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0L[HG�SRWDVVLXP�]LQF�ERURSKRVSKDWH�JODVVHV�ZHUH�SUHSDUHG� DQG� VWXGLHG� LQ� WZR�FRPSRVLWLRQDO� VHULHV�

[.�2�����[�=Q2���%�2����3�2��DQG�[.�2�����[�=Q2���%�2����3�2��ZLWK�[� �������������������DQG����

PRO��.�2��7KH�UHSODFHPHQW�RI�]LQF�E\�SRWDVVLXP�GHFUHDVHV�WKH�GHQVLW\�DQG�LQFUHDVHV�WKH�PRODU�YROXPH�RI�

WKHVH� JODVVHV�� 2Q� WKH� RWKHU� KDQG� ERWK� JODVV� WUDQVLWLRQ� WHPSHUDWXUH� DQG� FKHPLFDO� GXUDELOLW\� GHFUHDVH��

6WUXFWXUDO� FKDQJHV�ZHUH� VWXGLHG� E\�
��
%� DQG�

��
3�0$6�105� DQG�5DPDQ� VSHFWUD� RI� WKHVH� JODVVHV��ZKLFK�

UHYHDO� UHPDUNDEOH� GLIIHUHQFHV� ZKHQ� UHSODFLQJ� =Q2� E\� .�2�� 7KH� REVHUYHG� FKDQJHV� LQ� WKH� VSHFWUD� DQG�

SURSHUWLHV�RI� WKH�JODVVHV� FDQ�EH� DVFULEHG�PDLQO\� WR� WKH�GLIIHUHQFHV� LQ� WKH� VSDFH� RFFXSLHG�E\� FDWLRQV�� WKH�
GLIIHUHQFHV�LQ�HOHFWURQHJDWLYLW\�DQG�WKH�ILHOG�VWUHQJWK�RI�WKH�FRUUHVSRQGLQJ�FDWLRQV��

�

���,QWURGXFWLRQ�

%RURSKRVSKDWH� JODVVHV� DUH� LPSRUWDQW� JODVV\� PDWHULDOV�� )RU� H[DPSOH�� ]LQF�FDOFLXP�
ERURSKRVSKDWH� JODVVHV� ZHUH� VWXGLHG� DV� FDQGLGDWHV� IRU� DSSOLFDWLRQV� DV� ORZ�PHOWLQJ� JODVV�
VROGHUV� RU� JODVV� VHDOVL�� %RURSKRVSKDWH� JODVVHV� RI� DONDOLQH� PHWDOV� UHYHDO� D� KLJK� VROXELOLW\LL��
ZKHUHDV� ]LQF� ERURSKRVSKDWH� JODVVHV� SRVVHVV� DTXHRXV� GXUDELOLW\� FRPSDUDEOH� WR� VLOLFDWH�
FRPSRVLWLRQVLLL�LY��)RU�WKH�JODVVHV�GHULYHG�IURP�PHWDSKRVSKDWH�FRPSRVLWLRQ�WKH�YDOXHV�RI�WKH�
JODVV� WUDQVLWLRQ� WHPSHUDWXUH� 7J� LQFUHDVH� ZLWK� DQ� LQFUHDVLQJ� %�2�� FRQWHQW� DQG� UHDFK� D�
PD[LPXP�DW�JODVVHV�ZLWK�a���PRO��%�2���7KLV�LQFUHDVH�LV�H[SODLQHG�E\�D�WUDQVIRUPDWLRQ�RI�
WKH�FKDLQ�OLNH�VWUXFWXUH��FKDUDFWHULVWLF�RI�PHWDSKRVSKDWH�JODVVHV�� LQWR�WKH�WKUHH�GLPHQVLRQDO�
VWUXFWXUH� GXH� WR� WKH� LQFRUSRUDWLRQ� RI� ERURQ� LQ� WKH� SUHYDLOLQJ� IRUP� RI� %2�� WHWUDKHGUD

��Y��
%RURSKRVSKDWH� JODVVHV� FRQWDLQLQJ� WZR� GLIIHUHQW� FDWLRQV�ZHUH� VWXGLHG� LQ� WKH� FRPELQDWLRQV��
=Q2�&D2�JODVVHV���=Q2�6U2YL�JODVVHV�DQG�=Q2�3E2�JODVVHVYLL��,Q�WKLV�SDSHU��ERURSKRVSKDWH�
JODVVHV�FRQWDLQLQJ�WZR�FDWLRQV�ZLWK�GLIIHUHQW�YDOHQFLHV�DUH�VWXGLHG��LQ�WKLV�FDVH�PL[HG�JODVVHV�
REWDLQHG�E\�WKH�UHSODFHPHQW�RI�=Q2�E\�.�2�LQ�ERURSKRVSKDWHV��

���([SHULPHQWDO�

6DPSOHV� RI� WKH� .�2�=Q2�%�2��3�2�� ZHUH� SUHSDUHG� LQ� WKH� EDWFKHV� RI� ��� J� E\� WKH�
UHDFWLRQ�RI�.�&2���=Q2��+�%2�� �DQG�+�32��DQG�KHDWLQJ�VORZO\�WKH�UHDFWLRQ�PL[WXUH�XS�WR�
���������R&� LQ� D� 3W� FUXFLEOH�� $IWHU� ���PLQ� UHDFWLRQ� DQG� PL[LQJ� DW� WKLV� WHPSHUDWXUH�� WKH�
REWDLQHG�PHOW�ZDV�FRROHG�E\�SRXULQJ�LQWR�D�FRSSHU�PRXOG�RI���[���PP�GLPHQVLRQV�WR�IRUP�
D�VXLWDEOH�JODVV�EORFN��7KH�JODVVHV�ZHUH�VHSDUDWHO\�DQQHDOHG�IRU����PLQ�DW�D� WHPSHUDWXUH�RI�
��.� DERYH� WKHLU� 7J� DQG� WKHQ� VORZO\� FRROHG� WR� WKH� URRP� WHPSHUDWXUH� WR� LPSURYH� WKHLU�
PHFKDQLFDO�SURSHUWLHV��

7KH�JODVV�GHQVLW\��ρ��ZDV�GHWHUPLQHG�DW�EXON�VDPSOHV�E\�WKH�$UFKLPHGHV�PHWKRG�XVLQJ�&&O��



DV� WKH� LPPHUVLRQ� OLTXLG��7KH�PRODU� YROXPH�90�ZDV� FDOFXODWHG�XVLQJ� WKH� H[SUHVVLRQ�90� �

M �ρ��ZKHUH M �LV�WKH�DYHUDJH�PRODU�ZHLJKW�RI�WKH�JODVV�FRPSRVLWLRQ�Z.�2�[=Q2�\%�2��
]3�2��FDOFXODWHG�IRU�Z���[���\���]� �����

7KH� FKHPLFDO� GXUDELOLW\� RI� WKH� JODVVHV� ZDV� HYDOXDWHG� DW� URRP� WHPSHUDWXUH� IURP� WKH�
PHDVXUHPHQWV�RI� WKH�FRQGXFWLYLW\�RI�D�VROXWLRQ�REWDLQHG�E\� WKH� LQWHUDFWLRQ�RI�����J�RI� WKH�

SRZGHU�VDPSOH�RI�D�JODVV��PHDQ�GLDPHWHU�RI���µP��ZLWK�����PO�RI�ZDWHU�IRU����PLQ���

��3� DQG� ��%� 0$6� 105� VSHFWUD� ZHUH� PHDVXUHG� RQ� D� %58.(5� $0;���� VSHFWURPHWHU���
XVLQJ� D� SXOVH� OHQJWK� RI� ���� ¬V� IRU� ERWK� ��3� DQG� ��%� 0$6� 105� VSHFWUD�� 7KH� /DUPRU�
IUHTXHQFLHV�ZHUH� �������0+]� DQG� �������0+]� IRU� ��3� DQG� ��%�� UHVSHFWLYHO\�� 7KH� UHF\FOH�
GHOD\�ZDV�����PV�IRU���%�0$6�105�DQG����V�IRU�WKH���3�0$6�105�PHDVXUHPHQWV��

5DPDQ� VSHFWUD� ZHUH�PHDVXUHG� RQ� D� )7� ,5� VSHFWURPHWHU�� %UXNHU�PRGHO� ,)6� ���� ZLWK� WKH�
5DPDQ� DWWDFKPHQW��)5$������ XQGHU� H[FLWDWLRQ�ZLWK� D�1G�<$*� ODVHU� UDGLDWLRQ�XVLQJ� D� VOLW�
ZLGWK�RI���FP���ZLWK�WKH�SRZHU�RI�����P:�DW�WKH�VDPSOH�VXUIDFH��7KH�5DPDQ�VSHFWUD�ZHUH�
PHDVXUHG�DW�URRP�WHPSHUDWXUH�RQ�EXON�VDPSOHV�XVLQJ�����VFDQV���

���5HVXOWV��

7ZR� FRPSRVLWLRQDO� VHULHV� RI� ERURSKRVKDWH� JODVVHV� [.�2�����[�=Q2���%�2����3�2�� DQG�
[.�2�����[�=Q2���%�2����3�2�� ZLWK� [�  � ��� ���� ���� ���� ��� DQG� ��� PRO�� .�2� ZHUH�
V\QWKHVL]HG�DQG� VWXGLHG��$OO� WKH�SUHSDUHG�JODVVHV�ZHUH� WUDQVSDUHQW� DQG�KRPRJHQHRXV��7KH�

FRPSRVLWLRQDO�GHSHQGHQFLHV�RI� WKH�JODVV�GHQVLW\��ρ�� IRU�ERWK�VHULHV�RI�JODVVHV�DUH�VKRZQ�LQ�
)LJ�����$V�FDQ�EH�VHHQ�IURP�WKLV�ILJXUH��WKH�GHQVLW\�RI�WKH�VWXGLHG�JODVVHV�GHFUHDVHV�ZLWK�DQ�
LQFUHDVLQJ�FRQWHQW�RI�SRWDVVLXP�R[LGH�LQ�ERWK�VHULHV�RI�JODVVHV��2Q�WKH�RWKHU�KDQG��WKH�PRODU�
YROXPH��90��LQ�ERWK�VHULHV�RI�JODVVHV�LQFUHDVHV�ZLWK�DQ�LQFUHDVLQJ�FRQWHQW�RI�.�2�DV�FDQ�EH�
VHHQ� LQ� )LJ���� 7KLV� LQFUHDVH� DPRXQWV� WR� PRUH� WKDQ� ����� ZKHQ� FRPSDULQJ� SXUH� ]LQF�
ERURSKRVSKDWH�JODVVHV�ZLWK�WKH�FRUUHVSRQGLQJ�SXUH�SRWDVVLXP�JODVVHV���
7KH�YDOXHV�RI�WKH�JODVV�WUDQVLWLRQ�WHPSHUDWXUH��7J��DQG�WKH�GLODWDWLRQ�VRIWHQLQJ�WHPSHUDWXUH��
7G��REWDLQHG�IURP�WKH�PHDVXUHPHQWV�RI� WKHUPRPHFKDQLFDO�DQDO\VLV��GHFUHDVH� LQ�ERWK�VHULHV�
RI�JODVVHV�ZLWK�DQ�LQFUHDVLQJ�SRWDVVLXP�FRQWHQW����
7KH�FRQGXFWLYLW\�RI�WKH�ZDWHU�VROXWLRQ��ª��REWDLQHG�DIWHU����PLQ�LQWHUDFWLRQ�RI�JODVV�SRZGHU�
ZLWK� ZDWHU� LV� VKRZQ� RQ� )LJ���� )URP� WKLV� ILJXUH� LW� FDQ� EH� VHHQ�� WKDW� DW� D� ORZ� SRWDVVLXP�
FRQWHQW�XS� WR����PRO��.�2�WKH�FKHPLFDO�GXUDELOLW\�RI� WKH�PL[HG�JODVVHV� LV� UHODWLYHO\�KLJK�
DQG�FKDQJHV�RQO\�D�OLWWOH�ZLWK�DQ�LQFUHDVLQJ�.�2�FRQWHQW��$W�D�SRWDVVLXP�FRQWHQW�DERYH����
PRO��.�2�WKH�JODVVHV�DUH�PRUH�YXOQHUDEOH�WR�ZDWHU�DQG�WKH�FRQGXFWLYLW\�RI�WKH�VROXWLRQ��L�H��
WKH�DPRXQW�RI�LRQV�FRPLQJ�IURP�JODVV�LQWR�WKH�VROXWLRQ�LQFUHDVHV�PRUH�VWHHSO\��
��%�DQG� � ��3�105�VSHFWUD�ZHUH�REWDLQHG�IRU� WKH�JODVV�VHULHV�RI� WKH�FRPSRVLWLRQ�[.�2�����
[�=Q2���%�2����3�2���7KH�

��%�0$6�105�VSHFWUD�RI�]LQF�ULFK�ERURSKRVSKDWH�JODVVHV�DUH�

FRPSRVHG�RI�WZR�SHDNV�DW�δ  ����DQG�²��SSP�DQG�D�%2��VLJQDO�DW�DERXW����SSP��:LWK�DQ�
LQFUHDVLQJ�SRWDVVLXP�FRQWHQW�WKH�VWUHQJWK�RI�WKH�ILUVW�SHDN�LQFUHDVHV��ZKHUHDV�WKH�VWUHQJWK�RI�
WKH�ODWWHU�SHDN�GHFUHDVHV���,Q�WKH���%�105�VSHFWUD�RI�SRWDVVLXP�ULFK�JODVVHV�WKHUH�LV�RQO\�RQH�

%2��SHDN�ZLWK�WKH�PD[LPXP�DW�δ� �����������SSP��7KH���3�0$6�105�VSHFWUD�RI�SXUH�]LQF�
ERURSKRVSKDWH� JODVV� RI� WKH� FRPSRVLWLRQ� ��=Q2���%�2����3�2�� UHYHDO� RQH� EURDG� VLJQDO�

ZLWK�WKH�PD[LPXP�DW�δ� �����SSP��L�H��LQ�WKH�UHJLRQ�FKDUDFWHULVWLF�IRU�WKH�SUHVHQFH�RI�ERWK�
4�� DQG�4��XQLWVYLLL��:LWK�DQ� LQFUHDVLQJ�SRWDVVLXP�FRQWHQW� WKH�SHDN� VKLIWV�GRZQILHOG� DQG� DW�

SRWDVVLXP�ULFK�JODVVHV�LW�VSOLWV�LQWR�WZR�VLJQDOV�DW�δ� ����DQG�²���SSP��� �
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)LJ����&RPSRVLWLRQDO�GHSHQGHQFH�RI�WKH�PRODU�YROXPH�RI�SRWDVVLXP�]LQF�ERURSKRVSKDWH�JODVVHV��

7KH� 5DPDQ� VSHFWUXP� RI� WKH� SXUH� =Q� ERURSKRVSKDWH� JODVV� LQ� WKH� JODVV� VHULHV� [.�2�����
[�=Q2���%�2����3�2���LV��FKDUDFWHUL]HG��LQ�WKH�KLJK�IUHTXHQF\�UHJLRQ��E\�D�EURDG�EDQG�ZLWK�
WKH�PD[LPXP�DW������FP����:LWK� WKH� UHSODFHPHQW�RI�]LQF�E\�SRWDVVLXP� LQ� WKLV�JODVV� VHULHV�
WKLV�EDQG�JUDGXDOO\�VSOLWV�LQWR�WKUHH�QDUURZHU�EDQGV�DW������������DQG������FP����7KH�EDQG�
RI�����FP���VKLIWV�WR�ORZHU�IUHTXHQFLHV�ZLWK�DQ�LQFUHDVLQJ�SRWDVVLXP�FRQWHQW�XS�WR�����FP���

LQ�SXUH�SRWDVVLXP�ERURSKRVSKDWH�JODVV��,Q�WKH�JODVV�VHULHV�[.�2�����[�=Q2���%�2����3�2��
WKH� KLJK� IUHTXHQF\� EDQG� DW� ����� FP��� LQ� ��=Q2���%�2����3�2�� JODVV� ZLWK� DQ� LQFUHDVLQJ�



SRWDVVLXP�FRQWHQW�DOVR�JUDGXDOO\�VSOLWV�LQWR�WZR�QDUURZ�EDQGV�ZLWK�WKH�PD[LPD�DW������DQG�
�����FP���LQ���.�2���%�2����3�2��JODVV�������������������������
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)LJ����&RQGXFWLYLW\�RI�WKH�ZDWHU�VROXWLRQ��κ��DIWHU�LQWHUDFWLRQ�RI�JODVV�SRZGHU�ZLWK�ZDWHU��

��'LVFXVVLRQ�

7KH� UHSODFHPHQW� RI� ]LQF� E\� SRWDVVLXP� LQ� WKH� PL[HG� SRWDVVLXP�]LQF� ERURSKRVSKDWH�
JODVVHV�UHVXOWV�LQ�VXEVWDQWLDO�FKDQJHV�RI�WKHLU�SK\VLFDO�SURSHUWLHV�DQG�DOVR�LQ�WKHLU�105�DQG�
5DPDQ�VSHFWUD���

7KH�VXEVWLWXWLRQ�RI�=Q2�E\�.�2�PHDQV�WKDW�WZR�.
��LRQV�FRPSHQVDWH�WKH�FKDUJH�RI�RQH�

=Q���LRQ��7KH�FRQVHTXHQFH�RI�WKLV�UHSODFHPHQW�LV�WKDW�WKH�VSDFH�RFFXSLHG�E\�FDWLRQV�LQ�WKHVH�
JODVVHV� VXEVWDQWLDOO\� LQFUHDVHV��:H� FDQ� VXSSRVH� WKDW� ERQGLQJ� RI�=Q� DWRPV� LQ� WKHVH� JODVVHV�
SRVVHVV� D�KLJK�SDUW� RI� FRYDOHQW� FKDUDFWHU�� VR�ZH�FDQ� WDNH� LQWR� DFFRXQW� FRYDOHQW� UDGLXV� IRU�
=Q�,,��LQ�WKHVH�JODVVHV��ZKLFK�LV�������QP��,Q�SRWDVVLXP�JODVVHV��ZH�FDQ�FRQVLGHU�PRUH�LRQLF�
FKDUDFWHU�RI�ERQGV�EHWZHHQ�.�DQG�2��VR�ZH�FDQ�WDNH�LQWR�DFFRXQW�UDWKHU�WKH�LRQLF�UDGLXV�RI�
.�,��EHLQJ�������QP��(YHQ�JUHDWHU�GLIIHUHQFH�LQ�WKH�VL]H�ZH�ZRXOG�REWDLQ�ZKHQ�FRPSDULQJ�
DWRPLF� UDGLL�RI�=Q� ��������DQG�.����������1HYHUWKHOHVV�ERWK�FRQVLGHUDWLRQV�VKRZ�WKDW�RQH�
VPDOOHU� =Q�,,�� FDWLRQ� LV� UHSODFHG� E\� WZR� ELJJHU� .�,�� FDWLRQV�� 7KLV� LQFUHDVH� LQ� WKH� VSDFH�
RFFXSLHG�E\�FDWLRQV�LV�DOVR�UHIOHFWHG�LQ�WKH�REVHUYHG�LQFUHDVH�RI�WKH�PRODU�YROXPH�RI�WKHVH�
JODVVHV��VHH�)LJ�����ZKLFK�DPRXQWV�WR�DERXW��������ZKHQ�ZH�FRPSDUH�SXUH�=Q�JODVVHV�ZLWK�
WKH�FRUUHVSRQGLQJ�SXUH�.�JODVVHV���
7KH�LQFUHDVHG�YROXPH�RI�WKH�VSDFH�RFFXSLHG�E\�FDWLRQV�LQ�SRWDVVLXP�ULFK�JODVVHV�UHVXOWV�DOVR�
LQ� WKH� LQWHUUXSWLRQ� RI� VRPH� ERQGV� LQ� WKH� DQLRQLF� QHWZRUN� RI� WKH� JODVV� VWUXFWXUH� DQG� LWV�
UHRUJDQL]DWLRQ�ZKLFK�LV�DOVR�UHIOHFWHG�LQ�WKH�REVHUYHG�FKDQJHV�LQ�105�DQG�5DPDQ�VSHFWUD��
7KH�REVHUYHG�FKDQJHV�LQ�WKH���3�0$6�VSHFWUD�FDQ�EH�H[SODLQHG�E\�D�VKRUWHQLQJ�RI�SKRVSKDWH�
FKDLQV�DQG�DQ�LQFUHDVH�LQ�WKH�QXPEHU�RI�4��XQLWV�ZLWK�WKH�UHSODFHPHQW�RI�=Q2�E\�.�2��$OVR�
WKH�5DPDQ�VSHFWUD�UHYHDO�WKH�LQFUHDVHG�VWUHQJWK�RI�VSHFWUDO�EDQGV�DVFULEHG�WR�WKH�YLEUDWLRQV�
RI�S\URSKRVSKDWH�W\SH�VWUXFWXUDO�XQLWV��
6XFK�FKDQJHV�LQ�WKH�FRQQHFWLYLW\�RI�WKH�QHWZRUN�DUH�UHIOHFWHG�DOVR�LQ�D�GHFUHDVH�LQ�WKH�YDOXHV�
RI� WKH� JODVV� WUDQVLWLRQ� WHPSHUDWXUH�� 7J�� DQG� GLODWDWLRQ� VRIWHQLQJ� WHPSHUDWXUH�� 7G�� ZLWK� WKH�



UHSODFHPHQW�RI�=Q2�E\�.�2��,Q�WKLV�ZD\�WKH�JODVV�QHWZRUN�EHFRPHV�DOVR�PRUH�RSHQHG�DQG�
HVSHFLDOO\� LQ� WKH� SRWDVVLXP�ULFK� JODVVHV�� WKH� SRWDVVLXP� FDWLRQV� FDQ� EH� HDVLO\� H[WUDFWHG� E\�
ZDWHU�� ZKLFK� H[SODLQV� DQ� LQFUHDVH� LQ� WKH� FRQGXFWLYLW\� RI� VROXWLRQV� DW� WKH� WHVWLQJ� RI� JODVV�
GXUDELOLW\�LQ�ZDWHU�DW�URRP�WHPSHUDWXUH����

���&RQFOXVLRQ�

7KH�VWUXFWXUH�RI� LQRUJDQLF�R[LGH�EDVHG�JODVVHV�FRQVLVWV�XVXDOO\�RI�D�GLVRUGHUHG�QHWZRUN�
FRPSRVHG� RI� SRO\KHGUD� IRUPHG� E\� JODVV�IRUPLQJ� R[LGHV�� 7KH� FDWLRQLF� SDUW� KDV� XVXDOO\� D�
VOLJKWHU�HIIHFW�RQ�WKHLU�VWUXFWXUH��VR�LQ�WKH�SKRVSKDWH�JODVVHVL[�WKH�5DPDQ�VSHFWUD�DQG�105�
VSHFWUD� RI� WKH� VLPLODU� JODVV� FRPSRVLWLRQV�ZLWK� GLIIHUHQW� FDWLRQV� DUH� YHU\� VLPLODU��:H� KDYH�
REVHUYHG� WKDW� LQ�PL[HG� SRWDVVLXP�]LQF� ERURSKRVSKDWH� JODVVHV� WKHVH� GLIIHUHQFHV� DUH�PXFK�
ODUJHU��ZKLFK� FDQ� EH� H[SODLQHG� E\� WKH� GLIIHUHQFHV� LQ� WKH� FDWLRQ� VL]HV�� HOHFWURQHJDWLYLW\� DQG�
DOVR�WKH�GLIIHUHQW�ILHOG�VWUHQJWK�RI�WKHVH�WZR�GLIIHUHQW�PRGLI\LQJ�FDWLRQV��

$FNQRZOHGJHPHQWV�

7KH�DXWKRUV�DUH�JUDWHIXO�IRU�WKH�YLEUDWLRQDO�VSHFWUD�PHDVXUHPHQWV�WR�'U�0�9OþHN�DQG�IRU�
WKH�ILQDQFLDO�VXSSRUW�WR�WKH�*UDQW�$JHQF\�RI�&]HFK�5HSXEOLF��*UDQW�1R���������������DQG�
WKH�*UDQW�$JHQF\�RI�WKH�&]HFK�$FDGHP\�RI�6FLHQFHV��*UDQW�1R��,$$�����������0�=��DQG�
&�-��WKDQN�6FKRWW�*ODVV�0DLQ]�IRU�ILQDQFLDO�VXSSRUW������������
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������������������������������ �������������������
L�-�0�&OLQWRQ�DQG�:�:�&RIIHHQ��-��$P��&HUDP��6RF������S���������������

LL�-�)�'XFHO�DQG�-�-�9LGHDX��0DWHU��/HWWHUV�����S��������������

LLL�5�.�%URZ�DQG�'�5�7DOODQW��-�1RQ�&U\VW�6ROLGV������S��������������
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