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PRINTED WIRING BOARD TECHNOLOGY

Printed wiring boards (PWB) have been in commercial use since World War II; however, related concepts
originated 40 years prior to their commercialization. The founder of Sprague Electric, while still an apprentice,
had the idea in 1904 of eliminating point-to-point wiring. When he conferred with his mentor on how to
implement this new concept, his mentor suggested that silver reduction, as used in mirror manufacture, or the
printing of graphite pastes on linen paper, might prove to be suitable. Sprague’s mentor was Thomas Edison.

It was not until 1936 that modern printed boards were conceived of by Paul Eisler in England. Toward the
end of World War II, a technology developed by the US National Bureau of Standards (NBS) was used in volume
production of US Army VT proximity fuses for rockets and mortars. The production technology used was not
the “print and etch” technique of Eisler, but rather printed silver paste conductors and graphite resistors screen
printed onto ceramic substrate, using techniques more commonly associated with today’s hybrid industry. It
was this technique that ushered in commercial use of printed circuits. After World War II, the demand for
consumer products of all types, particularly electronic for radio and early television industries, expanded at a
tremendous rate.

Since the origin of PWBs, their evolution toward increasing complexity has generally been quite orderly.
After reaching maximum density (based on contemporary fabrication limitations), single-sided boards were
replaced by double-sided boards, which allowed wires to cross over each other without shorting and without
the need for adding special jumpers. This was accomplished first by “Z” wires, then by eyelets, and finally by
plated-through holes (PTHs). Figure 1 shows this Z-Axis interconnection evolution.

PWB Technology

Printed wiring boards are sometimes referred to as the baseline in electronic packaging. Electronic packaging
is fundamentally an interconnection technology and the PWB is the baseline building block of this technology.
It serves a wide variety of functions. Foremost it contains the wiring required to interconnect the component
electrically and acts as the primary structure to support those components. In some cases it is also used
to conduct away heat generated by the components. The PWB is the interconnection medium upon which
electronic components are formed into electronic systems.

The constant pressures for improvements in PWB technology arise in all aspects of this technology.
Electrically, the increase of high-speed and high-frequency electronic systems creates demand for PWBs having
lower electrical losses. In addition, higher operating voltages increasingly require PWBs with greater resistance
to voltage breakdown, high-voltage tracking, and corona. Aside from the requirements for higher electrical
performance of PWBs, higher electronic system functional densities and the resultant higher thermal densities
create demand for lower thermal resistance of PWB materials.

New developments in component technology in the 1960s and 1970s, with the movement away from
through-hole technology to the higher density surface mount technology (SMT), have forced innovations in PWB
materials and processes. The constant trend toward higher-functionality intergrated-circuit (IC) components
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Fig. 1. Z-Axis interconnection evolution.

with higher input–output (I/O) pin counts of the IC packages has resulted in increased demand for fine-feature
PWBs. Experts once predicted the demise of the PWB, believing that the increasing degree of integration in
semiconductor chips could make the PWB unnecessary. However, increased integration in semiconductors has
only served to make the PWBs more complex and more indispensable than ever.

Printed Wiring Board System Types

Printed wiring boards can be classified into several categories based on their dielectric material or their
fabrication technique. PWBs can be classified into two basic categories based on their fabrication technique:
graphical and discrete-wire interconnection boards: “Graphical” interconnection board is another term for the
standard PWB, in which the image of the master circuit patterns is formed photographically on a photosensitive
material such as glass plate or film. The image is then transferred to the circuit board by screening or
photoprinting the artworks generated from the master. Discrete-wire interconnection does not involve an
imaging process for the formation of signal connections. Rather, conductors are formed directly onto the wiring
board with insulated copper wire. Figure 2 shows the detailed classification of PWB technologies.

Graphically Produced Boards

The majority of current PWBs are graphically produced. Graphically produced boards can be classified into
two categories based on the dielectric material: organic and ceramic printed wiring boards.

Organic PWBs. These PWBs are fabricated using an organic dielectric material with copper usually
forming the conductive paths. Organic-based boards can be subdivided into the following classifications: rigid,
flexible, rigid-flex (combining the attributes of both rigid and flexible boards in one unit), and molded. Each of
these classifications, except for molded, can be further subdivided into single-sided (SSB), double sided (DSB),
multilayer (MLB), or high-density interconnect structure (HDIS) printed wiring boards.

The circuit interconnection pattern can be created by two techniques: subtractive or additive. Subtrac-
tive metalization of the printed wiring board involves imaging the conductor pattern on copper foils using a
photoresist material and one of two image-transfer techniques—screen printing or photo imaging. The resist
acts as a protective cover defining the conductor patterns while unwanted copper is etched away. Additive
metalization involves chemically plating the conductors on top of the dielectric material.

These metalization techniques can be used with a variety of dielectric materials to achieve various
mechanical and electrical characteristics in the final product. Among the most common dielectric materials
are epoxy/e-glass (electronic grade glass), laminates used in the fabrication of rigid PWBs, and polyimide film
used in the fabrication of flexible printed wiring boards. The rigid-flex boards use a combination of these two
materials. Molded PWBs use high-temperature thermoplastic resins.
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Fig. 2. Detailed classification of printed wiring boards.

Rigid PWBs. The rigid PWB is fabricated from copper-clad dielectric materials. The dielectric consists
of an organic resin reinforced with fibers. The most commonly used fiber materials are paper and e-glass.
Quartz, aramid, and S2-glass are other fibers which have been used in specialized advanced packaging as
well as high-speed applications. The fibers are either chopped (usually paper) or woven into fabric (glass). The
organic media can be of a wide formulation and include flame-retardant phenolic, epoxy, polyfunctional epoxy,
or polyimide resins. Built within the laminate structure may be low coefficient of thermal expansion (CTE)-clad
metals such as copper-invar-copper (CIC) or copper-molybdenum-copper (CMC) for decreasing the CTE of the
overall PWB structure.



4 PRINTED WIRING BOARD TECHNOLOGY

As the name implies, rigid PWBs consist of layers of the organic laminates that are laminated through
heat and pressure into a rigid interconnection structure. This structure is usually sufficiently rigid in nature
to be able to support the components that are mounted to it. Specialized applications may require the PWB
to be mounted to a support structure. The support structure may be used to remove heat generated by the
components, decrease the movement of the PWB under extreme vibration, or decrease the CTE of the PWB in
surface-mount technology (SMT) applications.

The rigid PWB interconnection structures may be further subdivided by the number of wiring layers
contained within the structure and the fabrication of these layers into four categories—single-sided board
(SSB), double-sided board (DSB), multilayer board (MLB), and high-density interconnect structure (HDIS).
Figure 3 shows a cross-sectional view of each type.

Single-Sided PWB. A single-sided PWB consists of a single layer of copper interconnection on the com-
ponent side of the PWB. The rigid dielectric material is fabricated from multiple layers of unclad laminate
material pressed to the final end-use thickness. A single layer of copper cladding is applied to one of the outside
layers during this process. In some instances double-sided copper cladding may be used, with the copper on
one face being completely etched away during processing.

The base laminate of single-sided boards can be of woven or paper (unwoven) materials with copper foil,
usually of 1 oz. or 2 oz. weight, clad to one side. It should be noted that copper cladding is most often referred
to by its weight (1 oz/sq.ft. equals 0.00137 in. thickness) rather than by its thickness. The raw clad laminate
is first cut into working panels suited to the equipment, which will handle the subsequent operations. The
panel is then drilled or punched to provide a registration system. Laminate flatness is important in achieving
a good registration baseline. This is critical in an automated print and etch system because the panel tends to
warp after the copper is removed during etching. This warping allows stresses built into the material during
its fabrication to be relieved. Excessively warped panels may not register properly for subsequent operations.

The individual artworks that define the conductor patterns are then arranged or panelized so that one or
more PWBs will be produced from a single panel. This is accomplished by stepping and repeating the patterns
into a panel phototool. Once the panel layout is established, the panel can be drilled or punched to produce the
final hole pattern. Holes required are either drilled in glass-reinforced products or punched in paper-reinforced
products. Registration of the conductor pattern to holes is accomplished through either the right-angle edge of
the panel or on pilot holes contained in opposite corners of the panel. Drilling of holes is usually done after the
panels are first cut: punching of holes is done as the last operation.

Following the drilling operation, the etch resist is applied and the circuit pattern formed. This pattern
can be made by printing a liquid resist or photo imaging of a film or liquid. The next step is to etch away the
unwanted copper from the laminate, leaving only the desired circuit pattern. Finally the resist is stripped and
the single-sided board is complete in panel form. At this point additional processes such as plating or solder
masks may be performed, or the individual boards may be sheared or routed from the panel.

While single-sided boards with their simplicity might be doomed due to the increased complexity of
modern electronics, they continue to have a small market, especially where cost is a strong driver.

Double-sided PWBs. From a historical perspective the double-sided board is probably the most often
designed type of all PWBs. It retains much of the production simplicity of the single-sided board but allows
circuit complexities far in excess of 2:1 over its simpler cousin. This is the case because it allows basic x and y
routing of the circuit on its two outer faces, thus improving the routing efficiency and the circuit density.

Interconnection of the two conductor patterns is accomplished through drilling and subsequent plating
or filling the interconnection holes, called vias. The most widely used method is to plate the vias with copper.

Double-sided boards are fabricated from laminates with copper clad on both outside layers. The copper
may be clad to a variety of dielectric materials. The material is usually purchased from a laminator who
specializes in providing laminates to the electronic industry.

One the raw laminate is cut into panels, the fabrication process begins with the interconnection hole
drilling. The via holes may also serve as mounting holes for the components. After the via hole pattern has
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Fig. 3. Cross-sectional views of organic PWBs.

been drilled, the holes may be filled with the conductive ink or the panel is copper plated by an electroless
technique in preparation for subsequent plating by either of two methods—pattern plating or panel plating.

The conductor image is formed in a similar way as with single-sided boards, except that the photoresist
application and imaging take place on both sided of the panel. Obviously, the registration of the photo images
from one side of the panel to the other is critical. The circuit pattern on one side must be properly registered
to the pattern on the other side, or the plated through hole (PTH) will not properly connect between the two
sides. The next step is to etch away the copper laminate, leaving only the desired circuit pattern. At this point
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Fig. 4. Typical rigid multilayer PWB (Courtesy Motorola Inc.).

additional processes such as resist stripping, plating, or solder masks may be performed and the individual
PWBs then are sheared or routed from the panel.

Multilayer PWBs. Multilayer boards are those PWBs having three or more conductive layers, including
and pads-only layers. The typical modern multilayer board will have anywhere from 4 to 12 layers of circuitry,
with some specialized application requiring upward of 50 layers. Must multilayer boards are fabricated by
laminating single- or double-clad, patterned sheets of thin laminate together using partially cured resin (known
as B-stage) in a carrier fabric. The single- or double-clad laminate material is processed similarly to the single-
or double-sided PWB, except that the via or component holes are usually not drilled until after lamination. It
should be noted here that the importance of registration is amplified as the layer count increases. Increased
pad sizes may be required to minimize via hole breakout due to misregistration. The same requirement may
limit the size of panels due to run out of the circuit features. Following the fabrication of the individual layers
or layer pair, a “book” of layers and their interposed B-stage bonding layers are stacked together in a particular
sequence to achieve the required lay-up. This book is laminated under heat and pressure to the appropriate
thickness for the final board. The outer layers are not pre-etched so that the laminate book appears the same
as a double-sided copper-clad laminate of comparable thickness. After lamination the book is processed the
same as a thick double-sided board. The book is drilled to add the via holes and then processed as if it were a
double-sided board using plated through holes.

In some cases standardized layers, such as power or ground distribution, can be “mass laminated” into the
raw laminate. This is a very cost-effective means of achieving multilayer density at near double-sided board
cost since the outer layer processing and via drilling is are identical to that for double-sided PWB processing.
Where circuit density requirements cannot be achieved with through hole multilayer boards, techniques such
as blind or buried vias are used to increase the interconnection wiring density on a given layer. Where these
techniques are used, the inner layer pairs are fabricated as double-sided boards, complete with plated vias, and
then assembled into books for processing into multilayer boards. Thus the inner layer may be interconnected
by holes through the entire board. Similarly, blind vias may connect to the first or subsequent buried layer
on each side of the board without penetrating the entire board. The multilayer board has achieved a cost and
reliability level that allows it its use in any level of electronics. It is often seen even in toys. Figure 4 shows a
typical rigid multilayer PWB.
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Fig. 5. Goldline Pen Pager (Courtesy Motorola Inc.).

High-density Interconnect Structures. The printed wiring board (PWB) industry is driven by frequent
improvements in technology, reduction in cost, and increasing performance demands on material and process
control. High-density interconnect structures PWB technology is a recent area of investigation that is rapidly
accelerating in activity at the most advanced companies.

As shown in Fig. 5, new electronic products are required to be smaller, faster, lighter, and cheaper in
order to compete in today’s market. In order to achieve these requirements, fine pitch area array packaging,
fine pitch BGA, and flip chip on board assembly technologies are being implemented. The rate these packaging
technologies can be adopted, is largely being dictated by the availability of higher density PWB technologies
with significant reduction in conductor lines width, and via size at relatively lower cost.

The two disturbing trends creating the need for high-density interconnect structures (HDIS) are the
increased number of through holes and blind vias in the consumer electronic products and the dramatic
increase in the cost of drilling smaller diameter vias. Drilled holes and vias are among the basic structures of
PWBs; however, they have significant problems. For example, since the via and pad can block routing channels,
each year the via and pad get smaller. Standard PWB technology can produce a via pad size of 0.020 in. with
a 0.0125 in. to 0.010 in. drilled hole. These holes can decrease to 0.008 in., but as they get smaller, they also
get more expensive. As a result, small hole drilling can contribute as much as 30% to 40% of the total cost of
the PWB. Currently, the single highest cost associated with fabricating a leading-edge blind-and-buried PWB
is drilling cost. Also, as the holes get smaller for the same thickness board, the aspect ratio increases. This
tends to decrease reliability, as high-aspect holes have problems getting sufficient plating solution and solder
into the hole.

The real benefit of HDI is in the small holes, identified as “microvias.” These holes are very small, defined
by the Institute for Interconnecting and Packaging Electronic Circuits (IPC), as equal to or less than 150 µm
(or 0.006 in.). Currently there are three major HDI technology classes that address the future market needs.
In many implementations, these HDI layers are constructed as the outer layers on a standard double-sided or
multilayer PWB, using a thin, nonreinforced resin as the dielectric. The HDI dielectric has thickness of 0.0015
in. to 0.003 in. Vias are created by photoimaging, laser ablation, or plasma etching.

Materials used for HDI structures are different from those used to manufacture standard PWBs. There
is a similarity in the dielectric properties, yet the HDI thin materials are coordinated with the process used to
produce microvias. Some materials are laminated to a core structure; others are deposited. If the method for
microvia fabrication uses photosensitive techniques, then the dielectric will contain a photopolymer. Fabrication
of HDI structures requires that these thin materials be deposited on a core. The core may be passive, like a
sheet of aluminum, or an active part of the circuit, like a multilayer PWB. Figure 6 shows a cross-section of an
HDI structure deposited on a multilayer core. A brief description of the main HDI via forming technologies is
shown in Fig. 7.

The process steps shown in Fig. 7 can be repeated on both sides of the core to build more circuit layers.
The maximum number of layers that can be added is limited by yield, cost, and routing capability.
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Fig. 6. Cross-sectional view of HDI structure on a multilayer core.

Fig. 7. HDI structure technology classes.

Photovia. The photovia approach is based on a photoimaged dielectric, usually a resin, and pattern
plating to form the via and circuitry connections. IBM developed the first photovia process, called surface
laminar circuitry (SLC). The different photovia approaches can typically be broken down into three categories
determined by the metalization process: (1) panel plate, (2) pattern plate, and (3) full build pattern plate.
Figure 5 shows a typical process flow used for pattern plate photovia technologies. This process flow is typical
of the majority of photovia technologies available. IBM was the initial developer of the photovia technology.

Plasma Etching. Plasma-etched vias rely on the use of copper-clad nonglass-reinforced laminate, such as
polyimide or epoxy resin coated copper (RCC) for the dielectric. Plasma is used to etch the dielectric and form
the microvias. The copper foil is used as a conformal mask to define the via openings as seen in the process in
Fig. 5. Dyconex developed the plasma etching process.

Laser Ablation. Laser-ablated vias currently rely on the use of nonglass-reinforced laminate, such
as aramid or resin coated copper for the dielectric. There are three different drilling options for forming
the microvia: (1) TEA-CO2 (transverse excitation in atmospheric pressure), Excimer laser, and Nd:YAG
(neodymium:yttrium-aluminum garnet). Major strides are being made in the industry to improve the through-
put of the lasers to make the cost more competitive with mass generation techniques such as photo and plasma
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technologies. The laser process shown in Fig. 5 uses the TEA-CO2 laser with conformal copper mask approach
for defining the microvias. The Nd:YAG laser ablates copper and the organic dielectric.

Flexible Printed Wiring. As defined by the IPC, flexible printed wiring is random arrangement of printed
wiring, utilizing flexible base material with or without cover layers. Interconnection systems consisting of flat
cables, collated cable, ribbon cable, and sometimes wiring harnesses are sometimes confused with flexible
printed wiring. Flexible printed wiring is used in applications requiring continuous or periodic movement of
the circuit as part of the end-product function and in those applications where the wiring cannot be planar
and is moved only for servicing. Visually, flexible printed wiring looks similar to rigid printed wiring. The main
difference in the products is the base or dielectric material. Flexible printed wiring is manufactured using
ductile copper foil bonded to thin, flexible dielectrics. The dielectric substrate is the base film on which the
printed conductors are fabricated. The dielectric insulates conductors from each other and provides much of
the mechanical strength of the circuit. The choice of a flexible rather than a rigid dielectric is the main char-
acteristic that distinguishes flexible printed wiring from rigid printed wiring boards. In addition to the typical
electrical and mechanical properties, the dielectric substrates have considerable influence on dimensional
stability and flexibility of the flexible circuitry. Some of the most common dielectric materials used include
polyimide (Kapton), polyester terephthalate (Mylar), random fiber aramid (Normex), polyamide-imide Teflon
TFE and FEP, and polyvinyl chloride (PVC). As with rigid PWBs, flexible printed may be manufactured in
single-sided, double-sided, or multilayer configuration. The conductor patterns are formed in a manner similar
to rigid PWBs, using either screen printing or photo imaging of a resist to form the conductor pattern and then
etching the unwanted copper. A variety of adhesive materials are used in their manufacture to bond the various
layers together. Typical adhesive systems include polyester, epoxy/modified epoxy, acrylic, phenolics, polyimide,
and fluorocarbons. The properties of an adhesive must be compatible with those of the dielectric substrate.
Adhesives must be capable of withstanding the processing conditions and chemicals used in printed wiring
manufacture without delamination or degradation of properties. Flexible circuits generally have higher non-
recurring costs and lower recurring costs than other wiring methods. Flexible wiring are, therefore, generally
less cost competitive at very low production volumes and more cost effective at high production volumes.

Due to the extreme flimsiness of flexible wiring, when components are to be mounted, adequate rein-
forcement must be added to the flexible wiring to eliminate stress points at the component–circuit interfaces.
Reinforcements typically used are simple pieces of unclad rigid laminates or complex formed, cast, or machined
metals or plastics to which the flexible wiring is laminated.

Rigid-Flexible PWBs. This PWB consists of single or multiple flexible printed-wiring plies integrated
into rigid PWBs and interconnected through plated-through holes. Most often the flexible wiring forms the
innermost layers of the rigid PWB and its flexible appendages emerge from the rigid section of the board
to form flexible terminations or other rigid-flexible composites. The rigid-flexible wiring exhibits the lowest
profile form factor of all the interconnect system types. The benefits of rigid-flex wiring are apparent in the
design, manufacturing, insulation and assembly, and product enhancement of the end-product. The designer
has increased conceptual freedom in the end-product design. Conformability, three-dimensional interconnects,
and a space-saving form factor are benefits. In many cases reduced interconnect length leads to optimal elec-
trical performance. Mechanical and electrical interfaces are reduced, and mechanical, thermal, and electrical
characteristics are more repeatable than with conventionally wired systems.

In manufacturing their use leads to reduced assembly costs within a totally utilized interconnect sys-
tem. There are increased opportunities for automation. In addition, reduced system interconnect errors and
improved system interconnect yields occur.

Molded PWBs. One other PWB concept with many functional and design advantages in many applica-
tion areas is the molded or three-dimensional PWB. These boards are usually nonplanar (three-dimensional)
and consist of conductive materials selectively applied to either extruded or injection molded thermoplastics
resins. Standard rigid PWB laminate structures produce formed circuitry only in two dimensions, by compar-
ison. Representative molded three-dimensional circuits might be cases or covers which contain an electronic
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assembly, or molded three-dimensional IC chip carrier. This technique can be pplied to any three-dimensional
molded part onto which formed circuitry is beneficial. A single three-dimensional case with integral formed
circuitry, for instance, could replace a two-part case and separate circuit board assembly. High-temperature
thermoplastics are commonly used for in these applications due to the soldering of parts to the circuitry formed
on them. The most common used materials are polyethersulfone, polyetherimide, polyphenylene sulfides, and
various polyesters. Each resin has its own unique set of properties which must be matched to the functional and
cost requirements of the end product. The benefits of using this technology in a functional part are many and
varied. The resin system’s thermal and electrical properties are superior to standard epoxy/e-glass rigid lami-
nate materials. Manufacturing tolerance of the finished part can be held to ±0.001 in. Holes can be rectangular,
square, oval, or tapered. Features such as connectors, clips, bosses, and spacers can be molded into the finished
part. The formed three-dimensional circuitry can be applied in several ways, with the most common application
methods being circuitry transfer process and two-step molding process. In the circuitry transfer process, the
molded part is made as one step, and the circuitry pattern is applied to a flat release sheet in another step.
The pattern is applied by screen printing of a polymer thick-film material onto the release sheet. A polymer
thick film as used here is basically a conductive powder such as copper or silver mixed into a polymer resin to a
screenable form. The release film is slit, punched, and so on, where required, so that it can be inverted onto the
molded form in a contour that fits the contour of the molded part exactly. The circuit pattern is now pressed,
or transferred from the release sheet onto the three-dimensional contour of the molded part. This is done in
a heated press in order to thoroughly bond the cured polymer thick-film circuitry to the molded part. The
“Konec” processes, developed by Amoco Performance Products, use polymer thick films to manufacture molded
interconnect. The two-step molding process is performed by overmolding a separate initially molded part. This
process usually involves the selective additive plating of copper to form the interconnect. In this process, the
initially molded part (the first step of molding) is molded using a plastic material which is catalyzed so that it
becomes a platable plastic. The platable plastic part is molded so that any ink or contact area that is to become
circuitry protrudes from the rest of the molded part. This first molding of platable plastic is now placed in a
second mold of the final desired part form, but with the protruding final circuitry areas contacting the mold
walls. Thus in this second molding step, the final part is molded with an uncatalyzed, hence unplatable, plastic.
When this piece is removed from the mold, the areas of catalyzed plastic are exposed at the surfaces. Plating
of the part will then plate only the catalyzed plastic surfaces. This forms the circuitry pattern. The rest of the
part will not be plated.

Ceramic PWBs. These PWBs are classified by their method of manufacture and type of metallization.
There are four distinct types: (1) Thick films, which use alumina, beryllia, and similar materials as the substrate
base material and fired thick-film dielectric paste as the dielectric. Conductors are formed from fired conductive
noble metal pastes. (2) Thin films, which use ceramic, glass, quartz, silicon, or sapphire as the substrate base
and deposit various metals by plating, sputtering, or vapor deposition. (3) Cofired substrates can be broken into
two distinct grouping. Cofired ceramic uses ceramic tape as the dielectric that is cofired with refractory metal
pastes which form the conductors; cofired low-temperature tape uses a glass/ceramic tape dielectric which is
cofired with noble metal pastes which form the conductors. (4) Direct-bond copper, which directly bonds copper
conductors to a ceramic substrate. All of these ceramic-based PWBs are most often referred to as substrates.
Ceramic boards do offer advantages, compared to organic boards. The ceramic dielectric is inherently much
more rigid than organic material dielectrics. Flatness values of 0.002 in./in. to 0.003 in./in. are normal and can
be as low as 0.001 in./in. Component soldering (183◦ to 240◦C) is usually performed above or near the glass
transition temperature Tg of organic materials (100◦ to 240◦C) and can lead to damaged PWBs when process is
controlled improperly. Higher thermal conductivities available with ceramic materials offer improved thermal
management over organic boards. When thermal vias are required, the smaller buried vias available with
ceramic boards provide a low thermal resistance while sacrificing less routing area. The coefficient of thermal
expansion (CTE) matching to hermetic component cases is available with a ceramic board and offer improved
solder joint reliability in surface mount technology (SMT) applications. Increased costs and design time are
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disadvantages to the use of ceramic boards. A weight penalty is usually paid when ceramic boards are used. The
ceramic and noble metal materials used in ceramic boards are also more costly than their organic counterparts.
The demand for ceramic boards has usually been in low-volume military and avionics applications. This has
led to limited number of ceramic PWB fabricators, which has caused costs to remain high.

Thick Film. This class of ceramic PWBs is manufactured by building up alternating layers of conductors
and dielectric on a ceramic substrate. A thick-film substrate may be called a true printed circuit in that resistive
elements may also be built into the substrate. Thick-film substrates have dielectric thickness of 0.0015 in. to
0.0025 in. Each layer is pattern-printed onto the substrate using screen or stencil printing process.

Several different ceramic materials can be used as the substrate base. These include alumina, beryllia,
aluminum nitride, boron nitride, silicon carbide, and silicon nitride. Dielectric, conductor, and resistive inks
(pastes) are printed and fired to build the interconnect structure.

The manufacture of a thick-film ceramic PWB begins with the generation of artwork defining the following:
conductor patterns, dielectric layers including via openings in multilayer applications, via fill patterns, and
resistor artworks when required. From this artwork a screen or stencil for each wiring, via, resistor, and
dielectric layer is developed. A photosensitive polyvinyl, or polyimide emulsion is next applied to the screen,
and the conductor, dielectric, via, or resistor pattern is photoimaged on the emulsion under ultraviolet light
using the artwork. Stencil printing involves etching the patterns to be printed in a thin metal foil, usually
nickel or brass. This once again uses photosensitive materials as a photoimaging operation to define the pattern
and then etching away the unwanted metal similar to etching copper on a PWB laminate. The metal stencil
is then mounted in a metal frame. The advantages of stencil over screen meshes are many. They offer more
uniform print thickness, greater resolution, reduced dimensioning capabilities, and easier process control. The
ceramic substrate is prepared by cutting to size using laser drilling, diamond scribing, or ultrasonic milling.
The laser is by far the most prevalent method. Overlapping of the laser drill hole pattern can yield a smooth
cut surface. Spacing of the holes yields a perforated surface, which can be used to define a number of substrates
on a single ceramic panel. This “snapstrate” can be processed, and after the processing is completed, the
individual substrates can be snapped along the perforation. Following substrate cleaning, the metallization
process begins. Conductive, dielectric, or resistive inks contain the desired metals or conductors. These are
combined with glass frits to allow bonding during firing and needed solvents to accomplish a definable print.
Each layer is printed, dried to volatilize the solvents, and then fired in a furnace. This print, dry, fire sequence
continues until the multilayer structure is complete.

Thin Film. Thin-film ceramic boards are normally limited to specialized designs or single-layer appli-
cations. They are more expensive and difficult to multilayer when compared to thick-film substrates. Their
use requires the substrate surface to be very flat and smooth and causes higher-purity ceramics to be used.
These include alumina, glass, quartz, silicon, or sapphire. Thin-film metallization uses noble metals (such as
gold) and are used most often in microwave applications due to their improved electrical performance over
thick-film substrates at higher frequencies. Thin-film interconnections in multilayer applications are accom-
plished through buried vias, as is the case with all ceramic PWBs. The top and bottom metallization on a
double-sided substrate can be connected using plated-through holes for electrical interconnection or improved
thermal performance. Metallization patterning of thin-film ceramics is accomplished through the use of photo
lithography, plating, etching, vapor deposition, and sputtering methods.

Cofired. This type of ceramic PWB requires the printing of pastes containing conductor metallization
onto unfired tape (dielectric) materials. These layers are then stacked and cofired together in a furnace to form
the interconnect structure. The unfired tape materials can be either ceramic or a low-temperature dielectric. The
ceramic tape system requires higher firing temperatures. This results in refractory metals such as tungsten,
molybdenum, or tungsten copper to be used as the conductor within the paste. These metals have higher
vaporization temperatures to withstand the firing, but lower thermal and electrical conductivities than the
noble metals (gold, silver, and copper). Their lower conductivities typically limit the use of these substrates to
digital applications. The conductor paste is applied to the tape using a screen or stencil similar to the thick-film
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process. For multilayer applications, holes are punched in the dielectric prior to printing. The conductive paste
fills the holes and later forms a buried via during the firing operation. After all layers have been printed,
they are stacked in the proper sequence, laminated together under heat and pressure, and fired to solidify
the ceramic. Upon completion of the cofiring operation, the exposed refractory metals are electroplated with
typically 0.00008 in. to 0.00035 in. of nickel and 0.00005 in. to 0.0001 in. of gold. The nickel acts as a barrier
to intermetallic formations between the gold and tungsten and as a corrosion barrier. The gold serves as
a wire-bondable or solderable surface for component attachment. The dielectric tape systems are composed
of lower-temperature reflow glasses similar to those found in thick-film pastes. The printing, stacking, and
laminating operations are the same as those used for ceramic materials. The firing, however, occurs at lower
temperature, which allows the use of noble metal addition, no additional platings are required upon postfiring.

Cofired PWBs offer distinct advantages over thin- or thick-film processed PWBs. Multilayering is limited
only by the thickness limitation of the overall package. Each fired layer is 0.003 in. to 0.012 in. thick, depending
on the tape thickness used. Thermal vias may be more readily incorporated into the design using an array of
vias punched in the dielectric and filled with conductive pastes. Cutting of the tape prior to stacking and firing
can allow cavities to be formed in the final product to allow component mounting. The main disadvantages are
in the longer life-cycle time needed to develop the tooling required to produce the item.

Direct-Bonded Copper. As the name implies, a direct-bonded copper board uses copper directly bonded
to a ceramic dielectric. The most commonly used ceramic is alumina. The direct-bonded copper structure offers
improved thermal and structural performance compared with conventional thick- or thin-film technologies
using alumina dielectric. The process involves oxidation of the surface of a copper foil, which is then placed
against a ceramic substrate. The pieces are placed in a furnace which reflows the copper oxide and fuses it with
the surface ceramic oxides. This process directly bond the two materials together. The bonding process occurs
at approximately 1000◦C. During cooling, the copper contracts at a much higher rate than the ceramic due to
its greater CTE. The cooling increases the tensile strength of the ceramic by an order of magnitude by placing
it in compression. This allows thinner ceramic materials to be used and will decrease the overall assembly
height and reduce the thermal resistance of the board. The copper interconnect features can be formed by
punching the copper sheet prior to attachment to the ceramic or by photoimaging techniques similar to those
used in rigid PWBs after bonding to the ceramic. The latter process allows finer line features. Typically, 0.015
in. minimum line widths and spacings are used. Alternately stacking layers of copper and ceramic can create
multilayer interconnect structures.

Discrete-Wired PWBs. Most discrete-wired boards use an organic rigid PWB as a base substrate, their
primary difference being that the circuit is wired using discrete or individual wires. 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 conductor layers in the graphically produced boards, thus offering
very high wiring density. However, the wiring process is sequential in nature and the productivity of discrete-
wiring technology is not suitable for mass production. Despite thick weakness, discrete-wiring board are in use
for some very high-density packaging applications.

Materials for Printed Wiring Boards

Printed wiring boards are designed in various sizes and shapes, use a variety of processes and materials, and
perform a variety of electrical, mechanical, and sometimes thermal functions. Paramount to achieving a PWB
that performs its intended function reliably, is producible, and is fabricated for the lowest cost possible, the
designer must have a fundamental knowledge of the materials used in the end-product. However, the knowledge
should not be limited to knowing the end-product material’s electrical, mechanical, thermal, and chemical
properties. Material knowledge should include environmental effects (thermal, mechanical, and humidity) on
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properties and their impacts on the material’s performance in the particular design. In addition, manufacturing-
process-related stresses must also be considered.

Organic Rigid PWB Materials. Organic rigid PWBs consist of a dielectric material onto which is pat-
terned some form of metallization, which creates the actual circuit. Fiber-reinforced resin dielectric materials,
referred to as laminates, clad with copper sheets, are most commonly used for rigid PWB applications.

PWB Laminate. The laminate properties are related to the constituents in the composite laminated
structure, that is, to the anatomy of the laminate. An organic rigid PWB laminate consists of three major
elements and some auxiliary ones. The major elements are (1) the fabric, (2) the resin (which combined comprise
the dielectric), and (3) the metal foil. The auxiliary elements are the adhesion promoters or treatments that
are applied to the fabric and to the foil to assure maximum adhesion of the resin to the fabric and foil. The
manufacture of a copper-clad PWB laminate begins in a machine called a treater or coater. Fundamentally, the
operational sequence is that the fabric is fed off the fabric roll and through a dip pan containing resin. The resin-
curing agent mixture in the dip pan is called A-stage, a term used to describe totally unreacted resin. The resin
impregnates the fabric, is passed through a set of metering rollers (squeeze rollers) to control the thickness,
and then passes through a treating oven for partial cure (polymerization) of the resin into the fabric. The oven
is air-circulating or infrared and can be up to 120 ft. long. Most of the volatiles such as solvents in the resin
are driven off in the oven. After the resin-soaked fabric is partially cured in the treater oven, the fabric-resin
combination is called B-stage or prepreg. These two terms are used to describe the partially cured resin. Finally,
the B-stage coated fabric is cut into predetermined sizes for laminating. The B-stage is especially critical since
it can be undercured (understaged) or overcured (overstaged). Hence the B-stage must be closely controlled for
optimum PWB laminates to be produced. Ideally, the B-stage will be dry to the touch and nontacky, but capable
of reflow and optimized bonding in the laminating press. Two important factors in handling B-stage material
are resin aging and moisture layers on the B-stage sheets. The resins used to impregnate the fabric are organic
polymers. The nature of polymer reactions is such that resin curing, or polymerization, will slowly continue
at all times, the reaction rate being a function of temperature. Therefore, since an optimum B-stage is only
partially cured, the curing will continue toward overcure, especially in warm or hot conditions, such as summer
shipping and storage. Under any given set of storage temperature conditions, a specific useful life, or shelf life,
will exist for any given B-stage sheets. Thus cool shipment and storage conditions are usually recommended for
B-stage stacks. The B-stage sheets must also be shipped and stored in dry conditions, since moisture film can
be condensed onto cool sheets. When B-stage sheets with invisible moisture films are laminated together into
a PWB laminate, moisture entrapment will result between layers in the cured laminate. During subsequent
soldering operations on the PWB, this entrapped moisture will explode onto small entrapped delamination
spots. These white spots, known as blisters, can be sufficiently large or dense to affect PWB performance and
reliability. Figure 8 shows a delaminated PWB structure.

The final cured laminate is referred to as C-stage laminate and is achieved by pressure and heat in the
laminating press. A final copper-clad C-stage laminate of a given thickness is made up of a number of thin
B-stage laminates. This complete stack, including the copper foil, is pressed together and heated between flat
plates, or platens, in a heated laminating press for the time required to completely polymerize the epoxy resin at
the selected press temperature. Laminates used in the manufacture of single- or double-sided PWBs are usually
thick laminates (>0.030 in.) and are made up of a number of thin unclad laminate B-stage plies. Multilayer
PWBs use thin clad C-stage laminate plies bonded together with thin B-stage plies. Each ply thickness is
typically in the 0.004 in. to 0.008 in. thick range.

Fabric Materials. There are four materials that usually constitute the base fabric of the PWB laminate,
namely, paper, e-glass, quartz, and aramid fiber. A very common aramid material is manufactured by du Pont
under the trade name Kevlar. Table 1 shows the properties of the various fabric materials. In some instances
a hybrid mixture of these materials is used to achieve certain properties.

Paper-based materials are used with flame-retardant resins in low-cost PWBs, where laminate dimen-
sional stability is not critical and where holes are punched in the material. Their use is mainly limited to
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Fig. 8. Cross-sectional view of a delaminated organic rigid PWB.

single- and double-sided laminates for consumer electronics such as toys, calculators, and radios. The most
widely used material in PWB manufacturing is e-glass, a borosilicate type. Both randomly oriented glass-fiber
mattes and woven glass-fiber fabrics are used. Its material properties satisfy the electrical and mechanical
needs of most applications. Quartz and Kevlar-based fabrics have been used in PWB SMT applications. Their
low CTE compared to that of e-glass along the fiber allows for a lower overall PWB CTE when processed with
suitable resin. This is required in SMT applications to improve solder joint reliability. The raw material costs
for these materials are higher than for e-glass. In addition, extra costs are incurred due to the difficulty in
processing laminates made from these materials throughout the PWB fabrication cycle, especially drilling and
laminating. Their applications have been mainly limited to high-reliability military and aerospace applica-
tions. Numerous types of base fabrics made from these materials are used, such as woven continuous fiber,
short randomly oriented glass fibers known as glass matte, electrical-grade papers, and others. The woven
continuous fiber fabric is the most common type used in PWB applications. Many fabrics, especially glass and
Kevlar, do not bond well to the resins which are used to impregnate them. Thus to assure a strong laminate, it
is necessary to treat the fabric with an adhesion-promotion treatment. Inadequate bonding of the fabric–resin
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interface can result in the migration of water, plating solutions, copper etchants, and other liquids into the
laminate during PWB fabrication processes.

Resin Systems. A wide range of resin materials are used in today’s organic PWBs, with new formulations
being brought to market continually. Most resin systems used in organic PWB laminates are a thermosetting
plastic, with thermoplastic materials used primarily in microwave applications and in molded PWB applica-
tions. There are three resin systems used in laminates: (1) standard epoxies, (2) high-performance epoxies, and
(3) polyimides. The most common resin used systems used are the standard epoxies. These are used in NEMA
grade G-10 and FR-4 laminates and have a relatively low glass transition temperature Tg (105◦ to 125◦C). Tg is
the temperature at which a plastic changes from a rigid or harder material to a softer or glass-type material. It
is a definite characteristic of all plastic materials, but not a property of the resin system where molecular bonds
are broken. Tg is the point where the physical properties of the resin change due to a weakening of the resin
system’s molecular bonds. The G-10 epoxy is a general purpose bisphenol A difunctional epoxy, while the FR-4
epoxy is a brominated bisphenol A difunctional epoxy. The bromines make the FR-4 epoxy flame-retardant.
These epoxies are easy to process and B-stage, and they have excellent adhesion to copper at room temper-
ature. The high-performance epoxies are modifications of these difunctional epoxies, using smaller amounts
of bismaleimide triazine (BT), polyimide, or tetrafunctional epoxy. They are made to increase the base epoxy
resin Tg and improve the chemical and thermal stress resistance of the bisphenol A epoxies. The type of resin
added and the percentage can cause Tg to vary between 125◦ and 200◦C. Raising the epoxy resin Tg usually
leads to resin system that is more brittle than the base epoxy. This can make the new resin more difficult to
process and can lead to laminate reliability problems in harsh environments.

Polyimides are the third major type of resin system in use today for organic PWB laminates. The polyimide
resins exhibit Tg values over 200◦C. In addition to their higher Tg, they exhibit superior adhesion to copper
at soldering temperature and have a lower CTE than epoxies. Their disadvantages are that they are quite
brittle, and hence more care needs to be followed during their processing, they cost more, and they have a
higher moisture absorption and a lower flammability rating. Modifications to polyimides are usually done
with epoxies to improve their processability, reduce laminate moisture absorption, and improve their adhesion
characteristics. To improve electrical performance (lower signal propagation delay) in high-speed applications,
the laminate dielectric constant must be reduced. Though quartz and Kevlar fibers do have lower dielectric
properties than e-glass, the lowering of the resin dielectric constant is the main driver. New materials have
been developed, or are under development, to meet this challenge. Rogers Corporation has developed a family
of lower dielectric constant laminates based on PTFE. Cyanate ester resin systems are being developed by a
number of companies. Table 2 lists some of the major physical properties for various resin systems. They have
been grouped into epoxy, polyimide, PTFE, and cyanate ester. The actual properties vary somewhat about these
norms due to the differences in manufacturer formulations.
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Metals in Laminates. The third major component of a PWB laminate is the metal used to create the
interconnection circuitry. Copper is used almost exclusively. In thin-film multichip module applications, alu-
minum is sometimes used as the interconnect metal. Two types of copper foils are used in PWB applications;
electrodeposited (E) , the most prevalent, and wrought (W). The wrought foils are usually limited to special ap-
plications such as flexible printed circuits where high ductility is essential. The electrodeposited and wrought
types are further subdivided into classes to reflect functional performance and testing properties. Table 3 lists
the eight class descriptions.

Class 1, 2, 3, and 4 electrodeposited foils are used predominantly in laminates. Class 1 and 2 foils are
more brittle and are not generally used in high-performance laminate applications where substantial thermal
stress ranges are to be incurred. In class 1 foils, fracture without deformation will occur under relatively
low stress levels. Class 3 and 4 foils are much more ductile at elevated temperatures and as such are used
in the higher thermal stress environments. As mentioned, copper foil thicknesses are described in terms of
area weight (oz/ft2). The various common foil are shown in Table 4. The side of copper foil, which is to be
bonded to the laminate, may undergo a treatment to promote better adhesion. The copper foil treatment is an
adhesion promoter selective for the resin being used. It is usually some form of black oxide treatment. Oxidation
materials are generally known to provide optimized bond strength for most bonding systems. Failure to achieve
an optimum bond of copper foil to results in poor bond strength of the etched copper circuits, a very important
factor in PWB performance and reliability. SMT application requiring a controlled PWB CTE have led to the
use of clad metals in PWB application. These metals used are either invar or molybdenum clad on their outer
surface with copper. The thickness ration of invar or molybdenum to copper controls the CTE of the clad metal.
The ratio of the thickness of the clad metal to the thickness of the laminate dielectric as well as their respective
CTE’s and elastic moduli determine the CTE of the overall PWB.

Laminate Types. Organic PWB laminates are by far the largest group of materials used for PWB
applications in the electronic industry. Combining materials from the three major groups discussed—fabric,
resin, and metal—leads to a wide variety of available laminates whose properties are tailored to meet specific
PWB application requirements. There are strong industry standards for the laminates and the PWBs made
using these laminates. The major groups that issue these standards are the National Electrical Manufacturers
Association (NEMA), the Department of Defense (DOD) (for military specifications), and the Institute for
Interconnecting and Packaging Electronic Circuits (IPC). IPC is an important major industry association
whose documents include test standards, workmanship standards, PWB operations standards, and much
more. The major NEMA standard grades for PWB laminates are listed in Table 5. The NEMA standard grades
are used in a variety of commercial applications. FR-2, FR-3, CEM-1, CEM-3, FR-4, FR-5, are most widely
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used. The paper-based FR-2 laminates are used in low-cost consumer products such as toys, video games,
and calculators. The FR-3 laminate, with its higher electrical and physical properties, is used in televisions,
computers, and communication equipment. CEM-1 laminate has punching properties similar to FR-2 and FR-
3, but with electrical properties approaching those of FR-4. It is used in industrial electronics, automobiles,
and smoke detectors. CEM-3 is higher in cost than CEM-1 and is more suited for plated-through-hole (PTH)
applications. FR-4 is the most widely used laminate material, due to its excellent physical, electrical, and
processing properties. It is used in aerospace, computer, automotive, portable consumer communication, and
industrial control applications. FR-5 is used in applications requiring higher heat resistance than attainable
with FR-4. GT and GX are used in high-frequency applications.
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Flexible PWB Materials. The materials and the anatomy of flexible printed wiring are different from
those of the various rigid PWB constructions. Flexible printed wiring is etched or formed to the desired circuit
pattern, and thus similar to rigid PWBs, except that it is flexible in form. The flexible circuit in both flexible
and rigid-flex consists of three important materials: (1) base film, (2) conductor, and (3) adhesive. The metal foil
is bonded and subsequently etched to the desired pattern on the adhesive-coated base film. A second adhesive-
coated film is bonded on top of the formed circuit pattern. This top adhesive-coated film is usually the same
material construction as the bottom, or base, adhesive-coated film. The top adhesive-coated film is known as
the cover coat film.
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