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PREFACE

This book provides the reader with the tools to be successful in the printed circuit world of today, and of the
foreseeable future. A world where, increasingly, the designer/user organizations are not only different from the
manufacturing organizations, they are separated by geography and language, and, perhaps most importantly,
one where there is great opportunity for serious disconnect between the understanding of what is required by
the user and what can be accomplished by the manufacturer. The term “supply chain” has been used to define
these issues in general for non-vertically integrated organizations, but here, for the first time, we have focused
specifically on those supply chain elements that relate to printed circuits. This includes design, specification,
supplier identification and qualification, and process understanding and control, as well as quality and reliability
specification and assurance. When a user organization entrusts its present, as well as its future, success to an out-
side manufacturing organization, the need for care and clarity cannot be overstated. Chapters, written by authors
with experience in these issues, have been specifically developed to provide the reader with usable information
on dealing with them, and will help guide the development of these relationships, for the benefit of all.

In addition, with the continued, and increasing, importance of printed circuits as the basic building block of
all electronic devices, issues associated with them can be found throughout the engineering and manufacturing
organizations, rather than in just design and layout in engineering and purchasing and product assembly in
manufacturing. Knowledge of printed circuits, at some level, is needed by many staff members who find they
have a need to understand the issues of a technology and industry that did not previously concern them. This
book provides a reference, for those who are not printed circuit professionals, to find information on, and
answers to, questions on process issues. It also helps define the appropriate questions to pose to either members
of their own organization or the potential supplier, while developing the entire range of relationships.

From its beginning, the printed circuit has not only been one of the most important technology develop-
ments ever made, but one of the least understood and appreciated. It has often been mistakenly considered a
“commodity” and purchased on the basis of board, or assembly, initial cost. In fact, there is no such thing as a
“standard” or “generic” printed circuit. Every board is actually an “application-specific interconnection system”
that can have immense impact on the performance, quality, reliability, and cost of the final product in which it is
used. A problem that could have been resolved in the early design and acquisition processes may not be evident
until the product is in use, when it is the most difficult and expensive to resolve. This book helps the reader deal
with these issues at each step of the supply chain, which includes those inside the user organization as well as the
supplier organizations, Specifically, these have brought about a new part entirely devoted to the understanding
of, and working with, the printed circuit supply chain itself. The generic issues of supply chain management
have been well documented; however, applying them to the specific problems created by printed circuits requires
specialized understanding and is addressed only in this book.

While introducing new tools to address the supply chain issues, the book remains committed to its histori-
cal role of providing detailed descriptions of the technology and processes of printed circuits that have evolved
over the years, and brought up to date in this edition. It remains the only single reference on all aspects of
printed circuit technology. At the same time, when revising process chapters, we have included, where possible,
a discussion of issues that the reader should consider when dealing with suppliers that are involved in making
boards using these processes by addressing such questions as: What are the things that help the reader know if
a supplier, in fact, has the capabilities to provide what is needed? What is unreasonable to expect? How can the
desired result be demonstrated initially, and maintained over time?

In using contract manufacturing to fabricate and assemble boards, the user gives up the ability to define the
design rules. Success will come by having a partnership with the supplier that reconciles the needs of the user
with the capabilities of the manufacturing organization. To make the communications on printed circuit issues
between the designer/user and the manufacturer clearer and more efficient, the book also contains new chapters,
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and expanded revisions of existing chapters on design and layout of boards and assemblies. These include addi-
tional information on design and layout basics, high-performance boards, CAD tools, design for manufacturing,
and information exchange systems and standards.

As electronic products have become more complex, with higher levels of performance expected, volumes
never seen before, and new process and material challenges, such as “lead-free” soldering, the using organiza-
tion has had to delegate more responsibility for much of the quality and reliability of the product to the sup-
plier organization. In response, this book also contains critical new material on the reliability of boards and
assemblies, with consideration for new base materials, and assembly processes. These chapters were developed
specifically for this book, and much of their contents is not available anywhere else, and will allow the user to
reach reasonable agreements on process controls and acceptance criteria that ensure the needs are met.

With the continuing concern over the impact on the global environment of printed circuit wet and fabri-
cation processes, as well as assembled boards at the end of their useful life, the issue of RoHS (Restriction of
Hazardous Substances), and specifically “lead free” has caused a revolution in the industry unprecedented in its
history. Specific information on the impact of the resulting changes in materials and processes is documented
and described. For example, for lead-free solders, we start with the Periodic Table and define what is even pos-
sible for an alternate alloy. Thus physics and material science are used to describe alternatives available.

The end result of these additions is essentially the creation of a new book, not just a new edition. Twenty-
five percent of the chapters are new to this edition, while only 16 percent are reprinted from previous editions.

The publication of this book coincides with the 50th anniversary of the publication of the first edition. That
book had 16 chapters, contributed by 11 authors. This edition, the seventh, has 71 chapters contributed by 38
authors. This clearly reflects the development of the level of the technology, as well as the expansion of the
user base for printed circuits over time. The fact that this book has maintained a high position of usefulness
and importance to those in the printed circuit field for this length of time must really be attributed to the skills
of the authors who have contributed chapters developed from their considerable knowledge and expertise in
their respective areas and at considerable time expense. It has been said that the author list for this book reads
like a “who’s who” in the printed circuit industry. This has resulted in information the reader can actually use
to solve problems.

We also thank the IPC—Association Connecting Electronics Industries, which has given this book total
cooperation and support for every edition. We would especially like to acknowledge the active help and
encouragement of IPC managers Anne Marie Mulvihill, David Bergman, and Greg Munie (who also authored
a chapter). Their efforts were a great contribution to our ability to accomplish the development of a project of
this size and complexity.

Clyde F. Coombs, Jr.
Happy T. Holden
Co-Editors-in-Chief



PRINTED
CIRCUITS
HANDBOOK




PN EE, 75 E 5E #EPDFIG Vi 1A : www. ertongbook. com



CONTENTS

Contributors  xxi
Preface xxiii

Part1 Printed Circuit Technology Drivers

Chapter 1. Electronic Packaging and High-Density Interconnectivity

Clyde F. Coombs, Jr., and Happy T. Holden

1.1
1.2
L3
1.4
1.5
1.6
1.7
1.8

Introduction / 3

Measuring the Interconnectivity Revolution / 3
Hierarchy of Interconnections / 6

Factors Affecting Selection of Interconnections / 7
ICs and Packages / 9

Density Evaluations / 10

Methods to Increase PWB Density / 13
References / 18

Chapter 2. Types of Printed Wiring Boards Hayao Nakahara

19

Part2 Managing the Printed Circuit Supply Chain

Chapter 3. Basics of Printed Circuit Supply Chain Management Tim Rodgers

Introduction / 19

Classification of Printed Wiring Boards / 19
Organic and Nonorganic Substrates / 21
Graphical and Discrete-Wire Boards / 21
Rigid and Flexible Boards / 22

Graphically Produced Boards / 22

Molded Interconnection Devices / 27
Plated-Through-Hole Technologies / 27
Summary / 30

References / 30

33

Introduction / 33

General Business Considerations / 34
Contract Manufacturers / 35

Criteria for Evaluating Suppliers / 35
Supplier Selection Criteria Example / 41



vi

CONTENTS

Chapter 4. Design for Manufacturability Tim Rodgers

43

4.1
4.2
4.3
4.4
4.5

General Principles / 43

PCB/PCA Pricing Models / 44

Process Cost Drivers / 49

Production Yield and Design for Manufacturability / 51
DFM Complexity Models / 59

Chapter 5. Manufacturing Information, Documentation, Formatting,
and Exchange Happy T. Holden

63

5.1
5.2
5.3
5.4
5.5
5.6
57
5.8
5.9

Introduction / 63

Manufacturing Information / 64
Fabrication Information Exchange / 68
Data Exchange Formats / 73

Initial Design Review / 86

Design Input / 94

Design Analysis and Review / 99
Acknowledgments / 99

References / 100

Chapter 6. Supplier Selection and Qualification Tim Rodgers

101

6.1
6.2
6.3
6.4

Introduction / 101
Evaluating Suppliers / 102
Supplier Selection / 113
Supplier Qualification / 114

Chapter 7. Process Control, Monitoring, and Incoming Inspection

Tim Rodgers

117

7l
7.2
7.3
7.4
7.5
7.6

Introduction / 117

Process Capability and Process Control / 117
Process Monitoring and Troubleshooting / 122
Assessing a PCB Fabricators Capability / 122
Testing and Inspection / 156

Incoming Inspection / 158

Chapter 8. Product Acceptance and Feedback Tim Rodgers

159

8.1
8.2
8.3
8.4
8.5
8.6

Introduction / 159

Design Qualification / 159

Incoming Inspection and Lot Acceptance / 160
Supplier Performance Management / 162
Business Reviews / 165

Strategic Supplier Management / 167

Part3 Materials

Chapter 9. Introduction to Base Materials Edward Kelley and Douglas Trobough

171

9.1
9.2
9.3

Introduction / 171
Grades and Specifications / 171
Properties Used to Classify Base Materials / 178



9.4
9.5
9.6
9.7
9.8

CONTENTS

Typesof FR-4 / 184

Laminate Identification Scheme / 185

Prepreg Identification Scheme / 186

Laminate and Prepreg Manufacturing Processes / 189
References / 195

Chapter 10. Base Material Components Edward Kelley and Douglas Trobough

vii

197

10.1
10.2
10.3
10.4
10.5
10.6
10.7

Introduction / 197

Other Resin Systems / 201
Legislative Issues / 203
Additives / 207
Reinforcements / 209
Conductive Materials / 217
References / 224

Chapter 11. Properties of Base Materials Edward Kelley and Douglas Trobough

225

11.1
11.2
11.3
114
11.5

Introduction / 225

Thermal, Physical, and Mechanical Properties / 225
Electrical Properties / 236

Other Test Methods / 240

References / 240

Chapter 12. Base Material Performance in PCBs Edward Kelley and Douglas Trobough

24

12.1
122
12.3
124
12,5
12.6
12.7
12.8
12,9
12.10
12.11
12.12

Introduction / 241

Methods of Increasing Circuit Density / 241

Copper Foil / 242

Laminate Constructions / 247

Prepreg Options and Yield-per-Ply Values / 248
Dimensional Stability / 249

High-Density Interconnect/Microvia Materials / 250
Conductive Anodic Filament Growth / 252
Electrical Performance / 258

Electrical Performance of Lower D,/D; Lead-Free Compatible Materials / 268
Resin and Glass Micro-D, Effects / 268

References / 272

Chapter 13. The Impact of Lead-Free Assembly on Base Materials
Edward Kelley and Douglas Trobough

273

13.1
13.2
13.3
134
13.5
13.6
13.7
13.8

Introduction / 273

ROHS Basics / 273

Base Material Compatibility Issues / 274

The Impact of Lead-Free Assembly on Base Material Components / 276
Critical Base Material Properties / 276

Impact on Printed Circuit Reliability and Material Selection / 288
Summary / 292

Further Reading / 292

Chapter 14, Selecting Base Materials Edward Kelley and Douglas Trobough

293

14.1
14.2

Introduction / 293
Selecting Materials for Thermal Reliability / 293



viii

CONTENTS

14.3  Selecting a Base Material for Thermal Reliability / 298
144 Selecting Materials for Electrical Performance / 304
145 CAF Resistance / 309

14.6 References / 315

Chapter 15. Laminate Qualification and Testing Michael Roesch and Sylvia Ehrler

317

15.1 Introduction / 317

15.2 Industry Standards / 318

15.3 Laminate Test Strategy / 319

154 Initial Tests / 321

15.5 Full Material Characterization / 324
15,6 Characterization Test Plan / 335
15.7 Manufacturability in the Shop / 337

Part4 Engineering and Design

Chapter 16. Planning for Design, Fabrication, and Assembly Happy T. Holden

n

16.1 Introduction / 341

16.2 General Considerations / 342

16.3 New Product Design / 343

16.4 Specification: Capture of System Description / 346
16.5 Layout Trade-Off Planning / 349

16.6 PWB Fabrication Trade-Off Planning / 355

16.7 Assembly Trade-Off Planning / 362

16.8 References / 364

Chapter 17. Physical Characteristics of the PCB Lee W. Ritchey

365

17.1 Introduction / 365

17.2  Types of PCBs or Substrates / 366

17.3  Methods of Attaching Components / 369
174 Component Package Types / 369

17.5 Materials Choices / 371

17.6 Fabrication Methods / 372

Chapter 18, Electronic Design Automation and Printed Circult Design Tools Andy Shaughnessy 373

18.1 Description of PCB Design Tools / 373
18.2 Using PCB Design Tools / 374

18.3 Major PCB Design Tools / 376

184 Lower-Cost PCB Design Tools / 378
18.5 Free PCB Design Tools / 379

18.6 Signal Integrity and EMC Tools / 381
18.7 Key Questions to Consider / 383

18.8 Further Reading / 383

Chapter 19. The PCB Design Process Lee W. Ritchey

385

19.1 Introduction / 385
19.2 The Virtual Prototyping Process / 387
19.3 Making the Conversion from Hardware Prototyping to Virtual Prototyping / 394



CONTENTS ix

Chapter 20. Electrical and Mechanical Design Parameters Bill Hargin and Mark I. Montrose 395

20.1 Electrical and Mechanical Design Parameters Overview / 395
20.2 Introduction to Digital Signal Integrity / 396
20.3 Which Nets to Terminate and What Type of Termination to Use / 406
20.4 Introduction to Differential Signaling / 415
20.5 Introduction to Power Integrity / 419
20.6 Introduction to Electromagnetic Compatibility / 426
20.7 Introduction to Mechanical Design Requirements / 434
20.8 Types of Edge Mounting for Circuit Boards / 438
20.9 Acknowledgments / 441
20.10 References / 441

Chapter 21. The Basics of Printed Circuit Board Design  Susy Webb 443

21.1 Software Selection / 443
21.2 Standards / 443

21.3 The Schematic / 445
21.4 Parts / 446

21.5 Padstacks / 448

21.6 Startinga New Board / 449
21.7 Placement / 453

21.8 Planes / 456

21.9 Stackup / 457

21.10 Routing / 458

21,11 Finishing / 464

21.12 Saving / 466

21.13 Conclusion / 466

Chapter 22. Current Carrying Capacity in Printed Circuits Mike Jouppi 469

22,1 Introduction / 469

22.2 Conductor (Trace) Sizing Charts / 470
22,3 Baseline Charts / 473

224 Summary / 480

22.5 References / 480

Chapter 23. PCB Design for Thermal Performance Mike Jouppi 481

23.1 Introduction / 481

232 The PCB as a Heat Sink Soldered to the Component / 482
23.3 Optimizing the PCB for Thermal Performance / 482

234 Conducting Heat to the Chassis / 490

23.5 PCB Requirements for High-Power Heat Sink Attach / 492
23.6 Modeling the Thermal Performance of the PCB / 493

23.7 Heat Sources / 496

23.8 Acknowledgment / 497

239 References / 497

Chapter 24. Embedded Components Vern Solberg 499

24.1 Introduction / 499

24.2 Definitions and Example / 499

24.3 Applications and Trade-Offs / 500

244 Designing for Embedded Component Applications / 501



X

CONTENTS

24.5 Materials / 505

24.6 Material Supply Types / 509
24.7 Conclusion / 515

24.8 Acknowledgment / 515

Part5 High-Density Interconnection

Chapter 25. Introduction to High-Density Interconnection Technology Happy T. Holden

519

25.1 Introduction / 519

25.2 Definitions / 519

25.3 HDI Structures / 523

25.4 Design / 527

25.5 Dielectric Materials and Coating Methods / 529
25.6 HDI Manufacturing Processes / 541

25.7 Appendix / 549

25.8 References / 550

25.9 Further Reading / 550

Chapter 26. Advanced High-Density Interconnection Technologies Happy T. Holden

551

26.1 Introduction / 551

26.2 Definitions of HDI Process Factors / 551
26.3 HDI Fabrication Processes / 553

26.4 Next-Generation HDI Processes / 572
26.5 References / 578

26.6 Further Reading / 579

Part6 Fabrication

Chapter 27. CAM Tooling for Fab and Assembly Happy T. Holden

583

27.1 Introduction / 583

27.2  Manufacturing Information / 583
27.3 Design Analysis and Review / 585
27.4 The CAM-Tooling Process / 586
27.5 Additional Processes / 597

27.6 Acknowledgments / 600

Chapter 28. Drilling Processes Matthias Stickel

601

28.1 Introduction / 601

28.2 Materials / 602

28.3 Machines / 608

28.4 Methods / 612

28.5 Hole Quality / 618

28.6 Troubleshooting / 619
28.7 Postdrilling Inspection / 621
28.8 Drilling Cost per Hole / 621
28.9 Acknowledgment / 624



