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PREFACE

With the implementation of the European Union (EU) directive on Restriction of Hazardous
Substances (RoHS), the printed circuit industry has been forced to undergo a revolution in
technology that is unprecedented in its history. The result is commonly called lead-free, a term
that the reader will find used throughout this book, even though the restrictions are on sev-
eral materials in addition to lead, as described in Chapter 1. The reason for this emphasis is
that the biggest impact on the industry is the elimination of lead in the solder that is used for
interconnection of the components and the board.

These changes are not driven by demands from the marketplace or the advancement of
technology; rather, they have been legislated for reasons perceived to benefit society in gen-
eral. Although the net effect, either positive or negative, on the global environment of elimi-
nation of lead in printed circuit assemblies has been the source of great debate, the reality is
that it has been adopted worldwide and is a fact of life for all those who design, fabricate, and
assemble printed circuits.

Tin-lead solder has been the basis for interconnections since the beginning of the use of
printed circuits, and all associated materials and processes have been developed with the use of
that material in mind. As a result, the abrupt shift to new solder alloys poses many questions
about the related or affected processes and technologies that must now adapt and change to
meet the lead-free requirements. Past experience or previous literature cannot be relied on to
provide answers to these questions. The purpose of this book is to provide this information as
specifically and in as much detail as possible, using industry standards, where they exist, or best
practice that has a sound technical foundation and has been shown to work.

The most obvious change is in the metallurgy of the solder and in mating surfaces. How-
ever, all alternative solder alloys melt at a higher temperature than eutectic solder, and this
has required new base materials, new assembly processes, as well as new test, inspection, and
reliability criteria and methods. With specific regard to the lead-free alternative alloys, we
start with the periodic table of elements and describe what elements are candidates for use,
and what the effect each has when incorporated into an alloy. Thus we rely on physics and
material science to help define the appropriate alternative for a given application. Similarly,
to help the reader choose the best base material for the higher assembly and operating tem-
peratures and higher component speeds, we describe the chemistry of the material.

The issues of defining and predicting reliability of products in this new situation have
absorbed a great deal of corporate resources since the EU directive was announced. The pre-
dictive models and history were based on tin-lead alloys, and new models are needed for lead-
free alloys. For this edition, we have added new material and expanded existing discussions on
this subject.

Although the lead-free technology revolution has gotten much more attention, there have
also been important evolutionary changes in the technology as the industry continues to meet
the need for higher circuit and component density and faster circuits. As a result, printed cir-
cuit boards continue to be designed to be ever smaller, or larger, to suit the requirements of
specific applications. This book updates the reader on these advancements. In addition, with
the continuing global nature of the printed circuit industry, along with the constant pressure to
decrease both time to market and time to volume, there is a growing need for international
standards covering layout and design information and communications that enable each orga-
nizational element in the supply chain to function effectively with minimum manual interven-
tion and delays for design clarification. For the first time, we have added chapters that describe
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these parts of the overall process. In addition, we have introduced discussions on embedded
components and conformal coatings, both important issues in many applications of the
technology.

This edition addresses these new elements of the printed circuit processes, both revolution-
ary and evolutionary, while still maintaining its foundation on the basics of the technology. No
matter how sophisticated the leading edge of the technology becomes, at the core of all
printed circuits is the plated-through hole in its various forms. This remains one of the most
important technical achievements of the twentieth century. Although based on the plated-
through hole, printed circuits technology has evolved over the years to be more reliable, effi-
cient, and reproducible, but the process described in the first edition of this book is still
recognizable in the sixth. As a result, those new to the technology will still find introductory
information, while experienced practitioners will find industry standard methods and best
practices to help them with the most recent developments.

As the industry has grown, it has become more specialized. This has created the need to
standardize documentation and communication techniques as well as to understand the spe-
cific capabilities of all suppliers in the overall value delivery chain. The result is that process
capabilities and limitations at each step must be known, the board must be designed with these
clearly in mind, and consistent acceptability criteria must be agreed to in advance, before the
responsibility for the board passes from designer to fabricator to assembler to end user. This
has created a community of people who have not been intimately involved in printed circuit
issues before, and who now find a working knowledge of printed circuits critical for perfor-
mance in their jobs. This book provides information for these people as well. They not only will
find the basic information useful in understanding the issues, but also find specific guidelines
on the development and management of the value chain for the success of all.

Although the industry’s preferred term for the subject of this book is printed wiring or
etched wiring, the term printed circuits has passed into the world’s languages as representing
the process and products described. As a result, we will use the terms interchangeably.

The impact of all these changes in the printed circuit technology is reflected in this book,
as over 75 percent of the chapters are either revised or new to this edition. That means that
this sixth edition contains the most new information since the first edition.

The continuing cooperation and support of the leadership and staff of the IPC-Association
Connecting Electronic Industries (IPC) are acknowledged, not just for this edition, but for all
the previous editions. IPC, under the leadership of Ray Pritchard, now retired, and Dieter
Bergman, celebrated its 50th anniversary in 2007, and it would be impossible to overempha-
size the contribution it has made, not just to the electronics industry but to a world that
increasingly relies on electronic products. Special appreciation goes to Jack Crawford for the
help in identifying and providing IPC material critical for the preparation of this edition.

Finally, I want to acknowledge and thank the authors, who have given so liberally of their
time and skill in preparing the chapters for this book. They have made a great contribution to
the literature and to the industry.

Clyde F. Coombs, Jr.
Editor-in-Chief
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CHAPTER 1

LEGISLATION AND IMPACT
ON PRINTED CIRCUITS

Gary M. Freedman

Hewlett-Packard Corporation, Business Critical Systems, Singapore

1.1 LEGISLATION OVERVIEW

The dramatic rise in output and rapid obsolescence of consumer and commercial electronic
goods has prompted the European Union (EU) to draft two pieces of environmental legisla-
tion that impact the electronics industry:

¢ Directive 2002-96-EC 27 Jan 2003 of the European Parliament and of the Council on Waste
Electrical & Electronic Equipment, commonly abbreviated as WEEE.

¢ Directive 2002-95-EC of the European Parliament and of the Council 27 Jan 2003, which
restricts the use of certain hazardous substances in electrical and electronic equipment. This
directive is also known as RoHS (Restriction of Hazardous Substances).

1.2 WASTE ELECTRICAL AND ELECTRONIC EQUIPMENT (WEEE)

This European Community Directive was fully effective in August 2005. It requires manu-
facturers selling electrical or electronic equipment to member countries of the European
Union to be responsible for end-of-life disposal of their finished goods. The directive attempts
to limit the stream of waste materials to landfills, encourage recycling, and pressure equip-
ment designs and materials to be more environmentally friendly. The end results are tariffs for
purchasing electronic products to help with disposal costs and encouraging electronic manu-
facturers to institute take-back programs for recycling. The list of affected goods is very long.
Table 1.1 includes examples of affected products.

The directive also mandates that the symbol shown in Fig. 1.1 be placed conspicuously on
products signifying separate collection for disposal.

1.3 RESTRICTION OF HAZARDOUS SUBSTANCES (RoHS)

The second piece of legislation has the biggest impact on the electronics industry. The RoHS
directive makes it illegal to manufacture or import into the member states of the EU any elec-
trical or electronic equipment that contains restricted materials—materials that have been the
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TABLE 1.1 Examples of Products Affected by the WEEE Directive

Category

Examples

Large household appliances

Small household appliances

IT and telecommunications
equipment

Consumer equipment

Lighting equipment

Electrical and electronic
tools

Toys, leisure and sports
equipment

Medical devices
Monitoring and control

instruments
Automatic dispensers

Washers, dryers, refrigerators, freezers, microwave ovens, air conditioners, etc.

Vacuum cleaners, toasters, irons, clocks, hair dryers, etc.

Computers, printers, monitors, copying equipment, calculators, data storage
equipment, projectors, telephones, etc.

Radios, televisions, cameras, audio equipment, musical instruments, etc.

Light bulbs, lamps, other lighting equipment, etc.

Tools for drilling, sawing, sewing, turning, milling, sanding, grinding, cutting,
shearing, making holes, punching, folding, bending, riveting, nailing, welding,
soldering, etc.

Electric trains; car racing sets; video game consoles; computers for biking, diving,
running, rowing, etc.; sports equipment with electric or electronic components;
slot machines; etc.

Equipment for radiotherapy, cardiology, dialysis, and nuclear medicine; pulmonary
ventilators; laboratory equipment for in vitro fertilization, diagnosis, analyzers,
freezers, etc.

Smoke detectors, thermostats, instruments for measuring and weighing, laboratory
equipment, industrial monitoring equipment, etc.

Automatic dispensers for hot drinks, cold drinks, bottles, cans, solid products,
money, etc.

mainstay of electronics manufacturing. The legislation took
full effect on July 1,2006. Its implications are far reaching and
apply to all electrical and electronic equipment unless specifi-
cally addressed by the main body of the legislation or an
exemption. Definitions of terms within the RoHS legislation
have been slow to come; some of the exemptions have yet to
be fully defined, whereas others have been revised. Impreci-
sion of the legislation delayed early adoption within the elec-
tronics industry. As a result, there is no standard industry set
of materials and evaluation of alternative materials for man-
ufacturability or for long-term reliability. Chapter 45 on
“Soldering Materials” lists and describes alternative materials

FIGURE 1.1 Symbol for separate collection for  tO tin-lead solder. Chapters 58 and 59 on “Reliability” pro-

disposal.

vide information on methods to predict product life.

1.3.1 ROHS Restricted Materials

The RoHS directive targets six widely used materials (see Table 1.2).

1.3.2 Analysis for RoHS Compliance

The directive focuses on the smallest homogeneous part or material that can be separated
from the mass of a component or assembly. As an example, take the case of a plastic packaged
integrated circuit (IC) with a copper (Cu) lead-frame, where the lead-frame is plated with
some surface finish for solderability. The surface finish would be evaluated for RoHS compli-
ance separate from the whole package or even from the weight of the lead-frame itself.
Instead, the weight-percent of (Pb) within the surface finish would be evaluated on the ratio of
the weight of any Pb to the weight of the surface finish plated upon the lead-frame. Similarly,
any Pb alloyed within the Cu lead-frame would be evaluated based on the total weight of the
assayed Pb to the total weight of the Cu lead-frame. Similarly, the IC’s encapsulant would be
evaluated for the weight of any PBB or PBDE as compared to the weight of the encapsulant
in which it is contained or upon which it is coated.
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TABLE 1.2 Materials Impacted by “Restriction of Hazardous Substances” Legislation

Maximum
Symbol or Allowable
Substance Abbreviation Value (Wt%) Uses in Electronics
Hexavalent Cr 0.1 Platings, especially for surface passivation of environmentally
chromium unstable metals, pigments, and plastics; colorant as lead
chromate; hexavalent chromate finish for plated metal
enclosures, fasteners, clips, and screws
Cadmium Cd 0.01 Platings, ink pigments, paint pigments, batteries, detectors, and
thick film circuits
Mercury Hg 0.1 Pigments, curing catalyst for plastics and foams, switch contacts,
batteries PV C stabilizer, and colorant
Lead Pb 0.1 Solder PWB surface finish; component terminations; surface
finish; PVC stabilizer and colorant; plastics colorant as lead
chromate; cables and harnesses; sheet metal plating (to reduce
risk of Zn whiskers); alloy agent for steel, copper, aluminum, etc.
Polybrominated PBB 0.1 Circuit board flame retardant and other electrical insulators
biphenyls
Polybrominated PBDE 0.1 Circuit board flame retardant and other electrical insulators, and
diphenyl ethers flame retardant for plastics

1.3.3 Analytical Methods for RoHS Compliance

The RoHS legislation does not set forth specific recommendations for analysis, nor is there wide
consensus within the electronics community on standard analytical screening methods for deter-
mining compliance with RoHS legislation. Simple wet chemistry spot tests can be conducted for
presence or absence of Cr*S, Hg, Cd, and Pb. These tests, if conducted properly, have good sensi-
tivity for qualitative analysis. Atomic absorption spectrophotometry (AAS), x-ray fluorescence
(XRF), energy dispersive spectroscopy (EDS or EDAX), infrared (IR) or ultraviolet (UV)
spectrophotometry, and gas chromatography-mass spectroscopy (GC-MS, that is effective for
PBB or PBDE) are but a few of the methods requiring expensive analytical instrumentation.
Quantitative data can be gleaned from these and other methods, but capital investment is high,
trained personnel are required, and use of traceable calibration standards are a must.

1.3.4 Exceptions and Exclusions
The RoHS legislation exempts numerous applications of the four targeted elemental species.
Most are not relevant to the discussion of printed circuit board soldering. Relevant applica-
tions are listed in Table 1.3.

TABLE 1.3 RoHS Exemptions as per the Second Amendment of RoHS Legislation*

Lead in high melting temperature type solders (i.e., lead-based alloys containing 85 percent by weight or more lead)

Lead in solders for servers; storage and storage array systems; network infrastructure equipment for switching,
signaling, and transmission; and network management for telecommunications

Lead in electronic ceramic parts (e.g., piezoelectronic devices)

Lead as a coating material for the thermal conduction module c-ring

Lead in solders consisting of more than two elements for the connection between the pins and the package of
microprocessors with a lead content of more than 80 percent and less than 85 percent by weight

Lead in solders to complete a viable electrical connection between semiconductor die and carrier within
integrated circuit Flip Chip packages

Cadmium and its compounds in electrical contacts and cadmium plating except for applications banned under
Directive 91-338-EEC

* Source: L. 280-18 EN Official Journal of the European Union 25.10.2005, 2nd Amendment Annex to Directive 2002-95-EC.
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It should be noted that even in cases where Pb is removed from a component or solder,
that the package must be otherwise RoHS-compliant.

Although counterintuitive, the directive declares an exemption for Pb-based interconnects
where the Pb content is greater than 85 percent. This exemption is meant to address specific
devices, such as ceramic ball grid arrays (CBGAs), ceramic column grid arrays (CCGAs), flip-
chip devices, and other high-Pb interconnection schemes. CBGAs and CCGAs rely on high
Pb-content balls or columns, respectively, which melt at higher temperatures than eutectic
Sn-Pb and thus will not collapse upon reflow. Since these ceramic devices are heavy, if the solder
balls or columns beneath were to collapse, then interconnect-to-interconnect shorting would
take place. Several years are typically needed to determine reliability impact of metallurgical
changes to IC packages. In the case of these area-array devices, the high-lead content solder
connection is an integral part of the package and not just a link between a component lead
and bonding pad on a circuit board. Further, these packages are generally used in high-end
systems such as telecommunications equipment and powerful computers. The RoHS legisla-
tion exempts such equipment from restrictions on Pb until 2010. In the meantime, package
manufacturers are working to find and test reliable replacements for Pb-based solders for
high-end packages. Some smaller ICs have already made the switch to Pb-free interconnects.
Other exclusions or exemptions detailed in the current RoHS directive are Cd and Pb in bat-
teries, Pb in video monitor screens, and Hg in fluorescent light bulbs. It is curious to note that
RoHS legislation targets Pb in solders even though solder represents a minor use of Pb (it is
estimated to comprise less than 10 percent of world Pb usage). Conversely, the exempted
Pb-acid storage battery is the major consumer of Pb accounting for more than 85 percent
worldwide Pb usage.

In August 2006, additional exemptions were allowed for the RoHS legislation. As will be
discussed in subsequent chapters, lead has been used to reduce or eliminate the occurrence of
tin whiskers (metallic dendrites of tin that grow from pure tin surfaces). Metallic whiskers,
such as from tin or zinc, are known to pose a reliability risk in terms of electrical shorting
between oppositely charged conductors. Therefore, the RoHS legislation has been amended
to allow lead in surface finishes of components with pitch <0.65 mm for tin whisker repres-
sion. This applies to NiFe (Alloy 42, also known as Kovar) lead-frames as well as to compo-
nents with copper lead-frames. Curiously, the exemption does not cover connectors.

1.4 RoHS’IMPACT ON THE PRINTED CIRCUIT INDUSTRY

Never has there been such a sweeping change in electronics manufacturing as imparted by
WEEE and RoHS—particularly the latter. Every industry is being impacted either by
processes and materials or materials availability.

1.41 Components

Generally, ICs, passive devices, and connectors are not rated to survive temperature excur-
sions much above that of eutectic Sn-Pb solder and are rated only to survive a brief thermal
cycle. IC makers and component manufacturers have worked to understand the impact of the
higher process temperatures required for Pb-free soldering.

Plastic encapsulated components are known to absorb water from the atmosphere. As these
components are heated to reflow soldering temperature, the water expands and can cause
component cracking. This phenomenon is popularly known as “popcorning” since the plastic
package often bulges prior to cracking and remains deformed upon cooling. To counter this,
plastic packaged components are “baked out” prior to soldering. The higher temperature regimes
of most lead-free solders will exacerbate the issue of popcorning requiring more attention to
component drying cycles. In addition, the higher reflow temperature of Pb-free soldering has
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necessitated revamping of the classification schedule for package moisture sensitivity. This is
especially relevant to components that are not hermetically sealed. Also, longer bake-out
cycles are likely required.

Many components, such as ICs and passive devices (resistors, capacitors, and so on), may
not be suited for the higher process temperatures generally associated with lead-free soldering.
The higher temperature may result in changes to electrical characteristics, cracking, melting, or
other component damage or degradation. Only components certified by the parts manufac-
turer or by the user should be considered for Pb-free assembly.

The manufacturer of each component assigns it a moisture sensitivity classification that
dictates how long the component can be stored in a normal workplace environment before
requiring a controlled bake-out cycle. Detailed information can be found about component
moisture sensitivity classification, storage conditions, and bake-out requirements in joint industry
standards J-STD-020' and J-STD-033.

In addition to changes in moisture sensitivity, component laminates, encapsulants, or over-
molding compounds may be prone to degradation as a result of the higher temperature expo-
sures and times. Other negative attributes are associated with the move to Pb-free solders. Most
of the Pb-free solders are poorer wetting (slower to spread on a solderable surface), have grainer
appearance (which is not necessarily a negative attribute, but different from what is generally
accepted as a positive attribute in lead-based solder joints).

With the advent of Pb-free solders as a mainstream technology, electrical components
meant for surface mounting are being reformulated or requalified to withstand the higher requi-
site temperatures of Pb-free processing. Similarly, standards organizations such as the Joint
Electron Devices Engineering Council (JEDEC) have respecified the maximum safe temper-
ature regime for components due to the generally higher reflow soldering temperature
required for Pb-free soldering. The process engineer must consult component manufacturer’s
specifications to establish safe reflow parameters for Pb-free soldering.

1.4.2 Workmanship Standards

The most widely used workmanship standard, IPC-A-610, has been rewritten to accommo-
date the inspection of Pb-free soldered assemblies. The changes were introduced with version
D of that document. Inspection personnel require retraining to give proper attention to the
changes and renewed inspection criteria.

1.4.3 Laminates

Many of the widely used printed wiring board (PWB) laminates for leaded (Pb’d) solder
assembly will not endure the higher temperatures of Pb-free processing. Only laminates with
characteristic high-glass transition temperature (T,) and high-decomposition temperature
(T4) should be investigated for use in the Pb-free process. PWB laminates are more likely to
sag during Pb-free reflow. Some may even darken in color or delaminate when exposed to
Pb-free soldering temperatures. Careful attention to material selection and testing is a must
for Pb-free soldering. Reformulation of circuit board laminates for higher temperature use is
required to reduce the possibility of warpage, charring, delamination, sagging, via- or barrel-
cracking, and so on. High-temperature PWB laminates are available but are typically more
expensive than those used for Sn-Pb processing.

1J-STD-020: Joint IPC-JEDEC Standard for Moisture-Reflow Sensitivity Classification for Nonhermetic Solid State
Surface Mount Devices, Joint Electron Device Engineering Council (JEDEC), Arlington, VA, USA, and IPC-Association
Connecting Electronic Industries, Bannockburn, IL, USA.

2 J-STD-033: Joint IPC-JEDEC Standard for Handling, Packing, Shipping, and Use of Moisture-Reflow Sensitive
Surface Mount Devices, JEDEC, Arlington, VA, USA, and IPC, Bannockburn, IL, USA.
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1.4.4 Solder Flux

Some of the fluxes in use for tin-lead soldering may not be compatible with the higher reflow
temperatures associated with most Pb-free alloys. Critical materials in the flux may boil off,
decompose, or oxidize before thorough fluxing can take place. Also, the flux must remain on
metal surfaces to be bonded until reflow occurs since it serves as an oxygen barrier. Were the
flux to disappear too soon, reoxidation of the solder and bonding surfaces may occur, which
will retard solder wetting. Fluxes for Pb-free solders must be tailored to the composition of
the new solder alloys and their inherently higher soldering process temperatures, and to the
Pb-free surface finishes on component leads and PWB bonding pads.

1.45 Hygiene

Distinct health benefits are associated with the removal of Pb from printed circuit assemblies.
Pb’s toxicity is well documented, and the most serious problems are associated with direct
ingestion of Pb-bearing materials (for example, children ingesting peeling Pb-based paint or
lead in drinking water from Pb-soldered plumbing). This accumulating heavy metal dissolves
slowly in the human body. Although there is conflicting evidence as to whether Pb from solder
can leach into the water table from landfills at a rate that warrants concern, it is in everyone’s
best interest to explore alternative solder alloys and migrate from Pb-based solders.

Printed circuit board assembly operations will certainly benefit in that the labor force will
encounter lower toxicity. Solder dross generated during wave soldering or disturbed while
performing wave solder maintenance is a major source of Pb inhalation in manufacturing
plants. Airborne dross is also generated at solder fountain operations, hot-air rework, and
even during hand soldering. The move to a Pb-free environment will also eliminate concerns
for ingested fines from Pb-contaminated hands.

1.4.6 Lead Replacement Cost

In the United States and other countries, some legislative initiatives aimed at restricting the
use of Pb have failed. This failure spurred research for solder replacement alloys. Several cor-
porations and universities devised Pb-free solders, some of which were patented. As is the
case with any patented item or process, the rights to invention reside with the inventor or
sponsoring corporation in the short term, and several of these alloys may not be used freely.
In some cases, only slight modifications in alloy composition separate commonly available
solder alloys from patented solder compositions. The cost of patent licensing, whether by the
end user or solder manufacturer, will be borne largely by the end user.

In almost every case, the cost of Pb-free solder is at minimum 20 percent higher than for
Sn-Pb solder. PWB laminates are more costly, as are many of the components. Energy costs go
up with the need for higher reflow soldering temperatures. There is significant cost in training
of personnel to deal with the change to a Pb-free environment. Separate lines for Pb’d and Pb-
free solder may be required.

Both tin and lead are abundant, easy to refine, and thus inexpensive. This is not the case for
some of the constituents of lead-free solders being considered, such as indium (In), gallium (Ga),
and silver (Ag). Even bismuth (Bi) is a minor constituent of Pb ore and comes largely from Pb
refining. In wave soldering, a large volume (hundreds of pounds) of solder is required to fill the
wave solder reservoir (solder pot). The cost and availability of some of the lead-free alloys make
them impractical for the large volume of the solder pot. Compare Sn-Pb solder at roughly USD
$1.50 per pound to Sn-0.7Cu at USD $2.30 and Sn2Ag0.8Cu0.5Sb at USD $4.00 per pound.
Granted, with lead being such a heavy element, price per pound is not the best metric; price per
unit volume is a more significant measure. Nonetheless, moving away from the Sn-Pb binary
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eutectic will mean significantly higher manufacturing materials costs. Also, during wave solder-
ing, the molten and flowing wave will tend to dissolve certain surface finishes, which may even-
tually build up and change the composition of the solder alloy. Different solder alloys have
different metals dissolution properties. Therefore, using the same lead-free solder alloy for wave
soldering as for reflow may be impractical.

Some of the overt costs and impacts of moving to lead-free solders were mentioned
previously in this chapter. There are other potentially hidden costs. Soldering equipment
may not have the bandwidth to handle the higher temperatures of some of the pb-free alloys.
Reflow ovens may need to be constructed out of different materials to handle long-term
effects of the higher temperatures. Fan bushings and polymeric seals to maintain inert atmosphere
integrity may not withstand much above the temperature regimes required for Sn-Pb processing.
These same considerations apply to wave soldering. Hand soldering irons will require higher
temperatures, and more boards will likely have to be scrapped due to localized charring while
trying to attain reflow during the hand soldering operation or at repair. Board materials, fluxes,
and such may require reformulating, which is also likely to drive costs higher.

1.4.7 Equipment Changes

In some cases, soldering equipment changes are required to accommodate higher process
temperatures and contact with materials other than Sn and Pb. Such changes are discussed in
more detail in Chap. 47.

1.4.8 Scrapping and Material Mistakes

There will be costs associated with segregating materials (Pb’d versus Pb-free) and associ-
ated increased floor space for carrying two inventories (Pb’d and Pb-free). Noncompliant
materials will have to be scrapped or sold off to those still using leaded processes. It is antic-
ipated that in the early throes of the conversion to Pb-free, parts inventories occasionally will
be inadvertently mixed, which may impact finished goods reliability and also make these
products unacceptable for import to Europe after July 1, 2006, due to tenets of the RoHS
directive.

1.49 Training

Every facet of manufacturing is touched by this change, whether it is the soldering process,
solder joint inspection, electrical testing, material inventories, bill-of-materials verification,
purchase specifications, inventory separation, and incoming materials inspection. The adap-
tations of RoHS and Pb-free standards for printed circuit assembly certainly require the
most extensive changes that the electronics industry has ever needed to make. Great care
has to go into training of personnel at every level of printed circuit assembly (PCA) build-
ing and support.

1.4.10 Reliability Testing

The change of materials and solders to accommodate the elimination of Pb necessitates reli-
ability testing of the Pb-free assemblies to ensure that reliability is comparable to that of Sn-Pb
assemblies. Reliability test methods, parameters, and models will have to be refined to match
material properties of Pb-free assemblies.
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In-Circuit Test (ICT)

Since the process temperature for most lead-frees are higher than for eutectic- or near-eutectic
Sn-Pb solder, any flux residues associated with No-Clean soldering are more thoroughly
baked onto PWB surface metals. This inhibits electrical test probe contact. Even with today’s
No-Clean solder pastes and with Sn-Pb solders, electrical probing can be a challenge. Often
the residues that cover test points necessitate multiple seating cycles of the test probes to pen-
etrate the flux residue.

1.5 LEAD-FREE PERSPECTIVES

The relative benefits of removing or reducing lead remain controversial. Some studies have
shown a net negative effect due to the energy materials and processes required for the pro-
duction and use of replacement lead-free materials. Whatever the long-term environmental
impact, the short-term consequences clearly create a technical challenge to ensure reliable, cost-
effective printed circuit assemblies. There are neither drop-in replacements for Sn-Pb solder
nor industry wide consensus for a single-solder alloy. The alloys that are most promising have
significant challenges due to raw materials pricing, limited reliability data, and yet-to-be-deter-
mined interactions with other materials. It has taken many years to understand the properties
of Sn-Pb solder, its metallurgical behavior, solder joint properties, and soldering methodolo-
gies. Any new solders will have to undergo scrutiny to determine key characteristics of
process and reliability. Since the paradigm for characterizing solders and reliability has been
honed through the millennia-long use of Sn-Pb solder, the development cycle for Pb-free sol-
der should be significantly streamlined. On the other hand, the rapid changeover to Pb-free
solder brings with it risks with regard to process effectiveness and control, as well as the long-
term reliability of the end product. These risks will require continuous reevaluations of the
solder alloy choice, appropriate surface finishes, soldering conditions, materials compatibility
(PWB, IC packages, and such), redefinition of solder volume requirements for reliable solder
joint strength, and even some equipment changes. As a result, the Chap. 45 on “Solder Materials”
contains a detailed discussion of “lead-free” alloys and materials and offer several choices on
materials and discussion of their characteristics.

Since nearly all the practical Pb-free alloy choices have a higher melting temperature, a req-
uisite higher energy consumption and energy cost is associated with the new soldering materi-
als. Equipment changes needed for Pb-free processing will be discussed in Chaps. 46 and 47.

Also, as Pb-based solder will remain in use until at least 2010 as per RoHS, another likely
mode of failure will be the inadvertent use of Pb-free solder with Pb’d packages or Pb’d sol-
der with Pb-free packages. Although there is some backward and forward compatibility in
terms of solders, packages, and surface finishes, there are also some difficulties. Some pack-
ages meant for use in the Pb’d process will not tolerate the higher soldering temperatures
associated with most Pb-free solders. In the case of a Pb-free ball grid array (BGA) soldered
with Pb’d solder, or vice versa, it is already known that there will be a negative impact to the
resultant solder joint reliability for the leading Pb-free candidate solders. Increased tensile
strength with increased brittleness is commonly reported for the tin-silver-copper system—a
leading replacement candidate.

China, Japan, and Korea have legislative initiatives taking shape that are similar to the EU’s,
WEEE, and RoHS directives. This is the case for several U.S. states also. There is no escaping
the fact that Pb-free soldering will be the mainstay of all future electronics interconnections.
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CHAPTER 2

ELECTRONIC PACKAGING
AND HIGH-DENSITY
INTERCONNECTIVITY*

Clyde F. Coombs Jr.
Editor-In-Chief, Los Altos, California

Happy T. Holden

Westwood Associates, Loveland, Colorado

2.1 INTRODUCTION

All electronic components must be interconnected and assembled to form a functional and
operating system. The design and the manufacture of these interconnections have evolved
into a separate discipline called electronic packaging. Since the early 1950s, the basic building
block of electronic packaging is the printed wiring board (PWB), and it will remain that into
the foreseeable future. This book outlines the basic design approaches and manufacturing
processes needed to produce these PWBs.

This chapter outlines the basic considerations, the main choices, and the potential trade-
offs that must be accounted for in the selection of the interconnection methods for electronic
systems. Its main emphasis is on the analysis of potential effects that the selection of various
printed wiring board types and design alternatives could have on the cost and performance of
the complete electronic product.

2.2 MEASURING THE INTERCONNECTIVITY REVOLUTION (HDI)

The continuing increase in component performance and lead density, along with the reduc-
tion in package sizes, has required that PWB technology find corresponding ways to increase
the interconnection density of the substrate. With the introduction and continued refinement
of such packaging techniques as the ball grid array (BGA), chip-scale packaging (CSP), and
chip-on-board (COB), traditional PWB technology has approached a point where alternative
ways of providing high-density interconnection have had to be developed. (See Chaps. 3 and

* Adapted from Coombs, Clyde F.Jr., Printed Circuits Handbook (4th ed.), chap. 1, “Electronic Packaging and Inter-
connectivity,” (McGraw-Hill, New York, 1996.)

2.3

Copyright © 2008 by The McGraw-Hill Companies. Click here for terms of use.
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4 for detailed discussions of component and packaging technologies.) This has been called at
times high-density interconnects (HDI), the interconnection revolution, or the density revo-
lution, because doing the same things in the same way, only smaller, was no longer sufficient.

2.2.1 Interconnect Density Elements

The extent of these interconnect density issues is not always observable, but the chart! in Fig. 2.1
can help one define and understand it. The chart portrays the interrelationship between
component packaging, surface-mount technology (SMT) assembly, and PWB density. As can
be seen, these three elements are interlinked. A change in one has a significant effect on the
overall interconnection density. The metrics are as follows:

Astseg'(‘]b“:j Components
B (ave. leads
per sq. inch) per part)

PWB

(inches
per sqg. inch)

FIGURE 2.1 Representation of the metrics of assembly, component, and PWB tech-
nologies and their general relationship to each other.

o Assembly complexity: the measure of the difficulty of assembling surface-mounted compo-
nents in parts per square inch and leads per square inch.

o Component packaging complexity: the degree of sophistication of a component, measured
by its average leads (I/Os) per part.

e Printed wiring board density: the amount of wiring a PWB has as measured by the average
length of traces per square inch or the area of that board, including all signal layers. The
metric is inches per square inch.

2.2.2 Interconnect Technology Map

To visualize the interrelationships of the three elements, see Fig. 2.2. It shows these elements
as axes of a three-dimensional technology map that defines the passage from conventional
PWB structures to advanced technologies and shows how changes in just one of the elements
can increase or decrease the total density of the entire electronic package.
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FIGURE 2.2 Component technology map, showing the relationship of assembly, PWB, and component
technologies on overall package density and technology.

To describe the component complexity of an assembly, the total component connections
(I/Os) include both sides of an assembly, as well as edge fingers, or contacts, which are divided
by the total number of components on the assembly. The resulting average leads (I/Os) per
part provides the x-axis of Fig. 2.2. The horizontal oval shape shows how the component com-
plexity can vary from two leads per part in discrete circuit elements to the very large numbers
seen on BGA and application-specific integrated circuits.

When Fig. 2.2 is used to describe surface-mount assemblies, the vertical (y-axis) dimension
(shown as a vertical oval) indicates how complex it is to assemble the board by number of com-
ponents per square inch or square centimeter for the surface area of the PWB. This vertical
oval can vary from 1 to over 100 parts per square inch. As the parts become smaller and closer
together, this number naturally goes up. A second assembly measure is average leads (I/Os)
per square inch or square centimeter. This is the x-axis value multiplied by the y-axis value.
(For a further description of these issues, and equations for quantifying them, see Chap. 18.)

The z-axis oval in Fig. 2.2 describes the printed wiring board’s density. This is the wiring
required to connect all the I/Os of the components at the size of the assembly specified, assum-
ing three nodes per net. This axis has the units inches per square inch, or centimeters per square
centimeter. A further description of this metric is provided in this chapter and in more detail in
Chap. 19.

2.2.3 An Example of the Interconnect Revolution

By charting products of a particular type over time, an analysis will show how the intercon-
nect technology has changed and continues to change, its rate of change, and the direction
of these changes. An example is given in Fig. 2.3. This shows how component technology,
assembly technology, and PWB technology have led to the evolution of the same computer
CPU from:
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a. First RISC processor (1986)
(8"x16" 14 layer-TH)

b. Same RISC processor as MCM-L (1991)
(4"x4" 10 layer-TH/Bv seq. lam)

c. Same RISC processor as HDI (1995)
(2"x2" 2+2+2 HDI-microvia)

FIGURE 2.3 Example of the same computer CPU board as it used alternative component,
assembly, and PWB technologies. (a) Size and appearance of each generation.
(b) Movement of total board density from traditional to HDI. (c) HDIL

A 14-layer board through-hole with a surface area of 128 in? in 1986 (Fig. 2.3[a]) to
A 10-layer surface-mount technology board with a surface area of 16 in® in 1991 (Fig.
2.3[b]) to

A high-density interconnect board with sequential build-up microvias, buried and blind
vias, and a surface area of 4 in? in 1995 (Fig. 2.3[c])

2.2.4 Region of Advanced Technologies

A second valuable feature of the chart in Fig. 2.2 is the area identified as the region of
advanced technologies. This is where calculations and data have shown that it is necessary to
have an HDI structure. Therefore, this is the barrier, or wall of HDI: on one side it is most cost
effective to use traditional PWB technologies; on the other side it becomes cost effective to
use HDI technologies. Continuing beyond this point, HDI becomes necessary.

2.3 HIERARCHY OF INTERCONNECTIONS

To have the proper perspective on where PWBs fit into electronic systems, it will be helpful to
describe briefly the packaging hierarchy of electronic systems. Some time ago, the Institute
for Interconnecting and Packaging Electronic Circuits (IPC)* proposed eight categories of
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system elements in ascending order of size and complexity, which will be used here to illus-
trate typical electronic packaging structures. These are as follows:

Category A consists of fully processed active and passive devices. Bare or uncased chips
and discrete capacitors, resistors, or their networks are typical examples of this category.

Category B comprises all packaged devices (active and passive) in plastic packages, such as
DIPs, TSOPs, QFPs, and BGAs, as well as those in ceramic packages, such as PGAs, and
connectors, sockets, and switches. All are ready to be connected to an interconnecting
structure.

Category C is substrates that interconnect uncased or bare chips (i.e., the components of
category A) into a separable package. Included here are all types of multichip modules
(MCMs), chip-on-boards (COBs), and hybrids.

Category D covers all kinds of substrates that interconnect and form assemblies of already
packaged components, i.e., those from categories B and C. This category includes all types
of rigid PWBs, flexible and rigid-flexible, and discrete-wiring boards.

Category E covers the back planes made by printed wiring and discrete-wiring methods or
with flexible circuits, which interconnect PWBs, but not components, from the preceding
groups.

Category F covers all intraenclosure connections. Included in this category are harnesses,
ground and power distribution buses, RF plumbing, and co-ax or fiberoptic wiring.

Category G includes the system assembly hardware, card racks, mechanical structures, and
thermal control components.

Category H encompasses the entire integrated system with all its bays, racks, boxes, and
enclosures and all auxiliary and support subsystems.

As seen from the preceding list, PWBs are exactly in the center of the hierarchy and are
the most important and universally used element of electronic packaging.

The packaging categories F, G, and H are used mainly in large mainframes, supercomput-
ers, central office switching, and some military systems. Since there is a strong trend toward
the use of miniaturized and portable electronic products for the majority of electronic pack-
aging designs, trade-offs are made in the judicious application and selection among the ele-
ments of the first five categories. These are discussed in this chapter.

2.4 FACTORS AFFECTING SELECTION OF INTERCONNECTIONS

Selection of the packaging approaches among the various aforementioned elements is dic-
tated not only by the system function, but also by the component types selected and by the
operating parameters of the system, such as the clock speeds, power consumption, and heat
management methods, and the environment in which the system will operate. This section
provides a brief overview of these basic constraints that must be considered for proper pack-
aging design of the electronic system.

2.4.1 Speed of Operation

The speed at which the electronic system operates is a very important technical factor in the
design of interconnections. Many digital systems operate at close to 100 MHz and are
already reaching beyond that level. The increasing system speed is placing great demands on
the ingenuity of packaging engineers and on the properties of materials used for PWB sub-
strates.
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The speed of signal propagation is inversely proportional to the square root of the dielec-
tric constant of the substrate materials, requiring designers to be aware of the dielectric prop-
erties of the substrate materials they intend to use. The signal propagation on the substrate
between chips, the so-called time of flight, is directly proportional to the length of the con-
ductors and must be kept short to ensure the optimal electrical performance of a system oper-
ating at high speeds.

For systems operating at speeds above 25 MHz, the interconnections must have transmission
line characteristics to minimize signal losses and distortion. Proper design of such transmission
lines requires careful calculation of the conductor and dielectric separation dimensions and
their precise manufacture to ensure the expected accuracy of performance. For PWBs, there are
two basic transmission line types:

1. Stripline
2. Microstrip (for details, see Chap. 15)

2.4.2 Power Consumption

As the clock rates of the chips increase and as the number of gates per chip grows, there is a
corresponding increase in their power consumption. Some chips require up to 30 W of power
for their operation. With that, more and more terminals are required to bring power in and to
accommodate the return flow on the ground planes. About 20 to 30 percent of chip terminals
are used for power and ground connections. With the need for electrical isolation of signals in
high-speed systems operation, the count may go to 50 percent.

Design engineers must provide adequate power and ground distribution planes within the
multilayer boards (MLBs) to ensure efficient, low-resistance flow of currents, which may be
substantial in boards interconnecting high-speed chips consuming tens of watts and operating
at 5V, 3.3V, or lower. Proper power and ground distribution in the system is essential for
reducing di/dt switching interference in high-speed systems, as well as for reducing undesir-
able heat concentrations. In some cases, separate bus-bar structures have been required to
meet such high power demands.

2.4.3 Thermal Management

All the energy that has been delivered to power integrated circuits (ICs) must be efficiently
removed from the system to ensure its proper operation and long life. The removal of the heat
from a system is one of the most difficult tasks of electronic packaging. In large systems, huge
heat-sink structures, dwarfing the individual ICs, are required to air-cool them, and some com-
puter companies have built giant superstructures for liquid cooling of their computer mod-
ules. Some computer designs use liquid immersion cooling. Still, the cooling needs of large
systems tax the capabilities of existing cooling methods.

The situation is not that severe in smaller, tabletop or portable electronic equipment, but
it still requires packaging engineers to ameliorate the hot spots and ensure longevity of oper-
ation. Since PWBs are notoriously poor heat conductors, designers must carefully evaluate
the method of heat conduction through the board, using such techniques as heat vias, embed-
ded metal slugs, and conductive planes.

2.4.4 Electronic Interference

As the frequency of operation of electronic equipment increases, many ICs, modules, or
assemblies can act as generators of radio frequency (RF) signals. Such electromagnetic inter-
ference (EMI) emanations can seriously jeopardize the operation of neighboring electronics
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or even of other elements of the same equipment, causing failures, mistakes, and errors, and
must be prevented. There are specific EMI standards defining the permissible levels of such
radiation, and these levels are very low.

Packaging engineers, and especially PWB designers, must be familiar with the methods of
reducing or canceling this EMI radiation to ensure that their equipment will not exceed the
permissible limits of this interference.

2.45 System Operating Environment

The selection of a particular packaging approach for an electronic product is also dictated by
its end use and by the market segment for which that product is designed. The packaging
designer has to understand the major driving force behind the product use. Is it cost driven,
performance driven, or somewhere in between? Where will it be used—for instance, under
the hood of a car, where environmental conditions are severe, or in the office, where the oper-
ating conditions are benign? The IPC? has established a set of equipment operating conditions
classified by the degree of severity, which are listed in Table 2.1.

2.4.5.1 Cost. The universal digitization of most electronic functions led to the merger of
consumer, computer, and communication technologies. This development resulted in the in-
creased appeal of electronics and the need for mass production of many electronic products.
Thus, product cost has become the most important criterion in any design of electronic systems.
While complying with all the aforementioned design and operation conditions, the design engi-
neer must keep cost as the dominant criterion, and must analyze all potential trade-offs in light
of the best cost/performance solution for the product.

TABLE 2.1 Realistic Representative-Use Environments, Service Lives, and Acceptable
Cumulative-Failure Probabilities for Surface-Mounted Electronics by Use Categories

‘Worst-case use environment

Acceptable
Use T wins T naxs AT,* to, Cycles/ Years of failure
category °C °C °C h year service risk, %
1—Consumer 0 +60 35 12 365 1-3 ~1
2—Computers +15 +60 20 2 1460 ~5 ~0.1
3—Telecomm —40 +85 35 12 365 7-20 ~0.01
4—Commercial aircraft =55 +95 20 12 365 ~20 ~0.001
S5—Industrial & automotive =55 +95 20 12 185
(passenger compartment) &40 12 100 ~10 ~0.1
&60 12 60
&80 12 20
6—Military =55 +95 40 12 100
ground & ship &60 12 265 ~5 ~0.1
7—LEO —40 +85 35 1 8760 5-20 ~0.001
Space GEO 12 365
8—Military b a 40 2 365
avionics ¢ =55 +95 60 2 365 ~10 ~0.01
80 2 365
&20 1 365
9—Automotive 60 1 1000
(under hood) =55 +125 &100 1 300 ~5 ~0.1
&140 2 40
& =in addition.

* AT represents the maximum temperature swing, but does not include power dissipation effects; for power dissipa-
tion, calculate AT,.
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The importance of the rigorous cost trade-off analysis during the design of electronic prod-
ucts is underscored by the fact that about 60 percent of the manufacturing costs are deter-
mined in the first stages of the design process, when only 35 percent of the total design effort
has been expended.

Attention to manufacturing and assembly requirements and capabilities (so-called design
for manufacturability and assembly [DFM/A]) during product design can reduce assembly
costs by up to 35 percent and PWB costs by up to 25 percent.

The elements that must be considered for the most cost-effective electronic packaging
designs are:

e Optimization of the PWB design and layout to reduce its manufacturing cost
e Optimization of the PWB design to reduce its assembly cost
¢ Optimization of the PWB design to reduce testing and repair costs

The following sections provide some guidelines on how to approach such optimization of
PWB designs. Basically, the costs of the electronic assemblies are directly related to their com-
plexity and there are a number of measurements relating the effects of various PWB design

elements to their costs to guide the design engineer in selection of the most cost-effective
approach.

2.5 ICS AND PACKAGES

The most important factors influencing PWB design and layout are the component terminal
patterns and their pitches, especially those of ICs and their packages, since these dictate the
density of the interconnecting substrates. Thus, this element will be considered first.

Driven by the need for improved cost and performance, the complexity of ICs is constantly
increasing. Due to relentless progress in IC technology, the gate density on a chip is increas-
ing by about 75 percent per year, resulting in the growth of IC chip I/O terminals by 40 per-
cent per year, which places ever increasing demands on the methods of their packaging and
interconnection.

As a result, the physical size of electronic gears keeps shrinking by 10 to 20 percent per
year, while the surface area of substrates is being reduced by about 7 percent per year. This is
accomplished by continuously increasing wiring densities and reducing linewidths, which has
severely stressed PWB manufacturing methods, reduced processing yields, and increased the
costs of the boards.

2.5.1 IC Packages

Since their inception, IC chips have been placed within ceramic or plastic packages. Until
about 1980, all IC packages had terminal leads that were soldered into plated through-holes
(PTHs) of the PWBs. Since then, an increasing number of IC packages have their terminals
made in a form suitable for surface-mounting technology (SMT), which has become the pre-
vailing method of component mounting.

There has been a proliferation of IC package types, both for through-hole assembly as well
as for surface mounting, varying in their lead configurations, placement, and pitches. Also,
IPC-SM-782° provides a good catalog of the available SMT packages and of the PWB foot-
print formats they require for their assembly.

Basic I/O termination methods of IC packages include the following:

e Peripheral, where the terminations are located around the edges of the chip or package
e Grid-array, where the terminations are located on the bottom surface of the chip or package
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Most IC packages have peripheral terminations at their edges. The practical limit on the
peripheral lead pitches on packages is about 0.3 mm, which permits locating, at most, 500 I/Os
on a large IC package, as shown in Table 2.2. It has also become evident that, in typical board
assembly operations, the yields plummet as the lead pitches go below 0.5 mm.

TABLE 2.2 Various Array Package Body Sizes, Configurations,

and Lead Pitches
Body size (mm) Number of I/Os Minimum pitch (mm)
8x8 24 0.5
9x9 68 0.5
10x 10 144 0.5
13x13 154 0.65
2323 168 1.27
23 %23 208 1.27
2323 217 1.27
23 %23 240 1.27
23x23 249 1.27
27 %27 225 1.27
27 %27 256 1.27
27%x27 272 1.27
27 %27 292 1.27
27x27 300 1.27
27 %27 316 1.27
31x31 304 1.50
31x31 329 1.27
31x31 360 1.27
31x31 385 1.27
35%x35 313 1.27
35%x35 352 1.27
35x35 388 1.27
35%x35 420 1.27
35%x35 456 1.27
37%x37 676 0.8
42.5%x52.5 1247 1.0
52.5%x52.5 2577 1.0

Various area array components come with a large variety of body sizes,
numbers of I/Os, and I/O pitches. These components are called chip-scale
packages (CSPs), plastic ball grid arrays (PBGAs), ceramic ball grid arrays
(CBGAs), plastic pin grid arrays (PPGAs), and ceramic column grid arrays
(CCGAs).

It is expected that chips with terminal counts below 150 to 200 will continue to use packages
with peripheral leads, if these can be soldered within practical assembly yields. But for IC pack-
ages with over 150 to 200 I/Os, it is very attractive to use the grid-array terminations, since in
such a case the entire bottom surface area can be utilized for terminations, which makes it pos-
sible to place large numbers of I/Os within a limited area.

This consideration has led to the development of a number of area array solder-bumping
termination methods for IC and multichip module (MCM) packages, variously called pad
grid, land grid, or ball grid arrays (BGAs) with terminal grids set at 1 mm (0.040 in), 1.27 mm
(0.050 in), and 1.50 mm (0.060 in), respectively.

Use of grid arrays provides a number of benefits. The most important is the minimal foot-
print area on the interconnecting substrate, but grid arrays also offer better electrical perfor-
mance due to low electrical parasitics in high-speed operation, simplified adaptation into SMT
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component placement lines, and better assembly yields, despite the impossibility of direct
visual inspection of the joints.

Due to continuous decrease of the terminal pitches on packages, it is important that PWB
designers carefully assess the manufacturing and assembly capabilities of PWB substrates
requiring such fine-pitch terminations, to ensure the greatest yields and lowest cost of the
product.

2.5.2 Direct Chip Attach

The relentless pressures of size, weight, and volume reduction of electronic products have
resulted in a growth in interest in direct chip attach (DCA) methods, where bare IC chips are
mounted directly to the substrate. These methods are extensively used on chip-on-board
(COB) and multichip module (MCM) assemblies, as shown in Fig. 2.4.

FIGURE 2.4 COB and MCM assemblies.

Three methods of bare chip attachment to the substrate are as follows:

1. Wire-bonding is the oldest and the most flexible and widely used method. (More than 96
percent of all chips today are wire-bonded.)

2. Tape-automated bonding (TAB) is useful with small I/O pitches and provides the ability to
pretest the chips before assembly.

3. Flip-chipping is used for its compactness and improved electricals, typical of which is the
C4 process of IBM.

The problems of thermal coefficient of expansion (TCE) mismatch between silicon chips
that are directly flip-chipped onto a laminate substrate have been effectively eliminated by
using a filled epoxy underfill encapsulation technique between the chip and the substrate (see
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FIGURE 2.5 Underfill between the chip and
PWB on flip-chip on board.

Fig. 2.5). This method distributes stresses over the entire area of
the chip and thus significantly improves the reliability perfor-
mance of this assembly method.

While the chips that need area array or flip-chip termina-
tions—i.e., those with high pin counts—are the fastest-growing
category of ICs, they still represent only a very small percent of
all ICs used. Designers must, therefore, ascertain which of the
DCA methods will be the most cost beneficial for a particular
application.

2.5.3 Chip-Scale Packages (CSPs)

When mounting unpackaged chips on these interconnecting sub-
strates, it is not always possible to ascertain that only properly
operating chips have been assembled. By now, there are a num-
ber of methods proposed to solve this known good die (KGD)
problem.

As one of the ways to resolve this problem, a number of man-
ufacturers have developed a set of miniature packages, only
slightly larger than the chip itself, which protect the chip and
redistribute the chip termination to a grid array. These miniature
packages permit testing and burning in of chips prior to their final
assembly. A typical example of such chip scale packages is shown
in Fig. 2.6. There are a number of such packages on the market.
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FIGURE 2.6 CSP by Tessera, Inc., San Jose, California.

The designer, however, must analyze the termination pitches of these new CSPs because
some use very tight grids, such as 0.5 mm (0.020 in) or less, which need special PWB tech-
niques to permit signal redistribution from these packages to the rest of the board.

In general, the current PWB technology is adequate to provide direct chip terminations if
wire-bonding or TAB techniques are used for interconnecting bare chips to the substrate. It
requires placing suitable bonding pads spaced by the required pitch in one or two rows
around the chip site. While this somewhat reduces the packaging efficiency of the board, it is

still an effective method for DCA assemblies.

With grid array, the situation is more difficult because the signals from internal rows of
area grid terminations must be routed between the terminals located closer to the edge, which
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do not permit more than one, or at most two, conductors to pass through. In most cases, these
signals from internal rows are brought down into internal layers of MLBs.

The conventional PCB constructions today cannot handle any grid arrays with pitches below
0.020 in, while some flip-chip ball grid arrays go below 0.010-in pitch. In cases when grid dis-
tances of the area terminations are below 0.50 mm (0.040 in), special redistribution layers are
frequently used, which distribute signals to the conventionally made PTHs in supporting MLB.

Such layers consist of unsupported dielectric layers where small vias or blind holes are
formed by laser or plasma etching or are photoformed and then plated using additive or semi-
additive metallization processes. While this approach requires some extra area beyond the
chip perimeter to complete the signal transfer and increases the costs of substrates, it permits
the mounting of flip-chips and CSPs on PWBs. A typical method for forming such redistribu-
tion layers, called surface laminar circuit (SLC),* has been developed at IBM’s Yasu plant.

2.6 DENSITY EVALUATIONS

2.6.1 Component Density Analysis

Because the components and their terminations exert a major effect on the design of the
PWB, a number of metrics have been developed to establish the relationships between com-
ponent density and PWB density. A major analysis of these relationships has been made by H.
Holden® and some of his charts and derivations are provided here to guide the design engi-
neers during the development of a rational PWB design.

This information is very useful in determining where the designed product will fit in the
component density spectrum and what, therefore, is to be expected for PWB density.

Figure 2.7 provides a generalized view of the relationships among the component density,
their terminal density, and the necessary wiring density that will be required to accommodate
the selected degree of component complexity. The definition of the wiring connectivity W;is
provided.
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FIGURE 2.7 Plot of general relations between component and wiring density.

2.6.2 PWB Density Metrics

It is essential for the proper design of PWBs to determine the density requirements and then
analyze alternative methods of board construction for the most cost-effective design. There
are a number of basic terms and equations used for the calculation and analysis of PWB
wiring density.
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%

G

W, = in/in? (2.1)

where W, = wiring capacity
T = tracks per channel
L = number of signal layers
G = channel width

But it is more important to determine the required wiring density that will be sufficient to
interconnect all the components on the desired board size. There have been a number of
empirically developed equations that permit the calculation of such a wiring demand. The
simplest has been developed by Dr. D. Seraphim:®

W, =225 N*P (2.2)

where W, = wiring demand
N, = number of I/Os
P = pitch between packages

2.6.3 Special Metrics for Direct Chip Attach

The assembly of uncased or bare chips on substrates has become popular mostly due to the abil-
ity of such assemblies to reduce the area of interconnections. The ideal limit for such assembly
would be to place all the chips tightly together, without any space in between. This would result
in 100 percent packaging efficiency, a metric measuring the ratio of silicon area to the substrate
area. Naturally, such 100 percent efficiency is not achievable, but this metric is still useful in rank-
ing various substrate construction or bare chip attachment methods, as shown in Fig. 2.8.
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FIGURE 2.8 Packaging efficiency. (Courtesy of BPA, used with permission.)

Packaging efficiency of 100 percent is impossible to achieve because all chip-mounting
methods require some space around the chips. Even with flip-chips, there must be a distance
left between the chips to permit room for the placement tool.
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196-QUAD FLATPACK (1,880%)

Dr. H. Charles’ of Johns Hopkins University has listed the
dimensions in Table 2.3 for the necessary spacing between the

CONVENTIONAL TAB (89% - 164 ‘7;1

chips (or the total width of the frame around the chips) for

4— 520 mils —»

various chip attachment methods. These or very similar dis-
FLIP-TAB (69%) tances have also been cited by a number of other sources.
Even with the flip-chip mounting, packaging efficiency must
be derated to about 90 percent, for wire-bonding to 70 percent
and for TABs to about 50 percent, and in some cases much more.
A very similar situation is shown graphically in Fig. 2.9. The
packaging efficiency deratings shown in Fig. 2.9 are required to
accommodate only the wiring bond pads on the substrates. But
the mounting of bare chips on PWBs requires additional signal
redistribution area to permit placement of larger-diameter

PTHs farther out for communication with internal layers. It is

4 550-650 mils ———> evident that the packaging efficiencies on PWBs could be

L<——————— 1,475 mils ———»

reduced to the range of only 20 to 30 percent, unless special sur-

face signal redistribution layers (as previously mentioned) are

Package Penalties: Excess Interconnect Area used, which are made of unreinforced dielectric material. In

FIGURE 2.9 Chip area required to accommodate

such cases, packaging efficiency and the chip-to-chip distances

bonding methods. will again be similar to the values cited in Table 2.3.

TABLE 2.3 Spacing Required Between Chips

Attachment method Chip spacing, mils
Flip-chip 15-20
Wire-bonding 70-80
Flip TAB 100-120
Regular TAB 150-400

It is apparent that direct chip attach on PWBs will result in the significant reduction of the
packaging efficiency of such assemblies, except for the fact that components can be mounted
on both sides of the PWB substrate. It has been shown that wire-bonding can be done on both
sides of a PWB with some special fixturing; also, outer lead bonding (OLB) of TABs can be
done on both sides of the PWB substrate. Thus, while single-sided bare chip assembly on
PWBs reduces its packaging efficiency to about half that of other types of substrate construc-
tions, the ability to place components on both sides of PWBs brings it back to the same pack-
aging efficiency level as others.

2.7 METHODS TO INCREASE PWB DENSITY

There are three basic ways to increase the connectivity or available conductor capacity of
PWBs:®

¢ Reduce hole and pad diameters

¢ Increase the number of conductive channels between pads by reducing the widths of the
conductors

¢ Increase the number of signal planes

The effect of each approach on manufacturing yields, and thus on board costs, will be dis-
cussed in sequence. It should be noted that the last option is the simplest but the most costly
solution, and thus should be used only after the methods suitable for resolving the first two
conditions have been proven inadequate for achieving the desirable board density.



ELECTRONIC PACKAGING AND HIGH-DENSITY INTERCONNECTIVITY 2.17

2.7.1 Effect of Pads on Wiring Density

The major obstacles preventing increase of conductor channel capacity are large pad diame-
ters around the plated through-holes (PTHs), since, at the present state of technology, PWBs
still require pads wider than the conductors at their location. These pads reduce the obtain-
able connectivity of PWB boards and must be accounted for in a proper analysis of intercon-
nection density /,. For instance, in one design, the reduction of pad diameters from 55 to 25
mils (by 55 percent) doubled the interconnection density, while the reduction in conductor
pitch C, from 18 to 7 mils (by 61 percent) increased it only by 50 percent. It is obvious that the
reduction of pad diameters, or their total elimination, could be a more efficient way to
increase the wiring capacity of complex PWBs.

The purpose of copper pads surrounding the drilled holes in PWBs is to accommodate any
potential layer-to-layer or pattern-to-hole misregistrations and thus prevent any hole break-
out outside the copper area of the pads. This misregistration is caused mainly by the instabil-
ity and movement of the base laminate during its processing through the PWB or multilayer
board (MLB) manufacturing steps.

The base material standards specify that such movement be limited to a maximum of 300
ppm, but the actual base material excursions are closer to 500 ppm, producing 10 mils of layer
movement within a 20-in distance. For many applications this tolerance is too wide, as it
requires at least a 10-mil-wide annular ring around drilled holes, resulting in considerable
conductor channel blockage.

Another cause of material instability in MLBs is the excessive material movement that
occurs if the laminating temperature exceeds the glass transition temperature T, of the lami-
nate resin. On the other hand, if the laminating temperature remains below the T, of the resin,
there is minimal dimensional variation of the base material, as the resin is still in its linear
expansion phase. This explains the need for use of high-7, resins in the PWB industry.

The data obtained from the performance of new, more stable unidirectional laminates
indicate that the base material movement is reduced, for instance to 200 ppm from 500 ppm,
and the requirements for the annular ring width will be reduced to 4 mils from 10 mils.

Table 2.4 illustrates the connectivity gains made possible when a more stable laminate
material is used, permitting a reduction in the initial diameters of the pads (as given in the first
column) spaced at 2.5 mm (0.100 in) while keeping the conductor pitches constant. The most
effective use of the signal plane area is achieved when the pads are eliminated and the z-axis
interconnects are confined within the width of the conductors forming the invisible vias.

This derivation is based on actual data obtained from the performance of new, more sta-
ble, unidirectional laminates. While MLBs using these new, more dimensionally stable, unidi-
rectional laminates with reduced pad diameters could be manufactured by conventional
manufacturing methods, the production of MLBs with invisible vias requires the use of a
sequential manufacturing process similar to the SLC process previously described.

PWB manufacturers are reasonably comfortable with the production of boards with 4- or
5-mil-wide conductors, but they still require large pads around plated holes to ensure against
hole breakout. This limits the currently available wiring density to about 40 to 60 in/in® per
plane, as seen from Table 2.4. A technology that will permit PWB manufacturers to fabricate
invisible vias could increase the connectivity per PWB signal plane from this current range to
the level of 100 to 140 in/in% Conductor widths of 0.002 in will offer a PWB of 200 to 250 in/in
per signal plane.

TABLE 2.4 Effect of Pad Diameters on Interconnectivity Density

Pad dia, in Cond pitch, in I, @ 500 ppm, in/in? I, @ 200 ppm, in/in’ I, @ invisible via, in/in?

0.055 0.010 20 37 55
0.036 0.018 30 48 55
0.025 0.009 40 96 100

0.025 0.007 60 130 143
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TABLE 2.5 Effect of Increased Connectivity on Reduction of Layers

Pad dia, in Cond pitch,in [, @ 500 ppm, layers [, @ 200 ppm, layers I, @ invisible via, layers

0.055 0.010 10 6 4
0.036 0.018 7 4 4
0.025 0.009 5 2 2
0.025 0.007 4 2 2

Table 2.5 illustrates the most important result of increased connectivity per layer: a
reduction in the number of signal layers needed to provide the same wiring density W,,.
Table 2.5 was constructed by applying connectivity data from Table 2.4 to a 50-in> MLB with
total wiring length of 10,000 in. Note also that the layer count in Table 2.4 has been brought
up to the next higher full-layer value, i.e., the calculated 1.4 layers have been recorded as 2
layers.

The major benefit of such a reduction in the layer count is that it can result in a signifi-
cant reduction of the manufacturing cost while providing the same total interconnection
length.

2.7.2 Reduction of Conductor Width

An obvious method of increasing the connectivity of PWBs is to reduce the widths of con-
ductors and spaces and thus increase the number of available wiring channels on each sig-
nal plane, as described previously. This is the direction that has been used in the IC and
PWB industries for many years. However, it is impossible to decrease conductor widths or
spaces indefinitely. The reduction of the conductor width is limited by the current-carrying
capacity of thin, small conductors, especially when these conductors are long, as they fre-
quently are on PWBs. There are processing limits to this conductor reduction, since manu-
facturing yields may plummet if the reduction stretches the process capabilities beyond
their normal limits.

There is also a limit to the reduction of the spaces between the conductors, governed
mainly by electrical considerations, i.e., by the need to prevent excessive cross talk, to min-
imize noise, and to provide proper signal propagation conditions and characteristic imped-
ance.

Still, such conductor reductions, if achieved within the described limits, can be an effective
path for increasing the PWB density and the reduction of PWB manufacturing costs. As seen
from Table 2.6, constructed from cost data derived from the Columbus program of BPA, the
reduction of conductor widths from 6 to 3 mils halves the number of signal layers necessary to

TABLE 2.6 Effect of Conductor Widths on Number of Layers and Board
Cost for a 6-in x 8-in MLB, with I, =450 in/in?, 65 to 68 Percent Yields

Line-space Total no. of layers No. of signal layers Board cost, %
3-3 8 4 55
4-4 10 6 64
5-6 12 7 77
5-7 14 8 87
66 16 8 90
7-8 20 10 100
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ensure the same connectivity (while their yields, interconnection density, and board area were
kept constant). This reduction in the number of layers can significantly reduce the manufac-
turing costs of PWB boards.

2.7.3 Effect of Conductor Widths on Board Yields

It is obvious that any successful increase of conductor density /, in PWBs would be effective
only if the processes exist that permit manufacture with reasonable yields. Unfortunately, the
yields of thin conductors in PWBs fall rapidly as their widths are reduced below 5 mils, as
shown in Fig. 2.10. Therefore, the understanding of manufacturing yields is very important for
analysis of the most cost-effective manufacturing process, because the process yields have a
major effect on the cost of interconnection substrates.
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FIGURE 2.10 Board yields vs. conductor width.
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A useful empirical equation for calculating the manufacturing cost is:

(material + process costs)

Cost €= Yield Y

2.3)

To establish the effect of the interconnection density /, on the final yield of substrates, the
total processing yield can be split into two components: one that depends on the conductor
density, i.e., Y4, and the second, which is a function of the combined yields of the rest of the
manufacturing processes:

Ylolal = YI([>:< Ypmc (24)

In a well controlled manufacturing operation, the process-dependent yields (such as plat-
ing) remain fairly constant for a given technology, permitting the yield function to be based
solely on the changes in the conductor widths.
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FIGURE 2.12 Cost relationships between number of layers and conductor
widths.
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As seen from Fig. 2.11, the defects that affect this density-dependent yield function Y, are
conductor opens and shorts between them. It would be reasonable to assume that such defects
have a Poisson distribution over the total length TL of conductors of a substrate, with an aver-
age defect frequency of v. The yield is the probability of zero defects (n = 0) in the total con-
ductor length TL. Thus,

Y=(atn=0)=e"""™ (Poisson distribution) 2.5)

As seen from Figs. 2.10 and 2.11, the defect frequency v depends also on the widths of lines
and spaces, i.e., on the conductor pitch C,. With a decrease of C,, v will increase, but for very
large C,, v should be 0, since Y, will be 100 percent.

For instance, in the case of a design using invisible pads, where C, = 2w, the interconnec-
tion density /, can be expressed as I, =TL/A, and I, is proportional to C,,i.e., I, * C, =1, and
TL = A/C,. Therefore, v in this equation can be empirically expressed as:

Y b
v=-In T—Ifo # <%> (2.6)

P

where b is an exponent dependent on the technology or process used to form the conductors.
This exponent b varies considerably from facility to facility and among various pattern for-
mation methods, and must be empirically determined for each case.

2.7.4 Increase in Number of Conductor Layers

This is the simplest and most straightforward solution: when there is insufficient room on exist-
ing layers to place all the necessary interconnecting paths, add a layer. This approach has been
widely practiced in the past, but when cost effectiveness of the substrates is of paramount impor-
tance, a very careful design analysis must be made to minimize layer counts in MLBs, because
there is a significant cost increase with every additional layer in the board. As seen from Table
2.6, calculated for 6- x 8-in MLBs produced in large quantity with yields and conductor density
kept constant, there is almost a linear relationship between board costs and layer count.

Table 2.6 also shows that any increase in the number of signal layers in boards operating at
frequencies requiring transmission line characteristics will double the total number of layers,
due to the need to interleave ground or DC power planes between signal planes.

A typical example of the effect of layer count on the finished MLB yield can be seen from
Fig.2.12, prepared some years ago by BPA. We can see that there is a definite decrease in the
manufacturing yields with an increased number of layers in any of the linewidth categories.
This is rather a typical situation in board manufacturing because increased complexity and
thickness of MLB with a higher number of layers usually leads to a larger number of problems
on the production floor.
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CHAPTER 3

SEMICONDUCTOR PACKAGING
TECHNOLOGY

John W. Stafford
JWS Consulting PLC, Phoenix, Arizona

3.1 INTRODUCTION

A revolution has occurred in the electronics industry due to advances in semiconductor
design and manufacturing, the packaging of semiconductor die, the packaging of electronics
systems, and product physical design.

The driving force in this revolution originates with the advances that have occurred in inte-
grated circuit (IC) technology and the levels of integration obtained. The initial driver to this
was the development of a micrometer-level lithographic capability.! Semiconductor packaging
and printed circuit board (PCB) evolution tracks the advances in IC technology. Figures 3.1
and 3.2 show the trend of chip transistor density and the increase in chip frequency versus
time. There is concern that, with the current semiconductor technology advances, by about
2010 we may begin to approach significant process and technology obstacles. As a conse-
quence of being able to put more circuitry on a silicon IC, its package size and the number of
package input/output (I/O) pins have increased, as has the wiring density required of the
medium that interconnects the packaged ICs.

This continuing thrust for higher levels of integration has forced an ongoing effort for
smaller and cheaper means of packaging these ICs so they can be interconnected in a cost-
effective manner that does not degrade the electrical performance of the assembled circuit.
As a result, high-performance systems require consideration of both the IC design and its
packaged format and the design of the interconnect that connects the ICs.

Table 3.1 compares the computing capability available over the years. What has occurred
is that there has been a constant increase in functionality (i.e., instructions per second) along
with continuous decreases in the cost per instruction. The results of this trend are the ever
increasing functionality of portable wireless communications, such as pagers and cellular
phones, and their reduction in size to minimum ergonomic standards.

Worldwide in 1998 there were some 308 million cell phone subscribers; the number grew
to 475 million in 1999. It is estimated that in 2001 there were 1000 million (i.e., 1 billion) cell
phone subscribers. From 2000 to 2001, more than half a billion cellular phones were manufac-
tured, and these are now considered a commodity product. This same technology trend is
spawning new wireless products for local area networks. These applications will allow cellular

3.1
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phones, personal computers, etc. to exchange data (including video) using appropriate radio
frequency (RF) protocols (Bluetooth operating in the 2.4-GHz frequency range is one such
protocol) if they are in proximity to one another.

The requirements of the Internet for increasing functionality and bandwidth and lower
cost will require new concepts for electronic physical design as well as the incorporation of
optical components and interconnects. These trends will continue indefinitely.
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FIGURE 3.2 Chip frequency requirement trend.
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TABLE 3.1 Cost Comparison

Approx. no. of Cents/

instructions/s Price instruction
1975 IBM mainframe 10,000,000 $10,000,000 100
1976 Cray 1 160,000,000 $20,000,000 12.5
1979 Digital VAX 1,000,000 $ 200,000 20.0
1981 IBM PC 250,000 $ 3,000 1.2
1984 Sun Microsystems 2 1,000,000 $ 10,000 1.0
1994 Pentium PC 66,000,000 $ 3,000 0.0045

Source: New York Times, April 20,1994.

3.1.1 Packaging and Printed Circuit Technology Relationships

The packaging density trend lines (package area/die area) are summarized in Fig. 3.3. The
area efficiencies of array package concepts are evident and have been maintained over a
period of 20 years.

It is apparent, then, that the trends for new semiconductor chip packaging are increasing
the number of package 1/Os. Area array packages for high- I/O semiconductors have emerged
to minimize package size and enhance package electrical performance (i.e., lower lead induc-
tance). The impact of this will be pressure on PCB fabricators to minimize linewidth and space
in order to escape from high- I/O area array packages or direct chip attach (DCA) semicon-
ductors. In 1986, for PCB interconnects, 6-mil lines and spaces were nominal; in 1992, 8-mil
lines and spaces were nominal; in 1995, 6-mil lines and spaces were nominal, and in 2000 4-mil
lines and spaces are nominal to meet the interconnect requirements of commercial hand-held
electronics products.

To meet the needs for a finer-pitch circuit board technology for ball grid array (BGA)
packages, chip-scale packages (CSPs), and high-density circuit cards, a new circuit board
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FIGURE 3.3 Packaging trends show the area efficiency of array package concepts over a period of
20 years.
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technology called high-density interconnect, capable of 1.58-mil (40-um) lines and spaces
have been developed.

3.1.2 Electronic Packaging Issues and Concerns

Electronic packaging begins where circuit design leaves off.

3.1.2.1 Physical Design and Packaging Issues. The issues involved in electronic physical
design and packaging are as follows:

e Selection of appropriate electronic components (i.e., semiconductors, discrete, and pas-
sives)

¢ Mechanical layout and assembly of components, interconnectors, and cases
¢ Production engineering/technology

¢ Electrical parameters of interconnects (controlled-impedance design, cross talk, clock
skew, signal propagation delay, electromagnetic interference for RF circuits, etc.)

¢ Thermal conditions (heat dissipation, cooling, etc.)

3.1.2.2 Digital Circuit Design Considerations. Digital circuits should be able to do the
following:

¢ Transfer a complete logic swing in shortest time

¢ Have the interconnect characteristic impedance designed to equal the load impedance
¢ Have characteristic impedance that is purely resistive to minimize reflections

e Accommodate clock skew

For the interconnection of digital semiconductor devices, a major issue that must be consid-
ered is clock skew, which results from varying the length of clock lines and is a major design
consideration for high-speed products.

3.1.2.3 Analog Circuit Design Considerations. Analog circuits should be able to do the
following:

¢ Maximize power transferred from input to output
e Make the driver impedance a complex conjugate on the transmission line

3.1.2.4 Power Issues for Silicon Semiconductors. The following items are power consid-
erations for silicon semiconductors:

¢ Transistor-transistor logic and complementary metal oxide semiconductor (CMOS) power
dissipation depend on frequency and increase dramatically at high frequencies.

¢ Drain of an emitter collector logic device is independent of frequency for a given load.
¢ Resistance loading drains the output capacitor of CMOS circuitry.
e Terminating CMOS circuits to control reflection imposes a power penalty.

Gallium arsenide (GaAs) semiconductors are now technologically competitive with sili-
con,? especially for high-speed logic applications. For GaAs logic, power dissipation is inde-
pendent of frequency, and GaAs circuit operation is unaffected by power supply voltages
down to about 1 V.

3.1.2.5 RF Semiconductors. GaAs bipolar CMOS and silicon germanium are semiconduc-
tor technologies now being used in RF circuits of many wireless products. Special attention
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is required in the packaging of RF components to control the electrical parasitics, the thermal
resistance for components such as power amplifiers, etc.

3.1.3 Requirements for Electronic Systems

The requirements for electronics systems and products driven by semiconductor technology
developments are as follows:

1. The advances in integrated semiconductor technology mean products operate at higher
speeds and have higher performance and greater functionality.

2. The reliability and quality of products are givens and are expected to be built in at no cost
premium.

3. The volume (i.e., size) of the electronics products is diminishing, and is constrained only by
ergonomic requirements and the ability to dissipate heat (i.e., power).

4. The costs of the components and assembly are expected to continuously decrease with time.
5. The time to market impacts all of the preceding items.

3.2 SINGLE-CHIP PACKAGING

Prior to 1980, the semiconductor package predominately used was the dual inline package
(DIP). The package is rectangular in shape with leads on a 0.100-in pitch along the long sides
of the package.

Figure 3.4 shows the various semiconductor formats and package trends. The packages on
the left side of Fig. 3.4 are essentially perimeter I/O packages—i.e., DIPs, quad flat packages
(QFPs), plastic leaded chip carriers (PLCCs, tape automated bonding (TAB), etc. The pack-
age types on the lower right side of Fig. 3.4 represent area array packages such as pin grid
array (PGA) packages (an array of pins attached to the package base for electrical connec-
tion), land grid array packages (an array of conducting pads on the package base for electri-
cal connection, sometimes called pad array carriers [PACs], or, when the lands have reflowed
solder balls attached, ball grid array [BGA] packages), and multichip modules. The pitch of
the I/Os of DIPs and PGA packages is 0.1 in, while the I/O pitches of the balance of the parts

L&)
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FIGURE 3.4 Integrated circuit packaging trends.



3.6 PRINTED CIRCUITS HANDBOOK

are 0.060 in or less (i.e., 0.050 in, 0.5 mm, 0.4 mm, 0.3 mm). Array-type packaging concepts
have emerged to provide higher package electrical performance and/or lower packaging den-
sities (package area/die area).

3.2.1 Dual Inline Packages (DIPs)

Figure 3.5 shows the configuration of a DIP. DIPs are available with a cofired ceramic body
with the leads brazed along the long edges or in a postmolded construction where the die is
bonded to a lead frame and gold wires interconnect the chip to the lead frame leads prior to
molding of a plastic body around the lead frame. DIPs are limited to 64 or fewer I/Os.

Piastic Dip

Gold Wires

FIGURE 3.5 Dual inline package.

3.2.2 Leadless Ceramic Chip Carriers

To improve the form factor, packages for commercial and military applications were devel-
oped called leadless ceramic chip carriers, consisting essentially of the cavity portion of the
ceramic hermetic DIP (see Fig. 3.6) with solderable lands printed onto the bottom of the lead-
less ceramic chip carrier package. These parts were assembled on ceramic substrates and used
in both military and telecommunications products. Almost concurrently, leaded versions of the
leadless packages begin to appear. The pitches of the leadless parts were 0.040 and 0.050 in,
while the leaded parts were on a 0.050-in pitch. Reference 3 discusses these developments in
detail. By 1980, thrust-to-quad surface-mount packaging had begun, with the emphasis on
leaded plastic quad packages.

Reference 4 shows that by 1993 there was a dramatic swing away from through-hole-mounted
parts (i.e., DIPs) to surface-mount packages. In 1993, 50 percent of the semiconductor
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FIGURE 3.6 Leadless ceramic chip carrier.
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packages fabricated were through-hole-mounted DIPs. By 2000,
this percentage dropped to 30 percent, and by 2005 it is projected
to drop to only 15 percent.

3.2.3 Plastic Quad Flat Package (PQFP)

The driver for the surface-mount plastic packages has been the
development of the plastic quad flat package (PQFP), which
consists of a metal leadframe with leads emanating from all
four sides. The leadframe is usually copper, to which the semi-
conductor die is “die bonded” (usually epoxy die bonded). The
I/Os of the die are connected by wire bonds to the leadframe
leads. The conventional method of wire-bonding is thermosonic
gold ball wedge bonding. A plastic body is then molded around
the die and the leads are trimmed and formed. Figure 3.7(a)
shows a cross-sectional view of a PQFP.

PQFPs have their leads formed in a gull-wing fashion (see
Fig. 3.7), while PLCCs have their leads in the shape of a J, which
are formed (i.e., folded) underneath the package.

Figure 3.8 shows the lead pitch and pin count limit versus QFP
size and lead pitch. QFPs are in production and readily used in
the assembly of product with 0.5-mm pitch. Based on molding
capability and impact of lead length on electrical performance,
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FIGURE 3.7 Surface-mount plastic package types.
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a molded body 30 mm on a side is thought to be the practical limit. QFPs with 0.5-mm pitch
based on the preceding are limited to around 200 I/Qs. QFPs with 0.4-mm pitch have been
implemented.
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FIGURE 3.8 Lead pitch and pin count limit vs. QFP size and lead
pitch.

Figure 3.7 shows the variety of surface-mount plastic packages that have been developed
based on PQFP technology.

Ceramic and plastic QFPs, as well as PLCCs, are used to package gate array and standard
cell logic and microprocessors. Small-outline IC and small-outline J-lead packages are used
to package memory (SRAM and DRAM) as well as linear semiconductors. Pin count for all
package types is limited only by molding capability and the demand for ever thinner molded

packages.

3.2.4 Pin Grid Array (PGA) and Pad Array Carrier (PAC)

Consider the impact of using a perimeter I/O package versus an area array package. Figure 3.9
illustrates the differences between a perimeter array package (leadless chip carrier) and an
area array package (PAC). Figure 3.10 shows the relation between the package area versus
I/O for perimeter and area array packages. It is clear from Fig. 3.10 that for semiconductors
with more than 100 I/Os, PGA and PAC packages have become increasingly attractive for
packaging very-large-scale semiconductor ICs and ultra-large-scale semiconductor ICs. The
scalable limit is determined only by fatigue issues of the solder connection or joint.
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3.2.4.1 Perimeter Array I/0 Package Advantages and Disadvantages

e Perimeter array I/O packages at 0.050-in pitch can be readily surface-mount assembled.
Both 0.4-mm pitch perimeter I/O QFPs and 0.3-mm pitch perimeter I/O QFPs are now in
manufacture. Reviewing Fig. 3.8, which shows QFP size versus lead pitch and pin count, it is
apparent that the usefulness of QFPs is limited to around 400 I/Os.

e There still is a controversy in the packaging and assembly community as to whether 0.3-mm
pitch QFPs, particularly with a large number of I/Os, are a high-throughput, high-assembly-
yield part due to the fragility of the lead (0.015 mm wide) and the possibility of solder shorts
between leads.
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3.2.4.2 Pad Array and BGA Packages. This disconnect is being addressed first by pad
array and BGA package technology. References 5 and 6 provide details of this emerging tech-
nology, particularly as it relates to low-cost plastic array packages with reflowed solder balls
attached to the package array I/Os. Figure 3.11 shows a ceramic BGA (CBGA) and Fig. 3.12
shows a cross section of the plastic BGA.

FIGURE 3.11 Ceramic ball grid array.

Wire bond  Mold compound Die pad Plated copper
conductor

Signal/
ground VIA

Solder BT epoxy Thermal/ Solder bump
mask PCB ground VIA

FIGURE 3.12 Ball grid array cross section.

The advantage of ball grid array packages (ceramic or plastic) include the following:

e The package offers a high-density interconnect. Pad array pitches of 1.27, 1.0, 0.8, and
0.5 mm are now commercially available.

e The packages have achieved six-sigma soldering (demonstrated for 1.27- and 1.00-mm I/O
pitches) because of the large volume of solder on the I/O pad.

¢ The package is a low-profile part (package thicknesses as low as 1 mm are now available).

e The package has superior electrical performance in that the total lead length is short, con-
trolled impedance interconnects can be designed in, and low-dielectric constant and low-
loss materials can be used for the substrate.

¢ The package depending on the design has the potential for superior thermal performance.
¢ The package concept is extendable to multichip packages (MCPs).

Table 3.2 gives the expected ranges of I/O for BGA packages for high-end microprocessors
and for dies used in portable products. In 2000, approximately 60 percent of all BGA packages
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had 1.27- or 1.00-mm pitch and the balance had 0.8- or 0.5-mm pitch. By 2004, 60 percent of all
BGA packages will have 0.8- or 0.5-mm pitch, with a small number having less than 0.5-mm
pitch.

TABLE 3.2 BGA Pin Counts

Year 2001 2005 2010
Pin count, high-end logic 700-1000 1000-1900 1200-4000
Pin count, portable products 256 312 360

The area efficiency of BGA packages that have a relatively low pad count (i.e., less than
140) has increased in the last several years. This new form of the BGA package, called chip-
scale package (CSP), has an area efficiency of around 80 percent (i.e., 80 percent of the pack-
age area comprises the silicon die area). The pad pitch on CSPs range from 0.8 to 1 mm. CSPs
should be considered a variant of the BGA package technology. Figure 3.13 shows a typical
CSP package.
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FIGURE 3.13 Typical CSP technology. (Courtesy of Amkor Inc.)
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A new and smaller package called a wafer-scale package (WSP) has been developed.
Figure 3.14 shows such a package. The area efficiency of this package is 100 percent (i.e., 100 per-
cent of the package area comprises the silicon die area). A WSP is a package where all the
packaging processes are completed on the silicon wafer, including application of the I/O sol-
der balls. The WSP has relatively low I/O count and has pad pitches ranging from 0.8 to 1 mm.
Generally, a redistribution of the chip I/Os uniformly over the die area is required to obtain
these pitches. The WSP requires no chip under encapsulation, as is required by direct chip
attach (DCA), discussed in Sec. 3.2.5.

FIGURE 3.14 Wafer-scale package. (Courtesy of Flipchip Technologies.)

3.2.5 Direct Chip Attach (DCA)

The next step down from area array packages is DCA. The methods of attaching a semicon-
ductor die directly to an interconnect board (PCB, multilayer ceramic, etc.) are:

¢ Die bond/wire-bond
« TAB
¢ Flip-chip bonding

An exhaustive discussion of wire-bond, TAB, and controlled-collapse chip connection (C4) or
solder-bumped flip-chip-to-board interconnect technology can be found in Chap. 6 of Ref. 7.
Figure 3.15 illustrates these chip interconnect methodologies, which will be discussed in the
following text.

3.2.5.1 Die Bonding to Printed Circuit. The preferred method of die bonding and wire-
bonding is epoxy die bonding to the interconnect (i.e., PCB or multilayer ceramic) and gold
ball-wedge wire-bonding. One of the advantages of gold ball-wedge wire-bonding is that a
wedge bond can be performed on an arc around the ball bond. This is not true for wedge-
wedge wire-bonding.

Wire bonds can be made with wire diameters as small as 0.8 mil. Thermosonic ball-wedge
bonding of a gold wire, shown in Fig. 3.15(e), is performed in the following manner:

1. A gold wire protrudes through a capillary.

2. A ball is formed over the end of the wire by capacitance discharge or by passing a hydro-
gen torch over the end of the gold wire.
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FIGURE 3.15 DCA interconnect methodologies: (a) die bond/wire-bond module;
(b) TAB module; (¢) flip TAB module; (d) flip-chip module; (¢) thermosonic gold wire-
bonding; (f) TAB bonding; (g) flip-chip bonding.

3. Bonding of the ball is accomplished by simultaneously applying a vertical load to the ball
bottomed out on the die bond pad while ultrasonically exciting the capillary (the die and
substrate are usually heated to a nominal temperature).

4. The capillary is moved up and over to the substrate or lead bond pad, creating a loop, and,
under load and ultrasonic excitation, a bond is made.

5. The wire is clamped relative to the capillary and the capillary moves up, breaking the wire
at the bond.

Die bond and wire-bond attach suffer from the problem that this method of chip attach is dif-
ficult to repair, particularly if the chip is encapsulated.
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3.2.5.2 Tape-Automated Bonding (TAB). TAB, shown in Fig. 3.15(f), is more expensive
than wire bonding and may require a substantial fan-out from the die to make the outer lead
bond. TAB is a process in which chemically etched, prefabricated copper fingers, in the form
of a continuously etched tape consisting of repetitive sites, are simultaneously bonded using
temperature and pressure to gold or gold-tin eutectic bumps that are fabricated on the I/Os of
the die. The outer leads of the TAB-bonded die are excised and simultaneously bonded to
tinned pads on the interconnect, using temperature and pressure.

3.2.5.3 Solder-Bumped Dies. The use of solder-bumped dies for packaging electronic sys-
tems was pioneered by IBM and was called controlled-collapse chip connection (C4) by IBM.
The solder bump composition of the C4 die is approximately 95Pb/58n. The C4 dies in the IBM
application were attached to multilayer ceramic substrates by reflow soldering, using a flux
that required cleaning after reflow. The initial IBM application of C4 technology was for high-
end computer packaging. Flip-chip attach shown in Fig. 3.15(g), where the die I/Os are solder
bumped (usually with 95Pb/5Sn or eutectic Pb/Sn solder) and the chip reflow is attached to its
interconnect, has now emerged as a viable packageless technology for consumer commercial
products. For the DCA technology, the PCB flip-chip lands are usually solder-finished with a
eutectic Pb/Sn solder. A no-clean flux is used for DCA soldering. Once the chip has been
solder-attached, it is underencapsulated to provide moisture protection and to enhance
the thermal cycling performance of the assembled die. References 8 to 10 discuss some of the
emerging developments for direct attach of solder-bumped die to PCBs for commercial prod-
uct applications. Figure 3.16 shows the DCA application discussed in Ref. 10. In this applica-
tion, the CBGA packaged microprocessor was solder-bumped and direct chip attached to
illustrate the potential savings in PCB real estate.

FIGURE 3.16 DCA applications. The microprocessor on the left is in
BGA, while the microprocessor on the right is attached by solder bumps to
show potential area savings.



SEMICONDUCTOR PACKAGING TECHNOLOGY 3.15

3.3 MULTICHIP PACKAGES

MCPs have emerged as a packaging option where performance is an issue or where intercon-
nect area for connecting packaged ICs is at a premium. The performance issue is one of
increasing semiconductor performance and the impact of the interconnect medium on the
performance of the assembled die. The consequence of this is that the interconnects can no longer
be considered to provide an instantaneous electrical connection. It can be shown that for copper
conductors on polyimide at a clock frequency of 200 MHz, the maximum allowable length of inter-
connect is 170 mm, or about 6.8 in. As a reference point, the clock speed for the DEC ALPHA
RISC microprocessor was 200 MHz or better in 1995. The clock speed of the Pentium III
microprocessor is 500 MHz, and microprocessors with 1 GHz clock speeds are commercially
available.

3.3.1 Multichip Versus Single-Chip Packages

MCPs for memory have found broad application in personal computer and laptop computer
products. Multiple memory dies (packaged or unpackaged) are assembled on a rectangular
interconnect (PCB or multilayer ceramic) with I/Os along one rectangular edge. Such a pack-
age is called a single inline package (SIP). The I/Os of the SIP can have DIP leads assembled
on them for through-hole attachment onto PCB, or they can have lands on the package to
mate with a suitable connector. For through-hole-mounted SIPs, the leads are usually on a
0.100-in pitch. Memory packaged in system-on-a-package or thin system-on-a-package or
small-outline J-lead packages are assembled onto SIPs whose substrate is a PCB in appropri-
ate multiples to offer enhanced memory capability. DCA or memory die is also possible.
Figure 3.17 shows several SIP configurations. Figure 3.17(a) shows an early version of a SIP using
a ceramic substrate and leadless ceramic chip carriers with soldered-on leads. Figure 3.17(b)
shows a typical version of an SIP to mate with an SIP-type connector.

()
FIGURE 3.17 SIP configurations.
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3.3.2 MCPs Using Printed Circuit Technology

MCPs using PCB technology, but using leads on the substrate, are also being implemented to
provide improved product functionality and board space savings. Figure 3.18 shows the con-
cept of the lead-on-substrate MCP. The leads to the substrate can be fabricated integrally with
the board during the PCB fabrication or can be soldered on using a suitable high-temperature
solder. The lead-on-substrate MCPs can be postmolded or cover-coated with a suitable encap-
sulant.

FIGURE 3.18 LOS printed circuit MCP.

The lead-on-substrate MCP could also be implemented using a cofired ceramic package
with the leads brazed on and finished by cover coating with a suitable encapsulant or hermetic
sealing of the assembled ICs. Chapter 7 of Ref. 7 gives a detailed discussion of the cofired
multilayer ceramic package manufacturing processes.

3.3.3 MCPs Using Organic Substrates

The more prevalent form of MCPs uses a multilayer organic interconnect built on a substrate
such as silicon, alumina ceramic, or metal composite. The dielectric films are patterned serially
one on top of another to produce a multilayer interconnect. The dielectric of choice is poly-
imide with thin-film copper conductors. The technology for the interconnect in question uses
processes and manufacturing equipment initially developed for semiconductor manufacture.
This technology has a 1-mil line and space capability. The packages can have the cavity facing
up (facing away from the PCB) or down (facing the PCB) if a heat sink is required for heat
dissipation.

Figure 3.19 shows wire-bonded die on a silicon substrate packaged in a premolded QFP
and a ceramic QFP. A premolded QFP is a lead frame about which a plastic body has been
molded and which contains a cavity for a die or a substrate. The method of interconnect from
the silicon substrate to the package is wire-bonding. As shown in Fig. 3.15, bare die can be
attached to the silicon substrate by die/wire-bonding, TAB bonding, or flip-chip bonding. As
with the lead-on-substrate technology, the I/O format for the QFPs that house the multichip
substrate follows the standards for QFP packages.
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FIGURE 3.19 MCP example.

3.3.4 MCP and PGA

PGA packages can also be used as MCPs containing the type of substrate shown in Fig. 3.19.
The PGA packages can have their cavity facing up (facing away from the PCB) or down (fac-
ing the PCB) if the package requires a heat sink for power dissipation. The pitch of the pins of
the PGA is usually 0.1 in.

3.3.5 Multichip Stacked-Die Packages

A new form of MCP is emerging at the time of this writing. The packaged dies are stacked
one on top of each other and are interconnected generally by wire bonds. The dies are
thinned in wafer format to thicknesses of 6 mil or less. Figure 3.20 shows the various formats.
The substrates for the multichip stacked-die packages can be tape, multilayer organic (FR-4,
FR-5, etc.), multilayer organic with high-density interconnect layers, or multilayer ceramic.
The preferred package format is a BGA. The initial application of stacked die has been to
incorporate memory with logic dies rather than integrate logic and memory on a single sili-
con die.

3.3.6 MCP and Known Good Die

One of the issues in the application of MCP technology is the availability of known good
die. Clearly considering that, for most dies, the package die test yield after wafer test runs
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FIGURE 3.20 Formats for multichip stacked die packages.

somewhere around 95 percent, the MCPs are limited to perhaps five IC dies per package at
best. The limitation is the resultant yield loss of a finished multichip module package. As an
example, for a two-die MCP where each die has an assembled yield of 90 percent the MCP
yield would be 81 percent (i.e., 0.9%) and for a four-chip MCP the yield would be 65.6 percent
(i.e., 0.9%).

3.3.7 System-in-a-Package

An enhanced form of MCP called system-on-a-package or system-in-a-package has emerged.
This package incorporates some or all of the multichip packaging technologies previously
discussed. Figure 3.21 shows all of the various packaging features that make up a system-
on-a-package or system-in-a-package. One feature of this package concept is that it includes
not only silicon die but all the passives, etc., required to provide a system function. Passives
(i.e., resistors, capacitors, and inductors) can be assembled on the substrate or can be in-
tegrated into the substrate itself (i.e., embedded passive substrate technology). Reference
11 provides a detailed overview of the system-on-a-package or system-in-a-package con-
cept. Another example of this concept is the RF front-end HiperLAN module shown in
Fig. 3.22.

3.4 OPTICAL INTERCONNECTS

As the performance of semiconductors increases, as measured by clock frequency, the
allowable length of interconnect that does not degrade the device performance decreases.
The emergence of the Internet and the need for ever increasing bandwidth has become the



FIGURE 3.21 (a) Packaging technologies features that make up system-in-a-
package; (b) cross section of system-in-a-package.

FIGURE 3.22 Example of system-in-a-package.
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major driver for optical component and interconnect technology development. For wave-
division multiplexing and Ethernet systems, we have reached the copper bandwidth limit of
5 Gbs.

3.4.1 Components and Packages

The demand for increased bandwidth is being driven closer to the end user (i.e., residence or
desktop). The issues facing low-cost optoelectronic physical designs are (1) low-cost assembly/
processes and low-cost packages for optoelectronic components and (2) the capability for
standard automated board assembly of all optoelectronic parts. Figure 3.23 shows a variety of
package types used to package light emitters and detectors. The packages are generally of the
TO header type or the butterfly DIP or through-hole-mounted DIP type. In general the pack-
ages are hermetic. The through-hole-mounted DIP and the butterfly DIP packages are most
often used to package edge-emitting lasers. An example of a fiber pigtailed butterfly DIP
packaged edge-emitter laser is shown in Fig. 3.24.

FIGURE 3.23 Package types used to package light emitters and detectors.

FIGURE 3.24 DIP laser 0/7.



SEMICONDUCTOR PACKAGING TECHNOLOGY 3.21

3.4.2 Advantages of Optical Interconnects
The advantage of optical interconnects are as follows:

¢ The signal propagation is independent of the bit rate (up to 20,000 Gbits/s)
e The component is immune to electromagnetic interference and cross talk

¢ The optical signals can pass through one another (optical noninteraction)
e The components lend themselves readily to multiplexing

Advances in optoelectronic devices are leading to active consideration of local optical signal
distribution to:

¢ Reduce the pin count of packages for complex very-large-scale semiconductor IC chips by
replacing I/0 complexity with bandwidth
e Carry very-high-bit-rate signals in hybrid circuits and PCB assemblies

¢ Allow highly complex interconnections to be achieved without the cost and difficulties of a
metal-based backplane

3.5 HIGH-DENSITY/HIGH-PERFORMANCE PACKAGING SUMMARY

Where high performance and a high level of interconnects are required, MCPs and multichip
modules have emerged as one packaging idea that can provide the performance required. In
addition, fiberoptic transmitters and receivers are now commercially available to provide
high-performance offboard optical interconnects in place of a hard-wired backplane inter-
connect using standard PCB technology and cabling. These fiberoptic transmitters and
receivers generally use hermetic and nonhermetic custom DIP package formats for packag-
ing. With advances in optoelectronic semiconductors, onboard optical interconnects are also
being investigated and demonstrated. Reference 12 discusses one such demonstration of
onboard optical interconnects where a polyimeric optical waveguide, including branch and
cross-circuits, was fabricated in the polyimide dielectric of a multilayer copper polyimide
silicon substrate. Optical waveguide technology that is embedded in PCBs is now being de-
veloped.

3.6 ROADMAP INFORMATION

The NEMI Year 2000 Roadmap" is a good source of detailed roadmap information for IC
packaging, PCB technology, optoelectronics, and so on.
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4.1 INTRODUCTION

Packages that contain electronic devices such as integrated circuits (ICs) must, at a minimum,
perform the following four basic functions:

e Provide for electrical interconnection (signal, power, and ground) between the various
components in the package

¢ Offer mechanical, electrical, and environmental protection for the devices it contains

¢ Provide sufficient input/output connections to allow fan-out with other parts of the electronic
system of which it is a part

¢ Provide for dissipation of heat that may be generated by the electronic devices contained
within the package when the system is powered

In the simplest terms, an electronic package must provide for circuit support and protec-
tion, power distribution, signal distribution, and heat dissipation. These basic requirements
must be met if a package contains a single IC, a multiple number of ICs, or a combination of
ICs and passive devices.!

Driven by the desire, and need, to make electronic systems smaller, faster, cheaper, and less
power hungry, semiconductor technology continues its relentless efforts on increasing com-
ponent and interconnect density, input/output (I/O) capability, and power dissipation, which,
in turn, places increasing demands on packaging technology.> These advances in ICs drive pack-
aging technology by increasing the number of I/O connections, the operating speeds, and the
thermal dissipation requirements. Furthermore, systems packaging interconnections must
accommodate passive components required for electromagnetic interference (EMI) reduction,
filter circuits, terminations, and impedance matching.’ Consequently, for high-performance ICs,

4.1
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the package will continue to play an increasingly role in determining performance and cost of
the IC. As a result, packaging technologies must continue to improve on the protection pro-
vided for the IC, the handling of thermal dissipation, and the routing of more and more signal
interconnections, as well as power and ground distribution, through smaller and smaller
spaces.* Many packages include passive devices in the form of integral passives. The advent of
micro-electro-mechanical systems (MEMS), micro-opto-electro-mechanical systems (MOEMS),
and even biological packages and applications has further added to the already high demands
on packaging. Optoelectronic packages contain not only semiconductor devices but also opti-
cal components, such as optical fibers, lens assemblies, and, depending on the application, ele-
ments, such as optical multiplexers/demultiplexers. MEMS and MOEMS both include tiny
moving parts inside the package. In view of the increased scope, advanced packaging is prob-
ably a more appropriate terminology than simply electronic packaging.

Over the past decade or two, semiconductor technology has evolved to the point where
packaging cannot be considered as an afterthought in device design and manufacturing. The
package plays an increasingly more integral, sometimes decisive role in the performance of the
semiconductor device or devices it contains. The International Technology Roadmap for Semi-
conductors (ITRS) addresses this fact,’ stating the following in its assembly and packaging sec-
tion: “There is an increased awareness in the industry that assembly and packaging is becoming
a differentiator in product development. Package design and fabrication are increasingly
important to system applications. It is no longer just a means of protecting the integrated cir-
cuit (IC), but also a way for the systems designer to ensure form fit and function for today’s
product—spanning consumer products to high-end workstations.” Although the definition of
high-density packaging varies across the interconnect pitch to a package that has to be code-
signed with the chip, it is understood that high-density packaging is and will continue to be a
requirement for high-performance ICs and systems.” Figure 4.1 shows the evolution of what
have been termed advanced packaging technologies for the past few years in terms of system-
level packaging efficiency. It is anticipated that system-on-a-chip (SOC) and system-on-a-package
(SOP) technologies will dominate advanced packaging for the next several years.
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FIGURE 4.1 Evolution of system-level packaging efficiency.

4.2 LEAD-FREE

A new requirement on packages—that of lead-free solder—has initiated a tremendous
amount of developmental effort in the past few years. This effort stems from the requirement
of packages exported to the European Union (EU) market, to pass Restriction of Hazardous
Substances (RoHS) compliance requirements set forth in the Directive 2002/95/EC of the
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European Parliament.® Origins of the RoHS requirements stem from the need to restrict the
use of specific materials found in electrical and electronic products due to their hazardous
nature, the risk posed to the environment, their ability to pollute landfills, and the risk posed
during its use in component manufacturing and recycling.

The substances banned under RoHS requirements and its maximum allowable trace val-
ues are as follows:

e Lead: 0.1 percent by weight (1,000 ppm)

e Cadmium: 0.01 percent by weight (100 ppm)

e Mercury: 0.1 percent by weight (1,000 ppm)

e Hexavalent chromium: 0.1 percent by weight (1,000 ppm)

e Polybrominated biphenyls (PBB) and polybrominated diphenyl ethers (PBDE): 0.1 percent
by weight (1,000 ppm) combined

Two other related but different terms sometimes used in this context are the “lead-free”
and “green.” RoHS is clearly more than “lead-free,” but “green” includes absence of antimony
(Sb) and halogens (chlorine, bromine, and iodine). However, the eutectic tin-lead solder
(Sn63%-Pb37%, or SnPb for short) cannot be used in any of the preceding. This single
requirement is bringing about a paradigm shift to the world of advanced packaging. The SnPb
solder has been in use in the electronics and related industry for about three decades now.
During this time, the entire infrastructure related to package manufacture—beginning from
the assembly materials such as substrates, flux, and underfill, and in case of flip-chip, wafer
bumping—equipment such as substrate bake and solder reflow ovens and the package relia-
bility requirements such as the JEDEC standards have been centered around the SnPb solder.
Changing the requirement to now eliminate Pb from electronic packages translates to a
change in all of the preceding. This change stems from an inherent difference in the physical
and metallurgical properties—and hence, the processibility and reliability of the two solder
materials. SnPb is an eutectic composition of its two parent elements, and has a melting temper-
ature of 183°C. Lead-free solder alloys, almost regardless of their type and composition, have a
higher melting point. Further, most of the lead-free compositions are not eutectic in nature, mean-
ing that they do not melt at one temperature. Instead, such compositions have a softening range
of temperature. Additionally, the higher melting/softening temperature imposes additional
requirements on the assembly materials and on the assembly process. For example, because of
the higher solder reflow temperatures for Pb-free solders, the substrates must be able to main-
tain their integrity and withstand a higher temperature. The flux used in the flip-chip assembly
process now needs to be more aggressive in order to be effective on Pb-free solders and must
not burn off at higher temperatures that correspond to the higher melting temperatures of Pb-
free solders, while simultaneously leaving behind a residue that is not corrosive. The underfill
also needs to be suitably selected so that its chemistry is compatible with the flux residue.

Additional challenges are due to the fact that it is difficult to change all components on a sys-
tem, all at a time, to lead-free. Consequently, the industry must cope with a scenario where a sys-
tem has mixed metallurgy—partly SnPb based and the others Pb-free—on the system boards.

4.3 SYSTEM-ON-A-CHIP (SOC) VERSUS
SYSTEM-ON-A-PACKAGE (SOP)

For decades, the most efficient way to add more functions to an electronic system has been
to integrate more functions on a chip either by reducing minimum line width, increasing the
size of the chip, or both. Recently, however, it is beginning to be recognized that on-chip inte-
gration poses several practical challenges as the die size grows to increasing proportions. With
increasing die size, the die-per-wafer yield at the wafer fabrication starts going down, partly due
to the increased complexity, but also due the challenges in the wafer manufacturing processes.
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To complicate the problem further, off-chip interconnects are beginning to contribute to the
challenge of SOC integration. What this means is that interconnects, and not the ICs, are domi-
nating, and often limiting, the system performance and increasing its cost.” Consequently, there
is mounting support for moving interconnects off the chip and onto the package.®

4.3.1 System-on-a-Chip (SOC)

There are many reasons why semiconductor manufacturers continue to push on-chip integration
of a system.” The reason most often cited is that on-chip integration allows faster interconnection
between circuit components simply because of the shorter distances involved. However, it has
been pointed out that this may not be the case for all designs. For example, on a large digital IC
running at a high clock frequency, a signal traveling on a global interconnection trace may take
dozens of clock cycles to reach its destination. In such a case, dividing the device into smaller dice
and using high-density interconnects on a package substrate can actually be faster."

Another reason for continuing with on-chip system integration is to avoid the configuration
of a multichip package (MCP) because, historically, packages containing a system composed of
a multiple number of chips have been larger than those containing a single-chip system.

Although designers will continue to be pressured to integrate as much functionality onto a
single chip as possible, there are many factors that must be considered when deciding if SOC
is the right approach to the design of an electronic system. Furthermore, as minimum geome-
tries continue to shrink and chip sizes continue to increase due to the incorporation of addi-
tional functionality, a point may be reached where it becomes economically impractical, if not
impossible, to fabricate SOC. At this point, SOP may provide the only practical alternative to
SOC. Now that chip and package are starting to be codesigned, an opportunity exists to
develop capabilities for designing the SOP solutions that would cost less and perform better
than SOP solutions." Figure 4.2 provides a list of some of the challenges that must be
addressed if SOC is to become the standard approach to electronic system integration.

SOC Challenges |SOP Challenges

Fundamental: latency, SiO2 insulation Design: High speed digital, optical analog, RF
Process complexity Large-area intelligent manufacturing, cost/yield
SOC design and test Thermal management

Wafer fab costs and yields Testing and reliability

Intellectual property for integrated functions High performance for low cost fab

FIGURE 4.2 Issues that must be addressed prior to full-scale implementation of SOC and SOP.

4.3.2 System-on-a-Package (SOP)

The definition of SOP depends on what is considered to be a system. In fact, much of what is
referred to today as an electronic system is in reality a subsystem, meaning that it does not
perform an autonomous electronic function. Consequently, SOP has multiple definitions. For
example, some consider a multiple number of logic and memory ICs in a single package as an
SOP. On the other hand, if the SOP does not contain analog peripheral device drivers, one
might argue that the package really doesn’t contain a system. Additionally, complete systems
usually contain passive devices in addition to the ICs. Passive devices are required to make
systems work, and if an entire system is to be placed in a package, then the required passives
must go in as well,*'" making it what is often referred to an MCM.

Area array packaging is becoming an enabling technology for addressing the needs of cus-
tomized SOP solutions in order to reduce size, weight, and pincount at the second level of
interconnection.'? This type of packaging technology includes pin grid array (PGA), ball grid
array (BGA), and chip-scale packages (CSP), with BGA playing the largest role, primarily
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FIGURE 4.3 Future trends of IC, packaging, and system technologies as envi-
sioned by personnel of the Packaging Research Center at The Georgia Institute of
Technology. (Drawing provided courtesy of the Packaging Research Center, the Geor-
gia Institute of Technology.)

because of its versatility. Compared to conventional leaded packages, BGA packages exhibit
improved electrical performance due to a shorter distance between the IC and the solder
balls, improved thermal performance by the use of thermal vias or heat dissipation through
power and ground planes, reduced handling related lead damage, and increased manufactur-
ing yields due to their self-alignment feature." In fact, BGA has been one of the biggest con-
tributing factors to the proliferation of mobile phones and other wireless communication
systems. However, even with the advantages created by area-array packaging, performance,
reliability, and cost requirements are challenging currently available area-array electronic
package design, primarily by because of materials issues' Fig. 4.3 provides an overview of IC,
packaging, and system trends that are anticipated for the year 2007 and beyond.

4.4 MULTICHIP MODULES

Just as the name implies, MCM technology mounts multiple, unpackaged ICs (bare die), along
with signal conditioning or support circuitry such as capacitors and resistors, to form a system,
or a subsystem on a single substrate." In fact, in the late 1980s and early 1990s, MCMs were
considered to be the ultimate interconnect and packaging solution, capable of meeting every
challenge of the electronics industry. This technology placed ICs in close proximity to each
other, thereby enhancing system performance by reducing interconnect delay.”

Size is often the primary driver for MCM-based systems. The typical multicomponent dis-
crete assembly provides a silicon-to-board efficiency of <10 percent (actual total die area versus
the total printed circuit board area). MCM technology can often increase the silicon-to-board
efficiency to 35 or 40 percent with chip and wire assembly processes, and to 50 percent or higher
with some of the higher-density processes.'® Thus, with reduced size and weight, MCMs offer a
practical approach to reducing overall system size while providing enhanced performance due
to a reduction in the interconnect distance between chips.! Multichip modules typically use
three to five times less board area than their equivalent discrete solution.!
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Since a multichip module is, by definition, a single substrate containing two or more ICs, it is
unlikely that they are a thing of the past. Instead, they have been renamed from MCMs to MCPs,
few chip packages (FCPs), or other similarly descriptive names. These packaging solutions usu-
ally contain from about two to six ICs that are packed onto an inexpensive laminate substrate.
Although they are multichip modules, they may be called something else. Intel refers to its two-
chip package as a CSP, although in fact it is an MCP or MCM . Interestingly, some still believe
that when time is an important consideration while reaching the market with a low-cost and reli-
able product, multichip solutions win. On the other hand, others believe that it’s only a matter of
time before SOCs take over completely and multichip packaging will not be necessary, and they
view multichip solutions only as stopgaps.'® Nevertheless, regardless of their nomenclature, lami-
nate based multifunctional packages are among the key package types in the industry.

4.5 MULTICHIP PACKAGING

In general, an MCP is any package that contains more than one die. Low-cost solutions to
multichip packaging are available for high-volume applications."

Advanced electronic packaging technologies have historically been limited to applications
in high-performance products such as supercomputers. Today, they are being moved into
lower-cost products through the use of chip-on-board (COB),BGA, or land grid array (LGA)
for second-level interconnect assembly, and surface-mount technology (SMT) mass produc-
tion equipment. Prismark’s December 2005 Report on Semiconductor and Packaging found
that laminate packages constitute 47 percent of the overall packaging volumes followed by
lead-frame packages at 39 percent.

Improvement in the silicon efficiency of MCM designs can be accomplished by packaging
ICs onto very-thin, compact, and lightweight microcarriers using BGA or LGA connections,
such as those shown in Fig. 4.4. Because of the development of lower-cost materials (i.e., low-cost

FIGURE 4.4 Photograph showing three different BGA packages and one LGA package: in the top-left,
1,600-pin FCBGA (1.0 mm pitch, ceramic substrate); in the top-right, 1,140-pin FC-LGA (1.0 mm pitch,
build-up substrate); in the bottom-left, 768-pin TAB-BGA (1.0 mm pitch); and in the bottom-right, 672-pin
EBGA (1.27 mm pitch). (Photograph provided courtesy of Fujitsu Microelectronics, Inc.)
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photosensitive materials), large-area processing (as practiced in the fabrication of displays),
large-area lithography, and low-cost metallization processes as practiced in printed wiring
board (PWB) fabrication, economically viable multichip packaging is realistic."”

45.1 Few Chip Packaging (FCP)

An increasing number of companies are embracing FCP for technical and business reasons.
Although these FCPs are virtually indistinguishable from their single-chip packages, they are
a radical departure from the MCMs of the early 1990s. Instead of 10 to 20 die, today’s FCPs
typically contain two to five die mounted on a laminate substrate in a BGA package. This
rebirth can be attributed, at least in part, to improved bare die testing and handling, along with
the availability of low-cost, high-performance laminate substrates. Furthermore, there is a
growing trend to use FCP as an alternative to SOC, resulting in a system-in-a-package (SIP).
This approach is also referred to as SOP.

45.2 Chip-Scale Packaging (CSP)

CSP was introduced in Japan in the early 1990s and in the United States soon thereafter as a
less expensive alternative to MCMs.?* According to IPC/JEDEC J-STD-012 definition, CSP is
a single-die, direct-surface mountable package with an area of no more than 1.2 times the
original die area. CSPs come in many forms—wire-bonded, flip-chip, leaded, and BGA. A
typical wire-bonded CSP packaging process (Fig. 4.5) starts with the attachment of the die on

Die
A

Wire <« ___—» Mold

7/!\ /I,l‘__/> Die-attach

VO000O00OO0 O O—>Solder balls
FIGURE 4.5 Schematic of a wire-bonded CSP.

Substrate «+—

an interposer using an epoxy. Wire-bonding is then performed from the I/O pads of the die to
the interposer. These wirebonds must be as low and as close to the die as possible to achieve
the minimized package size. A plastic transfer molding process is used to encapsulate the die.
Finally, solder balls are formed on the bottom of the interposer. In flip-chip CSPs, the solder-
bumped die is bonded onto the interposer as shown in Fig. 4.6. The area-array version of
CSPs, also known as fine-pitch ball grid assemblies (FPBGAs), is now widely used in many
portable and telecommunication products.

Die
Solder bumps 1 __—» Mold
000000000 O—— Solder balls
FIGURE 4.6 Schematic of a flip-chip CSP.

Substrate «—
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FIGURE 4.7 Photograph of several chip-size packages. On the left are logic CSPs:
Row 1:352-pin TAB-BGA (0.80 mm pitch)

Row 2:288-pin FBGA (0.5 mm pitch)

Row 3:48-pin BCC (0.5 mm pitch)

Row 4: 16-pin BCC (0.65 mm pitch)

On the right are memory CSPs:

Row 1: 60-pin uBGA (0.8 mm pitch)

Row 2: 46-pin SON (0.5 mm pitch)

Row 3:48-pin FBGA (0.8 mm pitch)

Row 4:16 M bit flash memory chip

(Photograph provided courtesy of Fujitsu Microelectronics, Inc.)

CSPs have smaller size, lesser weight, and improved electrical performance. CSPs offer the
same space and material savings and short signal paths as direct chip attach (DCA) methods
such as COB and flip-chip-on-board (FCOB) offer. The advantages of using a chip-scale
package over DCA are easier handling, more protection for the chip, and simpler board
assembly. Figure 4.7 shows a selection of commercially available CSPs. CSPs are somewhat
limited to use in moderate 1/0 1Cs.*

45.3 Wafer-Level Packaging (WLP)

Wafer-level package is defined as an IC package completely fabricated at the wafer level
and assembled with standard SMT. Alternatively, a wafer-level package can be defined as
the package in which the die and “package” are fabricated and tested on the wafer prior to
singulation. Significant reductions in cost and device form factor can be achieved with WLP,
while at the same time increasing the electrical performance. Wafer-level packaging was
first investigated by Sandia National Laboratories and Fujitsu in the mid-1990s. Since then,
WLP technology has been applied to flash and dynamic random access memory (DRAM)
devices. However, widespread market adoption of WLPs has yet to occur. A WLP is not the
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optimal package for high I/O devices because of the limitations of the SMT assembly
process and the wiring constraints of the printed circuit board (PCB) to which it is
mounted. WLPs are typically used in devices that are small, with 2 to 36 bumps, such as in
power metal-oxide semiconductor field effect transistors (MOSFETSs), electronically erasable
read-only memory (EEPROM), small logic devices, and transient voltage suppressors. Cellular
phone market consumes more than 90 percent of all WLPs produced today. This is because
WLPs enable the small form factor and increased functions desired in modern cellular
phones. However, there are indications that higher-end DDR2 and DDR3 DRAM devices
will be able to take advantage of the benefits offered by WLPs. Several factors must be
addressed in adopting WLPs. These factors include I/O density, reliability, burn-in, assembly
processes, and cost. It is important to remember that a WLP is not the ultimate package for
certain devices.
The benefits of wafer-level packaging can be summarized as follows:

e Smallest IC package size, as it is truly CSP

e Lowest cost per I/O because the interconnections are all done at the wafer level in one set
of parallel steps

e Lowest cost of electrical testing, as this is done at the wafer level

e [owest burn-in cost, as burn-in is done at the wafer level

¢ Elimination of underfilling with organic materials around the solder joint

¢ Enhancement of electrical performance because of the short interconnections

According to the latest ITRS roadmap, the pitch of area-array packages is expected to
decrease to 100 um by 2009. Simultaneously, the electrical performance of these interconnec-
tions needs to be improved to support data rates in excess of 10 Gbps, while guaranteeing
thermomechanical reliability and lowering the cost. These requirements are thus challenging,
requiring innovative interconnection designs and technologies. To meet these challenges,
nano wafer-level packaging that uses nano materials and structures to bring about unprece-
dented advances in electrical, mechanical, and thermal properties in the chip-to-package
interconnections is being investigated.*"*

4.5.4 Three-Dimensional (3-D) Packaging

Another type of multichip packaging gaining wider acceptance is stacked die packaging.**
225 At the present time, most packaging of this type is in the form of stacked memory in
CSPs, and the stacking is done only to save space. However, it is a growing trend that can be
applied to any electronic system where volume density is of concern. Stacked die packaging
is illustrated in the top view of Fig. 4.8, while the bottom view shows how packaged devices
can be stacked.

The advantages of stacked die packaging are further enhanced by using thinned die.
Thinning die has the potential of enhancing first-level interconnect reliability while mini-
mizing the increase in vertical profile. A silicon die with a thickness <100 um is quite flexi-
ble and can relieve stresses induced by packaging and coefficient of thermal expansion
(CTE) mismatch.*

The latest in IC packaging is a stacked ball grid array (SDBGA) package for the commu-
nication market. It is used to stack various ICs in one package with the resulting savings in
real estate on the motherboard and manufacturing cost. Compared to conventional pack-
ages, an area savings of up to 70 percent can be realized. Popular SDBGA sizes range from 8
mm X 8 mm to 14 mm X 14 mm and a pin count between 80 and 140. The total package height
is typically about 1.4 mm.
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FIGURE 4.8 Drawings illustrating 3-D packaging: at the top, die (or chip) stack packaging; at the bottom,
package stacking.

4.6 ENABLING TECHNOLOGIES

4.6.1

The end application and the electrical, thermal, and reliability performance demands it pre-
sents on the package often dictate the choice of assembly materials, assembly process, and
package test technologies. For packages that involve multiple die or components, the need for
known good die cannot be overemphasized. Applications such as cell-phones, where the
available space has a premium but which demands an increasing functionality, may require
enabling technologies such as wafer thinning along with stacked die or stacked package. How-
ever, in view of the relatively small product lifetime, the reliability requirements may be
somewhat more forgiving than those for a server application, wherein the long product life-
time, large body size, high electrical signal speeds, and high power dissipation pose a different
set of challenges. This section will review some of the key enabling technologies required
across different application spaces and will also discuss the resulting impact of lead-free
requirements.

Known Good Die (KGD)

When an electronic system is fabricated or an electronic component is assembled, KGD
considerations play a very important role in minimizing waste, optimizing the material, and
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infrastructural resources, and keeping the costs low.””? Packaging and test combined, espe-
cially that for high-performance devices, form a higher fraction of the total device cost today
than it did a few years ago. Consequently, it makes even more sense to weed out the known
reject die and not let it into the assembly process. By doing so, the manufacturer can control
the overall cost of packaging while simultaneously using the assembly equipment time only
for known good subcomponents. This requirement directly translates into a need for develop-
ing adequate test and probe technologies that are suitable for flip-chip as well as wire-bond
devices. Shrinking pad pitches and narrowing geometries require the development of
advanced wafer probe technologies.

4.6.2 Chip Thinning

As noted in a previous section, one approach to increasing the functional density of an elec-
tronic system is to stack ICs vertically. Reducing the thickness of the chips allows for more
chips to be stacked within a package, thereby substantially increasing the functional density.
In addition to increasing the functionality per unit area of substrate (module), thinning chips
also improves their thermal performance, results in a more mechanically reliable device,
allows for flexibility so they can conform to a curved surface, and relieves stress induced on a
chip due to packaging® ? Thinning chips can result also in an improved electrical perfor-
mance in view of the reduced signal path across two or more chips. However, this is not nec-
essarily always the case, as cross-talk and interference across the chips can also increase due
to the reduced distance, thereby potentially degrading the electrical performance. Decoupling
capacitors may be needed for adequate isolation; however, a more detailed electrical analysis
is beyond the scope of this chapter.

Four techniques that are primarily used for wafer thinning are mechanical grinding, chemical
mechanical polishing (CMP), atmospheric downstream plasma (ADP, sometimes used with wet
etching), and dry chemical etching (DCE). Factors to be considered when selecting the appro-
priate thinning technique include the throughput of
the time taken to thin a wafer, quality, and defect den-
sity in the resulting thinned surface, and cost. Due to its
high material removal rate, mechanical grinding con-
tinues to be the most popular method for wafer thin-
ning. However, this technique also introduces to the
thinned surface a significant amount of mechanical
damage that needs to be removed. This is achieved by
fine grinding or through CMP, which relies on chemi-
cally assisted mechanical polishing of the wafer sur-
face. CMP can deliver very flat and defect-free wafer
surface, however, the material removal rate is small—
of the order of a few micrometers per minute. Thick-
nesses routinely achieved vary from 50 to 100 um, FIGURE 4.9 Photograph of a silicon wafer
although thicknesses as small as 15 to 25 um (siliconis  that has been thinned to approximately S0um
flexible in this thickness range) have been demon- DY plasma etching. Warpage was caused by the

301 . L wafer thinning process. (Photograph provided
strated.” Figure .4.9 isa photogrgph of a silicon vyafer courtesy of Materials and Manufacturing
that has been thinned to approximately 50 um using a  Research Laboratories, University of Arkansas,
plasma process that causes bending of the wafer. Fayetteville AR.)

4.6.3 Lead-Free Chip Attach Processing

Packaged devices require a larger amount of real estate as compared to the die due to the
requirement for a substrate (or “chip carrier”).! Substrates provide electrical connections
from the die bond pads to the external world. Bare die attachment eliminates the need for a
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substrate, thereby saving valuable module space and reducing interconnect distance, but such
system configuration can increase the risk of reliability performance of the system. Direct die
attachment can be accomplished by conventional die attach/wire bonding, tape-automated
bonding (TAB), and flip-chip processes.

Lead-free requirements impose the following additional requirements:

e Use of suitable lead-free materials in the assembly bill-of-materials
¢ Compatibility of these materials with lead-free processing temperatures

Performance of the package moisture sensitivity level (MSL) can be impaired by the
higher temperature compatibility arising from lead-free requirements.

4.6.3.1 Wire Bond. For most part, transition to lead-free of a wirebond package on a
component level is relatively straightforward. Through the use of gold wires, the first level
interconnect is already lead-free. Further, most of the metal lead-frame-based packages are
lead-free-compliant as long as the mold compound or the die-attach materials are free of
lead or similar components and are able to withstand the higher temperatures seen by the
package during component reflow. BGA-based wirebond packages, on the other hand, addi-
tionally need use of lead-free BGA balls on the package to make it compatible with lead-
free requirements.

4.6.3.2 Tape-Automated Bonding (TAB). TAB is rather expensive because it requires a
custom tape for each different IC and its construction requires a significant amount of pro-
cessing. Furthermore, the assembly process is equipment-intensive because of testing of the
IC while it is mounted on the tape, excising the IC from the tape and shaping (forming) its
leads prior to mounting it onto a substrate, requiring a custom die for gang bonding. However,
it is attractive because it provides the opportunity to perform burn-in and die testing prior to
final assembly. The TAB process is schematically illustrated in Fig. 4.10.

TAB packages are usually naturally lead-free at the component level. Assembly to the
application board does require lead-free solder along with a requirement for the package to
be able to withstand the high temperatures associated with lead-free processing.

4.6.3.3 Flip-Chip Bonding. The flip-chip assembly technique is one of the important
techniques of die attach to either the carrier (substrate) or directly to the board usually
employing either solder bumps or z-axis conductive polymers. Another common mode of
attaching silicon dice in the flip-chip configuration is stud bumping, where a gold wire is used
in a similar fashion as in wirebonding, but the wire is truncated after establishing contact to
the die pads. The resultant stud is then flattened using a coining process. The original flip-chip
assembly, pioneered by IBM, eliminates all the packaging area that is not occupied by the die
itself, generally resulting in the smallest footprint and the lowest profile. However, wire-
bonded devices can be back-ground to reduce the overall package thickness. It is not trivial to
perform a similar back-grinding operation on flip-chip devices for two reasons. First, the
bumping process prefers to use full thickness wafers due to breakage concerns, and second, it
is extremely difficult to back-grind bumped wafers.

In general, flip-chip assemblies can use either grid arrays or peripheral pads for I/O con-
nection at pitches between 0.1 and 0.65 mm, but are limited mostly by routing constraints
through substrate manufacturing capabilities. Consequently, most flip-chip devices in produc-
tion today use a solder bump area-array pitch in the range of about 0.15-0.25 mm. Of all the
techniques available, flip-chip assembly offers the highest packaging density and there is
increased use of flip-chip attachment. Consequently, many bumping contractors also offer
redistribution services. Although redistribution is done on the chip (actually on the wafer), it
is considered a packaging operation.

Additional requirements presented by the need for lead-free, RoHS-compliant, “green” pack-
ages call for lead-free solder bumps. Devices that use gold stud bumps previously referenced are
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FIGURE 4.10 Schematic of the TAB process.

already lead-free; however, stud bumping is typically limited to a smaller die and those with a
small number of I/O count requirements (note that I/O here refers to the total number of con-
nections required across the die and the carrier/substrate). Furthermore, the stud-bump-
based lead-free solution has its challenges due to the serial nature of the stud-bumping and
die-attach processes. Consequently, a lot of effort continues to go into the development of
lead-free solder-based wafer bumping. Lead-free wafer bumping is discussed in more detail in
the next section.
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4.6.3.4 Wafer Bumping. Wafer bumping is a wafer-level packaging technology that uses
solder bumps to form interconnects between the integrated circuit (IC or chip) and the actual
package. To create a solderable site with an electromigration barrier, the manufacturer usually
first deposits an under-bump metallurgy (UBM) of electroless nickel and gold directly onto the
1/O pad of the IC. Other typical UBM consists of a 20-50 nm of evaporated chromium acting
as contact and adhesion layer, a diffusion barrier of 100-200 nm of Cr:Cu, a conductive layer of
0.4-0.6 um of copper, and finally an optional oxide protector of about 100 nm of gold. This is fol-
lowed by the placement of solder—either by evaporation, electroplating, or screen printing—
onto each I/O site and a thermal reflow to form a solder ball as shown in Fig. 4.11.

Under bump

Solder bump —\

metallurgy (UBM)
Device

passivation_\ / Final metal pad

FIGURE 4.11 Schematic of a solder bump and underlying metallurgy.

Flip-chip ball grid array (FCBGA) is a package type that uses solder bumping to yield area-
array interconnection. Area-array interconnection ensures signal and power/ground integrity far
more superior to conventional peripheral wire-bonding interconnection due to elimination of
wirebond inductance and a lower electrical resistance. Solder bumping enables the realization of
CSPs. CSPs are well accepted in handheld consumer products such as cellular phones and PDAs,
since the package size is of vital importance. However, the ultimate package is a true chip size
package, the wafer-level CSPs (WL-CSP). WL-CSP is predicted to enjoy the highest continuous
aggregated growth rate (CAGR) of more than 20 percent since it enables high-performance
microprocessor chip (MPU), application-specific integrated circuit (ASIC), and memory devices
for the high-end computing and networking markets. Bumped die for FCOB assembly is com-
mon in electronic manufacturing due to the saving in the printed circuit board real estate.

There are three primary wafer-bumping processes for solder placement: screen printing,
electroplating, and evaporation. All these processes have been used in production, but bump
pitch, I/O count, start-up cost, and production volume are critical criteria that dictate which
process is best for a particular solder placement. Evaporation of solder requires substantial
investment in capital equipment since it is performed in a high-vacuum environment. Elec-
troplating of solder yields a finer solder bump pitch, but it is primarily limited to solders with
binary alloys such as SnAg and SnCu. Screen printing of solder is the most cost-efficient for
solder bump pitch greater than 120 ym.*

Solder bumps must undergo a reflow process to create the solder bump structure shown in
Fig. 4.11 as a result of its surface tension. Since the composition of the solder may be high-
lead, eutectic, or lead-free, the equipment and processes must be capable of handling a wide
range of temperature profile variations while maintaining a tight thermal uniformity within
each process profile. A typical reflow process undergoes five transitions: pre-heat, flux activa-
tion, soak, reflow, and cooldown. The purpose of the pre-heat is to evaporate solvents from the
solder paste. A slow thermal ramp-up rate prevents damage due to thermal shock. The time
and temperature to evaporate the solvents depends on the solder paste that is applied. As the
temperature is ramped up, the flux reacts with the oxide and contaminants on the surfaces to
be joined. The time and temperature should be long enough to allow the flux to clean these
surfaces fully, but not so long that the flux may be exhausted before soldering takes place. The
soak temperature should be approximately 20-40°C below the peak reflow temperature.
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Time and temperature depend on the mass and solder materials. During reflow, the assembly
is briefly brought to the temperature sufficient to reflow the solder. After reflow, a gradual
cooling should be used to prevent thermal shock. Gradual cooling produces a finer grain
structure and fatigue-resistant solder joint. During reflow process, care must be exercised to
prevent the formation of oxides that degrade subsequent processes. A nitrogen-with-flux or
hydrogen-flux-free reflow process has been used to control oxide formation.

There is a trend in the industry toward smaller area-array packages with lead-free bump sizes
in the range of 10-15 um. Metal bumps, including gold, copper, and nickel, are lead-free wafer
bumping.* In addition, gold and copper have a greater mechanical shear strength compared to
lead solders. This helps to relieve residual stresses caused by the mismatch of the CTE between
the chip and printed-circuit board materials, and hence strengthens the bump connections.®

Gold stud bumps are formed by a modified wire bonder that uses thermosonic energy
(150-200°C) to first attach a gold bondwire to the die bond pads and then shear the top of the
gold wire without leaving a tail.*» To achieve a uniform bump height, the gold studs may be
flattened or “coined” by pressing any remaining wire tail to the ball or shearing it off. This
yields a planar, flat-top gold bump that does not require any coining in a single-step process.

Copper is another candidate material for wafer bumping. Compared to gold, copper costs
less but has a good electrical and heat-dissipating performance due to its low electrical resis-
tivity and high thermal conductivity.

Copper studs can be created by bonding a copper bondwire directly onto the aluminum
bonding pads on a wafer using a thermosonic bumping machine. However, the ultrasonic
power and bonding force required for copper studs are generally higher than those for the
gold studs due to the hardness of copper. Also, a reducing gas, usually 5 percent hydrogen in
nitrogen, is blown over the end of the copper wire during formation of the ball to prevent oxi-
dation of copper. Copper bumping has many advantages over solder and gold bumping in
terms of increased electrical and mechanical performance and reduction of material cost; how-
ever, it is relatively new to the flip-chip industry.

4.6.3.5 Chip-on-Board (COB). In COB assem-

bly, a back of a bare (unpackaged) IC is attached

directly onto a PWB, wire-bonded, and then

encapsulated with a polymer. The die bondpad

pitch is generally in the range of about 0.175-0.25

mm and IC placement must be very accurate.

For many applications requiring miniaturiza-

tion, and especially those where space is limited,

COB assembly can be the most cost-effective

packaging option. It is a mature technology and

offers high packaging density, low packaging

cost, and fast signal speed because the dies are

wire-bonded directly onto a board.* The photo-

graph in Fig. 4.12 shows details of a COB-mounted

power diode. Usually, as a final step, a glob top is

deposited onto the chip to serve as passivation  FIGURE 4.12 Photograph of chip-on-board.
and protection. (A COB assembly).

4.6.3.6 Passive Devices: Surface-Mount Components. Since the invention of the IC,
almost continuous progress has been made in creating a given functionality in a smaller area.
Unfortunately, surface mount (SM), discrete passive (DP) component size, which has seen
continuing size reductions from 0805 components (80 mils x 50 mil or 2 mm x 1.25 mm) to
0201 components (20 mil x 10 mil or 0.5 mm x 0.25 mm) with preliminary work being done on
0105 components (10 mil x 5 mil or 0.25 mm x 0.125 mm), has not shrunk accordingly. Fur-
thermore, increasing numbers of DPs are required in newer electronic systems. Consequently,
DPs can occupy significant substrate area. In fact, system substrates are now dominated by
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individually placed DP components. The key challenges presented by DPs are their fairly con-
stant physical size, their increasing numbers, the cost of individual handling and attachment,
the parasitic effects of their associated electrical connections, the reliability of solder joints,
and the wide range of required values.’*”* Thus, they continue to pose challenges for minia-
turization of electronic systems, particularly for the wireless and consumer markets.

Lead-free requirements pose manufacturing challenges, not only in package assembly but
also in areas of component manufacturing assembly and of lead-free assembly.

4.6.3.7 Passive Devices: Integrated Passive Components. Recently, much attention has
been directed toward the use of integrated passive (IP) devices (also referred to as embedded
or integral passive devices). IPs are located within the substrate and are formed during the
fabrication of the substrate. Consequently, they require processing steps in addition to those
that provide only interconnection. There are no external leads to be individually attached
because all IPs are connected to metallizations within the substrate, whether it is laminate,
ceramic, or any other material. They do not compete with ICs for surface space, but may com-
plicate routing within inner substrate layers. They have no casing or packaging of their own to
contribute weight and volume to the system. The lead length between the IP and an intercon-
nect is usually only mils. Also, since the IP is typically a planar structure, there is much less par-
asitic inductance, capacitance, and resistance compared to DPs. Furthermore, IPs eliminate
pick-and-place operations and two solder joints. A shortcoming of IPs is the fact that they can-
not be tested individually so the yield of the IPs directly impacts the yield of the substrates. The
arguments for changing to IPs include reduced cost, smaller system size, better electrical per-
formance, and improved system reliability. Figure 4.13 shows schematically the difference
between discrete passives, located on the surface of a substrate, and integrated passives, which
are located below the surface of a substrate.

PWB or Resistors Surface mount Capacitors

substrate |—-—|/ devices N—
(]

Buried resistor l Vias l Top electrode

Resistors disappear from top, become Capacitors (decoupling only)
part of an inner layer conductor become vias dropping down to a
common (distributing planar) layer

Capacitor Bottom electrode
dielectric

FIGURE 4.13 The physical transition from discrete passives (top) to integrated passives (bottom).

Thin-film passive components rely on deposition and photolithography to define conductive,
resistive, and dielectric materials physically that produce a desired electrical response.’ Inte-
grated resistors are fabricated by depositing and patterning a layer of thin-film or thick-film
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TABLE 4.1 Characteristics of Typical Tantalum Nitride and Nichrome Resistors

Resistor material —

characteristic | Tantalum nitride Nichrome
Sheet resistance 20-150 Q/O0 25-300 Q/CJ
100 Q/7 (typical) 100200 Q/ (typical)

Sheet resistance tolerance +10% of nominal value +10% of nominal value
Temperature coefficient —75 + 50 ppm/°C (typ.) 0+ 50 ppm/°C

of resistance 0+ 25 ppm/°C (anneal) 0+ 25 ppm/°(anneal)
Resistor drift (1000 h at <1000 ppm <1000 ppm (anneal)

150°1n air) <200 ppm (sputter/ann.)
Resistor tolerance after +0.10% standard 0.10%

anneal and laser trim +0.03% (bridge trim)

resistive material in series with an interconnect line on an insulating substrate. Table 4.1 gives
some characteristics of typical tantalum nitride and nichrome resistors.

The integration of capacitors into interconnect substrates is largely driven by three appli-
cations: decoupling of ICs from power supplies, analog functions such as those in radio fre-
quency (RF)/wireless, and termination of transmission lines. A wide variety of dielectric
materials can be used to build integrated capacitors. There are two broad classifications of
dielectrics—paraelectrics and ferroelectrics—and they have very distinct electrical proper-
ties, the most significant being the dielectric constant. Some of the dielectric materials that can
be used to fabricate integrated capacitors are listed in Table 4.2, along with their composition
and dielectric constant.

TABLE 4.2 Diclectric Material Candidates for Application in Integrated Capacitors

Paraelectric (P) or

Material Composition Dielectric constant Ferroelectric (F)
Silicon monoxide SiO 4.5-6.8 F
Silicon dioxide SiO, 4-5 F
Silicon nitride SizN, 6-7 F
Silicon carbide SiC 20-45 F
Aluminium oxide Al,O, 6-10 F
Aluminium nitride AIN 8-10 F
Tantalum oxide (a) Ta,0s 25 F
Tantalum oxide (h) Ta,O5 50 F
Titanium oxide TiO, 10-100 F
Diamond-like-carbon sp? and sp® carbon 4-6 F
BCB Organic 2.7 F
Polyimide Organic 3-45 F
Barium strontium BaSrTiO; up to 1000 p
titanate
Lead zirconate PbZr,Ti-,O; up to 2000 P
titanate
BPZT BasPby,(Zrg1,Tigss) O3 up to 3000 P
Barium titanate BaTiO; up to 5000 P

Integrated inductors are the easiest of the IPs to fabricate since they are usually spirals of
the conductor material. Also, since inductors are magnetic devices, they pose an integration
problem not shared by resistors and capacitors: They perform best when there is a sufficient
volume of space to allow their magnetic fields to be unimpeded by other structures. As a
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result, there is a “keep-away” distance required for inductors in order to avoid loss of induc-
tance relative to an isolated structure and to prevent interference with nearby signal lines and
ground planes from the inductor’s field.

The easiest way to fabricate integrated inductors is simply to form a spiral out of the inter-
connect material, typically one to eight turns with a total outer diameter of about 0.2 mm,
which provides an inductance of around 1-40 mH.?

4.6.4 Hybrid SnPb- and Pb-free Systems

In an ideal world, the transition from SnPb to Pb-free could happen overnight. However, in
reality, the transition is not likely to happen instantly; instead, this is expected to occur over
a period of at least 6 to 12 months. During this time, SnPb and lead-free alloys are likely to
coexist on the same printed circuit board assembly (PCBA), which poses potential issues with
component soldering and reliability.

When a BGA with lead-free solder is reflowed with SnPb solder paste on the motherboard
using a SnPb reflow profile, the lead-free solder balls stay virtually in an unmolten state. How-
ever, the lead in the eutectic tin-lead solder paste can diffuse through the grain boundaries in
the lead-free BGA solder ball, the extent of which depends on several factors such as the max-
imum reflow temperature and the time during which this temperature stays over the melting
temperature of SnPb solder. This can result in potential solder joint reliability issues, as the Pb-
rich grain boundaries have a higher risk of microcracks, which can lead to solder opens.

The industry is also exploring benefits of an approach called backward-compatibility, where
the component termination is lead-free, but the on-board solder is Pb containing solder—eutectic
SnPb in many cases. Such a joint is neither Pb-free nor RoHS-compliant, but can allow for the
component supplier to deliver lead-free components while letting the customer keep the
assembly materials and reflow profiles mostly constant.
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CHAPTER 5

TYPES OF PRINTED
WIRING BOARDS

Dr. Hayao Nakahara
N.T. Information Ltd., Huntington, New York

5.1 INTRODUCTION

Since the invention of printed wiring technology by Dr. Paul Eisner in 1936, several methods
and processes have been developed for manufacturing printed wiring board (PWBs) of vari-
ous types. Most of these have not changed significantly over the years; however, some specific
trends continue to exert major influences on the types of PWBs required and the processes
that create them:

1. Computers and portable telecommunications equipment require higher-frequency cir-
cuits, boards, and materials, and also use more functional components that generate con-
siderable amounts of heat that need to be extracted.

2. Consumer products have incorporated digital products into their design, requiring more
functionality at ever-lower total cost.

3. Products for all uses continue to get smaller and more functional, driving the total circuit
package itself to become more dense, causing the PWBs to evolve to meet these needs.

These trends have led to the larger use of nonorganic base substrates, such as aluminum
and soft iron. In addition, alternate ways to create boards have been developed. These will be
discussed in this chapter, along with the traditional board structures and processes. The terms
printed wiring board, PWB, and board will be used synonymously. Also, the words laminate,
substrate, and panel will be used interchangeably.

5.2 CLASSIFICATION OF PRINTED WIRING BOARDS

PWBs may be classified in many different ways according to their various attributes. One fun-
damental structure common to all of them is that they must provide electrical conductor paths
which interconnect components to be mounted on them.

5.2.1 Basic PWB Classifications

There are two basic ways to form these conductors:

5.1

Copyright © 2008 by The McGraw-Hill Companies. Click here for terms of use.
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1. Subtractive: In the subtractive process, the unwanted portion of the copper foil on the
base substrate is etched away, leaving the desired conductor pattern in place.

2. Additive: In the additive process, formation of the conductor pattern is accomplished by
adding copper to a bare (no copper foil) substrate in the pattern and places desired. This
can be done by plating copper, screening conductive paste, or laying down insulating wire
onto the substrate on the predetermined conductor paths.

The PWB classifications given in Fig. 5.1 take into consideration all these factors, i.e., fab-
rication processes as well as substrate material. The use of this figure is as follows:

¢ Column 1 shows the classification of PWBs by the nature of their substrate.

¢ Column 2 shows the classification of PWBs by the way the conductor pattern is imaged.

¢ Column 3 shows the classification of PWBs by their physical nature.

¢ Column 4 shows the classification of PWBs by the method of actual conductor formation.

Base Graphic Riaid Subtractive PTH
material | [°" discrete or ﬁex or Structure or Process
wiring additive non-PTH
1 2 3 4 5 6 7
Subtractive [ DSB |- Non |
MLB PTH | Pattern plating |
PTH | Panel plating |
DSB I—l PTH | Pattern plating |
MLB | PTH | Panel plating |
Organic —| Flex |—|Subtractive
[l base []

U RigiFlex [HSubtractive

PWB

Wirewrapl

Multiwire |—| PTH |<—| Panel plating |

Subtractive Panel plating
Pattern plating
Additve |—— DSB |

|| Discrete
wire

Inorganic - —
1 base —|Graph|c |—| Rigid

FIGURE 5.1 C(lassification of printed wiring boards.
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e Column 5 shows the classification of PWBs by the number of conductor layers.

e Column 6 shows the classification of PWBs by the existence or absence of plated-through-
holes (PTHs).

e Column 7 shows the classification of PWBs by production method.

5.3 ORGANIC AND NONORGANIC SUBSTRATES

One of the major issues that has arisen with the ever-higher speed and functionality of com-
ponents used in computers and telecommunications is the availability of materials for the
PWB substrate that are compatible with these product and process needs. This includes the
stresses on substrate material created by more and longer exposure to soldering temperatures
during the assembly process, as well as the need to match the coefficient of thermal expansion
for components and substrate. The resultant search has found new materials, both organic and
nonorganic based. The details of these materials are explained in Chaps. 6 through 11, but this
outlines the basic character of the two types of substrate.

5.3.1 Organic Substrates

Organic substrates consist of layers of paper impregnated with phenolic resin or layers
of woven or nonwoven glass cloth impregnated with epoxy resin, polyimide, cyanate ester,
BT resin, etc. The usage of these substrates depends on the physical characteristics required
by the application of the PWB, such as operating temperature, frequency, or mechanical
strength.

5.3.2 Nonorganic Substrates

Nonorganic substrates consist mainly of ceramic and metallic materials such as aluminum,
soft iron, and copper-invar-copper. The usage of these substrates is usually dictated by the
need of heat dissipation, except for the case of soft iron, which provides the flux path for flex-
ible disk motor drives.

5.4 GRAPHICAL AND DISCRETE-WIRE BOARDS

Printed wiring boards may be classified into two basic categories, based on the way they are
manufactured:

1. Graphical

2. Discrete-wire

5.4.1 Graphical Interconnection Board

A graphical PWB is the standard PWB and the type that is usually thought of when PWBs
are discussed. In this case, the image of the master circuit pattern is formed photographically
on a photosensitive material, such as treated glass plate or plastic film. The image is then
transferred to the circuit board by screening or photoprinting the artwork generated from
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the master. Due to the speed and economy of making master artwork by laser plotters, this
master can also be the working artwork.

Direct laser imaging of the resist on the PWB can also be used. In this case, the conductor
image is made by the laser plotter, on the photoresistive material, which is laminated to the
board, without going through the intermediate step of creating a phototool. This tends to be
somewhat slower than using working artwork as the tool and is not generally applied to mass
production. Work continues on faster resists, as well as exposure systems, and this method will
undoubtedly continue to emerge.

5.4.2 Discrete-Wire Boards

Discrete-wire boards do not involve an imaging process for the formation of signal conduc-
tors. Rather, conductors are formed directly onto the wiring board with insulated copper wire.
Wire-wrap® and Multiwire® are the best known discrete-wire interconnection technologies.
Because of the allowance of wire crossings, a single layer of wiring can match multiple con-
ductor layers in the graphically produced boards, thus offering very high wiring density. How-
ever, the wiring process is sequential in nature and the productivity of discrete-wiring
technology is not suitable for mass production. Despite this weakness, discrete-wiring boards
are in use for some very high density packaging applications. See Fig. 5.2 for an example of a
discrete-wiring board.

FIGURE 5.2 Example of discrete-wiring board.
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5.5 RIGID AND FLEXIBLE BOARDS

Another class of boards is made up of the rigid and flexible PWBs. Whereas boards are made of
a variety of materials, flexible boards generally are made of polyester and polyimide bases. Rigi-
flex boards, a combination of rigid and flexible boards usually bonded together, have gained
wide use in electronic packaging (see Fig. 5.3). Most rigi-flex boards are three-dimensional

FIGURE 5.3 Rigi-flex printed wiring board.
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structures that have flexible parts connecting the rigid boards, which usually support compo-
nents; this packaging is thus volumetrically efficient.

5.6 GRAPHICALLY PRODUCED BOARDS

The majority of boards produced in the world are graphically produced. There are three alter-
native types:

1. Single-sided boards

2. Double-sided boards

3. Multilayer boards

5.6.1 Single-Sided Boards (SSBs)

Single-sided boards (SSBs) have circuitry on only one side of the board and are often referred
to as print-and-etch boards because the etch resist is usually printed on by screen-printing
techniques and the conductor pattern is them formed by chemically etching the exposed, and
unwanted, copper foil.

5.6.1.1 Typical Single-Sided Board Materials. This method of board fabrication is gen-
erally used for low-cost, high-volume, and relatively low functionality boards. In the Far East,
for example, the majority of SSBs are made of paper-based substrates for lowest cost, with the
most popular grade of paper-based laminate being XPC-FR, which is a flame-retardant phe-
nolic material that is also highly punchable. In Europe, FR-2 grade paper laminate is the most
popular substrate for SSBs because it emits less odor than XPC-FR when placed in high-
voltage, high-temperature environments, such as inside a television set chassis. In the United
States, CEM-1 material, which is a composite of paper and glass impregnated with epoxy
resin, is the most popular substrate for SSBs. While not as low cost as XPC-FR or FR-2,
CEM-1 has gained popularity because of its mechanical strength and also because of the rel-
ative unavailability of paper phenolic laminates.

5.6.1.2 Single-Sided Board Fabrication Process. Given the emphasis on cost and low
complexity, SSBs are generally produced in highly automated, conveyorized print-and-etch
lines, using the following basic process flow.

Step 1: Cut substrate into appropriate panel size by either sawing or shearing.

Step 2: Place panel in loader which feeds them into the line.

Step 3:  Clean panels.

Step 4:  Screen panel with ultraviolet curable etch-resist ink.

Step 5:  Cure the etch-resist ink.

Step 6: Etch exposed copper.

Step 7:  Strip the resist.

Step 8:  Apply solder resist.

Step 9:  Screen legend.

Step 10:  Form holes by drilling or punching.

Step 11:  Test for shorts and opens.
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The conveyor speed of automated print-and-etch lines ranges from 30 to 45 ft/min. Some
lines are equipped with an online optical inspection which enables the elimination of the final
electrical open/short test.

As previously noted, after the conductor pattern is generated in the print-and-etch line, holes
for component insertion are formed on the panel by punching when the panel is made of paper-
based substrate, but must be formed by drilling when the panel is made of glass-based substrate.

5.6.1.3 Process Variations. In some variations, the conductor surface of the PWB gets
insulated, exposing only pads, and then conductive paste is screened to form additional con-
ductors on the same side of the board, thus forming double conductive layers on a single side.

Most metal-core PWB consumer applications are made of aluminum substrate, which
comes as a copper-clad material. PWBs made of such material do not have through-holes, and
components are usually surface-mount types. These circuits are frequently formed into three-
dimensional shapes.

5.6.2 Double-Sided Boards

By definition, double-sided boards (DBs) have circuitry on both sides of the boards. They can
be classified into two categories:

1. Without through-hole metallization
2. With through-hole metallization

The category of through-hole metallization can be further broken into two types:

1. Plated-through-hole (PTH)
2. Silver-through-hole (STH)

5.6.2.1 Plated-Through-Hole Technology. PTH technology is discussed in some detail in
Sec. 5.7; however, some comments are appropriate here.

Metallization of holes by copper plating has been practiced since the mid-1950s. Since
PWB substrate is an insulating material, and therefore nonconductive, holes must be metal-
lized first before subsequent copper plating can take place. The usual metallization procedure
is to catalyze the holes with palladium catalyst followed by electroless copper plating. Then,
thicker plating is done by galvanic plating. Alternately, electroless plating can be used to plate
all the way to the desired thickness, which is called additive plating.

The biggest change in the manufacturing process of double-sided PTH boards, and also of
multilayer boards (MLBs), is the use of direct metallization technologies. (See Chap. 30 for full
discussion of electroless and direct metallization for through-hole boards.) Here, simply, it
eliminates the electroless copper process. The hole wall is made conductive by palladium cat-
alyst, carbon, or polymer conductive film, then copper is deposited by galvanic plating. The
elimination of electroless copper, in turn, allows the elimination of environmentally haz-
ardous chemicals, such as formaldehyde, and EDTA, which are two main components of elec-
troless copper-plating solutions.

5.6.2.2 Silver-Through-Hole Technology. STH boards are usually made of paper phenolic
materials or composite epoxy paper and glass materials, such as CE-1 or CE-3. After double-
sided copper-clad materials are etched to form conductor patterns on both sides of the panel,
holes are formed by drilling. Then the panel is screened with silver-filled conductive paste.
Instead of silver, copper paste can also be used.

Since STHs have a relatively high electrical resistance compared with PTHs, the applica-
tion of STH boards is limited. However, because of their economic advantage (the cost of
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STH boards is usually one-half to two-thirds that of functionally equivalent PTH boards),
their application has spread to high-volume, low-cost products such as audio equipment,
floppy disk controllers, car radios, remote controls, etc.

5.6.3 Multilayer Boards (MLBs)

By definition, MLBs have three or more circuit layers (see Fig. 5.4). Main applications of
MLBs used to be confined to sophisticated industrial electronic products. Now, however, they
are the mainstream of all electronic devices, including consumer products such as portable
video cameras, cellular phones, and audio discs.

5.6.2.3 Layer Count. As personal computers and workstations become more powerful,
mainframe computers and supercomputers are being replaced in many applications by these
smaller machines. As a result, the use of highly sophisticated MLBs, which have layer counts
over 70, are being reduced, but the technology to produce them is proven. At the other end of
the layer-count spectrum, thin and high-density MLBs with layer counts between 4 and 8 are
mainstream. The drive toward thinner MLBs will continue and is made possible by the con-
tinuing concurrent advancement of materials and equipment to handle thin core materials.

5.6.2.4 Via and Via Production Technologies. As PWBs have had to address the issues
of higher speed, higher density, and the rise of surface-mount components that use both
sides, the need to communicate between layers has increased dramatically. At the same time,
the space available for vias has decreased, causing a continuing trend toward smaller holes,
more holes on the board, and the decline of the use of holes that penetrate the entire board,
which use space on all layers. As a result, the use of buried and blind vias has become a stan-
dard part of multilayer board technology, driven by the need for this increased package den-
sity (Fig. 5.4).

One of the immediate issues that arise from these trends is the problems of drilling and the
associated cost of this fabrication step. Printed wiring boards, which once were stacked three
high on a drilling machine, must be drilled individually, and the number of holes per board has
risen, to accommodate the need for vias. This has caused a major problem for fabricators, who
find that a lack of drilling capacity is creating a big demand on funds for additional machines,
while the cost of drilling continues to increase dramatically. Therefore, alternate methods for
creating vias are being developed. These pressures will be ongoing, and therefore the process
listed here, or some equivalent, will undoubtedly become more important as the drive to
miniaturization continues and drilling individual holes becomes less and less practical.

Piated- Buried
through vias
hole \
K I 1 ¥ Pad
2 38 x2,y2 signal
== S Ground, 45 voltge
0.120in 2 O x1, y1 signal
g Ground, -2 voltage
2 3B x3, y3 signal
T T Pad

FIGURE 5.4 Cross-section multilayer board with buried via holes.
Buried vias are built into each of the double-sided boards that make
up the final multilayer structure.
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These processes have been developed to mass-produce vias without drills.

Surface Laminar Circuits (SLCs). The most notable MLB technology developed to form
vias is the sequential fabrication of multilayers without press operations. This is particularly
important for surface blind via holes.

The process for fabricating a board using surface laminar circuits is as follows (see Fig. 5.5):

. Innerlayer ground and power distribution patterns are formed.
. Panel receives an oxide treatment.

1
2
3. Insulating photosensitive resin is coated over the panel by curtain or screen-coating methods.
4. Holes are formed by photoexposure and development.

5

. Panel is metallized by usual copper reduction process (consisting of catalyzing and elec-
troless copper plating or by direct metallization process).

6. Thicker deposition of copper is made by continuation of electroless copper plating or gal-
vanic plating.
7. Circuit patterns are formed by dry film tenting process.

Probimer®52  Small Probimer®52 Fine Plated Cu Zo= Surface  &=4
Thin Photo-Via Curtain-coated Pitch Conductor 50-60 €2 Shiclding
Build-up (127 pm) thin Diclectric (160 um)

Layers (40 pm)
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|
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——
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FIGURE 5.5 Example of surface laminar circuit (SLC) board cross section. (Courtesy IBM
Yasu and Ciba-Geigy Limited.)

DYCOstrate®. A different approach to small via creation has been taken by Dyconex AG
of Switzerland. After ground and power patterns are formed on the panel, and the panel is
oxide-treated, polyimide-backed copper foil is laminated on the panel. Holes in the copper
are formed by a chemical etching process, and the insulating polyimide material underneath
the holes is removed by plasma etching. PWBs made in such a way are called DY COstrate. In
other, similar technologies, different dielectric materials are used, and they are removed by
alkaline solutions. The rest of the process is similar to that for SLC; that is, holes are metallized
and a thick copper deposition is made by electroless or galvanic plating, and the circuit pat-
tern is formed by a tent-and-etch process (see Fig. 5.5).

Drilled Vias. Inboth SLC and DYCOstrate cases, through-holes can also be made by con-
ventional drilling and plating processes, in addition to the surface blind via holes.

Cost Impact. 'The manufacturing cost of these sequential technologies is not necessarily
directly cheaper than conventional MLB technology, which depends on a laminating press
operation. However, since the cost of making standard holes in a board can be as high as 30
percent of the total manufacturing cost, and the creation of holes in these processes is com-
paratively inexpensive, the overall cost for equivalent functionality can be less. In addition,
the fine pattern capability for this process is excellent. For example, an eight-layer conven-
tional structure can often be reduced to a four-layer structure, reducing the total cost for the
same packaging density.
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5.7 MOLDED INTERCONNECTION DEVICES

Three-dimensional circuit technology was of great interest in the early to mid-1980s. The pro-
ponents for this technology, however, realized the mistake of trying to make it directly com-
petitive with conventional flat circuits and have developed a niche where the substrate also
offers other functional uses, such as structural support for the product.

Manufacturers of three-dimensional circuits prefer to call them molded interconnection
devices (MIDs). In many applications of MIDs, the number of components to interconnect the
electronic and electrical components can be reduced, thus making the total assembly cost
cheaper and the final structure more reliable.

5.8 PLATED-THROUGH-HOLE (PTH) TECHNOLOGIES

In 1953, the Motorola Corporation developed a PTH process called the Placir method,' in
which the entire surface and hole walls of an unclad panel are sensitized with SnCl, and met-
allized by spraying on silver with a two-gun spray. Next, the panel is screened with a reverse
conductor pattern, using a plating resist ink, leaving metallized conductor traces uncovered.
The panel is then plated with copper by an electroplating method. Finally, the resist ink is
stripped and the base silver removed to complete the PTH board. One problem associated
with the use of silver is the migration caused by silver traces underneath the copper conductors.

The Placir method was the forerunner of the semiadditive process, which is discussed in
Chap. 31.

In 1955, Fred Pearlstein® published a process involving electroless nickel plating for metal-
lizing nonconductive materials. This catalyzer consists of two steps. First, the panel is sensitized
in SnCl, solution, and then it is activated in PdCl, solution. This process presented no problem
for metallizing nonconductive materials.

At the same time that Pearlstein’s paper was published, copper-clad laminates were start-
ing to become popular. Manufacturers of PWBs applied this two-step catalyzing process to
making PTHSs using copper-clad laminates. This process, however, turned out to be incompat-
ible with the copper surface. A myriad of black palladium particles called smads were gener-
ated between copper foil and electrolessly deposited copper, resulting in poor adhesion
between the electroless copper and the copper foil. These smads and electroless copper had
to be brushed off with strong abrasive action before the secondary electroplating process
could begin. To overcome this smad problem, around 1960 researchers began attempting to
develop better catalysts; the products of their research were the predecessors of modern pal-
ladium catalysts.?

The mid-1950s was a busy time in the area of electroless copper-plating solutions. Electro-
lessly deposited nickel is difficult to etch. But since it adheres somewhat better to the base
than does electroless copper, research for the development of stable electroless copper-
plating solutions was quite natural. Many patent applications for these solutions were filled in
the mid-1950s. Among the applicants were P. B. Atkinson, Sam Wein, and a team of General
Electric engineers, Luke, Cahill, and Agens. Atkinson won the case, and a patent’ teaching the
use of Cu-EDTA as a complexing agent was issued in January 1964 (the application had been
filed in September 1956).

5.8.1 Subtractive and Additive Processes

Photocircuits Corporation was another company engaged throughout the 1950s in the devel-
opment of chemicals for PTH processes. Copper-clad laminates were expensive, and a major
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portion of expensive copper foil had to be etched (subtracted) to form the desired conductor
pattern. The engineers at Photocircuits, therefore, concerned themselves with plating (adding)
copper conductors wherever necessary on unclad materials for the sake of economy. Their
efforts paid off. They were successful in developing not only the essential chemicals for reli-
able PTH processes but also the fully additive PWB manufacturing technology known as the
CC-4* process. This process is discussed in detail in Chap. 31.

With the use of SnCl,-PdCl, catalysts and EDTA-base electroless copper-plating solutions,
the modern PTH processes became firmly established in the 1960s. The process of metallizing
hole walls with these chemicals for the subsequent formation of PTHs is commonly called the
copper reduction process. In the subtractive method, which begins with copper-clad laminates,
pattern plating and panel plating are the two most widely practiced methods of making PTH
boards. These methods are discussed in the following subsections.

5.8.2 Pattern Plating

In the pattern-plating method, after the copper reduction process, plating resist layers of the
reverse conductor image are formed on both sides of the panel by screening resist inks. In
most fineline boards, photosensitive dry film is used instead. There are some minor variations
in the pattern-plating method (see Fig. 5.6):

1. Catalyzing (preparing the nonconductive surface to cause copper to come out of solution
onto that surface)

2. Thin electroless copper (0.00001 in) followed by primary copper electroplating; thick
electroless copper (0.0001 in)

. Imaging (application of a plating resist in the negative of the desired finished circuit)
. Final electroplating copper

. Solder plating (as etching resist) 0.0002 or 0.0006 in

. Stripping plating resist

. Etching of base copper

. Solder etching (0.0002-in case); solder reflow (0.0006-in case)

. Solder mask followed by hot-air solder coater leveler if solder etching is used

N=IE- RN BN N7 ) B ]

10. Final fabrication and inspection

Most manufacturers of DSBs with relatively wide conductors employ thick electroless
copper plating. However, thin electroless copper followed by primary electroplating is pre-
ferred for boards having fine-line conductors, because a considerable amount of surface is
brushed off for better adhesion of dry film. This provides a higher reliability for PTHs. Solder
reflow boards had been preferred by many customers, particularly in military and telecom-
munications applications, until the emergence of hot-air solder coater levelers. Although the
solder-over-copper conductors protect the copper from oxidization, solder reflow boards
have some limitations. Solder mask is hard to apply over reflowed solder, and it tends to wrin-
kle and peel off in some areas when the boards go through component soldering. A more seri-
ous problem is the solder bridging that occurs when the conductor width and clearance
become very small.

In step 9, the entire surface of the board except for the pads is covered by solder mask, and
then the board is immersed into the hot-air solder coater leveler, resulting in a thin coating of

* CC-4 is a registered trademark of Kollmorgen Corporation.
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FIGURE 5.6 Key manufacturing steps in panel plating and pattern-
plating methods.

solder over the pads and the hole walls. The operation sounds simple, but it requires constant
fine-tuning and maintenance of the hot-air solder coater leveler; otherwise, some holes may
become heavily clogged with solder and are then useless for component insertion.

One advantage of the pattern-plating method over the panel-plating method is in etching.
The pattern-plating method needs to etch only the base copper. The use of ultrathin copper
foil (UTC), which is usually % or % oz thick, offers a real advantage. However, as long as elec-
troplating is used, the pattern-plating method cannot escape from a current distribution prob-
lem, regardless of the thickness of the base foils. The panel-plating method by electroplating
suffers from the same problem but to a lesser degree. Good current distribution is very diffi-
cult to achieve when the boards are not of the same size or type, and particularly if some have
large ground planes on the outer faces being plated. When the board has a few holes in an iso-
lated area remote from the bulk of the circuitry, these tend to become overplated, making
component lead insertion difficult during assembly. To minimize this current distribution
problem, various countermeasures are practiced, such as special anode position, anode mask-
ing, agitation, and plating thieves. But none of these offers a decisive solution to the distribu-
tion problem, and they are extremely difficult to implement flexibly and effectively in a large
plating operation, where a large number of product mixes have to be handled all the time.
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Another advantage of the pattern-plating method is its ability to form padless micro-via
holes of a diameter ranging from 0.012 to 0.016 in. Micro-via holes enable better usage of con-
ductor channels, thereby increasing the connective capacity of the board.

5.8.3 Panel Plating

In the panel-plating method, there are two variations for finishing the board after the panel is
plated with electrolytic copper to the desired thickness. In the hole-plugging method, the
holes are filled with alkaline-etchable ink to protect the hole walls from being etched; this is
used in conjunction with screened etch resist. In the other method, called tent-and-etch or sim-
ply tenting, the copper in the hole is protected from etching by covering the hole or tenting
with dry film, which is also used as an etch resist for conductors on the panel surface. The sim-
plified sequence of the panel-plating method is as follows (see Fig. 5.6):

1. Catalyzing
. Thin electroless copper deposition (0.0001 in)

. Electroplating copper (0.001 to 0.0012 in)
. Hole plugging with alkaline-resolvable ink; tenting (dry film lamination)

n & W N

. Screen-print etching resist (conductor pattern); photoexpose the panel for conductor
pattern

. Etching copper

. Stripping etching resist

. Solder mask

. Solder coater leveler (optional)
10. Final fabrication and inspection

N2 CHEEN =)

The panel-plating method is ideal for bare copper board. However, it is a difficult way to
make padless via holes, which are becoming more popular. Generally, the conductor width of
0.004 in is considered to be the minimum realizable by this method for mass production.

Although the use of the panel-plating method in the United States and western Europe is
limited, nearly 60 percent of the PTH boards in Japan are manufactured by this method.

5.8.4 Additive Plating

Plated-through holes can be formed by additive (electroless) copper deposition, of which
there are three basic methods: fully additive, semiadditive, and partially additive. Of these,
semiadditive involves pattern electroplating for PTHs with very thin surface copper, but the
other two form PTHs solely by electroless copper deposition. The additive process has vari-
ous advantages over the subtractive process in forming fineline conductors and PTHs of high
aspect ratio. A detailed account of the additive process is given in Chap. 31.

5.9 SUMMARY

Modern electronic packaging has become very complex. Interconnections are pushed more
into lower levels of packaging. The choice of which packaging technology to use is governed
by many factors: cost, electrical requirements, thermal requirements, density requirements,
and so on. Material also plays a very important role. All things considered, PWBs still play
important roles in electronic packaging.
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CHAPTER 6

INTRODUCTION TO BASE
MATERIALS

Edward J. Kelley
Isola Group, Chandler, Arizona

6.1 INTRODUCTION

The field of base materials can appear deceptively simple. In simple terms, base materials are
comprised of just three components: the resin system, the reinforcement, and the conductive
foil. However, the variants in each of these components and the many possible combinations
of these components make the discussion of base materials much more complex. One of the
primary reasons for this complexity is the fact that printed circuits are used in so many differ-
ing applications. This results in many different sets of requirements in terms of cost and per-
formance, and therefore many grades of base materials.

Also, because base materials are the most fundamental components of the printed circuit
itself, they interact with virtually every other printed circuit manufacturing process. Therefore,
not only are the physical and electrical properties of the material critical, but their compati-
bility with manufacturing processes is also of great importance.

In addition, the advent of the European Union’s Restriction of Hazardous Substances
(RoHS) directive and the lead-free assembly processes that result are redefining the require-
ments for base materials. RoHS has a severe impact on all aspects of base materials technol-
ogy. The impact of lead-free assembly on base materials and a method of selecting materials
for lead-free assembly are discussed in Chaps. 10 and 11. Requirements to support circuit
densification, reliability, and electrical performance are also critical and will be discussed
in Chap. 9. This chapter discusses grades and specifications of base materials, as well as the
manufacturing processes used to make them.

6.2 GRADES AND SPECIFICATIONS

The various types of base materials can be classified by the reinforcement type, the resin
system used, the glass transition temperature (T,) of the resin system, as well as many
other properties of the material. With the advent of lead-free assembly processes, proper-
ties other than T, are becoming as important, if not more important when selecting a base
material. The decomposition temperature (T,) is one of these properties and will be
defined shortly.

6.3

Copyright © 2008 by The McGraw-Hill Companies. Click here for terms of use.
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The most commonly referenced specification for base materials is IPC-4101, “Specification
for Base Materials for Rigid and Multilayer Printed Boards.” Historically, the National Electrical
Manufacturers Association, NEMA, has also been used in specifying base materials.

6.2.1 NEMA Industrial Laminating Thermosetting Products

One of the first classifications of base materials for printed circuits (and other electrical com-
ponents) was completed by the National Electrical Manufacturers Association (NEMA).
NEMA’s industrial laminating thermosetting products standard documents many of the
materials used in printed circuits as well as specifications for some of their properties. Historical
NEMA grades are outlined in Table 6.1 and cross-referenced with IPC-4101 in Table 6.2. Some
of the commonly used materials have been FR-2, CEM-1, CEM-3, and, of course, FR-4.

TABLE 6.1 NEMA Base Material Grades

Grade Resin Reinforcement Flame Retardant
XXXPC Phenolic Cotton Paper No
FR-2 Phenolic Cotton Paper Yes
FR-3 Epoxy Cotton Paper Yes
FR-4 Epoxy Woven Glass Yes
FR-5 Epoxy Woven Glass Yes
FR-6 Polyester Mat Glass Yes
G-10 Epoxy Woven Glass No
CEM-1 Epoxy Cotton Paper/Woven Glass Yes
CEM-2 Epoxy Cotton Paper/Woven Glass No
CEM-3 Epoxy Woven Glass/Mat Glass Yes
CEM-4 Epoxy Woven Glass/Mat Glass No
CRM-5 Polyester Woven Glass/Mat Glass Yes
CRM-6 Polyester Woven Glass/Mat Glass No
CRM-7 Polyester Mat Glass/Glass Veil Yes
CRM-8 Polyester Mat Glass/Glass Veil No

FR-2 is comprised of multiple plies of paper impregnated with a flame-resistant pheno-
lic resin. It possesses good punching characteristics and is relatively low in cost. It has typically
been used in simple applications such as radios, calculators, and toys, where dimensional sta-
bility and high performance are not required. FR-3 is also paper-based, but uses an epoxy resin
system.

CEM-1 uses a paper-based core with woven glass cloth on the surfaces, both impregnated
with an epoxy resin. This enables the material to be punched while realizing improved electri-
cal and physical properties. CEM-1 has been used in both consumer and industrial electronics.

CEM-3, a composite of dissimilar core materials, uses an epoxy resin impregnated, non-
woven fiberglass core with epoxy resin impregnated, woven fiberglass cloth surface sheets. It
is higher in cost than CEM-1, but is more suitable for plated through holes. CEM-3 has been
used in early home computers, automobiles, and home entertainment products.

FR-4, by far the most commonly used material for printed circuits, is constructed of woven
fiberglass cloths impregnated with an epoxy resin or epoxy resin blend. The outstanding elec-
trical, mechanical, and thermal properties of FR-4 have made it an excellent material for a
wide range of applications including computers and peripherals, servers and storage net-
works, telecommunications, aerospace, industrial controls, and automotive applications. FR-4
will be discussed in more detail later.

These grades are also used by ANSI, the American National Standards Institute.
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TABLE 6.2 IPC-4101 Base Material Summary

Spec. Reinforcement
Sheet # Type Resin System ID Reference* T,Range Other Properties
00 Cellulose Paper Phenolic XPC N/A UL9% HB
01 Cellulose Paper Phenolic XXXPC N/A UL%4 HB
02 Cellulose Paper Phenolic, Flame Resistant FR-1 N/A UL9%4 V-1
03 Cellulose Paper Phenolic, Flame Resistant FR-2 N/A UL%4 V-1
04 Cellulose Paper Epoxy, Flame Resistant FR-3 N/A UL9%4 V-1
05 Cellulose Paper Phenolic, Phosphorus Flame FR-2 N/A UL94 V-1, limits on Br
Resistant and Cl content
10 Woven E-Glass Surface/ Epoxy/Phenolic, Flame CEM-1 100°C min. UL9%4 V-0
Cellulose Paper Core Resistant
11 Woven E-Glass Surface/ Polyester/Vinyl Ester, CRM-5 N/A UL94 V-1, inorganic fillers
Non-Woven E-Glass Core  Flame Resistant
12 Woven E-Glass Surface/ Epoxy, Flame Resistant CEM-3 N/A UL94 V-0, with or without
Non-Woven E-Glass Core inorganic fillers
14 Woven E-Glass Surface/ Epoxy, Flame Resistant CEM-3 N/A UL94 V-0, limits on Br and
Non-Woven E-Glass Core ClI content
20 Woven E-Glass Fabric Epoxy, Non-Flame Resistant G-10, MIL-S-13949/ N/A UL%4 HB
03-GE/GEN
21 Woven E-Glass Difunctional and FR-4, MIL-S-13949/04-GF/ 110°C min. UL9%4 V-0
Multifunctional Epoxy, GFN/GFK/GFP/GFM
Flame Resistant
22 Woven E-Glass Epoxy, Hot Strength Retention,  G-11 MIL-S-13949/02-GB/ 135°C-175°C UL 94 HB
Non-Flame Resistant GBN/GBP
23 Woven E-Glass Epoxy, Hot Strength Retention, ~ FR-5, MIL-S-13949/05-GH/  135°C-185°C UL9%4 V-1
Flame Resistant GHN/GHP
24 Woven E-Glass Epoxy/Multifunctional FR-4, MIL-S-13949/04-GF/ 150°C min. UL%4 V-0
Epoxy, Flame Resistant GFG/GFN
25 Woven E-Glass Epoxy/PPO, Flame Resistant MIL-S-13949/04-GF/ 150°C-200°C UL94 V-1
GFG/GFN
26 Woven E-Glass Epoxy/Multifunctional FR-4, MIL-S-13949/ 170°C min. UL9%4 V-0
Epoxy, Flame Resistant 04-GF/GFT
27 Unidirectional E-Glass, Epoxy/Multifunctional Epoxy, N/A 110°C min. UL9%4 V-1
Cross-Plied Flame Resistant
28 Woven E-Glass Epoxy/Non-Epoxy, MIL-S-13949/ 170°C-220°C UL9%4 V-1
Flame Resistant 04-GFN/GFT
29 Woven E-Glass Epoxy/Cyanate Ester, MIL-S-13949/ 170°C-220°C UL9%4 V-1
Flame Resistant 04-GFN, GFT

(continued)



99

TABLE 6.2 1PC-4101 Base Material Summary (Continued)

Spec. Reinforcement
Sheet # Type Resin System ID Reference* T,Range Other Properties
30 Woven E-Glass Bismaleimide/Triazine GPY 170°C-220°C UL9%4 HB
(BT)/Epoxy MIL-S-13949/
26-GIT/GMT
31 N/A Epoxy/Multifunctional Epoxy N/A 90°C min. Non-reinforced film,
inorganic fillers, thermal
conductivity
32 Woven E-Glass Epoxy/Multifunctional Epoxy N/A 90°C min. Inorganic fillers, thermal
conductivity
33 N/A Epoxy/Multifunctional Epoxy N/A 150°C min. Non-reinforced film,
inorganic fillers, thermal
conductivity
40 Woven E-Glass Polyimide GPY 200°C min. UL94 HB,
MIL-S-13949/10-Gl/ with or without
GIN/G1J/GIP/GIL inorganic fillers
41 Woven E-Glass Polyimide GPY 250°C min. UL9%4 HB
MIL-S-13949/10- with or without
GIL/GIP inorganic fillers
42 Woven E-Glass Polyimide/Epoxy GPY 200°C min. UL9%4 HB
MIL-S-13949/10-G1J 200°C min. with or without
inorganic fillers
50 Woven Aramid Epoxy/Multifunctional Epoxy MIL-S-13949/15-AF/ 150°C-200°C UL9%4 V-1
AFN/AFG
53 Non-Woven Aramid Paper  Polyimide MIL-S-13949/31-BIN/B1J 220°C min. UL94 HB
54 Unidirectional Aramid Cyanate Ester N/A 230°C min. UL9%4 V-1
Fiber, Cross Plied
55 Non-Woven Aramid Paper Epoxy/Multifunctional Epoxy MIL-S-13949/22-BF/ 150°C=200°C UL94 V-1
BFN/BFG
58 Non-Woven Multifunctional N/A 135°C-185°C UL9%4 V-0, limits
Aramid Paper Epoxy/Non-Epoxy, Phosphorus on Br and CI content
Flame Resistant
60 Woven Quartz Fiber Polyimide MIL-S-13949/19-QIL 250°C min. UL9%4 HB
70 Woven S-2 Glass Cyanate Ester 230°C min. UL9%4 V-1
71 Woven E-Glass Cyanate Ester MIL-S-13949/29-GCN 230°C min. UL9%4 V-1
80 Woven E-Glass Epoxy/Phenolic CEM-1 100°C min. UL94 V-0, Kaolin or

Surface/Cellulose
Paper Core

(catalyzed for additive process),
Flame Resistant (Bromine
or Antimony)

inorganic catalyst
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81

82

83

90

91

92

93

94

95

96

97

98

99

101

Woven E-Glass Surface/
Non-Woven E-Glass

Core
Woven E-Glass

Woven E-Glass

Woven E-Glass

Woven E-Glass

Woven E-Glass

Woven E-Glass

Woven E-Glass

Woven E-Glass

Woven E-Glass

Woven E-Glass

Woven E-Glass

Woven E-Glass

Woven E-Glass

Epoxy (catalyzed for
additive process), Flame
Resistant
Epoxy/Multifunctional Epoxy,
(catalyzed for additive process),
Flame Resistant
Epoxy/Multifunctional Epoxy

Polyphenylene Ether, Bromine/

Antimony Flame Retardant
Polyphenylene Ether,

Flame Retardant
Epoxy/Multifunctional Epoxy,

Phosphorus Flame Retardant
Epoxy/Multifunctional

Epoxy, Aluminum Hydroxide

Flame Retardant
Epoxy/Multifunctional

Epoxy, Phosphorus Flame

Retardant
Epoxy/Multifunctional

Epoxy, Aluminum Hydroxide

Flame Retardant
Polyphenylene Ether

Difunctional,
Multifunctional Epoxy

Epoxy/Multifunctional
Epoxy, Flame Retardant

Epoxy/Multifunctional
Epoxy/Modified or Non-Epoxy
(max. wt. 5%)

Epoxy/Multifunctional Epoxy/
Modified or Non-Epoxy
(max. wt. 5%)

CEM-3

FR-4

FR-4
N/A
N/A
FR-4

FR-4

FR-4

FR-4

N/A

FR-4, MIL-S-13949/

04-GF/GFN/GFK/
GFP/GFM

FR-4, MIL-S-
13949/04—
GF/GFG/GFN

FR-4

FR-4

N/A

110°C min.

150°C-200°C

175°C min.

175°C min.

110°C-150°C

110°C-150°C

150°C-200°C

150°C-200°C

175°C min.

110°C min.

150°C min.

150°C min.

110°C min.

UL94 V-0, Kaolin or
inorganic catalyst

UL94 V-1, Kaolin or
inorganic catalyst

UL94 V-1, Kaolin or
inorganic catalyst
UL9%4 V-1

UL9%4 V-1

UL94 V-1, limits on
Br and CI content
UL94 V-1, limits
on Br and Cl content

UL94 V-1, limits
on Br and CI content

UL94 V-1, limits
on Br and CI content

UL94 V-1, limits on
Br and Cl content

UL94 V-0, inorganic fillers

UL94 V-0, inorganic fillers

UL94 V-0, inorganic
fillers, Ty, Z-axis CTE,
and time to delamination
requirements

UL94 V-0, inorganic fillers,
Ty, Z-axis CTE, and
time to delamination
requirements

(continued)
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TABLE 6.2 1PC-4101 Base Material Summary (Continued)

Spec. Reinforcement
Sheet # Type Resin System ID Reference* T, Range Other Properties
121 Woven E-Glass Difunctional, Multifunctional FR-4 110°C min. UL9%4 V-0, T, Z-axis
Epoxy/Modified or CTE, and time to
Non-Epoxy (max. wt. 5%) delamination
requirements
124 Woven E-Glass Epoxy/Multifunctional FR-4 150°C min. UL94 V-0, T,, Z-axis CTE,
Epoxy/Modified or Non-Epoxy and time to delamination
(max. wt. 5%) requirements
126 Woven E-Glass Epoxy/Multifunctional FR-4 170°C min. UL94 V-0, Inorganic
Epoxy/Modified or Non-Epoxy Fillers, Ty, Z-axis CTE,
(max. wt. 5%) and time to delamination
requirements, 130°C max.
operating temp.
129 Woven E-Glass Epoxy/Multifunctional FR-4 170°C min. UL9%4 V-0,T,, Z-axis CTE,

Epoxy/Modified or Non-Epoxy
(max. wt. 5%)

and time to delamination
requirements, 130°C max.
operating temp.

* ANSI,NEMA, and/or MIL-S-13949 grade.
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6.2.2 PC-4101 Specification for Base Materials for
Rigid and Multilayer Printed Boards

The most commonly used specification for base materials is IPC-4101. This specification
presents a classification scheme and specification sheets for the various materials in use.
Table 6.2 summarizes the various materials by specification sheet number. Each specifica-
tion sheet in IPC-4101" includes property requirements for that particular material type.
As these specification sheets are updated periodically, it is recommended that the latest
revision of this document be reviewed. This is particularly true in light of new require-
ments for materials that must be compatible with lead-free assembly. Table 6.2 is presented
for reference only and is not all-inclusive. UL94 comments in Table 6.2 reference the min-
imum flammability requirements for that material. Materials may exceed these minimum
ratings. Also note that where a non-halogen-based flame retardant is used, it is shown
along with the resin system description. Definitions of the UL flammability ratings are
given in Chap. 8.

Some of the properties documented in the specification sheets of IPC-4101 include T,,
copper peel strengths at different conditions, volume resistivity, surface resistivity, moisture
absorption, dielectric breakdown voltage, permittivity, loss tangent, flexural strengths and
arc resistance. These properties will be discussed further in Chap. 8.

IPC-4101 also provides a classification scheme for identification of laminate and prepreg
materials; this is described in Secs. 6.5 and 6.6.

6.3 PROPERTIES USED TO CLASSIFY BASE MATERIALS

Historically, the T, has been the most common property used to classify FR-4 base materials,
and this is one of the primary properties documented in IPC-4101. Materials with high T, val-
ues were generally viewed as being more reliable. While this question was never as simple as
specifying only the T,, the move toward lead-free assembly has caused a fundamental redefi-
nition of what properties are needed to ensure a given level of reliability. The reason is that
the alloys used in lead-free assembly require higher peak temperatures than those used in tin-
lead assembly. These higher peak temperatures can approach the point where many base
materials begin to decompose. For this reason, the decomposition temperature is becoming
another property used to classify base materials.

Other important properties include Z-axis expansion characteristics, moisture absorption,
and adhesion characteristics within the material, commonly measured using time-to-
delamination tests such as the T260 test. The T, and its impact on Z-axis expansion are
summarized below along with the decomposition temperature. The other properties will be
discussed in Chaps. 8 and 10.

6.3.1 Glass Transition Temperature, T,

The T, of a resin system is the temperature at which the material transforms from a relatively
rigid or “glassy” state, to a more deformable or softened state. This is a thermodynamic change
in the material which is reversible as long as the resin system has not been degraded. This is to
say that when a material that has been heated above its T, is cooled back below the T,, it
returns to a more rigid state with essentially the same properties as before. However, if the
material is heated to too high a temperature beyond T,, irreversible changes in properties may
result. The temperature at which this will happen varies by material type and is related to
resin decomposition, discussed later.
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Thickness ——»

A material is not in a liquid state when it is above the T,
as some discussions of T, imply. It is a temperature at which
physical changes take place due to the weakening of mole-
cular bonds within the material. It is important to under-
stand T, since the properties of base materials are different
above T, than below T,. While the T, is typically described
as being a very precise temperature, this is somewhat mis-
leading, because the physical properties of the material can
begin to change as the T, is approached and some of the

FIGURE 6.1

Glass transition temperature by TMA.

Tq molecular bonds are affected. As the temperature increases,
Temperature —» more of the bonds become weakened until for all practical
purposes, all relevant bonds are affected. This explains the
curved line in Fig. 6.1, which is discussed in the following
text.
The T, of a resin system has several important implications. These include:

e The impact on thermal expansion.
¢ A measure of the degree of cure of the resin system.

6.3.1.1 Thermal Expansion. All materials will undergo changes in physical dimensions in
response to changes in temperature. The rate at which the material expands is much lower
below the T, than above. Thermomechanical analysis (TMA) is a procedure used to measure
dimensional changes versus temperature. Extrapolating the linear portions of the curve to the
point at which they intersect provides a measure of the T, (see Fig. 6.1). The slopes of the lin-
ear portions of the curve above and below the T, represent the respective rates of thermal
expansion, or as they are typically called, the coefficients of thermal expansion (CTEs). CTE
values are important since they influence the reliability of the finished circuit. Other things
being equal, less thermal expansion will result in greater circuit reliability as less stress is
applied to plated holes.

6.3.1.2 Degree of Cure. The resin systems used in base materials begin with subcompo-
nents that contain reactive sites on their molecular structures. The application of heat to the
resin system and curing agents causes the reactive sites to cross-link or bond together. This
process of curing the resin system brings about physical changes in the material in proportion
to the degree to which the cross-linking occurs, including increases in the T,. When most of the
reactive sites have cross-linked, the material is said to be fully cured and its ultimate physical
properties will be established.

Besides TMA, two other thermal analysis techniques are also commonly used for measur-
ing T, and degree of cure: differential scanning calorimetry (DSC) and dynamic mechanical
analysis (DMA).

¢ DSC measures heat flow versus temperature rather than the dimensional changes mea-
sured by TMA. The heat absorbed or given off will also change as the temperature increases
through the T, of the resin system. T, measured by DSC is often somewhat higher than mea-
surements by TMA.

e DMA measures the modulus of the material versus changes in temperature, and also will
give somewhat higher values for T,.

Materials that are not fully cured can cause problems in circuit manufacturing processes
and with finished circuit reliability. For example, an undercured multilayer circuit at the
drilling process can result in excessive resin smear across the internal circuit connections in



INTRODUCTION TO BASE MATERIALS 6.11

the hole formed. This happens because an under-
cured resin system, and the resulting lower than
normal T,, will result in excessive softening of
the resin when it is subjected to the heat gener-
ated during the drilling process. If this smeared
resin is not completely removed, it can prevent
electrical connection when the hole is plated
with copper. In addition, finished circuits in which |
the resin system is not fully cured can exhibit I
greater amounts of Z-axis thermal expansion. This T TI
adversely affects circuit board reliability due to gt g2
the increased stress on the plated through holes as Temperature —»
the circuit expands. FIGURE 6.2 Measuring the degree of cure by
Because increased cross-linking will require  measuring T, values.
greater amounts of energy (heat) to weaken the
bonds in the molecular structure of the resin system, measurements of T, can be used to deter-
mine the degree of cure of the resin system. For example, a measure of the degree of cure can
be obtained by performing two thermal analyses on the same sample. After the first analysis,
the sample is subjected to a thermal cycle designed to promote any additional cross-linking
available within the resin system, and then a second thermal analysis is performed. The degree
of cure is measured by comparing the difference in measured T, between the two analyses (see
Fig. 6.2). If the material is fully cured, the difference between T, and T,; will be very small, typ-
ically within a few degrees Celsius. Negative differences in these measured values or negative
“delta T,” values where Ty, is greater than T, are also indicative of full cure. However, great
care must be exercised when using these methods to assess degree of cure. An understanding
of the resin system is important because not all resins will behave the same way when per-
forming sequential tests such as this. The degree of cure for some advanced resin systems is not
easily assessed by these techniques. In addition, sample preparation methods, particularly sam-
ple drying prior to testing, can also influence results.

Thickness

6.3.1.3 Advantages and Disadvantages of High T, Values. Implicit in many discussions of
T, is the assumption that higher values of T, are always better. This is not always the case. While
it is certainly true that higher values of T, will delay the onset of high rates of thermal expan-
sion for a given resin system, total expansion can differ from material to material. A material
with a lower T, could exhibit less total expansion than a material with a higher T,, due to
differing resin CTE values or by incorporating fillers into the resin system that lower the CTE
of the composite material. This is illustrated in Fig. 6.3. Material C exhibits a higher T, than
material A, but material C exhibits more total thermal expansion because its CTE value above
T, is much higher. On the other hand, with the

same CTE values above and below the T,, the ]
higher-T, material B exhibits less total ther-
mal expansion than material A. Finally,
although the T, values are the same, material
B exhibits less total expansion than material
C due to a lower CTE value above T,. This
will be discussed further in Chap. 10 in the
context of the impact of lead-free assembly
temperatures on base materials.

There are other considerations as well.
Most notably, many standard 140°C T, FR-4
materials exhibit higher decomposition tem-
peratures, Ty’s, than the standard 170°C T,
FR-4s.T,is an important property for lead-free  FIGURE 6.3 T, versus thermal expansion.

Thickness ——»
>

Temperature —»
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assembly, with higher values generally preferred. Advanced FR-4 resin systems can combine
both high-T, and high- T,. This will be discussed in detail in Chap. 10.

In addition, higher T, resin systems can be harder and more brittle than lower T, systems.
This can adversely affect productivity in the printed circuit manufacturing process. In partic-
ular, the drilling process can be affected as slower drilling, reduced drill bit life or reduced
stack heights can be required for high-T, materials.

Lower copper peel strength values and shorter times to delamination can also be corre-
lated with higher T, values, though other factors influence these properties as well. The time
to delamination is a measure of the time it takes for the resin and copper, or resin and rein-
forcement, to separate or delaminate, and can be correlated to T,. This will also be discussed
in Chaps. 8 and 10, in the context of lead-free assembly. This time-to-delamination test utilizes
TMA equipment to bring a sample to a specified temperature and then measures the time it
takes for failure to occur. Failure is typically delamination between the resin and copper foil,
or resin and glass within the laminate. Temperatures of 260°C (T260) and 288°C (T288) are
commonly used for this testing.

6.3.2 Decomposition Temperature, T4

As a material is heated to higher temperatures, a point is reached where the resin system
will begin to decompose. The chemical bonds within the resin system will begin to break
down and volatile components will be driven off, reducing the mass of the sample. The
decomposition temperature, Ty, is a property which describes the point at which this
process occurs. The traditional definition of Ty is the point where 5 percent of the original
mass is lost to decomposition. However, 5 percent is a very large number when multilayer PCB
reliability is considered, and temperatures where lower levels of decomposition occur are very
important to understand, particularly with respect to lead-free assembly. To illustrate this, con-
sider Fig. 6.4.

In Fig. 6.4, you can see curves for two FR-4 materials. The “traditional FR-4,” a 140°C T, mate-
rial in this case, has a decomposition temperature of 320°C by the 5 percent weight loss
definition. The “enhanced FR-4” has a decomposition temperature of 350°C by the 5 percent
weight loss definition. Many standard high-T, FR-4 materials actually have decomposition

100
95

Weight %

210° 270° 320° 350° 400°

Typical Lead-free o
Sn/Pb assembly Temperature C

assembly  temperature

temperature range
range 240°C-270°C
210°C-245°C

FIGURE 6.4 Illustration of decomposition curves.
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temperatures in the range of 290-310°C, while the 140°C T, FR-4 materials generally have
slightly higher T, values. The shaded regions indicate the peak temperature ranges for stan-
dard tin-lead assembly and lead-free assembly. A very common question is, if a PCB will be
assembled at 260°C, and the material has a decomposition temperature of 310-320°C, then
why wouldn’t it be compatible with lead-free assembly?

The answer lies in the level of decomposition in the temperature ranges where assembly
will take place. In the tin-lead temperature range, neither material exhibits a significant level
of decomposition. However, in the lead-free assembly temperature range, the traditional FR-
4 begins to exhibit 1.5-3 percent weight loss. This level of decomposition can compromise
long-term reliability or result in defects such as delamination during assembly, particularly if
multiple assembly cycles or rework cycles are performed.

6.4 TYPES OF FR-4

As can be seen in Table 6.2, several materials listed are considered FR-4. This begs the
question: What is FR-4? In Table 6.2, it can be seen that each material considered FR-4 is
flame-resistant, uses a woven fiberglass reinforcement and is primarily an epoxy-based
resin system.

6.4.1 The Many Faces of FR-4

So what can be different about these materials? The most obvious difference between the
commercially available FR-4 materials is in T, values. Specification sheet 21 refers to an FR-
4 with a minimum T, of 110°C. More common are FR-4 materials with T, values between
130°C to 140°C and 170°C to 180°C. Therefore, it is obvious that FR-4 materials can consist of
different types of epoxy resins. Indeed, there are many types of epoxy resins that will provide
differing T, values, as well as differences in other properties.

Specification sheets 92-95 list FR-4 materials with non-halogen-based flame retardants, as
well as different T, ranges. Sheets 92 and 94 indicate the use of a phosphorus-based flame
retardant, whereas sheets 93 and 95 show the use of aluminum hydroxide. So FR-4 may include
different types of flame retardants.

In addition, several FR-4 materials, such as those shown in sheets 99, 101, and 126, show
that these materials contain inorganic fillers. These fillers are often used to reduce the amount
of Z-axis expansion. Some of these materials also have requirements for T, Z-axis expansion
and time-to-delamination, which historically were not properties included on the specifica-
tion sheets. The addition of specification sheets with these properties was partly driven by
their relevance to compatibility with lead-free assembly processes.

Finally, specification sheet 82 covers an FR-4 material catalyzed for an additive copper-
plating process. A catalyst used for this material is a kaolin clay filler coated with palladium.
In short, there are many combinations of resin system, flame retardant and filler that can
result in many types of FR-4.

6.4.2 The Longevity of FR-4

FR-4 materials have been the most successful, most commonly used materials in printed
circuit manufacturing for many years. Why? Well, as we just discussed above, FR-4 actually
encompasses a range of material types, even though they share certain properties and are pri-
marily epoxy-based. The result is that there is often an FR-4 material readily available for the
most common end-use applications. For relatively simple applications, the 130°C to 140°C T,
FR-4s have become the material of choice. In higher layer count multilayer circuits, in very
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thick circuits, as well as those requiring improved thermal properties, the 170°C to 180°C T,
FR-4s have become the material of choice. With the advent of lead-free assembly, Ty and
other properties must also be considered along with T,. Further, as noted above, higher T,
does not always translate to better performance in lead-free assembly applications. In other
words, as the range of end-use applications has grown, so has the range of available FR-4
materials.

In addition, the components used in FR-4 materials, particularly woven fiberglass cloth
and epoxy resins, provide a very good combination of performance, processability, and cost.
The range of woven fiberglass cloth styles available makes it easy to control dielectric and
overall circuit thicknesses. As noted earlier, the range of epoxy resin types also makes it rela-
tively simple to tailor material properties to end-use applications. The combination of good
electrical, thermal, and mechanical properties of epoxies also explains why they have become
the primary type of resin used in printed circuits. Epoxy-based materials are also relatively
easy to process through conventional printed circuit manufacturing processes, at least in com-
parison to some of the other types of materials available. The processability of these materials
has helped control the cost of FR-4-based printed circuits.

Last, the development of FR-4 materials took advantage of established manufacturing
processes and materials. Weaving processes have been in place for many years. The funda-
mental process of weaving fiberglass yarns into glass cloth is not so different from weaving
textile yarns into cloth fabrics. Using the same basic manufacturing technology avoided addi-
tional upfront research and development costs, but more importantly it avoids to some extent
highly specialized capital assets and aids in achieving economies of scope for the suppliers of
fiberglass cloth. The result is good control of the costs of these materials. Likewise, epoxy
resins have been in use in a wide range of applications outside of printed circuits, resulting in
a very large installed manufacturing base for these types of materials. This also results in good
cost competitiveness for epoxy resins. In summary, the range of FR-4 types and their unique
combination of performance, processability and cost characteristics have made them the
workhorse of the printed circuit industry.

6.5 LAMINATE IDENTIFICATION SCHEME

As IPC specifications are regularly reviewed and updated, it is recommended that the latest
IPC specification be used for actual applications. However, an example of a laminate desig-
nation in [PC-4101 is:

L 25 1500 crc1 A A
Material Specification Nominal Metal Cladding Thickness Surface
Designator Sheet Number Laminate Type and Tolerance Quality Class

Thickness Nominal Class
Weight/Thickness

e Material designator “L” refers to laminate.

e Specification sheet number This designation references the specification sheet number as
in Table 6.2.

¢ Nominal laminate thickness Four digits identify this variable. It may be specified either over
the cladding or over the dielectric. For metric specification, the first digit represents whole
millimeters, the second represents tenths of millimeters, and so on. For orders requiring
English units, the four digits indicate the thickness in ten-thousandths of an inch (tenths of
mils). In the example shown, 1500 is designated for the English usage of 0590.
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TABLE 6.3 Metal Cladding Types Summarized in IPC-4101 (IPC-CF-148, IPC-4562, and IPC-CF-152
are Actual Metal Cladding Specifications)?

Designation Metal Cladding Type

Copper, wrought, rolled (IPC-4562, grade 5)

Copper, rolled (treated)

Copper, electrodeposited (IPC-4562, grade 1)

Copper, electrodeposited, double treat (IPC-4562, grade 1)

Copper, electrodeposited, high ductility (IPC-4562, grade 2)

Copper, electrodeposited, high temperature elongation (IPC-4562, grade 3)

Copper, electrodeposited, annealed (IPC-4562, grade 4)

Copper, wrought, light cold rolled (IPC-4562, grade 6)

Copper, wrought, annealed (IPC-4562, grade 7)

Copper, wrought, rolled, low temperature annealable (IPC-4562, grade 8)

Nickel

Unclad

Copper, electrodeposited, high temperature elongation, double treat
(IPC-4562, grade 3)

Copper, reverse treated electrodeposited (IPC-4562, grade 1)

Copper, reverse treated electrodeposited, high temperature elongation
(IPC-4562, grade 3)

Copper, copper foil parameters as dictated by contract or purchase order

Aluminum

Copper, revers treated electrodeposited, high temperature elongation
(IPC-4562, grade 3) for buried capacitance applications

As agreed between user and supplier

Copper Invar Copper

Copper, electrodeposited, high temperature elongation, double-treat
(IPC-4562, grade 3) for buried capacitance applications

TOZZOAR-TIQUO®W >

v m

N<X <c+H

¢ Metal cladding type and nominal weight/thickness Five designators are used to specify
cladding type and thickness. The first and fourth indicate the type, the second and fifth indi-
cate thickness, and the third is a slash to differentiate sides of the base material. Table 6.3
lists the types of metal cladding. Table 6.4 lists copper foil weights and thicknesses.

e Thickness tolerance class This variable references the thickness tolerance as agreed
between user and supplier (see Table 6.5). Classes A, B, and C refer to measurement by
micrometer of the base material without cladding. Class D requires measurement by
microsection (see Fig. 6.5). Classes K, L, and M refer to measurement by micrometer of the
base material with the metal cladding. Class X refers to a requirement agreed upon
between user and supplier.

 Surface quality class This class is identified by either A, B, C, D, or X (as agreed upon
between user and supplier). Specimens are examined with normal or corrected 20/20
vision. The worst 50 mm x 50 mm (1.97 in. x 1.97 in.) is examined at 10 x magnification.
Indentations are located visually using normal or corrected 20/20 vision. The longest
dimension of each foil indentation in a specimen is measured with a suitable reticule on a
minimum 4 X magnifier, with referee inspections at 10 x. A point value is allocated accord-
ing to the longest dimension, as shown in Table 6.6. Surface quality class is determined by
the total point count of foil indentations within 300 mm x 300 mm (11.81 in.x 11.81 in.), as
shown in Table 6.7.
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TABLE 6.4 Foil Weights and Thicknesses from IPC-4101 (IPC-CF-148, IPC-4562, and IPC-CF-152 are
Actual Metal Cladding Specifications)

Common Nominal Area Area Nominal
Foil Industry Area Weight ~ Thickness Weight Weight Thickness
Designator Terminology (g/m?) (um) (oz/ft?) (g/254in.?) (um)
E 5 um 45.1 5.1 0.148 7.4 0.20
Q 9 um 75.9 8.5 0.249 12.5 0.34
T 12 um 106.8 12.0 0.350 17.5 0.47
H ', 0z 152.5 17.1 0.500 25.0 0.68
M 0z 228.8 25.7 0.750 37.5 1.01
1 1oz 305.0 343 1 50.0 1.35
2 20z 610.0 68.6 2 100.0 2.70
3 3oz 915.0 102.9 3 150.0 4.05
4 40z 1220.0 137.2 4 200.0 5.40
5 Soz 1525.0 171.5 5 250.0 6.75
6 60z 1830.0 205.7 6 300.0 8.10
7 70z 2135.0 240.0 7 350.0 9.45
10 10 oz 3050.0 3429 10 500.0 13.50
14 14 0z 4270.0 480.1 14 700.0 18.90
TABLE 6.5 Base Laminate Thickness Tolerances from IPC-4101
Nominal Thickness of
Laminate, mm [in.] Class A/K Class B/L Class C/M Class D
0.025 to 0.119 mm +-0.025mm  +/-0.018 mm +/—0.013 mm —0.013 +0.025 mm
[0.0009 to 0.0047] [+/-0.000984] [+/-0.000709] [+/-0.000512] [-0.000512 +0.000984]
0.120 to 0.164 mm +/-0.038mm  +/-0.025 mm +/—0.018 mm -0.018 +0.030 mm
[0.0047 to 0.0065] [+/-0.00150] [+/-0.000984] [+/-0.000709] [-0.000709 +0.00118]
0.165 to 0.299 mm +-0.050mm  +/-0.038 mm +/—0.025 mm —0.025 +0.038 mm
[0.0065 to 0.0118] [+/-0.00197] [+/-0.000150] [+/-0.000984] [-0.000984 +0.00150]
0.300 to 0.499 mm +/-0.064 mm +/-0.050 mm +/-0.038 mm —0.038 +0.050 mm
[0.0118 to 0.0196] [+/-0.00252] [+/-0.00197] [+/-0.00150] [-0.00150 +0.00197]
0.500 to 0.785 mm +-0.075mm  +/-0.064 mm +/—0.050 mm —0.050 +0.064 mm
[0.0197 to 0.0309] [+/-0.00295] [+/-0.00252] [+/-0.00197] [-0.00197 +0.00252]
0.786 to 1.039 mm +/-0.165 mm +/-0.10 mm +/-0.075 mm N/A
[0.0309 to 0.04091] [+/-0.006496] [+/-0.00394] [+/-0.00295]
1.040 to 1.674 mm +/-0.190 mm +/-0.13 mm +/-0.075 mm N/A
[0.04091 to 0.06594] [+/-0.007480] [+/-0.00512] [+/-0.00295]
1.675 to 2.564 mm +/-0.23 mm +/—0.18 mm +/—0.10 mm N/A
[0.06594 to 0.10094] [+/-0.00906] [+/-0.00709] [+/-0.00394]
2.565 to 3.579 mm +/-0.30 mm +/—0.23 mm +/-0.13 mm N/A
[0.10094 to 0.14091] [+/-0.0118] [+/-0.00906] [+/-0.00512]
3.580 to 6.35 mm +/-0.56 mm +/—0.30 mm +/—0.15 mm N/A
[0.14094 to 0.250] [+/-0.0220] [+/-0.0118] [+/-0.00591]
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Metal cladding

Dielectric minimum
thickness typical of
microsection thickness
measurements (class D)

Metal cladding

Dielectric maximum
thickness typical of
— mechanical thickness
measurements
(classes A, B, C)

Overall thickness
typical of mechanical
thickness measurement
(classes K, L, M)

FIGURE 6.5 Dielectric minimum thickness measurements by microsection.

(from IPC-4101)

TABLE 6.6 Pit and Dent Point Values from IPC-4101

Longest Dimension, mm [in.]

Point Value

0.13-0.25 mm [0.005 to 0.009] 1
0.26-0.50 mm [0.009 to 0.019] 2
0.51-0.75 mm [0.019 to 0.029] 4
0.76-1.00 mm [0.029 to 0.039] 7
>1.00 mm [0.039] 30
TABLE 6.7 Surface Quality Grades from IPC-4101
Surface Maximum Point Other
Quality Class Count Requirements
Class A 29
Class B 17
Class C 5 Longest dimensions
</=380 um [14.96 mil]
Class D 0 Longest dimensions
<125 um [4.92 mil]
Resin spots = 0
Class X As agreed between

user and supplier
(AABUS)

6.17
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6.6 PREPREG IDENTIFICATION SCHEME

An example of a prepreg identification in IPC-4101 is:

P 25 E7628 W RE vC
Material Specification Reinforcement Resin Flow Optional
Designator Sheet Style Content Parameter Prepreg

Number Method Method Method

e Material designator P refers to prepreg.

e Specification sheet number This designation references the specification sheet number as
in Table 6.2.

¢ Reinforcement style The reinforcement type and style of prepreg is indicated by five dig-
its based on the chemical type and style. In the example, E refers to E-glass and 7628 is the
glass fabric style.

¢ Resin content method This variable refers to the method used to specify resin content of
a prepreg. The two methods are RC, which refers to percent resin content of the prepreg,
and TW, which refers to the treated weight of the prepreg. A 00 designator would indicate
that no method is specified.

¢ Flow parameter method This variable indicates how much the resin in the prepreg will
flow under specified conditions—a critical property. The options are:

MEF: resin flow percent
SC: scaled flow thickness
NF: no flow

RE: rheological flow
DH: delta H

PC: percent cure

00: no method specified

¢ Optional prepreg method Other test methods may also be designated here. These include:

VC: volatile content
DY: dicy inspection
GT: gel time

00: none specified

The choice of test methods and their required nominal values and tolerances are normally
agreed upon between user and supplier.

In addition to properties on the specification sheets, IPC-4101 includes class specifications
for other properties as well. These include length and width, bow and twist, and thermal con-
ductivity, among others.

6.7 LAMINATE AND PREPREG MANUFACTURING PROCESSES

While there are a few different processes that can be used to integrate the components that
make up printed circuit base materials, the overwhelming majority of materials are manufac-
tured using a common process. In recent years however, new techniques have been developed
and continue to be developed. These new processes have been designed to either lower the
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Prepreg
Pre-build cut-to-length
Cloth

2 unwind
~—
Copper Laminate
lot testing
% —_
Cut-to-length Prepreg and »
copper lay-ups
~ rim
Ship Inspect »

( L e EZ Cut-to-size

FIGURE 6.6 The conventional manufacturing process.

cost of manufacturing or to improve material performance, or both. Common to all processes
is the need to manufacture a copper clad laminate and the bonding sheets or prepregs used to
manufacture multilayer circuits.

6.7.1 Conventional Manufacturing Processes

The overall conventional manufacturing process is illustrated in Fig 6.6. This process can be
subdivided into two processes: prepreg manufacturing and laminate manufacturing.
Prepreg is also called B-stage or bonding sheets, while laminate is sometimes called C-
stage. The terms B-stage and C-stage refer to the degree to which the resin system is poly-
merized or cured. B-stage refers to a state of partial cure. B-stage is designed to melt and
continue polymerizing when it is exposed to sufficient temperatures. C-stage refers to a state
of “full” cure (typically we never realize full cure, in the sense that not all reactive sites on the
resin molecules have cross-linked; however, we use the term full cure to mean that the over-
whelming majority of such sites have reacted and additional exposure to temperature will
do little to advance the state of cure).

6.7.2 Prepreg Manufacturing

The first step in most of these processes involves coating a resin system onto the chosen rein-
forcement, most commonly a woven fiberglass cloth. Rolls of fiberglass cloth or alternative
reinforcement type are run through equipment called treaters. Figure 6.7 shows some of the resin
system components that are mixed and aged prior to application to the fiberglass cloth.
Figure 6.8 illustrates the overall treating process. The fiberglass cloth is drawn through a pan
containing the resin system and then precise metering rolls help control thickness and also
push resin into the yarns of the glass cloth (see Fig. 6.9).
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Curing
agent
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atalys Solvent

Batch mixing To oven
tank

Metering rolls

Holding/aging
tank

Resin bath
FIGURE 6.7 Resin mixing, aging, and treating.

Next the cloth is pulled through a series of heating zones. These heating zones commonly
utilize forced air convection, infrared heating, or a combination of the two. In the first set of
zones, solvent used to carry the resin system components is evaporated off. Subsequent zones
are dedicated to partially curing the resin system, or B-staging the resin. Finally, the prepreg
is then rewound into rolls or cut into sheets.

A number of process controls are required in this operation. The concentrations of the resin
system components must be controlled and the viscosity of the resin system maintained within
acceptable limits. Tension on the cloth as it is pulled through the treater is also important, for
among other reasons, it is vital not to distort the weave pattern of the cloth. Control of the

Raw glass unwind Oven Prepreg windup

o e
Tension controls
Resin application/coating

FIGURE 6.8 “Treating” fiberglass cloth with resin.

Tension controls
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resin-to-glass ratio or resin content, the degree
of cure of the resin and cleanliness are also
critical.

Because the resin system at this point is
only partially cured, prepregs must typically be
stored in temperature- and humidity-con-
trolled environments. Temperature, for obvi-
ous reasons, could affect the degree of cure of
the resin and therefore its performance in lam-
inate or multilayer circuit pressing. Since mois-
ture can affect the performance of many
curing agents and accelerators, not to mention
the performance of the resin system during
lamination or press cycles, humidity is also
important to control during prepreg storage.
Absorbed moisture that becomes trapped dur-
ing lamination cycles can also lead to blisters
or delaminations within the laminate or multi-
layer circuit. FIGURE 6.9 Prepreg after treating with resin.

6.7.3 Laminate Manufacturing

The process of copper clad laminate manufacturing begins with the prepreg material.
Prepregs of certain fiberglass cloth styles and specific resin contents are combined with the
desired copper foils to make the finished laminate. First, the prepregs and copper foils are
sheeted to the desired size. Figure 6.10 shows an automated copper-sheeting process.

These materials are then laid up in the proper sequence to produce the desired copper
clad laminate. Figures 6.11 and 6.12 are examples of an automated build-up process where the
prepreg and copper foil materials are combined prior to being pressed together. Several of
these individual sandwiches of prepreg and copper foil are stacked on top of each other,
typically separated by stainless steel plates, although other separator materials, including
aluminum, can also be used. These stacks are then loaded into multi-opening lamination

FIGURE 6.10 Sheeting of rolls of copper foil.
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FIGURE 6.11 Automated build-up of copper and prepreg.

FIGURE 6.12 Automated build-up of copper and prepreg.

| Heated press platen

Top plate
(optional)

\Lagging material

Laminate book
w/copper foil

<+—FPress plate

«—agging material

Carrier plate\

| Heated press platen |
Hydraulic rams —— [ | [ ]
FIGURE 6.13 Laminate pressing.
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FIGURE 6.14 Lamination press with multiple openings.
(Photo Courtesy of Polyclad Laminates, Inc.)

presses (see Figs. 6.13 and 6.14), where pressure, temperature, and vacuum are applied. The
specific press cycle used will vary depending upon the particular resin system, the degree
of cure of the prepregs and other factors. The presses themselves have many platens that
can be heated by steam or hot oil that flows through the platens, or they can also be heated
electrically.

Process controls in the lamination/pressing process are also critical. Cleanliness in the
manufacturing environment and cleanliness of the steel separator plates are critical in
achieving good surface quality and in avoiding embedded foreign material within the lami-
nate. Control of the temperature rise during lamination will provide the desired amount of
resin flow, while control of the cooldown rate can impact warp and twist. The length of time
that the laminate is above the temperature required to initiate the curing reaction will
determine the degree of cure, as will the degree to which the actual temperature exceeds
this temperature.

While these descriptions of prepreg and laminate manufacturing give a simple descrip-
tion of the processes used, it is important to understand that there are many variables that
influence the quality and performance of the finished products. In addition, many of these
variables interact with each other, meaning that a change in one may influence others and
may require adjustments to these other process variables. In summary, prepreg and laminate
manufacturing is much more complex than it appears at first glance.

6.7.4 Direct Current or Continuous Foil Manufacturing

Continuous foil or direct current manufacturing is an alternative method used to manufacture
copper clad laminates (see Fig. 6.15). Prepregs are still used in this process, however, the lay-up
and pressing operations are somewhat different. In this process, the copper foils are not sheeted,
but kept in rolls. To start, copper foil with the side to be bonded to the prepreg facing up, is laid
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FIGURE 6.15 Laminate pressing with continuous copper foil and direct current heating.
(Illustration Courtesy of Cedal)

down, while still part of a continuous roll. The prepregs are laid up in the proper sequence, and
then the roll of copper foil is passed over the prepregs so that it is applied to the top of what will
become the finished laminate. Typically, two rolls of foil are used to allow dissimilar copper
weights or types to be bonded to either side of the laminate. A separator plate, typically
anodized aluminum, is then placed on top of this sandwich, and the process is repeated so that
several laminates are stacked up.

At this point, the stack of laminates is loaded into a press and subjected to heat, pressure,
and vacuum. However, as opposed to the conventional process, this technique involves apply-
ing direct current to the copper foil that runs throughout the stack. The current heats the foil
and therefore the prepregs are adjacent to the foils. By controlling the amount of current, you
control the temperature of the materials in the stack.

6.7.5 Continuous Manufacturing Processes

Opver the years, continuous lamination processes have also been designed. Rather than cut the
prepregs and foils into sheets,lay them up and press them as individual laminates, these processes
use rolls of prepreg or bare fiberglass cloth and rolls of copper foil that are continuously unwound
and fed together into a continuous horizontal press. One process starts with rolls of prepreg.
Another starts with the bare, untreated fiberglass cloth, applies a resin to the cloth and is
sandwiched with the copper foil as it is fed continuously into a horizontal press. At the back
end of the press, sections of the continuous laminate can be cut into sheets, or with thin lami-
nates, rolls of copper clad laminate can be manufactured.
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CHAPTER 7
BASE MATERIAL COMPONENTS

Edward J. Kelley

Isola Group, Chandler, Arizona

7.1 INTRODUCTION

Although there are many types of base materials, they all contain three components:

¢ The resin system, including additives
¢ The reinforcement(s)
¢ The conductor

Each of these components is important in its own right, and in combination they determine
the properties of the base material as well as the relative cost of the material.

Environmental legislation such as the European Union’s Restriction of Hazardous Sub-
stances (RoHS) directive has a profound impact on all levels of the electronics supply chain,
including these components. RoHS restricts the use of lead, which is an element in the solder
used for component assembly onto printed circuits. The impact on the base materials and
components is primarily the result of higher assembly temperatures that are associated with
lead-free assembly. Table 7.1 summarizes the key issues for base material components. RoOHS
issues will be discussed further in Chap. 10.

The RoHS directive also restricts specific halogen-containing flame retardants. However,
most base materials for printed circuits do not contain the restricted flame retardants. Never-
theless, there is growing interest in halogen-free materials, and this will be discussed further in
this chapter.

7.2 EPOXY RESIN SYSTEMS

The most successful and widely used resin systems for printed circuit applications are epoxy
resin systems. There are many types of epoxy resins, and this class of resin system continues to
be the workhorse among printed circuit board materials. This is a result of the combination of
good mechanical, electrical, and physical properties and the relatively low cost of epoxies in
comparison to the higher-performance resins. In addition, epoxy systems are relatively easy to
process, which aids in keeping manufacturing costs down.

7.1

Copyright © 2008 by The McGraw-Hill Companies. Click here for terms of use.
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Lead-Free Assembly Impact on Base Material Components

Component

Lead-Free Assembly Impact

Potential Solutions

Related Considerations

Resin System

Fiberglass Cloth

Copper Foil

1.

Peak assembly temperatures can
reach the point where resin
decomposition begins.

2. Higher temperatures result in

increased thermal expansion and
stress on plated holes as a result.

3. Vapor pressure of absorbed

moisture much higher at lead-free
assembly temperatures; can lead to
blistering/delamination.

4. “Phenolic” lead-free compatible

materials often not as good for
electrical performance, especially Df.

Thermal and mechanical stress on

resin-to-glass bond. Volatilized

components can also stress this bond.

Thermal and mechanical stress on

resin-to-copper bond.

1. Formulate resin system
with higher decomposition
temperatures.

2. Formulate for lower
coefficients of thermal
expansion.

3. Evaluate materials for
moisture absorption/
release characteristics;
drying processes in PCB
fabrication and/or
assembly.

4. Evaluate non-dicy/
non-phenolic laminate
materials.

Cleanliness, moisture
resistance, and choice of
proper coupling agent for
resin adhesion are more
important.

Copper nodularization and
roughness, treatments for
improved adhesion, i.e.
coupling agents.

1. Reformulation can
adversely affect
electrical properties and
manufacturability.

2. Can also impact
mechanical properties
and manufacturability.

3. PCB storage conditions
during manufacturing
and prior to assembly
are much more
important, especially
humidity conditions.

4. Cost/performance trade-
off. New materials now
available that offer more
choices.

Loss of resin-to-glass
adhesion through thermal
cycling could impact CAF
resistance.

Roughness will impact
signal attenuation,
especially at high
frequencies’.

Brist, Gary, Hall, Stephen, Clauser, Sidney, and Liang, Tao, “Non-Classical Conductor Losses Due to Copper Foil Roughness and Treatment,”
ECWC 10/TPC/APEX Conference, February 2005.
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Definition of Epoxy

CH,— CH— CHJCI
Epichlorohydrin

Bisphenol A

One of the most common versions of epoxy resin for printed circuit applications is manufac-
tured from reacting epichlorohydrin and bisphenol-A. This reaction is shown in Fig. 7.1.
The bromination of the bisphenol-A provides flame retardancy to the finished resin system.

T
CHs

0O CH OH CH 0
VR 1° | 1° N
H,C — CHCHy O—@%\J—@O—CH;CHCHZ OO?OO— CH,CH—CH,

CH, . CHj

Difunctional Epoxy

FIGURE 7.1 Reaction to form difunctional epoxy resin.
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Figure 7.2 shows the structure of tetrabromobisphenol-A, Br Br
or TBBPA. Figure 7.3 shows a reaction used to manu- CHg
facture brominated epoxy resins. Brominated epoxy |

resins such as this are the most common component HO C|3 OH
used to incorporate flame retardancy to the finished CH,
product, although non-halogen-based flame retardants Br Br

can also be used, and are discussed in Sec. 7.4.2.3.The  peyrE 72 Tetrabromobisphenol-A
triangular rings on either end of the difunctional epoxy  (Tgppa).

are the epoxide functional groups. In subsequent resin

polymerization, these groups react and result in the

curing of the resin system. The —OH groups present on the epoxy molecule also react with the
epoxide groups, providing cross-linking among the epoxy molecules (see Fig. 7.4).

Difunctional epoxy resin Tetrabromobisphenol A (TBBPA)
0 CHy (0] Br CHy Br
cn-{ \CH CH o—@—cl—@—o CH CI< éH HO é@m—»
2~ LH=LH— — LH=LR=LH; +
| B’ &y OB

Brominate epoxy resin

o) Br CH Br Br CH Br 0)
/\ 9 S /\
CH,—CH-CH,|-0 C O—CH,y—CHOH-CH,—|0 C O-CH,—CH-CH,
817 G, Br B0 &, Br

n

FIGURE 7.3 Brominated difunctional epoxy resin.

7.2.2 Difunctional Epoxies

The epoxy resins shown in Figs. 7.1 and 7.3 are difunctional epoxies. The molecular weight of
the epoxy can be varied based on the number of repeating groups shown in the center of the
molecule. On either end of the molecule, you see the epoxide functional groups. The name
difunctional epoxy is derived from the fact that there are two epoxide groups, one on either

o A P
W@O—CHz—CH—CHZ—o@W + HZCfCHfCHZfO@M — GH
OH—OH
CH,

P
W@O—CHZ—CH—CHZ—O@W

FIGURE 7.4 Cross-linking of -OH and epoxide functional groups.
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end of the molecule. The molecular weight, the curing agents used to react the resin and
other factors will affect the finished properties of the resin system, including T, and T,. The
T, is the temperature at which the resin turns from a rigid or glassy state to a softer, more
deformable state. The T, is important because it affects the thermal and physical properties
of the base material and finished circuit board, especially thermal expansion properties. The
T, is the decomposition temperature and will influence thermal reliability of the printed
circuit. These properties are discussed in more detail in Chaps. 6 and 8, and again in Chap. 10 as
they relate to compatibility with lead-free assembly processes.

Difunctional epoxies can have a range of T,’s, but are typically below 120°C. These epoxies
are sometimes used in relatively unsophisticated products such as simple double-sided
printed circuits, but are more commonly blended with other epoxies in higher performance
systems.

7.2.3 Tetrafunctional and Multifunctional Epoxies

The use of epoxy compounds with more than two epoxide functional groups per molecule
results in greater cross-linking when the resin is cured. Among other things, this can result in
higher T, levels. Resin systems with these types of epoxies can exhibit improved thermal and
physical properties. However, the curing chemistry will also have an impact on these proper-
ties, and often the higher-T, materials can be harder and more brittle, requiring process
adjustments in the printed circuit manufacturing process. Common commercially available
laminate materials based on epoxy resin systems can be segmented into a few T, ranges, 125
to 145°C, 150 to 165°C, and greater than 170°C. There are epoxy systems above190°C, but they
are less common. These resin systems are normally blends of difunctional, tetrafunctional, and
multifunctional epoxy resins. Figures 7.5 and 7.6 are examples of tetrafunctional and multi-
functional epoxies.

A cost-performance trade-off exists among the commonly used epoxy resin systems. In
general, resin systems offering higher levels of T, and T, will cost more. In addition, the high-
T, systems can incur increased circuit manufacturing costs, due primarily to increased multi-
layer lamination cycle times and decreases in drilling productivity. However, the improvement
in performance is often required to meet design and reliability requirements. Chapter 11
outlines a procedure for selecting cost-effective materials for various printed circuit designs.

O
ol Oo—_
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FIGURE 7.5 A tetrafunctional epoxy resin.
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CH, CH,

FIGURE 7.6 A multifunctional epoxy phenol novolac resin.

7.3 OTHER RESIN SYSTEMS

7.31

Many other resin systems are also available. In choosing a resin system, the circuit board
designer and fabricator will have to consider what level of performance is needed, as there is
typically a strong cost-performance relationship. This cost-performance relationship is driven
not only by the base price of the material itself, but also by the impact the material has on pro-
cessing costs, both during laminate and prepreg manufacturing, and during printed circuit
manufacturing processes.

Epoxy Blends

Blends of epoxy resins with other types of resins have also been developed. These are used
when performance demands exceed the capabilities of even the high-T,/T, epoxies, but where
the costs of the highest performance materials cannot be justified. In many cases, the driving
force behind these materials is the need for improved electrical properties versus the standard
epoxy offerings. Specifically, improvements in the dielectric constant (permittivity) and dissi-
pation factor (loss tangent) are the properties of interest. Materials with lower values for
these properties are needed for circuits that operate at high frequencies.

These blends include epoxy-polyphenylene oxide (PPO) (see Fig. 7.7), epoxy-cyanate
ester, and epoxy isocyanurate (see Fig. 7.8). While these materials have been developed to
minimize impacts to common printed circuit manufacturing processes, they can affect pro-
ductivity in multilayer lamination and drilling and can require special desmear and hole wall
conditioning processes, depending on the design of the printed circuit and fabrication process
used. On the other hand, they typically have less of an impact to these processes when com-
pared to the even higher performance materials.

OH CHs. | CHg CHg
Oxidative _
Polymerization o o o
y CHy” | CHg CHg
n
2,6 Xylenol

FIGURE 7.7 Polyphenylene oxide (PPO).
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FIGURE 7.8 Epoxy isocyanurate.

These epoxy blends are often used in high-frequency applications including antennas,
radio frequency (RF), and wireless communications equipment, and high-speed computing
applications.

7.3.2 Bismaleimide Triazine (BT)/Epoxy

Typically, epoxy is added to BT resins to modify the properties of pure BT. Therefore these
materials are also considered epoxy blends. BT/epoxies normally have T, values in the range of
180°C to 220°C and exhibit a good combination of electrical, thermal and chemical resistance
properties. BT/epoxy is commonly used in BGA substrates and chip scale packages since it can
meet the requirements of specifications for use in semiconductor chip packaging. It is also suit-
able for high-density multilayers requiring good thermal, electrical, and chemical performance.

The primary disadvantage of BT-based materials is cost. The greater the amount of BT, the
higher the cost. BT can also be more brittle than pure epoxy systems, and moisture absorption
can also be higher.

7.3.3 Cyanate Ester

Cyanate ester systems possess very high-T, values, typically in the neighborhood of 250°C, and
exhibit very good electrical performance. Thermal stability is also good. However, cyanate
esters are relatively expensive and require special processing that can add additional cost to
the finished circuit. For these reasons, cyanate ester materials are still used only in niche
applications. Blends with epoxies have also been used to modify processability and cost.

7.3.4 Polyimide

When extreme heat resistance is required, polyimide resins offer outstanding performance.
With a T, of 260°C for the purest systems to 220°C for modified or toughened systems, and
very high decomposition temperatures, circuits manufactured with polyimide materials
exhibit very high levels of thermal reliability. The high T, of these resin systems also helps
to minimize thermal expansion, as most of the thermal expansion occurs pre-T,, where
expansion rates are relatively low. These materials have commonly been used in burn-in
boards, aerospace and avionics, down-well oil drilling, and military applications where ther-
mal performance is vital. Again, however, these resin systems are relatively expensive and
more difficult to process, generally limiting them to niche applications.
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7.3.5 Polytetrafluoroethylene (PTFE,Teflon®)

A variety of PTFE-based products are also available for applications where extremely good
electrical properties are required. These materials often require very specialized processing
and are relatively expensive. Hybrids of PTFE-based materials and other material types are
often used to gain the performance benefits of the PTFE-based materials where needed,
while controlling the total circuit cost by using other less costly materials in other layers of the
multilayer circuit.

7.3.6 Polyphenylene Ether (PPE)

PPE-based products offer superior electrical properties compared to the epoxy blends dis-
cussed above, and also offer excellent thermal performance. This resin system is well suited
for RF and wireless communications and high-speed computing applications. While early ver-
sions of these resin systems were more difficult to process, improvements in resin formulation
and rheology control have been made so that PPE systems can be processed using conven-
tional PCB manufacturing processes with minor adjustments.

7.3.7 Other Resins and Formulations

For many of these resins, several different types of molecular structures can be used to mod-
ify the ultimate properties of the base material. In addition, other types of resins are also in
use or are being developed to meet the growing requirements for the various applications in
which printed circuits are used. Often, these resins are proprietary in nature, and therefore
discussions of these products focus on their properties rather than the specific chemistry used
to achieve the properties. In addition, fillers are increasingly being used to modify thermal
expansion or electrical performance, or both. Fillers will be discussed later in this chapter.

7.4 ADDITIVES

The resin systems discussed above will typically contain a variety of additives that either pro-
mote curing of the resin system or modify the properties in some way. Some important types
of additives include the following.

7.4.1 Curing Agents and Accelerators

Each resin system contains organic components that must be reacted together to promote
polymerization and cross-linking. Curing agents and accelerators are used to promote these
reactions. Amine-based curing agents are commonly used to cure epoxy resins. Some of these,
such as aliphatic diamines, are used to cure epoxies at room temperature. Others, such as aro-
matic diamines, require elevated temperatures. Figure 7.9 shows an example of curing epoxy
with an aromatic amine. Note the -OH group formed on the new molecule. As shown in Fig. 7.4,
the —OH can also cross-link with other epoxide groups.

Historically, the most common curing agent used in epoxy resin systems for printed circuit
base materials has been dicyandiamide, or “dicy.” Figure 7.10 illustrates the polymerization of

OH

o)
/\ I
@O—CHZ—HC—CHz + HZN@W — @O—CHZ—CH—CHZ—NH@W

FIGURE 7.9 Curing epoxy with an aromatic amine.
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FIGURE 7.10 Curing epoxy with dicyandiamide (dicy).

- Dicy

-@- Difunctional Epoxy

epoxy and dicy. However non-dicy systems have been developed to promote faster curing,
reduce moisture sensitivity, and improve thermal stability. The choice of curing agent and accel-
erator is also driven by the resin type. Non-dicy-cured epoxy materials will be discussed further
in Chap. 6, as they are often used in lead-free assembly applications. Figure 7.11 illustrates

Dicyandiamide Cure

NH, (l)H
Ri—HC | +HN=—C —» _ CH | NH N
R{ CH, C C\
NH—C=N | N
NH,
Resin Curing Agent Polymer Segment
CH2 CH2
- _ CH CH, R, Epoxy
Ry HC\| +R;—HC | R ~o” C/ Homopolymerization
o]
Resin Curing Agent Polymer Segment ™
Hydroxyl Cure
HO O0—R,
Ri—HC | R,—OH —» CH—CH,
Ry
Resin Curing Agent Polymer Segment

FIGURE 7.11 Epoxy curing mechanisms.
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FIGURE 7.12 Phenol curing mechanism.

some of the curing reactions that occur as the resin system polymerizes, and Fig. 7.12 illustrates
a phenol curing mechanism.

7.4.2 Flame Retardants

While once the subject of little attention, flame retardants used in the resin system have
become a more significant consideration. This is due primarily to legislative initiatives and
the increasing focus on the toxicity and environmental impact of some of these com-
pounds. While scientific evidence shows that some of these compounds truly pose a risk,
the scientific community also generally agrees that other flame retardants are generally
safe. Unfortunately, politics often clouds the decision-making process, and sometimes mar-
keting efforts promoting environmental friendly or “green” products are based more on
perception than scientific reality. Some have even argued that specific alternative flame
retardant chemistries could even be worse, on balance, than those currently used. Never-
theless, the subject of flame retardants has become, and is expected to remain, an area of
continued research.

7.4.2.1 Legislative Issues. The European Union’s RoHS and WEEE directives (the WEEE
directive addresses waste electronic equipment and recycling requirements) affect not only
the lead used in printed circuits, but the flame retardants used in the resin system as well. The
RoHS directive restricts the use of specific types of brominated flame retardants. The
restricted class of compounds consists of polybrominated biphenyls (PBBs) and polybromi-
nated biphenyl oxides (PBBOs), also called polybrominated diphenyl ethers (PBDEs). The
generic structure of these compounds is shown in Fig. 7.13. Specific compounds within these
classes of flame retardants can vary in their toxicity, and given the dynamic nature of legisla-
tive initiatives, it is important to check the current status of these compounds when making
decisions on what materials to use.

In the case of standard epoxy materials used in printed circuits, flame retardancy has com-
monly been achieved by brominating the epoxy resin. This normally involves manufacturing

)
(Br)x (Br)x
Polybrominated Biphenyl Oxide (PBBO or PBDE)

(Br)x (Br)x
Polybrominated Biphenyl (PBB)

FIGURE 7.13 Restricted brominated flame retardants.
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the epoxy resins with tetrabromobisphenol A (TBBPA), which contains bromine within the
chemical backbone (see Fig. 7.2). The RoHS directive does not restrict TBBPA. Because
TBBPA is reacted into the epoxy resin itself, it is not available for release into the environ-
ment. Under excessive exposure to heat, the bromine is released and retards burning. TBBPA
has been used successfully for many years as a flame retardant and is still used in the over-
whelming majority of materials. However, while the RoHS directive applies only to specific
brominated flame retardants, the WEEE directive may require separation and special han-
dling of materials containing any brominated flame retardant. The separation and special
handling relate to concerns about the by-products of incineration, especially if incineration is
done at too low a temperature. Furthermore, individual countries continue to look at intro-
ducing their own legislative initiatives in regard to these flame retardants, and thus is always
important to check the status of these efforts.

7.4.2.2 Flame-Retardant Chemistry. Polymer combustion occurs in a continuous cycle, as
highlighted in Fig. 7.14. Heat generated in the flame is transferred back to the polymer surface,
producing volatile polymer fragments that constitute fuel for further burning. These fragments
diffuse into the flame zone, where they react with oxygen by free-radical chain reactions. This
in turn produces more heat and continues the cycle. Flame retardancy is achieved by inter-
rupting this cycle.

There are two basic ways to interrupt this cycle. One method is called solid phase inhibition
and involves changes in the polymer substrate. Systems that promote extensive polymer cross-
linking at the surface form a carbonaceous char upon heating. The char then insulates the under-
lying polymer from the heat of the flame, preventing production of new fuel and further burning.
Other systems evolve water during heating, cooling the surface and increasing the amount of
energy needed to maintain the flame.

The second method is called vapor phase inhibition and involves changes in the flame
chemistry. Reactive species are built into the polymer that are transformed into volatile free-
radical inhibitors during burning. These materials diffuse into the flame and inhibit the
branching radical reactions. As a result, increased energy is required to maintain the flame
and the cycle is interrupted. For many materials, both solid and vapor phase inhibition occur.

Polymers, including the various types of epoxy resins, differ in their inherent flammability.
The types of resins and curing agents selected can impact the fundamental flammability of the
resin system and determine how much additional flame-retardant components are needed to
achieve the desired flammability rating. For example, polymers with a high concentration of

Radiant heat

2

Char

Flammable substrate
FIGURE 7.14 Polymer combustion.
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aromatic groups will generally have higher thermal stability as well as the ability to form char
on burning. Additives such as TBBPA or epoxy resins built from TBBPA contain bromine on
the molecular backbone. Most organic halogen compounds such as these retard burning by
vapor phase inhibition. They typically decompose to yield HBr or HCI (HBr in the case of
TBBPA-based materials), which quench chain-branching free radical reactions in the flame.
Some halogen acids also catalyze char formation.

7.4.2.3 Halogen-Free Systems. Halogen-free flame retardants and resin systems are also
available. Alternatives include phosphorus-based compounds, nitrogen-based flame retar-
dants, inorganic flame retardants, and hydrated fillers. These can be subdivided into reactive
components and additives. A reactive component is one that becomes directly incorporated
into the resin system itself, such as TBBPA. As with TBBPA, reacted components have the
advantage of not being available for release to the environment through leaching or solvent
extraction. An example of a reactive, non-halogen flame retardant would be epoxidized phos-
phorus compounds. The epoxide groups of these compounds make them reactive and result in
chemical bonding into the polymer backbone. In contrast, red phosphorus is an inorganic
solid that can be dispersed into an epoxy formulation. Hydrates, such as aluminum hydroxide
or magnesium hydroxide, decompose and liberate water, which then suppresses the burning
process.

In choosing a flame retardant, consideration must be given to the impact on the perfor-
mance of the resin system and the finished base material. These materials, at the levels
required for flame retardancy, can affect the physical properties of the laminate, change rhe-
ological properties, and alter cure kinetics of the resin system. Generally, the reactive com-
pounds are preferred since they are bound to the polymer backbone, which prevents release
into the environment, and, in comparison to additives or fillers, they seem better suited to obtain-
ing the desired material properties. Table 7.2 summarizes some of the available halogen-free
flame retardants.

Organic phosphorus-based flame retardants have become the most common alternative
flame retardants used in printed circuit base materials. However, others are also being used and
combinations of two or more types of halogen-free flame retardants can also be used synergis-
tically to achieve adequate flammability levels while minimizing adverse impacts on material
properties. Some of the adverse impacts that must be evaluated are moisture absorption, copper
peel strength degradation, T, reduction, changes in resin flow, degradation in mechanical or
electrical performance, and the impact on Conductive Anodic Filament (CAF) resistance.

TABLE 7.2 Halogen-Free Flame Retardants

Type Primary Mechanism Examples Considerations
Phosphorus Forms char Red phosphorus,ammonium  Red phosphorus is difficult to
polyphosphate, organic process and toxic. Organic
phosphorus compounds phosphorus compounds are
a common alternative, but generally
more costly and can lower T,.
Inorganic/Hydrated ~ Evolve water, endothermic, ~Alumina trihydrate, Inexpensive, but generally
Fillers may promote char magnesium hydroxide, require high loadings and
zinc borate, antimony can degrade mechanical and other
oxides properties. Toxicity of antimony-
based retardants is a concern. Can
be used with other flame
retardants synergistically.
Nitrogen Intumescent system, Melamine, melamine Impact on material properties
generates gas that cyanurate and other environmental

foams char effects are concerns.
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7.4.3 UV Blockers/Fluorescing Aids

Some resins naturally absorb ultraviolet light. Others absorb very little. There are two rea-
sons why this property is important. First, automatic optical inspection (AOI) equipment
is often laser-based and relies on the resin system in the base material to fluoresce upon
exposure. In this way, the AOI equipment can distinguish between the base laminate and
the conductor pattern. The second reason involves photoimaging on very thin circuits, dur-
ing the solder mask imaging process, for example. This process commonly involves expo-
sure to ultraviolet (UV) light through an image of the desired pattern onto both sides of
the circuit, which is coated with a mask or photoresist. The UV light initiates chemical
changes to the photoresist, typically polymerization, which makes it less soluble in a devel-
oper solution. In very thin circuits, if the base material does not absorb UV light suffi-
ciently, the UV light from one side of the circuit board can pass through to the other side and
cause unwanted exposure of the photoresist on the opposite side. Therefore, components
that absorb UV light are sometimes added to resin systems that do not sufficiently absorb
UV light.

7.5 REINFORCEMENTS

While there are also a variety of reinforcements used in base materials, woven fiberglass
cloths are by far the most common. Other materials include paper, glass matte, non-woven
aramid fibers, non-woven fiberglass, and a variety of fillers. The advantages of woven glass
cloths include a good combination of mechanical and electrical properties, a wide range of
types for achieving various laminate thicknesses, and good economics.

7.5.1 Woven Fiberglass

The process of manufacturing woven fiberglass cloth begins with melting the various inor-
ganic components required for a particular grade of glass. The molten components travel
through a furnace and ultimately flow through specialized bushings to form the individual
fiberglass filaments and yarns. These yarns are then used in a weaving process to manufacture
the fiberglass cloth. The relative concentrations of the components used affect the chemical,
mechanical, and electrical properties of the fiberglass. The compositions of a few fiberglass types
are provided in Table 7.3. Figure 7.15 illustrates the process used to manufacture the fiberglass
yarns. The yarns are then woven into fiberglass cloths.

TABLE 7.3 Fiberglass Compositions in Percentages

Component E-Glass NE-Glass S-Glass D-Glass Quartz
Silicon Dioxide 52-56 52-56 64-66 72-75 99.97
Calcium Oxide 16-25 0-10 0-0.3 0-1
Aluminum Oxide 12-16 10-15 24-26 0-1
Boron Oxide 5-10 15-20 21-24
Sodium Oxide and 0-2 0-1 0-0.3 0-4
Potassium Oxide
Magnesium Oxide 0-5 0-5 9-11
Iron Oxide 0.05-0.4 0-0.3 0-0.3 0.3
Titanium Oxide 0-0.8 0.5-5

Fluorides 0-1.0
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FIGURE 7.15 [Illustration of fiberglass yarn manufacture.

E-glass is by far the most commonly used fiberglass for printed circuits. It provides an
excellent combination of electrical, mechanical, and chemical properties at a reasonable cost.
NE-glass is used in limited quantities and offers improved permittivity (Dk) and loss (Df)
properties (see Table 7.4). However, NE-glass is more expensive than E-glass. S-glass provides
greater strength but is more difficult to process through the mechanical drilling operation.
Other glass types are seldom used.

TABLE 7.4 Comparison of E-Glass and NE-Glass

Property E-Glass NE-Glass
CTE, ppm/°C 5.5 34
Dielectric constant @ 1 MHz 6.6 4.4
Dissipation factor @ 1 MHz 0.0012 0.0006

Several diameters of filaments are available (see Table 7.5), as well as many different yarn
types. D, DE, E, and G filaments are the most commonly used. Combining the various yarn

TABLE 7.5 Glass Filament Diameters

Filament Nominal Diameter Nominal Diameter
Designation (Microns) (Inches)

B 3.5 0.00015

C 4.5 0.00018

D 5 0.00021

DE 6 0.00025

E 7 0.00028

G 9 0.00037

H 10 0.00043

K 13 0.00051
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types in the weaving process leads to many different types of cloth
styles. While there are also many different weave types, virtually
all cloths for printed circuits use a plain weave (see Fig. 7.16). The
plain weave consists of yarns interlaced in an alternating fashion,
one over and one under every other yarn. This weave pattern
provides good fabric stability. Some of the common plain weave
cloth styles used for printed circuits are shown in Table 7.6. The
fiberglass cloths are also coated with a finish or coupling agent
tailored for improving the bond between the glass filaments and
the specific resin coated onto the glass. This coupling agent and
the resin-to-glass bond that results are important considerations
for CAF resistance, which will be discussed in Chap. 9.

7.5.2 Yarn Nomenclature

FIGURE 7.16 Plain weave. Because there can be so many types of yarn manufactured from
the available grades of glass and filament diameters, special
nomenclature systems have been developed. The two systems
used are the U.S. System and the TEX/Metric System.

7.5.2.1 The U.S. System. An example of a yarn name in the U.S. system is ECD 450-1/0.
This yarn is used in making a 1080 style glass cloth. Each letter and number in the name
describes something about the yarn:

e First letter This describes the glass composition. Electrical grade, or E-glass, is the most
common grade used for manufacturing materials for printed circuits.

¢ Second letter Cindicates that the yarn is composed of continuous filaments. S would indi-
cate staple filaments, and T indicates texturized continuous filaments.

e Third letter This letter indicates the individual filament diameter (see Table 7.5).

TABLE 7.6 Common Fiberglass Cloth Styles for Printed Circuit Base Materials

Approx. Fiberglass Count Weight
Style Thickness (In.) Warp Yarn Fill Yarn (Ends/In.) (0z./Yd?)
104 0.0013 ECD 900-1/0 ECD 1800-1/0 60 x52 0.55
106 0.0014 ECD 900-1/0 ECD 900-1/0 56 x56 0.73
1067 0.0014 ECD 900-1/0 ECD 900-1/0 69 x69 0.71
1080 0.0023 ECD 450-1/0 ECD 450-1/0 60 x47 1.42
1280 0.0026 ECD 450-1/0 ECD 450-1/0 60 x60 1.55
1500 0.0052 ECE 110-1/0 ECE 110-1/0 49 x42 4.95
1652 0.0045 ECG 150-1/0 ECG 150-1/0 52 %52 4.06
2113 0.0028 ECE 225-1/0 ECD 450-1/0 60 x56 2.31
2116 0.0038 ECE 225-1/0 ECE 225-1/0 60 x58 3.22
2157 0.0051 ECE 225-1/0 ECG 75-1/0 60 %35 4.36
2165 0.0040 ECE 225-1/0 ECG 150-1/0 60 x52 3.55
2313 0.0029 ECE 225-1/0 ECD 450-1/0 60 x64 2.38
3070 0.0031 ECDE 300-1/0 ECDE 300-1/0 70 x70 2.74
3313 0.0033 ECDE 300-1/0 ECDE 300-1/0 60 x62 2.40
7628 0.0068 ECG 75-1/0 ECG 75-1/0 44 x32 6.00
7629 0.0070 ECG 75-1/0 ECG 75-1/0 44 x34 6.25

7635 0.0080 ECG 75-1/0 ECG 50-1/0 44 x29 6.90
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e First number This represents 1/100th the normal bare glass yardage in one pound of the
basic yarn strand. In the preceding example, multiply 450 by 100, which results in 45,000
yards in one pound.

e Second number Here 1/0 represents the number of basic strands in the yarn. The first digit
represents the original number of twisted strands. The second digit separated by the diago-
nal represents the number of strands plied or twisted together. Thus 1/0 means that the yarn
is a singles yarn (no or “zero” plying required).

The name may also include a designation indicating the number of turns per inch in the
twist of the final yarn, and the direction of the twist. An example would be 3.0S, or three turns
per inch with an “S” direction twist. An “S” twist has spirals that run up and to the left. A “Z”
twist has spirals that run up and to the right.

7.5.2.2 The TEX/Metric System An example of a yarn name in the TEX/Metric System is
EC9 33 1X2.

¢ First letter This designates the glass composition.

e Second letter C indicates that the yarn is composed of continuous filaments. T would indi-
cate textured continuous filaments. D indicates staple filament.

¢ First number Here 9 indicates the individual filament diameter expressed in microns.

e Second number In this example, 33 represents the nonlinear weight of the bare glass
strand expressed in TEX. TEX is the mass in grams per 1,000 meters of yarn.

e Third number IX2 indicates yarn construction or the basic number of strands in the yarn.
The first digit represents the original number of twisted strands and the second digit, after
the X, indicates the number of these strands twisted or plied together.

7.5.3 Fiberglass Cloths

With the possible combinations of glass compositions, filament diameters, yarn types, and the
number of different weave patterns available, the number of possible fiberglass cloths can
almost be unlimited. The effects that these glass fabrics have on the base material are driven
by these variables. In addition, the fabric count, or the number of warp yarns and fill yarns,
also helps determine the properties of the fabric and the base material. Warp yarns are those
that lie in the length (machine direction) of the fabric, whereas the fill yarns lie across the
warp direction. The warp direction is also commonly called the grain direction.

As pointed out earlier, glass cloths used in printed circuits are typically, though not
always, made from E-glass, and virtually all use what is called a plain weave. A plain weave
results in a fabric constructed so that one warp yarn passes over and under one filling yarn
(and vice versa). This weave pattern offers good resistance to yarn slippage and fabric dis-
tortion. Common fiberglass cloths used in materials for printed circuits are shown in
Table 7.6. Three of the most common are shown in Fig. 7.17. At a given resin content, each
style will yield a different nominal thickness. Having the flexibility of many glass styles
and thicknesses is important for meeting controlled impedance and overall thickness
requirements.

During the manufacture of the filaments and woven fabrics, a variety of surface finishes
may be applied to the glass to improve manufacturability, help prevent abrasion and static,
and aid in holding the filaments together. The most important of these surface finishes to
the laminate and printed circuit manufacturer is the coupling agent applied to the finished
fabric. The coupling agent, typically an organosilane compound, aids in the wetting of and
adhesion to the resin applied to the glass. It is important for the reliability of the finished
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(b) 2116 Cloth
(a) 1080 Cloth

(c) 7628 Cloth

FIGURE 7.17 The three most common fiberglass cloths used in materials for printed circuits.

circuit board that this coupling agent improves the resin to glass adhesion both during the
circuit manufacturing process (for example, in mechanical drilling) as well as within the
actual end-use environment of the circuit. The coupling agent also plays a role in long-term
CAF resistance, which is discussed in Chap. 9. A variety of these compounds are commer-
cially available, with the specific choice primarily driven by the type of resin to be applied
to the fiberglass cloth. Figure 7.18 provides examples of silane coupling agents.

(0)
/N . .
(CH3O)3—Si— R—CH—CH2 GLASS(SI)—O—Sll—R—Z

Epoxy Silane GLASS(Si}—O0—Si—R—Z
I

GLASS(Si)}—O0—Si—R—Z

(CH30)3— Si— R—NH, / | /‘

Amino Silane
Bonding to Bonding to
Glass Cloth Resin

FIGURE 7.18 Examples of silane coupling agents.
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7.5.4 Other Reinforcements

While woven fiberglass cloth makes up the overwhelming majority of the reinforcements
used for printed circuit base materials, other types can be used exclusively or in combination
with woven glass fabric. These other reinforcements include the following.

7.5.4.1 Glass Matte. Compared to woven cloths, glass matte reinforcement exhibits a
more random orientation. Chopped strand matte consists of fiberglass strands that have
been chopped into 1- to 2-inch lengths and distributed evenly. Continuous strand matte, as
the name implies, consists of continuous strands of fiberglass in a random, spiral orienta-
tion. Glass matte is used in the core of CEM-3, which is used in relatively unsophisticated
products.

7.5.4.2 Aramid Fiber. As opposed to the inorganic chemistry of fiberglass reinforcements,
aramid fibers consist of aromatic polyamide organic compounds, and therefore exhibit differ-
ent properties. The unique properties of aramid fibers can offer advantages in specific high-
performance printed circuits and laminate-based multichip modules (MCM-L). For example,
aramid fiber-reinforced materials are sometimes used in microvia applications since they are
easily ablated by plasma or laser. Other interesting properties of aramid fibers are their low
weight, high strength, and negative coefficient of thermal expansion (CTE) in the axial direc-
tion. When combined with the resin system, the resulting composite can offer reduced overall
CTEs in the X-Y plane compared to conventional materials.

7.5.4.3 Linear Continuous Filament Fiberglass. A unique process for producing fiber-
glass-reinforced laminates winds continuous yarns in a linear orientation. The resulting lami-
nate possesses three layers of fiberglass filaments, with the outside layers parallel to each
other and the middle layer perpendicular to the outside. With an equal number of linear fila-
ments running in each axis, this type of reinforcement results in a laminate with improved
dimensional stability.

7.5.4.4 Paper. Cellulose-based papers can also be used as a reinforcement for base mate-
rials. Paper-based reinforcements are also used with other reinforcements such as woven
glass, and these materials can also allow punching of through holes rather than drilling. This
makes them economical in some high-volume, low-technology applications including con-
sumer electronics such as radios, toys, calculators, and video game systems. Paper is used in
FR-2, FR-3, and the core of CEM-1.

7.5.4.5 Fillers. Fillers are small particles that can be added to a resin system to modify
the properties of the composite material. These materials range from talc, silica, kaolin clay
powders, and tiny hollow glass spheres to a variety of other inorganic materials. These mate-
rials are typically used to tailor the properties of the base material for specific uses. For
example, kaolin clay powders coated with a layer of palladium and dispersed within the
base materials have been used as catalysts for electroless copper plating. Hollow glass
microspheres have been used to reduce the dielectric constant of materials. Other fillers are
being used to reduce thermal expansion properties and improve reliability, enhance the
machinability of materials in the drilling process, alter electrical properties such as Dk and
Df, and lower total costs. The use of fillers to reduce z-axis expansion has become quite
common, especially as lead-free assembly is adopted. The reduced z-axis expansion helps
offset the increased expansion and stress on plated through holes that results from the
higher temperatures associated with lead-free assembly. This is discussed further in Chap. 9.

7.5.4.6 Expanded Teflon. Although not typically thought of as a reinforcement, Teflon®
that has been “expanded” into a spongelike structure on a microscopic scale is currently being
used in applications that require prepregs with very low dielectric constants or loss properties.
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FIGURE 7.19 Expanded Teflon (left) and a PCB cross section showing prepreg using
expanded Teflon (right). (Courtesy of W.L. Gore and Associates.)

A resin system is applied to the expanded Teflon structure and is made into a b-staged sheet
capable of bonding printed circuit layers together. This material can be used to make prepregs
for high-frequency applications and is shown in Fig. 7.19.

7.6 CONDUCTIVE MATERIALS

The primary conductive material used in printed circuits is copper foil. However, the trend
toward circuit densification has brought about recent developments in copper foil technology
as well. In addition, copper foils subsequently plated with other metal alloys are employed to
manufacture printed circuits with resistive components buried within a multilayer structure.
Copper foil grades are shown in Table 7.7.

TABLE 7.7 Foil Grades from IPC-4562

Grade Foil Description

Standard electrodeposited (STD-Type E)

High-ductility electrodeposited (HD-Type E)
High-temperature elongation electrodeposited (HTE-Type E)
Annealed electrodeposited (ANN-Type E)

As rolled-wrought (AR-Type W)

Light cold rolled-wrought (LCR-Type W)

Annealed-wrought (ANN-Type W)

As rolled-wrought low-temperature annealable (LTA-Type W)
Nickel, standard electrodeposited

Electrodeposited low temperature annealable (LTA-Type E)
Electrodeposited annealable (A-Type E)

— O WO AW~

UGN

7.6.1 Electrodeposited Copper Foil

The most common foil used in manufacturing printed circuits is electrodeposited copper foil
(ED foil). ED foil is produced through an electrochemical process in which copper feed stock
or scrap copper wire is first dissolved in a sulfuric acid solution. The purified copper sulfate/ sul-
furic acid solution is then used to electroplate copper onto a cylindrical drum typically made
from stainless steel or titanium. Figure 7.20 illustrates the overall process used to make
electrodeposited copper foil. This process results in a copper foil with a relatively smooth,
shiny side, and a coarser matte side, as illustrated in Fig. 7.21. The shiny side mirrors the surface
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FIGURE 7.20 Process for manufacturing electrodeposited copper foil.

of the plating drum, while the microscopically rough matte side is formed by the copper grain
structure. By controlling the plating solution chemistry, the surface condition of the plating
drum, and the electroplating parameters, one can modify the properties of the copper foil for
various usage environments. For example, mechanical properties such as tensile strength and
elongation, as well as the surface profile of the matte side, can all be adjusted through control

Cathode
plating drum

\x 7/

Copper anodes

Copper
electrolyte solution

FIGURE 7.21 Electroplating copper foil.
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FIGURE 7.22 Treating of copper foil.

of these process variables. The foil produced in this process is then run through a treatment
process. This treatment process typically plates copper nodules that further roughen the
surface for adhesion, and also applies other metal barrier layers and antitarnish coatings,
as shown in Fig. 7.22. Standard copper foil area weights and thicknesses were shown in
Table 6.4.

The foils most commonly used in printed circuit manufacturing are Grade 1 and Grade 3
foils. Unlike Grade 1 foil, Grade 3 foil must meet specific elongation requirements at elevated
temperatures (180°C). Grade 3 foil—also commonly referred to as high-temperature elonga-
tion, or simply “HTE” foil—is widely used in base laminates employed to manufacture multi-
layer printed circuit boards. The increased ductility at elevated temperatures provides
resistance to copper foil cracks when the multilayer circuit is thermally stressed and expands
in the z-axis. Changes to the plating bath are made to alter the grain structure of HTE foil.
This results in different mechanical properties. Tables 7.8 and 7.9 show the tensile strength
and ductility requirements for standard Grade 1 copper foil and high-temperature elongation
Grade 3 copper foil. These requirements come from IPC-4562, “Metal Foil for Printed Wiring
Applications,” which lists requirements for the other grades as well.

The surface profile of the copper foil is also important in printed circuit manufacturing. On
one hand, a relatively rough surface profile aids in the bond strength of the foil to the resin
system. On the other hand, a rough profile may require longer etching times, which impact
productivity and the geometry of the etched features. With longer etching times, propensity to

TABLE 7.8 Tensile and Elongation Properties of Grade 1 Copper Foil

Property @ 23°C !/, Ounce 1 Ounce 2 Ounce
Tensile strength:
kpsi 30 40 40
MPa 207 276 276

Elongation % 2 3 3
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TABLE 7.9 Tensile and Elongation Properties of Grade 3 Copper Foil

Property !/, Ounce 1 Ounce 2 Ounce
Tensile strength @ 23°C:
kpsi 30 40 40
MPa 207 276 276
Elongation % @ 23°C 2 3 3
Tensile strength @ 180°C:
kpsi 15 20 20
MPa 103 138 138
Elongation % @ 180°C 2 2 3

TABLE 7.10 Foil Profile Criteria

Max. Foil Profile Max. Foil Profile
Foil Profile Type (Microns) (uInches)
S — Standard N/A N/A
L - Low profile 10.2 400
V — Very low profile 5.1 200
X —No treatment or roughness N/A N/A

form trapezoidal circuit traces increases since there is more time for lateral etching of the con-
ductor. This has obvious implications for manufacturing fine-line circuits in high-yield and
controlling impedance properties. Low-profile and very-low-profile characteristics are included
in the IPC-4562 specification and are summarized in Table 7.10. Figures 7.23 and 7.24 give an exam-
ple of profile differences between a standard and low-profile copper foil. In addition, as circuit
operating frequencies increase, roughness of the copper foil can also impact signal attenua-
tion. At higher frequencies, more of the electrical signal is conducted near the surface of the
conductor. A rougher profile results in a longer path for the signal to travel, which also results
in greater attenuation, or loss. As a result, high-performance materials require foils with low
profiles that have adequate adhesion to the high-performance resin systems.

Subsequent to the manufacturing of the base copper foil, a variety of surface treatments
are typically applied, and these too will vary depending on the usage environments. These
treatments fall into four categories.

FIGURE 7.23 Cross section and the matte side of standard Grade 1 foil. (Courtesy
of Gould Electronics)
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FIGURE 7.24 Cross section and the matte side of low-profile Grade 1 foil. (Courtesy
of Gould Electronics)

7.6.1.1 Bonding Treatments or Nodularization. This treatment increases the surface area
of the foil by plating copper or copper-oxide nodules to the surface of the foil. The increased
surface area results in increased foil to resin bond strengths. The thickness of this treatment is
relatively small, but can be tailored for adhesion to high-performance resin systems such as
polyimides, cyanate esters, and BT. The matte side images in Figs. 7.23 and 7.24 include these
nodules.

7.6.1.2 Thermal Barriers. A coating of zinc, nickel, or brass is usually applied over the
nodules. This coating can prevent thermal or chemical degradation of the foil to resin bond
during manufacture of the laminate, the printed circuit, and the circuit assembly. These
coatings typically measure several hundred angstroms in thickness and vary in color due to
the specific metal-alloy used, although most treatments are brown, gray, or a yellow mus-
tard color.

7.6.1.3 Passivation and Antioxidant Coatings. In contrast to the other coatings, these
treatments are virtually always applied to both sides of the foil. Although many of these treat-
ments are chromium-based, organic coatings can also be utilized. The primary purpose of
these treatments is to prevent oxidation of the copper foil during storage and lamination.
These coatings are usually less than 100 angstroms thick and are typically removed by the
cleaning, etching, or scrubbing processes normally used at the start of printed circuit manu-
facturing processes.

7.6.1.4 Coupling Agents. The use of coupling agents, primarily silanes such as those used
to promote fiberglass to resin adhesion, can also be used on copper foils. These coupling
agents can improve the chemical bond between the foil and the resin system and can also be
used to help prevent oxidation or contamination.

7.6.2 Drum Side Treated Foils (DSTF) or Reverse Treated Foils (RTF)

Drum side treated (DSTFoil®) or reverse treated foil (RTF) is also an electrodeposited copper
foil, but the treatments are coated onto the smooth drum side of the foil rather than the matte
side, as with conventional electrodeposited foil (see Figs. 7.25 and 7.26). This results in a very-
low-profile surface bonded to the laminate, with the rough matte side facing out. The low
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FIGURE 7.25 External sides for RTF (upper photo) and
standard (lower photo) foils. (Photos Courtesy of Gould
Electronics)

surface profile against the laminate aids in the production of fine circuit features on the inner
layer, while the matte surface can aid in photoresist adhesion. The low profile against the lam-
inate can also improve electrical performance at high frequencies. In addition, in very thin
laminates, the low-surface profile can aid in achieving consistent dielectric thickness with a
reduced concern of inadequate dielectric separation between the corresponding points on the
tooth profile. These benefits come at the expense of a slight reduction in peel strength.

FIGURE 7.26 Sides bonded to laminate for RTF (upper
photo) and standard foils (lower photo). (Photos Courtesy of
Gould Electronics)
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7.6.3 Wrought Annealed Copper Foils

Wrought annealed foil is typically used in flexible circuit manufacturing because of its supe-
rior ductility. In contrast to an electrodeposition process, the process of creating wrought
annealed foil begins with working a slab or ingot of copper through a series of rollers in con-
junction with heat cycles to obtain the desired thickness and mechanical properties. The
resulting grain structure of wrought annealed copper foil, which is very random compared to
the columnar or fine-grain structure of electrodeposited foil, is a significant contributor to the
differences in mechanical properties. In addition, wrought annealed foil consists of two very-
low-profile sides, so the treatment steps account for any surface roughness. The tensile and
elongation requirements for Grade 7 wrought annealed copper are provided in Table 7.11.
The requirements for other wrought foils are included in IPC-4562.

TABLE 7.11 Tensile and Elongation Properties of Wrought Annealed Foil

Property !/, Ounce 1 Ounce 2 Ounce
Tensile strength @ 23°C:

kpsi 15 20 25

MPa 103 138 172
Fatigue ductility % @ 23°C 65 65 65
Elongation % @ 23°C 5 10 20
Tensile strength @ 180°C:

kpsi TBD 14 22

MPa 97 152
Elongation % @ 180°C TBD 6 11

7.6.4 Copper Foil Purity and Resistivity

IPC-4562, “Metal Foil for Printed Wiring Applications,” also specifies the purity and resistiv-
ity of electrodeposited and wrought copper foils. Electrodeposited copper foils without treat-
ment have a minimum purity of 99.8%, with any silver counted as copper. The value for
wrought foils is 99.9%. Table 7.12 provides the resistivity requirements for electrodeposited
foil. The maximum resistivity requirements for wrought copper range from 0.155 to 0.160
ohm-gram/m?, depending on the weight.

TABLE 7.12 Maximum Resistivity of Deposited Foil

Common Industry

Weight Designator Terminology Maximum Resistivity
E 5 um 0.181 ohm-gram/m?*
Q 9 um 0.171 ohm-gram/m?
T 12 ym 0.170 ohm-gram/m?
H !/, ounce 0.166 ohm-gram/m?
M %/, ounce 0.164 ohm-gram/m?*

1 oz. and over (305 g/m?) 1 ounce 0.162 ohm-gram/m?*

7.6.5 Other Foil Types

The electrodeposited copper foils described above account for most of the conductive foils used
in rigid printed circuits. However, modified versions of these foils are sometimes used in niche
applications. These modified versions include double-treated copper foil and resistive foils.



BASE MATERIAL COMPONENTS 7.25

7.6.5.1 Double-Treated Copper Foil. As discussed in the preceding section, the foil sur-
face that is bonded to the base laminate is treated with coatings designed to improve foil-to-
resin bond strength and reliability. In double-treated foils, these coatings are also applied to
the foil surface that forms the outside laminate surface. It is also possible to have a “reverse-
treated” double-treat foil, meaning that the smooth surface is bonded to the laminate with the
matte surface facing out, with both sides having been treated.

The advantage of double-treat foil is that it eliminates the oxide or other surface prepara-
tion process typically used to prepare the inner-layer circuitry for multilayer lamination.
However, no abrasion of this double-treat coating can be tolerated, and removal of any sur-
face contamination becomes difficult. This also makes double-treated foil more sensitive to
handling practices in the circuit manufacturing process.

7.6.5.2 Resistive Foils. Other treatments can also be applied to the base foil for use in
manufacturing inner-layer circuits with buried resistors. This technology can enable the cre-
ation of resistors on internal layers of a multilayer circuit, with removal of many of the resis-
tors commonly assembled on the outside of the multilayer circuit. This can improve board
reliability and free up space on the outside of the board for active components. These foils
typically use a resistive metal alloy coated onto the base foil. The laminate made with this foil
can then be sequentially imaged and etched to produce the desired circuit pattern along with
resistive components.

REFERENCES

1. IPC-4101, “Specification for Base Materials for Rigid and Multilayer Printed Boards.”
2. Polyclad Product Reference Materials.

3. Kelley, Edward, “Meeting the Needs of the Density Revolution with Non-Woven Fiberglass Rein-
forced Laminates,” EIPC/Productronica Conference, November 1999.

4. W.L. Gore Technical Literature.

5. Levchik, Sergei V., Weil, Edward D., “Thermal Decomposition, Combustion and Flame-Retardancy
of Epoxy Resins—a Review of the Recent Literature,” Polymer International/Society of Chemical
Industry, 2004.

6. Nelson, Gordon L., Fire and Polymers II, Materials and Tests for Hazard Prevention, American Chem-
ical Society, 1995.

7. IPC-WP/TR-584, “IPC White Paper and Technical Report on Halogen-Free Materials Used for
Printed Circuit Boards and Assemblies.”

8. Clark-Schwebel Industrial Fabrics Guide.
9. BGF Industries, Inc. Fiberglass Guide.
10. Gould Electronics Product Reference Materials.

11. Kelley, Edward J., and Micha, Richard A., “Improved Printed Circuit Manufacturing with Reverse
Treated Copper Foils.” IPC Printed Circuits Expo, March 1997.

12. Jawitz, Martin W., Printed Circuit Materials Handbook, McGraw-Hill Companies, Inc., 1997.
13. IPC-4562, “Metal Foil for Printed Wiring Applications.”

14. Brist, Gary, Hall, Stephen, Clauser, Sidney, and Liang, Tao, “Non-Classical Conductor Losses Due to
Copper Foil Roughness and Treatment,” ECWC 10/IPC/APEX Conference, February 2005.

15. IPC-4412,“Specification for Finished Fabric Woven from E-Glass for Printed Boards.”



This page intentionally left blank



CHAPTER 8

PROPERTIES OF BASE
MATERIALS

Edward J. Kelley
Isola Group, Chandler, Arizona

8.1 INTRODUCTION

A variety of base material properties are of interest to the printed circuit manufacturer,
assembler, and original equipment manufacturer (OEM). These include thermal, physical,
mechanical, and electrical properties. This chapter introduces some of the most important
properties and also provides some comparisons between material types. Most of the test
methods used to evaluate these properties can be found in the IPC Test Methods Manual,
IPC-TM-650.

8.2 THERMAL, PHYSICAL, AND MECHANICAL PROPERTIES

Historically, the properties that received the greatest amount of attention were the glass tran-
sition temperature, T,, and the coefficients of thermal expansion, or CTEs, particularly in the
z-axis. With the advent of lead-free assembly processes, other properties have increased in
importance as well. The most notable is the decomposition temperature, T,. These properties
were described in more detail in Chap. 6, and will be discussed again in Chap. 10, which
focuses on the impact of lead-free assembly on base materials. However, some additional
information as well as examples of the test data are included here, as well as comparisons of
some common material types.

8.2.1 Thermomechanical Analysis T, and CTEs

Materials undergo changes in physical dimensions in response to changes in temperature. The
rates of expansion of fiberglass cloth reinforced materials differ in the respective axes of the
material due to the directionality of the reinforcement. The length and width of the laminate,
or printed circuit, are termed the X/Y plane, whereas the axis perpendicular to this plane is
the z-axis.

Thermal expansion can be measured by thermomechanical analysis (TMA). TMA uses a
device that measures a dimension of a sample versus temperature. Depending upon the ori-
entation of the sample in the device, either the x/y CTE or the z-axis CTE can be measured.

Figure 8.1 provides an example of a TMA scan on a high-T,, filled FR-4 material designed to
be compatible with most lead-free assembly applications. The T, is determined by extrapolating
the linear portions of the expansion curve to the point where they intersect. In this case, a T, of

8.1
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FIGURE 8.1 TMA scan illustrating T, and CTE determination.

154.45°C is measured. The z-axis CTE values are typically calculated both pre-T,, also called
“alpha 1” (er;), and post-T,, also called “alpha 2” (c,). In this example, the pre-T, CTE is mea-
sured at just over 45 ppm/°C, and the post-T, CTE is measured at just over 219 ppm/°C. The
total expansion from 50°C to 250°C is also shown as a percent expansion value at 2.58 percent.
Thermal expansion in the z-axis can significantly affect the reliability of printed circuits.
Since plated through holes run through the z-axis of the printed circuit, thermal expansion
and contraction in the base materials causes strain and plastic deformation in the plated
through holes and can also deform the copper pads on the surface of the printed circuit. With
sufficient stress on the external pads, they can be pulled toward the plated through hole dur-
ing thermal stress and subsequently appear lifted from the surface upon cooling. These
“lifted” or “rotated” pads are an indication of excessive thermal expansion. Thermal cycling
over time can fatigue the plated through hole and ultimately cause failure from cracking of
the copper plated within the hole or separation of the conductor from the hole wall.
Thermal expansion in the x/y axes is of more importance when discussing the attachment
of components to the printed circuit. This is of particular importance when chip scale pack-
ages (CSPs) and direct chip attach components are used because the difference in thermal
expansion between the printed circuit board and the component can compromise the relia-
bility of the bond between them as they undergo thermal cycles. The x/y CTE can also impact
interlaminar adhesion and delamination resistance in copper clad laminates or PCBs. If indi-
vidual layers of materials with very different x/y CTE properties are adjacent to each other,
thermal cycling or thermal excursions can cause enough stress at the interface of these lay-
ers to cause a separation or delamination. The thermal excursions experienced in PCB
assembly processes can severely stress these interfaces, and the higher temperatures of lead-
free assembly result in additional stress. For this reason, more attention should be given to
the x/y CTE values of individual layers in a PCB that will experience lead-free assembly.
With a given material type, this typically means that the choice of fiberglass cloth styles and
resin contents adjacent to each other be examined. Furthermore, hybrid constructions,
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TABLE 8.1 T, and CTE Values at 40% Resin Content of Some Common Base Materials

Decomposition Z-Axis Expansion X/Y CTE

Temp. Ty (% from 50°C (ppm/°C from—
Material T, (°C) (5% Wt. Loss), °C to 260°C) 40°C to 125°C)
FR-4 Epoxy 140 315 4.5 13-16
Enhanced FR-4 Epoxy 140 345 4.4 13-16
Enhanced, Filled FR-4 150 345 34 13-16
High-T, FR-4 Epoxy 175 305 35 13-16
Enhanced High-T, FR-4 175 345 34 13-16
Enhanced, Filled High-T, FR-4 175 345 2.8 12-15
BT/Epoxy Blend 190 320 33 14-16
PPO/Epoxy 175 345 38 15-16
Low Dy/D; Epoxy Blend-A 200 350 2.8 11-15
Low D,/D; Epoxy Blend-B 180 380 35 13-15
Advanced Low D,/Dy 215 363 2.8 13-14
Cyanate Ester 245 375 2.5 11-13
Polyimide 260 415 1.75 12-16
Halogen-Free, Filled High-T, FR-4 175 380 2.8 13-16

meaning PCBs that utilize different base material types, should be analyzed very carefully, as
different base material types can have different CTE values even with a given fiberglass
cloth style and resin content.

8.2.1.1 CTE Values. CTE values of some common materials at approximately 40 percent
resin content are shown in Table 8.1.

8.2.1.2 Controlling Thermal Expansion. The rate of thermal expansion is a function of
the components used in the base material and their relative concentrations. The resin system
will have a relatively high coefficient of thermal expansion compared to fiberglass cloth or
other types of inorganic reinforcements.

In controlling z-axis expansion, the key factors to consider are the choice of resin system,
the resin system T,, and the resin content of the base materials. Fillers in the resin system, in
addition to the fiberglass cloth, can also be used to lower the CTE of the material. Table 8.1
compares the thermal expansion of several commercially available base materials. These val-
ues can vary significantly based on the exact resin content of the material or PCB tested. In
multilayer PCBs, the amount of copper in the sample will also have a significant impact as the
z-axis expansion of copper is very low compared to the resin system.

Note the general difference in CTE values as T, increases. A higher T, delays the onset of
the more rapid post-T, rate of expansion. Also note that the filled materials have lower levels
of z-axis expansion in comparison to equivalent unfilled materials.

8.2.2 T, Determination by Other Methods

Besides TMA, two other methods are commonly used to measure T,. These are differential scan-
ning calorimetry (DSC) and dynamic mechanical analysis (DMA). DSC measures heat flow ver-
sus temperature rather than dimensional changes as measured by TMA. The heat absorbed or
given off will change as the temperature increases through the T, of the resin system. T, measured
by DSC is typically higher than measurements by TMA. DMA measures the modulus of the
material versus temperature and also typically results in higher measured values of T,.

As more complex resin systems are developed, and as more blends of resins are used, it
becomes more difficult to measure T, by TMA. For example, if two resins are used that have
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FIGURE 8.2 Measurements of T, by DSC.

somewhat different TMA T,s, the combination of the two resins makes it difficult to get a
clear transition in expansion rates. For these materials, DSC and especially DMA are the
preferred techniques for measuring T,. Figures 8.2 and 8.3 provide examples of DSC and
DMA scans, respectively, and the resulting measurement of T,.
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FIGURE 8.3 Measurement of T, by DMA.
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8.2.3 Decomposition Temperature

As a material is heated to higher temperatures, a point is reached where the resin system will
begin to decompose. The chemical bonds within the resin system begin to break down and
volatile components are driven off, reducing the mass of the sample. The decomposition
temperature, Ty, is a property that describes the point at which this process occurs. The tradi-
tional definition of Ty is the point where 5 percent of the original mass is lost to decomposition.
Table 8.1 shows 5 percent decomposition temperatures for several common materials. How-
ever, 5 percent is a very large number when multilayer PCB reliability is considered, and
temperatures where lower levels of decomposition occur are very important to understand,
particularly with respect to lead-free assembly. To illustrate this, consider Fig. 8.4.

100
95

Weight %

210° 270° 320° 350° 400°
Typical Lead-free °
Sn/Pb assembly Temperature C
assembly  temperature
temperature range
range 240°C-270°C
210°C-245°C

FIGURE 8.4 Illustration of decomposition temperature measurement.

In Fig. 8.4, you can see curves for two FR-4 materials. The “traditional FR-4”—a 140°CT,
material, in this case—has a decomposition temperature of 320°C by the 5 percent weight
loss definition. The “enhanced FR-4” has a decomposition temperature of 350°C by the 5
percent weight loss definition. Many standard high-T, FR-4 materials actually have decom-
position temperatures in the range of 290-310°C, whereas the 140°C T, FR-4 materials gen-
erally have slightly higher Ty values. The shaded regions indicate the peak temperature
ranges for standard tin-lead assembly and lead-free assembly. A very common question is, if
a PCB will be assembled at 260°C, and the material has a decomposition temperature of
310-320°C, then why wouldn’t it be compatible with lead-free assembly?

The answer lies in the level of decomposition in the temperature ranges where assembly
will take place. In the tin-lead temperature range, neither material exhibits a significant level
of decomposition. However, in the lead-free assembly temperature range, the traditional -
FR-4 begins to exhibit 1.5-3 percent weight loss. This level of decomposition can compromise
long-term reliability or result in defects such as delamination during assembly, particularly
if multiple assembly cycles or rework cycles are performed. Figures 8.5 through 8.7 show
ThermoGravimetric Analysis( TGA) curves assessing decomposition temperatures for three
types of base material.

These curves show different measurements for decomposition temperature. The value
traditionally reported is the level at which 5 percent weight loss occurs, or where the mass is
95 percent of the starting sample mass. But as already discussed, this is a very high level of
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FIGURE 8.5 Decomposition curve for standard high-T, FR-4.

decomposition when considering PCB reliability. These curves also show 1 percent and 2
percent decomposition temperatures, as well as the “onset” decomposition temperature.
The onset temperature extrapolates the linear portions of the curve. The point at which they
intersect is reported as the onset temperature.

Note that in Figs. 8.5 and 8.6 decomposition occurs very rapidly, while in Fig. 8.7 decompo-
sition is more gradual, highlighted by the much bigger range between 1 percent, 2 percent, and
5 percent decomposition temperatures. With the material in Fig. 8.7, the 5 percent decompo-
sition temperature would be reported as 405°C, even though some decomposition is beginning
around 336°C. This highlights the need to understand not just the 5 percent decomposition tem-
perature, but lower levels as well.

8.2.4 Time to Delamination

Time to delamination refers to a specific test procedure used to measure how long a material
will resist blistering or delamination at a specific temperature. The procedure utilizes a ther-
momechanical analyzer (TMA) in which a sample is heated to the specified temperature. The
most common temperature used is 260°C. This test is commonly called a T260 test. Other tem-
peratures are also used, such as 288°C or 300°C. Table 8.2 compares the performance of vari-
ous material types. When reviewing this table, it is important to note that there can be large
variation between similar materials across the manufacturers of these materials. T260 values
can be affected by the specific resins and curing agents used in a given material as well as the
differences in CTE values between the components in the sample. For example, note the
lower T260 values reported for the 175°C epoxy versus the 140°C epoxy. Although the T260
value is shorter, thermal cycling tests typically show improved reliability with the 175°C T,
material because of the lower levels of thermal expansion that result with the higher-T, mate-
rial. The enhanced FR-4 materials, which use a different curing chemistry, generally exhibit
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FIGURE 8.6 Decomposition curve for an enhanced high-T, FR-4.
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FIGURE 8.7 Decomposition curve for a low Dk/Df material.
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Table 8.2 Time to Delamination and Arc Resistance Data for Common Materials

Material T, (°C) T260 T288 Arc Resistance
Standard FR-4 Epoxy 140 8-18 — 65-120
Enhanced FR-4 Epoxy 140 20-30 5-10 75-120
Enhanced, Filled FR-4 150 25-45 6-12 80-120
High-T, FR-4 Epoxy 175 4-10 — 70-120
Enhanced High-T, FR-4 175 30+ 7-15 70-120
Enhanced, Filled High-T, FR-4 175 30+ 8-16 80-120
BT/Epoxy Blend 190 30+ 2-8 100-120
PPO/Epoxy 175 30+ 8-20 110-120
Low Di/D; Epoxy Blend-A 200 30+ 6-12 110-125
Low D\/D; Epoxy Blend-B 180 30+ 10-20 110-120
Advanced Low D\/Dy 220 30+ 15-35 110
Polyimide 260 30+ 30+ 120-130
Halogen-Free, Filled High-T, FR-4 175 20-30 8-12 120-130

better performance in both time-to-delamination tests as well as thermal cycling tests. Figure
8.8 is an example of a TMA scan on a multilayer PCB that evaluates T260 performance. The
top curve plots the temperature while the other curve measures sample thickness. Delamina-
tion results in a rapid increase in sample thickness and indicates the endpoint for the test. Fig-
ure 8.9 is a T288 scan for the same material. Note that times to delamination on PCBs are
generally much shorter than times on either copper clad laminate or unclad laminate.
Although time-to-delamination tests have received much attention as lead-free assembly
processes have become common, it is important not to focus exclusively on one property or
type of measurement when specifying laminate materials for lead-free applications. First, the
correlation between time-to-delamination performance and lead-free assembly compatibility
is not always apparent. Long T260 or T288 times by themselves do not ensure good reliability
in lead-free applications. Conversely, some materials with good but not necessarily great T260
or T288 times have exhibited excellent performance in lead-free applications. So although it
is important to consider time-to-delamination performance when specifying materials for
lead-free assembly applications, these values should not be looked at exclusively. A balance of
several properties, as will be discussed in Chap. 10, is necessary for these applications.

8.2.5 Arc Resistance

In this test technique, a low current arc is placed above the surface of a material. Arc resistance
describes the time the material resists tracking, or forming a conductive path, under this condition.
Arc resistance values are also shown in Table 8.2. Figure 8.10 illustrates the test technique.

8.2.6 Density

The density of various materials is given in Table 8.3.

8.2.7 Copper Peel Strength

Peel strength testing is the most popular method used to measure the bond between the con-
ductor and the substrate. Peel strengths can be measured in the “as received” condition, after
thermal stress, at elevated temperature, and after exposure to processing chemicals. The stan-
dard procedure requires that the sample consist of traces or strips of copper foil, or other
metal to be tested, and that they be imaged onto the sample using standard printed circuit
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Tungsten

electrodes >

manufacturing processes. The strips should be at least 0.79 mm
(0.032 in.) in width for testing after exposure to processing
chemistries and 3.18 mm (0.125 in.) in width for the other tests.
Metal cladding thickness can influence the measured peel

0.250" strength and therefore it is accepted practice to use 1 oz.

7 ! Z cladding, and if a thinner cladding is used, it may be plated up to
: 1 oz. thickness.

T One end of the strip is peeled back and attached to a load

Laminate tester such as a tensile strength tester equipped with a load cell.

The peel strength is calculated per the formula:

FIGURE 1.10 Arc resistance test technique.

Ib/in. = L/W,

where L,, = Minimum load, and
W, = Measured width of the peel strip

TABLE 8.3 Densities of Common Base Material Types

Material Density (g/cm?)
FR-4 Epoxy 1.79
Filled FR-4 Epoxy 1.97
High-T, FR-4 Epoxy 1.79
BT/Epoxy Blend 1.77
Low Dk Epoxy Blend 1.77
Cyanate Ester 1.71
Polyimide 1.68
APPE 1.51

For testing after thermal stress, the sample is first floated on solder at 288°C for 10 seconds.
For testing after exposure to processing chemistries, the sample is exposed to a series of condi-
tions. First the sample is exposed to an organic stripper at 23°C for 75 seconds. Historically,
methylene chloride has been used, but due to environmental concerns, equivalents are now
allowed. After drying, the sample is then immersed in a solution of 10 grams/liter sodium
hydroxide at 90°C for 5 minutes. The sample is rinsed and then exposed to 10 grams/liter sulfu-
ric acid and 30 grams/liter boric acid at 60°C for 30 minutes. The sample is again rinsed and dried
and then immersed in a hot oil bath maintained at 220°C for 40 seconds. Finally, the sample is
immersed in a degreaser at 23°C for 75 seconds to remove the oil and then dried. Testing at an
elevated temperature may be performed by placing the sample in a hot fluid or in hot air while
performing the peel strength measurements. For FR-4 materials, 125°C is commonly used.

Table 8.4 shows 1 oz. copper peel strength values in pounds per inch at various conditions for
several common materials.

Note that polyimide, long used for its thermal reliability characteristics, exhibits the low-
est peel strength values. This illustrates that the absolute value of peel strength is not always
the best indicator of quality or reliability. Measuring and monitoring of peel strengths for a
given material type for comparison to its normal values can be used as a process control tool,
an inspection criteria, or for failure analysis purposes, but in choosing a material, a higher
peel strength does not necessarily imply higher reliability. Last, if drum-side treated foil, also
called reverse-treated foil, is used, the peel strength values will be lower because of the lower
surface profile.
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TABLE 8.4 Peel Strength Values for Common Base Material Types with Standard Copper (Ib./in.)

Peel Strength ~ Peel Strength at Peel Strength

after Solder Elevated after Exposure

Material T, (°C) Float Temperature to Chemistry
Standard FR-4 Epoxy 140 9.0 7.0 9.0
Enhanced FR-4 Epoxy 140 8-9 6-7 89
Enhanced, Filled FR-4 150 8-9 6-7 8-9
High-T, FR-4 Epoxy 175 8.5-9 6.5-7.0 8.5-9.0
Enhanced High-T, FR-4 175 8-9 6-7 8-9
Enhanced, Filled High-T, FR-4 175 8-9 6-7 8-9
BT/Epoxy Blend 190 8-9 7.5-8.5 8-9
PPO/Epoxy 175 7-8 6-7 7-8
Low Dk/Df Epoxy Blend-A 200 6-7 6-8 7-9
Low Dk/Df Epoxy Blend-B 180 7-8 6-7 7-8
Advanced Low Dk/Df 215 7.0 6.0 7.0
Cyanate Ester 245 8.0 7.5 8.0
Polyimide 260 7.0 6.0 7.0
Halogen Free, Filled High-T, FR-4 175 7-9 6-8 7-9

8.2.8 Flexural Strength

Flexural strength is a measure of the load that a material will withstand

without fracturing when supported at the ends and loaded in the center, as

shown in Fig. 8.11. IPC-4101 specifies the minimum flexural strength of

various materials, some of which are summarized in Table 8.5. FIGURE 8.11
Flexural strength
test.

8.2.9 Water and Moisture Absorption

The ability of a material to resist water absorption, either from the air or when immersed in
water, is important for printed circuit reliability. Besides the obvious concerns of moisture
causing defects when a material is subjected to thermal excursions, absorbed moisture also
affects the ability of a material to resist conductive anodic filament (CAF) formation when a
bias is applied to the circuit.

The test method for measuring water absorption for metal-clad base laminates involves
immersing a sample in distilled water at 23°C for 24 hours after etching off the metal cladding
and drying the sample for 1 hour at 105°C to 110°C and cooling in a dessicator. The sample is

TABLE 8.5 Flexural Strength Requirements of Base Materials

Min. Flexural Strength Min. Flexural Strength
Material Type Lengthwise (kg/m?) Crosswise (kg/m?)
XXXPC 8.44 x10° 7.39 x10°
CEM-1 2.11 x107 1.76 X107
CEM-3 2.32x107 1.90 x107
FR-1 8.44 x10° 7.04 x10°
FR-2 8.44 x10° 7.39 x10°
FR-3 1.41 x10’ 1.13 x107
FR-4 4.23 x107 3.52x107
FR-5 4.23 x107 3.52 x10’
Polyimide/Woven E-Glass 423 x10’ 3.17 x10’

Cyanate Ester/Woven E-Glass 3.52 x107 3.52 x10’
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TABLE 8.6 Moisture Absorption and Methylene Chloride Resistance of Common Materials

Moisture Methylene Chloride

Material T, (°C) Absorption (%) Resistance (%)
FR-4 Epoxy 140 0.1 0.7

Filled FR-4 Epoxy 155 0.22 0.42
High-Tg FR-4 Epoxy 180 0.1 0.7
BT/Epoxy Blend 185 <0.5 0.7

Low Dy Epoxy Blend 210 0.1 0.7
Cyanate Ester 250 <0.5 0.32
Polyimide 250 0.35 0.41

weighed after drying, immersed in water under the specified conditions, and weighed again.
The water absorption is calculated as follows:

Increase in weight, percent = (wet weight — conditioned weight)/conditioned weight x 100

An additional moisture absorption test measures weight gain after 60 minutes at 15 psi.
Table 8.6 shows the moisture absorption of some common material types. These values can
vary with resin content.

8.2.10 Chemical Resistance

One common method used to evaluate the chemical resistance of base laminates is to mea-
sure absorption of methylene chloride. Similar to water absorption testing, etched samples are
exposed to this solvent and the weight gain is measured. The standard procedure starts by
etching off the metal cladding of the samples, drying them in an oven for 1 hour at 105°C to
110°C, and measuring the initial weights. The samples are then soaked in methylene chloride
at 23°C for 30 minutes, allowing them to dry for 10 minutes, and weighing again. The calcula-
tion is as follows:

Change in weight, percent = (final weight — initial weight)/initial weight x 100

Table 8.6 lists methylene chloride resistance for some common materials.

8.2.11 Flammability

Underwriters Laboratories (UL) classifies flammability properties as 94V-0, 94 V-1, or 94V-2.
Definitions of these classifications are as follows:

* 94V-0 Specimens must extinguish within 10 seconds after each flame application (see
Fig. 8.12) and a total combustion of less than 50 seconds after 10 flame applications. No
samples are to drip flaming particles or have glowing combustion lasting beyond 30 seconds
after the second flame test.

* 94V-1 Specimens must extinguish within 30 seconds after each flame application and a
total combustion of less than 250 seconds after 10 flame applications. No samples are to drip
flaming particles or have glowing combustion lasting beyond 60 seconds after the second
flame test.

e 94V-2 Specimens must extinguish within 30 seconds after each flame application and a
total combustion of less than 250 seconds after 10 flame applications. Samples may drip
flaming particles, burning briefly, and no specimen will have glowing combustion beyond 60
seconds after the second flame test.



PROPERTIES OF BASE MATERIALS 8.13
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FIGURE 1.12 Flammability testing.

8.3 Electrical Properties

A variety of base material electrical properties are important to understand when designing
and manufacturing printed circuits. Some of the most important properties are discussed in
this section. As noted earlier in the chapter, the demand for circuits operating at high fre-
quencies requires materials with good permittivity and loss characteristics. These properties
will be discussed further in Chap. 4.

8.3.1 Dielectric Constant or Permittivity

The dielectric constant can be defined as the ratio of the capacitance of a

capacitor with a given dielectric material to the capacitance of the same ~
capacitor with air as a dielectric, as illustrated in Fig. 8.13. In other words, the

dielectric constant is a measure of the ability of a material to store an electric

charge. There are actually several test methods used to measure dielectric

constant or permittivity and a complete discussion of these methods is

beyond the scope of this chapter. However, it should be noted that measur-

ing permittivity at high frequencies can be very difficult and that reported FIGURE 8.13
values can vary with the specific test method used. Therefore, when compar- ~ Dielectric constant.
ing the reported values for different materials, the best comparisons will be

those that used the same test method.

Furthermore, the dielectric constant is not really a constant. As just implied, the dielectric con-
stant will vary with frequency. It will also vary with temperature and humidity. So besides test
method, the frequency, temperature, and humidity conditions must also be considered. Last, even
with the same material type, variations in resin content (resin-to-reinforcement ratio) also affect
the dielectric constant. These variations will be further discussed in Chap. 10. Table 8.7 shows dielec-
tric constants for some common fiberglass (E-glass) reinforced materials at 50 percent resin content.

8.3.2 Dissipation Factor or Loss Tangent (Tan o)

The dissipation factor in an insulating material is the ratio of the total

power loss in the material to the product of the voltage and current in a

capacitor in which the material is a dielectric. Many of the test methods

(such as that shown in Fig. 8.14) used for measuring dielectric constant also  FIGURE 8.14
measure the dissipation factor. Dissipation factor also varies with frequency,  Dissipation factor.
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TABLE 8.7 Dielectric Constants and Dissipation Factors of Common Materials

Dielectric Constant

Dissipation Factor

Material (1 MHz) (1 GHz) (1 MHz) (1 GHz)
Standard FR-4 Epoxy 4.7 4.3 0.025 0.016
Filled FR-4 Epoxy 4.7 4.4 0.023 0.016
High-T, FR-4 Epoxy 4.7 43 0.023 0.018
BT/Epoxy Blend 4.1 3.8 0.013 0.010
Epoxy/PPO 39 3.8 0.010 0.011
Low Dy Epoxy Blend 39 3.8 0.009 0.010
Cyanate Ester 3.8 35 0.008 0.006
Polyimide 43 3.7 0.013 0.007
APPE 3.7 34 0.005 0.007

resin content, temperature, and humidity. Dissipation factor is discussed in more detail in
Chap. 10. Table 8.7 also lists the dissipation factors of some common fiberglass (E-glass) rein-

forced materials.

8.3.3 Insulation Resistance

The insulation resistance between two conductors or plated holes is the ratio of the voltage to
the total current between the conductors. Two measures of electrical resistance are volume
and surface resistivities. Since these properties can vary with temperature and humidity, test-
ing is normally performed at two standardized environmental conditions, one involving
humidity conditioning, the other involving elevated temperature. Humidity conditioning sub-
jects the sample to 90 percent relative humidity and 35°C for 96 hours (96/35/90). The elevated
temperature conditioning normally subjects the sample to 125°C for 24 hours (24/125).

8.3.4 Volume Resistivity

Volume resistivity is the ratio of the DC potential applied to
electrodes embedded in a material to the current between them,
typically expressed in megohm-centimeters. The measured cur-
rent flows between electrodes 1 and 3, while stray current flows
between electrodes 2 and 3, as shown in Fig. 8.15. Table 8.8
shows the volume resistivity values of some common fiberglass-

reinforced material types.

8.3.5 Surface Resistivity

The surface insulation resistance between two points on the sur-
face on any insulating material is the ratio of the DC potential
applied between the two points to the total current between them.
For surface resistivity, the measured current flows between elec-
trodes 1 and 2, while stray current flows between electrodes 1 and
3, as shown in Fig. 8.16. Table 8.8 shows the surface resistivity val-

ues of some common fiberglass-reinforced materials.
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FIGURE 8.16 Circuit for

surface resistance.
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TABLE 8.8 Additional Electrical Properties of Common Base Materials

Volume Resistivity Surface Resistivity Electric Str.
Material (96/35/90) (24/125) (96/35/90) (24/125) (V/mil)
FR-4 Epoxy 10 107 107 107 1250
Filled FR-4 Epoxy 10" 101 108 10° 1250
High-T, FR-4 Epoxy 10 107 107 107 1300
BT/Epoxy Blend 107 107 10° 107 1200
Low D, Epoxy Blend 108 107 107 107 1200
Cyanate Ester 107 107 107 107 1650
Polyimide 107 107 107 107 1350

8.3.6 Electric Strength

Electric strength is a measure of the ability of an insulating material to resist electrical
breakdown perpendicular to the plane of the material when subjected to short-term, high
voltages at standard AC power frequencies of 50 to 60 Hz and is reported in volts per mil
(see Fig. 8.17). Results can be affected by moisture content in the sample, so measurements
may vary with different preconditioning environments. Unless otherwise noted, measure-
ments are taken at 23°C, after preconditioning for 48 hours in distilled water at 50°C and
immersion in ambient temperature distilled water for 30 minutes minimum, 4 hours maxi-
mum. Measurements are performed under an oil medium to prevent flashover on a small
specimen. The values may decrease with increasing specimen thickness for an otherwise
identical material. Table 8.8 compares the electric strength of some common fiberglass-
reinforced materials.

Apparatus: J_

'«—— Electrode

|<— Laminate

'¢—— Electrode

e O
Circuit
breaker High voltage source

FIGURE 8.17 Dielectric strength.

8.3.7 Dielectric Breakdown

Dielectric breakdown measures the ability of rigid insulating materials to resist breakdown
parallel to the laminations (or in the plane of the material) when subjected to extremely high
voltages at standard AC power frequencies of 50 to 60 Hz (see Fig. 8.18). As with electric
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FIGURE 8.18 Dielectric breakdown strength parallel to lami-
nations.

strength, values obtained on most materials are highly dependent on the moisture content
and preconditioning method. Unless otherwise noted, measurements are performed at 23°C
after preconditioning for 48 hours in distilled water at 50°C followed by immersion in ambi-
ent temperature distilled water for 30 minutes minimum, 4 hours maximum. Dielectric break-
down is also performed in an oil medium. Dielectric breakdown for the materials shown in
Table 8.8 is normally above 50 kilovolts.
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CHAPTER

BASE MATERIALS
PERFORMANCE ISSUES

Edward J. Kelley
Isola Group, Chandler, Arizana

9.1 INTRODUCTION

As the fundamental building block for printed circuits, base materials must meet the needs
of the printed circuit board (PCB) manufacturer, the circuit assembler, and the original
equipment manufacturer (OEM). A balance of properties must be achieved that satisfies
each member of the supply chain. In some cases, the desires of one member of the supply
chain conflict with another. For example, the need for improved electrical performance by
the OEM, or improved thermal performance by the assembler, may necessitate the use of
resin systems that require longer multilayer press cycles or less productive drilling processes,
or both.

Lead-free assembly processes are driving the need for greater thermal reliability. This will
be discussed further in Chaps. 10 and 11. Other trends are also driving the need for greater
performance. These include:

e Circuit densification
¢ Higher circuit operating frequencies

The density of IC packaging technologies such as ball grid array (BGA) and chip scale
packages continues to increase. In turn, this requires greater interconnection density in the
printed circuits onto which they are assembled. The need for increased density in the PCB
impacts each of the components of the base material as well as the way in which they are man-
ufactured. To achieve high levels of interconnection, component pitch densities result in
smaller and more closely spaced plated through holes and circuit features. As the space
between these holes and features decreases, the potential for conductive anodic filament
(CAF) failures increases substantially.

Higher operating frequencies can also impact each of the three main components of base
materials. Circuits operating at high frequencies are driving the use of materials with low
dielectric constants, low dissipation factors, and tighter thickness tolerances. These perfor-
mance issues and the impact to the printed circuit manufacturing process are discussed in
this chapter.

9.1
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9.2 METHODS OF INCREASING CIRCUIT DENSITY

There are basically three ways to increase printed circuit density:

e Decrease conductor line widths and the spacings between them
¢ Increase the number of circuit layers in the PCB
¢ Reduce via and pad sizes.

Decreasing conductor line widths requires very-low-profile copper foils for high yields in
circuit etching processes. However, other things being equal, lower profiles result in
decreased foil adhesion to the dielectric. Balancing the copper surface profile for both adhe-
sion to the dielectric and the ability to etch fine circuit features, not to mention the impact of
surface roughness on electrical performance at high frequencies, is an important considera-
tion. Copper foil manufacturers continue to research methods to improve the chemical adhe-
sion between the foil and the various dielectric materials in use, relying less on a rough
surface profile for mechanical adhesion, and allowing for very low profiles for circuit etching
and lower conductor losses at high frequencies.

Increasing circuit layer counts have resulted in both greater overall multilayer thick-
nesses and thinner individual dielectrics, making thickness control and thermal reliability
more important than ever. Adding layers to a PCB also demands improved registration
capabilities. One of the critical variables in controlling registration is the dimensional stabil-
ity of the laminate material, which can become more challenging with the thinner laminates
generally used as layer counts increase. Reducing via and pad sizes also requires improved
laminate dimensional stability for registration of high layer count circuits.

9.3 COPPER FOIL

One obvious method to increase printed circuit functionality is to put more circuitry per
unit area of the circuit. Printed circuit densification has driven several improvements in
copper foil technology. One of the first developments was high temperature elongation
(HTE) foils. Other advances include low- and very-low-profile foils, thin foils, and foils for
high-performance resin systems.

9.3.1 HTE Foil

HTE or Class 3 copper foil exhibits improved elongation properties at elevated temperatures
as compared to standard electrodeposited or Class 1 copper foil. Typical elongation values for
HTE copper foil range from 4-10 percent at 180°C.

The growth in multilayer printed circuits has resulted in HTE becoming the most com-
monly used foil, since its excellent ductility at elevated temperatures helps prevent inner-layer
copper foil cracking. As a printed circuit experiences a thermal cycle, the base materials will
expand. The z-axis expansion applies stress to the connection of the inner-layer foil and the
plated hole. With HTE foil, the reliability of this connection is improved. This property is par-
ticularly important in thicker circuits and high resin content constructions where increased z-
axis expansion occurs.

9.3.2 Low-Profile and Reverse-Treated Copper Foils

Three classifications describe the profile of the copper foil surface as shown in Table 9.1.
Copper foil profile is important for etching of fine-line circuits. Figures 7.23 through 7.26
illustrate the difference between standard- and low-profile foils. As can be seen in those photos,
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TABLE 9.1 Copper Foil Profiles

Foil Profile Type Max. Foil Profile (Microns) Max. Foil Profile (u Inches)
S — Standard N/A N/A

L - Low Profile 10.2 400

V —Very Low Profile 5.1 200

X — No Treatment or Roughness N/A N/A

the tooth profile of the standard-profile foil is much more pronounced. The etching of the
lower-profile foil results in more control of the geometry of the circuit trace. In addition, in
very thin laminates, the large tooth structure of the standard profile foil can result in incon-
sistent dielectric thickness, making impedance control more difficult, and can even result in
electrical failures if the tooth structures from the opposing sides of the laminate protrude suf-
ficiently.

Reverse-treated foils (RTF) take this concept a step further. When copper foil is manufac-
tured, there is a very smooth, shiny side and a rougher matte side. Conventional technology
involved treating the matte side and laminating this side to the base material. Reverse-treated
foil, as its name implies, involves putting the treatments on the smooth, shiny side of the foil and
laminating this side to the base material. This has two important effects. First, the side bonded to
the base material has an extremely low profile that aids in etching very fine circuit traces. Second,
the rougher matte side, which is now on the surface of the laminate, can improve photoresist
adhesion. This enables the removal of surface roughening processes during PCB manufacturing
and can also improve inner-layer imaging and etching yields. Figure 9.1 compares laminates made
with conventional and RTF foils.

FIGURE 9.1 Comparison of laminates with standard (left) versus RTF (right) copper foils.

9.3.3 Thin Copper Foils

The capability to etch fine-line circuits is also improved through the use of thinner copper foils.
Although electrical considerations can limit the use of very thin foils on innerlayer circuits,
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these thin foils can be used on external layers since the outerlayer process involves plating on
top of the foil to the desired overall thickness. For dense, fine-line circuitry, 5.0 micron and 9.0
micron copper foils are sometimes used. Processes to use 3.0 micron copper foil have also been
developed.

9.3.4 Foils for High-Performance Resin Systems

Many of the high-performance resin systems such as BT, polyimide, cyanate ester, and even
some high-T, epoxies exhibit lower peel strengths and resistance to undermining of the cop-
per foil when exposed to aggressive chemistries. For these applications, foils with increased
nodularization and coupling agents tailored to the resin system are often used. The increased
nodularization results in more surface area for mechanical adhesion whereas the specific cou-
pling agent aids in chemically bonding the foil to the resin system.

9.3.5 Copper Roughness and Attenuation

As circuit operating frequencies increase, more of the signal travels in the outermost part of
the conductor. The “skin depth”—that is, the region where much of the signal travels—is shown
in Fig. 9.2 as a function of frequency. As shown in this graph, the skin depth approaches the
average roughness of 0.5 oz. copper foil above 1 GHz. Signal attenuation due to conductor
losses related to the roughness of the foil becomes an important factor at these frequencies,
and should be considered by the design engineer.
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FIGURE 9.2 Skin depth versus frequency.

A study of several different copper foil types correlated roughness and attenuation val-
ues.® Figures 9.3 and 9.4 show pictures of the foils to highlight their relative roughness differ-
ences. Figure 9.5 shows the roughness distributions of these foils. Finally, in Fig. 9.6, the loss
values associated with each of these foil types are graphed versus frequency. Up to about
1 GHz, there is very little difference in the observed loss across the several foil types. However,
at higher frequencies, the difference becomes much greater, correlating to the roughness of
the individual foil types; the greater the roughness, the greater the measured attenuation.
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FIGURE 9.3 Cross-sectional view of several copper foils.

FIGURE 9.4 SEM views of several copper foils.
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FIGURE 9.5 Roughness distributions for several foil types.

The roughness that results from the oxide/oxide alternative surface preparation process
during printed circuit manufacturing is also important. Figures 9.7 and 9.8 compare the
roughness obtained from two of these processes. The base copper foil and FR-4 resin system
used were held constant. The test vehicles from which these cross sections were taken were
also measured for attenuation. This measurement technique was used to calculate an effec-
tive dissipation factor, Df, for these material sets. The measured Df for the sample in Fig. 9.7,
with the relatively smooth profile, was 0.021 at 1 GHz. The measured Df for the sample in
Fig. 9.8, with the rougher profile, was 0.026. Obviously, the rougher profile created by the

oxide alternative process in Fig. 9.8 resulted in a significantly higher loss value.
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FIGURE 9.6 Loss versus frequency for several foil types.
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FIGURE 9.7 Copper profile obtained from process A.

FIGURE 9.8 Copper profile obtained from process B.

9.4 LAMINATE CONSTRUCTIONS

To satisfy requirements for impedance, layer count, and overall PCB thickness, a broad range
of laminate dielectric thicknesses are needed. Table 9.2 shows many common laminate dielec-
tric thicknesses, along with typical constructions and resin contents. Individual laminate sup-
pliers may have preferred constructions, so not every construction shown in this section will
be available from every laminate supplier. In addition, some of the high-performance resin
systems will have slightly different constructions or resin contents in order to target certain
performance characteristics, such as dielectric constant.

9.4.1 Single-Ply versus Multiple-Ply Constructions

With dielectrics below 0.0040 in., there is often no choice but to use a single ply of fiberglass
cloth to achieve the desired thickness. With dielectrics in the 0.0040 in. to 0.0080 in. range,
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TABLE 9.2 Common Laminate Constructions

Laminate Thickness (in.) Fiberglass Cloth(s) Approx. Resin (%)
0.0020 1-106 71-72
0.0025 1-1080 53-54
0.0030 1-2113 46-47
0.0035 1-2113 52-53
0.0040 1-2113 53-54
0.0040 1-3070 49-50
0.0040 1-2116 43-44
0.0040 1-106/1-1080 59-60
0.0040 2-106 68-69
0.0040 2-1080 50-51
0.0045 1-2116 50-51
0.0045 2-1080 55-56
0.0050 1-2116 52-53
0.0050 1-2165 47-48
0.0050 1-1652 42-43
0.0050 2-1080 56-57
0.0050 1-2313/1-106 52-53
0.0060 2-2113 46-47
0.0062 1-2157 49-50
0.0062 1-1080/1-2313 53-54
0.0080 1-7628 44-45
0.0080 1-2116/1-2313 49-50
0.0080 2-2116 45-46
0.0090 2-2116 50-51
0.0100 2-1652 42-43
0.0100 2-2165 47-48
0.0120 2-2157 47-48
0.0120 2-1080/1-7628 47-48
0.0140 2-7628 40-41
0.0210 3-7628 40-41

there are both single-ply and multiple-ply options. Above 0.0080 in., multiple plies of cloth
are typically required to achieve the desired thickness. Within each range, there are often
multiple cloth and resin content combinations that can achieve the desired dielectric thick-
ness. The choice of laminate construction can significantly impact both cost and performance.
The choice of single-ply versus multiple-ply construction, when the option is available, is no
exception.

As should be expected, a single-ply construction will typically represent a cost savings com-
pared to a multiple-ply construction. The magnitude of this savings will depend on the specific
glass styles involved and a host of other parameters. Performance can also be affected and
should be considered when specifying the constructions to be used. First, single-ply construc-
tions are often lower in resin content, as can be observed in Table 9.2. Resin content issues are
discussed in the following section. The other main benefit of single-ply constructions is dielec-
tric thickness control, beyond resin content considerations. Other things being equal, as with
resin contents, tighter thickness tolerances can be achieved using a single-ply construction than
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a multiple-ply construction since the variation in thickness control with one ply of prepreg will
statistically be less than with multiple plies.

9.4.2 Resin Contents

As Table 9.2 illustrates, the same dielectric thickness can be achieved with multiple fiberglass
cloth and resin content combinations. Constructions with relatively lower resin contents are
often preferred since they result in less z-axis expansion and can therefore improve reliability
in many applications. In addition, lower resin contents can also improve dimensional stability,
resistance to warpage, and dielectric thickness control. On the other hand, constructions with
higher resin contents result in lower dielectric constant values, which are sometimes preferred
for electrical performance, which is discussed further in Section 9.8. In addition, a certain min-
imum resin content is required to ensure adequate resin-to-glass wet-out and to prevent voids
from occurring within the laminate. The ability to wet out the glass filaments fully with resin
is also important for CAF resistance. In summary, for each glass style, there is an optimal resin
content range that balances the various performance requirements.

9.4.3 Laminate Flatness and Flexural Strength

When manufacturing the innerlayer circuit patterns, the flatness and flexural strength of the
base material is important for successfully transporting these circuit layers through convey-
orized equipment. This is particularly important for very thin laminates. If the laminate is
curled, it can become caught or damaged inside this equipment. If the thin laminate with the
circuit image sags on the conveyors, similar damage can occur.

For these reasons, it is sometimes preferred to use constructions with relatively high glass
contents and use the thickest cloths possible, as this will result in greater flexural strengths,
bearing in mind the performance requirements just discussed in Section 9.4.2. In addition,
balanced constructions, or those that use a symmetrical construction, are normally preferred
to avoid curling. Asymmetrical constructions are more prone to curling and causing prob-
lems in conveyorized equipment. Consider a 0.0080-in. laminate as an example. Table 9.2
shows three constructions for this thickness, 1-7628, 1-2313/1-2116, and 2-2116. The asym-
metrical 1-2313/1-2116 construction will be more prone to curling than the other construc-
tions. One word of caution is warranted, however: Curling is but one property that must be
considered. Dimensional stability, thickness control, and other properties must also be con-
sidered when choosing a construction.

9.5 PREPREG OPTIONS AND YIELD-PER-PLY VALUES

Just as there are a variety of base laminate constructions, there are a variety of prepreg
options. Each fiberglass cloth style can be treated to multiple resin contents and flow values.
While the same properties must be considered for prepreg materials as for base laminates,
prepregs must also contain sufficient resin to flow and fill in the innerlayer circuitry of a mul-
tilayer circuit board. Since the innerlayer circuits can vary in terms of copper thickness and
circuit density, a variety of resin content and flow value options are typically required when
specifying prepreg styles. Higher resin contents may be needed when filling heavy copper
weights and signal layers, while lower resin contents can be used against lighter copper
weights and power or ground circuit patterns. Table 9.3 shows some common prepreg styles
with various resin contents and thickness yields per ply.
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TABLE 9.3 Common Prepreg Styles

Glass Style Approximate Resin Content (%) Thickness (in.)*
106 62 0.0015
106 66 0.00175
106 71 0.0020
106 75 0.00225

1080 54 0.00225
1080 57 0.0025
1080 64 0.0030
1080 66 0.00325
2113 50 0.0035
2113 55 0.0040
2116 50 0.0045
2116 52 0.00475
2116 55 0.00525
2165 47 0.0050
2165 50 0.00525
2165 54.0 0.0060
2157 45 0.00575
2157 47 0.0060
2157 48 0.00625
2157 50 0.0065
7628 40 0.0070
7628 42 0.00725
7628 44 0.0075
7628 45 0.00775

*Assumes a given flow value and represents thickness without filling circuitry.

9.6 DIMENSIONAL STABILITY

As circuit layer counts grow and via-to-pad size ratios get tighter, the alignment or registration
of the layers of circuitry become extremely important. Although several material and process
variables contribute to the capability to achieve layer-to-layer and via-to-innerlayer feature
registration, laminate dimensional stability is one of the most important. This is especially true
in high-layer-count circuits that use thin laminates, since thinner laminates are generally not as
dimensionally stable as thicker laminates. An example can help illustrate this point.

9.6.1 A Model of Printed Circuit Registration Capability

Table 9.4 lists several of the key variables that influence an overall via-to-innerlayer pad reg-
istration capability in the printed circuit manufacturing process. The values in the table repre-
sent individual process standard deviations using a specific multilayer circuit design. If we
make the assumption that these processes are normally distributed and that they are centered
on the desired nominal value, we can use additivity of variance to estimate an overall regis-
tration capability. In other words, taking the square root of the sum of the squares of each
individual process standard deviation gives an overall process standard deviation that can be
used to assess capability.

In other words, if we are trying to maintain at least tangency of a drilled hole to an inner-
layer pad with a 13.5 mil hole, the pad needs to be almost 27.5 mil in diameter for material
type A (13.5 + 13.8 =27.3). The same procedure can be used to calculate clearance or antipad
diameters with the desired plated through hole to clearance distance, which is also an impor-
tant design consideration. It is important to note that items such as dimensional stability and
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TABLE 9.4 Multilayer Registration Variables

Process o Process o
Process Variable Material Type A Material Type B
Artwork Plotting 0.33 0.33
Artwork Alignment 0.70 0.70
Post Etch Punch 0.40 0.40
Laminate Stability 1.70 0.90
Drill Set-Up 0.80 0.80
Hole Location 1.00 1.00
Overall 2.30 1.79
Overall +/-30 6.90 5.37
Drill + ? Capability 13.80 10.75

hole location will be significantly impacted by the specific material type, board design, and
manufacturing processes used, and that actual registration systems are more complex than
described here. The point of this analysis is to show the impact of laminate dimensional sta-
bility on printed circuit design. As you can see in this example, improving laminate stability
from a standard deviation of 1.70 to 0.90 improves the overall registration capability from
drill size + 13.8 mil to drill size + 10.75 mil, or a reduction of over 3 mil in the required diam-
eter of the internal feature. Requirements for increased circuit density require smaller circuit
features, such as internal pad sizes. This, in turn, drives the need for better registration capa-
bilities and therefore improved laminate dimensional stability, as this model suggests.

9.6.2 Dimensional Stability Test Methods

A common test method used to evaluate dimensional stability starts with a sample of a cop-
per-clad laminate with scribed targets or holes in the four corners of the sample. Baseline
measurements of the distances between these holes are taken prior to conditioning of the
sample. One conditioning procedure involves etching the copper cladding off and remeasur-
ing and determining the dimensional movement compared to the baseline. A second method
subjects the sample to a thermal cycle, commonly a bake at 150°C for 2 hours. Again, mea-
surements are taken after conditioning and compared to the baseline dimensions. A third
method involves first etching the cladding off, measuring, subjecting the sample to the bake
cycle, and measuring again. Each of these methods can be used as a process control tool in the
laminate manufacturing process.

However, these test methods are of limited value to the printed circuit manufacturer, who
etches circuit images on these laminates, combines them with prepreg materials and other
laminates, and presses them together under temperature and pressure to form a multilayer
circuit. It is the predictability and consistency of laminate movement through the printed cir-
cuit manufacturing process, across a variety of circuit patterns and especially through the
multilayer lamination cycle, that is of concern for the circuit manufacturer and ultimately for
the designer who wants to increase circuit density. Multilayer lamination cycles commonly
reach 185°C or higher, and normally exceed the T, of the base material. Above the T,, the
resin softens and allows tension in the laminate to be released and is also subject to stresses
from the surrounding materials and lamination pressure. Most of the movement of the lam-
inate in the circuit manufacturing process occurs during this lamination cycle.

9.6.3 Improving Dimensional Stability

Although many variables in laminate and circuit manufacturing processes can influence
dimensional stability, some common techniques involve laminate press cycle optimization,
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control of laminate resin contents, and the use of higher T, materials. New materials and
process techniques have also been developed to improve dimensional stability.

9.6.3.1 Laminate Manufacturing Process Considerations. Historically,some printed circuit
manufacturers had the laminate manufacturer bake the laminate prior to shipment, or would
bake it themselves prior to use. The intent was to relieve any stress that may be stored within the
laminate prior to use in the circuit manufacturing operation. Although this process may help, the
added material handling and cycle time does not usually justify the process. Instead, many lam-
inate manufacturers reduce the lamination pressure at a specified point in their lamination cycle
to minimize the stress that becomes stored in the finished product.

New laminate manufacturing techniques may also offer improved dimensional stability.
The direct current and continuous manufacturing processes described in Chap. 6 result in con-
sistent thermal profiles from laminate to laminate and can use low lamination pressures. Opti-
mizing these parameters can lead to improved consistency in dimensional stability.

Other process controls in the laminate manufacturing process are also important for dimen-
sional stability. Control of the raw materials, especially the glass cloth, can contribute to dimen-
sional stability. The tension applied to the cloth during the treating process, the heat rise,
temperature, and pressure profiles during lamination, as well as laminate stack-up techniques
during lamination can all affect dimensional stability. Consistency in these parameters will gen-
erally improve the consistency observed during the printed circuit manufacturing process.

9.6.3.2 Impact of Reverse-Treated Foils (RTF). RTF copper foils typically allow the
elimination of surface-roughening processes in the innerlayer circuit imaging process. These
surface-roughening processes are normally mechanical scrubbing processes that can stretch
or distort thin laminates. Much of the distortion induced by these processes is elastic in that
the laminates tend to move back toward their original dimensions. This movement takes time,
however. So laminates imaged one length of time after scrubbing can potentially move a dif-
ferent amount if imaged after a different length of time after scrubbing. If the laminates are
imaged before they have a chance to fully relax after mechanical scrubbing, some movement
may occur after imaging, which then distorts the image placed on the laminate. In addition,
variation in the mechanical scrubbing process over time can introduce lot-to-lot variation,
which adversely impacts registration capabilities. RTF foil, which facilitates the removal of
these scrubbing processes because of the improved photoresist adhesion to the matte side of
the foil, can therefore result in improvements in registration capability.

9.6.3.3 Fiberglass Cloths and Resin-to-Glass Ratios. Each fiberglass cloth style used in
laminates and prepregs has a resin content range that results in sufficient wet-out of the glass
cloth, is relatively easy to control, and therefore results in more uniform thickness and more
consistent dimensional stability. The specification of laminates and prepregs with resin con-
tents in the desired ranges can result in improvements in dimensional stability and therefore
registration capabilities. As a result, having a range of fiberglass cloth styles available is
important to be able to achieve a wide range of dielectric thicknesses.

9.6.3.4 Non-Woven Reinforcements. Because of the woven, serpentine geometry of the
yarns in fiberglass cloths, they can behave like springs when used as the reinforcement of base
materials. During the resin treating process and the laminate pressing operation, the fiberglass
cloth is subjected to stresses that can be stored in the laminate as the resin is cured. These stresses
can then be released during the circuit manufacturing process, causing dimensional changes.
Non-woven materials can avoid these stresses. In one non-woven material type, short, ran-
domly oriented fibers are treated with the resin system. In a second type, linear strands of fiber-
glass are layed down in a balanced, cross-plied orientation which resists subsequent stresses.

9.6.3.5 Multilayer Press Cycle Optimization. Most of the dimensional changes in the
laminate occur during the multilayer press cycle when the temperature exceeds the T, of the
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resin in the laminate. Above the T,, the resin system in the laminate softens and allows any
stored stress in the reinforcement to be released and allows the laminate to be affected by the
adjacent materials and the pressure of the lamination cycle.

Understanding the rheology of the resin in the prepreg is important when designing the
multilayer lamination cycle. The point at which the resin begins to melt, the point at which it
begins to cure, and the relationship between the heat rise and the viscosity profile of the resin
are all important. With respect to viscosity, not only is the minimum viscosity achieved impor-
tant, but the length of time that the resin is below a certain viscosity, allowing the resin to flow
and fill the internal circuit features, is also important. With an understanding of these para-
meters, it is possible to design “kiss” cycles, or “soak” cycles, where pressure and temperature
profiles, respectively, are designed to improve performance, including dimensional stability.

In addition, although seldom done in practice, using a resin system in the prepreg materi-
als that can be cured below the T, of the resin system in the laminate can avoid the softening
of the laminate resin system and therefore prevent much of the movement that takes place.
The resistance to the use of this technique is usually driven by a desire to keep the resin sys-
tem same throughout the multilayer PCB.

9.7 HIGH-DENSITY INTERCONNECT/MICROVIA MATERIALS

One method used to increase circuit density is to use blind and buried vias. Rather than plac-
ing a via hole completely through the printed circuit board, blind and buried vias go only
partly through the multilayer circuit, joining only the layers that require connection. By not
extending these vias through the entire multilayer, real estate on the other layers becomes
available for additional circuit routing. Buried vias are those that are not visible from the out-
side of the finished circuit board, and are formed in a subcomposite or copper-clad laminate.
Blind vias are those that are visible from the outside of the multilayer circuit but do not go
completely through it. By limiting the size of these vias, you can significantly increase inter-
connection density. Microvia or high-density interconnection (HDI) printed circuit designs
utilize these technologies to increase circuit density.

While the materials already discussed are used in blind and buried via applications using
conventional processes, additional materials can be used to increase density using more spe-
cialized process techniques. The specialized processes used to form microvias include laser
ablation, plasma etching, and photoimaging, with laser formation by far the most common.

The resin system will generally ablate much faster in laser drilling processes. Also, plasmas
are not effective in etching through fiberglass. As a result, materials that use an alternative
reinforcement or do not contain an inorganic reinforcement have been developed for these
applications.

For blind via applications, resin-coated copper foil can be used to form the external circuit
layer and dielectrics between layers 1 to 2 and n to n-1, using laser or plasma processes to form
the vias. Buried vias could be formed in sequential processes. Two basic types of resin-coated
copper foil are available. The first type uses one layer of partially cured resin (see Fig. 9.9).

| | =) Copper foil

B-Stage resin layer
Provides flow and fill of
circuit details and
dielectric thickness

FIGURE 9.9 Resin-coated copper foil with a single layer
of B-staged resin.
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C-Stage resin layer
Provides consistent
dielectric thickness control

B-Stage resin layer
Provides flow and fill of
circuit details

FIGURE 9.10 Resin-coated copper foil with a C-stage and B-stage layer.

Laminate

Core or multilayer buildup

M S .

FIGURE 9.11 C-stage plus B-stage resin-coated copper foil laminated to PCB.

This resin-coated foil is then laminated to the rest of the multilayer circuit. A second type of
resin-coated copper foil uses two layers of resin (see Figs. 9.10 and 9.11). The first layer is fully
cured whereas the second is partially cured. This technique guarantees a minimum dielectric
separation between the external foil and the circuitry on the next layer in, since the cured resin
layer limits how close the internal circuit layer can get to the external foil.

Another material used in HDI designs utilizes an organic reinforcement that can be laser-
ablated or plasma-etched. The most common organic reinforcement used is aramid fiber-based.
The aramid fibers are randomly oriented and formed into a sheet that is impregnated with the
resin system. In this way, both copper-clad laminates and prepregs can be manufactured and
used in multilayer applications. Table 9.5 shows some available thicknesses of Thermount
aramid fiber reinforcement with 50 percent resin content. An additional reinforcement that
can be used to make a prepreg material is expanded polytetrafluoroethylene (PTFE). This
material has a sponge like structure that can also be impregnated with a resin system and used
in HDI applications (see Fig. 7.19). Expanded PTFE also has a very low dielectric constant
and loss factor.

TABLE 9.5 Commonly Available Thicknesses of Thermount

Thermount Type Prepreg Thickness Laminate Thickness
E210 0.0018 in./46 um 0.0020 in./51 ym
E220 0.0030 in./76 um 0.0032 in./81 um

E230 0.0037 in./94 ym 0.0039 in./99 ym
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The third process technique used in these applications involves photoimaging a permanent
dielectric material in order to form the microvias. These photoimageable dielectrics resemble
plating resists but must be able to be catalyzed for subsequent plating operations that will
form the external circuit image, and must adhere sufficiently to the rest of the multilayer cir-
cuit to provide long-term reliability.

9.8 CAF GROWTH

Conductive anodic filament (CAF) formation is a term used to describe an electrochemical
reaction in which conductive paths are formed within a dielectric material due to transport of
metal or metal salts through the dielectric. These paths may form between two circuit traces,
between two vias, or between a trace and a via, as illustrated in Fig. 9.12. CAF formation
between a hole and a plane inside the PCB is also possible, and is similar in concept to hole-
to-trace CAF formation. By definition, as circuit density increases, the space between these
features decreases. With shorter paths between features, CAF growth becomes a more critical
reliability consideration.

For CAF growth to occur, a bias and a path for this filament growth must be present. In
fiberglass-reinforced materials, a gap between the resin and the fiberglass filaments is the
most common pathway. If the glass is not completely wet-out with resin, or if the bond
between the resin system and the fiberglass filaments is insufficient or is compromised, the
resulting gap can become such a path. Hollow fiberglass filaments can also provide a path. In
addition, there must be a medium in which this electromigration can occur, such as absorbed
moisture that allows dissolved ionic species to migrate and promote the electrochemical reac-
tion that leads to CAF. Figure 9.13 is an actual example of CAF formation.

Research on CAF has been done for many years. Some of the key findings of this research
include the following:

e CAF is a two-step process consisting of path formation and the electrochemical reaction.
e The filament is usually in the form of a copper salt.

Anode Cathode Anode Cathode

E-glass fibers

-glass fibers
~10 um dia.

~10 um dia.

-glass fibers E-glass fibers
~ i ~10 um dia.
(©) 10 um dia. (d)

FIGURE 9.12 Pathways for CAF formation: (a) hole to hole; (b) hole to track; (c) track to hole:
(d) track to track.
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FIGURE 9.13 An example of CAF between two plated through holes.

Moisture absorption can influence the rate of CAF formation, and there is a minimum
threshold for moisture absorption below which CAF is unlikely to occur.

Temperature can influence the rate of the electrochemical reaction.
The level of bias can also influence the rate of CAF formation.
Resin-to-glass wet-out is critical in that it eliminates a potential pathway.

Beyond glass wet-out, the bond between the resin and the glass is important to ensure that
adhesion is not lost due to moisture or thermal stress. Selection of the coupling agent used
to improve adhesion between the resin and the glass is critical in this regard, and different
resin systems may require different coupling agent types. Figure 9.14 shows examples of
silane coupling agents, where “R” represents various chemical species that can be modified
for different applications.

The cleanliness of the glass, both before coating with silane as well as prior to coating with
the resin system, is important to ensure proper wetting and bonding of resin to glass.

The curing agent used in the resin system can influence CAF formation. This may be due to
the tendency of some curing agents to absorb moisture, or to the electrochemical nature of
the specific curing agent, or both.

Contaminants on the glass cloth or within the resin system can also accelerate CAF forma-
tion. For example, residual hydrolyzable chlorides present in some epoxy resins are known
to catalyze electrochemical reactions that can lead to CAF.

O
/N | ]
(CH30)3—SI—R—CH —CH2 GLASS(SI)—O—Sll— R—Z
Epoxy silane GLASS(Si)— 0 —Si—R—Z

I
GLASS(Si)—0—Si—R—Z

(CH30)3—Si— R—NH, / | /

Amino silane Bonding to Bonding to
glass cloth resin

FIGURE 9.14 Examples of silane coupling agents.
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¢ Resin system thermal stability and thermal expansion may influence performance as well,
especially as lead-free assembly processes cause PCBs to be subjected to more severe ther-
mal excursions. This is due to the possibility of thermal decomposition of the resin causing
reduced resin-to-glass adhesion or even voids within the laminate that can provide path-
ways for CAF formation. With respect to thermal expansion, the higher temperatures of
lead-free assembly result in a greater total stress at the resin-to-glass interface due to the
CTE mismatch between them. If this stress is high enough, or the bond strength low
enough, separation of the resin from the glass can occur and provide a pathway for CAF
as well.

The processing used in printed circuit fabrication can also influence CAF resistance. Some
of the factors to consider in PCB fabrication include the following:

e The innerlayer surface must be clean. Adequate rinsing of the innerlayers after chemical
processes is important to minimize residual ionic contamination.

e Storage conditions and shelf life of prepreg materials are important to control to ensure
adequate flow properties during multilayer lamination.

e Multilayer lamination processing is important to ensure good resin flow and full wetting of
resin to glass in the prepreg layers. Vacuum, temperature, and pressure profiles are all
important.

e Drilled hole quality is also important. With respect to CAF performance, minimizing resin-
to-glass fracturing that can result in excessive wicking of plating chemistries is critical.

e Control of desmear and electroless copper-plating chemistries is also important. Minimiz-
ing any further attack of the resin-to-glass interface and plating into the dielectric are the
key considerations. Good rinsing to minimize residual ionic contamination from these
processes is also important.

9.8.1 CAF Testing

Many different types of test vehicles are used to assess CAF performance, but most include
the design features described in Fig. 9.12. Differences between common test vehicles include
the distances between features, the thickness and layer counts of the PCBs, and the glass styles
and resin contents used to build the PCB. All of these factors influence CAF, if not directly, as
a result of the processes used to build the specific test vehicle. In addition, testing parameters
such as bias, temperature, and humidity also influence results. Various OEMs will also have
different requirements for the time of testing, with typical time requirements ranging from
500 to 1,000 hours.

Figure 9.15 shows an example of CAF found in one test vehicle. In this case, the pathway
formed between individual filaments of the glass cloth, either because they had not been
sufficiently coated with resin or because resin decomposition, moisture, or other volatile
compounds created a void.

9.8.1.1 CAF Test Example #1. One of the common test vehicles used to assess CAF per-
formance consists of a 10 layer PCB, often made of single-ply 2116 style dielectrics in each of
the core and prepreg layers. Common test conditions are either 65°C/85 percent relative
humidity (RH) or 85°C/85 percent RH, with 10 volts or 100 volts bias. This test vehicle
includes design features such as those shown in Fig. 9.12, but the hole-to-hole features are typ-
ically the most critically examined. In addition, placement of the holes relative to the glass
cloth weave can influence results. When the holes are placed in line with the glass weave, the
filaments can bridge the holes, providing a potential CAF pathway. If the holes are placed
diagonal to the weave orientation such that no individual filament bridges two holes under
test, this potential pathway is eliminated. In practice, holes placed in line with the glass weave
are the most relevant for assessing CAF resistance. Hole spacing is also a critical parameter,



9.18

PRINTED CIRCUITS HANDBOOK

FIGURE 9.15 CAF formation between glass filaments in a PCB
test vehicle.

and this particular test vehicle examines holes placed approximately 10, 15, 20, and 25 mil
apart. Although the definition of failure can vary slightly from OEM to OEM, the criteria usu-
ally consist of some minimum insulation resistance value, and often a maximum decrease in
resistance of one order of magnitude, or “a decade drop in resistance.” Figure 9.16 provides
results for one laminate material processed by one PCB fabricator.

This chart plots average insulation resistance for 25 test coupons (on a log scale in this example)
versus time in hours at a 10 volt bias with 65°C/85 percent RH environmental conditions. It also
shows the data separately for the 10, 15, 20, and 25 mil hole-to-hole spacings. Other things being
equal, average insulation resistance will be higher for holes spaced further apart, as this means
there will be more dielectric between features. For this particular test, the average insulation
resistance for each spacing did not decrease by an order of magnitude, indicating good results.
However, it is also important to examine the individual coupons tested, and a common way to
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FIGURE 9.16 Insulation resistance CAF test results for example #1.
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FIGURE 9.17 Percent failing coupons in CAF test example #1.

assess performance in this regard is to calculate the percentage of individual test coupons that pass
or fail. Figure 9.17 provides this data for this same test, and shows results for the test material high-
lighted in Fig. 9.16 versus a control group that utilized a different laminate material.

As is common, the control group shows fewer individual failures as the spacing between holes
increase. The test material shows a much lower percentage of individual failures for each spacing.

9.8.1.2 CAF Test Example #2. In asecond example, four commonly available FR-4 mate-
rials were compared by building the same CAF test vehicle as described in example #1. These
materials are all promoted as being “CAF-resistant.” The coupons were manufactured by the
same PCB fabricator during the same time period. In this evaluation, the test conditions were
100 volts bias, 85°C and 85 percent RH. The same hole-to-hole spacings were evaluated, but
for simplicity, Figs. 9.18 and 9.19 show only the data for the 15 and 25 mil spacings, respec-
tively. It is common to use a 1 meg-ohm resistor in series with the test point in these tests, so
where the average insulation resistance drops to 10° ohm (6 on the y-axis of the chart), this
indicates that the resistance has dropped excessively and it is the resistor that is now being
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FIGURE 9.18 CAF results for 15 mil hole spacings in example #2.
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FIGURE 9.19 CAF results for 25 mil hole spacings in example #2.

measured. In this evaluation, materials A, C, and D all drop to this level at 500 hours of test-
ing with 15 mil hole-to-hole spacings. At 25 mil spacings A and C both drop to this level. B and
C do not, but C drops in resistance by more than one order of magnitude. Only material B
drops by less than one order of magnitude at both spacings. By these criteria, materials A, C,
and D would have failed this test. Only material B passed.

9.8.1.3 CAF Test Example #3. In this third example of CAF testing, a different test vehicle
design was used, and different temperature, humidity, and bias levels were also used. However,
all the test coupons were manufactured at the same time by the same PCB fabricator, and in
addition, the same resin system was used in groups 1 through 4. The differences between groups
1 through 4 involve different types of fiberglass cloth and differences in process controls used
when treating the glass cloth with the resin system. This is the key point of this third example.
Figure 9.20 shows that while each group used exactly the same laminate material type, differ-
ences in glass cloth and treating process controls resulted in different CAF performance levels.
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FIGURE 9.20 Results for CAF test example #3.
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For each group, the chart shows average insulation resistance for a set of coupons over time.
Clearly, the average insulation resistance varied by group, with group 1 showing the most sig-
nificant decline in resistance. In addition, evaluating the individual coupons in each group pro-
vides additional insight into performance differences. In group 1, 40 percent of the coupons
failed by 600 hours, with the first failure occurring at 400 hours. In group 2, 20 percent of the
coupons failed at 600 hours. Groups 3 through 5 did not have any failures in this test. So even
though the resin system was the same for each group, differences in glass cloth and laminate
manufacturing processes clearly can have a significant impact on CAF performance.

9.8.2 Choosing a Base Material for CAF Resistance

Some of the key conclusions of these examples and other research on CAF performed in the
industry include the following:

¢ All base materials have some level of CAF resistance, but even materials promoted as
“CAF-resistant” can vary widely in actual performance.

e The test vehicle design has a significant impact on results. The closer the circuit features, the
more likely that CAF failures will occur. In addition, the other attributes of the test vehicle
design can impact the fabrication variables that influence CAF—for example, the thickness
of the PCB and drilled hole sizes can lead to high aspect ratios that can be more challeng-
ing to manufacture. As a result of these factors, there is not universal agreement on what
constitutes a “CAF-resistant” material. This can vary by OEM and application.

e Even one type of base material (resin system type) can vary in performance based on other
factors, such as the glass cloth quality and the controls used during laminate and prepreg
manufacturing.

¢ The specific glass styles can also impact performance. Although 7628 glass was the focus of
much attention in CAF testing, 106 and 1080 styles can be challenging as well, in that get-
ting full resin-to-glass wetting can be challenging with these styles.

When selecting a material for applications requiring CAF resistance, consider the following:

e [tis critical to define appropriately the performance level required and to design a test vehi-
cle and test protocol that reflects the requirements of the application. Failure to do so can
result in either underspecifying the material attributes and risking PCB failures or over-
specifying the material and paying too much for it.

e For resistance to CAF growth, the resin system and the bonding of the resin system to the
fiberglass cloth are key considerations. Coupling agents, typically silanes, are used to pro-
mote adhesion between the fiberglass filaments and the resin system. The molecular struc-
ture of the coupling agent includes a portion that bonds well to the fiberglass surface and
other portions that bond well to the resin system. Specific coupling agents have been devel-
oped for specific resin types. Achieving a good bond between the fiberglass filaments and
the resin system with an appropriate coupling agent helps prevent this interface from
becoming a path for CAF growth.

¢ The use of expanded glass cloths can facilitate full wet-out of the resin to the glass, but such
cloths typically cost more. The important point is that each glass style must be able to
achieve good wet-out of all of the glass filaments.

e Low rates of moisture absorption and low levels of ionic contamination within the resin sys-
tem also aid in resisting CAF growth. Epichlorohydrin is a precursor material used to make
epoxy resins. The use of this compound can result in residual hydrolyzable chlorides in the
epoxy resin. In the presence of moisture, these hydrolyzable chlorides form ionic species
that can promote electromigration. When CAF resistance is a critical consideration, the use
of high-purity resins may be required.
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¢ Comparisons of dicy-cured materials with non-dicy cured materials, especially the “pheno-
lic” FR-4 materials developed for lead-free assembly, show that the elimination of dicy can
have a positive impact on CAF resistance. This may be due to reduced moisture absorption
when dicy is removed, or to the elimination of an electrochemical reaction that may be pro-
moted in the presence of dicy, or to both.

¢ Lead-free assembly can stress the resin-to-glass bond, and even cause some level of resin
decomposition, which can create microvoids within a PCB. These phenomena can make it
easier for pathways for CAF formation to be created. The use of more thermally stable
resin systems may be required when CAF resistance is needed in products that will experi-
ence lead-free assembly.

9.9 ELECTRICAL PERFORMANCE

Base material electrical properties are an important consideration in sophisticated printed
circuits operating at high frequencies. High data rates, measured in gigabits per second
(Gbps), and high clock speeds make the dielectric constant (Dy) and dissipation factor (Dy) of
base materials very important in high-speed digital circuits. Wireless and RF applications
operating at very high frequencies also demand very low Dy and D; values. Moreover, the con-
sistency of these properties over a large frequency range is also important. These properties
were defined in Chap. 8 as follows:

¢ Dielectric constant/permittivity This is the ratio of the capacitance of a capacitor with a
given dielectric material to the capacitance of the same capacitor with air as a dielectric. It
refers to the ability of a material to store an electric charge.

¢ Dissipation factor/loss tangent The property is the ratio of the total power loss in a material
to the product of the voltage and current in a capacitor in which the material is a dielectric.

9.9.1 Importance of D, and D;

These properties are important because they affect signal transmission in the printed circuit.
At low frequencies, a signal path in a printed circuit can typically be represented electrically
as a capacitance in parallel with a resistance. However, as frequencies increase, at some point
signal paths must be considered transmission lines where the electrical and dielectric proper-
ties of the base materials have a greater effect on signal transmission. A full discussion of
capacitive versus transmission line environments is beyond the scope of this chapter, but the
premise is to determine, for the transmission of a signal pulse of a given rise time, the accept-
able length of a conductor before a significant voltage difference is realized along its length.
Conductors longer than this critical value are then regarded as transmission lines. Because the
velocity of signal propagation is inversely proportional to the square root of the permittivity
of the dielectric, a lower permittivity value results in faster signal speeds and a longer rise dis-
tance. With a larger rise distance, larger conductor lengths are acceptable before a significant
voltage drop is experienced. However, if the ratio of conductor length to rise distance is large
enough, signal reflections from a mismatched load impedance may be received back at the
source after the pulse has reached its maximum plateau value, and pulse additions that occur
under these circumstances may lead to false triggering of a device.

On the other hand, signal attenuation can result in missed signals. One of the causes of sig-
nal attenuation is dielectric loss. As the circuit operates, the dielectric medium absorbs energy
from the signal. Attenuation of the signal by the dielectric is directly proportional to the
square root of permittivity and directly proportional to the loss tangent. In addition, dielectric
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losses increase as frequencies increase. When a high bandwidth is desired, this effect has a
greater impact on the higher-frequency components, and the bandwidth of the propagating
pulse decreases and degrades the rise time.

Because the permittivity and loss tangent vary with frequency, and other factors to be dis-
cussed later in this chapter, the degree to which these properties vary is also an important cir-
cuit design consideration. If these properties vary significantly with frequency, designing a
circuit with devices that operate at various frequencies becomes that much more complex. In
addition, operating within a given bandwidth becomes that much more difficult as different
frequency components experience different dielectric properties, which in turn lead to differ-
ences in signal propagation and loss.

Therefore, base materials with low permittivity values and low loss factors are desired for
high-speed, high-frequency printed circuits. In addition, consistency of these properties across
frequencies is also required. Besides frequency dependence, since operating environments
can also vary, the consistency of these properties across environmental conditions is also
important and is discussed in the following sections.

9.9.2 High-Speed Digital Basics

Figure 9.21 is a representation of high-speed digital communication that involves sending bits
of information coded in waveforms.

The zeros and ones of binary information are coded on the rise time or on both the rise
time and fall time. The high voltage represents 1 and the low voltage represents 0. The faster
the rise time, the faster the signal. To achieve faster rise times, sinusoidal wave forms are
superimposed on one another. The range of frequencies used is called the bandwidth, with the
bandwidth given as 0.35/rise time. In short, a faster rise time allows for a greater range of fre-
quencies, or greater bandwidth.

Figure 9.22 provides an example of eye pattern analysis. In this analysis, the height of the
central eye opening measures noise margin in the received signal. The width of the signal band
at the corner of the eye measures the jitter. The thickness of the signal line at the top and bot-
tom of the eye is proportional to noise and distortion in the receiver output. Transitions
between the top and bottom of the eye show the rise and fall times of the signal.

Figure 9.23 illustrates potential signal integrity differences when different base materials
are used. The top chart shows an example of a 10 Gbps signal at the source. Note the pattern in
this chart. It changes from 0 in the x-axis (0) to its peak value (1). Now look at the chart in the
lower-left corner of Fig. 9.23, representing the use of a standard FR-4 material. Note the change
in the pattern, particularly the decreased amplitude. When the signal degrades as illustrated
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FIGURE 9.21 Digital communication.
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FIGURE 9.22 Eye pattern analysis.

here, the function of the circuit can be significantly impacted. Now examine the chart in the
lower-right corner. This is for a low Dy/D; material. Note the improved amplitude compared to
the standard FR-4 material and a pattern much closer to the signal at the source. Figure 9.24
takes this analysis further. The chart in the upper-left corner is the signal at the source. This is as
good as it gets. The remaining charts illustrate how the signal is affected with materials of
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FIGURE 9.23 Substrate influence on signal integrity.
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Simulated Eye Diagrams @5 Gbps-1 M-50 Ohms impedance 5 Mil Track width PRBS 35 PS Rise time
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FIGURE 9.24 Simulated eye diagrams at 5 Gbps, 1 M, 50 ohms impedance, 5 mil track width.

increasing Dy. Note the diagram for the standard FR-4 under these conditions. This would rep-
resent an unacceptable condition, as the eye is almost completely closed. As the Dy is decreased
from the FR-4 level, the pattern improves.

Another way to illustrate the impact of D; is to graph loss in decibels (dB) per meter ver-
sus the Dy. Figure 9.25 provides a simulation of this relationship for a 5 mil line. Because wider
line widths are less “lossy” because of reduced skin effect, some of this can be compensated
for by using a wider line. However, this negatively impacts circuit density. Figure 9.26 shows
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FIGURE 9.25 The effect of D; on dielectric loss in dB/m simulated on
a 5 mil line.
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the impact of line width on loss for two different low D,/D; materials. In this case, material B
would allow the designer to use a thinner line to increase circuit density while maintaining a
given level of loss. For example, to keep the loss in this example below 15 dB/m, material A
would require a line width of approximately 8 mils. However, with the same loss requirement,
material B enables the line to be reduced to approximately 5 mil. This is a significant benefit
in increasing circuit density.

9.9.3 Choosing a Base Material for Electrical Performance

The dielectric constant and dissipation factor of the dielectric material are determined by
both the resin system and the reinforcement type. Therefore, each of these should be consid-
ered when choosing a material.

A variety of low-dielectric, low-loss resin systems are available for high-speed circuit appli-
cations. These include polytetrafluoroethylene (PTFE or Teflon®), cyanate ester, epoxy blends,
and allylated polyphenylene ether (APPE). Likewise, a few different reinforcements and fillers
are available that can be used to modify the electrical properties of the base material. Although
E-glass is still the most commonly used fiberglass reinforcement, it should be noted that others
are available. In addition, inorganic fillers are sometimes used to modify electrical properties
as well. Table 9.6 provides electrical property data on some of the available fiberglass materi-
als. Table 9.7 provides data on some of the base material composites available.

TABLE 9.6 Dielectric Constants and Dissipation Factors of Common Glass Types

Reinforcement Di@1MHz D@1 GHz D;@ 1 MHz D@1 GHz
E-Glass 6.6 6.1 0.0020 0.0035
NE-Glass 4.4 4.1 0.0006 0.0018
S-Glass 53 52 0.0020 0.0068

D-Glass 3.8 4.0 0.0010 0.0026
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TABLE 9.7 Dielectric Constants and Dissipation Factors of Common Resin/Reinforcement Composites

Resin System Reinforcement D@1MHz D@1GHz D@1MHz D;@1GHz
Epoxy E-Glass 4.4 3.9 0.020 0.018
Epoxy Aramid Fiber 39 3.8 0.024 0.020
Halogen-Free Epoxy E-Glass 43 4.0 0.015 0.013
Epoxy/PPO E-Glass 39 39 0.011 0.010
Modified Epoxy E-Glass 39 3.7 0.012 0.012
Epoxy Blend E-Glass 39 37 0.009 0.009
Epoxy Blend SI™-Glass 3.6 3.4 0.008 0.008
Low-Loss Blend E-Glass 3.8 3.7 0.006 0.007
Very-Low-Loss Blend ~ E-Glass 35 34 0.003 0.0036
Cyanate Ester E-Glass 3.8 3.7 0.008 0.011
Polyimide E-Glass 43 39 0.014 0.015
APPE E-Glass 3.7 34 0.005 0.007
PTFE E-Glass 23 23 0.0013 0.0009
Hydrocarbon E-Glass/Ceramic 3.4 33 0.0025 0.0024

Table 9.7 lists values for approximately 50 percent resin content. These values change as the
resin content varies, with the magnitude of the change depending on the specific resin system.
Also, comparable resin system types from various suppliers could differ. For example, since
there are many types of epoxies, with a wide range of electrical properties, specific epoxy for-
mulations from different material suppliers can exhibit somewhat different dielectric and loss
properties. In addition, the test method used to measure Dy and Dy, especially at higher fre-
quencies, will have a significant impact on the reported value. When comparing materials, it is
critical to compare values derived from the same test method, or at least to understand the dif-
ferences in the test methods. The differences in test methods are beyond the scope of this chap-
ter, but their importance should not be underestimated. The purpose of this table is to highlight
the relative differences between various resin systems and reinforcement types.

These values also vary with resin content and frequency. Figure 9.27 illustrates the resin con-
tent dependence of the dielectric constant for a few materials. Figure 9.28 shows the impact of
resin content on the dissipation factor of the low D, epoxy blend, and Fig. 9.29 shows the impact
of frequency on Dy for a few of these materials. Beyond frequency and resin content effects, the
dielectric constant and dissipation factor can vary with temperature and moisture absorption.
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FIGURE 9.27 Dielectric constant versus resin content.
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FIGURE 9.28 Dissipation factor versus resin content for a low Dy epoxy blend.

When choosing a material for a specific application, it is important to understand the oper-
ating conditions and environment in which the circuit will be used. Some resin systems
exhibit less sensitivity to these conditions than others. For example, base material suppliers
are continually developing resin systems to meet the demanding electrical properties
requirements of high-speed and wireless applications, which include consistent properties
over frequency ranges and environmental conditions. In short, different material types can
have different responses to changes in frequency, resin content, temperature, and humidity
conditions. These responses become more important to understand in high-speed, RF, and
wireless applications.

In addition, when selecting a material, it is important not simply to select the material with
the lowest dielectric constant or dissipation factor, since there are typically cost-performance
trade-offs to be made. In general, the lower the dielectric constant and dissipation factor, the
more costly the material, and very often the more difficult it is to process.

In summary, some general relationships include the following:

¢ The dielectric constant generally decreases with increasing resin content.

¢ The dissiption factor often increases with increasing resin content.

¢ The dielectric constant typically drops as frequency increases.

¢ The dielectric constant and dissipation factor typically increase as water absorption rises.
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FIGURE 9.29 Dielectric constant versus frequency.
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¢ The dielectric constant of E-glass is only mildly frequency-dependent and therefore lower
resin contents result in less variation across frequencies.

¢ The dissipation factor generally rises with frequency, but may exhibit maxima at certain fre-
quencies.

9.9.4 Electrical Performance of Lead-Free Compatible FR-4 Materials

Most of the FR-4 laminate materials developed for lead-free assembly applications use an
alternative resin chemistry in comparison to the conventional dicyandiamide (“dicy”) cured
FR-4s. The most common alternatives are commonly referred to as “phenolic” or “novolac”
cured materials. Although there is some variation between these materials, as a group they
tend to exhibit somewhat different electrical performance, particularly with respect to dielec-
tric loss, or Dy. For most applications operating in typical frequency ranges, the differences are
not significant. However, as operating frequencies increase toward the higher end of “FR-4
applications” and impedance control becomes more critical, these differences can become
very significant. Table 9.8 includes two common dicy-cured FR-4 materials (A and C) and two
phenolic FR-4 materials compatible with many lead-free assembly applications (B and D). It
also includes a lead-free compatible material (E) designed to improve Dk and D; perfor-
mance in comparison to the “phenolic” lead-free compatible materials. Note that different
types of measurement systems can result in different measured values for Dy and D;. Lami-
nate resin contents and other factors also influence these properties. Thus, in Table 9.8 the
comparisons between these materials are more important than the absolute values reported
for each material. For these comparisons, the same measurement system and resin contents
were used.

TABLE 9.8 Properties of Several Base Material Types

Glass % Expansion,

Transition Decomp. 50-260°C D@2 D@5 D@2 D@5

Product Description Temp., °C Temp., °C (40% RC) GHz GHz GHz GHz

A Dicy-cured, 140 320 42 3.9 3.8 0.021 0.022
140°CT, FR-4

B Phenolic, 150 335 34 4.0 3.9 0.026 0.027

Mid-T, FR-4

C Dicy-cured, 175 310 35 3.8 3.7 0.020 0.021
High-T, FR-4

D Phenolic, 175 335 2.8 39 3.8 0.026 0.026
High-T, FR-4

E Non-Dicy, 200 370 2.8 3.7 3.7 0.013 0.014

Non-Phenolic

In Table 9.8, the improved phenolic FR-4 materials are clearly not quite as good in terms of

electrical performance at higher frequencies as the conventional dicy-cured materials, particu-
larly with respect to Dy . However, material E exhibits thermal properties at least as good as the
phenolic materials. In addition, the electrical performance of material E is even better than the
conventional dicy-cured materials, especially in terms of D; performance. Figures 9.30 and 9.31
provide higher frequency D; and Dy data for several lead-free compatible FR-4 materials in
comparison to a standard dicy-cured, high-T, FR-4, using a split-post resonant cavity test
method. It also includes data for the non-dicy/non-phenolic material. Note that there is a wide
range of D; values for the phenolic materials, and to a lesser extent some variation in Dy values
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FIGURE 9.30 D; versus frequency for lead-free compatible FR-4 materials.

as well. In comparison, the non-dicy/non-phenolic material offers lower and more stable Dy
properties and a slightly lower Dy.

Furthermore, Table 9.9 provides several laminate constructions for a common phenolic
material, along with resin content and Dy data at 2 and 5 GHz. Note how different construc-
tions and resin contents can vary in Dy values. Table 9.10 provides the same construction data
with D;data at 2 and 5 GHz. Tables 9.11 and 9.12 provide this same data for the non-dicy/non-
phenolic material with additional data at 10 GHz.
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FIGURE 9.31 D versus frequency for lead-free compatible FR-4 materials.
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TABLE 9.9 Laminate Constructions and D, Data for a Common Phenolic FR-4

Core Standard Resin Dk@ 2.0 Dk@ 5.0
Thickness Construction Content GHz GHz
0.0025 1-1080 58 3.72 3.65
0.0030 1-2113 44 4.04 3.98
0.0035 2-106 65 3.58 3.50
0.0040 1-2116 45 4.02 3.96
0.0043 106/1080 60 3.68 3.60
0.0050 1-1652 42 4.10 4.04
0.0053 106/2113 56 3.76 3.69
0.0060 1080/2113 53 3.83 3.76
0.0070 1-7628 41 4.12 4.07
0.0070 2-2113 51 3.87 3.81
0.0080 2-2116 45 4.02 3.96
0.0095 2-2116 52 3.85 3.78
0.0100 2-1652 42 4.10 4.04
0.0120 2-1080/7628 47 3.97 3.91
0.0140 2-7628 41 4.12 4.07
0.0180 2-7628/2116 42 4.10 4.04
0.0210 3-7628 39 4.18 4.12
0.0240 3-7628/2113 41 4.12 4.07
0.0280 4-7628 40 4.15 4.09
0.0310 4-7628/2116 40 4.15 4.09
0.0340 5-7628 40 4.15 4.09
0.0350 5-7628 41 4.12 4.07
0.0390 6-7628 37 4.23 4.18

TABLE 9.10 Laminate Constructions and D; Data for a Common Phenolic FR-4

Core Standard Resin Df@2.0 Df@5.0
Thickness Construction Content GHz GHz
0.0025 1-1080 58 0.026 0.027
0.0030 1-2113 44 0.021 0.022
0.0035 2-106 65 0.028 0.029
0.0040 1-2116 45 0.021 0.027
0.0043 106/1080 60 0.026 0.028
0.0050 1-1652 42 0.020 0.021
0.0053 106/2113 56 0.025 0.026
0.0060 1080/2113 53 0.024 0.025
0.0070 1-7628 41 0.020 0.021
0.0070 2-2113 51 0.023 0.024
0.0080 2-2116 45 0.021 0.027
0.0095 2-2116 52 0.024 0.025
0.0100 2-1652 42 0.020 0.021
0.0120 2-1080/7628 47 0.022 0.023
0.0140 2-7628 41 0.020 0.021
0.0180 2-7628/2116 42 0.020 0.021
0.0210 3-7628 39 0.019 0.020
00240 3-7628/2113 41 0.020 0.021
0.0280 4-7628 40 0.020 0.021
0.0310 4-7628/2116 40 0.020 0.021
0.0340 5-7628 40 0.020 0.021
0.0350 5-7628 41 0.020 0.021

0.0390 6-7628 37 0.019 0.020
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Core Standard Resin Dk@2.0 Dk@5.0 Dk@ 10.0
Thickness Construction Content GHz GHz GHz
0.0020 1-106 70 3.40 3.38 3.37
0.0025 1-1080 57 3.67 3.66 3.65
0.0027 1-1080 59 3.63 3.61 3.61
0.0030 1-1080 63 3.54 3.53 3.52
0.0032 1-2113 49 3.87 3.85 3.85
0.0035 1-2113 51 3.82 3.80 3.80
0.0035 2-106 65 3.50 3.48 3.48
0.0040 1-3070 49 3.87 3.85 3.85
0.0040 1-2116 45 3.97 3.96 3.95
0.0043 106/1080 61 3.59 3.57 3.56
0.0045 1-2116 49 3.87 3.85 3.85
0.0050 1-1652 42 4.06 4.04 4.03
0.0053 106/2113 56 3.70 3.68 3.68
0.0060 1080/2113 53 3.77 3.76 3.75
0.0070 1-7628 40 4.12 4.10 4.09
0.0070 2-2113 51 3.82 3.80 3.80
0.0080 2-2116 45 3.97 3.96 3.95
0.0100 2-1652 42 4.06 4.04 4.03
0.0120 2-1080/7628 47 3.92 391 3.90
0.0140 2-7628 40 4.12 4.10 4.09
0.0160 2-2116/7628 45 3.97 3.96 3.95
0.0180 2-7628/2116 41 4.09 4.07 4.06
0.0210 3-7628 40 4.12 4.10 4.09
0.0240 2-1652/2-7628 41 4.09 4.07 4.06
0.0280 4-7628 40 4.12 4.10 4.09
TABLE 9.12 Laminate Constructions and D; Data for a Non-Dicy/Non-Phenolic Material
Core Standard Resin Df@2.0 Df@5.0 Df@10.0
Thickness Construction Content GHz GHz GHz
0.0020 1-106 70 0.0151 0.0154 0.0154
0.0025 1-1080 57 0.0136 0.0139 0.0139
0.0027 1-1080 59 0.0138 0.0141 0.0141
0.0030 1-1080 63 0.0143 0.0146 0.0146
0.0032 1-2113 49 0.0121 0.0130 0.0130
0.0035 1-2113 51 0.0130 0.0132 0.0132
0.0035 2-106 65 0.0145 0.0148 0.0148
0.0040 1-3070 49 0.0122 0.0130 0.0130
0.0040 1-2116 45 0.0121 0.0125 0.0125
0.0043 106/1080 61 0.0141 0.0123 0.0123
0.0045 1-2116 49 0.0122 0.0130 0.0130
0.0050 1-1652 42 0.0110 0.0122 0.0122
0.0053 106/2113 56 0.0135 0.0138 0.0138
0.0060 1080/2113 53 0.0132 0.0134 0.0134
0.0070 1-7628 40 0.0104 0.0119 0.0119
0.0070 2-2113 51 0.0130 0.0132 0.0132
0.0080 2-2116 45 0.0123 0.0125 0.0125
0.0100 2-1652 42 0.0111 0.0120 0.0120
0.0120 2-1080/7628 47 0.0125 0.0127 0.0127
0.0140 2-7628 40 0.0114 0.0119 0.0119
0.0160 2-2116/7628 45 0.0123 0.0125 0.0125
0.0180 2-7628/2116 41 0.0115 0.0120 0.0120
0.0210 3-7628 40 0.0114 0.0129 0.0129
0.0240 2-1652/2-7628 41 0.0115 0.0120 0.0120
0.0280 4-7628 40 0.0114 0.0119 0.0119
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9.10 ELECTRICAL PERFORMANCE OF LOW D,/Dr LEAD-FREE
COMPATIBLE MATERIALS

0.014
0.012
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0.006
0.004
0.002

Df

However, for performance at very high frequencies, lower D,/D; materials are preferred. While
low D\/D; materials have been available for many years, the advent of lead-free assembly has
complicated material selection, and in these applications not only are the laminate Dy and D;
properties critical, but their thermal properties are just as important. Critical material proper-
ties for lead-free assembly compatibility will be discussed in a subsequent chapter. Figures 9.32
and 9.33 provide D; and Dy data for three different low D,/D; materials that are also compatible
with lead-free assembly.
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FIGURE 9.32 Df versus Frequency for Low D,/Dy, Lead-Free Compatible Materials.
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FIGURE 9.33 D, versus Frequency for Low Dy/Dy, Lead-Free Compatible Materials.

Table 9.13 provides Dy and Dy data for the very low D,/D; material by construction and

resin content. This sample of constructions illustrates how these properties vary with resin
content in addition to frequency. For a full list of constructions available for any product, it is
recommended that the manufacturer’s data sheets be consulted.
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TABLE 9.13 Laminate Constructions and D, Data For A Low D,/D; Material

Resin D, @ D, @ D@ D; @ D;@ D@

Thickness (in.) Construction Content % 2 GHz 5 GHz 10 GHz 2 GHz 5 GHz 10 GHz
0.0020 1-106 70 3.28 3.24 3.24 0.0058 0.0066 0.0072
0.0027 1-1080 60 3.51 3.47 3.47 0.0059 0.0066 0.0071
0.0030 1-1080 63 3.44 3.40 3.40 0.0059 0.0066 0.0071
0.0035 1-2113 51 3.73 3.70 3.70 0.0060 0.0066 0.0070
0.0040 1-3070 49 3.78 3.75 3.75 0.0060 0.0066 0.0070
0.0043 106/1080 62 3.46 3.42 3.42 0.0059 0.0066 0.0072
0.0050 106/2113 55 3.63 3.59 3.59 0.0060 0.0066 0.0071
0.0060 1080/2113 54 3.65 3.62 3.62 0.0060 0.0066 0.0071
0.0070 2-2113 52 3.70 3.67 3.67 0.0060 0.0066 0.0071
0.0080 2-3070 49 3.78 3.75 3.75 0.0061 0.0066 0.0070
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CHAPTER 10

THE IMPACT OF LEAD-FREE
ASSEMBLY ON BASE MATERIALS

Edward J. Kelley
Isola Group, Chandler, Arizona

10.1 INTRODUCTION

The European Union’s Restriction of Hazardous Substances (RoHS) directive has had a
profound impact on all levels of the electronics industry supply chain, including the base mate-
rials used in printed circuit boards (PCBs). While debate over the net environmental benefits of
this initiative continues, it is clear that all levels of the supply chain must deal with the implica-
tions. The July 2006 deadline for the first group of products that must comply has come and
gone, and deadlines for other product groups are established. Indeed, many of the product
groups with exemptions that allow for more time to comply are being forced to transition ahead
of schedule due to component availability and constraints within the assembly services industry.
The product groups granted initial exemptions are generally those with the most stringent reli-
ability requirements, and many involve complex PCB designs that even further complicate the
issues with respect to base materials. This chapter will present the key issues related to base
materials, important properties with respect to lead-free assembly compatibility, and examples
of material evaluation. Further discussion of material selection is presented in Chap.11.

10.2 ROHS BASICS

RoHS restricts the use of:

e Lead (Pb)

¢ Cadmium (Cd)

e Mercury (Hg)

» Hexavalent chromium (Cr'")

¢ Polybrominated biphenyl (PBB)

¢ Polybrominated diphenyl ethers (PBDE)

The first four substances are metals used for a variety of applications, whereas the last two
are generally used as flame retardants in plastic materials. It is important to note that these
halogenated flame retardants are not generally used in laminate materials for printed circuits.
In addition, bromine (Br), the halogen used in these flame retardants, is itself not restricted.

10.1
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Chapter 7 discussed flame retardants in more detail. The key point to be made here is that the
most common flame retardant used in base materials, tetrabromo-bisphenol-A (TBBPA), is
not restricted by RoHS. Furthermore, in FR-4 materials, TBBPA is generally reacted into one
of the epoxy resins, and thus does not exist as a free-standing molecule, but is incorporated
into the molecular backbone of the resin system.

The metals that are restricted are not used in base materials either. So from the standpoint
of compliance, most laminate materials are acceptable. The key issue is the restriction on the
use of lead, and the implications that this has for assembly of components onto PCBs. Eutectic
tin/lead (Sn/Pb) has been the primary solder alloy used in assembly of printed circuits, and has
a melting point of 183°C. Peak assembly temperatures using eutectic tin/lead commonly reach
230-235°C. With the elimination of lead from electronics assembly, alternative solder alloys
have been developed. These lead-free alloys have higher melting points. Tin/silver/copper
(Sn/Ag/Cu) alloys, also called ‘SAC’ alloys, are the most common lead-free solder alterna-
tives, with the most common of these alloys having melting points around 217°C and peak
assembly temperatures of up to 260°C. Assembly rework temperatures can be even higher. It
is the increase in temperature to which PCBs are exposed to that is the primary issue with
respect to base materials. In other words, the issue for base materials is not compliance with
the restriction on the banned substances, but compatibility with the manufacturing processes
and temperatures used.

10.3 BASE MATERIAL COMPATIBILITY ISSUES

The question of base material compatibility is very complex. This is the result of several factors.
First, PCB design and construction have a significant impact on the base material properties
required. Thin, low-layer-count PCBs may have different requirements than very thick, high-
layer-count PCBs. Copper weights, aspect ratios, and other design features also have an impact.
End-use application and the associated requirement for long-term reliability and electrical
performance also impacts the decision-making process. The requirements for a cell phone,
video game, or even a computer motherboard are very different than those for high-end servers,
telecommunications gear, avionics, and critical medical and automotive electronics. Finally, not
all lead-free assembly processes are the same. Some designs experience peak temperatures of
around 245°C, whereas others experience peak temperatures of up to 260°C, or even higher in
some cases. Some PCBs may experience two to three thermal cycles, others up to five, six, or
even more depending on how many reworks are allowed. All of this makes it impossible to rec-
ommend one base material type for all applications without either underspecifying the lami-
nate material and risking defects during assembly or later on in the field, or overspecifying the
material and paying too much for the material or limiting availability.

Beyond the complexity introduced by the PCB design and construction, there are funda-
mentally two issues:

e Surviving lead-free assembly processes without defects
¢ Maintaining the required level of long-term reliability for the given application
The critical base material properties required for each are summarized here, and discussed

in more detail later in this chapter. The impact on the base material components is discussed
in Section 10.4.

10.3.1 Surviving Lead-Free Assembly without Defects

The primary defects related to base materials that can occur during lead-free assembly
include measling, blistering, or delamination. These defects are related to the thermomechan-
ical properties of the base material as well as the interaction of these properties with any
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absorbed moisture that may be contained within the PCB during assembly, which can be
volatilized as the PCB is heated. Fundamentally, these defects represent either the creation of
voids within the PCB due to the volatilization of moisture, retained solvents, other organic
components including the by-products of resin decomposition, or the loss of adhesion
between the fundamental base material components: glass cloth, resin system, and copper.
The adhesion loss and subsequent blistering or delamination may be the result of pressure
from volatilized components, mismatches between component thermal expansion rates,
degradation of the components at the interfaces, or combinations of these factors. Figure 10.1
is an example of delaminations within a PCB after lead-free assembly processing. This PCB
used a standard dicyandiamide (dicy) cured, high-T, FR-4 base material. The left and right-
side images in this figure are from the same area of the PCB, but photographed with different
lighting to highlight the specific interfaces where delamination occurred.

FIGURE 10.1 PCB delamination after lead-free assembly.

The key base material properties that relate to survivability in lead-free assembly processes
include:

e Decomposition temperature (T,)

e Coefficients of thermal expansion (CTE;)
e Moisture absorption

e Time to delamination

Time to delamination, or T260 time, which is the time it takes for a sample to delaminate
when held at an isotherm temperature of 260°C, is not a fundamental base material property,
but is a functional test related to the other material properties. In multilayer PCBs, this prop-
erty can be affected by the quality of the innerlayer copper surface preparation and multilayer
lamination quality, among other things.

10.3.2 Lead-Free Assembly and Long-Term Reliability Issues

The second fundamental issue for base materials and PCBs is understanding the impact to
long-term reliability assuming a PCB has survived assembly. Other things being equal, the
long-term reliability of a PCB assembled in a lead-free process with higher temperatures is
not as good as a PCB assembled in a tin-lead assembly process with lower temperatures. The
magnitude of the difference is dependent on many factors, but they include the type of base
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material used. The key properties of the base material with respect to long-term reliability
include:

e CTEs

¢ Glass transition temperature (T,)
¢ Decomposition temperature (T,)
e Moisture absorption

Additionally, the specific construction of the PCB in terms of resin content, the types of
fiberglass cloth used, and the adhesion and long-term thermochemical compatibility between
the resin system and copper which is plated within vias can have a significant impact on long-
term reliability. Some of these factors relate to the impact they have on CTEs, both in the z-axis
as well as in the x- and y-axes. For example, using a very high resin content prepreg layer
adjacent to a very low resin content layer increases the stress at the interface of these layers
due to the differences in thermal expansion that result from the differences in resin-to-glass
concentrations. The higher temperatures of lead-free assembly result in a greater absolute level
of expansion or stress at these interfaces, which can lead to blistering or delamination. The dis-
tribution of the glass filaments within the resin system can have a similar effect. Within a given
layer or prepreg, if there are “resin-rich” versus “glass-rich” areas, the differences in thermal
expansion between these areas cause stresses that can lead to delamination, or at the interface
with a plated-through hole (PTH) will result in points of stress-strain discontinuity resulting
from differences in the z-axis expansion values. It is not uncommon to see cracks in the PTH
copper begin at these points and ultimately lead to failure.

Section 10.5 discusses the material properties relevant to both surviving lead-free assem-
bly as well as ensuring long-term reliability. Although the test methods used to assess long-
term reliability are beyond the scope of this chapter, where relevant, a brief description will
be provided to help explain performance differences. However, before discussing these prop-
erties in more detail, Section 10.4 presents some of the concerns related to the components
used to make base materials.

10.4 THE IMPACT OF LEAD-FREE ASSEMBLY ON BASE

MATERIAL COMPONENTS

The higher temperatures of lead-free assembly have an impact on each of the three main
components of laminate materials: the resin system, the glass cloth, and the copper foil.
Table 10.1 summarizes the key issues for each of these main components.

10.5 CRITICAL BASE MATERIAL PROPERTIES

Substantial work describing the impact of lead-free assembly temperatures on base materials
and finished PWBs has been gathered.>***%” These works have identified the critical base
material properties that must be considered when selecting a material for lead-free assembly
applications, though work on this subject is continuing. Table 10.2 provides a summary of
these properties.

A very critical point that must be emphasized with respect to these issues is that although
laminate manufacturers can easily make improvements in one property, doing so often can
adversely affect other important properties. For example, it is relatively easy to formulate a
resin system with a very high time to delaminate in conventional T260 or T288 tests, or to engi-
neer a resin system with a very high decomposition temperature. However, this is often
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TABLE 10.1 Primary Lead-Free Issues for Base Material Components

Component

Lead-Free Assembly Impact

Potential Solutions

Related Considerations

Resin System

Fiberglass Cloth

Copper Foil

1. Peak assembly
temperatures can reach
point where resin
decomposition begins.

2. Higher temperatures
result in increased thermal
expansion and stress on
plated holes as a result.

3. Vapor pressure of
absorbed moisture is
much higher at lead-free
assembly temperatures;
can lead to
blistering/delamination.

4. “Phenolic” lead-free
compatible materials are
often not as good for
electrical performance,
especially Dy.

Thermal and mechanical
stress on resin-to-glass
bond. Volatilized
components can also
stress this bond.

Thermal and mechanical
stress on resin-to-copper
bond.

1. Formulate resin system
with higher decomposition
temperatures.

2. Formulate for lower
coefficients of thermal
expansion.

3. Evaluate materials for
moisture absorption/release
characteristics; drying
processes in PCB
fabrication and/or assembly.

4. Evaluate non-dicy/non-
phenolic laminate
materials.

Cleanliness, moisture
resistance, and choice of
proper coupling agent for
resin adhesion are more
important.

Copper nodularization and
roughness, treatments for
improved adhesion, i.e.
coupling agents.

1. Reformulation can
adversely affect electrical
properties and
manufacturability.

2. Can also impact
mechanical properties
and manufacturability.

3. PCB storage conditions
during manufacturing
and prior to assembly are
much more important,
especially humidity
conditions.

4. Cost/performance trade-
off. New materials now
available that offer more
choices.

Loss of resin-to-glass
adhesion through thermal
cycling could impact CAF
resistance.

Roughness impacts signal
attenuation, especially at
high frequencies.!

achieved at the expense of mechanical properties and can make the material more difficult to
use successfully in conventional PWB manufacturing processes, or without sacrificing design
flexibility. Interactions between these and other material properties such as hardness, modu-
lus, and fracture toughness with the processes used in PCB fabrication can greatly influence
the reliability of a PCB during and after assembly. For example, an increase in decomposition
temperature with a simultaneous decrease in fracture toughness does little good if the PCB
exhibits cracking or fracturing during scoring processes or similar defects during the mechan-
ical drilling of tight pitch holes for PTHs. Therefore, achieving the best balance of properties
to meet the needs of the OEM, Electronic Manufacturing Services company (EMS), and
PWB manufacturer is absolutely critical.

10.5.1 The Historical Focus on T,

Chapter 6 explained how and why T, has historically been one of the properties used to classify
base materials, while Chap. 8 provided additional information on the measurement of T,. In
short, the historical focus on T, as an indicator of reliability is probably the result of its effect
on total z-axis expansion. However, because of differences in CTE values, even the relationship
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TABLE 10.2 Critical Base Material Properties for Lead-Free Assembly Applications

Property

Definition

Issue

Decomposition

Temperature, Ty

Glass Transition

Temperature, T,

Coefficients of
Thermal
Expansion,
CTEs

Moisture
Absorption

Time to
Delamination

Measurement of weight loss from resin
system degradation as a function of
temperature. T} is typically defined as
the point at which 5 percent of the
original mass is lost to decomposition,
but other levels can also be reported, e.g.
1 percent, 2 percent, or “onset.”

Thermodynamic change in polymer from a
relatively rigid, glassy state, to a
softened, more deformable state.

Rate of change in physical dimension
(in x-, y-, or z-axis) as a function of
temperature, expressed as a coefficient
of thermal expansion. Can also be
expressed as a percentage expansion
over a given temperature range.

Tendency of a material to absorb moisture
from the surrounding environment. Can
be assessed by more than one method,
including water soak or in an increased
pressure and humidity environment.

Not a fundamental property;
measurement of the time for
delamination to occur at a specific
temperature, e.g. 260°C (T260) or 288°C
(T288).

Resin decomposition can result in adhesion loss
and delamination. A 5 percent level of
decomposition is severe, and intermediate
levels are important for assessing reliability
since peak temperatures in lead-free assembly
can reach onset points of decomposition.

A high T, by the 5 percent definition does not
guarantee performance. Conversely, a low Ty
by the 5 percent definition is not necessarily
bad if the onset temperature of decomposition
is high enough.

Several properties change as the T, is exceeded,
including the rate at which a material expands
versus temperature. Modulus also decreases
significantly as T, is exceeded.

Resin system CTE values above T, are much
higher than below T,. Z-axis expansion induces
stress on plated vias. The higher temperatures
of lead-free assembly result in more total
expansion for a given material. Several mature
lead-free-compatible materials incorporate
inorganic fillers that reduce CTE values. X-
and y-axis CTEs are also important for
reliability at component and layer interfaces.

Vapor pressure of water is much higher at lead-
free assembly temperatures. Absorbed
moisture can volatilize during thermal cycling
and cause voiding or delamination. PWBs that
initially pass lead-free assembly testing may
exhibit defects after storage in an uncontrolled
environment as a result of moisture absorption.
This should be considered when evaluating
materials and PWB designs.

This property is related to decomposition
temperature and adhesion between material
components. Thermal expansion and moisture
absorption can also influence results. In
multilayer PWBs, the treatment of the internal
copper surfaces is also critical, among other
factors.

between T, and thermal expansion requires further analysis. Figure 10.2 illustrates the relation-
ship between T, and thermal expansion for the products in Table 10.3.

From Fig. 10.2, products with the same pre- and post-T, CTE values (A and C, for exam-
ple; note that above T, the lines are parallel) differ in total expansion based on their T, val-
ues. For example, the conventional 175°C T, material (C) exhibits less total expansion than
the conventional 140°C T, material (A) because the onset of the higher post-T, rate of
expansion is delayed by 35°C. However, the 175°C material with a lower CTE value (D)
exhibits much less total expansion than the conventional 175°C T, material even though the
T, values are the same. Furthermore, the 150°C T, material with reduced CTE values (B)
exhibits approximately the same total expansion (3.4 percent) as the conventional 175°C T,
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FIGURE 10.2 The impact of T, and CTE values on total expansion.

material (3.5 percent). However, with a decomposition temperature that is significantly higher,
this mid-T, FR-4 material is much more compatible with lead-free assembly than the conven-
tional 175°C T, material.

10.5.2 The Importance of Decomposition Temperature

Although glass transition temperature (T,) and z-axis expansion have been a primary focus of
attention over the years, only with the introduction of lead-free assembly has the decomposition
temperature (T,) gained significant attention. The decomposition temperature has always been
important in terms of reliability, yet most people have used T, as a proxy for material reliability.
One reason for this is that other things being equal, a higher-T, results in less total thermal
expansion, and therefore less stress on plated vias. What wasn’t discussed is that it is common for
conventional dicy-cured, high-T, FR-4 materials to exhibit somewhat lower decomposition tem-
peratures than conventional dicy-cured, 140°C T, FR-4 materials. This is highlighted by the fact
that most conventional 140°C T, FR-4 materials exhibit longer T260 times than conventional
high-T, FR-4 materials. To highlight the importance of T, examine Fig. 10.3.

The traditional dicy-cured, high-T, FR-4 materials we have become familiar with have Ty
values in the range of 290-310°C. Traditional 140°C T, FR-4 materials are generally somewhat
higher, with a typical example of a material with a T4 of 320°C shown in Fig. 10.3. In the typical
tin-lead assembly environment, peak temperatures do not reach the point where decomposi-
tion is significant for either the traditional or enhanced products. However, in the lead-free
assembly environment, peak temperatures reach the point where a small but significant level
of decomposition can occur for the conventional materials, but not for the enhanced products.

TABLE 10.3 Properties of Some Common FR-4 Base Materials

Glass Transition Decomposition % Expansion, 50-260°C
Product Description Temp. (°C) Temp. (°C) (40% Resin Content)

A Conventional Dicy-Cured 140 320 42

140°C T, FR-4
B Phenolic” Mid-T, FR-4 150 335 34
C Conventional Dicy-Cured 175 310 35

High-T, FR-4
D Improved High-T, FR-4 175 335 2.8
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FIGURE 10.3 Decomposition curves for a traditional and improved FR-4
material.

This seemingly small level of decomposition in the conventional products can have extremely
significant effects on reliability, especially if multiple thermal cycles are experienced.

On the other hand, as long as the temperatures experienced during assembly and rework
do not exceed the temperature at which decomposition begins, there may not be further ben-
efit to higher decomposition temperatures. In addition, the resin system modifications often
made to increase T, can sometimes lead to other problems, such as brittleness or hardness of
the resin system that negatively impacts PCB manufacturability (as in drilling, scoring, and
routing) or fracture toughness in tight pitch PTH areas. As not all lead-free-compatible
materials use the same resin systems, great care should be used in selecting a material that
balances the requirements of the OEM, assembler, and PCB fabricator. A simple review of a
material data sheet or IPC slash sheet is not sufficient to guarantee success. Involvement
with the base material supplier to understand fully the capabilities of a material and the pro-
cessing required for success is even more important for lead-free applications. To expand on
this, examine Figs. 10.4 through 10.6, which were also presented in Chap. 8.

First, note the slope of the decomposition curve in Fig. 10.6. By the 5 percent decomposition def-
inition, this material has a T, of 405°C. However, looking at 1 percent and 2 percent values, the tem-
peratures are 336°C and 367°C, which are significantly lower than a reported 5 percent value of
405°C. This is not to say that a 1 percent T of 336°C is bad. In fact, this material has exhibited
exceptional reliability in lead-free applications. However, it does point to the need to under-
stand decomposition levels other than the 5 percent level. In contrast, the material in Fig. 10.5
has a 5 percent T of 330°C with 1 percent and 2 percent Ty’s of 326°C and 328°C, respectively.
In this case, there is a very small difference between the 1 percent, 2 percent, and 5 percent val-
ues, and this material has also proven to have excellent performance in a broad range of lead-
free assembly applications. Last, the standard high-T, material in Fig. 10.4 exhibits a 5
percent Ty of 305°C with 1 percent and 2 percent values of 297°C and 301°C. This is also a
small range of values, but in this case the absolute values are lower and begin to approach
the range of temperatures that can be experienced, at least locally, in a printed circuit board
that undergoes lead-free assembly and rework. Materials such as this have not performed
with adequate reliability to be considered for anything but the simplest lead-free applica-
tions. In addition, if PCBs made with these materials are stored in uncontrolled environ-
ments and are allowed to absorb even a modest level of moisture, the combination of lower
Ty’s with the higher vapor pressure of water at lead-free temperatures can lead to cata-
strophic defects in assembly or severely degraded long-term reliability.

To take this a step further, examine the materials listed in Table 10.3. These are four FR-4
materials, with material C being the same material as shown if Fig. 10.4, and material D being
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FIGURE 10.4 Decomposition curve for a standard dicy-cured high-T, FR-4.
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the same as the material in Fig. 10.5. The impact of decomposition temperature when these
materials are exposed to multiple thermal cycles to different peak temperatures is highlighted in
Figs. 10.7 and 10.8. Figure 10.7 graphs cumulative weight loss (decomposition) for these materi-
als when cycled repeatedly to a peak temperature of 235°C. Clearly, there is little impact on
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FIGURE 10.5 Decomposition curve for a phenolic high-T, FR-4.
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FIGURE 10.6 Decomposition curve for an alternative high-T,/high-T, material.

resin decomposition when the peak temperature reaches 235°C. Figure 10.8 presents the same
results when the peak temperature is increased to 260°C. The increase in temperature to
260°C has a severe impact on resin decomposition for the traditional FR-4 materials as they
experience multiple thermal cycles, especially the conventional high-T, material (product C).
The rapid degradation in material C after only a few thermal cycles highlights why this mate-
rial is not recommended for lead-free assembly applications. Indeed, as more data are gath-
ered, thermal cycling seems to have a much greater impact than even one cycle to a very high
temperature, even if the cycling occurs for a long time. As an example, review Fig. 10.9, which
plots decomposition versus time at different isotherm temperatures for a standard dicy-
cured high-T, FR-4 material (C in Figs. 10.7 and 10.8). In Fig. 10.9 it can be seen that rela-
tively low levels of decomposition are experienced for extended time periods even at the
260°C and 275°C isotherm temperatures. This same material, C in Fig. 10.8, exhibits rapid
decomposition when cycled up to 260°C and cooled to room temperature multiple times.
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FIGURE 10.7 Decomposition through multiple cycles to 235°C.
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10.5.3 Moisture Absorption

As pointed out in Table 10.2, the vapor pressure of water at lead-free assembly tempera-
tures—260°C, for example—is much higher than at eutectic tin-lead assembly temperatures
such as 230°C. Figure 10.10 plots the vapor pressure of water, in both mm Hg and psi, versus
temperature. At 230°C the vapor pressure of water is near 400 psi. At 260°C, it is close to 700
psi. Therefore, any absorbed moisture within a PCB during assembly can have a much greater
impact in lead-free assembly, as the greater pressure stresses the adhesion between the base
material components and can also create small voids within the resin system.

This means that much more care must be used in selecting materials for their moisture
absorption properties. However, all common base materials absorb some level of moisture.
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FIGURE 10.9 Decomposition versus time at different isotherm temperatures..
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FIGURE 10.10 Vapor pressure of water versus temperature.

So the storage of these materials, both during manufacturing of the PCB as well as prior to
assembly, must also be examined. Additional drying or baking steps may be needed in some
applications to drive off any absorbed moisture prior to exposure to high temperatures.
Additionally, it can be difficult to correlate actual performance with the moisture absorption
data commonly found on material data sheets. One reason for this is that it may not be just the
moisture absorption that is important, but the rate at which moisture can be driven from the
material as well. As an illustration, consider the data in Fig. 10.11.

These materials were conditioned for 60 minutes in 15 psi steam and then solder shocked
for 20 seconds at 288°C. Their moisture absorption was measured and compared to their
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FIGURE 10.11 Moisture absorption versus solder shock resistance for several materials.
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performance in the solder shock testing. The particular halogen-free material shown in this
graph exhibits a very high level of moisture absorption and does indeed exhibit poor solder
shock resistance. However, with the exception of only one material, all the other materials
exhibited good solder shock resistance in this test, even though their moisture absorption
levels ranged from less than 0.2 percent to just over 0.4 percent.The one other material
that exhibited some level of defects had an intermediate level of moisture absorption,
around 0.3 percent.The point is that it is very difficult to draw conclusions about material
performance based on reported levels of moisture absorption. Additional reliability test-
ing relevant to the application being considered is needed to make good decisions on
material compatibility.

With respect to moisture absorption and the subsequent drying or baking of PCBs, consider
the tests summarized by Figs. 10.12 and 10.13. In each test, several different types of base mate-
rial were evaluated, including dicy-cured and phenolic-cured FR-4 materials, as well as low D,/
D and halogen-free materials. Figure 10.12 shows moisture absorption data for samples that
were dried, then soaked in water at room temperature for five days, measured, and then baked at
125°C for 24, 96, and 120 hours. Samples from this test were then submitted to 35°C and 85
percent RH for seven days, measured, and then baked at 125°C for 24 and 48 hours. The results
of this second test are shown in Fig. 10.13. Although these graphs show that the different types
of materials may absorb somewhat different amounts of moisture, in each case the moisture was
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FIGURE 10.13 Percent weight change after seven days at 35°C/85 percent RH moisture test and 125°C bake.
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able to be driven off by baking. Beyond this, little correlation could be found between the rel-
ative levels of moisture absorption and performance in lead-free assembly applications.
Although the materials tested here that showed relatively low levels of moisture absorption
have performed well in lead-free assembly applications, some that showed relatively high lev-
els of moisture absorption in these tests have also performed well. The materials in this group
that have not done well in lead-free applications fell somewhere in the middle in terms of rel-
ative moisture absorption. Thus, although moisture absorption is a critical property, it must also
be evaluated within the context of other properties.

10.5.4 Time to Delamination

The time to delamination, and how it is measured, was discussed in further detail in Chap. 8.This
test method involves placing a sample of laminate or PCB in a thermomechanical analyzer
(TMA) and heating the sample to a specific isothermal temperature, most commonly 260°C
(T260) or 288°C (T288). The time it takes for the sample to delaminate is then measured and
reported. Figure 10.14 is an example of a complex backplane PCB that was subjected to T260
testing. This PCB used a conventional dicy-cured high-T, FR-4 material and delaminated
before reaching 2 minutes. Note the charring and degradation of the resin system. Alternate
resin systems, including alternate types of FR-4 materials, can offer significantly improved
performance. Figure 10.15 compares time-to-delamination performance at different temper-
atures for four different resin systems: two dicy-cured FR-4s and two that use an alternate
type of curing mechanism. Note that the materials using an alternative curing mechanism

FIGURE 10.14 Delamination and resin decompo-
sition after T260 testing.
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FIGURE 10.15 Time to delamination versus temperature for different resin systems.

offer much longer times to delamination at each temperature, although all systems exhibit
much shorter times as the temperature is increased.

Times to delamination also vary based on the type of sample measured. Laminates with
the copper foil removed generally exhibit longer times than laminates with copper foil. Clad
laminates in turn exhibit longer times than multilayer PCBs. Figure 10.16 provides data on
clad versus unclad samples for several material types in T260 and T288 testing. In multilayer
PCBs, usually the interface between the resin and the internal copper surfaces will fail first.
Time to delamination in multilayer PCBs is affected by the quality of the surface treatment of
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FIGURE 10.16 T260 and T288 testing on clad and unclad samples of several material types.
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the internal copper layers, the quality of the multilayer lamination processing, as well as the
type and condition of the bonding prepreg.

Time to delamination testing of multilayer PCBs has become a common test for lead-free
assembly compatibility. However, several factors beyond the base material type can have an
influence on performance. So care needs to be taken in assessing why a particular PCB might
exhibit a low time to delamination. On the other hand, if a particular type of base material
exhibits low times to delamination, little can be done in PCB manufacturing to improve per-
formance. In short, a given material offers a certain performance entitlement. Whether this
performance level is realized in the finished PCB is dependent on several factors, primarily
related to PCB manufacturing processing.

10.5.5 The Impact of Lead-Free Assembly on Other Properties

Exposure to assembly temperatures can have a significant effect on the properties of base
materials, including the T, and modulus properties of the material. This is particularly true if
the material is exposed to multiple thermal cycles. In addition, the magnitude of the effect is
dependent on the specific peak temperature experienced. Figures 10.17 and 10.18 compare
the effect of multiple thermal cycles on dynamic mechanical analysis (DMA) T, for various
material types when cycled to 235°C (Fig. 10.17) and 260°C (Fig. 10.18). When cycled repeat-
edly to 235°C, none of these materials exhibits a significant change in DMA T,. However,
when cycled repeatedly to 260°C, the dicy-cured materials show significant degradation in the
measured DMA T,, especially the high-T, dicy-cured material.

Figures 10.19 and 10.20 present similar data for measurements of the percent change in
DMA modulus through multiple thermal cycles. Note that even when cycled to a peak tem-
perature of 235°C, the high T, dicy-cured FR-4 material exhibits a consistent decline in DMA
modulus. The 140°C T, dicy-cured material exhibits a decrease only after several cycles.
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FIGURE 10.17 DMA T, versus multiple thermal cycles to 235°C.
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When cycled to a peak temperature of 260°C, both of the dicy-cured FR-4 materials exhibit
rapid declines in DMA modulus. In all of these cases, the non-dicy (phenolic) FR-4 materials
show little impact whether cycled to 235°C or 260°C. If anything, they exhibit very slight
increases in T, and modulus.
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FIGURE 10.19 Percent change in DMA modulus versus multiple thermal cycles to 235°C.
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10.6 IMPACT ON PRINTED CIRCUIT RELIABILITY

AND MATERIAL SELECTION

In addition to the works already cited, there have been excellent studies on the impact of lead-
free assembly, specifically on PWB reliability.**! These works present statistical analyses
showing the impact of lead-free assembly on PWB reliability and reach important conclusions
regarding the base materials. Although there is not perfect agreement among all published
works, the differences typically are the result of a different focus—for example, whether the
focus is on complex, thick PWBs with stringent reliability requirements versus relatively less
complex PWBs with shorter intended field lifetimes or less stringent reliability requirements.
Conclusions include:

e A minimum decomposition temperature is critical for lead-free assembly compatibility,
although higher Ty’s are not always better. Trade-offs with other properties, such as manufac-
turability, fracture toughness, and so on, make achieving the right balance of properties critical.

e T, and CTE values are important because of the effects on thermal expansion, especially in
thicker PWBs.

¢ Most conventional (dicy-cured) high-T, FR-4 materials are generally not compatible with
lead-free assembly, or can be used successfully only in a very limited range of applications.

¢ Conventional 140°C T, materials may still be suitable for PWB designs with limited thick-
ness and reliability requirements, particularly when intermediate peak temperatures are
used in assembly. This is largely the result of these materials having slightly higher decom-
position temperatures than the higher-T, equivalents.

e Mid-T, FR-4 materials with high decomposition temperatures are viable products for many
lead-free assembly applications involving intermediate-complexity PWB designs.

e Materials with a sufficiently high-decomposition temperature, high-T,, and reduced CTE
values are suitable for the broadest range of applications, including complex PWBs assem-
bled at 260°C peak temperatures.
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¢ Balancing material properties with PWB manufacturability is critical. Materials that exhibit
excellent properties have failed because of difficulties experienced when fabricating the
PWB, such as fracturing in drilling, routing or scoring, difficulty in texturing drilled holes for
copper plating, resin recession, or hole wall pull-away during thermal stress.

10.6.1 Example of Material Types and Properties versus
Assembly Reliability

To highlight a couple of these conclusions, consider the following test. First, multilayer PWBs
made from the materials in Table 10.3 were processed through Infra-Red (IR) reflow cycles
at different peak temperatures. The PWB was a 10-layer, 0.093-in. (2.6 mm) thick board
“designed to fail,” meaning the copper weights and patterns, construction, and resin contents
were chosen so that the board would be more sensitive to thermal cycles. In addition, the
dwell time at the peak temperature was 1.5 minutes. This allowed differences in material per-
formance to be detected more clearly. Figure 10.21 graphs the percentage of boards surviving
six reflow cycles without any evidence of blisters, measles, or delamination.
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FIGURE 10.21 Survival after six reflow cycles at different peak temperatures.

Notably, the first material to exhibit defects is the conventional dicy-cured, high-T, FR-4
material. This material began to exhibit defects when the peak temperature reached 240°C. At
a peak temperature of 260°C, the conventional dicy-cured FR-4 materials, both the 175°C T,
and the 140°C T, products, all exhibited evidence of defects. On the other hand, the materials
with higher decomposition temperatures, both the 150°C T, and the 175°C T, products, all sur-
vived six cycles to 260°C.

10.6.2 Example of Material Types and Properties versus
Long-Term Reliability

In another test, three high-T, materials were evaluated through Interconnect Stress Test (IST)
testing.!! This particular test provided insight into the effect of thermal expansion and decom-
position temperature on long-term reliability, as assessed by the IST method. The IST test
method uses an electric current to heat test coupons that contain a network of plated through
holes. The test samples are generally preconditioned several times to simulate exposure to
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TABLE 10.4 Materials Evaluated through IST Testing

Glass Transition Decomposition % Expansion, 50-260°C

Product Description Temp. (°C) Temp. (°C) (40% Resin Content)
C Conventional High-T, 175 310 35
D* High-T,/High-Tq 175 335 3.4
D High-T,/High-Ty/ 175 335 2.7
Reduced CTE

assembly processes, and then cycled back and forth between an elevated temperature, most
commonly 150°C, and room temperature. The samples are cycled in this manner until failure
occurs, with failure generally being defined as a change in measured resistance of 10 percent.
The materials evaluated in this example are described in Table 10.4.

Note that the T, values of these materials are the same, but differences exist in decompo-
sition temperatures and thermal expansion values. Product D" is similar to product D except
that it has a higher level of thermal expansion. Product D" exhibits approximately the same
thermal expansion as Product C, but Product D" has a higher decomposition temperature.
Product D has both a high decomposition temperature and a very low level of thermal expan-
sion. The PWB tested was a 14-layer, 0.120-in. (3.1 mm) thick multilayer with 0.012-in. (0.30 mm)
diameter plated through holes. The average copper plating in the via was 0.8 mil (20.3
micron), although 1.0 mil (25.4 micron) had been requested. Figure 10.22 charts the average
number of cycles to failure (10 percent resistance change in the plated via net) for each mate-
rial type at each preconditioning level: as is (no preconditioning), three cycles to 230°C, six
cycles to 230°C, three cycles to 255°C, and six cycles to 255°C.

Clearly, the two materials with improved decomposition temperatures exhibit much better
performance than the conventional high-T, product. Also, in comparing product D to product
D", it appears that the lower thermal expansion of product D does offer improvement in the
number of cycles to failure, but this improvement is smaller in comparison to the improvement
due to the higher decomposition temperature, at least for this PWB design. The benefit of
reduced thermal expansion becomes more important as the thickness of the PWB increases. In
addition, the technique used to reduce the CTE values in this case also provides benefits in
PWB manufacturability.
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FIGURE 10.22 IST results for three 175°C T, materials.
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10.6.3 Understanding the Potential Impact on Electrical Performance

Most of the FR-4 laminate materials developed for lead-free assembly applications use an
alternative resin chemistry in comparison to the conventional dicyandiamide (dicy) cured FR-
4s. The most common alternatives are commonly referred to as phenolic or novolac cured
materials. Although there is some variation between these materials, as a group they tend to
exhibit somewhat different electrical performance, particularly with respect to dielectric loss,
or Dy (dissipation factor). For most applications operating in typical frequency ranges, the dif-
ferences are not significant. However, as operating frequencies increase toward the higher
end of FR-4 applications and impedance control becomes more critical, these differences can
become very significant. Table 10.5 includes the same materials as Table 10.3, but also shows
the differences in dielectric constant (Dy) and dissipation factor (Dy). It also includes a lead-
free-compatible material designed to improve Dy and D; performance in comparison to the
phenolic lead-free-compatible materials. Note that different types of measurement systems
can result in different measured values for Dy and D;. Laminate resin contents and other fac-
tors also influence these properties. So when examining Table 10.5, the comparisons between
these materials are more important than the absolute values reported for each material. For
these comparisons, the same measurement system and resin contents were used.

TABLE 10.5 Properties of Several Base Material Types

Glass Transition Decomp. % Expansion, 50-260°C D@ D@ D;@ D;@

Product Description Temp. (°C) Temp. (°C) (40% RC) 2GHz 5GHz 2GHz 5GHz

A Conventional 140 320 42 39 3.8 0.021  0.022
140°C T, FR-4

B Improved 150 335 34 4.0 39 0.026  0.027
Mid-T, FR-4

C Conventional 175 310 35 3.8 37 0.020  0.021
High-T, FR-4

D Improved 175 335 2.8 3.9 3.8 0.026  0.026
High-T, FR-4

E Non-Dicy, 200 370 2.8 3.7 3.7 0.013 0.014

Non-Phenolic

From this table it is clear that the improved phenolic FR-4 materials are not quite as good in
terms of electrical performance in the range of 2-5 GHz as the conventional dicy-cured materi-
als, particularly with respect to Dy. However, material E exhibits thermal properties at least as
good if not better than even the improved materials discussed up to this point. In addition, the
electrical performance of material E is even better than the conventional dicy-cured materials,
especially in terms of D; performance. This non-dicy, non-phenolic material is an attractive
material for use in applications requiring not only lead-free compatibility, but electrical perfor-
mance superior to the phenolic materials that have been adopted in existing lead-free designs.

10.7 SUMMARY

While most base materials comply with the RoHS directive, the question of compatibility with
lead-free assembly processes is a more complex issue. The material properties that are impor-
tant for lead-free assembly compatibility include:

¢ Decomposition temperature (T,)
¢ Coefficients of thermal expansion (CTEs)
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e Glass transition temperature (T,) (especially because of the impact on thermal expansion)
e Moisture absorption

¢ Time-to-delamination performance, which is not a fundamental material property, but is a sim-
ple method used to assess thermal stability of a composite material at different temperatures

While laminate manufacturers can easily make improvements in one of these properties,
it is not as easy to make improvements without affecting other properties, including prop-
erties important for ease of manufacturing in the PCB fabrication process. Achieving the
optimal balance of properties that consider the requirements of each level of the supply
chain—from OEM to EMS to PCB fabricator—is crucial for success in lead-free assembly
applications.

Conventional dicy-cured FR-4 materials, especially the high-T, dicy-cured materials, are
significantly impacted by lead-free assembly temperatures, and are generally not recom-
mended for lead-free applications. Alternative resin systems, especially the phenolic-cured
FR-4 materials, have gained widespread acceptance in these applications, and where both
thermal performance and electrical performance are critical, non-dicy, non-phenolic mate-
rials are also available. Chapter 11 discusses material selection in lead-free applications in
more detail.

REFERENCES

1. Brist, Gary, Hall, Stephen, Clauser, Sidney, and Liang, Tao, “Non-Classical Conductor Losses Due to
Copper Foil Roughness and Treatment,” ECWC 10/IPC/APEX Conference, February 2005.

2. Bergum, Erik, “Application of Thermal Analysis Techniques to Determine Performance of Base
Materials through Assembly,” IPC Expo Technical Conference Proceedings, Spring 2003.

3. Kelley, Edward, “An Assessment of the Impact of Lead-Free Assembly Processes on Base Material
and PCB Reliability,” IPC/Soldertec Conference, Amsterdam, June 2004.

4. Hoevel. Dr. Bernd, “Resin Developments Targeting Lead-Free and Low Dy Requirements,” EIPC
Conference, 2005.

5. Christiansen, Walter, Shirrell, Dave, Aguirre, Beth, and Wilkins, Jeanine, “Thermal Stability of Elec-
trical Grade Laminates Based on Epoxy Resins,” IPC Printed Circuits Expo, Anaheim, CA, Spring
2001.

6. Kelley, Ed, Bergum, Erik, Humby, David, Hornsby, Ron, Varnell, William, “Lead-Free Assembly:
Identifying Compatible Base Materials for Your Application,” IPC/Apex Technical Conference,
February 2006.

7. St. Cyr, Valerie A.,“New Laminates for High Reliability Printed Circuit Boards.” Proceedings of IPC
Technical Conference, February, 2006

8. Freda, Michael, and Furlong, Jason, “Application of Reliability/Survival Statistics to Analyze Inter-
connect Stress Test Data to Make Life Predictions on Complex, Lead-Free Printed Circuit Assem-
blies,” EPC 2004, October 2004.

9. Brist, Gary, and Long, Gary, “Lead-Free Product Transition: Impact on Printed Circuit Board Design
and Material Selection,” ECWC 10/APEX/IPC Conference, February 2005.

10. Ehrler, Sylvia, “Compatibility of Epoxy-Based PCBs to Lead-Free Assembly,” EIPC Winter Confer-
ence, 2005, Circuitree, June 2005.

11. IST procedure developed and offered through PWB Interconnect Solutions, Inc., www.pwbcorp.com.


www.pwbcorp.com

CHAPTER 11

SELECTING BASE MATERIALS
FOR LEAD-FREE ASSEMBLY
APPLICATIONS

Edward J. Kelley
Isola Group, Chandler, Arizona

11.1 INTRODUCTION

Chapter 10 discussed the impact of lead-free assembly on printed circuit boards (PCBs) and
base materials, and also discussed many of the critical base material properties relevant to
performance in lead-free applications. These properties included:

¢ Decomposition temperature (T,)

* Glass transition temperature (T,)

¢ Coefficients of thermal expansion (CTEs)

e Moisture absorption

¢ Time to delamination, such as T260 and T288 tests

Also, the need to achieve the right balance of properties with ease of use in the PCB fab-
rication process, in addition to the requirements of assemblers and original equipment man-
agers (OEMs), was highlighted.

This is the result of the impact that PCB fabrication can have on the performance of the mate-
rial and finished PCB during assembly and in end-use application. A given material type offers a
certain level of performance in the finished PCB. However, this level of performance may or
may not be realized, depending on how the materials were processed during fabrication. This
makes it extremely complicated to make general recommendations on what material should
be used in a given application. However, this chapter describes an approach that has been
used quite successfully in addressing this question. But first, some of the PCB fabrication and
assembly issues that can affect performance are outlined.

11.2 PCB FABRICATION AND ASSEMBLY INTERACTIONS’

The reliability of the assembled PCB in the end-use application is a function not only of the base
materials selected, but how the materials were processed during PCB fabrication and compo-
nent assembly. Different base material types may require different processing conditions in
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order to achieve the best results in the finished product. In reviewing these items, understand
that these are general considerations that should be evaluated within the context of the spe-
cific fabrication and assembly processes and with regard to the specific materials being con-
sidered. The specific requirements for long-term reliability must also be considered. So while
it is not possible to give exact, optimal processing conditions for all applications, the items
that follow represent parameters that should be considered as products are converted to
lead-free assembly.

11.2.1 PCB Fabrication Considerations

As just stated, selecting the appropriate base material for a given application is only one of
several key issues when converting to lead-free assembly. Several factors related to PCB fab-
rication are also critical.

11.2.2 Moisture Absorption

As discussed in Chap. 10, a given level of moisture absorption can be much more serious in
lead-free assembly applications than it is for conventional tin-lead assembly applications. This
is due to the increase in water vapor pressure at the higher temperatures of lead-free assembly.
Figure 11.1 is a graph showing the vapor pressure of water versus temperature. At lead-free
assembly temperatures, the pressure is much higher, which causes substantially more stress
within the laminate and on the interfaces within the PCB, including resin-glass, resin-oxide,
resin-copper, and resin-resin interfaces. As a result, additional drying or baking processes may
be needed to drive off moisture prior to processes involving thermal cycles.

11.2.2.1 PCB Construction and CTE Values. While all PCB constructions contain some
level of CTE mismatch between each of the layers, the total amount of expansion and stress
at the interfaces are greater in lead-free applications due to the higher temperatures involved.
So even though the CTE values may be the same for a given construction, transitioning a part
from standard tin-lead assembly to lead-free assembly results in greater levels of stress within
the PCB. In some cases, this increased stress can lead to defects such as delamination, espe-
cially if combined with the increased stress resulting from any absorbed moisture. These
thermal expansion-related stresses can be most severe in hybrid constructions where two or
more different types of base material are used in the same construction, particularly if the
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FIGURE 11.1 Vapor pressure of water versus temperature.
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TABLE 11.1  X- and Y-axis CTE Values for Some Common Glass Styles

X-axis CTE Y-axis CTE
Glass Style (ppm/°C) (ppm/°C)

106 22.2 22.2
1080 16.9 194
2113 15.3 15.9
2116 14.7 14.9
1652 14.1 14.1
7628 12.1 15.9

CTE values of the two material types are very different. However, even if the same type of
material is used throughout the PCB construction, care in selecting the specific glass styles
and resin contents should be exercised. This is due to the differences in x-y CTEs between the
various glass styles and resin contents that can be used. Adjacent layers with very different
CTE values lead to increased levels of stress at higher temperatures, with the possibility of
adhesion loss and delamination is the result. Table 11.1 provides x- and y-axis CTE values for
some common glass styles to highlight the possible differences. When possible, you should
consider choosing glass styles with the smallest differences in CTE values for adjacent layers.

11.2.2.2 Oxide and Oxide Alternative Processes. During PCB fabrication, the internal cop-
per surfaces are generally chemically treated to improve the adhesion between the resin system
and the copper layer. Two primary types of processes are used. The first involves an oxidation of
the copper surface to micro-roughen the surface, usually followed by a reduction step to
improve chemical resistance of this layer in subsequent processes. The second type of process is
referred to as an oxide alternative, or oxide replacement process. These processes generally use
etching chemistries, which also roughen the copper surface to provide greater surface area for
resin bonding, and often use proprietary chemistries designed to further enhance adhesion and
chemical resistance. In short, compatibility of the resin system with the oxide or oxide alterna-
tive is critical for any application, but becomes even more important in lead-free assembly appli-
cations due to the increased stress on the resin to innerlayer copper bond.

Typical validation of this bond includes assessing the peel strength between the oxide or
oxide alternative treated copper and the resin system, along with time-to-delamination testing
such as T260 and T288 testing. Samples prepared for these tests should use representative
prepreg materials and be laminated using the same press cycles used for actual PCB fabrication.

The potential for moisture absorption in these processes is the other critical consideration.
Oxide and oxide alternative treatments can be compromised if exposed to high temperatures,
or even moderate temperatures for extended times. Oxidation of these surfaces during postdry-
ing or baking can lead to adhesion or chemical resistance problems in subsequent processes. On
the other hand, moisture absorbed by the laminate materials during these processes can impact
the quality of multilayer lamination and subsequent performance during thermal cycles. In
short, it is important to dry the innerlayers as much as possible after these processes while stay-
ing within the guidelines provided by the oxide and oxide replacement chemistry supplier.

11.2.2.3 Multilayer Lay-Up Prior to Lamination. In addition to the oxide and oxide
alternative processing discussed in the previous section, the hold time between this process and
multilayer lay-up and lamination is also important. This is due not only to the possibility of oxi-
dation of the innerlayer surfaces, but to the potential for moisture absorption by the exposed
resin surfaces on the innerlayer, for the reasons already discussed. This hold time should be
minimized, and the storage of the innerlayers prior to lay-up should be in a temperature- and
humidity-controlled environment to reduce the likelihood of absorbing moisture. Typical
environmental conditions for this storage are 68°F or 20°C, and a maximum of 50 percent
relative humidity (RH), although lower humidity levels are recommended.



11.4

PRINTED CIRCUITS HANDBOOK

Similarly, the prepreg materials used in constructing the multilayer PCB must be stored
in a temperature- and humidity-controlled environment. This is due not only to the poten-
tial for moisture absorption, but also because the shelf life and performance of the prepreg
can be significantly impacted by temperature and humidity conditions prior to use. This can
often be a subtle point, but it is a critical one, especially as lead-free applications demand
greater performance from the base materials. Again, storage conditions generally should be
no worse than 68°F or 20°C and 50 percent RH for typical FR-4 materials, although some
high-performance materials can be even more sensitive and perform better if stored in even
cooler or drier environments. Some of the high-performance materials may even require
vacuum dessication prior to use. This is a fairly common practice for polyimide materials,
for example. Finally, storage of the multilayer books prior to lamination should ideally be
done in a controlled environment, with the hold time between lay-up and lamination also
minimized.

11.2.2.4 Multilayer Lamination Processing. Multilayer lamination cycles must be designed
around the specific material being used. However, there are some general recommendations
that can be applied to most materials:

¢ Pre-lamination vacuum Expanding on the discussion of moisture absorption, it is
important to apply a vacuum to the lamination books prior to ramping up the tempera-
ture and curing the resin in the prepreg. This removes moisture that could volatilize dur-
ing the lamination cycle. Drawing a vacuum can also remove other volatile components
such as residual solvents in the prepreg materials. This is an often overlooked factor that
can be vitally important. Recommended vacuum times can depend on the actual mois-
ture levels of the materials used, but generally range from 15 to 30 min. It is important
during this time that the materials are not heated too much. In addition, as mentioned in
the previous section, some materials, such as polyimides, are often vacuum-dessicated
prior to lay-up.

¢ Heat rise and pressure application For a given type of resin system, it is important to
understand the rheology of the resin in the prepreg as a function of the rate of temperature
rise. This, along with the proper application of pressure, ensures adequate filling of the inter-
nal circuitry and good wet-out of the resin into the fiberglass filaments. Complete wet-out
of the internal circuitry and good resin flow on the oxide or oxide alternative surface are
important for reliability in subsequent thermal cycles.

e Stress relief pressure profiles It is important to have sufficient pressure on the lamination
book, as the resin in the prepregs are heated and begin to flow into the innerlayer circuit
patterns. The actual pressure needed can vary with the type of material being used and the
level of vacuum achieved during the process. However, after the resin cures to a certain
point and stops flowing, a reduction in pressure can help reduce the levels of stress in the
multilayer PCB. This can improve reliability in subsequent thermal cycling. The reduction in
pressure is typically to the range of 50 to 75 psi.

e Cool down rate After the product has been held at the proper temperature for the
proper period of time, which will depend on the type of material used, the rate at which
the product is cooled is also important. In general, slower cooldown rates will minimize
warpage and residual stress in the finished product. However, slower cooldown rates can
adversely impact productivity, so a reasonable balance must be identified. In many cases,
a slow cooldown through the T, of the resin system, followed by a somewhat faster cool-
ing rate after the product cools below T, represents a good balance of performance and
productivity.

11.2.2.5 Drilling. Many of the materials designed for compatibility with lead-free assembly
require optimization of drilling parameters. Phenolic and other high-performance resin systems
can have higher modulus values and be harder than conventional dicy-cured FR-4 materials.
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Undercut drill bits generally provide better hole quality with these materials. Other drill
process variables must also be examined, and include:

e Maximum hit counts

e Drill chip loads (feeds and speeds)
¢ Infeed and retract rates

e Drill resharpenings

e Stack heights

e Vacuum levels

¢ Entry and backer material types

11.2.2.6 Desmear Processing. Many of the resin systems developed for lead-free assembly
compatibility, including the phenolic-type materials, are more chemically resistant than the con-
ventional dicy-cured materials. However, most can still be processed using conventional chemi-
cal desmear processes. Adjustments may be needed in the times and/or temperatures used for
solvent swelling and permanganate desmear processes, and the supplier of these chemistries
should be consulted when transitioning to lead-free compatible materials. The processing guide-
lines provided by the laminate material supplier will also typically provide recommendations
for desmear processing. For some advanced products, plasma desmear may be recommended.

11.2.2.7 Surface Finishes. 1f alead-free Hot Air Solder Leveling (HASL) process is used,
the higher temperatures required by the lead-free alloys should be considered when selecting
the base material. This will be discussed in Section 11.3 as well. The common alternatives to
HASL, which are growing in use as lead-free assembly is adopted, typically do not involve a
bake process or significant thermal cycle. Although this is good in terms of the reduced ther-
mal cycling exposure to the base material, it also results in one less opportunity for moisture
to be removed from the PCB prior to assembly. This should be considered when deciding
whether a drying step is needed prior to assembly.

11.2.3 PCB Assembly Considerations

Although a complete discussion of assembly variables is beyond the scope of this chapter, a
few key points need to be outlined with respect to material selection and lead-free assembly
variables. First, as has been pointed out several times, the storage conditions of the PCB prior
to assembly should be examined. Moisture absorption in the PCB prior to assembly can have
a significant impact, and in severe cases can lead to delamination within the PCB. Storage in
a controlled environment is encouraged, and drying of PCBs prior to assembly may also need
to be considered. One of the challenges in drying PCBs prior to assembly is avoiding any neg-
ative impact to the surface finish that could adversely affect solderability. Consulting with the
supplier of the surface finish supplier is strongly suggested before defining these drying
processes. However, Table 11.2 offers some general recommendations for drying steps prior to
assembly based on the type of surface finish.

TABLE 11.2 Drying Recommendations Prior to Assembly Based on Surface Finish Type

Final Finish Temperature Time (hr) Comments

Tin 125°C 4 Higher temperature may reduce solderability

Silver 150°C 4 Silver may tarnish, but solderability should not be affected
Nickel/Gold 150°C 4 No issues arise with extended bake on nickel/gold finish
Organic Coating 105°C 2 Extended bake cycles may negatively impact multiple heat

cycle assembly processes
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Development of the assembly profile is important not just for the obvious requirements of
component assembly, but also to ensure that the PCB is not damaged as a result of the ther-
mal exposures. These objectives often compete with each other. Profiles vary with PCB thick-
ness, copper distribution, component densities, and other factors. Defining these profiles to
meet both objectives can be a very complex process. But with respect to the impact on the
PCB and the base materials, care should be exercised in defining the heat ramp rate, the time
the PCB is exposed to the peak temperature, and the cooldown rate. Minimizing temperature
gradients across the PCB is important in reducing the stresses that arise from thermal expan-
sion. Unequal copper distribution across the PCB and differences in component mass across
the PCB can lead to “hot spots” that can approach decomposition temperatures or create
areas of stress resulting from thermal expansion differences. These hot spots or severe tem-
perature gradients can be exacerbated by trying to speed up the process by setting the reflow
oven zone temperatures very high. You can reduce these hot spots and thermal gradients by
setting up “soak” profiles where the PCB is allowed to stabilize at specific temperatures
before heating to the peak temperature.

Cooldown rates must also be controlled for similar reasons. Cooling too fast can lead to
significant temperature gradients and induce thermal expansion related stresses that can
result in blisters, delamination, or pad cratering, which is fracturing in the PCB base material
that propagates underneath a copper pad on the surface of the PCB. Finally, rework proce-
dures must be examined and controlled more strictly in lead-free applications. Control of the
rework temperature and time that the PCB is exposed to this temperature is critical. Since
rework involves local heating of a specific area of the PCB, the issue of temperature gradients
can be even more severe.

For all of these reasons, it is strongly recommended that manufacturers perform studies to
assess compatibility among the base material, the PCB fabrication process, and the assembly
process. First article qualifications when transitioning specific PCB designs to lead-free
assembly are strongly recommended. Success with one PCB design does not necessarily mean
that other designs can use the same material or fabrication process successfully. In short, lead-
free assembly processes are significantly more demanding on the PCB and base materials
used and require extensive engineering work to validate compatibility with the assembly
process and the requirements for long-term reliability.

11.3 SELECTING THE RIGHT BASE MATERIAL

FOR SPECIFIC APPLICATION S%?

A very common request from PCB fabricators, electronic manufacturing services (EMS)
companies, and OEMs is whether a given material is compatible with lead-free assembly.
Although everyone is looking for a simple answer, the solution becomes complex because of
the range of PCB designs (board thicknesses, layer counts, aspect ratios, via pitch, and so on)
as well as the differences in lead-free assembly processes, such as the specific peak tempera-
ture and number of thermal cycles a PCB will experience. Previous sections also outlined how
the PCB fabrication process and assembly process can influence compatibility. In addition,
people usually want to use the least expensive material that is suitable for a given application.
So although it is easy to specify an advanced product for lead-free compatibility, the approach
taken here is to balance cost and performance. In an attempt to simplify this discussion, this
section describes a material selection tool that has been developed to suggest what materials
should be considered for a given application.

This tool is based on data such as that presented in Chap. 10, in the references, as well as
empirical results from prototype and production experience with lead-free assembly applica-
tions. The experience of several people with “hundreds of years” of combined experience has
been leveraged in designing these tools. However, no such tool can address every specific
application with 100 percent confidence. In addition, the capabilities of various PCB fabrication
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Color
code

Application recommendation

Material generally recommended for typical
applications of this type

Material may be acceptable for applications of this
type, but is not generally recommended

Not recommended

FIGURE 11.2 Color code key.

processes can also impact the performance of the finished PCB. So although these tools are
based on considerable data and experiences from a number of sources, they are intended to
serve as a general guide for typical applications, and as such, it remains the user’s responsibil-
ity to confirm acceptability of any material recommended. This is particularly true with
respect to long-term reliability requirements. For example, the field reliability requirement
for a cell-phone PCB is going to be very different for a very complex high-end computer or
telecommunications infrastructure PCB.

The intent in developing this tool was to come up with a simple method for dealing with
this multitude of variables in PCB design and assembly. Figure 11.2 shows the basic color-cod-
ing selected for this. Figure 11.3 shows an example of the actual chart format. In the horizon-
tal axis it divides PCBs into thickness categories, and in the vertical axis it differentiates them
by the number of reflow processes.

This format forces definition of a “typical” PCB design for each range of thickness shown
on the x-axis. Although this is very difficult and “exceptions to the rules” are evident as soon

Example material application suitability
Peak reflow temperature range: XXX

Please consult the “PWB Design considerations” section before using this tool

Number of reflow cycles

mm 0.80 1.60 2.40 3.20 4.00 4.80 5.40 6.20 7.00
Inches 0.031 0.062 0.093 0.125 0.157 0.188 0.212 0.244 0.275
PWB Thickness

FIGURE 11.3 Example of a chart format.
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Layers 2-6 2-8 2-14 | 2-18 | 6-22 | 10-26 | 10-30 | 14-34 | 14-40 | 14-50
Micro vias Yes Yes No No No No No No No No
Cu Wt (0z) <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
RC % 35-55 | 35-55 | 35-55 | 35-55 | 45-60 | 4560 | 45-60 | 45-60 | 45-60 | 45-60
Aspect ratio <3:1 <5:1 <8:1 <10:1 | <10:1 | <10:1 | <10:1 | <10:1 | <10:1 | <10:1
Retained Cu % | <50 <25 <25 <25 <25 <25 <25 <25 <25 <25

mm 0.80 1.60 2.40 3.20 4.00 4.80 5.40 6.20 7.00
Inches 0.031 0.062 0.093 0.125 0.157 0.188 0.212 0.244 0.275

PWB Thickness

PTH Cu (um) | >18 >18 >25 >25 >25 >25 >25 >25 >25 >25

Surface finish Ni/Au, Silver, Tin, OSP

Lamination
cycles

Mixed
materials No No No No No No No No No No

Blind and

. . No No No No No No No No No No
buried vias

External

planes No No No No No No No No No No

mm 0.80 1.60 2.40 3.20 4.00 4.80 5.40 6.20 7.00
Inches 0.031 0.062 0.093 0.125 0.157 0.188 0.212 0.244 0.275

PWB Thickness
FIGURE 114 “Typical” PWB features for the selection tool.

as a “typical” definition is provided, these definitions represent fair descriptions of a broad
range of products. In addition, you will see that an attempt is made to define a procedure for

accommodating the exceptions. Figure 11.4 outlines the “typical” features for PCBs in
thickness range in the charts.

each

To accommodate the exceptions to these criteria, a method was developed to “adjust” the
selection tool based on specific design features or processing conditions. The basic concept for
these adjustments is shown in Fig. 11.5, and the specific adjustments are shown in Fig. 11.6.

For the purposes of illustration, the materials outlined in Table 10.5, presented he
Table 11.3.

re as

Figure 11.7 shows the charts for product A with two different assembly temperature

ranges, 210 to 235°C for tin-lead assembly and 235 to 260°C for lead-free assembly.




SELECTING BASE MATERIALS FOR LEAD-FREE ASSEMBLY APPLICATIONS 11.9

Example material—application adjustments
Peak reflow temperature range: XXX
Please consult the “PWB Design considerations” section before using this tool

-- Higher thermal demands
u- i ngher
N - ilpica - mechanical

demands

r thermal
ands

mm 0.80 1.60 2.40 3.20 4.00 4.80 5.40 6.20 7.00
Inches 0.031 0.062 0.093 0.125 0.157 0.188 0.212 0.244 0.275

FIGURE 11.5 Concept for adjustments to material selection.

Number of reflow cycles

As you can see when these charts are presented side by side, the range of designs for which
this product is deemed suitable decreases as the assembly temperature increases. This should
be expected based on the earlier discussion of material properties. The other key point is that
there may still be a group of products, albeit more limited, where standard 140°C T, material
may be adequate and the most cost-effective option. This may help clarify some of the confu-
sion about whether standard FR-4 materials are lead-free-compatible or not. For specific
designs with specific requirements for reliability, the answer is yes. For other designs, applica-
tions, or reliability requirements, the answer is no. The value of this tool is that it attempts to
define the range of PCB designs where specific materials should be considered.

Figure 11.8 presents similar charts for product C, which is the higher-T, conventional FR-4
material. This is where the conversation gets very complicated. In Table 11.3, you can see that
the decomposition temperature for this product is 310°C, which is the lowest of the materials
described. On the one hand, the higher-T, of this product helps reduce the total amount of
z-axis expansion and therefore stress on plated vias. On the other hand, the lower decomposi-
tion temperature makes this material the most sensitive to higher assembly temperatures. In
fact, the temperature range of 235 to 260°C is a very broad one for this product. Limited suc-
cess may be seen when assembling at the low end of this range, but as temperatures increase,
especially toward the high end of this range, this product is simply not recommended, due to
the potential for resin decomposition and resultant defects. In fact, for these reasons and the
potential interactions with PCB fabrication and assembly processes, not to mention the poten-
tial for moisture absorption to further impact performance, standard high-T, FR-4 materials
should not be considered at all for lead-free applications. Products such as B, D, and E are sig-
nificantly more robust in these applications and offer attractive cost-performance relation-
ships. In summary, you should exercise extreme caution when considering a conventional
high-T, FR-4 for a lead-free application and should discuss these issues with your laminate
material supplier. In contrast, consider the charts for products B, D, and E in Figs. 11.9, 11.10,
and 11.11, respectively.
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PWB Adjustments for tool reference

Please consult the “PWB Design considerations” section before using this tool

If greater than typical consider moving up and right on charts

For PWBs thicker than 1.60 mm (0.062 inches) additional evaluation may be required

If greater than 2 Oz (70 um) consider moving up and right on charts

If greater than maximum range consider moving right on charts

If greater than maximum range consider moving right on charts

If greater than maximum consider moving up and right on charts

If less than typical consider moving up and right on charts

If HASL or reflowed solder consider moving up on chart for each cycle (treat as an
additional reflow cycle)

If multiple lamination cycles consider moving up on chart for each additional cycle
(treat as an additional reflow cycle)

If mixed material use lowest performing material as reference and consider
moving up and right on that chart

If yes consider moving up and right on charts

If yes consider moving up and right on charts

FIGURE 11.6 Adjustments based on design features or process conditions.

TABLE 11.3 Examples for a Lead-Free Material Selection Tool

Glass % Expansion,
Transition Decomp. 50-260°C D@2 D@5 D@2 D;@5
Product Description Temp. (°C)  Temp. (°C) (40% RC) GHz GHz GHz GHz
A Conventional 140 320 42 39 3.8 0.021 0.022
140°C T, FR-4
B Phenolic Mid-T, 150 335 34 4.0 39 0.026 0.027
FR-4
C Conventional 175 310 35 3.8 3.7 0.020 0.021
High-T, FR-4
D Phenolic High-T, 175 335 2.8 39 3.8 0.026 0.026
FR-4
E Non-Dicy, 200 370 2.8 3.7 3.7 0.013 0.014

Non-Phenolic
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Peak reflow temperature
Please consult the “PWB Design considerations” section before using this tool

210-235°C 235-260°C
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mm 080 1.60 240 3.20 4.00 4.80 540 6.20 7.00 mm 080 160 240 320 4.00 4.80 540 6.20 7.00
Inches 0.031 0.062 0.093 0.125 0.157 0.188 0.212 0.244 0.275 Inches 0.031 0.062 0.093 0.125 0.157 0.188 0.212 0.244 0.275
PWB Thickness PWB Thickness

FIGURE 11.7 Charts for product A (140°C T, conventional FR-4).

Product B, while having a T, of 150°C, is better suited for lead-free assembly than product C,
with its 175°CT,. This is due the fact that product B has a decomposition temperature approx-
imately 25°C higher than product C. In addition, as shown in Table 11.3, products B and C
exhibit approximately the same total amount of thermal expansion in the range from 50 to
260°C. The charts for the different peak temperatures are shown to be the same for product B
in Fig. 11.9. This is partly due to the limited experience to date with this product in thick PWB
designs. In addition, at lower peak temperatures, the number of reflow cycles that this product

Peak reflow temperature
Please consult the “PWB Design considerations” section before using this tool

210 to 235°C 235 to 260°C
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S 5 o5
[&] o
34 g4
= =
e o
S 3 S 3
g v
[ [0
E £
= 2 ] 2
b4 b4
1 1
mm 0.80 1.60 240 320 4.00 4.80 540 6.20 7.00 mm 0.80 1.60 2.40 320 4.00 4.80 540 6.20 7.00
Inches 0.031 0.062 0.093 0.125 0.157 0.188 0.212 0.244 0.275 Inches 0.031 0.062 0.093 0.125 0.157 0.188 0.212 0.244 0.275
PWB Thickness PWB Thickness

FIGURE 11.8 Charts for product C (175°C T, conventional FR-4).
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Peak reflow temperature
Please consult the “PWB Design considerations” section before using this tool
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PWB Thickness PWB Thickness

FIGURE 11.9  Charts for product B (phenolic 150°C T, FR-4).

can withstand can go beyond six for thinner PCBs. If the two charts extended beyond six
cycles, more differences would be seen.

Product D, with a high decomposition temperature and very low level of thermal expan-
sion, is suitable for the broadest range of applications. This is illustrated in Fig. 11.10. Product
E offers not only a high decomposition temperature and very low thermal expansion, but also
significantly improved electrical performance. Combining these recommendations allows us

Peak reflow temperature
Please consult the “PWB Design considerations” section before using this tool
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PWB Thickness PWB Thickness

FIGURE 11.10 Charts for product D (phenolic 175°C T, FR-4).
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Peak reflow temperature
Please consult the “PWB Design considerations” section before using this tool
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Inches 0.031 0.062 0.093 0.125 0.157 0.188 0.212 0.244 0.275 Inches 0.031 0.062 0.093 0.125 0.157 0.188 0.212 0.244 0.275
PWB Thickness PWB Thickness

FIGURE 11.11 Charts for product E (non-dicy, non-phenolic material with improved electrical performance).

to make some general recommendations that also take material cost into consideration.
Figure 11.12 summarizes the “cost versus performance” recommendations for materials A
through D in lead-free applications. Where improved electrical performance is required,
product E should be considered.

FR-4 Grade product recommendations
Peak reflow temperature range: 235 —260°C
Please consult the “PWB Design considerations” section before using this tool

6
5 Product
B
Product
4 D

Product

Number of reflow cycles

A

mm 0.80 1.60 2.40 3.20 4.00 4.80 5.40 6.20 7.00
Inches 0.031 0.062 0.093 0.125 0.157 0.188 0.212 0.244 0.275

PWB Thickness
FIGURE 11.12 Summary of recommendations in lead-free assembly for materials A through D.
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11.4 EXAMPLE APPLICATION OF THIS TOOL

A simple example helps illustrate the practical application of this tool. This example is
based on a real PCB design that was being converted to a lead-free assembly process. Some
key features of the PCB as they relate to how it differed from a “typical” PWB as defined
in Fig. 11.4, and the recommended adjustments suggested, are shown in Table 11.4.

TABLE 11.4 Example of a PWB Being Converted to Lead-Free Assembly

PWB Design Recommended
Feature Attribute Adjustment
Thickness 1.60 mm (0.062 inches) —
Number of Reflows 3 —
Material Conventional 140°C T, FR-4 —
Surface Finish Lead Free HASL
(HASL not Typical) Treat as an additional
reflow cycle
Layer Count 10(</=8 Typical) Consider moving up

and right on chart

Figure 11.13 shows the results of making the adjustments suggested, and shows that this
material is not recommended for this application. Figure 11.12 recommends that product B be
used in this application, and empirical evidence has shown that when the standard 140°C T,
material was used, some level of assembly-related defects was observed. When product B was
used, no assembly-related defects were experienced.

Product A: Conventional 140°C Tg FR-4
Peak reflow temperature range: 235-260°C

Please consult the “PWB Design considerations” section before using this tool

Number of reflow cycles

mm 0.80 1.60 2.40 3.20 4.00 4.80 5.40 6.20 7.00
Inches 0.031 0.062 0.093 0.125 0.157 0.188 0.212 0.244 0.275
PWB Thickness
FIGURE 11.13 Example of practical application of the selection tool.
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11.5 DISCUSSION OF THE RANGE OF PEAK TEMPERATURES FOR
LEAD-FREE ASSEMBLY

As was discussed in Chap. 11 in the context of decomposition temperatures, lead-free assem-
bly temperatures represent a very critical range for many base materials. In the selection
charts discussed in Sections 11.3 and 11.4, the lead-free temperature range is given as 235 to
260°C. Although some lead-free applications may fall outside this range, the bulk will likely
fall within it. However, with respect to the impact on base materials, 235 to 260°C is a broad
range. While this represents a range of only 25°C, for some materials an increase of only 10°C
could be the difference between success and failure. Much more data must be gathered before
more specific recommendations can be made, but Table 11.5 provides some very general
guidance when selecting FR-4 materials such as those discussed in Sections 11.3 and 11.4 for
two different ranges of lead-free assembly peak temperatures. All the other variables dis-
cussed up to this point must be considered as well, so once again, it is recommended that the
user validate the material recommendations suggested here.

TABLE 11.5 General Recommendations by Lead-Free Peak Temperature Range

Category 230 to 245°C Peak Temperatures 246 to 260°C Peak Temperatures
Conventional May be suitable for PCBs of limited Generally not recommended, but may be
140°CT, FR-4s thickness and complexity where a suitable for low-technology applications where
limited number of thermal cycles will be a limited number of thermal cycles will be
experienced. experienced.
Conventional Generally not recommended; even though Not recommended.
High-T, FR-4s initial results may be positive, extended

storage in an uncontrolled environment
prior to assembly could lead to

problems.
Phenolic Mid-T, Suitable for a broad range of applications Suitable for a broad range of applications
FR-4s because of the higher decomposition because of the higher decomposition
temperature and overall thermal temperature and overall thermal expansion
expansion being similar to standard being similar to standard high-T, materials.
high-T, materials. Consider higher T, versions for thicker, more
complex PCBs.

Phenolic High-T, Compatible in the broadest range of Compatible in the broadest range of designs and
FR-4s designs and applications. applications. Recommended when long-term
Recommended when long-term reliability is critical.

reliability is critical.
11.6 LEAD-FREE APPLICATIONS AND IPC-4101

SPECIFICATION SHEETS

Revision B of the IPC-4101 specification was released in June 2006. The committee responsible for
this specification worked hard to add material specification sheets that included some of the prop-
erties discussed in Chaps. 10 and 11 in regards to lead-free assembly. Table 11.6 summarizes
some of the new specification sheets that include properties such as decomposition tempera-
ture, z-axis expansion, and time-to-delamination values.



11.16 PRINTED CIRCUITS HANDBOOK

TABLE 11.6 New Specification Sheets in IPC-4101B

Slash Sheet Min.T, Filled/Unfilled T,@5% T260 T288 T300 Pre-T,CTE Post-T,CTE CTE% 50-260°C
/101 110 Filled 310 30 5 NA 60 300 4.0
121 110 NA 310 30 5 NA 60 300 4.0
199 150 Filled 325 30 5 NA 60 300 3.5
124 150 NA 325 30 5 NA 60 300 35
1126 170 Filled 340 30 15 2 60 300 3.0
/129 170 NA 340 30 15 2 60 300 3.5

It is important to understand that these requirements apply to laminate materials and not
the PCBs manufactured from them. Furthermore, the time-to-delamination requirements are
for unclad samples. All of the variables outlined in Section 11.2 regarding printed circuit fab-
rication and assembly must also be considered when specifying a material. It is also critical to
understand that no one property will guarantee success in lead-free applications. When faced
with uncertainty, the natural tendency is to overspecify each property. Not only could this
cause the user to pay too much for a material, but overspecifying specific properties can also
lead to functional problems. These problems can be the result of the interaction between
advanced materials and the PCB fabrication processes required to manufacture reliable
PCBs.

Take decomposition temperature, Ty, as an example. Section 10.2.2 discussed the impor-
tance of Ty with respect to lead-free assembly compatibility. Although the 5 percent level of
decomposition has been the standard reported value, the point was made that this is a very
high level of decomposition from the standpoint of PCB reliability. It is important to under-
stand when decomposition begins and how close this temperature is to actual assembly and
rework process temperatures. A material with a reported Ty, based on the 5 percent level, of
325°C may perform just as reliably, or even more reliably, than a material with a 5 percent
T, value of 340°C, depending on what the decomposition characteristics are in the lead-free
assembly and rework temperature ranges. Specifying materials with significantly higher T,
values may not improve reliability, and may potentially add cost and difficulty to the man-
ufacturing process if the higher T4 material is more difficult to process—for example, if the
lamination times are longer, or if it is harder to drill or score. Although future specification
sheets may include T, values based on lower levels of decomposition, it is very important to
understand these properties in some detail and specify the appropriate material for a given
application.

In summary, experience to date indicates that specification sheets 99 and 124 are suitable
for a very broad range of applications. For lead-free applications, the user should consider
these as the baseline. Simple low-technology PCBs or those that do not have stringent long-
term reliability requirements may successfully use the materials covered by sheets 101 or
121, whereas very advanced products may need more stringent requirements, such as those
covered by sheets 126 and 129. Finally, always check for the most recent revision of IPC-
4101, as new specification sheets will be added as more experience is gained and data are
gathered.

11.7 ADDITIONAL BASE MATERIAL OPTIONS
FOR LEAD-FREE APPLICATIONS

Sections 11.3 through 11.6,including Table 11.6 on the IPC-4101B specification sheets, focused on
FR-4 type base materials. These are still the most commonly used material types by far. Chapter
6 touches on the history of FR-4 materials and the development of improved versions of FR-4
as requirements have changed. In addition, several non-FR-4 materials compatible with
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TABLE 11.7 Range of Material Types Compatible with Specific Lead-Free Applications

Resin T, by T260 T288, % Expansion, D@2 D@ 10 D;@2 D@ 10

Type DSC,°C Ty (min.) (min.) 50-260°C GHz GHz GHz GHz

Filled, Non-Dicy 140 330 >30 >5 3.0 4.0 39 0.020 0.022
FR-4

Filled, Non-Dicy 150 330 >30 >5 3.0 4.0 39 0.020 0.022
FR-4

Phenolic, Filled 150 335 >30 >5 34 4.0 39 0.020 0.022
FR-4

Phenolic, Epoxy 175 340 >30 >10 35 4.1 4.0 0.021 0.023
FR-4

Phenolic, Epoxy 180 350 >30 >15 35 4.0 39 0.022 0.024
FR-4

Phenolic, Filled 180 340 >30 >15 2.8 42 4.1 0.020 0.022
Epoxy FR-4

Non-Phenolic, 200 370 >30 >20 2.8 3.7 3.7 0.013 0.014
Non-Dicy

Halogen Free 150 380 >30 >5 3.0 4.0 39 0.020 0.022
FR-4

High-T,, Halogen- 170 390 >30 >15 2.8 4.0 39 0.018 0.019
Free FR-4

Modified Epoxy, 180 360 >30 >15 35 3.6 35 0.011 0.012
Low D,/Dy

Low Dy/Dy 225 365 >30 >15 2.8 3.6 35 0.007 0.008
Blend

Low Dy/D; 220 350 >30 >10 3.6 3.0-3.6 3.0-3.6  <0.0045 0.0045
Blend/RF

Polyimide 260 415 >30 >30 1.5 39 39 0.017 0.018

lead-free assembly are also available. These include polyimide materials, well known for their
thermal reliability and low D,/D; materials. Table 11.7 indicates the range of material types com-
patible with specific lead-free applications and their various properties. As discussed throughout
this chapter, not all materials are compatible in all applications. However, the properties
included in this table should help identify candidate materials for evaluation.

11.8 SUMMARY

The question of whether a given laminate material is compatible with lead-free assembly can
be very complex due to the many variables in PCB design and manufacturing. In addition,
there are variations in lead-free assembly processes. Specifically, peak temperatures, dwell
times at peak temperatures, heatup rates, cooldown rates, and rework processes can all vary
and complicate this decision. As stated earlier, the temperature range from 235 to 260°C is
critical for laminate materials; some materials may be moderately successful at the low end of
this range but fail at the higher end. Additional work investigating these assembly-related
variables is under way. The existing tools for base material selection for lead-free assembly
continue to be developed and improved as more data are collected and analyzed.
Critical base material properties with respect to lead-free assembly applications include:

¢ The decomposition temperature Some minimum value is needed, but above that mini-
mum level, higher values are not always better.

¢ Thermal expansion properties Improved materials have reduced levels of thermal expansion.



11.18 PRINTED CIRCUITS HANDBOOK

¢ Glass transition temperature A higher glass transition temperature delays the onset of
rapid thermal expansion and therefore reduces total expansion within a temperature range.

¢ Moisture absorption In particular, if PWBs are stored in an uncontrolled or humid envi-
ronment prior to assembly, drying of boards prior to assembly or selection of a material less
prone to moisture-related problems should be considered.

¢ Time to delamination T260 and T288 values are a simple way to screen materials for com-
patibility with lead-free assembly. However, testing at higher temperatures or requiring
excessive times may not be necessary.

Balancing these properties with the level of reliability required along with PWB manufac-
turability and assembly concerns is vital.
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12.1 INTRODUCTION

Copper-clad laminate materials (single- or double-sided) are the base material for almost all
printed circuit boards (PCBs). The properties of these materials have a large influence on the
quality of the final product and therefore need to be understood and tested prior to release/
manufacturing.

12.1.1 Impact of RoHS and Lead-Free Requirements

With a change toward RoHS-compliant “lead-free” assembly processes, laminate materials
and complete printed circuit boards are facing a set of increased challenges:

e Laminates Materials have to survive the increased thermal stress of repeated lead-free
assembly cycles. Due to the higher melting temperature of lead-free solders, a peak tem-
perature during reflow of 260°C must realistically be expected (30°C to 40°C higher than
eutectic soldering profiles). Most printed circuit boards will be required to withstand at
least five such assembly cycles, but that number may increase to six and higher for more
complex assemblies. A rule of thumb states that a 10°C increase of temperature doubles the
reaction energy starting degradation or decomposition of the resin compound. The increased
peak temperature therefore requires new or improved laminate materials with a higher
decomposition temperature and enhanced thermal stability. New laminate test methodolo-
gies are also needed to assess the impact of the higher assembly temperatures.

e PCB reliability There should not be any degradation in the reliability of the printed circuit
boards after assembly compared to boards assembled using traditional soldering profiles.
When the same laminate material is used, plated through holes will see an increase in thermal
expansion stresses after an equal number of assembly cycles with higher peak temperatures.
This means that if the same laminate is used, the reliability margin of the PCB has decreased.
To achieve comparable reliability of boards after both eutectic or lead-free soldering, a change

121
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in the base material is most likely. Additional PCB reliability concerns include innerlayer
bonding, conductive anodic filament (CAF) growth, and dielectric strength, particularly
with reduced dielectric thicknesses.

e PCB performance In addition to the preceding reliability challenges posed by lead-free
assembly processes, it also has to be guaranteed that all other performance characteristics
of the printed circuit board stay the same. This includes dielectrical properties such as
dielectric constant D, (which influences impedance), dissipation factor Dy, and thermome-
chanical properties such as copper peel strength, glass transition temperature, or coefficient
of thermal expansion (CTE). These properties should not be affected by the assembly
processes applying higher temperatures.

12.1.2 Material Evaluation Process

In almost all cases, the laminate manufacturer will provide a set of data for its specific mate-
rials. This datasheet is a good starting point and can certainly be used to evaluate laminates at
an early state of a project. Often, though, it will be necessary to perform additional tests in the
PCB facility to verify or complement the manufacturer’s data to ensure that the laminate
materials meet the requirements of manufacturing and assembly processes.

This chapter introduces the most important laminate properties and their characterization
methods and has been revised to reflect RoHS-compliant manufacturing process and tem-
perature requirements. It will serve as a quick reference guide for the printed circuit board
specialist as well as an introduction to laminate testing for those who are new to the field.
Laminate properties according to industry standards such as the National Electrical Manu-
facturers Association (NEMA) and IPC will be introduced. Then the actual test methods will
be discussed in the form of a best-practice guide. This guide will help the PCB specialist make
quick decisions during the testing process. Methods to test mechanical, thermomechanical,
and electrical properties of printed circuit board materials will be described. The focus will be
on how the tests are performed, what the results actually mean in today’s manufacturing envi-
ronment, and how relevant the obtained test data are. In addition to the raw base material
testing, the chapter will introduce a best-practice qualification guide to assess interactions
between manufacturing processes and laminate properties.

12.2 INDUSTRY STANDARDS

12.2.1

A number of different industry standards can be used to evaluate copper-clad laminate prop-
erties. Many of the test methods for similar properties are very comparable, though, and in the
end the materials engineer must decide which standard to use as a basis for his or her charac-
terization. In some cases, it may even be necessary to define a new characterization method to
qualify a laminate material for a specific customer application or a particular requirement.

IPC-TM-650

This document is the most comprehensive and most widely used compilation of copper-clad
laminate test methods. It is administered by IPC (Association Connecting Electronic Indus-
tries) and available in print or online.*

*Available at http://www.ipc.org/html/testmethods.htm.
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Most of the test methods described in this chapter are based on the test manual IPC-TM-
650. It contains industry-approved test techniques and procedures for chemical, mechanical,
electrical, and environmental tests on all forms of printed wiring and connectors. An IPC test
method is a procedure by which the properties or constituents of a material, an assembly of
materials, or a product can be examined. These test procedures do not contain acceptability
levels for specific properties.

12.2.2 IPC Specification Sheets

IPC publishes a wide variety of technical specification sheets for PCB and printed circuits
assembly (PCA) products. A few are important in this context:

o IPC 4101, “Specifications for Base Materials for Rigid and Multilayer Printed Boards,”
Rev. B 06/06 This document contains specification sheets for laminate materials used to
manufacture PCBs for commercial and military applications. The minimum requirements
for key material properties can be found in these specification sheets.

e IPC 4103, “Specification for Plastic Substrates, Clad or Unclad, for High Speed/High
Frequency Interconnections,” 01/02 This document contains specification sheets for
Teflon (polytetrafluoroethylene, or PTFE) and other laminate materials used to manufacture
PCBs for high-speed or high-frequency applications.

o IPC 4104, “Specification for High-Density Interconnect (HDI) and Microvia Materials,”
05/99 This document contains specification sheets for materials used in HDI and microvia
applications.

1223 ASTM

The American Society for Testing and Materials (ASTM) develops standard test methods and
specifications that are in some cases related to laminate materials. They will be referenced as
appropriate. More information can be found online.*

12.2.4 NEMA

NEMA publishes standards on laminated thermosetting materials. The last published version
is the LI 1-1998 Standard for Industrial Laminated Thermosetting Products, which includes
the latest information concerning the manufacture, testing, and performance of laminated
thermosetting products. Most copper-clad laminate materials are named according to NEMA
grades, but it is important to understand that NEMA grades represent only material cate-
gories and not one individual material. One of the most commonly known material grades is
FR-4, which is often thought of as a specific laminate material. This is not the case, however,
as each NEMA grade represents a material class defined by properties that fall into a certain
class. Thus, properties of different laminate materials from different suppliers that fall into the
same class (FR-4, for example) may not be identical. More information can be found online.**
(For a more detailed discussion of FR-4, see Sec. 6.4.)

*Available at http://www.astm.org.
**Available at http://www.nema.org.


http://www.astm.org
http://www.nema.org

12.4 PRINTED CIRCUITS HANDBOOK

TABLE 12.1 NEMA Grade Material Designations and Properties

NEMA Resin

grade system Reinforcement Description

XXXPC Phenolic Paper Phenolic paper, punchable

FR-2 Phenolic Paper Phenolic paper, punchable, flame-resistant

FR-3 Epoxy Paper Epoxy paper, cold punchable, high insulation resistance,
flame-resistant

CEM-1 Epoxy Paper-glass Epoxy paper core and glass on laminate surface,
flame-resistant

CEM-2 Epoxy Paper-glass Epoxy paper core and glass on laminate surface

CEM-3 Epoxy Glass matte Epoxy non-woven glass core and woven-glass surface,
flame-resistant

CEM-4 Epoxy Glass matte Epoxy non-woven glass core and woven-glass surface

FR-6 Polyester Glass matte Polyester non-woven glass, flame-resistant

G-10 Epoxy Glass (woven) Epoxy woven glass, not flame-resistant

FR-4 Epoxy Glass (woven) Epoxy woven glass, flame-resistant

G-11 Epoxy Glass (woven) High-temp epoxy, woven glass, not flame-resistant

FR-5 Epoxy Glass (woven) High-temp epoxy, woven glass, flame-resistant

12.2.5 NEMA Grades

Table 12.1 shows technical and industrial laminate grades as they apply to the most important
printed circuit board materials.

12.3 LAMINATE TEST STRATEGY

Laminates contain different reinforcement materials (woven/non-woven glass/organic fibers,
expanded PTFE, etc.), resin types (phenolic, epoxy, cyanate ester, polyimide, BT, etc.), resin
formulations (blended, functionality, etc.), hardeners (dicyanodiamide [dicy], phenol-novolak,
cresol-novolak, p-aminophenol, isocyanurate, etc.), and sometimes filler particles (ceramic or
organic). The ratio of all of these individual components can vary widely. To define a test strat-
egy for laminates, it is important to understand the different main components of the materials
as well as the conditions during manufacturing, as these will have a large influence on their
properties and quality.

The evaluation and qualification of a laminate material can be a quite complex task and
the new requirements for lead-free processing have specifically increased the focus on the
thermal characteristics of laminate materials. A number of different qualification test meth-
ods are available to the materials engineer. However, very often not all of them are relevant
or necessary for the final product. At the same time, the materials engineer faces pressure to
produce quick results driven by shorter development cycles and increasing product and
process requirements. The organization of the test methods described in this chapter follows
a proposed best-practice guide aimed to help perform full material evaluations efficiently and
at the same time address the new requirements of lead-free processing. The sections allow
quick decisions, especially when a number of materials are being evaluated at the same time.

12.3.1 Data Comparison

The first step in every material evaluation is data comparison and assessment. This step may
already allow the elimination of some material candidates without performing actual tests.
The first and most important thing to understand is the state of the material that is being
considered. Is it an established material formulation that has a solid history at other manufac-
turing locations, or is it a newly developed material that has not seen mass production yet?
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New developments often do not come with complete data sheets that allow an early assess-
ment, whereas the laminator can often provide one for established materials.

Cost is another important factor. The laminator can provide guidance about volume pric-
ing for the new material.

Other considerations are the history of the supplier, in terms of having met previous
commitments and whether the material is already in high-volume production. If it is a new
material that has not yet been ramped to high volume, if no more than one PWB manufac-
turer is using it, and if no second source can be identified, then these facts may be a red flag
when considering the material for use.

12.3.2 Two-Tier Test Strategy

The qualification procedure proposed in this chapter follows a two-tier test strategy that
enables quick decisions during a material qualification program. The first set of tests is easy to
perform and focuses on key properties that should be evaluated when testing a new laminate
material. Failure to pass any of them will likely result in rejection of a material for manufac-
turing. If multiple materials are being evaluated, the first tests will allow the easy elimination
of the least probable candidates.

The second set of tests is an expanded set of qualification tests that focuses on all key prop-
erties that are commonly evaluated for laminates. However, the final decision about a qualifi-
cation test plan for a new laminate should always be driven by product-level requirements,
which means that additional laminate tests as well as board-level tests may need to be added
to the set of tests described in the following section.

12.4 INITIAL TESTS

This first set of tests is most commonly performed when starting a material evaluation and
qualification project. The tests can be performed easily and give some early indications of
whether the material exhibits any major problems.

12.4.1 Surface and Appearance

This test is one of the very first tests to happen as the new material arrives in the shop. The
laminate is inspected for its appearance and visual quality. Often the materials engineer will be
able to assess the quality of the product without applying specification guidelines. Even pack-
aging and shipping materials should be used to assess the laminator’s overall quality control.

IPC-TM-650 method 2.1.2 and method 2.1.5 define procedures for how to inspect the sur-
face and appearance of copper-clad laminates. These standards should be applied only to
surface areas that are pertinent to the finished board. More than 90 percent of the copper will
usually be removed during manufacturing, and a new material should not be discarded solely
for cosmetic reasons. On the other hand, for areas that will contain edge card connector pads
or very fine-line traces, these surface standards must be applied.

The specifications categorize the longest permissible dimensions of any copper pits and
dents and define a point value-based rating system (as shown in Table 12.2).

TABLE 12.2 Longest Permissible Dimensions

Longest dimension

(mm) Point value
0.13-0.25 1
0.26-0.50 2
0.51-0.75 4
0.76-1.00 7

Over 1.00 30




12.6 PRINTED CIRCUITS HANDBOOK

TABLE 12.3 Material Class

Class A B C D X
Total point count <30 <5 <17 0 Requirements
All dents agreed upon
<0.38 mm

The total point value for an area of 300 mm x 300 mm of laminate determines the mater-
ial class (as shown in Table 12.3).

In addition to copper pits and dents, the specifications contain procedures on how to
inspect for scratches, wrinkles, and inclusions.

12.4.2 Copper Peel Strength

The copper peel strength of copper-clad laminates is an indicator for a variety of their perfor-
mance characteristics. It indicates the bond strength of the copper circuitry of a double-sided
printed circuit construction after manufacturing and any successive assembly or repair cycles.
To assess the copper bond strength of the outerlayer circuitry of a multilayer construction
accurately, it is necessary to take a close look at the exact build-up and copper foil used in the
construction and to build specific test vehicles that are similar to the original stack-up.
Copper peel strength measurements have grown increasingly important as circuit traces and
pads are becoming smaller. In addition, this test allows an assessment of any potential weak-
nesses in multilayer constructions and identifies the interface that might delaminate first after
thermal stress. The higher the initial bond strength of a material, the better. For all character-
izations after thermal stress in the temperature range of lead-free assembly, it is also impor-
tant to look at the decrease of bond strength. This is especially important for applications that
require multiple reflow operations and one or more repair cycles.

The test method is specified in IPC-TM-650, method 2.4.8, and the applicable test patterns
are specified in IPC TM-650, method 5.8.3. Figure 12.1 shows an actual test pattern using a
sample 100 mm x 100 mm coupon with 4-mm-wide copper strips.

The material being tested should be processed using the same fabrication steps that will be
applied for the actual product. IPC-TM-650, method 2.4.8, recommends a specimen size of
50.8 mm x 50.8 mm (2.0 in. X 2.0 in.) and a minimum sample size of two for both the warp and
fill (X and Y) direction of the laminate. The end of the test strip is peeled off so that a tensile

FIGURE 12.1 Test pattern used for a copper
peel strength test.
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tester can clamp it. The load cell should be calibrated to account for the weight of the clamp.
The copper foil strip is then peeled from the material at a rate of 2 in. per min. The measured
value is dependent on the copper thickness. The thicker the copper foil, the more force is
required to deform it plastically. The value is also dependent on the angle at which it is being
pulled. Therefore, it is always important to specify the thickness of the copper foil tested and
to maintain a peeling force radius of 90° during the test. The minimum load is determined as
specified and the peel strength is calculated using Eq. 12.1:

Ib/in = Ly/Ws (12.1)

where Ly =Minimum load
W= Measured width of peel strip

Copper bond retention after exposure to soldering or touch-up temperatures is measured
as outlined in IPC-TM 650, method 2.4.8, condition B. The test samples are covered with sil-
icone grease before floating them on the solder pot at 288°C for 5 to 20 sec. to avoid solder
contamination on the test strip. After allowing the samples to cool down to room tempera-
ture and removing the grease, the test is performed in the same way as previously described.
It is important to inspect the specimen for any blistering or delaminations prior to testing
(see also the discussion of solder shock testing in Section 12.5.2) as this may interfere with
the test procedure and may indicate that the laminate material has problems with solder
shock resistance.

Another factor that can influence the adhesion strength of the copper foil is exposure to
processing chemicals during manufacturing. Details about this test method can be found in
IPC-TM 650, method 2.4.8, condition C. This test is usually performed only if specific require-
ments at the end-product level call for it or if the material during manufacturing exhibits low
copper bond retention properties.

Minimum copper peel strength values for unstressed material should be 1 N/mm or higher.
The acceptable values after thermal stress are 0.8 N/mm and 0.55 N/mm after process solu-
tions. Measurements taken at elevated temperature (125°C) should yield a minimum value of
0.7 N/mm. The authors recommends using the preceding values as guidelines and validating
acceptable minimum values with actual product requirements.

12.4.3 Solder Shock

The solder shock test is one of several methods to assess the thermal resistance of copper-clad
laminates. It is easy to perform and represents another key test during the early assessment of
a material. There are a number of different methods to choose from, which will be described
in detail in Section 12.5.2. During the initial assessment of the material, it is important to
choose at least one of the described test methods to make certain that the material meets the
minimum requirements, especially if the material is used in higher-temperature lead-free
assembly processes. Aside from solder shock testing of bare laminate material, it is also rec-
ommended that the PCB engineer consider PCB-level temperature shock as well as repeated
reflow testing with a particular focus on resin-reinforcement delaminations. This will ensure
that not only the raw material but also the completed PCB will be able to withstand the
required temperature regime.

12.4.4 Glass Transition Temperature (T,)

A further important data point within the initial assessment is the determination of the glass
transition temperature (T,). Different test methods are described in more detail in Section
12.5.2. For the first assessment, one method should be selected. When choosing the method, it
is important to make sure that the test procedure is compatible with the material in test
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(for some materials, the glass transition can be determined only using dynamic mechanical
analysis [DMA]). A minimum of two samples should be tested. If a data sheet of the material
is available, the measured value should correspond with the manufacturer’s data (within the
measurement accuracy of the equipment). The values of T,1 and T,2 (measured on the same
sample) should not be more than 7°C apart. If T,2 is significantly below the T,1 measurement,
this may be a strong first indication that resin system degradation has started during the mea-
surement procedure. It is recommended to confirm this finding using the Ty measurement
procedure.

12.4.5 Thermal Decomposition Temperature (Tg)

The determination of the thermal decomposition temperature (T,;) completes the initial
assessment. This is a new test methodology, and both ASTM and IPC test procedures are
available. IPC-TM-650, method 2.3.40, is called “Procedure to Determine the Thermal
Decomposition Temperature Ty Using Thermo Gravimetric Analysis (TGA),” and the ASTM
methodology is called “Standard Test Method for Rapid Thermal Degradation of Solid Elec-
trical Insulating Materials by Thermo Gravimetric Analysis.” In both cases, the test method-
ology is based on thermogravimetric analysis (TGA) of a laminate specimen that is heated
with a set ramp rate assessing the onset and process of decomposition. At first, the thermoset
laminate resin passes the glass transition point where the polymer changes from a rigid, brit-
tle, and “glasslike” state to a softer and more rubberlike material. As the material is heated
further, the three-dimensional cross-linked structure begins to break down and individual
bonds in the polymer structure open. As decomposition continues, gaseous decomposition
products are set free, which can be detected as a loss of mass of the sample in test. This usu-
ally goes hand in hand with visible damage to the sample (delamination and/or strong discol-
oration) and significant changes in the mechanical properties of the laminate.

A dry test specimen of 2-20 mg is heated at 5°C/min to 150°C and then held at that tem-
perature for 15 min. This ensures that the sample is completely dry and establishes the base
weight used to characterize the weight loss. Then the sample is heated at 5°C/min up to a tem-
perature of 800°C and the weight loss is continually recorded. The temperature at which a
5 percent weight loss of the sample is detected is defined as the Tj.

Although this test methodology is a good gauge of the thermal stability of laminate mate-
rials, the method and results must be evaluated carefully to ensure that correct conclusions
are drawn from the results. For example, the results of this test are dependent on the surface/
volume ratio of the specimen in test-specimens of the same weight, but different surface
areas will show different results. The sample with the large surface area loses weight at a
faster rate and therefore shows a lower T,. Samples with a large percentage of nondecom-
posing filler or reinforcement material will also behave differently as the measured weight
change is based only on the resin content of the sample. This again will lead to a seemingly
higher measured T, which may lead to erroneous conclusions. Finally, the process of decom-
position is as important as the determined value of Ty and a comparison of the onset of
weight loss may also be a valuable parameter to assess when comparing laminate materials
using this methodology.

In general, a higher T, value is desirable for materials that are being selected for lead-free
assembly processes as this indicates that the laminate withstands the higher assembly tem-
peratures with an increased margin.

Figure 12.2 shows an example of different Ty measurements for three different laminate
materials. It shows the typical decomposition rates for some sample materials and also high-
lights how the assessment of a material can change if different criteria are chosen. If the IPC
value of 5 percent weight loss is chosen, then M3 is superior to M1 and M2. But if the materi-
als engineer decides that the onset of weight loss (decomposition) is critical for the applica-
tion, then M3 is the worst performing material. The authors recommend using materials with
a high onset temperature as well as a high 5 percent decomposition temperature.
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FIGURE 12.2 Example of different Ty measurements for three different laminate materials. (7; GraphCourtesy
of Helmut Kroener, Multek.)

12.5 FULL MATERIAL CHARACTERIZATION

The following set of characterization methods summarizes the most commonly used test
methods to qualify copper-clad laminates for manufacturing. It is intended to guide the materi-
als engineer through the laminate qualification process. Yet it can only serve as a best-practices
guide, as the final set of qualification methods will vary for each material and should always
be driven by its specific application.

12.5.1 Mechanical Tests

Commonly used mechanical tests include tensile tests, flexural strength tests, and copper peel
strength tests.

12.5.1.1 Modulus and Tensile Strength (Tensile Test). The test method to determine
modulus and yield stress for copper-clad laminates described in this section is based on ASTM
D 882, “Standard Test Methods for Tensile Properties of Thin Plastic Sheeting.” Other rele-
vant industry standards are IPC-TM-650, method 2.4.19 (for flexible laminate materials), and
IPC-TM-650, method 2.4.18.3 (for deposited organic free films). Elastic modulus and yield
stress are always determined by the same method.

The elastic modulus is the indicator value for the stiffness and strength of a composite
material under load, whereas the yield stress indicates the maximum load the material can
take in x/y direction before it brakes. The modulus is the more important of the two values. It
is used to differentiate materials and their actual strength during qualification testing. The
elastic modulus is also one of the key properties of a material that need to be understood
when performing computational modeling of packages and printed circuit board assemblies.
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In many applications, materials with different properties are combined, which leads to
thermomechanical stresses that cause fatigue or interfacial failures. Computational modeling
is often used when there is not sufficient time or resources available to perform actual prod-
uct test, but fast reliability assessments are needed.

The standard test specimen for this test consists of a strip of laminate material 152.4 mm
(6 in.) long and 12.7 mm (0.5 in.) wide. A minimum of 10 samples should be prepared and all
copper must be removed before testing. It is important that only samples with identical thick-
ness and glass stack-up be tested, as this will allow a meaningful comparison of the materials
in the test. The test engineer also must ensure that both the warp and fill direction of the lam-
inate composite are measured and documented separately.

After the samples are cut, they need to be inspected for any fractures, delamination, or
roughness along the edges and if necessary they need to be sanded. The cross-sectional area
of each specimen is calculated from the width and thickness in the measurement area. Then
the individual samples need to be conditioned at