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Danksagung 

'LH 'LSORPDUEHLW ZXUGH DP ,QVWLWXW I�U 0HWDOONXQGH GHU 8QLYHUVLWlW 6WXWWJDUW XQG DP

0D[03ODQFN0,QVWLWXW I�U 0HWDOOIRUVFKXQJ 6WXWWJDUW LP =HLWUDXP YRQ -XOL 5333 ELV -DQXDU 5334

GXUFKJHI�KUW1

+HUUQ 3URI1 'U1 $U]W GDQNH LFK I�U GLH hEHUQDKPH GHV +DXSWEHULFKWV/ VHLQ JUR�HV ,QWHUHVVH DQ

GLHVHU $UEHLW XQG GLH 0|JOLFKNHLW/ GLHVH $UEHLW DQ VHLQHP ,QVWLWXW GXUFK]XI�KUHQ1

+HUUQ 3URI1 'U1 0LWWHPHLMHU GDQNH LFK I�U GLH hEHUQDKPH GHV 0LWEHULFKWV XQG GDV VWHWV YRUKDQ0

GHQH ,QWHUHVVH DQ GLHVHU $UEHLW1

0HLQ EHVRQGHUHU 'DQN JLOW 'U1 &\QWKLD $1 9RONHUW I�U GLH KHUYRUUDJHQGH %HWUHXXQJ ZlKUHQG GHU

JHVDPWHQ =HLW VRZLH I�U GLH (LQI�KUXQJ LQ GDV *HELHW GHU (OHNWURPLJUDWLRQ/ GLH YLHOHQ IUXFKWED0

UHQ 'LVNXVVLRQHQ XQG GLH IDFKOLFKH 8QWHUVW�W]XQJ EHL GLHVHU $UEHLW1

(LQ JUR�HV 'DQNHVFK|Q DQ 5HLQHU 0|QLJ/ GHU PLFK ZlKUHQG GHU JHVDPWHQ =HLW LQ MHGHU +LQVLFKW

VRZRKO EHL WHFKQLVFKHQ DOV DXFK EHL WKHRUHWLVFKHQ )UDJHQ XQWHUVW�W]W KDW XQG PLU GDV Å&DP6FDQ´

I�U GLH $XIQDKPH YRQ KRFKZHUWLJHQ 5(00%LOGHUQ �EHUOLH�1

%HGDQNHQ P|FKWH LFK PLFK ZHLWHUKLQ EHL 'U1 &KULVWLDQ :LWW I�U GLH YLHOHQ Q�W]OLFKHQ 5DWVFKOlJH

EHL ]DKOUHLFKHQ 3UREOHPHQ ZlKUHQG GLHVHU $UEHLW1

9LHOHQ 'DQN I�U GLH IUHXQGOLFKH 8QWHUVW�W]XQJ GXUFK GLH %HOO /DERUDWRULHV/ 86$1 'LH 6WUXNWXU0

KHUVWHOOXQJ ZXUGH GXUFK 'U1 :1 /1 %URZQ HUP|JOLFKW XQG GLH ,RQHQLPSODQWDWLRQ ZXUGH YRQ

'U1 '1 &1 -DFREVRQ GXUFKJHI�KUW1

'LH 7(008QWHUVXFKXQJHQ ZXUGHQ IUHXQGOLFKHUZHLVH YRQ 'U1 5REHUW 51 .HOOHU GXUFKJHI�KUW1

:HLWHUKLQ P|FKWH LFK PLFK EHGDQNHQ EHL 'DQLHOH &DQWDUXWWL I�U GLH $QIHUWLJXQJ GHU 7(00

3UREHQ VRZLH EHL %LUJLW +HLODQG I�U GLH 8QWHUVW�W]XQJ EHL GHU 3UlSDUDWLRQ LP ),%1

(LQ EHVRQGHUHV 'DQNHVFK|Q DQ DOOH 0LWDUEHLWHU GHV ,QVWLWXWV I�U GLH VWHWV YRUKDQGHQH +LOIVEHUHLW0

VFKDIW XQG GDV IUHXQGOLFKH $UEHLWVNOLPD1

1LFKW ]XOHW]W GDQNH LFK PHLQHQ (OWHUQ/ GLH PLU GDV 6WXGLXP HUP|JOLFKWHQ XQG PLFK LPPHU LQ

MHGHU +LQVLFKW XQWHUVW�W]WHQ1
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Kurzfassung 

,Q GLHVHU $UEHLW ZXUGH GHU (LQIOXVV YRQ LRQHQLPSODQWLHUWHP .XSIHU XQG 6DXHUVWRII DXI GDV

(OHNWURPLJUDWLRQVYHUKDOWHQ YRQ 3/8 �P EUHLWHQ $OXPLQLXP0/HLWHUEDKQHQ PLW %DPEXVVWUXNWXU

XQWHUVXFKW1 'HU (LQIOXVV GHU 6FKlGLJXQJ GXUFK GLH ,PSODQWDWLRQ ZXUGH DQ $OXPLQLXPSUREHQ

XQWHUVXFKW/ GLH PLW $OXPLQLXP LPSODQWLHUW ZXUGHQ1 'LH 0HVVXQJHQ DQ GLHVHQ 3UREHQ ]HLJWHQ

NHLQHQ 8QWHUVFKLHG LP 9HUJOHLFK ]X 3UREHQ DXV XQLPSODQWLHUWHP $OXPLQLXP1 8QWHUVXFKXQJHQ

LP 7UDQVPLVVLRQVHOHNWURQHQPLNURVNRS YRQ DXVJHODJHUWHQ 3UREHQ HUJDEHQ HEHQIDOOV NHLQHUOHL

+LQZHLV DXI 6FKlGLJXQJ GXUFK GLH ,PSODQWDWLRQ YRQ .XSIHU RGHU 6DXHUVWRII1 'LH ,RQHQLPSODQWD0

WLRQ KDWWH VRPLW DXFK NHLQHQ (LQIOXVV DXI GLH .RUQVWUXNWXU1 'LHVHU 6DFKYHUKDOW HUODXEWH GLH 8Q0

WHUVXFKXQJ YRQ 3UREHQ PLW XQWHUVFKLHGOLFKHQ /HJLHUXQJV]XVlW]HQ EHL JOHLFK]HLWLJ XQYHUlQGHUWHU

0LNURVWUXNWXU1

(V ZXUGH GHU HOHNWULVFKH :LGHUVWDQG LP 5DVWHUHOHNWURQHQPLNURVNRS LQ0VLWX JHPHVVHQ1 :lKUHQG

GHU (OHNWURPLJUDWLRQ ZDU LQ DOOHQ XQWHUVXFKWHQ 3UREHQ HLQ 0DWHULDODEWUDJ EHREDFKWEDU/ GHU QLFKW

JOHLFKPl�LJ HUIROJWH1 $P .DWKRGHQHQGH GHU XQWHUVXFKWHQ /HLWHUEDKQHQ ZDUHQ 3RUHQ VRZLH 5HV0

WH GHV /HLWHUEDKQPDWHULDOV VLFKWEDU/ DP $QRGHQHQGH ZXUGHQ +�JHO XQG :KLVNHU EHREDFKWHW1

'DV NULWLVFKH 3URGXNW YRQ NXU]HQ /HLWHUEDKQHQ DXV UHLQHP $OXPLQLXP ZDU NOHLQHU DOV GDV EHL

GHQ OHJLHUWHQ 3UREHQ1 'LHV VWLPPW PLW GHU 9RUVWHOOXQJ �EHUHLQ/ GDVV GDV NULWLVFKH 3URGXNW GXUFK

GLH PHFKDQLVFKH )HVWLJNHLW GHV /HLWHUEDKQPDWHULDOV EHVWLPPW ZLUG1 %HL ODQJHQ /HLWHUEDKQHQ PLW

5HVHUYRLU0(QGH ZDU GLH 'ULIWJHVFKZLQGLJNHLW GHU PLW .XSIHU XQG 6DXHUVWRII LPSODQWLHUWHQ %DK0

QHQ GDJHJHQ JU|�HU DOV EHL XQLPSODQWLHUWHQ 3UREHQ DXV UHLQHP $OXPLQLXP1 ,Q ZHOFKHP 0DWHULDO

GLH 'ULIWJHVFKZLQGLJNHLW JU|�HU LVW KlQJW GDKHU YRQ GHU /lQJH GHU /HLWHUEDKQ XQG YRQ GHU DQJH0

OHJWHQ 6WURPGLFKWH DE1 'HU ]HLWDEKlQJLJH 9HUODXI GHV 0DWHULDODEWUDJV LQ NXU]HQ %DKQHQ ZXUGH

PLW HLQHP QHXHQ 0RGHOO EHVFKULHEHQ/ GDV GHQ (IIHNW GHV QLFKW JOHLFKPl�LJHQ $EWUDJV EHU�FN0

VLFKWLJW1



Kapitel 1   Einleitung   

0 4 0

1 Einleitung 

6HLW QXQPHKU �EHU 63 -DKUHQ NRPPW I�U GLH 9HUELQGXQJ ]ZLVFKHQ GHQ 7UDQVLVWRUHQ LQWHJULHUWHU

6FKDOWXQJHQ +,&V, $OXPLQLXP ]XP (LQVDW]1 $OXPLQLXP OlVVW VLFK DXI 6LOL]LXPFKLSV VHKU JXW YHU0

DUEHLWHQ/ EHVLW]W DOOHUGLQJV HLQH HKHU Pl�LJH /HLWIlKLJNHLW/ ZDV ]XP 3UREOHP ZLUG/ ZHQQ GLH

6WUXNWXUEUHLWHQ ZHLWHU VFKUXPSIHQ1 6HLWKHU ZXUGH MHGH (UK|KXQJ GHU 7DNWIUHTXHQ] HLQHV ,&V

GXUFK HLQH 6WUXNWXUYHUNOHLQHUXQJ HUUHLFKW/ GD GLH 6FKDOWJHVFKZLQGLJNHLW GHU 7UDQVLVWRUHQ GHU EH0

JUHQ]HQGH )DNWRU ZDU1 $E HLQHU 6WUXNWXUJU|�H YRQ HWZD 3/6 �P �EHUZLHJW MHGRFK GLH 6LJQDOYHU0

]|JHUXQJ ]ZLVFKHQ GHQ 7UDQVLVWRUHQ JHJHQ�EHU GHU *HVFKZLQGLJNHLW GHU 7UDQVLVWRUHQ VHOEVW1 'LH

NULWLVFKHQ *HVFKZLQGLJNHLWVSIDGH VLW]HQ VRPLW LQ GHQ LQWHUQHQ 9HUELQGXQJHQ YRP HLQHQ (QGH

GHV &KLSV ]XP DQGHUHQ1 $NWXHOOH 0LNURSUR]HVVRUHQ ZHUGHQ LQ 3/4; �P ² 7HFKQLN JHIHUWLJW/ ELV LQ

5 -DKUHQ VROO GLH +HUVWHOOXQJ YRQ 433 QP ² 6WUXNWXUHQ LQ 6HULHQSURGXNWLRQ DQODXIHQ >:LQGHFN/

5333@1

%HL MHGHU 6WUXNWXUYHUNOHLQHUXQJ VWHLJW GLH 6WURPGLFKWH LQ GHU /HLWHUEDKQ1 :LFKWLJH (LQIO�VVH VLQG

GLH -RXOHVFKH (UZlUPXQJ GHU /HLWHUEDKQ VRZLH GLH 6FKlGLJXQJ GHU /HLWHUEDKQ GXUFK (OHNWUR0

PLJUDWLRQ1 'LH 0LNURVWUXNWXU LVW GDEHL HQWVFKHLGHQG I�U GDV (OHNWURPLJUDWLRQVYHUKDOWHQ HLQHV

0DWHULDOV YHUDQWZRUWOLFK/ GD GLHVH GLH 'LIIXVLRQVSIDGH LP 0DWHULDO PLWEHVWLPPW1 ,Q /HLWHUEDKQHQ

DXV $OXPLQLXP NRPPW GDV (OHNWURPLJUDWLRQVSUREOHP EHL KRKHQ 6WURPGLFKWHQ EHVRQGHUV ]XP

WUDJHQ/ GD GLHVHV 0HWDOO HLQHQ QLHGULJHQ 6FKPHO]SXQNW EHVLW]W XQG GDGXUFK HLQHQ KRKHQ 'LIIXVL0

RQVNRHIIL]LHQWHQ DXIZHLVW1

(V LVW VHLW ODQJHP EHNDQQW/ GDVV GHU =XVDW] YRQ /HJLHUXQJVHOHPHQWHQ ZLH .XSIHU GLH /HEHQVGDX0

HU YRQ $OXPLQLXP0/HLWHUEDKQHQ VWDUN YHUOlQJHUW/ MHGRFK LVW GHU *UXQG GDI�U QRFK QLFKW Y|OOLJ

YHUVWDQGHQ1 8P GDV (OHNWURPLJUDWLRQVYHUKDOWHQ VWXGLHUHQ ]X N|QQHQ LVW HLQH VHKU JHQDXH .HQQW0

QLV GHU 0LNURVWUXNWXU QRWZHQGLJ/ GD /HJLHUXQJV]XVlW]H DXI GLHVH HLQHQ JUR�HQ (LQIOXVV DXV�EHQ1

$X�HUGHP LVW GDV NULWLVFKH 3URGXNW DOV 0D� I�U GLH 5HVLVWHQ] HLQHV 0DWHULDOV JHJHQ 6FKlGLJXQJ

GXUFK (OHNWURPLJUDWLRQ VWDUN YRQ GHQ MHZHLOLJHQ +HUVWHOOXQJVEHGLQJXQJHQ DEKlQJLJ/ GLH I�U MH0

GHQ HLQ]HOQHQ :DIHU HWZDV YHUVFKLHGHQ VLQG1 ,Q PRGHUQHQ 0LNURSUR]HVVRUHQ ZLUG GHU]HLW $OX0

PLQLXP GXUFK .XSIHU HUVHW]W1 .XSIHU EHVLW]W HLQH EHVVHUH /HLWIlKLJNHLW XQG HLQH K|KHUH

(OHNWURPLJUDWLRQVEHVWlQGLJNHLW DXIJUXQG GHV K|KHUHQ 6FKPHO]SXQNWHV DOV $OXPLQLXP1 *UXQGOH0

JHQGH .RQ]HSWH N|QQHQ MHGRFK XQWHU 8PVWlQGHQ YRP $OXPLQLXP DXI .XSIHU �EHUWUDJHQ ZHU0

GHQ1
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,P 5DKPHQ GLHVHU $UEHLW ZXUGH GHU (LQIOXVV YRQ .XSIHU XQG 6DXHUVWRII DXI GDV (OHNWURPLJUDWL0

RQVYHUKDOWHQ YRQ 3/8 �P EUHLWHQ $OXPLQLXP0/HLWHUEDKQHQ PLW %DPEXVVWUXNWXU XQWHUVXFKW1 'LH

XQWHUVXFKWHQ 3UREHQ +'LHV, VWDPPHQ DOOH DXV HLQHP :DIHU XQG GLH /HJLHUXQJV]XVlW]H ZXUGHQ

GXUFK ,RQHQLPSODQWDWLRQ ]XJHI�JW1 8P GHQ (LQIOXVV GHU 6WUDKOHQVFKlGLJXQJ GXUFK GLH ,PSODQWD0

WLRQ ]X EHVWLPPHQ ZXUGHQ 0HVVXQJHQ DQ $OXPLQLXPSUREHQ GXUFKJHI�KUW/ GLH PLW $OXPLQLXP

LPSODQWLHUW ZXUGHQ1 %HL GHU ,PSODQWLHUXQJ EOLHE GLH .RUQVWUXNWXU GHU /HLWHUEDKQHQ DQQlKHUQG

HUKDOWHQ1 %HL ELVKHULJHQ $UEHLWHQ �EHU GDV (OHNWURPLJUDWLRQVYHUKDOWHQ YRQ $OXPLQLXP0/HLWHU0

EDKQHQ NRQQWH GDJHJHQ QLFKW LPPHU JHQDX XQWHUVFKLHGHQ ZHUGHQ/ RE WDWVlFKOLFK GHU (LQIOXVV GHV

/HJLHUXQJVHOHPHQWV RGHU GHU (LQIOXVV GHU 0LNURVWUXNWXU DXI GLH (OHNWURPLJUDWLRQ XQWHUVXFKW

ZXUGH1 'XUFK GLH ,RQHQLPSODQWDWLRQ LVW HV QXQ P|JOLFK/ JH]LHOW GHQ (LQIOXVV GHV MHZHLOLJHQ /HJLH0

UXQJVHOHPHQWV EHL YHUJOHLFKEDUHU 0LNURVWUXNWXU ]X XQWHUVXFKHQ/ GD PDQ MHW]W �EHU YHUJOHLFKEDUH

3UREHQ PLW YHUVFKLHGHQHQ /HJLHUXQJV]XVDPPHQVHW]XQJHQ YHUI�JW1
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2 Literaturübersicht und Theorie 

'LHVHV .DSLWHO JLEW HLQHQ NXU]HQ hEHUEOLFN ]XP 7KHPD (OHNWURPLJUDWLRQ1 (V ZLUG JH]HLJW/ ZLH

GXUFK (OHNWURPLJUDWLRQ HLQ 0DWHULDOIOXVV HQWVWHKW XQG ZHOFKH PLNURVWUXNWXUHOOHQ XQG JHRPHWUL0

VFKHQ (LQIO�VVH ]X HLQHU 6FKlGLJXQJ I�KUHQ1 (V ZLUG GHU (LQIOXVV YRQ PHFKDQLVFKHQ 6SDQQXQJHQ

EHVFKULHEHQ XQG ZHLWHUH JUXQGOHJHQGHQ *U|�HQ HUNOlUW/ GLH GLH =XYHUOlVVLJNHLW HLQHV /HLWHU0

EDKQPDWHULDOV EHVWLPPHQ1:HLWHUKLQ ZLUG �EHU GHQ 6WDQG GHU /LWHUDWXU ]XP (LQIOXVV YRQ .XSIHU

XQG 6DXHUVWRII DXI GDV (OHNWURPLJUDWLRQVYHUKDOWHQ YRQ $OXPLQLXP0/HLWHUEDKQHQ EHULFKWHW1

2.1 Elektrotransport 

/HJW PDQ DQ HLQHQ PHWDOOLVFKHQ /HLWHU HLQ HOHNWULVFKHV )HOG DQ/ ILQGHW HLQ )OXVV YRQ IUHLHQ /HL0

WXQJVHOHNWURQHQ VRZLH HLQ UHODWLY JHULQJHU )OXVV YRQ 0HWDOOLRQHQ VWDWW1 'HQ GDGXUFK HQWVWHKHQGHQ

0DWHULDOWUDQVSRUW EH]HLFKQHW PDQ DOV (OHNWURWUDQVSRUW RGHU (OHNWURPLJUDWLRQ1 $WRPEHZHJXQJ ILQGHW

LQ HLQHP )HVWN|USHU �EHU 6SUXQJSUR]HVVH GXUFK 'LIIXVLRQ VWDWW1 :HQQ HLQ 0HWDOODWRP HLQHQ 'LI0

IXVLRQVVFKULWW GXUFKI�KUW/ ZHFKVHOW HV VHLQHQ *LWWHUSODW] XQG KLQWHUOlVVW GRUW HLQH /HHUVWHOOH1 2K0

QH HLQ H[WHUQHV HOHNWULVFKHV )HOG ZLUG NHLQH 6SUXQJULFKWXQJ EHYRU]XJW/ 6SU�QJH ILQGHQ LQ DOOHQ

GUHL 5DXPULFKWXQJHQ VWDWW1 'LHVH $UW YRQ 'LIIXVLRQVEHZHJXQJ ZLUG GXUFK GLH )LFN·VFKHQ *HVHW0

]H EHVFKULHEHQ1

)LQGHW JOHLFK]HLWLJ ]XU WKHUPLVFKHQ $WRPEHZHJXQJ HLQ )OXVV YRQ IUHLHQ /HLWXQJVHOHNWURQHQ VWDWW/

ZHUGHQ GLH 'LIIXVLRQVVSU�QJH GHU $WRPH LQ 5LFKWXQJ GHV (OHNWURQHQIOXVVHV EHYRU]XJW1 /HL0

WXQJVHOHNWURQHQ ZHUGHQ LQ HLQHP 0HWDOO DQ $WRPHQ RGHU DQ *LWWHULQKRPRJHQLWlWHQ ZLH ]1%1

/HHUVWHOOHQ JHVWUHXW1 (LQ 0HWDOOLRQ/ GDV WKHUPLVFK DNWLYLHUW DXV VHLQHP *LWWHUSRWHQWLDO DQJHKREHQ

ZLUG HUIlKUW ZlKUHQG HLQHV 'LIIXVLRQVVSUXQJV YHUHLQIDFKW GDUJHVWHOOW ]ZHL HLQDQGHU HQWJHJHQ

ZLUNHQGH .UlIWH= ,PSXOV�EHUWUDJ GHU /HLWXQJVHOHNWURQHQ DXI GDV 0HWDOOLRQ +VRJ1 Å(OHNWURQHQZLQG´,

XQG &RXORPE0:HFKVHOZLUNXQJ GHV 0HWDOOLRQV PLW GHP HOHNWULVFKHQ )HOG1 +VRJ1 'LUHNWNUDIW,1 0DQ

QLPPW DQ/ GDVV ZHJHQ GHU $EVFKLUPXQJ GHU $WRPNHUQH GXUFK GLH (OHNWURQHQ GHU (LQIOXVV GHU

'LUHNWNUDIW YHUQDFKOlVVLJEDU JHULQJ LVW1 'LH .UDIW GXUFK GHQ (OHNWURQHQZLQG LVW LP 9HUJOHLFK ]XU

(QHUJLH/ GLH I�U HLQHQ 'LIIXVLRQVVFKULWW HUIRUGHUOLFK LVW/ VHKU JHULQJ/ DEHU VLH JHZLQQW DQ %HGHX0

WXQJ ZHQQ YLHOH :HFKVHOZLUNXQJHQ ]ZLVFKHQ (OHNWURQHQ XQG 0HWDOOLRQHQ VWDWWILQGHQ/ ZDV EHL

KRKHQ 6WURPGLFKWHQ GHU )DOO LVW1 'HU (OHNWURQHQZLQG EHZLUNW GDKHU HLQHQ ]XVlW]OLFKHQ %HLWUDJ

]XU 'LIIXVLRQ GHU $WRPH XQG HV H[LVWLHUW VRPLW HLQH HIIHNWLYH 7ULHENUDIW )(0 LQ 5LFKWXQJ ]XU

$QRGH GHU /HLWHUEDKQ/ GLH PDQ DXV GHP 3URGXNW DXV ÅHIIHNWLYHU /DGXQJ´ H=-/ ZREHL =- DOV
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HIIHNWLYH 9DOHQ] E]Z1 HIIHNWLYH /DGXQJV]DKO EH]HLFKQHW ZLUG/ GHU 6WURPGLFKWH M XQG GHP VSH]LILVFKHQ

:LGHUVWDQG ρ HUKlOW/ ZREHL H GLH (OHPHQWDUODGXQJ LVW=

MH=)(0 ⋅⋅= ρ- 1 +4,

'LHVH .UDIW EHZLUNW HLQHQ )OXVV - GHU $WRPH PLW HLQHU 'ULIWJHVFKZLQGLJNHLW YG  � ⋅)(0 / ZREHL

�  '2N7 GLH 0RELOLWlW GHU $WRPH EH]HLFKQHW=

Ω
=⋅⋅⋅

Ω
= GYMH=

N7
'- ρ- / +5,

N= %ROW]PDQQ0.RQVWDQWH/ 7= DEVROXWH 7HPSHUDWXU/ '= 'LIIXVLRQVNRHIIL]LHQW/ Ω= $WRPYROXPHQ

'HU 'LIIXVLRQVNRHIIL]LHQW LVW DEKlQJLJ GDYRQ/ ZHOFKHU 'LIIXVLRQVPHFKDQLVPXV EHL GHU (OHNWUR0

PLJUDWLRQ ]XP WUDJHQ NRPPW1 'LH 'LIIXVLRQ NDQQ �EHU GDV 9ROXPHQ/ �EHU .RUQJUHQ]HQ/ 9HU0

VHW]XQJHQ XQG �EHU *UHQ]IOlFKHQ VRZLH 2EHUIOlFKHQ HUIROJHQ1 ,Q SRO\NULVWDOOLQHQ 6FKLFKWHQ DXV

$OXPLQLXP VLQG �EOLFKHUZHLVH .RUQJUHQ]HQ GLH GRPLQLHUHQGHQ 'LIIXVLRQVSIDGH >)URVW DQG $VK0

E\/ 4<;5@1 %HL $OXPLQLXP0/HLWHUEDKQHQ PLW %DPEXVVWUXNWXU +$EE1 4, ZLUG �EHUZLHJHQG HLQ

*UHQ]IOlFKHQPHFKDQLVPXV GLVNXWLHUW1 6ROFKH *UHQ]IOlFKHQ ILQGHW PDQ LQ W\SLVFKHQ $O0/HLWHU0

EDKQHQ EHLVSLHOVZHLVH ]X HLQHU 'LIIXVLRQVEDUULHUH/ �EOLFKHUZHLVH 7L1/ VRZLH ]X HLQHU ,VRODWRU0

VFKLFKW DQ GHQ )ODQNHQ/ ]1%1 6L251 'LIIXVLRQ HQWODQJ YRQ 9HUVHW]XQJHQ +SLSH GLIIXVLRQ, LVW HEHQIDOOV

GHQNEDU1 'LH .HQQWQLV GHU JHQDXHQ 0LNURVWUXNWXU GHU /HLWHUEDKQ LVW VRPLW YRQ JUR�HU %HGHX0

WXQJ1

                  polykristallin                Bambusstruktur 

Abb. 1: Schematische Darstellung einer polykristallinen Leiterbahn (links) und einer Bahn mit Bambusstruktur 

(rechts). Leiterbahnen mit Bambusstruktur besitzen keine kontinuierlichen Korngrenzen entlang der Bahn. 
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8P GLH YHUVFKLHGHQHQ 'LIIXVLRQVSIDGH ]X EHU�FNVLFKWLJHQ NDQQ HLQ HIIHNWLYHU 'LIIXVLRQVNRHIIL0

]LHQW EHVFKULHEHQ ZHUGHQ=

9HUV.*9ROHII 'E'D'' ⋅+⋅+= / +6,

'9RO = 9ROXPHQGLIIXVLRQVNRHIIL]LHQW/

'.* = .RUQJUHQ]HQGLIIXVLRQVNRHIIL]LHQW/

'9HU V = 'LIIXVLRQVNRHIIL]LHQW I�U GLH 'LIIXVLRQ HQWODQJ YRQ 9HUVHW]XQJVNHUQHQ/

D/E = 9RUIDNWRUHQ/ $EKlQJLJ YRQ $Q]DKO XQG %UHLWH GHU .RUQJUHQ]HQ E]Z1 9HUVHW]XQJHQ

HQWODQJ GHU /HLWHUEDKQ1

'LH IROJHQGH hEHUVLFKW JLEW HLQH $XVZDKO DQ LQ GHU /LWHUDWXU YHUI�JEDUHQ 'LIIXVLRQVNRHIIL]LHQ0

WHQ I�U $OXPLQLXP/ GLH I�U GLHVH $UEHLW YRQ ,QWHUHVVH VLQG1 (LQH GHWDLOOLHUWH =XVDPPHQVWHOOXQJ

ILQGHW VLFK LQ >:LWW/ 5333@1

V
PH959/4H[S4344/3
5

7 




 −⋅= −

N7
'9RO >3HWHUVRQ DQG 5RWKPDQ/ 4<:3@

9HUV
9HUV $N7

' 4
V
PH9;8/3H[S43:
7

58 ⋅




 −⋅= − >9ROLQ DQG %DOOXIIL/ 4<9;@

$9HUV = 4XHUVFKQLWWVIOlFKH

δ
4

V
PH9</3H[S438
6

47 ⋅




 −⋅= −

N7
'.* >)URVW DQG $VKE\/ 4<;5@

δ= .RUQJUHQ]HQEUHLWH

)�U GLH LQ GLHVHU $UEHLW XQWHUVXFKWHQ 3UREHQ VLQG 0HVVZHUWH I�U GLH *UHQ]IOlFKHQGLIIXVLRQ LQ

GHU /LWHUDWXU QLFKW YHUI�JEDU1
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2.2 Flussdivergenzen 

%HL HLQHU HLQNULVWDOOLQHQ /HLWHUEDKQ NRPPW HV QLFKW QRWZHQGLJHUZHLVH ]X HLQHU $QKlXIXQJ RGHU

HLQHP $EWUDJ YRQ $WRPHQ1 (UVW ZHQQ GHU 0DVVHIOXVV ORNDO JHVW|UW ZLUG WULWW HLQH 6FKlGLJXQJ GHU

/HLWHUEDKQ GXUFK (OHNWURPLJUDWLRQ DXI1 'LHV EH]HLFKQHW PDQ DOV HLQH )OXVVGLYHUJHQ]1 6ROFKH

)OXVVGLYHUJHQ]HQ N|QQHQ EHLVSLHOVZHLVH *HI�JHLQKRPRJHQLWlWHQ/ 7HPSHUDWXUJUDGLHQWHQ RGHU

*UHQ]IOlFKHQ ]X HLQHP DQGHUHP 0DWHULDO VHLQ/ ZLH PDQ VLH HWZD DP (QGH HLQHU /HLWHUEDKQ ILQ0

GHW1 ,VW GHU 0DWHULDOIOXVV/ GHU YRQ HLQHP *HELHW ZHJJHKW/ JU|�HU DOV GHU/ GHU LQ GDV *HELHW KLQHLQ0

VWU|PW/ GDQQ HQWVWHKW GRUW OHW]WHQGOLFK HLQH 3RUH1 ,P XPJHNHKUWHQ )DOO ZLUG DQ GLHVHU 6WHOOH

0DWHULDO DQJHKlXIW XQG HV NRPPW ]XU +�JHOELOGXQJ +VRJ1 Å+LOORFNV´,1 'LHV I�KUW ]X HLQHP $QVWLHJ

GHV HOHNWULVFKHQ :LGHUVWDQGHV GHU /HLWHUEDKQ RGHU ]XP .XU]VFKOXVV ]ZLVFKHQ EHQDFKEDUWHQ

%DKQHQ1 

2.3 Einfluss mechanischer Spannungen 

'HU (LQIOXVV YRQ PHFKDQLVFKHQ 6SDQQXQJHQ ZXUGH HUVWPDOV YRQ ,1 $1 %OHFK EHREDFKWHW >%OHFK/

4<:9@1 :LUG HLQH $OXPLQLXP0/HLWHUEDKQ +DXFK DOV 6HJPHQW EH]HLFKQHW, DXI HLQHU VFKZDFK OHLWHQ0

GHQ 7L106FKLFKW PLW 6WURP EHODVWHW/ ILQGHW 0DWHULDODEWUDJ VWDWW XQG HV NRPPW ]XU %LOGXQJ YRQ

3RUHQ DP .DWKRGHQHQGH XQG ]XU +�JHOELOGXQJ DP $QRGHQHQGH GHU %DKQ1 'HU VRJ1 Å%OHFK0

(IIHNW´ ]HLJW/ GDVV HLQH NULWLVFKH 6WURPGLFKWH MF HUIRUGHUOLFK LVW XP HLQHQ 0DWHULDODEWUDJ ]X HU]LH0

OHQ1 )�U HLQH 6WURPGLFKWH M ! MF HUUHFKQHW %OHFK GLH PDNURVNRSLVFK EHREDFKWEDUH 9HUVFKLHEXQJV0

JHVFKZLQGLJNHLW ]X

( )FG MMH=
N7
'Y −⋅⋅⋅−= ρ- 1 +7,

'DV $XIWUHWHQ HLQHU NULWLVFKHQ 6WURPGLFKWH ZLUG QDFK %OHFKV 7KHRULH GXUFK HLQHQ GHP (OHNWUR0

PLJUDWLRQVIOXVV HQWJHJHQJHVHW]WHQ 'LIIXVLRQVVWURP -P YHUXUVDFKW/ GHU GXUFK PHFKDQLVFKH 6SDQ0

QXQJHQ HQWVWHKW=

σ∇⋅Ω=
N7
'-P 1 +8,
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Ω = $WRPYROXPHQ

[ = 2UWVNRRUGLQDWH LQ 5LFKWXQJ GHU /HLWHUEDKQ

σ∇ = 6SDQQXQJVJUDGLHQW HQWODQJ GHU /HLWHUEDKQ

∆σc
x

L

e -

Zug

Druck

Abb. 2: Spannungsverlauf sowie maximale Spannungsdifferenz ∆σc in einer Leiterbahn der Länge L. Die Pfeile 

auf der rechten bzw. linken Seite des Segments zeigen Druck- bzw. Zugspannungen an. Die Elektronen fließen 

von links nach rechts. 

'DV $XIWUHWHQ HLQHV 6SDQQXQJVJUDGLHQWHQ NDQQ PDQ VLFK GDGXUFK YHUGHXWOLFKHQ/ LQGHP PDQ HLQ

$WRP EHWUDFKWHW/ GDV LQIROJH (OHNWURPLJUDWLRQ YRP .DWKRGHQHQGH GHU %DKQ ]XP $QRGHQHQGH

ZDQGHUW1 'LHV I�KUW GD]X/ GDVV EHL NRQVWDQWHP 9ROXPHQ DP .DWKRGHQHQGH =XJVSDQQXQJHQ XQG

DP $QRGHQHQGH 'UXFNVSDQQXQJHQ HQWVWHKHQ1 'HU VLFK GDEHL DXIEDXHQGH 6SDQQXQJVJUDGLHQW

NDQQ LP HLQGLPHQVLRQDOHQ )DOO GXUFK ∆σF2/ EHVFKULHEHQ ZHUGHQ/ ZREHL / GLH /lQJH GHU %DKQ

XQG ∆σF GLH 6SDQQXQJVGLIIHUHQ] ]ZLVFKHQ GHQ EHLGHQ (QGHQ LVW +$EE1 5,1 )�U GHQ )DOO YRQ SDV0

VLYLHUWHQ /HLWHUEDKQHQ NDQQ PDQ VLFK GLHVHV %LOG I�U GDV $XIWUHWHQ HLQHV 6SDQQXQJVJUDGLHQWHQ

VHKU JXW YRUVWHOOHQ1 'LH XQWHUVXFKWHQ %DKQHQ VLQG MHGRFK XQSDVVLYLHUW E]Z1 OHGLJOLFK PLW HLQHU

VHKU G�QQHQ 'HFN0 XQG 2[LGVFKLFKW DXI GHU 2EHUVHLWH YHUVHKHQ +V1 $EE1 8 DXI 61 46,1 ,Q GLHVHP

)DOO LVW QRFK QLFKW HQGJ�OWLJ JHNOlUW/ ZHOFKHU 3UR]HVV I�U GDV $XIWUHWHQ YRQ 'UXFNVSDQQXQJHQ

YHUDQWZRUWOLFK LVW1 0|JOLFKHUZHLVH WULWW +�JHOELOGXQJ DXI/ ZHQQ GLH )OLH�VSDQQXQJ GHV 6FKLFKW0

PDWHULDOV HUUHLFKW LVW1 'LHV ZXUGH ELVW MHW]W MHGRFK QRFK QLFKW H[SHULPHQWHOO EHVWlWLJW1 =XGHP

ZXUGHQ +LQZHLVH GDI�U JHIXQGHQ/ GDVV GLH NULWLVFKH 6SDQQXQJ I�U GLH (OHNWURPLJUDWLRQ QLFKW PLW

GHU )OLH�VSDQQXQJ �EHUHLQVWLPPW/ GLH �EHU WKHUPR0PHFKDQLVFKH 9HUIRUPXQJ +ZDIHU FXUYDWXUH,

JHPHVVHQ ZXUGH >6WUDXE/ 5333@1
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,VW GHU GXUFK PHFKDQLVFKH 6SDQQXQJ HQWVWDQGHQH 0DVVHIOXVV -P JOHLFK GHP (OHNWURPLJUDWL0

RQVIOXVV/ GDQQ WULWW NHLQH 9HUVFKLHEXQJ DXI1 )�U GLHVHQ *OHLFKJHZLFKWVIDOO JLOW=

MH=
/

⋅⋅=∆Ω ρσ - 1 +9,

'HU %OHFK0(IIHNW EHVFKUHLEW GDV $XIWUHWHQ HLQHU PD[LPDOHQ 6SDQQXQJVGLIIHUHQ] ∆σc/ GLH HLQ

EHVWLPPWHV 0DWHULDO DXVKlOW1 'LHV YHUGHXWOLFKW/ GDVV HLQ NULWLVFKHU :HUW I�U M ⋅ / H[LVWLHUW1 $XV

*O1 +9, HUKlOW PDQ GDQQ GDV NULWLVFKH 3URGXNW β DXV NULWLVFKHU 6WURPGLFKWH MF XQG NULWLVFKHU /lQJH

/F GHU /HLWHUEDKQ=

ρ
σβ
⋅

∆⋅Ω== -H=
/M F
FF 1 +:,

*O1 +:, EHVDJW/ GDVV PDQ I�U HLQH JHJHEHQH /lQJH / HLQH NULWLVFKH 6WURPGLFKWH MF DQOHJHQ PXVV/

RGHU GDVV PDQ I�U HLQH EHVWLPPWH 6WURPGLFKWH M HLQH 0LQGHVWOlQJH /F EHQ|WLJW XP 0DWHULDODEWUDJ

GXUFK (OHNWURPLJUDWLRQ EHREDFKWHQ ]X N|QQHQ1 'HU (LQIOXVV GHU NULWLVFKHQ /lQJH LVW LQ $EE1 6

GDUJHVWHOOW1 8QWHUKDOE GHU NULWLVFKHQ 6WURPGLFKWH E]Z1 GHU NULWLVFKHQ /lQJH ILQGHW NHLQ 0DWHULDO0

DEWUDJ VWDWW XQG GLH 'ULIWJHVFKZLQGLJNHLW DXV *O1 +7, LVW VRPLW JOHLFK QXOO1 'LH NULWLVFKH /lQJH

ZLUG LQ GHU /LWHUDWXU RIW DXFK DOV %OHFK0/lQJH EH]HLFKQHW1 'DV NULWLVFKH 3URGXNW LVW HLQ 0D� GDI�U/

ZHOFKH PHFKDQLVFKHQ 6SDQQXQJHQ HLQ 0DWHULDO LQIROJH (OHNWURPLJUDWLRQ HUWUlJW1

Abb. 3: a) Blech-Segmente aus Aluminium auf einer durchgehenden TiN-Schicht vor Elektromigration. b) Schädi-

gung infolge Elektromigration tritt bei gleicher Stromdichte erst ab einer kritischen Länge Lc auf. 

/F

Al

TiN

SiO 2

S i

e-

a) 

b) 
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2.4 Inkubationszeit, Drift- und Frontgeschwindigkeit 

3RUHQELOGXQJ ZLUG RIW HUVW QDFK HLQHU JHZLVVHQ =HLW EHREDFKWHW1 $OV ,QNXEDWLRQV]HLW WLQF EH]HLFKQHW

PDQ GLH =HLW/ GLH I�U GLH %LOGXQJ GHU HUVWHQ 3RUH EHQ|WLJW ZLUG1 :lKUHQG GHU ,QNXEDWLRQV]HLW

EDXW VLFK GHU 6SDQQXQJVJUDGLHQW LQ GHU /HLWHUEDKQ DXI/ XQG PLW GHP $XIWUHWHQ GHU HUVWHQ 3RUH LVW

GLH NULWLVFKH 6SDQQXQJ HUUHLFKW1 $QDO\WLVFKH XQG QXPHULVFKH 0RGHOOH OLHIHUQ LP :HVHQWOLFKHQ

HLQH 42M 5 0 $EKlQJLJNHLW GHU ,QNXEDWLRQV]HLW YRQ GHU 6WURPGLFKWH LQ hEHUHLQVWLPPXQJ PLW H[SH0

ULPHQWHOOHQ (UJHEQLVVHQ1 (LQH GHWDLOOLHUWH /LWHUDWXU�EHUVLFKW I�U ]HLWDEKlQJLJH 0RGHOOH ILQGHW

PDQ LQ >:LWW/ 5333@1

'LH *HVFKZLQGLJNHLW/ PLW GHU GHU DQVFKOLH�HQGH 0DWHULDODEWUDJ HUIROJW/ ZLUG �EOLFKHUZHLVH DOV

'ULIWJHVFKZLQGLJNHLW YG EH]HLFKQHW +YJO1 *O1 +5,,1 )LQGHW 0DWHULDODEWUDJ VWDWW/ VDJW PDQ DXFK/ GDVV GDV

6HJPHQW GULIWHW1 ,VW QXU HLQH 3RUH YRUKDQGHQ/ HUKlOW PDQ GLH 'ULIWJHVFKZLQGLJNHLW �EHU GLH LQ0

QHUKDOE HLQHU EHVWLPPWHQ =HLW W JHGULIWHWH /lQJH /G +V1 $EE1 7D,=

W
/Y G

G G
G= 1 +;,

%HL GHQ LQ GLHVHU $UEHLW XQWHUVXFKWHQ XQSDVVLYLHUWHQ $OXPLQLXP0/HLWHUEDKQHQ PLW %DPEXVVWUXN0

WXU ILQGHW MHGRFK �EOLFKHUZHLVH NHLQ NRQWLQXLHUOLFKHU 0DWHULDODEWUDJ VWDWW/ VRQGHUQ HV ZLUG EHR0

EDFKWHW/ GDVV ]ZLVFKHQ DEJHWUDJHQHQ %HUHLFKHQ $OXPLQLXP ]XU�FNEOHLEW1 :HQQ VLFK HLQH 3RUH

JHELOGHW KDW/ ZlFKVW GLHVH ]XQlFKVW ELV ]X HLQHU EHVWLPPWHQ /lQJH ZHLWHU1 'HU 0DWHULDODEWUDJ

HUIROJW DQVFKOLH�HQG VSUXQJKDIW LQ HLQHU QHXHQ 3RUH/ ZHLWHU ]XU�FN OLHJHQGHQ 3RUHQ EOHLEHQ XQ0

YHUlQGHUW/ VREDOG GLH QHXH 3RUH VLFK �EHU GLH JHVDPWH %UHLWH GHU %DKQ HUVWUHFNW +V1 $EE1 7E,1 'LH

JHGULIWHWH /lQJH /G / DXV GHU PDQ GLH 'ULIWJHVFKZLQGLJNHLW QDFK *O1 +;, EHUHFKQHQ NDQQ/ HUKlOW

PDQ GDQQ GDGXUFK/ LQGHP PDQ GLH HLQ]HOQHQ /lQJHQ DXIVXPPLHUW=

/G  /4 . /5 . /6 . 111  ∑
L

L/ 1 +<,

'LH *HVFKZLQGLJNHLW/ PLW GHU VLFK GLH OHW]WH 3RUH E]Z1 GLH 3RUHQIURQW IRUWEHZHJW/ ZLUG DOV )URQW0

JHVFKZLQGLJNHLW Y) EH]HLFKQHW1 'LH )URQWJHVFKZLQGLJNHLW HUKlOW PDQ DQDORJ ]XU 'ULIWJHVFKZLQGLJ0

NHLW DXV GHU 3RVLWLRQ GHU 3RUHQIURQW /) +V1 $EE1 7E,=
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W
/Y )

) G
G= 1 +43,

L0

Ld

LF

L1 L2 L 3

e-

Abb. 4: Schematische Darstellung von Elektromigrationsporen (grau) in einem Leiterbahnsegment der Gesamt-

länge L0. Dargestellt ist die gedriftete Länge Ld sowie die Position der Porenfront LF. Die Elektronen fließen von 

links nach rechts. a) Zu Beginn ist nur eine Pore vorhanden. b) Zu einem späteren Zeitpunkt haben sich mehrere 

Poren gebildet.  

2.5 Lebensdauermessungen 

8P HLQH $XVVDJH GDU�EHU WUHIIHQ ]X N|QQHQ/ ZLH ]XYHUOlVVLJ HLQH /HLWHUEDKQ JHJHQ�EHU (OHNWUR0

PLJUDWLRQ LVW/ ZLUG �EOLFKHUZHLVH GLH PLWWOHUH /HEHQVGDXHU HLQHU $Q]DKO YRQ JOHLFKHQ %DKQHQ

EHVWLPPW1 'LH /HEHQVGDXHU NDQQ DOV GLH =HLW GHILQLHUW ZHUGHQ/ LQQHUKDOE GHU HLQ JHZLVVHU :LGHU0

VWDQGVDQVWLHJ VWDWWILQGHW/ GHU GLH )XQNWLRQ HLQHV HOHNWURQLVFKHQ %DXWHLOV QLFKW PHKU JHZlKUOHLVWHW1

6ROFKH /HEHQVGDXHUQ OLHJHQ LQ GHU *U|�HQRUGQXQJ YRQ PHKUHUHQ -DKUHQ EHL 9HUVXFKVEGLQJXQ0

JHQ YRQ HWZD 433 �& XQG 6WURPGLFKWHQ YRQ 3/4 0$2FP51 (OHNWURPLJUDWLRQVWHVWV ZHUGHQ GDKHU

EHL K|KHUHQ 7HPSHUDWXUHQ/ W\SLVFKHUZHLVH ]ZLVFKHQ 533 XQG 633 �& XQG K|KHUHQ 6WURPGLFKWHQ

LP %HUHLFK YRQ 4 ELV 43 0$2FP5 GXUFKJHI�KUW1 'LH 0HVVHUJHEQLVVH EHL GLHVHQ EHVFKOHXQLJWHQ

%HGLQJXQJHQ P�VVHQ GDKHU DXI GLH %HWULHEVEHGLQJXQJHQ GHV HOHNWURQLVFKHQ %DXWHLOV H[WUDSROLHUW

ZHUGHQ1 'HU HUVWH $QVDW] GDI�U VWDPPW YRQ -DPHV %ODFN/ GHU GLH PLWWOHUH $XVIDOO]HLW W83 EH0

VFKUHLEW DOV

a) 

b) 
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Q H[S83 1 +44,

$ LVW HLQH .RQVWDQWH/ (D GLH $NWLYLHUXQJVHQHUJLH XQG Q GHU 6WURPGLFKWHH[SRQHQW1 1DFK 0RGHOOHQ

LQ GHU /LWHUDWXU ZLUG ZLUG W83 I�U Q  4 YRQ GHU 'ULIWJHVFKZLQGLJNHLW EHVWLPPW/ LVW Q  5 ZLUG W83
ZLUG YRQ GHU .HLPELOGXQJ GHU HUVWHQ 3RUH +,QNXEDWLRQV]HLW, EHVWLPPW1

'LHVHV VRJ1 %ODFN·VFKH *HVHW] ZLUG ]ZDU RIW YHUZHQGHW/ MHGRFK ZLUG HLQH $XVVDJH PLW GLHVHU *OHL0

FKXQJ VHKU SUREOHPDWLVFK/ ZHQQ VLFK GHU 0HFKDQLVPXV LQQHUKDOE GHV 7HPSHUDWXUEHUHLFKV lQ0

GHUW/ LQ GHP GLH ([WUDSRODWLRQ GXUFKJHI�KUW ZLUG1 'DQQ UHLFKW QXU HLQH $NWLYLHUXQJVHQHUJLH ]XU

([WUDSRODWLRQ QLFKW PHKU DXV/ XQG JHQDXHUH SK\VLNDOLVFKH 0RGHOOH ZHUGHQ QRWZHQGLJ1

0LW GHU .HQQWQLV GHU ,QNXEDWLRQV]HLW WLQF/ GHU 'ULIWJHVFKZLQGLJNHLW YG VRZLH GHU )URQWJHVFKZLQ0

GLJNHLW Y)/ GHU NULWLVFKHQ /lQJH /F E]Z1 GHU NULWLVFKHQ 6WURPGLFKWH MF XQG GHP GDUDXV UHVXOWLHUHQ0

GHQ NULWLVFKHQ 3URGXNW β  MF /F EHVLW]W PDQ DOOH QRWZHQGLJHQ 0HVVJU|�HQ XP GDV (OHNWURPLJUD0

WLRQVYHUKDOWHQ HLQHV 0DWHULDOV YROOVWlQGLJ EHVFKUHLEHQ ]X N|QQHQ1 $OOH GLHVH *U|�HQ ZLUNHQ VLFK

DXI GLH /HEHQVGDXHU DXV XQG VLQG VWDUN DEKlQJLJ YRQ GHU 0LNURVWUXNWXU GHV 0DWHULDOV/ VR GDVV

HLQH &KDUDNWHULVLHUXQJ GHU 6FKDGHQVPRUSKRORJLH XQEHGLQJW HUIRUGHUOLFK LVW1

2.6 Zusatz von Legierungselementen 

%HUHLWV LQ GHQ $QIlQJHQ GHU :3HU -DKUH ZXUGH HQWGHFNW/ GDVV GHU =XVDW] YRQ JHULQJHQ 0HQJHQ DQ

.XSIHU +3/8 ² 7 *HZ1(, GLH /HEHQVGDXHU YRQ $OXPLQLXP0/HLWHUEDKQHQ XP ELV ]X 5 *U|�HQRUG0

QXQJHQ YHUOlQJHUW >$PHV/ HW1 DO1/ 4<:3@1 $OXPLQLXP0.XSIHU0/HJLHUXQJHQ ZHUGHQ KHXW]XWDJH URX0

WLQHPl�LJ LQ 0LNURFKLSV YHUZHQGHW/ MHGRFK LVW GHU JHQDXH 0HFKDQLVPXV I�U GLH 9HUEHVVHUXQJ GHU

(OHNWURPLJUDWLRQVHLJHQVFKDIWHQ GXUFK =XOHJLHUHQ YRQ .XSIHU ]X $OXPLQLXP ELV MHW]W QRFK QLFKW

YROOVWlQGLJ JHNOlUW1

'HU (LQIOXVV YRQ .XSIHU ZLUG ]ZDU QRFK QLFKW YROOVWlQGLJ YHUVWDQGHQ/ DEHU HV LVW EHNDQQW/ GDVV

GHU 2UW DQ GHP VLFK GDV .XSIHU LQ GHU $OXPLQLXP0/HLWHUEDKQ EHILQGHW HLQHQ JUR�HQ (LQIOXVV DXI

GLH $OXPLQLXP00LJUDWLRQ EHVLW]W >.QRZOWRQ HW DO1/ 4<<8@/ >7KHLVV HW1 DO1/ 4<<:@1 (V ZLUG EHULFKWHW/

GDVV 'LIIXVLRQ YRQ $OXPLQLXP VRJDU HUVW GDQQ VWDWWILQGHW/ ZHQQ VLFK NHLQ .XSIHU PHKU DP .D0

WKRGHQHQGH GHU %DKQ EHILQGHW >+X/ HW DO1/ 4<<6@/ >6SROHQDN/ 4<<<@1 $OXPLQLXP GLIIXQGLHUW GDQQ
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KLQWHU HLQHU .XSIHUIURQW KHU/ ZREHL GLH 3RVLWLRQ GHV .XSIHUV ZHVHQWOLFK I�U GLH /HEHQVGDXHU GHU

%DKQ YHUDQWZRUWOLFK ]X VHLQ VFKHLQW1 'HU =XVDW] YRQ .XSIHU ZLUNW VLFK GDKHU DXI GLH ,QNXEDWL0

RQV]HLW WLQF/ GHQ 'LIIXVLRQVNRHIIL]LHQWHQ YRQ $OXPLQLXP '$O / GLH HIIHNWLYH 9DOHQ] =- VRZLH DXI GLH

NULWLVFKH 6SDQQXQJ σF DXV1

,Q GHU /LWHUDWXU ILQGHQ VLFK ZLGHUVSU�FKOLFKH (UJHEQLVVH �EHU GHQ (LQIOXVV YRQ .XSIHU DXI GLH

,QNXEDWLRQV]HLW LQ $OXPLQLXP0/HLWHUEDKQHQ PLW %DPEXVVWUXNWXU1 ,Q >+X/ 4<<8@ ZLUG �EHU HLQH

,QNXEDWLRQV]HLW EHULFKWHW/ LQ >3URRVW HW DO1/ 4<<;@ GDJHJHQ ZXUGH NHLQH ,QNXEDWLRQV]HLW EHREDFK0

WHW1 :HLWHUKLQ VFKHLQHQ .XSIHUDXVVFKHLGXQJHQ HLQH ZLFKWLJH 5ROOH EHL GHU 0LJUDWLRQ GHV .XSIHUV

]X VSLHOHQ/ GD VLH TXDVL DOV 5HVHUYRLUV I�U .XSIHU IXQJLHUHQ >:LWW/ 5333@1

,Q >5RVHQEHUJ/ 4<:5@ ZLUG HLQH 5HGXNWLRQ GHU $OXPLQLXP06HOEVWGLIIXVLRQ GXUFK .XSIHU EH0

VFKULHEHQ/ ZREHL GLH .XSIHUDWRPH DQ /HHUVWHOOHQ JHSLQQW ZXUGHQ1 (UVW ZHQQ .XSIHU GXUFK (OHN0

WURPLJUDWLRQ DEJHWUDJHQ ZXUGH/ NDQQ $OXPLQLXP LQ GHU DQ .XSIHU YHUDUPWHQ =RQH IUHL GLIIXQ0

GLHUHQ/ ZDV HLQH (UK|KXQJ GHU ,QNXEDWLRQV]HLW EHZLUNW/ GD QXQ GHU %OHFK0(IIHNW ZLUNVDP ZLUG=

HUVW ZHQQ GLH NXSIHUDUPH =RQH GLH NULWLVFKH /lQJH HUUHLFKW KDW/ ILQGHW HIIHNWLY HLQ $EWUDJ YRQ

$OXPLQLXP VWDWW1 )�U GLHVHV 0RGHOO ZXUGHQ .RUQJUHQ]HQ DOV 'LIIXVLRQVSIDGH DQJHQRPPHQ1

,Q >YDQ (N HW1 DO1/ 4<<8@ ZXUGH GHU (LQIOXVV YRQ .XSIHU DXI GLH HIIHNWLYH 9DOHQ] H=- GXUFK DE LQLWLR

0HWKRGHQ EHUHFKQHW1 'DV 5HVXOWDW LVW HLQH GHXWOLFKH (UQLHGULJXQJ GHU :LQGNUDIW DXI $OXPLQLXP

LQ $QZHVHQKHLW YRQ .XSIHU/ ZDV PLW H[SHULPHQWHOOHQ (UJHEQLVVHQ LQ >.UDIW HW1 DO1/ 4<<:@ �EHUHLQ0

VWLPPW1

$OV ZHLWHUHQ 3DUDPHWHU NDQQ .XSIHU GLH NULWLVFKH 6SDQQXQJ EHHLQIOXVVHQ/ GLH �EOLFKHUZHLVH PLW

GHU )OLH�VSDQQXQJ NRUUHOLHUW ZLUG1 6HLW ODQJHP LVW EHNDQQW/ GDVV .XSIHU GLH )HVWLJNHLW LQ DXV0

VFKHLGXQJVJHKlUWHWHQ $OXPLQLXP0.XSIHU0/HJLHUXQJHQ EHHLQIOXVVW1 $XFK GHU (LQIOXVV YRQ 6DXHU0

VWRII DXI GLH PHFKDQLVFKHQ (LJHQVFKDIWHQ LQ 2'606XSHUOHJLHUXQJHQ LVW VFKRQ ODQJH EHNDQQW1

'LHVHV .RQ]HSW ZXUGH LQ >.UDIW DQG $U]W/ 4<<;@ XQG >$U]W DQG 1L[/ 4<<4@ I�U GLH (QWZLFNOXQJ

YRQ QHXHQ /HEHQVGDXHUPRGHOOHQ YHUZHQGHW1 ,Q >$U]W HW1 DO1/ 4<<5@ ZLUG �EHU GHQ (LQIOXVV YRQ

LRQHQLPSODQWLHUWHP 6DXHUVWRII DXI GLH PHFKDQLVFKH )HVWLJNHLW YRQ $OXPLQLXP0/HLWHUEDKQHQ EH0

ULFKWHW1 (V IDQG QDFK GHU ,PSODQWDWLRQ MHGRFK 5HNULVWDOOLVDWLRQ VWDWW/ ZRGXUFK GLH 0LNURVWUXNWXU

JHlQGHUW ZXUGH1 hEHU GHQ (LQIOXVV YRQ 6DXHUVWRII DXI GLH (OHNWURPLJUDWLRQ LVW LQ GHU /LWHUDWXU

QXU VHKU ZHQLJ EHNDQQW1
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3 Experimentelles 

'LH IROJHQGHQ .DSLWHO EHVFKUHLEHQ GLH 3UREHQSUlSDUDWLRQ/ GHQ 9HUVXFKVDXIEDX/ GLH YHUZHQGHWHQ

0HVVPHWKRGHQ VRZLH GLH ]XU 3UREHQFKDUDNWHULVLHUXQJ YHUZHQGHWHQ 0HWKRGHQ1

3.1 Probenpräparation 

)�U GLHVH $UEHLW ODJHQ EHUHLWV JHIHUWLJWH 3UREHQ YRU1 'LH +HUVWHOOXQJ GHU 6WUXNWXUHQ LQ HLQHU

5HLQUDXPXPJHEXQJ VRZLH GLH DQVFKOLH�HQGH ,RQHQLPSODQWDWLRQ ZXUGH EHL GHQ %HOO /DERUDWRULHV/

86$/ GXUFKJHI�KUW1

3.1.1 Strukturherstellung 

'LH XQWHUVXFKWHQ %OHFK06WUXNWXUHQ ZXUGHQ PLWWHOV 890/LWKRJUDSKLH XQG UHDNWLYHP ,RQHQlW]HQ

DXI WKHUPLVFK R[LGLHUWHQ ^433` 6LOL]LXP0:DIHUQ KHUJHVWHOOW1 6LH EHVWHKHQ DXV XQWHUEURFKHQHQ 733

QP GLFNHQ $O0/HLWHUEDKQHQ DXI GDUXQWHU OLHJHQGHQ 533 QP GLFNHQ 7L10%DKQHQ/ GLH �EHU 53 �P

EUHLWH %DKQHQ ]X YLHU 533 �P [ 533 �P JUR�HQ .RQWDNWSDGV I�KUHQ1 'LH 'LFNH GHU 7L106FKLFKW

XQWHU GHU /HLWHUEDKQ ZXUGH VR JHZlKOW/ GDVV -RXOHVFKH (UZlUPXQJ ZlKUHQGH GHV (OHNWURPLJUD0

WLRQVH[SHULPHQWV QXU HLQH JHULQJH 5ROOH VSLHOW1 'LH 6L250'HFNVFKLFKW GLHQW DOV 0DVNH XP GLH /HL0

WHUEDKQ ZlKUHQG GHV bW]SUR]HVVHV ]X VFK�W]HQ1 1DFK GHU 6WUXNWXUKHUVWHOOXQJ ZXUGHQ GLH :DIHU

93 PLQ ODQJ EHL 733 �& LQ HLQHP *DVJHPLVFK DXV :DVVHUVWRII XQG 6WLFNVWRII +VRJ1 Å)RUPLHUJDV´,

DXVJHODJHUW1 ,Q >:LWW/ 5333@ ZLUG GHU +HUVWHOOXQJVSUR]HVV LP 'HWDLO EHVFKULHEHQ1 1DFK GHU +HU0

VWHOOXQJ ZXUGHQ GLH %HUHLFKH PLW GHQ 6WUXNWXUHQ DXV GHP :DIHU KHUDXVJHVlJW XQG GHU QLFKW EH0

Q|WLJWH 5DQG PLW HLQHU *ODVEUXFK]DQJH DEJHEURFKHQ1 'LH )OlFKH GHU HLQ]HOQHQ &KLSV +'LHV,

EHWUXJ GDQQ FD1 4 FP51

100 nm  SiO 2

400 nm  Al / A l(C u) / A l(O )

300 nm  TiN

100 nm  SiO 2

30 nm  TiN

45 nm  Ti 

Abb. 5: Schematischer Aufbau der untersuchten Probenstrukturen1
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3.1.2 Ionenimplantation 

'LH ,RQHQLPSODQWDWLRQ ZXUGH YRQ '1 &1 -DFREVRQ PLW HLQHP 7DQGHP0,RQHQEHVFKOHXQLJHU EHL

GHQ %HOO /DEV/ 86$/ GXUFKJHI�KUW1 (V ZXUGHQ 6WUXNWXUHQ PLW $OXPLQLXP0/HLWHUEDKQHQ VRZLH

6FKLFKWHQ PLW JOHLFKHP $XIEDX/ GLH ]XU 3UREHQFKDUDNWHULVLHUXQJ YHUZHQGHW ZXUGHQ/ LPSODQWLHUW1

'LH 3UREHQ ZXUGHQ ZlKUHQG GHU ,PSODQWDWLRQ DQ HLQH 0HWDOOSODWWH JHNOHPPW/ GLH VLFK DXI 5DXP0

WHPSHUDWXU EHIDQG1 6LH HUZlUPWHQ VLFK ZlKUHQG GHV ,PSODQWDWLRQVSUR]HVVHV XP QLFKW PHKU DOV

43 �&1 ,Q 7DE1 4 VLQG GLH 'DWHQ I�U GLH ,PSODQWDWLRQ YRQ $OXPLQLXP/ .XSIHU XQG 6DXHUVWRII LQ

GLH JH]HLJWHQ 6WUXNWXUHQ DXIJHI�KUW1 'LH 3DUDPHWHU ZXUGHQ VR EHUHFKQHW/ GDVV VLFK GHU JU|�WH

$QWHLO GHU LPSODQWLHUWHQ $WRPH LQ GHU 0LWWH GHU $OXPLQLXPEDKQHQ E]Z1 GHU $OXPLQLXPVFKLFK0

WHQ EHILQGHW1 'LH 'RVLV I�U GLH ,PSODQWDWLRQ YRQ $OXPLQLXP ZXUGH VR JHZlKOW/ GDVV GLH JOHLFKH

6FKlGLJXQJ ZLH EHL GHU ,PSODQWDWLRQ YRQ .XSIHU HQWVWHKW1 'LH :HUWH ZXUGHQ QDFK /LWHUDWXUZHU0

WHQ I�U GHQ (QHUJLHYHUOXVW EHUHFKQHW/ GHU HQWVWHKW/ ZHQQ HLQ $WRP EHL GHU ,PSODQWDWLRQ DXI HLQHQ

$WRPNHUQ WULIIW1 )�U GLH %HUHFKQXQJ GHV $QWHLOV GHU LPSODQWLHUWHQ $WRPH LQ $WRP0 E]Z1 *H0

ZLFKWVSUR]HQW ZXUGH HLQH KRPRJHQH 9HUWHLOXQJ �EHU GHQ JHVDPWHQ 4XHUVFKQLWW GHU $OXPLQLXP0

EDKQHQ DQJHQRPPHQ1 'LH %HUHFKQXQJ ZLUG GHWDLOOLHUW LQ $QKDQJ ;14 GXUFKJHI�KUW1 ,P

)ROJHQGHQ ZLUG $OXPLQLXP/ GDV PLW $OXPLQLXP/ .XSIHU RGHU 6DXHUVWRII LPSODQWLHUW ZXUGH DOV

$O+$O,/ $O+&X, RGHU $O+2, EH]HLFKQHW1

 Energie [keV] Anzahl [cm-2] At.% [%] Gew.% [%] 

Al 200 1,5 ⋅ 1016 0,62 0,62 

Cu 200 5 ⋅ 1015 0,21 0,35 

O 500 5 ⋅ 1015 0,21 0,12 

Tab. 1: Implantationsdaten für die Implantation von Al, Cu und O: Energie, Implantierungszeit, Gesamtanzahl 

implantierter Atome pro Quadratzentimeter sowie deren Anteil in Atom- bzw. Gewichtsprozent. 

$EE1 9 ]HLJW HLQH 0RQWH0&DUOR 6LPXODWLRQ >75,0/ 4<;8@ I�U GLH $XIHQWKDOWVZDKUVFKHLQOLFKNHLW

GHU LPSODQWLHUWHQ $WRPH LQ $EKlQJLJNHLW YRQ GHU (LQGULQJWLHIH1
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Abb. 6: Monte-Carlo Simulation für die Implantation von Aluminium, Kupfer bzw. Sauerstoff. 

=XU $XVKHLOXQJ YRQ EHL GHU ,PSODQWDWLRQ HU]HXJWHQ 'HIHNWHQ ZXUGHQ GLH $O+&X,0 XQG $O+2,0

3UREHQ MHZHLOV I�U 5 6WXQGHQ EHL 733 �& LP 9DNXXPRIHQ DXVJHODJHUW1 'LH $O+$O,03UREH/ GLH ]XU

8QWHUVXFKXQJ GHU 6FKlGLJXQJ EHL GHU ,PSODQWDWLRQ GLHQWH/ ZXUGH ]XQlFKVW QLFKW DXVJHODJHUW1

3.2 Versuchsaufbau 

(OHNWURPLJUDWLRQVH[SHULPHQWH ZXUGHQ �EHUZLHJHQG LQ0VLWX LP 5DVWHUHOHNWURQHQPLNURVNRS +5(0,

EHL 593 �& GXUFKJHI�KUW1 =XU .RQWUROOH GLHQWHQ MHGRFK DXFK H[0VLWX 0HVVXQJHQ1

3.2.1 In-situ REM 

=X %HJLQQ GLHVHU $UEHLW ZXUGH HLQH EHUHLWV EHL 43 �P EUHLWHQ $O0%DKQHQ EHZlKUWH 0HWKRGH ]XU

.RQWDNWLHUXQJ PLW IHLQHQ :ROIUDPQDGHOQ YHUZHQGHW >6WUDXE/ 5333@/ >6SROHQDN/ 4<<<@1 'DEHL

ZXUGH HLQH LQ0VLWX SUREH VWDWLRQ GHU )LUPD 5DLWK YHUZHQGHW1 ,Q GLHVHU ZXUGH GHU &KLS PLW /HLWVLO0

EHU GHU )LUPD 3ODQR GLUHNW DXI HLQH HOHNWULVFKH +HL]SODWWH JHNOHEW XQG IHLQH :ROIUDPQDGHOQ ZXU0
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GHQ PLW HOHNWULVFKHQ 6WHOOPRWRUHQ YRUVLFKWLJ DXI GLH .RQWDNWSDGV JHIDKUHQ1 ,Q $EE1 : LVW HLQH PLW

1DGHOQ NRQWDNWLHUWH 6WUXNWXU JH]HLJW1

 

Abb. 7: Teststruktur mit acht 95 µm langen Blech-Segmenten. Die neun dunklen Balken sind weggeätzte Berei-

che zwischen den Segmenten. Die 0,5 µm breiten Bahnen sind verbunden mit 20 µm breiteten Bahnen, die zu 

200 µm x 200 µm großen Kontaktpads führen. Die Kontaktierung erfolgt hier mit feinen Wolframnadeln.  

(V VWHOOWH VLFK MHGRFK KHUDXV/ GDVV GLH 3/8 �P EUHLWHQ /HLWHUEDKQHQ VHKU HPSILQGOLFK DXI JHULQJH

PHFKDQLVFKH 6FKZDQNXQJHQ GHU 1DGHOQ LP 0LNURVNRS ZDUHQ/ XQG HV NDP EHL NXU]]HLWLJHP $E0

O|VHQ GHU 1DGHOQ ]X VHKU JUR�HQ hEHUVSDQQXQJHQ/ ZHOFKH GLH 7L106FKLFKW DP .RQWDNWSDG EHL

GHU (LQP�QGXQJ LQ GLH /HLWHUEDKQ DXIVFKPHO]HQ OLH�HQ +$EE1 ;,1 $X�HUGHP HUKLHOW PDQ PLW GLH0

VHU $UW GHU .RQWDNWLHUXQJ VHKU VWDUNH 6FKZDQNXQJHQ EHL GHU :LGHUVWDQGVPHVVXQJ1 (LQ ZHLWHUHU

1DFKWHLO ZDU GLH UHODWLY KRKH %DXZHLVH GHU ÅSUREH VWDWLRQ´/ GLH HLQHQ JUR�HQ $UEHLWVDEVWDQG LP

5(0 HUIRUGHUWH +$EVWDQG ]ZLVFKHQ GHU (OHNWURQHQDXVWULWWV|IIQXQJ XQG GHU 3UREH,1 'DGXUFK

ZXUGH GLH $XIO|VXQJ UHGX]LHUW/ ZDV GLH ,GHQWLIL]LHUXQJ YRQ 3RUHQ HUVFKZHUWH1 *XWH (UJHEQLVVH

ZXUGHQ EHL HLQHP $UEHLWVDEVWDQG YRQ XQWHU 43 PP HUUHLFKW1 5RWDWLRQ XQG .LSSHQ GHU 3UREH LP

5(0 ZDU HEHQIDOOV HUVFKZHUW E]Z1 QXU LQ VHKU JHULQJHP 0D�H P|JOLFK1
 



Kapitel 3   Experimentelles   

0 4: 0

              

 

Abb. 8: Durchschlag der TiN-Schicht am Kontaktpad. Abb. 9: Kontaktpad mit Goldbond 

'LH 6FKZLHULJNHLWHQ EHL GHU .RQWDNWLHUXQJ ZXUGHQ GDGXUFK EHKREHQ/ LQGHP ]XU �EOLFKHQ 0H0

WKRGH ]XU .RQWDNWLHUXQJ YRQ 0LNURFKLSV �EHUJHJDQJHQ ZXUGH1 'LH 'LHV ZXUGHQ GD]X PLW /HLW0

VLOEHU DXI HLQHP .HUDPLN03DFNDJH +73 3LQ/ ',/0)RUPDW/ VRJ1 Å&(5',3´, DXIJHNOHEW XQG GLH

6WUXNWXUHQ ZXUGHQ PLW HLQHP *ROGEDOO08OWUDVFKDOO0%RQGHU GHU )LUPD .XOLFNH ) 6RIID ,QGXVWULHV

,QF1/ 0RGHOO 7:<06/ 6HULH : �EHU IHLQH *ROGGUlKWH NRQWDNWLHUW +ÅJHERQGHW´,1 %HLP 8OWUDVFKDOO0

%RQGHQ ZLUG HLQ IHLQHU *ROGGUDKW PLW +RFKVSDQQXQJ DEJHVFKPRO]HQ/ VR GDVV VLFK HLQH NOHLQH

*ROGNXJHO DP (QGH GHV 'UDKWHV ELOGHW1 'LHVH .XJHO ZLUG GDQQ �EHU HLQH .HUDPLN0.DSLOODUH DXI

GDV .RQWDNWSDG DXI GHP 'LH JHSUHVVW XQG PLW 8OWUDVFKDOO ZLHGHU DXIJHVFKPRO]HQ +$EE1 <,1 $Q0

VFKOLH�HQG ZLUG GHU 'UDKW DXI HLQ YHUJROGHWHV %RQGSDG DXI GHP 3DFNDJH JHI�KUW XQG GRUW HEHQ0

IDOOV PLW 8OWUDVFKDOO DEJHVFKPRO]HQ1 'LH +RFKVSDQQXQJ VWHXHUW GLH *U|�H GHU .XJHO/

$QSUHVVNUDIW XQG 8OWUDVFKDOO]HLW GLH $UW GHV $XIVFKPHO]HQV1 'LH 3DUDPHWHU NRQQWHQ MHGRFK QLFKW

H[DNW HLQJHVWHOOW ZHUGHQ1 7URW] NRQVWDQWHU +RFKVSDQQXQJ ZDU GLH )RUP GHV *ROGEDOOV MHGHV PDO

XQWHUVFKLHGOLFK1 'LH $QSUHVVNUDIW PXVVWH ]XVlW]OLFK PLW HLQHP *HZLFKW YHUVWlUNW ZHUGHQ1 :HL0

WHUKLQ LVW ]X EHDFKWHQ/ GDVV GLH 'LHV JOHLFKPl�LJ DXI GHP 3DFNDJH DXIJHNOHEW ZHUGHQ XP JXWH

8OWUDVFKDOO0hEHUWUDJXQJ ]X HUUHLFKHQ1 'LH LPSODQWLHUWHQ 3UREHQ NRQQWHQ MHGRFK PLW GHP ]XU

9HUI�JXQJ VWHKHQGHQ %RQGHU QLFKW JHERQGHW ZHUGHQ/ GD GLH 2EHUIOlFKH GHU 3DGV EHL GHU ,P0

SODQWDWLRQ YHUlQGHUW ZXUGH1 'HU *ROGEDOO VFKPRO] ]ZDU DXI/ MHGRFK ZDU GLH +DIWXQJ DQ GHU 20

EHUIOlFKH ]X JHULQJ1 'LH LPODQWLHUWHQ 3UREHQ ZXUGHQ GDKHU H[WHUQ GXUFK GLH )LUPD %)) %RQGLQJ

*PE+ PLW HLQHP %RQGHU I�U LQGXVWULHOOH .OHLQVHULHQ JHERQGHW/ DQ GHP GLH 3DUDPHWHU VHKU H[DNW

RSWLPLHUW ZDUHQ XQG JHQDX GHILQLHUW HLQJHVWHOOW ZHUGHQ NRQQWHQ1 'LH JODWWHQ 3DGV DXI GHP &KLS

ZXUGHQ ]XYRU PLW HLQHU IHLQHQ *ODVIDVHU DQJHUDXW XP HLQHQ PHFKDQLVFK VWDELOHQ .RQWDNW ]X HU0

UHLFKHQ1

50  µ m2 µm
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)�U GLH JHERQGHWHQ 3UREHQ LP 3DFNDJH ZXUGH ]XU LQ0VLWX 0HVVXQJ HLQ Y|OOLJ QHXHU 3UREHQKDOWHU

VDPW +HL]XQJ NRQVWUXLHUW/ GHU HLQHQ VHKU JHULQJHQ $UEHLWVDEVWDQG LP 5(0 HUP|JOLFKWH

+$EE1 43,1 'DV 3DFNDJH ZXUGH PLW /HLWVLOEHU GLUHNW DXI GLH +HL]XQJ JHNOHEW XP HLQHQ JXWHQ

WKHUPLVFKHQ .RQWDNW ]X HUUHLFKHQ1 =XVlW]OLFK ZXUGH HV PLW HLQHU .OHPPH DXV 7DQWDO IL[LHUW1 7DQ0

WDO LVW DXFK EHL K|KHUHQ 7HPSHUDWXUHQ QRFK YDNXXPWDXJOLFK1 'LH )OlFKH/ DXI GHU GHU &KLS LP

3DFNDJH DXIOLHJW/ LVW YHUJROGHW XQG GHU HOHNWULVFKH .RQWDNW ZLUG QDFK DX�HQ DQ HLQH NOHLQH .HUEH

GXUFKJHI�KUW1 hEHU GLHVH .HUEH ZXUGH GHU .RQWDNW PLW /HLWVLOEHU ZHLWHU DQ GLH 7D0.OHPPH JH0

I�KUW/ GLH VHOEVW ZLHGHUXP PLW GHP +HL]HOHPHQW LQ .RQWDNW VWHKW1 'DGXUFK KDW GHU &KLS HLQH

HOHNWULVFKH 9HUELQGXQJ ]XU 0DVVH GHV 3UREHQKDOWHUV LP 0LNURVNRS/ ZRGXUFK HOHNWULVFKH $XIOD0

GXQJHQ GXUFK GHQ (OHNWURQHQVWUDKO YHUPLHGHQ ZHUGHQ1 'LH 7HPSHUDWXU GHV +HL]HOHPHQWV ZXUGH

PLW HLQHP 0DQWHOWKHUPRHOHPHQW JHPHVVHQ XQG PLW HLQHP 5HJOHU NRQVWDQW DXI 593 �& JHKDOWHQ1

=XU .RQWUROOH ZXUGH HLQ ]XVlW]OLFKHV 0DQWHOWKHUPRHOHPHQW GLUHNW DXI GDV 3DFNDJH DXIJHNOHEW1

 

 

Abb. 10 (oben): Probenhalter mit Heizung; (unten): Keramikpackage mit aufgeklebtem Chip 
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'HU 0DWHULDODEWUDJ ZXUGH LQ0VLWX LQ HLQHP 5DVWHUHOHNWURQHQPLNURVNRS +5(0, YRP 7\S &DP6FDQ

677 JHPHVVHQ1 (V ZXUGHQ 6HNXQGlUHOHNWURQHQELOGHU DXIJHQRPPHQ XQG 3RUHQ XQG +�JHO EHR0

EDFKWHW1 'LH %HVFKOHXQLJXQJVVSDQQXQJ EHWUXJ 73 N91 'LH %LOGHUIDVVXQJ HUIROJWH GLJLWDO PLW HL0

QHP DQDORJ0GLJLWDO2GLJLWDO0DQDORJ :DQGOHU +$''$, GHU 6RIW ,PDJLQJ 6\VWHP *PE+1 $OV

6RIWZDUH I�U GLH %LOGDXIQDKPH ZXUGH GDV 3URJUDPP DQDO\6,6� 514 HLQJHVHW]W1 'DV ]XU DXWRPDWL0

VFKHQ %LOGDXIQDKPH HQWZLFNHOWH 0DNUR NDQQ $QKDQJ ;16 HQWQRPPHQ ZHUGHQ1

3.2.2 Ex-Situ 

(LQLJH .RQWUROOPHVVXQJHQ ZXUGHQ H[0VLWX GXUFKJHI�KUW1 'D]X ZXUGH HQWZHGHU GHU &KLS RGHU GDV

.HUDPLNSDFNDJH GLUHNW DXI HLQH +HL]SODWWH JHNOHEW1 'LH 7HPSHUDWXU ZXUGH PLW HLQHP DXI GHP

&KLS DXIJHNOHEWHQ 7KHUPRHOHPHQW JHPHVVHQ XQG �EHU HLQHQ 5HJOHU NRQVWDQW JHKDOWHQ1 'LH .RQ0

WDNWLHUXQJ HUIROJWH KLHU DXVVFKOLH�OLFK �EHU IHLQH :ROIUDPQDGHOQ/ GLH HQWZHGHU GLUHNW DXI GLH

.RQWDNWSDGV DXI GHP &KLS RGHU EHL JHERQGHWHQ 3UREHQ DXI GLH %RQGSDGV GHV .HUDPLNSDFNDJHV

JHIDKUHQ ZXUGHQ1

3.3 Messmethoden 

3.3.1 Messung des elektrischen Widerstands 

'HU 9HUODXI GHV HOHNWULVFKHQ :LGHUVWDQGV ZXUGH PLWWHOV 703XQNW00HVVXQJHQ DXIJH]HLFKQHW hEHU

]ZHL .RQWDNWSDGV ZXUGH 6WURP DQ GLH /HLWHUEDKQHQ DQJHOHJW/ DQ GHQ DQGHUHQ EHLGHQ 3DGV ZXUGH

GHU 6SDQQXQJVDEIDOO �EHU GHQ /HLWHUEDKQHQ JHPHVVHQ1 'LH 6WURPVWlUNH E]Z1 GLH DQOLHJHQGH

6SDQQXQJ ZXUGH YRQ ]ZHL .(,7+/(<� 4<< 6\VWHP '0026FDQQHUQ JHPHVVHQ XQG YRQ HLQHP

3& �EHU HLQH ,((( 7;;06FKQLWWVWHOOH PLW HLQHP GDI�U HUVWHOOWHQ 7HVW3RLQW�03URJUDPP DXIJH0

]HLFKQHW1

,Q $EE1 44 LVW GHU (OHNWURQHQIOXVV LQ HLQHU 7HVWVWUXNWXU PLW 5 %OHFK06HJPHQWHQ GDUJHVWHOOW1 'LH

XQWHUVXFKWHQ /HLWHUEDKQHQ N|QQHQ DOV 3DUDOOHOVFKDOWXQJ YRQ 7L1 XQG $OXPLQLXP EHWUDFKWHW

ZHUGHQ1 $Q GHQ 6WHOOHQ/ DQ GHQHQ $O ZHJJHlW]W ZXUGH/ IOLH�HQ GLH (OHNWURQHQ GXUFK GLH 7L10

6FKLFKW/ GLH YHUJOHLFKVZHLVH JHULQJ HOHNWULVFK OHLWIlKLJ LVW1 9HUOlXIW GLH $OXPLQLXPEDKQ SDUDOOHO

]XU 7L106FKLFKW/ IOLH�W MHGRFK SUDNWLVFK GHU JHVDPWH 6WURP GXUFK GLH $OXPLQLXPEDKQ PLW QLHGUL0

JHUHP HOHNWULVFKHP :LGHUVWDQG1 'HU 9RUWHLO GLHVHU 7HVWVWUXNWXUHQ LVW/ GDVV PDQ DQ MHGHP (QGH

GHU /HLWHUEDKQ GLH JOHLFKH )OXVVGLYHUJHQ] HUKlOW1 =XGHP NDQQ GDV (OHNWURPLJUDWLRQVYHUKDOWHQ

HLQHV 6HJPHQWV ZHLWHUKLQ XQWHUVXFKW ZHUGHQ/ DXFK ZHQQ VLFK 3RUH �EHU GLH JHVDPWH %UHLWH GHU
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%DKQ HUVWUHFNHQ/ GD GHU HOHNWULVFKH .RQWDNW �EHU GLH 7L106FKLFKW GXUFKJHI�KUW ZLUG1 (V NRQQWHQ

GDGXUFK DXFK 0HVVXQJHQ DQ PHKUHUHQ LQ 5HLKH JHVFKDOWHWHQ 6HJPHQWHQ GXUFKJHI�KUW ZHUGHQ1

e -

TiN

SiO 2

S i

A l

Abb. 11: Blech-Segmente zur Messung der Driftgeschwindigkeit. An den Stellen wo Aluminium mit TiN in Kontakt 

steht, ist der Stromfluss durch das TiN vernachlässigbar gering. 

)LQGHW HLQ $EWUDJ YRQ $OXPLQLXP VWDWW/ LVW VRPLW HLQ :LGHUVWDQGVDQVWLHJ PHVVEDU/ GHU SURSRUWLR0

QDO ]XU DEJHWUDJHQHQ /lQJH LVW1 'LH :LGHUVWDQGVlQGHUXQJ SUR /lQJH ZXUGH LQ >:LWW/ 5333@ EHL

583 �& DQ HLQHU ;33 �P ODQJHQ $OXPLQLXPEDKQ PLW 5HVHUYRLU0(QGH JHPHVVHQ1 (LQH 9HUVFKLH0

EXQJ ∆/ >�P@ HQWVSULFKW HLQHU :LGHUVWDQGVlQGHUXQJ YRQ ∆527/98/ ZREHL ∆5 GLH :LGHUVWDQGV0

lQGHUXQJ LQ 2KP DQJLEW=

�
¬P

98/7
5/ ∆=∆ 1 +45,

'LH LQ GLHVHU $UEHLW XQWHUVXFKWHQ 6WUXNWXUHQ HQWVSUHFKHQ GHQHQ LQ >:LWW/ 5333@/ GHU +HUVWHO0

OXQJVSUR]HVV ZDU LGHQWLVFK1 :HUGHQ PHKUHUH LQ 5HLKH JHVFKDOWHWH %DKQHQ JHWHVWHW/ PLVVW PDQ GLH

:LGHUVWDQGVlQGHUXQJ YRQ DOOHQ 6HJPHQWHQ1 $XV GHU :LGHUVWDQGVPHVVXQJ HUKlOW PDQ VRPLW GHQ

PLWWOHUHQ 0DWHULDODEWUDJ SUR 6HJPHQW/ ZHQQ PDQ GLH *HVDPWZLGHUVWDQGVlQGHUXQJ GXUFK GLH $Q0

]DKO GHU 6HJPHQWH WHLOW/ LQ GHQHQ 0DWHULDODEWUDJ VWDWWILQGHW1

:LGHUVWDQGVPHVVXQJHQ VLQG ]XU 0HVVXQJ GHV 0DWHULDODEWUDJV QXU GDQQ H[DNW/ ZHQQ GLHVHU

JOHLFKPl�LJ �EHU GLH JHVDPWH %DKQ KLQZHJ VWDWWILQGHW1 :HQQ VLFK 3RUHQ QLFKW �EHU GLH JHVDPWH

%UHLWH HLQHU %DKQ HUVWUHFNHQ/ KlQJW GLH :LGHUVWDQGVlQGHUXQJ YRQ GHU )RUP GHU 3RUH DE1 (LQH

VHKU ODQJH 3RUH/ GLH VLFK QLFKW �EHU GLH JHVDPWH %UHLWH GHU %DKQ DXVVWUHFNW/ YHUXUVDFKW HLQH :L0
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GHUVWDQGVlQGHUXQJ/ GLH ZHVHQWOLFK NOHLQHU LVW DOV HLQH 3RUH PLW JOHLFKHP 9ROXPHQ/ GLH MHGRFK GLH

JHVDPWH %DKQEUHLWH DXVI�OOW1

,Q $EE1 45 LVW GHU :LGHUVWDQGVYHUODXI HLQHU $OXPLQLXP0/HLWHUEDKQ GDUJHVWHOOW/ GLH 4: 6WXQGHQ

ODQJ XQWHUKDOE GHU NULWLVFKHQ 6WURPGLFKWH EHODVWHW ZXUGH XQG QLFKW HOHNWURPLJULHUWH1 'LH %DKQ

ZDU <8 �P ODQJ XQG 3/8 �P EUHLW/ GLH 6WURPGLFKWH EHWUXJ 3/37 0$2FP51 'LH :LGHUVWDQGVPHV0

VXQJ ZXUGH HLQ 7DJ QDFK GHP (LQVWHOOHQ GHU 7HPSHUDWXU JHVWDUWHW1 'HU JHULQJH $QVWLHJ GHXWHW

GDUDXI KLQ/ GDVV HQWZHGHU QRFK HLQ JHULQJHU :lUPHIOXVV ]XU 3UREH VWDWWIDQG RGHU GDVV EHL HUK|K0

WHU 7HPSHUDWXU 'HIHNWH LQ GHU /HLWHUEDKQ DXVKHLOHQ1 'LH 0HVVXQJ ]HLJW MHGRFK/ GDVV PLW GHU :L0

GHUVWDQGVPHVVXQJ HLQH 0HVVJHQDXLJNHLW YRQ XQWHU 4 Ω HUUHLFKW ZXUGH/ ZDV HLQHU HIIHNWLYHQ

/lQJHQlQGHUXQJ YRQ XQWHU 3/6 �P HQWVSULFKW1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

660,0

660,5

661,0

661,5

662,0

662,5

663,0

 

 

∆ R
 [Ω

]

Zeit [h]

Abb. 12: Widerstandsmessung einer Al–Leiterbahn unterhalb der kritischen Stromstärke. 

3.3.2 REM-Aufnahmen 

,Q0VLWX 5(00$XIQDKPHQ ZXUGHQ GD]X YHUZHQGHW XP GDV 9ROXPHQ MHGHU 3RUH GXUFK $XVPHVVHQ

LKUHU )OlFKH ]X EHVWLPPHQ1 'DV 3RUHQYROXPHQ ZXUGH GDQQ LQ HLQH HIIHNWLY JHGULIWHWH /lQJH
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XPJHUHFKQHW/ XQWHU GHU $QQDKPH/ GDVV GRUW ZR 3RUHQ VLFKWEDU ZDUHQ/ GDV JHVDPWH 0DWHULDO DE0

JHWUDJHQ ZXUGH1 3RUHQ/ GLH VLFK QLFKW �EHU GLH JHVDPWH %UHLWH GHU %DKQ HUVWUHFNWHQ/ ZXUGHQ YHU0

QDFKOlVVLJW1 6ROFKH 3RUHQ ZXUGHQ MHGRFK lX�HUVW VHOWHQ EHREDFKWHW1

'DGXUFK/ GDVV PDQ 3RUHQ PLW QLFKW UHFKWHFNLJHU 3URMHNWLRQVIOlFKH LQ TXDGHUI|UPLJH 3RUHQ XP0

UHFKQHW/ HUKlOW PDQ HLQH JHGULIWHWH /lQJH /G / GLH HWZDV �EHU GHU OLHJW/ GLH PDQ DXV GHU :LGHU0

VWDQGVPHVVXQJ HUKlOW1 ,Q $EE1 46 LVW GLHV DP %HLVSLHO HLQHU I�U %DPEXVEDKQHQ W\SLVFKHQ 3RUH

PLW WUDSH]I|UPLJHU 3URMHNWLRQVIOlFKH GDUJHVWHOOW1 'LH XQWHUH UHFKWHFNLJH 3RUH EHVLW]W GLH JOHLFKH

3URMHNWLRQVIOlFKH ZLH GLH REHUH 3RUH1 'LHVH 3RUH HU]HXJW MHGRFK HLQH :LGHUVWDQGVlQGHUXQJ/ GLH

HWZDV ]X JUR� DXVIlOOW/ GD LQ GHQ LQ $EE1 46 JHOE PDUNLHUWHQ %HUHLFKHQ GLH (OHNWURQHQOHLWXQJ MH0

GRFK KDXSWVlFKOLFK �EHU GDV $OXPLQLXP VWDWWILQGHW/ VR GDVV GLH WDWVlFKOLFKH JHGULIWHWH /lQJH /G
HWZDV NOHLQHU LVW1

Al A lTiNAl
+

TiN

TiN
+
Al

TiN Al

Ld

Abb. 13:  Berechnung der gedrifteten Länge aus in-situ REM-Aufnahmen.  

'LH %HUHFKQXQJ YRQ /G ZLUG DQ IROJHQGHP %HLVSLHO JH]HLJW= 'LH JHVDPWH 3RUHQIOlFKH LQ $EE1 47

ZLUG GXUFK 57486 %LOGSXQNWH +3L[HO, GDUJHVWHOOW1 'LH %DKQ LVW 3/8 �P EUHLW/ ZDV HLQHU $Q]DKO YRQ

87 %LOGSXQNWHQ HQWVSULFKW1 'LH HIIHNWLY JHGULIWHWH /lQJH /G HUJLEW VLFK VRPLW ]X +57486287, 3L0

[HO  77: 3L[HO/ ZDV HLQHU /lQJH YRQ /G  77: 3L[HO 2 87 3L[HO 1 3/8 �P  7/4 �P HQWVSULFKW1
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:HLWHUKLQ HUKlOW PDQ DXV GHQ 5(00%LOGHUQ ZLH LQ $EE1 47 JH]HLJW GLH 3RVLWLRQ GHU 3RUHQIURQW

/) / DXV GHU PDQ GLH LQ .DS1 517 HLQJHI�KUWH GLH )URQWJHVFKZLQGLJNHLW Y) EHUHFKQHQ NDQQ1

0,5 µm

Abb. 14: Poren (dunkel) in einer Al-Leiterbahn. Die

ist rot, die Porenfront LF grün und die gedriftete Lä

3.4 Charakterisierungsmethoden 

,P )ROJHQGHQ ZHUGHQ GLH ]XU 3UREHQFKDU

VFKULHEHQ1

3.4.1 Energy Dispersive X-Ray Analysis (EDX

'DV YHUZHQGHWH 5(0 ZDU PLW HLQHP (';

(';07HFKQLN VROOWH ]XP 1DFKZHLV YRQ .

GXQJHQ VLFKWEDU ]X PDFKHQ/ ZXUGHQ LP 5(

%DKQHQ HQWKLHOWHQ MHGRFK NHLQH $XVVFKHLG

ZHUGHQ1 'HU GHWHNWLHUEDUH *HVDPWJHKDOW DQ

XQWHUKDOE GHU 1DFKZHLVJUHQ]H GHV 6\VWHP

EHILQGOLFKHV LRQHQLPSODQWLHUWHV .XSIHU QD

QLFKW ZHLWHU HLQJHJDQJHQ1

3.4.2 Focused Ion Beam (FIB) 

=XU *HI�JHFKDUDNWHULVLHUXQJ VRZLH ]XU 7(

0LNURVNRS +),%, GHU )LUPD )HL YRQ 7\S )

URVNRSV LVW lKQOLFK GHU HLQHV 5DVWHU

*D0,RQHQVWUDKO ]XU (U]HXJXQJ GHU ]X GHWH

ZHUGHQ GXUFK )HOGHPLVVLRQ LQ HLQHU )O�VVL

 

e -
LF
0 56 0

 Elektronen fließen von li

nge Ld blau markiert. 

DNWHULVLHUXQJ YHUZHQG

) 

06\VWHP +2[IRUG /LQ

XSIHU YHUZHQGHW ZHU

0 5�FNVWUHX0%LOGHU

XQJHQ/ XQG VRPLW PX

.XSIHU YRQ 3/5 $W1(

V1 (UZDUWXQJVJHPl�

FK]XZHLVHQ1 $XI GLH

003UREHQKHUVWHOOXQ

,% 533 [3 YHUZHQGHW1

0(OHNWURQHQPLNURVNR

NWLHUHQGHQ 6HNXQGlUH

JPHWDOOLRQHQTXHOOH JH

 
Ld
nks nach rechts. Der Anfang der Bahn 

HWHQ *HUlWH XQG 0HWKRGHQ EH0

N,6,6 5HY1 615, DXVJHU�VWHW1 'LH

GHQ1 8P NXSIHUKDOWLJH $XVVFKHL0

DXIJHQRPPHQ1 'LH XQWHUVXFKWHQ

VVWH .XSIHU LQ /|VXQJ GHWHNWLHUW

+V1 7DE1 4 DXI 61 47, ODJ MHGRFK

JHODQJ HV GDKHU QLFKW/ LQ /|VXQJ

(';07HFKQLN ZLUG KLHU GHVKDOE

J ZXUGH HLQ )RFXVHG ,RQ %HDP

'LH )XQNWLRQVZHLVH GLHVHV 0LN0

SV +5(0,/ MHGRFK ZLUG HLQ

OHNWURQHQ YHUZHQGHW1 'LH ,RQHQ

ELOGHW XQG GXUFK HLQ HOHNWULVFKHV
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)HOG PLW 63 N9 EHVFKOHXQLJW1 'LH )RNXVLHUXQJ HUIROJW GXUFK HOHNWURVWDWLVFKH /LQVHQ1 'HU ,RQHQ0

VWUDKO ZLUG �EHU GLH 2EHUIOlFKH GHU 3UREH JHUDVWHUW XQG GLH GDEHL HQWVWHKHQGHQ 6HNXQGlUHOHNWUR0

QHQ ]XU %LOGHU]HXJXQJ YHUZHQGHW1 'LH :HFKVHOZLUNXQJ GHU ,RQHQ PLW HLQHU NULVWDOOLQHQ 3UREH LVW

DEKlQJLJ YRQ GHU 2ULHQWLHUXQJ GHU .ULVWDOOLWH1 ,RQHQ/ GLH PLW GHU 3UREHQREHUIOlFKH UHDJLHUHQ/

HU]HXJHQ 6HNXQGlUHOHNWURQHQ/ VRJ1 Å&KDQQHOLQJ0,RQHQ´ GDJHJHQ QLFKW1 'HQ .RQWUDVWXQWHUVFKLHG

]ZLVFKHQ XQWHUVFKLHGOLFKHQ NULVWDOORJUDSKLVFKHQ 2ULHQWLHUXQJHQ QHQQW PDQ GDKHU &KDQQHOLQJ0

.RQWUDVW1 'DGXUFK ZLUG HV P|JOLFK/ PLW GHP ),% GDV *HI�JH HLQHV SRO\NULVWDOOLQHQ 0DWHULDOV

VLFKWEDU ]X PDFKHQ1 'HU &KDQQHOLQJ0.RQWUDVW LVW ZHJHQ GHU 2ULHQWLHUXQJVDEKlQJLJNHLW YRP

.LSSZLQNHO GHU 3UREH LP 0LNURVNRS DEKlQJLJ1 :LUG GLH 3UREH EHL QXU HLQHP .LSSZLQNHO XQWHU0

VXFKW/ N|QQHQ HYHQWXHOO HLQ]HOQH EHQDFKEDUWH .|UQHU QLFKW XQWHUVFKLHGHQ ZHUGHQ/ GD GHU .RQ0

WUDVWXQWHUVFKLHG ]X JHULQJ LVW1 8P )HKOHU ]X YHUPHLGHQ/ QLPPW PDQ GDKHU %LOGHU EHL PLQGHVWHQV

GUHL YHUVFKLHGHQHQ .LSSZLQNHOQ DXI1 'LH 2UWVDXIO|VXQJ GHV ),% OLHJW EHL HWZD : QP/ ZRGXUFK

.|UQHU ELV ]X HLQHU *U|�H YRQ XQWHU 433 QP DEJHELOGHW ZHUGHQ N|QQHQ1

,P *HJHQVDW] ]XP 5(0 ZLUG LP ),% GXUFK GHQ ,RQHQVWUDKO EHL MHGHU $EELOGXQJ 0DWHULDO YRQ

GHU 2EHUIOlFKH DEJHWUDJHQ1 'DGXUFK ZLUG GLH 2[LGVFKLFKW PHWDOOLVFKHU 3UREHQ HQWIHUQW/ ZRGXUFK

PDQ HLQHQ JXWHQ &KDQQHOLQJ0.RQWUDVW HUKlOW1 'LHV LVW EHVRQGHUV EHL $OXPLQLXPSUREHQ YRQ %H0

GHXWXQJ/ GD VLH VHOEVW LP 9DNXXP EHL 4309 PEDU R[LGLHUHQ1 :HLWHUKLQ NDQQ GHU 6SXWWHU0(IIHNW GHV

,RQHQVWUDKOV GD]X JHQXW]W ZHUGHQ/ 0DWHULDO VHOHNWLY YRQ GHU 2EHUIOlFKH DE]XWUDJHQ1 'HU 0DWHUL0

DODEWUDJ NDQQ GXUFK 9DULDWLRQ GHU %HVFKOHXQLJXQJVVSDQQXQJ +8 0 63 N9, XQG GHV ,RQHQVWURPV +4

² 44833 S$, JH]LHOW JHVWHXHUW ZHUGHQ1 'LHV NDQQ ]XU +HUVWHOOXQJ YRQ 7(003UREHQ YHUZHQGHW

ZHUGHQ +V1 .DS1 61717,1 'LH 9HUZHQGXQJ HLQHV *D0,RQHQVWUDKOV EHZLUNW MHGRFK ,PSODQWDWLRQ YRQ

*D0,RQHQ LQ GHU 3UREH1 7(003UREHQ/ GLH LP ),% SUlSDULHUW ZXUGHQ/ HQWKDOWHQ GDKHU .RQWDPL0

QDWLRQ YRQ *D1

3.4.3 Elementanalyse SIMS 

'LH 6HNXQGlULRQHQPDVVHQVSHNWURVNRSLH +6,06, HUP|JOLFKW HV LQ .RPELQDWLRQ PLW GHP ),%/

7LHIHQSURILOH EHL JXWHU FKHPLVFKHU $XIO|VXQJ GHU ]X XQWHUVXFKHQGHQ (OHPHQWH DQ]XIHUWLJHQ1

'DEHL ZHUGHQ GLH GXUFK GHQ ,RQHQVWUDKO HU]HXJWHQ 6HNXQGlULRQHQ LQ HLQHP 0DVVHQVSHNWURPHWHU

GHWHNWLHUW1 'DV YHUZHQGHWH ),% LVW GD]X PLW HLQHP 4XDGUXSRO 6,06 'HWHNWRU YRP 7\S 6,060

PDS ,,, GHU )LUPD )HL DXVJHU�VWHW1 'DV 6,06 HUP|JOLFKW HV/ VHKU JHULQJH .RQ]HQWUDWLRQHQ YRQ

(OHPHQWHQ QDFK]XZHLVHQ1 $OOHUGLQJV LVW HV EHL 6,060$QDO\VHQ RIW VFKZLHULJ/ TXDQWLWDWLYH $XVVD0

JHQ ]X WUHIIHQ/ GD GLH $Q]DKO GHU HQWVWHKHQGHQ 6HNXQGlULRQHQ QLFKW QXU YRP 3ULPlULRQ XQG GHP
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]X XQWHUVXFKHQGHQ (OHPHQW VRQGHUQ DXFK YRQ GHU 0DWUL[ XQG GHU 4XDOLWlW GHV 9DNXXPV DEKlQ0

JLJ LVW1 'LHVHV 3UREOHP NDQQ GDGXUFK XPJDQJHQ ZHUGHQ/ LQGHP YHUVFKLHGHQH 6WDQGDUGV ]XU .D0

OLEULHUXQJ I�U GHQ MHZHLOLJHQ )DOO YHUZHQGHW ZHUGHQ1 'DV YHUZHQGHWH 6,06 ZDU I�U GLH

XQWHUVXFKWHQ 3UREHQ MHGRFK QLFKW NDOLEULHUW1

3.4.4 TEM 

=XU +HUVWHOOXQJ GHU 7(003UREHQ ZXUGHQ 6FKLFKWHQ YHUZHQGHW/ GLH DXI GLH JOHLFKH :HLVH KHUJH0

VWHOOW E]Z1 LPSODQWLHUW ZXUGHQ ZLH GLH XQWHUVXFKWHQ /HLWHUEDKQHQ1 9RQ GLHVHQ 6FKLFKWHQ ZXUGHQ

FD1 :3 �P EUHLWH 3UREHQ PLW HLQHU 'LDPDQWVlJH DEJHVlJW XQG DXI HLQHQ .XSIHUULQJ PLW HLQHP

8+8 =ZHLNRPSRQHQWHQNOHEHU DXIJHNOHEW +$EE1 48,1 $Q GLHVHP .XSIHUULQJ PLW 6 PP 'XUFK0

PHVVHU ZLUG GLH 3UREH EHL GHU 8QWHUVXFKXQJ LP 7(0 IL[LHUW1 =XU +HUVWHOOXQJ GHU 7(00/DPHOOH

ZXUGH GLH 3UREH LP ),% SUlSDULHUW1 'LH 7(003UREHQSUlSDUDWLRQ PLW GHP ),% LVW LQ >6SROHQDN/

4<<<@ GHWDLOOLHUW EHVFKULHEHQ1

Abb. 15: Schematische Darstellung einer im FIB präparierten TEM-Probe. 

Kupferring 
∅ 3 mm Probe 

FIB 
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'DV ),% 533 [3 LVW PLW HLQHP *DVLQMHNWLRQVV\VWHP DXVJHVWDWWHW/ GDV HLQH VHOHNWLYH $EVFKHLGXQJ

YRQ :ROIUDP HUP|JOLFKW1 'DV GD]X YHUZHQGHWH *DV/:+&2,9 / ZLUG �EHU HLQH IHLQH 1DGHO LQ HLQHU

(QWIHUQXQJ YRQ 433 �P YRP 6FDQEHUHLFK XQG ;3 �P YRQ GHU 3UREHQREHUIOlFKH HLQJHI�KUW1 =XP

6FKXW] GHU 3UREH YRU ,PSODQWDWLRQ YRQ *D GXUFK GHQ ,RQHQVWUDKO ZXUGH YRU GHP '�QQHQ HLQH

43 �P x 63 �P JUR�H :ROIUDP06FKLFKW DEJHVFKLHGHQ1 %HL HLQHP 6WUDKOVWURP YRQ 5:33 S$ XQG

HLQHU $EVFKHLGHGDXHU YRQ ; PLQ LVW GLH 6FKLFKW FD1 3/; �P GLFN1 $QVFKOLH�HQG ZXUGH HLQH HWZD

45 �P EUHLWH /DPHOOH EHL HLQHP 6WUDKOVWURP YRQ 44833 S$ XQG HLQHU 6WUDKO]HLW YRQ 73 PLQ KHU0

JHVWHOOW1 'DV XPJHEHQGH 0DWHULDO ZXUGH GDEHL ELV DXI HLQH 7LHIH YRQ HWZD 7 �P HQWIHUQW1 'DQDFK

ZXUGH PDQXHOO EHL NOHLQHUHQ 6WUDKOVWU|PHQ ELV ]X 44 S$ VR ODQJH JHG�QQW/ ELV VFKOLH�OLFK HLQH

/DPHOOH PLW HLQHU 'LFNH YRQ XQWHU 433 QP +$EE1 49, HQWVWDQG1

Abb. 16: Präparation einer TEM-Lamelle im FIB. 

3.4.5 EELS / ESI 

((/6 +HOHFWURQ HQHUJ\ ORVV VSHFWURVFRS\, LVW HLQ 7(009HUIDKUHQ/ EHL GHP GLH (QHUJLHYHUWHLOXQJ

GHU (OHNWURQHQ GHV 3ULPlUVWUDKOV QDFK :HFKVHOZLUNXQJ PLW GHU 3UREH DQDO\VLHUW ZLUG1 'LHVH

:HFKVHOZLUNXQJHQ ILQGHQ LP ,QQHUHQ GHU 3UREH VWDWW/ VR GDVV ,QIRUPDWLRQHQ �EHU GLH FKHPL0

VFKHQ %LQGXQJHQ LP ,QQHUHQ GHU 3UREH HUKDOWHQ ZHUGHQ N|QQHQ1 'HU (QHUJLHYHUOXVW GHU (OHNW0

5  µm
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URQHQ LVW FKDUDNWHULVWLVFK I�U MHGHV (OHPHQW1 'DV (QHUJLHVSHNWUXP ZHLVW GDKHU FKDUDNWHULVWLVFKH

(QHUJLHNDQWHQ DXI/ GLH GHQ %LQGXQJVHQHUJLHQ GHU MHZHLOLJHQ (OHPHQWH HQWVSUHFKHQ1 'LHVH (QHU0

JLHNDQWHQ HQWVWHKHQ GDGXUFK/ GDVV (OHNWURQHQ YRP 9DOHQ]EDQG LQ XQEHVHW]WH (QHUJLHQLYHDXV LP

/HLWXQJVEDQG DQJHKREHQ ZHUGHQ1 0LW HLQHP LQWHJULHUWHQ (QHUJLHILOWHU N|QQHQ ((/606SHNWUHQ

QLFKW QXU DQ HLQHU NOHLQHQ 6WHOOH GHU 3UREH VRQGHUQ �EHU GLH JHVDPWH 3UREH KLQZHJ DXIJHQRP0

PHQ ZHUGHQ1 'DV ]XU 7(008QWHUVXFKXQJ YHUZHQGHWH =HLVV (0 <45 Ω LVW HLQ VRJ1 ()7(0

+HQHUJ\ ILOWHUHG 7(0,/ PLW GHP HOHPHQWVSH]LILVFKH %LOGHU DXIJHQRPPHQ ZHUGHQ N|QQHQ/ ZREHL

MHZHLOV QXU GDV (OHPHQW LQQHUKDOE GHV JHVHW]WHQ (QHUJLHIHQVWHUV ]XU (QWVWHKXQJ GHV %LOGNRQWUDV0

WHV EHLWUlJW1 'LHVHV 9HUIDKUHQ QHQQW PDQ (6, +HOHFWURQ VSHFWURVFRSLF LPDJLQJ,1
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4 Ergebnisse 

,Q GLHVHP .DSLWHO ZHUGHQ GLH H[SHULPHQWHOOHQ (UJHEQLVVH JH]HLJW/ GLH PLW GHQ ]XYRU EHVFKULHEH0

QHQ 0HWKRGHQ HUKDOWHQ ZXUGHQ1 (V ZLUG �EHU GLH 3UREHQFKDUDNWHULVLHUXQJ VRZLH �EHU GLH (OHNW0

URPLJUDWLRQ LQ ODQJHQ XQG NXU]HQ /HLWHUEDKQHQ EHULFKWHW1

4.1 Probencharakterisierung 

=XU 3UREHQFKDUDNWHULVLHUXQJ ZXUGHQ 6FKLFKWHQ YHUZHQGHW/ GLH DXI GLH JOHLFKH :HLVH KHUJHVWHOOW

XQG LPSODQWLHUW ZXUGHQ ZLH GLH XQWHUVXFKWHQ /HLWHUEDKQHQ1 (V ZXUGH GDV $XVPD� GHU 6FKlGL0

JXQJ GXUFK GLH ,PSODQWDWLRQ VRZLH GLH 6FKlGLJXQJVPRUSKRORJLH EHL GHU (OHNWURPLJUDWLRQ XQWHU0

VXFKW1

4.1.1 Kornstruktur 

'DV *HI�JH GHU 6FKLFKWHQ ZXUGH PLW GHP )RFXVHG ,RQ %HDP +),%, FKDUDNWHULVLHUW1 'LH LPSODQ0

WLHUWHQ 3UREHQ ZXUGHQ 5 6WXQGHQ ODQJ EHL 733 �& LP 9DNXXPRIHQ DXVJHODJHUW1 =XQlFKVW PXVVWH

GLH 433 QP GLFNH 6L25 XQG GLH 63 QP GLFNH 7L10'HFNVFKLFKW HQWIHUQW ZHUGHQ1 'LHV JHVFKDK

GXUFK DEVSXWWHUQ LP ),% DXI HLQHU )OlFKH YRQ 83 �P [ 83 �P1 'HU 6WUDKOVWURP EHWUXJ 44833 S$/

GLH 6WUDKO]HLW 8 PLQ1 $EE1 4: ]HLJW GLH *HI�JHDXIQDKPHQ YRQ $O/ $O+$O,/ $O+&X, XQG $O+2,1 8P

VlPWOLFKH .RUQRULHQWLHUXQJHQ ]X HUIDVVHQ/ ZXUGHQ MHZHLOV 8 %LOGHU PLW HLQHP 6WUDKOVWURP YRQ

5:33 S$ EHL YHUVFKLHGHQHQ .LSSZLQNHOQ ]ZLVFKHQ 3� XQG 78� DXIJHQRPPHQ XQG GLHVH DQVFKOLH0

�HQG SHU %LOGYHUDUEHLWXQJ HQW]HUUW XQG �EHUHLQDQGHU JHOHJW1 'XUFK GDV (QW]HUUHQ HQWVWHKW HLQH

OHLFKWH 8QVFKlUIH/ HV N|QQHQ MHGRFK DOOH .RUQRULHQWLHUXQJHQ LQ HLQHP %LOG GDUJHVWHOOW ZHUGHQ1

'LH $XIQDKPHQ ]HLJHQ UHLQ TXDOLWDWLY/ GDVV VLFK GLH .RUQVWUXNWXU LP XQWHUVXFKWHQ %HUHLFK GXUFK

GLH ,PSODQWDWLRQ XQG QDFKIROJHQGHU $XVODJHUXQJ QLFKW JHlQGHUW KDW1 (V VLQG JUR�H .|UQHU LQ GHU

*U|�HQRUGQXQJ YRQ FD1 63 �P VRZLH NOHLQH .|UQHU PLW HLQHU .RUQJU|�H YRQ FD1 5 �P HUNHQQ0

EDU1 'LHVH %HREDFKWXQJ GHXWHW DXI HLQH ELPRGDOH .RUQJU|�HQYHUWHLOXQJ KLQ1 'LH NOHLQHQ KHOOHQ

XQG GXQNOHQ )OHFNHQ VLQG YHUPXWOLFK 5HVWH GHU 'HFNVFKLFKW/ GLH QLFKW YROOVWlQGLJ HQWIHUQW ZXU0

GH1 6ROFKH )OHFNHQ WUHWHQ RIW DXFK EHL QLFKW LPSODQWLHUWHQ 3UREHQ DXI XQG YHUVFKZLQGHQ EHL OlQ0

JHUHQ $EWUDJV]HLWHQ1 6HKU ZDKUVFKHLQOLFK VLQG VLH MHGRFK NHLQ ,PSODQWDWLRQVHIIHNW1
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                     Al (Referenz)                Al(Al) (2 h @ 400 °C) 

 

   

      Al(Cu) (2 h @ 400 °C)              Al(O) (2 h @ 400 °C) 

Abb. 17: FIB Bilder der Gefüge von reinem Al sowie Al mit implantiertem Al, Cu und O. Die leichte Unschärfe der 

Bilder entsteht durch die Überlagerung von jeweils 5 Aufnahmen bei verschiedenen Kippwinkeln. Strahlstrom: 

2700 pA 

5  µm 5 µm

5 µm 5 µm
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4.1.2 Charakterisierung mit EDX, SIMS, TEM, ESI  

1DFK GHQ (OHNWURPLJUDWLRQVWHVWV ZXUGHQ LP 5(0 YRQ GHQ NXSIHULPSODQWLHUWHQ 3UREHQ 5�FN0

VWUHX0$XIQDKPHQ DP $QRGHQHQGH DXIJHQRPPHQ XP P|JOLFKH NXSIHUUHLFKH $XVVFKHLGXQJHQ

ZLH $O5&X +Θ03KDVH, VLFKWEDU ]X PDFKHQ1 (V ZDUHQ MHGRFK ZHGHU LQ GHU /HLWHUEDKQ QRFK LQ GHQ

.RQWDNWSDGV $XVVFKHLGXQJHQ VLFKWEDU1 *HO|VWHV .XSIHU NRQQWH DXIJUXQG GHU JHULQJHQ .RQ]HQW0

UDWLRQ QLFKW PLW +LOIH YRQ ('; QDFKJHZLHVHQ ZHUGHQ1

$EE1 4; ]HLJW HLQ 6,0607LHIHQSURILO GXUFK HLQH $OXPLQLXPVFKLFKW/ LQ GLH .XSIHU LPSODQWLHUW

ZXUGH1 'LH 6,06 7LHIHQSURILOH KDEHQ NHLQH 8QWHUVFKLHGH ]ZLVFKHQ GHQ XQWHUVXFKWHQ 3UREHQ

JH]HLJW1 'D GDV 6,06 I�U GLHVH 3UREHQ QLFKW NDOLEULHUW ZDU/ VLQG NHLQH TXDQWLWDWLYHQ $XVVDJHQ

P|JOLFK1 (V LVW XQNODU/ RE JHO|VWHV .XSIHU XQG 6DXHUVWRII LQ GHU YRUKDQGHQHQ .RQ]HQWUDWLRQ

�EHUKDXSW QRFK PLW GHP 6,06 QDFKZHLVEDU LVW1 7URW] GHU KRKHQ (PSILQGOLFKNHLW GHV YHUI�JED0

UHQ 6\VWHPV NRQQWH GDKHU PLWWHOV 6,06 ZHGHU LRQHQLPSODQWLHUWHV .XSIHU QRFK 6DXHUVWRII QDFK0

JHZLHVHQ ZHUGHQ1 'DV 3URILO ]HLJW MHGRFK GHQ 6FKLFKWDXIEDX 6L25/ 7L1/ $O+&X, XQG 7L11 'HU

hEHUJDQJ YRQ GHU $OXPLQLXPVFKLFKW ]XU XQWHUHQ 7L106FKLFKW HUVFKHLQW EUHLW/ GD GLH $EWUDJVUDWH

EHL OlQJHUHQ =HLWHQ OHLFKW XQWHUVFKLHGOLFK LVW1

C
P

S

S iO 2 TiN Al(Cu) TiN

M inuten

Abb. 18: SIMS-Tiefenprofil einer 0,4 µm dicken Al Schicht mit ionenimplantiertem Cu. Es ist die Zeit in Minuten 

gegen die Zählrate (CPS, counts per second) abgetragen. Das Signal von Al ist blau, das von Cu magenta, das 

von O rot und das von Ti schwarz dargestellt. Strahlstrom: 11500 pA. 

A l
Cu
O
Ti
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,Q GHP LQ $EE1 4< JH]HLJWHQ 7(00+HOOIHOGELOG LVW GHU 6FKLFKWDXIEDX GHU XQWHUVXFKWHQ 3UREHQ LP

4XHUVFKQLWW JXW HUNHQQEDU= 433 QP 6L250'HFNVFKLFKW/ 63 QP 7L10'HFNVFKLFKW/ 733 QP $O/ 533

QP 7L1/ 78 QP 7L/ XQG 433 QP 6L25 DXI HLQHP 6L06XEVWUDW1 'LH $O+&X,06FKLFKW ZHLVW HLQH UDXH

*UHQ]IOlFKH ]XU 7L106FKLFKW DXI1 'LH 6L2506FKLFKW EHVLW]W HEHQIDOOV HLQH UDXH 2EHUIOlFKH1 %HL

GHU $O+&X,06FKLFKW VLQG LP %LOG ]ZHL .|UQHU PLW XQWHUVFKLHGOLFKHP %HXJXQJVNRQWUDVW VLFKWEDU1

'LH .RUQJUHQ]H YHUOlXIW IDVW VHQNUHFKW ]XU XQWHUHQ 7L106FKLFKW1 $P hEHUJDQJ ]XU REHUHQ 7L10

6FKLFKW LVW HLQH )XUFKH HUNHQQEDU1
 

Abb. 19: TEM-Hellfeldbild bei 120 keV. Der Schichtaufbau der untersuchten Proben ist im Querschnitt deutlich 

sichtbar. Der Kontrastunterschied zwischen den Körnern der Al(Cu)-Schicht entsteht durch Beugungskontrast.  

,Q $EE1 53 VLQG HQHUJLHJHILOWHUWH %LOGHU JH]HLJW/ GLH LP 7(0 PLW (6, +HOHFWURQ VSHFWURVFRSLF L0

PDJLQJ, DXIJHQRPPHQ ZXUGHQ1 (V WUlJW MHZHLOV QXU $OXPLQLXP/ 6DXHUVWRII/ 7LWDQ RGHU 6WLFNVWRII

]XU (QWVWHKXQJ GHV %LOGNRQWUDVWHV EHL1 :LH PDQ VLHKW/ WUlJW LQ GHU 6DXHUVWRII00DS QXU GLH 6L250

6FKLFKW ]XU (QWVWHKXQJ GHV .RQWUDVWHV EHL1 ,Q GHU $O+2,06FKLFKW LVW NHLQ 6DXHUVWRII HUNHQQEDU1

'LH $XVVFKHLGXQJ LQ GHU $O+2,06FKLFKW NDQQ GXUFK GHQ 9HUJOHLFK GHU $OXPLQLXP0 XQG GHU 7L0

WDQ00DS DOV 7L0 XQG $O0KDOWLJH $XVVFKHLGXQJ LGHQWLIL]LHUW ZHUGHQ1 :HLWHUKLQ ZXUGHQ (6,0%LOGHU

100 nm

SiO2 

TiN 

Al(Cu) 

TiN 

Ti 

SiO2 

Si 
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DXFK YRQ $O+&X, DXIJHQRPPHQ1 (V ZDUHQ MHGRFK DXFK KLHU NHLQH NXSIHUKDOWLJHQ $XVVFKHLGXQJHQ

HUNHQQEDU1

   

Aluminium-Map  Sauerstoff-Map 

 

   

Titan-Map  Stickstoff-Map 

Abb. 20: ESI-Maps der untersuchten Al(O)-Schicht. Zur Kontrasterzeugung trägt jeweils nur Aluminium, Sauer-

stoff, Titan oder Stickstoff bei. 

200  n m 200  nm

200  nm200  nm
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4.1.3 Schädigungsmorphologie 

,Q $EE1 54 LVW HLQ YROOVWlQGLJHV <8 �P ODQJHV 6HJPHQW HLQHU 3/8 �P GLFNHQ $O+2,0/HLWHUEDKQ PLW

%DPEXVVWUXNWXU JH]HLJW/ EHL GHP GDV W\SLVFKH 6FKlGLJXQJVYHUKDOWHQ VLFKWEDU LVW/ GDV EHL GHU

$XVZHUWXQJ GHU ]DKOUHLFKHQ 5(00%LOGHU ]X EHREDFKWHQ ZDU1 'HU 0DWHULDODEWUDJ GXUFK (OHNWUR0

PLJUDWLRQ ILQGHW LQ DOOHQ XQWHUVXFKWHQ /HLWHUEDKQHQ QLFKW NRQWLQXLHUOLFK VWDWW/ VRQGHUQ HV ELOGHQ

VLFK 3RUHQ/ GLH YRQ ,QVHOQ GHV UHVWOLFKHQ /HLWHUEDKQPDWHULDOV XPJHEHQ VLQG1 ,Q $EE1 54 HUVFKHL0

QHQ GLH 3RUHQ DXIJUXQG GHV K|KHUHQ .RQWUDVWHV YRQ 7L1 GXQNOHU DOV GLH $O+2,0/HLWHUEDKQ1 *H0

QHUHOO NDQQ JHVDJW ZHUGHQ/ GDVV VLFK GLH )RUP GHU 3RUHQ LQ $O/ $O+&X, XQG $O+2, QLFKW ZHVHQWOLFK

XQWHUVFKHLGHW1 'LH VWDUNH hEHU]HLFKQXQJ GHU .DQWHQ LVW W\SLVFK I�U 6(0%LOGHU1

Abb. 21: Vollständiges Segment einer 0,5 µm breiten und 95 µm langen Al(O)-Leiterbahn. Es haben sich Poren 

(dunkel) gebildet zwischen denen Reste der Al(O)-Bahn (hell) zurückbleiben. Am Ende der Bahn hat sich ein 

Hügel mit kleinem Whisker gebildet. 

$EE1 55 ]HLJW HLQHQ W\SLVFKHQ NHLOI|UPLJHQ +�JHO DP (QGH HLQHU $OXPLQLXP0/HLWHUEDKQ1 'HXW0

OLFK VLFKWEDU LVW/ ZLH GLH /HLWHUEDKQ YRQ XQWHQ KHU DQJHKREHQ ZXUGH1

Abb. 22: Hügelbildung am Ende einer 95 µm langen, 0,5 µm breiten Al-Leiterbahn. Kippwinkel: 30°. 

1  µm

ursprüngliche Leiterbahn 
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$EE1 56 ]HLJW GLH %LOGXQJ HLQHV ODQJHQ :KLVNHUV/ ZDV QLFKW XQJHZ|KQOLFK I�U $OXPLQLXPEDKQHQ

PLW %DPEXVVWUXNWXU LVW1 :KLVNHUELOGXQJ ZXUGH EHL $O0 $O+&X, XQG $O+2,0/HLWHUEDKQHQ EHREDFK0

WHW XQG WUDW EHL HWZD 8 ² 43 ( GHU JHWHVWHWHQ /HLWHUEDKQHQ DXI1 /DQJH :KLVNHU WUDWHQ MHGRFK VHKU

VHOWHQ DXI1 0HLVWHQV ZDUHQ GLH :KLVNHU HWZD 5 ² 8 �P ODQJ1 )LQGHW :KLVNHUELOGXQJ VWDWW/ NDQQ

GDGXUFK GLH NULWLVFKH /lQJH GHV 6HJPHQWV ZHLWHU YHUN�U]W ZHUGHQ1 'LH NULWLVFKH /lQJH GHV 6HJ0

PHQWV LQ $EE1 56 EHWUlJW 48 �P1 'HU :KLVNHU LVW OHLFKW JHNU�PPW XQG ZXFKV LQQHUKDOE YRQ FD1

4; 6WXQGHQ DXI HLQH /lQJH YRQ HWZD 53 �P1 'HU :XOVW DP (QGH N|QQWH HLQ +LQZHLV GDUDXI VHLQ/

GDVV ]XU %LOGXQJ HLQHV :KLVNHUV HUVW HLQH EHVWLPPWH 2ULHQWLHUXQJ QRWZHQGLJ LVW1

 

Abb. 23: Hügel mit langem Whisker am Ende einer 95 µm langen, 0,5 µm breiten Al-Leiterbahn. Rechts oben ist 

in der Leiterbahn das Ende der sich gebildeten Poren (dunkel) sichtbar. Der Abstand zwischen der Porenfront 

und dem Segmentende beträgt 15 µm. 

2  µm

15 µm 
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4.2 Drift in Segmenten mit Reservoir-Ende 

(V ZXUGHQ 0HVVXQJHQ DQ ;33 �P ODQJHQ %DKQHQ PLW 5HVHUYRLU0(QGH GXUFKJHI�KUW1 'D GLH %DKQ

DP (QGH QLFKW GXUFKJHlW]W ZXUGH/ NDQQ GDV DEJHWUDJHQH 0DWHULDO LQ GDV .RQWDNWSDG +5HVHUYRLU,

GLIIXQGLHUHQ XQG HV N|QQHQ VLFK GDKHU DP (QGH GHU %DKQ NHLQH 'UXFNVSDQQXQJHQ DXIEDXHQ1

0DQ HUKlOW DXV GLHVHQ 0HVVXQJHQ VRPLW ,QIRUPDWLRQHQ �EHU GLH 'ULIWJHVFKZLQGLJNHLW/ LQ GHU GHU

(LQIOXVV YRQ PHFKDQLVFKHQ 6SDQQXQJHQ QLFKW PHKU EHU�FNVLFKWLJW ZHUGHQ PXVV1
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Abb. 24: Gedriftete Länge Ld und Frontlänge LF für 800 µm lange Al-, Al(Al)-, Al(Cu)- und Al(O) Segmente mit 

Reservoir-Ende. Stromidchte: j = 2 MA/cm. Die Datenpunkte stammen aus der Auswertung der in-situ REM-

Aufnahmen. Quadrate kennzeichnen die gedriftete Länge, Kreise die Position der Porenfront. Die eingezeichne-

ten Geraden wurden durch lineare Regression der Messwerte berechnet. 

,Q $EE1 57 LVW GLH JHGULIWHWH /lQJH /G DOV )XQNWLRQ GHU =HLW GDUJHVWHOOW I�U $O0/ $O+$O,0/ $O+&X,0

XQG $O+2,06HJPHQWH PLW 5HVHUYRLU0(QGH1 'LH PLW .XSIHU E]Z1 6DXHUVWRII LPSODQWLHUWH 3UREH

ZXUGH I�U 5 6WXQGHQ EHL 733 �& LP 9DNXXPRIHQ DXVJHODJHUW1 'LH PLW $OXPLQLXP LPSODQWLHUWH

3UREH ZXUGH ]XQlFKVW XQDXVJHODJHUW JHWHVWHW1 1DFK 68 6WXQGHQ ZXUGH VLH HEHQIDOOV GHU JOHLFKHQ

$XVODJHUXQJ XQWHU]RJHQ XQG DQVFKOLH�HQG H[0VLWX JHWHVWHW1 'LH *HUDGHQ ZXUGHQ GXUFK OLQHDUH

5HJUHVVLRQ GHU 0HVVZHUWH EHUHFKQHW1 'LH 'ULIWJHVFKZLQGLJNHLW YRQ UHLQHP $O XQG $O+$O, LVW PLW

}

}
aus Widerstandsmessung

aus in-situ REM
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4/3 �P2K LGHQWLVFK1 'LH $XVODJHUXQJ GHU $O+$O,03UREH EHZLUNWH NHLQH 9HUlQGHUXQJ GHU 'ULIWJH0

VFKZLQGLJNHLW/ ZLH GHU ZHLWHUH .XUYHQYHUODXI DE 68 6WXQGHQ ]HLJW1 'LH 'ULIWJHVFKZLQGLJNHLW YRQ

$O+&X, XQG $O+2, OLHJW PLW 4/; �P2K E]Z1 5/5 �P2K HWZD GRSSHOW VR KRFK ZLH GLH YRQ UHLQHP

$O1 (LQH ,QNXEDWLRQV]HLW ZXUGH EHL GHQ %DKQHQ PLW 5HVHUYRLU0(QGHQ QLFKW EHREDFKWHW1

)�U XQLPSODQWLHUWHV $OXPLQLXP ZXUGHQ LQ $EE1 57 ZHLWHUKLQ GLH JHGULIWHWHQ /lQJHQ PLW VFKZDU0

]HQ 4XDGUDWHQ VRZLH GLH 3RVLWLRQ GHU 3RUHQIURQW PLW VFKZDU]HQ .UHLVHQ HLQJH]HLFKQHW/ GLH DXV

GHQ LQ0VLWX 5(00%LOGHUQ JHZRQQHQ ZXUGHQ1 :LH PDQ VLHKW/ VWLPPHQ GLH :HUWH DXV GHU :LGHU0

VWDQGVPHVVXQJ PLW GHQ :HUWHQ DXV GHQ 5(00%LOGHUQ JXW �EHUHLQ1 )�U $O+&X, XQG $O+2, VLQG

QXU GLH :HUWH I�U /G E]Z1 /) DXV GHQ OHW]WHQ LQ0VLWX00HVVXQJHQ YRU 7HVWHQGH LP 'LDJUDPP HLQ0

JH]HLFKQHW1 'LH )URQWOlQJH DOOHU 3UREHQ LVW XQJHIlKU 4/8 PDO VR JUR� DOV GLH JHGULIWHWH /lQJH1

4.3 Drift in finiten Segmenten 

$Q ILQLWHQ 6HJPHQWHQ ZXUGH GLH ,QNXEDWLRQV]HLW VRZLH GLH JHGULIWHWH /lQJH PLW GHU =HLW JHPHV0

VHQ1 'LH 0HVVXQJHQ ZXUGHQ DQ 47 LQ 5HLKH JHVFKDOWHWHQ/ 85 �P ODQJHQ 6HJPHQWHQ GXUFKJHI�KUW/

GLH QRFK QLFKW PLW 6WURP EHODVWHW ZXUGHQ1 %HL GHU PLW $OXPLQLXP LPSODQWLHUWHQ 3UREH ZDUHQ GLH

85 �P ODQJHQ 6HJPHQWH GHIHNW1 'LH 0HVVXQJHQ ZXUGHQ GDKHU DQ DFKW <8 �P ODQJHQ 6HJPHQWHQ

GXUFKJHI�KUW1

'LH NULWLVFKH 6WURPGLFKWH ZXUGH EHL DOOHQ 3UREHQ DQ ; LQ 5HLKH JHVFKDOWHWHQ <8 �P ODQJHQ XQG

3/8 �P EUHLWHQ 6HJPHQWHQ EHVWLPPW1 %HL NRQVWDQWHU 6HJPHQWOlQJH ZXUGH GLH 6WURPGLFKWH

VFKULWWZHLVH HUK|KW XQG LP 5(0 GLH 6FKlGLJXQJ GHU HLQ]HOQHQ 6HJPHQWH GXUFK (OHNWURPLJUDWLRQ

EHREDFKWHW1 $OV NULWLVFKH 6WURPGLFKWH ZXUGH GLHMHQLJH DQJHQRPPHQ/ EHL GHU LQ YLHU YRQ DFKW

6HJPHQWHQ 6FKlGLJXQJ GXUFK (OHNWURPLJUDWLRQ ]X EHREDFKWHQ ZDU1 'LHV HQWVSULFKW HLQHP :HUW

YRQ 83 (/ EHL GHP GDV 0D[LPXP GHU VWDWLVWLVFK YHUWHLOWHQ :HUWH OLHJW/ ZHQQ PDQ LQ HUVWHU 1lKH0

UXQJ HLQH V\PPHWULVFKH 9HUWHLOXQJVIXQNWLRQ DQQLPPW1
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0 6: 0

4.3.1 Reines Al 

'LH ,QNXEDWLRQV]HLW WLQF YRQ UHLQHP $OXPLQLXPW 8 K/ ZHQQ PDQ GLH .XUYH LQ $EE1 58 OLQHDU DXI

/G  3 H[WUDSROLHUW1 'LH 'ULIWJHVFKZLQGLJNHLW YHUOlXIW ELV HWZD 73 K OLQHDU XQG ZXUGH GXUFK OLQHD0

UH 5HJUHVVLRQ LQ GLHVHP %HUHLFK ]X 3/5 �P2K EHVWLPPW1 'LH NOHLQHQ IDUELJHQ 4XDGUDWH ]HLJHQ GLH

6WUHXXQJ GHU :HUWH GHU (LQ]HOPHVVXQJHQ DXV GHU $XVZHUWXQJ GHU 5(00%LOGHU1 'LH JU|�HUHQ

VFKZDU]HQ 4XDGUDWH ]HLJHQ GLH 0LWWHOZHUWH GHU (LQ]HOPHVVXQJHQ1 6LH OLHJHQ ZLH HUZDUWHW HWZDV

REHUKDOE GHU :HUWH I�U GLH :LGHUVWDQGVPHVVXQJ +V1 .DS1 61615 DXI 61 54,1
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Segmentlänge: 52 µm

Stromdichte: 1,2 MA/cm 2
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Abb. 25: Widerstandsverlauf und gedriftete Länge für 14 in Reihe geschaltete 0,5 µm breite Al-Segmente. Seg-

mentlänge: 52 µm, Stromdichte: j = 1,2 MA/cm2, Anzahl driftender Segmente: 8/(14). Die Datenpunkte für die 

gedrifteten Längen stammen aus der Auswertung der in-situ REM-Aufnahmen. Die eingezeichnete Gerade wurde 

durch lineare Regression der Messwerte im linearen Bereich aus der Widerstandsmessung berechnet. 
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,Q $EE1 59 LVW GHU 0HVVYHUODXI ]XU %HVWLPPXQJ GHU NULWLVFKHQ 6WURPGLFKWH YRQ $OXPLQLXP GDU0

JHVWHOOW1 'LH 0HVVXQJ ZXUGH EHL HLQHU 6WURPGLFKWH YRQ 3/758 0$2FP5 EHJRQQHQ/ EHL GHU QRFK

NHLQH 6FKlGLJXQJ GXUFK (OHNWURPLJUDWLRQ HUZDUWHW ZXUGH1 'LHVHU :HUW ZXUGH GXUFK HLQH $E0

VFKlW]XQJ GHV NULWLVFKHQ 3URGXNWV DXV GHU 0HVVXQJ GHU 'ULIWJHVFKZLQGLJNHLW DQ 85 �P ODQJHQ

6HJPHQWHQ JHZRQQHQ1 $QVFKOLH�HQG ZXUGH GLH 6WURPGLFKWH VFKULWWZHLVH ELV DXI 3/88 0$2FP5

HUK|KW XQG GDV 6FKlGLJXQJVYHUKDOWHQ LP 5(0 EHREDFKWHW1 'LH JHGULIWHWHQ /lQJHQ/ GLH DXV GHQ

LQ0VLWX 5(00$XIQDKPHQ JHZRQQHQ ZXUGHQ/ VLQG DOV IDUELJH 4XDGUDWH HLQJH]HLFKQHW1 'LH 3RVLWLRQ

GHU 3RUHQIURQW GHU HLQ]HOQHQ 6HJPHQWH LVW PLW IDUELJHQ .UHLVHQ PDUNLHUW1 $XIIDOOHQG LVW/ GDVV VLFK

GLH JHGULIWHWHQ /lQJHQ XQG GLH 3RVLWLRQ GHU 3RUHQIURQW EHL NOHLQHQ 6WURPGLFKWHQ QDKH GHU NULWL0

VFKHQ 6WURPGLFKWH QLFKW ZHVHQWOLFK XQWHUVFKHLGHQ1 'LH NULWLVFKH 6WURPGLFKWH NDQQ DXV $EE1 59

GLUHNW DEJHVFKlW]W ZHUGHQ1 6LH OLHJW EHL 3/8 0$2FP51
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Abb. 26: Messung der kritischen Stromdichte von 8 in Reihe geschalteten 0,5 µm breiten Al-Leiterbahnen. Tem-

peratur: 260 °C. Die Stromdichten sind im Diagramm für die einzelnen Bereiche angegeben. Über dem Diagramm 

ist jeweils die Anzahl der driftenden Segmente angegeben. Die Datenpunkte stammen aus der Auswertung der 

in-situ REM-Aufnahmen. Quadrate kennzeichnen die gedriftete Längen, Kreise die Positionen der Porenfronten.
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'LH 0HVVXQJ ZXUGH DQVFKOLH�HQG EHL HLQHU 6WURPGLFKWH YRQ 5 0$2FP5 VR ODQJH IRUWJHI�KUW/ ELV

VlPWOLFKH 6HJPHQWH 6lWWLJXQJ HUUHLFKW KDWWHQ/ G1K1 'ULIW0 XQG )URQWJHVFKZLQGLJNHLW QDKH]X QXOO

ZDU1 'HU 9HUODXI GHU 0HVVXQJ LVW LQ $EE1 5: GDUJHVWHOOW1 (UVW MHW]W LVW HLQ GHXWOLFKHU 8QWHUVFKLHG

]ZLVFKHQ JHGULIWHWHU /lQJH XQG 3RVLWLRQ GHU 3RUHQIURQW VLFKWEDU1 'LH JU|�HUHQ 4XDGUDWH PDUNLH0

UHQ GLH 0LWWHOZHUWH GHU (LQ]HOPHVVXQJHQ GHU JHGULIWHWHQ /lQJHQ1 6LH VWLPPHQ VHKU JXW PLW GHQ

:HUWHQ DXV GHU :LGHUVWDQGVPHVVXQJ +GXUFKJHKHQGH .XUYH, �EHUHLQ1 'LH JU|�HUHQ .UHLVH PDU0

NLHUHQ GLH 0LWWHOZHUWH GHU (LQ]HOPHVVXQJHQ GHU 3RVLWLRQ GHU 3RUHQIURQW1 'LH )HKOHUEDONHQ PDU0

NLHUHQ GHQ PLWWOHUHQ )HKOHU GHV 0LWWHOZHUWHV1 'LH 6WDQGDUGDEZHLFKXQJ V OLHJW ]ZLVFKHQ 9 XQG
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Abb. 27: Drift bis zur Sättigung von 8 in Reihe geschalteten 0,5 µm breiten Al-Leiterbahnen. Segmentlänge: 

95 µm, Stromdichte: 2 MA/cm2, Anzahl driftender Segmente: 8/(8), Temperatur: 260 °C. Dargestellt ist der Wider-

standsverlauf, die gedriftete Länge Ld sowie die Position der Porenfront LF. Die Datenpunkte stammen aus der 

Auswertung der in-situ REM-Aufnahmen. Quadrate kennzeichnen gedriftete Längen, Kreise die Positionen der 

Porenfronten. Aus der Position der Porenfront bei Sättigung kann die kritische Länge Lc bestimmt werden. 
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4.3.2 Al(Al) 

%HL GHU PLW $OXPLQLXP LPSODQWLHUWHQ 3UREH PLW ; LQ 5HLKH JHVFKDOWHWHQ <8 �P ODQJHQ 6HJPHQWHQ

ZXUGH HLQH ,QNXEDWLRQV]HLW YRQ 6 K EHL HLQHU 6WURPGLFKWH YRQ 5 0$2FP5 JHPHVVHQ1 'LH 'ULIWJH0

VFKZLQGLJNHLW ZXUGH GXUFK OLQHDUH 5HJUHVVLRQ GHU 0HVVZHUWH DXV GHU :LGHUVWDQGVPHVVXQJ HUPLW0

WHOW XQG EHWUlJW 3/< �P2K1 ,Q $EE1 5; LVW GHU 9HUODXI GHU 0HVVXQJ GDUJHVWHOOW1 4XDGUDWH

NHQQ]HLFKQHQ GLH JHGULIWHWHQ /lQJHQ GHU HLQ]HOQHQ 6HJPHQWH DP (QGH GHU 0HVVXQJ1 'LH HQW0

VSUHFKHQGHQ 3RVLWLRQHQ GHU 3RUHQIURQWHQ VLQG GXUFK .UHLVH PDUNLHUW1 'LH 0LWWHOZHUWH VLQG MH0

ZHLOV PLW )HKOHUEDONHQ I�U GHQ PLWWOHUHQ )HKOHU GHV 0LWWHOZHUWHV YHUVHKHQ1
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Segmentlänge: 95 µm

Stromdichte: 2 MA/cm2

Temperatur: 260 °C
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Abb. 28: Widerstandsverlauf und gedriftete Länge für 8 in Reihe geschaltete 0,5 µm breite Al(Al)-Segmente. 

Segmentlänge: 95 µm. Stromdichte: j = 2 MA/cm2. Anzahl driftender Segmente: 8/(8). Die Datenpunkte stammen 

aus der Auswertung der in-situ REM-Aufnahmen. Quadrate kennzeichnen gedriftete Längen, Kreise die Positio-

nen der Porenfronten. Die eingezeichnete Gerade wurde durch lineare Regression der Messwerte aus der Wider-

standsmessung berechnet. 
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4.3.3 Al(Cu) 

'LH ,QNXEDWLRQV]HLW XQG 'ULIWJHVFKZLQGLJNHLW YRQ $O+&X, ZXUGH DQ 85 �P ODQJHQ 6HJPHQWHQ EHL

HLQHU 6WURPGLFKWH YRQ 40$2FP5 JHPHVVHQ1 'LH ,QNXEDWLRQV]HLW EHWUlJW KLHU 7/: K/ GLH 'ULIWJH0

VFKZLQGLJNHLW 3/4 �P2K1 1DFK :5 6WXQGHQ ZXUGH GLH 6WURPGLFKWH DXI 5 0$2FP5 HUK|KW1 'LH

'ULIWJHVFKZLQGLJNHLW EHWUlJW GDQQ LP OLQHDUHQ %HUHLFK 3/; �P2K1 ,Q $EE1 5< LVW GHU 9HUODXI GHU

0HVVXQJ GDUJHVWHOOW1 4XDGUDWH NHQQ]HLFKQHQ GLH JHGULIWHWHQ /lQJHQ GHU HLQ]HOQHQ 6HJPHQWH DP

(QGH GHU 0HVVXQJ1 'LH HQWVSUHFKHQGHQ 3RVLWLRQHQ GHU 3RUHQIURQWHQ VLQG GXUFK .UHLVH PDUNLHUW1

'LH 0LWWHOZHUWH VLQG MHZHLOV PLW )HKOHUEDONHQ I�U GHQ PLWWOHUHQ )HKOHU GHV 0LWWHOZHUWHV YHUVHKHQ1
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Abb. 29: Widerstandsverlauf und gedriftete Länge für 14 in Reihe geschaltete Al(Cu)-Segmente. Segmentlänge: 

52 µm, Anzahl driftender Segmente: 6/(14). Nach 72 Stunden wurde die Stromdichte von j = 1 MA/cm2 auf 

j = 2 MA/cm2 erhöht, Anzahl driftender Segmente: 11/(14). Die Datenpunkte stammen aus der Auswertung der in-

situ REM-Aufnahmen. Quadrate kennzeichnen gedriftete Längen, Kreise die Positionen der Porenfronten. Die 

eingezeichneten Geraden wurden durch lineare Regression der Messwerte aus der Widerstandsmessung be-

rechnet.
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,Q $EE1 63 LVW GHU 9HUODXI GHU 0HVVXQJ ]XU %HVWLPPXQJ GHU NULWLVFKHQ 6WURPGLFKWH YRQ $O+&X,

GDUJHVWHOOW1 $XFK EHL $O+&X, IDOOHQ GLH JHGULIWHWH /lQJH XQG GLH 3RVLWLRQ GHU 3RUHQIURQW EHL NOHL0

QHQ 6WURPGLFKWHQ QDKH GHU NULWLVFKHQ 6WURPGLFKWH DQQlKHUQG ]XVDPPHQ1 'LH 0HVVXQJ ZXUGH

DQDORJ ]XU 0HVVXQJ YRQ UHLQHP $OXPLQLXP EHL HLQHU 6WURPGLFKWH YRQ 5 0$2FP5 VR ODQJH

GXUFKJHI�KUW/ ELV VlPWOLFKH 6HJPHQWH 6lWWLJXQJ HUUHLFKW KDWWHQ1 'LH )HKOHUEDONHQ PDUNLHUHQ GHQ

)HKOHU GHV 0LWWHOZHUWHV YRQ /G/ILQDO XQG /)/ILQDO1 'LH 6WDQGDUGDEZHLFKXQJ V EHWUlJW 43/8 �P I�U /G/ILQDO
XQG 47/8 �P I�U /)/ILQDO 1 'LH NULWLVFKH 6WURPGLFKWH OLHJW ]ZLVFKHQ 3/8 0$2FP5 XQG 3/93 0$2FP51
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Abb. 30: Messung der kritischen Stromdichte sowie von Drift bis zur Sättigung von 8 in Reihe geschalteten 

0,5 µm breiten Al(Cu)-Leiterbahnen. Temperatur: 260 °C.  Die Stromdichten sind im Diagramm für die einzelnen 

Bereiche angegeben. Über dem Diagramm ist jeweils die Anzahl der driftenden Segmente angegeben. Die 

durchgehende Kurve zeigt den Verlauf der gedrifteten Länge aus der Widerstandsmessung. Die Datenpunkte 

stammen aus der Auswertung der in-situ REM-Aufnahmen. Quadrate kennzeichnen gedriftete Längen, Kreise die 

Positionen der Porenfronten. Aus der Position der Porenfront bei Sättigung kann die kritische Länge Lc bestimmt 

werden.
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4.3.4 Al(O) 

$EE1 64 ]HLJW GHQ 9HUODXI GHU JHGULIWHWHQ /lQJH YRQ 85 �P ODQJHQ 6HJPHQWHQ I�U $O+2,1 'LH

3UREH ZXUGH ]XYRU 7: 6WXQGHQ ODQJ EHL HLQHU 6WURPGLFKWH YRQ 4 0$2FP5 JHWHVWHW1 'LHVHU :HUW

ODJ MHGRFK XQWHUKDOE GHU NULWLVFKHQ 6WURPGLFKWH/ GD NHLQH 6FKlGLJXQJ GXUFK (OHNWURPLJUDWLRQ ]X

EHREDFKWHQ ZDU1 $QVFKOLH�HQG ZXUGH GLH 6WURPGLFKWH DXI 5 0$2FP5 HUK|KW1 %HL GLHVHU 6WURP0

GLFKWH VHW]WH GHU 0DWHULDODEWUDJ HUVW QDFK HLQHU ,QNXEDWLRQV]HLW YRQ 5/5 6WXQGHQ HLQ1 'LHVHU :HUW

LVW MHGRFK QLFKW GLUHNW PLW GHQ ,QNXEDWLRQV]HLWHQ GHU DQGHUHQ 3UREHQ YHUJOHLFKEDU/ GD VLFK GLH

,QNXEDWLRQV]HLW EHL YRUKHUJHKHQGHP 6WURPIOXVV GXUFK GLH 6HJPHQWH lQGHUQ NDQQ1 $XI GLH 'ULIW0

JHVFKZLQGLJNHLW KDW GLHV MHGRFK NHLQHQ (LQIOXVV1 6LH EHWUXJ 3/6 �P2K1
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Segmentlänge: 52 µm

Stromdichte: 2 MA/cm2

Temperatur: 260 °C
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Abb. 31: Widerstandsverlauf und gedriftete Länge für 14 in Reihe geschaltete Al(O)-Segmente. Segmentlänge: 

52 µm. Nach 47 Stunden wurde die Stromdichte von j = 1 MA/cm2 (nicht abgebildet) auf j = 2 MA/cm2 erhöht. 

Anzahl driftender Segmente: 12/(14). Die eingezeichnete Gerade wurden durch lineare Regression der Messwer-

te aus der Widerstandsmessung berechnet.
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,Q $EE1 65 LVW GLH 0HVVXQJ GHU NULWLVFKHQ 6WURPGLFKWH YRQ $O+2, JH]HLJW1 'LH 0HVVXQJ ZXUGH

DQDORJ ]XU 0HVVXQJ YRQ UHLQHP $OXPLQLXP EHL HLQHU 6WURPGLFKWH YRQ 5 0$2FP5 VR ODQJH

GXUFKJHI�KUW/ ELV VlPWOLFKH 6HJPHQWH 6lWWLJXQJ HUUHLFKW KDWWHQ1 'LH )HKOHUEDONHQ PDUNLHUHQ GHQ

)HKOHU GHV 0LWWHOZHUWHV YRQ /G/ILQDO XQG /)/ILQDO 1 'LH 6WDQGDUGDEZHLFKXQJ V EHWUlJW 9/6 �P I�U /G/ILQDO
XQG 9/8 �P I�U /)/ILQDO 1 'LH NULWLVFKH 6WURPGLFKWH OLHJW ]ZLVFKHQ 3/98 0$2FP5 XQG 3/: 0$2FP51
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Abb. 32: Messung der kritischen Stromdichte und Drift bis zur Sättigung von 8 in Reihe geschalteten 0,5 µm brei-

ten Al(O)-Leiterbahnen. Temperatur: 260 °C.  Die Stromdichten sind im Diagramm für die einzelnen Bereiche 

angegeben. Über dem Diagramm ist jeweils die Anzahl der driftenden Segmente angegeben. Die durchgehende 

Kurve zeigt den Verlauf der gedrifteten Länge aus der Widerstandsmessung. Die Datenpunkte stammen aus der 

Auswertung der in-situ REM-Aufnahmen. Quadrate kennzeichnen gedriftete Längen, Kreise die Positionen der 

Porenfronten. Aus der Position der Porenfront bei Sättigung kann die kritische Länge Lc bestimmt werden.
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4.4 Fehlerbetrachtung 

,P )ROJHQGHQ ZLUG EHVFKULHEHQ/ ZHOFKH 0HVVIHKOHU EHL GHU :LGHUVWDQGVPHVVXQJ E]Z1 GHU $XV0

ZHUWXQJ GHU 5(00%LOGHU HQWVWHKHQ N|QQHQ1 'LH )HKOHU GHU DXV GLHVHQ 0HVVXQJHQ JHZRQQHQHQ

:HUWH WLQF / YG / Y) XQG β VLQG LQ .DS1 8 EHL GHQ MHZHLOLJHQ *U|�HQ DXIJHI�KUW1

4.4.1 Widerstandsmessung 

,Q .DS1 61614 ZXUGH DXI 61 54 LQ $EE1 45 GLH :LGHUVWDQGVPHVVXQJ DQ HLQHP 6HJPHQW JH]HLJW/ GDV

XQWHUKDOE GHU NULWLVFKHQ 6WURPGLFKWH JHWHVWHW ZXUGH1 'LH 0HVVJHQDXLJNHLW GHU :LGHUVWDQGVPHV0

VXQJ OLHJW XQWHU 4 Ω/ ZDV HLQHU 0HVVJHQDXLJNHLW YRQ XQWHU 3/6 �P HQWVSULFKW1 'LH :LGHUVWDQGV0

PHVVXQJ LVW GDKHU EHL JHHLJQHWHU .DOLEULHUXQJ HLQH VHKU JHQDXH 0HWKRGH ]XU %HVWLPPXQJ GHV

3RUHQYROXPHQV1 6FKZDQNXQJHQ ZlKUHQG GHU 0HVVXQJ N|QQHQ XQWHU DQGHUHP DXI VW|UHQGH (LQ0

IO�VVH YRQ DX�HQ DXI GLH 0HVVXQJ ]XU�FNJHI�KUW ZHUGHQ1 %HLVSLHOVZHLVH YHUXUVDFKWH GDV (LQ0

VFKDOWHQ GHU .OLPDDQODJH 6W|UXQJHQ LQ GHU 0HVVXQJ/ GLH VLFK DOV NOHLQH XQUHJHOPl�LJH

6FKZDQNXQJHQ EHL GHU :LGHUVWDQGVPHVVXQJ lX�HUWHQ1 :XUGHQ HOHNWULVFKH 9HUEUDXFKHU HLQJH0

VFKDOWHW/ GLH DQ GHU JOHLFKHQ 3KDVH EHWULHEHQ ZXUGHQ ZLH GLH 0HVVJHUlWH/ WUDWHQ UHSURGX]LHUEDUH

6W|UXQJHQ DXI1 6WDUNH 6W|UXQJHQ/ ZLH VLH HWZD EHL GHU 0HVVXQJ DXIWUDWHQ/ GLH LQ $EE1 64 GDUJH0

VWHOOW LVW/ N|QQHQ HLQGHXWLJ DXI H[WHUQH (LQVWUHXXQJ LQ GDV 6WURPQHW] ]XU�FNJHI�KUW ZHUGHQ1 ,Q

GLHVHP )DOO ZDU HLQH +\GUDXOLNSXPSH LP *HElXGH I�U GLH 6W|UXQJHQ YHUDQWZRUWOLFK1

4.4.2 in-situ REM 

'LH *HQDXLJNHLW GHU 0HVVZHUWH I�U /G E]Z1 /)/ GLH DXV GHQ 5(00%LOGHUQ JHZRQQHQ ZXUGHQ/

ZLUG LP )ROJHQGHQ H[HPSODULVFK I�U GLH LQ $EE1 5: GDUJHVWHOOWH 0HVVXQJ DQ <8 �P ODQJHQ $OX0

PLQLXPEDKQHQ EHL M  50$2FP5 GDUJHVWHOOW1

'LH %LOGHU GHU HLQ]HOQHQ 6HJPHQWH ZXUGHQ QDFKHLQDQGHU DXIJHQRPPHQ1 -HGH $XIQDKPH EHQ|WLJW

MH QDFK JHZ�QVFKWHU 4XDOLWlW FD1 8 PLQ1 8P HLQ 6HJPHQW NRPSOHWW HUIDVVHQ ]X N|QQHQ/ VLQG PHK0

UHUH $XIQDKPHQ QRWZHQGLJ1 ,QVJHVDPW ZXUGHQ GLH %LOGHU YRQ DOOHQ 6HJPHQWHQ PHLVWHQV LQQHU0

KDOE YRQ ]ZHL 6WXQGHQ DXIJHQRPPHQ1 %HL HLQHU 9HUVXFKV]HLW YRQ PHKUHUHQ KXQGHUW 6WXQGHQ LVW

GLHVH =HLW ]XU (UIDVVXQJ GHU %LOGGDWHQ MHGRFK YHUQDFKOlVVLJEDU JHULQJ1

'LH (LQ]HOELOGHU GHU MHZHLOLJHQ 6HJPHQWH ZXUGHQ DQVFKOLH�HQG SHU %LOGYHUDUEHLWXQJ DQHLQDQGHU0

JHI�JW XQG GLH JHGULIWHWH /lQJH E]Z1 GLH 3RVLWLRQ GHU 3RUHQIURQW EHVWLPPW1 'DV LQ $EE1 54 GDU0
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JHVWHOOWH 6HJPHQW ZXUGH EHLVSLHOVZHLVH GXUFK ; (LQ]HODXIQDKPHQ HUIDVVW1 'LH (LQ]HOELOGHU KDEHQ

HLQH $XIO|VXQJ YRQ 4357 x :9; %LOGSXQNWHQ +3L[HO,1 (LQH 3/8 �P EUHLWH %DKQ LVW EHL HLQHU 433330

IDFKHQ 9HUJU|�HUXQJ LP 0LNURVNRS W\SLVFKHUZHLVH 73 3L[HO EUHLW1 )�U HLQ <8 �P ODQJHV 6HJPHQW

ZLUG ]XU NRPSOHWWHQ (UIDVVXQJ GDKHU HLQH KRUL]RQWDOH %UHLWH YRQ :933 3L[HO EHQ|WLJW1 'DGXUFK/

GDVV GLH 5lQGHU GHU 6(0%LOGHU VWDUN �EHU]HLFKQHW ZHUGHQ/ LVW GLH %HVWLPPXQJ GHU %UHLWH GHU %DKQ

PLW HLQHU *HQDXLJNHLW YRQ PD[LPDO 5 3L[HO GXUFKI�KUEDU1 'DGXUFK HUKlOW PDQ HLQHQ )HKOHU EHL

GHU %HVWLPPXQJ YRQ /3 YRQ </8 �P/ ZDV HLQHP UHODWLYHQ )HKOHU YRQ 43 ( HQWVSULFKW1

'LH 6WDQGDUGDEZHLFKXQJ +PLWWOHUHU )HKOHU GHV (LQ]HOZHUWHV, LVW HLQ 0D� I�U GLH $EZHLFKXQJ GHV

(LQ]HOPHVVZHUWHV [L YRP 0LWWHOZHUW P=

( )
4

4

5

−

−
=

∑
=

Q

P[
V

Q

L
L

1
+46,

6LH OLHJW I�U GLH LQ $EE1 59 JH]HLJWHQ 0LWWHOZHUWH YRQ /G XQG /) ]ZLVFKHQ :/5 XQG 44/5 �P1

'HU )HKOHU GHV 0LWWHOZHUWV YRQ /G XQG /) ZLUG �EHU GLH 6WDQGDUGDEZHLFKXQJ EHUHFKQHW=

]
VP =∆ 1 +47,

∆P LVW GHU )HKOHU GHV 0LWWHOZHUWV/ V GLH 6WDQGDUGDEZHLFKXQJ XQG ] JLEW GLH $Q]DKO GHU (LQ]HO0

PHVVXQJHQ DQ1 ∆P OLHJW I�U GHQ EHWUDFKWHWHQ )DOO ]ZLVFKHQ 5/: XQG 7/5 �P XQG ZXUGH DOV )HKOHU0

EDONHQ LQ $EE1 59 HLQJH]HLFKQHW1
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5 Diskussion 

,Q GLHVHP .DSLWHO ZHUGHQ GLH H[SHULPHQWHOOHQ (UJHEQLVVH ]XVDPPHQJHIDVVW XQG NULWLVFK GLVNX0

WLHUW1 $QVFKOLH�HQG ZHUGHQ GLH HUKDOWHQHQ 5HVXOWDWH PLW HLQHP 0RGHOO EHVFKULHEHQ PLW GHP GLH

QXPHULVFKH $QSDVVXQJ DQ GLH 0HVVZHUWH GXUFKJHI�KUW ZLUG1

5.1 Drift ohne Einfluss von mechanischen Spannungen 

'LH LQ .DS1 715 JH]HLJWHQ (UJHEQLVVH I�U GLH 'ULIWJHVFKZLQGLJNHLW LQ 6HJPHQWHQ PLW 5HVHUYRLU0

(QGH ]HLJHQ/ GDVV VLFK GLH 'ULIWJHVFKZLQGLJNHLW LQ GLHVHQ %DKQHQ LQ IROJHQGHU :HLVH HUK|KW=

YG /$O ? YG /$O+&X, ? YG / $O+2,1 ,Q GLHVHQ 6HJPHQWHQ VLQG PHFKDQLVFKH 6SDQQXQJHQ YHUQDFKOlVVLJEDU XQG

GLH 'ULIWJHVFKZLQGLJNHLW ZLUG GDQQ EHL MHZHLOV JOHLFKHU 6WURPGLFKWH EHVWLPPW GXUFK GLH �EULJHQ

3DUDPHWHU LQ *O1 +7,= 'LIIXVLRQVNRHIIL]LHQW ' XQG HIIHNWLYH /DGXQJV]DKO =-1 'LHV EHGHXWHW GDKHU

DXFK HLQH (UK|KXQJ YRQ ' ⋅ =- LQ IROJHQGHU :HLVH= +'=-,$O ? +'=-,$O+&X, ? +'=-,$O+2,1

$XV GHQ JHPHVVHQHQ 'ULIWJHVFKZLQGLJNHLWHQ HUKlOW PDQ QDFK *O1 +5, GHQ 'LIIXVLRQVNRHIIL]LHQWHQ

YRQ $OXPLQLXP LQ $O/ $O+&X, E]Z1 $O+2,/ ZHQQ PDQ DQQLPPW/ GDVV =- NRQVWDQW EOHLEW1 'LH :HU0

WH VLQG LQ 7DE1 5 DXIJHI�KUW1 ,Q >:LWW/ 5333@ ZXUGH I�U =- HLQ %HUHLFK ]ZLVFKHQ ²4/8 XQG ²5/8

DQJHJHEHQ1 )�U GLH %HUHFKQXQJ ZXUGH =-  05 YHUZHQGHW1 :HLWHUKLQ ZXUGH DQJHQRPPHQ/ GDVV

VLFK GHU HOHNWULVFKH :LGHUVWDQG GHU LPSODQWLHUWHQ 3UREHQ JHJHQ�EHU GHP YRQ UHLQHP $OXPLQLXP

GXUFK GLH ,PSODQWDWLRQ QLFKW YHUlQGHUW1 'HU VSH]LILVFKH :LGHUVWDQG YRQ $OXPLQLXP EHWUlJW EHL

593 �& ρ  8 �Ω FP >'\RV DQG )DUUHOO/ 4<<5@1

 vd [µm/h] DAl [m
2/s] 

Al, Al(Al) 1,0 0,7 ⋅ 10-14 

Al(Cu) 1,8 1,1 ⋅ 10-14 

Al(O) 2,2 1,4 ⋅ 10-14 

Tab. 2: Driftgeschwindigkeit und Diffusionskoeffizient von Al in Al, Al(Cu) bzw. Al(O) für Z* = -2. 

'LH :HUWH I�U '$O OLHJHQ LQ GHU *U|�HQRUGQXQJ YRQ 43047 P5 V041 (LQ 9HUJOHLFK PLW GHQ LQ .DS1

514 DXI 61 6 DXIJHI�KUWHQ /LWHUDWXUZHUWHQ ]HLJW/ GDVV *LWWHU0 VRZLH 9HUVHW]XQJVGLIIXVLRQ DOV 'LIIX0

VLRQVPHFKDQLVPXV PLW KRKHU :DKUVFKHLQOLFKNHLW DXVJHVFKORVVHQ ZHUGHQ N|QQHQ1 'HU 'LIIXVL0

RQVNRHIIL]LHQW I�U GLH *LWWHUGLIIXVLRQ OLHJW LP %HUHLFK YRQ 4304: P5 V04/ XQG I�U GLH 'LIIXVLRQ �EHU
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9HUVHW]XQJHQ P�VVWH GLH 9HUVHW]XQJVGLFKWH LQ GHU *U|�HQRUGQXQJ YRQ 43; �P05 OLHJHQ XP GLH

JHPHVVHQHQ :HUWH HUNOlUHQ ]X N|QQHQ1 'LHV Z�UGH EHGHXWHQ/ GDVV DXI XQJHIlKU MHGHV ]HKQWH

$WRP HLQH 9HUVHW]XQJ NlPH1 'LH 9HUVHW]XQJVGLFKWH LQ W\SLVFKHQ $OXPLQLXP0/HLWHUEDKQHQ OLHJW

MHGRFK HKHU LQ GHU *U|�HQRUGQXQJ YRQ 43 0 433 �P051 'LH (UK|KXQJ YRQ '=- GXUFK GLH ,PSODQ0

WDWLRQ YRQ .XSIHU XQG 6DXHUVWRII NDQQ MHGHQIDOOV QLFKW GXUFK HLQH (UK|KXQJ GHU 9HUVHW]XQJV0

GLFKWH HUNOlUW ZHUGHQ/ GD ]X YLHOH 9HUVHW]XQJHQ EHQ|WLJW Z�UGHQ XP �EHUKDXSW LQ GLH

*U|�HQRUGQXQJ GHU JHPHVVHQHQ 'LIIXVLRQVNRHIIL]LHQWHQ ]X JHODQJHQ1 ,P 7(0 ZDU EHL GHQ LP0

SODQWLHUWHQ 3UREHQ LP 9HUJOHLFK ]X HLQHU XQLPSODQWLHUWHQ 5HIHUHQ]SUREH HEHQIDOOV NHLQH DXIIlOOL0

JH (UK|KXQJ GHU 9HUVHW]XQJVGLFKWH VLFKWEDU1 1LPPW PDQ HLQH .RUQJUHQ]HQEUHLWH YRQ

43 $ DQ/ OLHJW GHU .RUQJUHQ]HQGLIIXVLRQVNRHIIL]LHQW EHL 43046 P5 V04/ DOVR HWZD LQ GHU ULFKWLJHQ

*U|�HQRUGQXQJ1 'D GLH XQWHUVXFKWHQ %DKQHQ MHGRFK %DPEXVVWUXNWXU EHVLW]HQ XQG VRPLW NHLQH

.RUQJUHQ]HQ HQWODQJ GHU /HLWHUEDKQ DXIZHLVHQ VFKHLGHW .RUQJUHQ]HQGLIIXVLRQ DOV 'LIIXVLRQV0

PHFKDQLVPXV HEHQIDOOV DXV1 (V NRPPW QXU QRFK GHU *UHQ]IOlFKHQPHFKDQLVPXV LQ )UDJH/ GHU LP

9HUJOHLFK ]XU .RUQJUHQ]HQGLIIXVLRQ JHULQJI�JLJ VFKQHOOHU VHLQ VROOWH/ ZRPLW VLFK GLH JHPHVVHQHQ

:HUWH HUNOlUHQ ODVVHQ N|QQWHQ1

(LQH (UK|KXQJ YRQ '=- GXUFK 6WUDKOHQVFKlGLJXQJ EHL GHU ,PSODQWDWLRQ ZLUG QDFK GHQ LQ GLHVHU

$UEHLW GXUFKJHI�KUWHQ 0HVVXQJHQ I�U QLFKW VHKU ZDKUVFKHLQOLFK JHKDOWHQ1 1DFK GHU $XVODJHUXQJ

+5 6WXQGHQ EHL 733 �&, NDQQ GDYRQ DXVJHJDQJHQ ZHUGHQ/ GDVV ,PSODQWDWLRQVVFKlGHQ DXVJHKHLOW

VLQG1 'DVV GLH ,PSODQWDWLRQVVFKlGLJXQJ VHKU ZDKUVFKHLQOLFK NHLQHQ (LQIOXVV KDW/ ]HLJW DXFK GLH

:LGHUVWDQGVPHVVXQJ DQ %DKQHQ PLW 5HVHUYRLU0(QGH DQ $O XQG $O+$O, +$EE1 57,= GLH MHZHLOLJHQ

.XUYHQ OLHJHQ ]LHPOLFK JXW �EHUHLQDQGHU1

(V VWHOOW VLFK QXQ GLH )UDJH/ ZDUXP VLFK GLH ,PSODQWDWLRQ YRQ .XSIHU XQG 6DXHUVWRII LQ HLQHU

(UK|KXQJ YRQ ' =- DXVZLUNW/ ZRJHJHQ LPSODQWLHUWHV $OXPLQLXP NHLQH bQGHUXQJ EHZLUNW1 ,P

)ROJHQGHQ ZHUGHQ ]ZHL 0|JOLFKNHLWHQ GLVNXWLHUW=

6HJUHJLHUHQ /HJLHUXQJVHOHPHQWH DQ *UHQ]IOlFKHQ/ lQGHUQ VLH GHQ 'LIIXVLRQVNRHIIL]LHQWHQ ' YRQ

$OXPLQLXP XQG VHKU ZDKUVFKHLQOLFK DXFK GLH HIIHNWLYH 9DOHQ] =-1 )�U $O+&X, ZlUH GLHV GHQNEDU/

I�U $O+2, JLOW GLHV MHGRFK QLFKW/ GD LPSODQWLHUWHU 6DXHUVWRII DOV LPPRELO DQJHQRPPHQ ZLUG XQG

GDKHU NHLQH 6HJUHJDWLRQHQ ELOGHQ NDQQ1 $OOHUGLQJV ZXUGH 6DXHUVWRII GLUHNW LQ GLH *UHQ]IOlFKHQ DQ

GHQ 6HLWHQ XQG LQ GLH XQWHUH *UHQ]IOlFKH ]X 7L1 LPSODQWLHUW/ ZRGXUFK VLFK GLH (LJHQVFKDIWHQ GHU

*UHQ]IOlFKHQ P|JOLFKHUZHLVH JHlQGHUW KDEHQ1
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2EZRKO GLH $OXPLQLXPGRVLV VR JHZlKOW ZXUGH/ GDVV VLH GDV JOHLFKH $XVPD� DQ 6FKlGLJXQJ HU0

]HXJW ZLH EHL GHU ,PSODQWDWLRQ YRQ .XSIHU/ N|QQWH GLH :HFKVHOZLUNXQJ YRQ .XSIHU0 E]Z1 6DXHU0

VWRIIDWRPHQ PLW GHQ EHL GHU ,PSODQWDWLRQ HU]HXJWHQ 6FKlGLJXQJHQ ]X HLQHU DQGHUHQ

'HIHNWVWUXNWXU I�KUHQ DOV EHL $O0LPSODQWLHUWHQ RGHU XQLPSODQWLHUWHQ $OXPLQLXPSUREHQ1 'D EHL

7(008QWHUVXFKXQJHQ NHLQH bQGHUXQJ GHU 9HUVHW]XQJVVWUXNWXU LP .RUQLQQHUHQ EHREDFKWHW

ZXUGH/ ZLUG DQJHQRPPHQ/ GDVV GLH ,PSODQWDWLRQ YRQ .XSIHU RGHU 6DXHUVWRII NHLQHQ QHXHQ 'LI0

IXVLRQVSIDG I�U 9HUVHW]XQJVGLIIXVLRQ HU]HXJW1 (V HUVFKHLQW GDKHU ZDKUVFKHLQOLFKHU/ GDVV ZlKUHQG

GHU $XVODJHUXQJ LPSODQWLHUWH .XSIHU0 RGHU 6DXHUVWRIIDWRPH PLW GHQ HU]HXJWHQ 'HIHNWHQ ZHFK0

VHOZLUNHQ XQG GDKHU HLQH bQGHUXQJ GHU 'HIHNWVWUXNWXU EHL RGHU LQ GHU 1lKH GHU *UHQ]IOlFKHQ

HQWVWHKW/ GLH HLQH (UK|KXQJ GHV 'LIIXVLRQVNRHIIL]LHQWHQ YRQ $OXPLQLXP EHZLUNW1

5.2 Inkubationszeit 

,Q 7DE1 6 VLQG GLH DXV GHU :LGHUVWDQGVPHVVXQJ DQ ILQLWHQ 6HJPHQWHQ GXUFK OLQHDUH ([WUDSRODWLRQ

HUKDOWHQHQ :HUWH I�U GLH ,QNXEDWLRQV]HLW WLQF ]XVDPPHQJHIDVVW1 %HL DOOHQ 6HJPHQWHQ PLW 5HVHU0

YRLU0(QGH ZLUG NHLQH ,QNXEDWLRQV]HLW EHREDFKWHW1 (V ZXUGHQ MHZHLOV LQ 5HLKH JHVFKDOWHWH 6HJ0

PHQWH JHWHVWHW/ ZRGXUFK HV ]X %HJLQQ GHU 0HVVXQJ ]X HLQHU NOHLQHQ $EZHLFKXQJ YRP OLQHDUHQ

9HUODXI GHU :LGHUVWDQGVNXUYH NRPPHQ NDQQ/ ZHQQ HLQ]HOQH 6HJPHQWH YHUVFKLHGHQH ,QNXEDWL0

RQV]HLWHQ EHVLW]HQ +V1 $EE1 58,1 )�U DOOH :HUWH ZLUG GDKHU HLQ PD[LPDOHU )HKOHU YRQ ± 4 K DQJH0

QRPPHQ1

'LH UHFKWH 6SDOWH GHU 7DE1 6 HQWKlOW GLH DXI HLQH 6WURPGLFKWH YRQ 4 0$2FP5 QRUPLHUWHQ :HUWH

W ·LQF1 (LQH 1RUPLHUXQJ LVW QDFK GHU LQ .DS1 518 EHVFKULHEHQHQ 3URSRUWLRQDOLWlW WLQF ∝ 42M5 P|JOLFK1

'LH QRUPLHUWHQ ,QNXEDWLRQV]HLWHQ HUP|JOLFKHQ HLQHQ 9HUJOHLFK GHU :HUWH/ GLH EHL YHUVFKLHGHQHQ

6WURPGLFKWHQ JHPHVVHQ ZXUGHQ1 (LQ GHXWOLFKHU 7UHQG LVW MHGRFK QLFKW HUNHQQEDU1 (LQHUVHLWV ZLUG

GLH ,QNXEDWLRQV]HLW GXUFK LPSODQWLHUWHV $OXPLQLXP JHJHQ�EHU UHLQHP $OXPLQLXP HUK|KW/ DQGH0

UHUVHLWV EHZLUNW GLH ,PSODQWDWLRQ YRQ .XSIHU XQG 6DXHUVWRII HLQH (UQLHGULJXQJ YRQ W ·LQF1 'HU :HUW

YRQ $O+2, LVW QLFKW GLUHNW PLW GHQ DQGHUHQ ,QNXEDWLRQV]HLWHQ YHUJOHLFKEDU/ GD GLH 6HJPHQWH YRU

GHU 0HVVXQJ XQWHUKDOE GHU NULWLVFKHQ 6WURPGLFKWH JHWHVWHW ZXUGHQ1 'LH WDWVlFKOLFKH ,QNXEDWLRQV0

]HLW VROOWH GDKHU HWZDV K|KHU OLHJHQ/ ZDV GXUFK GHQ QDFK REHQ JHULFKWHWHQ 3IHLO LQ GHU 7DEHOOH

DQJHGHXWHW ZHUGHQ VROO1
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 L0 [µm] 

j 

[MA/cm2] tinc [h] t’inc [h] 

Al 52 1,2 5,0 ± 1 7,3 

Al(Al) 95 2 3,0 ± 1 12,4 

Al(Cu) 52 1 4,7 ± 1 4,7 

Al(O) 52 2 (2,2 ± 1) ↑  (8,8) ↑  

Tab. 3: Inkubationszeiten für 0,5 µm breite Al, Al(Al), Al(Cu) bzw. Al(O) – Segmente. Die rechte Spalte enthält die 

auf j = 1 MA/cm2 normierten Inkubationszeiten. 

:LH LQ .DS1 519 EHVFKULHEHQ ZXUGH/ ILQGHW PDQ LQ GHU /LWHUDWXU XQWHUVFKLHGOLFKH $QJDEHQ GDU0

�EHU/ ZHOFKHQ (LQIOXVV .XSIHU DXI GLH ,QNXEDWLRQV]HLW YRQ $O+&X, DXV�EW1 (LQHUVHLWV ZLUG EHULFK0

WHW/ GDVV .XSIHU HLQHQ (LQIOXVV DXI GLH ,QNXEDWLRQV]HLW KDW/ DQGHUHUVHLWV ILQGHW PDQ DXFK/ GDVV

.XSIHU NHLQHQ (LQIOXVV DXI WLQF KDW1:HLWHUKLQ ILQGHW PDQ DXFK JUR�H 8QWHUVFKLHGH EHL GHQ JHPHV0

VHQHQ ,QNXEDWLRQV]HLWHQ I�U UHLQHV $OXPLQLXP1 (V LVW GDKHU QRFK QLFKW ULFKWLJ YHUVWDQGHQ ZHOFKH

3UR]HVVH I�U GDV $XIWUHWHQ HLQHU ,QNXEDWLRQV]HLW YHUDQWZRUWOLFK VLQG/ XQG GLH 7DWVDFKH/ GDVV LQ

GLHVHU $UEHLW NHLQ 7UHQG HUNHQQEDU LVW/ LVW DXV GLHVHP *UXQGH QLFKW XQJHZ|KQOLFK1

5.3 Kritisches Produkt 

'DV NULWLVFKH 3URGXNW NDQQ VRZRKO DXV GHQ 0HVVXQJHQ GHU NULWLVFKHQ 6WURPGLFKWH DOV DXFK DXV

GHU NULWLVFKHQ /lQJH EHL GHQ ELV ]XU 6lWWLJXQJ JHGULIWHWHQ 6HJPHQWHQ EHVWLPPW ZHUGHQ1

5.3.1 Bestimmung von β über die kritische Stromdichte 

'LH LQ .DS1 716 EHVFKULHEHQHQ 0HVVXQJHQ GHU NULWLVFKHQ 6WURPGLFKWH N|QQHQ ]XU %HVWLPPXQJ

GHV NULWLVFKHQ 3URGXNWV YHUZHQGHW ZHUGHQ1 $OV NULWLVFKH 6WURPGLFKWH ZXUGH GLHMHQLJH DQJHQRP0

PHQ/ EHL GHU LQ GHU +lOIWH GHU ; LQ 5HLKH JHVFKDOWHWHQ 6HJPHQWH 6FKlGLJXQJ HUNHQQEDU ZDU1 1XU

EHL UHLQHP $OXPLQLXP ZXUGH EHL HLQHU 6WURPGLFKWH JHPHVVHQ/ EHL GHU JHQDX GLH +lOIWH GHU ;

6HJPHQWH PLJULHUWHQ1 %HL $O+&X, XQG $O+2, ZXUGH MHZHLOV EHL HLQHU HWZDV ]X NOHLQHQ RGHU HLQHU

HWZDV ]X JUR�HQ 6WURPGLFKWH JHPHVVHQ/ GD GLH 6FKULWWH ]ZLVFKHQ GHQ (LQ]HOPHVVXQJHQ ]X JURE

ZDUHQ1 ,Q HUVWHU 1lKHUXQJ N|QQWH PDQ GLH NULWLVFKH 6WURPGLFKWH GXUFK OLQHDUH ([WUDSRODWLRQ

]ZLVFKHQ GHQ EHLGHQ :HUWHQ HUPLWWHOQ1 ,Q >:LWW/ 5333@ ZXUGHQ lKQOLFKH 0HVVXQJHQ ]XU %HVWLP0

PXQJ GHV NULWLVFKHQ 3URGXNWV EHL NOHLQHUHQ 6FKULWWZHLWHQ GXUFKJHI�KUW/ XQG HV ]HLJWH VLFK/ GDVV

GLH (LQ]HOZHUWH HLQHU 1RUPDOYHUWHLOXQJ IROJHQ1 ,Q $EE1 66 LVW GLH 6WURPGLFKWH DEJHWUDJHQ DXI GLH
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NXPXODWLYH 9HUWHLOXQJVIXQNWLRQ +&')/ FXPXODWLYH GLVWULEXWLRQ IXQFWLRQ, GHU $Q]DKO GHU GULIWHQGHQ

6HJPHQWH1 'LH *OHLFKXQJ GHU 'LFKWHIXQNWLRQ GHU 1RUPDOYHUWHLOXQJ ODXWHW=

( )
( )
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4// V
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⋅
⋅

=
π

1 +48,

[ LVW GHU :HUW GHU 9HUWHLOXQJ/ P GDV DULWKPHWLVFKH 0LWWHO XQG V GLH 6WDQGDUGDEZHLFKXQJ1 'DV IRO0

JHQGH %HLVSLHO VROO GLH 9HUWHLOXQJVIXQNWLRQ DQVFKDXOLFK YHUGHXWOLFKHQ=

:HUGHQ ; 6HJPHQWH JHWHVWHW XQG EHL HLQHU 6WURPGLFKWH LQ HLQHP GHU 6HJPHQWH 6FKlGLJXQJ EHR0

EDFKWHW/ HQWVSUlFKH GLHV HLQHP $QWHLO YRQ 42;1 'LH 9HUWHLOXQJVIXQNWLRQ EHU�FNVLFKWLJW MHGRFK GLH

$Q]DKO GHU JHWHVWHWHQ 6HJPHQWH1 'HU :HUW 42+;, +ÅHLQHV YRQ DFKW´, GULIWHQGHQ 6HJPHQWHQ HQW0

VSULFKW GDQQ HLQHP $QWHLO YRQ 47(1 'DV JOHLFKH JLOW/ ZHQQ PDQ LQ DOOHQ ; 6HJPHQWHQ 6FKlGLJXQJ

EHREDFKWHW1 +lWWH PDQ PHKU 6HJPHQWH JHWHVWHW/ PXVV QLFKW QRWZHQGLJHUZHLVH LQ DOOHQ 6HJPHQWHQ

6FKlGLJXQJ EHREDFKWEDU VHLQ1 'HU :HUW ;2+;, HQWVSULFKW GDKHU XQWHU %HU�FNVLFKWLJXQJ GHU 9HU0

WHLOXQJVIXQNWLRQ HLQHP $QWHLO YRQ QXU <6(1 'LH 9HUWHLOXQJVIXQNWLRQ LVW V\PPHWULVFK/ G1K1 LKU
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Abb. 33: Kumulative Normalverteilung der driftenden Segmente bei schrittweiser Erhöhung der Stromdichte.
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$XV $EE1 66 HUKlOW PDQ GLH LQ 7DE1 7 DXIJHI�KUWHQ :HUWH I�U GLH NULWLVFKH 6WURPGLFKWH YRQ $O/

$O+&X, XQG $O+2,/ DXV GHQHQ VLFK QDFK *O1 +:, GDV NULWLVFKH 3URGXNW β  MF ⋅ /F VRZLH GLH PD[LPD0

OH 6SDQQXQJVGLIIHUHQ] ∆σc EHUHFKQHQ OlVVW1 'HU )HKOHU YRQ MF ZXUGH DXV $EE1 66 DEJHVFKlW]W1 %HL

DOOHQ GUHL :HUWHQ ZXUGH HLQ )HKOHU YRQ ± 3/4 0$2FP5 DQJHQRPPHQ1 )�U GLH 5HFKQXQJ ZXUGH

=-  05 XQG Ω  43 FP62PRO YHUZHQGHW1

 jc [MA/cm2] β [A/cm] ∆σc [MPa] 

Al 0,492 ± 0,1 4672 ± 950 450 ± 90 

Al(Cu) 0,566 ± 0,1 5380 ± 950 520 ± 90 

Al(O) 0,687 ± 0,1 6530 ± 950 630 ± 90 

Tab. 4: Kritische Stromdichte jc, kritisches Produkt β  sowie maximale Spannungsdifferenz ∆σc von 0,5 µm breiten 

Al, Al(Cu) bzw. Al(O)-Leiterbahnen. 

5.3.2 Bestimmung von β über die kritische Länge 

$XV GHU NULWLVFKHQ /lQJH /F NDQQ QDFK *O1 +:, HEHQIDOOV GDV NULWLVFKH 3URGXNW β EHVWLPPW ZHU0

GHQ1 'LH NULWLVFKH /lQJH HUKlOW PDQ DXV GHQ 0HVVXQJHQ ELV ]XU 6lWWLJXQJ EHL HLQHU 6WURPGLFKWH

YRQ 5 0$2FP5 +V1 $EE1 5:/ $EE1 63 XQG $EE1 65,1 'LH VR HUKDOWHQHQ :HUWH VLQG LQ 7DE1 8 DXI0

JHI�KUW1 $OV )HKOHU YRQ /)/ ILQDO VRZLH /F ZXUGH GHU PLWWOHUH )HKOHU GHV 0LWWHOZHUWHV YRQ /)/ ILQDO YHU0

ZHQGHW/ GHU LQ GHQ MHZHLOLJHQ $EELOGXQJHQ DOV )HKOHUEDONHQ HLQJH]HLFKQHW LVW1 (LQ 9HUJOHLFK PLW

GHQ :HUWHQ LQ 7DE1 7 ]HLJW/ GDVV GLH :HUWH I�U GDV NULWLVFKH 3URGXNW VHKU JXW �EHUHLQVWLPPHQ1

'LH PD[LPDOH $EZHLFKXQJ OLHJW EHL 5/6 (1

 LF, final [µm] Lc [µm] β [A/cm] 

Al 71,1 ± 3,5 23,9 ± 3,5 4780 ± 7000 

Al(Cu) 68,2 ± 5,2 26,8 ± 5,2 5360 ± 1040 

Al(O) 61,8 ± 2,3 33,2 ± 2,3 6640 ± 4600 

Tab. 5: Endliche Position der Porenfront LF, final, kritische Länge Lc sowie kritisches Produkt β  von 0,5 µm breiten 

Al, Al(Cu) bzw. Al(O)-Leiterbahnen. 

5.3.3 Einfluss von Kupfer und Sauerstoff auf das kritische Produkt 

'DV NULWLVFKH 3URGXNW GHU XQWHUVXFKWHQ $O+&X,0 XQG $O+2,03UREHQ LVW JU|�HU DOV GDV YRQ UHLQHP

$OXPLQLXP1 'LHV EHGHXWHW/ GDVV GLH NULWLVFKH 6SDQQXQJ LQ GLHVHQ 3UREHQ K|KHU LVW DOV LQ 3UREHQ
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DXV UHLQHP $OXPLQLXP1 ,Q 7DE1 7 VLQG GLH HQWVSUHFKHQGHQ NULWLVFKHQ 6SDQQXQJHQ DQJHJHEHQ1 ,Q

>6WUDXE/ 5333@ ZXUGH JH]HLJW/ GDVV GLH NULWLVFKH 6SDQQXQJ QLFKW PLW GHU )OLH�VSDQQXQJ �EHUHLQ0

VWLPPW/ GLH �EHU WKHUPR0PHFKDQLVFKH 9HUIRUPXQJ +ZDIHU FXUYDWXUH, JHPHVVHQ ZXUGH1 'LH NULWL0

VFKH 6SDQQXQJ NDQQ MHGRFK DOV GLH 6SDQQXQJ EH]HLFKQHW ZHUGHQ/ EHL GHU VLFK GDV 0DWHULDO

VLFKWEDU YHUIRUPW1 6LH KlQJW VHKU ZDKUVFKHLQOLFK PLW GHQ PHFKDQLVFKHQ (LJHQVFKDIWHQ HLQHV 0D0

WHULDOV ]XVDPPHQ1 'HU (LQIOXVV YRQ .XSIHU XQG 6DXHUVWRII DXI GLH )HVWLJNHLW YRQ $OXPLQLXP LVW

EHL JUR�HQ 3UREHQ DXV 9ROOPDWHULDO VHLW ODQJHP EHNDQQW1 'DV 6\VWHP $OXPLQLXP0.XSIHU LVW HLQ

3DUDGHEHLVSLHO I�U DXVKlUWEDUH /HJLHUXQJHQ/ XQG GHU (LQIOXVV YRQ 6DXHUVWRII DXI GLH PHFKDQL0

VFKHQ (LJHQVFKDIWHQ YRQ 2'606XSHUOHJLHUXQJHQ LVW HEHQIDOOV VHLW ODQJHP EHNDQQW1 ,Q GLHVHP

=XVDPPHQKDQJ LVW HV GDKHU QLFKW �EHUUDVFKHQG/ GDVV VLFK GXUFK ,PSODQWDWLRQ YRQ .XSIHU RGHU

6DXHUVWRII GLH )HVWLJNHLW YRQ $OXPLQLXP VWHLJHUQ OlVVW1

5.4 Auftreten einer Porenfront 

,Q DOOHQ XQWHUVXFKWHQ /HLWHUEDKQHQ ZLUG EHREDFKWHW/ GDVV GHU 0DWHULDODEWUDJ QLFKW JOHLFKPl�LJ

�EHU HLQH 3RUH HUIROJW/ VRQGHUQ GDV VLFK YRU GHU OHW]WHQ 3RUH LPPHU ZLHGHU HLQH QHXH 3RUH ELOGHW

XQG GD]ZLVFKHQ 5HVWH GHV /HLWHUEDKQPDWHULDOV ]XU�FNEOHLEHQ1 +DEHQ VLFK PHKUHUH 3RUHQ JHELO0

GHW/ EOHLEHQ GLH GDKLQWHU OLHJHQGHQ %HUHLFKH XQYHUlQGHUW1 'LH )URQWJHVFKZLQGLJNHLW YG LVW EHL DOOHQ

XQWHUVXFKWHQ 3UREHQ XP HLQHQ NRQVWDQWHQ )DNWRU ξ JU|�HU DOV GLH 'ULIWJHVFKZLQGLJNHLW

YG = Y) ξ YG 1 'LH )URQWJHVFKZLQGLJNHLW YHUOlXIW DX�HUGHP ZLH GLH 'ULIWJHVFKZLQGLJNHLW DXFK EHL

GHQ 6HJPHQWHQ PLW 5HVHUYRLU0(QGH OLQHDU1

$XV $EE1 59 NDQQ I�U M  5 0$2FP5 DXV GHQ 6WHLJXQJHQ ]ZLVFKHQ GHQ 0LWWHOZHUWHQ YRQ /G XQG

/) GLH 'ULIW0 E]Z1 )URQWJHVFKZLQGLJNHLW EHUHFKQHW ZHUGHQ1 ,Q $EE1 67 LVW GHU 9HUODXI YRQ YG XQG

Y) GDUJHVWHOOW1 'LH )URQWJHVFKZLQGLJNHLW LVW LPPHU JU|�HU DOV GLH 'ULIWJHVFKZLQGLJNHLW1 'LH )HK0

OHUEDONHQ JHEHQ GLH QDFK *O1 +47, EHUHFKQHWHQ )HKOHU GHU 0LWWHOZHUWH DQ1 'HU UHODWLYH )HKOHU OLHJW

KLHU EHL ELVW ]X 53 (1 'LH )URQWJHVFKZLQGLJNHLW LVW LP 0LWWHO 4/8 PDO JU|�HU DOV GLH 'ULIWJH0

VFKZLQGLJNHLW1
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Abb. 34: Driftgeschwindigkeit vd sowie Frontgeschwindigkeit vf für Al. Segmentlänge: 95 µm, Stromdichte 

j = 2 MA/cm2.

'DV $XIWUHWHQ HLQHU 3RUHQIURQW NDQQ IROJHQGHUPD�HQ YHUGHXWOLFKW ZHUGHQ= 3RUHQ ELOGHQ VLFK

GRUW ZR =XJVSDQQXQJHQ DXIWUHWHQ1 +DW VLFK HLQH 3RUH JHELOGHW/ GLH VLFK �EHU GLH JHVDPWH %UHLWH

GHU /HLWHUEDKQ HUVWUHFNW/ ZXUGH HLQH IUHLH 2EHUIOlFKH JHVFKDIIHQ XQG GLH 6SDQQXQJ EHWUlJW QXOO1

,P HLQIDFKVWHQ )DOO LVW GDQQ GHU 6SDQQXQJVYHUODXI HLQH *HUDGH/ ZLH VLH JU�Q JHSXQNWHW LQ $EE1

68 GDUJHVWHOOW ZLUG1 'LH %HREDFKWXQJHQ LQ GLHVHU $UEHLW JHEHQ MHGRFK *UXQG ]XU $QQDKPH/ GDVV

HV =XJVSDQQXQJHQ YRU GHP GULIWHQGHQ .DWKRGHQHQGH JLEW/ GHQQ GRUW ZR =XJVSDQQXQJHQ VLQG/

NDQQ HLQH QHXH 3RUH DXIJHKHQ1 'HU 6SDQQXQJVYHUODXI IROJW GHQQ GHP 9HUODXI/ GHU LQ $EE1 68

GXUFKJHKHQG LQ URW HLQJH]HLFKQHW LVW1 'RUW ZR VLFK HLQH QHXH 3RUH ELOGHW LVW GLH NULWLVFKH 6SDQ0

QXQJ HUUHLFKW1 'DV $XIWUHWHQ YRQ =XJVSDQQXQJHQ QDKH GHP .DWKRGHQHQGH QDFKGHP VLFK HLQH

3RUH JHELOGHW KDW ZLUG DXFK YRQ 31 &1 :DQJ GXUFK 0HVVXQJHQ �EHU 5|QWJHQ00LNURGLIIUDNWR0

PHWULH EHREDFKWHW >:DQJ HW1 DO1/ 4<<:@1
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Abb. 35: Bildung von Zugspannungen vor dem Kathodenende. 

(LQ (UNOlUXQJVYRUVFKODJ I�U GDV $XIWUHWHQ YRQ =XJVSDQQXQJHQ ZLUG LQ HLQHP 0RGHOO YRQ

.RUKRQHQ >.RUKRQHQ HW1 DO1/ 4<<6@ JHJHEHQ1 'DV 0RGHOO EDVLHUW DXI GHP *HGDQNHQ/ GDVV GHU

(OHNWURPLJUDWLRQVIOXVV GXUFK HLQHQ )OXVV YRQ $WRPHQ DXIJUXQG YRQ SODVWLVFKHU 9HUIRUPXQJ

DXVJHJOLFKHQ ZLUG/ ZHQQ GLH DXIWUHWHQGH 6SDQQXQJ GLH )OLH�JUHQ]H HUUHLFKW KDW1 (V LVW MHGRFK

QLFKW Y|OOLJ NODU/ RE DOOH $QQDKPHQ LQ GLHVHP 0RGHOO ]XWUHIIHQG VLQG/ DEHU HV N|QQWH GLH (UJHE0

QLVVH GLHVHU $UEHLW HUNOlUHQ1:HLWHUKLQ N|QQWH GDV 0RGHOO GDV $XIWUHWHQ HLQHV NRQVWDQWHQ )DNWRUV

]ZLVFKHQ 'ULIW0 XQG )URQWJHVFKZLQGLJNHLW HUNOlUHQ/ ZDV LQ GLHVHU $UEHLW HEHQIDOOV EHREDFKWHW

ZXUGH1

5.5 Modellierung von Drift- und Frontgeschwindigkeit  

5.5.1 Einporenmodell 

,Q $EE1 69 LVW HLQ 6HJPHQW GHU $XVJDQJVOlQJH /3 JH]HLJW/ EHL GHP GHU 0DWHULDODEWUDJ �EHU QXU

HLQH 3RUH HUIROJW1 'LH JHGULIWHWH /lQJH ]XP =HLWSXQNW W EHWUlJW /G1 )�U GLHVHQ )DOO HUKlOW PDQ DXV

*O1 +7, I�U HLQH 6WURPGLFKWH M ! MF GLH 'ULIWJHVFKZLQGLJNHLW YG =

( )FG MMH=
N7
'Y −⋅⋅⋅= ρ- 1 +49,

'LH *HVFKZLQGLJNHLW I�U HLQ 6HJPHQW GDV NHLQH PHFKDQLVFKHQ 6SDQQXQJHQ VS�UW EHWUlJW QDFK

*O1 +5,
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MH=
N7
'Y ⋅⋅⋅= ρ-
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M
MYY F

G 43 1 +4;,

'LH NULWLVFKH 6WURPGLFKWH MF LVW ZlKUHQG GHV 9HUVXFKV MHGRFK QLFKW NRQVWDQW/ GD VLFK GLH /lQJH

/+W,  /3 0 /G +W, GHV 6HJPHQWV PLW GHU =HLW lQGHUW1 6RPLW lQGHUW VLFK DXFK GLH NULWLVFKH /lQJH /F
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*O1 +4<, LVW HLQH 'LIIHUHQ]LDOJOHLFKXQJ/ GLH VLFK GXUFK 7UHQQXQJ GHU 9DULDEOHQ O|VHQ OlVVW1 'HU

5HFKHQJDQJ ZLUG LQ $QKDQJ ;15 GXUFKJHI�KUW1 'LH /|VXQJ ODXWHW I�U GLH $QIDQJVEHGLQJXQJ
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Abb. 36: Driftendes Segment der Ausgangslänge L0 zum Zeitpunkt t. Der Materialabtrag erfolgt nur über eine 

Pore der Länge Ld. 
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'LH /|VXQJ YRQ *O1 +53, LVW QXU I�U GLH )XQNWLRQ W+/G, HUKlOWOLFK/ GD VLFK *O1 +53, QLFKW QDFK /G
DXIO|VHQ OlVVW1 'LH )XQNWLRQ LVW HLQH YROOVWlQGLJH DQDO\WLVFKH /|VXQJ ]XU %HVFKUHLEXQJ GHV .XU0

YHQYHUODXIV GHU JHGULIWHWHQ /lQJH /G DOV )XQNWLRQ GHU =HLW1 ,Q >+X/ HW DO1/ 4<<6@ ZLUG HLQ lKQOLFKHV

0RGHOO ]XU %HVFKUHLEXQJ GHU 'ULIWJHVFKZLQGLJNHLW YRQ $O+&X, XQWHU %HU�FNVLFKWLJXQJ HLQHU ,Q0

NXEDWLRQV]HLW JH]HLJW1 ,Q Y3 LVW QDFK *O1 +4:, GHU 'LIIXVLRQVNRHIIL]LHQW ' VRZLH GLH HIIHNWLYH /D0

GXQJV]DKO =- HQWKDOWHQ1 ,Q $EE1 6: LVW GDUJHVWHOOW/ ZHOFKHQ (LQIOXVV GLH 3DUDPHWHU β/ '/ =- XQG

/3 DXI GHQ .XUYHQYHUODXI YRQ /G DOV )XQNWLRQ GHU =HLW KDEHQ1 'LH GLFN JH]HLFKQHWH .XUYH GLHQW

DOV 5HIHUHQ] I�U HLQ 6HJPHQW PLW IROJHQGHQ 3DUDPHWHUQ= /3  <8 �P/ =-  05/ '  4 ⋅ 43047 P52V/

β  ;333 $2FP EHL NRQVWDQWHU 6WURPGLFKWH1 'HU (LQIOXVV YRQ β LVW JHVWULFKHOW LQ EODX GDUJHVWHOOW1

:LH PDQ VLHKW/ LVW DOOHLQ GDV NULWLVFKH 3URGXNW β GDI�U PD�JHEOLFK/ ZHOFKH JHGULIWHWH /lQJH PD0

[LPDO HUUHLFKW ZHUGHQ NDQQ1 :LUG GDKHU HLQ 6HJPHQW VR ODQJH JHWHVWHW/ ELV 6lWWLJXQJ HUUHLFKW LVW/

NDQQ DXV GHU HQGOLFKHQ /lQJH /ILQDO GDV NULWLVFKH 3URGXNW β EHVWLPPW ZHUGHQ1 ,Q $EE1 6: ZLUG

ZHLWHUKLQ GHXWOLFK/ GDVV DOOH 3DUDPHWHU DXV *O1 +53, EHL NRQVWDQWHU 6WURPGLFKWH M I�U GHQ .XUYHQ0

YHUODXI LP OLQHDUHQ $QIDQJVEHUHLFK PD�JHEOLFK VLQG1 =ZLVFKHQ ' XQG =- NDQQ EHL NRQVWDQWHP β

QLFKW ZHLWHU XQWHUVFKLHGHQ ZHUGHQ/ GD VLFK EHLGH 3DUDPHWHU DXI GHQ .XUYHQYHUODXI DXVZLUNHQ1
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Abb. 37: Einfluss von β, D, und Z* auf die gedriftete Länge als Funktion der Zeit. 
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5.5.2 Mehrporenmodell mit Porenfront 

*O1 +53, ZXUGH XQWHU GHU $QQDKPH KHUJHOHLWHW/ GDVV GDV 6HJPHQW YROOVWlQGLJ DEJHWUDJHQ ZLUG XQG

NHLQ UHVWOLFKHV /HLWHUEDKQPDWHULDO ]XU�FNEOHLEW1 'LHVH $QQDKPH LVW I�U GLH LQ GLHVHU $UEHLW XQWHU0

VXFKWHQ 6HJPHQWH QLFKW J�OWLJ1 ,Q .DS1 817 ZXUGH JH]HLJW/ GDVV LQ DOOHQ XQWHUVXFKWHQ 6HJPHQWHQ

HLQH 3RUHQIURQW DXIWULWW XQG GDVV VLFK PHKUHUH 3RUH ELOGHQ/ ]ZLVFKHQ GHQHQ 5HVWH GHV /HLWHU0

EDKQPDWHULDOV ]XU�FNEOLHEHQ1 (LQ VROFKHV 6HJPHQW LVW VFKHPDWLVFK LQ $EE1 69 GDUJHVWHOOW1 'LH

JHGULIWHWH /lQJH HUKlOW PDQ QDFK *O1 +<, DXV GHU 6XPPH GHU (LQ]HOOlQJHQ1

LF

L1 L2 L3

L0

L t( )
e-

Abb. 38: Driftendes Segment der Ausgangslänge L0 zum Zeitpunkt t. Es haben sich mehrere Poren gebildet, nur 

die letzte Pore wächst. 

)�U GLH 0RGHOOLHUXQJ GHV .XUYHQYHUODXIV GHU XQWHUVXFKWHQ 3UREHQ ZLUG IROJHQGH $QQDKPH JH0

PDFKW=

G)

G)

//
YY

⋅=
⋅=

ξ
ξ

+54,

(V JLOW MHW]W I�U GLH NULWLVFKH 6WURPGLFKWH=

)
F //
M

−
=

3

β
+55,

6HW]W PDQ *O1 +54, LQ *O1 +4<, HLQ/ HUKlOW PDQ HEHQIDOOV HLQHQ $XVGUXFN I�U W+/G,1 'HU 5HFKHQJDQJ

VRZLH GLH /|VXQJ GHV ,QWHJUDOV HUIROJW DQDORJ ]X GHP 0RGHOO I�U QXU HLQH 3RUH1 0DQ HUKlOW IRO0

JHQGH *OHLFKXQJ/ GLH GHQ 9HUODXI YRQ /G PLW GHU =HLW EHVFKUHLEW=
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Abb. 39: Gedriftete Länge Ld und Position der Porenfront LF für reines Al mit numerisch angepasster Funktion. 

L0 = 79,5 µm, j = 2 MA/cm2. 
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,Q $EE1 6< VLQG GLH 0HVVZHUWH I�U /G XQG /) DXV $EE1 5: I�U M  5 0$2FP5 GDUJHVWHOOW/ GLH DXV

GHU LQ0VLWX 5(000HVVXQJ YRQ UHLQHP $O HUKDOWHQ ZXUGHQ1 (V ZXUGH ]XYRU EHUHLWV EHL DQGHUHQ

6WURPGLFKWHQ JHWHVWHW/ GDKHU ZXUGHQ GLH 0HVVZHUWH XP GLH )URQWOlQJH ]X %HJLQQ GHU 0HVVXQJ

EHL M  5 0$2FP5 NRUULJLHUW +48/8 �P/ V1 $EE1 5:,1 'LH $XVJDQJVOlQJH /3 EHWUlJW GDQQ :</8 �P1

'LH GXUFKJH]RJHQHQ .XUYHQ ]HLJHQ GHQ 9HUODXI GHU HQWVSUHFKHQGHQ QXPHULVFK DQJHSDVVWHQ

)XQNWLRQ QDFK *O1 +56, E]Z1 +57,1 :LH PDQ VLHKW/ VWLPPHQ GLH .XUYHQ PLW GHQ 0HVVZHUWHQ JXW

�EHUHLQ1 $XV GHU QXPHULVFKHQ $QSDVVXQJ HUKlOW PDQ IROJHQGH :HUWH= Y3  4/4 �P2K/

β  7:85 $2FP/ ξ  4/81 'LH JHVWULFKHOWH .XUYH ]HLJW GHQ 9HUODXI GHU )XQNWLRQ QDFK *O1 +53, I�U

GDV 0RGHOO PLW QXU HLQHU 3RUH1 'LH *HUDGHQ ]HLJHQ GHQ 9HUODXI GHU JHGULIWHWHQ /lQJH I�U HLQ

6HJPHQW PLW 5HVHUYRLU0(QGH1

$Q GLHVHP %HLVSLHO VROO JH]HLJW ZHUGHQ/ GDVV GDV HQWZLFNHOWH 0RGHOO YHUZHQGHW ZHUGHQ NDQQ XP

GLH 0HVVGDWHQ GHU XQWHUVXFKWHQ ILQLWHQ 6HJPHQWH QXPHULVFK DQ]XSDVVHQ1 $XI GLHVH $UW XQG :HL0

VH ZXUGHQ DXFK GLH DQGHUHQ 'DWHQ DQJHSDVVW/ GLH DXV GHQ 0HVVXQJHQ DQ ILQLWHQ 6HJPHQWHQ HUKDO0

WHQ ZXUGHQ1 7DE1 9 JLEW HLQH =XVDPPHQIDVVXQJ GHU HUKDOWHQHQ :HUWH1 (V VLQG ZHLWHUKLQ GLH

'ULIWJHVFKZLQGLJNHLWHQ/ GLH DXV GHQ :HUWHQ GHU :LGHUVWDQGVPHVVXQJHQ JHZRQQHQ ZXUGHQ/ DXI0

JHI�KUW1 'LH 'ULIWJHVFKZLQGLJNHLWHQ ZXUGHQ MHZHLOV GXUFK OLQHDUH 5HJUHVVLRQ HUPLWWHOW1 'DEHL LVW

]X EHDFKWHQ/ GDVV GLH :HUWH GLH PLWWOHUH 'ULIWJHVFKZLQGLJNHLW YRQ PHKUHUHQ LQ 5HLKH JHVFKDOWHWHQ

6HJPHQWHQ DQJHEHQ1 $OV )HKOHU YRQ YG ZXUGH GHU UHODWLYH )HKOHU LQ 3UR]HQW DQJHJHEHQ/ GHU EHL

GHU /LQHDUUHJUHVVLRQ GHU 0HVVZHUWH QDFK *O1 +47, HUPLWWHOW ZXUGH1

:LH PDQ VLHKW/ VWLPPHQ GLH :HUWH I�U GDV NULWLVFKH 3URGXNW DXV GHU QXPHULVFKHQ $QSDVVXQJ PLW

GHQ DXV GHU NULWLVFKHQ 6WURPGLFKWH HUPLWWHOWHQ :HUWHQ JXW �EHUHLQ1 'HU 9HUJOHLFK YRQ Y3 PLW GHU

'ULIWJHVFKZLQGLJNHLW GHU %DKQHQ PLW 5HVHUYRLU0(QGH ]HLJW/ GDVV GLH LP 0RGHOO JHWURIIHQHQ $Q0

QDKPHQ DXFK I�U ODQJH %DKQHQ J�OWLJ VLQG/ LQ GHQHQ GHU (LQIOXVV YRQ PHFKDQLVFKHQ 6SDQQXQJHQ

YHUQDFKOlVVLJEDU LVW1 'DV 9HUKlOWQLV Y3 2 M EHVFKUHLEW/ ZLH VLFK Y3 PLW GHU 6WURPGLFKWH I�U GLH XQ0

WHUVXFKWHQ /HJLHUXQJHQ lQGHUW1 'DV 9HUKlOWQLV I�U YHUVFKLHGHQH /lQJHQ LVW LQQHUKDOE YRQ $O/

$O+&X, XQG $O+2, NRQVWDQW1 0DQ VLHKW/ GDVV VLFK HLQH (UK|KXQJ YRQ M EHL $O+&X, XQG $O+2, VWlU0

NHU DXI Y3 DXVZLUNW DOV EHL UHLQHP $O1 'HU 3URSRUWLRQDOLWlWVIDNWRU ξ LVW EHL DOOHQ XQWHUVXFKWHQ 3UR0

EHQ I�U HLQH 6WURPGLFKWH DQQlKHUQG NRQVWDQW1 )�U M  5 0$2FP5 EHWUlJW ξ HWZD 4/81
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    .aus Widerstandsmessung . aus numerischer Anpassung (Fit) 

 

L0 

[µm] 

j 

[MA/cm2] 

vd 

[µm/h] 

∆vd 

[%] 
ξ 

v0 

[µm/h] 

v0 / j 








 −

Ah

m10 316

 

5  

[A/cm] [A/cm]

)c5+M
 

)c5+M
5

 

52 1,2 0,2 1 1,5** 0,6 0,5 4200 4670 0,89 

95 2,0 0,8 0,1 1,5 1,1 0,6 4750 4670 1,02 Al 

800* 2,0 1* 0,2 1,5* 1* 0,5* -* -* -* 

           

95 2,0 0,9 1,5 1,5** 1,1 0,6 - - - 
Al(Al) 

800* 2,0 1* 0,5 1,5* 1* 0,5* -* -* -* 

           

52 1,0 0,1 1,9 1,4** 0,7 0,7 5380** 5380 (1,00) 

52 2,0 0,8 0,3 1,4** 1,6 0,8 5380** 5380 (1,00) 

95 2,0 1,1 0,1 1,4 1,7 0,9 5360 5380 0,99 
Al(Cu) 

800* 2,0 1,8* 0,2 1,4* 1,8* 0,9* -* -* -* 

           

52 2,0 0,3 6,2 1,4** 3,1 1,6 6530** 6530 (1,00) 

95 2,0 1,2 0,1 1,4 3,4 1,7 6640 6530 1,02 Al(O) 

800* 2,0 2,2* 0,1 1,4* 3,1* 1,6* -* -* -* 

*)  lange Bahn mit Reservoir-Ende, Einfluss von β wird vernachlässigt. 

**) Wert wurde nicht numerisch angepasst sondern festgelegt. 

 

Tab. 6: Werteübersicht für 0,5 µm breite Al, Al(Al), Al(Cu) bzw. Al(O)-Segmente. Links ist die jeweilige Segment-

länge L0 sowie die Stromdichte j angegeben. Mit (*) gekennzeichnete Bahnen sind Segmente mit Reservoir-Ende. 

In der Mitte sind die Werte für die Driftgeschwindigkeit vd aufgeführt, die durch lineare Regression aus der Wider-

standsmessung erhalten wurden. Auf der rechten Seite sind die Werte für v0 und ξ aus der numerischen Anpas-

sung für finite Segmente sowie zum Vergleich das kritische Produkt β(jc), das aus der kritischen Stromdichte 

bestimmt wurde, aufgeführt. 

5.6 Einfluss von Kupfer und Sauerstoff auf die Driftgeschwindigkeit 

'DV LQ .DS1 81815 YRUJHVWHOOWH 0HKUSRUHQPRGHOO ]HLJW/ GDVV VLFK GLH 'ULIWJHVFKZLQGLJNHLW PLW GHU

6HJPHQWOlQJH lQGHUW1 %HL ODQJHQ 6HJPHQWHQ PLW 5HVHUYRLU0(QGH LVW GLH 'ULIWJHVFKZLQGLJNHLW GHU

LPSODQWLHUWHQ 3UREHQ JU|�HU/ EHL N�U]HUHQ 6HJPHQWHQ NOHLQHU DOV GLH YRQ UHLQHP $OXPLQLXP1 'LH

)UDJH LVW GDKHU/ DE ZHOFKHU 6HJPHQWOlQJH $O+&X, RGHU $O+2, VFKQHOOHU RGHU ODQJVDPHU LVW DOV UHL0

QHV $OXPLQLXP1 (V ZLUG GHU )DOO EHWUDFKWHW/ DE ZHOFKHU 5HVWOlQJH GLH 'ULIWJHVFKZLQGLJNHLW YRQ
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$O+&X, ODQJVDPHU LVW DOV GLH YRQ UHLQHP $OXPLQLXP1 $OV 5HVWOlQJH /5HVW ZLUG GHU XQEHVFKlGLJWH

7HLO GHV 6HJPHQWV/ GHU DP $QRGHQHQGH �EULJ EOHLEW/ EH]HLFKQHW +V1 $EE1 73,1

L F

L0

L R e st

Abb. 40: Driftendes Segment der Ausgangslänge L0. Die endliche Länge LRest ist der nicht beschädigte Teil des 

Segments, der übrig bleibt. 
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,Q $EE1 74 VLQG GLH QDFK *O1 +5:, HUKDOWHQHQ %HUHLFKH LQ )RUP HLQHU .DUWH I�U GLH YG YRQ $O/

$O+&X, XQG $O+2, GDUJHVWHOOW1 'LH ]XU %HUHFKQXQJ GHU 7HLOOLQLHQ YHUZHQGHWHQ :HUWH I�U YG XQG β

N|QQHQ 7DE1 9 HQWQRPPHQ ZHUGHQ1 :LH PDQ VLHKW/ LVW YG YRQ $O+&X, XQG $O+2, QXU EHL QLHGULJHU

6WURPGLFKWH RGHU NOHLQHU 5HVWOlQJH NOHLQHU DOV EHL UHLQHP $OXPLQLXP1 %HL HLQHU 6WURPGLFKWH YRQ

5 0$2FP5 LVW YG YRQ $O+&X, DE HLQHU /lQJH YRQ HWZD 93 �P JU|�HU DOV YG YRQ $O+2, XQG $O1 $E
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4;3 �P LVW YG YRQ $O+2, DP JU|�WHQ XQG YG YRQ UHLQHP $OXPLQLXP LVW NOHLQHU DOV YG YRQ $O+&X,1

'LHV ZXUGH EHL GHQ 6HJPHQWHQ PLW 5HVHUYRLU0(QGH EHREDFKWHW1 (LQ %HUHLFK LQ GHP

YG/ $O+&X,! YG/ $O! YG/ $O+&X, JLOW H[LVWLHUW QLFKW/ GD GLH HQWVSUHFKHQGHQ 7UHQQOLQLHQ ]XVDPPHQIDOOHQ1
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Abb. 41: Karte für die Abhängigkeit der Driftgeschwindigkeit vd von Lfinal und j. Die Teillinien markieren die Berei-

che, in denen angegeben ist, welche Driftgeschwindigkeit jeweils größer ist.

5.7 Weitere Beobachtungen 

,Q GLHVHP $EVFKQLWW ZHUGHQ DXIIlOOLJH %HREDFKWXQJHQ GLVNXWLHUW/ GLH EHL GHU 8QWHUVXFKXQJ GHU

3UREHQ JHPDFKW ZXUGHQ1

 

:KLVNHUELOGXQJ ZXUGH EHL ILQLWHQ 6HJPHQWHQ YRQ $O/ $O+&X, XQG $O+2, LQ HWZD 8043 ( GHU XQ0

WHUVXFKWHQ /HLWHUEDKQHQ EHREDFKWHW/ GLH ELV ]XU 6lWWLJXQJ JHWHVWHW ZXUGHQ1 'LH :KLVNHU ELOGHWHQ

VLFK QLFKW JOHLFK ]X %HJLQQ GHU (OHNWURPLJUDWLRQVWHVWV/ VRQGHUQ HKHU LQ GHU (QGSKDVH LP %HUHLFK

GHU 6lWWLJXQJ1 :KLVNHU HQWVWDQGHQ LPPHU DXI GHU ]XP .DWKRGHQHQGH ]XJHZDQGWHQ 6HLWH YRQ
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+LOORFNV1 (V ZXUGH EHREDFKWHW/ GDVV GLH HQGOLFKH /lQJH HLQHV 6HJPHQWV/ GDV EHUHLWV GLH NULWLVFKH

/lQJH HUUHLFKW KDW/ GXUFK :KLVNHUELOGXQJ ZHLWHU YHUN�U]W ZHUGHQ NDQQ1 'LH HQGOLFKH /lQJH GHV

LQ $EE1 56 JH]HLJWHQ 6HJPHQWV PLW ODQJHP :KLVNHU EHWUlJW 48 �P1 )�U GLH XQWHUVXFKWHQ $OXPL0

QLXPEDKQHQ ZXUGH EHL 6HJPHQWHQ RKQH :KLVNHU HLQH NULWLVFKH /lQJH YRQ 57 �P HUPLWWHOW +V1

7DE1 8,1 'LHV Z�UGH EHGHXWHQ/ GDVV GXUFK :KLVNHUELOGXQJ GDV NULWLVFKH 3URGXNW QDFK *O1 +:, XP

FD1 68 ( DXI 6333 0$2FP5 HUQLHGULJW ZHUGHQ NDQQ/ ZHQQ PDQ GLH /lQJH GHV :KLVNHUV VHOEVW LQ

I�U GLH 6HJPHQWOlQJH QLFKW EHU�FNVLFKWLJW1 'LH 'ULIWJHVFKZLQGLJNHLW HLQHV 6HJPHQWV PLW :KLVNHU

LVW JU|�HU DOV GLH HLQHV 6HJPHQWV RKQH :KLVNHU1 'LHV EHNUlIWLJW GLH $QQDKPH/ GDVV GLH NULWLVFKH

6SDQQXQJ XP HLQHQ :KLVNHU ]X ELOGHQ JHULQJHU LVW DOV GLH/ GLH EHQ|WLJW ZLUG XP HLQHQ +LOORFN ]X

HU]HXJHQ1

%HL GHQ XQWHUVXFKWHQ $O+&X,03UREHQ ZXUGHQ NHLQH .XSIHUDXVVFKHLGXQJHQ VRZRKO PLW 5(00

5�FNVWUHXDXIQDKPHQ DOV DXFK PLW 7(008QWHUVXFKXQJHQ JHIXQGHQ1 'LHV HQWVSULFKW QLFKW GHQ

%HREDFKWXQJHQ LQ GHU /LWHUDWXU I�U XQLPSODQWLHUWH $O+&X,0/HLWHUEDKQHQ1 %HL XQLPSODQWLHUWHQ

$O+&X,03UREHQ ZHUGHQ QDFK HUIROJWHU (OHNWURPLJUDWLRQ �EOLFKHUZHLVH $O5&X0$XVVFKHLGXQJHQ

EHREDFKWHW1 'LHV N|QQWH HLQ +LQZHLV GDI�U VHLQ/ GDVV LRQHQLPSODQWLHUWHV .XSIHU LQ 3/8 �P EUHL0

WHQ $OXPLQLXP0/HLWHUEDKQHQ LPPRELO LVW RGHU NHLQH $XVVFKHLGXQJHQ ELOGHW1

'LH 6FKDGHQVPRUSKRORJLH DOOHU XQWHUVXFKWHQ 3UREHQ PLW 3/8 �P EUHLWHQ /HLWHUEDKQHQ PLW %DP0

EXVVWUXNWXU VLHKW JOHLFK DXV1 'HU )URQW0(IIHNW E]Z1 GLH 7DWVDFKH/ GDVV 0DWHULDO KLQWHU HLQHU 3R0

UHQIURQW ]XU�FNJHODVVHQ ZLUG/ LVW I�U GLHVH %DKQHQ DOOHUGLQJV QLFKW XQJHZ|KQOLFK1
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6 Zusammenfassung 

,Q GLHVHU $UEHLW ZXUGH XQWHUVXFKW/ ZHOFKHQ (LQIOXVV GLH ,RQHQLPSODQWDWLRQ YRQ .XSIHU XQG 6DX0

HUVWRII DXI GLH 6FKlGLJXQJ GXUFK (OHNWURPLJUDWLRQ EHL 3/8 �P EUHLWHQ /HLWHUEDKQHQ PLW %DPEXV0

VWUXNWXU EHVLW]W1 (V ZXUGHQ :LGHUVWDQGVPHVVXQJHQ EHL 593 �& DQ XQSDVVLYLHUWHQ 85 �P XQG

<8 �P ODQJHQ %OHFK06HJPHQWHQ VRZLH DQ ;33 �P ODQJHQ %DKQHQ PLW 5HVHUYRLU0(QGH GXUFKJH0

I�KUW1 'LH 6FKlGLJXQJ ZXUGH LP 5(0 LQ0VLWX EHREDFKWHW1 (V ZXUGHQ IROJHQGH (UJHEQLVVH HUKDO0

WHQ=

41 'LH 3UREHQFKDUDNWHULVLHUXQJ PLW GHP ),% HUJDE/ GDVV VLFK GLH .RUQVWUXNWXU GHU XQWHU0

VXFKWHQ $OXPLQLXPVFKLFKWHQ GXUFK GLH ,PSODQWDWLRQ YRQ .XSIHU XQG 6DXHUVWRII QLFKW

lQGHUW1 %HL 7(008QWHUVXFKXQJHQ DQ DXVJHODJHUWHQ 3UREHQ ZDUHQ NHLQH 6FKlGLJXQJHQ

GXUFK GLH ,RQHQLPSODQWDWLRQ VLFKWEDU1

51 'HU 1DFKZHLV YRQ LPSODQWLHUWHP .XSIHU E]Z1 6DXHUVWRII LQ GHQ XQWHUVXFKWHQ 3UREHQ

NRQQWH ZHGHU PLW (';/ 6,06 RGHU ((/62(6, HUEUDFKW ZHUGHQ1

61 ,P *HJHQVDW] ]X DQGHUHQ $UEHLWHQ NRQQWHQ NXSIHUKDOWLJH $O5&X0$XVVFKHLGXQJHQ LQ GHQ

5(005�FNVWUHXDXIQDKPHQ YRQ 3/8 �P EUHLWHQ $O+&X,0/HLWHUEDKQHQ QLFKW EHREDFKWHW

ZHUGHQ1

71 'HU 0DWHULDODEWUDJ HUIROJW LQ GHQ XQWHUVXFKWHQ 3UREHQ QLFKW NRQWLQXLHUOLFK1 (V ZHUGHQ

5HVWH GHV /HLWHUEDKQPDWHULDOV ]XU�FNJHODVVHQ ZRGXUFK HV ]XP $XIWUHWHQ HLQHU 3RUHQ0

IURQW NRPPW1 'ULIW0 XQG )URQWJHVFKZLQGLJNHLW XQWHUVFKHLGHQ VLFK EHL JOHLFKHU 6WURP0

GLFKWH XP HLQHQ NRQVWDQWHQ )DNWRU1

81 'LH )RUP GHU +LOORFNV YRQ $O/ $O+&X, E]Z1 $O+2, LVW lKQOLFK1 0HLVW ZXUGHQ NHLODUWLJH

+LOORFNV EHREDFKWHW1 %HL ILQLWHQ /HLWHUEDKQHQ DOOHU XQWHUVXFKWHQ 3UREHQ WUHWHQ JHOHJHQW0

OLFK :KLVNHU DXI1

91 'DV NULWLVFKH 3URGXNW YRQ 3/8 �P EUHLWHQ $OXPLQLXP0/HLWHUEDKQHQ ZLUG GXUFK ,RQHQ0

LPSODQWDWLRQ YRQ .XSIHU RGHU 6DXHUVWRII LQ IROJHQGHU :HLVH HUK|KW=

β+$O, ? β+$O+&X,, ? β+$O+2,,1
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:1 'LH 'ULIWJHVFKZLQGLJNHLW YRQ $OXPLQLXP0/HLWHUEDKQHQ/ GLH PLW .XSIHU E]Z1 6DXHUVWRII

LPSODQWLHUW ZXUGHQ/ LVW EHL 3/8 �P EUHLWHQ XQG ;33 �P ODQJHQ %DKQHQ PLW 5HVHUYRLU0

(QGH JU|�HU DOV EHL %DKQHQ DXV UHLQHP $OXPLQLXP1 $OXPLQLXP0/HLWHUEDKQHQ/ GLH PLW

$OXPLQLXP LPSODQWLHUW ZXUGHQ ]HLJWHQ MHGRFK NHLQHQ 8QWHUVFKLHG GHU 'ULIWJHVFKZLQGL0

NHLW LP 9HUJOHLFK ]X XQLPSODQWLHUWHQ $OXPLQLXPSUREHQ1

;1 'LH ,QNXEDWLRQV]HLW YRQ 3/8 �P EUHLWHQ $O+&X, E]Z1 $O+2,0/HLWHUEDKQHQ ZLUG LP 9HU0

JOHLFK ]X $OXPLQLXP0/HLWHUEDKQHQ QLFKW ZHVHQWOLFK YHUlQGHUW1

'LH (UK|KXQJ GHU 'ULIWJHVFKZLQGLJNHLW GXUFK .XSIHU XQG 6DXHUVWRII EHL ODQJHQ /HLWHUEDKQHQ

ZLUG QLFKW YROOVWlQGLJ YHUVWDQGHQ/ HV ZLUG MHGRFK DQJHQRPPHQ/ GDVV GLH (LJHQVFKDIWHQ GHU

*UHQ]IOlFKHQ GXUFK GLH ,PSODQWDWLRQ JHlQGHUW ZXUGHQ1 'LH (UK|KXQJ GHV NULWLVFKHQ 3URGXNWV

VWLPPW MHGRFK GDPLW �EHUHLQ/ GDVV GLH )HVWLJNHLW YRQ $OXPLQLXPOHJLHUXQJHQ GXUFK =XVDW] YRQ

.XSIHU XQG 6DXHUVWRII HUK|KW ZLUG1 'LH .RPELQDWLRQ YRQ HUK|KWHU 'ULIWJHVFKZLQGLJNHLW DXI GHU

HLQHQ XQG K|KHUHP NULWLVFKHQ 3URGXNW DXI GHU DQGHUHQ 6HLWH ]HLJW MHGRFK/ GDVV GLH 'ULIWJH0

VFKZLQGLJNHLW YRQ $O+&X,0 XQG $O+2,0/HLWHUEDKQHQ EHL JHQ�JHQG NXU]HU /lQJH LP 9HUJOHLFK ]X

%DKQHQ DXV UHLQHP $OXPLQLXP HUQLHGULJW ZHUGHQ NDQQ1 'XUFK ,RQHQLPSODQWDWLRQ YRQ .XSIHU

XQG 6DXHUVWRII NDQQ GDKHU GLH =XYHUOlVVLJNHLW YRQ $OXPLQLXP0/HLWHUEDKHQ HUK|KW ZHUGHQ1

'HU (LQIOXVV GHV NULWLVFKHQ 3URGXNWV VRZLH YRQ 'ULIW0 XQG )URQWJHVFKZLQGLJNHLW DXI GHQ ]HLWDE0

KlQJLJHQ 9HUODXI GHV 0DWHULDODEWUDJV ZXUGH PLW HLQHP QHXHQ 0RGHOO EHVFKULHEHQ/ LQ GHP EH0

U�FNVLFKWLJW ZLUG/ GDVV GHU $EWUDJ QLFKW NRQWLQXLHUOLFK HUIROJW1 'LH HUKDOWHQHQ 0HVVZHUWH NRQQWHQ

PLW GLHVHP 0RGHOO QXPHULVFK DQJHSDVVW ZHUGHQ XQG HV ]HLJWH VLFK/ GDVV GDV 0RGHOO ]XU %HVFKUHL0

EXQJ GHV 0DWHULDODEWUDJV GHU XQWHUVXFKWHQ 3UREHQ J�OWLJ LVW1
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>6WUDXE/ 5333@ $1 6WUDXE +5333,/ )DFWRUV ,QIOXHQFLQW WKH &ULWLFDO 3URGXFW LQ (OHFWURPLJUDWLRQ/
'LVVHUWDWLRQ DQ GHU 8QLYHUVLWlW 6WXWWJDUW

>7KHLVV HW1 DO1/ 4<<:@ 61 .1 7KHLVV/ -1 $1 3U\E\OD DQG 01 $1 0DUFXV +4<<:,/ 7KH HIIHFW RI &X FRQFHQ0
WUDWLRQ DQG GLVWULEXWLRQ RQ WKH OLIHWLPHV RI VXEPLFURQ/ EDPERR $O+&X, UXQQHUV/ 0DW1
5HV1 6RF 6\PS1 3URF1 7:6/ 6;:06<5

>75,0/ 4<;8@ 75,0/ D 0RQWH &DUOR VLPXODWLRQ SURJUDP/ -1 )1 =LHJOHU/ -1 31 %LHUVDFN DQG
81 /LWWPDUN +4<;8,/ 7KH 6WRSSLQJ DQG 5DQJH RI ,RQV LQ 6ROLGV/ 3HUJDPRQ/ 1HZ
<RUN

>YDQ (N HW1 DO1/ 4<<8@ -1 YDQ (N/ -1 31 'HNNHU DQG $1 /RGGHU +4<<8,/ (OHFWURPLJUDWLRQ RI VXEVWLWX0
WLRQDO LPSXULWLHV LQ PHWDOV= 7KHRU\ DQG DSSOLFDWLRQ LQ $O DQG &X/ 3K\V1 5HY1 %/ 85
+45,/ ;:<70;;33

>9ROLQ DQG %DOOXIIL/
4<9;@

71 (1 9ROLQ DQG 51:1 %DOOXIIL +4<9;,/ $QQHDOLQJ .LQHWLFV RI 9RLGV DQG WKH
6HOI0'LIIXVLRQ &RHIILFLHQW LQ $OXPLQLXP/ 3K\V1 6WDWXV 6ROLGL/ 58 +4,/ 49604:6

>:DQJ HW1 DO1/ 4<<:@ 31 &1:DQJ/ *1 61 &DUJLOO/ ,1 F1 1R\DQ/ (1 J1 /LQLJHU/ &1 .1 +X DQG .1 <1
/HH +4<<:,/ 7KHUPDO DQG HOHFWURPLJUDWLRQ VWUDLQ GLVWULEXWLRQV LQ 43 �P ZLGH DOXPL0
QXP FRQGXFWRU OLQHV PHDVXUHG E\ [0UD\ PLFURGLIIUDFWLRQ/ 0DW1 5HV1 6RF1 6\PS1
3URF 7:6/ 5:605:;

>:LQGHFN/ 5333@ &1:LQGHFN +5333,/ 'LH +HUVWHOOXQJ YRQ +DOEOHLWHUEDXHOHPHQWHQ/ F·W 0DJD]LQ
I�U &RPSXWHUWHFKQLN/ 57/ 5;7

>:LWW/ 5333@ &1:LWW +5333,/ (OHFWURPLJUDWLRQ LQ EDPERR DOXPLQXP LQWHUFRQQHFWV/ 'LVVHUWDWLRQ
DQ GHU 8QLYHUVLWlW 6WXWWJDUW
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8 Anhang 

8.1 Berechnung des Anteils der implantierten Atome 

'LH %HUHFKQXQJ ZLUG DQKDQG GHU ,PSODQWDWLRQ YRQ .XSIHU GXUFKJHI�KUW1 'LH 5HFKQXQJ I�U $0

OXPLQLXP XQG 6DXHUVWRII HUIROJW DQDORJ1

'LH 'RVLV/ G1K1 GHU *HVDPWDQWHLO GHU ,PSODQWLHUWHQ .XSIHUDWRPH SUR FP5 EHWUlJW 8 ⋅ 4348 FP051

'LH 'LFNH GHU $OXPLQLXPEDKQ EHWUlJW 3/7 �P +V1 $EE1 8,1 8QWHU GHU $QQDKPH HLQHU KRPRJHQHQ

9HUWHLOXQJ EHWUlJW GLH .RQ]HQWUDWLRQ GHU .XSIHUDWRPH

53
7

48

4358/4
437/3
438 ⋅=
⋅

⋅= −&XF FP061 +5;,

'LH =DKO GHU $OXPLQLXPDWRPH SUR FP6 EHWUlJW

55
456

PRO
J

FP
J

439
PRO43356/93</5:

:3/5 6 ⋅=
⋅⋅

=
⋅

= −
$$O

$O
$O 10
F ρ FP061 +5<,

$XV *O1 +5;, XQG +5<, HUKlOW PDQ GHQ $QWHLO YRQ LPSODQWLHUWHP .XSIHU LQ $OXPLQLXP=

1($W54/3433
FP439
FP4358/4433 655

653

=⋅
⋅

⋅=⋅= −

−

$O

&X
&X F

F[ 1 +63,

%HL HLQHU $%0/HJLHUXQJ EHUHFKQHW VLFK GHU $QWHLO YRQ % LQ *HZLFKWVSUR]HQW \% DXV GHP $QWHLO

YRQ % LQ $WRPSUR]HQW [% QDFK IROJHQGHU *OHLFKXQJ=

[ ] 4334331( ⋅
⋅+⋅

⋅=⋅=
%%$$

%%

$%

%
% 0[0[

0[
P
P*HZ\ / +64,

ZREHL P% GLH 0DVVH DQ %/ P$% GLH *HVDPWPDVVH XQG 0$ E]Z1 0% GLH 0ROPDVVH YRQ $ E]Z1 %

EH]HLFKQHQ1
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8.2 Lösung der Differenzialgleichung (19) 

$XV *O1 +4<, HUKlOW PDQ GXUFK 7UHQQXQJ GHU 9DULDEOHQ=

( )
WY

//M

/

G

G G
4

G
3

3

⋅=

−⋅
− β 1 +65,

'LH /|VXQJ YRQ *O1 +65, HUKlOW PDQ GXUFK ,QWHJUDWLRQ DXI EHLGHQ 6HLWHQ=

( ) ∫∫ =
−−

+ WY/
// G
G

M GG
4

44 3
3β

1 +66,

$XV *O1 +66, HUKlOW PDQ=

( )( ) &WY//
M

/ G
M

G +⋅=−−− 33 4OQ β
β 1 +67,

'LH ,QWHJUDWLRQVNRQVWDQWH & HUKlOW PDQ DXV GHU $QIDQJVEHGLQJXQJ /G  3 EHL W  3=

( )4OQ 3 −−= /
M

& M
β

β 1 +68,

(LQVHW]HQ YRQ *O1 +68, LQ *O1 +67, XQG 8PVWHOOHQ HUJLEW=

( )






















−
−−

−⋅=
M

MG
GG /

//
M

/
Y

/W β

ββ
3

3

3

OQ4 1 +69,



Kapitel 8   Anhang   

0 :4 0

8.3 Makro zur automatischen Bildaufnahme 

'DV IROJHQGH 0DNUR ZXUGH ]XU DXWRPDWLVFKHQ %LOGDXIQDKPH PLW GHP $''$ XQG GHP 3UR0

JUDPP $QDO\6,6� 514 YHUZHQGHW=

LQW Q%XI>

LQW HQGH>

LQW ZDUWH]HLW>

/3675 LQGH[>

:25' DQ0LQ/0LQ>

:25' KRXU>

706758&7 WP,QIR>

LQW L>

2-+LHU $Q]DKO GHU 0HVVXQJHQ HLQWUDJHQ-2

HQGH  4333>

2-+LHU 0LQXWHQ ]ZLVFKHQ ]ZHL 0HVVXQJHQ HLQWUDJHQ-2

ZDUWH]HLW  43 >

JHWWLPH+)WP,QIR,>

DQ0LQ WP,QIR1Z0LQXWH>

SULQWI+%=HLW= (X?Q%/DQ0LQ,>

IRU +Q%XI  4> Q%XI ? HQGH> ..Q%XI,

^

L 3>

$''$6ORZ6FDQ$XIQHKPHQ+,>

,PDJH>4@10DJQLILF ;33>

LPJ6DYH+4/VWUFDW+,PDJH>4@11DPH/%1WLI%,,>

DQ0LQ DQ0LQ.ZDUWH]HLW>

JHWWLPH+)WP,QIR,>

0LQ WP,QIR1Z0LQXWH>

SULQWI+%0(X/ =(X?Q%/Q%XI/ 0LQ,>

ZKLOH+0LQ?DQ0LQ,^

JHWWLPH+)WP,QIR,>

0LQ WP,QIR1Z0LQXWH>

LI+DQ0LQ! 93))WP,QIR1Z+RXU  KRXU.4, DQ0LQ DQ0LQ093>

KRXU WP,QIR1Z+RXU>

LI+NEKLW+,, ^

L 4>

EUHDN>

`

`

LI+L  4, EUHDN>

`
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