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Abstract
7KLV�SDSHU�SUHVHQWV�D� FRPSUHKHQVLYH� DQDO\VLV� RI� WKH� WKHUPDO� HIIHFWV� LQ
DGYDQFHG�KLJK�SHUIRUPDQFH�LQWHUFRQQHFW�V\VWHPV�DULVLQJ�GXH� WR�VHOI�
KHDWLQJ� XQGHU� YDULRXV� FLUFXLW� FRQGLWLRQV�� LQFOXGLQJ� HOHFWURVWDWLF
GLVFKDUJH�� 7HFKQRORJ\� �&X�� ORZ�N� HWF�� DQG� VFDOLQJ� HIIHFWV� RQ� WKH
WKHUPDO� FKDUDFWHULVWLFV� RI� WKH� LQWHUFRQQHFWV�� DQG� RQ� WKHLU
HOHFWURPLJUDWLRQ� UHOLDELOLW\� KDV� EHHQ� DQDO\]HG� VLPXOWDQHRXVO\�� ZKLFK
ZLOO�KDYH�LPSRUWDQW�LPSOLFDWLRQV� IRU�SURYLGLQJ� UREXVW�DQG�DJJUHVVLYH
GHHS� VXE�PLFURQ� LQWHUFRQQHFW� GHVLJQ� JXLGHOLQHV�� )XUWKHUPRUH�� WKH
LPSDFW� RI� WKHVH� WKHUPDO� HIIHFWV� RQ� WKH� GHVLJQ� �GULYHU� VL]LQJ�� DQG
RSWLPL]DWLRQ�RI�WKH�LQWHUFRQQHFW�OHQJWK�EHWZHHQ�UHSHDWHUV�DW�WKH�XSSHU�
OHYHO�VLJQDO�OLQHV�DUH�LQYHVWLJDWHG�

1 Introduction
7KH� HYHU�LQFUHDVLQJ� GHPDQG� IRU� VSHHG� DQG� IXQFWLRQDOLW\� RI� 6L�

EDVHG� DGYDQFHG� KLJK� SHUIRUPDQFH� PLFURSURFHVVRUV�� GLJLWDO� VLJQDO
SURFHVVLQJ� �'63�� FKLSV�� DQG� DSSOLFDWLRQ� VSHFLILF� LQWHJUDWHG� FLUFXLWV
�$6,&V���DQG�WKH�LQFUHDVLQJ�GHQVLW\�RI�PHPRU\��'5$0��GHYLFHV�KDV
FDXVHG� DJJUHVVLYH� VFDOLQJ� RI� ,&V� EH\RQG� �����µP�PLQLPXP� IHDWXUH
VL]H�>�@��>�@��>�@��7KHVH�WHFKQRORJ\�QRGHV��FRPPRQO\�UHIHUUHG�WR�DV�GHHS
VXEPLFURQ�� �'60�� DOORZ� 9/6,� FLUFXLWV� WR� PHHW� WKH� UHTXLUHG� GHYLFH
GHQVLW\�DQG�YDULRXV�FLUFXLW�SHUIRUPDQFH�VSHFLILFDWLRQV��7KLV�WUHQG�KDV
UHVXOWHG� LQ�D�GUDPDWLF� UHGXFWLRQ�RI� WKH�LQWHUFRQQHFW�PHWDO�SLWFK�DQG
LQFUHDVHG� WKH� QXPEHU� RI� PHWDOOL]DWLRQ� OHYHOV�� 7KH� DJJUHVVLYH
LQWHUFRQQHFW�VFDOLQJ�KDV�UHVXOWHG�LQ�LQFUHDVLQJ�FXUUHQW�GHQVLWLHV�>�@��>�@
DQG�DVVRFLDWHG�WKHUPDO�HIIHFWV�

7KHUPDO� HIIHFWV� DUH� DQ� LQVHSDUDEOH� DVSHFW� RI�HOHFWULFDO� SRZHU
GLVWULEXWLRQ�DQG�VLJQDO�WUDQVPLVVLRQ�WKURXJK�WKH�LQWHUFRQQHFWV�GXH�WR
VHOI�KHDWLQJ��RU�-RXOH�KHDWLQJ��FDXVHG�E\�WKH�IORZ�RI�FXUUHQW��7KHUPDO
HIIHFWV� LPSDFW� LQWHUFRQQHFW� GHVLJQ� DQG� UHOLDELOLW\� LQ� WKH� IROORZLQJ
ZD\V��)LUVWO\��WKH\�OLPLW�WKH�PD[LPXP�DOORZDEOH�506�FXUUHQW�GHQVLW\�
M506�PD[��VLQFH�WKH�506�YDOXH�RI�WKH�FXUUHQW�GHQVLW\�LV�UHVSRQVLEOH�IRU
KHDW�JHQHUDWLRQ��LQ�WKH�LQWHUFRQQHFWV��LQ�RUGHU�WR�OLPLW�WKH�WHPSHUDWXUH
LQFUHDVH�� 6HFRQGO\�� LQWHUFRQQHFW� OLIHWLPH� �UHOLDELOLW\��ZKLFK� LV� OLPLWHG
E\� HOHFWURPLJUDWLRQ� �(0�� �WUDQVSRUW� RI� PDVV� LQ� PHWDOV� XQGHU� DQ
DSSOLHG� FXUUHQW� GHQVLW\��� KDV� DQ� H[SRQHQWLDO� GHSHQGHQFH� RQ� WKH
LQYHUVH� PHWDO� WHPSHUDWXUH� >�@�� +HQFH�� WHPSHUDWXUH� ULVH� RI� PHWDO
LQWHUFRQQHFWV� GXH� WR� VHOI�KHDWLQJ� SKHQRPHQRQ� FDQ� DOVR� OLPLW� WKH
PD[LPXP�DOORZHG�DYHUDJH�FXUUHQW�GHQVLW\��MDYJ�PD[��VLQFH�(0�FDSDELOLW\
LV� GHSHQGHQW� RQ� WKH� DYHUDJH� FXUUHQW� GHQVLW\� >�@�� 7KLUGO\�� WKHUPDOO\
LQGXFHG� RSHQ� FLUFXLW� PHWDO� IDLOXUH� XQGHU� VKRUW�GXUDWLRQ� KLJK� SHDN
FXUUHQWV� LQFOXGLQJ� HOHFWURVWDWLF� GLVFKDUJH� �(6'�� LV� DOVR� D� UHOLDELOLW\
FRQFHUQ�� >�@� DQG� FDQ� LQWURGXFH� ODWHQW� (0� GDPDJH� >�@� WKDW� KDV
LPSRUWDQW�UHOLDELOLW\�LPSOLFDWLRQV�

&KDWWHUMHH� HW� DO��� >�@� KDYH� DUJXHG� WKDW� WKHUPDO� HIIHFWV� ZLOO
LQFUHDVLQJO\�GRPLQDWH�LQWHUFRQQHFW�GHVLJQ�UXOHV�WKDW�VSHFLI\�PD[LPXP
FXUUHQW�GHQVLWLHV� IRU�FLUFXLW�GHVLJQHUV���5HFHQWO\��+XQWHU� >��@��VROYHG
WKH�(0�OLIHWLPH�HTXDWLRQ�IRU�$O�&X��DQG�WKH���'�KHDW�HTXDWLRQ��LQ�D
VHOI�FRQVLVWHQW�PDQQHU�� ,Q� WKLV� DSSURDFK�� ERWK� (0� DQG� VHOI�KHDWLQJ
FDQ�EH�FRPSUHKHQGHG�VLPXOWDQHRXVO\��5]HSND�HW�DO���>��@�KDYH�FDUULHG
RXW� GHWDLOHG� VLPXODWLRQV� RI� VHOI�KHDWLQJ� LQ� PXOWLOHYHO� LQWHUFRQQHFWV
XVLQJ� ILQLWH� HOHPHQW� DQDO\VLV�� 7KH\� DOVR� FRQFOXGHG� WKDW� LQ� WKH� QHDU
IXWXUH����'� LQWHUFRQQHFW�DUUD\V�ZLOO�EH�DIIHFWHG�E\�VHOI�KHDWLQJ�PRUH
VHYHUHO\�WKDQ�WKRVH�RI�WRGD\·V�

)XUWKHUPRUH�� ORZ� GLHOHFWULF� FRQVWDQW� �/RZ�N�� PDWHULDOV� DUH� EHLQJ
LQWURGXFHG� >��@� DV� DQ� DOWHUQDWLYH� LQWUD�OHYHO� LQVXODWRU� WR� UHGXFH
LQWHUFRQQHFW� FDSDFLWDQFH� �WKHUHIRUH� GHOD\�� DQG� FURVV�WDON� QRLVH� WR
HQKDQFH�FLUFXLW�SHUIRUPDQFH��7KHVH�PDWHULDOV�FDQ� IXUWKHU� H[DFHUEDWH
WKHUPDO�HIIHFWV�RZLQJ�WR�WKHLU�ORZHU�WKHUPDO�FRQGXFWLYLW\�WKDQ�VLOLFRQ
GLR[LGH�� %DQHUMHH� HW� DO��� >��@� KDYH� UHFHQWO\� VKRZQ� WKDW� LQWHUFRQQHFW
VFDOLQJ�XVLQJ�ORZ�N�DV� WKH� LQWUD�OHYHO� �JDS�ILOO�� GLHOHFWULF�PDWHULDO� FDQ
FDXVH�VLJQLILFDQW�LQFUHDVH�LQ�WKHUPDO�HIIHFWV�

3UHVHQWO\�� LQWHUFRQQHFW�GHVLJQ�UXOHV�DUH�JHQHUDWHG� LQ�D�QRQ
VHOI�FRQVLVWHQW�PDQQHU�>��@�DV�H[SODLQHG�LQ�VHFWLRQ������$V�GHHS�VXE�
PLFURQ� LQWHUFRQQHFW� WHFKQRORJLHV�� OLNH� &X� DQG� ORZ�N� GLHOHFWULF
PDWHULDOV� DUH� UDSLGO\� HYROYLQJ�� WKHUH� LV� DQ� LQFUHDVLQJ� QHHG� WR
XQGHUVWDQG�WKHLU�HIIHFWV�VLPXOWDQHRXVO\�RQ�WKH�WKHUPDO�FKDUDFWHULVWLFV
RI�WKHVH�LQWHUFRQQHFWV�DQG�RQ�WKHLU�(0�UHOLDELOLW\��LQ�RUGHU�WR�SURYLGH
UREXVW�GHVLJQ�JXLGHOLQHV��)XUWKHUPRUH��LW�LV�QRW�FOHDU�ZKHWKHU�WKHUPDO
FRQVWUDLQWV� FRQIOLFW� ZLWK� WKH� SHUIRUPDQFH� RSWLPL]DWLRQ� VWHSV
HPSOR\HG�DW� WKH�FLUFXLW� OHYHO��+HQFH�� D� WKRURXJK� DQDO\VLV� RI� WKHUPDO
HIIHFWV� LQ�'60�LQWHUFRQQHFWV� LV� QHFHVVDU\� WR� FRPSUHKHQG� WKHLU� IXOO
LPSDFW�RQ�FLUFXLW�GHVLJQ��DFFXUDWHO\�PRGHO�WKHLU�UHOLDELOLW\��DQG�SURYLGH
WKHUPDOO\�VDIH�GHVLJQ�JXLGHOLQHV�IRU�YDULRXV�WHFKQRORJLHV�

7KLV�SDSHU�SUHVHQWV�D�FRPSUHKHQVLYH�DQDO\VLV�RI�WKH�WKHUPDO
HIIHFWV�LQ�DGYDQFHG�KLJK�SHUIRUPDQFH�LQWHUFRQQHFW�V\VWHPV�DULVLQJ�IURP
VHOI�KHDWLQJ� XQGHU� YDULRXV� FLUFXLW� FRQGLWLRQV�� LQFOXGLQJ� (6'�� 7KH
DQDO\VLV� H[DPLQHV� WKH� VHOI�FRQVLVWHQW� VROXWLRQV� IRU� DOORZHG
LQWHUFRQQHFW�FXUUHQW�GHQVLW\�IRU�WHFKQRORJLHV�XS�WR�����µP�LQYROYLQJ
&X�DQG�YDULRXV�ORZ�N�PDWHULDOV�LQ�DQ�HLJKW�OHYHO�PHWDOOL]DWLRQ�V\VWHP
DV� SHU� WKH� 1DWLRQDO� 7HFKQRORJ\� 5RDGPDS� IRU� 6HPLFRQGXFWRUV
�1756��>��@�

2 Interconnect Design Rules: Current Approach
����$YHUDJH��506��DQG�3HDN�&XUUHQW�'HQVLW\
&LUFXLW�GHVLJQHUV�DUH� W\SLFDOO\�SURYLGHG�ZLWK� WKH�PD[LPXP�DOORZDEOH
YDOXHV�IRU�WKUHH�LQWHUFRQQHFW�FXUUHQW�GHQVLWLHV��7KHVH�DUH�WKH�DYHUDJH
FXUUHQW� GHQVLW\�� MDYJ�� WKH� 506� FXUUHQW� GHQVLW\�� MUPV�� DQG� WKH� SHDN
FXUUHQW�GHQVLW\��MSHDN��7KHVH�TXDQWLWLHV�DUH�GHILQHG�DV�IROORZV�
������7KH� SHDN� FXUUHQW� GHQVLW\� LV� VLPSO\� WKH� FXUUHQW� GHQVLW\
FRUUHVSRQGLQJ�WR�WKH�SHDN�FXUUHQW�RI�WKH�ZDYHIRUP�
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KLJK�SHUIRUPDQFH�LQWHUFRQQHFW�GHVLJQ�LV�EDVHG�RQ�WKH�VSHFLILHG�OLPLWV
IRU� WKH� PD[LPXP� YDOXHV� RI� WKH� DYHUDJH�� 506�� DQG� SHDN� FXUUHQW
GHQVLWLHV�>��@��7KH\�DUH�KRZHYHU�QRW�VHOI�FRQVLVWHQW��L�H���WKHVH�YDOXHV
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GR�QRW� VLPXOWDQHRXVO\� FRPSUHKHQG� WKH� WZR� WHPSHUDWXUH� GHSHQGHQW
PHFKDQLVPV��(0�DQG�VHOI�KHDWLQJ�
������,QWHUFRQQHFWV�FDQ�EH�EURDGO\�FODVVLILHG�LQWR�WZR�FDWHJRULHV��VLJQDO
OLQHV�DQG�SRZHU�OLQHV��7KH\�GLIIHU�LQ�WKDW�FXUUHQWV�LQ�VLJQDO�OLQHV�DUH�EL�
GLUHFWLRQDO��RU�ELSRODU��>�@�ZKLOH�WKRVH�LQ�SRZHU�OLQHV�DUH�XVXDOO\�XQL�
GLUHFWLRQDO��RU�XQLSRODU��
������:H� ZLOO� QRZ� FRQVLGHU� XQLSRODU� FXUUHQW� ZDYHIRUPV� IRU� VRPH
LOOXVWUDWLYH�DQDO\VLV��8VLQJ�WKH�DERYH�GHILQLWLRQV�IRU�WKH� WKUHH�FXUUHQW
GHQVLWLHV��RQH�FDQ�HDVLO\�VKRZ�WKDW

�������� peakavg jrj ⋅= ���
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Iavg = IDC

r = ton/T

)LJXUH� ��� $� XQLSRODU� SXOVHG� ZDYHIRUP� LOOXVWUDWLQJ� YDULRXV� FXUUHQW
GHILQLWLRQV�

����(OHFWURPLJUDWLRQ�DQG�6HOI�+HDWLQJ
(0� LV� WKH� WUDQVSRUW� RI� PDVV� LQ� PHWDOV� XQGHU� DQ� DSSOLHG� FXUUHQW
GHQVLW\� DQG� LV� ZLGHO\� UHJDUGHG� DV� D� PDMRU� ZHDU� RXW� RU� IDLOXUH
PHFKDQLVP�RI�9/6,� LQWHUFRQQHFWV� >�@��:KHQ� FXUUHQW� IORZV� WKURXJK
WKH� LQWHUFRQQHFW� PHWDO�� DQ� HOHFWURQLF� ZLQG� LV� VHW� XS� RSSRVLWH� WR� WKH
GLUHFWLRQ� RI� FXUUHQW� IORZ�� 7KHVH� HOHFWURQV� XSRQ� FROOLGLQJ� ZLWK� WKH
PHWDO�LRQV��LPSDUW�VXIILFLHQW�PRPHQWXP��DQG�GLVSODFH�WKH�PHWDO�LRQV
IURP�WKHLU� ODWWLFH� VLWHV� FUHDWLQJ�YDFDQFLHV��7KHVH� YDFDQFLHV�FRQGHQVH
WR�IRUP�YRLGV�WKDW�UHVXOW�LQ�LQFUHDVH�RI�LQWHUFRQQHFW�UHVLVWDQFH�RU�HYHQ
RSHQ� FLUFXLW� FRQGLWLRQV� >��@�� (0� OLIHWLPH� UHOLDELOLW\� RI� PHWDO
LQWHUFRQQHFWV�LV�PRGHOHG�E\�WKH�ZHOO�NQRZQ�%ODFN·V�HTXDWLRQ�>�@�JLYHQ
E\�
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3      Thermal Effects in DSM Interconnects
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1RWH�WKDW�WKLV�LV�D�VLQJOH�HTXDWLRQ�LQ�WKH�VLQJOH�XQNQRZQ�WHPSHUDWXUH
7P��2QFH� WKLV� VHOI�FRQVLVWHQW� WHPSHUDWXUH� LV� REWDLQHG� IURP� ����� WKH
FRUUHVSRQGLQJ�PD[LPXP�DOORZHG�MSHDN�DQG�MUPV�FDQ�EH�FDOFXODWHG�IURP
���� DQG� ����� 7KH� VHOI�FRQVLVWHQW� HTXDWLRQ� JLYHQ� E\� ����� IRU� XQLSRODU
SXOVHV�LV�DOVR�YDOLG�IRU�PRUH�JHQHUDO�WLPH�YDU\LQJ�ZDYHIRUPV�ZLWK�DQ
HIIHFWLYH� GXW\� F\FOH� UHII� >��@��2QH� RI� WKH� FRQVHTXHQFHV� RI� WKH� VHOI�
FRQVLVWHQW� HTXDWLRQ� LV� WKDW�� IRU� D� FHUWDLQ� M�� DV� U� GHFUHDVHV� WKH� VHOI�
FRQVLVWHQW�WHPSHUDWXUH�DQG�WKH�PD[LPXP�DOORZHG�MSHDN�LQFUHDVHV��7KLV
HIIHFW� LV� VKRZQ� LQ� )LJ�� �� IRU�&X� LQWHUFRQQHFWV�� 6HFRQGO\�� LW� FDQ� EH
REVHUYHG�WKDW�DV�U�GHFUHDVHV�WKH�UDWLR�MSHDN�VHOI�FRQVLVWHQW��MSHDN�ZLWKRXW�VHOI�
KHDWLQJ��L�H���WKH�OLQH�ODEHOHG���U��GHFUHDVHV�PRQRWRQLFDOO\��$W�U� �������WKH
VHOI�FRQVLVWHQW� MSHDN� LV� QHDUO\� �� WLPHV� VPDOOHU� WKDQ� WKH� MSHDN� REWDLQHG
IURP� (0� FRQVWUDLQW� RQO\�� L�H��� ZLWKRXW� VHOI�KHDWLQJ�� )URP� WKH� (0
OLIHWLPH�UHODWLRQ�JLYHQ�E\�����WKLV�LPSOLHV�WKDW�LI�D�GHVLJQ�XVHG�RQO\�WKH
DYHUDJH��(0��FXUUHQW�DV�WKH�GHVLJQ�JXLGHOLQH�ZLWKRXW�FRPSUHKHQGLQJ
VHOI�KHDWLQJ�LW�FRXOG�KDYH�D�OLIHWLPH�QHDUO\�WKUHH�WLPHV�VPDOOHU�WKDQ�WKH
UHOLDELOLW\�UHTXLUHPHQW��7KLUGO\��LW�FDQ�EH�REVHUYHG�IURP�)LJ����WKDW��DV



M��LV�LQFUHDVHG��WKH�VHOI�FRQVLVWHQW�LQWHUFRQQHFW�PHWDO�WHPSHUDWXUH��7P�
LQFUHDVHV�DV�H[SHFWHG�IURP�������+RZHYHU��WKH�PD[LPXP�DOORZHG�MSHDN
GRHV� QRW� LQFUHDVH�PXFK� IRU� YDOXHV� RI� U� �� ������ 7KDW� LV� M�� EHFRPHV
LQFUHDVLQJO\�LQHIIHFWLYH�LQ�LQFUHDVLQJ�MSHDN�DV�WKH�GXW\�F\FOH�U��GHFUHDVHV�
)URP�WKH�DERYH�DQDO\VLV��LW�DSSDUHQWO\�VHHPV�WKDW�(0�FDSDELOLW\�PLJKW
FHDVH�WR�EH�WKH�GRPLQDQW�GULYHU�RI�LQWHUFRQQHFW�WHFKQRORJ\�HYROXWLRQ
DQG�WKHUPDO�HIIHFWV�ZLOO�OLPLW�WKH�PD[LPXP�DOORZHG�MSHDN�

)LJXUH���� 6HOI�FRQVLVWHQW� VROXWLRQV� IRU�7P� DQG� MSHDN�� 3DUDPHWHUV�XVHG
KHUH�DUH��M� �����0$�FP���WR[� ���µP��WP� �����µP��DQG�:P� ���µP�
,QWHUFRQQHFW�PHWDO�LV�&X�ZLWK�ρP�7P�� ������[������Ω�FP�>��������[
������&����7P���7UHI�@��7KH� WZR�GRWWHG�OLQHV�LQGLFDWH�MSHDN�YDOXHV�EDVHG
RQ�D��MSHDN� �M��U��DQG�E��MSHDN� �MUPV�U�����
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)LJXUH����6HOI�FRQVLVWHQW�DQDO\VLV�VKRZLQJ�GHSHQGHQFH�RI�7P�DQG�MSHDN
RQ�M���3DUDPHWHUV�XVHG�KHUH�DUH��WR[� �����µP��WP� �����µP��DQG�:P� 
����µP��,QWHUFRQQHFW�PHWDO�LV�&X�

7KH�DERYH�DQDO\VLV�KRZHYHU�PRWLYDWHV�WKH�IROORZLQJ�TXHVWLRQV�
• 6LQFH� WKH� DERYH� DQDO\VLV� DVVXPHV� D� TXDVL��'� KHDW� FRQGXFWLRQ
PRGHO��ZKDW�ZLOO�EH�WKH�HIIHFWV�RQ�WKH�VHOI�FRQVLVWHQW�VROXWLRQV�LI�D
PRUH�UHDOLVWLF�PRGHO�LV�XVHG"

• 6LQFH�WKH�DERYH�DQDO\VLV�DVVXPHG�WKDW�WKH�LQWUD�OHYHO�DQG�LQWHU�OHYHO
GLHOHFWULF� PDWHULDO� LV� 6L2��� ZKDW� ZLOO� EH� WKH� HIIHFWV� RQ� WKH� VHOI�
FRQVLVWHQW�VROXWLRQV�LI�ORZ�N�PDWHULDOV�DUH�FRQVLGHUHG�DV�FDQGLGDWHV
IRU�LQWUD�OHYHO�GLHOHFWULF�PDWHULDO"

• 6LQFH�WKH�DERYH�DQDO\VLV�DVVXPHG��VLPSOLVWLF�YDOXHV�RI�LQWHUFRQQHFW
JHRPHWU\��DQG�XQGHUO\LQJ�R[LGH�WKLFNQHVV��ZKDW�ZLOO�EH� WKH�HIIHFWV
RQ� WKH� VHOI�FRQVLVWHQW� VROXWLRQV�� LI� WHFKQRORJ\� DQG� LQWHUFRQQHFW
VFDOLQJ�ZHUH�FRQVLGHUHG"

• 6LQFH�WKH�ZDYHIRUP�VKDSH�RU�GXW\�F\FOH�U�SOD\V�DQ�LPSRUWDQW�UROH�LQ
GHWHUPLQLQJ�WKH�PD[LPXP�DOORZHG�7P� DQG�MSHDN��ZKDW�LV� D�UHDOLVWLF
YDOXH�IRU�U�IURP�D�FLUFXLW�GHVLJQHU·V�SRLQW�RI�YLHZ"

• )RU� RSWLPL]HG� GULYHU� DQG� LQWHUFRQQHFW� VLJQDO� OHQJWK� �EHWZHHQ
UHSHDWHUV�� GHVLJQ�� KRZ� GR� WKH� MSHDN� DQG� MUPV� YDOXHV� �IURP� SXUHO\
HOHFWULFDO�FRQVLGHUDWLRQV� VXFK� DV� VLJQDO� GHOD\�� FRPSDUH�ZLWK� WKRVH
JHQHUDWHG�XVLQJ�WKH�VHOI�FRQVLVWHQW�DSSURDFK"

• 6LQFH� WKH� DERYH� DQDO\VLV� DVVXPHG� DQ� LVRODWHG� LQWHUFRQQHFW� OLQH�
ZKDW�ZLOO�EH�WKH�HIIHFWV�RQ�WKH�VHOI�FRQVLVWHQW�VROXWLRQV�LI�UHDO���'
LQWHUFRQQHFW� DUUD\V�� ZLWK� KHDW� JHQHUDWLRQ� LQ� DOO� WKH� OLQHV�� DUH
FRQVLGHUHG"

• )LQDOO\�� WKH� TXHVWLRQ� DOVR� DULVHV� WKDW� KRZ� GR� WKHVH� MSHDN� YDOXHV
FRPSDUH�ZLWK�SHDN�FXUUHQW� GHQVLW\� YDOXHV�FDXVLQJ� RSHQ�FLUFXLW� RU
ODWHQW�PHWDO�GDPDJH�LQ�PHWDO�OLQHV�XQGHU�(6'�FRQGLWLRQV"

���� 7HFKQRORJ\� 6FDOLQJ� DQG� 4XDVL� ��'� +HDW� &RQGXFWLRQ� (IIHFWV� RQ
6HOI�&RQVLVWHQW�'HVLJQ�5XOHV

,Q� WKLV� VHFWLRQ�ZH�ZLOO� DGGUHVV� WKH� ILUVW� WKUHH� LVVXHV� RXWOLQHG� DERYH�
:H�ZLOO�ILUVW�DQDO\]H� WKH�HIIHFWV�RI� OLQH�ZLGWK�VFDOLQJ�RQ� WKH� WKHUPDO
LPSHGDQFH��RU�:HII��GHILQHG�LQ������ZKLFK�LV�DFFXUDWH�WR�ZLWKLQ����IRU
:P�WR[�!�����>��@��,Q�FXUUHQW�'60�WHFKQRORJLHV�WKH�UDWLR�:P�WR[�JHWV
HYHQ�VPDOOHU��HVSHFLDOO\�IRU�WKH�WRS�OHYHO�PHWDO�OLQHV���DQG�:HII��ZKLFK
LV�PHDQW�WR�DFFRXQW�IRU�WKH�H[WUD�KHDW�FRQGXFWLRQ���LOOXVWUDWHG�LQ�)LJ�
��� IURP� WKH� VLGHV� PXVW� EH� REWDLQHG� IRU� UHDO� '60� LQWHUFRQQHFW
VWUXFWXUHV�H[SHULPHQWDOO\��:H�ZLOO�ILUVW�H[SUHVV�:HII�LQ�D�PRUH�JHQHUDO
IRUP�

���� oxmeff tWW ⋅+= φ ����

+HUH�φ� LV� LQWURGXFHG� DV� WKH� KHDW� VSUHDGLQJ� SDUDPHWHU� WKDW�PXVW� EH
H[WUDFWHG�IURP�GDWD�

Silicon
θj

tox

Metal

Wm

Oxide

Quasi 2-D heat
conduction model

Weff = Wm + φ tox

)LJXUH� ��� 6FKHPDWLF� UHSUHVHQWDWLRQ� RI� TXDVL� ��'� KHDW� FRQGXFWLRQ
VFHQDULR�LQ�'60�LQWHUFRQQHFWV�

)XUWKHUPRUH�� QHZ� LQWUD�OHYHO� LQVXODWLQJ� PDWHULDOV� IRU� '60
LQWHUFRQQHFWV� VXFK� DV� ORZ�N� GLHOHFWULFV�� ZKLFK� ORZHU� LQWHUFRQQHFW
FDSDFLWDQFH� �DQG� KHQFH�5&�GHOD\� DQG� FURVV�WDON� QRLVH�� DQG� HQKDQFH
FLUFXLW�SHUIRUPDQFH��DUH�NQRZQ�WR�KDYH�SRRU�WKHUPDO�SURSHUWLHV�>��@�
7KH�WKHUPDO�FKDUDFWHULVWLFV�RI�WKHVH�ORZ�N�GLHOHFWULFV�DQG�WKHLU�LPSDFW
RQ�WKH�LQWHUFRQQHFW�UHOLDELOLW\�LV�LPSRUWDQW�

)RU� H[WUDFWLQJ� WKH� DSSURSULDWH� YDOXH� RI� φ�� WKH� WKHUPDO
LPSHGDQFH� ZDV� H[SHULPHQWDOO\� GHWHUPLQHG� XVLQJ� ����� IRU� $O&X
LQWHUFRQQHFWV� IDEULFDWHG� LQ� D� VWDWH�RI�WKH�DUW� �����µP� LQGXVWULDO
&026�SURFHVV�IORZ��5HVXOWV�DUH�VKRZQ�LQ�)LJ����IRU�D�VWDQGDUG�R[LGH
SURFHVV� DQG� D� ORZ�N� �+64�� LQWUD�OHYHO� �JDS�ILOO�� SURFHVV�� :H� FDQ
REVHUYH�WKDW�IRU�WKH�QDUURZHVW�OLQH�ZLGWK��:P� ������µP��WKH�WKHUPDO
LPSHGDQFH� IRU� WKH� ORZ�N�JDS�ILOO�SURFHVV� LV� DURXQG�����KLJKHU� WKDQ
WKH�YDOXH� IRU� VWDQGDUG�R[LGH� LQ�DJUHHPHQW�ZLWK� WKH� WUHQGV� VKRZQ� LQ
>��@��)XUWKHUPRUH��VLQFH�WKH�UDWLR�RI�:P�WR[��� �������LV�WKH�ORZHVW�IRU
WKLV� OLQH� ZLGWK�� WKH� KHDW� VSUHDGLQJ� SDWWHUQ� IRU� WKLV� FDVH� FDQ� EH
H[SHFWHG�WR�EH�VLPLODU�IRU�WRS�OHYHO�PHWDO�OLQHV�LQ�'60�WHFKQRORJLHV�
8VLQJ�WKH�WKHUPDO�LPSHGDQFH�YDOXH�IRU�:P� ������µP�DQG�XVLQJ�����
DQG�������φ�ZDV�H[WUDFWHG�WR�EH�������IRU�WKH�VWDQGDUG�R[LGH�FDVH���7KH
.R[�YDOXH�XVHG�LQ�WKH�FDOFXODWLRQ�LV�JLYHQ�LQ�7DEOH���
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'LHOHFWULF�0DWHULDO 7KHUPDO�&RQGXFWLYLW\
>:�P���.@

2[LGH��3(7(26� ����
+64 ���

3RO\LPLGH�N ����
7DEOH����7KHUPDO�FRQGXFWLYLW\�YDOXHV��QRUPDO�WR�WKH�GLHOHFWULF�SODQH�
IRU� YDULRXV� GLHOHFWULFV� DQDO\]HG� LQ� WKLV� VWXG\�� 7KHVH� YDOXHV� ZHUH
REWDLQHG�IURP�>��@�IRU��DQG�>��@�IRU��

:H�QRZ�FRQVLGHU�WKH�WHFKQRORJ\�VSHFLILFDWLRQV�IRU�D������µP�DQG����
µP�SURFHVV�DV�SHU�WKH�1756�>��@�VKRZQ�LQ�7DEOH���LQ�WKH�DSSHQGL[�
7KH�LQWHUFRQQHFW�PHWDO�LV�DVVXPHG�WR�EH�&X��DQG�WKH�HIIHFWV�RI�XVLQJ
YDULRXV�LQWUD�OHYHO�GLHOHFWULFV��OLVWHG�LQ�7DEOH����DUH�DQDO\]HG���:H�WKHQ
VROYH� IRU� WKH� VHOI�FRQVLVWHQW� PHWDO� WHPSHUDWXUH�� 7P� DQG� WKH
FRUUHVSRQGLQJ�PD[LPXP�DOORZHG�MUPV�DQG�MSHDN�YDOXHV��+RZHYHU��ZKLOH
VROYLQJ�WKH�VHOI�FRQVLVWHQW�HTXDWLRQ�������ZH�UHSODFH�WKH��WR[�.R[:HII�
WHUP�E\�WKH�IROORZLQJ�JHQHUDOL]HG�WHUP�
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7KLV� LV� QHFHVVDU\� WR� WDNH� FDUH� RI� WKH� KHDW� VSUHDGLQJ� HIIHFW� LQ�'60
VWUXFWXUHV� DQG� WKH� XVH� RI� ORZ�N� PDWHULDOV� DV� LQWUD�OHYHO� JDS�ILOO
GLHOHFWULF��7KH�YDOXH�RI�φ�LV�NHSW�XQFKDQJHG�HYHQ�IRU�WKH�FDVH�RI�JDS�
ILOO� LQWHUFRQQHFW� VWUXFWXUHV�� VLQFH� WKH� KHDW� IORZ� SDWWHUQ� LV� QRW
VLJQLILFDQWO\�DOWHUHG�LQ� WKH�SUHVHQFH�RI�JDS�ILOOHG� GLHOHFWULF��$OVR�� WKH
GXW\� F\FOH� U� LQ� ����� LV� WDNHQ� DV� ����� IRU� DOO� FDVHV�� GXH� WR� UHDVRQV
H[SODLQHG�LQ�WKH�QH[W�VHFWLRQ�

%HIRUH� SUHVHQWLQJ� WKH� VHOI�FRQVLVWHQW� VROXWLRQV�� ZH� PXVW
SRLQW� RXW� DQ� LPSRUWDQW� FDYHDW�� ZKLFK� LV� WKH� GLVWLQFWLRQ� EHWZHHQ
WKHUPDOO\�ORQJ�DQG�WKHUPDOO\�VKRUW�PHWDO�OLQHV��6LQFH�LQWHUFRQQHFW�OHDGV�DUH
W\SLFDOO\�FRQQHFWHG�WR�WKH�GLIIXVLRQ��RU�DQRWKHU�PHWDO�OHDG��WKURXJK�D
FRQWDFW��RU�YLD���WKH�WHPSHUDWXUH�DW�WKH�HQG�UHJLRQV�RI�WKHVH�OLQHV�DUH
LQ� JHQHUDO� ORZHU� WKDQ� WKH� WHPSHUDWXUH� LQ� UHJLRQV� IDU� DZD\� IURP� WKH
HQGV�� 7KH� VROXWLRQ� RI� WKH� GLIIHUHQWLDO� HTXDWLRQ� IRU� VXFK� ��'� KHDW
FRQGXFWLRQ� \LHOGV� WKDW� WKH� VSDWLDOO\� GHSHQGHQW� SDUWV� RI� WKH� VROXWLRQ
GHSHQG�H[SRQHQWLDOO\�RQ�D�FKDUDFWHULVWLF�WKHUPDO�OHQJWK��λ� >��@�ZKLFK
LV�RI�WKH�RUGHU�RI����µP�������µP��0HWDO� OLQHV�ZKLFK�DUH�!!�λ� DUH
WHUPHG�WKHUPDOO\�ORQJ�ZKLOH�WKRVH�ZKLFK�DUH�FORVH�WR�WKH�YDOXH�RI�λ�DUH
WHUPHG�WKHUPDOO\�VKRUW�
������:H�ZLOO� IRFXV� RQ� WKH� DQDO\VLV� RI� WKH� WKHUPDOO\� ORQJ� OLQHV� ZKLFK
JLYH�ULVH�WR�ZRUVW�FDVH� VFHQDULR��:H�ZLOO�QRW�FRQFHQWUDWH�RQ� WKHUPDO
HIIHFWV�IRU�VPDOO�LQWHU�EORFN�LQWHUFRQQHFWV��7KHLU�OHQJWKV�DUH�XVXDOO\�RI
WKH�VDPH�RUGHU�RI�PDJQLWXGH�DV�WKH�WKHUPDO�FKDUDFWHULVWLF�OHQJWK��$OVR
WKHVH�QHWV�DUH�W\SLFDOO\�URXWHG�RQ�WKH�ILUVW�IHZ�OHYHOV�RI�PHWDO��ZKLFK
DUH�FORVHU�WR�WKH�VLOLFRQ�VXEVWUDWH�� DQG�KHQFH� WKH� WKHUPDO�SUREOHP�LV
QRW�DV� VHYHUH��/RQJ� LQWHUFRQQHFWV�ZKLFK�FRXOG� EH�PXFK� ODUJHU� WKDQ
WKH�WKHUPDO�FKDUDFWHULVWLF�OHQJWK�ZLOO�WKHUHIRUH�IRUP�WKH�PDLQ�IRFXV�RI
WKH�IROORZLQJ�DQDO\VLV��7KHVH�ORQJ�OLQHV�XVXDOO\�UHDOL]H�WKH�LQWHU�EORFN
FRPPXQLFDWLRQ� DQG� KHQFH� IRU� GHOD\� SXUSRVHV�� WKH\� DUH� URXWHG� RQ
KLJKHU�� OHVV� UHVLVWLYH� WRS� IHZ� OD\HUV� RI�PHWDO�� +RZHYHU�� WKHVH�PHWDO
OD\HUV�DUH�XVXDOO\� IDU� DZD\� IURP� WKH� VLOLFRQ�VXEVWUDWH� DQG� KHQFH� FDQ
SRWHQWLDOO\�H[SHULHQFH�WKHUPDO�SUREOHPV�

7KHUHIRUH�� VHOI�FRQVLVWHQW� VROXWLRQV� ZHUH� REWDLQHG� IRU� WKH
WRS�PHWDO�OD\HUV�RQO\�LQ�WKH������µP�DQG�����µP�WHFKQRORJLHV��7DEOH
��JLYHV�WKH�YDOXHV�REWDLQHG�IRU�WKH�PD[LPXP�DOORZHG�MSHDN�IRU�D�M���RI��
[�����$�FP��DQG�IRU�WZR�YDOXHV�RI�WKH�GXW\�F\FOH��6LPLODU�DQDO\VLV�ZDV
DOVR� GRQH� IRU� D������KLJKHU�YDOXH� RI� M�� � ���� [� ����$�FP���� WR� EH
PRUH�UHDOLVWLF�IRU�&X�(0��DQG�LV�VKRZQ�LQ�7DEOH���

:H� FDQ� REVHUYH� IURP�7DEOH� �� DQG�7DEOH� ��� WKDW� ZLWKLQ� D
JLYHQ� WHFKQRORJ\� QRGH�� DV� ZH� JR� XS� WKH� PHWDOOL]DWLRQ� OHYHO� WKH
PD[LPXP�DOORZHG�YDOXH�RI�MSHDN�UHGXFHV�DV�H[SHFWHG�GXH�WR�LQFUHDVLQJ
WKHUPDO�HIIHFWV��6HFRQGO\��WKH�HIIHFW�RI�WKH�ORZ�N�PDWHULDOV�ZLWK�ORZHU
WKHUPDO�FRQGXFWLYLW\�ORZHUV�WKH�PD[LPXP�DOORZHG�MSHDN�HYHQ�IXUWKHU�

7KLUGO\��DV�ZH�FDQ�VHH�IURP�7DEOH����LQFUHDVLQJ�WKH�YDOXH�RI
M�� �DW� U�  � ����� UHVXOWV� LQ� LQFUHDVHV� LQ� WKH� PD[LPXP� MSHDN� YDOXHV�
LQGLFDWLQJ� WKH� SRVLWLYH� UHVXOW� RI�XVLQJ�&X� DV� WKH� LQWHUFRQQHFW�PHWDO�
ZKLFK� KDV� KLJKHU� (0� UHVLVWDQFH� FRPSDUHG� WR� $O&X�� ,Q� RUGHU� WR
SURYLGH� D� GLUHFW� FRPSDULVRQ� EHWZHHQ� &X� DQG� $O&X�� PD[LPXP
DOORZHG�MSHDN��VHOI�FRQVLVWHQW��YDOXHV�IRU�$O&X�DUH�SUHVHQWHG�LQ�7DEOH���
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IURP�WKH�VHOI�FRQVLVWHQW�DSSURDFK��IRU�WZR�GLIIHUHQW�WHFKQRORJ\�QRGHV
EDVHG�RQ�&X�DQG�YDULRXV�ORZ�N�GLHOHFWULFV��M�� ���[�����$�FP��
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4 Impact on Circuit Performance and Design
����(IIHFWV�RQ�6LJQDO�/LQH�/HQJWK��DQG�'ULYHU�6L]H�2SWLPL]DWLRQ
,Q� WKLV� VHFWLRQ� ZH� ZLOO� DGGUHVV� WKH� QH[W� WZR� LVVXHV� SRLQWHG� RXW� LQ
VHFWLRQ������$V�ZH�KDYH�PHQWLRQHG�LQ�6HFWLRQ������WKHUPDO�HIIHFWV�DUH
SUHGRPLQDQW� LQ� VHPL�JOREDO� DQG� JOREDO� LQWHUFRQQHFWV� ZKLFK� DUH
WKHUPDOO\� ORQJ��7KHVH�DUH�XVHG� WR� FRQQHFW� IXQFWLRQDO� EORFNV� �PDFURV�
RYHU� UHODWLYHO\� ORQJ� GLVWDQFHV� DQG� KHQFH� XWLOL]H� WKH� XSSHU� OD\HUV� RI
LQWHUFRQQHFW�� )XUWKHUPRUH�� ORQJ� LQWHUFRQQHFW� OLQHV� DUH� VSOLW� LQWR
EXIIHUHG� VHJPHQWV� >��@�� %XIIHU� LQVHUWLRQ� LV� DOVR� XVHG� WR� UHGXFH� WKH
FURVVWDON�QRLVH�LQ�KLJK�SHUIRUPDQFH�FLUFXLWV� >��@�� ,W�KDV�EHHQ� VKRZQ
>��@� WKDW� IRU� SRLQW� WR� SRLQW� FRQQHFWLRQV�� WKH� RSWLPDO� OHQJWK� RI
LQWHUFRQQHFW�DW�ZKLFK�WR�LQVHUW�UHSHDWHUV�LV�JLYHQ�E\
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ZKLFK� PHDQV� WKDW� WKH� ZLGWK� RI� WKH� 1026� DQG� 3026� IRU� WKLV
LQYHUWHU� DUH� REWDLQHG� E\� VFDOLQJ� WKH� ZLGWK� RI� WKH� FRUUHVSRQGLQJ
WUDQVLVWRUV� LQ� D� PLQLPXP� VL]HG� LQYHUWHU� E\� D� IDFWRU� VRSW�� 7KLV� DOVR
LPSOLHV� WKDW� WKH� GHOD\� EHWZHHQ� DQ\� WZR� RSWLPDOO\� VSDFHG� DQG� VL]HG
UHSHDWHUV�LV�LQGHSHQGHQW�RI�WKH�OD\HU�>��@��7KLV�PRGHO�DOVR�LPSOLHV�WKDW
LW�LV�QRW�RSWLPDO�WR�LQVHUW�EXIIHU�LQ�D�OLQH��ZKLFK�LV�RI�OHQJWK�OHVV�WKDQ
ORSW� IRU�D�JLYHQ�PHWDO� OD\HU��2XU�VLPXODWLRQV�VXJJHVW� WKDW�GULYHUV� DQG
LQWHUFRQQHFWV�RSWLPL]HG�ZLWK�WKLV�PRGHO�PDLQWDLQ�JRRG�VOHZ�UDWHV�IRU
ULVLQJ� DQG� IDOOLQJ� WUDQVLWLRQV� IRU� DOO� WKH� PHWDO� OD\HUV� DQG� DFURVV
WHFKQRORJLHV��)RU�OLQHV�RI�OHQJWK�OHVV�WKDQ�ORSW��WKH�EXIIHU�VL]H�FDQ�DOVR
EH�UHGXFHG�WR�^VRSW�O�ORSW�`�WR�UHGXFH�WKH�SRZHU�GLVVLSDWLRQ�ZKLOH�VWLOO
PDLQWDLQLQJ� JRRG� VOHZ� UDWHV�� +HQFH�� IRU� D� JLYHQ� PHWDO� OHYHO�� WKH
PD[LPXP� 506� FXUUHQW� RFFXUV� LQ� DQ� RSWLPDOO\� EXIIHUHG� RSWLPDO
OHQJWK� LQWHUFRQQHFW�� $OVR�� JLYHQ� WKH� GLVWULEXWHG� QDWXUH� RI� WKH
LQWHUFRQQHFW��WKH�PD[LPXP�506�FXUUHQW�RFFXUV�FORVH�WR�WKH�UHSHDWHU
RXWSXW��+HQFH��ZH�QHHG�WR�ILUVW�YHULI\�ZKHWKHU�WKLV�PD[LPXP�FXUUHQW�
ZKLFK� LV� GLFWDWHG� E\� GHOD\� FRQVLGHUDWLRQV� DOVR� PHHWV� WKH� WKHUPDO
VSHFLILFDWLRQV�REWDLQHG�LQ�6HFWLRQ�����
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FXUUHQW��DQG�WKHUHIRUH�FXUUHQW�GHQVLW\��E\�63,&(�VLPXODWLRQ�ZKHUH�ZH
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$OVR�� WKH� WKHUPDO� FRQGXFWLYLW\� RI� WKHVH� ORZ�N� GLHOHFWULFV� LV� PXFK
ORZHU�WKDQ�VLOLFRQ�GLR[LGH��7DEOH�����7KLV�LPSDFWV�LQ�WZR�ZD\V��)LUVW�
DV� VXJJHVWHG�E\� �����DQG� ����� WKH� RSWLPXP�XQEXIIHUHG� LQWHUFRQQHFW
OHQJWK�LQFUHDVHV� DQG� WKH� RSWLPXP� UHSHDWHU� VL]H� GHFUHDVHV�� ,W�FDQ� EH
VKRZQ�WKDW�VRSW�DQG�F�ORSW�GHFUHDVH�E\� WKH�VDPH� IDFWRU�DQG�KHQFH� WKH
506�FXUUHQW�GHQVLW\�UHPDLQV�DOPRVW�XQFKDQJHG��6HFRQGO\��WKH�ORZHU
WKHUPDO� FRQGXFWLYLW\� RI� WKHVH� PDWHULDOV� FDXVHV� MSHDN�VHOI�FRQVLVWHQW� WR
GHFUHDVH�E\�DOPRVW�D�IDFWRU�RI�WZR�IRU�WKHVH�ORZ�N�GLHOHFWULFV�DQG�WKH
PDUJLQ�EHWZHHQ�MSHDN�VHOI�FRQVLVWHQW�DQG�MSHDN�GHOD\�UHGXFHV��$V�ZH�ZLOO�VHH�LQ
6HFWLRQ� ��� WKH� WKHUPDO� VLWXDWLRQ� LV� H[DFHUEDWHG�ZLWK� WKH� SUHVHQFH� RI
RWKHU�DFWLYH�PHWDO�OLQHV�DW�WKH�VDPH�PHWDO�OD\HU�DV�ZHOO�DV�RWKHU�OD\HUV�
7KLV� IXUWKHU� UHGXFHV� MSHDN�VHOI�FRQVLVWHQW� IRU� WKHVH� FRQILJXUDWLRQV�� +HQFH�
VHOI�KHDWLQJ� QHHGV� WR� EH� FRQVLGHUHG� LQ� KLJK� SHUIRUPDQFH� GHHS� VXE�
PLFURQ�LQWHUFRQQHFW�GHVLJQ�WKDW�HPSOR\V�ORZ�N�GLHOHFWULFV�

7KH� DERYH� DQDO\VLV� DVVXPHV� WKDW� WKH� LQWHUFRQQHFWV� DUH
DOZD\V� DFWLYH�� 7KLV� LV� D� YDOLG� DVVXPSWLRQ� IRU� JOREDO� OLQHV�� EHFDXVH
DOWKRXJK�WKH�DFWLYLW\�SHULRG�RI�LQGLYLGXDO� WUDQVLVWRUV�LV� UHGXFLQJ�ZLWK
VFDOLQJ� DQG� LQFUHDVLQJ� WUDQVLVWRU� FRXQW�� EORFN� VL]H� LV� DOVR� LQFUHDVLQJ
DQG� KHQFH� WKH� DFWLYLW\� SHULRG� IRU� WKH� ZKROH� EORFN� LV� UHODWLYHO\
XQFKDQJHG��+HQFH� WKH� JOREDO� ZLUHV� ZKLFK� FRPPXQLFDWH� ZLWK� WKHVH
EORFNV�KDYH�D�KLJK�DFWLYLW\� UDWH��7KHUHIRUH��GXW\�F\FOH�RI�����XVHG� LQ
WKH�VWXG\�LV�YDOLG��$OVR�QRWH�WKDW�WKH�FLUFXLW�DQDO\VLV�RI�WKLV�VHFWLRQ�LV
IRU� VLJQDO� OLQHV�� ZKLFK� FDUU\� EL�GLUHFWLRQDO� FXUUHQWV�� 7KHVH� OLQHV� DUH
NQRZQ�WR�KDYH�PXFK�KLJKHU�(0�LPPXQLW\��KHQFH�WKH�VHOI�FRQVLVWHQW
YDOXHV�RI�MUPV�DQG�MSHDN��DV�GHWHUPLQHG�LQ�7DEOH���IRU�WKH�XQLSRODU�FDVH�
DUH�ORZHU�ERXQGV�

5 Thermal Effects in Real 3-D Interconnect Arrays
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HIIHFWV�SUHVHQWHG�HDUOLHU� LQ� VHFWLRQ�����ZHUH� EDVHG� RQ�VLQJOH� LVRODWHG
LQWHUFRQQHFW� OLQHV�� ,Q� D� UHDO� ,&� WKHUH� DUH� GHQVHO\� SDFNHG� OD\HUV� RI
LQWHUFRQQHFW�OLQHV�ZKLFK�IRUP�D���'�DUUD\�DV�LOOXVWUDWHG�LQ�)LJ�����7KH
VHOI�KHDWLQJ� RI� LQWHUFRQQHFW� OLQHV� ZLWKLQ� VXFK� DUUD\� FRXOG� EH
VLJQLILFDQWO\� PRUH� VHYHUH� GXH� WR� WKHUPDO� FRXSOLQJ� EHWZHHQ
QHLJKERULQJ� OLQHV�� 7KH� KHDW� IORZ� DQDO\VLV� IRU� VXFK� VWUXFWXUHV� LV
FRPSOLFDWHG� DQG� PXVW� LQYROYH� QXPHULFDO� VLPXODWLRQ� WHFKQLTXHV�
5]HSND� HW� DO��� KDYH� UHFHQWO\� GRQH� D� YHU\� GHWDLOHG� DQDO\VLV� RI� VHOI�
KHDWLQJ�HIIHFWV�LQ�VXFK�VWUXFWXUHV�XVLQJ�ILQLWH�HOHPHQW�VLPXODWLRQV�>��@�

X

Y Z

silicon

Metal 4

Metal 3

Metal 2

Metal 1

line

oxide

)LJXUH����'HQVHO\�SDFNHG���'�LQWHUFRQQHFW�DUUD\�LQ�D�TXDGUXSOH�OHYHO
PHWDOOL]DWLRQ�SURFHVV��6HOI�KHDWLQJ�RI�DQ\�OLQH�ZLWKLQ�VXFK�DQ�DUUD\�LV
VWURQJO\�DIIHFWHG�E\�WKH�DFWLYLW\��KRW�RU�FROG��RI�WKH�QHLJKERULQJ�OLQHV�

7KH� 506� FXUUHQW� GHQVLW\� FDQ� EH� HPSLULFDOO\� VKRZQ� WR� REH\� WKH
IROORZLQJ�UHODWLRQVKLS��VHH�HTXDWLRQ���

)T(

TT
j

mm

refm
rms

2

ρ
−

∝ ����

DQG� WKH� SURSRUWLRQDOLW\� FRQVWDQW� �ZKLFK� LV� LQGHSHQGHQW� RI� WKH
LQWHUFRQQHFW� PDWHULDO�� FDQ� EH� REWDLQHG� HPSLULFDOO\� IURP� WKH� ILQLWH
HOHPHQW� DQDO\VLV� SUHVHQWHG� LQ� >��@� IRU� GLIIHUHQW� LQWHUFRQQHFW
FRQILJXUDWLRQV��ZKLFK�LQFOXGHV���'�DQG���'�HIIHFWV��6XEVWLWXWLQJ�WKLV
HTXDWLRQ� DQG� WKH� (0� OLIHWLPH� HTXDWLRQ� ����� LQ� ������ ZH� FDQ� REWDLQ
DQRWKHU� VHOI�FRQVLVWHQW� HTXDWLRQ� VLPLODU� WR� ������ )URP� WKLV� ZH� KDYH

REWDLQHG� WKH� PD[LPXP� DOORZHG� MSHDN� IRU� PHWDO� �� LQ� D� ��'
FRQILJXUDWLRQ� XVLQJ�&X� WHFKQRORJ\�� :H� DOVR� FRPSDUH� WKLV� ZLWK� WKH
MSHDN� REWDLQHG� IURP� ����� IRU� DQ� LVRODWHG� PHWDO� ��� :H� ILQG� WKDW� WKH
PD[LPXP�DOORZHG�MSHDN�UHGXFHV�E\�QHDUO\�����IRU�WKH���'�FDVH��ZKHUH
DOO� WKH� PHWDO� OLQHV� DUH� KHDWHG�� +HQFH� ZH� FDQ� FRQFOXGH� WKDW� WKH
PD[LPXP� DOORZHG� MSHDN� IRU� UHDO� LQWHUFRQQHFWV� ZRXOG� DOVR� UHGXFH
VLJQLILFDQWO\�IURP�WKH�YDOXHV�FDOFXODWHG�LQ�6HFWLRQ�����

��������������������������������������������0D[LPXP�$OORZHG�MSHDN��0$�FP��
0��0��KHDWHG����'� ���

,VRODWHG�0��KHDWHG����'� ����
7DEOH� ��� &RPSDULVRQ� RI� PD[LPXP� DOORZHG� SHDN� FXUUHQW� GHQVLW\
YDOXHV� IRU� D� PHWDO� �� OLQH� LQ� D� GHQVH� DUUD\� �DV� LQ� )LJ�� ��� ZLWK� DOO
QHLJKERULQJ�OLQHV�KHDWHG�DQG�DQ�LVRODWHG��DV�LQ�VHFWLRQ����PHWDO���OLQH�

6 Thermal Effects under ESD Conditions
,Q� WKLV� VHFWLRQ� ZH� ZLOO� EULHIO\� DGGUHVV� WKH� ODVW� LVVXH� SRLQWHG� RXW� LQ
VHFWLRQ������$�VSHFLDO�FDVH�RI�WKHUPDOO\�DFFHOHUDWHG�LQWHUFRQQHFW�IDLOXUH
FDQ�DOVR�RFFXU�XQGHU�(6'�FRQGLWLRQV��(6'�LV�D�KLJK�FXUUHQW�>!���$@�
VKRUW�WLPH�VFDOH�>������QV@��SKHQRPHQD�WKDW�FDQ�OHDG�WR�FDWDVWURSKLF
RSHQ� FLUFXLW� IDLOXUHV�� DQG� WR� ODWHQW� GDPDJH� >��@�� ,QWHJUDWHG� FLUFXLW
IDLOXUHV� GXH� WR� (6'� KDYH� VLJQLILFDQWO\� LQFUHDVHG� LQ� LPSRUWDQFH� DV
9/6,� WHFKQRORJLHV�FRQWLQXH� WR� VKULQN� WRZDUGV� WKH�GHHS� VXE�PLFURQ
UHJLPH�>��@��5HFHQWO\��%DQHUMHH�HW�DO��� >�@�KDYH�VKRZQ�WKDW�WKH�FULWLFDO
FXUUHQW� GHQVLW\� IRU� FDXVLQJ� RSHQ� FLUFXLW� PHWDO� IDLOXUH� LQ� $O&X
LQWHUFRQQHFWV�LV�a����0$�FP���DQG�KDYH�SUHVHQWHG�D�VKRUW�WLPHVFDOH
KLJK�FXUUHQW�IDLOXUH�PRGHO�IRU�GHVLJQLQJ�UREXVW�LQWHUFRQQHFWV�WR�DYRLG
WKHUPDO� IDLOXUH� XQGHU� KLJK� SHDN� FXUUHQW� FRQGLWLRQV� LQFOXGLQJ� WKRVH
HQFRXQWHUHG� LQ� (6'� SURWHFWLRQ� FLUFXLWV� DQG� ,�2� EXIIHUV�
,QWHUFRQQHFWV� KDYH� DOVR� EHHQ� VKRZQ� WR� VXIIHU� ODWHQW� GDPDJH� LI� WKH
OLQHV�UHVROLGLI\�DIWHU�PHOWLQJ� >�@� DQG� WKLV�KDV�EHHQ�VKRZQ� WR�GHJUDGH
WKH�(0�OLIHWLPH��7KH�PRGHO�SUHVHQWHG�LQ�>�@�FDQ�EH�XVHG�WR�DYRLG�WKLV
UHOLDELOLW\� KD]DUG�� 7KLV� PRGHO� FDQ� DOVR� EH� DSSOLHG� WR� GHVLJQ� &X
LQWHUFRQQHFWV� DV� VKRZQ� E\�9ROGPDQ� HW� DO�� >��@�� 7KHVH� LQWHUFRQQHFW
GHVLJQ�UXOHV�PXVW�EH�REH\HG�IRU�KLJK�FXUUHQW�UREXVWQHVV�

7 Conclusions
,Q� FRQFOXVLRQ�� WKHUPDO� HIIHFWV� LQ� DGYDQFHG� KLJK� SHUIRUPDQFH
LQWHUFRQQHFW�V\VWHPV�DULVLQJ�GXH�WR�VHOI�KHDWLQJ�XQGHU�YDULRXV�FLUFXLW
FRQGLWLRQV�� LQFOXGLQJ� (6'� KDV� EHHQ� H[DPLQHG� LQ� GHWDLO�� $� VHOI�
FRQVLVWHQW� DSSURDFK�� WKDW� VLPXOWDQHRXVO\� FRPSUHKHQGV� VHOI�KHDWLQJ
DQG�(0��KDV�EHHQ�ILUVW�PRGLILHG�XVLQJ�H[SHULPHQWDOO\�PHDVXUHG�VHOI�
KHDWLQJ�GDWD�WR�LQFOXGH�TXDVL���'�KHDW�FRQGXFWLRQ�LQ�'60�PHWDO�OLQHV
WR� DOORZ�PRUH� DJJUHVVLYH� GHVLJQ� UXOHV�� 7KLV�PRGLILHG� VHOI�FRQVLVWHQW
IRUPXODWLRQ� KDV� EHHQ� DSSOLHG� WR� DQDO\]H� WKH� LPSOLFDWLRQV� RI
LQWHUFRQQHFW� WHFKQRORJ\� �&X�� ORZ�N� HWF��� DQG� VFDOLQJ�� 7ZR� GLIIHUHQW
&X�EDVHG�WHFKQRORJ\�QRGHV�������µP�DQG�����µP��DV�SHU�1756�KDV
EHHQ�XVHG�LQ�WKLV�VWXG\�
������8VLQJ� FLUFXLW� OHYHO� VLPXODWLRQV�ZH� KDYH� FRQILUPHG� WKDW� WKH� GXW\
F\FOHV� IRU� RSWLPL]HG� JOREDO� LQWHUFRQQHFWV� UHPDLQ� QHDUO\� LQYDULDQW
DFURVV� PHWDO� OD\HUV� DQG� WHFKQRORJLHV�� $� YDOXH� RI� ����±����� ZDV
REWDLQHG�IRU�DOO�FDVHV��7KLV�DQDO\VLV�KDV�KHOSHG�SURYLGH�D�PRUH�UHDOLVWLF
YDOXH�RI�WKH�GXW\�F\FOH�IRU�DQDO\]LQJ�WKHUPDO�DQG�(0�HIIHFWV�XVLQJ�WKH
VHOI�FRQVLVWHQW� DSSURDFK�� 6HFRQGO\�� WKH� LPSDFW� RI� WKHVH� WKHUPDO
HIIHFWV� RQ� WKH� GHVLJQ� �GULYHU� VL]LQJ�� DQG� RSWLPL]DWLRQ� RI� WKH
LQWHUFRQQHFW� OHQJWK� EHWZHHQ� UHSHDWHUV� DW� WKH� XSSHU�OHYHO� VLJQDO� OLQHV
KDYH�EHHQ�LQYHVWLJDWHG��:H�KDYH�VKRZQ� WKDW�DOWKRXJK� WKH�PD[LPXP
DOORZHG� SHDN� FXUUHQW� GHQVLW\� EDVHG� RQ� WKH� VHOI�FRQVLVWHQW� FULWHULD� LV
JUHDWHU�WKDQ�WKH�SHDN�FXUUHQW�GHQVLW\�REWDLQHG�IURP�RSWLPL]HG�GULYHU
DQG� LQWHUFRQQHFW� FRQILJXUDWLRQV� �L�H��� MSHDN�VHOI�FRQVLVWHQW� !� MSHDN�GHOD\��� IRU
VWDQGDUG� R[LGH�� EXW� WKH\� JHW� FORVHU� DV� ORZ�N� GLHOHFWULF�PDWHULDOV� DUH
LQWURGXFHG�� )XUWKHUPRUH�� ZH� KDYH� VKRZQ� WKDW� LQ� UHDO� ��'
LQWHUFRQQHFW� DUUD\V� WKH� JUHDWHU� VHOI�KHDWLQJ� GXH� WR� WKHUPDO� FRXSOLQJ
HIIHFWV�FRXOG� IXUWKHU� ORZHU� WKH� MSHDN�VHOI�FRQVLVWHQW� E\� QHDUO\� �����+HQFH
IRU�'60� WHFKQRORJLHV� WKHUPDO� HIIHFWV� LQ� LQWHUFRQQHFWV� QHHG� FDUHIXO
FRQVLGHUDWLRQ�

)LQDOO\�� ZH� KDYH� SRLQWHG� RXW� WKDW� DOWKRXJK� WKH� MSHDN�VHOI�
FRQVLVWHQW�YDOXHV�DUH�PXFK�ORZHU�WKDQ�WKH�FXUUHQW�GHQVLWLHV�FDXVLQJ�RSHQ
FLUFXLW�PHWDO�IDLOXUH�XQGHU�(6'�W\SH�FRQGLWLRQV��WKH�LQWHUFRQQHFWV� LQ
(6'�SURWHFWLRQ�FLUFXLWV�DQG�,�2�EXIIHUV�PXVW�EH�GHVLJQHG�VHSDUDWHO\



WR�PHHW� KLJK� FXUUHQW� UREXVWQHVV�� 7KHVH� UHVXOWV� ZLOO� KDYH� LPSRUWDQW
LPSOLFDWLRQV� IRU� SURYLGLQJ� UREXVW� DQG� DJJUHVVLYH� GHHS� VXE�PLFURQ
LQWHUFRQQHFW�GHVLJQ�JXLGHOLQHV�
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