVH��)RU�[� ��������������WKH�SDWWHUQV�FRQWDLQHG�D�PL[�RI�++��

)+�DQG�LPSXULW\�SHDNV��)RU�[� ����WKH�PDLQ�SHDNV�ZHUH�LQGH[HG�WR�D�)+�VWUXFWXUH�ZKLOH�D�PLQRU�

&R6Q��SKDVH�ZDV�DOVR�XQDPELJXRXVO\�LGHQWLILHG��,W�SURYHG�LPSRVVLEOH�WR�LQGH[�WKH�UHPDLQLQJ�

UHIOHFWLRQV�RQ�DQ\�HOHPHQWDO�RU�ELQDU\�SKDVHV�FRQWDLQHG�ZLWKLQ�WKH�,&6'�GDWDEDVH���6LJQLILFDQWO\��

WKH�[� ���VDPSOH�ZDV�FOHDUO\�IUHH�RI�DQ\�++�SKDVH��)LJ������7KH�ODWWLFH�SDUDPHWHUV�ZHUH�REWDLQHG�

IURP�5LHWYHOG�ILWV�DQG�D� �����������c�ZDV�REWDLQHG�IRU�7L&R6E��ZKLFK�LV�LQ�H[FHOOHQW�DJUHHPHQW�

ZLWK�D� �����������c�IURP�V\QFKURWURQ�;�UD\�GLIIUDFWLRQ����7KH�FRPSRVLWLRQ�GHSHQGHQFH�RI�WKH�++�

DQG�)+�ODWWLFH�SDUDPHWHUV�DUH�VKRZQ�LQ�)LJ�����7KH�++�ODWWLFH�SDUDPHWHU�VKRZV�D�OLQHDU�GHFUHDVH�WR�

[� �������EH\RQG�ZKLFK�QR�IXUWKHU�FKDQJH�LV�REVHUYHG��7KLV�VXJJHVWV�WKH�IRUPDWLRQ�RI�D�VROLG�

VROXWLRQ�ZLWK�DQ�XSSHU�OLPLW�QHDU�[� �������7KH�GHFUHDVH�LQ�ODWWLFH�SDUDPHWHU�LV�FRQVLVWHQW�ZLWK�WKH�

VLPXOWDQHRXV�UHSODFHPHQW�RI�7L�������c��E\�9�������c��DQG�6Q�������c��E\�6E�������c���7KH�)+�

ODWWLFH�SDUDPHWHU�KDV�D�PRUH�FRPSOH[�FRPSRVLWLRQ�GHSHQGHQFH�ZLWK�D�PLQLPXP�QHDU�[� ������DQG�
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YDOXHV�EHWZHHQ�����������c�DQG�����������c��)LJ������7KLV�GHPRQVWUDWHV�WKDW�WKH�)+�FRPSRVLWLRQ�

FKDQJHV�EXW�WKLV�LV�QRW�FOHDUO\�FRUUHODWHG�ZLWK�WKH�QRPLQDO�FRPSRVLWLRQ��ZKLFK�LV�LQ�NHHSLQJ�ZLWK�WKH�

REVHUYDWLRQ�RI�RWKHU�LQWHUPHWDOOLF�SKDVHV��7KH�UHSRUWHG�ODWWLFH�SDUDPHWHUV�IRU�9&R�6Q�LQ�WKH�,&6'�

GDWDEDVH�IDOO�EHWZHHQ�����������c��ZKLFK�LV�VLJQLILFDQWO\�VPDOOHU�WKDQ�WKH�YDOXHV�REVHUYHG�KHUH��

7KLV�VXJJHVWV�WKDW�RXU�VDPSOHV�DUH�VRPHZKDW�9�RU�6Q�ULFK��

6WUXFWXUH�RI�KRW�SUHVVHG�7L&R6E�DQG�7L��[9[&R6E��[6Q[��7KH�ODWWLFH�SDUDPHWHUV�DQG�GHQVLW\�RI�WKH�

KRW�SUHVVHG�VDPSOHV�DUH�VXPPDULVHG�LQ�7DEOH����DQG�UHSUHVHQWDWLYH�;�UD\�GLIIUDFWLRQ�SDWWHUQV�DUH�

VKRZQ�LQ�)LJ�����7KH�7L&R6E�VDPSOHV�GR�QRW�FRQWDLQ�LPSXULWLHV��ZKLOH�D�WUDFH�DPRXQW�RI�)+�SKDVH�

ZDV�GHWHFWHG�LQ�WKH�7L���9���&R6E���6Q����VDPSOHV��&DUHIXO�LQVSHFWLRQ�RI�WKH�;�UD\�SDWWHUQV�UHYHDOHG�

D�VKRXOGHU�WR�WKH�++�UHIOHFWLRQV�IRU�WKH�[� �����VDPSOH��DQG�D�EURDGHQHG�EDVH�IRU�7L&R6E��7KLV�LV�

LOOXVWUDWHG�E\�WKH�FORVH�XS�RI�WKH�������UHIOHFWLRQ�VKRZQ�LQ�WKH�LQVHWV�WR�)LJ�����7R�IXUWKHU�LQYHVWLJDWH�

WKH�VDPSOH�KRPRJHQHLW\�6(0�(';�DQDO\VLV�ZDV�SHUIRUPHG�RQ�WKH�KRW�SUHVVHG�VDPSOHV��7KH�UHVXOWV�

DUH�VXPPDULVHG�LQ�)LJ�����7KH�VXUIDFHV�FRQWDLQ�VRPH�VPDOO�YRLGV�DIWHU�SROLVKLQJ��DQG�DUH�

FKDUDFWHULVHG�E\�DYHUDJH�JUDLQ�VL]HV�����P��1R�REYLRXV�VHJUHJDWLRQ�RI�DQ\�HOHPHQWV�ZDV�REVHUYHG�

EXW�FOHDU�YDULDWLRQV�LQ�EULJKWQHVV�DUH�HYLGHQW�LQ�WKH�EDFNVFDWWHUHG�LPDJHV��,Q�SDUWLFXODU��WKH�

ERXQGDULHV�RI�WKH�JUDLQV�DSSHDU�EULJKWHU��FRQVLVWHQW�ZLWK�D�KLJKHU�DYHUDJH�DWRPLF�QXPEHU��

(OHPHQWDO�DQDO\VLV�UHYHDOHG�WKDW�WKH�YDULDWLRQV�LQ�EULJKWQHVV�DUH�GXH�WR�WKH�SUHVHQFH�RI�7D�ZKLFK�

ZDV�XVHG�DV�WKH�VDPSOH�FRQWDLQPHQW�PDWHULDO��7KH�FRPSRVLWLRQV�RI�WKH�PDSSHG�DUHDV�LQ�WKH�7L&R6E�

VDPSOH�DUH�7L&R6E��,��DQG�7L����7D����&R6E��,,���UHVSHFWLYHO\��7KUHH�UHJLRQV�ZLWK�YDU\LQJ�7D�

FRQFHQWUDWLRQ�ZHUH�REVHUYHG�LQ�WKH�[� �����VDPSOH��7KHVH�DUH�7L����9����&R6E����6Q������,���

7L����7D���9����&R6E����6Q������,,��DQG�7L����7D����9����&R6E����6Q������,,,���,Q�ERWK�FDVHV��WKH�FRUH�RI�

WKH�JUDLQV�GRHV�QRW�FRQWDLQ�7D��ZKLOH�WKH�ERXQGDULHV�FRQWDLQ�XS�WR���������7KH�LQKRPRJHQHRXV�

GLVWULEXWLRQ�VXJJHVWV�WKDW�WKH�++�SKDVH�UHDFWV�VORZO\�WR�WKH�7D�IRLO�DIWHU�IRUPLQJ�IURP�WKH�HOHPHQWDO�

SUHFXUVRUV��1HXWURQ�SRZGHU�GLIIUDFWLRQ�ZDV�XVHG�WR�LQYHVWLJDWH�WKH�GLVWULEXWLRQ�RI�WKH�PHWDOV�RYHU�

WKH�DYDLODEOH�FU\VWDOORJUDSKLF�VLWHV��1HXWURQ�DUH�VXLWHG�WR�WKLV�EHFDXVH�RI�WKH�JRRG�QHXWURQ�VFDWWHULQJ�

FRQWUDVW�EHWZHHQ�WKH�HOHPHQWV�SUHVHQW��7L��������IP���9��������IP���&R�������IP���6E�������IP���6Q�
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������IP��DQG�7D�������IP���7KH�UHILQHG�DWRPLF�SDUDPHWHUV�DQG�ILW�VWDWLVWLFV�IRU�WKH�WKUHH�

LQYHVWLJDWHG�7L&R6E�DQG�RQH�[� �����FRPSRVLWLRQ�DUH�OLVWHG�LQ�7DEOH����DQG�WKH�ILW�TXDOLW\�LV�

LOOXVWUDWHG�LQ�)LJ�����)RU�7L&R6E��LQLWLDO�ILWV�UHYHDOHG�DQ�LPSURYHPHQW�LQ�F��E\�LQFUHDVLQJ�WKH�

DYHUDJH�VFDWWHULQJ�VWUHQJWK�RQ�WKH�7L�VLWH��6XEVWLWXWLRQ�RI������7D�IRU�7L�OHG�WR�VLJQLILFDQWO\�

LPSURYHG�F��YDOXHV��W\SLFDO�'F�� �����������$OORZLQJ�IRU�WKH�SDUWLDO�RFFXSDQF\�RI�WKH�YDFDQW�

WHWUDKHGUDO��<���VLWH�WKDW�EHFRPHV�ILOOHG�LQ�FDVH�RI�D�SKDVH�VHJUHJDWLRQ�LQWR�++�DQG�QDQR�)+�

SKDVHV��GLG�QRW�IXUWKHU�LPSURYH�F���DQG�OHG�WR�]HUR�VLWH�RFFXSDQFLHV��7DEOH�����7KLV�VXJJHVWV�WKDW�

7L&R6E�GRHV�QRW�KDYH�WKH�WHQGHQF\�WR�VSRQWDQHRXVO\�IRUP�QDQRVHJUHJDWHG�7L&R�6E�UHJLRQV��DV�

REVHUYHG�LQ�WKH�1L�EDVHG�KDOI�+HXVOHUV�������+RZHYHU��ZH�QRWH�WKDW�LW�LV�GLIILFXOW�WR�REWDLQ�

XQDPELJXRXV�VLWH�RFFXSDQF\�LQIRUPDWLRQ�LQ�WKHVH�KLJK�V\PPHWU\�V\VWHPV��DQG�LGHQWLFDO�F��YDOXHV�

DUH�SRVVLEOH�IRU�����&R�RFFXSDQF\�RI�WKH�<��VLWH�LQ�WKH�DEVHQFH�RI�7D�RQ�WKH�7L�VLWH��7KH�6(0�

(';�GDWD�SRLQW�WRZDUGV�WKH�SUHVHQFH�RI�7D�ZLWKLQ�WKH�++�VWUXFWXUH��DQG�WKH�EHVW�LQWHUSUHWDWLRQ�RI�

WKH�DYDLODEOH�GDWD�LV�WKHUHIRUH�WKDW�WKHUH�LV�QR�VSRQWDQHRXV�VHJUHJDWLRQ�LQWR�++�DQG�QDQR�)+�SKDVHV��

,QVSHFWLRQ�RI�WKH�GDWD�IRU�WKH�[� �����VDPSOH�UHYHDOHG�WKH�SUHVHQFH�RI�VKRXOGHU�WR�PRVW�EXW�QRW�DOO�RI�

WKH�++�UHIOHFWLRQV��7KHVH�ZHUH�LQGH[HG�RQ�D�)+�SKDVH�ZLWK�D� �����������c�DQG�D�UHILQHG�

FRPSRVLWLRQ�RI�&R�������7L��������&R�������7L���������6E�DQG�DQ�DEXQGDQFH�RI��������ZW���5HILQHPHQW�RI�

WKH�VLWH�RFFXSDQFLHV�RI�WKH�PDLQ�++�SKDVH��\LHOGHG�D�7L�������9�������7D�����&R6E���6Q����FRPSRVLWLRQ��

ZKHUH�WKH�6E�DQG�6Q�UDWLR�ZDV�NHSW�IL[HG�GXH�WR�WKH�VPDOO�GLIIHUHQFH�LQ�QHXWURQ�VFDWWHULQJ�OHQJWK��

DQG�D�VLPLODU�DPRXQW�RI�7D�VXEVWLWXWLRQ�DV�LQ�7L&R6E�ZDV�DVVXPHG��7DEOH�����7KLV�FRQILUPV�WKH�

VXFFHVVIXO�GRXEOH�VXEVWLWXWLRQ�RI�9�DQG�6Q�LQ�7L&R6E��ZKLFK�LV�DOVR�HYLGHQW�IURP�WKH�6(0�(';�

DQDO\VLV�DERYH��$�VHFRQG�VPDOOHU��������ZW��)+�9&R�6Q�SKDVH�ZLWK�D�ODUJHU�ODWWLFH�SDUDPHWHU��D� �

����������c�ZDV�DOVR�REVHUYHG��

7KHUPRHOHFWULF�SRZHU�IDFWRU�RI�7L&R6E��7KH�WHPSHUDWXUH�GHSHQGHQFH�RI�WKH�HOHFWULFDO�UHVLVWLYLW\�

�!���6HHEHFN�FRHIILFLHQW��6��DQG�SRZHU�IDFWRU��6��!��IRU�WKH�WKUHH�KRW�SUHVVHG�7L&R6E�VDPSOHV��$��%��

DQG�&��DUH�VKRZQ�LQ�)LJ�����7KHVH�VDPSOHV�ZHUH�SUHSDUHG�XQGHU�LGHQWLFDO�FRQGLWLRQV�DQG�VLPLODU�

WKHUPRHOHFWULF�SURSHUWLHV�DUH�REVHUYHG��7KH�U�7��FXUYHV�VKRZ�D�PHWDO�OLNH�WHPSHUDWXUH�GHSHQGHQFH�
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ZLWK�U����.� �������P:�FP�DQG�U����.� �������P:�FP��)LJ���D���7KH�REVHUYDWLRQ�RI�GHJHQHUDWH�

UDWKHU�WKDQ�FRQYHQWLRQDO�VHPLFRQGXFWLQJ�EHKDYLRXU�LV�FRQVLVWHQW�ZLWK�Q�W\SH�GRSLQJ�GXH�WR�WKH�

LQFRUSRUDWLRQ�RI�7D��7KH�6�7��LV�IRXQG�WR�LQFUHDVH�OLQHDUO\�IURP�6����.� �����������9�.���WR�

PD[LPXP�YDOXHV�����������9�.���DW���������.��)LJ���E���7KH�WKHUPDO�EDQGJDS�ZDV�HVWLPDWHG�

XVLQJ�(J� ��_6PD[_7PD[��\LHOGLQJ�YDOXHV�RI������H9��$��������H9��%��DQG������H9��&�����7KH�VDPSOHV�

DWWDLQHG�VLPLODU�PD[LPXP�SRZHU�IDFWRUV�6��!� ������P:�P���.���DW�����.��$���DQG������P:�P���

.���DW�����.��%�DQG�&��)LJ��F���=KRX�HW�DO�KDYH�UHSRUWHG�U����.� ����P:�FP��6����.� �������P9�.���

DQG��6��U�PD[� �����P:�P���.���IRU����7D�VXEVWLWXWLRQ�LQ�7L&R6E����7KHVH�YDOXHV�DUH�VLPLODU�WR�RXU�

GDWD�DQG�VXJJHVW�WKDW�RXU�VDPSOHV�FRQWDLQ�a���7D��ZKLFK�LV�LQ�NHHSLQJ�ZLWK�WKH�FRPSRVLWLRQV�

REWDLQHG�IURP�WKH�5LHWYHOG�DQDO\VLV��

7HPSHUDWXUH�VWDELOLW\�RI�7L&R6E�DQG�7L���9���&R6E���6Q�����7R�WHVW�WKH�WKHUPDO�VWDELOLW\�RI�WKH�

PDWHULDOV��6�DQG�!�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�RQ�WKH�KRW�SUHVVHG�VDPSOHV�XQGHU�+H�DWPRVSKHUH��

7KH�UHVXOWV�RI�WKHVH�UHSHDW�PHDVXUHPHQWV�DUH�VKRZQ�LQ�)LJ�����7KH�U�7��IRU�7L&R6E��VDPSOH�%��

VKRZV�D�JUDGXDO�GHFUHDVH�LQ�PDJQLWXGH�IRU�WKH�PHDVXUHPHQWV�XS�WR�����.��%�����)LJ���D���$�VXGGHQ�

GURS�LV�REVHUYHG�DW�����.�IRU�UXQ�%��WKDW�H[WHQGV�WR�����.�DQG�IXUWKHU�UHGXFWLRQV�LQ�PDJQLWXGH�DUH�

REVHUYHG�IRU�UXQ�%���DOVR�XS�WR�����.��)LJ���D���7KH�6�7��VKRZ�D�JUDGXDO�UHGXFWLRQ�LQ�PDJQLWXGH�

�)LJ���E���7KH�6��U�LPSURYHV�XS�WR�D�PD[LPXP�RI�����P:�P���.���DW�����.�IRU�UXQ�%���DQG�WKHQ�

GHFUHDVHV�IRU�UXQ�%���)LJ���F���3RVW�PHDVXUHPHQW�;�UD\�SRZGHU�GLIIUDFWLRQ�UHYHDOHG�WKH�SUHVHQFH�RI�

D�����ZW��PHWDOOLF�&R6E�LPSXULW\��$Q�LGHQWLFDO�H[SHULPHQW�RQ�D�FROG�SUHVVHG�7L&R6E�VDPSOH�

�a����GHQVH��IURP�WKH�SUHOLPLQDU\�VHULHV�UHVXOWHG�LQ�HYHQ�PRUH�GUDPDWLF�FKDQJHV�LQ�WKH�

WKHUPRHOHFWULF�SURSHUWLHV��)LJ��6��RI�WKH�(6,���)RU�WKLV�SRURXV�VDPSOH�a���ZW��&R6E�DIWHU���UHSHDWV�

ZDV�REVHUYHG��VHH�)LJ��6��LQ�WKH�(6,���7KH�ODWWLFH�SDUDPHWHU�RI�7L&R6E�UHPDLQHG�DOPRVW�XQFKDQJHG��

GHPRQVWUDWLQJ�WKDW�LWV�FRPSRVLWLRQ�GRHV�QRW�FKDQJH��7KH�KRW�SUHVVHG�[� �����VDPSOH�GRHV�QRW�VKRZ�

WKH�VDPH�GUDPDWLF�FKDQJHV�LQ�WKHUPRHOHFWULF�WUDQVSRUW�XSRQ�F\FOLQJ��)LJ���G�I���$Q�LQLWLDO�GURS�LQ�U�

LV�REVHUYHG�EHWZHHQ�PHDVXUHPHQW���DQG���EXW�DIWHU�WKDW�LGHQWLFDO�U�7��DUH�REVHUYHG�XS�WR�����.�

�)LJ���G���6LPLODUO\��WKH�6�7��EHORZ�����.�IRU�UXQV�����DUH�LGHQWLFDO�ZLWKLQ�WKH�H[SHULPHQWDO�HUURU�
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�)LJ���H���$ERYH�����.�VRPH�GLVFUHSDQFLHV�DUH�REVHUYHG��IRU�H[DPSOH�UXQ�$��DQG�$��KDYH�6�

VKDSHG�DQRPDOLHV�QHDU�����.��ZKLOH�UXQ�$��LV�PXFK�VPRRWKHU��7KH�FDXVH�RI�WKH�6�VKDSHG�UHVSRQVH�

DW�KLJK�WHPSHUDWXUH�LV�QRW�FOHDU�EXW�VXJJHVWV�WKDW�WKH�VDPSOH�LV�RXW�RI�HTXLOLEULXP��7KH�UHODWLYHO\�ORZ�

U�DQG�KLJK�6�YDOXHV�OHDG�WR�SRZHU�IDFWRUV�6��U� �����P:�P���.���DW�����.�IRU�WKH�ILUVW�

PHDVXUHPHQW��DQG�LPSURYLQJ�XS�WR�����P:�P���.���IRU�UXQ���DQG����)LJ���I���3RVW�PHDVXUHPHQW�;�

UD\�GLIIUDFWLRQ�GLG�QRW�UHYHDO�WKH�HPHUJHQFH�RI�DQ\�FOHDU�LPSXULWLHV��)LJ��6��LQ�WKH�(6,���%\�

FRQWUDVW��WKH�FROG�SUHVVHG�[� �������VDPSOH�VKRZV�HYLGHQFH�IRU�GHJUDGDWLRQ�ZLWK�WKH�HPHUJHQFH�RI�

VXEVWDQWLDO�&R6E�DQG�&R6Q��LPSXULW\�SKDVHV��)LJ��6��LQ�WKH�(6,���,QWHUHVWLQJO\��WKH�WKHUPRHOHFWULF�

SURSHUWLHV�RI�WKH�FROG�SUHVVHG�9�DQG�6Q�FR�GRSHG�VDPSOH�KROG�XS�PXFK�EHWWHU�FRPSDUHG�WR�7L&R6E��

GHVSLWH�WKH�HPHUJHQFH�RI�VLJQLILFDQW�DPRXQWV�RI�LPSXULW\�SKDVHV��)LJ��6��LQ�WKH�(6,���7R�IXUWKHU�

LQYHVWLJDWH�WKLV�GHJUDGDWLRQ��ZH�XQGHUWRRN�6(0�(';�DQDO\VLV�RQ�D�SROLVKHG�SLHFH�RI�WKH�GHQVH�

7L&R6E�VDPSOH�XVHG�IRU�WKH�UHSHDWHG�F\FOLQJ��VDPSOH�%���6HFRQGDU\�HOHFWURQ��6(���EDFNVFDWWHUHG�

HOHFWURQ��%6(��LPDJHV�DQG�HOHPHQWDO�PDSV�IRU�D�UHSUHVHQWDWLYH�DUHD�DUH�VKRZQ�LQ�)LJ�����7ZR�

GLVWLQFW�UHJLRQV�DUH�HYLGHQW�LQ�WKHVH�LPDJHV��RQ�WKH�OHIW�WKHUH�LV�D�ODUJH�VPRRWK�DUHD�ZLWK�(';�

FRPSRVLWLRQ�FORVH�WR�7L&R6E�DQG�WRZDUGV�WKH�ULJKW�FRQWUDVW�YDULDWLRQV�DUH�HYLGHQW��7KH�HOHPHQWDO�

PDSV�VKRZ�WKH�SUHVHQFH�RI�VXEVWDQWLDO�TXDQWLWLHV�RI�R[\JHQ�DW�WKH�ULJKW�SDUW�RI�WKH�LPDJH��ZKLOH�WKH�

OHIW�VLGH�LV�QHDUO\�IUHH�RI�R[\JHQ��7KH�6(�LPDJH�UHYHDOV�WKDW�WKH�LQKRPRJHQHRXV�DUHD�RQ�WKH�ULJKW�LV�

UHODWLYHO\�VPRRWK�DQG�FRQILUPV�WKDW�WKH�%6(�FRQWUDVW�YDULDWLRQV�DUH�GXH�WR�FRPSRVLWLRQDO�YDULDWLRQV��

(';�DQDO\VLV�\LHOGV�FRPSRVLWLRQV�FRQVLVWHQW�ZLWK�7L2��DQG�&R6E��7KH�PLFURVFRS\�WKHUHIRUH�

GHPRQVWUDWHV�WKDW�7L&R6E�GHFRPSRVHV�LQWR�7L2��DQG�&R6E��7KH�PRUSKRORJ\�RI�WKH�R[LGLVHG�DUHDV�

DQG�WKH�DEVHQFH�RI�7L2��LQ�WKH�;�UD\�SRZGHU�GLIIUDFWLRQ�GDWD�GHPRQVWUDWHV�WKDW�WKLV�LV�DQ�DPRUSKRXV�

SKDVH��

�

'LVFXVVLRQ�

$Q�XSSHU�VROXELOLW\�OLPLW�QHDU�[� �����ZDV�HVWDEOLVKHG�IRU�WKH�7L��[9[&R6E��[6Q[�++�DOOR\V��

GHPRQVWUDWLQJ�WKDW�9&R6Q�FDQQRW�EH�SUHSDUHG��7KLV�REVHUYDWLRQ�LV�LQ�DJUHHPHQW�ZLWK�D�UHFHQW�
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FRPSXWDWLRQDO�VWXG\�WKDW�SUHGLFWHG�WKDW�9&R6Q�LV�XQVWDEOH�GXH�WR�WKH�IRUPDWLRQ�RI�FRPSHWLQJ�

SKDVHV����ZKLFK�LV�LQ�NHHSLQJ�ZLWK�RXU�GLIIUDFWLRQ�GDWD��DOWKRXJK�ZH�FRXOG�QRW�XQDPELJXRXVO\�LQGH[�

DOO�SKDVHV�SUHVHQW��)LJ������$QDO\VLV�RI�WKH�H[SHULPHQWDO�FRPSRVLWLRQV�RI�WKH�7L��[9[&R6E��[6Q[�

VROLG�VROXWLRQ�XVLQJ�13'�DQG�6(0�GHPRQVWUDWHV�WKDW�7L&R6E�LV�VWRLFKLRPHWULF��H[FHSW�IRU�WKH�

LQFRUSRUDWLRQ�RI�7D�DORQJ�WKH�JUDLQ�HGJHV�GXH�WR�UHDFWLRQ�WR�WKH�VDPSOH�FRQWDLQPHQW�PDWHULDO��

7L&R6E�WKHUHIRUH�GRHV�QRW�DSSHDU�WR�EH�DV�VXVFHSWLEOH�WR�QRQ�VWRLFKLRPHWU\�DV�7L1L6Q������7KLV�PD\�

EH�UHODWHG�WR�WKH�DEVHQFH�RI�D�7L&R�6E�)+�SKDVH�RU�WKH�DEVHQFH�RI�RWKHU�FRPSHWLQJ�SKDVHV�DV�

FDOFXODWHG�IRU�7L1L6Q����7KH�WKHUPRHOHFWULF�SURSHUWLHV�IRU�WKH�UHSHDW�7L&R6E��VDPSOHV�$�&��DQG�[� �

����VDPSOHV��VDPSOH�$��%��DUH�VLPLODU��)LJV��������VKRZLQJ�WKDW�WKH�V\QWKHVLV�SURWRFRO�OHDGV�WR�

UHSURGXFLEOH�UHVXOWV��0D[LPXP�SRZHU�IDFWRUV�6��U� �����P:�P���.����[� ����DQG�6��U� �����P:�P���

.����[� ������DUH�REVHUYHG��%RWK�7L&R6E�DQG�7L��[9[&R6E��[6Q[�VKRZ�GHJUDGDWLRQ�DIWHU�UHSHDWHG�

PHDVXUHPHQWV�RI�WKHLU�WKHUPRHOHFWULF�SURSHUWLHV�LQ�D�+H�DWPRVSKHUH��7KH�REVHUYHG�FKDQJHV�DUH�

PRUH�SURQRXQFHG�IRU�7L&R6E�WKDQ�IRU�WKH�9�DQG�6Q�VXEVWLWXWHG�VDPSOHV��+RZHYHU��SRVW�

PHDVXUHPHQW�DQDO\VLV�UHYHDOV�WKH�IRUPDWLRQ�RI�VLJQLILFDQW�DPRXQWV�RI�&R6E��DQG�&R6Q���LQ�DOO�

FDVHV��LQ�SDUWLFXODU�IRU�WKH�SRURXV�FROG�SUHVVHG�VDPSOHV��7KLV�LPPHGLDWHO\�VXJJHVW�D�OLQN�WR�WKH�

SUHVHQFH�RI�WUDFH�DPRXQWV�RI�DWPRVSKHULF�R[\JHQ��7KH�6(0�DQG�HOHPHQWDO�DQDO\VLV�FRQILUPV�WKH�

SUHVHQFH�RI�DPRUSKRXV�7L2���$�EDFN�RI�WKH�HQYHORSH�FDOFXODWLRQ�VXJJHVWV�WKDW�a���RI�7L&R6E�FDQ�

EH�FRQYHUWHG�WR�7L2��DQG�&R6E�LQ�HDFK�PHDVXUHPHQW�EHIRUH�GHSOHWLQJ�WKH�R[\JHQ�SUHVHQW�LQ�WKH�

PHDVXUHPHQW�FKDPEHU��7KH�REVHUYDWLRQ�RI�a���ZW��&R6E�IRU�WKH�SRURXV�VDPSOHV�DIWHU���UHSHDWV�LV�

WKHUHIRUH�IHDVLEOH��DQG�FRQVLVWHQW�ZLWK�RXU�H[SHULPHQWDO�GDWD��)XUWKHU�LQGLUHFW�VXSSRUW�IRU�WKH�

R[LGDWLRQ�RI�7L�DV�WKH�GULYLQJ�IRUFH�IRU�WKH�GHJUDGDWLRQ�FRPHV�IURP�WKH�DQDORJRXV�;&R6E�SKDVHV�

ZLWK�=U�DQG�+I�ZKLFK�KDYH�EHHQ�PHDVXUHG�XS�WR���������q&�LQ�D�VLPLODU�DWPRVSKHUH�ZLWKRXW�DQ\�

UHSRUWHG�GHJUDGDWLRQ����([FOXGLQJ�R[\JHQ�DOVR�OHDGV�WR�LPSURYHG�VWDELOLWLHV�DV�HYLGHQFHG�E\�WKH�

UHFHQW�UHSRUW�RI�XS����V�RI�KHDWLQJ�F\FOHV�LQ�YDFXXP�ZLWKRXW�DQ\�GHJUDGDWLRQ�LQ�SURSHUWLHV����7KH�

VLPLODU�ODWWLFH�SDUDPHWHUV�IRU�WKH�++�SKDVHV�EHIRUH�DQG�DIWHU�F\FOLQJ�VXJJHVWV�WKDW�WKH�FRPSRVLWLRQ�
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RI�WKH�++�SKDVH�LWVHOI�GRHV�QRW�FKDQJH�GXULQJ�PHDVXUHPHQW��DQG�WKDW�WKH�GHJUDGDWLRQ�LQ�WKH�

WKHUPRHOHFWULF�SURSHUWLHV�LV�GXH�WR�VDPSOH�R[LGDWLRQ��

7R�VXPPDULVH��7L&R6E�IRUPV�DV�D�VWRLFKLRPHWULF�SKDVH�DQG�GRHV�QRW�VKRZ�WKH�VDPH�

WHQGHQF\�WR�VSRQWDQHRXVO\�SKDVH�VHJUHJDWH�LQWR�++�DQG�QDQR�)+�SKDVHV�WKDW�LV�REVHUYHG�IRU�

7L1L6Q��7KH�7L��[9[&R6E��[6Q[�++�DOOR\V�FDQ�EH�SUHSDUHG�XS�WR�[� �����DQG�DUH�UHDFWLYH�WRZDUGV�

R[\JHQ�DW�PRGHUDWH�WHPSHUDWXUHV�ZLWK�WKH�IRUPDWLRQ�RI�DPRUSKRXV�7L2��DQG�FU\VWDOOLQH�&R6E�DQG�

&R6Q��SKDVHV�HYLGHQW�IURP�SRVW�PHDVXUHPHQW�DQDO\VLV��7KLV�GHPRQVWUDWHV�WKDW�WKHUPRHOHFWULF�

JHQHUDWRUV�EDVHG�RQ�WKHVH�++�SKDVHV�ZLOO�QHHG�WR�EH�FDUHIXOO\�HQFDSVXODWHG��

�

$FNQRZOHGJPHQWV�

0$�DFNQRZOHGJHV�WKH�%ULWLVK�&RXQFLO�IRU�VXSSRUW��

� �

Page 10 of 22RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



���
�

7DEOH����2YHUYLHZ�RI�WKH�ODWWLFH�SDUDPHWHUV��D���URRP�WHPSHUDWXUH�6HHEHFN�FRHIILFLHQW��6���HOHFWULFDO�

UHVLVWLYLW\��U���SHUFHQWDJH�GHQVLW\�DQG�HVWLPDWHG�EDQGJDS��VHH�WH[W��IRU�WKH�KRW�SUHVVHG�UHSHDW�

VDPSOHV�RI�7L&R6E�DQG�7L���9���&R6E���6Q�����

�

7DEOH����6WUXFWXUDO�SDUDPHWHUV�DQG�ILW�VWDWLVWLFV�IRU�7L&R6E��VDPSOHV�$�&��DQG�7L���9���&R6E���6Q����

�VDPSOH�$��REWDLQHG�IURP�5LHWYHOG�ILWV�DJDLQVW�3RODULV�QHXWURQ�SRZGHU�GLIIUDFWLRQ�GDWD��

� � 7L&R6E��$�� 7L&R6E��%�� 7L&R6E��&�� 7L���9���&R6E���6Q�����$��

D��c�� � ���������� ���������� ���������� ����������

;�
8LVR��c��� ���������� ���������� ���������� ����������

2FF� 7L�������7D�������� 7L�������7D�������� 7L�������7D�������� 7L�������9�������7D������

<��
8LVR��c��� ���������� ���������� ���������� ����������

2FF� &R� &R� &R� &R�

<�� 8LVR��c��� ���������� ���������� ���������� ��

� 2FF� &R��������� &R��������� &R��������� ��

=�

�

8LVR��c��� ���������� ���������� ���������� ����������

2FF� 6E� 6E� 6E� 6E���6Q����

�F�� � ���� ���� ���� ����

%DQN��
Z5S����� ���� ���� ���� ����

5S����� ���� ���� ���� ����

%DQN��
Z5S����� ���� ���� ���� ����

5S����� ���� ���� ���� ����

%DQN��
Z5S����� ���� ���� ���� ����

5S����� ���� ���� ���� ����

7KH�7L���9���&R6E���6Q����VDPSOH�FRQWDLQHG��������ZW��RI�D�IXOO�+HXVOHU�SKDVH�ZLWK�UHILQHG�
FRPSRVLWLRQ�&R�������7L��������&R�������7L���������6E��D� �����������c��DQG��������ZW��RI�9&R�6Q��D� ���
����������c���++�SKDVHV��;���D������������<����F��ó��ó��ó���<����G��ô��ô��ô���=��E��ò��ò��ò���
� �

&RPSRVLWLRQ� 6DPSOH� D��c�� 6���9�.���� U��P�FP�� 'HQVLW\����� (J��H9��

7L&R6E�
$� ���������� ����� ����� ��� �����
%� ���������� ����� ����� ��� �����
&� ���������� ����� ����� ��� �����

� � � � � � �

7L���9���&R6E���6Q����
$� ���������� ���� ���� ���� ��
%� ���������� ���� ���� ��� ��
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)LJXUH����;�UD\�SRZGHU�GLIIUDFWLRQ�SDWWHUQV�IRU�WKH�7L��[9[&R6E��[6Q[�VHULHV��'DWD�KDYH�EHHQ�

QRUPDOLVHG�DQG�RIIVHW�E\����7KH�[� ���VDPSOH�LV�SKDVH�SXUH�7L&R6E��++���ZKLOH�WKH�GRPLQDQW�SHDNV�

IRU�[� ���FRUUHVSRQG�WR�D�IXOO�+HXVOHU��)+��SKDVH��9&R�6Q���7KH�XQLQGH[HG�UHIOHFWLRQV�IRU�[�������

GR�QRW�FRUUHVSRQG�WR�DQ\�NQRZQ�SKDVHV�FRQWDLQHG�ZLWKLQ�WKH�,&6'�GDWDEDVH��
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)LJXUH����&RPSRVLWLRQ�GHSHQGHQFH�RI�WKH�KDOI�+HXVOHU��D++��DQG�IXOO�+HXVOHU��D)+��ODWWLFH�

SDUDPHWHUV�IRU�WKH�7L��[9[&R6E��[6Q[�VHULHV��
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)LJXUH����;�UD\�SRZGHU�GLIIUDFWLRQ�SDWWHUQV�IRU�7L&R6E�DQG�7L���9���&R6E���6Q�����7KH�LQVHWV�

LOOXVWUDWH�WKH�EURDGHQLQJ�RI�WKH�KDOI�+HXVOHU�UHIOHFWLRQV���'DWD�KDYH�EHHQ�QRUPDOLVHG�DQG�RIIVHW�E\�

���z��9&R�6Q���
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)LJXUH����%DFNVFDWWHUHG�HOHFWURQ�6(0�LPDJHV�IRU�7L&R6E��D��E��DQG�7L���9���&R6E���6Q�����F��G���

7KHVH�LPDJHV�UHYHDO�UHODWLYHO\�VPDOO�JUDLQV�DQG�VKRZ�HYLGHQFH�IRU�UHDFWLRQ�WR�7D�DW�WKH�JUDLQ�

ERXQGDULHV��)RU�7L&R6E��WKH�FRPSRVLWLRQV�RI�UHJLRQV�,�DQG�,,�DUH�7L&R6E�DQG�7L����7D����&R6E��7KH�

FRPSRVLWLRQV�IRU�7L���9���&R6E���6Q����DUH�,��7L����9����&R6E����6Q������,,��

7L����7D���9����&R6E����6Q�����DQG�,,,��7L����7D����9����&R6E����6Q������7KH�LQKRPRJHQHRXV�GLVWULEXWLRQ�

RI�7D�VXJJHVWV�D�VORZ�UHDFWLRQ�WR�WKH�VDPSOH�FRQWDLQPHQW�PDWHULDO��ZKLFK�LV�LQ�NHHSLQJ�ZLWK�LWV�KLJK�

PHOWLQJ�SRLQW��������&���

� �
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)LJXUH����5LHWYHOG�ILW�WR�3RODULV�QHXWURQ�SRZGHU�GLIIUDFWLRQ�GDWD�IRU�7L&R6E�DQG�

7L���9���&R6E���6Q�����,Q��D��WKH�UHIOHFWLRQ�PDUNHUV�DUH�IRU�7L&R6E��,Q��E��WKH�WRS��PLGGOH�DQG�ERWWRP�

PDUNHUV�DUH�IRU�7L���9���&R6E���6Q�����&R�������7L��������&R�������7L���������6E�DQG�9&R�6Q��$Q�

XQLQGH[HG�LPSXULW\�SKDVH�ODEHOOHG�E\�DVWHULVNV�LV�REVHUYHG�LQ�ERWK�VDPSOHV��'DWD�VKRZQ�DUH�IURP�

GHWHFWRU�EDQN����
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)LJXUH����7HPSHUDWXUH�GHSHQGHQFH�RI�WKH�HOHFWULFDO�UHVLVWLYLW\��!���6HHEHFN�FRHIILFLHQW��6���DQG�

WKHUPRHOHFWULF�SRZHU�IDFWRU��6��!��IRU�WKH�WKUHH�KRW�SUHVVHG�7L&R6E�VDPSOHV��ILUVW�PHDVXUHPHQW���
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)LJXUH����5HSHDWDELOLW\�WHVWLQJ�RI�WKH�HOHFWULFDO�UHVLVWLYLW\��!���6HHEHFN�FRHIILFLHQW��6���DQG�

WKHUPRHOHFWULF�SRZHU�IDFWRU��6��!��RI�7L&R6E�DQG�7L�����9�����&R6E�����6Q�������0HDVXUHPHQWV�

VKRZQ�ZHUH�XQGHUWDNHQ�RQ�VDPSOH�%�IRU�7L&R6E�DQG�VDPSOHV�$�DQG�%�IRU�

7L�����9�����&R6E�����6Q�������7KH�IROORZLQJ�VHTXHQFH�ZDV�XVHG�IRU�7L&R6E����FRQVHFXWLYH�

PHDVXUHPHQWV�XS�WR�����.��%������IROORZHG�E\���PHDVXUHPHQWV�XS�WR�����.��%������)RU�

7L�����9�����&R6E�����6Q���������FRQVHFXWLYH�PHDVXUHPHQWV�XS�WR�����.�DUH�VKRZQ�IRU�VDPSOH�$��$��

���DQG�WKH�ILUVW�PHDVXUHPHQW�LV�VKRZQ�IRU�VDPSOH�%��%����7KH�VDPSOHV�ZHUH�WDNHQ�RXW�RI�WKH�

LQVWUXPHQW�EHWZHHQ�LQGLYLGXDO�PHDVXUHPHQWV��
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)LJXUH�����D��6HFRQGDU\�HOHFWURQ���E��EDFN�VFDWWHUHG�VFDQQLQJ�HOHFWURQ�PLFURVFRS\�LPDJHV�DQG��F��

HOHPHQWDO�PDSV�IRU�WKH�KRW�SUHVVHG�7L&R6E�VDPSOH�%�DIWHU�UHSHDWHG�PHDVXUHPHQW�RI�WKH�

WKHUPRHOHFWULF�SURSHUWLHV��VHH�)LJ����IRU�SURSHUW\�GDWD���
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5HIHUHQFHV�

��� '��0��5RZH��HG���7KHUPRHOHFWULFV�DQG�LWV�(QHUJ\�+DUYHVWLQJ��&5&�3UHVV�%RFD�5DWRQ��������
��� *��-��6Q\GHU�DQG�(��6��7REHUHU��1DWXUH�PDWHULDOV��������������������
��� -��5��6RRWVPDQ��'��<��&KXQJ�DQG�0��*��.DQDW]LGLV��$QJHZDQGWH�&KHPLH�,QWHUQDWLRQDO�

(GLWLRQ�����������������������
��� 7��*UDI��&��)HOVHU�DQG�6��6��3��3DUNLQ��3URJUHVV�LQ�6ROLG�6WDWH�&KHPLVWU\������������������
��� :��-��;LH��$��:HLGHQNDII��;��)��7DQJ��4��-��=KDQJ��-��3RRQ�DQG�7��0��7ULWW��1DQRPDWHULDOV��

������������������
��� 6��&KHQ�DQG�=��)��5HQ��0DWHULDOV�7RGD\���������������������
��� -��:��*��%RV�DQG�5��$��'RZQLH��-RXUQDO�RI�3K\VLFV�&RQGHQVHG�0DWWHU��������������������
��� 5��$��'RZQLH��5��,��6PLWK��'��$��0DF/DUHQ�DQG�-��:��*��%RV��&KHPLVWU\�RI�0DWHULDOV��������

���������������
��� 5��$��'RZQLH��6��$��%DUF]DN��5��,��6PLWK�DQG�-��:��*��%RV��-RXUQDO�RI�0DWHULDOV�&KHPLVWU\�

&������������������������
���� 5��$��'RZQLH��'��$��0DF/DUHQ��5��,��6PLWK�DQG�-��:��*��%RV��&KHPLFDO�FRPPXQLFDWLRQV��

���������������������
���� 6��2JXW�DQG�.��0��5DEH��3K\VLFDO�5HYLHZ�%�������������������������
���� 0��+LFKRXU��'��5DFKHG��5��.KHQDWD��0��5DEDK��0��0HUDEHW��$��+��5HVKDN��6��%LQ�2PUDQ�

DQG�5��$KPHG��-RXUQDO�RI�3K\VLFV�DQG�&KHPLVWU\�RI�6ROLGV���������������������
���� 0��$PHUL��$��7RXLD��5��.KHQDWD��<��$O�'RXUL�DQG�+��%DOWDFKH��2SWLN���,QWHUQDWLRQDO�

-RXUQDO�IRU�/LJKW�DQG�(OHFWURQ�2SWLFV����������������������
���� &��6��/XH��<��2QHU��'��*��1DXJOH�DQG�-��+��5RVV��,HHH�7�0DJQ�����������������������
���� <��;LD��9��3RQQDPEDODP��6��%KDWWDFKDU\D��$��/��3RSH��6��-��3RRQ�DQG�7��0��7ULWW��-RXUQDO�RI�

3K\VLFV�&RQGHQVHG�0DWWHU�������������������
���� <��.DZDKDUDGD��.��.XURVDNL��+��0XWD��0��8QR�DQG�6��<DPDQDND��-RXUQDO�RI�$OOR\V�DQG�

&RPSRXQGV����������������������
���� 0��=KRX��/��'��&KHQ��:��4��=KDQJ�DQG�&��'��)HQJ��-RXUQDO�RI�$SSOLHG�3K\VLFV������������

��������
���� 0��=KRX��&��'��)HQJ��/��'��&KHQ�DQG�;��<��+XDQJ��-RXUQDO�RI�$OOR\V�DQG�&RPSRXQGV��

��������������������
���� 7��6HNLPRWR��.��.XURVDNL��+��0XWD�DQG�6��<DPDQDND��-RXUQDO�RI�$OOR\V�DQG�&RPSRXQGV��

��������������������
���� 7��6HNLPRWR��.��.XURVDNL��+��0XWD�DQG�6��<DPDQDND��0DWHULDOV�7UDQVDFWLRQV������������

�����������
���� 7��6HNLPRWR��.��.XURVDNL��+��0XWD�DQG�6��<DPDQDND��-RXUQDO�RI�$OOR\V�DQG�&RPSRXQGV��

��������������������
���� 7��:X��:��-LDQJ��;��2��/L��<��)��=KRX�DQG�/��'��&KHQ��-RXUQDO�RI�$SSOLHG�3K\VLFV��������

�������������
���� 0��=KRX��/��'��&KHQ��&��'��)HQJ��'��/��:DQJ�DQG�-��)��/L��-RXUQDO�RI�$SSOLHG�3K\VLFV��

�������������������
���� 7��:X��:��-LDQJ��;��<��/L��6��4��%DL��6��&��/LXIX�DQG�/��'��&KHQ��-RXUQDO�RI�$OOR\V�DQG�

&RPSRXQGV����������������������
���� -��%DUWK��%��%DONH��*��+��)HFKHU��+��6WU\KDQ\XN��$��*ORVNRYVNLL��6��1DJKDYL�DQG�&��)HOVHU��

-RXUQDO�RI�3K\VLFV�'�$SSOLHG�3K\VLFV��������������������
���� 3��4LX��;��+XDQJ��;��&KHQ�DQG�/��&KHQ��-RXUQDO�RI�$SSOLHG�3K\VLFV���������������������
���� 6��2XDUGL��*��+��)HFKHU��&��)HOVHU��0��6FKZDOO��6��6��1DJKDYL��$��*ORVNRYVNLL��%��%DONH��-��

+DPUOH��.��3RVWDYD��-��3LãWRUD��6��8HGD�DQG�.��.RED\DVKL��3K\VLFDO�5HYLHZ�%������������
��������

���� ,��6NRYVHQ��/��%MHUJ��0��&KULVWHQVHQ��(��1LVKLERUL��%��%DONH��&��)HOVHU�DQG�%��%��,YHUVHQ��
'DOWRQ�WUDQVDFWLRQV�������������������������

���� (��5DXVFK��%��%DONH��6��2XDUGL�DQG�&��)HOVHU��(QHUJ\�7HFKQRORJ\����������������������
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���� $��&��/DUVRQ�DQG�5��%��9RQ�'UHHOH��LQ�/RV�$ODPRV�1DWLRQDO�/DERUDWRU\�5HSRUW�/$85��
������SS����������

���� %��+��7RE\��-RXUQDO�RI�$SSOLHG�&U\VWDOORJUDSK\���������������������
���� +��-��*ROGVPLG�DQG�-��:��6KDUS��-RXUQDO�RI�(OHFWURQLF�0DWHULDOV���������������������
���� 5��*DXWLHU��;��:��=KDQJ��/��+��+X��/��3��<X��<��<��/LQ��7��2��/��6XQGH��'��&KRQ��.��5��

3RHSSHOPHLHU�DQG�$��=XQJHU��1DWXUH�&KHPLVWU\��������������������
���� -��(��'RXJODV��&��6��%LUNHO��1��9HUPD��9��0��0LOOHU��0��6��0LDR��*��'��6WXFN\��7��0��

3ROORFN�DQG�5��6HVKDGUL��-RXUQDO�RI�$SSOLHG�3K\VLFV���������������������
���� ;��$��<DQ��*��-RVKL��:��6��/LX��<��&��/DQ��+��:DQJ��6��/HH��-��:��6LPRQVRQ��6��-��3RRQ��7��

0��7ULWW��*��&KHQ�DQG�=��)��5HQ��1DQR�/HWWHUV���������������������
�
�
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TOC caption and figure: 

 

The thermoelectric properties and high-temperature stability of the Ti1-xVxCoSb1-xSnx solid 

solution have been investigated. 
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