
3RWDVVLXP�PRELOLW\�LQ�.�2�6L2��JODVVHV�±�HQHUJ\�ODQGVFDSH�

DQG�PLJUDWLRQ�XQGHU�WKH�HOHFWURQ�EHDP�

0DUHN�/LäND�
-RLQW�*ODVV�/DERUDWRU\�RI�,QVWLWXWH�RI�,QRUJDQLF�&KHPLVWU\�6$6�DQG�8QLYHUVLW\�RI�7UHQÿtQ��ãWXGHQWVNi����

7UHQÿtQ��6.���������6ORYDN�5HSXEOLF�

2QGUHM�*HGHRQ��-DQ�0DFKiÿHN�
,QVWLWXWH�RI�&KHPLFDO�7HFKQRORJ\��7HFKQLFNi����3UDJXH��&=���������&]HFK�5HSXEOLF�

�

7KH� VWUXFWXUH� RI� ���.�2����6L2�� JODVV�ZDV� REWDLQHG�ZLWK� KHOS� RI�PROHFXODU� G\QDPLFV�PHWKRG�� 7KH�
VWDQGDUG�0'�SURFHGXUH�ZDV�DGRSWHG�VR�WKDW�DQ�HOHFWULF�ILHOG�DQG�RU�PRPHQWXP�WUDQVIHU��FRPLQJ�IURP�WKH�
HODVWLF�VFDWWHULQJ�RI�SULPDU\�HOHFWURQV��FDQ�EH�DSSOLHG�WR�WKH�SDUWLFXODU�VHW�RI�LRQV��7KH�VHFWLRQV�RI�HQHUJ\�
K\SHUVXUIDFH� FRQVWUXFWHG� IRU� VWDWLF� DQG� G\QDPLF� GLVSODFHPHQW� RI� LQGLYLGXDO� SRWDVVLXP� LRQV� IURP� WKHLU�
HTXLOLEULXP� SRVLWLRQ� HQDEOHV� VHPL�TXDQWLWDWLYH� HYDOXDWLRQ� RI� PLJUDWLRQ� FKDUDFWHULVWLFV�� 7KH� PHWKRG� RI�
DQDO\VLV� RI� WKH� IXOO� VHW� RI� VWDWLF� HQHUJ\� PDSV� HQDEOLQJ� WKH� FDOFXODWLRQ� RI� PLJUDWLRQ� DFWLYDWLRQ� HQHUJ\�
GLVWULEXWLRQ�ZDV�GHYHORSHG��

,QWURGXFWLRQ�

0LJUDWLRQ�RI�SRWDVVLXP�LRQV�ZDV�H[WHQVLYHO\�VWXGLHG�IRU�WKH�HOHFWURQ�LUUDGLDWHG�JODVVHV��
ZKHUH� WZR� UHJLPHV� ZLWK� GLIIHUHQW� PLJUDWLRQ� PHFKDQLVPV� ZHUH� REVHUYHG��� 7KH� PLJUDWLRQ�
VWURQJO\�GHSHQGV�RQ�WKH�ORFDO�VWUXFWXUH�RI�SRWDVVLXP�LRQ�VLWH�DV�ZHOO�DV�RQ�WKH�RYHUDOO�JODVV�
VWUXFWXUH����

'XH� WR� WKH� DELOLW\� RI� IROORZLQJ� LQGLYLGXDO� SDUWLFOH� WUDMHFWRULHV�� WKH� PHWKRG� RI� PROHFXODU�
G\QDPLFV� �0'�� �� LV� H[WUDRUGLQDU\� VXLWDEOH� IRU� WKH� WKHRUHWLFDO� VWXG\� RI� WKH� DERYH�
SKHQRPHQRQ��+RZHYHU��GLIIHUHQW�PRGHV�RI�0'�DSSOLFDWLRQ�KDYH�WR�EH�FRQVLGHUHG�WR�REWDLQ�
D�VXIILFLHQW�GHJUHH�RI�XQGHUVWDQGLQJ�RI�SRWDVVLXP�PLJUDWLRQ�PHFKDQLVP��

7KH�PRVW� VWUDLJKWIRUZDUG� UHVXOWV� DUH�REWDLQHG�ZKHQ�RQO\� WKH� HTXLOLEULXP�JODVV� VWUXFWXUH� LV�
FDOFXODWHG��$IWHU� WKDW�� WKH� VKDSH�DQG� WKH�DPRXQW�RI� WKH� IUHH� YROXPH� DURXQG� WKH� LQGLYLGXDO�
SRWDVVLXP� FDWLRQ� DUH� LQYHVWLJDWHG� IURP� WKH� VQDSVKRW� RI� WKH� HTXLOLEULXP� VWUXFWXUH� ��� 7KH�
KLJKHU� IUHH� YROXPH�� LQ� FRPSDULVRQ�ZLWK� WKH� FDWLRQ� VL]H�� WKH� JUHDWHU�PRELOLW\� RI� WKH� LRQ� LV�
H[SHFWHG��0RUHRYHU��WKH�DQLVRWURS\�RI�WKH�IUHH�YROXPH�GHWHUPLQHV�WKH�SUHIHUDEOH�PLJUDWLRQ�
GLUHFWLRQ�� 6RPH� TXDQWLWDWLYH� FULWHULD�� OLNH� LQWHU�DWRPLF� GLVWDQFHV�� FRRUGLQDWLRQ� QXPEHUV��
QHWZRUN�FRQQHFWLYLW\� DQG�9RURQRL�SRO\KHGUD� �93�� WHVVHOODWLRQ� ��� FDQ�EH�XVHG� WR�GHWHUPLQH�
WKH�IUHH�YROXPH�DQG�LWV�DQLVRWURS\����

7KH�PRUH�UHDOLVWLF�SRVVLELOLW\�LV�WR�VLPXODWH��XVLQJ�WKH�PHWKRG�RI�PROHFXODU�G\QDPLFV��0'���
WKH�LQIOXHQFH�RI�WKH�HOHFWULF�ILHOG�DQG�RU�WKH�PRPHQWXP�WUDQVIHU�RQ�UHOHDVLQJ�RI�LQGLYLGXDO�
DONDOL�LRQV�IURP�WKHLU�RULJLQDO�VLWHV����7KLV�ZD\�WKH�ILHOG�VWUHQJWK�QHHGHG�WR�UHOHDVH�LQGLYLGXDO�
SRWDVVLXP�LRQ�FDQ�EH�GHWHUPLQHG�DV�D�IXQFWLRQ�RI�PRPHQWXP�WUDQVIHUUHG��L�H��REWDLQHG�IURP�
WKH� FROOLVLRQ�ZLWK� H[WHUQDO� SDUWLFOH� DQG�RU� WKH� WKHUPDO� FROOLVLRQ�� DFFRPSDQLHG� WKH� UHOHDVH��
0RUHRYHU�� WKH� LQGLYLGXDO� VLWH� HQHUJ\� LV� REWDLQHG�� $QRWKHU� PRGH� RI� 0'� DSSOLFDWLRQ� LV�
UHSUHVHQWHG� E\� WKH� VWXG\� RI� SRWHQWLDO� HQHUJ\� K\SHUVXUIDFH� ��� ZKLFK� LV� GHILQHG� DV� WKH�
GHSHQGHQFH�RI�SRWHQWLDO�HQHUJ\�RQ�WKH�FRRUGLQDWHV�RI�DOO�SDUWLFOHV��,Q�D�VWDWLF�YHUVLRQ����RQO\�
WKH�VHFWLRQV�RI�WKH�HQHUJ\�K\SHUVXUIDFH�FRUUHVSRQGLQJ�WR�WKH�PRYHPHQW�RI�LQGLYLGXDO�FDWLRQV�
DUH�VWXGLHG�� L�H��DOO�SDUWLFOHV�H[FHSW�IRU�WKH�VWXGLHG�SRWDVVLXP�FDWLRQ�DUH�OHIW� LQ�WKHLU�RULJLQDO�
SRVLWLRQV��7KH�VWDWLF�PDSSLQJ�GRHV�QRW�UHIOHFW�WLPH�ZLWK�UHVSHFW�WR�PRYHPHQW�RI�SRWDVVLXP�
LRQV�DQG�FRUUHVSRQGV�WKHUHIRUH�WR�WKH�OLPLWLQJ�FDVH�RI�LQILQLWH�HOHFWULF�ILHOG��&RPELQLQJ�WKH�



ODVW�WZR�DSSURDFKHV�WKH�G\QDPLF�PDSSLQJ�LV�REWDLQHG��,Q�WKLV�DSSURDFK��WKH�LRQ�LV�GULYHQ�E\�
H[WHUQDO�FRQVWDQW�ILHOG��HOHFWULF��DQG�HQHUJ\�PDSV�DUH�FRQVWUXFWHG�VLPLODUO\�DV�LQ�D�VWDWLF�FDVH�
EXW� WKH� UHOD[DWLRQ� RI� VXUURXQGLQJ� VWUXFWXUH� LV� HQDEOHG��2I� FRXUVH�� WKH� H[WHQW� RI� UHOD[DWLRQ�
GHSHQGV�RQ�WKH�ILHOG�VWUHQJWK��7KH�KLJKHU�ILHOG�VWUHQJWK��WKH�ORZHU�UHOD[DWLRQ�H[WHQW��

7KH� SUHVHQW� ZRUN� VWXGLHV� WKH�PLJUDWLRQ� RI� SRWDVVLXP� FDWLRQV� LQ� ELQDU\� SRWDVVLXP� VLOLFDWH�
JODVVHV��7KH�DLP�RI�WKH�ZRUN�LV�WR�JLYH�EULHI��PRVWO\�JUDSKLF�RYHUYLHZ�RI�WKH�UHVXOWV�REWDLQHG�
E\�YDULRXV�DERYH�PHQWLRQHG�0'�DSSURDFKHV��

�
0HWKRG�

7KH� HQVHPEOHV� FRPSULVLQJ� ���� LRQV� ZHUH� VLPXODWHG� IRU� WKH� FRPSRVLWLRQ�
����.�2�������6L2�� �����6L���� ����2���� ���.���� UHIHUUHG� DV� .��� JODVV�� 7KH� HIIHFWLYH�
SDLUZLVH� LQWHUDWRPLF� SRWHQWLDO� RI� %RUQ�0D\HU� W\SH� �� ZDV� XVHG� WR� GHVFULEH� WKH� LQWHUDFWLRQ�
DPRQJ�WKH�LRQV��3DUDPHWHUV�RI�WKH�SRWHQWLDOV�WDNHQ�IURP�*DURIDOLQL�����(ZDOG�VXPPDWLRQ����
RI�WKH�&RXORPE�IRUFH�ZDV�XVHG�LQ�D�FXEH�ZLWK�SHULRGLF�ERXQGDULHV��DQG�OHDS�IURJ�DOJRULWKP�
ZLWK� WLPH� VWHS� RI� ������V� ZDV� XVHG� IRU� QXPHULFDO� LQWHJUDWLRQ� RI� 1HZWRQ·V� HTXDWLRQV� RI�
PRWLRQ��0'�VLPXODWLRQ�VWDUWHG�IURP�D�UDQGRP�FRQILJXUDWLRQ�DW������.�DQG�WKH�V\VWHP�ZDV�
HTXLOLEUDWHG� ������� WLPH� VWHSV� �L�H�� ������V��� 7KH� FRROLQJ� SURFHGXUH� FRPSULVHG� D� VXGGHQ�
GHFUHDVH�RI� WKH�NLQHWLF�HQHUJ\�RI�DOO�DWRPV�IROORZHG�E\�WKH�QXPHULF�FRQWURO�RI�WKH�UHDFKHG�
WHPSHUDWXUH�������WLPH�VWHSV���DQG�HTXLOLEUDWLRQ�������WLPH�VWHSV���8VLQJ�WKLV�SURFHGXUH��WKH�
V\VWHP� ZDV� LQLWLDOO\� FRROHG� IURP� �����.� WR� �����.�� �����.�� �����.�� �����.�� �����.��
�����.�������.�������.������.������.��DQG�ILQDOO\�����.��$W�HDFK�WHPSHUDWXUH��WKH�GHQVLW\�
RI�WKH�V\VWHP��ER[�VL]H��ZDV�DGMXVWHG�WR�UHDFK�]HUR�SUHVVXUH�����NEDU�����

5HVXOWV�
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)LJ�����6WLFN�DQG�EDOO�SORW�DURXQG�WKH�.��LRQ�D�������E������GHPRQVWUDWH�D�UDWKHU�RSHQ�FORVHG�ORFDO�
VWUXFWXUH��&RUUHVSRQGLQJ�SRWHQWLDO�HQHUJ\�PDS�DW�U ����c�IRU�WKH�.��LRQ�F������DQG�G�������(QHUJ\�

FRQWRXU�OLQHV�SORWWHG�IURP�]HUR�WR���H9�ZLWK�VWHS�RI�����H9��

�

7KH� DSSURDFK� UHIOHFWLQJ� RQO\� WKH� VQDSVKRW� VWUXFWXUH� DURXQG� LQGLYLGXDO�.�� LRQV� LOOXVWUDWHV�
)LJ���D�E���ZKHUH�WKH�W\SLFDO�H[DPSOHV�RI�FORVHG�DQG�RSHQ�VLWHV�ZHUH�FKRVHQ��7KH�VWUHQJWK�RI�
WKH� HOHFWULF� ILHOG�QHHGHG� WR� UHPRYH� WKH� LRQ� DZD\� IURP� LWV� RULJLQDO� VLWH�ZLWKRXW� WKH�KHOS�RI�
PRPHQWXP� WUDQVIHU� LV� HVWLPDWHG� LQ�)LJ����� 6LPLODUO\��)LJ����GHPRQVWUDWHV� WKH� UHOHDVH�RI� WKH�
LRQ�SXUHO\�GXH�WR�WKH�PRPHQWXP�WUDQVIHU��0LJUDWLRQ�RI�WKUHH�UHSUHVHQWDQWV�DPRQJ�.��LRQV�
XQGHU�WKH�FRPELQHG�LQIOXHQFH�RI�HOHFWULF�ILHOG�DQG�PRPHQWXP�WUDQVIHU�LV�YLVXDOLVHG�LQ�)LJ�����
7KH�´KDOI�ZLGWKµ��]&��DQG�WKH�GHSWK�RI�WKH�VLWH�KROH��(&�� �)LJ�����FDQ�EH� WKHQ�HVWLPDWHG�� ,Q�
DGGLWLRQ��WKH�FULWLFDO�IRUFH��)FULW��DEOH�WR�UHOHDVH�WKH�FDWLRQ�IURP�LWV�VLWH��FDQ�EH�DOVR�HYDOXDWHG��
7KH�FULWLFDO�IRUFH�IRU�WKH�.��LRQ�ZDV�VHW�WR�EH�EHWZHHQ�������H9�P�DQG�������H9�P�DQG�WKH�
FULWLFDO� KDOI�ZLGWK� RI� WKH� ZHOO� ]&� �FRUUHVSRQGLQJ� WR� WKH� FULWLFDO� IRUFH��ZDV� HVWLPDWHG� WR� EH�
DSSUR[LPDWHO\�����c��,W� LV�ZRUWK�QRWLQJ�WKDW� WKH�HOHFWULF�ILHOG�RI� WKH� LQWHQVLW\�RI�������9�P�
SXOOLQJ�WKH�LRQ�����c�LQFUHDVHV�LWV�HQHUJ\�DERXW������H9��ZKLOH�WKH�VDPH�GLVSODFHPHQW�FDXVHG�
E\� WKH� ILHOG� RI� LQWHQVLW\� ������9�P� LQFUHDVHV� WKH� HQHUJ\� RI� LRQ� DERXW� �����H9�� VR� WKDW� WKH�
HQHUJ\�(&�PXVW�EH�EHWZHHQ�WKHVH�WZR�YDOXHV��
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)LJ�����$YHUDJHG�GLVSODFHPHQW�IURP�WKH�LQLWLDO�
SRVLWLRQ�LQ�WKH�GLUHFWLRQ�RI�WKH�DSSOLHG�HOHFWULF�
ILHOG��7KH�FXUYHV��IURP�ERWWRP��FRUUHVSRQG�WR�
WKH�ILHOG�RI�LQWHQVLW\���9�P������9�P������9�P��
������9�P��������9�P��DQG������9�P��$YHUDJLQJ�

ZDV�SHUIRUPHG�RYHU����SRWDVVLXP�LRQV��

)LJ�����$YHUDJHG�GLVSODFHPHQW�IURP�WKH�LQLWLDO�
SRVLWLRQ�LQ�WKH�GLUHFWLRQ�RI�WKH�PRPHQWXP�

WUDQVIHU��7KH�FXUYHV��IURP�ERWWRP��FRUUHVSRQG�
WR�WKH�PRPHQWXP�WUDQVIHU�IURP�HODVWLF�

VFDWWHULQJ�RI�HOHFWURQ�ZLWK�HQHUJ\�RI���NH9��
��NH9�����NH9�����NH9�����NH9��DQG����NH9��
$YHUDJLQJ�ZDV�SHUIRUPHG�RYHU����SRWDVVLXP�

LRQV��
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)LJ�����7UDMHFWRULHV�RI�WKUHH�GLIIHUHQW�SRWDVVLXP�LRQV�ZLWK�DGGLWLRQDO�PRPHQWXP�WUDQVIHU�

FRUUHVSRQGLQJ�WR����NH9�SULPDU\�HOHFWURQV�DQG�GUDZQ�IURP�WKHLU�LQLWLDO�SRVLWLRQ�E\�WKH�HOHFWULF�
ILHOG�RI�LQWHQVLW\�����9�P�LQ�WKH�GLUHFWLRQ�RI�WKH�PRPHQWXP�WUDQVIHU��

�

7KH�GLVWULEXWLRQ�RI�DFWLYDWLRQ�HQHUJLHV��FDOFXODWHG�E\�VWDWLF�DSSURDFK�IURP�WKH�FRQWRXU�PDSV��
DV�D�PLQLPXP�HQHUJ\�EDUULHU�QHHGHG�WR�EH�RYHUFRPH�E\�.��IURP�LWV�RULJLQDO�VLWH�WR�DGMDFHQW�
RQH��LV�VKRZQ�LQ�)LJ�����7KH�YDOXHV�DUH�LQIOXHQFHG�E\�WKH�VWDWLF�DSSURDFK��ZKLFK�QHJOHFWV�WKH�
VWUXFWXUH� UHOD[DWLRQ� GXULQJ� SRWDVVLXP� WUDQVSRUW�� 7KLV� UHOD[DWLRQ� RSHQV� WKH� GRRU� IRU� WKH�
PLJUDWLQJ� LRQ�� HIIHFWLYHO\� UHVXOWLQJ� LQ� D� GHFUHDVH� RI� DFWLYDWLRQ� HQHUJ\�� ,W� FDQ� EH� VSHFXODWHG�
WKDW�WKH�RYHUHVWLPDWLRQ��FRPLQJ�IURP�VWDWLF�DSSURDFK��LV�ODUJHU�IRU�JODVV�ZLWK�KLJKHU�FRQWHQW�
RI�DONDOLV��.���JODVV��GXH�WR�OHVV�FRQQHFWLYLW\�RI�QHWZRUN��

�

(&�

)�
FULW
�

(�

('�

�

=&�
=�

�

0

20

40

60

80

100

0 1 2 3 4 5

E act [eV]

A
r
b
i
t
r
a
r
y
 
u
n
i
t
s

K05

K15

�

)LJ�����3RWHQWLDO�ZHOO�FKDUDFWHULVHG�E\�LWV�GHSWK�
('�DQG�E\�D�FULWLFDO�IRUFH�)

FULW��
)LJ�����'LVWULEXWLRQV�RI�SRWDVVLXP�DFWLYDWLRQ�
HQHUJLHV�LQ�.���DQG�.���JODVVHV���VROLG�OLQHV��
DQG�WKH�FRUUHVSRQGLQJ�IXQFWLRQ�RI�WKH�UHODWLYH�

QXPEHU�RI�.��LRQV��
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)LJ�����$FFXPXODWHG�.��LRQ����SRVLWLRQ�VQDSVKRWV��7KH�LRQ�LV�GULYHQ�E\�WKH�HOHFWURVWDWLF�ILHOG�RI�
WKH�VWUHQJWK�D������9�P��DQG�E�������9�P��7KH�UHVXOWHG�SLFWXUHV�DUH�DFFXPXODWLRQV�RYHU�DOO�ILHOG�

GLUHFWLRQV��

�

7KH� ODVW� ILJXUH�� )LJ����� GHPRQVWUDWHV� WKH� DQLVRWURS\� RI� HQHUJ\� ODQGVFDSH� DURXQG� WKH�
SRWDVVLXP�� 7KH� DQLVRWURS\� LV� SUHVHQW� QRW� RQO\� IRU� ODUJHU� GLVWDQFHV� ZKHUH� DQ� LQIOXHQFH� RI�
QHLJKERXUV� LV�H[SHFWHG��EXW�DOVR�IRU�D�FORVH�VXUURXQGLQJ�RI�WKH�HTXLOLEUDWHG�SRVLWLRQ�RI�.��
LRQ��7KH� HQHUJ\�PDSSLQJ� LV� LQ� WKLV� FDVH� SHUIRUPHG�E\� WKH� YDULDWLRQ�RI� WKH� VWUHQJWK� RI� WKH�
HOHFWULF� ILHOG�� VR� WKDW� WKH� ORZHU� VWUHQJWK� LV� FKRVHQ�� WKH�PRUH� VHQVLWLYH� LV� WKH�.�� UHVSRQVH��
0RUHRYHU��ORZ�VWUHQJWK�PDSV�RQO\�FORVH�VXUURXQGLQJ�RI�WKH�LRQ��ZKLOH�KLJKHU�VWUHQJWK�LV�DEOH�
WR�UHIOHFW�WKH�VXUURXQGLQJ�QHWZRUN�VWUXFWXUH��

$FNQRZOHGJPHQW�

7KLV�ZRUN�ZDV� VXSSRUWHG�E\� WKH� 6ORYDN�*UDQW�$JHQF\� IRU� 6FLHQFH� WKURXJK� WKH� JUDQW�1R��
�����������,W�ZDV�DOVR�SDUW�RI�WKH�UHVHDUFK�SURMHFW�&(=��060�����������3UHSDUDWLRQ�DQG�
SURSHUWLHV�RI�DGYDQFHG�PDWHULDOV���PRGHOOLQJ��FKDUDFWHUL]DWLRQ��WHFKQRORJ\��

�

��*HGHRQ��2���+XOLQVN\��9��	�-XUHN��.��0LNURFKLP��$FWD������������������
��%XQGH��$���,QJUDP��0�'��	�0DDV��3��-��1RQ�&U\VW��6ROLGV�����������������������
��(YDQV��0���(YDQV��*�-���&RIIH\��:�7��	�*ULORQL��3��0ROHFXODU�'\QDPLFV�DQG�7KHRU\�RI�%URDG�

%DQG�6SHFWURVFRS\��������-RKQ�:LOH\�	�6RQV��1HZ�<RUN��
��*HGHRQ��2��	�/LVND��0��-��1RQ�&U\VW��6ROLGV��WR�EH�SXEOLVKHG��
��%URVWRZ��:��3K\V��5HY�%�����������������������
��*HGHRQ�2���/LãND�0�����-��1RQ�&U\VW��6ROLGV������������������
��+DEDVDNL��-���2NDGD��,��	�+LZDUWDUL��<��-��1RQ�&U\VW��6ROLGV������������������
��*HGHRQ�2���/LãND�0���0DFKiþHN�-���VXEPLWWHG�WR�3K\V��&KHP��*ODVVHV��
��3RROH��3�+��0F0LOODQ��3�)��	�:ROI��*�+��5HY��0LQHUDO�����������������
���*DURIDOLQL��6��+��-��$PHU��&HUDP��6RF������������������
���(ZDOG��3��3��$QQ��3K\V������������������
���0LWUD��6��.��3KLORV��0DJ���������%���������
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