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FOREHORD

This document provides guidance for the selection and application of
microelectronic devices in space systems. Emphasis is' placed upon

considerations affecting reliability of systems employing such devices.

This handbook consists of two volumes. Volume I comprises six sections
of user-oriented technical discussion; ranging from design, manufacture,
use of the devices in subsystems, end specifications to reliability and
fallure physics. Volume II lists and gives the characteristics of

approximately 2,000 devices, arranged to facilitate device selection.

The material presented herein was prepared by ARINC Research Corporation,
under contract number NAS 12-528, NASA Work Unit No. 125-25-04-25-25,
Some of the material used is copyrighted; permission for its use is

gratefully acknowledged.

The U.S. Army Electronics Command, DOD, through its standardization program,
Project 5962-004, has reviewed the drafts and provided editorial and

technical comments.,

This document will be revised periodically; comments and suggestions regarding
forthcoming issues are solicited, and should be directed to:
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INTRODUCTION

0 NE

This handbook 1is intended as a qulck-reference document for use by design
engineers, techniclans, parts speclallsts, and by contractors. The text is
addressed to readers with little or no experience in microelectronics. It is
Intended to provide general guldance for employing the technology. Solutilons
to the specific problems of equipment design must be consldered in the context
of cost, schedule, environment, and the other constraints of a particular
application and are therefore beyond the scope of this handbook. The handbook
does provide general informatlon that will be of substantial assistance in the
solution of specific problems.

The handbook is in two volumes. Volume 1 is composed of six chapters
including this introductory chapter; the remaining chapters are titled as
follows:

Two: Baslic Processes and Deslgn Considerations
Three: System Design Considerations

Four: Testing

Flve: Specifications and Procurement

Six: Reliability and Physics of Fallure




Volume 2 presents tabulations of data for approximately 2000 microelectronic
devices (primarily monolithic integrated circuits) currently available from
devlice manufacturers., Schematics and package-outline drawings are also included
for each circuit.

The remainder of this chapter treats the subject of microelectronics
generally., It describes mlcroelectronic devices, performance characteristics,
and cost and state-of-the-art concepts on which conslderable research and develop-
ment effort is being expended -- such as Large Scale Integration (LSI), Computer
Alded Design, Microwave Linear IC's, and hybrid microcircuits.

Chapter 2 discusses some of the basic processes assoclated with both p-n
Junction and metal-oxide-~semiconductor (MOS) devices. A discussion of film
circults and a comparison of various element parameters are also included,
Chapter 3 deals with characteristics that affect system design. Topics such as
device packaging, logic cholce, and system partitlioning are presented.

The importance of testing microcircuits cannot be overemphasized. As a
general rule, the more critical the appllcation the more extensive the type and
level of testing. Chapter 4 discusses in detall various tests that are performed
on microcircuits., Included in the discussion of each test are the defects to be
detected, the effectiveness of the test for such detection, and relative cost.
Following the detailed discussions of various tests, screening is treated. Tests
that may be used in a screening program are evaluated.

Chapter 5 discusses speclficatlions and procurement procedures for milecro-
circuits. Relliability and physics of failure for micro-circults are presented
in chapter 6. The techniques, approaches, and instruments involved in failure
analysis are presented. Examples of various defects are discussed in detail.
Device rellabllity is discussed, as well as multilayer printed-circult-board
religbility. Finally, a tabulation of microcircuit system data reported by users
is presented.

A comprehensive blblliography 1s provided at the end of each chapter. A
glossary of microelectronic terms l1s presented as an appendix.

1.1 PHYSICAL DESCRIPTION OF MICROELEGTRONIC DEVICES

The physical characteristics of microelectronlc devices are at first
striking, but it must be kept in mind that equipments using them cannot yet take
full advantage of these characteristics. For example, an integrated circuit
comprising four translstors, six diodes, and ten resistors can be produced
in a silicon chip only 40 x 40 mils. However, current device-packaging
technigques increase the surface-area (and volume) requirement considerably:
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A flat pack requires a surface aréa of at least 125 X 250 mils, excluding leads,
while the dual-in-line package (DIP) typlcally requires 250 x 700 mils of surface
area, excluding leads. Ieads require additional surface area. VWhen simple circults
are packaged separately, the surface-area and volume efficlency 1s poor.

Space efficiency can be lmproved when multiple circuits are contalned in a
single package. Identical circuits (typically up to four) in a single package
are frequently used. OClrcult densgity is limited by the number of package leads
on standard packages.

The hybrid microcircuilt is one technique currently being pursued
to increase circuity density. The ultimate approach is that of LSI --
in which perhaps as many as a thousand circuits could be packaged in a space
no larger than 3 X 3 inches,

The surface-area and volume requirements of film and multichip circuits are
usually greater than those of the monolithic integrated circuit. The multichips
are typically put into a modified TO0-5 package with a surface-area requirement
of ebout lO5 square mils, Film clrcults typically require a minimum of 250 X
250 mils of surface area, excluding leads.

The weight of the smallest integrated-circult package 1n general use is
approximately 0.1 gram. Again, the assembled equipment averages a much higher
welght -- an estimated 1 gram per unit -- than the simple sum of the weights
of the integrated-circult packages. As with volume, the welght of multichip and
thin-film microcircuits is greater than that of the monolithic integrated
circuit. Nevertheless, microelectronic circuits weigh 1/5 to 1/50 as much
as conventional circuits when connected into equipments.

The estimates given above are quite rough and are valid only for comparisons
at the circuit level., A given equipment's volume or welght may be changed
drastically or only slightly with microelectronics conversion, depending mainly
on the weight and volume of the parts that are not converted. Further, there is
a strong trend to increase the functional complexity of the integrated circult;
increased complexity can often be achieved without materially increasing overall
package welght or wvolume.

It is often mistakenly believed that an integrated circuit consumes much
less power than an equivalent conventional circult. While microelectronic
equlpments are often designed to consume considerably less power than conventional
versions, this reduction cannot be attributed to an inherent power efficiency in
the individual microelectronic circults. Any power-speed combination avallable
today in a microelectronic circuit can also be achieved with conventional com-
ponents. The sharp reductions in power that often accompany conversion of an
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cquipment to microelectronic form are the result of changes in design. ‘'here 1is
also a reduction in lead lengths and mechanlcal joints in the integrated circuit,
with a corresponding reduction in power loss. This power difference is
negligible in most cases at present, but as the power levels continue to decrease,
the difference will become significant. If nanowatt circuits become available,
the microelectronic circuit will indeed be significantly more efficient than
conventional circuitry.

1.2 PERFORMANCE CHARACTERISTIES

The integrated-circuit technology has concentrated on digital circuitry
because such circuitry does not require passive elements with tight tolerances
and broad ranges of values and because there is usually a high degree of repeti-
tion of the same circuit in digital equipment. All digital functions are
currently available in integrated-circult form.

More than 2000 items are available off-the-shelf although many of these
clrcuits overlap in function. This is not to say, however, that such circults
are lnterchangeable; most of the major manufacturers have developed thelr own
compatible circuit family to provide most of the required digital functions.
Mixing items from different famllies 1s generally not feasible; thus, 1n working
from the standard lnventory, a designer must 1initially choose the loglc scheme
and characteristics that best suit his needs and then design his system around
a single family of circults.

Special requirements, not covered by the stock circuilts, can be met by
custam-connecting (metalizing) the elements of standard matrix wafers, which are
maintained in inventory for this purpose by some manufacturers. To fill even
more exacting needs, fully custom circuits can be made by all manufacturers.

Although the monolithic structures are especially appropriate for digital
circuitry, some multichip and hybrid circults are used -- generally for the
extremes of the operating frequency range.

Because simple monolithic circuits are satisfactory for digital applicdtions,
they recelved almost the full attentlon of manufacturers for a number of years.
While an unsatisfied demand for digital circuilts continued, other applications
were neglected. Recently, however, the rush to establish positions in the
pioneering digital market has leveled off somewhat, allowing effort to be
directed into other areas -- notably linear clrcuits and complex arrays such
as LSI and hybrid microcircuilts.

Significant progress has been made in the application of microelectronics
to analog functions. Circuits for performing linear functions are becomilng
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readily available. The most common linear circult available is the operational
amplifier. Other linear circults include the following:

Audio amplifiers

Oscillators

Preamplifiers

If-limiting amplifiers

R-f amplifiers

Video amplifiers

Wide-band amplifier-discriminators

The offerings in the linear area, however, are by no means as complete as
those in the digltal area. The proportion is out of balance with the potential
usage of the two types -- partly, of course, because of the later start made on
linear functions. However, one of the factors that made the digital system so
attractive to manufacturers of integrated circuits was its unitized design
based on the repetitious use of a few basic circuit forms. An equivalent
advantageous design situation does not exist to any such degree with linear

devices, so that there is a constralnt against the establishment of a stock
inventory and a tendency to rely more on the custom approach.

—
1.3 €0ST
The price of the integrated circult has been steadily decreasing for some )
time and now is competitlve with that of. conventional circultry -- in the sense

that the integrated circuit can be procured for no more than is required to
procure, assemble, and test a group of conventional components that will perform
the same electrical function. Much of the cost of an integrated circult is
incurred in the packaging of the crystal. This packaglng cost remains essentially
constant for a considerable range of circuit complexity. The cost per circuit
function is expected to drop well below that of conventlonal circultry in the

next few years as the capability for increasing complexity (with constant yield)
Improves. Prices for the packaged device itself can be expected to decrease,

but the added cost of testing will also have some effect on the price paid by

the consumer.

Savings resulting from the widespread use of microelectronics begin at the
device-procurement stage but wlll be far more significant after the equipments
are placed in operation. Both maintenance and loglstics costs can be drastically
reduced even wlthout standardizing circuit-performance characteristics. These
reduced costs for maintenance and loglistics result directly from increased
rellabllity.




Microeircuits are tested extensively, including screening (see Section 4.3.3)
and fallure analysis (see Chapter 6), to improve equipment reliability -- since a
reduction in equipment fallures will decrease the number of maintenance actions
required and thus reduce malntenance costs. If all other costs are equal, the
life-cycle cost 1s also reduced.

Dertinger* presents several examples of the effect of MIBF on support cost.
The examples illustrate that considerable savings can be realized by modest
increases in MTBF. It is important to determine the cost per fallure realistically
to quantify the results of comparative evaluations based on MIBF's. Cost-per-
failure figures are difficult to derive. In addition, many items of cost associ-
ated with the malintenance action may initially be sunken costs; for example, the
savings associafted with the spares pilpeline may be initially zero because it may
be necessary to maintailn the supply organization at its current state. The slze
of such an organization is a function of what was required in the past and does
not reflect current needs. The inertia alone will partially offset potential
cost savings.

Nevertheless, the life-cycle costs can be reduced by improving device rell-
ability. Since device prices are decreasing, it would seem advantageous to invest
some 1f not all of the savings in more comprehensive testing and screening programs
that would provide more reliable devices for installatlon in operational equipment.
A small lnvestment at the device level will provide a significant savings at the
operational level.

1.4  MICROELECTRONIC DEVELOPMENTS

A common reaction to one's first encounter with an integrated circuit
(properly magnified) is that "the whole production process must be completely
automated". This is not the case, however; a major portion of integrated-
circuit manufacturing is performed by highly skilled personnel,

The manufacturing steps are broken into two major groupings -- wafer
processing and devlice assembly, The first group rellies heavily on automation
and the other on human labor.

The major role of people in the wafer-processing steps is in the operation
of automatic equipments, loading and unloading these equipments, and transporting
groups of wafers from place to place. Little increase in automation is expected
in this area. However, improved automatic process control and testing by
computers can be expected,

*¥E, F. Dertinger, "Status of Reliability Requirements in Government Contracts"
11th Nat. Symposium on Reliability and QC, Miami Beach, Florida.
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Manufacturing steps that involve device assembly offer promise for automation
(device testing is already highly automated in most plants). The chimeounting
and lead-attachment steps are particularly inviting for autcmation since they are
almost completely dependent on human skill, with the accompanying cost and
rellabllity penalties. Further, errors at these polnts are very difficult to
detect, (There is no practical technique available for the nondestructive testing
of minute connections and joints.) The flip-chip technique, in which the chip is
turned face dovmward and the metalized contact areas are jolned to similar areas
preformed on a substrate, or some variation of it may provide the solution to
the mounting and lead-attachment problems. Such techniques also introduce

difficulties such as bond-inspection restrictions and sharply reduced thermal-
transfer capabilities,

In addition to manufacturing steps, major areas of concern in the automation
of integrated-circuit production are the production tooling (particularly the
diffusion and intraconnection masks) and circuit design,

The electrical design of current integrated circults is much more constrained
by the topological layout of the circuilt elements than dhat of conventional circuilts.
The coupling problems are more severe (because of the p-n junction method of
isolation); typically a single level of intraconnections is utilized. As the
circuits become more complex, the number of variables that must be considered
becomes enormous. Considerable effort has therefore been expended on development
of computer techniques to assist the designer in handling these variables.

The trend in microelectronics packaging is toward higher clrcuit density.
Complex arrays are avallable to a limited degree; research and development 1s
being performed on extremely complex devices that have the required intracon-
nections on the silicon wafer. Such an approach is called Large-Scale Integration
(ILSI) and has as its objective the intraconnection of hundreds of undiced circults
packaged in a contalner comparable in slze to a silver dollar.

Considerable effort is being directed toward increasing the upper frequency
1imit assoclated with microelectronics. Microwave integrated clrcults have been
demonstrated as practical; microwave IC's are currently being fabricated in a
number of laboratories around the country.

1.4.1 ILarge-Scale Integration

There is no clear definition for LSI within the industry. It is agreed,
hovwever, that it involves a high degree of complexity on a single silicon sub-
strate and a component density requiring at least two levels of metalization.
The LSI concept implies the fabrication of a complete function block or sub-
system on a single substrate.
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The LST concept uses monolithie IC techniques at the system and subsystem
levels. With ISI, IC's on the same substrate are intraconnected by metalization
techniques. The circuits are arranged in a matrix and interconnected to achieve
a desired signal processing.

The matrix elements may be identical IC's or groups of components that can
be intraconnected to form multiple gates or wvarious types of flip-flops. The
first level of metalization provides the intraconnections for the components that
make up the matrix element. It is also possible to place different circults on
the same substrate; for example, flip-flops may be interspersed with gates by
combining the masks for each circuit during the step-and-repeat masking prepara-
tion. When the circults are different, the circult requiring the greater area
is usually designed with a surface area that is an even integral number larger
than the area of the other circuit.

The IST applications have many advantages; there is no doubt that the
concept will be applied more as the technology matures. Some of these potentisl
advantages are the following:

. Fewer part types + Smaller equipment size, weight, and volume
+ Improved performance . Lower power requirements
« Lower equivalent-device cost + Simplified maintenance

+ Improved reliability

Assoclated with these advantages are disadvantages whose relative Ilmportance
is only a function of the current state of the art. As the technology improves,
these constraints will be relaxed. Some of the important disadvantages assoclated
with today'!s LSI technology are the following:

+ Application to only repetitive circuits *+ Power density

. Sensitivity to cell yield + Increased turn-around time

. Packaging problems + ‘Mask complexity

. Complicated test procedures « Coordination between circuit,

. Specifications package, and system designers

Both advantages and disadvantages are identical to those that are identified
when integrated circuits and conventional circults are compared.

The LSI device is fabricated in the same manner as silicon monolithic
integrated circults up to the point at which the wafer is diced. The wafer may
contain hundreds or thousands of circuits depending upon circuit complexity,
component density, or various design considerations. Before separating the dice
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(seribing), each circult is electrically tested to determine its performance
characteristics. Those not meeting the performance requirements are marked. If
the wafer is to be used for IC's, the marked dice are thrown away after scribing.

When the wafer 1s to be used for LSI,the wafer is not scribed and thus the
"bad" circults remain. They are, however, not intraconnected. The LSI device
may not require the use of the complete wafer but only a matrix of circuits in
an array. Ideally it is desirable to select an array of circuits from the wafer
that does not include any bad circuits. If this is possible, a single set of
metallzation masks can be used for all subsequent identical arrays. When bad
circults are interspersed with good ones within the array, metalization must be
done on a custom basis for each array (see Section 3.4).

The matrix of circuits,once metalized according to signal and bilas require-
ments, 1s mounted in a package; the inputs and oubtputs are brought out from the
array through the package leads. The result is d complex functlon in a single
package 1nstead of a single cilrcuit (or a few ldentilcal independent circuits)
in a single package. Design considerations for ILSI are discussed in Chapter 3.

LST will probably find initial application in dlgltal assemblies wlth a high
incldence of repetitive clrculits, such as registers. Ultimately LSI may advance
t6 a micro-computer (or "computer on a slice"). Any application of LSI has the
advantage of reducing the back-panel wiring at the expense of increasing device
metalizations, because a large amount of circuit interconnecting 1s done on the
silicon substrate.

The proximity of the circults reduces interconnection parasities and thus
increases frequency response, While substrates will be large, component density
will be high,~haking moresefficieht use of the wafér as compared with present IC
efficlency.

The LSI device has the potentlal for being considerably less expensive than
IC's in a design in which each is technically feasible. The LSI's initial
limited volume and special one-time cost will keep 1ts price high, but its cost
advantage can be so great that for highly repetitive digital applications 1ts
use will be mandatory.

ISI has many disadvantages; some simply requlre maturation of the technology
to be elimlnated, while others wlll persist. New packages are needed with a
variety of pin requirements; packages with as many as 160 leads are being developed
concurrently with the devices.

ISI devices will require custom design for some time to come. While some
applications are similar enough to use the same off-the-shelf ILSI, these will he
the exception unless system designers adopt a set of procedures for designing at
a level higher than the circuit. Thus the re-use factor of any LSI device will
be poor.




Testing the LSI device will be complex and costly if complete testing at each
pin is required. It may be necessary to perform only selective tests or to test
by substitution. Regardless of how testing is performed, LSI's present formidable
testing and screening problems as compared with IC's.

Thermal properties of the device package and methods of heat transfer must
be carefully analyzed in LSI applications. The high circult density will require
packages with excellent thermal properties. While thermal management is always
a serlous consideration, it is even more important for LSI.

LST is a natural extension of the monolithic IC technology. It promises
reduced size, weight, and volume, better reliability, lower cost, better per-
formance, and lower power requirements. These advantages are the same as
those predicted for microcircuits when they were compared with discrete eircuits
only a few years ago. Although the gains are similar, so are the problems --
which in many cases have been complicated in proportion to the complexity of
the devices.

1.4.2 The Computer as a Microelectronic-Desgign Tool

Computers are currently being used to aid in the design and analysis of
microelectronic circuits. They can be expected to play an ever-increasing role
in future microelectronic developments, aside from their obvious role as a major
consumer of these circuilts. Thelr use as an engineering tool is not simply
desirable but could become mandatory for design and analysis of the complex
devices that are currently being developed.

Computer analysis of electronic circuits has became common in recent
years. This is due, in large part, to the development of general~purpose circuit-
analysis programs, such as the electronic circuilt analysis program (ECAP)¥* and
the network analysis program (NET-1)¥* These programs can be used by englineers
who do not understand machine programming and may be applied to a range of
problems dealing with a-c, d-c, and transient analysis. Graphict man-machine
interfacing may be used with the ECAP program.

Both ECAP and NET~1 have been developed to simulate any cilrcult that can
be represented by lumped parameters., However, in practice there are a number
of restrictions.tt One restriction 1s the requirement that only circult elements
for which the programs can provide models be included; these include fixed

* Avallable from IBM.

*¥NET-1 Network Analysis Program, Los Alamos Sclentific Laboratory of the
University of California.

T G.R. Hogsett and D.A, Nisewarger "An Application Experiment with On-Iine
Graphics-Aided ECAP," ISSSC (1967), p».T2.

+1D. Christiansen, "Computer-Aided Deslgn: Part 6, "Electronics, (February 6,
1967), p. Th.




resistors, “capacitors, lnductors, mutual-inductive couplings, voltage and current
sources, dlodes, transistors, nonlinear elements, etc. One program requires
that transistors be ldentified only by type numbers.

The complexity of the cilrcult being analyzed is restricted by the memory
capaclity of the computer; for example, the NET-1 is restricted to 300 each
reslstors, capacitors and inductors, 63 fixed-voltage sources, 63 time-dependent
sources, and 200 nodes -- for a memory capacity of 32,000 words. ECAP is
restricted to 50 nodes for the 7094 and 20 nodes for the 1620. Aside from these
restrictions there are limitations in handling nonlinear circults and in achieving
accurate device models.

Circult analysis, such as vworst-case design, and a-c, d-c, and transient
analysis, are applicable across the board. Compubers also have more speclalized
applications in microelectronics, such as component layout to optimize surface-
area requlrements, design of diffusion and metalization masks (especially the
complex metalization patterns required for LSI), partitioning for optimum grouping
of circults ilnto LSI devices, and real-~time process control of the fabrication
sequence in device manufacturing.

To illustrate the possible application of the computer in microelectronic
deslgn and fabricatlon, a general discussion of various stages 1in design and
processing of an electronic subassembly to be fabricated as a camplex IC array
will be considered. It is assumed that the subassembly has been specified at
least to the extent of the input-output requirements.

The first step 1s determining the number and type of circuits that are
required. Once the circuit requirements have been specified, preliminary design
can be performed by use of a graphics-interfaced general-purpose coamputer
program. D-c¢c, a~-c, and transient analysis can be performed and changes made as
required to meet the circult specifications. Performance sensitivity to parameter
drift and element tolerances can be analyzed with computer-aided worst-case
design studies.

Assuming that the subassembly 1is reasonably complex, 1t will be necesSary to
partition the subassembly into complex arrays that are technologically realizable. '
This involves determining the type and number of circulbs on each array that will
optimize some objective functlon, subject to a set of constraints. ;

The objective function may represent a figure of merit indicating the
effective integration of each possible grouping of circuilts.* The constraints
represent the real-world restrictlons imposed upon the fabrication of such
arrays. For complex arrays, computer analysis is mandatory if meaningful
comparisons of all possible groupings are to be made,

¥ A.R, Habayeb, -C.E. Holland, Jr., and T. McDuffie,"System Partitioning for
Microelectronics,' Proceedings of Symposium on Microelectronics Applications,
Garden City, N.Y. (September 1967).
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Once the number and circult type of the required arrays have been
determined,computer -alded component and circuit layout may be performed to
optimize surface-~area requirements. Ultimately, the information generated by
the computer may be used to cut the required fabrication masks automatically
on a digitally controlled coordinograph.

The arrays are now ready to be fabricated. Computers can be used on a real-
time basis to control the various process steps such as diffusion and etching.
Continual testing and comparison of the results with a set of standards provides
the necessary data for the computer to make decisions, such as whether to in-
increase doping concentrations or alter temperatures or etching times.

Errors that cannot be corrected will require the computer to make a decilsion
on whether or not to start the processing over. Such tests and decisions may be
made by the computer up to the time the array is ready for shipment.

After the wafer has been processed, each circuit 1s tested and the data are
stored in the computer for subsequent use in determining a feasible metalization
routing for the array. This is an iterative process that can easily be performed
by the computer, assuming that a solution actually exlsts.

After the array has been packaged, a computer-controlled automatic tester
may be used. Test data accumulated for each device (including results of various
screening tests) may be stored to be easily accessible for future reference,
(This might include examination of the data in relation to the results of sub-
sequent failure analysis performed on the array.)

This example 1is intended to l1llustrate possible uses for computers in
microcircuit design and fabrication. The illustration has not exhausted all
possible applications. Computers are used in varying degrees in some of the
applications mentioned in the example, while other applications are only in
the conceptual stage.

1.4.3 Microwave Integrated Circuits

Integrated microwave devices are made with both silicon monolithle and hybrid
fabrication techniques. By "integrated" the microwave engineer means a group
of components or circuits that are fabricated in a single package. "Microwave
IC" represents a grouping of microelectronic components or circuits in a single
package. Such groupings might include monolithic elements, thin-film elements,
beam-lead elements, or silicon monolithic circuits., Thus microwave IC's use
both monolithlic and hybrid techniques applled elther together or separately.

Hybrid fabrication is usually performed on an aluminum-ceramic substrate
whose dimensions are of the same order of magnitude as that of thin-film
circuits. Quartz or other suitable materisls may be used as the substrate.

The basic requirements are that 1t be a good insulator (for component isolation),
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have acceptable thermal properties, have the capabllity for achieving a micro-
smooth surface (because thin-film elements are fabricated on the surface), and
have an acceptable dlelectric constant.

Microstrip transmission lines are used to transmit the signals., The sub-
strate acts as the dielectric between the ground plane and the top conductor.
The characteristic impedance (Z,) of an unshielded line* is a function of the
dielectric constant of the substrate (€.), the width of the top conductor, and
the separation between the top conductor and the ground plane. Most applications
require a Zo of 50 ohms or greater. To achieve these values within the constraints
of substrate thickness (typically 20 mils) and top-conductor width (about 2 mils
minimum), e dlelectric constant whose value lies in the range of 9 to 35 appears
to be best. ’

The active elements of a hybrid device are typlcally separate, unpackaged
semlconductor devices. Passive components such as resistors, capacitors, and
inductors are formed by thin-film techniques. Ferrite devices are used vhere
no reclprocal functlions are required. When low-frequency clrcults -~ such as
control circuits -- are required, a monolithic silicon circult may be used and
mounted directly on the alumina substrate,.

Planar techniques that are used to manufacture low-frequency monolithic
silicon IC's may also be used to fabricate microwave IC's.*¥¥ The substrate for
such circuilts is high-resistivity (1500 olms per cm) p-type silicon. For this
value of resistivity, silicon 1s a reasonably good insulator and provides the
required isolation between camponents.

Active components are fabricated in low-resistivity n-type pockets
epitaxially grown on the high-resistivity silicon substrate. Inductors and
capacitors are fabricated on the substrate by thin-film techniques. The
transmission lines are microstrip; typical conductor dimensions are about 6
mils. The sllicon substrate i1s 10 mils thick. The number of circuilts that can
be fabricated on a single wafer is dependent upon the surface-area requirements
of the various components. Ertel has reported getting 41 transmit-receive (TR)
switches on a one~-inch silicon wafer.

A variety of microwave IC's has been fabricated -- included are an X-band
balanced mixer, a 500-MHz amplifier, a 9-GHz recelver, oscillators, circulators,
and TR switches., These circults are typilcally restricted to operation of about
one watt of contlinuous power. Ertel has reported that one circult can sustain
peak powers of 50 watts.

# Harold Sobol, "Extending IC Technology to Microwave Equipment, "Electronics,
(March 20, 1967),p. 112.

*%¥ Alfred Ertel, "Monolithic IC Techniques Produce First All-Silicon X-band
Switeh", Electronics, (January 23, 1967), p. 76.
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Most of the microwave IC's that have been fabricated are hybrid circuits.
These are simpler to build than monolithic circuits and are currently much less
costly to build. The cost is very dependent upon yield, and if high ylelds can
be obtalned, monolithic circuits could be the least expensive.

1.4.4 Hybrid Microcircults

A hybrid microcircuit is one that 1is fabricated by combining two or more
circuit types (i.e.,filmcircuits and semiconductor circuits) or a combination
of one or more circult types and discrete elements. The primary advantage of
hybrid microcircuits is design flexibility. Components may be selected a priori
by testing. Hybrid microclrcuits find wide application in specialized applications,
such as low-volume circuits, hlgh-frequency circults, and interim LSI (sometimes
referred to as Medium-Scale Integration).

Several elements and circuits are avallable for hybrid applications. These
include components that are descrete and that are electrically and mechanically
compatible with monolithic IC's. They may be used to perform functions supple-
mentary to monolithic IC's, and can be handled, tested, and assembled with
with essentially the same technology and tools.

Such devices may be packaged individually or in groups, or they may be
fabricated as beam-leads devices. Thelr small size allows their use in both
thin- and thick-film circuits. Such devices are easily tested.

Elements are available in a variety of packages (including flip chip) that
may be soldered, welded, or ultrasonically welded to an appropriate substrate.
Size, cost, and performance are dependent upon the manner in which the elements
are packaged. In addition to elements, complete circuits are available in the
form of uncased chips (unencapsulated IC dice) and as flip chips. These chips
are usually identical to those sold as part of the manufacturer's regular
production line. It 1s necessary that they be handled with extreme care and be
properly packaged and connected by the user if a high-quality final assembly
is to be obtained.

An interesting application of the hybrid technology is the use of flip-
chip circuits in complex arrays. The flip chip has small conducting lumps
instead of bonding pads on the die for making electrical connections. The
electrical connections are made by ultrasonically bonding or by soldering these
lumps to a set of bonding pads on the substrate. Thus the die 1s inverted when
bonded to the substrate. Such an approach introduces aligrment problems during
bonding and also may sharply reduce the heat-transfer capability of the device,
because the die is attached to the substrate only through the bonding lumps.



The advantage of hybrid mlcrocircults is increased packaging density and
reduced cost per circult, because the cost of individually packaging each die is
eliminated and the labor requirements for bonding are reduced. Rellability may
be improved because the lead wires and thus the lead bonding are eliminated.

All of the lumps are bonded at the same time; this should improve device relil-
ability.

As an interim approach to LSI, flip-chip circuits or uncased dice can be
mounted on a substrate (usually alumina). The dice can be mounted in a matrix
array and the interconnections printed on the substrate. The array is sealed as
a module in a ceramic package to protect the chips from mechanical and environ-
mental stresses. Appropriate pins are brought out of the package to lnterface
the dice and make external connections.
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BASIC PROCESSES AND
DESIGN CONSIDERATIONS

TWDO

The deslgn of microelectroniec circuits is similar to the design of discrete-
component circults. Most of the early microcircult designs were accomplished by
a component-for-component substitution in an existing discrete-circuit design.

The only engineering design differences were those associated with the manner in
which the circults were fabricated.

The various fabrication methods (1.e., monolithic silicon and thick and thin
£1lms) introduce design constraints, These result from the small dimensions of
components, parasitlics introduced by certaln compenent-lsolation technlques,
component-tolerance limltations, and varlous voltage and current limltations.

The monolithic fabrication technology limits performance because all of the
components are fabricated in situ and different camponents or parts of different
components are fabricated at the same time, Thus no advantage can be taken of
optimum processes for constructing various components. When dilscrete circults
are fabricated, each component can be tested and optimum choices can be made.

Thin- and thick-film microcircults provide more design freedom and approach
more closely the flexiblility associated with discrete ecircults. Components can
be adjusted to achieve desired close tolerances when required. In addition,




discrete transistors, which may be tested before attachment in the circult, are
required in these circuits because there 1s currently no adequate method for
fabricating active film components. Thls has been a serious constraint and has
limited the usefulness and acceptance of such microclrcuits.

This chapter is intended to provide insight into the monolithic fabrication
techniques so that the designer can understand the nature of the design
constraints imposed by the fabrication method. The methods and techniques
discussed are of only general interest to the circuit designer because the
problems associated with this phase of microcircult design are largely in the
domain of the microcircuit manufacturer. This discussion, however, forms a sound
base for the remaining topics, which include circuilt specification and applications.

The salient characteristics of both linear and digital circults are presented
and various applications are discussed. A design example of a modified DCTL NOR
gate 1s explained and evaluated, and design and fabrication concepts for MOS micro-
circults are presented. The chapter is concluded with a brief discussion of film*
components, including a comparison of various characteristics of monolithic, MOS,
and film components.

2.1 BIPOLAR TRANSISTOR DEVICES

2.1.1 Preparation of Semiconductor Materlals

The rapid advances in semiconductor~device technology over the past fifteen
years would not have been possible except for the limpressive progress made in
the purification and preparation of semiconductor materials. Near-perfect crystals
of virtually absolute purity are needed 1f consistent, high-quality devices are
to be made. The impurity level must be controlled to less than one impurity atom
per million -- at times, to less than one atom per billion. This level is not
detectable chemically or spectroscopically. Its measurement depends entirely on
electrical conductivity. The expression for conductivity is

o = qalugp + pyn) (2-1)
where
up = mobillity of holes
By = mobillity of electrons



Il

q

electron charge

number of holes per cublic centimeter

number of electrons per cubic centimeter

For an lIntrinsic semiconductor n or p can be assumed equal to the donor or
acceptor impurity density, respectively.
the semiconductor is n type (electrons are the majority carriers); also, generally,
n is much greater than ng (the intrinsic free-electron density), so that n; can
be lignored when the concentration of donor impurity is being determined.

2.1.2 Measuring Conductlvity

When n is very much greater than p,

The heated-probe check is a convenient method for determining the polarity
of the charge carrlier -~ that is, to determine whether the semiconductor wafer

1s n-type or p-type.

A galvanometer is connected to the semiconductor wafer by
means of two probes that are conveniently placed on the wafer.

One of the probes

is at room temperature, and the other probe is attached to a heated soldering

iron, as shovm in Figure 2-1.

A-C Line for
Soldering Iron

Soldering
Iron

Probe at Room
Temperature

FIGURE 2-1
THE HEATED-PROBE GHECK

p-Type Wafer

With the hot probe connected to the negative

side of the galvanometer, the needle
of the galvanometer registers a nega-
tive reading for the n-type material
and a positive reading for the p-type
material.

The heated-probe check can be
set up with a microammeter instead of
a galvanometer. TVhen currvent is indi-
cated on the microammeter with the hot
probe connected to the negative terminal
of the meter, the wafer is p-type.
When the hot probe is connected to the
positive side of the miceroammeter and
current 1is indlcated on the meter, the

sample is n-type. These indications

occur because the majority carriers diffuse in the direction of the negative

temperature gradient.

and holes in the p-type material.

The majority carriers are electrons in the n-type material
In an n-type semiconductor, the majority-

carrier electrons diffuse away from the hot probe; thus they cause it to become

positive with respect to the colder probe.




A commonly used techique for measuring resistivity 1s the Y4-point probe

technique (ASTM Test Method T43-64T), shown in Figure 2-2.

W

FIGURE 2-2

ARRANGEMENT FOR FOUR-POINT
PROBE MEASUREMENT

Four equally spaced
probes are aligned on the semiconductor
wafer. In the figure, the resistivity
is glven by

_ Vv W
P “T2”3F<§>

where F <§ is a geometrical correction
factor that corrects for alteration

of current-flow lines through the
sample for specilal boundary conditions
such as a finite sample thickness, W.

(2-2)

In addition, the Hall effect can
also be used to measure conductivity

type and carrier concentration. When

a sample piece of semiconductor ls placed in a magnetic field and a current is
made to flow perpendicular to the field, a voltage is produced across the sample
along an axis perpendicular to both the magnetic field and the direction of

current flow, as shown in Figure 2-3.

L~
Fu |

FIGURE 2-3
HALL EFFECT

FIGURE 2-4

PARAMETERS FOR DETERMINING
SHEET RESISTIVITY

The magnitude and direction of this voltage

can be used to determine the concentra-
tion and sign of the current carriers
in the semiconductor sample. For a
sample of width, W, the Hall voltage

is given by

-8 R
gt (2-3)
where V is in volts, I in amperes,

H in Gauss, and W in centimeters, and
R is the Hall constant gilven by

V =10

R =~ g_ (2-4)

The expression for sheet resistivity
is developed as follows:

The resistance of the conductor
illustrated in Figure 2-4 is

ya

R = p g ohms (2-5)
where
p = resistivity of the diffused
conductor

4 = length of the diffused conductor

t = thickness of the diffused
conductor

w = width of the dlffused conductor



The sheet resistivity is defined as ;
Py = P/y : (2-6) :

This is valld when the depth of the conductor is small (a few microns) and it is
relatively constant, as is the case for most diffused resistors. Substibtuting
Pg for p/t in the above equation for resistance gives

‘e i
R=pgq (2-7) :
or
R=pK (2-8)
s
where

K = T

The term K is referred to as the length-to-width ratio and is limportant in
specifying resistor values. If ps 1s known, the resistance of any resistor is
determined simply by specifying the #W ratio.

As an example, consider a system that requires a 5-kf) resistor with
sheet resistivity of 50 ohms/sq.

Since R and Pg are glven, 1t 1s only necessary to solve for K:

K= Yy =Bf = 2 = 15)%2 =100 (2-9)

The resistance is determined by 4/ = 100, There are an infinite number of
solutions, and the actual choice of dimensions will depend on other factors such
as required surface area for power dissipation, or distributed capacitance.

2.1.3 Alloying

In an npn transistor, three reglons alternate in the conductivity type.
In an alloy transistor the starting material is p-type, and an n-conductivity
layer has to be realized on either side of the wafer, as shown in Figure 2-5.

Collector Contact  o,1iq1rieq Alloying Material

7//////////////// /Jl«— (Gold or Aluminum)

“ f
Collector Alloying N-Type Alloying
Depth ! { i v Starting
- - = - Wafer
- Base Thickness
Emitter Alloying 1 f /N-'I’ype
Depth 1 Alloying

V7] solidified Alloying Material

Emitter Contact

FIGURE 2-5
ALLOY TRANSISTOR




These regions are formed by placing spheres or discs of doping material on
opposite sides of a prepared wafer, and heating to allow the dope to melt and
dissolve part-way into the wafer. As the molten alloy is carefully cooled,
dissolved germanium recrystallizes at the ligquid-solld interface of the wafer,
which acts as a single-crystal seed. The temperatures at which these processes
are carried out vary from T00° to 900°C depending on the alloying material used,

Attempts to reduce the dimensions of alloy transistors for high-frequency
applications led to the introduction of electrochemical etching and plating
techniques, which made posslble the development of interface-barrier transistors.
In this device, very close emitter-collector spaclings are possible. It 1s neces-
sary to start with a thin wafer of semiconductor and then etch it still further
by subjecting 1t to two coaxlial jets of etching solution. When the thickness
of the central web has been reduced to about 0.2 mil, metal contacts are electro-
plated into the same points, with the same jJets being used as electrolyte vehicles.

2.1.4 Diffusion

By diffusing donor and acceptor impurities into semiconductor materials, it
i1s possible to fabricate p-n junction devices that have superior electrical
characteristics. The diffusion process has many distinct advantages over other
fabrication processes, particularly 1f silicon 1s the material used. It is the
baslic process and in most cases the only process in whlch superior transistor
characteristics can be realized. Junction depths and impurity concentration of
the layers can be controlled more precisely than in alloyed structures.

2-6



After the introduction of these dlffusion techniques into semiconductor
fabrication, it became posslble to achleve base widths, wlth high accuracy, of
less than 1 micron, which improves considerably the transport factor (and
therefore a) and the transport time (and therefore fa)' Other means of improving
the high-frequency response would be to reduce the collector-base Junction area,

as has been done with mesa transistors.
Figure 2-7.
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FIGURE 2-6
IMPURITY CONCENTRATION VS DISTANCE

The defect of such a structure 1s apparent.

A typical mesa transistor 1s showvm in

FIGURE 2-7
MESA TRANSISTOR

The collector-base Junction 1s

exposed to the surrounding atmosphere, and surface effects at this point are severe.
To minimize surface effects on Jjunctions, the planar dlffused structure was intro-

duced by Fairchild.

Silicon Diloxide

E

FIGURE 2-8
PLANAR STRUCTURE

A typical planar structure 1s shown in Figure 2-8.

The planar process permits the
passlivation of the surface by an oxide
layer at an early fabrication stage.
The silicon-oxide coating is grown
on the surface before any junctions
are diffused. This greatly improves
the parameters that are particularly
sensitive to surface conditions. These
parameters are the reverse leakage
currents, breakdowm voltages, nolse

figure, and low current B. Planar

structures also made it possible to solve many problems in the realization of
integrated structures, in which several elements are bullt simultaneously on the

same plece of semiconductor.

To show how the planar process i1s used to fabricate devices for microcircuits,
the steps taken in bullding a planar-diffused transistor are described here.
This process is common to all bulk-type microcircuits.




The steps used in the fabrication of an npn planar-diffused transistor are
shown in Figure 2-9. The starting material is n-type silicon (A). The entire

Oxide Coating

(»)
N Starting Material N-Type

(B)
Oxide Removed For
Base Diffusion

P-Type )

Boron Diffusion
Base Diffusion and Oxide
Formation During Base
Diffusion

(»)

Oxide Removed For
Emitter Diffusion

Ph
Diff. (E)
N Emitter Diffusion and
P Oxide Formatlon
N
A wen T 3200 VS
Enitter (®)
N Oxide Removed For
Base-P Emitter and Base Contacts
Collector-N
Al
Ny Ay
(c)
Aluminum Deposition
and Alloying
~
FIGURE 2-9

FABRICATION STEPS

surface of the n-type silicon wafer
receives a thermally grown oxide layer,
A window is chemlcally opened through
the oxide layer (B). A p-type diffiusion
is then performed to construct the basge
region of the transistor (C). The
wafer with the window 1s placed 1n a
diffusion furnace, with an impurity
such as boron, for a few hours at about
1300°C. The Jjunction formed in (C) is
formed under the original oxide layer
and never sees the amblient environment
of the diffusion furnace. A new oxlde
layer is formed during the diffusion.

A window 1s now opened through the
new oxide layer (D). This window is
much smaller than the previous window
used for the base diffusion. The n-
type emitter diffusion is carried out
in the same manner as the base diffusion
except that now an n-type dopant such
as phosphorous 1s used (E). During the
diffusion, the oxide layer is regrown
acrogs the window.

Through precision masking technlques
very small windows are opened in both
the base and emitter regions (F). These
windows are about 0.001 inch in width
for many transistors. Aluminum is then
deposited into these windows and alloyed
to form the ohmic contacts to the tran-
sistor (G). The lead wires may now be
attached. The collector connection is
frequently made by soldering the sub-
strate dlrectly to the header. It
should be noted that the p-n Junctions
(throughout the fabrication process
and on the finished device) have always
been beneath the oxide layer. The
oxide layer protects or passivates the
p-n junctions from outside effects
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that can cause degradation of the device.

Thus, in addition to furnishing the masking during diffusion, the planar
oxlde layer or coating 1s also a means of protecting or passivating the p-n
Junction. Planar devices are used in bulk-type semlconductor microcircuits
instead of mesa devices., As was shown in Figure 2-7, the p-n junctions on
mesa-type devices are exposed.

2.1.5 0xide Masking

The opening of windows in the silicon dioxide layer forms a stencil-like
structure through which diffusion and alloying can be carried oubt. This stencil-
like structure or oxide mask is made by the following process (usually referred
to as the planar process):

(1) The clean silicon wafer is placed in a furnace, where the oxlde layer
is growm.

(2) The oxide layer is coated with a photosensitive acid-resistant f£ilm
such as Kodak KFR.

(3) The KPR f1lm is stabilized with infrared light for about thirty
minutes.

(4) A positive (the areas where diffusions are desired are black areas on
a transparent film) of the configuration desired is placed over the
wafer with the KPR film.

(5) Ultraviolet light is used to illuminate the KPR film through the
positive. Areas of the KPR film exposed to the ultravioclet light are
hardened and are made Iimpervious to aecid etches; areas not exposed
are removed by developing.

(6) The XPR is developed so that it is removed where not exposed. The
result is an acld-resistant film stencil.

(7) The wafer is then placed in hydrofluoric acid, which removes the
silicon diloxide where there is no KPR film.

(8) A window 1s thus opened through the oxide, forming a mask for diffusion
and alloying.

2.1.6 Precision Evaporation

The extreme thimness of the diffused layer created obstacles, which required
a search for new methods to make alloyed electrical contacts to the layer without
puncturing or otherwise destroying it. Another problem required a solution just
as urgently as that of the thin base layer. For high-frequency performance these
alloyed regions have to be as close together as possible -- without electrically
shorting. This problem was solved by a vacuum-evaporation technlque. The evaporation




technique allows the controlled deposition of thin layers of materilals. It is
also a method for depositing highly reactive materials, such as aluminum,

that are difficult to work with in alr. TFurther, it allows greater cleanliness
in technique and hence gives a more intimate contact between the layer and the
surface upon which it has been cooled. In addition, the fact that the evaporation
beams travel in straight lines permits the use of precisely dimensioned masks to
create simllarly precilse evaporated patterns. An alloylng operation follows the
evaporation of the gold antimony or aluminum contact.

2.1.7 Epitaxial Technlques

Epitaxy 1s a means of growing a very thin (3-25u), uniformerly doped mono-
crystalline region on a relatively low-resistivity semiconductor substrate. The
epltaxial process involves the decomposition of SiClu wlith hydrogen at approxi-
mately 1200°C; the silicon that is freed is deposited on the basic silicon sub-
strate. The deposition is perfectly oriented; the result is a layer of mono-
crystalline silicon with a uniform doping level at all depths. Subsequent
diffusions are more predictable because of this uniform doping. The combination
of planar diffusion techniques with epitaxial structures gives improved transistor
characteristics. A typical planar-epitaxial transistor 1s shown in Figure 2-10,

As Figure 2-10 implies, there are

Evaporation and Alloying - several advantages of Ilncorporating an
Base Contacts epltaxial layer on the collector sub-
,/// strate. The epitaxial layer has
comparatively higher resistivity than
E B the starting material, so that base~
c collector junction capacitance is low.
The serles-~collector bulk reslstance
N+ Starting Material remains low since the epltaxial layer
is thin and the substrate 1s heavily
Passivated Surface doped. Thus the saturation resistance
FIBURE 2-10 is low, which permlits higher current

flow for a given dissipation, and
shorter collector-saturation time.
Also, the collector-base breakdown 1s
high because of the high resistivity of the epitaxial layer.

PLANAR-EXPITAXIAL TRANSISTOR

In one process, a mlixture of hydrogen and silicon tetrachloride flows through
a quartz tube into the reaction zone of the furnace. The flow path may be vertical
or horizontal. Conslder the horizontal case, shown in Figure 2-11. Energy is
delivered to the reaction zone by external r-f colls that couple to a graphite
Ysusceptor". The wafers lie on top of a quartz sleeve, which encases the susceptor,
and they are thus protected from possible contamination by impurities from the
graphite.
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In the overall reaction that
proceeds in the vieinity of the heated
silicon wafers, hydrogen reduces silicon
tetrachloride to form pure silicon and
hydrogen chloride gas. Silicon evolved
in the reaction 1s deposited on the
silicon wafer and has a strong tendency
to continue the crystallographic pattern
embodied in the wafer. This continuation
of structure is “epitaxy". While this
plcture of the process 1s imperfect
wlth respect to detailed mechanisms,
it 1s reasonable to assume that to
maintaln the crystal pattern a silicon

REACTION ZONE OF EPITAXIAL FURNACE atom on the growing surface must be

given sufficient time to migrate to

the proper crystallographic site or to leave the surface before it is trapped by
other atoms in a wrong poslition. This qualitative picture is supported by the
observation that disordered growth occurs 1f the growth rate is pushed above a
certain value at a glven temperature. Ralsing the temperature raises the tolerable
groyth rate. Since the rate of the depositlion process can be controlled, and since
it can be stopped at any time by shutting off the reactants, the thlckness of the
epitaxial layer can be controlled to within a few tenths of a micron.

FIGURE 2-11

It is also possible to adjust impurity doping precisely. Again, a number of
methods can be used. An impurlity compound can be mixed in a small quantity with
the silicon tetrachloride; this mixture can then be reduced in the reaction zone,
and the impurity atoms will be included in the resultant crystal. Alternatively,
separate vessels can be provided for the main silicon tetrachloride supply, for a
p-doped supply, and for an n-doped supply, gilving separate n and p ports, as
suggested in Figure 2-11. As In the maln supply, a carrier gas can be sent through
the doped vessels. Also, diffusion can be employed as the delivery mechanism.

In the latter, it 1s possible to control vapor pressure by adjusting temperature.
Sti1ll another approach employs gaseous impurity compounds diluted in a carrier
gas.

2.1.8 Isolation

The isolatlon between components on a monolithic substrate 1s usuwally
accomplished by reverse-biased p-n junctlons. Associated with the p-n junetion
are capacitance and normal leakage currents. Therefore, complete isolation 1is
not accomplished, and the effect is less-than-optimum performance.

2-11
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As indicated in Figure 2-12, there
is capacitive coupling between the

Collector
Base

collectors of the two transistors

Bt
\ A { { tter 1 Y because of the capacitance assoclated

with the junctions. At normal doping
ﬁ levels, the value is about 0,1 pf/sq mil
< ~ 1= 2 at 0.5 volts of reverse bias. In
‘\\\Leakage’/)' addition, the leakage current is a

function of temperature and may be

Semi
miconductor Substrate appreclable at high temperatures. It

would be best to 1solate the devices
from each other by a dielectric and
obtain isolation more closely related
to discrete components. A number of

FIGURE 2-12

CAPACITANCE AND LEAKAGE IN

P-N JUNCTION ISOLATION
techniques have been developed to

accomplish this. Some manufacturers
are also developing methods for growing single-crystal silicon on an insulating
substrate.

A number of monolithic isolation techniques* are currently in use. One of
the earliest¥*¥* to be developed is illustrated in Figure 2-13. The starting
material is an n-type silicon substrate with a heavily doped epitaxial layer,
as shown in (A).

Grooves are etched in the substrate according to some predetermined layout.
These grooves are several mils deep. An oxide is either grown or vapor-deposited
over the entire surface of the substrate. This oxide is 8102 and wlll perform
the isolation function (B). Polycrystalline silicon is epitaxially deposited
over the oxide (C). The single-crystal substrate is lapped to a point where
single-crystal islands are isolated from one another by the oxide and imbedded in
polycrystalline silicon (D). The sole purpose of the polyecrystalline silicon is
to hold the single-crystal islands together. These l1lslands can now be doped and
the devices fabricated.

One difficulty with this technique is the degree of control required in the
lapping operation. The thickness of the n region is important in device fabri-
cation, and the necessary lapping tolerance is in the order of 1 to 2 microns.

A number of techniques have been proposed for overcoming this difficultyt.
Cne is illustrated in Figure 2-14. In this method a highly doped, uniform
single-crystal substrate, as illustrated in (A), is processed in exactly the same

*J. W. Lathrop, "The Status of Monolithic and Thin Film Circuits”, Electronic

Industries, June 1965, p. 38.

*%*D, McWilliams, C. Fa, G. Larchian, and 0. Maxwell, "A New Dielectric Isolation
Technique for High-Quality Silicon Integrated Circuits," Journal Electrochemical
Society, Vol. 111, No. 7. pb. 153C, 1964.

tN. Schwartz, "Reactive Sputtering", Tenth National Vacuum Symposium, American
Vacuum Society, (New York, 1963).
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DIELECTRIC ISOLATION (1) BIELECTRIC ISOLATION (3)

way as in Flgure 2-13 to yield isolated islands of low-resistivity material (B).
By use of a S:LO2 film for selective masking, regilons within these islands can

be vapor-etched (C) and lower resistivity silicon redeposited, as in (D). The
critical distance is now controlled by the etch and deposlit processes of epitaxial
deposition, which are superior to mechanical lapping.

Another method¥* is shown in Figure 2-15. The critical distance 1is controlled

during the initial step of epitaxially depositing an n-film on an n+ substrate,
COURTES)' OF ELECTRONIC INDUSTRIES

J-Critical N Layers, @ $ L

. rEtched Grooves
(:) Single-Crystal Silicon IR LR
Substrate, N- Type /4 7 \ / \
Insulating Si0o Layer
s s 293 1 n
Epitaxial Poly \Slllcon Handle $‘ Removed After A,

X Substrate Deposition
®< % O E vy
{

Epltax1al Poly Slllcon
‘Tx "Substrate" ‘r

“Insulating SiO Layer

FIGURE 2-15
DIELECTRIC ISOLATION (2)

¥ @¢.L. Sschnmable and A.F. McKelvey, "A Technique for Preparing Oxide-Isolated Silicon
Wafers for Microcircuits", Electron Devices Meeting, Washington, D.C., (October 1964).
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as shown in (A). ©Next, an insulating SiO2 layer 1s deposited over the n-layer,
and polycrystalline material over this. The only purpose of this polycrystalline
layer 1s to serve as a handle during operations and allow the substrate to be
thinned to a few mils, as shown in (B), without breakage. Grooves are then etched
in this thinned single-crystal material, creating mesas over which an oxide can
be grown as in (C). Finally, an epitaxial polycrystalline substrate is deposited
over thin oxide and the handle material removed to leave isolated regions with

a common flat surface, as shown in (D).

The processes of Figures 2-14 and 2-15 minimize the lapping control for
dielectric 1lsolation, but at the expense of additional processing. The p-type,
as well as n-type, material can be processed, and both types of islands can be
formed on the same slice.

The result of these methods is isolated islands of semiconductor material
into which impuritles can be diffused to form active and passive components.

A circuit fabrication procedure* combining oxide lsolation with other
techniques -~ which include localized eplitaxial growth, localized etching and
backfilling, and localized gold doping -~ 1s described below. The process steps
are illustrated in Figure 2-16.

(1) An epitaxial substrate wafer is prepared by conventional processing
techniques with an n+ layer on one surface. The starting resistivity
is chosen to be that required for one or more of the finished circuit
elements.

(2) Depressions are etched into the back of this wafer in locations
corresponding to regions where the required conductivity type and
impurity density will be different from those of the region selected
in (1).

(3) Each depression is filled with epitaxial silicon that has the impurity
density and type required for additional devices.

(4) Grooves are etched into the silicon around each of the desired regions
from the back slide of the wafer.

(5) In a two-step process, metal and oxide layers are deposited.

(6) Polycrystalline silicon is then grown over the entire back side of the
wafer to a thickness approximating that of the original wafer.

(7) The top surface of the wafer is then lapped or etched down to expose
each of the desired isolated regions.

{8) The wafer is then processed conventionally to form each of the desired
devices.

*#C.G. Thornton, "The Application of New Metallurigecal Technique to Silicon
Integrated Circuits," National Electronics Conference, (Chicago, 1964).
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FLOW CHART FOR OPTIMIZED MICROCIRCUIT PROCESS

Before final metalization, gold is deposited through openings in the oxide
in those reglons where it i1s desired to reduce lifetime. A short heat treatment
(approximately 1000°C for 15 minutes) is sufficient to distribute the gold
throughout the desired regions.

The capacitance associated with oxide isolation is in the range of 0.02 pf
per square mil per micron of oxide thickness. Thus a 5-micron-thick oxide reduces
the capacitance coupling by a factor of 25 below that of p-n junetions that have
a slight reverse bias.
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2.1.9 Specifying the Circult

The designr engineer can follow one of two approaches in microelectronic cir-
cuit design. In one approach he will keep current with and be experienced in the
state of the art of monolithic-circuit fabrication. He will then be in a position
to give the circult manufacturer detailed specifications on all ccmponents
required in his circuit. The other approach is to provide the manufacturer with
complete "black box" terminal specifications to which the final circuit must be
manufactured and guaranteed.

Basic to both of these approaches is an understanding of the limits or
boundary conditions that put constraints on the circuit design. One such con-
straint involves the fabrication technology 1itself. What types of devices can
be fabricated on the same substrate? Table 2-1 is a monolithic compatibility
chart that illustrates the possible combinations of devices on a single chilp.
It should be understood that the more complicated the circuit the more costly
it will be to fabricate.

TABLE 2-1
MONOLITHIC COMPATIBILITY CHART

Devi Signal MOS- | Junction Power Matched | Signal | Comple-

evices NPN | PNP | FET FET Transistor | Palrs* | Diodes [ mentary
Signal NPN - Y Y Y N Y Y Y
Signal PNP Y - Y Y N Y Y Y

MOS-

FET Y Y - Y N D Y D
Junction

FET Y Y Y - N D Y N
Pover
Transistor N N N N - Y Y N
Signal
Diodes Y Y Y Y Y ) Y - Y
Y - Yes *Useful matching is achievable for most devices;
N - No close matching of galn is difficult with any of
D - Difficult the devices.

Microcircuits are fabricated in a variety of ways. Monolithic, hybrid,
thin film, and thick film are some of the approaches. Generally, only monolithic
silicon integrated circuits and some variation or hybrid of the monolithic form
are considered here. The sheet resistance of monolithic circuits is limited to
that associated with the base and emitter diffusions. This 1s necessary from a
fabrication standpoint. The passive components are formed at the same time the
transistor base or emitter 1s fabricated.

2-16



The hybrid offers a wlder variation in sheet resistance than 1ls possible
wlth diffusion only. Thin-film reslstors are available for use with monolithic
circuits in a wide range of sheet resistances. Diffused resistors above 300-400
ohms per square are not recommended for close bolerances, because of the change
in value with the temperature assoclated wlth lead-bonding operations. Ranges
of resistor values are given in Table 2-6 at the end of this chapter.

Capacltors are either silicon-oxide (nonpolar with relatively high Q at
high frequencies) for bypass and high-frequence tuning or junction type (low Q
due to effective series resistance of the top contact) for bypass and voltage
tuning. Typlcal characteristics are glven in Table 2-7 at the end of this
chapter.

The yield and, therefore, the cost of a circult 1s more dependent on the
area the circuit requires than on the number of components. In thls respect
1t is wlse to keep the clrcult area to a minimum consistent with other require-
ments, such as component value and power requirements.

Area efficlency 1s a key factor with regard to capacitance. Large capacitors
(500 to 10,000 pf) become progressively more expensive because of the area
requirement. Values above 10,000 pf are not practical.

Though state-of-the-art monolithic transistors impose certaln constraints,
geometry nevertheless can be varied, and many combilnations of transistor charac-
terlstlics are possible. Typlcal characteristics of monolithic transistors are
given in Table 2-2.
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TABLE 2-2°°
MONOLITHIC TRANSISTOR CHARACTERISTICS
Emitter Dimensions In Mils
Characteristics 1x1-1/2 3x3 2x10 2x20
BVemo 35 Volts
BV¢Eo 15 Volts —
BVEeRo - 7 Volts
heg /10 40/100p4 | 40/1mA | 40/2.5mA | 25/2.5mA
hep /10 80/5mA 60/10mA | 50/50mA | 50/50mA
T (MHz) 550 220 - -
Collector-Base C (pf) at 6V 2 7 10 16.3
Emitter-Base C (pf) at 6V 2 5 10 16
Collector-Substrate C (pf)
at 6V L 10.5 10 17
Rog (ohms ) 70 120 35 27

Another constraint-is imposed upon the designer by the fact that the
inductance function as sueh is not available in the monolithic technology. If

inductance is required,

it is necessary to synthesize or design around it.*

2.1.10 Linear Amplifier Checklist*¥

The nine-point checklist given below is a handy guide for developlng a con-
ventional set of performance specifications for a final integrated c¢ircuit.

(1)

Establish circuilt specifications (specify black-box functions,
establish environmental conditions' and restrictions imposed on the
design). A black-box specification is illustrated in Table 2-3,

It provides the guide for fabricating the circuit. The more complete
and realistic the specification, the simpler it is to begin fabrication.
Por the design engineer who is not going to fabricate the cilrcult, this
specification is all that 1s required providing he has not violated the

constraints imposed by the technology.

* V. Uzunoglu,

"Six Possible Routes to Noninductive Tuned Circuitry", Electronics,

(15 November 1965), p. 11k,

¥¥ D.C. Balley, "Converting Amplifiers to Integrated Circuit Format", EEE,
(February 1964), p. 70.

+ D. C. Bailey, "Black-Boxing Your Linear Integrated Circuit", Electronic Design,

(22 June 1964), p. ThL.
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TABLE 2-3

BLACK-BOX CHECKLIST

Environmental

Galn Specifications

Operating-temperature range
Storage-temperature range

Bandwidth

Stabllity

Frequency

Source impedance

Load impedance

Powver supply tolerance
Open loop or gain setting
Voltage gain, VO/Vin

Transconductance, AT o/Avin
Current Gain, Io/In
Transresistance,AVin/AIo

Gain stability (gain vs temperature)
Gain linearity (gain vs signal level)

Source impedance

Load impedance

Pover supply tolerance
3, 6, or O db points

Open or closed loop (if closed loop,
what gain) )

Frequency response
Gain~-bandwidth product
fy

Cutoff frequencies
Gain margin

Phase margin

Slope of galn vs. frequency
characteristics

Temperature range

Input-output conditions (capacitances
and reslstances)

Expected 1life

Maximum equivalent input drift
(Voltage and/or current)

D-¢ stabllity

A-c stablility

Phase margin with maximum feedback
Maximum output capacitance

Noise
Frequency and bandwidth
Source Resistance
Noise figure (or equilvalent input
" noise voltage)
Maximum Output (de)
Power supply voltage
Load impedance

Minimum linear output voltage
Minimum linear output current
Maximum output impedance

Input (de)

Minimum input impedance

Differential mode

Common mode

Maximum common-mode voltage

Minimum common-mode rejectlon ratilo
(specify frequency and common-mode
voltage swing)

Dynamic Range (ac)

Power supply voltage

Load impedance

Source impedance

Maximum input before clipping

Minimum wunclipped output

Dynamic range of input signal

Minimum power output

Power Supply
Output voltages

Tolerances.

Ripple and noise
Impedance vs. frequency
Output power

Package
Form factor (T0-5, flatpack)

Environmental requirements
Salt spray

Leakage

Linear acceleration

Shock
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Reslstor Ratio

R(T)/R(25°¢C)

Normalized Resistor Ratios

COURTESY OF FIE CIRCULT DESIGN
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FIGURE 2-17

DISTRIBUTION OF RESISTOR RATIOS ON A
MONOLITHIC STRUCTURE
(SHEET RESISTANCE: 200 Q/sq.)
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Synthesize circuit configurations
within the boundaries fixed by
integrated-circuit technology.

The active devices that can be
used are found in Table 2-1. If
inductance 1s required, a method
must be determined to realize this
function. Will an a2ll-monolithic
form be used or will hybrid techni-
ques be required to give optimum
performance?

Establish an analysis method that

utilizes measurable quantities
in the final integrated circult.

Perform d-c analysis of the circuit.
After the circuit has been syn-
thesized, it must be analyzed from
the standpoint of d-c stability.
Much of this can be done by
statistical methods, since the

data on integrated-circult elements
are generally available in that
form.
thelr tolerances must be specified.

The component values and

Figures 2-17, 2-18, and 2-19 are
Resistor
tolerances are normally wide and

useful for d-c analysis.

expensive to control or adjust to
close values. However, reslstance
ratios are easily controlled and,
if proper design 1s used, are

frequently more important than the

absolute values.

Integrated circuits have distributed
parameters and parasitics associlated
with them. If possible, these
characteristics should be employed
as useful circuit elements.

Breadboard the circuit, using
discrete components. The circuit
performance is compared with the



black-~box specifications for performance. If the required performance
levels are not achleved, the circult can be modified or a different
circult approach can be synthesized. 1In some cases it may be necessary
to repeat these steps several times to achieve the desired results.

(6) Draw a mask layout and compute the parasitics. These include resistance
and capacitance interconnection parasitics, isolation parasitics, and
substrate resistance. The calculated parasitic elements are inserted
into the original breadboard in the form of dilscrete-equivalent lumped
resistors and capacitors. Again circuit performance is measured and
compared with blackbox specifications.

(7) Breadboard the circuit with integrated components. Compare the results
with the black-box specifications. At this point it should be possible
to determine if the specifications can be met with this particular
design, albthough modifications may still be necessary before optimum
results are achleved.

(8) Submit mask drawing for mask preparation. Include pin connections,
lands, and spaclng.

(9) Fabricate sample circults and determine if they meet the required
black-box specifications. Now the design can be optimized for the
black-box specifications. Sometimes 1t becomes necessary to go through
several process runs to achieve the desired distribution of electrical
properties that best meet the original specifications.

2.1.11 Applications

Circult analysis plays a major role in the design approach outlined above.
The applications to follow use two technliques that have been found satisfactory.
For d-c amplifiers a technique developed by Middlebrook#* is used, and for high-
frequency circuits a method proposed by Linvill#*¥ (which characterizes the
integrated circult as a black box with admittance parameters) is used.

Optimum analysis techniques have yet to be developed. The small-signal
"nonlinear model" is more accurate at high frequencies because the two-pole alpha
is ineluded. Below a megacycle, capacitive parasitics can usually be neglected
since small-geometry transistors will be used and since the passive parasitics
present a negligible impedance at these frequencies. Resistlive parasitics such

* R.D. Middlebrook, Differential Amplifiers, (New York, 1963).

*¥% J.G. Linvill and J.F. Gibbons, Transistors and Active Circuits, (New York,
1961). "

’
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as the seriles collector resistance cannot be neglected. At low frequenciles,
series collector resistance can be lumped into the normal T-equivalent or small-
signal nonlinear model.

2.1.11.1 D-C Amplifiers

An ideal d-c amplifier would have zero output with zero input; provide
constant gain regardless of time, temperature, and input-level variations; provide
an output that is a magnified replica of the input; and have an infinite band-
width. To approach the l1deal the following are needed: low noilse figure, low
equivalent-input offset voltage and drift, good linearity and dynamic range, gain
stability with variations in temperature, and wide bandwidth.

Little information is available on integrated-circuit-type transistors, but
indications are that nolse figures are slightly greater than those of discrete
types made by the diffusion process. With temperature variations, the noilse
figure becomes masked by internal d-c drift of the transistor.

Silicon diffused transistors exhibit a temperature coefficient of base-to-
emitter voltage of about 2.3 mV/°C. In a single-transistor (unilateral) input
stage, this coefficient 1s multiplied by the entlire amplifier galn; thus to use
such an amplifier for d-c amplification, temperature would have to be held constant,
or 1t would be necessary to calibrate the amplifier with temperature. A better
circuit configuration is the differential amplifier (Figure 2-20). Through
canceling of the drift of one transistor with an equal and opposite drift of
another, d-c drift can be reduced by several orders of magnitude.

COURTESY OF EEE CIRCUIT DESIGN A differential amplifier used as an
Vee input stage for a d-c amplifier helps
reduce d-c drift. For a unilateral d-c
amplifier, the performance of the dis-
crete version and that of the integrated
Output version are both subject to the d-c

D-C drift problem.
Input
2.1.,11.2 A-C Amplifiers

A well-known limitation of present
integrated-circult technology is 1its
inability to produce inductors or large

capacitors. Thus direct coupling should
FIGURE 2-20 be used where possible. The following
DIFFERENTIAL AMPLIFIER ground rules are recommended:

(1) Use a differential input stage.
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(2) Design for as much d-c gain as can be tolerated with the specified
amount of drift in the first stage.

(3) If gain is insufficient, add a second d-c amplifier stage, using an
external coupling capacitor.

(4) Use overall feedback for gain stability.

(5) Obtain high impedance (FET's will provide this if it cannot be achieved
otherwise) to permit the use of smaller coupling capacitors.

Figure 2~-21 1llustrates the application of these principles. The differen-
tlal amplifier permits a gain of about 100 with sufficiently low drift to main-
tain a reasonable dynamic range. With the FET stage, a large external resistor
is needed, but the small capacitor required can be integrated.

High a-c¢ gain and good d-c stability are obtained in the circuit of
Figure 2-22. Here a large amount of d-c feedback provides d-c stability, and a
small amount of a-c feedback results in high a-¢ gain, The amount of a-c feed-
back 1s controlled by external capacitor C; and resistor Rj (ir Ry is zero, a-c
gain is maximized).
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AC
In o——¢

D-C
Amplifier

D-C
Amplifier

AC
Out

External
Coupling
Capacitor

Small v

Capacltor

(b) o—)

Large C
Resistor :E 1

FIGURE 2-21 FIGURE 2-22
A-C AMPLIFIER TECHNIQUES HIGH A-C GAIN, D-C STABLE CIRCUIT

2.1.11.3 Signal-Processing Circuits

A major goal in the servo-control fleld is the elimination of transformers.
The integrated choppers, demodulators, and quadrature rejection circuits illus-
trated in this sectlon should be examined with that in mind.
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The two major factors in the design of choppers are offset current and
voltage, and drift. (Offset causes an output in the absence of an input, and
drift produces a change in output with time and temperature.) The inverter
transistor connection reduces both offset and drift.

Figure 2-23 shows how even lower offsets can be achieved. Here the drift
is determined by tracking of the transistor characteristics with temperature and
COURTESY OF EEE CIRCUIT DESIGN time, and by the difference 1in Junction

€1, o— ) s €out temperature between the two units. Can-
‘ﬁ | cellation of offset 1s achieved by equal

and opposite offset of another device.

€Drive The integrated version has an obvious
L__C:}___‘ advantage over the discrete version since
the transistors will be matched and
FIGURE 2-23 operating with small differences in
BASIC CHOPPER CIRCUIT temperature.

Offsets and drifts of standard inte-
grated circult pairs (Figure 2-24) in the inverted chopper connection average
50 uV offset and 1 pv/°C drift. Figure 2-24(a) shows two transistors diffused
into a single die; and Figure 2-24(Db) shows two emitters diffused into a single
collector-base junction area, which provide even tighter control of drift and off-
set. Double-emltter devices have been reported to have offsets under 20 uvV and
drifts less than 0.2 pv/°C.

Transistor Transistor COURTESY OF EEE CIRCUIT DESIGN
1 2
|N+| ' |N+| |N+| |N+|
P P P P P P P P
N N N
3 P
(a) (b)
FIGURE 2-24

STANDARD CHOPPER CONFIGURATIONS

2.1.11.4 Demodulators

Although demodulators vary widely in configuration, only diode~quad types
are dlscussed here,

In discrete diode~quad bilateral switches, the usual procedure 1s to select
diodes in quads or palrs to achieve low offsets. Offsets from 10 mV down to 1 mV
(with successively poorer yields) are typlcal. In integrated clrecuits, two diodes
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can be di@fused side by side into the same silicon substrate. An n-on-p diffused

palr can be connected to a p-on-n pair %o form a bridge (Figure 2-25). The p-on-n

COURTESY OF EEE CIRCUIT DESIGN
EXC EXC
d I dp
2] [2]
N
In o Out In out
dg dy
L] ]

EXC EXC

FIGURE 2-25
DIODE-QUAD SWITGH CONSTRUGTION

pailr should match and track, as should the n-on-p pair. Figure 2-26 shous a
diode quad in a demodulator. Quadrabure rejectlon is accomplished by controlling
the conduction angle. The d-c output is the average value of the in-phase sine
wave. At that time the quadrature signal 1s passing through zero. The output
will be zero for quadrature signals and nearly equal to the peak magnitude for

in-phase (0°) signals. A paralleled R and C is used To achieve a peak-conducting
circuit.
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LhoG Hz
Lﬁj
A-C
Current
Generator

Input
400 Hz

Lo

FIGURE 2-26
DIODE-QUAD DEMOBULATOR AND EQUIVALENT CIRCUIT

A transformerless version of the demodulator is shown in Figure 2-27. In
this version, the isolation property of the transformer is approached by use of
the high output-impedance of the common-base connection. When Qq and Q, are cut
off, the impedance 13 essentially infinite. Vhen Qq and Qp conduct, the drive
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nodes of the "bridge are connected to.the current generators with the output
impedance of Q; and Q, across them (it is above 500 KO at low freguencies).

+12V COURTESY OF EEE CIRC UIT DESIGN

AC
Current
Generator

€Drive
OO

AC
Current
Generator

d

5 = = =
-6V
12V ©In /0° or /180°
FIGURE 2-27

TRANSFORMERLESS VERSION OF DEMODULATOR SHOWN IN FIGURE 2-26

The demodulator functions of the transformer and transformerless circults
are essentlally the same. In the transformerless version, the bridge conducts
for 30 to 50 degrees about the peaks of the cycle, causing Cl to charge up to the
average value of the peaks of the input signal through RS' Vhen the drive circuit
cuts off, C; holds the charge until the next half cycle. The output is a bipolar
d-c voltage, corresponding to the zero and 180-degree input signals. Another
transformerless demodulator is shown in Figure 2-28.
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SN

+12V +12v

/ A

_12v -6V 4 0.
+12V +6V
-12v jL

Drive
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b Output
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-6V Input /0° or /180°

-l2v

FIGURE 2-28
TRANSFORMERLESS QUADRATURE REJECTION DEMODULATOR
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2.1.11.5 Communication Circuits

R-f and i-f amplifiers, mixers, oscillators, and multipliers with good
performances over a wide range of frequencies can be designed and fabricated in
integrated-circult form. Monolithic integrated circuits can often match the
performance of discrete verslons up to about 10 MHz. Above this, parasitics
begin to play a significant role.

For monolithic r-f circults, it 1s recommended that impedances be kept low
or that resistive i1solation techniques be used. Vhf and uhf circuits are not
yet practical in monolithic form. At these frequencies 1t is often desirable to
separate the indlvidual circuit elements on a high-frequency dielectric (e.g.,
ceramic), as in hybrid circuits.

COURTESY OF EEE CIRCUIT DESIGN
Agaln, 1t is desirable to eliminate

+V chokes and transformers. Figure 2-29
shows an overtone crystal osclllator with-
out inductors. It can provide a frequency
stability better than 0.005% from 0°C to

Q; 50°C. WNaturally, the crystal is not
Included in this monolithic integrated
. o circuit.
_l_ Overtone
Crystal 2.1.11.6 Digital Circuits
I i While design of digital circults is simi-
L L T lar to that of analog circuits, there are
‘differences in the partlculars of the
design., Some of the more important digital
E% characteristic are as follows:
= (1) fan-in, (2) fan-out, (3) noise immunity
FIGURE 2-29 (4) propagation delay, and (5) best logic
OVERTONE CRYSTAL OSCILLATOR type for a particular application. Design

factors that must be considered before
determining the desired diffusion profiles
and mask layout ‘nclude the following: (1) reliability, (2) fan-out, (3) tempera-
ture range, (4) switching speed, (5) nolse immunity, (6) power dissipation, and
(7) production yield. Often a design that is best for one parameter acts to
degrade another; for example, high switching speeds are not compatible with
large fan-out and low power.
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In preparing the specifications for the circuit 1t is necessary to determine
the following:

(1) The type of transistor required, which includes setting the diffusion
profiles and determining the geometrical layout

(2) The center values of the resistor

(3) The tolerance on transistor and resistor parameters

To determine these values 1t 1is necessary to state the basic black-box
objectives of the digital ecircuit.

The following example¥* will serve to illustrate some of the important
design considerations for digital circuits. The electrical eqguivalent circult for
this example is illustrated in Figure 2-30. It is a three-input, modified
direct-coupled transistor-logic (DCTL NOR gate). Logic O is approximately +0.2V,
and logic 1, +0.8V. A pulse at inputs 1, 3, or 5, or any combination of them,
will drive one or more of the transistors into saturation and produce a 0 at
output pin 7.

COURTESY OF ELECTRONIC DESIGN

Vous

Vin Vin  Ep Vin Fp

B

QD GND

FIGURE 2-30
MODIFIED DCTL NOR GATE

External Black~Box Parameters Internal "Device" Parameters

Fan-in = 3 Load Reslstance Ry, =~ €00 ohms
Fan-out 2 5 Base Resistance Ry =~ 40O ohms
Power Dissipation < 15mW Saturation Resistance = 40 ohms
Operating Voltage = 3 V Current Gain hgp > 20
Noise Immunity 2 0.3V hpp Peak at I, =~ 5mA
Maximum Supply Voltage < 10V Frequency Cutoff fmp = 500 MHz
Propagation Delay < 25 nsec Saturation Voltage Vgg = 0.7V
Operating Temperature Range -55 to +125C Saturation Voltage Ve < 0.25V
Base Sheet Resistance Pg = 100 ohm/sq

*L,, B. Valdes, "Case History:

2 March 1964.

Integrating a NOR Circuit', Electronic Design,
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The noise-lmmunity objective requires that when a transistor is locked in
saturation, a 0.3-V signal superimposed on the output voltage will not turn on
the transistor in the next circuit system (assuming that one NOR gate drives

another). Ideally, the integrated circuilt should be designed with Vpyp sat as
low as possible.

A minimum value of load resistance, Ry, can be obtained from the power-

dissipation requirements; 15 mW at 3 V gives a maximum current consumption of
5 mA.

Thus

3.0 - V
Ry min = ce 83t . 530 ohms (2-10)

0.005

If diffusion control limits the load resistance to + 15%, the center value of
RL is set at 620 ohms. An upper value is approximately 720 ohms.

This calculation also indicates that in a typical case a transistor in
saturation 1s at Ic = 5 mA. FPor maximum fan-out 1t would be desirable to have
the transistor in saturation with the base current IB as small as possible. Thus
g translistor with a large value of hFE is wanted. The curve of hFE vs. Ic should
also peak at Ic = 5 mA. From swltching-speed considerations (maximum propagation
delay of 25 nsec) it 1s also known that a fast transistor will be needed, one
with an fT of at least 500 MH,.

Choosing the proper value of RB 1s somewhat more complicated. If RB is small,
the transistors will draw too much base current from the previous stage. This
not only limits the fan-out of each gate, but may lead to "current-hogging", which
can be illustrated with the ald of Figure 2-31. Current avallable from Gate A 1s
limited to a maximum value given as:

V.. - vin

T =-cc in
avail RL

(2-11)

This gate drives five others, which have slightly different input character-
istics. Gate Bl has the lowest VBE sat of the group, and B5 has the highest.
Thus 1t may happen that Gates Bl through BY draw so much IB that virtually all
the available current 1s directed into these four gates and there is not enough
left to turn on Gate B5; the first four gates have "hogged" the available current.

Most sillicon transistors are in saturation at IC/IB = 10 or IB =~ 0.5 mA,
At this point, VBE sat ~ 0.7 v, and 1t is evident that too much series voltage
drop cannot be added across RB. If this series voltage drop 1s arbitrarily
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chosen as 0.2 V, the result 1is

Rp = 400 ohms., Figure 2-32 illustrates
what happens 1f two transistors are paral-
leled, one with Vpp sat = 0.7 V and the

v 1 other with Vpp gt = 0.8 V. The input

L L oateen current is only 0.25 mA to the second
transistor, but it remalins 1n saturation
as long as hpp 1s greater than 20.

The actual selection of Rg = 400 ohms
was made after a worst-case analysis of
| 1oz, the circult. It is obviously not suffi-
clent to consider the various requirements

GATE B2 Independently. It is necessary to examine
what happens when all component parts of
the integrated clrcult are at thelr worst
possible values, and to consider the vari-

atlion of these parameters with temperature.

! In addition, the transient characteristics
les of the device must be examined, together
with all the parasltic terms that are an

GATE B3 < integral part of every integrated circuit.

FIGURE 2-3t
REPRESENTATION OF A NOR GATE DRIVING
FIVE LOADS (GATES B1 TO BS)

The desired electrical characteristics

can be satisfled with a transistor having
the geometrical layout of Figure 2-33,.
This unit has a base width of 0.8 p and
enough gold doping to produce a storage
time of 20 nsec. It has been designed to minimize transverse voltage drop in the
collector region and obtain a saturation resistance of less than 40 ohms.

COURTESY OF ELECTRONIC DESIGN COURTESY OF ELECTRONIC DESIGN

i l\je V///// Aluminum
o t \\\\ Emitter
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@
<
0
=
[ — — |
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L2277

L I._ 4.0 _.I
FIGURE 2-32 Base Region
EFFECT OF DIFFERENT ¥y VALUES FIGURE 2-33
at TOP VIEW OF EMITTER AND BASE REGION OF
ON NOR-GATE CIRCUITS DRIVEN IN PARALLEL TRANSISTOR USED IN AN INTEGRATED CIRCUIT
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A heavily doped n+ region has been diffused around three-fourths of the
base region, reducing the possibility of channeling,.

The load resistor RL and input base resistors RB are produced by use of the
same p-type diffusions as for the base of the transistor. As explained earlier,
their values are adjusted by controlling the ratio of length 4 to width w of
the resistor pattern and using the equation

R=FP_ — (2-12)
where the sheet resistivity, Pgs is about 100 ohms/square.

The fact that ‘the resistors are at a more positivé potential in the circuit
than the transistors requilres that they be placed in separately isolated n-type
regions. Figure 2-3% is a cross-section of the circuit, showing one transistor
and one resistor.

Emitter Base  oo1lector B+
Resistor
R S |
p 3.0V
n n

P

FIGURE 2-34

CROSS-SECTIONAL VIEW OF AN INTEGRATED CIRCUIT
SHOWING ONLY ONE TRANSISTOR AND THE LOAD RESISTOR

The measured characteristics of two devices constructed from the foregoling
information are given in Table 2-4. Two saturation voltage tests were performed:
one with 0.825 V applied to the input, and a second with 1.5 V. The output
voltage, V_ (for the light saturation condition), illustrates the ability of the
transistor to turn on at a prescribed signal level,

The hard-saturation voltage condition provides a measure of the
ability of the circuit to handle a large input signal. It is also used to
ascertaln that there are no parasitic elements limiting the operating of the
devlice. For example, there may be a parasitic clamping diode bebween the input
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terminal and the substrate, which would tend to 1lift the output voltage as the
input voltage is increased.

The output current is measured with 0.55 V applied to all three transistors.
This is a worst-case condition. It should be noted that 1f one of the transis-
tors turns on too soon (at Vgg = 0.55), the current through Ry, will be diverted
through such a transistor rather than go through the output terminal and into
the next circuit. Early turn-on of a transistor is also characterized by the

value of ICEX'

The fan-out of the NOR gate is theoretically the ratio of the minimum output

current divided by the maximum input base current -- in this case, 2.9/0.37 = 8,
COURTESY OF ELECTRONIC DESIGN

TABLE 2-4
MEASURED PARAMETER VALUES FOR NOR CIRCUIT

Base Input Current In
(0.825 V applied to input) 370 KA max

Output Voltage Vq
(0.825 Vv applied to input) 300 mV max

Saturation Voltage Vy
(1.5 V applied to input) 250 mV max

Output Current Ig
(output at 0.825 V) 2.9 mA min

Threshold Current Iggyx
(input at 0.55 V, 200 LA max
output at 1 V)

Figure 2-35 shows the output voltage
vs input voltage of a typical gate. These
curves can be used to determine the noise
immunity of the gate. Take the highest
temperature (+125C curve), or worst-case,
2.0 _+125°C\\\ | condition. The gate turns on at approxil-

COURTESY OF ELECTRONIC DESIGN
T T

2 | +75°C mately Veg = 0.55 V. If VeE,, <0-25V,
§ 1.6} the required 0.3-V noise immunity is
:: 12 - achieved at maximum operating temperature.
§' - The temperature variations of some of
8 0.81 the other signifilcant gate parameters are
i illustrated in Figures 2-36 through 2-38.
0.4t The propagation delay i1s defined in the

L test circuit 1llustrated in Figure 2-39;
0O 0.2 0.4 0.60.81.01.21.4 it is the average of the turn-off time

Input (Volts) t7 and the turn-on time tp. Both of these
FIGURE 2-35 are measured at the 50% point in the input
QUTPUT VOLTAGE VS INPUT VOLTAGE waveform A and the output waveform B,
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EFFECT OF TEMPERATURE ON
THE CURRENT GAIN OF AN

INTEGRATED-CIRCUIT TRANSISTOR

COURTESY OF ELECTRONIC DESIGN
T T L) T T ¥

56 T T
g} :
sof A

32}

2“’ “__d/‘

16 -\p-
t

0~k o0  +#0 480 4120
Temperature (°C)
FIGURE 2-38

SWITCHING TIMES t; AND t, AND
PROPAGATIGN DELAY tp

g Time

(Nanoseconds)

Switechin,

COURTESY OF ELECTRONIC DESIGN

l Voo = *3Vde A B

o NE I TN
I —| }=0.2us l/ | \\
L~

Circult under
test

-/“-; -=50%
D ~50%

bt

Vaveform A }

)
i
50%”:\ !
|
! 4—50% " !
Waveform B i/i B, + b, E
FIGURE 2-39

CIRCUIT USED FOR THE MEASUREMENT OF
PROPAGATION DELAY tp
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2.2 MOS FIELD-EFFECT DEVICES

The metal-oxide-semiconductor (MOS) field-effect transistor (FET) uses an
electric field applied through an insulated gate electrode to modulate the
conductance of a channel layer in the semiconductor under the gate electrode.

The channel consists of a lightly doped region contained between two highly doped
regions called the "source" and "drain". The conductuance of the channel is
dependent upon the intensity of the field and hence the voltage applied to the
gate electrode. Most MOS transistors now available are fabricated on a silicon
substrate. The insulating oxide is silicon-dioxide. (Some results of using
silicon-nitride as the insulator have been published.) The MOS has high input
resistance (>1015 ohms ), and at high frequencies the input impedance becomes
highly capacitive. Unlike the junctlion transistor, which is a current-controlled
device, the MOS is voltage- or charge-controlled.

There are two basic types of MOS devices: enhancement and depletion. Each
of these types can be fabricated so that either electrons or holes are the major-
ity carriers. Thus four distinct types of MOS transistors exist. These are
listed 1n Table 2-7, with associated bias-voltage requirements.

TABLE 2-5
CHARACTERISTICS OF FOUR BASIC TYPES OF MOS DEVICES

Incremental

Normal Normal
Gate-to-Source | Gate-to-Source
MOS Type Symbol Voltage to Voltage to Drain- | Substrate-
to-Source | to~Source
Cutoff Increase Voltage Voltage
Conduction € oltag

D
N-Channel Zero or
Depletion (}04 sSs Negative Positive Positive Negative
S
U :

N-Channel Zero or
Enhoncenont | & 1 Ss Zero Positive Positive | pe o ive
bs
D
P-Channel Zero or
Depletion G o S8 Positive Negative Negative | ;2.0 700
S
D
P~-Channel Zero or
Enhancement | G 04 ]Zji()ss zero Negative Negative Positive
le
G - Gate S - Source D - Drain SS -~ Substrate
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2.2,1 N-Channel Enhancement MOS

The majority carriers are electrons in the n-channel enhancement transistor.
A positive voltage (with respect to the source) applied at the gate induces a
positive potential in the oxide at the oxide-semiconductor surface. Thls in tumn
attracts electrons to the semiconductor surface, and these carriers form the
transistor's induced channel., An enhancement-type transistor structure is shown
in Figure 2-40.

At zero gate voltage there is only

Source Gate Drain a very small current flow (= 1077 amps )
between source and drain. Since there is

no gate voltage, there are no free carriers

in the space between the two N+ regions.

Oxide The current that does flow 1is that of the
Nt ~—— Chammeli— N+ reverse-blased junction formed by the

P-type substrate and the N+ drain region.

P-Type Substrate When a positive voltage 1s applied to
the gate electrode, minority carriers
FIGURE 2-40 (electrons) are attracted from the P-region

to the surface to form the channel. The
surface has an excess of holes (empty
valence states) since it is originally
P-type, and as the electrons are drauwn

to the surface of the P-region underneath the oxide, these empty states are filled.
Therefore, a gate voltage 1s reached at which there are just enough electrons to
£ill the empty valence states. At this value of gate voltage the channel is intrin-
sic., For further increases in gate voltage the channel becomes N-type. When this
happens, the surface 1s referred to as "inverted." Figure 2-41 is an illustration

H-CHANNEL ENHANCEMENT MO0S

of the drain current as a function of

drain voltage for an enhancement field-
+5 effect transistor. Because of the nature
of surface states, surfaces change easily
from P-type to N-type, which makes it
quite difficult to fabricate the enhance-
ment FET; they have a tendency to become
depletion~type devices. The surface
resistlvity must be kept low to prevent
the channel from forming when there is no

K0 ] i p S D S B S e —

T T T T -1 0 gate bilas.
0 10 20
Vs 2.2.2 P-Channel Enhancement MOS
FIGURE 2-41

The P-channel enhancement MOS utilizes
holes as the majority carriers. The sub-
strate 1s N-type, and the induced channel

DRAIN CURRENT VS DRAIN VOLTAGE
Vertical: 1mA per division
Horizontal: 2V per division
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is P-type. The drain and source regions are P+, and the drain-to-source voltage
is negative. The channel is induced by application of a negative gate-to-source
bias. The drain current as a function of drain and gate voltage 1s simllar to
that shown in Figure 2-41 except that all the voltages are reversed.

The metalized gate electrode shown in Figure 2-40 covers the entire channel
region. It is characteristic of the enhancement-type transistor that the gate
electrode overlaps both source and drain N+ reglons. This 1is necessary to prevent
a high resistance from appearing in series with the source and drain, since no
carriers would be attracted into that part of the channel not included in the gate
electric field.

This geometry, however, results in a large capacitance from gate to drain
and gate to source. The exact value depends on the degree of overlap and the
thickness of the oxide. The thicker the oxide the smaller the capacitance value;
yet, for sensitivity, the oxide must be thin enough to provide high gate fields for
reasonably small gate voltages. To meet these opposite demands, the oxide is
usually made thin over the channel and thick over the N+ regilons (P+ regions for
P-channel devices), as shouwn in Figure 2-42. Also illustrated is the effect of
gate voltage on carriers for both P- and N-types.

Source (+) Gate Drain Source (-) Gate Drain
Oxide

rE+ +t t 31 3¢

+

N+ N+ P+ P+
S N T I S R {
P-Type Substrate N-Type Substrate
(A) N-Channel (B) P-Channel
FIGURE 2-42

OXIDE THICKNESS AND CHARGE ON ENHANCEMENT MOS TRANSISTOR

2.2.3 N-Channel Depletion MOS

The depletion-type MOS is illustrated in Figure 2-43. The channel for this
device is formed at the time when the oxide is fabricated on the surface. The
degree of doping for the channel depends on the saturation current desired at
zero gate voltage. The current that flows with zero gate voltage 1s higher in
the depletion-type device since the channel exists at all voltages. The drain




Source Gate Drain current as a function of drain voltage
is 1llustrated in Figure 2-44 for an
N-channel depletion MOS transistor.

This device operates for negative

Oxide as well as positive bilas on the gate. It
N+ N+ 1s unique in 1its applications and can be
/,/’)' considered as operating either in the
N~Channel

depletion or in the enha ent e.
P-Type Substrate pletion mode h ncement mod

Operation in the depletion mode
FIGURE 2-43 requires a negative gate-to-source bias.
DEPLETION-TYPE MOS As the gate bias is made more negative,
the channel 1s depleted of electrons
because of the electric field induced in
the oxide. The field at the oxide-
1077 v & T T 7 semiconductor interface is posit el
repels the electrons from the surface.

The result is a decrease in current as
a result of the decreasing conductance
of the channel.

2.2.4 P-Channel Depletion MOS

The geometry for the P-channel is
the same as that of the N-channel deple-
tion MOS. The majority carriers, how-
ever, are holes. This devlice has all
the characteristics of the N-channel

FIGURE 2-44 except that all voltages are reversed.
DRAIN GURRENT VS DRAIN VOLTAGE The channel is not as highly doped
Vertical: 2mA per division as the drain and source regions. Because
Horizontal: 8V per division of the relatively high free-carrier con-

centration in the channel, it is not

necessary that the gate electrode overlap
the drain. This i1s referred to as "gate off-set”. A small series resistance will
be induced in the channel at the drain when the transistor 1s operated in the
enhancement mode. The only effect this has on device operation 1s to increase
the drain voltage at which current saturatlion occurs. The gate electrode does
overlap the source. If it did not, the series resistance associated with the
source would introduce degenerative feedback, which would have deleterious effects
on device gain. The gate off-set significantly reduces the gate-to-drain feed-
back capacitance,

2-37

-~



The two basic MOS structures are illustrated in Figure 2-45. These basic
structures were first proposed by D. Hahng and M. M. Atalla.¥

COURTESY OF IEEE TRANS ON ELECTRONIC DEVICES

(a)
(c)
LNY) LN+ J L_N+J
Sa—r— (b)
\, 1 4 1 J
! s |
FIGURE 2-45

GEOMETRY OF N-CHANNEL MOS TRANSISTORS (a) TOP VIEW
{b) CROSS-SECTIONAL VIEW (c) THE LINEAR STRUCTURE

The N+ regions of the structure shown in Figure 2-45 are obtained by high-
temperature diffusion of phosphorus impurity into the P-type sillcon substrate
by the use of oxide masking techniques.** The N+ region used as the source can
be internally connected to the P-type substrate when the source electrode is fab-
ricated. If it is not, the device 1is a four-terminal device, with the substrate
acting as the fourth terminal. The other N+ region is the drain and 1s usually
employed as the output terminal. The source acts as the common terminal for the

input and output.

*U.S. Patent No. 3102230, "Electrical Field Controlled Semiconductor Devices”,
filed 31 May 1960 and issued on 27 August 1963 to D. Hahng; and U. S. Patent
No. 3056888, "Semiconductor Triode", filed 17 August 1960 and issued on
2 October 1962 to M. M. Atalla. Some of the materials covered in these two
patents were presented at the IRE-AIEE Solid State Device Research Cong.,
Pittsburgh, Pa., June 1960 by these authors in "Silicon-Silicon Dioxide Field

Induced Surface Devices".

*¥PFor a comprehensive review of the silicon planar-technology developments see

G. E. Moore, "Semiconductor Integrated Circuits," Chapter 5 of Principles
of Microelectronic Engineering, E. Keonjian, Ed., (New York, 1962).




The input lead, called the gate, 18 evaporated over the oxide. In this
varticular structure the oxide is silicon dioxide. However, work is currently
being done with silicon nitride as the insulator. The 8102 layer is a deter-
mining factor of device characteristics and stability.

The oxide insulator can be grown thermally at high temperature or anodically
at room temperature. Oxide thickness of the order of 1000 E 1s generally used.
Thick oxide reduces the transconductance, gain, and speed of the device for a
gilven d-c¢ operating point; and very thin oxide makes the reproducibility of the
device difficult.* The metal gate electrode and the metal electrodes that form
the ohmic contacts to the source and drain regions are made by evaporation and
photoresist techniques. Metals such as aluminum, silver, and gold are used.

The linear structure illustrated in Figure 2-U45c¢ 1s well suited for integrated-
clrcult work. It 1s easy to interconnect the devices, and there 1s a natural
isolation between devices on the same substrate.

2.2.5 Drain Current

The equation for draln current ls derived by San® as

p.C _ -
- fje [ -V 5] (2-13)
L 2
where
ID = draln current
VG = gate-to-source voltage “
Vb = drain-to-source voltage
VT' = the turn-on voltage if 1t 1s positive or turn-off voltage
if 1t is negative
C0 = the total capacitance of the oxide layer under the gate
1. = the channel length as indicated in Figure 2-45¢
In = average surface mobility of electrons in the chammel

Equation 2-13 1s based on a simplified model of the channel and is valid
only for gradual channels; 1t ceases to be a good approximation in the region
of the channel where it is pinched off or nearly pinched off.

* C,T. Sah, "Characteristics of the Metal-Oxide-Semiconductor Transistors",
IFFE Transactions on Electron Devices, July 1964, pp. 324-345.
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If Vp in equation 2-26 is positive and Vg 1s zero, the current will be
negative. This cannot be the case in practice. What 1s indicated here 1s that
Vg must be larger then Vp 1In order to have current flow in the channel; thus
we are dealing with an enhancement transistor. This 1s easily seen in Figure 2-146,
which illustrates the transfer characteristic of an enhancement MOS transistor.

From Figure 2-46 it can be seen
that current does not flow until some
value of gabe voltage (Vip) is applied
between gate and source. Thils 1s the

D voltage required to invert the channel
discussed In Section 2.2.1. Current will
not flow in the channel until the gate
voltage exceeds the transistor turn-on
voltage. The determining factor in the
magnitude of Vip 1s the oxlide thickness.
For thin oxides, Vip is lower than for
thicker oxides.

Vo Ve
If Vp is negative, Equation 1 indi-
FIGURE 2-48 cates a current at zero gate voltage.
TRANSFER CHARACTERISTIC OF This is the case for the depletion-type
ENHANCEMENT MOS TRANSISTOR transistors. The transfer characteristic
for an N-channel depletion transistor is
illustrated in Figure 2-47.
Note that for Vg = O in Figure 2-47,
. there is substantial drain current. In

D this case Vqp 1is the voltage required to
turn off the drain current.
2.2.6 Pinch-off

Equation 2-26 indicates a linear
current-voltage relationship for the MOS.

This 1s true only in the ohmic region of
the vp - ID characteristic. As the drain

G VT +VG voltage 1s increased beyond some value

(assuming constant VG), drain-current sat-
FIGURE 2-41 uration takes place. At this point, the

TRANSFER CHARACTERISTIC FOR channel is pinched off. This is the
DEPLETION MOS TRANSISTOR pentode region of the VD - ID character-

istic.

The gradual pinch-off of the channel
of an N-type depletion MOS is illustrated
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in Figure 2-48. Assume that the ‘gate electrode is shorted to the source (Vg = 0).
For zero applied drain voltage the channel is unconstricted, as is shown in
Figure 2-48a. As the drain voltage is increased from zero in a positive dirvec-
tion, current begins to flow in the channel. This is point (b) on the curve of
Figure 2-48e.

The applied voltage is dropped across
the channel, and the effect is to reverse-
bias the gate electrode relative to the

77z &
channel. Since the channel resistance is
distributed, the voltage is distributed

! along the channel and the most negative

17777

Source

area 1s that closest to the drain. The
result 1s an induced depletion region in
the channel, with the greatest depletion
occurring closest to the drain, as is

| - ! indicated in Figure 2-48b.

As the drain voltage 1s increased to

correspond to point (c¢) on the curve of
D7J572 Figure 2-48¢, the depletion region is
further enlarged. At point (d) the drain
voltage equals the pinch-off voltage, and
drain-current saturation takes place., At
— Vp=Vg - Vp this point it is assumed that the depletion
region extends across the channel. There
is only a slight increase in drain current
for further increases in drain voltage.

Ohmic Region Saturation Reglon

(e) From Figure 2-48e 1t can be seen that
the drain current can be divided into two
segments: that which appears in the ohmic
region and that which appears in the sat-
uration region. These reglons are divided
by the locus of points determined by

Vp=Ve - Vp

For values of VG - VT < Vb, Equation
FIGURE 2-48 2-13 is valid. However, in theé saturation
region, where VG - VT E'WD, this equation
1s no longer valid; the gradual-channel
approximation fails. This condition corre-
sponds approximately to the condition of maximum draln current from Equation 2-13
and can be obtained from it as follows:

PINCH-OFF FOR DEPLETION M0S TRANSISTOR
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If we set

GID
— = 0 and use Equation 2-13, (2-14)
GVb
Vo
the pinch-off condition is
Vb = VDS = VG - VT (2-15)

where Vbs is the drain voltage at saturation.
The dralin current at the pinch-off condition 1s given by
(¢ 2

K 2 . C
Ipg = 20 <VG - VT) e =2 'ps (2-16)
oL o1,

If the drain voltage is further increased beyond the pinch-off voltage
given by Equation 2-15, the pinch-off region lengthens into the channel. Most
of the additional voltage applied to thé drain beyond the pinch-off voltage
appears across the length of the pinch-off region and causes little lncrease in
the draln current.

In the saturation region the channel is sald to be pinched off. Yet a
constant current is being conducted from source to drain. In this reglon space-
charge-dominated currents* are generated in the drain area. This type of current
flow differs from ohmic current flow since the channel drift fleld now controls
the distribution of mobile charge as well as the charge velocity. It is analogous
in this sense to space-charge current flow in conventional vacuum tubes, where the
plate-to-cathode fleld gradient determines the space charge.

2.2.7 Determining VT

A rapid experimental determination of the threshold voltage VT can be
obtained from two terminal characteristics. The gate electrode is connected
directly to the drain for the enhancement-mode N-channel device,which has Vp > 0
and no built-in channel. For the depletlion-mode N-channel device a battery of
\ ]Vbl (positive side tled to the drain) is used that has a sufficiently
high voltage to pinch off the bullt-in channel.

*G@.T. Wright, Proceedings of the IEEE, Vol. 51 (1963), p. 1642.
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In these connections, the device is in the saturatlion reglon since
Vb = VG + VGG > Vbs = VG - VT. Thus the two-terminal drain current can be
obtalned from Equation 2-16 by the use of Equation 2-15:

T 2 - _ 2 -
IDS = (Pvnco/zL ) - (VD VGG V'I') ’ (2-17)

which shows that the onset of the drain current corresponds to a drain voltage
of (VT + VGG)' For devices of the enhancement type, the turn-off voltage Vj can
be determined readily from a dlsplay of this characteristic without the use of

a gate battery since VT > 0. For the depletlon type, VT < 0; and a gate battery
of VGG > IVT[ must be used to determine the turn-on voltage V. This slight
addlitional complication comes from the fact that an N-channel MOS transistor,
which has a P-type substrate, cannot be biased with a large negative drain volg-
age, since then the drain junction would be forward-biased and the large forward-
drain Junetion current would mask off the pinch-off point.

2.2.8 Determining the gq and g

The low-frequency values of 8q’ the drain conductance below saturation, can
be determined from Equation 2-318.

61 T C

gg = ( —2\=Er o (Vg . Vp - Vp), (2-18)
2

5 Vp Vg L

Thus 84 decreases linearly with draln voltage and becomes zero at saturation, where
Vp = Vpg = Vg = Vp,
The transconductance (g;) is

Ip HnCo

and 1ts maximum, which occurs at saturation, is given by

HnCo EnCo -
&ns = ~ 2~ DS = 7 (VG - V‘I‘) (2-20)

Since (Vé - T) = Vpg in the saturation region, one can use Equation 2-16, substi-
tute into Equation 2-19, and rearrange such that

g~ms = \JEI;’%:?C—O (2-21)

The value of transconductance in Equation 2-21 1s also approximately the
value of transductance when the device 1s operated beyond the saturation voltage.




2.2.9 Frequency Limitations of an MOS Device

The upper frequency 1limit of an MOS device depends on T, the transit time
of a carrier from source to drain. The transit time 1s a function of device
channel length (L), the surface mobility (p), and the applied voltage from drain
to source. The equation for transit time 1is

2
I
= e—— 2—22
The intrinsic gain-bandwidth product for the MOS is
Em
GBW = 535; (2-23)

where gp is the device transconductance and C, 1s the active gate-to-channel
capacitance (in saturation C, = 2/3 Co). The gain-bandwidth product is directly
related to the carrier transit time as

- 1
GBY = 5= (2-24)

In actual practice the upper frequency limit may be substantially lower
than 1/27t. For a 1lO0-micron channel, the upper frequency limit will be several
hundred megacycles per second.

2.2.10 Equivalent Circuit of the MOS

An equivalent circuit of the MOS is illustrated in Figure 2-49.% The
equivalent circuit is composed of six resistors, five capacitors, a constant-

] current source, and two dlodes.
COURTESY OF ELECTRONICS. McGRAW-HILL € 1964

—i-
c Resistance Tgs represents the
> AAA 5 gd leakage from gate to source, and Tgg
Gate Tgd Jffi T3 Drain is the leakage from gate to drain.
¥ :[;r W These values are very high, typically
Cc ;C L 1 about 1015 ohms.
= &ne Cas
¢rgs C c 1 s The series network formed by C,
b s <
eg ] & r 3 D ei and r, is a lumped approximation of
c 2 the distributed network of the active
r' § Substrate channel. The capacitance C; is the
3 5 3 Connection sum of the small capacitors distributed
Source over the active channel area; 1t is
expressed as
FIGURE 2-49 3%
EQUIVALENT CIRCUIT FOR MOS FET Co = 3V (2-25)

CH-OFF REGION
OPERATING IN THE PIN vhere Q. 1s the total channel charge.

C, is usually a function of the applied

*?§6¥5 Grisggld, "Understanding and Using the MOSFET", Electronics, (December 14,
5> D .



gate and drain voltage. In saturation, thls simplifies %o

2
Co =5 Ay Cox (2-26)

where Ac is the gate area overlying the active channel and Cox is the oxlde

capacitance per unit area. Typically, oxide thickness Tyx = 1000 angstroms, so
that Coy, = 1070 Farads,/Cm°.

The capacitance Cc charges and discharges through the channel resistance ro-
The channel resistance, in turn, 1s composed of innumerable serles and parallel
resistors between the source, or drain, and the points in the channel where the
individual channel-to-gate capacitances take effect. The high-frequency perform-

ance of the MOS is strongly dependent on the r, C, time constant.

When the MOS 1s operated in the saturation region, it appears as a constant
current source. For this reason the active portion of the circuit is depicted
as a constant current source with a value of gnee- The low frequency value of
gm can be obtalned from the Vp - Ip characteristic as

(2-27)

Resistance ry in parallel with the current generator, gpe,, represents the
dynamlc output resistance of the transistor. It can be determined by the slope
of the output characterlistics as

AVp

rq = ATp (2-28)

vsG

In the pinch-off region, rgq is several orders of magnitude larger than any
parasitic resistances. The parasitic reslstances appear in series with the
source and at the drain.

Resistances ré and ré represent those portions of the source-to-drain
channel which are not controlled by the transistor's gate. These parasitic
resistances are mostly caused by the metal-to-semiconductor contact of the source
and drain reglons. However, when the gate electrode 1s offset from the drain
(depletion-mode transistor), that portion of the channel resistance not under the
gate electrode is included in ré.

The only effect of ré is to shift the value of the external drain voltage
required to obtain drain-current saturation. However, ré appears as a common
element to the input and output circult and therefore induces degeneratlve feed-

back. It lowers the external terminal transconductance, g;, which is expressed as

8mo
Em = T+ 7 gno (2-29)

245




where g, 1s the internal transconductance. To keep ré as small as possible, the
gate electrode always overlaps the N+ source contact.

Capacitances ng, Cgg, and C are the physical case and interlead capacitances

gs
between gate and drain, gate and source, and draln and source. Capacitances ng
and Cgs also include any capacitances that are not dependent on voltage, such as
that contributed by the physical overlap of the insulated gate over the source or
drain. C d is reduced significantly when gate off-set is used for depletion-mode
devices. Capacitance CdS includes the capaclitances of D1 and D2.
Capacitance Céd represents the intrinsic gate-to-drain capacitance, which

decreases as the channel voltage approaches the pinch-off region. Thils capacitor
is quite significant since it determines the degree to which drain-current satura-

tion 1s achieved.

Diode Dy represents the junction formed between the N+ drain region and the
semiconductor substrate; Dy 1s the Jjunctlon formed between the N+ source reglon
and the substrate. Dj; and Dy are back-to-back diodes in parallel with the channel.
At high frequencies the diodes contribute an equivalent series RC network that
affects the output admittance.

2.2.11 Amplifier Circuits

There are three basic single-stage circult configurations in which the MOS
is used. Each has its advantages in a particular application.

2.2.11.1 Common Source

The common-source configuration is l1llustrated in Figure 2-50a. The signal
is applied between gate and source. This circuit has a high input impedance and
a medium-to-high output impedance. The circuit provides a voltage galn greater
than unity, which is given by

gmraR
A= - rz f %L _ (2-30)
where g, 1s the transconductance, rgq is the drain resistance, Ry 1s the effective
load resistance, and the minus sign indicates the phase reversal from input to
output. If an unbypassed reslistance 1is introduced between the source and ground
as shown in Figure 2-50a, degenerative feedback is induced in the circuit. The
common-source voltage gain A' with an unbypassed source source resistor is

- gy Tg Br
At = rqg + (g, rq + 1) Ry + R (2-31)

where Rs is the unbypassed source resistance. The output impedance, Z,, is
increased by the unbypassed resistor:

Zo = rg + (g Tg + 1) Rg (2-32)
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2.2.11.2 Common-drain Circuit

The common drailn circuit, illustrated in Figure 2-50b, is sometimes referred
to as a "source follower." The input impedance is very high, but the output

COURTESY OF E1 ECTRONICS. McGRAW-HILL © 1964

Rgs S Vb
A =
D 1
+
G/:;\xB = oD
Vs
Rg 3 3 Rg
B =
B
< >R
:fe , . %L
Jil i
c | Re
B=Bulk Gate

RG=Gate Resistor

D=Drain RS=Source Reslstor

G=Control Gate
S=Source

FIGURE 2-50

THE THREE BASIC AMPLIFIER
CONFIGURATIONS FOR A FET:
(A) COMMON-SOURCE OPERATION
(B) SOURCE-FOLLOWER OPERATION
(C) COMMON-GATE-OPERATION

impedance is low. There is no phase
reversal between input and output. The
distortion is low, and the voltage galn
is less than unity.

This clrcult finds application
where an impedance transformation from
high to low is required and where low
input capacitance 1s desirable. The
input is injected between gate and
drain, and the output is taken between
source and drain. This circult pro-
vides 100% degenerative feedback. Its
gain 1s given by

RS
At = ( ¥ 1) T L (2-33)
m s © gm

Since the amplification factor, p, is
usually much greater than unity, this
reduces to

A —L (2-3%)
1+ L \
EmRs
The input resistance is RG when RGr is

connected to ground. If Rg is returned
to the source contact of the MOS, the
input resistance Ri is given by

Rg

Ry =@ —zx7) (2-35)

If the load 1s resistive, the 1input capacitance of the source follower is reduced

by the negative feedback:

Cy = ng + (1 - A')Cgs

The output resistance is given by

(2-36)

rq Rg

RO:(ng’d'l'l)Rs'i'I'd

(2-37)

Since p = g rq and is usually much greater than unity,

R

there
Gg =

217

1
o g T Gg

(2-38)
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2.2.11.3 Common-Gate Circuit

The common-gate circult (Figure 2-50a) is used to transform from a low to a
high impedance. The input impedance of this configuration has approximately the
same value as the output impedance of the source-follower circuit. The galn is
glven by:

_ (gm I’d + 1) RL
- (gmrd+1) Ry + rq + By

COURTESY OF ELECTRONICS. McGRAW-HILL © 1964
1000

A (2-39)

2.2.12 Variable Resistor

The MOS can be used as a varlable
Tp = 25°C

Vg = 0 resistor or voltage-controlled attenu-

g

ator. A varlation in gate voltage
causes the dralin-to-source resistance

=
o
T

to vary. Within a certain range of
gate voltage this resistance change is
X L N linear. Figure 2-51 is an 1llustration
-6 E%TE;,‘{,LTS‘_%GS 2 10 of the wariation of drain resistance
wlth gate voltage. For high negative
voltage the characteristic is linear

DRAIN RESISTANCE CHARACTERISTICS and the range is from 5k o 1MQ.

Rp~DRAIN RESISTANCE-KILOHMS

FIGURE 2-51

2.2.13 - Swltching Times

For switching applications, such as the inverter circult shown in Figure 2-52,
the switching times consist of both the time constant of charging and discharging

COURTESY OF IEEE TRANS ON ELECTRONIC DEVICES the channel and the time constant
Vd(t% * associated with load resistance, RL,
Vg(t) ' Ry, } 1 & and capacitance, €'y. This capacitance,
¢ d C'd, consists of the drain-junction
I T ’_—l T _(\ capacitance and the stray capacitance
_L"—l—t IM-VDD ‘{._M of the device header and package and
+VDU" assoclated clrcult wiring. During

the turn-on transient, the time con-

FIGURE 2-52 stant for charging the channel domi-
SWITCHING TRANSIENTS IN A P-CHANNEL nates over RyC'g, while during the
MOS TRANSISTOR INVERTER CIRCUIT turn-off transient, R;C'y domlnates.

Consider the turn-on transient as illustrated in Figure 2-52 for a P-channel
device without a built-in channel. The device 1s initially in the off state, with
a negative drain voltage, Vpp, and zero gate voltage. At t = O, a negative gate
voltage is applied which is sufficient to induce a hole channel and cause holes to
flow down the drain from the source and discharge the capacitance C'y, which is
initially charged up to a charge of "VDD' If the time constant, RLC'd, is
large compared with the time constant of the channel, the discharge time of C'y
is essentlally the time constant of the channel since during this time the

*C. T. Sah, op. cit.



build-up of charge on C'q by the load current flowlng through Ry from the Vpp
battery is negligible. The channel time constant 1s an intrinsic property of a
given device and depends on the device geometry and material properties.

This time constant is the transit time of the electrons across an N-type
channel for the case of constant electron mobility and is the same as
Equation 2-22:

2
__L _
T = Vg (2-40)

From this equation it is seen that the channel time constant decreases slightly

. 2LwlIpg
as the drain voltage is increased beyond VbS' If the value of Vbs = _—
B Ce

(#here C. is the total effective gate capacitance, which equals 2/3 Co in satura-
tion) is substituted into Equation 2-53, the following expression for the channel
time constant 1s obtailned:

1°Cc  CoVpg

- (2-h1)
e Ips  Ips

A numerical example will 1llustrate the contributions from various sources on
the switching time of the turn-on transient. For a P-channel MOS transistor switch,
the following numerlcal values are typlical: channel length, L, 10 mlcrons;
channel width, Z, 250 microns; bulk resistivity, 10 ohm-cm, corresponding to a
donor impurity concentration of 4 X 1014 atoms/bm3; average surface mobllity of
holes, 100 cm?/v-sec; oxide thickness, Zos 10003. The total gate capacitance
(Co) 1is given as

K. €. 2L
(®] o]
Co = =>2—r
O
where
K, = dielectric constant of the oxide (®4.0)
€g = pefggﬁéi;ivity of free space (8.85 x 10~ 14 farad/cm)
o, = 140 (8.85) 107 (250) 10* (10) 1074

1000 x 10-9

It

0.885 X 10712 farads
0.885 pf

In the saturation region the effective gate-to-channel capacitance is
Cg = 2/3 Co
Therefore, Cc = 0.590 pf.

Assuming that the device ls switched on by a gate voltage to a steady-state
drain current in the saturation region of Ip = IDS = 10 mA, then the saturation
drain voltage can be calculated from Equation 2-16 as
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N 210-6(1072)
DS = [T Co  J(102)(0.885)10-12
Vps = 15

and
Ce VDS 0.590 x 10712 x 15
Ips 10-¢

885 x 10"1%sec.

~—

————,

This 1s the value of the electron transit time or the charging and discharging
time of the channel for the given conditions. The galn-bandwldth product for such

a device 1is

GBY

1
27T
1
(6.28) (885)10"12

GBW = 180 MHz
e ——

For a comparison of the channel time constant with RL C'd, assume RL = 1000 ohms.
The capacltance associated with the drain-to-substrate 1s about 0.1 pf iIn a typical
device. The drain lead capacitance through the header 1s about 0.5 pf for a TO-5
package. Other stray capacltance assoclated with the circult wiring may be as
high as 3 pf. Assuming 3 pf, 1t can be determined that RL C'd = 3000 X 10-12 sec,
which is considerably greater than the channel time constant of 885 x 10712 gec.
The turn-on time constant 1s determined by the transit time.

However, the relatlive importance of the circult and channel time constants
is reversed during the turn-off transient. The drain-voltage transient decreases
toward —VDD (see Figure 2-52) more slowly since the capacitance C'y must be
charged up to _VDD through RL' Thus the turn-off time constant 1s approximately
RyC'q = 3000 x 10712 sec. If the circuit time constant is comparable to the
transit time, the total switch-off time constant would then be given approximately
by the sum of these two time constants. The total switching time (turn-on plus
turn-off) 1s limited by the circuit rather than the device.

2.2.14 Switching Applications

The enhancement-type transistor is well suited for digltal circuilt applications
because direct-coupled signal inversion is possible with no need for level shifting
between stages. Characteristics of the devices that are important in thils appli-
cation are illustrated in Figure 2-53, which displays the output and transfer
characteristics of both N-type and P-type enhancement-mode MOS transistors. Of
particular importance is the fact that the saturation voltage (Vp gat) is less
than the threshold voltage (Vq); this characteristic of MOS devices enables the
circuit designer to construct extremely simple direct-coupled logic circuits.
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Threshold
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Vg = Vp >
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Gate-to-Source Voltage (Vg) Drain-to-Source Voltage (Vp)
Transfer and output characteristics Transfer and output characteristics
for a typical n-channel enhancement- for a typlcal p-channel enhancement-
type l0S device. . type MOS device.

FIGURE 2-53
MOS DIGITAL CiRCUIT*

2.2.15 MOS Digltal Circuits¥*

The potentlal advantages of MOS devices in integrated digital arrays can be
realized only if proper consideration is gilven to circuit cholce. Although many
circult configurations are possible, only one or two take advantage of the unlique
properties of MOS devices to achleve a high figure of merit of functional com-
plexity per unit at high yield. Before loglc and storage circults are discussed,
four possible MOS inverter clrcults will be considered. Each will be evaluated
for application in an integrated circuit, not as a circuit constructed from dis-
crete components.

To simplify the discussion and to use only positive voltages, it is assumed
that all the examples shown for single-channel MOS circuits use N-channel devices.
If all voltages are reversed, the same results can be achieved with P-channel
devices. In fact, P-channel arrays, because of thelr somewhat simpler processing,
are more common than N-channel arrays at present.

Figure 2-54 shows an inverter that uses an MOS inverting transistor and a
resistor. In integrated form, this circuilt 1s a very poor choice. For small MOS
structures, a high value of resistance is required (greater than 10,000 ohms). If
the resistor is formed by the source and drain diffusion, it occuples too large an
area. If a separate diffusion 1s used, or if the resistor 1s formed as a thin
film over the oxide, the processing is increased in complexity. In elther case,
the figure of merit for the circult 1s reduced.

#R. D. Lohman, “"Applications of MOS FET's in Microelectronies", SCP and Solid
State Technology, (March 1966).
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Drain ./Ql
Output Current
— " (%) o o

/

Vhp
Drain-to~-Source Voltage (VD)

Input

FIGURE 2-54

INVERTER USING MOS TRANSISTOR AND A RESISTOR
WITH TYPICAL LOAD LINE

Figure 2-55 shows an inverter that uses a depletion-type MOS transistor as a
load for an enhancement-type MOS inverter. (A depletion-type MOS transistor is
one that conducts appreciable current with zero bias between gate and source.)

VDD COURTESY OF SCP AND SOLID STATE TECHNOLOGY
Q
e utput c?%i%ﬂt LN _ 9 Toad Line
Inputo———, ::1_ % P _ Q, OFF
h
=

Drain-to-Source Voltage (Vp)
FIGURE 2-55

INVERTER USING DEPLETION-TYPE MOS TRANSISTOR AS LOAD
FOR ENHANCEMENT-TYPE MOS INVERTER, AND TYPICAL LOAD LINE

This circuit has a number of advantages. First, its area is potentially very
small because it consists only of MOS devices. Second, the shape of the load line
that results 1s capable of lmproved speed as compared with an ohmic resistor.

From a processing standpoint, however, it suffers from the disadvantage that two
types of MOS devices,with different threshold voltages, are required. The result-
ing processing complexities tend to lower its figure of merit drastically.

Figure 2-56 shows an inverter that uses an enhancement-type MOS transistor
connected as a source follower to serve as a load for the inverting MOS transistor.
Although this circult 1s a poor cholce from a discrete-component point of view,
it possesses a very high figure of merit considered in the light of digital inte-
grated arrays. First, 1t uses the absolute minimum area because, to operate at
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FIGURE 2-56

INVERTER USING ENHANCEMENT-TYPE MOS TRANSISTOR
CONNECTED AS SOURCE FOLLOWER AS LDAD FOR INVERTING
MOS TRANSISTOR, AND TYPICAL LOAD LINE

all, the load MOS device must be smaller than the inverting MOS device. Second,
the processing required to fabricate the circuit is also minimum because the load

MOS device 1s made by the same process as that used for the inverter MOS device.
The operation of the circuit depends on the control

ductance of the two devices. Although the absolute

of the ratio of the transcon-
value of the transconductance
depends on a number of factors, including the oxide thickness under the gate, the
ratio 1s determined by the geometries of the two devices.
used, therefore,

When accurate masks are
the ratlo can be held constant even with variations in processing.

The final inverter circuit to be considered is shown in Figure 2-57. It
consists of a pair of complementary MOS devices connected in series, with the
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FIGURE 2-57
INVERTER AND LOAD LINES
(USING COMPLEMENTARY MOS DEVICES)
gates connected to each other and driven by the input signal. VWhen the input
signal is zero, the P-channel device is on and the N-channel device is off. The
reverse 1s true when the input signal 1s positive. Each device, when on, is
required to supply a direct current equal to only the leakage current of the
other device. During a transistion of the input signal, however, capacitive loads
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are charged through the low output impedance of one or the other of the two
devices. Thus, although it requires very low standby power, the circult is
inherently fast. The load lines in Figure 2-57 indicate the very low standby
power. The figure of merit for the circuit is not as high as for the source-
follower circult shown in Figure 2-56, because slightly more area 1s required and
the processing is considerably more involved. Despite these disadvantages, arrays
of complementary MOS circults are beginning to find applications where either very
low standby power or high speed 1s important enough to compensate for the reduced
figure of merit.

The total power dissipated, neglecting the standby power, in a complementary
MOS cilrcuilt during switching 1is given by

- 2
P =Cg Vpp
where CL is the total output capacitance and VbD is the supply voltage.

2.2.16 Single-Channel Arrays

The basic circuit shown in Figure 2-57 can be developed into a wlde variety
of digital circult arrays. Parallel connection of the inverter transistor forms

a NOR gate, as shown in Figure 2-58. Figure 2-59 shows how a NAND gate can be
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formed by series connection of the inverting transistors. When the NAND gate of
Figure 2-59 is used in conjunction with the NOR gate of Flgure 2-58, the resulting
configuration offers a high degree of logic flexibility. However, the seriles
connection suffers from the disadvantage that the inverter transistors must be
twice as large as theilr parallel counterparts to maintain the same control of
logic levels.




2.2.17 MOS Noilse

In the MOS transistor, three mechanisms give rise to gate noise and thus
input nolse in an amplifier.* The main source of noise at high frequencies¥*¥ is
thermal noise due to random fluctuations in the free-carrier concentration in the

channel. Noise figures comparable to low-nolse vacuum tubes are obtalned at
frequencies above 50 MHz,.

The low-frequency noise spectrum;r which may extend up to tens of megacycles
per second in some devices, 1s controlled by the fluctuations in the number of
electrons occupying surface traps; 1t resembles an £~? gistribution. The value
of n is generally between 1 and 2, and the spectrum extends down to very low fre-
quenclies. Shot nolse is produced by fluctuations of the individual charges as
they drift and diffuse toward the surface. Leakage noise 1s assocliated with the
small flow of current through the oxide.

2.3 FILM MICROCIRCUITS
2.3.1 Introduction

Silicon monolithic integrated circuilts are by far the most widely used
microelectronic approach. However, film microelectronics are also begining to
have limited use, Film circuits are usually used where speclalized applications
such as high power, high frequency, and low component tolerances that cannot be
met. with silicon monolithic circuits are required.

Both thin-film circuits and thick-film circuits are available. Each has
advantages and disadvantages when compared with elther each other or with
monolithic circuits. The major disadvantage 1s the lack of a suiltable film-type
active device. Thus both film circuits involve the deposition of passive film
components on flat substrates and then the attachment of appropriate active
devices.

2.3.2 Thin-Film Components

Thin-films are deposited in a vacuum chamber at a pressure of ZLO-5 torr.
The material being deposited 1s elecitrically heated in a vessel in the chamber
until it melts and vaporizes. The vaporized material condenses on a glass or
ceramic substrate typically one inch square. The deposition pattern may be

% A,G. Jordan and N.A. Jordan, "Theory of Noise in Metal Oxide Semiconductor
Devices", IEEE Transactions on Electron Devices, March 1965, p. 148.

*¥%¥ A, Van der Ziel, "Thermal Noise In Field-Effect Transistors", Proceedings of
IRE, Vol. 50 (1962), p. 1808.

+ A.G. Jordan and N.A. Jordan, "Noise in MOS Devices", Solld-State Devices
Research Conference, (Boulder, Colorado, 1964); and

C.T. Sah, "Theory and Experiments on the 1/f Surface Nolse of MOS Insulated-
Gate Field-Effect Transistors", Solid-State Devices Research Conference,
(Boulder, Colorado, 1964).
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controlled by a metal mask. The mask is usually 0.002-inch-thick stainless
steel and is placed over the substrate during vapor deposition. An alternative
to this approach is to deposit over the whole substrate and then etch out the
desired pattern using photolithographic techniques and selective etchants.

A number of materials have been used for thin-film resistors, including
nichrome, Si0-Cr cermets, tantalum, and titanium, with nichrome being the
most widely used. Substrates of finely polished glass, glazed ceramic,
and oxidized silicon have been used. Nichrome resistors can be deposited with a
sheet resistance of between 1 and 300 ohms/square, with a temperature coefficient
of resistance of +50 ppm/deg C. Resistors can be deposited to tolerances of +1
percent. Tantalum 1s also widely used for thin-film resistors. The advantage
of tantalum resistors 1s that they can be adjusted to close tolerances by
electrolytic anodizing of the tantalum. Another advantage of tantalum is that
the anodic oxide has a high dielectric constant and is suitable for the
fabrication of capacitors in the range of 2.5 pf/sq mil. Thus both resistors
and capacitors can be fabricated from a single metal. However, this approach has
the serious disadvantage that the tantalum metal reacts with the tantalum oxide
at temperatures above 200°C and cannot withstand the temperatures encountered
in packaging integrated circuits. A number of metal compounds have been
investigated for use in thin-film devices, including oxides and nitrides of such
metals as chromium, titanium, and tantalum. In addition, an evaporated cermet
resistor consisting of chromium and SiO appears to be promising. A sheet
resistance of 1000 ohms/square and a tolerance of 5 percent can be achleved.
However, few data on stability and reliability are available.

The process for producing thin-film capacitors involves three deposition
steps: the deposition of a bottom electrode, the deposition of a dielectric
material, and the deposition of the top electrode. The electrodes and dielectric
are all deposited in succession on the subsirate. The dielectric materials
commonly used are silicon monoxide and silicon dioxide.

Silicon monoxide has a higher dielectric constant than silicon dioxide.
However, evaporated silicon monoxlde 1s subject to pinholes. The resulting
loss in yield is usuvally not acceptable; 1in addition, the dielectric constant of
silicon monoxide is strongly dependent on deposition conditions, making good
reproducibility difficult to maintain, Silicon monoxide cannot be etched and
therefore must be deposited through masks. This introduces the problems of
achieving mask aligmment and maintaining it during substrate heating and
fabrication.

Silicon dioxide can be deposited by the simple process of reactive sputtering
of silicon in a mixture of argon and oxygen at a pressure of a few microns. The
use of silicon dioxide gives a high yleld at a capacitance of 0.25 pf/sq mil
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since the sputtered silicon dioxlde 1s relatively pinhole-free. In addition,
sputtered silicon dloxlide is stable and has the properties of bulk-fused silica.
The dlelectric constant and the capacltance are thus reproducible. An equally
important advantage of using silicon dioxide 1s the fact that it can be chemically
etched with hydrofluoric acld, which is compatible with integrated-circuit
processing. This permits the fabrication of the thin-film capacitors and
resistors by photo-masking techniques -- techniques that all integrated-circuit
manufacturers are currently using.

2.3.3 Thick-Film Components

Thick films are produced by screening or photo-etching formations of
conducting and insulating materials on ceramlc substrates. Noble metals are
favored for conducting materials, and ceramlcs are normally used for the in-
sulating portions.

Hundreds of different cermet formulations can be used to obtaln a wide
range of component parameters. The material used for a 1l0-ohm/sq resistor is
quite different from that used for a 100-kQ/sq resistor.

The formulations are fired at temperatures above 600°C to form an alloy
that 1s permanently bonded to the insulating substrate. The characteristics of
the final material can be controlled to a limited extent by the firing
temperature/time profile.

The cermet 1s composed of metal combined with a glass frit. Inks with
resistivity of 500 ohms/sq, 3kQ/sq, 8kQ/sq, and 20k%/sq are used routinely.
Inks in the range of 50, 100, and 200k{)/sq are avallable for higher resistance
values, Resistance values can be specified to a tolerance of +10 percent.
Closer tolerances can be gbtained by adjusting each resistor after fabricatilon.

Because of resolution limits of the screen and spreading of the edges of
the resistor during firing, the minimum dimensions for a screened pattern are
about 0.030 in.; but 0.050 in, 1s a more deslirable minimum width for design
purposes.

For a finer pattern resolution, a technique has been developed for etching
cermet resilstors that permits an order-of-magnitude reduction in the minimum
line width. The process consists of the following steps: A cermet ink is applied
uniformly over the entire area of a ceramic substrate; the substrate 1s coated
with a photoresist, such as KPR; the substrate 1s exposed through a photomask
and the photoresist is developed, leaving a protective coat of photoresist
material over those areas that will comprise the resistor pattern.

Capacltors are formed by a sequence of screenings and firings; they consist
of a high-temperature conductor (capacitor bottom plate and intraconnections), a
dielectric, and a -top-plate conductor. For R-C networks a resistor material is
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also screened and fired. The final step is screening and firing of a glass
encapsulant. The temperature profiles are dependent upon the materials used.

Thick-fiim capacitior sheet capacitance is a function of the material used
and typleally varies from 5,000 - 100,000 pf/ine. The temperature and voltage
characteristics are dependent upon the materials used. These capacitors have
high breakdown voltages and good frequency response into the hundreds of MHz.

2.4 Comparison of Microelectronic Component Characteristics

Characteristics of various types of microelectonic reslstors and capacltors
are listed in Tables 2-6, and 2-7, respectively. The tables can be used to
compare the differences in component types or to determine design constraints.

TABLE 2-6
CHARACTERISTICS OF MONOLITHIC RESISTIVE ELEMENTS
Resistor Type
Parameter
Diffused Diffused Thin-Film
Base Emitter Nichrome MOS Thick-Film

Range of Values, 100-30K 10-1K 20-50K 300-106 | 100-106
ohms
Sheet Resistivity, 200 2.5 L4o-400 N/A 100-200k
ohms/square
Tolerance, Absolute +10% +15% +5% +20% +10%
Tolerance, Relative +3% +3% +1% N/A +3%
Power Dissipation, 3 3 2 3 0.5
mV¥/square mil
Voltage Breakdown 30 5 100 50 100
Volts
Parasitic Capacitance, | 0.2-0.5 0.2-0.05 0.02 0.4 0.02
pf/mil2
Temperature Effects, 500-2000 | 100-500 100 3000 £200
ppum/°C
Frequency effects Flat to Flat to Flat to N/A Flat to

30 MHz 30 MHz 200 MHz 100 MHz
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TABLE 2-7

CHARACTERISTICS OF MONOLITHIC CAPACITORS

Maximum Characteristic | Breakdown | Voltage | Toler- Telgp era=
Capacitor Type | Capaci- Capacitance Voltage, | Depend-~ ance Effure
tance, pf pf/sq mil Volts ence Design ecys,
PPM/™C
Emitter-Base 1000 0.9 5 K/ V +20% [+60 to 600
Junction
Base-Collector 500 0.2 20 K/ V +20% |+60 to 600
Junction
MOS 250 0.1 - 0.8 50 - i—_20% 200
Thin-Film S,0, 200 0.2 - 0.4 30 - +10% =200
Thin-Film 5000 2.5 20 - +10% . +400
Ta 0
o D
Thick~Film 10,000 0.005 - 0,100 75 - +10% +300
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SYSTEM DESIGN

THREE

3.1 INTRODUCTION

When microelectronlc components are connected to perform an electrical
function, their characteristics are modified. Usually the effect of intra-
connectlon and interactlon is deleterious to component performance. However,
different fabrication approaches (e.g., IC, Hybrid, or LSI) affect different
constraints or the same constraints in different degrees; 1t is thus possible to
obtalin better performance (both technical and economic) by selecting the approach
whose trade-offs are most advantageous for a given application.

The following characteristics that affect system design are considered in
this chapter:

* Packaging * Logic cholce

+ Interconnection « Redundancy

+ Intraconnection + System partitioning

« Operating frequency « Maintalnabillty and loglstics
+  Thermal
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Although these topics are important, they by no means exhaust design
considerations. Each system design is unlque; thus some characteristics are
emphasized more than others. These design toples, however, are believed to be
of general importance in any design.

IC packages have evolved from the transistor type (modified to include
more 1eads),which are still used, to the widely used flat pack, and to the
dual in-line package (DIP). Generally, these packages are limited to 14 leads,
but some configurations are available with many more. Packages with up to 160
leads are being developed for LSI devices. Such techniques as the flip-chip
Hybrid Microcircuit, require package configurations that are not currently
available.

Interconnections (connections made external to the device) are critical
because they affect system performance, cost, and reliability. VWhen a large
number of IC's are mounted on a single board, it 1is necessary to have multiple
layers of connections within the board. These multllayer boards are expensive and
difficult to fabricate with high reliability.

The number of interconnections can be reduced if LSI techniques are employed.
Such a reduction in interconnectlions would improve frequency response and might
improve reliability.

The number of interconnections requlred with an LSI device 1s primarily
dependent upon the manner in which the system or subsystem is partitioned., Thus
partitioning is a major consilderatlon for LSI design,

Interconnections are made external to the package; intraconnections, some-
sometimes referred to as metalizations, are made on the sllicon substrate. Once
they are made, they cannot be altered.

The relationship between interconnections and intraconnections is that in
complex arrays intraconnections are substituted for interconnections, This
substitutlon 1s advantageous i1f metallizatlions are less expensive and more rellable
than the interconnections for which they are substituted, as 1s the case when a
single level of metalization 1s required. However, LSI devices require two or
more layers of metalization. 1In additlon, it is necessary to lntraconnect only
the "good" ecilrcuits on a substrate, Thus, intraconnection techniques can become
very complex.

Two intraconnection techniques have been proposed for LSI: fixed wiring
and discretionary wiring. The fixed-wiring technique requires all circuits on
some portion of the wafer to be good since the intraconnection scheme 1s never
varied. Discretionary wiring provides much more flexlibllity since 1t makes it
possible to cope with "bad" eircults in an array. With the discretionary
approach, a different intraconnection pattern is generated for each LSI device.
This method is much more costly than the fixed-wiring approach, but the effective
yleld may be sharply increased, thus making this method more practical than the
fixed-wiring approach.
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The Intraconnection pattern can be fixed when the hybrid microcircuit approach
is used since each device can be tested before it is bonded to the substrate.

One of the most important contributions of complex arrays is that they
extend the operating-frequency range of monolithic circuits. Gate delays of less
than a nanosecond are possible only with complex arrays. The number of leads,
the conductor lengths, and the number of interconnectlons all introduce parasitics
that limit operating frequency. Arrays provide close clrcult proximity, reduce
transmission~line lengths, and reduce the number of externmal connections.

Thermal effects and power dissipatlion are obviously important in monolithiec-
clrcult design. High-power circults, greater than 1 watt, are usually not compatible
wilith monolithlc technology. Power dissipation for IC's 1s typically about 10 mW
per gate, These power levels can easily be accommodated with present-day heat-
transfer technlques.

The question of which IC logic type to use is of major importance to the
designer. He must make a comprehensive evaluation of the logic forms that are
avallable and correctly choose the type that is best for his application. Trade-offs
must be made between speed, power, and cost for each appllication.

Microelectronlc devices, particularly IC's, have characteristics that are
highly useful in redundancy. The extremely small size and welght (and frequently
small power consumption) of these devices allow the addition of redundancy to a
system wlthout severe physlcal penalties., Also, the cost of integrated circuits
does not increase linearly with increased complexity; a single package containing
dual gates does not cost as much as two single gates in separate packages. Further,
as the complexity within a single package increases, rellabllity decreases
glowly. In other words, dual gates in the same package are only slightly less
rellable than a single gate and much more reliable than two separate gates. It
1s generally acknowledged that with constant electrical performance characteristics,
all other characteristics of integrated clircults are superior to discrete parts
arranged to perform the same function., There are, of course, severe restrictions
on the electronic functions that can be performed by integrated circults.

Once the equipment is designed and produced, it will be necessary to
maintain i1t and provide spares. The repalr level must be determined and a decision
must be made whether to repalr a module or discard it. In addition, the method of
supplying spares must be chosen. These decisions must be made while the equipment
is in the conception or design phase, not after production.




3.2 PACKAGING

3.2.1 @General Requirements of the IC Package

One of the major considerations 1n applying Integrated clrcults to a
particular system is selecting the proper package. In this regard, certain
factors merit speclal attention by both the manufacturer and the user.

The device* manufacturer has primary responsibllity for the reliability of
the IC packege, whether he fabricates the package or purchases 1t. The device
manufacturer, then, must conslder such characteristlics as mechanical integrity,
hermetlc seal, lead stresses, etc,

The user of the device, of course, 1s concerned with package reliability;but
he also investigates such characteristics as space efficlency and design flexi-
bility.

General requirements of an IC package fall under the following headings:
« Mechanlcal integrity « Space efficiency
e Electrical requlrements ¢ Design flexlibillty
« Hermetic seal « Speclal requirements
e Thermal transfer

3.2.1.1 Mechanical Integrity

During fabrication and operation, the IC package must withstand exposure
to certaln levels of shock, acceleratlon, vibration, soldering or welding heat,
temperature cycling, thermal shock, molsture, and lead stress. Varlous tests
are designed to ensure that the package wlll withstand the stresses encountered
in device assembly (installing the chip in the package and performing the final
seal), system fabrication (mounting and attaching the package to the mother board),
and system operation.

3.2.1.2 Electrical Regulrements

Electrical requlirements of the IC package are as follows:

(1) The number of leads must be sufficlent to accommodate a fairly
complex circult chip, TUnused leads can be used for package tlie-down
or can be clipped off.

(2) The package must not have excessive distributed capacitance and
inductance.

(3) In many applications, the package must be capable of providing
electrical shielding.

*¥Device 1s deflned as the integrated circult plus its package.



3.2.1.3 Hermetic Seal

The internal environment of the IC package must remaln constant; variations
can cause faillure, Although an exact correlatlon between leakage rate and device
life 1s extremely diffilcult to establish, packages wlth a leakage rate of less
than 10'8 cubic centimeters per second have proven to be reliable from a hermetic
standpoint.

3.2.1.4 Thermal Transfer

The operating temperature of an integrated circuilt 1s a major factor
affecting 1ts reliability. Of the three methods of heat transfer (Figure 3-1),
conduction can generally transfer the most heat; thus the IC package should be
constructed of materials that have high thermal conductivity.

3.2.1.5 Package Space Efficlency

RADIATION The package should conflorm closely
to the shape of its contents. Standard-
CONVECTION ‘ 1zed packages are often unable to meet
— this criterion, but the poor fit can

PACKAGE often be offset by an increase in circuit

::f/ L.L _3\*T\\\\\\\‘ functions (i.e., more or larger chips).

SSSSS

CONDUGTION 3.2.1.6 Design Flexibility

HEAT SINK
The device user will regquire that

FIGURE 3-1 the IC package have certain features
HEAT-TRANSFER MODES OF IC PACKAGE that facilitate handling and assembly.
These features, collectively called
flexibility, include the following:

(1) The package must be easily handled during device manufacturing, testing,
shipplng, and fabrication into a particular equipment. Handling diffi-
culties encountered during any of these phases wlll result 1n an 1ncrease
in equipment costs and often a decrease in reliabilitj.

(2) The package must be amenable to various mounting techniques (planar,
stacked, on edge, etc.), to standard interconnection methods (flow-
soldering, dip soldering, welding, or thermocompression bonding), and
to varlous means of heat dissipation.

(3) The package should have high-density potential. Integrated circuits
play a major role in microminilature systems, where high-density
packaging 1s mandatory.
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3.2.1.7 Special Requirements

The package should be resistant to corrosion or other physical change
because of external reactive agents -- electrical fields, molsture, etc. In
some cases, the package may also have to be immune to light radiation because
of the type of circuilt enclosed.

For electrical shlelding, the package may have to be made of metal, with one
of 1ts leads electrically grounded to the case,

3.2.2 Available Package Types
3.2.2.1 Modified TO-5 Package

Modified TO-5 is a standard TO-5 transistor package that has been modified
for IC's by increasing its number of external leads. Although the modified
package has a new JEDEC TO number, the name "modified" i1s more popular. For
clarity here, the modified TO-5 package will be defined as having more than
four leads and with the mechanical outline dimensions of the TO-5 in Flgure 3-5.

Modified TO-5 assembly methods are extensions of the technlques used in the
production of standard transistor packages. Since the modified TO-5 package
typically has 10 leads, compared with the 3 or 4 leads of the standard transistor
package, its pin-circle diameter is slightly larger (0.230 inch vs, 0.200 inch).
The modified T0-5 package 1s showvm in Figure 3-2, Kovar, a nlckel-iron alloy,
1s used for the leads and eyelet, and 7052 glass for the preform. The can may
be German silver, Kovar, or nickel; but Kovar and 7052 glass are frequently
used because of their similar coefficients of thermal expansion (Figure 3-3)
and because they provide a matched seal.

COURTESY OF MOTOROLA
COURTESY OF MOTOROLA bt T T
_ ! MONOLITHIC =
_~ A CIRCUIT DIE &
CAN /|\‘ SOLDER = A
= KOVAR—}
WIRE Bonos(m)//d':.) ~~KOVAR EYELET EE _{7052
BONDING ISLAND o o® /5 S — - GLASS
7052 GLASS — ,ﬁi::L___ B I N
KOVAR LEADS (10) TEMPERATURE, °C
FIGURE 3-2 FIGURE 3-3
EXPLODED VIEW OF T0-5 PACKAGE THERMAL EXPANSION CURVES

The Kovar leads are enclosed in the glass preform and assembled to the
eyelet. The glass, leads, and eyelet are sealed by fusion in an oven at 1000°C.
After this sealing process, the entire assembly -- called the header -- 1s cleaned;
and the leads are clipped off to obtain the desired post helght. The header 1s
then plated with 0,0001 inch of gold cyanide. The monolithic die is bonded to
the header by (1) inserting a gold-silicon preform between the die and the header,
(2) placing a welght on top of the assembly, and (3) heating the entire header to
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approximately 395°C. The gold-silicon eutectic is reached as a result of the heat
and pressure; the die, preform, and header are fused together. The circuit is

then wirebonded to the posts and baked in an inert atmosphere at 200°C to 300°C
for approximately 30 minutes,

In the case of hybrid microcircuit using a ceramic disc, the pattern on
the disc corresponding to its location is metalized with molymanganese. When
the substrate is then gold-plated, the gold adheres only to the metalized area.
The disc 1s fixed to the header by brazing, the dice are bonded to the metalized
pads of the ceramic, and the dice are interconnected and wire-bonded to the posts.

After the circuit is checked electrically'on the header, the can 1is welded
to the flange of the eyelet. The welding is done in a controlled atmosphere to
ensure stability of the circuilt under operating conditions.

Figure 3-4 is a cutaway view of the modified TO-5 package, with heat-flow
paths indicated. Most of the heat is conducted from the chip to the header
assembly. The header assembly then conducts the heat radially to the lip and

sldes of the package, where it is transferred to the atmosphere by convection and
radlation,

COURTESY OF MOTOROLA The heat-dissipating capability
of the modlfied TO-5 package can be
improved by elther of two methods. A

Rjc metal container (with or without fins)
te, can be filtted over the top of the package
€ —=={} EQUIVALENT to increase its surface area, or forced-
FIp U] ¢ t,  CIRCUIT
Iz air cooling may be used.
FIGURE 3-4 The most significant thermal
THERMAL PATHS IN T0-5 PACKAGE parameters in IC packages are the

Junction-to-case and junctlon-to-ambient
thermal res:l_s’cances_(ea-C and 0 3,
respectively). Values of these parameters vary among manufacturers but are typi-
cally 80°C per watt for 8¢ and 180°C per watt for BJA for the modified TO-5 package.
The eJc of a hybrid microcircuit mounted in the modified TO-5 package is approxi-
mately 10 percent higher than that of a standard circult because of the ceramic
disc between the chips and the header.

Modified T0-5 Space Efficiency. The space efficiency of an
IC device utilizing the modified TO-5 package 1is generally poor, since the
elrcuit usually occuples only a small fraction of the package height (Figure 3-4).
One means of reducing the void space is to apply hybrid techniques. Each
silicon circuit is mounted on a ceramic wafer having a diameter approximately
that of the modified TO0-5 chip-mounting area. The ceramic discs are then stacked
in layers to a height sufficient to fill the package (0.260 max). The individual
monolithic circuits are interconnected with fine gold wires and terminated at
the external leads. This method of increasing space efficiency requires elaborate
fabrication equipment and is quite expensive.
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The space effliciency problems assoclated wlth the modified TO-5 have led to
the development of a low-profille variation of this package. This design, known
as the T0-80, is illustrated in Figure 3-5, with the modified TO-5 shown for
comparison. In spite of its greater inherent space efficiency, the T0-80 has
not approached the level of usage of the modified TO-5, because of the T0-80's
higher cost and lower power-dissipation capability.

Also detrimental to the space efficiency of the modified TO-5 is the
ineffic ent use of lateral area. The IC die 1s always square or rectangular,
since it is impractical to perform die separation in a manner that ylelds
circular dice. Cornered dice do not conform closely to the clrcular mounting
area on the modified TO-5 header (Figure 3-6).

Modified TO-5
Design Plexibility. The IC package
should have features that facilitate

338
.305
o %mriiq I.m&“ handling and assembly. The modified
] ¥ L TO-5 has become a standard package;
%%*m m-J7° thus most semiconductor and electronic-
T 338 system manufacturers have the equip-
T___f ﬂ;) ment for handling it efficiently.
qk;%?\sﬁ% Also, the fixtures used in manufacturing,
o = T0-80 testing, shipping, and installing the
package are avallable from a variety
of vendors at reasonable prices.
FIGURE 3-5 Another design-flexibility
MODIFIED T0-5 AND T0-80 DESIGNS requirement is that the package be
amenable to various mounting techni-
ques. The modified TO-5 package
COURTESY OF GENERAL ELECTRIC can be either plugged into or embedded
T T in a board (Figure 3-7). The former

method is preferred. In either method,
the interconnection pattern required
for the package leads creates an area
that must be avoided by other printed
conductors on both sides of the board.
The surface {plug-in) method yields
Insufficient clearance between the
islands to route additional circuitry.
With the embedding method, there 1s
sufficlent area between the islands
(because of the increased diameter

of the interconnection pattern) for
FIGURE 3-6 additional conductors; however, the

IC DIE IN MODIFIED TO0-5 PACKAGE 0.325-inch hole required
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PLUG-IN MOUNTING

l——0.370 ln.-l r

to accept the package poses a restriction.
problem and the fact that there are only two mounting methods restricts the
flexlbllity of the modified TO-5 package.

Thus the intercomnection-pattern

Generally, the modified TO-5
package is secured to the mounting
area by a solder-dip or reflow process.
Welding techniques such as parallel

o o
0320in WO o gap and axial are seldom used for the
l ?&-' modified TO-5 package because of the
-]o.mmh cylindrlical geometry of the individual

Solder Land .
leads and the overall package.

EMBEDDED CAN
{leads plugged In)

F’ The modified TO-5 package has a
« low-density potential relative to the
(% flat package. The effective area of

& the modified TO-5 base is 0,11 square

inch, and its volume is 0.029 cubic

inch. As a result, its theoretical
density potential (with surface
mounting) is approximately 35 clrcults
per cubilec inch, or 60,500 per cubic
foot. However, these theoretical

figures cannot be achieved due %o

the wasted space created by the cylindrical form factor, the need for intercon-

nection space, and, frequently, the need for heat dissipating devices. A maxi-

mum of 8 surface-mounted modified TO-5 packages are possible per square inch,
but it's unlikely that such density could be achieved in any practical arrange-
ment, even with multilayer boards. A more realistic figure is 5 packages per
square inch.

Solder Plated-through hote

FIGURE 3-7

TWO0 METHODS OF MOUNTING
T0-5 PACKAGE ON BOARD

3.2.2.2 Flat Pack

Many types of IC flat packages are being produced, in various slzes and
materials, These packages are availlable in square, rectangular, oval, and
clrcular configurations with 10 to 60 external leads, The backage can be made
of metal, ceramlc, epoxy, glass, or combinations thereof. Only the ceramic flat
pack wlll be discussed, since 1t is representative of all flat packs with respect
to general package requirements,

Constructlon of the cefamic flat pack is illustrated in Figure 3-8, The
Kovar leads, which are attached within a frame, are inserted into the castel-
lations of the ceramic mounting base, A 7052 glass is fused to the ceramic base
and Kovar leads, creating a hermetic seal. (The castellations in the mounting
base provide additional strength to the body-to-lead seal,)




COURTESY OF MOTOROLA

10-LeaD 256" 8Y 250" After the leads are sealed to the
BY .060" PACKAGE
14-LEAD .250" BY
.250 X .060 PACKAGE
14-LEAD 250" .545
BY .050" PACKAGE

mounting base, a rectangular area on
the Inslde bottom of the base is
Zf/ 5 treated with molymanganese. This
ERAMIC FLAT PACKAGE metalization provides a surface sultable
BEFORE KOVAR LEAD
for bonding the IC chip to the base,.
GLASS SOLDER FOR

FRAME 1S TRIMMED OFF

HERMETIC SEAL The lead frame 1s then cut away from
MONOLITHIC CIRCUIT DIE
BONDING PAD

CERAMIC COVER
the secured leads, and these leads and
the metalized area in the bottom of
package are gold-plated, The die is
KOVAR LEAD TIPS then attached by gold-silicon eutectic

GOLD PREFORM FOR
BONDING CIRCUIT
DIE TO PACKAGE

ALUMINUM BONDING
WIRE LEADS

aoLD-P LATED_/
KOVAR

EXTERNAL LEADS \‘GERAMIG MOUNTING BASE

5

bonding.

The die bonding is followed by
FIGURE 3-8 bonding gold or aluminum wires between
the bonding islands on the IC dle and
the inner portlons of the package
leads.

EXPLODED YIEW OF CERAMIC FLAT PACK

Following the wire bonding, a glass-solder preformed frame is placed on top
of the mounting base., One surface of the ceramlc cover 1s coated with Pyroceram¥
glass, and the cover is placed on top of the mounting base. The entire assembly

is placed in an oven at 450°C; thils causes the glass solder and Pyroceram to fuse
and seal the cover to the mounting base.

Flat-Pack New Fabrication Technique. Considerable
effort 1s beilng devoted to eliminating the fine wires connecting the cilrcult to
the Kovar leads. The omisslon of these wires would materially reduce the cost of
integrated circuits by eliminating the bonding labor and would enhance reliability
by precluding a potential cause of circuit failure.

A promising fabricatlon technique is the face-douwn (flip-chip) mounting
method, in which conductive patterns are evaporated lnside the package before the
die is attached. These patterns connect the external leads to bonding pads on
the interior surface of the package. The pads are bonded to appropriate pedestals
on the die. The locatlon of these pedestals corresponds to the bonding pads on
the interior surface of the package. Alternatively, the pedestals may be located
on the surface of the package and the pads on the die. A number of bonding methods
have been developed, The most prominent among them is ultrasonlec bonding, although

*Trademark of the Corning Glass Company.
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IRVERTER DIE
l E BONDING PADS
ON SURFACE

SUBSTRATE

DEPOSITED CONDUCTORS

FIGURE 3-9
FLIP-CHIP TECHNIQUE

PACKAGE BASE
/-SILICON DIE

™~ N\ /? A~
SV
U /I II ‘l ll. l \\ \\\Zl J

WWW<
MOUNTING SURFACE

FIGURE 3-10

CUTAWAY VIEW OF FLAT PACK,
SHOWING HEAT-FLOW PATHS

KOVAR LEADS

thermal-compression bonding and adhesive
bonding (such as solder reflow) are

also used. This technique is illus-
trated in Figure 3-9.

Flat-Pack Thermal
Characteristics. Figure 3-10 is a

cutaway view of the flat pack, with the
heat flow indicated. Heat generated
by the silicon die is both radiated
into the interior and conducted into
the mounting base. The heat quickly
reaches the package oubter surface
because of the close contact of the
die with the package and the high
thermal conductivity of the package
material (alumina). The flat pack
has a lower GJC than the modified
T0-5 package, with a typlcal value

of U0°C per watt (vs. 80°C per watt
for the TO-5). However, its 05a

is higher than that of the modified
T0-5 package (typically 250 vs. 180°C
per watt) because of its relatively
small surface area.

The low eJC of the flat pack allows efficlent removal of heat from the pack
by conduction to the heat sink through a thlin strip of metal placed under the
pack., For this reason, heat transfer by conduction is commonly used today in

high-density packaglng.

Flat-Pack Space Efficiency. The internal volume of the flat

pack can be used efficilently for integrated circults. The rectangular flat pack
conforms closely to the rectangular or square silicon IC die (Figure 3-11). The
external leads are brought into the pack through the walls; this leaves the base
area unobstructed and avallable for large dice. The thin package helps to mini-
mize the internal unused space. The sillcon circult often consumes 80 percent
of the available mounting space inside the flat pack.

Flat-Pack Design Flexibllity. Holdling the flat pack secure

for fabrication, testing, shipplng, and installation constitutes a major problem.
The package is very small (1/8 x 1/4 x 1/16 inch), and its leads are quite

delicate (measuring 0.004 x 0.012 inch).

Fixtures used to retain the flat

package are discussed in detall in Chapter 4,
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FIGURE 3-11
SPAGE EFFICIENCY OF FLAT PACK

No obstructions to far-side circuitry

Circultry under pad

Insulating pad

FIGURE 3-12
INTERCONNECTION PATTERN FOR FLAT PACKAGE

Design flexibility is greatly
enhanced 1f alternative means can be
employed for mounting the package to
a surface. The flat pack can be
mounted in several ways:
stacked,
of these

surface,
or on-edge, with the first
generally preferred.

One
the flat
The package leads are attached directly
to the printed conductor,and additlional
printed circultry ls routed underneath
An Insulating substrate
is placed between the printed conductors

Interconnection pattern for
pack 1s shown 1n Figure 3-12,

the package.

and the package during assembly, and

an epoxy is applled to secure the pack-
age in place, Naturally, the insulating
pad causes an increase 1in thermal
resistance (by about 5°C per watt)
between the package and the mounting

area,

Another feature of this type of
mounting 1s the absence of obstructions
to printed circultry on the opposite
side of the mounting board, In many
designs, flat packs are mounted on both
sides of the board, directly opposite
each other. The package leads are
attached to the printed conductors by
soldering or welding.

The flat pack has high-density
potential because of 1its small size,
unlique interconnection pattern, and
adaptabllity to micro-miniature heat-
dissipating techniques. Exeluding
leads, the area of a 1/8 x 1/4 x 1/16
flat pack is 0.031 square inches; lts
volume is 0.00195 cubic inches.

The theoretical density potential
of the flat-pack 1s 512 per cubic
inch. As with the modified TO 5
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package, this density potentlal cannot be achieved in a practical arrangement.
With 1/8-inch lead lengths, a maximum of 10 clrecults can be placed on 1 square
inch with surface mounting.

3.2.2.3 Dual In-Line (DIP) Package

The dual in-llne package was designed primarily to overcome the difficulty
assoclated with handling packages and inserting them into mounting boards.
The dual in-line package 1s easily hand- or machine-inserted and requires no
spreaders, spacers, Iinsulators, or lead forming. It 1s also possible to fileld-
service the device with standard hand tools and soldering lrons. This package
1s finding wlde use in commercial appllications as a plastic package, as well as
in a number of military systems as a ceramic package. The dual in-line package
1s shown in Figure 3-13.

o700 2218 | 0.035 STANDOFF WHEN USED £0.015
’ 0.040 DIA. HOLES IN PRINTED 0.230 I~—
7 6 B 4 3 2 CIRCIT BOARD. } }
£ MM - . 0128 MAX
(o] {STANDOFF 0.100
0.031 _POSIToN) 1
e t o.i70
B | O | O | S | I NIN
+0.030
TN TY RV VN Y VY TN &
8 9 10 Il 12 13 14 St | I‘_o oz=|°—-°°3||— 0300 2
SPACING DIA LEADS KOVAR BASE PLATE g 1gaps

FIGURE 3-13
OUTLINE DRAWING OF THE DUAL IN-LINE PACKAGE

The progressive stages 1n the assembly of a ceramlc DIP are illustrated
in Figure 3-14, The integrated-circult die is sandwlched between the two ceramic
elements (A). The element on the left i1s the bottom half of the sanduich and
willl hold the integrated cilrcult die. The ceramic section on the right is the
top of the sandwlch; the large well is intended to protect the IC dle from mech-
anlcal stress during sealing operatlons. ZEach of the ceramlc elements is coated
wlth low-melting -temperature glass for subsequent Jjoining and seallng, The lead
frame 1s kovar and is shown stamped and bent into its final shape (B). The
excess material 1s intended to preserve pin alignment., The holes at each end
are for the keyling Jjig used in the final sealing operation., The lower half of
the ceramic package 1s forced into the lead frame (C). The die is mounted in
the well and leads are attached. The top ceramic element 1s bonded to the bottom
element (D) and the excess material is removed from the package (E).

The ceramic DIP is processed singularly while the plastlc DIP 1s processed
in quantities greater than one. After complete processing of the packages they
are sawved apart. The plastlc package also uses a kovar lead frame but the leads
are not bent untll the package 1s completed, Molded plastlic is used to encapsulate
the IC die and unlike the ceramic package there l1s no vold between cover and dle,
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FIGURE 3-14
DIP ASSEMBLY

DIP Thermal
Characterlstics . Ceramlc is a good
heat conductor; plastic is a poor
heat conductor. However, heat transfer
in both packages 1s primarily accom-
plished with the Kovar lead frame; and
the thermal impedance from chip to
ambient is about the same., If the
tab on the Kovar lead frame (or other
appropriate means) 1s used to heat-sink
the device, values for ¢ j, of 50°C/W
are possible., In most applicatlons
heat sinking 1s not used, and the value
of GJA will range typically from
150°C/W to 200°C/W.

Plastic packages have wide indus-
trial applications where the specified
temperature range is O to +70°C.
Military applications require a -55
to +125°C temperature range and ceramic
is usually required. (Ceramic can also
be leak tested, whille molded plastic
cannot. )

DIP Space Efficlency.
The DIP is the least space-effilcient
IC package in wide use. It 1is approxi-
mately 0.30 inch wide and 0.70 inch
long, and 1lts height above the mounting
board is about 0.25 inch. Only about
3 packages can be accommodated per
square inch; thls 1ls about half the
packaglng density of the modified TO-5.

Although the package 1s not as
small as other package types, it is
easy to handle and can be precisely
located., Each lead may be 1ndividually
welded or soldered to a printed cir-
cult board.

Figure 3-15 shows DIP's mounted
on a printed circult board.
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DIP Design
Flexibllity - The size of the DIP
facilitates handling, and no special
lead adapters are required. The
exposed leads can be probed from both
the top and the bottom of the mounting
board for troubleshootlng. The rugged
constructlon of the leads allows prob-
Ing without demage to the leads., The
wilde lead spacling minimizes the hazards
of shorting.

P

The DIP is available with 14 and

FIGURE 3-15 16 leads, but the 14-lead version i1s
MOUNTED DUAL-IN-LINE PACKAGES the most widely used. At least one
manufacturer bellieves that DIP packages
COURTESY OF AUGAT can be constructed with as many as 50

leads.

A gulde matrix and aligning fixture
(Figure 3-16) can be used for hand
ingertion of the dual-in-line packages.
The gulde matrix is positioned over
the hole pattern in a PC board. The
package 1s placed in the aligning fixture
and then located over the appropriate
hole pattern and inserted into the board
wlth slight pressure. Thls process is
repeated until all packages are mounted
-~ at which time the guide matrix slldes
off the board without dislocating the
packages.

FIGURE 3-16

MOUNTING DIP'S WITH THE GUIDE MATRIX AND
ALIGNMENT T0OL

3.2.3 Comparigon of the IC Packages

The DIP, flat pack, and modifled TO-5 are eompared in Table 3-1.

3.2.3.1 Standardization

Many types of package are avallable for use with Integrated circuits, but
standardization 1s difflicult because of the rapid advance of the technolegy.
The modifiled T0-5 and the 1/8 by 1/4-inch flat pack are now used in larger quan-
tities than any of the other package types (plastic DIPS are frequently used in
industrial applications). Their popularity is probably the result of the
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large quantity of test data availlable on them.

systems favors the modified T0O-5 or the DIP.

TABLE 3-1

COMPARISON OF IC PACKAGE TYPES

Elements Modified Flat DIP
of Merit TO-5 Pack
Hermeticity Excellent Good Good (Ceramic)
Number of Leads 12 Maximum 14 ysually 14 (usually)
8.~ = 80°C/W = 4o°c/w = 100°C/W
Thermal Transfer Je / ®5c / ®5c /i
ical = e/t = °a A = °
(Typical) 03 = 180°C/W | 63, = 250°C/W |65, = 150°C/W
Handling Convenlence | Good Falr to poor Excellent
Surface Mounting
Capability gpackages 5 10 (1/4 x 1/8)|3
per sq. in.
RFI Shielding Good Poor Poor

The current trend in commercial

The Electronic Industries Association(EIA) has registered eight flat-pack

designs (10 and 14 leads) in four basilc configurations (Table 3-2). Thus it

appéars that some package standardization is possible, though new types will
eontinue to enter the market for some time to come.

TABLE 3-2
EIA-REGISTERED -FLAT PACKAGES (0.035-INCH THICKNESS)
Package Dimensions Number Package Dimensions Number
peotenation | T (inches)  |r0q, [PS1E"HOR | T (dnahes) Loms
TO:84 0.250 X 0.125 14 T0-88 0.330-0.350 x 0.240- 14
0.260
T0-85 0.250 X 0.160-0.185 1& T0-89 0.250 X 0,125 10
T0-86 0.250 X 0,250 14 T0-90 0.250 X 0,160-0.185 10
TO-87 0.375 X 0.250 14 T0O-91 0.250 x 0.250 10
3.3 INTERCONNECTION TEGCHNIQUES

necessitate extremely careful design, even of slngle conductors,

New generations of electronlc systems wlll require increasingly dense and
complex interconnections, and the trend toward higher operating frequencles will

Conductor width,

spacing, and dlelectric material are electrically critlical and in many cases
directly related to signal propagation, nolse flgure, pulse shape, and other
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system parameters. Therefore, it is mandatory that designers of systems and
clrcults become thoroughly familiar wlth new interconnection techniques. This
section 1s a discussion of the three most used techniques: conventional printed-
wiring boards (single- and double-sided), welded-wire planes, and multilayer
printed wiring boards.

3.3.1 Conventlonal Printed-Wirlng Boards

The conventional printed-wiring board consists of a glass-epoxy insulating
base on vhich a coppér interconnection pattern has been etched (Figure 3-17).
The photolithographic etching process, which leaves a copper pattern approximately
0.003 inch thick, 1s described in MIL-STD-275A.

3.3.2 VWelded-Wire Planes and Assemblies

WYelded-wire planes are two layers of wire or metal ribbon (usually nickel)
positioned at right angles to each other and separated by a thin plastic film.
The layers are welded together through prepunched holes In the plastiec f£ilm.
Where external connections are required, the metal ribbons are welded to connect
pins. An assembly is then encapsulated in a hard epoxy. The completed unit 1s

shown in Figure 3-18. COURTESY OF ELECTRONIC DESIGN NEWS
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FIGURE 3-17 FIGURE 3-18
PRINTED WIRING BOARD WELDED WIRE ASSEMBLY

Welded wiring permilts 400 or more connections per square inch, Welded-wire
networks must be encapsulated, since they would otherwise offer 1little or no '
support to attached components; therefore, they weigh more than an equivalent
multilayer printed-wlring card. One plane is approximately 0.007 inch thick.
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3.3.3 Multilayer Printed-Wiring Boards

Multilayer printed wiring is emerging as the solution to interconnection
problems assoclated wlith high-density packaging. Consequently, the balance of
this discussion will be concerned with this particular technique. Multilayer
boards are used (1) to save welght and space in interconnecting circult modules,
(2) to eliminate costly, complicated wiring harnesses, (3) to provide shielding
of a large number of conductors, (4) to provide uniformity in conductor impedance
in high-speed swltching systems, and (5) to provide greater wirling density on
boards.

Figure 3-19 1llustrates the various I1ndividual boards that are mated to form
the multilayer unit, Although all multilayer boards are constructed in a similar
manner, there are various methods for interconnecting the cilrcultry from layer
to layer. Three proven methods are discussed.

P
— DOUBLE - SI0ED 3.3.3.1 Clearance-Hole Method
:GRL)A;}& LIRLUIT BOARD

In the clearance-hole process,

GLASS REQUIRED FOR
bk A DCOMPRESSION a hole is drilled in the copper

island (terminating end) of the

[gggg‘:\\.\g g:\':\lgg:\' \!ggl appropriate conductor on the top layer,

providing access to a conductor on the

l// / /] second layer (Figure 3-20, hole A),

The clearance hole is filled wlith solder,
mSIM_SM and the desired connectlon 1s completed.
CIREUT BOAZD Usually the hole 1s extended through

the entire assembly at the connection

V / site., This small hole 1s necessary
for the solder-flow process normally
used with thils interconnection method.
FIGURE 3-19 To Interconnect conductors located
several layers below the top, a stepped-
MULTILAYER BOARD CONSTRUCTION down-hole process is employed (Figure
3-20, hole B). Before assembly, a
sowte cos Aw/'}w“m s 8- clearance hole is provided down to
N \\\\\)Q\\\\ \ exposio the first layer to be interconnected
RARAR et s (- Caunucroe {in Figure 3-20, through layers 1 and 2
R R e S ez to layer 3). The first layer to be
RS N R T BRI Wl BT interconnected (3) 1s predrilled with
% RN a smaller hole than that of layers
1 and 2; succeedlng layers to be
FIGURE 3-20 connected have progressively smaller
CLEARANCE-HOLE INTERCONNECTION TECHNIQUE clearance holes, After assembly,
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a portion of the island areas is exposed on the conductors that are to be
interconnected. The stepped-down hole is then filled with solder, completing the
connection. Obviously, the larger the number of interconnectlons required at

one polnt, the larger must be the diameter of the clearance hole on the top
layer. Large clearance holes on the top layer result in less space for compo-
nents and therefore reduce packaging density.

3.3.3.2 Plated-Through~Hole Method

The plated-through-hole method of interconnecting conductors is illustrated
in Figure 3-21, The first step is to assemble, temporarily, all the layers into
thelr final confilgurations., After holes corresponding to required connections are
drilled through the entire assembly, the unit 1s disassembled. The internal walls
of those holes to be interconnected are plated with metal (0.001 inch thick),
whlch, in effect, transfers the conductor on the board surface into the hole itself
(the process is identical to that used for standard printed-wiring boards). The
boards are then reassembled and permanently fixed into their final configuration;
all the holes are then plated through with metal,

3.3.3.3 Layer-Build-Up Method

In the layer-build-up method,
conductors and insulatlion layers are
alternately deposited on a backing

material (Figure 3-22), This method
ANANRNRRRRRRY ™ == NN AN = NN smsmmmess

Wm '///////d V,///lA yields all-copper Interconnections

-\"I"“,"/\\\\\\\\\\‘\\\‘: -})\\\\\\\““\\\'" """""""" between layers and therefore is more
reliable than the other two technlques.

PRINTED COMDUCTORS PRINTED WIRING BOMO PLATED HOLE

/e, W v W

 ARNARNNN ST RN ARl TR AANNASSRR

(FOR BOMDINE)

FIGURE 3-21 3.3.3.4 Comparison of Methods

PLATED-THROUGH TECHNIQUE Each interconnection technlque
has 1ts advantages and limitations,
as follows:

(1) Cost. For small quantities the clearance-hole method is the cheapest
since 1t requlres a minimum of equiﬁment and engineering capabllity.
However, the cost of applylng thls method goes up drastically for
larger quantities -- even though fabrication is simple, the operations
are quite time-consuming. The plated-through~hole method is usually
moderate in cost for both small and large quantities, Bullt-up layers
are generally more expensive than the other two types, regardless of
the quantities involved, However, various lnterconnection designs can
have an effect on the multilayer-board price. For example, 1ln the
built-up layers, interlayer connectlons are made without bringing the
connections to the surface (as 1s necessary in the other two methods),
allowing greater flexibility in wiring layout. Thus fewer layers are
needed for the complete board, and a price lower than that for the
plated-through-hole method may result,
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FIGURE 3-22

LAYER BUILD-UP TECHNIQUE

are the least difficult to rework.
second; bullt-up layers are third.

(%)

Plated-
In the

Density. The bulld-up method
yields the highest packaging
density, since 1ts internal
Interconnections do not
require corresponding holes
in otheg layers., The
clearance-hole technique
offers the lowest packaging
denglty of the three methods
because of the oversized
holes requilred.

Reliability. As previously
mentioned, the built-up
layers form the most reliable
interconnections, because

of their solid-copper makeup.
The clearance-hole method

is the next most reliable;
the plated-through technique
the least relliable. In the
latter case, uniform metali-
zatlon has proven difficult
to achieve.

Maintainability . 1In general,
interconnections made by

the clearance-hole method
through connections are
built-up layers, it 1s

usually difficult -- if not lmpossible -- to rework any of the internal

connections,

Table 3-3 summarlzes the advantages and limltations of the three interconnection

technlques.

TABLE 3-3

COMPARISON OF MULTILAYER-BOARD INTERCONNECTION TECHNIQUES

(RELATIVE RATING, WHERE 1'IS HIGHEST)

Technlque Cost¥* | Density | Rellabllity | Ease of Repailr
Clearance Hole 3 3 3 1
Plated-Through

Hole e 2 3 2
Built-Up Layers 1 1. 1 3

*#Small quantitles.
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3.3.4 Package Tie-Down Techniques

For connecting modules or components to multllayer boards, the conventional
method 1s to solder thelr leads or pins into the holes of the boards. Other
means of component attachment have been tried successfully. These include resis-
tance welding of component leads to tabs, pins, or eyelets protruding over the
surface of the boards; and parallel-gap weldlng to tabs made of nickel, Kovar,
speclal foils, or plain copper on the board surface (Figure 3-23). The common
hand, dip, and wave soldering processes have been supplemented with technligues
such as resistance microsoldering, controlled-heat-zone soldering, and hot-alr
soldering. ’

3.3.5 Multilayer-Board
Fabricatlon

A six-bit parallel adder, containing
integrated circuits mounted in the
modified TO-5 package, will be used
to 1llustrate the multllayer assembly
process. A dlagram of the intercon-
nections requlred for each IC is shown
in Flgure 3-24, Filgure 3-25 illustrates
the probe-side and component-side
signal layers of the multilayer board.
Sandwiched between these two signal
FIGURE 3-23 planes are four voltage planes that

PARALLEL GAP WELDING distribute voltages to the appropriate
plns., Examination of the pin layouts
on the individual circuits will show

that blas-voltage inputs are well standardized for the various plns; for example,
VCC is distributed through pin 3 on the gates, flip-flops, ete, This standardiza-~
tion of pin breakouts lends itself to the multilayer technique shown in Figure
3-26, The smaller openings in these patterns are holes that allow the T0-5 leads
to go through unshorted. The dark areas on the boards are copper, Note that on
each of the voltage-distribution boards one particular pin is shorted to the
copper area,

Figure 3-27A shows the blas-voltage plane that distributes the VﬁB voltage
to the logic unit. This distribution is accomplished by connecting pin 1 (output)
of the blas-drive unit to pin 1 (bias input) of all logic units. The VbB plane
18 subdivided into seven smaller planes, with one blas driver supplying the
necessary voltage for each plane.

Figure 3-27B shows the termination-voltage plane, which distributes the VTT
voltage generated by the line drivers to the termlnating resistor of long signal
lines through pin 5. The VTT plane 1s subdivided into five smaller planes, with
one line driver supplying the voltage for each plane.
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Figure 3-28 1is a cross section of the multilayer board, with the various
layers 1dentified according to function and material. The bonding of these boards
requires accurate registration and a thermocompression technique. The completed
multilayer board is shoun in Figure 3-29.

3.3.6 Density

The maximum density of modified T0-5
packages 1s about five per square inch
on two-sided boards and about 8 per
square inch on multilayers, The
corresponding densities for the smaller
flat packs are roughly 6 and 10 packs
per square inch, An increase in the
number of components on a multilayer

COURTESY OF ELECTRONICS, McGRAW-HILL ©) 1966

IZ@

board -- wlth the same component den-
sity maintalned -- requlres an
= CEEP 0 nyill increase in the number of layers
RS- *}aj -»ﬂ"' ” N4 as well as in surface area, The
] additional layers are needed to provide
the capaclty for the added intercon-
. ' R Lol nections, For example, to connect 25
i i JE " flat packs, three to four layers are
TTAFL PR, (1T eyt
’ board); to interconnect 50 to 60
FIGURE 3-29 flat packs, between five and six layers
might be required (2- by L-inch board);
to interconnect 450 flat packs, 12
layers might be required (6- by 9-inch
board). However, an increase from 5
to 10 layers will increase the cost of multilayer boards (made by the plated-
throuéh—hole method) by only 30 to 40 percent. This explains the tendency toward
the production of larger boards., Figure 3-30 shows the rgquired number of layers
and required board areas as a function of the number of flat packages,

SIX-BIT PARALLEL ADDER

3.3.7 Heat Distribution

Equalizing the distribution and removal of heat in systems utilizing
integrated circults is a major design consideration, A typical heat-sink arrange-
ment for multilayer boards is shown. in Figure 3-31. The heat-slnk layer is
usually about 0.006 inch of copper, added (quite inexpensively) during the
normal plating stage of manufacturing. A method for removing heat from closely

assembled modified TO-5 packages is shown in Pigure 3-32.
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REQUIRED BOARD AREA AND NUMBER OF LAYERS
AS FUNCTIONS OF NUMBER OF FLAT PACKAGES

Plated Flat Pack

Copper Post

Copper Pad Heat

T
Copper Sheet”

Mother Board

FIGURE 3-31

TYPICAL HEAT-SINK ARRANGEMENT
FOR MULTILAYER BOARDS

3.3.8 Electrical Characteristics
of Multilayer Boards

The current-carrylng capacity of
conductors 1s usually more than adequate
for milliwatt circuitry interconnected
by multilayer boards., The ohmic resis-
tance 1s not a highly important factor,
except in cases where conductlve paths
are very long. For an approximate
calculation of conductor resistance,

the followlng values can be used:

Ohms Per Foot Length

Foll Thlickness Per M1l Width of Con-

ductor
l-ounce copper 6
2-ounce copper :
(standard) 3
3-ounce copper 2

Thus a 2-ounce copper conductor 0.0l
inch wide has an approximate resis-
tance of 0.3 ohm per foot; the same
conductor 0.020 inch wide has a resis-
tance of 0.15 ohm per foot.

COURTESY OF MOTOROLA

Multiloyer Printed
Circult Board
T0-5 or 10-80
Integrated Circuit
Packages

\ Complete
Assembly

FIGURE 3-32

METHOD FOR REMOVING HEAT FROM
CLOSELY ASSEMBLED TD-5 PACKABES
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A more important electrical aspect of multilayer boards 1s the distributive
capacltance between conductors. Thls capacltance is qulte small between tuo
conductors in the same layer, but is sufficlently large between conductors located
directly opposlte each other on adjacent layers that it must be accounted for in
high-frequency designs. The followlng general equatlon can be used to obtain an
approximate value of distributive capacitance, C:

G = KeoA
d

where K = dielectric constant; e = permittlvity of free space (3.6 % 1073 pf/inch);
A = conductor area; and d = distance between conductors.

This equation glves values approximating, but lower than, the values obtailned
by actual measurement. Therefore, the calculated values should not be used in a
worst-case analysis. A typical application of the equation 1s shown below; the
data are taken from Table 3-4.

Conductor width = 0.030 inch
Conductor length = 10 inches
Distance between conductors = 0,076 inch
Dielectric constant (K) = 5.4
Keb  (5.4) (3.6 x 10™3pg/inch) (3 X 1072 inch) (10 inches)
B 7.6 x 10-2 inch

= 0.77 pf.

TABLE 3-4
TYPICAL DIMENSIONS (IN INCHES) OF
MULTILAYER BOARD MATERIALS

Thickness of copper conductors 0,003 to 0,005

Width of copper conductors 0.020 to 0,030
Thickness of copper heat sink 0.006 to 0.008

Thickness of glass epoxy board 0.016 to 0,062
(for conductor support)

Thickness of glass epoxy board 0.060 to 0,100
(for bonding purposes)

(Dielectric constant for glass epoxy: 4.8 to 5.4)

The capacitive coupling between conductors can be minimized by (1) increasing
the insulation thickness between layers, (2) narrowing the conductor width and
increasing the disbance between conductors, and (3) roubting circuitry on one
layer at right angles to the clrcultry on the other layer., In the case of cir-
cults located over the shleld or ground plane, the entire length of a conductor
1s capacitively coupled to that plane, for which allowance must be made in the
desilgn,
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The calculation of characteristic lmpedance for microstrip lines in
multilayer boards for high-frequency application is a complex procedure and
will not be covered here,

3.3.9 Ground Planes and Shlelding

Solid copper planes, wlth clearance holes etched out in areas where no contact
1s desired, can be placed anywhere wlthin the multilayer board. These planes
serve to minimlze interference, or cross-talk, between various critical circults
and to shleld the clrcults withlin the board from external interference.

3.3.10 Board Deslgn Gonsiderations

Of interest to system desligners is the relationship between design requirements
and cost of multilayer boards. The overall board size and number of layers do not
affect price significantly; the density of terminal points or holes and the
corresponding density of interconnections are the main variables controlling cost.
The approxlimate dividing line between the cheaper and costlier versions of multi-
layer boards is the hole-center separation distance of 0.100 inch. Multilayer
boards with hole centers spaced 0.100 inch or more apart have room for at least
one conductor between the terminals. This makes possible the placement of 0.020-
inch conductors on 0.020-inch spacing, and allows registration and hole-location
tolerances of at least #0.,005 inch, all of which are well within the state of
the art of printed-circult manufacturing. The production of such boards with
good ylelds does not present serious difficulty. For boards with hole spaces
of less than 0,100 1nches, all parameters and tolerances must be decreased propor-
tilonally,., VWhen the design requlres 0.010-inch conductors and spacing, and toler-
ances of #0,001 inch on layer thicknesses or 0,003 inch on hole location and
layer registration, the price increases rapldly.

To reduce manufacturing costs, a common practice is to process many small
boards on a large panel and separate them in the last steps of the manufacturing
cycle, If the tolerances are wide, large panels with small individual circults
can be processed wilthout difficulty. Manufacturing costs lncrease when close
terminal-area spacing and tight tolerances are demanded. Panel size must be
reduced to ensure accuracy of reglstration and hole location, so that only a few
multiple circults can be processed simultaneously on the panel. The difference
in cost between wide- and narrow-tolerance circuits can be 80 percent or more.

3.3.11 Device Mounting Conslderations

The following are some general rules for mounting components to multilayer
boards:

(1) If some discrete components are included in the design, these heavy
components should be located near the secured edge of the board to
minimize shock and vibration effects,
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(2) 1In high-density packaging all components will normally require heat
sinks,

(3) The IC's with the highest dissipation should be mounted on their heat
slnks at points nearest the connection to the maln heat sink, since
such points are the coolest.

(4) Whenever possible, the IC's with the greatest number of interconnections
should be located close to each other. This wlll reduce the complexity
of the interconnecting clrcultry.

3.3.12 Delivery Time

From the date that artwork for a multilayer board is approved, the minimum
delivery time is about four weeks., To produce and check out the artwork may take
three or four weeks, glving a minimum delivery cycle of seven weeks, The user
frequently prepares the artwork himself,

As wlth other equipments, there is no assurance that the multilayer board
wlll operate as specified until the first unlt 1s assembled and tested., Hand-
wired breadboards do not exactly reproduce the condltions of the completed multil-
layer boards, since the parameters of conductors in multllayer boards are qulte
different from those of wires on breadboards, However, after the prototype~
development stage has been completed, system production can be achieved within
four to five weeks. Thereafter 1t 1s only a matter of scheduling to keep the
flow of multilayer boards at the required level.

3.3.13 I3I Conslderations

A major advantage of LSI is the reduction in interconnections. The total
number of connections requlred for a system 1s reasonably constant regardless of
how the system is fabricated. The type of connection, however, and 1its frequency
of occurrence can vary drasbtilcally from one approach to another. LSI substitutes
intraconnections for interconnections, i.e., metalization within the package for
soldered or welded connections external to the package.

The reduction in external leads afforded by the use of LSI devices instead
of equivalend numbers of IC's is difficult to predict because of the effect
system partitioning has on external-pin requirements. It can only be stated
that the pin requirement for an LSI device will be considerably lower.

Earle¥ has shown that the external-pin requirement for relatlvely simple
circults depends on where the circuits are partitioned. The minimum pin requirement
appears at a function level or a multiple of it. This 1s 1llustrated in Figure
3-33.

#J, Earle, "Digital Computers,’ Electronic Design, 7 December 1964, p.39.
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Figure 3-34 illustrates the same type of comparison as that of Figure 3-33
except on a higher function level., These data* are based on experlence with a
number of digital systems and on an assumed 1600-IC circult complexity. The
curve of Figure 3-33 has characteristics similar to that of Flgure 3-32. It 1s
expected that the minimum point represents some functional level,.

Note that the pin requirements are different for the two types of logilc
having the same circult complexity. Control clrcuits will typically have a greater
requirement for pins than data-processing circults, because the control circults
usually require intermodule connections.

To show the effect of pin reduction by the use of LSI, the following
hypothetical case 1s presented. The data and partitioning are based on an
actual subsystem¥*¥ fabricated with IC's mounted on nine double-sided printed-
circuilt boards.

For purposes of comparison, it is assumed that the number of gates required
for each function can be fabricated on a single wafer and intraconnected as
requlred.

Table 3-5 compares the number of packages, pin requlrements, and pin-to-gate
ratio for LSI and IC. Four different types of IC's are required for the sub-
system; a gate, inverter, buffer, and flip-flop. The total number of IC's
required is 1550, as compared wilth seven different types of LSI devices and

a total requirement of nine devices.
COURTESY OF ELECTRONICS. McGRAW-HILL @ 1966

TABLE 3.5 **
COMPARATIVE LS] AND 1C PACKAGE, PIN, AND GATE REQUIREMENTS
Functional Packages Required gzzi$2322t Pin Requirement | Pins Per Gate

LST IC Gates LsI IC LST Ic

Input/Output 1 110 275 78 | 1,540 0.28 | 5.6
Format/Control 1 160 400 78 | 2,240 0.20| 5.6
Register A 1 215 926 67| 3,010 0.07| 3.2
B 1 215 926 67| 3,010 0.07| 3.2

c 1 215 926 67| 3,010 0.07] 3.2

Process/ A Unit 1 175 437 68| 2,450 0.15} 5.6
B Unit 1 210 525 127 ( 2,940 0.24 5,6

C Unit 1 170 425 107} 2,350 0.25| 5.6

D Unit 1 80 200 671 1,120 0.33]| 5.6

*¥Adapted from data by J. J. Staller, Guidelines for Implementation of System
.Requirements into Microelectronic Mechanlcal Design, Sylvanla Electronlec Systems
Division, 1904,

*%R, Rice, "The Packaging Reyolution, Part V: Simpler Designs for Complex Systems",
Electronics, 7 February 1966, p.109. .
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The three registers are identical., This reduces the number of different types
of LSI devices that are required in the system. If they were different, two
additional types would be required. TFor loglstics purposes, the designer
should try to keep the number of different types of parts to a minimum.

It is expected that most LSI devices will, in general, not be used often.
In fact, the more complex the device, the less use it will have. Figure 3-35,
a plot of the relative usage as a function of the number of gate functions per
LSI, indicates that usabllity drops rapidly as complexity increases. A device

containing more than 30 gates has a use factor of less than 0.6, The conclusion

to draw 1s that LSI devices will not have high use factors; thus the designer

should go to the highest complexlity possible within the state of the art, because

he will galn the most advantage from high complexity. The use factor 1s not an

important consideration for gate complexities above 30 and can be disregarded for

complexities above 80 gates per wafer.
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FIGURE 3-35
COMPARISON OF LSI COMPLEXITY VS USABILITY

3.4 INTRACONNECTIONS

Intraconnections are metallzatlons which connect various components on the
die. They may also be considered as metalizations within a package connecting
various flip-chip dice. The difficultlies assoclated with interconnectlons are
also associated with Intraconnections, primarily in multilevel metalizations
required for high-density packaging.
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LSI devices will require a multilevel intraconnection system. The problems
assoclated with intraconnecting the gates on the wafer are toplogical and electrical.
Crossovers for bias and signal-voltage metalizations are requlred; the resistance
of the metalizations and conbtact reslstance at the corssover-oxide steps must be
low. A multilevel crossover system 1s composed of the followling:

+« The first level of metalization intraconnects the components that form
each circult. These clrcults form a matrix array on the wafer.

. A layer of insulation separates the first layer of metalization from
the next layer. Holes are etched through the insultation to the first
level of metalization.

. A second level of metalizatlion is deposited on the insulating layer and
forms the second level of intraconnections. Connection l1s made between
the two levels via the holes in the insulation layer. Additional layers
of metallzatlion may be fabricated by repeating the insulation and

metalizatlion steps. A typical two-layer metalization system is shoun
below:

Aluminum metalization used in o
Second Level Metal current IC's is one-mil wide and 8000A
thick. Thls gives a sheet resistance

4 of 0.03 ohms per square. LSI devices
wlll probably requlre thicker metaliza-

tlon to compensate for thimmer line
ALY LLIL LTI 22 \\ wildths and expected contact resistances
First Level Metal Insulation of between 0.1 and 0.3 ohms per cross-
Seecond Ievel HMetal Feedthru over. The inbraconnection of a large
. )7 //r— number of gates on a wafer requlres:

A method of intraconnecting
only good gates

* Multiple levels of intra-
% connections

First Level Metal Insulation There are two basic approaches
used for intraconnecting the good
gates: fixed wiring and discretionary
wiring¥.

TWO-LEVEL LEAD CROSSOVER

*For a detalled discussion of discretionary wiring, see J.W. Lathrop, LSI
Integration Through Discretionary Interconnection, TI Report, 1966, and
H. Freitag, "Design Aubomation for LSI", Wescon Paper 10-2, 1965,
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The fixed-wiring approach uses a single set of metalization masks for
identical LSI devices. Each cilrcuit element 1n the wafer i1s tested before
metalization. The bad clrcults are automatically marked, and the wafer is
examined to determine which portions of the wafer meet the topologlcal requirement
for the mask set, These are then separated from the wafer and metalized. The
good portions of the wafer that cannot be used for the LSI device are diced and
packaged as individual IC's. This method provides low metallzation costs but
1s highly dependent upon the wafer yleld. Many device manufacturers believe thils
1s the best approach to the metalization problem. Those advocating this approach
are referred to as the "100 percent club” because of their dependence on high
wafer yield,

The discretionary-wlring approach is not as sensltive to wafer yleld but
is highly dependent upon costly computing equipment. In this process, the circult
elements on the wafer are tested, and the results are stored in a computer., The
computer 1is programmed to provide an intraconnectlon pattern for a particular
array. A mask 1s made by an automatic-exposure process under control of the
computer,

This system uses a flyling-spot scanner whose lmage 1is projected onto a
high~resolution CRT. The CRT image i1s used to expose a high-resolution plate,
which will be used as the mask. The scanning routine starts with the shortest
paths and proceeds to the longest. It may be necessary to perform the routine
more than once,

The result is that each wafer has 1ts own custom intraconnection pattern
of good circuits, The bad circults remain on the wafer but are not intraconnected.

Either of these methods can be modifled by using the "master-slice"* approach
at the matrix-element level. The matrix elements are intraconnected by the first
metalization, which can vary within certain constralnts to provide different
circult arrangements within each matrix element.

Typlcal two-level metalizatlons are composed of A1-5102~A1. A serilous
problem affecting this technique 1is the inclidence of plnholes that reduce the
device yield. Pinholes are caused by perturbation or discontinuities in the
metal or oxide. The result is a short or near-short through the oxide, causing
the device to fail.

Another important phenomenon, which manifests itself by frequent short
(or near-short) circuits, is the inherent mechanical weakness of the Al-SiOQ-Al
system. During testing, 1t 1s necessary to prove the wafer; a light touch of the
steel point will often cause a short. This situation is not peculiar to LSI but
may be complicated by the multiple layers of metallization.

*¥T.I., Tradename for a standard substrate of active and passlve components that
are custom intraconnected to give the desired circuit, function.

3-3k



A complex array may contain as many as 5000 crossovers. The failure of a
single crossover may cause the entire array to fail. The cost to process a wafer
to this point 1s high; thus the frequency of fallure must be extremely low if
reasonable prices for LSI devices are to be obtailned.

3.5 OPERATING FREQUENCY

The IC operating frequency stated by the manufacturer on the specification
sheet 1s usually a maximum device frequency under ideal conditions. Only when the
effects of temperature, varliations in supply voltage, actual physical layout, and
capacitive loading from other devlices are determlned is it possible to determine
the actual operating frequency.

When buffer amplifiers and driver unlts are required, additional speed may
be lost because some of these unlits are slow. For logilc clrcults an estimate of
the actual maximum operating frequency ls about half the ideal repetition rate
specified by the manufacturer,

Aside from the frequency constraints assoclated with the design of the
IC clrcult, the most important single factor affecting frequency is capacitive
loading. This effect can be reduced by understanding where the difficulties occur
and packaging the system to minimlize these parasitics.

There 1s a capacitance associated with the input of the device, Thils 1s
nominal and usually amounts to between 3 and 5 pF. The total capacitance assoc-
iated with IC inputs will depend upon the fan-out. For a high fan-out, it could
be appreciable, There 1s also a capacltance associated with printed-circuit wiring;
it 1s a function of conductor width, conductor length, and separation between
conductors., The capacitance associated with a double-slded printed-circuit board
will range from 0.1 to 1 pF per inch of conductor length,

When multiple-layer printed-circult boards are used, the capacltance load
increases because of the decrease In separation between conductors. Typlcal¥*
values are 0.3 pF per inch between adjacent conductors on the same plane, 3 pF
per inch for parallel lines on adjacent 1ayers; and 7.5 pF for lines on layers
next to a power plane,

Capacitance is alsoc assoclated with the printed-circult board connector.
Typical values are from 1 to 3 pF. If these capacltances can be reduced or
eliminated, higher operating frequencies can be obtalned,

‘#S, A, Hays, "The Packaging Revolution, Part IV; Bigger, Better Multilayer Boards",
Electronlcs, 29 November 1965.
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LSI promises complex cilrcuit arrays with high component density and high
speed. Arrays with as many as 1000 gates on a single chilp with logic-block delays
of only & nanosecond or so per gate are predlcted. These short delay times are
possible because of the close proximity of the clrcults and the reduction of
capaclitance associated with wiring, printed-circuilt boards, packages, and connectors.

As the switching speed increases, serious conslderation must be given to the
introduection of false signals caused by reflections from unterminated transmissilon
lines. The close spacing of circults, with their resultant short transmission
lines, will minimize this problem on the wafer. However, transmission lines
between LSI packages wlll probably require resistive terminations to reduce
signal reflections.

3.6 THERMAL CONSIDERATIONS

Power dlssipation 1s specified by device manufacturers, but different
manufacturers specify under different operating conditlions. Usually the maximum
power dissipation at a 25°C ambient temperature is specified. This is typically
the static (d-~c) power dissipation. It is also necessary to consider the effects
of the a-c component of power dissipation on the device.

Operating characteristics* that affect the power dissipatlon are ambient
temperature, capacitive loading, operating frequency, and bias voltage. In all
cases, the power dilssipation of the device increases for increases 1n these
parameters.,

A temperature change from -55°C to +25°C will typically increase the dynamic
power dissipation by 400 percent; from +25°C to +125°C the dynamic power-dissi-
patlion increase is 200 percent. The average power dissipation increases as a
function of capacitance loading and is different for different frequencles of
operation. An increase in capacitance from 15 pF to 100 pF wlll cause an lncrease
of about 48 percent in average power dissipation in the frequency range of 10
to 25 MHz. The power disslipation may lncrease as much as 35 percent for a 10-
percent increase in blas voltage.

The amount of energy required to energlize a load 1s fixed and independent
of the circult bpandwidth speed. However, the power dissipated in a clrcuit will
vary according to the frequency of operation. The relationship between power
and frequency is illustrated in Figure 3-36%%, The minimum power and the maximum
speed of the circuit are generally determlned by component or device propertiles.
Figure 3-36 shows that power dissipation increases as frequency increases.

*S. Klein, "A Guideline for Selecting Integrated Circuits", Computer Design,
September 1966,

**F, J. Suran, "Circult Considerations Related to Microelectronics,”
Proceedings of the IRE, February 1961,
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A gpecific 1llustration of thils principle is shown in Flgure 3-37.
of a flip-flop 1s plotted against power dlssipation.

There the PRF
For a change from 1 to 25

MHz at 25°C, a typlcal increase in power dissipation is about 300 percent.
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*¥M, J. Flynn, "Complex Integrated Circult Arrays:

Electronics, 1966.
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The ability of an IC to operate at
a glven power dissipation is a function
of the power density on the substrate.
This 1is not a problem for simple IC's
but becomes important as complexity
increases while substrate size remains
the same.

3.6.1 IST Thermal Considerations

High component densities in LSI
devices will require effective heat-
transfer mechanisms, Digital IC's
operate at a few mll power dissipation
per gate function and rresent no serious
thermal problem. For a complex array
with perhaps as many as 1000 gates,
the power dissipation of the array
would be tens of watts. The average
pover density of a 1000-gate LSI with
an average power dissipation of 10 mW
per gate on a 0.3 by 0.3-inch substrate
would be in excess of 100 watts per
square inch. Thils is average powver
density; component power densities
wlll be much higher. To achieve linte-
grated~circuit gate delays in the
nanosecond reglon, much higher component
power densities from 5 to 20 kW/inch®
may be required. (This is based upon
the estimate that resistor dimensions
will approach 0,25-by-0.25 mil.)

The relationship between power
requirements and delay is illustrated
in Figure 3-38%, a plot of rise time

The Promise and the Problems",




versus power for an idealized circult operating under three different conditions.
The rise time 1s a function of both power and loading conditlons, The curves

of Figure 3-38 show, left to right, the time-power relationship when (1) all
driven circuits are on the same chip and a termination resistance is not required,
(2) circuits not on the same chip are driven and no termination resistance 1s
required, and (3) there are external circults plus a transmission-line termination.

The requirement of higher power for higher speed and its detrimental effects
on failure rate will require effective thermal management for the LSI device.
The pedestal to which the chip is bonded must have a sufficiently high thermal
conductivity to distribute the heat flux across the chilp and then transfer the
heat to the package without an excessive thermal gradient. The heat must then
be transferred from the package to a heat exchanger. To keep thermal gradients
within acceptance limits it may be necessary to mount the chip on a metal pedestel
instead of an insulator. The package may be required to have fins; the use of
forced-air cooling may also be required to keep junction temperature within
acceptable limits,

3.7 LOGIC SELECTION

COURTESY OF ELECTRONICS. McGRAW-HILL ©) 1966

5 3.7.1 Introduction
c 12
8 Integrated cilrcults are available
(]
g 9t in a varlety of logic types. Most
3 digital processing ¢ n be performed
Z= C = 6pF ,
.6  Extra Power by using IC's. The problem is
% usually not which IC to use, but rather
= 3 which type of loglc is best for a
& particular application., The user must
o
~ — — ) be able to specify critlcal system-
[0) i) 100 125 150

design parameters and have a good
understanding of the functions (and their
FIGURE 3-38 limitations) that each logic type can
perform. With these data he can choose
the best logic type for a glven appli-

Power, (mw)

RISE TIME VS POWER

cation,

The most prevalent logic functions are the NOR functlon and the NAND
function. These functions are performed with an OR gate followed by an inverter
and an AND gate followed by an inverter, respectively. The NOR function is
performed by logic types such as DCTL and RTL for positive loglc. (Positive
logic means that the voltage level assigned to the "one" state 1s more positive
than that assigned to the "zero" state. Negative logic is the opposite
condition, i.e., the "one"-state voltage level is less positive than the "zero"-

state voltage level.)
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Iogle types such as DI'L and TTL perform the NAND function for positive logic,
Often the manufacturer will specify the logic function for both positive and nega-
tive loglc on an IC data sheet. A gate that performs the NAND function for posltive
loglc will perform the NOR function for negative loglc. The AND gate for positive
logic performs the OR function for negative Ilogic.

Some important factors that determine the selectlon of the logic type
are the following:

~ Speed. This is limited by the switching characteristics of the
circult and assoclated fabrication parasitics.

+ Nolse Margin. The magnitude of the smallest extraneous input
signal that causes an error in the following chalin of logic circults.
The value 1s usually referenced to the worst-case lnput-voltage level,

» DNoise Immunity, The minimum noise margin divided by the
maximum loglc swing.

s Fan-out., The number of like loads the logic element is required
to drive.

~ Power Dissipation, The average d-c power required to operate
the device.

« Power-Speed Product. The product of the device propagation delay (tp)
and its power dissipation,

« Iogic capabllity., This includes fan-in, inversion, and availability of
complemented outputs.

Other considerations are threshold levels and packaging. Also important is
whether a particular circuit family includes triggered flip-flops, drivers, and
other needed circuits, as well as loglec gates.

The maln function of any logic circult ls to provide a logic output, to one
or a number of loads, 1n response to a logic input, An ldeal logic-coupling
network should provide high isolation between input and output, introduce as little
signal delay as possible, keep the power dilssipation as low as possible, and
keep the number of components to a mirdmum,

3.7.2 Direct-Coupled-Transistor Iogic (DCTL)

DCTL was one of the earliest loglc types. Its simplicity lends 1tself
well to integrated-circuit fabricatlon. However, it has serlous disadvantages;
these, coupled with the vast improvement in IC fabrication, have reduced 1t to
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virtual obsolescence. Its major
disadvantages are high power dlssipa-
tion, relatively small loglc swing

Ve (0.6 volt), and only fair noise

[ ouT
immunity. Filgure 3-39 illustrates a
DCTIL, NAND/NOR gate.

DCTL suffers from so-called
current hogging. Thls refers to

s

FIGURE 3-39 unequal distribution of base current

DCTL GATE flowing into many bases in parallel
from a common collector. Current
hogging 1imits the fan-out and speed

performance. In Figure 3-40 the gate element 1deally should supply equal base
current to all loads. However, small variations in the base-to-emltter threshold
characteristics result in a wide variation in current supplied to the load.

This current waste limits the loading capabllity of DCTL gates and limits
their application, except where the base-to-emitter characteristics of the load
transistors can be closely matched.

3.7.3 Resistor-Transistor Logic (RTL)

To eliminate current hogging,

DCTL was modified by placing resistors
or resistor-capacltor networks in the

base leads. The resulting clrcults
r—JMA—___Wc were RTL and resistor-capacitor tran-
out sistor logic (RCTL) circults, respec-

m@ ED—@ "——’33-@ RTL tively. Figure 3-40 1s an RTL gate.

e

The addition of a base resistor
FIGURE 3-40 increases the input resistance and
assures proper operation when more
than one load is belng driven. The
addition of R to the circult forces
some of the input voltage to appear across it, as well as the base-emitter
Junction. As the value of R 1s increased, the percentage of input voltage across

RTL GATE

R lncreases; the base currents are more evenly divided. Thils lncreases the fan-
out capablility but reduces the speed somewhat slnce the addition of R to the
circult causes longer storage and turn-off times.

Typically the number of loads that an RTL output can drive 1s five, but
special circuits are avallable that can drive many more. However, fan-out is
limited because loglc swlng and nolse immunity are adversely affected for high

values of fan-out.
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RTL noise immunity is affected
by temperature as shovm in Flgure 3-43,
The logic swing 1s typically abount
1 volt and 1is dependent on fan-out.

o
w
T

D-C Noise Immunity
Volts
o
n

0.11 3.7.4 Diode-Transistor Logic
o {DTL)
-55 . +125 DTL logic circults are widely
Temperature, “C used and readlly avallable as IC's.,
FIGURE 3-41 A typical DTL gate 1s illustrated in
TYPICAL INPUT DC-NOISE THRESHOLD Figure 3-42. The diodes provide an
\sS. additional input threshold, thus
TEMPERATURE FOR AN RTL CIRCUIT increasing the impedance over that

for RTL. In addition, DTL has a larger
voltage swing and better nolse margin
than RTL,, The circult shown in
Figure 3-U2 requires two power supplies;
Your thls 1s something of a disadvantage,
However, some DIL circults, such as
the 930-Series, are operated with a
single power supply. DTL has addi-
tional advantages such as lower power
dissipation, larger drive capability,
BASIC DTL GATE CIRCUIT higher speed of operation, and better
noise immunity compared with RTL.

Wee
e AM———

>
>
>

=i
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FIGURE 3-42

A modification of DIL is the Variable Threshold Logic (VIL). VTL operation
1s intended for use in circults requiring very high noise Immunity, such as relay
and solenoid circults, It 1s not intended to be used in computer loglc applica-
tlons because 1t has a poor power-speed product. It also requlires two power
supplies,

3.7.5 Current-Mode Iogic (CML)

CML (also referred to as emitter~coupled logic, ECL) was designed especially
to take advantage of monolithic fabrieation technigques. CML uses the technique
of current steering, that 1s, switching well defined currents with small control-
ling voltages. TUnlike other forms of logle dliscussed thus far, it is a nonsatu-
rating loglec and is therefore exceptlonally fast., Propagation delays of 1 to 2
nsec are possible, It also features high fan-in and fan-out and high noise
Immunlty.

A basic ECL gate 1s 1llustrated in Flgure 3-43. Typlcally the ECL circuit
is designed with a differential-amplifier input and emitter-follower. output to
restore d-e¢ levels and provide a large output-drive capabllity. Two power supplies
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FIGURE 3-43
ECL GATE

are required for this circuit. However, some CML clrcults can be operated from
a single power supply. OML circuits are not compatible with saturating logilc
types.

The ECL structure contalins some Interesting and important advantages. The
clrcuilt is reasonably independent of reslistance tolerance 1f resistor ratios are
maintained. This 1s an important factor when one 1s considering diffused resistors.
Another unusual feature of thlis structure 1s the symmetry in its d-c¢ input-output
transfer characteristic, which results in approximately equal nolse margins for
both positive and negative noise. These margins are found to be substantially
independent of temperature over a wide range.

3.7.6 Complementary Transistor Logic (CTL)

The CTL loglc type 1s intended for high-speed digltal applications similar
to those of the CML. The CTL clrcults use PNP emitter followers as the input
AND diodes. Small currents at these inputs control the circuit. CTL exhibits
high input impedance and low output limpedance.,

The emitter follower introduces
a stabllity problem in both CTL and
ECL. However, the problem is reported
to be more severe in CTL, because there
one emitter follower drives another
emitter follower. In addition, the
gain through the CTL AND/OR gate is
InQ'—‘K Out less than unity; this limits the
number of gates that may be cascaded.
A CTL gate 1s i1llustrated in Figure
3-44,

+

- 3.7.7 Transistor-Transistor ILogic
TTL
FIGURE 3-44 {TTL)

STL GATE TTL 1s a modification of DIL, in
which faster responding transistors
are used in place of input dlodes,
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A TTL gate is shown in Figure 3-45.
This form of logic has a high speed --
typleally in the order of 3 nano-
seconds, Hlgh speed can be maintained
for high capaclitive loads, because
this logic form typically has both a
pull-up and pull-down transistor in
the output.

|

—AANY

FIGURE 3-45 The threshold dlode in Figure

TTL GATE 3-46 can be in the base as shown or

in the emitter leg of the transistor
enclosed by the dashed lines. When the
diode 1s located in the base circuit,
1t reduces the speed of the circult
because of substrate parasitic capaci~
tance Introduced at the collector node
of the prevlous transistor. ILocating
the diode in the emltter removes this
capacltance and gives an improved speed
characteristic,

TTL circults are becoming more
wldely used and can be expected to
replace DTL gates for many applications
MOS NOR GATE because of their higher speed. Hou-
ever, 1t 1s possible that high leakage
of the multiple-emitter transilstor may
load a clrcuilt excessively.

FIGURE 3-46

3.7.8 Comparison of Iogic Types

Parameters related to the various logic types discussed in the previous
sections are tabulated in Table 3-6. These values are representative; the
exact value of each parameter will vary widely depending upon the exact device’
being evaluated, A true performance evaluation wlll require user testing.
Although some insight can be galned from manufacturers' data sheets, 1t should
be remembered that these data are usually specified under ideal conditions
and are usually optimlstiec.

3.8 REDUNDANCY TECHNIQUES *
3.8.1 Introduction

Microelectronic devices, particularly integrated circults, exhibit
characteristics that are highly useful in redundancy., The extremely small size
and weight (and frequently small power consumption) of these devices allow

¥Materlal in thls section is abstracted from Handbook for Systems Application
of Redundancy, NASIL (fugust 1966).
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TABLE 3-6
GOMPARISON OF LOGIC TYPES
Noilse
%ggéc g%é%%? A%iggigaggggf ?gg%é?’ Fan-out
mV
DCTL 15 20 100 3
RTL 20 10 250 5
oTL 30 8 600 5
CML 5 50 300 10
CTL 2 50 300 5
TTL 10 15 750 20
MOS 500 10 3,000 5

the addition of redundant devices to a system without severe physical penalties.
Also, the cost of integrated cilrcults does not increase linearly with increased
complexlty; a single package containing dual gates does not cost as much as two
single gates in separate packages. Further, as the complexity within a single
package increases, the reliability changes at a much slower rate. In other words,
dual gates in the same package are only slightly less reliable than a single gate
and much more reliable than two separate gates. It 1s generally acknowledged
that, with constant electrical performance characterlstics, all other characteris-
tics of integrated circuits are superior to discrete parts arranged to perform
the same function. There are, of course, restrictions on the electronic functions
that can be performed by Iintegrated circuilts.

Redundancy 1s a method for malntalning a system function at a specifiled
performance level for a specified time by Including in the system more than the
minimum number of parts, paths, or subfunctions to overcome performance and time
limitations caused by internal and external influences,

Fallures caused by accumulating and catastrophic processes are time-
dependent and are produced through functionally related physical processes,
imperfections, and impurities. To cope with these fallures (i.e., to protect
against a reduced probability of accomplishing a particular mission), disciplines
such as physics of fallure, derating, worst-case design, feedback, tolerance
analysis, improvement of fabrication technlques, and redundancy can be used.
Although it would be advantageous to apply all the discliplines, time and monetary
restrictions usually require that trade-offs be made among them.
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Physlcs-of-fallure and fabrication-improvement efforts attack the component's
imperfections and deficlencles caused by age. The appllcatlon of derating, worst-
case deslgn, feedback, and redundancy attack the problem at the system level
through system-design technligues.

Fallures can occur in elther the hardware domain or the time domain, the two
domains requiring different types of englneering solutions. For example, repeti-
tion (time domain) will reduce the effect of transient noise but will not reduce
the effect of hardware fallures. Fallures in both domains, however, can be pre-
vented by hardware redundancy.

System fallures result from a variety of causes:

(1) External physical environmental factors (heat, humidity)

(2) External-signal environmental factors (radiation, transients)

(3) Internal-signal environmental factors (noise)

(4) Paulty design or fabrication

It 1s, therefore, not surprising that no single type of extra structﬁre
(type of redundancy) can cope with all system faillures, Fallures caused by

external disturbances llke noise requlre system solutions and cannot be solved
by physics of fallure or by component perfection alone.

It is necessary to evaluate fallure-correction methods in 1light of the
expected increage in the probability of malntaining a specified function and
the cost of implementation, .

In comparing the rellability of a redundant system with that of a series
system, a number of factors should be consldered: )

(1) Reliabllity of detection and swltching devices

(2) 1Independent fallure of redundant parts, paths, or subfunctions

(3) Reliability of addltional connectors

(4) Availability of spares, maintenance manpower, and diagnostic
equipment

(5) Probability distribution of time to failure of redundant configurations

(6) Incorporation of extra structures in a system, which can take such
forms as the following:

(a) Increase in material costs

(b) Increase in weight, volume, power consumption, and cooling
facillties

{(¢) Extra time to perform functions

(d) More complex and expensive design .
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Therefore, in assessing the worth of using a redundant structure, it is
essentlal to answer the following questions:

(1) ZIs the problem one of time or of hardware? If it is hardware [x% of a
group of parts are working properly, while (1-x)% of the group are not
working properlyl, no amount of repetition will correct it. However,
if the problem is in time (100% of a group of parts are working properly
x% of the time), repetition may correct 1t without any additional
structures,

(2) VUhat are the causes of the problem? Fallures can be caused by external
and internal environmental factors, faulty design, or faulty fabrication.
To cope wilth the problem, the cause must be known.

(3) What type of fallure correction is necessary? Fallure correction can
Increase rellablility by preventing or postponing the occurrence of a
failure or, when a failure occurs, circumventing it or reducing the
time to detect, dlagnose, and correct it,

(4) Does the redundancy lend itself to ease of dlagnostic repalr and
maintenance? It 1s possible to have a redundant structure ln an
operating system without deriving any beneflt because dlagnostic
repalr and maintenance are not readily performed. If all redundant
paths were in a failed state and the user did not know 1t, the relia-
bility of the system would be the same as if the redundant structure
were not included in the system.

(5) What is the effect on pertinent reliability parameters? Depending on
the system configuration, there are a number of reliability parameters,
such as mean time to failure and probability of success for a specifiled
time and availability, whose effects should be investigated for the
applicable redundant structures.

(6) What 1s the cost of employing the redundant structure? The additional
cost for using a redundant structure ~- extra material, extra time
to perform functions, extra power and cooling, more complex and
expensive design, and added welght and volume -- should be used as
a basls for evaluating alternate redundant structures that may be
applicable in a specific situation,

(7) uhat potential gains are provided to the user by a particular
redundant structure? VWhether or not the cost of the increased
reliability is worth the increased cost can be determlned only by the
user in the framework of the specific system applicatlion. The selectlon
of the appropriate reliability parameter to use in making comparisons
can be a problem in itself,
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3.8.2 Mathematical Methods

3.8.2,1 (General Probability Approach

For a comprehensive understanding of the mathematlcs involved in the
compllation of rellabllity measures for redundant structures it is necessary to
have a fundamental understanding of the theory of probabllity.

Definition of Probabillity, There are many definitlons of
the word '"probability," and it is a popular pastime of mathematiclans to debate
the relative merits of each., No attempt will be made here to participate in the
debate, or even to reconclle the different interpretations, but 1t 1s necessary
to mentlion some of them.

The probabllity that an event wlll occur can be thought of as the proportion
of the time one would expect it to occur in a very large number of trials., If
there were no sampling varlations, one would expect 120 throws of a single
unbiased die to yleld 20 ones, 20 twos, and so on up to 20 sixes. The word
"unbiased" means that each face would appear as often as each other face., Since
there are six faces, the probability of each appearing is one sixth.

The foregolng is a rough statemerit of the relative-frequency definition of
probability., This definition says that 1f an event occurs in s out of a total of
n trials, and does not occur in the remalning n - s trials, the probabllity of
its occurrence is the limit of the ratio of s to n as n goes to infinity. Some
mathematicians argue that this definition is not loglcally consistent, but they
all agree that in a proper experiment, s/n 1s a falrly good approximation of the
probability if n 1ls large.

Another definitlion 1s based on a count of the number of possible results of
a trlal. The dice example applies here. Since there are six possible outcomes
of a throw of a single dle, the probability of any one number's occurring is one
sixth, assuming no blas., 1In general, if an event can occur in m ways and can
fall in n ways, the probability of 1ts occurrence is m/(m + n), provided the ways
are exhaustive, equally likely, and mutually excluslve.

The concept "equally likely" is baslc; it can play the role of the undefined
element. Indeed, it is quite difficult to define the term "equally likely", but
1t can be described roughly as the lack of any bilas favoring one outcome over
another in a trial,

Definitions of Related Terms. Some of the terms that are used
in the definitions of probability and some other terms that wlll be needed later
are defined as follows:

(1) Random Outcome. The value of an emplrical observation that cannot
be predicted (lack of deterministic regularity) but that has statis-
tical regularity in that the value has a relative frequency of occurrence

3-h7




in a seriles of independent observations of the phenomenon (the result
of tossing a die, the time-to-failure of a device, etc.).

(2) Exhaustive. As used in the definitions of probabillity, the term
"exhaustive" means that all possible ways for an event to happen are
included. The reasons for this restriction in the definition should
be obvious.

(3) Trial. A trial is an attempt under a certain set of rules to produce
an event A where the outcome of the event A 1s uncertain. Thus each
repeated throw of dice at craps 1is an attempt to make one's point.

One usually speaks of a random trial., The term "random"” implies
"without bias". '

(4) 1Independent Trials. If the outcome of one trial does not influence
the outcome of a subsequent trial, the two trials are sald to be in-
dependent. Each throw of dice in a crap game meets this criterion.

However, the drawing of cards from a deck without replacement does
not meet it, since the number of ways an event (drawing a specified
card, for example) can happen changes with each drawing.

(5) Event. A set of outcomes. The event has occurred if one of the
outcomes of the set is observed .on a trial. (If the event i1s an even
number coming up on a die, 1t occurs if the number 2, 4, or 6 is
observed. )

(6) Independent Events, Sets of outcomes based on independent trials.

(7) Mutually Excluslive Events, Two or more events that cannot occur

simultaneously (odd and even numbers on one toss of a die).

(8) Independent Trials. Trials of which the outcome of one has no
effect on the outcome of others that follow.

3.8.2.2 Conditional and Unconditional Probabilities

The conditilonal probability of an event is encountered when information
about the occurrence of some other event 1s avallable. If one 1is informed that
a certain event has occurred, does this tell him anything about the probabillty
of the occurrence of another event? Knowing that B has occurred, what 1s the
probability of A's occurring? If the events are dependent, the knowledge that
one has occurred does modify the probabillty of the other, and this probabillty
is conditional. If no information is avallable as to the occurrence of an event
on a previous trial, the probability is unconditional.

The conditional probabilities of short and open fallures are sometimes used
to represent element-fallure probabililties.
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3.8.3 Forms of Redundancy

3.8.3.1 General

A simple description of an ldealized requirement for components or functions
in a redundant configuration will ldentify the conditions necessary for the most
desirable characteristics.

In a redundant configuration, an idealized device will detect a failure
(within itself), make a decision, and complete a switching operation. This over-
simplification will identify design requirements for components in a redundant
configuration. The deficlencies of a component relative to the idealized device
will indicate the level of addltional circuitry required for ideal operation. It
1s emphasized that in a redundant structure a partlcular component failure mode
may have more or less effect in one circuit than it does in another, depending
on how the ecircuit fails (e.g., open or short) in addition to the circuilt's effect
on performance. The component must be used in such a way that its falilure mode
does not impede the circult function.

The simplest example 1s a component that pafallels another, or circuit that
parallels another, where the fallure is an open. It is apparent that the failure
mode does not load or change the circuit function (performance is not consldered),
and the simple expression for component reliability of parallel structures holds.
The component has detected a failure (within itself), made a decision, and acted
as a switch,

In another example, two transistors are used in tandem, one in saturation
and the other operating in the linear regilon. A collector-to-base or collector-
to-emitter short in the operating transistor can turn off the fransistor and
cause 1t to act as if it is saturated, and the saturated unilt wlll become operable.
Agaln, the component detected 1ts fallure, made a declslon, and switched.

If the element in the first example also had a short mode, then the analysis
vould be more difficult. There are mathematical expressions for this case; but
if the undeslrabllity of a short is indicated, then the short must be detected,
decision made, and switching effected. An additional component, such as a fuse,
would be necessary in this case to accomplish the detecting, decision-maklng, and
switching.

It can be seen that the nature of the component's failure mode, and the
circult 1t 1s designed into, determines what information and self-action are
necessary when a component in a redundant circult fails, and what (if any)
additional circuits must be used for adequate circult functionling. This can be
used as a basis for determining how to classify a redundant structure; decision,
if the decision capability is present; and, if switching is present, the addi-
tional component that must be added to complete the switching action. This leads
to a broad classification of the forms of redundancy as non-decision, decision
without swltchling, and decision with swiltching.
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These classificatlons are used in preference to "passive"”, "active", and
mlixtures of the two, which do not provide clear separation or distinctlon between
forms. This classification scheme descrilbes the components that have been added
to the circuilt, in addition to the components necessary to insure functlional
integrity. In all cases of multiple hardware, there must be inherent detection,
declision, and switching. It is also assumed that detection must precede a
decision; thus a separate category of detectlon is not needed.

It is generally true that in the ideal case, where the fallure mode 1s known,
system success can be modeled. In other cases only approximations can be given;
and the results will be misleading unless proper precautions or better modeling
are used. This is apparent in the case of the Moore-Shannon analysis for relays,
or other four-pole components, in which the control and signal paths are separate.
This concept is used for series-parallel quad circults that do not have components
with a four-pole characteristic. For bimodal fallures of components with common
signal-contact paths, separate mathematical forms (not Moore-Shannon) are required
to describe the success paths properly.

The redundancy forms are discussed below, and illustrations of typleal
circults are glilven. VWhere posslible, rellabllity block dliagrams are provided.
The mathematical model for each circult is given, along with requirements for
its gpplicability. In all of the time-dependent models, it is assumed that all
components are operable at time zero. In general, the redundancy models yleld
increasing-failure-rate (IFR) functions for similar elements. In many instances
the mathematical model is difficult to obtain or, 1f obtalnable, difficult to
solve. More and more computer evaluation l1ls resorted to in programs such as the
IBM Electronic Circuit Analysis Program (ECAP), ARINC Research Circult Analysis
Program, and Los Alamos Sclentific Laboratory's NET-1 program.

The rellability of the form can be glilven in terms of the probability gain
or loss (nuisance factors) as measured by the ratio of system to component
success, e.g., whether this ratio is greater or less than unity.
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Single Mode
Series-~-Parallel

Non-Decision

Single Mode
Binomlal

Majority Logic
Form of Decision
Redundancy Without Switching
Multiple Line
Networks
Standby
Decilsion
- With Switching
Operating
FIGURE 3-47

REDUNDANGCY TREE STRUCTURE

3.8.3.,2 Tree Structure

As outlined in Section 3.8.3.1, there are three forms of redundancy (Figure
3-47).

(1) Noh—Decision Redundancy

(2) Decision Redundancy Without Swiltching

(3) Decision Redundancy With Switching

Non-decision redundancy forms encompass those structures that do not requlre
external components to perform the function of detection, decision, and swltching
when an element or path in the structure fails. Examples are Single Mode/Series-
Parallel and Single Mode/Binomial.
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GENERAL REPRESENTATION OF A SERIES
OF MULTIPLE PARALLEL ELEMENTS
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Forms of decision redundancy
without switching are structures that
requlre an external element to detect
and make a decision when an element or
path in the structure falls; these do
not need an external element to perform
the switching function. Examples are
Majority-Logic and Multiple-Iine Net-
works.

Forms of decision redundancy with
swiltching include those structures in
which external elements are required
to detect, make a declsion, and switch
another element or path as a replace-
ment for a falled element or path.
Examples are Standby and Operating.

3.8.3.3 UNondecision Redundancy

Single-Mode/Series-Parallel

Definition of Form

A series of n unlts in series with
m parallel elements in each unit where
only one mode of fallure can occur,

Typical Circults

In the circuits of Figure 3-484,
Aij elements are only subject to open-
type failures while BiJ elements are
only subJect to short-type fallures.

Reliability Block Dlagrams

Both of the circuits in Figure
3-49A would have the block dlagrams
of Figure 3-48B.



Mathematical Models:

Discrete requirements.

For proper use, each of the elements should be lndependent of each other,
wilth success probability of PiJ for the 1th element in the Jth unit so that

n
R =j£1 (1 - Q13 q2J tee qu)

th

where qij is the fallure probabillity of the 1 element in the Jth unit,

Physical Properties

Time - This form of redundancy is usually applied in situatlons that call
for continuous operation in time.

Performance - Frequency response wlth time could be a factor that must be
congsldered. The clrcult can be used wlthout consideration of frequency response
1f only continulty of path 1s needed.

Reliability Obtainable

The galn for a specified mission can be measured by the ratio of the re-
liabilitles of the form to the nonredundant structure. If the load is divided
among the alternate paths in the structure, the failure of a path may lncrease
the load that the remalning paths will have to carry.

For a relatively simple example of two elements in parallel, a direct de-
rivation of the rellability functlon can be performed by considering all possible
vays for the system to be successful, as given in the following dlagram.

Time Axis g ]
0 tl t
Condition(l) AB
(2) AB___ 7 B

(3) AB B 'Y

Success = Conditions (1), (2), or (3)

(The bar above a letter () represents fallure of that element. The prime (47)
represents operation of that element under full load; absence of a prime represents
operation under half load.) To show the derivation, let

£ (t) represent the failure-time density under partial or half load
(1.e., when both elements are operating)
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let
g(t) represent the element faillure-time density under full load (i.e., when
one element has failed)

let
t1<<t represent some fixed point in time

For identical elements:

£(t)

g(t)

£,(%)
g,(%)

£, (%)
&, (%)

The system 1s operating satisfactorily at time t 1f either A or B or both
are operating successfully. Under the assumption that the elements are independent
if both are operating, the probability that both will operate until time t is

[‘/:Of(t) dt]2 = [—Rf(t)}2

The density for one element falling at time tl and the other surviving to tl

under L/2 and from tl to t under L is

£(%,) wa £(t)ds me g(t)at = £{t,) R.(t;) R_(t-t,)

tl ot 1 £171 fey 1
1

Since tl can range from O to t, this density 1s integrated over that range, and

the resulting probability 1s doubled because the event can occur in elther of

two ways. Hence:

2
R(t) = [Rf(t)] +2 jftf(tl) Rp(ty) Ry(t-t;) aty
0

For the case of the two different elements with half-load densities, fa(t) and
fb(t), and full-load densities, ga(t) and gb(t),

t
R(t) = R, (t) Ry (t) +-JP £, (t1) Rgy (81) Ry (6-t1) aty
0
t
Ro, (£1) -+d[; £y (£9) Rpy (t9) Raa (t-t,) dty
If the faillure times of the elements ave exponentially distributed and each has

a mean life of © under load L/2, and 6§  equals 8/k under load L(k 0), solution of
the above equation gilves

207 -t/6 _ 0 -2t/6

R(t) =
() 26°- @ 28’- 6
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when k # 2. Vhen k = 2,

R(%) = (237}11) %

The system mean life can be shown to be egual to

o ©

+

w
wlo

Note that when k = 1, the system is one in which load-sharing is not present
or increased load does not affect the element failure probability. This is
exactly the assumption made for previous discussions of active-parallel redundancy,
and therefore 98 for k¥ = 1 1s equal to %-9 = %T’ If there were only one element,
1t would be operating under full load; therefore, the system mean life would be
6’ =6/k,

Hence, addition of a load-sharing element increases the system mean life by
Q/Q. This gain in mean life is equivalent to that gained when the elements are
independent, but the overall system reliability is usually less because 87 is
usually less than € (k>1). Therefore,

The use of a single improved element when this dependent model is assumed
1s of Interest. To illustrate the effects of using improved single elements or
redundant standard elements, the following conflgurations will be considered:

(1) Single standard element; 6 = 50

(2) Single improved element; 6= 100

(3) Dependent model, standard elements; 6 (half load) = 100,
6'(full load) = 50

The mean lives and reliability functions of these three configurations are
(1) 8, =50, Ry(t) = %/>°
-t/100

(2) 6g = 100, Ry(t) =%

(3) € =100, By(t) =e %30 (1 + t/50)

i

l

The reliability functions are shown in Figure 3-50. Note that although
systems B and C have the same mean life, the redundant system has greater reli-
abllity in early life. After approximately 125 hours, the improved single-element
system 1is superior. If such factors as effectiveness, cost, weight, and complexity
are approximately equivalent for systems 2 and 3, the choice would relate to the
mission time.
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Nulsance Factors - Figure 3-49

) . shows a crossover point (3 over 2)
) ' ' [ o T where the redundant configuration
Q 1 STNGLE STANDARD o= 30 becomes inferior in reliability to
\ 2 SINGLE IMPROVED ELEMENT: 6~ 100
o8l \ 3 REDUNDANT CONRIGURATION, 1 the nonredundant configuration. 1In
\ \ DEPENDENT MODEL: 0 = 100,67= 30 general, this will be true of all redun-
o6l \ \ { dant versus nonredundant conflgurations.
\ \ 3
AN
ok} -\\2 BN - 3.8.3.4 Single-Mode Binomial
. N
Definition of Form
0.2k 1—;5\ N ]
\\\ > — A redundant structure of m parallel
: = — — _| ©paths where at least k (k<m) paths must
—
o o 100 ¢ 130 200 250 s0 De satisfactory for system success.
TIME t
Typical Circuits
FIGURE 3-49
Same as in Figure 3-48aA.
RELIABILITY FUNCTIONS FOR REDUNDANT
CONFIGURATION (DEPENDENT MODEL) Rellability Block Diagrams

AND NONREDUNDANT CONFIGURATIONS
For the case in which k = 2 and

m = 3, the block diagram would be as
in Figure 3-50.

Mathematical Models

Discrete Requirements. If independent element fallures are assumed, the

reliability for n units each requiring k out of m successful paths can be obtained
by the state probabilities representing failure which are found from the following
expression:

[(Ayy +B3q) (B +Fyp) oon (A +E )] [(Byp + Byp) (Bpp +Byp) Lol (8, + B L)

N + ) (Ao +Ep) ... (& o +Kmn)]

Ay Boy Ao Boo Bn Bon

Bia B3y Ao A3p --- Ain Bsn

A21 A3 By A3 Bon Ay
FIGURE 3-50

SINGLE-MODE BINGMIAL REDUNDANCY
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The preceding expression can be written as'

n

-lT (Ai,j +K1J)m3
Jj=1
1i=1, ..., m

which is simply the product of n binomial expansions.

If p 1s the constant probabllity of a success for all elements, the reliability
of a system requiring at least k successful paths out of a possible m in each unit
would then be

m
R =[P, (X3k,)1" =[ Z( x_'I(n'::lTx‘)—' p* (1 - p)m_ﬂn
X=

In the above equation p can also represent a time-dependent fallure density, so
that the following can be substituted for p:

(o]
D= d[ £f(t) dt = element reliability density function
t

3.8.3.5 Decigion Without Switching Redundancy

Ma jority Iogic

Definitlions of Form

Majorlity logic 1s a form of decislon redundancy wherein the correct output
13 assumed to be the one found in a majority of the channels.

Thls concept of majority logic was propounded by von Neumann and has since
been enlarged upon by many authors. Von Neumann's original concept required
extremely high redundancy to achieve high reliabilities, but various modifications
since proposed have afforded high reliability with a rather low degree of
redundancy.

Typical Circults

See Figures 3-51 and 3-52.

Reliabllity Block Diagrams

See Figure 3-53.
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Inputs

Outputs

Final
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FIGURE 3-53
THREEFOLD MAJORITY LOGIC

Mathematical Models

Discrete Requirements. Let p denote the probabllity that a circult is
operating properly and let q = (1 - p) be the probability that the circult has
failed; then the probability of fallure for the majority group is as follows:

2n-+1

_ 2n+l 2n+l - 1 1
i=n+1

where
2n+ly _ 2n+1)! _ 7/ 2n+l
( i ) T it (2n+1-1)T (2n+1-i

under the assumptlons that the vote taker 1s infallible and that circuit failures
are independent,
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Similarly, the probability of success (no failure) for the majority group is

n
_ 2n+ly 1 2n+l-1
Pn = E: ( i ) P =1l-q
i=0

Now 1f the vote taker is not infallible, and q, is the fault probability of
the voter, the failure probability of the redundant block is
2n+l

1-(1-q)|1- iz (3v11) ot(a - a)?i-t ]

=n+1

1l- R2

R

n+1

A

en+ly n+l
a, 4—( ) a

The lower degrees of redundancy give the following approximate failure
probabilities:

Degree of Approximate Faliure
Redundancy Probability
- R = 2.3
3 1 R = q, + 3q 2q
R = 3 _ 4 5
5 1-R=q, +107 - 157 + 6,
= b4 5
T 1 -R=gq,+ 35q 84q + ...
9 1-R=q +1265 - 420 ° +
v 9_ q veos

It is apparent that higher degrees of redundéncy are futile, since the voter
fault probability q, soon becomes limiting. In fact, even for threefold
redundancy, ay becomes the major contributor if q 1s reasonably small in the non-
redundant case,

If majority logic 1s applied to each block, and every voter is triplicated
except the last one, the resultant fallure probability for the general case,
using a 2n+l fold majority logic and m blocks, is as follows:

2n+1

_ _ 2n+l\ 1 2n+l - 1
e I S G o R T
i=h+l

2n+1

m-1

2n+l i 2n+l-i

[1 - }: < 1 > (ap + a4y = 9 9)" (1 - q - a, +q q) ]
i=n+l
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If i1t 1s assumed that all the fallure probhabllities are reasonably small, this
becomes

+1 2n+1 n+l
1-Rwap, ¥+ (ﬁﬁ;l (a/m)™™ + (m-1) (57 ) (a, + a/m)

where q is the nonredundant probability of faillure for the system.

In particular, for threefold majority logic, that is, n = 1, the probability is
2 2
1-R=qp, +3 (a/m)° + 3(m-1) (q, + a/m)

If the vote taker is considered to be 1deal¥* rather than infallible, where

pv equals the probabillity that a vote taker 1s working properly, and xv equals
fallure rate of a vote taker, and it is assumed that the number of vote-taker
faillures in a given length of time obeys the Polsson distribution, then

At
p,(t) =e’v

and the probability that m vote takers are working properly is given by
m -A mt
R=[p,(t)]" =e v

It is assumed that if a vote taker is not functioning correctly, its output
will be the complement of the correct output.

If the failure rate of the vote takers is too large to be neglected,
redundant vote takers can be used. In this case, the fallure rate of an indivi-
dual circult can be considered to include the clircult and the vote taker feeding
that circuit. The overall system then becomes equivalent to a system using non-
redundant ideal vote takers. If the probablility of survival for an individual
clrcult is given by

R TP N (A, +A) ®
p = p,p, = (e Aty (ehot) = e (B ¥ 2) 8,

then
R=[

which is equivalent to the probabllity of success for m majority groups.

n m
2n+1 1 _2n+l-1
;) ap
i:

o}

*¥The vote taker is considered ideal if

AT, <<1
where T, is the time of Interest.
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It can be shown* that the maximum reliability is achieved with nonperfect
vote takers if mo/xv = 1/n

where
A, = failure rate of the circuit
hv = failure rate of the vote taker
and
n = (2n + 1) identical circuits or elements

It 1s generally necessary to carry system output on a single line, in which
case the redundancy scheme proposed by Moore and Shannon could be used to improve
the reliability of system output, thus eliminating the final voter from the
analytic expression.¥*¥

Microelectronics Requirements. The mathematical models presented
above may not be applicable to microelectronic circuits. For example, if a
2n+l-fold majority logic were to be placed on a single chip, consideration would
have to be given to whether the fallure distribution on the chip 1s continuous,
discrete, or a combination of the two. Also, if all the m blocks are on one
chip, 1t may not be appropriate to divide q by m in the above models. To develop
an appropriate model, it would be necessary to know how the system is partitioned
among the chips and what the probabilities of the various modes of failure are.

If the system contained redundant majority vote takers, problems would
arise in placing the paths between the circult and the vote takers on the chip.
In most instances it would be impossible to eliminate crossovers, which would
mean additional complexlity in constructing the circuit because multiple layers

requlred by the crossovers on the chip are currently difficult or impossible
to achieve. A combination of monolithics and multilayer circuit boards may be

a feasible solution.

Physlical Properties

Time. This form of redundancy can be applied in situations that call
for either intermittent or continuous operation in time.

Performance. This form of redundancy is usually assoclated with binary
inputs and output.

¥Knox-Seith, J. K., A Redundancy Techni%ue for Tmproving the Reliability of
Digltal Systems, Technical Report No. 16-1, Stanford Electronlcs Laboratories.

¥¥Pechnical Report No. 4816-2.
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Reliability Obtainable

Gain. Assuming ideal vote takers, the digital system will be most
reliable if majority logic is applied at as low a level as possible, i.e., when
the system is divided into as many digital subsystems, each followed by a majority
vote taker, as possible.

On the other hand, it is clear that the MITF* for the system will always
be less than the MITF for the individual circuit. In the 1limit as n—00 the
system MTTF could be 0.69 times the MTTF for the individual circuit.

It is seen that the use of redundancy and majority loglc glves the greatest
improvement in reliability In the case of large systems, l.e., in systems for
which 1t 1s possible to achieve large values of m.

Nuisance Factors. It is emphasized that the full improvement in
reliability is realized only if all circuits are working properly at time
t = 0, that 1s, at the time when the mission 1s about to start.

There 1s another baslc problem with this approach to the application of
majority logic. Unless the nonredundant fault probability, q, is small, very
high degrees of redundancy are required to reduce 1-R. Indeed, it can be shown
that for q > 0.5, any degree of majority-logic redundancy will actually degrade
reliability. Also, if nonredundant vote takers of limited reliability are used
anywhere in a redundant system, they will for some period of time constitute
the most likely source of system failure.

Multiple-Line Networks¥**

Definitlion of Form

Multiple-line redundancy has been studied extensively by Westlnghouse and
found to be one of the most efflcient types of circult redundancy. Multiple-
line redundancy is applied by replacing the single circult of a nonredundant
network by nonidentical circults operating in parallel, where m 1s called the
order of the redundancy.

The reliability improvement expected with the use of redundant circults
depends on the ability of the network to experience circult fallures without
degradation of the network operation. The use of restorers within the network
provides this characteristic. The restorer consists of m-restoring circuits
which, when operating correctly, have the ability to derive the correct output
if k of its m inputs are correct.

*¥Mean time to failure.

*¥¥P, A, Jensen, "The Reliability of Redundant Multiple-Line Networks," IEEE
Transactions on Reliability, March 1964; and M. K. Cosgrove et. al.,"The
Synthesis of Redundant Multiple-Line Networks," AD 602749, 1 May 1964,
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=i} (1)
FIGURE 3-54
MULTIPLE-LINE REDUNDANT (2)

NETWORK WITH RESTORERS AFTER

FUNCTIONS 2 AND 5

Typical Circults
See Figure 3-54.

Reliability Block Diagram

See Figure 3-5i4.

Mathematical Models

Discrete Requirements
The rellabilities of the circults
in the network are independent.

Only an approximation to the exact
reliability will be given, and

it is based on techniques developed’
by Proschan and Esary.¥

{3) The approximation given is good if the reliabilities of the circuits
in the network are close to 1.

(u) The approximation is based on the concepts of minimal cuts, discussed

previously, and coherent systems.

the

(a)

(v)

followling four condltions:

A system is coherent if it meets

If a group of circults in the system is failed, causing the system
to fall, the occurrence of any additional failure or failures
will not return the system to a successful condition.

If a group of circuilts in the system is successful and the system
is successful, the system will not fall if some of the failed
components are returned to the successful condition.

When all the circults in the system are successful, the system

will be successful.

When all the circults in the system fall, the system fails.

*J.D. Esary and F. Proschan, "The Reliability of Coherent Systems," in Redundancy
Technligues for Computing Systems, R. H. Wilcox and K.C. Mann, Eds., Spartan

Books, Washington, D.C., pp. 47-61, 1962: and J.D. Esary and F. Proschan,
"Coherent Structures of Non-Identical Components) Technometrics, Volume 5, (May 1963)

pp. 191-209.
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The system shown at left is an
example of a coherent system.

The lower bound to system relia-
1 b bility is the probablility that none
of the system's minimal cuts fail;
for the example it is given by the

o 5 following equation, where

RS = gystem reliability

R(C,)

probablility of success for
the cth circult

Q(cy) =1 - R(Ci):

e o [oateg] [ - [ratey] o)
=[] )] [t} - [eate] o] [ ]

= [1-a(e)) aley)] [2-ae,) ateg)] [2-ale,) aley) ate,)]

This is an approximation because the failure of minimal cuts 1s assumed to
occur independently, which is generally not true, since one component may appear
in several minimal cuts.

If the Jth minimal cut is denoted by the set SJ, and the members of the Jth

minimal set are given by ieSJ, then 11- [I'R(Cl)] 1s the general relationship
1€S

for the probability of failure for the Jth minimal cut. The lower bound to the

system reliability is given by

W T T ]

1eSJ

Thus the determination of the lower bound on reliability requires that the
minimal cuts of the network be identified. In a multiple-line network with
restorers, a cut is any group of circulits whose failure causes the outputs of
at least one restored function to have m-k+1 or more failed lines. This would
constitute a network failure.

The minimal cuts of a multiple-line redundant network have three
characteristics that are sufficlient to establish their identity:

(1) All the members of the minimal cut are circuits in a restored function
or restorers that are the input sources of that restored function.
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(2) The failure of each member of the minimal cut will cause one output
line of the restored function to be in error, and each member will be
in a different position.

(3) The failure of a minimal cut will cause exactly m-k+l output lines
of the restored function to be in error; hence a minimal cut will have
m-k+1 members.

If one lists for each of the restored functions in the network all the sets
of circuits that fulfill these characteristics, he will have all of the minimal
cuts of the network, which will enable him to find the lower bound for the network
reliability.

Physical Properties

Time. Multiple-line redundancy 1s intended primarily for digital
circuits operating on binary information.

Performance. Multiple-line redundancy should result in improved
reliability of the system unless the individual circuit reliabilities are very
low. Low circuit reliabilities would cause the restorers to choose the wrong
value 1f k of the m circults have failed.

Reliabllity Obtainable

Gain. The improvement in system reliability should be comparable to
the improvement in the reliabllity of a clrcult when a particular element is made
redundant. The improvement will not be of the same magnitude, because of the
addition of restorers in the multiple-line network.

Nulsance Factors. The lower limit approximation given for the multiple-
line netuwork is not good if the ecircult reliabilities are not close to 1. If
the order of the redundancy exceeds 3, the determination of the input sources
becomes quite difficult., Boolean matrices can be used for determining the input
sources of a function.

3.8.3.6 Decision With Switching Redundancy

Standby Redundancy

Definition of Form

Circultry in which a component or unlt is standing by idly and begins to
operate only when the preceding unit fails 1s said to be using standby or
sequential redundancy. A standby system usually requires failure-sensing and/or
swltching networks or devices to put the next unit into operation.
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Typical Clrcuits

Figure 3-55 shows two redundant
elements where A 1s operating and B
A Output 1s walting untll A falls, and S 18 the
sensing and switching mechanism,

Rellabllity Block Diagram

Input S
See Flgure 3-55,
Mathematical Modelg¥*
B Discrete Requlirements .
FIGURE 3-55 Consider a system connected by a

sensing and swibtching mechanism (S) to
another system (B). If A falls, then
S senses the fallure and swltches

B Into operation.

STANDBY REDUNDANCY

The device, ASB, operates in the following mutually exclusive ways:

(1) S is operating properly. It monitors A, and if A falls, it turns
on, and the device operates until B fails.

fails by not being able to sense and/or switch, and when 1t fails,
is operative and the device fails when A fails.

(2)

fails and in failing it switches to B. A is still operating when
fails, but the device fails when B fails.

(3)

> et b w W

is operating and S fails. The signal path through S becomes open
or shorted and the entire device fails at the time S fails.

(4)

The unreliability Q(t) will be derived where Q(t) = 1 - R(t), let ﬂl(t)
be the failure density function for A, a(s) for S, and ¢é(t) for B, where ¢1(t) =
¢2(t) is not required.

Py = probabllity that S falls and the switch sFays on A
Py, = probability that S fails and the swlitch goes to B
p3 = probability that S fails in such a way that the signal path is shorted

or open, p, + Dy + p3 =1

For case (1),

t t-t, £y
9 (t) = tgéo ti£; [1 - ;{; a(s)ds] o, (t)) @, (5,) aty dt,

*Aroian, L. A., "The Reliability of Items in Sequence with Sensing and Switching,"
in Redundancy Techniques for Computing Systems, edited by R . H. Wilcox and
W . C. Mann, Spartan Books, washington, D. C., 1962, pp. 318-327.
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t
vhere 1 - §/‘ a(s)ds is the probability that the device S is operating correctly
=0

at §, when A fails.
For case (2),

%
a(t) =p; [ als)] ft 6, (5)) at; | as
83=0

t1=s

For case (3),
t t—t2 s
Q(t) =p ¢,(t,) dt L1 - ¢.(t.) at. [ a(s) ds
3 2 tél; 2\®2/ 9% §£; [ {C 11 1]
For case (4),
t s
Qu(t) = pg f [1 - f ¢, (£4) dtl] a(s) ds
S=0 t1=o

Hence for the entire device, Q(t) = Ql(t) + Q(t) + Q3(t) + Q4(t) and
R(t) =1 - q(t).

Error Protection

Standby redundancy protects against hardware failures.

Physical Propertles

Time . Standby redundancy 1is applied in situations that require
continuous operation in time.

Performance . For the special case of the exponential failure lay
where ¥ = fallure rate of the switching mechanism, and p = the failure rates
of the two systems (A and B), standby redundancy is better than 2 systems in
parallel if p > y. If p =7, the two types of redundancy are equal; and if
L <7, parallel redundancy is superior.

Reliabllity Obtainable

Gain . The gain for a specified mission can be measured in terms of the
ratio of the reliability of the structure wilth standby redundancy to the reli-
abllity of alternate structures.
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Nuisance Factors . Whenever the ratio calculated for gain measurement
is less than unity, standby redundancy has no utility. Also, the fallure rate
of the switching mechanism can overcome any gain using standby redundancy.

Operating Redundancy¥*

Definition of Form

In operating switching redundancy, independent identical units operate
simultaneously with a common input. A failure detector 1s associated with each
unit, and a switch is connected to the outputs. All units are operating initlally,
and the output of one unit is used until that unit fails. The switch then steps
to the next operating unit and remains there until that unit fails.

Typlcal Circuits

Figure 3—55 shows a typical switching circult; C represents the redundant
components and D the individual detectors.

Reliability Block Diagrams

Input
+ See Figure 3-56.
I I T 1
c c c c Mathematical Models
T T
D Discrete Requirements, The
D b D following assumptions will be made to
A’jOutput L) k) M= L compute system reliability:
(1) There are m chains ordered
FIGURE 3-56 1, ..., m; all m operate
SYSTEM CONSISTING OF M REDUNDANT CHAINS from the initial time until

each falls.

(2) The stepping switch is connected so that its inputs are the outputs
of the m chains, with the output of the switch being the output of
the system. The switch operates sequentially, starting with chain 1.
The swltch will also indicate when all m chains have failled.

(3) A failure-detecting device operates in conjunction with each chaln
and performs the following functions:

(a) If failure occurs in the chain to which the switch 1s connected,
a signal 1s immediately sent to the switch, causing it to step.

(b) If a failure occurs in a chain to which the switch is not
connected, a signal is stored; and 1f the switch steps to that
chain, it is signaled to step once more.

*¥B, J. Flehinger, "Reliability Improvement through Redundancy at Various System
Ievels," IBM Journal, April 1958, pp. 148-158.
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(4) No significant time is consumed by the failure-detecting and switching
operations.

(5) The reliability of a chain is the product of its components:

n
R, = I B
1=1

The reliabllity of the system depends on the reliabilities of the chains, the
failure detectors, and the switches. For the detectors and switches, there are
two modes of behavior with which reliabilitles are associated. The first class
of reliabllity (rb and Sa on Figure 3-57) is a probability that the device operates
when failure occurs. This function can be performed only once for each chain,
and the probability is defined for a single operation that takes place in negli-
glble time. The second class of rellability (Db and Sb on Figure 3-55) is a
probabllity that the device does not spontaneously gperate during a period of
time in which no failure occurs. Thils type of probability, like the reliability
of a chain, is defined for the length of time required for the machine to complete
the assigned task. Thus the followlng probabilities are defined:

Rc is the rellability of the chain, il.e., the probability that it performs
its functions adequately for the duration of the assigned task.

Da is the conditional probability that when a failure occurs in a chain,
the faillure is detected and a signal is sent to the switch under conditions
a or b. (A factor of Da is the probabllity that the switch control 1s connected
to the error detector for the chain at which the switch ig positioned.)

Db is the conditional probability that when no failure occurs in a chain
for the Quration of the task, no signal is transmitted to the switch when 1t is
positioned at that chain.

Sa is the conditional probabllity that when the switch receives a failure
signal, the connection at which 1t stands 1is broken and a good connection is made
to the next chain.

Sb is the conditional probability that if the switech does not receive a
failure signal for the duration of the task, it does not step at any time during
the run. (It is assumed that if it does step, it makes contact on the next chain.)

Sc is the conditional probability that 1f a good connection is made every
time the switch steps, a good connection exists between some chain (or the device
indicating system failure) and the system output at all times during the run.
(It is assumed that switching occurs in zero time, so that switching can be thought
of as making contact over the entire time interval except for a finite number of
points in time,)
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Contact Contact
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Ruled Ruled
Success Failure out Failure Falilure out
T
To next stage
FIGURE 3-57

FAILURE DIAGRAM OF A CHAIN

The relliability of the system of m redundant chains 1s defined as the
probability that it performs the assigned task successfully. This occurs if, for
the duration of the task, the switch constantly (except for the points in time
required for switching) makes a good connection to a chain that is functioning
adequately. This can take place in m mutually exclusive ways, corresponding to the
final connection to the m switch contact.

The possible modes of behavior of a chain are diagrammed in Figure 3-57.
Successful operation through a given chaln requires that the chain function
adequately (Rc), that the failure detector not signal an error (Db)’ that the
switch not step spontaneously while connected to this chain (Sb)*, and that the
switch contact remain good (Sc). This has probability R, = R D, S;S..

A stepplng of the switch can occur in three ways:

(1) The chain fails (F, =1 - R,), the detector signals failure (Da), and
the switch steps (S,).

*An approximation is made by the use of one value of Sy for the probabllity of
no spontaneous stepping of the switch from any position. A precise analysis
would use Sp as defined above only for the first chaln, with successively larger
values for this probability for chains 2, ... m. Thus the final reliability 1s
somewhat lower than the correct result. However, since the probability of
spontaneous switching in all practical applications will be exceedingly small,
the more precise analysis does not seem to be warranted,
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(2) The chain does not fail'(Rc), but the detector erroneously signals
failure (D' =1 - D), and the suitch steps (8,)-

(3) The chain does not fail (Rc), the detector does not signal faillure
(Db), but the switch steps spontaneously (S'b =1~ Sb).

Thus, the probability of one stepping of the switch is
a=(1- Rc) D8, + R, (1 - Db) Sy + R,Dy (1 -5)

There are several modes of behavlior of one chain that lead immediately
to system failure without any failure indication, because of a bad switch contact
(S'c), to failure of the switch to respond to an error signal (S',), or %o
failure of the detector to indicate faillure (D‘a). In addition, there are modes
of behavior in which the detector and switch both make errors that cancel each
other. These second-order effects will be arbitrarily ruled out.

Now the probabllity of successful operation with the final connection to
the ith sultch contact is equal to the probability of 1-1 steppings of the switch

times the probability of successful operation through one chain, or § i'l)R

Then the reliability of the system is the sum of these probabilities for the
m swltch contacts:

m
m
R = 5(1—1)31 =R .]:i

i=1 1is
or
R = RD.S.S, 1- [(1-R,) DS, +R,(1 - Dy) S, +RD(1 - Sb)im
1- [(L-R,) DS, +R, (L-D) 8, +RD (1-5)]
vhere o
R, = T Ry
i=1

Since Da 2 1 and Sa = 1,

m
1 - 11 -R.DS)

R = RDpSpSe T—TT-R_D,5,)

so that

=
R = Sc
Furthermore, since S, £ ], Dy=1, and § =1,

Rs1-(1- Rc)m
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Thus the well-known expression corresponding to perfect failure detection and
switching represents an upper limit for the reliability obtainable.

In the present application the initial machine, with no redundancy, is
considered to have a reliabllity RO. It is assumed t??t it 1s possible to break
the machine up into p chains of equal reliability, Ro p. It 1s further assumed
that the failure detector for the complete machine consists of p units, each
assoclated with a chain, such that indications of failure originating from any
of these units are equally probable. Then, if Da and Db are probabllities assoc-
iated with the failure detector for one complete machine, the corresponding
probabilities for the unit assoclated with a chain will be I%l/p and Dbl/p. If
each chain is made m times redundant, the relliability of the final system is

R = R1/prl/prsc><

S o

1-[(1 - Ro1/p) Da1/p s, + Ro1/p(l - Db1/p) 5, + RO1/p Db1/p (1 - Sb)]m D.

For perfect failure detection and switching, this becomes
- 1/pym. p
Rs—[l-(l—Ro M

Physical Properties

Time. Switching operating redundancy 1is used in continuous tilme
applications primarily, but it can be used in intermittent siltuations if the
failure~detecting device 1is capable of signaling the switching mechanism at the
proper time.

Performance. The performance in many instances will be limlted by the
reliability of the failure-detecting and switching assemblies.

Relilability Obtainable

Gain., Flehinger provides tables and charts so that, given an estimate
of the initial unreliability, Fo, of a nonredundant system, and the tolerable
unreliability, FS, to be permitted in the final system, one can Judge from the
appropriate curve the degree of redundnancy, m, and the number of chains, p,
that will meet the specifications, assuming that redundancy 1s required.

Nulsance Factors. For lnitially unreliable systems and a moderate
degree of redundancy, high-reliability can be achieved only by applying the
redundancy to relatively small units. Imperfect switching limits the rellabillity
attainable in all cases such that the unreliabllity 1s not a steadily decreasing
function of p but has a definite minimum beyond which it increases.
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3.8.4 Measures of Redundancy Gain

Several measures of redundancy gain have been used in the past. Among
these were the following:

(1) The ratio of the time to failure of the redundant structure to the
time to fallure of the nonredundant structure at a fixed reliability
(R) or a fixed unreliability (Q) (Figure 3-58).

Measure:
tR/%NR at Ry or
tR/ 1;NR at Q1 where

Q = 1-R,

Probability

FIGURE 3-58
TIME-GAIN MEASURE

(2) The ratio of the reliability of the redundant structure to the
rellability of the nonredundant structure at a fixed time
(Figure 3-59).

1.0

»
2 Ry Measure:
o~
= Rp/BNR at
a time (t,)
& Ryr
[a ™

0

Time

FIGURE 3-58
PROBABILITY-GAIN MEASURE

(3) The ratio of the unreliabllity of the nonredundant structure to the
unreliabllity of the redundant structure at a fixed time
{Figure 3-60).
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Measure:
Qr/ g =
(1-Ry)/(1-Rp)
) at time (tl)

Probability

FIGURE 3-60
UNRELIABILITY-GAIN MEASURE

(4) The ratio of mean time between failures (MIBF) of the redundant
structure to the MTBF of the nonredundant structure or, conversely,
the ratio of the failure rates (A) of the nonredundant structure to

the redundant structure.

Measure:

(MTBF)p/(MIBF),» at time (t,) or  Ayr/Mg at time (t;)

A review of the meaning and physical interpretation of the four measures
reveals a shortcoming: Unless the exponentlal distribution is assumed, each
measure falls to compare the effect of obtaining a specific reliability at a spe-
cific mission time. This failure does not give the proper Iinterpretation of the
effect or purpose of redundancy.

The proposed measure of gain is the ratio of the component fallure rate of
the redundant-structure components, at a specified R and T, to a theoretical
component failure rate of a nonredundant structure that gives the same R and T

(Figure 3-61).

o)
(@]

g’ Measure:

—

P M at

o R _ _-ALt _ _

,§ =e s tR = tNR =T

0, when RR = RNR =R

Time

FIGURE 3-61
COMPONENT-FAILURE-RATE GAIN MEASURE

This galn measure satisfies the purpose of redundancy, 1.e., the use of com-
ponents of relatively high failure rate to perform a task that would normally require
extremely reliable components. Moreover, the effect of redundancy 1s to permit
the use of real components where it would be impossible to use a nonredundant
structure because of fallure-rate limitations.
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3.5 MAINTAINABILITY AND LOGISTICS
3.9.1 Introduction

The purpose of this section is to provide guidelines for achieving maximum
maintainabllity and supportabillity when microelectronic devices are employed in
a system/equipment design. Guldelines are provided in two major areas:
maintenance concepts and maintenance techniques. Subjects discussed under
maintenance concepts include selection of replacement level; discard or repair,
spares concepts, location of repair facilities, and skill requirements. In the
maintenance-technique area, diagnostic procedures and repair procedures are
presented. The use of a Manning and Support Model¥* and a Discard-at-Faillure
Maintenance (DAFM) versus Repair-at-Failure Maintenance (RAFM) Model*¥ is
referenced where applicable.

3.9.2 Maintenance Concepts

The initial maintainability/logistics task in a system development
program 1ls to establlsh a maintenance concept. This concept is the basis for
succeeding development/design decisions that affect maintenance and logistic
support. The elements of the maintenance concept include the level of equipment
assembly replaced at each maintenance echelon; whether the replaced assembly is
repalred or discarded; the location, types, and quantities of spare assemblies/
parts; the locatlon, number, and types of repair faclllities; and the number and
types of maintenance personnel at each facility. Although the concept must be
established early in a development program, it should be made sufficlently flexible
to allow changes, 1f necessary, as the program progresses. In many programs, a
number of the maintenance elements are fixed before inception, and the remaining

elements and a design concept must be selected to enhance the use of the predeter-
mined elements.,

Selection of each element of the maintenance concept is presented
individually in the followling paragraphs. However, the selection of a mainten-
ance method for any one element affects the selection of a method for the other
eiements; the interactions must be considered. It is usually necessary to make
preliminary selections for each element and then change each element in turn to
meke 1t compatible with the others, until the most effective overall concept is
achleved,

* Queulng Tables for Determining System Manning and Related Support Requirements,
December 1964, DDC Document AD458200.

#% Valldatlon of Discard-at-Failure Maintenance Mathematical Model, February 1966,
DDC Document ADHT7GQ03.
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3.9.2.1 Selectlon of Replacement Level

The* possible levels of replacement can be generalized to the following
categories:

. Component Part

. Module (subassembly)
. Assembly (black box)
. Equipment

A component part 1s an item that cannot be physically separated without destruction
of its function. A module is a group of parts mounted on a common structure that
can be replaced as a unit., An assembly is a group of modules, or modules and parts,
that can be replaced as a unit and that performs a unique functlon for the system.
An equipment is a group of lower-level litems that fulfllls an essential operational
requirement,

It is possible to restore a malfunctioning system or equipment to operational
capability by eliminating the cause of fallure through replacement at any one of
the above levels. The selection of the replacement level 1s contlingent on the
system-availability requirements, the level of skill of available personnel, the
type of spares provisioned, the capabllity of the malntenance organization, and
the avallable resources. The number and types of maintenance echelons available
are also important considerations in selection of the replacement level. Main-
tenance tasks can be divided among the echelons to increase system avallabililty
and reduce support costs.

Replacement-Level Effect on Maintenance

In general, the higher the level of replacement for operating equipment,
the greater the availability achieved and the lower the maintenance skill and
test-equipment requirements., If repalr 1s effected at the equipment level, down-
time can be reduced significantly through automatic fault detection and substi-
tution. This method can be used at lower levels also but wlith the penalty of
increased equipment complexity and decreased equipment rellablility. At the
opposite end of the scale, if repalr 1ls effected at the part level, equipment
dountime is the greatest (lowest availability) and requirements for malntenance
skills and test equipment are maximum. However, higher levels of replacement
generally requlre greater expenditures for spares procurement, handling,and storage.

The greatest contributor to active downtime is the time required to isolate
the fault to a replaceable unit. As the complexity of the replaceable unit is
reduced, the number of units to select from becomes greater. It has been found
that for a given maintenance concept and design philosophy, the time to locate

3-76




the cause of fallure variles approximately as the log to the base two of N, where
N is the number of replaceable units in the equipment. A desired level of
avallabllity can be obtalned by making trade-offs between the level of replace-
ment and the degree of diagnostic capabillity provided (test points, built-in
test equipment, automatic fault location, etc.). An additional consideration in
the selection of the replacement level is whether discard-at-failure malntenance
(DAFM) or repair-at-failure maintenance (RAFM) is to be used. This consideration
is discussed in detall in Section 3.11.2.2,

When more than one echelon of malntenance is provided, high equipment
avallablility can be obtained through high-level replacement, while spares require-
ments can be minimized through subsequent repair of the replaced unit. Through
repalr of the replaced unlts for a number of equipments at a centralized location,
the total requirements for maintenance skills and test equipment can be reduced.
The Manning and Support Model can be used to determine optimum replacement levels
and division of maintenance tasks. The procedure used is to enumerate all of the
practical alternative replacement levels and task divisions that will provide
the desired availablility level and then select the one that requires the smallest
amount of resources (spares, maintenance personnel, test equipment, and
facilities). In most situations, many of the elements of the maintenance
concept are predetermined, and thus the practical alternatives and the number
of comparisons to be made are limlted.

Recommended Monolithlic~Circult Replacement Level

The inherent advantages of monolithic circuits can be realized through
replacement at the module level or higher level. The increased reliability and
reduced clrcuit cost should make it feasible To replace modules containing
from 5 to 300 IC's depending on the overall maintenance concepc. The replaced
module could be either repaired or dlscarded depending on the economics of the
particular situation., The chief advantage of this policy is the elimination of
testing and replacement at the individual IC level. Replacement of individual
IC's would requlre special skills, test equipment, and tools, and would be
detrimental to equipment availability because of the additional time necessary
to locate and replace a single IC.

In the packaging of LSI devices, the minimum module would contain at least
one device if the device were highly complex, and two or more for less camplex
devices. The design of both LSI and IC modules should be such that they perform
unique functions, and the number of different types should be minimized. This
design concept will enhance the capabllity for diagnosing equipment malfunctions
and reduce loglstic-support requirements. The concept also will facilitate the
use of DAFM and logistic self-support, which are discussed in detail in a later
chapter.
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3.9.2.2 Discard Versus Repair

At any level of maintenance there are two alternatives: (1) to repair a
failed item and return it to the spares inventory, or (2) to discard the falled item
and procure a replacement, The failled unit can be repalred locally or sent to
another echelon. The general advantages of DAFM are: (1) reduced skills require-
ments, (2) fewer tools, (3) less complex and fewer types of test equipment, and
(4) simpler administrative procedures. The disadvantages are higher costs of
spares and increased storage facilities. The decision for DAFM versus RAFM is
based on the lowest total support cost.

In general, DAPM 1s considered the best approach for monolithic-circult
equipment. The lower circult cost and higher reliabllity of IC's allow the
discarding of more compleéx modules. Other advantages to be realized from the
general use of DAFM are the elimination of depot maintenance, reduced training
requirements for maintenance personnel, and simplified support systems. As the
level of DAFM is raised, the maintenance requirements will be reduced until the
need for a maintenance organizatlion is completely elimlnated. Thils will be
accomplished through self-checking equipment, with replacement and discard of
assemblies or whole equipments by the operator personnel.

3.9.2.3 Loglstic~Support Concepts

There are three general supply concepts: (1) sparing at one level (parts)
with periodic resupply, (2) sparing at more than one level with perilodic resupply,
and (3) self-support (initial provisioning of spares for the planned equipment life
time). Each of these concepts can have variations in cycle periods (except self-
support), level of confidence, types of spares, and storage locations, The self-
support concept is basically the same as periodic resupply, with the cycle period
equal to the planned equipment life, The selection of a support concept 1s based
on achleving the desired level of equipment availabllity at the lowest cost.
Controlling factors are other elements of the overall malntenance concept and
aspects of the support system that have been predetermined.

Self-Support

The self-support concept involves a number of techniques by which sufficlent
spares are provided concurrent with the delivery of the equlpment to maintain the
equipment in operational status throughout its useful 1life, It can be accompllshed
by providing spare replaceable units separately, by mounting spare parts on each
module of the equipment, or by providing sufficlent redundancy to preclude equip-
ment failure., With present circult reliabilities and costs, the latter two methods
will probably not be feasible in most applications., However, with certaln types
of eguinment [highly repetitive part (IC) types and high reliability]}, 1t may be
feasible to provide spares as part of each installed module.
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The nwhber of separate spares required initially to ensure (to a desired
level of confidence) no equipment downtime because of lack of spares has been
calculated for various unit reliabilities and equipment complexities.¥ The
calculations are based on an assumption of a constant failure rate for the parts
under consideration; the probability, then, of having r or fewer fallures in
time t 1s given by

& (36N
P (r) = M) g

NZh N!
where
N = Number of failures
A = Fallure rate of parts being considered
t = Operating time
Table 3-7 illustrates the results of for an equipment life of

2 x 104 hours (approximately ten years). The captions used in the table are
defined as follows:

Equipment Life -- Required equipment operating life (hours)

Part MTBF, Hours -- Mean time between failures (hours) of each part (IC,
MFC, or LSI)

Probability Level -- Probabillty that the equipment will hot have any
fallures for which a spare part 1s not available
during the requlred equipment 1life

Total Parts per Equipment -- The total number of parts (IC or LSI) used
in the equipment

Number of Circuit Types -- Number of diffevent types of circults (modules)
used in the equipment

Two numbers appear for each probability level listed in the table. The
upper number l1ls the number of spare cilrcuits required for maximum use of a single
clrcult type. For example, if the equipment contains a total of 100 circults of
10 different types, the upper number would be the spare circults required when
one circult type is used 91 times and each of the other 9 types is used once. The
lower number 1s the number of spares needed for equal use of all circult types.
While these two situations may not necessarily correspond to the part-type combin-
ations for absolute maximum and minimum spare-parts requlrements, they do repre-
sent extremes that will include most comblnations of part types.

*Investigation of Factors Affecting Early Exploitation of Integrated Solid
Circuitry, ASD-TDR-{-998-2, Contract AF 33(657)-8785, 12 October 1962 --
1T January 1963, ARINC Research Publication 234-2-342,
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08¢

(Equipment Life = 2 x 10* Hours)

TABLE 3-7
SPARE PARTS REQUIREMENTS FOR LOGISTIC SELF-SUPPORT

MFH

Total Parts per
Equipment: 100

Total Parts per

Equipment: 500

Total Parts per
Equipment: 1000

Total Parts per
Equipment: 5000

Total Parts per
Equipment:10,000

MTBF Probability
Hours Levels p§§€b§§p2§ Number of Part Types Number of Part Types Numbexr of Part Types Number of Part Types
1 10 100 {1 10 100 250 500 | 1 10 100 250 500 1 10 100 250 500 1 10 100 250 500
50 20 4o 200 {100 150 400 750 1000 {200 270 600 1000 1500 {1000 1150 1800 ezso 3500 {2000 2210 3100 4250 5500
' - 28 - - 109 279 551 - - 210 380 653 1110 | - 1014 1183 1461 1935 - 2017 2185 2467 2951
75 23 50 200 |107 160 500 750 1500 |209 290 700 1250 2000 |1021 1190 1900 2750 4000 |2030 2270 3200 4500 6000
: - 32 - - 119 287 569 - - 224 392 684 1609 ( - 1044 1209 15h0 2434 - 2060 2223 2579 3450
10° 90 26 60 300 (123 180 500 1000 1500 |218 300 800 1250 2000 {1041 1230 2000 3000 4500 [2057 2330 3200 4500 6500
: - 42 - - 130 389 818 - - 235 495 933 1612 - 1059 1318 1789 24u - 2076 2336 2828 3h60
95 27 60 300 1117 190 600 1000 1500 223 310 800 1250 2000 [1052 1260 2000 3230 4500 [ 2074 2370 3300 4750 6500
: - I - - 134 393 818 - - 24 500 933 1618 - 1072 1331 1789 2458 - 2095 2353 2828 3185
99 30 80 300 |124 200 600 1250 2000 [233 320 900 1500 2500 {1074 1300 2100 3500 5000 {2104 2430 3800 5000 000
i - 45 - - 149 401 10567 - - 259 513 1182 2120 | - 1300 1360 2038 2968 - 2131 2304 3077 000
50 2 10 100 | 10 30 100 250 500 [ 20 B0 200 500 500 | 100 150 400 7ﬁ° 1000 | 200 70 600 1000 1500
‘ - 2 - - 10 107 254 - - 21 117 264 509 - 102 197 344 590 - 203 297 445 691
75 3 10 100 [ 12 30 200 250 500 | 23 50 200 500 21000 | 107 160 500 750 1500 | 209 290 700 1200 2000
: - 4 - - 14 109 256 - - 25 120 267 K12| - 113 204 352 598 - 218 301 455 702
100 90 4 20 100 | 14 40 200 500 500 | 26 60 300 500 1000 | 113 180 500 1000 1500 | 218 300 800 1200 2000
‘ - 13 - - 23 111 258 - - 35 123 270 517 | - 122 211 360 613 - 227 317 467 724
.95 5 30 100 | 15 40 200 500 1000 | 27 60 300 500 1000 [ 117 190 600 1000 1500 { 223 310 800 1200 2000
- 13 - - 24 113 261 - - 36 125 275 1016 - 126 216 372 1112 - 233 324 484 1223
.99 6 30 200 {18 50 300 500 1000 [ 30 80 300 750 1000 | 124 200 600 1250 2000 | 233 320 00 1500 2500
- 15 - - 27 213 510 -~ - 226 524 1016 | - 133 319 621 1112 - 243 29 733 1223
50 0 0 0 1~ 10 100 250 500 2 10 100 250 500{ 10 300 100 250 500 20 ko 200 500 500
- 0 - - 1 1 1 - - 2 2 3 500 - 10 11 12 508 - 20 21 23 518
.75 0 0 0 2 10 100 250 500 3 10 100 250 500 | 12 30 200 250 500 23 50 200 500 1000
- 0 - - 2 2 250 - - 3 4 es2 501 - 12 14 261 510 - 23 26 272 521
107 .90 1 10 100 2 10 100 250 500 4 20 100 250 500 14 40 200 500 500 26 60 300 500 1000
- 1 - - 2 101 250 - - 4 103 252 501 - 14 113 263 ’12 - 26 125 274 524
.95 1 10 100 3 10 100 250 500 5 20 100 250 500]| 15 40 200 500 1000 27 60 300 500 1000
- 1 - - 3 101 251 - - 5 103 253 502 - 16 114 264 513 - 28 126 276 525
.99 2 10 100 4 20 100 250 500 6 30 200 250 500| 18 50 300 500 1000 30 80 300 750 1000
- 11 - - 13 102 252 - - 15 105 254 503 - 27 117 266 516 - 39 129 279 528
0 0 0 0 0 0 0 0 0 T 10 100 250 500 ) 20 100 250 500 E) 20 100 250 500
. - 0 - - 0 0 0 - - 1 1 1 1 - 4 4 5 6 - 9 9 10 11
75 0 0 0 1 10 100 250 S00 110 100 250 S00 6 20 100 250 500 11 30 200 250 500
. - 0 - - 1 1 1 - - 1 2 2 500 - 6 6 8 505 - 11 12 14 510
108 .90 0 0 0 1 10 100 250 500 2 10 100 250 500 7 30 100 250 sS00 13 40 200 500 500
- 0 - - 1 2 250 - - 2 3 251 S00 - 7 9 257 506 - 13 16 263 511
.95 1 10 100 2 10 100 250 SO0 3 10 100 250 500 8 30 200 250 S00 14 40 200 500 1000
- 1 - - 2 101 250 - - 3 102 251 501 - 8 108 257 507 - 14 115 263 513
.99 1 10 100 3 10 100 250 500 4 20 100 250 s00| 10 40 200 500 1000 17 50 300 500 1000
- 2 - - 3 101 251 - - 5 102 252 502 - 12 109 259  s08 - 18 115 265 515




The use of the table is illustrated below, with the following conditions
glven:

« Requilred equipment life: 2 X 10"L hours

. Part MTBF: 10 hours

« Probabllity level: 0.99

« Total parts per equipment: 5,000
o  Number of circult types: 250

The first step is to locate the requlred equipment life, which appears
directly under the title on the table. Then the part MIBF 1is located in the
flrst column. The probability level 1s located next in the second column. The
"total parts per equipment” is located in one of the next six major column headings,
and under this the column for the number of circuit types is located. Thus the
two spares numbers for the conditions assumed are listed as 500 and 266. These
numbers correspond to extreme combinations of circult-type usage, and most usage
will fall between these two extremes.

No more than 15 percent of the total equipment parts would be required
as spares for e;ther extreme combination of circuit types. Two other polnts are
of interest: (1) there is 1little difference in the spare-parts requirements
for probabilities of equipment survival of 0.90, 0,95, and 0.99; and (2) the
spares requlrement usually increases at a slower rate than the number of circuits.
Tables for equipment lives of less than 2 X 104 hours are given in ASD-TDR-7-998-2,

Self-support may be accomplished also by providing at least one spare for
each part type in a module. These spares are mounted in the same manner as the
active clrcuits and can be used to replace failed IC's by soldering jumper wires,
For LSI, spare clrcult elements can be provided that also can replace the operating
devices through external jumpers, Redundancy can be used as a self-support
method through the provision of two or more IC's or LSI's for each device
required by the equipment. By proper selection of redundancy configuration and
wlith a sufficient number of alternate paths, an equipment can be designed that
has a very low probabllity of falilure during its useful 1life, In applying redun-
dancy to IC's, extreme cautlon 1s necessary to ensure that certain failure modes
do not cause failure of the alternate paths or assoclated circults,

Periodic Resupply

Ebel and Lang* have developed a rather simple procedure for determining
spare-parts requirements. The mathematical basis is the same as that for self-
support. From this equation a set of curves was developed to show the number of

%G, Ebel and A, Lang, "Rellabllity Approach to the Spare Parts Problem”,
Proceedings, Ninth National Symposium on Rellability and Quality Control,
(San Francisco: January, 1903).
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spares to stock for a gilven period to back up a given number of items that have
a known fallure rate. These curves, 1llustrated in Figure 3-62, are used as
follows:

(1) Determine the failure rate (A) of each part or assembly.

(2) Determine the number of times the item is to be replaced, i.e., the
number of times the item appears in a system, multiplied by the number of systems.

(3) Determine the combined failure rate for this item for the total number
of times it is used in a system and the total number of systems involved.

(4) Determine the total operating time for the item; e.g., & part operating
eight hours per day for one year has a total operating time of four months.

(5) Enter the left side of the chart at the appropriate cumulative failure-
rate level (point a). Draw a horizontal line to the curve representing the desired
operating time.

(6) At the intersection of the horizontal line and the curve (point b),
drop a vertical line. The number of spares required 1s read at the intersection
of the vertical line and the abscissa (point c).

Assume that an equipment uses two subassemblies, each of which has an expected
hourly failure rate of 500 X 10°~. The equipment 1s to be used 8 hours per day.
How many spares are required for a period of three calendar years? The cumulative

hourly failure rate is 1000 X 10'6.
This value 1s indicated as (a) on

100,000 1 I-ic|>nthr revTm PrrTr Figure 3-62, and a horizontal line is
50,000F 3 Months ) drawn from that point. The total
20,000} 12 ??82222 = operating time is 12 months. The

10, 000 ;ﬁ ,“,}222{,‘2 ; intersection of the horizontal line
5,000 gg ﬁ}ggg:: ‘\ and the operating-time curve for
2,000 \\\"‘ 12 months 1is indicated in Figure 3-62

&

1,00012L . X X as (b). Draw a vertical line from
s00F \“O’ n this point to the abscissa. The inter-
sectlion with the absclissa 1s indilcated

Fajilures Per Million Hours

200 | ] as (c¢); the number of spares required

200p | ] is 14,

50 -

20k ! - The procedure can be used for

10 l ] parts, modules, or higher-level assem-
5 ' . blies. Where multiple supplylevels
ok ] are required (parts at a depot and
2 Lo v aerraer Wedy oy oy modules at the equipment installation,
1 2 5 10 _ 20 50 100 etec.), the procedure can be used

Number of Items
FIGURE 3-62

MINIMUM SPARE REQUIREMENTS FOR VARIOUS
OPERATING PERIODS {90-PERCENT CONFIDERCE LEVEL)

independently at each level to fulfill
the requirements at that level,
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The initial spare requirements for each level (maintenance echelon) can be
determined through the use of the Manning and Support Model described .in
Section 3.10.2.1,.

Recommended Support Concept

The initial provisioning of spares sufficlent for the planned equipment
life 1s economically and physically practical at this time. As indicated in the
previous section, only ten to fifteen percent of the total parts (IC's) in the
equipment need be provisioned initially to provide a high confidence of sufficient
lifetime spares. The small size of an IC will allow easy storage of quantities
in this range. As the reliability of IC's inecreases, this method will become
more and more attractive.

The advantages to this approach are the reduction of equipment downtime
due to the unavailability of a spare, reduction in paperwork by the maintenance
organization, and lower overall support cost for the equipment. On a larger
scale, exclusive use of this concept would lead to the elimination of many
supply organizations and warehousing facilities. An addiftional benefit is that
production facilities for iftems peculiar to an equipment do not have to be main-
tained. However, in this approach great care must be exercised in determining
the support requirements so that spares are not depleted early in the equipment's
life.

3.9.2.4 Iocation of Repair Facilities

Maintenance is performed at essentially three locations: on the equipment,
in the vicinity of the equipment, or at a depot. The vicinity of the equipment
includes the base to which the equipment is assignhed or, in case of a fleet,
another ship or a tender. A depot 1s a centralized repair facility capable
of complete equipment overhaul; it may be operated by a civilian contractor,
equipment manufacturer, or the equipment owner.

Under various maintenance concepts, any combilnation of these facllitles may
be used. In some cases, twWwo or all three activities are combihed into one facllity.
The requirements for these facillties are determined by the maintenance skllls,
test equipment, and tools required by the equipment. VWhere speclal skills or
expensive eguipment are required for maintenance, these tasks are best relegated
to a centralized facility for maximum use of resources. However, equipment design
should be such that these requirements are minimlzed or eliminated. With the DAFM
concept, it may be possible to ellminate all but on-equipment maintenance.

It is recommended for monolithic-circult equipment that the single facllity
or "self-sufficiency"” concept be utilized. Under this concept, eguipment is
repaired by replacing a module, and the failed module in turn ls either repaired
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locally by the same organization or 1s discarded. PFailed modules that are beyond
the repair capablllty of the lpocal malntenance organization are returned to the
manufacturer for repalr. Thls concept, along with DAFM and self-support, will
allow the elimination of depot faclllties and support pipelines and reduce main-
tenance-sklll requlrements. Additional advantages are maximum equlipment avail-
abllity and significantly reduced support costs. In cases where thls approach
cannot be used, the Manning and Support Model should be used to determine the
optimum allocation of tasks and resources to the varlous facilities.
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TESTING

FOUR

4.1 INTRODUCTION

Quality-assurance tests of the type performed on transistors and dilodes can
usually be applied to integrated circults. Figure U4-1 shows the sequence of events
and the organizatlons involved 1n a typical test program. The extent to which the
tests are employed depends on the criticality of the device application. Devices
intended for noncritical use (industrial equipment, radio, television) usually
receive minimum testing before being installed. The manufacturer might, for ex-
ample, perform only a partial electrical test, and the customer's incoming in-
spection might consist of only a part count and a visual examination for damage.

However, a device earmarked for a high-rellability system is generally sub-
Jjected to extensive testing, The manufacturer is likely to perform mechanical,
electrical, and hermetlc-seal tests, along with a reliabllity study to verify the
fallure rate and screening tests to detect potential failures., The customer's in-
coming inspection includes both visual and electrical checks. In many cases the
customer subjects a sample of the devlices to tests ldentical to those performed by
the manufacturer. The manufacturer's and customer's data are then compared to
verify device rellabillity.

As indicated in Figure 4-1, defectlive devices may be sent to a failure-
analysls group for detailed analysis, Data obtalned from such analyses are usually
communicated internally to the components group for use in specifylng future devices
and evaluating speciflcatlons. These data may also be transmitted to the device




manufacturer, The functlon and procedures of the fallure-analysis group are
discussed in detall in Chapter 6. Figure 4-2 indicates some of the problems
assoclated with an Integrated-clrcult test program. For incoming lnspection,
new test fixtures and procedures are needed for handling the IC packages.
Additionally, since IC's cannot always be tested on a go/no-go basis, many tests
are quite complex; thus test personnel must be retrained.

Section 4.2 deals with the tests that may be performed by the device
manufacturer, the user, or both. Factors such as purpose of test, effectiveness
of the test to detect various fallure modes or mechanisms, and relative cost .are
descrlbed for most of the tests performed on IC devices. Tests that may also be
used in a screening program are tabulated and compared in Section 4.3. Section
4.3 also contains a discussion of screening approaches. Sections 4.4 through 4.6
cover tests, equlpments, and fixtures requlred for the evaluation of integrated
circults.

4.2  QUALITY-ASSURANCE TESTS
4,2,1 Introduction

Quality-assurance testing of integrated circuits is becoming the most im-
portant aspect of IC procurement, princlpally because 1t 1s difficult to verify
the faillure rates of IC devices. The failure rate is a quantitative indication of
the probability of survival; this value is difficult te obtain for highly
reliable devices because of the large number of test hours required to verify a
low failure rate. Such rates are thus usually not avallable, If they are,
thelr validity is questioned by the user unless he has verified the tests.

To overcome this uncertainty, the user who requires highly reliable devices
has turned increasingly to intensive quallty-assurance testing. Typlcally,
quality is assured by a combination of screening (100-percent testing) and accept-
ance (sampling) tests -- including visual inspection and physical, environmental,
electrical, and life tests. The type and extent of the test performed depend on
the reliabllity requirements of the application.

Because the application determines the assurance-test procedure, it is not
possible to deflne all the tests as elther screening tests or acceptance tests.
At one extreme, it 1s possible to include all the tests described in this sectlon,
except those that are destructive, 1n a screening procedure. At the other extreme
a screening procedure or sampling test mlght include only visual inspectlon and
electrical testing.

Incoming inspection and sampling tests should ldentify devices that are
actually defective or determine the probabllity that more than a specified number
are defective in a specific lot. Screening should serve an additional and much
more important function -- the elimination of lncipient fallures, those defects
that are manifested when the equipment becomes operational.
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While 1t may be possible to standardlze certain tests, 1t 1s not possible to
develop a universal testlng procedure. Some applications require higher reli-
abllity than others under varying stress levels, It 1s the responsibility of the
user to develop the most effective test procedure that satisfles the requirements
for a speclfic application. From this viewpolnt, the most effective test procedure
is the one that meets the application requlirements in the shortest time at the
lowest cost.

Sections 4.2,2 through 4.2.5 are descriptions of the tests commonly per-
formed on IC's.

4,2,2 Wafer Testing

For a highly rellable device, it 1s necessary to start with high-quality
silicon material, The material must then be processed with excellent workmanship,
control, and inspection.

Wafer tests are performed by the device manufacturer, principally for process
control, Some of the tests are performed repeatedly during wafer processing,
including dicing.

L. 2.2.1 Wafer Inspection

The wafer ls inspected at varlous 'stages of 1ts processling to detect faults
and measure critical physlcal characterlstics, Common faults include the following:

Diffuslon faults

Wafer crystal imperfections
Oxlide faults

Physical damage
Photolithographic defects
Pinholes

Critical physical characteristics include oxlde thickness, resistivity, and
resistivity uniformity.

Microscopic visual inspection can detect oxlde faults, physical damage, and
photolithogreaphlc defects. Oxlde thickness is measured by Iinterferometer tech-
nigues. Electrical probilng is used to detect pinholes, diffusion faults, and
wafer crystal lmperfectlons.

A four-point probe can be used to determine resistivity and resisitivity
uniformity. Electrical probing can be performed on the wafer components or on a
test evaluation group (TEG) specifically fabricated on the wafer for evaluation
purposes. Reslstivity measurements are performed on the wafer. Required tests
are conducted before and after each of the approprliate processing steps.
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4,2,2,2 Epitaxial Inspection

Defects in expitaxial silicon layers may be on the surface or they may be
within the epiltaxial layer, Typical of the types of defects observed are pin-
holes, .stacking faults, and pyramids. These may be caused by contamination
or substrate crystal defects. Tests are performed after expitaxial growth; and
the instruments used include high-power microscopes for detecting etched defects

and topological defects, phase-contrast microscopes for detecting stacking faults,
and four-point probes for measuring resistivity.

k.2.2.3 High-Voltage Isolation Test

The high-voltage isolation test 1s used to detect incomplete isolation and
diffusion faults. An electrical probe can be used to measure the breakdown voltage
at any process step desired.

4,2,2.4 D-C Electrical Tests

Component parameters are measured after various diffusion steps; the
complete cilrcult is measured after metallzation, The major reason for measuring
component values, primarily those of transistors, 1s that it is often necessary to
rediffuse the wafer to optimize parameters after the components have been fabricated,
Often, to increase the wafer yleld, the emitter will be rediffused to optimize
the device characteristics for the specilfication %o whilch the devices are belng
built., Although all previous diffusions are affegted at the time the emltter 1is
rediffused, the emitter area contains the highest impurity concentration. The
tests performed on transistors are usually measurements of the transistor p and
VCE05 they are made with a microscoplec electrical probe.

The device manufacturer performs tests during processling and hefore die
mounting for reasons of economics. The cost of a dle is nominal until it is
mounted on the header. The cost of the finished device 1s reduced by eliminating
at thls stage devices that will not pass the final inspection.

/

4,2.2.,5 A-C Electrical Tests

A-c electrical testing 1s usually not performed on the wafer. If 1t is,
an electrical probe is used, Parasities can be a problem for fast pulses and
high frequencies. The purpose of such tests is essentially to elimlnate devices
that will not pass final dynamic testing, at which point the cost 6f throwing
away the device is high. There may be some reliabllity advantage inherent in
a-c wafer testing, but it is not agreed upon wlthin the industry.

4.2.3 Dice Visual Inspection

After the wafer is fabricated, 1t is diced; each dle is visually inspected
to detect oxlde defects, metalizatlon defects, cracks or chipping of the die,
and misalignment defects., Thils is usually performed at 7X to 20x magnificatlon.




h,2.,4 Pre Cap Tests

4,2.4,1 WVire Pull Test

The elements of the wire pull test are as follows:

Failure Mechanisms. Defectlive wire bonds due to poor workmanship or
machine control,

Deleterious Effect. Destructive (performed on a sample basis).

Position of Test in Testling Sequence. This test 1s performed by the bonding-
machine operator at the beginning of the work shift.

Relatlve Cost, The cost of performing this test 1s very low although

all devices tested must, of course, be discarded.

Effectlveness, This test 1s simple to perform, and from the standpoint of

cost and time versus rellability, 1t is an excellent indication of wire-~
bond integrity.

Example of Detalled Stress Levels., Gold wires bonded at both ends should
exhibit strength 1in excess of 5 grams; aluminum wires bonded at both ends
should exhiblit strength in excess of 2 grams. These values are read on
the gauge and are not the actual force on the bond, which is about 8 times
greater for a 100-mil wire length,

Discussion, An example of such a test for poor post and chip bonds 1s the
use of a tension gauge to-pull bonded wires., The gauge may be elther auto-
matic or manual. All the bonds on three devices from each bonding machine
being operated should be pulled at the start of each shift to ensure that
bonding is under control. The tension reading should be greater than some
predetermined value.

L.o2.4,2 Infrared Test

The elements of the infrared test are. as follows:

Failure Mechanlisms. Excessive localized heating due to volds between the
substrate and header or poor thermal design.

Deleterious Effect. None,

Position of Test in Testing Sequence. Currently limited to use 1n design
evaluation.

Relative Cost. Expensive,

Effectlveness. Thils type of test 1s a good englneering deslign tool, but
its slowness makes 1t inefficient as a process inspection tool.

Discussion. The use of infrared scanning is currently limited to the
design phase. Present equipment wlll not permit 100-percent in-process
testing. The Industry is not sure that such screenling 1s even requlred
if the circuit has been well designed,
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4.2.4.3 vVisual Inspection

The elements of visual inspection tests are as follows:

Pallure Mechanlsms

Lead dress Die Bond
Particles Wire Bond
Corrosion Contamination
Metalization defects Oxlde Defects

Chip mounting and chipped or cracked die
MIL-STD. 7504, Method 2071.

Deleterious Effect. None.

Pogltion of Test in Testing Sequence. Immediately prior to encapsulation.

Relatlive Cost. Low to moderate.

Effectivenegs. When this test is performed by a qualified inspector
uslng appropriate mlcroscopes, it is highly productive; it 1s essential
in high-reliability programs.

Discussion. The equipment required to perform this inspection is any
magnifying apparatus of 50x (or greater) with a collimated light source.
It should include a manipulator that provides circult orientation and
handling faclillitles for visual ease in inspecting.

Lead dress presents a serious rellability problem, primarily because
intermittent shorts due to poor lead-dress quality often pass many or all
of the required device tests. The use of X-ray screens to illumlnate poor
lead dress is discussed in Section 4.2.5.13. However, X-ray is ineffective
when aluminum leads are used. Defects and poor process control or work-
manghip should be looked for in the following categoriles:

Process Uniformity. A topological representation should be provided for
inspection, and all devices should conform to this topology. All devices
of the same part number in each lot should be identical in appearance.
There should be no inconsigstencies in topology orlentation, bond patterns
and placement, etc., that cause a heterogeneous appearance.

Cleanliness. The active device should be free from any chemical residues
(including lacquer, varnish, or jJelly) or discoloratlon resulting from
device production and handling. Both the device and package should also
be free of foreign particles greater than 0.5 mil (0.0005 inch) across the
widest dimension. This includes extraneous encapsulated material, weld
splatters, and excessive bulld-up or flaking of gold preform.

Bonds. Metalized bonding pads should be provided for each terminal where
a bond is to be made on the substrate. Any bond contact area made on the
metallzed intraconnection 1s cause for rejection of the device.
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The entire bond, as defined by the bondlng-tool impresslon, should be
within the periphery of the bonding pad, and there should be at least 2 mils

(0.002 inch) of interconnection material around the periphery of the bonding-
tool impression.

There should be no evidence of loose, mlsplaced, or open bonds, or
bonds that have been partially stripped from the pad. There should be no
evidence of multiple attempts to bond on any single bonding pad or lead.
Such evidence is cause for rejection of the device.

Internal Bonding Wires. Internal bonding wires should be rejected for
the following:

Wires of sufficient length (slack) to cause shorting to another
lead, dle edge or surface, or to the package sides, bottom, or top.

Nicks, cuts, crimps, or scoring that cut into or deform the wire by
more than 25 percent of the original dlameter.

When vlewed from above, leads that cross one another or cross any
metalization not electrically connected to the lead (complex c¢lrcuits
may require modification of this condition).

Iead material greater in length than 2 mils (0.002 inches) that i1s
fixed on only one end (pigtails).

Extra wires, i.e., wires other than the ones connecting specified
areas on the chip to the external leads. Only one wire should be
connected to a specified area of the chlp or to an external lead,
except where the design of the lntegrated circult calls for the use
of additlonal wilres and has been previously approved.

Any internal bonding wire that is missing from its intended locatlon.

Inadequate clearance. No wire should be within 3 mils (0.003 inches)
of another wire, ball bond, or the case.

Substrate Defects. Any substrate that exhlbits cracking, fracture, pitting,
chipping, or other signs of physical damage in the actlve clrcult, metal-
ization, or bond areas greater than 1 mil (0.001 inch) should be rejected.

Diffusion Masking. Devices with diffusion irregularities and masklng defects
should be rejected 1f oxlde 1s not vislble between active Junctions or
isolation Jjunctions.

Metallic Interconnection. The metallic interconnections should be deposited
in accordance with the layout design. No two interconnectlons should be
ecloser than 0.5 mil (0.0005 inch) or 50 percent of the distance detailed in
the layout design, whichever is smaller.
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Metalization Volds. Voids in the metallization should not reduce the width
of any lead, pad, or fillet to less than 50 percent of design width or below
0.4 mils (0.0004 inches) whichever is smaller.

Tool Marks and Scratches. The followlng defects are cause for rejection:

Scratches or tool marks that reduce the width of any metalization
to less than 50 percent of design width or expose sllicon dioxide
along the scratch.

Any smear of metalization that extends contiguously more than one
lead width from the design lead path, or that reduces the spacing
between adJacent leads fo less than 50 percent of the design lead
spacing.

Metalizatlon Defects (Others). Any one of the following metalization
defects should also be considered cause for rejection:

Excessilve peeling or bubbles
Corrosion {chemical reaction)

Metallzatlon with less than two-thirds coverage of electrically
active contact areas

Oxlde Damage. Oxlde volds exposing an electrlcally actlve junction area
‘or exposing a silicon surface to an electrilcally active lead that is not,
by design, already in contact with the same surface should be cause for
rejection.

Periphery. The periphery of the circult dice should be well defined and
encompass the entlre actlve circuit. No actlive area of the circuit, bonds,
bonding pads, or junctions (including under or side diffusion) should be
closer than 0.1 mil (0.0001 inch) to the dice periphery.

Package and External Ieads. Any one of the following physical defects in
the package and leads should be cause for rejection:

Physlcal damage to case or leads

Cracks or voids in the glass-to-metal or ceramic-to-metal seal,
greater than one lead thickness

Bar (chip) tilted or loose in the header
External terminals (leads) shorted to the case
Contamination or conducting particles on external leads

Other mechanical faults

The above examples of inspection criteria are generally used but are not
necessarily approved or recommended by NASA.
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4,2.5 Device Tests

4.,2.5,1 High-Temperature Storage (Non-operating}

The elements of high-temperature-storage tests are as follows:

Failure Mechanlsms

Electrical Parameter Drift
Corrosion
Bulk Sillcon Defects

Metalization Defects

MIL STD. T504,Method 1031.3.

Deleterious Effect. None,

Poslition of Test in Testing Sequence. Usually performed by the device
manufacturer after encapsulation and before electrical tests. Electrical
tests may be performed during the bake. If performed by the user, 1t is

performed before physical and thermal environmental tests.

Relative Cost. Very inexpenslve.

Effectiveness. The enhancement of device stabllity makes thls test
desirable. It will not diminish reliabllity and may lmprove it provided
the temperature 1imit 1s selected with a knowledge of the posslble effects
on the metalization.

Example of Detailed Stress Ievels, Typlcally, thls test requlres storage
in a prescribed high-temperature ambient (usually 150°C) for up to 1000
hours.

Discussion. This test is sometimes referred to as "stabilization bake".

It is 1lntended to accelerate parameter drift with time and temperature.
Electrical testling may be performed on a screening or sampling basls at
various intervals durlng the test. Fallures are detected during these
periodic electrical tests. VWhen electrical tests are not performed durlng
the bake, the defective devices are detected during regular electrical tests.

Careful conslderatlon should be glven to the upper temperature limit.
Temperatures above 175°C may create long-term fallure mechanisms such as
plague.

4,2.5.2 Post-Cap Visual Inspection

The elements of peést-cap-visual inspectien are as follows:

Failure Mechanisms

Iead contamination

Improper sealing
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-Cracked package
Poor lead plating
Incorrect marking

MIL STD. T750A, Method 2071.

Deleterlious Effect. None.

Pogiltion of Test in Testing Sequence. After high-temperature storage and
as part of incoming inspection.

Relative Gost. Inexpensive

Effectiveness. UWhile this test, as well as other operator-dependent tests,
is subject to operator error, 1t is a necessary test. This inspectlon can
eliminate defects that will usvally not be detected by any other test.

Digcussion. The device should be inspected by a trained operator using
a 20X (or greater) microscope.

4.2.5.3 Temperature Cycling

The elements of temperature cycling tests are as follows:

Failure Mechanlsms

Package and seal defects
Metalization and lead defects
Thermal mismateh between varlous materlals used in the IC
Cracked substrate
MIL, STD. 202C, Method 107.
Deleterlious Effect. None.

Poslition of Test 1in Testing Sequence, This test is performed after high-
temperature storage. To derive the maximum benefit from the test it
should be performed before a hermetic seal test. The hermetic seal test
wlll detect package defects 1nduced by the stresses assoclated wlith this
test.

Relative Cost. Very lnexpensive (see discussion).

Effectiveness. Good (see discussion)

Example of Detalled Stress Levels. The IC device should be subjected to
ten temperature cycles from -65°C +3°C to +200°C +3°C with a minimum of
15 minutes at each temperature extreme and a maximum of two minutes at
room temperature between extremes.

Discussion. This is an essentlal test. It 1s lnexpensive and effective,
and comes close to duplicating the thermal stresses of space (a rotating
satellite 1s subjected to such a stress).
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Temperature cycling may be one of the few tests that are effective for
all-aluminum systems. More cycles are usually required for Al-Al systems
than for Au-Al systems, and thls results in a sllghtly higher cost. There
is some evidence that the stress levels (above a particular threshold) are
not as important in inducing fallures as the number of cycles.

Defects induced during this test are detected during subsequent fallure-
detection tests such as X-ray, leak tests, and electrical tests.

4.2.5.4 Thermal Shock

The elements of thermal-shock testing are as follows:

Fallure Mechanisms

Package and seal defects
Bonding and metalization weaknesses
Thermal mismatch
Cracked substrate
MIL STD. 7504, Method 1056.1

Deleterious Effect. See Discugsion.

Poslitlion of Test in Testing Sequence. This test 1s performed after other
temperature tests and before mechanical tests such as acceleration and
shock. Also see Section 4.2.5.3.

Relative Cost. Inexpensive.

Effectiveness. Probably not significantly better than temperature cycling.

Example of Detalled Stress Ievels. The IC is immersed in a liquid bath
at +125°C for not less than five minutes, transferred immediately to a

1liquid bath at -65°C, and left immersed for not less than five milnutes.
This is repeated for a total of five cycles. The volume of the liquild

in each bath should be large enough so that the temperature of the bath
does not change by more than 10°C when the samples are immersed.

The samples must stay in the bath until the 1liquid has returned to its

specified temperature.

Discussion. Defects induced during this test are detected during one of
the subsequent fallure-detection tests such as X-ray, leak, or electrical
tests.

Although this test is similar to temperature cycling, there is a
significant difference that may affect its usefulness: The severe strain
generated by the extreme temperature gradient is not indicative of any
actual operating conditilons.
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While this test 1s lnexpensive and may be effective for sampling, it
1s not recommended for screening. One reason is that it may severely penal-
ize a package fabricated with glass or ceramic; another is the possibility
that 1t will weaken the surviving devices. Temperature cycling assesses
essentially the same fallure modes and mechanlisms as thermal shock and is
preferred for screening.

4.2.5.5 Constant Acceleration

The elements of constant acceleration tests are as follows:

Pallure Mechanisms

Loosenlng of bonds or dile
Lead-to-case shorts
Cracked substrates

MIL STD. 7504, Method 2006.

Deleterious Effect. None.

Posltlon of Test in Testing Sequence, This test is performed after thermal
tests. This sequence 1s desirable since mismatches in thermal-expansion
coefficients will weaken marginal-device structures, causing fallures under
mechanical stress.

Relative Cost. Moderate.

Effectiveness, At a stress level of 20 to 30 thousand G 1t is effective
for gold lead wires. At this stress level, 1ts effectiveness for alumlinum
leads 1s questionable and higher levels should be used.

Example of Detalled Stress Ievels. The IC device 1s held by 1ts case with
sultable protection for the leads. The device ls subjected to a centri-

fugal acceleration of 20,000 G!'s in at least two orientations, The run-up and
run-dovm times should not be less than 20 seconds each.

Discussion. Centrifuge yields the highest available acceleration and
therefore permits the greatest probability of screening out certain inciplent
failures. Acceleration in the Y1 axls stresses weak areas since it tends

to 1ift marginal bonds off the bonding pads and separate a poorly adhering
die from the header. Acceleration in the Y2 axls tends to compress bonding
wlres agalinst thelr attachment points and stress unsupported substrates.
Further, Y2 accelerative forces tend to produce a lateral force that will

slide the bond in a direction tangential to the pad.

The tensional force induced 1n a lead depends on many parameters,
expecially the density of the material., The tenslon in grams induced in
the leads for 2-mil gold leads at various G levels is shown in Figure 4-3.
Similar information for 1-mil aluminum leads 1s 1llustrated in Figure 4-4,
In each case the values are determined for lead lengths of 100 mils. If
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the G force and sag are held constant, the tension for 20,000 G's on Au
leads is quite different from that for Al leads. For 20,000 G's and a sag
of 1, the tensional forces in grams are 12 for gold and 0.1 for aluminum.

A 20,000-G stress 1s standard in the industry. It is not known why
this value 1s popular although i1t 1s known that a good device using Au leads

can withstand this level, and many defective bonds have been found at this
level.

Additional questions arise about the 20,000-G level now that aluminum
leads are being used extensively in IC's. From the example above, it is
obvious that aluminum is not stressed nearly as much as gold at 20,000 G's.

When conducted in the proper fixtures and at the proper level, this
test is ineffective for checking internal contacts (especially bonds) at a
moderate cost. The experlience of one manufacturer indicates that a high
@" pneupacter* shock test 1s just as effective and 1s more economical.
However, this shock test may result in permanent damage to either the case
or the device.

4.,2.5.6 Shock (Unmonitored)

The elemeénts of shock (unmonitored) tests are as follows:

Failure Mechanism

Iead Dress Wire Bonds
Package Defects Cracked substrate
Die Bonds

MIL STD. 750A, Method 2016.2

Deleterious Effect. Possible damage to case or circuit.

Posltion of Test in Testling Sequence, This test 1s performed after the

constant acceleration test or in place of it.

Relative Cost. Moderate.

Effectiveness, Because of the lower stress levels free-fall shock tests
are less effective than constant acceleration. The pneupactor shock test
induces higher stress levels and 1ls more effective than free fall, and it
may be as effective as constant acceleration.

Example of Detalled Stress lLevels. The drop-shock test typically provides
a stress level of 1500 to 3000 G's for 0.5 millisecond, 25 blows in each of

4 girections: Xl, Yl’ Y2, Z1 minimum -- total of 100 blows.

# The pneupacter is an alr-actuated accelerator that fires the IC under test
(proJectile) dovm a barrel so that it will impact on a target. An acceler-
ometer is used to determine the impact forces.
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Discussion. Drop-shock testing is basically a medlan test, 1lylng between
centrifuge and vibration. A shock teat possesses both a force-frequency
spectrum and a high acceleration. However, 1ts acceleration cannot be
achleved on a level comparable to that of a centrifuge, nor is the frequency
spectrum as comprehensive as that of vibration testing. Thus, drop-shock
testing 1s merely a compromlise contalnlng weaker versions of the sallent
features of both centrifuge and vibration tests.

Shock can to some degree replace aspects of both centrifuge and
vibration tests. However, for a high-reliability program both vibration
and centrifuge tests should be used.

The pneupactor shock test 1s currently being evaluated for shock
testing. G levels as hlgh as 50,000 are possible with the air-actuated
pneupactor. This test, if feasible, may rival the constant-acceleration
test in effectiveness. It is relatlvely inexpensive.

If package damage can be ellminated and the test conditions do not
weaken the device, there may be an economic advantage in using the pneufacter
shock test as a screen test in place of centrifuge screen testing. In
any event, 1t is unlikely that both shock and accelerator screens are
both required since they induce similar stresses.

Defects induced 1n this test are detected during subseguent fallure-
detection tests such as X-ray, electrical, or leak tests.

4.,2.5.7 Shock (Monitored)

The elements of shock (monitored) tests are as follows:

Faillure Mechanism

Lead Dress Wire Bonds
Package Defects Cracked substrate
Die Bonds Intermittant lead opens

Conducting Particles
MIL STD. 7504, Method 2016.2.
Deleterious Effect, See Section 4.2.5.6.

Position of Test in Testing Sequence. See Section 4.2.5.6.

Relative Cost., Expensive,

Effectiveness. Poor.

Example of Detalled Stress ILevels. See Section 4.2.5.6.
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Discussion. The purpose of thls test is essentially the same as that
discussed in Sectlon 4,2.5.6. However, since it also includes the monitoring
of an electrical parameter of the test device to detect intermittent condi-
tions, the scope of the test is extended into particle detection.

Its capabllity to detect conducting particles is small, and the added
expense and difficulty of performing it make 1t a poor test.

4 2.5.8 Vibration Fatigue

Failure Mechanism

Lead Dress Wire Bond
Package Defects Cracked Substrate
Die Bond Hardening of materilals

MIL STD. T50A, Method 2046.1,

Deleterious Effect. Destructive (use on sample basis only).

Position of Test in Testing Sequence, This test 1s usually performed
after shock testing.

Relative Cost. Expensive,

Effectiveness. This test 1s ineffective for mechanical defects typleally
found in integrated clircuilts.

Example of Detalled Stress Ievels. The IC device and its leads are rigidly
fastened to the vibration platform so that there 1s a one-to-one transference
of motion. The device is then subjected to a simple harmonic motion at 60 Hz
with a constant peak acceleration of 30 g's for 32 hours in each of three
orientations (Xl or X,, or Y, and Z,, or Z2) for a total of 96 hours.

Discussion. Induced fallures are detected during subsequent testing.

4.2.5.9 Vibration Variable Frequency (Unmonitored)

The elements of vibration-variable-frequency (unmonitored) tests are as follows:

Failure Mechanlsms

Package defects

Die bond

Wire bonds

Cracked substrate
MIL STD. 750A, Method 2056.
Deleterious Effect. None.
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Positlon of Test in Testling Sequence. Thils test 1s conducted after

acceleration or shock 1f these tests are performed; otherwise, after the last
thermal test.

Relatlve Cost. Expensive.

Effectiveness. Failr.

Example of Detailed Stress Ievels. 30 G's, through frequency range of 10
to 2000 Hz and back to 10 (logarithmic sweep) for 4 minutes minimum each
Y., Z Total of 12 times for 48 minutes.

orlentation: Xl, 12 Zq-

Discussion. Sinusoidal vibrators are relatively inexpensive but less
effective (because of the restriction in frequency range) than the very
expensive random vibrators. The VVF (unmonitored) is preferred over
vibration fatigue and is an lmportant test if the devices are to be used
in space applications. The environmental conditions simulated in this
test are similar to those of space launch.

The test 1s usually performed on more than a single axls, as lndicated
above. However, more than one axis of vibration does not seem to con-
tribute significantly to test effectiveness, 1f the axlis is chosen properly.
Cost lncreases significantly as the number of axes is increased. Induced
fallures are detected during subsequent fallure-detection screens.

4.2,5.,10 Vibration Variable Frequency (Monitored)

The elements of vibration-variable -frequency (monitored) tests are as follows:

Fallure Mechanisms

Package defects Lead Dress
Die bond Intermlittent lead opens
Wire bonds Cracked substrate

Conducting particles

MIL STD. T50A, Method 2057.1.

Deleterious Effect. None.

Poslition of Test in Testing Sequence. This test is conducted after
acceleration or shock if these tests are performed; otherwlse, after the
last thermal test.

Relative Cost. Very expensive.
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Example of Detalled Stress Ievels. 30 G's, through frequency range of 10
to 2000 Hz and back to 10 (logarithmic sweep) for 4 minutes minimum each
orlentation: X;, ¥;, Z;. Total of 12 times for 48 minutes. In addition,

continuous electrical measurements are made.

Discussion. Monitored vibration reveals that excessive flexibllity results
from overlong leads or unsupported substrates, evidencing itself as a
modulation in the output signal. This assumes there was no end-point
testing after acceleration. The variable frequency vibration causes loose
particles or bonding wires To move within the package. Such movement is
evidenced by an electrical pulse in the monitored output signal.

Output voltages should be monitored, in_accordance with cilrcult
topology and the schematic diagram, with the measuring circuit delineated
in the detall specification. All inputs and outputs should be connected
to power sources through current-limiting resistors. In this way terminal
voltages will be free to change as a functlon of internal shorts or opens.
A nolse output of 100-mV peak-to-peak or greater constitutes a failure.
Rejection at this level will usually preclude triggering of the next in-
line device by random vibratlon noise. It is essential that a true peak-
to-peak reading instrument be provlided since only one pulse may be sufficient
to overcome the noise margin of succeeding devices.

The frequency spectrum of 10 to 2000 Hz is a good range for VVF because
it includes rocket noises, which have most of thelr energy at the low end
of this frequency spectrum, while the internal resonances of lntegrated
circults have most of their energy at the high end of this spectrum.

There l1s no agreement within the industry about the effectiveness of
thils test for detecting loose particles. A number of tests have been per-
formed with VVF (monitored) where various-size conducting particles are
purposely placed inside the package. Whlle the results are inconclusive,
they indicate that VVF (Monitored) is not an effective screen for detecting
such failure modes.

Monlitored VVF does not seem to be an effective means of locating par-
ticles, but 1t 1s probably as effectlive as monitored random vibrations,
a much more expensive approach. Nelther one 1s as effectlve as visual in-
spection or X-ray.

Monitored vibration tests are part-dependent; they are more effective
for particle detection on some devices than on others. Iow-voltage devices
wlll rarely fall because of loose particles. High-voltage devlices on the
other hand wilill frequently fall 1f conducting loose particles are inslde
the package.
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4,2.5.11 Random Vibration (Unmonitored)

The elements of random vibration (unmonitored) tests are as follows:

Fallure Mechanisms

Package defects
Die bond

Wire bonds
Cracked substrate

Deleterlious Effect. None.

Positlion of Test in Testing Sequence. This test 1s conducted after
acceleration or shock i1f these tests are performed; otherwlse, after the
last thermal test.

Relatlve Cost. Expenslve.

Effectiveness. Slightly more effective than VVF (unmonitored).

Example of Detailed Stress Ievels. Simllar to Section 4.2.5.9 except that
vibratlion 1s random.

Discussion. This test is similar to Section 4.2,5.9 except that 1t simulates
vibration modes that may occur in actual equipment operation. This test

is much more expensive than VVF and 1s not appreciably more effective.
Failures are deteéted during subsequent fallure-detection screens.

4,2.5.12 Random Vibration (Monitored)

The elements of random vibration (monitored) are as follows:

Failure Mechanisms

Package defects Conducting particles
Die bond Lead dress
Wlre bonds Intermittent opens

Cracked substrate

Deleterious Effect. None.

Position of Test in Testing Sequence. Thils test is conducted after
acceleration or shock 1f these tests are performed; otherwise, after the
last thermal test.

Relative Cost. Very expensive.

Effectiveness. Poor.
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Discussion. The difference between this test and that described in Section
4.,2,5,11 is the addition of the electrical-parameter monitoring capability.
It 1s very expensive. Agaln, particle detection is the primary failure
mode to be detected. This is accomplished during monitoring or during a
subsequent screen.

Because of its cost and relatlve ineffectiveness, this test is not
recommended.
4.2,5.13 X-Ray
The elements of X-ray tests are as follows:

Fallure Mechanism. See Discussion.

MIL STD. T50A, Method 2076.
Deleterious Effect. None.

Pogition of Test in Testing Sequence. After thermal and mechanical
tests.

Relative Cost. Moderate,

Effectiveness. Generally good except for materials, such as aluminum,
that are transparent to X-rays. See Discussion.

Discussion. Typlcal effects that can be uncovered by X-ray screenlng
are:
Misbranded covers (upside-down marking)
Off'set covers
Volds in the dle-to-case adhesive
Foreign material in the package
Loose weld splatter
Excess gold from gold preforms
Weld particles on wires .
Double bonds on the leads and substrate pads
Bonds near the edge of bonding pads and leads
Excess slack in the bondling wires
Excess wire at bond terminations (pigtails)

Extraneous wires in the package cavity or trapped within the
package seal

Process nonuniformities

Conducting loose particles
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This screen provides an opportunity to inspect a device internally
after 1t has been sealed. Two approaches are possible:

(1) An X-ray vidicon system that displays the X-ray image
on a TV screen. A parts manipulator can be used with
this system to allow viewing in the X, ¥, and Z directions.

(2) Radiographic equipment used in conjunction with developing
facllities and ultimate microscoplc examinations of the X-ray
films.

The first 1s more expensive than the second. Thls screen should
follow the thermal and mechanical environmental tests to detect in-
duced fallures or possible faillures such as lead-dress defects, dis-
lodged conducting loose partlcles, ete.

This test 1s effective but may be time-consuming and is expensive,
especlally when conducting loose particles are the primary fallure
mode to be detected. The transparence of silicon and aluminum to
X-rays limits the effectiveness of this screen.

4L,2.5.14 Hermeticity Tests, General

Hermeticity tests are performed to detect leaks in any portion of the surface
area or seal of the package. Typlecally a leak rate greater than 10"8 Atm
ce/sec is considered a fallure. 1In actual practice, devices that do not meet
this criterion are sometimes used because 1t 1s difficult to say exactly what
leak rate 1s acceptable. For devices in the '"gray" area, potting and conformal
coatings are used to improve their leak rate. In general, leak testing 1s in-
expensive and effective 1f performed correctly. Molded plastic packages are not
amenable to leak testing because there 1is no cavity.

4,2.5.15 Helium ILeak Test

The elements of hellium leak ftest are as follows:

Fallure Mechanism

6 to 10710 agm. ce/sec.

Fine package leaks 1n the range of 10~
MIL STD. 202C, Method 112, Condition C.

Deleterious Effect. None,

Positlon of Test In Testing Sequence. This 1s a fallure-detectlon
test; it 1s performed after all physilcal and thermal environmental tests
except those that would result in plugging of device leaks, such as oil-
to-01il thermal shock.
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Relative Cost. Moderate.

Effectiveness. Good.

Example of Detalled Stress Ievels. Devices to be tested are placed

in a sealed chamber at a high helium pressure (50 psi) for a specified
period of time (typically X4 hours). The devices are removed from the
pressure chamber and are tested in a mass spectrometer to detect helium
that may have entered a faulty package during the pressure treatment.

Discussion. This screen is effective for fine leaks and has the
dlstinet advantage of introducing no incipient failure mechanisms, which
may occur in certaln pressure-bomb or bubble tests.

k.2,5.16 Radiflo Leak Test

The elements of radiflo leak tests are as follows:

Failure Mechanlsm

8 1

Fine package leaks in the range at 10 - to 10~ 2 Atm cec/sec.
MIL STD. 202C, Method 112, Condition C.

Deleterious Effect. None.

Position of Test in Testing Sequence. This is a failure-detection
test; it 18 performed after all physical and thermal environmental tests
except those that would result in plugging of device leaks, such as oll-
to-0il thermal shock.

Relative Cost. Moderate.

Effectiveness. Good. This test can detect finer leaks than the
helium test.

Example of Detalled Stress Ievels. A radioactlve tracer éas is used
instead of hellium. Any gas trapped in a faulty package 1s detected with a
calibrated ionization gauge.

Discussion. This test is usually performed in place of the helium test
if performed at all. The conslderations discussed for the helium test
apply, as does the procedure under which it is performed.

This 1s an effective test when properly performed and wlll not introduce
incipient faillure modes. Either thls screen or the hellum screen 1is man-
datory for high-rellability devices.
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4.2.5.17 Nitrogen Bomb Test

Failure Mechanism

Package leaks in the mid-range between gross and fine leaks (10"5'to
-8
10~ Atm ce/sec).

Deleterious Effect. None.

Position of Test in Testing Sequence. After fine-leak tests.

Relative Cost. Inexpensive.

Effectiveness. Good but operator-dependent.

Example of Detailed Stress ILevels. See Discussion.

Discusgslon. The devices are placed in a sealed nitrogen gas chamber under
a pressure of 150 psl for a minimum of 10 hours. When removed, they are
placed in an alcohol bath and observed under a microscope. The criterion
for failure 1s the observation of a contlnuous or intermittent stream of
bubbles from the package.

This i1s a relatively lnexpensive test. It is usually performed in
connection with the fine-leak test.

Its effectiveness 1s limited by the necessity of having an operator
interpret the results.

4,2.5,18 QGross-Ieak Test

The elements of gross-leak tests are as follows:

Fallure Mechanism, Package leaks greater than 10'5 Atm cc/sec.

MIL STD. 202C, Method 112, Condition A,
Deleterious Effect. See Discussion.

Positlon of Test in Testing Sequence. Thils screen 1is performed after
the fine-leak test or the nitrogen bomb test if these tests are performed.

Relative Cost. Inexpensive.

Effectiveness. Good if inslde volume 1s large enough. This test 1s
operator-dependent.

Example of Detailed Stress Ievels. See Discussion.

Discussion. The purpose of the gross-leak test 1s to detect poor seals
or cracks in the package. It is performed after all thermal and physlcal-~
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stress screens have been performed. It 1ls a detection screen rather than
a stress screen.

There are a number of ways in which this test is performed. One method
1s ag follows: The device is immersed in glycerine at 125°C or mineral oil
at 125°C (as called out in MIL STD 202C). Defects are detected by careful
observation of the device while it is immersed in the liquid. A poor seal
1s indlcated by a continuous stream of bubbles emanating from the device.

A somevhat different approach for gross-leak testing 1s deseribed
below. Experience has indicated that the volume of gas in small flat
packages 1s insufficient, in many cases, to be detected when immersed in
hot glycerine. A two-step leak test was developed with fluorocarbons used
as the liquid.

The device 1s first immersed in Freon TF (boiling point of 46.6°C) at
about room amblent at 90 psil for about an hour. ;t is then placed in
another fluorocarbon (FC-T75, boiling point 100°C) at T70°C and ambient
pressure. If any of the Freon TF has penetrated a leaking device, 1t
volatilizes and expands sufficlently to eject easily discernible bubbles.

A fluorocarbon 1ls used as the 1llquid because it is not flammable and
will not trap water vapor, which could affect the metal parts of the package.

There are hazards involved in gross-leak testing, such as introducing
moisture. The test l1ls difficult to perform since the indication of a leak
may last for only a short time and is subject to interpretation by the
person berforming the test. The ambiguity arises in differentiating between
bubbles trapped on the outside of the package and those which originate
inside. It ig8 a messy test, and it may damage device markings. The larger
the enclosed cavity of the device, the more effective the test. Gross-
leak testing, when performed in a way that precludes introduction of moisture
into the package that may not be detected, i1s an effective screen.

4.2.5,19 Electrical Tests (General)

The electrical tests performed (both ac and dec) are included in the detailed
specification for a particular device. These are failure-detection tests and
are performed after all physical and thermal environmental tests have been con-
ducted. Automatic test equipment is generally used. Testlng is designed to
detect out-of-tolerance parametersg and various defects induced during previous
stress tests or inherent in the manufacturling process. Tests may be performed
after each stress test, but this 1s expensive and is usually not done. Such an
approach could be economical as part of a sample test procedure. Some of the
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tests that may be performed include the following:
D-C Parameter Tests
Input Characteristics
Output Voltage Levels
Noise Immunity Tests
Worst-case d-c
Pulsed Nolse
A~C Parameter Tests
Switching Characteristics
Propagation Delay Time
Power Dissipation Tests
Threshold Tests
Input Capacltance
These are only lllustrative of the types of tests that can be performed.
Others are equally applicable. Regardless of which tests are performed, they
should be conducted under stress conditions that assure proper operation over

the full temperature range (typically -55°C to +125°C) and load and power-supply
variations as specified in the detalled specification.

Performing electrical tests over the full temperature range of -55°C to
125°C 1s difficult and expensive. Parasitics introduced by the test fixture
and the close temperature control required introduce addltional complications,
especlally when high-frequency devices are belng tested.

Electrical tests are absolutely necessary, and the degree of testing will
depend on the reliability level required relatlive to the expense involved.
Electrical tests are effective, and the cost will depend on the degree of testing
and the stress levels involved.

4.2,5,20 High-Voltage Test

Failure Mechanlsm. Oxlde defects.

Deleterious Effect. None,

Position of Test in Testing Sequence. Thils test 1s performed after
physical environmental and leak tests.

Relatlve Cost. Inexpensive,

Effectiveness, This test 1s not wldely used, because 1ts effectiveness
has not been determined since 1t is still in the development stage. It
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is not appropriate for dielectrically lsolated IC's since 1t is Intended
to detect shorts through the oxide to the substrate.

Example of Detalled Stress Levels. A high-voltage pulse of about 50 volts
is applied between substrate and intraconnections through a current-limiting
resistor, Current 1s monitored with an appropriate meter.

Discussion. This is one test that is not a carry-over from transistor
testing. Various oxide defects such as pinholes and cracks lying under
the metalization are detected by this test.

L.,2.5.21 TIsolation Reslistance

The elements of isolation-resistance tests are as follows:

Fallure Mechanisms

Shorts

Internal wire-to-metal-lid or -case shorts
Lead shorts to die

Contamination between pins

Deleterious Effect, None if voltages are held to safe levels.

Position of Téest in Testing Sequence. This test is performed after physical
and thermal environmental tests but before electrical parameter tests.

Relatlve Cost. Inexpensive.

Effectiveness. Effectlve,

Example of Detaliled Stress Tevels. A voltage of about 15 volts de is applied
between case and all leads. Resistance measurement should be 15 megohms
minimum.

4.2,5.22 Operating ILife Tests (General)

An operating life test (also referred to as burn-in testing) is simply
operating the device under extreme operating conditions. The stresses usually
include temperabture and power. The purpose of such tests 1s to eliminate those
devices that would fail early in equipment operating life, This type of test
1s based on the assumption that the devices have a decreasing fallure rate (DFR)
with increaslng time. This is generally true for semlconductors, at least
during the inltial period of their life.

This type of test is highly effective for a rapidly decreasing fallure
rate and less effective for devices that have slowly decreasing fallure rates.
The cholce of stress levels, which affect the fallure rate, depend on the type
of clrcuit, how 1t 1s processed, its design, the materials used, and the types
of tests that preceded the operating life tests.
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Varlous types of operating l1life tests are discussed below. The duration of
such tests depends on the device type, who 1s dolng the testing, funding, and
considerations such as those mentioned in the previous paragraph. Typical test
durations are 168, 250, and 1000 hours. These cholces are usually arbitrary.
thile the initial cholce may be arbitrary, once an organizatlon has selected a
test duration,it is reluctant to change, especially to a shorter time.

Of the operating life tests used for integrated circults, a-c operating
1ife with or without temperature 1s the most effective and most wldely used for
high-reliability applications. (High-temperature reverse-blas testing 1s not as
valuable as 1t once was, because channeling and inversion defects are not as
common as they once were.)

4,2.5.23 Intermittent Operating Life

The elements of intermittent-operating-life tests are as follows:

Fallure Mechanlism. Parameter drift or fallure with time due to inversion,
channeling, surface contamination, oxide pinhole shortsg, or design.

MIL STD. 7504, Method 1036.2.

Deleterious Effect. None.

Positlon of Test in Testing Sequence. This test 1s conducted after thermal
and physical environmental tests.

Relative Cost. Expensive.

Effectiveness. Probably no better than a-c¢ operating life

Example of Detalled Stress Ievels. The operating portlon of this test is
usually ac. The device 1s subjected, intermittently, to operating
and nonoperating conditions as specified 1n the detalled specification.

Discussion. This test 1ls intended to detect parameter drift or fallure with
time and temperature. Temperature acts as an accelerating force for
chemical reactions. Drift or fallure may be caused by metalization defects,
inversion or channeling, diffusion defects, pinholes, surface contaminatlon,
marginal parameter design, and poor wire bonding.

A-c voltages are typlcally applied and interrupted with electronic
clocking or manual controls. Presumably more temperature cycling 1s produced
by this method than by the regular a-c 1life screen. It 1s probably no
better than that screen except for the posslible exception of devices with
a high-power density.
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4.,2.5.2L A-C Operating Iife

The elements of a-c operating life tests are as follows:

Failure Mechanism, Parameter drift or failure with time due to inversion,
channeling, surface contamination, oxide pinhole shorts, or design.

MIL STD. 750A, Method 1026.2

Deleterious Effect. None.

Position of Tegt in Testing Sequence. This test is performed after the
physical and thermal environmental tests.

Relative Cost. ZExpensive.

Effectiveness. Operating 1life (ac) tests are very effective. There is
dlsagreement regarding whether this test should be performed at the device
or system (subsystem) level. There is probably no single answer since the
quality of the device will determine at which level it is most economical
to perform this test.

Example of Detailed Stress Levels. Operation at 25°C for from about 100
to 1000 hours with an a-c signal appliled.

Discussion. A-c operating life tests are expensive but will remove early
fallures and are therefore efficient from a rellabllity standpoint.

Failures are detected by appropriate electrical-parameter measurement
usually made before and after the operating life test. However, performance
is sometimes moniltored continuously, and data on time-to-fallure are obtained
for rellabllity analysis.

The stress levels and tests to be performed are detalled in appropriate
device specifications. Typically a clock or ringing clrecuit is
used to simulate use operating conditions.

h,2.5.25 D-C Operating Life

The elements of d-c¢ operating life tests are as follows:

Failure Mechanism. Essentially the same as described in Section 4.2.5.23.
MIL STD., 750A, Method 1026.2,

Deleterious Effect. None.

Position of Test in Testing Sequence. This test 1s'conducted after thermal
and physical environmental tests.
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Relative Cost. Expensive.

Effectiveness. No mechanlsms are activated that could not be better
activated by a-c 1life tests.

Example of Detalled Stress Ievels. This test can be performed at amblent
or elevated temperature (125°C). Its duration may be from 100 to 1000 or
more hours. Only rated d-c blas voltage ip applled to the device

under test.

Discussion. The a-c operating life test 1s consldered to be more effective,

4.,2.,5.26 High-Temperature A-C Operating Life

The elements of high-temperature a-c operating life tests are as follows:

Failure Mechanism. Essentlially the same as described in Section

h,2.5,.23,
MIL STD. T50A, Method 1026.2.
Deleterious Effect. None.

Position of Test in Testing Sequence. This test 1g performed after the
physical and thermal environmental tests.

Relative Gost. Very Expensive (probably the most expensive device test),

Effectiveness. Excellent.

Example of Detalled Stress Ievels. An a-c slgnal 1s applied to the device
usually for a perlod of 100 to 1000 hours at 125°C.

Discussion. The addition of temperature stress accelerates the various
failure modes that are to be detected. Except for the temperature char-
acteristic, this screen 1s the same as a-c operatling 1life discussed 1ln
Section 2.4.5.24,

This is a widely used test and 1s the most efficient operational test
from a reliability standpoint. It 1s more expensive than the a-c operating
life test but also more effective. Fallures or drift are detected by
appropriate electrical measurements. A clock drlver or other ring clrcult
supplies the a-c input for the devices under test at the appropriate
(usually 125°C) elevated temperature.

4.2.5,27 High-Temperature Reverse Bias

The elements of high-temperature reverse-blas tests are as follows:

Failure Mechanism, Essentially the same as described in Section 4.2.5.23.

Fallure Mechanism. Channeling and inversion.

Deleterious Effect. None
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Positlon of Test in Testing Sequence. After thermal and environmental tests
but before hermeticity and final electrical tests.

Relatlve Cost. Expensive.

Effectiveness. The value of this test 1s limlited because of the improvement
in processing that has reduced the incldence of lnversion and channeling.

Example of Detalled Stress Ievels. An electrical reverse blas 1s applied to
to the device under test in a high-temperature (125°C) ambient, with the
facllity to remove the temperature but retain the bias.

Discussion. The high-temperature a-c operating life test will induce
channeling and inversion and 1is preferred because 1t induces higher tem-
perature gradients.

4,2,5,28 Moisture-Resistance Test

The elements of molsture-resistance tests are as follows:

Fallure Mechanism. Junction leakage caused by moisture entering through
defective package.

MIL STD. 7504, Method 1021.1.
Deleterious Effect. May be destructive.

Positlion of Test in Testing Sequence. This test is sometimes used in
conjunction with high-temperature reverse-blas tests.

Relative Cost. Inexpensive,

Effectiveness. Unknown but probably no more effective than reverse bilas
alone.

Example of Detaliled Stress Ievels. The IC device should be subjected to
one bend of the lead fatigue test before being placed in the chamber. The
sample unit is then subjected to a specified number of continuous cycles
of temperature, humidity, and time.

Discussion. When used in conjunction with reverse-bias tests, 1t is
intended to accelerate device fallures caused by leakage or electrolysis
caused by moisture forced into the package.

4.,2.5.29 Physical Dimensions

The elements of physical dimensions tests are as follows:

Failure Mechanism. Incorrect physical dimensions.

MIL STD. T750A, Methed 2066,
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Deleterious Effect. None.

Position of Test in Testing Sequence. TUsually performed as part of lot-
acceptance sampling tests.

Relative Cost. Inexpensive.

Effectiveness. Effective in determining if physical dimensions are in
accordance with a particular speclfication.

4,2.5.30 Solderability

The elements of solderability tests are as follows:

Fallure Mechanism. Poor solderability of leads,

MIL STD. T50A, Method 2026.1.
Deleterlious Effect. Destructlve.

Position of Test in Testing Sequence. Thls test is conducted after the
physical-dimenslons test.

Relative Cost. Inexpensive.

Effectlveness. Good.

Example of Detailed Stress Levels. The leads of the IC device should be
immersed into a flux (25% by welght of ww resin and 75% by weight of 99%
isopropyl alcohol) for a minimum of five seconds to a point approximately
1/16 *#1/32 inch from the body of the device. The fluxed leads should be
immersed for 10fg seconds to the same depth in molten solder (60% Sn and
40% Pb) malntained at 230°C * 5°C. There should be no mechanlcal damage,
and the cooled coating of solder on the leads should be uniform over a
minimum of 95% of the area. The remaining 5% may contain only pinholes
or surface roughness visible under 10X magnification.

4,2.5.31 Soldering Heat

The elements of soldering-heat tests are as follows:

Failure Mechanism.: Device resistance to high temperature encountered
during soldering.

MIL STD. 7504, Method 2031.1.

Deleterious Effect. Destructive,

Position of Test in Testing Sequence. This test 1s performed on a sample
basis. It is usually the first thermal envirormmental test performed.

Relative Cost. Inexpensive.

Effectiveness. Good.
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Example of Detalled Stress Ievels. The device leads are ilmmersed in molten
metal at about 260°C for approximately 10 seconds.

4.2.5.32 ILead Fatigue

The elements of lead fatlgue tests are as follows:

Failure Mechanism. Poor lead-to-package seals.

MIL STD. 750A, Method 2036.3, Condition E.

Deleterious Effect. Destructive.

Position of Test in Testing Sequence. Thls test 1s performed after soldering
heat.

Relative Cost. Inexpensilve.

Effectiveness. Good.

Example of Detalled Stress Ievels. Each lead on each device up to a
maximum of ten (corner leads on 14-pin flat packages not included) is
subjected to three 90° arcs with weights attached., Use 8 ounce weights
for TO-5 packages and 2 ounce welghts for flat packages.

h,2.5.33 Terminal Strength

The elements of termlnal strength tests are as followus:

Fallure Mechanism. Defective device leads, welds, and seals.

MIL STD. 7504, Method 2036-3, Condition A,

Deleterious Effect. Destructlve.

Position of Test in Testing Sequence. Conducted after lead fatigue.

Relative Cost. Inexpensive.

Effectiveness. Good.

Example of Detailed Stress Ievels. One axial pull of 1 pound for 30 seconds
on all leads on each device up to a maximum of 10 (corner leads on 1l4-pin
flat packages not included).

4,2.5.34 Salt Atmosphere

The elements of salt-atmosphere tests are as follous:

Fallure Mechanism. Package and lead corrosion.

MIL STD. 7504, Method 1042.1.

Deleterious Effect. Destructive.
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Position of Test in Testing Sequence. This test 1s usually one of the last
tests to be performed.

Relative Cost. Inexpensive.

Effectlveness. Good.

Example of Detalled Stregs Ievels. A salt atmosphere fog having a temperature
of 35°C is passed through a chamber contalning the IC devices for a period
of 24fg hours.

4.3  SCREENING TESTS
4.3.1 Introduction

The purpose of reliability screening of integrated circults 1s to select
and remove from a group of devices those having inferlor rellability. This 1s
accomplished by subjecting every device to various electrical, thermal, and
environmental stresses for the purpose of failing "weak" devices. These weak
devices are culled from the lot by subjecting each device to a fallure-detection
screen such as hermeticity tests, electrical tests, X-ray inspection, and visual
Inspection.

The reason for screening is that i1f the lests and stress levels are correctly

selected, inferior devices will fall but superior devices wlll pass, with no degrada-
tion resulting from the tests and stresses appllied to the devices.

The screen tests performed are typically some comblnation of the
nondestructive tests discussed in Section L4.2. Ideally, the screen selected
for a particular application would cull out all potentlally unreliable devices
and leave only the highly reliable devices for equipment use. In practice,
however, this is not the case. Whlle models have been developed for approaching
the ideal, they are only an aid for coping wlth this problem; an ldeal screen has
not yet been developed. )

L.3.2 Developing a Screen

The criticallty of the application has an lmportant bearing on the actual
number of tests, the stress levels, and the replication of testing (i.e., how often
a particular test is repeated during the screening procedure) that will be included
in the. screenling procedure. The screen chosen is also dependent upon the time
and funding available.

Various steps can be taken to develop an effective screenlng program. The
first of these is a thorough knowledge of the screens performed by the manufacturer,
Including thelr effectiveness and the competence of the manufacturer in performing
these screens. User confidence in these screens will require evaluation of the
manufacturer and hils procedures. Thils confldence 1s usually acquired through
vendor qualification.
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If the vendor performs the screens in an acceptable manner, 1t behooves the
user to develop hils screens to complement those performed by the manufacturer.
However, 1f the vendor screens are not performed in a satisfactory manner, the user
will be required to develop a comprehensive screen.

A screening program is intended to provide rapid ldentiflcation of incipient
fallures. When fallure patterns are recognized, 1t is advisable to provlide this
information in the form of feedback so that corrective action required in design,
processing, or testing can be initlated to correct the problem,

The second step 1n a screening program is to identify and define IC failures
in terms of failure modes and thelr related failure mechanisms and determine
quantitatively their relative occurrence. Fallure modes and mechanisms that are
typically found in integrated circuits are presented in Table 6-1.

When particular failure modes or mechanisms are known or suspected to be
present, a particular screen should be evolved to detect these unreliable elements,

A detailed understanding of the device characteristics, materials, package,
and fabrication technique 1s essentlal to developing a meaningful screen at a
reasonable cost, Devices that perform the same function may be fabricated with
different materials (i.e., aluminum leads instead of gold). The effectiveness
of a screen is materilal-dependent. The stress level that 1s effective for gold
may be ineffective for aluminum because of the difference in mass. The X-ray
screen 1s effective for gold,but aluminum and silicon are transparent to X-rays.
Some screens are effective for p-n-isolated IC's but ineffective for dielectrically
isolated devices. Only a thorough knowledge of the device to be screened and the
effectiveness and limltatlons of the various tests can produce a useful and reliable
screening procedure.

4,3,3 Screening Costs

Screening costs depend upon the number of tests conducted, the stress levels
involved, and the particular tests performed. The cost may vary somewhat from '
manufacturer to manufacturer for the same test at the same stress level. 1In
general, the more expensive the equipment required to induce the stress, the
more costly the screen. Random vibration and high temperature burn-in are very
costly because of the complex equipment required.

The actual screening cost per integrated circuit will depend upon the
number of devices being screened and the extent of the screen program. Screening
may be performed during any or all of the followlng equipment bulldup stages:

» Vendor screening

« TUser devlice screening
« User module screening
« Subsystem screening

« System screening
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Since screening can be done at various stages in equipment buildup, the
questlion arises about where it 1s most economical to perform a particular screen.
The one most often discussed 1s burn-in. The purpose of burn-in is to cull out
those devices that fall into the infant mortality portion of the device's failure/
time characteristic. While there is agreement that such screens are required for
high-reliablility devices, there is disagreement about the duration of such tests
and in what state of equipment buildup they should be performed.

Many systems manufacturers believe burn-in should be performed at the device
level, while others belleve the most effective and economical time 1s at the
subsystem or system level. Ryerson* indicates that emphasis on physical-inspection
screening during part manufacture results in failure to detect those potential early
failures that result from damage during final stages of part assembly or from mis-
matched tolerances and undetected material defects that can constitute inciplent
failures. Such an approach may result in a higher total cost for the same relli-
ability because of the need for repalr or higher cost to perform simlilar screens
at a higher equipment level.

A device screen incorporating temperature cycling, acceleration, burn-in,
hermeticity, and electrical testing currently costs between $3 and $15 per device**.

Perryt reports that a-c burn-in at high temperature for 250 hours will double
the baslic price of a semlconductor device; if the data are recorded for delta
calculations on three parameters, the basglc cost wlll triple -- as compared with
only a 15- to 20-percent increase in unit price for temperature cycling with a
three-parameter electrical screen.

Monitored shock testing 1is about five times as costly as unmonitored shock;
and X-ray 1is about six times as expensilve as visual inspection.

Electrical testing, using an automatic tester, costs about $0.03 per parameter
at 25°C and $0.10 per parameter at 125°C.

For the user with limited funds and perhaps time, it 1s necessary to select
carefully the screens to be performed. There are trade-offs between costs and
effectiveness for an expected reliability level. The tabulatlion in the next sectlon
is intended to provide a starting point for the user in evaluating and developling
a screen that requires such trade-offs.

% (. M. Ryerson, "Relative Costs of Different Reliability Screening Techniques",
Proc. Symposium On Reliability (1967), Washington, D.C.

*% T, J. Nowak, "Rellabillity of Integrated Circuits by Testing", Proc. Symposium
on Reliabllity, (1967), Washington, D.C.

tJames N. Perry, "Rellability Screening Techniques", Proc. Symposium on Reliability,
(1967), Washington, D.C.
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4.,3.4 Comparison of Screening Tests

The data contained in Table 4-1 have been abstracted from Section 4.2,
Only those tests that can be used for screening are included -- destructive tests
are excluded. The tabulation presents common quality defects found in high-usage
integrated—-clrcult devices and the screening tests most llkely to detect these
defects. In most cases defects are grouped under a generic heading., For example,

metalization defects include thin metalizations, scratches, voids, tool marks,
etc.

Also presented is an estimate of the relative cost and the effectiveness of
the particular screen to detect the particular defect. When modifications of the
same tests are included, only those defects to be detected by the modification are
presented. However, the modified test in most cases wlll also include or detect
failure modes listed for the basic unmodified screen. For example, monitored
vibratlon 1s intended to detect conducting loose particles; this failure mode is
so indicated. However, it will also induce the same stresses as vibration (unmoni-
tored) and thus 1s effective 1n testing for those failure modes.

4.4 TESTING IC ELECTRICAL CHARACTERISTICS

For evaluating the electrical characteristics of the IC, the "specified
point" and "black box" test methods can be employed.

4.4,1 Specified-Point Testing

Specified-point testing involves checking the electrical characteristics of
the IC between its external leads, or between each lead and the substrate. The
responses can be analyzed to determine the IC's ability to perform its various
electrical functions. This technique is always used in IC fallure analysis.
The test fixture consists of a switching arrangement (Figure 4-5) that places
varlous combinations of the collector, base, and emitter terminals of a curve
tracer between the external leads of the IC under test.

437




TABLE 4-1
GOMPARISON OF iC SCREENS

Screen Defects Effectiveness Cost Comments
Internal visual inspection | Lead dress Excellent Inexpensive | This is a mandatory screen for
Metalization to high-reliabllity devices. Cost will
Oxlide moderate depend upon the depth of the visual
Particle inspecticn.
Die bond
Wire bond
Contamination
Corrosion
Substrate
Infrared Design (thermal) Very good Expensive For use 1in design evaluation only,
X-ray Die bond Excellent Moderate The advantage. of this screen
Lead dress (Gold) Good 1s that the die-to-header bond
Particle Good can be examined and some inspec-
Manufacturing (Gross Good tion can be performed after encap-
Errors) sulation. However, some materials
Seal Good are transparent to X-rays (i.e.,
Package Good Al and S1) and the cost may be as high
Contamination Good as 6 times that of visual inspec-
tion, depending upon the complexity
of the test gystem.
High-temperature Electrical (Stability) | Good Very This 1s a highly desirable screen.
storage Metalization inexpensive
Bulk silicon
Corrosion
Temperature cycling Package Good Very This screen may be one of the most
Seal inexpensive | effective for aluminum lead systems.
Die bond
Wire bond
Cracked substrate
Thermal mismatch
Thermal shock Package Good Inexpensive | This screen is similar to temperature
Seal cyeling but induces higher stress
Die bond levels. As a screen it i3 probably
Wire bond no better than temperature cycling.
Cracked substrate
Thermal mismatch
Constant acceleration Lead dress Good Moderate At 20,000-G stress levels, the
Die bond effectiveness of this screen for
Wire bond aluminum leads is questionable.
Cracked substrate
Shock (unmonitored) Lead dress Poor Moderate The drop-shiock test is considered
inferior to constant acceleration.
However, the pneupactor shock test
may be more effective. Shock tests
may be destructive.
Shock (monitored) Particles Poor Expensive Visual or X-ray inspection 1s
Intermittent short Pair preferred for particle detection.
Intermittent open Palir
Vibration fatigue Lead dress Poor Expensive This test may be destructive.
Package Except for work hardening 1t is
Die bond without merit.
Wire bond
Cracked substrate
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TABLE 4-1 (continued)

Screen Defects Effectiveness Cost Comments
Vibration variable Package Falr Expensive
frequency {unmonitored) Die bond
Wire bond
Substrate
Vibration variable Particles Falr Very The effectlveness of this screen
frequency (monitored) Lead dress Good expensive for detecting particles is part-
Intermittent Open Good dependent. See Section %4.2.5.10.
Random vibration Package Good Expensive This is a better screen than VVF
(unmonitored) Dle bond (unmonitored) especially for
VWire bond space-launch equipment, but it is
Substrate more expensive,
Random vibration Particles Fair Very This 1s one of the most expensive
(monitored) Lead dress Good expensive screens; when combined with only
Intermittent Open Good fair effectiveness for particle
detection, it is not recommended
except in very speclal situations.
Helium leak test Packege Good Hoderate This screen is effective for
Seals detecting leaks in the range of
10°° to 10720 Atm ce/sec.
Radiflo leak Test Package Good Moderate This screen 1s effective for leaks
Seals in the range of 1:07- to 10712
Atm cc/sec.
Nitrogen bomb test Package Good Inexpensive | This test is effective for
Seals detecting leaks between the gross-
and fine-leak-detection ranges.
Gross-leak test Package Good Inexpensive | Effectiveness is volume-dependent.
Seals Detects leaks greater than 10
Atm cc/sec.
High-voltage test Oxlde Good Inexpensive | Effectiveness 1is fabrication
dependent. See section 4.2.5.20.
Isolation resistance Lead dress Fair Inexpensive
Metalization
Contamination
Intermittent Hetalization Good Expensive Probably no better than a-c¢ operating
operating life Bulk silicon 1ife.
Oxide
Inversion/channeling
Design
Parameter drift
Contamination
A-c operating life tetalization Very Good Expensive
Bulk silicon
Oxide
Inversion/channeling
Design
Parameter
Contamination
D~c operating life Essentially the Good Expensive No mechanisms are activated
szme as intermittent that could not be better activated
life. by a-c 1ife tests.
High-temperature a-c Same as a-c¢ operating | Excellent Very Temperature acts to accelerate
operating life 1ife expensive failure mechanisms. This is
probably the most expensive screen and
one of the most effectlve.
High-temperature Inversion/channeling Poor Expensive See Section 4.2.5.27.
reverse blas
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An example of specified-polint testing is shown in the functional schematic
of Figure 4-6. The circuit is a fully integrated power amplifier (Darlington

COURTESY OF ELECTRONIC DESIGN NEWS

FIGURE 4-5
INTEGRATED-CIRCUIT TEST FIXTURE

FIGURE 4-6
FUNCTIONAL SCHEMATIC OF
POWER AMPLIFIER

configuration) containing two resistors, two transistors, and one diode. -Examina-
tion of the circult schematic reveals that both transistors (Ql and Qo) are acces-
sible. This situation would normally indlicate that accurate measurements could be

FIGURE 4-7

OC EQUIVALENT SCHEMATIC OF
POWER AMPLIFIER

made of such parameters as current galn,
breakdowmn and saturation voltages, and
leakage currents. However, fully inte-
grated clrcuits have assoclated d-c para-
sitics which often cause parameter vari-
ations. Suppose, for example, that a
measurement of the current galn of Q; 1is
desired. The collector, base, and emlitter
terminals of the curve tracer (common NPN)
are applied to IC leads 4, 1, and 2,
respectively. The resultant display on
the curve tracer is a comblnation of Q3
current-gain characteristics, the leak-
age currents of the parasitic transistors,
and the collector-base leakage of Q, (see
Figure 4-7). Though these leakage currents
are usually small, they can become & prob-
lem in power-clrcult measurements.,
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Another test that could be performed by the specified-point technique is the
measurement of the collector-to-base breakdown voltage (Vgg) of Q1. This test is
performed by switching the collector and emitter terminals of the curve tracer
(common NPN) to IC leads 4 and 1, respectively. The display on the curve tracer
shows Vg plus all other parasitic junction characteristics. If during this test
a breakdown occurs in the Q; junction, resistors Rl and R2 provide current limit-
ing for leakage path 1. However, there is no current limiter in the parasitic-
Jjunction leakage path 2.

If the engineer knows the equivalent circuit of an IC (including parasitics),
he can apply the specifled-point test method for an effective d-c analysis of
simple circuits. For complex circults, however, this task becomes difficult, if
not impossible, because of the large number of d-c parasitics involved. As men-
tioned earlier, specified-point testing is generally reserved for IC faillure
analysis,

4.4.2 Black-Box Testing

Because lintegrated circuits are generally too complex for the specified-point
method of testing, the black-box technigue is used. This technique tests the
circuit in its entirety. The device is connected to the required powver supplies;
and the input and output terminals are monitored. The circuit is then accepted
or rejected by its circuit characteristics (input, oubtput transfer) rather than
by the values of the individual components of the circuit.

Figure 4-8 illustrates the black-box
technique as applied to a power amplifier.
Blas voltages (V; and Vo) are applied to
the IC, and the device is loaded induc-
tively to simulate actual circuit condi-
tions. The input is driven by a square-
wave generator, and the input-oubtput
response is monitored by a two-channel
oseclilloscope. Using this test technique,
one can determine values for such parame-
ters as dynamic impedance, minimum/maximum
operating levels, drain currents, and
. | transient responses. In effect, all neces-
= sary operational characteristics of this

IC can be determined without a detailed

investigation of the package conbtents
BLACK-BOXTESTING OF POWER AMPLIFIER (as was necessary with the specified-
point technique).

FIGURE 4-8
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The black-box technique can also be applied to digital integrated circuits.
One important measurement in digital IC's 1s oubtput voltage versus input voltage.
Figure 4-9 shows a typical test set-up for this measurement, the digital device
being a TTL loglc gate. Note that the output of this circuilt is leveled, Output
loading is necessary for circults that do not have unllateral characteristics, or
whose output resistance is comparable to input resilstance over part of the oper-
ating range. (In the case of the TTL, both output voltage and current are dependent
on a load state.) Although this test can be performed on an ordinary oscilloscope
with direct input to the horizontal plates, an oscilloscope with a horizontal--
amplification capability (Tektronix type 536 or equivalent) will permit more accu-
rate measurements.

To measure the inverse-voltage transfer characteristics, the test leads shown
in Figure 4-9 are reconnected, with the second-stage input voltage going to the
Y-deflection terminals of the oscilloscope and the second=stage output going to
the X-deflection terminals of the scope and to the varliable-voltage source. In
addition, bias voltages must be provided at the input of the first stage to pro-
vide one-input and zero-input logic levels. Two waveforms can be obtained in
this manner -- one for an input "one" condition, and one for an input "zero"
condition.

Figure 4-10 shows a standard test arrangement for determining input current
versus input voltage (using the same TTL as discussed previously). As in the
case of the oubtput-voltage versus input-voltage characteristic, a horizontal
drive amplification is required. In the present case, however, the vertical
deflection must be proportional to the voltage drop across the current-sensing
resistor (R). This measurement must be performed with caution on gate circuilts
with high input impedances, since the current-sensing resistors have high values;
thus, the input lmpedance of the osclilloscope can cause current-shunting effects
that tend to make the input impedance of the circult under test appear lower than
it actually is. As in the previous example, a load stage 1s required to test the
circuit under appropriate system conditions.

Figure 4-11 shows the test circult for evaluating output current versus out-
put voltage. As in the case of the inverse characteristic, curves are obtained
for the "one" and the "zero" input conditions. A differential input to the oscil-
loscope 1is required to sense the current through resistor R.

Probably the most difficult black-box measurement is the current-transfer
characteristic, since R2 (see Figure 4-12) must be large enough to measure current
accurately, but not so large as to have an appreclable effect on gate operation.

Other combinations of input and output voltages and currents can also be
measured by the foregoing technique. These techniques apply not only to logic
gates, but also to flip-flops, Schmitt triggers, and other direct-coupled circuits
(Figure 4-13).
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The switching or transient response of the IC device can be evaluated by a
variety of methods. Figure 4-14 shows an arrangement for measuring average
propagation-delay time. This arrangement allows a large number of samples to be

N
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CIRCUITS UNDER TEST
r—--"-"—-—"—-—-—-=-= 1
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e, L d e,
FIGURE 4-14

CIRCUIT FOR MEASURING PROPAGATION-DELAY TIME

checked simultanecusly, but this practice has one drawback: tThe devices could
collectively meet the specification requirement although some might be fast and
some slow. Therefore, it is usually preferable to test units indlvidually for
propagation-delay time. The driving and loading gates can be of elther IC or
discrete-component form.

4.5  PROBLEMS ASSOCIATED WITH TESTING INTEGRATED CIRCUITS

The most common problem in testing IC's 1s the varlation in normal device
operation because of test-fixture capaclitance and inductance. All fixtures
should be constructed on ground planes with fully bypassed power suppliles and
minimal lead lengths,

For IC's, all high-frequency measurements (such as roll-off characteristics)
are difficult and time-consuming. Oscilloscopes with fast response times are
needed to check roll-off distortion during the voltage-swing tests.
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Other problems assoclated with IC testing are as follows:

(1) A small impedance mismatch between the driving source and input of the
circult may cause an excessive amount of ringing ana greatly distort the
driving waveform.

(2) The sequence of application of power supplies is important; 1f one bias
supply is connected before another in some IC's, an internal junctlon
may be forward-biased and excessive current flow may destroy the device.

(3) In many linear circuits, slight variations in bias supplies drastically
affect the circuit output. Bypassing is necessary on all power supplies.

(4) Many circults are required to have good tracking ability with respect
to temperature and drift. The test fixtures used for these temperature
tests necessarily have long leads, which makes the measurement of tran-
sient response extremely difficult.

(5) Noilse is always a problem, and discrimination and rejection circuits
may be needed.

(6) It is difficult to limit the number of tests to be performed on an
analog cilrcuilt and still be confident of its performance. Tests such
as phase shift, pulse-width modulation, and frequency response are
time~-consuming but frequently necessary.

The tests for evaluating IC's are quite similar to those for testing discrete-
device circultry at the module level, IC testing differs in that a desligner cannot
always probe certaln portions of the circult to determine why the output or input
functions changed during a test.

4.6  TEST FIXTURES

A number of fixtures for securing and testing T0-5 and flat packages are
avallable, Unfortunately, many of these fixtures have serious shortcomings.
In some, the IC must be welded or soldered Into the holder area, and unsoldered
or cut upon removal, In others, the IC is clamped in place with lnadequate
contact pressure, such that test results can be compromised. Some fixtures
are not polarized for proper IC insertion. Some do not allow sufficient exposure
of IC surfaces for identification markings., Many fixtures cannot be grouped or
stacked readlly for storage.

Figure 4-15 shous test sockets for use with the modified TO-5 package.
The major difference between these sockets and those designed for the standard
TO-5 18 the number of termlnals. Some of the sockets are especlally designed
for ease of insertion and can accept lead lengths of 0.5 to 1.5 inches. The
sockets are polarized and are available with 5, 8, or 10 leads.
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FIGURE 4-15
TEST SOCKETS FOR T0-5 PACKASGE

A carrier for the flat-pack configuration is illustrated in Figure 4-16,
This carrier accepts a 1/4 x 1/4 or 1/8 x 1/4 flat pack, and converts the IC
pin configuration into an arrangement for plugging into a printed-circult board
(0.050 X 0.100 centers). The IC must be soldered into this fixture.

Figure 4-17 shows another test board. In this test fixbture, the depression
of two buttons ralses spring-type fingers. The IC ls placed under these fingers,
the buttons are released, and the package 1s held in place by the spring-loaded
fingers. This fixture accepts the 1/8 X 1/4 flat pack with 10 or 14 leads. The
test board accepts standard printed-circuit card connectors. One shortcoming
of thls fixture is the difflculty of allgning the IC leads directly beneath the

spring fingers; the resulting poor contact can lessen the accuracy of test
measurements.,
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Several variations of the "flip-top" carrier are available; one such is
shown in Figure 4-18. The flip-top carrier has the following advantages:

(1) Device leads are positioned automatically by the fixture cavities.

(2) Uniform and adequate pressure 1s exerted on all leads.

(3) A varlety of package configurations, with 10 to 14 leads, can be

accepted.

(4) The enclosure can be used for shipping as well as testing, since the
fixture completely surrounds the integrated circuit.

(5) The terminals are large enough that wires can be soldered directly to

them.

The fixbure has términals that accept the Barnes RD-24 socket. The price

of the fixture 1s about $4 in quantities of 100.

The Aubto-Pak carrier conslsts of a test socket, cover, and base, as shown
in Figure 4-19. An IC device can be tested in this carrier and then shipped to
the customer. The recipient can perform the same tests, utlilizing the carrier
with a test socket. The carrlers cost 15 cents aplece in quantitles of 5,000,
and can be returned to the vendor for partlal credit after the IC's are removed.
The test socket and retalner c¢lip must be purchased separately.

HOLE IN LID 8 BASE
FOR VENTILATION

MD-50 SERIES

O35 X.025 X150
CAN 8€ PLUGGED
INTO RD-86 SOCKET

FIGURE 4-18
FLIP-TOP CARRIER
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POSITIVE CONTACT
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The IC socket assembly shown in figure 4-20 has a double-sided printed-
c¢lrecult board for use with a standard double~row printed-circult connector,
Two or more units can be Installed slde-by-side in one double-row connector,
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FIGURE 4-20
1€ TEST SOCKET

Several types of multiple-unit test boards are avallable for testing and
bread-boarding Integrated clrcults. Flgure 4-21 shows a test board for DIP's;
the board in Figure 4-22 is for flat packs.

COURTESY OF AUGAT

FIGURE 4-21
DIP TEST BOARD
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FIGURE 4-22
PRINTED-WIRING BOARD FOR FLAT PACKS

As with test sockets, there ls a large selectlon of test boards.

One of the problems assoclated with test sockets and fixtures is that
IC manufacturers are continually producing new packages, while the socket manu-
facturers are still trying to make effective low-cost holders for the pgckages
that are already standardlzed.

4.7 TEST EQUIPMENT

Integrated-circult test equipment 1s used for engineering, quality assurance,
and production control. The equipments must be adaptable electrically and
mechanically to a variety of circults and must be easlly programmed,

Quality-assurance test equlpments are employed by both manufacturer and
user to verify the quality of integrated circuits. The complexity of these
equipments varies from relatively simple to very complex. The more stringent
the reliability requirement the more complex the test equipment.

The manufacturer's production-~control equipment is usually intricate and
expensive, since it must perform complex test programs rapldly and accurately.
A few manufacturers are implementing on-line tesgtlng and computer evaluation
during various steps of fabrication.

Some IC users are building their own test equipment. In dolng so they
must consider the following:

(1) Whether the device to be tested 1s digital or linear. VWhere both
types of devices are to be tested, complex equipment will be required.
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(2) Whether the device must be exposed to unusual environments (high
temperature, shock) while under electrical test., This requirement
could necessitate sophisticated fixtures and testing techniques.

(3) The sequence of testing. An inappropriate test sequence could have
an adverse effect on time, cost, ylelds, and fallure information,

(4) The method of measuring transient response. The requirements for
fast switching speeds may necessitate several fixture cards rather
than a single universal fixture.

Many manufacturers and users are purchasing commercial test equipments,
which are becoming widely available,

Factors® that should. be considered in the purchase of commercial IC testers
include the following:

(1) Semiconductor test-equipment repeatability is the most important factor
for evaluation, reliability, and quality control. Repeatability
requirements are typlcally specified in millivolts and hundreds of
plcoamps. Repeatabllity 1s affected by the complexity of the test
equipment. Generally, the more complex the test equipment, the more
difficult 1t 1s to obtaln close tolerance repeatabllity.

(2) Considerations that affect the speed of the tester are as follows:
« Automatic handling equipment
« Multlplexing capabilities
o Environmental chambers

Type of test and test rate are key factors when automatic handling
equipment is being considered. If handling equipment 1s required and
the package to.be tested is nonstandard, dellvery of the tester could
be delayed for several months, Test speeds of 16 msec per test are
readily available, and high-speed options will cut test time to 5 msec
per test,

(3) Multiplexing increases the effectiveness of a tester by allowing
the equipment to test more than a single IC at the same time.
Consider a tester that costs $80,000; if a multiplexing option with
two additional test fixtures that costs about $10,000 is added, three
times as many devices can be tested during the same perlod of time
for only a modest increase in cost, Another obvious advantage of
multiplexing 1s the saving in floor space.

¥ Robert G. Hart and Francls J. Kelliher, "Eight Pointers to Remember VWhen
Buying IC and Semlconductor Testers", Evaluation Engineering, May/June, 1966,
P. 20.
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(5)

(6)

Multiplexing equipment does-not require that similar devices be
tested at the same time. Different types of devices may be tested
simultaneously if the programs are stored on random-access memories
such as magnetic discs. In additlon, the tests are not restricted
to the same environment; one group may be tested in an environmental
chamber, yhlile another group may be in an ambient environment.

Devices are often requlred to be tested under a wlde range of
temperature conditions. Such measurements requlire automatlc handling
through the environmental chamber, The device must be stabilized

at the various temperatures; frost at low temperatures must be avolded
or readings will be inaccurate.

Computer control 1s used on many IC testers. Serlous conslderation
should be glven to adaptation flexlblility that permits the use of more
than a single type of computer. Actual and anticlpated test needs
must be determined to avold overbuying or underbuying of computer
controlled testers.

A low-cost computer may require much more programming than a more
expensive computer over the anticlpated 1life of the tester. The life-
cycle costs for the inexpensive computer may be much higher than those
of the expensive computer. When computer-controlled testers are used,
it is not necessary that the computer and the tester be in close
proximity.

The data-recording equipment used with the IC tester should be compatible
with other data-processing equipment currently belng used. Requirements
for test rates must be carefully evaluated because data recording 1s
usually the limiting factor in determining test speed. Magnetic tape

is the fastest data-recording medium currently 1in use.

Equipment flexibility 1s an Important conslderation because the IC
technology 1s changing. Testers that can handle up to 40 leads are
available; many can be adapted to handle more. This 1s an important
consideration in the light of expected developments, especlally LSI.
Such devices may have up to 160 leads.
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SPECIFICATIONS AND PROCUREMENT

FIVE

5.1  INTRODUCTION

Since the primary purpose of a specification is to inform the supplier of
the purchaser's needs, it may consist of nothing more than a simple description
of the product. Depending on the nature of the product and its application,
such a specification may be entirely adequate.

On the other hand, a specification may be a complex document that requires
the manufacturer to spend substantial sums to qualify as a supplier; it may con-
tain detailed descriptions of every known characteristic of the desired item,
making the cost of verification alone many times the cost of the manufacturing
operation. There are few such specifications; however, many military and aero-

space specifications -- particularly those for semiconductor devices -- approach
such complexity.

In addition to informing the supplier of the purchaser's needs {which will
be referred to herein as performance characteristics), the more comprehensive spe-
cifications set forth requirements that the manufacturer must meet before his
product will be accepted by the purchaser. These additional requirements generally
consilst of procedures for qualification, acceptance testing, and preparation for

’
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shipment. The basic functions with which most specifications for military and
aerospace electronic devices are concerned are as follows:

(1) Performance characteristics

¢ Electrical parameters

« Environmental stress levels

* Reliability

e Physical dimensions and form factor

(2) Assurance-test procedures

+ Sample plan
- Test sequence
- End points

(3) Qualification procedures

¢ Management and adminiscrative requlrements
* Process requirements
« Product test requirements

5.2 PERFORMANCE CHARACTERISTICS

Performance characteristics and thelr numerical tolerances are generally
determined by the application for which the device is intended. If the applica-
tion 1s not reflected in the specificatlon, the procured devices may fail to
function properly over at least a portion of the desired operational range. Spec-
ified performance characteristics must also be compatible with limitations of the
assocliated manufacturing technology and not imply a requirement to advance the
state of the art.

5.2.1 Electrical Parameters

The manner in which electrical parameters are specified for integrated
circuits (IC) is essentially identical to that of discrete semliconductors. How-
ever, while it 1s possible to specify all of the electrical parameters considered
in the design of the discrete component, this 1s not generally feasible with
integrated circuits, because many IC parameters are inaccessible to measurement.
The designer is usually restricted to specifylng only those IC parameters involv-
ing the input and output terminals of the device and the power supplled in terms
of voltage and current.

It is possible for an integrated circuit to be manufactured in such a manner
that, even with the terminal parameters well within the specific limits, one or
more of the "buried parameters" is either unstable or far removed from its design
value, causing the device to fail early. If measurement were possible, the device
would be rejected. The only known protection against such a possibility that can
be incorporated in an integrated+circult specification is the test-group concept.




During preparation of the wafer masks, selected areas on the wafer can be
reserved whereln actlive and passive devices are fabricated with open terminals.
The assumptlion 1s that elements incorporated in adjacent clrcuits will possess
similar electrical parameters. Those elements wlithin the test groups are access-
ible to measurement, and their electrical parameters can be specified in a manner
identical to that for discrete devices.

There are exceptions to the rule of specifying performance characteristics
in accordance with the device application. Some electrical parameters of semi-
conductor devices can indicate device quality or stabllity. Although the exact
numerical range depends on the devlice and technology involved, there is generally
a range of values for device parameters outside of which the quality or stability
of the device becomes suspect. For example, the silicon planar-passivated tran-
sistor commonly incorporated into integrated circuits typlcally exhibits extremely
low leakage currents, usually orders of magnitude lower than required by most
applications. If such a device exhiblts leakage merely approaching the maximum
allowable for many applications, it is likely to be an early fallure. Although
such a device could be rejected because of other requirements given in the speci-
fication, the best opportunity for rejection 1s lost if this parameter 1s'specif1ed
according to the requirements imposed by its application. Thus electrical param-
eters should be 1limited to the numerlcal range commonly associated with quality
and stability irrespective of application requirements.

5.2.2 Environmental Requirements

Environmental characteristics speciflied for IC devices should reflect the
conditions to which the devices will be exposed. Additionally, however, all
environmental conditions that are related to ¥noun failure mechanisms of the
devieos can and should be specified (regardless of whether the devices will encounter
such conditions in use), in an attempt to screen possible future fallures.

The envirormental requirements specified for integrated clrcuits are
generally the same as those specified for transistors. Applicable tests are
described in MIL-STD-750, Test Methods for Semiconductor Devices. It may be noted
that these tests differ from those which military electronic systems are required
to undergo. While including all the types of mechanical and envirommental stresses
required for systems, they are particularly adapted to such low-mass devices as




integrated circults. Frequently, system manufacturers will specify mechanlcal and
environmental tests for integrated circuits on the basls of the test requirements

of their completed systems. It is not particularly desirable to perform these
types of tests on integrated circuits, because they will not sufficiently accelerate
the potential fallure modes.

5.3  ASSURANCE TESTING *

It should be generally assumed that devices procured to a specification will
possess only those characteristics that are verified by the test requirements
of the document. This assumption is seldom precisely correct, but it is always
advisable because it will usually prevent inadequate devices from finding their
way into systems -- whether theilr inadequacy is due to fallure to comply with
specifications or to misapplication of the device by the system designer.

The test requirements alone define the device. The manner in which they
are specified is of vital importance, particularly for military and space
applications.

5.3.1 Sampling Plans

In assurance testing, samples of the population are tested in a trade-off
of confidence against cost and time. Before a sample-selectlon scheme 1is chosen,
the population from which the sample is to be drawn must be preclsely and
correctly defined, since conclusions of the experiment are limited to that
population from which the samples were dravn.

The principal requirement of any sampling procedure 1is that 1t yield
representative samples. A representative sample 1s a minliature of the population.
To make inferences about the population from the sample results, the sample
design must have an element of randomness. A random sample results when every
item in the population has an equal and independent chance of being chosen for
the sample. (Random refers to the selection method and not to the sample 1tems
chosen.) A completely random sample (often referred to as an unrestrictive
random sample) does not necessarily result in a representative sample, however.
For example, if the population is a group of *10% resistors of a specified
nominal value, the unrestircted random sample is selected 1in essentially the
following manner: All the resistors in the population are identifled in some
way, usually by number. The sample 1s drawn by picking a group of numbers in
some random manner, i.e., drawing slips of paper out of a hat or using a random-
number table. If the resistance values are normally distributed about the nominal
value, it 1s remotely possible through an unlikely sequence of events, that the
items chosen for the sample are all close to the * 10% value. Certainly the
sample is unrepresentative, but it is still unbilased since the procedure by which
it was obtained was random. Two means of protecting against this occurrence are
increased sample size and the introduction of a certaln amount of nonrandomness



in the sample procedure -- 1f something is known about the population. The non-
randomness 1is concerned with an attempt to secure representativeness by dividing
the population into more homogeneous segments (known as stratified sampling). No
matter how many population divisions are made, the final choice of the sample
items (chosen from each category or stratum) must be a random one. This not

only protects against blas but allows the experimentor to make inferences with

a measurable uncertainty.

Adequacy in a sample refers to the number of items selected, 1.e., the
sample size. A sample slze is adequate for the particular sampling procedure
chosen if it satisfies the requlrements of representativeness and precision.
The optimum sample slize, and hence the optimum number of replications in an
experimental design, is dictated by the following- factors:

+» Inherent variability of the manufactured parts

. Degree of accuracy required

+ Degree of precision required
« The experimental design resulting from problem definition

+ Economic consliderations

Currently in the semlconductor industry, some form of the AQL and the ILTPD
sampling plans is used. The AQL (Acceptance Quality Ievel) plan specifies the
maximum deviation From perfect quality that the consumer is willing to accept
(assuming that the producer will conslstently submit lots of this quality). The
AQL 1s usually considered as that quality of a lot which has a probability of
acceptance of .95. An inspection level is specified with the AQL which determines
the number of samples to be tested. Although the number of samples increases with
lot size, the ratio of sample size to lot size decreases. MIL-STD-105% and
Military Handbook'H108** contain the details of sample size, lot size, and
fallures permitted for a given AQL.

There are some advantages and disadvantages in the AQL plan. In normal
sampling, a lot at AQL quality will have a high probabllity of acceptance,
usually near .95. Thus a producer has good protectlon against rejection of
submitted lots from a process that is at the AQL or better. On the other hand,
thils type of classification does not specify anything about the protection the
consumer has against the acceptance of a lot worse than the AQL. The AQL is
therefore referred to as a producer's risk plan.

¥ MIL-STD-105 "Sampling Procedures and Tables for Inspection by Attributes, " 3
Munitions Board Standards Agency, Washington, D.C., 11 September 1950.

*% H108 "Sampling Procedures and Tables for Iife and Reliability Testing,"
Office of the Assistant Secretary of Defense, Washington, D.C., 29 April 1960.
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The other plan 1s a consumers® risk plan. The LTPD (Lot Tolerance Percent
Defective) plan refers to that incoming quality above which there is a small
chance that a lot will be accepted; the LTPD value is usually near 10%. In
this plan, there 1s a small probability that the consumer will accept lots
submlitted from a process that is at the LTPD or worse. However, the plan does
not specify the risk the producer has againsgt the rejection of lots better than
LTPD.

Different AQL and LTPD sampling plans are shown in Figure 5-1. Plans 1 and
2 have AQL's of A; the LTPD of Plan 1 is D; that of Plan 2 is E. Plan 3 has an
AQL of B and an LTPD of E, and Plan 4 has an AQL of C and LTPD of F. Each of
these plans has merit for individual applicatlons since the AQL's and the amount
of discrimination vary.
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OPERATING CHARACTERISTICS FOR A 4% AQL

Figure 5-2 shows the effect of sample sizes of 15 and 150 in a plan with
an AQL of 4%. As shown, the ideal OC (Operating Characteristic) curve is
achieved by 100% inspection. The decreasing sample sizes show the 0C varying
further from the ideal. The sample size of 150 will permlt one lot out of 10
with 11% defectives to pass, while the sample size of 15 will permit a lot of
25% defectives to pass 10% of the time. Since the LTPD controls the lower end
of the 0OC so that only 10% can pass 1f the specified value 1s exceeded, then
the sample sizes of 15 and 150 assure ILTPD's of 25% and 11%, respectively.

For the LTPD plan, sample size 1s Independent of lot size but the percent
defective allowed t©o0 assure a gpecified LTPD increases as the sample size
approaches 100%. Tables of sample sizes and number of defectives permitted for
various LTPD values are included in MIL-S-19500.

Current military specificatlons frequently use a modified LTPD plan for
added consumer protection against the possibllity of recelving defective or
out-of'~-tolerance devices, which 1s greater with the small lot and small sample
sizes of the AQL system. The modified plan specifies a minimum-rejectlion number
or a maximum-acceptance number (which is the minimum rejection number minus one)
and a maximum size of the sample. Therefore, the lot may be accepted based on
test results on smaller sample ‘sizes, but the number of defectives permltted
for the sample 1s lower.




As an example, military semiconductor specifications call for an LTPD value
of 5% with a maximum acceptance number of 4 for electrical characteristics. Life
test specifications usually do not include the maximum acceptance number because
the sample size for the 1,000-hour life test will be limited due to test cost
considerations. As pointed out earlier, the test plans usually evolve as a
result of trade-offs of confidence agalnst cost and time.

5 3.2 End Points

Generally, the criterion of failure for environmental testing ls determined
by the effect the stress condition has on the electrical characterlistics of the
device. These characteristics and their associated 1limits are referred to as
end points.

When only one or two characteristics are used as end polnts, they should be
the device characteristics that are the most sensitlve to the particular environ-
mental stress appllied. Specifying all or a large number of end points is time-
consuming, costly, and generally unnecessary.

Three common methods of speclfying end-point 1limlts are as follows:

(1) Maintain initial values. TFor example,
Gain = 50 minimum, 100 maximum -- initial test value
Gain = 50 minimum, 100 maximum -- end-point 1limit

(2) Relax initlal value. For example,
Gain = 50 minimum, 100 maximum -- initial test value
Gain = 30 minimum, 140 maximum -- end-point 1limit

(3) ZLimit shift of initial values. For example,
Galin = 50 minimum, 100 maximum -- initial test value
Initial value * 20% ~-- end-point 1limit

For a variety of practical reasons, method (2) is most widely used although
the other two have advantages for specific situations. In any case, careful
conslderation should be given to the characteristic belng specified so a realistic
set of intial and end-point values are established based on requirements of
accuracy of measurement during test.

5.3.3 Electrical Performance Testing

It has been a common practice for years 1n the semiconductor industry to
perform electrical performance tests at room ambient condition (25°C). Only for
some specific high temperature operational requirements were tests such as high-
temperature current gain included. The Justificatlion for this testing policy
is based on the fact that the performance of transistors and dlodes over a
reasonable range of temperatures 1is well documented and 1s predictable. However,
neither the same data or test policy can be applied to the more complex integrated
eircults. All semliconductor devices exhibit changes in.electrical performance
that are a function of the temperature of the device. The relationship of these
temperature-dependent characteristics in an integrated circult is hard to predict.
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During the early phases of procurement of a given integrated circult it
may be necessary to perform measurements at other than room temperature. As
data are accumulated, it should be possible to reduce testing costs by reducing
the number of parameters measured at the extreme temperature.

5.3.4 Reliability Screening Tests

Although the process control during production of integrated circuits is
essentlal for reliabllity, the use of screening tests can be a valuable tool to
assure delivery of reliable devices. The screening tests are speclal tests
designed to be performed on the entire population to eliminate devices that are
potential failures even though they have passed the standard quality control
tests. Because of the cost and nature of the screening tests, they must be
carefully designed and used. A detalled knowledge of the physics of failure of
the devlice and the relationship of device design and process steps 1s required.

The effectiveness of a soreening test is not constant but varies with design
and manufacturing processes,

A screening often specified for integrated circuits in which reliability is
of paramount importance ls the power burn-in test -- operating each circuit
under an accelerated life-test condition for a period between 24 and 250 hours.
This operating life test, performed on a 100% basis, will remove early-life

failures from the total population and assure a high degree of performance-
characterlistic stability.

Table 5-1 lists some of the common defects found 1n integrated circults
and the screening tests that can aid in eliminating devices with -these defects.
Although the screens are listed in the order of decreasing effectiveness, the
difference in effectlveness between tests 1n the same group are considered minor.
For a detalled discussion of each test see Section 4.2.4 and Table 4-1.

5.3.5 JAN-TX (Testing-Extra) Specifications

The TX specification is an effort by DoD to improve semiconductor device
reliability and simplify device specifications. It 1s 1n limited use for tran-
slstors, diodes, and rectifiers and to a lesser extent for integrated circuits.
It is expected to eliminate many of the costly device specifications that are
invariably developed for each new system. In the past an engineer who wanted
to write a high-reliasbility specification for devices to be used in a new system
often collected as many existing specifications as possible that seemed appropri-
ate. Thé most stringent requirements were then abstracted and cambined with a
few original contributions to form the new specification. Such an approach has
a major effect on cost with no guarantee of a commensurate improvement in
reliability. The TX specification should eliminate many of these custom
specifications.
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TABLE 5-1

IC DEFECTS AND DETECTION SCREENS

Defects Detection Screen Defects Detection Screen

Lead Iress Pre-Cap Visual Inspection Substrate (cracked) Pre-Cap Visual Inspection
X-ray (cannot be used for aluminum) Temperature Cycling
Constant Acceleration Thermal Shock
Vibration Variable Prequency (Monitored) Constant Acceleration
Random Vibration (Monitored) Vibration Varieble Frequency
Shock Random Vibration
Vibration Patigue Shock
Isolation Resistance Vibration

Die Pond Pre-Cap Visual Inspection Corrosion Pre-Cap Visual Inspection
X-Ray High-Temperature Storage
Temperature Cycling Package & Seals X-Ray
Thermal Shock Temperature Cycling
Constant Acceleration Phermal Shock
Random Vibration Random Vibration
Vibration Variable Frequency Helium Leak Test (fine leak)
Shock Radiflo Leak Test {fine leak)
Vibration Patigue Nitrogen Bomb Test (mid-range leak test)

Gross Leak Test
Wire Bond Pre-Cap Visuel Inspection

Temperature Cycling
Thermal Shock
Constant Acceleration
Random Vibration

Vibration Varilable Frequency

Shock
Vibration Fatigue

Shock
Vibration variable Frequency
Vibration Patigue

Bulk Silicon

letallzation

Pre-Cap Visual Inspection
High-Temperature Storage
High-Temperature A-C Operating Life

A-C Operating Life

D-C Operating Life
Intermittent Operating Life
High-Voltage Test
Isolation Resistance

High-Temperature Storage
High-Temperature A-C Operating Life
A-C Operating Life

D-C Operating Life
Intermittent Operating Life

Thermal Mismatch

Temperature Cycling
Thermal Shock

Parameter Drift

High-Temperature A-C Operating Life
A-C Operating Life

D-C Operating Life

Intermittent Operating Life

Inversion/Channeling

Oxide

Pre-Cap Visual Inspection
High Temperature A-C Operating Life

A-C Operating Life
Intermittent Operating Life
D-C Operating Life
High-Voltage Test

High-Temperature A-C Operating Life
High-Temperature Reverse Bias

A-C Operating Life
Intermittent Operating Life
D-C Operating Life

Design

Conducting Loose

Pre-Cap Inspection

Particles X-Ray
Vibration Variable Frequency (Monitored)
Random Vibration (Monitored)
Contamination Pre-Cap Inspection

High Temperature A-C Operating Life
A-C Operating Life
Intermittent Operating Life

Operating-Life Tests
Infrared (Thermal)




The TX specification does not introduce new tests but simply specifies that
certaln tests be performed on a 100% basis. In addition, 1t requires identifi-
cation of each device that is tested and requires repeat measurements of key
parameters. The TX specification outlines a standard screening procedure for
devices before they are subjected to Group-A electrical tests and Group-B
mechanical and envirommental tests where the rejection criteria are more stringent
than for JAN types. Provisions for Group-C destructive tests on a sample basis
are also made.

The following 100% tests (screens) are required by JAN-TX specifications.
Each device is identified and the varlable test data are recorded and maintained.

« High-Temperature Storage: U8 hours at 200°¢
. Temperature Cycling: -55°C and +200°C

« Constant Acceleration: 20,000 G in ¥, plane
+« Hermetlc-Seal Test

. Parameter Measurement and Data Recording

« Operating-Life Test 168 hours

« Parameter Measurement 10% Lot Jeopardy

Devices that fall catastrophlcally during screening are discarded, as are
those which drift beyond specified operating limits.

5.3.6 Rellability-Assurance Testing

In rellability-assurance tests, samples of integrated cilrcuits from
production or customer lots are subjected to stresses -- usually greater than
those stresses that the IC's will encounter in normal operation. Mechanilcal,
environmental, and operating-life tests in a typical IC reliability-assurance
test plan are shown in Table 5-2., It should be noted that many reliability-
assurance test plans are destructive, that is, the circuits that undergo the
tests cannot be used again. Further detalls on reliability-assurance testing
are glven in Section 6.3.

Reliabllity-assurance tests are costly because they frequently destroy
the units tested and because they usually take a great deal of time to complete.
The latter reason 1s also disruptive to delivery schedules, as well as being
expensive. Costs of reliability-assurance plans could be decreased by stand-
ardlzing the tests, permitting larger sample sizes and hence greater confidence
in test results, and distributing the test costs across several customers.

The delivery-time element of a high-reliability procurement specification
13 often disregarded. Frequently, a rellability screen, followed by performance
and assurance-test schemes, will be included in the procurement speciflcations.
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TABLE 5-2
INTEGRATED-CIRCUIT RELIABILITY ASSURANCE PLAN

2T-4

Conditions Max.
Examination or Test Mil-Std~750 Method| Specific Conditions LTPD |Acc. |Symbol| Limits Unit
. No, Min.[Max,
Subgroup 1
Physical aimensIons 2066 -- 200 S - - | =- -
Subgroup 2
Soldering Eeat 2031 1 cycle - wn | == -
Temperature cycling 1051 Teigsggnd.B,T(High)=
Thermal Shock (glass strain) 1056 - 200 5 - — | -- -
Moisture resistance 1021 - - —— | == -
Endpoints: (Same as subgroup 7)
Subproup 3
Shock 2016 5 Blows,Xy,Yy,& Y,,1,5000
Amsec (To%al 15 Bfows) -~ | -- -
Vibration fatigue 2046 20G (nonoperating) 20| 5 - e | == -
Vibration variable frequency 2056 - am | == -
Constant acceleration 2006 20,0006,X1,Yy,Ys - - | == -
Endpoint: (Same as subgroup 7)
1’ZSub roup 4
Terminal strength¥ 2036 Cond, E |3 leads at random 20| 5 - - | == -
lsubgroup 5
Salt atmosphere 2 (corrosion) 1041 - 201 5 - e | == -
Subgroup
High temperature life(nonoperating) 1031 Ty = 175% =20 =~ - - | - -
Endpoints: (Same as subgroup 7)
Subgroup 7
Steady state operation life 1026 Ty = 1250¢% A=20| == - oo | w- -
normal operating Bias
applied
60 cps sine wave input
Endpoints: D-C output levels as
indicated on the individual data
sheet,

lrests listed in these subgroups are considered destructive,
2At the conclusion of the testing in subgroup 4, the device shall be examined for evidence of mechanical damage.
3The device shall be examined for destructive corrosion and illegible marking.

4If the normal power dissipation requirements of the circuit do not elevate the junction above the maximum rated

175°C condition. Otherwise special considerations must be taken for each cirecuit.

*For Flat Package: Weight - 3 oz.




If the screen is at all non-standard, the testing processes cannot begin until
after the order is received. This pushes the dellvery date far into the future.
Also; since the entire sequence of tests must be repeated if a lot falls, there
1s a good possibllity that a promised delivery date could be missed by a wide

margin. Table 5-3 outlines the interrelationships of reliability, cost, and
delivery time.

TABLE 5-3
RELIABILITY /GOST /DELIVERY TRADE-OFFS
Test Test Additional Normal Delay value For
Tevel* Cost In Delivery Time Reliagbility
Power Burn-In 100%t Moderate Moderate High
Drift Sample Moderate Moderate Medium
100% High Long Medium
High-Temperature | Sample Low Short Low
Storage 100% Low Short Low
Environmental Sample Low Short Medium
100% High Long Medium
Hermetic Seal Sample Low Short High
100% Low Moderate High
*¥Sample = 30% or less. 1 Normally.

5.4 INTEGRATED CIRCUIT PROCUREMENT *
5.4.1 Developing the IC Specification

Many types of analog and dlgltal IC's are described by commercilal specifica-
tions. The system designer can frequently use these commercial devices as off-
the-shelf items (i.e., without modification). However, in many programs
the general trend has been toward in-house specifications,. especlally for a new
product. In-house specificatlons can be simple, consisting, for example, of a
burn-in requirement imposed on a commercial specification; or they may be complex,
perhaps describing a custom-type circuit. If the desigher cannot use one of
the standard commercial integrated circults, he must prepare a specification
and submit it to the solid-state industry for prlce quotations. Thls procedure
might involve the following steps:

(1) The circult must be analyzed to determine if it can be integrated by
standard techniques, and whether it 1s to be monolithie, thin-filim,
or hybrid, These decisions often require close coordination between
the device user and manufacturer.

¥ Material 1n this section 1ls abstracted from Motorola'!s Integrated Circults
Design Course (1964).
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(2) The decision must be made whether to specify parameters in a black-box
or specilfied-point manner. The parameters discussed thus far are
considered the former type, slince they describe the sum of the individual
components in the IC device. In some IC applications, the characteristies
of one or more of the individual components {transistors, resistors) are
required by the devlce user, in which case the specification must include
specified-point as well as black-box information. Generally, however,
IC's requiring specified-point parameter descriptions do so only for a
few components In the silicon chip. The black-box description is usually
preferred by both vendor and user.

(3) The minimum number of tests needed to describe the IC adequately must be
determined. For analog IC's, some parameter tests can be gqulte compli-
cated, and should therefore be completely described in the specification,
including test parameters, minimum and maximum limlits, a schematlic de-
scription of the test circult, types of equipment to use, and waveform
and component values.

(4) The specification should classify the various tests according to in-
spection level, These levels establish the number of IC's to be tested
in various cases. Some tests (e.g., screens) must be imposed on every
IC. Other tests may be concerned with noncritical but still important
parameters, in which case testing can be conducted on a sampling basis.
Careful conslderation should be given to which tests are to be performed
on a 100% inspection level, since testing adds substantially to the cost
of IC devices,

(5) Schematic and logic dlagrams (if applicable) should be included. The
schematic should indicate only the basic functlon, not the parasitics.

(6) The package configuration should be presented, 1ts dimensions having
wlde enough tolerances to facilitate the selection of alternate manu-
facturing sources.

5.4.2 IC Availability

The decision to use one device rather than another or to use custom design
rather than off-the-shelf products will depend upon the designer's judgment and
in most cases will be subjective -- especlally when devices are being compared
that have not yet been manufactured. This may often be the case because of
raplid changes that are taking place in IC technology.

It is easier to be objective when electrical parameters are tabulated on a
specification sheet than it is when predicted parameters are belng compared. In
trying to validate predicted performance, the engineer must rely on such sub-
Jective aspects as the manufacturer's reputation, past performance, and what he
expects as a reasonable advance in the near future. The degree of subjectlivity
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can be reduced if a tabulation of important parameters relating to each possible
IC is made., A tabulation of this type would usually compare only actual or pre-
dlcted electrical parameters. Questlons concerning past performance and the
possibilities for the future must by thelr very nature be somewhat subjective;
they are integrated into the final decislon by the decilsion maker.

In the tabulation, it is possible to weigh each characteristic considered or
assume that all characteristics are of equal importance. TUsually one or two
characteristics will be more important than the rest; and the ultimate weighing
willl be dependent upon the specific application and its constraints.

In any comparlson of specifled parameters, care must be used when devices made
by different manufacturers are involved. Often characteristics that are ostensibly
ldentlcal are defined differently or measured under different test conditions or
test-circult configurations.

5.4.3 IC Inbterchangeability

Although a study of Volume 2 of thlis handbook might lead the reader to
believe that many available IC devices are interchangeable, this is not the case.
A good general rule 1s to design with a single family of IC devices from a single
manufacturer unless 1t is defintely known that another manufacturer 1s a compatible
gsecond source.

5.5 THE NASA "'HI REL" PROCUREMENT PROGRAM

The NASA Mlcroelectronics Subcommlttee is developing a reliability program
in which a system of carefully defined surveys, specifications, tests, and data
exchange methods will give NASA and its system contractors information on qualified
sources of supply for reliable microelectronic components. A series of documents,
speciflcations, and handbooks defining NASA's approach to microelectronic reli-
ability will result from this program. Microelectronic procurement can then be
expedited, duplicatlon of effort and cost can be reduced, and high confidence in
the reliabllity of the qualified products can be achieved.
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RELIABILITY AND
PHYSICS OF FAILURE

S 1 X

The rellablllity of any particular device 1s dependent upon the quality of
materials and the manufacturing process, design, operational requirements, the
type end level of testing (including screening), and the ability to perform
fallure analysis. Each of these facets affect ultimate reliability and are
inseparable. However, it wlll be necessary to discuss each individually here.

Design, testing, and specification were discussed 1ln previous chapters.
This chapter deals primarily with physics-of -failure concepts and rellability.
Vhile each toplc 1s important, the concepts and data presented in Chapter 4 on
testing are particularly germane to fallure analysis and reliabllity.

In fact, testing i1s in competition with fallure analysis for reliabllity
verification and prediction. Components and devices as recelved from the
manufacturer represent a set with essentially two subsets, namely, those components
or devices which will operate for a required time interval (reliable devices)
and those which will fall within the time interval (unreliable). Masslive testing
has been and still is widely used to separate these subsets. The extent of testing
depends upon the required reliability level. The philosophy, then, is to test
reliabllity into the system.




The other approach for obtaining rellable systems 1s based on fallure-analysis
techniques -- an approach that attempts to eliminate any mechanism of failure
and thus reduce subsequent failures. It includes analysis of failed devices,
limited testing, and accelerated testing.

In theory, the fallure-analysls approach appears to be the most attractive
for microelectronics because of the difficulty of obtaining valid and sufficilent
test data. Reasons for these difficulties include the enormous number of micro-
circults avallable, the relatively low fallure rates, which require a large number
of device testing hours to achleve a reasonable confidence; the variety of
manufacturers- and methods used to fabricate microcircults; and the expense of
performing such tests. Yet there are difficulties associated with relying solely
upon fallure analysis. These include the vallidity of accelerated testing, the
timing and quantity of feedback data, competence and validity of analysis, and
the inability of the manufacturer to control precisely every step in the manu-
facturing process (typically 300 to 500 distinct operations).

Some IC users belleve that failure mechanisms are never permanently
eliminated. VWhen a particular failure mechanism is ldentifled by the user
and communicated to the device manufacturer, the manufacturer tightens up
hls processing to eliminate the mechanism. However, the mechanism gradually
reappears as the pressure 1ls eased,

Integrated-circult reliability data are summarized in Section 6.4, They
show a wide range in fallure rates for different systems and different
preconditioning. These data are intended to provide general information and
indicate the range of fallure rates currently being reported. The use of
absolute numbers is meaningless without knowledge of the type and level of
testing, the precanditioning allowed, and the extent, if any, to which the
data were purged.

When such numbers obtalned from this or similar tabulations or from the
manufacturer are the best information that is available to the user, he should
approach them with caution. Such numbers may be manipulated* at will, to provide
seemingly concrete data to verify predicted device fallure rates.

6.1 ~ SYSTEM RELIABILITY IMPROVEMENT

The potential for improved system reliability offered by semlconductor
integrated circuits has been a maJor factor in the widespread introduction of
microelectronics into aerospace programs. The effect of the microelectronic
device on interconnections, resistance to environment, manufacturing, test,
human factors, and system design will contribute greatly to improved

*For example, see J.B. Brauer, "The Numbers Game - Who Wins?", IEEE/ASQC Rellability
Symposium, Washington, D.C., 1967.
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system réliability. Investigations by both Government and industry indicate that
the followlng system improvements will be achieved through the use of
microelectronics:

. Reductlon in the number of - Improved testing technigues
individual parts and connectlons

« Improved intraconnection and
interconnectlion techniques

+ Fewer circult configurations
- Fewer types of environmental

effects
- Increased resistance to environment . More effective use of redundancy
+ Improved deslgn techniques
« Improved manufacturing processes . Lower power consumption (in

many cases)

6.1.1 Reduction in the Number of Parts and Connections

The reduction in the number of individual parts, with the attendant reduction’
in the number of inberconnections, contributes substantially to system reli-
ability improvement.

The reliability of a conventional circuit (nonredundant) is predicted on
the baslis of the failure rates of its constituent parts. Generally, the lower
the complexity level, the higher the reliability. For example, the failure
rate of a particular NAND gate in discrete form is the sum of the fallure rates
of its 34 components (13 resistors, 7 capacitors, and 17 transistors) and 215
Interconnections. A monolithic integrated circuit performing the same circuilt
function has one failure rate, which is lower than the sum of She transistor
fallure rates. Thus system relliability improves in proportion to the complexity
of the discrete clrcult being replaced by an integrated circuit.

6.1.2 Improved Connection Techniques

Connections will be considered herein as either intraconnections (conductors
and connections within the integrated circuit or its discrete equivalent) or
interconnections (conductors and connections that provide electrical continuity
between the circuit and the outside world).

6.1.2.1 Intraconnections

The integrated clrcult usually has less than half the number of intraconnec-
tions required by its dilscrete equivalent. In addition, the quality of the
integrated-circult intraconnections is superior to that of the discrete-circuilt
intraconnections. Two types of intraconnections must be considered: the highly
reliable aluminum evaporation intraconnection and the intraconnection resulting
from thermocompression bonding.

The interface resulting from the deposition of a conductor on a compatible
surface under ldeal conditions is virtually equivalent to a continuous conductor.
A failure wilthin such an interface i1s highly unlikely in an operating device if
strict process control is maintained during the deposition phase (see Failure
Modes and Mechanilsms).




Unfortunately, the current state of the art limits thin-film technology
(used for the aluminum evaporation) to a uniform, smooth surface. Therefore,
leads from the silicon chip to the package leads must be connected by another
method, usually thermal-compression bonding. While this process is far from
being perfected, it has been in use in transistor fabrication for several years.

Thermocompression bonds have no known fallure mechansims when compatible
materials are being bonded in an ideal environment, a circumstance that does
not appear practical at the present. However, lndustry is making a determined
effort to minimize the fallure mechanlisms that occur in the absence of such
favorable conditions.

6.1.2.2 TInterconnections

The quality of interconnections will also improve with the increased use of
microelectronics. The lmportance of interconnection reliability can be seen if
it is assumed that each integrated circuit with 10 leads will involve about 100
interconnections. So that the interconnections wlill not experience more fallures-
than the devices, each interconnection must exhiblt a fallure rate at least
two orders of magnitude lower than that of an integrated circuit. In other words,
there is a distinct posslbllity that interconnections, rather than microelec-
tronic devices, will be the major cause of unrellability in future systems. The
importance of interconnection reliabllity in microelectronic systems makes 1t
essentlial that industry devote conslderably more attentlon to methods for improving
reliability in this area.

Because of the small size and large number of leads of the integrated
circuit, it is frequently advisable to use a multilayer etched-circuitry inter-
connection technique. The multilayer approach can provide a high level of
reliability if careful design and stringent process controls are exercised.

The conventional circuit may include evaporated, thermocompression, welded,
crimped, and soldered connections -- involving a number of different materlals
with different thermal-expansion, solid-state stress-strength, chemlcal, and
manufacturing characteristles. This variance in characteristlcs leads to-uncer-
tainties in design, and in lower reliability than experlenced in microelectronic
systems, which require fewer connection technlques.

6.1.3 TIncreased Resistance to Environment

The Integrated circult offers greater resistance to its environment,
primarily because of its small mass and size. It 1s less susceptible to forces
of acceleration, i.e., shock and vibration; shielding from radlation, heat,
etec,, 1s not as great a problem.¥ Hermetic sealing reduces corrosion.

*However, as discussed in Chapter 5, small-size and encapsulation present some
particular problems also.
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6.1.4 TImproved Design

It 1s often sald that most fallures experienced 1n system operation were
designed into the system. In other words, a significant portion of potential
system unreliabllity can be avolded by careful design. If this is true, the
effect of microelectronics on system design may well be the "dark horse" key
to system reliability.

At the circuit level, the likelihood of improved design is obvious. Trained
circult deslgners are responslble for the design of each circult. Since the
economics of the circult manufacturer depends on a large-volume market, he is
willing to spend considerable time and effort proving the design of each circuit
to protect his investment.

Not so obvious 1s the impact of the integrated circult on system design
and, consequently, on system rellability. Mlcroelectronics in system design offers
the following advantages, which directly or indirectly influence reliability:

(1) The deslgn engineer has a wider Job scope because of the availability
of large building blocks: For the design of a given function, fewer
engineers are required. This in turn reduces the communications
problem, which should result in improved reliability. (An example of
the effect of using larger building blocks 1is a ground checkout compubter
recently redesigned by an organization in the aerospace lndustry.

The original, discrete version contained 26,000 parts; the microelec-
tronic version of the same compubter contained 3000 parts. If the
microelectronic design were converted back to a discrete version on

a part-for-part basls, the resulting discrete computer would contain
about 12,000 parts -- a better-than-50% reduction from the number of
parts in the original computer. Designers engaged in this project
sald that because two systems desligners using microelectronics could
replace the ten designers required by the original discrete approach,
they were able to find functions that could be combined in a single
circult, drastically reduce interfacing, and condense other functions.)

(2) The designer has more time available to concentrate on potential
rellability problems because deslign begins at the circult level.

(3) Designers need to be familiar with the idiosyncrasies of a few
different circuits as compared with 500 to 600 device character-
istics, which should lower the probability of misapplication.

(4) 1Integrated circults encourage the maximum use of digital design, which
will usually improve system reliability by minimizing the number of
out-of-tolerance failures.




6.1.5 Improved Manufacturing

From a manufacturing viewpoint, the reliability of a part 1s proportional
to the continuity of production and the simplicity of the part's construction.
The manufacture of an integrated circult can be considered as two operations:
pre-assembly and assembly. In the pre-assembly portlon -- i.e., material
preparation, masking, and diffusion -- the manufacturer, by necesslity dependent
on yield, must constantly improve and monitor his process control. Since the
reliability of an integrated circult depends on process control, the manufacturer
is also obligated to improve and monitor reliability. 1In the assembly portion
of the operation, l.e., when the silicon chip 1s mounted in a package and leads
are made to the outside world, simplicity is the byword. As in the case of
transistor assembly, automation or seml-automation will become commonplace.

In the manufacture of a discrete circult, many suppliers have a role, but
only the circuit designer is directly responsible to the customer. In the case
of the integrated circult, a single manufacturer 1s responsible for accepting
raw material, processing the entire circult, and assuring that the completed
circult performs In accordance with the specifications. Thus the slngle
integrated-circult manufacturer is better able to coordinate and control the
factors that may influence circult reliability.

It 1s generally acknowledged that process control 1s the key to reliability.
Since the number of processes represented by an integrated circult 1s far smaller
than the number involved ln a conventional circult, a given degree of control
on these relatively few processes results iIn a much higher effective control of
processes and thus in higher reliability. When the different processes are
totaled for a complete system, the relatively few processes required for
microelectronlics will have a very significant effect on the rellability.

6.1.6 Improved Testing Techniques

Since the integrated cilrcult 1s more complex than the transistor, more effort
is expended on functional testing before the circult leaves the manufacturer.
While testing alone does not improve rellability, it does strengthen quality
control, as evidenced in both increased failure-free operation and improved
process controls.

Generally, qualification testing of integrated circults is more stringent
than that of thelr discrete counterparts; that is, the testing is concentrated
at the circuit level rather than at the component level, makling the test results
more meaningful.




At the system manufacturer's facility, incoming inspection is simplified
because the quantity and variety of parts to be tested is reduced. After the
system prototype is completed, the "debugging" test is simplified if integrated
circuits are used. (In one case, test time was raduced from six months to two
weeks by microelectronic design.)

System performance evaluation by the user is also easler because of the
greater simpliclty of system design. Bullt-in test and fault-isolation techniques

are more productive in microelectronic systems, resulting in higher mission reli-
abllity.

6.1.7 PFewer Circult Configurations

The variety of clrcult configurations employed in a single microelectronic
system will be qulte small compared with that of a discrete-component system.
The causes of unreliability can therefore be more easily predicted and prevented.

Other reliability influences enhanced by the reduced circuilt variety include human
factors and system design.

6.1.8 Fewer Types of Environmental Effects

Excessive drift is a major factor in the fallures of discrete systems.
Designing to a single network's drift characteristics is considerably less complex
than designing to the many drift characteristics of various transistors, diodes,
reslstors, and capacitors made of many different materials -- as is necessary
wlth discrete-~component circults.

The ease of matching characteristics such as temperature coefficlents of

integrated-circuit elements can also be used to reduce the effects of environmental
changes.

6.1.9 Nore Effective Use of Redundancy Technigues

The reduction in weight, volume, and cost assoclated with inbtegrated circuits
makes the use of redundancy practical even at the clircult-element level. The
application of various forms of redundancy, e.g., circult or functlonal, majority
voting logic, and adaptive techniques, has started only recently, since micro-

electronics has become an accepted technology. For a more comprehensive discussion
on redvndancy, see Section 3.8.

6.1.10 Lower Power Consumption

The low power requirements of the typical integrated circuit frequently
allow minimum electriecal stresses to be imposed on the microelectronic system.
Since reliability is inversely proportional to stress, an increase in reliability
is expected when the integrated circults are used within specification.
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6.2  FAILURE MODES AND MECHANISMS

The failure modes and mechanisms of integrated circults are similar to those
of transisbtors, but, as would be expected, the distribution of these modes and
mechanisms is different. The fallure-mode distribution of integrated circults
dlffers according to manufacturer, device type, and even lot.

The fallure-mode distribution and prevalence of occurrence for two consecutive
months as determined by a device user were:

Month A (127 IC Failures) Month B (108 IC Fallures)
Devices mismarked 3% Devices mismarked 4oZ
Electrically overstressed 18% Electrically overstressed 24%
Bad bonds 37% Bad bonds 18%
Good devilces 14% Good devices 6%
Other 28% Other 12%

While this characterization of fallures 1s so general as to seem useless, 1t
does point out that many fallures have 1little relationshlp to the materials or
processes used in fabricating the silicon circult itself. Many fallures are
associated with packaging the die (i.e.,mismarking and bonding) and testing and
handling the packaged device. Typlecally, bulk and surface defects assoclated
with the silicon dle represent less than 30 percent of all fallures and may be
less than 10 percent. Mechanical defects associlated with bonding (chilp and pads),
handiing, encapsulating, and marking are responsible for the preponderance of
IC failures.

Table 6-1 is a compilation of defects that are typically found in integrated
circuits. As used in the table, fallure mode is an electrical or mechanlical
manifestation of a failure; it is the particular manner in whlch fallure occurs
and 1s independent of why fallure occurred. Examples of fallure modes are open
metalizations or shorted lead wires. Failure mechanism is the fundamental
physical or chemlical process responsible for a particular fallure mode. It 1s
the explanation of the physical and chemlcal changes leading to a fallure.

The failure mechanism associated with open metalizatlon might be a scratch.

The manufacturer should analyze the device design to determine critical
failure areas and remove susceptlbillity to such fallures. Each assumed fallure
point should be categorized as to its probable effect on performance.
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TABLE 6-1
TYPICAL MICROCIRCUIT DEFECTS

Point at- thich a
Rellabllity-Influencing
Variable is Introduced

Fallure HMechanism

Fallure HMode

Fallure Detection
Method

Slice Preparation

Dislocations and stacking

Degradation of junction

Initial electrical

faults chracteristics test; operational-
1ife tests
Nonuniform resistivity Unpredictable Initlal electrical

component values

test

Irregular surface

Improper electrical
performance and/or
shorts, opens, etec.

Initial electrical
test; operational-
life tests

Cracks, chips, scratches
(general handling damage)

Opens, possible shorts
in subsequent
metalization

Initial electrical
test; visual (pre-cap);
thermal cycling

Contamination

Degradation of Junction
characteristlcs

Visual (pre-cap);
thermal cycling; high-
temperature storage;
reverse blas

Cracks and pin holes

Electrical breakdown 1n
oxide layer between

metalization and substrate;

shorts caused by faulty
oxlde diffusion mask

High-temperature
storage; thermal
cycling; high-voltage
test; operating-life
test; visual (pre-cap)

Pagsivation
Nonuniform thickness Low breakdowvn and High-temperature
increased leakage in the gtorage; thermal
oxide layer cyeling; high-voltage
test; operating-life
test;visual (pre-cap)
Scratches, nicks, Opens and/or shorts Visual (pre-cap);
blemlishes in the photo initial electrical
mask . test
Misalignment Opens and/or shorts Visual (pre-cap);
Hasking initial electrical
test
Irregularitlies in photo-~ | Performance degradation Visual (pre-cap);
resist patterns (line caused by parameter drift, |[initial electrical
widths, spaces, pinholes) |opens, or shorts test
Improper removal of oxide |Opens and/or shorts or Visual (pre-cap);
intermittents initial electrical
test; operational-life
test
Undercutting Shorts and/or opens in Visual (pre-cap);
metallization initlial electrical
test
Spotting (etch splash) Potentlial shorts Visual (pre-cap);
thermal eycling; hlgh-
Etching temperature- storage;
operational-life test
Contamination {photo- Low breakdown; increased Visual (pre-cap);
resist, chemical residue) |leakage initial electrical
test; thermal cycling;
high-temperature
storage; operational-
1ife test; reverse blas
Improper control of Performance degradation High-temperature
Diffusions doping profiles resulting from unstable storage; thermal

and faulty passive and
active components

cycling; operational-
1ife test; initial
electrical test

(continued)




TABLE 6-1 [continued)

Point at Which a
Reliability-Influencing
Variable is Introduced

Failure Mechanism

Fallure Mode

Fallure Detectlon
Method

Metalization

Scratched or smeared
metalization (handling
damage

Opens, near opens, shorts,

near shorts

Visual (pre-cap);
thermal cyecling;
operational-life test

Thin metallzation due
to insufficient deposi-
tion or oxide steps

Opens and/or high-

resistance intraconnections

Initial electrical test;
operational-life test;
thermal cycling

Oxide contamination;
material incompatibllity

Open metalizatlon due to
poor adhesion

High-temperature
storage; thermal
cycling; operational-
life test

Corrosion (chemical
residue

Opens in metalization

Visual (pre-cap);
high-temperature
storage; thermal
cyecling; operational-
1life test

Misalignment and
contaminated contact
areas

High contact resistance
or opens

Visual (pre-cap);
inltial electrical test;
hlgh-temperature
storage; thermal
cyeling; operational-
life test

Improper alloying
temperature or time

Open metalization, poor
adhesion, or shorts

Initial electrical
test; high-tempera-
ture storage; thermal
cycling; operational-
1life tests

Die Separation

Improper dle separation
resulting in cracked or
chipped dice

Opens and potential
opens

Visual (pre-cap);
thermal cycling; vibra-
tion; mechanical shock;
thermal shock

Voids between header
and die

Performance degradation
caused by overheating

X-ray; operational-life;
aceeleration, mechanical
shock; vibration

Overspreading and/or
loose particles of

Shorts or intermittent
shorts

Visual (pre-cap); X-ray;
monitored vibration;

Die eutectic solder monitored shock
Bonding
Poor dle-to-header Cracked or lifted dile Visual (pre-cap);
bond acceleration; shock,
vibration
Material mismatch Lifted or cracked die Thermal cycling; high-
temperature storage;
acceleration
Overbonding and Wire weakened and breaks Acceleration; shock;
underbonding or is intermlttent; vibration
l1ifted bond; open
Material incompatibllity Iifted lead bond Thermal cyeling; high-
or contaminated bonding temperature storage;
pad acceleration, shock,
vibration
Plague formation Open bonds High-~temperature
storage: thermal
cycling; acceleration
Wire Bondi shock, vibration

Insufficient bonding-
pad area or spaclngs

Opens or shorted bonds

Operational-life test;
acceleration, shock,
vibration; visual
(pre-cap

Improper bonding
procedure or control

Opens, shorts, or
intermittent operation

Visual (pre-cap);
initial electrical
test; acceleration,
shock, vibratlon
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TABLE 6-1 [continued)

Point at Which a
Reliability-Influencing
Variable 1s Introduced

"Faillure Mechanism

Fallure HMode

Failure Detection
HMethod

Wire Bonding Improper bond alignment Opens and/or shorts Visual (pre-cap);
(continued) inltlal electrical test
Cracked or chipped dile Open Visual (pre-cap); high-
temperature storage;
thermal cycling;
acceleration, shock,
vibration
Excessive loops, sags, Shorts to case, sub3trate, | Visual (pre-cap); X-ray;
or lead length or other leads acceleration, shock,
vibration
Nicks, cuts, and Broken 1ead§ causing Visual (pre-cap); *
abrasions on leads opens or shorts acceleration, shock,
vibration
Unremoved pigtalls Shorts or intermittent Visual (pre-cap);
shorts acceleration, shock,
vibration; X-ray
Poor hermetic seal Performance degration; Leak tests
shorts or opens caused by
chemical corrosion or
molsture
Incorrect atmosphere Performance degradation Operational-life test;
sealed in package caused by lnverslon and reverse bias; high-
channeling temperature storage,
thermal cycling
Brokeﬂ or bent external Open circuit Visual; lead fatigue
leads tests
Cracks, volds in kovar- Shorts and /or opens in Leak test;- electrical
to-glass seals the metalization causéd test; hlgh-temperature
by a leak storage; thermal
cycling; high-voltage
test
Final Seal

Electrolytic growth of
metals or metallic
compounds across glass
seals between leads or
between leads and metal
case

Intermittent shorts

Low-voltage test

Loose conducting
particles in package

Intermittent shorts

Acceleration; monitored
vibrationiX-ray;
monitored shock

Improper marking

Completely Inoperative

Electrical test
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6.2.1 General Observations

Cracked substrates are seen in relatively high numbers -- improper support
is the most common cause. However, the bonding stress levels (time and pressure)
may also cause such defects. Typically, the bonding stress levels are automatically
controlled; if they are properly adjusted before each shift, defects caused by
improper stress levels and operator error can be minimized.

Eutectic soldering may leave ridges that do not provide a proper support
for the die. Such ridges may cause cracklng during wire bonding. Oxlde films
at the solder interfaces also affect die-bond integrity.

Many mask flaws are seen, especlally in the epitaxial region around the
emitter. If the emltter reglon is misallgned, the metallzatlon window of the
base will partly cover the emitter reglon. Misalignment may also cause shorts
when wires are bonded to the pad.

Oxlide-layer defects are not as prevalent as they were a few years ago.
Some of the improvement is no doubt due to the use of double photoresist.

Accldental etchant spotting is seen frequently. This results in a hole
or near-hole in the oxide. Such defects are usually time/voltage dependent and
result in an eventual short if a metalized area lles over the fault. PFallure
mechanisms of this type are difficult to detect during testing and affect the
long-term reliability of the device. )

Channeling ls still seen but not as frequently as in the past. It is
dependent upon the metalization path but is essentlally an oxide problem.
Closely related to this failure mechanism 1s the unwanted solid inclusion of
silicon carbide on the surface or forming a part of the surface. If such
inclusions are near a Jjunctlon, the result is a soft Junction. If a metalization
covers the inclusion, a short clrcult is possible.

Surprisingly, incomplete oxide removal is uncommon. When it 1s seen, 1t
is usually manifested as a high-resistance ohmic contact.

0Oxlde steps are a problem; as IC's become more complex (requiring many
more oxide steps on the same die), such fallure mechanisms may be critical.
These steps cause material transport because of the thinness of the metalization
at the step. Thils is seen qulte commonly. Unlike tool marks that cause fallure
immediately or have no serious effect, oxide-step fallures are time dependent.
The steeper the step, the more serious the problem. Therefore, ohmlic contact
steps are the most vulnerable. A thicker metalization 1s not necessarilly the
solution to such a problem because it introduces additional problems such as
a higher susceptibility to plague and peeling. A metalizatlon thickness between
6000 and 7000 A seems optimum.
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Misalignment of metalizations is common. Such defects also increase the
susceptlbility to inverslon because the metallzation is not in an optimum place.
Poor adhesion of metalization is still seen but not as frequently as it was a few
years ago. Poor adhesion 1s usually due to poor cleaning of oxide surfaces
before ‘aluminum deposition or other metalization.

Although plague problems still occur, their lower incidence recently is
due in large part to an understanding of the mechanisms that cause plague.
Improvements In process control affecting bonding temperature and pressure,
1idding temperature, and stabilization bake temperature have reduced the occurrence
of these defects.

Particles can be introduced into the devlice any time before lidding. One
source of particles ls the solder used for dle bonding. When the dle 1ls attached
to the substrate with a eutetlic solder, an oxlde may form that affects bond
Integrlity. To improve these bonds the die 1s scrubbed against the header in
the pool of solder. Excess solder will ball up around the edge of the dile;
each particle so produced is a potential failure hazard. ILidding boats may also
introduce particles, especlally if they are made of graphite.

Iead dress is a serious and common reliagbility problem and 1is almost
entirely operator dependent. Defects such as sagging, shorts, or poor cutting
are seen frequently. Proper location of the bonding pads is important to proper
lead dress. Filling the inslde of the package to eliminabte such problems is not
ldeal,because such material introduces other problems. Xeray is an effective
method of examining lead dress after encapsulation, but some materials (s.g.,
aluminum) are transparent to X-rays.

Hermetliclty fallures are stlll common. Lead bonding and package handling
can introduce fractures in the glass seals. If package leads have not been
properly heat-treated, the lead may break off from the package. In &all-
aluminum systems, the leads are gold plated and unless care 1s exerclsed in
processing, plague defects can be induced.

Failures resulting from metallurgical defects constitute the largest segment
of integrated-circult reliabllity problems. Such defects include those caused
by plague, aluminum intraconnection problems, overbonding, and underbonding.

6.2.1.1 Plague

Plague is a2 Term used to describe a time-dependent formation of a chemical
compound at semiconductor-metal or metal-metal contacts that increases contact
resistance and weakens bonds. It 1is one of the most significant integrated-
circuit fallure mechanisms. Plague has been the subject of many detailed physics-

6-13




of-failure studies (not all in agreement) that are beyond the scope of this
chapter. The following types of plague are most commonly encountered:

(1) Purple Plague. The time/temperature formation of the gold-aluminum
AuA12. (Some studies argue that purple plague is not ereated
during extended bakes at 200°C or less.)

(2) Black Plague. The time-temperature formation of the ternary Au-Si-Al
compound formed at about 300°C. The silicon apparently acts as a cata-
lyst. TFigure 6-1 shows a device which falled because of black plague,
causing opens in the narrow regions of the interconnect pattern near
the ball bonds.

(3) VWhite Plague. Aluminum hydroxide;
(4) Silver Plague. Tin migration along the bond wire.

(5) Periphery Plague, A situation in which a small amount of one of the
plagues described above 1s present and the alumlinum pad area is too
small. Normally neilther condition alone would cause a fallure, but
together they are likely to create an open. It 1s qulte apparent that
the bonding pads in Figure 6-2 are too small to accommodate the large
ball bond, an example of periphery plague.

Plague is generally the result of a paorly controlled bonding procedure and is
common to the transistor. It often can be screened either by visual lnspection or
by mechanical stress -- e.g., by a high-linear-acceleration test after the capping.

6.2.1.2 Aluminum Intraconnection Problems

Aluminum intraconnection problems include the following:

(1) Poor Adherence. The result of applying aluminum metalization to a
surface that has not been properly cleaned to permlt good alloying of

COURTESY OF UNIVAC COURTESY OF UNIVAC

FIGURE §-1 FIGURE 6-2
OPEN CIRCUIT CAUSED BY BLACK PLAGUE OPEN CIRCUIT CAUSED BY PERIPHERY PLAGUE
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(2)

(3)

(4)

(5)

(6)

the metalization to the silicon oxide. This failure mechanism is
triggered by mechanical stress such as pulling, probing, or thermal

" shock.

Overetched Metallization. The result of etching the metalized intra-
connection to the extent that the conducting path 1s too narrow to
carry required currents,

Electrolysis, The result of the inclusion of lonic materials on the
surface of a device and the effect these contaminants have on metali-
zation when a potential 1s applied.

Melted or Vaporized Metalization. Excessive currents can cause the
metalized intraconnection to be vaporized or melted, particularly
where the cross-sectlonal area 1s reduced. Thls reduction generally
occurs where the metalization crosses an oxide cut.

Insufficient Aluminum Metalization - Insufficlent thickness of the
deposited aluminum conductor over the passivation oxide steps can make
it difficult to achieve adequate Intraconnections. These steps result
from the windows that are etched through the oxide for diffusions and
contacts. The helght of these steps also vary depending on the number
of diffusion and oxidation processes. Thin plating across the steps
may result in an open or a high resistance because of high current
densities in the thin layer of metal. This problem can be aggravated
when elevated temperature combines with the heat of the high-current
density.

Metalized leads must always be considerably thicker than the oxide
step height to assure continuity across the step.

Even when the metalization is considerably thicker than the step

helght, thin cross-overs occur 1f the step 1s very steep and the metal
deposition is directional. Thls problem can be minimized by the use

of multifilament metal-evaporatlon systems during deposition to assure

an adequate nondirectional bulldup of the deposited metal. Figure 6-3
1llustrates the type of directlonal metalization that results in the
fallure modes discussed above. Figure 6-4 is an example of the phenomenon.

Other opens in Al Intraconnections: (a) Hydrated alumina (A1203)
that has formed at dissimilar-metal contacts in the presence of

excesslve moisture (may be formed at room temperatures but is
accelerated by power operation or baking); (b) hydrated alumina
caused by faulty wash and dry techniques; and (c¢) aluminum corrosion
at scratches,
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Metal source

Thin e
Metal

N+ N+
P
P N
FIGURE 6-3 FIGURE 6-4
THIN METALIZATION CAUSED BY THIN METALIZATION ON
DIRECTIONAL DEPOSITION INTEGRATED CIRCUIT

6.2.1.3 Overbondi

Overbonding, resulting from excessilve temperature or pressure, or both,
is a non-time-dependent fallure mechanism. Under such conditions, 3102 pulls
up, causing the aluminum to peel or 1ift, expesing raw silicon. A crack in the
substrate, resulting in a short circult, may also be caused by excessive pressure.

6.2.1.4 Underbonding

Underbonding, the result of insufficlent temperature or pressure, or both,
during the bonding process, is another non-time-dependent fallure mode that
results in an inadequate metallurgical bond between the gold and the aluminum.
This fallure mode can be triggered by mechanical stressing.

6.2.2 Surface Effects

Surface effects also contribute significantly to ilntegrated-circult
unreliability. Fallure mechanlsms 1n this category include the following:
pinholes and other shorts through the 8102, corrosive etching, insulation layers,
loniec surface effects, loss of hermetic integrity, and effects of environmental

stresses.
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6.2.2.1 Pinholes

One of the major surface-instabllity problems results from flaws in the
passivation caused by deficiencies in the photoresist process., Breakdown
or the inclusion of foreign particles in photoresist masks inhibits the proper
doping of the silicon wafers, with the result that columns of limproperly doped
materials may appear in a critlcal area of the integrated circult. This type of
flaw appears as a pinhole in the surface of the finished device when examined
under dark-field illumination; it permits shorting between interconnecting films
and other portions of the circult. In the case of aluminum conductors, the
high-density current resulting from the short circult causes the aluminum to melt.
This problem can be minimized by the use of additional or more rigld process con-
trols for mask inspection, mask usage, dark-room dust, and contamination.

6.2.2.2 Other Shorts Through the S10,

Other shorts from the aluminum metalization to the silicon through the
silicon-dioxide are caused by entrapped impurlities in the SiO2 or by the coating
of the S:LO2 uith substances of poor dielectric strength. These are voltage-
dependent feilure modes. :

Pinholes and the other shorts mentlioned above generally can be detected
during parameter testing. A particular test for plnholes 1s the application of
over-voltage to the various dlodes while current is stringently limited. Unfor-
tunately, complete shorting through the oxide does not always result. Partial
oxlde damage is often not detectable (except possibly by infrared techniques);
consequently, this failure mode can be classified as time-dependent.

6.2.2.3 Corrosive Etching

Surface instability can result from the resldue of corrosive contaminants.
Integrated-circuit manufacturing techniques require the use of several extremely
actlve etchants. Fallure to com-

COURTESY OF UNIVAC pletely remove these etchants can
result in open aluminum conductors, as
i1llustrated in Figure 6-5. This time-
dependent fallure mechanism 1is, of
course, the result of Iinadequate pro-
cess control.

6.2.2.4 Insulation Layers

The formation of electrical
insulation (dielectric) layers between
the aluminum f£ilm and the silicon
causes an interface at the window in
FIGURE 6-5 the oxide. This is the result of

OPEN CIRCUIT CAUSED BY CORROSION
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faulty oxide removal at the windows. Fallures or Iinciplent fallures of this type
are most rapldly detected after baklng or operation. The dielectrlc layer can
be broken through by microprobe pressure or voltage, temporarily healing the
device; however, the unwanted insulation can be recreated by baking. Therefore,
this fallure mode 1s considered time-dependent.

6.2.2.5 Surface Effects

Historically, surface effects have been one of the major limiting factors
in the reliebllity of integrated clrcuits. Devlice fallures such as low-voltage
breakdowns, high leakage currents, instability, and low gain can all result
from surface effects. Although improvements 1n surface passivatlon technlques
have greatly reduced these problems in the last few years, some still arise
because of ionic effects assoclated with the passivating layer.

Positlve and negatlive impurity
Oxide Ions on or 1in the oxide

AR J ions could exist (at the silicon/
s i silicon-dioxide interface, in the
///////////////////////// sllicon dioxide, or on the silicon
N =~ Channel dioxide surface), become mobille, and
{7 P migrate to selected areas to form any
f of three phenonmena (Flgure 6-6):
(a) Inversion of inversion or channeling, excessive

Channeling Effects accumulation of 1mpuritles on simllarly

doped material, and depletion of nor-

Qii?i_+ . +;§?2§+ . mal impurities. Mobility and direction
+ + +
7, of these ions is dependent on any or
/ ///////////////////A | Excess all of the followling: concentratlion of
- Carriers ions, resistance of the silicon, the
applled field, and amblent conditions
{ N ¢ outside the oxide.

(b) Accumulation Effects These effects are time and temper-

ature dependent, but they are often

Oxide Tons difficult to detect. Some effects
T AN wlll not appear until after several
/C42222222222222222222229;5 hundred hours of operating life and

—Depleted others only after severe stress-

Region - 4
+ o+ 4+ o+ o+ testing 1s performed. In some 1nstances
these effects will not appear 1n normal
environments, but wlll appear when sub-
Jected to nuclear radiation.

(c) Depletion Effects
One interesting fact about lonic

surface effects 1s that they are usu-
ally reversable, Some devices wlll

FIGURE 6-6
EXAMPLES OF IONIC SURFACE EFFECTS
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gi??ﬂsiggg oxide recover 1in a few minutes by heating

to approximately 200°C without bias.
This temperature provides enough
thermal energy to redistribute the
lons to form a neutral surface.

Others require the addition of exter-
nal fields to produce neutral surfaces.

A classic example of a corrected sur-
face effect under ideal wmoisture and

Invefg;on layer or voltage conditions was the famous cor-
channel rection of a Telstar transistor mal-
function. The Telstar malfunction
FIGURE 6-7 resulted from exposure to nuclear
PHP TRANSISTOR WITH GUARD RING radiation while in orbit.

Some manufacturers use a “guard
ring" diffusion (Figure 6-T) to 1imit .
CURRENT  § the effect of channeling. The high-
] concentration diffused ring encircles
' the device, thereby preventing the
vors channel from spreading.

I3
NCRMAL +
BREAKDOWN —— |
CHARACTERISTIC } SOFT
| BREAKDOWN
1]
L]

These time-dependent failure
mechanisms can be accelerated at ele-
vated temperatures and high-temperature
operational-life testing. They can be

FIGURE 6-8

ILLUSTRATION OF A SOFT

BREAKDOWH CHARACTERISTIC minimlzed by proper cleaning and wash-

ing steps, obtaining the purest and
and densest passivating layer possible, and by carefully controlling the gas
inside the package (the presence of water inside the package is of parbticular
concern).

6.2.2.6 Loss of Hermeblc Integrity

Moisture In the package can cause shorts at surface scratches or in the sur-
face passlvation where the current densities in the conduction pattern are high
(hot spots). Contamination on the top of the silicon can cause high leakage or
soft breakdowvmn characteristics (see Figure 6-8). Sources of this contamination
might be molsture; weld gasses; gas desorption from other parts; and mobile con-
taminants migrating to the Jjunction area from wlthin the sealed package, or from
outside 1f the seal is broken.
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6.2.2.7 Effects of Environmental Stresses

Tonic contamination, neutron radiation, and large local mechanical stresses
can result iIn time-dependent failure. The first mechanism was discussed under
Tonic Surface Effects; the latter mechanisms will be discussed under Bulk Defects.

6.2.3 Mechanlical Imperfections

Mechanical imperfections, usually the result of workmanship errors, are a
major source of failure in integrated circuits. Often an incipient failure
resulting from one of these imperfections can be detected through careful inspec-
tlion by the device manufacturer. Fallures In this category result from improper
scribing, improper handling of tools, bonding and lead dress problems, internal
lead wire problems, unwanted residues, lmproper dle attach, and other quality
defects,

6.2.3.1 Improper Scribing

Three relatlvely mlnor problems can arise in the scribing process used to
separate the individual dlce from the parent wafer. The scribing can be mis-
registered, causing the crystal to be severed too closely to the circult-lead
bonds. The bond then overlaps the edge of the chip and may eventually short
to the substrate,

Improper scribing can cause severe edge chipping of the oxide, exposing the
substrate and permitting shorting (Figure 6-9). Chipping is a function of
lattlice orientation with respect to the scribing. Lattice orlentation 1s, in
turn, a function of the deslred device characteristics. The problem can be circum-
vented if sufficient margin 1s left for expected chipping. Cracking may also be
initiated by the scribing process (Figure 6-10). The. cracks may be propasgated by
environmental factors, resulting in a time-dependent failure.

6.2.3.2 Improper Handling of Tools

A careless smear from a tool can remove a portlon of the aluminum metaligzation
(Figure 6-11) and create a situation similar to that of the insufficient metali-
zation deposition, previously discussed. Cases in whilich smeared aluminum has
bridged various circuilt elements (Figure 6-12) have also been reported.

Scratches on the aluminum-metallzation conduction pattern often cause opens.
The scratch reduces the cross-sectlon of the interconnection, resulting in
electrical overheating and a subsequent open. If the scratch 1s not detected as
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FIGURE 6-8 FIGURE 6-10
EXCESSIVE CHIPPING CAUSED BY GRACKING CAUSED
IMPROPER SCRIBING IMPROPER SCRIBING
COURTESY OF UNIVAC COURTESY OF UNIVAC

FIGURE 6-11 FIGURE 6-12
DAMAGED METALIZATION SHORT GIRCUIT CAUSED BY
CAUSED BY HANDLING SMEARED ALUMINUM
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an open before the circult is used in a system, the clircuit's tolerance to over-
stress pulses is markedly decreased; hence the probabllity of a latent failure
is significant.

A scratch on the chlp surface can also cause a base-to-base type of shorting
that would permit the integrated circult to pass most operatlonal tests as well
as operate in a ring-osclllator cilrcult (series life test), and yet not perform
properly in a computer circult, where logic operations are requlred.

Because the ratlo of the aluminized area to total crystal aree is small in
the case of the transistor, 1t is almost safe to handle individual transistor
chips during their manufacture with well designed forceps. However, the high
density of clrecult elements on integrated circulits makes 1t clear that such
liberties can no longer be tolerated., Still, a large proportion of failed cir-
cults that are opened show evidence of some tool damage.

There "1s some tendency to overlook tool damage, apparently based on the
feeling that the true problem units have opens or shorts that are identificable
at inspection and therefore are not installed in hardware. Experlence indlcates,
however, that this assumptlion is over-slmplified; often tool marks appear to be
harmless, only to result in a failure
in system operation. Figure 6-13 18 a
photograph of a device that has three
tool marks on the deposited aluminum
lead. At 1500X magnificatlion (Figure
6-14) 1t is not easy to discern Just
where the path finelly opened, but
there are two polnts 1n the scuffed
area where the path that remained after
the accldent is tenuous.

COURTESY OF UNIVAC

6.2.3.3 Bonding and Lead Dress
Problems

Improper thermocompression bonding
can induce cracks In the silicon sub-
strate under nail-head bonds, which may
be further propagated by the appllation
of thermal stress. Also, the dle bond-
ing operation can Intercede to acceler-
ate a crack that would otherwise have
been harmless. This 1s especlally true
if the solder preform used to hold the
substrate to its assoclated header is

FIGURE 6-13 distributed unevenly or falls to wet
DAMAGED METALIZATION THAT well to elther the substrate or the
MIGHT PASS TESTS header.
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Anpnal
: 1

.

FIGURE 6-14 FIGURE 6-15
MAGNIFIED [1500X) VIEW OF AREA FROM FIGURE 6-13, CRACKED CRYSTAL THAT PASSED ALL
SHOWING SEVERE DAMAGE ACCEPTANCE TESTS

Figure 6-15 is a photograph of a device that passed the vendor's functional
test and the system manufacturer's incoming inspection but after some handling

and short operation in a laboratory experiment failed catastrophically because
of a progressive crack.

In some sltuations it i1s necessary to fold a stitch-bonded lead back over
itself, which may result in a severed lead or loosened bond.

In the case oé ball bonds, it is very lmportant to have the proper relation-
ship between the ball size and the pad slze as well as to apply the correct
pressure to avoid cracking the passivation and causing a circult short. Another
type of failure is also attributed to ball bonds. The formation of oxide before
the bond is made, or the presence of other types of contamination on the passi
vation layer, will cause an open circuit at the bond.

There have been several cases in which the pigtails of the ball-bond were
shorted to the header.

Overheatlng during the thermocompression bonding process can cause embrittle-
ment of the bonding wire (see Internal Lead-Wire Problems).
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Some of the above-described problems can be classified as workmanship errors;
others involve reglstration or the centering of leads in the glass holes of the
header.

Poor pattern layout that requires bonding too close to the oxlde edge on the
surface of the chip causes fallures. Shorts can occur when the gold overlaps
the edge and goes across the Si02 to the silicon or shorts through the 8102,
which tends to be thin near the edge of the substrate, thereby presenting a
decreased dielectric. If a failure does not appear immediately, added strains
on the device may rupture the dlelectric.

6.2.3.4 Internal ILead-Wire
Froblems

COURTESY OF UNIVAC

Too little or too much tension
on the internal leads can cause
failure when the integrated circult
is operated in an environment of
vibration (Figure 6-16). The proba-
bllity of the leads shorting is
increased when the package post l1ls at
a lower level than the surface of the
chip, which is the case in many flat-
packs. Excesslvely long lead wires
may short to the 1id, to the bottom
of the package, to the surface of the
chip, or to one another. Close
proximity of leads results from elther
poor pattern layout or improper mount-
ing in a package.

Overheating during thermocompres-
sion bonding can cause embrittlement
of the bonding wire adjacent to the

FIGURE 6-18 bond. Subsequent mechanical or thermal
DAMAGE RESULTING FROM stress thus can more readily cause
EXCESSIVE LEAD TENSION such wires to break. Aluminum wire

seems to be slightly more susceptible
to this difficulty than gold. Several of the open-lead field faillures have been
attributed to this problem.

Opens can also occur in lead wires as the result of faulty handling, bending,
and processing. Nicks and cuts may break during mechanical stressing. If bending
causes extreme thinning of the wire or if the wire is constricted, it 1is susceptible
to breaking open under minor stress. It 1s partlicularly noticeable at\the post,
where wedge bonds are made. i

The above-described failure mechanisms can usually be accelerated and faill-
ures detected if the devices are subjected to the centrifuge test.
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6.2.3.5 Unwanted Residues

Unvanted resldues such as metallle fragments, etching resldues, ete., can
cause failures.

Loose materials and particles have been ldentified as the cause of fallure
in some Integrated circults. Broken pigtails and package tabs are two common
examples of free conducting materials that have caused intermittent shorts.

The X-ray of Figure 6-17 shows a relatively large forelgn object inside the
flat-pack of an integrated circuit. A photograph of the device (Figure 6-18)
made after the package was opened shows the object to be a scrap of metal appar-
ently chipped or torn from an external tab connector. Nonconducting material
can cause mechanical damage.

COURTESY OF UNIVAC

COURTESY OF UNIVAC

FIGURE 6-18
CIRCUIT OF FIGURE 6-17 AFTER OPENING

FIGURE 6-17

X-RAY VIEWS SHOWING LARGE FOREIGN
OBIECT IN PACKAGE

An impurity in the substrate can create a small diode. If the diode is
within the area of an actlve cilrcult element, the circuit falls.

It might loglcally be assumed that since integrated clrcults are relatively
expensive and require great care in production, adequate measures are taken to
protect them from penetration by impurlties. Yet 1t 1s not uncommon to see gold
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and glass particles adhering to the substrate surfaces, and larger items are
occaslionally found.

6.2.3.6 Improper Die Attach

Strains set up during die attach, particularly when a sillicon-gold eutectic
has not been reached, may result in cracking of the silicon die. Excessive pres-
sure on the substrate side of a flat pack, or thermal propagation of minute sur-
face cracks of a silicon die mounted in any package, can induce total cleavage.

6.2.3.7 Electrical Overstressing and Improper Marking

Electrical overstressing by the test equimment and improper marking of the
completed package have also caused some difficulties, in spite of numerous 100%
inspections.

6.2.3.8 Other Mechanical Problems

Other mechanical problems, such as misregistration (poorly defined geometry,
creating hot spots), masking flaws, packaging solder residue, package leakage,
insufficient lead plating, and photolithographic-process deviations also cause
fallures of integrated circults.

6.2.4 Bulk Defects

Bulk defects are responsible for a small percentage of the operational
failures of integrated circults in systems, and will be treabed only briefly here.
Failure mechanisms that fall in this category include dislocations (crystal-
lattice anomalies), impurity diffusions and precipitations, and resistivity
gradients resulting from mechanical, nuclear, or thermal stresses. These defects
can lead to diffusion splkes, which in turn cause hot spots, voltage breakdown,
and other deviations from the desired electrical characteristics. Such defects
are usually induced in the crystal-preparation process.

The steep concentration gradients found in epitaxial diffusion result in
crystal-lattice strain. This strain is subsequently released by the formation
of dislocation structures that contain edge components perpendicular to the
concentration gradient. The chip is structurally weaker at the dislocation fault
plane; thus bulk failure can be triggered by mechanical stress.

Deviations in epitaxial growth, resulting in impurlty diffusion, are another
source of bulk failures. Impurity diffusion is more likely along edge dislocatlons,
particularly along the arrays of edge dislocations that form small-angle grain
boundaries. The precipitation of impurities at the resulting crystal-lattice-
orientation fault planes is believed to lower the reverse breakdown voltage.
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_Reéistivity gradients caused by a heat differential between the center
and the outer surface of the chip can result in secondary breakdown.

Large local stresses can cause changes in resistivity and, hence, in
electrical characteristics. These local stresses can be caused by mechanical
shock or vibration, which would generally‘result in microphonics. The stress
levels usually would have to be so high as to be destructive in other areas
(seals, bonds, etc.). Sufficiently large sbress concentrations can crack the
die.

Thermal shocks resulting from normal processing steps can cause cracks
in the silicon slices or oxldes. These defects are normally the result of
too thick an oxlde layer or too fast a cooling rate. Albthough most of these
faults are detected by visual insgpection, some are not detected until further
mechanical and electrical tests are performed.

Secondary breakdown that leads to localized alloying or diffusion in
semlconductor junctions depends critlically on collector voltage and mode of
operation. In some transistor structures, the breakdown current does not flow
through the hot-spof regions, indicating that a different mechanism, associated
with the presence of local defects, exists and manifests itself in a "soft"
collector-junction .characteristic.

The fallure mode usually associated with bulk defects 1s bulk shorting, which
results from secondary breakdown or uncontrolled PNPN swiltching when the circuilt
design 1is such as to allow floating internal junctions.

There are punch-through effects between collector and emitter if the
base region is narrow. In this case the collector-depletion reglon extends to
the emitter at high collector voltages. This occurs most frequently in high-
frequency transistors, since these devices have a minimum distance between emitter
and collector to reduce recombination effects. This condition also occurs in
transistors that have high base resistivity (>300Q/0) and relatively narrow base
regions.

Carrlers entering and leaving a reglon through floating junctions are subject
to multiplication within the junction. This effect lowers the breakdowm level of
the junction and leads to negative-resistance regions. This action 1s enhanced
at higher currents and is evidenced in the isolation Jjunctions of integrated
circuits.
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6.2.5 Fallure-dnalysis Tools and Procedures*

One procedure for fallure analysis 1s shown graphically below. As
indicated earlier, devices that are actually good may be identified as faillures.
Thus the first step i1s usually to verlfy that a device is actually defective.
Once the device has been verified to be defective, 1t 1s processed through
a logical series of fallure-analysis steps. The steps are ordered such that
all requlred data are obtained and recorded before the next step, which would
destroy the potential for obtaining desirable information.

Instrumentation is important to proper fallure analysis. However,
imaginative analysts who are capable of innovation are equally important.
Outfitting a fallure-analysils laboratory with the most modern analysls instruments
does not assure high-quality faillure analysis.

Table 6-2 is a tabulation of ingtruments commonly used for fallure analysis.
Associated with each instrument is the physical manifestation of the abnormality,
related fallure modes, and probable failure mechanlsms.

*The materlial contained in this section has been abstracted from "Integrated ~
Circuits in Action: Part 4, Post Mortems Prevent Future Fallures,"
8.Schwartz, Electronics, (January 23, 1967).
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TABLE -2
FAILURE-ANALYSIS INSTRUMENTS

Instrument

Abnormality Observed

Physical

Instrument

Abnormality Observed

Chemical (continued)

Dye penetrant
Etching and microscopy

Binocular microscope
(3-120X magnification)

Enase contrast
microscope

Dark field microscope

Interferometer

Electron microscope
{magnifies to 100,000 X)

Radiographic equipment

Controlled etching
X-ray diffraction

lletallograph

Electron back-scatter
thickness meter

Hot -stage metallograph

Cracks, pores

Dislocation distribution
Pits, cracks,and chips
Pinholes and cracks in oxlde
insulating layer
Hon-homogenelty

(Oxidation, contamination,
intermetallics or rub marks)

Opened bonds

Cracked dice

Cracks in package lead seals

Pits and pyramids on dice

Poor registry or masking
Scratches on dice or intraconnects
Current concentrate NS

Stacking faults

Transparent contaminants

Improper oxide metalization
topography

Photoresist residues, dust

Bubbles in sealant glass

Oxide and surface topography varles
from design .

Oxide thickness varies from design

Metal thickness varies from design

Distribution of dislocation and
stacking faults

Contaminant and corrosion location

Eteh pits, scratches, dust,and
deposit roughness

Pattern alignment and topology errora
Undercut etched edges

Weld porosity

Porous diffusion products

Seribe cracks

Voids 1in welds

Fetal migration

Contaminant particles

Cracks

Long wires

Misalignment of metal parts

Depth of inverslon charge

Identity of contaminant compounds or
corrosion product compounds

Identity of materials

Observes same abnormallties as
binocular microscope

Poor adherent interconnects or bond
structures

Abnormal guncbion depth {by angle
lapping

Voids in thermo-compression bonds

Incomplete or poor welds

Thin or nonadherent plating

Thickness of oxide, plating, or
photo-resist

Chemical

Contaminant melting point and
reactivity (for identification)

Interdiffusion of metals, for example,
Al-Au, Mo~Au, Ti-Au, Kovar-Au

thisker growth

firain growth

Surface diffusion of metal films

Electron diffraction

Low-energy electron
diffraction

Electron microprobe
(elemental chemical
analysis)

Gas chromatograph

liass spectrograph

Infrared absorption
spectrograph

Emlssion ultraviolet and
visible spectrograph

Visible and ultraviolet
absorption spectrographs

. Neutron actlvation

analyzer

Strain gauges

Bubble tester

Helium leak tester or
Raddflo- tester-

Thermal plotter

Curve tracer

Contaminants, crystal strueture, and
identity of intermetallic
compounds

Deposit erystallinity
Presence of absorbed substances in
surface

Contaminant or rub-mark residue
identity and map

Dopant and dopant concentration
Intermetallic analysis
Corrosion product identity

Deposit topography map by chemical
element

Deposit thickness mwap by chemical
element

Crack, pit,and pinhole raps

Junction misalignment or moverent

Opens, short,and current and/or
voltage nonuniformity map

Abnormal package amblents

Leaks (by presence of air or test
£luid) p

Leaks: Also: reactlon of device to
ambient changes in the spectrograph
{Absorptio.:, then charge migration

causes inversion
Thin oxide

Abnormal oxygen content in allicon
Abnormal epitaxy thickness

Impure photoresist

Hater

Analysis and identity of contaminants
Analysis and identity of contaminants

Same as emission spectrograph but at
lover concentrations

lechanical

Loose headers or dice
Poorly brazed headers or dice

Gross leaks in packages
Small leaks

Hot spots due to voilds
Hot spots due to thin base areas

Hot spots due to dislocation or
staclkdng faults

Electrical

Shorts

Opens or intermittent contacts
Soft Junctions

Abnormal resistance

Leakage currents and inversion
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6.2.6 Multilayer-Board Fallure Modes

Multlilayer boards were diecussed in Chapter 3. As indicated at that time,
these are difficult to produce reliably. In this section some of the fallure
mechanisms and reliablllity aspects of multilayer boards are dlscussed.*

The data presented here were obtalned from approximately 40 failed boards.
These boards had passed screening and final inspection, and thelr components
were already mounted on them.

6.2.6.1 Chemical Corrosion

One source of chemical corrosion 1s incomplete removal of plating or etching
solutions. Another is related to incomplete applications of photoresist to
protect metal surfaces, especially copper plate, in the holes. Corrosive etch
may be trapped in internal pockets within the board, resulting in time-dependent
failures. Figure 6-19 illustrates a seection of a plated-through hole corroded from
from process etchants that penetrated voids in the tin-lead plating.

6.2.6.2 Drilling Defects

Improper or poor control of drilling can introduce defects into multilayer
boards. Figure 6-20 illustrates "epoxy smear" that prevents contact between
hole plating and terminal areas. Another drilling defect is illustrated in
Figure 6-21. Incorrect drilling procedure has torn out the internal pad.

Figure 620 also illustrates unsatisfactory through-hole plating. Such defects
may be caused by pleces of glass, epoxy, or metal that remain after the drilling
operation.

COURTESY OF NEP CONFERENCE COURTESY OF NEP CONFERENCE

o~ Epoxy Smear

-

FIGURE 6-18 FIGURE 6-20
CORRODED PLATED-THROUGH HOLE EPOXY SHEAR, PLATED-THROUGH HOLE

#This section was abstracted from a paper by John E. McCormick, "Multilayer
Reliability", NEP Conf. 1967 (West), Long Beach, California.
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FIGURE 6-21

DAMAGE CAUSED BY DRILLING,
PLATED THROUGH HOLE

COURTESY OF NEP CONFERENCE

COURTESY OF NEP CONFERENCE

Poor
Contacts

FIGURE 6-22

CRACKED PLATE, PLATED-
THROUGH HOLE
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FIGURE 6-23
VOID IN PLATE, PLATED-THROUGH HOLE

6.2.6.3 Stress and Voids

FIGURE 6-24
INADEQUATE PLATE, PLATED-THROUGH HOLE

Stresses induced during processing may cause metal fracture within the board

conductors as 1llustrated in Figure 6-22.

Voids or inadequate plating may also

induce board fallures. A void i1s illustrated in Figure 6-23. The metal has not
deposited on the wall, possibly because of contamination at that point or possibly
because of the formation of a gas bubble during plating. An example of inadeguate
plating is shown in Figure 6-24. It was probably caused by depletion of the
plating solution in the hole or by lnadequate agltation during the plating

operation.




COURTESY OFNEPFONFERENCE A good pla‘bed-through hole is
illustrated in Figure 6-25. The
following are characteristic of a
reliable plated-through hole:

e Uniformity of wall thickness of
tin, lead, and copper
- Absence of volds and pinholes

. ‘Continuity between hole plating
and all terminal areas

. Good drilling characterized by
straight, smooth walls free of
epoxy smear

FIGURE 6-25 Approximately 25 percent of

board fallures were caused by shorts on
the surface of the boards due primarily
to solder bridging between contact pad

EXCELLENT PLATED-THROUGH HOLE

Board Failures 88% or conductors. There were flve lnternal
Comnection Fallures 12% shorts and five open or intermittent
open fallures. Internal shorts are
Board Fallures most probably caused by lmproper
Opens (internal) 60% drilling or slippage or misalignment
Shorts (surface) 30% of the layers durlng lamination. The
Shorts (internal) 10% open failures are related to insuffi-
Connection Failures clent wetting of the bond area with
Opens S 100% solder. This is an assembly rather
Shorts 0% than manufacturing defect and 1is

identified as a connection error.

The adjacent tabulation summarilzes the
failures assoclated with the boards
that were analyzed.

6.3  SOURCES OF QUANTITATIVE RELIABILITY DATA ON INTEGRATED CIRCUITS

Reliablility data for integrated circuits are avallable from two broad
categories of observations: devlice test and system operation. Within the device-
test category are operating life tests, accelerated 1life tests, step-stress tests,
environmental tests, and screening tests -- all performed by the device manufac-
turer -- as well as tests that are performed by the system manufacturer. Within
the system-operation category, reliabllity data are avallable from observations
of prototype test and system demonstration by the system manufacturer and from
observations of system operation by the user.
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6.3.1 Device Testing

6.3.1.1 Operating-Life Tests

Operating-life tests are performed on devices primarily to ascertain the
probable (absolute) reliability level (MTEF and failure rate) of the lot of
devices that the devices on test represent. A secondary objective is to generate
faillure-mode information. One of two stress conditions 1s generally used:

(1) Normal electrical conditions and 25°C free ailr ambient.

(2) Maximum rated electrical and thermal (85°C or 125°C) conditions. In
some 1nstances, power is applied but switching operatlons are not
performed.

Operating-life tests can be divided into three categories: static, parallel
switching, and series switching. Of the three, most integrated-circuit manufac-
turers use the serles-switching test because %t enables them to accumulate the
greatest number of a~c test hours (although it can be expected to result in
lower observed fallure rates than a parallel-switching test would show).

6.3.1.2 Static Bias Iife Tests

The static life test is a d-c test similar to transistor life tests. D-c
voltages are applled to the circuilt and maintained. A test of this type is suit-
able for bilas drivers and similar circuits. Its basic advantage is that it
reguires a minimum of commections. Its disadvantage is that it fails to stress
the circuit adequately in that no signals are applied to the network. Because
of thls, the results of static life tests are not a good indicator of the relia-
bility of the circuits under test.

6.3.1.3 Parallel-Switching ILife Tests

Each driver is given an independent switching signal (usually 60 cps) when
a netyork ls subjected to a parallel-switching life test, although the circults
have a common bias. This type of 1life test provides the best indication of ecircuit
reliability because the devices operate independently and are adequately stressed.
Because this test requires more connectlions than the static and series life tests
and requires external signal sources, the number of circuits that can be tested
simultaneously is limited because of the higher costs involved. Therefore, the
quantity of reliabllity data available for analysis from parallel testing is
smaller than desired.

6.3.1.4 Series-Switching Life Test

In a series-switching life test, each circult is comnected in series; i.e.,
the output of one circuit drives the input of the following circuit, ete. The
frequency achieved (usually in the megacycle range) depends on the propagation
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delays of the clrcults. The advantage of such a test, often called a ring-counter
or ring-oscillator test, 1s one of cost and time. Because of the smaller number
of connections and the requirement for only a single signal source, many clrcuits
can be tested simultaneously. For this reason, by far the largest quantity of
reliability life~test data available today 1s based on this type of test. Its
major disadvantage 1s that the performance of each circult is dependent on the
performance of each preceding and succeeding circult. Critiecs of thils type of
test claim that the test does not stress the devlices adequately, while proponents
argue that the environment is similar to that experienced by devices in most sys-
tems.

Many of the life tests are conducted for only 1000 hours, although in some
cases some of the specimens in the short-term tests are left on test for a long-
term reliabllity analysis. Consideration is often given to the relationship of
Junction temperature with the combined effects of amblent temperature and dissi-
pated power. These factors are then controlled to maintain a glven junction tem-
perature (usually the maximum rated).

6.3.1.5 Accelerated Life Tests

Accelerated life tests accelerate the fallure mechanisms of a circult in
order to reduce the number of samples and test time required to obtalin useful
reliability data. Usually the acceleration factor 1s a thermal or electrical
stress greater than that expected for the circult In system operation. A detailled
knowledge of the device fallure mechanisms is necessary before the test 1s designed.
If an accelerated life test introduces new failure mechanlisms or does not acceler-
ate all failure mechanisms, the test is not valid for predicting relilability at
lower stress levels.

Integrated-circuit manufacturers usually run accelerated l1life tests only at
elevated temperatures. This philosophy 1s carried over from the transistor tech-
nology, in which the majority of failure modes of a semiconductor device are

influenced by temperature. Storage tests are the most economical accelerated tests
since they do not require elaborate test set-ups. Unfortunately, however, several
known faillure mechanisms are not significantly accelerated wlthout the presence of
electrical stimuli.

Accelerated life tests are used for the following:

(1) To predict failure rates at lower stresses

(2) To compare relative failure rates

{(3) To assess potential problem areas

When circult manufacturers have accelerated tests performed at three or more
stress levels, fallure rates are generally plotted on a logarithmic scale against

stress (usually temperature, °C) on an absolute scale. The curve is then extrapo-
lated to lower stress levels to estimate the fallure rate at any lower stress
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level., Using the acceleration factors to predict fallure rates, however, opens
the door to many uncertainties concerning the validity of the predicted rate; a
small error in calculation of the true fallure rate, or incomplete knowledge of
the effect of other stresses, can cause significant errors in the estimates. For
this and similar reasons, fallure rates estimated from accelerated-test results
are not universally accepted.

The possible errors introduced by the uncertainties dilscussed above can be
minimlzed if the results of an accelerated test on a new circult can be compared
with those of an identical test on a cilrcuit with a known reliability level. For
this reason, accelerated life tests can be beneficlal,indicating the relative
reliability of a new design or process when a quick reaction timé is required.
Accelerated life tests cah also provide a conftinuous indication of the quality of
a glven production line's output.

6.3.1.6 Step-Stress Tests

A step stress test is a reliability test in which a sample of a population
is subjected to discrete stress levels of successively increasing severity until
all or nearly all units fail. After the device is subjected to each discrete
stress level, 1t is generally returned to its normal operating stress level. Its
critical parameters are then measured and the number of rejects determined. The
purpose of the step-stress-to-failure test is generally one of the following:

(1) To determine the safety factor inherent in the design with respect
to a glven stress

(2) To accelerate failure mechanisms or uncover failure modes in devices

(3) To predict failure rates at lower stress levels in a shorter calendar
period and with fewer samples than requlred by operational life testing

(4) To compare the relative reliability of two or more integrated—circult
designs, manufacturing processes, etec.

(5) To check for unannounced changes in design, materials, and processing
by the vendor or to evaluate the effect on device unlts of announced
changes.

The distribution of failures with respect to the applied stress can be plotted
and used to indicate the strength of a particular device with respect to a given
stress. The probabillty of fallure with respect to this given stress can be esti-

mated by comparison of the applied stress wlth the anticipated or actual operating
stress.

The causes of failure can be reduced or elimlnated if design and manufacturing
procedures are improved through the use of information obtained by accelerating
the fallure mechanisms so that the cause of fallure can be identified. The cumu-
lative percentage of failures 1s plotted on a Gaussian probability scale and the
stress level on an absolute scale. If the 1line that joins the points has a sharp
discontlinuity, it can be assumed that a new fallure mechanism has been introduced
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at the stress level indicated by the point of discontinuity. Failure analysis
is then performed to determine fallure modes. Failure-mode information can be
used to take corrective action to eliminate the cause of faillure. Another step-
stress test can then be run to measure improvements.

Assumptions are made regarding failure distributions and acceleration factors.
Fallure rates at lower temperatures are estimated from extrapolations of the step-
stress-tests data. These estimations can be criticized for the same reasons for
which estimates based on accelerated life tests are criticized. For the reasons
given in the discussion of accelerated 1life testing, comparative fallure rates can
be more useful than absolute failure rates.

As is the case wlth accelerated life testing, temperature is the most common
stress used for step-stressing of integrated circults, although electrical stresses
have been used.

6.3.1.7 Environmental Tests

Environmental tests are used to determine the capablility of an integrated
circuit to withstand certain operational stresses. These tests usually follow
MIL-S-19500 in accordance with procedures in MIL-STD-750 and MIL-STD-202. Some
manufacturers have run tests exceeding the requirements of these military documents
and have also conducted special environmental tests dictated by specific customer
requirements, e.g., radiation tests. These tests are dlscussed in Chapter 4,

6.3.1.8 Preconditioning and Screening Tests

Preconditloning and screening tests are tests performed on the integrated
circuits prior to their installation in an operational system in order to ldentify
potential fallures. Screening tests usually do not lnclude 1nspectlons. Particu-
lar screening tests and inspections are discussed in Chapter 4. Screening tests
can be performed by the integrated-circult vendor or the system manufacturer, or
by both.

Reliabllity data generated by vendors' device tests are readlly avallable to
interested partles; similar data generated by system manufacturers are much -more
difficult to obtain. Generally, the latter are preferred since they can be assumed
to be less bilased. Vendor data may be very useful in assessing a clrcult's poten-
tial reliability, but analyses from such data must be carefully scrutinized since
they can easily be misinterpreted. The wise customer will request sufficlent data
to perform an independent analysis.

6.3.2 Reliability Data Obtained from System Operation

Integrated-circuit reliability data are collected because a system manufacturer
or user wants to know how reliable a proposed system using these circults wlll be;
what can be done to make the system more reliable, and at what cost; what system
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failure modes can be expected, and their frequency; and what the spares-
provisioning and maintenance requirements will be. The primary objective, then,
is to predict how the lintegrated clircuit will perform in the system environment.
If avallable to the analyst, the data most relevant to the system studies are
data drayn from experience with similar systems.

While a significant quantity of data on microelectronic system operation has
been accumulated, 1t 1s not always avallable to the general technical public in
sufficiently detailed form. The data are often related to classified or proprietary
programs and are thus more difficult to obtain than device data. Nevertheless,
system and equipment engineers using integrated circults should make every effort
to obtaln this type of information.

Reliabllity data based on system operation are of greater value than those
based on device tests because the observed results may reflect system environment
factors not reflected in device testing. The most lmportant of these factors may
be the fallures that are not the direct result of a device fallure but that can
be attributed to the fact that a device 1s being used.¥* For example, an inter-
connection fallure between the device package and the clrcuilt board, or within
the board, would not be observed or, 1f observed, certainly not counted during a
device test. Other factors include the following:

(1) The failures resulting from the interdependence of device operation,
such as drift, nolise, etec.

(2) The design problems assoclated with the implementation of the micro-
electronics technology

(3) The actual physical enviromment (rarely reflected exactly in device
testing)

(4) The effect of failures, drift, ete., of other circuits or subsystems
(5) The effects of maintenance and bullt-in test equipment

(6) The system characteristics resulting from the use of particular logic
types

Because the number of sources of system data is a function of the number of
systems using microelectronics, there are considerably more such sources than
there are sources of device test data, although the quantity of device operating
hours from any glven system source can be expected to be modest. Because of this
and the problem of accessibllity to the data, the englineer seeking system data
usually will have to limlt the number of data sources he interrogates. The follow-
ing should be considered in the selectlon of systems as potential sources of
integrated-circuit reliability data to be used in system development:

(1) Functional similarity

(2) Environmental similarity

#For example, see J.B. Brauer and D.F. Barber, "Are Reliabile Microconnections
Really Attalnable?" Electronic Packaging and Production, (June 1966), p. 91-95.
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(3) Common logic
(4) Packaging commonality
(5) Interconnection similarity

Microelectronics reliability data can be obtained from observations of field
operation, demonstration, and prototype test.

6.3.2.1 Field Operation

Reliability data acquired in an analysis of field operations should theoret-
ically be the most useful to the reliability englneer. Because the devices are
operating in a "real" system, exposed to the actual physical and maintenance
environment, the data include many of the factors that other data sources do not.

Practically, however, these data may have some drawbacks, including the
following:

(1) Until more microelectronic systems become operational, there is
insufficient operating time to draw confident conclusions in many
areas.

(2) Failure reporting is rarely complete. This problem is compounded by
retrofits, where the total operating time 1s often not known. Incomplete
failure reporting or the absence of any reporting is common, and space-
borne microelectronic systems are particularly difficult because telem-
etry cannot monitor every circuit and cannot determine the failure
mechanisms.

(3) Maintenance personnel are still in the early part of a learning curve.
This lack of experience significantly contributes to the failure rate
when a new technology is introduced.

(4) Many new systems are still not debugged; fallures may reflect lack of
design experience, which would not normally be evident in follow-on
systems.

6.3.2.2 System Demonstration

Observations of system demonstration minimize the effects of the first three
factors listed above. To date, a significant amount of system demonstration time
has been accumulated. However, most of the pertinent data are not centrally
located; they are in the possession of the manufacturers who performed the demon-
strations. The biggest drawback to these data is that they do not reflect the
operational enviromment. Some systems do undergo testing iIn a simulated environ-
ment, but generally the percentage of operating hours in environmental test is
low.
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6.4  RELIABILITY DATA

Table 6-3 summarizes rellability data that have been reported by equipment
manufacturers and users to give an indiecation of fallure rates. Although relia-
bllity data are becomlng more plentiful, it can be reasonably argued that addi-
tional datae of thls type would be of little value without detaills of precondition-
ing, screening, testing, and data-recording rules (e.g., no fallures are counted
during the first 100 hours of subsystem testing). Because of the wide range of
fallure rates being reported at the device level and the questionable validity

of such information for use in a particular applicatlion, device fallure rates
should be used with care.

Data such as those in the table are useful only for broad generalizations,
and en expansion of the number of samples in these tables would have little
ubllity. These data represent fallure rates that have been obtalned on specific
samples; the reader 18 reminded that the source selected and specifications

enforced for a partlcular item willl determine the reliabllity for that particular
item.
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TABLE 6-3

TYPICAL MICROCIRCUIT FAILURE DATA

Fallure Rate*

level of Test Test Hours Pailures _6 Date Remarks
(Multiply by 107 °)

Alrborne

Navigational Set 10,000,000 7 0.7 1/67 No fallures counted during first

" 100 hours. Navigational computer
system field experience. FPour types
of IC's for m total of 1000 per
system.

UHF Redio Set 304,000 1 3.3 L/67 MIL STD-781A, Test Level F -~
3 hours off, 5 hours on. Temper-
ature range -54°C to +71°C.

Feilure occurred 330 hours into
test due to open bond.

Airborne

Havigational Set 2,500,000 28 11.2 9/66 Level-2 Agree.

A System 15, 800,000 1 0.063 Preconditioning: 4000 hours system
operation at 250°C before fallures
are counted.

A System 600,000 0 1.7 6/65 Two failures caused by error in
testing.

Digital Computer 13, 600,000 o] 0.052 1/67 Operational data. Operating temper-
atgre believed to be in excess of

Radar Indicator 1,000,000 2 2.0 1/66

A System 2,000,000 o] 0.5 5/65 Time-code generating system.

ECM 800,000 1 1.2 6/65 Fallure cause not known.

A System 6,000,000 36w 6.0 6/66 Actual flight results.

System 3,500,000 [o] 0.29 6/65 T.I. Series 51 for "EPIC" GCE on
BOMARC prototype.

Digital Computer 220,500,000 51 0.23 6/65 Includes 17 fatlures due to particles.
Such fallure modes have been subse-
quently eliminated. Operational data.

A System 66,000,000 14 0.27 10/66 DTL circuits used primarily in aero-
space systems., Operational data.

Computer 20,000,000 7 0.35 6/65

Apollo Computer 319,000,000 6 0.018 5/66 Extensive screening tests are per-
formed. Operating data for Block I
end Block II computer.

Minuteman 155,000,000 33 0.213 L4/66 System testing after screening, etec.

Minutemen 100, 000, 000 [o] 0.001 4/66 Fleld operation {after system testing).

*Failure rates are estimated by dividing the number of fallures by the test hours
(one fallure is assumed where none is reported).

**Removals only are listed; failures were not verified.
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GLOSSARY

The following terms have been coordinated with the
Electronics Industry Association, Aerospace Indus-
tries Assoclation, Department of Defense, and NASA.

Microelectronics. That areé of electronic technology assoclated with or

applied to the realization of electronlic systems from extremely small electronic
parts or elements. '

Element (of a microcircuit or integrated circuit). A constituent of the micro-
clrcult or integrated circuit that contributes directly to its operation.

(A discrete part incorporated into a microcircuit becomes an element of the
microcircuit.)

Substrate. The supporting material upon which or within which the elements
of a mlcrocircult or integrated circult are fabricated or attached.

Microcircuit. A small circult having a high equiv51ent—circu1t-e1ement density,
which 1s considered as a single part composed of interconnected elements on or
wilthin a single substrate to perform an electronic-circuit function. (This
excludes, for example, printed wiring boards, circult-card assemblies, and
modules composed exclusively of discrete electronic parts.)

Integrated Circuit. A microcircuit consisting of interconnected elements
inseparably associated and formed in situ on or within a single substrate to
perform an electronic clrcult function.

Monolithic Integrated Circuit (Monolithic Microcircuit). An integrated circuit
consisting of elements formed in situ on or within a semiconductor substrate with
at least one of the elements formed within the substrate.

Multichip Microcircuit. A microcircult consisting of elements formed on or
within two or more semiconductor chips that are separately attached to a
substrate.

Semiconductor Chip. A single piece of semiconductor material of any dimension.

Film Integrated Civcuit (Film Microcirecuit). A circult consisting of elements
that are films all formed in situ upon an insulating substrate.

Hybrid Microcircuit. A microcircult consisting of elements that are a combination
of the film circults and the semiconductor clrcuits or a combination of one or
both of these types with discrete parts.




The following terms have not been coordinated but are part of this glossary:

Thin Film. A film of material whose thickness is on the order of the mean free
path of an electron in that material.

Thick Film. A film of material whose thickness is at least ten times greater
than the mean free path of an electron in that material.

Interconnection. Connections made between the elements of a integrated circuit
(microcircuit) or between the circuit and the outside world. The term applies
herein to connections made within the package containing the microcircuit
(integrated circuit).

Specification. A document, drawing, or combination thereof that states clearly
the customer's requirements for a product or service, prescribes measures of
compliance with those requirements, and provides criteria for qualifying the
product or service to the requirements and for accepting it.

Speclfication System. The complex of documentation, procedures, test facilities
and methods, information-exchange practices, procurement practices, and quality
control follow-up and feedback procedures that are required to ensure that the
buyer's specifiication can be effectively used.

General Specification, Microelectronics. A complete statement of all those
requirements for microelectronics that can be stated and measured without
regard to category, class, or circuit.

Control Drawing or Detailed Specification. A detailed description in pictorial
and written form of the exact physical, functional, and electrical configuration
of the circuit desired. The control drawing will contain all necessary perfor-
mance requirements and will define all aspects of the environmental requirements
that need qualification beyond those already done under Line Certification.
Control drawings are made by the user of the circuit and are the controlling
procurement documents for circults. The control drawlng will call out the
General Specification that applies and will identify the class to which the
circuit belongs.

Packaging. The physical form the completed circult takes when it 1s ready for
delivery to the customer. The physical sizes of all devices produced under this
system will be defined in the specifications, supplemented by the control drawings.

A-L NASA-Langley, 1968



