Preface to the Second
Edition

Hybrid Microcircuit Technology Handbook was the first compre-
hensive book on hybrid microeglectronics. Published in 1988, it has become
the industry standard and has also been used in many university short courses.
Since publication of the first edition, many significant advances have
occurred in I C chips that have driven the hybrid packaging processes toward
even higher densities and greater performance. The amost exponentia
increase in density, complexity, and performance of integrated circuits over
the past ten yearsfor example ASIC (Application Specific Integrated
Circuit), VHSIC (Very High Speed IC), VLSIC (Very Large Scae IC), and
ULSIC (Ultra Large Scale IC)-have driven developments in the intercon-
nect substrates culminating in what is now know as multichip modules
(MCM). However, the fundamentals of design, fabrication, and testing of
MCMs are essentially the same as for hybrid microcircuits. Inthe authors
opinion, MCMs are extensions of hybrid circuits that can accommodate the
new generation of high-speed high-performance chips.

In this revised edition, we have therefore expanded our treatment of
hybrid circuits without finding it necessary to change the fundamentals. We
have included a separate chapter on multichip modules and throughout the
book have included new and emerging materials and processes that are
beginning to be used. Examples include: metal-matrix composites and
aluminum nitride as substrate materials, plastic encapsulated microcircuits
and chip-on-board as low-cost aternatives to hermetically sealed packages,
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atmospheric friendly cleaning solvents and methods, and advanced high 1/0
density quad flat packages (QFP) and ball grid array (BGA) packages. Since
the first edition, there have also been tremendous advances in software
programs for thermal and electrical analysis and these are also treated in this
new edition.

We sincerely hope that the many practitioners, engineers, and
suppliers of both hybrid and multichip modules will find this edition even
more informative and useful than the first edition. The authors are grateful
to the hundreds of companies and their personng who provided information
and photography. They are referenced and acknowledged throughout the
book. Specifically, the authors are grateful to the following for providing
information and reviewing portions of this book: A. Burkhart (Johnson-
Matthey), T. DiStefano (Tessera), L. Duncan (Elmo Semiconductors),
K. Esposito (ILC Data Devices), J. Goldstein (nCHIP), H. Green
(MicroModule Systems), S. Horowitz (DuPont Electronic Materials), H.
Kaakani (Honeywell Solid State Electronics), Dr. E. Kolawa (Jet Propulsion
Laboratories), E. Logan (nCHIP), and Dr. D. Tuckerman (nCHIP).

Whittier, Cdifornia, 1997 James J. Licari
Leonard R. Enlow



Preface to the First Edition

The hybrid microcircuit is, in essence, an dectronic packaging and
interconnection approach that assures low weight, small volume, and high
density. Hybrid circuits are thus used for the most demanding applications
including manned spacecraft, heart pacemakers, communications, and navi-
gational systems. Designing and fabricating hybrid circuits require numer-
ous and diverse skills and technologies. A thorough understanding of
materials and processes, for example, is essentia in the design and produc-
tion of high yield, low cogt, and reliable hybrid circuits. Too often hybrids
have come under attack either because they should not have been used for a
particular application or because an engineer, unfamiliar with the technology
trade-offs, sdlected a design, material, or process that was margina or
incompatible. The successful hybrid manufacturer must have an in-depth
understanding of the appropriate applications for hybrids and a thorough
knowledge of the design guidelines and trade-offs of the numerous materias
and processes that can be used. Because ofthe diversity of skills and sciences
involved, the successful company must employ engineers and chemists with
a wide variety of expertise. Indeed, there is a challenge in hybrids for aimost
every scientific discipline. For example:

« Electrical engineers. design and prepare circuit layouts,

generate drawings, and define the electrical test param-
eters;
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. Metalurgists: define the eutectic attachments, sealing
methods, metal packages, and conductor materials,

« Organic chemists. specify adhesives, coatings, photore-
sists, and cleaning solvents,

« Electrochemists: responsible for platings, corrosion stud-
ies, and etching;

« Physicists: establish semiconductor and integrated cir-
cuits reliability and conduct failure analyses;

« Ceramic engineers. responsible for evaluating and select-
ing substrates and substrate fabrication processes, pack-
ages, and didlectrics;

« Mechanical engineers: handle tooling, wire bonding, fur-
nace firing and screening of thick films;

« Analytical chemists: analyze sources of contamination,
purity of plating baths, purity of solvents and etchant
compositions.

This book integrates for the first time the basic technologies and
guidelines for the design, fabrication, assembly, and testing of hybrid
circuits. It presents those segments of the various technologies that are
critical to the success of the circuit. The electronics field, in general, and
hybrid circuits in particular, have grown so rapidly during the past twenty
years and have experienced so many rapid changes that it has been difficult
to assemble a book on this subject. Now that most of the processes and
materials have reached a degree of maturity and are used in production by
many firms, a book of this nature is appropriate. In organizing the subject
matter, we were quickly faced with a dilemma. We wished to arrange the
subjects in the sequence in which a hybrid circuit would be designed and
built, but the steps were often interdependent. As an example, hybrid circuits
begin with the design; so, logically, the design guidelines should come first.
But the design guidelines could not be discussed effectively without a basic
understanding of materials and processes. We therefore decided on a
compromise-discussing each of the process steps and parts selection in as
logical a sequence as possible, then presenting the guidelines, and concluding
with chapters on documentation and failure anaysis.

It is hoped that this book will be of value to those already working
in the field of hybrid circuits as well as those about to enter it. This book
should also benefit the thousands of peripheral companies who purchase and
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use hybrids or who supply materials and services to the hybrid manufactur-
ers, by providing them with a better understanding of the product they are
dealing with.

The authors wish to express their indebtedness to the many individu-
as and companies that provided technica information and reviewed sections
ofthemanuscript. In particular, we wish to acknowledge S. Martin (Ceramic
Systems, Division of General Ceramics), D. Sommerville (Engelhard
Corp.), S. Caruso (NASA/MSFC), R. Dietz (Johnson-Matthey), K.
Reynolds (EMCA), L. Svach (Rockwell Callins Division), and from
Rockwell International’s Interconnect Systems Engineering Group: J. W.
Slemmons, J. Gaglani, D. Swanson, R. Bassett, H. Goldfarb, and J. Wolfe.
Wayne Kooker and Lisa Licari are to be commended for their graphics
support and Sharon Ewing for editing some sections.

Anaheim, California James J. Licari
July 1988 Leonard R. Enlow



Introduction

1.0 CLASSIFICATION OF MATERIALS FOR
MICROELECTRONICS

Before proceeding to a discussion of hybrid circuit and multichip
module processes, it is important to have a general understanding of the
materials most commonly used in today’s electronic equipment. Indeed, it is
diffkult to dissociate processes from materials. All electronic devices and
circuits are based on combinations of three general types of materials. These
are conductors, insulators, and semiconductors, and are defined in terms of
their abilities to either conduct or impede the flow of electrons.

1.1 Conductors

Conductivity is a function of the number of free electrons and their
mobility. Conductors conduct dectricity readily because they have many free
and mobile electrons available to carry the current. The best eectrica
conductors are metals, generally elementsresiding in Groups 1, I, and I11 of
the Periodic Table. Elementsin Group 1B, typically metals having avalence
of 1, are most conductive. Because these elements contain only one electron
in their outermost shells, the electron is easily released from the forces of
attraction of the nucleus. Thus, elements of Group IB (copper, silver, and
gold) are among the best conductors known and the most widely used in
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electronics. Metals with valences of 2 or 3 are also good conductors, but not
as good as those of Group IB. Among these are aluminum, palladium,
platinum, nickel, and tungsten. A comparison of the resistivities (inverse of
conductivities) of various metals is given in Table 1. The metals and alloys
most widely used in the fabrication of electronic circuits and systems and their
general applications are given in Table 2.

Metals have a positive temperature-coefficient-of-resistivity (TCR);
that is, as the temperature of a conductor increases, its resistivity increases or,
conversely, its conductivity decreases. However, for the highly conductive
metals, (Al, Au, Ag), the effect is not significant in the temperature range over
which circuits are tested or used (room temperature to about 150°C), Fig. 1.

Table 1. Electrical Resistivities of Metal Conductors

Resistivity

Metal Symbol (ohm-cm x 107)
Silver Ag 1.62
Copper Cu 1.69
Gold Au 2.38
Aluminum Al 2.62
Tungsten w 5.52
Nickel " Ni 6.9
Indium In 9.0
Platinum Pt 10.52
Palladium Pd 10.75
Tin Sn 11.5
Tin-lead Sn-Pb (60-40) 14.99

Lead Pb 20.65
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Table 2. Commonly Used Conductors and Their Uses in Electronics

Conductor Symbol Use

Gold Au Wire, plating, thick films, thinfilms, filler in epoxy
conductive adhesives for device attachment

Gold-platinum Au-Pt Thick-film solderable conductors

Gold-palladium  Au-Pd Thick-film solderable conductors

Gold-silver Au-Ag Low-cost thick-film solderable conductors

Gold-silicon Au-Si Eutectic attachment of devices for ohmic
contact

Gold-germanium  Au-Ge Eutectic attachment of devices for ohmic
contact

Silver Ag Low-cost conductor, thick-film plating, thin
film, EML, filler for epoxy conductive adhesives

Silver-palladiun ~ Ag-Pd Thick film (low silver migration)

Silver-platinum  Ag-Pt Thick film (low silver migration)

Copper Cu Thick film (low cost), thin film, foil and
plating for printed circuit boards, wire, filler
for epoxy conductive adhesives

Aluminum Al Wire, thin-filin metallization for devices

Tungsten w Thick-film conductors for co-fired tape
substrates and packages

Molybdenum- Mo-Mn Thick-film conductors for co-fired tape

manganese substrates and packages

Nickel Ni Barrier metal, low conductivity metal, plating

Tin-lead alloys Sn-Pb Solder for attachment of components, plating
for circuit boards

Indium and In Low-temperature solder for attachment of

alloys devices and components

Tin-silver alloys  Sn-Ag Low-temperature solders
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Figure 1. Electrical resistivity of metals versus temperature (note positive TCRs).

1.2 Insulators

At the other end of the spectrum from conductors are the insulators,
which are very poor conductors of electricity. Their valence electrons are
tightly bound and not free to move within the structure. In an insulator, the
bonds that hold the atoms together, as a rule, are covalent (shared electrons)
and possess high bond strengths (the energy in kilocalories per mole to break
apart a bond pair). An important class of insulators are compounds based
on the carbon atom—hydrocarbons, polymers, and plastics fall within this
group. The bond energies for C-C, C-H, and C-O bonds are 83, 99, and
110.2 kcal/mol, respectively—thus extremely difficult to break apart to
create free-moving electrons. Sufficient energy, of course, could be applied
in the form of extreme heat or radiation to eventually rupture the bonds, but
this is done only atthe expense of causing irreversible damage to the material.
Free radicals and smaller molecular fractions would then be formed which
are quite different in physical properties from the original material.
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Insulators generally reside in Groups V, VI, and VII, of the Periodic
Table. Examples of excellent insulators include: plastics, rubber, ceramics,
glass, sapphire (a form of aluminum oxide), other metal oxides (aluminum
oxide, beryllium oxide, and silicon dioxide), and metal nitrides (silicon
nitride, aluminum nitride). Insulators may be solids, liquids, or gases, but
only solids are extensively used in electronics. Applications include sub-
strates on which resistors, capacitors, and metal conductors are formed,
substrates within which semiconductive, resistive, and conductive areas are
generated (ICs), and passivation layers protecting active circuits from
moisture and other harsh environments. Solid insulators have resistivities
ranging from several megohm-cm to greater than 10'4 ohm-cm, but caution
should be used in their selection because in some cases the insulating properties
can be rapidly degraded by ionic impurities, moisture absorption, or thermal and
radiation exposures. In contradistinction to metals, insulators have negative
TCRs (resistivity decreases with increase in temperature). For the ceramics
that are most widely used as circuit substrates or as dielectric insulating
layers, this decrease is significant only at the extremely high temperatures—
far higher than any electronic circuit would be exposed to (Fig. 2).
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Figure 2. Electrical resistivities of ceramics (note negative TCRs).
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At the maximum temperature that ceramic-based circuits might be
exposed (about 150°C), the resistivity ofthe ceramic is still quite high (about
1x 1013 ohm-cm). The situation is somewhat more critical for plastic
insulating materials. It iswell known that the insulation resistance of many
epoxies, though very high in the dry state (1 012 ohms or greater), decreases
to 1 06 or lower when exposed to temperature/humidity cycling. This has been
attributed to residues of ionic impurities (chloride, sodium, and ammonium
ions) remaining in the epoxy from its manufacture. These ions become mobile
in the presence of moisture and at elevated temperature, thus increasing the
conductivity of the plastic. Other polymers that are inherently purer than
epoxies, such as silicones and fluorocarbons, remain stable over the same
humidity and temperature conditions (Fig. 3).111

Liquid insulators, when they can be used, have several advantages over
solid insulators. These include: ability to self-heal after discharge, better and
more uniform conduction of heat, uniform electrical properties (diglectric
strength and dielectric constant), and better corona and expansion control.
Liquid insulators are used primarily in transformers, capacitors, circuit
breakers, and switching gear. They may be used in direct contact with heat-
generating devices for cooling, as impregnants for high voltage cables and
capacitors, and filling compounds for transformers and high-voltage circuits.
For these applications, liquid insulators must possess high electrical insula-
tion resistance, low dielectric constants, high dielectric breakdown voltages,
and must be noncorrosive. Examples of liquid insulators currently in wide
use are the hydrocarbons (mineral oil), silicones, fluorocarbons, and organic
edters.121

Nitrogen, argon, and helium, used as ambients in hermetically sealed
circuits, are prime examples of gaseous insulators. The permeation of
moisture into these packages will, of course, degrade their electrical insulat-
ing properties. Sulfur hexafluoride (SF,) has been shown to have excellent
dielectric breakdown voltage, much better than that of nitrogen, helium, or
air, at the same pressure. It has been used as an insulating gas for some very
high voltage applications.131

1.3 Semiconductors

Materials that are intermediate in their conductivities between insula-
tors and conductors are known as semiconductors. Resistivities of semicon-
ductors range from several ohm-cm to 105 ohm-cm. Two materials exten-
sively used in the manufacture of semiconductor devices (transistors, diodes,
ICs) are germanium (Ge) and silicon (Si) having resistivities of 60 chm-cm
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and 6 x 10* ohm-cm, respectively. The practical significance of these
materials, however, lies not so much in their initial resistivities, but in the fact
that the resistivities can be varied by the introduction of small amounts of
impurity atoms into their crystal structure. Then, by forming junctions of the
same material doped in different ways, the movement of electrons can be
precisely controlled and devices having functions of amplification, rectifica-
tion, switching, detection, and modulation, can be fabricated.

For example, consider the crystal structure of silicon. It is similar to
that of diamond, a tetrahedron with shared electron pair bonds. Both eiements
belong to Group IV of the Periodic Table and have valencies of 4. However,
the Si-Sibond strength (43 kcal/mol) is far weaker than the C-C bond strength
(83 kcal/mol), rendering the rupture of bonds and the release of free electrons
in the silicon crystal much easier than in the diamond crystal. The breakage
of bonds is a function of temperature. As single crystal silicon is exposed to
higher temperatures, it becomes more conductive; thus it has a negative
temperature coefficient of resistivity—a property of other semiconducting
materials and of plastic insulators. The bonds which hold the germanium
crystal together, Ge-Ge bonds, have an even lower bond strength, thus
accounting for its lower resistivity and greater ease with which temperature
can induce and mobilize free electrons. As one moves further down Group
IV elements, it becomes so easy to detach electrons that the element may now
be considered a conductor. This is the case with the gray form of tin. Thus,
in moving down the periodic group, one has transitioned from diamond, an
insulator, to silicon and germanium, both semiconductors, to gray tin, a
conductor. The energy necessary to move an electron from a low energy state
to a conduction state is expressed in electron volts (eV), and the correspon-
dence of this energy with resistivity for the Group IV elements is given in
Table 3.

Table 3. Energy Requirements Versus Resistivity

Group IV Energy Resistivity (20°C)
Element eV ohm-cm

C (diamond) 27.0 >109

Si 1.0 =6 x 104

Ge 0.7 =50

Sn (gray) 0.08 >]
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The semiconducting properties of a material that are induced by
elevating the temperature or applying strong eectric fields are referred to as
intrinsic semiconductivity. However, extrinsic semiconductors are of most
interest in the commercia world of electronic devices. These are rendered
semiconducting by diffusing extremely small, but controlled amounts of
impurity atoms into the crystalline lattice. All crystals of silicon, no matter
how pure, contain some atom vacancies which can be filled with atoms
similar in structure. When elements of Group V are used (notably phospho-
rus, arsenic, and antimony), the atoms fit in the vacancies and form four
covalent bonds with the surrounding silicon atoms; but, because the impurity
atom is pentavalent, it will have an extra e ectron that cannot be accommo-
dated as a bond. These extra, unbound €l ectrons are free and mobile and can
be moved and controlled by an eectric field. Semiconductors, having an
excess of free electrons due to the incorporation of atoms of Group V, are
known as N-types.

If atoms of Group 11, notably boron, are used as the impurity atoms,
only three of their dectrons can enter into covalent bondage with the
surrounding silicon atoms, thus leaving an electron vacancy or hole. This
becomes a met& able site and tends to be stabilized by drawing an electron
from an adjacent silicon atom to fill the hole. No sooner is one hole filled and
stabilized then another hole is created at the site from which the last electron
moved. So, in essence, a movement of holes occurs in a direction opposite
to the movement of the eectrons, again resulting in a semiconducting
material, this time referred to as P-type.

As an indication of the sensitivity of these impurity atoms, only 10
atoms of boron in one million atoms of silicon increases the conductivity of
silicon by 1,000. By carefully controlling the concentration of the impurity
atoms in selected regions of the silicon chip, resistors, conductors, and
semiconductor devices, can be formed. Figure 4 shows that on one extreme,
heavy doping of l0*’ atoms of carriers per cubic centimeter of silicon results
in a material approaching the electrical conductivity of a pure metal, while,
at the other end, light doping of about 1 013 atoms per cubic centimeter results
in materials approaching the resistivity of insulators.

The theory of semiconductor devices is well established. The reader
is referred to several books on this subject.141-161
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2.0 CLASSIFICATION OF PROCESSES

Processes for electronics may be classified generally as either
fabrication processes or assembly processes. Fabrication processes pertain
to the formation of the chip devices, the integrated circuit chips, or the
interconnect substrates. Generally, fabrication processes involve chemical
reactions: photoresist deposition, exposure to ultraviolet light and develop-
ing, oxide formation, doping or ion implantation, metallization by vapor
deposition, sputtering, screen printing and firing, etching, laser drilling,
and resistor trimming. Assembly processes, on the other hand, pertain
mostly to physical and physical thermal steps involved in attaching,
interconnecting, and packaging the fabricated devices. Examples are
adhesive attachment of devices, wire bonding, soldering, and sealing. A
third group of processes are auxiliary to these two and involve cleaning,
annealing, and stabilization baking.

Processes may also be classified according to the electronic products
that are produced by them. The basic electronic product is the single chip,
which may be an active device (diode, transistor), a passive device (capaci-
tor, resistor), or an integrated circuit (IC). A second product is the hybrid
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microcircuit or multichip module, a packaging approach in which chip
devices are assembled on a specially processed substrate which electrically
interconnects the chips, creating a circuit function. The third major product
is the printed wiring assembly (PWA) in which prepackaged chip devices
(components) are solder attached and electrically connected to a printed
wiring board (PWB), also referred to as a printed circuit board (PCB). The
latter is generally an array of etched metal conductors on a reinforced plastic
laminate substrate. In addition to the electronic components, hybrid micro-
circuits and multichip modules may be interconnected and incorporated in
PWAs, SEMs (Standard Electronic Modules), or SAMs (Standard Avionics
Modules).

Processes may therefore be classified according to whether they
pertain to:

» Single devices or integrated circuitsin chip form or as
packaged components

« Hybrid microcircuits or multichip modules
o Printed wiring assemblies
e SEMs or SAMs

Two things should be noted here.  First, there are other packaging or
assembly formats besides the four mentioned (for example, microwave
circuits and welded modules); but for the most part, these employ the same
or similar processes. Thus, thin-film and thick-film deposition processes
used for hybrid circuits are also used for microwave circuits. Secondly, even
within the four main categories there is commonality of processes. Sputter-
ing or vapor deposition of metals are basically the same processes for both
IC manufacture and hybrid circuit fabrication, differing only in the metals
used, deposition parameters (temperature, pressure, etc.), and the conductor
line dimensions.

3.0 DEFINITION AND CHARACTERISTICS OF HYBRID
CIRCUITS

3.1 Types and Characteristics
Hybrid circuits are circuits in which chip devices of various functions

are electricaly interconnected on an insulating substrate on which conduc-
tors or combinations of conductors and resistors have previously been
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deposited. They are called hybrids because in one structure they combine two
distinct technologies. active chip devices such as semiconductor die, and
batch-fabricated passive components such as resistors and conductors. The
discrete chip components are semiconductor devices such as transistors,
diodes, integrated circuits, chip resistors, and capacitors. The batch fabricated
components are conductors, resistors, and sometimes capacitors and inductors.

Chip devices are small, unpackaged components. Semiconductor chip
devices, dso referred to as bare chips or die, may range in size from very small
12 mil-square signal transistors to large high-density integrated circuits (ICs)
about 500 mils square. Recently, with the development of VHSICs (Very
High Speed Integrated Circuits), gate arrays, and memory chips, integrated
circuits larger than 900 x 900 mils are being produced,

Hybrid microcircuits are often classified as either thinfllm or thick
film based on the process used to fabricate the interconnect substrate. The
nomenclature refers directly to the thickness of the film and indirectly to the
process used to deposit the conductors and resistors on the substrate. If the
metallization is deposited by vacuum evaporation-by vaporizing a metal in
a high vacuum, thin-film circuits are formed. The thickness of the metalli-
zation may be aslow as 30 A or as high as 25,000 A. If the metallization is
applied by screen-printing and firing conductive and resistive pastes onto a
substrate, a thick-film circuit is formed. Thick films range from 0.1 mil
(about 25,000 A) to severa milsin thickness (Fig. 5).

Whether the interconnect substrate is thin or thick film, the assembly
steps are generaly the same for both. The chip devices are first attached to
the substrate with a polymeric adhesive-generally an epoxy-or with a
eutectic alloy or solder. After this, two sequences may be followed: (i) the
devices may be interconnected to the substrate circuitry by wire bonding, then
the substrate attached to the floor ofthe package or, (ii) the substrate may first
be attached in the package then wire bonded. The latter sequence minimizes
handling of assembled substrates, avoiding damage to wire interconnections,
and avoids outgassing/contamination of both the circuit and wire bonds
during the processing of the epoxy used for substrate attachment. For power
circuits, the substrate must be bonded into the package prior to device
attachment because of the high temperatures required in processing eutectic
or aloy attachment. In all the above cases, the outer bonding pads of the
substrate are wire bonded to the package pins as the final assembly step. The
interconnect wire may be gold or aluminum and istypically { mil in diameter
though it may be as thin as 0.7 mil or, for high power/amperage circuits,
thicker than 10 mils. As the final step, the package is sealed by welding a lid
on the package case or attaching the lid with glass or epoxy. Although the
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steps mentioned are the basic assembly steps, many other auxiliary steps are
used in the production of hybrid circuits. Among these are numerous cleaning
steps, annealing and trimming of resistors, curing of adhesives, visua
inspection, electrical testing, nondestructive wire bond pull testing, and a host
of mechanical/thermal screen tests that have been imposed by the military
and space agencies.

Hybrid circuits vary in size from very small, about 200 mils sguare,
containing only afew devices (Fig. 6), to large 4 x 4 inch circuits containing
severa hundred devices. Typicaly, their sizes are intermediate, for example,
1x 2inchesor 0.75 x 1.5 inches, and contain 20 to 30 ICsor chips (Figs. 7
and 8). Integrated circuit densities of 25 chips per square inch and resistor
densities of 90 per sguare inch with as many as 1,000 wire bonds are not
uncommon.

In a broader sense, circuits in which pre-packaged components are
solder-attached on a ceramic substrate containing the interconnect conductor
pattern may also be considered hybrid circuits (Fig. 9).

In addition to their being classified as thin film or thick film according
to the process used for the interconnect substrate, hybrid circuits may also be
classified according to generic electronic functions. Thus there are digital,
analog, RF microwave, and power circuits.

3.2 Comparison With Printed Wiring Boards

Hybrid microcircuits are used in applications where high density, low
volume, and low weight are required for an electronic system. Without these
congtraints, printed wiring boards with solder-attached pre-packaged com-
ponents are more economical. Because of their advantages of weight and
volume over printed wiring assemblies, hybrids have found extensive usein
airborne and space applications. Hybrid circuits were amajor contributor to
the successful design and development of the space shuttle. Other key
commercial and military applications include communication systems, high-
speed computers, guidance and control systems, radar systems, heart pace-
makers, other medica €eectronic devices, and automotive eectronics. As
already mentioned, hybrid circuits are much lighter and take up less space
than printed wiring assemblies. They may be 10 times lighter than an
equivalent printed circuit, and 4 to 6 times smaller. Wire-bonded IC chips
occupy only one-fourth the volume ofdual in-line IC packages used in printed
circuit assemblies. Screen-printed or vacuum-deposited resistors replace
pre-packaged chip resistors and avoid solder interconnections, effecting till
further reductions in space and weight.
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Figure 7. Moderate-density thin film hybrid microcircuit. (Courtesy Rockwell Intl.)
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Figure 8. High density thick-film hybrid using tiered bonding to accommodate over 1,700 wire bonds. This filter
hybrid used nine conductor layers with 8-mil spaces and 5,600 vias. (Courtesy Vitarel Microelectronics.)
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Figure 9. Ceramic printed circuit cards. (Courtesy Rockwell Intl.)

Because of the fewer interconnections that need to be made, since the
resistors are batch-processed, the reliability of hybrids can also be greatly
improved over printed circuit boards. Resistors can be trimmed statically or
dynamically to precise values with close tracking; hence, precision circuits
can be fabricated that are not possible with printed circuits. From a thermal
management standpoint, hybrid circuits have many benefits. The direct
mounting of high-power devices ona thermally conductive ceramic is greatly
superior to mounting pre-packaged components onto a thermally insulative
epoxy or polyimide circuit board. To remove heat from a plastic printed
circuit board, heavy metal heat rails must be attached with adhesive, or metal-
core boards must be used.

Finally, hybrid circuits are more suited to high-frequency, high-speed
applications where, because of shortened distances between devices, finer,
more precise conductor lines and spaces, and close tolerance resistors,
parasitic capacitances and inductances, can be minimized.
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3.3 Comparison With Monalithic Integrated Circuits

Although many hybrid circuits can be designed and produced as
monoalithic integrated circuits, thisis not economically feasible unless large
guantities of a single type are to be produced so that the high nonrecurring
development costs can be amortized. The development of masks and
requirements for expensive equipment and specia cleanroom facilities and
controls make custom |C manufacture feasible only for high-volume produc-
tion. The hybrid-circuit approach is more versatile and suitable for small-
to-moderate production quantities of many different circuit types. Hybrids
are also more suited to custom circuits than are ICs. Iterations that are
required in the design are easier, faster, and less costly with hybrids than with
ICs because changes in the hybrid masks can be made quickly (less than one
hour per mask for thick-film circuits). Thus, hybrids offer greater flexibility
in making design and layout changes.

Although hybrid circuits are higher in density than printed wiring
boards, the highest-density circuits can only be achieved with integrated
circuits. Circuit-function densities for chip ICs are orders of magnitude
greater than for hybrid circuits. VLSl (Very Large-Scale Integration) chips
can have thousands of transistor functions in the space of a 100-mil square
chip, while recent advances in processors and memories have produced chips
withgreater than 150 million transistors.!”! Present gate-array ICs may have
10,000 gates and 400 pincounts. VHSIC chips with micron geometries may
incorporate 20,000 to 40,000 gates in an area of 300 to 400 mils square. ICs
having geometries in the submicron range have been developed with over
100,000 gates. Though these ICs may replace entire hybrid circuit functions,
they, in turn, may require a hybrid packaging approach to interconnect and
integrate them with other devices. Thisis important not only to attain even
greater density, but also to enhance device performance through better heat
dissipation, controlled impedances and capacitances, and shortened inter-
connect paths. Despite predictions of the demise of hybrid circuits because
of advancements in ICs, at every stage in the development of ICs, hybrids
have been found useful to effect higher levels of integration. Table 4
compares hybrid circuits with printed circuit boards and ICs while Table 5
shows a comparison of several microcircuit technologies.
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Table 4. Hybrid Circuit Advantages (Coiirtesy of Tektronix)
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Hybrid circuit advantages over etched-circuit boards:

Consume less space, less weight

Higher performance due to shorter circuit paths, closer
component spacing (tighter thermal coupling), better
control of parasitics, excellent component tracking

Simpler system design and reduced system cost due to
simplified assembly, and functional trimming capability

Higher reliability due to fewer connections, fewer
intermetallic interfaces, higher immunity to shock and
vibration

Easier system te<t and troubleshooting due to hybrid
circuit pretested functional blocks.

Hybrid circuit advantages over custom monolithic ICs:

Lower nonrecurring design and tooling costs for low to
medium volurne production

Readily adaptable to design inodifications
Fast turnaround for prototypes and early production

Higher performance sub-components available (both
substrate and add-on components), for example, £0.1%
resistors, +1% capacitors, and low TCR zener diodes

Ability to intermix device types of many different
technologies, leading to increased design flexibility

Ability torework allows complex circuits to be produced
at reasonable yields, and allows a certain amount of
repair
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Table 5. Comparison of Microcircuit Technologies

Thick-Film Thin-Film
Hybrid Hybrid Monolithic

Parameters Circuits Circuits Circuits
Performance High High Limited
Design flexibility, digital Medium Medium  High

analog High High Low
Parasitics Low Low High
Resistors, maximum sheet resistivity =~ High Low High

temperature coefficient of resistance Low Lowest High

tolerance Low Lowest High
Power dissipation High High Low
Frequency Limit Medium High Medium
Voltage Swing High High Low
Size Small Small Smallest
Package density Medium Medium High
Reliability High High Highest
Circuit developiment time (prior to

prototype) I month I month 1-2 months

3.4 Comparison with Multichip Modules

Multichip modules (MCM) are actually hybrid microcircuits in which
the packaging technology has been driven further by the need to elicit the
optimum electrical performance from VLSI and other high-speed devices.
Although no strict definition of MCMs exists and although almost every
electronic module is being touted as a MCM because of its glamor, MCMs
arein reality the new generation of hybrid microcircuits in which the materials
and processes have been refined and extended to achieve at least an order of
magnitude increase in electrical performance (such as speed) and/or an order
of magnitude increase in density. To achieve this, low dielectric-constant
materials, including polymers and some ceramics, are being used as interlayer
dielectrics for multilayer interconnect substrates in order to control impedances,
reduce signal attenuation, and increase speeds. Also, very fine conductor
lines, small vias and short electrical paths are used to improve electrical
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performance and to increase the packaging density, resulting in lighter,
smaller, and higher speed electronics. A general comparison of some features
of hybrid circuits with those of multichip modulesis given in Table 6. A more
complete; discussion of multichip modules may be found in Chapter 13.

Table 6. General Comparison of Hybrid Microcircuits with MCMS

Hybrid Circuits Multichip Modules
Number of chips 2-50 2->100
1/0 count/chip <50 >250
I/0 count/module <100 >200
Line width & spacings >5 mils <5 mils
Interiayer dielectric constant 5-10 <5
Interlayer dielectric material alumina ceramic ceramics, polymer
coatings, or plastic
laminates
Applications analog, mixed signals mostly digital
System clock frequency D.C. to GHz 50->200 MHz
Power dissipation/module <10 watts 2->1000 watts
Si dice area to substrate <15% >30%
surface area >100% (3-D modules)

4.0 APPLICATIONS

Hybrid microcircuits have been in use for over thirty years. Inthe early
sixties, hybrids were extensively used in weapons systems such as the
Minuteman Intercontinental Ballistic Missile. The main reasons for the use
of hybrids were the increased reliability and reduced size which they offered
over the standard printed circuit boards. Inthe late sixties and early seventies,
when the fast-growing monolithic integrated circuits began to replace hybrid
functions, many predicted the demise of the hybrid technology. These dire
predictions were further fueled by the advent of large-scale integrated
circuits (LSIs) as they replaced even more hybrid products. However, it soon
became evident that the usefulness of ICs could only be optimized by
integrating them with other ICs, resistors and capacitors ina multichip hybrid
circuit. Hybrid circuits have thus outlived these predictions.

Hybrids are found in almost every military system and in most
commercial products. Commercial products include home computers,
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calculators, radios, televisions, aircraft equipment, heart pacemakers, com-
munication equipment, car ignitions, watches, cameras, electronic games,
VCRs, and microwave ovens. These are but a few of the commercial
applications of hybrids. Hybrids are used mainly to save weight and space;
however, in the commercia field, cost is usually the deciding factor, because
the commercial market is very competitive and will settle only for the lowest-
cost packaging approach. Only when a commercia application requires a
more reliable circuit, such as a heart pacemaker, is cost overridden.

Thin-film hybrids are better suited to high-frequency applications.
While thin and thick-films can be used up to 500 MHz, above that limit thin
film technology dominates.

4.1 Commercial Applications

Medical electronics is one segment of the commercia market that
requires long-term reliability, along with dense circuitry. Also, irregularly
shaped substrates may be needed to fit the package. Medical hybrids must
pass even more stringent tests than military hybrids and must be free of
contaminants in order to be implanted in humans. The broad field of medical
electronics includes instrumentation for life support, patient monitoring,
hearing aids, and pacemakers. The pacemaker market especialy has
developed rapidly, and hybrid circuits along with it as the logical approach
for packaging. As stated above, the restrictions in size and materials have
made medical eectronics a very challenging area for the hybrid engineer.

The computer industry also makes extensive use of hybrids/MCMs.
MicroModule Systems, Inc. of Cupertino, CA, is aleading supplier of CPU
subsystems and multichip modules. Their Spectrum CPU modules are
designed for notebook PCs and other small form factor systems. The Gemini
and Apollo modules operate at core clock frequencies ranging from 90 to 133
MHz, and integrate an Intel Pentium processor, Cirrus Logic Vesuvius or
Intel PClset, 256 Kbytes of burst cache SRAM, and a National Semiconduc-
tor temperature sensor, all on a49 x 54 x 4 mm MCM. The SRAMs are 60/
66 MHz 32K x 32 level two cache. Hitachi is supplying these as tested die.
Intel also provides tested bare die for this MCM.

Andog-to-digital (A/D) converters are the closest thing to a “stan-
dard” product that the hybrid industry has. These hybrids are found
everywhere that the analog world meets the digital world. Hybrid technology
allows the very best monolithic IC to be combined with high-accuracy laser-
trimmed thin-film resistors to provide the most accurate circuit. This
optimizes the performance for the application. Hybrid Systems Corp.
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manufactures an A/D converter (HS-9516-6) with an accuracy of 0.0008
percent linearity error (Fig. 10). Itis a 16-bit resolution hybrid, which means
one part in 65,536. From the specifications of this device, it is clear that
hybrid technology is used when high accuracy is a requirement. Other
companies, such as Analog Devices, also produce high accuracy A/D
converters like the AD1147, a 16 bit hybrid, which requires only half the
space of its module counterpart.

Figure 10. Sixteen-bit analog-to-digital converter. (Courtesy Hybrid Systems Corp.)

Still another area in which hybrids are extensively used is in electrical test
equipment. The Tektronix 2400 series of oscilloscopes employ eleven custom
hybrids. These hybrids, two of which are shown in Figs. 11 and 12, replace
thousands of discrete parts, rendering the instrument lighter, more reliable, and
more producible. The data-acquisition hybrid is used for 100 ms/sec data
acquisition. It incorporates a charge-coupled device (CCD) and a clock driver.
Also featured are a beryllium-oxide (BeO) substrate with plated through-
holes for connection to a back-side ground plane, thin film peaking coils, and
controlled-impedance conductor runs. The hybrid dissipates 10.4 watts in
normal operation when attached to a multi-finned heat sink. The A-to-D
converter is a thick-film hybrid multiplexed 300 MHz, 8-bit A/D converter
with ECL input levels and a 1-volt output level into a 75 ohm load. It features
through-hole connections to a 2-level ground and power distribution pattern
on the back side to enhance high-speed performance. Many other types of
hybrids are used in ground-support and telecommunications equipment,
among which are, line filters, receivers, transmitters, A/D and D/A converters.
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Figure 11. Oscilloscope hybrid—A-to-D converter. (Courtesy Tektronix, Inc.)

4.2 Military/Space Applications

Every military weapons system uses one form of hybrid or another.
Hybrids are used in missiles, satellites, aircraft, helicopters, hand-carried
weapons, shipboard equipment, and submarine navigation instruments. A
military system that benefited from the reduced size of hybrids was an airborne
data processor built by Hughes Aircraft for the F-14 and F/A-18 aircraft.
The original version of the computer consisted of eighteen 5 x 5 inch printed
circuit boards. Redesigning these boards and partitioning them into hybrids
condensed them to one 6 x 9 inch, ten-layer board containing eight hybrids,
13 discrete ICs, and some capacitors and resistors. Besides the reduction in
space and weight, the hybrid version also increased the computer’s speed by
a factor of 1.5 by shortening the signal paths. One of the hybrids was
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packaged ina 2 x 2 inch case and had 160 I/Os. It consisted of a fifteen layer
ceramic substrate with ICs in open chip-carriers that dissipated 20 watts. A
later version, designed with gate arrays to replace some of the ICs’ mission
dissipated only 10 watts

Not surprisingly, one of the biggest users of hybrids has been NASA
for the space shuttle. Each shuttle uses over 10,000 hybrids for their reduced
size, weight, and reliability. Over one thousand power hybrids are used on
each orbiter. These hybrids are used to open the equipment bay doors, to
release the landing gear-up-lock, and to eject the external fuel tank after the
fuel has been expended.

Dramatic weight savings were achieved by converting load-controller
circuits from printed wiring boards to hybnid circuits. The weight was
reduced from 55 pounds to 15 pounds per load-controller. With six
controllers per shuttle orbiter, a significant weight-savings of 240 pounds per
orbiter was achieved.

Figure 12. Thin film data-acquisition hybrid. (Courtesy Tektronix, Inc.)
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an internal fuse. The hybrid used three parallel 1-mil-diameter gold wires in
series with the incoming power. The internal “fuse” protected spacecraft
wiring and further decreased its overall weight. Figure 13 is a photograph of
one of the power hybrids. Note that it was partitioned in two sections, a low
power and a high power section. The power components (transistors and
diodes) were soldered to a beryllia substrate and the beryllia was then solder-
attached to the Kovar case, whereas all the low-powered circuitry was
attached to a standard alumina substrate with epoxy adhesive.

Figure 13. Space shuttle power hybrid. (Courtesy Rockwell Intl.)

4.3 Power Applications

Some hybrids, such as the HS9151 power converter produced by
National Semiconductor (Fig. 14), are designed to dissipate large amounts of
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power.[® This particular hybrid works directly off the ac line and supplies
5 vdc at 3 amps. The second generation of this hybrid, the HS9503, supplies
5 vdc and £12 vdc for a total power output capability of 50 watts. This hybrid
uses various assembly techniques as well as several semiconductor technolo-
gies. Inthe hybrid, use is made of CMOS, power MOSFETsS Schottky diodes,
bipolar transistors, high-voltage rectifier diodes, several passive devices, and
an optocoupler. The devices are attached by both surface-mount and chip-
and-wire techniques on four separate substrates one of which is mounted
“piggyback” on another substrate. A very high heat-dissipating hybrid is an
operational amplifier, the PA0O3 power device manufactured by Apex
Microtechnology Corp. This hybrid (Fig. 15) dissipates 500 watts. To
maximize the removal of heat, the hybrid is enclosed in a special copper
package.

Besides power conditioning and switching, power hybrids are used for
motor controls. International Rectifier is a prime supplier of motor control
hybrids.

Figure 14. Power conditioner hybrid. (Courtesy National Semiconductor.)
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Figure 15. A 500-watt operational amplifier, PA03. (Courtesy Apex Microtechnology
Corp.)

ILC Data Device Corporation (DDC) also manufactures power hy-
brids, including motor controls. Figure 16 is a high performance current-
regulating torque controller. It is designed to accurately regulate the current
in the windings of fractional horsepower 3-phase brushless dc motors. It has
a 10 amp continuous output current with 5 percent regulating accuracy. The
design used a thick-film substrate housed in a 2.6" x 1.4" x 0.25" package.
ILC has also developed a smart power 3-phase motor drive, Fig. 17(a), that
candeliver 5 amps continuous and 10 amps peak to the load. The output stage
consists of six MOSFET transistors with a rating of 100 vdc. Figure 17(b)
is a H-Bridge motor driver that has 500v capability with 30 amps continuous
current and 54 amps pulsed current. This hybrid is a mosaic of five single
layer thick film substrates.
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Figure 17. (a) Custom power hybrid circuits 3-phase motor drive. (b) H-Bridge motor
driver. (Courtesy ILC Data Device Corp.)
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Substrates

1.0 FUNCTIONS

Substrates for hybrid circuits serve three key functions:
1. Mechanical support for the assembly of the devices

2. Base for the electrica interconnect pattern and batch
fabricated film resistors

3. Medium for the dissipation of heat from devices

Besides these basic mechanical, electrical, and therma functions,
substrates must meet many other electrical, thermal, physical, and chemical
requirements, among which are:

. High €electrical insulation resistance-to avoid electri-
cal leakage currents between closdly spaced conductor
lines. Initial volume resistivities greater than 1 0i4 ohm-
cm and surface insulation resistance greater than 10
ohms are highly desirable. Other electrical properties of
importance, especialy in high-speed, high-frequency
circuits, are dielectric constant, dissipation factor, and
loss tangent.

. Low porosity and high purity-to avoid moisture and
contaminant entrapment, arcing, tracking, and metal
migration.

32
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. High thermal conductivity-to dissipate heat produced
by devices

. Low thermal expansion coefficient-to match as closaly
as possible the expansion coefficients of attached de-
vices, thus minimizing stresses and avoiding cracking
during thermal cycling.

. High thermal stability-to withstand, without decom-
position or outgassing, the high temperatures involved
in subsequent processing. Among the highest process-
ing temperatures are those encountered during belt-
furnace sealing (295-375"(Z), eutectic dieand substrate
attachment (3 SO'C) and, in the case ofthick films, firing
(850-1000°C).

. High degree of surface smoothness-to achieve stable,
precision, thin-film resistors and very fine conductor
lines and spacings.

. High chemical resistance-to withstand processing
chemicals such as acids used in etching and plating.

The combination ofthese requirements quickly narrows the number of
available materials. Among materials that were initially used as substrates
for hybrid circuits were glass and glazed-alumina ceramics. To a lesser
extent, and for some special applications, beryllia, sapphire, silicon, quartz,
aluminum nitride, and porcelainized sted have been used. However, high
purity alumina with an as-tired, smooth surface is the material most widely
used today because it most closely meets all the requirements and also takes
into consideration cost.

2.0 SURFACE CHARACTERISTICS
2.1 Surface Roughness/'Smoothness

Roughness or, conversdly, smoothness, is defined as the average
deviation, in microinches, from a center line that traverses the peaks and
valleys of the surface. If a profile of the surface is taken using a moving
diamond stylus (profilometer) and an arbitrary line is drawn such that the
areas of the peaks above the line equal the areas of the valleys below the line,
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the average deviation from the line is referred to as the center-line average
(CLA). One can seethat if nichrome or tantalum nitride resistor films of only
200-400 A thickness are used on a rough surface of 20 microinches CLA
(5000 A) the films will contour the hills and valleys giving nonreproducible
dimensions to the resistors and thus resulting in varying resistance values.
pen using thin films on rough surfaces, there is also a greater chance for
forming imperfect, discontinuous films having microcracks, stresses, and
opens. This problem does not exist with thick films which range from 0.5 mils
(127,000 A) to severd mils IN thickness and thus completely encapsulate even
the roughest surfaces. Figures 1 and 2 compare surface profiles for a
relatively smooth 99.6% alumina substrate typically used for thin-film
circuits with arelatively rough 96% alumina substrate used for thick films.

The smoothness of a ceramic is a function of its microstructure and
density; the smaller the grain size and higher the density, the smoother the
surface. Microstructure and density, in turn, are dependent on the ceramic
composition and process by which the substrates are produced. Early
alumina substrates were quite rough and unsuitable for thin film circuits
unless the surface had been polished or a glaze applied to it.
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Figure 1. Surface roughness profile for 99% alumina used for thin-film circuits. (Courtesy
Rockwell International Corp.)
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Figure2. Surfaceroughness profile for 96% alumina used for thick-filmcircuits. (Courtesy
Rockwell International Corp.)

2.2 Camber

Camber is the warpage of a substrate or the total deviation from perfect
flatness. It is normalized by dividing the total camber (in inches or mils) by
the largest dimension over which the camber can occur. In the case of square
or rectangular substrates, this is the diagonal distance (Fig. 3). Thus camber
is expressed as inches per inch or mils per inch. Camber is an important
parameter for thick film fabrication. A high camber will affect the screen printer
snap-off distance and in turn affects the resolution of the pattern being printed.
Alumina substrates employed in thick-film circuits (96% alumina) have a
camber between 2 and 4 mils per inch and are adequate for most applications.

The most expedient method for measuring camber is a "go-no-go"
method in which the substrates are passed through parallel plates separated
by a fixed distance that is equal to the sum of the substrate thickness being
tested and an allowance for the maximum camber. Though this is not a
precise or accurate method, it is extensively used as a low-cost quality control
and receiving inspection test that can discriminate between | and 2 mils of
camber. Absolute camber measurements can be made by first measuring the
thickness of the substrate with a ball point micrometer, then measuring the
combined thickness and camber with a dial-indicating micrometer attached
to a plate that is larger than the substrate. The zero setting of the micrometer
is made at the flat plate upon which each substrate is placed.
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C = groys camber
! = thickness

C = gross camber -
£ = diagonal
CiD = normalized camber

Figure 3. Camber.

23 Granularity

The grain size and number of grain boundaries per unit area influence
both the smoothness of the ceramic surface and the adhesion of vapor
deposited thin filn metallization. The grain size and density are, in tum,
determined by the nature and amount of impurity oxides in the ceramic
composition and the firing conditions. Over-finng produces a large grain
structure and a coarse, rough ceramic. Impurities concentrate at the grain
boundarics during firing. Some mpurities, notably sodium and potassium
oxides, should be avoided since they result in large grain sizes and a coarse,
porous ceramic. Other oxides, such as magnesium oxide and silicon oxide,
are essential in promoting a fine grain structure and assisting in the chemical
mechanism for adhesion of thin-film metals. Such oxides also concentrate at
the grain boundaries and serve as sites for nucleation and growth of the thin
metal films.

3.0 ALUMINA SUBSTRATES

Alumina ceramic is almost exclusively used for both thin and thick-
film circuits. To a lesser extent, beryllia and aluminum nitride ceramic
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substrates are used, but only for high power circuits where the approximately
tenfold higher thesmal conductivity of these ceramics is required.

The reliability of a hybrid circuit starts with the proper selection of the
substrate. Though practically all ceramic substrates (alumina, beryllia) ook
alike, small differences in their composition and differences in their surface
roughness and flatness can determine success or failure of the hybrid circuit.

Alumina s used for both thin and shick-film circuits, but for thin-film
circuits there is a significant difference in the quality and grade of alumina
that must be used. Because thin films are primanly used for high-density
circusts that require precision, closely-spaced conductors, and close-toler-
ance, high-stability resistors, the purity and surface smoothness of the
alumina must be of a high level. Thin-film circuits require substrates with an
alumina content greater than 99% by weight and a surface smoothness of 1
to 6 microinches CLA (Center Line Average), whereas substrates for thick-
film circuits may be of a lesser grade in both purity (94-96% alumina) and
surface smoothness (15-25 mucroinches CLA). A comparison of the scanning
¢lectron micrographs, magnified 3 100 imes, shows dramatically the differences
in surface fimsh between 99.6% alumina having a CLA of 4 microinches and
a 96% alumina having a CLA of 25-35 microinches (Figs. 4 and 5).

Figure 4. SEM photo of 99.6% alumina used for thin-fifm circuits.
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Figure 5. SEM photo of 96% alurmina uscd for thick-fikm circuits.

3.1 Grades of Alumina

Manufacturers of alwnina substrates offer several grades ranging from
those having relatively rough surfaces, used for thick-film circuits, to those
with extremely smooth, lapped and polished surfaces {1 microinch or less
CLA finish), used for the ultimate in high resolution, precision, thin-film
circuits. Substrates with intermediate smoothness {(4-6 microinch CLA) are
available for more typical thin film hybrid applications.

3:2  Alumtina Substrates For Thick Films

Normally, thick-film circuits are fabricated on pre-fired substrates
made from 96%alumina The 96% alumina content represents only the nominal
percentage; actual contents vary from slightly under 95% to slightly over
97%, depending on the supplier. All paste manufacturers use 96% alumina
substrates to evaluate theirr pastes, unless specifically requested to do
otherwise. The 96% alumina is compatibie with most thick-film pastes, has
high flexural and compressive strength, and has good thermal conductivity,
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approximately one-seventh that of aluminum. Where greater thermal
conductivity is required, 99.5% beryllia or aluminum nitride should be used.

Substrates are available in either the as-fired condition or with ground
and polished surfaces. Substrates with ground surfaces may cost five to seven
times more than the as-fired types, but for dense, fine-line circuitry, high
resistor density, or tight system-packaging considerations, ground and
polished substrates may be necessary, at least on the surface side that is to be
screen-printed.

The approximate dimensional tolerances for as-fired substrates are
given in Table 1. Dimensional tolerances for ground substrates are largely
a function of cost. For a premium price, tolerances of +£0.001 inch or even
4+0.0005 inch are available. Cambers of 0.001 inch per inch or even 0.0005
inches per inch, and nearly any surface finish are also available.

Table 1. Dimensional Tolerances for As-Fired 96% Alumina

Outside dimensions (length or width) +1%; not less than +£0.003 in
Thickness +10%; not less than £0.0015 in
Perpendicularity <0.004 in/in
Edge straightness <0.003 in/in
Camber 0.003-0.004 in/in
0.002 in/in (special)
Hole centers +1%
Surface finish <25 microinches CLA

Substrates are generally between 0.025 inches to 0.060 inches thick.
The use of substrates thinner than 0.020 inches is not advisable because of
the fragility of handling and processing thin ceramics. A practical guideline
for determining the optimum substrate thickness for multilayer thick-film
circuits is to allow a minimum of 0.025 thickness for each inch of length or
width, whichever is longest. As an example, a 0.025 inch thick substrate
should be used when the longest dimension is one inch; a 0.050 thickness
should be used when the longest dimension is 2.5 inches. Other characteris-
tics of alumina substrates for thick-film circuits are given in Table 2.

3.3 Alumina Substrates For Thin Films

The properties of 99.6% alumina, for example the Superstrate 996™
series, the highest grade of alumina produced by Materials Research Corp.
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(MRC) are given in Table 3. The polished and low-CLA substrates provide
the designer of thin film microwave and precision resistor networks with
reproducible results even for circuits with lines and spacings of 1 mil or less.
Other less costly grades of alumina are suitable for the majority of hybrid

applications. Lists of these grades and their properties are given in Tables 4
and 5.

Table 2. Properties of Alumina Substrates for Thick-Film Circuits

Property Unit Test method ADOS-90R ADS-96R
Alumina content Weight, % ASTM D2442 91 96
Color — — Dark Brown White
Bulk density g/em®  ASTM C373 3.72 min 3.75 min
Hardness—Rockwell R45N ASTM E18 78 82
Surface finish— pin Profilometer; <45 <35

CLA (as fired) Cutoff: 0.030 in;
Stylus diameter:
0.0004 in
Grain size (avg) Hm Intercept method 5-7 5-7
Water absorption % ASTM C373 None None
Flexural strength kpsi ASTM F3%94 53 58
Modulus of elasticity Mpsi ASTM (€623 45 44
Poisson's ratio — ASTM €623 0.24 0.21
Coefficient of 25-200°C ppm/°C  ASTM C372 6.4 6.3
linear thermal 25-500°C 73 7.1
expansion 25-800°C 8.0 7.6
25-1000°C 8.4 8.0
Thermal 20°C W/m-K  Various 13 26
conductivity 100°C 12 20
400°C 8 12

Dielectric strength 0.025 in thick  V/mil ASTM D116 540 600
(60 cycle ac avg RMS)

Dielectric constant 1kHz ASTM D150 11.8 9.5
(relative permittivity) 1 MHz 10.3 9.5
@25°C

Dissipation factor 1 KHz ASTM D150 0.1 0.0010
(Loss tangent) @ 25°C 1 MHz 0.005 0.0004

Loss index 1 KHz ASTM D150 1.2 0.009
(loss factor) @ 25°C 1 MHz ASTM D2520 0.05 0.004

Volume resistivity 25°C Q-cm  ASTM D1829 101 =10M

300°C 4108 5.0 % 1010
500°C — —
700°C 4% 10° 4.0 = 107

Source: Courtesy Coors Ceramics
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Table 3. Properties of Alumina Substrates for Thin-Film Circuits

Characteristic Unit Test method ADS-995 ADS-996 Superstrate 996™
Alumina content Weight, % ASTM D2442 99.5 996 996
Color — — White White White
Nominal density gem? ASTM C373 3.88 3.88 3.87
Density Range g/em? ASTM C373 3.86-3.90 3.86-3.90  3.85-3.89
Hardness—Rockwel! R45N ASTM E18 87 87 87
Surface Finish Microinches,  Profilometer— 6 3 2
(Working Surface—  Centerline avg. 0.030 in cutoff,
"A" Side) 0.0004 in dia. stylus
Average grain size Micrometers  Intercept method <2.2 <1.2 <1.0
Water absorption % ASTM C373 NIL NIL NIL
Gas permeability — * NIL NIL NIL
Flexural strength KPSI ASTM F394 83 86 90
Elastic modulus MPSI ASTM C623 54 54 54
Poisson's ratio — ASTM C623 0.20 0.20 0.20
Coefficient of linear ppm/°C ASTM C372
thermal expansion
25-300°C 7.0 7.0 7.0
25-600°C 7.5 7.5 7.5
25-800°C 8.0 8.0 8.0
25-1000°C 83 83 83
Thermal conductivity ~ W/m-°K Various
20°C 33.5 34.7 35.0
100°C 25.5 26.6 26.9
400°C — — —
Dielectric strength V/mil ASTM D149
(60 cycles AC avg. RMS)
0.025 in thick 600 600 600
0.050 in thick 450 450 450
Dielectric constant — ASTM D150
(relative permittivity)
1 KHz 99 (£1%) 9.9(x1%) 99 (x 1%)
1 MHz 9.9 (£1%) 9.9 (£1%) 9.9 (1%)
Dissipation factor e ASTM D150
(loss tangent)
1 KHz 0.0003 0.0003 0.0001
1 MHz 0.0001 0.0001 0.0001
Loss index — ASTM D150
(loss factor)
1kHz 0.003 0.003 0.001
1 MHz 0.001 0.001 0.001
Volume resistivity Q-cm ASTM D257
25°C #1078 gt ~10%1
100°C FOTH St »10*H
300°C »10%12 »10*12 =101
500°C ~10% ~10"% »10*10
700°C »10"8 1078 10"

*Helium leak through a plate 25.4 mm diameter by 0.25 mm thick measured at 3 x 107 torr vacuum versus
approximately 1 atm of helium pressure for 15 s at room temperature.

(Source: Courtesy Coors Ceramic.)
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Table 4. Alumina Substrate, Superstrate* Grades

Grade*

Description

Micro-Rel (M) A very fine grained

Hi-Rel (A)

Standard (S)

Resistor (R)

Hybrid (B)

Circuit (C)

smooth (<3 u in CLA)
substrate with tightly
controlled dielectric
constant used for most
demanding microwave
integrated circuits
(MIC's), resistivity
control, and fine-line
resolution

100% inspected and
selected for superior
surface perfection,
flatness, and dielectric
constant control. Used
for high-density MIC's

Meets all requirements
of the Hi-Rel grade in-
cluding flatness and di-
electric constant. Rec-
ommended for standard
MIC's

Exceptionally fine
grain smooth surface
(<3 win CLA). Used
for nichrome resistor
networks where con-
sistency and tight tol-
erances are essential.
100% inspected, cost
efficient equivalent of
standard grade

A cost/quality com-
promise for patterns
of 5-mil lines and
spaces. 100% inspected
for surface

Low-cost substrate
with high degree of
flatness and good sur-
face smoothness. Not
100% inspected

Camber (mils/in)

0.005"  0.040" Dielectric
Through and  Constant
0.027" 0.050" at4GHz
2 4 9.9+2%
2 4 9.9+2%
2 4 9.9+ 2%
3 4 9.9%*
3 4 9.9%*
3 4 9.9%*

Specific Surface Grain
Gravity Finish  Size

(g/ee)  (CLA) ()
38~ <3pin <12
3.90
3.86- <4pin <15
3.90
3.86- <4pin <1.5
3.90

381 =3pin =12
3.83- <Spuin <20
3.91
381 6upin 2.5

*All grades are trademarks of Materials Research Corporation, Orangeburg, N. Y.

**Typical
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Table 5.  Substrates for Thin-Film Circuits

Type Surface Roughness (CLA, A) Camber (mils/inch)
Glazed alumina <250* 2-4
As-fired alumina (99.5%) 1000-1500 24
Polished alumina (99.5%) 250 <0.01
Polished sapphire <250 <0.1
Soda lime glass <250 2

* <1 microinch

As with many other materials used in electronic applications, the
material selected and used is often a compromise. Glass as a substrate isideal
in providing a very smooth surface, but is extremely poor in thermal
conductivity. Pure alumina, though good in thermal conductivity, requires
glass as a binder and does not provide a highly smooth surface. Increasing
the amount of glass binder from an optimum of about 0.5% to 15% results
in almost a threefold decrease in thermal conductivity (Fig. 6). An early
solution to this problem involved the use of a composite substrate, glazed
alumina. A thin glassy layer applied to the surface of the alumina provided
a smooth (<I microinch CLA) surface, yet preserved the high thermal
conductivity of the bulk alumina. Over the years, ceramic materials and
processes have improved so that today as-fired alumina substrates with
CLAs of 2—-6 microinches are available and widely used.

40
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Figure 6. Thermal conductivity vs. percent alumina.



44  Hybrid Microcircuit Technology Handbook

Off-the-shelf substrate sizes range from 0.25 x 0.25 inches to 4.25 x
4.25 inches. Though larger sizes are possible, the substrate size for thin-film
circuits is limited by what can be processed in commercial vacuum-deposi-
tion and photoresist-processing equipment. Very small circuits are generally
not processed individually, but as multiple circuits on larger (about 2 x 2 inch)
substrates which have been prescored on the back side so that they can be
broken apart after batch processing. Prescoring involves cutting into the
substrate to a depth of approximately one-third of the substrate thickness
using either laser or diamond saw cutting. Substrate thicknesses range from
0.005 inches to 0.050 inches, but standard off-the-shelf thicknesses of 0.010
and 0.025 inches are more cost effective and suitable for most thin film hybrid
applications. A comparison of the properties of typical alumina substrates
used for thin film and thick film is given in Table 6.

Table 6. Comparison of Alumina Ceramics*

96% Alumina 99.6% Alumina
(for thick film) (for thin film)
Grain size (j1) 11 <1.2
Surface smoothness (microinch CLA) 10-25 1-6
Camber (mils/inch) ~4 ~2
Flexural strength (psi) 40,000-50,000 70,000-90,000
Specific gravity (g/cm?) 3.75 38
Thermal conductivity (cal/cm-sec-°C) 0.04-0.08 0.09
Thermal Expansion (ppm/°C, 20-300°C) 6.7-6.8 6.3
Volume resistivity (ohm-cm, 300°C) 101 >0
Dielectric constant (at 1| MHz) 9.4 9.8-9.9
Dissipation factor (at 1 MHz) 0.0002 0.0001

*Values represent ranges derived from a composite of values from several manufacturers.

3.4 Co-Fired Ceramic Tape Substrates

Alumina, beryllia, or aluminum nitride, in the "green" tape form
(unfired state) may be processed so that the individual layers of a multilayer
substrate can be produced separately, then stack-laminated and fired to-
gether, a process analogous to fabricating multilayer printed-wiring boards
using epoxy laminates. The content of the alumina inthe "green" tape is lower
(85-90%) and the glass content is higher than that for pre-fired alumina,
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resulting in lower thermal conductivity. Co-fired ceramic is extensively used
to fabricate high-density, thick film, multilayer substrates and packages. A
more detailed treatment of the materials and processes used for the co-fired
process is given in Chapter 4.

4.0 BERYLLIA SUBSTRATES

Beryllia (beryllium oxide, BeO) belongs to a unique class of electronic
materials that combine high electrical insulation resistance with high thermal
conductivity. Only a few other materials combine these two divergent
properties. Among these are diamond, aluminum nitride, single crystal boron
nitride, and silicon carbide. Generally, good clectrical insulators (plastics
and ceramics) have very low to moderate thermal conductivitics, while
electrical conductors (metals) have high thermal conductivity. The thermal
conductivity of beryllia approaches that of aluminum metal yet has the
electrical insulation resistivity of the best of the plastics. High purity beryllia
ceramic has a thermal conductivity approximately 1,200 times greater than
that of a typical epoxy plastic, 200 times greater than most glasses, and 6 to
10 times better than alumina ceramic. Figures 7 and 8 compare the thermal
conductivities of beryllia with some of the most commonly used electronic
materials.[!)
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Figure 7. Thermal conductivities of electronic materials.
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Figure 8. Thermal conductivities of ceramics and metals as a function of temperature.

Beryllia would therefore make an ideal substrate material were it not
for its high cost and the precautions needed in processing it because of its
toxicity; but even the toxicity is not a major problem for the hybrid
manufacturer who purchases already fired and machined substrates. The
toxicity hazard is primarily faced by the manufacturer of the beryllia who
must take precautions in controlling dust from machining and vapors from
high temperature processing.

Besides its use as an interconnect substrate for hybrid and microwave
circuits, BeO is used as heat sink spacers (heat spreaders) beneath power
devices and as a package-construction material for discrete power transis-
tors, integrated circuits, and multichip hybrids.

The electrical insulation resistance of 99.5% BeO is excellent both at
room temperature and at the maximum temperatures that hybrid circuits may
encounter, for example, about 230°C during solder reflow assembly opera-
tions. Values of 10'7 to 10'® ohm cm are reported. As with many other
ceramics and inorganic and plastic materials, berylliahas a negative tempera-
ture coefficient of resistivity; that is, as temperature increases, resistivity
decreases (Fig. 9).
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Figure 9. Electrical resistivity vs. temperature for 99.5% beryllia. (Courtesy National
Beryllia, Division of General Ceramics.)

The dielectric strength of beryllia ceramic (voltage required for
electrical breakdown or puncturing) is more than adequate for hybrid
applications; it ranges from 600 volts/mil to 800 volts/mil, depending on
thickness (Fig. 10). Again, as with plastics, the dielectric strength decreases
with the thickness of the sample being tested. The dielectric constant (k) and
dissipation factor for beryllia are better (lower) than for alumina ceramic.
The k for BeO 1s 6.7 compared to 9.9 for alumina ceramic of equivalent
purity. Both k and loss tangents are quite stable over a wide frequency range
of 1 kHz to 10 GHz (Tables 7 and 8). Other physical and electrical properties
of beryllia substrates are given in Tables 9 and 10.
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Figure 10. Dielectric strength vs. thickness for 99.5% beryllia. (Courtesy of National
Beryllia, Division of General Ceramics.)
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Table 7. Loss Tangent vs. Temperature and Frequency for Beryllia (Berlox
K-150%). (Courtesy National Beryllia, Division of General Ceramics.)

Temperature Loss Tangent
(&S] 1 kHz 1 MHz 1 GHz 10 GHz
25 0.0002 0.0002 0.0003 0.0003
300 0.0003 0.0003 0.0005 0.0005
500 0.0005 0.0005 0.0008 0.0008

*Trade name for 99.5% beryilia.

Table 8. Dielectric Constant vs. Temperature and Frequency for Beryllia
(Berlox K-150%). (Courtesy National Beryllia, Division of General Ceramics.)

Temperature Dielectric Constant
°C) I kHz I MHz I GHz 10 GHz
25 6.7 6.7 6.7 6.6
300 6.8 6.8 6.8 6.7
500 7.0 7.0 6.9 6.9
*Trade name for 99.5% beryllia.
Table 9. Properties of 99.5% Berylliall)
Specific heat (cal/°C-g) 0.25
Dielectric constant (1 GHz) 6.7
Dielectric loss (1 GHz) 0.0003
Compressive strength (psi) 225,000
Flexural strength (psi) 30,000
Tensiie strength (psi) 20,000
Young's modulus (psi) 50,000,000
Density (g/cc minimum) 2.85

Impenetrability

Vapor pressure at 1500°C (atm)
Maximum use temperature

Radiation hardness

Impervious to gases and liquids
10 12

1800°C

Excellent
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Table 10. Average Physical Property Values as a Function of Purity for
Beryllia Ceramics!!]

95% BeO 98% BeO 99.5% BeO  99.9% BeO

Flexural strength, psi 20,000 25,000 35,000 36,000
Electric resistivity, ohm-cm 10" 101 10" 108
Young's modulus, psi 44 x 108 45 x 108 50 x 108 55x 10°

Thermal conductivity,
cal/cm-sec-°C 0..35 0.52 0.62 0.66

Dissipation factor at
1 GHz at 25°C 0.0005 0.0005 0.0003 0.0002

5.0 ALUMINUM NITRIDE

Aluminum nitride (AIN) is receiving considerable attention, both as a
substrate and package material, particularly for high-power hybrid microcir-
cuits and high-density multichip modules. The key benefit in using aluminum
nitride is its high thermal conductivity (170-200 watts/m K) combined with
its excellent electrical and mechanical properties. In these attributes AIN is
similar to beryllia, but without the toxicity concern. Reported values for the
thermal conductivity of AIN vary widely because they are quite sensitive to
the amounts of impurities, especially oxygen, that are left in the fired ceramic.
Only fractions of a percent of oxygen are reported to result in a considerable
reduction in thermal conductivity.[?) However, in many applications lower
grades of AIN provide sufficient thermal conductance at a much lower cost.

A further benefit of using AIN in high-density circuits is its low
coefficient of thermal expansion (CTE) (approximately 4.4 ppm/°C) closely
matching that of silicon (3 ppm/°C). As silicon integrated circuits become
more complex, larger, and contain higher numbers of /Os (some over 500),
CTE compatibility with the substrate on which they are mounted becomes
critical in minimizing or avoiding stresses that can fracture the die or its wire
bonds. Thus AIN is being investigated intensively for multichip modules and
for three-dimensional packaging.®! Both pressureless and hot-press pro-
cesses are used to sinter the aluminum nitride "green tape". Sintering is
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performed at 1800-1900°C in a reducing atmosphere (hydrogen or forming
gas) to avoid any oxide formation—a small amount of which significantly
degrades the thermal conductivity. The pressureless process is reported to be
lower cost, but, as with co-fired alumina tape, x-y shrinkage must be taken
into account in order to control the final dimensional tolerances. In the hot-
press process, the tape is constrained in the x-y plane during pressurization
and sintering, hence virtually no shrinkage occurs in the x-y direction. Hot
pressing has successfully been used to produce large, 2 x 4 inchand 4 x 4 inch,
AIN co-fired substrates and package bases with as many as 612 I/Os on 25-
mil centers.[4I-16]

Considerable progress has been made in the last five years in producing
and processing AIN powder into ceramic that has reproducible thermal,
mechanical, and electrical properties. Ceramic manufacturers have devel-
oped AIN in both cast tape and pressed form and have improved its surface
smoothness to the point that it can be used for thin-film circuits as well as for
thick-film. Used as a substrate for thick-film multilayer circuits, AIN
requires specially formulated thick-film pastes that have expansion coeffi-
cients close to that of the substrate. Several paste manufacturers now provide
a complete system of conductor, resistor, and dielectric pastes specifically
formulated for use with AIN substrates.!”l AIN substrates are readily
available from many American and foreign suppliers. Among the major
suppliers of AIN powder are Dow Chemical Company and Tokuyama Soda.
Suppliers of processed AIN ceramic include Carborundum, Coors Ceramics,
General Ceramics, Kyocera, NTK, Sherritt, Sumitomo, Tokuyama Soda,
and Toshiba.

Plots of thermal conductivity, thermal expansion, and dielectric con-
stant of a pressureless AIN ceramic as a function of temperature are given in
Figs. 11 to 13, respectively. Properties of AIN ceramic formed by hot
pressing are given in Table 11.18]

6.0 METAL MATRIX COMPOSITES

Metal matrix composites are a unique class of man-made materials that
integrate metals with ceramics and provide many desirable properties for
electronic packaging that each of the constituents alone cannot provide.
Among the current composites of interest in electronic packaging are silicon
carbide reinforced aluminum (SiC/Al), copper/diamond, nickel-iron/silver,
and copper impregnated carbon-carbon. Silicon carbide/aluminum is available
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from Lanxide Electronic Components under the trade name of Lanxide™. It
is also produced by several other companies, including Alcoa and Ceramics
Process Systems. Copper/diamond under the trade name of Dymalloy™ is
being promoted by Lawrence Livermore Laboratories and Sun Microsystems(®?
while a nickel-iron alloy composite with silver has been introduced by Texas
Instruments under the trade name Silvar™. 19111 The copper-impregnated
carbon-carbon composite is a development of B. F. Goodrich Company.[1?!
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Figure 11. Thermal conductivity of aluminum nitride, beryllia, and alumina as a function
of temperature. (Courtesy Carborundum Co.)
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Table 11. Properties of Hot-Pressed Aluminum Nitride.® (4luminum
nitride powder from Dow Chemical Company, processed by W. R. Grace.)

Mechanical Properties (room temperature)

Young's modulus, GPa (Mpsi)
Shear modulus, GPa (Mpsi)
Poisson's ratio

Modulus of rupture, MPa (psi)
Vicker's hardness, kg/mm?
Thermal properties

Thermal expansion, ppm/°C

Specific heat, J/g/K

Thermal conductivity, W/m K
Physical properties

Density, g/cm?

Microstructure (grain size), pm
Surface roughness*, Hin
Surface flatness*, in/in
Electrical properties

Dielectric constant @ 25°C

Dielectric loss @ 25°C

AC Dielectric Breakdown, v/mil

339 (48.4)

137 (19.6)

0.24

280 (40,000)

200 (100 g loaded)

3.2 (RT to 100°C
3.7 (RT to 200°C)
4.3 (RT 1o 400°C)
4.7 (RT to 600°C
0.74

170-190

3.25-3.26
5-10

30

<0.001}

8.7 @ 1kHz
8.5 @ IMIz

8.5 @ 10MHz

8.3 @ 9.3GHz
0.0002 @ 1kHz
0.0001 @ IMHz
0.0001 @ 10MHz
0.0012 @ 9.3GHz
330 (94-mil thick)

*After grinding with resin-bonded diamond wheel.

The most advanced and widely studied example of a metal matrix
composite is that of silicon carbide reinforced aluminum (SiC/Al). This
commercially available matenial is.produced by infiltrating SiC particles or
a porous preform of silicon carbide with molten aluminum or molten alloys
of aluminum. Preforms may be produced by either tape casting or dry
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pressing in various shapes.t3l The process may be either pressureless, in
which the liquid aluminum is alowed to percolate through the SIC under
normal ambient pressure, or it may be pressure assisted. Because of the long
time required for the pressureless process, sometimes up to 12 hours to
completely penetrate the SIC depending on the thickness ofthe part, pressure-
assisted automated processes have been developedl'411151 A Slurry can also
be prepared by dispersing the silicon carbide with the molten Al and then
casting it into a mold. In either case, net or near-net shape parts are produced
(Fig. 14).

Metal matrix composites are of interest largely because they combine
the high thermal conductivity of metals with the low and tailorable coefficient
of thermal expansion of ceramics. In addition, they provide greater stiffness
than the metal and low weight, depending on the metal used. Metal matrix
composites are therefore used mostly in the thermal management of high-
power circuits and devices such as gallium arsenide (GaAs) power chips for
microwave applications. Heat spreaders, substrates, lids, and entire pack-
ages have been produced. The focus has been largely on GaAs microwave
devices because of their fragile nature and inherent poor thermal conductiv-
ity. The CTE of the composites can be tailored to closely match that of GaAs
(6.5 ppmPC) by varying the volume percentage of Sic; the higher the
percentage the lower the CTE. Volume percentages of SIC ranging from 50%
to 70% result in CTEs ranging from approximately 8 to 6.2 ppmPC,
respectively. Table 12 gives typical properties of some metal matrix
composites compared with other packaging materials. Note how closely Sic/
Al comparesto Al in density and thermal conductivity yet has a much lower
CTE and better strength. A further advantage of metal matrix composites is
the ahility to fabricate net shape products, obviating the need to perform
expensive machining and loss of material.

Among the few limitations of metal matrix composites are their
electrical conductivity and relatively high cost. Because of their eectrical
conductivity substrates may require insulation to prevent shorting of inter-
connections. Unlike ceramics such as aumina or AIN, metal matrix
composites cannot be co-fired to form multilayer circuit substrates. Their
high cost has aso been afactor limiting their more extensive use, however,
new automated, pressure assisted processes have been developed that should
bring down cost.I'5l
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Fabrication of MMCs Using the PRIMEX™
Pressureless Metal Infiltration Process
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Figure 14. Pressureless infiltration and casting processes for SiC/Al composites.
(Courtesy Lanxide Electronic Components—LEC; PRIMEX and PRIMEX CAST are
trademarks of LEC).
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70 CERAMIC SUBSTRATE MANUFACTURE

There are two methods for producing alumina and other ceramic
substrates: pressing and tape casting. In either case, fine aluminum oxide
powder (in the micron or submicron range) is mixed with binders and other
oxides such as magnesium oxide, silicon oxide (glass frit), and calcium oxide.
The additive oxides (4-6% in the case of thick film substrates) act as fluxes
to reduce the temperature required for sintering and as agents to control grain
size. In the final sintered product, these oxides concentrate at the grain
boundaries and play a key role in adhesion of both thin films and thick films.
The ingredients are first mixed in a ball mill to produce a homogeneous
mixture. Chemical purity, particle size, particle size distribution, and
thoroughness of mixing must be rigidly controlled to assure the optimum
microstructure of the ceramic after sintering. Sintering is effected at about
1700°C and produces a high density polycrystalline structure.

In the press process, the mixed ceramic composition is compacted in
metal dies at pressures of 10,000 to 20,000 psi then sintered. All portions of
the unfired pressed part must be of uniform density to avoid differences in
shrinkage that result in warped par&1”1

The tape process differs from the press process in that the ceramic
composition is cast into sheets, dried to aflexible “green” state, cut to size,
and then sintered. In this process solvents and polymeric thixotropic binders
are added to the ceramic mix to facilitate the casting.l’6l Beryllia substrates
are produced in much the same way as dumina. Berylliais extracted from
several naturally occurring minerals, beryl and bertandite, both consisting of
beryllia aluminosilicate (3BeO*A1,0,*6Si0,). 11/l These ores are chemically
processed to remove the bulk ofthe aluminosilicate leaving behind high purity
BeO powder. The powder is next pressed and sintered at high temperatures
to yield high density substrates of 99.5% purity. As with many other
electronic materials, beryllia ceramics were not fully developed or utilized
until after World War Il. Though beryllia was known for over one hundred
years, it was not until the Manhattan Project that very high purity, high density
beryllia substrates were fabricated. 171 It took still another decade before
beryllia found applications in electronic circuits and aerospace instruments.

8.0 ENAMELED METAL SUBSTRATES

Enameled, also referred to as porcelainized or glazed-metal, substrates
may be used as low-cost substrates for thick-film circuits where weight is not
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a significant consideration. Thick-film circuits formed on enameled sted
substrates are being used in many commercial/industrial applications, such
as automotive and camera electronics. They have found greater interest and
applications in Japan than in the U.S. and very limited use in military and
space electronics.

Enameled sted has been extensively studied and characterized. RCA
conducted detailed studies on methods for depositing the enamel onto metal
and on the reliability of the enamels. 181 Electra-Science Laboratories (ESL)
has developed thick-film conductor, resistor, and dielectric pastes and
evaluated them on enameled steel substrates from three sources1191t201 The
enamels consist of materials such as quartz, feldspar, or clay reacted with a
flux such as borax, soda ash, cryolite or fluorspar, to form a glass. The glass
is melted, fritted, and ball-milled in water. Various materials may be added
to keep the particles suspended in the agueous medium, to improve adhesion
to sted, and to add color or opacity. The enamel should have a melting
temperature high enough to permit firing of thick-film pastes yet low enough
to minimize oxidation and warping of the steel. Because the enamel consists
of several glasses of relatively low mdting temperatures (675-680°C) the
commercialy available thick-film pastes that are fired at 850- 1000°C cannot
be used. Thus, specially formulated conductor, resistor, and dielectric pastes
that can be firedat 600-625°C have been introduced. The enamel should also
be formulated so that it has athermal expansion lower than that of the metal
in order to keep it in compression and prevent its cracking. The chemical
composition of the enamels is critical to the reliability of the fina circuit.
Early enamel compositions contained large amounts (>5%) of alkali metal
ions (sodium, potassium, lithium). These compositions were low in bulk
resistance and often displayed a discoloration, associated with screened-on
thick-film silver conductors, that was termed “brown plague.” Most ofthese
problems were resolved in later formulations by reducing the alkali metal
contents. Sometypical properties of the fired enamel are givenin Table 13.

Enamel, in thicknesses of 5-6 mils, is applied to low carbon sted,
<0.003% C, by dipping, spraying, electrophoretic deposition, or electro-
static spraying. In electrophoretic deposition, the colloidal particles of the
enamd are negatively charged and attracted to and deposited onto the metal
part which has been positively charged. This process is analogous to
electroplating. In electrostatic spraying, the enamd is sprayed as a solid
powder with high voltage charges of opposing polarity applied to the stedl
and the powder.I*]l Both the eectrophoretic and electrostatic deposition
processes produce more uniform coatings than spray or dip processes. The
coatings are then fired in a conveyor furnace for one to three minutes at peak
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temperatures of 800-890°C. The enameled substrates may be purchased
from several suppliers. Thick film conductor, resistor, and dielectric pastes,
are screen-printed onto the glazed surface and dried and fired to form single
or multilayer circuits.

Table 13. Properties of Porcelain Enamel Coatings*

Dielectric constant 8-22
Dissipation factor, % 0.10-0.64
Voltage breakdown, v/mil 55-675

Surface insulation resistance, ohms I x 1072 x 10%2
Bulk insulation resistance, ohms 1 x 1077 x 10"
Thickness, mils 5-6

*Values represent ranges for several enamels.

Enameled-steel substrates offer several advantages over ceramic sub-
strates, among which are:

+ Substrates will not break, crack, or chip; they are shock
resistant

» Substrates can be die punched or cut into complex
shapes and sizes; the metal can be cut toirregular shapes
and holes drilled prior to glazing

+ The core metal serves as an inherent heat sink
+ The metal, especially steel, is less expensive than ceramic

» The metal serves as a built-in ground plane

9.0 QUALITY ASSURANCE AND TEST METHODS

Substrates may be purchased to the manufacturers’ or users’ specifi-
cations. Most users generate their own procurement specifications. The key
elements of such a document include: dimensions (length, width, thick-
ness) with tolerances, allowable camber and waviness, composition (for
example, alumina or beryllia content), and surface finish. For some
applications, tests for microcracks and porosity should be specified. One of
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these, the dye-penetrant test, is a low-cost test that can be applied on a one-
hundred percent basis. According to this test, the parts are immersed in a
water or organic-solvent solution of a colored or ultraviolet-light-visible dye
(Zyglo), pressurized, then lightly rinsed with the same solvent. Any residual
dye that remains in cracks or fissures will be visible on inspection under
normal or black-lamp light.

Many other more expensive and sophisticated tests may be used to
qualify ceramic substrates or to assure their quality. Among these are:

Surface characteristics Scanning Electron Microscopy
(grain size, inclusions) (SEM)
Surface Impurities Electron Microscopy
' Auger Microscopy
Bulk Qualitative and Emission Spectroscopy
Quantitative Analysis
Electrical Properties Dielectric Constant
ASTM D-150
Dissipation Factor
ASTM- D-150
Volume Resistivity
ASTM-1829
Mechanical Properties Flexural Strength
ASTM-F-394
Compressive Strength
ASTM-C-773
Hardness
ASTM-E-18
Thermal Properties Expansion Coefficient
ASTM-C-372

Thermal Conductivity
ASTM-C-408



Substrates 61

REFERENCES

L

10.

11.

12.

13.

14,

15.

Fleischner, P. L., Beryllia Ceramics in Microelectronic Applications,
Solid State Technology, 20( 1) (1977)

Konsowski, S. G., et d., Evaluation of Advanced Ceramics for High
Power and Microwave Circuitry, Intl. Journal HybridMicroelectronics,
10(3) (1987)

Minehan W., et al., Fabrication, Assembly, and Characterization of
StackedMultichip Modules Using Hot Press Co-tired Aluminum Nitride,
Proc. Int. Conj On MCMs, ISHM (1994)

Nava Command, Control, and Ocean Surveillance Center, Contract
N6600 1-88-C-O 18 1, Manufacturing Technology for VLSIC Packaging,
Final Report (June, 1993)

Luh, E. Y., Enloe, J. H., Lau, J., and Dolhert, L., Aluminum Nitride for
Advanced Multichip Modules, Proc. IEPS, San Diego (Sept., 1991)

Kovacs, A. and Reaves, P. H., Thermal Performance of Multichip
Modules, Proc. ZSHM (Oct., 1991)

Cox, C. V., et a., A New Thick Film Materials System for Aluminum
Nitride-Based Power Hybrid Circuits, Intl. J. Hybrid Microelectronics,
10(3) (1987)

Enloe, J., et al., Properties of AIN Package Material, Proc. NEPCON,
West (1990)

Kerns, J. A., Davidson, H., et al., Dymalloy, A Composite Substrate for
High Power Density Electronic Components, Proc. ISHM, Los Angeles,
CA (1995)

Spexarth, F., Cronin, J., and Johnson, W., The Substrate Debate, Hedt,
Sink Substrate Balances Cost and Capability, Advanced Packaging
(March/April, 1995)

Johnson, W. and Nelson, S., Thermal Cycling Evaluation of High

Performance GaAs Carrier Components, Proc. IEPS ConfY, San Diego,
CA (1995)

Shill, W., Copper Impregnated Carbon Composites for Thermal Manage-
ment Applications, Proc. IEPS Conj, San Diego (1995)

Hot-nor, J. A. and Hannon, G. E., Preform Based Metal Matrix Composite
Fabrication for Electronic Carrier Applications, Proc. SAMPE (1992)

Novich, B. E. and Adams, R. W., Aluminum/Silicon Carbide (Al/Sic)
Metal Matrix Composites for Advanced Packaging Applications, Proc.
IEPS Conx, San Diego, CA (Sept., 1995)

Premkumar, M. K. and Sawtell, R R., Al-SIC Technology for Reliable
and Thermally Demanding Microelectronic Packages-Manufacturing,
Applications, and Finishing, Proc. ISHM, Los Angeles, CA (1995)



62  Hybrid Microcircuit Technology Handbook

16.  Harper, C. A., Handbook ofElectronic Packaging, McGraw-Hill (1969)

17. Sidgwick, N. V., The Chemical Elements and Their Compounds, Vol. 1,
Oxford, Clarendon Press (1950)

18.  Onyshkevch, L., Base Metal Thick Film Inks on Porcelain Substrates,
Proc. 16th Natl. SAMPE (Oct., 1984)

19.  Stein, S. J,, Huang, C., and Gelb, A. S., Comparison of Enameled Steel
Substrate Properties for Thick Film Use, European Hybrid Microelec-
tronic Conjl, Ghent, Belgium (May, 1979)

20.  Stein, S. J, Huang, C., and Gelb, A. S., Thick Film Materials on Porcelain
Enameled Steel Substrates, 29th Electronics Components Cond (May,
1979)

21.  Lacchia A., Electrostatic Spraying of Powder Enamels, Ceramic Indus-
try (Nov., 1977, Feb., 1978, Mar., 1978)



3

Thin Film Processes

1.0 DEPOSITION PROCESSES

Having selected the substrate material, the next step in the fabrication
ofthin film microcircuits is the deposition of metals or metal compounds onto
the substrate. These metals ultimately provide the conductor and resistor
patterns and functions. Typically, a substrate is coated sequentialy with a
layer of resistive material, a barrier metal layer, and a top conductor layer.
These layers are relatively thin ranging from 200 8, to 20,000 8, and are
deposited by vacuum evaporation, sputtering, chemical vapor deposition or
variations of these processes. The following sections cover deposition
processes specifically as they apply to the fabrication of thin-film resistor/
conductor networks for hybrid circuits. Comprehensive treatments of thin-
film deposition processes may be found in severa other books|[‘]-[71

1.1 Vapor Deposition

Vapor deposition consists of heating a materia in a relatively high
vacuum so that its vapor pressure exceeds that of its environment, allowing
it to be vaporized quickly. Substrates to be coated are placed in a vacuum
chamber in the vicinity of the source materia (Fig. 1). Upon contacting the
cooler surfaces of the substrate, the vapor condenses by a mechanism of
nucleation and growth of the film emanating from various grain boundary

63
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sites on the substrate. Most metals have very high melting and boiling points
(2500-3000°C) at room ambient pressure making them impractical to deposit
under these conditions. Furthermore, since the evaporation of most metals
in air results in oxidation of the deposited metal, it is desirable to deposit metals
in as high a vacuum as possible. Pressures of 107 to 107 torr can reduce the
vaporization temperatures of most metals to 1,000°C or lower. Comprehen-
sive tables of vapor pressures versus temperature for metals are available in
the literature.[?!
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Figure 1. Schematic diagram for vacuum evaporator.
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A widely used method for heating the metal is to contain it in a boat
wrapped with high resistance wire and to apply a current through the wire.
This method, referred to as resistance heating, though widely used, suffers
from four problems:

1. The molten metal can alloy with the boat material thus
contaminating the charge

2. Refractory metals have such high vaporization tempera-
tures even at low pressures that they cannot be deposited
by resistance heating

3. Alloys of metals having different vapor pressures will
fractionate during deposition giving riseto variations inthe
composition and properties of the deposited film

4. The rate of evaporation can fluctuate making it difficult to
consistently deposit coatings of uniform thickness

These problems can be obviated to a large extent by variations in the
vacuum deposition process. For example, to deposit alloys and minimize
fractionation, flash evaporation should be used. This process consists in
vibrating small portions of the alloy powder down an incline into a boat that
iskeptata sufficiently high temperature to vaporize both constituents as soon
as they contact the boat (Fig. 2). Nickel-chromium alloy and some cermet
resistors may be deposited in this manner.

vibratory
feeder >

Resistance-heated
tungsten boat

Figure 2. Mechanism for flash evaporation.
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Electron beam evaporation is used to deposit refractory metals such
as titanium, tungsten, tantalum, and molybdenum, The vacuum chamber is
equipped with a mechanism that permits an el ectron beam to be focused and
impinged on the metal causing it to heat and vaporize. By controlling the
energy of the electron beam, both the depth and area of the melt can be
controlled and localized so that the molten metal does not contact and interact
with the boat material.

1.2 Direct Current (dc) Sputtering

Sputtering is an eectro-physical process in which atarget (rendered
cathodic) is bombarded with highly energetic positive ions which, by
transferring their energy, cause gection of particles of the target. The
sputtered particles deposit as thin films on substrates that have been placed
on an anodic or grounded holder. Early investigators referred to the gjection
of particles as “spluttering”, an onomatopoeic word describing the sound of
the process. Later, in 1923, the “1" was dropped and the process became
known as sputtering. Sputtering was largely a laboratory curiosity until
1960. Since then an entire industry has emerged in which there are many
suppliers of equipment, targets, and accessories, and many firms who are
using the process for the production of electronic circuits and devices.

The simplest variant of sputtering is dc or direct current sputtering.
The equipment consists of a diode or paralel plate system (Fig. 3). The
material to be sputtered is attached to the cathode plate while the substrates
to be coated are placed on the opposite plate which is rendered anodic or
grounded. A plasma (glow discharge) is generated between the plates by
first evacuating to about 10s6 torr to remove al air, moisture, and extraneous
gases, then backfilling with argon gas and applying a negative bias of 1,000
to 2,000 volts dc to the cathode. On backfilling, the pressure increases
to low3 to 10| torr. A plasma discharge is created in which the argon is
electronically activated, loses an electron, and becomes an argon cation
(positively charged ion). These Ar ions are attracted and accel erated toward
the cathode whereupon they bombard the target with sufficient energy,
effect atransfer of momentum, and cause particles of the target material to
be sloughed off (sputtered). In the course of this process, highly energetic
secondary electrons are emitted. These interact with neutral Ar atoms and
create more positively charged Ar ions with emission of more eectrons.
Thus a self sustaining plasma is formed.

Ar -+ Ar*
Arc -+ Ar++ e
e+ Ar + Ar + 2e
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A simple sputtering apparatus consists of a vacuum chamber in which
are assembled two parallel electrodes—a cathode target and an anode plate
or holder on which the substrates to be coated are placed. The cathode has
provision for cooling to remove the heat generated during sputtering. The
anode has provision for both heating and cooling since temperature control
is important in obtaining adequate adhesion. The cathode is typically 5 to 30
cm in diameter and spaced 1-12 ¢cm from the anode.
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Figure 3. Schematic of a dc sputtering apparatus.

Deposition rates range from less than 50 A/min to several thousand A/
min and depend on many variables, including the nature of the target material
(binding forces of the atoms), the atomic mass of the bombarding gas ions,
the ion current, pressure of the gas, and the interelectrode distance. The
depositionrate (G) is proportional to the ion current (/) and the sputtering yield
() and is gtven by the equation

G =CIS

where C is a proportionality constant based on the characteristics of the
particular sputtering chamber used. The ion current may be increased by
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increasing the power or the pressure of the gas, however, there is a
compromise between pressure and power—pressure which is too high will
result in diffusion of sputtered atoms back to the cathode while the maximum
power that can be used is limited. The sputtering yield (S) is a function of
the target material and the gas used. Argon, the bombarding gas most
commonly used, is actually a compromise between cost and efficiency. The
heavier inert gases, xenon and krypton, would provide higher sputtering yields
than argon, but would also be too costly to use in commercial applications.
Helium, the least costly gas, would result in a very low sputtering yield (Fig.
4). A detailed discussion of these factors has been given by Vossen and
Kern B
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Figure 4. Sputtering yield for platinum as a function of noble gas and its ion energy.
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1.3 Radio-Frequency (RF) Sputtering

The dc sputtering process just described is limited to electricaly
conductive targets (metals and metal aloys); it cannot be used to deposit
inorganic materials such as oxides or dielectric insulators. When an insulator
is used as the cathodic target in dc sputtering, positive charges quickly
accumulate on its surface during ion bombardment. These charges impede
the initiation and maintenance of the glow discharge. To overcome this
situation, radio frequency or RF sputtering is used where the target is
subjected aternately to positive ion and electron bombardment. Thus the
accumulation of positive charges during the negative portion of the cycle is
neutralized by the electrons formed during the positive cycle. During the first
half (negative cycle), sputtering of the target material occurs; while during
the second half, electrons neutralize the positive charges, effectively render-
ing the target ready for sputtering again.

RF sputtering is much more versatile than dc sputtering. In addition to
metals and aloys, it can be used to deposit amost any dielectric material at
relatively low temperature and pressure. Examples include silicon oxides,
silicon nitride, glasses, alumina, refractory oxides, and some plastics such as
Teflon, polyethylene and polypropylene. Among the plastics, the thermoplas-
tic polymers are better suited to sputtering than the thermaosetting types.
Although some polymer chain scission occurs with thermoplastics because
of the high kinetic energy imparted to the target, the molecular structure of
the deposited film is essentialy the same as the starting material. Thermo-
setting highly cross-linked polymers, however, decompose and recombinein
somewhat different molecular structures and display different electrical and
physical properties than the starting material.

The equipment used for RF sputtering is essentially the same as for dc
sputtering except that an RF generator of 13.5 6 MHz and I-2 kW power has
been added and provision has been made for cooling the target (Figs. 5 and
6). The dielectric material to be sputtered is attached to a metal backing plate
with conductive adhesive.

1.4 Reactive Sputtering

Reactive sputtering is still another practical variation of sputtering.
Here a reactive gas is introduced along with the inert argon to form the
plasma. The reactive gas becomes activated and chemically combines with
the atoms that are sputtered from the target to form a new compound.
Reactive sputtering is therefore a combined physical, electrical, and chemical
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Research Corp.)
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process. Generally, the amount of reactive gas used is small compared to that
of the inert gas, but by varying the ratio, films ranging in properties from
almost a metal to a semiconductor, insulator, or resistor can be produced.
Two widely used reactive gases are oxygen (producing oxides of metals) and
nitrogen (producing nitrides of various elements). Reactive sputtering has
become a valuable commercial process for depositing diclectrics, resistors,
and semiconductors. For example, the reactive sputtering of tantalum nitride
is one of the two most widely used processes for depositing thin-film
resistors. A list of some films that may be deposited by reactive sputtering
and their applications is given in Table 1.

Table 1. Reactive Sputtering Examples. (Sputtering process in which a
reactive gas is introduced alone or along with the Ar such that the sputtered
particles react to form a new compound.)

Target Reactive Gas Film
Ta N, Ta;N,
Ta 0, TaO
Al N, AIN
Al 0, Al O,
Si N, Si;N,
Si 0, Si0,
Ti 0, TiO,

Although the exact mechanism for the formation of the reactively
sputtered films is not known, it is believed that the films are formed on the
substrate surface where the energy of formation can be easily dissipated
without decomposing the newly formed compound. When the reactive gas
is used in high concentration, the reaction is believed to occur at the cathode
and the resultant compound is then carried to the grounded substrate.
Reaction in the gaseous phase is deemed unlikely because the energy of
formation and kinetic energy of the atoms cannot be dissipated, resulting in
spontaneous decomposition of any compound as it is formed.
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1.5 Comparison of Evaporation and Sputtering Processes

The sputtering of thin films has significant advantages over vapor
deposition and is rapidly supplanting vapor deposition as a commercial
production process. Among these advantages are:

1. Sputtered films adhere more strongly to substrates than
vapor deposited films. Thisis attributed to the high kinetic
energies with which the sputtered atoms impinge upon the
substrate.

2. Sputtered films are denser and more uniform.

3. The sputtering process is more versatile. The target may
be composed of alloys or composite materials in addition
to pure metals. For example, nickel-chromium targets of
various ratios may be used to deposit resistor films of
various shest resistivities. Unlike vapor deposition, little
or no fractionation occurs.

4. Both conductive (metals, alloys) and nonconductive (di-
electrics, insulators) films may be deposited.

5. The process may be used in a reverse mode just prior to
sputtering to clean the surface of the substrates or to etch
fine lines. In these cases the substrates are rendered
cathodic for a brief period.

6. The rate of deposition, film thickness, and uniformity of
films are better controlled.

A more detailed comparison of the two processes is given in Table 2.

20 THIN FILM RESISTOR PROCESSES

2.1 Thin Film Resistors

Important considerations in selecting thin film resistors are:

. Controlled and reproducible sheet resistance (ohmg/
sq) for a practical thickness range

. Low TCR
. Close resistor tracking

. Long term stability (low resistance drift on powering
or on therma aging)
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Table 2. Comparison of Evaporation and Sputtering Processes

Vacuum Evaporation Sputtering
Mechanism Thermalenergy Momentum transfer
Deposition rate can be high Low (20-100 A/min)
(to 750,000 A/min) except for some metals
(Cu = 10,000 A/min)
Control of deposition ~ Sometimes difficult Reproducible and easy to con-
trol
Coverage forcomplex  Poor, line of sight Good, but nonuniform thick-
shapes ness
Coverageinto small Poor, line of sight Poor
blind holes
Metal deposition Yes Yes
Alloy deposition Yes (flash evaporation) Yes
Refractory metal Yes (by e-beain) Yes
deposition
Plastics No Some
Inorganic compounds Generally no Yes
(oxides, nitrides)
Energy of deposited Low (0.1-0.5eV) High (1 to >100eV)
species
Adhesion to substrate  Good Excellent

Thin film resistors may be classified as pure metals, metal alloys, metal
compounds, or cermets (combinations of ceramics and metals). Examples
are given in Table 3

Though there are many resistor materials available, only three are in
wide use today for thin-film hybrid circuits: nichrome, tantalum nitride, and
chromium-silicon oxide cermets. All employ gold terminations with a barrier
metallization. Barrier metals are often required to separate the resistors from
the gold conductors and prevent interdiffusion. In the case of the nichrome/
nickel/gold system, the nickel, deposited in thicknesses of 400-1,500 A,
prevents diffusion of chromium (from the nichrome) into the gold. This
diffusion causes two potential reliability problems—unstable resistors be-
cause of the change in the nickel to chromium ratio of the nichrome and wire
bond degradation due to contamination of the gold bonding pads with
chromium. Besides functioning as the resistor element, nichrome functions
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as an adhesion layer, a so-called “tie layer,” to improve the adhesion of the
gold to the ceramic substrate. In the tantalum nitride process, titanium is the
tie layer and palladium serves as a diffusion barrier. Gold is seldom deposited
directly onto ceramic because of its poor adhesion.

Table 3. Thin-Film Resistor Types

Type Examples

Metal Tantalum
Chromium
Nickel

Alloy Nickel-Chromium (nichrome)
: Cobalt-chromium
Tantalum-tungsten

Cermet Silicon monoxide-chromium

Metal compounds Tantalum nitride

Both nichrome and tantalum nitride offer similar resistor capabilities—
sheet resistances of 25-300 ohms/square and low TCRs (0 + 50 ppm/°C).
Cermet resistors, however, provide an extended capability for sheet resis-
tances from 1,000 to several thousand ohms/square, thus offering the design
engineer the freedom to lay-out very high valued resistors (over 100K ohms
to megohms) without taking up too much surface area.

2.2 The Nichrome Process

Regardless whether nichrome, tantalum nitride, or cermet resistors are
used, the process steps are quite similar. First, a resistor/conductor
“sandwich” structure is formed on the ceramic substrate by sequentially
depositing thin layers of the resistor material, the barrier metal, and the top
conductor metal. Then, through precision photolithography involving a series
of photo exposures of a photoresist coating and selective etching steps, an
intricate pattern of conductor lines and spacings (from 1 to 10 mils) and thin-
film resistors (from 5 to 20 mils wide) is formed. The sequential process steps
are shown in Fig. 7. The nichrome/nickel/gold sandwich structure may be
deposited either by vacuum evaporation or by sputtering (discussed above).
It is desirable to deposit the metals sequentially in the same vacuum pump-
down. Ifthe vacuum is interrupted or if the parts are exposed to air between
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depositions, oxidation or contamination of the films can occur, degrading the
adhesion of subsequent layers and the stability of the resistors. It should be
noted that the two key processes for depositing thin-film gold, vacuum
evaporation and sputtering, result in very thin layers 3,000 A to 10,000 A,
insufficient to provide enough electrical conductivity or enough metal
thickness for subsequent wire bonding. To increase the gold thickness, the
thin films are electroplated with an additional 50-100 microinches of gold.

L Bare substrate
(alumina ceramic)
Resistor film (NiCr or TaN)
DEPOSIT RESISTOR FILM
#* Barrier metal layer (Ni, or Ti/Pd})
DEPOSIT BARRIER FILM

Conductor {Au) layer
DEPOSIT CONDUCTOR FILM
ELECTROPLATE GOLD

Photoresist
APPLY, SOFT BAKE, EXPOSE,
DEVELOP, HARD BAKE
PHOTORESIST

ETCH GOLD AND REMOVE
PHOTORES!IST

¢ Photoresist
REAPPLY PHOTORESIST, BAKE,
EXPOSE, AND DEVELOP

ETCH BARRIER AND RESISTOR
REMOVE PHOTORESIST

Resistor

Gold conductor line
ETCH BARRIER OVER
RESISTORS, ANNEAL RESISTORS

Figure 7. Process sequence for deposition and photodelineation of thin-film conductor/
resistor network (not to scale).
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An alternative nichrome process used by some manufacturers in-
volves depositing the nichrome layer and photo etching it to form the resistors
prior to depositing the gold layer. After the resistors are formed, titanium,
palladium, and gold layers are sequentially sputtered over the entire surface,
the gold is electroplated to increase its thickness and conductivity, then photo
etched to form the termination pads and circuit lines. The resistors are then
annealed and laser trimmed, if necessary. This process is reported to offer
very close-tolerance, precision resistors necessary for high frequency
circuits. Although nichrome resistors are more susceptible to el ectrolytic and
chemical corrosion and oxidation than tantalum nitride resistors, they are
generaly not passivated if the circuit is hermetically sealed in nitrogen. For
commercial non-hermetic applications, passivation has been accomplished
by sdlectively coating the nichrome resistors with organic coatings or with
inorganic sputtered coatings such as silicon monoxide-dioxide. The organic
coatings must be ofhigh purity, thermally and chemically stable, and possess
stable electrical insulating properties. Examples include the polyimides,
silicones, and polyxylylenes (Parylenes).

Nichromes used for thin film resistors are alloys of nickel and
chromium. Various ratios of these metals may be used to achieve different
sheet resistance values. Two commonly used compositions are 50% nickel,
50%chromiumwith 1-5%osiliconand80%nickel, 20%chromium. Nichrome
resistors are difficult to deposit consistently in the same thickness and sheet
resistance when resistance heating is used. The composition of the deposited
film differs from that of the starting material because of differences in the
vaporization temperatures and vapor pressures of the nickel and chromium
(Fig. 8). Further, the composition of the starting material in the crucible or
boat changes continuoudly during evaporation, becoming richer in nickel
because of its lower vapor pressure. Studies performed by Alderson and
Ashworthl’l showed that the composition of the deposited nichrome film
approximated that of the source material (80% Ni, 20% Cr) only at
temperatures above 1600°C (Fig. 9) but deposition at these high tempera-
tures resulted in such a rapid evaporation rate that the quality of the film was
degraded. Now, films that approximate the composition of the starting
material can be deposited at lower temperatures either by flash evaporation
or sputtering. These processes result in little fractionation ofthe two metals,
and reproducible, stable resistors are produced. In flash evaporation, nickel-
chromium powder is dowly dropped into a preheated boat constructed of
tungsten or other refractory metal. The powder is vibrated down an incline
into the boat. The nichrome vaporizes immediately on contact with the boat.
The vacuum in the chamber is maintained at 10v6 to 10¢7 torr and the
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temperature of the boat is kept between 1000°C and 1100°C. For best
adhesion of the film to the substrates, the latter are preheated at 150-300°C.
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Figure 8. Vapor pressure-temperature curves for nickel and chromium. (8]
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Figure 9. Composition of vacuum deposited nichrome film vs. source temperature starting
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2.3 Characteristics of Nichrome Resistors

Typical properties of nichrome resistors are given in Table 4. As
discussed in the chapter on Substrates, thin film resistor characteristics are
highly dependent on the surface characteristics of the substrate onto which
they are deposited, the smoother the surface finish the more stable the resistor
values. However, many other factors contribute to stable resistors, chief
among which are the annealing, stabilization bake, and trimming conditions.

Table 4. Characteristics of Nichrome Resistors

Sheet resistance 25-300 ohms/sq, 100-200 ohms/sq (typical)
Sheetresistancetolerance +10% of nominal value

TCR 0 £50 ppm/°C, 0 £25 ppm/°C (with special anneal)
TCR tracking* 2 ppm

Resistance Drift <2,000 ppm after 1,000 hr @ 150°C

<1,000 ppm with special anneal
<200 ppm, sputtered films with 350°C anneal

Ratiotracking 5 ppm
Resistor tolerance after
anneal and laser trim +0.1%

Noise (100 Hz to 1 MHz) -35db(max)

*-55°C to 125°C.

Nichrome resistors are annealed in air at temperatures from 225°C to
350°C for several hours. Annealing in air involves a chemical reaction in
which the more reactive chromium is oxidized forming a passivating layer
that slows further oxidation and stabilizes the resistor values. Generally,
during annealing, sheet resistances change (increase) about 10-20%. The
long term stability, resistance drift after aging 1,000 hrs at 125-150°C,
depends largely on the annealing schedule used; the higher temperature,
longer anneal schedules provide more stable resistors, lower TCRs, and
closer resistance tracking (Table 5). Some sputtered nichrome resistors
annealed at 350°C for 4-5 hrs have drifted less than 100 ppm after 1,000 hrs
aging at 150°C and exhibited TCRs of 0 + 3 ppm/°C.

Though nichrome resistors are among the most precise, thermally
stable resistors, they are also among the most susceptible to chemical and
electrolytic corrosion. Chloride ions transferred from a fingerprint, combined
with moisture, will corrode and etch the nichrome film. Nichrome resistors
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as part of integrated circuits that have been overcoated with silicon dioxide
have been reported to disappear. This has been attributed to acid etching in
which phosphorus contained in the silicon dioxide passivation layer reacts
with moisture to form phosphorous acid. Some organic coatings will also
interact with nichrome resulting in resistance changes. Any coating used,
organic or inorganic, must therefore be evaluated on nichrome and resistance
values measured as a function of time and temperature. Generally, for
military and space applications, nichrome resistors are left uncoated because
the hybrid circuits containing them are hermetically sealed with nitrogen in
metal or ceramic packages.

Table 5. Nickel-Chromium Resistor Stability and TCR Data. (Courtesy
Rockwell Intl.)

Sheet
Rasistance  Annealing Resistance Change (ppm)
of NiCr Conditions . ...... After Aging ., . ... ..
Deposition {ohms/sq) . .(Air).. 50hr,N, 168 hr, N, 500 hr, N; Final
Method as Deposited (°C)  (min) 150C 125C 125°C TCR
Flash evaporated
without Ni
barrier 165 225 120 2,000 500 700 -20
Flash evaporated
with 400 A Ni
barrier 165 225 120 1,700 350 630 ~16
Flash evaporated
with 800 A Nj
barrier 165 225 120 1,400 280 400 -12
Flash evaporated
with 800 A Ni
barrier 165 300 120 1,310 260 300 -10
Flash evaporated
with 800 A Ni
barrier 165 350 120 460 70 110 +34
Sputtered with
800 A Ni barrier 125 350  235* 71 41 - +3
Sputtered with
800 A Ni barrier 105 350 315** 96 -96 +80 ~3
*In 4 steps.
**in 6 steps.

A further limitation of nichrome resistors isthat the practical upper limit
for sheet resistance is low, about 200-300 ohms per square. Higher sheet
resistances are possible by depositing ultrathin layers (much less than 100 A)
since sheet resistance is inversely proportional to thickness. However, it is
not practical to deposit such extremely thin layers because discontinuous,
imperfect films are formed, giving rise to opens and unstabie resistors. Figure
10 shows the variation of sheet resistance with thickness for two sputtered
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nichrome compositions. These plots show that a sheet resistance of 100
ohms/sq is a good compromise. Although using high sheet resistances would
reduce the size of most circuits, the slope of the curve is so steep in this range
that reproducibility and resistor stability would be jeopardized.['®) High-value
resistors using low sheet resistance materials such as nichrome or tantalum
nitride can only be designed by using a large number of squares having small
widths and serpentining the lines to conserve on space. Even so, the design
of a 100 k ohm resistor with a 200 ohm/sq nichrome takes up considerable
space (Fig. 11). Fortunately, for many thin-film circuits, the number of high
valued resistors is small compared to the low and intermediate values and
these can be accommodated by using chip resistors.

Ni

300 ® PURE Ni
A 60:40 NiCr
8 70:30 NiCr

SHEET RESISTANCE (OHMS/SQ)

200 400 600 800
THICKNESS, A

Figure 10. Nichrome sheet resistance as a function of film thickness.['"]
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Figure 11. Large value nichrome resistors (about 100 k ohms). (Note large surface areas
required),
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2.4 The Tantalum Nitride Process

The processes for fabricating tantalum nitride resistor/gold conductor
circuit patterns on ceramic are generally similar to those for fabricating nichrome
resistors. In both cases photolithography involving selective etching of a
multilayered metal structure is used. Process differences include:

1. Tantalum nitride (TaN) is deposited by reactive sputtering of
tantalum in a partial nitrogen atmosphere instead of by direct
sputtering or flash evaporation

2. Titanium and palladium are used as a tie layer and barrier
layer, respectively, between the TaN and the gold; nickel is
used as the barrier layer with nichrome resistors

3. The titanium and TaN are etched with hydrofluoric acid-nitric
acid solution or may be sputter-etched for very fine line definition

The partial pressure of nitrogen gas introduced during reactive
sputtering affects both the sheet resistivity and the TCR of the deposited
resistors (Fig. 12) since tantalum nitride goes through several crystallo-
graphic forms as the concentration of nitrogen is increased. Besides this
batch process for depositing TaN on alumina substrates, TaN resistors may
be obtained in chip form. Films are sputtered onto highly polished silicon,
quartz, or sapphire wafers then batch processed with aluminum/nickel
barrier terminations and sputter-etched to yield fine line resistors of high
resistor values (to 12 Mohms).!"!l' Cross-sections of tantalum nitride chip
resistors showing two constructions are given in Fig. 13,

300 T T T T 1600
41200
8 200} 800 G
l S—
(-]
3 £
> 400 8
[ [+
> O
’(Z [ =
E 100 - 0
[i's
-400
0 ! ] -800

5% 105 4x10* 1073
PARTIAL PRESSURE OF NITROGEN

Figure 12. Effect of N, partial pressure in the sputtering chamber on the resistivity and TCR
of Ta films.[2] :



Thin Film Processes 83

\Silicon Dioxide Tantalum Oxide

Tantalum Nitride Aluminum

Bonding Pad
Nickel

D N I T T T,

@ N IAARLRERRRRANY

Silicon Gold Backing
Gold Alioyed with Silicon
or Lapped Silicon Surface

Silicon Dioxide Tantalum Oxide

Aluminum:
Bonding Pad

Tantalum Nitride Aluminum

Nickel

77f// 7/7//////)///

(b) \\\\\ AN ,\\\\\\\\\

~~ Palladium
Siticide

Very Low Resistivity Silicon Gold Backin
Goid Alloyed with Silicon

Figure 13. Cross-section of a top contact (@) and back contact (b) tantalum nitride resistor
chip. (Courtesy National Micronetics, Inc.)

2.5 Characteristics of Tantalum Nitride Resistors

Tantalum nitride resistors are similar to nichrome resistors in their
electrical properties, including sheet resistance range, TCRs, resistor track-
ing, and long term resistance drift after elevated temperature aging. Some
electrical characteristics are given in Table 6.

Tantalum nitride resistors are more rugged and more chemically and
thermally resistant than nichrome resistors. A passivating tantalum pentox-
ide layer (Ta,Qs) is formed by annealing the resistors in air or in oxygen or
by introducing controlled amounts of oxygen during the reactive sputtering
process. Annealing is performed at 450°C or higher. This inherent oxide is
quite resistant to moisture and other hostile environments.
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Table 6. Properties of TaN Resistors

Sheet resistance 20-150 ohms/sq, 100 ohms/sq (typical)
Sheet resistance tolerance + 10% of nominal value
TCR -75+ 50 ppm/°C (typical), 0+ 25 ppm/°C
with vacuum anneal
TCR tracking* <2ppm
Resistancedrift (1,000 hrat
150°Cinair) <1,000 ppm
Ratio tracking Sppm
Resistor tolerance after
anneal and laser trim +0.10%standard, + 0.03% bridge-trim
Noise (100Hz to 1 MHz) <-40dB

*-55°t0 125°C.

2.6 Cermet Thin-Film Resistors

Cermet, a word coined from the words ceramic and metal, is a
composition of metal oxides and metals. Cermets may be thick-film pastes
(see Chapter 4) or evaporated thin films and are useful in forming resistors
having high resistance values. The most widely used thin-film cermet
resistors are compositions of silicon monoxide and chromium (Si0-Cr) and
are used primarily because of their high sheet-resistances and their ability to
form high-valued resistors in a minimum of substrate area. By varying the
ratio of silicon monoxide to chromium, a wide range of sheet-resistances is
possible. Silicon oxide is inherently an insulator, so as the amount of silicon
monoxide in the composition is increased, the resistivity increases. Sheet
resistances of several hundred ohms/sq to tens-of-thousands of ohms/sq may
be produced, however, itis difficult to control the stability and reproducibility
of the very high resistor values. The most practical range is 1,000 to 3,000
ohms/sq. The relationship between composition and resistivity for cermet
films of 900 to 1750 A thickness is shown in Fig. 14.'21 Thus, for the
thicknesses indicated, compositions containing about 60% S10 are required
to produce resistor films of 1,000 ohms/sq.
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Figure 14. Chromium-silicon monoxide resistivity versus composition.t?]

Cermet films are best deposited by flash evaporation or by sputtering.
In flash evaporation, the cermet powder is dropped onto a tantalum boat
maintained at a temperature higher than the evaporation temperature of
either of the cermet constituents. The process for fabricating the cermet
resistor-conductor pattern for a hybrid circuit substrate is similar to that for
nichrome or tantalum nitride resistors. In one sequence, a "sandwich" or
layered structure of SiO-Cr, palladium, and gold, is first formed. The
palladium serves as a barrier layer. Photoresist is then applied, exposed, and
developed to define the conductor pattern; the unwanted gold is chemically
etched using the standard potassium iodide-iodine solution. A composite
photoresist pattern is then applied. The palladiumis etched with anaqua regia
solution, then the cermet with a nitric acid solution. In the last step, a
photoresist is applied to mask and protect all areas except those that are to
become resistors. Again, aqua regia is used to selectively remove the
palladium, leaving the exposed cermet resistors. Etching the SiO-Cr cermet
has always been somewhat difficult, especially for compositions high in SiO.
Two etchants that have been used are potassium ferricyanide/sodium
hydroxide and ceric ammonium nitrate/nitric acid solutions. Sputter-etching
as a dry-etching process has also been found to be effective.

Stabilizing cermet resistors by annealing requires much higher tem-
peratures than for nichrome. Typical annealing conditions are 450-500°C
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for 2-4 hours. At these temperatures a nickel barrier was found to be
ineffective in preventing interdiffusion of the chromium and gold, but
palladium at about 3,000 A thick was effective.

The TCRs for cermet resistors are generally negative, becoming more
negative as the oxide content increases. For a cermet composition of 70%
Cr/30% SO, TCRs of -60 to -40 ppm/OC have been reported.

3.0 PHOTORESIST MATERIALS AND PROCESSES

Photoresists are organic compositions consisting of light-sensitive
polymers or polymer precursors dissolved in one or more organic solvents.
They are of two types-those that on exposure to light are further
polymerized or cross linked forming a hardened coating which is resistant to
etching solutions (negative types) and those that on exposure to light are
decomposed, break down and can be dissolved (positive types). In the latter
case, the unexposed portions become hardened coatings resistant to etching
solutions. Ultraviolet light in the 2000-4000 A wavelength, is generally used.
The photoresist coating is applied over the entire surface of the substrate,
baked at a low temperature to remove solvent (soft-baked, then exposed
to ultraviolet light through a separate mask which may consist of either a
Mylar film or a glass plate having opagque and transparent areas correspond-
ing to the image to be produced. This mask is often referred to as the artwork
or the photo-tool; it is based on either a Mylar transparent film or glass. After
exposure to light, the photoresist is developed. It isimmersed in a chemical
solution, called the developer, which dissolves the unexposed portions of the
photoresist (in the case of a negative resist) or the exposed portions in the
case of a positive resist. The remaining photoresist pattern may then be
hard-baked to render it more resistant to the subsequently used etching
chemicals. In using a negative photoresist, the mask must have a negative
image ofthe pattern to be produced. Figure 15 illustrates the steps in etching
a thin film of gold on an aumina ceramic substrate using a negative
photoresist and a negative image mask. The pattern produced is the opposite
image of the mask used. In a positive resist, the areas exposed to ultraviolet
light degrade or decompose and are then readily dissolved and removed. The
remaining areas become resistant to the etching solutions; hence a positive
image on amask results in the same pattern on the substrate. The steps in etching
metallization using a positive photoresist are shown in Fig. 16. In all, four
combinations are possible, depending on whether a positive or negative resist is
used with a positive or negative mask. These combinations are given in Fig. 17.
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< Gold or other metal
Clean and dry

metallized substrate <« Substrate
Spin on negative < Negative photoresist
photoresist, dry and
soft bake
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through a negative [ e " Artwork (mask)

image mask

Remove mask and develop « Hardened photoresist
by dissolving unexposed
areas in suitable solvent
hard bake resist

Chemical etch metal
then remove photoresist

Figure 15. Steps for photolithography using negative photoresist (side view).
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Clean and dry
metallized substrate

Spin-on positive
photoresist, dry and
soft-bake

Expose to U.V. light
through a positive
image mask

Remove mask and develop
by dissolving exposed
areas in suitable solvent
hard-bake resist

Chemical-etch metal
then remove photoresist

< Gold or other metal

< Substrate

< Positive photoresist

U.V, Light

Y

I . R l‘- Artwork {mask)

Hardened photoresist

Figure 16. Steps for photolithography using positive photoresist.
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Photoresists are essential not only in the fabrication of microelectronic
devices and circuits, but also in fabricating thin film hybrid microcircuits. The
process by which photoresists are used to etch intricate and precise patterns
in metal or dielectrics, known as photolithography or photo-etching, was a key
factor in the rapid development of microelectronics in the 1950s and 1960s.
Photoresists allow selected areas of a surface to be removed leaving other
areas (protected by the photoresist) as defined patterns of metal conductors,
resistors, dielectrics, or inorganic passivation layers—all essential in the
fabrication of monolithic integrated circuits and hybrid microcircuits.
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3.1 Chemistry of Negative Photoresists

The chemical reactions that occur during the processing of negative
photoresists are simpler and easier to understand than those for positive
resists. The photoresist compositions now used in electronics evolved from
technology that already existed in the printing industry in the 1940s and early
1950s During this period, hundreds of patents were issued for materials for
printing and copying applications. A key patent was that of Minsk issued to
Eastman Kodak in 1954[131 that described a photosensitive composition for
fabricating printing plates. This patent provided the basic technology for the
subsequent development of negative photoresists to be used in fabricating
electronic devices and circuits. Minsk described a cinnamic ester of
polyvinyl acohol (Fig. 18). The double bonds of the cinnamic acid portion
are quite sensitive to ultraviolet light, opening up into diradicals. These
diradicals, being unstable species, quickly join with other free radicals
forming new carbon to carbon bonds and tying together the linear molecules
into highly cross-linked macromolecules. In general, negative photoresists
are based on compounds having ethylenic or double bonds which decouple
to diradicals on being energized with ultraviolet light. These free radicals,
being unstable, quickly join head-to-tail forming long chains or cross-linked
polymers which are insoluble and chemically resistant compared to the
original unexposed coating (Fig. 19). The exact structure of these cross-
linked molecules is not known, but it is theorized that coupling occurs through
the formation of truxillic acid structures, asin Fig. 20. The solubility of the
exposed portions is low and chemical resistance high compared to the
unexposed portions. This allows the unexposed portions to be dissolved and
removed in an organic solvent (developer). This is the basic chemistry for
KPR (Kodak Photoresist) and for many other negative photoresists.
Numerous variations of the cinnamic acid ester compound based on
chemical variations of the parent molecule have been made. Formulations
can be optimized by adding other ingredients such as photosensitizers,
solvents, flow-control agents, and stabilizers.[141

3.2 Chemistry of Positive Photoresists

Positive photoresists are based on chemistry that was initially developed
in Germany for the azodye, printing, and copying industries. Prior to and during
World War 11, the Germans had a very advanced industry that was based on the
azo dyes for the coloring of textiles and other materials. The chemistry of
positive photoresists is basedon two reactions ofdiazonium salts or diazides.
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First, diazonium salts or diazides react quickly and almost quantitatively with
a coupling agent (a phenolic compound) under alkaline conditions to form
various colored insoluble azo dyes, the color and solubility depending on the
structure of both the diazide and the coupling compound (Fig. 21). The
reaction can be inhibited or prevented by formulating the two ingredients in
a buffered slightly acid solution. The developer provides the alkalinity to
cause the coupling reaction to occur. Secondly, diazonium compounds are
unstable when exposed to ultraviolet light; the diazo-group decomposes and
releases nitrogen. Once exposed to ultraviolet light, the resulting compound
is no longer capable of coupling and forming the insoluble dye.
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C=0 c=0 C=0 C=0
CH CH «CH *CH
I I | I
CH CH *CH *CH
i : [} i
R R R’ R
CINNAMIC ACID ESTER OF PVA DIRADICAL FORMATION ON EXPOSURE
(POLYVINYL ALCOHOL) TO ULTRAVIOLET LIGHT

l

CROSSLINKED INSOLUBLE POLYMER

R = VARIOUS ORGANIC GROUPS WHICH CAN CHANGE THE SENSITIVITY AND
OTHER PROPERTIES OF THE PHOTORESIST.

Figure 18. Negative photoresist chemistry based on cinnamic ester of polyvinyl alcohol.
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Figure 19. General mechanism for negative photoresists. (Chemistry based on decoupling
of a double bond with ultraviolet energy to fornin unstable free radicals which then join head-
to-tail to form long chains or cross-linked polymers.)
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Figure 20. Mechanism for cross-linking (negative photoresists).
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Figure 21. Diazo reactions involved in positive photoresists.
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Photolithography that employs positive photoresists is based on both
these reactions (Fig. 22). Most commercially available positive resists
contain naphthoquinone diazide. The group designated R may be a polymer
group optimized for adhesion, solubility, or other characteristics. Exposure
of the diazide to ultraviolet light results in a rearrangement and evolution of
nitrogen. The resulting ketene reacts with some moisture which is invariably
present and converts to an indene carboxylic acid. On developing the image
with an alkaline solution, the carboxylic acid dissolves. The alkaline
conditions which dissolve the exposed portions of the resist also provide the
alkalinity to cause coupling between the unexposed azide with itself or with
a phenolic polymer, such as a Novolac, that had previously been formulated
with the diazide. This coupling reaction results in cross-linking of the chains
and decreased solubility.
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Figure 22. Chemical reactions for positive photoresist.
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3.3 Processing

The key steps in processing photoresists are:
. Application to the substrate
. Pre-baking (soft-bake)
. Alignment and exposure
. Development
. Post-baking (hard-bake)
. Removal or stripping

Liquid photoresists are generally applied to substrates by spinning, a
process wherein the photoresist coating is deposited on the center of a
substrate and the substrate (held down by a vacuum chuck) is rotated on a
circular table. The liquid photoresist is first applied to a stationary substrate
and allowed to spread. The spreading may be enhanced by spinning the
substrate at about 500 rpm for 3 to 4 seconds. The spin speed is then
increased to 3,500 to 5,000 rpm for about 30 seconds forcing the resist
outward by centrifugal force and completely and evenly coating the sub-
strate. The thickness of the deposited resist is largely a function of its
viscosity and the speed a which it is spun. Figure 23 shows the relationship
of viscosity of several positive resists to thickness while maintaining a
constant spin-speed, while Fig. 24 shows the relationship of spin-speed to
thickness for several positive photoresists. Some thickness variation occurs
at the outer edges of the substrate since there is aways a build up of materia
in that area, however, severa new “striation-freg”’ resists are now available
that reduce edge buildup. Besides viscosity and spin speed, other factors that
affect thickness and uniformity are acceleration, prebake temperature and
time, amount of resist dispensed, and temperature of the ambient.[15]

To obtain optimum results, especidly in fabricating very fine geom-
etries, as for microwave or high-density hybrid circuits, many process details
must be followed meticuloudy. The spin, bake, and exposure parameters
must be experimentally determined and followed precisely to obtain repro-
ducible fine geometries. Any blemishes, pinholes or other imperfections in
the hardened resist become sites for the penetration of etchants, resulting in
opens or shorts in the circuitry. Two main causes of imperfect resists are
airborne particulates that deposit on the coating during spinning, alignment,
or exposure, and particulate contaminants contained in the liquid resist.
These particle sources can be minimized or eliminated completely by
processing the photoresistsin alaminar flow station of Class 100 or better and
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to use liquid resist that has been filtered through a Millipore superfine filter.
Most photoresists can be purchased pre-filtered to remove 0.45 micron or 0.2
micron particles or larger, depending on the filter. If the resist is transferred
from its original container, for example, to an in-line coater, further filtering
at the point of dispensing may be necessary because particles may be picked
up during the transfer.
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Figure 23. Photoresist viscosity vs. thickness.
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Figure 24. Relationship of spin speed to thickness for Microposit S1600 series positive
resists. (Courtesy Shipley.)
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Adequate adhesion of the photoresist to the substrate is another
important factor in obtaining high yields. Substrates should be free of ionic
salts, organic residues, moisture, and particles, all ofwhich degrade adhesion.
Substrates should be cleaned and dried. Special cleaning methods such as
plasma cleaning and the use of primers are sometimes beneficial in improving
adhesion.

Soft-baking, also called pre-baking, allows solvents from the photore-
Sist to escape prior to complete polymerization or hardening. Soft-baking
involves heating the coated substrates to SO- 100°C in a forced air convection
oven for about 30 minutes. Thisisimportant in achieving line width control.
Hard-baking, also called post-baking, at 1 1o- 115 “C for 3 0 minutes after the
resist has been developed further improves adhesion and increases its
hardness and resistance to the etchant solutions.

4.0 ETCHING MATERIALS AND PROCESSES

Etching methods for thin films are classified as either “wet” or “dry”
types. Wet methods use chemical solutions, usually agueous solutions of
acids or adkalis. These react with thin films forming salts that can be dissolved
and washed away. Dry etching involves either molecular removal ofthe film
by reverse sputtering, ion etching, or by a gas phase chemical reaction in
which agasis activated in a plasmain contact with the film. The activated
gas reacts with metal film forming a compound that is easily volatilized. This
process, referred to as plasma etching, is rapidly supplanting wet chemical
etching for many of the more complex high density circuits. Some reasons
for the increased popularity of plasma or dry etching are:

. The use of highly corrosive and dangerous chemicals
such as acids and akalis are avoided.

. Disposal and safety problems associated with chemical
solutions are avoided

. Chemica and ionic contamination of surfaces are
avoided

. Etching rate is better controlled providing finer defini-
tion of conductor lines, resistor patterns, and intercon-
nect vias

. Etching is anisotropic, avoiding undercutting
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4.1 Chemical Etching of Gold Films

Chemical etchants that selectively remove a conductor film or a barrier
layer in the presence of a resistor film are essentia in the manufacture of
hybrid microcircuits. Aquaregia (a3 to 1 mixture of concentrated nitric and
hydrochloric acids) is the age-old solution for dissolving gold, but not widely
used today for thin film processing. Besides the danger in handling this highly
corrosive acid mixture, the photoresists that are used in defining the
conductor pattern are not resistant to it. Further, the acid is not selective for
gold; it will attack and dissolve nickel, nichrome, and many other metals.

Solutions that will selectively etch gold in the presence of nichrome or
tantalum nitride consist of inhibited aqueous solutions of potassium iodide
(K1) and iodine (12). Uninhibited KID, solutions are not useful because they
etch nichrome as well as gold. By adding inhibitors such as dibasic
ammonium phosphate [(NH,),HPO,] or dibasic potassium phosphate/
phosphoric acid (K2HPO,/H3P0,), the etching of nichrome and nickel can
be suppressed or even avoided. Etchant solutions may be used at room
temperature or at elevated temperatures, about 90°C. The optimum temperature
may be determined empiricaly based on the rate of etching and the line
definition desired. Reaction equations for the etching of gold are as follows:

Kl +1, + KI, + K| (excess)
3K1, + 2Au + 2KAul, + Kl

To completely dissolve theiodine, atwo to six molar excess of Kl should be
employed.

4.2 Chemical Etching of Nickel and Nickel-Chromium Films

Etchants that react with and dissolve nickel-chromium (nichrome)
without attacking the gold consist of agueous solutions of ceric sulfate,
ammonium nitrate, and nitric acid. The mechanism generdly involves
oxidation ofthe nickel and chromium to salts that are soluble. These etchants
have no effect on the gold. To remove the nickel barrier without etching the
gold and v&b minimal etching of the underlying nichrome, aferric chloride
solution can be used. Immersion times must be established empirically to
avoid excess removal of nichrome.

Etching is a semi-empirical process at best. In each case optimum
conditions (exposure times, temperature, concentration of solution, and
degree of agitation) must be experimentally established. Visual monitoring
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for end points and measurements of resistor values, conductor line widths and
spacings, and thicknesses must be made before a process can be imple-
mented in a production line.

4.3 Dry Etching

The removal of metal, dielectric, or semiconductor thin films by
methods other than dissolution in chemical etchant solutions (wet chemical
method) is referred to as dry etching. Dry etching, because of the extremely
fine geometries that can be produced (in the micron and even submicron
range), 1s widely used in the manufacture of devices and integrated circuits
and is also finding increasing interest and more applications in hybrid circuit
and multichip module fabrication. Dry etching has many significant benefits
over chemical etching, chief among which are:

+ Fine line geometries, less than 0.1 mil and down into the
micron range, can be produced because the process is
anisotropic, thus avoiding undercutting (Fig. 25)

+ Jonic contaminants can be avoided thus preventing
chemical corrosion

+ The process is safer—no possibility for chemical spills
and better control of toxic materials

Although many dry etching variations exist, there are basically two
processes that are widely used in microelectronic fabrication: sputter-etching
(a physical process) and reactive plasma etching (a physical-chemical
process). In both cases, a gaseous plasma is employed.

DRY PLASMA-ETCHING

WET- CHEMICAL ETCHING REACTIVE ION-ETCHING
PHOTORESIST
MK
AL
SUBSTRATE SUBSTRATE
ISOTROPIC ANISOTROPIC
® HEAVY UNDERCUTTING ® HIGH RESOLUTION
® POTENTIAL ADHESION LOSS ® FINE LINE WIDTH
® LOW DENSITY ® DIRECTIONAL
xNOT TO SCALE ® HIGH DENSITY

Figure 25. Comparison of wet versus dry etching.
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The purely physical process, sputter-etching, is the reverse of sputter
deposition. The parts to be etched, appropriately masked with photoresist or
amechanical mask in the areas to be preserved, are attached to the cathode
and bombarded with argon ions produced from the plasma as in dc or RF
sputtering.1161 The key advantage of sputter-etching over chemical etching
isthat it is anisotropic, that is, the rate of vertical etching is faster than lateral
etching. Thus, dry etching is unidirectional and avoids undercutting. For this
reason it is used extensively in device and integrated circuit fabrication where
very fine line circuits (less than 0.1 mil) are required. Sputter-etching,
however, is not salective. It does not discriminate between the material to
be removed and the resist. Thus the resist must be applied in sufficient
thickness so that a protective layer will remain and protect the underlying
surface after the desired etching process has been completed. Sputter-
etching is a dower process than reactive plasma etching and much slower
than wet chemical etching, the etch rate often being in the low angstrom per
minute range.

A second variant of dry etching is reactive plasma etching, a physical-
chemical process. Here, a chemically reactive gas (free radicals, ions)
reacts with the surface to be removed to form a volatile gaseous compound,
one that is easily pumped away from the surface. Reactive plasma etching
is selective, preferentialy reacting with the film to be removed, but not with
the mask or resist materia. Depending on the plasma conditions employed,
plasma etching may be omnidirectional (isotropic) to directional (anisotro-
pic).1171 Compared to sputter-etching, chemical plasma etching is a more
rapid process, Typically, etch rates are several thousand angstroms per
minute.

The greatest amount of work in reactive plasma etching has been done
with aluminum, silicon, and silicon oxide in connection with wafer processing
of integrated circuits. Detailed studies have been conducted on hundreds of
reactive gases, gas mixtures, and plasma conditions. Generally, chlorine and
chlorinated compounds will etch aluminum by forming aluminum trichloride,
AICl,, whichisvolatile. Carbon tetrachloride (CC 14), CC 1,/C&,, BCl,, BCl,/
Cl,, and SICl,, in a helium or argon plasma have been successfully used. Etch
rates of 1,000-2,000 kmin are typical. Carbon tetrachloride used alone
produced especially low etch rates and inhibited reactions because of the
buildup of carbonaceous deposits formed through polymerization of carbon
free radicals. The addition of oxygen to the mixture increased the etch rate,
presumably by oxidizing the carbon free radicals to CO, before they could
combine with themsdlves to form polymers. Also, adding chlorine to the Ccl,
or BCI, mixtures increased the etch rate to as high as 50,000 A/min.t'*]
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Fluorine and fluorinated compounds (Freons, CF,, fluorocarbons)
have not been found useful in etching aluminum because the resultant
aluminum trifluoride is not volatile. The fluorinated compounds are, however,
very effective in etching silicon, silicon oxides, tantalum nitride, nickel, and
nickel-chromium films.

5.0 THIN-FILM MICROBRIDGE CROSSOVER CIRCUITS

Thin film hybrid microcircuits consist essentialy of a single layer of
conductor and, if applicable, single resistor layers photolithographically
defined on a ceramic substrate. Numerous attempts have been made to
develop a multilayer thin-film interconnect substrate, the counterpart to
multilayer thick film, but these have not met with success, largely because of
the high probability of pinholes that exist when vacuum depositing or
sputtering a thin dielectric film over alarge area. However, a unique process
that approaches a two conductor layer circuit is the air gap microbridge
process, first introduced by Lepselter of the Bell Labs in 19681191 In this
process, after the first conductor layer has been patterned (photo-etched), a
layer of copper is vacuum deposited, then electroplated to about | mil thick.
Vias are then photo-etched in the copper in those sites that will become the
posts (pillars) for the microbridges. An additional exposure and devel opment
of photoresist defines spaces in the photoresist (spans) that will connect the
posts. Gold is then electroplated, simultaneoudly filling in the vias to form the
posts and forming and connecting the spans. Asafina step, the copper is
selectively etched and removed in all aress, including the areas beneath the
spans, thus creating numerous microbridges with air as an insulator.1201

Over the years, several variations of this process have been devel oped
to improve reliability, increase yields, extend the process to metals other than
gold, and to incorporate resistors. A reliability risk existed with the original
process because some of the spans, especialy the longer ones (greater than
50 mils), sagged or collapsed onto the underlying conductors, thus shorting
them. Studies correlating the length of the bridge span with bridge failures
showed that a high incidence of sagging bridges occurred for spans longer
than 48 mils.zll Cemigliol** improved the process by adding an insulating
layer over the bottom conductor layers, while otherd 23| resorted to encapsu-
lation of the air gap with soft silicones. Licari, et d.124] extended the process
to the production of aluminum crossovers, incorporated thin-film nichrome
resistors, and introduced polyimide as a permanent insulator and support for
the crossovers. Microramps instead of microbridges were thus formed,
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which obviated the problems of collapsing spans and edge cracking at the
posts (Fig. 26).

Finally, Burns and Dil.eo developed a batch process for forming the
crossovers separately on a metallized polyimide film as a temporary carrier,
then aligning them to the thin film substrate, bonding the ends of the spans to
corresponding pads on the substrate by a batch process, and peeling away
the polyimide film. This separate, parallel process is reported to result in
higher crossover test yields, less handling damage, and lower costs.[?%]

AIR GAP MICROBRIDGES

!“ 70 MILS‘-'I

OEPOSIT ALUMINUM OR GOLD EVAPORATE PLATE COPPER DEVELOP VIA PATTERN.
PHOTODELINEATE BOTTOM PHOTO-ETCH VIA HOLES IN
CONDUCTOR LINES COPPER

. #

¢l
— «—

REMOVE COPPER SUPPORT PHOTODELINEATE BRIDGE SPAN DEPOSIT TOP ALUMINUM LAYER
BY ETCHING OR PLATE GOLD

SUPPORTED BRIDGES
SAME AS ABOVE EXCEPT POLYIMIDE IS USED IN LIEU OF COPPER AND IS NOT REMOVED IN THE FINAL STEP

PHOTOETCHED POLYIMIDE SUPPORT SCREEN-PRINTED POLYIMIDE SUPPORT

Figure 26. Fabrication steps for air gap microbridge and supported bridge interconnect
substrates.
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Thick Film Processes

1.0 FABRICATION PROCESSES

Thick-film circuits are produced primarily by the screen-printing
process. Screen printing using silk as the mesh material was an art used by
the ancient Greeks and Egyptians to produce signs, designs, and works of art.
In the last twenty years screen-printing has been rediscovered by the
electronics industry and is now competing strongly with vapor deposited thin
films as the main production method for microelectronic circuits. Silk mesh,
however, is not used in electronics manufacture because of its dimensional
instability and poor abrasion resistance. The mesh of choice is stainless sted!,
though sometimes synthetic fibers such as Dacron (polyester) or Nylon
(polyamide) are used. The three key processes used to fabricate thick-film
circuits are:

. Screen-printing
. Drying
. Firing

1.1 Screen-Printing

The basic concept in screen-printing is to force a viscous paste through
apertures of astencil screen in order to deposit a pattern onto a substrate. A
rubber blade called a squeegee is used to force the paste through the screen.

104
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To produce the stencil screen, a stainless steel wire mesh is stretched then
either mechanically or adhesively attached to a metal frame, normally
consisting of cast aluminum. A negative mask must then be generated on the
mesh so that the conductive, resistive, or dielectric pastes can be squeegeed
(forced through selective openings of the mesh by applying pressure), thus
producing a positive pattern on the substrate. The negative image on the mesh
1s formed by applying a photosensitive emulsion on the entire screen surface
by either spraying a photoresist coating or applying a photosensitive solid
film. The emulsion is next exposed to ultraviolet light through artwork which
has the desired pattern and the image is developed using vendor-specified
solvents. Two options exist for producing a screen having the desired
negative pattern. These depend on whether positive or negative artwork and
positive or negative photoresists are initially used to make the screen (Fig. 1).

CA) START WITH POSITIVE ARTWORK (B) START WITH NEGATIVE ARTWORK

POSITIVE ARTWORK NEGATIVE ARTWORK

NEGATIVE ACTING
EMULSION ON
SCREEN

POSITIVE ACTING
EMULSION ON
SCREEN

NE
&

l EXPOSE AND DEVELOP l EXPOSE AND DEVELOP

NEGATIVE
PHOTORESIST

NEGATIVE
PHOTORESIST
MASK

B0
B0

Figure 1. Options for generation of thick-film screen patterns.
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Many factors contribute to the success of producing quality thick-film
circuits. Prime among these is the screen itsdf.1'l The screen consists of
woven mesh stretched and attached to a frame on which is applied a photo-
emulsion. The woven mesh material may consist of Nylon, polyester, or
stainless steal, but stainless stegl is the material of choice when mechanical
durability and high resistance to chemical solvents are required. Because of
its excellent dimensional stability, stainless steel is used for the most precise
fine-line printing. The screen mesh count, the number of openings in the
screen per linear inch, largely determines the dimensions of conductors and
resistors and their tolerances, spacings between conductor lines, and via
sizes. A screen with a high mesh number such as 325 or 400 results in finer
lines and spacings (in the 3-5 mil range) than a coarser screen with lower
mesh count. Low mesh count screens (80-200) are more suitable for
screening the coarser pastes where exacting definition is not required.
Screens having alow mesh count are appropriate for applying sealing glasses,
dielectrics, glazes, solder pastes, and some resistors. The width of the
opening of the screen is related to the mesh count and to the diameter of the
wire by the following equation:

W, = I-DM
M
where W, = width of the opening in inches

D = diameter of the wire in inches
A4 = mesh count

The diameter of the mesh wire may range from 0.0008 to 0.0037 inches.
Popular sizes for the 325 and 200 mesh screens are 0.0011 and 0.0016
inches, respectively.

Closdly associated with the screen and also playing akey role in thick
film dimensions and reproducibility of geometries is the photoemulsion that
is used to prepare the screen pattern. There are three methods for the
application ofemulsion to the mesh-direct, indirect, and indirect-direct, also
referred to as a hybrid emulsion. In the direct emulsion process, the
photoresist, in liquid form, is applied to the mesh, dried, and then exposed to
ultraviolet light through the patterned artwork and developed. In the indirect
emulsion process, the pattern is exposed and developed on a separate
photosensitive film, then adhered to the screen mesh. The direct-indirect
process involves a combination ofboth processes. A separate photosensitive
film is applied to the mesh then exposed and developed on the mesh. The key
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advantages of the indirect processes are that they are cleaner and easier to
handle (no spraying or handling of liquids) and permit the application of
various thicknesses. Emulsion thicknesses of 0.0015 to 0.020 inches are
available.

A second key factor in producing quality thick-film circuits is the
rheology or the flow behavior of the thick-film paste. Rheology, especially
thixotropy, is extremely important in achieving small, well-defined vias and
conductor/resistor geometries and thicknesses that are predictable and repro-
ducible. Thixotropy is a variable flow property in which the viscosity of a
paste at rest is high and has little flow, behaving more like a solid; but on
applying a shear force, viscosity decreases sharply, allowing rapid flow.
Then, as the shear force is withdrawn, the viscosity increases again. This flow
behavior, which is rather complex, is important in screen printing.[?l The
flow changes that occur in the paste during the screen-printing process are
shown in Fig. 2.
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Figure 2. Viscosity changes in thick-filin pastes during screen printing.

Though considerable knowledge of the flow properties of thick-film
pastes has been gained, screen-printing is still largely an art. A skilled
operator sets the screen-printing parameters by experimenting with a number
of trial runs before screening the actual parts. Screen tension, screen angle,
squeegee speed, squeegee pressure, angle of squeegee, and snap-off distance,
are variables that must be established empirically. The operator develops a
"feel" for the equipment parameters and paste properties and makes changes
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until the optimum results are obtained. Manual, semi-automated, and fully
automated screen printers are available (Fig. 3). Computerized equipment is
alsoavailable where optimum screening parameters, once established, canbe
programmed and reproduced exactly from run to run.

Figure 3. Microprocessor-controlled screen printer, Model 1503, (Courtesy AMI,
Affiliated Manufacturers, Inc.)

12 Drying

The drying operation consists of removing the organic solvents from
the screen printed paste by moderate heating. The substrate with the freshly
screened paste is first air-dried for 5 to 10 minutes to allow the paste to settle,
then conveyed through a belt furnace maintamed at 120-150°C to fully dry
it. In 10-20 minutes all of the organic solvents are removed by evaporation.
In some cases, better results are obtained if the freshly screened patterns are
allowed to air dry at room temperature from one hour 1o several hours before
drying at elevated temperature. This allows slow removal of solvent and
leveling, which minimizes the flow of paste and dimensional vanations and
avoids blistering.
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1.3 Firing

After drying, the substrates are conveyed through a high-temperature
furnace comprised of several zones of increasing temperature (Figs. 4 and 5).
The temperature profile that should be used is specified by the paste
manufacturer, but must often be verified or optimized experimentally by the
user. In the first portion of the furnace (Zone A, 200-500T), the temporary
organic binder is decomposed by air oxidation and removed. At these
temperatures the binder disintegrates into small, gaseous fragments that are
quickly exhausted through the furnace vents. Incomplete removal of the
organic binders leaves carbonaceous deposits that become entrapped in the
paste and may alter both the electrical and physical properties of the fina
product. Complete burnout requires efficient airflow so that the organic
materials can be quantitatively oxidized and decomposed into small easily
volatilized species. In the intermediate temperature zone (Zone B, 500-
700"C), the permanent binder (glass frit) melts and wets both the surface of
the substrate and the particles ofthe functional material. Some softening and
melting of the glassy constituents of the substrate also occurs, causing it to
fuse with the glass in the paste. In the third temperature zone (Zone C, 700-
850"C), the functional particles are sintered and become interlocked with the
glass frit and the substrate. The parts are kept at the peak temperature of
8500C for approximately 10 minutes. The last zone provides for rapid
cooling from peak temperature to slightly above room temperature. Overall,
the total cycle takes approximately one hour using a conventional convection/
conduction furnace. This time can be shortened by using an infrared furnace.
A typical temperature profile for an air-firing paste is shown in Fig. 6. In
general, the peak-firing temperature should be approximately 100°C below
the melting temperature of the metal congtituent of the paste. Thus, the
maximum firing temperature for a silver paste should be approximately
850°C since the melting point of silver is 960°C. Firing schedules should be
established experimentally to optimize adhesion to the substrate, electrical
values, wire bondability, and, if applicable, solderability.

F&less pastes require a dightly different firing profile than fritted or
mixed bonded pastes. A higher peak temperature (900-1000°C) is necessary
to effect achemical reaction between the copper oxide contained in the fritless
paste and the alumina ofthe substrate. This adhesion mechanism is more fully
discussed in Sec. 3.2 of this chapter.



n yd
/m\ AR AIR mm—{m

A \ VEORLEY amm aIR
IL “ ? i |

\ | BUAN ‘”"I FIRING SECTION |¢
l\_ < I‘I .Auﬂllo‘cjlvl—a__o—-d——o—d—c—qj

Q Q Q |
ORYER
(120-150°C) e > ne
(200-500°C)  (500-700°C) (700-1000°C)

Figure 4. Cross-sectional view of dryer and furnace.

1 PHQAH  OI'T

1No413049

syooqpuvly £80jouyoa] }



Thick Film Processes 111

Figure5. Thick-Nlm engineenng facility showing screening machine (center), dryer (front
right), and two furnaces. (Courtesy Rockwell International Corp.)
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Figure 6. Typical firing temperature profile for thick films. (Courtesy DuPont)
1.4 Multilayer Thick-Film Process
A key advantage of the thick-film process over the thin-film process is

the ability to form multilayer interconnect circuits. The thick-film process
permits multiple layers of conductors, dielectrics, and resistors to be screen-
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printed and tired sequentially onto a ceramic substrate, resulting in high-
density interconnections. Interconnect substrates having conductor lines and
spacings of 5 to 10 mils, vias of 10 to 20 mils diameter, and up to 7 conductor
layers, are now fairly common and important in producing digital and analog
circuits used in compact electronic systems. The conductor lines on the first
layer are purposely laid out as the most detailed and densest. Any imperfec-
tions can thus be touched up by applying fresh conductor paste to the affected
area and refiring. Next, a dielectric layer is screen-printed and fired over the
entire surface except for interconnect vias, apertures where resistors will be
subsequently applied and apertures where power devices will be inserted.
Vias are holes left in the didectric which are subsequently filled with
conductive paste and serve as electrical interconnections between conductor
layers. Because thereis always the probability of pinholesin the dielectric,
it is customary to screen-print a second identical dielectric layer over the first.
The double layer reduces the probability of pinholes becoming continuous
and shorting out conductors between layers. The two didectric layers may
be dried and fired separately or dried separately and then co-fired.

The next step in the multilayer process involves screen-printing and
tiring the second level conductors on top of the diglectric. In this step, the
vias are simultaneoudly filled with conductive paste, thus forming the z-
direction interconnects. However, vias may also be filled in a separate step
using another screen mask. Separate viafilling is beneficia when fabricating
multilayer substrates having a large number of layers so that flat, level, top
surfaces are assured. The screen-printing and firing steps may be repeated
to increase the number of conductor and dielectric layers and hence the
“wiring” density of the substrate.

During the screen-printing process, apertures are |eft in the dielectric
extending down to the ceramic substrate so that resistor pastes may be
screened and fired directly to the substrate. Applying the resistors directly to
the substrate as the last step provides improved resistor stability because the
resistors are not subjected to repeated high-temperature firings. However, as
the multilayer structure becomes thicker with the increased number of
dielectric layers, screen-printing through the deep apertures results in dis-
torted resistor geometries and resistor values that are hard to control. There
is thus a trade-off in using this approach. An aternate approach involves
screen-printing the resistors on the top dielectric. This process alows the
design engineer greater flexibility in laying out the circuit. It increases the
circuit density by about 20%, but some problems in the compatibility of the
resistor with the dielectric may be encountered. Some dielectrics soften
during the firing of the resistor and, in so doing, interact with it chemically
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or physically to change resistor values. Furthermore, laser-trimming the
resistors to tolerance requires special care to avoid cutting into the underlying
dielectric.

A wide range of resistor values extending from very low values (1- 10
ohms) to the megohm range are possible with thick films because two, three,
or even four resistor pastes, having different sheet resistances, may be used.
This is a mgjor advantage over thin films where generally only one sheet
resistance material of low vaue (100-300 ohmé&q) can be used. The
sequential steps and process flow for producing multilayer thick-film inter-
connect substrates are depicted in Fig. 7, 8, and 9.

15 Multilayer Co-fired Ceramic Tape Processes

The multilayered co-fired tape process differs from the sequential
thick-film process already described in that the base substrate and all the
dielectric layers are initialy in the unfired condition. This unfired tape is
called “green” ceramic or “green” tape. It isformed by blending and milling
mixtures of oxides, glasses, organic binders, solvents, and plasticizers,
casting this mixture (durry) into large sheets, and drying. The durry is
poured onto a Mylar film, then passed under a doctor blade to produce a
uniform sheet of specified thickness. Colored oxides may be added to the
durry if opacity is required to protect light-sensitive devices. Black ceramic,
for example, is available for these applications. The tape so formed is soft
and somewhat rubbery. It is punched to form the z-direction vias, then cut
to size or may be cut first, then punched. Thick-film conductor pastes are then
screen-printed to form the conductor lines and to fill in the vias. The layers
of a multilayer co-fired module are processed separately, then aligned, and
stack laminated in a press to join them together. After removal of the stack
from the press, it is co-fired as a single unit. In the standard thick-film
process, one starts with a pre-fired ceramic substrate then builds on this by
sequentially screening and firing the conductor and dielectric pastes. There
are two variations of the co-fired ceramic process-High Temperature Co-
fired Ceramic (HTCC), in which themultilayer tape is fired at approximately
1,600'C in an inert or reducing atmosphere, and Low Temperature Co--red
Ceramic (LTCC), where temperatures of 8.50 to 900°C are used in an air
ambient. Because of the high temperatures involved in HTCC, only
conductor pastes based on refractory metals having very high melting
temperatures, such as tungsten or molybdenum, can be used, and then, only
in a reducing atmosphere such as hydrogen.
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Figure 8. Representation of thick-film multilayer fabrication steps (not to scale).
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Figure 9. Simplified thick-film multilayer interconnection model.

The much lower firing temperatures employed for LTCC allow high
electrical conductivity metal pastes such as gold, silver, and copper to be used
which can be fired in air. The main difference in the two processes derives
essentially from differences in the composition of the green tape; the LTCC
tape contains a much higher glass content.

1.6 High Temperature Co-fired Ceramic (HTCC)

The properties of the HTCC alumina tape are given in Table 1 along
with those for fired beryllia tape which is also available for selected
applications. The properties of white and black alumina ceramic tape from
another leading manufacturer are given in Table 2.

Tungsten, molybdenum, molybdenum-manganese, or other refractory
metal conductor pastes must be used in the HTCC tape process because
of the high firing temperatures needed to sinter the tape. Because these
refractory metals oxidize in air at high temperatures, a hydrogen atmosphere
must be used during firing. The use of refractory metals as conductors,
though compatible with the process, inherently exhibit higher sheet
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resistances compared with noble metal pastes. Tungsten and molybdenum
pastes have sheet resistances of 15 milliohms/square while moly-manganese
is 35 milliohms/square. These high sheet resistances can be compensated to
some extent by designing wider conductor lines to increase their cross-
sectional areas and hence their electrical conductance. The top conductor
layers require plating with nickel followed by gold to increase their electrical
conductance and to provide a surface that is amenable to hermetic sealing,
brazing of leads or lead frames, wire bonding, soldering, and device
attachment.

The general steps for the co-fired tape process are shown in Fig. 10.
The co-fired tape process requires the user to have a large investment in
facilities, equipment, and skilled personnel for blending and casting the tape,
punching, drilling and cutting, and for the high temperature, hydrogen
ambient firing. Thus, few users of co-fired tape products (substrates and
packages) have an in-house capability. They will purchase these parts from
established ceramics manufacturers by providing them with designs and
layouts.

Table 1. Physical and Electrical Properties of Co-fired Ceramic Tape.
(Courtesy of Ceramic Systems Division of General Ceramics, Inc.)

Property Alumina Beryliia
Composition 92 - 96% Alumina 99.5% Beryllia
Color Available White of Black White
Flexural Strength 55,000 psi 35,000 psi
Coefficient of Thermal Expansion 6.3 x 10%/°C 6.4 x 10%/°C

25 °C to 200 °C
Thermal Conductivity at 100 °C 0.035 cal/sec-cm 0.48 cal/sec/cm °C

°C
Volume Resistivity at 25 °C 10'* ohm-cm 10" ohm-cm
Dielectric Constant at 25 °C 8.9 6.6
Camber 0.002 to 0.004 in/in { 0.002 to 0.004 in/in

Tape Thickness
{before firing) 0.005 to 0.025 inch | 0.005 to 0.025 inch
(after firing) 20% Shrinkage 20% Shrinkage
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Table 2. Properties of Alumina Tape Ceramic. (Courtesy of Coors
Ceramics.)

Alumina Content 92% 90%

Specific Gravity (gm/cc) 3.6 minimum 3.6 minimum
Flexural Strength (psi) 50,000 psi 50,000 psi
Coefficient of Thermal Expansion 6.6 x 10%/°C 6.5 x 10%/°C
25 °C to 400 °C (in/in/°C)

Thermal Conductivity 0.04 0.04
(cal/sec-cm °C)

Volume Resistivity at 25 °C 1.4 x 10"® 2.0 x 10"
{ohm-cm)

Dielectric Constant at 25 °C 9.5 10.5
Specific Heat 0.02 0.02
{cal/gm x °C)

Loss Angle (at TMHz) .0046 .0051
Thermal Shock Resistance (°C) 200 200

The key advantage of the multilayer co-fired tape process is the ability
to design and fabricate very high density multilayer interconnects of twenty
or more conductor layers (up to 60 layers are used by IBM for their thermal
conduction modules used on main frame computers). In contrast, the
sequential thick-film process has an upper practical limit of about seven
conductor layers, above which yields begin to drop and is generally not used
for producing complex substrates and packages. The conductor layers may
serve as signal lines, striplines, ground planes and power planes. Because of
the large number of circuit layers and interconnect vias that can be produced,
the co-fired tape process is extensively used for producing ceramic packages
having large numbers of input-outputs (100 to over 300) as required for
VHSIC (Fig. 11) and large area substrates required for surface mounting
components. A cross-section of a multilayer co-fired circuit is shown in Fig.
12. A further advantage of the co-fired tape process is that once the initial
investment is capitalized and the nonrecurring paid for, packages and
substrates are lower in cost on a production scale. There are, however, a few
design limitations which must be considered:
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Figure 10. Multilayer co-fired tape process.



120 Hybrid Microcircuit Technology Handbook

Figure 11. Co-fired atumina package with high YO count tor VHSIC.
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* Screen-printed resistors and other passive components
cannot be incorporated as part of the high temperature
co-fired process. These passive component pastes
contain metal oxides which react and degrade in the
reducing atmosphere of the process.

» The higher amount of glass contained in the HTCC
alumina tape reduces its thermal conductivity.

» The use of refractory metal conductors reduces the
electrical conductivity of the inner conductor lines.

+ The outer conductors must be plated with nickel and
gold to increase the surface conductivity and provide a
metallization that will permit reliable wire bonding or
soider attachment of components.

A detailed comparison of the thick-film process with the multilayer co-
fired tape process is given in Table 3.

Table 3. Comparison of Thick-Film Process with High-Temperature Co-
fired Ceramic (HTCC) Process

Thick-Film HTCC
Sequential screening, drying, firing Stack lamination and batch firing
Air-fired at 850° - 1000° C Fired in hydrogen at > 1500° C
Permits wide variety of conductor and | Limited to refractory metal conductors
dielectric pastes and high-glass-content dielectrics
Permits wide range of batch fabricated | No screen/fired resistors available
resistors
Practical dielectric thickness: 2 to 5 Dielectric thickness may be as high as 25
mils mils
Vias: 7 to 15 mils diameter Vias may be as small as 4 mils
No shrinkage problem High shrinkages during firing (20 - 30%)

must be taken into account

Separate via fill steps to provide flat Controlled dimensional tolerances once

top surface and hold via tolerances for | shrinkage factors are taken into account
multilayer circuits

Limited adhesion of conductors to the | Excellent conductor adhesion; good for

alumina ceramic brazing on lead frames
No auxiliary plating required to Requires nickel and gold plating of top
augment conductivity tungsten layer

Yields drop with conductor layers > 7 | Excellent for high number of layers {> 20)

Quick turnaround for design iterations | Costly and long lead times for design
iterations

Low non-recurring cost, excellent for High non-recurring cost; more suitable for
low to moderate production runs high production
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1.7 Low-Temperature Co-fired Ceramic (LTCC)

The low-temperature co-fired ceramic process (LTCC) offers signifi-

cant advantages over the high temperature process (1-1ITCC) and provides a
new dimension for engineers to design both high-density multilayer intercon-
nect substrates and advanced packages for high-speed and microwave
circuits. 131 The key feature of the LTCC process is a “green tape” that can
be fired at 850°C in a conventiona air-ambient furnace instead of at 1600°C
in a hydrogen ambient, as required by the conventional HTCC process. The
lower firing temperature and air ambient of LTCC permit the use of the more

conventional thick-film conductor pastes such as gold and silver whose high

electrical conductivities are vital to high-speed circuits. Furthermore, in the
LTCC process, passive components such as resistors, capacitors, and
inductors, can be co-fired with the ceramic tape and embedded in a monolithic
structure. On the other hand, the HTCC process is limited to refractory metal

conductors because the high temperatures involved would melt gold and other
non-refractory metals. Resistors, capacitors, and inductors comprised
largely of mixed metal oxides (X0) would also be reduced and degraded by
the hydrogen reducing atmosphere required of the HTCC process (Eg. 1).
Reduction may aso be augmented by carbon containing compounds which
are present in the organic binder ofthe unfired tape (Eq. 2). Even firing in an inert
nitrogen atmosphere is not acceptable since carbon monoxide (CO), aso a
reducing agent, is formed from degradation of the binder (Egs. 3 and 4).141

Equation 1: XO+H,+X+H,O
Equation 2; XO+C-+X+CO
Equation 3 2c+o0,+2co
Equation 4: CO+XO+X~+CO,

where, X0 = BaTiO,, FqO,, RuO,, etc., depending on the passive component.

Very low profile packages can be produced with LTCC by designing
the interconnect substrate integral with the package and leads. Cavities can
be formed in the ceramic simultaneous with its fabrication so that 1Cs or other
chip devices can be inserted into recessed areas, producing a very low profile
package (Fig. 13). The package-substrate combination can be hermetically
sealed or encapsulated with high performance plastics such as epoxies or
silicones. A further advantage of LTCC over HTCC isthat it lendsitself to
producing contoured or three-dimensional electronic circuits and packages
since the tape can be processed over a shaped mandrel before tiring.151 This
is of special interest in producing “smart skins’ where electronics and sensors
are integrated with the structure of aircraft or other vehicles.
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Figure 13. LTCC integral substrate/package structure. (Courtesy Hughes Aircraft.)

Among several limitations of parts produced by the LTCC process are:

* Very low thermal conductivity (2 to 3 W/mK) due to the
high glass content (50% or greater). This inherently low
thermal conductivity can be counteracted by designing
thermal metal vias or plugs through the tape. The
thermal efficiency of using thermal vias in an LTCC
substrate has been reported by Schroeder.®!

+ Lower structural strength, whichis again due tothe high
glass content, however, there are several reports where
the reliability of LTCC under high vibration and me-
chanical shock conditions has been demonstrated.[611]

« Shrinkage of the tape during firing. The amount of
shrinkage can be accurately measured, controlled, and
compensated for in the design of the artwork and masks.
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From a production standpoint, the low-temperature process opens up
many new opportunities to a user who can now, with little investment,
produce his own interconnect substrates and even ceramic packages. If a
user has an established thick-film processing line, he can now purchase the
green tape and process it himsalfusing existing screen printers and furnaces.
Only two additional pieces of equipment are needed: alamination press and
a precision hole drilling or punching machine. Low-temperature co-fired
tapes may be purchased in blanked or roll form. They are being produced
and used in Japan and in the U.S. In the U.S., DuPont has been the main
developer and promoter of this technology.

The steps for the production of the low-temperature tape are similar
to those already described for the high-temperature tape. A ceramic durry
is cast onto a support film of Mylar (about 0.005 inches thick) and dried.
After removing the Mylar film, blanks are cut and registration holes and
orientation marks are simultaneously made using a die tool. Vias are then
mechanically punched, drilled, or laser ablated in each layer using precision
computer-controlled machines. Via diameters as small as 0.004 to 0.006
inches have been achieved, though a minimum of 0.008 inches is typical.
In the next step, the vias are tilled with conductive thick-film paste by
screen-printing, then conductor patterns are screen-printed onto the tape
and dried at 120°C for 5 minutes. The conductor compositions are specially
formulated to shrink at the same rate as the tape when they are co-fired. The
didlectric tape layers are then aligned, stacked, and laminated in a press at
70°C and 3,000 psi. Thelaminated circuits are trimmed to remove the outer
borders containing the registration holes and pre-fired at 350°C for one hour
to burn out approximately 85% of the organic binders. This burnout phase
also prevents blistering of the layers during firing. The final step involves
firing in a conventional belt furnace at a peak temperature of 850°C for
15 minutes with an overall temperature profile of about two hours.

As with the high-temperature co-fired tape process, shrinkage occurs
during firing and must be accurately measured and taken into account in the
initial design and layout of the circuit. Shrinkage for the low-temperature
tape is approximately 12%, but varies somewhat with lamination conditions
(Fig. 14). Advantages of LTCC over HTCC and sequentially fired thick
films are listed in Table 4.
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Figure 14. Shrinkage reproducibility control of co-fired ceramic system.®!

Table 4. Advantages of LTCC Over Other Thick-Film Processes

Advantages Over HTCC

Lower firing temperature (850-950°C vs 1,200-1,500°C)

Standard benign ambient during firing (air vs hydrogen/nitrogen)

Ability to use low resistivity conductors (gold, silver, and copper vs tungsten or molybde-
num)

Plating not required

Ability to co-fire and integrate passive components (resistors, capacitors, inductors)
Lower dielectric constant

CTEs more closely matching silicon devices

Better dimensional and camber control

Advantages Over Sequentially Fired Thick-Films

Batch laminated and co-fired vs sequentially processed

Larger number of layers for multilayering

Fewer processing steps/lower cost

High density interconnect substrates can be integrated with hermetic package
Ability to form cavity and shaped substrates

Ability to co-fire and embed passive components

Greater adhesion of conductors

Brazeable heat sinks, lead frames, and seal rings

Ability to control and increase dielectric thickness and control planarity
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2.0 DIRECT WRITING

Besides screen printing, thick films may be deposited on a substrate by
direct writing, a process in which the paste is forced through a fine nozzle and
programmed to flow and deposit in selected patterns controlled from a
computer database..lglllo A direct link between computer-aided-design and
hybrid circuit fabrication is possible. Separate cartridges must be used for
each paste composition (conductors, resistors, and diglectrics). Direct
writing has many benefits, among which are:

. Hard tooling, such as screens and masks, are not
required.

. Provides fast-turnaround for ‘fabricating prototypes
and small to intermediate quantities of circuits.

. Flat surfaces are not required as with screen-printing
since direct writing conforms and adapts to the surface
topography.

. Design iterations can be made quickly to produce a new
prototype.

. Resistors of different sheet resistances can be dispensed
and then dried and fired together in one step. In contrast,
screen-printing requires each sheet resistance paste to
be separately dried and fired.

Precision line widths of 4 mils for gold conductors and 6 mils for silver
conductors are typical. Reproducible tolerances for resistor values have been
achieved, thus minimizing the extent to which resistors need to be trimmed.
Direct writing is also versatile in its ability to program and control the
thickness as well as the width of different films on the same substrate. For
high frequency microwave and analog circuits, direct pattern writing provides
precise control of line widths, spacings, and thicknesses, to produce precise
curvilinear lines.

Among limitations of direct writing are its high initial equipment cost
and the fact that it is low for high-volume production. It is especially adapted
to producing, testing, and reiterating prototypes during the early stages of a
program and may be considered complementary to screen-printing as a
program is transitioned to high production.
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2.1  Fine-Line Thick-Film Processes

The need to interconnect very high density, high performance integrated
circuits in the smallest space has driven refinements and modifications of the
screen-printing process to produce finer conductor lines and spacings and
smaller diameter vias. In some cases, dimensions approaching those of thin
films have been achieved. By using very fine mesh stainless steel screens (400
mesh or finer), controlling the screen emulsion thickness, and using paste
formulations based on better controlled smaller particle size, line widths and
spacings as small as 2 mils have been reported.I”’l Fritless gold pastes
especialy can provide fine line dimensions which, combined with their high
electrical conductivities, make them suitable formicrostrip transmission lines
and low-loss microwave circuits.

A second approach, in which even finer dimensions can be produced,
involves a combination of thick film and thin film processes. Specialy
formulated fine-particle thick-film pastes are first screen printed over the
whole surface ofthe substrate, dried, and fired. A thin-film photolithography
process is then used to etch selected areas of the thick film. A photoresist is
applied over the thick film surface by spin-coating, spraying, or laminating
(see Chapter 3) exposed to ultraviolet light through a mask having the desired
pattern, and then developed. The thick film is then etched and the photoresist
stripped away. This process, a subtractive type, is somewhat more expensive
than the direct screen-print additive process, but is reported to produce
conductor line widths and spacings as narrow as 15 uml121

A similar process, referred to as MOD (Metallo-Organic Decomposi-
tion), utilizes metallo-organic compounds instead of pastes. Unlike thick-
film pastes which are heterogeneous mixtures of particulate compounds,
metallo-organics are true solutions. The MOD solutions may be screen-
printed, spin coated, or sprayed onto a substrate, dried to remove solvents,
and fired at temperatures of 580 to 850°C depending on the formulation.!’ 3|
The firing cycle decomposes and volatilizes the organic portion of the
metallo-organic compounds leaving the free metal layer adhered to the
substrate. The normal photoresist application, exposure, developing, and
etching steps, are then performed (Fig. 15). Very thin films typically 0.1 to
0.2 pm for asingle printing are produced. Two or three screen printings are
needed to obtain a 0.5 pm thick film having a sheet resistance of 50-60
mohms/square. 14l  Conductor line resolutions of 10 pm are possible.
Generally, the films must be thickened by electroplating or pattern plating
with copper or gold to obtain adequate electrical conductivity and wire
bondability. By forming a 50 pm wide conductor and copper plating the
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conductivity was improved to 1.5 mohm/square.!!3] A variation of the MOD
process involves directly forming the conductor lines from the dried, but
unfired film, by programming a laser beam to decompose selected areas and
washing away the unexposed areas.

<~ —<§— Meualloorganic Layer
{ | (screen-printed)

y Fin
rl-—-__-l-n-‘ «¢— Thin Metal Film

Apply Photoresist
Expose and Develop
1 [ =1 [ -— Patterned Photoresist

‘ Pattern-Plate

\&‘

‘ Remove Photoresist

r—_—l_—‘

‘ Etch Initial Thin Metal

Figure 15. Fine-line circuitry using metallo-organic decomposition and pattern plating.

Yet another photo-etch process avoids the need for separate photoresist
application and removal steps. The thick-film paste itself is formulated to be
photosensitive (Fig. 16)). Photo-patternable pastes trade-named Fodel were
first introduced by Dupont in 1972.118) The early compositions consisted of
negative-acting photosensitive materials which allowed the dried conductor
layer to be exposed to a patterned mask, developed by dissolving away the
unexposed portions, and subsequently fired. Several drawbacks limited the
implementation of this process. First, the polymerization of the exposed paste
was sensitive to air oxygen and had to be performed in a vacuum or in an inert
ambient. Second, 80-90% of the gold paste was lost or had to be recovered
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after developing because the pastes were of the negative acting types. Third,
organic solvents were required to develop the patterns. Recently, improved
formulations that obviate these problems have been introduced by DuPont.
Both conductor and dielectric pastes based on positive acting photoscnsitive
materials which can be developed using aqueous alkaline solutions are
available. Vias which are 75 um in diameter for the dielectric and conductor
line widths of 25 pum with spacings of 50 um are reported when the gold paste
is fired to a thickness of 7 to 9 pm. (17

FASTE

APPLCATION IR T B RS  poaTe
SCREEN PRINTT
DAY (80°C) TN
oo
COULMATED UrY LIGHT
|
CONVERYORIED DEVELOPER SYSTEM
DEVELORMENT
% HACO)

Figure 16. Fodel® patteming process steps. {Courtesy DuPont Electronic Materials.,)

Lastly, a novel process called Diffusion Patterning™ has been devel-
oped by DuPont.{'¥} According to this process, a solid dielectric paste is
screen printed to pattern the vias. On heating, diffusion of the top paste
through the bottom dielectric paste occurs rendering those areas soluble in an
aqueous solution and opening up the desired vias. As the last step, the
dielectric layer is fircd (Fig 17). Diffusion Patterning is reported to produce
125 um vias on a 250 pm pitch with vields higher than expected from
conventional screen printing, 1181
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Figure 17. Diffusion Patterning™ process steps. (Courtesy DuPont Electronic Materials.)

3.0 PASTE MATERIALS

Thick-filr pastes, also referred to as inks, are thixeotropic screenable
compositions used in forming the conductor, resistor, and dielectric pattems
of a circuit. As with many other technologies, the use of thick films in the
manufacture ofelectronic circuits emerged after World War Il and intensified
and proliferated in the sixties and seventies. Initially, very few pastes were
commercially available. Users had to formulate and produce their own
compositions. Among the pioneers were Beckman Instruments (resistors for
potentiometers) and Sprague Electric. Today there is little need for a user to
produce his own pastes. At least a dozen firms specialize in the manufacture
and sale of high-quality thick-film pastes.

3.1 Types and Compositions
The three general types of thick-film pastes are based on their electrical

functions—conductors, resistors, and dielectrics. Dielectric pastes may be
of two types—insulators or capacitors, depending on whether a filler witha
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low didectric constant or high dielectric constant, respectively, is used.
Regardless of their eectrical function, al pastes consist of four generic
ingredients-the functional material, a solvent or thinner, a temporary
binder, and a permanent binder.

1. Functional Material, The functiona materia is the
ingredient that imparts to the paste its conductive, resis-
tive, or didectric properties. It is usualy the constituent
used in the greatest amount in the paste formulation.
Functional materials may be metal or metal-oxide pow-
ders. To formulate conductors, metals such as silver,
gold, platinum, palladium, copper, nickel, tungsten, or
molybdenum are widely used. Alloys of silver or gold
with platinum or palladium are often used to modify
soldering or wire bonding characteristics. Resistor pastes
consist largely of combinations of metal oxides, metals,
and glasses. Didlectric pastes are composed of one or
more metal oxides and glass. Aluminum oxide and silicon
oxide are widdly used.

2. Solvent or Thinner. Organic liquids of various boiling
points are used as solvents to disperse the solid ingredients
and to adjust the viscosity, which is helpful during milling
and screen-printing. Some widdly used solvents are pine
ail, terpineol, isomers of terpineol, butyl Carbitol acetate
(Union Carbide), and esters such as dibutyl phthalate and
trimethylpentanediol isobutyrate. Solvents are removed
during the drying and initial tiring stages.

3. Temporary Binder. Binders are organic polymers or
organic compounds of moderate molecular weight that
provide rheological (flow control) properties, holding the
other ingredients together during the screen printing and
firing cycles. Polyvinyl acetate, polyvinyl acohol, and
ethyl cellulose are examples of some binders used. Tem-
porary binders are removed by oxidation and decomposi-
tion during the early stages of firing.

4. Permanent Binder. The permanent binder is the material
that fuses the particles of the functional material together
and to the substrate. It remains with the functional
material after the solvents and temporary binders have
been removed, thus becoming an integral part of the final
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fired film. Permanent binders are glasses, also referred to
as frit, which melt and resolidifjr thus wetting the particles
and fusing them together. The most widely used binders
are lead borosilicate, bismuth silicate, and aluminosilicate
glasses. A typical lead borosilicate glass composition
consists of 63% lead oxide, 25% boron oxide, and 12%
silicon dioxide by weight. Glass comprises approxi-
mately 2-3% by weight or lo- 15% by volume ofthe paste
formulation. Some conductor pastes (fritless types) do
not contain glass, they adhere and fuse by a chemica
mechanism called molecular bonding described below.

3.2 Conductor Pastes

Functions of Thick-Film Conductors. Like thin-film conductors,
thick-film conductors serve a number of functions in a hybrid microcircuit.
Primarily, they are used to conduct eectrical current in signal lines and to
form an eectrical path between conductor layers and between devices and
circuits lines. A list of usesis as follows:

. Signa layers

. Ground planes

. Voltage planes

9 Wire bonding pads

. Ohmic contact pads (for metalurgical or adhesive
attachment of die)

. Via interconnections
. Seal rings

The functional materials in conductor pastes are metals of high electrical

conductivity. Unfortunately, most of these metals are expensive noble or
precious metals such as gold, platinum, palladium, silver, or combinations of
these. Low-cost conductor pastes such as those based on copper or nickel are
available and may eventually replace the precious metals for some applica-
tions. Nickel, however, does not have the high dectrical conductivity of
copper, silver, or gold and its applications to electronic circuits are limited.

Table 5 provides a comparison of the electrical conductivities of various
metals. Sheet resistances and adhesion values for paste conductors after
tiring are to be found in Table 6. It is difficult to give absolute vaues because
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of differences in commercial formulations. For the silver or gold alloy types,
there can be large differences depending on the concentrations of platinum or
palladium in the formulation; the higher the platinum or palladium content,
the higher the sheet resistance.

Table 5. Electrical Conductivities of Metals Used in Thick-Film Pastes

Metal Conductivity (micro ohm-cm)!
Silver 0.616
Copper 0.593
Gold 0.420
Aluminum 0.382
Rhodium 0.220
Iridium 0.189
Tungsten 0.181
Nickel 0.145
Ruthenium 0.10
Platinum 0.095
Palladium 0.093
Chromium 0.078

Note:  The electrical conductivities of alloys of the above metals vary depending
upon the ratio of the two metals used.

Table 6. Typical Thick-Film Conductor Characteristics*

Au Au-Pt Au-Pd Ag Ag-Pt Ag-Pd

Adhesion to 96% alumina

in tension (psi) 1,000-3000 600-1600 1500 800-1200 500-1200 800-1700

In peel {Ib/in) 5-13 10-20 10-30 12-15 11-15 8-27
Thickness

Dry {um) 20-25 25-30 25-30 25-30 25-30 25-30

Fired {tm) 7-13 13-19 1315  15-17 15-18 10-17
Sheet resistance

{milliohms/sq/mil) 2-5 50-100 50-100 2-10 2-7 3-18

*Data represent a composite of values reported by several leading thick film suppliers.
Adhesion values represent specification values; actual values are generally higher.
Values for alloy compositions vary widely depending on the ratios of the metals used.

Besides high electrical conductivity and low cost, other desirable
characteristics of conductor pastes are high adhesion to substrates, fine line
resolution, good wire bondability (to both aluminum and gold wire) and good
solderability.
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Adhesion Mechanisms. Conductor pastes may be classified into three
types depending on the adhesion mechanism that is involved. These are fritted
pastes, fritless pastes, and mixed bonded pastes.

The early compositions were all fritted types, that is, they contained
frit, a low melting glass, as the permanent binder. Because there is always
some glass in the ceramic substrate, a fusion or interlocking of the giasses
occurs at the melttemperature. Thus the mechanism of adhesion is essentially
mechanical. A key drawback in using fritted pastes is the difficulty in
obtaining a homogeneous film. Chunks of frit are exposed on the top surface
and can interfer