Contents

Foreword

Preface

Acknowledgments

1 Introduction

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9

The Technology

Packaging Failure

Approach and Methodology

Packaging Hierarchy

Failure Detection

Analysis

Modes and Mechanisms

Physics of failure and statistical models
Prevention

1.10 The Future
1.11 Suggested Readings

2 Electronics Packaging

2.1
22
23
24
25

2.6

Introduction
Packaging Nomenclature
Package Function

Plated-Through-Hole and Surface Mount Technology

Chip Level Packaging

2.5.1 Wire Bond or Ribbon Bond Packaging

2.5.2 Flip Chip Packaging

2.5.3 Tape Automated Bonding (TAB) Packaging

2.5.4 Ball Grid Array (BGA) Packaging
2.5.5 Chip Scale Packages (CSPs)
Printed Circuit Board Assembly

2.6.1 Printed Circuit Trace

XV
xvii

xix

W0 NN B L =

—
-0 O W

[ NG T N5 T N6 T NG T NG YU G G N G Y
QN = = = O 00NV W W NN



vi / Contents

27

2.8

2.6.2 Solder Mask
2.6.3 Preserving Printed Circuit Board (PCB) Solderability
2.6.4 PCB Materials
2.6.5 Flexible Circuits
2.6.6 Molded Circuits
Connectors, Cables, and Sockets
2.7.1 Introduction
2.7.2 Connector Types and Classifications
2.7.3 Connectors and PCB Assembly
2.7.3.1 Flux Contamination of Contacts
2.7.3.2 Conformal Coating Contamination
2.7.3.3 Dust and Debris Accumulation in Open Slots
2.7.3.4 Insertion Stresses on SMT Connector Solder Joints
2.7.3.5 Contact Metallurgy
2.7.3.6 Polarization for Alignment and Mating of Contacts
274 Sockets
2.7.4.1 Socket or Solder Attachment
2.7.4.2 Production vs. Test Sockets
2.7.5 Flat or Ribbon Cable Connectors
2.7.6 Optical Connectors
2.7.7 Elastomeric Connectors
Box Level Package

2.9 Cost of Failures
2.10 Summary

2.11 Suggested Readings
2.12 References

3.1
32
33

34

35

Why Failures Occur

Introduction

Stress vs. Strength

Poor Design Practices

3.3.1 Component Spacing

3.3.2 Clearance Between Component and PCB
3.3.3 Orientation (Components)

3.3.4 Stress Concentration (Trace Entry to Pad)
3.3.5 Stress Relief

3.3.6 Pad Vias

3.3.7 Test Point Accessibility

3.3.8 Alignment Forces During Reflow

3.3.9 Tolerances Accumulation

3.3.10 Under Design

3.3.11 Bending (Lack of Stiffness)

3.3.12 Polarization for Blind Mating
Manufacturing Defects

3.4.1 Warpage

3.4.2 Manufacturing Contaminants

Electrical Design Considerations

3.5.1 Physical Size of the Printed Wiring Board

28
28
29
29
30
31
31
34
34
35
36
36
36
36
37
37
39
40
41
41
43
45
45
47
47
48

51
51
52
53
54
54
54
55
55
55
55
56
57
57
57
57
58
59
60
61
61



Contents / vii

3.5.2 Power and Ground System Impedance
3.5.3 Signal Return Paths
3.5.4 Localized and Distributed Capacitance
3.5.5 Signal Integrity: Signal Ringing, Overshoot, and Undershoot
3.5.6 Component Thermal Margin
3.6 Material Characteristics
3.6.1 Coefficient of Thermal Expansion (CTE) Mismatch
3.6.2 Moisture Absorption
3.6.3 Environmental Corrosion
3.6.4 Materials Incompatibility
3.6.5 Melting Point Hierarchy
3.6.6 Metal Migration
3.7 Summary
3.8 References

Failure Detection
4.1 Introduction
4.1.1 Analytical Modeling
4.1.2 Statistical Simulation
4.1.3 Environmental Stress Testing
4.2 Analytical Modeling
4.2.1 Finite Element Modeling
4.2.2 Tolerance Analysis
4.2.3 Stress Analysis
4.3 Simulation
4.3.1 Electrical Simulation
4.3.1.1 Key Simulation Parameters
4.3.1.2 Determining the Values for Key Parameters
4.3.1.3 Tools
4.3.2 Mechanical Simulation
4.4 Environmental Stress Tests
4.4.1 Accelerated Tests
4.4.2 STRIFE Testing
4.4.3 Thermal Cycling
4.4.4 Thermal Shock
4.4.5 Insulation Resistance
4.4.6 Highly Accelerated Stress Test (HAST)
4.4.7 Temperature, Humidity, and Bias
4.4.8 Vibration
4.4.9 Mechanical Shock (Drop Test)
4.4.10 Salt Fog Test
4.4.11 Torque Test
4.4.12 Dust Test
4.4.13 Flowing Gas Test
4.5 Test Methodology Innovations
4.6 Summary
4.7 Suggested Readings
4.8 References

61
62
62
63
64
65
65
66
67
67
68
68
68
69

70
70
70
71
71
72
72
74
75
75
75
76
76
71
78
78
79
80
81
82
83
83
87
88
88
88
89
89
90
93
93
94
94



viii / Contents

S Failure Analysis

5.1
52

53

54
55
5.6

5.7

5.8
5.9
5.10
5.11

5.12
5.13

5.14
5.15
5.16
5.17

Introduction
Visual Inspection
5.2.1 Optical Inspection
5.2.2 X-rays
5.2.3 Thermal Imaging/Infrared Microscopy
5.2.3.1 Localized Joule Heating
5.2.4 Acoustic Imaging
5.2.4.1 Scanning Laser Acoustic Microscopy (SLAM)
5.2.4.2 C-Mode Acoustic Microscopy
Decapsulation
5.3.1 Wet Decapsulation
5.3.2 The Plasma Technique (Dry Decapsulation)
Moiré Interferometry
Dye Penetrants
Metallurgical Analysis
5.6.1 Metallurgical Examination
Chemical Analysis
5.7.1 Volumetric Analysis
5.7.2 Gravimetric Analysis
Atomic Absorption Emission Spectroscopies
UV/Visible Spectroscopy
Infrared Spectroscopy
Thermoanalytical Methods
5.11.1 Differential Scanning Calorimetry
5.11.2 Thermomechanical Analyzer
5.11.3 Thermogravimetric Analysis
Chromatography
Electron Beam Analysis
5.13.1 Auger Electron Spectroscopy (AES)
35.13.2 X-ray/Photoelectron Spectroscopy (XPS/ESCA)
5.13.3 Secondary Ion Mass Spectrometry (SIMS)
5.13.4 Scanning Electron Microscopy (SEM)
Laser Induced Ionization Mass Spectrometry (LIMS)
Summary
Suggested Readings
References

6 Failure Modes and Mechanisms

6.1
6.2

6.3

Introduction

Failure Mode Types

6.2.1 Electrical Shorts

6.2.2 Electrical Opens

6.2.3 Intermittent Failures

Printed Circuit Board

6.3.1 Material-Related Defects
6.3.1.1 Prepreg Defects

96

96

97

99
100
100
101
101
103
103
105
106
106
107
109
110
111
112
112
112
113
113
114
115
117
117
122
123
124
125
125
127
128
132
133
133
133

136
136
137
137
137
138
138
139
139



Contents / ix

6.3.1.2 Measling, Crazing, and Haloing 139
6.3.1.3 Blistering and Delamination 141
6.3.1.4 Summary 141

6.3.2 Signal/Power Plane Plating Surface Defects 141
6.3.2.1 Copper Etch Shorts 141
6.3.2.2 Copper Etch Opens 141
6.3.2.3 Mechanical Circuit Damage 142
6.3.2.4 Handling Defects of Plated Copper Surfaces 142
6.3.2.5 Particulate Contamination 143
6.3.2.6 Pits and Scratches 145
6.3.2.7 Reduced Conductor Spacing 145
6.3.2.8 Summary 145
6.3.3 Through-Hole Defects 150
6.3.3.1 Partially Drilled Holes 151
6.3.3.2 Epoxy Smear 155
6.3.3.3 Nailheading 156
6.3.3.4 Inner Plane Delamination 157
6.3.3.5 PTH Copper Grain Structure 158
6.3.3.6 PTH Copper Plating Defects 158
6.3.3.7 PTH Solderability 159
6.3.3.8 Pink Ring 164
6.3.3.9 Summary 169
6.3.4 Solder Mask Related Defects 170
6.3.5 PCB Defect Elimination 170
6.4 Components and Packages 172
6.4.1 Introduction 172
6.4.2 Insertion Mount (PIH) Components 173
6.4.3 Surface Mount Components 173
6.4.3.1 SMT Chip Tombstoning 175
6.4.3.2 Modeling of Tombstoning Failures 176
6.4.3.3 SMT Chip Skewing 176
6.4.3.4 SMT Chip Cracking 176

6.4.4 SMT Packages 178
6.4.4.1 Package Failures 178
6.4.4.2 Interconnect Failures 187
6.4.4.2.1 Bond Pad Corrosion 187

6.4.4.2.2 Wire Bond Fails 188

6.4.4.3 Encapsulation Defects 190
6.4.4.4 Leads Related Failures 191
6.4.4.5 Summary 193

6.5 Interconnection Failures 193
6.5.1 Solder Joint Voids 193
6.5.1.1 PTH Solder Joint Voids 195
6.5.1.2 Hole Fill 196
6.5.1.3 SMT Solder Joint Voids 196
6.5.1.4 SMT Void Formation 199

6.5.1.5 Voids in BGA Joints 200



x / Contents

6.5.1.6 Summary 201

6.5.2 Intermetallics 201
6.5.2.1 Introduction 201
6.5.2.2 Intermetallic Formation 203
6.5.2.2.1 Copper-Tin Intermetallics 203

6.5.2.2.2 Nickel-Tin Intermetallics 204

6.5.2.2.3 Gold-Tin Intermetallics 204

6.5.2.3 Effect on Solderability 205
6.5.2.4 Effect on Joint Strength 205
6.5.2.5 Summary 206

6.5.3 Thermal Ratcheting 206
6.5.4 Solder Balling 210
6.5.4.1 Solder Balling During Wave Solder 210
6.5.4.2 Solder Balling During SMT Reflow 210
6.5.4.3 Solder Webbing 213
6.5.4.4 Solder Ball Test 213
6.5.4.5 Summary 213

6.6 Lead-Free Solders 213
6.6.1 Introduction 213
6.6.2 Tin-Bismuth Solder 214
6.6.3 Lead Contamination of Tin—-Bismuth Solder 215
6.6.4 Indium Solder Corrosion 215
6.6.5 Summary 218
6.7 Corrosion and Migration 218
6.7.1 Introduction 218
6.7.1.1 Factors Affecting Corrosion and Electromigration 219

6.7.2 Corrosion 220
6.7.2.1 Electrode Potentials and Galvanic Corrosion 220
6.7.2.2 Conditions for Corrosion 221

6.7.3 Electromigration 221
6.7.3.1 Conditions for Electromigration 222
6.7.3.2 Conductive Anodic Filament 225
6.7.3.3 Conditions for Conductive Anodic Filament formation 226
6.7.3.4 Measurement of Migration Propensity 226

6.7.4 Electromigration and Corrosion of Select Metals 228
6.7.4.1 Silver 228
6.7.4.2 Copper 230
6.7.4.3 Tin 230
6.7.4.4 Lead 230
6.7.4.5 Gold 23]
6.7.5 Failure Analysis of Corrosion and Electromigration 231
6.7.6 Prevention of Corrosion and Electromigration Phenomena 232
6.7.7 Tin Whiskers 233
6.7.7.1 Introduction 233
6.7.7.2 Whisker Growth Mechanism 234
6.7.7.3 Whisker Prevention 234

6.7.7.4 Summary 236



6.8

6.9

Connector Failures and Mechanisms
6.8.1 Introduction
6.8.2 Mechanical Failures
6.8.2.1 Bent Pins and Contacts
6.8.2.2 Card Warpage
6.8.2.3 Handling and Shipping Damage
6.8.2.4 Tolerances and Interference
6.8.2.5 Contact Fabrication
6.8.2.6 Temperature-Induced Mechanisms
6.8.2.7 Summary
6.8.3 Contact Corrosion
6.8.3.1 Introduction
6.8.3.2 Gold Plating Wear
6.8.3.3 Manufacturing Contaminant Corrosion
6.8.3.4 Dust
6.8.3.5 Connector Housing
6.8.3.6 Summary
6.8.4 Fretting Corrosion
6.8.4.1 Introduction
6.8.4.2 Fretting Corrosion Variables
6.8.4.3 The Fretting Mechanism
6.8.4.4 Socket Device Walk Out
6.8.4.5 Summary
6.8.5 Frictional Polymerization on Palladium Plating
6.8.6 Contact Arcing Due to Hot Plugging
6.8.7 Summary
Solder Fatigue and Creep

6.10 Failures in Nonsemiconductor Components

6.11

6.12
6.13

6.14

6.10.1 Introduction

6.10.2 Resistors

6.10.3 Capacitors

6.10.4 Oscillators

6.10.5 Inductors

Electro Static Discharge (ESD) Failures

6.11.1 Introduction

6.11.2 ESD Failure Mechanisms

6.11.3 ESD Charge Generation

6.11.4 Prevention of Static Charge
6.11.4.1 Minimizing Charge Buildup
6.11.4.2 Draining of Charge
6.11.4.3 Neutralizing Static Charge

6.11.4.4 Shielding from Field and Discharge Effects

6.11.5 Summary

PCB Laminates and Hollow Glass Fibers
Radiation-Induced Failures

6.13.1 Damage Prevention

Summary

Contents / xi

236
236
238
238
240
240
240
242
242
244
244
244
245
245
247
247
249
249
249
249
251
251
252
252
252
253
253
256
256
257
258
260
260
262
262
262
263
266
266
267
267
268
268
268
270
272
272



xii / Contents

6.15 Suggested Readings
6.16 References

7 Failure Models

7.1

7.2

73

74

1.5
7.6

Introduction
7.1.1 Physics-of-Failure Models
7.1.2 Statistical Models
A Survey of Physical Models
7.2.1 Arrhenius Model
7.2.2 Eyring Model
7.2.3 Voltage/Field Effect Model
7.2.4 Current Model
7.2.5 Power Model
7.2.6 Temperature Cycling Models
7.2.7 Humidity Models
7.2.7.1 Lawson Model
7.2.7.2 Eyring Humidity Model
7.2.7.3 Peck and Zierdt Model
7.2.7.4 Reich and Hakim Model
7.2.7.5 Sbar and Kozakiewicz Model
7.2.7.6 Weick Model
7.2.7.7 Stroehle Model
7.2.7.8 Hallek
7.2.7.9 SIM-Lawson Model
7.2.8 Humidity Ingress and Package/Card Damage Models
7.2.8.1 Memis Model
7.2.8.2 Conductive Anodic Filament Model
7.2.9 Solder Joint Fatigue Models
7.2.9.1 Coffin-Manson Model
7.2.9.2 Hughes Model
7.2.9.3 Steinberg Model
7.2.9.4 Englemaier Models
7.2.9.4.1 Leadless Model
7.2.9.4.2 Leaded Model
Physics-of-Failure Based Models for Devices
7.3.1 Black’s Model
7.3.2 Fowler-Nordheim Model
7.3.3 Kidson Model
7.3.4 Kato and Niwa Model
Accelerated Factors and Transforms
7.4.1 Introduction
7.4.2 Temperature Acceleration
7.4.3 Mechanical Deflection Test
7.4.4 Vibration Acceleration
Summary
References

273
273

283
283
284
284
285
287
287
288
288
289
289
289
290
290
291
292
292
292
293
293
263
294
294
294
295
295
296
297
297
297
298
299
299
299
300
300
301
301
302
304
304
307
307



8 Failure Prevention

8.1
8.2
8.3

8.4

85
8.6
8.7

8.8
8.9

Introduction

Concurrent Engineering and DFM

DFM Examples

8.3.1 Discrete Component Orientation

8.3.2 Discrete Component Pad Geometry
8.3.3 Shadowing by Tall Components

Design for Assembly

8.4.1 DFA for Electronic Packaging Assembly
Design for Test

Design for Qualification

Design for Reliability

8.7.1 Stress on Solder Joints

8.7.2 Depanelling Stresses

8.7.3 Mother Board Mounting

8.7.4 Mechanical Damage

Continuous Improvement Through Defect Management
Summary

8.10 References

Appendices

Appendix A

Appendix B

Appendix C

Appendix D

Appendix E
About the Authors

Index

Contents / xiii

310
310
311
314
314
314
316
317
319
320
320
322
323
323
323
323
324
325
325

327
327
336
338
348
359
361
363



