Contents

1 Imtroduction ........... .. ... .. .. . . . ... 1
1.1  Development of Semiconductor Technology. ............... 1
1.2 Interconnect Development............................. 4
1.3 The Rise of Electromigration. . . ........................ 5
1.4 Motivation and Structure of This Book ................... 8
References . . ... ... .. . 11

2 Fundamentals of Electromigration . ......................... 13
2.1 Introduction ............. ... ... 13
2.2 Electromigration Quantification Options . . . ................ 18
2.3 Design Parameters . ........... ... ... ... 19

2.3.1 Technology . ....... ... 19
232 Environment .................. i 21
233 Design ... 22
2.4  Electromigration Mechanisms . ......................... 23
2.4.1 Crystal Structures and Diffusion Mechanisms . ........ 23
2.4.2 Barriers of Copper Metallization. . ................. 27
2.4.3 Frequency Dependency of Electromigration. . ......... 29
244 Mechanical Stress . .............. .. ... .. ... 33
2.5 Interaction of Electromigration With Thermal
and Stress Migration. . .. ... o o o o L. 35
2.5.1 Thermal Migration. . . .................. oo ... 36
2.5.2 Stress Migration. . . . ... 37
2.5.3 Mutual Interaction of Electromigration,
Thermal and Stress Migration. . ................... 40
2.5.4 Differentiation of Electromigration,
Thermal and Stress Migration. . . .................. 43

xi



xii

4

Contents

2.6 Migration Analysis Through Simulation. . ................. 46
2.6.1 Simulation Techniques . ......................... 46

2.6.2 Atomic-Flux Simulation . . ....................... 52

2.6.3 Simulation of Mechanical Stress . . ................. 54

2.6.4 Void-Growth Simulation . ....................... 55
References . . ... ... 57
Integrated Circuit Design and Electromigration . . . ............. 61
3.1  Design Flow of Integrated Circuits . ..................... 62
3.2  Electromigration-Aware Design Flows . . . ................. 64
3.2.1 Analog Design............ ... ... 65

322 Digital Design . .. ... 67

3.3 Determination of Currents . . . ... ... ... 70
33.1 Current Types . ... .ot 70

332 Terminal Currents . ..................uuuunnn.. 71

333 Segment Currents . ........... ... 75

3.4  Determination of Current-Density Limits . . ................ 79
34.1 MissionProfile ......... ... ... ... .. ... 79

3.4.2 Application-Robust Current-Density Limits . . . ........ 81

3.5  Current-Density Verification . .......................... 86
3.5.1 Methodology . ....... ... . . . 87

3.5.2 Current-Required Wire and Via Sizes . .............. 88

3.5.3 Net Terminal Connections . ...................... 90

3.5.4 Simulation Methods for Electromigration Processes . . . . . 90

3.5.5 Current-Density Simulation ...................... 92

3.6  Post-Verification Layout Adjustment . ... ................. 93
3.7  Design Options for Electromigration Avoidance . ............ 95
References . . ... ... .. . 96
Mitigating Electromigration in Physical Design ... ........... .. 99
4.1  Overview of Presented Measures and Effects . .............. 99
42 Bamboo Effect . ....... ... ... ... 101
42.1 Fundamentals ................ ... ... .. ... .. .. 101

422 Applications ... ....... ... 103

4.3  Critical Length Effects . .................. ... ........ 104
43.1 Fundamentals .................... .. ... ... .... 104

432 Applications . ......... .. 111

433 Linked Segments . ... ................. ... ... .. 114

44  Via-Below and Via-Above Configurations . ................ 115
44.1 Fundamentals ................ . ... .. ... ... .. 115

442 Parameters. . . ... ..ot 116

443 Applications .................. .. 117



Contents xiii

5

4.5 RESEIVOIIS . . . ettt e e 118
45.1 Fundamentals ................ . ... .. . ... .. .. 118
452 Sources and Sinks . ........... ... L 118
453 Reservoir Types. ... ............. ... .. ....... 119
454 Applications ............ ... .. 120
4.6 Multiple Vias . . ... ... 121
4.6.1 Fundamentals ................ ... ... ... ... . ... 121
4.6.2 Current Distribution . . ... ....... ... .. ... .. .. 123
4.6.3 Vias With Reservoirs . . . ........................ 124
4.6.4 Geometrical Configuration . ...................... 124
4.6.5 Applications ... ........ ... 126
477  Frequency-Dependent Effects. . .................. ... .... 128
4.7.1 Self-Healing and Rising Frequencies. ... ............ 128
4.7.2 Applications . ............ 129
4.8  Materials for Classical Metal Routing . ................... 130
4.8.1 Interconnect. .................ouuuiiiiiiii... 131
482 Dielectric. . .......... .. ... 132
483 Barrier ......... .. ... 134
49  New Materials and Technologies . .. ..................... 136
4.9.1 Carbon-Based Solutions . .. ...................... 136
4.9.2 CNT Properties .. ................ ... 138
493 Applications ... ....... ... 140
410 Summary . . ... 142
References . . ... ... .. 143
Summary and Outlook . . ................................. 149
5.1  Summary of Electromigration-Inhibiting Measures . .......... 149
5.2 Outlook: Segment Lengths . ........................... 152
5.3 Outlook: Library of Electromigration-Robust Elements . . ... ... 153
5.4  Outlook: New Technologies . .......................... 154
5.5  Electromigration-Aware Design: Driven by Constraints. . . ... .. 155
References . . . ... ... . . 156



2 Springer
http://www.springer.com/978-3-319-73557-3

Fundamentals of Electromigration-Aware Integrated
Circuit Design

Lienig, J.; Thiele, M.

2018, X, 159 p. 99 illus., 95 illus. in color., Hardcowver
ISEM: 978-3-319-73357-3



	bfm_978-3-319-73558-0%2F1.pdf
	Foreword
	Preface
	Contents


